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1 Introduction 

1.1 C-H Activation  

Carbonīhydrogen bond functionalization methodology has undergone explosive growth in recent 

years (Figure 1). This bond, the most ubiquitous bond in nature, is widespread in several organic 

molecules and the development of new strategies for its direct modification is still under 

investigation. 

 

Figure 1: History of C-H activation development. 

All  the approaches which provide the direct functionalization of C-H bonds are called C-H 

activations.1, 2, 3 

As an evolution of the organometallic cross-coupling the C-H bond functionalization, in last twenty 

years, rise up fast with applications in the synthesis of complex natural products,4 biologically active 

 

1 Wencel-Delord, J.; Glorius, F. Nat. Chem. 2013, 5, 369-375 

2 Godula, K.; Sames, D. Science 2006, 312, 67-72 

3 Ackermann, L.; Vicente, R.; Kapdi, A. Angew. Chem. Int. Ed. 2009, 48, 9792ï9826 

4 Gutekunst, W. R.; Baran, P. S. CīH Functionalization Logic in Total Synthesis. Chem. Soc. Rev. 2011, 40, 1976ī1991. 
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compounds but also in different other fields including pharmaceuticals, agriculture, food and 

energy.5,6  

These reactions avoid the use of pre-functionalized starting materials by shortening the synthetic 

pathways and conferring them an atom-economy aspect. Less chemical and labor waste are generated 

as well and new C-C/C-FG (Functional Group) bonds are directly formed throughout catalytic 

approach.7  

Most common catalysts for CīH bond functionalization reactions are first-, second- and -third row 

transition metals (We will talk about them later in next chapters).8 

The ability to transform a C-H bond in a selective manner opens new routes to virtually unlimited 

use of this technique and allows the late-stage diversification of different complex molecules. For 

these reasons C-H activation strategy has been included in both total synthesis and industrial 

chemistry fields.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

5 Yamaguchi, J,; Yamaguchi, A. D.; Itami, K. Angew. Chem. Int. Ed. 2012, 51, 8960-9009. 

6 Mcmurray, L.; OôHara, F.; Gaunt, M. J. Chem. Soc. Rev. 2011, 40, 1885-1898. 

7 a) Newhouse T., Baran P. S. and Hoffmann R. W., Chem. Soc. Rev., 2009, 38, 3010ï3021; b) Young I. S. and Baran P. S., Nat. Chem.,    

2009, 1, 193ï205. 

8 Roane J., Tran L.D., Acc. Chem. Res. 2015, 48, 1053ī1064. 
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1.2 C-H Activation in Total Synthesis  

In the context of target oriented synthesis, there are numbers of strategic advantages in the use of  

C-H activation approach. New C-C and C-heteroatom bonds could be rapidly obtained without using 

pre-functionalized starting materials and by the use of geometrically defined intramolecular reactions 

or target designed catalysts. Several examples of ñapparentlyò inert C-H bond activation strategy, 

applied to the total synthesis, are present in literature. In 1978, Trost and coworkers reported the 

synthesis of ibogamine through a tandem C-H activation/reductive Heck sequence (Figure 2). They 

demonstrated that indole could be selective C-H palladated at the C-2 with the use of PdCl2(MeCN)2 

in presence of silver tetrafluoroborate.9 The C-2 carbopalladate specie could undergo migratory 

insertion with the pendant olefin, generating an intermediate uncapable of b-hydride elimination but 

able to react with sodium borohydride leading to ibogamine molecule.  

 

 

Figure 2: Synthesis of ibogamine 

In 2008 Bergman and Ellman proposed the synthesis of Incarvillateine, a dimeric natural 

monoterpenoid whose bicyclic consecutive piperidine ring system contain five stereocenter (Figure 

3).10  

Bergman and Ellman faced the challenge with a rhodium catalyzed C-H activation, obtaining the 

substituted cyclopentane  in a good diastereomeric ratio.  It is noteworthy that the insertion occurs to 

the vinyl C-H bond over the methyl C-H bond. An elegant feature of this synthetic pathway is the 

direct incorporation of the Directing Group (DG), that promotes the C-H activation step in the final 

product.  

 

9 Trost B. M., Godleski S. A., Genet J. P., J. Am. Chem. Soc., 1978, 100, 3930ï3931. 

10 Tsai A. S., Bergman R. G., Ellman J. A., J. Am. Chem. Soc., 2008, 130, 6316ï6317. 
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Figure 3: Total synthesis of Incarvillateine. 

An innovative strategy in the preparation of coristatin A has been published by Baranôs group.11 

Cortistatin A (Figure 4) is an abeo-androstane steroid isolated from a marine sponge that selectively 

inhibits proliferation of HUVEC cells through a unique mode of action.4 Key step of the synthetic 

pathway is the C-H gem-dibromination reaction. Light and in situ generation of acetyl hypobromite 

afforded bromination of C-19 (methyl group) that could submit a subsequent bromination at reduced 

temperature. Cortistatin A was obtained throughout 13 steps starting from readily available and 

inexpensive prednisone.  

 

Figure 4: Synthesis of Cortistatin A 

Elegant synthesis of  Bioactive 2Ȥbenzazepines was proposed by Zanoni and co-workers (Figure 5).12 

Virelli et Al. devised an atomȤ and stepȤeconomical synthesis through a versatile palladiumȤcatalyzed 

CīH activation strategy. The CīH arylation requires low catalyst loading and a mild base, which was 

 

11 Shenvi R. A., Guerrero C. A., Shi J., Li C.-C., Baran P. S., J. Am. Chem. Soc., 2008, 130, 7241ï7243. 

12 Virelli M., Moroni E., Colombo G., Fiengo L., Porta A., Ackermann L., Zanoni G., Chem. Eur.J., 2018 , 24, 16516ï16520 
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reflected by a broad scope and high functionalȤgroup tolerance. The benzotriazolodiazepinones were 

identified as new heat shock protein 90 (Hsp90) inhibiting lead compounds, with considerable 

potential for antiȤcancer applications. 

 

Figure 5: Synthesis of  Bioactive 2Ȥbenzazepines. 
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1.3 C-H Activation in Medicinal chemistry 

Many examples in literature show the advantages of C-H activation strategy over classical reactions 

such as cross-coupling or multistep synthesis. To understand at better this phenomenon, a useful 

example of C-H activation step is exploited in the pharmaceutical research from Merck laboratories 

for the synthesis of the GABA Ŭ2/3 antagonist, an important compound for the treatment of CNS 

disorders.13 

Main difficulty found in the classical synthetic route was the preparation of the boronate precursor 

needed for the subsequent Suzuki coupling (Figure 6).14 

 

Figure 6: Suzuki coupling in the synthesis of GABA Ŭ 2/3 antagonist 

According to the scheme 3, more than five steps are required for obtaining the desired boronate 

making company calls into a new strategy that reduce the numbers of synthetic steps. 

Exploiting the C-H activation methodology, the intermolecular biaryl coupling has been performed 

starting from the 5'-chloro-2',4-difluoro-[1,1'-biphenyl]-2-carbonitrile (Figure 7). 

 

 

Figure 7: Synthesis of GABA Ŭ 2/3 inhibitor through intermolecular C-H activation 

The intermolecular C-H activation reaction affords the target compound in 80% yield and the process 

is suitable for kilograms scale.  

In this way, the new synthetic pathway is made only by six steps instead of nine steps necessary with 

the classic approach performed with the Suzuki cross-coupling (Figure 8). 

 

13 Cameron M.; Foster, B. S.; Lynch, J. E.; Shi, Y.-J.; Dolling, U.-H. Org. Process Res. Dev. 2006, 10, 398-402 

14 Macchia M.; Cervetto L.; Demontis G. C.; Longni B.; Minutolo  F.; Orlandini  E.; Ortore  G.; Papi  C.; Sbrana     

    A.; Macchia B., J. Med. Chem. 2003, 46, 161-168 
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Figure 8: a) Synthesis of GABA antagonist with the Suzuki coupling as a key step b) Synthesis of 

the coupling partner 

Shibahara and coworkers described the advantage of the C-H activation approach in the synthesis of 

Tie-2 Tyrosine Kinase Inhibitor. The authors proposed an intermolecular C-H activation reaction for 

the imidazole functionalization, starting from inexpensive starting materials (Figure 8). Palladium 

catalyst has been used in the key step affording the target compound in 58% yield.15  

 

 

15 Shibahara F., Yamaguchi E., Murai T., J. Org. Chem., 2001, 76, 2680. 
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1.4    Cross-coupling reactions 

Carbon-Carbon bond construction have been well developed during years. In this scenario, traditional 

cross coupling reactions took an enormous advantage in biaryl system synthesis during last century 

(Figure 9).16, 17, 18 

 

Figure 9: Classical cross-coupling reaction 

The first example of these pioneristic coupling was certaintly the Mizoroki-Heck reaction. Inspired 

by this discovery Stille, Negishi, Suzuki and Hartwig and other chemists founded their metal catalytic 

empire. 

Palladium is one of the most used metal involving mainly two oxidation state: palladium(0) and 

palladium(II). In a classical cross-coupling reaction, Pd(0) is the catalytic active specie for the 

process.  

In reactions requiring Pd(0), is more convenient to generate it in situ from Pd(II)  complexes such as 

Pd(OAc)2  with specifically reducing agents. Any phosphine can be used as reductant avoiding the  

ñde novoò synthesis and isolation of Pd(0) species. The reduction of palladium can be achieved also 

with the cooperative aid of amines, alkenes and some organometallics such as DIBAL-H or BuLi 

(Figure 10).    

 

Figure 10: Mechanisms for in situ generation of Pd(0) from Pd(II) 

Palladium catalyzed cross-coupling reactions starts, as the Mizoroki-Heck reaction, with the 

oxidative insertion of Pd(0) in the carbon-halogen bond of the substrate, in order to form the Pd(II) 

 

16 Engelin, C. J.; Fristrup, P. Molecules 2011, 16, 951-969 

17 Chen, X.; Engle, K. M.; Wang, D.-H.; Yu, J.-Q. Angew. Chem. Int. Ed. 2009, 48, 5094-5115 

18 Seregin, I. V.; Gevorgyan, V. Chem. Soc. Rev. 2007, 36, 1173-1193 
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complex (square planar) that can be subsequently functionalized to form the new desired carbon-

carbon bond (Figure 11).  

In the next step, the transmetalation step, the nucleophile is transferred from the metal of the 

organometallic specie to the palladium atom: the new palladium(II) complex formed, undergoes a 

first isomerisation step and then a reductive elimination leading to the desired product. 

Palladium(0) is regenerated in the reductive elimination step ready to restart the catalytic cycle. 

 

Figure 11: Catalytic cycle for cross-coupling reactions 

 

In all the cross-coupling reactions we take advantage of this type of catalytic cycle and the distinction 

of the various type is due only to the organometallic species used for the transmetalation step. 

An overview of the most important catalytic cross coupling reaction such as: Stille, Suzuki, 

Sonogashira, and Negishi reactions is depicted in Figure 12. 
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Figure 12: Summary of common palladium catalyzed coupling reactions 

Despite these organometallic reactions are one of the most important development in the research for 

new approach for carbon-carbon bond formation, they have some limitations. 

In particular, these reactions require an organometallic specie or an organic halide often not 

commercially available. Therefore, usually are required additive steps for the preparation of the 

intermediates, which blows down the process. 

Moreover, protection and deprotection strategies are required since some functional groups are not 

compatible with the reaction conditions and these are not in accordance with the aims of atom 

economy. 
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1.5 C-H Activation 

C-H activation means making reactive the C-H bond, which is known to be a particularly stable and 

inert bond, thanks to the use of transition metals as catalysts. 

C-H activation reaction represents an evolution among cross coupling reactions. This methodology 

allows to act directly on the C-H bond without pre-functionalize or modify it. 

 

 

Figure 13: Difference between the installation of functional group by a) conventional 

interconversion b) classical cross-coupling reaction c) C-H activation strategy 

 

It is well known that complexes based on transition metals can react and activate C-H bonds to 

produce C-M bonds, which could be functionalized to afford the target materials. 

In particular, in order to activate C-H bond, is quite diffused the use of 10 metals group through the 

formation of square planar metal complexes.19 

Furthermore, metals of this group have the ability to circumvent the kinetic barrier associated with 

C-H bond break, that is usually thermodynamically unfavorable. 

 

 

 

19 Engle, K. M.; Mei, T.-S; Wasa, M.; Yu, J.-Q. Acc. Chem. Res. 2012, 45, 788-802 
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In this type of methodology, in the key step of the process, the metal activates directly the desired 

carbon-hydrogen bond in what is called the metalation step.  

This step significantly varies from substrate to substrate, and is also influenced by other factors such 

as the solvent, additives rather than the presence of binders and the type of transition metal used. 

Over the years five different mechanisms to describe the C-H activation step have been proposed 

(Figure 14). 

 

 

Figure 14: Different mechanism for C-H activation 

The first and most common mechanism is the oxidative addition which start with the coordination of 

the C-H bond on a metal vacant site and it ends with the formation of a M-C bond and one M-H 

bond (it is to be noted that the metal is oxidized, and formally it is a metal oxidative addition in the 

C-H bond). Shilov and Shul'pin defined this mechanism as a "true metal complex activation" because 

this metal environment is obtained by a contact between the metal ion and the C-H bond as close as 

possible. 20 

 

20 Shilov, A. E.; Sulôpin, G. B. Chem. Rev. 1997, 97, 2879-2932 
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For electron-rich transition metals (called also late transition metals), the oxidative addition is typical 

because of the change of the oxidation state and the change of geometry is not energetically 

disfavoured. The activation reaction proceeds through the formation of a cycle of three atoms 

followed by an increase in the oxidation number of the metal. 

The ŭ-bond metathesis mechanism is favored with electron-poor transition metals (called also early 

transition metals) and is characterized by the concerted formation and breaking of the bonds in the 

transition state of the reaction. In this case, it passes through a transition state with four centers and 

four electrons with no change of the metal oxidation state. 

It is also possible that the metal acts as a Lewis acid and the hydrogen atom of the reagent is replaced 

by the metal: this mechanism is classified as electrophilic substitution. 

The C-H bond can be activated with a 1,2-addition mechanism in which the presence of a couple of 

electrons on the heteroatom bond to the metal or the metal-heteroatom double bond is fundamental. 

In this case the new C-M bond is formed without breaking the ŭ bond M-X. 

At least, an important C-H activation mechanism has taken place and takes the name of the base-

assisted metalation (Concerted Metalation Deprotonation) (Figure 15).4, 21 

 

 

Figure 15: The base assisted metalation process (CMD) 

In this process, the bidentate base, plays an important role. More diffused CMD systems involve the 

carboxylate base. The partecipation of the carboxylate leads to a metalation in a concerted manner 

with the deprotonation; the base acts as a proton shuttle helping the formation of the new C-C 

bond. The base must be bidentate because, in coordination to the metal, take part in the concerted 

transition state of metalation and dehydrogenation. This mechanism seems to be the more plausible 

and diffused to explain most of the C-H activation reactions. 

 

21 Hubrich, J.; Himmler, T.; Rodefeld, L.; Ackermann, L. ACS Catal. 2015, 5, 4089-4093 
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In general, palladium (0, II), rhodium (II), nickel (II), copper (II), and ruthenium (II) are widely 

used in the C-H activation and in literature is possible to find a lot of works that exploit these 

catalysts in the presence of suitable binders and additives. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 15 

1.6 Regioselectivity 

Since many C-H bonds are present in the same molecule one of the main problem of the C-H 

activation reactions is the regioselectivity control.  

Chemists consider regioselectivity the ability of a reaction to distinguish the breaking or the formation 

of a bond with respect to others.  

To solve the regioselectivity problem, three approaches can be exploited (Figure 16).22, 23, 24 

 

 

Figure 16: Regioselectivity control 

 

As depicted in Figure 16a, using an intramolecular reaction is possible to force the desired C-H bond 

to react preferentially due to entropic factor: the substrate should be built in a suitable fashion. In the 

second case, the reactivity of the heterocycle (or the substrate) itself  lead to the functionalized product 

mainly due to electronic factors; this approach sometimes is present also in the intramolecular 

reaction and works together with the entropic factors. As the last one, this is an important pathway in 

 

22 Althammer, A. Angew. Chem. Int. Ed. 2007, 46, 1627-1629 

23 Althammer, A. Fenner, S. Angew. Chem. Int. Ed. 2009, 48, 201-204 

24 Ackermann, L. Top Organomet. Chem. 2007, 24, 35-60 
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molecular functionalization and in particular for the late stage diversification and involves the use of 

directing group, usually heterocycles. In principal, is possible to reach far C-H bonds only by 

changing the spacer of the directing group.25, 26 

Is important to underline that the regioselectivity in the C-H activation strategy is firstly influenced 

by the nature of the substrate which takes part in the reaction, but can be modulated by operating on 

different parameters. Since this thesis is focused on the use of Directing Group chemistry we will 

explain them at the best of our knowledge in the next chapter.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

25 Leow, D.; Li, G.; Mei, T.-S.; Yu, J-Q. Nature 2012, 486, 518-522  

26 Lyons T. W.; Sanford M. S. Chem. Rev. 2010, 110, 1147-1169 
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1.7 Directing groups chemistry 

Due to the ubiquity of C-H bonds in organic molecules, selective functionalization of a specific bond 

is highly challenging. Through the years heteroatoms contained or appended on arenes and 

heteroarenes guide the regioselectivity toward their influence on the electron density of different C-

H bonds.27 The use of a DG (Directing Groups) consists of a coordinating moiety pending on the 

desired scaffold containing the target C-H bond. DGs act as internal ligand binding and bringing the 

metal in the proximity of a specific C-H bond, leading to its cleavage and subsequent 

functionalization.28 This strategy allows to overrule innate reactivity in (hetero)arenes. Some 

examples of the DG concept over the classical approach are shown in figure 18. 

In a classical way arenes need leaving groups or EWGs/EDGs for the direct functionalization often 

affected by the formation of undesired byproducts. Birth of  DGs chemistry dates back to mid-1990s 

after a landmark contribution by the group of Murai and Chatani (Figure 17).29  

 

 

 

27 a) Wilton D. A. A., CRC Press, 2015, 267ï304; b) Wu X.-F., Chem. ï Eur. J., 2015, 21, 12252ï12265. 

28 a) Chen Z., Wang B., Zhang J., Yu W., Liu Z., Zhang Y., Org. Chem. Front., 2015, 2, 1107ï1295. b) Zhu R.-Y.,  

Farmer M. E., Chen Y.-Q., Yu J.-Q., Angew. Chem., Int. Ed., 2016, 55, 10578ï10599; c) Chu J. C. K.; Rovis T., Angew. 

Chem., Int. Ed., 2018, 57, 62ï101. 

29 Murai S., Kakiuchi F., Sekine S., Tanaka Y., Kamatani A., Sonoda M., Chatani N., Nature, 1993, 366, 529ï531. 
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Figure 17: Murai ketone DG 

They developed a ketone based DG able to coordinate the Ru(II) catalyst that promotes a selective 

ortho alkylation of arenes with alkenes. The intermediate of this C-H functionalization is supposed 

to be the five membered metalacycle reported in Figure 17. DGs approach in catalysis gain 

momentum since this discovery and chelate assisted C-H activation barreled into an enormous  

expansion in last decades.30 Wide range of functional group including amide, anilide, imine, 

heterocyclic, amine, nitrile, carboxylic acid , ester, ketone and hydroxyl group have been employed 

 

30 a) Colby D. A., Bergman R. G.,  Ellman J. A., Chem. Rev., 2010, 110, 624; b) Rousseau G. , Breit B., Angew. Chem., Int. Ed., 

2011, 50, 2450; c) G. Rouquet and N. Chatani, Angew. Chem., Int. Ed., 2013, 52, 11726 
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Figure 18: Examples of classical reactivity over DGs chemistry 

as DGs for the metal coordination.31 Arenes C(sp2)-H bond functionalization plays an important role 

in the DG mediated C-H activation as a means to tailor regioselectivity in terms of ortho, meta, para 

positions functionalization. While ortho C-H activation have been well established during years, 

reaching the distal meta and para C-H bond is still rare and challenging.32  

While also an enormous amount of metal catalysts and functional groups as reaction partners have 

been exploited our attempt is to describe only few examples published in recent years with major 

 

31 Chen Z., Binjie W., Zhang J., Yu W., Liu Z., Zhang Y., Org. Chem. Front., 2015, 2, 1107ï1295. 

32 Sambiagio C., Schönbauer D., Blieck R., Dao-Huy T., Pototsching G., Schaaf P., Wiesinger T., Zia M.F., Wencen-Delord J., 

Besset T., Maes B.U.W., Schnürch M. Chem. Soc. Rev. 2018, 47, 6603-6743. 



 

 20 

focus on palladium mediated C(sp2)-H bond functionalization. In this context, palladium is one of the 

most used catalyst thanks to his versatility and for this reason is also the catalyst choose for all the 

strategies attempted in this thesis. It is noteworthy that metals such as Rh, Ru, Fe and Co have been 

used as catalyst for C-H functionalization too.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 21 

1.8 Ortho C-H functionalization 

Among others, ortho C(sp2)-H functionalization is one of the most studied in literature. Myriad of 

directing groups have been tested to date and further study to achieve best selectivity and step 

economy process are nowadays ongoing. Through a wide selection, amide DGs have shown unique 

reactivity in transition metal-catalyzed C-H functionalization and have served as a pivotal platform 

for the discovery and optimization of new transformations via C-H activation.31 During last years 

several examples of Pd catalyzed C-H activation to fulfill different kind of functionalization have 

been exploited. Leeuwen and co-workers in 2002 developed an ortho-olefination of anilides with 

acrylates  using a Palladium mediated coupling reaction at room temperature.33 

 

 

Figure 19: Selective ortho olefination of anilides at room temperature. 

This was the first example of the use of anilide as the directing group for the CïH functionalization, 

and many relevant studies about ortho-olefination of anilides have been published in the following 

years.34 Arylation of anilides has been reported as well from Dauglis and co-workers in 2005.35 They 

found a suitable system involving a palladium catalyst with a loading range of 0.2-5 mol%, AgOAc 

and TFA for the aryl iodide and anilides coupling (Figure 20). 

 

Figure 20: Arylation of anilides with aryl iodide. 

An elegant and less expensive way for the direct arylation of anilides, which includes arylboronic 

acids, was presented by Shi and co-workers.36 The authors proposed two different pathways for the 

reaction: path A (Figure 21, path A) in which an electrophilic attack of a Pd(II) species at the aromatic 

ring with the assistance of the acetamino group might initiate the catalytic cycle. Subsequent 

 

33 Boele M. D. K., van Strijdonck G. P. F., de Vries A. H. M., Kamer P. C. J., de Vries J. G, vanLeeuwen P. W. N. M., J. Am. Chem. 

Soc., 2002, 124, 1586. 

34 a) Amatore C., Cammoun C., Jutand A., Adv. Synth. Catal., 2007, 349, 292; b) Schmidt B., Elizarov N., Chem. Commun., 2012, 

48, 4350. 

35 Daugulis O., Zaitsev V. G., Angew. Chem., Int. Ed., 2005, 44, 4046. 

36 Li B.-J., Yang S.-D., Shi Z.-J., Synlett, 2008, 949. 
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transmetalation and reductive elimination released the arylated product. Path B illustrates first the 

formation of arylated Pd(II) species by transmetalation of the boronic acid with Pd(II) salts, followed 

by an electrophilic attack of Pd(II) at the aromatic ring to form a diaryl palladium species, which 

underwent reductive elimination to give the arylation product (Figure 21, path B). 

 

Figure 21: Arylation od anilides with boronic acids. 

 

 

 

 

 

Figure 22: Pd-catalyzed C(sp2)ïH arylation using simple arenes as the arylating agents. 


















































































































































































































































































