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1. Introduction 

During the last century, organic synthesis faced major challenges in the development of 

novel compounds. Within areas of high importance like pharmacy, agricultural 

economics, material science and others, the improvement of synthetic methods, and 

therefore the larger number of innovative compounds, affected the life of billions of 

people. Although these developments constitute a tremendous benefit for society, such as 

an increasing number of amenities, the consequences in terms of pollution show the 

importance for more ecological methods.
[1]

  

In 1998, Anastas and Warner declared catalysis as one of the key principles within the 12 

Principles of Green Chemistry,
[2]

 since catalytic rather than stoichiometric amounts of 

reagents can be used and readily available chemicals can be functionalized without the 

need of pre-functionalization. Considering these aspects, catalysis is an important and 

powerful technique to reduce energy consumption, minimizing the generation of waste 

and use alternative chemicals apart from toxic agents.
[3]

 

 

1.1. Transition Metal-Catalyzed C–H Activation 

Transformations in organic synthesis, including catalytic reactions, to form C–C and     

C–Het bonds have long been dominated by modifications of functional groups and 

therefore typically require elements for pre-functionalization. Since a pre-

functionalization increases the overall number of necessary synthetic steps, a direct 

coupling improves the overall atom economy.
[4]

 In this context, major advances during 

the last five decades were achieved by metal-catalyzed cross-coupling reactions to form 

carbon–carbon (C–C) and carbon–heteroatom (C–Het) bonds.
[5]

 Even though the first 

examples were already reported in the late 19
th

 century by Glaser
[6]

 and Ullmann
[7]

 using 

stoichiometric or catalytic amounts of copper, their application was limited due to harsh 

reaction conditions, low selectivities and moderate yields. It was not until the discovery 

of palladium-catalyzed cross-coupling reactions almost 70 years later, that these 

transformations found considerable use in organic synthesis. Especially in the field of   

C–C bond formation, a wide variety of different organometallic coupling partners were 

established, resulting in a range of well-known named reactions, such as the Suzuki-

Miyaura,
[8]

 Negishi,
[9]

 Mizoroki-Heck,
[10]

 Kumada-Corriu,
[11]

 Hiyama,
[12]

 Stille
[13]

 and 
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Sonogashira-Hagihara
[14]

 cross-coupling reactions. All these milestones have found 

widespread applications ranging from material sciences to the late-stage diversification of 

biologically active compounds and are nowadays a routine tool in organic synthesis.
[15]

 

Consequently, these significant innovations culminated in the award of the Nobel Prize 

for Chemistry in 2010 for R. F. Heck, E.-i. Negishi and A. Suzuki.
[16]

 

Despite recent efforts to render cross-coupling chemistry more environmentally-friendly 

and cost effective by avoiding rare noble transition metals,
[17]

 toxic solvents,
[18]

 non-

reusable reagents
[19]

 and high catalyst loadings,
[20]

 the main issues, namely the required 

pre-functionalization of organic nucleophiles and the intrinsic generation of 

stoichiometric amounts of waste are nevertheless unavoidable. In addition to the costly 

pre-functionalization, the employed nucleophiles are in most cases either not stable under 

ambient conditions (e.g. RMgX, RZnX) or toxic (e.g. (Alkyl)3SnR, RZnX) and are 

therefore less attractive for applications (Scheme 1.1a).
[21]

  

To overcome these limitations, the selective functionalization of omnipresent C–H bonds 

is a highly desirable alternative to conventional cross-couplings in terms of atom- and 

step-economy.
[4]

 The importance of sustainable alternatives resulted in a tremendous 

development of catalytic methods using the concept of C‒H bond 

activation/functionalization as an efficient alternative,
[22]

 with applications to 

pharmaceutical industries
[23]

 and material sciences.
[24]

 The major advantage compared to 

classical cross-coupling chemistry is the replacement of an organometallic reagent by a 

simple C–H bond. However, pre-functionalization of one coupling partner is still needed, 

resulting byproduct formation (Scheme 1.1b).  

In addition, cross-dehydrogenative C–H activations
[25]

 are a highly atom-economical 

approach, because formally only molecular hydrogen is generated as the byproduct 

(Scheme 1.1c). However, those reactions usually require stoichiometric amounts of 

expensive and toxic chemical oxidants, such as silver(I) and copper(II). Recent 

developments showed the substitution of commonly used chemical oxidants by electricity 

to facilitate more sustainable transformations.
[26]

  

A special arena within the C–H activation regime are the redox neutral hydroarylations of 

alkenes and alkynes.
[27]

 Due to the nature of an addition reaction, a perfect atom- as well 

as step-economy is possible without the need for pre-functionalizations (Scheme 1.1d).  
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Scheme 1.1. Comparison between traditional cross-coupling chemistry and C–H activation. 

While direct C–H functionalizations, in theory, overcome the drawbacks of classical 

cross-coupling approaches in terms of sustainability, other challenges must be faced. One 

challenge is the absence of pre-functionalization within one coupling partner. Whereas in 

cross-coupling reactions the selectivity is determined by the substitution pattern of the 

electrophile and the nucleophile, most organic molecules contain several C–H bonds with 

similar dissociation energies,
[28]

 thus rendering the selective transformation of a specific 

C–H bond a task of key importance.
[29]

 Throughout the years, various approaches to 

adress this issue were developed and are mainly based on catalyst control or substrate 

control. While approaches based on catalyst control are mainly characterized by a tunable 

catalyst that achieves a predictable site-selectivity independent of the inherent properties 

of the substrate,
[30]

 strategies that are based on substrate control can be divided into three 

subsets: (ii) inherent electronic bias, where one C–H bond has a higher acidity compared 

to all others,
[31]

 (iii) steric control via shielding of C–H bonds
[32]

 and (iv) the use of a 

LEWIS-basic group, that pre-coordinates the transition metal and directs the C–H 

activation at a predetermined position (Figure 1.1a).
[33]

 While these concepts allow a 

selective C–H activation to occur, the major drawbacks are the availability of suitable 

catalysts for catalyst-controlled selectivity (i) and the dependence on the nature of the 

substrate (ii & iii), resulting in a rather narrow substrate scope. In contrast, the 

introduction of a directing group (DG), allows the use of a broad variety of substrates. 

Although the incorporation of a DG (iv) results in additional synthetic effort, the use of 
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weakly coordinating,
[34]

 removable
[35]

 or transient
[36]

 directing groups expanded the range 

of applications considerably (Figure 1.1b). 

 

Figure 1.1. a) Methods for positional selectivity in C–H activation. b) Commonly used DGs in C–H 

activation catalysis. 

To develop novel and efficient metal-catalyzed C–H functionalizations, a detailed 

mechanistic understanding of their modes of action is required. As a result, the 

mechanism of the key C–H cleavage step was and is still studied extensively. Excluding 

outer-sphere/radical-type mechanisms,
[37]

 the key C–H bond activation step can occur 

through five distinct mechanistic pathways, which are dependent on the electronic nature 

and the coordination environment of the metal center (Scheme 1.2).
[38]

 An oxidative 

addition pathway is typically observed for electron-rich late transition metals in low 

oxidation states, such as rhenium, ruthenium, osmium, iridium, platinum.
[38a]

 The main 

feature of this pathway is a stabilizing agostic interaction between the C–H bond and the 

metal center during the activation process (Scheme 1.2a). A C–H activation via 

electrophilic substitution is most prominent with late transition metals or post-transition 

metals in high oxidation stats, such as palladium(II), platinum(II-IV), or mercury(II).
[38d]

 

The electron-deficient character of the metal, is often stabilized by highly polar reaction 

media, allowing an electrophilic attack of the metal center on the carbon atom, resulting 

in the substitution of one proton by the metal (Scheme 1.2b). In contrast, early transition 

metals, especially in a d
0
 configuration, as well as lanthanides and actinides, tend to favor 
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a σ-bond metathesis pathway,
[38b]

 which involves the concerted formation and breaking of 

C–H and C–M bonds in the transition state (Scheme 1.2c). Another pathway observed 

predominantly with early transition metals is the 1,2-addition of the C–H bond onto a 

M=X bond.
[38b]

 This pathway mainly features metal-ligand multiple bonds, e.g. 

alkylidene or imido ligands, and C–H activation occures via a [2σ+2π] reaction, where the 

X group serves as the formal hydrogen acceptor (Scheme 1.2d). Another category of C–H 

cleavage processes is the base-assisted C–H activation. This rather recently developed 

pathway is mainly observed for complexes bearing a carboxylate ligand.
[38a]

 Within this 

mechanistic manifold, C–H cleavage occurs simultaneously to the formation of a new   

R–M bond; meanwhile the proton is transferred to the coordinated base (Scheme 1.2e). 

 

Scheme 1.2. Different pathways for organometallic C–H activation. 

Depending on the exact transition state structure and the involved accumulation of partial 

charges,
[39]

 the base-assisted metalation pathway can be further categorized (Figure 1.2). 

While Fagnou and Gorelsky have coined the term CMD (concerted metalation 

deprotonation) based on a deprotonative transition state with electron-poor arenes,
[40]

 

computational studies by Macgregor and Davies revealed an agostic interaction between 

the transition metal and the C–H bond,
[41]

 being rationalized by the term ambiphilic 
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metal-ligand activation (AMLA). Notably, when the base is bound to the metal centre 

AMLA and CMD are essentially the same process.
[41a]

 Experimental characteristic of 

CMD-type C–H functionalizations is often a clear preference for electron-poor arenes 

with acidic C–H bonds.
[42]

 Recently, base-assisted internal electrophilic substitution 

(BIES) was introduced by Ackermann to explain the preferred activation of electron-rich 

substrates compared to kinetic acidic C–H bonds.
[43]

 

 

Figure 1.2. Proposed transition states for base-assisted C–H metalations. 

 

1.2. Secondary Phosphine Oxides 

The design of suitbale ligands for metal-catalyzed transformations is crucial for efficient 

and selective processes and is reflected by the enormous amount of developed phosphine 

ligands
[44]

 among others.
[45]

 In this context, electron-rich phosphines are difficult to 

handle, due to their air- and moisture-sensitivity and require multistep syntheses.
[46]

 In 

contrast, secondary phosphine oxides (SPOs) show an excellent stability against air and 

moisture, even with alkyl substituents, and have a tunable donating nature. Since their 

first catalytic application in 1986 by van Leeuwen,
[47]

 SPOs became an important class of 

ligands with applications in cross-coupling chemistry
[48]

 and asymmetric catalysis
[49]

 

among others.
[50]

 While most ligand conformations are pre-defined, SPOs have the unique 

ability to alter their electronic structure between the stable pentavalent phosphorus (
4


5
) 

configuration and the potentially strongly P-donor ligand with a trivalent phosphinous 

acid (PA) type structure (
3


3
). While most SPOs exist in the pentavalent form, a shift in 

equilibria can be facilitated by strongly electron-withdrawing substituents, silylating 

agents or in the presence of transition metals (Scheme 1.3).
[51]
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Scheme 1.3. Conversion of SPOs to PAs. 

Owing to the increased synthetic utility, a variety of synthetic pathways to prepare achiral 

aryl,
[52]

 alkyl
[53]

 and ferrocenyl
[54]

 SPOs as well as chiral (R,R)-TADDOL,
[55]

 (S,Rp)-

DIAPHOX,
[56]

 JoSPOphos
[57]

 and P-stereogenic
[58]

 SPOs were developed. Depending on 

the affinity of the metal center towards the soft phosphorus or the hard oxygen atom, a 

number of different coordination modes can be observed.
[59]

 In general, early transition 

metals coordinate through the hard oxygen atom and late transition metals prefer the soft 

phosphorus atom (Scheme 1.4).
[60]

 In addition, metals with both types of coordination 

have also been reported.
[61]

  

 

Scheme 1.4. Main coordination modes of SPOs and PAs. 

 

1.3. Nickel-Catalyzed C–F bond Activation 

While many cross-couplings rely on palladium catalysts, earth abundant 3d metals or 

main group elements are in terms of costs and availability more attractive.
[22b, 62]

 

Especially nickel, as the “impoverished younger sibling of palladium” shows important 

features,
[63]

 such as highly reactive organometallic species and a variety of accessible 

oxidation states, within synthetically useful reaction conditions (Figure 1.3). Based on 

this, nickel is considered as an excellent candidate for reactions involving unreactive 

electrophiles and reactions involving single electron transfers.
[64]

 As a result, numerous 

applications in synthetic and green chemistry were developed involving the activation of 

even unreactive C(aryl)–O and C(aryl)–F bonds.
[65]
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Figure 1.3. Properties of nickel and palladium in cross-coupling chemistry. 

Inspired by the Barbier reaction,
[66]

 Victor Grignard discovered in 1900 the formation of 

organomagnesium halides,
[67]

 extremely valuable and important synthetic tools,
[68]

 that set 

the stage for one of the first successful combinations of organometallic reagents within 

catalysis by using NiCl2 in 1924 (Scheme 1.5a).
[69]

 Following these discoveries, 

Kharesash developed in 1941 the metal-catalyzed homo-coupling of organomagnesium 

reagents.
[70]

 Interestingly, the study was focused on earth-abundant 3d metals, such as 

CoCl2, MnCl2, FeCl2 and NiCl2, and showed already the first reported catalytic cross-

coupling, by using vinyl bromide and phenylmagnesium bromide (Scheme1.5b).
[71]

  

 

Scheme 1.5. Early studies in nickel-catalyzed coupling reactions. 

Studies by Kumada
[11a]

 and Corriu
[11b]

 resulted in the nickel-catalyzed cross-coupling 

reaction of Grignard reagents with aryl halides, currently known as the Kumada-Corriu 

reaction, and showed the important effect of additional phosphine ligands within the 

catalysis (Scheme 1.6a).
[72]

 As an extension, Kumada achieved the C–F activation under 

nickel catalysis, using NiCl2(dmpe), fluorobenzene 11a and isopropylmagnesium 

chloride.
[73]

 Unfortunately the facile β-hydride elimination resulted in a predominant 

isomerization of the secondary alkyl group (Scheme 1.6b). Even though the development 

of functional group tolerant nucleophiles and the use of (pseudo)halides marked a great 

milestone in cross-coupling reactions,
[15]

 it took almost 25 years until the unique 

reactivity of nickel towards inert C–F bonds was fully addressed.  
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Schema 1.6. Pioneering studies in nickel-catalyzed cross-couplings using alkyl magnesium halides 9. 

In 2001, the group of Herrmann showed that the nickel NHC complex 14 catalyzed the 

reaction between aryl fluorides 11 and Grignard reagent 1a to generate biaryls (Scheme 

1.7a).
[74]

 The catalytically active species is thought to be a nickel(0) species coordinated 

by a sole NHC ligand. During the same time, Perutz and Braun reported the first catalytic 

cross-coupling reaction of polyfluorinated arenes (Scheme 1.7b).
[75]

 Using a pre-formed 

nickel(II)-fluoro-phosphine complex 18, a Stille-type coupling was achieved. 

 

Scheme 1.7. Nickel-catalyzed C–F activation by well-defined (a) NHC and (b) cyclometalated complexes. 

The importance of the ligand design in nickel catalysis was showcased by a push-pull 

strategy for nickel-catalyzed cross-coupling reactions of aryl fluorides with Grignard 

reagents by Nakamura (Scheme 1.8).
[76]

 Through careful ligand design, the 

hydroxyphosphine ligand 23 was able to facilitate C(sp
2
)–F arylations. DFT calculations 

and mechanistic experiments indicated that the reaction proceeded through a nickel–
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magnesium bimetallic manifold, that reduces nickel(II) to nickel(0) upon deprotonation of 

the P–OH ligand.  

 

Scheme 1.8. Hydroxyphosphine ligand 23 for nickel-catalyzed C–F activation. 

Studies by Ackermann were based on air-stable secondary phosphine oxides (SPO) for 

the activation of C(aryl)–F bonds. In 2005, Ackermann reported the first use of air-stable 

SPOs for the activation of C–F bonds. The sterically congested diaminophosphine oxide 

pre-ligand 26 showed excellent activity at ambient temperature, furnishing numerous 

biaryl scaffolds (Scheme 1.9a).
[77]

 Furthermore, Ackermann introduced in 2010 the 

sterically congested pre-ligand 29 which showed excellent reactivity with a variety of 

(hetero)arenes at ambient temperature and exclusively yielded monosubstituted products 

30, highlighting the synthetic utility of SPOs in nickel catalysis (Scheme 1.9b).
[78]

  

Scheme 1.9. Nickel/SPO catalysis for C–F activation. 

Following these initial reports, it was demonstrated that numerous organometallic 

reagents in terms of arylation,
[79]

 alkylation
[80]

 and alkynylation
[81]

 among others
[82]

 were 

suitable for C–F coupling reactions. Furthermore, the introduction of directing groups 

resulted in the development of new methods towards unreactive C(sp
2
)–X bond 

activations. An approach based on this logic by Chatani described two methods for 
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nickel-catalyzed Suzuki–Miyaura cross-coupling reaction using zirconium tetrafluoride as 

co-catalyst or a N-containing directing groups (Scheme 1.10).
[83]

 A variety of functional 

groups and substituents were tolerated and a change in the turnover-limiting step, from 

oxidative addition to transmetalation, upon the introduction of directing groups, was 

observed. It is assumed that zirconium tetrafluoride acts as a LEWIS-acid to facilitate the 

elimination of the fluorine-atom in an oxidative addition and/or transmetalation process. 

 

Scheme 1.10. C–F activation enabled by a LEWIS-acid or directing group. 

Even though many methods were developed generating C(sp
2
)–C(sp

3
) bonds with 

secondary or tertiary alkyl (pseudo)halides,
[17a, 84]

 only selected examples showed 

homologous transformations with secondary and tertiary alkyl nucleophiles and are 

mostly restricted to reactive aryl halides.
[85]

 Generally, these protocols rely on the use of 

highly electron-rich and sterically congested ligands around the metal center to promote 

fast reductive elimination, thus enhancing selectivity. In terms of nickel-catalyzed C–F 

activation, the use of branched nucleophiles is especially challenging with respect to 

selectivity, due to the preferred β-hydride elimination.
[86]

 In this context, Cornella 

reported in 2018 on a strategy based on a unique nickel catalyst, which circumvents some 

of the afor-mentioned obstacles (Scheme 1.11).
[87]

 The synthetic efficacy was attributed 

to the beneficial effect of the gem-dialkyl substitution on the ligand 35, after observing a 

correlation between the P-Ni-P angle and the chemoselectivities for secondary alkyl 

nucleophiles. 
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Scheme 1.11. C–F activation with branched alkylmagnesium halide 9.  

An approach that gained recent attention is the metal-mediated and -catalyzed elimination 

of α- or β-fluorine atoms, due to milder conditions that are required compared to the 

oxidative addition into C–F bonds that represents an organometallic C–F activation.
[88]

 

Transformations through these elimination processes typically proceeded by carbon–

carbon or carbon–heteroatom bond formations and were increasingly developed as C–F 

bond activation methods.
[89]

 The first example of such an elimination approach was 

reported in 1991 by Heitz, who showed the transition metal-catalyzed activation of a C–F 

bond by β-fluorine elimination to afford α-fluorostyrenes 41 (Scheme 1.12).
[90]

  

 

Schema 1.12. Early example of palladium-catalyzed C–F activation by β-fluorine elimination. 

Taking inspiration from this work, Loh and Feng developed a Rh(III)-catalyzed C–H and   

C–F activation, based on β-fluorine elimination, to generate fluorovinylated 

heterocycles.
[91]

 At the same time, Ackermann
[92]

 among others
[93]

 showed that 3d metal 

catalyst are also well suitable for such kind of transformation. High selectivities of vinylic 

44 as well as allylic 45 1,1-difluoroalkenes and the modification of 7-azaindols,
[92b]

 

important building blocks in pharmaceuticals,
[94]

 are key developments within these      

C–H/C–F functionalization manifold (Scheme 1.13). Although different transition metals 

were used, the mechanism is mainly similar involving (a) chelation-directed C–H 
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cleavage of (hetero)arenes, (b) migratory insertion of fluoroalkenes and (c) β-fluorine 

elimination (46).  

 

Scheme 1.13. C–H/C–F functionalization by transition metal catalyst. 

 

1.4. Nickel-Catalyzed C–H Activation for Alkene Hydroarylations 

Catalytic C–H activation using transition metals has received significant interest, because 

it provides a new strategy to construct carbon–carbon and carbon–heteroatom bonds 

without pre-functionalization.
[95]

 Recently, inexpensive catalysts based on 3d transition 

metals, such as manganese, iron, cobalt and nickel, were increasingly used for catalytic 

transformations, due to their lower cost and reduced toxicity compared to commonly used 

4d-based metal catalysts.
[63, 96]

 In this context, important contributions to nickel-catalyzed 

C–H activation were made by Dubeck and Kleiman in 1963, who prepared the 

cyclonickelated complex 51 via C–H nickelation of azobenzene 49a by nickelocene 

(Scheme 1.14a).
[97]

 Thereafter, there was little process on C–H nickelation of non-

activated C–H bonds for more than 50 years, yet Liang reported in 2006, that pincer 

nickel complex 52 could react with benzene to furnish complex 54 via oxidative addition 

of the C–H bond, without the need for a directing group (Scheme 1.14b).
[98]
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Scheme 1.14. Nickel-catalyzed C–H activation by (a) directing group assistance and (b) undirected 

nickelation. 

In the same year, Nakao and Hiyama reported the hydroarylation of alkynes 58 as a side 

reaction in the attempted arylcyanation (Scheme 1.15).
[99]

 With PCy3 as the ligand the    

C–H hydroarylations of several (hetero)arenes 55–57 were accomplished. Taking 

inspiration form these findings, many nickel-catalyzed C–H activations of activated 

heteroarenes and unactivated C–H bonds, using monodentate but mostly bidentate 

chelation-assisted directing groups, were developed.
[100]

  

 

Scheme 1.15. Nickel-catalyzed hydroheteroarylation of alkynes with azoles. 

The use of alkynes,
[22b, 96c]

 alkenes
[101]

 and allenes
[102]

 has gained considerable interest in 

nickel-catalyzed C–H activation due to its excellent atom-economy. Especially, because 

of their low cost, availability and sustainability, alkenes are particular attractive for the 

formation of new C(sp
2
)–C(sp

3
) bonds.

[103]
 Despite the fact that the regioselectivity may 

be difficult to control, the generation of a stereogenic C(sp
3
) carbon offers opportunities 

for the development of asymmetric transformations.  

To provide regioselectivity control, Nakao and Hiyama reported in 2008 the 

unprecedented hydroarylation of conjugated 2-vinyl(arene) with pentafluorobenzene 62 to 

yield selectively the 1,1-diarylethane products 63a and 64a (Scheme 1.16a).
[100e]

 While 

the scope was rather limited, Miura reported in 2009 an extension towards the 
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hydroarylation of easily accessible styrene derivatives 5 with oxadiazole substrates 65 

(Scheme 1.16b).
[100c]

 To achieve high levels of alkene hydroarylation Xantphos was 

identified as crucial bidentate ligand to form the branched product exclusively.  

 

Scheme 1.16. Early examples of nickel-catalyzed hydroarylations of alkenes with (hetero)arenes. 

Since both reports are based on conjugated, thus activated, alkenes, Hiyama reported in 

2010 the hydroheteroarylation of unactivated alkenes 5 and 67 at the C2 position of N-

protected heteroarenes using IMes and Ni(cod)2 (Scheme 1.17a).
[104]

 Even though high 

levels of branched selectivity with conjugated activated alkenes were achieved, 

unactivated alkene 2b resulted in the formation of the linear product (Scheme 1.17b). 

This catalyst would later proved broadly applicable in the hydroarylation of alkenes with 

various (hetero)arenes.
[22b, 96c]

  

 

Scheme 1.17. Substrate-guided selectivity in nickel-catalyzed hydroarylations. 

Interested in the mechanism and the change in regioselectivity, the authors performed 

deuterium-labeling experiments, suggesting a reversible oxidative addition step to 
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generate nickel complex 73.
[100c, 100e, 104]

 The followed coordination of the alkene 5 and 

hydronickelation generates intermediate 75 in a reversible manner, as was based on the 

observed H/D scrambling. Thereafter, an irreversible and rate-determining reductive 

elimination delivers product 68 and regenerates intermediate 72 (Scheme 1.18a). To 

explain the regioselectivity, Nakao and Hiyama as well as Miura proposed the formation 

of the Markovnikov product to be favored due to the formation of π-benzyl or π-allyl 

nickel intermediates. Based on DFT studies, Shi supported the mechanism and explained 

the control in regioselectivity by a secondary orbital overlap between the alkene and the 

nickel center (Scheme 1.18b).
[105]

 While the aryl group can overlap with the nickel-center 

and therefore accelerate the rate-limiting reductive elimination 76, the alkyl substituted 

olefins showed no interaction that facilitates the reductive elimination 77, leading to the 

sterically less hindered product. 

Scheme 1.18. a) Proposed catalytic cycle of the nickel-catalyzed hydroarylation of vinylarenes 5 with 

azoles 55 and b) key transition states. 

Major progress in terms of linear/branch selectivity control and the applicability to 

unactivated (hetero)arenes and alkenes, was achieved by LEWIS-acidic organoaluminium 

additives. In this context, the direct functionalization of 2-pyridones 78a by an 

intramolecular or intermolecular hydroarylation of alkenes was facilitated efficiently by 

the addition of organoaluminium additives (Scheme 1.19).
[100b]

 Inspired by this, numerous 

hydroarylations of non-conjugated alkenes 2 with various heteroarenes 55-57 were 

disclosed, reflecting the key role of LEWIS-acids in nickel-catalyzed hydroarylations.
[106]
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Scheme 1.19. Nickel-catalyzed hydroarylations of pyridones 78a and 81 with LEWIS-acidic AlMe3. 

While in most studies just one regioisomer was observed, Ong was able to develop a 

switch in regioselectivity in the hydroarylation of vinylarene 5a with benzimidazole 55a 

by using Ni(cod)2, an amino linked NHC 83 and AlMe3 as LEWIS-acid (Scheme 1.20).
[107]

 

Interested in the role of the LEWIS-acid, detailed mechanistic studies were performed, 

revealing that AlMe3 not only controlled the regioselectivity of the transformation, but 

also significantly increased the rate of product formation.
[107a]

  

 

Scheme 1.20. Regioselectivity control in nickel-catalyzed hydroarylations of styrene 5a with benzimidazole 

55a. 

Mechanistic findings involved the detection of a nickel-hydride species and the isolation 

of an aluminum-benzimidazole adduct and suggested that in the absence of the 

organoaluminium additive, the linear selectivity is preferred by less steric hindrance (85) 
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during the insertion of the styrene into the Ni–H bond, whereas hydride insertion at the β-

carbon of styrene is electronically favored (86). 

 

1.5. Enantioselective Nickel-Catalyzed C–H Activation 

“Chirality of organic molecules plays an enormous role […], yet the synthesis of such 

entities in one enantiomeric form is one of the most difficult challenges.”  

(B. M. Trost)
[108]

  

While nickel-catalyzed C–H activations, are nowadays rather well established, 

asymmetric transformations remain scarce. Thus far, almost all examples involved the 

asymmetric functionalization of alkenes in an intramolecular fashion.
[109]

 In this context, 

a breakthrough was published in 2013 by Cramer,
[109g]

 based on an enantioselective 

version of the nickel-catalyzed intramolecular hydrocarbamoylation of homoallylic 

formamides,
[100b]

 which arguably is the first enantioselective transformation by inner-

sphere C–H activation with a 3d transition metal catalyst (Scheme 1.21). Taking 

advantage of the low bond dissociation energy of the formyl C–H bond
[28, 37a, 110]

 and the 

reactive P(III) isomer of the chiral heteroatom-substituted secondary phosphine oxide 

(HASPO) 88,
[51]

 the asymmetric cyclization of substrate 87, by a nickel/aluminium
[111]

 

heterobimetallic
[22f]

 activation mode provided pyrrolidinones 90 in high yield and 

excellent levels of enantiomeric excess (ee).  

 

Scheme 1.21. Enantioselective intramolecular nickel-catalyzed hydrocarbamoylations of alkenes 87. 

Inspired by the initial results from Nakao and Hiyama,
[100b]

 Cramer developed a ligand-

controlled regiodivergent annulation of pyridone derivatives 78. With Ni(cod)2 as the pre-

catalyst the exo-cyclized product 92 was obtained, whereas the addition of NHC ligand 91 
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resulted in the selective formation of the endo product 92 (Scheme 1.22a).
[109f]

 The chiral 

NHC 91, derived from the design of Hong,
[112]

 furnished the enantioselective cyclization 

with up to 78.5:21.5 e.r. Considering the huge potential of chiral NHC ligands, further 

studies by Cramer, showed the high activity of the novel chiral NHC 94 on the 

asymmetric cyclization of pyridones with tethered olefins 93 (Scheme 1.22b).
[109e]

 

Inspired by a ligand design by Gawley,
[113]

 NHC 94 facilitated the formation of the endo-

cyclized annulated pyridones 95 and uracils from diversely substituted alkenes 93 in 

excellent yields and enantioselectivities at mild reaction temperatures in the presence of 

MAD as the LEWIS-acid. This approach was later extended to pyridines by Shi,
[109a]

 

yielding the corresponding tetrahydro(iso)quinolines in excellent diastereo- and regio-

selectivities. 

 

Scheme 1.22. Enantioselective nickel-catalyzed hydroarylation with pyridines 78 and 93. 

While previous studies on nickel-catalyzed asymmetric C–H activations were limited to 

pyridones, an extension towards azoles proved viable. Interestingly, since the early 

studies by Bergman and Ellman
[114]

 undirected cyclizations with tethered alkenes were 

long dominated by rhodium(I) catalysts,
[115]

 with a notable exception by Cavell for the 

nickel-catalyzed exo-selective cyclization of activated (benz)imidazolium salts.
[116]

 In this 

context, Ye reported in 2018 on the unprecedented nickel-catalyzed asymmetric exo-

selective hydroarylation of alkenes with tethered imidazole derivatives 96 (Scheme 

1.23).
[109d]

 Notably, a nickel-aluminum bimetallic catalysis was assumed to occur, which 

is promoted by the TADDOL based HASPO pre-ligand 97.
[55]

 A variety of polycyclic 
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imidazoles and diversely substituted alkenes proved compatible with the nickel catalysis 

yielding excellent levels of enantiomeric excess. 

 

Scheme 1.23. Asymmetric nickel-catalyzed exo-selective hydroarylation of alkenes 96. 

Based on mechanistic experiments a plausible catalytic cycle was proposed (Scheme 

1.24). The catalysis is initiated with the formation of the nickel/aluminium bimetallic 

complex 98 bearing a chiral phosphine oxide ligand. Coordination of the aluminium to 

the nitrogen via dative bond and pre-coordination of the nickel to the olefin yields 

intermediate 99. In a hetero-bimetallic mode of activation the C–H bond can be activated 

through either 100 resulting from an oxidative addition mechanism or 101 resulting from 

ligand-to-ligand hydrogen transfer (LLHT). The subsequent reductive elimination 

releases the exo product 98, while the bimetallic active catalyst 99 is regenerated. 

 

Scheme 1.24. Proposed mechanism of the asymmetric nickel-catalyzed exo-selective hydroarylation. 
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1.6. Ruthenium-Catalyzed C–H Activation 

The regioselective direct conversion of C−H bonds into new C−C bonds by precious 

transition metals, such as palladium-,
[117]

 rhodium-,
[115a]

 platinum-
[118]

 and iridium
[119]

 

complexes, have witnessed an enormous development during the last decades. Recently, 

the use of less expensive
[120]

 ruthenium catalysts has tremendously contributed to the 

discovery of efficient catalytic systems, due to their selective transformation into 

cyclometalated species, their compatibility with several kinds of oxidants, and the 

stability of some of them to both air and water.
[38a, 121]

 The first observation employing 

ruthenium complexes was reported in 1965 by Chatt and Davidson.
[122]

 Based on the 

stoichiometric C–H activation of sodium naphthalene to an in-situ generated 

ruthenium(0)-phosphine complex an equilibrium between the π-complex 104 and the    

C–H activated complex 105 was observed (Scheme 1.25). 

 

Scheme 1.25. Early studies on stoichiometric C–H activation with ruthenium complex 103. 

In 1986, Lewis and Smith reported on the ruthenium-catalyzed C–H alkylation of phenol 

with ethene utilizing phosphites as a transient directing group (Scheme 1.26).
[36, 123]

 

Although the reaction required harsh reaction conditions and was limited to phenol and 

ethene, this report represented the first example of C–H activation under ruthenium 

catalysis. 

Scheme 1.26. First ruthenium-catalyzed C–H activation. 

A few years after this pioneering report, Kakiuchi and Murai showed that 

[RuH2(CO)(PPh3)3] was able to catalyze the insertion of a variety of alkenes 2 or 5 into 

the ortho C–H bonds of aromatic ketone derivatives including heteroarenes (Scheme 
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1.27).
[124]

 DFT studies by Morokuma
[125]

 suggested a five-membered ruthenacycle 112 by 

an initial coordination of the directing group and subsequent oxidative addition of the   

C–H bond. This important work marked the beginning of a long series of related studies 

on ruthenium-catalyzed direct C–H activation, such as arylations,
[126]

 alkylations
[127]

 and 

alkenylations
[35b, 43d, 128]

 among others.
[34, 129]

  

 

Scheme 1.27. Pioneering studies on ruthenium-catalyzed direct C–H activation. 

Inspired by base-assisted metalation studies by Shaw
[130]

 and Davies,
[131]

 Ackermann 

demonstrated in 2008 a significant breakthrough in ruthenium catalysis using 

carboxylates as the additives for the arylation of various arenes.
[132]

 The carboxylate-

assisted C–H arylation was not limited to arenes with triazoles, but other directing groups, 

such as oxazolines, pyridines, and pyrazoles as well as a broad variety of aryl bromides 

and less reactive aryl chlorides were also applicable (Scheme 1.28). The mechanistic 

pathway of the C–H activation by carboxylate-assistance was suggested to proceed via a 

six-membered transition state 113,
[40, 133]

 with rate acceleration by carboxylates compared 

to phosphines or phosphates.
[132]

 

 

Scheme 1.28. Carboxylate-assisted ruthenium-catalyzed C–H arylation. 

Thereafter, carboxylate additives for the development of novel chelation-assisted C–H 

transformations were broadly applied with major contributions by Ackermann and 

Dixneuf.
[38a, 121g]
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1.7. Ruthenium-Catalyzed Hydrogen Isotope Exchange 

The applications for catalytic C–H activations have been largely increased during the last 

decade with many approaches towards hydrogen isotope exchange (HIE).
[134]

 In this 

context, rapid developments in high-performance mass spectrometry to determine isotope 

ratios,
[135]

 tools for mechanistic understanding
[136]

 and the alteration in absorption, 

distribution, metabolism, and excretion (ADME) properties
[137]

 of existing drugs showed 

the importance for selective formations of C–D and C–T bonds.
[138]

 Compared to 

conventional multistep syntheses, direct HIE by either acid/base-mediated labeling, 

heterogeneous or homogeneous catalysis seems more attractive in terms of time and 

resources (Scheme 1.29).
[139]

 While acid/base-mediated labeling methods largely depend 

on the inherent electronics within the target molecules, heterogeneous metal-catalyzed 

HIE results in relatively unspecific incorporation of numerous isotopes into the target 

molecule. In contrast, homogeneous metal-catalyzed HIE utilizing a directing group can 

incorporate numerous isotopes only at specific positions in a molecule.
[140]

 

 

Scheme 1.29. Selectivity control with distinct HIE methods. 

In the late 1960s and early 1970s fundamental studies by the research groups of 

Garnett
[141]

 and Shilov
[142]

 resulted in efficient methods for efficient H/D exchange in 

both aromatic
[134b]

 and aliphatic
[134a]

 substrates. While most of these methods required 

precious metals, such as iridium,
[143]

 rhodium,
[144]

 and palladium,
[145]

 recent developments 

illustrate the applications of more economic ruthenium
[146]

 and earth abundant 3d 

metals.
[147]

  

One of the milestones in ruthenium-catalyzed HIE was reported in 1974 by Regan.
[148]

 

Tris(triphenylphosphine)ruthenium(II) dichloride (115) was employed as a catalyst in the 
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deuteration of primary alcohols 114 at high reaction temperatures of 150–200 °C 

(Scheme 1.30a). In addition to studies on the activation of C–H bonds in α-positions to 

heteroatoms, the activation of C(sp
2
)–H bonds gained momentum for HIE methods. An 

early report based on of C(sp
2
)–H HIE was reported by Leitner on the deuterium-labeling 

of benzene derivatives and heteroaromatic compounds using the ruthenium complex 116 

under milder reaction conditions (Scheme 1.30b).
[149]

 A combined experimental and 

computational study showed that strong steric effects furnished the site-selectivity and 

that the deuteration mechanism was based on a σ-bond metathesis between the aromatic 

C–H bonds and a hydride ligand of the ruthenium(II) complex 116.  

 

Scheme 1.30. Early examples of ruthenium-catalyzed HIE on (a) activated C(sp
3
) and (b) unactivated 

C(sp
2
). 

In 2010, Ackermann reported on the direct arylation with well-defined ruthenium(II) 

carboxylate catalyst 118. During mechanistic studies, an incorporation of deuterium into 

the ortho C–H bond of arene 117b was observed, reflecting the potential for direct HIE 

(Scheme 1.31).
[126h]

  

 
Scheme 1.31. Ruthenium(II) carboxylate catalyzed HIE on arene 117b. 
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In the same year, Peris reported on the direct HIE of various arenes bearing N-

heterocycles using ruthenium-NHC complex 120, resulting in the ortho-selective 

deuteration in the presence of MeOH-d4 (Scheme 1.32a).
[150]

 Similarly, Nolan reported on 

the use of a dihydrosilyl ruthenium catalyst 121 in deuterated water as the isotope source, 

promoting H/D exchange in a wide range of substituted aromatic and heteroaromatic 

scaffolds with N- or O-containing directing groups (Scheme 1.32b).
[151]

  

 

Scheme 1.32. Selective ruthenium-catalyzed HIE of arenes containing N- or O-containing directing groups. 

While many deuterations under ruthenium catalysis employed D2O as simple and easy to 

handle deuterium source, tritiations in generall are dominated by 
3
H2 as the isotope 

source.
[138b, 152]

 Although many protocols were effective to simple heterocyclic structures, 

ruthenium-catalyzed late-stage modifications of drugs through deuterium-
[146a, 146b, 146f, 153]

 

and tritium-labeling are rare and mostly achieved by ruthenium nanoparticles.
[154]

 In this 

context, a recent publication from Feuillastre and Pieters showed the deuterium and 

tritium-labeling of nucleobase pharmaceuticals and oligonucleotides by stabilized 

ruthenium nanoparticles 123 (Scheme 1.33).
[154a]

 It was highlighted that the isotopic 
3
H-

labeling of didanosine with 
3
H2 at low pressure of 13.5 psi led to the selective tritiation at 

the purine motif with special activities of 23 Ci/mmol.  
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Scheme 1.33. Rutheniumnanoparticle-catalyzed H/D and H/T exchange of nucleobase pharmaceuticals 

122. 

 

1.8. Remote C–H Activation by Ruthenium Catalysis  

The control of site-selectivity in C–H functionalization is one of the biggest challenges 

facing organic chemist and his most widely achieved by the chelation-assistance of a 

LEWIS-basic directing group, which facilitates the C–H activation at the ortho-position to 

the directing group.
[155]

 However, in order to achieve meta-selective C–H 

transformations, various concepts were developed resulting in mainly six different 

approaches for meta-selective C–H functionalizations.
[156]

 

First, bulky substituents on the arene can inherently prevent the C–H activation at the 

adjacent positions, resulting in the functionalization at the less-steric hindered meta-

position (Figure 1.5a).
[157]

 Unfortunately, this strategy is often limited to iridium-

catalyzed borylations. Second, the cleavage of the directing group, such as carboxylic 

acid, during the course of the reaction, can result in meta-selective C–H transfromations 

(Figure 1.5b).
[158]

 So far, this method is mostly viable in case of arenes with substituents 

at the ortho-position with respect to the directing group. Third, the installation of a 

template between the arene and the directing group (DG)
[159]

 brings the catalyst in close 

proximity to the desired C–H bond at the meta-position (Figure 1.5c).
[160]

 The drawback 

of this methodology is the requirement of additional synthetic operations for the 

installation and subsequent removal of the template. In addition, the exact nature of the 

template is hard to predict. The fourth remote strategy was disclosed by Kuninobu and 

Kanai. The authors developed a reversible hydrogen bonding urea based linker that 

allowed selective C–H borylations at the meta-position (Figure 1.5d).
[161]

 Unfortunately, 



1.8. Remote C–H Activation by Ruthenium Catalysis 

27 

this transformation is so far largely limited to iridium-catalyzed borylations and is not 

broadly applicable. The fifth method was pioneered by Catellani
[162]

 and broadly applied 

by Yu
[163]

 and uses norbornene as a transient mediator and a ortho-directing group under 

palladium catalysis, resulting in an efficient way for meta C–H functionalization (Figure 

1.5e).
[164]

 Lastly, the formation of cyclometalated ruthenium complexes by chelation-

assisted ortho C–H metalation strongly increases the electron density on the arene,
[165]

 

thus acting as an ortho/para-directing group with respect to the ruthenium and enabling 

overall functionalizations at a remote C–H bond (Figure 1.5f).
[22g, 166]

  

 

Figure 1.5. Strategies for meta-selective C–H activation. 

 

1.8.1. Stoichiometric Remote C–H functionalization of Ruthenium Complexes 

In 1994, Roper and Wright demonstrated in a pioneering study the stoichiometric remote   

C–H nitration of the arene ruthenium complex 125.
[167]

 The C–H nitration occurred 

selectively at the position para to the ruthenium metal center (Scheme 1.34a). In contrast, 

the reaction of ruthenium complex 127 led to the formation of the stable five-membered 

ruthenacycle 128, probably due to the ortho/para-directing effect of the metal center 

(Scheme 1.34b). 
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Scheme 1.34. Stoichiometric C–H nitration. 

In the same year, the first stoichiometric example of chelation-assisted oxidative remote 

C–H functionalization was reported by van Koten.
[168]

 The treatment of the cationic 

ruthenium complex 129 with CuCl2 furnished the homocoupled binuclear complex 130 

and small amounts of the para to the ruthenium chlorinated complex 131 (Scheme 1.35). 

 

Scheme 1.35. Oxidative homocoupling of ruthenium complex 129. 

Inspired by these results, Coudret discovered in 1998 the site-selective C–H bromination 

and iodination of ruthenium complex 132 at the para-position to the metal-carbon σ-bond 

under mild reaction conditions, providing the corresponding complexes 133a and 133b in 

good to high yields (Scheme 1.36a).
[169]

 One year later, Roper and Wright studied on the 

remote C–H halogenations of ruthenacycle 134, affording the mono-brominated product 
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135 solely at the para-position with respect to the ruthenium center (Scheme 1.36b).
[170]

 

These transformations were proposed to proceed though an electrophilic aromatic 

substitution (SEAr) process initiated by the ortho/para-directing character of the Ru–C σ-

bond. 

 

Scheme 1.36. Remote C–H halogenations of cyclometalated ruthenium complexes 132 and 134. 

 

1.8.2. meta C–H Alkylation under Ruthenium Catalysis 

In 2011, Ackermann reported on the carboxylate-assisted direct C–H alkylations of 

ketimine derivatives with unactivated primary alkyl bromides.
[127c]

 However, the 

alkylation reaction af arylpyridine 117b provided 41% of the corresponding ortho-

product 137 along with small amounts (up to 7%) of the meta C–H alkylated product 138 

(Scheme 1.37). It is noteworthy that it is the first time that meta-selectivity under 

ruthenium catalysis was observed. 

 

Scheme 1.37. Ruthenium-catalyzed C–H alkylation with n-hexyl bromide (136a). 
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Inspired by the observation of the first meta-selective ruthenium catalyzed alkylation, 

Ackermann disclosed thereafter pyridyl- and azole-directed meta-selective C–H 

alkylations with secondary alkyl halides 139 with catalytic amounts of sterically 

demanding benzoic acid (MesCO2H) (Scheme 1.38).
[166f]

 Detailed mechanistic studies on 

isotope labeling conclusively revealed an initial reversible cycloruthenation which was 

supportive of a subsequent electrophilic-type alkylation. In addition, by adding 

stoichiometric amounts of TEMPO no reaction was observed and the reaction of an 

enantiomerically enriched alkyl halide provided a racemic mixture of the corresponding 

product. 

 

Scheme 1.38. Remote meta C–H alkylations with secondary alkyl halides 139. 

In 2015, the groups of Ackermann
[166e]

 and Frost
[171]

 independently reported on methods 

for the meta-selective C–H alkylations with tertiary alkyl halides 139 (Scheme 1.39). 

Notably, Ackermann’s protocol used monoprotected amino acids (MPAA) as the 

carboxylate ligand for the first time in ruthenium-catalyzed C–H activation and a 

removable auxiliary strategy to access meta-substituted anilines (Scheme 1.39a). Both 

methods showed efficient couplings with secondary and sterically congested tertiary alkyl 

halides. In this context, Frost’s protocol provided the desired products 140c with less 

reactive tertiary alkyl chlorids (Scheme 1.39b). Detailed experimental mechanistic studies 

provided strong evidence for a radical pathway rather than a SEAr and supported a 

ruthenium-catalyzed homolytic C−Hal cleavage, reflected by an unusual second-order 

dependence on the ruthenium concentration.
[166e]
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Scheme 1.39. meta C–H alkylations with tertiary alkyl halides 139. 

Based on detailed mechanistic studies, such as radical clock experiments, racemization 

studies and kinetic analysis, Ackermann proposed a detailed catalytic cycle (Scheme 

1.40).
[166e]

 Starting from ruthenium(II) complex 141, reversible ortho C–H metalation 

generates cyclometalated intermediate 142. Subsequent radical addition of 143, which is 

formed via single-electron transfer (SET) from ruthenium(II) to the alkyl halide, occurs at 

the para-position with respect to the ruthenium forming 144. Afterwards, redox 

rearomatization and hydrogen-atom abstraction lead to the formation of ruthenacycle 145. 

Finally, proto-demetalation delivers the meta-alkylated compound 140d and regenerates 

the active ruthenium catalyst 141. Although Frost presented a catalytic cycle in less 

detail,
[171]

 both groups suggested a dual role of the ruthenium catalyst, which are 

cyclometalation and donation of an electron to the alkyl halide via SET and therefore 

facilitating homolytic C–X bond cleavage.
[166e, 171]
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Scheme 1.40. Proposed catalytic cycle for remote C–H alkylations via ortho-ruthenation. 

Inspired by the removable auxiliary strategy, Ackermann thereafter disclosed a method 

for the efficient C–H alkylations of easily accessible ketimines 147 with exceptional 

positional selectivity (Scheme 1.41a). An operationally simple one-pot protocol delivered 

synthetically useful meta-functionalized benzyl amines or meta/ortho-substituted arenes 

and late-stage modified meta-substituted arenes, such as ketones, amines, indoles, acids 

and phenols.
[172]

 Inspired by these findings, transformable/removable directing groups for 

meta C–H alkylation were expanded to azobenzenes
[173]

 49 and phenoxypyridines
[174]

 150 

by the groups of Li and Yang, as well as Li, thus providing an access to substituted 

anilines 149 and phenols 151 after removal of the directing groups (Scheme 1.41b-c). 
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Scheme 1.41. Remote C–H alkylations of a) ketimines 147, b) azobenzenes 49 and c) phenoxypyridines 

150. 

In 2017, Frost reported on the remote C–H alkylations of indole derivatives utilizing N-

pyrimidyl indols with an ester at the C3-position to enable remote C6 alkylation on the 

benzenoid ring (Scheme 1.42).
[166c]

 This method benefited from computational chemistry, 

by means of calculated Fukui indices on organic and inorganic structures, which 

supported that cyclometalation at the C2-position of the indol increase electron density at 

the C6-position.  

 

Scheme 1.42. Remote C–H alkylations of indole derivatives 152. 
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In the same year, Ackermann reported on the meta C–H functionalizations on purines 155 

with α-mono/difluorobromoester 156 by assistance of an electron-deficient tertiary 

phosphine ligand in combination with a congested carboxylate ligand (Scheme 1.43a).
[175]

 

Inspired by this, Ackermann further disclosed the first remote C–H alkylation on purines 

with an arene-ligand-free ruthenium catalyst.
[176]

 The C–H alkylation proceeded with 

various alkyl halides 139 and enabled expedient C–H fluoromethylations (Scheme 1.43b). 

These approaches highlight the importance of phosphine ligands for challenging meta   

C–H functionalizations, especially late-stage functionalizations of highly sensitive 

nucleosides. 

 

Scheme 1.43. Remote C–H alkylations of purines 155. 

Very recently, a breakthrough in meta C–H alkylations by integrating photoredox 

chemistry was reported by the groups of Ackermann
[177]

 and Greaney
[178]

 (Scheme 1.44). 

Photochemical generation of the alkyl radical species resulted in a significant decrease in 

the reaction temperature, allowing meta-alkylations to proceed at ambient temperature. 

Although considerably milder reaction conditions were employed and no additional 

photocatalyst was required, the use of energy-intensive blue LEDs proved to be 

necessary. Notably, Greaney’s system used small amounts of water as an additive, 

leading to an overall improved catalytic performance (Scheme 1.44b).
[178]

 



1.8. Remote C–H Activation by Ruthenium Catalysis 

35 

 

Scheme 1.44. Photochemical remote C–H alkylations of arenes 43. 

Inspired by Ackermanns report on the meta C–H functionalizations on purines 155 with 

α-mono/difluorobromoester,
[175]

 Liang disclosed in 2019 a three-component ruthenium-

catalyzed meta C–H functionalization of arenes 160 (Scheme 1.45).
[179]

 The mild reaction 

conditions allowed the introduction of styrenes (5), internal alkenes (67) and acrylates 

(161) together with (fluoro)alkyl halides 136 or 156, in a one-pot fashion, generating 

diversely decorated carbon frameworks 162. Detailed mechanistic and computational 

studies suggested a radical mechanism through initial SET from the (fluoro)alkyl radical, 

followed by the radical addition to the alkene. Subsequent, the newly formed radical 

undergoes CAr−H bond addition at the para-position to the carbon−ruthenium bond. 

 

Scheme 1.45. Three-component ruthenium-catalyzed meta C–H functionalization of arenes 160. 

Taking inspiration from these transformations numerous ruthenium-catalyzed remote    

C–H functionalizations were developed within the last deacde, such as benzylations,
[180]

 

carboxylations,
[181]

 brominations,
[166d, 182]

 and nitrations.
[183]
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1.9. Heterogeneous C–H Functionalization 

During the last decades, undisputed advances in transition metal-catalyzed C–H 

functionalizations had thus far largely been depending on homogeneous catalysts,
[184]

 

however the catalysts featured major disadvantages, especially in terms of catalyst 

recyclability and trace metal impurities in the isolated products.
[19a, 185]

 Due to 

accessibility, recyclability and separability, a number of heterogeneous catalysts were 

developed in the recent decade with notable progresses for C–H activations, such as 

arylations,
[186]

 or carbon–heteroatom
[187]

 bond formations. 

Even though the nature of a catalytic reaction regarding the homo- or heterogeneity is 

often complicated to determine, common control experiments including a hot filtration 

test, catalyst poisoning, a three-phase test and recycling studies, are typically required to 

characterize the heterogeneous nature of the catalytic system.
[19a, 188]

  

One of the early examples of heterogeneous palladium-catalyzed C–H arylation was 

reported by Nakamura in 1982,
[189]

 using palladium on charcoal (Scheme 1.46). 

Unfortunately, no studies regarding the recyclability and heterogeneity of the reaction 

were performed.  

 

Scheme 1.46. Early example of heterogeneous palladium-catalyzed C–H arylation. 

Inspired by this early example, heterogeneous palladium catalysis showed broad 

applicability to C–H arylation methods,
[186f, 190]

 however reduced efficiency of the 

recycled catalyst was often observed. Although palladium is by far the most used metal in 

heterogeneous C–H functionalizations,
[191]

 several reports based on other transition metals 

showed significant potential.
[186a, 187a, 187c, 192]

 In 2010, Wada demonstrated ruthenium-

supported on cerium(IV) oxide as a catalyst for the arylations of benzo[h]quinolone 165 

(Scheme 1.47a).
[193]

 Due to the harsh reaction conditions, leaching of the catalyst was 

detected. In addition, a hot filtration test suggested that the immobilized ruthenium was 

catalytically active. It is noteworthy that a recycling of the catalyst was possible, albeit 

the catalyst had to be activated prior to a new run. Based on these results, the same group 

developed a modified catalytic system for the hydroarylation of vinylsilanes 2b without 

any recycling studies (Scheme 1.47b).
[194]
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Scheme 1.47. Heterogeneous ruthenium catalysis for (a) arylation of 165 and (b) hydroarylation of 

vinylsilanes 2b. 

In 2012, Wu reported on the cross-dehydrogenative coupling between 

tetrahydroisoquinoline derivatives 167 and nitroalkanes 168 using a nanocomposite 

G-RuO2 catalyst 169 in water and under an oxygen atmosphere (Scheme 1.48).
[195]

 

Notably, the novel catalyst 169 outperformed established RuCl3nH2O or RuO2nH2O 

catalysts even after the fifth run. 

 

Scheme 1.48. Heterogeneous ruthenium catalysis for cross-dehydrogenative couplings. 

In 2017, Ackermann reported on the first remote C–H functionalization of aryl-

substituted purines 155, by using a heterogeneous silica-supported ruthenium catalyst 

171.
[196]

 The ruthenium catalysis regime provided meta-halogenated purine derivatives 

172, with excellent recycling and separation properties (Scheme 1.49). In this study, a 

high dependence of the catalytic activity related to the supporting materials was observed.  
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Scheme 1.49. Heterogeneous ruthenium-catalyzed meta-selective bromination of purines 155. 

While many catalysts are based on activated carbon or oxide supports,
[197]

 more research 

gained recently into metal organic frameworks (MOFs),
[198]

 nanoparticles
[199]

 and 

polymers.
[200]

 In this context, hybrid systems based on a defined support with a linker that 

acts as a ligand for the transition metal showed increased importance.
[201]

 Due to well-

known preparation methods and various modification methods hybrid polymers are 

especially attractive.
[202]

 

In 2013, Sawamura illustrated a new type of polystyrene(PS)–phosphane covalently 

bound hybrid towards palladium-catalyzed cross-coupling reactions of unactivated 

chloroarenes (Scheme 1.50a).
[203]

 Besides palladium-catalyzed cross-coupling, the hybrid 

polymer-phosphine 174 was employed to iridium- or rhodium-catalyzed borylations of 

C(sp
3
)–H bonds, reflecting the utility of the heterogeneous strategy (Scheme 1.50b-c). 

Notably, control experiments to support the heterogeneous nature were not performed. 

 

Scheme 1.50. Polymer-supported phosphines 174 in transition metal-catalyzed reactions. 
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Thereafter, Jones and Yu demonstrated the first example of a polymer-supported catalyst 

for selective C(sp
3
)−H monoarylations (Scheme 1.51).

[204]
 The functionalizable and 

tunable polymer 184 provided high catalytic efficacy and excellent levels of positional 

selectivity in palladium-catalyzed monoarylations. In addition, the polymer 184 was 

reusable without additional palladium catalyst affording an identical catalytic reactivity in 

the second run. 

 

Scheme 1.51. Polymer-supported catalyst for selective palladium-catalyzed C(sp
3
)−H monoarylations. 
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2. Objectives 

Methods for the selective functionalization of otherwise inert C–H or C–F bonds have 

been recognized as a transformative method in synthetic chemistry, with applications 

ranging from the synthesis of bioactive compounds to material sciences.
[22k, 24a, 89, 205]

 In 

particular well-defined ligands, such as secondary phosphine oxides, and ruthenium 

catalysts were recognized as powerful instruments for cross-coupling chemistry and 

directed C–H transformations.
[60a, 121, 126e, 206]

 In addition, the development of earth-

abundant manganese and nickel catalysts for C–H activations provid an inexpensive and 

less toxic alternative to their heavier counterparts.
[22b]

 However, full selectivity control in 

metal-catalyzed C–H activations are challenging.
[30, 38b, 109c, 207]

 In this context, the 

development of novel transition metal catalysts for chemo-, regio- and stereo-selective  

C–H functionalizations is of great interest. 

Catalytic C–F bond activation remains a challenge, due to the high BDE of the carbon–

fluorine bond, which is typically overcome by using noble metal catalysts or harsh 

reaction conditions.
[65f, 208]

 Although many novel methods were developed using well-

defined metal complexes,
[79b, 79c, 82b, 209]

 C(sp
2
)–C(sp

3
) couplings remain challenging and 

hard to control due to the undesirable linear/branched isomerization.
[86-87, 209a, 210]

 With 

this in mind, the development of a user-friendly and broadly applicable method for 

nickel-catalyzed C–F alkylations based on a well-defined nickel catalyst is of great 

interest (Scheme 2.1). 

 

Scheme 2.1. Broadly applicable nickel-catalyzed C–F activation. 

While the activation of C–F bonds is of great interest, the development for novel 

synthetic methods to install fluorine in organic molecules is also needed.
[94, 211]

 In this 

context, various methodologies for transition metal-mediated β-fluorine eliminations were 

developed, thereby enabling the cleavage of C–F bonds under relatively mild reaction 

conditions.
[88a-c, 205d]

 Keeping the tremendous progress by manganese(I) catalysis into 
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account, 
[22b, 212]

 the development of a novel manganese(I)-catalyzed C–H/C–F 

functionalization was intended (Scheme 2.2).
[92b]

 

 

Scheme 2.2. Manganese(I)-catalyzed allylative and alkenylative C–H/C–F functionalization. 

The enantioselective functionalization of C–H bonds remains largely restricted to noble 

transition metal catalysts such as palladium, rhodium and iridium.
[207b, 213]

 Recently, 

significant progress has been achieved by employing earth-abundant, non-precious 3d 

metals.
[109c, 207a]

 Although hydroarylations by nickel-catalyzed C–H activation bear huge 

potential,
[27]

 asymmetric intramolecular hydroarylations of unactivated alkenes remain 

scarce. Since all reported methods require the use of pyrophoric organoaluminium 

additives, which limits the tolerance of functional groups,
[109a, 109d, 109e]

 the development 

and understanding of an organoaluminium-free enantioselective intramolecular 

cyclization is highly desirable (Scheme 2.3).
[214]

  

 

Scheme 2.3. Nickel-catalyzed enantioselective intramolecular C–H cyclization. 

Within the last decade, hydrogen isotope exchange (HIE) became a well-established 

method to accomplish late-stage isotope labeling of challenging scaffolds.
[138a, 138c, 140]

 In 

this context, heterogeneous and homogeneous ruthenium catalysts showed a broad 

applicability.
[134b, 215]

 In contrast to methods that enabled the labeling of uncomplex 

molecules, ortho-selective HIE with numerous functional groups present remain 

scarce.
[140]

 Keeping this limitation in mind, the development of late-stage deuterations 



2. Objectives 

42 

and tritiations of active pharmaceutical ingredients (API) is highly desirable 

(Scheme 2.4).
[216]

 

 

Scheme 2.4. Selective isotope labeling by ruthenium-catalyzed HIE. 

Homogeneous catalysts are by far outnumbering heterogeneous catalysts in the field of 

C–H functionalizations, even though the recycling of the catalysts is difficult to 

achieve.
[184]

 In terms of sustainability heterogeneous catalysts have a clear advantage over 

homogeneous catalysts.
[19a, 185]

 In this context, hybrid systems based on easy accessible 

polymer supports are highly suitable to develop catalysts with a defined coordination 

sphere around the metal.
[200b, 201a]

 Taking into account the unique ability of ruthenium to 

facilitate remote C–H functionalizations,
[22g, 166h]

 a novel reusable ruthenium-hybrid 

catalyst for meta C–H functionalization of biological relevant motifs is of great interest 

(Scheme 2.5).  

 

Scheme 2.5. Recyclable ruthenium catalyst for remote C–H functionalizations.
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3. Results and Discussion 

3.1. SPO-Nickel Catalysts for C–F Alkylations 

Transition metal-catalyzed C(sp
2
)–C(sp

3
) cross-coupling has become a vibrant area of 

research due to its potential to serve as a strategic C–C bond forming process.
[101, 217]

 

While classical cross-coupling reactions focused on traditional electrophiles, phenol 

derivatives,
[65e, 218]

 nitriles
[219]

 and aryl fluorides
[65c, 65f, 88b, 220]

 gained more momentum for 

potential late-stage modifications. In recent years, the importance of fluorinated organic 

molecules to a variety of applications in modern society is well appreciated and 

emphasizes the potential for the functionalization of C–F bonds.
[88, 221]

 Considering the 

inert nature of the C–F bond during multi-step processes, the wide availability and the 

relative low costs,
[211a, 222]

 late stage modifications by metal-catalyzed C(sp
2
)–C(sp

3
) 

cross-couplings are a powerful alternative to generate bioactive compounds, 

pharmaceutical drugs and polymer materials (Figure 3.1.1).
[223]

  

 

Figure 3.1.1. Selected examples of alkylated pharmaceuticals and semiconductor. 

Unfortunately, only a few reports on selective C(sp
2
)−C(sp

3
) bond formations are known, 

and mostly restricted to alkyl electrophiles with the aid of sterically-congested ligands.
[17a, 

84a, 224]
 Considerable less attention has been paid on related reactions with branched 

nucleophiles,
[85, 225]

 due to competing β-hydride eliminations.
[73, 87, 226]

 Even though, the 

pioneering studies of Kumada were accompanied by an undesired isomerization with the 

finding that a more electron-rich ligand favored β-hydride eliminations,
[73]

 a general 
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method towards branched and linear alkylating reagents by efficient nickel catalysis 

remains elusive.
[87]

 

 

3.1.1. Optimization Studies for Primary Alkylmagnesium Reagents 

The optimization studies for the nickel(II)-catalyzed C–F activation were commenced by 

probing various nickel salts for the envisioned C–F alkylation of 2-fluoronaphtalene 

(11b) (Table 3.1.1). Among the tested nickels salts, Ni(acac)2 turned out to be optimal 

with 38% isolated yield, albeit a significant amount of defluorinated compound 191 was 

formed (entry 1). Other nickel salts resulted in the formation of the undesired 

defluorinated byproduct 191 (entries 2–4). Interestingly, commonly used Ni(cod)2 

facilitated the transformation (entry 5) too, suggesting a nickel(0/II) catalytic 

manifold.
[65b, 227]

 It is furthermore worth mentioning that no reaction took place in the 

absence of a nickel source (entry 6). 

Table 3.1.1. Optimization of the nickel source for C–F alkylation with linear alkyl magnesium reagents.
[a]  

 

Entry [Ni] Yield / %
 

186b/191
 

1 Ni(acac)
2
 38 47/53 

2 NiCl
2
(DME) 18 0/100 

3 NiBr2(diglyme) 20 0/100 

4 Cp
2
Ni 12 0/100 

5 Ni(cod)
2
 26 62/38 

6 - n.r. - 

[a] Reaction conditions: 11b (0.25 mmol), 9a (0.50 mmol), [Ni] (5.0 mol %), ligand (5.0 mol %), PhMe 

(0.50 mL), 100 °C, 16 h, under Ar; yield of 186b and 191 was determined after isolation. The ratio of 

186b/191 was determined by 
1
H-NMR. 

With the best nickel source being identified, further optimization with respect to the (pre)-

ligand were performed. As phosphine ligands are broadly implemented in nickel-

catalyzed cross-couplings,
[15, 63, 228]

 various mono- and bidentate-phosphines were 

screened (Table 3.1.2). Remarkably, SPOs outperformed commonly used ligands, such as 

dppe and dppf (entries 1–7).
[229]

 This suggests that highly electron-donating ligands are 



3.1. SPO-Nickel Catalysts for C–F Alkylations 

45 

crucial within the catalytic cycle or that the SPO stabilizes essential transition states 

within catalysis.
[48, 230]

 In this context, the substitution pattern on the SPO was crucial for 

the reaction outcome, indicating bulky substituents to be less favored within nickel-

catalyzed C–F activations. Considering the previously observed reactivity of Ni(cod)2 the 

envisioned transformation was also tested with Ni(cod)2 in combination with SPO pre-

ligand 193 (entry 8). Notably, the desired product was generated in good yield, albeit 

moderate selectivity. Importantly, the novel bidentate SPO 194 improved the efficiency in 

terms of yield and selectivity (entry 9), highlighting the importance of this motif in 

nickel-catalyzed C–F alkylations. Although the transformation could be facilitated by 

dppe, high temperatures were required (entries 10–11). It is assumed that the SPO-

phosphine nickel(II) pre-catalyst and the Grignard reagent formed a nickel/magnesium 

bimetallic catalytic species that carried out push−pull cooperative activation of the aryl 

fluoride.
[76c, 209b, 231]

 

Table 3.1.2. Optimization of phosphine ligands for C–F alkylation with linear alkyl magnesium reagent 

9a.
[a]  

 

Entry [Ni] Ligand Yield / %
 

186b/191
 

1 Ni(acac)
2
 dppe <10 - 

2 Ni(acac)
2
 dppf  <10 - 

3 Ni(acac)
2
 (n-Bu)

2
P(O)H 50 70/30 

4 Ni(acac)
2
 (Ad)

2
P(O)H 25 60/40 

5 Ni(acac)
2
 

 

37 57/43 

6 Ni(acac)
2
 (Cy)

2
P(O)H 54 59/41 

7 Ni(acac)
2
 (Ph)

2
P(O)H (193) 52 77/23 

8 Ni(cod)2 193 87 72/28 
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Entry [Ni] Ligand Yield / % 186b/191 

9 Ni(cod)2 

 

90 78/22 

10 Ni(cod)2 dppe 95 94/6 

11
[b] 

Ni(cod)2 dppe - - 

[a] Reaction conditions: 11b (0.25 mmol), 9a (0.50 mmol), [Ni] (5.0 mol %), ligand (5.0 mol %), PhMe 

(0.50 mL), 100 °C, 16 h, under Ar; yield of 186b and 191 was determined after isolation. The ratio of 

186b/191 was determined by 
1
H-NMR. [b] THF (0.50 mL) as solvent at 25 °C. 

Inspired by the excellent activity of SPO 194, the preparation of a novel SPO-nickel 

complex for the nickel-catalyzed C–F alkylation reaction was attempted by Dr. Debasish 

Ghorai. Thus, treatment of Ni(cod)2 with pre-ligand 194 resulted in the formation of the 

novel complex 195, which was isolated and crystallographically characterized by Dr. 

Antonis Messinis (Scheme 3.1.1).  

 

Scheme 3.1.1. Synthesis of complex 195, performed by Dr. Debasish Ghorai. 195 was crystallized by Dr. 

Antonis Messinis. The crystal structure was measured and resolved by Dr. Christopher Golz. 

To our delight complex 195 was found to be even more reactive and selective compared 

to the previously probed nickel catalyst generated in-situ from pre-ligand 194 (Scheme 

3.1.2). Furthermore, the novel SPO-nickel catalyst 195 outperformed the previously 

reported nickel(II)-JoSPOphos complex 196 in terms of reactivity and selectivity (entry 

2),
[214a]

 highlighting the importance of the ligand backbone.  
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Scheme 3.1.2. Well-defined SPO-nickel complexes for C–F alkylations. 

With the best catalyst in hand, the reaction was optimized regarding different solvents and 

other reaction parameters (Table 3.1.3). Considering the harsh reaction conditions, it was 

shown, that the SPO-nickel catalyst 195 was able to facilitate the C–F alkylation at 25 °C. 

Notably, the mild reaction conditions resulted in better selectivity towards the alkylated 

product 186b (entry 1). The use of other aromatic solvents did not result in an 

improvment (entries 2–4). Using more polare solvents, such as 1,4-dioxane, n-Bu2O or 

Et2O, a better selectivity was observed (entries 5–7), probabilly due to the stabilization of 

the Grignard reagent by the Schlenk-equilibrium.
[232]

 Notably, biomass-derived
[18a, 18d, 233]

 

2-MeTHF was also applied in the envisiond transformation without any deterioration 

(entry 8). Finally, THF was identified as the optimal solvent, yielding the desired C–F 

alkylated product 186b in excellent yield and outstanding selectivity (entries 9–10). With 

THF, the troublesome evaporation of the solvent of the Grignard could be avoided and 

the reaction was more easily scalable (entry 11).  

Table 3.1.3. Optimization of solvent and temperature for C–F alkylations by SPO-nickel catalysis.
[a] 

 

Entry Solvent T / °C Yield / %
 

186b/191
 

1 PhMe 60 83 89/11 

2 PhMe 25 79 96/4 

3 o-xylene 25 70 93/7 

4 p-xylene 25 68 91/9 

5 1,4-dioxane 25 73 93/7 



3. Results and Discussion 

48 

Entry Solvent T / °C Yield / % 186b/191 

6 n-Bu2O 25 78 96/4 

7 Et2O 25 81 96/4 

8 2-MeTHF 25 79 94/6 

9 THF 25 79 97/3 

10
[b] 

THF 25 84 98/2 

11
[b,c] 

THF 25 84 98/2 

[a] Reaction conditions: 11b (0.25 mmol), 9a (0.50 mmol), 195 (5.0 mol %), solvent (0.50 mL), T, 16 h, 

under Ar; yield of 186b and 191 was determined after isolation. The ratio of 186b/191 was determined by 
1
H-NMR. [b] 0.25 M. [c] 0.50 mmol scale. 

 

3.1.2. Scope of the C–F Alkylation using Primary Alkylmagnesium Reagents 

The versatility of the SPO-nickel-catalyzed C–F alkylation was tested for differently 

substituted aryl fluorides 11. Probing various substitution patterns on the arenes, no 

limitation was observed and most substituents were well tolerated (Table 3.1.4). Different 

naphthalenes proved applicable within this transformation (entries 1–2). Furthermore, the 

method could be applied for the C–F alkylation of different substituted fluorobenzenes 11 

yielding the desired products 186d and 186f in good yields (entries 3–4). To our delight, 

the C–O bond was tolerated under the reaction conditions without interference (entry 5), 

indicating a notable innate chemoselectivity. Finally, pyrene fluorophores and an 

electron-rich N-protected aniline derivative proved to be compatible within the SPO-

nickel catalysis regime (entries 6–7).  

Table 3.1.4. Scope of aryl fluorides 11 in the SPO-nickel-catalyzed alkylation.
[a]  

 

Entry Fluoroarene 186 Yield / %
 

1 

  

82 

2 

  

79 
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Entry Fluoroarene 186 Yield / % 

3 

  

73 

4 

  

72 

5 

  

60 

6 

  

72 

7 

  

71 

[a] Reaction conditions: 11 (0.50 mmol), 9a (1.0 mmol), 195 (5.0 mol %), solvent (2.0 mL), 25 °C, 16 h, 

isolated yield. 

Furthermore, different alkylmagnesium bromides were examined under the reaction 

regime (Table 3.1.5). Initially, octylmagnesium bromide (9b) reacted with excellent 

regioselectivity without isomerized byproduct being formed (entry 1). No limitations 

were observed by different chain lengths, indicating the usability towards methylation and 

ethylation reactions (entrie 2-3). Considering, the so called magic methyl effect the 

introduction of a methyl group highlights the utility of the SPO-nickel catalyst.
[234]

 

Furthermore, a ramification of the alkylmagnesium bromide (9e) was well tolerated 

without isomerization during the course of the reaction.  

 

 



3. Results and Discussion 

50 

Table 3.1.5. Scope of linear alkylmagnesium bromides 9 in the SPO-nickel-catalyzed alkylation.
[a]  

 

Entry Alkylmagnesium bromide 186 Yield / %
 

1 n-OctMgBr (9b) 

 

76 

2 MeMgBr (9c) 

 

78 

3 EtMgBr (9d) 

 

74 

4 2-Et-HexMgBr (9e) 

 

76 

[a] Reaction conditions: 11 (0.50 mmol), 9 (1.0 mmol), 195 (5.0 mol %), solvent (2.0 mL), 25 °C, 16 h, 

isolated yield. 

Under the optimized reaction conditions different heterocycles, including indoles and 

pyridines were probed (Table 3.1.6). Initially, N-substituted indoles were tested 

furnishing the corresponding product 186n-p in excellent yield and good selectivity, 

albeit with the formation of a byproduct (entries 1–3).
[100a, 235]

. Subsequently, various 

substituents in the C5-position of pyridine were tested, with overall good yields for 

electron donating and withdrawing substituents (entries 6–7). Moreover, it was 

demonstrated that pyridine as a substituent is tolerated without interference (entry 8). 

Notable, no Ziegler alkylation at the reactive α-position of the pyridine was observed.
[236]
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Table 3.1.6. Scope of heteroaryl fluorides 11 in the SPO-nickel-catalyzed alkylation.
[a]  

 

Entry Heteroarene 186 Yield / %
 

1
[b] 

  

74 

2
[b] 

  

72 

3 

  

72 

4 

  

76 

5 

  

74 

6 

  

73 

[a] Reaction conditions: 11 (0.50 mmol), 9 (1.0 mmol), 195 (5.0 mol %), solvent (2.0 mL), 25 °C, 16 h, 

isolated yield. [b] Mixture of 186 and byproduct. 
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3.1.3. Optimization Studies for Secondly Alkylmagnesium Reagents 

Based on the outstanding selectivity within the linear alkylation, the considerably more 

challenging alkylation with secondary alkylmagnesium halides 9f-k was faced. The 

studies were initiated with 11b as the model substrate and sec-butylmagnesium chloride 

(9f) as the alkylation reagent. It was initially tested whether the formation of the product 

187b is mainly controlled by the ligand (Table 3.1.7). In this context, bidentate phosphine 

ligands, such as dppe and dppf, failed to give any result (entries 1–2). On the contrary, the 

monodentate SPO pre-ligand 193 outperformed previously studied phosphine ligands 

(entry 3). However, a significant amount of isomerized product 186t was formed. 

Interestingly, the performance of the novel designed ligand 194 improved the yield, 

showing the importance of the bidentate nature of the ligand (entry 4). Finally, the novel 

SPO-nickel(II) complex 195 improved the reactivity and selectivity (entry 5).  

Table 3.1.7. Optimization of different phosphine ligands in the SPO-nickel-catalyzed alkylation.
[a] 

 

Entry [Ni] Ligand Yield / %
 187b/186t 

1 Ni(acac)
2
 dppe - - 

2 Ni(acac)
2
 dppf - - 

3 Ni(cod)2 193 39 75/25 

4 Ni(cod)2 

 

47 75/25 

5 

 

63 82/18 

[a] Reaction conditions: 11b (0.25 mmol), 9f (0.50 mmol), [Ni] (5.0 mol %), ligand (5.0 mol %), PhMe 

(1.0 mL), 100 °C, 16 h, under Ar; yield of isolated products. The ratio of 187b/186t was determined by 
1
H-

NMR.
 

Given the inherent possibility to induce enantioselectivity within the presented C–F 

alkylation with branched alkylmagnesium halides 9 initial optimization studies were 
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performed by employing chiral phosphine ligands (Table 3.1.8). Although 

enantioselective Kumada-Corriu cross-couplings are known,
[237]

 the use of unactivated 

fluoroarenes 11 remains elusively.
[238]

 With different chiral bidentate phosphine ligands 

no enantiomeric ratio (e.r.) was detected for the branched product (entries 1–2). Inspired 

by the previous results chiral SPO pre-ligands were tested (entries 3–4).
[239]

 

Unfortunately, the chiral SPO 199 and the SPO 200
[232b]

 did not result in a chiral 

induction. Finally, the chiral JoSPOphos complex 196 was tested at different 

temperatures (entry 5–6), however, no asymmetric induction was detected (Figure 3.1.2).  

Table 3.1.8. Optimization of chiral phosphine ligands in the SPO-nickel-catalyzed alkylation.
[a] 

 

Entry [Ni] Ligand Yield / %
 187q/186u e.r.

[b] 

1 Ni(acac)2 

 

40 80/20 - 

2 Ni(acac)2 

 

41 50/50 - 

3 Ni(acac)2 

 

22 50/50 - 

4 Ni(acac)2 

 

43 50/50 - 

5 

 

53 98/2 - 

6
[c] 

37 98/2 - 

[a] Reaction conditions: 11q (0.25 mmol), 9f (0.50 mmol), [Ni] (5.0 mol %), ligand (5.0 mol %), PhMe 

(1.0 mL), 100 °C, 16 h, under Ar; yield of isolated products. The ratio of 187q/186u was determined by 
1
H-NMR. [b] Determined by chiral HPLC analysis. [c] At 60 °C. 
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Figure 3.1.2. HPLC chromatogram of rac-187q (up) and 187q yielded by JoSPOphos complex 196 (down). 

The optimization studies for the SPO-nickel-catalyzed C–F alkylation with branched 

alkylating reagents 9f were continued by probing the effect of the reaction temperature 

and solvent (Table 3.1.9). Notably, SPO-nickel catalyst 195 facilitated the cross-coupling 

at much milder temperatures and proved to be viable at 25 °C (entries 1–5). However, a 

diminished yield is accompanied at lower temperature, a clear dependence of the 

selectivity was detected. Unfortunately, the C–F alkylation was not feasible at 0 °C 

(entry 6). Moreover, solvent screening resulted in good yields and high selectivities, even 

when biomass-derived 2-MeTHF was applied (entries 7–10). Control experiments 

highlighted the unique reactivity of the developed SPO-nickel catalyst 195 compared to 

other in-situ generated nickel/phosphine catalysts (entries 11–12). By increasing the 

reaction temperature to 60 °C an improved yield was observed (entry 13).  

Table 3.1.9. Optimization of solvent and temperature for branched Grignard reagents.
[a]  

 

Entry Solvent T / °C Yield / % 187b/186t 

1 PhMe 100 64 82/18 

2 PhMe 80 72 89/11 

3 PhMe 60 78 90/10 

4 PhMe 40 55 93/7 
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Entry Solvent T / °C Yield / % 187b/186t 

5 PhMe 25 57 94/6 

6 PhMe 0 n.r. - 

7 n-Bu2O 25 56 93/7 

8 1,4-dioxane 25 51 92/8 

9 2-MeTHF 25 56 93/7 

10 THF 25 60 92/8 

11
[b] 

THF 25 n.r. - 

12
[c] 

THF 25 n.r. - 

13
 

THF 60 66 96/4 

[a] Reaction conditions: 11b (0.25 mmol), 9f (0.50 mmol), 195 (5.0 mol %), solvent (1.0 mL), T, 16 h, 

under Ar; yield of isolated products. The ratio of 187b/186t was determined by 
1
H-NMR. [b] Ni(cod)2 

(5.0 mol %) and dppe (5.0 mol %) instead of 195. [c] Ni(acac)2 (5.0 mol %) and dppe (5.0 mol %) instead 

of 195. 

Furthermore, other reaction parameters were tuned for the accomplishment of the 

envisioned C–F alkylation (Table 3.1.10). Initiated by some control experiments, 187b 

was not observed when Ni(acac)2 and Ni(cod)2 were used, showing that these nickel salts 

needed higher activation energies to furnish the examined transformation (entries 1-2). 

Moreover, different concentrations were evaluated showing no significant role, although a 

higher selectivity was observed at lower concentrations (entries 3-4). Notably, 5 min of 

pre-stirring before the addition of 9f improved the yield dramatically without affecting the 

selectivity (entry 5). With CsF as the additive, a beneficial effect was not observed, 

emphasizing a different mechanism compared to related studies (entry 6).
[87, 240]

 Finally, 

the reaction was performed at larger scale and a shortened reaction time, reflecting the 

high reactivity of catalyst 195 towards unactivated C–F bonds (entries 7-8).  

Table 3.1.10. Optimization of other reaction parameters for branched Grignard reagents.
[a] 

 

Entry Solvent T / °C Yield / % 187b/186t 

1
[b]

 THF 60 - - 

2
[c]

 THF 60 - - 

3
[d] 

THF 60 57 95/5 
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Entry Solvent T / °C Yield / % 187b/186t 

4
[e] 

THF 60 60 92/8 

5
[f] 

THF 60 84 96/4 

6
[f,g] 

THF 60 71 94/6 

7
[f,h] 

THF 60 84 96/4 

8
[f,i] 

THF 60 77 95/5 

[a] Reaction conditions: 11b (0.25 mmol), 9f (0.50 mmol), 195 (5.0 mol %), THF (1.0 mL), 60 °C, 16 h, 

under Ar; yield of isolated products. The ratio of 187b/186t was determined by 
1
H-NMR.

 
[b] Ni(cod)2 (5.0 

mol %) and dppe (5.0 mol %) instead of 195. [c] Ni(acac)2 (5.0 mol %) and dppe (5.0 mol %) instead of 

195. [d] 0.125 M. [e] 0.50 M. [f] 5 min pre-stirring then addition of 9f. [g] CsF (0.50 mmol). [h]
 
0.50 mmol 

scale. [i] 30 min. 

 

3.1.4. Scope of the C–F Alkylation using Secondary Alkylmagnesium Reagents 

With the optimized reaction conditions in hand, the C–F alkylation of various arenes and 

heteroarenes with sec-butylmagnesium chloride 9f was investigated (Table 3.1.11). 

Indeed, different naphthalenes 11b-c were suitable substrates for this transformation 

(entries 1–2). Furthermore, a variety of different electron-rich arenes 11d-f were 

amenable to the present reaction with overall high selectivities (entries 3–5). Notably, the 

C–O bond remains intact during the course of the reaction (entry 6) and pyrene 

fluorophores proved to be compatible within the SPO-nickel catalysis (entry 7). Also, the 

electron-rich N-protected aniline derivative 11i was converted successfully with an 

acyclic coupling reagent yielding the para-alkylated product 187i (entry 8). 

Next, different biologically relevant heterocyclic motifs, such as indoles or pyridines 

were probed. N-Protected indoles 11o-p were well tolerated without byproduct formation, 

probably due to the less-reactive Grignard reagent (entries 9–10).
[68a]

 Moreover, electron-

rich as well as electron-poor pyridines 11q-r were amenable to the transformation (entries 

11–12). Remarkably, fluoroarene 11s yielded selectively 187s, highlighting the resistance 

towards deactivation of the catalyst by coordination or substitutions in the α-position to 

the heteroatom (entry 13).
[106c, 241]
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Table 3.1.11. Scope of the branched-selective alkylation by SPO-nickel catalysis.
[a,b] 

 

Entry Fluoroarene 187 Yield / % 

1 

  

84 (96:4) 

2 

  

80 (96:4) 

3 

  

75 (78:22) 

4 

  

76 (73:27) 

5 

  

73 (88:12) 

6 

  

68 (76:24) 
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Entry Fluoroarene 187 Yield / % 

7 

  

89 (93:7) 

8 

  

76 (65:35) 

9 

  

69 (88:12) 

10 

  

70 (87:13) 

11 

  

75 (98:2) 

12 

  

74 (79:21) 

13 

  

89 (85:15) 

[a] Reaction conditions: 11 (0.50 mmol), 9f (1.0 mmol), 195 (5.0 mol %), solvent (2.0 mL), 60 °C, 16 h, 

under Ar; yield of isolated products. The ratio of 187/186 was determined by 
1
H-NMR. Branched/linear 

selectivities in parentheses.  
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Thereafter, a variety of secondary alkylmagnesium halides 9g-k were tested in the C–F 

alkylation (Table 3.1.12). Diverse cyclic alkylmagnesium bromides 9g-h underwent the 

nickel-catalyzed cross-coupling with various naphthalenes 11b-c and electron rich N-

protected aniline 11i resulting in excellent yields (entries 1–4). Notable, sterically more 

constrained norbornene derived Grignard 9i performed excellently under the reaction 

regime (entry 5). Furthermore, the sterically more demanding alkylmagnesium bromide 

9j yielded the product with excellent selectivity for the secondary position showing that 

the tether has no significant influence (entries 6–7). Finally, iso-propylmagnesium 

chloride (9k) as alkylating source together with various arenes and heteroarenes 11 were 

tested (entries 8–12). Remarkable, the desired products 187 were obtained in good yields 

and excellent selectivities.  

Table 3.1.12. Scope of branched Grignard reagents 9 within the SPO-nickel catalysis.
[a,b] 

 

Entry Alkylmagnesium halide 187 Yield / % 

1 

  

70 

2 

  

78 

3 

  

79 

4 

  

78 
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Entry Alkylmagnesium halide 187 Yield / % 

5 

  

71 

6 

  

77 (90:10) 

7 

  

73 (94:6) 

8 

  

81 (96:4) 

9 

  

73 (81:19) 

10 

  

70 (85:15) 

11 

  

73 (99:1) 

12 

  

74 (87:13) 

[a] Reaction conditions: 11 (0.50 mmol), 9 (1.0 mmol), 195 (5.0 mol %), THF (0.25 M), 60 °C, 16 h, 

under Ar; yield of isolated products. The ratio of 187/186 was determined by 
1
H-NMR. [b] 5 min pre-

stirring, then addition of 9.  
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3.2. Manganese-Catalyzed Allylative and Alkenylative C–H/C–F Functionalization 

In recent years, the unique properties of C–F bonds were well examined and reflected by 

many fluorine containing pharmaceuticals, agrochemicals and materials (Figure 3.2.1).
[94, 

211a, 211d, 242]
 In this context, conventional C–F bond formations generally require harsh 

conditions and consequently have limited substrate scopes,
[243]

 whereas reactions 

performed in the presence of catalysts can often reduce the activation barrier.
[244]

 

 

Figure 3.2.1. Selected examples of relevant fluorine containing molecules. 

The enormous BDE
[28]

 ~126 kcal/mol and the accompanied thermodynamically 

inertness,
[245]

 make fluorination reactions especially challenging. Nevertheless, 

photocatalysis
[246]

 and late transition metals, such as palladium
[247]

 or silver
[248]

 proved 

capable to facilitate these transformations, due to the significantly polarized metal–

fluorine σ-bond and sufficient orbital overlap.
[249]

 However, a sustainable and step-

economical access to highly functionalized fluorine-containing molecules by earth-

abundant catalysis remained elusive.
[250]

 

 

3.2.1. Optimization Studies for the Alkenylative C–H/C–F Functionalization 

The optimization studies for the desired C–H/C–F alkenylation were commenced by 

screening various solvents and bases (Table 3.2.1). First, various solvents were tested 

showing that ethereal solvents facilitate the envisioned transformation (entries 1–5). 

Among these, 1,4-dioxane turned out to be the optimal solvent for this reaction (entry 6). 

Subsequently, the role of a base was studied by comparing different alkali metal 

carbonates (entries 6–9). The reactivity increased from sodium to potassium carbonate, 

but significantly dropped, when the heavier analogue like rubidium carbonate was 

utilized, probably due to the solubility of the formed fluoride salts.
[251]

 Furthermore, to 



3. Results and Discussion 

62 

increase the selectivity, different reaction temperatures were probed, revealing an 

enormous impact on the yield accompanied by the same Z/E ratio (entries 10–11). 

Moreover, an increased amount of substrate 44g was beneficial, probably due to its low 

vapor pressure (entries 12–13).
[252]

 Notably, a higher concentration improved the yield 

without affecting the selectivity (entry 14). Further optimizations by Uttam Dhawa 

showed the importance of sodium acetate as additional additive yielding the C–H/C–F 

alkenylated product 202g in high yield. 

Table 3.2.1. Optimizations for the manganese(I)-catalyzed alkenylative C–H/C–F functionalization.
[a] 

 

Entry Base Solvent Yield / % 

1 K2CO3 DCE 26 

2 K2CO3 TFE 11 

3 K2CO3 PhMe 8 

4 K2CO3 n-Bu2O 21 

5 K2CO3 THF 33 

6 K2CO3 1,4-dioxane 53 

7 Na2CO3 1,4-dioxane 46 

8 Rb2CO3 1,4-dioxane 28 

9 - 1,4-dioxane n.r. 

10
[b] 

K2CO3 1,4-dioxane n.r. 

11
[c] 

K2CO3 1,4-dioxane 28 

12
[d] 

K2CO3 1,4-dioxane 44 

13
[e] 

K2CO3 1,4-dioxane 59 

14
[f] 

K2CO3 1,4-dioxane 66 

15
[e,f,g] 

K2CO3 1,4-dioxane 85 

[a] Reaction conditions: 201a (0.50 mmol), 44g (1.0 mmol), [MnBr(CO)5] (10 mol %), base (0.50 mmol), 

solvent (1.0 mL), 100 °C, 20 h, under Ar; yield of isolated products; all Z/E = 92:8, determined by 
1
H-

NMR. [b] At 80 °C. [c] At 120 °C. [d] 44g (0.60 mmol). [e] 44g (1.5 mmol). [f] 1,4-Dioxane (0.50 mL). [g] 

NaOAc (20 mol %) performed by Uttam Dhawa. 
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3.2.2. Scope of the Allylative and Alkenylative C–H/C–F Functionalizations 

In addition to the optimization of the alkenylative C–H/C–F functionalization, Dr. Daniel 

Zell optimized the allylative C–H/C–F functionalization on ketimines and together with 

Uttam Dhawa the allylative C–H/C–F functionalization on indoles. Subsequently, an 

extensive study on the scope for the allylative and alkenylative manganese(I)-catalyzed 

C–H/C–F functionalization, including heterocycles and dipeptides was carried out.
[92b]

 

With the optimized catalytic reaction conditions in hand, the substrate scope with respect 

to different removable directing groups
[35]

 was explored (Table 3.2.2). Besides indole 

201a, which underwent the desired transformation facilely (entry 1), the frequently used 

pyrimidyl-indole 201b was also suitable yielding the desired product 203b in almost 

quantitative yield (entry 2). Although, β–F elimination is assumed to occur, fluoro 

substituents were unaffected during the course of the reaction (entry 3). Furthermore, 

transformable
[172, 253]

 ketimine 201d performed well under the optimized reaction 

conditions, render ketones easily assessable, while oxazoline 203e was not suitable within 

this transformation (entries 4–5).  

Table 3.2.2. Scope of the manganese(I)-catalyzed allylative C–H/C–F functionalization.
[a] 

 

Entry 201 203 Yield / % Z/E 

1
[a] 

  

97 88:12 

2
[a] 

  

96 87:13 
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Entry 201 203 Yield / % Z/E 

3
[b] 

  

89 85:15 

4
[b] 

  

72 97:3 

5
[b] 

  

n.r. - 

[a] Reaction conditions: 201 (0.50 mmol), 45a (0.60 mmol), [MnBr(CO)5] (7.5 mol %), K2CO3 

(0.50 mmol), 1,4-dioxane (0.50 mL), 80°C, 20 h, isolated yield; Z/E ratios determined by 
1
H-NMR 

spectroscopy.  

[b] Reaction conditions: 201 (0.50 mmol), 45a (1.50 mmol), [MnBr(CO)5] (10 mol %), NaOAc 

(40 mol %), K2CO3 (0.75 mmol), 1,4-dioxane (0.50 mL), 105 °C, 20 h, isolated yield; Z/E ratios determined 

by 
1
H-NMR spectroscopy. 

Inspired by the broad applicability of the manganese(I)-catalyzed allylative C–H/C–F 

functionalization, various 1,1-difluorostyrenes
[89, 254]

 44 were tested under the optimized 

catalytic reaction conditions for the C–H/C–F alkenylation (Table 3.2.3). A variety of 

electron-donating substituents in the ortho-, meta- or para-position were tolerated 

resulting in very good yields and excellent diastereoselectivities (entries 1–4). 

Furthermore, it was demonstrated that bromo substituents did not react under the reaction 

regime, although the BDE is significantly lower compared to the cleaved C–F bond 

(entries 5–7).
[65, 88]

 Remarkably, an ester group on the styrene was well tolerated and 

afforded the corresponding product 202h with excellent selectivity of Z/E = 94:6 (entry 

8). Notably, the C–H/C–F alkenylation was not only restricted to 1,1-difluorostyrenes, 

also 1,1-difluorovinylalkane 44i underwent the envisioned transformation (entry 9). In 

this context, citronellal derived compound 44j was also compatible within this 

transformation, showing no isomerization or hydroarylation byproduct (entry 10).
[255]

 The 

versatile C–H/C–F functionalization however encountered also limitations. 1,1-

Difluorostyrenes bearing sterically demanding backbones, such as naphthalene or 
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anthracene, could only be converted in low yield and selectivity (entry 11) or did not react 

at all (entry 12). 

Table 3.2.3. Scope of the manganese(I)-catalyzed alkenylative C–H/C–F functionalization.
[a] 

 

Entry 44 202 Yield Z/E 

1 

  

87 80:20 

2 

  

80 89:11 

3 

  

87 87:13 

4 

  

81 94:6 

5 

  

90 96:4 
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Entry 44 202 Yield Z/E 

6 

  

86 96:4 

7 

  

85 92:8 

8 

 

 

92 94:6 

9 

  

61 82:18 

10 

  

58 78:22 

11 

  

46 65:35 
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Entry 44 202 Yield Z/E 

12 

  

n.r. - 

[a] Reaction conditions: 201a (0.50 mmol), 44 (1.50 mmol), [MnBr(CO)5] (10 mol %), NaOAc (20 mol %), 

K2CO3 (0.50 mmol), 1,4-dioxane (0.50 mL), 100 °C, 20 h, isolated yield; Z/E ratios determined by 
1
H-

NMR spectroscopy. The crystal structure 202h was measured and resolved by Dr. Christopher Golz. 

 

3.2.3. Experiment with Cyclometalated Complex 204 

Interested in the mechanism of the C–H/C–F functionalization, the formation of product 

203a was studied using the well-defined manganacycle 204 (Scheme 3.2.1).
[43c, 256]

 The 

reaction proved viable in an almost quantitative fashion with the same diastereoselectivity 

compared to the catalytic transformation. Based on this result the formation of 

manganacycle 204 by a manganese(I)-catalyzed C–H activation pathway is likely 

operative. 

 

Scheme 3.2.1. Stoichiometric C–H/C–F functionalization of manganacycle 204. 
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3.3. Asymmetric Nickel-Catalyzed Hydroarylations by C–H Activation 

The progress of modern synthetic organic chemistry is largely related to the discovery of 

new asymmetric reactions, particularly those catalyzed by chiral catalysts.
[257]

 This 

statement is clearly supported by the award of the 2001 Nobel Prize in Chemistry to W. S. 

Knowles, R. Noyori, and K. B. Sharpless for their work on asymmetric hydrogenation 

and oxidation reactions, respectively.
[258]

 In this context, the development of direct 

asymmetric C–H functionalization reactions are of key importance in modern 

metallorganic chemistry and heavily rely on rather toxic and expensive 4d and 5d 

transition metals, such as palladium, rhodium, and iridium.
[207b, 213, 259]

 On the contrary, 

recent achievements in the emerged area of catalytic C–H activation by cost effective and 

sustainable 3d metal catalysts, such as nickel and cobalt among others,
[109b, 109c, 260]

 

significantly expanded synthetic methodologies. In this context, redox neutral 

hydroarylations of C–C multiple bonds by nickel catalysis have become a powerful tool 

for challenging transformations.
[27, 96c]

 Unfortunately, this approach is in many cases 

restricted to activated heteroarenes or electronically-activated C–C multiple bonds. 

Notably, recent achievements overcame this issue by applying nickel/aluminium 

heterobimetallic catalysis.
[111]

 Even though, the perfect atom economy and the 

applicability to novel bioactive natural compounds made this methodology especially 

attractive (Figure 3.3.1),
[261]

 asymmetric intramolecular C–H hydroarylations are rare and 

require pyrophoric LEWIS-acidic organoaluminium additives, such as AlMe3 or MAD.
[109]

  

Figure 3.3.1. Selected examples of bioactive polycyclic imidazole motifs. 
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3.3.1. Optimization Studies for Enantioselective Intramolecular Nickel-Catalyzed 

Hydroarylations by C–H Activation 

Inspired by early studies based on rhodium(I)-catalyzed intramolecular hydroarylations 

and the importance of benzimidazole scaffolds in bioactive compounds,
[262]

 an 

asymmetric cyclization of N-homoallylimidazoles 188a by nickel catalysis was 

envisioned. Based on detailed optimization studies by Dr. Joachim Loup, various chiral 

pre-catalyst and chiral ligands were probed (Table 3.3.1).
[214a]

 In this context, 

commercially available chiral nickel(II) (pre)-catalyst 205 and 206 failed to give any 

conversion (entries 1–2). Further studies were shifted to SPO pre-ligands which were 

already used in asymmetric organocatalysis
[55d, 263]

 and asymmetric hydrogenations.
[57b, 

239d, 264]
 Remarkably, with the TADDOL-based SPO 207 a chiral induction was 

obtained,
[55a, 109d]

 highlighting the great potential of chiral SPOs within the envisioned 

asymmetric hydroarylation (entry 3). Thereafter, the chiral JoSPOphos
[264a, 264b, 265]

 ligand 

208 was tested and afforded the desired product 189a in excellent yield and 

enantioselectivity (entry 4). Control experiments confirmed the important role of the pre-

ligand and the nickel salt (entries 5–6). 

Table 3.3.1. Optimization of the catalyst and ligand for the enantioselective nickel-catalyzed cyclization.
[a] 

 

Entry Ligand Yield / % e.r.
[b] 

1
[c] 

 

n.r. - 

2
[c] 

 

n.r. - 
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Entry Ligand Yield / % e.r.
[b]

 

3 

 

69 64:36 

4 

 

92 99:1 

5
[c] 

n.r. - 

6
[d] 

- n.r. - 

[a] Reaction conditions: 188a (0.50 mmol), Ni(cod)2 (10 mol %), ligand (10 mol %), AlMe3 (40 mol %), 

PhMe (2.0 mL), 16 h, isolated yield. [b] Determined by chiral HPLC analysis. [c] Without Ni(cod)2. [d] 

Without 208. 

Considering the air- and moisture instability of Ni(cod)2, Ni(acac)2 was tested next as a 

more robust
[227e, 266]

 pre-catalyst within the developed asymmetric regime (Table 3.3.2). 

To our delight, Ni(acac)2 in combination with JoSPOphos 229 facilitated the asymmetric 

intramolecular hydroarylation well with an increased yield compared to Ni(cod)2 (entries 

1–3). This finding indicated, that during the course of the reaction the LEWIS-acid likely 

acted as a reducing agent to generate nickel(0) as active species.
[65b, 227]

 Further studies, 

with respect to the catalyst loading showed the excellent reactivity of the catalyst, since 

even catalyst loadings down to 1 mol % did not affect the conversion and the 

enantioselectivity (entries 4–5). Finally, different LEWIS-acids were tested indicating that 

sterically undemanding organoaluminum additives were preferred within the catalytic 

regime (entries 6–8).  

At the same time, Dr. Joachim Loup showed that LEWIS-acids were not required in terms 

of yield and enantioselectivity, provided that Ni(cod)2 was used as pre-catalyst (entry 

9).
[214a]

 Considering the unique opportunity for improved functional group tolerance, the 

focus was shifted to the AlMe3-free regime. 
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Table 3.3.2. Optimization of nickel and additive for the enantioselective nickel-catalyzed cyclization.
[a] 

 

Entry [Ni] Additive Yield / % e.r.
[b] 

1
[c] 

Ni(acac)2 AlMe3 92 99:1 

2 Ni(cod)2 AlMe3 82 99:1 

3 Ni(acac)2 AlMe3 93 99:1 

4
[d] 

Ni(acac)2 AlMe3 93 99:1 

5
[e] 

Ni(acac)2 AlMe3 90 99:1 

6 Ni(acac)2 - n.r. - 

7 Ni(acac)2 AlEt3 80 99:1 

8 Ni(acac)2 ZnEt2 n.r. - 

9
[f] 

Ni(cod)2 - 96 96:4 

[a] Reaction conditions: 188a (0.50 mmol), [Ni] (1.0–10 mol %), ligand (1.0–10 mol %), additive (40 

mol %), PhMe (1.0 mL), 16 h, isolated yield. [b] Determined by chiral HPLC analysis. [c] [Ni] (10 mol %). 

[d] [Ni] (2.5 mol %). [e] [Ni] (1.0 mol %). [f] Ni(cod)2 (5.0 mol %), 208 (2.5 mol %), performed by Dr. 

Joachim Loup. 

 

3.3.2. Scope of the Enantioselective Nickel-Catalyzed endo-Hydroarylation 

With the optimized reaction conditions in hand, the robustness of the enantioselective 

nickel-catalyzed endo-hydroarylation of alkenes via C–H activation under aluminum-free 

conditions was explored. The remarkably simple catalytic system proved able to cyclize 

various functionalized heteroarenes 188 in outstanding yields and levels of 

enantioselectivity (Table 3.3.3). Electron-rich as well as electron-deficient poly-

substituted benzannulated azoles 188a-c underwent the desired hydroarylation without a 

drop in enantioselectivity (entries 1–3). In this context, chloro substituents stayed intact 

during the course of the reaction, while side reactions, such as cross-coupling
[267]

 or 

dehalogenation,
[268]

 were not detected. Furthermore, substituents in the 5- and 6-position 

of the benzannulated azole 188d-e were not affecting the catalytic regime, which was 

reflected by excellent yields and perfect enantioselectivities (entries 4–5). Notably, 

sterically demanding fluorescent pyrene derivative 188f proved to be compatible within 
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the enantioselective intramolecular nickel-catalyzed hydroarylation (entry 6). X-ray 

diffraction analysis of product 188f unambiguously assigned the R-configuration of the 

cyclized product. Finally, ester containing substrate 188g was converted under the LEWIS-

acid free reaction conditions (entry 7).  

Table 3.3.3. Scope of benzannulated azoles 188 in the nickel-catalyzed intramolecular hydroarylation.
[a]

 

 

Entry 188 189 Yield / % e.r.
[b] 

1 

  

96 99:1 

2 

  

92 96:4 

3
[c] 

  

84 98:2 

4 

  

87 99:1 
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Entry 188 189 Yield / % e.r.
[b]

 

5 

  

90 96:4 

6 

 

 

78 99:1 

7 

  

74 99:1 

[a] Reaction conditions: 188 (0.50 mmol), Ni(cod)2 (5.0 mol %), 208 (2.5 mol %), PhMe (1.0 mL), 16 h, 

isolated yield. [b] Determined by chiral HPLC analysis. [c] Ni(cod)2 (10 mol %), 208 (5.0 mol %). The 

crystal structure 189f was measured and resolved by Dr. Christopher Golz. 

Inspired by the robustness towards diversely decorated benzannulated azoles 188a-g in 

the enantioselective nickel-catalyzed endo-hydroarylation, a variety of pharmaceutically 

relevant heterocycles were next probed (Table 3.3.4).
[269]

 Challenging aza-

benzimidazoles
[270]

 188h-i were efficiently converted with excellent yield and high levels 

of enantioselectivity (entries 1–2). Notably, the coordination of the JoSPOphos pre-ligand 

to the catalyst was not affected by the bidentate nature of the substrate.
[271]

 Furthermore, 

highly functionalized purines, such as biologically relevant morpholine
[272]

 and 

fluorescent pyrene derivatives were efficiently converted to the cyclized products (entries 

3–5). Finally, pharmaceutical relevant theophylline
[273]

 derivative 188m proved to be 

compatible with the developed enantioselective nickel-catalyzed endo-hydroarylation 

(entry 6). 
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Table 3.3.4. Scope of pharmaceutically relevant heterocycle 188 in the nickel-catalyzed intramolecular 

hydroarylation.
[a]

 

 

Entry 188 189 Yield / % e.r.
[b] 

1 

  

82 92:8 

2 

  

89 97:3 

3 

  

84 95:5 

4 

  

82 95:5 
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Entry 188 189 Yield / % e.r.
[b]

 

5
[c] 

  

75 95:5 

6
[c] 

  

81 95:5 

[a] Reaction conditions: 188 (0.50 mmol), Ni(cod)2 (5.0 mol %), 208 (2.5 mol %), PhMe (1.0 mL), 16 h, 

isolated yield. [b] Determined by chiral HPLC analysis. [c] Ni(cod)2 (10 mol %), 208 (5.0 mol %), 

The versatile enantioselective nickel-catalyzed endo-hydroarylation however encountered 

also limitations (Scheme 3.3.1). An elongated carbon tether 188n and a pyrimidine 

derived structure 188o were not feasible within the catalysis, probably because of the 

kinetically challenging seven-membered ring formation and the higher pKa.
[31a, 274]

 

Furthermore, bromo-substituted azole 188p did not react in a selective fashion probably 

due to the activation of the relative weak C–Br bond.
[96e, 275]

 No conversion of the 

heteroarenes 188q-s was detected, probably due to a coordinative deactivation pathway 

with basic amine.
[276]

 

 

Scheme 3.3.1. Limitations of the nickel-catalyzed intramolecular hydroarylation. 
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3.3.3. Mechanistic Studies 

3.3.3.1. H/D-Exchange Experiments 

Given the unique features of the asymmetric aluminium-free nickel-catalyzed C–H 

alkylation, an understanding of its mode of action was desired. To study the mechanism 

of the C–H activation elementary step, an H/D-exchange experiment with CD3OD as the 

co-solvent was conducted (Scheme 3.3.2a). Importantly, a significant H/D-exchange in 

the C2-position of the reisolated starting material 188a was detected. Further, a reaction 

performed with deuterated substrate [D]1-188a revealed H/D scrambling at the methyl 

group and positions of the former olefin (Scheme 3.3.2b). A possible explanation could 

be the formation of a nickel-hydride and/or a π-allyl-nickel intermediate that initiates 

isomerization.
[277]

 Nevertheless, both observations support a facile and reversible C–H 

activation step
[278]

 and are strikingly different from the previous report on nickel-

catalyzed exo-cyclization.
[109d]

 

Scheme 3.3.2. H/D-exchange studies.  

 

3.3.3.2. KIE Studies 

 

Scheme 3.3.3. KIE studies. 
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The kinetic isotope effect (KIE) of the asymmetric aluminium-free nickel-catalyzed C–H 

hydroarylation was measured by the comparison of independent reaction rates for 

substrate 188a and the isotopically labeled analogue [D]1-188a, showing a minor value of 

kH/kD ~1.1 (Figure 3.3.2). The observed KIE is in good agreement with the results 

obtained from the H/D-exchange experiments, suggesting the C–H scission step not to be 

turnover limiting.
[279]
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Figure 3.3.2. KIE study of the asymmetric aluminium-free nickel-catalyzed C–H hydroarylation. 

 

3.3.3.3. Kinetic reaction orders 

3.3.3.3.1. Reaction order of N-homoallylimidazoles 188a 

 

Scheme 3.3.4. Kinetic order in N-homoallylimidazoles 188a. 

The kinetic order of the reaction with respect to the concentration of N-

homoallylimidazoles 188a equals n = 1.06 ± 0.04, which likely corresponds to a reaction 
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order of one (Figure 3.3.3). This result can be interpreted as a clear hint for the 

participation of substrate 188a in the turnover-limiting step of the reaction. 
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Figure 3.3.3. Kinetic order in [188a] in the asymmetric aluminium-free nickel-catalyzed C–H 

hydroarylation conditions. 

 

3.3.3.3.2. Reaction order of JoSPOphos (208) 

 

Scheme 3.3.5. Kinetic order in JoSPOphos (208). 

The reaction order with respect to the concentration of JoSPOphos (208) is roughly one, 

with n = 0.96 ± 0.09 (Figure 3.3.4), showing that the ligand coordinates during the 

turnover-limiting step of the catalytic cycle to the metal. 
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Figure 3.3.4. Kinetic order in [208] in the asymmetric aluminium-free nickel-catalyzed C–H hydroarylation 

conditions. 

 

3.3.3.3.3. Reaction order of Ni(cod)2  

 

Scheme 3.3.6. Kinetic order in Ni(cod)2. 

Interestingly, an initial first-order rate dependence in the nickel precursor of n = 

1.06 ± 0.03 was observed, followed by an inhibition at higher nickel concentrations 

(Figure 3.3.5). A possible interpretation to this rather unusual finding could be the 

existence of a critical nickel concentration, beyond which an autocatalytic deactivation of 

the catalyst occurs due to aggregation of nickel, as it was proposed for palladium 

catalysis.
[280]

 Another explanation to the detrimental effect of higher concentrations of 

Ni(cod)2 could be the competitive coordination of free cod to the nickel center, resulting 

in off-cycle intermediates decelerating the catalysis, as previously reported by 

Zimmerman and Montgomery.
[281]
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Figure 3.3.5. Kinetic order in [Ni(cod)2] in the asymmetric aluminium-free nickel-catalyzed C–H 

hydroarylation conditions. 

 

3.3.3.4. Effect of the concentration of 1,5-cyclooctadiene on the reaction rate 

 

Scheme 3.3.7. Reaction rate dependence on the concentration of 1,5-cyclooctadiene. 

Studies towards high concentrations of 1,5-cyclooctadiene (cod) showed that, in the 

presence of additional cod, the transformation was found to proceed with a lower rate 

(Figure 3.3.6). This finding provided support for the hypothesis that an inhibition of the 

active nickel catalyst is caused by free cod originating from the consumption or 

degradation of Ni(cod)2. 
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Figure 3.3.6. Effect of the concentration of 1,5-cyclooctadiene in the asymmetric aluminium-free nickel-

catalyzed C–H hydroarylation. 

 

3.3.4. Proposed Catalytic Cycle 

Based on our detailed mechanistic studies and previous literature reports,[105, 235b, 282] the 

catalytic reaction is proposed to be initiated by the formation of the organometallic nickel(II) 

complex 196 (Scheme 3.3.8). Complex 196 was synthesized by Dr. Debasish Ghorai and 

found to be active in both stoichiometric and catalytic reactions. A plausible pathway for the 

generation of nickel(II) complex 196 could be the oxidative addition of nickel(0) into the 

P(O)–H bond, as it has been previously reported in the literature,[283] followed by hydride 

migration to the bond 1,5-cyclooctadiene and chain walking.[281b] Complex 196 is then 

coordinated by substrate 188a to form intermediate 209. Due to the close proximity an initial    

C–H activation can occur after loss of a cyclooctene molecule, yielding the proposed active 

catalyst 210. Intermediate 210 then undergoes the stereo-determining and C–C bond forming 

migratory insertion to deliver the cyclized intermediate 211. Derived from the kinetic reaction 

order analysis a kinetically relevant coordination of a second substrate 188a occurs, yielding 

intermediate 212. Finally, the facile C–H cleavage was proposed to occur via a LLHT 

manifold 213,[277d, 282a, 284] yielding the desired product 189a and the reformed active catalyst 

210. Taking into account that the formation of the active catalyst is an off-cycle reaction the 

observed H/D scrambling can be explained since during the oxidative addition of the 

nickel(0) into the P(O)–H bond a nickel-π-allyl or a nickel-hydride species is possibly 
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involved. Furthermore, the isolated complex 196 is a plausible off-cycle intermediate, or a 

resting state, whose reversible formation is favored by higher concentrations of cod. This can 

explain the negative order in Ni(cod)2 above a certain concentration and rationalizing the 

detrimental effect of adding an excess of free 1,5-cyclooctadiene to the catalytic reaction. 

Indeed, such cod-incorporating π-allyl complexes are documented to be stable off-cycle 

intermediates whose formation diminishes the catalytic efficiency.[281]  

 

Scheme 3.3.8. Proposed catalytic cycle. Complex 196 was prepared and crystallized by Dr. Debasish 

Ghorai. The crystal structure was measured and resolved by Dr. Christopher Golz. 
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In this context, detailed DFT studies by Chen and Ackermann revealed in addition to the 

LLHT and reductive elimination pathway, an unexpected potentially favorable 

nickel(0)/nickel(II) catalytic cycle compromising P–H oxidative addition, migratory insertion 

and C(sp2)–H activation via σ-CAM (σ-complex-assisted metathesis) and C–C reductive 

elimination.[285] Similar to the experimental results the DFT calculations emphasized that 

complex 196 is probably an off-cycle intermediate, which can be converted to the catalytical 

active nickel(0) complex by sequential β-hydride elimination and reductive elimination.  
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3.4. Hydrogen Isotope Exchange by Ruthenium-Catalyzed C–H Activation 

Hydrogen isotope exchange (HIE) of otherwise inert C–H bonds promoted by transition 

metal catalysis has emerged as a valuable tool, since multi-step processes and expensive 

labeled precursors can be avoided.
[138-139, 139c, 286]

 Notably, this approach has recently 

initiated numerous applications towards the detection and quantification of drugs and 

drug metabolites in a complex matrix by absorption, distribution, metabolism and 

excretion (ADME) studies.
[152, 287]

 Consequently, highly selective transition metal-

catalyzed HIE of C–H bonds in complex pharmaceuticals is still one of the key challenges 

for medicinal chemist, because the catalyst needs to be compatible with a variety of 

functional groups that are commonly present in marketed pharmaceuticals.
[138b, 288]

 In 

addition to iridium catalysts,
[143e, 289]

 recent developments for late-stage labeling of drug 

candidates were reported by using efficient 3d and 4d transition metals, enabling 

regioselective direct HIE (Figure 3.4.1).
[139]

  

 

Figure 3.4.1. Transition metal catalysts for HIE of pharmaceuticals. 

In order to improve the site-selectivity, the introduction of a directing group in complex 

organic molecules seems reasonable in HIE reactions to trap the metallacycle with D2O or 

T2O.
[126h, 132, 290]

 In particular carboxylic acids are especially attractive directing groups 

due to their commercial availability in large structural diversities,
[291]

 transformability
[291d, 

292]
 and removability.

[158, 293]
 

 



3.4. Hydrogen Isotope Exchange by Ruthenium-Catalyzed C–H Activation 

85 

3.4.1. Optimization Studies for Ruthenium(II)-Catalyzed Hydrogen Isotope 

Exchange 

The optimization studies for the envisioned HIE of p-anisic acid 190a were commenced 

by probing the effect of various ruthenium sources with D2O (Table 3.4.1). Wheras, 

simple [RuCl2(p-cymene)]2 catalyst provided low D-incorporation (entry 1), the use of 

well-defined ruthenium(II) biscarboxylate complexes afforded high catalytic efficacy in 

the HIE reaction with excellent D-incorporation (entries 2–4). Therefore, the results were 

indicative of the essential role of carboxylate ligand in the C–H transformation. Further 

studies were carried out with [Ru(O2CAd)2(p-cymene)] as the optimal ruthenium catalyst 

(entry 5). 

Table 3.4.1. Optimization studies for HIE of p-anisic acid (190a).
[a] 

 

Entry [Ru] Yield / % ortho D / % 

1 [RuCl2(p-cymene)]2 72 19 

2 [Ru(O2Piv)2(p-cymene)] 68 90 

3 [Ru(O2Mes)2(p-cymene)] 72 90 

4 [Ru(OAc)2(p-cymene)] 73 92 

5 [Ru(O2CAd)2(p-cymene)] 76 90 

[a] Reaction conditions: 190a (0.50 mmol), [Ru] (5.0 mol %), D2O (1.0 mL), 100 °C, 16 yield of isolated 

products. Degree of D-incorporation was determined by 
1
H-NMR.  

Next, different deuterium sources (Table 3.4.2) were probed. While solvents, such as 

MeOD, MeOH-d4 and i-PrOH-d8, did not improve the catalytic efficacy, more acidic 

acetic acid-d4, essential within palladium-catalyzed HIE,
[145b]

 resulted in a significant 

reduced yield (entries 1–4). Furthermore, non-acidic deuterium source provided no D-

incorporation in the product [D]2-190a (entry 5). Considering solubility problems,
[294]

 

solvent mixtures of deuterium oxide with different aprotic solvents were probed next 

(entries 6–7). Indeed, a 1:1 mixture of toluene and D2O increased both the D-

incorporation and the isolated yield (entry 8). Notably, biomass-derived GVL
[18a]

 seemed 

also suitable for this HIE with excellent levels of isotope-labeling (entry 9). The lower 

yield can probably be explained by the thermal degradation of GVL accompanied with 
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undesired side reactions.
[295]

 Due to the user-friendly and cost-effective properties,
[296]

 

deuterium oxide was selected as an isotopic labeling source for further studies in the HIE 

reaction.  

Table 3.4.2. Optimization of various deuterium sources for ruthenium(II)-catalyzed HIE of p-anisic acid 

(190a).
[a] 

 

Entry Solvent Yield / % ortho D / % 

1 MeOH-d4 75 90 

2 MeOD 73 92 

3 i-PrOH-d8 68 80 

4 acetic acid-d4 56 60 

5 chloroform-d 98 0 

6
[b] 

D2O/acetone 62 98 

7
[b]

 D2O/n-BuOH  73 72 

8
[b]

 D2O/toluene 86 93 

9
[b]

 D2O/GVL 57 91 

[a] Reaction conditions: 190a (0.50 mmol), [Ru(O2CAd)2(p-cymene)] (5.0 mol %), solvent (1.0 mL), 

100 °C, 16 h, yield of isolated products. Degree of D-incorporation was determined by 
1
H-NMR. [b] 

D2O/solvent (1/1). 

Further optimization studies revealed that the reaction temperature had a significant 

impact on the deuteration (Table 3.4.3; entries 1–2). In addition, the robustness of the 

reaction was probed by a successful reaction under air (entry 3). Since 1,4-dioxane is a 

well-established solvent in many ruthenium-catalyzed C–H activations, it was employed 

as solvent with 10 equivalents of deuterium oxide, resulting in excellent levels of D-

incorporation of 190a in ortho-position (entry 4). A shorter reaction time and a lower 

amount of ruthenium catalyst did not result in any improved D-incorporation (entries 5–

6). Importantly, control experiments showed the essential nature of the catalyst for the 

HIE (entry 7). 
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Table 3.4.3. Optimization of ruthenium(II)-catalyzed HIE of p-anisic acid (190a).
[a] 

 

Entry Solvent Yield / % ortho D / % 

1
[b] 

D2O 79 60 

2
[c] 

D2O 72 92 

3
[d] 

D2O 72 94 

4
[e] 

1,4-dioxane 93 95 

5
[e,f] 

1,4-dioxane 91 82 

6
[e,g] 

1,4-dioxane 93 58 

7
[e,h] 

1,4-dioxane 96 - 

[a] Reaction conditions: 190a (0.50 mmol), Ru(O2CAd)2(p-cymene) (5.0 mol %), solvent (1.0 mL), 

100 °C, 16 h, yield of isolated products. Degree of D-incorporation was determined by 
1
H-NMR. [b] 

45 °C. [c] 110 °C. [d] Under air. [e] D2O (10 equiv). [f] 6 h. [g] [Ru] 2.5 mol %. [h] Without [Ru].  

While deuterium oxide is user-friendly, T2O is a radiation hazard and larger amounts of 

T2O should be avoided.
[297]

 For further applications, the effectiveness of the envisioned 

HIE was studied by varying the amount of deuterium oxide (Table 3.4.4). While a 

decrease in the D-incorporation was observed in the reaction with low amount of 

deuterium oxide (entry 1–2), amounts of 6.0 to 10 equivalents were overall optimal 

(entries 3–5). Notably, an excess of deuterium oxide led to a significant drop in yield, 

(entry 6).  

Table 3.4.4. Effect of different quantities of D2O on the HIE.
[a] 

 

Entry D2O (X equiv) Yield / % ortho D / % 

1
 

2 95 66 

2
 

4 94 71 

3
 

6 94 80 
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Entry D2O (X equiv) Yield / % ortho D / % 

4
 

8 95 88 

5
 

10 93 95 

6
 

100 76 95 

[a] Reaction conditions: 190a (0.50 mmol), [Ru(O2CAd)2(p-cymene)] (5.0 mol %), D2O (2–100 equiv), 

1,4-dioxane (1.0 mL), 100 °C, 16 h, yield of isolated products. Degree of D-incorporation was determined 

by 
1
H-NMR. 

With the optimized reaction conditions for the ruthenium(II)-catalyzed HIE reaction in 

hand, the robustness of the catalytic system towards APIs was studied (Table 3.4.5). 

Under the optimal reaction conditions 54% D-incorporation of repaglinide
[298]

 was 

observed in excellent levels of regioselectivity (entry 1). To improve the efficiency, it was 

found that a higher concentration was beneficial (entries 2-3). Moreover, an increased 

catalyst loading slightly ameliorated the degree of deuteration (entry 4). It is noteworthy 

than an increased amount of catalyst was helpful in case of APIs containing several 

functional groups, which otherwise could deactivate the ruthenium catalyst. Finally, a 

significant improvement in the direct deuteration was not observed, when a larger amount 

of deuterium oxide was employed (entry 5). 

Table 3.4.5. Optimization studies for HIE of repaglinide 190u.
[a] 

 

Entry Deviation from standard condition Yield / % ortho D / % 

1
 

none 81 54 

2
 

2.0 mL instead of 1.0 mL 78 56 

3
 

0.50 mL instead of 1.0 mL 80 72 

4
 

10 mol % [Ru] instead of 5.0 mol % 80 86 

5
 

20 equiv of D2O instead of 10 equiv 79 87 

[a] Reaction conditions: 190u (0.10 mmol), [Ru(O2CAd)2(p-cymene)] (5.0 mol %), D2O (1.0 mmol), 1,4-

dioxane (1.0 mL), 100 °C, 16 h, yield of isolated products. Degree of D-incorporation was determined by 
1
H-NMR.  

 



3.4. Hydrogen Isotope Exchange by Ruthenium-Catalyzed C–H Activation 

89 

3.4.2. Scope of the Ruthenium(II)-Catalyzed Hydrogen Isotope Exchange 

The performance of the ruthenium(II)-catalyzed hydrogen isotope exchange of benzoic 

acids derivatives 190 was explored under the optimal reaction conditions (Table 3.4.6). 

The desired isotopic labeled motifs from diversely-substituted benzoic acids 190a-p were 

obtained with excellent yields and high levels of D-incorporation (entries 1–16). Indeed, 

electron-donating and electron-withdrawing substituents at the ortho-, meta- or para-

positions were amenable to the HIE reaction, providing in almost all cases D-

incorporations higher then 90%. 

Although chloroarenes are well known electrophiles in cross-coupling reactions,
[121g]

 the 

chloro-substituted benzoic acids 190b, 190g and 190k were fully tolerated. Furthermore, 

the HIE was fully compatible with valuable functional groups, such as nitro and cyano 

groups, highlighting the outstanding chemoselectivity of the ruthenium(II)-carboxylate 

catalysis. It was highlighted that the robustness of the HIE was well reflected by 

hydroxyl- 190o or amino-substituents 190p, while they could act as a potential ligand and 

therefore led to deactivation of the catalyst.
[299]

 

Besides the excellent functional group tolerance, the HIE of biologically relevant 

heterocyclic motifs was investigated. Different (hetero)arenes were tested under the 

reaction conditions (entries 17–20), yielding the desired products [D]n-190q-t in high 

chemoselective and good to high levels of D-incorporations. Heterocyclic motifs, 

including indole 190q and oxazepine 190t were well tolerated resulting in the efficient 

incorporation of two deuterium atoms at the ortho-position to the carboxylic acid 

directing group. The chemoselective nature of the ruthenium(II)-catalyzed HIE regime 

was also mirrored by the absence of side reactions when bromo-substituted arene 190s 

was employed.
[300]

 It is noteworthy that only poor D-incorporation in the C2-position of 

190r was observed, probably due to repulsive steric interactions.  
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Table 3.4.6. Substrate scope for the ruthenium(II) biscarboxylate-catalyzed ortho-deuterium labeling.
[a] 

 

Entry Product Yield / % ortho D / % 

1 

 

93 95 

2 

 

90 60 

3 

 

94 94 

4 

 

79 84 

5 

 

97 93 

6 

 

95 98 

7 

 

94 99 

8 

 

97 97 
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Entry Product Yield / % ortho D / % 

9 

 

84 90 

10 

 

92 
C2: 96 

C6: 96 

11 

 

89 
C2: 99 

C6: 99 

12 

 

95 
C2: 98 

C6: 98 

13 

 

86 
C2: 98 

C6: 98 

14 

 

95 
C2: 90 

C6: 81 

15 

 

87 93 

16 

 

86 87 
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Entry Product Yield / % ortho D / % 

17 

 

86 
C4: 92 

C6: 89 

18 

 

82 
C6: 89 

C2: 17 

19 

 

74 
C2: 97 

C6: 94 

20 

 

82 94 

[a] Reaction conditions: 190 (0.50 mmol), [Ru(O2CAd)2(p-cymene)] (5.0 mol %), D2O (5.0 mmol), 1,4-

dioxane (1.0 mL), 100 °C, 16 h, yield of isolated products. Degree of D-incorporation was determined by 
1
H-NMR. 

Given the excellent performance of the ruthenium(II)-catalyzed HIE, the initial 

envisioned late-stage labeling of challenging pharmaceuticals was targeted. The HIE 

protocol was applicable to various APIs, affording the isotopically labled analogs with 

moderate to excellent D-incorporation (Table 3.4.7). Important APIs, such as repaglinide 

-used for promoting insulin release from β-islet cells of the pancreas-, telmisartan -used 

as an angiotensin II receptor blocker to cardiovascular diseases-,
[301]

 sulfasalazine -a 

medication to treat rheumatoid arthritis, ulcerative colitis and Crohn's disease-,
[302]

 and 

bumetanide -a loop diuretic to treat swelling and high blood pressure-
[303]

 were fully 

compatible with the HIE reaction and showed excellent position-selective isotope 

labeling. Notably, the presence of other potential heteroatom-containing directing groups, 

such as benzimidazole and azo
[304]

 groups led to unexpected D-incorporation at the ortho-

position to those groups.
[33a, 34]

 Moreover, the catalytic HIE was highlighted by tolerating 

structural motifs, like amide, free sulfonamide, secondary amine and α-amino-pyridines 

as well as azo-motifs. 
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Table 3.4.7. Late-stage C–H deuteration of drugs by ruthenium(II) biscarboxylate-catalyzed HIE.
[a] 

 

Entry API Product Yield / %
 

1 Repaglinide 

 

80 

2 Telmisartan 

 

76 

3 Sulfasalazine 

 

72 

4 Bumetanid 

 

73 

[a] Reaction conditions: 190 (0.10 mmol), [Ru(O2CAd)2(p-cymene)] (10 mol %), D2O (1.0 mmol), 1,4-

dioxane (0.50 mL), 100 °C, 16 h, yield of isolated products. [X] Degree of D-incorporation was determined 

by 
1
H-NMR.  

In addition to complex pharmaceuticals various biologically active sulfonamides were 

probed (Table 3.4.8).
[305]

 To our delight, sulfonamides 190y-ab were all isotopically 

labeled in an excellent fashion without any solubility issues
[306]

 or inhibition by functional 

groups, such as free amino or hydroxyl groups (entries 1–4). In addition, cyclic structures 
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like furan 190z and lactam 190aa were tolerated under the ruthenium(II)-catalyzed C–H 

activation regime. Notably, an enforced coordination of the ruthenium catalyst with the 

carboxylic acid and sulfonamide cannot be ruled out, since both are known directing 

groups in C–H activation methodologies.
[43d, 305c, 307]

 

Table 3.4.8. Late-stage C–H deuteration of sulfonamides by ruthenium(II) biscarboxylate-catalyzed HIE.
[a] 

 

Entry Product Yield / % 

1 

 

92 

2 

 

79 

3 

 

88 

4 

 

73 

[a] Reaction conditions: 190 (0.10 mmol), Ru(O2CAd)2(p-cymene) (10 mol %), D2O (1.0 mmol), 1,4-

dioxane (0.50 mL), 16 h, 100 °C, yield of isolated products. [X] Degree of D-incorporation was determined 

by 
1
H-NMR. 
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3.4.3. Mechanistic Studies 

3.4.3.1. In-operando NMR studies 

To gain insights into the HIE the kinetic profile of 190h was followed by in-operando 
1
H-

NMR spectroscopy (Scheme 3.4.1). The synthetic utility of the ruthenium(II) 

biscarboxylate-catalyzed HIE was highlighted by the fast rate of the HIE, yielding >78% 

D-incorporation after 5 h (Figure 3.4.2). 

 

Scheme 3.4.1. In-operando NMR studies for the ruthenium(II) biscarboxylate-catalyzed HIE. 
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Figure 3.4.2. Reaction profile of the ruthenium(II) biscarboxylate-catalyzed HIE. 

 

3.4.3.2. KIE Studies 

To gain a deeper mechanistic understanding of the C–H activation elementary step, 

independent KIE experiments of o-toluic acid (190h) and [D]1-190h were performed 

(Scheme 3.4.2). In this reaction, a KIE of kH/kD ~2.0 was obtained, supporting a rate-

determining C–H activation. 



3. Results and Discussion 

96 

 

Scheme 3.4.2. Independent KIE studies for the ruthenium(II) biscarboxylate-catalyzed HIE. 
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Figure 3.4.3. Independent KIE studies for the ruthenium(II) biscarboxylate-catalyzed HIE. 

 

3.4.3.3. Intermolecular Competition Experiment 

To evaluate the C–H activation mechanism, an intermolecular competition experiment 

between the electron-rich o-toluic acid (190h) and electron-poor trifluoromethyl 

substituted analog 190ac was conducted (Scheme 3.4.3). Notably the experiment showed 

a strong preference for the electron-rich substrate 190h which was indicative of the C–H 

activation occurring through a BIES-type mechanism.
[43b, 43c, 308]

 

 

Scheme 3.4.3. Intermolecular competition experiment by ruthenium(II) biscarboxylate-catalyzed HIE. 
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3.4.4. Proposed Catalytic Cycle 

On the basis of our mechanistic findings and previous reports on directed ruthenium(II)-

catalyzed direct C–H activations,
[126h, 132, 290]

 a plausible catalytic cycle for the present 

HIE was proposed (Scheme 3.4.4). Initiated by a ligand exchange with 190h, the 

ruthenium(II)-carboxylate complex 214 is formed. 214 then undergoes the rate-

determining C–H scission step by a BIES type mechanism to form the ortho-metalated 

ruthenacycle 216. H/D exchange of the hydro-carboxylate ligand with a deuterium oxide 

leads to a deuterium-carboxylate ligand 217. Finally, proto-demetallation of the 

cyclometalated complex 218 facilitated by 190h generates the desired product [D]1-190h 

and regenerates the active catalyst 214.  

 

Scheme 3.4.4. Proposed catalytic cycle for ruthenium-catalyzed HIE. 
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3.4.5. Tritiation of Pharmaceuticals 

Based on the high performance of the H/D exchange the ortho-selective tritium-labeling 

of pharmaceuticals with T2O, generating metabolically stable sites that are compatible to 

different functional groups was tackeled. Considering the previous results, tritium oxide 

can be suitable to facilitate the HIE, since the reaction with low amounts of deuterium 

oxide worked well. Therefore, the late-stage tritiation of pharmaceuticals was studied in 

collaboration with Remo Weck and Dr. Volker Derdau from Sanofi-Aventis Deutschland 

GmbH. In this context, the HIE with freshly prepared deuterium oxide
[309]

 resulted in a 

reduced D-incorporation of the API repaglinide, which was a promising result towards 

the use of tritium oxide.
[216]

 Considering that tritium oxide is always a mixture of 

HDO/HTO,
[310]

  the developed catalysis seemed suitable due to it’s reactivity and stability 

to facilitate first HDO and second HTO activation in an efficient manner. Under slightly 

modified reaction conditions, tritium was introduced in moderate specific activity 

highlighting this highly selective C–H activation methodology for late-stage drug 

modifications (Scheme 3.4.5).  

 

Scheme 3.4.5. Ruthenium-catalyzed tritiation performed by Remo Weck and Dr. Volker Derdau of  

a) repaglinide 190u in b) a selective fashion. 
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3.5. Recyclable Ruthenium Catalysts for remote C–H Alkylations 

The catalytic functionalization of aromatic C−H bonds by the aid of transition metals has 

undergone tremendous development during the last decade.
[22]

 While numerous advances 

deal with the ortho-selective functionalizations of arenes by a directing group 

approach,
[33a, 36]

 a deeper understanding of the geometric relationship between the C−H 

bond and the transition metal furnished advances in meta- and para-selective 

transformations,
[22g, 166h]

 overwriting enthalpic and entropic effects that favor 

conformationally rigid five-, six-, and occasionally seven-membered cyclometalated 

intermediates.
[163a]

 In this context, template- or transient mediator-assisted palladium 

catalysis
[160]

 and catalytic σ-activation by ortho C–H metalation enabled by ruthenium 

catalysis
[166]

 are so far the most promising methods to achieve remote C−H 

functionalizations. Inspired by the presence of numerous motifs in pharmaceutical drugs 

and bioactive compounds and the importance of heterogeneous catalysis in chemical 

industry,
[311]

 the development of novel recyclable catalysts for remote C−H 

functionalizations is highly desirable (Figure 3.5.1).
[312]

  

 

Figure 3.5.1. Selected examples of relevant remote substituted heterocycles. 
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3.5.1. Optimization Studies of meta C–H Alkylations by Recyclable Ruthenium 

Catalyst 

Given the broad applicability of remote ruthenium catalysis in combination with 

phosphine ligands,
[166a, 166b, 175-176]

 the development of a recyclable catalyst for meta-

selective functionalizations was attempted. In this context, the preparation of the novel 

hybrid ruthenium complex 221a and the previously reported analogue 221b by polymer-

supported phosphine was successful.
[202b, 313]

 Both hybrid complexes were accessible by 

an user-friendly protocol (Scheme 3.5.1). 

 

Scheme 3.5.1. Preparation of hybrid ruthenium catalysts 221.  

With the hybrid ruthenium complexes 221a and 221b in hand, their reactivity was probed 

for various meta-selective C–H activations. Based on optimization studies by Isaac Choi 

both hybrid ruthenium catalysts were feasible for meta C–H alkylations in biomass-

derived 2-MeTHF (Table 3.5.2).
[314]

 Notably, the good yield and outstanding 

chemoselectivity of the first run was also achieved when using the recycled catalyst for 

the second run (entries 1–2). Furthermore, control experiments showed the essential role 

of the base due to the formation of KBr (entry 3).
[166b, 166e, 166f, 314]

 Control experiments 

revealed the necessity of the hybrid ruthenium catalyst and the non-essential nature of the 

polymer bond phosphine (entries 4–5). When probing other recyclable ruthenium 

sources,
[196, 315]

 the important role of the support was reflected, as only the hybrid 

ruthenium catalysts 221 envisioned the desired functionalization (entries 6–7). Probably 

the defined metal ligand sphere is key to success for this functionalization, which is 

achieved far better by the polymer bond phosphine compared to other solid supports.
[201a, 

316]
 In this context, the amounts of ruthenium in the hybrid ruthenium catalysts were 

determined by detailed inductive coupled plasma-optical emission spectrometry (ICP-

OES) analysis.
[314]
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Table 3.5.2. meta C–H functionalization by heterogeneous ruthenium catalyst.
[a] 

 

Entry [Ru] 
Yield / % 

1
st
 run 2

nd
 run 

1 221a 66 64 

2 221b 69 68 

3
[b] 

221a n.r. n.d. 

4 - n.r. n.d. 

5 219 n.r. n.d. 

6 Ru@SiO2 (191) n.r. n.d. 

7 Ru@NDCs-800 n.r. n.d. 

[a] Reaction conditions: 117a (0.25 mmol), 139e (0.75 mmol), [Ru] (10 mol %), KOAc (0.50 mmol), 2-

MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. [b] Without KOAc. “n.d.” not determined. 

Considering the huge potential of heterogeneous catalysis for industrial processes 

combined with numerous recent applications in flow
[317]

 chemistry a flow reaction setup 

was envisioned. Unfortunately, during the course of the meta C–H functionalization by 

hybrid ruthenium catalyst the formation of insoluble particles prevented the use of flow 

systems to a certain point. In this context, the addition of various amounts of water to 

facilitate the solubility was pobed (Table 3.5.3). To our delight, no particles due to the 

added water were observable here. Nevertheless, by adding water the reaction and 

recycling studies revealed a poorer performance. The results showed clearly that high 

concentrations of water resulted in a poor conversion combined with no recyclability 

(entries 1–2). When lowering the amount of added water, a higher reactivity was 

observed. Nonetheless, the recycling studies revealed that water deactivated the hybrid 

ruthenium catalyst by cleavage of the coordinated phosphine.
[318]
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Table 3.5.3. Influence of water for the meta C–H functionalization by hybrid ruthenium catalyst.
[a] 

 

Entry H2O [mL] 
Yield / % 

1
st
 run 2

nd
 run 

1 2.0 n.r. n.d. 

2 1.0 13 n.r. 

3 0.25 40 34 

4 0.10 69 45 

[a] Reaction conditions: 117a (0.25 mmol), 139e (0.75 mmol), 221b (10 mol %), KOAc (0.50 mmol), H2O 

(0.10–2.0 mL) 2-MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. “n.d.” not determined. 

 

3.5.2. Test of Heterogeneity for meta C–H Alkylations by Recyclable Ruthenium 

Catalyst 

Interested in the heterogeneous and reusable nature of the hybrid ruthenium catalyst, 

detailed experimental studies to proof the heterogeneity and studied the morphology of 

the hybrid ruthenium catalysis by spectroscopic and microscopic methods were 

performed. In this context, the catalyst could be reused up to five times without a 

significant lack in efficiency. Notably, less than 8 ppm of ruthenium were detected by 

detailed ICP-OES studies of the reaction mixtures, reflecting a negligible leaching of the 

transition metal. Based on this excellent reusability and recyclability of the hybrid 

ruthenium catalyst, the heterogeneous nature was demonstrated. In this context, a 

poisoning test with SMOPEX®-105 was performed,
[319]

 which clearly showed the 

inhibition of the homogeneous ruthenium catalysis (Schema 3.5.1a). In stark contrast, the 

hybrid catalysis occurred in the presence of the metal scavenger SMOPEX®-105, 

emphasizing that trace amounts of leached ruthenium do not facilitate the catalysis 

(Scheme 3.5.1b).  
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Scheme 3.5.1. Poison test with SMOPEX®-105. 

Furthermore, a three-phase test was performed to illustrate the heterogeneous mode of 

action (Scheme 3.5.2).
[188b, 188c]

 Therefore, the influence of Wang-resin (223) was probed 

within the catalysis, resulting in a slightly decreased yield, probably due to diffusion 

control (Scheme 3.5.2a).
[320]

 Next, the role of the homogeneous ruthenium catalyst 

[RuCl2(p-cymene)PPh3] (222) was studied by adding the modified Wang-resin 139e'.
[314]

 

The result showed clearly that the homogeneous catalyst facilitated the reaction (Scheme 

3.5.2b). Finally, a three-phase test was performed with the hybrid catalyst 221b and the 

modified Wang-resin 139e' (Scheme 3.5.2c). Notably, no reaction was observed, 

rendering homogeneous catalysis unlikely to be operative. 
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Scheme 3.5.2. Three-phase test. 

In addition to the recyclable and reusable nature of the hybrid ruthenium catalyst, the 

chemical and physical properties were determined (Figure 3.5.2).
[321]

 Together with Dr. 

Kai Xue and Dr. Loren Andreas detailed solid-state NMR spectroscopic (ssNMR) studies 

of 219, 221b, and reused 221b were conducted (Figure 3.5.2a). Interestingly, the 
13

C and 

31
P-NMR spectra showed similar chemical shifts, providing strong evidence that the 

coordination of the ruthenium by phosphorus remained stable during the course of the 

catalysis. Furthermore, X-ray photoelectron spectroscopy (XPS) studies by Dr. Yanhui 

Wang and Dr. Johan G. Alauzun confirmed the presence of a ruthenium(II) species 

(Figure 3.5.2b). In addition, the excellent stability of coordination between phosphorus 

and ruthenium was supported by TEM-EDX mapping studies (Figure 3.5.2c). Further 

characterization studies have been reported elsewhere and are not included in this 

thesis.
[314]
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Figure 3.5.2. Characterization of 221b before and after the catalysis by a) ssNMR spectroscopic by Dr. Kai 

Xue and Dr. Loren Andreas and b) XPS, c) TEM-EDX by Dr. Yanhui Wang and Dr. Johan G. Alauzun. 

 

3.5.3. Scope of meta C–H Alkylations by Recyclable Ruthenium Catalyst 

Interested in the versatility of the envisioned recyclable ruthenium-catalyzed meta C–H 

alkylation, the effect of various α-bromoester 139e-s in combination with 2-

phenylpyridine 117a was probed under the optimized reaction conditions (Table 3.5.4). 

Among a series of different esters, the tether had no significant influence on the reactivity 

and selectivity (entries 1–3). Furthermore, a benzyl substituent at the ester is well 

tolerated without any byproduct formation (entry 4). Nonetheless, a slight drop in yield 

was observed for α-bromoester 139i bearing a tetrahydrofuran motif (entry 5). On the 

same line, the hydroquinone derived alkylating reagent 139j performed well during the 

course of the reaction, showing no deactivation of the catalysis due to the hydroxyl group 

or the reducing nature (entry 6).  

Interested in the substitution pattern at the α-position of the ester, various substrates were 

probed. Among these, sterically more demanding 139k did not influence the meta C–H 

alkylation (entry 7). Notable, an additional bromo substituent was well tolerated 

generating the desired product with good yield and excellent selectivity (entry 8). 

Importantly, the reaction was not limited to α-bromoester, since the amide derived 

alkylating reagent 139m showed good reactivity as well (entry 9). Based on the broad 

applicability towards α-bromoester, esters derived from bioactive scaffolds were tested, 

such as menthol, cholesterol and borneol. To our delight, the meta-selective C–H 

alkylation proceeded smoothly without byproduct formation or evidence for racemization 
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(entries 10–12). Considering the complexity of the natural product derived alkylating 

reagents the obtained yields are acceptable.  

With respect to the limitations of the substrate scope, tert-butylbromid (139q) was not 

converted under otherwise identical reaction conditions, probably due to repulsive steric 

effects (entry 13). In this regard, when using the α-unsubstituted reagent 139r or the 

difluoro analog 139s, only trace amounts of the corresponding products were detected, 

which is probably a result of the unfavored radical stabilization in the α-position (entries 

14–15).
[322]

 

Table 3.5.4. Scope of various α-bromoester for recyclable meta C–H functionalization.
[a]

 

 

Entry Alkyl bromid 140 Yield / % 

1 

  

69 

2 

  

71 

3 

  

64 
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Entry Alkyl bromid 140 Yield / % 

4 

  

74 

5 

  

62 

6 

  

68 

7 

  

64 

8 

  

58 

9 

  

70 
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Entry Alkyl bromid 140 Yield / % 

10 

  

64 

11 

  

63 

12
 

  

59 

13
 

  

n.r. 

14 

  

n.r. 

15 

  

n.r. 

[a] Reaction conditions: 117a (0.25 mmol), 139 (0.75 mmol), 221b (10 mol %), KOAc (0.50 mmol), 2-

MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. 
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Besides the significant advances towards numerous α-bromoester, the focus was next 

directed to other valuable directing groups. In this context, oxazolines are key structural 

motifs in bioactive natural products and readily accessible synthetic intermediates which 

can easily be modified into a wealth of diverse functional groups.
[323]

 Especially in terms 

of remote C–H alkylations 2-aryloxazolines are interesting since ortho-functionalizations 

through directed ortho-metalation (DoM),
[324]

 as well as ortho-selective C–H activations 

are well documented.
[61a, 325]

  

With the optimized hybrid ruthenium system in hand, the versatility and robustness of the 

recyclable remote C–H alkylation was investigated by using various 2-phenyloxazolines 

(Table 3.5.5). A wealth of electron-rich as well as electron-deficient substituents were 

fully tolerated in the transformation, affording products 224e-g in good to excellent yield 

(entries 1–3). Remarkably, the chloro-substituent was successfully transformed into the 

desired product with complete position-selectivity (entry 4). Sterically demanding 

substituents in the backbone of the oxazoline were fully tolerated and did not affect the 

catalysis (entry 5).  

Table 3.5.5. Scope of various 2-aryloxazolines 201 for recyclable meta C–H functionalizations.
[a]

 

 

Entry Oxazoline 224 Yield / % 

1 

  

55 

2 

  

86 
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Entry Oxazoline 224 Yield / % 

3 

  

65 

4 

  

66 

5 

  

69 

[a] Reaction conditions: 201 (0.25 mmol), 139e (0.75 mmol), 221b (10 mol %), KOAc (0.50 mmol), 2-

MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. 

Inspired by the robustness of the recyclable ruthenium-catalyzed meta C–H 

functionalization, the functionalization of otherwise unreactive C–H bonds in bio-relevant 

purines were probed,
[326]

 since modified purine bases were found to exhibit biological 

activity.
[327]

 When using the well-defined hybrid ruthenium catalyst 221b, differently 

decorated purine-derived substrates 155 were efficiently converted (Table 3.5.6). In this 

context, N-substituted purines 155a-g performed excellent within the catalysis with no 

dependence on the N-substitution pattern (entries 1–7). Notably, a clear preference for 

electron-donating substituents was observed, which was supportive of a radical 

intermediate.
[322b, 322d, 328]

 Furthermore, the position-selectivity of the hybrid ruthenium 

catalysis was highlighted by the elusive formation of the desired product 158g, without 

byproduct formation due to C–Cl activation.
[121g, 126e, 329]

 Finally, the meta C–H alkylation 

was found to be scalable and provided product 158f in a gram-scale reaction without loss 

of catalytic efficacy. 
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Table 3.5.6. Scope of various purines 155 for recyclable meta C–H functionalizations.
[a]

 

 

Entry Purine 158 Yield / % 

1 

  

92 

2 

  

93 

3 

  

94 

4 

  

81 
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Entry Purine 158 Yield / % 

5 

  

83 

6 

  

88 

92 (1.15 g) 

7 

  

79 

[a] Reaction conditions: 155 (0.25 mmol), 139e (0.75 mmol), 221b (10 mol %), KOAc (0.50 mmol), 2-

MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. The yield in parenthesis was obtained in the 

gram-scale reaction. 

Inspired by the broad applicability of the developed hybrid ruthenium meta C–H 

alkylation regime, the late-stage diversification of sensitive nucleosides was subsequently 

attempted (Table 3.5.7).
[330]

 Remarkably, the robustness of the catalysis enabled the 

manipulation of the highly reactive nucleosides unaffected by the O-protecting groups 

(entry 1). Furthermore, it is notable that the catalysis proceeded in an efficient fashion, 

even when a sensitive phosphorylation was present in the substrates 158i-j (entries 2–3).  

 

 

 

 

 



3.5. Recyclable Ruthenium Catalysts for remote C–H Alkylations 

113 

Table 3.5.7. Scope of various nucleosides 155 for recyclable meta C–H functionalizations.
[a]

 

 

Entry Nucleoside Product Yield / % 

1 

  

86 

2 

  

80 

3 

  

78 

[a] Reaction conditions: 155 (0.25 mmol), 139e (0.75 mmol), 221b (10 mol %), KOAc (0.50 mmol), 2-

MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. 
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Although a broad range of heteroarenes and alkyl reagents were transformed within the 

meta-selective hybrid ruthenium catalysis, the reactivity remains similar with respect to 

homogeneous analogs. In this context, a different selectivity with the versatile catalyst 

221b was envisioned. Considering the importance of derivatized biologically relevant 

indoles and the challenge in achieving position selective C–H functionalizations in those 

structures,
[331]

 the recyclable hybrid ruthenium regime was probed for a novel selectivity. 

As a model system, the remote C3/C6 alkylation of indole 201a was choosen.
[166c]

 To our 

delight, the versatile hybrid ruthenium catalyst 221b forced the catalysis to a novel 

selectivity compared to homogeneous ruthenium catalysis (Scheme 3.5.3). Notable, while 

the homogeneous system yielded the C3/C6-isomer as minor product, the hybrid 

ruthenium catalyst 221b yielded the unpresented dialkylated indole 225a as major 

product. 

 

Scheme 3.5.3. Novel selectivity of hybrid ruthenium catalysis 221b. 

Interested in the novel selectivity, the applicability was extended towards various N-

substituted indoles 201 (Table 3.5.8). Remarkably, both pyridyl- as well as pyrimidyl-

directing groups formed the desired C4/C6 dialkylated indoles as the main product 

(entries 1–4). Nevertheless, the formation of the C3 alkylated indole, as a result of the 

cyclometalation at the C2-position and the accompanying increase of electron-density 

was always detected.
[166c]

 Unfortunately, when the substitution pattern at the indole or the 

directing group was more complex, a mixture of products was observed (entries 5–10).  
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Table 3.5.8. Scope of indole 201 for recyclable C4/C6 C–H functionalizations.
[a]

 

 

Entry Indole Product Yield / % 

1 

 

 

23 

2 

 

62 

3 

 

 

22 

4 

 

57 

 

 

 



3. Results and Discussion 

116 

Entry Indole Product Yield / % 

5 

 

 

25 

6 

 

23 

7 

 

26 

8 

 

 

26 

9 

 

25 

10 

 

27 

[a] Reaction conditions: 201 (0.25 mmol), 139k (0.75 mmol), 221b (10 mol %), KOAc (0.50 mmol), AcOH 

(0.50 mmol), THF (1.0 mL), 24 h, 120 °C, yield of isolated products. 
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Although the C4/C6 dialkylated indoles 225c and 225d were the major formed isomers, 

the C3/C6 dialkylated indoles 154c and 154d and C3 alkylated indoles 152c and 152d 

were also formed, reflecting a high dependence on the electronic nature of the 

substrate.
[166c]

 The value of the hybrid ruthenium-catalyzed C–H alkylation was further 

demonstrated by diversification of the thus obtained product (Scheme 3.5.4). Since the 

cleavage of the pyridyl group is well documented, the synthetically useful indole 227a 

was easily assessable.
[43b, 332]

 Subsequent functionalization of the NH-free-indole 227a 

provided N-tosylindole 228a, which was unambignously characterized by X-ray 

diffraction crystallography. 

Scheme 3.5.4. Removal of the directing group and diversification of 227a. The crystal structure 228a was 

measured and resolved by Dr. Christopher Golz. 

 

3.5.4. Mechanistic Studies of meta C–H Alkylations by Recycable Ruthenium 

Catalyst 

3.5.4.1. H/D Exchange Experiments 

To unravel the mode of action of the hybrid ruthenium catalyst various mechanistic 

studies were performed. To study the mechanism of the C–H activation elementary step, 

an H/D-exchange experiment with CD3OD as the co-solvent was conducted (Scheme 

3.5.5). Importantly, a significant H/D-exchange in the ortho-position was observed, 

suggesting a facile and reversible C–H activation. 
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Scheme 3.5.5. H/D exchange experiment with purine 155c.  

 

3.5.4.2. Effect of radical scavenger 

Based on experimental evidence detailed experiments with common radical scavengers 

were conducted. Remarkably, a significant inhibition of the of meta C–H alkylation 

catalyzed by the hybrid ruthenium catalyst 221a was observed, when typical radical 

scavengers TEMPO, galvinoxyl free radical, and 1,1-diphenylethylen were added (Table 

3.5.9). These results emphasized a SET-type regime to be operative, indicating a radical 

intermediate. Furthermore, the detection of the TEMPO adduct 229 supported the radical 

formation at the α-position of the alkylating reagent.  

Table 3.5.9. Effect of radical scavengers on remote ruthenium hybrid C–H functionalizations.
[a] 

 

Entry Radical scavenger 158c / % 

1 - 94 

2 TEMPO n.r. 

3 Galvinoxyl free radical n.r. 

4
 

1,1-Diphenylethylene 54 

[a] Reaction conditions: 155c (0.25 mmol), 139e (0.75 mmol), 221a (10 mol %), KOAc (0.50 mmol), 

radical scavenger (0.25 mmol), 2-MeTHF (2.0 mL), 24 h, 60 °C, yield of isolated products. 
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3.5.4.3. Detection of free p-cymene 

Considering the importance of the phosphine-ruthenium coordination and the resulting 

arene dissociation during the course of the reaction, the amount of free p-cymene (53b) 

was quantified (Scheme 3.5.6). It is notable that Ackermann reported previously on an 

arene-free ruthenium pre-catalyst.
[176]

 The results determined by GC analysis with n-

dodecane as the internal standard showed, that the dissociation of p-cymene is 

proportional to the formed product 140e.  
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Scheme 3.5.6. Detection of free p-cymene (53b) by GC analysis. 

 

3.5.5. Proposed Catalytic Cycle 

On the basis of our detailed experimental and computational
[314]

 mechanistic studies a 

plausible catalytic cycle for the heterogeneous meta C–H alkylation was proposed 

(Scheme 3.5.7). Notably, based on the analogous mechanistic aspects to those in 

homogeneous catalysis,
[166, 175-176]

 similar elementary steps were suggested, reflecting that 
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hybrid catalysts have a predictable reactivity. The catalysis is initiated by carboxylate-

assisted C–H ruthenation, yielding complex 231.
[38a]

 Subsequently, ruthenium(III) 

intermediate is generated via a SET from the ruthenium(II) complex 231 to the alkyl 

halide 139e. The alkyl radical attacks at the position para to ruthenium, giving 

intermediate 232. Thereafter, rearomatization generates intermediate 233, which yields 

the desired meta-alkylated product 140e and regenerates the catalytically active 

ruthenium(II) complex 230 via proto-demetallation. 

 

Scheme 3.5.7. Proposed catalytic cycle for meta-selective hybrid ruthenium catalysis. 
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3.5.6. Optimization Studies of Photo-induced meta C–H Alkylation by Recyclable 

Ruthenium Catalyst 

Despite indisputable progress, the σ-activation approach is often limited to elevated 

reaction temperatures, which affect the selectivity and the functional group tolerance.
[22g, 

166]
 In this context, photo-induced C–H functionalization has emerged as a powerful tool 

for molecular synthesis both in terms of classical ortho-functionalizations and 

homogeneous remote C–H functionalizations.
[177-178, 333]

 Inspired by the robustness of the 

developed hybrid ruthenium catalysis, the recyclable photo-induced remote C–H 

alkylation was tackeled. 

Initial studies with reaction conditions similar to previously described homogeneous meta 

C–H functionalizations were performed (Table 3.5.10).
[166f, 172, 179]

 Unfortunately, 

carboxylic acid or carboxylate additives did not result in good conversion or no 

recyclability (entries 1–3). Probably, the formation of the well reported ruthenium-

biscarboxylate complex [Ru(O2Mes)2(p-cymene)] furnished the cleavage of the hybrid 

linker.
[126h]

 Furthermore, diphenylphosphoric acid established by Ackermann for photo-

induced remote C–H alkylation did not facilitate the transformation (entry 4).
[177]

 In this 

context, a related methodology developed by Greany showed the beneficial effect of 

additional water.
[178]

 The meta-alkylated product 140e was isolated in moderate yield due 

to the addition of 5 equivalents of H2O and blue light irradiation at room temperature 

(entry 5). Notably, the recycled hybrid ruthenium catalyst showed a similar reactivity in 

the photocatalysis. It is noteworthy that the exact role of water is still under investigation, 

but it is assumed to facilitate the cycloruthenation.
[178]

 Control experiments confirmed the 

essential role of the ruthenium catalyst, the base and the visible light (entries 6–8). In 

addition, no improvement was observed when various amounts of water or of the catalyst 

were used (entries 9–10). Remarkably, the catalysis was accessible with water as the 

solvent, however preventing the recyclability similar to the previous results (entry 11). 

Furthermore, other solvents proved less efficient for the envisioned recyclable photo-

induced C–H functionalization (entries 12–16).  
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Table 3.5.10. Optimization for photo-induced meta C–H alkylation by recyclable ruthenium catalyst.
[a]

 

 

Entry Additive Solvent 
Yield / % 

1
st
 Run 2

nd
 Run 

1
 

- 2-MeTHF n.r. n.d. 

2
[b]

 MesCO2H (30 mol %) 2-MeTHF 43 n.r. 

3 MesCO2Na (30 mol %) 2-MeTHF n.r. n.d. 

4 (C6H5O)2P(O)OH (30 mol %) 2-MeTHF n.r. n.d. 

5 H2O (5.0 equiv) 2-MeTHF 57 51 

6
[c] 

H2O (5.0 equiv) 2-MeTHF n.r. n.d. 

7
[d] 

H2O (5.0 equiv) 2-MeTHF n.r. n.d. 

8
[e] 

H2O (5.0 equiv) 2-MeTHF n.r. n.d. 

9 H2O (10 equiv) 2-MeTHF 52 n.d. 

10
[f] 

H2O (10 equiv) 2-MeTHF 53 n.d. 

11
 

- H2O 52 n.r. 

12 H2O (5.0 equiv) 1,4-dioxane 43 n.d. 

13 H2O (5.0 equiv) PhMe 22 n.d. 

14 H2O (5.0 equiv) m-xylene n.r. n.d. 

15 H2O (5.0 equiv) DCE 37 n.d. 

16 H2O (5.0 equiv) THF 13 n.d. 

[a] Reaction conditions: 117a (0.25 mmol), 139e (0.75 mmol), 221b (10 mol %), additive (0.30–

5.0 equiv), KOAc (0.50 mmol), solvent (2.0 mL), 24 h, 25 °C, blue LED, yield of isolated products. [b] 

Na2CO3 (0.50 mmol) instead of KOAc. [c] The vessel was covered with Al-foil. [d] Without 221b. [e] 

Without KOAc. [f] 221b (20 mol %). 
 
“n.d.” not determined. 

 

3.5.7. Scope of Photo-induced meta C–H Alkylation by Recyclable Ruthenium 

Catalyst 

With the optimized reaction conditions established, the versatility of the photo-induced 

meta C–H alkylation of various heteroarenes was investigated (Table 3.5.11). A variety of 

biologically important structural motifs were transformed in an acceptable manner within 
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the novel hybrid ruthenium catalysis (entries 1–3). Remarkably, electron-rich purine 155c 

and oxazoline 201f showed good reactivity with synthetically meaningful α-bromo esters. 

Although the recycled catalyzed still facilitated the catalysis in a moderate fashion, a 

decreased activity was observed. Since an oxidation of the phosphine-linker could occur 

during the photocatalysis, an accompanied cleavage of the hybrid-linker could not be 

completely ruled out.
[334]

 Nevertheless, the robust hybrid ruthenium catalysis proved valid 

for remote C–H alkylations, promoting future methodological developments. 

Table 3.5.11. Scope of photo-induced meta C–H alkylation by recyclable ruthenium catalyst.
[a] 

 

Entry Substrate Product 
Yield / % 

1
st
 Run 2

nd
 Run 

1 

  

57 51 

2 

  

65 54 

3 

  

62 48 

[a] Reaction conditions: 117a/155c/201f (0.25 mmol), 139e (0.75 mmol), 221b (10 mol %), KOAc (0.50 

mmol), H2O (5.0 equiv), solvent (2.0 mL), 24 h, 25 °C, blue LED, yield of isolated products. 
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4. Summary and Outlook 

The development of novel environment-friendly, step- and atom-economical 

methodologies is one of the main goals in organic chemistry. In this context, the direct 

functionalization of C–H bonds has emerged as an environmentally-benign alternative 

that avoids lengthy syntheses and stoichiometric amounts of waste, and has therefore 

attracted broad interest with applications also to chemical industries. In consideration of 

the omnipresence of C–H bonds in organic molecules, a selective activation remains 

challenging and the development of novel methodologies is in high demand. In this 

thesis, several methods have been devised that revealed the remarkable efficiency, 

diversity and sustainability of non-expensive ruthenium(II) and earth-abundant 

manganese(I) and nickel(II) catalysis.  

In the first project, the synthesis of the bidentate SPO/nickel catalyst 195 for the 

activation of otherwise inert C−F bonds was envisioned.
[335]

 The reduced rate of the β-

hydride elimination enabled the utilization of primary and secondary alkylating reagents 

and resulted in a roboust C(sp
2
)–C(sp

3
) cross-coupling with high levels of selectivity 

(Scheme 4.1).
[87]

 Under the mild reaction conditions, a wealth of electron-rich and 

electron-deficient arenes 11 proved suitable for this transformation, yielding the alkylated 

arenes in a position-selective fashion.  

 

Scheme 4.1. C–F activation for C(sp
2
)–C(sp

3
) cross-coupling by a SPO-nickel complex. 

These findings highlight the enhanced efficiency of the new tailor-made SPO pre-ligand 

based-catalyst. One of the main challenges for further research is the development of a 

catalyst broadly applicable towards various highly stable electrophiles under similar 

reaction conditions. To this end, a detailed understanding of the mechanism supported by 
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experimental and computational studies is required.
[231a]

 Furthermore, based on the 

excellent branched selectivity, the development of asymmetric nickel-catalyzed C–F 

activations is a further goal, especially since chiral analogu of established bidentate SPOs 

were previously reported.
[230]

  

Due to the importance of fluorine in biologically active compounds and agrochemicals, 

novel methods to form C−F bonds are in high demand. The second project adressed this 

challenging C−F bond formation via β-fluoroelimination. By earth-abundant manganese 

catalysis, uncommon C−H/C−F functionalizations were developed utilizing gem-difluoro 

hydrocarbons or gem-(per)fluorinated alkenes (Scheme 4.2).
[92b]

 The C−H/C−F 

functionalizations set the stage for a variety of step-economical (per)fluoro allylations and 

alkenylations exclusively resulting in the forming of the (Z)-isomer. Furthermore, the 

manganese regime was characterized by comparatively mild reaction conditions and 

broad substrate scope, including bromides, ketones and ketimines as well as biologically 

meaningful indoles and terpenes.  

 

Scheme 4.2. C–H/C–F functionalization by manganese(I) catalysis. 

The developed catalysis demonstrates the huge potential of C−H/C−F functionalizations 

accompanied by C–F bond formation, for catalysis since only a singular example was 

reported before.
[91]

 Inspired by this methodology numerous C–H/C–F functionalizations 

at room temperature,
[92a]

 with different selectivity
[93b, 336]

 or broader scope of 

applications
[93a, 93c]

 were reported. 
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C–H activation methodologies based on 3d metal catalysts attracted considerable 

attention during the last decade with a broad applicability in organic synthesis.
[22b]

 

Particular, chiral molecules are of enormous importance for pharmaceutical industry,
[337]

 

thus justifing the development of novel asymmetric C–H functionalizations. Therefore, 

the development of a nickel-catalyzed asymmetric endo-selective cyclization of azoles 

with alkenes was intended. In sharp contrast to established nickel-catalyzed 

intramolecular hydroarylations with unactivated alkenes, the developed methodology 

does not rely on the use of pyrophoric organoaluminium reagents (Scheme 4.3). Various 

substituted benzimidazoles, including electron-rich and electron-poor derivatives, 

performed well in this transformation. Moreover, the reaction was not limited to 

benzimidazoles 188 and a broad variety of bioactive heterocyclic motifs, including highly 

functionalized purines and theophylline derivatives, were efficiently converted to the 

cyclized products 189. Detailed mechanistic studies provided support for the formation of 

an organometallic nickel(II) species and a kinetically-relevant coordination of a second 

benzimidazoles. 

 

Scheme 4.3. Enantioselective aluminum-free alkene hydroarylations via C–H activation by a chiral 

nickel/JoSPOphos manifold. 

The developed nickel(II)-JoSPOphos catalysis bears great potential, since SPO pre-

ligands are well-established in cross-coupling chemistry.
[230a, 230b]

 An application of these 

methods with respect to asymmetric induction would be an inspiration for future 

developments. Furthermore, the inherent electronic bias of azoles enabled selective C2 

functionalizations. By changing the electronic properties or the reaction regime an 

extension towards other position-selective functionalizations could be realized.
[338]

 

Finally, since most nickel-catalyzed enantioselective C–H functionalizations are 
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intramolecular transformations, the need for more challenging intermolecular reactions is 

high.
[109c, 207a]

 

Inspired by the broad accessibility of metal-catalyzed C–H activations new 

methodologies on stable-isotope-labeled compounds were developed.
[135, 137]

 The 

undesired multi-step procedures combined with the requirement of easy to handle isotope 

reagents, characterize HIE as a sustainable methodology. Although methods for the late-

stage labeling of APIs were established during the last years, ruthenium catalysts gained 

momentum, since they need to be compatibility with various functional groups. The well-

defined ruthenium(II)-catalyst enabled selective HIE on various challenging carboxylic 

acids, reflected by the compatibility with numerous functional groups (Scheme 4.4). In 

addition, various sulfonamides and marked pharmaceutical drugs were successfully 

labeled via late-stage diversification. Remarkably, the robust ruthenium(II) catalysis was 

further utilized for the step-economical and site-selective synthesis of a tritium labeled 

drug. 

 

Scheme 4.4. Ruthenium(II)-catalyzed HIE of pharmaceutical drugs by C–H deuteration and C–H tritiation 

These finding highlight the applicability of C–H activation for HIE and might inspire 

future catalyst design, since D2/T2 are the preferred isotope sources in industry and in 

many cases not activated by most ruthenium(II) catalysts used in C–H activations.
[339]

 

Therefore, the design of ruthenium(II) catalysts that activate C–H bonds as well as D2/T2 

molecules is in high demand for HIE processes. Furthermore, these results might inspire 

future developments, since many well-established C–H activation methodologies possess 

the inherent ability to facilitate HIE.
[340]

  

The last part of this thesis focused on the development of a recyclable catalyst for remote 

C–H functionalizations to improve their sustainability. Inspired by the main goal to 

prevent trace metal impurities in target molecules, hybrid ruthenium catalysts 
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immobilized with a defined organic linker on a polymer support bear great potential. 

Remarkably, with a simple immobilization method, outstanding physical and chemical 

stabilities were observed by microscopic and spectroscopic analysis of the hybrid 

ruthenium catalysts 221b.
[314]

 Notably, the hybrid ruthenium catalyst featured a high 

efficacy for meta C–H alkylations in a reusable manner with broad applicability towards 

complex biologically scaffolds (Scheme 4.5). Encouraged by homogeneous remote C–H 

functionalizations recyclable photo-induced meta C–H alkylations extended the 

applicability of the hybrid ruthenium catalysis. 

Scheme 4.5. Recyclable ruthenium catalyst for meta C–H functionalization. 

The simple immobilization method combined with an easily accessible polymer-based 

support proved versatile in both preparation and modification and showed an excellent 

stability.
[341]

 The broad applicability of the developed catalysis might promote future 

developments in the field of recyclable hybrid catalysts for C–H functionalizations.
[342]
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5. Experimental Part 

5.1. General Remarks 

Reactions involving air- or moisture-sensitive compounds were conducted under an 

atmosphere of nitrogen using pre-dried glassware and standard Schlenk- or glovebox-

techniques. If not otherwise noted, yields refer to isolated compounds, estimated to be 

>95% pure by GC and NMR. 

 

Vacuum 

The following average pressure was measured on the used rotary vane pump RD4 from 

Vacuubrand®: 0.8 ∙ 10
−1

 mbar (uncorrected value). 

 

Melting points 

Melting points were measured on a Stuart®
 
Melting Point Apparatus SMP3 from 

Barloworld Scientific. All values are uncorrected. 

 

Liquid Chromatography 

Analytical thin layer chromatography (TLC) was performed on TLC Silica gel 60 F254 

from Merck with detection at 254 nm or 360 nm or developed by treatment with a 

KMnO4 solution followed by careful warming. Preparative chromatographic separations 

were carried out on Merck Geduran® SI 60 (40–63 μm, 70–230 mesh ASTM) silica gel. 

 

Chiral High Performance Liquid Chromatography 

Chiral HPLC chromatograms were recorded on an Agilent® 1290 Infinity using 

CHIRALPAK® IA-3, IB-3, IC-3, ID-3, IE-3 and IF-3 columns (3.0 μm particle size; ø: 

4.6 mm and 250 mm length) at ambient temperature. 

 

Gas Chromatography 

Gas chromatographic analysis (GC) was performed on an Agilent 7890A or 7890B GC 

System equipped with an Agilent HP-5 column (30 m, 0.320 mm diameter, 0.25 μm film 

thickness) and a flame-ionization detector (FID) using hydrogen as the carrier gas. Gas 

chromatography coupled with mass spectrometry (GC-MS) was performed on the same 

instrument equipped with an Agilent 5875C Triple-Axis-Detector or an Agilent 5977B 
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MSD. Mass spectra were obtained with electron-ionization (EI) at 70 eV in positive ion 

mode. 

 

Mass Spectrometry 

Electron-ionization (EI) mass spectra were recorded on a time-of flight mass spectrometer 

AccuTOF™ from Jeol at 70 eV. Electrospray-ionization (ESI) mass spectra were 

recorded on a quadrupole time-of-flight maXis or on a time-of-flight mass spectrometer 

microTOF, both from Bruker Daltonic. The ratios of mass to charge (m/z) are reported 

and the intensity relative to the base peak (I = 100) is given in parenthesis. 

 

Recycling Preparative HPLC  

Recycling Preparative HPLC (GPC) was performed on a Japan Analytical Industries 

(JAI) LC-92XX II NEXT system equipped with a JAIGEL 2.5HR or JAIGEL 2HH 

column. Chloroform was used as the solvent. 

 

Infrared Spectroscopy 

Infrared (IR) spectra of were measured on a Bruker Alpha-P FT-IR spectrometer with a 

diamond ATR probe in the range of 4000–400 cm
–1

. In-situ IR measurements were 

performed with a Mettler-Toledo ReactIR 15 spectrometer equipped with a diamond ATR 

probe and an MCT detector. Spectra were acquired using Mettler-Toledo iC IR software 

version 7.0.297 in the range of 650–2200 cm
–1

 with a 4 cm
–1

 resolution. A Pearson’s 

Correction was used as baseline correction in all measurements. 

 

Nuclear Magnetic Resonance Spectroscopy 

Nuclear magnetic resonance (NMR) spectra were recorded on Varian MercuryPlus™ 

300, Bruker Avance™ III 300, Avance III HD 300, Avance III 400, Avance III HD 400, 

Avance Neo 400, Avance III HD 500 and Bruker Avance Neo 600 spectrometer. Unless 

stated otherwise, all measurements were performed at 298 K. Chemical shifts (δ) are 

reported relative to tetramethylsilane and are referenced using the residual proton or 

carbon solvent signal.  
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Table 5.1. Chemical shifts of common deuterated solvents. 

Solvent 
1
H-NMR 

13
C-NMR 

CDCl3
[343]

 7.26 ppm 77.16 ppm 

DMSO-d6
[344]

 2.50 ppm 39.52 ppm 

Acetone-d6
[344]

 2.05 ppm 206.7, 29.92 ppm 

Methanol-d4
[344]

 4.78, 3.31 ppm 49.15 ppm 

THF-d8
[344]

 3.58, 1.73 ppm 67.57, 25.37 ppm 

1,4-Dioxane-d8
[344]

 3.53 ppm 66.66 ppm 

Toluene-d8
[344]

 7.09, 7.00, 6.98, 2.09 ppm 
137.9, 129.2, 128.3, 125.5, 

20.40 ppm 

The observed multiplicities are reported as follows: s (singlet), d (doublet), t (triplet), q 

(quartet), quin (quintet), sext (sextet), sep (septet), m (multiplet) or combinations thereof. 

A subscript of br indicates a broad signal. The coupling constants J are given in Hertz 

(Hz). All spectra were analyzed using Mestrelab Research MestReNova version 10.0.2 

software. 

 

Fluorescence Spectroscopy 

Fluorescence spectra were recorded on a Jasco FP-8500 spectrometer as 2.6  10
–7

 M 

(189k) solutions in MeCN and excitation wavelengths were selected according to the 

strongest signal. 

 

Optical Rotation 

Optical rotation measurements were performed on a Jasco P-2000 polarimeter at 589 nm 

in chloroform. 

 

Data Analysis and Plots 

Analysis of data was performed using OriginLab OriginPro® 8.5G software, which was 

also employed for linear and non-linear fitting. Histograms were created with Microsoft 

Excel 2019.  
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Solvents 

All solvents used for work-up and purification were distilled prior to use. Solvents used in 

reactions involving air- or moisture-sensitive compounds were dried and stored under an 

inert atmosphere of nitrogen or argon according to the following standard procedures: 

Solvents purified by solvent purification system (SPS-800) from M. Braun: Toluene, 

tetrahydrofuran, diethylether, dichloromethane and N,N-dimethylformamide. 

Solvents dried and distilled over sodium using benzophenone as indicator: t-Amylalcohol, 

o-, m-, p-xylene, 1,4-dioxane, 1,2-dimethoxyethane, n-butyl ether and methanol. 

Solvents dried and distilled over CaH2: 1,2-Dichloroethane, N,N-dimethylacetamide and 

N-methyl-2-pyrrolidone. 

Solvents dried over 4 Å molecular sieves and degassed using multiple cycles of freeze-

pump-thaw: 2-Methyltetrahydrofuran, n-hexane, toluene-d8, and THF-d8. 

Water was degassed before its use applying repeated freeze-pump-thaw cycles. 

 

Reagents 

Reagents obtained from commercial sources with a purity >95% were used without 

further purification unless stated otherwise. Pre-ligands 208 (commercial name: SL-J681-

1), 205 (SK-J003-1n), and 206 (SK-J004-1n) were obtained from Solvias AG. 

SMOPEX®-105 was obtained from Johnson Matthey plc and activated before usage. 

The following compounds were synthesized according to previously reported procedures:  

[Ru(O2Piv)2(p-cymene)],
[345]

 [Ru(O2CAd2(p-cymene)],
[127d]

 Ru@NDCs-800,
[315]

 

11e-h,
[346]

 11n,
[347]

 44,
[93b, 348]

 117a,
[349]

 139,
[350]

 11o,
[351]

 11p,
[352]

 11r,
[353]

 11s,
[354]

 

194,
[355]

 196,
[214a]

 201a,
[356]

 201b,
[356]

 201c,
[356]

 201d,
[357]

 201e-l,
[358]

 155.
[359]
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The following compounds were kindly synthesized and/or provided by the persons listed 

below: 

Karsten Rauch: [RuCl2(p-cymene)]2 and [Ru(OAc)2p-cymene]  

Dr. Debasish Ghorai: 188g 

Lorena Capdevila: 9i and 9j  

Prof. Dr. Hintermann and coworkers (TU München): 200 

Dr. Weiping Liu: 204 

Dr. Joachim Loup: 188a 

Dr. Volker Derdau: 190q-ab 

Dr. Korkit Korvorapun: 158i and 171 

Nikolaos Kaplaneris: 139g, 139i, 139l and 139m 
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5.2. General Procedures 

5.2.1. General Procedure A: SPO-Nickel Catalysis with Linear Grignard Reagents 

Aryl fluoride 11 (0.50 mmol, 1.00 equiv), 195 (25.0 mol, 5.00 mol %) and Grignard 

reagent 9 (1.00 mmol, 2.00 equiv) were placed into an oven-dried 25 mL Schlenk tube 

equipped with a septum under Ar atmosphere and were stirred for 2 min. Then, the 

solvent was removed in vacuo and aryl fluoride 11 (0.50 mmol, 1.00 equiv) if liquid and 

THF (2.00 mL) were added and the mixture was stirred at 25 °C for 16 h. After 

completion of the reaction, H2O (5.0 mL) was added and the resulting mixture was 

extracted with EtOAc (3 x 10 mL). Drying over Na2SO4, evaporation of the solvent and 

purification by column chromatography on silica gel yielded the products 186. 

 

5.2.2. General Procedure B: SPO-Nickel Catalysis with Branched Grignard 

Reagents 

Aryl fluoride 11 (0.50 mmol, 1.00 equiv) and 195 (25.0 mol, 5.00 mol %) in THF (0.50–

2.00 mL) were placed into an oven-dried 25 mL Schlenk tube equipped with a septum 

under Ar atmosphere and vigorously stirred for 5 min. The Grignard reagent 9 (0.50–1.50 

mL, 1.00 mmol in THF) was added with a single push of the syringe and the mixture was 

stirred at 60 °C for 16 h. After completion of the reaction, H2O (5.0 mL) was added at 

ambient temperature and the mixture was extracted with EtOAc (3 x 10 mL). Drying over 

Na2SO4, evaporation of the solvent and purification by column chromatography on silica 

gel yielded the products 187. 

 

5.2.3. General Procedure C: Manganese(I)-Catalyzed Allylative C−H/C−F 

Functionalization 

Heteroarene 201 (0.50 mmol, 1.00 equiv), 1H,1H,2H-perfluoroalkene (45a) (0.60 mmol, 

1.20 equiv), [MnBr(CO)5] (37.5 mol, 7.50 mol %) and K2CO3 (0.50 mmol, 1.00 equiv) 

were placed into an oven-dried 25 mL Schlenk tube equipped with a septum under N2 

atmosphere. 1,4-Dioxane (0.50 mL) was added and the mixture was stirred at 80 °C for 

20 h. After completion of the reaction, the solvent was removed in vacuo and the 
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remaining residue was purified by column chromatography on silica gel to afford the 

desired products 203. 

 

5.2.4. General Procedure D: Manganese(I)-Catalyzed Allylative or Alkenylative 

C−H/C−F Functionalization 

Heteroarene 201 (0.50 mmol, 1.00 equiv), 1H,1H,2H-per- or 1,1-difluoroalkene 45 or 44 

(1.50 mmol, 3.00 equiv), [MnBr(CO)5] (50.0mol, 10.0 mol %), K2CO3 (0.50-0.75 

mmol, 1.00-1.50 equiv) and NaOAc (0.10-0.20 mmol, 20.0-40.0 mol %) were placed into 

an oven-dried 25 mL Schlenk tube equipped with a septum under N2 atmosphere. 1,4-

Dioxane (0.50 mL) was added and the mixture was stirred at 100 °C for 20 h. After 

completion of the reaction, EtOAc (5.0 mL) was added at ambient temperature and the 

mixture was filtered through a pad of Celite®. Drying over Na2SO4, evaporation of the 

solvent and purification by column chromatography on silica gel yielded the products 202 

or 203. 

 

5.2.5. General Procedure E: Nickel-Catalyzed Enantioselective Intramolecular 

Hydroarylation 

Alkene-tethered azoles 188 (0.50 mmol, 1.00 equiv), Ni(cod)2 (25.0 μmol, 5.00 mol %), 

208 (12.5 μmol, 2.50 mol %) were placed into an oven-dried 25 mL Schlenk tube 

equipped with a septum under Ar atmosphere. PhMe (1.00 mL) was added and the 

mixture was stirred at 95 °C for 16 h. After completion of the reaction, EtOAc (5.0 mL) 

was added at ambient temperature and the mixture was filtered through a short plug of 

silica gel and rinsed with EtOAc (4 x 10 mL). Drying over Na2SO4, evaporation of the 

solvent and purification by column chromatography on silica gel yielded the products 

189. 
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5.2.6. General Procedure F: Nickel-Catalyzed Racemic Intramolecular 

Hydroarylation 

The general procedure GP-E was followed using Ni(cod)2 (50.0 μmol, 10.0 mol %), 

AlMe3 (0.20 mmol, 0.40 equiv, 2M in PhMe) and rac-Ph(t-Bu)P(O)H (50 μmol, 

10 mol %) instead of 208. 

5.2.7. General Procedure G: HIE of Benzoic Acids and Bioactive Compounds 

Benzoic acid 190a-t (0.50 mmol, 1.00 equiv) or 190u-ab (0.10 mmol, 1.00 equiv), 

[Ru(O2CAd)2(p-cymene)] (10.0–25.0 mol, 5.00–10.0 mol %) and D2O (1.00–5.00 

mmol, 10.0 equiv) were placed into an oven-dried 25 mL Schlenk tube equipped with a 

septum under Ar atmosphere. 1,4-Dioxane (0.50 mL or 1.00 mL) was added and the 

mixture was stirred at 100 °C for 16 h. After completion of the reaction, 1,4-dioxane (10 

mL) was added at ambient temperature and the mixture was filtered through a pad of 

Celite, rinsed with 1,4-dioxane (4 x 10 mL; 5% AcOH). Drying over Na2SO4, evaporation 

of the solvent and purification by column chromatography on silica gel yielded the 

products [D]n-190. 

 

5.2.8. General Procedure H: Recyclable Ruthenium Catalyst for meta C–H 

Activation 

Arenes 117a/201/155 (0.25 mmol, 1.00 equiv), alkyl halides 139 (0.75 mmol, 3.00 

equiv), hybrid ruthenium (221a, 26.0 mg, 10.0 mol %; 221b, 30.0 mg, 10.0 mol %) and 

KOAc (0.50 mmol, 2.00 equiv) were placed into an oven-dried 25 mL Schlenk tube 

equipped with a septum under Ar atmosphere. 2-MeTHF (2.00 mL) was added and the 

mixture was stirred at 60 °C for 24 h. After completion of the reaction, hybrid ruthenium 

was carefully filtered at ambient temperature through a branched filter (Por. 3) and 

washed with 2-MeTHF (30 mL). The filtrate was concentrated and purification by 

column chromatography on silica gel yielded the products 140/158/224. 
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5.2.9. General Procedure I: Recyclable Ruthenium Catalyst for C4/C6 Dialkylation 

C–H Activation 

Arenes 201 (0.25 mmol, 1.00 equiv), 139k (0.75 mmol, 3.00 equiv), 221b (30.0 mg, 10.0 

mol %) and NaOAc (0.50 mmol, 2.00 equiv) were placed into an oven-dried 25 mL 

pressure tube under Ar atmosphere. THF (1.0 mL) and AcOH (30.0 mg, 0.50 mmol, 2.00 

equiv) were added and the mixture was stirred at 120 °C for 24 h. After completion of the 

reaction, 221b was carefully filtered at ambient temperature through a branched filter 

(Por. 3) and washed with THF (30 mL). The filtrate was concentrated and purification by 

column chromatography on silica gel yielded the products 152, 154 and 225. 

 

5.2.10. General Procedure J: Recyclable Ruthenium Catalyst for meta C–H 

Activation under Photo-induced Conditions 

Arenes 117a/201/155 (0.25 mmol, 1.00 equiv), 139e (0.75 mmol, 3.00 equiv), 221b (30.0 

mg, 10.0 mol %), KOAc (0.50 mmol, 2.00 equiv) and H2O (1.25 mmol, 5.00 equiv) were 

placed in a 10 mL-vial equipped with a septum and wrapped with parafilm, under Ar 

atmosphere. 2-MeTHF (2.00 mL) was added and the mixture was stirred for 24 h under 

visible light irradiation (2 x Kessil A360N, T = 30–35 °C. After completion of the 

reaction, 221b was carefully filtered at ambient temperature through a branched filter 

(Por. 3) and washed with 2-MeTHF (30 mL). The filtrate was concentrated and 

purification by column chromatography on silica gel yielded the products 140/158/224. 
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5.3. SPO-Nickel Catalyst for C–F Alkylations 

5.3.1. Characterization Data 

2-Pentylnaphthalene (186b) 

 

The general procedure GP-A was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 186b (81.3 mg, 

82%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.89 – 7.72 (m, 3H), 7.65 (dd, J = 1.9, 1.0 Hz, 1H), 

7.52 – 7.41 (m, 2H), 7.37 (dd, J = 8.4, 1.8 Hz, 1H), 2.89 – 2.58 (m, 2H), 1.75 (ddd, J = 

7.5, 6.1, 2.0 Hz, 2H), 1.49 – 1.32 (m, 4H), 1.02 – 0.88 (m, 3H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 140.6 (Cq), 133.8 (Cq), 132.1 (Cq), 127.9 (CH), 127.7 (CH), 127.6 (CH), 

127.5 (CH), 126.4 (CH), 125.9 (CH), 125.1 (CH), 36.24 (CH2), 31.69 (CH2), 31.21 

(CH2), 22.73 (CH2), 14.20 (CH3). IR (ATR): 2955, 2927, 2856, 1508, 1465, 854, 815, 

784, 744, 475 cm
–1

. MS (EI) m/z (relative intensity): 198 (29) [M]
+
, 141 (100), 115 (34). 

HR-MS (EI): m/z calcd. for C15H18
+
 [M]

+
 198.1403, found 198.1402. 

The analytical data are in accordance with those previously reported in the literature.
[218b]

 

 

1-Pentylnaphthalene (186c) 

 

The general procedure GP-A was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 186c (78.3 mg, 

79%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.10 – 8.03 (m, 1H), 7.88 (dd, J = 8.2, 1.5 Hz, 1H), 

7.73 (dt, J = 8.2, 1.1 Hz, 1H), 7.58 – 7.46 (m, 2H), 7.42 (dd, J = 8.1, 7.0 Hz, 1H), 7.38 – 

7.32 (m, 1H), 3.67 – 2.91 (m, 2H), 1.95 – 1.65 (m, 2H), 1.58 – 1.21 (m, 4H), 0.95 (t, J = 

7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 139.2 (Cq), 134.0 (Cq), 132. (Cq), 128.9 
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(CH), 126.5 (CH), 126.0 (CH), 125.7 (CH), 125.7 (CH), 125.5 (CH), 124.0 (CH), 33.24 

(CH2), 32.19 (CH2), 30.72 (CH2), 22.76 (CH2), 14.24 (CH3). IR (ATR): 3046, 2955, 

2930, 2859, 1597, 1510, 1465, 1396, 776, 731 cm
–1

. MS (EI) m/z (relative intensity): 198 

(26) [M]
+
, 141 (100), 115 (24). HR-MS (EI): m/z calcd. for C15H18

+
 [M]

+
 198.1403, 

found 198.1401. 

The analytical data are in accordance with those previously reported in the literature.
[360]

 

 

4-Pentyl-1,1'-biphenyl (186d) 

 

The general procedure GP-A was followed using 4-fluoro-1,1'-biphenyl (11d) (86.1 mg, 

0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 186d (81.8 mg, 

73%) as a colourless oil.  

1
H-NMR (400 MHz, CDCl3): δ = 7.66 – 7.56 (m, 2H), 7.52 (dd, J = 7.8, 2.1 Hz, 2H), 

7.43 (dd, J = 7.6, 7.6 Hz, 2H), 7.33 (dt, J = 7.4, 2.1 Hz, 1H), 7.27 (dd, J = 7.8, 2.2 Hz, 

2H), 2.66 (t, J = 7.0 Hz, 2H), 1.67 (p, J = 7.0 Hz, 2H), 1.43 – 1.32 (m, 4H), 0.92 (t, J = 

6.7 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 142.3 (Cq), 141.3 (Cq), 138.7 (Cq), 129.0 

(CH), 128.8 (CH), 127.1 (CH), 127.1 (CH), 127.1 (CH), 35.73 (CH2), 31.72 (CH2), 31.34 

(CH2), 22.72 (CH2), 14.20 (CH3). IR (ATR): 2955, 2927, 2855, 1486, 1008, 839, 759, 

732, 696, 508 cm
–1

. MS (EI) m/z (relative intensity): 224 (23) [M]
+
, 167 (100), 152 (14). 

HR-MS (EI): m/z calcd. for C17H20
+
 [M]

+
 224.1560, found 224.1562. 

The analytical data are in accordance with those previously reported in the literature.
[209a]

 

 

4-Pentyl-1,1':4',1''-terphenyl (186f) 

 

The general procedure GP-A was followed using 4-fluoro-1,1':4',1''-terphenyl (11f) 

(124 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 
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(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 186f 

(108 mg, 72%) as a colourless solid. 

M.p.: 174–176 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.71 – 7.63 (m, 6H), 7.62 – 7.54 

(m, 2H), 7.47 (dd, J = 7.4, 6.6 Hz, 2H), 7.41 – 7.34 (m, 1H), 7.29 (d, J = 8.0 Hz, 2H), 

2.80 – 2.54 (m, 2H), 1.77 – 1.61 (m, 2H), 1.38 (dd, J = 7.0, 5.7 Hz, 4H), 0.93 (dd, J = 6.5, 

3.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 142.4 (Cq), 140.9 (Cq), 140.2 (Cq), 139.9 

(Cq), 138.1 (Cq), 129.0 (CH), 128.9 (CH), 127.6 (CH), 127.5 (CH), 127.4 (CH), 127.2 

(CH), 127.0 (CH), 35.76 (CH2), 31.73 (CH2), 31.34 (CH2), 22.73 (CH2), 14.21 (CH3). IR 

(ATR): 3045, 2954, 2923, 2871, 1484, 1215, 809, 753, 689, 668 cm
–1

. MS (EI) m/z 

(relative intensity): 300 (33) [M]
+
, 243 (100), 165 (9). HR-MS (EI): m/z calcd. for 

C23H24
+
 [M]

+
 300.1873, found 300.1874. 

The analytical data are in accordance with those previously reported in the literature.
[209a]

 

 

4-Methoxy-4'-pentyl-1,1'-biphenyl (186g) 

 

The general procedure GP-A was followed using 4-fluoro-4'-methoxy-1,1'-biphenyl (11g) 

(101 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 186g 

(76.3 mg, 60%) as a colourless solid. 

M.p.: 72–74 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.54 (ddd, J = 18.4, 8.5, 1.8 Hz, 4H), 

7.32 – 7.20 (m, 2H), 7.08 – 6.95 (m, 2H), 3.89 (s, 3H), 2.68 (dd, J = 8.7, 6.8 Hz, 2H), 

1.89 – 1.52 (m, 2H), 1.40 (tt, J = 6.7, 2.5 Hz, 4H), 1.13 – 0.75 (m, 3H). 
13

C-NMR (100 

MHz, CDCl3): δ = 159.0 (Cq), 141.6 (Cq), 138.3 (Cq), 133.9 (Cq), 128.9 (CH), 128.1 

(CH), 126.7 (CH), 114.3 (CH), 55.45 (CH3), 35.69 (CH2), 31.72 (CH2), 31.36 (CH2), 

22.72 (CH2), 14.20 (CH3). IR (ATR): 2929, 1610, 1498, 1245, 1216, 1176, 1042, 826, 

749, 668 cm
–1

. MS (EI) m/z (relative intensity): 254 (26) [M]
+
, 197 (100), 182 (10), 154 

(15). HR-MS (EI): m/z calcd. for C18H22O
+
 [M]

+
 254.1665, found 254.1664. 

The analytical data are in accordance with those previously reported in the literature.
[209a]
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1-(4-Pentylphenyl)pyrene (186h) 

 

The general procedure GP-A was followed using 1-(4-fluorophenyl)pyrene (11h) 

(148 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 186h 

(126 mg, 72%) as a brown oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.30 – 8.15 (m, 4H), 8.11 (s, 2H), 8.08 – 7.97 (m, 3H), 

7.60 d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 2.78 (dd, J = 8.8, 6.8 Hz, 2H), 1.88 – 

1.72 (m, 2H), 1.47 (dt, J = 7.3, 3.8 Hz, 4H), 1.01 (dd, J = 7.1, 6.0 Hz, 3H). 
13

C-NMR 

(100 MHz, CDCl3): δ = 142.1 (Cq), 138.6 (Cq), 138.0 (Cq), 131.6 (Cq), 131.1 (Cq), 130.6 

(CH), 130.6 (Cq), 128.7 (Cq), 128.5 (CH), 127.8 (CH), 127.6 (CH), 127.4 (CH), 127.4 

(CH), 126.1 (CH), 125.6 (CH), 125.1 (CH), 125.1 (Cq), 125.1 (Cq), 124.9 (CH), 124.8 

(CH), 35.91 (CH2), 31.82 (CH2), 31.41 (CH2), 22.78 (CH2), 14.26 (CH3). IR (ATR): 

3040, 2954, 2926, 2855, 1499, 1458, 843, 757, 721, 682 cm
–1

. MS (EI) m/z (relative 

intensity): 348 (100) [M]
+
, 291 (95), 276 (27), 138 (6). HR-MS (EI): m/z calcd. for 

C27H24
+
 [M]

+
 348.1873, found 348.1872. 

 

N,N-Dibenzyl-4-pentylaniline (186i) 

 

The general procedure GP-A was followed using N,N-dibenzyl-4-fluoroaniline (11i) 

(146 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20/1) 

yielded 186i (121 mg, 71%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.39 – 7.33 (m, 4H), 7.32 – 7.27 (m, 6H), 7.04 (dd, J = 

8.7, 5.0 Hz, 2H), 6.73 (dd, J = 8.7, 5.0 Hz, 2H), 4.67 (s, 4H), 2.52 (t, J = 7.0 Hz, 2H), 

1.61 (q, J = 7.0 Hz, 2H), 1.42 – 1.29 (m, 4H), 0.95 (t, J = 6.8 Hz, 3H). 
13

C-NMR (100 
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MHz, CDCl3): δ = 147.4 (Cq), 139.1 (Cq), 131.3 (Cq), 129.2 (CH), 128.7 (CH), 126.9 

(CH), 126.9 (CH), 112.7 (CH), 54.51 (CH2), 35.01 (CH2), 31.8 (CH2), 31.6 (CH2), 22.73 

(CH2), 14.21 (CH3). IR (ATR): 2925, 1615, 1519, 1452, 1359, 1229, 957, 803, 729, 696 

cm
–1

. MS (ESI) m/z (relative intensity): 366 (3) [M+Na]
+
, 344 [M+H]

+
, 254 (3) [M–Bn]. 

HR-MS (ESI): m/z calcd. for C25H30N
+
 [M+H]

+
 344.2373, found 344.2375. 

 

2-Octylnaphthalene (186j) 

 

The general procedure GP-A was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), octylmagnesium bromide (9b) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 186j (91.3 mg, 

76%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.11 (dd, J = 8.6, 0.9 Hz, 1H), 7.95 – 7.86 (m, 1H), 

7.76 (dt, J = 8.1, 1.1 Hz, 1H), 7.59 – 7.48 (m, 2H), 7.45 (dd, J = 8.1, 7.0 Hz, 1H), 7.38 

(dd, J = 7.1, 1.3 Hz, 1H), 3.22 – 3.03 (m, 2H), 1.90 – 1.71 (m, 2H), 1.65 – 1.25 (m, 10H), 

1.05 – 0.84 (m, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 139.2 (Cq), 134.0 (Cq), 132.1 

(Cq), 128.9 (CH), 126.5 (CH), 126.0 (CH), 125.7 (CH), 125.7 (CH), 125.5 (CH), 124.1 

(CH), 33.29 (CH2), 32.08 (CH2), 31.04 (CH2), 30.03 (CH2), 29.69 (CH2), 29.48 (CH2), 

22.85 (CH2), 14.27 (CH3). IR (ATR): 2923, 2853, 1597, 1510, 1465, 1396, 789, 775, 725, 

424 cm
–1

. MS (EI) m/z (relative intensity): 240 (23) [M]
+
, 141 (100), 115 (22). HR-MS 

(EI): m/z calcd. for C18H24
+
 [M]

+
 240.1873, found 240.1872. 

The analytical data are in accordance with those previously reported in the literature.
[218b]

 

 

1-Methylnaphthalene (186k) 

 

The general procedure GP-A was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), MeMgBr bromide (9c) (0.33 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 186k (55.5 mg, 78%) as a 

colourless oil. 
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1
H-NMR (400 MHz, CDCl3): δ = 8.11 – 7.99 (m, 1H), 7.94 – 7.87 (m, 1H), 7.67 (ddd, J 

= 8.0, 1.4, 0.7 Hz, 1H), 7.62 – 7.49 (m, 2H), 7.43 (dd, J = 8.1, 7.0 Hz, 1H), 7.37 (dp, J = 

7.0, 1.1 Hz, 1H), 2.75 (s, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 134.4 (Cq), 133.7 (Cq), 

132.8 (Cq), 128.7 (CH), 126.7 (CH), 126.5 (CH), 125.8 (CH), 125.7 (CH), 125.7 (CH), 

124.2 (CH), 19.50 (CH3). IR (ATR): 3038, 2928, 1597, 1509, 1398, 1020, 790, 771, 533, 

408 cm
–1

. MS (EI) m/z (relative intensity): 142 (83) [M]
+
, 142 (100), 115 (36), 89 (4). 

HR-MS (EI): m/z calcd. for C11H10
+
 [M]

+
 142.0777, found 142.0776. 

The analytical data are in accordance with those previously reported in the literature.
[361]

 

 

1-Ethylnaphthalene (186l) 

 

The general procedure GP-A was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), EtMgBr (9d) (1.00 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 186l (57.8 mg, 74%) as a 

colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.17 – 8.10 (m, 1H), 7.96 – 7.90 (m, 1H), 7.81 – 7.74 

(m, 1H), 7.62 – 7.52 (m, 2H), 7.48 (dd, J = 8.1, 7.0 Hz, 1H), 7.41 (dd, J = 7.0, 1.4 Hz, 

1H), 3.18 (q, J = 7.5 Hz, 2H), 1.46 (t, J = 7.5 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 

140.4 (Cq), 134.0 (Cq), 131.9 (Cq), 128.9 (CH), 126.5 (CH), 125.8 (2xCH), 125.5 (CH), 

125.0 (CH), 123.9 (CH), 26.03 (CH2), 15.18 (CH3). IR (ATR): 3047, 2966, 2875, 1596, 

1510, 1454, 1395, 797, 776, 425 cm
–1

. MS (EI) m/z (relative intensity): 156 (38) [M]
+
, 

141 (100), 128 (7), 115 (22). HR-MS (EI): m/z calcd. for C12H12
+
 [M]

+
 156.0934, found 

156.0934. 

The analytical data are in accordance with those previously reported in the literature.
[361]

 

 

1-(2-Ethylhexyl)naphthalene (186m) 
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The general procedure GP-A was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), 2-Et-HexMgBr (9e) (1.00 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 186m (91.3 mg, 76%) as a 

red oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.16 – 8.03 (m, 1H), 7.89 (dd, J = 8.0, 1.6 Hz, 1H), 

7.75 (d, J = 8.1 Hz, 1H), 7.58 – 7.47 (m, 2H), 7.42 (dd, J = 8.2, 6.9 Hz, 1H), 7.32 (dd, J = 

7.1, 1.2 Hz, 1H), 3.19 – 2.89 (m, 2H), 1.83 (dh, J = 12.8, 6.3 Hz, 1H), 1.53 – 1.20 (m, 

8H), 0.94 (dt, J = 12.1, 7.2 Hz, 6H). 
13

C-NMR (100 MHz, CDCl3): δ = 138.1 (Cq), 134.1 

(Cq), 132.4 (Cq), 128.9 (CH), 127.4 (CH), 126.6 (CH), 125.6 (CH), 125.4 (CH), 125.4 

(CH), 124.3 (CH), 40.19 (CH), 37.88 (CH2), 32.91 (CH2), 28.93 (CH2), 25.95 (CH2), 

23.31 (CH2), 14.30 (CH3), 10.88 (CH3). IR (ATR): 2957, 2925, 2857, 1510, 1459, 1395, 

1378, 774, 731, 425 cm
–1

. MS (EI) m/z (relative intensity): 240 (22) [M]
+
, 141 (100), 115 

(21). HR-MS (EI): m/z calcd. for C18H24
+
 [M]

+
 240.1873, found 240.1872. 

 

4-Pentyl-1-(pyridin-2-yl)-1H-indole (186na) and 1-(4-pentylpyridin-2-yl)-1H-indole 

(186na') 

 

The general procedure GP-A was followed using 4-fluoro-1-(pyridin-2-yl)-1H-indole 

(11n) (106 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 

195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 

20/1) yielded a mixture of 186na and 186na' (97.8 mg, 74%, 186na/186na': 85:15) as a 

brown oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.93 (d, J = 7.3 Hz, 015H, 186na'), 8.69 – 8.47 (m, 

0.85H, 186na), 8.03 (d, J = 8.3 Hz, 0.86H, 186na), 7.89 – 7.80 (m, 0.87H, 186na), 7.75 

(dd, J = 3.5, 1.7 Hz, 0.85H, 186na; 0.45H, 186na'), 7.60 (s, 0.18H, 186na'), 7.54 (dt, J = 

8.3, 1.3 Hz, 0.87H, 186na), 7.32 – 7.21 (m, 085H, 186na; 0.45H, 186na'), 7.22 – 7.14 

(m, 0.84H, 186na), 7.05 (d, J = 7.2 Hz, 0.87H, 186na), 6.93 (d, J = 7.3 Hz, 0.15H, 

186na'), 6.79 (dd, J = 3.7, 1.7 Hz, 0.85H, 186na), 3.39 (t, J = 7.8 Hz, 0.3H, 186na'), 2.94 

(t, J = 7.8 Hz, 1.7H, 186na), 1.86 – 1.65 (m, 2H), 1.57 – 1.28 (m, 4H), 1.04 – 0.85 (m, 
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3H). 13
C-NMR (100 MHz, CDCl3): δ = 152.7 (Cq), 149.2 (CH), 138.5 (CH), 135.7 (Cq), 

135.1 (Cq), 129.8 (Cq), 125.6 (CH), 123.3 (CH), 120.8 (CH), 120.2 (CH), 114.9 (CH), 

110.5 (CH), 104.0 (CH), 33.45 (CH2), 32.01 (CH2), 30.60 (CH2), 22.77 (CH2), 14.23 

(CH3). IR (ATR): 2954, 2928, 2857, 1731, 1687, 1586, 1532, 1472, 1437, 757 cm
–1

. MS 

(EI) m/z (relative intensity): 264 (28) [M]
+
, 207 (100), 180 (10), 130 (5). HR-MS (EI): 

m/z calcd. for C18H20N2
+
 [M]

+
 264.1621, found 264.1620. 

 

4-(2-Ethylhexyl)-1-(pyridin-2-yl)-1H-indole (186nb) and 1-[4-(2-ethylhexyl)pyridin-

2-yl]-1H-indole (186nb') 

 

The general procedure GP-A was followed using 4-fluoro-1-(pyridin-2-yl)-1H-indole 

(11n) (106 mg, 0.50 mmol), 2-Et-HexMgBr (9e) (1.00 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20/1) 

yielded an mixture of 186nb and 186nb' (110 mg, 72%, 186nb/186nb': 90:10) as a red 

oil.  

1
H-NMR (400 MHz, CDCl3): δ = 8.91 (d, J = 7.3 Hz, 0.1H, 186nb'), 8.57 (dd, J = 4.9, 

2.0 Hz, 0.9H, 186nb), 8.02 (d, J = 8.4 Hz, 1H), 7.81 (dd, J = 7.9, 1.9 Hz, 1H), 7.72 (d, J = 

3.6 Hz, 1H), 7.51 (d, J = 8.2 Hz, 1H), 7.25 – 7.10 (m, 2H), 7.00 (d, J = 7.3 Hz, 1H), 6.75 

(d, J = 3.7 Hz, 1H), 3.31 (d, J = 7.1 Hz, 0.2H, 186nb'), 2.92 – 2.62 (m, 1.8H, 186nb), 

1.77 (q, J = 6.3 Hz, 1H), 1.33 (ddd, J = 10.4, 6.3, 2.9 Hz, 8H), 0.90 (dt, J = 10.4, 7.3 Hz, 

6H). 
13

C-NMR (100 MHz, CDCl3): δ = 152.7 (Cq), 149.1 (CH), 138.4 (Cq), 135.2 (Cq), 

134.8 (Cq), 130.3 (CH), 125.5 (CH), 123.1 (CH), 121.9 (CH), 120.1 (CH), 114.9 (CH), 

110.5 (CH), 104.2 (CH), 40.66 (CH), 37.95 (CH2), 32.92 (CH2), 29.08 (CH2), 25.97 

(CH2), 23.27 (CH2), 14.32 (CH3), 11.02 (CH3). IR (ATR): 2957, 2926, 1732, 1689, 1586, 

1532, 1471, 1343, 777, 756 cm
–1

. MS (EI) m/z (relative intensity): 306 (14) [M]
+
, 207 

(100), 180 (7). HR-MS (EI): m/z calcd. for C21H26N2
+
 [M]

+
 306.2091, found 306.2087. 
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1-Methyl-5-pentyl-1H-indole (186p) 

 

The general procedure GP-A was followed using 5-fluoro-1-methyl-1H-indole (11p) 

(74.6 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 50/1) 

yielded 186p (72.5 mg, 72%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.52 (dd, J = 8.0, 0.7 Hz, 1H), 7.12 (dt, J = 1.5, 0.8 Hz, 

1H), 6.98 (d, J = 3.1 Hz, 1H), 6.97 – 6.94 (m, 1H), 6.43 (dd, J = 3.1, 0.9 Hz, 1H), 3.77 (s, 

3H), 2.88 – 2.58 (m, 2H), 1.78 – 1.61 (m, 2H), 1.41 – 1.32 (m, 4H), 0.94 – 0.85 (m, 3H). 

13
C-NMR (100 MHz, CDCl3): δ = 137.2 (Cq), 136.8 (Cq), 128.4 (CH), 126.6 (Cq), 120.6 

(CH), 120.6 (CH), 108.6 (CH), 100.8 (CH), 36.64 (CH2), 32.89 (CH3), 32.10 (CH2), 

31.80 (CH2), 22.78 (CH2), 14.23 (CH3). IR (ATR): 2955, 2926, 2854, 1714, 1619, 1513, 

1468, 1340, 805, 713 cm
–1

. MS (EI) m/z (relative intensity): 201 (26) [M]
+
, 144 (100), 

115 (6). HR-MS (EI): m/z calcd. for C14H19N
+
 [M]

+
 201.1512, found 201.1510. 

The analytical data are in accordance with those previously reported in the literature.
[209a]

 

 

5-(Naphthalen-2-yl)-2-pentylpyridine (186q) 

 

The general procedure GP-A was followed using 2-fluoro-5-(naphthalen-2-yl)pyridine 

(11q) (112 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 

195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 

186q (105 mg, 76%) as a light-yellow oil.
 

1
H-NMR (400 MHz, CDCl3): δ = 8.68 (d, J = 2.4 Hz, 1H), 7.91 (dd, J = 9.7, 8.0 Hz, 2H), 

7.84 (d, J = 8.8 Hz, 1H), 7.76 (dd, J = 7.9, 2.3 Hz, 1H), 7.59 – 7.39 (m, 4H), 7.31 (d, J = 

7.9 Hz, 1H), 3.09 – 2.80 (m, 2H), 1.85 (p, J = 7.3 Hz, 2H), 1.43 (dq, J = 6.3, 3.5, 2.6 Hz, 

4H), 1.06 – 0.86 (m, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 161.3 (Cq), 149.5 (CH), 

138.2 (CH), 136.4 (Cq), 133.9 (Cq), 133.8 (Cq), 131.7 (Cq), 128.6 (CH), 128.5 (CH), 127.5 

(CH), 126.6 (CH), 126.2 (CH), 125.5 (CH), 125.5 (CH), 122.4 (CH), 38.11 (CH2), 31.83 
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(CH2), 29.79 (CH2), 22.71 (CH2), 14.19 (CH3). IR (ATR): 2925, 2856, 1597, 1485, 1376, 

1030, 962, 800, 776, 435 cm
–1

. MS (EI) m/z (relative intensity): 275 (2) [M]
+
, 246 (9), 

232 (22) 219 (100), 189 (7). HR-MS (EI): m/z calcd. for C20H21N
+
 [M]

+
 275.1669, found 

275.1671. 

 

2-Pentyl-5-[4-(trifluoromethyl)phenyl]pyridine (186r) 

 

The general procedure GP-A was followed using 2-fluoro-5-(4-

(trifluoromethyl)phenyl)pyridine (11r) (121 mg, 0.50 mmol), pentylmagnesium bromide 

(9a) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). Purification by column 

chromatography (n-hexane/EtOAc: 50/1) yielded 186r (109 mg, 74%) as a colourless 

solid. 

M.p.: 45–47 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.76 (d, J = 2.4 Hz, 1H), 7.80 (dd, J = 

8.1, 2.4 Hz, 1H), 7.72 (d, J = 8.3 Hz, 2H), 7.67 (d, J = 8.3 Hz, 2H), 7.25 (d, J = 7.8 Hz, 

1H), 2.95 – 2.73 (m, 2H), 1.77 (dq, J = 11.0, 7.4 Hz, 2H), 1.38 (dp, J = 7.4, 3.7, 3.3 Hz, 

4H), 1.03 – 0.79 (m, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 162.7 (Cq), 147.8 (CH), 

141.7 (Cq), 134.9 (CH), 132.6 (Cq), 130.0 (q, J = 32.6 Hz, Cq) 127.4 (CH), 126.1 (q, J = 

3.8 Hz, CH), 124.3 (q, J = 272 Hz, Cq), 122.9 (CH), 38.26 (CH2), 31.76 (CH2), 29.73 

(CH2), 22.70 (CH2), 14.18 (CH3). 
19

F-NMR (377 MHz, CDCl3): δ = –62.53. IR (ATR): 

2930, 1618, 1598, 1483, 1418, 1324, 1167, 1125, 1072, 825 cm
–1

. MS (EI) m/z (relative 

intensity): 293 (2) [M]
+
, 264 (11), 250 (21), 237 (100), 167 (5). HR-MS (EI): m/z calcd. 

for C17H18F3N
+
 [M]

+
 293.1386, found 293.1391. 

 

4-(4-Pentylphenyl)pyridine (186s) 

 

The general procedure GP-A was followed using 4-(4-fluorophenyl)pyridine (11s) 

(86.6 mg, 0.50 mmol), pentylmagnesium bromide (9a) (0.50 mL, 1.00 mmol) and 195 



5. Experimental Part 

148 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20/1) 

yielded 186s (82.2 mg, 73%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.64 (d, J = 5.4 Hz, 2H), 7.65 – 7.52 (m, 2H), 7.52 – 

7.47 (m, 2H), 7.34 – 7.27 (m, 2H), 2.74 – 2.57 (m, 2H), 1.66 (dt, J = 9.6, 6.8 Hz, 2H), 

1.44 – 1.26 (m, 4H), 1.03 – 0.79 (m, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 150.3 (CH), 

148.4 (Cq), 144.4 (Cq), 135.5 (Cq), 129.3 (CH), 127.0 (CH), 121.5 (CH), 35.77 (CH2), 

31.63 (CH2), 31.19 (CH2), 22.67 (CH2), 14.15 (CH3). IR (ATR): 2955, 2927, 2856, 1597, 

1488, 1465, 1403, 992, 802, 517 cm
–1

. MS (EI) m/z (relative intensity): 225 (25) [M]
+
, 

168 (100), 139 (5), 115 (6). HR-MS (EI): m/z calcd. for C16H19N
+
 [M]

+
 225.1512, found 

225.1512. 

The analytical data are in accordance with those previously reported in the literature.
[362]

 

 

2-(sec-Butyl)naphthalene (187b) 

 

The general procedure GP-B was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 187b (77.3 mg, 84%, b/l: 

96:4) as a colorless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.81 (ddd, J = 8.0, 3.0, 1.7 Hz, 3H), 7.63 (dd, J = 1.7, 

0.8 Hz, 1H), 7.51 – 7.40 (m, 2H), 7.37 (dd, J = 8.0, 1.8 Hz, 1H), 2.79 (h, J = 7.0 Hz, 1H), 

1.87 – 1.62 (m, 2H), 1.35 (d, J = 7.0 Hz, 3H), 0.97 (t, J = 7.3 Hz, 0.13H, l), 0.88 (t, J = 

7.4 Hz, 2.87H, b). 
13

C-NMR (100 MHz, CDCl3): δ = 145.3 (Cq), 133.8 (Cq), 132.3 (Cq), 

128.0 (CH), 127.7 (CH), 127.7 (CH), 126.4 (CH), 125.9 (CH), 125.3 (CH), 125.1 (CH), 

41.97 (CH), 31.19 (CH2), 22.02 (CH3), 12.44 (CH3). IR (ATR): 2959, 2926, 1507, 1454, 

1377, 890, 854, 815, 743, 476 cm
–1

. MS (EI) m/z (relative intensity): 184 (23) [M]
+
, 155 

(100), 141 (11), 128 (10), 115 (9). HR-MS (EI): m/z calcd. for C14H16
+
 [M]

+
 184.1247, 

found 184.1248. 

The analytical data are in accordance with those previously reported in the literature.
[363]
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1-(sec-Butyl)naphthalene (187c) 

 

The general procedure GP-B was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 187c (73.7 mg, 80%, b/l: 

96:4) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.27 – 8.05 (m, 1H), 7.86 (dd, J = 7.8, 1.7 Hz, 1H), 

7.70 (dd, J = 8.0, 1.2 Hz, 1H), 7.54 – 7.42 (m, 3H), 7.39 (dd, J = 7.3, 1.3 Hz, 1H), 3.52 

(h, J = 6.8 Hz, 1H), 1.93 – 1.78 (m, 1H), 1.72 (dp, J = 13.6, 7.3 Hz, 1H), 1.38 (d, J = 6.9 

Hz, 3H), 0.98 (t, J = 7.4 Hz, 0.12H, l), 0.93 (t, J = 7.4 Hz, 2.88H, b). 
13

C-NMR (100 

MHz, CDCl3): δ = 143.9 (Cq), 134.1 (Cq), 131.9 (Cq), 129.1 (CH), 126.3 (CH), 125.7 

(CH), 125.7 (CH), 125.3 (CH), 123.4 (CH), 122.6 (CH), 35.44 (CH), 30.71 (CH2), 21.36 

(CH3), 12.42 (CH3). IR (ATR): 2922, 2851, 2163, 2063, 2041, 1712, 1463, 1377, 776, 

416 cm
–1

. MS (EI) m/z (relative intensity): 184 (23) [M]
+
, 155 (100), 141 (9), 128 (9), 

115 (7). HR-MS (EI): m/z calcd. for C14H16
+
 [M]

+
 184.1247, found 184.1247. 

The analytical data are in accordance with those previously reported in the literature.
[363]

 

 

4-(sec-Butyl)-1,1'-biphenyl (187d) 

 

The general procedure GP-B was followed using 4-fluoro-1,1'-biphenyl (11d) (86.1 mg, 

0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 187d (78.8 mg, 75%, b/l: 

78:22) as a colorless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.64 – 7.59 (m, 2H), 7.58 – 7.52 (m, 2H), 7.45 (ddd, J 

= 7.8, 1.6, 1.8 Hz 2H), 7.34 (dt J = 7.3, 1.2 Hz, 1H), 7.28 (ddd, J = 8.1, 6.5, 7.3, 7.3 Hz, 

2H), 2.67 (h, J = 6.8 Hz, 0.78H, b; 0.42H, l), 1.74 – 1.60 (m, 1.55H, b; 0.45H, l), 1.42 (q, 

J = 7.3 Hz, 0.45H, l), 1.30 (d, J = 6.9 Hz, 2.33H, b), 0.98 (t, J = 7.3 Hz, 0.68H, l), 0.89 (t, 
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J = 7.4 Hz, 2.32H, b). 
13

C-NMR (100 MHz, CDCl3): δ = 147.0 (Cq), 141.3 (Cq), 138.8 

(Cq), 128.8 (CH), 127.6 (CH), 127.1 (CH), 127.1 (CH), 127.1 (CH), 41.50 (CH), 31.32 

(CH2), 21.97 (CH3), 12.44 (CH3). IR (ATR): 2959, 2927, 2872, 1486, 1455, 1008, 836, 

762, 732, 697 cm
–1

. MS (EI) m/z (relative intensity): 210 (19) [M]
+
, 181 (100), 165 (38), 

152 (12). HR-MS (EI): m/z calcd. for C16H18
+
 [M]

+
 210.1403, found 210.1406. 

The analytical data are in accordance with those previously reported in the literature.
[364]

 

 

4-(sec-Butyl)-4'-methyl-1,1'-biphenyl (187e) 

 

The general procedure GP-B was followed using 4-fluoro-4'-methyl-1,1'-biphenyl (11e) 

(93.1 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 187e (85.2 mg, 

76%, b/l: 73:27) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.52 (ddd, J = 8.1, 8.1, 2.0 Hz, 1H), 7.26 (ddd, J = 8.2, 

8.2, 2.3 Hz, 1H), 2.66 (h, J = 6.7 Hz, 0.72H, b; 0.53H, l), 2.41 (s, 3H), 1.71 – 1.60 (m, 

1.46H, b; 0.54H, l), 1.42 (q, J = 7.3 Hz, 0.54H, l), 1.30 (d, J = 6.9 Hz, 2.19H, b), 0.97 (t, J 

= 7.3 Hz, 0.82H, l), 0.89 (t, J = 7.4 Hz, 2.18H, b). 
13

C-NMR (100 MHz, CDCl3): δ = 

146.7 (Cq), 138.8 (Cq), 138.5 (Cq), 136.8 (Cq), 129.6 (CH), 127.6 (CH), 127.0 (CH), 126.9 

(CH), 41.48 (CH), 31.33 (CH2), 21.97 (CH3), 21.23 (CH3), 12.45 (CH3). IR (ATR): 3023, 

2959, 2925, 2871, 1498, 1455, 1006, 809, 571, 518 cm
–1

. MS (EI) m/z (relative intensity): 

224 (47) [M]
+
, 195 (100), 181 (56), 165 (39), 152 (7). HR-MS (EI): m/z calcd. for 

C17H20
+
 [M]

+
 224.1560, found 224.1559. 

 

4-(sec-Butyl)-1,1':4',1''-terphenyl (187f) 

 

The general procedure GP-B was followed using 4-fluoro-1,1':4',1''-terphenyl (11f) 

(124 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 
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25.0 mol). Purification by column chromatography (n-hexane) yielded 187f (105 mg, 

73%, b/l: 88:12) as a colourless solid. 

M.p.: 157–159 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.72 – 7.62 (m, 6H), 7.62 – 7.53 

(m, 2H), 7.52 – 7.43 (m, 2H), 7.41 – 7.33 (m, 1H), 7.32 – 7.27 (m, 2H), 2.67 (h, J = 7.0 

Hz, 1H), 1.66 (pd, J = 7.3, 1.9 Hz, 2H), 1.30 (d, J = 7.0 Hz, 3H), 0.97 (t, J = 7.4 Hz, 

0.35H l), 0.89 (t, J = 7.4 Hz, 2.65H, b). 
13

C-NMR (100 MHz, CDCl3): δ = 147.1 (Cq), 

140.9 (Cq), 140.3 (Cq), 139.9 (Cq), 138.3 (Cq), 128.9 (CH), 127.7 (CH), 127.6 (CH), 127.5 

(CH), 127.4 (CH), 127.2 (CH), 127.0 (CH), 41.52 (CH), 31.33 (CH2), 21.97 (CH3), 12.45 

(CH3). IR (ATR): 3018, 3006, 2976, 1484, 1215, 827, 744, 698, 668, 586 cm
–1

. MS (EI) 

m/z (relative intensity): 286 (40) [M]
+
, 257 (100), 241 (20), 215 (8), 179 (10). HR-MS 

(EI): m/z calcd. for C22H22
+
 [M]

+
 286.1716, found 286.1717. 

 

4-(sec-Butyl)-4'-methoxy-1,1'-biphenyl (187g) 

 

The general procedure GP-B was followed using 4-fluoro-4'-methoxy-1,1'-biphenyl (11g) 

(101 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 187g (81.7 mg, 

68%, b/l: 76:24) as a colourless solid. 

M.p.: 68–70 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.55 (dd, J = 7.7, 2.4 Hz, 1H), 7.53 

(dd, J = 7.1, 2.4 Hz, 1H), 7.52 (dd, J = 7.8, 1.9 Hz, 1H), 7.49 (dd, J = 7.88, 1.9 Hz, 1H), 

7.27 – 7.23 (m, 2H), 6.99 (dd, J = 8.9, 2.2 Hz, 2H), 3.86 (s, 3H), 2.65 (h, J = 6.7 Hz, 

0.76H b; 0.45H, l), 1.77 – 1.58 (m, 2H), 1.41 (q, J = 7.3 Hz, 0.48H, l), 1.29 (d, J = 7.0 Hz, 

2.29H, b), 0.97 (t, J = 7.3 Hz, 0.72H, l), 0.88 (t, J = 7.4 Hz, 2.28H, b). 
13

C-NMR (100 

MHz, CDCl3): δ = 159.0 (Cq), 146.3 (Cq), 138.5 (Cq), 133.9 (Cq), 128.1 (CH), 127.6 

(CH), 126.7 (CH), 114.3 (CH), 55.45 (CH3), 41.45 (CH), 31.32 (CH2), 21.97 (CH3), 

12.44 (CH3). IR (ATR): 2959, 2928, 1606, 1497, 1456, 1250, 1182, 1040, 822, 753 cm
–1

. 

MS (EI) m/z (relative intensity): 240 (58) [M]
+
, 211 (100), 197 (54), 165 (12), 152 (7). 

HR-MS (EI): m/z calcd. for C17H20O
+
 [M]

+
 240.1509, found 240.1509. 
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1-[4-(sec-Butyl)phenyl]pyrene (187h) 

 

The general procedure GP-B was followed using 1-(4-fluorophenyl)pyrene (11h) 

(148 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane) yielded 187h (149 mg, 

89%, b/l: 93:7) as an orange oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.34 – 8.15 (m, 4H), 8.10 (s, 2H), 8.02 (dd, J = 8.4, 7.6 

Hz, 3H), 7.66 – 7.54 (m, 2H), 7.48 – 7.34 (m, 2H), 2.77 (h, J = 7.0 Hz, 1H), 1.87 – 1.64 

(m, J = 7.0 Hz, 2H), 1.58 – 1.44 (m, 0.2H, l), 1.39 (d, J = 6.9 Hz, 2.8H, b), 1.03 (t, J = 7.3 

Hz, 0.2H, l), 0.98 (t, J = 7.4 Hz, 2.8H, b). 13
C-NMR (100 MHz, CDCl3): δ = 146.9 (Cq), 

138.7 (Cq), 138.0 (Cq), 131.6 (Cq), 131.2 (Cq), 130.6 (CH), 130.6 (Cq), 128.7 (Cq), 128.6 

(CH). 128.6 (Cq), 127.8 (CH), 127.6 (CH), 127.4 (CH), 127.2 (CH), 126.1 (CH), 125.6 

(CH), 125.1 (CH), 125.1 (Cq), 124.9 (CH), 124.8 (CH), 41.64 (CH), 31.45 (CH2), 22.01 

(CH3), 12.55 (CH3). IR (ATR): 2958, 2925, 2871, 1499, 1456, 1006, 836, 757, 721, 682 

cm
–1

. MS (EI) m/z (relative intensity): 334 (100) [M]
+
, 305 (83), 289 (54), 276 (29), 144 

(21). HR-MS (EI): m/z calcd. for C26H22
+
 [M]

+
 334.1716, found 334.1714. 

 

N,N-Dibenzyl-4-(sec-butyl)aniline (187i) 

 

The general procedure GP-B was followed using N,N-dibenzyl-4-fluoroaniline (11i) 

(146 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20/1) yielded 

187i (125 mg, 76%, b/l: 65:35) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.41 – 7.34 (m, 4H), 7.34 – 7.28 (m, 6H), 7.05 (dd, J = 

8.7, 2.0 Hz, 2H), 6.72 (dd, J = 8.7, 2.0 Hz, 2H), 4.68 (s, 4H), 2.55 (dt, J = 7.4, 6.8 Hz, 

0.63H b; 0.68H, l), 1.68 – 1.54 (m, 1.30H b; 0.70H, l), 1.41 (sext, J = 7.3 Hz, 0.70H, l), 

1.25 (d, J = 6.8 Hz, 1.95H, b), 0.98 (t, J = 7.3 Hz, 1.05H, l), 0.89 (t, J = 7.3 Hz, 1.95H, b). 
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13
C-NMR (100 MHz, CDCl3): δ = 147.6 (Cq), 139.1 (Cq), 136.1 (Cq), 128.7 (CH), 128.7 

(CH), 127.8 (CH), 126.9 (CH), 112.6 (CH), 54.49 (CH2), 40.64 (CH), 31.50 (CH2), 21.93 

(CH3), 12.50 (CH3). IR (ATR): 2958, 2924, 1614, 1519, 1494, 1452, 1360, 1230, 732, 

694 cm
–1

. MS (ESI) m/z (relative intensity): 330 (12) [M+H]
+
, 274 (16), 229 (11). HR-

MS (ESI): m/z calcd. for C24H28N
+
 [M+H]

+
 330.2216, found 330.2217. 

 

5-(sec-Butyl)-1-(pyridin-2-yl)-1H-indole (187o) 

 

The general procedure GP-B was followed using 5-fluoro-1-(pyridin-2-yl)-1H-indole 

(11o) (106 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20:1) yielded 

187o (86.4 mg, 69%, b/l: 88:12) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.67 – 8.43 (m, 1H), 8.12 (d, J = 8.5 Hz, 1H), 7.87 – 

7.73 (m, 1H), 7.71 (d, J = 3.4 Hz, 1H), 7.59 – 7.38 (m, 2H), 7.14 (ddd, J = 8.3, 3.8, 1.1 

Hz, 2H), 6.66 (dd, J = 3.6, 0.7 Hz, 1H), 2.80 – 2.58 (m, 1H), 1.67 (dd, J = 7.4, 1.6 Hz, 

2H), 1.31 (d, J = 6.9 Hz, 3H), 0.94 (t, J = 7.3 Hz, 0.37H, l), 0.85 (t, J = 7.4 Hz, 2.63H, b). 

13
C-NMR (100 MHz, CDCl3): δ = 152.8 (Cq), 149.1 (CH), 140.9 (Cq), 138.4 (CH), 133.8 

(Cq), 130.7 (Cq), 126.0 (CH), 122.9 (CH), 119.9 (CH), 119.1 (CH), 114.4 (CH), 112.9 

(CH), 105.6 (CH), 41.82 (CH), 31.72 (CH2), 22.61 (CH3), 12.54 (CH3). IR (ATR): 2959, 

2925, 1691, 1592, 1476, 1435, 1340, 1215, 774, 722 cm
–1

. MS (EI) m/z (relative 

intensity): 250 (21) [M]
+
, 221 (100), 206 (45), 115 (4). HR-MS (EI): m/z calcd. for 

C17H18N2
+
 [M]

+
 250.1465, found 250.1465. 

 

5-(sec-Butyl)-1-methyl-1H-indole (187p) 

 

The general procedure GP-B was followed using 5-fluoro-1-methyl-1H-indole (11p) 

(74.6 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 
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25.0 mol). Purification by column chromatography n-hexane/EtOAc: 50:1) yielded 187p 

(65.6 mg, 70%, b/l: 87:13) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.53 (dd, J = 8.1, 6.3 Hz, 1H), 7.15 – 7.09 (m, 1H), 

7.04 – 6.89 (m, 2H), 6.44 (dt, J = 3.1, 0.7 Hz, 1H), 3.78 (d, J = 3.6 Hz, 3H), 2.73 (dq, J = 

14.1, 7.4 Hz, 1H), 1.68 (pt, J = 6.7, 4.6 Hz, 2H), 1.32 (d, J = 6.9 Hz, 3H), 0.95 (t, J = 7.4 

Hz, 0.41H, l), 0.86 (t, J = 7.4 Hz, 2.6H, b). 
13

C-NMR (100 MHz, CDCl3): δ = 141.7 (Cq), 

128.4 (Cq), 126.8 (CH), 120.6 (Cq), 119.2 (CH), 108.7 (CH), 107.3 (CH), 100.7 (CH), 

42.34 (CH3), 32.90 (CH), 31.78 (CH2), 22.66 (CH3), 12.61 (CH3). IR (ATR): 2958, 2926, 

2872, 1513, 1469, 1340, 1321, 810, 713 651 cm
–1

. MS (EI) m/z (relative intensity): 187 

(47) [M]
+
, 158 (100), 144 (47), 77 (13). HR-MS (EI): m/z calcd. for C13H17N

+
 [M]

+
 

187.1356, found 187.1355. 

The analytical data are in accordance with those previously reported in the literature.
[87]

 

 

2-(sec-Butyl)-5-(naphthalen-2-yl)pyridine (187q) 

 

The general procedure GP-B was followed using 2-fluoro-5-(naphthalen-2-yl)pyridine 

(11q) (112 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 50:1) yielded 

187q (98.0 mg, 75%, b/l: 98:2) as an orange oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.71 (d, J = 2.2 Hz, 1H), 7.97 – 7.88 (m, 2H), 7.83 (d, J 

= 8.3 Hz, 2H), 7.60 – 7.39 (m, 4H), 7.34 (d, J = 7.9 Hz, 1H), 3.00 (d, J = 11.8 Hz, 1H), 

1.96 – 1.81 (m, 1H), 1.74 (dp, J = 14.2, 7.2 Hz, 1H), 1.41 (d, J = 6.9 Hz, 3H), 1.00 (t, J = 

7.40 Hz, 0.07H, l), 0.95 (t, J = 7.4 Hz, 2.93H, b). 13
C-NMR (100 MHz, CDCl3): δ = 

165.0 (Cq), 148.9 (CH), 138.9 (CH), 136.2 (Cq), 134.2 (Cq), 134.0 (Cq), 131.6 (Cq), 128.6 

(CH), 127.6 (CH), 127.1 (CH), 126.7 (CH), 126.2 (CH), 125.6 (CH), 125.4 (CH), 121.5 

(CH), 43.13 (CH), 30.21 (CH2), 20.49 (CH3), 12.34 (CH3). IR (ATR): 2960, 2927, 1596, 

1484, 1459, 1379, 1019, 846, 800, 775 cm
–1

. MS (EI) m/z (relative intensity): 261 (1) 

[M]
+
, 260 (6), 246 (50), 233 (100), 219 (16), 176 (10). HR-MS (EI): m/z calcd. for 

C19H19N
+
 [M]

+
 261.1517, found 261.1522. 
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2-(sec-Butyl)-5-[4-(trifluoromethyl)phenyl]pyridine (187r) 

 

The general procedure GP-B was followed using 2-fluoro-5-[4-(trifluoromethyl)-

phenyl]pyridine (11r) (121 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 

195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 

50/1) yielded 187r (103 mg, 74%, b/l: 79:21) as a colourless solid. 

M.p.: 70–72 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.78 (dd, J = 9.0, 2.4 Hz, 1H), 7.81 

(dd, J = 9.0, 2.4 Hz, 1H), 7.70 (dd, J = 8.3, 8.3 Hz, 4H), 7.25 (s, 1H), 2.99 – 2.77 (m, 

0.81H b; 0.42H, l), 1.89 – 1.59 (m, 2H), 1.42 (h, J = 7.4 Hz, 0.43H, l), 1.33 (d, J = 6.9 Hz, 

2.43H, b), 0.96 (t, J = 7.3 Hz, 0.65H, l), 0.88 (t, J = 7.4 Hz, 2.43H, b). 
13

C-NMR (100 

MHz, CDCl3): δ = 166.6 (Cq), 147.6 (CH), 141.7 (Cq), 135.0 (CH), 132.8 (Cq), 130.0 (q, 

2
JC–F = 32.6 Hz, Cq), 127.4 (CH), 126.12 (q, 

3
JC–F = 3.8 Hz, CH), 125.7 (q, 

1
JC–F = 276 

Hz, Cq), 121.8 (CH), 43.52 (CH), 30.12 (CH2), 20.50 (CH3), 12.28 (CH3). 
19

F-NMR (377 

MHz, CDCl3): δ = –62.54. IR (ATR): 2969, 1616, 1487, 1320, 1163, 1127, 1071, 1017, 

864, 830 cm
–1

. MS (EI) m/z (relative intensity): 278 (2) [M–H]
–
, 264 (57), 251 (100) 237 

(15), 202 (13). HR-MS (EI): m/z calcd. for C16H15F3N
–
 [M–H]

–
 278.1151, found 

278.1151. 

The analytical data are in accordance with those previously reported in the literature.
[87]

 

 

4-[4-(sec-Butyl)phenyl]pyridine (187s) 

 

The general procedure GP-B was followed using 4-(4-fluorophenyl)pyridine (11s) 

(86.6 mg, 0.50 mmol), sec-BuMgCl (9f) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20/1) yielded 

187s (72.8 mg, 69%, b/l: 94:6) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.65 (br, 2H), 7.60 (dd, J = 8.2, 3.7 Hz, 2H), 7.51 (d, J 

= 5.0 Hz, 2H), 7.36 (dd, J = 8.2, 3.7 Hz, 2H), 2.98 (hept, J = 7.0 Hz, 0.93H, b), 2.64 (dd, 
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J = 7.4, 7.3 Hz, 0.26H, l), 1.69 (sext, J = 7.4 Hz, 0.27H, b), 1.30 (d, J = 7.0 Hz, 5.61H, b), 

0.97 (t, J = 7.4 Hz, 0.39H, l). 
13

C-NMR (126 MHz, CDCl3): δ = 150.6 (Cq), 149.6 (CH), 

149.1 (Cq), 135.4 (Cq), 127.5 (CH), 127.2 (CH), 127.0 (CH), 122.0 (CH), 34.09 (CH), 

24.04 (CH3). IR (ATR): 2959, 2926, 1595, 1489, 1455, 1403, 992, 810, 575, 526 cm
–1

. 

MS (EI) m/z (relative intensity): 211 (12) [M]
+
, 182 (100), 167 (38), 115 (2). HR-MS 

(EI): m/z calcd. for C15H17N
+
 [M]

+
 211.1356, found 211.1356. 

 

2-Cyclopropylnaphthalene (187t) 

 

The general procedure GP-B was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), cyclopropylmagnesium bromide (9g) (1.00 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 187t 

(58.9 mg, 70%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.84 – 7.72 (m, 3H), 7.54 – 7.52 (m, 1H), 7.49 – 7.37 

(m, 2H), 7.20 (dd, J = 8.5, 1.9 Hz, 1H), 2.07 (tt, J = 8.4, 5.1 Hz, 1H), 1.10 – 0.96 (m, 2H), 

0.87 – 0.76 (m, 2H). 
13

C-NMR (100 MHz, CDCl3): δ = 141.6 (Cq), 133.7 (Cq), 132.0 

(Cq), 128.0 (CH), 127.7 (CH), 127.4 (CH), 126.1 (CH), 125.0 (CH), 124.8 (CH), 123.9 

(CH), 15.80 (CH), 9.30 (CH2). IR (ATR): 3054, 3000, 1599, 1510, 1015, 920, 906, 816, 

742, 480 cm
–1

. MS (EI) m/z (relative intensity): 168 (61) [M]
+
, 167 (100), 153 (53), 141 

(14), 115 (16). HR-MS (EI): m/z calcd. for C13H12
+
 [M]

+
 168.0934, found 168.0933. 

The analytical data are in accordance with those previously reported in the literature.
[365]

 

 

2-Cyclopentylnaphthalene (187u) 

 

The general procedure GP-B was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), cyclopentylmagnesium bromide (9h) (0.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 187u 

(76.6 mg, 78%, b/l) as a colourless oil. 
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1
H-NMR (400 MHz, CDCl3): δ = 7.87 – 7.71 (m, 3H), 7.67 (dt, J = 1.8, 0.7 Hz, 1H), 7.53 

– 7.34 (m, 3H), 3.29 – 3.07 (m, 1H), 2.24 – 2.07 (m, 2H), 1.98 – 1.81 (m, 2H), 1.81 – 

1.65 (m, 4H). 
13

C-NMR (100 MHz, CDCl3): δ = 144.1 (Cq), 133.7 (Cq), 132.2 (Cq), 127.9 

(CH), 127.7 (CH), 127.6 (CH), 126.4 (CH), 126.0 (CH), 125.1 (CH), 125.0 (CH), 46.20 

(CH), 34.69 (CH2), 25.79 (CH2). IR (ATR): 3053, 2952, 2866, 1601, 1508, 888, 852, 

815, 745, 476 cm
–1

. MS (EI) m/z (relative intensity): 196 (90) [M]
+
, 181 (22), 167 (100), 

152 (53), 141 (39), 128 (35), 115 (16). HR-MS (EI): m/z calcd. for C15H16
+
 [M]

+
 

196.1247, found 196.1245. 

The analytical data are in accordance with those previously reported in the literature.
[218b]

 

 

1-Cyclopentylnaphthalene (187v) 

 

The general procedure GP-B was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), cyclopentylmagnesium bromide (9h) (0.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 187v 

(77.5 mg, 79%, b/l) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.23 – 8.13 (m, 1H), 7.91 – 7.81 (m, 1H), 7.76 – 7.64 

(m, 1H), 7.55 – 7.47 (m, 2H), 7.44 (d, J = 5.7 Hz, 2H), 3.80 (p, J = 8.1 Hz, 1H), 2.30 – 

2.13 (m, 2H), 1.97 – 1.69 (m, 6H). 
13

C-NMR (100 MHz, CDCl3): δ = 142.3 (Cq), 134.0 

(Cq), 132.4 (Cq), 128.9 (CH), 126.4 (CH), 125.7 (CH), 125.6 (CH), 125.4 (CH), 124.1 

(CH), 122.1 (CH), 41.34 (CH), 33.75 (CH2), 25.51 (CH2). IR (ATR): 3047, 2952, 2867, 

1597, 1510, 1452, 1397, 795, 776, 432 cm
–1

. MS (EI) m/z (relative intensity): 196 (92) 

[M]
+
, 181 (34), 167 (100), 153 (75), 141 (41), 128 (33), 115 (16). HR-MS (EI): m/z 

calcd. for C15H16
+
 [M]

+
 196.1247, found 196.1248. 

The analytical data are in accordance with those previously reported in the literature.
[209a]
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N,N-Dibenzyl-4-cyclopropylaniline (187w) 

 

The general procedure GP-B was followed using N,N-dibenzyl-4-fluoroaniline (11i) 

(146 mg, 0.50 mmol), cyclopropylmagnesium bromide (9g) (1.00 mL, 1.00 mmol) and 

195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 

20/1) yielded 187w (122 mg, 78%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.39 – 7.33 (m, 4H), 7.32 – 7.27 (m, 6H), 6.96 (dd, J = 

8.7, 1.9 Hz, 2H), 6.71 (dd, J = 8.7 Hz, 2H), 4.66 (s, 4H), 1.84 (dt, J = 8.5, 5.1 Hz, 1H), 

0.87 (dt, J = 8.5, 6.0 Hz, 2H), 0.60 (dt, J = 8.5, 6.0 Hz, 2H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 147.4 (Cq), 139.0 (Cq), 131.9 (Cq), 128.7 (2CH), 126.9 (CH), 126.9 (CH), 

112.8 (CH), 54.53 (CH2), 14.55 (CH), 8.30 (CH2). IR (ATR): 3027, 1616, 1519, 1493, 

1452, 1360, 1231, 956, 810, 732 cm
–1

. MS (ESI) m/z (relative intensity): 336 (3) 

[M+Na]
+
, 314 (100) [M+H]

+
, 223 (9). HR-MS (ESI): m/z calcd. for C23H24N

+
 [M+H]

+
 

314.1903, found 314.1906. 

 

2-(-Bicyclo[2.2.1]heptan-2-yl)naphthalene (187x) 

 

The general procedure GP-B was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), (bicyclo[2.2.1]heptan-2-yl)magnesium bromide (9i) (1.50 mL, 1.00 mmol) 

and 195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) 

yielded 187x (78.9 mg, 71%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.86 – 7.72 (m, 3H), 7.64 (d, J = 1.7 Hz, 1H), 7.50 – 

7.32 (m, 3H), 2.92 (dd, J = 8.8, 5.8 Hz, 1H), 2.58 – 2.46 (m, 1H), 2.41 (d, J = 4.2 Hz, 

1H), 1.90 – 1.75 (m, 2H), 1.73 – 1.54 (m, 3H), 1.44 (ddd, J = 10.5, 7.0, 2.6 Hz, 1H), 1.38 

– 1.11 (m, 2H). 13
C-NMR (100 MHz, CDCl3): δ = 145.1 (Cq), 133.6 (Cq), 131.9 (Cq), 

127.9 (CH), 127.8 (CH), 127.6 (CH), 127.2 (CH), 125.9 (CH), 125.1 (CH), 124.3 (CH), 

47.57 (CH), 42.92 (CH), 39.04 (CH2), 37.10 (CH), 36.24 (CH2), 30.74 (CH2), 29.15 

(CH2). IR (ATR): 2950, 2868, 1600, 1507, 1454, 946, 854, 814, 744, 476 cm
–1

. MS (EI) 
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m/z (relative intensity): 222 (26) [M]
+
, 178 (12), 154 (23), 142 (100), 128 (10). HR-MS 

(EI): m/z calcd. for C17H18
+
 [M]

+
 222.1403, found 222.1402. 

The analytical data are in accordance with those previously reported in the literature.
[366]

 

 

2-(4-Phenylbutan-2-yl)naphthalene (187y) 

 

The general procedure GP-B was followed using 2-fluoronaphthalene (11b) (73.0 mg, 

0.50 mmol), (4-phenylbutan-2-yl)magnesium bromide (9j) (1.50 mL, 1.00 mmol) and 195 

(13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane) yielded 187y 

(100 mg, 77%, b/l: 90:10) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.85 (dt, J = 8.5, 3.2 Hz, 3H), 7.67 (d, J = 1.9 Hz, 1H), 

7.56 – 7.37 (m, 3H), 7.30 (ddd, J = 9.6, 4.9, 1.5 Hz, 2H), 7.27 – 7.15 (m, 3H), 3.02 – 2.89 

(m, 0.9H, b), 2.85 (t, J = 7.2 Hz, 0.2H, l), 2.70 (t, J = 7.3 Hz, 0.2H, l), 2.67 – 2.49 (m, 

1.8H, b), 2.19 – 1.94 (m, 1.8H, b), 1.88 – 1.70 (m, 0.4H, l), 1.46 – 1.34 (m, 2.7H, b). 
13

C-

NMR (100 MHz, CDCl3): δ = 144.8 (Cq), 142.6 (Cq), 133.8 (Cq), 132.4 (Cq), 128.5 (CH), 

128.4 (CH), 128.2 (CH), 127.7 (CH), 127.7 (CH), 126.0 (CH), 125.9 (CH), 125.8 (CH), 

125.5 (CH), 125.3 (CH), 39.97 (CH2), 39.78 (CH), 34.11 (CH2), 22.67 (CH3). IR (ATR): 

2957, 2924, 2854, 1601, 1496, 855, 818, 745, 699, 477 cm
–1

. MS (EI) m/z (relative 

intensity): 260 (13) [M]
+
, 156 (100), 141 (46), 128 (14), 115 (10). HR-MS (EI): m/z 

calcd. for C20H20
+
 [M]

+
 260.1560, found 260.1560. 

The analytical data are in accordance with those previously reported in the literature.
[367]

 

 

5-(Naphthalen-2-yl)-2-(4-phenylbutan-2-yl)pyridine (187z) 

 

The general procedure GP-B was followed using 2-fluoro-5-(naphthalen-2-yl)pyridine 

(11q) (112 mg, 0.50 mmol), (4-phenylbutan-2-yl)magnesium bromide (9j) (1.50 mL, 
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1.00 mmol) and 195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-

hexane/EtOAc 50:1) yielded 187z (123 mg, 73%, b/l: 94:6) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.74 (d, J = 2.3 Hz, 1H), 7.92 (dt, J = 18.3, 8.8 Hz, 

3H), 7.79 (dd, J = 8.0, 2.2 Hz, 1H), 7.65 – 7.42 (m, 4H), 7.36 – 7.14 (m, 6H), 3.09 (h, J = 

7.0 Hz, 0.94H, b), 2.97 (t, J = 7.7 Hz, 0.06H, l), 2.68 (dd, J = 14.1, 11.9, 6.1 Hz, 2H), 

2.36 – 2.14 (m, 1H), 2.04 (ddt, J = 13.2, 9.9, 6.4 Hz, 1H), 1.46 (d, J = 6.9 Hz, 3H). 
13

C-

NMR (100 MHz, CDCl3): δ = 165.1 (Cq), 150.0 (CH), 142.5 (Cq), 138.0 (CH), 136.6 

(Cq), 134.0 (Cq), 133.9 (Cq), 131.7 (Cq), 128.6 (CH), 128.6 (CH), 128.4 (2CH), 127.5 

(CH), 126.6 (CH), 126.2 (CH), 125.8 (CH), 125.6 (CH), 125.6 (CH), 121.3 (CH), 41.52 

(CH), 38.91 (CH2), 34.14 (CH2), 21.09 (CH3). IR (ATR): 2921, 2852, 1597, 1485, 1454, 

1029, 801, 777, 746, 699 cm
–1

. MS (EI) m/z (relative intensity): 337 (1) [M]
+
, 233 (100), 

204 (6), 176 (3). HR-MS (EI): m/z calcd. for C25H23N
+
 [M]

+
 337.1825, found 337.1824. 

 

1-Isopropylnaphthalene (187aa) 

 

The general procedure GP-B was followed using 1-fluoronaphthalene (11c) (73.0 mg, 

0.50 mmol), i-PrMgBr (9k) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 25.0 mol). 

Purification by column chromatography (n-hexane) yielded 187aa (68.9 mg, 81%, b/l: 

93:7) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.17 (dd, J = 8.4, 1.6 Hz, 0.93H, b), 8.09 (dd, J = 8.5, 

1.3 Hz, 0.07H, l), 7.98 (dd, J = 8.4, 4.1 Hz, 0.14H, l), 7.89 (dd, J = 7.8, 1.3 Hz, 1H), 7.73 

(dd, J = 7.4, 1.9 Hz, 1H), 7.62 (dd, J = 8.1, 7.1 Hz, 0.08H, l), 7.59 – 7.43 (m, 4H), 7.38 – 

7.30 (m, 0.16H, l), 3.80 (hept, J = 6.9 Hz, 0.92H, b), 3.09 (dd, J = 8.7, 6.7 Hz, 0.14H, l), 

1.83 (h, J = 7.4 Hz, 0.13H l, 1.45 (dd, J = 6.9, 0.7 Hz, 5.52H, b), 1.07 (t, J = 7.3 Hz, 

0.21H, l). 
13

C-NMR (100 MHz, CDCl3): δ = 144.8 (Cq), 134.0 (Cq), 131.5 (Cq), 129.0 

(CH), 126.4 (CH), 125.8 (CH), 125.8 (CH), 125.4 (CH), 123.4 (CH), 121.8 (CH), 28.67 

(CH), 23.70 (CH3). IR (ATR): 3047, 2962, 1597, 1510, 1463, 1395, 1006, 796, 776, 435 

cm
–1

. MS (EI) m/z (relative intensity): 170 (30) [M]
+
, 155 (100), 128 (12), 115 (7). HR-

MS (EI): m/z calcd. for [C13H14]
+
 [M]

+
 170.1090, found 170.1090. 

The analytical data are in accordance with those previously reported in the literature.
[361]
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N,N-Dibenzyl-4-isopropylaniline (187ab) 

 

The general procedure GP-B was followed using N,N-dibenzyl-4-fluoroaniline (11i) 

(146 mg, 0.50 mmol), i-PrMgBr (9k) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 20/1) yielded 

187ab (115 mg, 73%, b/l: 81:19) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.42 – 7.36 (m, 4H), 7.36 – 7.28 (m, 6H), 7.12 (dd, J = 

8.4, 1.8, 1.35H, b), 7.08 – 7.03 (dd, J = 8.4, 1.8, 0.65H, l), 6.77 (dd, J = 8.4, 1.8, 2H), 

4.69 (s, 4H), 2.88 (hept, J = 6.9 Hz, 0.68H, b), 2.55 (dd, J = 7.5, 6.4 Hz, 0.64H, l), 1.66 

(q, J = 7.4 Hz, 0.65H l), 1.28 (d, J = 6.9 Hz, 4.15H, b), 1.00 (t, J = 7.3 Hz, 0.97H, l). 
13

C-

NMR (100 MHz, CDCl3): δ = 147.5 (Cq), 139.1 (Cq), 137.2 (Cq), 128.7 (2xCH), 126.9 

(CH), 126.9 (CH), 112.6 (CH), 54.50 (CH2), 33.09 (CH), 24.32 (CH3). IR (ATR): 2957, 

1614, 1519, 1452, 1360, 1231, 957, 813, 732, 697 cm
–1

. MS (ESI) m/z (relative intensity): 

338 (5) [M+Na]
+
, 316 (100) [M+H]

+
, 225 (3). HR-MS (ESI): m/z calcd. for C23H26N

+
 

[M+H]
+
 316.2060, found 316.2064. 

 

5-Isopropyl-1-(pyridin-2-yl)-1H-indole (187ac) 

 

The general procedure GP-B was followed using 5-fluoro-1-methyl-1H-indole (11o) 

(74.6 mg, 0.50 mmol), i-PrMgBr (9k) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 50:1) yielded 

187ac (82.6 mg, 70%, b/l: 85:15) as a red oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.56 (dd, J = 4.8, 2.0, 1H), 8.13 (ddd, J = 8.5, 2.2, 1.5 

Hz, 1H), 7.81 (ddd, J = 8.3, 7.3, 1.9 Hz, 1H), 7.72 (dd, J = 7.0, 3.5 Hz, 1H), 7.55 – 7.42 

(m, 2H), 7.23 – 7.09 (m, 2H), 6.67 (ddd, J = 5.4, 3.6, 0.9 Hz, 1H), 3.05 (p, J = 6.9 Hz, 

0.74H, b), 2.67 (t, J = 7.3 Hz, 0.54H, l), 1.74 (h, J = 7.6 Hz, 0.55H, l), 1.34 (d, J = 7.0 Hz, 

4.44H, b), 0.98 (t, J = 7.3 Hz, 0.79H, l). 
13

C-NMR (100 MHz, CDCl3): δ = 152.7 (Cq), 
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149.1 (Cq), 142.1 (Cq), 138.4 (Cq), 133.7 (CH), 130.8 (CH), 126.1 (CH), 122.4 (CH), 

119.9 (CH), 118.2 (CH), 114.4 (CH), 112.9 (CH), 105.6 (CH), 34.22 (CH), 24.68 (CH3). 

IR (ATR): 2957, 2924, 1591, 1475, 1435, 1341, 1292, 1261, 775, 720 cm
–1

. MS (EI) m/z 

(relative intensity): 259 (21) [M+Na]
+
, 237 (100) [M+H]

+
, 195 (8). HR-MS (ESI): m/z 

calcd. for C16H17N2
+
 [M+H]

+
 237.1386, found 237.1388. 

 

2-Isopropyl-5-[4-(trifluoromethyl)phenyl]pyridine (187ad) 

 

The general procedure GP-B was followed using 2-fluoro-5-[4-(trifluoromethyl)-

phenyl]pyridine (11r) (121 mg, 0.50 mmol), i-PrMgBr (9k) (0.50 mL, 1.00 mmol) and 

195 (13.3 mg, 25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 

50/1) yielded 187ad (96.8 mg, 73%, b/l: >99:1) as an orange oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.80 (t, J = 3.0 Hz, 1H), 7.86 (dt, J = 8.2, 3.0 Hz, 1H), 

7.80 – 7.60 (m, 4H), 7.32 (dd, J = 8.1, 3.4 Hz, 1H), 3.18 (dq, J = 7.0, 3.5 Hz, 1H), 1.38 

(dd, J = 7.0, 3.5 Hz, 6H). 
13

C-NMR (100 MHz, CDCl3): δ = 167.3 (Cq), 147.4 (CH), 

141.6 (Cq), 135.4 (CH), 132.9 (Cq), 130.09 (q, 
2
JC–F = 33.2 Hz, Cq), 127.4 (CH), 126.2 (q, 

3
JC–F = 3.6 Hz, CH), 124.28 (q, 

1
JC–F = 272.1 Hz, Cq), 121.0 (CH), 36.14 (CH), 22.68 

(CH3). 
19

F-NMR (282 MHz, CDCl3): δ = –62.54. IR (ATR): 2967, 1486, 1324, 1165, 

1111, 1071, 1017, 854, 828, 603 cm
–1

. MS (EI) m/z (relative intensity): 265 (19) [M]
+
, 

250 (100), 237 (57), 202 (12). HR-MS (EI): m/z calcd. for C15H14F3N
+
 [M]

+
 265.1073, 

found 265.1074. 

 

4-(4-Isopropylphenyl)pyridine (187ae) 

 

The general procedure GP-B was followed using 4-(4-fluorophenyl)pyridine (11s) 

(86.6 mg, 0.50 mmol), i-PrMgBr (9k) (0.50 mL, 1.00 mmol) and 195 (13.3 mg, 

25.0 mol). Purification by column chromatography (n-hexane/EtOAc: 50/1) yielded 

187ae (74.0 mg, 74%, b/l: 85:15) as a colourless oil. 
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1
H-NMR (400 MHz, CDCl3): δ = 8.64 (d, J = 4.6 Hz, 2H), 7.59 (dd, J = 6.4, 4.5 Hz, 2H), 

7.50 (dd, J = 6.3, 1.5 Hz, 2H), 7.30 (dd, J =  6.3, 1.5 Hz, 2H), 2.67 (h, J = 7.2 Hz, 1H), 

1.64 (p, J = 7.4 Hz, 2H), 1.28 (d, J = 6.9 Hz, 2.55H, b), 0.95 (t, J = 7.3 Hz, 0.45H, l), 0.86 

(t, J = 7.4 Hz, 2.55H, b). 
13

C-NMR (100 MHz, CDCl3): δ = 150.3 (CH), 149.1 (Cq), 

148.4 (Cq), 135.7 (Cq), 128.0 (CH), 127.0 (CH), 121.6 (CH), 41.60 (CH), 31.22 (CH2), 

21.89 (CH3), 12.37 (CH3). IR (ATR): 2964, 2926, 1593, 1540, 1488, 1402, 1061, 1029, 

809, 515 cm
–1

. MS (EI) m/z (relative intensity): 197 (26) [M]
+
, 182 (100), 167 (42), 152 

(6). HR-MS (EI): m/z calcd. for C14H15N
+
 [M]

+
 197.1199, found 197.1198. 

The analytical data are in accordance with those previously reported in the literature.
[368]

 

 

5.3.2. Synthesis of 194 and 195 

tert-Butyl (2-(diphenylphosphaneyl)phenyl)phosphine oxide (194) 

 

(2-Bromophenyl)diphenylphosphine (1.98 g 5.8 mmol) in THF (10 mL) was added 

dropwise, at –78°C, to a solution of n-butyllithium (3.8 mL, 5.8 mmol, 1.6 M in hexane) 

and the mixture was stirred at –78°C for 2 hours. The reaction solution is then transferred, 

at 0 °C, to a reaction vessel, in which a solution of tert-butyldichlorophosphine (1.05 g, 

5.8 mmol) in 5 mL of THF was placed and stirred for 1.5 h. Then H2O (50 mL) was 

added and the mixture was warmed to ambient temperature overnight. NaCl (20 mL) was 

added and the mixture was extracted with CH2Cl2 (3 x 40 mL), dried over Na2SO4 and 

concentrated in vacuo. Purification of the remaining crude product by column 

chromatography on silica gel (EtOAc) yielded 194 (1.15 g, 54%) as a colourless viscous 

oil.  

1
H-NMR (400 MHz, CDCl3): δ = 8.00 (d, J = 8.5 Hz, 1H), 7.48 (dt, J = 30.2, 7.4 Hz, 

3H), 7.34 (dt, J = 10.3, 3.0 Hz, 6H), 7.27 – 7.19 (m, 2H), 7.18 – 7.07 (m, 1H), 1.25 (d, J = 

15.7 Hz, 9H). 
13

C-NMR (101 MHz, CDCl3): δ = 140.7 (dd, 
1
JC–P = 20.9, 7.5 Hz, Cq), 

135.9 (d, 
1
JC–P = 9.8 Hz, Cq), 135.6 (d, 

1
JC–P = 11.2 Hz, Cq), 135.1 (d, 

3
JC–P = 7.6 Hz, CH), 

133.9 (d, 
2
JC–P = 19.5 Hz, CH), 133.5 (d, 

2
JC–P = 19.5 Hz, CH), 133.1 (t, 

3
JC–P = 7.4 Hz, 

CH), 132.0 (CH), 129.1 (d, 
3
JC–P = 2.1 Hz, CH), 128.8 (t, 

2
JC–P = 13.8 Hz), 66.26 (d, 

1
JC–P 
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= 7.8 Hz), 24.51 (d, 
2
JC–P = 4.0 Hz).  

31
P-NMR (162 MHz, CDCl3): δ = 36.37 (dd, J = 

474, 70.4 Hz), –15.67 (d, J = 70.4 Hz). 
31

P{H}-NMR (162 MHz, CDCl3): δ = 36.37 (d, J 

= 70.4 Hz), –15.59 (d, J = 70.4 Hz). IR (ATR): 2959, 2340, 1475, 1434, 1167, 911, 726, 

695, 613, 524 cm
–1

. MS (ESI) m/z (relative intensity): 756 (100) [2M+Na]
+
, 569 (14), 389 

(68) [M+Na]
+
, 367 (78) [M+H]

+
. HR-MS (ESI): m/z calcd. for C22H25OP2

+
 [M+H]

+
 

367.1375, found 367.1382. 

 

Synthesis of 195 

 

Under an Ar atmosphere a mixture of Ni(cod)2 (138 mg, 0.50 mmol) and 194 (183 mg, 

0.50 mmol) in toluene (5.0 mL) was stirred at ambient temperature for 48 h. The solvent 

was removed in vacuo and the resulting residue was washed with dry n-hexane (3 x 10 

mL) under an Ar atmosphere. The remaining solid was dried in vacuum to provide 195 

(176 mg, 64%) as a brown solid. 195 was transferred to a glovebox, where it stays stable 

for months. 

M.p.: 195–199 (decomposition). 
1
H-NMR (400 MHz, toluene-d8): δ = 8.41 (d, J = 6.6 

Hz, 1H), 7.59 (ddd, J = 10.2, 6.5, 2.9 Hz, 2H), 7.28 (t, J = 7.4 Hz, 2H), 7.13 (d, J = 4.0 

Hz, 5H), 6.96 – 6.81 (m, 4H), 5.18 (d, J = 9.5 Hz, 1H), 4.64 (t, J = 8.5 Hz, 1H), 4.26 (dq, 

J = 8.7, 4.2 Hz, 1H), 2.97 (dd, J = 14.7, 6.8 Hz, 1H), 1.89 (dtt, J = 27.0, 11.0, 5.5 Hz, 

2H), 1.63 – 1.39 (m, 2H), 1.34 – 1.07 (m, 5H), 1.01 (d, J = 13.7 Hz, 9H). 
13

C-NMR (101 

MHz, toluene-d8): δ = 135.9 (d, J = 42.2 Hz, Cq), 135.9 (d, J = 42.2 Hz, Cq), 134.2 (d, J = 

12.4 Hz, CH), 132.2 (d, J = 11.7 Hz, CH), 132.0 (d, J = 11.4 Hz, CH), 131.5 (d, J = 42.2 

Hz, Cq), 131.3 (d, J = 42.2 Hz, Cq), 130.8 (d, J = 2.3 Hz, CH), 130.6 (t, J = 3.2 Hz, CH), 

129.8 (d, J = 6.0 Hz, CH), 129.5 (d, J = 2.2 Hz, CH), , 129.0 (CH), 128.9 (CH), 128.5 

(CH), 109.8 (d, J = 2.7 Hz, CH), 76.90 (d, J = 18.0 Hz, CH), 74.88 (d, J = 20.3 Hz, CH), 

38.56 (d, J = 28.1 Hz, Cq), 30.85 (d, J = 49.0 Hz, 2CH2), 29.35 (d, J = 5.0 Hz, CH2), 

28.78 (t, J = 3.6 Hz, CH2), 26.94 (d, J = 5.5 Hz, CH3), 23.68 (CH2). 
31

P-NMR (162 MHz, 

toluene-d8): δ = 125.9 (d, J = 17.6 Hz), 59.09 (d, J = 17.4 Hz). IR (ATR): 2933, 1435, 
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1109, 1088, 1044, 998, 744, 694, 547, 486 cm
−1

. MS (LIFDI) m/z (relative intensity): 532 

(100) [M]
+
. HR-MS (ESI): m/z calcd. for C30H36NiOP2

+
 [M+H]

+
 533.1668, found 

533.1646. 

Crystals suitable for X-Ray crystallography were grown from a saturated solution of 

complex 195 in toluene at –25 °C. 
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5.4. Manganese(I)-Catalyzed Allylative and Alkenylative C–H/C–F 

Functionalization 

5.4.1. Characterization Data 

(Z)-2-(1H,1H,2H-Perfluorodec-2-en-1-yl)-1-(pyridin-2-yl)-1H-indole (203a) 

 

The general procedure GP-C was followed using 1-(pyridin-2-yl)-1H-indole (201a) 

(97.1 mg, 0.50 mmol), 1H,1H,2H-perfluorodec-1-ene (45a) (268 mg, 0.60 mmol) and 

[MnBr(CO)5] (10.3 mg, 37.5 mol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 203a (301 mg, 97%, Z/E: 88:12) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.66 (dd, J = 4.9, 1.8 Hz, 1H), 7.90 (dd, J = 7.8, 2.0 Hz, 

1H), 7.68 – 7.56 (m, 1H), 7.50 (d, J = 7.9 Hz, 1H), 7.45 – 7.37 (m, 1H), 7.33 (ddd, J = 

7.5, 4.8, 1.1 Hz, 1H), 7.25 – 7.16 (m, 2H), 6.53 (s, 1H), 6.18 (dt, J = 22.4, 8.2 Hz, 0.12H, 

E), 5.84 (dt, J = 32.7, 7.5 Hz, 0.88H, Z), 3.93 (dd, J = 7.6, 2.4 Hz, 1.76H, Z), 3.87 (dd, J = 

7.8, 1.2 Hz, 0.24H, E). 
13

C-NMR (101 MHz, CDCl3): δ = 151.0 (Cq), 149.9 (Cq), 146.3 

(dt, 
1
JC–F = 261 Hz, 

2
JC–F = 29.1 Hz, Cq), 138.6 (CH), 137.3 (Cq), 136.3 (Cq), 128.5 (Cq), 

122.6 (CH), 122.3 (CH), 121.2 (CH), 120.7 (CH), 120.6 (CH), 117.3 (dt, 
1
JC–F = 289 Hz, 

2
JC–F = 32.9 Hz, Cq), 113.5 (dt, 

2
JC–F = 8.8 Hz, 

3
JC–F = 4.5 Hz, CH), 112.9 (m, Cq), 111.4 

(m, Cq), 111.0 (m, Cq), 110.7 (m, Cq), 110.3 (CH), 108.7 (m, Cq), 107.0 (m, Cq), 103.9 

(CH), 22.84 (d, 
3
JC–F = 4.3 Hz, CH2). 

19
F-NMR (377 MHz, CDCl3): δ = –80.9 (m), –

114.9 (m), –117.50 (m), –122.1 (m), –122.8 (m), –123.0 (m), –126.2 (m), –130.8 (m). IR 

(ATR): 1588, 1471, 1457, 1439, 1237, 1201, 1145, 909, 732, 663 cm
–1

. MS (ESI) m/z 

(relative intensity): 643 (83) [M+Na]
+
, 621 (100) [M+H]

+
, 346 (9). HR-MS (ESI): m/z 

calcd. for C23H13F16N2
+
 [M+H]

+
 621.0818, found 621.0811. 
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(Z)-2-(1H,1H,2H-Perfluorodec-2-en-1-yl)-1-(pyrimidin-2-yl)-1H-indole (203b) 

 

The general procedure GP-C was followed using 1-(pyrimidin-2-yl)-1H-indole (201b) 

(97.6 mg, 0.50 mmol), 1H,1H,2H-perfluorodec-1-ene (45a) (268 mg, 0.60 mmol) and 

[MnBr(CO)5] (10.3 mg, 37.5 mol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 203b (298 mg, 96%, Z/E: 87:13) as an organge solid. 

M.p.: 54–56 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.66 (d, J = 4.8 Hz, 2H), 8.31 (d, J = 

8.1 Hz, 1H), 7.46 (d, J = 7.6 Hz, 1H), 7.15 (dt, J = 25.1, 7.4 Hz, 2H), 7.02 (dd, J = 4.8, 

3.3 Hz, 1H), 6.42 (s, 1H), 6.16 (dt, J = 22.7, 7.9 Hz, 0.13H, E), 5.81 (dt, J = 33.2, 7.4 Hz, 

0.87H, Z), 4.08 (d, J = 7.6 Hz, 2H).
 13

C-NMR (101 MHz, CDCl3): δ = 158.2 (CH), 146.1 

(dt, 
1
JC–F = 260 Hz, 

2
JC–F = 28.9 Hz, Cq), 137.2 (Cq), 136.7 (Cq), 129.1 (Cq), 123.5 (CH), 

122.4 (CH), 120.2 (CH), 117.3 (dt, 
1
JC–F = 288 Hz, 

2
JC–F = 32.8 Hz, Cq), 117.2 (CH), 

114.7 (CH), 114.5 (dt, 
2
JC–F = 8.5 Hz, 

3
JC–F = 4.4 Hz, CH), 113.4 (m, Cq), 113.0 (m, Cq), 

111.0 (m, Cq), 110.6 (m, Cq), 110.4 (m, Cq), 108.4 (m, Cq), 108.0 (m, Cq), 107.6 (CH), 

25.10 (d, 
3
JC–F = 4.0 Hz, CH2).

 19
F-NMR (377 MHz, CDCl3): δ = –80.85 (m), –114.9 (m), 

–117.4 (m), –122.0 (m), –122.8 (m), –122.9 (m), –126.2 (m), –130.9 (m). IR (ATR): 

1564, 1455, 1429, 1198, 1144, 1108, 804, 744, 664, 530 cm
–1

. MS (ESI) m/z (relative 

intensity): 644 (49) [M+Na]
+
, 622 (100) [M+H]

+
, 346 (11). HR-MS (ESI): m/z calcd. for 

C22H12F16N3
+
 [M+H]

+
 622.0770, found 622.0751. 

 

(Z)-2-(1H,1H,2H-Perfluorodec-2-en-1-yl)-5-fluoro-1-(pyrimidin-2-yl)-1H-indole 

(203c) 

 

The general procedure GP-C was followed using 5-fluoro-1-(pyrimidin-2-yl)-1H-indole 

(201c) (107 mg, 0.50 mmol), 1H,1H,2H-perfluorodec-1-ene (45a) (268 mg, 0.60 mmol) 
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and [MnBr(CO)5] (10.3 mg, 37.5 mol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 203c (285 mg, 89%, Z/E: 85:15) as a red solid. 

M.p.: 61–63 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.85 – 8.54 (m, 2H), 8.39 (dd, J = 9.0, 

4.4 Hz, 1H), 7.22 – 7.16 (m, 1H), 7.14 (dd, J = 4.7, 1.4 Hz, 1H), 7.06 – 6.91 (m, 1H), 

6.46 (d, J = 3.5 Hz, 1H), 6.25 (dt, J = 22.2, 8.0 Hz, 0.15H, E), 5.90 (dt, J = 33.0, 7.3 Hz, 

0.85H, Z), 4.17 (d, J = 5.1 Hz, 2H). 
13

C-NMR (101 MHz, CDCl3): δ = 159.2 (d, 
1
JC–F = 

238 Hz, Cq), 158.2 (CH), 158.0 (Cq), 146.2 (dt, 
1
JC–F = 261 Hz, 

2
JC–F = 28.9 Hz, Cq), 

138.4 (Cq), 133.5 (Cq), 129.8 (d, 
3
JC–F = 10.1 Hz, Cq), 117.3 (CH), 116.7 (dt, 

1
JC–F = 288 

Hz, 
2
JC–F = 32.9 Hz, Cq), 115.95 (d, 

2
JC–F = 9.0 Hz, CH), 114.16 (dt, 

2
JC–F = 8.4 Hz, 

3
JC–F 

= 4.5 Hz, CH), 113.6 (m, Cq), 113.0 (m, Cq), 111.2 (d, 
2
JC–F = 24.9 Hz, CH), 110.8 (m, 

Cq), 110.4 (m, Cq), 108.4 (m, Cq), 107.9 (m, Cq), 107.4 (d, 
3
JC–F = 4.0 Hz, CH), 105.4 (d, 

2
JC–F = 23.6 Hz, CH), 25.28 (d, 

3
JC–F = 4.0 Hz, CH2). 

19
F-NMR (377 MHz, CDCl3): δ = –

80.90 (m), –114.9 (m), –117.5 (m), –121.0 (m), –122.8 (m), –122.9 (m), –123.6 (m), –

126.2 (m), –131.1 (m). IR (ATR): 1578, 1473, 1450, 1431, 1201, 1148, 1111, 803, 709, 

665 cm
–1

. MS (ESI) m/z (relative intensity): 662 (6) [M+Na]
+
, 640 (100) [M+H]

+
, 355 

(26). HR-MS (ESI): m/z calcd. for C22H11F17N3
+
 [M+H]

+
 640.0676, found 640.0677. 

 

(Z)-1-[2-(1H,1H,2H-Perfluorodec-2-en-1-yl)phenyl]ethan-1-one (203d) 

 

The general procedure GP-D was followed using N-(4-methoxyphenyl)-1-phenylethan-1-

imine (201d) (113 mg, 0.50 mmol), 1H,1H,2H-perfluorodec-1-ene (45a) (669 mg, 

1.50 mmol), [MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (16.4 mg, 0.20 mmol) and 

K2CO3 (104 mg, 0.75 mmol). Hydrolysis with HCl (5 mL, 1M) and purification by 

column chromatography (n-hexane/EtOAc: 20/1) yielded 203d (197 mg, 72%, Z/E: 97:3) 

as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 7.79 (dd, J = 7.7, 1.4 Hz, 1H), 7.47 (dd, J = 7.5, 1.3 Hz, 

1H), 7.37 (dd, J = 7.6, 1.4 Hz, 1H), 7.29 (dd, J = 7.6, 1.3 Hz, 1H), 6.16 (dt, J = 23.7, 8.5 

Hz, 0.3H, E), 5.93 (dt, J = 33.7, 7.7 Hz, 0.97H, Z), 3.83 (dd, J = 7.7, 2.3 Hz, 2H), 2.62 (s, 

3H). 
13

C-NMR
 
(151 MHz, CDCl3): δ = 201.2 (Cq), 145.9 (dt, 

1
JC–F = 259 Hz, 

2
JC–F = 29.4 

Hz, Cq), 138.1 (Cq), 136.9 (Cq), 132.6 (CH), 131.7 (CH), 130.3 (CH), 127.3 (CH), 117.30 
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(dt, 
1
JC–F = 289, 

2
JC–F = 33.3 Hz Cq), 115.5 (CH), 112.9 (m), 112.2 (m), 111.3 (m), 110.7 

(m), 110.3 (m), 108.90 (m), 29.30 (CH3), 28.88 (CH2). 
19

F-NMR (282 MHz, CDCl3): δ = 

–80.87 (m), –117.5 (m), –122.0 (m), –122.1 (m), –122.8 (m), –123.0 (m), –126.2 (m), –

132.4 (m). IR (ATR): 1687, 1358, 1236, 1198, 1144, 1106, 759, 708, 664, 600 cm
–1

. MS 

(ESI) m/z (relative intensity): 1115 (3) [2M+Na]
+
, 569 (100) [M+Na]

+
, 507 (10), 309 (8). 

HR-MS (ESI): m/z calcd. for C18H11F16O
+
 [M+H]

+
 547.0549, found 547.0545. 

 

(Z)-2-[1-Fluoro-2-(2-methoxyphenyl)vinyl]-1-(pyridin-2-yl)-1H-indole (202a) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-(2,2-difluorovinyl)-2-methoxybenzene (44a) (255 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202a (149 mg, 87%, Z/E: 80:20) as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 8.70 (ddd, J = 4.9, 2.0, 0.8 Hz, 0.8H, Z), 8.53 (ddd, J = 

4.9, 2.0, 0.8 Hz, 0.2H, E), 7.91 – 7.82 (m, 1H), 7.74 – 7.69 (m, 1H), 7.58 (dd, J = 8.4, 0.9 

Hz, 1H), 7.46 (dt, J = 8.0, 0.9 Hz, 1H), 7.38 – 7.29 (m, 2H), 7.26 (dt, J = 7.3, 1.5 Hz, 2H), 

7.09 (d, J = 0.9 Hz, 1H), 7.03 – 6.94 (m, 1H), 6.88 (dd, J = 8.3, 1.1 Hz, 1H), 6.67 (d, J = 

21.6 Hz, 0.2H, E), 6.54 (d, J = 39.9 Hz, 0.8H, Z), 3.80 (s, 2.4H, Z), 3.69 (s, 0.6H, E). 
13

C-

NMR (125 MHz, CDCl3): δ = 156.3 (Cq), 151.8 (Cq), 150.7 (d, 
1
JC–F = 255 Hz, Cq), 149.7 

(Cq), 149.3 (CH), 138.7 (Cq), 138.3 (CH), 132.7 (d, 
2
JC–F = 31.3 Hz, Cq), 129.7 (d, 

3
JC–F = 

13.6 Hz, CH), 128.7 (CH), 127.7 (Cq), 124.1 (CH), 122.2 (CH), 121.5 (CH), 121.2 (CH), 

120.9 (CH), 120.7 (CH), 111.3 (CH), 110.5 (CH), 107.2 (d, 
4
JC–F = 4.3 Hz, CH), 103.6 (d, 

3
JC–F = 7.4 Hz, CH), 55.6 (CH3). 

19
F-NMR (282 MHz, CDCl3): δ = –94.2 (dd, J = 19.1, 

2.5 Hz, 0.20F; E), –108.2 (d, J = 40.0 Hz, 0.80F, Z). IR (ATR): 3073, 2836, 1586, 1466, 

1436, 1245, 1028, 906, 779, 725 cm
–1

. MS (EI) m/z (relative intensity): 344 (100) [M]
+
, 

313 (80), 237 (29). HR-MS (EI): m/z calcd. for C22H17FN2O
+
 [M]

+
 344.1325, found 

344.1312.  
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(Z)-2-[1-Fluoro-2-(m-tolyl)vinyl]-1-(pyridin-2-yl)-1H-indole (202b) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-(2,2-difluorovinyl)-3-methylbenzene (44b) (231 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202b (131 mg, 80%, Z/E: 89:11) as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 8.69 (dd, J = 4.9, 1.8 Hz, 0.89H, Z), 8.60 – 8.49 (m, 

0.11H, E), 7.87 (dd, J = 7.8, 1.9 Hz, 1H), 7.69 (d, J = 7.8 Hz, 1H), 7.57 (d, J = 8.1 Hz, 

1H), 7.45 (d, J = 8.0 Hz, 1H), 7.38 – 7.18 (m, 6H), 7.08 (d, J = 7.5 Hz, 1H), 7.04 – 7.01 

(m, 1H), 6.46 (d, J = 19.1 Hz, 0.11H, E), 6.02 (d, J = 37.6 Hz, 0.89H, Z), 2.35 (s, 2.67H, 

Z), 2.21 (s, 0.33H, E). 
13

C-NMR (100 MHz, CDCl3): δ = 151.0 (d, 
1
JC–F = 257 Hz, Cq), 

151.9 (Cq), 149.6 (CH), 138.7 (Cq), 138.5 (CH), 138.2 (Cq), 133.4 (Cq), 132.4 (d, 
2
JC–F = 

30.1 Hz, Cq), 129.6 (d, 
3
JC–F = 7.6 Hz, CH), 128.6 (CH), 128.5 (CH), 127.9 (Cq), 126.2 (d, 

4
JC–F = 7.7 Hz, CH), 124.4 (CH), 122.4 (CH), 121.7 (CH), 121.3 (CH), 120.7 (CH), 111.4 

(CH), 110.3 (d, 
3
JC–F = 9.5 Hz, CH), 107.5 (d, 

4
JC–F = 4.5 Hz, CH), 21.6 (CH3).

 19
F-NMR 

(376 MHz, CDCl3): δ = –92.4 (dd, J = 19.0, 2.9 Hz, 0.11F, E), –105.9 (d, J = 38.0 Hz, 

0.89F, Z).
 
IR (ATR): 3051, 1586, 1468, 1348, 1146, 1436, 906, 777, 730, 669 cm

–1
. MS 

(EI) m/z (relative intensity): 328 (100) [M]
+
, 307 (75), 237 (30). HR-MS (EI): m/z calcd. 

for C22H17FN2
+
 [M]

+
 328.1376, found 328.1377. 

 

(Z)-2-[1-Fluoro-2-(4-methoxyphenyl)vinyl]-1-(pyridin-2-yl)-1H-indole (202c) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-(2,2-difluorovinyl)-4-methoxybenzene (44c) (255 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 
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0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202c (149 mg, 87%, Z/E: 87:13) as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 8.72 – 8.61 (m, 0.87H, Z), 8.54 (ddd, J = 4.9, 2.0, 0.8 

Hz, 0.13H, E), 7.84 (dd, J = 7.8, 1.9 Hz, 1H), 7.68 – 7.63 (m, 1H), 7.57 – 7.50 (m, 1H), 

7.46 – 7.38 (m, 3H), 7.35 – 7.29 (m, 1H), 7.26 – 7.17 (m, 3H), 6.97 (d, J = 1.0 Hz, 1H), 

6.86 – 6.79 (m, 1H), 6.42 (d, J = 19.1 Hz, 0.13H, E), 5.97 (d, J = 38.2 Hz, 0.87H, Z), 3.80 

(s, 2.61H, Z), 3.72 (s, 0.39H, E). 
13

C-NMR (125 MHz, CDCl3): δ = 159.0 (Cq), 151.9 

(Cq); 149.8 (d, 
1
JC–F = 254 Hz, Cq), 149.5 (CH), 138.6 (Cq), 138.5 (CH), 132.6 (d, 

2
JC–F = 

30.5 Hz, Cq), 130.3 (d, 
3
JC–F = 7.6 Hz, CH), 128.0 (Cq), 126.2 (d, 

4
JC–F = 3.6 Hz, Cq), 

124.2 (CH), 122.4 (CH), 121.7 (CH), 121.3 (CH), 120.8 (CH), 114.1 (CH), 111.4 (CH), 

109.8 (d, 
3
JC–F = 9.9 Hz, CH), 107.1 (d, 

4
JC–F = 4.0 Hz, CH), 55.4 (CH3). 

19
F-NMR (471 

MHz, CDCl3): δ = –94.0 (dd, J = 19.1, 3.1 Hz, 0.17F, E), –108.9 (d, J = 38.2 Hz, 0.83F, 

Z). IR (ATR): 3053, 2836, 1606, 1467, 1449, 1436, 1248, 1178, 856, 737 cm
-1

. MS (EI) 

m/z (relative intensity): 344 (100) [M]
+
, 324 (45), 309 (44), 380 (32). HR-MS (EI): m/z 

calcd. for C22H17FN2O
+
 [M]

+
 344.1325, found 344.1322. 

 

(Z)-2-[1-Fluoro-2-(p-tolyl)vinyl]-1-(pyridin-2-yl)-1H-indole (202d) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-(2,2-difluorovinyl)-4-methylbenzene (44d) (231 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202d (133 mg, 81%, Z/E: 94:6) as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 8.68 (dd, J = 5.0, 1.8 Hz, 0.94H, Z), 8.56 (dd, J = 4.9, 

1.8 Hz, 0.06H, E), 7.86 (dd, J = 7.8, 1.9 Hz, 1H), 7.71 – 7.65 (m, 1H), 7.56 (dt, J = 8.3, 

1.0 Hz, 1H), 7.47 – 7.43 (m, 1H), 7.40 (d, J = 8.0 Hz, 2H), 7.34 (ddd, J = 7.5, 4.9, 1.0 Hz, 

1H), 7.29 – 7.21 (m, 2H), 7.15 (d, J = 7.9 Hz, 2H), 7.02 (t, J = 0.9 Hz, 1H), 6.47 (d, J = 

19.1 Hz, 0.06H, E), 6.02 (d, J = 38.3 Hz, 0.94H, Z), 2.36 (s, 2.82H, Z), 2.28 (s, 0.18H, E). 

13
C-NMR (100 MHz, CDCl3): δ = 151.8 (Cq), 150.6 (d, 

1
JC–F = 263 Hz, Cq), 149.5 (CH), 

138.7 (Cq), 138.5 (CH), 137.6 (d, 
4
JC–F = 2.5 Hz, Cq), 132.5 (d, 

2
JC–F = 30.1 Hz, Cq), 
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130.7 (d, 
4
JC–F = 3.8 Hz, Cq), 129.4 (CH), 128.9 (d, 

3
JC–F = 7.7 Hz, CH), 128.0 (Cq), 124.3 

(CH), 122.4 (CH), 121.7 (CH), 121.3 (CH), 120.8 (CH), 111.4 (CH), 110.1 (d, 
3
JC–F = 9.6 

Hz, CH), 107.3 (d, 
4
JC–F = 4.5 Hz, CH), 21.4 (CH3). 

19
F-NMR (376 MHz, CDCl3): δ = –

92.7 (dd, J = 19.3, 3.2 Hz, 0.06F, E), –106.9 (d, J = 38.3 Hz, 0.94F, Z). IR (ATR): 3051, 

1585, 1467, 1449, 1436, 1380, 1348, 1212, 1147, 737 cm
–1

. MS (EI) m/z (relative 

intensity): 328 (100) [M]
+
, 307 (85), 237 (22). HR-MS (EI): m/z calcd. for C22H17FN2

+
 

[M]
+
 328.1376, found 328.1389. 

 

(Z)-2-[2-(2-Bromophenyl)-1-fluorovinyl]-1-(pyridin-2-yl)-1H-indole (202e) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-bromo-2-(2,2-difluorovinyl)benzene (44e) (329 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202e (176 mg, 90%, Z/E: 96:4) as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 8.70 (dd, J = 4.9, 1.9 Hz, 0.96H, Z), 8.58 (dd, J = 4.9, 

1.8 Hz, 0.04H, E), 7.88 (ddd, J = 7.9, 5.8, 1.8 Hz, 2H), 7.76 – 7.67 (m, 1H), 7.61 – 7.41 

(m, 3H), 7.38 – 7.22 (m, 4H), 7.14 (s, 1H), 7.08 (dd, J = 7.7, 1.6 Hz, 1H), 6.58 (d, J = 

17.7 Hz, 0.04H, E), 6.36 (d, J = 37.7 Hz, 0.96H, Z). 
13

C-NMR (100 MHz, CDCl3): δ = 

151.8 (d, 
1
JC–F = 258 Hz, Cq), 151.6 (Cq), 149.7 (CH), 139.1 (Cq), 138.6 (CH), 133.0 (d, 

4
JC–F = 4.1 Hz, Cq), 132.8 (CH), 131.8 (d, 

2
JC–F = 33.0 Hz, Cq), 130.4 (d, 

3
JC–F = 13.3 Hz, 

CH), 128.7 (CH), 127.7 (Cq), 127.4 (CH), 124.5 (CH), 123.7 (Cq), 122.6 (CH), 121.7 

(CH), 121.4 (CH), 121.1 (CH), 111.3 (CH), 108.1 (d, 
3
JC–F = 9.7 Hz, CH), 108.0 (CH). 

19
F-NMR (376 MHz, CDCl3): δ = –93.3 (dd, J = 17.5, 2.1 Hz, 0.04F, E), –107.2 (d, J = 

37.8 Hz, 0.96F, Z). IR (ATR): 3060, 1653, 1586, 1467, 1436, 1382, 1349, 1147, 1021, 

741 cm
–1

. MS (EI) m/z (relative intensity): 392 (23) [M]
+
, 313 (100), 293 (36), 237 (20). 

HR-MS (EI): m/z calcd. for C21H14
79

BrFN2
+
 [M]

+
 392.0324, found 392.0322.  
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(Z)-2-[2-(3-Bromophenyl)-1-fluorovinyl]-1-(pyridin-2-yl)-1H-indole (202f) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-bromo-3-(2,2-difluorovinyl)benzene (44f) (329 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202f (169 mg, 86%, Z/E: 96:4) as a yellow oil. 

1
H-NMR (300 MHz, CDCl3): δ = 8.66 (d, J = 4.8 Hz, 0.96H, Z), 8.51 (d, J = 4.6 Hz, 

0.04H, E), 7.86 (t, J = 7.7 Hz, 1H), 7.70 – 7.60 (m, 2H), 7.51 (d, J = 8.1 Hz, 1H), 7.43 (d, 

J = 8.0 Hz, 1H), 7.40 – 7.31 (m, 3H), 7.28 – 7.15 (m, 3H), 7.02 (s, 1H), 6.35 (d, J = 18.1 

Hz, 0.04H, E), 5.95 (d, J = 37.1 Hz, 0.96H, Z). 
13

C-NMR (126 MHz, CDCl3): δ = 151.9 

(d, 
1
JC–F = 258 Hz, Cq), 151.6 (Cq), 149.6 (CH), 138.8 (Cq), 138.5 (CH), 135.4 (d, 

4
JC–F = 

3.7 Hz, Cq), 131.8 (d, 
2
JC–F = 30.1 Hz, Cq), 131.5 (d, 

3
JC–F = 8.7 Hz, CH), 130.4 (CH), 

130.0 (CH), 127.7 (Cq), 127.4 (d, 
4
JC–F = 7.6 Hz, CH), 124.6 (CH), 122.7 (Cq), 122.6 

(CH), 121.8 (CH), 121.4 (CH), 120.7 (CH), 111.3 (CH), 108.5 (d, 
3
JC–F = 9.0 Hz, CH), 

108.0 (d, 
4
JC–F = 4.6 Hz, CH). 

19
F-NMR (282 MHz, CDCl3): δ = –90.9 (dd, J = 18.0, 2.6 

Hz, 0.04F, E), –104.1 (d, J = 37.2 Hz, 0.96F, Z). IR (ATR): 3055, 1659, 1586, 1467, 

1436, 1380, 1146, 1074, 730, 683 cm
–1

. MS (EI) m/z (relative intensity): 392 (100) [M]
+
, 

373 (55), 292 (42), 237 (78). HR-MS (EI): m/z calcd. for C21H14
79

BrFN2
+
 [M]

+
 392.0324, 

found 392.0332. 

 

(Z)-2-(2-(4-Bromophenyl)-1-fluorovinyl)-1-(pyridin-2-yl)-1H-indole (202g):  

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-bromo-4-(2,2-difluorovinyl)benzene (44g) (329 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 
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0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202g (167 mg, 85%, Z/E = 92/8) as a yellow oil.  

1
H-NMR (300 MHz, CDCl3): δ = 8.67 (ddd, J = 4.9, 2.0, 0.8 Hz, 0.92H, Z), 8.54 (ddd, J 

= 4.9, 1.9, 0.9 Hz, 0.08H, E), 7.88 (dd, J = 8.0, 2.0 Hz, 1H), 7.68 (ddd, J = 7.5, 1.5, 0.8 

Hz, 1H), 7.57 – 7.48 (m, 1H), 7.48 – 7.41 (m, 3H), 7.38 – 7.32 (m, 3H), 7.29 (dd, J = 7.1, 

1.4 Hz, 1H), 7.24 – 7.18 (m, 1H), 7.03 (s, 0.92H, Z), 6.94 (s, 0.08H, E), 6.38 (d, J = 18.2 

Hz, 0.08H, E), 5.96 (d, J = 37.4 Hz, 0.92H, Z). 
13

C-NMR (100 MHz, CDCl3): δ = 151.9 

(Cq), 151.7 (d, 
1
JC–F = 258 Hz, Cq), 149.7 (CH), 138.8 (Cq), 138.6 (Cq), 131.8 (CH), 131.6 

(CH), 132.4 (d, 
4
JC–F = 3.7 Hz, Cq), 130.4 (d, J = 8.0 Hz, (CH), 127.9 (Cq), 124.6 (CH), 

122.6 (CH), 121.8 (CH), 121.5 (CH), 121.4 (d, 
4
JC–F = 3.7 Hz, Cq), 120.8 (CH), 111.3 

(CH), 108.9 (d, 
3
JC–F = 9.5 Hz, CH), 107.9 (d, 

4
JC–F = 4.6 Hz, CH). 

19
F-NMR (376 MHz, 

CDCl3): δ = –91.08 (dd, J = 18.3, 2.9 Hz, 0.08F, E), –105.04 (d, J = 37.6 Hz, 0.92F, Z). 

IR (ATR): 3053, 2959, 1585, 1468, 1449, 1436, 1381, 1331, 1073, 1009 cm
–1

. MS (ESI) 

m/z (relative intensity): 415 (100) [M+Na]
+
, 393 (51) [M+H]

+
. HR-MS (ESI): m/z calcd. 

for C21H15
79

BrFN2
+ 

[M+H]
+
 393.0397, found 393.0401.  

 

Methyl (Z)-4-{2-fluoro-2-[1-(pyridin-2-yl)-1H-indol-2-yl]vinyl}benzoate (202h) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), methyl 4-(2,2-difluorovinyl)benzoate (44h) (297 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202h (171 mg, 92%, Z/E: 94:6) as a yellow solid. 

M.p.: 150–153 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.67 (d, J = 4.8 Hz, 0.94H, Z), 8.52 

(d, J = 4.8 Hz, 0.6H, E), 7.99 (d, J = 7.7 Hz, 2H), 7.94 – 7.82 (m, 1H), 7.69 (d, J = 7.9 

Hz, 1H), 7.52 (dd, J = 8.3, 3.7 Hz, 3H), 7.45 (d, J = 8.0 Hz, 1H), 7.35 (dd, J = 7.5, 4.9 Hz, 

1H), 7.28 (t, J = 7.8 Hz, 1H), 7.22 (t, J = 7.5 Hz, 1H), 7.07 (s, 1H), 6.47 (d, J = 18.0 Hz, 

0.06H, E), 6.06 (d, J = 37.4 Hz, 0.94H, Z), 3.91 (s, 2.79H, Z), 3.87 (s, 0.18H, E). 
13

C-

NMR (100 MHz, CDCl3): δ = 166.8 (Cq), 152.6 (d, 
1
JC–F = 260 Hz, Cq), 151.6 (Cq), 149.7 

(CH), 138.9 (Cq), 138.6 (CH), 138.0 (Cq), 138.0 (Cq), 131.8 (d, 
2
JC–F = 29.8 Hz, Cq), 
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129.9 (CH), 128.7 (d, 
3
JC–F = 8.6 Hz, CH), 127.8 (Cq), 124.7 (CH), 122.6 (CH), 121.9 

(CH), 121.5 (CH), 120.7 (CH), 111.3 (CH), 109.0 (d, 
3
JC–F = 9.0 Hz, CH), 108.2 (d, 

4
JC–F 

= 4.5 Hz, CH), 52.17 (CH3). 
19

F-NMR (377 MHz, CDCl3): δ = –88.99 (dd, J = 18.1, 3.0 

Hz, 0.06F, E), –102.88 (d, J = 37.5 Hz, 0.94F, Z). IR (ATR): 1714, 1606, 1468, 1435, 

1275, 1183, 1108, 907, 727, 697 cm
-1

. MS (ESI) m/z (relative intensity): 767 (23) 

[2M+Na]
+
, 395 (89) [M+Na]

+
, 373 (100) [M+H]

+
, 353 (17). HR-MS (ESI): m/z calcd. for 

C23H18FN2O2
+
 [M+H]

+
 373.1347, found 373.1350. 

Crystals suitable for X-ray crystallography were grown by slow evaporation from a 

solution of 202h in i-PrOH. 

 

(Z)-2-(1-Fluorotridec-1-en-1-yl)-1-(pyridin-2-yl)-1H-indole (202i) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1,1-difluorotridec-1-ene (44i) (328 mg, 1.50 mmol), [MnBr(CO)5] 

(13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 0.50 mmol). 

Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 202i (120 mg, 

61%, Z/E: 82:18) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.66 (dd, J = 4.9, 1.8 Hz, 1H), 7.85 (dd, J = 7.8, 1.8 Hz, 

1H), 7.63 (dd, J = 7.2, 1.5 Hz, 1H), 7.51 (d, J = 8.1 Hz, 1H), 7.39 (d, J = 8.0 Hz, 1H), 

7.32 (ddd, J = 7.5, 4.9, 1.1 Hz, 1H), 7.25 – 7.14 (m, 2H), 6.85 (s, 1H), 5.50 (dt, J = 19.4, 

8.1 Hz, 0.18H, E), 5.07 (dt, J = 36.1, 7.7 Hz, 0.82H, Z), 2.18 (qd, J = 7.3, 1.8 Hz, 2H), 

1.42 – 1.15 (m, 18H), 0.89 (t, J = 6.8 Hz, 3H). 
13

C-NMR (125 MHz, CDCl3): δ = 151.8 

(Cq), 150.4 (d, 
1
JC–F = 243 Hz, Cq), 149.3 (CH), 138.2 (Cq), 138.2 (CH), 132.2 (d, 

2
JC–F = 

32.4 Hz, Cq), 127.9 (Cq), 123.8 (CH), 122.2 (CH), 121.4 (CH), 121.1 (CH), 120.8 (CH), 

111.5 (d, 
2
JC–F = 16.7 Hz, CH), 111.3 (CH), 106.5 (CH), 32.1 (CH2), 29.9 (CH2), 29.6 

(CH2), 29.5 (CH2), 29.3 (CH2), 24.4 (CH2), 22.9 (CH2), 14.3 (CH3). 
19

F-NMR (282 MHz, 

CDCl3): δ = –98.5 (d, J = 19.2 Hz, 0.18F, E), –111.8 (d, J = 36.1 Hz, 0.82F, Z). IR 

(ATR): 2922, 2852, 1587, 1468, 1450, 1436, 1381, 1347, 798, 737 cm
–1

. MS (EI) m/z 

(relative intensity): 392 (25) [M]
+
, 237 (100), 231 (36). HR-MS (EI): m/z calcd. for 

C26H33FN2
+
 [M]

+
 392.2628, found 392.2636. 
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(Z)-2-(1-Fluoro-4,8-dimethylnona-1,7-dien-1-yl)-1-(pyridin-2-yl)-1H-indole (202j) 

 

The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1,1-difluoro-4,8-dimethylnona-1,7-diene (44j) (283 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202j (104 mg, 58%, Z/E: 78:22) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.65 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H), 7.85 (ddd, J = 8.0, 

7.4, 1.9 Hz, 1H), 7.63 (dt, J = 7.6, 0.9 Hz, 1H), 7.50 (dd, J = 8.2, 0.9 Hz, 1H), 7.39 (dt, J 

= 8.0, 0.9 Hz, 1H), 7.34 – 7.29 (m, 1H), 7.22 (dt, J = 8.0, 1.2 Hz, 1H), 7.20 – 7.15 (m, 

1H), 6.85 (d, J = 1.1 Hz, 1H), 5.52 (dt, J = 19.7, 7.9 Hz, 0.22H, E), 5.15 – 4.99 (m, 

1.78H, Z), 2.22 – 1.89 (m, 4H), 1.69 (dd, J = 6.9, 1.4 Hz, 3H), 1.60 (d, J = 1.2 Hz, 3H), 

1.55 – 1.47 (m, 1H), 1.33 (ddt, J = 13.0, 9.6, 6.0 Hz, 1H), 1.21 – 1.12 (m, 1H), 0.88 (dd, J 

= 6.7, 1.4 Hz, 3H). 
13

C-NMR (125 MHz, CDCl3): δ = 150.9 (d, 
1
JC–F = 244 Hz, Cq), 

149.4 (CH), 138.3 (Cq), 138.2 (CH), 137.3 (Cq), 132.3 (d, 
2
JC–F = 32.7, Cq), 131.3 (Cq), 

127.9 (Cq), 124.8 (CH), 123.9 (CH), 122.3 (CH), 121.4 (CH), 121.1 (CH), 120.8 (CH), 

111.3 (CH), 109.9 (d, 
3
JC–F = 16.7 Hz, CH), 106.5 (d, 

4
JC–F = 3.3 Hz, CH), 36.7 (CH2), 

33.0 (CH), 31.4 (CH2), 26.0 (CH3), 25.8 (CH2), 19.7 (CH3), 17.9 (CH3). 
19

F-NMR (282 

MHz, CDCl3): δ = –96.8 (d, J = 19.6 Hz, 0.22F, E), –111.2 (d, J = 36.1 Hz, 0.78F, Z). IR 

(ATR): 2956, 2924, 1697, 1588, 1469, 1451, 1437, 1379, 780, 742 cm
–1

. MS (EI) m/z 

(relative intensity): 362 (28) [M]
+
, 327 (35), 231 (100). HR-MS (EI): m/z calcd. for 

C24H27FN2
+
 [M]

+
 362.2158, found 362.2157. 

 

(Z)-2-[1-Fluoro-2-(naphthalen-1-yl)vinyl]-1-(pyridin-2-yl)-1H-indole (202k) 
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The general procedure GP-D was followed using 1-(pyridin-2-yl)-1H-indole (201a) (97.1 

mg, 0.50 mmol), 1-(2,2-difluorovinyl)naphthalene (44k) (285 mg, 1.50 mmol), 

[MnBr(CO)5] (13.7 mg, 50.0 mol), NaOAc (8.20 mg, 0.10 mmol) and K2CO3 (69.1 mg, 

0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 

202k (83.8 mg, 46%, Z/E: 65:35) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.75 (dd, J = 5.0, 2.0 Hz, 0.65H, Z), 8.28 (dd, J = 5.0, 

2.0 Hz, 0.35H, E), 7.96 – 7.66 (m, 5H), 7.64 – 7.33 (m, 6H), 7.28 (s, 1H), 7.24 – 7.16 (m, 

2H), 7.02 – 6.88 (m, 1H), 6.76 (ddd, J = 7.5, 4.9, 1.0 Hz, 0.35H), 6.66 (d, J = 36.0 Hz, 

0.65H). 
13

C-NMR (100 MHz, CDCl3): δ = 152.0 (Cq), 151.6 (d, 
1
JC–F = 256 Hz, Cq), 

149.8 (CH), 149.0 (CH), 139.0 (CH), 138.7 (CH), 133.8 (Cq), 133.4 (Cq), 132.4 (d, 
2
J = 

32.0 Hz, Cq), 131.4 (Cq), 129.3 (d, 
2
JC–F = 2.9 Hz, Cq), 128.8 (CH), 127.9 (Cq), 126.2 

(CH), 125.8 (CH), 125.7 (CH), 124.5 (CH), 123.9 (CH), 122.6 (CH), 121.8 (CH), 121.5 

(CH), 121.2 (CH), 111.4 (CH), 107.8 (d, 
4
JC–F = 4.1 Hz, CH), 106.5 (d, 

3
JC–F = 10.6 Hz, 

CH). 
19

F-NMR (377 MHz, CDCl3): δ = –94.35 (d, J = 18.2 Hz, 0.35, E), –107.38 (d, J = 

36.1 Hz, 0.65, Z). IR (ATR): 3055, 1663, 1587, 1468, 1449, 1437, 1348, 1231, 777, 741 

cm
–1

. MS (ESI) m/z (relative intensity): 387 (49) [M+Na]
+
, 365 (100) [M+H]

+
, 345 (28). 

HR-MS (ESI): m/z calcd. for C25H17FN2
+
 [M+H]

+
 365.1449, found 365.1453. 

 

5.4.2. Experiments with Cyclometalated Complex 204 

 

Scheme 5.1. Experiment with cyclometalated complex 204. 

Complex 204 (72.0 mg, 0.20 mmol, 1.00 equiv), 1H,1H,2H-perfluorodecene (45a) (107 

mg, 0.24 mmol, 1.20 equiv), K2CO3 (27.6 mg, 0.20 mmol, 1.00 equiv) were placed into 

an oven-dried 25 mL Schlenk tube equipped with a septum under N2 atmosphere. 1,4-

Dioxane (0.20 mL) was added and the mixture was stirred at 80 °C for 20 h. After 

completion of the reaction, H2O (10 mL) was added at ambient temperature and the 

resulting mixture was extracted with Et2O (3 x 15 mL). Drying over Na2SO4, evaporation 

of the solvent and purification by column chromatography yielded 203a (113 mg, 91%, 

Z/E: 88:12) as a yellow oil. 
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5.5. Asymmetric Nickel-Catalyzed Hydroarylations by C–H Activation 

5.5.1. Characterization Data 

(R)-3-Methyl-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (189a) 

 

The general procedure GP-E was followed using 1-(3-methylbut-3-en-1-yl)-1H-

benzo[d]imidazole (188a) (93.6 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 208 

(6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 1/1) 

yielded 189a (89.5 mg, 96%) as a colourless solid. 

M.p.: 134–136 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.82 – 7.64 (m, 1H), 7.39 – 7.21 

(m, 3H), 4.25 (ddd, J = 12.0, 5.8, 2.9 Hz, 1H), 3.99 (ddd, J = 12.0, 11.1, 5.1 Hz, 1H), 3.25 

(ddd, J = 17.1, 4.7, 1.8 Hz, 1H), 2.68 (dd, J = 17.1, 10.4 Hz, 1H), 2.34 – 2.08 (m, 2H), 

1.83 (dd, J = 11.1, 5.8 Hz, 1H), 1.24 (d, J = 6.6 Hz, 3H). 
13

C-NMR (101 MHz, CDCl3): δ 

= 151.9 (Cq), 143.2 (Cq), 134.6 (Cq), 122.1 (CH), 121.7 (CH), 119.0 (CH), 108.8 (CH), 

41.65 (CH2), 33.56 (CH2), 30.57 (CH2), 27.71 (CH), 21.18 (CH3). IR (ATR): 2956, 2925, 

1514, 1457, 1416, 1319, 1285, 1230, 738, 437 cm
−1

. MS (ESI) m/z (relative intensity): 

187 (100) [M+H]
+
, 117 (3). HR-MS (ESI): m/z calcd. for C12H15N2

+
 [M+H]

+
 187.1230, 

found 187.1234. [α]D
20

: +62.5 (c = 1.00, CHCl3). HPLC separation (Chiralpak® IC-3, 

n-hexane/iPrOH: 80/20, 1.0 mL/min, detection at 273 nm): tr (major) = 17.3 min, tr 

(minor) = 19.0 min, 99:1 e.r. 

The analytical data are in accordance with those previously reported in the literature for 

the racemic compound.
[369]

  

 

(R)-3,7,8-Trimethyl-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (189b) 

 

The general procedure GP-E was followed using 5,6-dimethyl-1-(3-methylbut-3-en-1-

yl)-1H-benzo[d]imidazole (188b) (107 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) 
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and 208 (6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 

2/1) yielded 189b (98.0 mg, 92%) as a colourless solid. 

M.p.: 177–179 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.44 (s, 1H), 7.05 (s, 1H), 4.15 

(ddd, J = 12.0, 5.9, 3.0 Hz, 1H), 3.90 (ddd, J = 12.3, 11.1, 4.9 Hz, 1H), 3.17 (ddd, J = 

17.0, 4.7, 1.8 Hz, 1H), 2.60 (dd, J = 17.0, 10.4 Hz, 1H), 2.37 (s, 3H), 2.35 (s, 3H), 2.22–

2.02 (m, 2H), 1.76 (dd, J = 11.2, 5.8 Hz, 1H), 1.17 (d, J = 6.6 Hz, 3H). 
13

C-NMR (100 

MHz, CDCl3): δ = 151.0 (Cq), 141.5 (Cq), 133.1 (Cq), 130.9 (Cq), 130.7 (Cq), 119.1 (CH), 

109.2 (CH), 41.7 (CH2), 33.5 (CH2), 30.7 (CH2), 27.8 (CH), 21.2 (CH3), 20.6 (CH3), 20.4 

(CH3). IR (ATR): 2953, 2867, 1516, 1488, 1462, 1421, 1322, 907, 847, 728 cm
–1

. MS 

(EI) m/z (relative intensity): 214 (100) [M]
+
, 199 (36), 172 (39), 157 (14). HR-MS (EI): 

m/z calcd. for C14H18N2
+
 [M]

+
 214.1470, found 214.1469. [α]D

20
: +48 (c = 1.00, CHCl3). 

HPLC separation (Chiralpak® ID-3, n-hexane/THF: 70/30, 0.75 mL/min, detection at 

250 nm): tr (minor) = 33.9 min, tr (major) = 35.2 min, 4:96 e.r. 

 

(R)-7,8-Dichloro-3-methyl-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine 

(189c) 

 

The general procedure GP-E was followed using 5,6-dichloro-1-(3-methylbut-3-en-1-yl)-

1H-benzo[d]imidazole (188c) (128 mg, 0.50 mmol), Ni(cod)2 (13.8 mg, 50.0 μmol) and 

208 (12.6 mg, 25.0 μmol). Purification by column chromatography (n-hexane/EtOAc: 

2/1) yielded 189c (107 mg, 84%) as a colourless solid. 

M.p.: 157–159 °C. 
1
H-NMR (300 MHz, CDCl3): δ = 7.74 (s, 1H), 7.37 (s, 1H), 4.16 

(ddd, J = 12.0, 5.8, 2.9 Hz, 1H), 3.92 (dd, J = 11.1, 4.7 Hz, 1H), 3.19 (ddd, J = 17.4, 4.7, 

1.8 Hz, 1H), 2.62 (dd, J = 17.4, 10.5 Hz, 1H), 2.30–2.01 (m, 2H), 1.79 (dd, J = 11.2, 5.8 

Hz, 1H), 1.19 (d, J = 6.5 Hz, 3H). 
13

C-NMR (125 MHz, CDCl3): δ = 154.0 (Cq), 142.2 

(Cq), 133.8 (Cq), 126.2 (Cq), 125.8 (Cq), 120.1 (CH), 110.4 (CH), 42.1 (CH2), 33.5 (CH2), 

30.4 (CH2), 27.6 (CH), 21.2 (CH3). IR (ATR): 2957, 2928, 1510, 1483, 1456, 1403, 

1383, 1094, 855, 575 cm
–1

. MS (EI) m/z (relative intensity): 254 (100) [M]
+
, 219 (28), 

212 (70), 185 (14). HR-MS (EI): m/z calcd. for C12H12
35

Cl2N2
+
 [M]

+
 254.0378, found 

254.0375. [α]D
20

: +60 (c = 1.00, CHCl3). HPLC separation (Chiralpak® ID-3, n-
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hexane/THF: 70/30, 1.0 mL/min, detection at 280 nm): tr (major) = 11.2 min, tr (minor) = 

12.0 min, 98:2 e.r. 

 

(R)-7-Methoxy-3-methyl-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (189d) 

 

The general procedure GP-E was followed using 5-methoxy-1-(3-methylbut-3-en-1-yl)-

1H-benzo[d]imidazole (188d) (108 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 

208 (6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 

2/1) yielded 189d (94.0 mg, 87%) as a colourless solid. 

M.p.: 127–129 °C. 
1
H-NMR (300 MHz, CDCl3): δ = 7.56 (dd, J = 8.7, 0.5 Hz, 1H), 6.87 

(dd, J = 8.7, 2.4 Hz, 1H), 6.76 (dd, J = 2.4, 0.5 Hz, 1H), 4.16 (ddd, J = 12.0, 5.9, 2.9 Hz, 

1H), 3.97–3.82 (m, 4H), 3.18 (ddd, J = 17.0, 4.7, 1.8 Hz, 1H), 2.61 (dd, J = 17.0, 10.4 Hz, 

1H), 2.30–1.96 (m, 2H), 1.78 (dd, J = 11.1, 5.7 Hz, 1H), 1.19 (d, J = 6.5 Hz, 3H). 
13

C-

NMR (125 MHz, CDCl3): δ = 156.1 (Cq), 151.0 (Cq), 137.1 (Cq), 135.0 (Cq), 119.3 (CH), 

111.0 (CH), 93.2 (CH), 56.1 (CH3), 41.8 (CH2), 33.6 (CH2), 30.7 (CH2), 27.9 (CH), 21.3 

(CH3). IR (ATR): 2926, 1624, 1523, 1455, 1418, 1247, 1213, 1155, 815, 728 cm
–1

. MS 

(EI) m/z (relative intensity): 216 (83) [M]
+
, 201 (100), 159 (49), 131 (15). HR-MS (EI): 

m/z calcd. for C13H16N2O
+
 [M]

+
 216.1263, found 216.1264. [α]D

20
: +56 (c = 1.00, 

CHCl3). HPLC separation (Chiralpak® ID-3, n-hexane/THF: 75/25, 0.75 mL/min, 

detection at 280 nm): tr (minor) = 49.3 min, tr (major) = 52.1 min, 1:99 e.r. 

 

(R)-8-Methoxy-3-methyl-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine (189e) 

 

The general procedure GP-E was followed using 6-methoxy-1-(3-methylbut-3-en-1-yl)-

1H-benzo[d]imidazole (188e) (108 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 

208 (6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 

2/1) yielded 189e (97.0 mg, 90%) as a colourless solid. 
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M.p.: 142–144 °C. 
1
H-NMR (300 MHz, CDCl3): δ = 7.31 (s, 1H), 7.24 (d, J = 8.6 Hz, 

1H), 6.94 (dd, J = 8.7, 2.2 Hz, 1H), 4.26 (ddd, J = 12.2, 5.8, 2.9 Hz, 1H), 4.01 (dd, J = 

11.5, 5.1 Hz, 1H), 3.91 (s, 3H), 3.30 (dd, J = 17.3, 4.8 Hz, 1H), 2.70 (dd, J = 17.3, 10.3 

Hz, 1H), 2.22 (d, J = 14.1 Hz, 2H), 1.84 (dd, J = 11.1, 5.8 Hz, 1H), 1.24 (d, J = 6.5 Hz, 

3H). 
13

C-NMR (125 MHz, CDCl3): δ = 156.8 (Cq), 151.7 (Cq), 141.8 (Cq), 128.6 (Cq), 

112.3 (CH), 109.6 (CH), 101.0 (CH), 56.1 (CH3), 41.9 (CH2), 32.9 (CH2), 30.4 (CH2), 

27.4 (CH), 21.1 (CH3). IR (ATR): 2924, 1489, 1513, 1441, 1419, 1268, 1152, 1116, 

1029, 801 cm
–1

. MS (EI) m/z (relative intensity): 216 (100) [M]
+
, 201 (100), 159 (24), 

131 (13). HR-MS (EI): m/z calcd. for C13H16N2O
+
 [M]

+
 216.1263, found 216.1260. 

[α]D
20

: +64 (c = 1.00, CHCl3). HPLC separation (Chiralpak® IC-3, n-hexane/EtOH + 

EDA (0.1%): 91/9, 1.0 mL/min, detection at 250 nm): tr (major) = 25.0 min, tr (minor) = 

26.5 min, 96:4 e.r. 

 

(R)-3-Methyl-8-(pyren-1-yl)-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine 

(189f) 

 

The general procedure GP-E was followed using 1-(3-methylbut-3-en-1-yl)-6-(pyren-1-

yl)-1H-benzo[d]imidazole (188f) (193 mg, 0.50 mmol), Ni(cod)2 (13.8 mg, 50.0 μmol) 

and 208 (12.6 mg, 25.0 μmol). Purification by column chromatography (n-hexane/EtOAc: 

2/1) yielded 189f (151 mg, 78%) as a yellow solid. 

M.p.: 249–251 °C. 
1
H-NMR (600 MHz, CDCl3): δ = 8.25 – 8.17 (m, 3H), 8.16 (dd, J = 

7.4, 0.9 Hz, 1H), 8.13 – 8.07 (m, 2H), 8.04 (d, J = 7.8 Hz, 1H), 8.01 (dd, J = 8.4, 6.8 Hz, 

2H), 7.89 – 7.82 (m, 1H), 7.54 – 7.49 (m, 2H), 4.26 (ddd, J = 12.1, 5.8, 3.0 Hz, 1H), 4.01 

(dd, J = 12.1, 4.9 Hz, 1H), 3.29 (ddd, J = 17.1, 4.9, 1.8 Hz, 1H), 2.72 (dd, J = 17.1, 10.5 

Hz, 1H), 2.30 – 2.14 (m, 2H), 1.91 – 1.72 (m, 1H), 1.23 (d, J = 6.5 Hz, 3H). 
13

C-NMR 

(125 MHz, CDCl3): δ = 152.7 (Cq), 142.5 (Cq), 138.6 (Cq), 135.1 (Cq), 134.9 (Cq), 131.7 

(Cq), 131.1 (Cq), 130.5 (Cq), 128.9 (Cq), 128.2 (CH), 127.6 (CH), 127.5 (CH), 127.4 

(CH), 126.1 (CH), 125.7 (CH), 125.3 (CH), 125.2 (CH), 125.1 (Cq), 125.1 (Cq), 124.9 

(CH), 124.7 (CH), 118.7 (CH), 110.9 (CH), 41.87 (CH2), 33.73 (CH2), 30.65 (CH2), 

27.82 (CH), 21.27 (CH3). IR (ATR): 2953, 2926, 1517, 1453, 1419, 1068, 847, 831, 755, 
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721 cm
–1

. MS (EI) m/z (relative intensity): 386 (100) [M]
+
, 331 (61), 276 (23), 165 (18). 

HR-MS (EI): m/z calcd. for C28H22N2
+
 [M]

+
 386.1783, found 386.1779. [α]D

20
: +14.3 

(c = 0.42, CHCl3). HPLC separation (Chiralpak® IC-3, n-hexane/iPrOH: 80/20, 1.0 

mL/min, detection at 250 nm): tr (major) = 22.8 min, tr (minor) = 26.5 min, 99:1 e.r. 

Crystals suitable for X-ray crystallography were grown by slow evaporation from a 

solution of 189f in CHCl3. 

 

(R)-Methyl-3-methyl-1,2,3,4-tetrahydrobenzo[4,5]imidazo[1,2-a]pyridine-8-

carboxylate (189g) 

 

The general procedure GP-E was followed using methyl 1-(3-methylbut-3-en-1-yl)-1H-

benzo[d]imidazole-6-carboxylate (188g) (122 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 

μmol) and 208 (6.30 mg, 12.5 μmol). Purification by column chromatography (n-

hexane/EtOAc: 1/1) yielded 189g (90.0 mg, 74%) as a colourless solid. 

M.p.: 134–136 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.39 (dd, J = 3.2, 1.6 Hz, 1H), 7.97 

(dd, J = 8.6, 1.6 Hz, 1H), 7.31 (dd, J = 8.6, 3.2 Hz, 1H), 4.27 (ddd, J = 12.0, 6.1, 3.0 Hz, 

1H), 4.06 – 3.94 (m, 1H), 3.94 (s, 3H), 3.34 – 3.05 (m, 1H), 2.67 (ddd, J = 17.2, 10.4, 3.5 

Hz, 1H), 2.19 (dd, J = 6.4, 3.5 Hz, 2H), 1.96 – 1.72 (m, 1H), 1.21 (d, J = 6.5 Hz, 3H). 
13

C-NMR (101 MHz, CDCl3): δ = 168.0 (Cq), 153.8 (Cq), 142.9 (Cq), 137.9 (Cq), 124.4 

(Cq), 123.6 (CH), 121.4 (CH), 108.6 (CH), 52.17 (CH3), 42.02 (CH2), 33.68 (CH2), 30.52 

(CH2), 27.68 (CH), 21.23 (CH3). IR (ATR): 2953, 2930, 1719, 1440, 1411, 1301, 1205, 

1088, 773, 756 cm
−1

. MS (ESI) m/z (relative intensity): 267 (8) [M+Na]
+
, 245 (100) 

[M+H]
+
. HR-MS (ESI): m/z calcd. for C14H17N2O2

+
 [M+H]

+
 245.1285, found 245.1286. 

[α]D
20

: +40.0 (c = 1.00, CHCl3). HPLC separation (Chiralpak® IA-3, n-hexane/THF: 

60/40, 1.0 mL/min, detection at 250 nm): tr (major) = 12.3 min, tr (minor) = 13.2 min, 

99:1 e.r. 
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(R)-8-Methyl-6,7,8,9-tetrahydroimidazo[1,2-a:4,5-b']dipyridine (189h) 

 

The general procedure GP-E was followed using 1-(3-methylbut-3-en-1-yl)-1H-

imidazo[4,5-b]pyridine (188h) (94.0 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 

208 (6.30 mg, 12.5 μmol). Purification by column chromatography (acetone) yielded 

189h (77.0 mg, 82%) as a grey solid. 

M.p.: 171–173 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.49 (d, J = 4.7 Hz, 1H), 7.60 (d, J 

= 7.8 Hz, 1H), 7.13 (dd, J = 7.7, 4.6 Hz, 1H), 4.30–4.16 (m, 1H), 4.00 (dd, J = 11.4, 4.5 

Hz, 1H), 3.39–3.20 (m, 1H), 2.69 (dd, J = 17.4, 10.2 Hz, 1H), 2.26–2.11 (m, 2H), 1.91–

1.70 (m, 1H), 1.20 (d, J = 6.2 Hz, 3H). 
13

C-NMR (75 MHz, CDCl3): δ = 155.8 (Cq), 

154.7 (Cq), 144.6 (CH), 126.8 (Cq), 117.1 (CH), 116.9 (CH), 42.0 (CH2), 33.6 (CH2), 30.3 

(CH2), 27.5 (CH), 21.2 (CH3). IR (ATR): 3382, 2957, 1614, 1482, 1409, 1279, 787, 755, 

620, 548 cm
–1

. MS (EI) m/z (relative intensity): 187 (100) [M]
+
, 172 (17), 145 (89), 133 

(15). HR-MS (EI): m/z calcd. for C11H13N3
+
 [M]

+
 187.1109, found 187.1108. [α]D

20
: +40 

(c = 1.00, CHCl3). HPLC separation (Chiralpak® IC-3, n-hexane/EtOH + EDA (0.1%): 

90/10, 0.8 mL/min, detection at 273 nm): tr (major) = 163 min, tr (minor) = 172 min, 92:8 

e.r. 

 

(R)-7-Methyl-6,7,8,9-tetrahydroimidazo[1,2-a:5,4-b']dipyridine (189i) 

 

The general procedure GP-E was followed using 3-(3-methylbut-3-en-1-yl)-3H-

imidazo[4,5-b]pyridine (188i) (94.0 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 

208 (6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 

1/10) yielded 189i (83.1 mg, 89%) as a colourless solid. 

M.p.: 116–118 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.26 (dd, J = 4.8, 1.4 Hz, 1H), 7.89 

(dd, J = 7.9, 1.5 Hz, 1H), 7.15 (dd, J = 8.0, 4.8 Hz, 1H), 4.42 (ddd, J = 12.8, 5.8, 2.9 Hz, 

1H), 3.99 (ddd, J = 12.8, 11.0, 4.8 Hz, 1H), 3.19 (ddd, J = 17.4, 4.8, 1.8 Hz, 1H), 2.63 

(dd, J = 17.4, 10.5 Hz, 1H), 2.26–2.04 (m, 2H), 1.74 (dd, J = 11.2, 5.7 Hz, 1H), 1.17 (d, J 
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= 6.5 Hz, 3H). 
13

C-NMR (75 MHz, CDCl3): δ = 153.5 (Cq), 147.7 (Cq), 142.9 (CH), 

135.1 (Cq), 126.2 (CH), 118.3 (CH), 40.8 (CH2), 33.7 (CH2), 30.3 (CH2), 27.5 (CH), 21.2 

(CH3). IR (ATR): 3415, 2953, 2939, 1508, 1439, 1390, 1341, 1280, 804, 778 cm
–1

. MS 

(EI) m/z (relative intensity): 187 (100) [M]
+
, 172 (18), 145 (88), 133 (14). HR-MS (EI): 

m/z calcd. for C11H13N3
+
 [M]

+
 187.1109, found 187.1104. [α]D

20
: +68 (c = 1.00, CHCl3). 

HPLC separation (Chiralpak® IC-3, n-hexane/iPrOH: 80/20, 1.0 mL/min, detection at 

273 nm): tr (minor) = 20.6 min, tr (major) = 22.1 min, 3:97 e.r. 

 

(R)-4-(4-Fluorophenyl)-7-methyl-6,7,8,9-tetrahydropyrido[1,2-e]purine (189j) 

 

The general procedure GP-E was followed using 6-(4-fluorophenyl)-9-(3-methylbut-3-

en-1-yl)-9H-purine (188j) (141 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 208 

(6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 2/1) 

yielded 189j (118 mg, 84%) as a colourless solid. 

M.p.: 164–166 °C. 
1
H-NMR (500 MHz, CDCl3): δ = 8.90 (s, 1H), 8.79 (ddd, J = 8.7, 5.5, 

3.0 Hz, 2H), 7.25–7.19 (m, 2H), 4.45 (ddd, J = 12.8, 8.7, 3.0 Hz, 1H), 4.04 (ddd, J = 12.8, 

11.0, 4.9 Hz, 1H), 3.29 (ddd, J = 17.6, 4.8, 1.8 Hz, 1H), 2.70 (dd, J = 17.6, 10.4 Hz, 1H), 

2.31–2.15 (m, 2H), 1.88–1.70 (m, 1H), 1.22 (d, J = 6.6 Hz, 3H). 
13

C-NMR (125 MHz, 

CDCl3): δ = 164.5 (d, 
1
JC–F = 250 Hz, Cq), 154.4 (Cq), 153.2 (Cq), 151.7 (Cq), 151.3 (CH), 

132.2 (d, 
4
JC–F = 3.0 Hz, Cq), 131.9 (d, 

3
JC–F = 8.8 Hz, CH), 130.8 (Cq), 115.8 (d, 

2
JC–

F = 22.7 Hz, CH), 41.1 (CH2), 33.9 (CH2), 30.0 (CH2), 27.6 (CH), 21.2 (CH3).
 19

F-NMR 

(471 MHz, CDCl3): δ = –109.78 (dq, J = 12.8, 5.5 Hz). IR (ATR): 2956, 2928, 1582, 

1510, 1444, 1341, 1322, 1160, 849, 806 cm
–1

. MS (EI) m/z (relative intensity): 282 (100) 

[M]
+
, 267 (18), 239 (20), 213 (17). HR-MS (EI): m/z calcd. for C16H15FN4

+
 [M]

+
 

282.1281, found 282.1277. [α]D
20

: +12 (c = 1.00, CHCl3). HPLC separation 

(Chiralpak® IA-3, n-hexane/iPrOH: 70/30, 0.75 mL/min, detection at 250 nm): tr (major) 

= 8.8 min, tr (minor) = 9.7 min, 95:5 e.r. 

 



5.5. Asymmetric Nickel-Catalyzed Hydroarylations by C–H Activation 

185 

(R)-7-Methyl-4-(pyren-1-yl)-6,7,8,9-tetrahydropyrido[1,2-e]purine (189k) 

 

The general procedure GP-E was followed using 9-(3-methylbut-3-en-1-yl)-6-(pyren-1-

yl)-9H-purine (188k) (194 mg, 0.50 mmol), Ni(cod)2 (6.90 mg, 25.0 μmol) and 208 

(6.30 mg, 12.5 μmol). Purification by column chromatography (n-hexane/EtOAc: 2/1) 

yielded 189k (159 mg, 82%) as a yellow solid. 

M.p.: 238–240 °C. 
1
H-NMR (300 MHz, CDCl3): δ = 9.15 (s, 1H), 8.55 (d, J = 8.2, 1H), 

8.52 (d, J = 6.7, 1H), 8.32 (d, J = 8.0 Hz, 1H), 8.25 – 8.17 (m, 2H), 8.16–7.98 (m, 4H), 

4.54 (ddd, J = 12.8, 5.7, 2.9 Hz, 1H), 4.12 (ddd, J = 12.8, 11.0, 4.9 Hz, 1H), 3.26 (ddd, J 

= 17.8, 4.7, 1.7 Hz, 1H), 2.67 (dd, J = 17.8, 10.5 Hz, 1H), 2.34–2.11 (m, 2H), 1.94–1.76 

(m, 1H), 1.20 (d, J = 6.5 Hz, 3H). 
13

C-NMR (75 MHz, CDCl3): δ = 156.3 (Cq), 154.8 

(Cq), 153.0 (Cq), 151.4 (CH), 133.0 (Cq), 132.5 (Cq), 132.5 (Cq), 131.4 (Cq), 131.0 (Cq), 

130.3 (Cq), 129.5 (Cq), 129.0 (CH), 128.5 (CH), 128.2 (CH), 127.5 (CH), 126.1 (CH), 

125.6 (CH), 125.5 (CH), 125.4 (CH), 124.9 (CH), 124.8 (Cq), 41.3 (CH2), 34.0 (CH2), 

30.1 (CH2), 27.6 (CH), 21.2 (CH3). IR (ATR): 2957, 1580, 1440, 1389, 1333, 1317, 848, 

749, 723, 687 cm
−1

. MS (ESI) m/z (relative intensity): 777 (85) [2M+H]
+
, 389 (100) 

[M+H]
+
. HR-MS (ESI): m/z calcd. for C26H21N4

+
 [M+H]

+
 389.1761, found 389.1765. 

[α]D
20

: +20 (c = 1.00, CHCl3). HPLC separation (Chiralpak® IA-3, n-hexane/EtOH + 

EDA (0.1%): 80/20, 1.0 mL/min, detection at 250 nm): tr (major) = 18.0 min, tr (minor) = 

23.5 min, 95:5 e.r.
 

 

(R)-4-(7-Methyl-6,7,8,9-tetrahydropyrido[1,2-e]purin-4-yl)morpholine (189l) 
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The general procedure GP-E was followed using 4-[9-(3-methylbut-3-en-1-yl)-9H-purin-

6-yl]morpholine (188l) (137 mg, 0.50 mmol), Ni(cod)2 (13.8 mg, 50.0 μmol) and 208 

(12.6 mg, 25.0 μmol). Purification by column chromatography (n-hexane/EtOAc: 2/1) 

yielded 189l (102 mg, 75%) as a colourless solid. 

M.p.: 147–149 °C. 
1
H-NMR (500 MHz, CDCl3): δ = 8.31 (s, 1H), 4.33 (ddd, J = 12.8, 

5.7, 3.0 Hz, 1H), 4.25 (d, J = 5.0 Hz, 4H), 3.93 (ddd, J = 12.8, 10.9, 4.9 Hz, 1H), 3.86–

3.76 (m, 4H), 3.11 (ddd, J = 17.1, 4.8, 1.7 Hz, 1H), 2.55 (dd, J = 17.1, 10.4 Hz, 1H), 

2.22–2.07 (m, 2H), 1.73 (dd, J = 11.1, 5.8 Hz, 1H), 1.18 (d, J = 6.5 Hz, 3H). 
13

C-NMR 

(125 MHz, CDCl3): δ = 153.1 (Cq), 151.3 (Cq), 151.3 (CH), 147.8 (Cq), 119.5 (Cq), 67.1 

(CH2), 45.6 (CH2), 40.8 (CH2), 33.5 (CH2), 30.1 (CH2), 27.6 (CH), 21.0 (CH3). IR 

(ATR): 2921, 2853, 1582, 1441, 1327, 1284, 1253, 1112, 1030, 959 cm
–1

. MS (ESI) m/z 

(relative intensity): 274 (100) [M+H]
+
. HR-MS (ESI): m/z calcd. for C14H20N5O [M+H]

+
 

274.1662, found 274.1667. [α]D
20

: +40 (c = 1.00, CHCl3). HPLC separation 

(Chiralpak® IF-3, n-hexane/EtOH + EDA (0.1%): 80/20, 1.0 mL/min, detection at 273 

nm): tr (major) = 22.1 min, tr (minor) = 26.1 min, 95:5 e.r. 

 

(R)-1,3,8-Trimethyl-6,7,8,9-tetrahydropyrido[2,1-f]purine-2,4(1H,3H)-dione (189m) 

 

The general procedure GP-E was followed using 1,3-dimethyl-7-(3-methylbut-3-en-1-

yl)-1H-purine-2,6(3H,7H)-dione (188m) (124 mg, 0.50 mmol), Ni(cod)2 (13.8 mg, 50.0 

μmol) and 208 (12.6 mg, 25.0 μmol). Purification by column chromatography (n-

hexane/EtOAc: 2/1) yielded 189m (101 mg, 81%) as a colourless solid. 

M.p.: 183–185 °C. 
1
H-NMR (500 MHz, CDCl3): δ = 4.54 (ddd, J = 13.6, 5.8, 3.1 Hz, 

1H), 4.09 (ddd, J = 14.2, 11.1, 4.7 Hz, 1H), 3.53 (s, 3H), 3.36 (s, 3H), 3.03 (ddd, J = 17.4, 

5.1, 1.7 Hz, 1H), 2.46 (dd, J = 17.5, 10.1 Hz, 1H), 2.15 – 2.00 (m, 2H), 1.68 (dd, J = 11.1, 

5.6 Hz, 1H), 1.14 (d, J = 6.5 Hz, 3H). 
13

C-NMR (125 MHz, CDCl3): δ = 155.1 (Cq), 

151.9 (Cq), 150.5 (Cq), 148.6 (Cq), 106.7 (Cq), 44.1 (CH2), 32.9 (CH2), 30.0 (CH2), 29.8 

(CH3), 27.9 (CH), 26.8 (CH3), 21.0 (CH3). IR (ATR): 2930, 2925, 2854, 1701, 1656, 

1546, 1463, 1427, 1234, 747 cm
−1

. MS (ESI) m/z (relative intensity): 271 (100) [M+Na]
+
, 

249 (82) [M+H]
+
. HR-MS (ESI): m/z calcd. for C12H17N4O2 [M+H]

+
 249.1346, found 



5.5. Asymmetric Nickel-Catalyzed Hydroarylations by C–H Activation 

187 

249.1347. [α]D
20

: +28 (c = 1.00, CHCl3). HPLC separation (Chiralpak® IA-3, n-

hexane/iPrOH: 80/20, 1.2 mL/min, detection at 273 nm): tr (major) = 18.5 min, tr (minor) 

= 21.7 min, 95:5 e.r. 

 

5.5.2. Mechanistic Studies 

In-Operando NMR studies 

Inside a nitrogen-filled glovebox, an oven-dried Young NMR tube was charged with 

188a (46.6 mg, 0.25 mmol, 1.00 equiv), Ni(cod)2 (3.45 mg, 12.5 µmol, 5.00 mol %), 208 

(3.15 mg, 6.25 µmol, 2.50 mol %) and 1,2,4,5-tetramethylbenzene (13.4 mg, 0.10 mmol). 

Toluene-d8 (0.50 mL) was added and the Young NMR tube was closed, removed from the 

glovebox, and placed in a Bruker Avance III HD 400 spectrometer. After locking and 

shimming of the sample, periodic measurements (every 50 min, with 8 scans) at 95 °C for 

11 h provided the following spectra. 

 

 

 
Scheme 5.2. In-operando NMR studies with 188a. 
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H/D-Exchange with Isotopically-Labeled CD3OD 

 

Scheme 5.3. H/D-exchange with CD3OD and 188a. 

188a (93.6 mg, 0.50 mmol, 1.00 equiv), Ni(cod)2 (6.90 mg, 25.0 µmol, 5.00 mol %), 208 

(6.30 mg, 12.5 µmol, 2.50 mol %) were placed into an oven-dried 25 mL Schlenk tube 

equipped with a septum under N2 atmosphere. Toluene (0.90 mL) and CD3OD (0.10 mL) 

were added and the mixture was stirred at 95 °C. After 16 h, the reaction was cooling to 

25 °C and diluted with EtOAc (10 mL). The mixture was filtered through a short plug of 

silica gel, rinsed with EtOAc (4 x 10 mL) and concentrated under reduced pressure. 

Purification by column chromatography (n-hexane/EtOAc: 2/1) yielded [D]1-188a 

(89.9 mg, 96%).  

 

Figure 5.1. H/D-exchange with CD3OD and 188a. 
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H/D-Exchange with Isotopically-Labeled [D]1-188a 

 

Scheme 5.4. H/D-exchange with [D]1-188a. 

[D]1-188a (93.6 mg, 0.50 mmol, 1.00 equiv), Ni(cod)2 (6.90 mg, 25.0 µmol, 5.00 mol %), 

208 (6.30 mg, 12.5 µmol, 2.50 mol %) were placed into an oven-dried 25 mL Schlenk 

tube equipped with a septum under N2 atmosphere. Toluene (1.00 mL) was added and the 

mixture was stirred at 95 °C. After 6 h, the reaction was cooling to 25 °C and diluted with 

EtOAc (10 mL). The mixture was filtered through a short plug of silica gel, rinsed with 

EtOAc (4 x 10 mL) and concentrated under reduced pressure. Purification by column 

chromatography (n-hexane/EtOAc: 2/1) yielded [D]n-189a (63.7 mg, 68%) and reisolated 

[D]n-188a (24.3 mg, 26%).  
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Figure 5.2. H/D-exchange with [D]1-188a. 

 

Kinetic Isotope Effect (KIE) 

 

Scheme 5.5. KIE studies with 188a and [D]1-188a. 

Two independent reactions were performed respectively to determine the KIE value by 

comparison of the initial reaction rates by in-operando NMR-analysis with 1,2,4,5-

tetramethylbenzene as the internal standard.  

Inside a nitrogen-filled glovebox, an oven-dried Young NMR tube was charged with 

188a (46.6 mg, 0.25 mmol, 1.00 equiv) or [D]1-188a (46.8 mg, 0.25 mmol, 1.00 equiv), 

Ni(cod)2 (3.45 mg, 12.5 µmol, 5.00 mol %), 208 (3.15 mg, 6.25 µmol, 2.50 mol %) and 

1,2,4,5-tetramethylbenzene (13.4 mg, 0.10 mmol). Toluene-d8 (0.5 mL) was added and 

the Young NMR tube was closed, removed from the glovebox, and placed in a Bruker 

Avance III HD 400 spectrometer. After locking and shimming of the sample, periodic 

measurements (every 2 min, with 4 scans) at 95 °C for 12 min provided the following 

data. 
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Table 5.2. Conversion versus time for 188a and [D]1-188a. 

t / s 120 240 360 480 600 720 

188a / % 2.10 4.90 7.10 10.0 12.5 14.6 

[D]1-188a / % 1.80 5.00 7.30 9.60 11.4 13.8 

 

Determination of the reaction order of 188a 

 

Scheme 5.6. Reaction order in 188a. 

The reaction order was examined using the initial rate method. Inside a nitrogen-filled 

glovebox, oven-dried Young NMR tubes were charged with a stock solution (0.50 mL) 

consisting of Ni(cod)2 (17.3 mg, 62.5 µmol), 208 (15.8 mg, 31.3 µmol) and 1,2,4,5-

tetramethylbenzene (67.1 mg, 0.50 mmol) in toluene-d8 (2.50 mL). Substrate 188a (0.15, 

0.20, 0.25, 0.30, 0.35 mmol) was then added. The Young NMR tubes were closed, 

removed from the glovebox, and placed in a Bruker Avance III HD 400 spectrometer. 

After locking and shimming of the samples, periodic measurements (every 2 min, with 4 

scans) at 95 °C for 30 min provided the following data. 

Tabele 5.3. Reaction order in [188a]. 

Entry c / mol L
–1 

k / mol L
–1

 s
–1 

log (c / mol L
–1

) log (k / mol L
–1

 s
–1

) 

1 0.272 3.140·10
–8

 –0.565 –7.503 

2 0.364 4.133·10
–8

 –0.439 –7.384 

3 0.455 5.250·10
–8

 –0.342 –7.280 

4 0.546 6.250·10
–8

 –0.263 –7.204 

5 0.637 7.819·10
–8

 –0.196 –7.107 
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Determination of the reaction order of 208 

 

Scheme 5.7. Reaction order in 208. 

The reaction order was examined using the initial rate method. Inside a nitrogen-filled 

glovebox, oven-dried Young NMR tubes were charged with a stock solution (0.50 mL) 

consisting of Ni(cod)2 (17.3 mg, 62.5 µmol, 5.00 mol %), 188a (233 mg, 1.25 mmol, 1.00 

equiv) and 1,2,4,5-tetramethylbenzene (67.1 mg, 0.50 mmol) in toluene-d8 (2.50 mL). 

208 (1.5, 2.0, 2.5, 3.0, 3.5 mol %) was then added. The Young NMR tubes were closed, 

removed from the glovebox, and placed in a Bruker Avance III HD 400 spectrometer. 

After locking and shimming of the samples, periodic measurements (every 2 min, with 4 

scans) at 95 °C for 30 min provided the following data. 

Tabele 5.4. Reaction order in [208]. 

Entry c / mol L
–1 

k / mol L
–1

 s
–1 

log (c / mol L
–1

) log (k / mol L
–1

 s
–1)

 

1 1.274·10
–2 

5.260·10
–8

 –1.895 –7.279 

2 1.473·10
–2

 6.625·10
–8

 –1.832 –7.179 

3 1.752·10
–2

 7.551·10
–8

 –1.757 –7.122 

4 1.999·10
–2

 8.824·10
–8

 –1.699 –7.054 

5 2.508·10
–2

 1.021·10
–7

 –1.601 –6.991 
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Determination of the reaction order of Ni(cod)2 

 

Scheme 5.8. Reaction order in Ni(cod)2. 

The reaction order was examined using the initial rate method. Inside a nitrogen-filled 

glovebox, oven-dried Young NMR tubes were charged with a stock solution (0.50 mL) 

consisting of 188a (419 mg, 2.25 mmol, 1.00 equiv), 208 (28.4 mg, 56.3 µmol, 2.50 

mol %) and 1,2,4,5-tetramethylbenzene (121 mg, 0.90 mmol) in toluene-d8 (4.50 mL). 

Ni(cod)2 (2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0, 7.0, 9.0 mol %) was then added. The Young 

NMR tubes were closed, removed from the glovebox, and placed in a Bruker Avance III 

HD 400 spectrometer. After locking and shimming of the samples, periodic 

measurements (every 2 min, with 4 scans) at 95 °C for 30 min provided the following 

data. 

Tabele 5.5. Reaction order in [Ni(cod)2]. 

Entry c / mol L
–1 

k / mol L
–1

 s
–1 

log (c / mol L
–1

) log (k / mol L
–1

 s
–1)

 

1 8.593·10
–3 

4.561·10
–8

 –2.066 –7.341 

2 1.124·10
–2

 6.214·10
–8

 –1.949 –7.207 

3 1.388·10
–2

 7.644·10
–8

 –1.858 –7.117 

4 1.586·10
–2

 9.047·10
–8

 –1.800 –7.044 

5 1.851·10
–2

 1.018·10
–7

 –1.733 –6.992 

6 2.247·10
–2

 5.260·10
–8

 –1.648 –7.279 

7 2.710·10
–2

 2.837·10
–8

 –1.567 –7.547 

8 3.173·10
–2

 1.874·10
–8

 –1.499 –7.727 

9 4.098·10
–2

 8.964·10
–9

 –1.387 –8.047 
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Effect of the concentration of 1,5-cyclooctadien on the reaction rate 

 

Scheme 5.9. Effect of additional cod on the reaction rate. 

Two independent reactions were performed respectively to determine the initial reaction 

rates by in-operando NMR-analysis with 1,2,4,5-tetramethylbenzene as the internal 

standard. Inside a nitrogen-filled glovebox, an oven-dried Young NMR tube was charged 

with 188a (46.6 mg, 0.25 mmol, 1.00 equiv), Ni(cod)2 (3.45 mg, 12.5 µmol, 5.00 mol %), 

208 (3.15 mg, 6.25 µmol, 2.50 mol %), 1,2,4,5-tetramethylbenzene (13.4 mg, 0.10 mmol) 

and toluene-d8 (0.5 mL). 1,5-Cyclooctadiene (5.04 mg, 50 µmol, 20 mol%) was added 

and the Young NMR tube was closed, removed from the glovebox, and placed in a 

Bruker Avance III HD 400 spectrometer. After locking and shimming of the sample, 

periodic measurements (every 2 min, with 4 scans) at 95 °C for 12 min provided the 

following data. 

Tabele 5.6. Effect of additional cod on the reaction rate. 

t / s 120 240 360 480 600 720 

189a / % 2.10 4.90 7.10 10.0 12.5 14.6 

189a + cod / % 0.20 1.30 3.10 4.90 7.00 9.10 
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5.6. Hydrogen Isotope Exchange by Ruthenium-Catalyzed C–H Activation 

5.6.1. Characterization Data 

4-Methoxybenzoic-2,6-d2 acid ([D]2-190a) 

 

The general procedure GP-G was followed using 4-methoxybenzoic acid (190a) (76.1 

mg, 0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 

5.00 mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190a (68.6 mg, 93%) as a colourless solid. Incorporation expected at δ = 

8.07 ppm and determined against the integral at δ = 3.88. Degree of Deuteration: 95%. 

1
H-NMR (300 MHz, CDCl3): δ = 8.07 (d, J = 9.3 Hz, 0.1H), 6.95 (s, 2H), 3.88 (s, 3H). 

13
C-NMR (125 MHz, CDCl3): δ = 171.6 (Cq), 164.2 (Cq), 132.1 (t, J = 25.2 Hz, CD), 

121.6 (Cq), 113.8 (CH), 55.6 (CH3). MS (EI) m/z (relative intensity): 154 (100) [M]
+
, 137 

(40), 109 (25). HR-MS (EI): m/z calcd. for C8H6D2O3
+
 [M]

+
 154.0599, found 154.0602. 

 

4-Chlorobenzoic-2,6-d2 acid ([D]2-190b) 

 

The general procedure GP-G was followed using 2-chlorobenzoic acid (190b) (78.3 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190b (71.1 mg, 90%) as a colourless solid. Incorporation expected at δ = 

8.04 ppm and determined against the integral at δ = 7.54–7.38. Degree of Deuteration: 

60% 

1
H-NMR (400 MHz, CDCl3): δ = 8.04 (d, J = 8.4 Hz, 0.8H), 7.54 – 7.38 (m, 2H). 

13
C-

NMR (100 MHz, MeOH-d4): δ = 168.9 (Cq), 140.2 (Cq), 132.3 (t, J = 25.4 Hz, CD), 

129.7 (Cq), 129.6 (CH). MS (EI) m/z (relative intensity): 158 (75) [M]
+
, 141 (100), 113 

(59). HR-MS (ESI): m/z calcd. for C7H2
35

ClD2O2
–
 [M–H]

–
 157.0031, found 157.0001 and 

for C7H4
35

ClO2
–
 [M–H]

–
 154.9905, found 154.9906. 
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4-Methylbenzoic-2,6-d2 acid ([D]2-190c) 

 

The general procedure GP-G was followed using 4-methylbenzoic acid (190) (68.1 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190c (64.9 mg, 94%) as a colourless solid. Incorporation expected at δ = 

8.03 and determined against the integral at δ = 2.46. Degree of Deuteration: 94%. 

1
H-NMR (400 MHz, CDCl3): δ = 8.03 (d, J = 8.2 Hz, 0.12H), 7.30 (s, 2H), 2.46 (s, 3H). 

13
C-NMR (100 MHz, CDCl3): δ = 172.6 (Cq), 144.8 (Cq), 130.2 (t, J = 24.9 Hz, CD), 

129.2 (CH), 128.9 (Cq), 21.9 (CH3). MS (EI) m/z (relative intensity): 138 (88) [M]
+
, 121 

(71), 93 (100). HR-MS (EI): m/z calcd. for C8H6D2O2
+
 [M]

+
 138.0650, found 138.0654.  

 

4-Nitrobenzoic-2,6-d2 acid ([D]2-190d) 

 

The general procedure GP-G was followed using 4-nitrobenzoic acid (190d) (83.6 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190d (66.4 mg, 79%) as a colourless solid. Incorporation expected at δ = 

8.17 ppm and determined against the integral at δ = 8.33. Degree of Deuteration: 84%. 

1
H-NMR (300 MHz, DMSO-d6): δ = 8.33 (d, J = 8.6 Hz, 2H), 8.17 (d, J = 8.9 Hz, 

0.32H). 
13

C-NMR (100 MHz, DMSO-d6): δ = 165.8 (Cq), 150.0 (Cq), 130.3 (t, J = 27.9 

Hz, CD), 123.7 (Cq) 123.6 (CH). MS (EI) m/z (relative intensity): 168 (100) [M–H]
–
, 124 

(49). HR-MS (ESI): m/z calcd. for C7H2D2NO4
–
 [M–H]

–
 168.0271, found 168.0275 and 

for C7H4NO4
–
 [M–H]

–
 166.0146, found 166.0151. 
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4-Cyanobenzoic-2,6-d2 acid ([D]2-190e) 

 

The general procedure GP-G was followed using 4-cyanobenzoic acid (190e) (73.6 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190e (71.8 mg, 97%) as a colourless solid. Incorporation expected at δ = 

8.08 ppm and determined against the integral at δ = 7.98. Degree of Deuteration: 93%. 

1
H-NMR (300 MHz, DMSO-d6): δ = 8.08 (d, J = 8.4 Hz, 0.13H), 7.98 (s, 2H). 

13
C-NMR 

(125 MHz, DMSO-d6): δ = 166.1 (Cq), 134.7 (Cq), 132.6 (CH), 129.6 (t, J = 25.5 Hz, 

CD), 118.2 (Cq), 115.1 (Cq). MS (EI) m/z (relative intensity): 148 (100) [M–H]
–
, 104 

(43). HR-MS (ESI): m/z calcd. for C8H2D2NO2
–
 [M–H]

–
 148.0373, found 148.0374 and 

for C7H2D2N
–
 [M–CO2H]

–
 104.0475, found 104.0469. 

 

2-Methoxybenzoic-6-d acid ([D]1-190f) 

 

The general procedure GP-G was followed using 2-methoxybenzoic acid (190f) (76.1 

mg, 0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 

5.00 mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]1-190f (72.8 mg, 95%) as a colourless solid. Incorporation expected at δ = 

8.18 ppm and determined against the integral at δ = 4.08. Degree of Deuteration: 98%. 

1
H-NMR (300 MHz, CDCl3): δ = 8.18 (d, J = 8.3 Hz, 0.02H), 7.69 – 7.49 (m, 1H), 7.14 

(d, J = 7.3 Hz, 1H), 7.06 (d, J = 8.3 Hz, 1H), 4.08 (s, 3H). 
13

C-NMR (125 MHz, CDCl3): 

δ = 165.8 (Cq), 158.2 (Cq), 135.2 (CH), 133.3 (t, J = 25.1 Hz, CD), 122.1 (CH), 117.6 

(Cq), 111.8 (CH), 56.8 (CH3). MS (EI) m/z (relative intensity): 153 (55) [M]
+
, 136 (30), 

124 (69), 106 (100). HR-MS (EI): m/z calcd. for C8H7DO3
+

 [M]
+
 153.0536, found 

153.0535. 
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2-Chlorobenzoic-6-d acid ([D]1-190g) 

 

The general procedure GP-G was followed using 2-chlorobenzoic acid (190g) (78.3 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]1-190g (73.8 mg, 94%) as a colourless solid. Incorporation expected at δ = 

8.03 and determined against the integral at δ = 7.36. Degree of Deuteration: 99%. 

1
H-NMR (400 MHz, CDCl3): δ = 8.03 (d, J = 7.8 Hz, 0.01H), 7.57 – 7.42 (m, 2H), 7.36 

(dd, J = 6.3, 2.3 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3): δ = 170.9 (Cq), 134.9 (Cq), 133.8 

(CH), 132.5 (t, J = 25.5 Hz, CD), 131.7 (CH), 128.5 (Cq), 126.7 (CH). MS (EI) m/z 

(relative intensity): 157 (75) [M]
+
, 140 (100), 112 (63). HR-MS (EI): m/z calcd. for 

C7H4D
37

ClO2
+
 [M]

+
 159.0015, found 159.0027 and for C7H4D

35
ClO2

+
 [M]

+
 157.0041, 

found 157.0042. 

 

2-Methylbenzoic-6-d acid ([D]1-190h) 

 

The general procedure GP-G was followed using 2-methylbenzoic acid (190h) (68.1 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]1-190h (66.5 mg, 97%) as a colourless solid. Incorporation expected at δ = 

8.10 ppm and determined against the integral at δ = 2.69. Degree of Deuteration: 97%. 

1
H-NMR (300 MHz, CDCl3): δ = 8.10 (d, J = 8.1 Hz, 0.03H), 7.49 (t, J = 7.5 Hz, 1H), 

7.38 – 7.25 (m, 2H), 2.69 (s, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 173.8 (Cq), 141.5 

(Cq), 133.1 (CH), 132.1 (CH), 131.7 (CH), 128.5 (Cq), 125.9 (CD), 22.3 (CH3). MS (EI) 

m/z (relative intensity): 137 (71) [M]
+
, 119 (100). HR-MS (EI): m/z calcd. for C8H7DO2

+
 

[M]
+
 137.0587, found 137.0589. 
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2-Nitrobenzoic-6-d acid ([D]1-190i) 

 

The general procedure GP-G was followed using 2-nitrobenzoic acid (190i) (83.6 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]1-190i (70.6 mg, 84%) as a colourless solid. Incorporation expected at δ = 7.86 

ppm and determined against the integral at δ = 7.96. Degree of Deuteration: 90%. 

1
H-NMR (300 MHz, DMSO-d6): δ = 7.96 (dd, J = 7.0, 2.1 Hz, 1H), 7.86 (d, J = 2.3 Hz, 

0.1H), 7.85 – 7.70 (m, 2H). 
13

C-NMR (125 MHz, DMSO-d6): δ = 166.0 (Cq), 148.4 (Cq), 

133.0 (CH), 132.4 (CH), 129.7 (t, J = 25.4 Hz, CD), 127.3 (Cq), 123.7 (CH). MS (EI) m/z 

(relative intensity): 167 (33) [M–H]
–
, 151 (46), 124 (28), 94 (49). HR-MS (ESI): m/z 

calcd. for C7H3DNO4
–
 [M–H]

–
 167.0209, found 167.0209 and for C7H4NO4

–
 [M–H]

–
 

166.0146, found 166.0144. 

 

3-Methoxybenzoic-2,6-d2 acid ([D]2-190j) 

 

The general procedure GP-G was followed using 3-methoxybenzoic acid (190j) 

(76.1 mg, 0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 

μL, 5.00 mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 

8/1/0.1) yielded [D]2-190j (70.9 mg, 92%) as a colourless solid. Incorporation expected at 

δ = 7.71 and 7.63 ppm and determined against the integral at δ = 3.87. Degree of 

Deuteration: 96%. 

1
H-NMR (300 MHz, CDCl3): δ = 7.71 (s, 0.04H), 7.63 (s, 0.04H), 7.39 (d, J = 8.3 Hz, 

1H), 7.16 (d, J = 8.3 Hz, 1H), 3.87 (s, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 172.2 (Cq), 

159.7 (Cq), 130.5 (Cq), 129.6 (CH), 122.7 (t, J = 25.0 Hz, CD), 120.7 (CH), 114.2 (t, 

J = 25.3 Hz, CD), 55.6 (CH3). MS (EI) m/z (relative intensity): 154 (100) [M]
+
, 137 (40), 

106 (25). HR-MS (EI): m/z calcd. for C8H6D2O3
+
 [M]

+
 154.0599, found 153.0601. 
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3-Chlorobenzoic-2,6-d2 acid ([D]2-190k) 

 

The general procedure GP-G was followed using 2-chlorobenzoic acid (190k) (78.3 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190k (70.6 mg, 89%) as a colourless solid. Incorporation expected at δ = 

8.10 and 8.00 ppm and determined against the integral at δ = 7.43. Degree of Deuteration: 

99%. 

1
H-NMR (400 MHz, CDCl3): δ = 8.10 (d, J = 2.1 Hz, 0.01H), 8.00 (dd, J = 7.8, 1.1 Hz, 

0.01H), 7.60 (d, J = 8.0 Hz, 1H), 7.43 (d, J = 8.0 Hz, 1H). 
13

C-NMR (100 MHz, CDCl3): 

δ = 170.7 (Cq), 134.8 (Cq), 134.1 (CH), 130.9 (Cq), 130.3 (t, J = 26.3 Hz, CD), 129.9 

(CH), 128.2 (t, J = 25.1 Hz, CD). MS (EI) m/z (relative intensity): 158 (100), [M]
+
, 141 

(90), 113 (62). HR-MS (EI): m/z calcd. for C7H3D2
37

ClO2
+
 [M]

+
 160.0078, found 

160.0077 and for C7H3D2
35

ClO2
+
 [M]

+
 158.0104, found 158.0104. 

 

3-Methylbenzoic-2,6-d2 acid ([D]2-190l) 

 

The general procedure GP-G was followed using 3-methylbenzoic acid (190l) (68.1 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190l (65.6 mg, 95%) as a colourless solid. Incorporation expected at δ = 7.95 

ppm and determined against the integral at δ = 2.45. Degree of Deuteration: 98%.  

1
H-NMR (400 MHz, CDCl3): δ = 7.95 (d, J = 8.6 Hz, 0.04H), 7.46 (d, J = 7.6 Hz, 1H), 

7.39 (d, J = 7.6 Hz, 1H), 2.45 (s, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 172.3 (Cq), 

138.4 (Cq), 134.7 (CH), 130.6 (t, J = 26.7 Hz, CD), 129.4 (Cq), 128.4 (CH), 127.3 (t, J = 

25.1 Hz, CD), 21.4 (CH3). MS (EI) m/z (relative intensity): 138 (87) [M]
+
, 121 (45), 93 

(100). HR-MS (EI): m/z calcd. for C8H6D2O2
+
 [M]

+
 138.0560, found 138.0650. 
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3-Nitrobenzoic-2,6-d2 acid ([D]2-190m) 

 

The general procedure GP-G was followed using 3-nitrobenzoic acid (190m) (83.6 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190m (71.9 mg, 86%) as a colourless solid. Incorporation expected at δ = 

8.60 and 8.33 ppm and determined against the integral at δ = 7.80 ppm. Degree of 

Deuteration: 98%.  

1
H-NMR (300 MHz, DMSO-d6): δ = 8.60 (d, J = 2.5 Hz, 0.02H), 8.45 (d, J = 8.2 Hz, 

1H), 8.33 (d, J = 8.2 Hz, 0.02H), 7.80 (d, J = 8.2 Hz, 1H). 
13

C-NMR (125 MHz, DMSO-

d6): δ = 165.5 (Cq), 147.8 (Cq), 134.7 (t, J = 25.2 Hz, CD), 132.4 (Cq), 130.4 (CH), 127.4 

(CH), 123.7 (t, J = 25.7 Hz, CD). MS (EI) m/z (relative intensity): 359 (15) [(2M–

2H)+Na]
–
, 168 (100) [M–H]

–
, 124 (49), 124 (28), 94 (49). HR-MS (ESI): m/z calcd. for 

C7H2D2NO4
–
 [M–H]

–
 168.0271, found 168.0274 and for C6H2D2NO2

–
 [M–COO]

–
 

124.0373, found 124.0373. 

 

3-Cyanobenzoic-2,6-d2 acid ([D]2-190n) 

 

The general procedure GP-G was followed using 3-cyanobenzoic acid (190n) (73.6 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190n (70.8 mg, 95%) as a colourless solid. Incorporation expected at δ = 

8.29 an 8.24 ppm and determined against the integral at δ = 7.74 ppm. Degree of 

Deuteration: 86%.  

1
H-NMR (300 MHz, DMSO-d6): δ = 8.29 (d, J = 1.7 Hz, 0.1H), 8.24 (dd, J = 7.9, 1.2 Hz, 

0.19H), 8.11 (d, J = 7.9 Hz, 1H), 7.74 (dd, J = 7.9, 4.2 Hz, 1H). 
13

C-NMR (125 MHz, 

DMSO-d6): δ = 165.7 (Cq), 136.3 (CH), 133.5 (t, J = 25.1 Hz, CD), 132.6 (t, J = 25.5 Hz, 

CD), 132.0 (CH), 130.0 (Cq), 118.1 (Cq), 111.8 (Cq). MS (EI) m/z (relative intensity): 148 
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(100) [M–H]
–
, 104 (35). HR-MS (ESI): m/z calcd. for C8H2D2NO2

–
 [M–H]

–
 148.0373, 

found 148.0374. 

 

4-Hydroxybenzoic-2,6-d2 acid ([D]2-190o) 

 

The general procedure GP-G was followed using 4-hydroxybenzoic acid (190o) 

(69.1 mg, 0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 

μL, 5.00 mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 

8/1/0.1) yielded [D]2-190o (61.0 mg, 87%) as a colourless solid. Incorporation expected 

at δ = 7.87 ppm and determined against the integral at δ = 6.81. Degree of Deuteration: 

93%. 

1
H-NMR (400 MHz, Methanol-d4): δ = 7.87 (d, J = 9.2 Hz, 0.13H), 6.81 (s, 2H). 

13
C-

NMR (100 MHz, Methanol-d4): δ = 170.1 (Cq), 163.3 (Cq), 132.9 (t, J = 25.2 Hz, CD), 

122.6 (Cq), 115.9 (CH). MS (ESI) m/z (relative intensity): 139 (100), [M–H]
–
, 95 (12). 

HR-MS (ESI): m/z calcd. for C7H3D2O3
–
 [M–H]

–
 139.0370, found 139.0370. 

 

4-Aminobenzoic-2,6-d2 acid ([D]2-190p) 

 

The general procedure GP-G was followed using 4-aminobenzoic acid (190p) (68.6 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190p (59.4 mg, 86%) as a brown solid. Incorporation expected at δ = 7.61 

ppm and determined against the integral at δ = 6.54. Degree of Deuteration: 87%.  

1
H-NMR (400 MHz, DMSO-d6): δ = 7.61 (d, J = 9.1 Hz, 0.26H), 6.54 (s, 2H), 5.83 (s, 

2H). 
13

C-NMR (125 MHz, DMSO-d6): δ = 167.7 (Cq), 153.0 (Cq), 131.2 (Cq), 130.8 (t, J 

= 23.8 Hz, CD), 112.4 (CH). MS (ESI) m/z (relative intensity): 138 (100) [M–H]
–
, 94 

(15). HR-MS (ESI) m/z: calcd. for C7H4D2NO2
–
 [M–H]

–
 138.0530, found 138.0524 and 

for C7H5DNO2 [M–H]
–
 137.0467, found 137.0461. 
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1-Benzyl-2,3-dimethyl-1H-indole-5-carboxylic-4,6-d2 acid ([D]2-190q) 

 

The general procedure GP-G was followed using 1-benzyl-2,3-dimethyl-1H-indole-5-

carboxylic acid (190q) (140 mg, 0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 

mol %) and D2O (90.0 μL, 5.00 mmol). Purification by column chromatography (n-

hexane/EtOAc/AcOH: 8/1/0.1) yielded [D]2-190q (121 mg, 86%) as a yellow solid. 

Incorporation expected at δ = 8.11 and 7.66 ppm and determined against the integral at δ 

= 7.42 ppm. Degree of Deuteration: 92%. 

1
H-NMR (500 MHz, DMSO-d6): δ = 8.11 (s, 0.05H), 7.66 (d, J = 8.6 Hz, 0.11H), 7.42 (s, 

1H), 7.33 – 7.25 (m, 2H), 7.25 – 7.18 (m, 1H), 7.03 – 6.92 (m, 2H), 5.43 (s, 2H), 2.28 (d, 

J = 0.8 Hz, 3H), 2.25 (d, J = 0.8 Hz, 3H). 
13

C-NMR (125 MHz, DMSO-d6): δ = 168.4 

(Cq), 138.5 (Cq), 138.2 (Cq), 134.4 (Cq), 128.7 (CH), 128.7 (CH), 127.6 (Cq), 127.0 (CH), 

126.1 (CH), 126.1 (CH), 121.9 (CD), 121.0 (Cq), 109.0 (CD), 108.8 (CH), 107.5 (Cq), 

46.0 (CH2), 10.0 (CH3), 8.6 (CH3). MS (EI) m/z (relative intensity): 280 (100) [M–H]
–
, 

255 (14), 179 (59). HR-MS (ESI): m/z calcd. for C18H14D2NO2
–
 [M–H]

–
 280.1312, found 

280.1314 and for C18H15D1NO2
–
 [M–H]

–
 279.1249, found 279.1250. 

 

3-[(3,5-Dimethyl-1H-pyrazol-1-yl)methyl]-4-methoxybenzoic-6-d acid ([D]1-190r) 

 

The general procedure GP-G was followed using 3-[(3,5-dimethyl-1H-pyrazol-1-

yl)methyl]-4-methoxybenzoic acid (190r) (130 mg, 0.50 mmol), [Ru(O2CAd)2(p-

cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 mmol). Purification by column 

chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) yielded [D]2-190r (107 mg, 82%) as a 

colourless solid. Incorporation expected at δ = 7.87 and 7.21 ppm and determined against 

the integral at δ = 5.11 ppm. Degree of Deuteration: 50%.  

1
H-NMR (500 MHz, DMSO-d6): δ = 7.87 (dd, J = 8.6, 2.2 Hz, 0.11H), 7.21 (q, J = 1.0 

Hz, 0.89H), 7.11 (s, 1H), 5.93 – 5.79 (m, 0.9H), 5.11 (s, 2H), 3.90 (s, 3H), 2.15 (d, J = 0.8 
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Hz, 3H), 2.09 (s, 3H). 
13

C-NMR (100 MHz, MeOH-d4): δ = 169.5 (Cq), 161.6 (Cq), 149.2 

(Cq), 141.9 (Cq), 132.4 (CD), 130.0 (Cq), 127.0 (Cq), 124.2 (CD), 111.0 (CH), 106.5 

(CH), 56.4 (CH3), 47.9 (CH2), 13.2 (CH3), 10.8 (CH3). MS (EI) m/z (relative intensity): 

260 (100) [M–H]
–
, 216 (9). HR-MS (ESI) (relative intensity): m/z calcd. for 

C14H14DN2O3
–
 [M–H]

–
 260.1151, found 260.1152 (89) and for C14H15N2O3

–
 [M–H]

–
 

259.1088, found 259.1090 (11). 

 

3-[(4-Bromo-3,5-dimethyl-1H-pyrazol-1-yl)methyl]benzoic-2,6-d2 acid ([D]2-190s) 

 

The general procedure GP-G was followed using 3-[(4-bromo-3,5-dimethyl-1H-pyrazol-

1-yl)methyl]benzoic acid (190s) (155 mg, 0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 

mg, 5.00 mol %) and D2O (90.0 μL, 5.00 mmol). Purification by column chromatography 

(n-hexane/EtOAc/AcOH: 8/1/0.1) yielded [D]2-190s (114 mg, 74%) as a brown solid. 

Incorporation expected at δ = 7.85 and 7.73 ppm and determined against the integral at δ 

= 5.35 ppm. Degree of Deuteration: 95%.  

1
H-NMR (300 MHz, DMSO-d6): δ = 7.85 (d, J = 7.6 Hz, 0.06H), 7.73 (s, 0.03H), 7.46 (d, 

J = 7.6 Hz, 1H), 7.34 (d, J = 7.7 Hz, 1H), 5.35 (s, 2H), 2.18 (s, 3H), 2.12 (s, 3H). 
13

C-

NMR (125 MHz, MeOH-d4): δ = 169.6 (Cq), 147.6 (Cq), 139.6 (Cq), 138.6 (Cq), 132.8 

(Cq), 132.2 (CH), 130.0 (t, J = 14.1 Hz, CD), 129.9 (CH), 128.7 (t, J = 23.1 Hz, CD), 95.4 

(Cq), 53.9 (CH2), 12.1 (CH3), 10.3 (CH3). MS (EI) m/z (relative intensity): 311 (100) [M–

H]
–
, 265 (5), 232 (5), 173 (10). HR-MS (ESI): m/z calcd. for C13H10

81
BrD2N2O2

–
 [M–H]

–
 

311.0193, found 311.0200 and for C13H10
79

BrD2N2O2
–
 [M–H]

–
 309.0213, found 

302.0217. 

 

4-{[7-Fluoro-5-oxo-2,3-dihydrobenzo[f][1,4]oxazepin-4(5H)-yl]methyl}benzoic-2,6-d2 

acid ([D]2-190t) 
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The general procedure GP-G was followed using 4-{[7-fluoro-5-oxo-2,3-

dihydrobenzo[f][1,4]oxazepin-4(5H)-yl]methyl}benzoic acid (190t) (158 mg, 

0.50 mmol), [Ru(O2CAd)2(p-cymene)] (14.9 mg, 5.00 mol %) and D2O (90.0 μL, 5.00 

mmol). Purification by column chromatography (n-hexane/EtOAc/AcOH: 8/1/0.1) 

yielded [D]2-190t (130 mg, 82%) as a brown solid. Incorporation expected at δ = 7.93 

ppm and determined against the integral at δ = 4.83 ppm. Degree of Deuteration: 94%.  

1
H-NMR (500 MHz, DMSO-d6): δ = 7.93 (d, J = 8.5 Hz, 0.12H), 7.44 (q, J = 3.1 Hz, 

2.8H), 7.40 – 7.31 (m, 1H), 7.09 (dd, J = 8.9, 4.7 Hz, 1H), 4.83 (s, 2H), 4.21 (dd, J = 5.6, 

4.8 Hz, 2H), 3.54 (t, J = 5.2 Hz, 2H). 
13

C-NMR (125 MHz, DMSO-d6): δ = 167.1 (Cq), 

166.6 (d, 
4
JC–F = 2.1 Hz, Cq), 157.7 (d, 

1
JC–F = 240 Hz, Cq), 149.8 (d, 

4
JC–F = 2.1 Hz, Cq), 

142.7 (Cq), 129.8 (Cq), 129.3 (t, J = 25.1 Hz, CD), 128.9 (d, 
3
JC–F = 7.5 Hz, Cq), 127.6 

(CH), 123.5 (d, 
3
JC–F = 8.1 Hz, CH), 119.7 (d, 

2
JC–F = 23.2 Hz, CH), 116.4 (d, 

2
JC–F = 24.6 

Hz, CH), 73.2 (CH2), 49.9 (CH2), 45.9 (CH2). 
19

F-NMR (282 MHz, DMSO-d6): δ = –

119.7 (s). MS (EI) m/z (relative intensity): 316 (100) [M–H]
–
, 272 (6). HR-MS (ESI): m/z 

calcd. for C17H11D2FNO4
–
 [M–H]

–
 316.0975, found 316.0975. 

 

(S)-2-Ethoxy-4-(2-{3-methyl-1-[2-(piperidin-1-yl)phenyl]butyl}amino)-2-

(oxoethyl)benzoic-6-d acid ([D]1-190u) 

 

The general procedure GP-G was followed using (S)-2-ethoxy-4-{2-{3-methyl-1-[2-

(piperidin-1-yl)phenyl]butyl}amino}-2-(oxoethyl)benzoic acid (repaglinide) (190u) 

(45.3 mg, 0.10 mmol), [Ru(O2CAd)2(p-cymene)] (5.96 mg, 10.0 mol %) and D2O 

(20.0 μL, 1.00 mmol,). Purification by column chromatography (n-hexane/EtOAc/AcOH: 

8/2/0.1) yielded [D]1-190u (36.2 mg, 80%) as a colourless solid. Incorporation expected 

at δ = 7.54 ppm and determined against the integral at δ = 5.37 ppm. Degree of 

Deuteration: 86%.  

1
H-NMR (300 MHz, DMSO-d6): δ = 8.45 (d, J = 8.5 Hz, 1H), 7.54 (d, J = 7.8 Hz, 

0.14H), 7.30 (dd, J = 7.6, 1.6 Hz, 1H), 7.22 – 7.12 (m, 1H), 7.12 – 6.94 (m, 3H), 6.84 (s, 

1H), 5.37 (qd, J = 9.2, 4.9 Hz, 1H), 4.01 (q, J = 7.0 Hz, 2H), 3.47 (s, 4H), 3.05 (s, 2H), 
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1.83 – 1.40 (m, 9H), 1.31 (t, J = 7.0 Hz, 3H), 0.89 (dd, J = 6.5, 2.4 Hz, 6H). 
13

C-NMR 

(100 MHz, MeOH-d4): δ = 172.1 (Cq), 169.5 (Cq), 159.6 (Cq), 153.4 (Cq), 143.9 (Cq), 

140.7 (Cq), 133.1–132.3 (t, J = 24.9 Hz, CD), 128.8 (CH), 127.3 (CH), 125.6 (CH), 122.3 

(Cq), 122.2 (CH), 122.2 (CH), 114.9 (CH), 66.0 (CH2), 48.2 (CH), 47.5 (CH2), 44.0 

(CH2), 27.8 (CH2), 26.6 (CH), 25.4 (CH2), 23.6 (CH3), 22.6 (CH3), 14.9 (CH3). MS (EI) 

m/z (relative intensity): 452 (100) [M–H]
–
, 408 (6). HR-MS (ESI) m/z (relative intensity): 

calcd. for C27H34DN2O4
–
 [M–H]

–
 452.2665, found 452.2663 and for C27H35N2O4

–
 [M–H]

–
 

451.2602, found 451.2595.  

 

4'-{[2'-(Butyl-1-d)-1,7'-dimethyl-1H,3'H-[2,5'-bibenzo[d]imidazol]-3'-yl-4',6'-

d2]methyl}-[1,1'-biphenyl]-3-d-2-carboxylic acid ([D]2-190v) 

 

The general procedure GP-G was followed using 4'-{(1,7'-dimethyl-2'-propyl-1H,3'H-

[2,5'-bibenzo[d]imidazol]-3'-yl)methyl}-[1,1'-biphenyl]-2-carboxylic acid (telmisartan) 

(190v) (51.5 mg, 0.10 mmol), [Ru(O2CAd)2(p-cymene)] (5.96 mg, 10.0 mol %) and D2O 

(20.0 μL, 1.00 mmol,). Purification by column chromatography (n-hexane/EtOAc/AcOH: 

7/3/0.1) yielded [D]2-190v (39.5 mg, 76%) as a colourless solid. Incorporation expected 

at δ = 7.70 and determined against the integral at δ = 5.37 ppm. Degree of Deuteration: 

50%.  

1
H-NMR (300 MHz, DMSO-d6): δ = 7.70 (dd, J = 15.1, 7.8 Hz, 2H), 7.58 (d, J = 7.6 Hz, 

1H), 7.52 (dd, J = 7.6, 7.5 Hz, 1H), 7.48 (s, 0.50H), 7.43 (d, J = 7.9 Hz, 1H), 7.36 – 7.20 

(m, 5H), 7.18 (d, J = 8.1 Hz, 2H), 5.61 (s, 2H), 3.82 (s, 3H), 2.92 (q, J = 7.1 Hz, 1H), 2.63 

(s, 3H), 1.82 (p, J = 6.9 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H). 
13

C-NMR (100 MHz, DMSO-

d6): δ = 169.7 (Cq), 156.2 (Cq), 154.0 (Cq), 142.7 (Cq), 142.4 (Cq), 140.3 (Cq), 140.2 (Cq), 

136.6 (Cq), 135.9 (Cq), 134.7 (Cq), 130.7 (CH), 130.3 (CH), 129.0 (CH), 128.7 (CH), 

128.7 (Cq), 128.4 (Cq), 128.2 (CH), 127.2 (d, J = 11.0 Hz, CD), 126.4 (CH), 126.4 (CH), 

123.1 (CD), 123.4 (Cq), 122.1 (CH), 121.8 (CH), 118.7 (CH), 110.4 (CH), 109.3 (CD), 

46.2 (CH2), 31.8 (CH3), 28.8 (CH2), 20.8 (CH2), 16.4 (CH3), 13.9 (CH3). MS (EI) m/z 

(relative intensity): 519 (100) [M]
+
, 378 (9), 307 (5). HR-MS (ESI): m/z calcd. for 

C33H26D3N4O2
–
 [M–H]

–
 518.2630, found 518.2635.  
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The analytical data are in accordance with those previously reported in the literature for 

the unlabeled compound.
[370]

 

 

(E)-2-Hydroxy-5-({4-[N-(pyridin-2-yl-6-d)sulfamoyl]phenyl-2-d}diazenyl)benzoic-

4,6-d2 acid ([D]2-190w) 

 

The general procedure GP-G was followed using (E)-2-hydroxy-5-({4-[N-(pyridin-2-

yl)sulfamoyl]phenyl}diazenyl)benzoic acid (sulfasalazine) (190w) (39.8 mg, 

0.10 mmol), [Ru(O2CAd)2(p-cymene)] (5.96 mg, 10.0 mol %) and D2O (20.0 μL, 

1.00 mmol,). Purification by column chromatography (n-hexane/EtOAc/AcOH: 7/3/0.1) 

yielded [D]2-190 w(28.7 mg, 72%) as a yellow solid. Incorporation expected at δ = 8.35 

ppm and determined against the integral at δ = 6.86 ppm. Degree of Deuteration: 50%. 

1
H-NMR (300 MHz, DMSO-d6): δ = 8.35 (d, J = 2.1 Hz, 0.5H), 8.16 – 7.89 (m, 4.8H), 

7.77 (ddd, J = 8.7, 7.0, 1.8 Hz, 1H), 7.23 (d, J = 8.9 Hz, 1H), 7.17 – 7.10 (m, 1H), 6.86 (t, 

J = 6.5 Hz, 1H). 
13

C-NMR (125 MHz, MeOH-d4): δ = 166.7 (Cq), 155.9 (Cq), 155.8 (d, J 

= 6.1 Hz, Cq), 155.1 (Cq), 146.4 (Cq), 146.3 (d, J = 6.9 Hz, Cq), 144.5 (Cq), 142.8 (CD) 

142.4 (CH), 129.1 (CH), 129.0 (CH), 128.9 (CD), 123.8 (CH), 123.8 (CH), 119.0 (CH), 

118.9 (CD), 116.5 (CD), 116.4 (CH). MS (ESI) m/z (relative intensity): 398 (100) [M–

H]
–
, 397 (100), 283 (2). HR-MS (ESI): m/z calcd. for C18H9D4N4O5S

–
 [M–H]

–
 401.0863, 

found 401.0848, for C18H11D2N4O5S
–
 [M–H]

– 
399.0738, found 399.0718, for 

C18H12DN4O5S
–
 [M–H]

–
 398.0675, found 398.0666 and for C18H13N4O5S

–
 [M–H]

–
 

397.0612, found 397.0616. 

 

4-Benzyl-3-(n-butylamino)-5-sulfamoylbenzoic-2,6-d2 acid ([D]2-190x) 
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The general procedure GP-G was followed using 4-benzyl-3-(butylamino)-5-

sulfamoylbenzoic acid (bumetanide) (190x) (36.4 mg, 0.10 mmol), [Ru(O2CAd)2(p-

cymene)] (5.96 mg, 10.0 mol %) and D2O (20.0 μL, 1.00 mmol,). Purification by column 

chromatography (n-hexane/EtOAc/AcOH: 8/2/0.1) yielded [D]2-190x (26.7 mg, 73%) as 

a colourless solid. Incorporation expected at δ = 7.69 and 7.42 ppm and determined 

against the integral at δ = 5.05 ppm. Degree of Deuteration: 96%.  

1
H-NMR (300 MHz, DMSO-d6): δ = 7.69 (s, 0.03H), 7.42 (s, 0.05H), 7.34 – 7.21 (m, 

4H), 7.07 – 6.94 (m, 1H), 6.89 – 6.78 (m, 2H), 5.05 (t, J = 5.8 Hz, 1H), 3.06 (q, J = 6.6 

Hz, 2H), 1.48 – 1.27 (m, 2H), 1.19 – 1.02 (m, 2H), 0.77 (t, J = 7.3 Hz, 3H). 
13

C-NMR 

(125 MHz, MeOH-d4): δ = 169.1 (Cq), 157.8 (Cq), 157.8 (Cq), 143.8 (Cq), 141.4 (Cq), 

138.3 (Cq), 130.6 (CH), 130.6 (CH), 129.9 (CD), 124.0 (CH), 117.1 (CD), 116.6 (CH), 

116.6 (CH), 43.7 (CH2), 32.0 (CH2), 20.9 (CH2), 14.02 (CH3). MS (ESI) m/z (relative 

intensity): 365 (100) [M–H]
–
, 283 (100), 255 (6). HR-MS (ESI): m/z calcd. for 

C17H17D2N2O5S
–
 [M–H]

–
 365.1146, found 365.1137. 

 

2,4-Dichloro-5-[N-(4-fluorophenyl)sulfamoyl]benzoic-6-d acid ([D]1-190y) 

 

The general procedure GP-G was followed using 2,4-dichloro-5-[N-(4-

fluorophenyl)sulfamoyl]benzoic acid (190y) (36.4 mg, 0.10 mmol), [Ru(O2CAd)2(p-

cymene)] (5.96 mg, 10.0 mol %) and D2O (20.0 μL, 1.00 mmol,). Purification by column 

chromatography (n-hexane/EtOAc/AcOH: 8/2/0.1) yielded [D]1-190y (33.4 mg, 92%) as 

a colourless solid. Incorporation expected at δ = 8.29 ppm and determined against the 

integral at δ = 7.94 ppm. Degree of Deuteration: 97%. 

1
H-NMR (300 MHz, DMSO-d6): δ = 8.29 (s, 0.03H), 7.94 (s, 1H), 7.11 (d, J = 6.7 Hz, 

4H). 
13

C-NMR (100 MHz, MeOH-d4): δ = 161.7 (d, 
1
JC–F = 244 Hz, Cq), 139.6 (Cq), 

136.8 (Cq), 135.8 (Cq), 134.8 (CH), 133.8 (Cq), 133.8 (Cq), 124.9 (t, J = 24.8 Hz, CD), 

124.8 (d, 
3
JC–F = 8.3 Hz, CH), 116.9 (d, 

2
JC–F = 23.2 Hz, CH). 

19
F-NMR (377 MHz, 

MeOH-d4): δ = –119.1 (d, J = 4.5 Hz). MS (ESI) m/z (relative intensity): 363 (100) [M–

H]
–
, 319 (29), 283 (32). HR-MS (ESI): m/z calcd. for C13H6D

35
Cl2FNO4S

–
 [M–H]

–
 

362.9525, found 362.9531 and for C12H6D
35

Cl2FNO2S
–
 [M–H]

–
 318.9627, found 

318.9628. 
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5-[N-(2-Chlorobenzyl)sulfamoyl]-2-[(furan-3-ylmethyl)amino]benzoic-6-d acid ([D]1-

190z) 

 

The general procedure GP-G was followed using 5-[N-(2-chlorobenzyl)sulfamoyl]-2-

[(furan-3-ylmethyl)amino]benzoic acid (190z) (42.1 mg, 0.10 mmol), [Ru(O2CAd)2(p-

cymene)] (5.96 mg, 10.0 mol %) and D2O (20.0 μL, 1.00 mmol,). Purification by column 

chromatography (n-hexane/EtOAc/AcOH: 8/2/0.1) yielded [D]1-190z (33.2 mg, 79%) as 

a colourless solid. Incorporation expected at δ = 8.31 ppm and determined against the 

integral at δ = 6.78 ppm. Degree of Deuteration: 98%. 

1
H-NMR (400 MHz, MeOH-d4): δ = 8.31 (d, J = 2.4 Hz, 0.02H), 7.69 (d, J = 9.0 Hz, 

1H), 7.47 (d, J = 1.7 Hz, 0.25H), 7.34 (dd, J = 5.7, 3.6 Hz, 0.77H), 7.37 – 7.11 (m, 3H), 

6.87 (d, J = 9.0 Hz, 1H), 6.34 (dd, J = 25.0, 3.2 Hz, 2H), 4.49 (s, 2H), 4.16 (s, 2H). 
13

C-

NMR (100 MHz, MeOH-d4): δ = 170.8 (Cq), 154.4 (CH), 152.9 (Cq), 143.6 (Cq), 136.0 

(Cq), 134.3 (Cq), 133.5 (CH), 131.2 (CH), 130.3 (CH), 129.9 (CH), 128.0 (CH), 127.9 

(Cq), 126.7 (Cq), 112.6 (CH), 111.3 (CH), 111.2 (t, J = 27.5 Hz, CD), 108.3 (CH), 45.3 

(CH2), 40.6 (CH2). MS (ESI) m/z (relative intensity): 421 (100) [M–H]
–
, 377 (5). HR-MS 

(ESI): m/z calcd. for C19H14D2
35

ClN2O5S
–
 [M–H]

–
 421.0599, found 421.0596 and for 

C19H15D
35

ClN2O5S
–
 [M–H]

–
 420.0537, found 420.0527. 

 

2-Hydroxy-5-[(2-oxo-1,2-dihydrobenzo[cd]indole)-6-sulfonamido]benzoic-6-d acid 

([D]1-190aa) 

 

The general procedure GP-G was followed using 2-hydroxy-5-[(2-oxo-1,2-

dihydrobenzo[cd]indole)-6-sulfonamido]benzoic acid (190aa) (38.3 mg, 0.10 mmol), 

[Ru(O2CAd)2(p-cymene)] (5.96 mg, 10.0 mol %) and D2O (20.0 μL, 1.00 mmol,). 

Purification by column chromatography (n-hexane/EtOAc/AcOH: 7/3/0.1) yielded [D]1-
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190aa (33.9 mg, 88%) as a brown solid. Incorporation expected at δ = 6.60 ppm and 

determined against the integral at δ = 7.75 ppm. Degree of Deuteration: 95%.  

1
H-NMR (500 MHz, MeOH-d4): δ =  7.75 (d, J = 8.4 Hz, 1H), 7.24 (d, J = 7.0 Hz, 1H), 

7.15 (d, J = 7.5 Hz, 1H), 6.99 (dd, J = 8.4, 7.0 Hz, 1H), 6.60 (s, 0.05H), 6.14 (dd, J = 

15.4, 8.2 Hz, 2H), 5.82 (d, J = 8.7 Hz, 1H). 
13

C-NMR (100 MHz, MeOH-d4): δ = 171.4 

(Cq), 161.0 (Cq), 144.1 (Cq), 134.6 (CH), 131.3 (CH), 131.2 (CH), 131.1 (CH), 129.6 

(Cq), 128.8 (Cq), 128.2 (Cq), 127.7 (Cq), 126.4 (Cq), 126.1 (CH) 126.1 (CH), 118.1 (Cq), 

111.4 (Cq), 105.9 (CH). MS (ESI) m/z (relative intensity): 384 (100) [M–H]
–
, 355 (9), 232 

(28). HR-MS (ESI): m/z calcd. for C18H10DN2O6S
–
 [M–H]

–
 384.0406, found 384.0416. 

 

4-[(4-Ethoxyphenyl)sulfonamido-2,6-d2]benzoic-2,6-d2 acid ([D]3-190ab) 

 

The general procedure GP-G was followed using 4-[(4-

ethoxyphenyl)sulfonamide]benzoic acid (190ab) 32.1 mg, 0.10 mmol), [Ru(O2CAd)2(p-

cymene)] (5.96 mg, 10.0 mol %) and D2O (20.0 μL, 1.00 mmol,). Purification by column 

chromatography (n-hexane/EtOAc/AcOH: 8/2/0.1) yielded [D]3-190ab (23.6 mg, 73%) as 

a yellow solid. Incorporation expected at δ = 7.87 ppm and determined against the 

integral at δ = 4.06 ppm. Degree of Deuteration: 93%. 

1
H-NMR (300 MHz, MeOH-d4): δ = 7.87 (s, 0.14H), 7.77 (dd, J = 7.1, 6.7 Hz, 1.5H), 

7.21 (s, 2H), 7.10 – 6.73 (m, 2H), 4.06 (q, J = 7.0 Hz, 2H), 1.37 (t, J = 7.0 Hz, 3H). 
13

C-

NMR (100 MHz, MeOH-d4): δ = 164.1 (Cq), 143.8 (Cq), 132.1 (CD), 132.1 (Cq), 130.4 

(CH), 119.7 (Cq), 119.6 (CH), 115.7 (CH), 115.6 (Cq), 65.1 (CH2), 14.9 (CH3). MS (ESI) 

m/z (relative intensity): 322 (4) [M–H]
–
, 283 (100), 255 (4). HR-MS (ESI): m/z calcd. for 

C15H11D3NO5S
–
 [M–H]

–
 323.0786, found 323.0795 and for C15H12D2NO5S

–
 [M–H]

–
 

322.0724, found 322.0739. 
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5.6.2. Mechanistic Studies 

In-Operando NMR studies 

Inside a nitrogen-filled glovebox, an oven-dried Young NMR tube was charged with 2-

methylbenzoic acid (190h) (13.6 mg, 0.10 mmol, 1.00 equiv), [Ru(O2CAd)2(p-cymene)] 

(2.97 mg, 5.00 μmol, 5.00 mol %) and D2O (20.0 mg, 10.0 mmol, 10.0 equiv). 1,4-

Dioxane-d8 (0.50 mL) was added and the Young NMR tube was closed, removed from 

the glovebox, and placed in a Bruker Avance III HD 400 NMR spectrometer. After 

locking and shimming of the sample, periodic measurements (every 2 min, with 5 scans) 

at 95 °C for 10 h provided the following spectra.  

 

 

Scheme 5.9. In-operando NMR studies of 190h. 

 

Kinetic Isotope Effect (KIE) 

 

Scheme 5.10. KIE studies of 190h and [D]1-190h. 
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Two independent reactions were performed respectively to determine the KIE value by 

comparison of the initial reaction rates by in-operando NMR-analysis with 1,2,4,5-

tetramethylbenzene as the internal standard.  

Inside a nitrogen-filled glovebox, two oven-dried Young NMR tubes were charged with 

190h (13.6 mg, 0.10 mmol, 1.00 equiv) or [D]1-190h (13.7 mg, 0.10 mmol, 1.00 equiv), 

[Ru(O2CAd)2(p-cymene)] (2.97 mg, 5.0 μmol, 5.0 mol %), H2O (18.0 mg, 1.00 mmol, 

10.0 equiv) or D2O (20.0 mg, 1.00 mmol, 10.0 equiv), respectively, and 1,2,4,5-

tetramethylbenzene (13.4 mg, 0.10 mmol). 1,4-Dioxane-d8 (0.50 mL) was added and the 

Young NMR tubes were closed, taken out of the glovebox, and placed in a Bruker 

Avance III HD 400 spectrometer. After locking and shimming of the samples, periodic 

measurements (every 2 min, with 5 scans) at 95 °C for 23 min provided the following 

data. 

Table 5.7. Conversion versus time for the formation of [D]1-190h and 190h. 

t / s [D]1-190 / % 190 / % 

60 4.10 3.00 

180 7.20 4.10 

300 9.10 5.00 

420 10.1 5.60 

540 11.5 6.30 

660 12.9 7.00 

780 16.2 7.70 

900 15.9 8.30 

1020 17.4 9.00 

1140 17.9 9.70 

1260 19.1 10.2 

1380 21.8 11.4 
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Intermolecular Competition Experiment 

 

Scheme 5.11. Intermolecular competition experiment between 190h and 190ac. 

2-Methylbenzoic acid (190h) (13.6 mg, 0.10 mmol, 1.00 equiv), 2-

(trifluoromethyl)benzoic acid (190ac) (19.0 mg, 0.10 mmol, 1.00 equiv), [Ru(O2CAd)2(p-

cymene)] (2.97 mg, 5.00 μmol, 5.00 mol %), and D2O (20.0 mg, 10.0 mmol, 10.0 equiv) 

were placed into an oven-dried 25 mL Schlenk tube equipped with a septum under Ar 

atmosphere. 1,4-Dioxane (0.50 mL) was added and the mixture was stirred at 100 °C for 

1.5 h. After completion of the reaction, the mixture was filtered through a pad of Celite, 

rinsed with 1,4-dioxane (4 x 10 mL; 5% AcOH) and concentrated in vaccum. The crude 

mixture was analyzed by means of 
1
H-NMR spectroscopy with 1,2,4,5-

tetramethylbenzene (13.4 mg, 0.10 mmol) as the internal standard to furnish the following 

degrees of deuteration: [D]1-190h (52%) and [D]1-190ac (27%). 

 

Figure 5.3. Intermolecular competition experiment between 190h and 190ac. 
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5.7. Recyclable Ruthenium Catalyst for remote C–H Activation 

5.7.1. Synthesis of Hybrid Ruthenium catalysts 221a and 221b 

Hybrid Ruthenium 221a  

[RuCl2(C6H6)]2 (0.25 g, 0.50 mmol, 1.00 equiv) and polymer-bound triphenylphosphine 

(0.50 g, 0.85 mmol, 1.70 equiv, 1.4–2.0 mmol/g, Fluorochem) were placed in a 100 mL 

flask equipped with a reflux condenser. CH2Cl2 (15 mL) and PhMe (15 mL) were added 

and the mixture was refluxed at 110 °C for 4 h. After completion of the reaction, the 

suspension was filtered through a branched filter (Por. 3), rinsed with DCE (30 mL) and 

dried in vacuo for 24 h. 221a was isolated (630 mg, 52%) as an air stable deep red solid.  

ICP-OES analysis by Dr. Volker Karius yielded a ruthenium concentration of 9.72 wt.%. 

nCat∙MRu

ICP-OES result
 = mCat 

for GP-H = 
2.50∙10

-5
mol∙101.07

g
mol

0.0972
 = 2.60∙10

-2
g = 26.0 mg 

Hybrid Ruthenium 221b 
[313b]

 

[RuCl2(p-cymene)]2 (0.30 g, 0.50 mmol) and polymer-bound triphenylphosphine (0.50 g, 

0.85 mmol, 1.70 equiv, 1.4–2.0 mmol/g, Fluorochem) were placed in a 100 mL flask 

equipped with a reflux condenser. CH2Cl2 (15 mL) and PhMe (15 mL) were added and 

the mixture was refluxed at 110 °C for 4 h. After completion of the reaction, the 

suspension was filtered through a branched filter (Por. 3), rinsed with DCE (30 mL) and 

dried in vacuo for 24 h. 221b was isolated (646mg, 58%) as an air stable deep red solid  

ICP-OES analysis by Dr. Volker Karius yielded a Ru concentration of 8.40 wt.%. 

nCat∙MRu

ICP-OES result
 =mCat 

for GP-H = 
2.50∙10-5mol∙101.07

g
mol

0.0840
 = 3.00∙10-2g = 30.0 mg 
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5.7.2. Test of Heterogeneity for meta C–H Alkylations by Recyclable Ruthenium 

Catalyst 

5.7.2.1. Poison test 

A suspension of 2-phenylpyridine 117a (38.8 mg, 0.25 mmol), ethyl 2-bromopropanoate 

139e (136 mg, 0.75 mmol), RuCl2PPh3(p-cymene) (14.2 mg, 10 mol %), SMOPEX®-105 

(3.7 mmol/g, 70.0 mg) and KOAc (49.1 mg, 0.50 mmol) in 2-MeTHF (2.0 mL) was 

stirred at 60 °C for 16 h under N2. After cooling to ambient temperature, the mixture was 

concentrated in vacuo. Purification by column chromatography on silica gel afforded 

140e (3.17 mg, 4.9%) as a colourless oil. 

 

Scheme 5.12. Poison test with 222 and SMOPEX®-105. 

A suspension of 2-phenylpyridine 117a (38.8 mg, 0.25 mmol), ethyl 2-bromopropanoate 

139e (136 mg, 0.75 mmol), 221b (30.0 mg, 10 mol %), SMOPEX®-105 (3.7 mmol/g, 

70.0 mg) and KOAc (49.1 mg, 0.50 mmol) in 2-MeTHF (2.0 mL) was stirred at 60 °C for 

16 h under N2. After cooling to ambient temperature, the mixture was concentrated in 

vacuo. Purification by column chromatography on silica gel afforded 140e (31.2 mg, 

49%) as a colourless oil. 

 

Scheme 5.13. Poison test with 221b and SMOPEX®-105. 
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5.7.2.2. Three-phase test 

Test 1 

A suspension of 2-phenylpyridine 117a (38.8 mg, 0.25 mmol), ethyl 2-bromopropanoate 

139e (136 mg, 0.75 mmol), 221b (30.0 mg, 10 mol %), modified Wang resin 223 (500 

mg, 0.20 mmol), and KOAc (49.1 mg, 0.50 mmol) in 2-MeTHF (4.0 mL) was stirred at 

60 °C for 16 h under N2. After cooling to ambient temperature, the mixture was 

concentrated in vacuo. Purification by column chromatography on silica gel afforded 

afforded 140e (24.9 mg, 39%) as a colourless oil. 

 

Scheme 5.14. Influence of Wang-resin 223. 

Test 2 

A suspension of 2-phenylpyridine 117a (38.8 mg, 0.25 mmol), modified Wang resin 

(139e') (500 mg, 0.20 mmol), RuCl2PPh3(p-cymene) (222) (30.0 mg, 10 mol %) and 

KOAc (49.1 mg, 0.50 mmol) in 2-MeTHF (4.0 mL) was stirred at 60 °C for 16 h under 

N2. After cooling to ambient temperature, the reaction mixture was filtered through a 

branched filter (Por. 3) and washed with 2-MeTHF (30 mL). The filtered resin was 

cleaved
[314]

 and 
1
H NMR was used for determination of the yield of 140e (17.8 mg, 28%) 

with 1,3,5-trimethoxybenzene as an internal standard. 

 

Scheme 5.15.  Homogeneous manifold with modified Wang-resin 139e'. 
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Test 3 

A suspension of 2-phenylpyridine 117a (38.8 mg, 0.25 mmol), modified Wang resin 

(139e') (500 mg, 0.20 mmol), 221b (30.0 mg, 10 mol %) and KOAc (49.1 mg, 0.50 

mmol) in 2-MeTHF (4.0 mL) was stirred at 60 °C for 16 h under N2. After cooling to 

ambient temperature, the reaction mixture was filtered through a branched filter (Por. 3) 

and washed with 2-MeTHF (30 mL). The filtered resin was cleaved
[314]

 and 
1
H NMR was 

used for determination of the yield of 140e with 1,3,5-trimethoxybenzene as an internal 

standard.  

 

Scheme 5.16.  Heterogeneous manifold with modified Wang-resin 139e'. 

 

5.7.3. Characterization Data 

Ethyl 2-[3-(pyridin-2-yl)phenyl]propanoate (140e) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221a (26.0 mg, 10.0 mol 

%) and KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 140e (42.2 mg, 66%) as a colourless oil. 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol 

%) and KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 140e (44.7 mg, 69%) as a colourless oil. 
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The general procedure GP-J was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol 

%), KOAc (49.1 mg, 0.50 mmol) and H2O (22.5 μL, 1.25 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 140e (36.4 mg, 57%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.62 (dd, J = 4.8, 1.4 Hz, 1H), 7.92 (dd, J = 1.8, 0.6 Hz, 

1H), 7.82 (dd, J = 7.5, 1.8 Hz, 1H), 7.65 (d, J = 1.4 Hz, 1H), 7.64 (dd, J = 2.3, 1.4 Hz, 

1H), 7.37 (dd, J = 7.5, 0.6 Hz, 1H), 7.32 (dd, J = 7.5, 1.8 Hz, 1H), 7.15 – 7.11 (m, 1H), 

4.14 – 3.99 (m, 2H), 3.76 (q, J = 7.1 Hz, 1H), 1.50 (d, J = 7.1 Hz, 3H), 1.14 (t, J = 7.1 Hz, 

3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.6 (Cq), 157.4 (Cq), 149.8 (CH), 141.4 (Cq), 

139.9 (Cq), 136.9 (CH), 129.2 (CH), 128.1 (CH), 126.5 (CH), 125.8 (CH), 122.3 (CH), 

120.8 (CH), 60.92 (CH2), 45.80 (CH), 18.88 (CH3), 14.28 (CH3). IR (ATR): 2980, 1730, 

1585, 1462, 1248, 1195, 1165, 1066, 770, 699 cm
–1

. MS (ESI) m/z (relative intensity): 

278 (22) [M+Na]
+
, 256 (100) [M+H]

+
, 156 (17). HR-MS (ESI): m/z calcd. for 

C16H18NO2
+
 [M+H]

+
 256.1332, found: 256.1332. 

The analytical data are in accordance with those previously reported in the literature.
[371]

 

 

Ethyl 2-[3-(pyridin-2-yl)phenyl]propanoate (140f) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), methyl 2-bromopropanoate (139f) (125 mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol 

%) and KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 140f (42.8 mg, 71%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.69 (dd, J = 5.2, 1.4 Hz, 1H), 8.02 – 7.91 (m, 1H), 

7.86 (dd, J = 7.7, 1.5 Hz, 1H), 7.80 – 7.68 (m, 2H), 7.43 (t, J = 7.7 Hz, 1H), 7.36 (dd, J = 

7.7, 1.5 Hz, 1H), 7.23 (ddd, J = 6.6, 4.8, 2.0 Hz, 1H), 3.83 (q, J = 7.1 Hz, 1H), 3.66 (s, 

3H), 1.56 (d, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 175.1 (Cq), 157.4 (Cq), 

149.8 (CH), 141.2 (Cq), 139.9 (Cq), 136.9 (CH), 129.2 (CH), 128.1 (CH), 126.5 (CH), 

125.9 (CH), 122.3 (CH), 120.8 (CH), 52.19 (CH3), 45.64 (CH), 18.80 (CH3). IR (ATR): 
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2980, 2951, 1733, 1585, 1566, 1462, 1435, 1202, 1165, 770 cm
–1

. MS (EI) m/z (relative 

intensity): 241 (28) [M]
+
, 182 (100), 167 (55). HR-MS (EI): m/z calcd. for C15H15NO2

+
 

[M]
+
 241.1103, found: 241.1102. 

 

Isobutyl 2-[3-(pyridin-2-yl)phenyl]propanoate (140g) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), isobutyl 2-bromopropanoate (139g) (157 mg, 0.75 mmol), 221b (30.0 mg, 10.0 

mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 140g (45.3 mg, 64%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.69 (dd, J = 4.9, 1.4 Hz, 1H), 7.94 (dd, J = 1.6, 1.4 

Hz, 1H), 7.87 (dd, J = 7.6, 1.4 Hz, 1H), 7.81 – 7.67 (m, 2H), 7.43 (dd, J = 7.6, 7.5 Hz, 

1H), 7.39 (dd, J = 7.5, 1.6 Hz, 1H), 7.23 (ddd, J = 6.6, 4.9, 2.0 Hz, 1H), 3.88 – 3.83 (m, 

3H), 1.88 (q, J = 6.7 Hz, 1H), 1.57 (d, J = 7.1 Hz, 3H), 0.84 (d, J = 6.7 Hz, 6H). 
13

C-

NMR (100 MHz, CDCl3): δ = 174.6 (Cq), 157.4 (Cq), 149.8 (CH), 141.4 (Cq), 139.8 (Cq), 

136.9 (CH), 129.1 (CH), 128.2 (CH), 126.5 (CH), 125.8 (CH), 122.3 (CH), 120.8 (CH), 

70.98 (CH2), 45.88 (CH), 27.89 (CH), 19.12 (CH3), 18.71 (CH3). IR (ATR): 2963, 1731, 

1585, 1566, 1462, 1436, 1241, 1195, 1164, 769 cm
–1

.MS (EI) m/z (relative intensity): 283 

(22) [M]
+
, 225 (13), 182 (100), 167 (53). HR-MS (EI): m/z calcd. for C18H21NO2

+
 [M]

+
 

283.1572, found: 283.1574. 

 

Benzyl 2-(3-(pyridin-2-yl)phenyl)propanoate (140h) 

 
The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), benzyl 2-bromopropanoate (139h) (182 mg, 0.75 mmol), 221b (30.0 mg, 10.0 
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mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography (n-

hexane/EtOAc: 10/1) yielded 140h (58.7 mg, 74%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.82 – 8.63 (m, 1H), 7.96 (d, J = 2.0 Hz, 1H), 7.91 (dd, 

J = 7.7, 1.6 Hz, 1H), 7.76 (dd, J = 7.6, 1.8 Hz, 1H), 7.70 (d, J = 7.9 Hz, 1H), 7.46 (dd, J = 

7.7, 7.7 Hz, 1H), 7.43 – 7.37 (m, 1H), 7.37 – 7.22 (m, 6H), 5.53 – 4.70 (m, 2H), 3.91 (q, J 

= 7.1 Hz, 1H), 1.61 (d, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.4 (Cq), 

157.3 (Cq), 149.7 (CH), 141.1 (Cq), 139.8 (Cq), 136.9 (CH), 136.1 (Cq), 129.2 (CH), 128.6 

(CH), 128.2 (CH), 128.2 (CH), 128.1 (CH), 126.5 (CH), 125.9 (CH), 122.3 (CH), 120.8 

(CH), 66.60 (CH2), 45.76 (CH), 18.73 (CH3). IR (ATR): 2932, 1731, 1584, 1566, 1461, 

1378, 1158, 769, 742, 697 cm
–1

. MS (ESI) m/z (relative intensity): 340 (6) [M+Na]
+
, 318 

(100) [M+H]
+
. HR-MS (ESI): m/z calcd. for C21H20NO2

+
 [M+H]

+
 318.1489, found: 

318.1490. 

 

(Tetrahydrofuran-2-yl)methyl 2-[3-(pyridin-2-yl]phenyl)propanoate (140i) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), (tetrahydrofuran-2-yl)methyl 2-bromopropanoate (139i) (178 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 140i (48.2 mg, 62%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.71 (dd, J = 5.0, 1.4 Hz, 1H), 7.97 (d, J = 1.7 Hz, 1H), 

7.90 (d, J = 7.3, Hz 1H), 7.77 (d, J = 1.8 Hz, 1H), 7.75 (d, J = 1.2, 1H), 7.45 (dd, J = 7.8, 

7.6 Hz, 1H), 7.40 (dd, J = 7.6, 1.4 Hz, 1H), 7.25 (ddd, J = 7.3, 5.0, 2.5 Hz, 1H), 4.23 – 

4.02 (m, 3H), 3.89 (q, J = 7.1, 1.4 Hz, 1H), 3.82 – 3.70 (m, 2H), 1.96 – 1.76 (m, 3H), 1.59 

(dd, J = 7.2, 1.4 Hz, 3H), 1.56 – 1.47 (m, 1H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.6 

(Cq), 157.4 (d, J = 1.8 Hz, Cq), 149.8 (CH), 141.2 (Cq), 139.9 (Cq), 136.8 (CH), 129.1 

(CH), 128.2 (CH), 126.5 (d, J = 1.5 Hz, CH), 125.9 (CH), 122.3 (CH), 120.8 (d, J = 2.2 

Hz, CH), 76.59 (d, J = 7.9 Hz, CH), 68.60 (d, J = 8.0 Hz, CH2), 66.80 (d, J = 19.0 Hz, 

CH2), 45.69 (d, J = 4.7 Hz, CH), 28.04 (d, J = 14.1 Hz, CH2), 25.76 (d, J = 8.0 Hz, CH2), 

18.75 (d, J = 6.3 Hz, CH3). IR (ATR): 2977, 2873, 1732, 1584, 1461, 1436, 1194, 1165, 

1080, 770 cm
–1

. MS (EI) m/z (relative intensity): 311 (7) [M]
+
, 268 (25), 241 (31), 183 
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(100), 167 (68). HR-MS (EI): m/z calcd. for C19H21N2O3
+
 [M]

+
 311.1521, found: 

311.1523. 

 

4-Hydroxyphenyl 2-(3-(pyridin-2-yl)phenyl)propanoate (140j) 

 
The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), 4-hydroxyphenyl-2-bromopropanoate (139j) (184 mg, 0.75 mmol), 221b (30.0 

mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 140j (54.3 mg, 68%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.71 (ddd, J = 4.9, 1.8, 1.0 Hz, 1H), 8.02 (d, J = 1.8 

Hz, 1H), 7.88 (dd, J = 7.1, 1.9 Hz, 1H), 7.82 (dd, J = 7.7, 1.8 Hz, 1H), 7.77 (dd, J = 7.9, 

1.2 Hz, 1H), 7.54 – 7.44 (m, 2H), 7.34 – 7.29 (m, 1H), 6.80 – 6.70 (m, 2H), 6.70 – 6.63 

(m, 2H), 4.02 (q, J = 7.1 Hz, 1H), 1.65 (d, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): 

δ = 173.7 (Cq), 157.4 (Cq), 154.1 (Cq), 149.5 (CH), 143.9 (Cq), 141.0 (Cq), 139.7 (Cq), 

137.5 (CH), 129.4 (CH), 128.3 (CH), 126.8 (CH), 126.3 (CH), 122.6 (CH), 122.2 (CH), 

121.4 (CH), 45.80 (CH), 18.65 (CH3). IR (ATR): 2929, 1750, 1594, 1566, 1509, 1463, 

1190, 1160, 1146, 773 cm
–1

. MS (ESI) m/z (relative intensity): 342 (11) [M+Na]
+
, 320 

(100) [M+H]
+
. HR-MS (ESI): m/z calcd. for C20H17NO3

+
 [M+H]

+
 320.1281, found: 

320.1283. 

 

Ethyl 2-methyl-2-[3-(pyridin-2-yl)phenyl]propanoate (140k) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 

0.25 mmol), ethyl 2-bromo-2-methylpropanoate (139k) (146 mg, 0.75 mmol), 221b (30.0 

mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 
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chromatography (n-hexane/EtOAc: 10/1) yielded 140k (42.9 mg, 64%) as a colourless 

oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.70 (dd, J = 4.8, 1.5 Hz, 1H), 7.99 (dd, J = 1.9, 1.5 

Hz, 1H), 7.84 (dd, J = 7.4, 1.6 Hz, 1H), 7.78 – 7.67 (m, 2H), 7.43 (dd, J = 7.5, 7.4 Hz, 

2H), 7.23 (ddd, J = 7.5, 4.8, 1.5 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 1.65 (s, 6H), 1.19 (t, J 

= 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 176.9 (Cq), 157.7 (Cq), 149.8 (CH), 

145.5 (Cq), 139.7 (Cq), 136.8 (CH), 128.9 (CH), 126.6 (CH), 125.4 (CH), 124.4 (CH), 

122.2 (CH), 120.9 (CH), 60.99 (CH2), 46.77 (Cq), 26.74 (CH3), 14.22 (CH3). IR (ATR): 

2979, 1726, 1585, 1566, 1463, 1253, 1146, 1025, 771, 700 cm
–1

. MS (EI) m/z (relative 

intensity): 269 (20) [M]
+
, 196 (100), 180 (21), 167 (18). HR-MS (EI): m/z calcd. for 

C17H19NO2
+
 [M]

+
 269.1416, found: 269.1415. 

The analytical data are in accordance with those previously reported in the literature.
[171]

 

 

Methyl 6-bromo-2-[3-(pyridin-2-yl)phenyl]hexanoate (140l) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 

0.25 mmol), methyl 2,6-dibromohexanoate (139l) (216 mg, 0.75 mmol), 221b (30.0 mg, 

10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography 

(n-hexane/EtOAc: 10/1) yielded 140l (50.3 mg, 58%) as a brown oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.69 (dd, J = 5.0, 1.2 Hz, 1H), 7.93 (dd, J = 1.8, 1.7 Hz, 

1H), 7.88 (dd, J = 7.7, 1.7 Hz, 1H), 7.80 – 7.68 (m, 2H), 7.44 (dd, J = 7.8, 7.7 Hz, 1H), 

7.37 (dd, J = 7.8, 1.2 Hz, 1H), 7.24 (ddd, J = 6.6, 5.0, 1.8 Hz, 1H), 3.67 (s, 3H), 3.67 (t, J 

= 7.6 Hz, 1H), 3.39 (t, J = 6.6 Hz, 2H), 2.3 –2.20 (m, 1H), 2.10 – 2.00 (m, 1H), 1.90 – 

1.80 (m, 2H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.1 (Cq), 157.2 (Cq), 149.8 (CH), 

140.1 (Cq), 139.2 (Cq), 136.9 (CH), 129.3 (CH), 128.4 (CH), 126.8 (CH), 126.2 (CH), 

122.4 (CH), 120.8 (CH), 52.27 (CH3), 50.99 (CH), 33.17 (CH2), 32.13 (CH2), 30.80 

(CH2). IR (ATR): 2951, 1732, 1584, 1566, 1461, 1435, 1261, 1203, 1164, 771 cm
–1

. MS 

(EI) m/z (relative intensity): 347 (14) [M]
+
, 288 (18), 268 (100), 208 (61), 168 (61). HR-

MS (EI): m/z calcd. for C17H18
79

BrNO2
+
 [M]

+
 347.0521, found: 347.0520. 
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The analytical data are in accordance with those previously reported in the literature.
[166b]

 

 

N,N-Diethyl-2-[3-(pyridin-2-yl)phenyl]propanamide (140m) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 

0.25 mmol), 2-bromo-N,N-diethylpropanamide (139m) (156 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 140m (49.4 mg, 70%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.69 (d, J = 5.0 Hz, 1H), 7.91 (s, 1H), 7.85 (dd, J = 7.6, 

1.2 Hz, 1H), 7.76 – 7.70 (m, 2H), 7.42 (dd, J = 7.6, 7.5 Hz, 1H), 7.35 (dd, J = 7.6, 1.2 Hz, 

1H), 7.236 – 7.22 (m, 1H), 3.94 (q, J = 7.0 Hz, 1H), 3.53 (dq, J = 7.6, 7.1 Hz, 1H), 3.36 

(dq, J = 7.6, 7.1 Hz, 1H), 3.23 (dq, J = 7.6, 7.1 Hz, 1H), 3.10 (dq, J = 7.6, 7.1 Hz, 1H), 

1.49 (d, J = 7.0 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H), 1.01 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 

MHz, CDCl3): δ = 172.8 (Cq), 157.3 (Cq), 149.7 (Cq), 143.2 (CH), 139.8 (Cq), 137.0 

(CH), 129.4 (CH), 128.0 (CH), 126.2 (CH), 125.5 (CH), 122.4 (CH), 120.9 (CH), 43.29 

(CH2), 41.85 (CH2), 40.45 (CH), 21.18 (CH3), 14.45 (CH3), 12.99 (CH3). IR (ATR): 

2973, 2932, 1636, 1584, 1566, 1461, 1433, 1264, 774, 702 cm
–1

. MS (EI) m/z (relative 

intensity): 282 (18) [M]
+
, 225 (14), 182 (26), 167 (30), 100 (100). HR-MS (EI): m/z 

calcd. for C18H22N2O
+
 [M]

+
 282.1732, found: 282.1730. 

 

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 2-[3-(pyridin-2-

yl)phenyl]propanoate (140n) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 

0.25 mmol), (1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 2-bromopropanoate (139n) (218 

mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). 
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Purification by column chromatography (n-hexane/EtOAc: 10/1) yielded 140n (58.3 mg, 

64%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.69 (dd, J = 4.9, 1.4 Hz, 1H), 7.92 (dd, J = 3.9, 1.9 

Hz, 1H), 7.87 (dd, J = 7.7, 1.5 Hz, 1H), 7.79 – 7.65 (m, 2H), 7.49 – 7.32 (m, 2H), 7.22 

(ddd, J = 6.5, 4.8, 2.1 Hz, 1H), 4.69 – 4.60 (m, 1H), 3.82 – 3.76 (m, 1H), 2.06 – 1.76 (m, 

2H), 1.71 – 1.58 (m, 2H), 1.56 (d, J = 2.7 Hz, 1H), 1.54 (d, J = 2.7 Hz, 1H), 1.51 – 1.39 

(m, 1H), 1.38 – 1.23 (m, 2H), 1.02 – 0.93 (m, 2H), 0.95 – 0.72 (m, 7H), 0.71 (d, J = 6.9 

Hz, 1H), 0.64 (d, J = 7.0 Hz, 1H), 0.49 (d, J = 6.9 Hz, 1H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 174.2 (Cq), 157.5 (Cq), 149.8 (CH), 141.5 (Cq), 139.8 (Cq), 136.8 (CH), 

129.0 (CH), 128.1 (CH), 126.4 (CH), 125.7 (CH), 122.3 (CH), 120.7 (CH), 74.68 (CH), 

47.14 (CH), 46.10 (CH2), 40.80 (CH), 34.38 (CH2), 31.50 (CH2), 26.10 (CH), 23.40 

(CH), 22.14 (CH3), 20.82 (CH3), 18.73 (CH3), 16.18 (CH3). IR (ATR): 2953, 2869, 1726, 

1585, 1461, 1243, 1198, 1170, 1151, 768 cm
–1

. MS (EI) m/z (relative intensity): 365 (18) 

[M]
+
, 228 (28), 183 (100), 167 (42), 83 (72). HR-MS (EI): m/z calcd. for C24H31NO2

+
 

[M]
+
 365.2355, found: 365.2362. 

 

(3S,8S,9S,10R,13R,14S,17R)-10,13-Dimethyl-17-[(R)-6-methylheptan-2-yl]-2,3,4,7,8,9

,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 2-[3-

(pyridin-2-yl)phenyl]propanoate (140o) 

 

The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 

0.25 mmol), (3S,8S,9S,10R,13R,14S,17R)-10,13-dimethyl-17-((R)-6-methylheptan-2-yl)-

2,3,4,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-3-yl 2-

bromopropanoate (139o) (391 mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol %) and KOAc 

(49.1 mg, 0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) 

yielded 140o (93.9 mg, 63%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.70 (dd, J = 5.0, 1.5 Hz, 1H), 7.94 (dd, J = 1.7, 1.7 

Hz, 1H), 7.87 (dd, J = 7.6, 1.5 Hz, 1H), 7.74 (dd, J = 6.6, 1.7 Hz, 2H), 7.43 (dd, J = 7.6, 

7.6 Hz, 2H), 7.23 (ddd, J = 6.6, 5.0, 2.1 Hz, 1H), 5.33 (dd, J = 4.3, 1.8 Hz, 1H), 4.75 – 
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4.51 (m, 1H), 3.78 (q, J = 7.2 Hz, 1H), 2.40 – 2.27 (m, 1H), 2.25 – 2.17 (m, 1H), 2.05 – 

1.75 (m, 5H), 1.61 – 1.25 (m, 14H), 1.22 – 0.95 (m, 13H), 0.94 – 0.88 (m, 3H), 0.86 (dd, 

J = 6.6, 1.8 Hz, 6H), 0.66 (s, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.0 (Cq), 157.4 

(Cq), 149.7 (CH), 141.6 (Cq), 139.8 (Cq), 139.7 (Cq), 136.9 (CH), 129.1 (CH), 128.1 

(CH), 126.5 (CH), 125.8 (CH), 122.7 (CH), 122.3 (CH), 120.8 (CH), 74.40 (CH), 56.81 

(CH), 56.26 (CH), 50.12 (CH), 45.97 (CH), 42.43 (CH2), 39.85 (CH2), 39.65 (CH2), 

38.17 (Cq), 37.94 (CH2), 36.71 (CH2), 36.31 (CH2), 35.92 (CH), 32.04 (CH2), 32.01 (CH), 

28.36 (CH2), 28.15 (CH), 27.84 (Cq), 24.41 (CH2), 23.96 (CH2), 22.70 (CH3), 21.15 

(CH2), 19.45 (CH3), 18.96 (CH3), 18.94 (CH3), 11.98 (CH3). IR (ATR): 2935, 2867, 

1731, 1585, 1462, 1437, 1376, 1195, 1165, 769 cm
–1

. MS (ESI) m/z (relative intensity): 

618 (100) [M+Na]
+
, 596 (30) [M+H]

+
. HR-MS (ESI): m/z calcd. for C41H58NO2

+
 [M+H]

+
 

596.4462, found: 596.4465. 

 

Endo-(1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl 2-(3-(pyridin-2-yl)phenyl)propanoate 

(140p) 

 
The general procedure GP-H was followed using 2-phenylpyridine (117a) (38.8 mg, 0.25 

mmol), (±)-1,7,7-trimethylbicyclo[2.2.1]heptan-2-yl-2-bromopropanoate (139p) (217 mg, 

0.75 mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification 

by column chromatography (n-hexane/EtOAc: 10/1) yielded 140p (53.6 mg, 59%) as a 

colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.72 (d, J = 4.8 Hz, 1H), 7.98 (d, J = 1.7 Hz, 1H), 7.90 

(dd, J = 7.5, 1.6 Hz, 1H), 7.76 (dd, J = 6.7, 1.6 Hz, 2H), 7.49 – 7.38 (m, 2H), 7.30 – 7.20 

(m, 1H), 5.04 – 4.57 (m, 1H), 3.84 (dd, J = 7.2, 2.9 Hz, 1H), 2.40 – 2.25 (m, 1H), 1.84 

(ddd, J = 12.7, 9.3, 3.9 Hz, 1H), 1.77 – 1.55 (m, 6H), 1.33 – 1.13 (m, 1H), 1.09 – 0.96 (m, 

1H), 0.89 (d, J = 1.8 Hz, 3H), 0.87 – 0.82 (m, 4H), 0.81 – 0.76 (m, 1H), 0.69 (s, 1H). 
13

C-

NMR (100 MHz, CDCl3): δ = 174.8 (Cq), 157.4 (Cq), 149.7 (CH), 141.5 (Cq), 139.6 (Cq), 

137.0 (CH), 129.1 (CH), 128.2 (CH), 126.5 (CH), 125.8 (CH), 122.3 (CH), 120.8 (CH), 

80.30 (CH), 48.96 (Cq), 47.96 (CH), 46.09 (Cq), 44.97 (CH2), 36.77 (CH), 28.05 (CH2), 

27.15 (CH2), 19.77 (CH3), 18.97 (CH3), 18.52 (CH3), 13.56 (CH3). IR (ATR): 2953, 



5. Experimental Part 

226 

2875, 1729, 1585, 1461, 1426, 1248, 1197, 1160, 767 cm
–1

. MS (ESI) m/z (relative 

intensity): 386 (8) [M+Na]
+
, 364 (100) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C24H30NO2
+
 [M+H]

+
 364.2271, found: 364.2273. 

 

Ethyl 2-[3-(4,5-dihydrooxazol-2-yl)phenyl]propanoate (224e) 

 

The general procedure GP-H was followed using 2-phenyl-4,5-dihydrooxazole (201e) 

(38.8 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b (30.0 

mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 224e (34.0 mg, 55%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.89 (dd, J = 1.6, 1.6 Hz, 1H), 7.83 (dd, J = 7.7, 1.6 

Hz, 1H), 7.43 (dd, J = 7.7, 1.6 Hz, 1H), 7.36 (dd, J = 7.7, 7.7 Hz, 1H), 4.43 (t, J = 9.5 Hz, 

2H), 4.23 – 3.99 (m, 4H), 3.74 (q, J = 7.1 Hz, 1H), 1.51 (d, J = 7.2 Hz, 3H), 1.19 (t, J = 

7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.3 (Cq), 164.7 (Cq), 141.1 (Cq), 130.5 

(CH), 128.8 (CH), 128.2 (Cq), 127.6 (CH), 127.1 (CH), 67.76 (CH2), 60.89 (CH2), 55.07 

(CH2), 45.56 (CH), 18.63 (CH3), 14.25 (CH3). IR (ATR): 2980, 1732, 1650, 1362, 1194, 

1067, 950, 711, 422, 375 cm
–1

. MS (EI) m/z (relative intensity): 247 (21) [M]
+
, 174 (100), 

131 (33), 103 (26). HR-MS (EI): m/z calcd. for C14H17NO3
+
 [M]

+
 247.1208, found: 

247.1210. 

 

Ethyl 2-[5-(4,5-dihydrooxazol-2-yl)-2-methoxyphenyl]propanoate (224f) 

 

The general procedure GP-H was followed using 2-(4-methoxyphenyl)-4,5-

dihydrooxazole (201f) (44.3 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 

0.75 mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification 
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by column chromatography (n-hexane/EtOAc: 10/1) yielded 224f (59.6 mg, 86%) as a 

colourless solid. 

The general procedure GP-J was followed using 2-(4-methoxyphenyl)-4,5-

dihydrooxazole (201f) (44.3 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 

0.75 mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol) and H2O 

(22.5 μL, 1.25 mmol). Purification by column chromatography (n-hexane/EtOAc: 10/1) 

yielded 224f (42.9 mg, 62%) as a colourless solid. 

M.p.: 121–123 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.88 – 7.77 (m, 2H), 6.86 (d, J = 

8.5 Hz, 1H), 4.38 (t, J = 9.5, Hz, 2H), 4.11 (q, J = 7.2 Hz, 2H), 4.00 (t, J = 9.5 Hz, 2H), 

3.95 (t, J = 7.2 Hz, 1H), 3.83 (s, 3H), 1.47 (d, J = 7.2 Hz, 3H), 1.17 (t, J = 7.2 Hz, 3H). 

13
C-NMR (100 MHz, CDCl3): δ = 174.6 (Cq), 164.5 (Cq), 159.4 (Cq), 129.7 (Cq), 128.7 

(CH), 128.4 (CH), 120.3 (Cq), 110.2 (CH), 67.61 (CH2), 60.63 (CH2), 55.64 (CH3), 54.96 

(CH2), 39.78 (CH), 17.00 (CH3), 14.29 (CH3). IR (ATR): 2978, 1728, 1647, 1500, 1363, 

1254, 1179, 1075, 1024, 949 cm
–1

. MS (EI) m/z (relative intensity): 277 (55) [M]
+
, 204 

(100), 161 (29), 131 (22). HR-MS (EI): m/z calcd. for C15H19NO4
+
 [M]

+
 277.1314, found: 

277.1313. 

 

Ethyl 2-[5-(4,5-dihydrooxazol-2-yl)-2-fluorophenyl]propanoate (224g) 

 

The general procedure GP-H was followed using 2-(4-fluorophenyl)-4,5-dihydrooxazole 

(201g) (41.3 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 224g (43.1 mg, 65%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.91 (dd, J = 7.3, 1.0 Hz, 1H), 7.84 (ddd, J = 8.3, 5.0, 

1.5 Hz, 1H), 7.07 (dd, J = 8.3, 1.0 Hz, 1H), 4.49 – 4.32 (m, 2H), 4.14 (q, J = 7.1 Hz, 2H), 

4.08 – 3.97 (m, 3H), 1.52 (d, J = 7.2 Hz, 3H), 1.20 (t, J = 7.1, 3H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 173.5 (Cq), 163.9 (Cq), 162.5 (d, 
1
JC–F = 251.8 Hz, Cq), 129.4 (d, 

3
JC–F = 5.0 

Hz, CH), 129.1 (d, 
3
JC–F = 9.2 Hz, CH), 128.4 (d, 

2
JC–F = 15.7 Hz, Cq), 124.3 (d, 

4
JC–F = 

3.5 Hz, Cq), 115.7 (d, 
2
JC–F = 23.3 Hz, CH), 67.90 (CH2), 61.17 (CH2), 55.10 (CH2), 

38.87 (d, 
4
JC–F = 2.4 Hz, CH), 17.37 (CH3), 14.22 (CH3). 

19
F-NMR (282 MHz, CDCl3): δ 
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–113.2. IR (ATR): 2981, 1731, 1651, 1499, 1363, 1253, 1181, 1073, 949, 833 cm
–1

. MS 

(EI) m/z (relative intensity): 265 (22) [M]
+
, 192 (100), 149 (43), 101 (17). HR-MS (EI): 

m/z calcd. for C14H16FNO3
+
 [M]

+
 265.1114, found: 265.1112. 

 

Ethyl 2-[2-chloro-5-(4,5-dihydrooxazol-2-yl)phenyl]propanoate (224h) 

 

The general procedure GP-H was followed using 2-(4-chlorophenyl)-4,5-dihydrooxazole 

(201h) (45.4 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 224h (46.4 mg, 66%) as a colourless 

oil. 

1
H-NMR (400 MHz, CDCl3): δ = 7.91 (d, J = 1.9 Hz, 1H), 7.77 (ddd, J = 8.3, 1.9, 1.4 

Hz, 1H), 7.41 (dd, J = 8.3, 1.4 Hz, 1H), 4.43 (t, J = 9.6 Hz, 2H), 4.20 – 4.10 (m, 3H), 4.05 

(t, J = 9.6 Hz, 2H), 1.54 (d, J = 7.2 Hz, 3H), 1.21 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 

MHz, CDCl3): δ = 173.6 (Cq), 163.9 (Cq), 138.8 (Cq), 137.1 (Cq), 129.8 (CH), 128.5 

(CH), 128.0 (CH), 127.0 (Cq), 67.92 (CH2), 61.19 (CH2), 55.14 (CH2), 42.50 (CH), 17.43 

(CH3), 14.25 (CH3). IR (ATR): 2980, 2936, 1730, 1651, 1475, 1337, 1244, 1191, 1074, 

949 cm
–1

. MS (EI) m/z (relative intensity): 281 (9) [M]
+
, 246 (88), 208 (100), 165 (45). 

HR-MS (EI): m/z calcd. for C14H16
35

ClNO3
+
 [M]

+
 281.0819, found: 281.0817. 

 

Ethyl 2-[3-(4-phenyl-4,5-dihydrooxazol-2-yl)phenyl]propanoate (224i) 

 

The general procedure GP-H was followed using 2,5-diphenyl-4,5-dihydrooxazole (201i) 

(55.8 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 10/1) yielded 224i (55.7 mg, 69%) as a colourless oil. 
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1
H-NMR (400 MHz, CDCl3): δ = 7.96 (s, 1H), 7.91 (dd, J = 7.6, 1.5 Hz, 1H), 7.47 (d, J = 

7.9 Hz, 1H), 7.44 – 7.31 (m, 6H), 5.66 (dd, J = 10.2, 8.0 Hz, 1H), 4.48 (dd, J = 14.9, 10.2 

Hz, 1H), 4.20 – 4.05 (m, 2H), 4.00 (dd, J = 14.9, 8.0 Hz, 1H), 3.76 (q, J = 7.2 Hz, 1H), 

1.52 (d, J = 7.2 Hz, 3H), 1.20 (t, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 

174.3 (Cq), 164.0 (Cq), 141.1 (Cq), 130.7 (CH), 129.0 (CH), 129.0 (CH), 128.9 (CH), 

128.5 (CH), 128.1 (Cq), 127.8 (Cq), 127.2 (CH), 125.9 (CH), 81.27 (CH2), 63.32 (CH), 

61.00 (CH2), 45.58 (CH), 18.65 (CH3), 14.26 (CH3). IR (ATR): 2979, 1731, 1651, 1454, 

1357, 1337, 1249, 1193, 1064, 699 cm
–1

. MS (EI) m/z (relative intensity): 323 (4) [M]
+
, 

250 (10), 217 (100), 189 (12). HR-MS (EI): m/z calcd. for C20H21NO3
+
 [M]

+
 323.1521, 

found: 323.1523. 

 

Ethyl 2-[3-(9-isopropyl-9H-purin-6-yl)phenyl]propanoate (158a) 

 

The general procedure GP-H was followed using 9-isopropyl-6-phenyl-9H-purine (155a) 

(59.6 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 3/1) yielded 158a (77.8 mg, 92%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 9.00 (s, 1H), 8.72 (dd, J = 7.4, 1.7 Hz, 1H), 8.68 (dd, J 

= 1.7, 0.8 Hz, 1H), 8.17 (s, 1H), 7.55 – 7.45 (m, 2H), 4.97 (sept, J = 6.8 Hz, 1H), 4.12 (q, 

J = 7.2 Hz, 2H), 3.86 (q, J = 7.2 Hz, 1H), 1.66 (d, J = 6.8 Hz, 6H), 1.57 (d, J = 7.2 Hz, 

3H), 1.19 (t, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.6 (Cq), 154.6 (Cq), 

152.2 (Cq), 152.1 (CH), 142.1 (CH), 141.3 (Cq), 136.2 (Cq), 131.6 (Cq), 129.9 (CH), 129.0 

(CH), 129.0 (CH), 129.0 (CH), 60.87 (CH2), 47.35 (CH), 45.77 (CH), 22.68 (CH3), 18.82 

(CH3), 14.23 (CH3). IR (ATR): 2979, 1727, 1568, 1446, 1325, 1219, 1176, 1064, 797, 

647 cm
–1

. MS (EI) m/z (relative intensity): 338 (60) [M]
+
, 265 (81), 223 (100), 208 (52). 

HR-MS (EI): m/z calcd. for C19H22N4O2
+
 [M]

+
 338.1743, found: 338.1735. 
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Ethyl 2-[5-(9-isopropyl-9H-purin-6-yl)-2-methylphenyl]propanoate (158b) 

 

The general procedure GP-H was followed using 9-isopropyl-6-(p-tolyl)-9H-purine 

(155b) (63.1 mg, 0.25 mmo), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 3/1) yielded 158b (81.9 mg, 93%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.97 (s, 1H), 8.73 (d, J = 1.8 Hz, 1H), 8.62 (dd, J = 8.0, 

1.8 Hz, 1H), 8.16 (s, 1H), 7.34 (d, J = 8.0 Hz, 1H), 4.96 (sept, J = 6.8 Hz, 1H), 4.13 (q, J 

= 7.1 Hz, 2H), 4.01 (q, J = 7.1 Hz, 1H), 2.43 (s, 3H), 1.64 (d, J = 6.8 Hz, 6H), 1.60 (d, J = 

7.1 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.7 (Cq), 

154.7 (Cq), 152.1 (CH), 141.8 (CH), 139.7 (Cq), 139.2 (Cq), 134.1 (Cq), 131. 5 (Cq), 130.9 

(CH), 128.6 (CH), 128.3 (CH), 60.87 (CH2), 47.23 (CH), 41.99 (CH), 22.69 (CH3), 19.88 

(CH3), 17.87 (CH3), 14.25 (CH3). IR (ATR): 2979, 1727, 1576, 1445, 1324, 1218, 1187, 

1061, 806, 647 cm
–1

. MS (EI) m/z (relative intensity): 352 (84) [M]
+
, 306 (34), 279 (89), 

237 (100), 222 (56). HR-MS (EI): m/z calcd. for C20H24N4O2
+
 [M]

+
 352.1899, found: 

352.1901. 

 

Ethyl 2-[5-(9-isopropyl-9H-purin-6-yl)-2-methoxyphenyl]propanoate (158c) 

 

The general procedure GP-H was followed using 9-isopropyl-6-(4-methoxyphenyl)-9H-

purine (155c) (67.1 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 

mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by 

column chromatography (n-hexane/EtOAc: 3/1) yielded 158c (86.5 mg, 94%) as a 

colourless oil. 
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The general procedure GP-J was followed using 9-isopropyl-6-(4-methoxyphenyl)-9H-

purine (155c) (67.1 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 

mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol) and H2O (22.5 μL, 

1.25 mmol). Purification by column chromatography (n-hexane/EtOAc: 3/1) yielded 158c 

(59.9 mg, 65%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.94 (s, 1H), 8.81 (dd, J = 8.7, 2.2 Hz, 1H), 8.71 (d, J = 

2.2 Hz, 1H), 8.14 (s, 1H), 7.01 (d, J = 8.7 Hz, 1H), 4.95 (sept, J = 6.8 Hz, 1H), 4.14 (q, J 

= 7.1, Hz, 2H), 4.04 (q, J = 7.2 Hz, 1H), 3.88 (s, 3H), 1.64 (d, J = 6.8 Hz, 6H), 1.56 (d, J 

= 7.2 Hz, 3H), 1.18 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.9 (Cq), 

159.3 (Cq), 154.5 (Cq), 152.1 (CH), 152.0 (Cq), 141.5 (CH), 131.1 (Cq), 130.7 (CH), 130.1 

(Cq), 130.0 (CH), 128.5 (Cq), 110.5 (CH), 60.61 (CH2), 55.65 (CH), 47.19 (CH3), 40.39 

(CH), 22.69 (CH3), 17.13 (CH3), 14.31 (CH3). IR (ATR): 2978, 1728, 1574, 1505, 1449, 

1325, 1254, 1184, 1027, 806 cm
–1

. MS (EI) m/z (relative intensity): 368 (59) [M]
+
, 295 

(100), 253 (90), 237 (27). HR-MS (EI): m/z calcd. for C20H24N4O3
+
 [M]

+
 368.1848, 

found: 368.1846. 

 

Ethyl 2-[3-(9-benzyl-9H-purin-6-yl)phenyl]propanoate (158d) 

 

The general procedure GP-H was followed using 9-benzyl-6-phenyl-9H-purine (155d) 

(71.6 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 3/1) yielded 158d (78.2 mg, 81%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 9.05 (s, 1H), 8.74 (dd, J = 7.3, 1.8 Hz, 1H), 8.71 (d, J = 

1.8 Hz, 1H), 8.09 (s, 1H), 7.58 – 7.46 (m, 2H), 7.39 – 7.28 (m, 5H), 5.47 (s, 2H), 4.22 – 

3.99 (m, 2H), 3.87 (q, J = 7.2 Hz, 1H), 1.58 (d, J = 7.2 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H). 

13
C-NMR (100 MHz, CDCl3): δ = 174.6 (Cq), 154.8 (Cq), 152.7 (CH), 152.6 (Cq), 144.3 

(CH), 141.3 (Cq), 136.1 (Cq), 135.3 (Cq), 131.1 (Cq), 130.1 (CH), 129.3 (CH), 129.1 

(CH), 129.0 (CH), 129.0 (CH), 128.7 (CH), 127.9 (CH), 60.91 (CH2), 47.38 (CH2), 45.78 

(CH), 18.83 (CH3), 14.25 (CH3). IR (ATR): 2979, 1726, 1569, 1455, 1323, 1192, 1177, 
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797, 728, 700 cm
–1

. MS (EI) m/z (relative intensity): 386 (48) [M]
+
, 313 (92), 221 (8), 

132 (72), 91 (100). HR-MS (EI): m/z calcd. for C23H22N4O2
+
 [M]

+
 386.1743, found: 

386.1741. 

 

Ethyl 2-[5-(9-benzyl-9H-purin-6-yl)-2-methylphenyl]propanoate (158e) 

 

The general procedure GP-H was followed using 9-benzyl-6-(p-tolyl)-9H-purine (155e) 

(75.1 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 3/1) yielded 158e (83.0 mg, 83%) as a colourless 

solid. 

M.p.: 98–100 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 9.02 (s, 1H), 8.76 (d, J = 1.8 Hz, 

1H), 8.64 (dd, J = 8.0, 1.8 Hz, 1H), 8.06 (s, 1H), 7.39 – 7.27 (m, 6H), 5.46 (s, 2H), 4.14 

(q, J = 7.1 Hz, 2H), 4.02 (q, J = 7.2 Hz, 1H), 2.45 (s, 3H), 1.60 (d, J = 7.2 Hz, 3H), 1.19 

(t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.7 (Cq), 154.9 (Cq), 152.7 

(CH), 152.6 (Cq), 144.0 (CH), 139.8 (Cq), 139.4 (Cq), 135.4 (Cq), 134.0 (Cq), 131.0 (CH), 

129.2 (CH), 129.2 (CH), 128.6 (CH), 128.6 (Cq), 128.3 (CH), 127.9 (CH), 60.88 (CH2), 

47.31 (CH2), 42.01 (CH), 19.91 (CH3), 17.88 (CH3), 14.27 (CH3). IR (ATR): 2979, 1726, 

1578, 1561, 1448, 1322, 1194, 805, 728, 648 cm
–1

. MS (EI) m/z (relative intensity): 400 

(35) [M]
+
, 327 (52), 235 (13), 132 (39), 91 (100). HR-MS (EI): m/z calcd. for 

C24H24N4O2
+
 [M]

+
 400.1899, found: 400.1898. 

 

Ethyl 2-[5-(9-benzyl-9H-purin-6-yl)-2-methoxyphenyl]propanoate (158f) 
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The general procedure GP-H was followed using 9-benzyl-6-(4-methoxyphenyl)-9H-

purine (155f) (79.1 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 

mmol), 221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by 

column chromatography (n-hexane/EtOAc: 3/1) yielded 158f (91.6 mg, 88%) as a 

colourless solid. 

The general procedure GP-H was followed using 9-benzyl-6-(4-methoxyphenyl)-9H-

purine (155f) (949 mg, 3.00 mmol), ethyl 2-bromopropanoate (139e) (1.63 g, 9.00 mmol), 

221b (360 mg, 10.0 mol %) and KOAc (589 mg, 6.00 mmol) in 2-MeTHF (10 mL). 

Purification by column chromatography (n-hexane/EtOAc: 3/1) yielded 158f (1.15 g, 

92%) as a colourless solid. 

M.p.: 122–124 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.98 (s, 1H), 8.83 (dd, J = 8.6, 2.2 

Hz, 1H), 8.74 (d, J = 2.2 Hz, 1H), 8.04 (s, 1H), 7.39 – 7.27 (m, 5H), 7.02 (d, J = 8.6 Hz, 

1H), 5.45 (s, 2H), 4.20 – 4.10 (m, 2H), 4.05 (q, J = 7.2 Hz, 1H), 3.89 (s, 3H), 1.57 (d, J = 

7.2 Hz, 3H), 1.19 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.9 (Cq), 

159.4 (Cq), 154.6 (Cq), 152.6 (CH), 152.4 (Cq), 143.8 (CH), 135.5 (Cq), 130.7 (CH), 130.6 

(Cq), 130.2 (CH), 130.0 (Cq), 129.2 (CH), 128.6 (CH), 128.4 (Cq), 127.9 (CH), 110.6 

(CH), 60.62 (CH2), 55.66 (CH3), 47.28 (CH2), 40.40 (CH), 17.14 (CH3), 14.33 (CH3). IR 

(ATR): 2979, 1727, 1578, 1507, 1451, 1324, 1255, 1183, 1027, 728 cm
–1

. MS (EI) m/z 

(relative intensity): 416 (51) [M]
+
, 343 (100), 327 (8), 91 (100). HR-MS (EI): m/z calcd. 

for C24H24N4O3
+
 [M]

+
 416.1848, found: 416.1850. 

 

Ethyl 2-{3-[9-(4-chlorobenzyl)-9H-purin-6-yl]phenyl}propanoate (158g) 

 

The general procedure GP-H was followed using 9-(4-chlorobenzyl)-6-phenyl-9H-purine 

(155g) (80.2 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 3/1) yielded 158g (83.0 mg, 79%) as a colourless 

solid. 
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M.p.: 138–140 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 9.05 (s, 1H), 8.74 (dd, J = 7.2, 1.7 

Hz, 1H), 8.72 (d, J = 1.5 Hz, 1H), 8.10 (s, 1H), 7.59 – 7.46 (m, 2H), 7.35 (d, J = 8.4, 2H), 

7..27 (d, J = 8.4, 2H), 5.46 (s, 2H), 4.22 – 4.06 (m, 2H), 3.88 (q, J = 7.2 Hz, 1H), 1.60 (d, 

J = 7.2 Hz, 3H), 1.21 (t, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.6 (Cq), 

155.0 (Cq), 152.8 (CH), 152.6 (Cq), 144.0 (CH), 141.4 (Cq), 136.0 (Cq), 134.8 (Cq), 133.9 

(Cq), 131.1 (Cq), 130.2 (CH), 129.5 (CH), 129.3 (CH), 129.1 (CH), 129.1 (CH), 129.0 

(CH), 60.94 (CH2), 46.75 (CH2), 45.80 (CH), 18.85 (CH3), 14.27 (CH3). IR (ATR): 2980, 

1726, 1569, 1484, 1323, 1178, 1094, 1017, 761, 641 cm
–1

. MS (EI) m/z (relative 

intensity): 420 (25) [M]
+
, 347 (62), 125 (100). HR-MS (EI): m/z calcd. for 

C23H21
35

ClN4O2
+
 [M]

+
 420.1353, found: 420.1351. 

 

(2R,3R,4R,5R)-2-(Acetoxymethyl)-5-{6-[3-(1-ethoxy-1-oxopropan-2-yl)phenyl]-9H-

purin-9-yl}tetrahydrofuran-3,4-diyl diacetate (158h) 

 

The general procedure GP-H was followed using (2R,3R,4R,5R)-2-(acetoxymethyl)-5-(6-

phenyl-9H-purin-9-yl)tetrahydrofuran-3,4-diyl diacetate (155h) (114 mg, 0.25 mmol), 

ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol %) and 

KOAc (49.1 mg, 0.50 mmol). Purification by column chromatography (n-hexane/EtOAc: 

1/1) yielded 158h (119 mg, 86%) as a colourless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 9.02 (s, 1H), 8.71 (dd, J = 7.1, 1.8 Hz, 1H), 8.68 (d, J = 

1.8 Hz, 1H), 8.27 (s, 1H), 7.57 – 7.44 (m, 2H), 6.30 (d, J = 5.5 Hz, 1H), 6.00 (t, J = 5.5 

Hz, 1H), 5.70 (dd, J = 5.5, 4.3 Hz, 1H), 4.50 – 4.43 (m, 2H), 4.43 – 4.76 (m, 1H), 4.22 – 

4.04 (m, 2H), 3.86 (q, J = 7. 2 Hz, 1H), 2.16 (s, 3H), 2.15 (s, 3H), 2.08 (s, 3H), 1.58 (d, J 

= 7.2 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 174.5 (Cq), 

170.4 (Cq), 169.7 (Cq), 169.5 (Cq), 155.4 (Cq), 152.8 (CH), 152.2 (Cq), 142.6 (CH), 141.4 

(Cq), 135.8 (Cq), 131.8 (Cq), 130.3 (CH), 129.1 (CH), 129.1 (CH), 129.0 (CH), 86.46 

(CH), 80.53 (CH), 73.20 (CH), 70.80 (CH), 63.21 (CH2), 60.94 (CH2), 45.78 (CH), 20.92 

(CH3), 20.69 (CH3), 20.53 (CH3), 18.82 (CH3), 14.26 (CH3). IR (ATR): 2983, 1747, 
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1569, 1372, 1326, 1216, 1047, 904, 756, 702 cm
–1

. MS (ESI) m/z (relative intensity): 

1131 (100) [2M+Na]
+
, 577 (36) [M+Na]

+
. HR-MS (ESI): m/z calcd. for C27H31N4O9

+
 

[M+H]
+
 555.2086, found: 555.2083. 

 

Ethyl 2-{3-[9-((3aR,4R,6R,6aR)-6-{[(diethoxyphosphoryl)oxy]methyl}-2,2-dimethyl-

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl]phenyl}propanoate (158i) 

 

The general procedure GP-H was followed using [(3aR,4R,6R,6aR)-2,2-dimethyl-6-(6-

phenyl-9H-purin-9-yl)tetrahydrofuro[3,4-d][1,3]dioxol-4-yl]methyl diethyl phosphate 

(155i) (126 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 1/1) yielded 158i (121 mg, 80%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 9.02 (s, 1H), 8.72 (dd, J = 7.1, 1.8 Hz, 1H), 8.69 (d, J = 

1.8 Hz, 1H), 8.29 (s, 1H), 7.59 – 7.45 (m, 2H), 6.26 (d, J = 2.5 Hz, 1H), 5.45 (dd, J = 6.3, 

2.5 Hz, 1H), 5.13 (dd, J = 6.3, 3.0 Hz, 1H), 4.57 – 4.44 (m, 1H), 4.29 (ddd, J = 10.8, 6.3, 

4.4 Hz, 1H), 4.25 – 4.19 (m, 1H), 4.19 – 4.12 (m, 2H), 4.12 – 3.99 (m, 3H), 3.86 (q, J = 

7.1 Hz, 1H), 1.78 (s, 1H), 1.65 (s, 3H), 1.58 (d, J = 7.2 Hz, 3H), 1.41 (s, 3H), 1.27 (t, J = 

7.1 Hz, 3H), 1.25 (t, J = 7.1 Hz, 3H), 1.20 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 174.5 (Cq), 155.1 (Cq), 152.6 (CH), 151.9 (Cq), 143.3 (CH), 143.3 (CH), 

141.4 (Cq), 135.9 (Cq), 131.9 (Cq), 130.3 (CH), 129.1 (CH), 129.1 (CH), 114.9 (Cq), 91.21 

(d, 
4
JC–P = 2.3 Hz, CH), 85.45 (d, 

3
JC–P = 7.8 Hz, CH), 84.38 (CH), 81.49 (CH), 66.75 (d, 

2
JC–P = 5.5 Hz, CH2), 64.28 (d, 

2
JC–P = 5.9, Hz, CH2), 60.94 (CH2), 45.78 (CH), 27.31 

(CH3), 25.49 (CH3), 18.82 (CH3), 16.20 (d, 
3
JC–P = 6.6, Hz, CH3), 14.26 (CH3). 

31
P-NMR 

(120 MHz, CDCl3): δ = –1.04. IR (ATR): 2983, 1730, 1569, 1263, 1209, 1159, 1075, 

1024, 979, 864 cm
–1

. MS (ESI) m/z (relative intensity): 1231 (100) [2M+Na]
+
, 627 (48) 

[M+Na]
+
. HR-MS (ESI): m/z calcd. for C28H38N4O9P

+
 [M+H]

+
 605.2371, found: 

605.2368. 
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Ethyl 2-{3-[9-((3aR,4R,6R,6aR)-6-{[(diphenoxyphosphoryl)oxy]methyl}-2,2-dimethyl

tetrahydrofuro[3,4-d][1,3]dioxol-4-yl)-9H-purin-6-yl]phenyl}propanoate (155j) 

 

The general procedure GP-H was followed using [(3aR,4R,6R,6aR)-2,2-dimethyl-6-(6-

phenyl-9H-purin-9-yl)tetrahydrofuro[3,4-d][1,3]dioxol-4-yl]methyl diphenyl phosphate 

(155j) (150 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 mmol), 221b 

(30.0 mg, 10.0 mol %) and KOAc (49.1 mg, 0.50 mmol). Purification by column 

chromatography (n-hexane/EtOAc: 1/1) yielded 155j (137 mg, 78%) as a yellow oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.97 (s, 1H), 8.71 (dd, J = 6.9, 1.9 Hz, 1H), 8.69 – 8.66 

(m, 1H), 8.19 (s, 1H), 7.60 – 7.45 (m, 2H), 7.31 – 7.16 (m, 4H), 7.18 – 7.05 (m, 6H), 6.21 

(d, J = 2.4 Hz, 1H), 5.34 (dd, J = 6.3, 2.4 Hz, 1H), 5.08 (dd, J = 6.3, 2.9 Hz, 1H), 4.60 – 

4.40 (m, 3H), 4.21 – 4.07 (m, 2H), 3.87 (q, J = 7.2 Hz, 1H), 1.62 (s, 3H), 1.59 (dd, J = 

7.2, 1.3 Hz, 3H), 1.37 (s, 3H), 1.20 (t, J = 7.2 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 

174.5 (Cq), 155.1 (Cq), 152.5 (CH), 151.7 (Cq), 150.3 (d, 
2
JC–P = 7.0 Hz, Cq), 143.3 (CH), 

141.3 (Cq), 135.8 (Cq), 131.8 (Cq), 130.2 (Cq), 129.9 (CH), 129.8 (CH), 129.1 (CH), 129.0 

(Cq), 129.0 (CH) 125.6 (CH), 120.0 (CH), 120.0 (CH), 119.9 (CH), 119.9 (CH), 114.9 

(CH), 91.15 (d, 
4
JC–P = 2.8 Hz, CH), 85.21 (d, 

3
JC–P = 8.2 Hz, CH), 84.20 (CH), 81.31 

(CH), 68.06 (d, 
3
JC–P = 6.0 Hz, CH2), 60.90 (CH2), 45.75 (CH), 27.22 (CH3), 25.37 (CH3), 

18.80 (CH3), 14.23 (CH3). 
31

P-NMR (120 MHz, CDCl3): δ = –12.11. IR (ATR): 2985, 

1730, 1581, 1489, 1211, 1187, 1162, 1025, 953, 768 cm
–1

. MS (ESI) m/z (relative 

intensity): 1423 (100) [2M+Na]
+
, 723 (33) [M+Na]

+
. HR-MS (ESI): m/z calcd. for 

C36H38N4O9P
+
 [M+H]

+
 701.2371, found: 701.2366. 
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Ethyl 2-methyl-2-[1-(pyridin-2-yl)-1H-indol-3-yl]propanoate (152a) and diethyl 2,2'-

[1-(pyridin-2-yl)-1H-indole-4,6-diyl]bis(2-methylpropanoate) (225a) 

The modified procedure GP-I was followed using 1-(pyridin-2-yl)-1H-indole (201a) 

(48.6 mg, 0.25 mmol), ethyl 2-bromo-2-methylpropanoate (139k) (146 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %), KOAc (49.1 mg, 0.50 mmol) and AcOH (30.0 mg, 

0.50 mmol) in THF (1.00 mL). Purification by column chromatography (n-

hexane/EtOAc: 5/1) yielded 152a (17.7 mg, 23%) and 225a (65.3 mg, 62%) as a yellow 

oil. 

 
1
H-NMR (400 MHz, CDCl3): δ = 8.58 – 8.47 (m, 1H), 8.09 (dd, J = 8.2, 1.3 Hz, 1H), 

7.77 (ddd, J = 9.2, 5.3, 1.8 Hz, 1H), 7.67 – 7.58 (m, 2H), 7.48 (dd, J = 8.2, 1.3 Hz, 1H), 

7.23 (dd, J = 7.3, 1.3 Hz, 1H), 7.19 – 7.06 (m, 2H), 4.10 (q, J = 7.1 Hz, 2H), 1.70 (s, 6H), 

1.11 (t, J = 7.1 Hz, 3H) 
13

C-NMR (100 MHz, CDCl3): δ = 176.9 (Cq), 152.4 (Cq), 149.1 

(CH), 138.5 (CH), 135.9 (Cq), 128.5 (Cq), 123.7 (Cq), 123.2 (CH), 122.6 (CH), 121.0 

(CH), 120.7 (CH), 120.1 (CH), 114.8 (CH), 112.9 (CH), 61.00 (CH2), 42.16 (Cq), 26.19 

(2 x CH3), 14.27 (CH3). IR (ATR): 2978, 1721, 1590, 1470, 1438, 1236, 1138, 1023, 780, 

739 cm
–1

. MS (ESI) m/z (relative intensity): 331 (48) [M+Na]
+
, 309 (10) [M+H]

+
. HR-

MS (ESI): m/z calcd. for C19H21N2O2
+
 [M+H]

+
 309.1598, found: 309.1602. 

The analytical data are in accordance with those previously reported in the literature.
[166c]

 

 

1
H-NMR (400 MHz, CDCl3): δ = 8.57 (ddd, J = 4.9, 1.9, 0.9 Hz, 1H), 8.12 (dd, J = 1.6, 

0.8 Hz, 1H), 7.83 (ddd, J = 8.3, 7.4, 2.0 Hz, 1H), 7.62 (d, J = 3.6 Hz, 1H), 7.45 (dd, J = 
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8.3, 1.0 Hz, 1H), 7.18 (ddd, J = 7.4, 4.9, 1.0 Hz, 1H), 7.15 (d, J = 1.6 Hz, 1H), 6.65 (dd, J 

= 3.6, 0.8 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 4.10 (q, J = 7.1 Hz, 2H), 1.68 (s, 6H), 1.66 

(s, 6H), 1.18 (t, J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ 

= 177.9 (Cq), 177.3 (Cq), 152.6 (Cq), 149.2 (CH), 139.9 (Cq), 138.5 (CH), 137.1 (Cq), 

135.6 (Cq), 126.9 (Cq), 126.0 (CH), 120.4 (CH), 115.9 (CH), 115.3 (CH), 108.6 (CH), 

104.4 (CH), 60.91 (CH2), 60.81 (CH2), 47.06 (Cq), 46.70 (Cq), 27.07 (CH3), 26.50 (CH3), 

14.26 (CH3), 14.24 (CH3). IR (ATR): 2978, 1725, 1590, 1522, 1471, 1439, 1262, 1141, 

1026, 777 cm
–1

. MS (ESI) m/z (relative intensity): 445 (74) [M+Na]
+
, 423 (100) [M+H]

+
, 

231 (22). HR-MS (ESI): m/z calcd. for C25H32N2O4
+
 [M+H]

+
 423.2278, found: 423.2279. 

 

Ethyl 2-methyl-2-[1-(pyrimidin-2-yl)-1H-indol-3-yl]propanoate (152b) and diethyl 

2,2'-[1-(pyrimidin-2-yl)-1H-indole-4,6-diyl]bis(2-methylpropanoate) (225b) 

The modified procedure GP-I was followed using 1-(pyrimidin-2-yl)-1H-indole (201b) 

(48.8 mg, 0.25 mmol), ethyl 2-bromo-2-methylpropanoate (139k) (146 mg, 0.75 mmol), 

221b (30.0 mg, 10.0 mol %), KOAc (49.1 mg, 0.50 mmol) and AcOH (30.0 mg, 

0.50 mmol) in THF (1.00 mL). Purification by column chromatography (n-

hexane/EtOAc: 5/1) yielded 152b (17.0 mg, 22%) and 225b (60.4 mg, 57%) as a yellow 

oil. 

 
1
H-NMR (400 MHz, CDCl3): δ = 8.82 (d, J = 8.3 Hz, 1H), 8.69 (d, J = 5.0 Hz, 2H), 8.17 

(s, 1H), 7.60 (d, J = 7.9 Hz, 1H), 7.33 (dd, J = 7.8, 7.8 Hz, 1H), 7.21 (dd, J = 7.5, 7.5 Hz, 

1H), 7.02 (d, J = 4.8 Hz, 1H), 4.13 (q, J = 7.1 Hz, 2H), 1.73 (s, 6H), 1.13 (t, J = 7.0 Hz, 

3H). 
13

C-NMR (100 MHz, CDCl3): δ = 176.9 (Cq), 158.2 (CH), 157.8 (Cq), 136.3 (Cq), 

129.5 (Cq), 125.1 (Cq), 123.8 (CH), 122.1 (CH), 122.0 (CH), 120.3 (CH), 116.5 (CH), 

116.0 (CH), 61.05 (CH2), 42.19 (Cq), 26.10 (2 x CH3), 14.26 (CH3). IR (ATR): 2979, 

1722, 1577, 1562, 1427, 1383, 1246, 1138, 801, 746 cm
–1

. MS (ESI) m/z (relative 

intensity): 332 (100) [M+Na]
+
, 310 (57) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C18H20N3O2
+
 [M+H]

+
 310.1550, found: 310.1549. 
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The analytical data are in accordance with those previously reported in the literature.
[166c]

  

 

1
H-NMR (400 MHz, CDCl3): δ = 8.85 (d, J = 1.6 Hz, 1H), 8.67 (d, J = 4.8 Hz, 2H), 8.21 

(d, J = 3.8 Hz, 1H), 7.19 (d, J = 1.7 Hz, 1H), 7.02 (d, J = 4.8 Hz, 1H), 6.65 (d, J = 3.8 Hz, 

1H), 4.16 (q, J = 7.1 Hz, 2H), 4.10 (q, J = 7.1 Hz, 2H), 1.70 (s, 6H), 1.68 (s, 6H), 1.20 (t, 

J = 7.1 Hz, 3H), 1.11 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 177.9 (Cq), 

177.4 (Cq), 158.2 (CH), 157.8 (Cq), 140.5 (Cq), 136.8 (Cq), 135.9 (Cq), 127.8 (Cq), 125.7 

(CH), 116.6 (CH), 116.3 (CH), 112.2 (CH), 105.6 (CH), 60.91 (Cq), 60.78 (Cq), 47.20 

(CH2), 46.61 (CH2), 27.15 (CH3), 26.57 (CH3), 14.25 (CH3), 14.20 (CH3). IR (ATR): 

2974, 2927, 1726, 1577, 1526, 1443, 1387, 1251, 1140, 1027 cm
–1

. MS (ESI) m/z 

(relative intensity): 446 (100) [M+Na]
+
, 424 (63) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C24H30N3O4
+
 [M+H]

+
 424.2231, found: 424.2234. 

 

Ethyl 2-methyl-2-[1-(3-methylpyridin-2-yl)-1H-indol-3-yl]propanoate (152c), diethyl 

2,2'-[1-(3-methylpyridin-2-yl)-1H-indole-3,6-diyl]bis(2-methylpropanoate) (154c) 

and diethyl 2,2'-[1-(3-methylpyridin-2-yl)-1H-indole-4,6-diyl]bis(2-

methylpropanoate) (225c) 

The modified procedure GP-I was followed using 1-(3-methylpyridin-2-yl)-1H-indole 

(201j) (52.0 mg, 0.25 mmol), ethyl 2-bromo-2-methylpropanoate (139k) (146 mg, 0.75 

mmol), 221b (30.0 mg, 10.0 mol %), KOAc (49.1 mg, 0.50 mmol) and AcOH (30.0 mg, 

0.50 mmol) in THF (1.00 mL). Purification by column chromatography (n-

hexane/EtOAc: 5/1) and HPLC purification (n-hexane/i-PrOH 80:20, 5.0 mL min
–1

) 

yielded 152c (20.2 mg, 25%) as a colorless oil, 154c (25.1 mg, 23%) as a colorless oil and 

225c (28.4 mg, 26%) as a colorless oil. 
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1
H-NMR (400 MHz, CDCl3): δ = 8.47 (dd, J = 4.9, 1.8 Hz, 1H), 7.73 (dd, J = 7.8, 1.6, 

1.2 Hz, 2H), 7.30 – 7.23 (m, 2H), 7.21 – 7.10 (m, 3H), 4.12 (q, J = 7.1 Hz, 2H), 2.22 (s, 

3H), 1.73 (s, 6H), 1.15 (t, J = 7.1 Hz, 3H). 
13

C-NMR (101 MHz, CDCl3): δ = 177.0 (Cq), 

151.0 (Cq), 147.1 (CH), 140.6 (CH), 137.0 (Cq), 129.1 (Cq), 126.9 (Cq), 124.0 (CH), 122.9 

(CH), 122.4 (CH), 122.1 (Cq), 120.8 (CH), 120.1 (CH), 111.4 (CH), 60.86 (CH2), 42.20 

(Cq), 26.23 (CH3), 18.09 (CH3), 14.25 (CH3). IR (ATR): 2978, 1723, 1574, 1461 1363, 

1237, 1141, 1022, 799, 743 cm
–1

. MS (ESI) m/z (relative intensity): 345 (34) [M+Na]
+
, 

323 (100) [M+H]
+
. HR-MS (ESI): m/z calcd. for C20H23N2O2

+
 [M+H]

+
 323.1754, found: 

323.1759. 

 
1
H-NMR (400 MHz, CDCl3): δ = 8.45 (dd, J = 4.7, 1.8 Hz, 1H), 7.72 (ddd, J = 7.6, 1.9, 

0.8 Hz, 1H), 7.64 (dd, J = 8.3, 0.8 Hz, 1H), 7.27 (dd, J = 7.6, 4.8 Hz, 1H), 7.19 (s, 1H), 

7.13 – 7.07 (m, 2H), 4.08 (q, J = 7.1 Hz, 4H), 2.18 (s, 3H), 1.68 (s, 6H), 1.55 (s, 6H), 1.13 

(t, J = 7.1 Hz, 6H). 
13

C-NMR (100 MHz, CDCl3): δ = 177.2 (Cq), 176.9 (Cq), 151.0 (Cq), 

147.2 (CH), 140.7 (CH), 139.4 (Cq), 137.0 (Cq), 129.0 (Cq), 125.6 (Cq), 124.4 (CH), 122.9 

(CH), 121.9 (Cq), 120.7 (CH), 118.4 (CH), 108.4 (CH), 60.89 (CH2), 60.81 (CH2), 46.64 

(Cq), 42.24 (Cq), 27.03 (CH3), 26.26 (CH3), 18.18 (CH3), 14.28 (CH3), 14.17 (CH3). IR 

(ATR): 2976, 2930, 1726, 1574, 1456, 1456, 1253, 1144, 1026, 802 cm
–1

. MS (ESI) m/z 

(relative intensity): 459 (44) [M+Na]
+
, 437 (100) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C26H33N2O4
+
 [M+H]

+
 437.2435, found: 437.2438. 
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1
H-NMR (400 MHz, CDCl3): δ = 8.44 (dd, J = 4.9, 1.8 Hz, 1H), 7.72 (dd, J = 7.5, 1.2 

Hz, 1H), 7.27 (dd, J = 7.6, 4.8 Hz, 1H), 7.25 (s, 1H), 7.08 (s, 2H), 6.61 (d, J = 3.3 Hz, 

1H), 4.08 (q, J = 7.1 Hz, 4H), 2.20 (s, 3H), 1.67 (s, 6H), 1.56 (s, 6H), 1.11 (t, J = 7.1 Hz, 

6H). 
13

C-NMR (100 MHz, CDCl3): δ = 177.9 (Cq), 177.3 (Cq), 151.1 (Cq), 147.1 (CH), 

140.7 (CH), 139.2 (Cq), 137.1 (Cq), 136.6 (Cq), 129.1 (CH), 127.2 (Cq), 125.4 (Cq), 123.0 

(CH), 115.1 (CH), 107.2 (CH), 102.9 (CH), 60.83 (CH2), 60.74 (CH2), 46.87 (Cq), 46.78 

(Cq), 27.01 (CH3), 26.48 (CH3), 18.13 (CH3), 14.24 (CH3), 14.20 (CH3). IR (ATR): 2978, 

2929, 1725, 1573, 1511, 1455, 1253, 1139, 1027, 780 cm
–1

. MS (ESI) m/z (relative 

intensity): 459 (41) [M+Na]
+
, 437 (100) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C26H33N2O4
+
 [M+H]

+
 437.2435, found: 437.2439. 

 

Ethyl 2-[5-fluoro-1-(pyridin-2-yl)-1H-indol-3-yl]-2-methylpropanoate (152d), diethyl 

2,2'-[5-fluoro-1-(pyridin-2-yl)-1H-indole-3,6-diyl]bis(2-methylpropanoate) (154d) 

and diethyl 2,2'-[5-fluoro-1-(pyridin-2-yl)-1H-indole-4,6-diyl]bis(2-

methylpropanoate) (225d) 

The modified procedure GP-I was followed using 5-fluoro-1-(pyridin-2-yl)-1H-indole 

(201k) (53.1 mg, 0.25 mmol), ethyl 2-bromo-2-methylpropanoate (139k) (146 mg, 0.75 

mmol), 221b (30.0 mg, 10.0 mol %), KOAc (49.1 mg, 0.50 mmol) and AcOH (30.0 mg, 

0.50 mmol) in THF (1.00 mL). Purification by column chromatography (n-

hexane/EtOAc: 5/1) and HPLC purification (n-hexane/i-PrOH 80:20, 5.0 mL min
–1

) 

yielded 152d (21.2 mg, 26%) as a colorless oil, 154d (27.5 mg, 25%) as a colorless solid 

and 225d (29.7 mg, 27%) as a colorless oil. 
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1
H-NMR (400 MHz, CDCl3): δ = 8.59 – 8.43 (m, 1H), 8.16 (dd, J = 9.1, 4.7 Hz, 1H), 

7.94 – 7.75 (m, 1H), 7.63 (s, 1H), 7.52 – 7.41 (m, 1H), 7.33 (dd, J = 9.8, 2.6 Hz, 1H), 

7.16 (ddd, J = 7.3, 4.8, 1.0 Hz, 1H), 7.01 (dd, J = 9.0, 2.6 Hz, 1H), 4.15 (q, J = 7.1 Hz, 

2H), 1.71 (s, 6H), 1.18 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, CDCl3): δ = 176.5 (Cq), 

158.3 (d, 
1
JC–F = 237 Hz, Cq), 152.3 (Cq), 149.1 (CH), 138.6 (CH), 132.5 (Cq), 129.0 (d, 

3
JC–F = 9.6 Hz, Cq), 123.9 (CH), 123.5 (d, 

4
JC–F = 4.4 Hz, Cq), 120.2 (CH), 114.4 (CH), 

114.2 (d, 
3
JC–F = 9.3 Hz, CH), 111.3 (d, 

2
JC–F = 25.4 Hz, CH), 106.0 (d, 

3
JC–F = 24.1 Hz, 

CH), 61.14 (CH2), 42.11 (Cq), 26.04 (CH3), 14.26 (CH3). 
19

F-NMR (282 MHz, CDCl3): δ 

= –122.4. IR (ATR): 2979, 1723, 1592, 1470, 1380, 1245, 1135, 1024, 849, 774 cm
–1

. 

MS (ESI) m/z (relative intensity): 349 (48) [M+Na]
+
, 327 (100) [M+H]

+
. HR-MS (ESI): 

m/z calcd. for C19H20FN2O2
+
 [M+H]

+
 327.1503, found: 327.1508. 

 

M.p.: 104–106 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 8.56 (dd, J = 5.1, 1.8 Hz, 1H), 8.24 

(d, J = 6.8 Hz, 1H), 7.83 (dd, J = 7.9, 1.9 Hz, 1H), 7.56 (s, 1H), 7.45 (d, J = 8.2 Hz, 1H), 

7.30 (d, J = 12.3 Hz, 1H), 7.17 (dd, J = 7.3, 4.9 Hz, 1H), 4.65 – 3.72 (m, 4H), 1.70 (s, 

6H), 1.62 (s, 6H), 1.17 (t, J = 7.1 Hz, 6H). 
13

C-NMR (100 MHz, CDCl3): δ = 177.3 (Cq), 

176.5 (Cq), 156.5 (d, 
1
JC–F = 239 Hz, Cq), 152.5 (Cq), 149.1 (CH), 138.2 (CH), 132.5 (Cq), 

129.0 (d, 
2
JC–F = 16.9 Hz, Cq), 127.5 (d, 

2
JC–F = 10.4 Hz, Cq), 123.5 (CH), 123.4 (d, 

3
JC–F 

= 4.3 Hz, Cq), 120.2 (CH), 114.5 (CH), 110.9 (d, 
4
JC–F = 5.4 Hz, CH), 106.4 (d, 

3
JC–F = 

25.8 Hz, CH), 61.13 (CH2), 60.95 (CH2), 44.65 (Cq), 42.13 (Cq), 26.19 (2 x CH3), 26.06 

(2 x CH3), 14.25 (CH3), 14.19 (CH3). 
19

F-NMR (282 MHz, CDCl3): δ = –122.1 (s). IR 

(ATR): 2979, 1726, 1590, 1440, 1382, 1251, 1134, 1025, 849, 776 cm
–1

. MS (ESI) m/z 

(relative intensity): 463 (69) [M+Na]
+
, 441 (100) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C25H30FN2O4
+
 [M+H]

+
 441.2184, found: 441.2186. 
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1
H-NMR (400 MHz, CDCl3): δ = 8.72 – 8.51 (m, 1H), 8.20 (dd, J = 6.6, 3.2 Hz, 1H), 

7.84 (dd, J = 5.4, 1.7 Hz, 1H), 7.62 (d, J = 3.5 Hz, 1H), 7.43 (dd, J = 7.0, 3.2 Hz, 1H), 

7.25 – 7.16 (m, 1H), 6.82 (d, J = 3.4 Hz, 1H), 4.14 (q, J = 7.2 Hz, 4H), 1.76 (s, 6H), 1.60 

(s, 6H), 1.16 (t, J = 7.3 Hz, 6H). 
13

C-NMR (100 MHz, CDCl3): δ = 177.8 (Cq), 177.4 

(Cq), 154.7 (d, 
1
JC–F = 239 Hz, Cq), 152.5 (Cq), 149.1 (CH), 138.7 (CH), 132.1 (Cq), 129.6 

(d, 
2
JC–F = 19.4 Hz, Cq), 127.5 (d, 

3
JC–F = 6.50 Hz, Cq), 126.6 (CH), 123.1 (d, 

2
JC–F = 15.1 

Hz, Cq), 120.6 (CH), 115.2 (CH), 109.5 (d, 
4
JC–F = 6.2 Hz, CH), 105.0 (d, 

4
JC–F = 5.0 Hz, 

CH), 60.99 (CH2), 60.84 (CH2), 46.56 (Cq), 44.80 (Cq), 27.23 (CH3), 27.19 (CH3), 26.26 

(CH3), 26.25 (CH3), 14.26 (CH3), 14.23 (CH3). 
19

F-NMR (282 MHz, CDCl3): δ = –121.2 

(s). IR (ATR): 2980, 1732, 1590, 1475, 1437, 1421, 1256, 1192, 1138, 778 cm
–1

. MS 

(ESI) m/z (relative intensity): 463 (68) [M+Na]
+
, 441 (100) [M+H]

+
. HR-MS (ESI): m/z 

calcd. for C25H30FN2O4
+
 [M+H]

+
 441.2184, found: 441.2187. 

 

Diethyl 2,2'-(1H-indole-4,6-diyl)bis(2-methylpropanoate) (227a) 

 

To a solution of 225a (423 mg, 1.0 mmol, 1.0 equiv) in CH2Cl2 (2.0 mL) was added 

MeOTf (181 mg, 120 μL, 1.1 mmol, 1.1 equiv) dropwise at 0 °C. After 30 min, the 

mixture was allowed to warm up to 25 °C and stirred for 16 h. After removal of the 

solvent, Pd(OH)2/C (38.6 mg, 10 wt.%) and ammonium formate (630 mg, 10.0 mmol, 

10.0 equiv) were added. The mixture was diluted with MeOH (4.0 mL, 0.25 M) and 

stirred at 60 °C for 16 h. After addition of EtOAc (20 mL) at ambient temperature, the 

mixture was filtered through a short pad of Celite® and the solvents were removed in 

vacuo. Purification by flash column chromatography on silica gel (n-hexane/EtOAc: 5/1) 

yielded 227a (307 mg, 89%) as a pale colorless oil. 

1
H-NMR (400 MHz, CDCl3): δ = 8.33 (s, 1H), 7.28 (d, J = 2.3 Hz, 1H), 7.11 – 7.01 (m, 

2H), 6.47 (d, J = 2.3 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 4.09 (q, J = 7.1 Hz, 2H), 1.68 (s, 

6H), 1.64 (s, 6H), 1.18 (t, J = 7.1 Hz, 3H), 1.10 (t, J = 7.1 Hz, 3H). 
13

C-NMR (100 MHz, 

CDCl3): δ = 178.0 (Cq), 177.4 (Cq), 138.6 (Cq), 136.8 (Cq), 136.2 (Cq), 124.3 (Cq), 124.0 

(CH), 114.3 (CH), 107.1 (CH), 101.6 (CH), 60.80 (CH2), 60.80 (CH2), 46.77 (Cq), 46.72 
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(Cq), 26.95 (CH3), 26.95 (CH3), 26.32 (CH3), 26.32 (CH3), 14.20 (CH3), 14.16 (CH3). IR 

(ATR): 3374, 2977, 1707, 1467, 1254, 1137, 1024, 858, 779, 730 cm
–1

. MS (ESI) m/z 

(relative intensity): 368 (100) [M+Na]
+
, 346 (41) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C20H28NO4
+
 [M+H]

+
 346.2013, found: 346.2014. 

 

Diethyl 2,2'-(1-tosyl-1H-indole-4,6-diyl)bis(2-methylpropanoate) (228a) 

 

To a solution of 227a (100 mg, 0.30 mmol, 1.0 equiv) in CH3CN (15 mL) was added 

NaH (17.4 mg, 0.44 mmol, 1.5 equiv) at 0 °C. The mixture was stirred for 30 min and 

TsCl (60.8 mg, 0.32 mmol, 1.1 equiv) was added. Then, the mixture was allowed to reach 

room temperature and was stirred for additional 4 h. The reaction was quenched with a 

saturated aqueous solution of NH4Cl (5.0 mL) and was extracted with ethyl acetate 

(3 x 20 mL). The combined organic phases were washed with brine, dried over Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography on silica gel (n-

hexane/EtOAc: 5/1) yielded 228a (114 mg, 76%) as a colorless solid.  

M.p.: 91–93 °C. 
1
H-NMR (400 MHz, CDCl3): δ = 7.91 (dd, J = 1.6, 0.8 Hz, 1H), 7.76 

(d, J = 8.4 Hz, 2H), 7.51 (d, J = 3.8 Hz, 1H), 7.23 (d, J = 7.8 Hz, 2H), 7.16 (d, J = 1.6 Hz, 

1H), 6.60 (dd, J = 3.8, 0.8 Hz, 1H), 4.14 (q, J = 7.1 Hz, 2H), 4.04 (q, J = 7.1 Hz, 2H), 

2.35 (s, 3H), 1.64 (s, 6H), 1.58 (s, 6H), 1.18 (t, J = 7.1 Hz, 3H), 1.02 (t, J = 7.1 Hz, 3H). 

13
C-NMR (100 MHz, CDCl3): δ = 177.3 (Cq), 176.8 (Cq), 145.1 (Cq), 141.55 (Cq), 137.6 

(Cq), 135.4 (Cq), 135.3 (Cq), 130.0 (CH), 127.3 (Cq), 127.1 (CH), 126.0 (CH), 117.7 

(CH), 109.5 (CH), 107.5 (CH), 60.95 (CH2), 60.95 (CH2), 47.03 (Cq), 46.59 (Cq), 27.01 

(2 x CH3), 26.41 (2 x CH3), 21.69 (CH3), 14.20 (CH3), 14.09 (CH3). IR (ATR): 2978, 

1723, 1366, 1252, 1171, 1140, 1091, 1027, 668, 582 cm
–1

. MS (ESI) m/z (relative 

intensity): 522 (92) [M+Na]
+
, 500 (35) [M+H]

+
. HR-MS (ESI): m/z calcd. for 

C27H34NO6S
+
 [M+H]

+
 500.2101, found: 500.2098. 

Crystals suitable for X-ray crystallography were grown by slow evaporation from a 

solution of 228a in i-PrOH. 
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5.7.4. Mechanistic Studies 

H/D Exchange 

Scheme 5.17. H/D exchange of 155c with CD3OD. 

The modified procedure GP-H was followed using 9-isopropyl-6-(4-methoxyphenyl)-9H-

purine (155c) (67.1 mg, 0.25 mmol), ethyl 2-bromopropanoate (139e) (136 mg, 0.75 

mmol), 221b (30.0 mg, 10.0 mol %), KOAc (49.1 mg, 0.50 mmol) and CD3OD (80.1 mg, 

2.50 mmol) for 8 h. Purification by column chromatography (n-hexane/EtOAc: 3/1) 

yielded [D]n-155c (27.5 mg, 41%) and [D]n-158c (51.5 mg, 56%). 
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Figure 5.4. H/D exchange of 155c with CD3OD. 

 

Effect of Radical Scavengers on the meta C–H Alkylation 

 

Scheme 5.18. Effect of radical scavengers. 

9-Isopropyl-6-(4-methoxyphenyl)-9H-purine (155c) (67.1 mg, 0.25 mmol), ethyl 2-

bromopropanoate (139e) (136 mg, 0.75 mmol), 221a (26.0 mg, 10 mol %), KOAc 

(49.1 mg, 0.50 mmol), radical scavenger (TEMPO, 39.1 mg, 0.25 mmol; galvinoxyl free 

radical, 105.4 mg, 0.25 mmol; 1,1-diphenylethylene, 45.1 mg, 0.25 mmol) were placed 

into an oven-dried 25 mL Schlenk tube equipped with a septum under Ar atmosphere. 2-

MeTHF (2.00 mL) was added and the mixture was stirred at 60 °C for 24 h. 221a was 

carefully filtered through a branched filter (Por. 3) and washed with 2-MeTHF (30 mL). 

The crude filtrate of the reaction with radical scavenger TEMPO was directly analyzed by 
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HR-MS. All filtrates were concentrated and purification by column chromatography (n-

hexane/EtOAc: 3/1) provide the following yields of 158c. 

Table 5.8. Effect of radical scavengers TEMPO, galvinoxyl free radical and 1,1-diphenylethylene. 

Entry Radical scavenger (1.0 equiv) 158c / % 

1 -- 94 

2 TEMPO 0 

3 Galvinoxyl free radical 0 

4 1,1-Diphenylethylene 54 

 

 

Figure 5.5. Detection of TEMPO adduct 229 by HR-MS. 
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Detection of free p–cymene (53b) by gas chromatography (GC) studies  

 

Scheme 5.19. Detection of free p–cymene. 

Independent reactions of 2-phenylpyridine (117a) (38.8 mg, 0.25 mmol), ethyl 2-

bromopropanoate (139e) (136 mg, 0.75 mmol), 221b (30.0 mg, 10.0 mol %), KOAc 

(49.1 mg, 0.50 mmol) and n-dodecane (30 L) were placed into an oven-dried 25 mL 

Schlenk tube equipped with a septum under Ar atmosphere. 2-MeTHF (2.00 mL) was 

added and the mixture was stirred at 60 °C for 1, 3, 5, 7, 9, 11, 13, 15, 17, 19 h. After 

cooling in an ice-bath, an aliquot (0.20 mL) was taken from each reaction by a syringe. 

The aliquots were diluted with EtOAc, filtered through a short plug of silica gel and 

analyzed by gas chromatography, provide the following data. 

Table 5.9. Conversion versus time for 140e and 53b. 

t/ h 140e / mmol 53b / mmol 

1 9.30  10
–4

 1.51  10
–4

 

3 1.72  10
–2

 2.49  10
–3

 

5 4.96  10
–2

 4.53  10
–3

 

7 8.42  10
–2

 8.10  10
–3

 

9 1.15  10
–1

 1.16  10
–2

 

11 1.44  10
–1

 1.59  10
–2

 

13 1.62  10
–1

 2.03  10
–2

 

15 1.85  10
–1

 2.23  10
–2

 

17 2.04  10
–1

 2.30  10
–2

 

19 2.22  10
–1

 2.33  10
–2

 

24 2.33  10
–1

 2.35  10
–2
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5.8. Crystallographic Data 

The crystal structures of 195, 202h, 189f and 228a were measured and resolved by Dr. 

Christopher Golz.  

A suitable crystal was selected and mounted on a 'Bruker APEX-II CCD' diffractometer. 

The crystal was kept at 100.0 K during data collection. Using Olex2,
[372]

 the structure was 

resolved with the XT
[373]

 structure solution program using Intrinsic Phasing and refined 

with the SHELXL
[374]

 refinement package using Least Squares minimisation. 

X-Ray Crystallographic Data of 195 

 

Figure 5.6. Molecular structure of 195 with thermal ellipsoids at 50% probability level. The hydrogen 

atoms are omitted for clarity. 

 

Table 5.9. Crystal data and structure refinement for 195. 

Compound 195 

CCDC number 1991589 

Identification code 0730_CG_0m  

Empirical formula C30H36NiOP2  

Formula weight 533.24  

Temperature/K 100.0  

Crystal system monoclinic  

Space group P21/n  

a/Å 16.4441(17)  

b/Å 10.3116(9)  

c/Å 16.7804(17)  
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α/° 90  

β/° 106.122(3)  

γ/° 90  

Volume/Å
3
 2733.5(5)  

Z 4  

ρcalcg/cm
3
 1.296  

μ/mm
-1

 0.847  

F(000) 1128.0  

Crystal size/mm
3
 0.672 × 0.195 × 0.148  

Radiation MoKα (λ = 0.71073)  

2Θ range for data collection/° 4.69 to 57.5  

Index ranges -21 ≤ h ≤ 22, -13 ≤ k ≤ 12, -22 ≤ l ≤ 22  

Reflections collected 46944  

Independent reflections 7061 [Rint = 0.0241, Rsigma = 0.0155]  

Data/restraints/parameters 7061/0/356  

Goodness-of-fit on F
2
 1.043  

Final R indexes [I>=2σ (I)] R1 = 0.0279, wR2 = 0.0717  

Final R indexes [all data] R1 = 0.0304, wR2 = 0.0736  

Largest diff. peak/hole / e Å
-3

 0.91/-0.51 

 

Table 5.10. Bond lengths [Å] for 195. 

Atom Atom Length/Å  Atom Atom Length/Å 

Ni1 P1 2.1881(4)  C10 C11 1.3977(18) 

Ni1 P2 2.1300(4)  C10 C15 1.3995(18) 

Ni1 C1 2.0360(14)  C11 C12 1.3996(18) 

Ni1 C2 1.9624(13)  C12 C13 1.387(2) 

Ni1 C3 2.0930(14)  C13 C14 1.391(2) 

P1 O1 1.5134(10)  C14 C15 1.3879(19) 

P1 C10 1.8485(13)  C16 C17 1.528(2) 

P1 C16 1.8717(14)  C16 C18 1.5270(19) 

P2 C11 1.8189(13)  C16 C19 1.527(2) 

P2 C20 1.8169(13)  C20 C21 1.3907(18) 

P2 C26 1.8172(14)  C20 C25 1.3975(19) 
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Atom Atom Length/Å  Atom Atom Length/Å 

C1 C2 1.416(2)  C21 C22 1.3947(19) 

C1 C8 1.516(2)  C22 C23 1.383(2) 

C2 C3 1.401(2)  C23 C24 1.385(2) 

C3 C4 1.516(2)  C24 C25 1.385(2) 

C4 C5 1.546(2)  C26 C27 1.3977(19) 

C5 C6 1.529(3)  C26 C31 1.3926(19) 

C5 C9 1.500(16)  C27 C28 1.3900(19) 

C6 C7 1.509(3)  C28 C29 1.383(2) 

C7 C8 1.540(2)  C29 C30 1.389(2) 

C7 C9 1.529(17)  C30 C31 1.386(2) 

 

Table 5.11. Bond angles [°] for 195. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

P2 Ni1 P1 91.360(14)  C9 C7 C8 118.7(6) 

C1 Ni1 P1 94.97(4)  C1 C8 C7 114.01(14) 

C1 Ni1 P2 171.43(4)  C5 C9 C7 119.2(10) 

C1 Ni1 C3 73.91(6)  C11 C10 P1 119.62(9) 

C2 Ni1 P1 132.56(5)  C11 C10 C15 118.79(12) 

C2 Ni1 P2 134.33(5)  C15 C10 P1 121.19(10) 

C2 Ni1 C1 41.43(6)  C10 C11 P2 115.33(9) 

C2 Ni1 C3 40.25(6)  C10 C11 C12 120.50(12) 

C3 Ni1 P1 166.86(4)  C12 C11 P2 123.89(10) 

C3 Ni1 P2 99.05(4)  C13 C12 C11 119.68(13) 

O1 P1 Ni1 120.75(4)  C12 C13 C14 120.41(13) 

O1 P1 C10 107.53(6)  C15 C14 C13 119.76(12) 

O1 P1 C16 108.41(6)  C14 C15 C10 120.85(12) 

C10 P1 Ni1 103.11(4)  C17 C16 P1 109.50(10) 

C10 P1 C16 103.87(6)  C18 C16 P1 107.55(9) 

C16 P1 Ni1 111.66(5)  C18 C16 C17 108.79(12) 

C11 P2 Ni1 107.39(4)  C18 C16 C19 109.60(12) 

C20 P2 Ni1 117.77(5)  C19 C16 P1 110.51(10) 

C20 P2 C11 104.03(6)  C19 C16 C17 110.82(13) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C20 P2 C26 104.71(6)  C21 C20 P2 122.81(10) 

C26 P2 Ni1 113.97(4)  C21 C20 C25 119.47(13) 

C26 P2 C11 108.24(6)  C25 C20 P2 117.51(10) 

C2 C1 Ni1 66.50(8)  C20 C21 C22 119.91(13) 

C2 C1 C8 124.51(14)  C23 C22 C21 120.25(14) 

C8 C1 Ni1 106.14(10)  C22 C23 C24 119.94(13) 

C1 C2 Ni1 72.07(8)  C25 C24 C23 120.30(14) 

C3 C2 Ni1 74.90(8)  C24 C25 C20 120.13(14) 

C3 C2 C1 123.64(13)  C27 C26 P2 117.97(10) 

C2 C3 Ni1 64.85(8)  C31 C26 P2 123.07(10) 

C2 C3 C4 125.21(13)  C31 C26 C27 118.96(13) 

C4 C3 Ni1 106.27(9)  C28 C27 C26 120.24(13) 

C3 C4 C5 113.86(15)  C29 C28 C27 120.11(14) 

C6 C5 C4 117.46(15)  C28 C29 C30 120.17(14) 

C9 C5 C4 120.4(6)  C31 C30 C29 119.77(14) 

C7 C6 C5 118.54(18)  C30 C31 C26 120.75(14) 

C6 C7 C8 116.81(15)      

 

X-Ray Crystallographic Data of 202h 

 

Figure 5.7. Molecular structure of 202h with thermal ellipsoids at 50% probability level. The hydrogen 

atoms are omitted for clarity. 

 

Table 5.12. Crystal data and structure refinement for 202h. 

Compound 202h 

CCDC number 2032461 

Identification code  mo_1023_CG_0m  
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Empirical formula  C23H17FN2O2  

Formula weight  372.38  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  13.7070(8)  

b/Å  8.8511(8)  

c/Å  14.7691(14)  

α/°  90  

β/°  94.024(3)  

γ/°  90  

Volume/Å
3
  1787.4(3)  

Z  4  

ρcalcg/cm
3
  1.384  

μ/mm
-1

  0.096  

F(000)  776.0  

Crystal size/mm
3
  0.477 × 0.261 × 0.151  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  3.92 to 61.078  

Index ranges  -19 ≤ h ≤ 19, -12 ≤ k ≤ 12, -21 ≤ l ≤ 21  

Reflections collected  99403  

Independent reflections  5466 [Rint = 0.0226, Rsigma = 0.0092]  

Data/restraints/parameters  5466/0/254  

Goodness-of-fit on F
2
  1.033  

Final R indexes [I>=2σ (I)]  R1 = 0.0368, wR2 = 0.0989  

Final R indexes [all data]  R1 = 0.0384, wR2 = 0.1007  

Largest diff. peak/hole / e Å
-3

  0.43/-0.23 

 

Table 5.13. Bond lengths [Å] for 202h. 

Atom Atom Length/Å  Atom Atom Length/Å 

F1 C9 1.3641(9)  C6 C7 1.3878(11) 

O1 C1 1.3347(11)  C8 C9 1.3351(11) 

O1 C23 1.4400(10)  C9 C10 1.4573(11) 
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Atom Atom Length/Å  Atom Atom Length/Å 

O2 C1 1.2103(10)  C10 C11 1.3737(11) 

N1 C10 1.3968(10)  C11 C12 1.4334(11) 

N1 C13 1.3917(9)  C12 C13 1.4114(11) 

N1 C18 1.4200(10)  C12 C17 1.4070(11) 

N2 C18 1.3338(11)  C13 C14 1.3978(11) 

N2 C22 1.3418(12)  C14 C15 1.3849(11) 

C1 C2 1.4868(11)  C15 C16 1.4080(12) 

C2 C3 1.3979(11)  C16 C17 1.3824(12) 

C2 C7 1.3963(11)  C18 C19 1.3898(11) 

C3 C4 1.3903(11)  C19 C20 1.3921(12) 

C4 C5 1.4057(11)  C20 C21 1.3886(14) 

C5 C6 1.4044(11)  C21 C22 1.3851(14) 

C5 C8 1.4678(11)     

 

Table 5.14. Bond angles [°] for 202h. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C1 O1 C23 115.99(7)  N1 C10 C9 121.89(7) 

C10 N1 C18 126.69(7)  C11 C10 N1 109.52(7) 

C13 N1 C10 108.20(6)  C11 C10 C9 128.22(7) 

C13 N1 C18 124.64(7)  C10 C11 C12 107.20(7) 

C18 N2 C22 116.67(8)  C13 C12 C11 107.27(7) 

O1 C1 C2 112.32(7)  C17 C12 C11 133.52(8) 

O2 C1 O1 123.52(8)  C17 C12 C13 119.21(7) 

O2 C1 C2 124.16(8)  N1 C13 C12 107.81(7) 

C3 C2 C1 121.82(7)  N1 C13 C14 129.60(7) 

C7 C2 C1 118.15(7)  C14 C13 C12 122.59(7) 

C7 C2 C3 120.03(7)  C15 C14 C13 116.80(8) 

C4 C3 C2 120.10(7)  C14 C15 C16 121.70(8) 

C3 C4 C5 120.43(7)  C17 C16 C15 121.19(7) 

C4 C5 C8 123.66(7)  C16 C17 C12 118.50(8) 

C6 C5 C4 118.71(7)  N2 C18 N1 115.22(7) 

C6 C5 C8 117.63(7)  N2 C18 C19 124.30(8) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C7 C6 C5 120.95(7)  C19 C18 N1 120.48(7) 

C6 C7 C2 119.76(7)  C18 C19 C20 117.86(8) 

C9 C8 C5 127.87(7)  C21 C20 C19 118.91(8) 

F1 C9 C10 112.68(6)  C22 C21 C20 118.37(8) 

C8 C9 F1 119.99(7)  N2 C22 C21 123.87(9) 

C8 C9 C10 127.31(7)      

 

X-Ray Crystallographic Data of 189f 

 

Figure 5.8. Molecular structure of 189f with thermal ellipsoids at 50% probability level. The hydrogen 

atoms are omitted for clarity. 

 

Table 5.15. Crystal data and structure refinement for 189f. 

Compound 189f 

CCDC number 1886748 

Empirical formula  C28H22N2  

Formula weight  386.47  

Temperature/K  100.01  

Crystal system  triclinic  

Space group  P1  

a/Å  8.3387(3)  

b/Å  8.3450(3)  

c/Å  28.1990(11)  

α/°  97.8300(10)  

β/°  96.8240(10)  

γ/°  90.1480(10)  

Volume/Å
3
  1929.85(12)  
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Z  4  

ρcalcg/cm
3
  1.330  

μ/mm
-1

  0.596  

F(000)  816.0  

Crystal size/mm
3
  0.211 × 0.169 × 0.114  

Radiation  CuKα (λ = 1.54178)  

2Θ range for data collection/°  6.374 to 149.142  

Index ranges  -10 ≤ h ≤ 10, -10 ≤ k ≤ 10, -34 ≤ l ≤ 35  

Reflections collected  49175  

Independent reflections  14978 [Rint = 0.0312, Rsigma = 0.0320]  

Data/restraints/parameters  14978/3/1086  

Goodness-of-fit on F
2
  1.085  

Final R indexes [I>=2σ (I)]  R1 = 0.0830, wR2 = 0.2176  

Final R indexes [all data]  R1 = 0.0831, wR2 = 0.2177  

Largest diff. peak/hole / e Å
-3

  0.48/-0.39  

Flack parameter 0.09(11) 

 

Table 5.16. Bond lengths [Å] for 189f. 

Atom Atom Length/Å  Atom Atom Length/Å 

N1 C1 1.383(8)  C13 C26 1.411(9) 

N1 C5 1.470(8)  C14 C15 1.423(9) 

N1 C7 1.384(9)  C14 C28 1.452(9) 

N2 C1 1.321(8)  C15 C16 1.431(10) 

N2 C8 1.404(9)  C15 C24 1.417(9) 

C1 C2 1.496(9)  C16 C17 1.437(10) 

C2 C3 1.537(10)  C16 C21 1.414(9) 

C3 C4 1.512(9)  C17 C18 1.396(11) 

C3 C6 1.533(10)  C17 C27 1.437(10) 

C4 C5 1.500(10)  C18 C19 1.380(10) 

C7 C8 1.405(9)  C19 C20 1.355(12) 

C7 C12 1.376(9)  C20 C21 1.421(11) 

C8 C9 1.387(10)  C21 C22 1.404(10) 

C9 C10 1.393(10)  C22 C23 1.361(12) 
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Atom Atom Length/Å  Atom Atom Length/Å 

C10 C11 1.398(9)  C23 C24 1.429(10) 

C11 C12 1.382(10)  C24 C25 1.388(11) 

C11 C13 1.502(9)  C25 C26 1.392(10) 

C13 C14 1.403(10)  C27 C28 1.344(10) 

 

Table 5.17. Bond angles [°] for 189f. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C1 N1 C5 124.3(5)  C15 C14 C28 117.3(6) 

C1 N1 C7 108.3(5)  C14 C15 C16 121.1(6) 

C7 N1 C5 127.3(5)  C24 C15 C14 120.3(6) 

C1 N2 C8 105.6(5)  C24 C15 C16 118.6(6) 

N1 C1 C2 122.3(6)  C15 C16 C17 119.3(6) 

N2 C1 N1 111.4(6)  C21 C16 C15 119.8(6) 

N2 C1 C2 126.1(6)  C21 C16 C17 120.9(6) 

C1 C2 C3 112.0(6)  C24 C15 C16 118.6(6) 

C4 C3 C2 111.2(5)  C15 C16 C17 119.3(6) 

C4 C3 C6 109.8(6)  C21 C16 C15 119.8(6) 

C6 C3 C2 109.5(6)  C21 C16 C17 120.9(6) 

C5 C4 C3 112.7(6)  C16 C17 C27 118.4(6) 

N1 C5 C4 110.0(6)  C18 C17 C16 117.4(6) 

N1 C7 C8 104.6(6)  C18 C17 C27 124.2(7) 

C12 C7 N1 131.4(6)  C19 C18 C17 121.7(7) 

C12 C7 C8 124.0(6)  C20 C19 C18 120.8(7) 

N2 C8 C7 110.0(6)  C19 C20 C21 121.6(7) 

C9 C8 N2 131.3(6)  C16 C21 C20 117.5(7) 

C9 C8 C7 118.5(6)  C22 C21 C16 120.2(7) 

C8 C9 C10 118.4(6)  C22 C21 C20 122.3(7) 

C9 C10 C11 121.4(6)  C23 C22 C21 120.7(7) 

C10 C11 C13 120.3(6)  C22 C23 C24 120.9(7) 

C12 C11 C10 121.1(6)  C15 C24 C23 119.8(7) 

C12 C11 C13 118.5(6)  C25 C24 C15 119.0(7) 

C7 C12 C11 116.6(6)  C25 C24 C23 121.2(6) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C14 C13 C11 123.9(6)  C24 C25 C26 120.6(6) 

C14 C13 C26 118.2(6)  C25 C26 C13 121.7(6) 

C26 C13 C11 117.9(6)  C28 C27 C17 121.8(7) 

C13 C14 C15 120.1(6)  C27 C28 C14 122.0(6) 

C13 C14 C28 122.6(6)      

 

X-Ray Crystallographic Data of 228a 

 

Figure 5.9. Molecular structure of 228a with thermal ellipsoids at 50% probability level. The hydrogen 

atoms are omitted for clarity. 

 

Table 5.18. Crystal data and structure refinement for 228a. 

Compound 228a 

CCDC number 2032462 

Identification code mo_1077_CG_0m 

Empirical formula C27H33NO6S 

Formula weight 499.60 

Temperature/K 100.0 

Crystal system triclinic 

Space group P-1 

a/Å 12.6388(14) 

b/Å 13.6307(14) 

c/Å 15.2519(17) 
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α/° 83.546(3) 

β/° 83.600(3) 

γ/° 87.659(3) 

Volume/Å
3
 2593.5(5) 

Z 4 

ρcalcg/cm
3
 1.280 

μ/mm
-1

 0.166 

F(000) 1064.0 

Crystal size/mm
3
 0.382 × 0.278 × 0.126 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.992 to 61.208 

Index ranges -17 ≤ h ≤ 18, -19 ≤ k ≤ 18, -21 ≤ l ≤ 21 

Reflections collected 164957 

Independent reflections 15828 [Rint = 0.0336, Rsigma = 0.0197] 

Data/restraints/parameters 15828/0/645 

Goodness-of-fit on F
2
 1.028 

Final R indexes [I>=2σ (I)] R1 = 0.0376, wR2 = 0.0910 

Final R indexes [all data] R1 = 0.0468, wR2 = 0.1000 

Largest diff. peak/hole / e Å
-3

 0.47/-0.54 

 

Table 5.19. Bond lengths [Å] for 228a. 

Atom Atom Length/Å  Atom Atom Length/Å 

S1 O1 1.4305(8)  S2 O7 1.4311(9) 

S1 O2 1.4317(8)  S2 O8 1.4312(9) 

S1 N1 1.6557(9)  S2 N2 1.6645(10) 

S1 C1 1.7512(11)  S2 C28 1.7494(11) 

O3 C21 1.3410(14)  O9 C45 1.3447(16) 

O3 C24 1.4590(14)  O9 C51 1.4554(16) 

O4 C21 1.2090(14)  O10 C45 1.2023(15) 

O5 C18 1.3416(14)  O11 C49 1.3290(14) 

O5 C26 1.4619(14)  O11 C53 1.4615(15) 

O6 C18 1.2037(14)  O12 C49 1.2040(14) 

N1 C8 1.3997(13)  N2 C35 1.4049(13) 
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Atom Atom Length/Å  Atom Atom Length/Å 

N1 C11 1.4026(13)  N2 C42 1.4041(13) 

C1 C2 1.3863(15)  C28 C29 1.3911(15) 

C1 C6 1.3934(15)  C28 C33 1.3932(15) 

C2 C3 1.3878(16)  C29 C30 1.3889(17) 

C3 C4 1.3932(16)  C30 C31 1.3957(17) 

C4 C5 1.3970(16)  C31 C32 1.3956(17) 

C4 C7 1.5021(16)  C31 C34 1.5047(17) 

C5 C6 1.3872(16)  C32 C33 1.3862(16) 

C8 C9 1.3499(15)  C35 C36 1.3539(16) 

C9 C10 1.4474(14)  C36 C37 1.4490(14) 

C10 C11 1.4030(14)  C37 C38 1.4109(15) 

C10 C15 1.4105(14)  C37 C42 1.4093(14) 

C11 C12 1.3949(14)  C38 C39 1.3880(14) 

C12 C13 1.3849(15)  C38 C47 1.5321(14) 

C13 C14 1.4165(14)  C39 C40 1.4155(15) 

C13 C20 1.5400(14)  C40 C41 1.3837(15) 

C14 C15 1.3880(14)  C40 C43 1.5342(15) 

C15 C16 1.5324(14)  C41 C42 1.3953(14) 

C16 C17 1.5372(15)  C43 C44 1.5340(17) 

C16 C18 1.5384(15)  C43 C45 1.5315(17) 

C16 C19 1.5393(15)  C43 C46 1.5366(16) 

C20 C21 1.5348(15)  C47 C48 1.5385(16) 

C20 C22 1.5324(16)  C47 C49 1.5325(15) 

C20 C23 1.5396(16)  C47 C50 1.5393(16) 

C24 C25 1.4943(19)  C51 C52 1.5073(19) 

C26 C27 1.4982(19)  C53 C54 1.496(2) 

 

Table 5.20. Bond angles [°] for 228a. 

Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O1 S1 O2 119.90(5)  O7 S2 N2 106.67(5) 

O1 S1 N1 108.03(5)  O7 S2 C28 108.66(5) 

O1 S1 C1 108.31(5)  O8 S2 O7 120.69(5) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

O2 S1 N1 104.78(5)  O8 S2 N2 104.91(5) 

O2 S1 C1 110.59(5)  O8 S2 C28 109.41(5) 

N1 S1 C1 104.01(5)  N2 S2 C28 105.40(5) 

C21 O3 C24 115.26(9)  C45 O9 C51 116.03(11) 

C18 O5 C26 115.04(9)  C49 O11 C53 115.95(10) 

C8 N1 S1 124.52(7)  C35 N2 S2 124.17(8) 

C8 N1 C11 108.60(8)  C42 N2 S2 126.32(7) 

C11 N1 S1 126.73(7)  C42 N2 C35 108.49(9) 

C2 C1 S1 118.10(8)  C29 C28 S2 119.81(9) 

C2 C1 C6 121.39(10)  C29 C28 C33 121.16(10) 

C6 C1 S1 120.50(8)  C33 C28 S2 119.02(9) 

C1 C2 C3 118.89(10)  C30 C29 C28 118.98(11) 

C2 C3 C4 121.13(10)  C29 C30 C31 121.02(11) 

C3 C4 C5 118.80(10)  C30 C31 C34 120.90(11) 

C3 C4 C7 120.11(11)  C32 C31 C30 118.77(11) 

C5 C4 C7 121.08(11)  C32 C31 C34 120.34(11) 

C6 C5 C4 121.00(10)  C33 C32 C31 121.17(11) 

C5 C6 C1 118.79(10)  C32 C33 C28 118.91(11) 

C9 C8 N1 109.23(9)  C36 C35 N2 109.29(9) 

C8 C9 C10 107.91(9)  C35 C36 C37 107.94(9) 

C11 C10 C9 107.10(9)  C38 C37 C36 134.05(10) 

C11 C10 C15 118.57(9)  C42 C37 C36 107.03(9) 

C15 C10 C9 134.34(10)  C42 C37 C38 118.91(9) 

N1 C11 C10 107.11(9)  C37 C38 C47 121.19(9) 

C12 C11 N1 128.95(9)  C39 C38 C37 117.12(9) 

C12 C11 C10 123.91(10)  C39 C38 C47 121.59(10) 

C13 C12 C11 117.26(9)  C38 C39 C40 123.20(10) 

C12 C13 C14 119.55(9)  C39 C40 C43 118.35(10) 

C12 C13 C20 120.70(9)  C41 C40 C39 119.93(10) 

C14 C13 C20 119.75(9)  C41 C40 C43 121.70(9) 

C15 C14 C13 123.08(10)  C40 C41 C42 117.09(10) 

C10 C15 C16 119.99(9)  N2 C42 C37 107.22(9) 
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Atom Atom Atom Angle/˚  Atom Atom Atom Angle/˚ 

C14 C15 C10 117.47(9)  C41 C42 N2 129.11(10) 

C14 C15 C16 122.40(9)  C41 C42 C37 123.67(10) 

C15 C16 C17 112.87(9)  C40 C43 C46 112.88(9) 

C15 C16 C18 109.10(8)  C44 C43 C40 109.53(9) 

C15 C16 C19 108.47(9)  C44 C43 C46 109.54(10) 

C17 C16 C18 108.82(9)  C45 C43 C40 106.84(9) 

C17 C16 C19 108.53(9)  C45 C43 C44 108.80(10) 

C18 C16 C19 108.97(9)  C45 C43 C46 109.14(10) 

O5 C18 C16 112.19(9)  O9 C45 C43 111.05(10) 

O6 C18 O5 123.00(10)  O10 C45 O9 123.76(12) 

O6 C18 C16 124.80(10)  O10 C45 C43 125.17(12) 

C21 C20 C13 106.58(8)  C38 C47 C48 109.37(9) 

C21 C20 C23 111.27(9)  C38 C47 C49 110.68(9) 

C22 C20 C13 112.56(9)  C38 C47 C50 112.34(9) 

C22 C20 C21 107.61(9)  C48 C47 C50 109.32(9) 

C22 C20 C23 108.68(9)  C49 C47 C48 108.53(9) 

C23 C20 C13 110.12(9)  C49 C47 C50 106.50(9) 

O3 C21 C20 112.60(9)  O11 C49 C47 111.60(9) 

O4 C21 O3 123.06(11)  O12 C49 O11 123.67(10) 

O4 C21 C20 124.29(11)  O12 C49 C47 124.67(10) 

O3 C24 C25 107.89(10)  O9 C51 C52 111.39(11) 

O5 C26 C27 107.96(10)  O11 C53 C54 111.82(12) 
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