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Chapter 1

Pd-catalyzed C-H Functionalization of
Arenes: General Introduction
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Chapter 1

1.1 General introduction

Transition metal (TM) catalysis plays a crutial role in the synthesis of
pharmaceuticals, agrochemicals, and materials by enabling the construction
of C-C and C-heteroatom bonds.l"! Particularly, cross-coupling reactions
like Suzuki-Miyaura, Negishi, and Stille are widely used in both academic
and industrial research for building diverse molecular architectures.?
Despite the versatility of these reactions, they require substrate pre-
functionalization, leading to longer synthetic routes and undesirable
stoichiometric byproducts (Scheme 1a).®! In the last two decades, metal-
catalyzed C—H functionalization has emerged as a more efficient alternative
that bypasses the need for pre-functionalization and reduces waste (Scheme
1b).

(a) Cross-coupling reactions

‘ ‘ Atom and step economy x
———

Amounts of waste b 4
A

pre-functionalization

(b) C-H Functionalization reactions

Atom and step economy ¢
— 0
. Reduce amounts of waste ¢

Scheme 1. General scheme for cross-coupling reactions vs C—H functionalization reactions.
(a) Cross-coupling reactions and, (b) C—H functionalization reactions. TM = Transition Metal,
FG = functional group, Blue = substrate.

Several transition metals (e.g., Ni®, Cul”, Ru®, Rh®, Pdl'o 1" Aul'? etc.)
have been successfully employed to promote C-H functionalization
reactions by forming reactive C-TM-based complexes. Among them,
palladium has exhibited remarkable versatility, enabling a wide range of
functionalization reactions with high efficiency and good functional group
tolerance.!"¥ In addition, the general stability of palladium under ambient
conditions (i.e., moisture and air) simplifies reaction setups and enhances
practicality in both laboratory and industrial settings. In the following sub-
sections of this introductory chapter, we will focus on covering Pd-catalyzed
C—H processes, as these are the most relevant to this thesis.
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Pd-catalyzed C—H Functionalization of Arenes: General Introduction

1.2 Mechanisms of Pd-catalyzed C-H activation and
functionalization processes

Typically, the activation of the C—-H bond involves the insertion of the
transition metal into the C—H bond to form a C—TM complex (C—H metalation
or C-H activation), making this inert bond susceptible to further
functionalization. The Pd-catalyzed C—H activation step can proceed through
different well-established pathways, in which the mode of action largely
depends on the selected Pd catalyst and substrate (Scheme 2):. (i)
electrophilic aromatic substitution (SgAr), (i) concerted metalation
deprotonation (CMD)/amphiphilic metal-ligand activation (AMLA), and (iii)
base-assisted intramolecular electrophilic-type substitution (BIES, also
known as electrophilic CMD).!'4

a) SgAr
B

Ln Ln
¢ — g — @
Wheland intermediate
+ E

R
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b) CMD/AMLA
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ob‘R"._" />—R

c) eCMD/BIES
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Scheme 2. Mechanisms for the C-H activation with palladium.

In the electrophilic aromatic substitution (SgAr), an electrophilic Pd(Il)
species reacts with an electron-rich substrate, resulting in the formation of a
Wheland intermediate followed by deprotonation with a base (Scheme 2a).
The concerted metalation-deprotonation (CMD) mechanism, also known as
amphiphilic metal-ligand activation (AMLA), is characterized by the
simultaneous cleavage of the C—H bond and formation of the C—M bond (M
= metal) within a single transition state (Scheme 2b). During this process, the
substrate is typically deprotonated by a carboxylate or carbonate base, such
as pivalate, acetate, and benzoate.!'*3! Both the electrophilic CMD (eCMD)
and base-assisted internal electrophilic substitution (BIES) mechanisms
proposed by Carrow and Ackermann, respectively, describe an
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asynchronous concerted metalation deprotonation process with a polarized
transition state that favors reactions at more m-basic sites (Scheme 2c)."6.1%

For C-H functionalization processes, several catalytic cycles involving
different oxidation states of palladium, including Pd(0)/Pd(ll), Pd(ll)/Pd(IV)
and Pd(l1)/Pd(0), have been reported (Scheme 3).I'3'71 In the Pd(0)/Pd(ll)
catalytic cycle, the reaction initiates with the oxidative addition of the Pd(0)
catalyst to aryl (pseudo)halides. The formed Pd(ll) complex undergoes C—H
activation followed by reductive elimination resulting in the recovery of Pd(0)
species (Scheme 3a).l'3¢144171 The Pd(I1)/Pd(IV) catalytic cycle involves a C—
H activation via a Pd(ll) catalyst, followed by oxidative addition of the Pd(Il)
complex with highly electrophilic coupling partners, such as aryl
(pseudo)halides and hypervalent iodine compounds, generating Pd(IV)
species that, after reductive elimination, yield the target product and
regenerate the Pd(ll) catalyst (Scheme 3b).['*¢'1 The Pd(I1)/Pd(0) catalytic
cycle starts with a C—H activation step by Pd(ll) species followed by
functionalization and reductive elimination or B-hydride elimination, providing
the product and Pd(0) species. The presence of an external oxidant to
oxidize the Pd(0) to Pd(ll) species is required to close the catalytic cycle
(Scheme 3c).[13413114d]
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Scheme 3. Catalytic cycles of Pd-catalyzed C-H functionalization
processes.
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Scheme 3. Catalytic cycles of Pd-catalyzed C—H functionalization processes (continued).
1.3 Strategies for efficient C—H functionalization reactions

Despite the advantages of the C—H functionalization strategy, two main
limitations, namely (/) the low reactivity of C—H bonds, which are
characterized by high bond dissociation energies (= 90-110 kcal mol~') and
high pKa values (>25),*%1and (ii) the poor regioselectivity often observed in
these transformations, limit the advancement of efficient C-H
functionalization processes. To overcome these limitations, several
strategies such as the use of directing groups, mediators, templates, or
ligands have been reported over the last two decades.

In the following subsections, the strategies for the development of efficient
Pd-catalyzed C(sp?)-H functionalization processes are discussed, focusing
primarily on ligand-promoted non-directed strategies.

1.3.1 Directed C-H functionalization

1.3.1.1 Proximal C-H activation

To address the challenges of selectivity and reactivity, the chelation-
assisted C—H activation strategy using Lewis base groups, commonly
referred to as directing groups (DGs), has been introduced. The directing
groups coordinate with transition metals, facilitating their positioning adjacent
to C-H bonds, thereby enabling ortho-C-H activation through 5- or 6-
membered cyclometallation (Scheme 4).[318]
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Directing group approach for proximal C-H functionalization
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Scheme 4. Selected examples of DG in Pd-catalyzed proximal C—H activation. L = Lewis base.
TDG = Transient directing group.

To date, a variety of directing groups, as shown in Scheme 4, have been
reported to enable successful C(sp?)-H and C(sp®)-H functionalizations.['® ]
The use of these directing groups, including monodentate containing N, O
and S as well as bidentate, has indeed realized a large number of reactions
with excellent selectivities (Scheme 4a). Despite the advantages of the DG
strategy, some of these DGs are not present in the target molecule, and
therefore additional steps are required to introduce and remove the DG,
hampering the sustainability aspect of this approach. To avoid these
additional steps, the use of transient directing groups (TDGs) haven been
developed. These are defined by their reversible formation and removal
during the C—H functionalization, typically involving imine formation (Scheme
4b).19!

1.3.1.2 Remote C-H activation

In recent years, several strategies including the use of traceless DGs,
mediators and templates for remote C-H functionalization have been
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described, providing complementary site-selectivity to the ortho-selectivity
described above.?%

Carboxylic acids have been used as traceless directing groups for the remote
functionalization of arenes (Scheme 5a),?"! where the carboxylic acid first
serves as an ortho-DG followed by a subsequent protodecarboxylation
leading to meta-functionalized substrates. Both stepwise and one-pot
procedures using different catalytic systems have been reported. Despite its
utility, the method's tolerance to diverse functional groups is limited by the
high temperatures required for the descarboxylation step.2'?

Remote C-H functionalization of arenes has been achieved using
norbornene (NBE) as a mediator in a modified type of Catellani reaction.
Unlike the traditional Catellani approach, which begins with the oxidative
addition of Pd(0) to aryl halides, this reaction initiates with a C—H activation
step (Scheme 5b).?2 This strategy, introduced by Dong?® and Yul? with
directing groups such as amines and amides, respectively, has proven
effective for the meta-functionalization of arenes. Additionally,
enantioselective versions of these reactions have been developed using
chiral NBEs or chiral ligands.

Furthermore, strategies employing well-designed templates have been
developed, where the template is attached to the substrate via a functional
group. The template, consisting of a linker with an end-on DG, positions the
palladium center close to a remote C-H bond, facilitating its
functionalization.?® Various templates with different linkers and end-on DGs,
such as the linear nitrile?”! or the stronger pyridine and pyrimidine DGs 28],
have been reported (Scheme 5c¢). Early examples focused on meta-selective
C-H functionalization using U-shaped templates®?’2® which were later
extended to enable para-functionalization using D-shaped templates.[26¢:2°]
Although several transformations have been accomplished with the
assistance of mono-N-protected amino acid (MPAA) ligands to enhance C—
H bond reactivity, the practicality of these methodologies is hindered by the
tedious template synthesis.”® Recently, the non-covalent version of the
template strategy has been reported, offering a promising approach for
remote C—H functionalization.®% This strategy was initially developed for Ir-
catalyzed reactions® and recently extended to Pd catalysis, allowing
several C—H olefination reactions.%

17



Chapter 1

Remote C-H activation
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Scheme 5. Strategies for Pd-catalyzed remote C—H activation.
1.3.2 Non-directed C—-H functionalization

As summarized in section 1.3.1, directed C—H activation has been the
primary research focus for two decades. It has enabled selective ortho-
metalation and functionalization, as well as remote C—H activation through
mediators (e.g. carboxylic acid, NBE) and templates. Despite the benefits of
using directed C—H activation, the additional steps required to install the DG
or templates and their subsequent removal after the functionalization, unless
desired in the target end products, hinder its efficiency.

Non-directed C—H activation, in which the catalyst initiates the C—H activation
step without relying on a DG in the substrate, is a more straightforward
strategy that can bypass the extra synthetic steps required in the DG
approach, and therefore shows greater step- and atom economy.P? In
addition, this approach brings the possibility of complementary site-
selectivity to the directed approach. However, the non-directed C-H
functionalization of simple arenes is challenging as low reactivity and site-
selectivity are usually observed.!*?!
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Pd-catalyzed directing group free C—H functionalization of arenes usually
requires a large excess of arene substrates, which are often used as
(co)solvents. Recently, the application of external ligands has shown great
promise in this field by enhancing the C—H activation step.?"! |n this
regard, it was not until 2017 that the discovery of new catalytic systems
allowed these transformations to be carried out with a limited amount of
arenes.B2\]

In this section, we will review the representative works on ligand-enabled
non-directed C—H functionalization and illustrate the ligand effect on
reactivity and regioselectivity.

1.3.2.1 Non-directed C—H functionalization using an excess of the arene

As early as 1967, Fujiwara and Moritani reported a Pd-promoted C-H
olefination of benzene using the stochiometric amount of a Pd complex and
benzene as a solvent.’¥ After, the catalytic version of this reaction was
developed, which suffers from harsh reaction conditions and benzene as the
solvent (Scheme 6).B4

Moritani and Fujiwara, 1967

=
O || e OO
AcOH (80 mL)

reflux, 8 h
340 mL 9.1¢g 53% based on styrene

Scheme 6. Fujiwara—Moritani reaction.

Since this early work, significant improvements have been made in this field
with the introduction of ligands to enhance Pd catalysis. In 2009, Yu and co-
workers disclosed a non-directed meta-C—H olefination of electron-deficient
arenes using the bulky ligand 2,6-dialkylpyridine L1 and oxygen (1 atm.) as
the sole oxidant (Scheme 7a).**! The control experiments carried out in the
absence of L1 provided products with less than 15% yield, highlighting the
key role of the ligand. Three years later, Sanford’s group reported a similar
C-H olefination reaction with a broader substrate scope using the
commercially available pyridine ligand L2 (Scheme 7b).¢ The
regioselectivities of electron-deficient arenes were almost the same as those
obtained in Yu’s work."
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a) Yu, J. Am. Chem. Soc., 2009

..........................

R Pd(OAc), (10 mol%) R! H
L1 (20 mol%) : |
gl N 4 RS\/\R“ > g2 = E N/ H
P Acy0 (1.0 equiv.), ‘ /S/\ : :
0, (1 atm.) R3/ R® © Bu” CEt Et” “Bu !
20-30 equiv. 1.0 equiv. 90°C,2-60 h L1

R'=EWG, R?=HorMeorCF3, R®=HorPh, R*=EWG ~ ‘“eommessmsesssessssssseesd

b) Sanford, Org. Lett., 2012

...................

. Pd(OAC), (5 mol%) R
L2 (5 mol%) :
2 N H
+ R\/\Rs ; . | : Cl SR
PhCO,'Bu (1.0 equiv.), /Y\ : \
AcOH TR G i
11-40 equiv. 1.0 equiv. 100°C,6h R : L2
H

-------------------

R'=EWG, EDG, R®=H or Ph, R*=EWG, Ph, H

Scheme 7. Pd-catalyzed non-directed C—H olefination assisted by pyridine-based ligands.

Besides the aforementioned C—H olefinations of arenes, acetoxylation
reactions have also been explored.®”! Sanford’s group described a catalytic
system employing Pd(OAc), and pyridine L3 for the acetoxylation of
unactivated aromatic C—H bonds (Scheme 8a).® The optimized results are
achieved with a 1:0.9 palladium/pyridine ratio, significantly enhancing both
reactivity and site-selectivity. Next, the same group developed a catalytic
system composed of Pd(OAc). and a pyridinium-substituted ligand L4 for the
C-H acetoxylation of benzene using potassium persulfate (K»2S:0s) as
oxidant. The new catalytic system exhibits significantly enhanced activity
compared to the reaction without ligands (Scheme 8b).B° Mechanistic
studies suggest that a key role of the cationic ligand L4 is to act as a phase
transfer catalyst, facilitating the transfer of poorly soluble persulfate. In the
same year, they demonstrated that acridine L5 effectively promotes site-
selectivity in C—H acetoxylation of simple arenes, especially when combined
with Mesl(OAc). as the terminal oxidant (Scheme 8c).1%

Subsequently, our group reported the C—H acetoxylation of simple arenes
using Pd(OAc). and 6-fluoropicolinic acid ligand L6. The desired products
were acquired with high yields and site-selectivity. (Scheme 8d).*" To date,
this work represents the highest turnover number (7800 TON) achieved in
palladium-catalyzed C—H acetoxylation of benzene.
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a) Sanford, Angew. Chem. Int. Ed., 2012

R Pd(OAc), (2 mol%)
L3 (1.8 mol%
+ PhI(OAC), (1.8 mol%)
AcOH/Ac,0 (9:1)
100 °C, 5-50 h
10 equiv. 1.0 equiv.
R=H, EWG

b) Sanford et al., ACS Catal., 2013

Pd(OACc), (2 mol%)
L4 (2 mol%)

@ + K3S,0g

ACOH/AC,0 (9:1)

d) Fernandez-lbafiez, ChemCatChem, 2016

10 equiv. 1.0 equiv. 80°C,24h
c) Sanford et al., Org. Lett., 2013
R Pd(OAc), (0.5 mol%)
L5 (1.5 1%
+ Mesl(OAc), (1.5 mol%)
AcOH/Ac,0 (9:1)
100 °C, 5-52 h
10 equiv. 1.0 equiv.
R =EDG, EWG.

R’ Pd(OAc); (2 mol%)
L6 (2 mol%
ol Xy + Phi(OAc), (@ mol%)
L AcOH/AC,0 (9:1)
100 °C, 14 h
10 equiv. 1.0 equiv.
R=EDG, EWG.

Example

Cl

Ch ~ ‘
-7OAc
A

L3 59%, p/o 2.5/1
w/oL 8%, plo1.4/1

OAc Ar, A BF,
NI
Ar ‘ Pz
: N
L4 71% i Ar=4-BuC,H, L4
w/ioL 0.8% Vesessssssssssssssnnnannn v
RELEEEEEEEEEEEEREE E Example
R! :
A H
“oAc :
: L5 : 5 82%, plo 24/1
: HE w/oL 16%, plo 1.3/1
premesessansaaaas . Example
R : i cl
Ny O
R 7\/ . | _ H “ -7OAc
X H i
oAc i F7 N7 TCOM :_
: L6 16 74%, plo 8.1/1
H w/oL 9%, plo 1.3/1

Scheme 8. Pd-catalyzed C—H acetoxylation assisted by pyridine-based ligands.

Besides pyridines-based ligands, MPAA has been used to assist non-
directed C—H functionalization processes. For instance, Zeng and co-
workers disclosed the use of MPAA (Ac-Val-OH L7 and Ac-lle-OH L8) to

achieve the non-directed C—H olefination of pyridines and a variety of

electron-deficient arenes (Scheme 9).14%
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Zeng, Organometallics, 2013

X =N, C(EWG); R'= EWG, EDG;R?=H or Me; R®= EWG

H
X
Pd(OAc), (10 mol%) R Pd(OAc), (10 mol%) EWG
R? L7 (20 mol%) Kx/ L8 (20 mol%)
X R3 - _ X
R”(/i)v 0, (1atm,) 8-20 equiv. 0, (1atm.) RLly/
N KHCO3 (40 mol%) ot KHCOy (40 mol%) %\W
3 R t-AmOH R
24-80% vyield toAmOH \/\Rs 90 °C, 36-48 h
130 °C, 12-36 h - » 36- 43-96% yield
seEEEEEEEEEEEEEmEEE . .0 equiv. ammEmEEmmEssEmaEna .

Scheme 9. Pd-catalyzed C—H olefination assisted by MPAA ligand.

Additionally, a bidentate monoanionic type ligand (OH-phen, L9) to promote
the Pd-catalyzed C—H olefination of arenes has been reported by Duan group
(Scheme 10a).B8 Although high yields were generally obtained, the meta-
selectivity of arenes bearing EWG is not as high as in previous works. 536421
Notably, electron-rich arenes also yielded meta-functionalized products as
the major products, a rare outcome compared to similar reactions. Similarly,
another bidentate pyridone-based ligand L10 was used in the non-directed
C-H olefination of arenes using O2 as the terminal oxidant by the Albéniz

group (Scheme 10b).[43

a) Duan, Org. Lett., 2014
R Pd(OAC), (10 mol%) R :
L9 (10 mol%) :
+ Rz\/\R:; L l = .
Cu(OAc), (1.0 equiv.) or X E
Cu(OAc), (0.2 equiv.)/O, (1 atm.) , R® :
solvent 1.0 equiv. 120 °C, 15 h R
R'=EWG, EDG; R?=H or Ph; R®= EWG
b) Albéniz, Adv. Synth. Catal., 2021
R! Pd(OAc), (5-10 mol%) R’
L10 (5-10 mol%) N
+ /\Rz ‘
NayMo0,-2H,0 (10 mol%)/O, (1 atm.), X __
DMA He R3
30-45 equiv. 1.0 equiv. 120-140 °C, 6-24 h
R'= EWG, EDG; R?=EWG

Scheme 10. Pd-catalyzed C—H olefination assisted by pyridone-bidentate ligands.
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1.3.2.2 Non-directed C-H activation using a limited amount of arene

Despite the positive effect on reactivity and site-selectivity observed in the
presence of the aforementioned ligands, an excess amount of arene was still
required, limiting the applicability of these methods to the functionalization of
more complex molecules. A breakthrough in this field was achieved in 2017
when our group, along with Yu’s, and van Gemmeren’s groups,
independently developed three different catalytic systems that enable the
arene-limited non-directed C—H functionalizations of arenes./*4!

Our group discovered a novel type of ligand, thioethercarboxylic acid ligand
(S,0-ligand) for the C—H olefination of simple arenes (Scheme 11a).[4
Despite the requirement for an excess of simple arenes, our group
successfully achieved the late-stage functionalizations of estrone and
naproxen derivatives using just one equivalent of these molecules. The
substrate scope was subsequently expanded to more challenging aniline
derivatives including indolines and tetrahydroquinolines, which are typically
unstable under harsh conditions (Scheme 11b).*% The S,0O-ligand L11
proved essential in enabling arene-limited C—H olefination of aniline
derivatives delivering excellent para-selectivity along with a broad substrate
scope. Building on the success of this methodology, late-stage C-H
olefination was further applied to the total synthesis of 10 different
yaequinolone-related natural products using the Pd/S,O-ligand catalysis.
Additionally, thiophenes and anisoles were found to be compatible with this
new catalysis (Scheme 11c, 11d).18! with pentafluoro-S,O-ligand L12 proving
optimal ligand for anisole substrates.®¢®! Concurrently, the Zhu group also
reported a C—H olefination of anisole derivatives using a Pd/dual-ligand
catalysis system comprising Ac-Leu-OH L13 and S,O-ligand L14 (Scheme
11e),#”1 achieving ortho-selectivity, unlike the para-selectivity observed with
L12 in our studies.®®! Mechanistic investigations performed in our group
indicate that the S,0O-ligand triggers the formation of more reactive cationic
palladium species for C-H activation, which explains the observed
acceleration of the reaction.®8!
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a) Fernandez-lbanez, ACS Catal., 2017

R Pd(OAc), (5 mol%)
L11 (5 mol%)
+ ZOR2 ‘
PhCO3Bu (1.0 equiv.)
) ) AcOH, 100 °C, 6 h
1 equiv. 1.0 equiv.

R' = EDG, EWG; R? = EWG

b) Fernandez-Ibanez, J. Am. Chem. Soc., 2019
Fernandez-Ibaiiez, Org. Lett.,, 2019

R"=R?=H, alkyl, aryl; R® = EDG, EWG.

c) Fernandez-Ibafiez, Eur. J. Org. Chem., 2019

Pd(OAc), (5 mol%)
L11 (5 mol%)

3 Pd(OAc), (10 mol%)
102 R
RIRN ~7 L11 (10 mol%)
. |« R4 _—
PhCO3Bu (1.0 equiv.)
10-2.0 equiv.  1.5-1.0 equiv. DCE 40-80°C,16h

1
[/ \/)R + OR2?
S

1.0 equiv.

AgOAc (2.0 equiv.)

20equiv.  EtOAc, 60-100 °C, 6 h

R'=EDG, EWG; R? = EWG

d) Fernandez-lbanez, Eur. J. Org. Chem., 2021

1R2
R'R?N //‘
X A Ré

OMe Pd(OAc), (10 mol%)
N L12 (10 mol%)
R + AOR2
& PhCO3Bu (1.0 equiv.)
1.0 equiv. 20equv.  DCEMHFIP 60°C, 16 h

R' = EDG, EWG; R? = EWG

e) Zhu, Chem. Commun., 2020

PA(TFA), (10 mol%)

AcOH, 80 °C, 12 h

R' = EDG, EWG; R? = alkyl, phenyl; R® = EWG

OR? K,S,04 (2 equiv.)
N AgOAc (1 equiv.)
R'G + ZOR3 >
= L13 (50 mol%)
L14 (10 mol%
2.0 equiv. 1.0 equiv. ( 9

sressesassenaany  Selected example: o
: o HE
'y Pr ! E0,C— a e,
H OH & 3 =2 N\
— SPh s ‘
R2 . MeO
oL H b
[ 88% (alb = 3:1)
. w/o L 10%

. Selected example:

MezN\@\/\
> co,Et

81% (p/o >19:1)
w/o L 18% (p/mio = 16:1:1)

Selected example:

Me

1
BN I 5N -co,Bu
S)\/\RZ 5 S) 2 2
71% (C2/C5 = 9:1)
w/o L 11% (C2/C5 = 2.4:1)
"""""""" Selected example:
Pl o OMe
N iPr ! Me
gl OH 1t X b
X SCeFs al e
2 HE =
R L12 i a CO,Et
| . 80%
(a:b:c/d = 8:1:1)
w/o L traces
EACHN\/COZH 1 + Selected example:
OR? iy OMe o
L13 N
X : . Me x
RT $iPr.__CO,H A VAR
*\5\ H Y HE =
R3S & S H
: \©\ i 75%
: H olp = 5:1
: Me : : (olp )

L14

Scheme 11. Pd-catalyzed C-H olefination assisted by S,0O-ligands.

Inspired by the success of non-directed C—H olefinations using limited
amounts of starting materials, our group has reported in the course of this
thesis the combination of Pd/S,O-ligand and a modified norbornene (NBE)
for the highly selective meta-arylation of anisole derivatives (Scheme 12a).14%
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Pentafluoro-S,0-ligand L15 was used for anisoles, in line with our previous
work on C-H olefination of anisoles./“®"! Notably, anisole substrates bearing
electron-withdrawing groups are well-tolerated in the reaction, and the
monoarylation of unsubstituted aryl ethers was achieved, addressing the
limitations of other catalytic systems.®® Furthermore, terphenyl derivatives
could be obtained through a subsequent second C—H arylation, using
different aryl coupling partners, from the initially formed monoarylated
product (Scheme 11a). Later, the cooperative catalytic system, Pd/NBE/S,O-
ligand (L16 or L17), was also expanded for the non-directed C—H arylation
of aniline derivatives (Scheme 12b)."

a) Fernandez-lbafiez, Angew. Chem. Int. Ed., 2022
Pd(OAc), (5-10 mol%) SUTeTmmmmmnmmnmarmrassaszassensanes f
OMe L15 (5-10 mol%) OMe : 0 H
NBE (20-50 mol%) : EWG :
R+ A RIS : OH :
! .
Z AgOAc (1.5 equiv.) T SCeFs H/Alkyl
1.5 equiv. HFIP, 90 °C, 24 h : L15 NBE
LY.
R = EDG, EWG
b) Fernandez-Ibanez, Angew. Chem. Int. Ed., 2024
PA(OAG), (510 mol%) R N LU RO I .
NRZR? L16 or L17 (5-10 mol%) NRZR3 : o CF3
NBE (20-50 mol%) N :
RIC )« A Ry P o o 1O
L AgOAc (1.0-2.0 equiv.) Ar 4 SPh SPhpCF,
CHCl3, 60-100 °C, 24 h : L16 L17
1.0 equiv. 1.5 equiv. :
R' = EDG, EWG; R? = H, alkyl, aryl; R® = alkyl, aryl. L RLELELLELELEbL

Scheme 12. Pd/NBE-catalyzed meta-C—H arylation assisted by S,0-ligands.

Other research groups extended the use of the S,0-ligand in heterogeneous
catalysis®2 and non-directed electrocatalyzed alkenylations of arenes!®®. For
example, De Vos’ group group incorporated Pd(OAc), and S,O-ligand L18
into the metal-organic framework MOF 808, achieving a high turnover
frequency (TOF) of 8.4 h™" in non-directed C—H olefination (Scheme 13a).15%
Moreover, in the same year, they synthesized a PdA@TIOP-L19 single-site
catalyst from S,0-ligand L19 for C—H olefination, which showed a TOF nearly
double that of Pd(OAc), after one hour of reaction.’? In 2023, the
Ackermann group reported an electrochemical approach, avoiding the
stoichiometric use of external oxidants, for Pd-catalyzed C—H olefination
assisted by S,0-ligand L16 (Scheme 13b).”¥ Interestingly, the
regioselectivities of some substrates were different from those in previous
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works, #4481 with this electro-reaction favoring the ortho-position of anisoles.
In addition, a wide range of pharmaceutically relevant molecules successfully
underwent late-stage C—H olefination under the reaction conditions.

a) De Vos, ACS Catal. and ACS Appl. Mater. Interfaces, 2020 o o E
R : s
Pd(OAc), (5 mol%)/MOF808-L18 (5 mol%) R’ : HO OH
+ OR? or PA@TiOP-L19 (5 mol%) X '
: - : L18 OH
tert-Butyl b te (1 i ‘ < : S
“ . . ert-Butyl peroxyl enzoaee (1 equiv.) \7\ , E o
equiv. 1.0 equiv. DCE or AcOH, 100 °C, 4 h R* & o
: R
R'=EDG; R = EWG : HO™ ol 40
O
b) Ackermann, Nat. Commun., 2023 GF rﬁ Pt eeeeeeea————
R’ Pd(OAC), (10 mol%) R : o
L16 (20 mol%) N :
+ ZR? \ : OH
ACOH/HFIP, NaOAc, BQ X : SPh
_ CCE @ 1.0 mA, divided cell R? :
. ) . . : L16
0.5-1.5 equiv. 2.0-1.0 equiv. 60-80 °C, 20-48 h :
’, .
R' = EDG, EWG; R? = EWG

Scheme 13. C-H olefination via heterogeneous catalysis and electrocatalysis based on
Pd/S,0O-ligand.

In 2017, Yu and co-workers reported the use of 2-pyridone-based ligands
L20 or L21 for non-directed C—H olefination and carboxylation of a wide
range of arenes, which were used as limiting reagents (Scheme 14a).[440:54]
Mechanistic studies revealed that the pyridone ligand plays a dual role: it acts
as an X-type ligand to stabilize the catalyst, and it serves as an internal base
to promote the CMD step.*! The same research group also reported the
non-directed C—H cyanation of arenes (1.0 equiv.) facilitated by electron-
deficient 2-pyridone ligands L22 or L23 (Scheme 14b).1%!

More recently, Maiti’'s group developed the photoinduced® and
electrocatalyzed®®”! non-directed C-H olefination reactions with 2-pyridone
ligands (L22 or L24). In the photoinduced olefination, very high site-
selectivity was obtained by combining Pd(OAc)2/pyridone ligand, fluorescein,
and visible light (Scheme 14c).*® Moreover, unusual C3-selectivity for non-
substituted thiophene and furan was achieved using this photocatalytic
approach. The electrocatalyzed reaction showed high site-selectivity under
oxidant-free conditions.]
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a) Yu, Nature, 2017 and Org. Lett., 2019

R Pd(OAC), (10 mol%)

L20 or L21 (30 mol%)
+ /\Rz

2.0 equiv.

AgOAc (3.0 equiv.)
HFIP or CHClj,

1.0 equiv. 100 °C, 8-24 h

R' = EDG, EWG; R? = EWG

b) Yu, Chem. Eur. J., 2019
R! Pd(OAc); (10-20 mol%)

L22 or L23 (20 mol%)
+  AgCN

B ——————
AgOAc (3.0 equiv.)
HFIP, 100 °C, 24 h
1.0 equiv. 1.1 equiv.

R'= EDG, EWG
c) Maiti, J. Am. Chem. Soc., 2022
R! Pd(OAc), (10 mol%)

L22 or L24 (20 mol%)
+ OR2

2.0 equiv.

fluorescein (3 mol%)
CFL23 W

1.0 equiv. HFIP, 30-35 °C, 28-48 h

R' = EDG, EWG; R? = EWG

...........................................

R’ :
N i} FsC -\ CFs FsC._-~ NHCOCF;
\ \ \
X H = pZ
g2 i N"TOH . ONT ToH
: L20 L21
H

...........................................

’\CN L22 L23
R : :
\ PO N0z Me A NO,
| : L »
X = ' N"ToH N~ SOH
R % L22 L24
.

Scheme 14. Pd-catalyzed C—H activation reactions assisted by pyridone ligands.

The dual ligand system using quinoxaline (L25 and L29), pyridine (L26 and
L27) and pyridone ligands (L28) has been combined with Pd/NBE catalysis
to reverse the conventional regioselectivity in non-directed C—H arylations of
anisoles (meta-), fluorobenzenes (meta-), alkyl benzenes (meta-), and five-
membered heteroarenes (C3) (Scheme 15).15058]
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Yu, J. Am. Chem. Soc., 2019; Angew. Chem. Int. Ed., 2020; /sr. J. Chem., 2020

R Pd(OAc), (10-15 mol%) prmTTEmmEmmEsmEeEEE H

NBE (1.5 equiv.) R! : H

Dual ligand : COMe &

o A 2 : i
—TAr : H

. :

AgOAc (3 equiv.) :
1.0 equiv. 2.0 equiv. HFIP, 95-100 °C, 18-20 h H
R'= EDG, EWG

.........................................

R : L25 i Ak L27 T S L29 :
N : 30 mol% PN : 20 mol% : \u : 20 mol% :
O, Fac\(TSOgH PRE L, i Re -~ NHAG § N RO N
: \ : : - : : :
: N : : N"ToH i X=8,0,NMe : NZ  oH :
: L26 : : L28 : : L28 :

15 mol% H E 20 mol% ' : 20 mol%

Scheme 15. Pd-catalyzed meta-C—H arylation assisted by dual ligands.

The van Gemmeren group pioneered the application of a catalytic system
that combines pyridine-based ligands and MPAAs (L8, L29-L40) for non-
directed C—H functionalizations of a large variety of aryl substrates (Scheme
16). This ligand combination was successfully applied to the olefination®,
cyanation®®, alkynylation®"], deuteration®?, and iodonation®! of arenes and
heteroarenes as the limiting reagent (Scheme 16a-b, d-f). The authors
claimed that the synergistic combination of these ligands was crucial for
achieving high reactivity and site-selectivity. They also suggested that the
regioselectivity was controlled by both steric and electronic effects of
substrates in olefination, cyanation, and deuteration; whereas it was
predominantly controlled by steric factors in alkynylation and iodonation.
Mechanistic investigations revealed that the MPAA acts as an internal base
in a CMD mechanism, thereby reducing the energy barrier of the C-H
activation step, while the pyridine-type ligand enhances selectivity and
prevents catalyst decomposition.®¥ Similarly, Ritter's group described the
use of a dual ligand system, comprising a quinoxaline L29 and an MPAA, to
promote the non-directed C—H cyanation of arenes (Scheme 16c).[%° Despite
the low regioselectivity exhibited by this methodology, the advantage lies in
the use of a safer cyanating reagent. The versatility of dual ligand systems
(2-pyridone L40 and Ac-Gly-OH L31) was also proven in the non-directed
C—H chalcogenation of arenes and heteroarenes by Maiti and co-workers
(Scheme 16g).1¢!

28



Pd-catalyzed C—H Functionalization of Arenes: General Introduction

a) van Gemmeren, Angew. Chem. Int. Ed., 2018 and 2020; Synlett, 2022

R’ Pd(OAc), (10 mol%)
L30 (20 mol%)
+ R2 L31 (30 mol%)
_—
. AgOAc (3.0 equiv.)
1.0 equiv. 3.0 equiv. HFIP, 90 °C, 24 h

C YA ——

b) van Gemmeren, ACS Catal., 2019

PA(OAG), (10 mol%)
R! L32 (20 mol%) R’

CuCN L31 (30 mol%)
@ + or _— > 3

Zn(CN), AgF (3.0-4.0 equiv.) X
HFIP, 80-90 °C, 18 h [}

|
(e}
P4
-
3
[e]
z
g\ /%
>
(=]
I
z
o
I

c) Ritter, Chem, 2019

Pd(OAG), or Pd(OPiv), (10-15 mol%)
129 (30-45 mol%)

KTFA (1.0 equiv.)
u(OAc), or Ag,CO3 (2.0 equiv.)
HFIP, 80-85 °C, 24 h

R' E N ) /< H
L33 or L8 (20-30 mol%) : [ S o ACHNOH

@ +  KsFe(CN)g - = Doy HAN :
X . .

Cu( : :

: :

1.0 equiv. 0.17 or 0.2 equiv.

d) van Gemmeren, J. Am. Chem. Soc., 2019; Angew. Chem. Int. Ed., 2021

R! Pd(OAc), (10 mol%) 4
L34 (20 mol%) R
_ L35 19
+ Br——R? (30 mol%) AN

Ag,0 (3.0-4.0 equiv.)
1.0 equiv. 1.5 equiv. HFIP, 60 °C, 18 h

e) van Gemmeren, J. Am. Chem. Soc., 2021; Angew. Chem. Int. Ed., 2024

Ae e EEAEE AN sEEsEEsAEAAEsASEAsEssEEssEssEsssEssEEsEEEs

Pd(OAc), (10 mol%) : iPr O condition A :
L36 (15 mol%), L37 (10 mol%) : coMe i
: N~ COOH ‘ ~ :
R’ AgF (15 mol%) R! o pr o L36 N
HFIP/D,0 = 3:7, 80 °C, 18 h A H
) condition B
or -7 Dn
N F
1.0 equiv. Pd(OAC), (10 mol%)

: F i
H i :
E Pr O . N CFs
H N ~ _ :
E H % F N H

L38 (20 mol%), L39 (30 mol%)

HFIP/D,0 = 3:7,120 °C, 48 h

f) van Gemmeren, Chem. Sci., 2023
PA(TFA), (10 mol%) casmssssEsssEssssssEsssssssssssssans
L29 (15 mol%)

: N
L31 _ L3t @omor) . : [ N
@ ©/ 3 H | Z ACHN\)koH
S H N

Ag,0 (15 mol%)
HFIP, 80 °C, 72 h

PET TP

1.0 equiv. 3.0 equiv.

g) Maiti, J. Am. Chem. Soc., 2022 '
] Pd(OAc), (10 mol%) ; H

R L40 (20 mol%) R HO NN 9

X A L31 (20 mol%) 2N A b | ACHN%OH
AT Y ————————— ~ X : N~ “OH

Ag,COj3 (3 equiv.) E L40 L31

1.0 equiv. 2.0 equiv. DCE, 120°C, 24 h X =8, Se E

....................................

Scheme 16. Pd-catalyzed C—H activation reactions assisted by dual ligands.
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Joo and co-workers introduced an arene limited version of the non-directed
C—-H olefination assisted by novel N,N-bidentate ligands (L41 and L42)
(Scheme 17a,b).5] Interestingly, the regioselectivity of the reaction was
altered to an unusual meta-selectivity with the pyridone-pyrazole ligand L42
(Scheme 17b).157°! Furthermore, the one-step synthesized ligand L43 also
facilitated the deuteration of simple arenes (Scheme 17¢).17°l

a) Joo, Org. Lett., 2021; Chem. Commun., 2022 R!
R Pd(OAc); (10 mol%) H Ph Ph :
L41 (10 mol%) : — :
PN _ : COMe &
2 H — == .
* 7R DMSO (5 equiv.) x PR N :
1 atm. O, H N H
1.0 equiv. 20equiv.  ACOH/DCE or AcOH R2 : L41
500r 100 °C,24 h  p-selective for anilines i R=H, CO,Et :
R' = EDG: RZ = EWG olp-selective for anisoles Menssssssasssssssnsanannnnnnna

b) Joo, ACS Catal., 2023

..............................

R! Pd(OAc), (10 mol%) R :
L42 (10 mol%) : —
+ AOR? > : /NN
1 atm. O, g2 : NH N
. ) AcOH . o
1.0-2.5 equiv. 2.0-1.0 equiv. 100 °C, 24 h m-selective : L42
LR
R'= EDG, EWG; R?= EWG
¢) Joo, ACS Catal., 2023
Pd(OAc), (10 mol%) ] : .
R L43 (10 mol%) R :
> 2 H 7 N\ N -
HFIP (1.0 equiv.) ~ =yDn ' NH N Me
AcOH-d, : o
1.0 equiv. 120 °C, 24-48 h : L43

R'=EDG, EWG; R?= EWG

Scheme 17. Pd-catalyzed arene-limited C—H activation reactions with N,N-bidentate ligands.

In 2020, the Corié group introduced a novel approach, employing spatial
anion control for the precise tailoring of catalytic sites aimed at C—H bond
activation, resulting in the successful non-directed C—H arylation of arenes
(Scheme 18).%1 Arenes containing activating substituents or bulky groups
undergo the reaction at less sterically hindered and electron-rich C—H bonds
when using a catalytic system consisting of a Pd(ll) pre-catalyst and the
dicarboxylate ligand L44.1%%a However, for substrates bearing small alkyl
groups, particularly endocyclic methylene, the reaction exhibits a preference
at the site adjacent to the alkyl group, deviating from the conventional steric
and electronic control observed in other non-directed C—H functionalization
reactions.!8! Computational studies suggest that weak interaction between
the C—H bonds of the alkyl groups and the oxygen atom of the carboxylate
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in L44 influences the selectivity-determining C—H activation step, leading to
this unique regioselectivity.

Corié, J. Am. Chem. Soc., 2020; Angew. Chem. Int. Ed., 2022
1 H (o) o) :
R PA(PRCN),(OC(CF)g)p (10-20 mol%) R ;o Mes o N Mes :
L44 (5-10 mol%) : L HOJ” :
@ + ArJOC(CFy); - PV ‘ ad ’ :
. 26-50 °C, X : :
1.0 equiv. 24-72h, N, : L44 :
Yeenusmssssssssssnnsannannnnnnnn?
R'=EDG, EWG
Selected examples 0o
TIPSO MeO,C
m (]
7 N\ 7\
_/
g6% 71% 8% =
(p/m =10/1) Bu (olothers = 4/1) By (o/m =1.2/1) By

Scheme 18. Pd-catalyzed C—H arylation with dicarboxylate ligand.

In summary, several classes of ligands have been employed to promote
Pd-catalyzed arene limited non-directed C—H functionalization reactions,
with the pyridone-based ligand reported by Yu's group, the dual ligand
system described by van Gemmeren's group, and the S,0-ligand discovered
in our group being the most versatile, allowing to introduce several different
functionalities in a wide range of arenes. In general, Pd/S,O-ligand, and
Pd/pyridone ligand catalytic systems are sensitive to both steric and
electronic effects of substrates.[#4ab45-46.48-49.51.54-561 The dyal ligand system
consisting of a pyridine-based ligand and an MPAA shows higher sensitivity
to steric factors.61¢4!

1.4 Thesis outline

The goal of this thesis is to develop efficient C—H functionalization
reactions of directing group-free arenes by developing active catalysts that
increase both the reactivity and the site-selective of these processes. To
achieve this goal, we will exploit the potential and advantages of the Pd/S,O-
ligand catalytic systems previously established in our group. In Chapter 2,
the C—H alkynylation of aniline derivatives is described with remarkable para-
selectivity. The derivatization of the resulting alkynylated products is also
presented. In Chapter 3, an efficient C—H arylation is achieved under mild

31



Chapter 1

reaction conditions through Pd/S,O-ligand catalysis. The methodology is
shown to be applicable to a wide range of anisole derivatives and enables
late-stage functionalization of complex molecules. A preliminary mechanistic
study suggests that a Pd(Il)/Pd(0) manifold is operative. Chapter 4 focuses
on the development of an oxidative C—H homocoupling of arenes. The
reactions proceed efficiently at room temperature using 1 atmosphere of O,
as the sole oxidant, demonstrating the versatility of the Pd/S,O-ligand
catalysis. Furthermore, the methodology is also applicable to the synthesis
of pharmaceutically and industrially valuable substrates.
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