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Abstract

The contents of this thesis are divided into four chapters. The introductory chapter focuses
on the recent developments in chelation assisted C-H functionalization reactions. The
second chapter presents Pd-catalyzed N-(2-halophenyl)-1H-tetrazol-5-amine directed
chemo- and regioselective ortho-functionalization of arenes. The third chapter illustrates
Cu(ll)-catalyzed nitration of N-aryl ring of N,1-diaryl-1H-tetrazol-5-amine and N-aryl
ring of N,4-diaryl-3-amino-1,2,4-triazole via chelation assisted C-H functionalization. The
fourth chapter describes the Cu-mediated 8-aminoquinoline amide directed regioselective
N-arylation of pyrroles, indoles, pyrazoles and carbazole via cross-dehydrogenative
coupling (CDC).

Chapter 1. Recent Developments in Chelation Assisted C-H

Functionalization

Transition-metal-catalyzed reactions provide an effective method for the construction of
complex organic frameworks. Most of these studies rely on the use of prefunctionalized
starting materials, so called cross-coupling reactions. In this regard, C-H functionalization
reactions emerged as a powerful synthetic tool for the conversion of carbon-carbon and
carbon-hetero atom bond formation using simple starting materials. To accomplish a C-H
functionalization reaction in a practically useful manner, issues regarding site-selectivity
need to be addressed. The most effective and well-practiced approaches to attain site-
selectivity is the use of a heteroatom directing group. In this context, over the past few
years, diverse directing groups have been developed for the development of versatile C-H
functionalization reactions such as halogenation, amination, nitration, cyanation,
acetoxylation, hydroxylation, arylation, olefination, etc. Some of these results are

presented.

Chapter 2. Pd-Catalyzed Aminotetrazole-Directed Ortho-Halogenation of

Arenes

N-(2-halophenyl)-1H-tetrazol-5-amine substrates are known to exhibit herbicidal and anti-
allergic properties. This chapter presents the synthesis of substituted N-(2-halophenyl)-

1H-tetrazol-5-amine via chelation assisted C-H functionalization. The transformation is

vii



promoted by catalytic amount of Pd(OAc). under acidic conditions in presence of N-

halosuccinimide at moderate temperature (Scheme 1).

N’NQ'T‘ 10 mol % Pd(OAc), N/N:'Tl
RUC T V=N 1.2equivNXS RUC )T \=N
Z HN > Z HN
0.5 equiv CF3SO3H X
\ DCE, 60 °C -
\ /<R2 \ /<R2

R' R2=EDG, EWG up to 93% yield

X =Br, Cl, |
Scheme 1. Ortho-halogenation of N,1-diphenyl-1H-tetrazol-5-amines

Chapter 3. Room-Temperature Cu-Catalyzed Ortho-Nitration of Arenes

via C—H Functionalization

The nitro group can be transformed into diverse functional groups and found applications
in various fields such as pharmaceuticals, dyes and materials. This chapter focuses on the
ortho-nitration of arenes using CuClz-2H,O as catalyst and Fe(NO3)3:9H,O as a nitro
source. The protocol is extended for the nitration of N,4-diaryl-3-amino-1,2,4-triazoles. In

addition, the directing group can be cleaved to furnish the aniline derivatives (Scheme 2).

XN XsN
AN N i 20 mol % CUC|22H20 N N [{]
T HN>/ 35 mol % Fe(NO3)s 9H,0 Y Yy 7.0 equiv NaOH @NHz
’ 2 ’
7\ DCE, rt, 6-12 h 7 1,4-dioxane R = NO,
N X 110 °C, 12-22 h
R, R®  y_N up to 87% yield

R', R?2 = EDG, EWG up to 95% yield

X =CH, N
Scheme 2. Nitration of Arenes via Chelation assisted C-H functionalization

Chapter 4. Cu-Mediated N-Arylation of Pyrroles, Indoles, Pyrazoles,
and Carbazole via Cross-Dehydrogenative Coupling (CDC)

N-Arylated azole structural motifs are present in numerous compounds with broad
applications in biological and pharmaceutical sciences. In addition, 2-(1H-pyrrol-1-yl)

benzoic acid derivatives are key synthons in the formation of heterocyclic compounds.

viii



This chapter presents Cu(ll)-promoted N-arylation of pyrroles, indoles, pyrazoles and
carbazole using a removable amide directing group. The strategy represents an ideal and

environmentally attractive because of their cleaner, shorter and regioselective approaches
(Scheme 3).

O 1.5 equiv Cu(OAc),
X N 3.0 equiv azole
| Hooy |
R// X 2.0 equiv 082003

R = EDG, EWG DMF or DMSO up to 84% yield

PN Me

: L \ :

= L) e [ Z/N/<N
H H N N H H

Scheme 3. Regioselective N-Arylation of Azoles via Cross-Dehydrogenative Coupling
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Chelation-Assisted C-H Functionalization

Chapter I
Recent Developments in Chelation Assisted C-H Functionalization

The development of effective methods for the synthesis of wide spectrum of substances with
minimal environmental impact turned out to be very challenging for many organic chemists.
In recent years, transition-metal-catalyzed reactions led to the development of elegant
approaches towards the construction of complex organic frameworks.!™ While the
extensively studied cross-coupling methods rely on the use of prefunctionalized starting
materials, such as halide, triflate, boron or tin reagents,* C-H bond functionalization reactions
by furnishing the target products in fewer steps and offering fundamentally ample library of
simple starting materials and new perspectives in retro synthesis has emerged as a reliable
synthetic tool for the conversion of ubiquitous carbon-hydrogen bonds into carbon-carbon or
carbon-heteroatom bonds. Indeed, in these strategies, the issue of site-selectivity is not
addressed. The most effective and well-practiced approaches to attain site-selectivity is the

use of a heteroatom directing group for the functionalization of specific C-H bond.

1.1 The Cross-Coupling Reactions

Transition-metal-catalyzed cross-coupling reactions got broad range of applications in
biological and material sciences.” This importance is attributed to its effective use in carbon-
carbon and carbon-heteroatom bond formations. As a result, many cross-coupling synthetic
methodologies have emerged over the years. Traditionally, Ullmann and Goldberg methods
were employed for this purpose but these reactions were limited due to the use of
stoichiometric amount of copper, limited substrate scope and high temperatures.> A major
breakthrough in the field of cross-couplings is achieved by using catalytic amount of metal
complexes in achieving the products under relatively milder conditions with broad scope. In
general, the cross-coupling reactions essentially require halides or pseudo halides and
organometallic nucleophilic reagents, some of them were shown in (Table 1).* Due to the
strong impact of these strategies in organic synthesis Heck, Negishi and Suzuki received
Nobel Prize in 2010 for their pioneer discoveries on cross-coupling reactions. In these

catalytic processes, the transformation was achieved by oxidative addition of metal complex
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with organic halide with subsequent transmetalation followed by reductive elimination

producing the target product.

Table 1. Examples of Common Cross-Coupling Reactions

R-M + RI-X Metal catalyst R-R
S. No Reaction Reactant A Reactant B Catalyst
1 Kumada R-MgBr (sp?, sp°) Ar-X Pd, Ni, Fe
2 Heck R (5p%) Ar-X Pd, Ni
3 Sonogashira R—=—H(sp) R-X (sp’, sp?) Pd and Cu
4 Negishi R-ZnX (sp, sp?, sp) R-X (sp, sp?) Pd, Ni
5 Stille R-SnR; (sp>, sp?, sp) R-X (sp’, sp?) Pd
6 Suzuki R-B(OR), (sp?) R-X (sp’, sp?) Pd, Ni
7 Hiyama R-SiR; (sp?) R-X (sp?, sp?) Pd
8 Buchwald-Hartwig R,-NH Ar-X Pd
9 Fukuyama R-Zn-1 (sp) RCO(SEY) (sp?) Pd, Ni

1.2 The C-H Bond Activation

C-H bonds are ubiquitous in organic molecules with high bond dissociation energy (113
kcal/mol) and hence relatively thermodynamically stable and less reactive. As a result, the
reactions involving the functionalizations of C-H bonds were less exploited till date.! A few
methods were available, but these were unselective and yielded a complicated mixture of
products. The selectivity of this C-H bond functionalization can be achieved by 3 ways (i)

Intrinsic® (ii) Intramolecular® and (iii) Directing group’

1.2.1 Intrinsic C-H Bond Functionalization

Intrinsic C-H bond functionalization involves the use of inherent substrate reactivity in
exploiting functionalization of C-H bonds. For example, in case of electron rich heteroarenes,

the differences in the reactivity of C-H bonds can be utilized to achieve the selectivity. For

2
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example, Wang and co-workers achieved the regioselective C-C bond formation using
electron rich heteroarenes(Scheme 1).° The transformation was promoted using catalytic
amount of palladium source and PCy; as a ligand in the presence of base at 120 °C to give the

target cross-coupled products in good yields.

+ _ 5 mol % [Pd(r-allyl)ClI],
,;/f»:::[N\> @NM%OW 20 mol % PCys N VR
(L) -=t - (I~
X = 2.0 equiv NaO'Bu SFTTX \_/
DMF, 120 °C, 12 h % vi
R = EDG, EWG up to 97 % vyield
X=0,8

Scheme 1. C-H functionalization of Electron Rich Heteroarenes

1.2.2 Intramolecular C-H Functionalization

This method is used for the construction of cyclic molecules, where the C-H bond can be
held in close proximity to the metal by structural restriction. For example, our group
developed a new strategy for the construction of 1-aryl-1H-benzotriazoles through an
intramolecular C-H functionalization fashion (Scheme 2).° Pd(OAc), effectively involved in
the C-H activation followed by C-N bond formation to furnish the cyclized products at

moderate temperature in good yields.

R2
A
/i A
= M e 10 mol % Pd(OAc), —
]
N . N
1L X h‘ 2.0 equiv Cs,CO4 el T ‘N
| ‘,
¥ 2 N DMF, 110 °C, O, Z N
H MS 4 A

up to 88% yield
R' RZ=EDG, EWG

Scheme 2. Intramolecular C-H Amination via C-H Activation

1.2.3 Directing Group Assisted C-H Functionalization

Transition metal catalyzed selective activation of C-H bonds has shown great potential for
the construction of value-added molecules through carbon-carbon or carbon-hetero atom
bond formation. In general, regioselectivity can be achieved through the introduction of a

directing group, such director groups are usually (N- or O-) containing functional groups

3
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(Table 2).” In the past years, diverse directing groups have been developed to assist this
selective C-H bond activation. These directing groups coordinate to the metal catalyst
making the metal viable for attack and cleavage of proximal C-H bond, resulting in
metalacycle intermediate and enabling the functionalization of specific C-H bond. Since most
of these reactions are believed to proceed through cyclometalated chelate complexes as
intermediates, the reactions were referred to as chelation assisted C-H functionalization
reactions. The ortho-C(sp? or sp®)-H bond cleavage (ortho-metelation) can be facilitated in
the presence of transition metal (e.g., Pd, Rh, Ru, Cu etc.), leading to a versatile C-H bond

functionalization reactions under basic or oxidative conditions.®*°

DG Q‘G G DG
H MLn MLn MLn FG
— E—

1.3 Mechanism of C-H Functionalization

The C-H functionalization reactions proceed via three kinds of mechanism depending on the
nature of metal center: (i) oxidative addition, (ii) sigma-bond metathesis and (iii)

electrophilic activation.”

Oxidative Addition: Electron rich low valent transition metal complexes (Re, Fe, Ru, Rh, Ir,
Pt) were involved in these reactions. These intermediates are unstable and generated in situ

by thermal or photo chemical decomposition.
H

R-H + LMY ——> | M2

R

Sigma-Bond Metathesis: The alkyl or hydride complexes of transition metals with d°
electronic configurations can undergo reversible sigma-bond metathesis reaction. The metals
employed for these reactions are mainly from Group 111 of periodic table.

R'-H + LLM-R2 =—— L ,M™R' + R2-H
Electrophilic Activation: The post transition metals (Pd(I1), Pt(I1), Pt(IV), Hg(ll)) generally
involved in these reactions due to their Lewis-acidic character. In these reactions the
substitution of proton occurs by a metal, hence called electrophilic activation.

LM™2X, + R-H ——— LM" + R'-X + H-X
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Table 2. Examples of Common Directing Groups

TM Catalyst
DG + FG_X o DG
H TM = Pd, Fe, Ni FG

Cu, Rh, Ru Co etc.

DG = Directing Group
FG = Functional Group

e @w*@* @*w =
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1.4 Carbon-Carbon and Carbon-Heteroatom Bonds Formation

Direct functionalization of non-activated C-H bonds using transition metals has emerged as a
powerful synthetic tool for the construction of valuable structural motifs. These strategies

feature atom- and step-economy, and simplified chemical synthesis.’*

1.4.1. Carbon-Carbon Bond Formation

In 2002, Leeuwen and co-workers demonstrated a Pd-catalyzed protocol for ortho-
olefination of anilides in presence of benzoquinone and TsOH at room temperature (Scheme
3).”* The protocol features formation of C-C bond via chelation assisted C-H

functionalization, which can serve as an alternative to Heck type coupling reaction.

H 2 mol % Pd(OAc), H
N._CHs OR? . N._CHs
AN 1.0 equiv BQ X
Rt \ﬂ/ + 7 a = R'- Tl/
= O () 0.5 equiv TsOH = | o
R' = EWG, EDG HOAc/toluene (1:2), rt OR?
R? = Aliphatic, Aromatic o)

up to 91% yield

Scheme 3. Anilide Directed Ortho-Olefination of Arenes

The regioselective construction of biaryl moieties via C-H functionalization was
developed by Fabis group using N-tosylcarboxamide as a directing group and aryl iodide as a
coupling partner in the presence of Pd(OAc), (Scheme 4)" The flexibility of N-
tosylcarboxamide to convert it into valuable products allows one to derive wide variety of

ortho-functionalized biaryl compounds.

o) ! ref
L o
0,
N NHTs 0 SN 10 mol % Pd(OAc), .
R "R - g Ny~ “NHTs
= = 2.0 equiv AgOAC R1—:

R'. R? = EDG, EWG ACOH, 120 °C, 24-96 h =

sealed tube up to 84% yield

Scheme 4. Pd-Catalyzed C-H Ortho-Arylation

Rh-catalyzed ortho-C-H alkynylation of arenes using amide as a directing group and

recyclable hypervalent iodine reagent as the alkyne source was devised by Loh and co-

6



Chapter I Chelation-Assisted C-H Functionalization

workers under mild reaction conditions to produce monoalkynylated products in good yields
(Scheme 5).%!

o) O—I—=——TIPS 0
2 mol % [{RhCp*Cl,},]
X NHOPiv , O > X NHTs
R P 1.0 equiv NaOAc R P
DCE, rt, 6-12 h R
R = EDG, EWG TIPS

33-99% vyield
Scheme 5. Rh-Catalyzed C-H Alkynylation of Amides

Regioselective cyanation of C-H bond can be achieved using Pd-catalyzed directed C-H
functionalization. For example, the cyanation of 2-aryl pyridines has been demonstrated by
Cheng and co-workers using copper cyanide in the presence of Pd(OAc), and CuBr;
(Scheme 6).%' This approach provides an alternative route for the traditional Sandmeyer
reaction and provides practical route for the synthesis of aromatic nitriles. Using this
protocol, key intermediate of natural product Menispermum dauricum DC has been prepared.

7 7
q | 10 mol % Pd(OAc), -
R N N™ + CuCN > 2 N
P 40 mol % CuBr, .
DMF, 130 °C e
R = EDG, EWG 42-86% yield

Scheme 6. Ortho-Cyanation of Arenes

Yu and co-workers accomplished ortho-trifluoromethylation of arenes with TMSCF; by a
Cu-promoted C-H activation within 30 min using Ag>CO3z and NMO in presence of base KF
(Scheme 7). The kinetic isotope experiments suggest that Cu-mediated C-H cleavage step is
involved rather than electrophilic aromatic substitution.

9] 1.0 equiv Cu(OAc), e}
N N . TMSCE 1.5 equiv Ag,CO43 - N N
R H 3 20 iv NMO © Ry P H
= .0 equiv
N“ 0 g _ CF; N O
\/ 4.0 equiv KF \/
R = EDG, EWG DMSO, 100 °C, 30 min

up to 80% yield
Scheme 7. Regioselective Cu-Mediated Ortho-Trifluoromethylation of Arenes

7
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The oxidative decarboxylative benzoylation of phenylacetamides was demonstrated by
Kim and co-workers using a-oxocarboxylic acids (Scheme 8).% This coupling reaction is

accomplished using Pd(TFA), and (NH,).S,0g in DCE solvent at moderate temperature.

c Ph. _O o
|
N
N “Et O 10 mol % Pd(TFA), N Negt
R—+ 0 + HO% Ph > R—!
= I 1.5 equiv (NH,),S,05 = O
R = EDG, EWG DCE, 70 °C, 20 h 40-75% yield

Scheme 8. Pd-Catalyzed Decarboxylative Acylation of Arenes

Ma group studied the synthesis of trisubstituted allenylsilanes derivatives by Rh-catalyzed
N-methoxybenzamides directed ortho-allenylation of allenes(Scheme 9).* The reaction
proceeds via C-H bond cleavage, allene insertion, and f-H elimination to furnish 2-(3-

silylallenyl)benzamides under ambient conditions.

o) o)
R H/OMG . JCJ'\ 2mol % HRNCP'CI) Rl TN,
= R2” >TMms 30 mol % NaOAc = |
R' = EDG, EWG 20:1 MeOH/H,0, 20 °C C
R2 = Aliphatic, Aromatic R2J\TMS

59-91% yield
Scheme 9. Synthesis of Trisubstituted Allenylsilanes via C-H Functionalization

An example involving Pd-catalyzed C-H carboxylation of benzoic acid derivatives via C-
H activation/CO insertion sequence using Ag,CO; and NaOAc in 1,4-dioxane was
demonstrated by Yu and co-workers (Scheme 10).2" In this reaction, strong electron

withdrawing groups such as NO, and CO;Me significantly reduces the yield.

o 10 mol % Pd(OAc),
AN OH 2.0 equiv Ag,CO4 OH
2.0 equiv NaOAc COOH

R=EDG EWG 1atmCO up to 92% yield
1,4-dioxane, 130 °C, 18 h

j|°
\
/
Py
—|=
\ /
o

Scheme 10. Pd-Catalyzed Carboxylation via C-H activation
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Cu-mediated intermolecular cross-dehydrogenative coupling of indoles and 1,3-azoles
was developed by Miura and co-workers (Scheme 11).2¥ The regioselectivity of the reaction
was achieved using 2-pyrimidyl group, which allows coupling at 2™ position of indoles by
chelation. The transformation shows broad substrate scope with wide variety of indoles and

azoles.
R2 R2
T N— %%, 20 mol % Cu(OAc Ty N,
SN y— . 4.0 equiv AcOH SN Y
J~N o-xylene, 150 °C, 4-6 h N
N\\) N, or air N\\)
R', RZ = EDG, EWG up to 94% yield
Y =0, S, NMe

Scheme 11. Cross-Dehydrogenative Coupling of Indoles and Azoles

Jeganmohan and co-workers have described the ortho-alkenylation of phenol carbamates
using Ru-complex, pivalic acid in 1,4-dioxane to furnish substituted alkene derivatives in a
highly regio- and stereoselective manner (Scheme 12). 8" The regioselectivity of the coupling
product was determined by the substituents on the alkyne part. For example, Ph or ester

groups on the alkyne are always positioned trans to the aromatic carbamate.

R3
R2
Et ~ "H Et
o N 5 mol % [{Ru(p-cymene)Cl,},] o N
) B 20 mol % AgSbFg ) Et
R + R2— R8 > R
% O — - > = O
5.0 equiv PivOH
R'=EDG, EWG 1,4-dioxane, 100 °C 64-86% yield

R?, R3 = Aliphatic, Aromatic

Scheme 12. Ru-Catalyzed Alkenylation of Aryl Carbamates with Alkynes

1.4.2. Carbon-Nitrogen Bond Formation

Nitrogen containing heterocyclic compounds found to have immense importance in organic
synthesis because of their occurrence in natural products, pharmaceuticals and material

sciences. Of all the C-N bond formation reactions, transition-metal-catalyzed, chelation
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assisted C-H functionalization is particularly attractive because of its atom-economical and

robust approach.’

Direct ortho-amidation of common 2-arylpyridine derivatives was achieved using CuBr in
the presence of TBHP at 120 °C via cross-dehydrogenative coupling strategy (Scheme 13).%

This method is operationally simple and does not require specialized ligand or base.

X H X

N Me | @)
N Y 20mol%cuBr SN N e
a 2.0 equiv TBHP N Cl
Cl neat, 120 °C, 16 h

90% yield

Scheme 13. Regioselective Amidation of 2-Arylpyridines

Yu and co-workers obtained heteroarylamine derivatives by intermolecular C-H amination
directed by a weakly coordinating amide auxiliary. They used Ru-catalyst together with
K,COj3 as a base in acetone at room temperature (Scheme 14).® The reaction protocol is
well-suited with heterocycles including pyrazole, thiophene, benzothiophene, furan,

benzofuran and indole.

o) X 0
Ph N 10 mol % [{Ru(p-Cymene)Cl _Ph
N N o [{Ru(p-Cy )Cla}o] _ N N
_— o) 2.0 equiv K2C03 = N/\
R = EDG, EWG acetone, rt, 36 h o
X =Cl, OBz

30-98% yield

Scheme 14. Ru(ll)-Catalyzed Ortho-C-H Amination of Arenes

o O
1.0 equiv Cu(OAc),
X
R1_: = ” + R2-SOZNH2 - > R1—: H
— N 0 2.0 equiv Na,CO4 = NH N7 0
o |
\/ DMSO, 80 °C,6 h 0=5=0 /

R', R? = EDG, EWG R2
up to 95% yield

Scheme 15. Regioselective C-N Bond Formation of Arenes via C-H Activation

10
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Direct C-H functionalization and C-N bond formation of arenes with sulfonamides results
in the corresponding ortho-amination products (Scheme 15).% Yu group developed an amide-
tethered oxazoline as a directing group for the regioselective amination of arenes. This Cu-
mediated protocol with Na,COs; shows unprecedented level of compatibility with

heterocyclic arenes and amine donors.

Cu-catalyzed regioselective C-N bond formation strategy has been employed for the
synthesis of N-arylated sulfoximines by Bolm and co-workers (Scheme 16). Here, N-
arylations of sulfoximines by dual C-H/N-H activation was demonstrated using pyridine
nitrogen as a directing group to activate the remote positions in presence of Cu(OAc); as an

activator and oxygen as an oxidant.

|
2N H 1.0 equiv Cu(OAC)y H,0 =N
+ 1 /R3 » 3
0 X o’/S\R4 0.5 equiv AcOH, 1 atm O, 0 X N\\ISi;
i —_ |
R = EtCN, 150 °C, 24 h Ry Pz O
R', R?=H, Me up to 82% yield

R3 = Aliphatic , Aromatic
R*= Me, OMe, F, CI

Scheme 16. Cu-Catalyzed Synthesis of N-Arylated Sulfoximines

Ru/AgSbFg catalyzed strategy was presented by Sahoo and co-workers in 2013 for ortho-
C—H amidation using readily available, weakly co-ordinating aromatic ketones as a directing
group and sulfonyl azides as coupling partners (Scheme 17).% The reaction tolerates halo (F,
Cl, Br and 1), protecting (OTBS) and ester groups. Intermolecular competitive amidation
between electron rich 4-OMe substituted substrate and electron deficient 4-COOMe
substituted substrate found to give products in a ratio of 2.5:1 indicates that the electron rich

substrates shows better reactivity compared to electron deficient substrates.

0o 5 mol % [{Ru(p-cymene)Cl,},] o
AN 20 mol % AgSbFg 2
R Me N3-SO,R? > Ry Me
= 50 mol % Cu(OAc),'H,0 = NHSO,R?
DCE, 100 °C, 24 h
R', R? = EDG, EWG up to 81% yield

Scheme 17. Intermolecular Ortho-C-H Amidation of Aromatic Ketones

11
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Zhao and co-workers, with the aid of a directing group, demonstrated Rh-catalyzed
reactions between 2-aryl pyridines and N-hydroxycarbamates (Scheme 18).°" The
transformation enabled the installation of variety of readily available N-carbamate protecting
groups such as Chz, Moz, Ac, Boc and even Fmoc. The intermolecular Kinetic isotope study
Ku/Kp = 1.5 indicates that the C-H bond cleavage might not be involved in rate determining

step and further shows that the reaction goes via the formation of Rh(I11)-Rh(I).

B N
_N r2 2-5mol % [RhCp*(CH3CN);](SbFe), | _N
+ HN 1.5 equiv Ag,CO3 H
|

= OH  THF, 100 °C, 10 h - Nog2
R | R-C |

A X
R' = EDG, EWG 50-92% vyield

R2 = Cbz, Moz, Ac, Boc, Fmoc

Scheme 18. Rh-Catalyzed C-H Amidation with N-Hydroxycarbamates

1.4.3. Carbon-Oxygen Bond Formation

Oxygen containing heterocyclic structural motifs found in many diverse ranges of natural
products and synthetic drug molecules. Traditionally, C-O bonds were constructed using
Williamson ether synthesis, nucleophilic substitution and Ullman type couplings of alkyl
halides with alkoxides. Each of these reactions requires either an excess of the alkoxide or
use of harsh conditions. In this regard, recently transition-metal-catalyzed C-O bond

formation reactions has occupied prominent position.*°

R2 | $ O R2_| 2 O 3
AR5 mol % Pd(TFA), AR
“R3 > ~R3
R - R
N 1.5quivPhI(OTFA), A\ OH
R CH3NO,, 60 °C R'T
R' R2=EDG, EWG 37-93% yield

R3 = Aliphatic, Aromatic

Scheme 19. Diphenylphosphine Oxide Directed Hydroxylation of Arenes

12
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The directed ortho-hydroxylation of diphenylphosphine oxides was devised by Yang and
co-workers. The reactions were carried out using Pd(TFA), as a catalyst along with
hypervalent iodine as an efficient oxidant at moderate reaction conditions (Scheme 19).'*
The phosphates such as triphenylphosphine oxide and a-diphenyl naphthalenyl phosphonate
did not afford the target product, which shows that the seven-membered cyclopalladium

pretransition state may play a crucial role in attaining the products.

Sun’s group disclosed a Pd-catalyzed alkoxylation of azobenzene substrates directed by
the azo group using alcohols as alkoxylation reagents and diacetoxyiodobenzene as the
oxidant (Scheme 20).*' Excess alcohol acts as a solvent as well as alkoxylation reagent. The
substrates having electron withdrawing groups exhibited lesser reactivity compared to

electron donating groups.

7 | =
|_R1 :_R1
N N:N X 10 mol % Pd(OAc), N N¢N X
R + R20H > Fv@i
= 2.0 equiv Phl(OAc), ZNOR?
R' = EDG, EWG 80 °C, 24 h

35-77% yield
R2 = Aliphatic °¥e

Scheme 20. Palladium Catalyzed Alkoxylation of Azobenzenes

1.4.4. Carbon-Sulfur Bond Formation

Carbon-sulfur bond formation hold a preeminent position in the synthesis of valuable
chemical entities such as amino acids and peptides and present in many drug candidates.™
Wu et al. reported a Cu-catalyzed activation method for the sulfonylation directed by polar
N*-O" bonds such as quinolone N-oxides (Scheme 21)."® The reaction shows complete

selectivity at the 2-position with a wide range of substituted aryl sulfonyl chlorides.
0.0
SRS X \S/\C| 10 mol % Cul RN
R1% A+ + RZ_: = R1T; A+ (I? (0]
RN = 2.0 equiv K,CO3 RN N
l_
o)

=

DCE, 100 °C, 24 h o
1 72\
R"=Me _

- i 2
R2 = EDG, EWG 28-91% yleld R

Scheme 21. Sulfonylation of Quinolone N-Oxides Using Cu-Catalyst

13
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Shen and co-workers reported intermolecular monotrifluoromethylthiolation of arenes via
Pd-catalyzed directed C-H bond activation in AcOH at 110 °C (Scheme 22)." The

deuterium labelling studies suggest that the C-H activation step is not the rate limiting step.

@]
10 mol % Pd(CH5CN)4(OTf),
+ N_SCF3 >
AcOH, 110 °C, 24 h
@]

84% yield

Scheme 22. Pd-Catalyzed Trifluoromethylthiolation of Arenes

1.4.5. Carbon-Phosphorous Bond Formation

Phosphorous compounds found wide range of applications in medicinal chemistry, material
science and catalysis.'”> The Pd-catalyzed C(sp?)-H phosphorylation directed by 2-aryl
pyridines using H-phosphonates as phosphorylation reagents was reported by Yu group
(Scheme 23).*? The methodology was successfully applied for various nitrogen containing

heterocycles and obtained products in good yields.

DG o _, 10mol%Pd(OAc), DG E/ORZ
1N H|:'>'/OR 2.0 equiv AgOAc N “OR?2
R'7 + “OR? > R'-;
= 2.0 equiv NaOAc 5
R!' = EDG, EWG 1.0 equiv BQ up to 84% yields

R2 = Aliphatic, Aromatic AmylOH, 120 °C, 13 h

M
DG:QN @ /\N (\ oﬁ/i )
* pe

Scheme 23. Phosphorylation of Arenes via Directed C-H Activation

1.4.6. Carbon-Boron Bond Formation

Organoboron compounds are quite useful reagents in organic synthesis.”® Ir-catalyzed

regioselective C-H borylation of benzoate esters was shown by Miyaura and co-workers

14
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(Scheme 24)." Treatment of benzoate esters with bis(pinacolato)diboron produced ortho-

borylated products in good yields by using non-polar solvents.

0 Me Me  1.5mol % [I(OMe)(COD)], o)
Me—y— Ol O~F-Me 3 1moi 9 L1
R OMe T e ) PR e ~ R Y OMe
P Mé © o Ml\éle octane, 80 °C, 16 h A 8- _Me
R = EDG, EWG \ Me
FaG O\zflle
Me
L1= P 57-99% yield
FsC

3

Scheme 24. Ir-Catalyzed Ortho-Borylation of Benzoate Esters

1.4.7. Carbon-Halogen Bond Formation

Fluorinated scaffolds are of great interest because the fluorine atom enhances the
lipophilicity, bioavailability and metabolic stability of compounds.'* The construction of C-F
bond via Pd-catalyzed C-H functionalization with NFSI was presented by Xu and co-workers

(Scheme 25).1 It is notable that the reaction does not proceed in the absence of AgNOs,

_.OMe _.OMe
Nl 5 mol % Pd,(dbas) F Nl
L X R2 2.0 equiv NFSI i AN R2
R = > R T
S 30 mol % AgNO; ~

) e CHNO,, 25-90°C oo o g

R? = Aliphatic

Scheme 25. Directed Ortho-Fluorination of Arenes

Aromatic halogen containing compounds are used as starting materials in various
transformations such as cross-coupling reactions and were used in the preparation
organolithium and Grignard reagents. Sun and co-workers reported Pd-catalyzed ortho-
halogenation of arene substrates using cyano as a directing group (Scheme 26).1*¢ The

transformation provides broad substrate scope with high yields.
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CN 5 mol % Pd(OAC), CN
Xy 1.1equivNXS 7 X
R1A » R'-;
Z 0.5 equiv PTSA Z
DCE, 70 °C, 12 h 61-94% yields
R' = EDG, EWG
X =Cl, Br, |

Scheme 26. Ortho-Halogenation of Arylnitriles via C-H Functionalization

1.4.8. Carbon-Silicon and Carbon-Germanium Bonds Formations

Silicon containing compounds find wide applications in synthetic and material sciences.™
Kuninobo and Kanai groups reported Pd-catalyzed regioselective silylation and
germanylation of benzamides using disilanes and hexamethyldigermane in the presence of
Ag,COj3 as an oxidant and CaSOy as an additive in 1,4-dioxane at high temperature (Scheme
27).15

o) , , 10 mol % Pd(OAc), O  SiR%y/GeMe,
R<3Si-SiR :
\ N 3 (I)r IR"3 2.0 equiv AgoCO; N N
| H | JR'™ : gl H | JR
_N > Me;Ge-GeMe; 2.0 equiv CaSO, N =
1,4-dioxane

R' = EDG, EWG
R? = Aliphatic
Scheme 27. Regioselective Silylation and Germanylation of Arenes

to 82% yield
130 °C, 27-44 h ° SR ©

In conclusion, chelation assisted C-H functionalization reactions are powerful synthetic
tool for the construction of carbon-carbon and carbon-hetero atom bonds. These reactions are
site-selective, avoid prefunctionalization and occur under relatively milder reaction
conditions. Furthermore, these strategies provide a viable route for the synthesis of various

key intermediates in the synthesis of natural and unnatural biologically active molecules.
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Chapter 11
Pd-Catalyzed Aminotetrazole Directed Ortho-Halogenation of

Arenes

N-Aryl-5-aminotetrazole is an essential structural framework present in many compounds,
which have shown potential applications in biological and medicinal sciences.! For example,
the compounds having N-aryl-5-aminotetrazole core structure exhibit anti-inflammatory,
anti-asthmatic, anti-viral, anti-neoplastic, cognition disorder and antibiotic properties. In
particular, N-(2-halophenyl)-1H-tetrazol-5-amines are known to exhibit herbicidal and anti-

allergic properties.?

Aryl halides are extremely valuable starting materials for the synthetic elaboration. For
example, these functional groups have been used as precursors to organolithium and
Grignard reagents as well as in nucleophilic aromatic substitution. Recently, aryl halides
have also found wide spread synthetic utility as substrates for Pd- and Cu-catalyzed cross-
coupling reactions to achieve diverse C-C, C-N, C-O and C-S bond formations.? In addition,
aryl chlorides, bromides, and iodides serve as important components of a wide array of
biologically active molecules.* The most common synthetic approach to prepare halogenated
arenes is electrophilic aromatic substitution (EAS) reactions, using reagents such as N-
halosuccinimides, peroxides or hypervalent iodine species. Despite of wide use of these
transformations, they suffer from several notable disadvantages, such as (i) the substrate
scope is often limited to activated arenes, (ii) occurrence of side reactions including benzylic
halogenation and over halogenation of the arenes and (iii) the formation of multiple
regioisomeric products, which results in decreased yields and the requirement for tedious
separation processes.’ Thus, considerable efforts have been recently made for the
development of new methods for the regioselective C-H halogenation of arenes via cross
coupling methods® and employing directing groups”° using transition metal catalysis.
Herein, we report a Pd-catalyzed 5-aminotetrazole directed chemo- and ortho-selective

halogenation of arenes utilizing N-halosuccinimide as a halogen source.
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2.1. Strategies for Halogenation of Arenes

2.1.1. Conventional Method

The classical method for halogenation of arenes, including that of deactivated aromatics
involves the addition of excess of BF3-H-O to stoichiometric amounts of the substrate and N-
halosuccinimide (NXS) (Scheme 1).5¢ However, the application of this method is not straight
forward and it is associated with several issues such as the use of strong acids, elevated
temperatures and a mixture of ortho and para isomers along with minute amounts of

dihalogenated products. These make this process limited in its use.

EWG EWG
NXS, BFg-H0 | N
0-105°C  ~F

X =Cl, Br, |

Scheme 1. Lewis Acid Mediated Monohalogenation of Arenes

2.1.2. Cross-Coupling Reactions

Transition-metal catalyzed cross-coupling reactions provide a powerful synthetic tool for the
construction of carbon-carbon and carbon-heteroatom bonds. This concept has enabled to
overcome the aforementioned drawbacks associated with classical methods, developing
milder and regioselective protocols. For example, Hynes and co-workers have carried out
Cu-catalyzed halogenation of arenes of aryl boronic acids using N-halosuccinimides (Scheme
2).5 This protocol is effective in accessing a library of halo benzenes with high functional

group tolerance.

OH " 40 mol % Cux

N Bon 1.0 equiv NXS S X

S CH4CN, 80 °C P
R'=EWG, EDG 1-24 h up to 99% yield
X = Cl, Br, |

Scheme 2. Cu-Catalyzed ipso-Halogenation of Arylboronic Acids
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2.1.3. Chelation Assisted C-H Bond Halogenation Reactions

Transition-metal-catalyzed direct C-H bond functionalization of arenes occupied a
preeminent position in synthetic organic chemistry to provide efficient and environmental
friendly routes for the construction of carbon-carbon and carbon-hetero atom bonds. In this
context, remarkable advances in the halogenation reactions have been achieved using various

directing groups.

2.1.3.1. Rh-Catalyzed Ortho-Halogenation of Arenes

Rh has been identified as a highly useful catalyst for C-H bond activation. For example,
Glorius and co-workers reported the use of [{RhCp*Clz}.] with AgSbFe for ortho
bromination and iodination of arenes (Scheme 3).” This protocol shows compatibility with
various directing groups such as tertiary benzamide, secondary benzamides, acetamides and
phenylpyridines as a chelation sources, and catalytic transformation could tolerate a broad

range of functional groups.

1 mol % [(RhCp*Cl,),] =
xPC 1.2 equivNBS X PC
R > R'g
_ 4 mol % AgSbFg F

1.1 equiv PivOH
DCE, 60-120 °C, 16-48 h

up to 99% yield

Scheme 3. Rh-Catalyzed Regioselective Halogenation of Arenes
o R? 2 mol % [RhCp*Cl,], N \/RZ
R > 2.0 equiv Cu(TFA) R'7 >
KN/ N . 2 - KN/ N
1.0 equiv Li,CO3, DCE, air
@ 2.0 w f52 NC3 130 °C CI\@
Yy, .0 equiv '‘BuNC, X,

R® 23.53h R
32-85% yields

R', R2 R®=EDG, EWG

Scheme 4. Regioselective Chlorination of 7-Azaindoles
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Xu and co-workers demonstrated Rh-catalyzed regioselective C-H chlorination of arenes
using 7-azaindole as the directing group using Cu(TFA): in the presence of Li.COs and
‘BUNC in DCE (Scheme 4).” In this reaction, DCE acts as a readily available and practical
chlorination source. This transformation provides access for the chlorination of substituted 7-

azaindoles with good functional group tolerance.

2.1.3.2. Ru-Catalyzed Ortho-Halogenation of Arenes

Ru catalysts contributed to a great extent towards their use as less expensive and efficient
catalytic systems for the oxidative transformation of inert C-H bonds into various functional
groups. Ackermann and co-workers described benzamide directed ortho-selective C-H
bromination and iodination of arenes using [Rus(CO)12] and AgO.C(1-Ad) in the presence of
N-halosuccinimides (Scheme 5).2 The isotopically labelled additive highlighted the reversible

C-H ruthenation protocol.

) , 3.3 mol % Ru3(CO)45 * P 2
O N 2.0 equiv NXS NS e
R R3 g = R
= 20 mol % AgO,C(1-Ad)

DCE, 130 °C, 16-22 h 36-89% yield

R!'=EDG, EWG
R?, R® = Cyclic, Acyclic
X =Br, |

Scheme 5. Ru-Catalyzed Ortho-Halogenation of Benzamides

2.1.3.3. Pd-Catalyzed Ortho-Halogenation of Arenes

Pd is the most used catalyst for the construction of carbon-halogen bonds via C-H activation.
The first report for Pd-catalyzed ortho-chlorination was reported for anilides by Shi and co-

workers using CuCl; as a chlorine source and Cu(OAc); as oxidant (Scheme 6).%

H 10 mol % Pd(OAc), Cl

H
N__Me 20 equivCuCl N_ _Me
AN .0 equiv CuCl, X
R T > R b
~ O 2.0 equiv Cu(OAc), ~ 0
R'=EDG, Ewg  DCE/90°C.48h up to 95% yields

Scheme 6. Pd-Catalyzed Chlorination of Anilides
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Sanford and co-workers accomplished Pd-catalyzed regioselective halogenation of arene
substrates using N-halosuccinimides as halogen source in acetic acid or acetonitrile (Scheme
7).% This transformation requires nitrogen containing heterocycles such as pyridines, oxime
ethers, isoquinoline, aromatic aldehydes and benzylic methylene groups as chelation sources.

DG 5 mol % Pd(OAc), DG
SN 1-1.5 equiv NXS _ X X
R1_: - R1_:
~~  CH3COOH or =
CH3CN, 100 °C, 12h 54 8904 yvields
R'=EDG, EWG
X =Cl, Br, |

_.OMe
Me

X N-O N
DG = q\A\O Q @ @Q\, | \N W\/OAC %J\
W N No [ . 7
v 0

Scheme 7. Pd-Catalyzed Ortho-Halogenation of Arenes via Nitrogen Heterocycles

Pd-catalyzed ortho-halogenation of anilides has been achieved using unusual Pd'-Pd"
tetrameric complex under aerobic conditions (Scheme 8).%¢ In this reaction, PTSA is used as

an additive to furnish the halogenated arenes.

H 5-10 mol % Pd(OAc), X H
N R® 4 1 equiv NXS NN R
R b » R b
=~ O 0.5 equiv PTSA ~ O
R'=EDG,EWG  toluene, rt, 1-4 h up to 93% yields
R? = Aliphatic
X = Br, Cl

Scheme 8. Ortho-Halogenation of Anilides

Pd(OACc). with PTSA has been employed by Nicholas and co-workers for the ortho C-H

bromination of arenes using aryl-O-carbamates as a chelation source (Scheme 9).%
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Me 10 mol % Pd(OAc), Br Me
o__N . o_ _N
AN ~ 1.2 equiv NBS X N
R M K » R M
~ O 0.5 equiv PTSA ~ O
R' = EDG, EWG DCE, 90 °C 42-89% yield

Scheme 9. Regioselective Bromination of Carbamates

Tian and co-workers adapted the same reaction condition for ortho-halogenation of azo
compounds. This strategy has been successful in bringing out direct halogenation of the azo
compounds selectively at ortho position (Scheme 10).*® The reaction was tested for

unsymmetrical azo compounds and found electron-rich aryl groups prefer to be brominated

selectively.
= D g2 5 mol % Pd(OAc), 4 D o
i N NsN N 1.2 equiv NXS y R1_'(/\/LN\\N N
= _2 0.5 equiv TsOH L .
CH4CN, rt, 20 h
R', R? = EDG, EWG 60-90% yield
X =Br, |

Scheme 10. Selective Halogenation of Azo Compounds

DG 5.20 mol % Pd(OAc), DG
Ny 1.1 equiv NXS SN2
R > R'§

2 1.0-6.0 equiv CF3SO3H /
2.0 equiv N»S,04 36-93% yields
DCE, 60-90 °C, 3-12 h

R' = EDG, EWG
_____ X=BrCl LI Vo~ AN

0 o) o) o

Scheme 11. Chemo- and Regioselective Halogenation of Electron-Deficient Arenes

Rao’s group reported Pd-catalyzed ortho-chlorination/bromination of arenes in presence
of CF3SOzH in DCE at moderate reaction conditions. The use of suitable oxidant (Na2S20s)

is important in attaining the regioselectivity (Scheme 11).%" This method was fairly general
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for wide variety of substrates such as benzoates, benzamides, sulfonamides, aromatic ketones
and 2-phenylacetates and further, relative DG abilities have been demonstrated as NHAc >
CONHPr > C=0 > SO2NHEt > CO2Et, CONMePr > SO,NEt.

Pd-catalyzed strategy was devised by Zhang et al. for the chlorination of ortho C-H bond
of 2-phenylpyridines using arylmethyl chlorides as chlorinating agent and TBHP as oxidant

in DMSO in the presence of oxygen (Scheme 12).%

R? R?
A A
~. J 5 mol % PdCl, = J
XN cl 5 equiv TBHP X N
R4 + > R4
Z DMSO, 100 °C ¢
R'" = EDG, EWG, Hetroaryl 2 i O up to 85% yield

RZ = Me

Scheme 12. Ortho-Chlorination of Arenes Using Arylmethyl Chlorides

2.1.3.4. Cu-Catalyzed Ortho-Halogenation of Arenes

Cu catalysts are beneficial in C-H functionalization reactions with respect to cost and
toxicity. Yu and co-workers demonstrated first Cu-catalyzed chlorination of arenes using
DCE as a solvent as well as chlorination source in presence of O, (Scheme 13).1% The kinetic

isotope experiment suggests that the reaction proceeds via SET mechanism.

R? .
R =y cr I/\: \
-4 20 mol % CuCl, j NN
/ > T+ R = N©
DCE, O,, 130 °C L~ o
24 h )
R' = EDG, EWG up to 93% yield

R?=CH,
Scheme 13. Cu-Catalyzed Ortho-Chlorination of 2-Aryl Pyridine

Carretero and co-workers employed CuX>-NXS for the regioselective halogenation of
arenes using 2-pyridylsulfonyl and 2-pyrimidylsulfonyl as chelation sources (Scheme 14).%

The protected anilines could be cleaved in the presence of Mg/CH30H to afford free anilines.
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NHSO2PY 10 mol % CuX, NHSO,Py NH,
XN 1.2 equiv NXS S Mg S
R - R > R
= CH4CN, O,, 100 °C = CH4OH =
4-8h 50-89% yield
R' = EDG, EWG
X = Cl, Br

Scheme 14. Removable 2-pyridylsulfonyl directed Ortho-Halogenation of Arenes

Shi group presented Cu-catalyzed ortho-halogenation of benzamides, directed by PIP (4-
aminopyridine) directing group (Scheme 15).2° In this transformation Zn(OAc). acts as a
lewis acid to activate NXS reagent. The catalytic transformation is scalable and tolerates a

broad range of functional groups at high temperatures.

O Me Me 20 mol % CuX O Me Me X O Me Me
X N Xy 1.4 equiv NXS X N A AN N AN
R4+ H NI » RI-L H | + R H |
= Z 1.0 equiv Zn(OAc), Ay N ~ Ay N ~
DCE, 120 °C, 24 h ,
R' = EDG, EWG Upto 90% vield

X =Cl,Br, |
Scheme 15. PIP directed Ortho-Halogenation of Benzamides
2.2. Present Study

Taking cues from the existing literature, we envisioned that aminotetrazole could also acts as

a directing group for the ortho-halogenation under Pd-catalysis.

Synthesis of Substituted N,1-Diphenyl-1H-tetrazol-5-amines (1a-n). The starting
materials 1a-n were prepared from isothiocyanates, anilines and NaNs in the presence of

Cu(OAc), via tandem addition, substitution and electrocyclization processes (Scheme 16).1

NH, NCS “ Vi)
1) DMF, t, 14 h 100 =N
N 20 ) > R = >/
R4 + Ro°gp > HN
= 2 2)50 mol % Cu(OAc),
3.0 equiv NaNj 7\
R',R?=EDG, EWG 3.0 equiv NEt3 = g2
rt, 4 h 56-87 % yields

Scheme 16. Synthesis of N,1-diphenyl-1H-tetrazol-5-amine (1a-n)
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Table 1. Optimization of the Reaction Conditions?

7 N/N:l}l 10 mol% [Pd] source Cl N'N:N
YN 1.2 equiv NBS : @/ \=N
HN 0.5 equiv Additive HN g,
@ Solvent, 60 °C, 6 h @
1a 2a
Entry Catalyst Additive Solvent Yield (2a) (%)°
1 Pd(OAC), TFA DCE 60
2 Pd(OAC)2 PTSA DCE 50
3 Pd(OAC):2 CF3SOsH DCE 92
4 Pd(OAC):2 CF3SOsH CHsCN 0
5 Pd(OAC)2 CF3SOzH toluene 0
6 Pd(OAC), CF3SOsH DME 40
7 Pd(OAcC)2 CFsSOzH CHsCOzH 60
8 PdCl; CF3sSOsH DCE 47
9 Pd(PPh3)2Cl: CF3sSOsH DCE 55
10° Pd(OAC). CF3SOsH DCE 72
11¢ Pd(OAC), CF3SO3H DCE 43
12 - CF3SOszH DCE 10

2 Reaction conditions: substrate 1a (1 mmol), Pd-source (10 mol %), NBS (1.2 mmol), additive (0.5 mmol),
solvent (2 mL), 60 °C, 6 h. P Determined by 400 MHz *H NMR. ¢ Temperature (40 °C) was used. ¢ Pd-source (5

mol %) was used.
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Table 2. Ortho-Bromination of N-Aryl Ring of N,1-Diaryl-1H-tetrazol-5-amine?

N N 10 mol% Pd(OAc), N/N:l}l
RUC T )=N 1.2 equiv NBS R TTN=N
I - [
Z HN > Z HN
0.5 equiv CF3SO3H Br
- DCE, 60 °C =
@RZ CSRZ
1b-n 2b-n

R', R2 = EDG, EWG

N=n

N< N< Ns
Me\©/N’ E Me\©/N | /©/N’ E /©/N E
2 Br p HN Br Cl HN Br F HN Br
Me Me cl E

2b 6h,78%,3.2:1 2b' 2c, 6 h, 84% 2d, 10 h, 82%

Me OMe OMe
Me
2e,10 h, 88% 2f, 10 h, 91% 29 6 h, 88%, 1:1 2¢g'
Me N N N
NN e N, E e N, E NI
SRS ORANE S e
Me HN Br Me Br Me Br Me HN
T Br
Me
M Me Me Me Me O2N
e
2h, 8 h, 63% 2i 6h,90%, 2.5:1 2i' 2j,8h, 79%
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Table 2 Continues...

Cl Cl F Me n-N.

Me NOZ Me

2k, 6 h, 92% 21,8 h, 74% 2m, 8 h, 79% 2n, 8 h, 89%

2 Substrate (1 mmol), Pd(OAc)2 (10 mol %), NBS (1.2 mmol), CF3SOsH (0.5 mmol), DCE (2 mL), 60 °C, 6-10
h.

We then commmenced the optimization studies for bromination using 1-(2-chlorophenyl)-N-
phenyl-1H-tetrazol-5-amine 1a as a model substrate with N-bromosuccinimide (NBS) as a
bromine source using different Pd-sources, solvents and additives at varied temperatures
(Table 1). Gratifyingly, the reaction proceeded selectively to brominate the ortho-position of
the N-aryl ring in high yield. In case of additives, CF3SO3H gave the desired product 2a in
92% vyield (entry 3), while CF3CO.H (TFA) and p-TsOH (PTSA) were found to be less
effective in affording the target product in 50-60% yield. Amoung the solvents examined,
1,2-dichloroethane (DCE) gave the best results, whereas 1,2-dimethoxyethane (DME) and
CH3CO2H gave inferior results, while CH3CN and toluene were failed to produce the desired
product. The catalytic activity of different Pd-sources was evaluated, and Pd(OAc). exhibited
greater reactivity to PdCI> and Pd(PPh3)>Cl>. Lowering the quantity of the Pd-source and the
temperature led to afford the target product 2a in <72% vyield. Control experiments without
the Pd-source gave 2a in 10% yield along with unreacted starting material 1a.

With the optimized conditions, the scope of the protocol was studied for the bromination
of a wide range of substitured N,1-diaryl-1H-tetrazol-5-amines (Table 2). The substrates 1c-f
having 4-Cl, 4-F, 4-'Pr and 4-Me substituents on both the aryl rings readily proceeded
reaction to give the corresponding brominated products 2c-f in 84%, 82%, 88% and 91%
yields, respectively. Similarly, substrate bearing 2,4-diMe substituents 1h required slightly
longer reaction time to give the target product 2h in 63% yield.
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Table 3. Ortho-Chlorination of N-Aryl Ring of N,1-Diaryl-1H-tetrazol-5-amine?

NsN' 10 mol% Pd(OAc), N+
AN N | . AN N |
R N 1.2 equivNCS R4 =N
% > Z HN
HN 0.5 equiv CF3SO3H Cl
= DCE, 60 °C \
\ /<R2 \ /<R2
1a, 1i, 1j-n 3a-j
R', R2 = EDG, EWG
ol Ney Nay Ns
N N | N | N |
NN =N =N =N
HN HN e HN
N C c F cl cl
@ i:/( Me
o] F Me
Me
3a, 6 h, 86% 3b, 6 h, 83% 3c, 6 h, 88% 3d, 10 h, 82%
Nsy Me Nsn

/N:N Me N
N I —N
. e
Me
Me HN Cl
Me\Q
Me Me

N
>/
cl + Me \
Me

Me

3e,6 h, 83% 3f, 10 h, 68% 3g 6h,90%, 2.4:1 39’
Cl
Nsp N:
N |
- :
Me pN="N
AN cl v N
N\( cl
HN
Me
NO; Me Me
3h, 8 h, 79% 3i,6h,82 % 3j,6 h, 90%

@ Substrate (1 mmol), Pd(OAc), (10 mol %), N-chlorosuccinimide (NCS) (1.2 mmol), CF3SOsH (0.5 mmol),

DCE (2 mL), 60 °C, 6-10 h.
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Table 4. Ortho-lodination of N-Aryl Ring of N,1-Diaryl-1H-tetrazol-5-amine?

N’NQ'T' 10 mol % Pd(OAc), N’NQ'T'
R N =N 1.2 equiv NIS R o =N
Z HN > Z HN
0. 5 equiv CF5SO3H |
—\ DCE,60°C —
\ P \ Koz
1d-, h, i, k da-g

R',RZ=CI, F, 'Pr, Me

me b Qw )fjw
N

4a,6 h, 90% 4b, 6 h, 87% 4c,6 h, 93% 4d, 10 h, 73%
N:N Cl /N:N
Me N/ | N I N
>;N =N Me pN="™
\
NH
Me
Me
Me Me Me
4e,6 h, 86% 4f, 6 h, 89% 49,6 h, 90%

2 Substrate (1 mmol), Pd(OAc). (10 mol %), N-iodosuccinimide (NIS) (1.2 mmol), CF3:SOsH (0.5 mmol), DCE
(2 mL), 60 °C, 6-10 h.

Likewise, unsymmetrical substrates 1j-n bearing electron donating and -withdrawing
groups underwent reaction to afford the target ortho-brominated products 2j-n in 74-92%
yields. In case of the substrates having 3-Me and 3,4-diMe groups on the aryl rings, produced
a mixture of 2-bromo and 2,6-dibromo compounds 2b and 2b*, and 2i and 2i* in 78% and
90% vyields, respectively. In similar fashion, the substrate having 4-OMe group on the aryl

rings 1g produced a mixture of ortho-brominated products 2g and 29" in 88% yield.
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The protocol was extended to chlorination of the substituted N-aryl-1-aryl-1H-tetrazol-5-
amine derivatives employing N-chlorosuccinimide (NCS) as a halogen source (Table 3). The
symmetrically substituted substrates with 4-Cl, 4-F, 4-'Pr, 4-Me and 2,4-diMe groups on the
aryl rings proceeded smoothly to give the target ortho-chlorinated products 3b-f in 68-88%
yields. In addition, the unsymmetrical substrates 1a and 1l-n readily underwent reaction to
afford the target products 3a and 3h-j in 86% and 79-90% yields, respectively, In case of
substrate 1i produced a mixture of 2-chloro- and 2,6-dichlorinated products 3g and 3g" in
90% vyield.

Furthurmore, the protocol can be utilized for iodination of N-aryl-1-aryl-1H-tetrazol-5-
amines in the presence of N-iodosuccinimide (NIS) as a halogen source (Table 4). The
substrates having symmetrical substituents such as 4-F, 4-'Pr, 4-Me, 2,4-diMe and 3,4-diMe
groups both on the aryl rings were studied. In similar fashion, the reactions occurred to give
the corresponding ortho-iodinated products 4a-e in 73-93% yields, In addition, the substrate
1k and 1n with unsymmetrical substituents afforded the target products 4f and 4g in 89% and
90% vyields, respectively. In these iodination reaction we have observed mono iodination as a
sole products. Recrystallization of 4c gave single crystal whose structre was confirmed by
single crystal X-ray analysis (Figure 2).

-

/

/
3 '\'
(Hen co ®)

A NS

Figure 2. ORTEP diagram of N-(2-lodo-4-methylphenyl)-1-p-tolyl-1H-tetrazol-5-amine 4c
with 50% ellipsoid.
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oxidative
addition

Scheme 17. Plausible Catalytic Cycle

The proposed catalytic cycle is shown in Scheme 17. The reaction of N,1-diaryl-1H-
tetrazol-5-amines with Pd(OAc). may give a six membered cyclopalladated intermediate |
via amino-tetrazole chelation assisted C-H bond activation.**% The intermediate |1 may then
undergo oxidative addition with NXS to yield Pd(1V)**¢¢ complex Il, which may complete
the catalytic cycle via reductive elimination'?°® of the halogenated products and regeneration
of the Pd(Il) species. The function of the CF3SOsH may be presumably to protonate the
carbonyl of the NXS that could lead to more effective X~ source.* In addition, CFsSOsH
may tune the electrophilicity of Pd(l1) that could improve the C-H activation process.*?

In summary, Pd(1l)-catalyzed 5-aminotetrazole assisted ortho-selective halogenation of N-
aryl ring of N,1-diaryl-1H-tetrazol-5-amine derivatives has been described utilizing N-
halosuccinimide as a halogenating agent via C-H bond activation at moderate temperature.
The reaction is chemo- and regioselective and the halogenated products can be obtained in

moderate to good yield.
2.3. Experimental Section

2.3.1. General Information: Pd(OAc). (99%), PdCl, (99%), Pd(PPhs).Cl> (98%), N-

bromosuccinimide (98%), N-chlorosuccinimide (98%) and N-iodosuccinimide (98%) were
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purchased from Aldrich and were used as received. Trifluoromethanesulfonic acid (98%) was
purchased from Spectrochem. The solvents were purchased and dried according to standard
procedure prior to use. Purification of the reaction products was carried out by column
chromatography using Rankem silica gel (60-120 mesh). Analytical TLC was performed on
Merck silica gel G/GF 254 plate. NMR spectra were recorded on DRX-400 Varian
spectrometer and Bruker Ultrashield™ 300 using CDCls as solvent and Me4Si as internal
standard and DMSO-de was used as solvent. Chemical shifts (J) were reported in ppm and
spin-spin coupling constants (J) were given in Hz. Melting points were recorded in open
capillary tubes using Buchi B-540 melting point apparatus and are uncorrected. FT-IR
spectra were recorded using Perkin Elmer IR spectrometer. Mass spectra were recorded on a
Q-Tof ESI-MS Instrument (model HAB 273). X-Ray data were collected on a Bruker
SMART APEX equipped with a CCD area detector using Mo/Ka radiation. The structures
were solved by direct method using SHELLX-97 (Goéttingen, Germany).

2.3.2. General Procedure for Halogenation of Aminotetrazoles. CFsSOsH (0.5
mmol) was added to a stirred solution of aminotetrazole 1 (1 mmol), Pd(OAc). (10 mol %)
and NXS (1.2 mmol) in DCE (2 mL) under air. The mixture was stirred at 60 °C for the
appropriate time and the progress of the reaction was monitored by TLC using ethyl acetate
and hexane as eluent. After completion, the reaction mixture was cooled to room temperature
and treated with saturated NaHCOs3 (5 mL). The resulting solution was extracted with ethyl
acetate (3 x 10 mL) and washed with brine (2 x 5 mL). Drying (Na.SO4) and evaporation of
the solvent gave a residue that was purified on silica gel column chromatography using

hexane and ethyl acetate as eluent to afford analytically pure N-(2-haloaryl)aminotetrazoles.

2.4. Characterization Data of N-(Haloaryl) Aminotetrazoles 2a-n, 3a-j, 4a-g

\
o
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N-(2-Bromophenyl)-1-(2-chlorophenyl)-1H-tetrazol-5-amine 2a. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane Rs = 0.71; 294 mg, 84% yield; white solid.

Mp 96-97 °C.

'H NMR (400 MHz, CDCl3) & 8.46 (d, J = 8.8 Hz, 1H), 7.80 (d, J = 6.8 Hz, 2H), 7.50-7.47
(m, 2H), 7.37-7.33 (m, 2H), 7.13 (s, 1H), 7.04-7.00 (m, 1H).

13C{H} NMR (100 MHz, CDCl3) & 150.9, 134.6, 134.1, 131.7, 129.2, 128.4, 125.9, 124.9,
124.4,124.1, 121.7, 120.2, 119.2.

FT-IR (KBr) 3445, 3387, 2956, 2926, 1714, 1603, 1567, 1517, 1487, 1380, 1111, 1072, 827,
751 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C13HoCIBrNsH 351.9781, found 351.9789.

Me NI | Me NI \'}l
>7N \©/ >¢N

HN Br + HN Br
i 5 Br\i j

Me Mg

N-(2-Bromo-5-methylphenyl)-1-m-tolyl-1H-tetrazol-5-amine 2b and

N-(2,6-dibromo-3-methylphenyl)-1-m-tolyl-1H-tetrazol-5-amine 2b*. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane R¢ = 0.68; white solid; 283 mg, 78% vyield; both isomers
are reported together (ratio: 3.2:1 as determined by NMR).

Mp 101-102 °C.

'H NMR (400 MHz, CDCl3) & 8.42 (s, 1H, major isomer), 8.30 (d, J = 9.2 Hz, 1H, minor
isomer), 7.64 (s, 1H, major isomer), 7.57-7.50 (m, 4H, 2H major + 2H minor isomers ), 7.41-
7.36 (m, 6H, 3H major + 3H minor isomers), 7.16 (br s, 1H), 2.56 (s, 3H, minor isomer), 2.47
(s, 6H, 3H major + 3H minor isomers), 2.40 (s, 3H, major isomer).

13C{H} NMR (75 MHz, CDCl3) & 150.8, 150.7, 141.3, 139.2, 137.7, 135.4, 134.8, 134.7,
132.3, 132.2, 131.5, 130.5, 125.0, 124.9, 121.2, 121.1, 120.3, 118.0, 117.2, 114.9, 108.9,
24.6, 23.0, 21.4.

FT-IR (KBr) 3365, 3086, 2918, 2857, 1958, 1598, 1559, 1522, 1493, 1449, 1385, 1313,
1124, 1089, 1046, 875, 795, 692 cm™.
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HRMS (ESI) m/z: [M+H]" calcd for C1sH14BrNsH 344.0505, found 344.0504; HRMS (ESI)
m/z: [M+H]" calcd for C1sH13BroNsH 423.9689, found 423.9685.

N=N

N |

Iong
Cl HN Br

Cl

N-(2-Bromo-4-chlorophenyl)-1-(4-chlorophenyl)-1H-tetrazol-5-amine  2c.  Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane R¢ = 0.70; white solid; 320 mg, 84% yield.

Mp 175-176 °C.

'H NMR (400 MHz, CDCl3) & 8.48 (d, J = 8.8 Hz, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.57-7.53
(m, 3H), 7.39 (dd, J = 8.8, 2.4 Hz. 1H), 7.13 (br s, 1H).

BC{H} NMR (100 MHz, CDCl3) & 150.8, 137.3, 133.4, 131.3, 131.0, 129.5, 129.2, 129.0,
128.7,125.8, 122.2, 120.0.

FT-IR (KBr) 3434, 3364, 2923, 2846, 1733, 1602, 1561, 1399, 1259, 1086, 1034, 814, 735
cm™.

HRMS (ESI) m/z: [M+H]" calcd for C13HsBrCIl2NsH 383.9413, found 383.9427.

N=n

N |
ong
F HN Br

F

N-(2-Bromo-4-fluorophenyl)-1-(4-fluorophenyl)-1H-tetrazol-5-amine 2d. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane R = 0.62; white solid; 287 mg, 82% yield.

Mp 171-172 °C.

!H NMR (400 MHz, CDCl3) & 8.47-8.44 (m, 1H), 7.61-7.57 (m, 2H), 7.39-7.33 (m, 2H),
7.30-7.27 (m, 1H), 7.16-7.11 (m, 1H), 6.97 (br s, 1H).

38



Chapter 11 Ortho-Halogenation of Arenes

3C{H} NMR (100 MHz, CDCl; + DMSO-ds) § 164.1, 161.6, 159.4, 156.9, 153.1, 151.7,
132.6, 128.5, 126.6, 126.5, 122.4, 122.3, 119.5, 119.2, 117.2, 117.0, 115.3, 115.1, 114.6,
114.5.

FT-IR (KBr) 3423, 3385, 2961, 2926, 2254, 1618, 1578, 1508, 1260, 1237, 1157, 1024, 809,
760 cmL.

HRMS (ESI) m/z: [M+H]" calcd for C13HgF2BrNsH 352.0004, found 352.0000.

N/N:N
—N
Me HN>/
Br
Me

Me
M¢e

N-(2-Bromo-4-isopropylphenyl)-1-(4-isopropylphenyl)-1H-tetrazol-5-amine 2e.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rs = 0.64; thick colorless liquid; 352
mg, 88% yield.

'H NMR (400 MHz, CDCls) § 8.34 (d, J = 8.4 Hz, 1H), 7.50-7.45 (m, 4H), 7.35-7.34 (d, J =
2.0 Hz, 1H), 7.23 (dd, J = 8.4, 2.0 Hz, 1H), 7.10 (br s, 1H), 3.03-2.99 (m, 1H), 2.85-2.82 (m,
1H), 1.30 (d, J = 6.8 Hz, 6H), 1.20 (d, J = 6.8 Hz, 6H).

13C{H} NMR (100 MHz, CDCl3) & 151.5, 151.0, 145.1, 133.5, 130.2, 130.0, 128.5, 126.8,
124.1,119.2, 112.1, 33.9, 33.2, 23.8, 23.7.

FT-IR (KBr) 3372, 2961, 2928, 2870, 1598, 1556, 1523, 1460, 1388, 1364, 1316, 1238,
1117, 1084, 1058, 1013, 838, 710 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C19H22BrNsH 402.1113, found 402.1119.

Me
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N-(2-Bromo-4-methylphenyl)-1-p-tolyl-1H-tetrazol-5-amine 2f. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane Rs = 0.72; white solid; 313 mg, 91% yield.

Mp 152-153 °C.

'H NMR (400 MHz, CDCls) & 8.35 (d, J = 8.4 Hz, 1H), 7.47-7.42 (m, 4H), 7.32 (s, 1H), 7.19
(dd, J=8.4,1.6 Hz, 1H), 7.09 (br s, 1H), 2.47 (s, 3H), 2.29 (s, 3H).

BC{H} NMR (100 MHz, CDCl3) & 151.2, 141.1, 134.2, 133.4, 132.6, 131.3, 130.1, 129.6,
124.3,119.0, 112.0, 21.4, 20.5.

FT-IR (KBr) 3381, 3085, 2917, 1599, 1566, 1525, 1318, 1235, 1179, 1083, 1038, 816, 720
cm?,

HRMS (ESI) m/z: [M+H]" calcd for C15sH14BrNsH 344.0505, found 344.0504.

N~ N~
N ITI N I
O O
MeO HN gr MeO HN Br
+ Br
OMe OMe

N-(2-Bromo-4-methoxyphenyl)-1-(4-methoxyphenyl)-1H-tetrazol-5-amine 2g and

N-(2,6-dibromo-4-methoxyphenyl)-1-(4-methoxyphenyl)-1H-tetrazol-5-amine 29"
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.48; white solid; 366 mg, 88%
yield; both isomers are reported together (ratio: 1:1 as determined by NMR).

Mp 147-148 °C.

'H NMR (400 MHz, CDCls) & 8.68 (s, 1H), 8.32 (d, J = 9.2 Hz, 1H ), 7.49-7.46 (m, 5H),
7.13-7.06 (m, 4H), 7.02 (s, 1H), 6.95 (dd, J = 9.2, 2.8 Hz, 1H), 6.80 (br s, 1H), 3.89 (s, 6H),
3.84 (s, 3H), 3.77 (s, 3H).

BC{H} NMR (75 MHz, CDCls) § 161.2, 161.1, 155.6, 151.6, 151.1, 151.0, 128.5, 128.2,
126.2, 124.9, 124.7, 122.6, 120.9, 120.4, 120.2, 115.7, 115.6, 114.8, 113.6, 112.7, 56.7, 55.8.
FT-IR (KBr) 3434, 3393, 2925, 2851, 1603, 1523, 1486, 1263, 1209, 1086, 1021, 824, 801,
746 cm™,

HRMS (ESI) m/z: [M+H]" calcd C15H14BrNsO2H 376.0404, found 376.0404; [M+H]" calcd
for C1sH13BraNsO2H 455.9416, found 455.9420.
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Me
N=N
N |
>¢N
Me HN Br
Me

Me
N-(2-Bromo-4,6-dimethylphenyl)-1-(2,4-dimethylphenyl)-1H-tetrazol-5-amine 2h.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane R = 0.50; white solid; 234 mg, 63%
yield.

Mp 98-99 °C.

IH NMR (400 MHz, CDCls) & 7.29-7.20 (m, 4H), 7.02 (s, 1H), 5.73 (br s, 1H), 2.43 (s, 3H),
2.29 (s, 6H), 2.20 (s, 3H).

13C{H} NMR (100 MHz, CDCl3) § 153.8, 141.6, 138.8, 137.6, 135.9, 132.5, 132.0, 131.2,
130.7, 128.6, 128.2, 126.9, 122.0, 21.2, 20.6, 18.9, 17.3.

FT-IR (KBr) 3370, 3247, 2959, 2923, 1714, 1587, 1515, 1476, 1381, 1293, 1227, 1102,
1087, 1027, 818, 734 cm™.

HRMS (ESI) m/z: [M+H]* calcd for C17H1sBrNsH 372.0818, found 372.0820.

N:N N~
Me:©/N/ | Me N/ |
>§N j@/ >§N
Me KN Br Me i Br
™ Br
Me Me Me Me

N-(2-Bromo-4,5-dimethylphenyl)-1-(3,4-dimethylphenyl)-1H-tetrazol-5-amine 2i and

N-(2,6-dibromo-3,4-dimethylphenyl)-1-(3,4-dimethylphenyl)-1H-tetrazol-5-amine  2i'.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane R = 0.71; white solid; 354 mg, 90%
yield; both isomers are reported together (ratio: 2.5:1 as determined by NMR).

Mp 116-117 °C
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'H NMR (400 MHz, CDCI3)s 8.26 (s, 1H, major isomer), 8.24 (s, 1H, minor isomer), 7.40 (s,
1H, minor isomer), 7.38-7.37 (m, 2H, major isomer ), 7.34-7.30 (m, 2H, 1H major + 1H
minor isomers), 7.27 (s, 1H, major isomer), 7.19 (d, J = 8.4 Hz, 1H, minor isomer), 7.09 (br
s, 1H), 2.38 (s, 15H, 6H major + 9H minor isomers), 2.32 (s, 3H minor isomer), 2.29 (s, 3H

major isomer), 2.21 (s, 3H, major isomer).

13C{H} NMR (75 MHz, CDCls) § 151.2, 151.0, 139.5, 137.7, 136.6, 133.8, 133.3, 132.8,
132.6, 132.4, 131.5, 130.2, 130.1, 129.4, 125.1, 121.3, 120.0, 116.0, 115.6, 108.6, 20.8, 20.3,
19.9, 19.87, 19.7, 19.0.

FT-IR (KBr) 3376, 2971, 2920, 1594, 1558, 1518, 1451, 1396, 1245, 1114, 1087, 1026, 874,
832, 723cm™,

HRMS (ESI) m/z: [M+H]" calcd for Ci7H18BrNsH 372.0818, found 372.0807; [M+H]" calcd
for C17H17Br2NsH 453.9866, found 453.9862.

N-(2-Bromo-5-nitrophenyl)-1-p-tolyl-1H-tetrazol-5-amine 2j. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane R = 0.54; 295 mg, 79% yield; thick yellow liquid.

'H NMR (400 MHz, CDCl3) 6 8.51 (d, J = 8.4 Hz, 1H), 7.56-7.47 (m, 6H), 2.50 (s, 3H).
13C{H} NMR (75 MHz, CDCl; + DMSO-ds) & 150.8, 150.6, 141.5, 137.9, 131.3, 129.5,
129.2,124.2,121.9, 119.0, 103.9, 21.4.

FT-IR (KBr) 3427, 2912, 2247, 1635, 1605, 1525, 1344, 1116, 1024, 998, 823, 764 cm™.
HRMS (ESI) m/z: [M+Na]" calcd for C14H11BrNeO2Na 397.0030, found 397.0025.
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Cl
N=n
N
©/ >9N
HN Br

Me

N-(2-Bromo-4-methylphenyl)-1-(2-chlorophenyl)-1H-tetrazol-5-amine  2k.  Analytical
TLC on silica gel, 1:4 ethyl acetate/ hexane Rs = 0.70; white solid; 337 mg, 92% yield.

Mp 158-159 °C.

'H NMR (400 MHz, CDCls) 6 8.39 (d, J = 8.4 Hz, 1H), 7.75 (dd, J = 8.4, 0.8 Hz, 1H), 7.42
(s, 1H), 7.30-7.22 (m, 3H), 7.12 (br s, 1H), 6.97-6.93 (m, 1H), 2.44 (s, 3H).

B3C{H} NMR (75 MHz, CDCls) & 150.8, 141.3, 134.6, 131.5, 129.1, 128.4, 127.1, 126.3,
123.8, 122.6, 121.5, 119.0, 23.6.

FT-IR (KBr) 3381, 3104, 2921, 1898, 1605, 1567, 1515, 1314, 1093, 1034, 823, 736 cm™.
HRMS (ESI) m/z: [M+H]" calcd for C14H11BrCINsH 363.9959, found 363.9957.

Cl
N=N

N
HN>/

Br

NO,

N-(2-Bromo-4-nitrophenyl)-1-(2-chlorophenyl)-1H-tetrazol-5-amine 2l. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane Rs = 0.42; white solid; 293 mg, 74% yield.

Mp 116-117 °C.

'H NMR (400 MHz, CDCls + DMSO-dg) § 8.36 (d, J = 2.4 Hz, 1H), 8.29 (d, J = 9.2 Hz, 1H),
8.19-8.16 (m, 2H), 7.67- 7.61 (m, 3H), 7.56 (dd, J = 7.6, 1.6 Hz, 1H).

13C{H} NMR (75 MHz, CDCl; + DMSO-ds) & 150.6, 141.8, 141.2, 132.4, 130.5, 130.4,
128.8,128.7, 128.1, 127.5, 123.7, 117.8, 111.1.
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FT-IR (KBr) 3445, 3109, 2928, 2258, 1605, 1520, 1412, 1339, 1283, 1115, 1025, 1001, 827,
742 cmt,
HRMS (ESI) m/z: [M+H]" calcd for C13HsBrCINgO2H 394.9653, found 394.9658.

NN

N
HN>/

Br

Me

N-(2-Bromo-4-ethylphenyl)-1-(2-fluorophenyl)-1H-tetrazol-5-amine 2m. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane Rt = 0.50; white solid; 285 mg, 79% yield.

Mp 106-107 °C.

'H NMR (400 MHz, CDCl3) & 8.26 (d, J = 8.4 Hz, 1H), 7.64-7.56 (m, 2H), 7.43-7.35 (m,
2H), 7.32 (s, 1H), 6.93 (br s, 1H), 2.59 (g, J = 7.6 Hz, 2H), 1.19 (t, J = 7.6 Hz, 3H).

3C{H} NMR (100 MHz, CDCls) 6 157.4, 154.8, 152.0, 141.0, 133.8, 133.4, 133.23, 133.2,
131.6, 129.4, 129.0, 128.4, 128.3, 126.09, 126.1, 125.0, 122.9, 120.3, 120.2, 120.0, 119.4,
117.8,117.6, 112.4, 28.6, 15.5.

FT-IR (KBr) 3383, 3074, 2966, 2931, 2863, 1599, 1563, 1522, 1461, 1390, 1316, 1258,
1228, 1085, 1041, 979, 877, 824, 757, 663 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C1sH13BrFNsH 362.0411, found 362.0413.

Me =N
N7N
N7 Br

HN\@\
Me
Me

N-(2-Bromo-4-methylphenyl)-1-(2,6-dimethylphenyl)-1H-tetrazol-5-amine 2n.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rs = 0.55; white solid; 318 mg, 89%

yield.
Mp 134-135 °C.
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IH NMR (400 MHz, CDCl3) & 8.19 (d, J = 8.0 Hz, 1H), 7.32-7.28 (m, 1H), 7.18-7.16 (m,
3H), 7.07 (d, J = 8.4 Hz, 1H), 6.47 (br s, 1H), 2.16 (s, 3H), 1.95 (s, 6H).

13C{H} NMR (100 MHz, CDCls) & 151.9, 136.6, 134.3, 133.1, 132.4, 1315, 129.4, 129.3,
119.2,112.1, 20.3, 17.4.

FT-IR (KBr) 3483, 3367, 3137, 3953, 2921, 2863, 2754, 2360, 1590, 1566, 1493, 1404,
1310, 1243, 1170, 1119, 1144, 1043, 891, 814, 775, 596 cm'L.

HRMS (ESI) m/z: [M+H]* calcd for C16H16BrNsH 360.0643, found 360.0644.

Cl
N=n

N |
>¢N
HN cl

N,1-Bis(2-chlorophenyl)-1H-tetrazol-5-amine 3a. Analytical TLC on silica gel, 1:4 ethyl
acetate/hexane Rt = 0.66; white solid; 264 mg, 86% yield.

Mp 81-82 °C.

'H NMR (400 MHz, CDCl3) § 8.44 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 7.6 Hz, 1H), 7.63-7.59
(m, 1H), 7.57-7.53 (m, 2H), 7.35-7.31(m, 2H), 7.01-6.97 (m, 1H), 6.82 (br s, 1H).

13C{H} NMR (100 MHz, CDClg) 5 151.8, 134.6, 133.0, 131.4, 131.3, 129.6, 129.4, 129.1,
128.9, 128.2, 124.0, 121.8, 119.2.

FT-IR (KBr) 3433, 2925, 2857, 2318, 1742, 1603, 1568, 1465, 1448, 1265, 1089, 1028, 795,
744 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C13HgCloNsH 306.0308, found 306.0307.

Nsn

N |
o
Cl HN -

Cl
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1-(4-Chlorophenyl)-N-(2,4-dichlorophenyl)-1H-tetrazol-5-amine 3b. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane R = 0.50; white solid; 212 mg, 63% vyield.

Mp 180-181 °C.

'H NMR (400 MHz, CDCl3) & 8.44 (d, J = 8.4 Hz, 1H), 7.68-7.66 (m, 2H), 7.59-7.55 (m,
2H), 7.47-7.40 (m, 1H), 7.35-7.27 (m, 1H), 7.10 (br s, 1H).

13C{H} NMR (100 MHz, CDCl; + DMSO-ds) & 151.1, 135.9, 133.8, 131.0, 130.5, 130.2,
128.7, 128.5, 127.7, 125.4, 121.3.

FT-IR (KBr) 3459, 3375, 3096, 2915, 1652, 1652, 1599, 1559, 1511, 1491, 1467, 1275,
1260, 1093, 1048, 859, 831, 764, 749 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C13HsCIsNsH 339.9918, found 339.9907.

N-(2-Chloro-4-fluorophenyl)-1-(4-fluorophenyl)-1H-tetrazol-5-amine 3c. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane R = 0.61; white solid; 270 mg, 88% yield.

Mp 101-102 °C.

'H NMR (400 MHz, CDCl3) & 8.46-8.41 (m, 1H), 7.60-7.56 (m, 2H), 7.38-7.33 (m, 2H),
7.15-7.06 (m, 2H), 6.92 (br s, 1H).

13C{H} NMR (100 MHz, CDCls; + DMSO-ds) & 164.0, 161.4, 159.3, 156.8, 153.0, 151.7,
131.4, 128.5, 126.5, 126.4, 125.0, 124.8, 122.62, 122.6, 117.0, 116.8, 116.4, 116.2, 114.8,
114.5,114.3.

FT-IR (KBr) 3398, 3325, 2981, 2394, 1685, 1612, 1578, 1502, 1365, 1260, 1242, 1162,
1023, 826, 793 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C13HsF2CINsH 308.0509, found 308.0509.
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Me
Me

N-(2-Chloro-4-isopropylphenyl)-1-(4-isopropylphenyl)-1H-tetrazol-5-amine 3d.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rs = 0.60; thick colorless liquid; 291
mg, 82% vyield.

'H NMR (400 MHz, CDCls) & 8.34 (d, J = 8.0 Hz, 1H), 7.50-7.45 (m, 4H), 7.19-7.16 (m,
2H), 7.06 (br s, 1H), 3.05-2.98 (m, 1H), 2.87-2.80 (m, 1H), 1.30 (d, J = 7.2 Hz, 6H), 1.21 (d,
J =6.8 Hz, 6H).

3C{H} NMR (100 MHz, CDCl3) & 151.7, 151.1, 144.8, 132.4, 130.2, 128.6, 126.8, 126.2,
124.1,119.1, 33.9, 33.3, 23.8, 23.7.

FT-IR (KBr) 3388, 3043, 2961, 2928, 2870, 1908, 1599, 1556, 1523, 1461, 1416, 1390,
1317, 1240, 1117, 1143, 1085, 1051, 1013, 980, 909, 837, 780, 723, 676 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C19H22CINsH 356.1636, found 356.1637.

Nsn

N I

O
Me HN Cl

Me

N-(2-Chloro-4-methylphenyl)-1-p-tolyl-1H-tetrazol-5-amine 3e. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane R = 0.70; white solid; 249 mg, 83% vyield.

Mp 137-138 °C.

'H NMR (400 MHz, CDCls) & 8.36 (d, J = 8.0 Hz, 1H), 7.46-7.41 (m, 4H), 7.16-7.13 (m,
2H), 7.04 (br s, 1H), 2.47 (s, 3H), 2.29 (s, 3H).

13C{H} NMR (100 MHz, CDCls) & 151.2, 141.2, 133.8, 132.3, 131.3, 130.1, 129.5, 129.0,
124.3,121.4, 119.0, 21.5, 20.7.
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FT-IR (KBr) 3397, 3085, 2922, 2851, 1619, 1604, 1561, 1525, 1380, 1316, 1234, 1087,
1046, 817 cm™,
HRMS (ESI) m/z: [M+H]" calcd for C1sH14CINsH 300.1010; found 300.1007.

Me

Me

N-(2-Chloro-4,6-dimethylphenyl)-1-(2,4-dimethylphenyl)-1H-tetrazol-5-amine 3f.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rs = 0.48; white solid; 222 mg, 68%
yield.

Mp 102-103 °C.

'H NMR (400 MHz, CDClz) & 7.28-7.26 (m, 2H), 7.22 (s, 1H), 7.07 (s, 1H), 6.98 (s, 1H),
5.72 (brs, 1H), 2.43 (s, 3H), 2.28 (s, 6H), 2.19 (s, 3H).

BBC{H} NMR (75 MHz, CDClg) & 153.9, 141.7, 138.4, 137.5, 136.0, 132.6, 130.9, 130.6,
128.6, 128.3, 127.7, 126.9, 21.3, 20.9, 18.7, 17.4.

FT-IR (KBr) 3158, 3065, 2968, 2923, 1587, 1512, 1478, 1312, 1285, 1227, 1114, 1085,
1027, 850, 816 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C17H18CINsH 328.1323, found 328.1323.

N-(2-Chloro-4,5-dimethylphenyl)-1-(3,4-dimethylphenyl)-1H-tetrazol-5-amine 3g and
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N-(2,6-dichloro-3,4-dimethylphenyl)-1-(3,4-dimethylphenyl)-1H-tetrazol-5-amine  3g".
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.70; white solid; 304 mg, 90%
yield; both isomers are reported together (ratio: 2.4:1 as determined by NMR).

Mp 130-131 °C.

'H NMR (400 MHz, CDCls) & 8.24 (s, 1H, major isomer), 8.21 (s, 1H, minor isomer), 7.38
(s, 1H, minor isomer), 7.36 (d, J = 11.6 Hz, 1H, major isomer), 7.29 (dd, J = 8.0, 2.4 Hz, 2H,
major isomer), 7.20 (s, 1H, minor isomer), 7.14 (d, J = 8.4 Hz, 1H, minor isomer), 7.10 (s,
1H, major isomer), 7.02 (br s, 1H), 2.36 (s, 12H, 6H major + 6H minor isomers), 2.30 (3H,
minor isomer), 2.28 (3H, major isomer), 2.27 (3H, minor isomer), 2.19 (3H, major isomer).
BBC{H} NMR (75 MHz, CDCls) & 151.1, 151.0, 139.6, 137.0, 134.8, 132.6, 132.3, 132.2,
132.1, 131.5, 130.2, 130.15, 129.5, 128.7, 125.2, 122.1, 121.2, 120.0, 118.3, 115.8, 20.4,
19.9, 19.8, 19.7, 19.0, 16.9.

FT-IR (KBr) 3158, 3065, 2968, 2923, 1587, 1512, 1478, 1312, 1285, 1227, 1114, 1085,
1027, 850, 816, 732 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C17H1sCINsH 328.1323; found 328.1318; [M+H]" calcd
for C17H17CINsH 362.0934; found 362.0927.

Cl
,N:l}l

_N
HN

N

Cl

NO,

N-(2-Chloro-4-nitrophenyl)-1-(2-chlorophenyl)-1H-tetrazol-5-amine 3h. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane Rs = 0.20; white solid; 276 mg, 79% yield.

Mp 135-136 °C.

'H NMR (400 MHz, CDCls) & 8.75 (d, J = 9.2 Hz, 1H), 8.29-8.24 (m, 2H), 7.75-7.56 (m,
4H), 7.19 (br s, 1H).

13C{H} NMR (100 MHz, CDCl; + DMSO-dg) & 151.0, 142.3, 140.4, 133.0, 131.2, 130.9,
129.3, 128.8, 124.8, 124.0, 121.5, 118.0.

49



Chapter 11 Ortho-Halogenation of Arenes

FT-IR (KBr) 3439, 3112, 2932, 2249, 1624, 1524, 1409, 1337, 1279, 1125, 1045, 1003, 810,
725, 649 cm™,
HRMS (ESI) m/z: [M+H]* calcd for C13HsCl:NsO2H 351.0159, found 351.0157.

F
N=N
N
sug
HN cl

Me

N-(2-chloro-4-ethylphenyl)-1-(2-fluorophenyl)-1H-tetrazol-5-amine 3i. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane R = 0.50; white solid; 259 mg, 82% yield.

Mp 113-114 °C.

!H NMR (400 MHz, CDCl3) & 8.25 (d, J = 8.4 Hz, 1H), 7.61-7.55 (m, 2H), 7.46-7.36 (m,
2H), 7.15-7.12 (m, 2H), 6.91 (br s, 1H), 2.59 (g, J = 7.6 Hz, 2H), 1.19 (t, J = 7.6 Hz, 3H).
13C{H} NMR (100 MHz, CDClz) & 157.3, 154.8, 152.0, 140.6, 133.2, 133.1, 132.3, 128.4,
128.3, 127.7, 126.13, 126.1, 121.9, 120.4, 120.3, 119.4, 117.8, 117.6, 28.1, 15.5.

FT-IR (KBr) 3444, 3066, 2970, 2871, 1602, 1522, 1503, 1464, 1390, 1318, 1257, 1230,
1131, 1021, 874, 755, 708 cmL.

HRMS (ESI) m/z: [M+H]" calcd for C1sH13CIFNsH 318.0916, found 318.0912.

Me N,
/N
\( Cl
“ @
Me

N-(2-Chloro-4-methylphenyl)-1-(2,6-dimethylphenyl)-1H-tetrazol-5-amine 3j. Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane R = 0.50; white solid; 281 mg, 90% yield.
Mp 130-131 °C.

-
.

z-Z

z

Me
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IH NMR (400 MHz, CDCl3) & 8.36 (d, J = 8.0 Hz, 1H), 7.46-7.42 (m, 1H), 7.31-7.28 (m,
2H), 7.18-7.16 (m, 2H), 6.49 (br s, 1H), 2.30 (s, 3H), 2.08 (s, 6H).

13C{H} NMR (100 MHz, CDCls) & 151.9, 136.8, 134.0, 132.1, 131.6, 129.5, 129.4, 128.8,
121.6, 119.4, 20.5, 17.4.

FT-IR (KBr) 3141, 3056, 2924, 2886, 1701, 1657, 1611, 1556, 1501, 1478, 1445, 1379,
1305, 1263, 1242, 1208, 1161, 785 cm'™.

HRMS (ESI) m/z: [M+H]* calcd for Ci6H16CINsH 314.1167, found 314.1168.

N-(4-Fluoro-2-iodophenyl)-1-(4-fluorophenyl)-1H-tetrazol-5-amine 4a. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane R = 0.66; white solid; 360 mg, 90% yield.

Mp 173-174 °C.

'H NMR (400 MHz, CDCl3 + DMSO) & 8.35-8.31 (m, 1H), 7.63-7.59 (m, 2H), 7.48 (dd, J =
8.0, 3.2 Hz, 1H), 7.37-7.33 (m, 2H), 7.17-7.12 (m, 1H), 6.83 (br s, 1H).

13C{H} NMR (100 MHz, CDCl; + DMSO-ds) & 163.3, 160.8, 159.4, 156.9, 152.1, 135.7,
128.3, 126.3, 126.2, 125.0, 124.8, 123.8, 116.3, 116.1, 115.3, 115.1, 93.0.

FT-IR (KBr) 3427, 2255, 2128, 1645, 1578, 1522, 1509, 1234, 1048, 1025, 103, 825, 764,
632 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C13HsF2INsH 399.9865, found 399.9856.

N’N:'T'
=N
MeﬁN |
Me
Me Me
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N-(2-l1odo-4-isopropylphenyl)-1-(4-isopropylphenyl)-1H-tetrazol-5-amine 4b. Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.50; white solid; 388 mg, 87% yield.

Mp 109-110 °C.

'H NMR (400 MHz, CDClg)  8.17 (d, J = 7.6 Hz, 1H), 7.49 (d, J = 1.6 Hz, 1H),7.47-7.37
(m, 4H), 7.17 (dd, J = 8.4, 1.4 Hz, 1H), 6.87 (br s, 1H), 2.95-2.90 (m, 1H), 2.74-2.69 (m,
1H), 1.21 (d, J = 6.8 Hz, 6H), 1.12 (d, J = 6.8 Hz, 6H).

13C{H} NMR (100 MHz, CDCls) & 151.8, 151.6, 145.9, 136.7, 136.3, 130.2, 128.6, 127.9,
124.6, 119.1, 88.6, 34.0, 33.2, 23.92, 23.9.

FT-IR (KBr) 3492, 337, 2960, 2868, 1593, 1557, 1523, 1483, 1460, 1410, 1388, 1314, 1261,
1084, 1058, 1031, 1013, 837, 749 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C1gH22INsH 448.0993, found 448.0997.

N'N:'T'
fong

Me

N-(2-1odo-4-methylphenyl)-1-p-tolyl-1H-tetrazol-5-amine 4c. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane Rf = 0.73; white solid; 364 mg, 93% yield.

'H NMR (400 MHz, CDCl3) & 8.27 (d, J = 8.4 Hz, 1H), 7.55 (s, 1H), 7.49-7.42 (m, 4H), 7.21
(d, J=8.4 Hz, 1H), 6.92 (br s, 1H), 2.47 (s, 3H), 2.26 (s, 3H).

13C{H} NMR (100 MHz, CDCl3)s 151.5, 141.1, 139.1, 136.0, 134.8, 131.2, 130.5, 130.0,
1245, 118.7, 88.3, 21.4, 20.3.

FT-IR (KBr) 3456, 3352, 2922, 2846, 1722, 1594, 1559, 1523, 1478, 1380, 1305, 1085,
1035, 818, 740 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C1sH14INsH 392.0367, found 392.0368.
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Me

N-(2-lodo-4,6-dimethylphenyl)-1-(2,4-dimethylphenyl)-1H-tetrazol-5-amine 4d.
Analytical TLC on silica gel,1:4 ethyl acetate/hexane Rs = 0.53; brown liquid; 307 mg, 73%
yield.

'H NMR (400 MHz, CDClg) & 7.48 (s, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.26 (s, 1H), 7.21 (d, J
= 6.4 Hz, 1H), 7.04 (s, 1H), 5.55 (br s, 1H), 2.42 (s, 3H), 2.28 (s, 3H), 2.23 (s, 3H), 2.20 (s,
3H).

13C{H} NMR (75 MHz, CDCls) & 153.6, 141.8, 139.5, 137.3, 136.9, 136.1, 134.8, 132.7,
132.4,128.5, 128.3, 127.0, 99.7, 21.4, 20.5, 19.5, 17.7.

FT-IR (KBr) 3389, 3054, 2922, 2851, 1599, 1565, 1520, 1453, 1386, 1245, 1113, 1087,
1022, 877, 819, 639 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C17H18INsH 420.0680, found 420.0682.

N<
Me N’ \'}l
\=N
Mé NH |
Me Me
N-(2-lodo-4,5-dimethylphenyl)-1-(3,4-dimethylphenyl)-1H-tetrazol-5-amine de.

Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rs = 0.71; white solid; 362 mg, 86%
yield.

Mp 153-154 °C.

'H NMR (400 MHz, CDCls) § 8.17 (s, 1H), 7.47 (s, 1H), 7.37-7.33 (m, 3H), 6.91 (br s, 1H),
2.36 (s, 6H), 2.27 (s, 3H), 2.16 (s, 3H).
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13C{H} NMR (75 MHz, CDCls) § 151.3, 139.6, 139.0, 138.8, 136.1, 133.7, 131.5, 130.1,
125.3,121.8, 120.0, 84.1, 20.0, 19.9, 19.8, 18.8.

FT-IR (KBr) 3359, 3054, 2950, 2919, 2851, 1589, 1557, 1518, 1450, 1393, 1245, 1084, 873,
831 cm™,

HRMS (ESI) m/z: [M+H]* calcd for C17H1sINsH 420.0680, found 420.0685.

Me

1-(2-Chlorophenyl)-N-(2-iodo-4-methylphenyl)-1H-tetrazol-5-amine 4f. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane Rt = 0.72; white solid; 364 mg, 89% yield.

Mp 108-109 °C.

'H NMR (400 MHz, CDCls) § 8.44-8.42 (m, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.46 (d, J = 2.4
Hz, 1H), 7.35-7.30 (m, 2H), 7.18 (br s, 1H), 7.12 (dd, J = 8.4, 2.4 Hz, 1H), 7.02 (td, J = 8.0,
1.6 Hz, 1H), 2.52 (s, 3H).

BBC{H} NMR (75 MHz, CDCl3) & 150.6, 144.9, 141.0, 134.5, 132.5, 129.1, 128.3, 125.0,
123.9,122.5, 121.5, 119.0, 103.2, 28.4.

FT-IR (KBr) 3467, 3387, 2922, 2840, 1603, 1566, 1520, 1470, 1374, 1317, 1088, 1017, 576
cm™,

HRMS (ESI) m/z: [M+H]" calcd for C14H1:ClINsH 411.9820, found 411.9831.

Me N//N\N
\
N\/< |
@[ "
Me
Me

1-(2,6-Dimethylphenyl)-N-(2-iodo-4-methylphenyl)-1H-tetrazol-5-amine 4g: Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane R = 0.50; white solid; 364 mg, 90% yield.
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Mp 156-157 °C.
IH NMR (400 MHz, CDCls) & 8.15 (d, J = 8.8 Hz, 1H), 7.42 (d, J = 1.2 Hz, 1H), 7.34-7.30
(m, 1H), 7.20 (d, J = 7.6 Hz, 2H), 7.12 (dd, J = 8.4, 1.2 Hz, 1H), 6.36 (br s, 1H), 2.16 (s,
3H), 1.98 (s, 6H).

13C{H} NMR (100 MHz, CDCls) & 152.1, 138.9, 136.8, 135.7, 134.8, 131.6, 130.4, 129.5,
129.4, 118.7, 88.3, 20.2, 17.5.

FT-IR (KBr) 3343, 3201, 2920, 2858, 1596, 1588, 1561, 1525, 1486, 1473, 1445, 1376,
1308, 1236, 1169, 1087, 984, 868, 811, 777, 730 cm™.

HRMS (ESI) m/z: [M+H]* calcd for C16H16INsH 406.0523, found 406.0524.
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Crystal Data and Structure Refinement for 4b at 296(2) K

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 27.66°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma (1)]
R indices (all data)
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4b

Cis H1a I Ns
391.21
296(2)
0.71073 A

Monoclinic
P2(1)/n
Loop xyz
%, Y, 7

'X+1/2, y+1/2, -z+1/2'

X, -y, -7'

'x-1/2, -y-1/2, z-1/2'
a=7.6397(2) A
b=9.8963(2) A
c=20.2534(4) A
1531.25(6) A®
4
1.697 Mg/m3
2.092 mm™
768.0
0.32x0.26 x 0.14 mm
2.01t0 27.66 °
-9<=h<=9, -12<=k<=12, -24<=I<=25
3254
2903 [R (int) = 0.0339]

91.3 %

Multi-scan
Full-matrix least-squares on F2
3254/ 0/192
1.156
R1 =0.0357, wR2 = 0.0920
R1 =0.0396, wR2 = 0.0934

a(®) = 90.00
B(°) = 90.1540(10)
v(°) = 90.00
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2.6. Selected Spectra

Br

2c

Me
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Ortho-Nitration of Arenes

Chapter 111
Room-Temperature Cu-Catalyzed Ortho-Nitration of Arenes via

C—H Functionalization

Aromatic nitro compounds are versatile building blocks present in numerous compounds
which got potential applications in various fields such as, pharmaceuticals and material
chemistry.! They have also been widely utilized over the years as explosives and precursors
for azo dyes. Moreover, the nitro group possesses an indispensable significance in organic
synthesis due to its easy availability and transformation into other diverse functional groups.
The electrophilic nitration of arenes has long been the classical synthetic approach for the
preparation of the aromatic nitro compounds. However, these traditional processes often
suffer from poor selectivity and imperfect functional group tolerance under harsh conditions.?
To overcome these drawbacks, several approaches have been explored including the ipso-
nitration,® the ipso-oxidation,* and the cross-coupling protocols of aryl halides, triflates and
nonaflates with nitrite under transition-metal catalysis.>® However, the use of
prefunctionalized starting materials causes toxic-waste. In this context, the use of directed C-
H functionalization is advantageous in attaining the regioselective products via C-H
activation.”® In chapter 2, we successfully demonstrated the use of aminotetrazole as a
directing group for selective halogenation. In this chapter, we report a Cu-catalyzed

aminotetrazole directed ortho-nitration of arene C-H bond.

3.1. Strategies for Nitration of Arenes

3.1.1. ipso-Nitration of Arenes

NO,
) 2.5 equiv "Buli Xy 8 equiv N204 X
R_| > _| R—|
~ TMEDA >
R = EWG, EDG up to 87% yield

Scheme 1. Nitration of Phenyllithium using Dinitrogen tetroxide

In 1997, Eaton and co-workers developed a regioselective approach for the synthesis of

nitroarenes using phenyllithiums in the presence of dinitrogen tetroxide (N20s4) at low

67



Chapter 111 Ortho-Nitration of Arenes

temperature of -70 °C (Scheme 1).3 The reaction is compatible with substrates bearing
electron donating and electron withdrawing groups to afford the corresponding nitroarenes in

high yields.

The AIBN catalyzed nitrodecarboxylation of benzoic acids using HNOz was reported by
Roy and co-workers (Scheme 2).*° The reaction involves radical pathways rather than ionic

which is reminiscent to Hunsdiecker-type halodecarboxylation reaction.

COOH 3.0 equiv HNOg NO,

AN 2.0 mol % AIBN AN
» R

Rt

2 CHsCN, 50 °C Z

R = EDG 2-29 h up to 78% vyield

Scheme 2. Nitrodecarboxylation of Benzoic Acids

Tour and co-workers presented HOF as an oxidizer for electron-deficient anilines (Scheme
3).“c HOF was generated in situ by bubbling a 20% F- in helium mixture through 3% water in
acetonitrile at -20 °C. The high yields of oxidized products make HOF a useful reagent for

this reaction.

NH, NO,

ij HOF/CHCN 3 ij
~  EtOAc, 20 °C, 3 h %

60-97% vyield

R

R = Cl, NO,, Alkyne
Scheme 3. Synthesis of Nitroarenes via Oxidation of Anilines

HO.__OH
B 2.2 equiv AgNO; NO,

§ b
R 22equv TMS-Cl R

|
= DCM, rt, 30-72 h =

R = F, Cl, Br, NO,, CF5 20-98% yield

Scheme 4. ipso-Nitration of Arylboronic Acids

Olah and co-workers disclosed the synthesis of nitroarenes from aryl boronic acids via

ipso-nitration (Scheme 4).3° The reaction was materialized using AgNO3 and TMSCI system
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in DCM at room temperature in moderate to good yields This method is operationally simple

and selective under milder reaction conditions.

Buchwald and co-workers demonstrated Pd-catalyzed conversion of aryl chlorides,
triflates and nonaflates to aryl nitro compounds in the presence of phase transfer catalyst
(TDA) using NaNO; as a nitration source in 'BUOH at 130 °C (Scheme 5).% This reaction
shows rate of transmetalation in the order of Cl > Br > I. A wide range of functional groups

are tolerated under these conditions, providing the desired nitroarenes in high yields.

0.5 mol % Pd,(dba)s Pr
X 2.0 equiv NaNO, NO, O
R_: Xy, 1-2mol % L1 _ R_: SN ipr ipr
Z 5 mol % TDA, 'BuOH = L= (Bu)p OMe
130°C, 24 h oo O
up to 99% vyield :

R =EWG, EDG
X =Cl, Br, I, OTf, ONf

Scheme 5. Pd-Catalyzed ipso-Nitration of Arenes

3.1.2. Nitration of Arenes
Savinov and co-workers developed the nitration of arenes using operationally simple tert-
butyl nitrite (TBN) as a nitration source for broad range of phenolic substrates in THF at

room temperature (Scheme 6).% The protocol provides a mixture of ortho and para nitro

derivatives.
OH OH OH
X 3.0 equiv TBN - N NO, N
R - RO + R
~  THF, rt, 1.5-16 h = =
R = OMe, OH, 'Bu up to 95% yield NO2

Scheme 6. Nitration of Phenolic Substrates

Arns group presented nitration of aryl sulfonamides using TBN at mild reaction conditions
(Scheme 7).5° This reaction was also exhibited a high degree of selectivity at ortho and para

positions for sulfonamide functionalized aryl derivatives.
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NHTs NHT
NHTS 4 5 equiv TBN S
NO,
X | N | N
R-IL CHi CN,45°C Ry * R
Z 2524n
o i NO,
R = EDG, EWG up to 95% yield

Scheme 7. Nitration of Aromatic Sulfonamides

3.1.3. Chelation Assisted Ortho-Nitration of Arenes

The directed C-H nitration of arenes using transition metals has recently ermerged as an

alternative tool for the standard cross-coupling strategies.

3.1.3.1. Rh-Catalyzed Ortho-Nitration of Arenes

Li and co-workers reported the Rh-catalyzed regioselective C-H nitration of arenes directed
by various nitrogen containing heterocycles such as pyridine, pyrazole and pyrimidine rings
using NaNO; as a nitration source (Scheme 8).” In this transformation, hypervalent iodine

acts as an oxidizing agent for the single-electron oxidation of Rh'"' to Rh'V.

4 mol % [RhCp*Cls],

o N DG 3.0 equiv NaNO, - C[DG
F 1.5 equiv PhI(OTs)OH F NO,
1.5 equiv CH;COOH A
R = EDG, EWG 41-88% yields

acetone, 80 °C, 16 h

Scheme 8. Rh-Catalyzed Ortho-Nitration of Arenes

3.1.3.2. Pd-Catalyzed Ortho-Nitration of Arenes

Pd-catalyzed direct ortho-nitration of aryl C-H bond using nitrogen containing heterocycles
was demonstrated by Xu group (Scheme 9) .82 This reaction uses AgNO; as nitration source
and K2S,0g as oxidizing agent with various directing groups such as isoquinoline, pyridine,

and pyrazole.
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10 mol % Pd(OAc),
2.0 equiv AgNO,

2.0 eqUiV K28208

R = EWG, EDG DCE, 130 °C, 48 h

Ortho-Nitration of Arenes

DG

NO,

up to 93% yield

Scheme 9. Regioselective Nitration of Arenes

Liu and co-workers employed Pd-K>S;Og with AgNO; for ortho-nitration of arenes

(Scheme 10).8° The reaction involves ortho-methyl aldoxime group as a directing group,

which can be cleaved to furnish ortho-nitrobenzaldehydes.

_OM
NO, N ©

OMe

N|/ 10 mol % Pd(OCOCF;),

2.0 equiv PTSA NO, O

10.0 equiv HCHO‘ - AN H
> Ry

10:1 TFA/H,0 =

100 °C, 8 h up to 98% yield

ol A H 2.0 equiv AgNO, o B H
| I
= 2.0 equiv K»S,0g Z
R = EDG, EWG DCE, 110 °C, 48 h 38-93% vyield

Scheme 10. Pd-Catalyzed Ortho-Nitration of Oximes

The same group developed a three-step processes for the ortho-nitration of phenols using
2-pyridinyloxy directing group (Scheme 11)® The substrates bearing various substituents
such as halo, alkyl, aryl, methoxy, trifluoromethoxy, acetyl and cyano are tolerated to give

the target products in good yields.

7 =
N ' 10 mol % Pd(OAc), oSN I 18 equiv CF3S05CH; o
, H
2.0 equiv AgNO, No, loluene, 100°C,2h NO
R-- 2.0 equiv KS,0g R+ 24.0 equiv Na R
% . % Z
DCE, 110°C, 48 h CH30H, reflux, 15 min
R = EDG, EWG 39-95% yields up to 92% yield

Scheme 11. Synthesis of Ortho-Nitrophenol Derivatives
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Pd-catalyzed azo group directed ortho-nitration of arenes was demonstrated by Sun and
co-workers using nitrogen dioxide (NO2) as a nitro source (Scheme 12).8¢ The synthetic
utility of the resulting nitrated azobenzenes was demonstrated by reducing them with
Zn/NH4ClI to give the corresponding amines, which can be cyclized subsequently to provide

the respective benzotriazoles.

/@ g2 10 mol % Pd(OAc), NO, Z 2 ge
NI 1.atm NO, LR
R'7 - Ry
Z DCE, 90 °C, 6 h =
R', R = EDG, EWG up to 88% yield
Zn, NH,CI Zn, NH,CI
CH3OH CH30H
85°C, 4 h 50 °C, 2 h
N )
- \ N <
L) N
N
97% yield 93% yield

Scheme 12. Pd-Catalyzed Ortho-Nitration of Azo Compounds

Pd-catalyzed ortho-nitration of 2-arylbenzoxazoles has been described using AgNO: in the
presence of oxidizing agent K2S20sg in TCP (trichloropropane) at high temperature (Scheme
13).8¢ The transformation featured a good functional group compatibility for both electron
donating and -withdrawing substituents on phenyl ring and proceeds smoothly to give the

corresponding nitration products.

10 mol % Pd(OAc), O,N
1 2 1 2 2
R\©:N>_®R 3.0 equiv AgNO, R\©iN — R
\ > N
0] \ / 2.0 equiv K28208 o \ /

TCP, 130 °C, 42 h

R'=H, ClI
R? = EDG, EWG

46-97% yield

Scheme 13. Ortho-Nitration of 2-Arylbenzoxazoles
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Kapur and co-workers disclosed a Pd-catalyzed regioselective nitration of arenes using
aminopyrimidine as a directing group in the presence of AgNO2, K2S,0g and AcOH in DCE
(Scheme 14).8" The important outcome of this reaction is the production of nitrated anilines
by the cleavage of the directing group, accomplished by reducing the pyrimidine ring using
triethylsilane in TFA, followed by the treatment of N2H4/CH3COOH in CH3OH at room

temperature.

Nﬂ Nﬂ
10 mol % Pd(OAc),
HN)\\N Js

2.0 equiv AgNO, HN™ °N 1) Et;SiH, TFA, 50 °C NH,
ij . L _NO, - ij/Noz
il 2.0 equiv K,S,04 R 2) N,H,, CH;COOH R—
= 3.0 equiv CH;COOH = CH,OH, rt, 12-24 h Z
R =EDG, Ewg DCE, 80C,6-10h 54-92% yield up to 86% yield

Scheme 14. Pyrimidine Directed Regioselective Nitration of Arenes

3.1.3.3. Cu-Catalyzed Ortho-Nitration of Arenes

Liu and co-workers reported the Cu-mediated ortho-nitration of arenes using 2-arylpyridine
as a chelation source in 1,2,3-trichloropropane (1,2,3-TCP) under molecular oxygen, leading

to the synthesis of nitroarenes with high regioselectivity (Scheme 15).%

= | 50 mol % Cu(OAc), =z |
N N 1.5 equiv AgNO3 ~ N \N
R-o ~ R—y
= 0,, 1,2,3-TCP, 130 °C Z>No,
R=EWG, EDG  1260h up to 88% yield

Scheme 15. Cu-Catalyzed Ortho-Nitration of Arenes

0 2.0 equiv Cu(OAC),"H,0 O NO,
| N | AN . 3.0 equiv NaNO, | N | N .
H - - H -
N = 2.0 equiv K,HPO, N Z

CH30H, 60 °C, 12 h

R =EDG, EWG 55-74% yields

Scheme 16. Chelation-Assisted Ortho-C-H Nitration
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Tan and co-workers reported a Cu-catalyzed ortho-nitration of 8-aminoquinolline amide
with NaNO: (Scheme 16).° In this reaction, dinitration could be achieved by altering the
reaction conditions to AgOAc instead of K:HPO4 in DMF. The directing group can be

removed under basic conditions to afford valuable benzoic acid derivatives.

3.2. Present Study

We have studied the Cu-catalyzed ortho-nitration of N,1-diphenyl-1H-tetrazol-5-amine and
N,4-diaryl-3-amino-1,2,4-triazoles via chelation assisted C-H functionalization strategy.

Further, we have developed a protocol for the removal of directing group in presence of base.

Synthesis of N,1-diphenyl-1H-tetrazol-5-amines (1a-n). The starting precursors, N,4-
diaryl-3-amino-1,2,4-triazoles were prepared from 1,3-disubstituted thioureas in presence of
hypervalent iodine (111) reagent, base and formyl hydrazide in methanol via electrocyclization

processes (Scheme 17).1°

=
H H 2.0 equiv iodobenzene N E

1 =

N_ N 4.0 equiv oxone R
s X = HN
R hig \@RZ -
©/ S = 3.0 equiv NEt;

7\

3.0 equiv NH,-NH-CHO L
CH4OH R?
up to 85% yield

R', RZ = EDG, EWG

Scheme 17. Synthesis of N,4-diaryl-3-amino-1,2,4-triazoles

First, the optimization of reaction conditions for nitration was carried out using N-aryl-1-
aryl-1H-tetrazol-5-amine 1a as a standard substrate using a series of copper salts as catalyst
with different nitro sources and solvents (Table 1). To our delight, the reaction occurred
selectively at the ortho-position of the N-aryl ring without affecting the 1-aryl ring to afford
2a in 95% vyield when the substrate la was stirred with CuClz-2H>O (20 mol %) and
Fe(NOz)3-9H20 (35 mol %) in 1,2-dichloroethane (DCE) for 11 h at room temperature.
Among the copper sources screened, CuCl;-2H20O exhibited superior results compared to
Cu(OAC)2-H20, Cu(OTf),, CuSO4-5H20, Cu(NO3)2:3H20, Cul, CuBrz, CuBr, and CuCl
(entries 1-9).
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Table 1. Optimization of the Reaction Conditions®
,N:[Tj Nx

20 mol % Cu Source
35 mol % [NO,] Source

N
_N
HN>/

NO,
solvent, rt, 11 h

Shg

1a 2a

entry Cu source [NO2] source solvent yield (%)
1 Cu(OAC)2-H20 Fe(NO3)3-9H0 DCE 52
2 Cu(OTf)2 Fe(NOs)s-9H20 DCE 48
3 CuS04-5H20 Fe(NO3)3-9H,0 DCE trace
4 Cul Fe(NO3)3-9H,0 DCE 44
5 CuCl Fe(NOs)3-9H20 DCE 84
6 CuBr; Fe(NO3)3-9H20 DCE 86
7 Cu(NOs)2:3H20 Fe(NO3)3-9H20 DCE 10
8 CuBr Fe(NO3)3-9H,0 DCE 74
9 CuCl2:2H20 Fe(NO3)s3-9H20 DCE 95
10P CuClz-2H20 Ca(NOs3)2:4H20 DCE trace
11 CuCl>-2H,0 Bi(NO3)3-5H20 DCE 21
12° CuCl2-2H20 AgNOs3 DCE 26
131 CuCl2-2H,0 NaNO: DCE 24
14 CuClz-2H,0 Fe(NO3)3-9H-0 DCM 89
15 CuCl2:2H20 Fe(NOs)3-9H20 THF trace
16 CuCl3-2H.0 Fe(NO3)3-9H,0 toluene 74
17 CuClz-2H,0 Fe(NO3)3-9H20 DMF n.d.
18 CuClz-2H,0 Fe(NO3)3-9H20 CHsCN 62
19¢ CuClz-2H,0 Fe(NO3)3-9H.0 DCE 61
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20 - Fe(NO3z)3-9H20 DCE trace
21 Cu(NO3)2-3H20 - DCE 50

@ Reaction conditions: N,1-diphenyl-1H-tetrazol-5-amine 1a (1 mmol), Cu source (20 mol %), Fe(NO3)3.9H,0
(35 mol %), solvent (3 mL), rt, 11 h. ® Ca(NOs)s-4H,0 (50 mol %) was used. ¢ AgNO;3 (1.1 equiv) was used. ¢
NaNO; (1.1 equiv) was used. ¢ CuClz-2H,0 (10 mol %) was used. f Cu(NO3),-:3H,0 (100 mol %) was used.

In a set of additives examined, Fe(NOs)3-9H.O gave the best results, whereas
Ca(NO3)2-4H,0, AgNOs, Bi(NO3)3-5H20, and NaNO; afforded the target product in <26%
yield (entries 10—13). In case of solvents, DCE was found to be the solvent of choice giving
the highest yield, whereas dichloromethane (DCM), toluene and CH3CN afforded 2a in 62
—89% yields. While, THF and DMF produced inferior results (entries 14 —18). Decreasing
the amount of the Cu source (10 mol %) led to the formation of 2a in 61% yield (entry 19).
Control experiments confirmed that the absence of Cu source could not give the desired
product 2a was not observed and the starting material 1a was recovered intact (entry 20).
Whereas, the use of a stoichiometric amounts of Cu(NO3)2:-3H.O without Fe(NO3)3-9H.0
furnished 2a in 50% yield (entry 21).

With the optimized conditions in hand, we sought to further explore the reaction scope of
substrates having symmetrical and unsymmetrical substituents on the aryl rings (Table 2-3).
First, the symmetrical substituents on the aryl rings 1b-h having 3-methyl, 4-chloro, 4-fluoro,
4- methyl, 4-methoxy, 4- isopropyl, and 4-ethyl substituents on the aryl rings readily afforded
to give the target nitration products 2b-h in 77-95% vyields. Similarly, the substrates 1li-k
containing 2,4-, 3,4-, and 3,5-dimethyl substituents proceeded smoothly to give the
corresponding nitration products 2i-k in 77-84% yields. Likewise, the substrates having the
unsymmetrical substituents on the aryl rings were treated with the optimized reaction
conditions (Table 3). While, the substrates 1l-p with 2-chloro, 4-fluoro, 4-isopropyl,
naphthyl, and 4-nitro substituents readily underwent reaction to produce the target nitration
products 2I-p in 75-94% vyields. The substrates 1q having 2-fluoro and 4-ethyl substituents
underwent reaction to furnish 2q in 86% yield. In addition, the substrates 1r-v having 2,6-
dimethyl, 4- methyl, 4-nitro, 4-acetanilide, and 4-cyano substituents furnish 2r-v in 77-93%
yields. Next, the scope of the reaction was extended for the nitration of N,4-diaryl-3-amino-
1,2,4-triazoles (Table 4). Under the optimized reaction conditions, the substrate 3a.
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proceeded smoothly with greater reactivity compared to the corresponding 5-aminotetrazole
derivative to yield the nitration product 4a in 6 h with 84% vyield.

Table 2. Reaction of Symmetrical N,1-Diaryl-5-aminotetrazoles® ®

N=n NIN:I}I
R1 | A N /[ll R1 ! = —=N
.~ NO,
7\ 35 mol % Fe(NOs3)s 9H,0 7\
—\ X 2
bk R DeE 2b-k R

R, R" = H, Me, Et, 'Pr, F, Cl

N=p N~

perciesc il onciiN oo

NO, Q Q NO,
Me’

2b, 12 h, 77% 2c,8h, 91% 2d,8h, 91% 2e,8h, 95%

N N\N

ﬂjH A o fj -
O, Me

5 Q QN o

2f,8h, 79% 29,8 h, 88% 2h,8h, 91% 2i,12h, 77%
N N
Me N o Me NN
1. -
HN
Me NO, AN No,
Me
Me
Me Me Me
2j,8h, 84% 2k, 12 h, 79%

2 Reaction conditions: N-phenyl-1H-tetrazol-5-amine 1b-k (1 mmol), CuCl,-2H,0 (20 mol %), Fe(NO3)3-9H,0
(35 mol %), DCE (3 mL), rt. ? Isolated yield.
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Table 3. Reaction of UnsymmetricalN,1-Diaryl-5-aminotetrazoles®

NN NN
S =N N N
R 20 mol % CuCly"2H,0 R V>
Z NH NO - Z NH NG
) > 35 mol % Fe(NO3)5 9H,0 2
\ 7\
N DCE, rt )
R2 = R2
1l-v 2|-v

R', R2 = EDG, EWG

Cl
cl Nz

i o8
5 ~&F
S AT o

21,12 h, 81% 2m, 8 h, 84% 2n, 8 h, 94% 20,12 h, 75%
Cl F
Nsn Nsn
NN N Me N=N
] =0 Me II\IZN\ © l\/l/ )
N /
H o No, NH - No, N™ o, \(
NH
NH
Me
NO, Me
2p, 12 h, 86% 2q 8 h. 86% 2r, 8h, 93% 23, 8 h, 91%
:N
Me l/\j:N\ Me I/\l:N ,Zj \
/)
ot e OO
NH
NH NH
Me
NHAC CN

2t 12 h 84% 2u,8h, 77% 2v, 12 h, 82%

@ Reaction conditions: N-phenyl-1H-tetrazol-5-amine 11-w (1 mmol), CuCly-2H,0 (20 mol %), Fe(NO3)3-9H,0
(35 mol %), DCE (3 mL), rt. ? Isolated yield.

Likewise, the substrates having symmetrical substituents on the aryl rings such as, 4-
fluoro and 4-methyl 3b and 3c groups readily underwent the reaction to afford 4b and 4c in 6
h with 82% and 87% yields, respectively.
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Table 4. Reaction of N,4-Diaryl-3-amino-1,2,4-triazoles®

/<N /=N
X N \ AN N |
R0 =N 20 mol % CuCl,"2H,0 R =N
Z NH 35 mol % Fe(NOs)3"9H,0 Z NH NO,
J \ DCE, rt /4 \
X — X
~X_, 2
3a-c R 4ac *

~ = /=N
N/\ | N ’Tl N |
_N /©/ =N /©/ >¢N
NH NH
NH N02 F N02 Me N02
Me
4a,6 h, 84% 4b, 6 h, 82% 4c,6 h, 87%

@ Reaction conditions: N,4-diphenyl-4H-1,2,4-triazol-3-amine 3a-c (1 mmol), CuCl,-2H,0 (20 mol %),
Fe(NO3)s-9H,0 (35 mol %), DCE (3 mL), rt. ®Isolated yield.

Finally, we attempted a removal of the tetrazole directing group using for the products 2a,

29, and 2I (Table 5). The reaction readily occurred with NaOH in 1,4-dioxane at 110 °C to

Table 5. Removal of Directing Group® °

N=n
XN
=N
Ry J )7 7.0 equiv NaOH N2
HN > R2_|
N02 . 0 =
1, 4-dioxane NO,
7\ 110 °C, 12-22 h
—\ 5a, b
R2
2a,gand|l
entry substrate product time (h) yield (%)
1 R!, R?=H (2a) R%Z=H (5a) 22 78
2 R, R? = 'Pr (2g) R? = Pr (5b) 12 87
3 R!=2-CI,R>=H (2l) R%Z=H (5a) 22 84

@Reaction conditions: N-(2-Nitrophenyl)-1-phenyl-1H-tetrazol-5-amine 2a,g and I (1 mmol), NaOH (5 equiv),
1,4-dioxane (3 mL), 110 °C. P Isolated yield.
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furnish the corresponding 2-nitroaniline derivatives in good yields.'t The proposed
mechanism is shown in Scheme 20. The intermolecular kinetic isotope studies of the
substrates 1r and 1r-Ds gave Pu/Pp = 1.2 (21% conversion), whereas, intramolecular kinetic
isotope experiments of the substrate 1s-D afforded Pu/Pp = 3.5 (Scheme 18).1? These results
suggest that the substrate binding step is the product determining step.™® Then, the application
of a radical scavenger studied. However, TEMPO does not inhibit the rate of the reaction,
which suggests that the reaction may not involve a radical intermediate (Scheme 19).1
Moreover, the ESI-MS studies of the crude reaction mixture of 1la before work up revealed
the presence of four major species: [2a + H]* and three copper complexes {[2a:Cu],
[(2a)2-Cu]* and [(2a)2-CuCl]*} (Figure 1).%° While, attempts to isolate the species as single
crystals remained unsuccessful. Inaddition, CuCl2-:2H.0O and Fe(NOs)3:9H.O are were
insoluble in 1,2-dichloroethane, however, with substrate 1a they readily dissolve to give a
yellow solution, which suggest that the substrate 1a may first bind with the hydrated CuCl; to
give a soluble intermediate a that may undergo reaction with Fe(NO3)3-9H20 to furnish the
intermediate b (Scheme 20).1° The subsequent intramolecular ortho-nitration via an aromatic
electrophilic substitution can afford the intermediate ¢, which can give the target product 2,

and the hydrated CuX> to complete the catalytic cycle.

Me N’N Me N’N
20 mol % CuCl,. 2H,0 O
2

@ ﬁ:[ 35 mol % Fe( NO3)3 9H0 _ \(
D

1 r-Ds 2r-D2

N=
I
20 mol % CuCly. 2H,0 N\/(N NO,
35 mol % Fe(NOj3);. 9H,0 o + 2
DCE, rt, 8 h e
Y PH/PD =3.5
D Me

2s-D
Scheme 18. Kinetic Isotope Experiments
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N NV 20 mol % CuCly-2H,0 N
©/ YN 35 mol % Fe(NO3);-9H,0 ©/ »N
HN > HN

200 mol % TEMPO
DCE, rt, 11 h

1a 2a, 86% yield

Scheme 19. Radical Scavenger Experiment
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(@) / N:N’
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[2a + H]* [2a-Cu]" [(2a),"Cu]*
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. /_" W NH
N el jX /©
—N----- Cu--__ | N
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HN N-g Cl
®
[(2a),"CuCIT*

Figure 1. Major Species Identified During ESI-MS Analysis of the Reaction Mixture of 1a

N< N<
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NN N X H X

N )
N I . —N _N— )
N, Fe(NO3);-9H,0 ©/ YN cuiix ©/ =N CU\OH ,
cu'-cl —————> HNS 7 T Ny H
HN CI/ -FeCIX;, xH,0 o/

X =Cl, NO;4 &

b c

Scheme 20. Proposed Catalytic Cycle
In summary, Cu-catalyzed chemo- and regioselective nitration of arenes using iron(l11)
nitrate as nitration source was demonstrated. The reaction shows good functional group
tolerance in attaining the product with excellent selectivity. we have further extended
protocol to 3-amino-1,2,4-triazoles. Finally, synthetic utility of the protocol has been
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demonstrated by the removal of 5-aminotetrazoles to afford substituted 2-nitroanilines in

good yields.

3.3. Experimental Section

3.3.1. General Information. Cu(OTf), (98%), Cul (98%) and CuCl (90%) purchased
from Aldrich, Cu(OAc)2-H20 (98%), CuBr2 (98%), Cu(NO3)2:3H20 (99%), CuCl,-2H.0O
(99%) and Fe(NO3)3-9H20 (98%) purchased from Merck and CuSO4-5H20 (99%) obtained
from Rankem were used as received. The solvents were purchased from Rankem and dried
according to standard procedure prior to use. 5-Aminotetrazoles and 3-amino-1,2,4-triazoles
were prepared according to reported procedure.*® Purification of the reaction products was
carried out by column chromatography using Rankem silica gel (60-120 mesh). Analytical
TLC was performed on Merck silica gel G/GF 254 plate. NMR spectra were recorded on
Bruker Avance Il 600, DRX-400 Varian spectrometer and Bruker Ultrashield™ 300 using
CDCl3 and DMSO-ds as solvent and MesSi as internal standard. Chemical shifts (6) were
reported in ppm and spin-spin coupling constants (J) were given in Hz. Melting points were
determined using Buchi B-540 melting point apparatus and are uncorrected. FT-IR spectra
were recorded using Thermo Fisher Scientific spectrometer. Mass spectra were recorded on a
Q-Tof ESI-MS Instrument (model HAB 273). Single crystal was measured on a Super Nova,
single source at offset, Eos diffractometer. Using Olex2, structure was solved with the
superflip structure solution program using charge flipping and refined with the Olex2 refine

refinement package using Gauss—Newton minimisation.

3.3.2. General Procedure for Ortho-Nitration of Arenes. To a stirred solution of
1,N-diaryl-5-aminotetrazole or N,1,-diaryl-3-amino-1,2,4-triazoles 3a-c (1 mmol) in DCE (3
mL), CuCl2>-2H20 (20 mol %) and Fe(NOs)s3-9H.O (35 mol %) were added at room
temperature under air. The progress of the reaction was monitored by TLC using ethyl
acetate and hexane as eluent. After completion, saturated NaHCO3 solution (5 mL) was
added to the reaction mixture, and the resultant solution was extracted with ethyl acetate (3 x
10 mL) and washed with brine (2 x 5 mL). Drying (Na2SOa4) and evaporation of the solvent
gave a residue that was purified on silica gel column chromatography using n-hexane and

ethyl acetate as eluent to afford analytically pure products.

82



Chapter 111 Ortho-Nitration of Arenes

3.4. Characterization Data of 2a-v, 4a-c

Nsn

N>:'1l
HN NO,

N-(2-Nitrophenyl)-1-phenyl-1H-tetrazol-5-amine 2a. Analytical TLC on silica gel, 1:4

ethyl acetate/hexane Rs = 0.61; yellow solid; 268 mg, yield 95%.

Mp 186-187 °C.

'H NMR (400 MHz, CDCl3) & 10.79 (br s, 1H), 8.95 (d, J = 8.4 Hz, 1H), 8.26 (dd, J = 8.4,
1.2 Hz, 1H), 7.77-7.59 (m, 6H), 7.16-7.12 (m, 1H).

3C{H} NMR (100 MHz, CDCls + DMSO-ds ) & 150.8, 137.1, 135.9, 135.0, 132.4, 131.2,
130.9, 126.4, 124.8, 122.4, 120.2.

FT-IR (KBr) 3228, 2854, 1598, 1564, 1538, 1525, 1381, 1336, 1280, 1121, 1092, 1019 cm™,
HRMS (ESI) m/z: [M+H]" calcd for C13H10NsO2 283.0938, found 283.0948.

Me

N-(5-Methyl-2-nitrophenyl)-1-(m-tolyl)-1H-tetrazol-5-amine 2b. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane Rt = 0.66; yellow solid; 239 mg, yield 77%.

Mp 188-189 °C.

'H NMR (400 MHz, CDCl3) 5 10.84 (br's, 1H), 8.72 (s, 1H), 8.14 (d, J = 8.8 Hz, 1H), 7.54 (t,
J =7.6 Hz, 1H), 7.43-7.37 (m, 3H), 6.93 (d, J = 8.8 Hz, 1H), 2.49 (s, 3H), 2.48 (s, 3H).
13C{H} NMR (150 MHz, CDCl3) § 150.8, 149.4, 135.9, 133.0, 1321.3, 131.9, 130.6, 126.4,
125.2,123.5,121.7, 120.0, 22.5, 21.6.

FT-IR (KBr) 3095, 2923, 1592, 1534, 1489, 1324, 1281, 1161, 1091, 870, 846 cm™.

HRMS (ESI) m/z: [M+H]* calcd for C1sH14NeO2 311.1251, found 311.1251.

83



Chapter 111 Ortho-Nitration of Arenes

N=p

N I

o
Cl HN NO,

Cl

N-(4-Chloro-2-nitrophenyl)-1-(4-chlorophenyl)-1H-tetrazol-5-amine 2c. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane Rs = 0.69; yellow solid; 318 mg, yield 91%.

Mp 187-188 °C.

'H NMR (400 MHz, CDCl3) 6 10.72 (br s, 1H), 8.96 (d, J = 9.2 Hz, 1H), 8.27 (d, J = 1.8 Hz,
1H), 7.73 (dd, J = 9.0, 1.8 Hz, 1H), 7.69 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H).

13C{H} NMR (100 MHz, CDCls) & 150.5, 137.6, 137.2, 135.1, 134.4, 131.3, 130.7, 127.8,
126.0, 125.9, 121.7.

FT-IR (KBr) 3259, 2921, 1639, 1538, 1499, 1341, 1275, 1245, 1154, 1091, 903, 838 cm™.
HRMS (ESI) m/z: [M+H]" calcd for C13HgCl2NsO2 351.0167, found 351.0163.

N-(4-Fluoro-2-nitrophenyl)-1-(4-fluorophenyl)-1H-tetrazol-5-amine 2d. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane Rt = 0.62; yellow solid; 289 mg, yield 91%.

Mp 170-171 °C.

'H NMR (600 MHz, CDCl3) 5 10.59 (br s, 1H), 9.00-8.98 (m, 1H), 7.99 (dd, J = 8.4, 3.0 Hz.
1H), 7.62-7.59 (m, 2H), 7.55-7.52 (m, 1H), 7.41-7.38 (m, 2H).

13C{H} NMR (150 MHz, CDCl3) § 164.7, (d, J = 252.0 Hz), 157.4 (d, J = 245.3 Hz), 150.8,
134.8,132.4,128.2, 127.2 (d, J = 9.0 Hz), 125.0 (d, J = 22.5 Hz), 122.0 (d, J = 7.5 Hz), 118.3
(d, J =22.5Hz), 112.8 (d, J = 27.0 Hz).

FT-IR (KBr) 3260, 3091, 2923, 1598, 1576, 1537, 1513, 1468, 1384, 1336, 1284, 116, 1137,
1090, 949, 843 cm™,
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HRMS (ESI) m/z: [M+H]* calcd for CisHsF2NsO2 319.0750, found 319.0748.

N=p

NN
7

Me

NO,

N-(4-Methyl-2-nitrophenyl)-1-(p-tolyl)-1H-tetrazol-5-amine 2e. Analytical TLC on silica
gel, 1:4 ethyl acetate/hexane Rs = 0.73; yellow solid; 295 mg, yield 95%.

Mp 192-193 °C.

'H NMR (600 MHz, CDCls3) § 10.63 (br s, 1H), 8.83 (d, J = 8.8 Hz, 1H), 8.05 (s, 1H), 7.56
(dd, J = 8.4, 1.6 Hz, 1H), 7.45 (s, 4H), 2.48 (s, 3H), 2.38 (s, 3H).

13C{H} NMR (100 MHz, CDCls) & 150.9, 141.6, 138.1, 134.7, 133.7, 132.5, 131.4, 129.8,
126.0, 124.6, 120.1, 21.6, 20.6.

FT-IR (KBr) 3083, 2922, 2852, 1594, 1524, 1463, 1333, 1303, 1247, 1116, 927, 811 cm™.
HRMS (ESI) m/z: [M+H]* calcd for C1sH14NsO2 311.1251, found 311.1251.

N

Nsn

N |
A
CI) HN NO,
Me

O-Me

N-(4-Methoxy-2-nitrophenyl)-1-(4-methoxyphenyl)-1H-tetrazol-5-amine 2f. Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.36; brown solid; 270 mg, yield 79%.

Mp 166-167 °C.

'H NMR (400 MHz, CDCl3) 6 10.45 (br s, 1H), 8.87 (d, J = 9.6, 2.8 Hz, 1H), 7.69 (d, J = 2.8
Hz, 1H), 7.48-7.45 (m, 2H), 7.36 (dd, J = 9.2, 2.8 Hz, 1H), 7.15-7.11 (m, 2H), 3.90 (s, 3H),
3.85 (s, 3H); *C{H} NMR (100 MHz, CDCls) § 161.6, 154.3, 151.2, 135.2, 130.1, 126.5,
125.3, 124.8, 121.6, 115.9, 108.6, 56.2, 55.9.
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FT-IR (KBr) 3259, 2924, 2852, 1599, 1562, 1534, 1384, 1268, 1245, 1024, 998, 830 cm'.
HRMS (ESI) m/z: [M+H]* calcd for CisH14NsO4 343.1149, found 343.1153.

Nx
N |
—N
Me HN>/
NO,
Me
Me
Me

N-(4-1sopropyl-2-nitrophenyl)-1-(4-isopropylphenyl)-1H-tetrazol-5-amine 2g. Analytical
TLC on silica gel, 1:5 ethyl acetate/hexane Rt = 0.57; yellow solid; 322 mg, yield 88%.

Mp 116-117 °C.

'H NMR (400 MHz, CDCls3) § 10.63 (br s, 1H), 8.83 (d, J = 8.4 Hz, 1H), 8.08 (s, 1H), 7.62
(d, 3 =8.4 Hz, 1H), 7.51 (s, 4H), 3.06-2.99 (m, 1H), 2.97-2.92 (m, 1H), 1.32 (d, J = 7.2 Hz,
6H), 1.27 (d, J = 6.8 Hz, 6H).

13C{H} NMR (100 MHz, CDCls) § 152.3, 150.9, 143.4, 135.7, 134.8, 133.9, 130.0, 128.8,
124.5,123.5, 120.2, 34.2, 33.4, 23.9, 23.8.

FT-IR (KBr) 2963, 1627, 1596, 1535, 1518, 1425, 1338, 1283, 1252, 1087, 1013, 841 cm™.
HRMS (ESI) m/z: [M+H]" calcd for C19H22NeO2 367.1877, found 367.1884.

N/N:N
-
HN NO,
Me

Me

N-(4-Ethyl-2-nitrophenyl)-1-(4-ethylphenyl)-1H-tetrazol-5-amine 2h. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane R¢ = 0.69; yellow solid; 308 mg, yield 91%.
Mp 114-115 °C.
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IH NMR (400 MHz, CDCls) § 10.61 (br s, 1H), 8.80 (d, J = 8.8, 0.8 Hz, 1H), 8.03 (s, 1H),
7.56 (d, J = 8.4 Hz. 1H), 7.47 (s, 4H), 2.77 (g, J = 8.0 Hz, 2H), 2.67 (q, J = 7.6 Hz, 2H), 1.29
(t, J= 7.6 Hz, 3H), 1.23 (t, J = 7.2 Hz, 3H).

13C{H} NMR (100 MHz, CDCls) & 150.8, 147.6, 138.7, 136.7, 134.7, 133.8, 130.1, 129.9,
124.8, 124.6, 120.1, 28.8, 27.9, 15.4, 15.2.

FT-IR (KBr) 3245, 2960, 2926, 1596, 1559, 1531,m 1516, 1384, 1335, 1251, 1183, 1086,
915, 843 cm™.

HRMS (ESI) m/z: [M+H]" calcd for Ci17H1sNsO2 339.1564, found 339.1564.

Me
N<
NN
—=N
Me HN N02

Me

Me

N-(2,4-Dimethyl-6-nitrophenyl)-1-(2,4-dimethylphenyl)-1H-tetrazol-5-amine 2.

Analytical TLC on silica gel, 1:4 ethyl acetate/ hexane R¢ = 0.51; yellow solid; 260 mg, yield
77%.

Mp 188-189 °C.

'H NMR (400 MHz, CDCls) & 9.363 (br s, 1H), 8.34 (s, 1H), 7.20 (s, 1H), 7.14 (s, 2H), 6.79
(s, 1H), 2.45 (s, 3H), 2.42 (s, 6H), 2.40 (s, 3H).

13C{H} NMR (100 MHz, CDCls) § 150.9, 145.3, 141.1, 136.7, 135.3, 133.9, 132.5, 132.3,
127.4,121.9,118.4,22.1,21.4,21.2.

FT-IR (KBr) 2922, 1615, 1544, 1493, 1377, 1344, 1294, 1249, 1091, 851, cm™,

HRMS (ESI) m/z: [M+H]" calcd for Ci17H1sNsO2 339.1564, found 339.1565.
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N=N

Me N |
eng
Me HN N02

Me

Me

N-(4,5-Dimethyl-2-nitrophenyl)-1-(3,4-dimethylphenyl)-1H-tetrazol-5-amine 2j.
Analytical TLC on silica gel, 1:4 ethyl acetate/ hexane Rt = 0.52; yellow solid; 284 mg, yield
84%.

Mp 158-159 °C.

'H NMR (400 MHz, CDCls) § 10.66 (br s, 1H), 8.63 (s, 1H), 7.93 (s, 1H), 7.38-7.26 (m, 3H),
2.36 (s, 3H), 2.35 (s, 3H), 2.34 (s, 3H), 2.23 (s, 3H).

13C{H} NMR (100 MHz, CDCls) & 150.7, 148.3, 140.0, 139.7, 133.8, 132.6, 131.6, 131.3,
129.9, 126.3, 125.5, 121.7, 120.3, 20.8, 19.9, 19.8, 19.1.

FT-IR (KBr) 3266, 2921, 2852, 1593, 1529, 1504, 1406, 1323, 1298, 1259, 1135, 1092, 905,
892 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C17H18NeO2 339.1564, found 339.1563.

N-(3,5-Dimethyl-2-nitrophenyl)-1-(3,5-dimethylphenyl)-1H-tetrazol-5-amine 2k.
Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.60; yellow solid; 267 mg, yield
79%.

Mp 180-181 °C.

'H NMR (400 MHz, CDCls) § 9.32 (br s, 1H), 8.30 (s, 1H), 7.18 (s, 1H), 7.12 (s, 2H), 6.76
(s, 1H), 2.40 (s, 9H), 2.37 (s, 3H).
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13C{H} NMR (100 MHz, CDCls) & 150.8, 145.2, 140.9, 136.5, 135.2, 133.8, 132.3, 132.2,
127.2,121.7,118.2, 22.0, 21.3, 21.1.

FT-IR (KBr) 3094, 2922, 2844, 1606, 1539, 1491, 1339, 1293, 1249, 1093, 1033, 871, 850
cm™.

HRMS (ESI) m/z: [M+H]" calcd for Ci7H1sNsO2 339.1564, found 339.1566.

Cl

N
i N \E
g

1-(2-Chlorophenyl)-N-(2-nitrophenyl)-1H-tetrazol-5-amine 2. Analytical TLC on silica

NO,

gel, 1:4 ethyl acetate/ hexane Rs = 0.71; yellow solid; 256 mg, yield 81%.

Mp 135-136 °C.

'H NMR (400 MHz, CDCl3) 6 10.38 (br s, 1H), 8.82 (d, J = 8.8 Hz, 1H), 8.18 (d, J = 8.4 Hz,
1H), 7.72-7.67 (m, 2H), 7.65-7.58 (m, 1H), 7.56 (d, J = 3.6 Hz, 2H), 7.09 (t, J = 8.8 Hz, 1H).
13C{H} NMR (100 MHz, CDCls) & 151.4, 136.9, 135.6, 134.7, 133.3, 131.8, 131.5, 129.4,
129.3,128.9, 126.2, 122.3, 119.8.

FT-IR (KBr) 3290, 3090, 2923, 1600, 1570, 1537, 1503,m 1394, 1342, 1321, 1265, 1087,
887, 767, 739 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C1sHoCINsO2 317.0548, found 317.0547.
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1-(2-Chlorophenyl)-N-(4-fluoro-2-nitrophenyl)-1H-tetrazol-5-amine 2m. Analytical TLC
on silica gel, 1:4 ethyl acetate/hexane R = 0.670; yellow solid; 281 mg, yield 84%.

Mp 142-143 °C.

'H NMR (400 MHz, CDCl3) & 10.27 (br s, 1H), 8.96-8.92 (m, 1H), 7.95 (d, J = 8.4 Hz, 1H),
7.73(d, J=7.6 Hz, 1H), 7.65 (t, J = 7.2 Hz, 1H), 7.59-7.49 (m, 3H).

1BC{H} NMR (100 MHz, CDCls) & 157.1 (d, J = 245.5 Hz), 151.5, 133.5, 132.4, 131.9,
131.7, 129.5, 129.4, 129.0, 124.9 (d, J = 22.1 Hz), 121.9 (d, J = 7.6 Hz), 112.8 (d, J = 27.5
Hz).

FT-IR (KBr) 2923, 2857, 1631, 1541, 1521, 1338, 1247, 1067, 947, 759 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C1sHsCIFNsO2 335.0454, found 335.0462.

N=n
N
=N

NE - No,

Me
Me

1-(2-Chlorophenyl)-N-(4-isopropyl-2-nitrophenyl)-1H-tetrazol-5-amine  2n. Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.69; yellow solid; 337 mg, yield 94%.
Mp 156-157 °C.

IH NMR (400 MHz, CDCls) & 10.33 (br s, 1H), 8.81 (d, J = 9.0 Hz, 1H), 8.08 (d, J = 2.4 Hz,
1H), 7.74 (dd, J = 7.8, 1.2 Hz, 1H), 7.67-7.63 (m, 2H), 2.99-2.94 (m, 1H), 1.28 (m, 6H).
BBC{H} NMR (150 MHz, CDCls) § 151.8, 143.7, 135.8, 134.9, 133.7, 133.4, 132.1, 131.7,
129.64, 129.60, 129.0, 123.6, 120.2, 33.5, 23.8.

FT-IR (KBr) 2963, 2926, 1627, 1601, 1562, 1536, 1519, 1461, 1336, 1265, 1208, 1160,
1037, 928, 839 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C16H1sCINsO2 359.1018, found 359.1021.
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Cl

N=n
ore
NH
°2N

1-(2-Chlorophenyl)-N-(2-nitronaphthalen-1-yl)-1H-tetrazol-5-amine 20. Analytical TLC

on silica gel, 1:4 ethyl acetate/hexane Rf = 0.52; reddish yellow gummy liquid; 275 mg, yield
75%.

H NMR (400 MHz, CDCls) & 8.56 (d, J = 8.8 Hz, 1H), 8.17 (d, J = 7.6 Hz, 1H), 8.05 (d, J =
7.6 Hz, 1H), 7.72-7.59 (m, 3H), 7.49 (d, J = 8.4 Hz, 1H), 7.37 (t, J = 8.4 Hz, 1H), 7.29 (d, J
=7.6 Hz, 1H), 6.99 (t, J = 8.0 Hz, 1H), 6.84 (br s, 1H).

13C{H} NMR (100 MHz, CDCls) § 152.4, 134.8, 134.7, 132.2, 129.2, 128.94, 128.90, 128.8,
128.1, 127.9, 125.6, 125.3, 123.8, 121.9, 121.5, 119.1.

FT-IR (neat) 3113, 2925, 16.03, 1567, 1520, 1452, 1312, 1232, 1087, 1053, 1034, 802, 772,
750 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C17H11CINsO2 367.0710, found 367.0710.

Cl
,N:l}j

=N
NH

N

NO,

NO,

1-(2-Chlorophenyl)-N-(2,4-dinitrophenyl)-1H-tetrazol-5-amine 2p. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane R¢ = 0.42; orange solid; 311 mg, yield 86%.

Mp 189-190 °C.

!H NMR (400 MHz, CDCl3 + DMSO-ds) § 10.37 (br s, 1H), 8.86-8.85 (m, 1H), 8.81-8.78
(m, 1H), 8.34-8.31 (m, 1H), 7.54-746 (m, 2H).
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13C{H} NMR (100 MHz, CDCl3 + DMSO-ds) & 150.4, 140.6, 139.7, 133.4, 133.2, 131.1,
130.9, 130.4, 129.1, 128.7, 128.5, 122.1, 120.1.

FT-IR (KBr) 3260, 3105, 2855, 1604, 1588, 1543, 1510, 1424, 1342. 1312, 1251, 1142,
1039, 912, 846, 772 cm™.

HRMS (ESI) m/z: [M+H]* calcd for C1sHsCIN7O4 362.0399, found 362.0398.

F

N~
e
ve

NO,

Me

N-(4-Ethyl-2-nitrophenyl)-1-(2-fluorophenyl)-1H-tetrazol-5-amine 2q. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane R = 0.72; yellow solid; 282 mg, yield 86%.

Mp 139-140 °C.

'H NMR (400 MHz, CDCls3) 6 10.43 (br s, 1H), 8.71 (d, J = 8.8 Hz, 1H), 7.99 (s, 1H), 7.67-
7.51 (m, 3H), 7.44-7.39 (m, 2H), 2.64 (q, J = 8.0 Hz, 2H), 1.21 (t, J = 7.6 Hz, 3H).

3C{H} NMR (100 MHz, CDCls) & 157.5 (d, J = 253.2 Hz), 151.4, 138.8, 136.9, 134.7,
133.63, 133.60, 133.5, 128.4, 126.1 (d, J = 3.8 Hz), 124.7, 119.9 (d, J = 11.4 Hz), 117.9 (d, J
=19.0 Hz), 27.8, 15.1.

FT-IR (KBr) 3276, 2964, 2926, 1597, 1536, 1505, 1416, 1343, 1300, 1110, 1088, 889, 760
cm™,

HRMS (ESI) m/z: [M+H]" calcd for CisH13FNsO2 329.1157, found 329.1155.

NO,
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1-(2,6-Dimethylphenyl)-N-(2-nitrophenyl)-1H-tetrazol-5-amine 2r. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane R = 0.70; yellow solid; 288 mg, yield 93%.

Mp 196-197 °C.

'H NMR (400 MHz, CDCls) § 10.21 (br s, 1H), 8.94 (d, J = 8.8 Hz, 1H), 8.22 (d, J = 8.4 Hz,
1H), 7.75 (t, J = 8.8 Hz, 1H), 7.44 (t, J = 8.0 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 7.12 (t, J =
7.2 Hz, 1H), 2.03 (s, 6H).

13C{H} NMR (100 MHz, CDCls) § 151.5, 137.1, 136.7, 135.8, 134.7, 132.0, 129.7, 129.4,
126.3, 122.2, 120.0, 17.60, 17.56.

FT-IR (KBr) 3089, 2928, 2855, 1598, 1568, 1538, 1503, 1380, 1340, 1321, 1282, 1240,
1146, 1034, 910, 842, 740 cmL.,

HRMS (ESI) m/z: [M+H]" calcd for CisH14NsO2 311.1256, found 311.1264.

1-(2,6-Dimethylphenyl)-N-(4-methyl-2-nitrophenyl)-1H-tetrazol-5-amine 2s. Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane Rs = 0.72; yellow solid; 295 mg, yield 91%.

Mp 192-193 °C.

!H NMR (400 MHz, CDCls) 6 10.06 (br s, 1H), 8.78 (d, J = 8.8 Hz, 1H), 7.96 (s, 1H), 7.54
(d, J=8.4 Hz, 1H), 7.41 (t, J = 7.6 Hz, 1H), 7.28 (d, J = 8.0 Hz, 2H), 2.33 (s, 3H), 2.00 (s,
6H).

3C{H} NMR (100 MHz, CDCl3) & 151.5, 138.0, 136.6, 134.4, 133.4, 132.3, 131.8, 129.5,
129.3, 125.8, 119.7, 20.4. 17.5.

FT-IR (KBr) 3230, 3062, 2960, 2923, 1600, 1563, 1522, 1408, 1375, 1334, 1264, 1113,
1092, 1027, 924, 830 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C16H16NsO2 325.1408, found 325.1416.
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1-(2,6-Dimethylphenyl)-N-(2,4-dinitrophenyl)-1H-tetrazol-5-amine 2t. Analytical TLC on
silica gel, 1:4 ethyl acetate/hexane Rt = 0.45; yellow solid; 298 mg, yield 84%.

Mp 188-189 °C.

'H NMR (400 MHz, CDCl3) & 10.54 (br s, 1H), 9.21 (d, J = 9.6 Hz, 1H), 9.11 (s, 1H), 8.56
(d, J=9.2 Hz, 1H), 7.49 (t, J = 7.2 Hz, 1H), 7.34 (d, J = 8.0 Hz, 2H), 2.03 (s, 6H).

13C{H} NMR (150 MHz, CDCls) § 150.7, 141.1, 140.0, 136.5, 133.5, 132.4, 131.1, 129.9,
128.9, 122.7, 120.7, 17.6.

FT-IR (KBr) 3251, 3113, 2924, 2854, 1606, 1586, 1548, 1511, 1424, 1345, 1310, 1264,
1144, 1116, 1019, 909, 842 cm™.

HRMS (ESI) m/z: [M+H]" calcd for CisH13N704 356.1107, found 356.1097.

Me l/\l:N\
N

N
\/( NO,
NH
Me
NHAc

N-(4-((1-(2,6-Dimethylphenyl)-1H-tetrazol-5-yl)amino)-3-nitrophenyl)acetamide 2U.

Analytical TLC on silica gel, 1:4 ethyl acetate/hexane Rr = 0.48; yellow solid; 283 mg, yield
77%.

Mp 262-263 °C.

'H NMR (400 MHz, CDCl3) 6 10.05 (br s, 1H), 8.90 (d, J = 9.2 Hz, 1H), 8.68 (d, J = 2.4 Hz,
1H), 7.98 (brs, 1H), 7.93 (dd, J = 9.2, 2.4 Hz, 1H), 7.50 (t, J = 7.6 Hz, 1H), 7.34 (d, J = 8.0
Hz, 2H), 2.24 (s, 3H), 2.06 (s, 6H).

13C{H} NMR (150 MHz, CDCl; + DMSO-ds + CD3OD) & 168.3, 150.6, 135.4, 134.4, 133.3,
130.8, 129.4, 128.45, 128.4, 126.7, 119.6, 114.7, 22.8, 16.2.
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FT-IR (KBr) 3334, 3238, 1674, 1611, 1546, 1360, 1296, 1273, 1260, 1091, 1016, 886, 773
cml

HRMS (ESI) m/z: [M+H]" calcd for C17H1sN7O3 368.1471, found 368.1480.

4-((1-(2,6-Dimethylphenyl)-1H-tetrazol-5-yl)amino)-3-nitrobenzonitrile 2v. Analytical
TLC on silica gel, 1:4 ethyl acetate/hexane Rt = 0.30; yellow solid; 275 mg, yield 82%.

Mp 205-206 °C.

'H NMR (400 MHz, CDClg) § 10.42 (br s, 1H), 9.15 (d, J = 8.8 Hz, 1H), 8.53 (d, J = 2.0 Hz,
1H), 7.97 (dd, J = 9.2, 2.0 Hz, 1H), 7.48 (t, J = 7.6 Hz, 1H), 7.33 (d, J = 7.6 Hz, 2H), 2.01 (s,
6H).

13C{H} NMR (100 MHz, CDCl3) § 150.8, 139.2, 138.8, 136.5, 134.1, 132.3, 130.8, 129.8,
129.0, 121.1, 116.7, 105.8, 17.5.

FT-IR (KBr) 3504, 2922, 2852, 2237, 1629, 1557, 1519, 1383, 1283, 1194, 1092, 852, 775,
674 cm™,

HRMS (ESI) m/z: [M+H]" calcd for CigH13N7O2 336.1209, found 336.1206.

/=N

Ohs
3

NO,

N-(2-Nitrophenyl)-4-phenyl-4H-1,2 4-triazol-3-amine 4a. Analytical TLC on silica gel, 1:1
ethyl acetate/hexane Rt = 0.40; yellow solid; 236 mg, yield 84%.
Mp 176-177 °C.
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IH NMR (400 MHz, CDCls3) 5 10.39 (br s, 1H), 8.97 (d, J = 8.4 Hz, 1H), 8.18 (d, J = 8.8 Hz,
1H), 8.11 (s, 1H), 7.67-7.58 (m, 4H), 7.43 (d, J = 7.6 Hz, 2H), 7.02 (t, J = 8.0 Hz, 1H).
13C{H} NMR (100 MHz, CDCls) & 149.2, 140.6, 137.2, 136.9, 134.1, 132.1, 131.0, 130.6,
126.2, 125.8, 121.0, 119.9.

FT-IR (KBr) 3451, 3053, 2923, 2852, 1617, 1564, 1553, 1507, 1444, 1384, 1272, 1193,
1145, 1023, 841, 736, 609 cm'L.

HRMS (ESI) m/z: [M+H]* calcd for C1aH11NsO, 282.0991, found 282.0991.

/=N
NN
ve

F NO,

N-(4-Fluoro-2-nitrophenyl)-4-(4-fluorophenyl)-4H-1,2,4-triazol-3-amine 4b. Analytical
TLC on silica gel, 1:1 ethyl acetate/nexane R¢ = 0.42; reddish yellow solid; 260 mg, yield
82%.

Mp 189-190 °C.

'H NMR (400 MHz, CDCls) § 10.25 (br s, 1H), 9.08-9.04 (m, 1H), 8.12 (s, 1H), 7.93 (dd, J =
8.4, 2.8 Hz, 1H), 7.50-7.43 (m, 3H), 7.39 (t, J = 8.0 Hz, 2H).

13C{H} NMR (100 MHz, CDCls3) § 164.8 (d, J = 251.7 Hz), 156.9 (d, J = 244.0 Hz), 149.3,
140.7, 133.84 (d, J = 4.6 Hz), 133.8, 128.2 (d, J = 8.4 Hz), 127.9 (d, J = 3.0 Hz), 125.0 (d, J
=229 Hz),121.7 (d, J=7.6 Hz), 118.3 (d, J = 22.9 Hz), 112.3 (d, J = 26.7 Hz).

FT-IR (KBr) 1629, 1599, 1557, 1514, 1384, 1337, 1236, 1162, 1131, 1001, 944, 878, 837,
760, 704 cm™.

HRMS (ESI) m/z: [M+H]" calcd for Ci14HgF2NsO, 318.0803, found 318.0802.
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Me

N-(4-Methyl-2-nitrophenyl)-4-(p-tolyl)-4H-1,2,4-triazol-3-amine 4c. Analytical TLC on
silica gel, 1:1 ethyl acetate/hexane R¢ = 0.45; reddish yellow solid; 269 mg, yield 87%.

Mp 176-177 °C.

'H NMR (400 MHz, CDClg) 6 10.31 (br s, 1H), 8.90 (d, J = 8.8 Hz, 1H), 8.08 (s, 1H), 8.0 (s,
1H), 7.50 (d, J = 9.2 Hz, 1H), 7.42 (d, J = 8.0 Hz, 2H), 7.30 (d, J = 8.0 Hz, 2H).

13C{H} NMR (100 MHz, CDCls) & 149.5, 141.0, 140.7, 138.1, 135.1, 133.9, 131.5, 131.0,
129.5, 125.8, 125.6, 120.0, 21.5, 20.5.

FT-IR (KBr) 3471, 1731, 1632, 1598, 1514, 1449, 1386, 1238, 1163, 946, 837, 782 cm™.
HRMS (ESI) m/z: [M+H]" calcd for C16H1sNsO2 310.1306, found 310.1306.

3.5. General Procedure for the Removal of Directing Group. To a stirred
solution of 2a, 2g and 21 (1 mmol) in 1,4-dioxane (3 mL), NaOH (7.0 mmol, 280 mg) was
added at room temperature, and the mixture was stirred at 110 °C for 12-22 h. The progress
of the reaction was monitored by TLC using ethyl acetate and hexane as eluent. After
completion, the resultant mixture was extracted with ethyl acetate (3 x 10 mL) and washed
with brine (3 x 5 mL). Drying (Na2SO4) and evaporation of the solvent gave a residue that

was purified on silica gel column chromatography using n-hexane and ethyl acetate as eluent.

L,
NO,
2-Nitroaniline 5a.1” Analytical TLC on silica gel, 1:10 ethyl acetate/hexane Rt = 0.40;

yellow solid.
Mp 71-72 °C.
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IH NMR (600 MHz, CDCls) 5 8.11 (dd, J = 8.4, 1.2 Hz, 1H), 7.36 (td, J = 6.6, 1.2 Hz, 1H),
6.81 (dd, J = 9.0, 1.2 Hz, 1H), 6.71 (td, J = 7.8 Hz, 1.2, 1H), 6.07 (br s, 2H).

13C{H} NMR (150 MHz, CDCls) & 144.9, 135.8, 132.5, 126.4, 118.9, 117.1.

FT-IR (KBr) 3479, 3352, 1630, 1593, 1507, 1433, 1347, 1253, 1093, 995, 745 cm'L.

NH,
4-1sopropyl-2-nitroaniline 5b. Analytical TLC on silica gel, 1:10 ethyl acetate/hexane R =
0.40; thick yellow liquid; 157 mg, yield 87%.
'H NMR (400 MHz, CDCl3) § 7.95 (dd, J = 1.6 Hz, 1H), 7.28 (m, 1H), 6.77 (d, J = 8.4 Hz,
1H), 5.96 (br s, 2H).
13C{H} NMR (100 MHz, CDCls) § 143.1, 138.1, 135.0, 127.3, 123.1, 119.0, 33.1, 23.9.

FT-IR (neat) 3483, 3364, 2954, 2917, 1638, 1561, 1520, 1466, 1409, 1335, 1249, 1167, 1085,
952, 818 cm™.

3.6. Kinetic Study

Preparation of Aniline-ds (Scheme 21). The titled compound was prepared according to
the reported procedure?® and the deuterium incorporation was determined by H NMR
analysis of the mixture. Characterization data for the deuterated product only. 1;4 ethyl
acetate/ hexane, R = 0.32; pale brown solid; yield 85%.

'H NMR (400 MHz, CDCls) 8 7.23 (s, 2H), 3.62 (bs, 2H).

86.1
D

©/NH2 1 equiv Conc. HCI /@:NHZ
D D 86.1

D,0, 180 °C, uwave
86.7

aniline-d;

Scheme 21
Preparation of 1-(2,6-Dimethylphenyl)-N-(2-nitrophenyl)-1H-tetrazol-5-amine-ds 1r-ds
(Scheme 22). The titled compound was prepared according to the reported procedure. 3:7
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ethyl acetate/ hexane; Rt = 0.25; white solid; yield 74%; 'H NMR (400 MHz, CDCls) & 7.44
(t, J=8.0 Hz, 1H), 7.35 (s, 2H), 7.29 (d, J = 7.6 Hz, 2H), 6.10 (bs, 1H) 2.06 (s, 6H).

Me D
NCS NHz i DMF, 6 h, o
+
Me D D ii. 3 equiv NaNS
aniline-ds 3 equiv Et3N
50 mol % Cu(OAc), H,O 1r-d3
3h,rt
Scheme 22

Intramolecular Kinetic Isotope Effect Study (Scheme 23). To a stirred solution of N-(2-
deuterio-4-methylphenyl)-1-(2,6-dimethylphenyl)-1H-tetrazol-5-amine 1s-d (0.5 mmol, 140
mg) in DCE (2 mL), CuCl2.2H.0 (20 mol %, 0.1 mmol, 17 mg) and Fe(NOz3)3.9H20 (35 mol
%, 0.175 mmol, 71 mg) were added at room temperature under air. The progress of the
reaction was monitored by TLC using ethyl acetate and hexane as eluent. After 8 h, saturated
NaHCOs solution (5 mL) was added to the reaction mixture and the resultant mixture was
extracted with ethyl acetate (3 x 10 mL) and washed with brine (2 x 5 mL). Drying (Na2S0Oa)
and evaporation of the solvent gave a residue that was purified on silica gel column
chromatography using hexane and ethyl acetate as eluent to afford a 22:78 mixture of 2s and
2s-d as a yellow solid in 83% (138 mg) yield. The ratio of deuterium to hydrogen was
determined from the *H NMR relative integration values of Ha (8.84 ppm) based on Hp (7.58
ppm).

Me N N

N:N
N_ 20 mol% CuCly-2H,0
\( 35 Mol % Fe(NO3)y9H,0

NH

Me DCE, rt, 8 h NH@ NHJ@
M
1s-d ¢ [pyPp=35
2s-d

Scheme 23

Intermolecular Kinetic Isotope Effect Study (Scheme 24). To a stirred solution of 1-(2,6-

dimethylphenyl)-N-phenyl-1H-tetrazol-5-amine (1r) (0.58 mmol, 156 mg) and 1-(2,6-

dimethylphenyl)-N-(2,4,6-trideuteriophenyl)-1H-tetrazol-5-amine(1r-ds) (0.42 mmol, 111

mg) in DCE (2 mL), CuCl-2H20 (20 mol %, 0.2 mmol, 34 mg) and Fe(NO3)3.9H20 (35 mol
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%, 0.35 mmol, 141 mg) were added at room temperature under air. The progress of the
reaction was monitored by TLC using ethyl acetate and hexane as eluent. After 1.5 h,
saturated NaHCO3 solution (5 mL) was added to the reaction mixture and the resultant
mixture was extracted with ethyl acetate (3 x 10 mL) and washed with brine (2 x 5 mL).
Drying (Na2SO4) and evaporation of the solvent gave a residue that was purified on silica gel
column chromatography using hexane and ethyl acetate as eluent to afford a mixture of 2r-d2
and 2r as a yellow solid in 18% (56 mg) yield. The ratio of deuterium to hydrogen was
determined by the *H NMR relative integration values of Ha (8.96 ppm) based on Hy (8.24

ppm).

\ Me \ N=N,
/ / o /
Ny D NN | 20 mol % CuClp. 2H,0 N
\( \( 35 mol % Fe(NO3)3. 9H,0 \( NO,
HN J HN HN
Me Me DCE, tt, 1h M
° < " H H
2r

1r-d; 1r Py/Pp =1.2 2r- dz

Scheme 24
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3.8. Mass Spectra of Reaction Mixture
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Figure 2. Mass spectra of reaction mixture 1a prior to work up
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3.9. Selected Spectra
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Ortho-Amination of Arenes

Chapter IV
Cu-Mediated N-Arylation of Pyrroles, Indoles, Pyrazoles, and

Carbazole via Cross-Dehydrogenative Coupling (CDC)

The compounds containing N-arylated azole structural motif are of great interest because of
their potential applications in biological and pharmaceutical sciences (Figure 1).! In addition,
2-(1H-pyrrol-1-yl)benzoic acid derivatives constitute key synthons in the construction of

heterocyclic compounds as well as drug candidates.?

o)
O HOOC  pNwd &
F3C N NH
I I ©
N cl N

N\
o
SOzNHZ O
F

CN

AG3433, Potent inhibitor of

Celelgiex SO 1 Matrix Metalloproteinases

Figure 1. Examples of Some Biologically Active Compounds

Traditionally, N-arylation of azoles was performed using Ullmann-type coupling with aryl
halides.>* Recently, the scope of the reaction has been significantly expanded by Buchwald-
Hartwig and Chan-Lam type cross-coupling reactions using aryl halides,® aryl boronic acids,?
aryl bismuth” and aryl lead® reagents as coupling partners. Although, these methods are
proven to be effective routes for the synthesis of requisite N-arylated azoles with wide
substrate scope, the use of prefunctionalized substrate precursors and elevated temperatures
limits their practical use. In this context, the directed C-H functionalization®'® and C-N bond
formation®® via cross-dehydrogenative coupling represents an ideal strategy because of their
cleaner, shorter and regioselective approaches. N-(Quinolin-8-yl)benzamide based directing
groups displays wide applications in selective C-H functionalization reactions. This reagent
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Chapter IV Ortho-Amination of Arenes

owing to its significant chelation property toward metals have now been well accepted and
utilized in the construction of carbon-carbon and carbon-heteroatom bonds. As part of our
research work carried out in our laboratory on chelation assisted C-H functionalization, here,
we report a Cu-promoted direct N-arylation of pyrroles, indoles, pyrazoles and carbazoles

using N-(quinolin-8-yl)benzamide as a directing group.

N

Figure 2. Structures of Directing Group and Metal Complex

4.1. Cross-Coupling Reactions

4.1.1. Pd-Catalyzed N-Arylation of Azoles

Pd-catalyzed cross-coupling for N-arylation of azoles has attracted considerable interest due
to their broad substrate scope, which in turn led to the synthesis of fascinating number of
biological and medicinally important molecules. In 1998, Hartwig and co-workers devised a
Pd(OAc)-catalyzed cross-coupling of aryl bromides with azoles in the presence of CsCOzor
NaO'Bu (Scheme 1).°* This catalytic transformation encompassed the arylations of N-

heterocyclic amines such as pyrroles, indoles and carbazoles in high yields.

1-5 mol % Pd(OAc), &, {/ \E P P,
FozIN ,,’:::_-_,‘ N ==L ' O Ph

BT 15:6 mol % DPPF N : |
— N Cs,CO3 or NaO'Bu = N e ! Ph /@
H toluene, 110-120 °C U A
h

- P
12-48h 72-98% yield | DPPF

R = EDG, EWG

Scheme 1. Pd-catalyzed N-Arylation of Heterocyclic amines

Buchwald group demonstrated N-arylation of a variety of substituted indoles using bulky,

electron-rich phosphines as ligands in combination with Pdz(dba)s (Scheme 2).>° Using this
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catalyst system, the coupling of indoles with aryl iodides, bromides, chlorides, and triflates

has been achieved.

3
N R
X 1-5mol % Pdy(dba);  r2.LL %
3
R’ ij R2 (j\/\\/)R 1.5-7.5 mol % L1-L6 Z N
T + RO / >
= Z N 1.4equivNaO'Bu Z
X = Cl, Br, |, OTf toluene, 60-120 °C NG
R' R®=EDG, EWG up to 95% yield

R2 = F, Me, Et, OMe

L1 L2 L3
O P(‘Bu), PCY2 P(tBU)z
L4 L5 L6

Scheme 2. Cross-Coupling of Substituted Indoles with Aryl Halides and Triflates

Nolan and co-workers developed a Pd/imidazolium salt system for N-arylation of azoles
using aryl chlorides and aryl bromides (Scheme 3). The use of N-heterocyclic carbene ligands

shows several advantages such as (i) stabilization of metal complex, (ii) improved thermal

X 2 mol % Pd(OAc), @
§ 2 mol % SIMes*HCI R*ON

R1L + N_R2 -

S N 2 equiv KO'Bu =

H dioxane, 100°C R T |
R' = CH,, OCH3, F ’
R2 = Ph, 4-FCgH, 61-100% yield
X = Cl, Br

Scheme 3. N-Heterocyclic Carbenes for N-Arylation of Azoles
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stability, (iii) metal complex resistance to ligand dissociation, which makes these
nucleophilic carbenes as catalyst modifiers to give the products in high yields.

Alamdari and co-workers described the reaction of aryl halides with azoles using 1.7 mol
% of PFG-Pd along with NaO'Bu to give the target N-arylated azole products in high yields
(Scheme 4).5" The reported heterogeneous PFG-Pd catalyst exhibits high activity and also can

be recyclable without loss of activity.

X
-~ 1.7mol % PFG-Pd
RAE ) ) : - R—/ |
e N~ 2.0 equiv NaO'Bu .

toluene, 110 °C
8-24 h

R = CH3, OCHs, CI, CN

X=Cl,Br, |

80-95% yield

Scheme 4. Heterogeneous Pd-catalyzed N-Arylation Reactions

4.1.2. Cu-Catalyzed N-Arylation of Azoles

Cu-catalyzed N-arylation of azoles has received a great attention in recent years due to their

high abundance, less toxic nature and cost effectiveness. In 1995, Avandano and co-workers

N, S

Pb(OAc)3 N
Cu(OAc),
[l ] -
T SN DCM, reflux
H
Me Me
up to 86% vyield
Me
N—N N
\
\/—l/\> \/,N \N Q» N
N N N N N N

Scheme 5. N-Arylation of Azoles Using Aryllead Triacetates
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presented a method for the N-arylation of heterocycles employing p-tolyllead triacetate as an
arylation source using catalytic amount of Cu(OAc). at reflux conditions in DCM. The
protocol shows broad substrate scope with various azoles (Scheme 5).8

Chan-Lam and co-workers reported N-arylation of nitrogen heterocycles using arylboronic
acids as a coupling partners under mild reaction conditions in presence of pyridine (Scheme
6).6a

HO\B/OH \N/
.--. 1.5 equiv Cu(OAc),

+ N\ e

H 2.0 equiv pyridine

R DCM, rt, 2 days R
R" = CF;, CH3, OCH,4 up to 88% yield
B N N N N
-0 OV TN OO0 O
- P N\ = ’
H N N N
H H H H H H

Scheme 6. Cu-Mediated Cross-Coupling of Arylboronic Acids and N-Heterocycles

Srirangam and co-workers achieved N-arylation of pyrroles by cross-coupling with
arylboronic acids at room temperature in the presence of stoichiometric amount of Cu(OAc)2
(Scheme 7).%° The generality of this reaction has been established with variously substituted

pyrroles as well as boronic acids.

B(OH), @Rz
N @RZ 1.0 equiv Cu(OAc)2= N
RT — i H 2.0 equiv pyridine = W
DCM, rt 2N

R', R?2 = EDG, EWG
Up to 97% vyield

Scheme 7. N-Arylation of Substituted Pyrroles

N-Arylation of indoles, indazoles, pyrroles and pyrazoles has been reported using highly
functionalized trivalent organobismuth reagents. The transformation is promoted by catalytic

amounts of Cu(OAc). and tolerates various functional groups (Scheme 8).’
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10
R | sl R3
fl 3 R2L \:]j(Y
. 3R 10 mol % Cu(OAc), 0
XN Bi S Rzﬁ /]\/\/y . N
R1—: P | B N ” 3.0 equiv pyridine 2"
2R DCM, O,, 50 °C TR
R' R? R®=EDG, EWG 43-95% vyield
Y =CH,N

Scheme 8. Trivalent Organobismuth Reagent as Arene Source

Our group reported CuO nanoparticles catalyzed C-N cross-coupling of amines with aryl
halides (Scheme 9).5¢ The reaction is simple and efficient and operates under air. The catalyst

is reusable without significant loss in catalytic activity.

2 3

X 1.26 mol % CuO nano particle R\N,R

XN, 1.2 equiv R?R®NH p
R . TR |

~ 1.0 equiv KOH S

DMSO, 80-110 °C, 1.2-29 h 60-98 % yield

R'=EDG, EWG
R?, R® = Aliphatic, Aromatic
X =Br, |

Scheme 9. CuO Nanoparticle Catalyzed N-Arylation of Heretocycles

5 mol % Cul { / E
X 20 mol % L7 or L8 N ' LT =
7 2.1 equiv K4POL/K,CO !
R X . .\N/. equiv KaFO4/Ko 3= R1_/ | : MeHN NHMe
O H 24h,110°C N :
toluene/DMF up to 96% yield
R',R% R®=EDG, EWG | L8=
R*=H, Cl |
R®=H, CHj3, Ph
X=1,Br
R4 R5
. R? R3 N N N
_ 7 -
RN B3OS O N
{ - . ) N )
N N N N N N N
H H H H H H H H

Scheme 10. Cul-Catalyzed N-Arylation of n-Excessive Nitrogen Heterocycles
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Buchwald and co-workers presented a Cul-catalyzed N-arylation of m-excessive nitrogen
heterocycles such as pyrroles, pyrazoles, indazoles, imidazoles, and triazoles by coupling
with aryl iodides or aryl bromides in the presence of diamine ligands (Scheme 10).>¢ The
catalytic system is general for various nitrogen containing heterocycles and could tolerate
hindered substrates and various functional groups such as aldehydes, ketones, alcohols,
primary amines and nitriles on the aryl halide or heterocycle.

Fu and co-workers devised photoinduced Cul catalyzed C—N coupling of pharmacophores
such as indoles, benzimidazoles, and imidazoles with hindered/deactivated/heterocyclic aryl
iodides (Scheme 11).° This protocol features the use of simple and inexpensive Cu catalyst

without ligand under mild conditions.

l 10 mol % Cul
: AN r,’/’::‘:l X 254 nm hv (:"’:3:\: X
Rip | + Ry [ —R? —— Ry ]: >—R?
= N 1.4 equiv LiO'Bu SN
h CH;CN/'BuOH B
1
R?, R3 = OMe or Me X
X=CH,N 46-86% yield

Scheme 11. Photoinduced Cu-Catalyzed N-Arylation of Heterocycles

4.1.4. Fe-Catalyzed N-Arylation of Azoles

Bolm and co-workers developed Fe-catalyzed N-arylation of azoles using DMEDA as a
ligand in presence of K3POs at elevated temperatures. The protocol exhibits broad scope in

terms of azoles as well as aryl halides (Scheme 12).

X 10 mol % FeCly N \ N
Ay 20 mol % DMEDA N I\
! ¢ / ) :
Z YTTN 20equivkePO, rC DMEDA
o \ :
R = EDG, EWG toluene, 135 °C, 24 h |
X = Br. | up to 87% vyield
Y=CH,N

Scheme 12. Fe-catalyzed N-arylation of azoles
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4.1.5. N-Arylation of Azoles via Cross-Dehydrogenative Coupling

Transition-metal-catalyzed cross-dehydrogenative coupling (CDC) reactions are particularly
attractive because they obviates the use of preactivation and/or preoxidation of either
coupling partners and they are also atom economical. For example, Patureau and co-workers
carried out the regioselective N-arylation of carbazoles via CDC using [Ru(p-cymene)Cl2]>
catalyst and Cu(OAc). as a sole oxidant in the presence of O, as a terminal oxidant at high
temperature (Scheme 13).1* In case of unsymmetrical amine substrates having electron
donating and electron withdrawing substituents on phenyl rings; amination occurs at the

ortho position of most electron rich phenyl ring.
5 mol % [{(p-cymene)RuCl,},] | +—R?

X
e
Z ") 2.2 equiv Cu(OAQ) =
) .2 equiv Cu(OAc),
3l X \ /\R4 _ NH 3
R N Ph/Pr/C,Cly/AcOH (0.5:2:05 mL) R
= H =

0,, 150 °C, 24 h
Sealed reactor

R', R?, R3, R* = Br, Cl, Me, OMe, Bu

a8 &8
56% (2:1) 56% (1.5:1)
Scheme 13. Ru-Catalyzed N-arylation of azoles via CDC

4.2. Present Study

The synthesis of N-arylation of azoles such as pyridines, indoles, pyrazoles and carbazole
using N-(quinolin-8-yl)benzamide as a directing group via Cu-mediated cross

dehydrogenative coupling strategy.

Synthesis of N-(Quinolin-8-yl)benzamide (la-r). The starting precursors, N-(quinolin-8-
yl)benzamide, were prepared from coupling of acid chloride and amine in the presence of

base.’
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0]

1) 1.2 equiv (COCI),

Ortho-Amination of Arenes

0]

OH NH, 5 drops DMF, DCM, 0 "C‘i N
N _ = 4 H
% 2) 2.0 equiv NEt3 7

DCM, 0 °C-rt, overnight

Scheme 14. Synthesis of N-(quinolin-8-yl)benzamide

Table 1. Optimization of Reaction Conditions®

n

o) 2 equiv Pyrrole (0] N
N [Cu] source N N
N HJK@ base - | _N HJK@
1a solvent, temp 2a
Entry [Cu] (equiv) Base Solvent Yield (%)P
1 Cu(OAcC): (1) K2CO3 DMSO 34
2 Cu(OAcC): (2) Na2COs DMSO trace
3 Cu(OAcC)2 (1) Cs2CO3 DMSO 44
4 Cu(OAc)2 (1) Cs2CO3 NMP 10
5 Cu(OAcC). (2) Cs2CO03 iPrOH trace
6 Cu(OAc)2 (2) Cs2CO03 1,4-dioxane 0
7 Cu(OAc): (1) Cs2C0O3 DMF 51
8 Cu(OAcC)2 (1.5) Cs2C0O3 DMF 71
9 Cu(OAc): (2.0) Cs2C0O3 DMF 70
10¢ Cu(OAcC)2 (1.5) Cs2C0O3 DMF 64
114 Cu(OAc)2 (1.5) Cs2C0Os3 DMF 79
12° Cu(OAc)2 (1.0) Cs2COs DMF 50
13° Cu(OAc)2 (0.2) Cs2COs DMF 18
14 - Cs2C0O3 DMF 0

@ Reaction conditions: N-(quinolin-8-yl)benzamide 1a (0.2 mmol), Cu(OAc),, pyrrole (0.4 mmol), base (0.4

mmol), solvent (1 mL), 70 °C, 21 h. ® Isolated yield. ¢ Pyrrole (0.3 mmol) was used. ¢ Pyrrole (0.6 mmol) was

used. ¢ Using O, ballon.
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Table 2. Reaction of N-(Quinolin-8-yl)benzamide 1a with Different Pyrroles®®

3 equiv Pyrroles

I\
Q 1.5 equiv Cu(OAc), o N
“ .
| | H | 2 equiv Cs,CO4 | ”/u\@
Z “%  DMF, 70 °C N X
R
2b-m

1b-m
R = EDG, EWG
7\ /\ 7\
O N O N o °N
| N | N | N
_N Me _N _N
Cl Me
2b, 17 h, 84% 2c, 8 h, 69% 2d, 15 h, 78%
[ \§ / \ 4\
O N O N O N
| H | H | H
N N
_N ol Z I = OMe
2e, 4 h, 63% 2f, 4 h, 61% 29,21h,70 %
) 1\ )
O N O N O N
N N N =
IrYQ, Yo, Oro
N N _N _N
Z Me Z NO,
2h, 21 h, 68% 2i, 4 h, 62% 2j,4h,51%
o)
H,C Ph CH,

Y Ty /]

N N N
H H
| _N Me | _N HJI\@ | _N )K©

Me
2k, 17 h, 71% 21,24 h, 0% 2m, 24 h, 0%

@ Reaction conditions: N-(quinolin-8-yl)benzamide 1a (0.2 mmol), Cu(OAc). (0.3 mmol), pyrrole (0.6 mmol),
Cs2C0;3 (0.4 mmol), DMF (1 mL), 70 °C. ® Isolated yield.
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Table 3. Reaction of N-(Quinolin-8-yl)benzamide 1a with Different Indoles?®

R? =
o 3 equiv Indoles 7\ /\/Rs
1.5 equiv Cu(OAc), o N
\ t o
| N H | 2 equiv Cs,CO4 | H | N
Z X ., DMF,70°C =N X
1a,b,d,h R 3a-j R'

O N
N N N
Y0 crvony O k@ R Re!
“ N
Me “ Me

3a, 21 h, 74% 3b, 17 h, 81% 3¢, 17 h, 77% 3d, 21 h, 69%

O N O N O N
N N N
| _N HJK@ | _N HJK@ | _N HJJ\@

3e, 21 h,57% 3f, 17 h, 78% 3g, 17 h, 75%
OMe \
/ / / \ ¥
o
| N - v
_N
3h, 15 h,81% 3i,17 h, 77% 3j,21h,63%

2 Reaction conditions: N-(quinolin-8-yl)benzamide 1a (0.2 mmol), Cu(OAc), (0.3 mmol), indole (0.6 mmol),
Cs2C0;3 (0.4 mmol), DMF (1 mL), 70 °C. ® Isolated yield.

Optimization reaction conditions for amination was carried out using N-(quinolin-8-
yl)benzamide 1a and pyrrole as the model substrates with different bases, solvents and varied
amounts of Cu(OAc)2 (Table 1). To our delight, the amination selectively occurred at the
ortho-position to furnish the target product 2a in 34% yield when the substrates were stirred
with 1 equiv Cu(OAc)2 at 70 °C in the presence of K.CO3 in DMSO (entry 1). The use of
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Cs2COs as the base led to an increase in the product formation to 44% (entry 3), while
Na,COs3 afforded inferior results (entry 2). Solvent screening experiments showed that the
choice of the solvent DMF led to an increase in the yield to 51%, whereas NMP, iPrOH and
1,4-dioxane were not effective (entries 4-7). Increasing the amount of Cu(OAc). (1.5 equiv)
and pyrrole (3 equiv) led to the further improvement in the yield to 79% (entries 8-11).
Recrystallization of 2a in CH3CN gave single crystal whose structure was determined by X-
ray analysis (Figure 3). A control experiment confirmed that in the absence of Cu(OAc)2 the

formation of 2a was not observed and the starting material was recovered intact.

2 O1

) G2 C10

Figure 3. ORTEP diagram of 2-(1H-Pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2a with 50%
ellipsoid [CCDC 1427013].

Having the optimal conditions in hand, we investigate the scope of the protocol for the
reaction of pyrrole with a series of substitted 8-aminoquinoline amide derivatives (Table 2).
The substrates 1b having 2-Me substituent underwent reaction to give the desired product 2b
in 84% vyield. The substrates 1c-d bearing 3-Cl and 3-Me functionalities readily reacted to
furnish the target products 2c and 2d in 69 and 78% yields, respectively, while 1e-i bearing
electron donating and electron withdrawing groups in the para position proceeded reaction
smoothly to afford the corresponding ortho-aminated products 2e-i in 61-70% vyields.
Heterocyclic derivative, isonicotinamide 1j underwent reaction to give the aminated product
2jJ in 51% vyield, whereas disubstituted derivative 3,4-diMe 1k underwent of reaction to yield

the target product 2k in 71% yield. In case of reaction highly substituted pyrrole such as 1-(2-
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methyl-4-phenyl-1H-pyrrol-3-yl)ethan-1-one using 8-aminoquinoline amide, no product was
observed and the starting material was recovered intact.

Table 4. Substrate Scope of N-(Quinolin-8-yl)benzamide 1a with Different Azoles**

3.0 equiv azole N

Q 1.5 equiv Cu(OAc), Q N
| i H)K© 2 equiv Cs,CO3 | N H
Z DMSO, 70 °C, 24 h Z
1a 4a-6
entry azole (3 equiv) product yield (%)2°

\

1 K/ N o N 54 (12)°
\ -

2 Z/N/N | 58 (14)°

5
N
N /\
NPh
H | ”
_N
6

2 Reaction conditions: N-(quinolin-8-yl)benzamide 1a (0.2 mmol), Cu(OAc). (0.3 mmol), azole (0.6 mmol),
Cs,COs (0.4 mmol), DMSO (1 mL), 70 °C, 24 h. ° Isolated yield. ¢ Using DMF.
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These results suggest that the protocol is compatible with the substrates bearing
substitution at ortho, meta as well as para positions. As well as the substrates bearing
electron withdrawing group proceeded smoothly to furnish the target products. In case of
substrates bearing electron withdrawing groups 2i exhibit greater reactivity compared to that
having electron donating group 2g. In addition, the substrates containing halides such as
chlorine 2c, 2e and iodine 2i are tolerated to produce to give the target products under these
reaction conditions. Furthermore, we explored the scope of the procedure for the reactions of
different azoles with N-(quinolin-8-yl)benzamide 1a as the representative example (Table 4).
These reactions exhibited superior results employing DMSO as the solvent compared to that
of DMF. For examples, pyrazole underwent reaction to produce the target product 4a in 54%
yield.

Similarly, with 3-methylpyrazole proceeded to afford the formation of 4b in 58% vyield.
In addition, the reaction of carbazole produced the desired cross-coupled product 5 in 41%
yield. 2-phenylimidazole failed react to yield 6 and starting materials were recovered.
Finally, the removal of the directing group was revealed using compound 2a as the
representative example (Scheme 15).1*¢ The compound 2a underwent readily hydrolysis in
presence of NaOH in ethanol at 110 °C to afford 2-(1H-pyrrol-1-yl) benzoic acid 7 in 84%

4\ I\
O N NaOH/EtOH s
H)ﬁ 48h 110°C ©/U\OH
N
~
2a

7,84%

yield.

Scheme 15. Removal of Directing Group

The proposed reaction pathway is shown in Scheme 17. The Kinetic isotope suggest that
the C-H bond cleavage taking place in the rate determining step. First, In the presence of
base, azole may undergo reaction with Cu(OAc). to give copper(ll) species A,** which may
react with the substrate la via ligand exchange to produce copper(ll) intermediate B.
Cu(OAc)2-mediated oxidation of B may lead to the formation of copper(lll) species C.

Intramolecular C-H cupration of the aryl ring may give the intermediate D, which can
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provide the target product by reductive elimination followed by protonation. This proposed
reaction pathway also explains the necessity of excess Cu(OAc). and base to furnish the

desired products in good yields.

7% 3.0 equiv Pyrrole Z/ \>
O D 0] ) O N
1.5 equiv Cu(OAc),
! N + N 2.0 equiv Cs,CO ] | N o
_N N .0 equiv Cs,CO3 _N
D DMF, 70 °C D

77%
1a-d, 1a 2a-d Py/Pp =22

Scheme 16. Kinetic Isotope Study

Cu(OAc),
/3 > ) fa_
@ C'Tl)u(O c)

Al \
Cs,CO; CSHCO; Cs2C03  csHeO, B NQ
CsOAc CsOAc
Cu(OAc),
-Cu(OAc)

C52C03

target
product
Cut CsHCOg,

N
i L)
CsOAc C

Scheme 17. Proposed Catalytic Cycle

In summary, Cu-mediated 8-aminoquinoline amide directed N-arylation of pyrroles,
indoles, pyrazoles and carbazole is developed via intermolecular cross-dehydrogenative
coupling reaction. This protocol exhibits broad substrate scope and high functional group
tolerance, which may open a new avenue for further development of dehydrogenative

coupling protocols for the coupling azoles with hydrocarbons.
4.3. Experimental Section

4.3.1. General Information: Cu(OAc). (98%), Cs.COs, 8-aminoquinoline (98%),
pyrazole (98%), 3-methylpyrazole (97%) and 2-phenyl imidazole (98%) were purchased
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from Aldrich and used as received. Pyrrole (99%) was purchased from Otto and distilled
under nitrogen according to the standard procedure.! Indole (99%) was purchased from Otto
and used as received. Substituted indoles and pyrroles were purchased from Avra synthesis.
The solvents were purchased and dried according to standard procedure prior to use.?
Substituted 8-aminoquinoline amides were prepared according to reported procedure.® 1-(2-
methyl-4-phenyl-1H-pyrrol-3-yl)ethan-1-one* and 2-(2-(1H-indol-3-yl)ethyl)isoindoline-1,3-
dione® were prepared according to the literature procedure. Purification of the reaction
products was carried out by column chromatography using Merck aluminium oxide active,
neutral Activity I-11 . Analytical TLC was performed on Merck silica gel G/GF 254 plate.
NMR spectra were recorded on Bruker Avance |11 600 using CDCl3 as solvent and MesSi as
internal standard. Chemical shifts (6) were reported in ppm and spin-spin coupling constants
(J) were given in Hz. Melting points were determined using Buchi B-540 melting point
apparatus and are uncorrected. FT-IR spectra were recorded using Thermo Fisher Scientific
spectrometer. Mass spectra were recorded on a Q-Tof ESI-MS Instrument (model HAB 273).
X-Ray data were collected on a Bruker SMART APEX equipped with a CCD area detector
using Mo/Ka radiation. The structure was solved by direct method using SHELXL-97
(Gottingen, Germany).

4.3.2. General Procedure for N-Arylation of Azoles. Azoles (0.6 mmol, 3 equiv)
were added to a stirred solution of the substrates 1 (0.2 mmol, 1 equiv), Cu(OAc)2 (0.3 mmol,
1.5 equiv, 54.5 mg), Cs2C0O3z (0.4 mmol, 2 equiv, 130 mg) and solvent (1 mL) at 70 °C under
air. The mixture was stirred and the progress of the reaction was monitored by TLC using
ethyl acetate and hexane as eluent. After the appropriate time, the resulting solution was
diluted with ethyl acetate (3 x 15 mL) and then washed with NH3-H>O (1 x 5 mL) and brine
(2 x 5 mL). Drying over Na;SO4 and evaporation of the solvent gave a residue that was
purified on neutral alumina column chromatography using n-hexane and ethyl acetate as

eluent to afford analytically pure substituted N-arylated azoles.
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4.4. Characterization Data of Substituted N-Arylated of Azoles 2a-w
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2-(1H-Pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2a. Analytical TLC on silica gel, 1:9 ethyl
acetate/hexane Rf = 0.49; white solid; 49 mg, yield 79%; mp 141-142 °C.

'H NMR (600 MHz, CDCls) 6 9.90 (br s, 1H), 8.84 (d, J = 7.8 Hz, 1H), 8.66-8.65 (m, 1H),
8.12 (d, J =7.8 Hz, 1H), 7.90 (d, J = 7.8 Hz, 1H), 7.59-7.44 (m, 5H), 7.41-7.39 (m, 1H), 6.99
(s, 2H), 6.18 (s, 2H).

3C{H} NMR (150 MHz, CDCls) 5 165.8, 148.1, 138.9, 138.6, 136.3, 134.7, 132.6, 131.6,
130.1, 128.0, 127.5, 126.5, 122.13, 122.1, 121.8, 121.5, 116.8, 110.6.

FT-IR (KBr) 1670, 1601, 1522, 1498, 1385, 1329, 1262, 1070, 1014, 924, 898 cm™.

HRMS (ESI) m/z: [M+H]" caled for C20H1sN3O 314.1293, found 314.1286.
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2-Methyl-6-(1H-pyrrol-1-yI)-N-(quinolin-8-yl)benzamide 2b. Analytical TLC on silica
gel, 1:9 ethyl acetate/hexane R¢ = 0.48; white solid; 55 mg, yield 84%; mp 146-147 °C.

'H NMR (600 MHz, CDCl3) § 9.72 (br s, 1H), 8.82 (dd, J = 7.2 Hz, 1.2 Hz, 1H), 8.68 (dd, J
= 4.8 Hz, 1.8 Hz, 1H), 8.13 (dd, J = 9.0 Hz, 1.8 Hz, 1H), 7.55-7.50 (m, 2H), 7.43-7.39 (m,
2H), 7.29-7.27 (m, 2H), 7.00-6.99 (m, 2H), 6.10-6.09 (m, 2H), 2.52 (s, 3H).

1BC{H} NMR (150 MHz, CDCls) § 166.4, 148.3, 138.63, 138.6, 137.4, 136.4, 134.4, 133.6,
130.1, 129.3, 128.1, 127.5, 123.4, 122.2, 121.8, 116.9, 110.0, 19.9.

FT-IR (KBr) 3471, 1676, 1510, 1483, 1326, 1265, 1123, 1088, 951, 897 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C21H17N3O 328.1450, found 328.1448.
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5-Chloro-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2c. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane R = 0.47; white solid; 48 mg, yield 69%; mp 173-174 °C.

'H NMR (600 MHz, CDCl3) & 9.90 (br s, 1H), 8.80 (d, J = 7.2 Hz, 1H), 8.65 (d, J = 3.6 Hz,
1H), 8.13 (d, J = 8.4 Hz, 1H), 7.87 (s, 1H), 7.55-7.51 (m, 3H), 7.42-7.40 (m, 1H), 7.38 (d, J =
8.4 Hz, 1H), 6.95 (s, 2H), 6.19 (s, 2H).

3C{H} NMR (150 MHz, CDCl3) & 164.2, 148.2, 138.5, 137.3, 136.3, 134.3, 133.7, 133.3,
131.6, 130.1, 128.0, 127.8, 127.4, 122.4, 122.1, 121.9, 116.9, 111.0.

FT-IR (KBr) 3330, 1670, 1523, 1494, 1327, 1260, 1108, 1073, 925, 825 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C20H14CIN3O 348.0904, found 348.0901.
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5-Methyl-2-(1H-pyrrol-1-yI)-N-(quinolin-8-yl)benzamide 2d. Analytical TLC on silica
gel, 1:9 ethyl acetate/hexane Rf = 0.41; white solid; 51 mg, yield 78%; mp 145-146 °C.

'H NMR (600 MHz, CDCl3) & 9.87 (br s, 1H), 8.83 (d, J = 7.2 Hz, 1H), 8.65 (d, J = 3.6 Hz,
1H), 8.12 (d, J = 7.8 Hz, 1H), 7.69 (s, 1H), 7.55-7.49 (m, 2H), 7.41-7.36 (m, 2H), 7.33 (d, J =
7.8 Hz, 1H), 6.96 (s, 2H), 6.16 (s, 2H), 2.46 (s, 3H).

13C{H} NMR (150 MHz, CDCls) & 166.0, 148.1, 138.6, 137.6, 136.4, 136.3, 134.7, 132.4,
132.2,130.5, 128.0, 127.5, 126.4, 122.2, 122.0, 121.8, 116.8, 110.4, 21.2.

FT-IR (KBr) 1665, 1648, 1524, 1485, 1384, 1327, 1262, 1070, 1015, 824 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C21H17N3O 328.1450, found 328.1458.
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4-Chloro-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2e. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane R¢ = 0.49; thick liquid; 44 mg, yield 63%.

'H NMR (600 MHz, CDCl3) & 9.90 (br s, 1H), 8.81 (d, J = 7.2 Hz, 1H), 8.64 (d, J = 2.4 Hz,
1H), 8.12 (d, J = 8.4 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.55-7.50 (m, 2H), 7.45-7.44 (m, 2H),
7.41-7.39 (m, 1H), 6.97 (s, 2H), 6.19 (s, 2H).

13C{H} NMR (150 MHz, CDCls) & 164.8, 148.1, 139.8, 138.5, 137.3, 136.3, 134.4, 131.5,
130.7, 128.0, 127.6, 127.4, 126.5, 122.3, 122.0, 121.9, 116.8, 111.2.

FT-IR (neat) 1673, 1595, 1527, 1482, 1385, 1326, 1263, 1108, 1021, 920, 825 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C20H14CIN3O 348.0904, found 348.0904.
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4-lodo-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2f. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane Rt = 0.49; white solid; 54 mg, yield 61%; mp 125-126 °C.

'H NMR (600 MHz, CDCls3) & 9.90 (br s, 1H), 8.80 (d, J = 7.2 Hz, 1H), 8.64-8.63 (m, 1H),
8.12 (d, J = 8.4 Hz, 1H), 7.82-7.81 (m, 2H), 7.62 (d, J = 8.4 Hz, 1H), 7.55-7.50 (m, 2H),
7.41-7.39 (m, 1H), 6.96 (s, 2H), 6.18 (s, 2H).

13C{H} NMR (150 MHz, CDCl3) & 164.9, 148.2, 139.6, 138.5, 136.5, 136.3, 135.3, 134.4,
131.8, 131.5, 128.0, 127.4, 122.3, 122.0, 121.9, 116.8, 111.2, 97.1.

FT-IR (KBr) 1669, 1583, 1523, 1488, 1384, 1263, 1067, 1017, 929, 896 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C20H14IN30 440.0260, found 440.0266.
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4-Methoxy-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2g. Analytical TLC on silica
gel, 1:9 ethyl acetate/hexane Rs = 0.32; white solid; 48 mg, yield 70%; mp 127-128 °C.

'H NMR (600 MHz, CDCl3) § 9.86 (br's, 1H), 8.83 (d, J = 7.2 Hz, 1H), 8.63 (dd, J = 4.2 Hz,
1.2 Hz, 1H), 8.11 (dd, J = 8.4 Hz, 1.2 Hz, 1H), 7.90 (d, J = 9.0 Hz, 1H), 7.54 (t, J = 8.4 Hz,
1H), 7.49 (dd, J = 8.4 Hz, 1.2 Hz, 1H), 7.39-7.37 (m, 1H), 7.01-6.98 (m, 3H), 6.92 (d, J = 2.4
Hz, 1H), 6.192-6.19 (m, 2H), 3.90 (s, 3H).

BBC{H} NMR (150 MHz, CDCl3) & 165.4, 162.1, 148.0, 140.5, 138.6, 136.2, 134.8, 132.0,
128.0, 127.5, 124.8, 122.1, 121.8, 121.7, 116.6, 113.2, 111.9, 110.7, 55.9.

FT-IR (KBr) 3439, 1664, 1609, 1522, 1325, 1246, 1232, 1048, 898 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C21H17N302 344.1399, found 344.1402.
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4-Methyl-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2h. Analytical TLC on silica
gel, 1:9 ethyl acetate/hexane Rf = 0.49; white solid; 44 mg, yield 68%; mp 140-141 °C.

'H NMR (600 MHz, CDCls) & 9.89 (br s, 1H), 8.84 (d, J = 7.2 Hz, 1H), 8.64-8.63 (m, 1H),
8.11(d, J=7.8 Hz, 1H), 7.81 (d, J = 7.8 Hz, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.49 (d, J = 8.4
Hz, 1H), 7.39-7.37 (m, 1H), 7.28 (d, J = 7.8 Hz, 1H), 7.24 (s, 1H), 6.98 (s, 2H), 6.18 (s, 2H),
2.46 (s, 3H).

1BC{H} NMR (150 MHz, CDCls) § 165.8, 148.0, 142.3, 138.8, 138.6, 136.2, 134.7, 130.2,
129.7,128.2, 128.0, 127.5, 127.1, 122.1, 121.9, 121.7, 116.7, 110.5, 21.5.

FT-IR (KBr) 1668, 1614, 1524, 1487, 1385, 1326, 1262, 1099, 1072, 897 cm™.
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HRMS (ESI) m/z: [M+H]* calcd for Ca1H17N3O 328.1450, found 328.1451.
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4-Nitro-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2i. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane R¢ = 0.10; thick yellow liquid; 44 mg, yield 62%.

!H NMR (600 MHz, CDCls) & 9.99 (br s, 1H), 8.80 (d, J = 3.6 Hz, 1H), 8.65 (d, J = 3.6 Hz,
1H), 8.32-8.29 (m, 2H), 8.15 (d, J = 8.4 Hz, 1H), 8.06 (d, J = 8.4 Hz, 1H), 7.56 (d, J = 3.6
Hz, 2H), 7.44-7.42 (m, 1H), 7.03 (s, 2H), 6.24 (s, 2H).

1BC{H} NMR (150 MHz, CDCls) & 163.8, 149.4, 148.3, 139.7, 138.5, 137.4, 136.4, 134.0,
1315, 128.0, 127.4, 122.8, 122.0, 121.9, 121.8, 121.3, 117.1, 111.9.

FT-IR (neat) 1678, 1525, 1486, 1348, 1262, 1074, 1023, 946, 898 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C20H14N4O3 359.1144, found 359.1147.
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3-(1H-Pyrrol-1-yl)-N-(quinolin-8-yl)isonicotinamide 2j. Analytical TLC on silica gel, 1:9
ethyl acetate/hexane Rt = 0.20; white solid; 32 mg, yield 51%; mp 179-180 °C.

'H NMR (600 MHz, CDCls) § 10.03 (br s, 1H), 8.81 (t, J = 4.2 Hz, 1H), 8.78 (s, 1H), 8.75 (d,
J = 4.8 Hz, 1H), 8.66-8.65 (m, 1H), 8.15-8.14 (m, 1H), 7.79 (d, J = 4.8 Hz, 1H), 7.56 (d, J =
4.2 Hz, 2H), 7.44-7.42 (m, 1H), 7.015-7.01 (m, 2H), 6.273-6.27 (m, 2H).

1BC{H} NMR (150 MHz, CDCls) § 163.3, 148.9, 148.3, 147.9, 138.7, 138.5, 136.4, 134.2,
134.0,128.0, 127.4, 123.2, 122.8, 122.2, 122.0, 117.2, 111.6.

FT-IR (KBr) 1677, 1527, 1486, 1425, 1326, 1265, 1114, 1076, 1013, 922, 826 cm™,
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HRMS (APCI) m/z: [M+H]" calcd for C1oH1aN4O 315.1246, found 315.1243.
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4,5-Dimethyl-2-(1H-pyrrol-1-yl)-N-(quinolin-8-yl)benzamide 2k. Analytical TLC on silica
gel, 1:9 ethyl acetate/hexane Rt = 0.50; white solid; 48 mg, yield 71%; mp 195-196 °C.

!H NMR (600 MHz, CDCls) 6 9.87 (br s, 1H), 8.83 (d, J = 7.8 Hz, 1H), 8.63 (d, J = 3.0 Hz,
1H), 8.11 (d, J = 8.4 Hz, 1H), 7.68 (s, 1H), 7.54 (t, J = 7.8 Hz, 1H), 7.49 (d, J = 8.4 Hz, 1H),
7.39-7.37 (m, 1H), 7.20 (s, 1H), 6.95 (s, 2H), 6.16 (s, 2H), 2.37 (s, 3H), 2.36 (s, 3H).

BBC{H} NMR (150 MHz, CDCl3) & 165.9, 148.0, 140.8, 138.6, 136.6, 136.3, 136.2, 134.8,
131.1, 129.8, 128.0, 127.7, 127.5, 122.2, 121.9, 121.7, 116.7, 110.3, 19.9, 19.5.

FT-IR (KBr) 1662, 1529, 1488, 1385, 1329, 1263, 1090, 1023, 862 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C22H19N30 342.1606, found 342.1608.

2-(1H-Indol-1-yl)-N-(quinolin-8-yl)benzamide 3a. Analytical TLC on silica gel, 1:9 ethyl
acetate/hexane Rt = 0.46; white solid; 54 mg, yield 74%; mp 133-134°C.

'H NMR (600 MHz, CDCls) & 9.96 (br s, 1H), 8.72 (d, J = 7.2 Hz, 1H), 8.14-8.13 (m, 1H),
8.02 (dd, J = 4.2 Hz, 1.2 Hz, 1H), 7.98 (d, J = 8.4 Hz, 1H), 7.66 (td, J = 7.8 Hz, 1.2 Hz, 1H),
7.59-7.51 (m, 3H), 7.49 (d, J = 8.4 Hz, 1H), 7.46 (t, J = 7.8 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H),
7.29 (d, J = 3.0 Hz, 1H), 7.26-7.24 (m, 1H), 7.23-7.20 (m, 1H), 7.13 (t, J = 7.2 Hz, 1H), 6.52
(d, J=3.0 Hz, 1H).
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13C{H} NMR (150 MHz, CDCl3) & 164.9, 147.8, 138.2, 137.5, 137.1, 135.9, 134.4, 133.6,
132.0, 131.3, 129.6, 129.1, 128.3, 128.2, 127.7, 127.3, 122.8, 121.9, 121.5, 121.2, 120.6,
116.5, 110.7, 104.8.

FT-IR (KBr) 1672, 1596, 1482, 1385, 1326, 1264, 1212,1143, 1012, 897 cm..

HRMS (ESI) m/z: [M+H]* calcd for CoaH17N30 364.1450, found 364.1451.
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2-(1H-Indol-1-yl)-6-methyl-N-(quinolin-8-yl)benzamide 3b. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane R¢ = 0.45; white solid; 61 mg, yield 81%; mp 175-176 °C.

'H NMR (600 MHz, CDCl3) & 9.58 (br s, 1H), 8.64 (d, J = 7.2 Hz, 1H), 8.29 (d, J = 3.6 Hz,
1H), 7.99 (d, J = 7.8 Hz, 1H), 7.50-7.39 (m, 5H), 7.37 (d, J = 7.2 Hz, 2H), 7.32 (s, 1H), 7.25-
7.23 (m, 1H), 7.22 (t, J = 7.8 Hz, 1H), 7.03 (t, J = 7.8 Hz, 1H), 6.36 (s, 1H), 2.57 (s, 3H).
BBC{H} NMR (150 MHz, CDCl3) & 165.9, 147.9, 138.2, 138.1, 137.5, 136.7, 136.1, 135.5,
134.1, 130.2, 130.1, 129.1, 128.9, 127.7, 127.2, 125.4, 122.3, 122.1, 121.5, 120.9, 120.3,
116.6, 110.8, 103.7, 20.0.

FT-IR (KBr) 1675, 1596, 1524, 1482, 1385, 1326, 1264, 1212, 1116, 1012, 897 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C2sH19N3O 378.1606, found 378.1598.
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2-(1H-Indol-1-yl)-5-methyl-N-(quinolin-8-yl)benzamide 3c . Analytical TLC on silica gel,
1:9 ethyl acetate/hexane Rf = 0.40; white solid; 58 mg, yield 77%; mp 147-148 °C.
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IH NMR (600 MHz, CDCls) § 9.94 (br s, 1H), 8.72 (d, J = 7.2 Hz, 1H), 8.00-7.97 (m, 2H),
7.94 (s, 1H), 7.53 (d, J = 7.8 Hz, 1H), 7.47-7.39 (m, 6H), 7.25-7.20 (M, 2H), 7.13 (t, J = 7.2
Hz, 1H), 6.50 (d, J = 3.0 Hz, 1H), 2.53 (s, 3H).

13C{H} NMR (150 MHz, CDCls) & 165.1, 147.7, 138.4, 138.3, 137.7, 135.9, 134.5, 133.3,
132.7, 131.6, 129.5, 129.2, 128.3, 127.7, 127.3, 122.7, 121.8, 121.5, 121.1, 1205, 116.5,
110.7, 104.6, 21.3.

FT-IR (KBr) 1729, 1667, 1524, 1485, 1384, 1327,1260, 1133, 928, 825 cm'..

HRMS (ESI) m/z: [M+H]* calcd for CasH19N30 378.1606, found 378.1604.

2-(1H-Indol-1-yl)-4-methyl-N-(quinolin-8-yl)benzamide 3d. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane R¢ = 0.46; colourless thick liquid; 52 mg, yield 69%.

'H NMR (600 MHz, CDCls) 6 9.98 (br s, 1H), 8.72 (d, J = 7.8 Hz, 1H), 8.07 (d, J = 7.8 Hz,
1H), 7.98-7.96 (m, 2H), 7.54 (d, J = 8.4 Hz, 1H), 7.48-7.43 (m, 2H), 7.39 (d, J = 7.8 Hz, 2H),
7.33 (s, 1H), 7.27-7.23 (m, 2H), 7.22-7.19 (m, 1H), 7.14 (t, J = 7.2 Hz, 1H), 6.53 (d, J = 2.4
Hz, 1H), 2.48 (s, 3H).

BBC{H} NMR (150 MHz, CDCl3) 5 164.9, 147.7, 142.8, 138.2, 137.6, 137.0, 135.9, 134.5,
131.3, 130.5, 129.6, 129.2, 129.1, 128.8, 127.7, 127.3, 122.7, 121.7, 121.5, 121.2, 120.6,
116.4, 110.7, 104.8, 21.5.

FT-IR (neat) 1666, 1527, 1461, 1327, 1276, 1212, 1135, 1012, 900 cm™.

HRMS (ESI) m/z: [M+H]" calcd for CzsH19N30 378.1606, found 378.1597.
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2-(3-(2-(1,3-Dioxoisoindolin-2-yl)ethyl)-1H-indol-1-yl)-N-(quinolin-8-yl)benzamide  3e.
Analytical TLC on silica gel, 1:9 ethyl acetate/hexane Rt = 0.24; white solid; 61 mg, yield
57%; mp 179-180 °C.

!H NMR (600 MHz, CDCl3) § 9.90 (br s, 1H), 8.71 (d, J = 7.2 Hz, 1H), 8.18 (dd, J = 7.8 Hz,
1.2 Hz, 1H), 7.99 (dd, J = 4.2 Hz, 1.2 Hz, 1H), 7.95 (dd, J = 9.2 Hz, 1.2 Hz, 1H), 7.80-7.94
(m, 2H), 7.69-7.63 (m, 2H), 7.59-7.57 (m, 2H), 7.56-7.52 (m, 2H), 7.47-7.42 (m, 2H), 7.37
(d, J = 7.8 Hz, 1H), 7.27-7.25 (m, 1H), 7.23-7.21 (m, 2H), 7.17 (t, J = 7.2 Hz, 1H), 3.42-3.39
(m, 2H), 2.90-2.87 (m, 2H).

BBC{H} NMR (150 MHz, CDCl3) & 168.3, 165.0, 147.8, 138.1, 137.9, 137.0, 135.9, 134.4,
134.1, 133.4, 132.3, 132.0, 131.4,129.1, 128.1, 127.6, 127.3, 126.8, 123.3, 123.1, 121.8,
1215, 120.5, 120.5, 119.3, 116.4, 114.7, 110.7, 37.9, 24.5.

FT-IR (KBr) 2921, 1770, 1711, 1668, 1527, 1486, 1397, 1328, 1258, 1224,1128, 1052, 825
cm™.

HRMS (ESI) m/z: [M+H]" calcd for C3sH24N403 537.1927, found 537.1294.

2-(4-Bromo-1H-indol-1-yl)-N-(quinolin-8-yl) 3f. Analytical TLC on silica gel, 1:9 ethyl
acetate/hexane Rf = 0.43; white solid; 69 mg, yield 78%; mp 148-149 °C.
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IH NMR (400 MHz, CDCl3) § 9.83 (br s, 1H), 8.63 (d, J = 7.2 Hz, 1H), 8.08 (d, J = 7.6 Hz,
1H), 8.00 (d, J = 4.4 Hz, 1H), 7.94 (d, J = 8.4 Hz, 1H), 7.60-7.51 (m, 2H), 7.43-7.30 (m, 4H),
7.26 (d, J = 3.2 Hz, 1H), 7.22-7.17 (m, 2H), 7.02 (t, J = 8.0 Hz, 1H), 6.50 (d, J = 3.2 Hz, 1H).
13C{H} NMR (100 MHz, CDCls) & 164.6, 147.9, 138.2, 137.8, 136.6, 136.1, 134.2, 133.5,
132.1, 131.4, 130.3, 129.7, 128.7, 128.4, 127.7, 127.2, 123.7, 123.6, 122.1, 121.7, 116.6,
115.1, 109.9, 105.1.

FT-IR (KBr) 1668, 1596, 1486, 1385, 1359, 1297, 1203, 1179, 1086, 888 cm.

HRMS (ESI) m/z: [M+H]* calcd for C2aH16BrN3O 444.0535, found 444.0532.

2-(5-Bromo-1H-indol-1-yl)-N-(quinolin-8-yl)benzamide 3g. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane Rt = 0.45; white solid; 66 mg, yield 75%; mp 141-142 °C.

'H NMR (400 MHz, CDCls) & 9.84 (br s, 1H), 8.71 (dd, J = 7.6 Hz, 2.0 Hz, 1H), 8.11-8.09
(m, 2H), 8.02 (dd, J = 8.4 Hz, 1.6 Hz, 1H), 7.67-7.65 (m, 1H), 7.62-7.58 (m, 2H), 7.53 (d, J =
7.6 Hz, 1H), 7.48-7.41 (m, 2H), 7.34 (d, J = 2.4 Hz, 2H), 7.30-7.25 (m, 2H), 6.43 (d, J = 3.2
Hz, 1H).

13C{H} NMR (150 MHz, CDCls) & 164.8, 147.8, 138.1, 136.5, 136.2, 136.1, 134.2, 133.9,
132.1, 131.2, 131.1, 130.3,128.7, 128.2, 127.7, 127.3, 125.6, 123.7, 122.1, 121.7, 116.4,
113.9,112.2, 104.1.

FT-IR (KBr) 1669, 1596, 1486, 1386, 1327, 1289, 1227,1198, 1053, 896 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C24H16BrNsO 442.0555, found 442.0554.
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2-(5-Methoxy-1H-indol-1-yl)-N-(quinolin-8-yl)benzamide 3h. Analytical TLC on silica
gel, 1:9 ethyl acetate/hexane Rf = 0.32; white solid; 64 mg, yield 81%; mp 150-151 °C.

'H NMR (400 MHz, CDCls) § 9.96 (br s,1H), 8.73 (dd, J] = 7.6 Hz, 1.6 Hz, 1H), 8.13-8.09
(m, 2H), 7.99 (dd, J = 8.4 Hz, 1.6 Hz, 1H), 7.66 (td, J = 7.6 Hz, 1.6 Hz, 1H), 7.58-7.52 (m,
2H), 7.47 (t, J = 8.0 Hz, 1H), 7.41-7.36 (m, 2H), 7.27-7.22 (m, 2H), 6.97 (d, J = 2.4 Hz, 1H),
6.91-6.88 (m, 1H), 6.44 (d, J = 3.2 Hz, 1H), 3.81 (s, 3H).

3C{H} NMR (100 MHz, CDCls) 6 165.0, 154.8, 147.7, 138.2, 137.1, 136.0, 134.4, 133.5,
132.8, 131.9, 131.1, 130.1, 129.7, 128.1, 127.7, 127.2, 121.9, 121.5, 116.4, 112.8,111.4,
104.5, 102.9, 56.0.

FT-IR (KBr) 1668, 1598, 1487, 1386, 1327, 1256, 1218, 1193, 1032, 899 cm'™.

HRMS (ESI) m/z: [M+H]" calcd for C25H19N302 394.1556, found 394.1556.
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2-(6-Bromo-1H-indol-1-yl)-N-(quinolin-8-yl)benzamide 3a. Analytical TLC on silica gel,
1:9 ethyl acetate/hexane R¢ = 0.46; white solid; 68 mg, yield 77%; mp 110-111 °C.

'H NMR (400 MHz, CDCls) & 9.78 (br s, 1H), 8.63 (dd, J = 7.6 Hz, 1.6 Hz,1H), 8.03-7.99
(m, 2H), 7.91 (dd, J = 8.0 Hz, 1.6 Hz, 1H), 7.60-7.57 (m, 2H), 7.54-7.50 (m, 1H), 7.46-7.37
(m, 1H), 7.35-7.31 (m, 2H), 7.28 (d, J = 8.4 Hz, 1H), 7.17-7.14 (m, 3H), 6.36 (d, J = 3.2 Hz,
1H).
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13C{H} NMR (100 MHz, CDCl3) & 164.8, 147.9, 138.2, 138.1, 136.3, 136.0, 134.2, 134.1,
132.0, 131.1, 129.8, 128.7, 128.24, 128.2, 127.7, 127.2, 123.9, 122.4, 122.0, 121.6, 116.4,
116.3, 113.7, 104.7.

FT-IR (KBr) 1671, 1597, 1485, 1385, 1327, 1267, 1230, 1137, 1052, 891 cm.

HRMS (ESI) m/z: [M+H]* calcd for Co4H16BrN3O 442.0555, found 442.0553.

2-(1H-Pyrrolo[2,3-b]pyridin-1-yl)-N-(quinolin-8-yl)benzamide 3a. Analytical TLC on
silica gel, 1:9 ethyl acetate/hexane R¢ = 0.28; colourless thick liquid; 46 mg, yield 63%.

'H NMR (600 MHz, CDCl3) 6 9.91 (br s, 1H), 8.60 (d, J = 7.2 Hz, 1H), 8.24 (d, J = 4.8 Hz,
1H), 8.12-8.11 (m, 1H), 7.97 (d, J = 7.8 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.73 (dd, J = 7.8
Hz, 1.2 Hz, 1H), 7.60-7.56 (m, 2H), 7.51 (t, J = 7.2 Hz, 1H), 7.38-7.32 (m, 3H), 7.19-7.17
(m, 1H), 6.97-6.95 (m, 1H), 6.40 (d, J = 3.6 Hz, 1H).

13C{H} NMR (150 MHz, CDCls) & 165.5, 148.7, 147.9, 143.9, 138.3, 136.0, 135.6, 134.5,
134.2, 131.8, 130.4, 129.5, 129.2, 128.7, 128.4, 127.8, 127.3,121.8, 121.51, 121.5, 116.8,
116.5, 102.4.

FT-IR (KBr) 1670, 1586, 1485, 1384, 1326, 1281, 1202, 1130, 1052, 896 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C23H16N4O 365.1402, found 365.1408.
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2-(1H-Pyrazol-1-yl)-N-(quinolin-8-yl)benzamide 4a. Analytical TLC on silica gel, 1:5
ethyl acetate/hexane Rs = 0.48; white solid; 34 mg, yield 54%; mp 122-123 °C.

'H NMR (600 MHz, CDCl3) § 9.99 (br s, 1H), 8.83 (dd, J = 7.2 Hz, 1.2 Hz, 1H), 8.70 (dd, J
= 4.8 Hz, 1.8 Hz, 1H), 8.13 (dd, J = 7.8 Hz, 1.2 Hz, 1H), 7.87 (d, J = 7.8 Hz, 1H), 7.81 (d, J
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= 2.4 Hz, 1H), 7.63-7.60 (m, 3H), 7.55-7.50 (m, 3H), 7.42-7.40 (m, 1H), 6.30-6.29 (m, 1H).
13C{H} NMR (150 MHz, CDCl3) & 165.8, 148.3, 141.6, 138.6, 138.2, 136.3, 134.7, 132.5,
131.4, 130.7, 129.7, 128.4, 128.0, 127.5, 125.8, 122.1, 121.8, 116.9, 107.7.

FT-IR (KBr) 1671, 1603, 1520, 1485, 1385, 1326, 1265, 1099, 1043, 937, 826 cm'™.

HRMS (ESI) m/z: [M+H]* calcd for C19H14N4O 315.1246, found 315.1247.
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2-(3-Methyl-1H-pyrazol-1-yl)-N-(quinolin-8-yl)benzamide 4b. Analytical TLC on silica
gel, 1:5 ethyl acetate/hexane R¢ = 0.51; colourless thick liquid; 38 mg, yield 58%.

'H NMR (600 MHz, CDClz) § 10.01 (br s, 1H), 8.83 (d, J = 7.8 Hz, 1H), 8.70 (dd, J = 4.2
Hz, 1.8 Hz, 1H), 8.13 (dd, J = 7.8 Hz, 1.2 Hz, 1H), 7.85-7.84 (m, 1H), 7.66 (d, J = 1.8 Hz,
1H), 7.62-7.57 (m, 2H), 7.55-7.47 (m, 3H), 7.41-7.39 (m, 1H), 6.042-6.04 (m, 1H), 2.18 (s,
3H).

13C{H} NMR (150 MHz, CDCls) & 166.0, 150.9, 148.3, 138.7, 138.2, 136.3, 134.8, 132.2,
131.6, 131.5, 129.8, 128.1, 128.0, 127.4, 125.9, 122.1, 121.8, 116.9, 107.7, 13.8.

FT-IR (neat) 1676, 1524, 1485, 1326, 1265, 1129, 948, 826 cm™,

HRMS (ESI) m/z: [M+H]" calcd for C20H16N4O 329.1402, found 329.1403.
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2-(9H-Carbazol-9-yl)-N-(quinolin-8-yl)benzamide 5. Analytical TLC on silica gel, 1:9
ethyl acetate/hexane Rs = 0.40; white solid; 34 mg, yield 41%; mp 184-185 °C.
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IH NMR (600 MHz, CDCl3) § 10.46 (br s, 1H), 8.62-8.61 (m, 1H), 8.41 (dd, J = 7.8 Hz, 1.8
Hz, 1H), 8.02 (d, J = 7.2 Hz, 2H), 7.87 (dd, J = 8.4 Hz, 1.2 Hz, 1H), 7.71-7.68 (m, 3H), 7.49
(dd, J = 7.8 Hz, 1.2 Hz, 1H), 7.40-7.33 (m, 5H), 7.29 (d, J = 8.4 Hz, 1H), 7.24 (td, J = 7.8
Hz, 1.2 Hz, 2H), 7.11-7.09 (m, 1H).

13C{H} NMR (150 MHz, CDCl3) & 164.2, 147.5, 142.1, 138.2, 135.7, 135.6, 134.4, 132.9,
132.1,129.7, 129.0, 127.5, 127.1, 126.5, 124.7, 121.6, 121.3, 120.6, 120.3, 116.4, 110.5.
FT-IR (KBr) 3320, 1669, 1527, 1451, 1259, 920, 822 cm'™,

HRMS (ESI) m/z: [M+H]"* calcd for CasH19N30 414.1606, found 414.1614.
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2-(1H-Pyrrol-1-yl)benzoic acid 7. Analytical TLC on silica gel, 9:1 ethyl acetate/hexane Rt
= 0.25; pale brown solid; 31 mg, yield 84%; mp 96-97 °C.

'H NMR (600 MHz, CDClg) & 7.95-7.94 (m, 1H), 7.16 (td, J = 7.2 Hz, 1.2 Hz, 1H), 7.44 (t, J
=7.2 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 6.85-6.84 (m, 2H), 6.33-6.32 (m, 2H).

13C{H} NMR (150 MHz, CDCls) § 170.1, 141.1, 133.3, 131.6, 127.4, 127.3, 126.5, 122.3,
110.1.

FT-IR (KBr) 1670, 1600, 1499, 1407, 1303, 1263, 1078, 942 cm™.

HRMS (ESI) m/z: [M+H]" calcd for C11H10NO2 188.0712, found 188.0712.

4.5. Kinetic Study

Preperation of N-(Quinolin-8-yl)benzamide-2,6-d2> (1a-d2)!® The titled compound was
prepared according to the reported procedure. 1:9 ethyl acetate/hexane; Rt = 0.40; white solid;
yield 82%.

Intermolecular Kinetic Isotope Effect Study (Scheme 18). Pyrrole (0.6 mmol, 3 equiv,
40.2 mg) were added to a stirred solution of N-(quinolin-8-yl)benzamide 1a (0.13 mmol, 32.4
mg), N-(quinolin-8-yl)benzamide-2,6-d> 1a-d2 (0.07 mmol, 17.4 mg), Cu(OAc). (0.3 mmol,
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1.5 equiv), Cs2COz (0.4 mmol, 2 equiv), solvent (1 mL) at 70 °C under air. The mixture was
stirred for 3 h and the resulting solution was diluted with ethyl acetate (3 x 10 mL) and then
washed with NH3-H2O (1 x 5 mL) and brine (2 x 5 mL). Drying over Na,SOs and
evaporation of the solvent gave a residue that was purified on neutral alumina column
chromatography using n-hexane and ethyl acetate as eluent to afford a mixture of 2a and 2a-
d2 as a white solid in 19% (12 mg) yield. The ratio of deuterium to hydrogen was determined
by the 'H NMR relative integration values of Ha (7.90) based on Hp (8.84).1°

7%

o D 0 Pyrrole (3 equiv)
: Cu(OAc), (1.5 equw)
| _N H)b + i HJ\© Cs,CO3 (2 equiv) Jt@
D Z DMF, 70 °C
7%
1a-d, 1a 2a-d PHIPD = 2 2

Scheme 18
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Crystal Data and Structure Refinement for 2a at 296(2) K

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection

Index ranges

Reflections collected
Independent reflections
Completeness to theta = 24.99°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [1>2sigma ()]
R indices (all data)
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2a

C20His N3 O

313.35

296(2)

0.71073

monoclinic

|PZl/nI

a=9.7059(3) A

b =15.7541(4) A

¢ =10.5250(3) A
a=y=90°

£ =95.513(2)°

1601.91(8) A3

4

1.299 Mg/m3

0.083

656

0.44 x 0.36 x 0.28

2.33° t0 24.99°
-10<=h<=10, -18<=k<=18, -
12<=I<=12

21958

2701

95.60 %

None

Full-matrix least-squares on F2
2701/0/ 217

1.081

R1 = 0.0405, wR2 = 0.0961
R1 =0.0466, wR2 = 0.1011
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4.7. Selected Spectra
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Conclusions

The chapter 1 covers the literature survey of the transition-metal-catalyzed cross-coupling, C-H

activation, chelation-assisted C-H functionalization and their mechanisms.

Chapter 2 presents Pd-catalyzed ortho-halogenation of N-aryl ring of N,1-diphenyl-1H-
tetrazol-5-amines using chelation assisted C-H functionalization utilizing N-halo succinimide
(NXS) as halogen source and CF3SO3H as an additive at moderate temperature. The protocol is

general affording effective routes for the halogenation with high yields.

Chapter 3, demonstrates a room temperature Cu-catalyzed chemo- and regioselective nitration
of arenes using Fe(NOs)3-9H,0 as a nitro source in the absence of additives. In these reactions,
5-aminotetrazole and 3-amino-1,2,4-triazoles serve as the chelating groups. The mechanistic
as[ects have been illustrated based on kinetic isotope studies, ESI-MS and radical scavenger
experiments. The directing group can be cleaved to produce 2-nitroanilines in good yields.

Chapter 4, focuses on Cu-mediated regio-selective cross-dehydrogenative coupling (CDC)
approach for the N-arylation of azoles under basic conditions. The reaction of pyrroles, indoles,
pyrazoles and carbazole has been demonstrated. The kinetic studies show that the C-H bond
cleavage takes place in the rate determining step.
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