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General introduction

Today's stock of chemical raw materials is heavily dependent on fossil resources such as oil, coal and
natural gas. Unfortunately, the use of these natural carbon-based deposits leads to a carbon
imbalance in our ecosystem, which in turn is the cause of global warming of the planet. One of the
solutions to this issue is to switch from fossil resources to biomass, mainly lignocellulosic, as a source
of energy and for synthetic purposes, to produce lubricants, drugs, fertilizers, commodities, plastics,
etc. However, the chemical nature of fossil resources and lignocellulosic biomass is fundamentally
different. While lignocellulosic biomass consists of heteroatom-containing carbon-based material,
fossil resources (which anciently were biomass) lost their functionality during the process of
ketogenesis. As a result, the well-established fossil-based synthetic chemistry developed since the
birth of industrial chemistry cannot be directly transposed to biomass. For this reason, a great part of
modern synthetic chemistry is directed toward the development of a new set of synthetic strategies
to transform lignocellulosic biomass into value-added targets.™! In this scenario, terpenes!? represent
a special case in that, in contrast to lignocellulosic biomass, they are hydrocarbons. Consequently, like
fossil materials, they are ideal starting molecules for selective C—H functionalization, provided efficient
methods of selective C—H activation are available. However, the field of selective C—H activation /
functionalization of hydrocarbons is still in its infancy, and is far from satisfactory from the selectivity,
yields, and eco-compatibility perspective. For the present project, we focused our attention on (+)-
limonene. This monoterpene, possessing a total of eleven allylic C-H bonds and three vinylic C-H

bonds, is a prime candidate as a starting synthetic building block. (Figure 1).

Figure 1. Vinylic (left) and allylic (right) C—H bonds in (+)-limonene.

More precisely, the objective of this thesis was to develop novel C—C couplings between a vinylic C-H

bond of (+)-limonene and other alkenes.

(1] (a) Corma, A.; Iborra, S.; Velty, A. Chem. Rev. 2007, 107, 2411-2502; (b) Gallezot, P. Chem. Soc. Rev. 2012, 41, 1538-
1558; (c) Ferreira, P. G.; Nicoletti, C. D.; Da Silva, F. de C.; Ferreira, V. F. Curr. Green Chem. 2016, 3, 259; (d) Wu, L.;
Moteki, T.; Gokhale, A. A.; Flaherty, D. W.; Toste, F. D. Chem. 2016, 1, 32-58; (e) Isikgor, F. H.; Becer C. R. Polym. Chem.
2015, 6, 4497-4559; (f) Sheldon, R. A. J. Mol. Catal. A 2016, 422, 3-12; (g) Serrano-Ruiz, J. C.; Luque, R.; Sepulveda-
Escribano, A. Chem. Soc. Rev. 2011, 40, 5266-5281.

[2] Brill, Z. G.; Condakes, M. L.; Ting, C. P.; Maimone, T.J. Chem. Rev. 2017, 117, 11753-11795.
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The intermolecular direct C(sp?)—H alkene coupling represents an ideal method for achieving the
atom- and step economical direct functionalization of an alkene. This contemporary topic can be in
turn conceptually divided into two main sub-fields: the “directed”®® and the “undirected”™ couplings
(see Chapter 2).

The manuscript consists of five chapters. Chapter 1 gives a brief introduction on metal-catalyzed C-H
activation/functionalization with special focus on alkenyl/alkenyl C(sp?)-H/C(sp?)-H and C(sp?)—
H/C(sp?)—X couplings, along with some literature reporting Pd-catalysis in relation to C—H activation of
terpenes. Chapter 2 describes our studies on the development of Pd(Il)-catalyzed oxidative C(sp?)—H/
C(sp?)—H coupling reactions between limonene and electron poor alkenes, with extensions to other
terpenes and terpenoids (Scheme 1, first equation). The coupled product will be subsequently
employed as starting material for a Sonogashira coupling through micellar catalysis as described in
Chapter 3 (Scheme 1, second equation). An alternative Pd(Il)-catalyzed non-oxidative C(sp?)—H/
C(sp?)—X coupling between limonene and electron-poor alkenes bearing a leaving group is the topic of
Chapter 4 (Scheme 1, third equation). Chapter 5 focuses on our attempts to find new synthetic ways
to access the terpenoid Cannabidiol (CBD) via C—H as well as non-C—H activating strategies. The last

chapter is dedicated to the experimental part.

3] Sambiagio, C.; Schonbauer, D.; Blieck, R.; Dao-Huy, T.; Pototschnig, G.; Schaaf, P.; Wiesinger, T.; Zia, M. F.; Wencel-
Delord, J.; Besset, T.; Maes, B. U. W.; Schniirch, M. Chem. Soc. Rev. 2018, 47, 6603-6743.
[ Shang, X.; Liu, Z.-Q. Chem. Soc. Rev. 2013, 42, 3253-3260.
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Scheme 1. General topics treated in the present thesis work.
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Chapter 1. Introduction to metal-catalyzed C—-
H activation/functionalization

1. Introduction

In recent years, there has been significant interest in the concept of step-economical and
environmentally friendly synthesis. Simplifying the synthetic process by minimizing the manipulation
of functional groups has emerged as a straightforward approach to reducing the number of synthetic
steps,®! and has significantly transformed the landscapes of synthetic chemistry. The definition of C—
H activation is rather vague and is often confused with the related term C—-H functionalization.
However, there is a certain consensus to define the topic. The C—H bonds of organic molecules can be
arbitrarily classified as “inherently reactive” or “inherently unreactive”. 78 The first type of bond
refers to the C—H bonds, in a substrate or in a reaction intermediate, which can undergo cleavage via
traditional organic chemistry methods, either by C—H deprotonation (loss of H*) or by C—H homolysis
(loss of H:). On the other hand, only specific strategies can trigger some of the “unactivated” C—H
bonds and ultimately functionalize them. In this context, the approach that relies on the in-situ, often
catalytic, conversion of a C—H bond into a C—Metal bond via an inner sphere C—H/Metal interaction
en route toward its final functionalization, is termed C—H activation. In the initial phase of the C-H
activation research, the main focus was on discovering novel catalytic systems that enabled the direct

conversion of a specific C—H bond of a substrate into a C-Metal bond, which can be in situ converted

[5] For selected general reviews on C—H activation see: (a) Lyons, T. W.; Sanford, M. S. Chem. Rev. 2010, 110, 1147-1169;
(b) Yeung, C. S.; Dong, V. M. Chem. Rev. 2011, 111, 1215-1292; (c) Ackermann, L. Chem. Rev. 2011, 111, 1315-1345;
(d) Zhao, D.; You, J.; Hu, C. Chem. Eur. J. 2011, 17, 5466-5492; (e) Wencel-Delord, J.; Droge,T. Liu, F.; Glorius, F. Chem.
Soc. Rev. 2011, 40, 4740-4761; (f) Colby, D. A,; Tsai, A. S.; Bergman, R. G.; Ellman, J. A. Acc. Chem. Res. 2012, 45, 814—
825; (g) Arockiam, P. B.; Bruneau, C.; Dixneuf, P. H. Chem. Rev. 2012, 112, 5879-5918; (h) Kuhl, N.; Hopkinson, M. N.;
Wencel-Delord, J.; Glorius, F. Angew. Chem. Int. Ed. 2012, 51, 10236-10254; (i) Engle, K. M.; Yu, J.-Q. J. Org. Chem.
2013, 78, 8927-8955; (j) Kuhl, N.; Schroder, N.; Glorius, F. Adv. Synth. Catal. 2014, 356, 1443-1460; (k) Hu, F.; Xia, Y.;
Ma, C.; Zhang; Y.; Wang, J. Chem. Commun. 2015, 51, 7986-7995; (I) Zhao, B.; Shi, Z.; Yuan, Y. Chem. Rec. 2016, 16,
886-896; (m) Jana, R.; Mamataj-Begam, H.; Dinda, E. Chem. Commun., 2021, 57, 10842-10866.

(6] (a) Crabtree, R. H. Chem. Rev. 2010, 110, 575-575; (b) Labinger, J. A.; Bercaw, J. E. Nature 2002, 417, 507-514.

7 For selected books on C-H bond functionalizations, see: (a) Yu, J.-Q. Catalytic Transformations via C-H Activation Vols 1
and 2, Science of Synthesis, Thieme, 2016; (b) Dixneuf, P. H.; Doucet, H. C-H Bond Activation and Catalytic
Functionalization | and Il, Topics in Organometallic Chemistry 55 and 56, Springer, 2016; (c) Li, J. J. C-H Bond Activation
in Organic Synthesis, CRC Press, 2015; (d) Ribas, X. C-H and C-X Bonds Functionalization: Transition Metal Mediation,
RSC, Publishing, London, 2013; (e) Pérez, P. J. Alkane C-H Activation by Single-Site Metal Catalysis, Catalysis by Metal
Complexes, vol. 38, Springer, New York, 2012; (f) Yu, J.-Q.; Shi, Z. C-H Activation, Springer, Berlin, Germany, 2010; Yu,
J.-Q.; Shi, Z. Top. Curr. Chem. vol. 292, Springer, 2010; (h) Dyker, G. Handbook of C-H Transformations: Applications in
Organic Synthesis, Wiley-VCH, Weinheim, 2005; (i) Goldberg, K. I.; Goldman, A. S. Activation and Functionalization of
C-H Bond, in: ACS Symposium Series 885, American Chemical Society, Washington, DC, 2004.

8] (a) For special issues on C-H activation, see: (a) Shul’pin, G. B.; Adams, R. D. J. Organomet. Chem. 2015, 793, 1-268; (b)
Neufeldt, S. R.; Sandford, M. S. Acc. Chem. Res. 2012, 45, 777-958; (d) Davies, H. M. L.; Du Bois, J.; Yu, J.-Q. Chem. Soc.
Rev. 2011, 40, 1845-2040.
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into a C—C, C-0 or C—N bond. This involves bypassing the need to obtain pre-oxidized substrates

through multiple functional group transformations (Scheme 2).!

[Ox] [R]
C-X
activation functionalization

Metal cat.
@ -
[Ox]
unactivated R=C,N,O

Scheme 2. C-H activation/functionalization as opposed to the classical approach involving a pre-oxidation step.

The inclusion of C—H bonds alongside conventional functional groups such as halides, alcohols, and

carbonyls, greatly expands the synthetic toolbox of the organic chemist (Figure 2).

NHR

Figure 2. Virtual target with potential reactive sites for classical functional group modifications (blue arrows) and those for
C-H activation/functionalization strategy (red arrows).(20

C-H activation, while promising, has not yet gained popularity in the late-stage modification of
molecules due to the presence of multiple sensitive functionalities, that are intolerant to harsh
reaction conditions. The current focus of ongoing research is on creating the next generation of C—H
transformations that can truly function as impactful tools for synthesis.

Beyond enhancing the efficiency and selectivity of C—H transformations, research groups have recently
concentrated on conceiving protocols that take place under increasingly milder reaction conditions.**
In the absence of a clear definition in current literature, the concept of “mild” reaction conditions for
C—H activation is generally understood to involve operation at or below ambient temperature, under

neutral conditions and without the requirement for strong oxidizing or reducing agents. The

9] Roudesly, F.; Oble, J.; Poli, G. J. Mol. Catal. A Chem. 2017, 426, 275-296.
110 Adapted from a personal communication of Prof. Huw Davies (Paris, July, 2014).
111 Gensch, T.; Hopkinson, M. N.; Glorius, F.; Wencel-Delord, J. Chem. Soc. Rev. 2016, 45, 2900-2936.
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integration of mild conditions, selectivity, and efficiency remains fundamental to what constitutes an
ideal chemical transformation.

Aninherent challenge in this field lies in achieving selectivity. Organic molecules, even relatively simple
ones, contain various types of distinct C—H bonds. Consequently, designing strategies based on C-H
bond activation requires addressing the issues related to selectively activating a specific C—H bond. Of

course, this issue holds significance not only in fine chemistry, but also in broader contexts.

1.1. Seminal work

The earliest example of isolated alkyl C—H bond functionalization dates back to 1883 and was reported
by August W. Hofmann. This approach relied on generating highly reactive oxygen- and nitrogen-
based radicals under strongly acidic conditions. Due to the indiscriminate reactivity of these radicals,
achieving selectivity necessitated exploiting the structural proximity between the high-energy radical
generated and the target C—H group.[*?! L6ffler and Freytag later expanded this strategy to secondary

amines, ingeniously utilizing it in the synthesis of nitrogen-heterocyclic derivatives (Scheme 3).1*3!

N 1) HpSO4 / A
1
Br 2) neutralization N
H
J-coneceine
Me
N
*Br 1) HySO4/ A (or hv)
H > RS N
A H 2) neutralization l P Me
| N
N N
nicotine

Scheme 3. Earliest reported functionalization of isolated alkyl C—H bonds.

In 1892, Jacob Volhard reported the first example of metal-promoted C—H activation involving the
reaction between thiophene and mercury (Il) chloride to yield chloromercurythiophene (Scheme 4,
eq. 1).14 A few years later, Dimroth described the preparation of various arylmercury acetates by the
reaction between Hg(OAc), and different aromatic hydrocarbons (Scheme 4, eq. 2).*>! Subsequently,

Kharasch and Isbell managed to react AuCls with benzene to form chlorobenzene and gold(l) chloride.

121 (a) Hofmann, A. W. Ber. Dtsch. Chem. Ges. 1885, 18, 5-23; (b) Hofmann, A. W. Ber. Dtsch. Chem. Ges. 1883, 16, 558-
560.

1131 Loffler, K.; Freytag, C. Ber. Dtsch. Chem. Ges. 1909, 42, 3427-3431.

141 Volhard, J. Justus Liebigs Ann. Chem. 1892, 267, 172-185.

151 (a) Dimroth, O. Ber. Dtsch. Chem. Ges. 1898, 31, 758; (b) Dmiroth, O. Ber. Dtsch. Chem. Ges. 1898, 31, 2154-2156; (c)
Dimroth, O. Ber. Dtsch. Chem. Ges. 1902, 35, 2032-2045; (d) Dimroth, O. Ber. Dtsch. Chem. Ges. 1902, 35, 2853-2873.
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The authors managed to isolate the complex PhAuCl,, demonstrating that the reaction products could

then be obtained from that metalated arene (Scheme 4, eq. 3).1¢!

D\H + HgCl,  — @\ng + HCl Volhard, 1892 (eq. 1)

S
H Hg(OAc)

@ + Hg(OAc), — + AcOH Dimroth, 1898 (eq. 2)
H AUC|2

@ + AuCl3 —_— @ + HCI Kharasch, 1931 (eq. 3)

Scheme 4. Pioneering examples of electrophilic C-H metalations.

1.2. Reactivity of the isolated C—H bond

The reactivity of an isolated C—H bond in a molecule is generally very low when it is non-acidic. This is
primarily due to the significant energy barrier associated with breaking the C—H bond. The energy
required to homolytically break these bonds, known as bond dissociation energies (BDEs), as well as

the acidities of various C-H bonds in seven simple hydrocarbons, are outlined in Table 1.

Type of C-H C(Sp) C(spz)arom C(sz)vinyl C(Sp3)1° C(Sp3)2° C(sp3)3° C(Spa)allylic

— H,C, H CHj CHy —
Structure H—=C-H <\ /C—H Q—H H3C‘C,3‘H H3C-Q—H HBC_CI;_H C-H
H

H H CHy HH
BDE (kJ/mol) 552.2 473.0 460.2 410.8 397.9 389.9 361.1
PK, ~25 43 44 ~50 ~50 ~50 43

Table 1. BDE and pK, values of selected hydrocarbon C-H bonds in DMSO.

Across different types of C—H bonds, BDE decreases in the sequence C(sp)-H = C(sp?)—H - C(sp3)-H,
and on moving from primary to secondary to tertiary C(sp®)—H bonds, aligning with the concept that
the BDE is inversely proportional to the stability of the radicals formed by homolytic cleavage of the
bond. On the contrary, since acidity correlates with the stability of the corresponding deprotonated
species, the pK, trend follows a roughly opposite direction, with the exception of the allylic C-H

bond.t'”

[16]  Kharasch, M. S.; Isbell, H. S. J. Am. Chem. Soc. A 1965, 843-855.
171 (a) Liron, F.; Oble, J.; Lorion, M. M.; Poli, G. Eur. J. Org. Chem. 2014, 5863-5883; (b) Engelin, C. J.; Fristrup, P. Molecules
2011, 16, 951-969; (c) Liu, G.; Wu, Y. Top. Curr. Chem. 2010, 292, 195-209.
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Although establishing direct correlations between homolytic or heterolytic C—H bond dissociation and
the reactivity of C—H bonds isn't straightforward, we will discover that the interplay between these
closely interconnected factors governs and clarifies this chemistry. In this context, the involvement of

transition metals becomes crucial in the chemistry of activating or functionalizing C-H bonds.
1.3. Redox concepts in C—H activation processes

Coupling reactions serve to connect two carbon atoms from distinct substrates or reactants, resulting
in the formation of a new C-C bond, plus a secondary product (Scheme 5). In order to be
thermodynamically favored, the secondary products of these transformations have sometimes to
react with appropriate acceptors: an oxidizing agent if the secondary product is H,, or a reducing agent
if it is X2. Accordingly, coupling reactions can be systematically categorized on the basis of redox
principles. Thus, a coupling involving two organohalides is termed a reductive coupling [Eq. (a)].
Conversely, a coupling between a principal organometallic reagent, or a C—H active substrate, and an
organohalide falls into the category of a redox-neutral processes, where the oxidation degree of the
metal doesn’t change during the course of the reaction [Eqgs. (b) and (c)]. Additionally, a coupling
between two C—H active substrates constitutes an oxidative process [Eq. (d)]. This conceptual
framework can be expanded to include equally pertinent oxidative transformations [C-H — C=X],

where X represents a heteroatom [Eq. (e)].

Xy
a) cX + x+tc) —> (CcHcC Ulmann type  (reductive)

-MX
b) @—M + X+4¢c) —— @—C classic (redox-neutral)

-HX .

c) @—H + x4¢c) ———> @—C simple C-H (redox-neutral)
H

o @H +* HQ —2— O dualCH (oxidative)

e) @—H + HY) —— ©® simple C-H (oxidative)

Scheme 5. Redox concepts in coupling reactions and C-H activation processes.

Type a) couplings correspond to the familiar Uimann-type couplings, for instance. Type b) couplings
concerns the well-established cross-coupling reactions catalyzed by transition metals like palladium.
While these couplings are highly valuable, they necessitate pre-oxidation to generate the requested
activated reactant — the organohalide or the organometallic reagent. On the other hand, type c) and
type d) couplings involve one or two C—H activation processes, respectively, and type d) coupling

represents a highly atom-economical strategy based on C—H activation, that is also called cross
17



dehydrogenative coupling (CDC) or dual C-H activation. Lastly, type e) reactivity, although not precisely
a cross-coupling, underscores the synthetically significant formation of a carbon-heteroatom bond
from a C—H active substrate. In summary, the blue markers in Scheme 5 indicate that redox-neutral or
oxidative C—H activation processes have a significant presence within coupling methodologies.

Focusing on Pd chemistry, an oxidative catalytic transformation [Egs. (d) and (e) in Scheme 5] can
either directly yield an oxidized product (Scheme 6, top left), or generate an oxidized intermediate
(Scheme 6, top right). In both scenarios, an external oxidizing agent is required to complete the
catalytic cycle, either after, or before product formation, respectively. Alternatively, an oxidizing
moiety can be covalently tethered to the substrate to obviate the need for an external oxidizing agent
(Scheme 6, bottom).[*® Furthermore, in cases where the oxidizing transformation simultaneously
produces a reduced byproduct that can be removed, such as Hj, or if coupling of a redox pair is
feasible, the catalytic system might not necessitate a sacrificial oxidant.*®! Of course, if an oxidizing
transformation generates a secondary product that can be evacuated, such as H,, the thermodynamic
system will be no more closed, and the transformation may not need a sacrificial oxidant to go to

completion.

ZH,
4 X

5 X
: C-Pd-X
Q X

@+ O |
X > CPdX @X
o

PdX,

HX
0

2
Pd

DG DG(O)
+H:0 2HX
Pd0
DG(0)

[18]  Patureau, F. W.; Glorius, F. Angew. Chem. Int. Ed. 2011, 50, 1977-1979.
191 Guillena, G.; Ramdn, D. J.; Yus, M. Chem. Rev. 2010, 110, 1611-1641.
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Scheme 6. Pd-catalyzed oxidative transformations. Top left: Pd(0)//Pd(ll) cycle with external oxidant. Top right: Pd(ll)/Pd(IV)
cycle with external oxidant. Bottom: Pd(0)/Pd(ll) cycle with built-in oxidant. Z and QXa: 2e" sacrificial oxidants. DG: directing

group
The deployment of a covalently linked directing group, functioning as an internal oxidant in C-H
activation (Scheme 6, bottom), was initially pioneered independently by groups led by Cui and Wu,?"’

Hartwig,?! Yu,??! as well as Guimond and Fagnou.?!
2. Metal-promoted mechanisms for C—H activation

The mechanisms underlying C—H activation/functionalization processes can be divided into two
classes. The first class, namely outer-sphere mechanisms, consists in the insertion of a ligand (oxo,
peroxo, carbene or nitrene) into a C—H bond. The second class involves the coordination of the C—H
bond with the metal center, resulting in the formation of an organometallic complex where the
hydrocarbyl species remains within the inner coordination sphere of the metal throughout the C-H
cleavage process.

Although the term "C—H activation" and "C—H functionalization" are often used interchangeably, there
is a growing consensus to restrict the use of the former term specifically to refer to inner-sphere

mechanisms.
2.1. Outer sphere mechanisms

Within the realm of alkane oxidation, enzymatic metal-oxo species, as well as their bioinspired
derivatives, facilitate C—H activation via a metalloradical pathway, often referred to as the "rebound"
mechanism. This process involves a metal-oxo species abstracting a hydrogen radical from the alkane,
followed by the rapid recombination of the radical onto the metal hydroxo intermediate, as depicted

in Scheme 7.4

\/. _[M]n-2 c-0
[M]"=0 rH\—C E— [M]”'LKO\ — *H

H

Scheme 7. Radical rebound mechanism.

20 Wau, J. Cui, X.; Chen, L.; Jiang, G.; Wu, Y. J. Am. Chem. Soc. 2009, 131, 13888-13889.
211 Tan, Y.; Hartwig, J. F. J. Am. Chem. Soc. 2010, 132, 3676-3677.

221 Ng, K.-H.; Chan, A. S. C.; Yu, W.-Y. J. Am. Chem. Soc. 2010, 132, 12862-12864.

23] Guimond, N.; Gouiliaras, C.; Fagnou, K. J. Am. Chem. Soc. 2010, 132, 6908-6909.
241 White, M. C.; Zhao, J. J. Am. Chem. Soc. 2018, 140, 13988-14009.
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In a similar manner, interactions involving metal-carbenes and metal-nitrenes result in the
establishment of new C—H and C—C bonds, or N-H and N—C bonds with the carbene carbon atom or
nitrene nitrogen atom, respectively. These transformations take place concurrently with metal
dissociation. Notably, metal-carbenes and metal-nitrenes have showcased remarkable adaptability in
effecting both intramolecular and intermolecular C-H functionalization reactions, as outlined in

Scheme 8.2

.-"C t
ol M
XM=Y + H—C —— > . — -
X IM]=Y

Y = CR;, RN (metal-carbene or -nitrene)

Scheme 8. Metal-carbene and metal-nitrene insertions into C-H bonds.

2.2. Inner-sphere mechanisms

Three main sub-categories have been proposed for this type of mechanism{® (a) Oxidative Addition
(OA) for low-valent electron-rich transition metal complexes; (b) o-Bond Metathesis (o-BM) for
electrophilic early transition metal complexes; (c) Electrophilic Activation (EA) for late transition
metals featuring electron-withdrawing ligands. However, contemporary understanding has rendered
these distinctions less definitive.) A more refined approach involves classifying these processes based
on the primary direction of charge transfer intrinsic to C—H activation.
Indeed, the interaction between a C—H bond and a transition metal involves a two-fold charge transfer
(CT) process (Scheme 9):
e Reverse CT entails a transfer of charge from a metal-based occupied d. orbital to the
antibonding orbital (o* orbital) of the coordinated C-H bond.
e Forward CT involves charge transfer from the filled o(c.1) bond to an empty metal-based d,
orbital.?!
Both of these charge transfers collectively contribute to the gradual weakening and eventual cleavage
of the C—H bond.
Accordingly, on the basis of the electronic nature of the resulting transition state during a C—H
activation process, we can distinguish between nucleophilic and electrophilic mechanisms.

Specifically, electron-deficient late transition metals, including cationic forms, tend to possess lower-

[25]  Davies, H. M. L.; Manning, J. R. Nature 2008, 451, 417-424.
[26]  Ess, D. H.; Goddard Ill, W. A.; Periana, R. A. Organometallics 2010, 29, 6459-6472.
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energy d, orbitals with available d; electrons. Consequently, in their interaction with a C—H bond, the

forward CT prevails over the reverse CT. This characterizes such transition metal complexes as

electrophilic (Scheme 9, left side).

Electrophilic C-H activation Nucleophilic C-H activation

.
'l dO\l
, ‘

A

dO ‘\' % “

R PR

Forward CT (EcTo) Reverse CT (Ectq)| Forward CT (Ects)

Reverse CT (EcT1)
M-==C-H M->C-H M-==C-H

M->C-H

Scheme 9. Frontier orbital interactions for electrophilic (left) and nucleophilic (right) mechanism.

On the contrary, electron-rich transition metal complexes typically have higher-energy d, and dx
orbitals. In this scenario, the dominant interaction is reverse CT, defining a nucleophilic C—H activation
(Scheme 9, right side). Therefore, the type of inner-sphere mechanism hinges on the nature and
oxidation state of the metal within the complex.

Hence, late transition metals with low electron density and high oxidation states, like Pd(ll), Pt(ll),
Rh(l1), Ir(1l1), and Ru(ll), often engage in electrophilic activation (EA) mechanisms. In such cases, the
initial (C—H)-to-metal coordination is characterized by a robust o-donation and relatively weak n-back-

donation, usually followed by heterolytic cleavage (deprotonation) that is facilitated by an external

anion (Scheme 10).

C -HY
A
C x®

H
LT MX == Y@/ [MIX o1y
|
{
o-donation >> w-back-bonding

Scheme 10. Electrophilic substitution mechanism.

One of the most prevalent variations of the mechanism outlined above involves an intramolecular
deprotonation process facilitated by a heteroatom-based ligand. This ligand could be a halide or an
alkoxy anion, or even a bridging ligand like an acyloxy or carbonate anion. This deprotonation occurs

through a cyclic and concerted mechanism. These mechanisms go by various names, such as
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ambiphilic metal-ligand activation (AMLA),?”! concerted metalation deprotonation (CMD),?® internal
electrophilic substitution (IES)?*! or 1,2-addition.

In these processes, hydrogen bonding typically arises between the lone pair-bearing ligand, often
oxygen-based, and the proton of the C—H bond. This interaction influences the basic character of the
ligand, promoting cleavage of the C—H bond. This effect raises the electron density in the C—H bond,

further enhancing the agostic interaction (Scheme 11).

2
AMLA (4) (IES) A =
R - HX
> MXpy — | P MXaa
| Y X’ l
X |
c
7/ + IMIX, C—[MIXn-1)
H C c _t

/ o
| ama@romo X HE= - MKy -RCOZHT
> ‘w/l — |
OYO O
R

Scheme 11. Ambiphilic concerted mechanisms.

Late transition metals with reduced valence states have the capacity to trigger C—H activation
mechanisms ranging from oxidative addition (OA) to o-bond metathesis (o-BM), with a plethora of
intermediate mechanisms positioned between these two extremities. The selection of a specific
mechanism is influenced by factors such as the metal center, the steric and electronic properties of
the ligands, and the nature of the substrate involved in the C—H activation process.

In contrast to the electrophilic mechanisms mentioned earlier, nucleophilic mechanisms tend to be
favored when electron donor ligands like phosphines, N-heterocyclic carbenes (NHCs), or bidentate
nitrogen-based ligands are present. The oxidative addition (OA) mechanism, in particular, represents
a nucleophilic process observed in electron-rich, d® low-valent, second- and third-row late transition
metal complexes. In cases where the enthalpy difference between the C—H bond cleavage and the
formation of M—C and M-H bonds, leading to the oxidized d® configuration, is not excessively
energetically demanding, the OA mechanism becomes significant. This scenario involves an initial (C—
H)-to-metal coordination intermediate featuring weak o-donation and very strong n-back-bonding

(Scheme 12).

271 Besora, M.; Braga, A. A. C.; Sameera, W. M. C.; Urbano, J.; Fructos, M. R.; Pérez, P. J.; Maseras, F. ). Organomet. Chem.
2015, 784, 2-12.

28] (a) Gorelsky, S. I.; Lapointe, D.; Fagnou, K. J. Org. Chem. 2012, 77, 658-668; (b) Lapointe, D.; Fagnou, K. Chem. Lett.
2010, 39, 1118-1126; (c) Gorelsky, S. I.; Lapointe. D.; Fagnou, K. J. Am. Chem. Soc. 2008, 130, 10848-10849.

291 Oxgaard, J.; Tenn Ill, W. J.; Nielsen, R. J.; Periana, R. A.; Goddard Ill, W. A. Organometallics 2007, 26, 1565- 1567.
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Scheme 12. Oxidative addition mechanism.

Transition metals with early d° configurations in high oxidation states, which lack available d electrons,
are incapable of undergoing oxidative additions. Nevertheless, they can engage in a C—H bond through
four-centered concerted o-bond metathesis (o-BM),% involving four electrons, which occurs without

altering the metal's oxidation state (Scheme 13).

N c * c
Ve Bty ~
/C + [M]n H \\' N L . [M]
“~N .~ . H
c C'/ rold ~c

Scheme 13. o-Bond metathesis mechanism

Transition metal fragments with d* to d® configurations also typically participate in 6-bond metathesis
(o-BM) transformations. However, due to their vacant sites, they often tend to form stable o-adducts
prior to and after the actual metathesis. This process is termed o-complex assisted metathesis (o-

CAM)BY and involves a mechanism where o-adduct formation plays a pivotal role (Scheme 14).

+
c, H/C C. Cmy .
WM — e e | = gy = M
7 \Z/ o Nz z

Z=H,“Si", “B", “C"

Scheme 14. o-Complex assisted metathesis mechanism.

Lastly, the C—H bond can undergo a concerted four-centered 1,2-addition across a metal-X bond. This
mechanism is similar to o-bond metathesis (0-BM), but in this case, the newly formed X—H motif
remains connected to the resulting metal complex. This process involves the participation of lone pairs
or m-electrons instead of o-bonds. Early and middle transition metal complexes featuring amido,

alkylidene, alkoxy, and alkylidyne ligands often operate through this C-H activation mode (Scheme 15).

301 (a) Watson, P. L. J. Am. Chem. Soc. 1983, 105, 6491-6493; (b) Thompson, M. E.; Baxter, S. M.; Bulls, A. R.; Burger, B. J.;
Nolan, M. C.; Santarsiero, B. D.; Schaefer, W. P.; Bercaw, J. E. J. Am. Chem. Soc. 1987, 109, 203-219; (c) Waterman, R.
Organometallics 2013, 32, 7249-7263.

311 Perutz, R. N.; Sabo-Etienne, S. Angew. Chem. Int. Ed. 2007, 46, 2578-2592.
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Scheme 15. 1,2-Addition mechanism.

3. Pd-catalyzed coupling reactions involving C(sp?)-H

functionalizations

Organopalladium chemistry has found widespread utility in organic synthesis, particularly in industrial
applications. The pioneering advancements in palladium-catalyzed cross-coupling reactions, notably
recognized with the 2010 Nobel Prize in Chemistry awarded to Richard F. Heck, Akira Suzuki, and Ei-
ichi Negishi,'*? have been essential. Palladium catalysts have demonstrated their capacity to facilitate
and accelerate transformations that are challenging to achieve using conventional methods. A notable
advantage is that palladium-catalyzed reactions generally occur under mild reaction conditions and
exhibit a remarkable tolerance for various functional groups. The significance of palladium-catalyzed
couplings is evident in their pivotal role in synthesizing a diverse range of compounds, including both
carbocycles and heterocycles.?

Palladium, a transition metal of the nickel triad, is situated in the second row of the periodic table. Its
ground-state electronic configuration is [Kr] 4d*° 5s°. With few exceptions, palladium complexes exist
in three oxidation states: Pd(0), Pd(Il), and Pd(1V).2% Each oxidation state introduces distinct chemical
properties. The fundamental steps in palladium chemistry include: a) coordination of dative ligands,

b) ligand exchange, c) oxidative addition / reductive elimination, d) cis-palladation of m-systems

1321 Foraselection of reviews on Pd-catalyzed cross-coupling reactions, see: (a) Nicolaou, K. C.; Bulger, P. G.; Sarlah, D. Angew.
Chem. Int. Ed. 2005, 44, 4442-4489; (b) Torborg, C.; Beller, M. Adv. Synth. Catal. 2009, 351, 3027-3043; (c) Johansson
Seechurn, C. C. C.; Kitching, M. O.; Colacot, T. J.; Snieckus, V. Angew. Chem. Int. Ed. 2012, 51, 5062-5085; (d) Devendar,
P.; Qu, R.-Y.; Kang, W.-M.; He, B.; Yang, G.-F. J. Agric. Food Chem. 2018, 66, 8914-8934.

331 (a) Bolm, C. J. Org. Chem. 2012, 77, 5221-5223; (b) Handbook of Organopalladium Chemistry for Organic Synthesis;
Negishi, E., Ed.; Wiley: New York, 2002; (c) Cross-Coupling Reactions. A Practical Guide; Miyaura, N., Ed. Top. Curr.
Chem. 2002, 219; (d) Metal-Catalyzed Cross-Coupling Reactions, 2nd ed.; de Meijere, A., Diederich, F., Eds.; Wiley-VCH:
Weinheim, 2004; (e) Corbet, J.-P.; Mignani, G. Chem. Rev. 2006, 106, 2651-2710; (f) Jana, R.; Pathak, T. P.; Sigman, M.
S. Chem. Rev. 2011, 111, 1417-1492; (g) van Leeuwen, P. W. N. M.; Chadwick, J. C. 2011, Metal-Catalyzed Cross-Coupling
Reactions (chapter 9), in Homogeneous Catalysts: Activity - Stability - Deactivation, Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim, Germany; (h) Chemical Society Reviews, themed collection: Cross coupling reactions in organic synthesis,
2011, Issue 10, 4877-5208; (i) Colacot, T. (Ed.) New Trends in Cross-Coupling: Theory and Applications 2015, RSC press;
(j) Tsuji, J. Palladium Reagentsand Catalysts, J. Wiley and Sons, 2004; (k) Tsuji, J. Ed. Palladium in Organic Synthesis,
Springer, 2005.

341 For selected reviews on the chemistry of Pd(0), Pd(Il) and Pd(IV) complexes, see: (a) Tsuji, J. Synthesis 1990, 13, 739—
749; (b) Sehnal, P.; Taylor, R. J. K.; Fairlamb, I. J. S. Chem. Rev. 2010, 110, 824-889.
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(alkenes/alkynes) through migratory insertion, e) trans-nucleopalladation of m-systems, f) dative

ligand 1,1-insertion ad finally a carbene insertion (Scheme 16).5°!

L
¥
a) X'-[Pd]-X? +L _— X'-[Pd]-X? ligand coordination
S 9,
b) X'-[Pd]-x2  + X3 —_— X'=[Pd]-X3 +X ligand exchange
P41 1 - 1 [PA1— oxidative addition —
[P + cX ) C=PdlI=X <« reductive elimination
c) 1 c? N .
Ipdj—C2 + 5 \[Pd]/ oxidative addition —
C-[Pd] X <= X7 g3 <« reductive elimination
X—[Pd]—C _
d) A = X-[Pd C cis-carbopalladation —
== <« decarbopalladation
X—[Pd]—X + Nu-H X—[pd] +XH
e) [4d] * Nu _— P nucleopalladation
= Nu
|I L
e) X—[Pd]—C - X—[Pd]—L—C 1,1-insertion

Scheme 16. Main elementary steps involved in Pd-catalyzed reactions.

The equilibria of these reactions can be influenced by the nature of ligands and reagents, potentially
leading to varying degrees of displacement to the left or right, reversible or irreversible. Pd-catalyzed
reactions involve combinations of these elementary steps. The initial step in the catalytic cycle can be
oxidative addition, ligand coordination or ligand exchange, while the terminal step might be reductive

elimination or depalladation (often dehydropalladation).

3.1. C(sp?)—-H/C(sp?)-X coupling reactions

3.1.1. The classical Mizoroki-Heck reaction3®!

The Mizoroki—Heck coupling involves the Pd(0)-catalyzed reaction between an unsaturated halide (or
pseudohalide) and an alkene, to form a substituted alkene. The reaction was first reported by Tsutomu

Mizoroki in 1971,%” who described the coupling between iodobenzene and styrene, in methanol, to

351 Throughout the manuscript: (a) brackets around palladium atom intend to render implicit the dative ligand(s); (b) R:
covalent carbon-based ligand, X: covalent heteroatom-based ligand, L: dative ligand.
[36]  (a) The Mizoroki-Heck Reaction; Oestreich, M., Ed.; Wiley: Chichester, 2009; (b) Whitecomb, N. J.; Hii, K. K.; Gibson,
S.E. Tetrahedron, 2001, 57, 7449-7476.
1371 Mizoroki, T.; Mori, K.; Ozaki, A. Bull. Chem. Soc. Jpn. 1971, 44, 581.
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form stilbene at 120°C, in the presence of potassium acetate base and catalytic amounts of palladium
chloride. This work appeared after Fujiwara’s report in 1967, which described the Pd(ll)-mediated
coupling between arenes and alkenes, and of that of Richard F. Heck,?® who, in 1968, reported the
coupling between arylmercuric halides (ArHgCl) and alkenes (see later). In 1972, Heck independently
reported results analogous to those of Mizoroki.*® The Mizoroki-Heck reaction is undoubtedly the

401 The schematic

most popular transformation to carry out a C(sp?)—~H/C(sp?)-X coupling.
representation in Scheme 17 outlines the major steps of this reaction. However, it's important to note
that this simplified scheme, while helpful, cannot encompass all the diverse variants of the Mizoroki-

Heck chemistry.

Pd(0) or Pd(ll)
precatalyst

1

HX R=X
L,Pd@
6 2
He.  ~L
Pd R, L L R
XY OTL SPdY T === __PdZ
X7 UL T X7 TL
R\ =
\/\R 5 g
3
R LR L L LR Ry N
H L ' 1. preactivation '
" L R' i 2. oxidative addition :
, ‘Pd ' '
Ry~ Ro.. /“ b3 2_coordination '
4 X,Pd -L 1 4. carbopalladation E
' 5. dehydropalladation :
L : 6. reductive elimination :

Scheme 17. General mechanism for a Heck catalytic cycle.

The catalytic cycle is initiated by reducing Pd(ll) complexes to their active Pd(0) forms when using Pd(Il)
precursors or generating Pd(0) active species through multiple ligand exchanges from commercial
Pd(0) complexes. The primary reduction of Pd(ll) to Pd(0) can be performed by phosphines when

starting from Pd(ll) acetate,!*! although it can also be assisted by hard nucleophiles with other Pd(ll)

381 Heck, R. F. J. Am. Chem. Soc. 1968, 90, 5518-5526.

391 Heck, R. F.; Nolley, J. P. J. Org. Chem. 1972, 37, 2320-2322.

1401 For selected general reviews on the Mizoroki-Heck reaction, see: (a) Beletskaya, I. P.; Cheprakov, A. V. Chem. Rev. 2000,
100, 3009-3066; (b) Heck, R. F. In Comprehensive Organic Synthesis; Trost, B. M., Fleming, |., Eds. Pergamon Press:
Oxford, 1991; Vol. 4; (c) Heck, R. F. Org. React. 1982, 27, 345-390; (d) Crisp, G. T. Chem. Soc. Rev. 1998, 27, 427-436.

41 For a selection of articles, see: (a) Amatore, C.; Jutand, A.; M’Barki, M. A. Organometallics 1992, 11, 3009-3013; (b)
Ozawa, F.; Kubo, A.; Hayashi, T. Chem. Lett. 1992, 11, 2177-2180; (c) Amatore, C.; Carré, E.; Jutand, A.; M’Barki, M.
Organometallics 1995, 14, 1818-1826.
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sources such as Pd(PPhs),Cl,, for instance. Common nucleophiles include hydroxide (from Pd(OAc),)?
and alkoxide ions,!*3! water,** and water-acetate ion combinations. In special cases, even fluoride in
the presence of water can play a role in this reduction.*”! Once the active Pd(0) species is formed, it
engages in an oxidative addition by the organohalide derivative (aryl halide or vinyl halide).

This step is a concerted process, where the breaking of the C—X bond synchronizes with the formation
of M—C and M-X bonds. Unlike stepwise addition-elimination mechanisms operating in nucleophilic
aromatic or vinylic substitutions,!*®! oxidative addition is less sensitive to the nature of the alkene but
highly sensitive to the nature of the nucleofuge (I > OTf > Br > CI)%”! and the strength of the newly
formed M-X bonds. Once the oxidative addition has taken place, the alkene coordinates to the
metallic center and then engages in a syn-carbopalladation, during which a new C-C bond is formed.
This step plays often a crucial role in determining regioselectivity, stereoselectivity (see later). The
subsequent step is a dehydropalladation (alias B-H elimination), which generates an alkene
coordinated to palladium hydride. The mechanism of this step, in which the total electron count of
the metal complex increases by 2, is a cyclic, concerted, involving four-centers. Hence, the
intermediate after the carbopalladation step has to be able to adopt a conformation wherein the B-H
and the palladium atom are in syn-coplanar relation. During this step, palladium must have a vacant
coordination site that can interact with the B-H atom of the alkyl ligand (Scheme 18). The scheme
evidences that the driving force of this step is due to the synergy between a G-agostic donation (cc.
#—>Pd), and m-back donation (Pd —c*c.).[*® In fact, a d° metal complexes lacking the possibility to
participate in d-orbital back-bonding, such as Ag* or Hg %, are normally stable to B-hydride elimination.
Since the C—H bond in a dehydropalladation is broken due to the inner sphere interaction between
the C—H bond and palladium, this step can be regarded as a special case of intramolecular C—H
activation wherein an H—Pd bond is formed instead if a C—Pd bond. So, although this is not the common
thinking, the Mizoroki-Heck coupling can be classified as a C—H activation coupling reaction wherein

the C—H activation step takes place after the C—C forming step.

42l For a selection of articles, see: (a) loele, M.; Ortaggi, G.; Scarsella, M.; Sleiter, G. Polyhedron 1991, 10, 2475-2476; (b)
Grushin, V. V.; Alper, H. Organometallics 1993, 12, 1890-1901; (c) Grushin, V. V. J. Am. Chem. Soc. 1999, 121, 5831-
5832.

431 Roffia, P.; Gregorio, G.; Conti, F.; Pregaglia, G. F. J. Mol. Catal. 1977, 2, 191-201.

441 Amatore, C.; Jutand, A.; Medeiros, M. J. New J. Chem. 1996, 20, 1143-1148.

13l (a) Mason, M. R.; Verkade, J. G. Organometallics 1992, 11, 2212-2220; (b) McLaughlin, P. A.; Verkade, J. G.
Organometallics 1998, 17, 5937-5940.

1461 (a) Rappoport, Z. Acc. Chem. Res. 1981, 14, 7-15; (b) Knipe, A. C., Watts, W. E., Eds.; John Wiley & Sons Ltd.: New York,
1997.

471 Jutand, A.; Mosleh, A. Organometallics 1995, 14, 1810-1817.

481 Thorn, D. L. Hoffman, R. J. Am. Chem. Soc. 1978, 100, 2079-2090.
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Scheme 18. Left: general mechanism of a dehydropalladation. Right: synergy of c-agostic donation (oc.;—Pd), and rt-back

donation (Pd —c*c.).

The last step of the Mizoroki-Heck coupling is the reductive elimination from the palladium hydride
H[Pd]X (X = OAc) species. Although this step is normally exergonic,*®! a base often is used to form the

salt of the acid so as to drive the equilibrium to the right side (Scheme 19).

H
| base
J_»Pfd—o RJ»Td(O) ﬁ, J—»Pd(o)
R _ © R
O 0 OH AcO baseH

Y

Scheme 19. Reductive elimination of H[Pd]X.

It should be noted that the carbopalladation and the deydropalladation steps may suffer from

regioselectivity issues (Scheme 20).

L
¥
1 . H-Pd-X
L\Pd. V2 i L 1&\_
1 ]
: Pd—
R:Pd’”z P H X i
IS NY N 2 P H N\ H-Pd-X
L\ Ry 1 E 3 L

1

Scheme 20. Possible regioselectivity issues in the carbopalladation and dehydropalladation steps.

3.1.2. The oxidative Heck coupling

As mentioned above, in 1968, Heck!*® (three years before the first report of the reaction that is known

as the classical Mizoroki-Heck coupling) reported the PdX,-catalyzed aerobic arylation of olefins from

491 Nahra, F. Liron, F.; Prestat, G.; Mealli, C.; Messaoudi, A.; Poli, G. Chem.-Eur. J., 2009, 15, 11078-11082.
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phenylmercuric chloride in the presence of catalytic amounts of CuCl; (Scheme 21). In 1975, Heck and
Dieck reported the first palladium(ll)-mediated coupling between organoboronic acids and alkenes
using stoichiometric Pd(OAc),, today known as the oxidative Heck reaction. In 1994, Cho and
Uemural® reported the first catalytic version of this reaction (although the proposed mechanism was

not correct).

LiPdCl; cat. Ph
CuCl,, cat. O
Ph—HgCl + 2 Co,Me 2 2 — Heck, 1968
MeCN, r.t. CO,Me
OH Pd(OAc), cat. Ph
; 0O, Na,CO )
Ph—B  + > COMe 2 79273 — Mori, 2001
OH DMF, 50 °C COzMe

87%

Scheme 21. The oxidative Heck reaction.

Finally, in 2001 Mori et al.®¥ reported this reaction using Cu(OAc); as terminal oxidant (Scheme 21),
proposing a plausible mechanism (Scheme 22). It has to be noted that the mechanism of the oxidative
Heck reaction differs from the classical Mizoroki-Heck reaction only in the first step (transmetalation
of the boronic acid instead of the oxidative addition of the organohalide), and for an additional redox

fixing step at the end.

1501 Cho, C. S.; Uemura, S. J. Organometal. Chem. 1994, 465, 85-92.
51 Du, X. L,; Suguro, M.; Hirabayashi, K.; Mori, A.; Nishikata, T.; Hagiwara, N.; Kawata, K.; Okeda, T.; Wang, H. F.; Fugami,
K.; Kosugi, M. Org. Lett. 2001, 3, 3313-3316.
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Scheme 22. Mechanism of the oxidative Heck coupling.

3.1.3. Selectivity of the bimolecular Mizoroki-Heck reactions

The simplest way to obtain a regioselective bimolecular Mizorki-Heck is to use an electron-poor alkene
as olefinic partner. In this way, the carbopalladation step strongly favors the interaction between the
electron-rich ipso carbon atom of the organopalladium species and the electron-poor C(sp?) atom of
the alkene B located with respect to the electron-withdrawing group. Furthermore, the subsequent

dehydropalladation step can only involve one type of H atom (Scheme 23). 5253

3+
8- X[Pd] X[Pd] [Pd]X X[Pd]— A
ot ( Ar A r
\n/\ 5 \n)\r \n/\/
O mlgratory O H non competitive
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Scheme 23. Classical Mizoroki-Heck reaction with polarized alkenes.

1521 (a) Mc Cartney, D.; Guiry, P. J. Chem. Soc. Rev. 2011, 40, 5122-5150; (b) Shibasaki, M.; Vogl, E. M.; Ohshima, T. Adv.
Synth. Catal. 2004, 346, 1533-1552; (c) Dounay, A. B.; Overman, L. E. Chem. Rev. 2003, 103, 2945-2964.

531 (a) Sigman, M. S.; Werner, E. W. Acc. Chem. Res. 2012, 45, 874-884; (b) Yonehara, K.; Mori, K.; Hashizume, T.; Chung,
K.-G.; Ohe, K.; Uemura, S. J. Organomet. Chem. 2000, 603, 40-49; (c) Yoo, K. S.; Park, C.; Yoon, C. H.; Sakaguchi, S
O’Neil, J.; Jung, K. W. Org. Lett. 2007, 9, 3933-3935; (d) Yoo, K. S.; O’Neil, J.; Sakaguchi, S.; Giles, R.; Lee, J. H.; Jung, K
W. J. Org. Chem. 2010, 75, 95-101.
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Another method to achieve regioselective bimolecular Mizoroki-Heck coupling is the use an allylic
alcohol as substrate, as pioneered independently by Heck and Chalk in 1976.°* With this type of
substrates, the carbopalladation is often regioselective and generates a B-hydroxyalkylpalladium
intermediate. The subsequent dehydropalladation is also regioselective, involving a B-H atom close
the hydroxyl function. The enol transiently generated promptly equilibrates to the corresponding
carbonyl derivative (Scheme 24). These works also observed that homoallylic alcohols afforded

arylated carbonyl compounds, which implied the first cases of a chain-walking palladium.

OH ' Pd(OAc); (0.3 mol%)

CH3CN, 85°C, 10h

E Me_ OHH .
+ HO <—\ — == HO
; [Pd]Br

Scheme 24. Mizoroki-Heck reaction with allylic alcohols as substrates.

The above early examples of chain walking were later extended by Larock to the distant

functionalization of longer-chain w-alkenols, to afford the corresponding arylated carbonyls.>¢]

Pd(OAc), (3.0 mol%)

HO LiCl (50 mol%) o
| LiOAC (250 mol%)
©/ + BuyNCI (200 mol%) 69%
=z DMF, 50°C

' via OH ;
; Ho i i i N
: i ;
v [PdIX — H[Pd]X T~ '
: Ph Ph [PdIX Ph :

Scheme 25. Mizoroki-Heck with w-alkenols as substrates. Steps: i: dehydropalladation; ii: hydropalladation; iii: iterative

hydropalladation / dehydropalladation sequences.

541 (a) Melpolder, J. B.; Heck, R. F. J. Org. Chem. 1976, 41, 265; (b) Chalk, A. J.; Magennis, S. A. J. Org. Chem. 1976, 41, 273-
278; (c) Chalk, A. J.; Magennis, S. A. J. Org. Chem. 1976, 41, 1206-1209. See also: (d) Bouquillon, S.; Ganchegui, B.;
Estrine, B.; Hénin, F.; Muzart, J. J. Organomet. Chem. 2001, 634, 153-156.

1551 Larock, R. C.; Leung, W.-Y.; Stolz-Dunn, S. Tetrahedron Lett. 1989, 30, 6629-6632.

[561  For a review, see: Sommer, H.; Julid-Hernandez, F.; Martin, R.; Marek, 1. ACS Cent Sci, 2018, 4, 153-165.
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More recently, Sigman and his group reported a series of papers on the Mizoroki-Heck coupling on w-
alkenols. The use of the bulky chiral enantiopure N,N’-bidentate tBu->CFsPyox ligand allowed these
authors to render the carbopalladation step highly enantioselective. At the same time, the use of an
electrophilic catalyst system favored the full migration of the alkene function, as opposed to an
undesired HPdX decoordination. The strategy allowed to create quaternary carbon centers via classical
Mizoroki-Heck as well as oxidative Heck conditions. Since the two hydrogen atoms of the alcohol
function (CH-OH) formally moved to saturate the initially formed alkene, this disproportionation was

named “redox-relay” (Scheme 26).5”!

N,PFg OH

Pdadbas (3.0 mol%) Me 0
Me tBuCF3Pyox (7.0 mol%)
+ Me
Me™ ™% DMF, rt FsC
' MeO,C 52% 3 A
COMe 2 e.r. 97:3 |
~
O
N—
B(OH OH Bu
(OH), PA(MeCN);(OTs), (6.0 mol%) )y tBuSCF5Pyox
+ Me tBuCF3Pyox (9.0 mol%)
Me
=
3A MS, DMF
COMe e 0,, balloon, rt
41%
e.r. 99:1

Scheme 26. Examples of enantioselective classical Mizoroki-Heck and oxidative Heck couplings from w-alkenols.

3.1.4. Reverse Mizoroki-Heck coupling

In 2005, Daugulis and coworkers reported an interesting redox-neutral Pd(ll)-catalyzed strategy to
achieve the ortho acryloylation of anilides by the coupling between an anilide and a B-halo acrylate
(Scheme 27).58 This coupling represents a case of anilide ortho-palladation. Since in this C(sp?)—

H/C(sp?)—X coupling, the chronology of the interaction of the catalyst with the substrate components

571 (a) Werner, E. W.; Mei, T.-S.; Burckle, A. J.; Sigman, M. S. Science 2012, 338, 1455-1458; (b) Mei, T.-S.; Werner, E. W.;
Burckle, A. J.; Sigman, M. S. J. Am. Chem. Soc. 2013, 135, 6830-6833; (c) Hilton, M. J.; Xu, L.-P.; Norrby, P.-O.; Wu, Y.-
D.; Wiest, O.; Sigman, M. S. J. Org. Chem. 2014, 79, 11841-11850; (d) Mei, T.-S.; Patel, H. H.; Sigman, M. S. Nature 2014,
508, 340-344; (e) Xu, L.; Hilton, M. J.; Zhang, X.; Norrby, P.-O.; Wu, Y.-D.; Sigman, M. S.; Wiest, O. J. Am. Chem. Soc.
2014, 136, 1960-1967; (f) Patel, H. H.; Sigman, M. S. J. Am. Chem. Soc. 2015, 137, 3462-3465; (g) Zhang, C.; Santiago,
C. B.; Crawford, J. M.; Sigman, M. S. J. Am. Chem. Soc. 2015, 137, 15668-15671; (h) Zhang, C.; Santiago, C. B.; Kou, L.;
Sigman, M. S. J. Am. Chem. Soc. 2015, 137, 7290-7293; (i) Chen, Z.-M.; Hilton, M. J.; Sigman, M. S. J. Am. Chem. Soc.
2016, 138, 11461-11464; (j) Patel, H. H.; Sigman, M. S. J. Am. Chem. Soc. 2016, 138, 14226-14229; (k) Chen, Z.-M.;
Nervig, C. S.; DelLuca, R. J.; Sigman, M. S. Angew. Chem., Int. Ed. 2017, 56, 6651-6654; see also: (I) Singh, S.; Bruffaerts,
J.; Vasseur, A.; Marek, |. Nat. Commun. 2017, 8, 14200; (m) Larionov, E.; Lin, L.; Guénée, L.; Mazet, C. J. Am. Chem. Soc.
2014, 136, 16882-16894.

1581 Zaitsev, V. G.; Daugulis, O. J. Am. Chem. Soc. 2005, 127, 4156-4157.
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is opposite with respect to that of the Mizoroki-Heck (“anilide first” as opposed to “organohalide first”)

Daugulis named this type of coupling 'reverse' Heck.

) o)
)i PdCl, (5 mol%) )i
R NH Br\/\n’OMe AgOTf (1.0 equiv.) R NH
+ >
@ 0 DMF, 90-110 °C, 1-3h S X CO:Me
Z P
& &

R=tBu;FG=H 85%
R=Me;FG=H 65%
R=tBu; FG=3-Cl 33%
R=Me; FG=3-OH 65%

Scheme 27. Selected examples of coupling between anilides and 8-haloacrylates reported by Daugulis.

Cyclopalladation chemistry, pioneered by Cope in 1965, involved using azobenzene as the

substrate,® is very rich.[ In particular, in 1984, Tremont and Rahman'®*reported that treatment of

acetanilides with stoichiometric amounts of Pd(OAc), brought about an ortho-cyclopalladation, and

treatment of the resulting palladacycle with excess Mel afforded the methylation of the palladated

position. Later studies demonstrated that the intermediate cyclopalladated structure is dimeric

(Scheme 28).[6%
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Scheme 28. Stoichiometric Pd(OAc);-mediated ortho methylation of acetanilide.

More than twenty years later, Daugulis and Zaitsev!®® revisited the topic and showed that anilides

could be arylated with aryl iodides by treatment with catalytic amounts of Pd(OAc); in the presence

AgOAc (Scheme 29).

[591

[60]

[61]

[62]
[63]

(a) Cope, A. C.; Siekman, R. W. J. Am. Chem. Soc. 1965, 87, 3272-3273; (b) Cope, A. C.; Friedrich, E. C. J. Am. Chem. Soc.
1968, 90, 909-913.

(a) Ryabov, A.D. Chem. Rev. 1990, 90, 403-424; (b) Albrecht, M. Chem. Rev. 2010, 110, 576-623; (c) Téth, B. L.; Monory,
A.; Egyed, O.; Domjan, A.; Bényei, A.; Szathury, B.; Novdk, Z.; Stirling, A. The ortho effect in directed C—H activation.
Chem. Sci. 2021, 12, 5152-5163.

(a) Tremont, S. J.; Rahman, H. U. J. Am. Chem. Soc. 1984, 106, 5759-5760; (b) McCallum, J. S.; Gasdaska, J. R.;
Liebeskind, L. S.; Tremont, S. J. Tetrahedron Lett. 1989, 30, 4085-4088.

Yeung, C. S.; Zhao, X.; Borduas, N.; Dong, V. M. Chem. Sci. 2010, 1, 331-336.

Daugulis, O.; Zaitsev, V. G. Angew. Chem. Int. Ed. 2005, 44, 4046-4068.
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Scheme 29. Pd(OAc);-catalyzed ortho arylation of anilides using aryl iodides.

The mechanism of the above Pd-catalyzed arylation is expected to involve the initial coordination of
Pd(OAc), by the directing group followed by a cyclopalladation. The resulting dimeric Pd(ll) complex
undergoes oxidative addition by the aryl halide to afford a transient Pd(IV) complex, as postulated by
Catellani® in the eponymous reaction. Reductive elimination followed by anion exchange closes the

catalytic cycle (Scheme 30).
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Scheme 30. Postulated mechanism for the PdX,-catalyzed ortho arylation of anilides.

Subsequent evolution of this ortho-palladation chemistry lead the Daugulis group®! to the
development of the now popular bidentate monoanionic removable auxiliary 8-aminoquinoline,
which allowed the Pd-catalyzed C(sp®)—H arylation of carboxylic acid derivatives at the B position

(Scheme 31).[¢!

641 Catellani, M.; Frignani, F.; Rangoni, A. Angew. Chem. Int. Ed. Engl. 1997, 36, 119-122.
1651 Zaitsev, V. G.; Shabashov, D.; Daugulis, O. J. Am. Chem. Soc. 2005, 127, 13154-13155.
[66]  Nadres, E. T.; Santos, I. G.; Daugulis, D. J. Org. Chem. 2013, 78, 9689-9714.
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Scheme 31. Pd-catalyzed 8-C(sp3)-H arylation of carboxylic acid derivatives.

Along this line, several works by our and other groups later built on the Pd-catalyzed ortho-palladation
concept to functionalize the ortho position of aromatic amino acids such as phenyl alanine and
tyrosine.l®”]

Coming back to the above mentioned ortho acryloylation of anilides, stoichiometric experiments
performed by the authors confirmed that the reaction between preformed ortho-palladated anilines
and haloalkenes gave efficiently the corresponding coupling products. Addition of silver salts and the
use of N,N-dimethylformamide (DMF) proved to be effective for the catalysis, enabling the successful
ortho-alkenylation of several anilides. However, the reaction is inhibited by the coupling products, and
anilides with electron-withdrawing substituents halted at low conversions. Both inter- and
intramolecular deuterium isotope effects supported C—H bond cleavage as the turnover-limiting step.
The mechanism proposed by the authors involves the initial ortho-palladation of the aniline by the
Pd(ll) catalyst. Following coordination, and regioselective carbopalladation of the bromoacrylate
affords a new intermediate, which, after dehalopalladation (in contrast with the dehydropalladation
of the classical Mizoroki-Heck reaction) generates the coupled product. Finally, anion exchange by the

silver salt regenerates the cationic catalyst (Scheme 32).

671 (a) Li, J.-).; Mei T.-S., Yu, J.-Q. Angew. Chem. Int. Ed. 2008, 47, 6452-6455; (b) Zhang, S.-Y.; He, G.; Nack, W.A.; Zhao, Y.;
Li, Q.; Chen, G. J. Am. Chem. Soc.; 2013, 135, 2124-2127; (c) Zhao, Y.; Chen, G.; Org. Lett. 2011, 13, 4850-4853; (d)
Wang, X.; Niu, S.; Xu, L.; Zhang, C.; Meng, L.; Zhang, X.; Ma, D. Org: Lett. 2017, 19, 246-249; (e) llluminati, D.; Fantinati,
A.; De Ventura, T.; Perrone, D.; Sturaro, C.; Albanese, V.; Marzola, E.; Cristofori, V.; Oble, J.; Poli, G.; Trapella, C. J. Org.
Chem. 2022, 87, 5, 2580-2589.
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Scheme 32. Postulated mechanism for the PdX,-catalyzed ortho-acryloylation of anilides.

Alternative mechanisms to the one proposed above have also been considered by the authors.
However, the possibility of the involvement of the alkyne generated by elimination of HX from
haloalkene was ruled out, as a control experiment substituting bromoalkene for methyl propiolate
gave no product. A mechanism based on oxidative addition of the organohalide on the ortho-
palladated intermediate (Scheme 30) and the one based on a Pd(ll)-catalyzed electrophilic aromatic
substitution were ruled out as the observed order of reactivity (RBr > Rl ~ RCI) was inconsistent with

either of these possibilities.

3.2. C(sp?)-H / C(sp?)-H couplings

Electrophilic C(sp?)-H / C(sp?)-H couplings between alkenes or arenes can be conceptually divided into
three classes. Those wherein one of the two C—H partners is intrinsically electron-rich,® as a
heteroatom-enriched alkene or an electron rich arene; those wherein one of the two coupling
partners carries a juxtaposed directing group, and those involving a plain alkene or arene. Coupling of
the two first classes is usually, at least mechanistically, simpler, as these coupling partners will be
palladated first. More intriguing and challenging is the third case of couplings, wherein none of the
coupling partners is activated by an intrinsic electron richness or a strategically placed directing group.
For example, when simple arenes are used, like for example benzene, they are employed in large

excess, or even as solvents (Scheme 33).

681 Brickl, T.; Baxter, R. D.; Ishihara, Y.; Baran, P. S. Acc. Chem. Res. 2012, 45, 826-839.
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Scheme 33. Classification of C(sp?)-H / C(sp?)-H couplings in the case of Pd(ll) catalysis.

3.2.1. Aryl/Aryl C-H/C—H coupling (a hint)

Palladium catalysis has proven effective in the oxidative intermolecular cross C-H coupling between
two aromatic substrates!®® since the pioneering work of Wenjun Lu's in 2006.7°! The field evolved with
Fagnou's cross-coupling of indoles and benzene and DeBoef's hetero-couplings.”*’273 In particular,
Fagnou described a cross-coupling reaction between indoles and benzene (Scheme 34), while DeBoef
disclosed a hetero-coupling between benzofuran and benzene, employing the
heteropolymolybdovanadic acid (HMPV) with molecular oxygen as an external oxidant system
(Scheme 34). These two cases are clear examples involving an intrinsically electron-rich (activated)

coupling partner.

691 (a) Liu, C.; Yuan, J.; Gao, M.; Tang, S.; Li, W.; Shi, R.; Lei, A. Chem. Rev. 2015, 115, 12138-12204; (b) Kuhl, N.; Hopkinson,
M. N.; Wencel-Delord, J.; Glorius, F. Angew. Chem. Int. Ed. 2012, 51, 10236-10254; (c) Cho, S. H.; Kim, J. Y.; Kwak, J.;
Chang, S. Chem. Soc. Rev. 2011, 40, 5068-5083.

701 i, R.; Li, J.; Lu, W. Organometallics 2006, 25, 5973-5975.

711 (a) Stuart, D. R.; Fagnou, K. Science 2007, 316, 1172-1175; (b) Dwight, T. A.; Rue, N. R.; Charyk, D.; Josselyn, R.; DeBoef,
B. Org. Lett. 2007, 16, 3137-3139; (c) Potavathri, S.; Pereira, K. C.; Gorelsky, S. I.; Pike, A.; LeBris, A. P.; DeBoef, B. J. Am.
Chem. Soc. 2010, 132, 14676-14681.

721 For other examples of dehydrogenative aryl/aryl cross-coupling see: (a) Liu, B.; Huang, Y.; Lan, J.; Song, F.; You, J. Chem.
Sci. 2013, 4, 2163-2167; (b) Gong, X.; Song, G.; Zhang, H.; Li, X. Org. Lett. 2011, 13, 1766-1769; (c) Cho, S. H.; Hwang, S.
J.; Chang, S. J. Am. Chem. Soc. 2008, 130, 9254-9256; (d) Potavathri, S.; Dumas, A. S.; Dwight, T. A.; Naumiec, G. R.;
Hammann, J. M.; DeBoef, B. Tetrahedron Lett. 2008, 49, 4050-4053; (e) Li, B.-J.; Tian, S.-L., Fang, Z.; Shi, Z.-J. Angew.
Chem. Int. Ed. 2008, 47, 1115-1118; (f) Stuart, D. R.; Villemure, E.; Fagnou, K. J. Am. Chem. Soc. 2007, 129, 12072-12073;
(g) Hull, K. L.; Sanford, M. S. J. Am. Chem. Soc. 2007, 129, 11904-11905.

731 For enantioselective examples see: Gao, D.-W.; Gu, Q.; You, S.-L. J. Am. Chem. Soc. 2016, 138, 2544-2547.
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Scheme 34. Pd-catalyzed cross-coupling of aromatic C-H substrates.

As to aryl/aryl directed C(sp?)-H / C(sp?)-H couplings, we can cite as a representative example Cheng's
work, who developed a directed palladium-catalyzed cyclization, forming C-C and C-N bonds from

C-H bonds using N-methoxybenzamides as directing groups for phenanthridinones synthesis (Scheme

35).74
0
(0] Pd(OAc), (10 mQI%) i X N,OMe
X N,OMe + K23204 (2 eqUIV.)‘ R T/
Re- J H , K TFA (20 equiv.)
R 25°C, 16h R
R3
O 0 1)

N,OMe N,OMe N
MeO,C ‘ MeO ‘ O Br ‘

89% 81% 86%

Scheme 35. First directed palladium-catalyzed cyclization reaction.

Meanwhile, Yu's group achieved para-selective C-H arylation of monosubstituted arenes with an
electron-poor amide directing group, identifying N-Fluoro sulfonimide (NFSI) as a superior oxidant for
high para-selectivity. "> Sanford's group also contributed with a selective Pd-catalyzed oxidative cross-
coupling between benzo[h]quinoline and disubstituted arenes, revealing the influence of quinone

oxidant concentration on site-selectivity."® 7®! [tami et al. reported a regioselective oxidative coupling

741 Karthikeyan, J.; Cheng, C.-H. Angew. Chem. Int. Ed. 2011, 50, 9880-9883.

731 (a) Wang, X.; Leow, D.; Yu, J.-Q. J. Am. Chem. Soc. 2011, 133, 13864-13867; (b) Wang, X.; Mei, T.-S.; Yu, J.-Q. J. Am.
Chem. Soc. 2009, 131, 7520-7521.

[76]  Sanhueza, I. A.; Wagner, A. M.; Sanford, M. S.; Schoenebeck, F. Chem. Sci. 2013, 4, 2767-2775.
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between fluoranthene and simple arenes, predominantly at the C3 position of fluoranthene, even in
the absence of directing groups./””!
These few examples underscore the essential role played by ligands, oxidants, and reaction conditions

in fine-tuning site-selectivity in CDC aryl/aryl C—H couplings.

3.2.2. Aryl/Alkenyl C-H/C—H coupling

Undirected arene/alkene CDC reactions

The undirected aryl / alkenyl C(sp?)-H / C(sp?)-H coupling was the pioneering type of coupling. In a
ground-breaking study in 1967, Fujiwara and Moritani reported the stoichiometric Pd(ll)-mediated
vinylation of arenes.”® Soon thereafter, the same researchers developed a catalytic aerobic variant of
this dehydrogenative coupling, employing an oxidant system consisting in the combination of

copper(ll) acetate and molecular oxygen (Scheme 36).

Pd(OAc), (10 mol%)

©/H H\/\© Cu(OAc); (10 mol%) O _

+ ’ o

O, (50 atm), AcOH, O
80 °C, 8h

20 mmol 5 mmol 45%

Scheme 36. The Fujiwara coupling.

Sanford's investigation into the effects of pyridine ligands on Pd-catalyzed oxidative cross-coupling
between arenes and a,B-unsaturated esters underscored the critical role of ligands,”®! with 3,5-

dichloropyridine improving reaction efficiency.

Directed arene/alkene CDC reactions

Directed aryl / alkenyl C(sp?)-H / C(sp?)-H couplings came later. These couplings where perceived as
conceptual improvements of the previously reported undirected couplings as superstoichiometric
amounts of the coupling partner are no more needed. For example, Arrayas and Zhang applied 2-
pyridyl sulfoxides as directing groups in Pd-catalyzed oxidative cross-couplings with alkenes, showing

excellent compatibility and functional group tolerance (Scheme 37).[%

771 Kawasumi, K.; Mochida, K.; Kajino, T.; Segawa, Y.; Itami, K. Org. Lett. 2012, 14, 418-421.

78] (a) Moritani, I.; Fujiwara, Y. Tetrahedron Lett. 1967, 8, 1119-1122; (b) Fujiwara, Y.; Moritani, |.; Danno, S.; Asano, R.;
Teranishi, S. J. Am. Chem. Soc. 1969, 91, 7166-7169; (c) Jia, C.; Lu, W.; Kitamura, T.; Fujiwara, Y. Org. Lett. 1999, 1, 2097-
2100; (d) Jia, C.; W.; Kitamura, T.; Fujiwara, Y. Acc. Chem. Res. 2001, 34, 633-639. For a review see: (e) Zhou, L.; Lu, W.
Chem Eur. J. 2014, 20, 634-642.

791 Kubota, A.; Emmert, M. H.; Sanford, M. S. Org. Lett. 2012, 14, 1760-1763.

1801 (a) Garcia-Rubia, A.; Ferndndez-lbafiez, M. A.; Gdmez Arrayds, R.; Carretero, J. C. Chem. Eur. J. 2011, 17, 3567-3570;
(b) Yu, M.; Liang, Z.; Wang, Y.; Zhang, Y. J. Org. Chem. 2011, 76, 4987-4994.
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Scheme 37. Pyridyl sulfoxide directed Pd(ll)-catalyzed cross-coupling using different oxidants: KzSO4 (method A); Phl(OAc)z
(method B); AgOAc (method C).

You and Lan's use of 2-pyridylmethyl ether directed ortho-alkenylation of arenes, with molecular

oxygen as the oxidant, demonstrated the efficiency of Boc-Val-OH in promoting the reaction,®"

allowing for easy removal of the directing group post-reaction (Scheme 38).182!

Pd(OAc), (10 mol%) 0}
Boc-Val-OH (20 mol%) _CH,Py
A

N ,  KHCO; (2.0 equiv.) o OH

N + //—R > ™ _R2 HN.

R’ 0, (1 atm) R Boc
t-AmylOH, 90 °C, 12h Boc-Val-OH
_CH,P
o CH2PY o-CHzPY
. CONMe, ~_CONMs,
83 % 92% 62 %

Scheme 38. Directed palladium-catalyzed C-H activation using Boc-Val-OH as a ligand.

Furthermore, various N-coordinating directing groups, such as imines,’®¥ amides,’® and amines,®!

have been developed for diverse aromatic C-H alkenylations.

81 Lu, Y.; Wang, D.-H.; Engle, K. M.; Yu, J.-Q. J. Am. Chem. Soc. 2010, 132, 5916-5921.
821 Cong, X.; You, J.; Gao, G.; Lan, J. Chem. Commun. 2013, 49, 662-664.
1831 Xu, Z.; Xiang, B.; Sun, P. Eur. J .Org. Chem. 2012, 2012, 3069-3073.
841 Liu, Q; Li, Q.; Ma, Y.; Jia, Y. Org. Lett. 2013, 15, 4528-4531.
851 Pj, C; Li, Y.; Cui, X.,; Zhang, H.; Han, Y.; Wu, Y. Chem. Sci. 2013, 4, 2675-2679.
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3.3. Alkene / alkene C(sp?)-H / C(sp?)-H couplings

Undirected alkene/alkene CDC reactions

The C(sp?)-H / C(sp?)-H cross-coupling reaction between two different alkenes has been less studied.
In 2004, Ishii reported the first example of oxidative cross-coupling between two distinct olefins.!®! In
this ground-breaking study, vinyl acetate — an intrinsically activated alkene — was employed for the

coupling with acrylates (Scheme 39).

Pd(OAC), (10 mol%)
H4PMO11VO4O (2 mol%)
NaOAc (10 mol%)
MeO,C™N + 2 oAc > Me0, 7 N SO
O, AcOH, 90 °C, 5h

45%
ElZ 56:44

Scheme 39. First reported cross-coupling between two different olefins.

Palladium(ll) acetate was used as the catalyst precursor, and a catalytic amount of HyPMo01,VO4o was
introduced as a co-oxidant, with molecular oxygen serving as the terminal oxidant. Sodium acetate
was also incorporated to enhance the reaction's efficiency, preventing the deposition of Pd(0) and
resulting in the formation of a mixture of E/Z-isomers. Following this seminal report, other studies
subsequently demonstrated the feasibility of oxidative cross-coupling between different olefins.

In 2011, Liu and colleagues reported the use of peracetylated glucal as a substrate for coupling with

acrylates (Scheme 40).1%”)

o Pd(OAc); (10 mol%) o
Aeo | Cu(OTf), (1.0 equiv.)  AcO |
.- + 2 . )
AcO® COEt o, DVAAGOT ACO" A~co,Et
OAc 70 °C, 24h OAc
82%

Scheme 40. Pd-catalyzed coupling between vinyl ether and acrylates via Heck-type alkenylation.

These authors found that palladium(ll) acetate was the optimal catalyst, with a stoichiometric amount
of copper(ll) triflate in combination with molecular oxygen (1 atm) serving as the oxidant. This reaction

exhibited selectivity for the B-position of the vinyl ether. It was proposed that the initial step involved

186]  (a) Hatamoto, Y.; Sakaguchi, S.; Ishii, Y. Org. Lett. 2004, 6, 4623-4625; (b) For a pioneering work on the oxidative
coupling of vinyl acetate with Pd(OAc); to give 1,4-diacetoxy-1,3-butadiene; see: Kohll, C. F.; Van Helden, R. Rec. Trav.
Chim. Pays-Bas 1967, 86, 1930.

1871 Bai, Y.; Zeng, J.; Cai, S.; Liu, X.-W. Org. Lett. 2011, 13, 4394-4397.
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the interaction between the vinyl ether and the Pd-catalyst, forming a vinyl-palladium intermediate,
followed by a Mizoroki-Heck-type alkenylation with acrylate, to yield the final coupling product.

An extension of this work has been reported two years later by Kapur, who employed a combination
of copper(ll) acetate and silver(l) acetate as oxidants to achieve a Pd-catalyzed oxidative cross-
coupling between simple dihydropyrans and unactivated alkenes. This approach allowed for the use
of styrene derivatives and aliphatic alkenes as coupling partners in addition to acrylates (Scheme

41).188

Pd(OAc), (5 mol%)
Cu(OAc), (1.0 equiv.)

R'_O AgOAc (2.0 equiv.) R _O
| t 7R g \(J\/\
70 °C, 24h ]

R =Ar, alkyl up to 81%

Scheme 41. Pd-catalyzed oxidative cross-coupling between dihydropyrans and plain alkenes.

Directed alkene/alkene CDC reactions

In 2011, Loh and co-workers developed an efficient catalytic system for the olefination of enamides.®°!
The authors managed to isolate a palladacycle showing the formation of a C—Pd bond through C-H
activation. Its structure, confirmed by H-NMR and X-ray analyses, shows the assistance of the
acetamide function in the C—H activation step through coordination of the oxygen with palladium
(Scheme 42). Starting from this isolated intermediate, they also demonstrated that by adding tert-
butylacrylate, the CDC reaction was taking place, which suggests that the palladacycle is a very likely

reaction intermediate in the mechanism.

Ho A L
H.y"Xg Pd(OAc), (1.0 equiv.) N A C0o,t-Bu H.v N0

~ ?,OAC

> p¥ @ — CO,t-B

DMSO, rt, 12h 1 NaOAc (1.0 equiv.) NN A0
(- ACOH) —$s0 DMSO, 80 °C, 16h, air

53%

Scheme 42. Evidence of an enamide-directed cyclopalladation and following coupling with an acrylate.

In the same study, the authors demonstrated that the coupling between a trisubstituted enamide and
tert-butyl acrylate gave the corresponding coupling product in 80% yield using catalytic amounts of
palladium(ll) acetate with acetic acid as the solvent under air (Scheme 43). In this case, the molecular

oxygen of air is expected to oxidize the resulting Pd(0) back into Pd(ll).

188] pawar, G. G.; Singh, G.; Tiwari, V. K.; Kapur, M. Adv. Synth. Catal. 2013, 355, 2185-2190.
1891 Zhu, T.-H.; Zhang, X.-C.; Zhao, K.; Loh, T.-P. Chem. Sci. 2011, 2, 1822-1825.
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Scheme 43 Directed Pd (ll)-catalyzed coupling between an enamide followed and an acrylate ester.

However, most of the reported directed CDCs are based on Rh or Ru catalysts.®” In 2011, the Glorius’s
group focused on the Rh"-catalyzed oxidative olefination of vinylic C-H bonds, presenting a novel
approach toward di-unsaturated a-amino acid derivatives and linear 1,3-butadienes.®"
Acetamidoacrylate, in particular, yielded good results, exhibiting high levels of selectivity in terms of

mono-olefination, cross-coupling, and the formation of linear, Z-selective products (Scheme 44).

KRhCp*Cl}Cly] (2.5 mol%

S ( 0/) ) Q R 0 R
0 AgSbFg (10 mol% R R
- R R Cu(OACc), (2.1 mmol) o TR ~o TR
0 \ﬂ/ + /\Rz | o) + | o
- tert-AmylOH, 120 °C, 16h | |
H
R2 R2

(Z)-major (E)-minor

75% (2) + 12% (E) 64% (2) + 11% (E) only 63% (2)

Scheme 44. Directed Rh(")-catalyzed C-H oxidative olefination of alkenes.

1901 For a selection of examples, see for example (a) Hu, X.-H.; Zhang, J.; Yang, X.-F.; Xu, Y.-H.; Loh, T.-P. J. Am. Chem. Soc.
2015, 137, 3169-3172; (b) Li, F.; Yu, C.; Zhang, J.; Zhong, G. Org. Biomol. Chem. 2017, 15, 1236-1244; (c) Logeswaran,
R.; Jeganmohan, M. Org. Lett. 2021, 23, 767-771.
1911 (a) Besset, T.; Kuhl, N.; Patureau, F. W.; Glorius, F. Chem. Eur. J. 2011, 17, 7167-7171; (b) Boultadakis-Arapinis, M.;
Hopkinson, M. N.; Glorius, F. Org. Lett. 2014, 16, 1630-1633;
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Additionally, this process was applied to provide an efficient, atom-economic pathway to synthesize
polyfunctionalized a,B-y,6-unsaturated amino acids, which are crucial building blocks for further

complex transformations.

In another study, Loh’s group developed a ruthenium- and rhodium-catalyzed directing-group-
assisted cross-coupling between acrylamides and a wide range of alkenes possessing various
functional groups (Scheme 45).°? Thus, an o,B-unsaturated amide could be coupled to n-butyl
acrylate in the presence of [RuCly(p-cymene)]; (2.5 mol%) as the catalyst, potassium
hexafluorophosphate as an additive and copper(ll) acetate as the oxidant in a ternary solvent system
(dioxane/water/acetic acid). In these conditions, the corresponding dienic coupling product was
obtained in 83% yield and 96:4 Z/E selectivity (Scheme 45, top conditions). The same coupling product
could be obtained in 90% yield and 99:1 Z/E selectivity using [RhCp*Cl>]> as the pre-catalyst, copper(ll)
acetate as the oxidant, in acetone (Scheme 45, bottom conditions). In both cases, the authors propose

a mechanism involving an amide-directed cyclometallation.

[RuCl,(p-cymene),] (2.5 mol%)
KPFg (20 mol%)

Cu(OAc), H,0 (2 equiv.) o] 83%
o dioxane/H,O/AcOH ZIE 96:4
PN 100 °C, 18h, or | NHBn
\IHLNHBn z COanU >
[RhCp*Clyl, (2.5 mol%) | 00
Cu(OAc), Hy0 (2 equiv. o
( Ecefoné au.) COznBu ZIE 99:1
100 °C, 18h

Scheme 45. Ruthenium- and rhodium-catalyzed acrylamide alkenylating coupling with acrylates.

Undirected alkene / alkene couplings between plain aliphatic alkenes and Michael acceptors

The group of Loh developed an efficient Pd(ll)-catalyzed C(sp?)-H / C(sp?)-H cross-coupling between
simple alkenes and acrylates proceeding under mild reaction conditions.® The optimized conditions
need palladium(ll) acetate as the catalyst, copper(ll) acetate and molecular oxygen as the oxidant (to
regenerate Pd(ll) from the Pd(0) formed during the reaction) in a mixture of DMSO and acetic acid.
Under these conditions, the direct coupling reaction between 4-isopropenylphenol and tert-butyl

acrylate afforded the desired product in 83% yield (Scheme 46).

1921 Zhang, J.; Loh, T.-P. Chem. Commun. 2012, 48, 11232-11234.
931 Xu, Y.-H.; Ly, J.; Loh, T.-P. J. Am. Chem. Soc., 2009, 131, 1372-1373.
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Scheme 46. Pd(OAc); catalyzed direct cross-coupling between styrenes and acrylate esters.

This protocol allows the generation of dienoates, which are important building blocks in many natural
products. °***! However, the above protocol needed a very high loading of the palladium catalyst (20
mol%) to afford satisfactory yields. Further studies by the same group found that the solvent and the
electronic effect of the substituents on the olefin had a very significant influence on the yield in the
coupling reaction (Scheme 47).°®! The best results were obtained with a 10 mol% loading of
palladium(ll) acetate, 1.0 equiv. of copper(ll) acetate under oxygen (1 atm) in acetic acid at 60°C, with
a 2:1 ratio of the starting materials (trisubstituted alkene/tert-butylacrylate). With these conditions,

the desired product was obtained in 70% vyield.

Pd(OAG), (10 mol%)

CU(OAC)2 (1 .0 eqUiV.) CO-t-B
R? + A COo,tBu > 2 / 2
AcOH, O, (1 atm)

60 °C, 48h
70%

Scheme 47. Pd-catalyzed direct non-directed C—H/C—H cross-coupling with various coupling partners.

In 2012, Loh et al. reported a new undirected C(sp?)-H / C(sp?)-H coupling between 1,1-disubstituted
aliphatic and electron-poor alkenes for the construction of 1,3-dienes. The best reaction conditions
require palladium(ll) acetate (10 mol%), 1,10-phenantroline (12 mol%) as the ligand, silver(l)
hexafluoroantimonate (12 mol%) as an additive and copper(ll) acetate (2.0 equiv.) of as oxidant in an
equivolumic mixture of N-methylpyrrolidone (NMP) and pivalic acid at 120°C for 24h. These reaction
conditions allow to obtain the desired coupling product in 69% vyield with an E/Z ratio of 80/20
(Scheme 48). The authors also applied their conditions in the total synthesis of the C13-C21 fragment

of palmerolide A.

1941 Wen, Z.-K.; Xu, Y.-H.; Loh, T.-P. Chem. Eur. J. 2012, 18, 13284-13287.

1951 (a) Hopf, H.; Maas, G. In The Chemistry of Dienes and Polyenes; Rappoport, Z., Ed.; Wiley: Chichester, U.K., 1997; (b)
Souris, C.; Frébault, F.; Patel, A.; Audisio, D.; Houk, K. N.; Maulide, N. Org. Lett. 2013, 15, 3242-4245.

[96] Xu, Y.-H.; Wang, W.-J.; Wen, Z.-K.; Hartley, J. J.; Loh, T.-P. Tetrahedron Lett. 2010, 51, 3504-3507.
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Scheme 48. Loh’s improved Pd-catalyzed direct non-directed C—H/C—H cross-coupling with various coupling partners.

A further protocol for the CDC reaction between aliphatic alkenes and a,B-unsaturated ketones was
reported a year later by the same group.”! By using palladium(ll) acetate (15 mol%) and silver(l)
acetate (2.0 equiv.) as the oxidant in 1,2-dichloroethane (DCE), they obtained the conversion of 2-
methyl-4-phenylbut-1-ene and methyl vinylketone into the corresponding diene with a moderate
yield of 54% and a good diastereoselectivity in favor of the conjugated (E,E)-diene (Scheme 49). This
protocol was also applied to the synthesis of Vitamin Al and bornelone starting respectively from -

ionone and camphene.

Pd(OAC), (15 mol%)

\/k AgOAc (2 equiv.) NGO o
+ NN >
0 DCE, 110 °C

54%
E/Z 84:16

Scheme 49. Pd(OAc); catalyzed coupling between alkenes and a, 8-unsaturated ketones (2013).

Building on the above results, we envisaged to develop a novel C(sp?)-H / C(sp?)-H undirected Pd-

catalyzed coupling of (+)-limonene.

1971 Zhang, X.; Wang, M.; Zhang, M.-X.; Xu, Y-H.; Loh, T.-P. Org. Lett. 2013, 15, 5531-5533.
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Chapter 2: Cross Dehydrogenative alkene /
alkene coupling of terpenes.

1. Introduction

Terpenes constitute a large and structurally diverse class of secondary metabolites occurring mainly
in plants — particularly in evergreens and conifers — but also in insects, marine microorganism and
fungi.®® These compounds originate from the assembly of C5 isoprene units in a head-to-tail fashion.
Terpenes are categorized into different classes based on their carbon atom count: hemiterpenes (C5),
monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), sesterterpenes (C25), triterpenes (C30),
and tetraterpenes (C40). They represent an invaluable biorenewable resource that has the potential

to partially replace conventional petroleum-based chemistry for producing essential building blocks.

The biosynthesis of these abundant compounds begins with acetyl-coenzyme A, involving the coupling
of C5 2-methylbutane subunits (following the isoprene rule). While terpenes and terpenoids are not
as abundant as primary feedstocks like lignin, starch, cellulose, proteins, chitin, or triglycerides, they
possess distinctive characteristics. These include an extraordinary structural diversity, including
unsaturated hydrocarbons, alcohols, ethers, carbonyls, carboxylic acids, and esters, as well as various
functional groups and oxidation states.

The cheapest and most used terpenes are a-pinene, B-pinene, limonene, myrcene, and camphor

Qe b

(*)-limonene  myrcene (+)-a-pinene (+)-p-pinene (+)-camphor

(Figure 3).

Figure 3. Structures of the most common terpenes.

The first two are extracted from turpentine oil (350000 t/year), a side product of paper pulp industry
(coniferous trees) containing mainly o-pinene, B-pinene, camphene, limonene, A3-carene, and B-

myrcene via steam distillation of oleoresin, while limonene is extracted from citrus oil (30000 t/year).

98] (a) Thurman, M. Comprehensive Analytical Chemistry, 2020, Vol. 90, pages 197-233; (b) Breitmaier, E. Terpenes:
Flavors, Fragrances, Pharmaca, Pheromones, Wiley 2006.
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These molecules are at present mainly used for the synthesis of flavors and fragrances. Nevertheless,
terpenes lend themselves as a cheap and very differentiated biorenewable platform for their selective
upgrading to synthetically valuable synthons or more complex natural products.”?! For this reason,
direct and regioselective C—H activation of terpenes presents a great challenge. In fact, the existing
protocols are far from satisfactory from the selectivity, yield, as well as the eco-compatibility
viewpoint.

Among the terpenes mentioned above, we decided to focus our attention on (+)-limonene. This
aliphatic hydrocarbon is present in about 300 types of plants, and especially in citrus plant. Most
importantly, it can be collected in big amounts as a waste product during the harvest. In addition, it is
the cheapest terpene, with an average price in 2020 of $3.5-4.5 per kg. Limonene possesses five allylic

C—H bond types (11 C-H bonds in total) and two vinylic C—H bonds (3 C-H bonds in total) (Figure 4).

Ay

Figure 4. Vinylic C(sp?)-H (left) and allylic C(sp3)-H (right) of limonene.

Our objective is to achieve the coupling of one of the vinylic C-H bond (endocyclic or exocyclic) in order
to form a new C—C bond between (+)-limonene and an electron-poor alkene.

To the best of our knowledge, only two examples of vinylic C—H activation of limonene were reported
in the literature. The first one, reported by the group of Watson,"®” consists in the borylation of (+)-
limonene 1a to give the vinylborane 2, which was then engaged in a Suzuki-Miyaura coupling reaction
to form a new C-C bond (Scheme 50). This work was based on prior studies by the same group in

related boryl-Heck reactions. %"

[JessePhosPdl,], (2.5 mol%) !
catBBr (2.0 equiv.)
Cy,NMe, PhCF3, 70 °C, 4h MeO
> B
H then 3 equiv. pinacol H Cs,CO4 H
N THF/H,0O N

Bpin Ar

1a 2 92%
in situ EIZ 94:6

Scheme 50. C-H borylation reaction described by Watson's group.

1991 Reid, W. B.; Watson, D. A. Org. Lett. 2018, 20, 6832-6835.
[100]  Reid, W. B.; Spillane, J. J.; Krause, S. B.; Watson, D. A. J. Am. Chem. Soc. 2016, 138, 5539-5542.
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The latter one, pioneered by Kollar**in 1990, and improved first by Gusevskaya in 2012,1*%? then by
Rieger in 2020,1'%! consists in Rh-catalyzed hydroformylation of limonene, which afforded the

corresponding homologated aldehyde.

(COD),Rh(1)BF4 (0.1 mol%)
NaH (0.1 mol%)
PPh3 (0.3 mol%)

CO/H, (120 bar), rt, 1h
0

3
99%

Scheme 51. Hydroformylation of limonene as reported by Rieger’s group.

As mentioned in Chapter 1, the intermolecular direct C(sp?)—H/C(sp?)—H alkene / alkene coupling
represents an ideal atom- and step-economical method to couple two otherwise unactivated C(sp?)-
H bonds. As mentioned in the general introduction, this area can be divided into two general sub-
categories. The “directed”® and the “undirected”® couplings. In the first type of coupling, a Lewis-
base/Lewis-acid interaction between a heteroatom covalently linked to the substrate and a transition
metal creates a local concentration effect that enables the selective C—H metalation of the substrate
through formation of a metallacycle. In the undirected version, the C—H metalation is due to the
intrinsic affinity between the substrate’s C—H bond and the transition metal, without the assistance of
the aforementioned proximity effect. As terpenes are devoid of heteroatomic functionalities, only the
latter, rather challenging, strategy can be devised for limonene.

Accordingly, we decided to explore the non-directed CDC reaction between a C(sp?)-H bond of

limonene and electron-poor alkenes (Scheme 52).

L2 PdX, cat, Ox
H
~ewe

> ?

Scheme 52. Envisaged strategy for a novel C-H/C-H non-directed Pd-catalyzed coupling of (+)-limonene.

11011 Kollar, L.; Bakos, J.; Heil, B.; Sandor, P.; Szalontai, G. J. Organomet. Chem. 1990, 385, 147-152.
[102]  Vieira, C. G.; de Freitas, M. C.; dos Santos, E. N.; Gusevskaya, E. V. ChemCatChem 2012, 4, 795-801.
11031 Causero, A.; Troll, C.; Rieger, B. Ind. Eng. Chem. Res. 2020, 59, 15464-15477.
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2. Preliminary studies and optimization of the reaction conditions

Building on the work of Loh, who recently reported protocols of non-directed C—-H/C-H alkene
coupling between standard and electron poor alkenes, X% we started testing two different conditions
for the Pd-catalyzed C—H/C—H undirected coupling between (+)-limonene 1a and methyl vinyl ketone
4n (MVK). The first reaction conditions consist in the use of the system [palladium(ll) acetate (10
mol%), 1,10-phenanthroline (12 mol%), silver(l) hexafluoroantimonate (12 mol%), copper(ll) acetate
(2.0 equiv.)], while the second reaction conditions are [palladium(ll) acetate (15 mol%), silver(l)
acetate]. Gratifyingly, both protocols generated a,B-y,6-unsaturated ketone 5an as the sole new
product, the result of an alkenylative C9—Him)/C3—Hmvk) coupling (Scheme 53, equations 1 and 2).
Although the conjugated diene was formed in only 15% and 24% spectroscopic (*H-NMR) yields, the
reaction displays a remarkable total selectivity, targeting the C9-(H)um) while leaving the endocyclic

double bond untouched, possibly due to steric hindrance.

H, 2 iti
. »\,,/\n/ conditions
H
~ (6] H (0]
N

1a 4n 5an
(1.0 equiv.) (2.0 equiv.)

Pd(OAc), (10 mol%), 1,10-phenanthroline (12 mol%) 15% d.r. 70:30
Cu(OAc); (2.0 equiv.), AgSbFg (12 mol%)
NMP/PivOH (1:1), 120°C, 48h

Pd(OAc), (15 mol%), AgOAc (2.0 equiv.), DCE, 110°C, 24h  24%  d.r. 68:32

Scheme 53. Envisaged strategies for the CDC between limonene and methyl vinyl ketone.

In light of the better yield and more practical reaction conditions, the second protocol was selected
for the optimization of the coupling procedure. Furthermore, switch from MVK to ethyl acrylate as the
coupling partner was decided (Scheme 54). Indeed, the high toxicity and tendency to polymerize of
MVK make this alkene less suitable as a reaction partner for the first optimization study. Accordingly
coupling between limonene 1a and ethyl acrylate 4b in the presence of the [Pd(OAc)./AgOAc]-based
catalytic system gave the corresponding alkenylative C9—Hjim)/C3—Hacrylate) cOupling product 5ab in
28% 'H-NMR vyield. Again, the coupling was completely regioselective, but not stereoselective,

resulting in a 69:31 4E/4Z mixture (see below for the E/Z assighment).

11041 'Wen, Z.-K.; Xu, Y.-H.; Loh, T.-P. Chem. Eur. J. 2012, 18, 13284-13287.
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Pd(OAc);, (15 mol%)
H, OEt AgOAc (2.0 equiv.)
+ »\/\n/ _

H . - o)
~ o} DCE, 110 °C, 24h \H «
& OEt
1a 4b 5ab
(1.0 equiv.) (2.0 equiv.) 28% (NMR)
d.r. 69:31

Scheme 54. Preliminary study of the model coupling.

2.1. Optimization of the reaction conditions

The influence of various parameters (temperature, solvent, palladium source, oxidant and ligand) on

the outcome of the reaction was next studied.

2.1.1. Variation of the solvent

The optimization of the reaction conditions was undertaken by varying different parameters. For each
experiment, the product yield and the conversion of limonene (the limiting reagent) was determined
by quantitative *H-NMR spectroscopy, using 1,4-dinitrobenzene as internal standard. A preliminary
temperature evaluation revealed that lowering the temperature from 110°C to 80°C significantly
affected the yield. Consequently, we decided to maintain a constant temperature of 110°C for all the
optimization. Since the reactions were carried out in a closed vial, solvents with bp lower than 110°C
could be used. Among ether solvents (1,4-dioxane, THF, diglyme and 2-methyltetrahydrofuran), 1,4-
dioxane and THF turned out to be the best compromise in terms of conversion, yield and
diastereomeric ratio, the desired product 5ab being obtained in 37 and 36% yield, respectively (Table
2, entry 2 and 3). However, as 1,4-dioxane is considered a hazardous solvent,%! THF was selected as
the preferred one for further optimizations. Switch to other polar solvents such as DMSO, acetic acid,
HFIP, DMF, or NMP resulted in either low yields or no conversion (Table 2, entry 6-10). Solvent
mixtures were tested, too. [1°1%! Unfortunately, when employing a 1:1 v/v mixture of NMP and pivalic
acid, no conversion was observed (Table 2, entry 11). Analogously, low yields were observed when
using a 1:1 v/v mixture of DMSO and pivalic acid (Table 2, entry 12). The environmentally friendly
solvent dimethyl carbonate (DMC) gave a 47% yield of product, prompting its selection alongside THF

for subsequent solvent optimization studies (Table 2, entry 13).

[105] * Prat, D.; Hayler, J.; Wells, A. Green Chem. 2014, 16, 4546-4551.
[106] - Zhang, Y.; Cui, Z.; Li, Z.; Liu, Z.-Q. Org. Lett. 2012, 14, 1838-1841.
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Pd(OAc), (15 mol%)
H, = OEt  AgOAc (2.0 equiv.)
- Y -

\H O solvent, 110 °C, 24h' \H « O
M OEt
5ab

1 DCE 28 74 69:31
2 1,4-dioxane 37 65 67:33
3 THF 36 74 68:32

4l Diglyme - - -
5 2-methyl THF 34 71 66:34
6 DMSO <5 97 50:50

7t AcOH - - -
8 HFIP <5 91 82:18
9 DMF 12 88 51:49
10 NMP 9 88 66:34

11 NMP/PivOH (1:1) - - -
12 DMSO/PivOH (1:1) 5 89 57:43
13 DMC 47 76 69:31

[a] typical reaction conditions: (+)-limonene 1a (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), Pd(OAc), (15 mol%),
AgOAc (2.0 equiv.), solvent (0.2 M), 110 °C in a sealed vial; [b] measured by quantitative *H-NMR using 1,4-
dinitrobenzene as an internal standard; [c] no conversion was observed.

Table 2. Screening of the solvents in the model reaction.

2.1.2. Variation of the reaction time

The influence of the two selected solvents with respect to reaction time was next evaluated (Table 3).
After a 24-hour reaction time, dimethylcarbonate (Table 3, entry 1) exhibited superior performance
in terms of yield compared to THF (Table 3, entry 3). However, a reversal of this trend occurred after
48 hours (Table 3, entry 4 vs entry 2). Indeed, over an extended time, DMC led to substantial product
degradation. Therefore, THF was elected as the solvent of choice, with a 24h reaction time for further

optimization studies.
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Pd(OAc), (15 mol%)
H, 2 OEt AgOAc (2.0 equiv.)
+ »x/\n/ .

\H o) solvent, 110 °C, time \H « 0
H OEt
5ab
1 DMC 24 47 76 69:31
2 DMC 48 39 100 67:33
3 THF 24 36 74 68:32
4 THF 48 48 100 73:27

[a] typical reaction conditions: (+)-limonene 1a (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), Pd(OAc). (15 mol%),
AgOAc (2.0 equiv.), solvent (0.2 M), 110 °C in a sealed vial; [b] measured by quantitative *H-NMR using 1,4-
dinitrobenzene as an internal standard.

Table 3. Screening of solvents depending on the reaction time.

2.1.3. Variation of the catalyst

Several catalysts (or pre-catalysts) have been examined. With Pd(OAc),, the expected product 5ab was
obtained in 36% of yield and a diastereomeric ratio of 68:32 (Table 4, entry 1). Use of the pre-catalyst
Pd(PPhs)s(OAc), resulted in a lower yield and a lower conversion (Table 4,entry 2). We were aware
that a phosphine could be oxidized to the corresponding phosphine oxide in the presence of oxidizing
agents such AgOAc. The use of palladium(ll) trifluoroacetate [Pd(TFA),] instead of Pd(OAc), caused a
drop of conversion and yield to 46% and 6%, respectively (Table 4, entry 3). However, palladium(ll)
pivalate [Pd(Piv),] gave similar conversion, yield, and diastereomeric ratio as Pd(OAc), (Table 4, entry
4). Palladium chloride complexes such as bis(acetonitrile)palladium(ll) chloride [PdCl,:(CHsCN),],
PEPPSI-IPr and palladium (ll) chloride (PdCl) resulted in lower yields of product 33%, 10% and 15%,
respectively (Table 4, entry 5-7). All the experiments gave a near constant E/Z diastereomeric ratio of
the product. In summary, Pd(OAc), and Pd(OPiv), turned out to be the best and almost equally
performing catalysts. However, due to reproducibility issues with commercial Pd(OAc),, we switched
to Pd(OPiv); as the catalyst of choice. Indeed, commercial samples of Pd(OAc), have been reported to
contain Pds(OAc)s(NO,) and polymeric [Pd(OAc),], as impurities.**”! Finally, despite much struggling,
we were unable to reduce the catalytic loading of the palladium complex without seriously

compromising the chemical yield.

11071 (a) Carole, W. A.; Bradley, J.; Sarwar, M.; Colacot, T. J. Org. Lett. 2015, 17, 5472-5475.; (b) Carole, W. A.; Colacot, T. J.
Chem. Eur. J. 2016, 22, 7686-7695.
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[Pd] (15 mol%)
H, = OEt AgOAc (2.0 equiv.
. A,\,/\n/ g ( q )‘

\H O THF, 110 °C, 24h g \H « O

g Soh OEt
1 Pd(OAc), 36 74 68:32
2 Pd(PPhs)3(OAc); 24 37 64:36
3 Pd(TFA), 6 46 n.d.©
4 Pd(OPiv), 41 76 62:38
5 PdCl>(CHsCN), 33 68 65:35
6 PEPPSI-IPr 10 19 62:38
7 PdCl, 15 83 66:34

[a] typical reaction conditions: (+)-limonene 1a (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), catalyst (15 mol%),
AgOAc (2.0 equiv.), THF (0.2 M), 110 °C (reflux) in a sealed vial; [b] measured by quantitative *H-NMR using 1,4-
dinitrobenzene as an internal standard.

Table 4. Screening of the catalyst.

2.1.4. Variation of the oxidant

We next investigated the influence of the oxidant, while keeping THF as the solvent and Pd(OPiv), as
the catalyst, to find out the most efficient Pd(0)-Pd(ll) reoxidation agent for the catalytic cycle (Table
5). The best results were obtained with AgOAc, AgNOs and AgCOs; generating the desired compound
5ab with 76%, 72% and 69% yield, respectively (Table 5, entries 1-3) while Ag,0 (Table 5, entry 4) led
essentially to degradation products. Changing the oxidant to other metal salts such as Cu(OAc), and
CuCl, (Table 5, entries 5 and 6) led to the formation of only trace amounts of product. Other oxidants
such as 1,4-benzoquinone and derivatives (Table 5, entry 7 and 8 ), (diacetoxyiodo)benzene (PIDA),
Oxone®, H,0,, tert-butylhydroperoxide, potassium persulfate or Selectfluor® led only to degradation
being observed (Table 5, entries 9-14). During my secondment at the University of Gottingen, under
the supervision of Prof. Lutz Ackermann, | studied the feasibility of an electrochemical variant of
coupling that avoided the use of the terminal oxidant. (Table 5, entry 15). Unfortunately, despite
numerous attempts, the electrochemical experiments led to intractable mixtures of several oxidation

products of limonene and no coupled product. So, AgOAc revealed to be the best oxidant.
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Pd(OAc);, (15 mol%)

H, = OEt  oxidant (2.0 equiv.)
- Y -

NG o] THF, 110 °C, 24h Ho 0
£ sab OEt
1 AgOAC 41 76 62:38
2 AgNO3 24 72 64:36
3 AgCOs 32 69 71:29
4 Ag,0 el >99 -

5 Cu(OAc)2 traces >99 65:35
6 CuCly traces >99 62:38
7 BQ el >99 -
8 DMBQ el >99 -
9 PIDA -l >99 -
10 Oxone® el >99 -
11 H,0, el >99 -
12 t-BuOOH el >99 -
13 K2S:08 el >99 -
14 Selectfluor el >99 -
15t EC -ld] >99 -

[a] typical reaction conditions: (+)-limonene 1a (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), Pd(OPiv); (15 mol%),
oxidant (2.0 equiv.), THF (0.2 M), 110 °C in a sealed vial; [b] measured by quantitative 'H-NMR using 1,4-
dinitrobenzene as an internal standard; [c] degradation; [d] formation of an isomeric mixture of oxidized
byproducts; [e] For more detailed see experimental part.

Table 5. Screening of the terminal oxidants.

2.1.5. Introduction of a ligand

Since very moderate yields were obtained, we decided to check whether the introduction of a ligand
could avoid, or at least moderate, the loss of catalytic activity, and prevent the aggregation of Pd black
from the newly generated Pd(0) before its reoxidation.

Most of the ligands shown in this study were commercially available. Furthermore, racemic 1,2-

bis(phenylsulfinyl)ethane 6 was prepared according to the protocol described by C. M Whitel'%®! by

11081 - Rice, G. T.; White, M. C. J. Am. Chem. Soc. 2009, 131, 11707-11711.
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treatment of 1,2bis(phenylthiol)ethane with hydrogen peroxide in acetic acid (Scheme 55, equation
1).1991 3,3-dimethyl-2-(phenythio)butanoic acid 7 was prepared according to the protocol described
by Fernandez-lbafiez,*® by reaction between 2-bromo-3,3-dimethylbutanoic acid and sodium

benzenethiolate (Scheme 55, equation 2).

\ H,0, (2.0 equiv.L Q\ /,O
Ph=S  S=Ph  acoH,m 24n  Ph=S  S=Ph Q)
(x)-6
43%
Q SH  NaOH (2.0 equiv.) Q
oH * ©/ - oH @
Br EtOH, reflux, o.n. SPh
7
62%

Scheme 55. Synthesis of ligands.

The bidentate White sulfoxide ligand (+)-1,2-bis(phenylsulfinyl)ethane 6 (Table 6, entry 2) or the
monodentate phenylvinylsulfoxide ligand (Table 6, entry 3) did not give better yields compared to the
previously reported ligandless conditions.[°® 111 pyridine-type ligands such as 1,10-phenanthroline or
2,2’-bipyridine proved to be much less efficient (Table 6, entry 4 and entry 5).

Remarkably, the Pd/S,0-ligands are known to exhibit great activity and exert a strong influence on site
selectivity when compared to the well-established Pd/pyridine-based catalytic system.[0:112]
Unfortunately, in our hands, the use of 3-methyl-2-(phenylthio)butanoic acid 7 did not improve the
reaction efficiency (Table 6, entry 6). N-protected amino acids are known to favor C—H activation
processes via a Concerted Metalation Deprotonation (CMD) mechanism.!**3! However, the use of N-
acetyl-L-leucine (Ac-Leu-OH) and N-acetyl-L-valine (Ac-Val-OH) did not provide better yields than that

the reaction carried out under ligandless conditions (Table 6, entries 7-8). Phosphine ligands were also

ineffective (Table 6, entry 9-11).

11091 The protocol formed some amount of the meso isomer that could be separated and discarded in the isolation phase.

1110 Naksomboon, K.; Valderas, C.; Gdmez-Martinez, M.; Alvarez-Casao, Y.; Fernandez-lbafiez, M. A. ACS Catal. 2017, 7,
6342-6346.

1111 (3) Chen, M. S.; White, M. C. J. Am. Chem. Soc. 2004, 126, 1346—-1347; (b) Chen, M. S.; Narayanasamy, P.; Labenz, N.
A.; White, M. C. J. Am. Chem. Soc. 2005, 127, 6970-6971.

(1121 For a selection on Pd/S,0-ligand, see: (a) Naksomboon, K.; Alvarez-Casao, Y.; Uiterweerd, M.; Westerveld, N.; Maci,
B.; Fernandez-lbafiez, M. A. Tetrahedron Lett. 2018, 59, 379-382; (b) Naksomboon, K.; Poater, J.; Bickelhaupt, F. M.;
Fernandez-lbafiez, M. A. J. Am. Chem. Soc. 2019, 141, 6719-6725; (c) Lia, W.-L.; Westerveld, N.; Wong, K. M.; Morsch,
T.; Hakkennes, M.; Naksomboon, K.; Fernandez-Ibafiez, M. A. Org. Lett. 2019, 21, 9339-9342.

[113]  For a review, see: (a) Engle, K. Pure Appl. Chem. 2016, 88, 119-138; for a selection of contributions involving palladium-
catalysis, see: (b) Haines, B. E.; Musaev, D. G. ACS Catal. 2015, 5, 830-840; (c) Hu, L.; Shen, P.-X.; Shao, Q.; Hong, K.;
Qiao, J. X.; Yu, J.-Q. Angew. Chem. Int. Ed. 2019, 58, 2134-2138; (d) Chen, H.; Mondal, A.; Wedi, P.; van Gemmeren, M.
ACS Catal. 2019, 9, 1979-1984.
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Unfortunately, this modification did not lead to any improvement in yield. In light of the above

experiments, we decided to stick to the original ligandless conditions for the rest of the study.

Pd(OAc), (15 mol%)
H, 2 OEt  AgOAc (2.0 equiv.), L (15 mol%)
+ »»/\n/ °

L

Y

H o
~ O THF, 110 °C, 24h \H « O
H OEt
5ab
1 No ligand 41 76 62:38
2 Ph—=S,  S-Ph 18 82 67:33
OO0
O
3 S 21 86 72:28
Ph N
4 1,10-phenanthroline traces >99 -le]
5 2,2’-bipyridine traces >99 -le]
O
6 ’Pr\)J\OH traces >99 -l
SPh
7 Ac-Leu-OH 23 >99 62:38
8 Ac-Val-OH 28 >99 73:27
9 BINAP -d] >99 -
10 XantPhos Ll >99 -
11 dppe -l >99 -

[a] typical reaction conditions: (+)-limonene 1a (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), Pd(OPiv), (15 mol%),
AgOAc (2.0 equiv.), ligand (15 mol%), THF (0.2 M), 110 °C in a sealed vial; [b] measured by quantitative *H-NMR,
using 1,4-dinitrobenzene as an internal standard; [c] not determined because of overlapping NMR signals; [d]
degradation.

Table 6. Study of the introduction of a ligand.

2.1.6. Amount of the oxidant

The amount of AgOAc was considered next (Table 7, entry 1-4). An increase of the amount of the
oxidant increased the vyield. Specifically, the use of four equivalents of AgOAc turned out to be the

best compromise, affording 5ab in 85% yield (Table 7, entry 3).
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Pd(OAc), (15 mol%)
AgOAc (x equiv.)

. w/\n,oa

H o B
~ (6] THF, 110 °C, 24h \H « O
& OEt
5ab

1 2 41 76 62:38
2 3 69 89 64:36
3 4 85 >95 74:26
4 5 85 >95 73:27

[a] typical reaction conditions: (+)-limonene 1a (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), Pd(OPiv), (15 mol%),
AgOAc (x equiv.), THF (0.2 M), 110 °C in a sealed vial; [b] measured by quantitative *H-NMR using 1,4-
dinitrobenzene as an internal standard.

Table 7. Influence of the quantity of oxidant on the outcome of the reaction.

2.2. Configurational Assignment

The coupling generates only two out of the four possible geometrical isomers: A (2E,4E), B (2Z,4E), C
(2E,42), and D (2Z,42) (Figure 5). Since, the vicinal coupling constants Jiuesmg) in the *H-NMR spectrum
of the two observed isomers is 11.5 Hz, we can rule out isomers B and D. Furthermore, a NOESY 2D
NMR spectrum of an analytically pure sample of the major isomer showed correlation between the
methyl group on C8 (limonene numbering) and Hg. This allowed to assign the configuration 2E,4E to

the major isomer A, and the 2E,4Z to the minor isomer C.

NOESY

correlation CO,Et

2E, 4E

H H
Me™ ™% ¢ S A\ COE
~_CO.Et  Me
H H H
H
27, 4E 2F, 47
B c
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Figure 5. Top: possible geometrical isomers of the coupling reaction. Bottom: selected region of the NOESY 2D NMR
spectrum of the major isomer A.

We can thus conclude that the best protocol for the alkenylative coupling implies treatment of
limonene with ethyl acrylate (2.0 equiv.) in the presence of Pd(OPiv), (15 mol %) as the catalyst, and
AgOAc (4.0 equiv.) as the terminal oxidant in THF (0.2 M) at reflux (110 °C) which affords the cross-
coupled product 5ab as a 74:26 mixture of the geometrical isomers A and C in a 85% yield (Scheme

56).

Pd(OAc), (15 mol%)

H AgOACc (4.0 equiv.) H
+ WP cokt : > +
H THF, 110°C, 24 h A H
SN NN N COZEt
CO,Et
1 equiv. 2 equiv. (E.E) (Z,E)
5ab
85%
d.r. 74:26

Scheme 56. Dehydrogenative coupling between limonene and ethyl acrylate.

2.3. Racemization/Epimerization studies at the C4 stereocenter

To confirm that the reaction conditions are not affecting (racemizing or epimerizing) the stereogenic
allylic center of limonene (C4), we tested and compared the couplings of (R)- and (S)-limonene with
(S)-N-methyl-N-(1-phenylethyl)acrylamide.[*** We reasoned that in the absence of racemization, each

coupling should afford a couple of enantiopure 2E,4E/2E,4Z products 5aj and ent-5aj that are different

11141 prepared by acryloylation of (S)-N-methyl-1-phenylethan-1-amine under standard conditions.
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(diastereoisomeric relation) from each other. Contrarily, the four diastereoisomers (as E/Z couples)
should be produced from each experiment, should the racemization of limonene (or the epimerization
of the coupled product) take place (Scheme 57). The two couplings were successful, affording products
5aj and ent-5aj in 38% and 43% yield respectively, and a careful comparison of the *C NMR spectra
of the products (each as E/Z mixtures) of the two coupling reactions showed they are not fully
superimposable. Hence, we confirmed that this coupling does not affect the stereochemical integrity

of the allylic stereocenter of limonene.

L)
\)_LN S>Ph o
Hy 4| _ N
®, — el
standard conditions Ph

0
\)LN/SLPh
4 |

D H /( j
standard conditions

T T T T T T T T T
160 160 140 130 120 110 100 920 80

Scheme 57. Top: coupling between (R)- or (S)-limonene, and (S)-N-methyl-N-(1-phenylethyl)acrylamide. Bottom: comparison
of the 13C-NMR spectra of the products 5aj and ent-5aj.

2.4. Study of the scope of the coupling

After having optimized the model reaction between limonene and ethyl acrylate, we passed to
evaluate the scope of this dehydrogenative coupling by testing other alkenes as reaction partners for
limonene. We first tested the reactivity of (+)-limonene 1a with different acrylates (Scheme 58).

Reacting limonene with methyl, ethyl, tert-butyl, benzyl and n-butyl acrylates 4a-4e under the
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previously optimized reaction conditions gave the expected corresponding dienoates 5aa-5ae in
isolated yields ranging between 61 and 85%. In all cases, except with benzyl acrylate, the reaction was
rather diastereoselective forming preferentially the (2E,4E)-diastereomer with d.r. values around 3:1.
We then considered the influence of the substitution of the alkene partner. Unfortunately, no
conversion was observed with benzyl methacrylate 4f, while only degradation products were
generated with (E)-ethyl crotonate 5g. Thus, the coupling appears to be incompatible with
substitutions at the position o as well as B in the electron-poor alkene. More complex acrylate esters
such as menthyl acrylate 4h and geranyl acrylate 4i, prepared by acryloylation of (-)-menthol and
geraniol under standard conditions, proved to be less reactive. In the first case, the desired conjugated
diene 5ah could be isolated with 12% yield (46% NMR yield) and a poor diastereoselectivity. This low
yield is due to difficulties during the purification step, because the product is always isolated as a
mixture with the excess acrylate. Likewise, diene 5ai could not be isolated, although we managed to

measure a spectroscopic (*H-NMR) yield of 27%.

Pd(OPiv), (15 mol%) R,
H/ R, AgOAc (4.0 equiv.) / EWG
+ b
R > H
< > < 1\/\EWG THF, reflux, 24h / R,
1a 4a-4i 5aa-5ail°l
Me
EWG CO,Et
H / L CO,Bn iy j
/ Me
5aa EWG =CO,Me  78%, d.r. 72:28 5af 5ag
5ab EWG = CO,Et  85%, d.r. 74:26 _[b] _le

5ac EWG = CO,t-Bu 80%, d.r. 71:29
5ad EWG = CO,Bn  61%, d.r. 59:41
5ae EWG = CO,n-Bu 76%, d.r. 71:29

O B o
i

5ah Sai
12% 27% (NMR yield)
d.r. 51:49 _[d

[a] reaction conditions: (+)-limonene 1a (0.5 mmol), acrylate 4a-4i (2.0 equiv.), Pd(OPiv); (15 mol%), AgOAc (4.0
equiv.), THF (0.2 M), 110°C (reflux); [b] no conversion; [c] only degradation products were observed; [d] yield
measured by quantitative NMR using 1,4-dinitrobenzene as internal standard, since no product could be
isolated, no d.r. was determined.

Scheme 58. Evaluation of acrylates as coupling partners for the Pd-catalyzed CDC reaction of (+)-limonene.
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We then tested acrylamides as coupling partners. N,N-dimethyl-, N-methoxy-N-methyl®**! and
morpholine acrylamides 4ak, 4al and 4am were engaged in the optimized reaction conditions
affording the desired conjugated dienoates 5ak, 5al and 5am in moderate yields of 61%, 53% and 57%
respectively (Scheme 59). These coupling partners appear to be somewhat less efficient but more
stereoselective than acrylates. We only considered tertiary acrylamides, as primary!**®! and secondary

acrylamides are expected to be incompatible with this undirected coupling.!'’

Pd(OPiv), (15 mol%) R,
H/ R, AgOAc (4.0 equiv.) y EWG
+ L.
—< >L< Ry~ > H
1\/\EWG THF, reflux, 24h / R
1a 4k-4m 5ak-5am!?
0 0 o}
/
H % N— H / N— H /) N
/ MeO O
0
5ak 5al 5am
61% 53% 57%
d.r. 86:14 d.r. 82:18 d.r. 76:24

[a] reaction conditions: (+)-limonene 1a (0.5 mmol), acrylamide 4k-4m (2.0 equiv.), Pd(OPiv), (15 mol%), AgOAc
(4.0 equiv.), THF (0.2 M), 110°C (reflux).

Scheme 59. Evaluation of acrylamides as coupling partners for the Pd-catalyzed CDC reaction with (+)-limonene.

The use of a,B-unsaturated ketones was also investigated (Scheme 60). Methyl vinyl ketone 4n
provided the corresponding conjugated diene 5an with a low yield of 21%. This yield can be explained
by the volatility of the product making it hard to isolate. Ethyl vinyl ketone 40 was also tested, and the
corresponding product 5ao could be isolated with 54% yield and a diastereomeric ratio of 81:19. On
the other hand, cyclohexanone 4p gave no conversion, which confirmed the incompatibility of B-

substituted coupling partners already seen above with acrylates.

11151 Prepared by acryloylation of Weinreb amine under standard conditions.
[116]  Xu, Y.-H.; Wang, W.-).; Wen, Z.-K.; Hartley, J. J.; Loh, T.-P. Tetrahedron Lett. 2010, 51, 3504-3507.
11171 This part of project was accomplished in collaboration with Master student Anna Gagliardi.
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Pd(OPiv), (15 mol%) R,

H/ R» AgOACc (4.0 equiv.) / EWG
+ -

R > H
< > < ~ewe THF, reflux, 24h / R,

1a 4n-4p 5an-5ap[a]
O (0] O
5an 5ao Sap
21% 54% - [bl
d.r. 78:22 d.r. 81:19

[a] reaction conditions: (+)-limonene 1a (0.5 mmol), a,B-unsaturated ketone 4n-4p (2.0 equiv.), Pd(OPiv), (15
mol%), AgOAc (4.0 equiv.), THF (0.2 M), 110°C (reflux); [b] no conversion.

Scheme 60. Evaluation of a,8-unsaturated ketones as coupling partners in the CDC reaction with (+)-limonene.

Surprisingly, acrylonitrile 4s and 3,3-dimethoxyprop-1-ene 4r did not lead to the formation of any
products. Phenyl vinyl sulfone 4u provided diene 5au with a low 13% vyield and a poor
diastereoselectivity, while phenyl vinyl sulfoxide 4t was totally unreactive.

Interestingly, allylacetate 4q gave diene 5aq in a moderate 47% isolated yield and a fairly good
diastereomeric ratio. More electron-rich styrene 4v was also reactive and provided the desired diene

5av with a moderate 53% yield and no diastereoselectivity.
Pd(OPiv), (15 mol%)
H/ R, AgOAc (4. Oequw) / EWG
< >£ < +
H/
R1\/\EWG THF, reflux, 24h

1a 4q-4v 5aq-5avl?

/ OAc / OMe / CN
5aq 5ar 5as
47% _[b] _[b]
d.r. 73:27
0 (0]
/o II,/O
J s Ay,
o O
5at 5au Sav
_[b] 13% 53%
d.r. 52:48 d.r. 51:49

[a] reaction conditions: (+)-limonene 1a (0.5 mmol), electron-poor alkene 4g-4v (2.0 equiv.), Pd(OPiv), (15
mol%), AgOAc (4.0 equiv.), THF (0.2 M), 110°C (reflux); [b] no conversion.

Scheme 61. Evaluation of other electron-poor alkenes as coupling partners in the CDC reaction with (+)-limonene.
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This last result is interesting from the mechanistic viewpoint, as it shows that the intermediate after
the carbopalladation favors dehydropalladation over a potential deacetoxylapalladation.**®! It is also
interesting from a synthetic viewpoint, as the protocol allows the C3 elongation of a terminal alkene

with an acetoxymethylene unit generating an allyl acetate (Scheme 62).

dehydro- H
palladation N 5aq
-HP
dOAc \
carbo-
palladation H /
> N > SN _Pd(OAC), OAc
H
X Pd OAc H OAC\
AcO” &
/\/ Pd\ deacetoxy- H
OAc  palladation N
HONF

Scheme 62. Mechanistic implication in the coupling between limonene and allyl acetate.

To sum up, the reaction conditions appear to be compatible with a number of electron-poor alkene
substrates, including acrylates, acrylamides and carbonyl derivatives, provided that the alkene moiety
is unsubstituted.

Lastly, keeping ethyl acrylate as the secondary coupling partner, we evaluated the optimized reaction
conditions with several terpenes and terpenoids substrates carrying a 1,1-disubstituted terminal
alkene (Scheme 63). Accordingly, and as expected, (-)-limonene ent-1a led to the corresponding
dienoate ent-5ab in 60% and 3:1 E/Z ratio.'**! Acetyl isopulegol 1b and perillyl acetate 1¢,*?° could be
transformed into the corresponding ethyl sorbates 5bb and 5bc in 29% and 60% yield and E/Z ratios >
4:1. (+)- and (-)-Carvone 1d and ent-1d also provided the expected coupling products 5db and ent-5db
as roughly equimolar E/Z mixtures in 49% and 67% yield. Other structurally different terpenes such as
B-pinene 1le and valencene 1f could also be successfully converted into their corresponding
conjugated E/Z mixtures of dienoates 5eb and 5fb in 55% and 56% yield. Caryophyllene 1g gave only
degradation products, and the linear myrcene 1h gave no conversion. The failure of B-caryophyllene

to undergo the coupling might be due to steric hindrance close to the 1,1-disubstituted alkene, while

[118]  (a) Zhao, H.; Ariafard, A.; Lin, Z. Organometallics 2006, 25, 812-819; (b) Ferber, B.; Prestat, G.; Vogel, S.; Madec, D.;
Poli, G. Synlett 2006, 13, 2133-2135; (c) Bogdos, M. K.; Stepanovi¢, O.; Bismuto, A.; Luraschi, M. G.; Morandi, B. Nat.
Chem. 2022, 1, 787-793.

11191 The reduced chemical yield with respect to the coupling of (+)-limonene is likely due to purification problems.

11201 (-)-isopulegol 1b and (-)-perillyl alcohol 1c prepared by acetoxylation under standard conditions.
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that of myrcene to the presence of multiple double bonds, which might coordinate to Pd(ll) and form

a catalytically inactive complex.

Pd(OPiv), (15 mol%)
R, AgOAc (4.0 equiv.) R4

+  ZCo,Et >
2 xR COLEL
Rz/J\ THF, reflux, 24h Rz)\"‘"\/ 2
ent-1alent-1d 4b ent-5ab/ent-5dbl?!
1b-1h 5bb-5hb

2 c 5 CO,Et
:H/ //—CO Et Oﬁ/ //—CO Et H/ Y/
AcO

ent-5ab 5bb 5cb
60% 29% 60%
d.r. 75:25 d.r. 84:16 d.r. 88:12
/—COsEt J—COsEt
H : H :—/
/ Y )@f‘/\coza
o 5db O ents5db 5eb
49% 67% 55%
d.r. 52:48 d.r. 52:48 d.r. 79:21
P00,k
N CO,EL z
5fb 5gb 5hb
56% _lel _ el
d.r. 74:26

[a] reaction conditions: terpene ent-1a/ent-1d, 1b-1h (0.5 mmol), ethyl acrylate 4b (2.0 equiv.), Pd(OPiv), (15
mol%), AgOAc (4.0 equiv.), THF (0.2 M), 110°C (reflux); [b] the configuration of the major diastereomer was not
attributed; [c] only degradation products were observed; [d] no conversion.

Scheme 63. Screening of terpenes and terpenoids.

Overall, we can affirm that, in addition to limonene, the coupling protocol is compatible with other
types of terpenes containing a 1,1-disubstituted alkene scaffold. Particularly with B-pinene, valencene
and carvone the reaction works quite well, even though the yields are not as good as with limonene.

Terpenoids such as acetyl isopulegol and perillyl acetate were also reactive.
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2.5. Mechanistic studies

2.5.1. Stoichiometric studies

According to our results, only silver-based oxidants were efficient to reoxidize the Pd(0) species
formed during the course of the reaction, and a fairly high amount of the silver salt is needed to
increase the chemical yield.

Several Pd-catalyzed coupling reactions need the presence of Ag(l) salts, whose role may be
manifold.*?!! Indeed, Ag(l) salts: a) are halogenophilic, and abstract halides from palladium(ll)
complexes by formation of the corresponding insoluble silver halides;*??! b) are one-electron oxidizing
agents that regenerate the transition metal catalyst back to its native oxidation state;!*?*! ¢) can form
heterodimeric Pd/Ag complexes species that are catalytically active in CMD processes;*?* d) can
promote arene C-H bond activation, generating an organosilver derivatives, which canin turn undergo
transmetallation with an organopalladium(ll) intermediate;*?*! e) enable CO; release from carboxylic
acids, generating the corresponding organosilver intermediate (C—C activation), which can undergo

subsequent transmetallation with an organopalladium(ll) intermediate (Scheme 64).1:2¢!

11211 (3) de Carvalho, R. L.; Diogo, E. B. T.; Homdlle, S. L.; Dana, S.; da Silva Junior, E. N.; Ackermann, L. Chem. Soc. Rev. 2023,
52, 6359-6378; (b) Pérez-Ortega, |.; Albéniz, A. C. Dalton Trans., 2023, 52, 1425-1432; (c) Anand, M.; Sunoj, R. B.;
Schaefer, lll H. F. J. Am. Chem. Soc. 2014, 136, 5535-5538; (d) Bhaskararao, B.; Singh, S.; Anand, M.; Verma, P.; Prakash,
P.; Athira, C.; Malakar, S.; Schaefer, Ill H. F.; Sunoj, R. B. Chem. Sci., 2020, 11, 208-216; (e) Funes-Ardoiz, |.; Maseras, F.
ACS Catal. 2018, 8, 1161-1172; (f) T. Bhattacharya, S. Dutta, D. Maiti, ACS Catal. 2021, 11, 9702-9714; (g) Masui, K.;
Ikegami, H.; Mori, A. J. Am. Chem. Soc. 2004, 126, 5074-5075.

11221 The solubility product constant of Agl is 8.3 x 1017,

11231 Sjvaguru P.; Bi X. Introduction to Silver Chemistry. In Silver Catalysis in Organic Synthesis, 1t ed.; Li C. J., Bi X., Eds.; John
Wiley & Sons, 2019; pp 1-32.

11241 (3) Bay, K. L.; Yang, Y.-F.; Houk, K. N.; J. Organomet. Catal., 2018, 864, 19-25; (b) Yang, Y.-F.; Cheng, G.-J.; Liu, P.; Leow,
D.; Sun, T.-Y.; Chen, P.; Zhang, X.; Yu, J.-Q.; Wu, Y.-D.; Houk, K. N. J. Am. Chem. Soc. 2014, 136, 344-355.

11251 (3) Lee, S.Y.; Hartwig, J. F. J. Am. Chem. Soc. 2016, 138, 15278-15284; (b) Colletto, C.; Islam, S.; Julia-Hernandez, F.;
Larrosa, I. J. Am. Chem. Soc. 2016, 138, 1677-1683; (c) Colletto, C.; Panigrahi, A.; Fernandez-Casado, J.; Larrosa, I. J. Am.
Chem. Soc. 2018, 140, 9638-9643.

[126]  (3) GooRen, L. J.; Deng, G.; Levy, L. M. Science 2006, 313, 662-664; (b) GooRen, L. J.; Rodriguez, N.; GooRRen, K. Angew.
Chem. Int. Ed. 2008, 47, 3100-3120; (c) Becht, J. M.; Catala, C.; Le Drian, C.; Wagner, A. Org. Lett. 2007, 9, 1781-1783.
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O+ oy
a) R—Pd—Hal + Ag-Y — R—Pd Y + Ag—Hal

by Pd® + 2 Ag=X —> PdX;+ 2 Ag®

AgX RPdX
d) Ar-H —— > Ar—[Ag] ——m8
- HX transmetallation
c)
AgX RPdX
e) Ar—CO,H —— > Ar—[Ag] ——— >
-CO,, - HX transmetallation

Scheme 64. Possible roles of Ag(l) salts in Pd-catalyzed couplings.

Furthermore, due to the availability of vacant f orbitals on silver, and to the relativistic effects,*?”!
silver salts show moderate carbophilic n-Lewis acid character forming n-complexes with unsaturated
substrates such as alkenes, allenes and alkynes.™?® This three-center bonding is due to three different
factors: electrostatic (ion-dipole) interactions, electron donation from occupied alkene m-orbitals to
empty s-orbitals of the transition metal, and back-donation from filled metal d-orbitals to the

unoccupied m*-orbital of the alkene or alkyne. Finally, Ag(l) salts can undergo oxidative additions by

Rw_—_R R R' . [ | ] [ | |
~ +3
T - v— : :NH X HN AgX N—Ag—N
+1 +3 ! ” —_— +
A9 A : Q/N\) X (/N
E | |

Scheme 65. Possible roles of Ag(l) salts in catalysis not directly connected to Pd-chemistry.

aryl halides possessing a specific environment.[*?°]

Therefore, in order to get a clue about the role of the Ag(l) salt, we decided to carry out the model
coupling reaction in the presence of a stoichiometric amount of the Pd(ll) salt and in the absence of

the Ag(l) salt. Accordingly, performing the model reaction in the presence of 1.0 equiv. of Pd(OAc),,

11271 Due to the large positive charge of the nucleus, the electrons in especially the 1s-orbitals obtain very large kinetic
energies. As a result, the effective mass of the 1s electrons in Ag is ca. 1.08 times the rest mass of the electron. Hence,
the 1s-orbitals contract, which results in increased shielding. Other core orbitals (specifically s-type) will also contract,
while in contrast, d- and f-type orbitals will expand in space, and rise in energy. For example, the relativistic contribution
to the bonding of Ag(l) and ethene has been computed to amount to ca. 10 kcal/mol. See: Kaneti, J.; de Smet, L. C. P.
M.; Boom, R.; Zuilhof, H.; Sudhélter, E. J. R., J. Phys. Chem. A 2002, 106, 11197; see also: Fiirstner, A.; Davies, P. W.
Angew. Chem. Int. Ed. 2007, 46, 3410.

[128]  (3) Munoz, M.P. Chem. Soc. Rev. 2014, 43, 3164-3183; (b) Naodovic, M.; Yamamoto, H. Chem. Rev. 2008, 108, 3132-
3148.

[129]1  Font, M.; Acufia-Parés, F.; Parella, T.; Serra, J.; Luis, J. M.; Lloret-Fillol, J.; Costas, M.; Ribas, X. Nat. Commun. 2014, 5,
4373-4383.
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and omitting AgOAc, afforded the expected coupled product in 53% yield (Scheme 66), yet leaving
some unreacted limonene. This result suggests that in this coupling the silver salt is likely to merely
behave as a H, acceptor, and that in the catalytic experiment Pd® aggregation to give catalytically
inactive Pd black may compete with the reoxidation step. However, it is possible that an important

amount of the metal remains incorporated as an unproductive organometallic complex.

H, 2 OEt Pd(OAc), (1.0 equiv.
. W ( ) ( q )=
H )
~ o} THF, 110 °C H (]
NS
H
1a

4b 5ab
69% conv.

53%
d.r. 72:28

OEt

Scheme 66. Stoichiometric tests to elucidate the reaction mechanism.

2.5.2. DFT Studies

The mechanism of this transformation was studied via DFT calculations made through a
collaboration with Prof. Luis F. Veiros, from the University of Lisbon.[*3"

As four geometrical isomers can in principle be generated, two of which are experimentally
observed, we computationally studied all the four pathways. The monomeric complex [Pd(ll)(bis-
x2(OAc),] | was considered as the starting active catalyst (AG = 0 kcal/mol as reference). The first step
of the mechanism consists in the formation of an aggregate between [Pd(ll)(bis-x*(OAc),] and the
exocyclic alkene of limonene. This thermodynamically unfavorable step already defines the geometry
of the trisubstituted alkene in the final product because the two located complexes ll4 (3.7 kcal/mol)
and llsz (5.4 kcal/mol) lie in the path leading to the 4E and the 4Z trisubstituted alkenes, respectively.
For the black path (Scheme 67), following full © coordination of the exocyclic alkene of limonene to
palladium generates intermediate lllze (AG = -4.1 kcal/mol), passing an energetic barrier of 8.8
kcal/mol. In this step, one acetate ligand passes from x® to o-coordination, to allow the & coordination
by the alkene. The next step is a concerted metalation deprotonation (CMD), wherein the o-bound
acetate ligand intramolecularly deprotonates the H atom on the exocyclic alkene located trans to the
cyclic scaffold of limonene. The step is endergonic, passing an energetic barrier of 16 kcal/mol, and

generating the o-vinylpalladium complex V4 (2.8 kcal/mol), still coordinated by the newly generated

11301 All calculations were performed at the PBEO-D3/(SDD*,6-311++G(d,p)//PBEO/(SDD*,6-31G(d,p)), level using the
GAUSSIAN 09 package. Solvent effects (THF) were considered using the PCM/SMD model.
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acetic acid molecule. It is worthy to note the agostic interaction (Pd-H 229 pm) in the corresponding
transition state TS(lllae—>1V4e), which assists the deprotonation. The step is stereoretentive, because
the palladium atom replaces the position of the deprotonated vinylic H atom. Follows a dissociative
(two-step) globally thermodynamically favored ligand exchange between the exiting acetic acid and
the entering acrylate, which generates complex Vllg (-4.8 kcal/mol). The transition state for acrylate

coordination TS(VIse—>Vlls4e) is the turnover frequency (TOF) determining transition state of the cycle

(18.3 kcal/mol). The subsequent carbopalladation of the resulting intermediate Vllg is quite
exergonic, generating complex Vil (-26.5 kcal/mol), resting state of the catalytic cycle, via a barrier

of 8.6 kcal/mol.

For the pink path (Scheme 67), leading to the minor geometrical isomer, the same steps occur

from higher energy intermediate Il;; and lead to intermediate Villz (-27.9 kcal/mol).
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Scheme 67. First part of the energetic profile for the Pd-catalyzed CDC reaction of limonene.

For both paths (black and pink), the following step is a dehydropalladation (B-H elimination).
This globally endergonic two-step transformation implies the second bifurcation of the mechanism,
which will determine the geometry of the 1,2-disubstituted alkene (Scheme 68). One of the two paths

(brown path) generates the hydride complex Xaese (-14.1 kcal/mol) passing through the “agostic”
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intermediate IXaeae, While the other path (orange path) generates the hydride complex (-11.8
kcal/mol), passing through the “agostic” intermediate . The subsequent reductive elimination
from Xzeae is thermodynamically favored, affording a Pd(0) complex n-coordinated with the final 2E,4E
product and o-coordinated with acetic acid Xlaese (-24.2 kcal/mol) passing a barrier of 5.2 kcal/mol. At
this point, two molecules of the solvent (THF) enter the Pd coordination sphere, liberating the final
2E,AE product and acetic acid. This step is exergonic, reaching +1.2 kcal/mol and generating the
Pd(0)(THF), complex. For the other path of the bifurcation (orange path), the same steps occur from
leading to (-21.0 kcal/mol). Likewise, from this intermediate, THF enters the coordination
sphere of palladium and liberates the final 2E,4Z product and acetic acid reaching an energy of +3.5
kcal/mol. It is important to notice that the barrier for going back from complexes Xle4: and to
the common resting state Vlll4 is lower than that for going forward toward product release (Scheme
68, part B), and this is also valid for the equivalent sequence of steps starting from the minor resting
state VIlls; (see experimental part). This situation indicates that equilibration between Xlze4e and
occurs before product release. Accordingly, the 2E/27 ratios in the products are expected to depend
on the energy differences between Xlzese and for the major 4E path, and on that between Xlesz
and Xlzsz for the minor 4Z path (not shown in Scheme 68). The computed AGs highly favor the 2F
stereochemistry in both cases (AGse = 3.2 kcal/mol; AGsz = 5.0 kcal/mol), which agrees with the fact
that only the 2E geometrical isomers are experimentally observed. According to these results, the
catalytic cycle is experimentally viable only for the two paths that at the second branching lead to the

2E configurated products.

3 e
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X /,’/,’ Pd(THF),
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C-H agostic dehydropalladation reductive elimination product release

Scheme 68. Second part of the energetic profile for the Pd-catalyzed CDC reaction of limonene.
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To validate the above-mentioned equilibration between the isoenergetic intermediates Xl 4 and

, we carried out a classical Mizoroki-Heck coupling®*!! between iodobenzene (1.0 equiv.) and
ethyl acrylate (1.3 equiv.) in the presence of 1.0 equiv. of (Z)-methyl cinnamate [Pd(OAc); (10 mol%),
dppe (20 mol%), n-BusNOAc (2.0 equiv.), DMF, 120°C, 2h]. During this reaction, (E)-ethyl cinnamate

was isolated in 77% yield, accompanied by an 82:18 Z/E mixture of methyl cinnamate (Scheme 69).

Ph—l > COEt Pd(OAC); (10 mol%) ph Xy~ CO2Et

1.0 equiv. 1.3 equiv. dppe (20 mol%)

: i .

: ! n-BusNOAC (2.0 equiv.) 7%

i Ph™ ' - N

: /\co M : DMF, 120°C, 2h Ph

L 2E> 991 ° : CO,Me
! 1.0 equiv. i ZIE 82:18

Scheme 69. Experimental evidence for a Z to E isomerization through formation of a Pd hydride.

The Z-to-E isomerization of methyl cinnamate, although partial, is ostensibly due to the Pd(0)/AcOH

system, in accordance with the reversibility of the dehydropalladation / reductive elimination

sequence.*3?

i Exchanged from
' Mizoroki-Heck of
1 ethyl acrylate

% oxidative
Ph coord Ph addition Ph |
] + iggjlzl s ]—»Pd<—o ~ | —Pd--0
MeO,C decoord  Me0,C V— reductive MeO,C b
HO elimination o=
deHPd ﬂ HPd
O~
/ 37
ph  Pd-Y
H'H Co,Me
HPd ﬂ deHPd
- Pd(0) -
Ph Ph reductive H
| + Pd(0) - AcOH | elimination PN |
AcOH > Pd=Q _— | —Pd--0

COzMe COMe H— oxidative CO,Me} __!
HO addition o

Scheme 70. Proposed mechanism for the Z/E equilibration of Z methyl cinnamate during the Mizoroki-Hack coupling.

Coming back to the computational study, from the two isoenergetic intermediates Xl,e: and

Xleaz (not shown in Scheme 68) the two isomeric dienoates and Pd(THF), are released through a very

11311 Mingoia, F.; Vitale, M.; Madec, D.; Prestat, G.; Poli, G. Tetrahedron Lett. 2008, 49, 760-763.
11321 For an example of transformation of (2)-alkenes into (E)-alkenes through catalytic palladium hydride formation, see:
Kim, I. S.; Dong, G. R.; Jung, Y. H. J. Org. Chem. 2007, 72, 5424-5426.
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endergonic step that reaches 1.2 and 3.2 kcal/mol through a 25.4 and 27.4 kcal/mol rise. At this point,
Pd(0) reoxidation by the silver salt comes into Calculations were made considering the generation of
different clusters of metallic silver. Consideration of the simplest aggregate Ag,**¥!, according to the
equation [Pd(0)THF; + 2 AgOAc-THF — Pd(OAc). + Ag> + 4 THF] turns out to be endergonic (A/G°= +2.5
kcal/mol). However, the thermodynamics becomes slightly favorable (A,G° =—11.1 kcal/mol) when the
Ag, (D2n) aggregate is considered as the silver reduced product, according to the equation [2 Pd(0)-
THF, + 4 AgOAc-THF — 2 Pd(OAc), + Ags + 8 THF], and clearly favorable (A.G° = —84.6 kcal/mol) when
the Ags (D2n, dodecahedron) aggregate is considered as the silver reduced product, according to the
equation [4 Pd(0)-THF, + 8 AgOAc-THF — 4 Pd(OAc), + Ags + 16 THF]. Thus, using the latter
stoichiometry, the reaction free energy changes (A.G°) of the catalytic cycles relative to the formation
of 2E,4E-3ab as well as of 2E,4Z-3ab become -20.0 and -18.0 kcal/mol, respectively. Therefore,
assuming that the states relative to Pd(THF), are very close in energy and geometry to the
corresponding transition states leading to and departing from it, we can predict energetic spans close
to 27.7 kcal/mol [+1.2 —(-26.5)] for the 2E,4E isomer, and to 31.1 kcal/mol [(+3.2 —(-27.9)] for the
2E,AZ isomer. Here again, the computed energy values are qualitatively in accord with the observed

74:26 2E,AE / 2E,A7 isomer ratio of the coupled products as well as with the experimental conditions

(24h of THF reflux) (Scheme 71).
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Scheme 71. Calculated energetic diagram for product release and reoxidation of Pd%(THF), with silver acetate.

Furthermore, the aggregation state of silver is not the only factor having an influence of the

thermodynamics of the reoxidation step. Indeed, considering the bulk transformation, the use of 4.0

11331 3) M. Pereiro, D. Baldomir, J. E. Arias, Phys. Rev. A 2007, 75, 063204; (b) M. Pereiro, D. Baldomir, Phys. Rev. A 2007, 75,
033202; (c) M. Pereiro, D. Baldomir, Phys. Rev. A 2005, 72, 045201; (d) T. Tsuneda. J. Comput. Chem. 2019, 40, 206—
211.
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equiv. of silver acetate is crucial to push the equilibrium of the reoxidation to regenerate appropriate
amounts of palladium(ll) acetate.™3*

In summary, while the E/Z isomeric ratio for the C4-C5 double bond is kinetic in origin, resulting from
different energetic spans, the isomeric ratio at the C2-C3 double bond (for each isomer at C4=C5)
comes from a local equilibration between and Xlzeae, and between Xlazaz and Xlzesaz (not shown in
Scheme 68), respectively, before the release of product 5ab

With all the above considerations, we can propose the catalytic cycle explaining the CDC reaction

between (+)-limonene 1a and ethyl acrylate 4b and leading to the dienoate 5ab (Scheme 72)
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Scheme 72. Proposed mechanism for the Pd-catalyzed coupling between limonene and ethyl acrylate to give the major
2E,4E product.

[134]

(a) Solel, E.; Tarannam, N.; Kozuch, S. Chem. Commun. 2019, 55, 5306-5322; (b) Besora, M.; Maseras, F. Wiley
Interdiscip. Rev.: Comput. Mol. Sci. WIRES, 2018, 8, 1372
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In summary, in this project, we developed a Pd-catalyzed coupling between (+)-limonene and electron-
poor alkenes, extending it to various terpenes and terpenoids. The reaction was totally regioselective,
but not stereoselective, affording a mixture of geometrical isomers. While the reaction is elegant and
green, using terpenes as bio-renewable starting materials, it has limitations. The coupling is
compatible for unsubstituted acrylates, but requires a high catalytic loading and generates significant
waste with a large excess (4.0 equiv.) of a silver-based oxidant.

In summary, in this project we have developed the first C(sp?)—/C(sp?)—H vinyl / vinyl coupling of
limonene with several unsaturated partners such as acrylic acid esters and amides, a,6,-unsaturated
ketones, styrenes and allyl acetate. The coupling was completely regioselective for both the reaction
partners, involving exclusively the exocyclic unsaturation of limonene without disturbing the integrity
of the absolute stereochemistry of the C4 stereogenic center of limonene. The reaction regularly
produced a mixture of the two geometrical isomers 2E,4E and 2E,4Z, out of the four possible, with the
former always dominant. The 2Z isomers where never detected. Terpenes other than limonene,
possessing an isopropenyl function besides an endocyclic alkene, such as carvone, perillyl acetate, and
valencene, could also be satisfactorily coupled. DFT computation gave results in qualitative accord with
the observed selectivity, allowing to propose a plausible mechanism for the coupling.

Future improvements could be involving greener oxidants like O, or photochemistry. We plan to
perform KIE studies to complete the mechanistic study and to apply this methodology to the

stereoselective total synthesis of the sesquiterpene a-bisabolene (Scheme 73).

a-bisabolene

Scheme 73. General idea for the synthesis of a-bisabolene starting from our coupled product.
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Chapter 3: Application: Copper free
Sonogashira cross coupling in water

During my secondment at Novartis (Basel, Switzerland), in the team of Dr. Fabrice Gallou, | was

involved in a project dedicated to the development of Sonogashira cross-couplings in water.

1. Introduction

The carbon-carbon triple bond of alkynes is a very useful functional group that can undergo a number
of synthetically useful transformations. Furthermore, the alkyne function is found into a number of
value-added organic compounds. For example, Norethynodrel has been the pioneer oral
contraceptive, Efavirenz is an antiretroviral agent, Terbinafine is an antifungal agent, and Phorbaside
Ais an antibacterial agent (Figure 6). Last but not least, alkynes are crucial in the field of m-conjugated
oligomers and polymers with applications in photonics, optoelectronics, and molecular electronics.
Hence, the interest in the synthesis of alkynes is of fundamental importance. In this context, the
Sonogashira-Hagihara coupling (more often simply known as the Sonogashira coupling) is a superior

method to incorporate an alkyne function into a substrate.*3*

Me, OH

MeOhOH

0" 0" 'Me

Cl

Efavirenz Terbinafine Phorbaside A H Norethynodrel
antiretroviral antifungal antibacterial contraceptive

Figure 6. Selected examples of the alkyne-containing drugs and natural products.

11351 (a) Struwe, J.; Ackermann, L.; Gallou, F. Chem. Catal. 2023, 3, 100485-100503; (b) Wang, D.; Gao, S. Org. Chem. Front.
2014, 1, 556-566; (c) Lipshutz, B. H.; Chung, D. W.; Rich, B. Org. Lett., 2008, 10, 3793-3796; (d) Jakobi, M.; Gallou, F.;
Sparr, C.; Parmentier, M. Helv. Chim. Acta 2019, 102, €1900024; (e) Braje, W.; Britze, K.; Rich, J. D.; Jolit, A.; Kaschel, J.;
Klee, J.; Lindner, T. Patent 2017, WO 2017/129796.
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The alkynylation reaction of aryl halides by terminal alkynes was independently reported in 1975 by
Cassar,*3% Dieck and Heck,**”! as well as Sonogashira, Tohda and Hagihara.[**®! The three protocols
employ a palladium catalyst. However, the protocols of Cassar and Heck use only a palladium cat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>