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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. 



 

 2 

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. 
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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. 
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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.  
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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. 



 

 22 

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. 
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Further improvement in ortho C-H arylation using amides as DGs have been reached in 2011 by Yuôs 

group.37 Simple arenes were used as reaction partners in a Pd mediated coupling reaction showing an 

excellent para selectivity (Figure 22) for the C-C bond formation. Particular feature of this reaction 

is the use of F+ as oxidant in order to reach high yield and regioselectivity, and the elegant method 

furnishes an alternative route for synthetic useful biaryl products access.  

 

Figure 23: Palladium catalyzed ortho carboxylation. 

The same group in 2010 presented a fashionable methodology for the direct ortho C-H carboxylation 

of anilides.38 Pd(OAc)2 catalyst, in a strong acid environment (p-TsOH and HOAc), enables the C-H 

activation step, oxidation and insertion of the CO molecule in the acetyl anilides (Figure 23). Since 

carbon monoxide might reduce the Pd(II) to Pd(0) and impede the C-H activation step, relatively 

acidic conditions were required so, authors adopted AcOH as cosolvent.  

Two years later (2012) the first Pd-catalyzed ortho-CïH borylation with N-arylbenzamides and 

diboron reagent (B2Pin2) under oxidative conditions has been devised from Yu and co-workers.39 The 

use of electron-deficient dba ligand and a suitable base, such as TsONa, were necessary for 

significantly improve the yield of the borylated product with excellent monoselectivity.  

This borylation reaction showed broad substrate scope and could be easily extended to the gram scale 

in moderate yield. Notably, the borylated products could also be transformed into a wide range of 

synthetically useful synthons in excellent yields. 

 

 

37 Wang X., Leow  D., Yu J.-Q., J. Am. Chem. Soc., 2011, 133, 13864. 

38 Giri R., Lam J. K., Yu J.-Q., J. Am. Chem. Soc., 2010, 132, 686. 

39 Dai H.-X., Yu J.-Q., J. Am. Chem. Soc., 2012, 134, 134. 
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Figure 24: Pd-catalyzed ortho-CïH borylation with N-arylbenzamides. 

Although the enormous steps achieved with amides as monodentate ligands the development of new 

types of directing groups is the crucial point for achieving the catalytic transformations that cannot 

be completed with existing directing groups. Thus, chemists developed bidentate directing groups 

able to promote the C-H bond activation via the formation of stable metallacycle with more rigid 

coordination to the transition metal. One explicative example could be the first Palladium mediated 

ortho C-H functionalization with the use of 8-aminoquinoline as bidentate directing group. Daugulis 

and co-workers showed as this DG promotes the direct C(sp2)/C(sp3)-H arylation whose mechanism 

is depicted in figure 26.40 It is assumed that the double coordination of the metal by those auxiliaries 

would facilitate the reaction by stabilizing Pd(IV) species, which were suspected to be involved in 

the key step of the reaction.41  

 

Figure 25: Direct ortho arylation with 8-aminoquinoline as bidentate directing group. 

 

40 Zaitsev V. G., Shabashov D., Daugulis O., J. Am. Chem. Soc., 2005, 127, 13154. 

41 Shabashov D., Daugulis O., J. Am. Chem. Soc., 2010, 132, 3965. 
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Figure 26: Proposed mechanism for direct ortho arylation with 8-aminoquinoline as bidentate 

directing group. 

Ever in 2005 appeared the first palladium-catalyzed heterocycle-directed arylation published by 

Sanford and coworkers (Figure 27).42  

 

42 Kalyani D., Deprez N. R., Desai L. V., Sanford M. S., J. Am. Chem. Soc., 2005, 127, 7330. 
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Figure 27: First palladium-catalyzed heterocycle-directed arylation. 

The selective ortho-arylation of diverse arylpyridines could be achieved via the Pd(II)/Pd(IV) 

catalytic cycle using phenyliodonium salts as arylation reagents. This work paves the basis for further 

extensive studies on heterocylcle based DG leading the scientific community spends tons of afford in 

order to find new possible ortho functionalizations.  

One outstanding example is the Palladium catalyzed ortho trifluoromethylation of arenes presented 

by Yu and coworkers (Figure 28).43 They demonstrated how a wide range of substituents on the aryl 

moiety were compatible with the C-H activation protocol involving 5-(trifluoromethyl)-

dibenzothiophenium tetrafluoroborate as the trifluoromethylating agent.   

 

Figure 28: Pd catalyzed ortho trifluoromethylation. 

 

  

 

43 Wang X., Truesdale L., Yu J.-Q., J. Am. Chem. Soc., 2010, 132, 3648. 
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1.9 Meta C-H functionalization  

Meta position in arenes is known to be the less reactive for aromatic electrophilic substitution 

rendering the meta C-H functionalization in arene system crucial for the synthesis of several natural 

products, medicinal drugs, agrochemicals etc.44 

While ortho C-H functionalization has been extensively studied, an intense DGs research in 

conjunction with metal induced catalysis chemistry was subsequently envisioned to overcome the 

meta selectivity challenge.45 

Metals such as Rh, Ru, Cu have been used for different meta C-H functionalization by Ackermann, 

Hartwig, Frost and Gaunt, nevertheless the majority of literature reports propose Palladium salts as 

catalyst for numerous C-C, C-Heteroatom bond formation.  Olefination, acetoxylation, arylation and 

sylilation have been developed during recent years throughout a precise gradual evaluation of DGs. 

In this content, a great development was made by Yuôs group in 2012 when the first template assisted 

meta C-H activation of arene-based substrate using Pd(II) and N-Ac-Gly as ligand has  been published 

(Figure 29).46  

 

Figure 29: First template assisted meta C-H activation of arene-based substrate. 

Thanks to an accurate design of the nitrile based template, the strain involved in the 12 membered 

metallacycle formation was overcame. Palladium was delivered, thanks to the electrondonating 

terminal nitrogen, nearby the target meta C-H bond allowing the C-H activation of hydrocinnamic 

acid as well as 2-biphenylcarboxylic acid. Authors included the synthesis of Baclofen drug 

derivatives.  

 

44 a) Wencel-Delord J., Droge T., Liu F., Glorius F., Chem. Soc. Rev., 2011, 40, 4740ï4761; b) Tobisu M., Chatani N., Science, 

2014, 343, 850ï851. 

45 Phipps R. J., Gaunt M. J., Science, 2009, 323, 1593. 

46 Leow D., Li G., Mei T. S., Yu J. Q., Nature, 2012, 486, 518. 
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Later in 2013 Tan and co-workers presented an highly selective meta C-H olefination with acrylates 

replacing the Yuôs carbonyl tether with a silyl-benzyl scaffold (Figure 30).47 Several factors such as 

the larger size of Silicon, the longer C-Si, O-Si bond and bulky groups (i-Pr-) increased the proximity 

of the donor group (CN) to the desired bond. Further advanced feature of the new DG was mild 

fluoride or acidic cleavage of the silicon bond in order to access a traceless deprotection (Figure 30).  

 

Figure 30: Meta C-H olefination with acrylates ; mild acidic cleavage of the silicon bond. 

An additional improvement of the Nitrile based DG has been presented by Maiti and co-workers in a 

synthetically and medicinally useful C-H activation methodology. In this case, 2-hydroxy-5-

methoxy-benzonitrile was used as Directing Group. The reported template afforded different 

olefinated products in combination with a palladium salt as catalyst, acetyl glycine as ligand, silver 

carbonate as oxidant and HFIP as reaction solvent. Moreover, the facility to install and remove the 

nitrile based DG was the real novelty of this approach also because of the commercial availability of 

the 2-hydroxybenzonitrile derivative. The introduction of a methoxy group at the para position of the 

DG ensured the mono-olefination since facilitated the transesterification of the olefinated product  in 

presence of HFIP (Figure 31). The authors proposed also a catalytic cycle that could be considered 

general and representative of the palladium(II) mediated meta C-H olefination (Figure 32). 

 

 

47  Lee, S., Lee, H.,Tan, K.L. J. Am. Chem. Soc., 2013, 135, 18778. 
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Figure 31: Meta olefination and drug diversification with Benzonitrile as DG. 

 

Figure 32: proposed catalytic cycle of the palladium(II) mediated meta C-H olefination. 
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Others important meta C-C bond formations could be considered C-H arylation and alkylation. An 

innovative meta C-H activation reaction with norbornene as mediator group has been presented in 

2015 from Yu and coworkers. Even if the reactivity of norbornene in palladium catalysis has been 

well established by Catellani in the synthesis of 1,2,3 tri-substituted arenes, Yu thought out of the 

box adopting norbornene as a mediator for the Pd(OAc)2 catalyzed meta C-H activation of phenethyl 

acetic acid deviratives with an ortho DG (Figure 33).48,49  

Noteworthy was the applicability of this reaction by the use of the innovative C-H activation protocol 

for the meta arylation of the mandelic acid and phenylglycine moieties.  

 

 

Figure 33: Palladium catalysed norbornene mediated meta-arylation. 

 

48 Catellani M., Frignani F., Rangoni A., Angew. Chem., Int. Ed. Engl.,1997, 36, 119. 

49 Wang X.-C., Gong W., Fang L.-Z., Zhu R.-Y., Li S., Engle K. M., Yu J.-Q., Nature, 2015, 519, 334ï338. 
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Figure 34: Proposed catalytic cycle for norbornene mediated meta C-H activation 
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1.10 Meta C-Heteroatom bond formation 

The versatility of  Palladium mediated meta C-H functionalization was explored in terms of C-

Heteroatom bonds as well. Pioneer of the first meta C-Oxygen bond formation was Yu two years 

after the discovery of the innovative DG for the meta olefination. The research groups used catalytic 

amount of Palladium acetate in combination with PhI(OAc)2 and acetic anhydride as acetoxylating 

agents in order to achieve a meta selective acetoxylation of  N-methylanilines and benzylamines 

(Figure 35).50  

 

 

Figure 35: meta selective acetoxylation of N-methylanilines and benzylamines. 

Acetoxylation protocol was also important to access meta substituted phenols through a simple 

hydrolysis of the acetoxy group. However, a selective one-step meta-hydroxylation reaction have 

been presented in early 2016 from Maiti and co-workers (Figure 36). Report shown how PhI(TFA)2 

could act as an hydroxylating agent in a Palladium catalyzed C-H functionalization of benzyl sulfonyl 

ester.51 

 

 

50 Tang R.-Y., Li G., Yu J.-Q., Nature, 2014, 507, 215ï220. 

51 Maji A., Bhaskararao B., Singha S., Sunoj R. B., Maiti D., Chem. Sci., 2016, 7, 3147  
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Figure 36: selective one-step meta-hydroxylation reaction. 
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1.11 Para C-H functionalization 

Ortho and para positions in arenes still be highly vulnerable towards electrophilic substitution. Due 

to electronic factors and steric demand regioselectivity control in this kind of reaction remains an 

arduous challenge resulting in the formation of regioisomeric mixtures of products. Several reports 

during years shown how the ortho position could be functionalized preferentially to the meta mainly 

with the control of the steric demand. Overcoming this problem Maiti and co-workers developed the 

first ever template based strategy in performing a highly selective functionalization at the para 

position or arenes.52 In this report the choice of the DG has been shown to be essential since it allows 

to reach the para position. Ortho and meta C-H activation came null with the insertion of a biaryl 

system linked by a siloxane unity to the tolyl scaffold. The i-Propyl groups ensured the Thorpe-Ingold 

effect so 17-memebered palladacycle (Pd(OAc)2 was the catalyst) was formed (Figure 37). Broad 

scope of para olefinated products has been shown by authors and a variety of olefins such as 

unsaturated esters, amide, sulfone and also biological compound as cholesterol have found to be 

suitable with the protocol.  

 

Figure 37: selective functionalization at the para position or arenes 

 

52 Bag S., Patra T., Modak A., Deb A., Maity S., Dutta U., Dey A., Kancherla R., Maji A., Hazra A., Bera M., Maiti D., J. Am. 

Chem. Soc., 2015, 137, 11888ï11891. 
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Figure 38: Broad scope of para olefination. 

Several transformations driven by bulky metal catalysts appeared before the first DG promoted 

protocol. An outstanding example is the first Ruthenium-catalyzed para-hydroxylation of arenes 

developed by Ackermann and co-workers in 2013 (Figure 39).53 The authors avoid the use of a Lewis 

acid based DG by using [RuCl2(p-cymene)]2 as catalyst, PhI(TFA)2 as oxidant and DCE as the solvent 

for the C-H hydroxylation of a wide range of anisole derivatives (Figure 24). Experimental control 

with TEMPO demonstrated that the reaction is likely to involves a single-electron transfer oxidation.  

 

 

53 Liu W., Ackermann L., Org. Lett., 2013, 15, 3484ï3486. 
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Figure 39: C-H hydroxylation of anisole derivatives 

One year later para C-H amination appeared as well. Suna and co-workers reported a Copper(I) 

catalyzed para amination of arenes. This reaction was based on the electron donating strength of the 

para position respect to the electron-donating susbtituents. A variety of functional groups shown an 

high degree of compatibility with the catalytic cycle whose involves an unsymmetrical diaryl-iodane 

intermaediate generated in situ with TIPP-I(OH)OTs and TsOH (Figure 40). Further synthetic utility 

of the protocol has been demonstrated through the synthesis of antibiotic Linezolid.  
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Figure 40: para C-H amination 

Many others para C-H functionalization appeared in last decade and significant efforts were made in 

reaching diverse functionalization in an aromatic ring. Nevertheless, the introduction of the DG 

chemistry allows to overcome problems related to electronical factors and pave the basis for highly 

selective para C-H functionalization.  
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1.12 Aim of the thesis  

This PhD thesis was based mainly on the development of new methodologies for C-H 

functionalization with a focus in arene C(sp2)-H activation. Thanks to an accurate evaluation of the 

template design we envisioned the possibility to use the DG chemistry in order to achieve selective 

ortho  and meta  C-H functionalization of arenes. In all the strategies of C-H activation, palladium 

was chosen as catalyst because is one of the most diffused in directing group assisted 

functionalization. 

Olefination reactions at the ortho and meta position were accessed by a classical Pd(II)/Pd(0) catalytic 

cycle. The first approach to reach the ortho position involved the use a DG for the late stage 

incorporation of unactivated olefins on benzyl phosponamide core since organophosphorus 

compounds are privileged structural motifs which find widespread applications in the field of 

asymmetric catalysis, coupling reaction, pharmaceutical, material and agricultural chemistry. In 

addition, unbiased olefins remain tricky reaction partners rather than classical alkenes containing 

electron-withdrawing group (EWG). The second methodology expected that perfluoro olefins were 

installed at the meta position using a Nitrogen based DG. Importance of fluorine incorporation in 

organic molecules, pharmaceuticals and agrochemicals has been well established as how the 

bioavailability and metabolic stability are commonly increased by substitution with fluorine atoms. 

Nevertheless, late stage functionalization of organic moiety for the synthesis of arenes bearing 

perfluoro alkyl chain at the meta position remained unexplored to date. For this reason we screened 

different DG and reaction conditions in order to reach the desired C-H bond. Furthermore, meta 

perfluoroalkenylation has been expanded on different substituted aromatic rings and also on 

Ibuprofen.  

Beside C(sp2)-H functionalization a third protocol to access a-trifluoromethyl substituted enones 

starting from allene leveraging the highly electrophilic sp hybridized carbon center in allene core 

have been published. Our radical approach involves Langlois reagent and a silver catalyst for the 

formation of and intermediate which could be oxidizes by the atmospheric oxygen and affords the 

desired enone. Fluorine incorporation in this context inspired the above mentioned 

perfluoroalkenylation project of arenes that was published during last year.  
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2  Incorporated unbiased, unactivated aliphatic alkenes in Pd(II)-Catalyzed 

Olefination of Benzyl Phosponamide 

This project, published in ACS Catalysis, 2017, 7 (11), 7732-7736, is here described as an extension of the corresponding 

article 

Several years of research have been spent toward new synthetic strategy in alkenes oxidative coupling 

with arenes, since the discovery of the Mizoroki-Heck reaction.54 

The transition metal catalyzed coupling pioneered by Fujiwara and Moritani in 1967 was the first 

example of  an oxidative functionalization that does not required pre-functionalized starting 

materials.55 High atom economy and efficiency are the main features of this new approach with only 

few limitations such as the regioselectivity problem and the harsh reaction conditions. As depicted in 

Figure 41 the original reaction involved the use of a styrene Pd complex and Benzene in acetic acid. 

Even if the mechanism of the FujiwaraïMoritani reaction is not fully understood the most widely 

accepted mechanism is the most known catalytic cycle presented in Figure 42.56 The cycle proceed 

with the formation of the Aryl -Palladium complex via concerted deprotonation metallation process. 

An olefin then coordinates to the palladium and undergoes a 1,2-migratory insertion, forming the new 

C-C bond.  

A subsequent ɓ-hydride elimination yields the product and a palladium hydride specie; after the 

reductive elimination, Pd(0) is released and in the presence of an oxidant, can be re-oxidized and 

restarts the catalytic cycle. 

 

Figure 41: FujiwaraïMoritani original reaction. 

 

54 Heck R. F., Acc. Chem. Res. 1979, 12, 146-151 

55 Moritani I., Fujiwara Y. Tetrahedron Lett., 1967, 8, 1119-1122. 

56 Davies D. L., Donald S. M. A., Macgregor S. A.,  J. Am. Chem. Soc., 2005, 127, 40, 13754-13755 
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Figure 42: widely accepted mechanism for the FujiwaraïMoritani reaction. 

Based on this innovative reaction several improvements have been achieved during years and 

selectivity issue has been resolved by using a suitable directing group (DG) attached to the arene 

substrates (see chapter 9). Since the DG could give an in situ formation of five- to six-membered 

chelating metallacycle for the ortho C-H functionalization, an explosive interest for activated alkenes 

as coupling partners for CïH olefinations has been witnessed in recent past. Despite all these 

advances, the protocols were limited either to the use of electronically biased olefins or scarcity of 

examples that diminishes the efficacy and compatibility of CïH olefinations with unactivated 

alkenes. While these alkenes remained partially unexplored as reaction partner, during the first year 

we focused our affords on this dearth envisioning the possibility of a CïH bond olefination with 

aliphatic alkenes. Maiti and co-workers in 2014 developed and ortho CïH olefination of phenyl acetic 

acid tethered to 8-aminoquinoline directing group with unactivated alkenes.57 Assuming that a similar 

or the same DG could be used, we realized that organophosphorus compounds are still not addressed 

to date as reaction partner. Organophosphorus compounds are privileged structural motifs which find 

 

57  Deb A., Bag S., Kancherla R., Maiti D., J. Am. Chem. Soc. 2014, 136, 13602-13605. 
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widespread applications in the field of asymmetric catalysis, coupling reaction, pharmaceutical, 

material and agricultural chemistry.58 In this context, we thought to investigate CïH bond olefination 

with aliphatic alkenes of phosphonamide possessing an aminoquinoline directing group since 

unbiased aliphatic alkenes remain the most challenging coupling partners for CïH olefination 

reactions for common organic chemicals including phosphorous containing compounds. A bidentate, 

mono-anionic auxiliary can effectively bind the Pd-center in a bidentate fashion to form a six-

membered palladacycle during the CïH olefination of the arene.  

We started our investigation with a model reaction of benzyl phosphonamide with 1-octene in similar 

conditions of the previous report from Maiti and co-workers.57  

Phosphonamide derivatives have been synthesized following the simply procedure depicted in Figure 

43. Benzylphosphonate was refluxed with SOCl2 to get the crude phosphonyl chloride derivative that 

was used for next step esterification without purification. A subsequently substitution of the chloride 

with 8-aminoquinoline afforded the benzyl phosphonamide usually as a red foam.  

 

Figure 43: Phosphonamide derivatives synthesis. 

Unfortunately, only a trace amount of mono-olefinated product 3a from the olefination test reaction 

(figure 44) was formed so, we started the optimization study.  

 

Figure 44: Olefination test reaction. 

The first parameter we investigated was the external ligand since BINAM wasnôt effective. Itôs well 

established that Mono Protected Amino Acids (MPAA) are widely recognized as versatile ligands 

class in organometallic catalysis and promote C-H activation of generally unreactive substrates such 

as unactivated olefins.59 In this regard we focused our main affords on the MPAA ligands screening.  

 

58  a) Kong, W., Merino E., Nevado C., Angew. Chem. Int. Ed. 2014, 53, 5078-5082; b) Demmer C. S., Krogsgaard-Larsen N., 

Bunch L., Chem. Rev. 2011, 111, 7981-8006; c) Surry D. S., Buchwald S. L., Chem. Sci., 2011, 2, 27-50. 

59 a) Park Y., Niemeyer Z. L., Yu J. Q., Sigman M. S., Organometallics, 2018, 37, 203ī210; b) Engle K. M., Wang D. H., Yu J. Q., 

J. Am. Chem. Soc., 2010, 132, 14137ï14151  
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Figure 45: MPAA ligands screening. 

Almost all the amino acids gave the desired product upward 64% of yield. Acetyl-Valine was found 

the best ligand leading the olefinated product in 85% of yield and 4:1 selectivity ratio between mono-

olefinated and di-olefinated products.  

Traces of another byproduct (1:10 ratio), supposed to be the branched product, has been found. We 

continued the optimization by the screening of the oxidant required to regenerate the Palladium specie 

from Pd(0) to Pd(II). Eight different oxidant agents have been tested before to conclude that Silver 

Carbonate (Ag2CO3) was the most suitable for our protocol since we got an NMR yield of 73% of 

mono-olefinated product over the 11% of di-olefinated arene.   
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Figure 46: oxidant screening. 

Figure 47 shows different trials with several bases. Sodium hydrogen carbonate has been resulted 

effective and remained the best base for the amide deprotonation followed by the formation of the 

intermediate Palladacycle.  

 

 

 

 

 

 

 

 

 

 

 

Figure 47: Base screening. 

By diminishing the equivalent of base and oxidant from 2 to 1.5 equivalents, respectively, an increase  

in the reaction yield up to 77% of the mono-olefinated product has been noticed (Figure 48 and 49). 

Entry Oxidant Yield % (mono) Yield % (di) 

1 AgOAc 61 15 

2 Ag2CO3 73 11 

3 AgI 53 16 

4 BQ 68 17 

5 Cu(OAc)2 43 19 

6 CuCl2 38 9 

7 K2S2O8 35 4 

8 CuBr 42 11 

Entry Base Yield % (mono) Yield % (di) 

1 Na2CO3 58 18 

2 K2CO3 55 21 

3 NaOAc 53 11 

4 KOAc 48 13 

5 NaHCO3 73 11 

6 K3PO4 42 19 

7 Cs2CO3 35 12 

8 KHCO3 63 13 
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This was might due to avoidance of byproducts formation or to the less degradation of the product 

owing to the reagent excess.  

 

 

 

 

 

 

 

 

 

 

Figure 48:Amount of base variation 

 

 

 

 

 

 

 

 

 

 

Figure 49:Amount of oxidant variation 

 

 

Finally, we fixed the reaction time at 36 hours in order to obtain the best condition with 80% of 

yield (Figure 50).  

Entry NaHCO3 (equiv) Yield % (mono) Yield % (di) 

1 0.5 68 16 

2 1.0 72 14 

3 1.5 75 7 

4 2.0 73 13 

5 2.5 73 14 

6 3.0 72 19 

Entry Ag2CO3 (equiv) Yield % (mono) Yield % (di) 

1 0.5 71 13 

2 1.0 77 11 

3 1.5 77 7 

4 2.0 76 11 

5 2.5 75 12 

6 3.0 72 14 
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Figure 50: Reaction time evaluation. 

Best reaction conditions are summerized in Figure 51 and provide the use of Pd(OAc)2 as catalyst, 

Ac-Val-OH as ligand, Ag2CO3 as oxidant, NaHCO3 as base and DCE as reaction solvent. In order 

to envision all the possibility nitrogen based DGs, we tested other heterocycles but without any 

positive results. 

 

Figure 51: Best reaction conditions. 

With the optimized condition in our hands, we next extended the scope of the reaction starting from 

structurally diverse unactivated olefins. 

The terminal aliphatic alkenes with different chain length (Figure 52) afforded the corresponding 

CīH olefinated products in good yields with high linear/branch selectivity (3aī3h).  

Entry Time (h) Yield % (mono) Yield % (di) 

1 18 74 5 

2 24 77 7 

3 36 80 8 

4 48 79 11 
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Figure 52: Olefins variation. 

 

Cycloalkanes-linked terminal alkenes such as vinylcyclohexane and allylcyclohexane were found 

suitable for the reaction (3g and 3h). Furthermore, asymmetric diene 3f with an hindered olefin tail 

was incorporated at the ortho position as a single isomer. 
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Figure 53: Broad olefins scope. 

The scope of our protocol was further extended to other different functionalized aliphatic alkenes 

(Figure 53). As shown an high degree of functional groups compatibility was observed in this 

catalytic process. An unconjugated diterminal alkene was installed at ortho position selectively (3i). 

Other functional groups such as ester (3j, 3k, and 3l), nitrile (3m), amide (3p) were installed on the 

benzyl phosphonamide core and provided the corresponding olefinated products in synthetically 

useful yields. More sensitive functional groups such as ether (3n) and tosyloxy (3o) were also 

tolerated rendering the approach more versatile for the late stage functionalization.  

In order to make the scope broader electronically and structurally different benzyl phosphonamides 

and aliphatic alkenes (Figure 54) have been tested.  
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Figure 54: Electronically and structurally different benzyl phosphonamides and aliphatic alkenes 

scope. 

Irrespective of the position of the substituent groups, benzyl phosphonamides containing both the 

electron-donating and moderate electron-withdrawing groups were found to undergo olefination with 

good yields.  

Furthermore, the functional groups, usual sensitive to this kind of reaction, such as alcohol (3t), ether 

(3aa), and ester (3ac) were comfortable with the catalytic system. Even the halogenated 

phosphonamides (3ab-3af) neither underwent Heck reaction nor proto-dehalogenation and were 

well-tolerated, enabling a late functionalization for further synthetic manipulation. Ortho substituted 

benzyl phosphonamides exclusively formed the corresponding styrenyl derivatives (3vī 3y), and no 

allylic selectivity was observed. Meta-Substituted phosphonamides did not affect the reaction and the 

respective olefinated products (3z and 3aa) occurred regioselectively at the less hindered ortho-

position.  
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Bulky aliphatic alkene as reaction partner could also be employed, which has been exemplified by 

the incorporation of  a bioactive compound as the vitamin E derivative (3ac).  

The benzyl phosphonamide substituted with nitro group did not react under the standard reaction 

condition and only unreacted starting material was recovered. As reported in figure 52, 53, and 54, in 

some cases Z-isomers were obtained, however it has been observed that their formation was neither 

dependent on electronic influence on the aromatic ring of phosphonamide or aliphatic alkenes nor 

steric effects but further study will be conducted in our laboratories in order to collect more data.  

Despite the high versatility of the presented protocol, internal alkenes and 1,1ǋ-disubstituted alkenes 

did not work presumably due to their steric hindrance. Since the possibility to get a di-olefination has 

been shown up (3ad) the synthetic utility of the present strategy was further investigated by 

synthesizing hetero-bis-olefination compounds in a sequential fashion (Figure 55). Due to the 

differences in electronic and steric behaviors of the mono-olefinated derivatives compared to the 

starting phosphonamides, a second olefination reaction seems to pose inherent challenge. Despite 

these potential difficulties, various unsymmetrical hetero-bis-olefinated products were synthesized 

under the present catalytic condition. A variety of nonfunctionalized as well as functionalized alkenes 

were incorporated at the ortho CīH bond of the preinstalled mono-olefinated benzyl phosphona-

mides in good to excellent yields (4aī4e) and thus reflects the efficiency of this powerful method. 

The potential application of this transformation was supported by a ñgramò-scale reaction of 1a with 

1-hexadecene 2d.  

 

Figure 55: Sequential hetero di-olefination. 
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In order to determine the rate of the CīH olefination reaction, kinetic experiments were performed 

individually with respect to phosphonamide and unactivated alkene.  

It was observed that the phosphonamide exhibited first-order kinetic, rather than the aliphatic alkene 

that followed zero order kinetics (Figure 56).  

 

 

Figure 56: Kinetic experiments. 

 

Figure 57: Competition experiment for the RDS evaluation. 

To get an insight about the Rate Determing Step (RDS) of the catalytic cycle an intermolecular 

competition experiment between [D7]-1a and 1a with 2d has been studied. [PH/PD] 3.57 value has 

been calculated, suggesting that C-H activation is the RDS (Figure 57). 

More detailed study such as significant kinetic isotope effect (KIE) has also been measured in order 

to confirm the previous results.  

In two different flasks parallel reactions of 1a and 1a-[D7] with 2a (Figure 58) have been conducted. 

kH/kD value result in 3.26 and both these results indicate the CīH activation as the rate-determining 

step of the olefination reaction.  
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Figure 58: KIE study. 

Based on the experimental results, a plausible mechanism for the palladium catalyzed ortho CīH 

olefination of benzyl phosphonamides with unactivated alkenes is proposed in Figure 59.  

The catalytic cycle starts with the coordination of Pd(II) to the bidentate monoanionic chelating 

auxiliary 8-amino-quinoline, through the assistance of base, followed by the insertion of Pd(II) center 

to the ortho CīH bond of phosphonamide to form the six-membered palladacycle II. 

Olefin binding to II and 1,2-migratory insertion generates two regio-isomeric cyclo-palladated 

species IV and V. The ɓ-hydride elimination affords the olefinated product 3, followed by reductive 

elimination to generate Pd(0), which is oxidized to Pd(II) aided by Ag(I) and completes the catalytic 

cycle. The preferential attack by the CīPd bond in III to the less-hindered position of the olefin out 

of two olefinic sites (Ŭ or ɓ) is responsible for the two species IV, V and accounts for the linear/branch 

selectivity.  
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Figure 59: plausible mechanism for the palladium catalyzed ortho CīH olefination. 

In conclusion, Pd(II)-catalyzed chelating-group-assisted ortho CīH olefination of benzyl 

phosphonamide with unactivated aliphatic alkenes has been developed. The broad substrate scope 

with phosphonamides as well as aliphatic alkenes provided generality of the catalytic condition with 

excellent  linear/branch selectivity. The versatility is further proved by the implementation of 

challenging sequential hetero-bis-olefinations, by the ñgramò-scale synthesis which demonstrates the 

applicability of the present transformation. 
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3 Direct meta-C-H Perfluoroalkenylation of Arenes Enabled by a Cleavable 

Pyrimidine-Based Template 

This project, published in Chem. Eur. J., 2019, 25, 1-6, is here described as an extension of the corresponding article 

Fluorine-containing compounds are known to play a pivotal role in pharmaceutical/medicinal 

chemistry, but also in agrochemical and material sciences. Itôs easy to inquire why 20ï25% of drugs 

in the pharmaceutical pipeline contain at least one fluorine atom.60 First example of fluorinated drug 

is the antineoplastic agent 5-fluorouracil (Figure 60) a noted antimetabolite with high anticancer 

activity by inhibiting the enzyme thymidylate.61 

 

Figure 60: Bioisosteric fluorine containing bioactive compounds. 

After this discovery, the rush to fluoride started and big progresses in this area have been achieved 

by the development of new fluorination processes mediated by new fluorinating agents. The climax 

for the use of fluorine substitution in drug design occurred with several drugs production in the 

pharmaceuticals market. Among others, Fluoxetine (antidepressant), Faslodex (anticancer), 

Flurithromycin (antibacterial) and Efavirenz (antiviral) illustrate the wide range of disease areas 

benefiting from fluorine chemistry and highlight the hugeness of the structural diversity of the 

fluorinated molecules (Figure 60). Top selling drug Fluoxetine, more commonly known as Prozac, 

was approved by the Food and Drug Administration (FDA) in December 1987, and grew until it came 

the most prescribed antidepressant drug worldwide, achieving annual sales for one billion US 

dollars.60 

It is indeed noteworthy that fluorine and in particular the incorporation of C-F bonds into organic 

molecules strongly influence their properties such as thermal stability, high chemical inertness and 

solubility in organic solvents.62 Many effects can be tailored by fluorine incorporation since it acts  

 

60 Purser S., Moore P.R., Swallow S., Gouverneur V., Chem. Soc. Rev., 2008, 37, 320ï330. 

61 Heidelberger C., Chaudhuri N. K., Danneberg P., Mooren D., Griesbach L., Duschinsky R., Schnitzer R. J., Nature, 1957, 179, 

663. 

62 a) Purser S., Moore P. R., Swallow S., Gouverneur V., Chem. Soc. Rev. 2008, 37, 320ï330; b) Furuya T., Kamlet A. S., Ritter T., 

Nature 2011, 473, 470ī477; c) Yamamoto K., Li J., Garber J. A. O., Rolfes J. D., Boursalian G., Borghs J. C., Genicot C., Jacq J., 

van Gastel M., Neese F., Ritter T., Nature, 2018, 554, 511-514; 
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on properties of organic compounds. It is well known that fluorineôs size, electronegativity, 

lipophilicity and electrostatic interactions can dramatically influence chemical reactivity. 

It is known that even a single fluorine atom insertion in a small molecule can completely change 

biological properties of a natural or pharmaceutical product. Relevant example might be the mono 

fluoroacetic acid biological properties variation, over the classical ones of the acetic acid. 

Fluoroacetic acid (Figure 61) is in fact lethal for humans since it interferes with the Citric Acid Cycle; 

it was also used date back like rat poison.63  

 

Figure 61: fluoroacetic acid. 

This shown how only a single fluorine atom could affect a metabolic cascade and generally a 

prediction of the biological activity of organic compounds is rather subtle and difficult.  

Despite the amount of research reports and medicinal data accumulated which allow making some 

general predictions about an expected biological activity, fluorine scan is still a routine approach in 

drug candidates development. Affection of acidity, basicity, and lipophilicity can strongly influence 

binding affinity; pharmacokinetic properties of the candidates, bioavailability and metabolic stability 

are commonly increased by substitution with fluorine atoms.64  

Alkenes and aromatic moieties bearing perfluorinated tails are widely used as a stable isosteric and 

isoelectronic mimics of the amide bond, and bioisosteres in structure/activity relationship studies.65 

Although of great importance, the synthesis of perfluoroalkenylated arenes through the incorporation 

of fluoroalkyl chains has remained an outstanding challenge. Few strategies for the preparation of 

these structural motifs, such as the classical cross-coupling reaction, have been shown to be 

effective.66  Leitner and co-workers synthesized the perfluorinated aryl bromides, which were key 

building blocks for the  synthesis of arylphosphanes, by a CuI-catalyzed coupling of the mono 

Grignard reagents from dibromides with perfluorinated alkyl iodides (Figure 62 a).  

 

63 Peters R., Proceedings of the Ciba Foundation Symposium on Carbon-Fluorine Compounds: Chemistry, Biochemistry, and 

Biological Activities; Elsevier: Amsterdam, 1972; pp 55ī76.  

64 Wang J., S§nchez-Rosell· M., Ace¶a J. L., del Pozo C., Sorochinsky A. E., Fustero S., Soloshonok V. A., Liu H., Chem. Rev. 

2014, 114, 2432ī2506. 

65 Tobisu M., Xu T., Shimasaki T., Chatani N., J. Am. Chem. Soc., 2011, 133, 19505-19511; b) Yasu Y., Koike T., Akita M., Angew. 

Chem. Int. Ed. 2012, 51, 9567-9571; c) Tomita R., Yasu Y., Koike T., Akita M., Angew. Chem. Int. Ed. 2014, 53, 7144-7148; d) 

Tiwari D.T., Dabral S., Wen J., Wiesenthal J., Terhorst S., Bolm C., Org. Lett. 2017, 19, 4295ī4298; 

66 a) Kainz S., Koch D., Leitner W., Baumann W., Angew. Chem. Int. Ed. 1997, 36, 1628ï1630; b) Betzemeier B., Knochel P., 

Angew. Chem. Int. Ed. 1997, 109, 2623ï2624. 
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In the same year Knochelôs group presented a copper mediated coupling between iodoaniline and  

perfluorinated alkyl iodides (Figure 62 b). 

 

Figure 62: CuI-catalyzed  coupling of the mono Grignard reagents 

As expected, the existing methods usually require prefunctionalization of substrates or employment 

of non-readily available starting materials. Although, Hoarau and co-workers developed a palladium- 

and copper-Catalyzed stereo controlled direct C-H fluoroalkenylation of heteroarenes using gem-

bromofluoroalkenes67 (Figure 63); this and the previous methods often suffer from low regio- or 

stereoselectivity and poor functional group tolerance due to the employment of sensitive reagents. 

 

 

Figure 63: palladium- and copper-Catalyzed stereo controlled direct C-H fluoroalkenylation. 

Therefore, new synthetic strategies featuring high efficiency and mild conditions are highly desirable. 

Over the past decades, transition metal catalyzed C-H bond functionalization has been established as 

an effective strategy in late-stage functionalization of pharmaceuticals and bioactive molecules (see 

chapter 3). As we already mentioned, to achieve site-selective C-H bond functionalization at a desired 

position, directing group (DG) approaches have been employed.68 Extensively, the ortho-C-H bond 

has been studied, while distal meta- and para-C-H bonds have been much less addressed. 

In the past few years, meta-selective CïH functionalizations of arenes have been accomplished by 

exploiting the inherent steric and electronic properties of substrates, or by designing suitable 

 

67 Schneider C., Masi D., Couve-Bonnaire S., Pannecoucke X., Hoarau C., Angew. Chem. Int. Ed. 2013, 52, 3246ī3249 

68 a) Murai S., Kakiuchi F., Sekine S., Tanaka Y., Kamatani A., Sonoda M., Chatani N., Nature 1993, 366, 529-531; b) Rouquet G., 

Chatani N., Angew. Chem. Int. Ed. 2013, 52, 11726-11743; c) Aihara Y., Chatani N., J. Am. Chem. Soc. 2014, 136, 898-901. 
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templates.69 In this context, direct C-H perfluoroalkenylation of arenes is an important route in terms 

of both atom and step economy. 

Recently, Loh and co-workers reported an highly effective rhodium(III)-catalysed Ŭ-

fluoroalkenylation of (hetero)arenes through CïH/CïF bond activations. The ortho-C-H 

functionalization of indole mediated by a pyrimidine group proceeded in a base- and oxidant-free 

environment and a diverse range of synthetically useful and pharmaceutically compounds have been 

delivered with the reported protocol (Figure 64).70  

 

Figure 64: Rhodium(III)-catalysed a-fluoroalkenylation of (hetero)arenes 

Ackermann elegantly reported the ortho-C-H fluoroalkenylation of arenes via C-F bond activation:  

 

 

Figure 65: First example of manganese-catalyzed CīF/CīH functionalization. 

this is the first example of manganese-catalyzed CīF/CīH functionalization in a versatile 

manganese(I)-catalyzed organometallic CīH activation (Figure 65).71 Authors demonstrated the 

versatility of the protocol with a broad scope which include synthetically meaningful ketimines as 

well as amino acids and peptides.  

Intriguingly, the meta-functionalization of arenes using sterically demanding electrophilic 

perfluoroalkenes remains a difficult task, owing to the formation of highly strained macrocyclic 

transition states (TSs). Despite its potential application, the distal meta-C-H perfluoroalkenylation 

has not been reported yet. Due to this lack in literature and our continuous effort to reaching out to 

 

69 a) Leow D., Li G., Mei T.-S., Yu J.-Q., Nature 2012, 486, 518-522; 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; c) Deng Y., Yu J.-Q., Angew. Chem. Int. Ed. 

2015, 54, 888-891; d) Maji A., Bhaskararao B., Singha S., Sunoj R. B., Maiti D., Chem. Sci. 2016, 7, 3147-3153. 

70 Tian P., Feng C., Loh T.-P., Nat. Commun. 2015, 6, 7472-7478 

71 Zell D., Dhawa U., M¿ller V., Bursch M., Grimme S., Ackermann L., ACS Catal. 2017, 7, 4209ī4213 
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the distal meta-C-H bond, we envisioned a Pd-catalyzed meta-CïH perfluoroalkenylation of arenes 

using readily available fluorinated partners (Figure 66).  

 

Figure 66:aim of the work.  

We focused our initial efforts on the pyrimidine-based template which has recently been used for 

different meta-selective C-H functionalizations.72 We initiated our investigations on a model substrate 

1a (R = m-Me) with the benzylsulfonyl unit and perfluorohexene as coupling partners.  

 

Figure 67: Benzylsulfonyl scaffold preparation. 

Benzylsulfonyl scaffold was prepared following a general procedure depicted in Figure 67: 

2-(pyrimidin-5-yl)phenol and triethylamine were dissolved in dichloromethane and 

phenylmethanesulfonyl chloride was added to get the chloride substitution and the desired product 

1a. 2-(pyrimidin-5-yl)phenol could be synthesized by a Suzuki coupling between 5-Bromopyrimidine 

and 2-Hydroxy phenylboronic acid, whereas the sulfonyl chloride could be obtained by a reaction 

with the desired benzyl chloride and thiourea. The chlorination process using NCS afforded the 

reaction partner. 

 

72 a) Bag S., Jayarajan R., Dutta U., Chowdhury R., Mondal R., Maiti D., Angew. Chem. Int. Ed. 2017, 56, 12538-12542; b) Bag S., 

Jayarajan R., Mondal R., Maiti D., Angew. Chem. Int. Ed. 2017, 56, 3182ï3186; c) Jayarajan R., Das J., Bag S., Chowdhury R., 

Maiti D., Angew. Chem. Int. Ed. 2018, 57, 7659ï7663; d) Dey A., Sinha S. K., Achar T. K., Maiti D., Angew. Chem. Int. Ed, 2019, 

doi::10.1002/anie.201812116; e) Bag S., Petzold M., Sur A., Bhowmick S., Werz D., Maiti D., Chem. Eur. J. 2019, 

doi:10.1002/chem.201901317. 

https://doi.org/10.1002/chem.201901317
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Figure 68: first attempt of meta-perfluoroalkenylation reaction. 

The perfluoroalkenylation test reaction was carried out in dichloroethane using Pd(OAc)2 (10 mol%) 

as catalyst, mono-protected amino acid (MPAA) N-Ac-Gly-OH (20 mol%) as ligand, and AgOAc as 

oxidant at 90 °C. The desired perfluoroalkenylated product was obtained in 45% yield with complete 

meta selectivity (Figure 68).  

Encouraged by this result, we started the optimization of the reaction conditions.  

 

Entry Ligand NMR Yield (%) 

1 Ac-Ala-OH 24 

2 Ac-DL-Val-OH 5 

3 Ac-Phe-OH 30 

4 Ac-L-Leu-OH 9 

5 N(a)-Ac-L-Lys-OH <5 

6 N-Boc-Gly-OH 11 

7 Ac-Gly-OH 45 

Figure 69: Ligand screening. 

Since ligand is essential for this kind of C-H activation we started our optimization study screening 

different MPAA. NMR yield with 1,3,5 trimethoxy benzene as internal standard was calculated and  

N-Ac-Gly-OH remained the best solution for our protocol.  
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Figure 70:Oxidant screening. 

Next, we moved throughout the oxidant screening (Figure 70). Oxidant was required to regenerate 

the catalyst since we suppose that the catalytic cycle was Pd(II)/Pd(0). Actually the silver carbonate 

(Ag2CO3) proved to be the most effective and provided meta-perfluoroalkylated product 2a in 59% 

yield. 

 

Entry Oxidant NMR Yield (%) 

1 AgOAc 45 

2 Ag2O - 

3 Ag2SO4 - 

4 Ag2CO3 59 

5 AgNO2 - 

6 AgOAc + K2S2O8 (1.0 equiv) 36 

7 AgOAc + TEMPO (1.0 equiv) - 

8 AgOAc + MnO2 (1.0 equiv) 29 

Entry Solvent NMR Yield (%) 

1 HFIP:DCE (1:1) 60 

2 HFIP 69 

3 Toluene <5 

4 TFE 35 

5 DMF - 

6 MeCN - 



 

 60 

Figure 71:Solvent screening. 

Last variable tested was the solvent: testing various solvents, an increase of the yield to 69% was 

achieved by using hexafluoroisopropanol (HFIP).  

 

 

Figure 72: DG screening. 

In order to envision all the possible scenarios for the perfluoroalkenylation reaction we screened 

different DGs, T1, T2 and T3 (Figure 72), respectively. As expected pyrimidine based DG was the 

best one with an NMR yield of 50% over the 35% of yield of T2 nitrile based DG. Para methoxy 

nitrile DG didnôt afford the desired product in detectable yield.  

Subsequently, the scope of this transformation was examined under these optimized conditions. First, 

we evaluated several perfluorinated olefins. Terminal alkenes with different lengths were found to be 

suitable reaction partners leading to the perfluoroalkenylated products 2a-2c in 69-83% yield. 

Interestingly, heptafluoro-5,5-bis(trifluoromethyl)-1,3-octadiene has been incorporated at the meta-

position in synthetically useful yields (2d, 2e, 2f, and 2g). The presence of a bromine atom in product 

2c might be effective for a late stage functionalization.  

Applicability of the protocol has been demonstrated with two different gram-scale reactions using 1a. 

While a slightly higher reaction temperature was required to achieve the desired conversion, products 

Entry Directing Group NMR Yield (%) 

1 T1 50a 

(mono:di 5:1) 

2 T2 35 

3 T3 Traces 
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2a and 2g, respectively, were isolated in 58% and 67% yields. Next, we tested different substituted 

benzylsulfonyl esters with perfluorohexene (Figure 73). It was observed that the trifluoromethyl 

group at meta-position did not affect the reaction protocol (2l). In contrast, bulkier substituents at the 

ortho (2h, 2i, 2m and 2n) or para (2j and 2k) positions resulted in a slight decrease of the yield, 

probably because of steric repulsions affecting the metallacycle formation and/or due to ineffective 

olefin insertion. Nevertheless, this drawback was partially overcome by changing the perfluorinated 

olefin partner as shown in Figure 73; moderate to good yields were obtained (2p-2z). 
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Figure 73: Scope with different substituted arenes and perfluorolefin partners. 
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To demonstrate the versatility and improve our developed protocol, we expanded our study to other 

linkers (Figure 74).  

 

Figure 74: linker length study 

Interestingly, a substrate with ethane tether (instead of CH2SO2) furnished a higher yield of the 

respective product 3a than in the analogous reaction to 2a. The perfluoroalkenylation reaction was 

found to be feasible with a wide range of substituted ethyl arenes and perfluorinated olefins affording 

compounds 3a-3i in yields up to 98%. Additionally, we extended the linker length to propyl and 

pentyl tethers affording different meta-perfluorinated products 3j-3p in moderate to good yields. 

Furthermore, we investigated whether this meta-C-H activation process is also possible when 

phenylacetic acid derivatives are employed. Since phenylacetic acid is an important motif in drugs 

(i.e. -prufen type drugs), we subjected the respective esters to our catalytic protocol (Figure 75). 

Fortunately, the reaction did not afford any transesterification product. Thus, six different 

phenylacetic acid esters were transformed into products 4a-4f including derivatives with methyl, 

methoxy and fluorine substitution at the arene. 
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Figure 75: Phenylacetic acids perfluoro olefination. 

To obtain sequential perfluoroolefination in a position-selective manner, mono-perfluoroalkenylated 

products were tested. With the prefunctionalized mono-olefinated products (Scheme 1, 2o and 

Scheme 2, 3i), various fluoro-olefins were incorporated at the remaining meta-position in an 

exclusive manner with preparatively useful yields under the present reaction conditions (5a-5e; 

Figure 76). 

 

Figure 76: Hetero di-perfluorolefination. 

 

To showcase that this transformation can also be used for the derivatisation of pharmaceuticals, 

Ibuprofen (1e) was attached to the pyrimidine-based directing group and submitted to the 
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perfluoroalkenylation protocol. The presence of the benzylic substituent (Me) and the bulky group 

(iBu) were not found to be a hindrance for the catalytic cycle; reactions proceeded smoothly leading 

to 6a and 6b (Figure 77). 

 

Figure 77: Ibuprofen C-H pefluoroalkenylation. 

Finally, the template could be removed in a traceless fashion as depicted in Figure 78 affording the 

free acid 7a in 96% yield or the transesterificated product 7b. Barium hydroxide have been employed 

for the hydrolisis of the ester for the free acid generation.  

 

Figure 78: DG removal. 

To get insights into the reaction mechanism, a kinetic study was conducted. A competition experiment 

between 1i and the deuterated analog 1i-D5 resulted in a PH/PD value of 1.5, which indicates that the 

C-H activation step is not the rate-determining step (Figure 79).73 An ESI-HRMS analysis of the 

reaction without olefin suggested the formation of a palladacycle (intermediate III , Figure 80). 

 

73 Bag S., Jayarajan R., Mondal R., Maiti D., Angew. Chem. Int. Ed. 2017, 56, 3182ï3186 
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Figure 79: competition reaction experiment. 

On the basis of these results and previous literature reports, a plausible catalytic cycle is depicted in 

Scheme 8. The pyrimidine-based DG coordinates the mono-protected amino acid (MPAA)-ligated 

palladium catalyst (intermediate II) and activates the meta-C-H bond (probably through a concerted 

metalation/deprotonation step) affording the macrocyclic intermediate III. The olefin binding to the 

cyclopalladated compound is followed by 1,2-migratory insertion that leads to intermediate V. ɓ-

Hydride elimination provides the desired perfluoroalkenylated product VI and Pd0. The latter is 

reoxidized by stoichiometric silver(I) and is able to start a new catalytic cycle (Figure 80). 
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Figure 80: proposed catalytic cycle for the meta C-H perfluoroalkenylation. 

In conclusion, we reported the first palladium-catalyzed highly selective meta-C(sp2)-H 

perfluoroalkenylation of arenes. The choice of a pyrimidine-based directing group is found to be 

crucial, giving a high degree of compatibility with perfluoroolefins of different nature. The synthetic 

versatility of the protocol was demonstrated by a broad substrate scope including different 

benzylsulfonyl, alkylaryl and phenylacetic acid scaffolds. Ibuprofen C-H perfluoroalkenylation, 

facile cleavage of the DG and gram-scale reactions demonstrate the practical value of this procedure. 
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4 Trifluoromethylation of Allenes: An Expedient Access to Ŭ-

Trifluoromethylated Enones at Room Temperature 

This project, published in Chem. Eur. J., 2019, 25, 750-753, is here described as an extension of the corresponding article 

Beside the arene sp2 functionalization an unsual C-C and C-H functionalization has been explored.  

The new strategy involves the sp hybridized carbon of the allenes. The highly electrophilic sp 

hybridized carbon center in allene core structure is expected to be reactive towards the radical 

species74 and in particular we envisaged the idea of the trifluoromethyl radical. As described in the 

previous chapter the ubiquity of carbon fluorine bond (C-F)75 in myriads of pharmaceuticals, 

agrochemicals and functional materials has inspired chemists to develop numerous 

trifluoromethylation strategies over the years.76 Trifluoromethyl radical based methods have been 

found captivating in recent years due to the reactivity of this kind of radical in several processes 

which involve mild reaction condition and accessible resources.77 

 

Figure 81: 6-trifluoromethyl-phenanthridines synthesis through radical trifluoromethylation of 

isonitriles. 

Studer and co-workers in 2013 reported a 6-trifluoromethyl-phenanthridines synthesis through 

radical trifluoromethylation of isonitriles.78 Reaction proceeded with 5% mol. of Bu4NI as initiator in 

1,4-dioxane at 80°C. The metal free radical process uses the commercially available Togni reagent 

as precursor of the CF3 radical. The first step of the reaction is the CF3 radical formation so it could 

react with the isonitrile to afford intermediate A (Figure 82) which cyclizes to give the 

 

74 a) Tsuchii K., Imura M., Kamada N., Hirao T., Ogawa A., J. Org. Chem. 2004, 69, 6658; b) Zhu N., Wang F., Chen P., Ye J., G. 

Liu, Org. Lett. 2015, 17, 3580. 

75 a) Ller K. M., Faeh C., Diederich F., Science 2007, 317, 1881; b) Hiyama T., Organofluorine Compounds: Chemistry and 

Applications,Springer, Berlin, 2000; c) Fluorine in Medicinal Chemistry and Chemical Biology (Eds.: I. Ojima), Wiley-Blackwell, 

Chichester, 2009. 

76 a) Cho E. J., Senecal T. D., Kinzel T., Zhang Y., Watson D. A., Buchwald S. L., Science 2010, 328, 1679; b) Wei X.-J., Boon W., 

Hessel V., No±l T., ACS Catal. 2017, 7, 7136; 

77 Zhu R., Buchwald S. L., J. Am. Chem. Soc. 2012, 134, 12462; b) Ambler, B. R., Altman R. A., Org. Lett. 2013, 15, 5578; c) Yasu 

Y., Koike T., Akita M., Angew. Chem. Int. Ed. 2012, 51, 9567; d) Tomita R., Koike T., Akita M., Angew. Chem. Int. Ed. 2015, 54, 

12923; e) Ambler B. R., Peddi S., Altman R. A., Org. Lett. 2015, 17, 2506. 

78 Zhang B., Muck-Lichtenfeld C., Daniliuc C. G.l, Studer A., Angew. Chem. Int. Ed. 2013, 52, 10792 
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cyclohexadienyl radical B. Deprotonation by ArylCO 2- specie and Single Electron Transfer (SET) 

with the Togni reagent give the product I .  

 

Figure 82: Proposed mechanism of the trifluoromethylation. 
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Figure 83: trifluoromethylation of aromatic and heteroaromatic compounds using potassium 

trifluoroacetate. 

Another elegant example is the trifluoromethylation of aromatic and heteroaromatic compounds 

using potassium trifluoroacetate enabled by a flow system from S. Buchwald.79 Authors proposed a 

simple and scalable method for the trifluoromethyl group introduction into aromatic system. This was 

the first example of an aromatic trifluoromethylation conducted in flow that involves a highly handle 

CF3 source such as CF3CO2K salt. Moreover, the use of the flow chemistry as exemplified in figure 

83 needed very short reaction time in order to achieve the full conversion of the starting materials. 

Among the substrate scope trifluoromethyl-pyrazole has been addressed since it is the core unit of 

many pharmaceuticals, agrochemicals, and potential drug candidates (e.g., Celecoxib, Mavacoxib, 

Razaxaban, SC-560).80  

Although their advantageous features a number of important trifluoromethylated scaffold synthesis 

still remain unaddressed.  In this scenario, a-trifluoromethyl substituted enones have been shown to 

be important and received significant attention in recent years due to their presence in many 

pharmaceutical and bioactive molecules.81 

Focusing on this dearth, we based our approach on a previous Ŭ-trifluoromethylation protocol 

developed in Maitiôs lab. This method was used to access Ŭ-CF3 substituted ketones from simple 

unactivated olefins and alkynes using an inexpensive radical trifluoromethylating source as 

Langloisôs reagent (NaOSOCF3) at room temperature (Figure 84).82   

 

79 Chen M., Buchwald S. L., Angew. Chem. Int. Ed. 2013, 52, 11628 

80 Lamberth C., Heterocycles, 2007, 71, 1467. 

81 a) Zhu W., Wang J., Wang S., Gu Z., Acen J. L., Izawa K., Liu H., Soloshonok V.A., J. Fluorine Chem.  2014, 167, 37. b) 

Chadalapaka G., Jutooru I., McAlees A., Stefanac T., Safe S., Bioorg. Med. Chem. Lett. 2008, 18, 2633. 

82 a) Deb A., Manna S., Modak A., Patra T., Maity S., Maiti D., Angew. Chem. Int. Ed. 2013, 52, 9747; b) Maji A., Hazra A., Maiti 

D., Org. Lett. 2014, 16, 4524. 
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Figure 84: Ŭ-CF3 substituted ketones from simple unactivated olefins and alkynes using Langloisôs 

reagent 

Aromatic, heteroaromatic and aliphatic alkenes have been transformed in the relative 

trifluoromethylated products with the use of the trifluoromethylating agent and catalytic oxidizing 

agents like AgNO3 and potassium persulfate in an open air reaction. The same protocol has been 

applied also on terminal alkynes always for the Ŭ-trifluoromethyl ketones synthesis. Several 

heterocycles have been tolerated starting from the alkynes rather than alkenes and the supposed 

radical pathway was further demonstrated by a trapping experiment (Figure 85). Authors employed 

P(OEt)3 as a selective trapping agent for vinylic radical intermediates in order to quench the Ŭ-

styrenyl radical intermediate which was presumed to be formed during the reaction.  

 

 

Figure 85: radical pathway demonstrated by a trapping experiment. 

Based on these previous experiments, we envisaged the possibility of accessing a-trifluoromethyl 

substituted enones starting from allene. As mentioned, the highly electrophilic sp hybridized carbon 
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center in allene core structure is expected to be reactive towards the trifluoromethyl radical. High 

regio- and stereo selectivity of product were expected due to the unique structural feature of allenes.83 

Several works in literature reported the reactivity of the allenes with radical species which it could be 

better understood in the catalytic cycle of a trifluoromethylation reaction depicted in figure 86.  

CF3 radical specie could be trapped by the highly electrophilic sp hybridized carbon center of the 

allene giving CF3-allyl radical species with high regioselectivity. The addition of CF3 radical to allene 

originally generated the corresponding two allyl radical intermediates (int.I and int.II) with poor 

selectivity. Then, species int.II would isomerize to int.I, which is relatively thermodynamically stable, 

because of the steric hindrance between the aryl and CF3 group. General nucleophile could then react 

with the terminal carbon that is the more reactive due to the lack of the benzylic conjugation.  

 

 

Figure 86: catalytic cycle of a trifluoromethylation reaction involving the allene core. 

In this context, the development of regioselective trifluoromethylation of allenes to access a-

trifluoromethyl substituted enones by direct radical based C-H functionalization approach could 

become one of the highly appealing and useful synthetic strategy.  

 

83 a) Tsuchii K., Imura M., Kamada N., Hirao T., Ogawa A., J. Org. Chem. 2004, 69, 6658; b) Zhu N., Wang F., Chen P., Ye J., Liu 

G., Org. Lett. 2015, 17, 3580; c) Yu Q., Ma S., Chem. ï Eur. J.  2013, 19, 13304; d) Wang Y., Jiang M., Liu J.-T., Adv. Synth. Catal. 

2014, 356, 2907. e) Tomita R., Koike T., Akita M., Chem. Commun. 2017, 53, 4681. 
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Figure 87: overview of regioselective trifluoromethylation of allenes. 

Allenes have been prepared following one of the three reaction protocol shown in Figure 88. Method 

A passes through dibromocyclopropanes formation from alkenes followed by an addition of a 

Grignard reagent (EtMgBr) which give, after a transmetalation, the collapse to obtain the desired 

allene. 

Method B is the classic Crabbe reaction: an alkyne is treated with paraformaldehyde, Copper Iodide, 

and a secondary amine to give the allene.  

Method C was used for the internal allenes and the reaction start with the tosylhydrazone formation 

from the corresponding aldehyde. Subsequently, copper mediated coupling in Dioxane afforded the 

internal allene. Detailed information about the choice of the suitable protocol for the target allene 

specie will be reported in the experimental section. 
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Figure 88: Synthesis of terminal and internal allenes. 

At the outset of this study, phenyl allene was selected as a model substrate along with Langloisôs 

reagent (NaOSOCF3) to examine the feasibility of radical reactions to afford Ŭ-trifluoromethylated 

acrolein. To our delight, we obtained 26% yield of Ŭ-CF3 substituted acrolein which was highly 

encouraging to pursue further optimization. Several solvents were screened at first, but DMF proved 

to be irreplaceable (Figure 89).  

 

Entry  Solvent  GC yield (%)  

1  MeCN  12  

2  DMA  6  

3  NMP  4  

4  DMSO  3  

5  TFT  6  

6  THF  2  

7  DCE  6  

8  DCM  13  

9  Toluene  5  

10  DMF  26  

Figure 89: solvent screening. 

3 equiv CF3SO2Na
20 mol% AgNO3

20 mol% K2S2O8

solvent 4 mL, RT, 24 h

CF3

O

H

(0.2 mmol)
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Conversely, the choice of the oxidant has found to be crucial. Only silver salts have been screened 

since they have been found more suitable for the trifluoromethyl radical generation also in the 

previous protocols. Silver oxide definitely increase the GC-yield from 26% to 70% (Figure 90). 

Furthermore, the amount of the salt highlighted the sensibility of the protocol because both increment 

and decrease of the oxidant percentage shown a drop in yields due to the conversion of the allene in 

the corresponding aldehyde (Figure 91).  

 

Figure 90: Silver salt screening. 

 

 

3 equiv CF3SO2Na
20 mol% Ag -salt

20 mol% K2S2O8

DMF 4 mL, RT, 24 h

CF3

O

H

(0.2 mmol)

3 equiv CF3SO2Na
Ag2O (x mol%)

20 mol% K2S2O8

DMF 4 mL, RT, 24 h

CF3

O

H

(0.2 mmol)

Entry  Ag -salt  GC yield (%)  

1  AgNO3  26  

2  AgNO2  26  

3  Ag2SO4  40  

4  Ag2O  70  

5  AgOAc  34  

6  Ag2CO3  25  

7  AgI  50  

Entry  Ag2O (mol % )                 GC yield (%)  

1  10  18  

2  20  70 

3  40    17  

4  60  16  

5  0.25  20  
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Figure 91: Silver salt amount optimization. 

Optimum use of 20 mol% potassium persulfate (K2S2O8) was resulted from detailed optimization 

with different oxidants (Figure 92).  

 

 

With optimized reaction conditions, we started to explore the generality of this radical 

trifluoromethylation protocol by varying substituents on the aryl ring of phenyl allenes (Figure 93 

and 94). Electron rich para- tolyl, methoxy (2b), and (2d) allenes gave thermodynamically favorable 

(E)-selective trifluoromethylated acrolein in 65% and 68% yields, respectively. Bulky tert-butyl (2e) 

substituted allene produced corresponding trifluoromethylated product in synthetically useful yield. 

E-selectivity of the protocol for the product from 1,1ó-biphenyl-4-allene has been demonstrated by 

X-ray crystallography (2g,CCDC1846274) characterization. Electron withdrawing halogen 

substituted allenes (2h and 2i) gave the desired product albeit in lower yield. A meta-methoxy group 

resulted in exclusive E isomer (2k). However, electron richness as well as steric influences in the 

aromatic ring resulted 10:1 E/Z selectivity for 2,4-dimethyl allene (2o). Polyaromatic allenes like 2-

naphthyl (2p) derivative gave the corresponding Ŭ-trifluoromethylated acroleins in 61% yields. High 

synthetic efficiency of the current protocol has been perceived by accessing aliphatic Ŭ-

trifluoromethylated cyclohexyl acrolein in 56% yield from unactivated cyclohexyl allene (2z). 

CF3SO2Na (3 equiv)
20 mol% Ag2O

20% mol Oxidant
DMF 4 mL, RT, 24 h

CF3

O

H

(0.2 mmol)

6  0.375  27  

7  0.50  19  

Entry  Oxidant   GC yield (%)  

1  Na2S2O8  51  

2  K2S2O8  70  

3  (NH4)2S2O8  53  

4  TBHP 32  

5  DTBP  28  

6 - 6 

Figure 92: Oxidant screening. 
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Internal allenes have been tested as well (2x, 2aa) but we were able only to prove by GC-Yield the 

effective reaction.  

 

Figure 93: Substrate scope with respect to aryl substituent variation. 
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Figure 94: Substrate scope with respect to aryl substituent variation. 

An investigation into the trifluoromethylation mechanism suggested that the CF3 radical is likely to 

be involved in the reaction.  

By introducing a radical scavenger, such as TEMPO, in the reaction mixture we could observe that  

under the optimized conditions, para-tert-butyl allene did not produce Ŭ-CF3 substituted enone. 

(Figure 95c). Expectedly, TEMPO-CF3 was detected by GC-MS analysis.  

In order to really understand the importance of the air as source of the oxygen required to generate 

the carbonyl function a closed cap reaction experiment has been conducted.  Homocoupling product 

(3a) was isolated in 90% yield (Figure 95a).  Furthermore, attempt for trifluoromethylation reaction 

under O2 atmosphere resulted in the oxidation of the aryl allene into the carbonyl derivative (Figure 

95b).  
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Figure 95: Mechanistic study. 

On the basis of the previous experiment and literature publications a mechanism of 

trifluoromethylation reaction with different pathways has been proposed (Figure 96).  
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Figure 96: Proposed Mechanism. 

We supposed that the trifluoromethyl radical is produced during the reaction, which involves silver 

and NaOSOCF3. The reaction between CF3 radical and the allene proceeds via formation of radical 

intermediates I or II. In particular, Intermediate II is less reactive due to the allylic and benzylic 

conjugation. Under the reaction condition, O2 promotes oxidation of I into trifluoromethylated 

enones. Conversely, closed cap reaction (N2 atmosphere) afford the homocoupling product (3a).  

To investigate the stability of the radical species involved in the trifluoromethylation reaction, 

computational calculations were performed in order to observe the spin density on the atom C1, C2 

and C3. We hypothesize that the benzylic conjugation increases the spin density on the C1 and the 

stability of the species II (Figure 97). Moreover, the presence of electron-donating group (methyl, 

intermediate B) on the arene decreases the spin density on the benzyl carbon (C1). On  the contrary 

it was observed that the spin density decreased on C3 in presence of electron withdrawing group such 

as bromine or naphthyl. Thus, we can assume that the reactive species involved in the oxidation step 

is the intermediate I because of lower stability induced by lowest spin density on C3. Furthermore, 

the property of the aryl substituents could affect the trifluoromethylation reaction.  
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Level of 
computational 

theory 
spin density    

C1 
spin density   

C2 
spin density   

C3 

6-311++g(d,p) +0.674 -0.258 +0.506 

 

 

Level of 
computational 

theory 
Intermediate 

spin 
density 

C1 

spin 
density 

C2 

spin 
density 

C3 

6-311++g(d,p) B +0.627 -0.247 +0.506 

 C +0.631 -0.247 +0.497 

 D +0.622 -0.249 +0.491 

 

Figure 97: Spin density on C1, C2 and C3 involved in trifluoromethylation. 

In conclusion, we have developed a direct, efficient, and general method to synthesize Ŭ-CF3-

substituted enones from allenes. Various functionalized allenes were employed using an inexpensive 

trifluoromethylating reagent. Mild reaction condition, easy availability of starting material make this 

method attractive to generate -trifluromethylated enones. 
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5 Conclusion  

Due to the growing scenario of the C-H functionalizion over last decades We have proposed in this 

thesis the development and the improvement of three new methodologies. By following the C-H 

activation approach two different olefination reactions have been studied. The ortho olefination of 

the phosphonamide core with unactivated olefins have been developed with the use of Palladium as 

transiction metal catalyst. The broad substrate scope with phosphonamides as well as aliphatic  

alkenes provided generality of the catalytic condition with excellent linear/branch selectivity. 

The versatility is further proved by the implementation of challenging sequential hetero-bis 

olefinations and theógramô scale synthesis demonstrates the applicability of the present 

transformation. Moreover a solution to reach the meta position for the perfluoro alkenylation of the 

arenes have been presented overcaming the lack for this catalytic functionlization approach in 

licterature.  Infact, we reported the first palladium-catalyzed highly selective meta-C(sp2)īH 

perfluoroalkenylation of arenes. The choice of a pyrimidine-based directing group is found to be 

crucial, giving a high degree of compatibility with perfluoroolefins of different nature. The synthetic 

versatility of the protocol was demonstrated by a broad substrate scope including different 

benzylsulfonyl, alkylaryl and phenylacetic acid scaffolds. Ibuprofen CīH perfluoroalkenylation, 

facile cleavage of the DG and gram-scale reactions demonstrate the practical value of this procedure.  

Different approach have been devised for the last presented C-H functionalization. A radical catalytic 

cycle empowered by the Langlois reagent for the trifluoromethylation of the allene core in order to 

access the preciuos class of the alfa-trifluoromethylated enones have been optimized. Various 

functionalized allenes were employed using an inexpensive trifluoromethylating reagent. Mild 

reaction condition, easy availability of starting material make this method attractive to generate Ŭ-

trifluromethylated enones.   
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6 Experimental section 

6.1 Experimental section of: Incorporated unbiased, unactivated aliphatic alkenes in 

Pd(II)-Catalyzed Olefination of Benzyl Phosponamide 

General Information 

The 1H and 13C NMR spectra were recorded on a Bruker Advance 400 MHz / 500 MHz NMR 

spectrometer in CDCl3 with residual undeuterated solvent (CDCl3 : 7.26/77.0) using Me4Si as an 

internal standard. Chemical shifts (d) are given in ppm and J values are given in Hz. The IR spectra 

were recorded either on KBr pellets (for solids) or neat (for liquids) on a Nicolet Impact 410 FTIR 

spectrometer. The HRMS spectra were recorded on Bruker Maxis instrument. All GC analyses were 

performed on a Agilent 7890A GC system with an FID detector using a J & W DBï1 column (10 m, 

0.1 mm I.D.) using n-decane as the internal standard. Open column chromatography, thin layer 

chromatography (TLC) was performed on Silica gel [CDH silica gel 60-120 mesh, F254 and Merck® 

silica gel respectively]. Evaporation of solvents was performed at reduced pressure, using a Bחchi 

rotary evaporator. All chemicals were purchased from Aldrich, Alfa Aesar, Lancaster, Spectrochem 

and Fluka Chemicals and used as received.  

 

 Experimental Procedure 

Typical procedure for the Pd(II)  catalyzed C-H olefination of benzyl phosphonamide 1a to 

generate the mono-olefinated derivative 3a:- 

 

A clean oven dried screw cap reaction tube was charged with magnetic stir-bar, Pd(OAc)2 (6.7 

mg, 0.03 mmol, 10 mol %), N-Ac-Val-OH (9.5 mg, 0.06 mmol, 20 mol %), NaHCO3 (37.8 mg, 0.45 

mmol, 1.5 equiv), Ag2CO3 (124 mg, 0.45 mmol, 1.5 equiv) and benzyl phosphonamide 1a (97.9 mg, 

0.3 mmol, 1 equiv). Then 0.6 mL 1,2-dichloroethane, DCE was added to the tube followed by 1-

octene 2a (50.5 mg, 70.6 ɛL, 0.45 mmol, 1.5 equiv). The reaction tube was magnetically stirred in 

pre-heated oil bath at 100 ºC. Upon completion of the reaction (36 h, monitored by TLC), the reaction 

mixture was cooled to rt and was filtered through a short pad of celite; DCE was evaporated to dryness 

under vacuum (10 mm Hg). The residue was passed through chromatography column (silica-gel: 100-

200 mesh) and eluted with hexane-EtOAc solvent system to afford the (E)-ethyl P-2-(oct-1-

enyl)benzyl-N-(quinolin-8-yl)phosphonamidate 3a as light brown semi-solid, (104.8 mg, 80%). 3a: 

TLC (Hexane:EtOAc, 70:30 v/v): Rf å 0.5; 1H NMR (CDCl3, 500 MHz) ŭ (ppm): 0.91 (t, 3H, J = 7.0 
























































































































































