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Chapter 1

Introduction to C—H Activation, and the Merging of
Bifunctional Reagent-Enabled Transformations

Abstract

C-H bonds are ubiquitous; therefore, development of expedient transformations by
activating C-H bonds are valuable. However, selective activation and
functionalization of C—H bonds using transition metal catalysts pose formidable
challenges due to low reactivity, and selectivity; especially in the case of aliphatic
C-H bonds, and the activation of remote C(sp?)-H bonds. Moreover, these
challenges are compounded by distance and geometry concerns. Over the past two
decades, directing groups have been largely used for C-H bond activation.
Nevertheless, in recent times, not only the directing group but also the ligand plays
significant role in making proximal and distal C—H activation feasible. Finally, the
importance, challenges, and developments associated with C(sp3)—H activation, as
well as remote C(alkenyl)-H activation, are briefed. In addition, the use of

bifunctional reagents in the C—H activation domain is narrated.






Merging C—H Bond Activation with bifunctional reagent...
1.1. Introduction

A curious mind is often inspired by nature and its functioning. Monitoring natural
processes has consistently provided new understanding, and applying these insights
to the scientific world has ultimately benefited mankind. In this vein, monitoring the
reactivity of metalloenzymes like Cytochrome P450 in biological systems has given
us an understanding that it can functionalize alkane chains with high selectivity,
both in terms of regio- as well as enantioselectivity. Therefore, continuous efforts
have been and continue to be applied to mimic that reactivity synthetically.

However, in this paradigm, the

n=1-4
catalytic C-H activation strategy
g
stands as one of the pioneering |
fields. In 1968, Jack Halpern, an n=1-4
FG

inorganic chemist, stated: “To

develop a successful approach
for activation of C-H bonds, particularly saturated hydrocarbons, is one of the most
important and challenging in the entire field of homogeneous catalysis.”! Later, in
1995, a special issue in ‘Accounts of Chemical Research’ depicted 8 Holy Grails of
chemistry. Among them, one of the Holy Grails was a homogeneous metal complex
guided selective intermolecular C-H bond activation written by Robert G. Bergman.
According to him “one Holy Grail is not simply to find new C-H activation
reactions, but to obtain an understanding of them that will allow the development of

selective transformations of C-H bonds.”

In this context, the direct functionalization of unactivated C-H bonds presents a
powerful avenue in synthetic chemistry, offering wide potential for constructing
new molecules in step and atom efficiently.! Conventionally, introducing functional
groups into molecules necessitates the use of pre—functionalized substrates (Scheme
1.1, left), leading to additional synthetic steps and the generation of byproducts such

as inorganic salts or acids in transition—metal—catalyzed cross-coupling reactions. >3



In stark contrast, the direct
@_ X FG ©_FG FG H_@

pre—functionalized ubiquitous C-H
C-H bonds bypasses the substrate bonds

functionalization of inert

need for pre—functionalized Scheme 1.1. fundamental in making new bond
compounds, exemplifying a

streamlined and environmentally favorable approach to chemical transformations.?
Given the ubiquitous nature of C—H bonds in organic molecules, the development of
innovative strategies for their direct functionalization (Scheme 1.1, right) is highly

sought-after. Such advancements promise to significantly enhance the efficiency and

sustainability of synthetic methods in organic chemistry’+

Meanwhile, the direct functionalization of C—H bonds hinges on their activation, yet
several fundamental challenges impede the activation of inert C—H bonds. Foremost
among these challenges is selectivity, as organic molecules encompass a myriad of
1°, 2°, 3°-alkyl/o-, m-, p-aryl C-H bonds (Table 1.1). Moreover, the presence of

aromatic and/or alkyl C—H bonds with closely matched bond dissociation energies

Typeof C-H | C(sp®auylic C(sp¥)s C(sp¥)q C(spd)re | C(spHvinyt =~ C(spParenc = C(sp)
H
T s HiC— G4 ==
structure A H3C—?— ch—cl:— S O Q =
CH, H H
BDE 361.1 389.9 3979 410.8 460.2 473.0 552.2
pKa 43 50 50 50 44 43 25

Table 1.1. Various C-H bonds dissociation energy

and pKa’s poses hurdles for achieving regio- and chemoselective C-H activations.!
The second challenge lies in the low reactivity substantial kinetic barrier associated
with homo- or heterolytic cleavage of C—H bonds. These bonds are inert, owing to
factors such as high bond dissociation energies (typically in the range of 90-110
kcal/mol), low energy HOMOs, high energy LUMOs, and weak polarization (Table
1.1). Intriguingly, the use of transition-metal catalysts effectively activates C-H

bonds by tackling these crucial issues.!®



Merging C—H Bond Activation with bifunctional reagent...

Thus, the C—H activation M] [I\I/I] o
b lized ¢ ’ {é" — {Té}M — {%}FG
can be conceptualized as ] . ) s .
. . =Pd, Ru,  Agostic
the insertion of a Rh. Cu et interaction

transition-metal into
unreactive C—H bonds of Scheme 1.2. Metal insertion to C—H bond

arenes, alkanes, or alkyl chains, forming a more reactive metal-carbon bond-bearing
species. It typically initiates with the interaction of a transition-metal with the C-H
bond, yielding a transient o-complex. This metal-to-C—H interaction weakens the
C-H bond by agostic interaction. This agostic interaction facilitates the formation of
a M-C bond with concurrent cleavage of the C-H bond. Furthermore,
functionalization of the intermediate with electrophiles or nucleophiles leads to the

formation of diverse C—C and C—X (X = heteroatom) bonds (Scheme 1.2).15

1.2. Mechanism of C—H Activation

The development of a new carbon-metal bond via C-H activation hinges on the
bond environment, transition-metal catalyst, and the ligands used in the reaction. It
has been categorized in two segments, firstly, initial C—H insertion happens into the
ligand of a transition-metal complex, often termed as outer sphere mechanism.
Secondly, the inner sphere mechanism occurs through the coordination of the C-H
bond with the metal center, resulting in the formation of an organometallic complex
where the hydrocarbyl unit becomes integrated within the inner sphere of the metal
upon C-H bond cleavage. There is ongoing discussion regarding the terminology
"C-H functionalization" and "C-H activation" often used interchangeably. However,
there is a growing agreement to reserve the latter term specifically for describing the

inner sphere mechanism.
1.2.1. Outer sphere mechanism

In the process of alkane oxidation, bio-inspired or enzymatic metal-oxo species, often
referred to as rebound mechanisms, facilitate C—H activation via a metalloradical
pathway.5¢ Initially, hydrogen radical abstraction is catalyzed by the metal-oxo

species precursor, followed by a rapid rebound to form a metal-hydroxo



intermediate (Scheme 1.3). Similarly, in Scheme 1.4, the N-atom of metal-nitrenes or
the C-atom of metal-carbenes directly interacts with a C-H bond, leading to the
simultaneous formation of H-N and C-N bonds or H-C and C-C bonds via metal
dissociation. This interaction pathway is illustrated in Scheme 1.4.
Key features of outer sphere mechanisms:

i) No direct involvement of metal with C—H bond.

ii) Ligands associated with metal are probably the important factor for

the outer sphere mechanism.

1.2.2. Inner sphere mechanisms

YA o - M2 4@
M]"=0 —  AgM]"O —_— 0+
Inner sphere mechanism has been 5 . 6\‘) ,

classified into three modes of

transition metal-mediated C-p Scheme 1.3. Radical rebound mechanism

o L L5y
activation; a) oxidative addition, _MIA,

. AdMI=Z  +
b) o-bond metathesis,>® and «c) "
8 3 9
electrophilic ~ substitution = 59. Z=RN.CR;
(metal-nitrene or -carbene)

- © ¥
! 7
\ /

A [M]=—Z

the approach involves through the g 10

However, these distinctions can

sometime be ambiguous. Logically

charge transfer interactions

between the metal centre and the Scheme 1.4. Metal- nitrene and metal-carbene
C-H bond. Charge transfer can insertions

occur in two ways: (i) reverse CT,

where electron transfer happens from the metal-based filled dmo orbital to the o*
orbital of the coordinated C—H bond, and (ii) forward CT, where electron transfer
occurs from the occupied o orbital of the C—H bond to an empty metal-based do
orbital. These interactions weaken the C—H bond and eventually cleavage the bond.
Based on the electronic nature of the resulting transition state, C—H activation can be
categorized as either electrophilic or nucleophilic. This distinction depends on
whether the transition state is electrophilic or nucleophilic nature. A qualitative

molecular orbital (M.O.) diagram is depicted in Figure 1.1.
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Nucleophilic C-H activation Electrophilic C-H activation
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Figure 1.1. Frontier orbital interaction for nucleophilic (left side) and electrophilic
(right side) mechanism

Key features for inner sphere mechanism:

i) Cleavage of a carbon-hydrogen bond to afford a transition metal alkyl/aryl
species. Therefore, the direct involvement of metal is obvious.

ii) This mechanism is often formed of a discrete organometallic intermediate and the
structural and electronic requirements of this intermediate dictate the regio- and
stereoselectivity of functionalization. These transformations often proceed with high
selectivity for the less sterically hindered C-H bonds of a molecule; however, other
factors, including the ligand environment at the

metal center and the mechanism of the C-H X
{é} Fmy, = \, O

bond cleavage step, can also influence MY (n.1)
3 1 12 (‘J(
selectivity in these systems. »
) l—Y’
1.2.2.1. Electrophilic and nucleophilic C-H ‘ : S 4((::}[M]Y(n_1)
activation (Oxidative addition) 57 - donation o=  back donation 13

o N I h 1.5. hani f
Late transition-metals with high oxidation Scheme 1.5. Mechanism o

states, such as Ru(II), Pd(II), Pt(II), Rh(III), and

Electrophilic substitution

Ir(III), typically exhibit electron-deficient characteristics due to their low-lying



do and dm orbitals. Consequently,
when interacting with C-H bonds,
these metals predominantly engage
in forward charge transfer (CT).
This forward CT arises from the
donation of electrons from the
occupied o orbital of the C—H bond
to the vacant do orbital of the metal

center, resulting in an electrophilic

metal complex.

Conversely, the transition-metal
complexes with high electron
density, characterized by high-

energy do and dm orbitals, favor
reverse charge transfer. In this
scenario, electrons are transferred
from the metal-based filled dm
orbital to the o* orbital of the
coordinated C-H bond, leading to a
nucleophilic metal complex.

The nature and oxidation state of
the metal complex dictate whether
the C-H activation process is
electrophilic or nucleophilic under
the inner sphere mechanism. For
electron-poor late transition metals,
electrophilic activation

predominates. Here, initial
coordination of the C—H bond to the
metal center facilitates strong o-

donation, while weak o back

H
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Figure 1.2. MO diagram of oxidative addition
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donation from the metal promotes heterolytic cleavage of the C—H bond, which is

often assisted by an external anion (see Scheme 1.5).

1.2.2.2. Ambiphilic concerted C—H activation

The inner sphere mechanism involves H
M M—| C-H

intramolecular deprotonation, c
facilitated by a cyclic and concerted —=
process with the assistance of )/ \

/ Y
heteroatom-based  ligands.  These ) = -

/ ' *

ligands, which can include bridging / f . ? g
species such as carbonate anions SO do nb®
(COs%), acyloxy groups (RCOy), % dn \\\ % “\‘

\ \
halides (X°), or alkoxy anions (RO"), \ b fr

\ L

play a crucial role in guiding the A o ° O
reaction through various pathways. O’OO

These pathways are known by
Figure 1.3. MO diagram of sigma bond

different names such as concerted metathesis
metalation deprotonation (CMD),

ambiphilic metal-ligand activation (AMLA), internal electrophilic substitution (IES),
or 1,2-addition pathways (see Scheme 1.6). The process is often influenced by
hydrogen bonding interactions between the H-C proton and lone pairs on the
ligand, typically oxygen-based. This interaction biases proton abstraction, sometimes
through agostic interactions, where the electron density of the C—H bond distorts
towards the metal center. This distortion is facilitated by electronic interactions
between the o orbital of the C—H bond and the dm orbital of the metal, often
resulting in the formation of three-centered two-electron bonds. A qualitative

molecular orbital (MO) interaction diagram for C-H bond activation via oxidative

addition is depicted in Figure 1.2.



1.2.2.3. Sigma-bond metathesis 58

iy - o ©-w
Transition metals in high oxidation M-Z ©\ [ ,_@_\M] 24
M \N_7 +
states, particularly those with early z=si,B,C 7 z 7+
3 23 23" 25

d® configurations, lack d electrons
and can undergo oxidative addition

Scheme 1.8. Metathesis by the assistance of
(OA). Consequently, they exhibit a

c-complex

tendency for o-bond metathesis with

C-H bonds. This process involves a concerted four-electron transition state
resembling a kite, wherein the metal's oxidation state remains unchanged (Scheme
1.8). Additionally, transition metal with d* to d® configurations can participate in o-
bond metathesis. These fragments possess vacant sites, allowing them to form stable

o-adducts before and after metathesis, a mechanism termed o-complex-assisted

metathesis (0-CAM) (Figure 1.3).

1.2.2.4.1,2-Addition mechanism 5°

The final step of C-H activation, is

..[ ©
termed 1,2-addition. This process 4@ M=X3 1 N) @M
o M N7
involves the addition of C-H bond L:X z
3 26" 26

from compound 3 across the M-X Scheme 1.9. 1,2-addition mechanism
bond, yielding compound 26" via a

four-centered species. While bearing similarities to 0-BM, this process differs in that
the newly generated X-H moiety remains bound to the metal center, utilizing 1 or
lone pair electrons to activate the C—H bond rather than o-bonds. Early and middle
transition-metal complexes containing alkoxy, amido, or alkylidene ligands undergo
this mode of C—H activation (Scheme 1.9).

In summary, the C-H activation step is dictated by the nature of the metal and the
ligands present. It can proceed via a two-step oxidative addition-reductive
elimination pathway with discrete oxidative addition intermediates or through a o-

bond metathesis pathway in a single transition state. The possible paths associted in

the C—H bond activation are summarized in Scheme 1.10.
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Scheme 1.10 : Possible involving paths for the activation of C—H bonds

1.3. General challenges for transition-metal catalyzed C-H bond
functionalization 10

In catalytic oxidative functionalization of complex organic molecules of C-H bonds
poses five major challenges (a) reactivity, (b) chemoselectivity, (c) regioselectivity,
(d) stereoselectivity, and (e) sustainability. A short description of each challenge is

detailed below.
1.3.1. Reactivity

The strength of typical carbon-hydrogen bonds (with bond dissociation energies
between 90-110 kcal/mol) presents a first and very significant challenge in this area.
While most oxidation reactions are thermodynamically downhill, there is generally a
large kinetic barrier associated with the C-H bond cleavage event required
before/during functionalization. Transition metal catalysts serve to increase the rate

of reaction of C-H bonds by many orders of magnitude.

1.3.2. Chemoselectivity

Achieving precise functionalization at the desired oxidation state poses a significant
hurdle, given the tendency for over-oxidation, which is often energetically favorable.
Various approaches have been employed to tackle this critical challenge, such as: (i)
limiting reactions to partial conversion, (ii) employing substantial excess of substrate
compared to oxidant, (iii) favoring intramolecular over intermolecular
functionalization reactions, (iv) employing functional groups that kinetically impede

over-oxidation, and (v) a meticulous design and selection of catalysts.

11



1.3.3. Regioselectivity

Achieving selective functionalization of a single carbon-hydrogen (C-H) bond
within the intricate framework of organic molecules presents a formidable challenge
in this domain. Several strategies have been devised to overcome this hurdle,
including: (i) targeting substrates with inherently weaker or activated C—H bonds,
such as benzylic or allylic systems, (ii) employing coordinating ligands integrated
into the substrate as directing agents, (iii) favoring intramolecular functionalization
via thermodynamically favored five- or six-membered transition states, (iv)
leveraging supramolecular chemistry to position a specific C—H bond proximal to
the active site of the catalyst, and (v) utilizing transition metal catalysts and ligands

to govern selectivity.
1.3.4. Stereoselectivity

Establishing new stereogenic centers through the functionalization of carbon-
hydrogen (C-H) bonds with high diastereoselectivity and/or enantioselectivity
poses a significant challenge in this realm. While this aspect remains relatively
underexplored, two primary avenues have emerged: substrate-driven strategies
involving substrates with inherent stereocenters or chiral auxiliaries, and catalyst-
driven approaches employing chiral transition metal complexes to direct
enantioselective functionalization. Additionally, the stereospecific oxidative
functionalization of C-H bonds at pre-existing stereocenters presents a promising

avenue for chiral molecule synthesis with numerous practical applications.

1.3.5. Sustainability

In 1998, Anastas and Warner introduced the "12 Principles of Green Chemistry" as
guidelines aimed at enhancing the sustainability of chemical processes. These
principles encompass various design considerations, including prevention, real-time
analysis, inherently safer chemistry, design for degradation, use of renewable
feedstock, less hazardous chemical synthesis, design of safer chemicals, energy
efficiency, sustainable metal catalysis, avoidance of derivatives, use of safer solvents
and auxiliaries, and consideration of atom economy. Comparatively, C—H activation
reactions hold significant promise in advancing sustainability, particularly as they

align with several of these principles. For instance, C—H activation reactions often

12
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adhere to the principles of sustainable metal catalysis, avoidance of derivatives, use
of safer solvents and auxiliaries, and consideration of atom economy, thus
contributing to greener and more sustainable chemical processes. However, it's
important to note that while C—H activation reactions offer substantial potential,
their continuous development should be viewed as an ongoing advancement toward
sustainability rather than a static green objective. This evolution underscores the
dynamic nature of sustainable chemistry and the need for ongoing innovation and

improvement in chemical processes.
1.4 C(sp®)-H / C(alkenyl)-H activation

The transition-metal (mainly palladium) catalyzed directing group assisted C-H
activation has been emerged as the straightforward and powerful strategy for the
functionalization of organic molecules from commercially available chemicals.
Among several different kinds of C-H bonds, past two decades has witnessed
several advancements for the functionalization of proximal C(sp?)-H or
C(alkenyl)-H bonds. This realm has produced myriad strategical disconnection that

has never been possible in conventional way.
1.4.1. Mechanism of proximal C(sp3)-H / C(alkenyl)-H activation

Two different catalytic pathways are possibly involved in the DG assisted Pd-
catalyzed functionalization of C(sp3)-H bonds (Scheme 1.11).111 The reaction begins
with the coordination of Pd(II) catalyst to DG followed by the activation of proximal
C-H bond to give the palladacycle 28. The species 28 is a crucial reactive
intermediate, as it reacts differently with the reagents used. One of the possible
pathway involves the trans-metalation of 28 with the nucleophilic reagents,?3 such as
boronic acid; which on successive reductive elimination produces the desired
product 30 with the release of Pd(0) catalyst (cycle A). The oxidation of Pd(0) catalyst
concomitantly occurs in presence of oxidant, commonly known as terminal oxidant,
and keeps the catalytic cycle active. The alternate method involves the oxidation of
activated complex 28 in presence of oxidant to form high-valent Pd(IV) intermediate
31, which on facile reductive elimination produces the desired functionalized
product 32 with the direct regeneration of Pd(Il) catalyst (cycle B). Thus the catalytic
cycle-A revolves utilizing the Pd(I1)/Pd(0) systems, while the catalytic cycle-B works with

13



the Pd(I)/Pd(IV) systems. The third type of mechanism is oxidative addition-induced
activation; this process is realized with the participation of Pd(0)/Pd(II) catalysts.

cycle A cycle B

<DG
PA(0) m reductive C—=XR
<DG Pd(ll) elimination 32
C—R
30 i DG
r«_adgctlye C-H X
elimination
L c— DG, | ,L
activation 27 ( Pd
c” 1L
0. L X/R
( "Pd’ DG. L 31 Pd(IV)
C R ( _Pd_ -
29 Pd(ll) ct L \W
S~N—— Pd(Il)
R—BY,

Scheme 1.11. General mechanism of C(sp?)—H functionalization

A brief discussion on the ligand scaffolds, intermediates, and the plausible
independent steps involved for the C(sp3)-H activation will shed light on

understanding the broad-based mechanism shown in Scheme 1.11.

Identification of ligand scaffolds for Pd(II)-catalyzed C—H functionalization: 12

Keeping in mind several interrelated challenges, designing ligand scaffolds for Pd
(II)-catalyzed C-H functionalization reaction is impotent. These correlated
challenges are listed below.

i) Assembling a 1:1 ligand/substrate coordination structure:

The ligand could outcompete the substrate binding to the Pd(II) centre or vice-versa.
In directed C-H activation, traditional directing groups like pyridines, oxazolines,
oximes, etc., could inhibit ligand coordination prior to C—H cleavage. In addition,
the ligand would not play a dominant role in influencing reactivity and/or
selectivity as it makes the C—H cleavage step so facile.

ii) Promoting the C—H cleavage step:

The requirement of supporting ligands are completely depends on the electronic
behaviour of the Pd(Il) centre, under different mechanistic realm of C-H cleavage
(for instance; for electrophilic palladation mechanism, metal centre should be
electrophilic in nature. Whereas, for CMD metal requirement is nucleophilic in

nature.), and thus the supporting ligands are different. A combination of factors,

14



Merging C—H Bond Activation with bifunctional reagent...

including the substrate, the reaction conditions, and also the ligand are necessary for
the operative mechanism for C—H cleavage.

iii) Compatibility with the other steps in the catalytic cycle and the reaction conditions:
ligand engineering is necessary because of different Pd(II)-mediated C-H
functionalization reactions proceed via different elementary steps. For instance,
certain steps might necessitate ligand dissociation to create a vacant coordination
site, whereas others demand ligands resistant to reductive elimination from high-
valent intermediates. Furthermore, during the reaction, ligands may interact with
the substrate, coupling partner, or Pd(II) catalyst along multiple potential
degradation pathways.

iv) Modifiability and modularity:

Screening multiple distinct ligand scaffolds are necessary because it is inconvenient
that a single ligand will be sufficient for each combination of substrate and reaction
partner. In addition, utilizing modifiable and modular ligand scaffolds is not only
superior for fine-tuning but also for developing multiple complementary ligand
scaffolds for the specific combination of substrate and reaction type is impotent.
These ideas provide a roadmap for making better ligands in a specific type of
chemical reaction in Pd(Il)-catalyzed C—H functionalization reaction. Since it is hard
to predict which ligand will work best, researchers often rely on trial and error. They
need to be thoughtful and open to trying new things, whether it's improving existing ligands

or creating brand-new ones.

Transmetalation: The transmetalation process is defined as a transfer of ligands
from one metal to another. Therefore, a range of carbon or heteroatom ligands
transfer is possible in this step. For example, in presence of base aryl or alkyl group

transfer can be feasible from boron to the palladium center.13

Oxidative addition:. In the case of cycle A oxidant regenerates the active catalyst in
the last step of the reaction, whereas the same is used to get the high-valent metal
complex in cycle B. A range of one electron and two-electron oxidants have been
used to keep the catalytic cycle active. Therefore, the oxidation of metal catalyst is
crucial in both the cycles presented in Scheme 1.11. In all oxidation processes the

formal charge of the metal increases by two units.
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Reductive elimination: Reductive elimination (RE) is a fundamental step in C-H
functionalization reactions, involving the formation of a new bond between two
anionic ligands bound to the Pd-metal and reducing the metal’s oxidation state by
two units. Therefore, it encompasses the formation of new C-C and C-heteroatom
bonds. The rate of reductive elimination depends on several factors, such as orbital
symmetry, bite angle/cone angle, coordination number, and oxidation state. For
cycle A, reductive elimination could be facile due to the steric bulkiness of the
ancillary ligands, allowing the ready formation of the product. In the case of strong
bonding of M-X (X = heteroatom) and higher electronegativity of the heteroatom, C-
X reductive elimination is a difficult task. For cycle B, the oxidation of the metal with
an increased oxidation number would enhance the orbital overlap between M-C and
M-X bonds, thus facilitating the RE. Therefore, catalytic cycle B is operative for Pd-

catalyzed C-X bond formation!14
1.5. Bifunctional reagent (BFR)

In 1988, “Edward Piers” introduced the concept of bifunctional reagents (BFR),
defining them as organic compounds possessing two reactive sites, typically
nucleophilic and/or electrophilic. Intriguingly, these reactive centers of the species
can be clipped into a substrate molecule either sequentially or through
"simultaneous" activation. These "bifunctional conjunctive reagents" have gained
increasing importance in organic synthesis, particularly for the synthesis of
carbocycles or heterocycles through annulation sequences. Their utility lies in
enabling relatively short synthetic routes, transforming structurally simple

substrates into significantly more complex and functionalized products.

As organic chemistry progressed, the scope of reactive sites expanded with
advancements in radical chemistry, cross-coupling reactions, and C-H
functionalization. Therefore, the restriction of organic reactive sites to nucleophiles
and electrophiles is mitigated. Moreover, both reactive sites need not necessarily be
retained in the final product. Consequently, achieving a perfect atom economy can
dim the substrate and reagent relationship. Hence, attention is directed towards

selected bifunctional substrates believed to inspire future conceptual developments.
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Therefore, the classification of bifunctional regent is portrayed based on the

identities of the reactive sites (Fig - 1.4).16

O Nucleophile O O
O Electrophile O

Radical acceptor RS T
Radical precursor O O

Coupling partner

Hydrogen atom transfer reagent |:> Ambiphilic
O O O Bifunctional

O Directing group Reagent
Figure 1.4. Classification of bifunctional reagent

1.5.1 Ambiphilic bifunctional reagent (ABFR)

Among the several aforementioned combinations of bifunctional reagents, the
ambiphilic bifunctional reagent stands out as the most common, possessing both a
nucleophilic and an electrophilic reactive center. Consequently, it has found heavy
utilization in conventional cascade reactions, effectively embedding two organic
molecules in a step and atom-economical manner.l” Additionally, the conjunctive
nature of these ambiphilic bifunctional reagents, for instance, their easily removable
functionality, can serve as a masking reactive site. Nevertheless, the potential for
unveiling new reactivity of ABFR is yet to be fully understood. Moreover, ambiphilic
bifunctional reagents not only facilitate the transfer of two functionalities to design a
core molecule but also enable the assembly of acyclic molecules in a multicomponent
fashion. This process works within the realm of the basic principles of step economy,
and enables transforming simple substrates into significantly more complex and
functionalized products. Thus far, the use of bifunctional reagents in catalytic
transformations has been showing promise for the possibility of discovering new
reactions that are often difficult or impossible to achieve using conventional

methods.
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Figure 1.5. Ambiphilic bifunctional reagent

1.5.2 Example of bifunctional reagent in metal-catalyzed C—H functionalization

reaction

In 2015, Greaney and Modha made a pioneering use of diaryliodonium salts as
bifunctional reagents, marking a significant milestone in the field. Their approach
enabled the tandem C-H/N-H arylation of indoles, a breakthrough achieved by
employing a copper iodide catalyst. This method facilitated the direct formation of
indole motifs through tandem C-H/N-H diarylation, incorporating both aryl
groups from a single reagent (Scheme 1.13). Based on the mechanism,
diaryliodonium salts first undergo oxidative addition with Cu! salt to deliver Cu'"
reactive species 35. This reactive species first transfers one aryl group to the indole 3
position via C-C coupling. The next attachment happened with the indole N atom
via N-C coupling. Later, the same reagent has been used for a Ru-catalyzed N-/C-

arylation N-heterocycles (Scheme 1.14).1819

H Cul (20 mol %) Ar!
Ar2 OTf dtbpy (1.1 equiv)
~ - X
! N R1—'\/:(\ng2 1,4-Dioxane, 60 °C then R gl N
1 (P !
Ar N DMEDA (30 mol%) 7 N
bifunctional reagent K3PO, (2.0 equiv),100 °C 37 Ar?
33 34
| Cu Cu
Ar'

Ar'

Ar? oTf
S A ) N Ar2_
é W > R1_./ R+ I
u N
7 H
36

35

Scheme 1.13. Diaryliodonium salts as a bifunctional reagent
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K,CO3 (1.2 equiv),

2
A SO 8 Xylene, 70 °C, 12 h then
I + | N .
Ar' r?” N
H [RuCl,(p-cymene)], (10 mol %)
bifunctional reagent MesCO,H (0.3 equiv)
33 38 K,CO5 (2.0 equiv), 140 °C 18 h

Y
Loy |
1“ N

39

Scheme 1.14. Diaryliodonium salts as a bifunctional reagent

In 2019, Kong, Li, and colleagues demonstrated a noteworthy instance of Cu-
mediated domino N-/C-arylation or N-/N-/C-arylation of imidazoles. This
transformation possesses good to excellent yield (Scheme 1.15).20 Moreover,
diarylation shows high atom economy and excellent selectivity with unsymmetrical

iodonium salts. Nevertheless, the reaction was performed in stoichiometric Cu-salt,

Cu,0 (1.0 equiv) ;

ArZ\I/BF4 Y,
0
! . [\> DMF, 120 °C, 20 h Y
Ar1 N ” | /
\ _ N +

bifunctional reagent R BFs R

which is a potential pitfall.

M 42 43
Scheme 1.15. Diaryliodonium salts as a bifunctional reagent

In 2016, Glorius and coworkers showcased an interesting reactivity of
phenoxyacetamide derivatives 44 as a bifunctional substrate in Co(Ill)-catalyzed,
intermolecular carboamination reaction (Scheme 1.16).2! In this transformation,
synthesizing unnatural amino acid derivatives under redox-neutral conditions has
been a noteworthy approach. According to their experimental findings, a
catalytically active Co(IlI) species 46 interacts with phenoxyacetamide derivatives 44
to form intermediate 47 via C-H activation. Next, olefin insertion delivered a seven-
membered ring intermediate 48, which can undergo reductive elimination to release

the six-membered ring intermediate 49. Then, low valent Co(I) species subsequently
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undergo oxidative addition with N-O bond to form the seven-membered Co(III)

intermediate 50. Finally, protodemetalation of 50 yields the desired product 51.

bifunctional substrate
H [Cp*Co(CO)Il,] (10 mol%

N ) OH 0
o )]\ AgSbFg (20 mol%) - )l\
+ OR
© Il OR CsOAc (25 mol%) !
HN\n/Me

K43PO, (25 mol%)

" 45 TFE, 40°C,22h 51 O
AgSbFg + CsOAc + H Me
. KsPO : U
Cp*Co(CO)I 374 .
[Cp*Co(CO),l ™74 [Cp*Co(OAc)] base + ¢

0

OR 46
HO Me
HN’Q C-H activation
O
2AcOH
O~ [CoM] O,
\N —A N-Ac
¢ [Co]
50 o a7
RO

&datve addition Olefin insertion
Ac

oL .[cd
N~ el

O\ N,
Mool
[e) [Co™]
49 OR 48 (0]

Reductive elimination RO

Scheme 1.16. Phenoxyacetamide as a bifunctional reagent

HBase + AcOH

In 2015, Rovis and Piou demonstrated a Rh-catalyzed carboamination of alkenes
using enoxyphthalimides. However, the author did not highlight enoxyphthalimides
as a bifunctional reagent, but its reactivity was sought after (Scheme 1.17).22 Based on
their experimental findings, the C-H activated, and Rh-metalated species 55 was
constructed via ring-opening of the phthalimido system. Next, insertion of alkene to
55 forms 56. Further, reductive elimination of 56 delivers intermediate 57.
Subsequently, N-O bond of 57 undergoes oxidative addition to provide seven-
membered Rh(Ill) complex 58. Finally, protonolysis and cyclization delivers acyclic

products containing two contiguous stereocenters 59.
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bifunctional substrate
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BuCN J/
Rh acatalyst

0  CO,Me o}

Oxidative addition

[RA,
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Scheme 1.17. Enoxyphthalimides as a bifunctional reagent

1.6. Motivation, Hypothesis, and Planning

The use of bifunctional reagents in C-H functionalization reactions is indeed rare.

Despite their potential to drive atom and step-economical transformations, as well as

to facilitate the conversion of straightforward substrates into complex and

functionalized products, the full extent of their utility in intricate C-H activation

process remains unexplored. Therefore, merging bifunctional reagents into C-H

activation chemistry holds promise for unlocking new avenues in synthetic

chemistry. By harnessing the reactivity of these reagents, researchers aim to access

chemical space that has traditionally been challenging or even inaccessible through

conventional means. By addressing the limitations of conventional methods and

leveraging the unique reactivity of bifunctional reagents, this approach promises to

open doors to novel chemical transformations and unlock opportunities for the

synthesis of previously elusive molecular structures.
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To elucidate the utility of these ambiphilic bifunctional reagents, we have portrayed
two types of challenges. Whereas, challenge 1 showcases a quest of transferring two
functionalities via dual C(sp3)-H activation as well as remote C(alkenyl)-H
activation in a one-step operation (Scheme 1.18, left side). On the other hand,
challenges 2 involves expelling two functionalities, while introducing two new
functionalities in a one-step operation (Scheme 1.18, right side). Each process
underscores the molecular editing ability through insertion as well as the

combination of deletion and insertion methodology.
Challenge 1 Challenge 2

E’®>< H
<. R
C(sp®)-H bonds

Y
Double C-H activation @ @

A 7 N N 1
< | @—— —Y I ) Uy

R ambiphilic bifunctional @
R ) reagent
d unactivted alkene Three component C-H band
i combination of C(alkenyl)-H addition strategy
Ty activation and directed
nucleopalladation Expel two functional groups to

incorporate two new
functionality
in a single operation

Transfer of two functional
group in a single operation

Scheme 1.18. Merging bifunctional reagent with C—H activation

Thus, we hypothesized that merging the reactivity of a bifunctional reagent with
C-H activation could be achievable using a neutral chelating directing group,
methyl-2-pyridylsulfoximine (MPyS). This bidentate directing group overcomes the
fundamental challenges associated with C(sp?-H / remote C(alkenyl)-H bond
activation (Scheme 1.19). Furthermore, its neutral chelating ability could not only
facilitate C(sp?)—-H / remote C(alkenyl)-H bond activation but also promote dual
C(sp®)-H bond activation, integrating various catalytic systems such as

decarboxylative functionalization and nucleometallation.

Additionally, leveraging the ligand effect with bidentate methyl-2-
pyridylsulfoximine is necessary to achieve this catalytic hypothesis. This approach
could provide a new opportunity to identify ligands that enhance reaction kinetics in

C-H activation reactions.
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Scheme 1.19. MPyS-DG and bifunctional reagent enabled transformation

This thesis aims to develop new chemical transformations and unlock opportunities
for the synthesis of new molecular structures that are remained elusive.
Consequently, the use of a direct C—H activation strategy extends the potential of
retrosynthetic disconnection to synthesize novel scaffolds. In addition, employing
the MPyS directing group with readily available starting materials, mainly aliphatic
acid derivatives, to carry out multiple functionalization reactions is indeed a value
addition (Scheme 1.19). However, after completion of the reaction, reusing the
directing group through a simple hydrolysis procedure showcases practicality.
Finally, combining the MPyS-DG with 2-iodobenzamide and 2-iodobenzoic acid as
an ambiphilic bifunctional reagent is deployed for the formation of cyclic
benzofused lactone and lactam formation, as well as the acyclic assembly of 1,2-

difunctionalized arene scaffolds (Scheme 1.19).
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Chapter 2

Palladium (IT)-Catalyzed Annulative Difunctionalization of
Two Inert C(sp®)—H Bonds by a Bifunctional Reagent

Abstract
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studies

[llustrated herein is a Pd (II)-catalyzed direct difunctionalization of two C(sp?)-H
bonds of aliphatic carboxylic acid derivatives by bifunctional reagents (BFRs) of the 2-
iodobenzoic acid series. The methyl 2-pyridyl sulfoximine (MPyS) bidentate directing
group (DG), 2-chloro-5-trifluoromethylpyridine ligand, AgOAc as base and NaBrOs
as co-oxidant, help the concerted metalation deprotonation (CMD) of inert C(sp3)-H
bonds, as well as the reductive elimination; density functional theory (DFT) studies
shed light on these crucial steps. This process makes two bonds [C—C and C-O] at
gem-a,0'-di-Me groups in a single operation, offering access to unusual benzo-fused
peripheral substituted caprolactones. The transformation tolerates labile functional
groups and allows the construction of a wide range of caprolactones with structural
diversity. Mechanistic studies reveal the participation of monomeric Pd-species in the
catalytic cycle. The synthetic versatility of the complex molecular entities is also pre-

sented.

Reference:
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Akhila K. Sahoo ACS Catalysis. 2023, 13, 7627-7636.
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Chapter-2 Insertion of two functionalities via double C(sp®)—H activation

2.1. Introduction

Cyclic structural motifs are ubiquitous in natural and non-natural molecules of phar-
maceutical, agrochemical, and material relevance.! While cycloaddition reactions are
the common pathway to build complex cyclic molecules,? an emerging strategy is the
directing group (DG) assisted transition-metal (TM) catalyzed annulative multiple
C-H functionalization.? 4 The coupling of the two substrates is achieved by C-H/C-H,
C-H/C-I, or C-H/insertion strategies, all leading to the formation of C—C bonds.
However, this methodology is so far limited to the construction of carbocycles. Build-
ing up heterocycles could be envisaged, for instance, by C-H/C-I and C-H/O-H
coupling [i.e., simultaneous C—C and C-O bond formation]. This implies to use of a
bifunctional transfer reagent (BFR) exhibiting reactive C—-I and O-H bonds to make
this synthetic paradigm feasible.5 This process encapsulates an efficient transfer of di-
verse functionalities in a single step, building complex cyclic structural units that are
difficult to access by conventional means (Figure 2.1).6 TM-catalyzed activation and
functionalization of inert C(sp?)—H bond reactions represent a sustainable toolkit for
making unusual molecules of great structural diversity. In this regard, the Pd-cata-
lyzed C(sp?)—H bond activation has been mainly used in mono-functionalization pro-
cesses (Figure 2.1, left).” Double functionalization of C(sp®—-H bonds is, on the other

hand, more challenging to execute (Figure 2.1, right).3
G

H*'F;LDE) e H/"')Ci' Al @"g“

D
R Ry

.
N

molecular complexity

Figure 2.1. C—H activation and use of bifunctional reagents (BFRs) for complexity-

driven transformations.

The TM-catalyzed annulation of unsaturated species such as alkenes, alkynes, allenes,

and dienes, with ambiphilic BFRs, offers a potent means to construct cyclic motifs
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(Dieck and Larock; Figure 2.2, left), yet with limited chemical space.? Surprisingly,
annulation by clipping an ambiphilic BFR at two C(sp3)-H bonds of a substrate has
not been described (Figure 2.2, right). Nevertheless, given the potential of one-pot un-
symmetrical multiple functionalizations of C—H bonds, the development of such a
synthetic paradigm allowing the simultaneous functionalization of two geminal me-

thyl groups with a BFR appears to be a worthwhile endeavor.

N metal-catalyzed
MmN Gl
B N \/\ activation -
. i VA ®_ \ :\ R
@ /\3 =e=/" ambiphilic A

g = ; BFR HR_ly\/H

Figure 2.2. Ambiphilic BFRs for annulations
2.1.1. Precedents and Strategies for Double C(sp?)—-H Bond activation
Yu's pioneering work on Pd-catalyzed amide-directed twofold a,a'-di-Me-C(sp3?)-H
bond activation via maleimide relay offers a direct entry to 5-membered carbocycles
(Scheme 2.1, left).10 Moreover, the annulative difunctionalization of gem-a,o’-di-Me
groups has been reflected independently by oxazoline-promoted C(sp®-H di-io-
dination followed by radical cyclization [Yu] and by pivalate-assisted intramolecular
coupling of in-situ generated c-alkyl-Pd species via a 1,4-Pd shift of aryl-Pd-halide
[Baudoin]; these methods could build functionalized cyclopropanes (Scheme 2.1,
right).11

Yu, 2020 Baudoin, 2020

Pd (OAc), (10 mol%
) Pd (PPhz)4 (10 mol%)

R o Ligand (10 mol%) ) ) N -L
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Y HFIP (0.2 M) st A R

D
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100°C, 24-48h R 140°C
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second C(sp®)-H DG= '1, OMe DG= E second' C(§p )—H
activation M e activation

Scheme 2.1. Prior art for double C-H activation
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2.2. Motivation, Hypothesis, and Design

The above-mentioned approaches rely on two consecutive C—C bonds formation for
the construction of 3/5-membered carbocycles (Figure 2.3). However, this strategy
does not provide access to seven-membered carbo/heterocycles, which is perhaps due
to the involvement of a hard-to-get 8-membered palladacycle in the second C—H acti-
vation.*» We reasoned that a DG-enabled independent double functionalization of in-
ert C—H bonds could be useful for the construction of large-membered cyclic motifs
(Figure 2.3). Based on our recent work on methyl pyridyl sulfoximine (MPyS) aided
sequential functionalization of two B-C(sp?)—H bonds, 1> we intended to trap both gem-
di-Me groups with a BFR (for instance, 2-iodobenzoic acid) to form uncommon benzo-
fused caprolactones (Figure 2.3). Our plan was to use an MPyS-DG bearing aliphatic
carboxylic acid derivative exhibiting o,a’-di-Me groups, a 2-iodobenzoic acid,
Pd(OAc): as a catalyst along with a base and an oxidant. We can anticipate that the
transformation relies on the coordination of a Pd(II) species to the MPyS-DG to trigger
an acetate-assisted CMD of an a-Me-C(sp3)-H bond, followed by AcO~/benzoic acid
ligand exchange resulting in intermediate I. Next, oxidative addition of the iodoaryl
moiety of I, followed by reductive elimination, would deliver II. Acetate-aided second
CMD of another a'-Me-C(sp®)—H bond of II could then provide III. Finally, oxidant-
promoted reductive elimination of IV could build benzo-fused peripheral substituted
caprolactones (Figure 2.3). Generally, intermediates of type I and II are prone to C-
benzoxylation and decarboxylative arylation, respectively (Figure 2.3).13 As evident
by Gaunt’s decarboxylative arylation of (NH)-alkylamine, using 2-bromobenzoic acid
as an aryl transfer reagent (Scheme 2.2) and Yu's y-alkoxylation of free amine by 2-
hydroxynicotinaldehyde as a transient directing 