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tremendous progress. While usage of stoichiometric directing groups played a crucial role, reactions
with catalytic transient directing groups or methods without any directing groups are gaining more
attention due to their practicality. Various innovative strategies, slowly but steadily, circumvented issues
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1. Introduction

Transformation of chemicals into valuable organic compounds
in a green and atom-economic way has long been the core goal
of synthetic chemistry. In the last few decades, C-H function-
alization has come up as a progressive tool that could be used to
serve the purpose in synthetic chemistry. By omitting the need
for pre-functionalized substrates, it has become a great tool for
synthetic chemists to carry out reactions in a greener way. The
key challenges in this field are the inert reactivity of C-H bonds,
as well as the selective activation of a specific C-H bond among
the abundant number of these bonds in an organic molecule. In
the last several decades, sp> C-H activation has been intensively
investigated and found manifold applications in synthetic
chemistry. This is evidenced by the excellent accounts and
reviews written on this subject.! In contrast, sp® C-H activation
although, has progressed tremendously but has not been
studied as per with the former. The obvious reason for this
disparity is the intricacies involved in activating the sp® C-H
bonds. The fluxional nature of aliphatic compounds along with
lack of assistance from 7 groups that could interact with tran-
sition metal centers make sp*> C-H bond activation more chal-
lenging. Moreover, although proximal C(sp®)-H activation has
been well explored in the past decade, distal C(sp®)-H func-
tionalization presents significant challenge (Fig. 1). Reaching
out to the distal positions requires intermediacy of larger met-
allacycles (six-membered or more), which is strenuous because
of unfavorable thermodynamic parameters (Fig. 2). To over-
come such challenges, researchers in this area are continuously
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designing and exploring newer catalysts, ligands, and directing
groups for functionalization of C(sp®)-H bonds beyond prox-
imity. Various directing group strategies have been employed
that could increase the reactivity and selectivity in sp® C-H
functionalization. Along with these, many in situ approaches
have been invented for the same.” Recently the directing group
free approaches for sp® C-H functionalization, where native
functional groups present in the molecule (acid, amine, etc.)
serve as the chelating group are gaining more attention due to
better step and atom economy. Herein, we provide an overview
of the transition metal catalyzed sp® C-H bond activation.
However, we would only discuss the distal sp* C-H functional-
ization since activation of proximal sp® C-H bonds (a, B C-H
bonds) are well explored and covered in many review articles.?
Asymmetric C-H functionalization is also not part of this
review. By detailing the criteria of successful strategies for distal
C-H bonds of alkyl chains, the insights and concepts presented

[M] catalyst
proximal C(sp%)-H
activation

well explored

proximal

remote
C-H bonds

[M] catalyst
distal C(sp®)-H
activation
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Fig. 1 Present scenario of C(sp®)—H activation.
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Fig. 2 Distal C-H functionalization of aliphatic compounds.

are intended to be transferable to other synthetic methodology
development and the field of targeted synthesis in general.

2. Directing group assisted distal
C(sp?)—H functionalizations

The main challenges of C-H functionalization, such as site
selectivity among multiple analogous C-H bonds and the inert
feature of sp® C-H bonds can be overcome by introducing
a helping entity known as directing groups (DG). Some common
functional groups, such as nitrogen, phosphorus, sulfur based
functional groups could serve as effective directing groups due
to their excellent coordinating ability with transition metals.
Through coordination with transition metals, directing groups
bring about the proximity effect which can control the inherent
steric/electronic properties and eventually command site
selective C-H bond activation.

In the past two decades, several directing groups have been
invented by different research groups that can carry out selec-
tive distal sp® C-H functionalization of aliphatic substrates. The
most common substrates in this category are aliphatic amines,
acids, alcohols, thiols, ketones, aldehydes, etc.

Early organometallic findings indicate that five membered
cyclometallation is more favored over other ring sizes.” This has
been also proven by numerous examples, such as B-C(sp®)-H
functionalization of carboxylic acid or y-C(sp*)-H functionali-
zation of aliphatic amines. However, this intrinsic preference
also brings a tremendous challenge for activation of further
distal sp® C-H bonds as it requires the formation of less
preferred six or over six-membered C(sp*)-H cyclometallation.

For the same reason, functionalization of y-C(sp®)-H bond of
aliphatic carboxylic acids or 3-C(sp®)-H bond aliphatic amines
present a significant amount of challenge. After tremendous efforts
from chemists over the globe, new strategies have been developed
to functionalize the distal C-H bonds of aliphatic compounds.

Although directing group approaches have been a great
success for remote C-H functionalization of alkyl chains, this
approach suffers integral limitations. The necessity of attaching
an auxiliary or directing group with the original substrate and
then removal of it post functionalization increases the total
number of steps in the reaction, leading to unwanted waste
products. Installation of the directing group or removal of it
often requires harsh conditions. Therefore, such approaches
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Fig. 3 Different strategies of distal C—H functionalization.

reduce the efficiency of the reactions by decreasing its step as
well as the atom economy.

To overcome such drawbacks continuous efforts were made by
the chemists. Different tactics have been applied to make distal
C-H functionalization more efficient and green. One such tactic is
to use a transient directing group which can be generated in situ in
the reaction. Unlike the directing group approach, the auxiliary
here need not be attached to the substrate covalently. Thus the
auxiliary can be used in catalytic amount unlike stoichiometric
amount in the former case. The directing group attaches here with
the substrate in situ fashion and can be removed via a simple work
up and thus does not appear in the product. The usage of revers-
ible transient DGs thus has the potential to reduce the number of
synthetic operations through atom economical use of catalytic
auxiliaries in a cooperative manner.

However, an ideal approach would be where we do not need
to use any auxiliary or directing groups for distal C-H func-
tionalization, be it covalently attached DG or transient DG. The
native functional group present in aliphatic compounds can
also serve as the directing group for site selective C-H func-
tionalization. Such strategies would make C-H functionaliza-
tion reactions more efficient and practical for application in
organic synthesis (Fig. 3). In recent years such approaches have
progressed to a great extent for the functionalization of distal
C-H bonds in aliphatic compounds.

In the following sections, we will discuss the recent
advancements on C(sp’)-H functionalization of aliphatic
substrates via different strategies such as directing group
assisted, transient directing group assisted, and directing group
free strategies. The relevant reports are sorted by the classifi-
cation of different substrate classes.

2.1 Gamma functionalization of aliphatic amines

Aliphatic amines a key functional group in agrochemicals,
pharmaceuticals, and materials. Functionalization of such

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 Initial report of y-C(sp®)-H arylation of aliphatic amines.

molecules have been the subject of numerous synthetic strate-
gies. In the following sections, various approaches on y-C(sp®)-
H functionalizations have been detailed.

2.1.1. Covalently tethered directing group approach

2.1.1.1 Arylation. The very initial outcome of y-C(sp®)-H
functionalization was reported by Daugulis and coworkers in
2005.> y-C(sp”)-H arylation was achieved with the assistance
from 2-picolinic acid auxiliary and palladium catalyst (Scheme
1). This report showed the path for auxiliary assisted distal
C(sp®)-H functionalization of aliphatic amines. Both primary
and secondary C-H bonds undergo the reaction, though, former
one reacts faster which allowed for the selective monoarylation
of methyl groups.

H CO,Me ! Pd(OAC), (10 mol%) i CO;Me
H HN_O + B Ag,CO; (1equiv.) N HN_ O
{ X BUOH/CF 3CH,0H o |
NZ | R 80°C, 24 H R NZ |
X X
PA
(1 equiv.) (1.5 equiv.)
" COo,Me OMe
HN__O H
NHPA
NZ I NHPA
OMe '\ H
OMe
7% 95% 78%
Me
Me
TBSO COsMe
TBSO.
TBSO NHPA B NHPA
e
NHPA
OMe MeO,C
OMe
81%
H
H Same
H NHPA Condition
Me CO;Me Me CO,Me Me CO,Me
—Same TIPSO
H NHPA  Condition H NHPA + NHPA
" ()
TIPSO
33% TIRSO 17% (60° C, 48 h)

Scheme 2 Picolinamide (PA) assisted approach for y-C(sp®)—H
arylation.
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In 2011, Chen and coworkers have come up with a more
practical strategy for y-C(sp®)-H arylation of alkyl amines.® They
showcased a number of substrates such as cyclohexyl amino
acid, 2-amino norbornane, bornyl amine, threoninol, and
isoleucine derivatives that undergo the reaction with different
aryl iodides (Scheme 2A). Substrates with two y C-H bonds were
also subjected to the reaction which resulted in predominant
monoarylation of primary C-H bond. A minor bisarylated
product was observed after a prolonged reaction at 60 °C.
However, no significant amount of gem diarylated product was
observed (<3%) in any of the cases presumably because of steric
factors (Schemes 2B and C). A more practical directing group
which can be removed wunder mild condition post-
functionalization was synthesized from a commercially avail-
able anhydride (Scheme 3). Utilizing this easily removable
directing group, formal synthesis of a natural product (+)-oba-
fluorin was carried out in starting from a threonine-derived
substrate (Scheme 3B).°

Carretero and colleagues developed N-(2-pyridyl)sulfonyl
auxiliary to functionalize the y-C-H bond of amino acid methyl
esters and dipeptides.” A variety of N-(2-pyridyl)sulfonamide
amino acid derivatives, including o-quaternery amino acids, B-
amino acids, and dipeptides reacted with aryl iodides to provide
y-arylated products (Scheme 4). A Bimetallic Pd" y-metallated
comples was characterized by X-ray that showed the role of the
auxiliary in the reaction. The N-(2-pyridyl)sulfonyl template was
readily removed by treatment with Zn/NH,Cl. Using the same
auxiliary, Carretero group reported a y-C(sp*)-H carbonylation
of o and B amino acids. Mo(CO)s was utilized as the carbon-
ylating agent in the reaction.?

Later, Ma group came up with a 2-methoxyiminoacetyl (MIA)
template for promoting y-C(sp®)-H arylation of amino acids.’
Amino acids such as valine, threonine, and isoleucine deriva-
tives were arylated in moderate to good yields (Scheme 5).
Nonetheless, arylation of secondary amides and y-C(sp’)-H
arylation of methylene center were unsuccessful with this
approach. Further, the MIA auxilary was transformed into
useful moieties.

A)
0O, O, COOH
Q i) MeOH, 90° C Q i) NaOH, THF/H,0, rt
0 __ii) CDI, THF, rt ii) BnBr, DMF Ny oTBS
N N NaBH,, MeOH/H,0 M Y iy TBSCI, imidazole . U___
Z rt Z DMF, rt PAr auxiliary
B) CO,Me PAr auxiliary CO,Me ) CO,Me
TBSO. HATU TBSO. __ Arylation _ TBSO.
T NH, —DIPEA > f NHPAr NHPAr
e
DMF, rt, 0% 0%
o o O,N
1. Aq. HCI (10 equiv.)
o NHHO - MeOH, 80° C, 2 h
2. Boc,0, TEA, it
0
NO. fo) NHBoc 1 LiOH, MeOH CO,Me
2 H.0, rt HO.
g ) -— NHB:
(+)-Obafluorin 2. BOP, DIPEA ¢
CH,Clp, 1t, 12 h
ON 55% 81%
2 O,N
Scheme 3 (A) Synthesis of PAr auxiliary (B) formal synthesis of natural

product (+)-obafluorin.
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Scheme 4 y-Arylation assisted by a N-(2-pyridyl)sulfonyl auxiliary.

Pd(OAc), (10 mol%)  MeO.
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Kn/N OMe + Ardl PivOH (1 equiv.)
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H
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Scheme 5 2-Methoxyiminoacetyl (MIA) auxiliary for y-C(sp®)—H
arylation.

In 2014, Yu and coworkers reported a ligand accelerated -
C(sp®)-H arylation of aliphatic amines (Scheme 6)."° Triflamide
protected amines were used as substrates. It had been hypoth-
esized that the combination of triflamide protecting group that
could form an imidate like moiety as a weak coordinating o
donor when deprotonated under a basic condition with a mono-
protected amino acid (MPAA) ligand accelerates the reaction.
Ac-p-"Leu-OH was found to be the best ligand for the reaction.
Various aryl boronic reagents were used as the arylating partner.
The scope of amines contained o or B-substituted aliphatic
amines. In the absence of the ligand, there was no background
reaction observed which shows the crucial role of the ligand in
the reaction. Nonetheless, the mechanism of ligand accelera-
tion in the reaction was not stated clearly and need further
investigation.

Despite the tremendous progress in y-methyl y-C(sp®)-H
functionalization of amines, activation of y-methylene C(sp®)-H
bond remained mainly unexplored until Shi and coworkers

Pd(OTf),(MeCN), (10 mol%)

K Ac-D-Leu-OH (20 mol%) = N
X Ag,CO; (2 equiv.) S
R1J/\(NHTf i | A NaHCOs4 (6 equiv.) NHTf
R, Z 1,4-Benzoquinone (0.5 equiv.) Ry
BPin DMSO (40 mol%) Ry
}{S _CF3 H,0 (5.5 equiv.) gs examples
Tf= u\‘o (2 equiv.) ‘AMOH Yields 16-96%

100° C, Ny, 18 h

(/(j/COZMegI 5j/002Me
NHTf NHTf B NHTf NHTf NHTF

¢o,Me €O,Me GO Me

Scheme 6 Ligand enabled y-C(sp*)—H arylation of aliphatic amines.
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Scheme 7 y-Methylene C(sp®)—H arylation of alkyl amines.

reported a protocol.™ An oxazoline carboxylate auxiliary was
utilized to achieve arylation of y-methylene C(sp®)-H bonds
(Scheme 7). A range of iodoarenes were compatible with the
reaction. Several branched and linear alkyl amines containing
functional group such as trifluoromethyl, cyano were well
tolerated under the reaction condition. A a-quaternery center in
the substrate was essential to provide Thorpe-Ingold effect and
therefore, better conversion of the substrate. Without it the
yield dropped significantly.

In 2016, Sanford and coworkers reported an elegant
approach for remote y-C(sp*)-H arylation of alicyclic amines.*?
Despite the ubiquitous presence of alicyclic amines in phar-
maceuticals, remote functionalization of such amines remained
a challenge. Most functionalizations are limited to a-C-H bond
to nitrogen. Sanford group achieved the y-C(sp*)-H arylation by
covalently attaching a highly electron withdrawing amide
(derived from p-CF;-C¢F, aniline) with alicyclic amines to work
as a secondary coordinating group. The protocol exhibits

a varied scope of aryl iodides and amines including
(1) Pd(OAc), (10 mol%) oF 5
NHC7F7 Ar-1 (30 equiv.)  Ar NHC,F; N e
__ CsOPiv_(3 equiv.) _ N o o Ve
150° C, 18 h, air N
e Me (2) NaBH4 work up Me Me )
80 examples Palladacycle
NHC7F7
NHC
! NHc,F7 NHC,F;
7(&0
Me
% 4% 4% 80%
F,C-,HN

NHc,F-, Me. Mo
x(o
NHC,F;
'

Amitifadine arylation, 53% Varenicline arylation, 45% Cytisine arylation, 25%

Ph
(1) Sml,
NHC7F-, _(2PWCITEA
NPiv

Scheme 8 (A) y—C(sp3)—H arylation of alicyclic amines (B) directing
group removal from the product.

This journal is © The Royal Society of Chemistry 2020
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Ag,CO; (2 equiv.)
Li;CO;3 (3 equiv.)
1,4-Benzoquinone (1 equiv.)
DMF, 1,4-Dioxane
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Aryl boron (3 equiv.)
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Ligand 1 (15 mol%)
Ag2CO3 (2 equiv.)
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1,4-Benzoquinone (1 equiv.)
H,0 (5.5 equiv.)
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Scheme 9 y-C(sp®)—H arylation of nosyl protected amines.

pharmaceutical candidates amitifadine, varenicline, natural
product cyticine with moderate to good yields (Scheme 8). The
major limitation of the work remains the usage of a large excess
(20-30 equiv.) of aryl iodides in most of the cases. Only in the
substrate where cyclopropane C-H bond has been activated, 3
equiv. of aryl iodide was enough. The same group later outlined
another protocol to transannular y-C-H arylation of azabicy-
cloalkanes via a second generation Pd catalyst system.™

In 2017, Yu and colleagues outlied another y-C(sp®)-H ary-
lation approach of amines using nosyl (Ns) as the protecting
group.** It is advantageous to utlize nosyl as the directing group
due to its ease of removal. Both aryl boron and alkyl boron
reagents were used as arylating agent in the reaction in presence
of different ligands. An acetyl protected aminomethyl oxazoline
(APAO)ligand found to enable arylation with aryl boron reagent,
whereas N-acetyl-p-valine ligand promote arylation with alkyl
boron reagent. A number of amines and amino acids were
arylated at y-position with various aryl and alkyl boron reagents
in good yield and diasterioselectivity (Scheme 9). Gram scale
synthesis of y-arylated amino acids was carried out to demon-
strate practacilty of the reaction.

Pd(OAC), (12 mol%)

0  CO,Me 1,10-phenanthroline ( 17 mol%) 0 CO,Me
R Mn(OAc); 2H,0 ( 1 equiv.) R
3 N + Ad K»COj (3 equiv.) 3 N
»CO3 (3 equiv.
x-N Mo 5 aguiv) DCE, 120° C, 35 h N Ar
C(U\ CO,Me CO,Me CO,Me
)\b /k% ;/\‘\ OMe
40% MeOC 47% 40%

in presence of a
tricyclic ligand

Scheme 10 Picolinamide directed y-C(sp®)—H mono and diarylation
of amino acids.
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Pd(OAC), (10 mol%)
CO,Me
Wcozm . Ag,COs (1.5 equiv.) 2
NHPA
NHPA BQ (10 mol%)
(15 oquiv) 'BUOH, 110° C, 20 e
CO,Me CO,Me CO,Me
NHPA NHPA NHPA
19% 69% 27%

Scheme 11 PA assisted y-C(sp®)—H alkenylation.

Jana and coworkers have recently reported a 1,10-phenan-
throline ligand enabled y-arylation of amino acids (Scheme
10)." Along with monoarylation, unsymmetrical diarylation was
carried out utilizing a tricyclic ligand. Notably, inexpensive
Mn(OAc); dihydrate was utilized as oxidant in the reaction
instead of expensive silver salts.

2.1.1.2. Alkenylation. Chen and colleagues further applied
the picolinamide (PA) directed approah for y-C(sp®)-H alkeny-
lation of amine substrate with disubstituted cyclic vinyl iodides
as alkenyl source (Scheme 11).° Interestingly, the ring size of the
cyclec vinyl iodides had a strong influence on the yield of the
alkenylated products.

Yu and coworkers later developed a ligand enabled protocol
for y-C(sp®)-H alkenylation of aliphatic amines and a-amino
esters to provide pyrrolidines.'® Both electron deficient alkenes
and styrenes were utilized as olefin partners using pyridine or
quinolone based ligands. Both triflyl (Tf) and nosyl (Ns) groups
were used as directing groups with different set of ligands
(Scheme 12). More substituted amine substrates showed supe-
rior reactivity to less biased amines due to Thorpe-Ingold effect.

2.1.1.3. Alkynylation. Balaraman group outlined the first y-
C(sp®)-H alkynylation of alkyl amines (Scheme 13).7 (Triiso-
propylsilyl)ethynyl bromide was employed as the alnylation
agent in the reaction. With assistance from a picolinamide (PA)
directing group, various carbocyclic and acyclic amines were
alkynylated at y-position. Cyclic amines including 5, 7, and 8
membered rings were alkynylated with good to excellent yields.
Aliphatic linear amines and amino acids containing o-quater-
nery substrates were also compatible substrates in the reaction.

Pd(OACc), (10 mol%)
L4/L, (30 mol%)

R R, Ag,CO3 (2. equiv.)

3

rH PN CI\:J(?)AAC)242 equiv.) /ﬁ)\/
Ri NHTF aOAc (4 equiv.)

DCE, 0,,105°C,20 h

E CF3 E Me  Me
: Ph!

i OFe T COan

:| P P ; MeOzC“ MeO,C*

N N
L4 Ly ; 72% 58%
Me, MeO,C. Me,
aco [N co:Bn CO,Bn ) )
NN S meo,c Sy
T T Ns
39% 65% 65%

Scheme 12 y-C(sp®)-H amines to form

pyrrolidines.

olefination of alkyl
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Scheme 13  PA assisted y-C(sp®)—H alkenylation.

Nonetheless, only two different alkynylating agents were used in
the reaction.

2.1.1.4. Amination. In 2011 Chen group introduced a y-
C(sp®)-H intramolecular amination strategy to form azetidines
using the picolinamide (PA) auxiliary."® The substrate mostly
contained substituents at o and B position. In one substrate
where B-substituent is absent, only 25% cyclized product
formed together with 75% vy-acetoxylated product. The authors
tried to explain the necessity of B-substituent via torsional strain
imposed by B-substituent on the B-position and the y-C-H bond
during the bond reorganization process for the out of
palladacycle-plane C-O bond formation. This torsional strain
might kinetically favor the in-palladacycle-plane C-N cyclization
instead of C-O bond formation (Scheme 14). Later, Shi group
outlined a similar approach for intramolecular amination using
1,2,3-triazole as a directing group.*

2.1.1.5. Alkoxylation. Inspired by amination results, Chen
group carried out the same reaction in AcOH without toluene
solvent, with the hope that only acetoxylated product would
form. Indeed, the acetoxylated product predominated even for
substrates which contained B-substituent (Scheme 15). The
concentration of OAc ligand in solution affects the reaction
pathway as well as played a key role in product distribution.
From the Pd" intermediate OAc can dissociate and nucleophile
such as RO- can take the place of OAc. If this hypothesis is true
then subsequent reductive elimination of C-OR should result in
alkoxylated product. Indeed, when the authors did the reaction
in MeOH instead of toluene as a solvent, a small quantity of
methoxylated product formed along with a minute amount of

H NHPA Pd(OAc), (5 mol%) PA
PhI(OAC), (2.5 equiv.) N
R ACOH (2 equiv.) J:k
R, Toluene, Ar, 110° C, 24 h Ry Ry
PA PA PA PA
me™ Me” }ye COMe “co,Me Me—" "_-OAc
AcO
80%, dr 20:1 91% 25% 70%
PA PA

Y P
“Co,Me Me

68% 79%

0By

Scheme 14 PA assisted y-C(sp®)—H intramolecular amination.
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Scheme 15 Proof of concept for PA directed alkoxylation.
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Scheme 16  Picolinamide assisted y-C(sp®)—H alkoxylation.

cyclized and acetoxylated products (<4%). After optimizing the
reaction condition for y-C(sp®)-H alkoxylation, a number of
alcohol was utilized for the reaction.*® Aliphatic substrates
which mostly contained substituents at a-position or at both
a and B positions were the suitable substrates for this trans-
formation (Scheme 16).

2.1.1.6. Carbonylation. Zhao and coworkers reported the
first y-C(sp®)-H carbonylation of alkyl amines to form pyrroli-
dones.”* Oxalyl amide was utilized as the directing group for the
transformation (Scheme 17). 3-(Trifluoromethyl)benzoic acid
was used as promoter of the reaction. y-Methyl and cyclopro-
pane methylene C-H bond were carbonylated to provide cor-
responding pyrrolidones in good to excellent yields. The scope
of the reaction further extended to allyl amine substrates. The
directing group group was removed under basic condition.

Wang and colleagues also developed a y-C(sp®)-H carbon-
ylation procedure for aliphatic amines using picolinamide as
auxiliary (Scheme 18).>> The reaction took place in presence of
TEMPO as the sole oxidant and Pd(OAc), as catalyst. Alkyl
amines containing substitions at o and B position proceeded
smoothly to afford pyrrolidines in good yields. Alkyl amine
bearing no sybstitutions was also well compatible with the

Pd(OAc), (10 mol%)

Rz R on AgOAc (2.5 equiv.) R, R2 Rq

3 N” m-CF3-PhCO,H (0.3 equiv.) 2

R{ H *+cO0 ——— > R{ N-OA
R H Mesitylene, 140° C, 24 h

0
ﬂJﬂrN(iPr)Z
)
OA

5 R,
)
CO,Me
Me Me. Me
Me N—-OA Me N-OA N—-OA N-OA
AcO
o] o o (o]

83% 87% 1% 73%

Scheme 17 Oxalyl amide assisted y-C(sp®)—H carbonylation.
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Scheme 18 Picolinamide directed y-C(sp®)—H carbonylation.
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Ar, 110°C, 24 h
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Scheme 19 PA directed y-C(sp®)—H acetoxylation.

reaction. The synthetic utility was demonstrated by synthe-
sizing rac-pregabalin.

2.1.1.7. Acetoxylation. Chen group outlined a y-C(sp®)-H
acetoxylation methodology for alkyl amines (Scheme 19).>* The
reaction involve use of PhI(OAc), as oxidant and Li,COj; as an
additive that can effectively suppress the competitive amination
reaction (Scheme 14). N-Propyl picolinamides with a-sub-
stitions gave y-acetoxylated products in good to excellent yields.
However, without a-substition the yield dropped significantly.
The y-acetoxylation was used as a part of sequential function-
alization to diversify amine substrates.

Later other groups came up with different protocol for -
acetoxylation of aliphatic amines. Xuan and coworkers utilize
a benzothiazol-2-sulphonyl as an auxiliary to carry out y-C(sp®)-
H acetoxylation (Scheme 20).>* Similarly, y-acetoxylation of
triflyl protected amines were achieved by Jia et al.*®

2.1.1.8. Borylation. A picolinamide directed primary v-
C(sp®)-H borylation procedure was developed by Shi group.?®
Amino acids, amino alcohols, alkyl amines were borylated at the
y-position using B,Pin, as the borylating agent.Substituents at
the o and B position of the substrates were necessary for this
transformation to work. The yields of the products were
between 41-84% (Scheme 21). A derivative of the bioactive
estrone was borylated using the same protocol.

Pd(OAG), (5 mol%)

PhI(OAc); (2 equiv.) i ?)
H  NHBts Ac,0 (10 equiv.) OAc NHBts °\\é/ S
i
R, Toluene, 120° C, 24 h R, !|¥ \N
H
R, R, : Bts
!
OAc NHBts OAc NHBts OAc NHBts NHBts
Y~ COo,Me v~ "CO,Me Me AcO
=\M OoTBS
52% 62% 70% 83%

Scheme 20 Benzothiazol-2-sulphonyl as directing group for g-ace-
toxylation of alkyl amines.
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Scheme 21 Primary y-C(sp®)—H borylation of amines.

2.1.2. Transient directing group approach

2.1.2.1. Arylation. The earliest report on distal y-C(sp®)-H
functionalization via in situ generated directing group was dis-
closed by Dong and co-workers in 2016.” 8-Formyl quinoline
was used as the additive in the reaction which formed imine
functionality by reacting with amine substrate in the reaction.
This in situ generated imine then directs the activation of distal
v-C(sp®)-H bond. In the absence of 8-formyl quinoline, no
desired product formed which showed the key role of imine
formation in the reaction. The reaction required highly active
aryl iodonium [Ar,IBF,] salts as the aryl source. Aliphatic amine
substrates with varied o-substitutions were employed in the
reaction. A few examples were also shown for methylene C-H
bond arylation. The products are isolated as benzoyl derivatives
for the ease of isolation (Scheme 22). Although it was the first
report of its kind, it had several limitations such as usage of
equivalent amount (125 mol%) additive, the necessity of using
glovebox, use of highly active aryl iodonium salts, etc.

In the same year, Yu group overcame the limitations asso-
ciated with Dong's work by using a catalytic amount of 2-
hydroxy nicotinaldehyde as the additive or transient directing
group (TDG) for y-C(sp*)-H arylation of alkyl amines (Scheme
23).”® Bidentate chelation mode of the imine and hydroxyl
moiety from TDG provided a robust reaction with aryl iodides as
the coupling partner. A variety of aryl iodide was utilized for the
distal functionalization of cyclohexyl amine. Heteroaryl iodides
were also found to be compatible under their reaction condi-
tion. Notably, unbiased amines such as propyl amine, isobutyl
amine, and others without any o-substitutions were well

X
1) Pd(OPiv); (10 mol%) ACHO = N
Q ]
H  NH, Ar FHO (1.25 egulv,) Ph HN’BZ )
)\H\ + PhylBF, Ligand (1 equiv.) H” Yo Bu
R4 R DCE, 90° C,Np, 48h R4 RN N
Ry 2) isolated as benzoy! R; Ligand = | P
(2.5 equiv.) derivatives Bu” "N~ 'Bu
NHB:
NHBz NHBz 1: N
Me P
N
70% 63% 37%

NHBz NHBz
NHBz

45% 63% 7%

palladacycle

!
i

i

i X
(W Ry
R

!

i

i

!

!

i
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Scheme 22 y—C(sps)—H arylation via in situ generated imine from 8-
formyl quinolone.
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Scheme 23 2-Hydroxy nicotinaldehyde as TDG for y-C(sp®)—
arylation.

tolerated in this reaction. Further, methylene C-H arylation of
cyclic and acyclic amines was also achieved. The products of the
reaction were isolated as Boc derivatives of amines (Scheme 23).

The same group in 2018 came up with another similar
approach for in situ imine directed y-C(sp®)-H arylation of
methyl and methylene C-H bonds.*® However, this time the
focus was mainly to use heteroaryl iodides and bromides as
arylating agents through ligand development. 5-Tri-
fluoromethyl pyridone was found to be the best ligand along
with 2-hydroxy-6-chloro-benzaldehyde as TDG. Several hetero-
aryl iodides and bromides were employed in the reaction at
elevated temperature (slightly higher temperature for heteroaryl
bromides) (Scheme 24). The scope of alkyl amines contained
various cyclic as well as acyclic a-substituted amines. Usage of
cheaper heteroaryl bromides (compared to frequently used
iodides) is one of the key highlights of this work. Because of
their inherently stronger C-Br bond strength, heteroaryl
bromides are rarely used as the coupling partner in C-H acti-
vation reactions.

An elegant approach in this area was reported by Ge and
coworkers in 2017.*° They used catalytic amount of (20 mol%)
glyoxalic acid as the transient directing group (TDG) for y-

Pd(OAc), (10 mol%)
TDG (20 mol%)

H NH Ligand (0.5 equiv.) HetA NHB
AL 2, HetAr/ AgTFA (3 equiv.) 1) 2(N) Hal “1 °
R; Ry HEtArBr b 10 equiv. H20,  2) 10(N)NaOH  R: Ry
(2 equiv.) 150°C, 12 h Boc,0
NHBoc ¢l Pr

NHBod
“ N
N .
\; 1 MeTDG
N~

i1
L cl

64%

mono:di 4.5:1 gt | A
NHBoc NHBoc NHBoc| 92" = N2 o
Z Z N
| Me— |
N . IN e_<s N
65% 62% 48%

Scheme 24 y-C(sp®)—H arylation via cooperation of transient direct-
ing group and ligand development.
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Scheme 25 (A) Glyoxalic acid as TDG for y-C(sp®)—H arylation (B)
synthesis of cyclopalladated intermediate.

C(sp*)-H arylation (Scheme 25). The reaction tolerated a diverse
range of aryl iodides along with mostly a-disubstituted alkyl
amines as amine substrates (Scheme 25A). o-Disubstitution on
the amines was necessary to provide suitable geometrical
alignment via Thorpe-Ingold effect. Without a-disubstitution,
yields decreased drastically. Methylene C-H arylation was also
sluggish via this methodology. One great aspect of this work lies
in the isolation of arylated amines. A simple acidic/basic
workup was enough to isolate products, no extra column
chromatography was required. The five membered cyclo-
palladated intermediate was also characterized by the X-ray that
led to a better insight into the reaction mechanism (Scheme
25B). The synthesis of fingolimod analogues (a drug for treating
multiple sclerosis) was carried out using the methodology in
three steps.

3,5-Di-tert-butylsalicylaldehyde was found to be another
effective TDG by Murakami and co-workers (Scheme 26).** Pre-
condensation between amine substrates and TDG was carried
out before the addition of other reagents. The TDG was used in
an equivalent amount to form imine from aliphatic amines.
Various o-substituted alkyl amines and aryl iodides were
compatible. Products were isolated as Boc derivatives.

Recently, Young and colleagues utilized CO, in the form of
dry ice as a transient directing group for y-C-H arylation.** The

Pd(OAc), (10 mol%)
Arl (3 equiv.)
PrCOOH (20 mol%)

'Bu\@[OH
NH, 105 mol% | CHO

H . Ar NHBoc
)\/k TDG Bu KHCO3/CsHCO3 (2 equiv.)
R Ri  1,2-DCE or PhCI 110-120° C R; Ry
110° C, 15 min Boc protection
NHBoc NHBoc
OBn
NHBoc

2% 48%
NHBoc NHBoc NHBoc

\ W @/\)\Me
S 46% 75% MeO 78%

Scheme 26 Pd catalyzed y-C(sp®)—H arylation of alkyl amines using
3,5-Di-tert-butylsalicylaldehyde as TDG.
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Scheme 27 CO, mediated y-C(sp®)—H arylation of amine substrates.

in situ generated carbamate can readily coordinate with palla-
dium and chemically more robust than imine moiety. No exo-
geneous ligand is necessary to carry out the reaction. Both
primary and secondary amines were employed as the successful
substrates with a range of aryl iodides (Scheme 27). In case of
secondary amines an excess functionalization reactions.
Amount of CO, was essential. At lower concentration of CO, the
yield decreased significantly due to oxidation of the amine
starting material. Mechanistic experiments revealed that C-H
activation is the rate limiting step of the reaction. Usage of CO,
as transient DG instead of traditional imine moiety or other
protecting group is a fruitful addition to improve the sustain-
ability of C-H activation.

2.1.2.2. Fluorination. Yu group recently reported a protocol
for y-C(sp®)-H fluorination of amines using 2-hydroxy nic-
otinaldehyde as the transient directing group (Scheme 28).*
Electron deficient pyridone ligands played a crucial role to
facilitate the reaction. N-Fluoro benzenesulphonimide (NFSI)
was utilized as the fluoronating source. A range of cyclohexyl
and linear aliphatic amines were fluorinated selectively at vy-
methylene and y-methyl positions. Computational studies
revealed the role of ligands and other reagents in the reaction.
Further studies suggested oxidative addition step for methylene
fluorination and C-H activation step for methyl fluorination be
the turnover limiting steps.

Pd(OAc); (10 mol%)
TDG (20 mol%)
Ligand (50 mol%)
NFSI (3 equiv.)
AQTFA (1.5 equiv.)
HFIP, 100° C, 16 h
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Scheme 28 A transient group mediated y-C(sp®)—H fluorination of
aliphatic amines.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Chemical Science

Ligand induced reversible Aliphatic C-H activation

[o] (o]
Me_ M
Me P Y Me 9&
/\)’N‘Pd NH /\PN‘Pd
N<, N<,
Me Ac o M Me Ac
o rtl ’1' \I])(M\e e o 1 Ill
e
o Me 0 (o}
C-H bond activation Pd(OAc), 7-C—H bond activation
Ac-Gly-OH

Pd(OAG), (10 mol%)

R3R, Ac-Gly-OH (20 mol%) R3R, R
AgOAG (2-3 equiv.
K(NH + /\R gOAc (2-3 equiv.) R(N
O\H)<R\Me HFIP, air, 60-80° C [
1
Ry

o o
Me Me CO,Et CO,Et Me_ Me CO,Et
. ~ .
0. 0. o.
78% 75% Me  26%
o oTIPS 0 “Me o
[o} o) j
Me_Me Me_Me Me_Me s=0
Me N-Me Ph
N NTN mé %N
0. o o
o Me 66% o Me 51% 3 Me 93%
Scheme 29 Ligand induced y-C(sp®)-H alkenylation of

morpholinones.

2.1.3 Directing group free approach

2.1.3.1. Alkenylation. Functionalization of unprotected free
amines is extremely challenging due to the rapid formation of
bis-amine metal complex of free amines with transition metals,
which hinders the formation of C-H activated intermediate.
Moreover, reactivity of a-C-H bonds makes it even more chal-
lenging to functionalize distal C-H bonds. Instead of these
challenges, Gaunt and coworkers reported a y-C(sp’)-H alke-
nylation of morpholinone derivatives to form functionalized
pyrrolidines.** The alkene insertion is followed by aza-Michael
cyclization to form pyrrolidines (Scheme 29). The sterically
specialized substrate used by Gaunt group hinders the forma-
tion of bis-amine metal complexes (by inducing steric strain)
and favour the formation of required mono-amine metal
complex. An amino acid ligand Ac-Gly-OH played a key role in
the reaction. By rendering the cyclopalladation step reversible,
Ac-Gly-OH was found to favour a 5-membered cyclopalladation
pathway instead of four for morpholinone derivatives. Different
a,0/-substituted morpholinones were compatible in the reac-
tion along with various activated olefins. Mechanistic investi-
gations revealed that without ligand the C-H bond cleavage is
irreversible and occurs after rate determining step. While in the
presence of ligand C-H bond cleavage become reversible.

2.1.3.2. Acetoxylation. In the same year, Shi and coworkers
came up with another approach for y-C(sp®)-H acetoxylation of
free primary amines.* To suppress the formation of bis-amine
metal complex, the authors protonated the amines in an acidic
condition. The protonation of amines would limit their coor-
dination ability to form complex with transition metals. Also,
the protonation would increase the stability of amines towards
electrophiles and oxidative reagents. Indeed, when the reaction
was performed with free amines in an acidic condition with
Pd(OAc), as the catalyst, PhI(OAc), as oxidant, Ac,O as an
additive in AcOH solvent, y-acetoxylated product was formed

Chem. Sci., 2020, 11, 10887-10909 | 10895
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Scheme 30 Pd catalyzed y-C(sp®)—H acetoxylation of free primary
amines.

(Scheme 30). A number of aliphatic primary amines with
various backbones gave acetoxylated products with moderate to
good yields. Aryl substituted primary amines also worked in the
reaction provided the aryl group is located at the 3-position with
respect to amine group.

2.1.3.3. Amination. In 2018, Gaunt and coworkers detailed
a palladium catalyzed y-C(sp®)-H intermolecular amination to
form azetidines.*® Benziodoxole was utilized as an effectual
oxidant that exerts control over the competitive reductive
elimination pathway leading to azitidine formation. Guided by
their previous studies and computational insights, the authors
put forward a mechanistic blueprint for the formation of azi-
tidines instead of y-C(sp®)-H acetoxylated product. Replace-
ment of one of the acetate group from the aminoalkyl
palladium(iv) intermediate by a tosyl group would provide
dissociative ionization of the better leaving group (Int. B).
Further assistance from anchiemeric x> binding of trans (axial)
acetate group prompt dissociation of tosyl group to generate
intermediate C, from where y-amino tosylate form via
displacement of hydrogen bonded tosylate in a reductive
elimination process. Internal displacement of tosyl group by
amine finally form azitidine (Scheme 31). Benziodoxole tosy-
late was found to be the most effective oxidant which could
transfer single tosyl group required to form the Int. B and
hence the product azitidine. A range of fully substituted
morpholinones with a-ethyl and o'-side chains undergo C-H
amination reaction (Scheme 32). However, the reaction was
very stereospecific and required the a-ethyl group to be anti to
the stereogenic center to work. Overall, the requirement of

Hypothesis of C-H amination to azitidines

Q Me
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/\Nr__Pd,?/l.; Me TsO® /\Nr—M/e';(}?/Mta dissociative /T—M/e/o
0% Oxidant O » i) ionization of O 5 \\~0
Et Et 1 O TsO~ Et | Owd
O:3g’ O, 09
o Ar 090 Me
r
formal
reductive
elimination
Me internal o
Me displacement z,Me
0/\|’ by amine group o/\(
OJ\<4) T AN
B ES

OTs

Scheme 31 Proposed C—H amination mechanism to form azitidine.
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Scheme 32 Pd catalyzed intermolecular y-C(sp®)—H amination of
morpholinones.

a special class of substrates and stereo arrangements for the
reaction decreased its generality.

2.1.3.4. Carbonylation. The same group discovered another
interesting strategy to functionalize free secondary alkyl
amines. A diastereoselective y-C(sp®)-H carbonylation has been
developed which converts free secondary alkyl amines to vy-
lactams.”” The yield and diastereoselectivity were strongly
influenced by a cocktail of carboxylate and amine ligands.
Although, the authors were skeptical about the role of these
ligands in influencing the reaction. Quiniclidine and 2,4,6-trii-
soprpylbenzoic acid (TRIP-OH) were optimum amine and acid
ligands for the reaction. Various functionally diverse secondary
amines underwent C-H carbonylation to provide 4,5-disubsti-
tuted y-lactams in good yield and diastereoselectivity (Scheme
33). In presence of B-methylene center in amine substrates,
a slight modification in the reaction condition (lower CO
concentration and different acid ligand) required to form -
lactam instead of B-lactam, which indicate that manipulation of
the reaction condition results in a change in the mechanism of
C-H activation. The reaction proceeds via a classical
cyclopalladation/carbonylation pathway.

2.2 Delta functionalization of aliphatic amines

Functionalization of further distal 3-C(sp®)-H bonds in
aliphatic amines present an even greater challenge, as it
requires the formation of thermodynamically less favored six-
membered metallacycle as an intermediate. For this reason,
activation of 3-C(sp*)-H bonds in alkyl amines are still in its
infancy with just a few transformations reported till date. Below
we will discuss the 3-C(sp®)-H functionalizations of alkyl
amines that have been reported using different strategies.
2.2.1 Covalently tethered directing group approach
2.2.1.1. Arylation. The first report of 3-C(sp®)-H bond acti-
vation came from the group of Daugulis in 2012.%® Pyrrolidine
derivatives were formed via 3-C-H activation followed by N-H
cyclization with the assistance from a covalently attached
picolinamide directing group (invented by the same group
previously). The reaction required Pd(OAc), as a catalyst,
PhI(OAc), as an oxidant, and toluene as solvent at 80-120 °C
(Scheme 34). Only a few examples of 3-C(sp*)-H activation were
showcased in the report with mostly 3-C(sp?)-H activation to
form indoline derivatives. The aliphatic amines used in the
reaction as substrates were mostly biased, where y-C(sp®)-H

This journal is © The Royal Society of Chemistry 2020
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Scheme 33 v-C(sp®)—H carbonylation of secondary alkyl amines to
form y-lactams.
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Scheme 34 Pd catalyzed 3-C(sp®)—H activation of alkyl picolinamides.

bond was either not accessible (y-quaternary center) or present
as y-methylene center which was more difficult to activate
compared to 3-methyl center. Nonetheless, it was the first report
for distal 3-C(sp*)-H activation of alkyl amines, which opened
a new avenue for further investigation of distal C(sp’)-H
functionalization.

Wang and coworkers outlined 3-C(sp®)-H arylation of 3-
pinanamine using the same bi-dentate picolinamide as the
directing group (DG).** The conformational biasness of the
substrates makes the y-C-H bond inaccessible to reach for the
directing group and the 3-C-H (methylene center) becomes
proximal C-H bond to the DG. For the same strain induced
proximity, stereoselective arylation at the d-methylene center
pointing toward the amino group was found. Various aryl
iodides as well as aryl bromides were utilized as the arylating
partner in the reaction. 2 and 3-bromo thiophenes found to be
suitable partners for the reaction but nitrogen containing
heterocyclic halides were ineffective (Scheme 35). An easily
removable directing group PAr (used by Chen group previously)
was employed to get the free amine post arylation.

We reported a 3-C(sp®)-H arylation and heteroarylation of
amino acids and aliphatic amines aided by picolinamide DG,
where the tuning of different ligands played crucial role for
different purpose.*® Leucine, homoleucine, bicyclic amines like
3-pinanamine and others were successfully subjected for 3-C-H
bond arylation using 4-benzyloxy-2(1H)-pyridone as the ligand.
2,4,4-Trimethylpentane-2-amine was monoarylated at d posi-
tion with various aryl and natural products containing complex
iodides utilizing pyridine as a ligand (which suppressed diary-
lation). The same aliphatic amine was triarylated sequentially at

This journal is © The Royal Society of Chemistry 2020
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Scheme 35 Pd catalyzed 3-C(sp®)—H arylation of 3-pinanamine.
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Scheme 36 Pd catalyzed §-C(sp®)—
and aliphatic amines.

H (hetero)arylation of amino acids

d positions at a slightly higher temperature. A number of het-
eroaryl iodide was employed as the coupling partner with 1-
hydroxy isoquinoline as ligand in the reaction. Notably, iodides
derived from fluorogenic BODIPYs were successfully incorpo-
rated into 3-C-H bond of aliphatic amines in a ligand free
reaction condition (Scheme 36). The mechanistic investigation
of the reaction was carried out by experimental and computa-
tional studies, which revealed the different mechanisms for
different substrates and the role of different ligands.

2.2.1.2. Alkenylation. The 3-C(sp®)-H functionalizations re-
ported by other groups have been achieved with the substrates
(amines) where 3-C(sp*)-H bonds were sterically or conforma-
tionally less or not accessible. In 2016, Shi and coworkers re-
ported an elegant strategy where alkenylation of 3-C(sp’)-H
bond was achieved in presence of equally accessible-y-methyl
C-H bonds.** Picolinamide was used as the covalent directing
group for achieving alkenylation (Scheme 37). 2,6-Dimethyl
benzoquinone was found to be a promoter of the reaction which
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Scheme 37 Pd catalyzed 3-C(sp®)—H alkenylation of aliphatic amines.

acts as the ligand and co-oxidant along with NaHCO; and LiF as
base, Pd(OAc), as catalyst, TCE : HFIP (6 : 1) as solvent, and 1,2-
disubstituted alkyne as the alkenylating agent under O, atmo-
sphere in the reaction. The scope of substrates were pretty
narrow with amino acid derivatives such as isoleucine deriva-
tives, norvaline, benzyl, and benzoyl protected amino alcohols
were utilized as successful substrates in the reaction. Other
aliphatic amines bearing y-methoxy or &'-ester were compatible
substrates for the reaction. The yields, however, were poor in
most of the cases. It is noteworthy that all the substrates used in
the reaction were a-substituted and therefore, some biasness is
required in the substrates to successfully functionalize the -
C(sp’)-H bond under this reaction condition. Various
symmetrical and non-symmetrical alkynes were well tolerated
for this reaction, giving alkenylated products in moderate to
good yields. The picolinamide (PA) directing group was
removed from the alkenylated product by treatment with PCI5/
lutidine, followed by MeOH and aqueous work up. The mech-
anism was one of the interesting aspects of this reaction that
explained why 3-C(sp®)-H alkenylated product formed which
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goes via a less preferred six membered palladacycle instead of
forming y-C(sp®)-H alkenylated product that required the
formation of kinetically favored five membered palladacycle.
Based on the deuteration experiment, the y-C-H bond cleavage
was found to be reversible but not the 3-C-H bond cleavage.
These results indicate that either 3-C-H bond activation is
irreversible or migratory insertion step is faster than the
reversal of C-H activation step. No formation of y-C(sp’)-H
product was explained by the authors via Curtin-Hammett
principle that, due to steric repulsion it unlikely for pallada-
cycles C-1 and C-2 (Scheme 38) to undergo migratory insertion.
While the migratory insertion of C to form an eight membered
intermediate D is sterically favored process. Finally, protonation
of D lead to the desired product and completes the cycle
(Scheme 36, path C). Alternatively, there is a possibility (path A)
where reaction could proceed via generation of palladacycle E
by 1,4-palladium migration of B-1. A third possibility was also
pointed out where B-hydride elimination of B-2, followed by
bond rotation/insertion could lead to formation of palladacycle
B (path B). However, further mechanistic investigation with
deuterated substrate and "H-NMR study ruled out path A and B.

2.2.1.3. Alkylation. Later Shi group reported a 3-C(sp’)-H
alkylation approach for amino acids, peptides using mal-
eimides as an alkylating agent, and picolinamide as the
directing group.®? Functionalization of C(sp®)-H bonds of
amino acids and peptides are especially important as it allows
to form unnatural amino acid and peptides, that often shows
enhanced biological activities. A diverse range of maleimides
such as N-alkyl to N-aryl substituted maleimides were employed
as the alkylating agents. Various <y-substituted isoleucine
derived esters, norvaline derivatives were used as viable
substrates in the reaction. Along with this, varied peptides like
di, tri, and up to tetra peptides were selectively alkylated at d-
C(sp*)-H bond (Scheme 39). The origin of 3-selectivity over y
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Scheme 38 Proposed mechanism for selective 3-C(sp®)—H alkenylation.
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Scheme 39 Pd catalyzed 3-C(sp®)—H alkylation of amino acids and
peptides.

was explained on the basis of Curtin-Hammett principle,
similarly as their previous alkenylation work.

2.2.2. Transient directing group approach

2.2.2.1. Arylation. The only report of 8-C(sp®)-H function-
alization of alkyl amines via a transient group strategy came
from group of Yu in 2018.*° The authors employed glyoxylic acid
derivative as the transient directing group (TDG) along with a 5-
nitro pyridone as the optimum ligand for 3-C(sp®)-H arylation
and heteroarylation of alkyl amines. The TDG coordinate with
Pd(u) and substrate to form a five membered chelate and acti-
vate the 3-C-H bond. In absence of either TDG or ligand the
reaction did not proceed and together a cooperative effort
increased the reactivity of the reaction. Although, the exact role
the TDG and ligand in increasing the reactivity is not known yet.
Further study is required to comprehend their roles. A range of
aryl iodides as well as heteroaryl iodides were utilized as the aryl
partner in the reaction. The arylated products were isolated as
Boc derivative of amines for the ease of isolation. Both cyclic
and acyclic primary amines were well compatible in the reaction
(Scheme 40). The aliphatic amines employed in this reaction
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were all y-substituted (along with o and B-substitutions in some
cases), which make the y-C-H bond less accessible (as it is
a methylene center) compared to 3-C-H bond.

2.2.3. Directing group free approach

2.2.3.1. Arylation. Bannister and colleagues detailed an
elegant approach for 3-C(sp®)-H arylation of alkyl amines
without using any exogenous directing group.®® A weak acidic
solvent AcOH along an acidic additive 2-nitro benzoic acid was
crucial for the success of the reaction. The acidic additives aid
the dissociation of the unwanted bis-amine complex