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Transition metal catalysed C-H amination or C-H amination/cyclisation
cascade using different electrophilic aminating reagents

1.1. Introduction

Nitrogen containing molecules are ubiquitously found in pharmaceutically active drugs, natural
products, and functionalized materials and even in the basic unit of life i.e. amino acids.?
Amongst all the nitrogen containing important compounds, N-heterocycles are much important
in life science because they are abundant in nature, which are found as subunits in a variety of
natural products such as vitamins, hormones and antibiotics.? The structural significance of
nitrogen-based heterocycles in drug design and pharmaceutical engineering is revealed by the
FDA database which shows that almost 59% small-molecule drugs comprise a nitrogen
heterocycle.® Besides N-heterocycles, acyclic amines having either C(sp?)-N or C(sp®)-N
bonds are also privileged structural motifs which are seen in many biologically and
pharmaceutically important compounds.* For example, Plavix (an amino ester), is an
antiplatelet drug which is used for inhibiting blood clots and in 2010, it was the second most
prescribed drug.’> One of the examples of aryl amine containing drug is Abilify. This is an
antipsychotic drug used to treat schizophrenia and bipolar disorder. Some N-heterocycle
containing drugs are shown below (Figure 1). Therefore, an intense research has been

dedicated for the C-N bond construction.

cl

o s
P, c N
MeO @[»—N NH H -
; s N

K/N\/\/\O H o Bn NG \C[N)i 5

Plavix _ Abilify Lerisetron
(antiplatelet drug) (antipsychotic drug) (antiemetic)

MeO OMe

Paroxetine Pantoprazole
(antidepressant) (proton pump inhibitor)

Iz

Figure 1. Some amino group/N-heterocycle containing FDA approved drugs

However, the conventional synthesis of sp® C-N bond is accomplished via simple nucleophilic
addition, reductive amination, hydroamination etc. Whereas, sp?> C-N bond formation can be
achieved by amide coupling, alkylation and mainly by SnAr type reaction (Scheme 1). These
conventional methods mainly rely on the inherent reactivity of functional groups present in the
substrate and this is why they are incompatible towards late-stage functionalization and these
reactions requires harsh reaction conditions. The development of transition metal catalysts has
opened up new ways to form covalent bonds, allowing for the derivatization of raw chemicals

with few functional groups into synthetically diverse compounds.®

1
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\> Hydroamination Amide coupling

2 / X‘g
\ ; ,\\\ ’\]R o
> ‘RS X =0OHor LG

SP2 C-N bond froming

» ll?z N-alkylation
" >7N\ reactions X
: H  SP3 C-N bond froming

reactions

R

= S\Ar reaction
C =0 , — X=F, Cl;R=EWG
% Reductive amination

Scheme 1. Conventional methods for the synthesis of C-N bonds

1.2. Transition-metal catalysed C-N cross-coupling reactions

Transition metal catalysed/mediated cross-coupling reactions offered good flexibility and
applicability to form C—N bonds that SNAr reactions fails and also in a direct, cost-effective
way.’ Chronological development of transition metal-catalysed C—N cross-coupling is depicted
below (Scheme 2). In this chronology first comes Ullmann—Goldberg reaction (using
stoichiometric copper) then Buchwald—Hartwig coupling using catalytic palladium along with
various sophisticated phosphine ligands.® Subsequently, this Buchwald—Hartwig coupling has
been accomplished using inexpensive stoichiometric or catalytic copper along with various
ligands. Alternatively, a mechanistically distinct Chan—Lam coupling with stoichiometric
copper has also been developed.® In lieu of the oxidative addition of low valent copper to the
organohalides, the reaction starts with transmetallation with copper(ll) salts. Further, catalytic
version of this Chan-Lam coupling has been developed which occurs under mild conditions
and find many medicinal chemistry applications.!® C-N cross coupling reactions with other
metals such as Fe, Co and Ni have also been developed.!! Recently, Photoredox-mediated C-
N coupling reactions are now emerging.’> In recent years, significant works on
Ullmann—Goldberg reaction with catalytic copper (upto only 1 mol % loading) have been
achieved via modified mechanisms.®* Modifications are made by using oxygen or nitrogen-
based ligands for examples, diamines, aminoalcohols, diketones and diols. Following the
Buchwald-Hartwig’s palladium-catalyzed C—N bond formation from the corresponding aryl

halides, an impressive array of transition-metal catalysed amination reactions has been
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Radical C-H amination . + high efficlSiy
Transition metal catalysed
Hofman, Loffler & Freytag C-H amination

Curtius , Meyer, Yamamoto

Scheme 2. Chronological development of C-N cross-coupling reactions

reported.'* Despite greater efficacy, broad scope of Buchwald-Hartwig reaction, its reliance on
expensive metals or ligands leads to more use of Ullmann—Goldberg reaction which offers the
best financial efficiency using inexpensive Cu salts and comparatively simpler ligands albeit
in limited scope in certain cases. On the contrary, Chan-Evans-Lam coupling requires milder
reaction conditions such as room temperature, use of weak bases, ambient atmosphere and the
usage of readily available aryl boronic acids and thus offers advantages over methods using Cu
and Pd. Extensive amounts of efforts have been devoted by a large number of research groups

over the past 20 years to expand this methodology for delivering a large number of protocols.*®
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1.3. C-N cross-coupling vs. C-H amination reactions

Despite of significant importance of C-N cross-coupling reactions, still they suffer from some
limitations such as the requirement of pre-functionalised substrates and generation of
stoichiometric by-products. On the other hand, conversion of a C—H bond into a C—N bond is
a straightforward method which has been appeared recently. It has unique ability to convert
renewable feedstocks to pharmacophores omitting the production of stoichiometric by-

products in a highly atom-efficient manner.
I.4. General mechanistic approaches for C—H amination reactions

The Chang group represented the C-H amination reactions in a review where they divided the
mechanism of C-H amination reaction reported until 2016, into three categories.’® C-H
amination may undergo via either of the three strategies C-H activation, C-H insertion or SET
mechanism. According to 1% strategy transition metal activates C-H bond generating an
organometallic intermediate with a metal—carbon bond. The corresponding metallacyclic
complexes reacts with the nitrogen source available affording the amination product (Scheme

3a). In the 2" strategy metal first forms metal—nitrenoid species which then interacts with a

a. C-H amination via C-H activation
O\ [T-M] "NR"
(\ —H (\ ==[T.M]

b. C-H amination via C-H insertion

R
S L B s V)

>—H R
) (\ =N
c. C-H amination via SET (photo-redox) mechanism

[ >—H
hv N

[TM]H [T.M]nﬂi e

"NR"

Scheme 3. Mechanistic approaches for C-H amination reactions

substrate either through concerted or a stepwise mechanism resulting the C—N bond (Scheme
3b). Benzylic, allylic, or tertiary C-H bonds are prone to undergo C—H amination via this
mechanism. The third strategy works under photo-redox catalysis where an organoradical is
generated via SET process that combines with other coupling partner affording the amination

product (Scheme 3c).
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I.5. Introduction to C—H amination using electrophilic aminating agents

with umpolung of reactive N-centres

The carbon and nitrogen reactive centres in cases of Ullman-Goldberg or Buchwald-Hartwig
amination are electrophilic and nucleophilic in nature respectively as shown below (Scheme
4) whereas in oxidative Chan-Lam coupling, carbon and nitrogen reacting centres are both
nucleophilic in nature. In all of these cases the amine source is nucleophilic in nature. Despite
the usefulness of the Buchwald-Hartwig and oxidative C-H/N-H C-N coupling type
nucleophilic aminations, they have some limitations, such as harsh reaction conditions
including high temperatures, strong oxidants, use of acidic or basic additives and higher
catalyst loading probably due to catalyst inhibition by the free amines. And also most of the
transition metal mediated aminations with nucleophilic amines are restricted to the synthesis
of aryl amines. But there is another approach for transition metal-catalysed C—N bond
formation where the amine nitrogen atom is electrophilic in nature i.e. electrophilic amination
strategy with umpolung concept that is the reversal of polarity of the reacting N-atom of
amines. Most of these amine sources the N-atom is attached to electronegative atoms such as
O, F or CI [In case of organic azides (N-N2z) although having N-N bond it is considered as
electrophilic because metal can undergo oxidation by the cleavage of this N-N2 bond]. This
approach addresses many problems associated with nucleophilic amination strategies and has
several advantages such as broad scope, milder conditions, lower catalysts loading and notably
the ability to functionalize typically unreactive bonds. Another important advantage is that due
to the weak N-heteroatom bond these reagents act as mild oxidants and most of the C-H
amination reactions take place in overall redox-neutral conditions without using external strong
metal oxidants.}” Due to these reasons significant efforts have been dedicated towards the

development of this umpolung strategies with reversal of polarity of the amine nitrogen source

Ullman-Goldberg amination and

&+ &— Buchwald-Hartwig amination
C-X+N-H
. .. 5 o
Nucleophilc amination == { C-Nbond formation' <  c_m+N_X
8_ 8_ T - -
C-H/M+ N-H Direct oxidative coupling Electrophilic amination

e.g. Chan-Lam coupling,
C-H amination with free amines

Scheme 4. Comparison of C/N reacting centres of nucleophilic vs. electrophilic amination
reactions
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(equivalents to the R2N* synthon).!® Electrophilic aminations offer efficient methods for the
synthesis of C(sp?)—N bonds as well as C(sp*)—N bonds.

1.6. Commonly used electrophilic aminating agents

Several [NRz]* synthons have been developed for the progression of electrophilic amination
methods.'® These reagents generally comprise an electron-withdrawing group bonded to the
nitrogen which induces a partial positive charge on the nitrogen atom. Electrophilic aminating
reagents can be divided into two groups sp? and sp® nitrogen-containing compounds which are

shown below (Scheme 5).

SP2 N-containing electrophilic amine sources:

O
Pr o 0 COR! MeNJ<
% N=N AN RO
R-N; = ~o N3 CO,R'" o7 N
Pr Pr nitroso
azides azo compounds compounds
-R 3 3 R

N N/OCOR N/OSOZR N /[23 5 N o

JI\ JI\ JI\ )I\ ; 0 — o h
R "R?2 R1"™MR2 RI"R2 S CO,Pr )Q ol ~ N

COZIPF N
E Ar/R
R =Ph, "Bz R = OTs, Ph, Me
oximes iminomalonates dioxazolones anthranils benzisoxazole
SP? N-containing electrophilic amine sources:
O
o O /SOZPh C)\
1 —NH —NBoc 1 _
R\FNR3 = Ox o cl. R R)J\N/CI FN I~NHR
H N SO,Ph
R2 CF3 CO,Et CCl3 R2 CI)Me
oxaziridines N-chloramines NFSI hypervalent iodine compound

2
JOI\ ) o} NO2
R™0-MNpgs  Osl F O. 1 0.0 0._.0
RSO B2 NHR R‘OJ\N/ORZ N Os? N O p?

12 4 ! )
R" = Me, ‘Bu, Ph R O,N R o) Ph

O- protected hydroxylamines
Scheme 5. Commonly used electrophilic aminating agents

Installation of primary, secondary or tertiary amine groups can be performed using the above

electrophilic aminating reagents as per one’s requirement.
1.7. C-H amination using various electrophilic aminating reagents

I.7a. N-Chloramines/N-chlorocarbamates
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The Miura group first introduced chloroamines for heteroaromatic C-H amination in
2010.2° Chloroamines are a readily available, efficient electrophilic sp® nitrogen source. This
copper-catalysed C-H amination of azoles took place at room temperature affording variety of
heteroarylamines which are quite important in biology and medicinal chemistry (Scheme 6).

The Miura group, 2010

] Cu(acac), (10 mol %)
N-N R bpy (10 mol %)

N-N R

| =N
NaO'Bu (2.0 equiv.) pr~ O R?
2 1 toluene, rt, 2 h 3

Cu(acac), (10 mol %)

2 N R1 o = N R1
RSOE \> —N bpy (10 el A)) RS_ ) N’
e g CI—N S | O> \

4 , R NaO'Bu (2.0 equiv.) 5 R?
toluene, rt, 2 h

Scheme 6. Cu-catalysed C-H amination of oxazoles with chloramines

Then in 2011 the Yu and Glorius groups independently reported directed ortho C-H
amination with chloramines under Rh-catalysis.?* They used of ketoximes and N-pivaloyloxy
benzamides as directing group respectively (Scheme 7). Both the conditions are very mild and
showed very good functional group tolerance and broad scope. Reaction mechanism proposed
by both the groups are almost similar, first the Rh-catalyst activates ortho C-H bond forming a
rhodacycle 1, then electrophilic amination with the aminating agent 1 followed by
protodemetallation gives the product with regeneration of the catalyst (Scheme 8). In 2013 the
Yu group developed ortho C-H amination of ketoximes with primary N-chloroalkylamines
under almost similar conditions.??

The Yu group, 2011
[CP*RACl,], (2.5 mol %)
(o) . X, .OMe
" Cg\\N/OMe [ j AgSbFg (1.5 equiv.) R : N N
! + CsOAc (30 mol% =
= H El;| ( " N/\

THF, 40°C, 1 h 0
6 1 7 K/

o
_OPiv [Cp*RhCl,], (5.0 mol %) x N/OPiv
il Y . R?  CsOAc (2.0 equiv.) R P
' cI—N .
ZH R3 PivOH (50 mol%) N,
8 1 MeOH, rt, 16 h 9 R

Scheme 7. Rh-catalysed C-H amination with chloramines
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1/2 [RhCp*Cly], =======[RhCp*Cl,]
Cs(OCOR) o
o OPlv
i CsCl
N/OPIV
Cp*Rh(OCOR);;
N,';:s T csCl C-H activation

9 R2
Cs(OCOR)
RCO,H @E/<N OPiv
protodemetallation I Cp*(OCOR),.2

R2

1 RS
N/OPiv R
“RhCp*CI(OCOR),,»
N_R?, age . .

I electrophilic amination
R2

Scheme 8. Proposed mechanism of Rh-catalysed C-H amination of N-pivaloyloxy benzamides

with chloramines

In 2013, the Nakamura group disclosed inexpensive and earth abundant Fe-catalysed
directed C-H amination with N-chloramines.?® Several screenings of different directing groups
showed that amide of 8-aminoquinoline was acted as best DG. Comparative study of product
yield (99% vs. 89% respectively) using N-chloramine and O-benzoyloxyamine suggested that
N-chloramine was most suitable here as amine source. Though cheaper Fe-catalyst was used,
stoichiometric amount of Grignard reagents are needed as reducing agent for catalyst re-
generation. Stoichiometric reaction of substrate and iron-catalyst in absence of aminating agent
followed by quenching with D20 produced ortho deuterium incorporated product which
suggests that organoiron species intermediate A was formed via C-H activation (Scheme 9).

The Nakamura group, 2013

Q o} Fe(acac); (10 mol %)
N , [ j F-dppbz (15 mol %)
N& '}l Nx
X

PhMgBr (1.2 equiv.)
THF, 65 °C

X= CI, 99%

OMg [ ] X = OBz, 89%
N
N
| L1
N ¢
Fe

APTTR 7 via

Scheme 9. Fe-catalysed C-H amination of benzamides with chloramines
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The Yu group in 2014 unveiled a carboxyl directed Rh-catalysed ortho C-H amidation
or amination of benzoic acids using N-chlorocarbamates or N-chloromorpholines
respectively.?* This methodology afforded anthranilic acid derivatives in upto 85% yield with
very good functional group tolerance. This methodology is more step economic which omits
the requirement of extra steps for incorporation and removal of directing groups (Scheme 10).

The Yu group, 2014

o] o o
X 0 H Cp*RhCl,], (3.0 mol %
R OH or __N. [Cp 12]2( : o) i S OH N “oH
Ny Y N CI” “CO,R AgOAc (1.5 equiv.) T or Rt~ P
12 10 13 'BUOH, 60 °C, 12.h 14 N/E 15 NHCOR

Scheme 10. Rh-catalysed C-H amination of benzoic acids with chloramines
1.7b. Hydroxylamine based electrophilic aminating reagents

Hydroxylamine based aminating agents in which OH is replaced with good leaving groups
serve as very good electrophilic aminating agents delivering the amino group. Use of these
reagents attracted attention because of their remarkable and versatile synthetic potential to
provide different synthetic transformations via efficient electrophilic nitrene/amine transfer.
These reagents can be synthesized very easily from commercially available low-cost starting
materials. Because of the labile nature of the N-O bond of various O-protected hydroxylamines
are mostly used for the electrophilic amination with different nucleophilic reagents via
transition metal catalysis. There are now several excellent reviews covering the multitude of
transformations that has been achieved using these electrophilic aminating reagents.?® We will
discuss on transition metal catalysed C-H amination reactions those are performed by these

reagents.
1.7b.1. O-protected hydroxylamine-based carbamates

The Lebel group first reported in 2006 an intermolecular (sp®)C-H amination and in
2008 an intramolecular (sp®)C-H amination using 2,2,2-trichloroethyl-N-tosyloxycarbamate as
the electrophilic amine source under rhodium catalysis.?® The first reaction proceeded in good
to excellent yields affording a variety of Troc-protected amines (Scheme 11). Using chiral
rhodium catalysts, they were also able to get an enantioselective version of this method. The
starting material was very stable and easy to prepare and handle and also the reaction conditions
were very mild. Various oxazolidinones were prepared in good yields through intramolecular

C-H amination.?
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The Lebel group, 2006

NHT

JH\ Ec,')//o H Rh,(TPA), (5-6 mol %) roc

1 2+ Tol” O  “Troc ] R" "R?
R 6N 17 K,CO5 (3.0 equiv.) 18
The Lebel group, 2008

o)
R‘I
OTs
- kMo Rhy(TPA), (5-6 mol %) 'jjo
1o e K,CO3 (3.0 equiv.) R I

© DCM, 25 °C, 6 h

Scheme 11. Inter- and intramolecular (sp®)C-H amination with trichloroethyl-N-

tosyloxycarbamates

In 2010, the Yu group disclosed a Pd-catalyzed method for intermolecular C-H
amidation of anilides using N-nosyloxycarbamate (Scheme 12).28 The methodology showed
high functional group tolerance, regioselectivity, and scope under relatively mild conditions.
Based on their control experiments they proposed that the N-nosyloxycarbamate forms nitrene
A, which then undergoes formal nitrene insertion to the cyclopalladated complex B via a metal-
nitrene pathway. They have proposed another alternative pathway in which the C-N bond
formation may proceed through the formation of a Pd(1V) or a dimeric Pd(l1l) complex and

from which reductive elimination affords the product amide with catalyst re-generation.

The Yu group, 2010

R2
R? 3 N 1
H oy R N__R
R3 N R, [Pd(OTs)2(MeCN),] (10 mol %) e
5
» HI ONS/N\"/OR 1,4- dioxane, 80 °C, 6 h R* NH’
21 22 0 23 s Ng

R5 = Et, Troc, Bn

Proposed mechanism

Pd"]
T [
\ substrate ‘Qos J NHPiv
VAN
[Pd”]%* HN /Pd\/
TsOH =0 NHCO,Et
Bu B product

NsO-NHCO,Et

nitrene

Scheme 12. Ortho (sp?)C-H amination of anilides with N-nosyloxycarbamates

The same group in 2012 reported Pd-catalyzed direct ortho C-H amidation of benzoic
acid derivatives (Scheme 13).2° This direct amidation offered an expedient route to the
synthesis of anthranilic acid derivatives, which serve as vital precursors to synthesise many

medicinally important heterocycles. This protocol exhibited excellent regio-selectivity and
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functional group tolerance. The high kw/kp = 2.6 value indicated that the formation of

cyclopalladation complex may be the rate-limiting step in this amidation method.

The Yu group, 2012

N COOLi Pd(OAC), (10 mol %) N COOH
R | + MesO-NHCOEt " 5ac (1.0 equiv.) r

H , NHCO,Et

24 25 dioxane, 90 °C, N, 6 h
NHCO,Et NHCO,Et NHCO,Et NHCO,Et

26a, 63% 26b, 70% 26¢, 63% 26d, 55%

COOH COOH [ COOH l ! :COOH
NHCOzEt NHCO,Et NHCO,Et NHCO,Et

26e, 73% 26f, 71% 269, 40% 26h, 55%

Scheme 13. Carboxylate directed ortho (sp?)C-H amination with N-mesityloxycarbamates

substrate

product :
ooy S OA°’2{< ”
o
Pd
iy ol T
[ / -
N/Pd\ H

| OAc
CO,Et

OLi
OLi ©\/‘§p
N /I
o Lo
/ AcO
N VA
\y CO:Et

MesOT-NCOZEt
]

MesO-NHCO,Et + KOAc

Scheme 14. Proposed catalytic cycle

They postulated that after cyclopalladation the amine source undergoes reversible
deprotonation with KOAc affording the N-mesitylsulfonyloxycarbamate anion 11 (Scheme 14).
The palladacyclic complex I then reacts with this anion to form a putative Pd-nitrene species
IV (pathway A). Then C-N bond is formed through a migratory insertion followed by
protonation. They also proposed an alternative pathway via concerted migration of aryl with

the removal of the sulfonate group (pathway B).
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The Emmert group in 2013 described a Pd-catalysed chemoselective synthesis of
aniline derivatives via C-H amination of benzene in non-directed fashion, using hydroxylamine
derivatives as electrophilic aminating agent.>® They also systematically developed pyridine

type ligands for this non-directed C-H amination methodology.

The Nicholas group in 2013 disclosed a C—H amidation protocol of unactivated arenes
using N-tosyloxytrichloroethylcarbamates as electrophilic amine source.’! Benzenes were

selectively converted to aromatic amines (Scheme 15).

The Nicholas group, 2013

NHTroc
| N 2 oH [Cu(MeCN),](PFg) (20 mol %)
. ST N
AP Tol™ 07 Troc neocuproine (20 mol %) RF
27 17 benzene, 140°C, 16 h 28
o-, m-&p

0
R = Me, Et, 'Bu, OMe, CI, CF3 Troc =
jijo/\ccb,

H Troc H Troc

X N\7 0 N
| Cu cul
R// U / \N
T D 5 A\

Scheme 15. Copper catalysed non-directed (sp?)C-H amination of arenes with trichloroethyl-

N-tosyloxycarbamates

However, substituted arenes afforded mixture of regioisomeric products.
Mechanistically, a Cu(ll)-imido species C is formed via OA followed by redox
disproportionation. Then this electrophilic radicaloid can react with the arene in two-way,
either by electrophilic (two electron) attack to afford adduct D or by radical attack to generate
D’, depending on the electronic nature of the arene and finally re-aromatisation with (phen)Cu*

elimination gives the product.

In 2017 the Emmert group reported non-directed copper catalysed (sp®)C-H amination
using RSO2NH-OAc, another hydroxylamine based electrophilic amine reagent.®? Various

arene substrates containing weak, benzylic C—H bonds and also THF successfully underwent
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the reaction under their optimized conditions (Scheme 16). They proposed based on their
mechanistic studies that out of two possible pathways the C-H amination took place via a

radical pathway.

The Emmert group, 2017

H NHPG
- Cu(BF4),/L (5 mol %, 1:1) A A
T ) Y 4+ AcO-NHPG RIL .
R, . 100-110°C, 48 h e
29 7 30 31
NHTs NHTs NHTs
o]
[ j "NHTs @@ ) Q_NHTS
31a, 45% 31b, 72% 31c,56% 31d,75% 31e, 67%

Scheme 16. Copper catalysed bezylic (sp®)C-H amination with acyloxycarbamates

The Ueda & Kawabata group, 2018

OR ° OR OR
g//o H Rhy(TPA), (5 mol %) NHTroc
+ o7 R R
R O Tol” 0" Troc ™" C0, (1.5 equiv.) O * O
o]
H PhCI, 0 °C, 20 h NHTroc
32 17 33 _
major or minor or
e exclusive _undetectable
OPh OMe J\ OMe
B O 0 MCH, M
Ph
MeO
NHTroc NHTroc NHTroc
NHTroc NHTroc NHTroc
33a,39% 33b, 68% 33c, 55% 33d, 56% 33e, 50% 33f, 50%

Scheme 17. Rh-catalysed non-directed (sp?)C-H amination of arenes with trichloroethyl-N-

tosyloxycarbamates

The Ueda and Kawabata group in 2018 unveiled an intermolecular non-directed
aromatic C—H amination endorsed by neutral rhodium nitrenoids (Scheme 17). The reactions
proceeded in various oxygen-substituted arenes in a chemo- and regioselective fashion. The C
(sp?)—H amination took place regioselectively at the para position of the ethereal groups in the

presence of benzylic (sp*)C—H bonds and or (sp*)C—H bonds a to ethereal oxygen groups.

In 2018, the Singh group first time reported iron-porphyrene catalysed intramolecular
(sp?)C-H amination through intramolecular C-H amination of N-tosyloxyarylcarbamate
substrates for the synthesis of privileged scaffold benzoxazolones (Scheme 18).3* Various

functional groups were well tolerated under this conditions.
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The Singh group, 2018

R1H R?

R1H R2
0N
3 OTs  Fe'(TPP)CI (2 mol %) O/L_
o) o
H K,CO3 (2.0 equiv.) N
34 4 AMS, DCE, 25 °C 35 H
o o o Br
N/EO /@[ =0 =0 O>=O 0
MeO N
! Hoo© N =0
35a, 96% 35b, 84% 35¢, 81% 35d, 75% 35e, 80%
o}
o
/E E:[ /Eo HN
H
35f, 82% 35g, 72% 35h:35h", 79%, 1.2:1

Scheme 18. Fe-catalysed intramolecular directed (sp?)C-H amination

Terminal alkene and alkyne groups which generally don’t survive under strong oxidising
conditions were also remained unreacted. Low catalyst loading, use of earth-abundant metal

catalyst along with a water-soluble side product formation made this method very useful.
1.7b.2. O-protected 0°/1° amine-based hydroxylamines

The Falck group in 2016 reported an efficient method for direct C—H amination of
variety of aromatic hydrocarbons under Rh-catalysis.®® N-methyl-O-tosylhydroxylamine
(TsONHMe) was used as the amine source in presence of Rhz(esp)2 (DuBois catalyst) (Scheme
19). The weak N-O bond of the amine reagents acted as an internal oxidant omitting the
requirement of external oxidant. Aryl sulfonic acid generated under the reaction conditions
produced help to generate the aryl-amines in protected form so that the chance of catalyst
inactivation was minimised. This methodology showed an extensive functional group tolerance
such as bromo, hydroxyl, ether, silyl, carbonyl groups and many potentially sensitive groups
including benzylic, tertiary and o-keto hydrogens. Epoxides and acetals were not tolerated
under these reaction conditions. This versatile methodology offered a broad substrate scope
with various electron-rich arenes. Late-stage C-H amination of steroids and phenanthrene has
also been achieved using this protocol very efficiently. The methodology was also applicable
to the intramolecular C-H amination reaction for making several azacycles in moderate to good

yields.
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The Falck group, 2016

3
N ?S?//o . Rhafesp)s @mol %) NN VAR
X —_—
|// F *+ TsO-NHMe or o TFE, 0 °C |// N
R R2 R
36

R2
____________________ L S . S
NHMe
MQOUNHMG
NHMe NH; MeO
39a, 75% 39b, 49% o 39¢c, 75% 39d, 72%

HO

39e, 89%

intramolecular C-H amination

m Rha(esp), (2 mol %)
_— >
NI "R?
o1

TFA (2.0 equiv.)

I‘Esioc .
40 TFE, 0 °C-rt
CFs
N
H N MeO N
H H H H
41a,81% 41b,77%  41c, 84% 41d, 86% 41e, 56% 41e, 68%

Scheme 19. Rh-catalysed non-directed inter- and intramolecular (sp?)C-H amination

The Morandi group, 2016

M P FeSO, (5 mol %) A NH2
o + MesO-NH,OTf .
R/\ MeCN/H,0, rt, 16 h R/\
B .. S 43
NH NHz NH, NH; NHz
oy R R G
B 0
Br B
A A A
. 43b,83% 43c, 77% 43d, 88% ,
432,82%  14:1:19  1:14:33  2:134:1 43e,81%
NMe
D \ H
C I .
H,N -
HN™ B o
A
M
43, 61% e0
1:73:6;1 439,44%,1:1.8 43h, 51%

Scheme 20. Fe-catalysed non-directed (sp?)C-H amination affording anilines

The Morandi group in 2016 revealed an improved protocol for direct C—H amination
of various arenes with very cheap iron catalyst, FeSOs (Scheme 20).%® They synthesized
primary anilines from mono-, di- and trisubstituted benzenes with a very stable amine source,

MsONH3OTf under mild reaction conditions. The protonated aminating agent not only
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increased the electrophilicity of the aminium radical species formed under the conditions but
also helpful in preventing over amination. Variety of functional groups hydroxy, halo, benzyl
and amino and also various heteroarenes also underwent amination with high yields. This
methodology was also applied for late stage amination of some bio-active compounds.
Although the amination took place under very cost-effective way but regioselectivity issue in

mono-substituted arenes affording regioisomeric mixtures slightly limits the methodology.

In 2017, the Jiao group disclosed similar methodology for C-H amination of arenes in
non-directed fashion with Fe-catalyst (Scheme 21).3” They synthesized many new O-
substituted hydroxylamine reagents as electrophilic amine source and out of them they
achieved the desired product using two equivalents of O-(p-nitrobenzoyl) hydroxylamine.
Amination took place efficiently in many heterocyclic arenes such as indole, pyridine and
thiophene. This methodology showed good functional group tolerance and was used for late-
stage aminations. Based on their control experiment and preliminary EPR spectra they
proposed that the reaction proceeds via a radical mechanism. Initially an N-centred radical
cation A was formed by a SET from Fe?* followed by the N-O bond cleavage. This radical
then reacts with arenes to form the radical intermediate B. This upon oxidation by Fe®*
generates the cationic intermediate C. Finally, the deprotonation of the benzoate group affords

the product.

The Jiao group, 2017

o)
N FeBry (5 mol %)
H OTf 2 NH
@’ o-NHs AgNTf, (10 mol %) = | 2
+ <
A N TFE/H,0 (2:1), 30 °C R/\

R37 O 44 43

Proposed Mechanism:

0
RJ\O NH;OTf _-RCOO™ l ] O/ NH3OTf
4>
SET or heat NH3OTf
N NHLOTY
2+ 3
FUE * @ RCOO @
c \\' RCOOH

Scheme 21. Fe-catalysed non-directed (sp?)C-H amination with O-(p-nitrobenzoyl)

hydroxylamine

1.7b.3. O-protected 2° amine-based hydroxylamines

O-Benzoylhydroxylamines are very important [NR2]" synthons for electrophilic aminations.

Large number of amination reactions utilizing these O- benzoylhydroxylamines have been
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achieved with variety of organometallic reagents including organozincs, organolithium,
organozirconium, organoaluminium, organomagnesium, organoboron and organosilicon
reagents. Amination reactions of organometallics with O-benzoylhydroxylamines generally
utilize transition metals e.g. copper or nickel for cleaving the N-O bond promoting the C-N
bonds formation. Although most of these electrophilic aminations have been achieved using
various organometallic reagents, significant advancement has also been accomplished via C—
H functionalization.®® Unlikely to the 0%1° amine-based hydroxylamine reagents as discussed
earlier which reacts mostly though metal-nitrenoid formation, with these O-
benzoylhydroxylamines (2° amine-based hydroxylamines) most of the metals generally
undergoes oxidative addition to the weak N-O bond generating a high-valent metal species
which then transfers amine moiety to the arenes or alkanes affording the C-H amination

products. Under Rh-catalysis these aminating reagents react via Rh-nitrenoid formation.

a. The Yu group, 2011
% o}

Pd(OAc), (10 mol %)
X 2 i
Rl NHA:- R AgOAc (1.0 equiv.) Al X NHAr
- BzO-N . R R2
H R3 CsF (2.0 equiv.) = N’
45 46 DCE, 130 °C, 18 h a7 L
Ar: (4-CF3)CgF4 2.0 equiv.

Proposed mechanism:

i NHAT NHAr
d\NHArPd(II) 5 Cs  R'R?NOBz o Cs
H  GsF / oxidative /

Pd" addition SPdVL,
lect hI'I' . 2NIIRR OBZ
electrophilic 152
amination R RNOBz
(0]
NH,Ar . o
reductive elimination
R'R?N
Pd(ll)
'K.'fﬁé'\'rh'é?&up 2013
[RuCly(p-cymene)] (10 mol %) Q
NHAr [ j K>CO3 (2.0 equiv.) R X NHAr
H Acetone, Ar atm, S N
46 OBZ ,18 h 47 ™
Ar: (4-CF3)CGF4 3.0 equiv. 0

Scheme 22. Directed ortho (sp?)C-H amination of benzamides under Pd or Ru catalysis

In 2011, a Pd-catalyzed ortho C(sp?)-H amination of N-aryl benzamides with O-
benzoylhydroxylamines was established by the Yu group (Scheme 22a).%° The reaction was
unsuccessful with N-chloroamine but both O-acetyl and O-benzoyl protected hydroxylamines
were found as effective aminating reagents. They used O-benzoyl hydroxylamines for the
reaction due to their ease of preparation. The scope of the reaction was broad with respect to
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both benzoic acids and the secondary amines. Mechanistically, CsF or KF first deprotonates
acidic amide proton giving the corresponding salt. The weak chelation of Pd(Il) with the
carbonyl moiety of the benzamide salt undergoes ortho C-H activation in a similar fashion to
that of benzoic acid substrates. Then according to them the arylpalladium(Il) intermediate |
may undergo electrophilic amination affording the product or via oxidative addition to the N-
O bond of the electrophilic aminating agent may generate the Pd(IV)-species 11, which on

reductive elimination affords the product with catalyst regeneration.

In 2013, the Yu group described a mild Ru(l1) catalysed ortho amination of weakly co-
ordinating benzamides with O-benzoyl hydroxylamines at room temperature.*® Unlikely to the
previous methods, this reaction took place very efficiently in numerous heterocyclic systems
also. They proposed similar kind of catalytic cycle as mentioned above with Pd-catalysis
(Scheme 22b).

In the same year, the Zhang group reported a Rh(ll1) catalysed ortho C-H amination of
1-aryl-1H-pyrazol-5(4H)-ones with a broad range of O-protected hydroxylamines
cyclic/acyclic secondary as well as primary amines (Scheme 23a).** They have used an
intrinsic functional group as directing group which afforded directly a library of new analogues
of the existing neuroprotective drug marketed as Edaravone. The reaction conditions were
relatively mild with very low catalyst loading. They also proposed similar kind of catalytic
cycle as mentioned above by the Yu group above with Pd-catalysis and Glorius group with Rh-

catalysis.

a. The Zhang group, 2013

R! R’
0Ny [Co*RNClal; (25 mol %) N e
H R2 CsOAc (2.0 equiv) )
J N
Rz{j +  BzO-N PivOH (50 mol %) NP RS
| RS R -
% MeOH, 50 °C,12 h _—
48 46 49
_R?=H Edaravone _ t5equv_ 24 examples
b. The Zhang group, 2014
R'R% 0

R'R? O
BzO., .H ;
Z N’NH N [Cp*RNCl,], (2.5 mol %) .NH
_H G CsOAc (2.0 equiv) N H
+
s ST e
=
50 51 52

Toluene, rt, 3-5 h

R', R?, R® = H, Phenidone 22 examples

Scheme 23. Rh-catalysed ortho (sp?)C-H amination using intrinsic directing groups
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In 2014 the same group disclosed another Rh(Ill)-catalysed ortho C—H amination of
substrates containing intrinsic functional group (cyclic hydrazine moiety) which is an essential
part of substrate acting as directing group (Scheme 23b).*? This moiety is present in phenidones
which are 5-lipoxygenase inhibitor. Thus this protocol provided a library of various ortho
amino substituted phenidones.

In similar time, the Glorius group unveiled an amidation protocol of (sp?)C-H bonds
using electron-deficient aroyloxycarbamates as efficient electrophilic amide source under
Rh(l11)-catalysis (Scheme 24).%% The reaction was progressed under mild conditions with good
functional group tolerance. Pyridine and O-methyl hydroxamic acids acted as efficient

directing groups affording valuable N-Boc protected arylamines.

The Glorius group 2013

[Cp*RhCly], (2.5 mol %) DG
o NHPG _AgSbF5 (10 mol %) _K_nNHPG
KOACc (1.2 equiv.) R—\ |
MeCN, 60 °C, 16 h
55

DG pyr|d|ne C(O)NHOMe PG = Boc, Cbz, Fmoc

by NHBoc By Y
©,NHBOC @ /@NHBOC @NHCbz ©/NHFmoc

55a,90%  55b 67% 55c,98%  55d, 60%" 55e, 55%°
NHBoc / NHBoD o
NHBOC NHBoc HN ° /’L h
o)
o N"So
s5t, 70% Ossq, 72% 55h, 72% O 55i, 85%¢

Scheme 24. Rh-catalysed directed (sp?)C-H amination with electron-deficient

aroyloxycarbamates

Note: Pamine source (1.2 equiv.), [RhCp*Cl2]2 (5 mol %), AgSbFes (20 mol %), 80 °C. ¢ amine
source (1.5 equiv.), KOAc (1.0 equiv), [RhCp*Cl2]2 (5 mol %), AgSbFs (20 mol %), 100
°C.%mine source (2.5 equiv.), KOAc (4.0 equiv.), 80 °C, 16 h.
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The Yu group, 2015 Pd(OAc), (10 mol %)
ligand (20 mol %)

N SNHTE o AgOAc (1.0 equiv.) X NHTE
R + R
A, N Na,COs (2.0 equiv.) '

=
56 46 OBz  KaPOs (1.0 equiv,) - N/\
i . » 4 AMS, CeFg o)
ligand = 2,4,6-trimethoxy pyridine 130 °C, 18 h
i Pd(OAc), (10 mol %) 0
LS TNHAr R? ligand (20 mol %) N NHAr
R + BzO-N Rl '
H \R3 AgOAC (1 .0 equiv.) = N/R
45 46 CsF (2.0 equiv.) 47 é3

Ar: (4-CF3)CeF4 DCE, 130 °C, 18 h

Scheme 25. Pd-catalysed ortho (sp?)C-H amination of benzamides and benzylamines

In 2015, the Yu group described another efficient Pd-catalyzed ortho C-H amination of
triflyl-protected benzylamines and benzamides by ligand promoted condition (Scheme 25).#

After several screening of various pyridine based ligand they found 2,4,6-trimethoxy pyridine
as the best one.

NHTf
NHTf LPd(OAc),

L

R
Pd"0Ac

dII\
826, NRTR? /
g
P

R'R?NOBz "
d

Scheme 26. Proposed catalytic cycle

Based on their control experiments, they proposed that substrate first undergoes chelation with
the anionic triflamide to give | followed by C-H activation giving intermediate 1. This is upon
oxidative addition to the N-O bond forms a Pd(IV) species I11. Finally, reductive elimination

from 111 affords the amination product with Pd(I1) regeneration (Scheme 26).

Inspite of having numerous reports on (sp?)C-H aminations with these aminating agents
a limited number of (sp®)C-H aminations has been explored. For example, in 2015, the Yu

group described a Pd-catalysed intermolecular amination of B-(sp®)C-H amination of aliphatic

20



Chapter |

acids which provided a library of B-amino acids (Scheme 27a).% In the same year, the Qin
group also reported a Pd(l1)-catalysed intermolecular amination of unactivated (sp*)C-H bonds

using 2-aminothioether as weak coordinating group (Scheme 27b).¢

.TheY 201
a. The Yu group, 2015 [{Pd(ally)Cl}z] (5 mol %) O

ligand (20 mol %)
\HNHA.» . [ ] Cs,CO;3 (2.0 equiv.) NHAr
4 AMS, DCM N/\
58 46 OBz 120 °C, Ny, 18 h 59 o)
Ar: (4-CF3)C6F4

b. The Qm group, 2015

|
0 S:@
fl\ :@ [ j PdCl, (10 mol %) Rfl\u

Cs,CO3 (2.0 equiv.) N
46 OBz CgHg, 110 °C, N, 24-34 h 61 K/

(e}

Scheme 27. Pd-catalysed B-(sp®)C-H amination of aliphatic amides
I.7c. Organic azides

Organic azides are important class that fall in the category of electrophilic aminating agent.
They are considered as an environmentally benevolent amine source and an additional
advantage of using these azides is that a sole by-product is molecular nitrogen (N2). More
importantly, like hydroxyl amine based reagent they also act as internal oxidant via N—N2bond
cleavage omitting the requirement of additional stoichiometric external oxidants. Most of these
reactions are performed mostly under expensive Rh or Ir catalysis and some works under Ru
or Co catalysis has also been achieved.*’ Besides activated aryl sulfonyl azides, aryl, alkyl even
acyl azides also work well under those catalytic conditions.*® Mechanistic investigations
revealed that all these reactions proceed through a more or less similar catalytic cycle which
consists of three steps: formation of metallacycle via C—H bond cleavage through chelation-
assistance followed by formation of C—N bond through the in situ generated metal—nitrenoid
intermediate and then the insertion of an imido moiety to the M-C bond and finally, formation
of the product via protodemetalation with catalyst regeneration. Significant advances have been
achieved in this field of C-H amination or C-H amination/annulation cascade to synthesize N-
heterocycles using various organic azides which are excellently reviewed, so we will not

further elaborate this tpoic.*
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(N-

DG SO,Ph
$O,Ph ™) N-s0,ph
No

F~ ~SO,Ph
NFSI

a. The Zhang group, 2011

NHCOR
N(SO,Ph),

R = Me, Bu, Ph

Pd(OAc), (10 mol %),
NFSI (2.0 equiv.),
NaHCO3 (2.0 equiv.),
DCE (4 mL), 80 °C

d. The Li & Yang group, 2013

N(SO,Ph),

[Cp*Rh(MeCN);](SbFg),
(2.5 mol %)
NFSI (2.0 equiv.)
Cs,CO3 (10 mol %)
DCE, 100 °C, 24 h

g. The Itami group, 2015

N(SO,Ph),

CuBr (10 mol %)
6,6'-Me,bpy (12 mol %)
NFSI (1-2 equiv.)
DCE, 70 oC, 9-16 h

j- The Qi & Zhang group, 2017

N(SO,Ph
o (SO2PN)2

R)J\N |
H N&

[Cu(MeCN),IBF, (10 mol %) R?=Me, Ph, NMe,, NHEt

neocuproine (12 mol %)
NFSI (1.3 equiv.)
DCE, 70°C, 12 h

ligand =

b. The Zhang &Liu group, 2012
N(SO,Ph),

X R?

I//
R1
CuCl (10 mol %)
phen (5 mol %)
NFSI (1.1 equiv.)
DCE, 110°C

e. The Ritter group, 2013

@rN(SOZPh)Z
[
1

R
axe
=N /O—N NFSI (2.0 equiv.)
P

4 MeCN, 23 °C, 24 h
N-O N=( (OTf),
catalyst
07

h. The Weng & Lu group, 2017

Cu(OAc),H,0 (20 mol %),
PhI(OAc), (2.0 equiv.),
NFSI (2.0 equiv.),

AcOH (2.0 equiv.),
dioxane, air, 100 °C, 24 h.

N(SO,Ph),

k. The Li group, 2017
N(SO,Ph),

X

J »—Cor?
R1 N

X=0,8
FeCl, (10-15 mo %)
ligand (10 mol %)
NFSI (4.0 equiv.)
DCE, Ny, 100 °C

o

Ph)J\/U\ Ph
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catalyst (5 mol %) N
Ag(bipy),ClO4 (10 mol %) H

N(SO,Ph),
[Pd(hfacac),] (10 mol %)
NFSI (2.0 equiv.)
dioxane, 100 °C, 24 h.

f. The Zou, Wu & Wu group, 2013

Ni(OAc),.4H,0 (10 mol %)
NFSI (2.0 equiv.)
Na,CO3 (2.0 equiv.)

DMF, 50°C, 12 h

i. The Liu group, 2017

_N N
R1

R2 N(SO,Ph),

Pd(OAc), (10 mol %)

NFSI (2.0 equiv.)
AcOH (4.0 equiv.)
MeCN, 80 °C, 12 h

I. The Song group, 2018
2 =N =
\/N / \ /*R1
N(SO,Ph),
[Cu(MeCN),4]BF,4 (1.0 equiv.)

NFSI (2.0 equiv.)
DCE, 100 °C, 10 min
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1.7d. N-Fluorobenzenesulfonimide (NFSI)

N-Fluorobenzenesulfonimide (NFSI) is one of the most popular commercially available N-F
reagents which was first introduced as electrophilic fluorinating agent by Differding group in
1991.%° This mild, stable, and highly soluble crystalline solid serves as a multipurpose reagent
in various transformations of aliphatic and aromatic compounds such as an oxidant, safer
radical fluorine source and an excellent electrophilic aminating agent. In last decade lots of C-
H amination have been achieved using NFSI which are also reviewed.®> Some of those

reactions are tabulated above (Table 1).
I.7e. Nitroso-compounds

Nitrosobenzene serves as electrophilic nitrogen or oxygen source in nitroso-aldol reactions
affording aminoxylation or hydroxyamination products.®? Although C-N bond formation with
various organometallic reagents has also been achieved but there is limited reports on C-H
amination utilising these nitrosoarenes. Most of the nitrosoarenes are prepared by oxidising the
anilines which have been directly used for C-H amination from many years. Though one extra
step is needed for their preparation they have high potential to solve many problems associated
with C-H amination using anilines such as i) catalyst inhibition can be minimised, ii) C-H
amination with these more reactive amine source can be performed at very mild conditions.
Their high reactivity can be attributed to the fact that so many C-H aminations have been

achieved in metal free conditions also.>3

The Li group first reported C-H amination with nitrosoarenes in 2013 in 2-phenyl
pyridine system under Rh-catalysis to give biaryl hydroxylamines (Scheme 28).%* The reaction
showed high functional group tolerance and took place at room temperature. These
hydroxylamines can be converted to important biarylamines one step reduction. Based on their
control experiments they proposed that Rh-catalyst first undergoes chelation assisted ortho C-
H bond activation providing rhodacycle A. Then coordination with nitroso to give B, followed
by nucleophilic addition (or migratory insertion of N=0) may generate O-Rh species C. After

protonation the hydroxylamine is formed with regeneration of catalyst (Scheme 29).
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The Li group, 2013

N
= |
N (I)H
N
@ [Cp*Rh(MeCN)3](SbFg), (2.5 mol %) |\ \©
+
V& =
R1// PivOH (1.0 equiv.) R2 R/1
DCE, air, rt, 4 h 64
DG OH DG OH DG OH DG OH
64a, 85% 64b, 70% 64c, 80% 64d, 70%
DG OH
DG OH
\©\ CO,Me
CO,Me COgMeCN 2
Mo 64e 90% ®Cl 64f, 60% Br 64g, 70% 64h, 40%

Scheme 28. Rh-catalysed directed ortho (sp?)C-H amination using nitrosoarenes

product substrate
% “y
H
N- 9\‘(\
b _N_

Rh Cp*

\%h Ao

Scheme 29. Proposed catalytic cycle

Then in 2014, the same group further re-optimised their catalytic condition to get the
diarylamines in single step (Scheme 30).%° Using 1-adamantanecarboxilic acid instead of

pivalic acid, changing the solvent system from DCE to chlorobenzene and 100 °C reaction

The Li group, 2014

X
> |
N
N
@ [Cp*R(MeCN)3I(SbFo)z (2.5 mol %) (S Y
VP2 =
1-AdCOOH (1.0 equiv.) R? R
R 62 _ 65
PhCl, air, 100 °C, 10 h

Scheme 30. Rh-catalysed one-step synthesis of diarylamines using nitrosoarenes
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temperature they were able to get the desired product in one sort. The reaction is scalable and

worked well even with 1 mol % of catalyst loading.

N-hydroxycarbamates are also found promising for C-H amidation which under slightly
oxidising conditions proceeds via formation of nitroso intermediates as reported the Zhou and
Zhang groups.®® The Zhou group in 2013, first disclosed C-H amidation of various substrates
with different directing groups using numerous N-hydroxy carbamates under Rh-catalysis
(Scheme 31). Their control experiments show that under air these N-hydroxy carbamates
oxidised to nitroso compounds and the next C-H amidation follow the catalytic cycle as

mentioned in the previous section.

The Zhou group, 2013

DG o  [CP"RNh(MeCN);](SbFe); (2.5 mol %) DG
L J\ Ag,CO5 (1.5 equiv.) H R
| + HNT R , . Ny
R1// OH THF, air, 100 °C, 10 h I// o
66 67 O=N R" 68
R = OBn, Me, O'Bu, Fmoc via /\:O
R

Scheme 31. Rh-catalysed directed ortho C-H amidation using N-hydroxycarbamates via

nitrosoarenes
1.7f. Oximes/oxime esters

Oximes having weak N-O bond with an average energy of 57 kcal/mol much less than the
energies of the C-X (X =C, N, O) (69-91 kcal/mol) sigma bonds are also important source of
electrophilic amine to perform C-H amination. Significant advancement has been achieved for
the synthesis of various heterocycles using oximes via Pd-catalysed intramolecular amino-
Heck or Narasaka—Heck cyclization (most these reactions are C-H amination reactions) which
are summarised in many reviews.*’ Reactive imino-Pd" intermediate formed by the oxidative
addition of Pd° to N-O bond of the oximes was also trapped in many cases with external
reaction partners as done by Neuville and Zhu group in 2009.%8 Many C-H amination reactions

with oximes as electrophilic amine source have also been developed.

In 2010, the Hartwig group reported Pd-catalysed synthesis of indoles using oximes via
an intramolecular C-H amination (Scheme 32).%° The oxime moiety acted as directing group,
oxidant and amine source. Mechanistically, Pd(0) on oxidative addition to the N-O bond of
oxime generates intermediate I which after C-H activation gives Il. This intermediate after

reductive elimination affords the product.
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The Hartiwg group, 2010

Pd(dba), (1 mol %) H
Cs,COx (1.0 equiv.) NC L,
R y, R
toluene, 150 °C
70 , R?
Pd(dba), omdatwe reductive
( addition elimination Pd(dba),
(I)Ac
Pd
R1: X H NI/Pd C-H activation R0 X NH
= 3 NP RS
I R2 CsOAc I R2
H
O N MeO,C § H
{ ®
% /
70a, 43% 70b, 71% 70c, 61% 70d, 51%

CO,Me

Scheme 32. Pd-catalysed intramolecular C-H amination of oximes for the synthesis of indoles

The Dai group, 2018 _ -
CuOAc (20 mol %)

K,HPO, (1.0 equiv.) o
R“_\ NHOxa DMSO, Ny, rt, 20 min R“_\ NHOxa H* N NHOXa
U / U / RI_/
H x NH,
o)

71

- R™ R 74

Proposed mechanism 0
CUIH/)\ d‘\NHOXa
/ C-H activation

O\Y

R

R.E. n )l\

Scheme 33. Cu-catalysed C-H amination with oximes

The Dai group in 2018 introduced oxime for directed ortho (sp?)C-H amination to
deliver primary amine under copper catalysis (Scheme 33).%° The method showed functional
group tolerance and this protocol was efficient for the amination of various heterocyclic
molecules which is a major advantageous over the previous methods. Late-stage C-H amination
has also been achieved using this strategy. Mechanistically, the Cu' catalyst first generates a
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Cu'"" species | on oxidative addition with the oxime N-O bond, which then undergoes chelation
assisted C-H activation forming the intermediate Il. Finally, 111 is formed by reductive

elimination which after hydrolysis gives the ortho amino product.
1.7g. Anthranil (2,1-benzisooxazole)

Significant advances have been achieved using anthranils for C-H aminations. Most important
advantage of using anthranil for amination is that the amination product contains a pendant

CHO group which can be further functionalised to more complex molecules.

In 2016, the Li and the Jiao’s group on their independent research reported a Rh-
catalysed benzylic (sp®)C —H amination of 8-methylquinoline using anthranils (Scheme 34).5!
This transformation showed good functional group tolerance and variety of amination products
with a tethered formyl group were gained in good yields. Based on the control experiments, a
plausible mechanism was proposed which is shown below. The Jiao group further developed
(sp?)C —H amination of arenes attached with different directing groups such as oxime ether,
pyridine, quinoline, purine, and pyrazole has were also obtained in moderate to good yields

under almost similar conditions with anthranils (Scheme 35).62

The Li and Jiao groups, 2016

- CHO
[RhCp*Cl,], (2.5 mol %) \©
R{ I N\ AgSbFg (10 mol %) WN\
= \ = PivOH (1 equiv.) R1.—/
0,
DCE, 80 °C, air 77
1/2 [RhCp*Cly], ==——=[RhCp*Cl,]
AgSbFg H

Progduct [RhCp*Xy] | N
X = SbF6 or OP|v
X HX
*Cp~
p i N “Cp /X

< CHO /)Qh

= [
\ P Z
Ne CHO
*Cp +//N *Cp‘ +x_

Pa LSS
N

N\ N

| — A

Z =

Scheme 34. Rh-catalysed (sp*)C-H amination with anthranils
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The Jiao group, 2016

DG [RhCp*Cly], (4 mol %) .

H = /N‘o AgSbFg (16 mol %)

NS PivOH (1 equiv.)
78 76 DCE, 100 °C, air, 24h 79
NOM \
® cHo NOMe { N
H y GHO N", CHO
O o8
79a, 77% 79b, 82% 79¢, 40%
A | <N | N\j
N\
N N
=N ., CHO 7", CcHo NT>T L cHo
79d, 71% 79, 83% 79f, 68%

Scheme 35. Rh-catalysed (sp?)C-H amination with anthranils

In 2017, the Li group further disclosed a Rh(lll)-catalysed C—H amination of
benzamides and isoquinolones using anthranils (Scheme 36).%3 This methodology provided
various bifunctionalized amination products 81, which can then undergo cyclisation in

presence of TFA to give acridines, 82.

R2
The Li group, 2017 R3—/ |
NONH 0
—
N 4
TS R
H O [Cp*Rh(MeCN)3](SbFs), 82
N N 3/ /N\o (8 mol %)
R'-- P RIG M~ Zn(OAc), (30 mol %)
~ k2 DCE, 120°C, 36 h
80 76
one-pot
amination/cyclisation cascade
// P
RZ=H R 82

Scheme 36. Rh-catalysed (sp?)C-H amination of benzamides and isoquinolones with anthranils

When 3-unsubstituted anthranils were used in this transformation, the corresponding acridine

derivatives were obtained in one pot through C-H amination/cyclisation cascade reactions.

The site-selective C—H amination of 7-azaindoles with anthranils under Rh(lll)-
catalysis was reported by the Kim group (Scheme 37).%* This transformation efficiently
delivered a range of ortho-aminated N-aryl-7-azaindoles with excellent site-selectivity and

functional group tolerance. The ortho-aminated 7-azaindoles hence made were readily
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converted into biologically relevant heterocycles such as azaindoloacridine, azaindoloacridone
and bis-indole compounds. The synthetic utility of this method was further demonstrated by
good in vitro anticancer activity against human breast adenocarcinoma cells (MCF-7), human

renal carcinoma cells (786-0), and human prostate adenocarcinoma cells (DU145).

The Kim group, 2017
Rﬂfﬁ??Rz
KN/ N, D R2
) » = /N‘o [RhCp*Cl,] (2.5 mol %)
\\ = AgSbFg (10 mol %)
~>R3 Vs R4

83 76 RS TFE, 120 °C, 24h
3
R'!=H, Cl, OMe, Ph R* = H, OMe, Br, CI, OCH20 R

R2 = H, Me, Ac, COAr RS =H, Ar, pyr, alkyl
R3 = H, Cl, OMe, Ph

anticancer activity of the products

ICs0 = 1.7 pM (R = OMe, MCF-7)
ICs0 = 4.8 uM (R = Br, 786-0)
@ /Cs0 = 42 uM (R = C1, 786-0)
|C50 = 1.5 pM (MCF-7)

Scheme 37. Rh-catalysed (sp?)C-H amination of 7-aza indoles with anthranils

The Yang and Kim groups reported independently Rh(lll)- catalysed C-7 selective
amination of indolines with N-pyrimidine DG. Amination took place selectively at the C-7
positions (Scheme 38).% Both methods afforded C-7 aminated indolines in good yields with

excellent site-selectivity and functional group tolerance.

The Yang and Kim group, 2017

) [RhCp*Cl,]» (2.5 mol %) N /R2
xR AgSbFg (10 mol %) R >
R'IL /> % N = N
AN rC T o DCE 120°C, 24n
)\ S or NH )/\N
N ks [RNCP™Cl, (3 mol %) R N\\)
Q AgSbFg (12 mol %) COR®
85 76 MesCO,H (2.0 equiv.) 86

THF, 90°C, Ar
Scheme 38. Rh-catalysed selective C-7 (sp?)C-H amination of indolines with anthranils

In 2018, the Zhou group reported a rhodium-catalysed ortho C—H amination of
azobenzenes using anthranils (Scheme 39).%¢ This reaction showed excellent functional group

tolerance and wide variety of aminated products were obtained in good yields.
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The Zhou group, 2018

= |
Z N s N -R
. TR [RhCp*Cl,]5 (5 mol %) X U
N N\N X = N R1l
rill P r2l ~ 0 _AgSbFg (20 mol %) T \H
=
H X NaOPiv.H,0(40 mol %)) CHO
87 76 DCE, 120 °C, 24h 88

Scheme 39. Rh-catalysed ortho (sp?)C-H amination of azo compounds with anthranils

The Loh group, 2019

S s R3

N * o

N =N [Cp*Co(MeCN)3](SbFg), (7.5 mol %)
AdCOOH (1.0 equiv.), 4 AMS, VIR R?

89 76 R3 90

DCE, 90 °C, 12-24 h
Br Br Br
H H s H

Q ) Q SR
90a, 75% 90b, 86% 90c, 88%

Scheme 40. Co-catalysed thioamide directed (sp®)C-H amination with anthranils

In 2019, a Co-catalysed (sp*)C-H amination has been accomplished by the Loh group.®’
The excellent site-selectivity on primary B (sp®)C-H bonds was observed for a various
thioamides with very good functional group tolerance (Scheme 40). In 2020, the Li group also
reported similar thioamide directed (sp®)C-H amination with anthranils under cobalt

catalysis.®

product

Ad(V AdCOO \Q
/ Co
path A
Nﬁ) ort
B

+N

E\
o--domn cp*
\ |+

Sf Q AT

c |
path B o /

L

Scheme 41. Proposed catalytic cycle of Co-catalysed thioamide directed (sp®)C-H amination

Mechanistically, the cationic Co(lll) species A undergoes chelation assisted C(sp3)-H

bond activation with the thioamide substrate forming a five-membered cobaltacycle B. The

30



Chapter |

intermediate B may then undergo coordination with anthranil followed by migratory insertion
via complex C generating Co(lll)-amino species E (path A). Finally, E on protolysis with
AdCOzH furnished the product with the regeneration of the active Co(lll) species A.
Alternatively, a putative Co(V)-nitrenoid species D may be formed via an intramolecular N-O
bond cleavage followed by nitrene insertion into the Co—C(sp®) bond forming the intermediate
E (path B).

The Gao group,2020 o

_ [Cp Rh(MeCN) 3][SbF6]2 =

f‘ . Rs, (4 mol %) COR?
K,CO3 (1.0 equiv.) 92 R
76 R2 DCE,100°C, 18 h R |

CHO
<:|/923 78% ©/ 92b, 58% ©/92c, 63%

0
e L
A cl
S o NH
NH CHO
COPh COMe
92d, 81% 92e, 68% Lo eanron

Scheme 42. Carboxylic acid directed Rh-catalysed ortho C-H amination with anthranils

Py
‘SQZ

The Gao group unveiled an efficient Rh(lll)-catalysed ortho (sp?)C-H amination
methodology of benzoic acids using anthranils was established for the quick synthesis of valued
anthranilic acid derivatives (Scheme 42).%° In this process COOH acted as weakly co-
ordinating directing group and after amination the products were obtained as ester. This
protocol is highly application for various functional group containing benzoic acid derivatives.
The reaction proceeded through a general mechanism shown in Scheme 34.

Table 2. C-H amidation achieved using various directing groups with dioxazolones
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2 DG

(o]
0N . OJ< cat. [M], additive PR
NS )\\ 0 U -
“° H RN -CO, ST SNHC(O)R
sp?orsp® C-Hbonds  Dioxazolone

a. The Li group, 2015 b. The Jiao group, 2015 c. The Ackermann group, 2016 d. The Lee group, 2016 e. The Bolm group, 2017

?\/j @\/k\ dNHRZ
R'NHC(O)R NHC(O)R \CENHC(O NHC(O)R
NHC(O)R

cat. [RhCp*Cly],  cat. [Cp*Co(MeCN)3](SbFs),  cat. [Cp*Co(CO)l,] cat. [RhCp*Cl,]; cat. [RhCp*Cl],

f. The Patel group, 2017 g. The Prabhu group, 2018 h. The Dong group, 2018  i. The Cui group, 2019 j. The Zou group, 2019
R2

N
\ S KrtBu R1ﬁ h
R’ N N R! & N-NF
N NHC(O)R
\C[ A\ (©) NHC(O)R NHC(O)R
NHC(O)R NHC(O)R <y
RS
R3 R?
cat. [Cp*Co(CO)l,] cat. [RhCp*(OAc),] cat. [Cp*Co(CO)l,] cat. [IrCp*Cl,], cat. [RhCp*Cl,],
k. The Li & Wu group, 2019 |. The Matsunaga group, 2019 m. The Kim group, 2020 n. The Hajra group, 2020
(0] 1
o S NHC(O)R /@ Cf\"‘ R
H 4 N SN
L0, Cree w
/ NH NHC(O)R
NHC(O)R O R(O)CHN
O
cat. [Cp*Co(MeCN);](SbFg)z cat. [CpBUCo(MeCN)3](SbFg), cat. [RhCp*Cly], cat. [RhCp*Cly],
0. The He group, 2020 p. The Ackermann group, 2020 g. The Baudoin group, 2021 r. The Zheng group, 2021
R* S
R1HN N
oN ] NHR2
R(O)CHN 2 R! R
R200C / Rg\(NHC(O) NHC(O)R
N NHC(O)R R3
2-pym
cat. [IGCtB“CIZ]2 cat. [RhCp*Cl,], cat. [IrCp*Cl,], cat. [Cp*Co(CO)l,]

1.7h. Dioxazolones

Dioxazolones are found to be a versatile nitrogen source in recent years for the transition metal
catalysed C-H amidation using different directing groups by many research groups. Some of
the examples are shown in Table 2. Mechanistically the reactions proceed via metal-
acylnitrenoid intermediate formation through the decarboxylation of the dioxazolones.”® The
Sukbok chang group has significant contribution in this area. They have performed
comparative studies of amidation reactions by dioxazolone under Ir, Rh and Co catalysis.”* The
C-H amidation reactions achieved using dioxazolones are tabulated above and the

amidation/cyclisation cascade reactions using dioxazolones are mentioned in Scheme 55.
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1.8. C-H amination/cyclisation cascade using electrophilic amines for the

synthesis of N-heterocycles

Development of cascade reactions having undeniable benefits including atom economy, and
also economies of time, labour, resource management, and waste generation is upcoming field
of research area. This is why cascade reactions are now considered to fall under the banner of
“green chemistry”.”? Many one-pot C-H amination followed by cyclisation cascade reactions
using various electrophilic aminating agents have been developed for the efficient synthesis of

valuable N-heterocycles.

1.8a. C-H amination/cyclisation via Catellani-type reaction using O-

protected hydroxylamines

Many bi- or tri-functionalisation of aryl halides under Pd(0)/NBE co-operative catalysis
(Catellani reaction) including C-H aminations using O-benzoyloxyhydroxylamines have been
achieved by several research groups which are also reviewed.” General proposed mechanism

is shown below (Scheme 43).
R2

' R Pd(0)/NBE 1 FG
1 I T >
R BzO~ N. R4 co-operative catalysis R N _R®

H

FG=H, Ar, BPin, Br, Cl, N3, OH, %x"xR & =R

General proposed mechanism
R2 R2 RS R2 RZ

I N
| Pd(0)/NBE 1@??520/'\"@ 1 NU- 1@ u

1 — R — ™ R - "R

R 9y P4l P | NBE N/R“
electrophilic C-H amination R3 R* R3
Scheme 43. General mechanism electrophilic C-H amination through Catellani reaction

There are some examples of electrophilic C-H amination/cyclisation cascade reactions under
Pd(0)/NBE co-operative catalysis for the synthesis of N-heterocycles.
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The Lautens group, 2017

(@)
Pd(PPh3), (10 mol %) R
N Cs,CO5 (5.0 equiv.
|
93

46 NBE (4.0 equiv.) [ j 94
Toluene, 110 °C, 16 h

Me OMeOQC\Q\/l m @(l

O A O QD

-<

O" 94a, 73% 0" 94c, 52% 94d 64%

Scheme 44. Synthesis of ortho-aminated dihydroquinolinones through ortho- and ipso- C—N

bond-forming Catellani reaction

For example, the Lautens group in 2017, reported a palladium-catalyzed, norbornene-
mediated ortho- and ipso- C—N bond-forming Catellani reaction (Scheme 44).”* This reaction
proceeds through a sequential intermolecular amination followed by intramolecular cyclization
of the tethered amide to afford ortho-aminated dihydroquinolinones.

Then the Zhou group in 2019 disclosed an ortho-C—H amination using electrophilic
amines followed by intramolecular Heck cascade between aryl iodides and functionalized
amination reagents through Catellani-type reaction (Scheme 45).” Thus this protocol provided
an efficient synthesis of unique N-containing bridged scaffolds called hexahydro-2,6-methano-
1-benzazocines. This highly step-economic method also showed broad substrate scope with

good chemoselectivity.

The Zhou group, 2019 Pd,(dba); (5 mol %) o
TFP (25 mol %)

O .
! NBE (50 mol %) N
riL + BzO. LR PR - R
% N Cs,CO3 (2.5 equiv.) N

o5 R* 96 THF, 90 °C, 15 h 97 R
A

Il i

' Pd(0)/NBE a1 PAA~AO |

L'(':';'I'I""t""’ R'Z Intramolecular
atellani-type

arylation
ortho amination o-ary

Scheme 45. Catellani-type ortho amination/intramolecular a-arylation for the synthesis of

bridged azacylces

The Liu group in 2021 unveiled an efficient strategy for the synthesis of 3-methyl indole
derivatives under the Catellani type reaction which involves electrophilic C-H amination

followed by annulation through Heck coupling (Scheme 46).® O-benzoylhydroxylamine
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containing an allyl group here is source of both electrophile and nucleophile under this

Pd(0)/NBE co-operative catalysis providing the benzocyclic molecules.

The Liu group, 2021

Pd(OAc), (10 mol %)

1 R P(4-OMe-Ph); (25 mol %) ) Me
1 . ) NBE (2.0 equiv.) X P~ N
R~ BzO : R'E — RY
57 Cs,CO3 (3.0 equiv.) % N Z N
R2:/=H toluene, No, 100 °C I'qg, 99 R3
"BU ’Pr
99a, 72% 99b, 42% 99c, 55% 99d, 46% 99e, 75% 99f, 69%

Scheme 46. Catellani-type ortho amination/intramolecular Heck reaction for the synthesis of
3-methyl indoles by the Liu group

Subsequently, in almost same time the Dong group also reported similar cascade
reaction for the synthesis of 3-methyl indoles under Pd(0)/NBE co-operative catalysis (Scheme
47).7"

The Dong group, 2021
R2 Pd(OAc), (10 mol %)

R®  Me
3 P(4-OMe-Ph); (40 mol %)
! R Pd'
riL + N NBE (75 mol %) f il N\
! . N .
ANy B Cs,CO5 (2.5 equiv.) N
97 R2:H 98 toluene, 100 °C, 18 h 99 R

Scheme 47. Catellani-type ortho amination/intramolecular Heck reaction for the synthesis of
3-methyl indoles by the Dong group

The Luan group in 2020 reported an efficient methodology through alkyne
insertion/C—H activation/amination cascade using fine-tuned electrophilic amines for the rapid
synthesis of a library of tricyclic indoles (Scheme 48).7® This method afforded not only medium
sized tricyclic indoles but a variety of macro-cyclised (20-membered) tricyclic indoles also in
moderate to very good yields. Mechanistically, they proposed that Pd(0) first undergoes
oxidative addition to generate a Pd"-species | which then after carbopalladation (A) followed
by chelation with the amine source gives intermediate B . This may undergo 1,2-aryl migration
(via C, path a) or nitrene insertion (via C’, path b) to give D which after reductive elimination
affords the product with catalyst regeneration.
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The Luan group, 2020
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Scheme 48. Synthesis of tricyclic indoles alkyne insertion/C—H activation/amination cascade

1.8b. C-H amination/cyclisation cascade using other electrophilic aminating
agents

The Jiang group in 2013 reported Cu-catalysed C-H amination followed by cyclisation
of pyridines with oximes to give imidazo[1,2-a]pyridines (Scheme 49).”® Based on their control
experiments they proposed that Cu(l) undergoes oxidative addition to N-O bond of the oxime
to generate a Cu(lll)-species A. Then insertion of Cu-N bond of B takes place at the 1,2-
positions of the pyridine ring. Then a cupracycle is formed afer tautomerisation of C through
D. Finally, reductive elimination followed by oxidative aromatization gives the final

imidazo[1,2-a]pyridine product with regeneration of Cu(l).
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The Jiang group, 2013
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Scheme 49. Cu-catalysed synthesis of imidazo[1,2-a]pyridines through

amination/cyclisation cascade using oximes

The Zhang group, 2014
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Scheme 50. Rh-catalysed directed synthesis of benzo[c]isoxazoles using N-

hydroxycarbamates via nitrosoarenes

In the similar time, the Zhang group reported directed C—H amination using N-Boc-

hydroxyamine via synergistic combination of copper and rhodium catalysis (Scheme 50).5

This protocol provided a library of valuable heterocycle benzo[c]isoxazole derivatives, which

are the subunits of many natural products such as parnafungins A and B17 and other bioactive
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complex molecules. In this synergistic approach the Rh catalyst was needed for C-H bond
activation to generate the nucleophilic rhodacycle and copper catalyst with O2 combination

produced electrophilic nitroso compound.

The Li group, 2016

NH OEt
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Ph—N  NH pho /1
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Scheme 51. Rh-catalysed directed synthesis of indazole using N-hydroxycarbamates via Rh-

Cu co-operative catalysis

Then in 2016 the Li group unveiled a new strategy for the one-pot synthesis of indazole
derivatives using nitrosobenzenes as a convenient nitrogen source for the C-H amination of
arenes under Rh and Cu co-operative catalysis (Scheme 51).8° The reaction conditions are very
mild with broad substrate scope and very good functional group tolerance. Based on their
control experiments they proposed similar catalytic cycle for C-H amination with nitrosoarenes
as mentioned earlier to afford diaryhydroxylamines. Then in a sequential Cu-catalytic cycle
Cu' undergoes oxidative addition to the N-O bond forming a cupracycle. Then dehydration

followed by reductive elimination gives the product with the regeneration of Cu' catalyst.

In 2020 the Dong group first disclosed an example of Ir(l11)-catalyzed C—H amidation

followed by cyclization cascade reations using N-alkoxyamides as amidation reagents (Scheme
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52).81 NH-sulfoximines was used as directing group and this protocol afforded wide range of

thiadiazine 1-oxides.

The Dong group, 2020
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Scheme 52. Ir-catalysed (sp?)C-H amidation/cyclisation cascade with N-alkoxyamides

Synthesis of various N-heterocycles synthesis via C-H amination/cyclisation cascade reactions
using organic azides are reported by many research groups which are also nicely reviewed
recently by Hu group.**¢ So without elaborately discussing we will mention some early findings

on this type of reactions.

For example, the Glorius group in 2013 reported the synthesis of indazoles through a
Rh'"'-catalyzed C—H activation/C—N bond formation and Cu-catalyzed N—N bond formation
cascade using organic azides as amine source and NH imidates as directing group (Scheme
53).82 They first introduced these N-H-imidates as directing groups in C—H activation. C-H
amination product is formed through Rh-catalysed nitrenoid formation. After that the ortho C-
H amination product undergoes a copper catalysed N-N bond formation furnishing the
indazoles. The methodology showed good functional group tolerance with moderate to good

yield of products.

The Glorius group, 2013
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Scheme 53. Synthesis of indazoles through C—H amination/N-N bond formation cascade with
azides
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Then in 2016 the Jiao group disclosed a Rh'"-catalysed C-H amination with organic
azides followed by a copper co-catalysed annulation cascade to afford a library of quinazoline
derivatives (Scheme 54).8% C-H amination follows the general catalytic cycle through Rh-
nitrenoid formation. Then the ortho amination product undergoes Cu-catalysed oxidative
annulation under Oz atmosphere giving the cyclised product.

The Jiao group, 2016
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Scheme 54. Synthesis of quinazolines through C—H amination/oxidative cyclisation cascade

Dioxazolones are important C-H amidating agent which generates a tethered carbonyl of the
amide after C-H amidation. This carbonyl can easily undergo cyclisation followed by
condensation with many NH groups placed in suitable positions affording many valuable N-

heterocycles.®* Some of them are shown below (Scheme 55)
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a. The Chen group, 2017
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Scheme 55. Synthesis of various N-heterocycles through C—H amidation/cyclisation cascade
using dioxazolones

Anthranils are also similarly leaves a tethered carbonyl after C-H amination. This carbonyl can
easily undergo cyclisation followed by condensation with many N or carbon nucleophiles

placed in suitable positions affording many valuable N-heterocycles.®> Some of them are shown
below (Scheme 56-57).
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Scheme 56. Synthesis of various N-heterocycles through C—H amination/cyclisation cascade

using anthranils
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Scheme 57. Synthesis of other N-heterocycles through C—H amination/cyclisation cascade
using anthranils

43



Chapter |

1.9. Conclusion

Development of transition-metal catalysed direct C—H amination of hydrocarbons has become
an important synthetic tool enabling the direct introduction of amino functional groups at the
desired position. In this direction, electrophilic amination strategy with umpolung concept
addresses many problems associated with nucleophilic aminations with free amines offering
several advantages such as broad scope, milder conditions, lower catalysts loading and notably
the ability to functionalize typically unreactive bonds and these reagents act as mild oxidants
and most of the C-H amination reactions take place in overall redox-neutral conditions without
using external strong metal oxidants. This is why significant efforts have been dedicated
towards the development of this umpolung strategy with reversal of polarity of the amine
nitrogen source (equivalents to the R2N* synthon). Beside single C-N bond forming reactions
these electrophilic aminating reagents are able to furnish many valuable azacycles through C-
H amination followed by cyclisation cascades. Although having remarkable progresses on this
field using expensive second and third row transition metals, a limited number of works has
been achieved under first row transition metal catalysis. So, the development of C-H amination
protocols with these electrophilic amines using earth-abundant first-row transition metals is in
high demand. Also it is envisioned that the scope of substrates in the direct C—H amination can
be expanded from simple hydrocarbons to complex molecules enabling the late-stage
introduction of amino functionality even in the presence of labile functional groups. Design,
synthesis and application of more versatile electrophilic amino group surrogates that are
convenient and environmentally friendly are highly desirable especially from a practical point

of view.
1.10. References

1. N. Kerru, L. Gummidi, S. Maddila, K. K. Gangu, S. B. Jonnalagadda, Molecules,
2020, 25, 1909.

2. a) M. M. Heravi, V. Zadsirjan, RSC Adv., 2020, 10, 44247-44311; b) P. Martins, J.
Jesus, S. Santos, L. R. Raposo, C. Roma-Rodrigues, P. V. Baptista, A. R. Fernandes,
Molecules, 2015, 20, 16852-16891; c) G. Li Petri, M. V. Raimondi, V. Spano, R.
Holl, P. Barraja, A. Montalbano, Top. Curr. Chem., 2021, 379, 34.

3. E.Vitaku, D. T. Smith, J. T. Njardarson, J. Med. Chem., 2014, 57, 10257-10274.

4. G.Roman, Eur. J. Med. Chem., 2015, 89, 743-816.

44



10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

Chapter |

D. T. Ko, H. M. Krumholz, J. V. Tu, P. C. Austin, T. A. Stukel, M. Koh, A. Chong, J.
F. de Melo, C. A. Jackevicius, Circulation: Cardiovascular Quality and Outcomes,
2018, 11, e004194.

a) G. Dyker, Angew. Chem. Int. Ed., 1999, 38, 1698-1712; b) J. Magano, J. R. Dunetz,
Chem. Rev., 2011, 111, 2177-2250.

J. Bariwal, E. Van der Eycken, Chem. Soc. Rev., 2013, 42, 9283-9303.

B. Seifinoferest, A. Tanbakouchian, B. Larijani, M. Mahdavi, Asian J. Org. Chem,
2021, 10, 1319-1344.

M. J. West, J. W. B. Fyfe, J. C. Vantourout, A. J. B. Watson, Chem. Rev., 2019, 119,
12491-12523.

I. Munir, A. F. Zahoor, N. Rasool, S. A. R. Naqgvi, K. M. Zia, R. Ahmad, Mol.
Divers., 2019, 23, 215-259.

a) S. K. Ghorai, V. G. Gopalsamuthiram, A. M. Jawalekar, R. E. Patre, S. Pal,
Tetrahedron, 2017, 73, 1769-1794; b) G. Cahiez, A. Moyeux, Chem. Rev., 2010, 110,
1435-1462; ¢) M. Marin, R. J. Rama, M. C. Nicasio, Chem. Record, 2016, 16, 1819-
1832.

a) J. Twilton, C. Le, P. Zhang, M. H. Shaw, R. W. Evans, D. W. C. MacMillan, Nat.
Rev. Chem., 2017, 1, 0052; b) C. Cavedon, P. H. Seeberger, B. Pieber, Eur. J. Org.
Chem., 2020, 2020, 1379-1392.

a) H. Lin, D. Sun, Org. Prep. Proced. Int., 2013, 45, 341-394; b) F. Monnier, M.
Taillefer, Angew. Chem. Int. Ed., 2009, 48, 6954-6971; c) C. Sambiagio, S. P.
Marsden, A. J. Blacker, P. C. McGowan, Chem. Soc. Rev., 2014, 43, 3525-3550.

a) P. Ruiz-Castillo, S. L. Buchwald, Chem. Rev., 2016, 116, 12564-12649; b) R.
Dorel, C. P. Grugel, A. M. Haydl, Angew. Chem. Int. Ed., 2019, 58, 17118-17129.
J.-Q. Chen, J.-H. Li, Z.-B. Dong, Adv. Synth. Catal., 2020, 362, 3311-3331.

Y. Park, Y. Kim, S. Chang, Chem. Rev., 2017, 117, 9247-9301.

a) X.-G. Liu, H. Gao, S.-S. Zhang, Q. Li, H. Wang, ACS Catal., 2017, 7, 5078-5086;
b) H. Huang, X. Ji, W. Wu, H. Jiang, Chem. Soc. Rev., 2015, 44, 1155-1171; c) J. Mo,
L. Wang, Y. Liu, X. Cui, Synthesis, 2015, 47, 439-459; d) B. Liu, C. Song, C. Sun, S.
Zhou, J. Zhu, J. Am. Chem. Soc., 2013, 135, 16625-16631; €) B. Qi, L. Fang, Q.
Wang, S. Guo, P. Shi, B. Chu, J. Zhu, Tet. Lett., 2020, 61, 151771.

a) X. Yan, X. Yang, C. Xi, Catal. Sci. Technol., 2014, 4, 4169-4177; b) M. Corpet, C.
Gosmini, Synthesis, 2014, 46, 2258-2271.

L. G. O'Neil, J. F. Bower, Angew. Chem. Int. Ed., 2021, 60, 25640-25666.

45



20.
21.

22.
23.

24.
25.
26.
217.
28.
29.
30.

31.
32.

33.

34.

35.

36.
37.

38.
39.

40.

41.

42.

43.

Chapter |

T. Kawano, K. Hirano, T. Satoh, M. Miura, J. Am. Chem. Soc., 2010, 132, 6900-6901.
a) K.-H. Ng, Z. Zhou, W.-Y. Yu, Org. Lett., 2012, 14, 272-275; b) C. Grohmann, H.
Wang, F. Glorius, Org. Lett., 2012, 14, 656-659.

K.-H. Ng, Z. Zhou, W.-Y. Yu, Chem. Commun., 2013, 49, 7031-7033.

T. Matsubara, S. Asako, L. llies, E. Nakamura, J. Am. Chem. Soc., 2014, 136, 646-
649.

F.-N. Ng, Z. Zhou, W.-Y. Yu, Chem. Eur. J., 2014, 20, 4474-4480.

S. Sabir, G. Kumar, J. L. Jat, Org. Biomol. Chem., 2018, 16, 3314-3327.

H. Lebel, K. Huard, Org. Lett., 2007, 9, 639-642.

K. Huard, H. Lebel, Chem. Eur. J., 2008, 14, 6222-6230.

K.-H. Ng, A. S. C. Chan, W.-Y. Yu, J. Am. Chem. Soc., 2010, 132, 12862-12864.
K.-H. Ng, F.-N. Ng, W.-Y. Yu, Chem. Commun., 2012, 48, 11680-11682.

H. M. D. Bandara, D. Jin, M. A. Mantell, K. D. Field, A. Wang, R. P. Narayanan, N.
A. Deskins, M. H. Emmert, Catal. Sci. Technol., 2016, 6, 5304-5310.

A. John, J. Byun, K. M. Nicholas, Chem. Commun., 2013, 49, 10965-10967.

A. Wang, N. J. Venditto, J. W. Darcy, M. H. Emmert, Organometallics, 2017, 36,
1259-1268.

K. Arai, Y. Ueda, K. Morisaki, T. Furuta, T. Sasamori, N. Tokitoh, T. Kawabata,
Chem. Commun., 2018, 54, 2264-2267.

A. V. G. Prasanthi, S. Begum, H. K. Srivastava, S. K. Tiwari, R. Singh, ACS Catal.,
2018, 8, 8369-8375.

P. Paudyal Mahesh, M. Adebesin Adeniyi, R. Burt Scott, H. Ess Daniel, Z. Ma, L.
Kirti, R. Falck John, Science, 2016, 353, 1144-1147.

L. Legnani, G. Prina Cerai, B. Morandi, ACS Catal., 2016, 6, 8162-8165.

J. Liu, K. Wu, T. Shen, Y. Liang, M. Zou, Y. Zhu, X. Li, X. Li, N. Jiao, Chem. Eur.
J., 2017, 23, 563-567.

X. Dong, Q. Liu, Y. Dong, H. Liu, Chem. Eur. J., 2017, 23, 2481-2511.

E.J. Yoo, S. Ma, T.-S. Mei, K. S. L. Chan, J.-Q. Yu, J. Am. Chem. Soc., 2011, 133,
7652-7655.

M. Shang, S.-Z. Sun, H.-X. Dai, J.-Q. Yu, Org. Lett., 2014, 16, 5666-5669.

K. Wu, Z. Fan, Y. Xue, Q. Yao, A. Zhang, Org. Lett., 2014, 16, 42-45.

Y. Xue, Z. Fan, X. Jiang, K. Wu, M. Wang, C. Ding, Q. Yao, A. Zhang, Eur. J. Org.
Chem., 2014, 2014, 7481-7488.

C. Grohmann, H. Wang, F. Glorius, Org. Lett., 2013, 15, 3014-3017.

46



44,

45.

46.

47.

48.

49.

50.

ol.

52.

53.

54,
55.
56.

S7.

58.

59.
60.

Chapter |

D. Zhu, G. Yang, J. He, L. Chu, G. Chen, W. Gong, K. Chen, M. D. Eastgate, J.-Q.
Yu, Angew. Chem. Int. Ed., 2015, 54, 2497-2500.

J. He, T. Shigenari, J.-Q. Yu, Angew. Chem. Int. Ed., 2015, 54, 6545-6549.

Q. Gou, G. Liu, Z.-N. Liu, J. Qin, Chem. Eur. J., 2015, 21, 15491-15495.

Y. Shin, S. Han, U. De, J. Park, S. Sharma, N. K. Mishra, E.-K. Lee, Y. Lee, H. S.
Kim, I. S. Kim, J. Org. Chem, 2014, 79, 9262-9271.

a) D. Lee, S. Chang, Chem. Eur. J., 2015, 21, 5364-5368; b) J. Ryu, K. Shin, S. H.
Park, J. Y. Kim, S. Chang, Angew. Chem. Int. Ed., 2012, 51, 9904-9908; c) Y. Lian, J.
R. Hummel, R. G. Bergman, J. A. Ellman, J. Am. Chem. Soc., 2013, 135, 12548-
12551; d) H. Kim, G. Park, J. Park, S. Chang, ACS Catal., 2016, 6, 5922-5929; e) X.
Dong, P. Ma, T. Zhang, H. B. Jalani, G. Li, H. Lu, J. Org. Chem, 2020, 85, 13096-
13107.

a) K. Shin, H. Kim, S. Chang, Acc. Chem. Res., 2015, 48, 1040-1052; b) D. Intrieri, P.
Zardi, A. Caselli, E. Gallo, Chem. Commun., 2014, 50, 11440-11453; c) Z.-K. Liu,
Q.-Q. Zhao, Y. Gao, Y.-X. Hou, X.-Q. Hu, Adv. Synth. Catal., 2021, 363, 411-424.
a) E. Differding, H. Ofner, Synlett, 1991, 1991, 187-189; b) A. Rostami, Synlett, 2007,
2007, 2924-2925.

Q. Gu, E. Vessally, RSC Adv., 2020, 10, 16756-16768.

a) N. Momiyama, H. Yamamoto, Angew. Chem. Int. Ed., 2002, 41, 2986-2988; b) S.
P. Brown, M. P. Brochu, C. J. Sinz, D. W. C. MacMillan, J. Am. Chem. Soc., 2003,
125, 10808-10809.

a) A. Purkait, S. K. Roy, H. K. Srivastava, C. K. Jana, Org. Lett., 2017, 19, 2540-
2543; b) S. K. Roy, A. Tiwari, M. Saleem, C. K. Jana, Chem. Commun., 2018, 54,
14081-14084.

B. Zhou, J. Du, Y. Yang, H. Feng, Y. Li, Org. Lett., 2013, 15, 6302-6305.

J. Du, Y. Yang, H. Feng, Y. Li, B. Zhou, Chem. Eur. J., 2014, 20, 5727-5731.

a) B. Zhou, J. Du, Y. Yang, H. Feng, Y. Li, Org. Lett., 2014, 16, 592-595; b) W.
Yang, J. Sun, X. Xu, Q. Zhang, Q. Liu, Chem. Commun., 2014, 50, 4420-4422.

a) M. Kitamura, K. Narasaka, Chem. Record, 2002, 2, 268-277; b) K. Narasaka, M.
Kitamura, Eur. J. Org. Chem., 2005, 2005, 4505-4519.

T. Gerfaud, L. Neuville, J. Zhu, Angew. Chem. Int. Ed., 2009, 48, 572-577.

Y. Tan, J. F. Hartwig, J. Am. Chem. Soc., 2010, 132, 3676-3677.

L.-L. Xu, X. Wang, B. Ma, M.-X. Yin, H.-X. Lin, H.-X. Dai, J.-Q. Yu, Chem. Sci.,
2018, 9, 5160-5164.

47



61.

62.
63.
64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.

77.
78.

79.
80.

Chapter |

a) C. Tang, M. Zou, J. Liu, X. Wen, X. Sun, Y. Zhang, N. Jiao, Chem. Eur. J., 2016,
22,11165-11169; b) S. Yu, G. Tang, Y. Li, X. Zhou, Y. Lan, X. Li, Angew. Chem.
Int. Ed., 2016, 55, 8696-8700.

M. Zou, J. Liu, C. Tang, N. Jiao, Org. Lett., 2016, 18, 3030-3033.

M. Wang, L. Kong, F. Wang, X. Li, Adv. Synth. Catal., 2017, 359, 4411-4416.

M. Jeon, J. Park, P. Dey, Y. Oh, H. Oh, S. Han, S. H. Um, H. S. Kim, N. K. Mishra, I.
S. Kim, Adv. Synth. Catal., 2017, 359, 3471-3478.

a) H. Li, J. Jie, S. Wu, X. Yang, H. Xu, Org. Chem. Front., 2017, 4, 250-254; b) N. K.
Mishra, M. Jeon, Y. Oh, H. Jo, J. Park, S. Han, S. Sharma, S. H. Han, Y. H. Jung, I. S.
Kim, Org. Chem. Front., 2017, 4, 241-249.

T. Fu, J. Yang, H. Sun, C. Zhang, H. Xiang, X. Zhou, Asian J. Org. Chem, 2018, 7,
1844-1848.

R.-H. Liu, Q.-C. Shan, X.-H. Hu, T.-P. Loh, Chem. Commun., 2019, 55, 5519-5522.
L. Liu, Z. Zhang, Y. Wang, Y. Zhang, J. Li, Synthesis, 2020, 52, 3881-3890.

Y. Gao, J. Nie, Y. Li, G. Liao, Y. Huo, X.-Q. Hu, ChemCatChem, 2020, 12, 2721-
2725.

S. Y. Hong, Y. Hwang, M. Lee, S. Chang, Acc. Chem. Res., 2021, 54, 2683-2700.

J. Park, S. Chang, Angew. Chem. Int. Ed., 2015, 54, 14103-14107.

a) P. T. W. J. C. Anastas, Green chemistry : theory and practice, Oxford University
Press, Oxford 1998; b) A. S. Matlack, Introduction to green chemistry, Marcel
Dekker, New York, 2001.

a) N. Della Ca’, M. Fontana, E. Motti, M. Catellani, Acc. Chem. Res., 2016, 49, 1389-
1400; b) J. Wang, G. Dong, Chem. Rev., 2019, 119, 7478-7528.

A. Whyte, M. E. Olson, M. Lautens, Org. Lett., 2018, 20, 345-348.

Q. Gao, Z.-S. Liu, Y. Hua, L. Li, H.-G. Cheng, H. Cong, Q. Zhou, Chem. Commun.,
2019, 55, 8816-88109.

J. Li, Y. Yang, Y. Liu, Q. Liu, L. Zhang, X. Li, Y. Dong, H. Liu, Org. Lett., 2021, 23,
2988-2993.

A.J. Rago, G. Dong, Org. Lett., 2021, 23, 3755-3760.

L. Fan, J. Hao, J. Yu, X. Ma, J. Liu, X. Luan, J. Am. Chem. Soc., 2020, 142, 6698-
6707.

H. Huang, X. Ji, X. Tang, M. Zhang, X. Li, H. Jiang, Org. Lett., 2013, 15, 6254-6257.
Q. Wang, X. Li, Org. Lett., 2016, 18, 2102-2105.

48



81.

82.

83.
84.

85.

Chapter |

H.-B. Xu, J.-H. Yang, X.-Y. Chali, Y.-Y. Zhu, L. Dong, Org. Lett., 2020, 22, 2060-
2063.

D.-G. Yu, M. Suri, F. Glorius, J. Am. Chem. Soc., 2013, 135, 8802-8805.

Wang, N. Jiao, Org. Lett., 2016, 18, 2150-2153.

a) J. Huang, Y. Huang, T. Wang, Q. Huang, Z. Wang, Z. Chen, Org. Lett., 2017, 19,
1128-1131; b) H. Xiong, S. Xu, S. Sun, J. Cheng, Org. Chem. Front., 2018, 5, 2880-
2884; c) X. Wu, S. Sun, S. Xu, J. Cheng, Adv. Synth. Catal., 2018, 360, 1111-1115; d)
X. Wang, J. Zhang, D. Chen, B. Wang, X. Yang, Y. Ma, M. Szostak, Org. Lett., 2019,
21, 7038-7043; €) Y. Yu, Z. Xia, Q. Wu, D. Liu, L. Yu, Y. Xiao, Z. Tan, W. Deng, G.
Zhu, Chin. Chem. Lett., 2021, 32, 1263-1266; f) P. Shi, Y. Tu, C. Wang, D. Kong, D.
Ma, C. Bolm, Org. Lett., 2020, 22, 8842-8845.

a) S. Yu, Y. Li, X. Zhou, H. Wang, L. Kong, X. Li, Org. Lett., 2016, 18, 2812-2815;
b) L. Shi, B. Wang, Org. Lett., 2016, 18, 2820-2823; c) S. Kim, S. H. Han, N. K.
Mishra, R. Chun, Y. H. Jung, H. S. Kim, J. S. Park, I. S. Kim, Org. Lett., 2018, 20,
4010-4014; d) Y. Hu, T. Wang, Y. Liu, R. Nie, N. Yang, Q. Wang, G.-B. Li, Y. Wu,
Org. Lett., 2020, 22, 501-504; e) X. Wu, Y. Xiao, S. Sun, J.-T. Yu, J. Cheng, Org.
Lett., 2019, 21, 6653-6657; f) Y. N. Aher, A. B. Pawar, Chem. Commun., 2021, 57,
7164-7167; g) A. Biswas, S. Sarkar, R. Samanta, Chem. Eur. J., 2019, 25, 3000-3004;
h) Y. Gao, J. Nie, Y. Li, X. Li, Q. Chen, Y. Huo, X.-Q. Hu, Org. Lett., 2020, 22,
2600-2605; i) A. Biswas, S. Bera, P. Poddar, D. Dhara, R. Samanta, Chem. Commun.,
2020, 56, 1440-1443; j) L. Li, H. Wang, S. Yu, X. Yang, X. Li, Org. Lett., 2016, 18,
3662-3665.

49






Chapter 11

Chapter Il

Copper-Catalyzed Electrophilic Ortho-C(sp? )-H Amination of Aryl
Amines: Dramatic Reactivity of Bicyclic System

Condition A
10 mol % Cu(OAc), H,O

PAHN DMSO (0.1 M), N, PAHN ™,
oo 80°C,6hrs * N

N Condition B r"
S~ OBz 10 mol % Cu,0 Sy

H,0, N,, 80 °C, 6 hrs

no external oxidant or additives
cyclic, acyclic, five, six membered secondary amines
excellent reactivity of naphthyl and heteroarylamines
56 examples, yield upto 96%
scalable, reaction in water medium

PN H

+

Abstract: A practical copper-catalyzed, 2-picolinamide directed ortho-C—H amination of
anilines with benzoyl protected hydroxylamines has been disclosed that proceeds smoothly
without any external stoichiometric oxidant or additives. Remarkably, besides anilines,
bicyclic naphthyl or heterocyclic amines furnished amination products with five- and six-
membered cyclic and acyclic amines at the ortho-position selectively. This electrophilic C—H

amination also proceeds smoothly in water under slightly modified reaction conditions.

H. M. Begam, R. Choudhury, A. Behera, R. Jana, Org. Lett. 2019, 21, 4651-4656.
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Copper-catalyzed electrophilic ortho C(sp? )-H amination of picolinamide
protected aryl amines for the synthesis of 2-amino anilides with dramatic
reactivity found in bicyclic system

I1. 1. Introduction

2-Aminoanilide moiety is essential structural motif seen in many drug candidates which are
used for the treatment of cancer, Alzheimer’s disease, wet age-related macular degeneration
(wet AMD) and infectious diseases.® Some 2-aminoanilide based bioactive compounds are
shown below (Figure 1). The ortho-aminoanilines precursors were generally made by SnAr
reactions followed by reduction. But this method is limited in scope and also uses harsh
reaction conditions. Therefore, development of novel methodology for the synthesis of

structurally diverse this important scaffold is highly desirable.

_<N NH
XX
N N/\

/ N
Bd (o _o o
Antimicrobial KCNQ2 channel Antimicrobial SRPK1 inhibitor Arora B kinase Insulin-degrading
agent inhibitor agent (SPHINX) inhibitor enzyme (IDE) inhibitor

Figure 1. Some selected examples of 2-aminoaniide containing bio-active molecules

In this context, C-N bond forming cross-coupling reactions (Ullmann-Goldberg,
Buchwald-Hartwig and Chan-Lam coupling) have been extensively used since last three
decades.? As discussed in chapter | despite of their tremendous applications in the field of C-
N bond formation they suffer from some limitations and to circumvent many of those problems
C-H amination reactions came into the market. To get rapid access to a library ortho-
aminoanilines for SAR studies C-H amination would be an excellent tool over the SnAr or C-
N cross-coupling reactions because here non-prefuctionalised hydrocarbons (C-H instead of C-
X bonds) can undergo amination forming the C-N bond.? Initially, C-H aminations have been
extensively studied with nucleophilic free amines but later, researchers found that they suffer
from many limitations, such as harsh reaction conditions that include high temperatures, strong
oxidants, or acidic or basic additives and higher catalyst loading probably due to inhibition by
the free amines. Later on another strategy with the reversal of polarity of the reacting N-centre
i.e. with umpolung concept came out to solve many of the problems associated with
nucleophilic amines. In most of these amine sources the N atom is attached to electronegative
atoms such as O or Cl. Expensive second and third row metals such as Rh, Ir, Pd, Ru have been

dominated the field of C-H aminations using these electrophilic amines.* C-H amination
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reactions achieved using these novel electrophilic aminating reagents are elaborately discussed
in chapter 1. Although having some examples of electrophilic C-H amination using copper,
cobalt and iron catalysts, methods based on earth-abundant 3d transition metals are still in
demand. Their demand is increasing not only for their cost effective and earth abundant nature
but as they meet many principles of green chemistry.> Although the C-H amination reactions
with arylamines has been studied extensively, but installation of aliphatic amines through C-H

activation is limited in number.®

i. SNAr type reaction

NO,
NO. Y
X X 2 (\
E j base, solvent N\)
+ _—
N
H

X=F,Cl

R R
v [T.M] N_R

iv. C-H amination with electrophilic amines

H EYj (1], [Rh, [Rel, [Pd] @,NJ
T
X

few reports using [Cu]

X=Cl, OBz
Scheme 1. Synthesis of aliphatic amino containing molecules

1. 2. Review

The Chang group in 2009 unveiled a silver-mediated decarbonylative C-H amination of
benzoxazoles using formamide as amine source (Scheme 2a).’” This decarbonylative amination
using formamide needed high temperature. However, the amination with parent amines took
place under milder conditions affording 2-amino benzoxazoles. This method requires
stoichiometric amount of silver salts which led the same group to develop a better protocol for
this transformations. So, in 2010 the same group developed a new catalytic condition for C-H
amination of azoles (Scheme 2b).2 The reaction took place under much milder condition using
2 mol % Co(OAc)2 only and tert-butyl hydroperoxide as oxidant with a broad range of substrate

scope.
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a. The Chang group, 2009

® .

Ag,CO3 (2.0 equiv.) " N Ag,CO;3 (1.2 equiv.) [ j
R'G N O N
o Hp-anlsm acid (5.0 equiv.) Z =X —/ BzOH (5.0 equiv.) H
252 130°C,12h 3 MeCN, 60°C, 12h 1
equiv.

b. The Chang group, 2010

Cu(OAc), (20 mol %) N
N TBHP (1.2 equiv.) riL A \>_N’ bo)
bl E] S
AcOH (1.2 equiv.) X

X=0,8 MeCN, 25°C, 12 h 3

Scheme 2. Silver and copper catalyzed C-H amination of azoles

In the similar time the Mori group reported a copper catalysed amination of azoles with

aliphatic amines but reaction worked at very high temperature only (Scheme 3a).°

The Duan group in 2012, reported a methodology for the C-H amination of
benzoxazoles with aliphatic amines under Ni-catalysis using TBHP as oxidant for catalytic
turnover (Scheme 3b).1% This reaction proceeded at lower temperature 70 °C. A library of

differently substituted benzoxazol-2-amines were produced in medium to good yields.

a. The Mori group, 2009
Cu(OAc), (20 mol %)

=~ _~N R’ 9 -=~_-N R’

¢ ﬂ: \>—H . N PPh3 (40 mol %) ¢ ﬂ: \>—N’

Loy - 7 R2 xylene, O,, 140°C, 20 h Sog - Z v
4 5 6

Z=0,S,NMe R'=alkyl, R? = alkyl, aryl

Ni(OAG), 4H,0 (20 mol %)

Y R TBHP (3.0 equi s N R

s ) .0 equiv.) ; /

- |]: S=H + H-N o i |]: >—N

Cae~g R2 xylene, O,, 140°C, 20 h Seu - ~( R2
4 R', R? = alkyl 6

Scheme 3. Copper and nickel catalyzed C-H amination of azoles

Then in 2013, the Wu and Cui group developed an efficient protocol for a
dehydrogenative amination of quinolone N-oxides with aliphatic amines under copper catalysis

with excellent yields of the products (Scheme 4).1!

The Wu and Cui group, 2013

SN 0 R
R— ,R1 Cul (10 mol %) R, N. _N. )
+X +N R
:r \Rz toluene, air, 50°C, 7-12 h x;r
X=C,N 5 R = CHg, OCHj3, Cl, Br, NO; 8

R', R? = alkyl

Scheme 4. Copper catalyzed C-H amination of quinoline N-oxides
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In 2013, the Daugulis group reported ortho C(sp2)-H amination of amination of 8-

aminoquinoline protected benzamides under copper-silver catalytic system (Scheme 5a).'?

In 2015, the Zhang group a Ni-catalysed C(sp?) amination of the same substrate
(Scheme 5b).%2 The reaction underwent at very high temperature 140 °C and also the method
required 2.0 equiv. of Ag-salt as oxidant. Their mechanistic studies suggested the involvement
of Ni(I1)/Ni(l1l) catalytic pathway.

In 2016, the Daugulis group established a general method for the same transformation
under a copper catalysed condition (Scheme 5¢).}* Therein atmospheric oxygen acted as
terminal oxidant. The reaction proceeded smoothly with a variety of aliphatic primary,
secondary as well as aryl amines. Many heterocycles including indoles, pyrazole, and
carbazole, sulphonamides also worked well as aminating agent. One disadvantage associated

with this method is that the reaction took place at very high temperature.

The Zhang group development a cobalt catalysed condition for the directed ortho
C(sp?)-H amination of 8-aminoquinoline protected benzamides in the same year (Scheme
5d).%> Although this protocol offered a large number of ortho-amino benzamides but it used

2.0 equiv. of Ag-salt as oxidant and also the reaction took place at very high temperature.

The Lei group disclosed an efficient protocol for the same reaction under an
environmentally benign cobalt catalysed electrooxidative condition in 2018 (Scheme 5e).'®
This method underwent with very good efficacy without the need of any external oxidant
offering a broad range of substrate scope with respect to both alkylamines and benzamides.

In the same year, the Ackermann group was successful to achieve the same
transformation under a nickel catalysed electrochemical condition (Scheme 5f).17 Although
this Ni-catalysed protocol afforded the products in almost similar yields but it was not efficient
as cobalt catalysed method because it was performed at 120 °C. Their mechanistic studies
delivered a supporting information for the involvement a nickel(11/111/IVV) manifold in the

catalytic cycle.
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O<__NH 0
H *[]
N
9 Hy

a. The Daugulis group, 2013
Cu(OAc), (10-25 mol %)
Ag,CO3 (12-25 mol %)
NMO (2.0 equiv.)

NMP, 110 °C, 14-25 h

b. The Zhang group, 2015
Ni(OAc), (10 mol %)
Ag,CO3 (2.0 equiv.)

Na,CO3 (2.0 equiv.)
toluene, air, 140°C, 10 h

d. The Zhang group, 2016

Co(acac), (20 mol %)

e. The Lei group, 2018
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c. The Daugulis group, 2016

Cu(OAc), (20 mol %)

pyridine, air, 80-110 °C
5-36 h

f. The Ackermann group, 2018
Ni(DME)CI, (10 mol %)

Co(OAc), 4H,0 (20 mol %)
NaOPiv-H,0 (1.0 equiv.)
nBuyNBF, (2.0 equiv.)
MeCN,N,, 65°C, 3.5h
divided cell: C(+)/Ni(-)

Ag,CO3 (2.0 equiv.)
NaHCO3 (2.0 equiv.)
TFE, 130 °C, N», 10 h

nBuyNBF, (2.0 equiv.)
NaOPiv (1.0 equiv.)
DMA, Ny, 120 °C, 10 h
undivided cell: RVC(+)/Ni foam(-)

Scheme 5. First-row transition metal catalyzed C-H amination of benzamides

In 2016, the Niu and Song group reported a cobalt catalysed ortho C(sp?)-H amination
of 2-benzamidopyridine 1-oxide (Scheme 6a).!® Using this method a variety of 2-amino
substituted 2-benzamidopyridine 1-oxides were obtained. Although the reaction proceeded at
lower temperature than the above method but this method required 2.5 equiv. of AgNOs as
oxidant and two other additives (NaOAc and KNOs) are needed in stoichiometric amount.

In 2018, the Ackermann group disclosed a proficient protocol for ortho C(sp?)-H
amination of the same substrate under a cobalt catalysed electrochemical condition using y-
valerolactone (GVL) as renewable solvent (Scheme 6b).* The reaction underwent efficiently
at 40 °C without the use of any external oxidant and after the amination the catalytic

regeneration was achieved by anodic oxidation.

| X | X
/'}rl\of /’-\;-I\O_
NH . NH _,
H o+ HN N
R2 \RZ
11 5 12

a. The Niu and Song group, 2016 b. Ackermann group, 2018
Co(OAc), 4H,0 (10 mol %) Co(OACc), 4H,0 (20 mol %)
AgNO; (2.5 equiv.) KOACc (3.0 equiv.)
NaOAc (2.0 equiv.) nBuyNBF,, GVL, 40 °C, 24h
KNO3 (0.5 equiv.) RVC(+)/Pt(-), 4.0 mA
MeCN, 85 °C, 12 h

Scheme 6. Cobalt catalyzed C-H amination of 2-benzamidopyridine 1-oxides
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In 2014, the Rodriguez group reported the synthesis 2-aminoanilides through copper
catalyzed ortho-C-H amination of picolinamide protected anilines (Scheme 7).2° They first
screened various amide protections as directing group such as benzamide, picolinamide,
acetamide and out of all only picolinamide protected aniline afforded the ortho-C-H amination
product in reasonable yield. They have used 15 mol % of Cu(OAc)2 and stoichiometric amount
of expensive PhI(OAc)2 as an oxidant which generates Phl as a byproduct. Although various
para-, meta- substituted anilines gave the products in moderate yields the ortho- substituted
anilines found to afford significantly lesser yield. They deprotected the amide and further
functionalized to fused benzimidazole under acidic conditions. Bicyclic and heterocyclic

systems were also found to be inferior substrates under their condition.

The Rodri'guez group, 2014

Cu(OAc), (15 mol %)
NHCOPy [Oj PIDA (1.2 equiv.) 0/\ NHCOPy
H + o
N Xyl 16 h
| 5 N p-Xylene, 80 °C, 16 —:R
= H A
13 5 14
o/\ NHCOPy O/\ NHCOPy 0/\ NHCOPy o/\ NHCOPy O/\ NHCOPy
NG t N \© ﬁj \(;
NMe, CO,Me
14a, 71% 14b, 43% 14c, 74% 14d 81% 14e, 45%
O‘ NHCOPY o™ NHcoPy 07 NHCOPy Me NHCOPy ~Me NHCOPy
D\ LN, i Me LN, i ' Ph._N Pr/NTi
MeO OMe OO
14f, 92% 14g, 27% 14h, 50% 14i, 34% 14j, 10%
0" NHcopy o NH, N
LN NaOH, EtOH, reflu, 3h [N H;03, CF3COH 0/\Y\,
DCM, 40 °C, 1 h —
14a 15a, 96% 15b, 73%
Scheme 7. Copper catalyzed ortho C-H amination of anilines
The Chen group, 2014
Cu(OAc), H,O (10 mol %) o NHCOPy
NHCOPy o PIDA (2.0 equiv.) N
H S + [ j MgCl, (20 mol %) 7 g
/_R ” dioxane, Ar, r.t. 4 h X
13 14

o] NHCOPy
o NHCOPy (} o/\ NHCOPy o/\ NHCOPyC\ NHCOPy
N

0

14a, 91% 14c, 88%°Me 14h, 51% 14k, 95% 141, 5%
Scheme 8. Copper catalyzed ortho C-H amination of anilines at room temperature
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In the same time the Chen group also independently disclosed ortho-C-H amination of
picolinamide protected anilines with various alkylamines (Scheme 8).2* They also used 2.0
equiv. of expensive Phl(OAc): as an oxidant. The product yields were better than the previous
one and worked well at room temperature. Variety of cyclic six-membered amines furnished
the desired product in moderate to good yields but limitation of amination with five-membered
or acyclic amines was not still overcome. Here also the bicyclic system didn’t give the product

in more than 51%.

In 2018, the Mei group disclosed a copper catalyzed an electrochemical procedure for
ortho C—H amination of the same substrate using tetrabutylammonium iodide (TBAI) as a
redox mediator (Scheme 9).22 The reaction was performed in an undivided cell at 27 °C. Unlike
the previous methods this method didn’t require stoichiometric external oxidants. Although the
protocol offered broader substrates scope with respect to both anilines and amines, five-
membered or acyclic amines were unsuccessful and bicyclic naphthylamines afforded poor

yields. Ortho-substituted anilines were also inferior substrates.

The Mei group, 2018 Cu(OTf), (10 mol %)
KOPiv (2.0 equiv.)
NHCOPy 0O n-Bu,NI (50 mol %) O() NHCOPy
H N + [ j ¢} N =
| R N MeCN, 27 °C, 24 h —:R
pZ H platinum electrodes X
13 1 14
o) NHCOP
o™ HCoPy L::j NHCOPy ?iil NHCOPy L::L yo/\jl\J NHCOPy
N

14a,86%  14c, 92%OMe 14m, 78%I 14e, 51%CO,Me 14n, 50%| |

NHCOP
o/\j NHCOP%j/\\ y

?::L NHCOPy({:rL NHCOpy<{:rm NHCOPy NN N LN~

-

oot Y T
v U F
140, 52% 14h, 42% 14p, 29% 14q, 84% 14r, 63%

Scheme 9. Copper catalyzed electrochemical ortho C-H amination of anilines at room

temperature

Development of a practically useful methodology for the ortho-C-H amination of anilines is
still in need which excludes the use of stoichiometric amount of external oxidant. From green
aspect of organic chemistry, development of a method for transition metal-catalysed cross-
coupling or C-H functionalisation reactions in water, instead of organic solvents would afford

a number of potential benefits in terms of cost, environmental impact, safety, and impurity
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profiles. Since electrophilic amination strategy requires mild conditions with broader substrate
scope we chose to utilise this strategy. In this direction, palladium, rhodium, ruthenium, and
iron catalysis have been explored where a high-valent metal center is believed to be involved
in the catalytic cycle. Although copper catalyzed electrophilic amination using organometallic
reagents has been well-explored, electrophilic C—H amination by a copper catalyst is limited

to a very few cases.

For example, the Miura group in 2010, first reported a copper catalysed heteroaromatic
C-H amination with chloramines as electrophilic amine source (Scheme 10).2 This copper-
catalysed C-H amination of azoles took place at room temperature affording variety of
heteroarylamines which are quite important in biological and medicinal chemistry.

The Miura group, 2010

Cu(acac), (10 mol %)

-N R -N R'
N / bpy (10 mol % N ,
P& Y + CI—N v °) D=\
pr~ O R2 NaO'Bu (2.0 equiv.) pr” O R?
15 16 17
toluene, rt, 2 h
Cu(acac), (10 mol %
3 = N\ R ut(>py (1)8 (mol %) K = N R’
— ’ (] /
4 16 R? NaO'Bu (2.0 equiv.) s © R

toluene, rt, 2 h
Scheme 10. Copper catalyzed C-H amination with electrophilic chloramines

In 2013, the Nakamura group disclosed inexpensive and earth abundant Fe-catalysed
directed C-H amination with N-chloramines.?* Several screenings of different directing groups
showed that amide of 8-aminoquinoline was acted as best DG. Comparative study of product

yield (99% vs. 89% respectively) using N-chloramine and O-benzoyloxyhydroxylamine
The Nakamura group, 2013

Fe(acac); (10 mol %)
[ j F-dppbz (15 mol %)
Na
|

PhMgBr (1.2 equiv.)
THF, 65 °C

X= CI, 99%

OMg [ j X = OBz, 89%
NS
N | " 19 ]
Y N &
— e Fe

APR_F via

Scheme 11. Fe-catalysed C-H amination of benzamides with chloramines
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suggested that N-chloramine was most suitable here as amine source. Though cheaper Fe-
catalyst was used, stoichiometric amount of Grignard reagents are needed as reducing agent
for catalyst re-generation. Stoichiometric reaction of substrate and iron-catalyst in absence of
aminating agent followed by quenching with D2O produced ortho deuterium incorporated
product which suggest that organoiron species intermediate A was formed via C-H activation
(Scheme 11).

The Wu group in 2015, reported ortho (sp?)C—H amination of quinoline N-oxides with
O-benzoyloxyhydroxylamines under copper catalysis (Scheme 12).2°

The Wu group, 2015

0 7 Cu(OAc), H,0 (10 mol % ) A
Y | NeH + SN Ag,CO;3 (10 mol %) % | NN
R— | L
N NF OBz 'BUOH, 80 °C, 24 h N NF
21 22 23

Scheme 12. Copper catalyzed C-H amination with O-benzoyloxyhydroxylamines

The Yu group, 2018

o CuOAc (20 mol %) o
K,HPO, (1.0 equiv.) 0
R1@f‘\NHOxa DMSO, N, rt, 20 min R1@fLNH0xa o i N NHOxa
= H = N : L NH
24 M 0 26
R R A J\
= = R "R

Scheme 13. Copper catalyzed C-H amination with oximes

In 2018, a copper-mediated electrophilic directed ortho (sp?)C—H amination with
oximes to deliver primary amines was reported by the Yu group (Scheme 13).26

I1. 3. Present work

From the above literature reports we chose the electrophilic amination strategy to solve the
problems associated with previous reports of C-H amination of anilines. Our hypothesis was
that the weak N-O bond of the N-benzoate or the N-benzoyloxyamine of the corresponding
amine may act as the internal oxidant omitting the requirement of external oxidants. We also
hypothesized that cheap, non-toxic first row transition metal Cu(ll) with O-
benzoyloxyhydroxylamines can give a more practical and general method for the ortho C-H

amination of anilines than the existing ones.
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Condition A
10 mol % Cu(OAc), H,0
PAHN DMSO (0.1 M), N, PAHN [~
~ H '\N/' 80°C,6hrs - . N
) Condition B ~
SNy OBz 10 mol % Cu,0 Sop -
H,0, Ny, 80 °C, 6 hrs

Scheme 14. Copper-catalyzed electrophilic ortho C(sp? )—H amination of aryl amines
I1. 4. Result and discussions

To get an optimized reaction condition we started initially with 2-picolinamide protected
aniline 13a and O-benzoyl hydroxylmorpholine 22a. The optimization results are concised in
Table 1. After screenings of various solvents DMSO provided best yield. Other copper
catalysts such as Cu(OTf)2, Cu20 afforded the product in lower yield. Without copper catalyst
no product obtained. When 13a was subjected to heating at 80 °C for 6 h under a N2 atmosphere
alongwith 2.5 equiv. of 22a and 10 mol % of Cu(OAc)2-H20 in dry dimethylsulfoxide
(DMSO), the expected ortho aminated product was obtained in 94% yield. Remarkably, low-
cost metallic copper was also capable to deliver the amination product in 85% vyield, signifying
the better reactivity of the electrophilic amine source. Performing the reaction under an air or
O2 atmosphere, the yield was reduced, probably because of breakdown via over-oxidation of
the amination product. The reaction at room temperature delivered the wanted product in 51%
yield. The reaction using copper nanoparticle (~50 nm) in 5 mol % only gave product yield
upto 70%.

Table 1. Optimisation of the Reaction Conditions & °

PARN Ho, [Oj Cu(OAc); H,0 (10 mol % ) PARY N(j N i 2
@l N DMSO (0.1 M), N @l PA= || _N
OBz 80 °C, 6 hrs
13a 22a 27a
entry deviation from optimized condition yield (%)°
1 none 94
2 no Cu(OAc)2.H20 nr
3 Cu(OTf)2 instead of Cu(OAC)2.H20 76
4 CuOAc instead of Cu(OACc)2.H20 84
5 Cu20 instead of Cu(OAc)2.H20 78
6 Cu powder instead of Cu(OAc)2.H20 85
7 O2 atm instead of N2 72
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8 air instead of N2 65
9 25 °C instead of 80 °C 51
10 1.0 equiv. of 22a 40
11 3.5 equiv. of 22a 95
12 morpholine/Bz20:2 instead of 22a 50

?All reactions were carried out in 0.2 mmol scale. *Yields refer to the overall isolated yields.
Characteristics peaks in 'THNMR spectrum of compound 27a

The four protons in the range of ¢ value 7.87-8.67 ppm correspond to the pyridine protons. One
aromatic proton was vanished and two new peaks were appeared in the aliphatic region as
triplets with integration value of 4 protons: 6 3.98 (t, J = 4.8 Hz, 4H) ppm, 6 2.95 (t, ] = 4.4 Hz,

4H) ppm. This indicated the incorporation of morpholine moiety in the benzene ring of aniline.
Characteristics peaks in IHNMR spectrum of compound 27a

Alongwith the substrate’s peaks in 13C NMR spectrum two new peaks were appeared at d 67.7
and 52.7 ppm corresponding to the carbon atoms attached to O and N atoms of the morpholine
moiety respectively.
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HM-304 — single pulse decoupled gated NOE
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After getting the optimized condition we surveyed the substrate scope (Scheme 15).
Aniline moieties holding fluoro, bromo, iodo groups at the para position (27b—27d) offered
moderate yields under this optimized reaction conditions. Unsurprisingly, electron-rich
substrates provided better yields compared to electron-deficient anilines. Electron-donating
groups including methoxy, phenyl, O-tolyloxy at the para position (27e, 27k, 271) delivered
good vyields. In contrast, electron-withdrawing groups such as -OCFs, -CFs, -CN at the same
location provided moderate yields (27f—27h). Ester as well as keto groups are tolerated under
this condition, giving medium yields of the expected product (27i—27j). Methylene dioxy-,
meta-dimethoxy- substituted anilines offered excellent yields (27m, 27n). lodo, bromo groups
at the meta position gave inferior yields compared to their corresponding para substitution
(270, 27p). Terminal alkyne as well as vinylic groups were also found to be survived furnishing
very good yields (27u, 27v). Extraordinarily, sterically crowded ortho -Me, -Et group
containing anilines also provided moderate yields, which were inferior substrates in the earlier
reports (27r—27t). Various heterocyclic amines proceeded smoothly using this protocol. For
example, 3-amino pyridine substrates produced the desired product in superb yields (27w, 27x)
and the amination took place at the 2-position which was confirmed from X-ray crystallography
(27w, CCDC 1906594).
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NHPA NHPA[~~
NUUTRE Cu(OAc);H,0 (10 mol %) N
R L DMSO (0.1 M), N, R
= Bz o,
13 22 80 °C, 6 hrs Vo8
PAHN [0 PAN [0
PAHN o) PAHN o) PAHN ﬁo
NS PaHN o N PAHN [0
N R N
NJ d /ij J NQ NJ
o] R X
R MeO OMe _/ 270:R=1,61% 27r:R = Me, 67% cl
o N y o o . o
27a: R =H, 94%, b 27s: R = Et, 74% 27t: 61% 27u: 78%
¥ 27m: 96% 27n:92%  27p:R=Br, 55% °

27¢: R = Br, 74% ,
27d: R =1, 79% PAHN ﬁo PAHN ﬁo L;:; &N
27e: R = OMe, 83%

27f: R = OCFs, 74% ®

d
86%C, 85% 27 R = CF4, 40% PAHN ﬁNBoc PAHN CcN
27b:R=F, 77% PAHN ﬁo PAHN O @/ |
_ 2 277 76% | 26aa: 86% 27ab: 91%
‘R= 7 N {i 7
~
27g:R=CF3, 60% o ﬁ_:* . PAHN PAHN PAHN

27h: R = CN, 60% R PAHN ! N~
i 27v: 80% N ~X X \
27i: R = CO,Me, 57% 27V: 80% el aao 27w N
2rw:R=H,83%  oopc 1906504
27): R = COMe, 78% 27x: R = OMe, 94% o
27k: R = Ph, 84% MeO7, ™" “OMe OMe o/ OMe
271: R = o-tol, 86% 27 27ad: 40% 27ae: 30% 27af: 40%

ac PAHN R

PAHN ﬁo ﬁ PAHN ' i N-
PAHN NBoc R
PAHN (Ij OO
“NJ NJ 17 PAHN
OO OO “ ] E 28f: R = ethyl, 31%

28g: R =allyl, 81%
28a: 80%, 75%°, 65% 28b: 78% 28c: 76% 28d: 50% 28e: 66% 28h: R = benzyl, 59%

PAHN PAHN PAHN R PAHN ﬁNBoc PAHN PAHN

S5 &P -nrwr G- w

28k: R = ethyl, 45% 28m: 77% 28n: 87% 280: 76% 28p: 81%

28i: 88% 28j: 72%
28l: R = allyl, 70%

PAHN

PAHN OO [Nj PAHN O \L J/ \L J/ PAHN ﬁo N

B Py i S o

28q: 79% 28r: 72% 28s: 66% 28t: 61% 28u: 61% 28v: 74% 28w: 89% 28x: 59%

Scheme 15. Substrate scope of electrophilic ortho C(sp? )-H amination of anilines and

naphthylamines2®

Note: 2Reactions were performed in 0.2 mmol scale. ®Yields refer to isolated pure compounds. °Reaction

was performed in gram scale. 910 mol % Cu powder was used.

However, picolinamide protected 2-amino pyridine remained unsuccessful.
Picolinamide protected 2-aminopyrazine also delivered amination product in moderate yield
(27y). Other six-membered amines including piperidine, N-Boc-protected piperazine, 4-cyano-
piperidine also delivered the products in good to superb yields (27z—27ab). Moreover, five-
membered cyclic amines as well as many acyclic amines were successfully provide the

products albeit in lower yields (27ac—27af).

Next, we examined the scope of bicyclic naphthylamines which were poor substrates
in the earlier reports (yields of ~50%). Delightfully, 1-naphthylamine provided of the ortho
amination product in 80% yield under the same reaction condition (28a). Other six-membered

amines also furnished the products in moderate to very good yields (28b—28d). Extraordinarily,
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this bicyclic system exhibited excellent reactivity with five-membered pyrrolidine (28e, 28j,
28s) as well as many acyclic amines (28f-28h, 28k-28l, 28t-28u) affording good to high yields.
Various groups containing naphthylamines (28i—28p) also furnished the products in
comparable yields. Heterobicycles including quinoline (28s, 28v) and indole (28w) were also
recognized to be very good substrates. Tricyclic 2-amino anthracene yielded the amination
product in 59% yield (28x).

I1. 5. Reaction in aqueous media

Transition metal-catalyzed C—H functionalization in aqueous media has emerged as a growing
research field with immense interest. The major problems associated to perform such reactions
are the stability of the metal catalysts and ligands in water and the solubility issues of the
organic compounds. In this direction Lu group first disclosed C-H amidation and amination
reactions in water medium under rhodium and palladium catalysis.?’ To establish the
practicability of this present protocol we re-optimized the reaction to achieve the amination
reaction in water as an environmentally benevolent and green solvent. Satisfyingly,
picolinamide-protected anilines as well as naphthalenes successfully gave the corresponding
ortho amination products using catalytic Cu20 instead of Cu(OAc)2. The detailed optimization
studies are shown in Table 2.

Table 2. Optimisation of the Reaction Conditions 2 °

PAHN PAHN (\O 0]

0
H [ j catalyst N\) SN ;\
+ —
N H,0, N, 80 °C, 6 hrs PA=1 N

OBz
13a 22a 27a
Entry | Amount of N- Catalyst (mol %) | Additive/Oxidant Solvent Yield (%)
OBz (equiv.)
(equiv.)
1 2.5 Cu (10) - DMSO 85
2° 25 Cu (10) PIDA (2.5) DMSO n.r
3 2.5 Cu (10) - H20 64
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4 2.5 Cu (10) - H,0: DMSO 64
(9:1)
5 2.5 Cu (10) - H,O: DMSO 20
(1:1)
64 25 Cu (10) - H.0 64
7° 2.5 Cu (10) - H.O 65
8 25 Cu (10) Na,COs H.0 51
9 35 Cu (10) - H.O 66
10 25 Cu (20) - H-0 64
11 25 Cu (10) - Ethylene glycol 35
12f 25 Cu (10) - H.0 74
13¢ 25 Cu (10) - H.0 64
14h 3.0 Cu (10) - H.O 78
15 3.0 Cu20 (10) - H.0 81
16 3.0 CuCl (10) - H.0 57
17 3.0 CuBr (10) - H-0 61
18 3.0 Cu,0 (10) CTAB (1) H.0 56
19 3.0 Cu,0 (10) TBAA (1) H.0 56
20 3.0 Cu,0 (10) TBAC (1) H.0 59
21 3.0 Cu,0 (10) TBAI (1) H.0 5<
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22 3.0 Cu(OAC)2.2H,0 LiO'Bu (1) H,0 40
(10)

23° 25 Cu,0 (10) K25:0s (2.5) H,0 nr

24¢ 25 CU(OAC)z.ZHzO KzSzOg (25) Hzo n.r
(10)

25° 25 Cu(OAC)2.2H;0 PIDA (2.5) H20 nr
(10)

aAll reactions were carried out in 0.2 mmol scale. "Yields refer to here are overall isolated
yields. Free amine was used. 9Reaction was continued to 22 hrs. ®Reaction was carried out at
100 °C. fAdditional 5 mol % Cu20 was used. Additional 5 mol % CuO was used. "Additional
5 mol % Cu20 and 3.0 equiv. N-OBz were used.

NHPA NHPA ",

BEERN o, )
N H, o Cu,0 (10 mc;l %) e N
N ) H,0, Ny, 80 °C, 6 hrs R
S OBz -
1.0 equiv 3.0 equiv
PAHN [0 e
PAHN o) PAHN PAHN
N PAHN O ’\Q PAHN N
fo Q Cy L “’
R MeO OMe _/O Br
27a: R = H, 80% 27m: 94% 29n: 89% 27p: 53% 27z: 66% 28a: 70% 28e: 47%
27b:R=F, 51%
PAHN ﬁo PAHN ﬁ PAHN R PAHN NHPA

27d: R =1, 55%
27¢: R = OMe, 58% N. OO NQ K/N N
27f:R = OCFy, 58% OO PAHN\(':L/>
27g:R = CF;, 40% 2

27i: R = CO,Me, 34% ) 27w: ReH, 58%  28g: R=allyl, 5% . . .
27k:R=Ph,64%  27V:40%  27x R=OMe, 68% 28h: R=benzyl,65% 28mM: 67% 28q:50% 28w: 45%

27I1: R = o-tol, 58%

Scheme 16. Substrate scope of electrophilic ortho C(sp? )-H amination of anilines and

naphthylamines in aqueous medium

Although electron rich group containing substrates (27m, 27n; Scheme 16) supplied
the products in comparable yields to DMSO, the electron-deficient substrates (279, 27i) gave
moderate yields. Bicycles (28a, 28e, 289, 28h, 28m) and many heterocycles (28w, 28x, 28q,
28w) also successfully afforded the amination product in water in moderate to good yields. The
nucleophilic-free amines were unproductive under this condition to offer the amination

product.

66



Chapter 11

I1. 6. Investigation of reaction mechanism

To gain an insight of the reaction mechanism of this reaction, we did a number of control
experiments (Scheme 17). From a competition experiment between 13a and ds-13a, the
primary Kinetic isotope effect value kn/kp was calculated to be 1.17 suggesting that cleavage
of C—H bond may not be the rate-limiting step (Scheme 17a). When substrate 13a was exposed
to the reaction conditions using additional 20.0 equiv. D20 or CD3COOD in presence or
absence of the amine source, no ortho H-D exchange product was formed, indicating that no
reversible ortho C—H insertion took place (Scheme 17b). The reaction in presence of radical
scavengers such as 2.0 equiv. of TEMPO and BHT was suppressed significantly, signifying a
plausible radical pathway (Scheme 17c). Moreover, when 13a was underwent heating for 1 h
in the presence of a catalytic Cu(OAc)2.H20 in DMSO and subsequent addition of an amine
source, and stirring for 5 h the corresponding product was gained in comparable yields. But,
the opposite addition sequence generated no product which suggests that first, chelation of
substrate with copper catalyst occurs to generate complex-1. In reverse, oxidative addition
followed by chelation may not be working here.

Competitive experiment for primary KIE study

NH PA(\O

NHPA NHPA 10 mol % Gu(OAG), Hy0 NHPA(\O
[ ] - e N\) A N\)
DMSO, N, 80 °C, 6h D
0Bz Z

13a ds 136 22a 27a d,-27a
0.1 mmol 0.1 mmol 0.25 mmol

Similar to the preivous amination procedure, picolinamide of aniline (0.1 mmol) 13a,
picolinamide of Ds-aniline (0.1 mmol) ds-13a, O-benzoylhydroxylamine (0.5 mmol) and
Cu(OAC)2.H20 (0.02 mmol) were taken in an oven dried sealed tube. Dry DMSO (2mL) was
then added and N2 gas was purged for 2 minutes. The mixture was stirred at 80 °C for 90
minutes. Then the reaction mixture was cooled to room temperature. The mixture was then
diluted with EtOAc (15 mL) and washed with saturated ag. NaHCOs solution (25 mL),
followed by brine solution (25 mL) and dried over Na2SQO4, and evaporated in vacuo. The crude
mixture was loaded on a silica gel column chromatography and purified using (Hexane/EtOAC)
to give the mixture of ortho aminated products (27a and d4-27a). The ratio of 27a and d4-27a)

was determined from *H NMR which give the kn/ko value of 1.17.
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OBzgo, then 13a, 5 h

Scheme 17. Control experiments to get into insight the mechanism

From the above control experiments and previous literature survey,?® a plausible
catalytic cycle is proposed in Scheme 18. Initially, copper catalyst undergoes chelation in a
bidentate fashion with the substrate generating complex I. Next, complex I on single-electron
reduction forms of copper(l) complex Il, which is better resonance-stabilized in bicyclic

naphthylamines. This Cu(l) complex undergoes oxidative addition with O-
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benzoylhydroxylamines giving a high-valent Cu(l11) species (I111). Then amine transfer to the
arenes and subsequent deprotonation, provides the desired C—H amination product with

copper(Il) regeneration for the next runs.
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Scheme 18. Plausible catalytic cycle
I1. 7. Deprotection of DG and product derivatisation
@
1 N
NaOH (6.0 equiv.) NH,
©/ EtOH, 70°C, 5 h ©/
0.29

[ ] HATU (1.1 equiv)
+ HOLC DIPEA (1.7 equiv) N
2 DMF, rt, 12 h o

31
KCNQ2 channel inhibitor

Efgj o (s

O
20 mol % \}/\
» §O _tEuNiHsOy NS
sH neat 80°C,5h

32
antimicrobial agent
OM

Scheme 19. Directing group deprotection and product derivatisation
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This electrophilic amination protocol was also applicable for gram-scale synthesis. The
2-picolinamide DG was detached by using excess NaOH—ethanol under reflux condition to
provide 29 (Scheme 19). By coupling this free diamine, 29 with 30 a KCNQ?2 channel inhibitor,
31 was obtained. Additionally, a three-component reaction using this diamine in neat condition
delivered an antimicrobial agent, 32.

1. 8. Conclusion

In summary, we have successfully established a mild copper-catalysed 2-picolinamide directed
electrophilic ortho-amination of anilines and naphthylamines using O-benzoylhydroxylamines
as amine surrogate. The reaction takes place efficiently without using any external oxidants or
additives. Remarkably, bicyclic anilines were also found to be effective substrates with a broad
scope of dialkylamines under this proficient condition, which is an outstanding discovery,
compared to the earlier methods. The amination can also be performed in water medium,
affording an environmentally benevolent methodology. Thus, we antedate that this practical

methodology will be highly applicable in academia as well as industrial research.

11. 9. Experimental section

Preparation of the starting materials

A. Preparation of picolinamides

(0] le) (0]

DCM DCM,

’ o,

[ "OH _DMF(-5 drops) Y o DMAP (20 mol%), - HN™ ™™

N (COCIy; (1.2 equiv) _N Et3N (2.0 equiv), N A
addition at 0°C R

thenrt, 4 h NH,

0°C to rt,overnight

Scheme 14. General procedure for the preparation of picolinamides

To an oven dried round bottom flask was charged with pyridine-2-carboxylic acid (308 mg,
2.5 mmol), then DCM (5 mL) was added. 4-5 drops of DMF was added and the mixture was
stirred at 0 °C for 5 minutes. Then oxalyl chloride (0.26 ml, 3 mmol) was added dropwise into
the cooled solution of the acid which immediately formed rust-red color with the gas bubbling
and then stirred at 0 °C for 10 minutes. The reaction mixture was stirred at room temperature
for 4 hours. After completion, the excess oxalyl chloride was removed under vacuum to obtain

crude acid chloride. Then, the crude pyridine chloride was dissolved in 5 mL DCM, and cooled
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to 0 °C and DMAP (61 mg, 0.5 mmol), EtsN (0.7 mL, 5 mmol) and the aniline (2.5 mmol) were
successively added. Then the reaction mixture was stirred under room temperature for
overnight. After completion as indicated by TLC, solvent was evaporated and extracted with
ethyl acetate (40 mL). The reaction mixture was washed with 2N HCI (20 mL), brine solution
(20 mL) and dried over Na2SQOa4. The solvent was evaporated under reduced pressure and finally
the crude product was purified by column chromatography to afford the 2-picolinamide (50-
85% vyield).

B. Preparation of O-benzoylhydroxylamines

KoHPO4 (1.5 equiv), 0

o Dry DMF (10 ml), _NR'R?
O/O cooled at 0°C, _ 0
0 R'R2NH (1.2 equiv),

0°C to rt,overnight

Scheme 14. General procedure for the preparation of O-benzoylhydroxylamines

As previously reported literature, a 50 mL, round-bottomed flask equipped with a teflon-coated
magnetic stir bar was charged with benzoyl peroxide (1.21 g, 5.0 mmol), K2HPO4 (1.31 g, 7.5
mmol), and N, N-dimethyl formamide (10 mL). The suspension was stirred at 0 °C and the
amine (6.0 mmol) was added via syringe in one portion. The suspension was stirred at ambient
temperature for the indicated reaction time. Deionized water (25 mL) was added and the
contents were stirred vigorously for several minutes until all solids were dissolved. The
reaction mixture was transferred to a 125 mL separating funnel and extracted with 50 mL of
ethyl acetate. The organic phase was collected and washed with two 25 mL portions of
saturated ag. NaHCOs solution and then by 25 mL water, 25 mL of brine, dried over Na2SOa,
and concentrated by rotary evaporation. The resulting crude product mixture was purified by
column chromatography. The solid compounds were stored at room temperature under
anhydrous conditions and liquid products were stored at 4 °C.

Experimental procedure for the ortho C-H amination

In an oven dried pressure tube containing a stir bar was added corresponding picolinamide (0.2
mmol, 1.0 equiv), O-benzoylhydroxylamine (0.5 mmol) and Cu(OAc)2.H20 (0.02 mmol). Dry
DMSO (2mL) was then added and N2 gas was purged for 2 minutes. The mixture was stirred
at 80 °C for 6 hours. After allotted time the reaction mixture was cooled to room temperature.
The mixture was diluted with EtOAc (15 mL) and washed with saturated ag. NaHCO3 solution

(25 mL), followed by brine solution (25 mL) and dried over Na2SQOa4, and evaporated in vacuo.

71



Chapter 11

The crude mixture was loaded on a silica gel column chromatography and purified using

(Hexane/EtOAC) to give the desired ortho aminated product.

Experimental procedure for the ortho C-H amination in water

In an oven dried pressure tube containing a stir bar was added corresponding picolinamide (0.2
mmol), O-benzoylhydroxylamine (0.5 mmol) and Cu20 (0.02 mmol). HPLC water (2mL) was
then added and N2 gas was purged for few minutes. The mixture was stirred at 80 °C for 6
hours. After allotted time the reaction mixture was cooled to room temperature. The mixture
was extracted with EtOAc (15 mL) and the organic part was then washed with saturated aq.
NaHCOs solution (25mL.), followed by brine (25 mL) and dried over Na2SQO4, and evaporated
in vacuo. The crude mixture was loaded on a silica gel column chromatography and purified
using (Hexane/EtOAC) to give corresponding ortho aminated product.

Deprotection of the directing group

N
L&
NH, (\o
O™ 'NH (\O 6 eqv. NaOH N\)
N EtOH,70 °C.5 hrs.
27a 29 99%

Ortho-morpholino picolinamide (708 mg, 2.5 mmol) was dissolved in 10 mL ethanol and
excess amount of NaOH (700 mg, 7.0 equiv.) was added. Then the mixture was refluxed at 70
°C for 5 hours. After completion of the reaction as indicated by TLC solvent was evaporated
and then poured into separating funnel with ethyl acetate. The organic layer was washed with
water and then with brine solution and dried over Na2SOs. Solvent was evaporated under
reduced pressure and then purified by silica-gel column chromatography with pet ether/ethyl
acetate (80:20) which afforded 442 mg pale yellow solid product (99% yield).

'H NMR (400 MHz, CDCls3): § 7.01-6.98 (m, 1H), 6.99-6.92 (m, 1H), 6.77-6.73 (m, 2H),
4.17 (brs, 2H), 3.87-3.84 (m, 4H), 2.95-2.91 (m, 4H); 3C NMR (100 MHz, CDCls): § 141.5,
125.1, 119.1, 118.8, 115.5, 67.6, 51.7.

Product derivatization

1. Synthesis of KCNQ2 channel inhibitor (31)

To a mixture of racemic 2-phenyl butyric acid (50 mg, 0.304 mmol) and HATU (116 mg, 0.304
mmol) 2 mL dry DMF was added followed by DIPEA (0.079 mL, 0.456 mmol).Then ortho
morpholino aniline (49 mg, 0.275 mmol) was added to this mixture and stirred overnight at
rt. The reaction mixture was diluted with ethyl acetate and poured into separating funnel.The

organic layer was washed with chilled water two times and dried over Na2SO4 and solvent was
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evaporated using rotary evaporator. This crude product was then purified by column
chromatography hexane/ethyl acetate as eluting solvent which afforded the desired product in
90% yield °.

'H NMR (400 MHz, CDCls): & 8.38(d, J = 8.4 Hz, 2H), 7.38-7.27 (m, 5H), 7.14-7.09 (m, 1H),
7.07-6.98 (m, 2H), 3.49-3.43 (m, 5H), 2.58 (t, J = 4.8 Hz, 4H), 2.36-2.26 (m, 1H), 1.19-1.80
(m, 1H), 0.91 (t, J = 7.6 Hz, 3H); *C NMR (100 MHz, CDCls): § 171.6, 140.8, 139.9, 133.7,
129.2,128.4,127.7, 125.8, 123.8, 120.6, 119.6, 67.3, 56.5, 52.5, 26.1, 12.4.

2. Synthesis of antimicrobial agent (32)

The acidic Bronsted ionic liquid [EtsN][HSO4] used for this reaction was prepared according
to the literature reported procedure.?® To a mixture of 2-morpholino aniline (178 mg, 1.0
mmol), p-anisaldehyde (0.122 mL, 1.0 mmol) and thioglycolic acid (0.070 mL, 1.0 mmol) the
above mentioned ionic liquid (40 mg, 0.2 mmol) was added and heated to 80 °C for 5
hours.Then the reaction mixture was diluted with DCM and transferred into a separating funnel
and organic layer was washed with water two times and dried over Na2SO4.The crude mixture
was purified by column chromatography using pet ether/ethyl acetate as eluting solvent.The
product was obtained as white crystalline solid in 50% yield.

'H NMR (400 MHz, CDCls): 5 7.19-7.11 (m, 3H), 7.01 (d, J = 8.0 Hz, 1H), 6.95-6.88 (m, 2H),
6.73-6.69 (m, 2H), 6.57 (s, 1H), 4.00-3.93 (m, 3H), 3.88-3.83 (m, 2H), 3.77 (d, J = 15.6 Hz,
1H), 3.70 (s, 3H), 3.08-3.04 (m, 2H), 2.80-2.75 (m, 2H); *C NMR (100 MHz, CDCls): § 171.6,
159.9, 148.5, 131.4, 131.1, 129.2, 128.8, 124.4, 120.4, 113.9, 67.6, 62.7, 55.3, 52.3, 33.1;
HRMS (ESI, m/z) calcd. For C20H23N203S [M+H]": 371.1429; found: 371.1442.

Crystal structure of compound 27w

The crystals were grown in dichloromethane solvent. The pure compound was dissolved in
dichloromethane slow evaporation led to the crystal 27w. The crystal data was collected in X-
ray spectroscopy (Bruker Kappa Apex-2, CCD Area Detector), and the data was analyzed
using OLEX2 software. The structure is given below. The corresponding cif file has been
uploaded separately as supporting information.

X-ray determined molecular structure of 27w, CCDC: 1906594
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Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group
alA
b/A
c/A
al°
b/°
gl°
Volume/A3
Z
Reacg/cm?®
m/mm?
F(000)
Crystal size/mm?3
Radiation
2Q range for data collection/°
Index ranges
Reflections collected / unique
Data / restraints / parameters
Goodness-of-fit on F2
Final R indices [1>2s(1)]
R indices (all data)

Largest diff. peak and hole/ e A3

11.10. Spectral Data

N-(2-morpholinophenyl)picolinamide (27a)*® 2% 2

Chapter 11

HM-309
Ci5 His N2 O2
284.32
298 K
orthorhombic
P212121
7.1086(4)
11.7985(7)
17.0932(10)
90
90
90
1433.62(14)
4
1.317
0.091
600
0.2x0.2x0.2
MoKa (I = 0.71073)
2.943 to 24.252
-9<=h<=9, -15<=k<=15, -21<=I<=21
3247/ 2627 [R(int) = 0.061]
3247/01/190
1.065
R1 =0.0426, wR2 = 0.0996
R1 =0.0547, wR2 = 0.1066

0.144 and -0.253



Chapter 11

The same general procedure was followed. Column chromatography (SiOz, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (53 mg, 94% vyield). *H
NMR (400 MHz, CDCls): & 11.14 (s, 1H), 8.66-8.56 (m, 1H), 8.58 (dd, J1= 8.0 Hz, J.=1.2
Hz, 1H), 8.29 (dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.90 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.49-
7.45 (m, 1H), 7.22-7.16 (m, 2H), 7.12-7.08 (m, 1H), 3.98 (t, J = 4.8 Hz, 4H), 2.95 (t, J = 4.4
Hz, 4H); 13C NMR (100 MHz, CDCl3): § 162.0, 150.6, 148.3,141.9, 137.7, 133.1, 126.4, 125.4,
124.2,122.5,120.2, 119.7, 67.7, 52.5.

N-(4-fluoro-2-morpholinophenyl)picolinamide (27b)*°

The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (46 mg, 77% yield). *H
NMR (400 MHz, CDCls): 6 10.9 (s, 1H), 8.65-8.63 (m, 1H), 8.55-8.51 (m, 1H), 8.28 (dt, J1 =
8.0 Hz, J2=1.2 Hz, 1H), 7.90 (td, J1 = 8.0 Hz, J2= 2.0 Hz, 1H), 7.49-7.46 (m, 1H), 6.91-6.85
(m, 2H), 3.97 (t, J = 4 .4 Hz, 4H), 2.94 (t, J = 4.4 Hz, 4H); 1*C NMR (100 MHz, CDCl3): §
161.8, 159.3 (d, J = 243.0 Hz), 150.4, 148.3, 143.5 (d, J = 7.6 Hz), 137.7, 129.07 (d, J = 3.1
Hz), 126.5, 122.4, 120.8 (d, J = 8.7 Hz), 120.7, 111.4 (d, J = 21.7 Hz), 107.7 (d, J = 23.1 Hz),
67.5,52.3.

N-(4-bromo-2-morpholinophenyl)picolinamide (27¢)%°

The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (53 mg, 74% yield). H
NMR (400 MHz, CDCls): & 11.00 (s, 1H), 8.65-8.63 (m, 1H), 8.48 (d, J = 8.8 Hz, 1H), 8.28
(dt, J1=7.6 Hz, J2=1.2 Hz, 1H), 7.90 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.50-7.47 (m, 1H),
7.31(dd, , J1=8.8 Hz, J2= 2.4 Hz, 1H), 7.25 (d, J = 2.4 Hz, 1H), 3.97 (t, J = 4.8 Hz, 4H), 2.94
(t, J = 4.4 Hz, 4H); 3C NMR (100 MHz, CDCls): § 162.0, 150.2, 148.3, 143.2, 137.8, 132.1,
128.2, 126.6, 123.6, 122.5, 120.9, 116.5, 67.5, 52.4.
N-(4-iodo-2-morpholinophenyl)picolinamide (27d)*°
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white crystalline solid (65 mg, 79%
yield). 'H NMR (400 MHz, CDCls): § 11.02 (s, 1H), 8.64-8.63 (m, 1H), 8.35-8.32 (m, 1H),
8.28-8.25 (m, 1H), 7.92-7.87 (m, 1H), 7.51-7.46 (m, 2H), 7.41 (d, J = 2.0 Hz, 1H), 3.91 (t, J =
4.8 Hz, 4H), 2.93 (t, J = 4.4 Hz, 4H); 3C NMR (100 MHz, CDCls): § 161.9, 150.3, 148.3,
143.3, 137.8, 134.4, 132.9, 129.6, 126.6, 122.5, 121.3, 87.1, 67.5, 52.4.
N-(4-methoxy-2-morpholinophenyl)picolinamide (27¢)* 2

(0]

@\‘HN 7

N~

OMe

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white crystalline solid (52 mg, 83%
yield). *H NMR (400 MHz, CDCls): § 10.85 (s, 1H), 8.63-8.61 (m, 1H), 8.47 (m, 1H), 8.26 (dt,
J1=7.6 Hz, J2=1.2Hz, 1H), 7.87 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.46-7.42 (m, 1H), 6.72-
6.69 (M, 2H), 3.95 (t, J = 4.4 Hz, 4H), 3.79 (s, 3H), 2.92 (t, J = 4.4 Hz, 4H); 13C NMR: (100
MHz, CDCls): 6 161.5, 156.4, 150.7, 148.3, 143.5, 137.6, 126.4, 126.2, 122.3, 120.7, 108.8,
107.3, 67.6, 55.6, 52.2;

N-(2-morpholino-4-(trifluoromethoxy)phenyl)picolinamide (27f)

The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (54 mg, 74% yield), mp
102-104°C. *H NMR (400 MHz, CDCls): 6 10.99 (s, 1H), 8.66-8.64 (m, 1H), 8.59 (d, J = 8.8
Hz, 1H), 8.28 (dt, J1 = 7.6 Hz, J2= 1.2 Hz, 1H), 7.90 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.50-
7.47 (m, 1H), 7.07-7.04 (m, 1H), 6.99 (d, J = 2.8 Hz, 1H), 3.98 (t, J = 4.4 Hz, 4H), 2.95 (t, J =
4.4 Hz, 4H); 3C NMR (100 MHz, CDCls): 162.0, 150.2, 148.3, 145.2, 143.1, 137.8, 131.7,
126.6, 122.6, 120.6 (g, J = 255.0 Hz), 120.4, 117.6, 113.6, 67.5, 52.3; IR (neat): vmax 3303,
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2960, 2921, 2855, 1686, 1519, 1423, 1246, 1216, 1157, 1114, 989, 746, 690 cmt; HRMS (ESI,
m/z) calcd. For C17H17F3N30s [M+H™: 368.1222; found: 368.1219.
N-(2-morpholino-4-(trifluoromethyl)phenyl)picolinamide (27g)*

CF3

The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (42 mg, 60% yield. *H NMR
(400 MHz, CDCls): 6 11.21 (s, 1H), 8.70 (d, J = 8.4 Hz, 1H), 8.67-8.66 (m, 1H), 8.29 (dt, J1 =
7.6 Hz, J2= 1.2 Hz, 1H), 7.92 (td, J1 = 8.0 Hz, J>= 2.0 Hz, 1H), 7.52-7.49 (m, 1H), 7.45 (d, J
=8.4 Hz, 1H), 7.37 (d, J = 0.8 Hz, 1H), 3.99 (t, J = 4.4 Hz, 4H), 2.98 (t, J = 4.4 Hz, 4H); *C
NMR (100 MHz, CDCls): 6 162.3, 150.1, 148.4, 141.9, 137.8, 136.1, 126.8, 125.8, (q, J = 32.6
Hz), 124.2 (g, J = 270.0 Hz), 122.6, 122.5 (q, J = 3.7 Hz), 117.2 (q, J = 3.3 Hz), 114.4, 67.5,
52.4.

N-(4-cyano-2-morpholinophenyl)picolinamide (27h)?°

(e}

?::L HNT S

N~

CN

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (37 mg, 60% yield). *H
NMR (400 MHz, CDCls): 8 11.26 (s, 1H), 8.71 (d, J = 8.4 Hz, 1H), 8.69-8.65 (m, 1H), 8.28
(dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.93 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.53-7.48 (m, 2H),
7.40 (d, J = 2.0 Hz, 1H), 3.99 (t, J = 4.4 Hz, 4H), 2.95 (t, J = 4.4 Hz, 4H);3C NMR (100 MHz,
CDClz): 6 162.4, 149.7, 148.4, 142.1, 137.9, 137.3, 129.9, 127.0, 124.0, 122.7, 119.7, 119.1,
106.9, 67.4, 52.3.

methyl 3-morpholino-4-(picolinamido)benzoate (27i)%* %

COOCH;

The same general procedure was followed. Column chromatography (SiOz2, eluting with 75:25

hexane/ethyl acetate) afforded the desired product as a white solid (39 mg, 57% yield). *H
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NMR (400 MHz, CDCls): 5 11.30 (s, 1H), 8.67-8.64 (m, 2H), 8.29 (dt, J1 = 8.0 Hz, J2= 0.8 Hz,
1H), 7.93-7.87 (m, 2H), 7.84 (d, J = 2.0 Hz, 1H), 7.51-7.48 (m, 1H), 3.99 (t, J = 4.4 Hz, 4H),
3.89 (s, 3H), 2.98 (t, J = 4.4 Hz, 4H): 3C NMR (100 MHz, CDCl3):  166.8, 162.3, 150.1,
148.4, 141.6, 137.8, 137.3, 127.4, 126.7, 125.5, 122.6, 121.7, 118.8, 67.6, 52.5, 52.1.
N-(4-acetyl-2-morpholinophenyl)picolinamide (27)%

COCH;

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (51 mg, 78% yield). *H
NMR (400 MHz, CDCls): 6 11.31(s, 1H), 8.68-8.65 (m, 2H), 8.28 (dt, J1=8.0 Hz, Jo= 1.2 Hz,
1H), 7.91 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.81-7.77 (m, 2H), 7.52-7.48 (m, 1H), 3.99 (t, J =
4.4 Hz, 4H), 2.98 (t, J = 4.4 Hz, 4H); 2.58 (s, 3H); 3C NMR (100 MHz, CDCls): § 197.0,
162.4, 150.1, 148.4, 141.9, 137.8, 137.5, 132.9, 126.9, 126.8, 122.7, 119.9, 118.7, 67.5, 52.5,
26.5.

N-(3-morpholino-[1,1'-biphenyl]-4-yl)picolinamide (27k)%

o

@\‘HN B

N~

Ph

The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (60 mg, 84% yield). H
NMR (400 MHz, CDCls): § 11.16 (s, 1H), 8.67-8.65 (m, 2H), 8.31 (dt, J1= 7.6 Hz, J2= 0.8 Hz,
1H), 7.90 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.60-7.58 (m, 2H), 7.49-7.46 (m, 1H), 7.45-7.41
(m, 3H), 7.39 (d, J = 2.0Hz, 1H), 7.35-7.30 (m, 1H), 4.01 (t, J = 4.4 Hz, 4H), 3.02 (t, J = 4.8
Hz, 4H); 3C NMR (100 MHz, CDCl3): § 162.0, 150.6, 148.4, 142.5,140.9, 137.7,137.2, 132.3,
128.9, 127.3, 127.0, 126.5, 124.4, 122.5, 120.0, 119.0, 67.7, 52.6.
N-(2-morpholino-4-(p-tolyloxy)phenyl)picolinamide (26l)

O-Tol
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The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (67 mg, 86% yield), mp
133—135 °C. *H NMR (400 MHz, CDCls): § 10.93 (s, 1H), 8.65-8.63 (m, 1H), 8.49 (d, J=9.2
Hz, 1H), 8.28 (dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.89 (td, J1 = 7.6 Hz, J2= 1.6 Hz, 1H), 7.48-
7.45 (m, 1H), 7.14-7.10 (m, 2H), 6.92-6.88 (m, 2H), 6.85 (d, J = 2.8 Hz, 1H), 6.78 (dd, J1=9.2
Hz, J2= 2.8 Hz, 1H), 3.96 (t, J = 4.4 Hz, 4H), 2.92 (t, J = 4.4 Hz, 4H), 2.32 (s, 3H); *C NMR
(100 MHz, CDCls): & 161.7, 155.1, 153.9, 150.6, 148.3, 143.5, 137.7, 132.8, 130.3, 128.3,
126.4, 122.4, 120.8, 118.6, 114.8, 111.2, 67.6, 52.4, 20.8; IR (neat): vmax 3304, 2958, 2853,
1679, 1519, 1501, 1421, 1255, 1215, 1102, 980, 887, 813, 744, 689 cm™; HRMS (ESI, m/z)
calcd. For C23H22N30s [M+H]™: 390.1818; found: 390.1814.
N-(3,5-dimethoxy-2-morpholinophenyl)picolinamide (27m)*® 2

&Nj\/i%

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white white solid (66 mg, 96% yield).
IH NMR (400 MHz, CDCls): & 11.83 (s, 1H), 8.65-8.63 (m, 1H), 8.25-8 22 (m, 1H), 7.93 (d, J
= 2.4 Hz, 1H), 7.88-7.83 (m, 1H), 7.45-7.42 (m, 1H), 6.20 (d, J = 2.8 Hz, 1H), 3.94-3.88 (m,
4H), 3.82 (s, 3H), 3.78 (s, 3H), 3.63-3.55 (m, 2H), 2.58 (d, J = 11.6 Hz, 2H); 3C NMR (100
MHz, CDClIs): 6 162.3, 159.0, 158.95, 150.7, 148.4, 137.6, 137.3, 126.3, 122.3, 121.6, 95.3,
95.2, 68.4, 55.6, 55.2, 50.7.

N-(6-morpholinobenzo[d][1,3]dioxol-5-yl)picolinamide (27n)*°

The same general procedure was followed. Column chromatography (SiOz, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a yellow solid (60 mg, 92% yield). 'H
NMR (400 MHz, CDCls): & 11.14 (s, 1H), 8.62-8.61 (m, 1H), 8.24 (dd, J1= 8.0 Hz, J.= 0.8
Hz, 1H), 8.19 (s, 1H), 7.86 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.45-7.42 (m, 1H), 6.73 (s, 1H),
5.91 (s, 2H), 3.93 (t, J = 4.8 Hz, 4H), 2.84 (t, J = 4.4 Hz, 4H); 1*C NMR (100 MHz, CDCl3): &
161.5, 150.6, 148.3, 144.6, 143.6, 137.6, 135.7, 127.7, 126.3, 122.3, 102.0, 101.4, 101.3, 67.7,
52.9.

N-(5-iodo-2-morpholinophenyl)picolinamide (270)
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (50 mg, 61% yield), mp
177-179 °C. 'H NMR (400 MHz, CDCls): 5 11.03 (s, 1H), 8.94 (d, J = 2.0 Hz, 1H), 8.65-8.63
(m, 1H), 8.26 (dt, J1= 7.6 Hz, Jo= 1.2 Hz, 1H), 7.90 (td, J1 = 7.6 Hz, J2 = 1.2 Hz, 1H), 7.50-
7.46 (m, 1H), 7.41 (dd, J1 = 8.4 Hz, J2= 2.0 Hz, 1H), 6.87 (d, J = 8.4 Hz, 1H), 3.96 (t, J = 4.4
Hz, 4H), 2.91 (t, J = 4.4 Hz, 4H); 3C NMR (100 MHz, CDCls): § 161.8, 150.2, 148.4, 141.6,
137.8,134.3, 133.1, 128.2, 126.6, 122.5, 122.0, 89.4, 67.5, 52.3; HRMS (ESI, m/z) calcd. For
C16H17IN3Os [M+H]*: 410.0365; found: 410.0377.
N-(5-bromo-2-morpholinophenyl)picolinamide (27p)*®

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (40 mg, 55% vyield). *H
NMR (400 MHz, CDCls): & 11.09 (s, 1H), 8.78 (d, J = 2.4 Hz, 1H), 8.65-8.64 (m, 1H), 8.27
(dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.90 (td, J1 = 7.6 Hz, J2= 1.6 Hz, 1H), 7.50-7.47 (m, 1H),
7.21 (dd, J1=8.4 Hz, J2= 2.0 Hz, 1H), 7.01(d, J = 8.4 Hz, 1H), 3.96(t, J = 4.4 Hz, 4H), 2.92(t,
J = 4.4 Hz, 4H); BC NMR (100 MHz, CDCl3): § 162.0, 150.2, 148.4, 140.8, 137.8, 134.3,
126.9, 126.6, 122.6, 121.7, 118.6, 67.6, 52.4.
N-(2-morpholino-5-(trifluoromethyl)phenyl)picolinamide (27q)'* %

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (28 mg, 40% vyield). *H
NMR (400 MHz, CDCls): § 11.05 (s, 1H), 8.95 (d, J = 2.0 Hz, 1H), 8.65 (d, J = 4.4 Hz, 1H),
8.28 (d, J = 8.0 Hz, 1H), 7.92 (td, J1= 7.6 Hz, J>= 1.6 Hz, 1H), 7.51-7.48 (m, 1H), 7.35 (dd, J:

80



Chapter 11

= 8.4 Hz, Jo= 1.6Hz, 1H), 7.21 (d, J = 8.0 Hz, 1H), 3.99 (t, J = 4.8 Hz, 4H), 2.98 (t, J = 4.4 Hz,
4H); 3C NMR (100 MHz, CDCla): & 162.2, 150.0, 148.4, 144.7, 137.9, 133.2, 127.2 (¢, J =
32.5 Hz), 126.8, 124.2 (q, J = 270.3 Hz), 122.6, 121.04 (q, J = 3.7 Hz), 120.1, 116.7 (q, J = 3.7
Hz), 67.5, 52.2.

N-(2-methyl-6-morpholinophenyl)picolinamide (27r)%* 2

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a white solid (40 mg, 67% yield). *H
NMR (400 MHz, CDCls): 6 10.03 (s, 1H), 8.68-8.66 (m, 1H), 8.27 (dt, J1="7.6 Hz, J2= 0.8 Hz,
1H), 7.89 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.50-7.47 (m, 1H), 7.16 (t, J = 8.0 Hz, 1H), 7.03
(d, J=7.6 Hz, 1H), 6.93 (d, J = 8.0 Hz, 1H), 3.75 (t, J = 4.4 Hz, 4H), 2.86 (t, J = 4.4 Hz, 4H),
2.33 (s, 3H); **C NMR (100 MHz, CDCls): & 162.5, 150.2, 148.3, 137.6, 136.1, 130.2, 126.9,
126.6, 126.5, 122.7, 116.7, 67.4, 52.3, 19.6.

N-(2-ethyl-6-morpholinophenyl)picolinamide (27s)

The same general procedure was followed. Column chromatography (SiOz, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a white crystalline solid (46 mg, 74%
yield), mp 98-100 °C. *H NMR (400 MHz, CDCls): § 9.95 (s, 1H), 8.66-8.65 (m, 1H), 8.27 (dt,
J1=7.6 Hz, J2=1.6 Hz, 1H), 7.88 (td, J1=7.6 Hz, J2= 1.6 Hz, 1H), 7.49-7.45 (m, 1H), 7.22 (t,
J=7.6Hz, 1H), 7.08 (d, J = 7.6 Hz, 1H), 6.94 (d, J = 7.6 Hz, 1H), 3.71 (t, J = 4.8 Hz, 4H),
2.84 (t, J = 4.4 Hz, 4H), 2.72 (g, J = 7.6 Hz, 2H), 1.20 (t, J = 7.6 Hz, 3H); °C NMR (100 MHz,
CDCl3): 6 162.9, 150.1, 148.3, 147.6, 141.7, 137.6, 129.6, 127.3, 126.5, 124.4, 122.7, 116.9,
67.5,52.4, 25.2, 14.1; IR (neat): vmax 3313, 2961, 2853, 2820, 1682, 1499, 1408, 1236, 1114,
997, 952, 747, 695, 619 cm™*; HRMS (ESI, m/z) calcd. For CisH22N3O2 [M+H] *: 312.1712;
found: 312.1712.

N-(3-chloro-2-methyl-6-morpholinophenyl)picolinamide (27t)
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a white solid (40 mg, 61% yield), mp
148-150 °C. *H NMR (400 MHz, CDCls): § 10.05 (s, 1H), 8.68-8.66 (m, 1H), 8.26 (d, J = 8.0
Hz, 1H), 7.90 (td, J1= 8.0 Hz, J2= 1.6 Hz, 1H), 7.52-7.49 (m, 1H), 7.27 (d, J = 8.4 Hz, 1H),
6.88 (d, J = 8.4 Hz, 1H), 3.74 (t, J = 4.4 Hz, 4H), 2.82 (t, J = 4.8 Hz, 4H), 2.33 (s, 3H); 13C
NMR (100 MHz, CDCls): & 162.7, 149.8, 148.4, 145.9, 137.7, 134.2, 131.6, 130.7, 127.5,
126.7, 122.8, 117.6, 67.4, 52.2, 17.3; HRMS (ESI, m/z) calcd. For C17H1sCIN3O2 [M+H]*:
332.1166; found: 332.1167.

N-(2-morpholino-5-vinylphenyl)picolinamide (27u)

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (50 mg, 80% yield). mp
120-122 °C. *H NMR (400 MHz, CDClz): § 11.13 (s, 1H), 8.66-8.64 (m, 1H), 8.54 (d, J = 8.4
Hz, 1H), 8.28 (dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.89 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.48-
7.45 (m, 1H), 7.24 (dd, J1 = 8.0 Hz, J2= 1.6 Hz, 1H), 7.20 (d, J = 2.0 Hz, 1H), 6.67 (dd, J1=
17.6 Hz, J2= 10.8 Hz, 1H), 5.69 (dd, J1 = 17.6 Hz, J>= 0.8 Hz, 1H), 5.20 (dd, J1 =10.8 Hz, J>
=0.8 Hz, 1H), 3.98 (t, J = 4.4 Hz, 4H), 2.97 (t, J = 4.4 Hz, 4H); **C NMR (100 MHz, CDCls):
3 161.9, 150.5, 148.3, 142.1, 137.7, 136.5, 133.7, 132.7, 126.4, 123.5, 122.5, 119.6, 117.8,
113.0, 67.7, 52.5; IR (neat): vmax 3297, 2957, 2852, 1682, 1519, 1477, 1461, 1113, 870, 816,
690 cm™ ; HRMS (ESI, m/z) calcd. For C1sH1oN3NaO2 [M+Na]*: 332.1375; found: 332.1375.
N-(5-ethynyl-2-morpholinophenyl)picolinamide (27v)

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a white solid (48 mg, 78% yield), mp
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180-182 °C. *H NMR (400 MHz, CDCls): § 11.00 (s, 1H), 8.73 (d, J = 2.0 Hz, 1H), 8.65-8.63
(m, 1H), 8.28 (dt, J1= 8.0 Hz, J2= 1.2 Hz, 1H), 7.90 (td, J1 = 7.6 Hz, J2= 1.6 Hz, 1H), 7.50-
7.46 (m, 1H), 7.23 (dd, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.07 (d, J = 8.0 Hz, 1H), 3.97 (t, J = 4.4
Hz, 4H), 3.03 (s, 1H), 2.94 (t, J = 4.4 Hz, 4H); 3C NMR (100 MHz, CDCl3): § 161.9, 150.3,
148.3, 142.5, 137.8, 132.8, 128.2, 126.6, 123.3, 122.6, 119.9, 118.9, 99.9, 83.6, 67.5, 52.3; IR
(neat): vmax 3290, 3225, 3060, 2969, 2916, 2853, 2831, 1676, 1570, 1528, 1477, 1457, 1231,
1113, 895, 818, 746, 691 cm™; HRMS (ESI, m/z) calcd. For C1eH1eN302 [M+H]": 308.1399;
found: 308.1400.

N-(2-morpholinopyridin-3-yl)picolinamide (27w)*® 2

The same general procedure was followed. Column chromatography (SiOz2, eluting with 75:25
hexane/ethyl acetate) afforded the desired product as white crystalline solid (47 mg, 83%
yield). '"H NMR (400 MHz, CDCls): 10.65 (s, 1H), 8.75 (dd, Ji = 8.0 Hz, J> = 1.6 Hz, 1H),
8.65-8.63 (m, 1H), 8.26 (dt, J1= 7.6 Hz, J2=1.2 Hz), 7.90 (td, J1= 7.6 Hz, J= 1.6 Hz, 1H),
7.50-7.47 (m, 1H), 7.08-7.04 (m, 1H), 3.96 (t, J = 4.8 Hz, 4H), 3.13 (t, J = 4.8 Hz, 4H); °C
NMR (100 MHz, CDCls): 6 162.4, 153.2, 150.0, 148.4, 142.8, 137.8, 127.3, 127.2, 126.8,
122.5,120.0, 67.4, 50.5.

N-(6-methoxy-2-morpholinopyridin-3-yl)picolinamide (27x)

The same general procedure was followed. Column chromatography (SiOz, eluting with 75:25
hexane/ethyl acetate) afforded the desired product as a light brown crystalline solid (59 mg,
94% yield), mp 100—-102 °C. *H NMR (400 MHz, CDClz): § 10.29 (s, 1H), 8.61-8.59 (m, 2H),
8.23 (dt, J1=7.6 Hz, J2=1.6 Hz, 1H), 7.87 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.46-7.43 (m,
1H), 6.48 (d, J = 8.4 Hz, 1H), 3.91 (t, J = 4.4 Hz, 4H), 3.86 (s, 3H), 3.13 (t, J = 4.8 Hz, 4H);
13C NMR (100 MHz, CDCls): § 161.7, 159.9, 151.1, 150.1, 148.3, 137.7, 131.8, 126.5, 122.3,
119.9, 104.4, 67.3, 53.5, 50.2; HRMS (ESI, m/z) calcd. For C16H19N4O3 [M+H]": 315.1457;
found: 315.1462.

N-(3-morpholinopyrazin-2-yl)picolinamide (27y)
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a brownish solid (27 mg, 44% yield), mp
156-158 °C. 'H NMR (400 MHz, CDCls): § 10.80 (s, 1H), 8.65-8.63 (m, 1H), 8.35-8.33 (m,
1H), 8.15 (d, J = 2.8 Hz, 1H), 8.02 (d, J = 2.8 Hz, 1H), 7.93 (td, J1 = 7.6 Hz, J2= 1.6 Hz, 1H),
7.54-7.51 (m, 1H), 3.95 (t, J = 4.4 Hz, 4H), 3.23 (t, J = 4.8 Hz, 4H); 3C NMR (100 MHz,
CDClz): 6 161.4, 149.7, 149.6, 148.3, 141.1, 137.9, 137.3, 136.9, 127.1, 123.1, 67.0, 49.6; IR
(neat): vmax 3310, 2916, 2851, 1710, 1499, 1438, 1115, 750 cm™!; HRMS (ESI, m/z) calcd. For
C14H16NsO2 [M+H]": 286.1304; found: 286.1306.
N-(2-(piperidin-1-yl)phenyl)picolinamide (272)% 2021

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a white solid (43 mg, 76% yield). *H
NMR (400 MHz, CDCls): 6 11.1 (s, 1H), 8.66-8.64 (m, 1H), 8.58-8.55 (m, 1H), 8.29 (dt, J1 =
7.6 Hz, J2= 1.2 Hz, 1H), 8.88 (td, J1 = 7.6 Hz, J2= 1.6 Hz, 1H), 7.46-7.42 (m, 1H), 7.17-7.13
(m, 2H), 7.09-7.05 (m, 1H), 2.87 (t, J = 4.4 Hz, 4H), 1.87-1.81 (m, 4H), 1.62 (brs, 2H); *C
NMR (100 MHz, CDCls): 6 162.1, 150.8, 148.3, 137.5, 133.1, 126.2, 124.7, 124.0, 122.4,
120.2, 119.5, 53.8, 26.8, 24.4.

tert-butyl 4-(2-(picolinamido)phenyl)piperazine-1-carboxylate (27aa)® 2

o

BocN HN N
O

N~

The same general procedure was followed. Column chromatography (SiOz2, eluting with 85:15
hexane/ethyl acetate) afforded the desired product as a white solid (66 mg, 86% yield). H
NMR (400 MHz, CDCls): § 11.08 (s, 1H), 8.65-8.63 (m, 1H), 8.57 (dd, J1= 8.0 Hz, J>= 0.8
Hz, 1H), 8.29 (dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.89 (td, J1= 7.6 Hz, J= 1.6 Hz, 1H), 7.48-
7.44 (m, 1H), 7.21-7.17 (m, 1H), 7.14-7.06 (m, 2H), 3.69 (brs, 4H), 2.89 (t, J = 4.8 Hz), 1.49
(s, 9H); 3C NMR (100 MHz, CDCl3): § 162.0, 154.8, 150.6, 148.4, 142.0, 137.7, 133.0, 126.4,
125.4,124.1, 122.5, 120.2, 119.8, 80.0, 52.1, 28.6.
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N-(2-(4-cyanopiperidin-1-yl)phenyl)picolinamide (27ab)?® 2
O

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a white crystalline solid (56 mg, 91%
yield). *H NMR (400 MHz, CDCls): § 11.01 (s, 1H), 8.65-8.64 (m, 1H), 8.56 (dd, J1 = 8.0 Hz,
J2=1.6 Hz, 1H), 8.29 (dt, J1= 8.0 Hz, J.= 0.8 Hz, 1H), 7.89 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H),
7.49-7.45 (m, 1H), 7.20-7.05 (m, 3H), 3.14-3.09 (m, 2H), 2.87-2.82 (m, 3H), 2.23-2.11 (m,
4H); *C NMR (100 MHz, CDCls): § 161.9, 150.5, 148.3, 142.1, 137.8, 133.0, 126.5, 125.5,
124.1,122.5, 121.8, 120.3, 119.7, 50.8, 29.7, 26.2.
N-(3,5-dimethoxy-2-(pyrrolidin-1-yl)phenyl)picolinamide (27ac)

The same general procedure was followed. Column chromatography (SiOz, eluting with 85:15
hexane/ethy!l acetate) afforded the desired product as a gummy liquid (11 mg, 17% yield). *H
NMR (400 MHz, CDCls): 6 11.62 (S, 1H), 8.62 (d, J = 4.4 Hz, 1H), 8.25 (dt, J1=8.0 Hz, J2=
0.8 Hz, 1H), 7.96 (brs, 1H), 7.86 (td, J1= 8.0 Hz, J>= 2.0 Hz, 1H), 7.44-7.40 (m, 1H), 6.27 (s,
1H), 3.85 (s, 3H), 3.80 (s, 3H), 3.15 (brs, 4H), 2.01(s, 4H) ; **C NMR (100 MHz, CDCls): &
158.7, 148.5, 137.4, 126.1, 122.4, 120.1, 55.7, 55.3, 26.1; HRMS (EI, m/z) calcd. For
C18H22N303 [M+H]*: 328.1661; found: 328.1671.
N-(2-(diallylamino)-4-methoxyphenyl)picolinamide (27ad)

‘ (0]
HHN \
/\/N@ N
OMe

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a gummy liquid (26 mg, 40 % yield). *H
NMR (400 MHz, CDCls): 6 10.96 (s, 1H), 8.64-8.62 (m, 1H), 8.50 (d, J = 8.0 Hz, 1H), 8.28-
8.26 (m, 1H), 7.86 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.44-7.41 (m, 1H), 6.72-6.69 (m, 2H),
5.91-5.81 (m, 2H), 5.22-5.17 (m, 2H), 5.11-5.08 (m, 2H), 3.78 (s, 3H), 3.58-3.56 (M, 4H); *C
NMR (100 MHz, CDCls): 6 161.7, 155.9, 150.8, 148.2, 142.0, 137.5, 134.7, 128.0, 126.1, 122.,
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120.5, 118.0, 110.1, 109.2, 56.5, 55.5; IR (neat): vmax 3307, 2925, 2834, 1675, 1518, 1417,
1279, 1205, 1101, 997, 922, 812, 690 cm™; HRMS (ESI, m/z) calcd. For C1oH22N302 [M+H]*:
324.1712; found: 324.17109.

N-(4-(diallylamino)benzo[d][1,3]dioxol-5-yl)picolinamide (27ae)

‘ (@]
H HN | A
/\/N@N Z

o—/

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a gummy liquid (20 mg, 30% yield). *H
NMR (400 MHz, CDCls): & 11.23 (s, 1H), 8.64-8.62 (m, 1H), 8.27-8.23 (m, 2H), 7.89-7.84 (m,
1H), 7.45-7.41 (m, 1H), 6.73 (s, 1H), 5.92 (s, 2H), 5.89-5.80 (m, 2H), 5.18 (d, J = 18.0 Hz,
2H), 5.07 (d, J = 9.6 Hz, 2H), 3.51 (d, J = 6.0 Hz, 4H); *3C NMR (100 MHz, CDCl3): § 161.7,
150.8, 148.3,144.7,143.4,137.5,134.8,134.1, 129.5, 126.1, 122.3, 118.0, 104.3, 101.2, 101.1,
57.6; IR (neat): vmax 3294, 2923, 2853, 1675, 1503, 1476, 1171, 1038, 925, 747, 694, 530 cm"
1. HRMS (ESI, m/z) calcd. For C19H20N303 [M+H]*: 338.1505; found: 338.1508.
N-(2-(diallylamino)-6-methoxypyridin-3-yl)picolinamide (27af)

Y
*;j

OMe

The same general procedure was followed. Column chromatography (SiOz, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a gummy liquid (26 mg, 40 % yield). 'H
NMR (400 MHz, CDCls): § 10.25 (s, 1H), 8.63-8.61 (m, 1H), 8.53 (d, J = 8.8 Hz, 1H), 8.25
(dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.87 (td, J1 = 7.6 Hz, J2= 1.6 Hz, 1H), 7.46-7.43 (m, 1H),
6.45 (d, J = 8.4 Hz, 1H), 6.00-5.90 (m, 2H), 5.21 (q, J = 1.6 Hz), 5.17 (g, J = 1.6 Hz), 5.11 (q,
J=1.2Hz),5.08(q,J = 1.2 Hz), 3.87 (5, 3H), 3.77 (t, J = 0.8 Hz), 3.75 (t, J = 1.2 Hz); 1%C
NMR (100 MHz, CDCls): 8 162.2, 159.1, 151.1, 150.2, 148.2, 137.5, 135.3, 132.9, 126.3,
122.3, 120.1, 117.4, 104.2, 54.0, 53.5; IR (neat): vmax 3295, 3014, 2925, 2854, 1675, 1508,
1215, 749, 690, 667 cm™ (HRMS (ESI, m/z) calcd. For C1sH21N402 [M+H]*: 325.1665; found:
325.1669.

N-(2-morpholinonaphthalen-1-yl)picolinamide (28a)*% 2% 21
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a light brown crystalline solid (53 mg, 80
% yield). '"H NMR (400 MHz, CDCls): & 10.28 (s, 1H), 8.72-8.70 (m, 1H), 8.34 (dt, J1= 8.0
Hz, Jo=0.8 Hz, 1H), 7.94-7.88 (m, 2H), 7.80 (d, J = 8.8 Hz, 2H), 7.53-7.46 (m, 2H), 7.42-7.38
(m, 1H), 7.36 (d, J = 8.8 Hz, 1H), 3.80 (t, J = 4.4 Hz, 4H), 2.99 (t, J = 4.4 Hz, 4H); °C NMR
(100 MHz, CDCl3): 6 163.5, 150.0, 148.4, 144.2, 137.7, 131.3, 129.8, 128.1, 128.0, 126.7,
126.3, 126.2, 125.0, 124.6, 123.0, 118.7, 67.6, 52.2.

tert-butyl 4-(1-(picolinamido)naphthalen-2-yl)piperazine-1-carboxylate (28b)*°

X
N

O~ 'NH NBoc
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20

hexane/ethyl acetate) afforded the desired product as a light brown solid (67 mg, 78% yield),
mp 158-160 °C. *H NMR (400 MHz, CDCls): § 10.26 (s, 1H), 8.71-8.69 (m, 1H), 8.34 (dt, J:
=8.0Hz, J2=0.8 Hz, 1H), 7.92 (td, J1=7.6 Hz, J2= 1.6 Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 7.79
(d, J = 8.8 Hz, 2H), 7.54-7.46 (m, 2H), 7.42-7.38 (m, 1H), 7.32 (d, J = 8.8 Hz, 1H), 3.52 (t, J
= 4.8 Hz, 4H), 2.93 (t, J = 4.4 Hz, 4H), 1.44 (s, 9H); 13C NMR (100 MHz, CDCls): & 163.5,
154.8, 150.0, 148.5, 144.2, 137.7, 131.3, 129.8, 128.1, 128.0, 126.7, 126.35, 126.29, 125.1,
124.6, 122.8, 118.7, 79.9, 51.8, 28.5; HRMS (ESI, m/z) calcd. For C2sH2sN4NaO3 [M+Na]*:
455.2059; found: 455.2072.

N-(2-(piperidin-1-yl)naphthalen-1-yl)picolinamide (28c)

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a gummy liquid (50 mg, 76% yield). *H
NMR (400 MHz, CDCls): 8 10.26 (s, 1H), 8.72 (s, 1H), 8.35 (d, J = 8.0 Hz, 1H), 7.92 (td, J1 =
8.0 Hz, J2= 2.0 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.79 (d, J = 7.6 Hz, 2H), 7.53-7.49 (m, 1H),
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7.48-7.44 (m, 1H), 7.38 (brs, 2H), 2.92 (s, 3H), 1.65 (s, 4H), 1.53 (s, 3H); *C NMR (100 MHz,
CDCls): 6 163.6, 150.2, 148.3, 145.8, 137.5, 130.9, 129.6, 127.9, 127.7, 126.4, 126.0, 125.9,
124.63, 124.56, 122.8, 119.1, 53.4, 26.7, 24.5; HRMS (ESI, m/z) calcd. For C21H22N3O
[M+H]*: 332.1763; found: 332.1771.
N-(2-(3,4-dihydroisoquinolin-2(1H)-yl)naphthalen-1-yl)picolinamide (28d)

X
N

oy

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20

hexane/ethyl acetate) afforded the desired product as a light yellow solid (38 mg, 50% yield),
mp 136—138 °C. *H NMR (400 MHz, CDCls): § 10.16 (s, 1H), 8.57-8.55 (m, 1H), 8.36 (dt, J1
=8.0 Hz, J2=0.8 Hz, 1H), 7.91 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.86-7.79 (m, 3H), 7.50-7.44
(m, 3H), 7.42-7.38 (m, 1H), 7.18-7.08 (m, 3H), 7.04 (d, J = 6.8 Hz, 1H), 4.32 (s, 2H), 3.28 (t,
J=5.6 Hz, 2H), 2.88 (t, J = 5.6 Hz, 2H); *°C NMR (100 MHz, CDCls): § 163.8, 150.0, 148.3,
137.6, 134.8, 131.0, 130.1, 129.0, 128.1, 126.52, 126.46, 126.4, 126.3, 125.8, 125.5, 124.8,
124.3, 122.8, 119.0, 53.2, 51.1, 29.6; HRMS (ESI, m/z) calcd. For C2sH22NsO [M+H]*:
380.1763; found: 380.1753.

N-(2-(pyrrolidin-1-yl)naphthalen-1-yl)picolinamide (28e)

The same general procedure was followed. Column chromatography (SiOz2, eluting with 70:30
hexane/ethyl acetate) afforded the desired product as a brownish foamy solid (42 mg, 66%
yield). *H NMR (400 MHz, CDCls): § 9.66 (s, 1H), 8.68-8.66 (m, 1H), 8.34 (dt, J1= 8.0 Hz, J2
= 0.8 Hz, 1H), 7.90 (td, J1= 7.6 Hz, J= 1.6 Hz, 1H), 7.72-7.67 (m, 3H), 7.51-7.48 (m, 1H),
7.39-7.35 (m, 1H), 7.24-7.20 (m, 2H), 3.44 (t, J = 5.2 Hz, 4H), 1.88 (t, J = 6.0Hz, 4H); 13C
NMR (100 MHz, CDCls): 6 163.9, 150.2, 148.5, 144.9, 137.6, 132.4, 128.4, 128.12, 128.11,
126.9, 126.5, 122.9, 122.4, 121.6, 117.2, 114.8, 50.6, 25.8; HRMS (ESI, m/z) calcd. For
C20H20N30 [M+H]": 318.1606; found: 318.1605.
N-(2-(diethylamino)naphthalen-1-yl)picolinamide (28f)
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a light yellow gummy liquid (20 mg, 31%
yield). *H NMR (400 MHz, CDCls): § 10.29 (s, 1H), 8.71-8.69 (m, 1H), 8.35 (dt, J1= 8.0 Hz,
Jo= 0.8 Hz, 1H), 7.93-7.85 (m, 2H), 7.80 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.51-
7.44 (m, 2H), 7.40 (t, J = 7.6 Hz, 2H), 3.06 (q, J = 7.2 Hz, 4H), 0.99 (t, J = 7.2Hz, 6H); 3C
NMR (100 MHz, CDCls): 8 163.5, 150.3, 148.4, 137.5, 131.3, 129.7, 128.6, 128.0, 127.3,
126.4,126.0, 125.0, 122.8, 121.0, 48.0, 13.2; HRMS (ESI, m/z) calcd. For C20H22N30 [M+H]*:
320.1763; found: 320.1763.

N-(2-(diallylamino)naphthalen-1-yl)picolinamide (289)

by
S5

The same general procedure was followed. Column chromatography (SiOz, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a light yellow gummy liquid (56 mg, 81%
yield). *H NMR (400 MHz, CDCls): § 10.17 (s, 1H), 8.71-8.69 (m, 1H), 8.34 (dt, J1= 8.0 Hz,
J2=0.8 Hz, 1H), 7.91 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.85 (d, J = 8.4 Hz, 1H), 7.78 (d, J =
8.4 Hz, 1H), 7.74 (d, J = 8.8 Hz, 1H), 7.51-7.44 (m, 2H), 7.40-7.35 (m, 2H), 5.83-5.73 (m, 2H),
5.16 (dd, J1=17.2 Hz, J2=1.6 Hz, 2H), 5.03 (dd, J1 = 10.0 Hz, J2= 1.6 Hz, 2H), 3.67 (d, J=6.0
Hz, 4H); 13C NMR (100 MHz, CDCl3): § 163.5,150.2, 148.3,137.6, 135.1, 131.0, 130.1, 127.9,
127.3,126.54, 126.46, 126.2, 124.8, 124.4, 122.8, 121.3, 117.6, 55.9; HRMS (ESI, m/z) calcd.
For C22H22N30 [M+H]*: 344.1763; found: 344.1765.
N-(2-(dibenzylamino)naphthalen-1-yl)picolinamide (28h)

9»@
OO

The same general procedure was followed. Column chromatography (SiOz, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a light yellow gummy liquid (52 mg, 59
% yield). 'H NMR (400 MHz, CDCls): § 10.31 (s, 1H), 8.76-8.74 (m, 1H), 8.32-8.29 (m, 1H),
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7.92-7.86 (m, 2H), 7.77 (d, J = 8.0 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.53-7.50 (m, 1H), 7.48-
7.44 (m, 1H), 7.41-7.37 (m, 1H), 7.33-7.24 (m, 5H), 7.21-7.15 (m, 6H), 4.17 (s, 4H); 3C NMR
(100 MHz, CDClzs): 6 163.4, 150.2, 148.2, 143.6, 138.1, 137.5, 131.4, 130.1, 128.8, 128.3,
127.9, 127.5, 127.3, 127.1, 126.4, 126.2, 125.1, 124.7, 122.8, 121.8, 57.3; HRMS (ESI, m/z)
calcd. For C30H26N30 [M+H] *: 444.2076; found: 444.2067.
N-(4-bromo-2-morpholinonaphthalen-1-yl)picolinamide (28i)

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a light brown solid (72 mg, 88% yield),
mp 146-148 °C. 'H NMR (400 MHz, CDCls): § 10.20 (s, 1H), 8.73-8.71 (m, 1H), 8.33 (dt, J:
=8.0 Hz, J2= 0.8 Hz, 1H), 8.20-8.16 (m, 1H), 7.94 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.90-7.86
(m, 1H), 7.67 (s, 1H), 7.56-7.50 (m, 3H), 3.80 (t, J = 4.4 Hz, 4H), 2.99 (t, J = 4.4 Hz, 4H); °C
NMR (100 MHz, CDCls): 6 163.6, 149.8, 148.4, 144.4, 137.8, 130.8, 129.7, 127.4, 127.1,
126.8, 126.4, 126.3, 124.9, 123.3, 122.9, 122.2, 67.4, 52.1; HRMS (ESI, m/z) calcd. For
C20H19BrNsO2 [M+H]*: 412.0661; found: 412.0662.
N-(4-bromo-2-(pyrrolidin-1-yl)naphthalen-1-yl)picolinamide (28j)

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a light brown gummy liquid (57 mg, 72%
yield). *H NMR (400 MHz, CDClz): § 9.63 (s, 1H), 8.68-8.66 (m, 1H), 8.32 (dt, J1= 8.0 Hz, J2
= 0.8 Hz, 1H), 8.07 (d, J = 8.4 Hz, 1H), 7.92 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.68 (d, J = 8.4
Hz, 1H), 7.55-7.50 (m, 2H), 7.40 (t, J = 7.2 Hz, 1H), 7.32 (t, J = 7.6 Hz, 1H), 3.44 (s, 4H), 1.89
(t, J = 5.6 Hz, 4H); 1°C NMR (100 MHz, CDCls): & 163.9, 149.9, 148.5, 137.7, 133.3, 127.7,
127.5,126.7,123.3,122.9, 122.0, 121.3, 50.8, 25.8; HRMS (ESI, m/z) calcd. For C20H19BrNzO
[M+H]*: 396.0711; found: 396.0714.
N-(4-bromo-2-(diethylamino)naphthalen-1-yl)picolinamide (28k)
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a brownish gummy liquid (36 mg, 45%
yield). *H NMR (400 MHz, CDCls): § 10.17 (s, 1H), 8.71-8.69 (m, 1H), 8.34-8.31 (m, 1H),
8.19-8.16 (m, 1H), 7.92 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.87-7.84 (m, 1H), 7.68 (s, 1H), 7.53-
7.49 (m, 3H), 3.03 (g, J = 6.8 Hz, 4H), 0.99 (t, J = 6.8 Hz, 6H); 1*C NMR (100 MHz, CDCls):
0 149.9, 148.1, 137.6, 130.7, 128.5, 127.3, 126.8, 126.3, 125.4, 125.0, 122.9, 99.5, 47.9, 13.2;
IR (neat): vmax 3339, 2968, 2926, 2852, 1689, 1589, 1492, 1463, 1431, 1379, 1326, 749, 699,
521 cm™* HRMS (ESI, m/z) calcd. For C20H21BrN3O [M+H]*: 398.0868; found: 398.0868.
N-(4-bromo-2-(diallylamino)naphthalen-1-yl)picolinamide (28l)

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a light brown solid (59 mg, 70% vyield),
mp 102-104 °C. *H NMR (400 MHz, CDCls): § 10.05 (s, 1H), 8.71-8.69 (m, 1H), 8.32 (dt, J:
=8.0 Hz, J2= 0.8 Hz, 1H), 8.18-8.14 (m, 1H), 7.92 (td, J1=7.6 Hz, J2= 1.6 Hz, 1H), 7.86-7.82
(m, 1H), 7.65 (s, 1H), 7.53-7.47 (m, 3H), 5.81-5.71 (m, 2H), 5.19 (d, J = 1.6 Hz, 1H), 5.15 (d,
J=1.6 Hz, 1H), 5.07 (d, J = 1.2 Hz, 1H), 5.04 (d, J = 1.2 Hz, 1H), 3.65 (d, J = 6.0 Hz, 4H);
13C NMR (100 MHz, CDCl3): § 163.6, 149.9, 148.4, 137.6, 134.5, 131.1, 129.4, 127.4, 127.0,
126.6, 126.4, 126.2, 125.6, 124.7,122.8, 121.7, 118.0, 77.4, 55.8; IR (neat): vmax 3336, 3008,
2923, 2851, 1684, 1588, 1489, 1431, 997, 917, 903, 747, 694, 621, 580 cm™; HRMS (ESI, m/z)
calcd. For C22H20BrN3NaO [M+Na]*: 444.0687; found: 444.0683.
N-(4-morpholino-1,2-dihydroacenaphthylen-5-yl)picolinamide (28m)

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20

hexane/ethyl acetate) afforded the desired product as a yellow solid (55 mg, 77% yield), mp
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168—170 °C. *H NMR (400 MHz, CDClz): § 10.35 (s, 1H), 8.71-8.69 (m, 1H), 8.35 (dt, J1 =
8.0 Hz, J2=1.2 Hz, 1H), 7.92 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.60 (d, J = 8.4 Hz, 1H), 7.51-
7.43 (m, 2H), 7.21 (d, J = 8.4 Hz, 2H), 3.83 (t, J = 4.4 Hz, 4H), 3.37 (s, 4H), 2.98 (t, J = 4.8
Hz, 4H), *C NMR (100 MHz, CDCl3): § 163.9, 150.4, 148.3, 145.9, 145.7,137.7,136.9, 128.2,
127.4, 126.5, 122.82, 122.77, 120.7, 118.5, 112.3, 67.7, 52.5, 30.6, 30.3; HRMS (ESI, m/z)
calcd. For C22H22N302 [M+H]™: 360.1712; found: 360.1714.

tert-butyl 4-(5-(picolinamido)-1,2-dihydroacenaphthylen-4-yl)piperazine-1-carboxylate
(28n)

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as a yellow solid (80 mg, 87% yield), mp
154-156 °C. *H NMR (400 MHz, CDCls): & 10.30 (s, 1H), 8.70-8.68 (m, 1H), 8.35 (dt, J1 =
8.0Hz, J2= 0.8 Hz, 1H), 7.91 (td, J1=7.6Hz, J2= 1.6 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.51-
7.42 (m, 2H), 7.21-7.15 (m, 2H), 3.54 (t, J = 4.4 Hz, 4H), 3.36 (brs, 4H), 2.92 (t, J = 4.0 Hz,
4H), 1.45 (s, 9H); °C NMR (100 MHz, CDCls): § 162.9, 154.9, 150.3, 148.4, 145.90, 145.85,
145.7, 137.6, 136.9, 128.2, 127.4, 126.5, 122.8, 120.7, 118.6, 112.4, 79.9, 52.1, 30.6, 30.3,
28.5; HRMS (ESI, m/z) calcd. For C22H31N4Os [M+H]": 459.2396; found: 459.2390.
N-(4-(piperidin-1-yl)-1,2-dihydroacenaphthylen-5-yl)picolinamide (280)

The same general procedure was followed. Column chromatography (SiOz, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a yellow solid (54 mg, 76% yield), mp
182-184 °C. 'H NMR (400 MHz, CDCls): § 10.34 (s, 1H), 8.71-8.69 (m, 1H), 8.37 (dt, J1=
7.6 Hz, , J2=1.2 Hz, 1H), 7.90 (td, J1 = 8.0 Hz, J2= 2.0 Hz, 1H), 7.59 (dd, J1= 8.4 Hz, J2=
0.4Hz, 1H), 7.49-7.42 (m, 2H), 7.21-7.17 (m, 2H), 3.36 (brs, 4H), 2.91 (t, J = 5.2 Hz, 4H),
1.71-1.66 (m, 4H), 1.57-1.51 (m, 2H); 3C NMR (100 MHz, CDCls): § 163.0, 150.5, 148.3,
1475, 145.8, 145.3, 137.5, 136.6, 128.0, 127.3, 126.3, 122.7, 122.5, 120.7, 118.1, 112.7, 53.7,
30.6, 30.3, 26.8, 24.5; HRMS (ESI, m/z) calcd. For C23H24N3O [M+H]": 358.1919; found:
358.1918.

N-(2-morpholino-4-phenylnaphthalen-1-yl)picolinamide (28p)

92



Chapter 11

X
9\‘
07 NH ﬁo

g

Ph

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10
hexane/ethyl acetate) afforded the desired product as a white solid (66 mg, 81% yield), mp
234-236 °C. 'H NMR (400 MHz, CDCls): § 10.29 (s, 1H), 8.74-8.73 (m, 1H), 8.37 (dt, J1 =
8.0 Hz, J2= 0.8 Hz, 1H), 7.97-7.93 (m, 2H), 8.27 (d, J = 7.6 Hz, 1H), 7.56-7.52 (m, 1H), 7.51-
7.47 (m, 5H), 7.46-7.42 (m, 1H), 7.37-7.32 (m, 1H), 7.30 (s, 1H), 3.81 (t, J = 4.8 Hz, 4H), 3.03
(t, J = 4.4 Hz, 4H); 3C NMR (100 MHz, CDCls): § 163.7, 150.1, 148.4, 143.7, 140.6, 137.7,
130.2, 130.1, 129.5, 128.4, 127.5, 126.7, 126.4, 126.3, 125.6, 125.1, 124.7, 122.9, 119.9, 67.6,
52.2; HRMS (ESI, m/z) calcd. For C26H24N302 [M+H]*: 410.1869; found: 410.1871.
N-(6-morpholinoquinolin-5-yl)picolinamide (28q)

The same general procedure was followed. Column chromatography (SiOz, eluting with 75:25
hexane/ethyl acetate) afforded the desired product as a light brown solid (53 mg, 79% yield),
mp 148-150 °C. *H NMR (400 MHz, CDCl3): § 10.36 (s, 1H), 8.83 (dd, J1= 4.4 Hz, J2= 1.6
Hz, 1H), 8.76-8.71 (m, 1H), 8.32 (dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 8.25-8.22 (m, 1H), 8.06 (d,
J=9.2 Hz, 1H), 8.94 (td, J1 = 7.6 Hz, J>= 1.6 Hz, 1H), 7.59 (d, J = 9.2 Hz, 1H), 7.56-7.52 (m,
1H), 7.38 (g, J = 4.0 Hz, 1H), 3.82 (t, J = 4.4 Hz, 4H), 2.91 (t, J = 4.4 Hz, 4H); °C NMR (100
MHz, CDCls): 8 163.5, 149.7, 149.5, 148.5, 145.6, 144.0, 137.8, 133.5, 129.3, 126.9, 125.9,
124.9, 122.9, 121.9, 120.9, 67.5, 51.9; HRMS (ESI, m/z) calcd. For C19H19N4O2 [M+H] ™
335.1508; found: 335.1507.

N-(1-morpholinonaphthalen-2-yl)picolinamide (28r)%°

Sy

The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20

hexane/ethyl acetate) afforded the desired product as light yellow amorphous solid (48 mg, 72
% yield). H NMR (400 MHz, CDCl3): § 11.98 (s, 1H), 8.90 (d, J = 8.8 Hz, 1H), 8.74-8.72
(m, 1H), 8.33 (dt, J1= 8.0 Hz, J2= 1.2 Hz, 1H), 8.11 (d, J = 8.8 Hz, 1H), 7.92 (td, J1= 7.6 Hz,
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J2=1.6 Hz, 1H), 7.85 (d, J = 8.8 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.52-7.46 (m, 2H), 7.40-
7.36 (m, 1H), 4.19-4.13 (m, 2H), 4.03 (d, J = 10.4 Hz, 2H), 3.94-3.88 (m, 2H), 2.93 (d, J =
12.4 Hz, 2H); 3C NMR (100 MHz, CDCls): § 162.3, 150.7, 148.3, 137.7, 134.7, 133.3, 132.3,
131.6, 129.3, 127.9, 126.4, 126.1, 124.3, 123.4, 122.6, 118.9, 68.5, 51.1.
N-(6-(pyrrolidin-1-yl)quinolin-5-yl)picolinamide (28s)

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as yellow amorphous solid (42 mg, 66%
yield), mp 144-146°C. 'H NMR (600 MHz, CDCls): 6 9.63 (s, 1H), 8.66-8.64 (m, 1H), 8.62
(dd, J1=4.4 Hz, J2= 1.6 Hz, 1H), 8.32 (dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.97-7.89 (m, 3H),
7.52-7.49 (m, 1H), 7.40 (d, J = 9.2 Hz, 1H), 7.26-7.23 (m, 1H), 3.46-3.43 (m, 4H), 1.88-1.86
(m, 4H); *C NMR (150 MHz, CDCl3): § 164.1, 149.9, 148.5, 146.5, 144.5,143.2,137.7, 130.1,
129.7, 127.8, 126.7, 122.8, 121.6, 120.5, 113.4, 50.5, 25.8; HRMS (ESI, m/z) calcd. For
C19H19N4O [M+H]*: 319.1559; found: 319.1558.
N-(5-(diallylamino)quinolin-6-yl)picolinamide (28t)

jf
=~
NHN‘
SOAS
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 80:20

hexane/ethyl acetate) afforded the desired product as a white solid (42 mg, 61% yield), mp
136-138 °C. *H NMR (400 MHz, CDCls): § 11.58 (s, 1H), 9.96 (d, J = 9.6 Hz, 1H), 8.80 (dd,
J1=4.0 Hz, J2= 1.6 Hz, 1H), 8.69-8.67 (m, 1H), 8.33-8.28 (m, 2H), 8.03 (d, J = 9.2 Hz, 1H),
7.90 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.49-7.46 (m, 1H), 7.37 (q, J = 4.4 Hz, 1H), 6.02-5.92
(m, 2H), 5.15 (dd, J1 = 2.8 Hz, J2= 1.2 Hz, 1H), 5.11 (dd, J1 = 2.8 Hz, J2= 1.6 Hz, 1H), 5.02
(dd, J1=10.0 Hz, J2= 1.2 Hz, 2H), 4.05-4.00 (m, 2H), 3,86-3.81 (m, 2H); **C NMR (100 MHz,
CDCl3): 6 162.4, 150.5, 148.5, 148.3, 146.4, 137.6, 135.9, 135.5, 132.9, 131.9, 128.8, 127.5,
126.6, 122.6, 122.5, 120.7, 117.8, 57.4; IR (neat): vmax 3290, 3075, 2924, 2853, 1684, 1590,
1499, 1429, 814 cm™; HRMS (ESI, m/z) calcd. For C21H21N4O [M+H]*: 345.1715; found:
345.1715.

N-(1-(diallylamino)naphthalen-2-yl)picolinamide (28u)
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The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as a white solid (42 mg, 61% yield); mp
126-128 °C. *H NMR (400 MHz, CDCls): § 11.71 (s, 1H), 8.88 (d, J = 8.8 Hz, 1H), 8.70-8.69
(m, 1H), 8.33 (dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.98 (d, J = 8.8 Hz, 1H), 7.91 (td, J1 = 7.6 Hz,
Jo= 1.6 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.76 (d, J = 8.8 Hz, 1H), 7.50-7.46 (m, 2H), 7.40-
7.36 (m, 1H), 6.02-5.98 (m, 2H), 5.17 (q, J = 1.6 Hz, 1H), 5.13 (g, J = 1.6 Hz, 1H), 5.03-4.99
(m, 2H), 4.08-4.04 (m, 2H), 3.91-3.85 (m, 2H); *C NMR (100 MHz, CDCls): § 162.3, 150.8,
148.3,137.6,136.1, 135.6, 133.4, 132.3, 131.8, 129.3, 127.4, 126.2, 126.0, 124.2, 123.7, 122.5,
119.1, 117.3, 57.5; HRMS (ESI, m/z) calcd. For C22H21N3sNaO [M+Na]*: 366.1582; found:
366.1572.

N-(2-morpholinoquinolin-3-yl)picolinamide (28v)*

(@) N/
X’
pZ
N N
3

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20
hexane/ethyl acetate) afforded the desired product as white solid (49 mg, 74% yield). *H NMR
(400 MHz, CDCls): 6 11.31 (s, 1H), 10.08 (s, 1H), 8.71-8.69 (m, 1H), 8.32 (dt, J1=7.6 Hz, J2
= 1.2 Hz, 1H), 8.12-8.09 (m, 2H), 7.92 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.62-7.58 (m, 1H),
7.54-7.49 (m, 2H), 4.05 (t, J = 4.4 Hz, 4H), 3.35 (brs, 4H):; 3C NMR (100 MHz, CDCls): &
162.4,149.9,148.4,146.8, 145.5, 141.6, 137.9, 130.8, 129.5, 127.8, 126.9, 126.8, 126.6, 123.4,
122.8, 68.2, 51.1.

N-(l-methyl-4-morpho|ino-lH-indoI-S-yI)picoIinamide (28w)

Cms

The same general procedure was followed. Column chromatography (SiOz, eluting with 80:20

hexane/ethyl acetate) afforded the desired product as a gummy white solid (60 mg, 89% yield),
mp 184-186 °C. 'H NMR (400 MHz, CDCls): § 11.62 (s, 1H), 8.69-8.67 (m, 1H), 8.63 (d, J =
8.8 Hz, 1H), 8.31 (dt, J1= 8.0 Hz, J>= 0.8 Hz, 1H), 7.88 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.46-
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7.43 (m, 1H), 7.21 (d, J = 8.8 Hz, 1H), 7.03 (d, J = 3.2 Hz, 1H), 6.66 (dd, J1= 3.2 Hz, J.= 0.4
Hz, 1H), 4.03 (t, J = 4.8 Hz, 4H), 3.77 (s, 3H), 3.65-2.81 (brs, 4H); *C NMR (100 MHz,
CDCls): 8 161.6, 151.3, 148.3, 137.6, 135.3, 132.2, 129.0, 127.6, 126.0, 124.3, 122.3, 114.5,
107.3,99.4, 68.3, 51.8, 33.1; IR (neat): vmax 3279, 2954, 2851, 1671, 1527, 1514, 1428, 1334,
1251, 1112, 872, 748, 691 cm™:; HRMS (ESI, m/z) calcd. For CigH21N4O2 [M+H]*: 337.1665;
found: 337.1667.

N-(1-morpholinoanthracen-2-yl)picolinamide (28x)

oSO

The same general procedure was followed. Column chromatography (SiOz2, eluting with 90:10

hexane/ethyl acetate) afforded the desired product as light yellow amorphous solid (45 mg,
59% yield), mp 220-222 °C. *H NMR (400 MHz, CDCls): § 12.03 (s, 1H), 8.93 (d, J = 9.2 Hz,
1H), 8.75-8.73 (m, 1H), 8.62 (s, 1H), 8.43 (s, 1H), 8.35 (dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 8.00-
7.91 (m, 4H), 7.53-7.40 (m, 3H), 4.24-4.18 (m, 2H), 4.13-4.03 (m, 4H), 2.99 (d, J = 11.2 Hz,
2H); *C NMR (100 MHz, CDCls): 6 162.3, 150.8, 148.4, 137.7, 134.2, 132.2, 131.7, 130.48,
130.40, 128.3, 128.1, 127.8, 126.5, 126.0, 125.3, 122.6, 121.8, 119.4, 68.6, 51.1; HRMS (ESI,
m/z) calcd. For CasH22N302 [M+H]": 384.1712; found: 384.1710.

I1. 11. *H and *C NMR Spectra
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HM-451 — single_pulse
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HM-319 — single_pulse
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HM-393 — single_pulse
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HM-392 — single_pulse
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HM-309 — single_pulse
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HM-273 — single_pulse
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HM-325

single_pulse
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HM-276 — single_pulse
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HM-277 — single_pulse
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HM-331R — single_pulse
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HM-415 — single_pulse
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HM-576 — single_pulse
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HM-383 — single_pulse
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RC-17 — single_pulse
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HM-496 — single_pulse
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HM-566B — single_pulse
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Chapter |11

A directing group switch in copper-catalyzed electrophilic C-H
amination/migratory  annulation  cascade: divergent  access to

benzimidazolone/benzimidazole

C—NDG R q _
migration Rﬁ; B N
H X=0 S N
AN X Rf\ o)
R | cu(ll) cat H N=N N
AN N7 | TV . N n
1 R 1. C-H amination
+ \) 2. cyclization N\R2 R o
R?NHOBz R X=8 N\ Nzx
H,S >—§\4\/

oxidation

® Electrophilic C-H amination with primary amines
® DG-dependent scaffold diversification

® 1,2-Carbon to nitrogen aryl migration

® C-H and C-C bond cleavage/triple C-N bond formation
® 66 examples, upto 99% yield, scalable

Abstract: We present here, a copper-catalyzed electrophilic ortho-C—H amination of protected
naphthylamines with N-(benzoyloxy)amines, cyclization with the pendant amide and carbon to
nitrogen 1,2-directing group migration cascade to access N,N-disubstituted 2-benzimidazolinones.
Remarkably, this highly atom-economic tandem reaction proceeds through a C—H, and C—C bond
cleavage and three new C—N bond formations in a single operation. Intriguingly, the reaction
cascade was altered by subtle tuning of the directing group from picolinamide to thiopicolinamide
furnishing 2-heteroaryl-imidazoles via the extrusion of hydrogen sulfide. This strategy provided a
series of benzimidazolones and benzimidazoles in moderate to high yields with low catalyst
loading (66 substrates with yield upto 99%). From the control experiments, it was observed that
after the C—H amination an incipient tetrahedral oxyanion or thiolate intermediate is formed via
intramolecular attack of the primary amine to the amide carbonyl/thiocarbonyl. It undergoes either
1,2-pyridyl shift with the retention of carbonyl moiety or H2S elimination for scaffold
diversification. Remarkably, inspite of a positive influence of copper in the reaction outcome, from
our preliminary investigation the benzimidazolone product was also obtained in good to moderate
yields in two steps under the metal-free condition. The N-pyridyl moiety of the benzimidazolone

was removed for further manipulations of the free NH group.

H. M. Begam, S. Nandi, R. Jana, Chem. Sci., 2022, 13, 5726-5733.
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A directing group switch in copper-catalyzed electrophilic C-H
amination/migratory  annulation  cascade: divergent  access to

benzimidazolone/benzimidazole

I11.1. Introduction

Benzimidazolones are important structural motif of many bioactive molecules exhibiting wide
range of biological activities and hence, they are used to treat various diseases including cancer,
type 11 diabetes, central nervous system disorders, pain management, and infectious disease.! On
the other hand, benzimidazole derivatives have also emerged as important heterocyclic systems in
medicinal chemistry and drugs and pharmaceuticals discovery program because of their
antiparasitic, anticonvulsant, analgesic, antihistaminic, antiulcer, antihypertensive, antiviral,
anticancer, antifungal and anti-inflammatory activity. Some benzimidazolone/benzimidazole

containing bio-active molecules are shown below (Figure 1).2

OMe
N=
oy
Vasopressin receptor Oxatomide Dactolisib Kealiiquinone Tomoxiprole
antagonist antihistamine drug mTORC/P13K inhibitor Marine natural product COX-2 inhibitor

Figure 1. Some selected examples of benzimidazolone/benzimidazole containing bio-active

molecules

Conventional approach for the synthesis of benzimidazolones is the carbonylation of
substituted benzene-1,2-diamines with various carbonyl sources such as phosgene, triphosgene,
and carbonyldiimidazole (CDI), CO2 and CO.? To avoid those hazardous carbonyl sources urea
and carbonates have also been employed as greener carbonyl source to achieve such reactions
(Scheme 1lai). In this context, the Bhanage group disclosed a one-pot synthesis of
benzimidazolones from 2-nitro anilines with dimethylcarbonate under ruthenium or copper
catalysis (Scheme 1aii).* However, benzene-1,2-diamines or 2-nitroaniline derivatives are not

readily available. Apart from these, N-substituted benzimidazolones can also be made directly
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from anthranilic acid derivatives via rearrangement to isocyanate followed by cyclization (Scheme
1aiii).> On the other hand, C-N cross-coupling reactions have been developed as alternative
protocols where the carbon-halogen bonds are converted into C-N bonds by transition-metal
catalysis or base promotion. For example, the Ma group in 2009, reported the synthesis of
benzimidazolone by Cul/L-proline catalyzed C-N coupling of 2-iodo carbamates with ammonia
followed by cyclisation (Scheme 1av).® Similar kind of transformations via intramolecular C-N
coupling has also been developed using 2-halo ureas under Pd and Cu-catalysis or metal-free

condition (Scheme 1avi).” Formation of benzimidazolones were also reported by Pd(0) catalyzed

E a. Traditional methods

, R ,
- R . N H NHCO,R :
A ) NH iv. N V. '
SN G P or »—NH + NHg.H;0 :
X7 X N+ N ) [ ;
; NH R Ar !
i orCO,, CO R .
! X = Cl, NH,, OMe C2-H oxidation ;
E carbonylaton ~y C-N cross-coupling '
L. : : Cul, L-proline i
. ! R - .
1 N02 1 ! : :
| ©: via hydrosilylation : N>= ' C-N cross-coupling ©: \"/ "R :
: : o

| NH, RUCl3.H,0, PMHS | N ;

. Tow via isocyanate - R : C-N cross-coupling !
: i : 0 :
A o i e e e L/Pd ‘ !

via decarbonylation .. Br H,N i
' R Vii. '
A X DG o . | >= o
v i viii. ix. N_ _O cl HN |
s - o (L X R
, R N N~ 0 .

\ |

E b. C-H amination |
i Fu group, 2015

E | Youn group, 2016 NHR NCO |
: N\(O PhI(OAC),, Cs,CO; tn group. !
; ©/ HN HFIP, rt., 12 h B R R T T TP TP TN . Pd(OAc),, Ag2CO3 © . © E
Chang group, 2018 ! R ' DCE, 120°C i
| I, Cs,CO3, DCE, reflux N | !
- | E Y=o ! 5
1 N (0] i ! . |
' \f Li group, 2020 : N ! Wu group, 2022 R '
' Me4NBF4, NaOMe : X ! N.__O i

HN \ : |
MeOH, 60 °C, 8 h ! X = Me, R, Ar, OR | 4-'Bu-iodobenzene ©/ \f |
RVC/Ptelectrodes 77T m-CPBA, TFE, r.t. HN- R :

Scheme 1. Traditional methods vs. C-H amination for the synthesis of benzimidazolones

intermolecular C-N cross-couplings of 1,2-dihalo benzenes with urea (Scheme 1avii).® Synthesis

of benzimidazolones has also been achieved by C-2 oxidation of various benzimidazoles either in

119



Chapter 111

metal promoted or metal-free conditions (Scheme 1aiv). In this regard the Dong group reported
regioselective decarbonylative cycloaddition of isatins with isocyanates to afford
benzimidazolones under Rh-catalysis (Scheme laviii).® In 2017, the Reddy group unveiled a metal
free decarbonylative ring-contraction protocol for the synthesis of benzimidazol-2-ones from
corresponding quinoxalinediones (Scheme 1aix).*® The highly substituted benzimidazolones were
also obtained by metal-catalysed or metal-free intramolecular C-H amination from the

corresponding aryl ureas or in situ generated aryl ureas (Scheme 1b).!

On the other hand, benzimidazoles are generally prepared from benzene 1,2-diamine by

condensation with variety of carboxylic acid derivatives. These methods work under harsh

a. Traditional methods ,

i R .
' | '
e R i NH O iv. NO, :
1 A . L =
PORTTX+ ©: ny R TCOOH NH i
: I 2 :
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; ' condensation |
| condensation : ' H-transfer catalysis :
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' oxidative : N ' C-N cross-coupling !
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! ! ; NaOH, H,O/DME |
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vl Vi cyclisation V. '
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Scheme 2. Traditional methods vs. C-H amination for the synthesis of benzimidazoles
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dehydrating reaction conditions, high temperatures and require strong acids in many cases
(Scheme 1ai).*2 However, coupling with aldehydes occurs at milder conditions but they are two-
step process which needs stoichiometric oxidants.’* There are many novel methods for the
synthesis of benzimidazoles through the coupling of ortho-diamines with readily available
benzylamines, benzyl alcohols or even alkyl benzenes (Scheme 1aii).}* The Laha group reported
the synthesis of benzimidazoles via the decarboxylative condensation of ortho-diamines with aryl
keto carboxylic acids under metal free conditions (Scheme 1aiii).®® In 2019, the Sarkar group
reported a cobalt catalyzed synthesis of benzimidazoles by the reaction of ortho-nitro anilines with
benzyl alcohols via H-transfer catalysis (Scheme 1aiv).® Many protocols for the synthesis of
benzimidazoles via inter or intramolecular C-N cross-coupling of ortho-halo anilides or amidines
have also been achieved (Scheme lav-vi).}” On the other hand, intramolecular oxidative sp?> C-H
amination reactions have also been emerged for the synthesis of C-2 substituted benzimidazoles
(Scheme 1bi-ii).'® Beside these reactions benzimidazoles can also obtained via intramolecular
oxidative Csp3-H imination reactions using either chemical oxidants or electrochemical oxidation
(Scheme 1biii).*

I11. 2. Review

Development of cascade reactions having undeniable benefits including atom economy, and also
economies of time, labour, resource management and waste generation is upcoming field of
research area. This is why cascade reactions are now considered to fall under the banner of “green
chemistry”.?% In this direction the Zhang group in 2019, disclosed a useful protocol for the
synthesis of functional benzimidazolones from arylamines, dialkylamines, and alcohols (Scheme
3).2! The reaction proceeds via copper-catalyzed dual oxidative C—H aminations followed by alky!
deconstructive carbo-functionalization cascade. Though this method is able to functionalise inert
C-H bonds without the installation of directing group, the reaction is very substrate specific and
took place in diaryamines only. Anilines, cyclic amines such as tetrahydroquinoline or indolines
were ineffective substrates to this protocol.
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The Zhang group, 2019
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Scheme 3. Synthesis of benzimidazolones via Cu-catalyzed oxidative dual C-H aminations

The Beauchemin group, 2020
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Scheme 4. Synthesis of imidazolones through C(sp®)-H aminations under photo-redox condition

C-H amination with electrophilic amines are found to be a better alternative for the
synthesis of benzimidazolones. The Beauchemin group in 2020, reported the synthesis of

imidazolones using engineered O-benzoyloxy hydroxylamines via sp® C-H amination through the
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formation of nitrene intermediate under photo-redox catalysis (Scheme 4).2? They designed O-
acyl hydroxylamine precursors in such a way that they enabled a new photocatalytic C—H

amination affording a broad range of imidazolidinones and related heterocycles.

The Meggers group, 2021
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Scheme 5. Synthesis of imidazolidin-2-ones via Fe-catalyzed C(sp®)-H aminations

In 2021, the Meggers group also reported similar sp® C-H amination for the synthesis of
imidazolones under iron-catalysis from similar kind of substrates (Scheme 5).2® The amination of
C(sp®)-H in their condition was obtained by the insertion of metal-nitrene intermediate into the C-
H bond. A broad range of imidazolidin-2-ones were gained with very good functional group
tolerance. Mechanistically, the active Fe(ll) catalyst bounds to phen ligand, then coordinates to the

substrate (N-benzoyloxyurea). After deprotonation of the N-H group followed by release of the
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benzoate leaving group iron nitrenoid intermediate | is formed. This metal-nitrenoid species in its
triplet state undergoes a 1,5-hydrogen atom transfer (HAT) generating a radical intermediate 11.
The intermediate under goes a rapid radical rebound process to form intermediate 111. From this

product is released with the regeneration of the iron catalyst for a new catalytic cycle.

Besides the oxidative C-H amination reactions as mentioned in the previous section
benzimidazoles can also be made by intermolecular C-H amination cascade processes. For
example, the Zhang group reported the synthesis of 5-diarylamino benzimidazoles via radical-
induced triple C-H amination cascade under aerobic copper catalysis (Scheme 6).2* This cascade
reaction involved the combination of two diarylamine and an alkylamine molecules in one-pot. As
the reaction is solely controlled by electronics, this reaction works only in diaryalamine system
only. Although having this limitation this step and atom economic protocol also offered a broad

substrate scope with respect to diarylamines with good functional group tolerance.
The Zhang group, 2018
o N
A;NH + R NH, _CuCl (15 mol %), O /©[ P
! 'BuUOH, 100 °C, 12 h Ar\N N

Reaction pathway

NHPh NHPh
©/ [Cu)/O, /©/ [Cu)/O,
> _
Ph,NH Phy

. R™ONH

1st para C-H amination Ph 2nd ortho C-i-l amination
NHPh HPh
Lo, (05—
Ph< —_— t
N NH Ph. = produc
) L i N R
Ph R Ph

benzylic sp® C-H amination

Scheme 6. Synthesis of benzimidazoles via triple C-H aminations cascade using nucleophilic

amines

Electrophilic amidation or amination/ cyclisation cascade reactions have also been
developed for the synthesis of this important scaffold. In this context, the Li group in 2017,
disclosed Ir-catalyzed directed ortho-C-H amidation/cyclisation cascade for the synthesis of
benzimidazoles using dioxazolone as amidating agent (Scheme 7).2° Under their optimized
condition meta-substituted substrates with various electron-withdrawing and halide groups

afforded the desired product in good yields and the C—H amidation occurred at the less hindered
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ortho-position. In contrast, electron-donating group (-OMe) at meta position didn’t afford any
product limiting this methodology. Other para-and ortho-substitutions worked well in their
condition. Mechanistically, active Ir-catalyst generated in situ which forms iridacycle I through C-
H activation. This iridacycle then coordinates with dioxazolone (12) through CO2 extrusion
forming metal-nitrenoid species 1. After that a migratory insertion followed by protonolysis gives
the ortho-amidation product 1V. Intramolecular nucleophilic attack of the aniline N-atom to the
acyl carbon followed by dehydration affords the product with catalyst regeneration. In 2020, the

Chatani group also developed similar strategy using less expensive Rh-catalyst.

The Li group, 2017
F\
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Scheme 7. Synthesis of benzimidazoles via C-H amidation/cyclisation cascade using electrophilic

dioxazolone
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The Cui group, 2019
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Scheme 8. Synthesis of benzimidazoles via C-H amination/cyclisation cascade using electrophilic

aminating agent anthranil

A strategy for the synthesis of sophisticated benzimidazoles was reported by the Cui group
in 2019, by a Rh-catalysed C-H amination with anthranil followed by cyclisation cascade (Scheme
8).26

I11. 3. Present work

C-H amination/cyclisation cascade reactions for the synthesis of various valuable N-heterocycles
are now becoming a growing field of research area. However, most of the C-H amination methods
require pre-installation of directing groups in the substrates to control regioselectivity and their
subsequent removal. So, the introduction and removal of directing groups is one of the major
drawbacks in chelation-assisted C—H functionalization. To by-pass this problem, transient,
traceless and inherent directing group strategies were unveiled.?” Very recently, migration and
incorporation of a DG into the target molecule has arisen as a practical approach in transition
metal-catalyzed C—H functionalization.?® This strategy can provide quick access to complex
molecules by maximizing the atom-economy. The Miaura group reported divergent synthesis of
indoles and oxazoles controlled by directing-group.?®° However, there is no report of a single atom
of directing group (O vs. S) switch for scaffold diversification exploiting their innate reactivity in

the C—H functionalization/annulation cascade. So, we took an initiative to explore this.

126



Chapter 111

RAL N
c—~N
m:gratlon Rh.. )
H
N " B\ @[ >= °
R Cu(ll) cat. \ =N

N/

R 1. C-H amination
Xy 2. cyclization N\Rz
R?NHOBz R

ox:datlon

Scheme 9. Directing group switch in copper-catalyzed electrophilic C—H amination/migratory

annulation cascade: divergent access to benzimidazolone/benzimidazole

In our previous work we observed an excellent reactivity of bicyclic system towards
electrophilic ortho C-H amination with O-benzoyloxy protected secondary amines.®® We
hypothesized that C—H amination with primary amine may initiate an annulation cascade via
subsequent addition to picolinamide directing group. The incipient oxyanion may trigger 1,2-
migration of directing group to provide benzimidazolone. Instead, thiophilic copper may endorse
the extrusion of hydrogen sulfide to provide benzimidazole from the corresponding thioamide
directing group. C—H amination with aliphatic primary amines are challenging and less explored.
However, copper-catalyzed C—H amination with free primary amine is a daunting challenge
because of the catalyst inhibition.3! Another problem is the competitive intramolecular oxidative
cyclization of the corresponding DG which can hamper the intermolecular cascade process.®? The
electrophilic C—H amination has arisen as a benevolent alternate for constructing N-heterocycles
under mild conditions.®® We hypothesized that C-H amination with electrophilic primary amine

surrogate may overcome the catalyst inhibition problem.
I11. 4. Result and discussions

To test our hypothesis, picolinamide-protected 1-naphthylamine 17a and aniline were subjected
separately with 1.0 equiv. of O-benzoylhydroxylamine 18a in presence of Cu(OAc)2.H20 in
DMSO at 80 °C for 6 hrs. Successfully, 17a provided the expected imidazolone product 19a in
44% vyield but aniline substrate remained unsuccessful (Table 1). Further optimization study
revealed that out of other solvents DMSO found to be best. This cascade reaction provided
excellent yields 93% and 87% with just 5.0 and 1.0 mol % catalyst loading respectively. Even 5

mol % metallic copper also furnished the product in very good yield. Free primary amines (instead
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of 18a) along with different external oxidants such as PIDA, K2S20s or Bz20O2 were able to give
the desired product in <5%, 12% and 32% yields respectively suggesting the poor ability of free
amines over the protected O-benzoylhydroxylamine. 1.2 equiv of 18a along with 1.0 equiv Bz202
afforded the product in lesser yield 58%. Other transition metal catalysts such as Pd(OAc)2,
Co(OAC)2, Ni(OAC)2, Mn(OAC)2, FeClz, FeBr: etc. were found to be less effective or ineffective

to undergo this cascade process

Table 1 Optimization of the reaction conditions for benzimidazolone®®

7 \ / o
HN | A NHOBz N N% /\
N~ catalyst (x mol %) N— \
* @ solvent, N,, 80 °C, 6 h v
17a 18a 19a
1.0 equiv 2.5 equiv
Entry Catalyst X Oxidant Solvent Yield"
(19a)
1 Cu(OAC)2.H20 10 - DMSO 44
2 Cu(OAC)2.H20 10 - H20 0
3 Cu(OAC)2.H20 10 - MeCN 39
4 Cu(OAC)2.H20 10 - dioxane 62
5 Cu(OAC)2.H20 10 - DMSO 90
6 Cu(OAC)2.H20 5 - DMSO 93
7 Cu(OAC)2.H20 2.5 - DMSO 90
8 Cu(OAC)2.H20 1.0 - DMSO 87
9 Cu(OAC)2.H20 0.5 - DMSO 72
109 Cu(OAC)2.H20 0 - DMSO 0
11 Cu(OAc)2.H20 2.5 - DMSO 56
12 Cu powder 5 - DMSO 83
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13f Cu(OAC)2.H20 10 PIDA DMSO >5
149 Cu(OAC)2.H20 10 Bz20> DMSO 58
15 Pd(OAcC)> 10 - DMSO >5
16 Co(OAcC)2 10 - DMSO 20

aAll reactions were carried out in 0.2 mmol scale. °Yields refer to here are overall isolated yields.
°1.0 equiv. 18a was used. 925% ortho aminated product was obtained. ®Reaction was performed at
room temperature. Free amine was used as amine source and oxidant 2.5 equiv. 91.0 equiv. Bz20z

and 1.2 equiv. of 18a were used.
Characteristics peaks in tHNMR spectrum of compound 16a

1. Firstly, the amide proton in the range of & value 10.0-11.0 ppm was disappeared in the

product.

2. Appearance of one multiplet in the region & 4.42-4.34 ppm corresponding to 1 proton and
another five multiplets ranging from 6 2.33 to 1.29 ppm corresponding to total 10 protons

indicated the incorporation of cyclohexyl moiety form the amine source.
Characteristics peaks in IHNMR spectrum of compound 16a

1. In 3C NMR four new peaks in the aliphatic region & 53.7-25.5 ppm were appeared. The
peak at 6 53.7 ppm is for the carbon atom attached to the N-atom.

Mass of the compound was 2 units less than ortho amination product indicating the missing

of two protons. Finally, X-ray crystallography data confirmed the exact structure.
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Under the optimized reaction condition, a large variety of cyclic and acyclic primary
amines supplied a library desired products in good to high yields (Table 2). Cyclohexylamine
delivered an excellent 93% yield of the desired product (19a), whereas cyclopentyl, cycloheptyl
and cyclooctylamines gave slightly lower 78%, 65% and 46% yields respectively (19b-19d). With
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acyclic amines, yields improved with the increase in chain length (19e-19g) and steric bulk.
Sterically hindered sec-butyl (19i), tert-butyl (19j), adamantylamine (19m) gave excellent to
almost quantitative yields revealing a positive influence of steric factor of amines on the
rearrangement cascade. A competitive experiment of 17a with two different amines, 18m and 18n
provided 19m and 19n in 70% and 28% vyields respectively. Many substituted 1-naphthylamines
including methyl substitution at the C-8 position delivered high to excellent yields of the desired
products (199-19y). Picolinamide protected amino-quinoline and isoquinoline afforded the
rearranged products in admirable yields (19z, 19aa). Successfully, various (2-N-heteroaryl)
anilides worked as outstanding directing groups and incorporated into the benzimidazolones
(19ac-19ah). Remarkably, 3-methyl picolinamide delivered the corresponding N-pyridyl product
(3ac) via ipso-substitution. Likewise, amides of 5-methyl pyrazinoic (19ad, CCDC 2025269),
quinaldic (19ae) and pyrazinoic acid (19af, 19ag) also supplied the products in comparable yields.
Isoquinoline-1-carbamide gave a mixture of benzimidazolone 19ah and C—H amination product
19ah’. This may be the result of unfavourable formation of the tetrahedral intermediate for steric
cause. In case of 6-aminoquinoline, the reaction stopped at the C—H amination step (19ai).
Moreover, less hindered methyl amine delivered the corresponding 2-pyridylbenzimidazole (19aj,
CCDC 2025266) conveying the role of steric and trajectory of the amine after C-H amination on

the consequent rearrangement reaction.

Table 2 Substrate scope of benzimidazolones®”
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R = Me, 19aq: %/52%;
R = CF3, 19ar: 0%

Reaction conditions: 17 (0.20 mmol), 18 (0.50 mmol), Cu(OAc)2.H20 (0.01 mmol), Dry DMSO

(2.0 mL), N2, 80 °C, and 6 h. 2All reactions were carried out in 0.2 mmol scale. *Yields refer to the

overall isolated yields with respect to 17. ©2.0 mmol scale reaction. 910 mol % Cu(OAc)2.H20 is

used. ®Reaction temperature was 100 °C. fAdditional 2.0 equiv. LiOBu is used and reaction
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temperature was 90 °C. In the competition experiment: 17a (0.20 mmol), 18m (0.50 mmol), 18n
(0.50 mmol), Cu(OACc)2.H20 (0.01 mmol), Dry DMSO (2.0 mL), N2, 80 °C, and 6 h.

After that various picolinamide protected ortho, meta, para substituted anilines were
subjected under the same condition. Successfully, picolinamide protected 2-phenyl aniline gave
30% rearranged product and 3,5-dimethoxy aniline afforded ortho amination product (35%). After
the attainment of these results next we turned our consideration to optimize these reactions. After
numerous screening of various solvents, base or acid additives, ligands there was no noteworthy
progress in rearrangement reaction of 2-phenyl aniline picolinamide. Increasing temperature to
100 °C the product yield was slightly increased to 40%. Then different ortho substituted anilines
were subjected to this condition but ortho substituted anilines only (with electron donating bulky
groups) afforded the rearranged benzimidazolones in moderate to good (19ak-19a0) yields. After
several screenings use of additional 2.0 equiv LiO'Bu gave the ortho C—H amination product in
3,5-dimethoxy aniline with 72% vyield at 90 °C (19ap). While 3,5-dimethyl substituted
picolinamide provided the C-H amination product in 52% vyield, the corresponding 3,5-
bis(trifluoromethyl)aniline substrate stayed unreactive showing an intense role of electronic nature
(19aq, 19ar). Besides cyclohexylamine, other amines also gave the ortho C—H amination products
in moderate yields (19as-19au). However, no benzimidazolones were obtained even at low
catalyst loading suggests that an ortho substitution w.r.t picolinamide has a decisive role for the

preceding rearrangement reaction.

Table 3 Optimisation of C-H amination in monocyclic systema?

| \N B
7 _N
NHOBz o
o NH catalyst (10 mol %) -

H o+ (j additive o7 NH y
DMSO, Ny, 90 °C, 6 hrs /@[ \O
MeO OMe MeO OMe

1.0 equiv 2.5 equiv

Entry Catalyst Additive Yield (%)
1 Cu(OAc)2.H20 - 35

2° Cu(OAC)2.H20 - 25
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3 Cu(OTf):2 - 10<
4 Pd(OAC): - nr

5 Cu(OAc)2.H20 1,10-phen 15
6 Cu(OAC)2.H20 K2COs 58
7d Cu(OAC)2.H20 K2COs 50
8¢ Cu(OAC)2.H20 K2COs 54
9 Cu(OAC)2.H20 Na2COs 45
10 Cu(OAC)2.H20 Cs2C03 43
11 Cu(OAC)2.H20 KOACc 30
12 Cu(OAC)2.H:0 LiO'Bu 72

aAll reactions were carried out in 0.2 mmol scale. PYields refer to here are overall isolated yields.
‘Temperature 100 °C and time 12 hrs. %Air. ¢O2 atm.

2-pyridylbenzimidazoles are an important class of compounds usually used as excellent
ligands for metal complexation and glukokinase activator, etc. This is why we turned our attention
towards the optimization of the reaction for benzimidazole.3* Primarily, we started the
optimization of benzimidazole with 17a and 18a. All our efforts using different acidic solvents
such as AcOH or TFE, use of acid additives such as BzOH, TsOH, and high temperature (120 °C)
to assist the dehydration after cyclization were unsuccessful. Satisfyingly, the corresponding
picolinimidamide afforded the imidazole product in 30% yield in 12 hrs. As thioamides have been
evidenced as excellent directing groups in Pd- or Co-catalyzed C—H functionalizations,® we
assumed that thiophilic copper may trigger the extrusion of hydrogen sulfide from thioamide
instead of 1,2-pyridyl migration to give the desired benzimidazole product. Successfully, the
thiopicolinamide 2l1a under the above reaction condition, afforded the desired 2-
pyridylbenzimidazole solely albeit in low yield. After a number of screenings, use of 3.0 equiv. of
18a, 20 mol % Cu(OAc)2H20 and 1.2 equiv. of K2COs in DMSO at 90 °C under Oz atmosphere
furnished the desired product in 88% yield. During the optimization we observed that both K2COs

and Oz are crucial otherwise yield diminished significantly.
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Table 4 Optimization of the reaction conditions for benzimidazole?®

X %
| N
~-N __
NHOBZ - | OAc); H,0 (x moi%) N=

- N
H s @ additive, DMSO, \O
OO 0,, 90 °C, 6 hrs

21a 22
1.0 equiv
Entry Amine source | Cu(OAc)2.H20 Additive Yield (%)
(equiv.) (mol %)

1° 2.5 10 - 38
20 2.5 10 - 40
3 2.5 10 - 46
4 2.5 20 - 48
5 3.0 10 - 50
6 3.0 20 - 53
7¢ 3.0 20 - 34
8f 3.0 20 - 40
98 3.0 20 - 40
10 3.0 20 1.2 equiv. K2CO3 58
11" 3.0 20 1.2 equiv. K2CO3 64
12! 3.0 20 1.2 equiv. K2COs 88
13! 3.0 20 - 64
141 3.0 10 1.2 equiv. K2CO3 70
154 3.0 10 1.2 equiv. K2CO3 0
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aAll reactions were carried out in 0.2 mmol scale. °Yields refer to here are overall isolated yields.
°Reaction was continued for 3 hrs. 9Reaction was carried out at 100 °C. ®Reaction was carried out
in dry toluene. 'Reaction was carried out in dry 1,4-dioxane. 9Reaction was carried out in dry THF.
hReaction was carried out in air. 'Reaction was carried under Oz atm. Reaction was performed with

substrate 17a instead of 21a.

During the substrate scope studies, we observed a positive influence of the increasing chain
length of the linear amines (22c-22d, Table 5). But with isomeric acyclic amines, unlikely to
imidazolones, yield decreases with increasing a-substitution (22d-22g). Benzylamine, furylamine,
adamantanemethylamine and 4-amino-1-boc piperidine afforded the products in moderate yields
(22h-22k). Thioamides of 5-methyl pyrazine-2-carboxylic acid and 2-quinaldic acids also
provided the imidazole product in moderate yields (22I, 22m). Various substituted 1-
naphthylamines at different positions also underwent the reaction providing the desired product in
medium to good yields (22n-22s). The reaction is also reproducible in 2.0 mmol scale
demonstrating practicability of this methodology. Thio-picolinamide of monocyclic anilines under

the same condition mostly oxidized to picolinamide.

Table 5 Substrate scope of benzimidazoles®”
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Cu(OAc),"H,0 (20 mol %)
K,CO3 (1.2 equiv)
DMSO, O,, 90 °C, 6 h

“3 “3 *3

22f: 8

22¢: 70% 22d: 83% 22e: 86% 80%

22b CCDC: 2025279

22a: 88%, °30%, 980%  22b: 80%

sea(oe b% J@ o OGS

22i: 38% 22j: 78% 22k: 69%

N 7\
N=
N\CV
Me

22p: 85%

7N\
221: 59%
NP

22s: 49%

p 22m: 50%
P o5

22n: 83% 220: 92% 22q: 80% 22r: 55%

Reaction conditions: 21 (0.20 mmol), 22 (0.60 mmol), Cu(OAc)2.H20 (0.04 mmol), K2COs (0.24
mmol), Dry DMSO (2.0 mL), Oz, 90 °C, and 6 h. 2All reactions were carried out in 0.2 mmol scale.
bYields refer to overall isolated yields with respect to 21. °Picolinimidamide 21a’ used as substrate.

dReaction in 2.0 mmol scale.
I11. 5. Metal-free conditions for benzimidazolones

Fascinated by the initial C—H amination product formation under the metal-free conditions (entry
10, table 1), we speculated whether it can be re-optimized to get the desired benzimidazolones.
Primarily, a mixture of C—H amination product 17a’, imidazolone 19a and unreacted starting

material was got which was subjected to the succeeding cyclization reaction.
Table 6 Optimization of the metal-free condition?®

NHPA o

H mixture of 2. work-up
Oc T ik then 19a
3 1.DMSO inati -
"R N, 00°Ca8n" | product | B202(075 equiv)
17 18 AR and 19a | DMSO, N, 80 °C, 1h
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Entry Amine source Equiv. of 18 Yield® (19)
1 18a:R=H 2.5 25
2 18a: R=H 4.0 25
4 18az: R = 4-NMe; 4.0 65
5 18a3: R = 4-CF3 4.0 10
6 18as: R =4-Bu 4.0 20
7 18as: R = 4-OMe 4.0 41
8 18as: R = 3,5-di Cl 4.0 0
9 18a7: R = pentafluoro 4.0 25
10°¢ 18b.: R = 4-NMe> 4.0 44
114 18az: R = 4-NMe; 4.0 70

Reaction conditions: 15t step: 17 (0.10 mmol), 18 (0.40 mmol), Dry DMSO (1.0 mL), N2, 90 °C,
and 48 h. 2" step: Bz202 (0.75 equiv.), DMSO, N2, 80 °C, and 1h. 2All reactions were carried out
in 0.1 mmol scale. ®Yields refer to here are isolated yields after two steps with respect to 17.

°Protected cyclopentylamine was used and reaction time was 12 h. 9Substrate 17r was used.

However, work up of the reaction mixture followed by addition of benzoyl peroxide
transformed the C—H amination product to the desired annulation product at 80 °C. Increasing the
amount of amine source 18a to 4.0 equiv. or temperature to 90 °C the yield wasn’t enhanced.
Delightfully, varying many different substitutions in the phenyl ring of 18, we found that 4-NMe:2
substitution provided the product in 65% vyield. Protected cyclopentylamine gave the desired
product in 44% yield in 12 hrs. Monocyclic substrates remained unreactive under this metal-free
condition. To note, the probability of metal contamination was omitted using all new glass-wares,
freshly distilled solvents and repeating the reaction at least four times. Although, this metal-free,

two-step method has inherent restrictions, we expect that it has intense mechanistic implications.

I11. 6. Investigation of reaction mechanism
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To gain understanding of the reaction mechanism we performed numerous control experiments.
When an equimolar mixture of 17r and 17ac was treated in the optimized condition 19r and 19ac
were obtained and formation of no cross-over product suggests that 1,2-pyridyl migration is
intramolecular in nature (Scheme 10a). Unsymmetrical substitution in the migrating group as in
case of 5-methyl pyrazine anilide 17ad delivered the imidazolone product 19ad only through ipso
C—N bond formation (Table 2). Either carrying out the reaction at low temperature for smaller
time or quenching the reaction after 1.5 h, we were able to isolate C—H amination product 17a’.
Heating this preformed C—H amination product 17a’ in absence of 18a 5%< product was obtained.
But, a combination of copper catalyst and O-benzoylhydroxylamine 18a (1.5 equiv.) or even
benzoylperoxide alone provided the desired 19a in high yields (Scheme 10b). Therefore, 18a acts
not only as amine source but also as an oxidant for catalytic turnover. Moreover, the imidazole
product 22a was not transformed into the corresponding imidazolone 19a under the reaction
condition signifying a plausible concerted cyclization/1-2 pyridyl migration path (Scheme 10c).
Instead of picolinamide 17a, the corresponding benzanilides 23 or 24 do not provide any desired
product (Scheme 10d). 24 doesn’t undergo rearrangement even in presence of Bz202 which is
suggestive of that the pyridyl-nitrogen is not only needed in the directed C—H amination but also
in the succeeding steps. To inspect the association of radical in this C—H amination/migratory
annulation cascade, we did the reaction in presence of 2.0 equiv. of TEMPO. The yield was slightly
reduced from 93% to 82% (Scheme 10e). Further, cyclization from a preformed amination product
17a’ provided in almost similar yield in presence of TEMPO. Hence, single electron transfer (SET)
route may be excluded in the migratory cyclization step. Then we accomplished time dependent
'H NMR experiment to get an idea about any intermediate forming during the course of the
rearrangement reaction. We took 17a’ in a NMR tube in DMSO-d6 and 1.0 equiv. of Bz202 was
added to it for recording the time-dependent *H NMR spectra at room temperature (Fig. 2). After
5-7 min, a new peak probably corresponding to Hy or Hy appeared at 8.71 which was slowly
reduced and finally diminished while the desired product was formed. In this experiment, the
chemical shift of ortho proton of pyridine (Ha) in 17a’ is suggestive for the development of
intermediate V11 or VIIa’ which progressively shifted to more upfield in the intermediates and
then in the product. It indicates that the electron withdrawing effect of the amide-carbonyl is no
longer persists in the intermediate directing towards either of the intermediates V11 or VIIa’ (Hb

or Hy’). As the chemical shift value in the intermediate is nearer to the product than the starting
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material, we assume that the new C—N bond may already have been made which is in favor of the

% Q o
N~ N

N/

intermediate VIIa’.

N
std condition Cy“
0. 1 mmol 0.1 mmol
17r 17ac 19rBr 19ac
No cross-over products
b) 18a(1.5 equiv.) Cu(OAc),.H,0
20% i A <5%
. N~ )
0% m-CPBA (1.0 equiv.) 18a(1.5 equiv.), Cu-cat. 819%
18a(1.5 equiv.), Cu-cat HN 9
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Scheme 10 Control experiments.
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Substrate 1a'+ 82202 after 24 mins

Substrate 1a'+ 82202 after 18 mins

Substrate 1a'+ 82202 after 7 mins
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e
Fig. 2 Time dependent *H NMR experiment.

A Cu'/Cu" cycle is probably involved in this cascade process as reported by the Li, Gaunt,
Stahl and other groups.® Based on our control experiments and the above literature reports Cu(l1)
salt first generates an active Cu' species on disproportionation which undergoes oxidative addition
with the hydroxyl amine 18 to form a Cu'"' complex, 1 (Scheme 11). This complex then undergoes
chelation with the substrates 17 or 21 forming Il which on electrophilic aromatic substitution type
reaction forms intermediate 111. Likewise, intermediate 1V may also be formed under the metal-
free condition. Pyridine of the picolinamide may act as a proton shuttle that abstracts ortho proton
and supplies to the amide nitrogen in the course of rearomatisation through intermediate V giving
the ortho amination products VI. Then, a tetrahedral intermediate VII is formed by the
intramolecular attack of the amine moiety to the amide/thioamide carbonyl group. The
nucleophilic nitrogen may attack at the ipso position of the pyridine moiety in presence of second
molecule of the Cu'"'-complex I, making V1la which elucidates the need of an excess (2.5 equiv.)
amount of O-benzoylhydroxylamine.®” Similar type of intermediate, VIIa’ may be generated in

presence of Bz20z2 in the metal-free pathway. This type of three-membered cyclic intermediate is
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claimed by the Feng group for aryl migration.® A similar O—C pyridyl migration through de-

aromatization of pyridine ring was also described. Then a 1,2-pyridyl migration from C—N may
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Scheme 11 Proposed reaction mechanism.

occur to afford the corresponding benzimidazolone product 19 with regeneration of the active Cu!

species. VIIa’ may also give the product in similar way. It is additionally supported by the
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information that electron donating substitution (e.g., ethyl, isopropyl in case of monocyclic
anilines) at the 0’-position has a positive impact in the reaction outcome. However, tert-Bu group
may be hindering the reaction to an extent because of steric inhibition. Owing to the discrete
reactivity of thiol compared to the corresponding oxygen analogue,*® a putative 4-membered cyclic
intermediate VI1b may be formed with thiophilic copper from the tetrahedral thiolate intermediate
(Scheme 11). Next, exclusion of hydrogen sulphide delivers the thermodynamically favourable

benzimidazoles (22) by regenerating Cu(ll).
I11. 7. Deprotection of N-heteroaryls of the benzimidazolone product

For expanding the synthetic efficacy of this migratory annulation cascade, the pyridine and
pyrazine moieties were successfully deprotected from the representative benzimidazolones (19a,
19ag) under a reducing condition giving 25a and 25b in 70% and 55% yield respectively (Scheme

12).** The free -NH moiety may be further employed to accomplish further molecular diversity.

Nl HN"/<O

N 1. MeOTf (3.6 equiv.), MeCN,

N-R 0°C to r.t, 5 min N\R
OO 2. NaBH, (7.5 equiv.), MeOH, 0 °C, 15 min
19a: X= CH, R= cyclohexyl; 25a: X= CH, R= cyclohexyl,
19ag: X= N, R= tert-Bu 70%;

25b: X= N, R= tert-Bu, 55%
Scheme 12. Deprotection of N- heteroaryls of the benzimidazolone product.
I11. 8. Conclusion

In conclusion, we have established a directing group dependent complete switch of the product
selectivity in copper-catalyzed electrophilic C-H amination using O-benzoyloxy protected
primary amines. The benzimidazolones are obtained via an unique electrophilic ortho C—H
amination with primary amines, intramolecular cyclization and 1,2-directing group migration from
carbon to nitrogen center cascade process. Extraordinarily, cleavage of one C-H and C-C bonds
and formation of three new C—N bonds take place in a single set-up in this migratory annulation
cascade. Amazingly, shifting the picolinamide directing group to the corresponding
thiopicolinamide the chemoselectivity is completely switched forming 2-pyridylbenzimidazoles

via the extrusion of Hz2S. Low-cost copper catalyst, scale-up synthesis, low catalyst loading,

143



Chapter 111

controlled scaffold diversification are some of the practical features of this tandem reaction. The
benzimidazolone product is also obtained in good to moderate yields in two steps under metal-free

conditions but the metal-free condition is not generalised.
I11. 9. Experimental section

Preparation of the starting materials
General procedure for the preparation of thioamides from corresponding picolinamides

To a mixture of picolinamide (2.50 mmol) and Lawesson’s reagent (0.52 g, 1.28 mmol) was added
toluene (10 mL) and the solution refluxed for 12-48 hrs. The mixture was then filtered and solvent
was removed under reduced pressure to afford a yellow solid material which was purified by
column chromatography using solvent mixtures of petroleum ether and ethyl acetate to give the

desired product (yellow solid). Using this method, thioamide of other amides were also prepared.
General procedure for the preparation of picolinimidamide

In an oven dried two-necked RB charged with 2-cyano pyridine (520 mg, 5.0 mmol) and 1-
naphthylamine (715 mg, 5.0 mmol) under nitrogen atmosphere 10 ml dry DCE was added and
cooled to 0 °C. Then AICls (665 mg, 5.0 mmol from glove box), was added portion wise to avoid
overheating. The reaction mixture was stirred at this temperature for 10 minutes then at rt for 5
minutes. Then this mixture was heated to 80 °C for several hours under N2 atmosphere. After
consumtion of the starting materials. The reaction mixture was diluted with 20 mL
dichloromethane and washed with 15 mL of 6N NaOH. The resulting organic layer was separated
and dried over Na2SO4 and solvent was removed under reduced pressure. Then this crude product
was washed with distilled hexane three times and dried under high vacuum to give the desired

product which can be used without further purification.
Representative Procedure 1 for imidazolone

In an oven dried 15 mL sealed tube containing a stir bar was added corresponding picolinamide
(0.2 mmol, 1.0 equiv), O-benzoylhydroxylamine (0.5 mmol, 2.5 equiv.) and Cu(OAc)2H20 (0.01
mmol). Dry DMSO (2mL) was then added and Nz gas was purged for 2 minutes. The mixture was
stirred at 80 °C for 6 hrs. After allotted time the reaction mixture was cooled to room temperature.

The mixture was diluted with EtOAc (15 mL) and washed with saturated aq. NaHCO3 solution
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(25mL), followed by brine solution (25 mL) and dried over Na2SO4, and evaporated in vacuo. The
crude mixture was loaded on a silica gel column chromatography and purified using

(Hexane/EtOAC) to give the desired imidazolone product.
Representative Procedure for imidazole

Inan oven dried 15 mL sealed tube containing a stir bar was added corresponding thiopicolinamide
(0.2 mmol, 1.0 equiv), O-benzoylhydroxylamine (0.5 mmol, 3.0 equiv.), Cu(OAc)2H20 (0.04
mmol) and K2COs (0.24 mmol). Dry DMSO (2mL) was then added and Oz gas was purged for 2
minutes. [Note: amount of Ozshould be sufficient for better reaction and so large amount of empty
space is required. For scale up reaction (2.0 mmol) 100 mL pressure tube was used]. The mixture
was stirred at 90 °C for 6 hrs. After allotted time the reaction mixture was cooled to room
temperature. The mixture was diluted with EtOAc (15 mL) and washed with saturated ag. NaHCOs
solution (25mL), followed by brine solution (25 mL) and dried over Na2SOa, and evaporated in
vacuo. The crude mixture was loaded on a silica gel column chromatography and purified using

(Hexane/EtOAC) to give the desired imidazole product.
Representative Procedure 2 for imidazolone in 2-substituted aniline system

In an oven dried 15 mL sealed tube containing a stir bar was added corresponding picolinamide
(0.2 mmol, 1.0 equiv), O-benzoylhydroxylamine (0.5 mmol, 2.5 equiv.) and Cu(OAc)2-H20 (0.02
mmol). Dry DMSO (2mL) was then added and N2 gas was purged for 2 minutes. The mixture was
stirred at 100 °C for 6 hrs. After allotted time the reaction mixture was cooled to room temperature.
The mixture was diluted with EtOAc (15 mL) and washed with saturated aq. NaHCOz3 solution
(25mL), followed by brine solution (25 mL) and dried over Na2SOs, and evaporated in vacuo. The
crude mixture was loaded on a silica gel column chromatography and purified using

(Hexane/EtOAC) to give the desired imidazolone product.
Representative Procedure for amination in aniline system

In an oven dried 15 mL sealed tube containing a stir bar was added corresponding picolinamide
(0.2 mmol, 1.0 equiv), O-benzoylhydroxylamine (0.5 mmol, 2.5 equiv.), LiO'Bu (0.4 mmol, 2.0
equiv.) and Cu(OAc)2-H20 (0.02 mmol). Dry DMSO (2mL) was then added and N2 gas was purged
for 2 minutes. The mixture was stirred at 90 °C for 6 hrs. After allotted time the reaction mixture

was cooled to room temperature. The mixture was diluted with EtOAc (15 mL) and washed with
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saturated ag. NaHCOs solution (25mL), followed by brine solution (25 mL) and dried over
Na2SOs4, and evaporated in vacuo. The crude mixture was loaded on a silica gel column

chromatography and purified using (Hexane/EtOAC) to give the desired amination product.
Procedure for synthesis of compound 17a’

In an oven dried RB containing a stir bar was added picolinamide 17a (2 mmol, 1.0 equiv), O-
benzoylhydroxylamine (2 mmol, 1.0 equiv.) and Cu(OAc)2H20 (0.2 mmol). Dry DMSO (15 mL)
was then added and N2 gas was purged for 2 minutes. The mixture was stirred at room temperature
for 6 hrs. The mixture was diluted with EtOAc (100 mL) and washed with saturated ag. NaHCOs3
solution (50 mL), followed by brine solution (50 mL) and dried over Na2SOa, and evaporated in
vacuo. The crude mixture was loaded on a silica gel column chromatography and purified using

(Hexane/EtOAC) to give the amination product.

Procedure for the preparation of 23 and 24

NO, NO, NOz )
OH OH OMe N

NH, |, NHCOPh

O O O

(a) ZrO(NO3), .xH,0 (1.0 equiv.), acetone, r.t., 3hrs, filter,solvent evaporation, column chromatography;
(b) KOH (3.0 equiv.), Mel (2.0 equiv.), acetone, reflux, 12 hrs, cooled to r.t., work-up, column
chromatography;

(c) KoCO3 (4.0 equiv.), CyNH, (3.0 equiv.), DMF, 80 °C, 16 hrs, cooled to r.t., work-up, column
chromatography;

(d) Pd/C, EtOAc, Ho, r.t, 3 hrs, filter on celite bed, solvent evaporation, used for next step immidiately;
(e) Et3N (2.0 equiv.), BzCl (1.0 equiv.), DCM, r.t., 30 min, work-up, solvent evaporation, column

-

chromatography.
NH, NHCOPh
DCM, Et3N (2.0 equiv.),

BzClI (1.0 equiv.), 0°C tor.t.,, 12 hrs 23

Procedure for deprotection of pyridyl group of Benzimidazolone product

This deprotection was done according a condition for the deprotection of N-pyridyl group.® In an

oven dried RB containing a stir bar was added the benzimidazolone and dry MeCN and it was

146



Chapter 111

cooled to 0 °C in an ice-bath under N2 atmosphere. Ice-cooled MeOTf (3.6 equiv.) was added
dropwise to this solution. After addition the mixture was stirred at r.t. for 10 minutes. Then to this
mixture MeOH (4 mL) was added and further cooled to 0 °C in an ice-bath. NaBH4 (7.0 equiv.)
was added portion-wise and stirred at this temperature for 15 minutes. After that the solvent was
evaporated and diluted with EtOAc, washed with water and dried over Na2SQOs4. This was

concentrated under vacuum followed by column chromatography gave the desired product.
111.10. X-ray crystallography data

The crystals were grown in dichloromethane solvent. The pure compound was dissolved in
dichloromethane slow evaporation led to the crystal 19aj. The crystal data was collected in X-ray
spectroscopy (Bruker Kappa Apex-2, CCD Area Detector), and the data was analyzed using

OLEX2 software. The structure is given below.

Thermal eIIipsoid ploi of 19aj. Ellipsoids are represented with 50% probability.

X-ray determined molecular structure of 19aj, CCDC: 2025266

Identification code HM_430A 0m_a
Empirical formula CisHisN2
Formula weight 259.32
Temperature/K 100.0

Crystal system monoclinic
Space group P21/n

alA 10.9333(3)
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b/A
c/A

o

o/
pre

v/°

Volume/A3

Z

pealcg/cm?®

w/mm?t

F(000)

Crystal size/mm?

Radiation

20 range for data collection/®
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2

Final R indexes [[>=2c (1)]
Final R indexes [all data]

Largest diff. peak/hole / e A
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7.3400(2)

16.2518(5)

90

98.6550(10)

90

1289.36(6)

4

1.336

0.612

548.0

0.2x0.2x0.2

CuKo (L = 1.54178)

13.262 to 132.918
-12<h<12,-8<k<8,-19<1<17
18364

2259 [Rint = 0.0807, Rsigma = 0.0459]
2259/0/183

1.056

R1 = 0.0733, wR> = 0.2003

R1 = 0.0760, wR> = 0.2033

0.55/-0.66
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The crystals were grown in dichloromethane solvent. The pure compound was dissolved in
dichloromethane slow evaporation led to the crystal 22h. The crystal data was collected in X-ray

spectroscopy (Bruker Kappa Apex-2, CCD Area Detector), and the data was analyzed using

-k,

Thermal ellipsoid plot of 22h. Ellipsoids are represented with 50% probability.

OLEX2 software. The structure is given below.

X-ray determined molecular structure of 22h, CCDC: 2025275

Identification code K 101 Om_a
Empirical formula Ca23Hi1sNs
Formula weight 336.40
Temperature/K 100.0
Crystal system monoclinic
Space group P21/n

alA 11.8246(5)
b/A 8.7668(4)
c/A 16.2183(7)
o/° 90

p/e 90.457(2)
v/° 90
Volume/A3 1681.20(13)
Z 4
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pealcg/cm®

wmm'

F(000)

Crystal size/mm?
Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F2
Final R indexes [[>=2c (I)]
Final R indexes [all data]

Largest diff. peak/hole / e A
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1.329

0.618

708.0

0.35x 0.29 x 0.28

CuKa (A= 1.54178)

10.91 to 133.22
-14<h<13,-10<k<10,-18<1<19
16494

2930 [Rint = 0.0772, Rsigma = 0.0536]
2930/0/235

1.105

R1=0.0624, wR2 = 0.1540
R1=0.0667, wR2 = 0.1575

0.25/-0.66

The crystals were grown in dichloromethane solvent. The pure compound was dissolved in
dichloromethane slow evaporation led to the crystal 19ad. The crystal data was collected in X-ray
spectroscopy (Bruker Kappa Apex-2, CCD Area Detector), and the data was analyzed using
OLEX2 software. The structure is given below. 19ad, CCDC: 2025269

\Q%o
CoO
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Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

v/°
Volume/A3
Z
pealcg/cm?
w/mm?
F(000)

Crystal size/mm?®

HM 583 Om_a
C2.44H2.44N0.4400.11
39.83

100.0

triclinic

P-1

7.9957(2)
10.4307(2)
12.5078(3)
67.7270(10)
89.0730(10)
71.4000(10)
908.36(4)

18

1.310

0.658

380.0

0.80 x 0.28 x 0.27

Chapter 111

Radiation CuKa (A =1.54178)

20 range for data collection/® 7.692 to 133.402
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Index ranges -9<h<8,-12<k<12,-14<1< 14
Reflections collected 28821

Independent reflections 3182 [Rint = 0.0634, Rsigma = 0.0334]
Data/restraints/parameters 3182/0/245

Goodness-of-fit on F2 1.088

Final R indexes [I>=2c (I)] R1 = 0.0424, wR2 = 0.0985

Final R indexes [all data] R1=0.0438, wR2 = 0.0994

Largest diff. peak/hole / e A 0.21/-0.25

I11.11. Spectral data

N-(naphthalen-1-yl)pyridine-2-carbothioamide (21a)

Column chromatography (SiOz, eluting with 95:5 hexane/ethyl acetate) afforded the desired
product as a yellow solid, mp 124-126 °C. *H NMR (400 MHz, CDCls): & 12.36 (s, 1H), 8.84 (dt,
J1=8.0 Hz, J2= 0.8 Hz, 1H), 8.63-8.61 (m, 1H), 8.33 (d, J = 7.2 Hz, 1H), 8.03-7.99 (m, 1H), 7.95-
7.89 (m, 2H), 7.85 (d, J = 8.4 Hz, 1H), 7.60-7.49 (m, 4H): 3C NMR (100 MHz, CDCls): § 190.2,
151.5, 146.8, 137.7, 134.4, 134.3, 128.9, 128.4, 127.7, 126.8, 126.5, 126.3, 125.5, 125.3, 122.9,
121.6; HRMS (ESI, m/z) calcd. For C16H13N2S [M+H]*: 265.0799; found: 265.0802.

N-(naphthalen-1-yl)picolinimidamide (21a’)
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Washing with distilled hexane afforded the desired product as a violet solid, mp 118-120 °C. 'H
NMR (400 MHz, CDClzs): 8 8.63 (d, J = 8.0 Hz, 1H), 8.61-8.59 (m, 1H), 8.10 (d, J = 8.0 Hz, 1H),
7.89-7.83 (m, 2H), 7.59 (d, J = 8.4 Hz, 1H), 7.49-7.38 (m, 4H), 7.09 (d, J = 7.6 Hz, 1H), 6.29-5.17
(br. S); 3C NMR (100 MHz, CDCls): § 152.9, 151.3, 148.1, 137.0, 134.8, 128.1, 127.4, 126.4,
126.2, 125.4, 123.9, 123.4, 122.0, 116.3; HRMS (ESI, m/z) calcd. For CisH14N3s [M+H]":
248.1188; found: 248.1185.

N-(2-(cyclohexylamino)naphthalen-1-yl)picolinamide (17a”)

SRS

Column chromatography (SiOz, eluting with 85:15 hexane/ethyl acetate) afforded the desired
product as a brown gummy liquid. *H NMR (400 MHz, CDCls): § 9.76 (s, 1H), 8.68-8.67 (m, 1H),
8.34 (dt, J1=7.6 Hz, J2= 1.2 Hz, 1H), 7.91 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.73-7.68 (m, 3H),
7.51-7.48 (m, 1H), 7.41-7.37 (m, 1H), 7.23-7.19 (m, 2H), 3.51-3.44 (m, 1H), 2.12-2.08 (m, 2H),
1.79-1.74 (m, 2H), 1.65-1.61 (m, 1H), 1.43-1.21 (m, 5H); 3C NMR (100 MHz, CDCls): § 163.4,
149.8, 148.4, 141.5, 137.7, 131.5, 128.7, 128.3, 127.3, 127.0, 126.6, 122.8, 122.1, 120.5, 115.4,
113.0, 51.9, 33.8, 25.9, 25.1; HRMS (ESI, m/z) calcd. For C22H24N30 [M+H]": 346.1919; found:
346.1922.

N-(naphthalen-1-yl)benzamide (23)
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Column chromatography (SiOz, eluting with 90:10 hexane/ethyl acetate) afforded the desired
product as white fluffy solid. *H NMR (400 MHz, CDCls): § 8.27 (s, 1H), 7.98-7.95 (m, 3H), 7.90-
7.87 (m, 2H), 7.73 (d, J = 8.4 Hz, 1H), 7.58-7.55 (m, 1H), 7.51-7.46 (m, 5H); 3C NMR (100 MHz,
CDCls): 8 166.4, 134.9, 134.3, 132.5, 132.0, 128.94, 128.90, 127.6, 127.3, 126.5, 126.2, 126.1,
125.9,121.5, 120.9.

N-(2-(cyclohexylamino)naphthalen-1-yl)benzamide (24)

e

f

C O

Column chromatography (SiOz, eluting with 90:10 hexane/ethyl acetate) afforded the desired
product as white fluffy solid. *H NMR (400 MHz, CDCls + CD30D): & 8.01-7.98 (m, 2H), 7.68-
7.64 (m, 2H), 7.58-7.51 (m, 2H), 7.49-7.45 (m, 2H), 7.33-7.28 (m, 1H), 7.17-7.01 (m, 2H), 3.39-
3.30 (m, 1H), 1.98 (d, J = 12.8 Hz, 2H), 1.69-1.61 (m, 2H), 1.58-1.54 (m, 1H), 1.35-1.12 (m, 5H);
13C NMR (100 MHz, CDCls+ CD30D): § 171.8, 137.7, 136.1, 135.6, 133.0, 132.8, 132.1, 132.0,
131.6, 131.0, 126.5, 124.8, 119.8, 56.8, 37.3, 33.6, 29.6, 28.9; HRMS (ESI, m/z) calcd. For
C23H25N20 [M+H]": 345.1967; found: 345.1964.

O-benzoyl-N-cyclohexylhydroxylamine (18a)

Shas

Column chromatography (SiOz, eluting with 98:2 hexane/ethyl acetate) afforded the desired
product as colourless liquid. *H NMR (400 MHz, CDCls): § 8.02-7.99 (m, 2H), 7.58-7.53 (m, 1H),
7.45-7.41 (m, 2H), 3.07-2.99 (m, 1H), 1.98-1.94 (m, 2H), 1.81-1.74 (m, 2H), 1.64-1.59 (m, 1H),
1.31-1.17 (m, 5H); **C NMR (100 MHz, CDCls): § 167.0, 133.3, 129.4, 128.6, 59.9, 30.4, 25.9,
24.1.

O-benzoyl-N-butylhydroxylamine (18g)
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W0

Column chromatography (SiOz, eluting with 98:2 hexane/ethyl acetate) afforded the desired
product as colourless liquid. *H NMR (400 MHz, CDCls): § 8.03-7.99 (m, 2H), 7.86 (br. S, 1H),
7.58-7.54 (m, 1H), 7.46-7.42 (m, 2H), 3.13 (t, J = 7.2 Hz, 2H), 1.63-1.56 (m, 2H), 1.47-1.38 (m,
2H), 0.94 (t, J = 7.6 Hz, 3H); *C NMR (100 MHz, CDCls): § 167.0, 133.4, 129.4, 128.6, 52.4,
29.3,20.3, 13.9.

0O-benzoyl-N-isobutylhydroxylamine (18h)

Column chromatography (SiOz, eluting with 98:2 hexane/ethyl acetate) afforded the desired
product as colourless liquid. *H NMR (400 MHz, CDCl3): § 8.02-7.99 (m, 2H), 7.96 (br. S, 1H),
7.58-7.54 (m, 1H), 7.46-7.41 (m, 2H), 2.95 (d, J = 6.8 Hz, 2H), 1.99-1.89 (m, 1H), 1.00 (d, J = 6.8
Hz, 6H); 3C NMR (100 MHz, CDCls): § 166.9, 133.4, 129.4, 128.6, 60.2, 26.5, 20.6.

0O-benzoyl-N-(sec-butyl)hydroxylamine (18i)

Column chromatography (SiOz, eluting with 98:2 hexane/ethyl acetate) afforded the desired
product as colourless liquid. *H NMR (400 MHz, CDCls): § 8.03-7.99 (m, 2H), 7.58-7.54 (m, 1H),
7.46-7.42 (m, 2H), 3.11 (sextet, J = 6.4 Hz, 1H), 1.71-1.61 (m, 1H), 1.50-1.39 (m, 1H), 1.17 (d, J
=6.4 Hz, 3H), 0.98 (t, J = 7.2 Hz, 3H); 13C NMR (100 MHz, CDCls): § 167.0, 133.3, 129.4, 128.6,
58.2, 26.8, 17.6, 10.3.

N-((3s,5s,7s)-adamantan-1-yl)-O-benzoylhydroxylamine (18m)

155



Chapter 111

o

0
o

Column chromatography (SiOz, eluting with 98:2 hexane/ethyl acetate) afforded the desired
product as crystalline solid. *H NMR (400 MHz, CDClz): § 8.03-8.01 (m, 2H), 7.59-7.55 (m, 1H),
7.47-7.43 (m, 2H), 2.11 (s, 3H), 1.76 (d, J = 2.8 Hz, 6H), 1.71-1.62 (m, 6H); *C NMR (100 MHz,
CDCls): 6 167.0, 133.3, 129.4, 128.6, 56.4, 40.1, 36.5, 29.2.

O-benzoyl-N-(1-phenylethyl)hydroxylamine (18n)

i

Column chromatography (SiOz, eluting with 98:2 hexane/ethyl acetate) afforded the desired
product as colourless liquid. *tH NMR (400 MHz, CDCls): § 7.97-7.94 (m, 2H), 7.56-7.51 (m, 1H),
7.45-7.35 (m, 6H), 7.32-7.28 (m, 1H), 4.34 (q, J = 6.8 Hz, 2H), 1.55 (d, J = 6.8 Hz, 3H); *C NMR
(100 MHz, CDCls3): 6 166.9, 141.3, 133.4, 129.4, 128.7, 128.6, 128.5, 127.9, 127.2, 61.0, 19.8.

3-cyclohexyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19a)

Q
SORS

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (63.8 mg, 93%
yield), mp 142-144 °C. 'H NMR (400 MHz, CDCls): § 8.67-8.65 (m, 1H), 7.97 (td, J1= 8.0 Hz, J>
= 2.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.70 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.64 (d, J = 8.8 Hz,
1H), 7.51 (d, J = 8.8 Hz, 1H), 7.45-7.41 (m, 1H), 7.29-7.25 (m, 1H), 7.19-7.15 (m, 1H), 6.96 (d, J
= 8.0 Hz, 1H), 4.42-4.34 (m, 1H), 2.33-2.22 (m, 2H), 1.99-1.92 (m, 4H), 1.77 (d, J = 12.8 Hz,
1H),1.53-1.42 (m, 2H), 1.36-1.29 (m, 1H); 3C NMR (100 MHz, CDCls): § 153.7, 150.2, 149.6,
138.8,129.9, 129.2, 126.0, 125.8, 123.7, 123.5, 123.2, 121.8, 121.3, 120.4, 110.4, 53.7, 30.4, 26.2,
25.5; HRMS (ESI, m/z) calcd. For C22H22NsO [M+H]": 344.1763; found: 344.1760.
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3-cyclopentyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19b)
N N’<
O

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (51 mg, 78%
yield), mp 138-140 °C. *H NMR (400 MHz, CDCls): § 8.67-8.65 (m, 1H), 7.97 (td, J1= 8.0 Hz, J2
= 2.0 Hz, 1H), 7.82 (dd, J1= 8.4 Hz, J= 0.4 Hz, 1H), 7.69 (dt, J1= 8.0 Hz, J,= 0.8 Hz, 1H), 7.65
(d, J=8.8 Hz, 1H), 7.45-7.40 (m, 2H), 7.29-7.24 (m, 1H), 7.19-7.15 (m, 1H), 6.97 (d, J = 8.8 Hz,
1H), 4.97 (quintet, J = 8.8 Hz, 1H), 2.29-2.20 (m, 2H), 2.14-1.97 (m, 4H), 1.80-1.73 (m, 2H); 13C
NMR(100 MHz, CDCls):6 153.9, 150.2, 149.6, 138.8, 130.0, 129.2, 125.8, 125.6, 123.8, 123.6,
123.5,123.3,121.9,121.2, 120.5, 110.1, 54.0, 29.3, 25.3; HRMS (ESI, m/z) calcd. For C2:1H20N30
[M+H]": 330.1606; found: 330.1644.

3-cycloheptyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19c)
y
O

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (46.4 mg, 65%
yield), mp 154-156 °C. 'H NMR (400 MHz, CDCls): § 8.67-8.65 (m, 1H), 7.98 (td, J1= 8.0 Hz, J>
= 2.0 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.70 (dt, J1= 8.0 Hz, Jo= 0.8 Hz, 1H), 7.64 (d, J = 8.8 Hz,
1H), 7.47-7.42 (m, 2H), 7.29-7.25 (m, 1H), 7.19-7.15 (m, 1H), 6.97 (d, J = 8.8 Hz, 1H), 4.62-4.55
(m, 1H), 2.37-2.29 (m, 2H), 2.07-2.03 (m, 2H), 1.88-1.85 (m, 2H), 1.73-1.64 (m, 6H); 13C NMR
(100 MHz, CDCls): 6 153.5, 150. 2, 149.5, 138.8, 130.0, 129.2, 125.8, 125.7, 123.7, 123.49,
123.47, 123.3, 121.8, 121.3, 120.5, 110.5, 55.6, 32.9, 27.7, 25.9; HRMS (ESI, m/z) calcd. For
C23H24N30 [M+H]*: 358.1919; found: 358.1921.

3-cyclooctyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19d)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (34 mg, 46%
yield), mp 156-158 °C. *H NMR (400 MHz, CDCls): & 8.66-8.64 (m, 1H), 7.97 (td, J1= 8.0 Hz, J>
= 2.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.71 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.64 (d, J = 8.8 Hz,
1H), 7.45-7.41 (m, 2H), 7.29-7.25 (m, 1H), 7.19-7.15 (m, 1H), 6.99 (d, J = 8.8 Hz, 1H), 4.75-4.69
(m, 1H), 2.39-2.31 (m, 2H), 2.02-1.97 (m, 2H), 1.89-1.84 (m, 2H), 1.79-1.60 (m, 8H); 3C NMR
(100 MHz, CDCls): 6 153.5, 150.2, 149.5, 138.7, 130.0, 129.2, 125.8, 125.5, 123.6, 123.5, 123 .4,
123.3, 121.9, 121.3, 120.5, 110.6, 54.1, 32.6, 26.4, 26.2, 25.5; HRMS (ESI, m/z) calcd. For
C24H26N30 [M+H]": 372.2076; found: 372.2076.

3-ethyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19¢)

N\/

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (29 mg, 50%
yield), mp 96-98 °C. *H NMR (400 MHz, CDCls): § 8.68-8.66 (m, 1H), 7.98 (td, J1=8.0 Hz, J2=
2.0 Hz, 1H), 7.84 (d, J = 8.0 Hz, 1H), 7.72-7.68 (m, 2H), 7.46-7.42 (m, 1H), 7.34 (d, J = 8.4 Hz,
1H), 7.31-7.27 (m, 1H), 7.22-7.18 (m, 1H), 7.02 (d, J = 9.2 Hz, 1H), 4.09 (q, J = 7.2 Hz, 2H), 1.43
(t,J=7.2 Hz, 3H); *C NMR (100 MHz, CDCl3): § 153.9, 150.1, 149.6, 138.9, 130.4, 129.3, 126.2,
125.9, 123.8, 123.7, 123.5, 123.4, 121.8, 121.2, 120.5, 108.9, 36.3, 13.9; HRMS (ESI, m/z) calcd.
For C1sH16N30 [M+H]*: 290.1293; found: 290.1296.

3-propyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19f)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (39.4 mg, 65%
yield), mp 134-136 °C. 'H NMR (400 MHz, CDCls): & 8.66 (d, J = 3.6 Hz, 1H), 7.97 (t, J = 7.6
Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.71-7.66 (m, 2H), 7.45-7.41 (m, 1H), 7.33 (d, J = 8.4 Hz, 1H),
7.27 (t, J=7.2Hz, 1H), 7.19 (t, J = 8.0 Hz, 1H), 7.01 (d, J = 8.8 Hz, 1H), 3.98 (t, J = 7.2 Hz, 2H),
1.87 (sextet, J = 7.2 Hz, 2H), 1.02 (t, J = 7.2 Hz, 3H); 3C NMR (100 MHz, CDCls):8 154.2, 150.1,
149.6, 138.8, 130.4, 129.3, 126.6, 125.9, 123.8, 123.7, 123.5, 123.4, 121.7, 121.3, 120.5, 109.1,
43.1,22.1, 11.5; HRMS (ESI, m/z) calcd. For C19H18N3O [M+H]": 304.1450; found: 304.1451.

3-butyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (199)

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white solid (52 mg, 82%
yield), mp 104-106 °C. *H NMR (400 MHz, CDCls): § 8.68-8.67 (m, 1H), 7.99 (td, J1= 8.0 Hz, J2
= 2.0 Hz, 1H), 7.85-7.83 (m, 1H), 7.72 (dt, J1 = 8.0 Hz, J= 0.8 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H),
7.47-7.43 (m, 1H), 7.34 (d, J = 8.8 Hz, 1H), 7.31-7.27 (m, 1H), 7.22-7.18 (m, 1H), 7.04-7.02 (m,
1H), 4.03 (t, J = 7.2 Hz, 2H), 1.86-1.79 (m, 2H), 1.51-1.41 (m, 2H), 0.97 (t, J = 7.6 Hz, 3H); °C
NMR (100 MHz, CDCls): & 154.2, 150.1, 149.5, 138.9, 130.4, 129.3, 126.6, 125.9, 123.8, 123.7,
1235, 123.4, 121.7, 121.3, 120.5, 109.1, 41.3, 30.8, 20.2, 13.8; HRMS (ESI, m/z) calcd. For
C20H20N30 [M+H]*: 318.1606; found: 318.1657.

3-isobutyl-1-(pyridin-2-yI)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19h)

—
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (40 mg, 63%
yield). mp 112-114 °C. *H NMR (400 MHz, CDCl3): § 8.67 (s, 1H), 7.98 (td, J1=7.6 Hz, J2= 1.6
Hz, 1H), 7.83 (d, J = 7.6 Hz, 1H), 7.72 (d, J = 8.0 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.46-7.43 (m,
1H), 7.34-7.26 (m, 2H), 7.22-7.18 (m, 1H), 7.03 (d, J = 8.4 Hz, 1H), 3.82 (d, J = 7.6 Hz, 2H), 2.34-
2.24 (m, 1H), 1.02 (d, J = 6.8 Hz, 6H); *C NMR (100 MHz, CDCl3): § 154.5, 150.1, 149.4, 138.8,
130.4,129.3,126.9,125.9, 123.7,123.5,123.4,121.6, 121.3,120.5, 109.4, 48.9, 28.3, 20.3; HRMS
(ESI, m/z) calcd. For C20H20N30 [M+H]*: 318.1606; found: 318.1608.

3-(sec-butyl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19i)
D
CoT

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as light brown solid (60 mg, 95%
yield), mp 112-114 °C. 'H NMR (400 MHz, CDCl5):5 8.68-8.66 (m, 1H), 7.98 (td, J1= 7.6 Hz, J2
= 2.0 Hz, 1H), 7.82 (d, J = 8.0 Hz, 1H), 7.71 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.65 (d, J = 8.4 Hz,
1H), 7.46-7.42 (m, 2H), 7.30-7.26 (m, 1H), 7.20-7.16 (m, 1H), 6.99 (dd, J1 = 8.8 Hz, J>= 0.8 Hz,
1H), 4.61-4.51 (m, 1H), 2.24-2.13 (m, 1H), 1.98-1.87 (m, 1H), 1.61 (d, J = 6.8 Hz, 3H), 0.93 (t, J
= 7.6 Hz, 3H),°C NMR (100 MHz, CDCls): § 153.9, 150.1, 149.5, 138.8, 130.0, 129.2, 126.0,
125.8,123.7, 123.6, 123.5, 123.4, 121.8, 121.3, 120.5, 110.2, 51.8, 27.6, 18.8, 11.5; HRMS (ESI,
m/z) calcd. For C20H20N30 [M+H]": 318.1606; found: 318.1610.

3-(tert-butyl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19j)

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white powder (59.6 mg,
94% yield), mp 154—156 °C. *H NMR (400 MHz, CDCl3): & 8.67 (dd, J1 = 4.8 Hz, J2= 1.2 Hz,
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1H), 7.96 (td, J1 = 8.0 Hz, J2= 2.0 Hz, 1H), 7.79 (d, J = 8.0 Hz, 1H), 7.75 (d, J = 9.2 Hz, 1H), 7.66
(d, J=8.0 Hz, 1H), 7.58 (d, J = 9.2 Hz, 1H), 7.45- 7.42 (m, 1H), 7.28-7.24 (m, 1H), 7.15-7.11 (m,
1H), 6.85 (d, J = 8.8 Hz, 1H), 1.88 (s, 9H); 13C NMR (100 MHz, CDCls): § 154.1, 150.4, 149.7,
138.8, 129.7, 128.9, 126.6, 125.7, 124.0, 123.8, 123.7, 122.6, 122.4, 121.3, 120.0, 113.1, 58.8,
29.8; HRMS (ESI, m/z) calcd. For C20H20N3O [M+H]*: 318.1606; found: 318.1606.

1-(pyridin-2-yl)-3-(2,4,4-trimethylpentan-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-
one (19k)

oy
ey

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white solid (49 mg, 66%
yield), mp 120-122 °C. 'H NMR (400 MHz, CDCls):  8.68-8.66 (m, 1H), 7.95 (td, J1 = 8.0 Hz,
J2=2.0 Hz, 1H), 7.81-7.78 (m, 2H), 7.62 (dt, J1 = 8.0 Hz, J2= 0.4 Hz, 1H), 7.59 (d, J = 8.8 Hz,
1H), 7.45-7.41 (m, 1H), 7.29-7.25 (m, 1H), 7.16-7.12 (m, 1H), 6.86 (d, J = 8.8 Hz, 1H), 2.18 (s,
2H), 1.98 (s, 6H), 0.92 (s, 9H); 3C NMR (100 MHz, CDCl3): § 154.4, 150.5, 149.8, 138.8, 129.6,
128.8, 127.1, 125.6, 124.0, 123.8, 123.7, 122.51, 122.49, 121.4, 120.0, 113.5, 62.4, 51.1, 31.9,
31.2, 31.0; HRMS (ESI, m/z) calcd. For Ca4H2sN3O [M+H]*: 374.2232; found: 374.2235.

3-(((3s)-adamantan-1-yl)methyl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-
2-one (191)

Hs

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 80:20 hexane/ethyl acetate) afforded the desired product as a light brown solid (59 mg, 72%
yield), mp 198-200 °C. 'H NMR (400 MHz, CDCls): & 8.68 (d, J = 3.6 Hz, 1H), 7.98 (td, J1= 8.0
Hz, J2=2.0 Hz, 1H), 7.84-7.82 (m, 1H), 7.73 (d, J = 8.0 Hz, 1H), 7.66 (d, J = 8.4 Hz, 1H), 7.46-
7.43 (m, 1H), 7.38 (d, J = 8.8 Hz, 1H), 7.31-7.26 (m, 1H), 7.22-7.18 (m, 1H), 7.05-7.02 (m, 1H),
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3.69 (s, 2H), 1.98 (s, 3H), 1.71-1.60 (m, 12H); *C NMR (100 MHz, CDCls): § 155.2, 150.1, 149.4,
138.9, 130.3, 129.3, 128.2, 125.9, 123.67, 123.66, 123.4, 121.6, 121.3, 120.3, 110.3, 53.9, 41.2,
36.8, 36.4, 28.3; HRMS (ESI, m/z) calcd. For CarH2sNsO [M+H]*: 410.2232; found: 410.2231.

3-((3s,5s,7s)-adamantan-1-yl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-
one (19m)

3
S

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 80:20 hexane/ethyl acetate) afforded the desired product as a light brown solid (77 mg, 98%
yield), mp 164-166 °C. *H NMR (400 MHz, CDCls): § 8.67-8.65 (m, 1H), 7.98-7.93 (m, 1H), 7.85
(dd, J1= 8.8 Hz, J2= 1.2 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.66-7.63 (m, 1H), 7.54 (d, J = 9.2 Hz,
1H), 7.44-7.41 (m, 1H), 7.28-7.23 (m, 1H), 7.14-7.10 (m, 1H), 6.85 (d, J = 9.2 Hz, 1H), 2.68 (s,
6H), 2.25 (s, 3H), 1.80 (dd, J1 = 32.4 Hz, J2= 12.0 Hz, 6H); 13C NMR (100 MHz, CDCls): 5 154.0,
150.5, 149.7, 138.7, 129.5, 128.8, 126.4, 125.6, 124.0, 123.72, 123.67, 122.6, 122.2, 121.3, 120.0,
113.6, 61.1, 40.9, 36.3, 30.1; HRMS (ESI, m/z) calcd. For C26H26N3O [M+H]*: 396.2076; found:
396.2076

3-(1-phenylethyl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19n)

—
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a pale yellow solid (48.2 mg, 66%
yield), mp 136-138 °C. 'H NMR (400 MHz, CDCls): § 8.70-8.69 (m, 1H), 8.01 (td, J1= 8.0 Hz, J>
= 2.0 Hz, 1H), 7.78-7.75 (m, 2H), 7.49-7.44 (m, 4H), 7.36-7.32 (m, 2H), 7.29-7.24 (m, 2H), 7.19-
7.16 (m, 1H), 7.02-6.98 (m, 2H), 6.01 (g, J = 7.2 Hz, 1H), 1.99 (d, J = 7.2 Hz, 3H); 3C NMR (100
MHz, CDCls): 6 154.2, 150.1, 149.6, 139.8, 138.9, 130.1, 129.2, 128.8, 127.7, 126.9, 125.8, 125.4,
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123.8, 123.7, 123.5, 123.4, 121.9, 121.2, 120.4, 110.8, 51.2, 17.7; HRMS (ESI, m/z) calcd. For
C24H20N30 [M+H]*: 366.1606; found: 366.1606.

3-(1-(naphthalen-1-yl)ethyl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one
(190)

o)

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (73 mg, 88%
yield), mp 222-224 °C. 'H NMR (400 MHz, CDCls): § 8.69 (d, J = 4.8 Hz, 1H), 8.25 (d, J = 8.4
Hz, 1H), 8.01 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.96 (d, J = 7.2 Hz, 1H), 7.86 (d, J = 8.4 Hz, 1H),
7.81 (d, J = 8.0 Hz, 1H), 7.77 (d, J = 8.0 Hz, 1H), 7.68 (d, J = 8.4 Hz, 1H), 7.58 (t, J = 8.0 Hz,
1H), 7.51- 7.40 (m, 3H), 7.36 (d, J = 8.8 Hz, 1H), 7.22-7.18 (m, 1H), 7.14-7.10 (m, 2H), 6.93 (d,
J=8.8 Hz, 1H), 6.63 (g, J = 6.8 Hz, 1H), 2.11 (d, J = 6.8 Hz, 3H); *C NMR (100 MHz, CDCls):
0 153.9, 150.1, 149.7, 138.9, 134.9, 134.0, 131.8, 129.9, 129.4, 129.1, 128.9, 127.1, 126.1, 125.7,
125.6, 125.0, 124.8, 123.8, 123.59, 123.57, 123.51, 123.3, 122.0, 121.2, 120.3, 110.6, 48.9, 18.1;
HRMS (ESI, m/z) calcd. For C2sH22N3O [M+H]": 416.1763; found: 416.1766.

tert-butyl 4-(2-oxo-1-(pyridin-2-yl)-1H-naphtho[1,2-d]imidazol-3(2H)-yl)piperidine
carboxylate (19p)

oy

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 70:30 hexane/ethyl acetate) afforded the desired product as a creamy white solid (80 mg, 90%
yield), mp 174-176 °C. 'H NMR (400 MHz, CDCls): & 8.68-8.66 (m, 1H), 7.99 (td, J1= 8.0 Hz, J>
= 2.0 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.69 (dt, J1= 8.0 Hz, J>= 0.8Hz, 1H), 7.65 (d, J = 8.8 Hz,
1H), 7.48-7.45 (m, 2H), 7.31-7.27 (m, 1H), 7.20-7.16 (m, 1H), 6.94 (d, J = 8.8 Hz, 1H), 4.62-4,54

163



Chapter 111

(m, 1H), 4.35-4.33 (br. S, 2H), 2.90 (t, J = 12.4 Hz, 2H), 2.50-2.40 (m, 2H), 1.92 (d, J = 12.4 Hz,
2H), 1.50 (s, 9H); *C NMR (100 MHz, CDCls): § 154.8, 153.6, 150.0, 149.7, 138.9, 130.1, 129.2,
125.9, 125.4, 123.9, 123.8, 123.52, 123.50, 121.9, 121.2, 120.4, 110.2, 80.0, 51.8, 29.5, 28.6;
HRMS (ESI, m/z) calcd. For C26H2oN4O3 [M+H]": 445.2240; found: 445.2237.

3-cyclohexyl-5-phenyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19q)

Sege

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white solid (67.8 mg,
81% yield), mp 186-188 °C. 'H NMR (400 MHz, CDCls): & 8.68-8.66 (m, 1H), 7.99 (td, J1= 7.6
Hz, J2= 2.0 Hz, 1H), 7.83-7.80 (m, 1H), 7.74 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.53-7.48 (m, 4H),
7.47-7.42 (m, 3H), 7.23-7.16 (m, 2H), 7.05-7.03 (m, 1H), 4.41-4.33 (m, 1H), 2.33-2.23 (m, 2H),
1.99-1.90 (m, 4H), 1.73 (d, J = 13.2 Hz, 1H), 1.50-1.40 (m, 2H), 1.32-1.26 (m, 1H); *C NMR
(100 MHz, CDCls): 6 153.9, 150.3, 149.6, 141.1, 138.8, 136.0, 130.5, 128.4, 128.2, 127.46,
127.44,125.71, 125.67, 123.63, 123.61, 123.4, 121.51, 121.46, 120.6, 111.4, 53.8, 30.4, 26.1, 25.4;
HRMS (ESI, m/z) calcd. For C2sH26N3sO [M+H]*: 420.2076; found: 420.2075.

5-bromo-3-cyclohexyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19r)

cife

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white solid (68 mg, 81%
yield), mp 168-170 °C. 'H NMR (400 MHz, CDCls): 5 8.65-8.63 (m, 1H), 8.25-8.22 (m, 1H), 7.98
(td, J1= 7.6 Hz, J2= 2.0 Hz, 1H), 7.83 (s, 1H), 7.69 (dt, J1 = 8.0 Hz, J2= 0.8 Hz, 1H), 7.46-7.43
(m, 1H), 7.40-7.35 (m, 1H), 7.40-7.35(m, 1H), 7.22-7.18 (m, 1H), 6.99-6.96 (m, 1H), 4.36-4.28
(m, 1H), 2.29-2.19 (m, 2H), 1.95 (d, J = 11.2 Hz, 4H), 1.77 (d, J = 12.8 Hz, 1H),1.52-1.42 (m,
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2H), 1.38-1.30 (m, 1H); *3C NMR (100 MHz, CDCls): & 153.6, 150.0, 149.7, 138.9, 128.5, 127.8,
126.5,126.2,124.9, 123.9, 123.5,121.9, 121.7,121.2, 116.7, 114.4, 53.9, 30.4, 26.1, 25.4; HRMS
(ESI, m/z) calcd. For C22H2:BrNsO [M+H]": 422.0868; found: 422.0886.

3-cyclohexyl-5-methoxy-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one
(19s)

"y
NO

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 70:30 hexane/ethyl acetate) afforded the desired product as a brown solid (44.7 mg, 60%
yield), mp 166-168 °C. *H NMR (400 MHz, CDCls): § 8.64-8.62 (m, 1H), 8.27-8.25 (m, 1H), 7.95
(td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.70 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.41-7.37 (m, 1H), 7.29-
7.25 (m, 1H), 7.22-7.18 (m, 1H), 6.98-6.96 (m, 1H), 6.87 (s, 1H), 4.35-4.27 (m, 1H), 4.05 (s, 3H),
2.34-2.24 (m, 2H), 1.99-1.93 (m, 4H), 1.78 (d, J = 12.8 Hz, 1H), 1.54-1.43 (m, 2H), 1.37-1.28 (m,
1H); 3C NMR (100 MHz, CDCl3):5 153.9, 152.6, 150.3, 149.4, 138.6, 126.5, 126.1, 123.3, 123.21,
123.18, 122.8, 121.8, 121.3, 121.0, 115.4, 90.8, 56.3, 53.8, 30.4, 26.2, 25.6; HRMS (ESI, m/z)
calcd. For C23H24N302 [M+H]": 374.1869; found: 374.1874.

3-cyclohexyl-5-(furan-3-yl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one
(19t)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (65.4 mg, 80%
yield), mp 190-192 °C. *H NMR (400 MHz, CDCls): § 8.67-8.66 (m, 1H), 8.07-8.05 (m, 1H), 7.99
(td, J1=8.0 Hz, J2= 2.0 Hz, 1H), 7.72 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.65 (dd, J1= 1.6 Hz, J2
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= 0.8 Hz, 1H), 7.59 (t, J = 1.6 Hz, 1H), 7.47-7.43 (m, 2H), 7.29-7.25 (m, 1H), 7.21-7.17 (m, 1H),
7.04-7.01 (m, 1H), 6.68 (dd, J1= 2.0 Hz, J2= 0.8 Hz, 1H), 4.40-4.32 (m, 1H), 2.33-2.22 (m, 2H),
1.99-1.91 (m, 4H), 1.76 (d, J = 12.8 Hz, 1H), 1.53-1.42 (m, 2H), 1.36-1.28 (m, 1H); *C NMR
(100 MHz, CDCls): 6 153.8, 150.2, 149.5, 143.0, 140.6, 138.9, 128.5, 127.0, 126.3, 125.8, 125.7,
123.8, 123.7, 123.4, 121.7, 121.6, 120.7, 113.0, 111.4, 53.8, 30.4, 26.1, 25.4; HRMS (ESI, m/z)
calcd. For C26H24N3O [M+H]": 410.1869; found: 410.1870.

3-cyclohexyl-5-(1H-pyrazol-1-yl)-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[ 1,2-d]imidazol-
2-one (19u)

—

S /N o
SeRe
(\DN

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 70:30 hexane/ethyl acetate) afforded the desired product as a creamy white solid (79.3 mg,
97% yield), mp 192-194 °C. *H NMR (400 MHz, CDCls): § 8.68-8.66 (m, 1H), 8.01 (td, J1=7.6
Hz, J2= 2.0 Hz, 1H), 7.85-7.84 (m, 1H), 7.76 (dd, J1= 2.4 Hz, J2= 0.8 Hz, 1H), 7.73 (dt, J1=8.0
Hz, J2= 0.8 Hz, 1H), 7.62 (s, 1H), 7.54-7.51 (m, 1H), 7.48-7.45 (m, 1H), 7.30-7.25 (m, 1H), 7.23-
7.19 (m, 1H), 7.05-7.02 (m, 1H), 6.56 (t, J = 2.0 Hz, 1H), 4.37-4.29 (m, 1H), 2.31-2.21 (m, 2H),
1.97-1.89 (m, 4H), 1.73 (d, J = 12.8 Hz, 1H), 1.49-1.39 (m, 2H), 1.33-1.25 (m, 1H); 3C NMR (100
MHz, CDCls): 6 153.8, 149.9, 149.7, 140.9, 139.0, 133.0, 132.6, 126.4, 126.1, 125.2, 124.9, 124.0,
123.96, 123.5, 122.5, 121.6, 120.5, 108.95, 106.7, 54.1, 30.3, 26.1, 25.3; HRMS (EI, m/z) calcd.
For C25H24aNsO [M+H]*: 410.1981; found: 410.1985.

3-cyclohexyl-5-fluoro-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19v)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown crystalline solid (47
mg, 65% yield), mp 142-144 °C. *H NMR (400 MHz, CDClIs): 8.65-8.64 (m, 1H), 8.08 (d, J = 8.0
Hz, 1H), 7.98 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.71 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.45-7.42
(m, 1H), 7.35- 7.21 (m, 3H), 7.00-6.98 (m, 1H), 4.38-4.29 (m, 1H), 2.27-2.17 (m, 2H), 1.97-1.93
(m, 4H), 1.78 (d, J = 12.8 Hz, 1H), 1.53-1.41 (m, 2H), 1.36-1.29 (m, 1H); C NMR (100 MHz,
CDCls): 6 155.5 (d, J =244.7 Hz), 153.9, 150.0, 149.5, 138.9, 126.8, 125.2 (d, J = 12.5 Hz), 123.7,
123.69, 123.3,121.7 (d, J = 6.3 Hz), 121.2 (d, J = 2.7 Hz), 120.8 (d, J = 4.8 Hz), 119.5 (d, J = 16.8
Hz), 117.9, 96.1 (d, J = 27.7 Hz), 53.9, 30.3, 26.1, 25.4; 1°F NMR (376 MHz, CDCls):  -127.04
(s, 1F); HRMS (ESI, m/z) calcd. For C22H21FN3O3 [M+H]*: 362.1669; found: 362.1667.

3-cyclohexyl-5-methyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19w)
Qe
O

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (53.5 mg, 75%
yield), mp 134-136 °C. 'H NMR (400 MHz, CDCls): 5 8.66-8.64 (m, 1H), 7.99-7.94 (m, 2H), 7.69
(dt, J1 = 8.0 Hz, J2= 0.4 Hz, 1H), 7.43-7.40 (m, 1H), 7.37 (s, 1H), 7.34-7.30 (m, 1H), 7.21-7.16
(m, 1H), 7.02 (d, J = 8.4 Hz, 1H), 4.40-4.32 (m, 1H), 2.76 (s, 3H), 2.34-2.24 (m, 2H), 1.98-1.92
(m, 4H), 1.78 (d, J = 12.4 Hz, 1H), 1.53-1.43 (m, 2H), 1.39-1.31 (m, 1H), 1.25 (grease); *C NMR
(100 MHz, CDCls): 6 153.8, 150.4, 149.5, 138.8, 129.6, 128.8, 125.7, 125.5, 125.3, 123.5, 123.39,
123.36, 121.8, 120.7, 120.5, 111.3, 53.7, 30.4, 26.2, 25.5, 20.3; HRMS (ESI, m/z) calcd. For
C23H24N30 [M+H]*: 358.1919; found: 358.1920.

3-cyclohexyl-9-methyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19x)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown solid (67.8 mg, 95
% yield), mp 164-166 °C. 'H NMR (400 MHz, CDCls): § 8.33-8.31 (m, 1H), 7.87 (td, J1= 8.0 Hz,
Jo=2.0 Hz, 1H), 7.78 (d, J = 8.0 Hz, 1H), 7.69-7.66 (m, 2H), 7.45 (d, J = 8.8 Hz, 1H), 7.25-7.20
(m, 2H), 7.08 (d, J = 7.2 Hz, 1H), 4.38-4.30 (m, 1H), 2.34-2.23 (m, 2H), 1.94 (d, J = 11.2 Hz, 4H),
1.77-1.74 (m, 4H), 1.51-1.41 (m, 2H), 1.36-1.28 (m, 1H); 3C NMR (100 MHz, CDCls): § 155.1,
153.3, 148.3, 138.2, 131.1, 131.0, 129.0, 128.5, 127.1, 125.3, 123.5, 123.2, 122.2, 122.1, 121.6,
109.7, 53.9, 30.2, 26.2, 25.5, 21.7; HRMS (ESI, m/z) calcd. For C23H24N30 [M+H]*: 358.1919;
found: 358.1925.

3-cyclohexyl-1-(pyridin-2-yl)-5-tosyl-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19y)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 70:30 hexane/ethyl acetate) afforded the desired product as a light brown powder (63.6 mg,
64% yield), mp 172-174 °C. *H NMR (400 MHz, CDCls): 8.63-8.62 (m, 1H), 8.60 (s, 1H), 8.58
(dt, J1= 8.8 Hz, J2= 0.8 Hz, 1H), 8.01 (td, J1= 7.6 Hz, J>= 1.6 Hz, 1H), 7.81-7.78 (m, 2H), 7.69
(dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.49-7.46 (m, 1H), 7.35- 7.31 (m, 1H), 7.25-7.23 (m, 2H), 7.19-
7.14 (m, 1H), 7.00-6.97 (m, 1H), 4.45-4.37 (m, 1H), 2.39-2.28 (m, 5H), 2.00-1.96 (m, 4H), 1.79
(d, J=12.4 Hz, 1H), 1.57-1.46 (m, 2H), 1.42-1.34 (m, 1H); 1*C NMR (100 MHz, CDCl5): & 153.6,
149.8, 149.4, 144.0, 139.2, 130.1, 129.8, 127.3, 127.1, 126.3, 125.8, 125.7, 125.4, 124.4, 123.7,
122.2, 120.6, 114.2, 54.4, 30.4, 25.2, 21.6; HRMS (ESI, m/z) calcd. For C29H2sN303S [M+H]":
498.1851; found: 498.1853.

3-cyclohexyl-1-(pyridin-2-yl)-1,3-dihydro-2H-imidazo[4,5-f]quinolin-2-one (192)
(2
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N
N
O

N

168



Chapter 111

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 65:35 hexane/ethyl acetate) afforded the desired product as a creamy white powder (62 mg,
90% yield), mp 144-146 °C. *H NMR (400 MHz, CDCla3): § 8.73 (d, J = 3.6 Hz, 1H), 8.64-8.62
(m, 1H), 8.01-7.93 (m, 2H), 7.74-7.72 (m, 2H), 7.45-7.41 (m, 2H), 7.11-7.08 (m, 1H), 4.42-4.34
(m, 1H), 2.32-2.21 (m, 2H), 1.97-1.92 (m, 4H), 1.77 (d, J = 12.8 Hz, 1H), 1.52-1.41 (m, 2H), 1.36-
1.28 (m, 1H); BC NMR (100 MHz, CDCls): & 153.7, 149.7, 149.5, 148.8, 144.6, 139.0, 129.7,
126.2, 124.6, 123.9, 123.2, 121.1, 120.2, 115.9, 113.5, 53.9, 36.4, 26.1, 25.4; HRMS (ESI, m/z)
calcd. For C2:H20N4ONa [M+Na]*: 367.1535; found: 367.1551.

3-cyclohexyl-1-(pyridin-2-yl)-1,3-dihydro-2H-imidazo[4,5-f]isoquinolin-2-one (19aa)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 65:35 hexane/ethyl acetate) afforded the desired product as a creamy white powder (56.4 mg,
82% yield), mp 160-162 °C. *H NMR (400 MHz, CDCls): § 9.20 (s, 1H), 8.68-8.66 (m, 1H), 8.20
(d, J = 5.6 Hz, 1H), 8.01 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.82 (d, J = 8.8 Hz, 1H), 7.74 (d, J =
7.6 Hz, 1H), 7.65 (d, J = 8.8 Hz, 1H), 7.49-7.46 (m, 1H), 6.84 (d, J = 6.0 Hz, 1H), 4.44-4.36 (m,
1H), 2.32-2.23 (m, 2H), 1.96 (d, J = 11.6 Hz, 4H), 1.79 (d, J = 12.8 Hz, 1H), 1.53-1.43 (m, 2H),
1.37-1.29 (m, 1H); *C NMR (100 MHz, CDCls): § 153.5, 152.8, 149.5, 149.3, 141.6, 139.0, 129.8,
124.0, 123.8, 123.2, 122.8, 120.5, 114.8, 111.8, 54.1, 30.4, 26.1, 25.4; HRMS (ESI, m/z) calcd.
For C2:H21N4O [M+H]*: 345.1715; found: 345.1721.

3-cyclopentyl-5-phenyl-1-(pyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one
(19ab)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white powder (45.4 mg,
56% yield), mp 142-144 °C. *H NMR (400 MHz, CDCls): § 8.68-8.67 (m, 1H), 8.01 (td, J1= 8.0
Hz, J2= 2.0 Hz, 1H), 7.85-7.83 (m, 1H), 7,75 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.53-7.42 (m, 6H),
7.36 (s, 1H), 7.24-7.16 (m, 2H), 7.07-7.03 (m, 1H), 4.94 (quintet, J = 8.8 Hz, 1H), 2.31-2.22 (m,
2H), 2.13-2.06 (m, 2H), 2.01-1.92 (m, 2H), 1.76-1.70 (m, 2H); *C NMR: (100 MHz, CDClz):$
154.0, 150.2, 149.6, 141.1, 138.9, 136.1, 130.4, 128.4, 128.3, 127.5, 127.4, 125.7, 125.5, 123.7,
123.6, 123.4, 121.5, 120.7, 111.1, 54.1, 29.3, 25.1; HRMS (ESI, m/z) calcd. For C27H24N30
[M+H]*: 406.1919; found: 406.1917.

3-cyclohexyl-1-(3-methylpyridin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19ac)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a light brown crystalline solid
(54.3 mg, 76% yield), mp 192-194 °C. *H NMR (400 MHz, CDCls):  8.52 (s, 1H), 7.83-7.80 (m,
2H), 7.62 (d, J = 8.8 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.42 (dd, J1= 7.6 Hz, J2 = 4.8 Hz, 1H),
7.26-7.22 (m, 1H), 7.13-7.09 (m, 1H), 6.63 (d, J = 8.8 Hz, 1H), 4.45-4.37 (m, 1H), 2.30-2.23 (m,
5H), 1.99-1.92 (m, 4H), 1.77 (d, J = 12.8 Hz, 1H), 1.53-1.44 (m, 2H), 1.37-1.29 (m, 1H); 3C NMR
(100 MHz, CDCls): 6 153.0, 149.3, 147.6, 140.4, 133.4, 129.7, 129.1, 126.1, 125.8, 124.8, 123.5,
122.6,122.1, 120.3, 119.9, 110.6, 53.6, 30.6, 30.5, 26.1, 25.5, 17.5; HRMS (ESI, m/z) calcd. For
C23H24N30 [M+H]*: 358.1919; found: 358.1921.

3-cyclohexyl-1-(5-methylpyrazin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19ad)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 70:30 hexane/ethyl acetate) afforded the desired product as a light brown solid (40.8 mg, 57%
yield), mp 134-136 °C. *H NMR (400 MHz, CDCls): 8.89 (d, J = 0.8 Hz, 1H), 8.50 (s, 1H), 7.84
(d, J = 8.0 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.52 (d, J = 8.8 Hz, 1H), 7.32-7.28 (m, 1H), 7.24-
7.19 (m, 1H), 6.98 (dd, J1= 8.8 Hz, J2= 0.8 Hz, 1H), 4.43-4.34 (m, 1H), 2.72 (s, 3H), 2.32-2.21(m,
2H), 1.98-1.93 (m, 4H), 1.78 (d, J = 12.4 Hz, 1H), 1.54-1.42 (m, 2H), 1.36-1.29 (m, 1H); 3C NMR
(100 MHz, CDCls3):6 153.6, 153.5, 144.4, 143.4, 143.3,129.9, 129.4, 126.4, 126.1, 123.72, 123.69,
121.5,121.1, 120.3, 110.5, 53.9, 30.4, 26.1, 25.5, 21.4; HRMS (ESI, m/z) calcd. For C22H23N30O
[M+H] *: 359.1872; found: 359.1887.

3-cyclohexyl-1-(quinolin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19ae)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 75:25 hexane/ethyl acetate) afforded the desired product as a creamy white powder (57.4 mg,
73% yield), mp 188-190 °C. *H NMR (400 MHz, CDCla3): & 8.42 (d, J = 8.4 Hz, 1H), 8.05-8.02
(m, 1H), 7.97 (dd, J1 = 8.0 Hz, J2= 0.8 Hz, 1H), 7.84-7.82 (m, 2H), 7.77-7.73 (m, 1H), 7.64-7.62
(m, 2H), 7.54 (d, J = 8.8 Hz, 1H), 7.28-7.24 (m, 1H), 7.08-7.07 (m, 2H), 4.46-4.38 (m, 1H), 2.35-
2.25 (m, 2H), 2.01-1.93 (m, 4H), 1.78 (d, J = 13.2 Hz, 1H), 1.54-1.44 (m, 2H), 1.38-1.30 (m, 1H);
13C NMR (100 MHz, CDCls): § 153.8, 149.6, 147.3, 138.9, 130.3, 130.0, 129.3, 129.1, 127.8,
127.6, 127.4, 126.3, 125.7, 123.5, 121.73, 121.68, 121.2, 120.7, 110.4, 53.7, 30.4, 26.2, 25.5;
HRMS (ESI, m/z) calcd. For C26H24N3O [M+H]*: 394.1919; found: 394.1920.

3-butyl-1-(pyrazin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19af)
FN
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 70:30 hexane/ethyl acetate) afforded the desired product as a light brown crystalline solid
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(41.3 mg, 65% yield), mp 140-142 °C. *H NMR (400 MHz, CDCls): § 9.07 (s, 1H), 8.69-8.63 (m,
2H), 7.86 (d, J = 8.0 Hz, 1H), 7.73 (d, J = 8.8 Hz, 1H), 7.36-7.30 (m, 2H), 7.27-7.23 (m, 1H), 7.04
(d, J=8.4 Hz, 1H), 4.03 (t, J = 7.2 Hz, 2H), 1.86-1.79 (m, 2H), 1.50-1.41 (m, 2H), 0.97 (t, J= 7.6
Hz, 3H);**C NMR (100 MHz, CDCls): § 153.9, 146.9, 144.4, 143.7, 143.4, 130.4, 129.6, 127.2,
126.2, 124.6, 123.8, 121.3, 121.0, 120.4, 109.2, 41.5, 30.7, 20.2, 13.8; HRMS (ESI, m/z) calcd.
For C19H1sN4O [M+H]*: 319.1559; found: 319.1558.

3-(tert-butyl)-1-(pyrazin-2-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19ag)

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 70:30 hexane/ethyl acetate) afforded the desired product as a creamy white powder (62.3 mg,
98% vyield), mp 148-150 °C. *H NMR (400 MHz, CDCls): § 9.00 (d, J = 1.6 Hz, 1H), 8.68 (d, J =
2.4 Hz, 1H), 8.63 (dd, J1= 2.4 Hz, J2= 1.2 Hz, 1H), 7.82 (d, J = 8.4 Hz, 1H), 7.76 (d, J = 9.2 Hz,
1H), 7.63 (d, J = 9.2 Hz, 1H), 7.32-7.28 (m, 1H), 7.21-7.16 (m, 1H), 6.85 (d, J = 8.4 Hz, 1H), 1.88
(s, 9H); *°C NMR (100 MHz, CDCls): § 153.8, 147.2, 145.1, 143.8, 143.6, 129.7, 129.1, 127.2,
126.0, 123.9, 123.2, 121.9, 121.3, 119.9, 113.1, 59.1, 29.8; HRMS (ESI, m/z) calcd. For
C19H19N4O [M+H]*: 319.1559; found: 319.1563.

3-cyclohexyl-1-(isoquinolin-1-yl)-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (19ah)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 70:30 hexane/ethyl acetate) afforded the desired product as a white powder (23.6 mg, 30%
yield), mp 184-186 °C. 'H NMR (400 MHz, CDCls): & 8.60 (d, J = 5.6 Hz, 1H), 8.00 (d, J = 8.4
Hz, 1H), 7.94 (d, J = 8.8 Hz, 1H), 7.91 (d, J = 6.0 Hz, 1H), 7.82-7.56 (m, 2H), 7.67 (d, J = 8.8 Hz,
1H), 7.61-7.57 (m, 2H), 7.22-7.18 (m, 1H), 6.99-6.95 (m, 1H), 6.44 (d, J = 8.4 Hz, 1H), 4.99-4.41
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(m, 1H), 2.37-2.27 (m, 2H), 2.07-1.95 (m, 4H), 1.79 (d, J = 11.6 Hz, 1H), 1.56-1.44 (m, 2H), 1.39-
1.31 (m, 1H); BC NMR (100 MHz, CDCls): & 153.8, 141.7, 138.5, 131.5, 129.8, 129.1, 128.9,
127.1,126.7,126.1, 125.6, 123.5, 123.1, 122.8, 120.4, 120.1, 110.6, 53.7, 30.7, 26.2, 25.5; HRMS
(ESI, m/z) calcd. For C26H2aN30 [M+H]*: 394.1919; found: 394.1920.

N-(2-(cyclohexylamino)naphthalen-1-yl)isoquinoline-1-carboxamide (19ah”)

O

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 85:15 hexane/ethyl acetate) afforded the desired product as a yellow fluffy solid (32.4 mg,
41% yield), mp 134-136 °C. 'H NMR (400 MHz, CDCls): § 9.96 (S, 1H), 9.67-9.64 (m, 1H), 8.62
(d, J=5.6 Hz, 1H), 7.92-7.90 (m, 2H), 7.81 (d, J = 8.4 Hz, 1H), 7.78- 7.69 (m, 4H), 7.43-7.39 (m,
1H), 7.28-7.21 (m, 2H), 3.52-3.46 (m, 1H), 2.12-2.09 (m, 2H), 1.79-1.74 (m, 2H), 1.64-1.60 (m,
1H), 1.42-1.19 (m, 5H); *C NMR (100 MHz, CDCls): § 165.2, 160.5, 154.8, 147.9, 140.5, 131.6,
130.8,129.1,128.3,128.0, 127.4,127.1, 127.0, 125.0, 122.3, 120.8, 110.9, 33.6, 25.9, 25.0; HRMS
(ESI, m/z) calcd. For C26H26N3O [M+H]*: 396.2076; found: 396.2078.

N-(5-(cyclohexylamino)quinolin-6-yl)picolinamide (19ai)

D,
NH N

N N

| S

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 80:20 hexane/ethyl acetate) afforded the desired product as a pale yellow solid (42.2 mg, 61%
yield), mp 146-148 °C. 'H NMR (400 MHz, CDCls): § 10.98 (s, 1H), 8.87 (d, J = 9.2 Hz, 1H),
8.81 (dd, J1=4.0 Hz, J2= 1.6 Hz, 1H), 8.67-8.65 (m, 1H), 8.33 (dt, J1= 7.6 Hz, J.= 1.2 Hz, 1H),
8.29-8.27 (m, 1H), 7.94-7.89 (m, 2H), 7.49-7.46 (m, 1H), 7.37 (dd, J1= 8.4 Hz, J2= 4.0 Hz, 1H),
3.35 (s, 1H), 3.02-2.95 (m, 1H), 2.06-2.02 (m, 2H), 1.73-1.68 (m, 2H), 1.59-1.55 (m, 1H), 1.39-
1.30 (m, 2H), 1.67-1.08 (m, 3H); *°C NMR (100 MHz, CDClz): § 162.3,150.4, 148.9, 148.2, 146.2,
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137.7,131.6, 131.0, 130.6, 126.5, 125.9, 125.5, 123.6, 122.6, 120.8, 58.6, 34.8, 25.9, 25.4; HRMS
(ESI, m/z) calcd. For C21H23N40s [M+H]": 347.1872; found: 347.1889.

3-methyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (19aj)

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 90:10 hexane/ethyl acetate) afforded the desired product as a colorless crystalline solid (26
mg, 50% vyield), mp 108-110 °C. *H NMR (400 MHz, CDCls): & 8.74 (d, J = 8.0 Hz, 1H), 8.70-
8.68 (m, 1H), 8.51 (d, J = 8.0 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.85 (td, J1= 7.6 Hz, J2= 1.2 Hz,
1H), 7.74 (d, J = 8.8 Hz, 1H), 7.66-7.62 (m, 1H), 7.56-7.48 (m, 2H), 7.33-7.30 (m, 1H), 4.36 (s,
3H); 3C NMR (100 MHz, CDCls): § 150.9, 148.7, 148.3, 138.2, 136.9, 133.6, 130.6, 128.6, 127.2,
126.7, 124.8, 124.73, 124.67, 123.4, 122.1, 110.5, 33.1; HRMS (ESI, m/z) calcd. For C17H14Ns
[M+H]*: 260.1188; found: 260.1196.

1-cyclohexyl-4-phenyl-3-(pyridin-2-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (19ak)

oy
Fo

The general procedure 2 for imidazolone was followed. Column chromatography (SiOz2, eluting
with 80:20 hexane/ethyl acetate) afforded the desired product as a white solid (29.5 mg, 40%
yield), mp 196-198 °C. *H NMR (400 MHz, CDCls): § 7.87-7.85 (m, 1H), 7.54 (td, J1= 8.0 Hz, J2
= 2.0 Hz, 1H), 7.32 (d, J = 8.0 Hz, 1H), 7.25-7.17 (m, 2H), 7.06-6.89 (m, 7H), 4.38-4.29 (m, 1H),
2.32-2.22 (m, 2H), 1.94 (d, J = 10.8 Hz, 4H), 1.76 (d, J = 12.8 Hz, 1H), 1.51-1.42 (m, 2H), 1.35-
1.25 (m, 1H); C NMR (100 MHz, CDCls): § 153.5, 148.5, 148.1, 138.7, 137.3, 130.2, 128.3,
127.6,126.4, 126.1, 125.7, 123.8, 122.2, 122.0, 121.9, 108.3, 53.6, 29.9, 26.1, 25.5; HRMS (ESI,
m/z) calcd. For C2sH24N30 [M+H]*: 370.1919; found: 370.1913.

1-(tert-butyl)-4-phenyl-3-(pyridin-2-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (19al)
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The general procedure 2 for imidazolone was followed was followed. Column chromatography

(SiOz, eluting with 80:20 hexane/ethyl acetate) afforded the desired product as a white solid (20.5
mg, 30% vyield), mp 228-230 °C. *H NMR (400 MHz, CDCls): § 7.93 (d, J = 3.6 Hz, 1H), 7.51-
7.46 (m, 2H), 7.23 (d, J = 7.6 Hz, 1H), 7.14 (t, J = 8.0 Hz, 1H), 7.03-6.89 (m, 7H), 1.86 (s, 9H);
13C NMR (100 MHz, CDCl3): § 153.8, 148.6, 148.1, 138.8, 137.2, 130.9, 128.4, 127.6, 126.3,
126.2, 125.6, 123.8, 122.8, 121.9, 1215, 111.2, 58.7, 29.6; HRMS (ESI, m/z) calcd. For
C22H22N30 [M+H]": 344.1763; found: 344.1752.

1-cyclohexyl-4-isopropyl-3-(pyridin-2-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (19am)

o

The general procedure 2 for imidazolone was followed was followed. Column chromatography

(SiOg2, eluting with 80:20 hexane/ethyl acetate) afforded the desired product as a creamy white
solid (43.5 mg, 65% yield), mp 164-166 °C. *H NMR (400 MHz, CDCls): § 8.58 (dd, J1 = 4.8 Hz,
J2= 2.0 Hz, 1H), 7.89 (td, J1= 7.6 Hz, J2= 2.0 Hz, 1H), 7.57 (d, J = 8.0 Hz, 1H), 7.37-7.34 (m,
1H), 7.12-7.04 (m, 2H), 7.00-6.98 (m, 1H), 4.29-4.21 (m, 1H), 2.46-2.36 (m, 1H), 2.27-2.16 (m,
2H), 1.89 (d, J = 11.2 Hz, 4H), 1.73 (d, J = 12.8 Hz, 1H), 1.48-1.38 (m, 2H), 1.32-1.24 (m, 1H),
1.02 (d, J = 6.8 Hz, 6H); *C NMR (100 MHz, CDCls): § 153.9, 150.6, 149.0, 138.4, 132.4, 129.8,
126.1,123.5,123.4,122.3,119.0, 106.9, 53.5, 29.9, 27.7, 26.1, 25.5, 23.2; HRMS (ESI, m/z) calcd.
For C21H26N30 [M+H]*: 336.2076; found: 336.2067.

4-(tert-butyl)-1-cyclohexyl-3-(pyridin-2-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (19an)

Qg
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The general procedure 2 for imidazolone was followed was followed. Column chromatography
(SiOg2, eluting with 80:20 hexane/ethyl acetate) afforded the desired product as a creamy white
solid (40 mg, 57% yield), mp 160-162 °C. *H NMR (400 MHz, CDCl3):  8.49 (dd, J1= 4.8 Hz,
J2=1.6 Hz, 1H), 7.86 (td, J1= 7.6 Hz, J2= 2.0 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.31-7.28 (m,
1H), 7.17 (dd, J1= 8.0 Hz, J2= 1.6 Hz, 1H), 7.12-7.04 (m, 2H), 4.22-4.14 (m, 1H), 2.29-2.18 (m,
2H), 1.91-1.85 (m, 4H), 1.72 (d, J = 12.8 Hz, 1H), 1.46-1.35 (m, 2H), 1.30-1.22 (m, 1H), 1.07 (s,
9H); $3C NMR (100 MHz, CDCls): § 155.6, 153.8, 148.7, 138.1, 136.5, 132.2, 127.3, 124.5, 123 .2,
122.6, 121.7, 107.1, 53.8, 34.9, 31.4, 29.7, 26.2, 25.5; HRMS (ESI, m/z) calcd. For C22H2sN30O
[M+H]*: 350.2232; found: 350.2225.

1-cyclohexyl-4-ethyl-3-(pyridin-2-yl)-1,3-dihydro-2H-benzo[d]imidazol-2-one (19a0)

o8

The general procedure 2 for imidazolone was followed was followed. Column chromatography
(SiOg2, eluting with 90:10 hexane/ethyl acetate) afforded the desired product as a creamy white
solid (16 mg, 25% yield). *H NMR (400 MHz, CDCls): & 8.60-8.58 (m, 1H), 7.89 (td, J1= 7.6 Hz,
J2= 1.6 Hz, 1H), 7.58 (dt, J1= 8.0 Hz, J>= 0.8 Hz, 1H), 7.37-7.34 (m, 1H), 7.09-7.04 (m, 2H),
6.89-6.88 (m, 1H), 4.30-4.22 (m, 1H), 2.26-2.19 (m, 4H), 1.89 (d, J = 9.6 Hz, 4H), 1.73 (d, J =
12.8 Hz, 1H), 1.48-1.38 (m, 2H), 1.32-1.24 (m, 1H), 0.89 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz,
CDCls): 8 153.8, 150.0, 148.9, 138.3, 129.7, 127.4, 126.6, 123.6, 123.4, 122.4, 122.1, 107.2, 53.5,
29.9, 26.1, 25.5, 25.1, 14.2; HRMS (ESI, m/z) calcd. For C20H24N30 [M+H]*: 322.1919; found:
322.1913.

N-(2-(cyclohexylamino)-3,5-dimethoxyphenyl)picolinamide (19ap)

| X
N~
HN Q
jsae
MeO OMe
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The general procedure for amination in aniline system was followed was followed. Column
chromatography (SiOz, eluting with 90:10 hexane/ethyl acetate) afforded the desired product as a
gummy liquid (51 mg, 72% vyield). *H NMR (400 MHz, CDCls): § 11.04 (s, 1H), 8.62-8.60 (m,
1H), 8.25 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 7.89 (d, J = 2.8 Hz, 1H), 7.85 (td, J1= 8.0 Hz, J,= 2.0
Hz, 1H), 7.43-7.39 (m, 1H), 6.25 (d, J = 2.8 Hz, 1H), 3.82 (s, 3H), 3.77 (5, 3H), 2.74-2.68 (m, 1H),
1.93 (d, J = 12.8 Hz, 2H), 1.69-1.65 (m, 2H), 1.50 (s, 1H), 1.27-1.19 (m, 3H), 1.15-1.09 (m, 2H);
13C NMR (100 MHz, CDCls): § 162.0, 156.8, 154.9, 150.6, 148.3, 137.5, 134.8, 126.2, 122.3,
119.5, 95.9, 94.9, 57.8, 55.7, 55.6, 34.2, 26.1, 25.3; HRMS (ESI, m/z) calcd. For C20H26N303
[M+H]*: 356.1974; found: 356.1973.

N-(2-(cyclohexylamino)-3,5-dimethylphenyl)picolinamide (19aq)

‘\
N~

oo

The general procedure for amination in aniline system was followed. Column chromatography

(SiO2, eluting with 95:5 hexane/ethyl acetate) afforded the desired product as a gummy liquid
(33.5 mg, 52% yield). 'H NMR (400 MHz, CDCls): & 10.87 (s, 1H), 8.63-8.61 (m, 1H), 8.29 (dt,
J1= 7.6 Hz, J2= 1.2 Hz, 1H), 8.23 (s, 1H), 7.88 (td, J1= 7.6 Hz, J2= 1.6 Hz, 1H), 7.45-7.42 (m,
1H), 6.75 (M, 1H), 2.84-2.77 (m, 1H), 2.31 (s, 3H), 2.26 (s, 3H), 2.06-2.03 (m, 2H), 1.71-1.68 (m,
2H), 1.55-1.54 (m, 1H), 1.32-1.25 (m, 2H), 1.13-1.08 (m, 3H); *C NMR (100 MHz, CDCls): &
161.9, 150.8, 148.1, 137.5, 133.5, 133.2, 131.5, 126.6, 126.1, 122.4, 118.6, 58.0, 34.7, 25.9, 25.5,
21.3, 18.3; HRMS (ESI, m/z) calcd. For C20H26N30 [M+H]": 324.2076; found: 324.2066.

N-(2-(cyclopentylamino)-3,5-dimethoxyphenyl)picolinamide (19as)

MeO OMe
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The general procedure for amination in aniline system was followed was followed. Column
chromatography (SiOz, eluting with 90:10 hexane/ethyl acetate) afforded the desired product as a
gummy liquid (34 mg, 50% yield). *H NMR (400 MHz, CDCl3): § 11.13 (s, 1H), 8.64-8.62 (m,
1H), 8.26 (dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.92 (d, J = 2.4 Hz, 1H), 7.86 (td, J1=7.6 Hz, J2= 1.6
Hz, 1H), 7.45-7.41 (m, 1H), 6.26 (d, J = 2.8 Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H), 3.47 (quintet, J =
5.6 Hz, 1H), 1.80-1.70 (m, 4H), 1.56-1.46 (m, 4H); 3C NMR (100 MHz, CDCls): § 162.1, 157.1,
155.2, 150.6, 148.3, 137.5, 135.3, 126.2, 122.3, 119.9, 95.8, 95.0, 60.8, 55.6, 33.2, 23.6; HRMS
(ESI, m/z) calcd. For C19H24N303 [M+H]": 342.1818; found: 342.1819.

N-(2-(butylamino)-3,5-dimethoxyphenyl)picolinamide (19at)

| A
N~
HN 9
jsae
MeO OMe

The general procedure for amination in aniline system was followed was followed. Column

J

chromatography (SiOz, eluting with 90:10 hexane/ethyl acetate) afforded the desired product as a
gummy liquid (31 mg, 47% yield). *H NMR (400 MHz, CDCls): § 11.03 (s, 1H), 8.65-8.63 (m,
1H), 8.28-8.25 (m, 1H), 7.90-7.86 (m, 2H), 7.46-7.43 (m, 1H), 6.28 (d, J = 2.4 Hz, 1H), 3.84 (s,
3H), 3.81 (s, 3H), 2.85 (t, J = 7.2 Hz, 2H), 1.61 (quintet, J = 7.2 Hz, 2H), 1.49-1.39 (m, 2H), 0.89
(t,J=7.2 Hz, 3H); ®*C NMR (100 MHz, CDCl3): § 162.3, 157.1, 154.6, 150.5, 148.3, 137.5, 134.5,
126.3, 122.3, 96.2, 95.2, 55.8, 55.7, 49.8, 32.8, 20.3, 14.1; HRMS (ESI, m/z) calcd. For
C18H24N303 [M+H]": 330.1818; found: 330.1822.

N-(2-(sec-butylamino)-3,5-dimethoxyphenyl)picolinamide (19au)

MeO OMe

The general procedure for amination in aniline system was followed was followed. Column

chromatography (SiOz, eluting with 90:10 hexane/ethyl acetate) afforded the desired product as a
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gummy liquid (27.6 mg, 42% yield). *H NMR (400 MHz, CDCls): § 11.03 (s, 1H), 8.63-8.62 (m,
1H), 8.26 (dt, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.89-7.85 (m, 2H), 7.45-7.42 (m, 1H), 6.27 (d, J = 2.4
Hz, 1H), 3.84 (s, 3H), 3.79 (s, 3H), 2.98-2.90 (m, 1H), 1.68-1.57 (m, 1H), 1.47-1.39 (m, 1H), 1.04
(d, J=6.4 Hz, 3H), 0.95 (t, J = 12.8 Hz, 3H); 1*C NMR (100 MHz, CDCls): § 162.1, 156.9, 154.9,
150.6, 148.3,137.5,134.9, 126.2, 122.3,96.1, 95.1, 55.7, 30.2, 19.9, 10.5; HRMS (ESI, m/z) calcd.
For C1sH24N303 [M+H]": 330.1818; found: 330.1826.

3-cyclohexyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22a)

5O

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a white solid (58 mg, 88% yield), mp
88-90°C. 'H NMR (400 MHz, CDCls): § 8.77 (d, J = 8.0 Hz, 1H), 8.72-8.70 (m, 1H), 8.36 (d, J =
8.0 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.89-7.83 (m, 2H), 7.68 (d, J = 8.8 Hz, 1H), 7.64-7.60 (m,
1H), 7.51-7.47 (m, 1H), 7.36-7.33 (m, 1H), 5.59-5.52 (m, 1H), 2.39-2.29 (m, 2H), 2.16-2.12 (m,
2H), 1.99-1.94 (m, 2H), 1.81 (d, J = 12.4 Hz, 1H), 1.52-1.34 (m, 3H); *C NMR (100 MHz,
CDCls): 6 148.9, 137.0, 131.3, 130.1, 128.6, 128.2, 126.6, 125.83, 125.8, 124.9, 123.81, 123.79,
123.55, 123.53, 122.2, 113.7, 57.2, 31.8, 26.3, 25.6; HRMS (ESI, m/z) calcd. For C22H22N3
[M+H]*: 328.1814; found: 328.1822.

3-cyclopentyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22b)

N

iy O

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a light brown solid (50 mg, 80% yield),
mp 146—148 °C. *H NMR (400 MHz, CDCls): § 8.73-8.72 (m, 1H), 8.51-8.48 (m, 1H), 8.25 (dt,
J1=8.0 Hz, J2=1.2 Hz, 1H), 8.02-7.98 (m, 2H), 7.81 (d, J = 9.2 Hz, 1H), 7.75 (d, J = 9.2 Hz, 1H),
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7.62-7.58 (m, 1H), 7.50-7.46 (m, 2H), 6.09 (quintet, J = 9.2 Hz, 1H), 2.25-2.14 (m, 4H), 2.05-1.98
(m, 2H), 1.75-1.68 (m, 2H); 3C NMR (100 MHz, CDCls): § 151.1, 149.4, 149.3, 138.9, 137.9,
130.9,130.2,128.9,127.4,126.9, 125.7,125.3, 124.5,124.1,121.8, 113.7,57.7, 31.0, 25.3; HRMS
(ESI, m/z) calcd. For Ca1H20N3 [M+H]": 314.1657; found: 314.1653.

3-propyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22c)

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/ethyl acetate) afforded the desired product as a light brown solid (40 mg, 70% yield),
mp 58-60 °C. 'H NMR (400 MHz, CDCls): § 8.75 (d, J = 8.0 Hz, 1H), 8.68-8.66 (m, 1H), 8.52
(dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.84 (td, J1= 8.0 Hz, J2= 1.6 Hz, 1H),
7.72 (d, J=8.8 Hz, 1H), 7.66-7.62 (m, 1H), 7.55 (d, J = 8.8 Hz, 1H), 7.52-7.48 (m, 1H), 7.31-7.28
(m, 1H), 4.89 (t, J = 7.2 Hz, 2H), 1.98-1.89 (m, 2H), 0.93 (t, J = 7.2 Hz, 3H), 1*C NMR (100 MHz,
CDCls): 6 151.0, 148.7, 148.0, 138.2, 136.8, 133.1, 130.6, 128.5, 127.3, 126.6, 124.74, 124.66,
124.5, 123.3, 122.0, 110.9, 47.2, 24.0, 11.4; HRMS (ESI, m/z) calcd. For Ci9HisNs [M+H]":
288.1501; found: 288.1497.

3-butyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22d)

N

o

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a light brown solid (50 mg, 83% yield),
mp 158-160 °C. *H NMR (400 MHz, CDCls): 6 9.69 (d, J = 8.4 Hz, 1H), 9.41 (d, J = 8.0 Hz, 1H),
8.78 (d, J = 4.4 Hz, 1H), 8.12 (td, J1= 7.6 Hz, J2= 1.2 Hz, 1H), 7.97 (d, J = 2.0 Hz, 1H), 7.95 (d,
J = 3.2 Hz, 1H), 7.86-7.82 (m, 1H), 7.68-7.61 (m, 2H), 7.54 (dd, J1 = 7.6 Hz, J. = 4.8 Hz, 1H),
5.04 (t, J=7.6 Hz, 2H), 1.98-1.94 (m, 2H), 1.44 (sextet, J = 7.6 Hz, 2H), 0.97 (t, J = 7.2 Hz, 3H);
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13C NMR (100 MHz, CDCls): & 149.6, 143.7, 143.2, 138.4, 131.7, 130.1, 129.2, 129.0, 128.6,
128.2, 127.8, 126.5, 125.3, 109.6, 46.9, 32.0, 20.0, 13.6; HRMS (ESI, m/z) calcd. For C20H20N
[M+H]*: 302.1657; found: 302.1663.

3-isobutyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22¢)

N}

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a brown solid (52 mg, 86% yield), mp
74-76 °C. 'H NMR (400 MHz, CDCls): & 8.76-8.73 (m, 1H), 8.67-8.66 (m, 1H), 8.52 (dt, J1= 8.0
Hz, J2= 1.2 Hz, 1H), 7.93 (d, J = 7.6 Hz, 1H), 7.84 (td, J1= 8.0 Hz, J,= 2.0 Hz, 1H), 7.72 (d, J =
8.8 Hz, 1H), 7.66-7.62 (m, 1H), 7.55 (d, J = 9.2 Hz, 1H), 7.52-7.47 (m, 1H), 7.32-7.28 (m, 1H),
4.79 (d, J=7.2 Hz, 2H), 2.31-2.20 (m, 1H), 0.88 (d, J = 6.4 Hz, 6H); *C NMR (100 MHz, CDCls):
0 151.2, 148.5, 148.2, 138.2, 136.8, 133.5, 130.5, 128.5, 127.3, 126.6, 124.8, 124.7, 124.4, 123.3,
122.0, 111.3, 52.6, 30.1, 20.2; HRMS (ESI, m/z) calcd. For C20H20N3s [M+H]*: 302.1579; found:
302.1658.

3-(sec-butyl)-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22f)

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/ethyl acetate) afforded the desired product as a light brown solid (48 mg, 80% yield),
mp 88-90 °C. *H NMR (400 MHz, CDCl3): § 8.76 (d, J = 8.0 Hz, 1H), 8.70-8.68 (m, 1H), 8.37
(dt, J1=8.0 Hz, J2=0.8 Hz, 1H), 7.92 (d, J = 8.0 Hz, 1H), 7.85 (td, J1= 7.6 Hz, J2= 2.0 Hz, 1H),
7.77 (d, J=8.8 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.65-7.61 (m, 1H), 7.52-7.47 (m, 1H), 7.33-7.30
(m, 1H), 5.89-5.81 (m, 1H), 2.33-2.21 (m, 1H), 2.03-1.92 (m, 1H), 1.76 (d, J = 7.2 Hz, 3H), 0.74
(d, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCls): § 151.3, 149.2, 148.7, 139.1, 136.9, 131.1,
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130.1, 128.3,127.4,126.5, 125.7, 124.8, 123.8, 123.4, 122.1, 113.3, 54.9, 28.8, 20.2, 11.2; HRMS
(ESI, m/z) calcd. For C20H20N3 [M+H]*: 302.1579; found: 302.1660.

3-(tert-butyl)-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (229)

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
80:20 hexane/ethyl acetate) afforded the desired product as light brown solid (43 mg, 72 % yield),
mp 146-148 °C. 'H NMR (400 MHz, CDCls): 6 8.75 (d, J = 8.0 Hz, 1H), 8.71-8.69 (m, 1H), 7.92-
7.88 (m, 2H), 7.84 (td, J1= 7.6 Hz, J2= 2.0 Hz, 1H), 7.77 (d, J = 7.6 Hz, 1H), 7.70 (d, J = 9.2 Hz,
1H), 7.61-7.57 (m, 1H), 7.51-7.47 (m, 1H), 7.40-7.37 (m, 1H), 1.70 (m, 9H); 3C NMR (100 MHz,
CDCls): 6 148.9, 136.6, 130.0, 128.0, 126.6, 125.9, 125.1, 124.0, 123.6, 122.5, 122.4, 114.9, 31.5;
HRMS (ESI, m/z) calcd. For C20H20N3 [M+H]":302.1579; found:302.1660.

3-benzyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22h)

o5

The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 90:10 hexane/ethyl acetate) afforded the desired product as a pale yellow solid (26.8 mg, 40%
yield), mp 144-142 °C. 'H NMR (400 MHz, CDCls): § 8.78 (d, J = 8.4 Hz, 1H), 8.62-8.60 (m,
1H), 8.57 (d, J =8.0 Hz, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.84 (td, J1= 8.0 Hz, J2=2.0 Hz, 1H), 7.67-
7.63 (m, 2H), 7.52- 7.48 (m, 1H), 7.44 (d, J = 8.8 Hz, 1H), 7.30-7.27 (m, 1H), 7.22-7.13 (m, 5H),
6.30 (s, 2H); *C NMR (100 MHz, CDCls): § 150.6, 148.7, 147.9, 137.6, 136.9, 133.2, 130.7,
128.7,128.5,127.5,127.1,126.8, 124.9, 124.7,123.6, 122.1, 111.1, 49.2; HRMS (ESI, m/z) calcd.
For C24H1sN3 [M+H]": 336.1501; found: 336.1502.

3-(furan-2-ylmethyl)-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22i)
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The general procedure 1 for imidazolone was followed. Column chromatography (SiOz2, eluting

with 90:10 hexane/ethyl acetate) afforded the desired product as a yellow solid (24.7 mg, 38%
yield), mp 122-124 °C. 'H NMR (400 MHz, CDCls): & 8.75 (d, J = 8.4 Hz, 1H), 8.71-8.69 (m,
1H), 8.56 (d, J = 8.0 Hz, 1H), 7.93 (d, J = 8.4 Hz, 1H), 7.86 (td, J1= 8.0 Hz, J2= 2.0 Hz, 1H), 7.76-
7.70 (m, 2H), 7.66-7.62 (m, 1H), 7.52-7.48 (m, 1H), 7.35-7.31 (m, 1H), 7.26 (dd, J1= 1.6 Hz, J2=
0.8 Hz, 1H), 6.29 (s, 2H), 6.22-6.19 (m, 2H); 3C NMR (100 MHz, CDCls): § 150.8, 148.5, 147.4,
142.3, 137.0, 133.1, 130.7, 128.5, 127.0, 126.7, 124.9, 124,8, 123.6, 122.1, 111.1, 110.5, 108.3,
42.3; HRMS (ESI, m/z) calcd. For C21H1sN3O [M+H]*: 326.1293; found: 326.1294.

3-((3r,5r,7r)-adamantan-1-ylmethyl)-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22j)

o5y

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a creamy white solid (61 mg, 78%
yield), mp 176-178 °C. 'H NMR (400 MHz, CDCls): & 8.75 (d, J = 8.0 Hz, 1H), 8.67-8.65 (m,
1H), 8.41 (dt, J1=8.0 Hz, J2= 0.8 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.86 (td, J1=7.6 Hz, J2= 2.0
Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.66-7.62 (m, 1H), 7.59 (d, J = 8.8 Hz, 1H), 7.51-7.47 (m, 1H),
7.33-7.30 (m, 1H), 1.79 (s, 3H), 1.57-1.36 (m, 14H); 3C NMR (100 MHz, CDCls): 5 152.0, 149.1,
148.4, 137.1, 134.2, 130.4, 128.7, 128.4, 127.1, 126.7, 125.2, 124.8, 124.1, 123.5, 122.0, 112.4,
55.8, 41.0, 36.8, 36.6, 28.3; HRMS (ESI, m/z) calcd. For C27H28N3 [M+H]": 394.2283; found:
394.2304.

tert-butyl 4-(2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazol-3-yl)piperidine-1-carboxylate
(22k)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

85:15 hexane/ethyl acetate) afforded the desired product as a creamy white solid (59 mg, 69 %
yield), mp 112-114 °C. 'H NMR (400 MHz, CDCls): & 8.76 (d, J = 8.0 Hz, 1H), 8.69-8.67 (m,
1H), 8.44 (d, J = 8.0 Hz, 1H), 7.93-7.87 (m, 2H), 7.74 (d, J = 9.2 Hz, 1H), 7.68 (d, J = 9.2 Hz,
1H), 7.65-7.61 (m, 1H), 7.52-7.48 (m, 1H), 7.37-7.34 (m, 1H), 5.94-5.85 (m, 1H), 4.35 (s, 2H),
2.88 (t, J = 9.6 Hz, 2H), 2.59-2.49 (m, 2H), 2.10 (dd, J1 = 12.0 Hz, J2= 2.0 Hz, 2H), 1.53 (s, 9H);
13C NMR (100 MHz, CDCls): § 154.9, 148.8, 148.3, 137.2, 131.1, 130.1, 128.3, 126.8, 125.8,
125.1,124.3,123.7,122.1, 113.2, 80.0, 55.4, 30.8, 28.6; HRMS (ESI, m/z) calcd. For C2s6H29N4O2
[M+H] *: 429.2291; found: 429.2285.

3-cyclohexyl-2-(5-methylpyrazin-2-yl)-3H-naphtho[1,2-d]imidazole (22I)

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
85:15 hexane/ethyl acetate) afforded the desired product as a pale yellow powder (40.3 mg, 59%
yield), mp 188-190 °C. *H NMR (400 MHz, CDCls): § 9.46 (s, 1H), 8.74 (d, J = 8.0 Hz, 1H), 8.51
(s, 1H), 7.91 (d, J = 8.0 Hz, 1H), 7.82 (d, J = 9.2 Hz, 1H), 7.68 (d, J = 9.2 Hz, 1H), 7.65-7.61 (m,
1H), 7.52-7.48 (m, 1H), 5.45-5.37 (m, 1H), 2.65 (s, 3H), 2.38-2.29 (m, 2H), 2.11 (d, J = 11.2 Hz,
2H), 1.96 (d, J = 12.8 Hz, 2H), 1.81 (d, J = 11.6 Hz, 1H), 1.50-1.34 (m, 3H); *C NMR (100 MHz,
CDCls): 6 153.1, 146.17, 146.16, 145.7, 142.7, 131.5, 130.1, 128.3, 127.3, 126.7, 125.0, 124.1,
122.1, 113.5, 57.3, 31.9, 26.2, 25.6, 21.7; HRMS (ESI, m/z) calcd. For CzoHzsNa [M+H]*:
343.1923; found: 343.1926.

3-cyclohexyl-2-(quinolin-2-yl)-3H-naphtho[1,2-d]imidazole (22m)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/ethyl acetate) afforded the desired product as a creamy white solid (38 mg, 50%
yield), mp 180-182 °C. 'H NMR (400 MHz, CDCls): & 8.80 (d, J = 8.0 Hz, 1H), 8.61 (d, J = 8.8
Hz, 1H), 8.31 (d, J = 8.4 Hz, 1H), 8.11 (d, J = 8.8 Hz, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.89-7.86 (m,
2H), 7.78-7.73 (m, 1H), 7.70 (d, J = 9.2 Hz, 1H), 7.67-7.63 (m, 1H), 7.60-7.56 (m, 1H), 7.53-7.49
(m, 1H), 6.14-6.06 (M, 1H), 2.47-2.37 (m, 2H), 2.27-2.24 (m, 2H), 2.02 (d, J = 13.6 Hz, 2H), 1.85
(d, J = 12.8 Hz, 1H), 1.61-1.50 (m, 2H), 1.47-1.39 (m, 1H); 1*C NMR (100 MHz, CDCl3): 5 151.0,
148.3, 147.4, 136.6, 132.0, 130.1, 129.83, 129.79, 128.3, 127.8, 127.6, 127.5, 127.2, 126.6, 124.9,
124.1,122.9,122.2, 113.8, 57.5, 32.0, 26.5, 25.8; HRMS (ESI, m/z) calcd. For C26H2aN3 [M+H]*:
378.1970; found: 378.1974.

5-bromo-3-cyclohexyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22n)

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with
90:10 hexane/ethyl acetate) afforded the desired product as a creamy white powder (67 mg, 83%
yield), mp 154-156 °C. 'H NMR (400 MHz, CDCls): § 8.79 (d, J = 8.0 Hz, 1H), 8.72-8.70 (m,
1H), 8.35 (dt, J1 = 8.0 Hz, J>= 0.8 Hz, 1H), 8.31-8.29 (m, 1H), 8.19 (s, 1H), 7.88 (td, J1 = 7.6 Hz,
J2= 2.0 Hz, 1H), 7.69-7.65 (m, 1H), 7.62-7.57 (m, 1H), 7.38-7.34 (m, 1H), 5.59-5.52 (m, 1H),
2.33-2.23 (m, 2H), 2.16-2.12 (m, 2H), 2.00-1.96 (m, 2H), 1.82-1.79 (m, 1H), 1.52-1.37 (m, 3H);
13C NMR (100 MHz, CDCls): § 148.9, 137.0, 131.2, 128.6, 128.2, 127.8, 127.3, 126.8, 126.1,
125.8, 123.7, 122.5, 117.6, 57.4, 31.9, 26.2, 25.5; HRMS (ESI, m/z) calcd. For C22H21BrNs
[M+H]*: 406.0919; found: 406.0926.

3-cyclohexyl-5-fluoro-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (220)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a white solid (63.5 mg, 92% yield),
mp 128-130 °C. *H NMR (400 MHz, CDCls): § 8.77 (d, J = 8.0 Hz, 1H), 8.71-8.69 (m, 1H), 8.34
(d, J = 8.0 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.87 (td, J1= 7.6 Hz, J>= 1.6 Hz, 1H), 7.69-7.66 (m,
1H), 7.57-7.53 (m, 2H), 7.36-7.33 (m, 1H), 5.61-5.23 (m, 1H), 2.31-2.21 (m, 2H), 2.15-2.11 (m,
2H), 1.99-1.95 (m, 2H), 1.82-1.78 (m, 1H), 1.52-1.33 (m, 3H); *C NMR (100 MHz, CDCls): &
155.7 (d, J = 245.4 Hz), 151.0, 148.9, 136.9, 129.9 (d, J = 13.4 Hz), 128.6, 127.6, 127.4 (d, J =
5.3 Hz), 125.5, 125.0, 123.5, 122.1, 121.3 (d, J = 5.7 Hz), 120.8 (d, J = 18.2 Hz), 98.2 (d, J = 27.3
Hz), 57.2, 31.7, 26.2, 25.6; °F NMR (376 MHz, CDCls): & -126.54 (s, 1F); HRMS (ESI, m/z)
calcd. For C22H21FNs [M+H]*: 346.1720; found: 346.1719.

3-cyclohexyl-5-methyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22p)

o

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as creamy white solid (58 mg, 85% yield),
mp 132-134 °C. 'H NMR (400 MHz, CDCls): & 8.95 (s, 1H), 8.73-8.71 (m, 1H), 8.48 (s, 1H), 8.04
(d, J = 8.4 Hz, 1H), 7.93-7.89 (m, 1H), 7.69-7.65 (m, 2H), 7.58-7.55 (m, 1H), 7.38-7.35 (m, 1H),
5.59-5.50 (m, 1H), 2.81 (s, 3H), 2.40-2.31 (m, 2H), 2.16-2.12 (m, 2H), 1.99-1.96 (m, 2H), 1.83-
1.79 (m, 1H), 1.52-1.37 (m, 3H); *C NMR (100 MHz, CDCls): & 151.2, 148.8, 148.0, 137.9,
136.9, 131.1, 130.1, 129.4, 127.3, 126.3, 125.6, 124.7, 123.3, 122.6, 113.9, 57.1, 31.9, 26.3, 25.6,
20.7; HRMS (ESI, m/z) calcd. For C2sH2aNs [M+H]": 342.1970; found: 342.1971.

3-cyclohexyl-9-methyl-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22q)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/ethyl acetate) afforded the desired product as a creamy white solid (54.5 mg, 80%
yield), mp 140-142 °C. 'H NMR (400 MHz, CDCls): & 8.70-8.68 (m, 1H), 8.42 (dt, J1= 8.0 Hz, J>
= 0.8 Hz, 1H), 7.87-7.82 (m, 2H), 7.79-7.76 (m, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.43-7.36 (m, 2H),
7.32- 7.29 (m, 1H), 5.86-5.78 (m, 1H), 3.29 (s, 3H), 2.43-2.33 (m, 2H), 2.16-2.11 (m, 2H), 1.99-
1.95 (m, 2H), 1.81 (d, J = 11.2 Hz, 1H), 1.55-1.35 (m, 3H); 3C NMR (100 MHz, CDCls):  148.6,
147.3, 136.8, 135.0, 132.53, 132.48, 131.0, 128.5, 126.5, 126.4, 125.7, 124.6, 124.2, 123.2, 113.5,
56.9, 31.7, 26.3, 25.7, 23.8; HRMS (ESI, m/z) calcd. For C23H2aN3 [M+H]": 342.1970; found:
342.1973.

3-cyclohexyl-5-(1H-pyrazol-1-yl)-2-(pyridin-2-yl)-3H-naphtho[1,2-d]imidazole (22r)

N,
P

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
80:20 hexane/ethyl acetate) afforded the desired product as a creamy white solid (43 mg, 55%
yield), mp 174-176 °C. 'H NMR (400 MHz, CDCls): & 8.85 (d, J = 8.0 Hz, 1H), 8.73-8.71 (m,
1H), 8.38 (d, J = 8.0 Hz, 1H), 7.95 (s, 1H), 7.92-7.84 (m, 3H), 7.68-7.64 (m, 1H), 7.60 (d, J = 8.0
Hz, 1H), 7.50-7.46 (m, 1H), 7.39-7.35 (m, 1H), 6.58 (t, J = 2.0 Hz, 1H), 5.62-5.54 (m, 1H), 2.34-
2.23 (m, 2H), 2.17-2.13 (m, 2H), 1.96-1.91 (m, 2H), 1.76 (d, J = 12.4 Hz, 1H), 1.50-1.40 (m, 2H),
1.37-1.29 (m, 1H); *3C NMR (100 MHz, CDCls): § 149.9, 149.0, 140.8, 137.1, 133.5, 132.5, 129.9,
127.3,127.2,126.6, 126.0, 125.9, 123.8, 123.6, 122.5, 112.1, 106.5, 57.5, 32.0, 26.2, 25.4; HRMS
(ESI, m/z) calcd. For CasH24aNs [M+H]": 394.2032; found: 394.2036.
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5-(1H-benzo[d][1,2,3]triazol-1-yl)-3-cyclohexyl-2-(pyridin-2-yl)-3H-naphtho[1,2-
d]imidazole (22s)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

80:20 hexane/ethyl acetate) afforded the desired product as a creamy white solid (43.5 mg, 49%
yield), mp 214-216 °C. *H NMR (400 MHz, CDCls): § 8.90 (d, J = 8.0 Hz, 1H), 8.74-8.73 (m,
1H), 8.40 (d, J = 7.6 Hz, 1H), 8.26-8.21 (m, 1H), 8.07 (s, 1H), 7.91 (td, J1 = 8.0 Hz, J2= 2.0 Hz,
1H), 7.71-7.67 (m, 1H), 7.51-7.46 (m, 2H), 7.45-7.37 (m, 2H), 7.30-7.27 (m, 2H), 5.67-5.59 (m,
1H), 2.29-2.16 (m, 4H), 1.91 (d, J = 13.2 Hz, 2H), 1.72 (d, J = 12.8 Hz, 1H), 1.49-1.38 (m, 2H),
1.31-1.20 (m, 1H); *C NMR (100 MHz, CDCls): § 150.6, 150.5, 149.0, 145.8, 140.3,137.1, 135.4,
130.0, 128.3,128.1, 127.6, 127.5, 126.2, 125.96, 125.92, 124.4, 123.9, 123.2, 122.8, 120.3, 113.6,
110.7, 57.6, 32.1, 26.1, 25.3; HRMS (ESI, m/z) calcd. For CasH2sNs [M+H]": 445.2141; found:
445.2140.

3-cyclohexyl-1H-naphtho[1,2-d]imidazol-2(3H)-one (25a)

it
o0

Column chromatography (SiOz, eluting with 75:25 hexane/ethyl acetate) afforded the desired
product as a light pink solid. *H NMR (400 MHz, CDCls): § 11.40 (s, 1H), 8.04 (d, J = 8.0 Hz,
1H) 7.85 (d, J = 8.4 Hz, 1H), 7.58-7.53 (m, 2H), 7.50 (d, J = 8.8 Hz, 1H), 7.41-7.37 (m, 1H), 4.51-
4.24 (m, 1H), 2.28-2.18 (m, 2H), 1.99-1.94 (m, 4H), 1.81 (d, J = 12.8 Hz, 1H), 1.59-1.48 (m, 2H),
1.39-1.32 (m, 1H); 3C NMR (100 MHz, CDCl3): § 155.4, 129.1, 128.6, 126.5, 124.9, 124.2, 122.5,
121.4, 120.6, 119.9, 110.9, 53.1, 30.8, 26.1, 25.5; HRMS (ESI, m/z) calcd. For Ci7H19N20
[M+H]*: 267.1497; found: 267.1506.
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3-(tert-butyl)-1H-naphtho[1,2-d]imidazol-2(3H)-one (25b)

HNJ<
oS

Column chromatography (SiOz, eluting with 75:25 hexane/ethyl acetate) afforded the desired
product as a white solid. *H NMR (400 MHz, CDCls): § 11.71 (s, 1H), 8.05 (d, J = 8.4 Hz, 1H)
7.83 (d, J =8.4 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.54-7-49 (m, 2H), 7.41-7.39 (m, 1H), 1.91 (s,
9H); 33C NMR (100 MHz, CDCls): 5 156.3, 128.8, 128.3, 126.2, 125.7, 124.3, 123.2, 120.7, 120.6,
119.7, 113.3, 58.6, 29.8; HRMS (ESI, m/z) calcd. For CisH17N2O [M+H]*: 241.1341; found:
241.1344.

111.12. 'H and *C NMR spectra
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Chapter IV

Cobalt catalysed electrophilic C-H amination/cyclisation cascade with O-
benzoyloxy primary amines using paraformaldehyde as C1 synthon: direct

access to naphthimidazoles using picolinamide as traceless directing group

HFIP

® Cobalt catalysed electrophilic C-H amination
® Paraformaldehyde as one carbon synthon

® Picolinamide as traceless directing group

e Three-components reaction cascade

*® Varities of naphthimidazoles, yield upto 90%
® Gram scale synthesis

Abstract: A concise and efficient method has been developed herein for the synthesis of valuable
naphthimidazole derivatives. It involves earth-abundant cobalt catalysed electrophilic ortho C-
H amination/cyclisation cascade with O-benzoloxy primary amines using paraformaldehyde as
one carbon synthon. Picolinamide DG has been utilised as a trace-less directing group. The
reaction conditions are very simple and easy handling making this methodology valuable and

appealing.

Manuscript is under preparation.
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Chapter IV

Cobalt catalysed electrophilic C-H amination/cyclisation cascade with O-
benzoyloxy primary amines using paraformaldehyde as C1 synthon: direct

access to naphthimidazoles using picolinamide as traceless directing group

1V.1. Introduction

2-Unsubstituted imidazoles/benzimidazoles are core structures of many bioactive molecules
exhibiting important biological properties such as Fabl, Nek2 and lymphocyte specific kinase
(Lck) inhibition (Figure 1).! These moieties are also present in many marketed anti-
cytomegalovirus drugs such as ganciclovir, valacyclovir and valgancyclovir (Figure 1).2 In
addition, they also serve as precursors for the preparation of an important class of N-heterocyclic
carbenes (NHCs) that have been effectively employed as ligands in organocatalysis and also in
transition metal catalysis.® 2-Substituted benzimidazoles are being valuable N-heterocycle with
wide range of biological properties can be synthesized from the 2-unsubstituted benzimidazoles
via C2—H functionalization or by many other methods. So, therefore, development of efficient
protocols for the synthesis of 2-unsubstituted benzimidazoles is highly demanding.

(o}
- bﬂ s s IR
Me N O/ 2N b N\\o/\/ ° e}
5, at
Fabl |nh|b|tor Nek2 inhibitor Lck |nh|b|tor l\\l\ ganciclovir valacyclovir

Figure 1. Some examples of 2-unsubstituted imidazole/benzimidazole containing bio-active
molecules

Traditionally, they are prepared by coupling benzene-1,2-diamines with various C-1
synthons. For example, COz2 has been utilized as C-1 synthon for the synthesis of 2-unsubsttuted
benzimidazoles under many reducing conditions (Scheme 2ai).* MeOH also served as C-1 synthon
to synthesize 2-unsubstituted benzimidazoles from benzene-1,2-diamines or 2-nitroanilines
(Scheme 2avii).® In this context, the Senadi group in 2020, disclosed D-glucose as C-1 synthon
for the same purpose via an oxidative cyclization mechanism (Scheme 2aiv).® DMSO has also
been utilized as C-1 synthon for the same purpose.” These benzimidazoles can also be made by

reacting ortho-fluoro aryl formamides with primary amine under microwave condition (Scheme
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2aii).® The reaction takes place through substitution of fluoro groups with the amine followed by
intramolecular cyclisation. A copper catalyzed intramolecular C-N cross-coupling method was
also reported by the Glorius group in 2009, for the synthesis of these 2-unsubstituted
benzimidazoles from the corresponding aryl formamidines (Scheme 2av).° In 2021, the Liu group
reported the synthesis of N-1-alkyl-2-unsubstituted benzimidazoles via Pd-catalyzed Buchwald-
Hartwig coupling followed by intramolecular cyclisation starting from ortho-bromo
formimidamides (Scheme 2aiii).l° Synthesis of these 2-unsubstituted benzimidazoles has also
been achieved by intramolecular aerobic oxidative C-H amination under Pd-catalysis (Scheme
2b). 1t

a. Traditional methods |

: i. C[NHz ii'OZN\(j[NWNMeZ jii. @[NVNMGZ E

LR | 2 5

! = R// F + R“NH, R// Br !
+

NHR' :
i + ) i
| CO,, PhSiH3 160 °C. 15 min. MW | C-N bond formation/ R2NH, '
' cyclsation i
i B(CsFs)3 :

' or ) B P N Buchwald-Hartwig
E PS/MOF catalyst - : coupling/cyclisation
N ,

E Reductive cyclisation i . N ' Pd(OAc), !
: DRE . YH :
5 j N : Rh@PS or Cu-PMO |
E Oxidative cyclisation . =Y : X = NH, -
! TfOH, TBHP, ! E Fe. NH.CI. 70 °C !
5 H,0,100°C Y & et 5
' Intramolecular X=NO, ;
: o NHz Cul, DBU, 110 °C | C-N cross-coupling '
5 R_:/\;[ H X E
' ! N.__N. X !
Civ., VAR oH Vo o Xy R vi. R—:C[ +MeOH
: e Pz i
i 0 = 1 :
! HO%OH X NHR |
: T HO OH X =Cl, Br X=NH,orNO, !

b. Intramolecular sp? C-H amination I

! N N
: S > :
- N Pd(PPhs),Cl,, Cs,CO3 N ;
| \© DMSO, 120 °C, O,, 30 h @ E

Scheme 2. Traditional methods vs. C-H amination for the synthesis of 2-unsubstituted
benzimidazole

1V.2. Review

A detailed discussion on the synthesis of benzimidazoles via nucleophilic or electrophilic C-H
amination involving two-component cascade reactions has been mentioned in the previous chapter.

On the other hand, multicomponent cascade reactions would be very promising as they are
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considered as an ideal route for the total synthesis of natural products and also for efficient
construction of complex molecules from simple precursors in one-pot.!? These reactions are

generally more atom-economic as well as step-economic than the stepwise synthesis.

a. The Punniamurthy group, 2014

1
N2 R@NVR Cul (10 mol %) @N\%W
R 1 i ™ LRl
~  RICHO ZNh TMSN,, TBHP Z N
I 3 4

2 H

R = EDG, EWG; R' = anthracene, aryl, naphthyl, thiophene, isopropoyl

b. The Punniamurthy group, 2016

NH,

Cu(OAc), (10 mol %) XN
+ RTX + NaN, SPRa

1 5 6 TBHP, AcOH, DMSO, 80 °C 2 N

R

R = EDG, EWG; R = alkyl, aryl; X = NH,, OH

c. Proposed mechanism

NH2 N\ R
R NH
©/ —— =, Cu(OAc), _ C“(OAC)Z A%)2 NaN;, AcOH
tranS|m|nat|on

1 TBHP

R R R

1 1 1

1l NI N_Il
N\Cu(OAc)z SET Cu(OAc), Cu(OAc), g
/ B ——— / > H
N3 \_)13 N3 H*
v \"

Cu(OAc), Cu(OAc) (ACO)C
C 2 U

N\ R N\ R
L =Gl — oy
VIEN,* vi Cu(OAc),

Scheme 3. Copper catalyzed three-component reaction cascade for the synthesis of
benzimidazoles

Cascade reactions involving C-N bond formation for the synthesis of various valuable N-
heterocycles are very promising research field.*® Multi-component Mannich alkylamination and
click reactions have explored for the synthesis of N-heterocycles.** Synthesis of benzimidazoles
has also been achieved by C-N bond forming multi-component cascade mostly using three-
component reactions. In this direction the Punniamurthy group in 2014, unveiled an efficient
protocol for the synthesis of benzimidazoles via copper catalyzed three-component reaction
cascade (Scheme 3a).™® The reaction proceeds through formation of an imine by condensation of
anilines with aldehydes followed by ortho-C-H amination with azides using this imine as directing

group and then oxidative cyclisation.
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In 2016, the same group reported another three-component reaction strategy for the
synthesis of benzimidazoles using benzyl alcohols/amines instead of aldehydes under copper
catalysis (Scheme 3b).%® This reaction proceeds through almost similar mechanism (Scheme 3c).
Under this oxidizing condition the benzyl alcohol/amine forms the imine. Then this imine
undergoes ortho-C-H amination with azides via a SET mechanism. The ortho-azido imine then
converts to ortho-amino imine by Nz extrusion. This ortho-amino aryl imine then on oxidative
cyclisation affords the product with regeneration of copper catalyst. Both the reactions were able

to give the products in moderate to good yields with wide range of substrate scope.

In their seminal work, the Jiang group in 2014 reported the synthesis of variety of 1,3- as
well as 1,3,4-substituted pyrazoles via a copper-catalyzed three-component cascade reactions
involving oxime esters, amines and aldehydes (Scheme 4).}" Mechanistically, this reaction
proceeds through N-O bond cleavage of the oxime acetate promoted by copper followed by C-
C/C-N/N-N bond formations giving pyrazolines VI. This pyrazolines on oxidative

dehydrogenation by Cu/O2 system provided the corresponding pyrazoles.

The Jiang group, 2014

.OAc Ph
N CuBr (10 mol %) NN
2 R1
R1J7\/R + Pr11NH2 + (H(;HO)n Cs,CO3 (20 mol %) y
DMSO, 120 °C, air R?
Proposed mechanism cu'oH
cu' HN’CU” |
NOAc /& (CH,0), NH oOcCu" PhNH, NH NHPh
Ph = -
Ph Ph Ph "
7 | I I
2Cu cul
1]
H0  cul\ e CTJOCU Ph NPh
NH NPh ‘ -N N
L, )J\) M. NI NPh 4 NI [0] /“\/)
Ph Ph Ph
v \' Ph™ v product

Scheme 4. Copper catalyzed synthesis of pyrazoles via a three-component coupling reaction

In the same year, the Khanna group developed a copper catalysed three-component cascade
protocol for making N-fused imidazo heterocycles (Scheme 5).2 This reaction involves the
coupling between 2-amino benzimdazole, aldehyde and a terminal alkyne. The reaction proceeds
via a 6-endo-dig cyclisation step. Starting from the substrates to the product the reaction involves

two new C-N bonds and one C-C bond formations.
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The Khanna group, 2014

CHO O
=N
Cul (15 mol %) SN R!
1 N, + 2 R2 AgCO; (15 mol %)
R >—NH, __ MeCN, reflux, 5-8 h
N I R2
10 H 1 12

Proposed mechanism

10 N\
@E \>—NH2FZ Q L Ni:\\l)\m

via 6-endo-dig cyclisation

Scheme 5. Copper catalyzed synthesis of imidazo[1,2- a]pyrimidines via a three-component

coupling reaction

Then in 2015, the Neuville group disclosed efficient methodology for the synthesis of 2-
aminobenzimidazoles and 2-aminoquinazolines via a three-component reaction between aryl

boronic acids, amines and cyanamides under a copper catalyzed condition (Scheme 6).1°

The Neuville group, 2015

R! _R?
R Lo
CuCl, (20 mol %) N—=N ;14  CuCl,(20 mol %) N R
BiPy (20mol%) | 43 + BiPy (20 mol %) @E SN
K,COj3 (2.25 equiv.) B(OH), K2CO3 (225 equiv.) 17 N R?
toluene, Oy, 100 °C toluene, O,, 100 °C 16 R
R = Benzyl R 45 H R = Aryl

Scheme 6. Copper catalyzed synthesis of 2-aminobenzimidazoles and 2-aminoquinazolines

In the year 2017 Singh and his co-workers unveiled a Fe-catalysed three-component
coupling reaction to synthesize 4-arylquinolines and 4-arylpyrimidines using DMSO and

formamides as methine (=CH-) source respectively (Scheme 7).2°

The Singh group, 2017

AN
N” "N FeClz (10 mol %)

| AN A ! K2$208 (3.0 equiv.) O)‘\ © FeCI3 (10 mol %)
K5S,05 (3.0 equiv.
R1/ 20 HCONH, 18 28204 ( quiv.)

120°C, N, 120°C, N

Scheme 7. Iron catalyzed synthesize 4-arylquinolines and 4-arylpyrimidines
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The Deng group in 2019, reported the synthesis of 2-unsubstituted benzimidazoles via a
three component reaction between ortho-phenylenediamine, thiol and paraformaldehyde under a
metal free condition (Scheme 8).2 4-aminodiphenylamine was used as base for this transformation
in 1,1,1,2-tetrachloro ethane/water medium. Mechanistically, ortho-diamine first forms diimine
with paraformaldehyde. Then thiolate anion formed from the thiol by proton abstraction reacts
with one of the a-carbon of the imine. The nucleophilic attack by NH group to the other a-carbon

of the imine followed by oxidation gives the product.

The Deng group, 2019

S
~
NH2 4-aminodiphenylamine i N ! N
+ (CHO), R'T P N\ae
NH2 \/ TCE:H,0 =7:2 Z N R2
R2 8 130°C, 3 h 23

Proposed mechanism

NH N
@[ 2 HCHO ©:N§ H-base C[’E/SO\
> B —— e
NH, = S. z
21 N \©\ n N \

)@7_]@[@

Scheme 8. Metal-free three-component reaction cascade for the synthesis of benzimidazoles

The Ding group, 2020
Cu(TFA),xH50 (1.2 equiv.)

B(OH),  OHC
i/\[ \O PivOH (1.0 equiv.) R A N\ =\ R?
TMSN; (3.0 equiv.), 3 PN \_/

____________________________________ DCB,Ar110°C,6h A M
Proposed mechanism cu(ll)
“ Cu(lll)
B(OH), '
NHz / N Ar N Ar
_[CuJTMSN; ©/ X7 Cudlll) + Cu(l) ©/ ~
Chan Lam condensation
15 n TMSN;
PivOH
N
Cu(lll) 3~
Nu A Cu(it Ar. ‘ ?u(lll)
[Cu] AT N N Ar
product <———— ~H" N AL-H? “cu(lly <ET.
oxidative -Ny SET ,\‘l
cyclisation 3

Scheme 9. Synthesis of benzimidazoles via Chan-lam coupling/condensation/C-H

amination/cyclisation cascade
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In 2020, the Ding group unveiled the synthesis of benzimidazoles through a three-
component coupling using aryl boronic acids (10), azide (3) and aldehydes (2) which proceeded
in a cascade manner under copper mediated condition (Scheme 9).%2 In this strategy a copper
boronic acids first undergoes copper catalyzed Chan-Lam coupling with TMS-azide to generate
aniline I in situ, which on condensation with aldehyde forms an imine Il. Then a copper catalyzed
ortho C-H amination with the azide using that imine as transient directing group gives Ill. The

ortho-amino group then attacks imine a-carbon atom followed by oxidation to afford the product.

In 2021, the Xu and Ji group developed a cobalt catalyzed three-component coupling
strategy for the synthesis of quinazoline derivatives (Scheme 10).2® This protocol involves the

reaction between amines isocyanides and azides.

The Xu and Ji group, 2021 R?
NH
NH, ,
@: @/ + RN, o(acac)s (5 mol %) " )N\
toluene, 80°C, 12 h N

| | ¥
CH2NH2 NH, o(acac)s (5 mol %)
R! @/ * Ts-N3  MeCN, 80°C, 12 h R TS
H

Scheme 10. Cobalt catalyzed three-component coupling for the synthesis of quinazoline

derivatives

Very recently, the Duan and Guo group disclosed an efficient synthesis of 2-unsubstituted
imidazoles through a copper catalyzed three-component reaction of oxime ester of a,-unsaturated
ketones, amine and paraformaldehyde (Scheme 11).2* The method afforded a broad range of
substrates scope with good functional group tolerance. Mechanistically, the Cu(l) on reacting with
oxime ester 30 generates iminylcopper(ll) intermediate 1. Then nucleophilic attack of this
intermediate on paraformaldehyde, 8 followed by coupling with anilines forms intermediate 111.
Intramolecular Michael addition followed by B-hydride elimination gives intermediate V which

on tautomerization with the help of water affords the product.
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The Duan and Guo group, 2022 RS
CuBr, DABCO, H,0 R2 N
NOAc ' » T2
JJ\/\ + (CH,0), + R®NH, ji »
= o,
R R2 DMSO/THF, 120 °C, 12 h r” N
30 8 5 31
Proposed mechanism
cy' ~cu" ~ocy!
NOAc N CH0) N O phNm,
5 PR N7 Co,Et L
Ph CO,Et 2 Ph CO,Et
30 | I
ZCUI Cul
Ph fout P
N N \—pn  Cw N N=ph NA
N \CU” | | Dzo N—Ph
Ph” N Co,Et P\ Ph
m 2 IV 1/ COE V TCOyEt D2C-Co,Et

Scheme 11. Copper-catalyzed three-component reaction cascade using paraformaldehyde for the
synthesis of imidazoles

1VV.3. Present work

Although having some examples of transition metal catalyzed multicomponent reactions involving
C-H amination as discussed in the previous section, this field in under developed. To the best of
our knowledge there is no report for the synthesis of 2-unsubstituted benzimidazoles through
multicomponent coupling via C-H amination using electrophilic amine surrogates. However, most
of the C-H amination methods require pre-installation of directing groups in the substrates to
control regioselectivity and their subsequent removal.?® So, the introduction and removal of
directing groups is one of the major drawbacks in chelation-assisted C—H functionalization. To by-
pass this problem, transient, traceless and inherent directing group strategies were unveiled.?®
Traceless directing group strategy that has been employed to increase step economy in a
methodology where the DG is removed in the same pot after the desired directed C-H
functionalisation reaction is being achieved. Picolinamide directing group has been utilized as
traceless directing group for carbonylative/alkenylative cyclisation under cobalt catalysis.?’
Paraformaldehyde has been incorporated into more complex molecules as carbonyl, acetyl,
hydroxymethyl or carbon source through Rh, Pd, Co-catalyzed cross-coupling as well as direct C—
H functionalization.?® Paraformaldehyde has also been used as a C1 source for the synthesis of
azacycles through multicomponent cascade reactions ivolving C-N bond formation as shown in
Scheme 4, 8 and 11.

Out of many earth abundant cost-efficient 3d transition metal complexes, environmentally

benign cobalt catalysts have very good potential for applications in C-H functionalisations.?®
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Cobalt having lower electronegativity as compared to Pd, Ru and other group 9 elements generates
more nucleophilic organometallic cobalt complexes resulting unprecedented reaction pathways in
transition-metal catalysed C—H functionalisation reactions. Till now several works have reported
for the synthesis of various important heterocycles through cobalt catalysed annulation reactions
via C-H activation.®® Besides these a significant advancement has also been achieved in cobalt
catalysed C-N bond formation through C-H amination as well as C-H amidation reactions.3! The
Paul Knochel group has made a significant success in cobalt catalysed electrophilic amination
reactions with various zinc reagents using anthranil or O-benzoyl protected hydroxylamines as
aminating reagents.3 But limited number of works on cobalt catalysed electrophilic C-H amination

have been succeeded.??

So we hypothesized that picolinamides may undergo directed ortho-C-H amination with
primary O-benzoyloxyamines followed by formation of iminium with paraformaldehyde. The NH
group of the picolinamide may attack the carbon of the iminium and subsequent hydrolysis of the
amide lead to the 2-unsubstituted benzimidazoles. Though the picolinamide protected monocyclic

anilines were unsuccessful the naphthalene system afforded the desired product as per our

hypothesis.
f ’\‘—> Traceless directing group
l“ . H
00 < 'l. Nﬂ
§ i Co(OAC),.4H,0 (10 mol %) AV R
+ RNHOHBz + (HCHOMW yeip 4ir 100 oC, 6hrs X
/\R1 3.0 equiv. 4.0 equiv. 342 R

Scheme 12. Cobalt-catalyzed three-component reaction cascade via electrophilic C-H amination

using paraformaldehyde for the synthesis of napthimidazoles
IV. 4. Result and discussions

We started our optimization using picolinamide of 1-naphthylamine (32a), O-benzoyl-N-
cyclohexylhydroxylamine (33a), paraformaldehyde (8) as model substrates. Initially we got our
desired product 34a in 15% yield along with 55% of the rearrangement product 34a’ when a
mixture of 32a, 1 equiv. 33a and 6 equiv. paraformaldehyde in DMSO was heated in 100 °C under

air atm. using 10 mol % of Cul in DMSO. When the reaction was performed with free
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cyclohexylamine instead of 33a no reaction took place. Using 35% HCHO solution the product
was obtained in 20% yield and the yield of 34a” was lowered to 38%. Addition of 1.5 equiv. K2COs
hampered the formation of desired product. Using 1.5 equiv. AcOH the product didn’t improve
the yield. Replacing DMSO solvent with TFE 22% of the desired product was obtained. 10 mol %
Co(OAC)2.4H20 was able to improve the yield in 40% and also the yield of undesired 34a’ was
diminished significantly. Increment in the amount of 33a to 2.5 equiv. furnished the desired
product in 72% yield. When the reaction was performed in N2 atmosphere the yield was slightly
decreased to 70%. Lowering the amount of paraformaldehyde to 4.0 equiv. afforded lower yield
66%. Higher temperature (110 °C) also decreased the product formation. Use of 0.5 equiv. PivOH
also lowered the product yield. Changing the solvent to DCE decreased the yield significantly.
HFIP was found to the best solvent where desired product was obtained in 80% yield and most
interestingly the formation of undesired 34a’ was stopped completely. Using 3.0 equiv. of 33a we
got the product yield in 88%. Under this condition 35% HCHO solution instead of
paraformaldehyde also furnished the product in comparable yield. Cul was found to be ineffective
to provide the product in HFIP solvent. In order to observe the efficiency of other pyridine based
amide DGs we performed the reaction using substrates 32A-32D but all of them found to give

inferior results than picolinamide.

Table 1. Optimization of the Reaction Conditions®?

? -
N~ N/
H Y o)
NHOBz N= N

HN™ 0 N~cy N-cy
“,H catalyst (10 mol %) X
OO + © + (HCHO),  solvent, air, 100 °C, 6hrs
32a 33a 8 34a 34a’
entry catalyst Ratio of 33a/8 solvent yield (%)
(equiv) 34a/34a’
1 Cul 1/6 DMSO 15/55
2° Cul 1/6 DMSO 0/0
3d Cul 1/5 DMSO 20/38
4¢ Cul 1/6 DMSO 0/42
5f Cul 1/6 DMSO 15/45
6 Cul 1/6 TFE 22/45
7 Co(OAC)2.4H20 1/6 TFE 40/10
8 Co(OAC)2.4H20 2.5/6 TFE 72/15
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99 Co(OAC)2.4H20 2.5/6 TFE 70/15
10  Co(OAC)2.4H20 2.5/4 TFE 66/15
11" Co(OAc)2.4H20 2.5/4 TFE 60/20
12" Co(OAC)2.4H20 2.5/4 TFE 60/12
13  Co(OAC)2.4H20 2.5/4 DCE 24/35
14 Co(OAC)2.4H20 2.5/4 HFIP 80/0
15 Co(OAc)..4H0 3/4 HFIP 88/0
169  Co(OAC)2.4H20 3/5 HFIP 84/0
18 Cul 3/4 HFIP n.r.

¢All reactions were carried out in 0.2 mmol scale. ?Yields refer to here are overall isolated yields.
“Free amine was used. 95.0 equiv. 35% HCHO solution was used. ¢1.5 equiv. K2COs3 was used. /1.5
equiv. AcOH was used. éReaction was performed under N2 atm. "Reaction temperature was 110

°C. 0.5 equiv. PivOH was used.

Scheme 8. Exploration of other directing groups

Cl g v _ ;
32A, 80% 32B, ?0% 32C, 45% 32D,O45%

Characteristics peaks in 'THNMR spectrum of compound 34a

1. Firstly, the amide proton in the range of & value 10.0-11.0 ppm was disappeared in the
product.

2. Appearance of one multiplet in the region & 4.30-4.23 ppm corresponding to 1 proton and
another five multiplets ranging from & 2.27 to 1.27 ppm corresponding to total 10 protons
indicated the incorporation of cyclohexyl moiety form the amine source.

3. Four aromatic protons were vanished. This indicated that pyridine moiety is no longer
attached to the product.

4. And a characteristic singlet was found in ¢ 8.04 ppm corresponding to 1 proton.
Characteristics peaks in ITHNMR spectrum of compound 34a

1. In 3C NMR four new peaks in the aliphatic region & 55.7-25.5 ppm were appeared. The
peak at 0 55.7 ppm is for the carbon atom attached to the N-atom.

2. Five peaks in the aromatic region was missing.
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Further the structure was confirmed by ESI-mass and X-ray crystallography data.
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Under the optimized condition we surveyed the generality of the reaction with respect to
naphthylamines (Table 2). Unsubstituted naphthylamine gave the product (34a) in 88% and 82%
yield respectively in 0.2 and 4.0 mmol scale. Electron donating groups such as methoxy, methyl
and aryl groups were proceeded well affording the desired product 78-90% yield (34b, 34c, 34h-
34j). Electron withdrawing groups such as fluoro, trifluoromethyl and ester groups provided lesser
yield (34d-34f). Bromo, alkyne and pyrazole groups were well tolerated under this condition (34g,
34j-34k). Notably, heterocyclic 5-amino quinoline substrate also participated this reaction
furnishing the product albeit in moderate yield (34l). 2-naphthylamine, 6-amino quinoline and 2-
amino anthracene substrates also produced the product in low to moderate yields (34m-340).

Moreover, ibuprofen ester containing substrate was also well tolerated under this condition (15p).

Subsequently, a variety of aliphatic primary O-benzoyloxy amines were tested under the
optimized condition. Cyclopentylamine furnished the product in very good yield (34q). Increasing
the ring size to cycloheptylamine product yield was decreased slightly (34r). Reaction with
isomeric butylamines indicated that secondary alkyl group containing amines were the best
followed by primary and then tertiary with 81%, 74%, 48% and 43% respectively (34u-34x).
Isopropylamine gave slightly lesser yield 60% (34t). Other secondary alkyl group based amines
such as a-methyl benzylamine and a-methyl naphthylamines afforded the products in very good
yields (34y-34z). Ethylamine furnished the product in moderate yield (34aa). Allylamine,

benzylamine and furfurylamines were also proved to be feasible to this reaction although yields

Table 2. Substrate Scope of naphthyamines®?
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NHPA N=\
H Co(OAC),.4H,0 (10 mol %) N-R
OO + RNHOBz + (HCHOW kb i 100°C, 6 hrs
32 33 8 34

Scope of naphthylamines

N=\ N\
N‘Cy N Cy
“ = ¢ /
OO ' ‘(‘ e
34a: 88%, °82% 34b: 90% 34c: 78% 34d: 72% F 34e: 46% CF,
N= N -C
__\N\ N N ~Cy y
seploety 0
COZME /
34f: 50% 349g: 83% 34h 85% Ph 34i: 57% cl 34] 86% 34k: 40%
C. Cy, Cys "
N=\ N—\\ N——\\ N'_\\ N/
N\Cy N N N
sctilivedise Neceapel.
N~ N O o)
34l: 53% 34m: 40% 34n: 42% 340: 68% 34p: 70%

Scope of amines

N=\ N=y =\ N=V N
oy Oy oy Uy

34q: 86% 34r 68% 34s: 80% 34t 60% 34u: 48%
““' “f o&* scotle .\,ﬁ
34v: 74% 34w: 81% 34x: 43% 34y: 85% 34z: 86%
34aa: 56% 34ab: 46% 34ac 62%
N=\ _\ C >/\\/
N ' “
34ad: 52% 34ae: 55% 34af: 35% 34ag: 38%

aAll reactions were carried out in 0.3 mmol scale. PYields refer to the overall isolated yields. ¢4.0

mmol scale reaction.
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were not satisfactory (34ab, 34ac, 34ah). Various substitution on the benzylamine part such as
tert-butyl, methoxy, chloro and fluoro groups were underwent the reaction in low to moderate
yield (34ad-34ag).

1VV. 5. Reaction mechanism

H

NHPA N=(
N-
NHCY (HCHO),, (4.0 equiv.) Cy
HFIP, air, 100 °C, 6h
34a
with Co(OAc),.4H,0; 80%
without Co(OAc),.4H50; 67%

standard condition g reaction
B —

36

N-:(
N-
OO NHCYCo(OAc )2.4H50 (10 mol %) Cy
(HCHO), (4.0 equiv.)

37 HFIP, air, 100 °C, 6h 343 82%

Scheme 13. Control experiments

To gain insight into the mechanism some control experiments were performed. When the pre-
formed ortho-amino picolinamide was subjected to react with paraformaldehyde in absence or
presence of cobalt catalyst, the product was obtained in 80% and 67% yield respectively in 6 hrs
(Scheme 13a). This indicates that Co-catalyst slightly assist the subsequent reaction after
amination. Benzamide of naphthylamine didn’t afford the desired product under the standard
condition (Scheme 13b). But ortho-amino benzamide of naphthylamine successfully furnished the
product in 82% yield (Scheme 13c). These experiments suggest that the pyridine N-atom is

necessary for C-H amination step but for the subsequent reactions it is not required.
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Scheme 14. Proposed catalytic cycle

Based on the control experiments and our previous work the Co(ll) first undergoes
disproportionation to generate a Co(l) species which on oxidative addition to the N-O bond of the
aminating reagent forms a Co(l11) complex I (Scheme 14). This complex then undergoes chelation
with the substrate forming 11. This is converted to complex I11 after electrophilic metalation and
subsequent reductive elimination forms IV with the regeneration of Co(l). IV after proton
exchange eliminates the ortho amination product V. This then reacts with formaldehyde to form
the iminium salt VI and nucleophilic attack of the amide NH group to the a-carbon of the iminium

generates VII. Finally, hydrolysis gives the product.

IV. 6. Product derivatisation
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a. Late-stage C-2 C-H functionalisation O

H 1. Mel (10 equiv.), DCM, 50 °C, 12h N-cy
N:‘< 2. K,CO3 (2.0 equiv.), I, (1.0 equiv.), OO

N— MeOH/H,0 (9:1), 40 °C, 1h NBoc
l l Cy 38a, 96%

34 1. TmpZnCI.LiCl (1.0 equiv.), dry THF, r.t. _

a 2. Cu(OAc);, (10 mol %) N—
Boc—N N-OBz (1.2 equiv.)
/

38b, 42%

b. Synthesis of Tomoxiprole, a COX-2 inhibitor
[Pd(dppf)Cl,].DCM (5 mol %)

our std. conditions \( 4-iodoanisole (1.2 equiv.)
PPh; (10 mol %) O
Ag,CO3 (2.0 equiv.)
NHOBZ 3

4t MeCN, N,, 60°C, 72h  38¢,50%
Tomoxiprole

Scheme 15. Product derivatizations and utility of the method for the synthesis of COX-2 inhibitor

The naphthimidazole product, 34a formed by our method is further utilized for the
synthesis of naphthimidazolone (38a) and 2-amino naphthimidazole (38b) by C2-H oxidation and
amination reactions respectively (Scheme 15a). A COX-2 inhibitor Tomoxiprole (38c) has also
been synthesized by C2-H arylation of compound prepared by our method (Scheme 15b).

1V. 7. Conclusion

In conclusion, we have developed an efficient one-pot three-component protocol for the synthesis
of varieties of 2-unsubstituted naphthimidazoles through earth-abundant cobalt-catalysed
electrophilic ortho C-H amination followed by cyclisation cascade with paraformaldehyde as one
carbon synthon. Naphthimidazole derivatives were obtained in good yields through the efficient
intermolecular C—N and C—C bond formations. Use of air stable cobalt catalyst simple operations,
broad substrate scopes, functional group tolerance and scalability, product derivatisation, synthetic
applications for COX-2 inhibitor enhance the attractiveness of the transformations.

IV. 8. Experimental section

Representative Procedure for imidazole
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| X
_N
NHOBZ - o (0AC),4H,0 (10 mol %) N=\
0”7 NH > N
H+ (HCHO),, (4.0 equiv.) OO
OO HFIP, 100 °C, 6 hrs
1.0 equiv 3.0 equiv

J

In an oven dried 15 mL sealed tube containing a stir bar was added corresponding picolinamide
(0.3 mmol, 1.0 equiv.), O-benzoylhydroxylamine (0.9 mmol, 3.0 equiv.), (HCHO)n (36 mg, 1.2
mmol, 4.0 equiv.) and Co(OAc)24H20 (0.03 mmol). HFIP (3 mL) was then added The mixture
was stirred at 100 °C for 6 hrs. After allotted time the reaction mixture was cooled to room
temperature. The mixture was diluted with DCM (50 mL) and washed with saturated ag. NaHCOs3
solution (25mL), followed by brine solution (25 mL) and dried over anhydrous Na2SOs, and
evaporated in vacuo. The crude mixture was loaded on a silica gel column chromatography and

purified using (Hexane/Acetone) to give the desired imidazole product.

Note: Work-up or column chromatography using EtOAc can’t be performed. Because EtOAc is
hydrolysed through nucleophilic ester hydrolysis mechanism by these naphthimidazoles to

produce high-boiling AcOH which can’t be removed by rotary evaporation.

Procedure for C2-H oxidation

H N 0
N= N-c 1. Mel (10 equiv.), DCM, 50 °C, 12h N—<
OO 2. K,CO3 (2.0 equiv.), I, (1.0 equiv.),
MeOH/H,0 (9:1), 40 °C, 1h
34a 38a, 96%

In an oven dried R.B. containing a stir bar charged with 34a (0.5 mmol) in DCM was added Mel
(10 equiv.). Then the mixture fitted with reflux condenser was heated at 50 °C for 12 hrs. After
cooling to room temperature the solvent was evaporated under rotary evaporation. To this K2COs3
(2.0 equiv.), I2 (1.0 equiv.) and MeOH/H20 (9:1) 3 mL were added and heated to 40 °C for 1 h).
After cooling to room temperature the solvent was evaporated. 50 mL EtOAc was added to it and
washed with water and dried over anhydrous Na2SO4, and evaporated in vacuo. The crude mixture
was loaded on a silica gel column chromatography and purified using (Hexane/EtOAC) to give the

desired imidazolone product.
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Procedure for C2-H amination

NBoc
" ()
N:‘( N

N‘Cy 1. TmpZnCI.LiCI (1.0 equiv.), dry THF, r.t. N':(

e
345 2. Cu(OAc); (10 mol %) OO
Boc—N N-OBz (1.2 equiv.) 38b, 42%
__/

In an oven dried R.B. containing a stir bar and charged with 34a (0.5 mmol) in dry THF under Ar
atmosphere was added TmpZnClI.LiCl in THF solution (1.0 equiv.) dropwise and strirred at room
temperature for 30 minutes. After that a mixture of Cu(OAc)2 (10 mol%), the amine-OBz (1.2
equiv.) in dry THF under Ar atmosphere was added dropwise to the previous mixture at room
temperature and stirred at r.t. for 12 hrs. After this time the reaction was quenched with saturated
NH4ClI solution. Then after solvent evaporation EtOAc was added and washed with water dried
over anhydrous Na2SOs, and evaporated in vacuo. The crude mixture was loaded on a silica gel

column chromatography and purified using (Hexane/EtOAC) to give the desired product.

Procedure for the synthesis of Tomoxiprole

OMe

[Pd(dppf)Cl,].DCM (5 mol %)

NHP
our std. conditions \( 4-iodoanisole (1.2 equiv.)
PPh3 (10 mol %)
Ag,CO3 (2.0 equiv.)

NHOBZ 34t MeCN, N2 60 OC 72h 38c, 50%
Tomoxmrole

4t was prepared following our method. An oven dried reaction vial containing a stir bar and
charged with 4t (0.5 mmol) was added [Pd(dppf)Cl2].DCM (5 mol %), PPhs (10 mol %), 4-
iododoanisole (1.2 equiv.), Ag2COs (2.0 equiv.) and then MeCN (4 mL) was added. Then the
mixture was heated to 60 °C for 72 hrs. After the allotted time the mixture was cooled to room
temperature and filtered through celite pad. Then crude obtained after the solvent evaporation was

purified by silica gel column chromatography using (Hexane/EtOAC) to give the desired product.

IV.9. X-ray crystallography data
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Identification code
Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

a/°

pre

v/°

Volume/A3

Z

pealcg/cm?®

pw/mm?t

F(000)

Crystal size/mm?

Radiation

HM1418
Ci7HisN2
250.33
100.0
monoclinic
P2i/c
13.2417(9)
12.7619(9)
7.8090(5)
90
99.428(3)
90
1301.81(15)
4

1.277

0.580

536.0
0.15x 0.12 x 0.02

Cu Ko (L= 1.54178)

20 range for data collection/°9.688 to 144.96

Index ranges

-16<h<15,-15<k<15,-8<1<9
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Reflections collected 25331

Independent reflections 2532 [Rint = 0.0811, Rsigma = 0.0436]
Data/restraints/parameters ~ 2532/0/173

Goodness-of-fit on F? 1.071

Final R indexes [I>=2c (I)] R1=0.0672, wR2 =0.1766

Final R indexes [all data] R1=0.0699, wR2 = 0.1801

Largest diff. peak/hole / e A< 0.46/-0.37

fﬁi@

ESE

Identification code HM1804 2 Om
Empirical formula CisH14N2
Formula weight 258.31
Temperature/K 100.00
Crystal system monoclinic
Space group P21/n

alA 6.5843(3)
b/A 9.6121(4)
c/A 20.5866(8)
a/° 90

p/e 93.7440(10)
y/° 90
Volume/A3 1300.12(9)
Z 4
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pealcg/cm?®
wmm'

F(000)

Crystal size/mm?

Radiation

Chapter IV

1.320
0.607
544.0
0.15x0.12 x 0.02

CuKa (A = 1.54178)

20 range for data collection/° 8.608 to 144.446

Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?
Final R indexes [[>=2c (I)]

Final R indexes [all data]

-7<h<8,-11<k<11,-25<1<24
23131

2472 [Rint = 0.0487, Rsigma = 0.0328]
2472/0/181

1.064

R1=0.0422, wR2 = 0.1115
R1=0.0432, wR2 = 0.1125

Largest diff. peak/hole / e A< 0.20/-0.17

IV.10. Spectral data

3-cyclohexyl-3H-naphtho[1,2-d]imidazole (34a)

sci®)

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with
90:10 hexane/acetone) afforded the desired product as a white solid (66 mg, 88% yield); mp: 148-
150 °C. *H NMR (400 MHz, CDCls): & 8.65-8.63 (m, 1H), 8.03 (s, 1H), 7.92 (d, J = 8.0 Hz, 1H),
7.69 (d, J = 8.0 Hz, 1H), 7.64-7.60 (m, 1H), 7.54 (d, J = 8.0 Hz, 1H), 7.49-7.45 (m, 1H), 4.31-4.23
(m, 1H), 2.27-2.23 (m, 2H), 2.01-1.96 (m, 2H), 1.89-1.78 (m, 3H), 1.58-1.46 (m, 2H), 1.39-1.27
(m, 1H); *C NMR (100 MHz, CDCls): § 139.3, 138.1, 130.2, 129.7, 128.4, 127.5, 126.6, 124.5,
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123.7, 121.8, 110.8, 55.7, 33.7, 25.8, 25.5; HRMS (ESI, m/z) calcd. For CizHisN2 [M+H]*:
251.1548; found: 251.1571.

3-cyclohexyl-5-methyl-3H-naphtho[1,2-d]imidazole (34b)

o

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (71 mg, 90%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.47-8.44 (m, 1H), 8.23 (s, 1H), 8.01 (d, J = 8.0 Hz,
1H), 7.68 (d, J = 0.8 Hz, 1H), 7.59-7.55 (m, 1H), 7.49-7.45 (m, 1H), 4.43-4.35 (m, 1H), 2.69 (s,
3H), 2.06-2.02 (m, 2H), 1.89-1.88 (m, 4H), 1.69 (d, J = 12.8 Hz, 1H), 1.53-1.43 (m, 2H), 1.33 -
1.25 (m 1H); C NMR (100 MHz, DMSO-d6): § 139.2, 137.8, 129.6, 129.4, 129.3, 127.5, 126.4,
125.4, 124.6, 122.1, 112.5, 54.9, 33.5, 25.7, 25.4, 20.3; HRMS (ESI, m/z) calcd. For CisH21N2
[M+H]*: 265.1705; found: 265.1713.

3-cyclohexyl-5-methoxy-3H-naphtho[1,2-d]imidazole (34c)

N=\
oo
OMe

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a light orange solid (66 mg, 78% yield);
mp: 98-100 °C. *H NMR (400 MHz, DMSO-d6): § 8.39-8.36 (m, 1H), 8.18-8.16 (m, 2H), 7.59-
7.55 (m, 1H), 7.43-7.39 (m, 1H), 7.24 (s, 1H), 4.46-4.39 (m, 1H), 2.69 (s, 3H), 2.06-2.03 (M, 2H),
1.85-1.67 (m, 4H), 1.69 (d, J = 12.8 Hz, 1H), 1.55-1.44 (m, 2H), 1.31-1.21 (m, 1H); *C NMR
(100 MHz, DMSO-d6): & 152.4, 138.3, 132.8, 130.0, 127.6, 127.3, 124.1, 123.1, 122.9, 121.5,
91.3, 56.6, 54.5, 33.6, 25.8, 25.4; HRMS (ESI, m/z) calcd. For C1sH21N20 [M+H]": 281.1654;
found: 281.1643.

3-cyclohexyl-5-fluoro-3H-naphtho[1,2-d]imidazole (34d)
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Seas

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (58 mg, 72% yield);
mp: 114-116 °C. 'H NMR (400 MHz, DMSO-d6): & 8.47-8.44 (m, 1H), 8.34 (s, 1H), 8.05 (d, J =
8.4 Hz, 1H), 7.82 (d, J = 11.2 Hz, 1H), 7.68-7.64 (m, 1H), 7.56-7.52 (m, 1H), 4.45-4.37 (m, 1H),
2.05-2.01 (m, 2H), 1.87-1.77 (m, 4H), 1.68 (d, J = 12.8 Hz, 1H), 1.52-1.41 (m, 2H), 1.32-1.21 (m,
1H); 13C NMR (100 MHz, DMSO-d6): § 155.2 (d, J = 242.0 Hz), 140.3, 135.2, 128.7 (d, J = 13.8
Hz), 127.9, 127.3 (d, J = 6.2 Hz), 125.2 (d, J = 1.3 Hz), 121.9 (d, J = 2.7 Hz), 121.4 (d, J = 5.6
Hz), 120.3 (d, J = 18.5, Hz), 97.2 (d, J = 26.7 Hz), 55.1, 33.4, 25.7, 25.3; HRMS (ESI, m/z) calcd.
For Ci7H1sFN2 [M+H]": 269.1454; found: 269.1442.

3-cyclohexyl-5-(trifluoromethyl)-3H-naphtho[1,2-d]imidazole (34¢)

N=\
O
CFs

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light orange solid (49 mg, 46% vyield);
mp: 98-100 °C. *H NMR (400 MHz, DMSO-d6): § 8.62-8.58 (m, 2H), 8.39 (s, 1H), 8.11 (d, J =
9.6 Hz, 1H), 7.72-7.68 (m, 1H), 7.64-7.60 (m, 1H), 4.68-4.60 (m, 1H), 2.06-2.03 (m, 2H), 1.88-
1.81 (m, 4H), 1.69 (d, J = 12.4 Hz, 1H), 1.56-1.46 (m, 2H), 1.31-1.20 (m, 1H); *C NMR (100
MHz, DMSO-d6): 6 169.8, 142.8, 141.7,127.9, 127.7, 127.6, 126.5, 125.3, 124.64 (q, J = 2.6 Hz),
122.7,119.5 (g, J = 29.6 Hz), 112.7 (g, J = 6.5 Hz), 54.8, 33.7, 25.6, 25.5; HRMS (ESI, m/z) calcd.
For CigH1sF3N2 [M+H]": 319.1422; found: 319.1412.

methyl 3-cyclohexyl-3H-naphtho[1,2-d]imidazole-5-carboxylate (34f)
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5

COOMe

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (46 mg, 50%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.82 (d, J = 8.8 Hz, 1H), 8.57-8.54 (m, 2H), 8.48 (s,
1H), 7.66-7.62 (m, 1H), 7.58-7.54 (m, 1H), 4.59-4.52 (m, 1H), 3.94 (s, 3H), 2.08-2.03 (m, 2H),
1.89-1.79 (m, 4H), 1.69 (d, J = 12.4 Hz, 1H), 1.56-1.46 (m, 2H), 1.30-1.20 (m, 1H); ¥C NMR
(100 MHz, DMSO-d6): 6 168.1, 142.9, 142.2, 128.4, 127.9, 127.4, 127.0, 126.6, 126.2, 122.2,
121.9, 116.8, 54.9, 52.7, 33.7, 25.6, 25.4; HRMS (ESI, m/z) calcd. For Ci9H21N202 [M+H]*:
309.1603; found: 309.1605.

5-bromo-3-cyclohexyl-3H-naphtho[1,2-d]imidazole (349)

“G

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (82 mg, 83% yield);
mp: 118-120 °C. *H NMR (400 MHz, CDCls): § 8.67-8.64 (m, 1H), 8.31-8.28 (m, 1H), 8.03 (s,
1H), 7.89 (s, 1H), 7.67-7.63 (m, 1H), 7.59-7.57 (m, 1H), 4.24-4.17 (m, 1H), 2.25-2.21 (m, 2H),
2.00-1.95 (m, 2H), 1.84-1.75 (m, 3H), 1.57-1.45 (m, 2H), 1.37-1.29 (m, 1H); 3C NMR (100 MHz,
CDCls): 8 139.0, 138.5, 129.6, 128.3, 128.0, 127.9, 127.4, 125.8, 122.2, 117.7, 114.9, 55.9, 33.7,
25.7, 25.4; HRMS (ESI, m/z) calcd. For C17H18BrN2 [M+H]": 329.0653; found: 329.0663.

3-cyclohexyl-5-(furan-3-yl)-3H-naphtho[1,2-d]imidazole (34h)

N=\
NO
AN
\ O
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The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with
90:10 hexane/acetone) afforded the desired product as a light yellow solid (81 mg, 85% yield);
mp: 156-158 °C. 'H NMR (400 MHz, DMSO-d6): § 8.72-8.69 (m, 1H), 8.12 (dt, J1= 8.4 Hz, J2=
1.2 Hz, 1H), 8.05 (s, 1H), 7.67 (dd, J1 = 1.6 Hz, J2= 0.8 Hz, 1H), 7.66-7.62 (m, 1H), 7.60 (t, J =
1.6 Hz, 1H), 7.52 (s, 1H), 7.49-7.45 (m, 1H), 6.72 (dd, J1 = 1.6 Hz, J2= 0.8 Hz, 1H), 4.32-4.24 (m,
1H), 2.29-2.25 (m, 2H), 2.01-1.96 (m, 2H), 1.90-1.80 (m, 3H), 1.58-1.46 (m, 2H), 1.39-1.31 (m,
1H); 3C NMR (100 MHz, DMSO-d6): & 142.9, 140.5, 139.1, 138.3, 129.2, 129.0, 127.6, 126.6,
126.5, 1255, 124.8, 122.1, 113.0, 111.7, 55.7, 33.8, 25.8, 25.5; HRMS (ESI, m/z) calcd. For
C21H2:N20 [M+H]*: 317.1654; found: 317.1664.

3-cyclohexyl-5-(phenylethynyl)-3H-naphtho[1,2-d]imidazole (34i)

N=\
co
I

Ph

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/acetone) afforded the desired product as a yellow fluffy solid (60 mg, 57% yield);
mp: 68-70 °C. 'H NMR (400 MHz, DMSO-d6): & 8.51-8.42 (m, 3H), 8.24 (s, 1H), 7.69-7.59 (m,
4H), 7.47-7.40 (m, 3H), 4.54 (t, J = 11.2 Hz, 1H), 2.07 (d, J = 9.2 Hz, 2H), 1.90-1.84 (m, 4H),
1.70 (d, J = 12.4 Hz, 1H), 1.56-1.47 (m, 2H), 1.33-1.23 (m, 1H); 1*C NMR (100 MHz, DMSO-
d6): 6 141.6, 139.8, 131.9, 129.7, 129.43, 129.39, 129.3, 127.5, 127.2, 126.8, 125.9, 123.2, 122.2,
117.0, 114.6, 93.7, 88.9, 55.0, 33.6, 25.7, 25.4; HRMS (ESI, m/z) calcd. For CzsHzsN2 [M+H]*:
351.1861; found: 351.1846.

5-(4-chlorophenyl)-3-cyclohexyl-3H-naphtho[1,2-d]imidazole (34j)

N=\
oy O

Cl

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a yellow powder (93 mg, 86% yield); mp:
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124-126 °C. *H NMR (400 MHz, DMSO-d6): 5 8.54 (d, J = 8.0 Hz, 1H), 8.38 (s, 1H), 7.76-7.72
(M, 2H), 7.61-7.39 (M, 6H), 4.49 (t, J = 10.4 Hz, 1H), 2.07-2.04 (m, 2H), 1.88-1.79 (m, 4H), 1.66
(d, J = 11.2 Hz, 1H), 1.51-1.41 (m, 2H), 1.29-1.23 (m, 1H); 3C NMR (100 MHz, DMSO-d6): &
140.4, 140.1, 138.7, 133.9, 132.6, 132.5, 129.5, 128.9, 128.2, 127.5, 126.7, 126.5, 125.0, 122.1,
113.2, 54.9, 33.6, 25.7, 25.4; HRMS (ESI, m/z) calcd. For CasH22CIN2 [M+H]*: 361.1472; found:
361.1471.

3-cyclohexyl-5-(1H-pyrazol-1-yl)-3H-naphtho[1,2-d]imidazole (34k)
N=\
sel®
N,
)

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (38 mg, 40%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.55-8.54 (m, 1H), 8.49 (s, 1H), 8.15 (dd, J1 = 2.4 Hz,
J2= 0.8 Hz, 1H), 8.05 (s, 1H), 7.81 (dd, J1 = 2.0 Hz, J2= 0.8 Hz, 1H), 7.66-7.62 (m, 1H), 7.53-7.52
(m, 1H), 7.48-7.43 (m, 1H), 6.58 (t, J = 2.0 Hz, 1H), 4.57-4.50 (m, 1H), 2.08-2.04 (m, 2H), 1.91-
1.81 (m, 4H), 1.68 (d, J = 12.4 Hz, 1H), 1.54-1.43 (m, 2H), 1.33-1.25 (m, 1H); *C NMR (100
MHz, DMSO-d6): 5 141.4, 140.8, 138.8, 133.6, 133.1, 128.7, 127.5, 127.2, 126.5, 125.6, 124.3,
121.9, 110.9, 106.8, 55.0, 33.6, 25.6, 25.3; HRMS (ESI, m/z) calcd. For C20H2:N4 [M+H]":
317.1766; found: 317.1755.

3-cyclohexyl-3H-imidazo[4,5-f]quinoline (341)

oo

N

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/acetone) afforded the desired product as a pale yellow solid (40 mg, 53% yield); mp:
144-146 °C. *H NMR (400 MHz, DMSO-d6): & 8.82 (dd, J1= 4.4 Hz, J.= 2.0 Hz, 1H), 8.79-8.77
(m, 1H), 8.43 (s, 1H), 8.06 (d, J = 9.2 Hz, 1H), 7.81 (d, J = 9.2 Hz, 1H), 7.56 (dd, J1= 8.0 Hz, J2
= 4.0 Hz, 1H), 4.50-4.42 (m, 1H), 2.05-2.02 (m, 2H), 1.89-1.79 (m, 4H), 1.67 (d, J = 13.2 Hz, 1H),
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1.52-1.42 (m, 2H), 1.30-1.22 (m, 1H); *C NMR (100 MHz, DMSO-d6): & 148.7, 145.9, 141.1,
138.4, 129.9, 129.8, 124.2, 122.3, 121.8, 115.5, 55.2, 33.2, 25.7, 25.3; HRMS (ESI, m/z) calcd.
For CisH1sN3s [M+H]": 252.1501; found: 252.1502.

1-cyclohexyl-1H-naphtho[1,2-d]imidazole (34m)
N7\
'

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a white powder (30 mg, 40% yield); mp:
140-142 °C. 'H NMR (400 MHz, DMSO-d6): & 8.36 (s, 1H), 8.28 (d, J = 8.4 Hz, 1H), 8.02 (dd, J1
= 8.4 Hz, Jo= 1.2 Hz, 1H), 7.75 (d, J = 8.4 Hz, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.65-7.60 (m, 1H),
7.50-7.46 (m, 1H), 4.91-4.84 (m, 1H), 2.26 (d, J = 12.0 Hz, 2H), 1.89-1.58 (m, 7H), 1.34-1.26 (m,
1H); *C NMR (100 MHz, DMSO-d6): § 141.6, 140.4, 131.4, 129.9, 127.3, 126.8, 124.5, 123.8,
122.2, 120.9, 120.6, 56.9, 33.8, 25.8, 25.6; HRMS (ESI, m/z) calcd. For Ci7Hi9N2 [M+H]":
251.1548; found: 251.1545.

1-cyclohexyl-1H-imidazo[4,5-f]quinoline (34n)

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with
90:10 hexane/acetone) afforded the desired product as a light brown solid (32 mg, 42% yield); mp:
148-150 °C. 'H NMR (400 MHz, DMSO-d6): & 8.84 (dd, J1= 4.4 Hz, J2= 1.6 Hz, 1H), 8.68 (d, J
= 8.4 Hz, 1H), 8.45 (s, 1H), 7.99 (d, J = 8.8 Hz, 1H), 7.80 (d, J = 8.8 Hz, 1H), 7.62 (dd, J1= 8.8
Hz, J2= 4.4 Hz, 1H), 4.91-4.84 (m, 1H), 2.34 (d, J = 11.2 Hz, 2H), 1.88-1.60 (m, 7H), 1.33-1.25
(m, 1H); C NMR (100 MHz, DMSO-d6): § 148.1, 146.5, 141.4, 141.3, 129.4, 126.6, 124.9,
123.9, 121.5, 117.5, 56.8, 33.6, 25.6, 25.5; HRMS (ESI, m/z) calcd. For CisHisN3 [M+H]":
252.1501; found: 252.1497.
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1-cyclohexyl-1H-anthra[1,2-d]imidazole (340)

Q.
OCY

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (61 mg, 68% yield);
mp: 154-156 °C. *H NMR (400 MHz, DMSO-d6): § 8.79 (s, 1H), 8.65 (s, 1H), 8.36 (s, 1H), 8.19
(d, J = 8.0 Hz, 1H), 8.07 (d, J = 8.8 Hz, 1H), 7.81 (d, J = 8.8 Hz, 1H), 7.73 (d, J = 9.2 Hz, 1H),
7.57-7.49 (m, 2H), 5.14-5.07 (m, 1H), 2.35 (d, J = 12.0 Hz, 2H), 1.93-1.77 (m, 7H), 1.37-1.28 (m,
1H); 3C NMR (100 MHz, DMSO-d6): & 141.0, 139.6, 131.6, 130.5, 130.1, 128.9, 128.3, 128.2,
126.4, 126.3, 125.8, 124.5, 121.8, 121.5, 118.9, 57.0, 33.8, 25.7, 25.5; HRMS (ESI, m/z) calcd.
For C2:H21N2 [M+H]": 301.1705; found: 301.1703.

3-cyclohexyl-3H-naphtho[1,2-d]imidazol-5-yl 2-(4-isobutylphenyl)propanoate (34p)

T

o

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy liquid (95 mg, 70%
yield). *H NMR (400 MHz, DMSO-dé6): § 8.40 (dt, J1= 8.0 Hz, J2= 0.8 Hz, 1H), 8.35 (s, 1H), 7.69
(s, 1H), 7.57-7.53 (m, 1H), 7.40 (d, J = 8.4 Hz, 2H), 7.25-7.18 (m, 4H), 4.44 -4.36 (m, 1H), 4.24
(9, J = 7.2 Hz, 1H), 2.44 (d, J = 6.8 Hz, 2H), 2.02-1.99 (m, 2H), 1.86-1.78 (m, 5H), 1.67 (d, J =
13.2 Hz, 1H), 1.58 (d, J = 7.2 Hz, 3H), 1.50-1.40 (m, 2H), 1.28-1.21 (m, 1H), 0.85 (d, J = 6.4 Hz,
6H); 3C NMR (100 MHz, DMSO-d6): § 173.7, 142.6, 140.9, 140.5, 137.9, 136.8, 129.91, 129.88,
128.2, 127.33, 127.27, 124.8, 123.7, 121.9, 105.4, 55.0, 44.87, 44.76, 33.5, 33.4, 33.2, 25.7, 25.3,
22.7,22.6, 18.6; HRMS (ESI, m/z) calcd. For C3oH3sN202 [M+H]*: 455.2699; found: 455.2697.

3-cyclopentyl-3H-naphtho[1,2-d]imidazole (34q)
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oo

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (61 mg, 86% yield);
mp: 114-116 °C. 'H NMR (400 MHz, DMSO-d6): & 8.47-8.44 (m, 1H), 8.31 (s, 1H), 7.95 (d, J =
8.4 Hz, 1H), 7.74 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.59-7.55 (m, 1H), 7.46-7.41 (m,
1H), 4.93-4.86 (m, 1H), 2.23-2.14 (m, 2H), 1.97-1.89 (m, 2H), 1.86-1.77 (m, 2H), 1.72-1.67 (m,
2H); 3C NMR (100 MHz, DMSO-d6): § 140.2, 139.2, 130.5, 130.2, 128.9, 127.4, 126.7, 124.7,
123.4,121.7,112.4, 56.9, 32.7, 24.1; HRMS (ESI, m/z) calcd. For CisH17N2 [M+H]": 237.1392;
found: 237.1394.

3-cycloheptyl-3H-naphtho[1,2-d]imidazole (34r)

Al

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (54 mg, 68% yield);
mp: 98-100 °C. 'H NMR (400 MHz, DMSO-d6): & 8.42 (d, J = 8.0 Hz, 1H), 8.33 (s, 1H), 7.95 (d,
J=8.0 Hz, 1H), 7.78 (d, J = 9.2 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.58-7.54 (m, 1H), 7.45-7.41
(m, 1H), 4.66-4.59 (m, 1H), 2.08-2.03 (m, 4H), 1.79-1.58 (m, 8H); 1*C NMR (100 MHz, DMSO-
d6): 6 140.2, 138.9, 130.1, 129.7, 128.9, 127.4, 126.7, 124.6, 123.3, 121.6, 112.4, 57.5, 35.5, 27.5,
24.7, HRMS (ESI, m/z) calcd. For C1sH21N2 [M+H]*: 265.1705; found: 265.1714.

tert-butyl 4-(3H-naphtho[1,2-d]imidazol-3-yl)piperidine-1-carboxylate (34s)

Y
LY
soaSs
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The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with
90:10 hexane/acetone) afforded the desired product as a creamy white solid (84 mg, 80% yield);
mp: 182-184 °C. *H NMR (400 MHz, DMSO-dé6): § 8.42 (d, J = 8.0 Hz, 1H), 8.39 (s, 1H), 7.96
(d, J =8.0 Hz, 1H), 7.83 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.8 Hz, 1H), 7.59-7.54 (m, 1H), 7.46-
7.40 (m, 1H), 4.72-4.64 (m, 1H), 4.13 (d, J = 11.6 Hz, 2H), 2.95 (br.s, 2H), 2.07-1.89 (m, 4H),
1.41 (s, 9H); 3C NMR (100 MHz, DMSO-d6): § 154.3, 140.0, 138.8, 130.2, 130.0, 128.9, 127.3,
126.8,124.7,123.4,121.6,112.1, 79.5,53.1, 32.6, 28.6; HRMS (ESI, m/z) calcd. For C21H26N302
[M+H]*: 352.2025; found: 352.2029.

3-isopropyl-3H-naphtho[1,2-d]imidazole (34t)

Soh

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (38 mg, 60% yield);
mp: 108-110 °C. 'H NMR (400 MHz, DMSO-d6): & 8.44-8.43 (m, 1H), 8.35 (s, 1H), 7.96 (d, J =
7.6 Hz, 1H), 7.79 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.58-7.54 (m, 1H), 7.46-7.41 (m,
1H), 4.88-4.78 (m, 1H), 1.55 (d, J = 6.8 Hz, 6H); 13C NMR (100 MHz, DMSO-d6): & 139.9, 139.1,
130.1, 129.9, 128.9, 127.4, 126.7, 124.6, 123.3, 121.6, 112.3, 47.8, 23.1; HRMS (ESI, m/z) calcd.
For C14H1sN2 [M+H]": 211.1235; found: 211.1240.

3-butyl-3H-naphtho[1,2-d]imidazole (34u)

A

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (33 mg, 48%
yield). *H NMR (400 MHz, DMSO-d6): & 8.44-8.41 (m, 1H), 8.24 (s, 1H), 7.95 (d, J = 8.0 Hz,
1H), 7.75 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.58-7.54 (m, 1H), 7.45-7.41 (m, 1H), 4.30
(t, J =7.2 Hz, 1H), 1.77 (qu, J = 7.2 Hz, 2H), 1.27-1.18 (m, 2H), 0.85 (t, J = 7.2 Hz, 3H); 1°C
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NMR (100 MHz, DMSO-d6): 6 142.4, 138.9, 130.6, 130.1, 128.9, 127.3, 126.7, 124.6, 123.5,
121.6, 112.0, 44.6, 32.5, 19.9, 13.9; HRMS (ESI, m/z) calcd. For CisH17N2 [M+H]*: 225.1392;
found: 225.1402.

3-isobutyl-3H-naphtho[1,2-d]imidazole (34v)

ccul

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown solid (50 mg, 74% yield); mp:
74-76 °C. 'H NMR (400 MHz, DMSO-d6): & 8.44-8.42 (m, 1H), 8.22 (s, 1H), 7.95 (d, J = 8.0 Hz,
1H), 7.76 (d, J = 8.8 Hz, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.59-7.55 (m, 1H), 7.46-7.41 (m, 1H), 4.12
(d, J=7.2 Hz, 2H), 2.16-2.08 (m, 1H), 0.83 (d, J = 6.8 Hz, 6H); **C NMR (100 MHz, DMSO-d6):
0 142.8, 138.8, 130.9, 130.1, 128.9, 127.3, 126.7, 124.6, 123.5, 121.5, 112.3, 51.9, 29.6, 20.2;
HRMS (ESI, m/z) calcd. For CisH17N2 [M+H]": 225.1392; found: 225.1402.

3-(sec-butyl)-3H-naphtho[1,2-d]imidazole (34w)

o0y

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (54 mg, 81%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.45-8.43 (m, 1H), 8.33 (s, 1H), 7.95 (d, J = 8.4 Hz,
1H), 7.78 (d, J = 8.8 Hz, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.58-7.54 (m, 1H), 7.45-7.41 (m, 1H), 4.62-
4.53 (m, 1H), 1.97-1.82 (m, 2H), 1.53 (d, J = 6.8 Hz, 3H), 0.71 (t, J = 7.6 Hz, 3H); 3C NMR (100
MHz, DMSO-d6): 6 140.5, 139.0, 130.2, 130.1, 128.9, 127.4, 126.7, 124.6, 123.3, 121.6, 112.4,
53.6,29.8, 21.2,11.0; HRMS (ESI, m/z) calcd. For CisH17N2 [M+H]": 225.1392; found: 225.1401.

3-(tert-butyl)-3H-naphtho[1,2-d]imidazole (34x)
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o

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (29 mg, 43%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.46-8.44 (m, 1H), 8.23 (s, 1H), 7.98-7.94 (m, 2H), 7.67
(d, J = 9.2 Hz, 1H), 7.58-7.54 (m, 1H), 7.46-7.42 (m, 1H), 1.72 (s, 9H); 1*C NMR (100 MHz,
DMSO-d6): 6 140.5, 140.0, 129.6, 129.5, 128.6, 127.4, 126.6, 124.8, 122.9, 121.7, 114.7, 56.8,
29.8; HRMS (ESI, m/z) calcd. For CisH17N2 [M+H]*: 225.1392; found: 225.1388.

3-(1-phenylethyl)-3H-naphtho[1,2-d]imidazole (34y)

U

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a yellow solid (69 mg, 85% yield); mp: 114-
116 °C. 'H NMR (400 MHz, DMSO-d6): & 8.58 (s, 1H), 8.46-8.43 (m, 1H), 7.91 (d, J = 8.4 Hz,
1H), 7.62 (d, J = 8.8 Hz, 1H), 7.58-7.55 (m, 2H), 7.43-7.41 (m, 1H), 7.30-7.28 (m, 4H), 7.24-7.21
(m, 1H), 5.94 (q, J = 6.8 Hz, 1H), 1.97 (d, J = 7.2 Hz, 3H); *C NMR (100 MHz, DMSO-d6): &
142.4, 140.5, 139.2, 130.3, 130.2, 129.3, 128.9, 128.2, 127.3, 126.8, 126.6, 124.8, 123.5, 121.6,
112.5, 55.0, 21.7; HRMS (ESI, m/z) calcd. For CigH17N2 [M+H]": 273.1392; found: 273.1382.

3-(1-(naphthalen-1-yl)ethyl)-3H-naphtho[1,2-d]imidazole (34z)

QO

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a creamy white solid (83 mg, 86% yield);
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mp: 178-180 °C. *H NMR (400 MHz, DMSO-d6): & 8.66 (dd, Ji = 8.0 Hz, J2= 0.4 Hz, 1H), 8.11
(s, 1H), 7.97-7.87 (m, 3H), 7.82 (d, J = 8.4 Hz, 1H), 7.66-7.62 (m, 1H), 7.57 (d, J = 8.8 Hz, 1H),
7.53-7.46 (m, 3H), 7.37 (t, J = 8.0 Hz, 1H), 7.27 (dd, J1= 8.8 Hz, J2= 1.6 Hz, 1H), 7.15 (d, J = 7.2
Hz, 1H), 6.46 (g, J = 6.4 Hz, 1H), 2.15 (d, J = 7.2 Hz, 3H); 3C NMR (100 MHz, DMSO-d6): &
139.3, 139.0, 136.0, 134.0, 130.4, 130.0, 129.4, 129.2, 128.4, 127.3, 127.2, 126.8, 126.2, 125.6,
124.8, 124.3, 123.3, 122.0, 121.9, 110.9, 51.9, 21.4; HRMS (ESI, m/z) calcd. For C2sHisN2
[M+H]*: 323.1548; found: 323.1550.

3-ethyl-3H-naphthol[1,2-d]imidazole (34aa)

A

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown solid (33 mg, 56% yield); mp:
120-122 °C. 'H NMR (400 MHz, DMSO-d6): & 8.45-8.42 (m, 1H), 8.27 (s, 1H), 7.97-7.95 (m,
1H), 7.76 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.59-7.55 (m, 1H), 7.46-7.42 (m, 1H), 4.34
(q, J = 7.2 Hz, 2H), 1.42 (t, J = 7.6 Hz, 3H); *C NMR (100 MHz, DMSO0-d6): & 141.9, 139.1,
130.3, 130.1, 128.9, 127.3, 126.7, 124.6, 123.4, 121.6, 111.9, 39.9, 16.3; HRMS (ESI, m/z) calcd.
For C13H13N2 [M+H]": 197.1079; found: 197.1080.

3-allyl-3H-naphtho[1,2-d]imidazole (34ab)

-

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy liquid (29 mg, 46%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.46-8.43 (m, 1H), 8.24 (s, 1H), 7.96 (d, J = 8.0 Hz,
1H), 7.72-7.66 (m, 2H), 7.60-7.56 (m, 1H), 7.46-7.42 (m, 1H), 6.10-6.01 (m, 1H), 5.09-5.04 (m,
1H), 5.20-5.16 (m, 1H), 5.00-4.98 (m, 2H); *C NMR (100 MHz, DMSO-d6): § 142.4, 139.0,
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134.3, 130.6, 130.2, 129.0, 127.3, 126.8, 124.7, 123.6, 121.6, 117.9, 112.1, 47.3; HRMS (ESI,
m/z) calcd. For C14H13N2 [M+H]*: 209.1079; found: 209.1087.

3-benzyl-3H-naphtho[1,2-d]imidazole (34ac)

o5,

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown solid (48 mg, 62% yield); mp:
96-98 °C. 'H NMR (400 MHz, DMSO-d6): & 8.45-8.43 (m, 2H), 7.95-7.92 (m, 1H), 7.69-7.65 (m,
2H), 7.60-7.55 (m, 1H), 7.46-7.42 (m, 1H), 7.30-7.27 (m, 4H), 7.25-7.22 (m, 1H), 5.59 (s, 2H);
13C NMR (100 MHz, DMSO-d6): § 142.7, 139.2, 137.7, 130.5, 130.2, 129.3, 128.9, 128.3, 127.8,
127.3, 126.8, 124.8, 123.7, 121.6, 112.2, 48.4; HRMS (ESI, m/z) calcd. For CisHisN2 [M+H]":
259.1235; found: 259.1239.

3-(4-(tert-butyl)benzyl)-3H-naphtho[1,2-d]imidazole (34ad)

The general procedure for imidazole was followed. Column chromatography (SiOz2, eluting with

90:10 hexane/acetone) afforded the desired product as a pale yellow solid (49 mg, 52% yield); mp:
88-90 °C. 'H NMR (400 MHz, DMSO-d6): & 8.45-8.42 (m, 2H), 7.93 (d, J = 8.0 Hz, 1H), 7.71 (d,
J = 8.8 Hz, 1H), 7.66 (d, J = 9.2 Hz, 1H), 7.57-7.55 (m, 1H), 7.45-7.41 (m, 1H), 7.31-7.28 (m,
2H), 7.23-7.19 (m, 2H), 5.53 (s, 2H), 1.17 (s, 9H); 1*C NMR (100 MHz, DMS0-d6): & 150.7,
142.6, 139.2, 134.8, 130.5, 130.1, 128.9, 127.6, 127.3, 126.8, 125.9, 124.7, 123.7, 121.6, 112.2,
48.0, 34.7, 31.6; HRMS (ESI, m/z) calcd. For C22H23N30O [M+H]": 315.1861; found: 315.1860.

3-(4-methoxybenzyl)-3H-naphtho[1,2-d]imidazole (34ae)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/acetone) afforded the desired product as a light brown solid (48 mg, 55% yield); mp:
106-108 °C. 'H NMR (400 MHz, DMSO-d6): & 8.47-8.42 (m, 1H), 8.42 (s, 1H), 7.93 (d, J = 8.0
Hz, 1H), 7.70-7.65 (m, 2H), 7.59-7.55 (m, 1H), 7.45-7.41 (m, 1H), 7.29-7.25 (m, 2H), 6.87-6.83
(m, 2H), 5.49 (s, 2H), 3.65 (s, 3H); *C NMR (100 MHz, DMSO-d6): § 159.4, 142.5, 139.2, 130.4,
130.1, 129.5, 129.4, 128.9, 127.3, 126.8, 124.7, 123.6, 121,6, 114.6, 112.2, 55.6, 47.9; HRMS
(ESI, m/z) calcd. For C19H17N20 [M+H]*: 289.1341; found: 289.1340.

3-(4-fluorobenzyl)-3H-naphtho[1,2-d]imidazole (34af)

“@

The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with
90:10 hexane/acetone) afforded the desired product as a light brown gummy solid (29 mg, 35%
yield). 'H NMR (400 MHz, DMSO-d6):  8.43-8.41 (m, 2H), 7.94 (d, J = 8.4 Hz, 1H), 7.71-7.66
(m, 2H), 7.59-7.55 (m, 1H), 7.46-7.42 (m, 1H), 7.38-7.34 (m, 2H), 7.16-7.11 (m, 2H), 5.58 (s, 2H);
13C NMR (100 MHz, DMSO-d6): § 162.2 (d, J = 242.5 Hz), 142.6, 139.2, 133.9, 130.2, 131.1 (d,
J =56.3 Hz), 130.1 (d, J = 8.2 Hz), 129.1, 128.9, 127.3, 126.9, 124.8 (d, J = 104.0 Hz), 121.6,
116.1 (d, J = 21.3 Hz), 112.1, 47.6; HRMS (ESI, m/z) calcd. For CisH14FN2 [M+H]*: 277.1141;
found: 277.1137.

3-(furan-2-ylmethyl)-3H-naphtho[1,2-d]imidazole (34ag)
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The general procedure for imidazole was followed. Column chromatography (SiOz, eluting with

90:10 hexane/acetone) afforded the desired product as a light brown gummy liquid (28 mg, 38%
yield). 'H NMR (400 MHz, DMSO-d6): & 8.44-8.42 (m, 1H), 8.34 (s, 1H), 7.95 (d, J = 8.0 Hz,
1H), 7.80 (d, J = 8.8 Hz, 1H), 7.71 (d, J = 8.8 Hz, 1H), 7.59-7.55 (m, 2H), 7.46-7.43 (m, 1H), 6.55
(dd, J1=3.2 Hz, J2= 0.8 Hz, 1H), 6.39 (dd, J1 = 3.2 Hz, J2= 2.0 Hz, 1H), 5.62 (s, 2H); 33C NMR
(100 MHz, DMSO-d6): & 150.4, 143.8, 142.4, 139.0, 130.4, 130.2, 128.9, 127.2, 126.8, 124.8,
123.8,121.6,112.1,111.2,109.5, 41.5; HRMS (ESI, m/z) calcd. For C16H13N2 [M+H]*: 249.1028;
found: 249.1020.

3-cyclohexyl-1-methyl-1,3-dihydro-2H-naphtho[1,2-d]imidazol-2-one (38a)

oSO

Column chromatography (SiOz2, eluting with 80:20 hexane/EtOAc) afforded the desired product
as a creamy white powder (134 mg, 96% yield); mp: 122-124 °C. *H NMR (400 MHz, DMSO-
d6): 6 8.33 (d, J = 8.4 Hz, 1H), 7.87 (d, J = 8.4 Hz, 1H), 7.57 (d, J = 8.8 Hz, 1H), 7.50-7.46 (m,
2H), 7.38-7.34 (m, 1H), 4.42-4.35 (m, 1H), 3.94 (s, 3H), 2.29-2.18 (m, 2H), 1.95-1.89 (m, 4H),
1.77 (d, J = 12.4 Hz, 1H), 1.54-1.42 (m, 2H), 1.37-1.30 (m, 1H); C NMR (100 MHz, DMSO-
d6): 5 154.2,129.6, 129.4, 126.1, 124.7, 123.4, 122.9, 121.7, 120.9, 120.2, 110.5, 53.6, 31.0, 30.6,
26.2, 25.5; HRMS (ESI, m/z) calcd. For C18H21N20 [M+H]": 281.1654; found: 281.1649.

tert-butyl 4-(3-cyclohexyl-3H-naphtho[1,2-d]imidazol-2-yl)piperazine-1-carboxylate (38b)

53
N
©
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Column chromatography (SiOz2, eluting with 85:15 hexane/EtOAc) afforded the desired product
as a white solid (91 mg, 42% yield); mp: 172-174 °C. *H NMR (400 MHz, DMSO-d6): & 8.54-
8.52 (m, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.64 (d, J = 8.8 Hz, 1H), 7.58-7.52 (m, 2H), 7.43-7.39 (m,
1H), 4.36-4.28 (m, 1H), 3.66 (t, J = 4.8 Hz, 4H), 3.23 (t, J = 5.2 Hz, 4H), 2.31-2.21 (m, 2H), 2.01-
1.91 (m, 4H), 1.49 (s, 9H), 1.48-1.37 (m, 3H); 1*C NMR (100 MHz, DMSO-d6): & 155.5, 154.9,
137.1, 129.6, 128.8, 128.2, 126.7, 125.9, 124.1, 121.8, 121.7, 112.5, 80.1, 55.8, 31.9, 28.5, 26.4,
25.6; HRMS (ESI, m/z) calcd. For C26H3sN4O2 [M+H]": 435.2760; found: 435.2750.

3-isopropyl-2-(4-methoxyphenyl)-3H-naphtho[1,2-d]imidazole (38c)

OMe

=5

Column chromatography (SiOz2, eluting with 80:20 hexane/EtOAc) afforded the desired product
as a creamy white solid (79 mg, 50% yield). *H NMR (400 MHz, DMSO-d6): § 8.72-8.69 (m, 1H),
7.92(d,J=8.4Hz, 1H), 7.75 (d, J = 9.2 Hz, 1H), 7.76-7.57 (m, 4H), 7.49-7.45 (m, 1H), 7.07-7.03
(m, 2H), 4.90-4.83 (m, 1H), 3.88 (s, 3H), 1.68 (d, J = 6.8 Hz, 6H); **C NMR (100 MHz, DMSO-
d6): 6 160.7, 151.6, 139.4, 131.2, 129.9, 129.8, 128.2, 127.3, 126.3, 124.6, 123.7, 122.9, 122.0,
114.3,112.7,55.5, 48.9, 22.0; HRMS (ESI, m/z) calcd. For C21H21N20 [M+H]": 317.1654; found:
317.1646.

IV.11. H and *C NMR spectra
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ABSTRACT: A practical copper-catalyzed, 2-picolinamide-
directed ortho C—H amination of anilines with benzoyl-
protected hydroxylamines has been disclosed that proceeds
smoothly without any external stoichiometric oxidant or
additives. Remarkably, besides anilines, bicyclic naphthyl or
heterocyclic amines furnished amination products with five-
and six-membered cyclic and acyclic amines at the ortho
position selectively. This electrophilic C—H amination also
proceeds smoothly in water under slightly modified reaction
conditions.

flicient construction of C—N bonds represents one of the
mainstays of research in organic synthesis over the last
decades, because of the exponential use of nitrogen-containing
molecules in pharmaceutical, medicinal, and materials science.”
Following the pioneer works of Buchwald and Hartwig
regarding palladium-catalyzed C—N bond formation from
aryl halides and amines,” an impressive array of Earth-
abundant, inexpensive copper-catalyzed C—N coupling reac-
tions have been explored.” A mechanistically distinct copper-
catalyzed/mediated oxidative C—N coupling using organo-
metallic reagents has also been developed under mild
conditions.” A paradigm shift from transition-metal-catalyzed
cross-coupling with organometallic reagents to direct C—H
amination strategy has been observed in the last decades. In
this vein, the research groups of Yu and Chatani independently
reported copper-mediated C—H amination of 2-arylpyridines.’
Remarkably, the Daugulis group expanded the scope of C—H
amination using removable, bidentate directing groups.’
Recently, the Chang group also reported copper-mediated
C—H amination with aqueous ammonia.
2-Aminoanilide moiety is ubiquitously found in drug
candidates for the treatment of cancer, Alzheimer’s disease,
wet age-related macular degeneration (wet AMD), and
infectious diseases.” In 2014, the research groups of Rodriguez
and Chen independently reported copper-catalyzed, 2-
picolinamide-directed ortho C—H amination of aniline.’
However, stoichiometric amount of expensive PhI(OAc),
was used as an oxidant, which generates Phl as a byproduct.
More recently, an electrochemical synthesis of C—H amination
of the same substrate was reported by the Mei group, usin
tetrabutylammonium iodide (TBAI) as a redox mediator.'
However, all these protocols are limited to the six-membered
cyclic amines only. Acyclic amines, pyrrolidine (<5% yield),

-4 ACS Publications  © 2019 American Chemical Society 4651

condition A
PAHN ,-7>~ 10 mol % Cu(OAc),H,0 PAHN [
o~ H o, '\N/‘ DMSO, N,, 80 °C, 6 h Lo N/
) condition B -
“eo- OBz 10 mol % Cu,0 Cops
H,0, Ny, 80°C, 6 h

e no external oxidant or additives

e cyclic, acyclic, five, six membered secondary amines

e excellent reactivity of naphthyl and heteroarylamines

® 56 examples, yield upto 96%

e scalable, reaction in water medium

etc. were ineffective and bicyclic 1-naphthylamine was a
moderately effective (~50% yield) substrate under these
protocols.

As an alternative to oxidative C—H/N—H coupling, an
umpolung strategy employing R,N* species is emerging for
electrophilic amination under mild conditions."' In this
direction, palladium,12 thodium,”® ruthenium,"* and iron"®
catalysis has been explored where a high-valent metal center is
believed to be involved in the catalytic cycle. Although copper-
catalyzed electrophilic amination using organometallic reagents
has been well-explored,'® electrophilic C—H amination by a
copper catalyst is limited to the electron-deficient systems in
nondirected fashion.'” A copper-mediated electrophilic C—H
amination with oximes to primary amines was reported by the
Yu group.'® To the best of our knowledge, copper-catalyzed
directed electrophilic C—H amination has not been reported.

We report here, a practically useful and general methodology
for the ortho C—H amination of aryl amines using O-
benzoylhydroxylamines without any stoichiometric external
oxidant (Scheme 1). Surprisingly, we observed the superior
reactivity of the naphthylamines, which were inferior substrates
in previous methods.

To optimize the reaction condition, we chose 2-
picolinamide protected aniline la and O-benzoyl hydrox-
ylmorpholine 2a as model substrates, which is summarized in
Table 1. After several screenings, we found that, when 1a was
heated at 80 °C for 6 h under a nitrogen atmosphere with 2.5
equiv of 2a in the presence of 10 mol % of Cu(OAc),-H,O in
dimethylsulfoxide (DMSO), the desired ortho aminated
product was isolated in 94% yield. No product was formed
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Scheme 1. Copper-Catalyzed C—H Amination of Anilines
previous works

oy )

DGO

Pd, Ru, Rh, Fe etc.

ref 12-15
X =0Bgz, Cl
this work
condition A
PAHN ~~~~, 10 mol % Cu(OAc),"H,0 PAHN [
P H S . DMSO,N,80°C,6h P N_
[ ] condition B & ~
Gyl OBz 10 mol % Cu,0 Coyl
H,0, N,, 80 °C, 6 h
e no external oxidant or additives
e cyclic, acyclic, five, six membered secondary amines
e excellent reactivity of naphthyl and heteroarylamines
® 56 examples, yield upto 96%
o scalable, reaction in water medium

Table 1. Optimization of the Reaction Conditions™”

NHPA [ NHPA(™ 0
H j 10 mol % Cu(OAc)yH,0 N \)
+ gBZ DMSO, N,, 80 °C, 6 hrs
1.0 equiv 2.5 equiv 3
1 2
entry deviation from optimized condition yieldb (%)
1 none 94
2 no Cu(OAc),.H,0 nr
3 Cu(OTf), instead of Cu(OAc),"H,0 76
4 CuOAc instead of Cu(OAc),.H,0 84
S Cu,0 instead of Cu(OAc),"H,0 78
6 Cu powder instead of Cu(OAc),"H,0 85
7 O, atm instead of N, 72
8 air instead of N, 65
9 25 °C instead of 80 °C S1
10 1.0 equiv of 2 40
11 3.5 equiv of 2 9s
12 morpholine/Bz,0, instead of 2 50

“All reactions were performed in 0.2 mmol scale. “Yields referenced

here are overall isolated yields.

in the absence of a copper catalyst. Cu(OTf),, Cu,O provided
amination product in lower yields. Interestingly, inexpensive
copper powder that had been dissolved in the course of
reaction was also able to provide amination product in 85%
yield, demonstrating the superior reactivity of the electrophilic
amine surrogate. When the reaction was performed under an
air or oxygen atmosphere, the yield was decreased, presumably
because of decomposition via overoxidation of the amination
product. The reaction at room temperature provided 51% of
the desired product. The reaction with copper nanoparticle
(~50 nm) and lower catalyst loading (i.e, S mol%) Cu
powder provided yields of 65%—70%.

Under the optimized reaction conditions, we examined the
substrate scope (Scheme 2). Aniline moieties containing
fluoro, bromo, iodo at the para position (3b—3d, see Scheme
2) gave moderate yields under the optimized reaction
conditions. As expected, electron-rich substrates furnished
better yields than electron-deficient anilines. Electron-donating
methoxy, phenyl, O-tolyloxy substitution at the para position
(3e, 3Kk, 31; see Scheme 2) provided good yields. On the other
hand, electron-withdrawing trifluoromethoxy, trifluoromethyl,
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Scheme 2. Substrate Scope with Monocyclic (Het)aromatic
Anilides™”

& &
/N 10 mol % Cu(OAc);H,0
0P NH . S mol % Cu(OAc)z'H; OPNH [,
" ) DMSO (0.1 M), N, N
1 0Bz 80°C, 6 hrs IR
R R
= =
1 2 3
PAHN (\o PAHN |/\o PAHN (\o PAHN (\o
N NS NS NS
MeO OMe ( R
R 0 30:R=1,61%
.R= o 3m: 96% 3n: 92% 3p: R=Br, 55%
3a:R=H, 94%, 3q: R = CFy, 40%
86%¢, 85%
3b:R=F, 77% PAHN (\o PAHN (\o PAHN (\o
3c:R=Br,74% R NS N
3d:R=1,79%

)fjw

3t:61%

3e: R = OMe, 83%
3f: R = OCF3, 74%
3g: R=CF3, 60% 3s: R=Et, 74%

3h: R=CN, 60% O PAHN

3i: R=CO,Me, 57%
3j: R =COMe, 78%
3k: R =Ph, 84%
3l: R = o-tol, 86%

3r: R=Me, 67%

3v: 80% wR=H 83% 3w
3x:R = OMe, 94% cCDC 1906594
PAHN o PAHN PAHN (7 “NBoc papN CN
3y. 44% 32: 76% 3aa: 86% 3ab: 91%
PAHN PAHN PAHN PAHN H
LN N
MeO ZN
3ac: 17% 3ad. 40% 3ae. 30% 3af. 40%

“Reactions were performed in 0.2 mmol scale. *Yields refer to isolated
pure compounds. ‘Reaction performed in gram scale. “10 mol % Cu
powder was used.

cyano substitution at the same position gave moderate yields
(3f—3h, see Scheme 2). Ester and keto groups are found to be
tolerable under this condition, providing moderate yields of
the desired product (3i—3j, see Scheme 2). meta-Dimethoxy-,
methylene dioxy-substituted anilines gave excellent yields (3m,
3n; see Scheme 2). Iodo, bromo substitution at the meta
position afforded lower yields than their corresponding para
substitution (30, 3p; see Scheme 2). Vinylic group and
terminal alkyne group also survived under the optimized
condition providing very good yields (3u, 3v; see Scheme 2).
Remarkably, sterically congested ortho methyl-, ethyl-substi-
tuted anilines also furnished moderate yields, which were poor
substrates in the previous reports (3r—3t, see Scheme 2). This
method was also applicable to the heterocyclic amines. For
example, 3-amino pyridine derivatives yielded desired product
in excellent yields (3w, 3x; see Scheme 2) and the amination at
the 2-position was confirmed by X-ray crystallography (3w,
CCDC 1906594), whereas 2-amino pyridine was ineffective.
Picolinamide of 2-aminopyrazine also provided amination
product, albeit in moderate yield (3y, see Scheme 2). Other
six-membered amines such as piperidine, N-Boc-protected
piperazine, 4-cyano-piperidine also provided the amination

DOI: 10.1021/acs.orglett.9b01546
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Scheme 3. Substrate Scope with Polycyclic (Het)aromatic
Anilides™"

B B
777y 10 mol % Cu(OAc)yH,0
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W U N
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PAHN PAHN R

5f: R = ethyl, 31%

5d: 50% 5e: 66% 5g: R =allyl, 81%
5h: R = benzyl, 59%
PAHN PAHN PAHN R
* e -
Br Br Br
5i: 88% 5j: 72% 5k: R = ethyl, 45%
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N A
5p: 81% 5q: 79% 5r: 72%
PAHN o ﬁ\ J/ \L J/
N
CLY N i
SN PAHN N NHPA
es
N
5s: 66% 5t: 61% 5u: 61%
PAHN 0 [Oj
) ooy
K/O /N
5v: 74% 5w: 89% 5x: 59%

“Reactions were performed in 0.20 mmol scale. “Yields refer to
isolated pure compounds. ‘Reaction performed in gram scale. “10
mol % Cu powder was used.

products in good to excellent yields (3z—3ab, Scheme 2).
Besides six-membered cyclic amines, this method is also
applicable for five-membered cyclic amines 3ac and acyclic
amines, although the yields are not satisfactory (3ad—3af).
Next, we turn our attention to examine the scope of
conjugated naphthylamines which were inferior substrates in
the previous reports (yields of ~50%). Gratifyingly, 1-
naphthylamine furnished 80% yield of the ortho amination
product under the optimized condition (5a, see Scheme 3).
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Scheme 4. Electrophilic C—H Amination in Water™"”
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3i: R = CO,Me, 34%
3k: R = Ph, 64% OMe
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PAHN PAHN PAHN PAHN
@’ W“OO “
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PAHN

3 ®

PAHN
N
N
\

5w: 45%

NHPA O
O

5m: 67%

N
5q: 50%

“Reactions were performed in 0.2 mmol scale. *Yields refer to isolated
pure compounds.

Other six-membered amines were also effective to furnish
moderate to high yields (Sb—5d, see Scheme 3). Remarkably,
this bicyclic system also exhibits superior reactivity to five-
membered pyrrolidine (Se, Sj, Ss; see Scheme 3) and acyclic
amines (5f, 5g, Sh, Sk, 5l, St, Su; see Scheme 3) providing
good to high yields. Substituted naphthylamines (Si—Sp,
Scheme 3) were also effective furnishing comparable yields of
the amination product. Heterobicycles such as quinoline (Ss,
5v) and indole (Sw) were also proven to be excellent
substrates. Tricyclic 2-amino anthracene was less reactive to
some extent, yielding $9% amination product (5x).

To demonstrate practicability of this present method further,
we performed the amination reaction in water as an
environmentally benign and green solvent (Scheme 4)."
Gratifyingly, carboxamide-protected anilines and naphthalenes
provided the corresponding ortho amination product using
copper(I) oxide in lieu of copper(Il) acetate (for detail
optimization, see the Supporting Information). While electron-
rich substrates (3m, 3n; see Scheme 4) furnished comparable
yields to DMSO, the electron-deficient substrates (3g, 3i; see
Scheme 4) afforded moderate yields. Other bicycles (Sa, Se,
5g, Sh, Sm) and heterocycles (3w, 3x, 5q, Sw) also underwent
amination reaction in water, providing moderate to good
yields. To note, nucleophilic-free amines were ineffective under
this condition to provide the corresponding amination
product.

To understand the mechanism of this copper-catalyzed
electrophilic amination, we performed several control experi-
ments (Scheme §). From a competitive experiment between la
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Scheme S. Control Experiments
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Scheme 6. Plausible Catalytic Cycle
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and ds-la, the primary kinetic isotope effect ky/kp was
determined to be 1.17, which indicates that C—H bond

Scheme 7. Directing Group Deprotection and Product
Derivatization
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cleavage may not be involved in the rate-limiting step (Scheme
Sa). When substrate la was subjected to the reaction
conditions in the presence of 20.0 equiv D,O or CD;COOD
with or without an amine source, no ortho H—D exchange
occurred, suggesting that no reversible ortho C—H insertion
happened (Scheme Sb). The addition of radical scavengers
such as 2.0 equiv of TEMPO and BHT in the reaction medium
suppressed the reaction significantly, indicating a probable
radical pathway (Scheme Sc). Furthermore, when la was
heated for 1 h in the presence of a copper catalyst in DMSO,
followed by the addition of an amine source, and stirring was
continued for 5 h; the corresponding amination product was
obtained in comparable yields. However, the reverse addition
sequence yielded no product. It indicates that, initially,
chelation of substrate with copper in bidentate fashion occurs
to generate complex-I, followed by one electron transfer to
generate the Cu(I) complex (IIa). This single electron transfer
mechanism is further supported by the fact that naphthyls are
susceptible for diverse amines than the corresponding anilines,
presumably because of better resonance stabilization. Inversely,
oxidative addition followed by chelation may not be operative.

From these control experiments and previous literature
reports,”’ a plausible mechanistic cycle is proposed (Scheme
6). Initial coordination of copper with bidentate 2-
picolinamide may generate complex I Subsequently, one-
electron reduction of complex I lead to the formation of
copper(I) complex II, which might be better resonance-
stabilized in the case of naphthalenes. This Cu(I) complex may
undergo oxidative addition to O-benzoylhydroxylamines to
generate a high-valent Cu(III) species (IIT). Amine transfer to
the arenes, followed by deprotonation, may provide the desired
C—H amination product and copper(Il) for the subsequent
runs.

The electrophilic amination was also performed in gram-
scale and the 2-picolinamide directing group was removed by
excess NaOH—ethanol under reflux condition (Scheme 7).
Amide coupling with the free diamine, 6 with 7 furnished a
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KCNQ2 channel inhibitor.”* Furthermore, a three-component
coupling in neat condition provided an antimicrobial agent.*”

In conclusion, we have developed a mild copper-catalyzed 2-
picolinamide directed electrophilic ortho-amination of anilines
and naphthylamines with O-benzoylhydroxylamines. The
reaction proceeds smoothly without any external oxidants or
additives. Notably, bicyclic anilines were also effective
substrates to a broad scope of dialkylamines under this
electrophilic amination strategy, which is a remarkable
discovery, compared to the existing methods. The amination
has also been demonstrated in water, providing an environ-
mentally benign methodology. Thus, we anticipate that this
practical electrophilic amination will be highly applicable in
academia and industrial research.
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A directing group switch in copper-catalyzed
electrophilic C—H amination/migratory annulation
cascade: divergent access to benzimidazolone/
benzimidazolet

Hasina Mamataj Begam, Shantanu Nandi and Ranjan Jana (®*

We present here a copper-catalyzed electrophilic ortho C—H amination of protected naphthylamines with
N-(benzoyloxy)amines, cyclization with the pendant amide, and carbon to nitrogen 1,2-directing group
migration cascade to access N,N-disubstituted 2-benzimidazolinones. Remarkably, this highly atom-
economic tandem reaction proceeds through a C—H and C-C bond cleavage and three new C-N bond
formations in a single operation. Intriguingly, the reaction cascade was altered by the subtle tuning of
the directing group from picolinamide to thiopicolinamide furnishing 2-heteroaryl-imidazoles via the
extrusion of hydrogen sulfide. This strategy provided a series of benzimidazolones and benzimidazoles in
moderate to high yields with low catalyst loading (66 substrates with yields up to 99%). From the control
experiments, it was observed that after the C—H amination an incipient tetrahedral oxyanion or thiolate
intermediate is formed via an intramolecular attack of the primary amine to the amide/thioamide
carbonyl. It undergoes either a 1,2-pyridyl shift with the retention of the carbonyl moiety or H,S
elimination for scaffold diversification. Remarkably, inspite of a positive influence of copper in the
reaction outcome, from our preliminary investigations, the benzimidazolone product was obtained in
good to moderate yields in two steps under metal-free conditions. The N-pyridyl moiety of the

rsc.li/chemical-science

Introduction

At the threshold of an era of automated organic synthesis, the
cascade reaction encompassing C-H activation is emerging as
a powerful tool for the rapid construction and late-stage diver-
sification of functional molecules in a step- and atom-economic
manner." In this cascade process, a command to control che-
moselectivity using an inherent chemical reporter enables to
achieve rapid molecular diversity.” However, the introduction
and removal of directing groups is one of the major drawbacks
in chelation-assisted C-H functionalization.® To circumvent,
transient, traceless, and inherent directing group strategies
were unveiled.* Very recently, the migration and incorporation
of a directing group into the target molecule has emerged as
a practical strategy in transition metal-catalyzed C-H func-
tionalization to access rapid molecular complexity maximizing
atom-economy.’ In this direction, cobalt and rhodium-catalyzed

Organic and Medicinal Chemistry Division, CSIR-Indian Institute of Chemical Biology,
4 Raja S. C. Mullick Road, Jadavpur, Kolkata-700032, West Bengal, India. E-mail:
rjana@iich.res.in

+ Electronic supplementary information (ESI) available: Optimization details,
general procedures, spectral data, crystal data, NMR experiments. CCDC
2025266, 2025269, 2025275, 2025279 and 2025280. For ESI and crystallographic
data in CIF or other electronic format see https://doi.org/10.1039/d2sc01420c
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benzimidazolone was removed for further manipulation of the free NH group.

stereoselective syntheses of tetra-substituted alkenes were re-
ported through the migration of the directing group.® The
Ackermann group reported a cobalt-catalyzed pyridine-
directing group migration/annulation cascade in C-H activa-
tion.” The Wang group reported manganese-catalyzed C-H
activation/enaminylation/DG migration cascade in an N-pyr-
imidyl protected indole system.* The Huang group demon-
strated a multitasking directing group strategy for structural
diversification in C-H activation cascade.® Very recently, the Li
group reported a Pd-catalyzed domino C4-arylation/3,2-
carbonyl directing group migration in indoles. To the best of
our knowledge, there is no report of a single atom of a directing
group (O vs. S) switch for scaffold diversification exploiting their
innate reactivity in the C-H functionalization/annulation
cascade. Benzimidazolone and benzimidazole are prevalent in
pharmaceuticals, agrochemicals, pigments, herbicides, and
fine chemicals (Fig. 1)."* The synthesis of these privileged
scaffolds primarily relies on ortho-phenylenediamine or ortho-
haloanilines.’” Recently, the oxidative annulation of anilides/
aniline is emerging as an attractive strategy for expanding the
substrate scope.” The Zhang group reported the copper-
catalyzed synthesis of benzimidazolones and benzimidazoles
exploiting the SOMO-stabilized radical cation of diarylamines
(Scheme 1a).* The electrophilic C-H amination has emerged as

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Cascade synthesis of benzimidazole and

benzimidazolones.

a benign alternative to construct N-heterocycles under mild
conditions.”® Although a Ru(u)-catalyzed O — N migration
during benzimidazole to benzimidazolone conversion is re-
ported,*® direct C-2 aryl migration is not reported. We disclose
here a novel single atom of a directing group switch strategy for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the chemoselective synthesis of 1,3-dihydro-2H-naphtho[1,2-d]
imidazole-2-one via electrophilic ortho C-H amination, intra-
molecular cyclization, C — N 1,2-pyridyl shift or 2-(pyridin-2-yl)-
3H-naphtho[1,2-d|limidazole derivatives through an electro-
philic C-H amination/annulation cascade (Scheme 1b).
Contrary to the previous procedures, we observed an excel-
lent reactivity of the bicyclic system towards electrophilic ortho
C-H amination with secondary amines under our optimized
reaction condition.”” We hypothesized that C-H amination with
primary amine may initiate an annulation cascade via subse-
quent addition to the picolinamide directing group. The
incipient oxyanion may trigger the 1,2-migration of the direct-
ing group to provide benzimidazolone. Instead, thiophilic
copper may endorse the extrusion of hydrogen sulfide to
provide benzimidazole from the corresponding thioamide
directing group (Scheme 1c). However, (1) copper-catalyzed C-H
amination with a primary amine is a formidable challenge due
to the catalyst inhibition;* (2) a deleterious intramolecular
oxidative cyclization of the corresponding directing group may
impede the cascade process™ (Scheme 1d(i)); (3) competing peri-
and para-C-H amination of naphthalene should be sup-
pressed® (Scheme 1d(ii)). Furthermore, C-H amination with
aliphatic primary amines is challenging and less explored.*

Results and discussion

We hypothesized that C-H amination with electrophilic
primary amine surrogates may overcome the catalyst inhibition
problem. To test our hypothesis, picolinamide-protected 1-
naphthylamine 1a, and 1.0 equiv. of O-benzoylhydroxylamine
2a was subjected to our previous reaction condition to afford
the expected imidazolone product 3a in 44% yield. In the course
of further optimization, DMSO was found to be the optimal
solvent and excellent yields of this tandem reaction, e.g., 93%
and 87% were obtained with just 5.0 and 1.0 mol% catalyst
loading, respectively (Table 1). Other copper catalysts, lower
reaction temperature, and 1.2 equiv. of 2a provided inferior
results. Free primary amines along with external oxidants such
as PIDA, K,S,0g or Bz,0, were able to furnish the desired
product in <5%, 12% and 32% yields, respectively. Using 1.2
equiv. of 2a along with 1.0 equiv. Bz,0, the yield was dropped to
58%. Other metal catalysts such as Pd(OAc),, Co(OAc),,
Ni(OAc),, Mn(OAc),, FeCl,, and FeBr, were less or ineffective for
this transformation (for detailed optimization, see the ESIf).
Other aminating reagents such as anthranil, benzisoxazole, or
oxime esters under the same condition could not afford any
desired product.

Under the optimized reaction condition, cyclic as well as
acyclic primary amines furnished the desired products in good
to high yields (Table 2). Cyclohexylamine provided an excellent
93% yield of the desired product (3a), whereas cyclopentyl,
cycloheptyl, and cyclooctylamines afforded slightly lower 78%,
65%, and 46% yields, respectively (3b-3d). In the case of acyclic
amines, yields increased with the increase in chain length (3e-
3g) and steric bulk. Surprisingly, sterically hindered sec-butyl
(3i), tert-butyl (3j), adamantylamine (3m) provided almost
quantitative yields exhibiting a positive influence of steric bulk

Chem. Sci., 2022,13, 5726-5733 | 5727
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Table 1 Optimization of the reaction conditions®?

HNT Y NHoBz
“ N~ _ catalyst (xmol %) \
OO * solvent, N3, 80 °C, 6 h “ ~
1a 2a
1.0 equiv 2.5 equiv

Entry  Catalyst X Oxidant  Solvent Yield® (3a)
1° Cu(OAc),-H,0 10 — DMSO 44

2 Cu(OAc),-H,0 10 — H,0 0

3 Cu(OAc),-H,0 10 — MeCN 39

4 Cu(OAc),-H,0 10 — Dioxane 62

5 Cu(OAC)Z ‘H,0 10 — DMSO 90

6 Cu(OAc), H,0 5 — DMSO 93

7 Cu(OAc),-H,0 2.5 — DMSO 90

8 Cu(OAc), H,0 1.0 — DMSO 87

9 Cu(OAc),-H,0 0.5  — DMSO 72

107 Cu(OAc),"H,0 0 — DMSO 0

11° Cu(OAc),-H,0 2.5 — DMSO 56

12 Cu powder 5 — DMSO 83

13 Cu(OAc),-H,0 10 PIDA DMSO >5

148 Cu(OAc),-H,0 10 Bz,0, DMSO 58

15 Pd(OAc), 10 — DMSO >5

16 Co(OAc), 10 — DMSO 20

@ All reactions were carried out on a 0.2 mmol scale. ? Yields refer to
here are overall isolated yields. © 1.0 equiv. 2a was used. ¢ 25% ortho
aminated product was obtained. ° Reaction was performed at room
temperature. / Free amine was used as amine source and 2.5 equiv.
PIDA as oxidant. ¢ 1.0 equiv. Bz,0, and 1.2 equiv. of 2a were used.

of amines on the rearrangement cascade. Competition experi-
ment of 1a with 2m and 2n afforded 3m and 3n in 70% and
28%, respectively. Several substituted 1-naphthylamines
including methyl substitution at the C8 position provided high
to excellent yields of the desired products (3q-3y). Heterocyclic
amino quinoline and isoquinoline provided the rearranged
product in excellent yields (3z, 3aa). Delightedly, diverse (2-N-
heteroaryl) anilides serve as excellent directing groups and are
incorporated into the benzimidazolones (3ac-3ah). Interest-
ingly, 3-methyl picolinamide provided the corresponding N-
pyridyl product (3ac) via ipso-substitution. Similarly, the amides
of 5-methyl pyrazinoic (3ad, CCDC 2025269), quinaldic (3ae),
and pyrazinoic acid (3af, 3ag) also furnished in comparable
yields. Isoquinoline-1-carbamide provided a mixture of benzi-
midazolone 3ah and C-H amination product 3ah’. This may be
the result of an unfavourable tetrahedral intermediate due to
steric reasons. 6-Aminoquinoline provided the C-H amination
at the C5 position. Furthermore, sterically less hindered methyl
amine provided a corresponding 2-pyridylbenzimidazole (3aj,
CCDC 2025266), imparting the role of steric and trajectory of
the C-H amination on the subsequent rearrangement reaction.

We performed the reaction with various ortho, meta, para-
substituted anilines under the same condition and successfully
we got 30% rearranged product in 2-phenyl aniline and ortho
amination product (35%) in a 3,5-dimethoxy aniline system.
After getting these results, we turned our attention to optimize
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these reactions (for detailed optimization; see the ESIt). After
several screenings of solvents, base or acid additives, ligands
there was no significant improvement in the rearrangement
reaction of 2-phenyl aniline picolinamide. Increasing tempera-
ture to 100 °C product yield increased to 40%. Then, we per-
formed the reaction in different ortho-substituted anilines
(electron-donating bulky groups) to obtain rearranged benzi-
midazolones in moderate to good yields (3ak-3ao). Finally, we
were able to get an ortho C-H amination product in 3,5-dime-
thoxy aniline with 72% yield at 90 °C using 2.0 equiv. LiO‘Bu
(3ap). While 3,5-dimethyl substituted picolinamide furnished
the C-H amination product in 52% yield, the corresponding 3,5-
bis(trifluoromethyl)aniline substrate remained unreactive
indicating a profound role of electronic nature (3aq, 3ar).
Besides cyclohexylamine, other amines also afforded the ortho
C-H amination products in moderate yields (3as-3au).
However, no benzimidazolones were formed even at a low
catalyst loading or additives, suggesting that an ortho substi-
tution w.r.t. picolinamide is crucial for the subsequent rear-
rangement reaction.

2-Pyridylbenzimidazoles are an important class of
compounds generally used as excellent ligands for metal
complexation and glukokinase activator.”> We turned our
attention to optimize the reaction for benzimidazole. Initially,
we started the optimization of benzimidazole with 1a and 2a. All
our efforts using different acidic solvents such as AcOH or TFE,
acid additives such as BzOH, TsOH, and high temperature (120
°C) to facilitate dehydration after cyclization were in vain.
Gratifyingly, the corresponding picolinimidamide afforded the
imidazole product in 30% yield in 12 h. Since thioamides have
been proved as excellent directing groups in Pd- or Co-catalyzed
C-H functionalizations,”® we hypothesized that thiophilic
copper® may trigger the liberation of hydrogen sulfide from
thioamide instead of 1,2-pyridyl migration to furnish the
desired benzimidazole product. Hence, examining thio-
picolinamide 4a under the reaction condition resulted in the
desired 2-pyridylbenzimidazole exclusively albeit in a low yield.
After several screenings (for detailed optimization, see the
ESIY), using 3.0 equiv. of 2a, 20 mol% Cu(OAc),-H,0 and 1.2
equiv. of K,CO; in DMSO at 90 °C under O, atmosphere the
desired product was obtained in 88% yield. During the opti-
mization, we found K,CO; and O, to be crucial otherwise yield
dropped significantly.

During the substrate scope studies, we observed a positive
influence of the increasing chain length of the linear amines
(5¢-5d, Table 3). Unlike imidazolones, the yields of isomeric
acyclic amines decreased with the increase in a-substitution
(5d-5g). Benzylamine, furylamine, adamantanemethylamine
and 4-amino-1-boc piperidine afforded the products in
moderate yields (5h-5k). Thioamides of 5-methyl pyrazine-2-
carboxylic acid and 2-quinaldic acids also provided the imid-
azole product in moderate yields (51, 5m). Various substituted 1-
naphthylamines at different positions also underwent the
reaction providing the desired product in medium to good
yields (5n-5s). The reaction is also reproducible on a 2.0 mmol
scale demonstrating the practicability of this methodology. The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Substrate scope of benzimidazolones“?#
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3ap: 472% R = Me, 3aq: ‘”52% 3at: R = -n-butyl,*'47%
R = CF3, 3ar: *0%; 35y: R = -sec- butyl,42%

3ao: 4°25%

“ All reactions were carried out in 0.2 mmol scale. ?

Yields refer to the overall isolated ylelds with respect to 1. ¢ 2.0 mmol scale reaction.

410 mol%

Cu(OAc),-H,0 is used. ° Reaction temperature was 100 °C. / Additional 2.0 equiv. LiO‘Bu is used and reaction temperature was 90 °C. In the
competition experiment: 1a (0.20 mmol), 2m (0.50 mmol), 2n (0.50 mmol), Cu(OAc),-H,O (0.01 mmol), dry DMSO (2.0 mL), N,, 80 °C, and 6 h.

$ Reaction conditions: 1 (0.20 mmol), 2 (0.50 mmol), Cu(OAc),-H,O (0.

thio-picolinamide of monocyclic anilines under the same
condition mostly oxidized to picolinamide.
Intrigued by the initial C-H amination product formation

under the metal-free conditions (entry 10, Table 1), we

© 2022 The Author(s). Published by the Royal Society of Chemistry

01 mmol), Dry DMSO (2.0 mL), N,, 80 °C, and 6 h.

wondered whether it can be re-optimized to achieve the desired
benzimidazolones. Initially, a mixture of C-H amination
product 1a’, imidazolone 3a and unreacted starting material
was obtained, which was subjected to the subsequent

Chem. Sci., 2022, 13, 5726-5733 | 5729
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a,b,e

Table 3 Substrate scope of benzimidazoles

s NN

A
\
5a: R= cyclohexyl; 88%,
030%, 980%
5b: R = cyclopentyl, 80%
5¢: R= propyl; 70%
N= 5d: R= n-butyl; 83%

N R 5e: R= iso-butyl; 86%
O 5f: R= sec-butyl; 80%
5g: R= tert-butyl; 72%

5h: R= benzyl; 40%

Cu(OAc);H,0 (20 mol %)
N e e e
N-oez K,CO3 (1.2 equiv)

&/

DMSO, 0,,90°C, 6 h

5b CCDC: 2025279

N
5i: R= furyl; 38% N —
N Ag_/ N=
\ 0O oy O
-
5m: 50%
N NN
5k: 69% _ _
/ \ N= N="
O O
. e e
m O 5n: R=4-Br; 83% N
50: R= 4-F; 92% N
5p: R= 4-Me; 85% Q_//

0
5s: 49%

“ All reactions were carried out in 0.2 mmol scale. ? Yields refer to
overall 1solated yields with respect to 4. Plcolinimidamide 4a’ used
as substrate. ¢ Reaction in 2.0 mmol scale. ¢ Reaction conditions: 4
(0.20 mmol), 2 (0.60 mmol), Cu(OAc),-H,0 (0.04 mmol), K,CO; (0.24
mmol), dry DMSO (2.0 mL), O,, 90 °C, and 6 h.

5q: R= 8-Me; 80% 5r: 55%

cyclization reaction (Table 4). However, the work-up of the
reaction mixture and the subsequent addition of benzoyl
peroxide converted the C-H amination product to the desired

a.b.e

Table 4 Optimization of the metal-free condition

NHPA
1 DMSO amination |——————> 3a
N,, 90 °C, 48 h product 3.Bz,0, (0.75 equiv.),
and 3a DMSO, Ny, 80 °C, 1h

Entry Amine source Equiv. of 2 Yield” (3)

1 2a: R=H 2.5 25

2 2a:R=H 4.0 25

4 2a,: R = 4NMe, 4.0 65

5 2a;: R = 4-CF; 4.0 10

6 2a,: R = 4-Bu 4.0 20

7 2a5: R = 4-OMe 4.0 41

8 2a¢: R = 3,5-di Cl 4.0 0

9 2a;: R = pentafluoro 4.0 25

10° 2b,: R = 4-NMe, 4.0 44

114 2a,: R = 4-NMe, 4.0 70

“ All reactions were carried out on a 0.1 mmol scale. ? Yields refer to
here are isolated yields after two steps with respect to 1 ¢ Protected
cyclopentylamine was used and reaction time was 12 h. ¢ Substrate 1r
was used. ¢ Reaction conditions: 1st step: 1 (0.10 mmol), 2 (0.40
mmol), dry DMSO (1.0 mL), N,, 90 °C, and 48 h. 2nd step: Bz,0, (0.75
equiv.), DMSO, N,, 80 °C, and 1 h.
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annulation product. Increasing the amine source 2a to 4.0
equiv. or temperature to 90 °C did not improve the yield.
Gratifyingly, varying different substituents in the phenyl ring of
2, we observed that 4-NMe, substitution furnished the product
in 65% yield. Protected cyclopentylamine afforded the desired
product in 44% yield in 12 h. Monocyclic substrates were
unreactive under metal-free conditions. Notably, the possibility
of metal contamination was excluded by using all new glass-
ware, freshly distilled solvents, and repeating the reaction at
least four times. Although, this metal-free, two-step process has
inherent limitations, we anticipate that it has profound mech-
anistic implications.

To gain insight into the reaction mechanism, when an equi-
molar mixture of 1r and 1ac was treated in our reaction condition,
3r and 3ac were formed and no cross-over product was isolated
suggesting an intramolecular 1,2-pyridyl migration (Scheme 2a).
Unsymmetrically-substituted 5-methyl pyrazine anilide 1ad
afforded the imidazolone product 3ad exclusively through ipso
C-N bond formation (Table 2). Either performing the reaction at
room temperature for a shorter time or quenching the reaction
after 1.5 h, a mixture of the starting material, C-H amination
product 1a’, and rearranged product were observed. Heating
a preformed C-H amination product 1a’ in absence of 2a <5%
product was formed. However, a combination of copper catalyst
and O-benzoylhydroxylamine 2a (1.5 equiv.) or even benzoylper-
oxide alone furnished the desired 3a in high yields (Scheme 2b).
Therefore, besides an aminating agent, 2a also acts as an oxidant
for catalytic turnover. Furthermore, the imidazole product 5a was
not converted into the corresponding imidazolone 3a under the

e S
N N\ o]
N—/{ N N—(
N\Cy N*Cy
e 0 OO
01mmo|
3ac

1ac 3r Br
No cross-over products

I
N~

std. condition condition

0. 1 mmol

b) )
2a(1.5 equiv. Cu(OAc),.H,0
20% (1.5 equiv.) N U(OAc), Hy <5%
. N~
0% CPBA (1.0 equiv.) 2a(1.5 equiv), Cu-cat.
2a(1.5 equiv.), Cu-cat. HN H
LA E—— Bz,0, (1.0 equiv.
59% “TEMPO (2.0 equiv.) N\O | Bz0 (10equiv)
; o
65% Bz,0, (1.0 equiv.) 1a Bz,0; (30 mol %) 26%
TEMPO (2.0 equiv.) DMSO, Ny, 80 °C, 6hrs, yield of 3a in each cases
Py
N=(
°) N‘cy std. condition
OO S no rearranged product (3a)
= 3 bi§
HNLPh HN™ “Bh
N -
d) or std. condition o desired product in
or Bz,0, both cases; in case
of 7 ~50% RSM
6 0 7

std. condition
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Scheme 2 Control experiments.
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reaction condition, suggesting a plausible concerted cyclization/
1,2-pyridyl migration pathway (Scheme 2c). In place of picolina-
mide 1a, the corresponding benzanilide 6 or 7 did not furnish any
desired product (Scheme 2d). 7 does not undergo any rear-
rangement even in the presence of Bz,0,, suggesting that the
pyridyl-nitrogen is not only involved in the directed C-H amina-
tion but also in the subsequent steps. In both conditions, 7
underwent decomposition with 50% starting material recovery.
To examine the involvement of radicals in this C-H amination/
migratory annulation cascade, we performed the reaction in the
presence of 2.0 equiv. of TEMPO. The yield was slightly decreased
from 93% to 82% (Scheme 2e). Further, cyclization from a pre-
formed amination product 1a’ furnished an almost similar yield
in the presence of TEMPO. Hence, the single electron transfer
(SET) process may not be involved in the migratory cyclization
step. Then, we performed the time-dependent "H NMR experi-
ment to get a clue about the intermediate of the rearrangement
reaction. We took 1a’ in a NMR tube in DMSO-dg and 1.0 equiv. of
Bz,0, was added to it for recording the time-dependent "H NMR
spectra at room temperature (Fig. 2). After 5-7 min, a new peak
corresponding to Hy, or Hyy appeared at 8.71, which was slowly
decreased and finally diminished while the desired product was
formed. In this study, the chemical shift of the ortho proton of
pyridine (H,) in 1a’ is indicative of the formation of intermediate
VII or VIIa', which gradually shifted to more upfield in the
intermediates and then in the product (Hg). It indicates that the
electron-withdrawing effect of the amide-carbonyl is no longer
persists in the intermediate pointing either of the intermediates
VII or VIIa' (Hy, or Hy). Since the chemical shift value in the
intermediate is closer to the product than the starting material,
we assume that the new C-N bond may already have been
formed, which is in favor of the intermediate VIIa' (for full
spectrum, see the ESI{).

A Cu'/Cu™ cycle may be involved in this cascade reaction as
reported by the Li, Gaunt, Stahl, and other groups.”® Based on
control experiments and the above literature reports, Cu(u) salt
first undergoes disproportionation to form an active Cu' species,
which undergoes oxidative addition to O-benzoylhydroxylamine 2

Substrate 1a'+ Bz,0, after 24 mins

Substrate 1a'+ Bz,0, after 18 mins

Substrate 1a'+ Bz,0, after 7 mins

Substrate 1a' He

850 899 838 067 86 895 854 83 882 881 80 879 878 677 676 075 874 67 872 871 870 869 868 867 856 865 864 863 862
1 (o

Fig. 2 Time-dependent *H NMR experiment.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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forming a Cu™ complex, I (Scheme 3). This complex chelates with
the substrate 1 or 3 forming II, which then undergoes electro-
philic aromatic substitution type reaction generating III. Simi-
larly, intermediate IV may also form under metal-free conditions.
The pyridine of the picolinamide may work as a proton shuttle
that abstracts ortho proton and delivers to the amide nitrogen
during rearomatization through V providing ortho amination
products VI. Next, a tetrahedral intermediate VII may form
through the intramolecular attack of the amine moiety to the
amide/thioamide carbonyl group. The nucleophilic nitrogen may
attack at the ipso position of the pyridine moiety in the presence
of the second molecule of the Cu™-complex I, forming VIIa that
explains the need for an excess (2.5 equiv.) amount of O-ben-
zoylhydroxylamine.?® A similar kind of an intermediate, VIIa' may
generate in the presence of Bz,0, in the metal-free pathway. This
kind of a three-membered cyclic intermediate is claimed by the
Feng group for aryl migration.”” A similar O — C pyridyl migra-
tion through the de-aromatization of the pyridine ring was re-
ported.”® Then, a 1,2-pyridyl migration from C — N may take
place to furnish the corresponding benzimidazolone product 3
and regenerates the active Cu" species. VIIa’ also furnishes the
product in a similar fashion. It is further supported by the fact
that electron-donating substitution (e.g. ethyl, isopropyl in case of

N=
Vila o ONR ~ NR
L (o~
55 = Vila' It
%- s Bz,0, Cu—S N= Product 5
LRI Metal-free \ / Il
¢5 N XH migration path Ju(OAC)
SOE HN SH
NR BzOH
X=8 _ v BzOH
Ac
OO Cu'(0AS) vl I
Cu'(OAg), | «—————— 7~ Cu(OAc)
il {sH,
Disproportion ref. 25 H IX

e

RNHOBZ
2

cu'l( NHR) (OAc)(OBz)(S)

S = solvent, L = OAc, NHR or OBz 1or3

Cu-catalyzed amination path N

Scheme 3 Proposed reaction mechanism.
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N
N—/{ 1. MeOTf (3.6 equiv.), MeCN, HN’(

N-R N,, 0°C tort, 5 min N~R
OO 2. NaBH, (7.5 equiv.), MeOH, 0 °C, 15 min

3a: X= CH, R= cyclohexyl; 8a: X= CH, R= cyclohexyl, 70%,;
3ag: X= N, R= tert-Bu 8b: X= N, R= tert-Bu, 55%

Scheme 4 Deprotection of the N-heteroaryls of the benzimidazolone
product.

monocyclic anilines) at the o’-position has a positive influence in
the reaction outcome. However, the tert-Bu group may hinder the
reaction slightly due to steric inhibition. Owing to the distinct
reactivity of thiol than the corresponding oxygen analogue,*
a putative 4-membered cyclic intermediate VIIb may form with
thiophilic copper from the tetrahedral thiolate intermediate
(Scheme 3). Subsequently, the elimination of hydrogen sulphide
provides the thermodynamically favourable benzimidazoles (5)
regenerating Cu(u). However, the exact mechanism is not clear at
this moment and warrants further studies.

Our efforts to utilize the pendant pyridine moiety for further
C-H functionalization (thioarylation, alkynylation) at the peri-
position remained unsuccessful at this moment. However, to
expand the synthetic utility of this migratory annulation
cascade, the pyridine and pyrazine moieties were deprotected
from the representative benzimidazolones (3a, 3ag) using a re-
ported condition providing 8a and 8b in 70% and 55% yield,
respectively (Scheme 4).*° The free -NH moiety can be further
manipulated to achieve further molecular diversity.

Conclusions

In conclusion, we have demonstrated a directing group-dependent
complete switch of product selectivity in copper-catalyzed electro-
philic C-H amination with protected primary amines. The benzi-
midazolones are formed via an unprecedented electrophilic ortho
C-H amination with primary amines, intramolecular cyclization,
and 1,2-directing group migration from carbon to the nitrogen
center. Remarkably, one C-H and C-C bond cleavage and three
new C-N bond formations take place in a single operation in this
migratory annulation cascade. Strikingly, by changing the picoli-
namide directing group to the corresponding thiopicolinamide,
the chemoselectivity is switched to form 2-pyridylbenzimidazoles
via the extrusion of H,S. Inexpensive copper catalyst, scale-up
synthesis, low catalyst loading, and controlled scaffold diversifi-
cation are some of the practical aspects of this tandem reaction.
From the preliminary studies, the benzimidazolone product was
also obtained in good to moderate yields in two steps under metal-
free conditions. The in-depth mechanistic studies and investiga-
tion of metal-free conditions of this divergent tandem reaction is
undergoing in our laboratory.
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ABSTRACT: We report herein a Pd(II)/bis-sulfoxide-catalyzed intra- o] 0
molecular allylic C—H acetoxylation of aryl allyl ether, amine, and amino ~_~ OH o, /\.0 N N0
acids with the retention of a labile allyl moiety. Mechanistically, the | Ph-S - Sspy |

: . 7 - o V) AN NF Pd(OAc), SN B
reaction proceeds through a distinct double-bond isomerization from the R (10 mol %) R X
allylic to the vinylic position followed by intramolecular carboxypalladation X=0,NTs
and the f-hydride elimir}ation Pathway. Fc?r the first time, C—H oxidation O _OH ng(;fo(goome‘z:l/\"/)) O«_o0 /
of N-allyl-protected amino acids to furnish five-membered heterocycles __ 1272h,45:70°C, N,
through 1,3-syn-addition is established with excellent diastereoselectivity. R "F‘s/\/ THF or toluene R™ N

amino acids 1,3-syn addition

he palladium-catalyzed Tsuji—Trost reaction with
activated precursors such as allyl acetate, carbonate,
hydroxyl, and halides has been extensively explored for allylic
alkylation." In the last decades, the direct allylic C—H
functionalization of simple alkenes with the retention of a
double bond for further synthetic manipulations has stream-
lined this transformation.” Mechanistically, the crucial z-allyl
Pd complex is formed through concerted metalation
deprotonation (CMD) or concerted proton and two-electron
transfer for a subsequent cross-coupling reaction.” Because of
their intriguing mechanistic aspects, other metals such as
iridium,* rhodium,” and copper’ and transition-metal-free
approaches such as the catalytic heteroene reaction using a
chalcogen oxidant” and the sodium amide-catalyzed generation
of nucleophilic allyl species® have been explored. Still, the
development of a highly chemo-, regio-, and stereoselective
allylic C—H bond functionalization is a formidable challenge.
In this vein, the White group has made a significant
contribution to inter- and intramolecular allylic C-H
functionalization by employing a Pd(II)/sulfoxide-benzoqui-
none serial ligand catalyst.” Subsequently, sulfoxide-oxazo-
line,"” phosphoric acid,'" phosphoramidite, > 4,5-diazafluoren-
9-one,"’ and even dimethyl sulfoxide'* were proved to be
effective ligands for allylic C—H functionalization.
Conventionally, an allyl moiety attached to a heteroatom
such as oxygen or nitrogen undergoes deallylation under
palladium catalysis due to facile oxidative addition to the C—O
or C—N bond or hydrolytic cleavage (Scheme 1a).'> Hence, it
has been explored for the chemoselective deprotection of
complex molecules,'® fluorogenic probes,'” prodrug activa-
tion,'® and allyl transfer.'” Therefore, allylic functionalization

© 2020 American Chemical Society

7 ACS Publications

© circumvented the deallylation problem
© highly chemo-, regio- and stereoselective
© olefin isomerization/carboxypalladation pathway

with the retention of this leaving group is extremely rare.”
Recently, the Gong group reported an intermolecular
asymmetric allylic C—H functionalization of benzyl allyl
ether only (Scheme 1b).”" However, the palladium-catalyzed
extremely labile allylic C—H functionalization of phenolic,
aniline, or aliphatic amines is unknown. Furthermore, the
underlying mechanism of allylic C—H functionalization is
highly ambiguous due to the competitive allylic C—H bond
cleavage/m-allyl Pd complex formation versus olefin isomer-
ization/nucleopalladation/f-hydride elimination pathways
(Scheme 2d).”* However, the latter olefin isomerization relay
is extremely fascinating for the site-selective remote function-
alization.”” For the first time, we have disclosed a Pd(II)/bis-
sulfoxide-catalyzed intramolecular allylic C—H acetoxylation of
salicyclic and anthranilic acid derivatives with the retention of
an extremely labile allyl group, which proceeds through the
allylic to vinylic olefin isomerization/carboxypalladation/f-
hydride elimination pathway (Scheme 1c). Remarkably, a
highly diastereoselective intramolecular cyclization of N-allyl-
protected amino acids through 1,3-syn-addition is also
unveiled. The oxidation takes place chemo-, regio-, and
stereoselectively at the allylic a-proton to furnish six- or five-
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Scheme 1. Palladium-Catalyzed Functionalization of Allylic
Ether and Amines

Scheme 2. Substrate Scope of Aromatic Acid Derivatives™"”

0./ \..O
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l | 1. carboxy- l
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/O PdL,  Patha_ oy _pathh oy Q\/ Q\/
' L allylic C-H olefin 1 A
~ X cleavage ‘x__,x/\/lsomer/zatlon X T 2k: 25% 2K’ 30%
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/ allylic C-O, ¢ direct carboxy- ): Né\/ M NW NW
“.__.XH C-Ncleavage ‘\__,X/\/ palladation o T e & N
21: 70% 2m: 72% 2n: 72%
o o} O
member rings obviating deallylation or direct carboxypallada- o o Me o
tion pathways (Scheme 1le).
To optimize the reaction conditions, a mixture of 2- cl _l,\_,sé\/ II\JS@\/ -’Fgé\/
(allyloxy)benzoic acid 1a, Pd(OAc), (10 mol %) as the Me
. . . . 0, . 0, . 0,
catalyst, and Ag,CO; (2 equiv) as the oxidant was heated in 2o: 88”’ 2p: 62/" 2a: 60”’
1,4-dioxane solvent at 120 °C under a N, atmosphere.
Gratifyingly, we isolated the desired oxinone product, 2a, in
20% yield after 24 h (entry 1, Table 1). Next, we examined é\/ MeO é\/ ,é\/
various Pd catalysts such as PdCl,, Pd(TFA),, Pd- %
(CH,CN),Cl,, Pd(PPh;),, Pd,(dba);, and so on. However, 2r: 56% 2s:73% 21: 60%9

the yield of the desired product was not improved, and the
deallylation product via the C—O bond cleavage was formed.
Subsequently, using various oxidizing agents, for example,
Ag,0, K,S,04, PIDA, BQ, and so on, did not improve the yield
of the desired product. (For details, see the Supporting
Information.) Interestingly, we observed that in the presence
of Pd(OAc),, using AgOTf as a Lewis acid and BQ as an
oxidant, the yield of the desired product was increased to 29%
at 70 °C along with the deallylation product (35%) (entry 2,
Table 1). Other additives such as NaOTf, DIPEA, B(C(F)s,
(BuO),PO,H, TsOH, and TfOH were proved to be inferior to
AgOTf, predominantly providing the deallylation product.
Among various solvents such as DCM, toluene, DCE, and so
on, THF provided the best results in 30% vyield of desired
product along with deallylation (entry 3, Table 1). Commonly
used ligands in allylic C—H activation, such as 2,2'-bipyridine,
diazafluorenone (entry S, Table 1), 1,10-phenanthroline (entry
6, Table 1), and so on were ineffective in this case. The White
group has shown that bis-sulfoxide/benzoquinone (BQ) serial
l1gands on palladium efficiently render allylic C—H oxida-
tion.”" Gratifyingly, the formation of the deallylation product
was completely suppressed using the catalytic Pd(Il)acetate/
bis-sulfoxide complex (White catalyst, cat. 1), silver triflate,

7444

“Reactions were carried out on a 0.2 mmol scale. "Yields refer to the
average of isolated yields of two experiments. Reactlon time 12 h.

91,0 mmol scale reaction. “Diallylated substrate. /3.0 equiv of BQ, 45
°C, 72 h. Debromination at the four-position.

and benzoquinone (2 equiv), providing the desired product in
82% yield in THF (entry 8, Table 1).

Subsequently, we explored the substrate scope under the
optimized reaction conditions. Electron-donating substituents
such as methyl (2b, Scheme 2) and methoxy (2g, Scheme 2)
furnished the oxinone product in high vyields. Electron-
withdrawing groups such as nitro (2e, Scheme 2) also
furnished the desired product in moderate yield. Halogens
such as chloro (2d, Scheme 2) and fluoro (2f, Scheme 2)
remained intact under the reaction conditions, furnishing
excellent yields. Interestingly, aldehyde functionality (2h,
Scheme 2) was well-tolerated under these mild conditions.
We observed a proximity effect on deallylation versus C—H
oxidation reaction. When 2,6-diallyloxy-benzoic acid was
subjected to the reaction conditions, a monodeallylated
product was obtained in good yield (2i). Furthermore, 2,8-
allyloxy-2-naphthoic acid (1k) furnished a mixture of 8-allyloxy
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Org. Lett. 2020, 22, 7443—7449


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02465/suppl_file/ol0c02465_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c02465/suppl_file/ol0c02465_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02465?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02465?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02465?fig=sch2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c02465?fig=sch2&ref=pdf
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c02465?ref=pdf

Organic Letters pubs.acs.org/OrgLett

Table 1. Optimization of the Reaction Conditions” Scheme 3. Substrate Scope of Amino Acids™"”
O / \ Os/ . 20
Ph” Pd(OAc)zF’h o O<__OH Ph”Pd(OAc),Ph o0 o
(10 mol %) i (10 mol %) j\: » /
additive ANF
R N AgOTf (10 mol % N
o~ oxidant sBoCIz/ ((azn t0 equiv) @\/ N 90 ! 3(.0 equiv)o) R” N
3a-3k 0 4a-4k
12h, 70 °C, N, a 72 h, 45 °C, N, toluene a
O, 0, O,
O, (0]
entry catalyst additive solvent yield (%)  2a/2a’ )\: @_// /\)\:OM ©\)\: Q_//
1Cb Pd(OAc), 1,4-d%oxane 30 20/10 N N N
2A Pd(OAc), AgOTf 1,4-dioxane 89 29/35 da: A7% 4b: 61% | 4c:65%
3¢ Pd(OAc),  AgOTf  THF 90 30/60 o o - T o
4 PA(TFA),  AgOTf  THF 81 15/44 Oz Vi O@_// O@ /
5o Pd(OAc),  AgOTf  THF 68 07/42 N N = N
6°° Pd(OAc),  AgOTf  THE 63 08/39 Ts
7/ Pd(OAc),  AgOTf  THF 66 17/35 4d: 72% 4e: 54% 4F: 66%
8 1 AgOTf  THF 82 82/00 Vi o
9 1 AgOTf toluene 54 54/00 ®_/ j\:ob_//
10 1 AgOTf  DCM 54 47/07 yo N
11 1 NaOTf  THF 10 00/10 s
49: 43% 4h: 51% 4i: 0%
12 1 DIPEA THF 12 00/12

Q o
“All reactions were carried out on a 0.2 mmol scale. "2 equiv of | Ts O§ 4/ HO OG /
Ag,CO; was used as the oxidant, and the reaction was run at 120 °C k/N N N
for 24 h. “Remaining yleld was the saturated analogue of 2a (2a’’). 4T Ts

910 mol % DAF was used. °10 mol % 1,10-Phen was used.”20 mol % 4j: 45%° 4k: 41%°

DMSO was used. “ ) ) )
All reactions were carried out on a 0.2 mmol scale. ®Yields refer to

the average of isolated yields of at least two experiments. “Started
(2k) and 8-hydroxy (2Kk’) oxinone. However, 3—(allyloxy)-2- from a racemic substrate; enantiomer with syn (S,S or R,R) product
naphthoic acid (1c) and 2-(allyloxy)-1-naphthoic acid (1j) formed.
provided the corresponding oxinone in high to moderate yield,

and the products were unambiguously characterized by X-ray observed that because of steric hindrance, the isopropyl group
crystallography (2j; CCDC 2009840). exhibits an anisotropic effect in the solid state. A 1:1
Next, we were motivated to examine the feasibility of the diastereoisomeric mixture of compound 4f was obtained
allylic C—H oxidation of N-allyl anthranilic acids. We observed from the corresponding 1:1 diastereoisomeric starting material
the prominent role of the protecting group of the N-allyl 3f. Furthermore, racemic 3j and 3k provided the correspond-
moiety on the reaction outcome, where free or allyl, methy], ing cyclized products in racemic mixtures. However, no
and —Boc groups were unsuccessful. We assumed that the N- product is formed in the absence of any substitution at the a-
center should be comparably electronegative to the oxygen position (4i). Likewise, the yield of the desired product
atom to effect an a-C—H bond cleavage. As anticipated, the increases with the increase in steric bulk at the a-substitution,
corresponding —NTs (11) furnished the desired product in for example, methyl, propyl, benzyl, and isobutyl (4a, 4b, 4c,
46% vyield under the previously optimized reaction conditions. 4d, Scheme 3) and valine versus isoleucine (4e, 4f). For the
Furthermore, after stirring the reaction mixture for 72 h at 45 lysine substrate bearing two N-allyl groups at a- and e-carbon,
°C in toluene using 3.0 equiv of BQ, the yield was increased to C—H cleavage selectively took place at the a-N-allyl moiety
70%. Under these optimized conditions, a wide range of (4j). Whereas 1-(S) amino acid derivatives exclusively
anthranilic acid derivatives underwent intramolecular allylic provided the (S,S) product, the racemic substrates (R/S)
C—H oxidation to provide the corresponding oxazinones (21— provided exclusive RR and S,S (4j, 4k) stereochemistry,
2s). Although fluoro- (2n) and chloro- (20) substituents were indicating the highly diastereoselective syn addition of the

intact, bromo- was dehaloganated under the reaction pendant carboxylic acid.
conditions, presumably via the oxidative addition of the in As hypothesized, the reaction may proceed through two
situ-generated Pd(0). distinct mechanistic pathways. In path a, a palladium-catalyzed
Finally, we have explored a novel stereoselective allylic C—H allylic C—H bond cleavage to generate a s-allyl Pd species
oxidation of N-allyl amino acids to access 2-vinyloxazolidin-5- followed by the intramolecular nucleophilic addition of
one derivatives. Hence, an enantiomerically pure N-allyl, N- carboxylic acid to furnish the desired product is plausible.
tosyl substrate 3a was prepared from (S)-alanine and subjected Alternatively, a palladium-catalyzed double-bond isomerization
to the reaction condition to afford the cyclized product in 47% from the allylic to the vinylic position followed by
yield.”* Subsequently, a series of substrates from natural and carboxypalladation and f-hydride elimination may also lead
unnatural amino acids were synthesized and examined under to the desired product (Scheme 4a). From control studies, we
the optimized conditions to provide the corresponding 2- observed that the reaction with a saturated analogue 1a’ or
vinyloxazolidin-5-one in moderate to high yields with high with an internal olefin 1a’’ did not furnish any desired product
(>20:1) diastereoselectivity (Scheme 3). From the X-ray (Scheme 4b). Interestingly, a mixture of desired product 2a,
crystal structure analysis (4e; CCDC 2009842), it was deallylation product 2a’, and saturated analogue 2a’’ was
observed that the newly formed C—O bond is syn to the a- obtained under both Lewis acid and Bronsted acid conditions
carboxylic acid, exclusively providing S,S-isomer. It was also using Pd(OAc), in lieu of cat. 1 (Scheme 4c). This saturated
7445 https://dx.doi.org/10.1021/acs.orglett.0c02465
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Scheme 4. Mechanistic Possibilities and Control
Experiments

o
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isomerization “PdL, palladation O
; .
O/\/ O)\(
PdL,
b) (0} [0}
d‘\OH std. condition std. condition HO)D
2a
o " N0
L a” .
c) 0 o
Pd-cat. (10 mol %)
OH  acid additive (10 mol %) 22+ 220 + 0
BQ (2 equiv)
=
0" THE Ny, 70°C O,d;\/
2a"
1a Pd(OAc),, AgOTf: 90% yield (2a:2a’:2a” = 3:4:2)
Pd(OAc),, TFOH: 97% vield (2a: 2a’: 2a” = - :70:27)
cat. 1,TfOH: 96% yield (2a: 2a’: 2a” = 7:89: -)
d
) Q TfOH std.
o tequv) OH _condition é\/
Zb” 90% 2b 70%

White cat. (10 mol %)
_AgOTf (10 mol %) 10 mol %
BQ (2 equiv)

t, 70 °C

@i;vcdv

t=12 h 53% yield (7a: 7b 3:2)
t =72 h; 51% yield (7a:7b > 95: 5)

analogue may form either through protodemetalation of the
incipient alkyl-palladium species, which is formed through
carboxypalladation, or through acid-catalyzed carboxylation of
vinylic ether. However, the reaction in the presence of triflic
acid predominantly led to the formation of the deallylation
product. This could be attributed to the unavailability of the
carboxylate anion for nucleophilic addition due to the
protonation under a strong acidic medium. Hence, deleterious
palladium-catalyzed C—O bond activation may take place. To
probe the olefin isomerization pathway, a vinylic ether § was
separately prepared and subjected to the reaction conditions,
furnishing 70% of the desired product (Scheme 4d). From the
kinetic studies with allylic (1b) and vinylic substrates (5), it
was observed that the reaction proceeds at a faster rate in the
initial stage with S compared with 1b and at a similar rate in
the later stage. (For details, see the SL) Thus palladium-
catalyzed olefin isomerization could be the slow step;
subsequently, carboxypalladation/f-hydride elimination pro-
vides the desired product. The propensity of olefin isomer-
ization under the reaction conditions was further probed using
a homoallylic carbon analogue 6. When 6 was subjected to the
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reaction conditions, a mixture of 3-ethyl-1H-isochromen-1-
one, 7a, and 3-vinylisochroman-1-one, 7b, was obtained after
12 h. However, stirring the reaction mixture for 72 h led to the
formation of the thermodynamically more stable 7a exclusively
through double-bond isomerization (Scheme 4e). In contrast
with the previous report, we demonstrate here that Pd(II)/bis-
sulfoxide/benzoquinone prefers a double-bond isomerization/
nucleopalladation pathway for allylic ether or amine sub-
strates.””"

From our control experiments, we propose that initially, a
palladium complex is localized to the carboxylate site, and a
palladium-assisted double-bond isomerization from the allylic
to the vinylic position takes place to generate intermediate IT
(Scheme S). Subsequently, intramolecular carboxypalladation

Scheme S. Plausible Catalytic Cycle for Allylic Oxidation

O
h/ S
BQ, 2 AcOH, L Pd( OAC /\/
oxidation
coordination
Pd(0)
¢\< -
B- hydnde elimination O/\%
I
O o /ﬂeﬁn isomerization
1
PdL, O~ P oL,
carboxypalladation o™ v

to form III followed by f-hydride elimination furnishes the
desired product (Scheme $). Finally, Pd(0) is oxidized to
Pd(II) by benzoquinone to complete the catalytic cycle.

The product was further functionalized to demonstrate the
utility of the terminal double bond (Scheme 6). A Heck—

Scheme 6. Product Derivatization

1. Heck-Matsuda Arylation

N,BF, o
2a + Pd,dbag (5 mol %) @f‘\o
—_—
NMP, 25 °C, 3 h o NF

OMe

9 10, 85% OMe
2. Olefin Metathesis Reaction o

o)
2d + HLOMG Grubbs-Il (2.5 mol %) o
| NMP, 25°C, 3 h Oé\/\[(om(a
1
12, 65% o)

Matsuda reaction of 2a with diazonium salt 9 afforded the
corresponding arylation product in 85% yield. Furthermore, a
cross-olefin metathesis reaction with methyl acrylate 11 using
Grubb’s II catalyst afforded the metathesis product in 65%
yield.

In conclusion, we have developed a palladium-catalyzed
highly chemo-, regio-, and stereoselective allylic C—H
oxidation of allyl ether, amine, and amino acids. A conven-
tional palladium-catalyzed deallylation problem through C—0O/
C—N bond cleavage is overcome and tuned toward allylic C—
H bond oxidation. Moreover, competitive 7-allyl Pd formation
via allylic C—H bond cleavage versus olefin isomerization/
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carboxypalladation has been elucidated to probe whether the
latter pathway is operative. Remarkably, a highly stereo-
selective 1,3-syn-addition is established for the C—H oxidation
of N-allyl-protected amino acids. We anticipate that the
present transformation and mechanistic insight will be helpful
for further research.
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ABSTRACT: A ruthenium(II)-catalyzed redox-neutral synthesis of dihydroisoquinoline-fused quinazolinone derivatives has
been accomplished through the merger of C—H activation and alkene difunctionalization using quinazolinone as an inherent
directing group. This intermolecular reaction proceeds rapidly and is complete within 10 min, providing the annulation product
in high yields without any stoichiometric metal oxidant. Mechanistically, this tandem reaction proceeds through directed ortho
C—H allylation followed by hydroamination with the proximal —CONH group, to furnish 6-methyl-5,6-dihydro-8H-
isoquinolino[1,2-b]quinazolin-8-ones in a single operation. The carboxylic acid additive has a dual role in the formation of

active catalyst and protodemetalation.

Fused quinazolinone represents an important scaffold
ubiquitously found in many natural products, drugs,
agrochemicals and other pharmaceutically active ingredients
(Figure 1)."! They are known to exhibit antibiotic, anticancer,
antimalarial activities.” Hence the development of efficient
methodology for the construction of the quinazolinone moiety
has claimed unremitting attention from organic chemists.” C—
H activation is the latest technology added for eflicient
construction and late-stage modification of functional mole-
cules. Although an impressive array of C—H activation

o) o o)
N N\ N
HN N= Me HN

Rutaecarpine Luotonin A Evodiamine
COX-2 inhibitor topoisomerase | inhibitor thermogenic and stimulant

o)
N
o 2 C(U\/ OM
MeO N N \ e
N 0o
OH OMe

|- Vasicinone (-)-Circumdatin H Isaindigotone
bronchodilator mitochondrial NADH oxidase acetylcholinesterase inhibitor

Figure 1. Bioactive fused quinazolinone scaffolds.
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strategies have been developed for the m-extension of
heterocycles with alkynes,” annulation with alkenes is
extremely challenging.” This can be attributed to the fact
that most C—H activations proceed through high energy
pathways at higher temperature where deleterious Fujiwara—
Moritani Heck products form predominantly via f-hydride
elimination.® However, judicious choice of the catalytic system,
e.g., electrophilic metal complexes, may facilitate migratory
alkene insertion or reinsertion steps for further functionaliza-
tion.”

Our group is actively engaged in the intermolecular synthesis
of heterocycles through the merger of cascade C—H activation
and alkene difunctionalization.'® Based on these strategies, we
decided to develop a methodology for the annulation of the 2-
arylquinazolinone moiety to achieve analogues of the
rutaecarpine alkaloid, a COX-2 inhibitor."" From the literature,
the Xuan group reported a ruthenium-catalyzed synthesis of
pyrrolo[2,1-b]quinazolin-9(1H)-one motifs via a C—H alke-
nylation/aza-Michael addition cascade (Scheme 1)."

Although a C—H activation and oxidative cyclization
cascade for the construction of five-membered N-heterocycles
such as indoles, indolines, and 2H-isoindoles have been well
explored, the synthesis of six-membered rings is less
developed.”” This can be ascribed to the formation of

Received: September 24, 2018
Published: November 8, 2018

DOI: 10.1021/acs.orglett.8b03048
Org. Lett. 2018, 20, 7107-7112


pubs.acs.org/OrgLett
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.orglett.8b03048
http://dx.doi.org/10.1021/acs.orglett.8b03048

Organic Letters

Scheme 1. Ru(II)-Catalyzed C—H Allylation/Cyclization
Cascade
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energetically disfavorable seven- membered cyclic intermediates
and a poor trajectory for cyclization.'* Recently, Peng and co-
workers reported a rhodium-catalyzed C—H alkylation/
cyclization of 2-arylquinazolin-4-ones with vinyl trifluoroace-
tate.'”> However, a mixtures of five-membered and six-
membered heterocycles was obtained. The Dong group
reported a ruthenium(Il)-catalyzed synthesis of indolo[2,1-

alisoquinolines v1a C—H allylation and oxidative cyclization of
2-phenylindoles.'® However, it was impossible to furnish a
selective monoallyation product. Cui and co-workers reported
a palladium-catalyzed synthesis of fused polyheterocycles
through sequential [4 + 2] and [3 + 2] cycloadditions with
alkynes.'” Furthermore, late-stage diversification of the 2-
arylquinazolinone moiety through C—H activation has also
been explored.'® However, the direct synthesis of rutaecarpine
analogues via the C—H activation/hydroamination cascade is
not known. Here we describe a ruthenium(II)-catalyzed C—H
allylation/cyclization cascade that furnishes 6-methyl-5,6-
dihydro-8H-isoquinolino[ 1,2-b]quinazolin-8-ones in intermo-
lecular fashion from inexpensive allyl acetate and 2-
arylquinazolinones. The present reaction proceeds through a
redox-neutral pathway without any oxidant, is extremely fast,
and is highly selective for monoallylation—cyclization."”

To optimize this cascade protocol, 2-phenylquinazolinone
(1a) and allyl acetate (2) were selected as model substrates.
Initially, when 2-phenylquinazolinone and allyl acetate were
treated in the presence of catalytic [Cp*RhCl,],, AgSbFy, and
NaOAc at 130 °C in DCE medium for 4 h, the desired product
3a was obtained in 49% yield along with 16% undesired
enamide product (3a’) as an inseparable mixture (entry 1,
Table 1). In order to improve the yield of 3a by diminishing
the formation of 3a’, various acid and base additives were
examined. Interestingly, instead of sodium acetate, 2 equiv of
acetic acid provided 3a in 77% yield along with a trace amount
of 3a’ which is formed through f-hydride elimination of the
incipient ruthenium-alkyl species which is formed after alkene
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Table 1. Optimization of the Reaction Conditions”
o

NH catalyst (5.0 mol %)

EE - eeaten

Ag(l)salt (20 mol %)
additive (2 equiv)

1a DCE, time (min)
/\/OAC 130 °C
2
Ag(I) time yield”
entry catalyst salts additive (min)  3a/3a’
1 [Cp*RhCL], AgSbF,  NaOAc 240 49/16
2 [Cp*RhCL], AgSbE,  NaOAc 720 8/30
3 [Cp*RhCL,], AgSbE,  AcOH 240 77/3
4 [Ru(p-cymene)CL,],  AgSbF,  AcOH 240 61/2
S [Ru(p-cymene)ClL,],  AgSbF,  AcOH 150 69/2
6 [Ru(p-cymene)CL,],  AgSbF,  AcOH 35 72/1
7 [Ru(p-cymene)Cl,],  AgSbF,  AcOH 10 61/0
8 [Ru(p-cymene)Cl,],  AgSbF,  PhCO,H 10 44/2
9 [Ru(p-cymene)ClL,],  AgSbF,  PivOH 10 39/1
10 [Ru(p-cymene)ClL,],  AgSbF,  AdCO,H 10 80/0
11 [Ru(p-cymene)CL],  NaBF, AdCO,H 10 NR
12 [Ru(p-cymene)CL],  NaSbF;,  AdCO,H 10 NR
13 [Ru(p-cymene)CL,], AgOAc  AdCO,H 10 trace
14 [Ru(p-cymene)ClL,],  AgBF, AdCO,H 10 6/0
15 [Ru(p-cymene)CL], - AdCO,H 10 NR
16 [Ru(p-cymene)CL,],  AgSbFs - 10 10/0
17 [Ru(p-cymene)Cl,],  AgSbFs  AdCO,H 10 55/0
18° [Ru(p-cymene)CL,],  AgSbF,  AdCO,H 10 16/0

A1l reactions were carried out in 0.1 mmol scale. ®Yields referred to
here are overall isolated yields, and the product distribution was
measured from NMR. “Temperature 100 °C. #Allyl methyl carbonate
was used instead of allyl acetate. “Allyl alcohol was used instead of
allyl acetate.

insertion. Additionally, the ruthenium catalysts are inexpensive
compared to rhodium catalysts but exhibit comparable or
enhanced reactivity. Keeping these in mind, we decided to
optimize further with inexpensive ruthenium -catalysts. As
hypothesized, when a catalytic amount of (5 mol %) [Ru(p-
cymene)Cl,], was employed in the reaction between la and 2
in the presence of AgSbF and acetic acid at 130 °C in DCE,
the desired product (3a) was isolated in 63% yield, and the
formation of 3a’ was suppressed significantly but not
diminished completely (entry 4, Table 1). To our delight, 3a
was obtained exclusively in 61% yield when the reaction was
carried out for 10 min under the same reaction conditions
(entry 7, Table 1). Subsequently, various acid additives were
examined to improve the yield further. Among various acids
tested, adamantanecarboxylic acid was the most effective due
to less nucleophilic and better proton shuttle, while AgSbF
was the best additive presumably to generate an active cationic
catalyst. Hence the yield of the desired product was increased
to 80% without formation of any undesired products. Finally, 5
mol % of [Ru(p-cymene)ClL,],, 20 mol % of AgSbF,, and 2
equiv of AdCO,H in dichloroethane solvent at 130 °C for 10
min were found to be the optimal conditions for this C—H
allylation/hydroamination cascade reaction.

Quinazolinones containing diverse ortho substitution at the
2-phenyl moiety such as methyl, chloro, bromo, trifluor-
omethyl, etc. provided dihydroisoquinolino[1,2-b]-
quinazolinones (3b—3e, Scheme 2) in excellent yields under
the optimized reaction conditions. A range of functional
groups at the para position such as electron-donating methyl,
methoxy, phenyl or electron-withdrawing bromo, cyano, ester,
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Scheme 2. Substrate Scope of C—H Allylation/Cyclization Cascade™”
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“Yields refer to the average of isolated yields of at least two experiments. “For 1 h.

etc. were compatible under the reaction conditions providing
moderate to high yields (3f—3l, Scheme 2). Remarkably,
unsubstituted or para-substituted phenyls in the quinazolinone
afforded monoallylation followed by cyclization products
selectively. No diallylation product or their corresponding
derivatives were isolated. Although meta-methoxy phenyl did
not furnish any product, the meta-triflate remained intact,
furnishing high yield (80%) of the desired product, which also
indicates the mild nature of the reaction conditions. 1-
Naphthyl derivative 3p provided a better yield (80%) than the
corresponding 2-naphthyl derivative 3o, further demonstrating
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the positive influence of ortho substitution. Next, we examined
several heteroaromatic quinolinones.

Gratifyingly, methyl-protected 2-pyrrole and 2-thiophene
afforded high to good yields of the cyclized product (3q and
3r, Scheme 2). However, S-bromo-2-thiophene and N-methyl-
2-indole furnished the corresponding products (3s and 3t,
Scheme 2) in low yields, but the corresponding products from
indole resemble the structure of rutaecarpine. In the case of 2-
furyl derivative 3u, only the 3-allylation product was isolated,
presumably due to the coordination of ruthenium with Lewis
basic furan oxygen and amide nitrogen at the opposite side,

DOI: 10.1021/acs.orglett.8b03048
Org. Lett. 2018, 20, 7107-7112


http://dx.doi.org/10.1021/acs.orglett.8b03048

Organic Letters

prohibiting the subsequent cyclization. It also indicates that the
reaction proceeds via a C—H allylation step. However,
substituted allyl acetates were ineffective under these
annulation reaction conditions.

To examine the substitution effect on the aryl ring of
quinazolinones, we prepared several quinolinones with differ-
ent electron-donating and -withdrawing groups on the aryl ring
and subjected them to the standard reaction conditions.
Gratifyingly, methyl-, fluoro-, and bromo-substituted quinazo-
lines provided excellent to high yields of the desired product
with ortho-chloro-2-phenyl substrates (3aa—3ac, Scheme 2).
The quinazolinone derived from 3-methylanthralinamide and
2-methylbenzaldehyde afforded the desired cyclization product
(3ad, Scheme 2) selectively via sp* C—H activation, and no sp*
C—H activation of the methyl groups was observed. In the case
of 1- and 2-naphthyl derivatives at the 2-position, fluoro or
methyl substitution on the quinazolinone backbone also
afforded the cyclization product (3ae—3ag, Scheme 2) through
the C2 and C1 positions, respectively, where the C—H bond at
the peri-position remained intact. Similarly, 2-heteroaromatics
such as N-methyl pyrrole, thiophene, and indoles furnished the
desired products (3ak—3ao, Scheme 2) albeit in moderate to
low yields. Representative compounds (3a and 3ae) have been
further characterized by X-ray crystallography (see the SI).

To gain mechanistic insight, when the substrate (1a) was
subjected to the standard reaction conditions in the absence of
allyl acetate using 2 equiv of CD;CO,D, 30% ortho H-D
exchange was observed (Scheme 3a). No H—D exchange was
observed in the absence of the metal catalyst, suggesting the
involvement of a reversible directed ortho ruthenation. The
primary kinetic isotope effect (KIE) from a competitive study
between 1a and the corresponding deuterated substrate ds-1a
was determined as Ky/Kp = 2.1 suggesting that the C—H
activation may be involved in the rate-determining step
(Scheme 3b). When a preformed ortho-allyl-2-phenyl quina-
zolinone (4a) was subjected to the standard reaction
conditions, the annulation product was obtained in 84%
yield (Scheme 3c), whereas an 80% yield of the annulation
product was observed using 2 equiv of AcOH in lieu of
adamantyl carboxylic acid. These experiments suggest that the
reaction may proceed through sp> C—H allylation at the ortho
position. In the absence of metal catalyst, no cyclization
product was formed from the corresponding C—H allylation
intermediate, which indicates that although the acid additive
has a positive influence on the reaction outcome a ruthenium
catalyst was involved in both the C—C and C—N bond
formation cascade. To determine the role of acid additive in
the active catalyst, Ru(p-cymene)(OAc), was prepared
separately and subjected to the reaction conditions in
combination with NaSbFy instead of AgSbF¢ to afford the
desired product in 22% vyield (Scheme 3d), whereas no
product formation was observed in the absence of NaSbF,
indicating that formation of the electrophilic ruthenium
complex facilitates C—H insertion and alkene reinsertion
steps. From these experiments it is presumed that Ru(p-
cymene) (k>-OCOR), [R = adamantyl] is a more active catalyst
precursor than Ru(p-cymene)(OAc), which accelerates the
C—H allylation step. Cyclization and protodemetalation steps
are not dependent on the nature of the acid additive used since
almost identical yields are obtained using both catalysts
(acetate or adamantyl carboxylate) from the corresponding
C—H allylation intermediate. When la was subjected to the
reaction conditions in the presence of 2 equiv of CD;CO,D in
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Scheme 3. Control Experiments
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after 4 min6a: 6a'= 1.3
after 10 min 6a : 6a’' = 5:1

lieu of adamantyl carboxylic acid, 50% deuterium incorpo-
ration was observed at the 6-methyl group (Scheme 3e) which
suggests that the protodemetalation step may be involved in
the catalytic cycle. When N-methyl-protected quinazolinone Sa
was subjected to the standard reaction conditions, mixtures of
mono and diallylation at the ortho position were formed
(Scheme 3f), which indicates that after C—H allylation the
subsequent steps proceed spontaneously to provide the
annulation product, and further allylation is prohibited by
steric encumbrance.

Therefore, based on control experiments and previous
reports, a plausible mechanism for this cascade reaction is
proposed. AgSbFy and AdCO,H are prerequisite additives for
the formation of electrophilic active catalyst A where the
chloride ion is replaced by the noncoordinating SbF4 anion as
AgCl precipitation. Then coordination of the nitrogen atom of
substrate (1a) into ruthenium of A produces complex B, which
undergoes sp® ortho C—H insertion to form five-membered
ruthenacycle C (Scheme 4). This coordinated unsaturated
ruthenium complex undergoes migratory alkene insertion to
generate intermediate D.'°“*" D undergoes a rapid f-acetoxy
elimination to generate a C—H allylation product E.
Subsequently, the ruthenium complex undergoes migratory
alkene insertion to the allyl group to produce the intermediate
G through intramolecular C—N bond formation. The
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Scheme 4. Plausible Catalytic Cycle
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intermediate G undergoes protodemetalation in the presence
of AACO,H to produce the desired annulation product 3a.
The active catalyst is regenerated for subsequent runs from the
ruthenium hydride species presumably through the extrusion
of hydrogen gas reacting with AdCO,H.”'

In conclusion, we have developed an exceedingly fast
synthesis of dihydroisoquinoline-fused quinazolinone scaffolds
through a C—H allylation/hydroamination cascade. The
reaction proceeds smoothly with a ruthenium(Il) catalyst in
redox-neutral manner without any external stoichiometric
oxidant such as silver(I) or copper(Il) salts. Several
heterocyclic substrates also provide the corresponding
annulation products in high to moderate yields which resemble
closely the rutaecarpine a COX-2 inhibitor. The biological
evaluation of these molecules is ongoing in our laboratory.
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Abstract: We report herein, a biomimetic approach for highly selective monodemethylation of N,N-dimethyl
anilines to generate secondary amines and subsequent coupling with o-ketocarboxylic acids or alkynyl
carboxylic acids to form a-ketoamides or alkynamides respectively under visible light photoredox catalyst in a
single operation. From the deuterium-labeling experiment, it was probed that demethylation is the slowest step
in this tandem process. Whereas, control experiments and spectroscopic studies revealed that photoredox
catalyst is also involved in the subsequent amidation step. The reaction proceeds smoothly at room temperature
providing moderate to excellent yield of the coupling products. The amides have also been converted to a

series of biologically active spiro compounds.

Keywords: photoredox catalysis; demethylation; amidation; a-ketoamides; alkynamides

Introduction

Tandem or domino reaction is comprised of two or
more bond cleavage/formation under the identical
reaction conditions and the reaction cascade is initiated
from the functionalities obtained in the former
transformation.!"! This domino reaction strategy has
unique ability to generate molecular complexity reduc-
ing numbers of steps and environmental footprints.
This process is ubiquitously found in nature for
biosynthesis of natural products.”” Inspired by nature
and owing to the green synthetic aspects, an impressive
array of cascade reactions involving anionic, cationic
or radical pathways has been well-explored.”’ In the
last decades, visible-light photoredox catalysis has
been proved as a powerful strategy with a wide range
of applications from small molecule activation to the
synthesis of complex natural products mainly through
single electron transfer (SET) process.”! Owing to
close resemblance with the natural processes, there is
an increasing demand for the development of environ-
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mentally benign tandem reactions under visible-light
catalysis.

a-Ketoamides and alkynamides represent two im-
portant classes of compounds ubiquitously found in
many natural products, pharmaceuticals, macrocycles,
molecular probes in chemical biology etc. (Figure 1).!
Furthermore, because of the integration of important
functional groups such as ketone and amide for a-
ketoamides; and alkyne and amide for alkynamides
into their backbone they represent a versatile inter-
mediates in organic synthesis.) Hence, a significant
effort has been dedicated for the construction of these
structural motifs.”! The synthesis of o-ketoamides
primarily involves amidation of a-ketoacids and a-keto
acyl halides;™ oxidation of a- hydroxyamides and a-
aminoamides;"”’ transition-metal-catalysed double car-
bonylative amination of aryl halides;!""” metal catalysed
or metal free oxidative coupling from a-ketoaldehyde
etc.'"'! The alkynamides are derived through the amide
coupling of the propiolic acid derivatives, carbon-
ylative amidation of the corresponding alkyne etc.!'”

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Bioactive a-ketoamides and alkynamides.

Since tertiary amines are readily obtained via over
alkylation of amines,"”) we assumed that in situ
demethylation of tertiary amines to secondary amines
followed by amide formation in a single operation
under photoredox catalysis could be an attractive
approach. In this vein, the Wang group reported a
silver-catalyzed dealkylative-amidation of a-ketoacids
with tertiary amines for the synthesis of a-
ketoamides.'"*! However, only aliphatic tertiary amines
were effective using strong oxidant K,S,0Oz at high
temperature (120 °C). Palladium/charcoal-catalyzed ox-
idative aminocarbonylation of alkynes with secondary
and tertiary amines through N-dealkylation was re-
ported for the synthesis of alk-2-ynamides whereas,
alkylated anilines were unreactive.'”’ Thus, we were
interested to develop a complementary N-dealkylative
amide coupling reaction under mild conditions with
the challenging aniline derivatives. Recently, Rueping
and other groups reported Polonovski type N-demeth-
ylation under photoredox catalysis.!"”’ However, to the
best of our knowledge there is no report for the

Previous work

o ASCO;@0mol%) -y o
K.S,0s 2.0 equiv)
RL“( FE o, pn BT Ph
ref. 14
PdIC (3 mol%) 1
R3 Z R
N R Z K (10 mol %) =
R? COI0, 100°C  R2
ref. 12
o
This work

_HOC™ “Ar C)J\Ar
~N7

BrCCIa (1.5 equiv)
Ru(bpy)3(PFe)s (2.5 mol %)
| A DABCO (2 equiv)
1~ MeCN:H,0 = 100:1(0.06M)
e ~
=——Ar NJ\

R! Blue LED, air, rt

HO,C

-

CBr,4 (1.2 equiv) N Ar
[

RT

Scheme 1. N-Demethylative-amide coupling.
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synthesis of a-ketoamides and acetylenic amides from
the corresponding a-ketoacids or propiolic acids and
tertiary amines under photoredox catalysis (Scheme 1).
We report herein, a biomimetic approach for the
tandem demethylation of N,N-dimethylaniline followed
by amidation with a-ketoacids or alkynyl carboxylic
acids to furnish a-ketoamides or alkynamides respec-
tively by a single photoredox catalyst. The present
reaction initiates through the generation of N-centred
radical under the irradiation of blue LED at room
temperature.

Results and Discussion

N,N-dimethylaniline and phenyl glyoxalic acid were
chosen as model substrates to optimize the reaction
condition. The results are summarized in the Table 1.
When a mixture of N,N-dimethylaniline (1a) and
phenylglyoxilic acid (2a) was irradiated under blue
LED using 5mol% of eosin Y as photocatalyst,
bromotrichloromethane as oxidant and 10:1
MeCN—-H,O solvent under air, the demethylative
amidation product was isolated in 20% yield (Table 1,
entry 1). Other oxidants such as TBHP, K,S,Oq,

Table 1. Optimization of the reaction condition.™"!

o
photocatalyst (2.5 mol %)
CO,H oxidant, additive

MeCN:H,0 (100:1, 0.06 M) 2
Blue LED, air, rt, 36 h

3a

Entry Photocatalyst Oxidant Additive  Yield (%) 3a
1 Eosin Y BrCCl; - 20
2 Eosin Y K,S,0 - 15
3 Eosin Y TBHP - 0
4 Ru(bpy);(PF¢), BrCCl; — 32
5t Ru(bpy);(PFs), BrCCl; DABCO 45
6 Ru(bpy);(PFs), BrCCl; DABCO 80
7 Ru(bpy);(PF¢), — DABCO 0
gt Ru(bpy);(PFs), BrCCl; DABCO 44
9l Ru(bpy);(PF¢), BrCCl; DABCO 65
10 Mes—Acr—ClO, BrCCl; DABCO 52
1™ TIr(ppy), BrCCl; DABCO 66
12 - BrCCl; DABCO 0
138 Ru(bpy);(PFs), BrCCl; DABCO 0

[} All reactions were carried out in 0.2 mmol scale using 1a
(1.0 equiv.), 2a (2.0 equiv.), Ru(bpy);(PFs), (2.5 mol%),
BrCCl; (1.5 equiv.), DABCO (2.0 equiv.) in 100:1 acetoni-
trile-water (0.06 M) solvent (3 mL) at room temp with blue
LED irradiation in aerobic condition.

® Yields refer to here are isolated yields.

120% additive was used.

4 under nitrogen atmosphere.

(el O2 balloon.

@ white LED.

&l without light.
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BI-OAc, oxone did not improve the yield of the
desired product (entries 4-6, see Table S1 in the
Supporting Information, SI). The yield was increased
to 32% using 2.5 mol% Ru(bpy);(PF¢), as photo-
catalyst (entry 4). Gratifyingly, upon addition of
20 mol% DABCO as an additive, the product yield
was increased to 45% in 100:1 acetonitrile-water
solvent system (entry 5). To our delight, increasing the
amount of DABCO to 2.0 equiv., the desired product
was isolated in 80% yield in 36 h (entry 6). However,
other inorganic (entries 2-3, Table S1 in SI) and
organic bases (entries 15—17, Table S1 in SI) such as,
K,CO;, Cs,COs5, lutidine, DBU, pyridine were proved
to be inferior for this transformation. Organic photo-
redox catalysts such as Rose Bengal, Mes—Acr—ClO,,
9-fluorenone, were unable to increase the yield
(entries 1820, Table S1 in SI). In most of the cases,
the starting tertiary amine remained intact in the
reaction medium. Whereas, the iridium based photo-
catalysts such as (Ir[dF(CF;)(ppy)],(dtbpy))PF,, Ir
(ppy),(dtbpy)PF,, Ir(ppy); provided better yield to
some extent (entries 21-24, Table S1 in SI). However,
a portion of N,N-dimethylaniline as well as the
demetylated N-methylaniline were isolated even after
36 hrs of reaction. The yield of amide 3 a was reduced
to 58% at 60°C (entry 33, Table S1 in SI). In this
tandem reaction, a photoredox catalyst, light source,
BrCCl; and DABCO were all necessary, since in the
absence of any one component the reaction was
suppressed. While an optimum yield (80%) was
isolated under the aerial conditions, whereas reaction
under inert atmosphere (44% yield) or oxygen atmos-
phere (65%) provided inferior results (entries 8, 9).
Since water is crucial for the demethylation step, we
have optimized MeCN-water in 100:1 ratio to obtain
optimum yield of 3a.

To examine the substrate scope of this tandem
reaction, several substituted N,N-dimethylanilines were
reacted with 2-oxo-2-phenyl acetic acid, 2a under the
optimized reaction conditions (Scheme 2). A variety of
functional groups in the phenyl ring of aniline were
well-tolerated and furnished the desired product in
moderate to good yields. For example, 1a with bulky
tert-butyl and halogen (Br, I) substitution at the para
position yielded 67% (3b), 53% (3 ¢) and 49% (3d) of
the desired product respectively. p-OCF; substituted N,
N-dimethylaniline furnished 51% of the desired prod-
uct (3e). In presence of para-phenyl substitution 72%
yield was obtained (3f). Ortho-substitution also did
not hinder the reaction providing the corresponding
product in good yield for ortho methyl (3 h), ethyl (31i),
isopropyl (3j) or aryl (3K) substituted N,N-dimeth-
ylaniline. As expected, demethylation/amidation cas-
cade (31) took place predominantly over the corre-
sponding deethylative amidation (10%).") However,
the demethylation step generally does not occur with
aliphatic tertiary amines. Interestingly, in presence of
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Scheme 2. Substrate scope with tertiary aryl amines. Reaction
conditions: 1a (0.2 mmol), 2a (0.4 mmol), Ru(bpy);(PF),
(2.5 mol%), DABCO (0.4 mmol), BrCCl; (0.3 mmol), MeCN/
H,0=100:1 (0.06 M), blue LED, air, r.t "2-ox0-2-phenyl-
acetaldehyde was used instead of 2a, O,-ballon. ™Reaction
time is15 h. “)N-ethyl-N-methyl aniline was used. “"N-meth-
ylmorpholine was used. 0.5 equiv. TEMPO was added.

0.5 equiv. TEMPO, N-methyl morpholine yielded
demethylative amidation in 39% (3 m).!"”! Furthermore,
2-oxo0-2-phenylacetaldehyde also provided 40% cou-
pling product in presence of O,-ballon (3 a).

Next, we found that a range of phenyl glyoxylic
acid derivatives underwent this cascade reaction
smoothly under the optimized reaction condition
(Scheme 3). For example, methyl, isobutyl, fert-butyl,
phenyl substituted acids furnished the desired product
in good yields 72-78% (3n-3 q). Halogens, such as (F,
Br, I, 3r-3t) were also survived under the reaction
conditions which is useful for further manipulations
through cross-coupling reactions. Electron donating
group such as para-methoxy (3v) has positive influ-
ence providing 82% yield, whereas, electron with-
drawing group like —CF; (3u) provided 57% yield.
Ortho methyl substituted ketoacid also delivered the
desired product in 82% yield (3 w). Dichloro, dimethyl,
dimethoxy substituted acids were also compatible
providing high to excellent yields (3x-3z). Addition-
ally, 2-oxo0-2-(thiophen-2-yl)acetic acid, 2-(naphthalen-
1-yl)-2-oxoacetic acid, 2-(naphthalen-2-yl)-2-oxoacetic
acid reacted efficiently with dimethyl aniline furnish-
ing the desired product in 47%, 94% and 76%
respectively (3ab—-3ad). para-Methoxy substituted
acid reacted smoothly with para-fluoro and para-
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Scheme 3. Substrate scope with a-keto carboxylic acids. Reac-
tion conditions: 1a (0.2 mmol), 2a (0.4 mmol), Ru(bpy);(PFy),
(2.5 mol%), DABCO (0.4 mmol), BrCCl; (0.3 mmol), MeCN/
H,0=100:1 (0.06 M), blue LED, air, r.t. ™ Reaction time
15 hrs.
methoxy substituted dimethylaniline delivering the
desired product in good yields (3 ae, 3 af).
This demethylation followed by amidation reaction

can also be extended to alkynyl carboxylic acids
(Scheme 4). The amine 1a is employed to react with

various alkynyl carboxylic acids to furnish the desired
products in moderate to good yields. Electron donatng

ol

Ru(bpy)3 PFg), (2.5 mol%)
CBry (1.2 equiv)
DABCO (2.0 equiv)
MeCN:H,0 = 100:1(0.06 M)
Blue LED, air, 25 °C

©+ﬁ

20 hrs
OCF3 COMe
@i@i i E @I
| |
3ag: 70% 3ah: 63% 3ai: 57% 33] 53% 3ak: 52%

Scheme 4. Substrate scope with phenyl propiolic acid. Reaction
conditions: 1a (0.2 mmol), 2ab (0.6 mmol), Ru(bpy);(PF),
(2.5 mol%), DABCO (0.4 mmol), CBr, (0.24 mmol), MeCN/
H,0=100:1 (0.06 M), blue LED, air, r.t.
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—OCF; substituted alkynyl carboxylic acid furnished
the amidation product in 57% yield (3 ai).

Electron-withdrawing —COMe substitution at the
acid moiety is well-tolerated delivering moderate yield
of the desired product (3aj). 3-(Naphthalen-1-yl)
propiolic acid also afforded the corresponding product
in 52% yield (3 ak).

Next, we performed a series of control experiments
to understand the mechanism of this tandem reaction.
From an intermolecular experiment with 1a and d¢s-1a
the ky/kp was determined as 2.6, which indicates that
C—H bond cleavage may be involved in the rate
determining step (Scheme 5a). In the absence of 2a,
mono-demethylated product (I) was isolated and
characterized  from  4-phenyl-N,N-dimethylaniline
(Scheme 5b). Further it was reacted with 2a to afford
the desired amide product (3f) in 68% yield. There-
fore, initially, photoredox mediated C—N bond cleav-
age to generate secondary amine intermediate takes
place which undergoes subsequent amidation reaction.

When the secondary amine intermediate is allowed
to react with 2a in absence of light or photocatalyst,
no desired product was obtained (Scheme 5c). Hence,
photoredox catalytic cycle is involved in the amidation
step also.""! Typically, an activated precursor such as
acid bromide or hypobromite may generate through
radical pathway from the carboxylic acids for subse-
quent amide coupling."*¥ Although, all our efforts to
identify this activated precursor were in vain, the
corresponding carboxyl radical was trapped by 1,1-
diphenylethylene to provide II in 18% isolated yield
(Scheme 5d). However, we have observed positive
influence of 2,2,6,6-tetramethylpiperidinyloxy (TEM-

CH3 D3C (CDs) CH3
a) std condition
TKIE=26
dg-1a 3a(ds-3a)
NMe, NHMe

b) std. condition std. condition condmon
demethylat/on ~amidation /©/

3f. 68% yield
I: 56% isolated

NHMe
DABCO (2.0 equiv)
c) + 2a BrCCl; (1.5 equiv
MeCN:H,0=100:1
rt, air SHT % Vet
Ph without light or PC 9:0% yield
N
o
2 iti OH
A std. condition
Ph Ph
— 3a +
l/ ST Ph %O)T
R Ph
1a Ph 74% 1I: 18%

1.0 equiv

Scheme 5. Control experiments.
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PO) or butylated hydroxytoluene (BHT) in the reaction
outcome presumably due to facilitation in the demeth-
ylation step."”!

In Stern-Volmer quenching experiments of the
photocatalyst, it was observed that the emission
intensity of excited state of the photocatalyst Ru(bpy),
(PF¢),* was gradually diminished with increasing
concentration of both 1a and 2 a (Figure 2). But such a

3.5

= 1a
5 e 2a
3.0+ » DABCO
v BrCCly
2.5
S 201
1.5+
1.04 —r

0 20 40 60 8 100 120
cx10°5m

Figure 2. Stern-Volmer plot of Ru(bpy);(PFs), in presence of
different components of the reaction. I, is the inherent
fluorescence intensity of photocatalyst. 1 is the fluorescence
intensity of photocatalyst in the presence of quenchers.

phenomenon was not observed with BrCCl; or
DABCO. These results suggest that an amine radical
cation as well as a carboxyl radical is most likely
involved in the reaction.

However, the proper mechanistic understanding for
the amidation is not clear at this stage and need more
detailed study. From these control experiments and
previous literatures, a plausible mechanism is depicted in
Scheme 6 for this tandem C—N activation/ C—N forma-
tion process."™ Ru(Il)-photocatalyst is first excited upon
irradiation of the blue LED to generate the excited state
photocatalyst Ru(Il)* (E,,**=0.77V vs SCE) which
undergoes thermodynamically feasible one electron
reduction with N,N-dimethylaniline (E;,**=0.74V vs

0,
| Ru(ll) Br + CCly HO HoHO
BrCCl, N ( Sy
0, Ph-N  Ph
3\ ‘ 4
Ru(ll)* *

Ru() L To L,
\ / H,O 3 Ph%xi
Ph— T\, | CCla 3

0 0._O Ph-N TL’ Ph— X Br or OBr
I I 1\ CHol, T S
O Ph 1
DABCO
2a BrCCl3

Scheme 6. Plausible reaction mechanism.
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SCE) to form the a-amino radical cation 1.*! The
reduced photocatalyst then returns to its original ground
state for the next run by a single electron oxidation with
molecular O, or BrCCl;. The generated a-amino radical
cation can readily form the iminium cation intermediate 2
by releasing one hydrogen radical, which in the presence
of water undergoes demethylation of N,N-dimethylaniline
by elimination of formaldehyde and secondary amine 4
via the inherently unstable carbinolamine intermediate
3.1 In an another catalytic cycle, the excited Ru(I)* can
oxidize the carboxylate anion, which is generated from
2a to carboxylate radical 5. In presence of BrCCl; the
carboxylate radical may form the reactive bromide or
hypobromite intermediate 6 which upon reacting with 4
furnishes the desired product 3 a.

Next we turned our attention for further utilization
of o-ketoamide products to the synthesis of useful
molecules. When an ethylaryl substituted aniline 1b
was subjected to the standard reaction condition with
2a, an orexin receptor antagonist 3al was isolated in
moderate yield (Scheme 7a).*” o-Ketoamide, 3a is
transformed into o-hydroxyamide by chemoselective
reduction of the ketone group with NaBH,. After
mesylation of the hydroxyl group followed by Sy’
substitution with sodium azide the corresponding
azido-amide compound was obtained. It was converted
to azaspirocyclohexadieneone 3 am using catalytic Cu
(OAc), under oxygen atmosphere (Scheme 7b).2!

O
standard
/Q/ \|\©2\ _condition
3al: 40% : CF3
orexin receptor antagonist
OH
NaBH,, (1.4 equiv) |
Ph \© __EtOH-DCM _ Ph
0°C rt.,1h
95% (@]
1. Et3N (3 equiv.), Ny
MsCI (1.5 equiv), Cu(OAc),
DCM,0°C, 1h _ Ph _(20mol %) _
2. NaN3, DMF, K3PO4 (1 equiv) N\ —
0°C-rt, 3h 90% DMF, 80°C, O, Ph)\&
3am: 75%
Phpn
CF;SO4H,
)kg/ benzene (1 mL)
CHCI3, 50°C, 18 h

3an: 90%

Ph
@)
I Blue LED Ph
O, balloon
+ Phy,Se, 270K N
©\ #72 TTMeCN, rt. ! SePh

[ g
3ag 3a0: 81%

Scheme 7. Application of demethylative-amide coupling for
molecular complexity.
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Furthermore, 3a rearranges to provide 3,3-disubsti-
tuted oxyindole 3an in superacidic condition
(Scheme 7¢).”” The alkynamide product 3ag under-
goes selenylative spirocyclization with diphenyldisele-
nide to form 3ao in presence of blue LED under
oxygen atmosphere (Scheme 7d)./*

Conclusion

In conclusion, we have developed a biomimetic catalytic
approach for demethylative-amide bond formation
between N,N-dimethylaniline and a-ketocarboxylic acid
or alkynyl carboxylic acid. These two distinct steps
proceed smoothly in a cascade manner under a single
visible-light-mediated phororedox catalysis at room
temperature. A series of extremely important class of
compounds, o-ketoamides and alkynamides have been
synthesized through this protocol which ubiquitously
found in natural products, peptoids and useful synthetic
intermediates. The demethylative-amide coupling prod-
ucts were easily converted to a series of biologically
active complex spiro compounds. We anticipate that
integration of two or more important reactions in a
cascade manner under photoredox catalysis will open a
new arena in organic synthesis.

Experimental Section
General Information

Melting points were determined in open end-capillary tubes and
are uncorrected. TLC was performed on silica gel plates (Merck
silica gel 60, f,s,), and the spots were visualized with UV light
(254 and 365 nm) and KMnO, stain. '"H NMR was recorded at
300 MHz (Bruker-DPX), 400 MHz (JEOL-JNM-ECZ400 S/L1)
and 600 MHz (Bruker-Avance) frequency and *C NMR spectra
were recorded at 75 MHz (Bruker-DPX) and 150 MHz (Bruker-
Avance) frequency in CDCl; solvent using TMS as the internal
standard. Chemical shifts were measured in parts per million
(ppm) referenced to 0.0 ppm for tetramethylsilane. The follow-
ing abbreviations were used to explain multiplicities: s =singlet,
d=doublet, t=triplet, q=quartet, m=multiplet, br.=broad,
Ar=aromatic. Coupling constants, J were reported in Hertz
unit (Hz). HRMS (m/z) were measured using ESI (Q-TOF,
positive ion) techniques. Infrared (IR) spectra were recorded on
Fourier transform infrared spectroscopy; only intense peaks
were reported. Fluorescence spectra were recorded on a Perkin
Elmer LS 55 Luminescence Spectrometer. Unless otherwise
stated, all commercial reagents were used without additional
purification. The starting materials o-oxocarboxylic acid;®!
alkynyl carboxylic acid;®™ and metal-photocatalysts®! were
prepared using literature reported method.
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General Experimental Procedure for Photoredox
Catalyzed a-Ketoamide Synthesis from the Corre-
sponding N,N-Dimethylaniline and 2-oxo-
2-Phenylacetic Acid. (Scheme 4)

A mixture of N,N-dimethyl aniline (0.2 mmol, 1.0 equiv.), Ru
(bpy)s(PFs), (4.3 mg, 0.005mmol, 0.025equiv.), DABCO
(44.8 mg, 0.4 mmol, 2.0 equiv.) and 2-oxo-2-phenylacetic acid
(60 mg, 0.4 mmol, 2.0 equiv.) was taken in a 25 mL round
bottom flask and diluted with 3 mL of acetonitrile solvent. To
this mixture, were added bromotrichloromethane (30 pL,
0.3 mmol, 1.5 equiv.) and water (30 pL). The resulting mixture
was irradiated under blue LED (48 W) light and stirred at room
temperature for 36h in aerobic condition. After that the
acetonitrile solvent was evaporated in reduced pressure and the
reaction mixture was poured into ethyl acetate (30.0 mL) and
extracted with saturated aqueous NaHCO; solution. The organic
layer was washed with water (10 mL x2) and brine (10 mL),
dried over anhydrous Na,SO, and the solvent was evaporated
under reduced pressure. The crude product was purified by
column chromatography (SiO,, eluting with hexane/ethyl
acetate) to afford the desired product.

General experimental procedure for photoredox catalyzed
alkynamide synthesis from the corresponding N,/V-dimeth-
ylaniline and phenyl propiolic acid. A mixture of N,N-dimethyl

aniline (0.2 mmol, 1.0 equiv.), Ru(bpy);(PFs), (4.3 mg,
0.005 mmol, 0.025 equiv.), DABCO (44.8 mg, 0.4 mmol,
2.0 equiv.) and phenyl propiolic acid (44 mg, 0.6 mmol,

3.0 equiv.) was taken in a 25 mL round bottom flask and diluted
with 3 mL of acetonitrile solvent. To this mixture were added
tetrabromomethane (80 mg, 0.24 mmol, 1.2 equiv.) and water
(30 pL). The resulting mixture was irradiated under blue LED
(48 W) light and stirred at room temperature for 20 h in aerobic
condition. After that the acetonitrile solvent was evaporated in
reduced pressure and the reaction mixture was poured into ethyl
acetate (30.0 mL) and extracted with saturated aqueous NaHCO;
solution. The organic layer was washed with water (10 mL x2)
and brine (10 mL), dried over anhydrous Na,SO, and the solvent
was evaporated under reduced pressure. The crude product was
purified by column chromatography (SiO,, eluting with hexane/
ethyl acetate) to afford the desired product.
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Owing to the market competitiveness and urgent societal need, an optimum speed of drug discovery is
an important criterion for successful implementation. Despite the rapid ascent of artificial intelligence
and computational and bioanalytical techniques to accelerate drug discovery in big pharma, organic
synthesis of privileged scaffolds predicted in silico for in vitro and in vivo studies is still considered as the
rate-limiting step. C—H activation is the latest technology added into an organic chemist's toolbox for
the rapid construction and late-stage modification of functional molecules to achieve the desired
chemical and physical properties. Particularly, elimination of prefunctionalization steps, exceptional
functional group tolerance, complexity-to-diversity oriented synthesis, and late-stage functionalization
of privileged medicinal scaffolds expand the chemical space. It has immense potential for the rapid
synthesis of a library of molecules, structural modification to achieve the required pharmacological
properties such as absorption, distribution, metabolism, excretion, toxicology (ADMET) and attachment
of chemical reporters for proteome profiling, metabolite synthesis, etc. for preclinical studies. Although
heterocycle synthesis, late-stage drug modification, °F labelling, methylation, etc. via C—H functionalization
have been reviewed from the synthetic standpoint, a general overview of these protocols from medicinal
and drug discovery aspects has not been reviewed. In this feature article, we will discuss the recent trends
of C—H activation methodologies such as synthesis of medicinal scaffolds through C—H activation/
annulation cascade; C—H arylation for sp2-sp? and sp?—sp® cross-coupling; C—H borylation/silylation to
introduce a functional linchpin for further manipulation; C-H amination for N-heterocycles and
hydrogen bond acceptors; C—H fluorination/fluoroalkylation to tune polarity and lipophilicity; C-H
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methylation: methyl magic in drug discovery; peptide modification and macrocyclization for therapeutics
and biologics; fluorescent labelling and radiolabelling for bioimaging; bioconjugation for chemical biology
studies; drug-metabolite synthesis for biodistribution and excretion studies; late-stage diversification of
drug-molecules to increase efficacy and safety; cutting-edge DNA encoded library synthesis and
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molecular and clinical biology, medicinal chemistry, chemical
biology, and pharmacology can accelerate and increase the

1. Introduction

In the era of globalization and the emergence of pharmacovigilance,
the development of high-quality therapeutics at optimum speed and
affordable price is the utmost challenge to meet urgent societal
needs." Currently, drug discovery programs are increasingly relying
on artificial intelligence and machine learning techniques
for decision-making and automation in preclinical studies.
Hence, the integration of several fields such as bioinformatics,
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positive outcome of drug discovery. Despite such developments,
organic synthesis is still a key but rate-limiting step in drug
discovery.®> Furthermore, studies from big pharma such as
AstraZeneca, GlaxoSmithKline, and Pfizer and academic researchers
revealed that medicinal chemistry programs are based on a limited
number of chemical reactions resulting in overpopulated chemical
space with structurally similar scaffolds which increases the risk of
off-target toxicity.* Therefore, assimilation of cutting-edge synthetic
strategies for the synthesis and diversification of novel medicinal
scaffolds is in high demand.

There has been an impressive array of C-H activation
methodologies developed in the last decade through which a
carbon-hydrogen bond is converted to a functional group for

This journal is © The Royal Society of Chemistry 2021
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further manipulation.” Despite several challenges associated
with this strategy, the opportunity to synthesize privileged
scaffolds through a novel disconnection approach is enormous.
Typically, a metal-complex coordinates to a polar group and
inserts into the proximal C-H bond to generate an organo-
metallic complex. Subsequently, it undergoes cross-coupling or
substitution reactions to furnish a C-C or C-X (X = heteroatom)
bond.® The major advantages are as follows: (a) this technology
is capable of activating distal meta- or para- C(sp®)-H and pB-,
y- or 8-C(sp®)-H bonds using a suitable directing group;’
(b) exceptional compatibility to halogens and other polar functional
groups offers a unique opportunity for further diversification which
is useful for structure-activity relationship (SAR) studies; (c) mild
reaction conditions are suitable for the late-stage functionalization
of densely functionalized molecules and natural products; (d) innate
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and guided late-stage stapling of molecular probes (fluorescent,
radioatom, photoaffinity, etc.) with the pharmacophore accelerates
mechanism of action studies; (e) the biomimetic catalytic approach
for C-H oxidation studies leads to the synthesis of easily inacces-
sible metabolites and identification of the metabolic hot spot. Still,
there are several drawbacks of C-H activation technology such as
installation and removal of the directing group, harsh reaction
conditions, residual metal contaminants, scale-up issues for pro-
cess development, etc. To circumvent these drawbacks, transient,
traceless and inherent directing group or even non-directed C-H
activation strategies were unveiled.® Cross dehydrogenative cou-
pling of the heterocycles is an attractive strategy wherein no
functional groups except C-H bonds are required in both coupling
partners and the reaction takes place through the extrusion of
hydrogen gas. Owing to the stringent regulation from the environ-
mental agencies, sustainability is also another dimension in
organic synthesis to reduce environmental footprints.” Keeping
this in mind, exploration of visible light photoredox-catalysis'® and
synthesis in a flow reactor'! exhibit an impact on C-H activation
technology. Furthermore, a feedback-based multidisciplinary
approach can translate a therapeutic molecule from bench to
bedside at maximum speed and affordable price.

Once a drug discovery program is conceived, the pharma-
coinformatics (PI) team plays a critical role in the rapid virtual
screening of compound libraries to identify a probable struc-
ture of a hit molecule using ligand-based drug design (LBDD),"?
structure-based drug design (SBDD),"” and fragment-based
drug design (FBDD) strategies.'* This information is useful to
the organic chemist in the next step for the development of new
methods and synthesis of a library of molecules. This is one of the
most time-consuming steps to synthesize the right molecule with
suitable pharmacological properties. Particularly, the integration
of multiple data into a single molecule against multi-factorial
diseases such as neurodegenerative or autoimmune diseases is
extremely challenging. Hence, the adaptation of cutting-edge
synthetic technologies such as C-H bond activation is important
to accelerate this process. The synthesized molecular libraries are
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screened in vitro and in vivo or in a cell or animal model and
feedback is provided to the organic chemist for further modification
of the core structure. The identification of a hit molecule to lead
optimization requires extensive organic synthesis for structure-
activity relationship (SAR) and quantitative structure-activity rela-
tionship (QSAR) studies, attachment of molecular probes (fluores-
cent, radioatom, photoaffinity, etc.) for activity- and affinity-based
protein profiling (ABPP),"” target pull-down, non-specific interaction
estimation, etc. (Fig. 1). Subsequently, the scale-up process is
developed under GMP/GLP facilities to generate a sufficient amount
of the lead molecule for complete pharmacological profiling, i.e.
pharmacokinetics (PK) and pharmacodynamics (PD) studies
and chronic safety in an animal. At the final step of preclinical
studies, the inventors proceed for an Investigational New Drug
(IND) application.

In this review, we will discuss the recent developments of
some chemical transformations through C-H activation which
are relevant to the drug discovery program. It will be conceptual
rather than comprehensive describing the recent applications of
C-H functionalization in discovery phases with representative
examples. These selected chemical transformations are (1) N-hetero-
cycle synthesis through C-H activation/annulation cascade; (2) C-H
arylation; (3) C-H borylation/silylation; (4) C-H amination; (5) C-H
fluorination/fluoroalkylation; (6) C-H methylation: methyl magic in
drug discovery; (7) peptide modification and macrocyclization;
(8) fluorescent labelling and radiolabelling for bioimaging;
(9) bioconjugation; (10) drug-metabolite synthesis; (11) late-stage
diversification of drug-molecules; (12) DNA encoded library

synthes:s

C—H activation

In silico drug design
(docking, SBDD, LBDD, FBDD)

Chemical methodology and
library development (CMLD)

pharmacophore synthesis
arylation
borylation/silylation
amination

methylation

fluorination/fluoroalkylation

Opportunities
® Rapid synthesis of chemical libraries for SAR studies

diversification
—— \/’
C —-H activation

i
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synthesis and (13) improved synthesis of drug molecules via
C-H activation.

2. N-Heterocycle synthesis through
C-H activation/annulation cascade

Chemical methodology and library development (CMLD) for
the synthesis of a diversified and complex molecular framework
is the foundation of drug discovery programs to identify potent
and selective hit molecules by high throughput screening
of a large number of compound libraries. Nitrogen heterocycles
are among the most significant structural components of
pharmaceuticals.'® Analysis of the database of U.S. FDA-approved
drugs reveals that 59% of unique small-molecule drugs contain a
nitrogen heterocycle.'”” This could be attributed to the fact that
their solubility, lipophilicity, polarity and hydrogen bonding
capacity can be modified easily during the optimization of the
ADMET properties. Rapid synthesis and diversification of var-
ious heterocycles in drugs can be accomplished by applying
modern techniques such as metal-catalyzed cross-coupling
reactions.'® Recently, C-H activation has emerged as a powerful
tool for the synthesis of heterocyclic molecules." In the last few
decades, an aniline and benzoic acid moiety has been widely
explored for sp> C-H bond functionalization.”® While C-H
functionalization of electron-rich anilines predominantly pro-
ceeds through electrophilic ortho metalation, the benzoic acids
proceed through a distinct concerted metalation-deprotonation

e 0

Hit to lead optimization
(SAR, QSAR, profiling)

In vitro and in vivo
efficacy and safety test

peptide modification/
macrocyclization

late-stage diversification
ioconjugation/tagging
rescent/radiolabeling

dru@®¥netabolite synthesis

DNA encoded library

Challenges
o High activation energy for inert C—H bond cleavage

* Exceptional functional group tolerability, broad scope ® Regioselectivity issues in innate and guided C—H activation

e Expands chemical and biological space

¢ Novel disconnection approach to new scaffold

¢ No prefunctionalization, late-stage diversification
e Blocks metabolic hot spot, metabolite synthesis
® Generate molecular probes for profiling

* Enhance Intellectual property (IP) space

Fig.1 C-H activation in medicinal chemistry and drug discovery.
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¢ Installation and removal of directing group (DG)

e Poorly understood diverse reaction mechanism

* Limited success in scale-up and process chemistry
® Metal contamination with the final API

¢ Lack of bioorthogonal and sustainable conditions

This journal is © The Royal Society of Chemistry 2021
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(CMD) mechanistic pathway.”" Although anilines provide direct
access to a plethora of N-heterocycles, we will discuss here the
synthesis and late-stage diversification of medicinally relevant
indoles®* through C-H bond functionalization as a representative
example.” Traditionally, the indole core is synthesized via Fisher,
Larock, Buchwald and Hegedus methods from aryl hydrazines or
2-haloanilines (Scheme 1a).>* Owing to their limited commercial
availability and high cost, the transition metal-catalyzed direct
synthesis of indole from anilines or protected anilines obviating
rigorous prefunctionalization steps has been explored in the last
few decades (Scheme 1b and c). In this vein, two distinct
strategies have been well explored: (a) intramolecular cyclization
of N-arylamines or -imines and (b) intermolecular cyclization of
anilines and alkynes or alkenes.”® A catalyst-controlled scaffold
diversification to indoline,*® annulative m-extension to carbazole®”
and late-stage C-H functionalization®® at every carbon beyond C2

a) H R I
H* cat. Pd(OAc),
(:[N/NHz N R? Larock @E
H N N
;\ + H + R!
. R2—E==2 R3

R Fischer
R2
R2
H
(:[ 4o+ R g metal cat. AN R3
N” C-H activation N
I:I)G DG deprotection H
b NH
) 2 NH,
X
H
vs
X=Cl,Br, |
chemicals commercial price/mole
availability (nos)
aryl hydrazines ~800 $13
o-chloroanilines ~900 $50
o-bromoanilines ~500 $500
o-iodoanilines ~200 $1000
anilines ~24000 $2
c) Mechanistic aspects of C-H functionalization

= Facile electrophilic metalation

= C-H functionalization at room temperature
= Inexpensive starting material

= Broad substrate scope

= No dehalogenation product

= |nstallation and removal of directing groups

” N

H
Ilate-stage functionalization I H

e beyond H
/ C2,C3 C2,C3
7/
N H
H

Scheme 1 (a) Chronological development of indole synthesis. (b) Com-
mercial availability (Reaxys) and price (Sigma-Aldrich) of starting materials.
(c) Mechanistic considerations. (d) Representative N-heterocycles and
late-stage functionalization of indole.
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and C3 have been achieved (Scheme 1d). Hence, a vast number of
diverse libraries of compounds are generated for comprehensive
structure-activity relationship (SAR) studies. This example mani-
fests the power of C-H functionalization in medicinal chemistry
and drug discovery.

3. C—H arylation for drug scaffolds

Biaryl moiety is one of the most prevalent structural motifs
found in a range of therapeutics including antibiotics, analgesics,
and anti-inflammatory, neurological and antihypertensive
drugs.* The prevalence of the biaryl scaffold in pharmaceuticals
has been rationalized by its ability to interact with a range of
functional groups that are widespread in biological targets.*®
Because of its selective binding to proteins and other biological
targets, the biaryl scaffold is regarded as a privileged structure.
Hence, a sustained effort including palladium-catalyzed Suzuki-
Miyaura decarboxylative cross-coupling has been dedicated for
the stapling of two aryl moieties together. In the last few decades,
C-H arylation using a coordinating/directing group with aryl
halides or pseudohalides has been well explored.*" In this vein,
palladium, ruthenium(u)-catalyzed synthesis of angiotensin-II
receptor blockers such as Valsartan (1) and Losartan (2) are
noteworthy (Scheme 2ai).** Similarly, copper(u)/hypervalent
iodine combination,® nickel-catalyzed arylation,>® and silver-
catalyzed Minisci-type arylation of heteroaromatics®” are important
developments in this direction. A cyclometalated ruthenium
complex has shown remarkable reactivity for the late-stage
arylation of drug scaffolds.>® The synthesis of the biaryl core
of Anacetrapib (4, Scheme 2aii) (potent activity against hyper-
cholesterolemia found by Merck) was reported by the Ouellet
group at Merck via Ru-catalyzed C(sp’)-H arylation using the
oxazoline (3) directing group.®” Piperarborenines are an impor-
tant class of natural products exhibiting in vitro cytotoxicity
against P-388, HT-29 and A549 cancer cell lines.*® The Baran
group developed a palladium-catalyzed total synthesis of Piper-
arborenine 8 (6, Scheme 2b) through two sequential C(sp®)-H
arylations of the cyclobutane core (5) with good stereocontrol.*”

4. C—H borylation/silylation in
medicinal chemistry

Since the ready acceptance of Suzuki-Miyaura cross-coupling in
all branches of chemical synthesis, the formation of a carbon-
carbon bond has become a major thrust area of research.*®
Recently, an ample number of synthetic methodologies for
borylation of an inert C-H bond have been developed which
can be cross-coupled for carbon-carbon and carbon-heteroa-
tom bond formation.*" Hartwig, Smith III, Chattopadhyay and
others have made significant contributions to the research of
rhodium- and iridium-catalyzed C-H borylation reactions.*?
The most important feature of iridium-catalyzed C-H borylation
chemistry is that, besides directed ortho-borylation,*® a steric-
induced C-H borylation takes place at the remote meta position with
respect to substitution without the need of any directing group.**

Chem. Commun., 2021, 57,10842-10866 | 10845
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a. C(sp?)-H arylation towards the synthesis of drug molecules

C-H arylation
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Scheme 2 C(sp?)—H and C(sp®)—H arylation for the synthesis of drug molecules.

This methodology is particularly useful to expand the chemical space
of pharmaceuticals since biaryls with ortho- and para-substitution
are densely populated over a narrow chemical space. Iridium-
catalyzed C-H borylation introduces a functional handle into
the molecular backbone for further diversification through
cross-coupling reactions (Scheme 3a). Gratifyingly, iridium-
catalyzed C-H borylation is one of the most successful synthetic
methodologies applied for the synthesis of several natural
products and large-scale process development. For example, a
non-nucleoside reverse transcriptase inhibitor (NNRTI), Doravirin
(7), has been synthesized on a kilo-scale through a reliable C-H
borylation which is currently under phase III clinical trials for the
treatment of HIV infection.”® The crucial intermediate 3-chloro-
5-iodo-phenol (8) was accessed through a meta-selective C-H
borylation—-oxidation of commercially available 3-iodo-chlorobenzene
with 0.8-1.0 mol% iridium(i) catalyst. Staurosporine (9, Scheme 3bi)
is among the most potent naturally occurring kinase inhibitors
and has been proved to be a lead compound for numerous drug

10846 | Chem. Commun., 2021, 57,10842-10866

development efforts in several therapeutic areas.*® The indole-
carbazole (ICZ) moiety of 9 (marked in blue) is crucial for binding
to the adenosine triphosphate (ATP) pocket of kinases.*” Taube
and Wood reported the synthesis of a library of 14 compounds
through late-stage modifications of this core for structure-activity
relationship (SAR) studies.*® They incorporated an Ir-catalyzed
C-H borylation in their multistep reaction sequence. Compared
to the previously reported electrophilic aromatic substitution
(EAS) (which is dependent on the electronic nature and can
functionalize at only two positions (10)), this C-H borylation
(regioselectivity is dictated by steric factors) provided a larger
number of derivatives at a time. For example, this borylation
technique afforded mono-borylation at either of the three posi-
tions or diborylation at two of the three positions, giving a total of
5 borylated products from which they were able to synthesize a
total of 14 staurosporine derivatives by further functionalization.
For the synthesis of GPR119 (a potential anti-diabetic), a
research group at AstraZeneca prepared a crucial intermediate

This journal is © The Royal Society of Chemistry 2021
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Scheme 3 (a) General schemes for C—H borylation/silylation, followed by functionalizations. (b) C(sp?)—H borylation/silylation for the synthesis of drug
molecules.

(15, Scheme 3bii), starting from 5-bromo-2-chloropyrimidine 11
(costing around $ 12 g~ "), followed by Pd-catalyzed borylation using
the bromo substrate 12 and then oxidation in only 23% yield.

This journal is © The Royal Society of Chemistry 2021

The Hartwig group successfully synthesized the intermediate 15
starting from a cheap starting material, 2-chloropyrimidine, 13
(costing around $ 4 g~ "), followed by Ir-catalyzed C-H borylation

Chem. Commun., 2021, 57,10842-10866 | 10847


https://doi.org/10.1039/d1cc04083a

Published on 07 September 2021. Downloaded by Indian Institute of Chemical Biology on 5/23/2022 7:45:14 AM.

ChemComm

of 14 and then oxidation in 91% yield.*® The Hartwig group also
developed a catalytic system combining [Ir(cod)(OMe)], and
2,9-Me,-phenanthroline for the silylation of aryl C-H bonds.>
Then they applied this catalyst for the synthesis of intermediates
for Doravirin, Ozonoxacin and ARC123196. Doravirin 7, an anti-
HIV drug, can be synthesized from any of the three intermediates
(8, 16-17). These intermediates are obtained by Ir-catalyzed C-H
borylation/silylation, followed by oxidation/iodination, 8, 16 and
17 (the first one was developed by the Campeau group and the
last two were developed by the Hartwig group). The Hartwig
group also used this C-H silylation method for the synthesis of
intermediates of Ozenoxacin 18 (antibiotic) and ARC123196 19
(treatment for asthma). AZD4635 (20, Scheme 3biii) is an A,,R
antagonist currently under clinical trials for the treatment of
solid tumors.”® The Littleson group developed a concise and
operationally robust route for the synthesis of a crucial inter-
mediate in 30% overall yield in five steps, from which AZD4635
can be obtained by recrystallization.>> Remarkably, they were able to
produce 6.5 kg of the active pharmaceutical ingredient (API) using
their protocol which involved iridium catalyzed C-H borylation
(76% yield) for the subsequent Suzuki-Miyaura biaryl coupling.

Verruculogen 22 and Fumitremorgin A 23 are bioactive
alkaloids that contain a unique eight-membered endoperoxide.
These polycyclic tryptophan-based alkaloids were first identi-
fied for their tremor-inducing activity in mice and they showed
activity against multi-drug resistant (MDR) cancer cell lines and
also against HIV.>> The Baran group reported the first total
synthesis of two important natural products Verruculogen and
Fumitremorgin A in 11 and 12 steps, respectively.”* These
synthetic strategies involved an efficient iridium-catalyzed
C-H borylation, followed by Chan-Lam reaction, to get a
6-methoxytryptophan derivative (21, Scheme 3biv). This method
was very selective to functionalize the C6 position of an N,C3-
disubstituted indole for the synthesis of indole based natural
products and pharmaceuticals.

The Maiti group reported the formal synthesis of the anti-
cancer drug TAC101 using a Pd-catalysed meta C-H silylation.>”

5. C—H amination in drug discovery

In the biological system, enzymes can oxidize unreactive C-H bonds
to alcohols or phenols during biosynthesis and drug metabolism.>®
However, analogous aminations of C-H bonds are not possible.
Owing to the biological activity of nitrogen-containing therapeutic
agents and clinically useful natural products, the development of C-
N coupling reactions is extremely important in medicinal
chemistry.”” In fact, parallel to the Suzuki-Miyaura cross-coupling
reaction for carbon-carbon bond formation, the C-N coupling
reaction has been proved as an indispensable tool in medicinal
and process chemistry.*® The introduction of an amine moiety
into the pharmacophore improves the pharmacokinetics and
therapeutic index by increasing polarity, pH-dependent bio-
distribution and hydrogen-bonding ability.>® One striking illustration
is the conversion of Erythromycin to Azithromycin via the transfor-
mation of the ketone to the corresponding -N(Me)CH,- group that
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can be administered once daily, thus minimizing the treatment
time.*° Hence, the C-N bond-forming reaction has been continu-
ously evolved through the development of copper-mediated
Ullmann type coupling,®* palladium-catalyzed Buchwald-Hartwig
coupling,”” copper-mediated/catalyzed oxidative Chan-Evans-—
Lam coupling® and the latest direct C-H amination reactions.**
Typically, a directing group is used in the substrate for the guided
intermolecular C-H amination. Innate C-H amination of
benzylic, allylic or even unbiased aliphatic C-H bonds has also
been explored.”® Furthermore, a wide range of medicinally
relevant cyclic amines starting from three-membered aziridines,*
four-membered B-lactams® and benzazetidines,®® five-membered
indoles,” indolines,” carbazoles, and pyrrolidines, sixmembered
quinolones and piperidines,”” etc. have been developed (Scheme 4).
A remarkable development in this direction is the rhodium(i)-
catalyzed intramolecular nitrene insertion to the proximal inert
C-H bonds, furnishing five- or six-membered cyclic amine
derivatives.””> The Rh,(esp), catalyst (known as the Du Bois
catalyst) is an extremely efficient and general catalyst for C-H
amination and nitrene insertion to 3° C-H bonds, which took
place with just 0.15 mol% catalyst loading providing quantitative
conversion (Scheme 5a). The reliability of this catalytic system
was further demonstrated through a concise synthesis of bis-
guanidinium toxin (+)-Saxitoxin (STX) 25 which was used for
the identification, characterization and study of voltage-gated
sodium channels (vg-Na+ channels).”®> A C-H amination of a
glycerol derived enantiomerically pure sulfamate ester (24,
Scheme 5b) was used as a key step to access the cyclized product
which provided (+)-saxitoxin (STX) through subsequent steps.
Another important aspect of C-H amination is the direct
introduction of the azide group into the molecule which can be
used as a nitrene precursor or for Huisgen ‘click’ cycloadditions and
Staudinger ligation reactions. Hence, synthesis of hybrid molecules
and bioconjugation of fluorescent or photoreactive probes for
affinity-based protein profiling in chemical biology can be
performed with minimum perturbation of the lead molecule.
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R O)
+ /R —_— N\Rz
HN{ 5 directed
R
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DG = directing group
M =1r, Rh, Pd, Ru, Cu, Co, Ni etc.
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(ng
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s
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CR,

Gaunt Chen Yu Shi
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N
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5
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Scheme 4 General scheme for directed C—H amination reaction.
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6. C—H fluorination/fluoroalkylation in
drug discovery

Fluorine is a magical element frequently used in medicinal
chemistry and different phases of drug discovery due to its distinct
electronic and physical properties.”* Due to the similarity in size,
replacement of a hydrogen atom with fluorine results in minimum
perturbation of the hit molecule, whereas it influences the potency,
conformation, metabolism, membrane permeability, etc.”” Incor-
poration of a nonradioactive '°F atom into the drug molecule offers
a unique opportunity for biodistribution, drug metabolism, and
excretion property studies via high-performance liquid chromato-
graphy (HPLC) or liquid chromatography mass spectrometry
(LCMS), target protein-drug interaction studies via nuclear
magnetic resonance (NMR) techniques, magnetic resonance ima-
ging (MRI) contrast agents for clinical diagnosis, etc. Furthermore,
incorporation of radioactive '°F into a bioactive molecule or a
patient provides an opportunity for positron emission tomography
(PET) imaging in medicine, oncology, cardiology, neuroscience and
drug development (for further details see Section 9.3). Owing to its

C(sp?)-H fluorination
a. Xu group

o0

Pd(dba), (5-10 mol %)
NFSI (1.5-2.0 equiv.), EtOAc

Y

80-120°C, 2-6 h

(a) Rh-Catalysed C—H nitrene insertion. (b) Application to the synthesis of (+)-saxitoxin.

potential as therapeutics and diagnostics, the development of
fluorine-containing theranostics is growing.”® However, from the
mechanistic standpoint, the formation of a carbon-fluorine bond
is extremely challenging due to the strong metal-fluorine bond and
sluggish reductive elimination. To circumvent this issue, high-
valent palladium(iv),”” copper(m),”® Au(1)/Au(m) redox cycle,”” and
nickel(m)/(iv)*® complexes have been developed which undergo a
facile reductive elimination to furnish a carbon-fluorine bond.
With the advent of novel catalytic systems, nucleophilic, electro-
philic and radical fluorination reactions have been explored.
Furthermore, more sustainable Mn(m)/porphyrin,®* photoredox
catalysis,®” etc. have also been explored. Recently, excellent reviews
have been published in the literature.** The Xu group developed a
Pd-catalysed facile and site-selective C-H bond fluorination of
phenols using the 2-pyridyloxy group as the auxiliary and NFSI
as the fluorinating reagent.®* Furthermore, late-stage C-H bond
fluorination of bioactive 2-phenoxyl nicotinate derivatives such as
Diflufenican was also implemented successfully under these con-
ditions to obtain the fluoro-Diflufenican analogue (26, Scheme 6a).
Remarkably, a mono-fluorinated product was exclusively obtained

i H
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! (0]
(0) i H " f
1
N i
FONS ;
~30 examples, ! F F F
58-85% yield : 75%32

b. Chen and Liu group
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PhI(OPiv), (1.5 equiv.) (
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regioselective C-H fluorination

Diflufenican analogue, 26
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Scheme 6 C(sp?)—H fluorination for the synthesis of drugs or drug analogues.
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from the 2-pyridyloxy-directed activation at the sterically less
hindered C-H bond under these conditions. The Chen and Liu
groups developed an efficient synthesis of the fluoro-piperidine
core (27, Scheme 6b) through Pd-catalysed aminofluorination of
alkenes with high diastereoselectivity (93:7).%° Then they
applied this fluoropiperidine core for the first total synthesis
of two important fluorinated alkaloids 6-(R)-fluoroswansonine
28 and 5-(R)-fluorofebrifugine 29. Swainsonine is an anticancer
alkaloid having the potential to treat glioma®® and gastric
carcinoma,®” whereas febrifugine®® is a quinazolinone alkaloid
possessing antimalarial properties.

The difluoromethyl (CF,H) group is important in drug discovery
programs because of its isosteric nature to the OH and SH groups
and it can act as a lipophilic H-bond donor.*® As a result, there are
numerous marketed drugs containing the CF,H group. Roflumilast
(for the treatment of inflammatory conditions of the lungs) and
Pantoprazole (for the treatment of erosive esophagitis in
patients with gastroesophageal reflux) are two frequently pre-
scribed -CF,H containing marketed drugs. Therefore, methods
for the late-stage introduction of the CF,H motif into complex
organic molecules or drug molecules are highly desirable. The
Cao and Liu groups reported the first catalytic benzylic C-H
difluoromethylation which is simple, selective and scalable.”®
Their methodology involved copper-catalyzed benzylic C-H
difluoromethylation of N-chlorocarboxamides and N-chloro-
carbamates using a zinc reagent as a nucleophilic difluoromethyl
source at room temperature (Scheme 7a). This methodology was
also applied for the late-stage difluoromethylation of two bioactive
molecules such as Chlorambucil and a protease inhibitor to
obtain the analogues 30 and 31, respectively. Overcoming the
challenges of remote functionalization, the Zhao group developed
an efficient ruthenium-catalyzed para-selective C-H difluoro-
methylation of anilides, indolines and tetrahydroquinolines which
they applied for the synthesis of a difluoromethylated Carprofen
analogue (32, Scheme 7b).>! The Qing group reported a copper-
mediated oxidative C-H difluoromethylation of a variety of
heteroarenes using TMSCF,H as the difluoromethyl source.’>

C(sp?)-H difluoromethylation

a. Cao and Liu group

View Article Online
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They observed that 9,10-phenanthrenequinone (PQ) plays a
crucial role as an oxidant to the success of this difluoromethylation.
Their protocol offers an expedient and regioselective synthesis of
various difluoromethylated N- and/or O(S)-containing heteroarenes,
which cannot be easily accessed by radical difluoromethylation.
Under these conditions, the Neosalvianen (the natural product
isolated from Salvia miltiorrhiza) analogue 33 was difluoromethy-
lated in 85% yield (Scheme 7c). Lou and Xu also developed a novel
palladium-catalyzed highly para-selective C-H difluoromethylation
of various aromatic carbonyls such as aromatic ketones and benzo-
ates using ethyl bromodifluoroacetate as the difluoromethyl source
(Scheme 7d).>® They demonstrated that the coordination of Pd
with the carbonyls was responsible for the high para-selectivity
in their method. They also implemented their methodology
for the late-stage difluoromethylation of several complex bio-
active compounds, e.g. Ketoprofen 34, Fenofibrate 35 and
Octabenzone 36, analogues.

Trifluoroalkylation is also an extremely important transforma-
tion frequently used in medicinal chemistry and drug discovery.
Installation of the fluoroalkyl group at the metabolic hot-spot
increases its pharmacokinetic properties and stability from the
metabolic degradation by P450 oxidases in vivo. There has been
tremendous progress in the installation of trifluoro- and difluoro-
methyl groups directly into the organic backbone through a radical
pathway.®* Baran has developed and commercialized several zinc
reagents which spontaneously liberate trifluoromethyl and difluor-
omethyl radicals for the subsequent reaction.”® The Sanford group
reported the design and synthesis of a new stable Ni(v)-complex
that mediated C(sp?)-H trifluoromethylation reactions.’® Initially,
they applied this catalyst in a stoichiometric amount for C-H
trifluoromethylation. Subsequently, they successfully developed a
catalytic method for the C-H trifluoromethylation of electron-rich
arene and heteroarene substrates. This catalytic system was also
applied for the C(sp*)-H trifluoromethylation of the bioactive
Tadalafil to achieve the trifluoromethylated analogue 37 in reason-
able yield (Scheme 8a). The Cook group reported a mild benzylic
C-H trifluoromethylation using Grushin’s reagent [Cu(bpy)(CF3)s]

b. Zhao group cl c. Qing group
HF2C i CF,H
f H
NH'Bu | EO,CF,C NZ o
1
i Me Me
R= CHZCHZCI : Me
& . 1 MeO (6] (@)
Chlorambucil analogue, 30 a protease inhibitor ! 85% Me
d. Lou and Zhu group analogue, a1 Carprofen analogue, 32 Neosalvianen analogue, 33
OMe O
Me 0}
o O O O O CF,CO,Et
76% CF,CO,Et - CF,CO, Et 62%

Ketoprofen analogue, 34

M Fenofibrate analogue, 35

Octabenzone analogue, 36

Scheme 7 C(sp?)—H difluoromethylation for the synthesis of drug analogues.
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b. Benzylic C(sp®)-H trifluoromethylation
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Scheme 8 C(sp?)—H trifluoromethylation for the synthesis of drug analogues.

38 as the ‘CF;’ source with high selectivity for the least hindered
hydrogen atom.”” The reaction furnished mono-triftuoromethylation
solely and worked in an environmentally benign acetone/water
solvent medium. This method was also applicable for the benzylic
C-H trifluoromethylation of some drug molecules such as the
Celecoxib analogue 39 and the Meclizine analogue 40 in 82% and
26% yields, respectively (Scheme 8b). The Liu group also indepen-
dently reported a similar type of work using this Grushin’s reagent
and its application to the synthesis of the Iprovalicarb analogue 41.%%
Zhu and Li have developed a general copper-catalyzed methodology
for C-H trifluoromethylation regioselectively at the benzylic position
using Zn(CF;),(bpy) as the ‘CF;’ source.”® This operationally simple
method was also found to be very efficient for late-stage C-H
trifluoromethylation of many complex organic molecules and known
drugs in moderate to good yields. Some of them are Salidroside 42,
Salbactum 43, Triclosan 44 and Ibuprofen 45 analogues.

7. C—H methylation: the methyl magic
presumed in drug discovery

Significant improvements in pharmacological properties are
observed by converting a C-H bond to a C-Me bond which
is termed by medicinal chemists as “methyl magic”.'*

This journal is © The Royal Society of Chemistry 2021

Strategies and techniques for regioselective C-H methylation
of C(sp®)-H and C(sp®)-H bonds under mild conditions and
their application for the late-stage methylation of complex
drugs and natural products is in high demand. The direct
C-H methylation approach can deliver drug analogues more
easily than the de novo synthesis which has a great impact in
accelerating the drug development process. Most of the
advancements that have been reported for the C-H methylation
reactions in the last few years are covered in two reviews by Tim
Cernak, Jamie A. Leitch and Darren J. Dixon, and these are repre-
sented here as a general scheme (Scheme 9a).'”" Some representative
late-stage C-H methylation reactions in complex drug or drug-like
molecules are worthwhile to include in this review.

In a collaboration between the Yu and Baran groups, a
ligand-accelerated ortho C(sp®)-H monomethylation of benzoic acids
was developed. This C-H methylation and a Pd-catalyzed C(sp’}-H
hydroxylation were successfully applied for the synthesis of a
sesquiterpenoid antibiotic, (+)-hongoquercin A (46, Scheme 9bi).'*>
The Johansson and Ackermann group developed a practical
methodology for the late-stage C-H methylation of structurally
complex drug molecules using a cobalt catalyst.'®® A stoichio-
metric amount of cobalt catalyst was required for more complex
drug molecules. This method eliminated the pre-functionalization
or post-deprotection steps for the C-H methylation of a diverse
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a. General scheme for directed C-H methylation
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Scheme 9 (a) General directed C(sp?)—H methylation and (b) C(sp?)—H methylation for the synthesis of bioactive molecules/drug analogues.

array of marketed drug molecules and natural products (47-51,
Scheme 9bii). The physicochemical and biological testing of the
mono-methylated and di-methylated analogues in comparison
to the corresponding parent compounds indicated that the
methylated analogues display better pharmacological proper-
ties and modulation via C-H methylation often offers further
improvements. Johansson and Martin-Matute recently reported
an iridium-catalyzed carboxylate-directed ortho C-H methyla-
tion of benzoic acids (Scheme 9biii).'®* The C-H methylation of
the marketed drug Repaglinide (blood glucose reduction in
type 2 diabetes mellitus) took place efficiently under these
conditions to give 52. Biological studies showed increased
metabolic stability of Me-Repaglinide compared to the parent
drug in both rat hepatocytes and human liver microsomes
with desirable reduced lipophilicity. Dehydroabietic acid
(diterpene) 53 is identified as an efficient BK channel opener.
Compounds with this activity are useful for the treatment of
acute stroke, epilepsy and asthma. The Yu group reported a
late-stage methylation of the inactive C(sp®)-H bond of the
hydroxamic acid version of the natural product to provide 54
(Scheme 9biv) which is quite difficult to functionalize by other
methods."*?

10852 | Chem. Commun., 2021, 57, 10842-10866

8. Amino acid, peptide and protein
modification through C—H activation

Peptides and proteins play an important role in governing many
biological processes, e.g. cell signaling and metabolism."*® The
function of a peptide largely depends on its shape and structure.
The primary peptide structure is determined by the order of
amino acids. A change in the sequence of amino acids or a bond
formation between amino acid side chains (modified peptides)
gives rise to changes in the primary peptide structure which in
turn causes changes in peptide function. Modified peptides in
many cases show extraordinary biological function than a native
peptide.’®” For example, the development of radiolabelled or
fluorescent peptides through peptide modification can be
accomplished through chemical tagging for understanding
protein function in a cell.'®® Modified peptides are also found
to be better therapeutic agents than small molecule drugs
possessing higher target specificity and affinity.'” Many peptide
therapeutics having excellent biological activity show poor
pharmacokinetics."'° The potency of such peptides can be increased
by creating rigidity through peptide modification (peptide
stapling).""" Peptide modification reactions fall into three

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 General strategies for peptide modification.

general categories: (a) reactions with heteroatoms of side
chains or terminals of amino acids; (b) cross-coupling with
functionalized peptides; and (c) C(sp?, sp®)-H functionalization
reactions (Fig. 2). The first category cannot be frequently used
because these reacting centres are often necessary for peptide
function and tedious prefunctionalization steps are required for
the cross-coupling reactions. Hence, direct C-H functionalization
such as post-synthetic modifications are highly desirable over
cross-coupling as they enable modifications of natural peptides
in a single step. Recently, late-stage modification of «-amino acids
via C-H activation keeping the chiral center intact has emerged as
a promising technique for the generation of unnatural amino
acids."™ In fact, these methodologies have been extended to the
modification and stapling of peptides and proteins either through
C(sp?, sp®)-H functionalization in the aryl/alkyl part of the aro-
matic/aliphatic amino acid residues or through macrocyclization
or stapling reactions via C(sp®,sp®)-H activation.'**

C-H activation techniques are proved to be extremely efficient
over conventional methods such as disulfide linkages, ring-closing
metathesis, azide-alkyne click reactions and biaryl linkages invol-
ving the borylated phenylalanine derivatives for the synthesis of

a. Late-stage C(sp?-H stapling by Lavilla group OH

Valorphin analogue, 55

b. Late-stage C(sp®)-H stapling by Wang group
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stapled peptides. Albericio, Ackermann, Chen, Lavilla and Wang
groups have significant contributions in the field of peptide
stapling through C(sp? sp®)-H activation."’* For example, the
Lavilla group developed two strategies for the macrocyclization
of peptides through C(sp®)-H activation and applied them for the
synthesis of the Valorphin analogue 55 (14-membered ring) and
the Baratin analogue 56 (17-membered ring) (Scheme 10a).'*?
The Wang group reported peptide macrocyclization through
Pd-catalysed C(sp®)-H arylation (Scheme 10b)."'® Using this
method, they were able to synthesize one (17-membered ring)
of the two rings of Celogetin C ring A 57 in a very step economic
manner compared to previous reports which required 6 steps
just for macrocyclization.

9. Bioimaging/radiolabelling via C-H
activation

Bioimaging is an important technique frequently used in medicinal
chemistry for the localization and biodistribution studies of the lead
molecule in the cellular or animal context. It is also an indispen-
sable tool for diagnosis and metabolism studies. Hence, attachment
of a tracer element to the lead molecule keeping the biological
action intact is extremely challenging. To circumvent this issue, late-
stage conjugation of a radiotracer element or a fluorescent dye
through C-H activation has received special attention. In this
context, we will highlight the synthesis of fluorescent molecules
and "®F labeling via C-H activation.

9.1 Fluorescence labeling

Fluorescence imaging is a powerful technique to detect biologically
relevant species with the additional ability to visualize morpho-
logical details and monitor many physiological processes in
living systems."'” Three important features for an organic
fluorophore for bioimaging are (1) fluorophores with a low
molecular weight as they have exceptional advantages such as

Condition A
Pd(OAc); ( 5.0 mol %)
AgBF, (1.0 equiv.)
2-NO,BzOH (1.5 equiv.)
DMF/PBS (1/1), 80 °C, MW, 15 min
Condition B
Pd(OACc), ( 5.0 mol %)
AgBF4 (2.0 equiv.)
TFA (1.0 equiv.)
DMF, 90 °C, MW, 20 min

o N COOBu
H O
HN O
1.Phthalimide deprotection N\
2. PyroGlu conjugation w
y jug i HNY N
Ts

N

o= Y
:<j (0] Celogetin C ring A, 57

Scheme 10 Peptide modification via late-stage C(sp?)—H/C(sp®)—H peptide stapling and its application in natural product synthesis.

This journal is © The Royal Society of Chemistry 2021

Chem. Commun., 2021, 57,10842-10866 | 10853


https://doi.org/10.1039/d1cc04083a

Published on 07 September 2021. Downloaded by Indian Institute of Chemical Biology on 5/23/2022 7:45:14 AM.

ChemComm

a. You group b. You group
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Scheme 11 Synthesis of fluorescent probes via C—H activation.

minimal perturbation to living systems and good cell per-
meability;''® (2) near-infrared (NIR) fluorophores (emission
wavelength range of 650-900 nm) are highly desirable for
in vivo bioanalysis and bioimaging because they undergo minimal
photo-damage and low light scattering, and also they can penetrate
deep tissues for high-quality imaging;''® and (3) fluorophores
should have low cytotoxicity.

The You group developed a methodology to synthesize
a library of bi-heteroaryl fluorophores (Indazo-Fluors) via an
oxidative C-H/C-H cross-coupling reaction between electron-
deficient 2H-indazoles with electron-rich heteroarenes using
the Pd catalyst."*® By fine-tuning of one of the core skeletons,
they successfully achieved a low molecular weight near-infrared
(NIR) dye (58, Scheme 11a) which could light up the mitochondria
of living cells specifically with bright red luminescence. The
cytotoxicity test in cultured HepG2 cells showed almost no
toxicity. The same group developed benzo[b]-fused BODIPY
based fluorescent probes through a palladium-catalyzed direct
C-H functionalization, followed by annulation of BODIPYs with
alkynes (Scheme 11b)."*' After cell imaging experiments and
cytotoxicity assays, they found that some of the benzo[b]-fused
BODIPYs had specific lysosome-imaging capacity and turn-on
fluorescence emission in cells with low cytotoxicity, suggesting
them as potential lysosome-targeted reagents.

The Ackermann group synthesized a library of cyclobutane
boron-dipyrrins (BODIPYs) through efficient triazole-assisted
secondary C(sp®)-H cyclobutane arylations (Scheme 11c)."** They
chose the cyclobutane core since cyclobutanes are vital building
blocks found in complex natural molecules displaying bio-
activities."*® Thus, they successfully generated a library of novel
cyclobutane BODIPY molecules, one of which is mentioned here
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c. Ackermann group

59, 52%
C(sp®)-H arylation
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(59) as an effective biorelevant molecule for fluorescence-based
live-cell imaging.

9.2 Application in neuroimaging

Fluorescence probes also find excellent applications in neuro-
science.'®* Learning is one of the activities that are controlled
and regulated by the nervous system and it is dependent on the
plasticity of synaptic connections between neurons.'>* Obtaining
information about signaling in individual synapses was a long-
lasting problem in neuroscience."*® This problem was solved by
the Sames group by introducing a novel class of neuroimaging
probes called fluorescent false neurotransmitters (FFNs) which
enables optical imaging of neurotransmission in the brain."*” A
FFN is a fluorescent probe synthesized by mimicking a neuro-
transmitter which gives information about the activity changes in
individual synapses during different levels of neuronal activity by
examining the release of this fluorescence neurotransmitter at
individual synapses. They developed Pt- or Au-catalysed conditions
for intramolecular alkyne hydroarylation with arene C-H bonds to
construct highly fluorescent amino coumarins (Scheme 12)."**
These mild catalytic methods directly afforded a library of FFN
probes with a variety of functional groups in the amino coumarin
core (60, 61) which made it easier to tune the fluorescence
properties and the ability to function as substrates for relevant
protein targets.

9.3 '5F labelling for positron emission tomography (PET)
imaging

Positron (B") emission tomography (PET) is a non-invasive
technique for the in vivo 3D imaging of physiological structures
and biochemical pathways.'*® It has extensive applications

+

NH3

NH(Boc) CFsC00
S
=z X
( ——=HN (6] O
N 0" o
PV139 (TFA Salt),
61

FFN candidate

via intramolecular alkyne hydroarylation with arene C-H bond

Scheme 12 Synthesis of fluorescent false neurotransmitters (FFNs) via intramolecular alkyne hydroarylation with arene C—H bonds.
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Scheme 13 C(sp®)—H/C(sp?)—H radio-fluorination for the synthesis of radiolabelled drug analogues.

in cardiology, clinical oncology, neurology and basic biomedical
research.”®® In addition to applications for diagnosis of diseases,
PET imaging can also provide important information regarding
potentially limiting side effects because of off-target binding."** Out
of all PET radioisotopes "®F has gained high interest for its favorable
physical and nuclear characteristics, which include a high positron
decay ratio (97%), a short half-life (109.7 min) and a low positron
energy (max. 0.635 MeV)."*> Hence, the methodology for the late-
stage introduction of short-lived '®F atoms is in high demand. The
Groves group has made a significant progress towards the develop-
ment of step economic methods for '°F labeling through the direct
C-H bonds of the parent molecules. They accomplished C(sp®)-H
radio-fluorination efficiently at the benzylic as well as unactivated
C-H bonds of a variety of drug or drug-like molecules (62-68,
Scheme 13a and b) using Mn-catalysts."**

The Sanford group has made a significant contribution in the
field of C-H radio-fluorination chemistry. They developed Cu-
catalysed C(sp”)-H radio-fluorination of 8-aminoquinoline pro-
tected benzoic acids using K'®F as a radiofluoride source
(Scheme 13c)."** The method was applicable to the synthesis of
the RARP2 agonist [**FJAC261066 69 with a high specific radio-
activity dose. Then the same group reported an excellent method
for the meta-selective C(sp*)-H radio-fluorination of arenes or
heteroarenes without the need of any directing group.'®® This
method involves Ir-catalysed borylation, followed by Cu-catalyzed
coupling to provide the radio-fluorinated product with a good
radiochemical yield (RCY) (Scheme 13c). Using this method,
they synthesized a radio-fluorinated analogue of GW405833 70
(cannabinoid receptor 2 partial agonist) with a 60 + 3% RCY.

10. Bioconjugation through C-H
activation

Bioconjugation is a technique to staple a biomolecule or molecule
of interest (MoI) with molecular probes through biorthogonal

This journal is © The Royal Society of Chemistry 2021

reactions. Although there is a plethora of organic transformations
that have been developed and practiced in pharmaceutical
industries,*® but only a few chemical reactions have been desig-
nated as biorthogonal reactions in chemical biology applications."*”
This is attributed to the fact that most of the organic reactions
require toxic organic solvents, high reaction temperatures, nonaero-
bic conditions and other stoichiometric additives, which are detri-
mental for the sensitive biomolecules. Furthermore, bioconjugation
of proteins may involve different difficulties to attach a fluorescent
dye or antibody conjugate in a site-specific manner.”*® A copper-
catalyzed azide-alkyne cycloaddition reaction or commonly called
the “click” reaction developed by the Sharpless group is an elegant
concept for bioconjugation (Scheme 14a)."*® Owing to the toxicity of
copper metal to biomolecules, a strain-promoted cycloaddition
reaction between cyclooctyne and azide was developed by the
Bertozzi group.'*® Even more recently, the application of the ultra-
violet light promoted cycloaddition reaction between tetrazole
and alkene has received special attention due to better spatio-
temporal control.'*' However, the introduction of the requisite
functionality such as azides, alkynes, tetrazoles, aldehydes, or
alkenes, is extremely difficult for complex drugs or natural
products. Conventionally, it requires multistep synthesis to
introduce the functional building block. Furthermore, pertur-
bation of lead molecules through structural modifications may
alter the biological activity. Hence, direct bioconjugation
through C-H activation is an attractive strategy. This technique
is particularly useful for affinity- and activity-based protein
profiling to identify the biological target and mechanism of
action of a drug molecule.

10.1 Pull-down experiment for target identification

Small molecule inhibitors tend to inhibit multiple cellular targets
and do not possess the type of exquisite cellular specificity.
Hence, cell-based protein profiling is a crucial step to determine
the off-target interactions.'** A very careful but deliberate design
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of the original structure is essential so that necessary handles are
installed into the backbone with minimum perturbation of the
original structure; therefore, the pharmacokinetic and biological
properties will not be altered drastically. Molecular docking is
helpful to estimate the change in potential binding sites. A
schematic presentation of cell-based target identification is
shown in Fig. 3a. An alkyne tether and a photoaffinity probe
are attached to the main core. This is incubated into the cell for
sufficient time to reach equilibrium. Presumably, by this time the
small molecular probe will bind non-covalently with its protein
target. Then the cell is irradiated with UV light (4;,2x = 560 nm) to
generate a reactive intermediate. It will bind with native proteins
covalently. After that an in situ click reaction with biotin or
fluorophore attached azide is performed. The protein-bound
affinity probe is then pulled down with streptavidin beads
washed with buffer solutions and run in an SDS-PAGE. After
washing SDS-PAGE the respective bands are collected and ana-
lyzed by LCMS/MS.

A recent application of C-H amination for the simultaneous
structure-activity studies and arming of eupalmerin acetate for
the identification of cellular targets was demonstrated by the
Romo group.'*? The late-stage allylic C-H amination reaction of
an alkyne 72 on eupalmerin acetate 71 was performed using the
rhodium catalyst developed by the Du Bois group (Fig. 3b).***

a) General strategy for biological target identification via proetin profiling

View Article Online

Feature Article

Subsequently, it was treated in HL-60 cells, homogenized and
conjugated to rhodamine-azide under copper-catalyzed azide-
alkyne cycloaddition conditions, separated by SDS-polyacryla-
mide gel electrophoresis and visualized by in-gel fluorescence
scanning. The protein target was identified via competitive
ABPP-SILAC (activity-based protein profiling-stable isotope
labeling by amino acids in cell culture) and mass spectrometric
analysis. It was observed that the pulled-down proteins are
typically over-expressed in cancer cells (Fig. 3b).

Azide linkers are highly desirable for bioconjugation reac-
tions. The Baran group developed a general C-H functionaliza-
tion method for tagging through azidoalkylation of several
natural products and pharmaceuticals (Scheme 14b)."*> They
were able to introduce the tag into unactivated C-H bonds in
bioactive heteroarenes using sodium (difluoroalkylazido)sulfo-
nate 73 (DAAS-Na) as an azidoalkyl transferring agent to
synthesize the analogues (74-76 and 16 more). This powerful
reaction for native chemical tagging occurs efficiently in an
aqueous medium and in the absence of protecting groups.
Then they applied these synthesized azide-linked bioactive
compounds for bioconjugation via copper-free strain promoted
azide-alkyne cycloaddition with a dibenzylazacyclooctyne-
containing monoclonal antibody 77, affording the drug-anti-
body conjugate 78.
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Fig. 3 (a) General strategy for biological target identification through protein profiling. (b) C—H amination for cellular target identification.
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a. General scheme for bioconjugation through Cu(l)-catalyzed azide-alkyne click reaction
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Scheme 14 (a) General scheme for bioconjugation through the CUAAC reaction. (b) Incorporation of a chemical tag into bioactive molecules through

late-stage C—H functionalization.

11. Drug-metabolite synthesis through
C-H oxidation

Metabolism of drugs in the body is a complex biotransformation
process where drugs are transformed into different molecules
(metabolites) by various metabolizing enzymes. A clear under-
standing of drug metabolism helps to optimize lead compounds
with optimal PK/PD properties, identify a better lead from the
active metabolites, minimize toxicity by reactive or toxic metabo-
lites and for a comparative study of preclinical metabolism in
animals including humans.'*® As the metabolites are produced
after the metabolism of drugs, different functional parameters
such as biological activity, clearance rates and toxicity are
altered."*” Therefore, rapid identification and scale-up synthesis
of drug metabolites is necessary to facilitate the drug discovery
cycle and guide the selection of clinical candidates. Drug meta-
bolism in the human body is carried out by many enzymes of the
cytochrome family which are mainly present in the liver."*® But
these enzymes generate a broad range of metabolites and also in
very little amounts. Isolation of these drug metabolites from the
biological system is a tedious and time-consuming process. This
problem was solved to some extent using the biotransformation
approach, that is, in vitro oxidation of drugs using cytochrome
P450 monooxygenases (CYPs).'* But this biotransformation
limits their broad industrial use and practical impact due to
the functional complexity, low activity and limited stability of these
enzymes. The Sames group developed the transformation (metal-
catalysed oxidation in a laboratory) approach as a complementary

This journal is © The Royal Society of Chemistry 2021

method to synthesize drug metabolites.’>® The modern C-H
oxidation reaction can generate a wide range of drug metabolites
with a suitable catalyst that can mimic CYPs.">' Here, a medicinal
chemist can play an important role either (1) by optimizing
suitable catalytic conditions or (2) by the development of a
biomimetic catalyst for the metabolite synthesis through late-
stage C-H oxidation of drug molecules.

11.1 Drug metabolite synthesis under optimized chemical
reaction conditions

The Masood group reported the Pd(OAc),/oxone combination for
the hydroxylation of the corticotropin-releasing factor-1 (CRF-1)
receptor inhibitor which produced two metabolites (79-80,
Scheme 15a), of which the first one was inactive and the latter
was six times more active than the parent drug."®® The Sames
group reported oxidation of the anticancer drug Imatinib by
copper/O, combination which produces five compounds, of which
two were in vivo active metabolite precursors (81-82) and three
were new drug analogues (83-85, Scheme 15b)."*°

11.2 Drug metabolite synthesis with biomimetic catalysts

Monensin A (86), an important natural product, selectively
complexes and transports sodium cations across lipid membranes
and displays a variety of biological properties.”® The Dores Assis
group evaluated the Jacobsen catalyst as a cytochrome P450
biomimetic model to investigate the oxidative metabolism of
Monensin A."** Two metabolites 87 and 88 were obtained by the
oxidation of the Jacobsen catalyst which were exactly the same
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Scheme 15 Drug metabolite synthesis through Cu- or Pd-catalyzed C—H oxidation reactions.

metabolites obtained in vivo (Scheme 16a). This result implies that
a biomimetic chemical catalyst has excellent potential for meta-
bolite synthesis which inspires medicinal chemists to design and
synthesis of biomimetic catalysts. Continuous efforts have also
been devoted to the design and synthesis of biomimetic chemical
catalysts that surrogate the heme-containing active center of CYP
for more than three decades. A significant amount of work on drug
metabolite synthesis using biomimetic chemical catalysts has been
done by different groups which are reviewed by Jean Bernadou
et al. and Lohmann et al."> As a representative example, we will
discuss metal porphyrin-catalyzed oxidation of Diclofenac 89.
Using the Fe- or Mn-porphyrin catalyst Diclofenac underwent
aromatic C(sp®)-H oxidation to generate two metabolites 90 and
91 (Scheme 16b). The latter one being susceptible to further
oxidation was converted to 92. In this chemotransformation,
compound 92 is the major metabolite, whereas in the biological
oxidation process 90 is obtained as the major metabolite.

a. Dores Assis group

[C]
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e

OH 3-O-demethyl monensin A, 87

12. Late-stage C—H functionalization
of drug molecules

Current drug discovery mainly relies on identifying the leads and
rapidly synthesizing a library of their analogues for modulating key
pharmacological properties.">® A well-established method to
generate a vast library of analogues rapidly is diversification of
the lead pharmacophore through late-stage functionalization
(LSF)."*” Thus, LSF has a role in facilitating the development of
structure-activity relationship (SAR) studies, on-target potency,
selectivity optimization, ADME studies and improvement of
physical properties such as solubility and stability. Therefore,
it is considered as an integrated part of many drug-development
programs today."*® The C-H functionalization strategy offers an
excellent alternative over conventional methods for this late-
stage diversification where medicinal chemists can functiona-
lize a selective C-H bond keeping many other functional groups
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Scheme 16 Drug metabolite synthesis through C—H oxidation reactions using bio-mimetic chemical catalysts.
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intact which are often necessary for biological activity.
ever, late-stage functionalization of a complex molecule contain-
ing nitrogen or sulfur atoms is a daunting challenge due to the
strong coordination with metal catalysts, which can lead to
catalyst poisoning or C-H functionalization at an undesired
location.'®® As an illustrative example, the Yu group overcame
this problem associated with performing C-H functionalization
reactions on a complex heterocyclic motif by using a simple
N-methoxy amide group.'®" It worked both as a directing group
and as an anionic ligand that generates reactive PdX, in situ.
Due to this preferential binding mode, the PdX, species is
localized near the target C-H bond, avoiding interference from
any nitrogen or sulfur atoms present in the molecule. This
is conceptually a major advancement towards the late-stage
functionalization of a heterocyclic molecule and complex
natural products. This concept was further demonstrated with
the inexpensive cobalt catalyst for the C-H functionalization
of strongly coordinating nitrogen heterocycles, including pyr-
imidines, oxazolines, pyrazoles, pyridines, etc.'®*

In 2017, the Yu group demonstrated copper-mediated late-
stage diversification of Telmisartan (an angiotensin II receptor
antagonist used to treat diabetic kidney disease, high blood
pressure and heart failure)'®* amide 93. Diversification was accom-
plished by six copper-mediated late-stage C-H functionalization
reactions, namely, amination (94), hydroxylation (95), thioarylation
(96), arylation (97), trifluoromethylation (98) and amidation (99), as
shown in Scheme 17.'%*

C-H functionalization reactions were also applied for the
late-stage diversification of artemisinin (100 or 101) by several
research groups,'®® e.g. analogues 102-105, as summarized in
Scheme 18. In addition, there is an array of examples of late-
stage single C-H functionalization reactions for incorporating

Me N
_\_</
N

Me
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the desired functional group into various drug or drug-like
molecules.'®®

13. DNA encoded library development
through C—H activation

DNA-Encoded chemical libraries (DELs) represent an advanced
screening platform that makes it possible to screen trillions of
compounds in a single test tube.'®” Pharmaceutical companies
are increasingly using this technology for the rapid identifi-
cation of a hit molecule. Hence, integration of C-H activation
technologies for the synthesis of DNA-encoded libraries is
emerging. However, it poses several challenges such as the
C-H activation chemistry should be feasible in water; secondly,
nucleotides within DNA should not poison the transition metal
catalysts; and thirdly the reaction should proceed at extremely
low concentrations.'®® Through careful optimization, the Yu
group developed a palladium-catalyzed C-H arylation of cyclo-
butane rings with DNA-bound aryl iodide to access rapid
molecular diversity for the drug discovery program.’® One of the
striking advantages of this methodology was that it introduced
three-dimensional sp® character into DNA-encoded libraries.
Furthermore, chiral amino acids, cyclopropane and heterocycles
were also compatible (Scheme 19a). In another report, the
Zhong and Lu group accomplished a DNA-compatible sp> C-H
activation reaction between DNA-conjugated acrylamides and
aromatic acids in buffer conditions using the ruthenium(u)
catalyst (Scheme 19b)."”° The pendant carboxylic acid can
be further functionalized for combinatorial library preparation.
This DNA encoded library synthesis strategy has the
potential for rapid generation of structural complexity and
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Scheme 17 Late-stage diversification of Telmisartan via Cu-catalyzed C—H functionalizations.
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Scheme 19 Synthesis of a DNA-encoded library via C—H activation.

diversity in a modular manner to accelerate the drug discovery
program.

14. Case studies of drug/drug-like
molecule synthesis via C—H activation
14.1 Application in antimalarial drugs

According to WHO, more than 4 00000 people die of malaria
infection each year. So countless efforts have been dedicated in
recent years for the synthesis of antimalarial drugs to reduce
the number of deaths from malaria worldwide.'”" Artemisinin-
based combination therapy (ACT) is the best available treatment,
especially for P. falciparum malaria. In this technique, artemisinin
derivatives (e.g. dihydroartemisinin, artesunate, artemether, etc.)
are combined with different classes of drugs such as lumefantrine,
mefloquine, sulfadoxine/pyrimethamine, chlorproguanil/dapsone

10860 | Chem. Commun., 2021, 57,10842-10866

and many more for rapid action.'”” In spite of the good curative
effects of ACT, one problem associated with this therapy is that the
clearance of malaria parasites is delayed by 3 days in South-East
Asian countries."”® Improvement of ACT can be achieved either by
the synthesis of better artemisinin derivatives or by diversifying the
partner drug (see Scheme 18).

After identifying BRD7929 (2S,3R,4R) as a new antimalarial
that acts by inhibiting phenylalanyl-tRNA synthetase,’* the
Schreiber group reported the synthesis of another analogue,
BRD3914 (106, Scheme 20a).'”> Initially, they developed an
8-aminoquinoline DG directed highly regio- and stereoselective
C(sp®)-H arylation of azetidines using the Pd-catalyst, which
gave a library of synthetically useful carboxylic acid core compounds.
Incorporating this arylation method to synthesize the compound
BRD3914, they were able to get the compound in only 7 steps
over the known 14-step synthesis which included a stereo-
selective cyclization step. Their biological studies indicated that

This journal is © The Royal Society of Chemistry 2021
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a. Antimalarial drug development via diasteroselective C(sp®)-H arylation of azetidines OMe
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Scheme 20 Synthesis of antimalarials via C—H functionalization reactions.

this compound was able to cure P. falciparum infection in a
mouse model after giving four doses orally.

The Maulide group reported a Pd-catalyzed, directed C(sp*)-
H arylation of quinine and its derivatives with better antimalarial
activity. This method allowed the synthesis of four compounds,
natural (—)-quinine, unnatural (+)-quinine and two analogues
having aryl substitution at the C; position.'”® The first enantio-
selective synthesis of (—)-quinine was done by the Stork group in
a 14-step reaction sequence.'’”” The Maulide group reported the
synthesis of (—)-quinine 107 in 10 steps including the C(sp*)-H
arylation and they also synthesized (+)-quinine, an unnatural
enantiomer, following the same reaction sequence with only
changing the starting enantiomer of 3-amino quinuclidine which
was not reported earlier. Using picolinamide, directing group
C(sp®)-H arylation took place with complete regio- and stereo-
selectivity (Scheme 20b). After testing the antimalarial activity
in vitro, they observed that although the activity of (+)-quinine
against P. falciparum is inferior than that of (—)-quinine, the two
novel Cs-aryl analogues (108, 109) showed improved activity.

14.2 Application in antibiotics

Arylomycins are an important class of antibacterial natural
products.'”® They are made up of a lipophilic tail linked to a
14-membered macrocycle through a biaryl-bridge. The main
challenge for the synthesis of these compounds was associated
with the macrocyclic core formation. The total synthesis of
arylomycins was first reported by the Romesberg group.”® The
problems of this route were that Suzuki-Miyaura coupling used
for the macrocyclisation was very low-yielding even with the use
of 20 mol% of Pd catalyst and the requirement of extensive
pre-functionalizations of the amino acids to obtain 110. This
method used 14 steps to obtain the macrocycle with an overall
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yield of 6.4%. Then Romesberg and Baran together developed a
simplified route enabled by a Cu-mediated oxidative C-H/C-H
coupling.'®® This operationally simple macrocyclization was per-
formed on a gram scale. Using this strategy arylomycin A, 111 was
achieved in 8 steps with a 25% overall yield (Scheme 21a).
Vancomycin is one of the most important antibiotics to treat
deadly Gram-positive bacterial infections."®" The best-known total
synthesis of Vancomycin was reported by the Boger group.'®>
Vancomycin aglycon (Vancomycin without the disaccharide part)
112 was synthesized in 17 steps with a 5% overall yield. They used
one-pot Ir-catalyzed di-C-H borylation, followed by a Cu-catalyzed
methoxylation reaction that was easily performed in more than
20 g (Scheme 21b). This strategy afforded an improved route for
ring A. Excellent kinetic diastereoselectivity was achieved.
Glycosylation of vancomycin aglycon using the enzymatic method
in two steps afforded Vancomycin. Hence, after this 19-step reaction
sequence, Vancomycin was obtained in a 3.7% overall yield.

14.3 Application in anti-HIV drug synthesis

(+)-Lithospermic acid 115 has been reported to exhibit potent
nontoxic activity against HIV by inhibiting HIV-1 integrase.'* A
total synthesis of (+)-lithospermic acid was achieved by the
Ellman and Bergman group where they have included C-H
activation in a 10-step reaction sequence and the overall
yield was 5.9%."®* Then in 2011, the Yu group also developed
a total synthesis route that used two C-H activation reactions
(Scheme 22).'®° One was Rh-catalysed C-H insertion which
provided a trans-dihydrobenzofuran moiety 113 in 85% yield
(d.r. 8:1) and the other one was Pd-catalysed intermolecular
C-H alkenylation at a very late stage which afforded hexamethyl
lithospermate 114 in 91% yield. It was a 12-step synthesis with
an 11% overall yield.
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15. Conclusions and outlook

Despite the inherent complex, expensive, time-consuming,
inter-disciplinary nature and stringent regulation, speed of
development is a critical parameter in today’s drug discovery.
Hence, adaptation of synthetic, computational, bioanalytical,
automation techniques is important to accelerate the program.
C-H activation is the latest technology added into an organic
chemist’s toolbox and an impressive array of C-H functionaliza-
tion methodologies has been developed in the last few decades.
Academic research of many synthetic chemistry labs to overcome
challenges has been realized from concept development to suc-
cessful applications. This technique offers a novel disconnection
strategy to access privileged medicinal scaffolds unimaginably.
Hence, rapid synthesis of heterocycles and late-stage modification
of functional molecules can be achieved. Realizing the tremendous
potential, the medicinal chemistry community in academic and

10862 | Chem. Commun., 2021, 57,10842-10866

industrial sectors has readily adopted this technology in the drug
discovery program. Particularly, the synthesis of small quantities of
structural analogues for structure-activity relationship (SAR) stu-
dies in the lead optimization step and late-stage attachment of
molecular probes (fluorescent, radioatom, affinity) for protein
profiling using this technique is remarkable. Still, many challenges
need to be overcome to exploit the full potential of C-H functio-
nalization in medicinal chemistry and drug discovery. Despite
significant research in the past, the mechanism of C-H activation
in various substrates is not well-understood, which warrants
further investigation for chemo-, regio- and stereoselective trans-
formation of a complex molecule. Due to the higher energy
barrier for C-H bond cleavage (85-115 kcal mol '), harsh
reaction conditions and stoichiometric metal additives, strong
bases are used which may lead to decomposition or racemiza-
tion of the sophisticated lead molecule. Hence, the development
of an efficient catalytic system to perform the reaction under
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ambient conditions is important. Furthermore, the development
of biorthogonal C-H functionalization reactions in aqueous
medium is extremely important for the late-stage bioconjugation
of molecular probes with minimum perturbation of the lead
molecule. In the discovery phase, scalable synthesis of the lead
molecule for pharmacological studies and finally large-scale
processes for marketing is still a bottleneck of C-H activation
chemistry. These issues have been partially resolved by the advent
of photoredox chemistry, single electron transfer (SET) reactions,
organo- and biocatalytic protocols, and electrochemical and
microfluidic synthesis. A symbiotic collaboration between academic
and industrial researchers is essential for the feedback-based con-
stant improvement of this field. Indeed, working in an interdisci-
plinary field with smart colleagues to transform methodology to
medicine or bench to bedside is a privileged experience. We
anticipate that C-H activation will pave the way for the development
of theranostic molecules having therapeutic and diagnostic efficacy
in the near future.
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