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1. Introduction 

Organic synthesis is a powerful tool for molecular construction with notable 

applications to material sciences,[1] natural product syntheses[2] and life-saving 

pharmaceuticals.[3] In light of these transformative advantages, tremendous 

efforts have been devoted to the development of novel methods for molecular 

syntheses, which has resulted in diverse applications with countless benefits 

for society.[4] However, despite indisputable progress, organic syntheses, which 

has been dominated by the transformation of functional groups,[5] continues to 

be perceived as a polluting science due to inter alia waste generation, resource 

and energy consumption, and the use of often toxic and dangerous chemicals. 

In 1988, Warner and Anastas included catalysis as one of the “12 Principles of 

Green Chemistry”.[6] During the past century, catalysis has been recognized as 

a foundation of the chemical industries with significant achievements in 

developing economically, environmentally and technologically beneficial 

transformations.[7] 

A significant stimulus in organic synthesis was made by the emergence of direct 

functionalizations of omnipresent C–H bonds.[8] C–H functionalizations are 

environmentally-benign and economically-attractive, since they prevent lengthy 

synthetic operations and reduce waste generation by activating the inert C–H 

bonds directly instead of using pre-functionalized substrates (Scheme 1). 

 

Scheme 1 Traditional functional group interconversion versus C–H functionalization. 
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1.1 Transition Metal-Catalyzed C–H Activation 

1.1.1 The Concept of Transition Metal-Catalyzed C–H Activation 

Transition metal-catalyzed C–H activation involves the transformation of 

otherwise inert C–H bonds into C–Met bonds.[9] In this concept, the formation 

of an organometallic complex through C–H coordination of the inner-sphere of 

a metal is often important.[10] The intermediate produced by C–H activation can 

further undergo subsequent reactions to afford the functionalized products 

(Scheme 1.1). 

 

Scheme 1.1 C–H activation. 

1.1.2 Advantages of Transition Metal-Catalyzed C–H Activation 

Transition metal-catalyzed cross-couplings, such as the Suzuki-Miyaura, 

Negishi and Mizoroki-Heck reactions, are an important tool in organic synthesis 

for the formation of C–C bonds, which have been awarded the 2010 Nobel Prize 

in chemistry.[11] However, despite indisputable progress, cross-coupling 

reactions continue to be severely limited, due to inter alia the requirement of 

pre-functionalized substrates and organometallic compounds, which 

signifycantly decrease the user-friendliness, sustainability and step-economy. 

From this point of view, the direct activation of omnipresent C–H bonds would 

be a highly desirable alternative to conventional cross-couplings due to the 

avoidance of pre-functionalized substrates (Scheme 1.2). 



                     1. Introduction 

3 
 

 

Scheme 1.2 Comparison of cross-coupling and C–H functionalization. 

In order to achieve an efficient direct C–H functionalization, a transition metal 

catalyst, which can directly react with a C–H bond to generate a C–M bond 

under mild conditions, is highly desirable. Partially, due to the high dissociation 

energy of C–H bonds (~110 kcal mol−1 for C(aryl)–H and ~ 105 kcal mol−1 for 

alkanes),[12] harsh conditions would be required to cleave the bond directly, thus 

resulting in a narrow substrate scope.[13] Additionally, the metallated 

intermediates can easily react with a number of different chemicals thereby 

allowing for a range of applications.[14]  

The fact that C–H bonds are omnipresent in organic molecules and have 

comparable dissociation energies represents a challenge for controlling the 

selectivity in direct C–H activation. To tackle this issue, various strategies have 

been developed based on the transition metal catalyst’s mode of action, for 

example 1) electronic bias,[15] 2) steric control,[16] and 3) directing group-

assisted C–H activation[17] (Scheme 1.3a). Since approaches based on 

electronic and steric biases highly depend on the nature of the substrates, this 

strategy is typically limited in terms of viable scope. In sharp contrast, by a 

directing group (DG) which coordinates to the metal center of the catalyst and 

directs the catalyst to a proximal position, selective C–H activation could be 

achieved with a broad variety of substrates. Furthermore, considerable 

attention has been devoted to the development of weakly coordinating,[18] 

removable[19, 17c] or transient[20] directing groups (Scheme 1.3b). 
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Scheme 1.3 Positional selectivity in C–H activation. 

1.1.3 Mechanisms of Transition Metal-Catalyzed C–H Activation 

As a better understanding of the elementary C–H cleavage step would allow for 

the design of more efficient catalytic C–H functionalizations, intensive studies 

have been devoted to elucidate various C–H activation modes.[21] Depending 

on the metal fragment, C–H metalation can proceed via several distinct reaction 

pathways:[21a] a) oxidative addition with electron-rich, low-valent complexes of 

late transition metals, b) electrophilic substitution with late transition metals in 

higher oxidation states where the metal acts as a Lewis acid, c) σ-bond 

metathesis with early transition metals, typically involving an alkyl- or hydride-

metal complex, as well as lanthanides and actinides,[21b] d) 1,2-addition with 

unsaturated M=X bonds, such as metal imido, oxo and alkylidene complexes, 

and e) base-assisted metalation most commonly with carboxylate ligands 

(Scheme 1.4).[21a]  
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Scheme 1.4 Viable modes of organometallic C–H activation. 

Over the past few years, several transition states of base-assisted C–H 

metalation were proposed (Scheme 1.5).[21a] The concerted metalation-

deprotonation (CMD)[22] describes the synergistic interaction between the metal 

center, the carboxylate-ligand and the C–H bond via a six-membered transition 

state. For the ambiphilic metal-ligand activation (AMLA),[23] a similar transition 

state has been proposed. Both transition states are characterized by a 

preference for kinetically C–H-acidic substrates. As an explanation for the 

preference of electron-rich substrates in several catalytic transformations, the 

concept of base-assisted internal electrophilic substitution (BIES) has been 
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proposed by Ackermann.[24] In contrast to the six-membered transition states, 

the term internal electrophilic substitution (IES)[25] which was proposed for the 

reaction involving alkoxide bases featured a transition state with a highly 

strained four-membered ring, basically a σ-bond metathesis. Based on 

Ackermann’s BIES, Carrow coined this mechanistic manifold very recently as 

e-CMD.[26]  

 

Scheme 1.5 Proposed transition states for base-assisted C–H metalations. 

1.2 Iron-Catalyzed C–H Activation  

Transition metal-catalyzed C–H functionalization has been recognized as a 

powerful tool for molecular syntheses. [9, 14, 17a] Thus far, C–H functionalizations 

were often achieved with precious transition metal catalysts, for instance, 

palladium, iridium, rhodium and ruthenium. However, these noble late transition 

metals normally feature high costs,[27] a low natural abundance[28] and a high 

toxicity,[29] which highly decreases the sustainability and economic efficiency of 

the approach. As a direct consequence, the development of transformations 

under 3d transition metal catalysis,[30] and especially iron,[31] has attracted 

considerable attention due to their high Earth-abundance, cost-efficiency, and 

low toxicity.[32]  

Owing to the electron configuration of iron, iron catalysts can access various 

oxidation from −2 to +6 and spin states and can easily undergo single electron 

transfer (SET) processes. These properties enable iron catalysts to be 

employed in a wide range of transformations.[33]  
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In general, iron in low oxidation states exhibits nucleophilic properties, which 

enables a number of organic transformations, such as nucleophilic 

substitutions, reductions, cycloisomerizations, or cross coupling reactions,[34] 

while in higher oxidation states, iron behaves as a Lewis acid, thus activating 

unsaturated bonds.[35]  

Inspired by early studies of catalytic C–C bond formations,[36] the scientific 

community focused their attention on the development of efficient iron catalysts 

systems for sustainable C–H activation strategies. Indeed, low-valent iron 

species were found to be effective for the activation of C(sp2)–H as well as 

C(sp3)–H bonds under mild reaction conditions, providing an environmentally 

benign and atom-economical alternative for the construction of novel C–C and 

C–Het bonds.[31] 

1.2.1 Early Reports on Iron-Catalyzed C–H Activation 

In 1968, an early example of stoichiometric organometallic C–H activation was 

reported, in which an ortho-C–H bond was oxidatively added to an iron(0) 

center to form the hydride ferracycle complex 2 through irradiation of the 

[Fe(dppe)2·C2H4] complex 1 (Scheme 1.6).[37]  

 

Scheme 1.6 Stoichiometric organometallic C–H activation. 

Stoichiometric cyclometallations of organic compounds with iron complexes 

were subsequently described.[38] A representative example is the stoichiometric 

cyclometallation of aryl imines with Fe(PMe3)4 or FeMe2(PMe3)4, which was 

reported by Klein.[39] C–H activation of benzaldimine 3a by FeMe2(PMe3)4 
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proceeds via σ-bond metathesis, while cyclometallation was proposed to 

proceed via nitrogen-assisted C–H oxidative addition when Fe(PMe3)4 and 

ketimine 3b were employed (Scheme 1.7). 

 

Scheme 1.7 Directed stoichiometric C–H activation. 

Two notable aspects of this stoichiometric C–H activation are: 1) Nitrogen-

directed C(sp2)–H activation is possible, ideally with iron(0) through oxidative 

addition or with a methyliron(II) species via σ-bond metathesis, and 2) the 

iron(0) complex displayed a higher reactivity towards C–H bond activation as 

compare to N–H bond cleavage.  

In 1987, Jones disclosed the first example of iron-catalyzed C–H 

functionalization.[40] The catalyst 8 generated from Fe(PMe3)4 and isocyanide 7 

enable the successful transformation of aldimine 9 from benzene 6 (Scheme 

1.8). The key to success in this reaction was the low concentration to avoid 

substrate inhibition and the use of UV irradiation for the generation of active 

iron species. 

 

Scheme 1.8 Iron-catalyzed C–H functionalization of benzene. 

In 2006, Nakamura disclosed an example of iron-catalyzed direct C–H 

activation was disclosed by through a serendipitous observation during iron-
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catalyzed cross-coupling reactions (Scheme 1.9).[41] Here, a C–H 

functionalized product, 2-biphenylpyridine 12, was observed in the cross-

coupling of 2-bromopyridine 10 and a phenylzinc reagent. In order to develop 

an efficient iron-catalyzed C–H activation system, the authors analyzed the 

reaction, which resulted in a number of significant observations: 1) an oxidant 

is necessary for catalyst turnover, 2) a nitrogen-based ligand is crucial for this 

transformation, and 3) the coupling partner is an in situ formed organic zinc 

reagent rather than the Grignard reagent. 

 

Scheme 1.9 Iron-catalyzed C–H arylation. 

Two years later, Nakamura reported an iron-catalyzed direct C–H activation 

with phenanthroline 14 as the ligand and dichloroisobutane 15 (DCIB) as the 

oxidant of choice (Scheme 1.10).[42]  

 

Scheme 1.10 Iron-catalyzed direct C–H activation.  

Subsequent studies using monodentate directing groups,[43] such as imines, 

amides, ketones, esters, and pyridines, led to major advancement in the field of 
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iron-catalyzed C(sp2)–H arylations and alkylations. A breakthrough in iron-

catalyzed C–H functionalization was represented by the application of 

bidentate[9a, 9g] directing groups, which not only provided an access to 

unprecedented C(sp3)–H activations, but also significantly diversified possible 

transformations. Major progress in the field of bidentate directing group-

assisted iron-catalyzed C–H functionalizations was achieved by Nakamura[31a] 

with 8-aminoquinoline (Q) group and by Ackermann[31b] with the easily 

accessible triazolyldimethylmethyl (TAM) group. 

1.2.2 Iron-Catalyzed C–H Activation with Organometallic Reagents 

At an early stage, major progress in this research field was achieved by the 

development of direct arylations of C(sp2)–H bonds using monodentate 

directing groups, including: 1) functionalizations of olefinic C(sp2)–H bonds,[43g] 

2) without zinc additives,[43h] 3) replacing Grignard reagents with metallic 

magnesium,[43e] and 4) the use of synthetically useful imines[43c, 43h, 43j] and 

amides[43f] as the directing group.  

C(sp3)–H functionalizations were realized by bidentate directing group 

assistance through low-valent iron catalysis. In this context, Nakamura reported 

on 8-aminoquinoline group-assisted direct arylations of aliphatic amides 17 with 

in situ generated aryl zinc reagents (Scheme 1.11a).[44] In contrast, Ackermann 

developed a powerful method employing the TAM group, a highly effective 

bidentate directing group, for the direct arylation of aromatic and aliphatic 

amides 20 and 23 (Scheme 1.11b).[45] It is worth noting that a bidentate 

phosphine ligand, such as dppbz 18 or dppe 21, was necessary for these 

transformations, whereas nitrogen-based ligands turned out to be ineffective. 

Recently, Ackermann successfully used environmental friendly electricity as 

oxidant instead of DCIB for the iron-catalyzed C–H arylation.[46] 
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Scheme 1.11 Bidentate directing group-assisted iron-catalyzed C–H arylation. 

In addition, lithium borate salts 26 proved to be a viable alternative to Grignard 

reagents for the low-valent iron-catalyzed C–H alkenylation (Scheme 1.12a).[47] 

Since various alkenylboronates are easily available and the corresponding 

magnesium reagents are usually difficult to prepare, this transformation shows 

a broader substrate scope as compared to the approach using 

alkenylmagnesium bromide 28 (Scheme 1.12b).[48]  
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Scheme 1.12 Iron-catalyzed C–H alkenylation. 

Apart from arylations and alkenylations, considerable achievements were also 

accomplished in iron-catalyzed C–H alkylations using alkyl aluminium 

reagents[49] or in situ alkyl formed zinc reagents.[48, 50] 

1.2.3 Iron-Catalyzed C–H Activation with Organic Electrophiles 

Despite indisputable progress in iron-catalyzed C–H activations with 

nucleophilic coupling partners, in most of the cases, stoichiometric amounts of 

expensive and toxic DCIB is needed as an oxidant to guarantee an efficient 

transformation (Scheme 1.13, path a). Recently, a major advancement in iron-

catalyzed C–H activation was represented by reacting the in situ generated iron 

species with various organic electrophiles, thus avoiding the use of external 

oxidants (scheme 1.13, path b). In this context, C–H transformations including 

alkylation,[51] allylation[51a, 52] and alkynylation[53] were accomplished, employing 

electrophiles in bidentate directing group-assisted low-valent iron catalysis. 
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Scheme 1.13 Bidentate directing group assisted iron-catalyzed C–H arylation. 

Nakamura reported iron-catalyzed C–H allylations with allyl phenyl ethers 30 

as the organic electrophiles (Scheme 1.14a).[52] The fact that allyl phenyl ether 

30 could be used as the electrophile in iron-catalyzed C–H functionalizations, 

was serendipitously discovered during their optimization of oxidants for iron-

catalyzed arylations of N-phenylpyrazole with diarylzinc. In this approach, C–H 

methylations and arylations in the presence of organozinc reagents, such as 

Me2Zn or Ph2Zn, was observed, suggesting that an appropriate organometallic 

base was crucial for the transformation. To further gain insights into the 

catalyst’s mode of action, deuterated allyl phenyl ether [D]2-30 was subjected 

 

Scheme 1.14 Iron-catalyzed C–H allylations with allyl phenyl ethers. 
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to the reaction. Selectively γ,γ-deuterated-product [D]2-31 was observed,   

providing strong support for a SN2-type mechanism (Scheme 1.14b). 

In a report by Ackermann, a widely applicable method for C–H allylations 

employing the user-friendly TAM group was disclosed.[51a] Various aromatic, 

heteroaromatic and olefinic benzamides 32 were found to be applicable in the 

transformation (Scheme 1.15a). Notably, the branched allylated product 

34e/34f was formed with comparable levels of regioselectivity with (E)-crotyl 

chloride 33a or the secondary allyl chloride 33b, providing support for the 

formation of a η3-allyl intermediate (Scheme 1.15b).[54] 

 

Scheme 1.15 Iron-catalyzed C–H allylation with allyl halides. 

The concept was further expanded to iron-catalyzed C–H alkylation and 

benzylation using alkyl and benzyl electrophiles. 



                     1. Introduction 

15 
 

For the alkylation reported by Nakamura, an excess of NaI was crucial for 

suppressing the undesired C–H arylation, thereby allowing for an efficient 

transformation (Scheme 1.16).[51c] Interestingly, the diastereochemical 

information was partially deteriorated in 36a when using diastereochemically 

well-defined trans-4-tert-butylcyclohexyl tosylate 35a. In addition, the catalytic 

activity was completely inhibited when the radical scavenger TEMPO was 

added. These observations highlight the radical character of the C–O cleavage 

process.[55] 

 

Scheme 1.16 Iron-catalyzed C–H alkylation with tosylates. 

In a contribution by Cook, alkyl and benzyl halides were employed for 

alkylations and benzylations in which NaI or zinc salt as additives were not 

necessary (Scheme 1.17a).[51b] The key to success in this reaction was the slow 

addition of the Grignard reagent and the use of BHT in the transformation of 

secondary alky halides 38. In addition, based on the slow addition procedure 

and the short reaction time, the authors proposed that a phenyliron species 

formed by transmetallation from PhMgBr, which immediately undergoes 

turnover-limiting coordination of the amide substrate, followed by rapid, 

irreversible C–H cleavage. Furthermore, Ackermann described an approach for 

methylation, alkylation and benzylation utilizing the modular click-triazole-



                     1. Introduction 

16 
 

based TAM as the directing group (Scheme 1.17b).[51a] This powerful procedure 

enabled the C–H alkylations with alkyl iodides, bromides, and even chlorides 

as the electrophile. Detailed studies revealed the reaction to proceed via a SET-

induced C–Hal cleavage. 

 

Scheme 1.17 Iron-catalyzed alkylation and benzylation of amides with halides. 
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1.2.4 Iron-Catalyzed C–H Annulation Reactions 

Apart from their application to C–H alkylation, arylation and allylation reactions, 

low-valent iron species, which can be coordinated by the π-systems of 

alkynes,[56] can promote C–H annulation reactions. 

Thus, Nakamura reported the iron-catalyzed oxidative [4 + 2] annulation of 2-

biaryl Grignard reagents 42 with alkynes 43 for the synthesis of phenanthrene 

derivatives 44 (Scheme 1.18a).[57] Notably, not only internal alkynes but also 

terminal alkynes could be transformed. In addition, a similar approach for iron-

catalyzed oxidative [2 + 2 + 2] annulations of aryl Grignard reagents 45 with two 

molecules of an internal alkyne 43a was achieved by the authors.[58] 

Mechanistically, the reaction was proposed to proceed through iron-catalyzed 

carbometalation of the alkyne 43a with the aryl Grignard reagent 45, 

subsequent with intramolecular C–H activation to form the five-membered 

ferracycle 46. Then insertion of a second molecule of alkyne 43a takes place 

to form intermediate 48, which undergoes reductive elimination and oxidation 

to afford the final product 49 and regenerate the active iron species (Scheme 

1.18b). Furthermore, a combination of arylindium reagents with alkyl Grignard 

reagents was found to be a viable alternative for the synthesis of phenanthrene 

derivatives under redox-neutral conditions.[59] 
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Scheme 1.18 Iron-catalyzed annulation of alkynes with aryl Grignard reagents. 

Nakamura[60] and Ackermann[61] reported iron-catalyzed formations of pyridone 

50 and isoquinolone derivatives 52 by assistance of the well-established Q and 

the modular triazolylmethyl (TAH) groups, respectively (Scheme 1.19). In 

contrast to iron-catalyzed transformations using organometallic reagents[45] or 

organic electrophiles,[51a] which prefer the bulky TAM group, the TAH group was 

shown to be more suitable for oxidative annulations. 
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Scheme 1.19 Iron-catalyzed C–H annulations. 

Inspired by the work of Reed on iron(0)-mediated imine cyclometallations,[62] 

Wang developed Fe3(CO)12 catalyzed redox-neutral cyclizations of internal 

alkynes 43 with imines 53 for the synthesis of 3,4‐dihydroisoquinolines 54 

(Scheme 1.20).[63] Despite this transformation featured neat reaction conditions, 

the coupling partners were limited in diarylethynes and poor regio-selectivity 

was observed when asymmetric alkyne was employed.  
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Scheme 1.20 Iron-catalyzed C–H redox-neutral [4+2] cyclization. 

Despite considerable progress, iron-catalyzed C–H annulation reactions, thus 

far limited to alkynes as coupling partners, employing unsaturated coupling 

partners such as allenes and BCPs have not been developed. 

Allenes have been recognized as increasingly useful building blocks in modern 

synthetic chemistry,[64] due to inter alia their transformative utility,[65] and various 

bioactive compounds and functional materials containing an allene moiety.[66] 

However, compared to alkyne and alkene transformations,[67] the application of 

allenes in catalyzed C–H activation remains underdeveloped, and thus far 

dominated by precious 4d and 5d transition metals.[68] 

Bicyclopropylidenes (BCPs) featuring two cyclopropane rings were identified as 

a useful structural motif for six membered ring formation.[69] However, their 

applications in C–H activation are narrow with three ruthenium-catalyzed C–H 

hydroarylations being reported, in which the cyclopropane rings are 

conserved.[70]   
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1.3 Transition Metal-Catalyzed C–H/C–C Activation 

Transition metal-catalyzed C–H activation has gained significant attention for 

efficient C–C and C–Het formations. The past decade has witnessed the 

emergence of selective C–C cleavages as a powerful tool for the construction 

of increasingly complex molecules,[71] despite C–C bonds usually being less 

sterically accessible and having less favorable orbital interactions with 

transition metal catalyst compared to C–H bonds.[72] Significant progress in this 

field was recently made by merging C–H activation with challenging C–C 

activation,[73] which provided a new strategy for overcoming synthetic 

challenges and a method for the convenient preparation of novel molecules 

(Scheme 1.21). 

Scheme 1.21 Merging C–H activation with C–C activation. 

To date, several mode of actions have been suggested for this novel strategy 

depending on the different kinds of substrates, including mainly: 1) combination 

of decarboxylation and C–H activation,[74] 2) merging decarbonylation with C–

H activation,[75] and 3) functionalization of strained carbocycles[76] (Scheme 

1.22). The tandem reactions of decarboxylation and concomitant C–H 

activation is highly desirable, due to the abundance and availability of aromatic 

carboxylic acids. For a successful transformation, a fine-tuning of the 

experimental conditions is required to avoid protodecarboxylation without C–H 

activation as well as C–H bond activation without decarboxylation (Scheme 

1.22a). The decarbonylation of aldehydes through dual C–H and C–C activation 

became attractive to the scientific community after Wilkinson’s catalyst was 

found to be effective for this transformation.[75a, 75d–75f] Typically, the 
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decarbonylation includes two elementary steps. First, C–H activation of the 

aldehyde occurs, followed by C–C cleavage and CO extrusion (Scheme 1.22b). 

The strain-release of highly strained carbocycles enabled C–C cleavages by 

the assistance of transition metals (Scheme 1.22c),[77] which provided access 

to novel molecules.[78] 

 

 

Scheme 1.22 Manifolds of merging C–H activation and C–C cleavage.  

The first example of this dual activation mode was reported by Bergman during 

a study on the mechanism of the formation of rhodacyclobutane 58 (Scheme 

1.23).[79] The C–H bond of 1,1-dimethylcyclopropane 55 was activated by the 

rhodium species 56 at low temperature. Subsequently, by warming up the 



                     1. Introduction 

23 
 

reaction mixture, C–C bond insertion took place to give the 

thermodynamic product 58. 

 

Scheme 1.23 Dual activation of C–H and C–C bonds.  

Inspired by the pioneering work of Bergman, strained ring systems for C–H and 

C–C dual activations have thus been intensively studied.[80] In 2000, Shair 

reported the rhodium-catalyzed intramolecular C–H activation and C–C 

cleavage for the formation of cyclooctenone 63.[81] The C–H activation of the 

aldehyde moiety in 59 takes place first, then intermediate 60 undergoes 

intramolecular hydrometallation to form intermediate 61. After ring opening and 

reductive elimination, the final product 63 is obtained (Scheme 1.24). In order 

to avoid decarbonylation and guarantee high yields ethylene was necessary. 

 

Scheme 1.24 Synthesis of cyclooctenone through dual C–H and C–C activation. 

In 2011, Orellana disclosed the synthesis of benzodiquinanes 65 through 

palladium-catalyzed oxidative ring expansion of 1-vinyl-1-cyclobutanols 64 

(Scheme 1.25).[82] The generally moderate yields observed in this 
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transformation suggested the existence of other pathways, which led to several 

byproducts.  

 

Scheme 1.25 Palladium-catalyzed oxidative ring expansion reaction. 

The dual activation strategy was also viable for intermolecular reactions using 

rhodium or ruthenium catalysts.[83] An early example of a dual activation 

manifold for intermolecular reactions was disclosed by Ackermann during their 

research on ruthenium-catalyzed hydroarylations of methylenecyclopropanes  

 

Scheme 1.26 Ruthenium-catalyzed hydroarylation reactions. 
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67 (Scheme 1.26a).[70b, 70c] It is worth noting that in the reactions with 

methylenecyclopropanes 67 or bicyclopropylidenes 70, the strained rings were 

conserved (Scheme 1.26a and 1.26b), while in the hydroarylation with 

benzhydrylidenecyclopropane 72 C–C cleavage occurred (Scheme 1.26c). 

In 2013, Wu developed an intermolecular tandem C–H and C–C activation 

during their research on rhodium-catalyzed C–H annulations of benzamide with 

methylenecyclopropanes (Scheme 1.27).[84] From a mechanism perspective, 

C–H activation proceeds through a concerted metalation-deprotonation 

sequence, followed by coordination and insertion of methylenecyclopropane 67 

to furnish 75, the arylrhodium intermediate 76 then undergoes β-C-elimination 

and reductive elimination to yield product 77.  

 

Scheme 1.27 Intermolecular tandem C–H and C–C activation. 

During the past years, 3d metal catalysis was proven to be an ideal alternative 

for tandem C–H and C–C activations.[24c, 85] In 2016, Ackermann disclosed the 

first example of cobalt-catalyzed C–H activation and C–C cleavage (Scheme 

1.28a).[85d] The reaction featured a high catalytic efficacy at room temperature. 

In addition, this transformation resulted in an unprecedented 

diastereoselectivity affording the thermodynamically less stable Z-alkenes 81 
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as the product. One year later, Ackermann reported the formation of tetracyclic 

compounds 84 through manganese-catalyzed stereoselective C–H/C–C 

activation with methylenecyclopropane 83 (Scheme 1.28b).[24c] Excellent levels 

of positional selectivity as well as diastereoselectivity were achieved in this 

transformation. 

 

Scheme 1.28 3d metal-catalyzed tandem C–H and C–C activation. 

Tandem C–H activation/C–C cleavage reactions can also occur under 

assistance of bidentate directing groups, using cobalt acetate as the catalyst 
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(Scheme 1.29).[85a] Instead of a reductive elimination to form a C–N bond, which 

is observed in the rhodium-catalyzed annulation of alkylidenecyclopropanes 

annulations,[84] a second C–H activation occurred to form the ring opening 

product 87 under cobalt catalysis.  

 

Scheme 1.29 Cobalt-catalyzed C–H/C–C/C–H activation. 
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2. Objectives 

Transition metal-catalyzed C–H activations have emerged as a powerful 

platform for efficient and sustainable C–C and C–Het bond formations. While 

most transformations were accomplished with precious and toxic 4d and 5d 

metal catalysts, sustainable catalytic manifolds by 3d metal catalysis,[30]  and 

especially iron-catalyzed C–H transformations,[31, 33, 86] have attracted 

significant attention due to their Earth-abundance, cost-efficiency, and low 

toxicity.[32]  

Despite considerable progress, iron-catalyzed C–H annulation reactions[57–61, 63] 

continue to be challenging transformation with major limitations in: 1) types of 

coupling partners with only alkynes were reported thus far, 2) the requirement 

of an excess of DCIB as an external oxidant, 3) lack of product diversity, due to 

a narrow substrate scope in some cases, 4) not fully elucidated reaction 

mechanism, and 5) absence of efficient protocols for removal of the TAH group. 

Therefore, it is highly desirable to establish a novel approach for low-valent iron-

catalyzed C–H annulations with allenes under redox-neutral conditions 

(Scheme 2.1). 

 

Scheme 2.1 Iron-catalyzed redox-neutral annulation with allenes. 

Remaining limitations in iron-catalyzed C–H alkyne annulation, such as the lack 

of detailed mechanistic studies and efficient procedures to remove the TAH 

group, promoted us to develop iron-catalyzed C–H annulations with propargyl 

acetates with the main purpose to shed light on the mechanism of iron-
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catalyzed redox-neutral annulations with alkynes and the removal of TAH group 

(Scheme 2.2). 

 

Scheme 2.2 Iron-catalyzed redox-neutral annulation with alkynes. 

A significant stimulus in C–H activation chemistry was recently gained by 

merging C–H activation with challenging C–C cleavages.[71, 73] While 

considerable progress has been achieved, this methodology was still limited by 

1) the requirement of precious metals,[83–84] 2) activated 

vinylcyclopropanes,[24c, 85b-85d] and 3) harsh oxidative conditions.[85a] Thus, a 

protocol to overcome these limitations would be highly desirable.  

To combine C–H activation with challenging C–C activation under iron catalysis 

as well as to further diversify the application of BCPs in C–H activation, the 

application of bicyclopropylidene derivatives in iron-catalyzed C–H/C–C 

activation should prove highly valuable (Scheme 2.3). 
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Scheme 2.3 Iron-catalyzed C–H/C–C activation with BCPs. 
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3. Results and Discussion 

3.1 Iron-Catalyzed C–H/N–H Allene Annulation 

Iron-catalyzed C–H oxidative annulations have emerged as a powerful tool for 

N-heterocycle constructions. While these strategies were limited to alkynes as 

the coupling partners and highlighted the requirement of an excess of DCIB as 

the external oxidant, a study of iron-catalyzed C–H oxidative annulations with 

alternative coupling partners under redox-neutral conditions would be highly 

considerable.  

3.1.1 Optimization Studies 

The optimization studies began by probing various reaction conditions for the 

envisioned iron-catalyzed C–H functionalization of benzamide 51a with allene 

88a (Table 3.1). The investigation on the amount of solvent and the addition 

order of allenes (see general procedure GPA’) indicated that a high 

concentration of Grignard reagent and zinc salts was required for the formation 

of the active iron catalyst (entries 1–3). In addition, the use of biomass-derived 

solvent[87] 2-MeTHF delivered product 89aa in moderate yield (entry 4). iPrMgBr 

proved to be the additive of choice (entries 5 and 6). The allene annulation 

smoothly occurred at room temperature and with reduced catalyst loading 

(entries 7–10). 
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Table 3.1 Optimization of iron-catalyzed C–H activation with allenes 88a.  

 

Entry X mol % Grignard reagent Solvent (y mL) Yield/% 

1 15 iPrMgBr THF (1.0) 44[b] 

2 15 iPrMgBr THF (0.4) 91 

3 15 iPrMgBr THF (0.4)  46[c] 

4 15 iPrMgBr 2-MeTHF (0.4)  59[b] 

5 15 MeMgBr THF (0.4) 71 

6 15 iPrMgCl THF (0.4) 64 

7     15 iPrMgBr THF (0.4) 66[d] 

8 1 iPrMgBr THF (0.4) 38 

9 5 iPrMgBr THF (0.4) 35 

10 10 iPrMgBr THF (0.4) 82 

[a] Reaction conditions: 51a (0.30 mmol), 88a (3 equiv), Fe(acac)3 (x mol %), dppe (15 mol %), 

ZnBr2·TMEDA (2 equiv), Grignard reagent (3.0 M, 3 equiv), Solvent (y mL), 65 °C, 16 h; yields 

of isolated products. [b] used 51a (0.15 mmol) [c] adding 88a at the same time with catalyst. [d] 

25 °C. 

To further optimize the reaction, different types of catalyst, ligand and leaving 

group were tested in the transformation (Table 3.2). The unique power of the 

iron catalysis regime was reflected by cobalt, manganese and nickel catalysts 

falling short in providing the desired product 89aa (entries 1–5). Various simple 

phosphine and nitrogen-based ligand were also tested, but failed to provide the 
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desired product 89aa in synthetically useful yields (entries 6–12). The 

investigation on different leaving groups revealed allenyl acetate 88a to be 

optimal for an external-oxidant-free C–H annulation (entries 13–17). 

Table 3.2 Optimization of iron-catalyzed C–H activation with allenes 88.  

 

Entry [TM] Ligand LG Yield [%] 

1 --- dppe OAc (88a) --- 

2 CoCl2 dppe OAc (88a) --- 

3 MnCl2 dppe OAc (88a) --- 

4 Ni(acac)2 dppe OAc (88a) --- 

5 Fe(acac)3 dppe OAc (88a) 91 

6 Fe(acac)3 dppen OAc (88a) 25 

7 Fe(acac)3 dppz OAc (88a) trace 

8 Fe(acac)3 PPh3 OAc (88a) --- 

9 Fe(acac)3 dppp OAc (88a) --- 

10 Fe(acac)3 Xantphos OAc (88a) --- 

11 Fe(acac)3 phen OAc (88a) --- 

12 Fe(acac)3 2,2’-bipyridine OAc (88a) --- 

13 Fe(acac)3 dppe Cl (88b) 16 
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14 Fe(acac)3 dppe OP(O)(OEt)2 (88c) 16 

15 Fe(acac)3 dppe OC(O)Ph (88d) 30 

16 Fe(acac)3 dppe OC(O)OMe (88e) 35 

17 Fe(acac)3 dppe OH (88f) --- 

[a] Reaction conditions: 51a (0.30 mmol), 88 (0.90 mmol), [TM] (15 mol %), Ligand (15 mol %), 

ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 16 h; yields of 

isolated products.  

 

3.1.2. Impact of Directing Group on C–H Functionalization 

With the optimized condition in hand, we further tested the impact of various 

bidentate directing group on this transformation (Table 3.3). Thus, a variety of 

methylene-tethered triazoles TAH delivered the desired isoquinolones 89aa–

89da in high yields (entries 1–4), tolerating among others a reactive alkyl 

chloride 51d without any cross-coupling products being observed. In addition, 

the modular nature of the triazole group further enabled the synthesis of the 

non-aromatic exo-methylene dihydroisoquinolines 90 through the judicious 

choice of the TAM group which was proved to be invalid for iron-catalyzed C–

H annulation with alkynes[61] (entries 5–7). However, other bulky groups at the 

triazole directing group did not give the desired product (entries 8–9). 
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Table 3.3 Impact of directing group on C–H functionalization.  

 

 

Entry 51/32 89/90 Yield 

[%] 

 

 

1 
 

 

51a 

 

89aa 

 

 

91 

 

 

2 

 

 

 

 

51b 

 

89ba 

 

 

82 

 

 

3 
 

 

51c 

 

89ca 

 

 

80 

 

 

4 
 

 

51d 

 

89da 

 

 

69 

 

 

5 

 

 

 

32a 

 

90aa 

 

 

93 
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6 

 

 

 

32b 

 

90ba 

 

 

76 

 

 

7 
 

 

32c 

 

90ca 

 

 

73 

 

 

8 
 

32d 

 

 

--- 

 

 

--- 

 

 

9 

 

32e 

 

 

--- 

 

 

--- 

[a] Reaction conditions: 51/32 (0.30 mmol), 88a (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3 M, 0.90 mmol), THF (0.40 mL), 65 °C, 16 

h; yields of isolated products. 

 

No transformation was observed when employing bidentate directing groups 

which were otherwise widely used in 3d transition metal catalyzed system 

(Scheme 3.1). These observations suggested that the structure as well as the 

electronic properties of the directing group are crucial to achieve successful C–

H activation catalyzed by the in situ generated low-valent iron species. 
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Scheme 3.1 Limitations on directing group.[a]  

3.1.3. Substrate Scope and Limitations 

Under the optimized iron-catalyzed C–H activation conditions, we next explored 

its versatility with a range of substituted TAH-benzamides 51 (Table 3.4). With 

regard to para-substituted TAH-benzamides 51e–51j, the corresponding 

isoquinolone products 89ea–89ja were obtained in moderate to high yields, 

(entries 2–7). Likewise, chloro at the para-position 51j were efficiently 

converted to synthetically useful isoquinolones without any dehalogenation 

product being observed (entrie 7). Di-substituted benzamides 51k and 51l 

yielded the corresponding products 89ka and 89la in good regioselectivity 

(entries 8 and 9). Furthermore, thiophenyl-derived benzamide 51m furnishing 

the desired products 89ma in moderate yield, while furanyl-derived benzamide 

51n proved to be unsuitable for the transformation (entries 10 and 11). 

Unfortunately, the olefinic C(sp2)–H and aliphatic C(sp3)–H bond were 

incompatible for this transformation (entries 12–14). 
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Table 3.4 Substrate scope of TAH benzamide 51. 

 

Entry 51 89 Yield [%] 

 

1 
 

51a 

 

89aa 

 

91 

 

2 
 

51e 

 

89ea 

 

80 

 

3 

 

 

51f 

 

89fa 

 

70 

 

4 
 

51g 

 

89ga 

 

82 

 

5 
 

51h 

 

89ha 

 

65 
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6 
 

51i 

 

89ia 

 

51 

 

7 
 

51j 

 

89ja 

 

56 

 

8 

 

51k 

 

89ka 

 

67 (1.2:1) 

 

9 
 

51l 

 

89la 

 

69 

 

10 
 

51m 

 

89ma 

 

67 

 

11 
 

51n 

 

--- 

 

--- 
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12 
 

51o 

 

--- 

 

--- 

 

13 
 

51p 

 

--- 

 

--- 

 

14 
 

51q 

 

--- 

 

--- 

[a] Reaction conditions: 51 (0.30 mmol), 88a (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 

16 h; yields of isolated products.  

The modular nature of the triazole group TAM provided an access to various 

exo-methylene isoquinolines 90 with ample scope (Table 3.5). Differently 

decorated aromatic amides delivered the desired products 90fa–90ja with high 

levels of positional selectivity control, with the reaction occurring at the less 

sterically congested site (entries 1–6). However, other types of C(sp2)–H bond, 

such as in furanyl-, naphthyl-, olefinic and C(sp3)–H bonds fell short in the 

envisioned iron-catalyzed annulations (entries 7–11). 
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Table 3.5 Substrate scope of TAM benzamide. 

 

Entry 32 90 Yield [%] 

 

1 

          

 

93 

 

2 

  

 

68 

 

3 

  

 

81 

 

4 

  

 

71 

 

5 

  

 

90 
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6 

  

 

76 

 

7 

 

   32k 

 

--- 

 

--- 

 

8 

 

 

--- 

 

--- 

 

9 

 

    32m 

 

--- 

 

--- 

 

10 

 

   32n 

 

--- 

 

--- 

 

11 

 

   32o 

 

--- 

 

--- 

[a] Reaction conditions: 32 (0.30 mmol), 88a (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 

16 h; yields of isolated products.  
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Furthermore, the versatile iron catalyst further enabled the efficient conversion 

of decorated allenes 88 and TAM-benzamide 32a to furnish the corresponding 

exo-methylene isoquinolines 90 with moderate to high yields (Table 3.6). Allenyl 

acetates bearing alkyl groups with different chain-lengths and functional group 

were efficiently converted (entries 1–4). Allenes with aromatic substituted at the 

α-position of acetate group or the di-substituted allene failed to give the product 

(entries 5–7).  

Table 3.6 Substrate scope of TAM substrate 32a with various allenes 88. 

 

Entry 88 90 Yield [%] 

 

1 

  

 

76 

 

2 

  

 

87 

 

3 

  

 

78 
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4 

  

 

68 

 

5 

  

 

Trace 

 

6 

 

 88l 

 

--- 

 

--- 

 

7 

 

   88m 

 

--- 

 

--- 

[a] Reaction conditions: 32a (0.30 mmol), 88 (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 16 

h; yields of isolated products.  

3.1.4 Traceless Removal of TAM Group 

The TAM directing group was tracelessly removed in a user-friendly one-pot 

fashion further illustrate the synthetic utility of the iron-catalyzed redox-neutral 

C–H annulation with allenes (Scheme 3.2).  

 

Scheme 3.2 Traceless removal of TAM group.  
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Crystals suitable for X-ray diffraction were then grown by slow evaporation, 

unambiguously confirming the connectivity of product 89la (Scheme 3.3). 

 

Scheme 3.3 Molecular structure of 89la with thermal ellipoids at 50% probability level. 

The crystal structure was measured and solved by Dr. Christopher Golz. 

3.1.5 Mechanistic Studies 

Given the unique features of the developed iron-catalyzed C–H annulation, we 

became intrigued by studying its mode of action. Mechanistic approaches 

including experiment, Mössbauer spectroscopy and DFT computation were 

carefully conducted to reveal the detail mechanism. 

Competition Experiment 

Intermolecular competition experiments revealed an inherent higher reactivity 

of electron-deficient arenes 51h (Scheme 3.4), indicating a ligand-to-ligand 

hydrogen transfer (LLHT)[24d, 46, 88] mechanism which prefer a kinetically C–H-

acidic substrates to be operative for the C–H activation. Different from σ-bond 

metathesis with early transition metals and base-assisted metalation most 

commonly with carboxylate ligands, the LLHT was reported in the cases with 

late transition metals and normally with nitrogen ligands. 
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Scheme 3.4 Competition reaction of iron-catalyzed C–H/N–H annulation.  

Reactions with Isotopically-labelled Substrates 

A C–D functionalization with the isotopically labelled substrate [D]5-51a either 

by independent reactions using in situ React-IR measurement (Scheme 3.5a) 

or an intermolecular KIE measurement through a one-pot reaction fashion 

(Scheme 3.5b), showed no significant kinetic isotope effect (kH/kD = 1.2 or 1.5), 

providing support for a facile C–H cleavage which is not the rate-determining 

step of the overall reaction.  

 

Scheme 3.5 KIE studies of iron-catalyzed C–H annulation with allenes 88a.  

No deuterium scrambling was observed when isotopically labelled substrate 

[D]5-51a was employed (Scheme 3.6a). Furthermore, deuterium scrambling 

was not observed when using deuterium-labelled solvent (Scheme 3.6b) or 

isotopically labelled substrate [D]1-51a (Scheme 3.6c). In contrast, the 
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specifically deuterium-labelled allene [D]2-88a resulted in the site-selective 

deuterium incorporation in the products [D]2-90aa (Scheme 3.6d), highlighting 

the key role of the C–O/C–H cleavage within an external oxidant-free allene 

annulation process. In addition, the same result was deuterium scrambling was 

observed in the product, when TAH benzamide 51a was reacted with [D]2-88a, 

which was performed by Dr. T. Müller.[89] 

 

Scheme 3.6 Experiments with isotopically-labelled substrates.  
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To further unveil the role of the acetate leaving group, two control experiment 

were conducted, one was employing alkyl allene 88n under the standard 

condition, which was performed by Dr. T. Müller (Scheme 3.7a), the other one 

was using the standard allene 88a but adding DCIB as an additional oxidant 

(Scheme 3.7b). To the end, the reaction under otherwise identical reaction 

conditions led to the corresponding hydroarylation product 103, while the 

reaction in the presence of DCIB gave the standard product 89aa. These 

observations highlighted an oxidation-induced reductive elimination occurring 

during the annulation process. 

 

Scheme 3.7 Role of leaving groups in iron-catalyzed C–H annulation. 

 

Mössbauer Spectroscopic Studies 

As to the catalyst’s mode of action, detailed step-to-step Mössbauer 

spectroscopic studies were conducted to unveil the oxidation and spin states of 

the iron intermediate species (Table 3.7). In order to avoid the influence of iron-

catalyzed β-H-elimination of Grinard reagent, MeMgBr was used instead of 

iPrMgBr for the Mössbauer measurement. As the amount of Grignard reacgent 

and zinc salts was largely excess comparing with iron catalyst in the standard 

condition, 9 equivalent of MeMgBr and 6 equivalent of ZnBr2·TMEDA were used 

here to create similar reduce environment for iron catalyst. To this end, the 
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presence of high-spin iron(II) intermediate species were supported by these 

observations.[90] This research was performed in collaboration with the research 

group of Prof. Dr. F. Meyer. After sample preparation, the data was recorded 

and interpreted by Dr. S. Demeshko.  

Table 3.7 Mössbauer parameters of reaction mixtures. 

Entry Reaction Valence of 

Iron/ 

Spin State 

δ  

(mm s-1) 

ΔEQ 

(mm s-1) 

rel. int. 

(%) 

1 57FeCl2 + THF +2HS 1.26 3.05 100 

2 Entry 1 + MeMgBr +1.4[91] 0.29 0.88 100 

3 Entry 2 + 

ZnBr2·TMEDA 

+2HS 

+2HS 

1.01 

1.36 

2.69 

2.56 

69 

31 

 

4 

 

Entry 3 + dppe 

+2HS 

+2HS 

+2HS 

0.92 

0.98 

1.24 

1.42 

2.57 

2.68 

23 

40 

37 

 

5 

 

Entry 4 + 51a 

n.a.[a] 

+2HS 

+2HS 

0.26 

1.14 

1.00 

1.01 

2.45 

3.17 

43 

36 

21 

6 Entry 5 + 88a 

 

n.a.[a] 

+2HS  

+2HS 

0.24 

0.68 

1.12 

1.43 

1.94 

2.60 

28 

29 

43 

[a] n.a. = not assigned. The data were recorded and interpreted by Dr. S. Demeshko.  
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3.1.6 Proposed Mechanism 

Based on the mechanistic findings, the iron-catalyzed allene annulation is 

proposed to be initiated by facile C–H metalation via LLHT, along with allene 

migratory insertion (Scheme 3.8). Thereafter, oxidation-induced reductive 

elimination takes place to generate the iron allyl complex 107. Based on the 

selective deuterium transposition, the iron allyl complex 107 was proposed to 

undergo a unique intramolecular C–H activation by 1,4-iron migration[92] which 

was considered as the key step to generate the stabilized allylic-benzylic iron 

intermediate 108. Proto-demetallation with the amide motif of the substrate 

51/32 delivers the intermediate 109 or the final product 90. The intermediate 

109 finally undergoes isomerization to furnish the corresponding isoquinolone 

89. The crucial 1,4 iron migration was further supported by computational 

studies that were conducted by Dr. J. C. A. Oliveira.[89] 
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Scheme 3.8 Proposed mechanism for iron-catalyzed C–H annulation with allenes 88. 
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3.2 Iron-Catalyzed C–H/N–H Propargyl Acetate Annulation 

While a previous report on iron-catalyzed alkyne annulations[61] showed 

limitations in substrate scope and a procedure to remove the TAH group was 

not available, it was valuable to investigate the reactivity of propargyl acetates 

in iron-catalyzed C–H annulations.  

3.2.1 Optimization Study and Substrate Scope 

Under the standard reaction condition for the allene annulations (Chapter 3.1.1), 

a similar reactivity was accomplished with propargyl acetates 91a, the reaction 

was found by Dr. T. Müller. The yield increased to 60% when using Fe(acac)2 

instead of Fe(acac)3. This finding suggested that an iron(II) catalyst may be 

more reactive than iron(III) catalysts (Scheme 3.9). 

 

Scheme 3.9 Test reaction of propargyl acetate 91a. 

For consistency and reproducibility, the optimization studies and the substrate 

scope were performed by Dr. T. Müller.[93]  

These experiments showed that: As in the allene annulation reactions (Chapter 

3.1.1), dppe proved to be the ligand of choice and FeCl2 showed higher activity 

in the catalytic reaction. The propargyl acetate annulation required more solvent 

and a lower reaction temperature. Furthermore, the propargyl acetate 

annulations with the TAH-substrates showed similar reactivity as was observed 

with the allenes. However, the TAM-substrates, which were compatible for 

allene annulations, fell short in providing the target products here. The 
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inherently decreased reactivity of the TAM-substrate can be partially attributed 

to the increased steric bulk of propargyl acetates as compared to the allenes.  

3.2.2 Traceless Electrochemical Removal of TAH Group 

Efforts first have been made to chemically remove the TAH group. 

Unfortunately, all attempts failed to deliver the target product 93aa (Table 3.8).  

Table 3.8 Failed attempts for removal of TAH group. 

 

Entry Conditions 

 

1 

1) LDA (2 equiv) /THF, −78 °C, 5 min 

2) O2, −78 °C,  

3) 10 min 

4) NH4Cl/H2O, −78–23 °C, 1 h 

2 1) BBr3 (5.3 equiv), DCM, 0–23 °C, 16 h 

2) PhI(TFA)2, MeCN/THF/H2O, 0 °C, 2 h 

3 BF3 Et2O (1.5 equiv), dry MeOH, 130 °C, 16 h 

4 NOBF4 (2.0 equiv), MeCN, 50 °C, 16 h 

5 H2O2 (5 mL), CF3COOH (4 mL), 40 °C, 18 h 

6 Conc. aq. HCl (1 mL), THF, 130 °C, 16 h 

7 Conc. aq. HCl (1 mL), THF, 130 °C, 16 h 

8 H2SO4 (1 mL), THF, 130 °C, 16 h 
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9 sat. NaOH (1 mL), THF, 130 °C, 16 h 

 

The TAH group of product 92aa could be removed in a traceless manner 

through electro-oxidative cleavage (Table 3.9). The corresponding 

isoquinolone 93aa was obtained in good yield using two equivalents of zinc salt 

and three equivalents of iPrMgBr (entry 1). The yield decreased with increasing 

amounts of iPrMgBr (entries 2–4). In addition, when only the Grignard reagent 

was present, the transformation was achieved in a low yield, while the sole use 

of zinc or magnesium salts fell short in giving the product (entries 5–8). 

Furthermore, nBu4NBF4, H2O as well as aqueous NH4Cl were tested as 

additives, significant product formation was not detected (entries 9–11). These 

observations suggested that the combination of ZnBr2·TMEDA and Grignard 

reagent was crucial for an efficient transformation. 

Table 3.9 Optimization of traceless removal of the TAH group.

 

Entry Additive 1 (x equiv) Additive 2 (y equiv) Yield [%] 

1 ZnBr·TMEDA (2) iPrMgBr (3) 73 

2 ZnBr·TMEDA (2) iPrMgBr (6) 72 

3 ZnBr·TMEDA (2) iPrMgBr (9) 63 

4 ZnBr·TMEDA (3) iPrMgBr (9) 40 

5 iPrMgBr (9) --- 38 



                     3. Results and Discussion 

55 
 

6 MgBr2 (10) --- n.r. 

7 ZnBr·TMEDA (10) --- n.r. 

8 ZnBr2 (10) --- n.r. 

9 nBu4NBF4 (4) --- n.r. 

10[b] H2O  --- n.r.  

11[b] aq. NH4Cl  --- n.r. 

[a] Reaction conditions: 92aa (0.30 mmol), additive 1 (x equiv), additive (y equiv), THF (2 mL), 

60 °C, 16 h; yields of isolated products. [b] 2 mL of additive 1 was used. 

3.2.3 Mechanistic Studies 

Mechanistic experiments were performed by Dr. T. Müller[93] including 1) 

intermolecular competition experiments, 2) reactions with the isotopically-

labelled substrates, and 3) Hammett-plot analysis of the initial rates of the iron 

catalyzed C–H activation with a range of propargyl acetates. 

These experiments showed that a LLHT mechanism could be possible and that 

the C–H activation event is not the rate-determining step. Furthermore, no 

deuterium was incorporated into the product 92aa by using various isotopically-

labelled substrates, such as [D5]-benzamide, [D]-benzamide, [D6]-iPrMgBr, 

[D20]-dppe. A change in the rate-determining step could exist. 

Furthermore, when the standard reaction was conducted in the presence of  

 

Scheme 3.10 Reaction with isotopically-labelled solvent. 
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isotopically-labelled solvent, no deuterium was incorporated into the product 

(Scheme 3.10).  

While no deuterium incorporation in product 92aa was obsedved in the reaction 

with [D5]-51a (Scheme 3.11a, performed by Dr. T. Müller), the following 

experiments were conducted to understand where the proton at the ortho-

position of the benzamide 51a was ending in. H2 was detected by headspace 

GC analysis in the standard catalytic reaction (Scheme 3.11b). In addition, the 

proton of amide in the substrate 51a can be deprotonated by PhZnCl (Scheme 

3.11c). Thus, H2 could be formed through β-hydride elimination of the Fe-alkyl 

complex 111 (Scheme 3.13) or by-reaction of iron reacting with Grignard 

reagent. To further confirm, a DFT calculation was conducted by Dr. J. C. A. 

Oliveira. These results showed that the formation of H2 through β-hydride 

elimination of iron-alkyl complex 111 is less possible during the C–H activation 

event (Scheme 3.13). Based on these findings, we proposed that the proton of 

benzamide 51a which participate in C–H activation would be transfered to the 

isopropyl group in complex 111 then form propane gas (Scheme 3.13). 

 

Scheme 3.11 Detection of H2 and deprotonation of benzamide 51a. 
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In order to capture the intermediate, a reaction with di-phenyl substituted 

propargyl acetate 91b was performed (Scheme 3.12). Unfortunately, no 

transformation was observed under the standard conditions. 

 

Scheme 3.12 Reaction with di-phenyl substituted propargyl acetate 91b. 

Mössbauer Spectroscopy Studies 

To further gain insights into the catalyst’s mode of action, Mössbauer 

spectroscopic studies were conducted to unveil the oxidation and spin states of 

the iron intermediate species (Table 3.10). In order to avoid the influence of 

iron-catalyzed β-H-elimination of Grinard reagent, MeMgBr was used instead 

of iPrMgBr for the Mössbauer measurement. As the amount of Grignard 

reacgent and zinc salts was largely excess comparing with iron catalyst in the 

standard condition, 9 equivalent of MeMgBr and 6 equivalent of ZnBr2·TMEDA 

were used here to creat similar reduce environment for the iron catalyst. Our 

observations provided strong support for the presence of high-spin iron(II) 

intermediate species.[90] This research work was performed in collaboration with 

the research group of Prof. Dr. F. Meyer. After sample preparation, the data 

were recorded and interpreted by Dr. S. Demeshko.  
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Table 3.10 Mössbauer parameters of reaction mixtures. 

Entry Reaction Valence of 

Iron/ 

Spin State 

δ  

(mm s-1) 

ΔEQ 

(mm s-1) 

rel. int. 

(%) 

1 57FeCl2 + THF +2HS 1.26 3.05 100 

2 Entry 1 + MeMgBr +1.4[91] 0.29 0.88 100 

3 Entry 2 + 

ZnBr2·TMEDA 

+2HS 

+2HS 

1.01 

1.36 

2.69 

2.56 

69 

31 

 

4 

 

Entry 3 + dppe 

+2HS 

+2HS 

+2HS 

0.92 

0.98 

1.24 

1.42 

2.57 

2.68 

23 

40 

37 

 

5 

 

Entry 4 + 51a 

n.a.[a] 

+2HS 

+2HS 

0.26 

1.14 

1.00 

1.01 

2.45 

3.17 

43 

36 

21 

6 Entry 5 + 91a +2HS 

+2HS 

1.00 

0.95 

2.94 

2.29 

48 

52 

[a] n.a. = not assigned. The data were recorded and interpreted by Dr. S. Demeshko.  
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3.2.4 Proposed Mechanism 

Based on our studies, a plausible catalytic cycle was proposed (Scheme 3.13). 

The catalytic cycle consists of: a) a reversible, facile C–H activation via LLHT, 

b) alkyne migratory insertion, c) exergonic β-O-elimination, d) allene migratory 

insertion, and e) proto-demetallation to deliver the desired isoquinolone product 

92 and regenerate the active iron species 111. 

 

Scheme 3.13 Proposed mechanism for the iron-catalyzed annulation with 91. 
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3.3 Iron-Catalyzed C–H/C–C Activation with 

Bicyclopropylidenes 

In recent years, the merger of C–H activation with challenging C–C cleavages 

has been developed for the construction of novel molecules. Despite 

considerable achievements, this approach was largely thus far restricted to 

precious metal catalysts,[83–84] activated vinylcyclopropanes,[24c, 85b–85d] as well 

as harsh oxidative conditions.[85a]  

3.3.1 Optimization Studies 

A series of BCP derivatives were tested under the standard reaction conditions 

of the iron-catalyzed C–H oxidative annulation with allenes. To our delight, 

when substrate 94a was used as the coupling partner, bispiro-fused product 

96aa was obtained in 45% yield (Scheme 3.14).  

 

Scheme 3.14 Test reactions with bicyclopropylidenes. 

Thereafter, considerable efforts were devoted to improve the yield of the 

structurally interesting product (Table 3.11). We initiated our optimization by 

testing different iron catalysts, and Fe(acac)3 delivered the best results among 

the tested catalysts (entries 1–4). In addition, various Grignard reagents are 
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probed, and iPrMgBr proved to be the best (entries 5–10). Other etheric 

solvents turned out to be less effective than THF (entries 11–15). Increasing 

the concentration of iPrMgBr did not facilitate the reaction (entries 16 and 17). 

Adding the BCP substrate 94a dropwise instead of in one portion showed a 

comparable reactivity (entry 18). The yield dropped to 26% when the reaction 

was run at 80 °C, while further decreasing the temperature to 23 °C almost shut 

down the reaction (entries 19 and 20). As the use of acetate as the leaving 

group was mandatory to achieve reasonable conversion in the iron-catalyzed 

annulation of allenyl acetates, we reinvestigated the role of the leaving group. 

When acetate or carbonate was installed on the BCP, the isoquinolone 95aa 

could be obtained as main product. In contrast, with alkoxy as the leaving group, 

product 96aa was obtained (entries 21–26). The yield of product 95aa 

decreased when FeCl2 was used instead of Fe(acac)3, and a higher 

concentration of Grignard reagent was employed (entries 27–29). Interestingly, 

biomass-derived solvent 2-MeTHF also enabled the isoquinolone 95aa 

transformation, while it proved to be inefficient for the reaction using methoxy 

as the leaving group (entries 15 and 30). Furthermore, the isoquinolone 95aa 

synthesis worked efficiently even at room temperature (entry 31). 
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Table 3.11 Optimizations of iron-catalyzed C–H/C–C activation. 

 

Entrya Catalyst 
Grignard reagent 

(x M ) 
Solvent LG 

96aa 

[%] 

95aa 

[%] 

1 Fe(acac)2 iPrMgBr (3) THF OMe 25 --- 

2 FeCl3 iPrMgBr (3) THF OMe  25 --- 

3 Fe(dbm)3 iPrMgBr (3) THF OMe 21 --- 

4 Fe(acac)3 iPrMgBr (3) THF OMe 45 --- 

5 Fe(acac)3 MeMgBr (3) THF OMe 42 --- 

6 Fe(acac)3 tBuMgCl (2) THF OMe 40 --- 

7 Fe(acac)3 CyMgCl (2) THF OMe 24 --- 

8 Fe(acac)3 TMSCH2MgCl (2.5) THF OMe --- --- 

9 Fe(acac)3 iPrMgCl (1) THF OMe 23 --- 

10 Fe(acac)3 cycloproplyMgBr (1) THF OMe 14 --- 

11b Fe(acac)3 iPrMgBr (3) Et2O OMe 21 --- 

12 Fe(acac)3 iPrMgBr (3) DME OMe --- --- 

13 Fe(acac)3 iPrMgBr (3) dioxane OMe --- --- 

14 Fe(acac)3 iPrMgBr (3) (nBu)2O OMe --- --- 
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15 Fe(acac)3 iPrMgBr (3) 2-MeTHF OMe --- --- 

16c Fe(acac)3 iPrMgBr (3) THF OMe 26 --- 

17 Fe(acac)3 iPrMgBr (4.3) THF OMe --- --- 

18d Fe(acac)3 iPrMgBr (3) THF OMe 40 --- 

19e Fe(acac)3 iPrMgBr (3) THF OMe trace --- 

20f Fe(acac)3 iPrMgBr (3) THF OMe 26 --- 

21 Fe(acac)3 iPrMgBr (3) THF OEt 35 --- 

22 Fe(acac)3 iPrMgBr (3) THF OBn trace --- 

23 Fe(acac)3 iPrMgBr (3) THF OPh  --- --- 

24 Fe(acac)3 iPrMgBr (3) THF   94e 30 15 

25 Fe(acac)3 iPrMgBr (3) THF   94f --- 70 

26 Fe(acac)3 iPrMgBr (3) THF OAc  --- 80 

27 FeCl2 iPrMgBr (3) THF OAc --- 53 

28 Fe(acac)3 iPrMgBr (4.28) THF OAc  --- 47 

29c Fe(acac)3 iPrMgBr (3) THF OAc  --- 53 

30 Fe(acac)3 iPrMgBr (3) 2-MeTHF OAc  --- 70 

31e Fe(acac)3 iPrMgBr (3) 2-MeTHF OAc  --- 64 

[a] Reaction conditions: 51a (0.30 mmol), 94 (0.90 mmol), [TM] (15 mol %), dppe (15 mol %), 

ZnBr2·TMEDA (0.60 mmol), Grignard reagent (0.90 mmol), THF (0.40 mL), 65 °C, 16 h; yields 

of isolated products. [b] at 40 °C. [c] 0.2 mL solvent was used. [d] dropwise addition of 94a over 

1 h. [e] at 23 °C. [f] at 80 °C.  
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3.3.2 Impact of the N-Substituent on the C–H/C–C Activation 

The iron-catalyzed C–H/C–C activation with different TAH groups provided 

various isoquinolones in moderate to good yields (Table 3.12). Among them, 

methylene-tethered TAH triazoles delivered the desired isoquinolones 95 in 

good yields (entries 1–4), tolerating among others a reactive alkyl chloride 51d 

without any cross-coupling products being observed (entry 5).  

Table 3.12 Impact of different TAH groups on the C–H/C–C activation. 

 

Entry              51 95 Yield [%] 

 

1 

  

 

80 

 

2 

  

 

68 

 

3 

  

 

61 
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4 

  

 

60 

 

5 

  

 

50 

[a] Reaction conditions: 51 (0.30 mmol), 94g (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 

16 h; yields of isolated products.  

Notably, when TAM benzamide 32a was used, the triazole group was directly 

removed in situ, leading to the products of free isoquinolone 97 and triazole 

substituted alkene 119 (Scheme 3.15). Employing tetrahydropyranyl as the 

leaving group on the BCP (94e), the yield of the free isoquinolone 97 was 

increased to 52%. While previous studies on iron-catalyzed C–H annulation 

always needed an additional step for TAM group removal, this finding provided 

an alternative way to synthesize the NH-free isoquinolone. However, no product  

 

Scheme 3.15 Impact of different TAM groups on the C–H/C–C activation. 
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formation was observed when other bulky groups were introduced on the TAM 

group (Scheme 3.15). 

3.3.3 Substrate Scope and Limitations 

Next, the reactivity of various substituted TAH substrates and BCP acetates 

was investigated (Table 3.13). This transformation tolerated various functional 

groups, such as thioether (51s) and chloro (51j) (entries 1–6). For the para-

methyl substituted TAH substrate 51e, under the standard condition only 16% 

of the product 95eg were obtained. By prolonging the reaction time and 

lowering the reaction temperature, the yield was improved to 60% (entry 2). 

meta-Substituted TAH substrates, such as methyl, chloro or bromo, were 

efficiently converted to the desired isoquinolones 95tg–95wg with high chemo- 

and regio-selectivities (entries 7–10).  

Table 3.13 Substrate scope of TAH benzamide 51.

 

Entry 51 95 Yield [%] 

 

1 

        

 

80 

 

2 

  

 

16(60)[b] 
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3 

 
  

 

78 

 

4 

  

 

70 

 

5 

  

 

61 

 

6 

  

 

52 

 

7 

  

 

64 

 

8 

      

 

79 
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9 

  

 

59 

 

10 

  

 

48 

[a] Reaction conditions: 51 (0.30 mmol), 94g (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 

16 h; yields of isolated products. 

A rare selective C–F/C–H activation could be induced when the para-CF3 

substituted TAH-substrate 51h was used, providing the C–H/C–C/C–F/C–H 

functionalized product 95hg’ (Scheme 3.16a). Additionally, meta-CF3 

substituted TAH-substrate 51x afforded the by-product 95xg’ with conservation 

of one cyclopropane ring (Scheme 3.16b). These findings strongly supported a 

β-O elimination or β-C elimination mechanism to be responsible for the ring 

opening of the cyclopropanes. For the para-CF3 substituted TAM-substrate 32g, 

the C–F/C–H functionalization product 97gg’ was here not observed (Scheme 

3.16c), which is suggestive of the C–N bond cleavage taking place 

preferentially over the C–C cleavage of the second cyclopropane ring during 

the formation of the free isoquinolone products 97 (Scheme 3.21, pathway C). 
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Scheme 3.16 Impact of CF3-substitution of benzamide. 

Pre-installed long alkyl chain or phenyl group at the α-position of the BCP 

acetate significantly decreased the efficiency of the transformation (Table 3.14, 

entries 1 and 2). It is also worth to mention that the two cyclopropane rings of 

the BCP derivative are necessary for this C–H annulation reaction. The 

absence or replacement of one of them shut down the transformation (entries 

3–6).  
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Table 3.14 Substrate scope of BCP 94. 

 

Entry 94 95 Yield [%] 

 

1 

       

 

61 

 

2 

     

 

53 

 

3 

 

 

--- 

 

--- 

 

4 

 

 

--- 

 

--- 

 

5 
 

            94l 

 

--- 

 

--- 
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6 
 

 94m 

 

--- 

 

--- 

[a] Reaction conditions: 51a (0.30 mmol), 94 (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 

16 h; yields of isolated products. 

Efforts also have been made to extend the scope of the bispiro-fused product 

96. Unfortunately, BCPs bearing methoxy as the leaving group only afforded 

the corresponding products in low yields when reacted with different TAH 

substrates 51 (Table 3.15, entries 1–9). TAM substrates 32 were tested as well, 

however, no target product formation was observed (entries 10–12).  

Table 3.15 Substrate scope of bispiro-fused isoquinolone 96 formation.

 

Entry 51/32 96 Yield [%] 

 

1 

  

 

45 

 

2 

  

 

35 
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3 

  

 

30 

 

4 

 

   

 

36 

 

5 

  

 

32 

 

6 

  

 

40 

 

7 

  

 

28 

 

8 

  

 

31 
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9 

 

 

 

 

29 

 

10 

 

             32a 

 

 

--- 

 

 

--- 

 

 

11 

 

             32d 

 

--- 

 

 

--- 

 

 

12 

 

 

--- 

 

 

--- 

 

[a] Reaction conditions: 51/32 (0.30 mmol), 88a (0.90 mmol), Fe(acac)3 (15 mol %), dppe 

(15 mol %), ZnBr2·TMEDA (0.60 mmol), iPrMgBr (3.0 M, 0.90 mmol), THF (0.40 mL), 65 °C, 

16 h; yields of isolated products. 

 

3.3.4 Removal of TAH Group  

The TAH group of the bispiro-fused isoquinolone 96aa was removed in an 

electro-oxidative fashion without breaking the strained rings (Scheme 3.17).   
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Scheme 3.17 Traceless electrochemical removal of the TAH group. 

Crystals suitable for X-ray diffraction were then grown by slow evaporation, 

unambiguously confirming the connectivity of product 120 (Scheme 3.18). 

 

Scheme 3.18 Molecular structure of 120 with thermal ellipoids at 50% probability level. 

The crystal structure was measured and solved by Dr. Christopher Golz. 

3.3.5 Mechanistic Studies 

In order to shed light on the reaction mechanism, experimental and Mössbauer 

spectroscopic studies were conducted. 

Experimental Studies 

A comparable reactivity between electron-deficient benzamide 51h and 

electron-rich benzamide 51e was observed (Scheme 3.19a). A C–D/N–H 

functionalization with the isotopically labelled substrates [D]5-51r or [D]5-51a, 

either by independent reactions or an intermolecular KIE measurement in a 

one-pot fashion, showed a very minor kinetic isotope effect (kH/kD = 1.2), 
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providing support for a facile C–H cleavage which is not the rate-determining 

step of the overall reaction (Scheme 3.19b and 3.19c). 

 

Scheme 3.19 Competition reaction and KIE studies. 

The deuterium-labelled substrate [D5]-51a resulted in site selective deuterium 

incorporation of the product [Dn]-95ag or [Dn]-96aa, being indicative of a LLHT 

mechanism (Scheme 3.20a and 3.20b). Interestingly, deuterium incorporation 

was position-selective for the corresponding products (Scheme 3.20c and 

3.20d), which indicates an iron-catalyzed C–C cleavage occurring during the 

catalytic reaction. The partial deuterium incorporation of the products [D]-95ag 

and [D]-96aa (Scheme 3.20c and 3.20d) indicates that intermediates 125 and 
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126 could be the resting states for the corresponding pathways A and B 

(Scheme 3.21). In addition, diastereo-selective deuterium incorporation in the 

products [Dn]-96aa and [D]-96aa was observed, (Scheme 3.20b and 3.20d) 

which suggests a migratory insertion taking place for the formation of 

intermediate 126 (Scheme 3.21, pathway B). 

 

Scheme 3.20 Isotopically-labelled experiments. 
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Mössbauer spectroscopy studies 

For further understanding the iron’s oxidation and spin states in the reaction, 

detailed Mössbauer spectroscopic studies were conducted. In order to avoid 

the influence of iron-catalyzed β-H-elimination of Grinard reagent, MeMgBr was 

used instead of iPrMgBr for the Mössbauer measurement. Overall, the 

presence of high-spin iron(II) intermediates were support by our 

observations.[90] These studies were performed in collaboration with the 

research group of Prof. Dr. F. Meyer. After sample preparation, the data were 

recorded and interpreted by Dr. S. Demeshko.  

Table 3.16 Mössbauer parameters of reaction mixtures. 

Entry Reaction 
Valence of Iron / 

Spin State 

δ 

(mm∙s–1) 

ΔEQ 

(mm∙s–1) 

rel. int. 

(%) 

1 57FeCl2 + THF +2HS 1.26 3.05 100 

2 Entry 1 + MeMgBr +1.4[91] 0.29 0.88 100 

3 
Entry 2 + 

ZnBr2·TMEDA 

+2HS 

+2HS 

1.01 

1.36 

2.69 

2.56 

69 

31 

4 Entry 3 + dppe 

+2HS 

+2HS 

+2HS 

0.92 

0.98 

1.24 

1.42 

2.57 

2.68 

23 

40 

37 

5 Entry 4 + 51a 

+2HS 

+2HS 

+2HS 

0.89 

0.93 

1.02 

2.05 

2.63 

3.07 

30 

49 

21 

6 

 

Entry 5 + 94g 

 

+2HS 

+2HS 

+2HS 

0.95 

1.02 

1.05 

2.22 

2.79 

3.13 

33 

55 

12 

7 

 

Entry 4 + 32a + 

94g 

 

+2HS 

+2HS 

+2HS 

0.92 

0.95 

1.03 

2.09 

2.66 

3.00 

44 

36 

20 
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The data were recorded and interpreted by Dr. S. Demeshko.  

3.3.6 Proposed Mechanism 

Based on experimental studies and previous findings,[94] we propose a novel 

iron-catalyzed C–H/C–C activation sequence, involving three pathways can 

lead to three different product formations (Scheme 3.21).  

The catalytic cycle is initiated by a reversible C–H activation via LLHT to 

generate the cyclometalated iron species 121, which can undergo coordination 

and migratory insertion to deliver complex 123. After oxidation-induced 

reductive elimination[46, 94] and β-elimination of intermediate 123, intermediate 

124 is formed. From intermediate 124, depending on the combination of leaving 

group and N-substituent, three pathways can lead to three different products. 

In pathway A, intermediate 124 undergoes β-C-elimination to give intermediate 

125, subsequent with proto-demetallation to yield product 95ag and regenerate 

the active iron species 121. In pathway B, migratory insertion of the alkene 

takes place to form the intermediate 126. After proto-demetallation, product 

96aa is provided. Finally, in pathway C, a β-C-elimination occurs at the N–C 

bond which connects the directing group and benzamide moiety, thus forming 

the intermediates 127 and 128. Intermediate 128 undergoes β-H-elimination to 

release the alkene 119a and generate iron hydride species which reduces the 

intermediate 127 to generate intermediate 129. After β-C-elimination and proto-

demetallation, intermediate 129 yields the final product 97ag and releases the 

active iron species 121.  

8 

 

Entry 5 + 94a 

 

+2HS 

+2HS 

+2HS  

0.74 

1.02 

1.03 

2.34 

2.63 

3.09 

13 

65 

22 
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Scheme 3.21 Proposed catalytic cycle for iron-catalyzed C–H/C–C activations. 
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4. Summary and Outlook 

The last decades have witnessed considerable progress in iron-catalyzed C–H 

functionalizations for a sustainable and economically-efficient access to C–C 

and C–Het bonds. Despite considerable progress, several limitations in iron-

catalyzed C–H annulation reactions need to be overcame. First, the types of 

viable coupling partners for this methodology are severly restricted, only 

alkynes were reported thus far. Next, an excess of DCIB as an external oxidant 

was requied for an efficient annulation. In addition, a narrow substrate scope 

was presented in several cases. Then, the reaction mechanism was not fully 

elucidated. Last, efficient protocols for the removal of the TAH group are 

missing.  

In the first project, iron-catalyzed C–H annulations with allenes 88 were 

disclosed (Scheme 4.1).[89] The notable achievements feature 1) a novel iron-

catalyzed annulation reaction with allenes, 2) C–H activation at room 

temperature, 3) external-oxidant-free conditions, 4) not only TAH benzamides 

51, TAM benzamides 32 can be compatible for this novel transformation, and 

5) detailed mechanistic insight into this 1,4-iron migration pathway for facile C–

H activations. 
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Scheme 4.1 Iron-catalyzed C–H/N–H redox-neutral annulations with allenes 88. 

Within the second project, the synthesis of 3,4-disubstituted isoquinolones 92 

through iron-catalyzed C–H annulations with propargyl acetates 91 was 

realized (Scheme 4.2).[93] Notably, the TAH group, whose removal proved to be 

difficult, can be tracelessly removed in an electrochemical fashion. 

 

Scheme 4.2 Iron-catalyzed C–H/N–H redox-neutral annulations with alkynes 91. 

 

In the third project, the merger of C–H activation and C–C cleavage by iron 

catalysis was achieved by the application of BCPs 94 (Scheme 4.3). Salient 

features of this novel transformation include 1) first iron-catalyzed C–H/C–C 
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functionalizations, 2) the use of BCP derivatives 94 as coupling partners, 3) 

oxidant-free catalysis avoiding harsh conditions, 4) selective C‒C cleavage 

enable divers product formation, and 5) a mono-selective C‒F/C‒H activation 

sequence of trifluoromethylarenes. 

Scheme 4.3 Iron-catalyzed C–H/C–C activation with BCPs 94. 
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5. Experimental Part  

5.1 General Remarks  

All reactions involving moisture- or air-sensitive reagents or products were 

performed under an inert atmosphere of nitrogen using pre-dried glassware and 

standard Schlenk techniques. If not otherwise noted yields refer to isolated 

compounds, estimated to be >95% pure as determined by 1H NMR and GC 

analysis.  

Vacuum  

A Vacuubrand RZ 6 vacuum pump was used throughout the course of this 

thesis. The pressure was measured to be 0.7 mbar (uncorrected value).  

Melting Points  

Melting points were measured on a Stuart® Melting Point Apparatus SMP3 

from Barloworld Scientific. Values are uncorrected.  

Chromatography  

Analytical thin layer chromatography (TLC) was performed on silica gel 60 F254 

aluminum sheets from MERCK. Plates were either visualized under irradiation 

at 254 nm or 365 nm or developed by treatment with a potassium 

permanganate solution followed by careful warming. Chromatographic 

purification was accomplished by flash column chromatography on MERCK 

Geduran® silica gel, grade 60 (40–63 μm, 70–230 mesh ASTM).  

Gas Chromatography  

Monitoring of reaction process via gas chromatography or coupled gas 

chromatography-mass spectrometry was performed using a 7890 GC-system 

with/without mass detector 5975C (Triple-Axis-Detector) or a 7890B GC-

system coupled with a 5977A mass detector, both from Agilent Technologies®. 

 



                     5. Experimental Part 

84 
 

Infrared Spectroscopy  

Infrared (IR) spectra were recorded using a Bruker® Alpha-P ATR 

spectrometer. Liquid samples were measured as film and solid samples neat. 

Spectra were recorded in the range from 4000 to 400 cm−1. Analysis of the 

spectral data were carried out using Opus 6. Absorption is given in wave 

numbers (cm−1).  

Nuclear Magnetic Resonance Spectroscopy  

Nuclear magnetic resonance (NMR) spectra were recorded on Mercury Plus 

300, VNMRS 300, Inova 500 and 600 from Varian®, or Avance 300, Avance III 

300 and 400, Avance III HD 400 and 500 from Bruker®. Chemical shifts are 

reported in δ-values in ppm relative to the residual proton peak or carbon peak 

of the deuterated solvent. 

 

Solvent 1H NMR 13C NMR 

CDCl3  7.26 77.16 

C6D6  7.16 128.06 

 

The following abbreviations are used to describe the observed multiplicities: s 

(singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hexet), hept (heptet), 

m (multiplet) or analogous representations. The coupling constants J are 

reported in Hertz (Hz). Analysis of the recorded spectra was carried out using 

MestReNova 10 software. 

Mass Spectrometry  

Electron ionization (EI) and EI high resolution mass spectra (HRMS) were 

measured on a time-of-flight mass spectrometer AccuTOF from JOEL. 

Electrospray ionization (ESI) mass spectra were recorded on an Io-Trap mass 

spectrometer LCQ from Finnigan, a quadropole time-of-flight maXis from 

Bruker Daltonic or on a time-of-flight mass spectrometer microTOF from Bruker 
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Daltonic. ESI-HRMS spectra were recorded on a Bruker Apex IV or Bruker 

Daltonic 7T, fourier transform ion cyclotron resonance (FTICR) mass 

spectrometer. The ratios of mass to charge (m/z) are indicated, intensities 

relative to the base peak (I = 100) are given in parentheses. 

Electrocatalysis  

Electrocatalysis was conducted using an AXIOMET AX-3003P potentiostat in 

constant current mode. 

Mössbauer Spectroscopy 

Mößbauer spectra were recorded with a 57Co source in a Rh matrix using an 

alternating constant acceleration Wissel Mössbauer spectrometer operated in 

the transmission mode and equipped with a Janis closed-cycle helium cryostat. 

Isomer shifts are given relative to iron metal at ambient temperature. Simulation 

of the experimental data was performed with the Mfit program[95] using 

Lorentzian line doublets. 

Solvents  

Solvents for column chromatography were purified via distillation under 

reduced pressure prior to their use. All solvents for reactions involving moisture-

sensitive reagents were dried, distilled and stored under inert atmosphere (Ar 

or N2) according to following standard procedures:  

Purified by solvent purification system (SPS-800, M. Braun): CH2Cl2, toluene, 

tetrahydrofurane, dimethylformamide, diethylether.  

Dried and distilled over sodium/benzophenone: 1,4-dioxane, DME, 2-MeTHF.  

Dried and distilled over CaH2: 1,2-dichloroethane 

Chemicals  

Chemicals obtained from commercial sources with a purity >95% were used as 

received without further purification. Stainless steel electrodes (Type 304, 

10 mm × 15 mm × 0.25 mm; obtained from abcr, Germany) and RVC 

electrodes (5 mm × 10 mm × 6 mm, SIGRACELL® GFA 6 EA, obtained from 

SGL Carbon, Wiesbaden, Germany) were connected using stainless steel 
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adapters. The following compounds were known from the literature and were 

synthesized according to the previously known methods:  

TAH- and TAM- benzamides 51 and 32,[45, 53, 61] allenyl acetates 88,[96] 

57FeCl2,[97] propargyl acetates 91,[98] cyclopropylidenecyclohexane 117,[99] 

permethylated bicyclopropylidene 118,[100] BCP derivatives 94a–94g,[101] 

(Methylenecyclopropyl)methylacetate 94k–94l,[102] 4‐

methylenespiropentylacet-ate 94m.[103] 
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5.2 General Procedures  

General Procedure A (GPA): Iron-Catalyzed C–H/N–H Allene Annulation  

To a stirred solution of 51/32 (0.30 mmol), ZnBr2∙TMEDA (206 mg, 0.60 mmol) 

and dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-MeTHF, 

300 μL, 0.90 mmol) was added in one portion and the reaction mixture was 

stirred for 5 min at ambient temperature. Fe(acac)3 (15.9 mg, 15 mol %) was 

added in a single portion. After stirring the solution for additional 5 min, allene 

88 (0.90 mmol, 3.0 equiv) was added as a solution in THF (0.20 mL) in one 

portion. The mixture was placed in a pre-heated oil bath at 65 °C. After stirring 

for 16 h, sat. aqueous NH4Cl (2.0 mL) was added to the reaction mixture, which 

was then extracted with CH2Cl2 (3  15 mL). The combined organic extracts 

were dried over Na2SO4, filtered and concentrated. The crude product was 

purified by column chromatography on silica gel to afford the desired product 

89/90. 

General Procedure A’ (GPA’): Iron-Catalyzed C–H/N–H Allene Annulation  

To a stirred solution of 51/32 (0.30 mmol), ZnBr2∙TMEDA (206 mg, 0.60 mmol) 

and dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-MeTHF, 

300 μL, 0.90 mmol) was added in one portion and the reaction mixture was 

stirred for 5 min at ambient temperature. Fe(acac)3 (15.9 mg, 15 mol %), THF 

(0.20 mL), allene 88 (0.90 mmol, 3.0 equiv) was added to the mixture at the 

same time. The resulting mixture was placed in a pre-heated oil bath at 65 °C. 

After stirring for 16 h, sat. aqueous NH4Cl (2.0 mL) was added to the reaction 

mixture, which was then extracted with CH2Cl2 (3  15 mL). The combined 

organic extracts were dried over Na2SO4, filtered and concentrated. The crude 

product was purified by column chromatography on silica gel to afford the 

desired product 89/90. 
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General Procedure B (GPB): Iron-Catalyzed C–H/N–H Alkyne Annulation 

To a stirred solution of 51 (0.30 mmol), ZnBr2∙TMEDA (205 mg, 0.60 mmol) and 

dppe (17.9 mg, 15 mol %) in THF (0.40 mL), iPrMgBr (3.0 M in 2-MeTHF, 300 

μL, 0.90 mmol) was added in one portion and the reaction mixture was stirred 

for 5 min at ambient temperature. Then, Fe(acac)2 (5.7 mg, 15 mol %) was 

added in a single portion. After stirring the solution for additional 5 min, alkyne 

91 (0.90 mmol, 3.0 equiv) was added as a solution in THF (0.40 mL). Then, the 

mixture was stirred at ambient temperature. After stirring for 16 h, sat. aqueous 

NH4Cl (3.0 mL) was added to the reaction mixture, which was extracted with 

CH2Cl2 (3  15 mL). The combined organic extracts were dried over Na2SO4, 

filtered and concentrated under reduced pressure. The crude product was 

purified by column chromatography on silica gel to afford the desired product 

92. 

General Procedure C (GPC): Iron-Catalyzed C–H/C–C Activation  

To a stirred solution of 51/32 (0.30 mmol), ZnBr2∙TMEDA (206 mg, 0.60 mmol) 

and dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-MeTHF, 

300 μL, 0.90 mmol) was added in one portion and the reaction mixture was 

stirred for 5 min at ambient temperature. Fe(acac)3 (15.9 mg, 15 mol %) was 

added in a single portion. After stirring the solution for additional 5 min, BCP 94 

(0.90 mmol, 3.0 equiv) was added as a solution in THF (0.20 mL) in one portion. 

The mixture was placed in a pre-heated oil bath at 65 °C. After stirring for 16 h, 

sat. aqueous NH4Cl (2.0 mL) was added to the reaction mixture, which was 

then extracted with CH2Cl2 (3  15 mL). The combined organic extracts were 

dried over Na2SO4, filtered and concentrated. The crude product was purified 

by column chromatography on silica gel to afford the desired product 95/96/97. 
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General Procedure D (GPD): Electrochemical Removal of TAH Group  

The electrochemical removal of the TAH group was carried out in an undivided 

cell with RVC anode (10 mm × 5 mm × 6 mm) and a steel cathode 

(20 mm × 10 mm × 0.25 mm). To a stirred solution of isoquinolone 92/96 

(0.3 mmol) and ZnBr2∙TMEDA (150 mg, 0.44 mmol) in THF (2.0 mL), iPrMgBr 

(3.0 M in 2-MeTHF, 220 µL, 0.66 mmol) was added in one portion. The 

electrocatalysis was performed at 60 °C with a constant current of 10.0 mA 

maintained for 15 h. Then, the mixture was allowed to cool to ambient 

temperature, and saturated aq. NH4Cl (3.0 mL) was added. The RVC anode 

was washed with CH2Cl2 (3 × 10 mL) in an ultrasonic bath. The combined 

aqueous phases were extracted with CH2Cl2 (3  15 mL), dried over Na2SO4, 

filtered and concentrated under reduced pressure. Purification by column 

chromatography (nhexane/EtOAc = 3/2) yielded 93/120. 
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5.3 Iron-Catalyzed C–H/N–H Annulation with Allenes 

5.3.1 Analytical Data – Products with Different N-Substituted Triazolyl 

Moieties 

3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-1(2H)-

one(89aa) 

                         

The general procedure GPA was followed using 51a (85.9 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 4/1) yielded 89aa (112 mg, 91%) as white solid.  

M.p. = 76–78 °C. 1H NMR (600 MHz, CDCl3): δ = 8.35 (d, J = 8.0 Hz, 1H), 7.70 

(s, 1H), 7.60–7.56 (m, 1H), 7.43–7.38 (m, 2H), 6.34 (s, 1H), 5.38 (s, 2H), 4.24 

(t, J = 7.3 Hz, 2H), 2.98 (t, J = 7.7 Hz, 2H), 1.86–1.80 (m, 2H), 1.71 (dt, 

J = 15.4, 7.7 Hz, 2H), 1.48 (dt, J = 15.4, 7.3 Hz, 2H), 1.40–1.34 (m, 2H), 1.32–

1.23 (m, 10H), 0.89 (t, J = 6.9 Hz, 3H), 0.83 (t, J = 7.0 Hz, 3H). 13C NMR 

(126 MHz, CDCl3): δ = 163.3 (Cq), 144.1 (Cq), 143.6 (Cq), 136.9 (Cq), 132.3 

(CH), 127.7 (CH), 125.9 (CH), 125.4 (CH), 124.3 (Cq), 123.8 (CH), 105.2 (CH), 

50.5 (CH2), 39.2 (CH2), 33.2 (CH2), 31.9 (CH2), 31.3 (CH2), 30.3 (CH2), 29.4 

(CH2), 29.3 (CH2), 28.9 (CH2), 26.3 (CH2), 22.8 (CH2), 22.6 (CH2), 14.3 (CH3), 

14.1 (CH3). IR (ATR): 2926, 2853, 1643, 1618, 1593, 1413, 1052, 801, 756, 

690 cm−1. MS (EI) m/z (relative intensity): 408 (70) [M]+, 337 (53), 324 (47), 295 

(63), 242 (48), 172 (39), 159 (91), 43 (100). HR-MS (EI) m/z calcd for 

C25H36N4O [M]+ 408.2889, found 408.2879. 
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3-n-Heptyl-2-[(1-n-octyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-1(2H)-

one (89ba) 

                           

The general procedure GPA was followed using 51b (94.3 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ba (107 mg, 82%) as white solid.  

M.p. = 56–57 °C. 1H NMR (600 MHz, CDCl3): δ = 8.33 (dd, J = 8.1, 1.2 Hz, 1H), 

7.70 (s, 1H), 7.56 (ddd, J = 8.1, 7.0, 1.3 Hz, 1H), 7.42–7.35 (m, 2H), 6.33 (s, 

1H), 5.36 (s, 2H), 4.23(t, J = 7.8 Hz, 2H), 2.96 (t, J = 7.8 Hz, 2H), 1.90–1.78 (m, 

2H), 1.73–1.67 (m, 2H), 1.54–1.42 (m, 2H), 1.38–1.31 (m, 2H), 1.30–1.26 (m, 

4H), 1.25–1.18 (m, 10H), 0.87 (t, J = 7.0 Hz, 3H), 0.83 (t, J = 7.1 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ = 163.2 (Cq), 144.0 (Cq), 143.6 (Cq), 136.9 (Cq), 

132.3 (CH), 127.6 (CH), 125.9 (CH), 125.4 (CH), 124.2 (Cq), 123.7 (CH), 105.1 

(CH), 50.5 (CH2), 39.2 (CH2), 33.1 (CH2), 31.9 (CH2), 31.8 (CH2), 30.3 (CH2), 

29.4 (CH2), 29.3 (CH2), 29.1 (CH2), 29.0 (CH2), 28.9 (CH2), 26.6 (CH2), 22.8 

(CH2), 22.7 (CH2), 14.2 (CH3), 14.2 (CH3). IR (ATR): 2954, 2918, 2852, 1648, 

1592, 1461, 1337, 1169, 1048, 723 cm−1. MS (EI) m/z (relative intensity): 436 

(75) [M]+, 365 (47), 352 (40), 242 (43), 159 (100). HR-MS (EI) m/z calcd for 

C27H40N4O [M]+ 436.3202, found 436.3208. 
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2-[(1-Benzyl-1H-1,2,3-triazol-4-yl)methyl]-3-n-heptylisoquinolin-1(2H)-

one (89ca) 

 

The general procedure GPA was followed using 51c (87.7 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ca (99.5 mg, 80%) as white solid.  

M.p. = 96–97 °C. 1H NMR (300 MHz, CDCl3): δ = 8.32 (dd, J = 8.1, 1.3 Hz, 1H), 

7.68 (s, 1H), 7.58 (ddd, J = 8.1, 7.1, 1.3 Hz, 1H), 7.46–7.39 (m, 2H), 7.39–7.32 

(m, 3H), 7.30–7.25 (m, 2H), 6.34 (s, 1H), 5.43 (s, 2H), 5.36 (s, 2H), 2.98 (t, 

J = 7.8 Hz, 2H), 1.78–1.65 (m, 2H), 1.58–1.40 (m, 2H), 1.40–1.27 (m, 6H), 0.91 

(t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ = 163.4 (Cq), 144.6 (Cq), 143.6 

(Cq), 137.0 (Cq), 134.6 (Cq), 132.4 (CH), 129.2 (CH), 128.8 (CH), 128.2 (CH), 

127.7 (CH), 126.0 (CH), 125.5 (CH), 124.2 (Cq), 124.0 (CH), 105.2 (CH), 54.3 

(CH2), 39.1 (CH2), 33.1 (CH2), 31.9 (CH2), 29.4 (CH2), 29.3 (CH2), 28.8 (CH2), 

22.8 (CH2), 14.2 (CH3). IR (ATR): 2956, 2919, 2853, 1646, 1622, 1455, 1050, 

728, 710, 693 cm−1. MS (EI) m/z (relative intensity): 414 (26) [M]+, 295 (26), 242 

(15), 159 (30), 91(100). HR-MS (EI) m/z calcd for C26H30N4O [M]+ 414.2420, 

found 414.2434. 
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2-[{1-(2-Chloropropyl)-1H-1,2,3-triazol-4-yl}methyl]-3-heptylisoquinolin-

1(2H)-one (89da) 

 

The general procedure GPA was followed using 51d (83.6 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89da (82.8 mg, 69%) as white solid.  

M.p. = 110–111 °C. 1H NMR (300 MHz, CDCl3): δ = 8.32 (d, J = 8.0 Hz, 1H), 

7.75 (s, 1H), 7.60–7.52 (m, 1H), 7.44–7.35 (m, 2H), 6.33 (s, 1H), 5.36 (s, 2H), 

4.43 (t, J = 6.7 Hz, 2H), 3.47 (t, J = 6.1 Hz, 2H), 2.96 (t, J = 7.8 Hz, 2H), 2.38–

2.18 (m, 2H), 1.78–1.64(m, 2H), 1.51–1.43(m, 2H), 1.39–1.32(m, 2H), 1.31–

1.26 (m, 4H), 0.87 (t, J = 6.8 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ = 163.4 

(Cq), 144.3 (Cq), 143.6 (Cq), 137.0 (Cq), 132.5 (CH), 127.8 (CH), 126.1 (CH), 

125.5 (CH), 124.6 (CH), 124.3 (Cq), 105.3 (CH), 47.3 (CH2), 41.3 (CH2), 39.1 

(CH2), 33.2 (CH2), 32.7 (CH2), 31.9 (CH2), 29.4 (CH2), 29.3 (CH2), 28.8 (CH2), 

22.8 (CH2), 14.2 (CH3). IR (ATR): 2954, 2926, 2856, 1715, 1648, 1464, 1285, 

1087, 799, 764 cm−1. MS (EI) m/z (relative intensity): 400 (57) [35Cl, M]+, 316 

(37), 295 (86), 242 (66), 172 (46), 159 (100). HR-MS (ESI) m/z calcd for 

C22H30
35ClN4O [M+H]+ 401.2103, found 401.2099. 
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(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylidene-3,4-di-

hydro-isoquinolin-1(2H)-one (90aa) 

 

The general procedure GPA was followed using 32a (85.9 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90aa (114 mg, 93%) as a colorless oil. 

1H NMR (600 MHz, C6D6): δ = 8.35 (dd, J = 7.6, 1.5 Hz, 1H), 7.49 (s, 1H), 7.05 

(ddd, J = 7.5, 7.5, 1.5 Hz, 1H), 7.00 (ddd, J = 7.5, 7.5, 1.3 Hz, 1H), 6.84 (d, 

J = 7.2, 1H), 5.54 (t, J = 7.8, 1H), 3.69 (t, J = 7.3 Hz, 2H), 3.42 (s, 2H), 2.13 (s, 

6H), 1.88 (dt, J = 7.3 Hz, 2H), 1.40–1.33 (m, 2H), 1.22–1.07 (m, 8H), 1.00–0.91 

(m, 2H), 0.83 (t, J = 7.2 Hz, 3H), 0.63 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, 

C6D6): δ = 164.7 (Cq), 153.7 (Cq), 139.0 (Cq), 135.6 (Cq), 131.6 (CH), 131.5 (Cq), 

129.1 (CH), 126.8 (CH), 126.4 (CH), 123.1 (CH), 121.9 (CH), 58.0 (Cq), 49.7 

(CH2), 32.9 (CH2), 32.5 (CH2), 32.1 (CH2), 30.2 (CH2), 30.0 (CH3), 29.5 (CH2), 

27.6 (CH2), 23.1 (CH2), 20.1 (CH2), 14.5 (CH3), 13.7 (CH3). IR (ATR): 2956, 

2927, 2856, 1649, 1457, 1375, 1323, 1169, 1046, 737 cm−1. MS (EI) m/z 

(relative intensity): 408 (6) [M]+, 323 (12), 243 (16), 172 (35), 166 (100), 172 

(51), 57 (55). HR-MS (EI) m/z calcd forC25H36N4O [M]+ 408.2889, found 

408.2893. 
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E)-2-[2-(1-Benzyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-hept-1-ylidene-3,4-

dihydro-isoquinolin-1(2H)-one (90ba) 

 

The general procedure GPA was followed using 32b (96.1 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ba (100 mg, 76%) as colorless oil. 

1H NMR (600 MHz, C6D6): δ=  8.34 (dd, J = 7.7, 1.5 Hz, 1H), 7.45 (s, 1H), 7.03 

(ddd, J = 7.4, 7.4, 1.5 Hz, 1H), 7.01–6.96 (m, 4H), 6.90 (dd, J = 7.9, 1.6 Hz, 

2H), 6.82 (d, J = 7.7 Hz, 1H), 5.51 (t, J = 7.7 Hz, 1H), 4.86 (s, 2H), 3.40 (s, 2H), 

2.04 (s, 6H), 1.85 (dt, J = 7.2 Hz, 2H), 1.20–1.08 (m, 8H), 0.84 (t, J = 7.2 Hz, 

3H). 13C NMR (126 MHz, C6D6): δ = 164.7 (Cq), 154.4 (Cq), 139.0 (Cq), 136.1 

(Cq), 135.5 (Cq), 131.5 (CH), 131.5 (Cq), 129.1 (CH), 129.0 (CH), 128.4 (CH), 

128.0 (CH), 126.9 (CH), 126.3 (CH), 123.1 (CH), 121.9 (CH), 58.0 (Cq), 53.6 

(CH2), 32.8 (CH2), 32.1 (CH2), 30.1 (CH2), 29.8 (CH3), 29.5 (CH2), 27.5 (CH2), 

23.1 (CH2), 14.5 (CH3). IR (ATR): 2926, 2854, 1647, 1456, 1374, 1323, 1169, 

1046, 733, 499 cm−1. MS (ESI) m/z (relative intensity): 907 (100) [2M+Na]+,465 

(47) [M+Na]+, 443 (48) [M+H]+, 200 (50). HR-MS (ESI) m/z calcd for C28H35N4O 

[M+H]+ 443.2805, found 443.2803. 
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(E)-3-Hept-1-ylidene-2-[2-{1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl}prop-

an-2-yl]-3,4-dihydroisoquinolin-1(2H)-one (90ca) 

 

The general procedure GPA was followed using 32c (101 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ca (100 mg, 73%) as colorless oil. 

1H NMR (300 MHz, C6D6): δ = 8.39 (dd, J = 7.6, 1.7 Hz, 1H), 7.97 (s, 1H), 7.33 

(d, J = 9.0 Hz, 2H), 7.10–6.94 (m, 2H), 6.90–6.78 (m, 1H), 6.64–6.49 (m, 2H), 

5.55 (t, J = 8.1 Hz, 1H), 3.44 (s, 2H), 3.20 (s, 3H), 2.18 (s, 6H), 1.86 (t, J = 

7.2 Hz, 2H), 1.23–1.05 (m, 8H), 0.83 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, 

C6D6): δ = 164.9 (Cq), 159.6 (Cq), 154.5 (Cq), 139.0 (Cq), 135.5 (Cq), 131.6 (CH), 

131.4 (Cq), 131.3 (Cq), 129.2 (CH), 126.9 (CH), 126.4 (CH), 123.2 (CH), 122.1 

(CH), 120.3 (CH), 114.7 (CH), 57.9 (Cq), 55.0 (CH3), 32.7 (CH2), 32.0 (CH2), 

30.0 (CH2), 29.7 (CH3), 29.4 (CH2), 27.5 (CH2), 23.0 (CH2), 14.3 (CH3). 

IR (ATR): 2928, 2855, 2167, 1648, 1516, 1252, 1172, 1038, 735, 499 cm−1. 

MS (EI) m/z (relative intensity): 458 (5) [M]+, 415 (13), 373 (12), 216 (41), 188 

(100), 172 (51). HR-MS (EI) m/z calcd for C28H34N4O2 [M]+ 458.2682, found 

458.2670. 
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5.3.2 Analytical Data – Products 89 

3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-methylisoquino-

lin-1(2H)-one (89ea) 

 

The general procedure GPA was followed using 51e (90.1 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ea (101 mg, 80%) as white solid. 

M. p. = 71–72 °C. 1H NMR (600 MHz, CDCl3): δ = 8.21 (d, J = 8.1 Hz, 1H), 7.68 

(s, 1H), 7.20 (dd, J = 8.1, 1.7 Hz 1H), 7.18 (s, 1H), 6.26 (s, 1H), 5.35 (s, 2H), 

4.40–4.08 (m, 2H), 3.03–2.82 (m, 2H), 2.41 (s, 3H), 1.90–1.75 (m, 2H), 1.71–

1.65 (m, 2H), 1.48–1.42 (m, 2H), 1.38–1.32 (m, 2H), 1.31–1.26 (m, 4H), 1.26–

1.22 (m, 6H), 0.87 (t, J = 7.0 Hz, 3H), 0.82 (t, J = 6.9 Hz, 3H). 13C NMR 

(126 MHz, CDCl3): δ = 163.2 (Cq), 144.2 (Cq), 143.5 (Cq), 142.8 (Cq), 137.0 

(Cq), 127.6 (CH), 127.6 (CH), 125.0 (CH), 123.7 (CH), 122.0 (Cq), 105.0 (CH), 

50.4 (CH2), 39.1 (CH2), 33.1 (CH2), 31.9 (CH2), 31.2 (CH2), 30.2 (CH2), 29.4 

(CH2), 29.3 (CH2), 28.9 (CH2), 26.3 (CH2), 22.8 (CH2), 22.5 (CH2), 21.9 (CH3), 

14.2 (CH3), 14.0 (CH3). IR (ATR): 2927, 2856, 1649, 1625, 1601, 1264, 1046, 

788, 735, 702 cm−1. MS (ESI) m/z (relative intensity): 445 (100) [M+Na]+, 423 

(45) [M+H]+, 399 (5), 377 (15). HR-MS (ESI) m/z calcd for C26H39N4O [M+H]+ 

423.3118, found 423.3118. 
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3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-phenylisoquinoli-

n-1(2H)-one (89fa) 

 

The general procedure GPA was followed using 51f (109 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89fa (102 mg, 70%) as white solid. 

M.p. = 95–96 °C. 1H NMR (300 MHz, CDCl3): δ = 8.41 (d, J = 8.2 Hz, 1H), 7.72 

(s, 1H), 7.69–7.60 (m, 4H), 7.52–7.37 (m, 3H), 6.41 (s, 1H), 5.40 (s, 2H), 4.26 

(t, J = 7.5 Hz, 2H), 3.00 (t, J = 7.8 Hz, 2H), 1.90–1.83 (m, 2H), 1.77–1.70 (m, 

2H), 1.55–1.46 (m, 2H), 1.41–1.35 (m, 2H), 1.34–1.24 (m, 10H), 0.90 (t, 

J = 7.2 Hz, 3H), 0.85 (t, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ = 163.3 

(Cq), 145.2 (Cq), 144.2 (Cq), 144.1 (Cq), 140.4 (Cq), 137.4 (Cq), 129.0 (CH), 

128.4 (CH), 128.2 (CH), 127.5 (CH), 125.3 (CH), 123.9 (CH), 123.7 (CH), 123.2 

(Cq), 105.4 (CH), 50.5 (CH2), 39.1 (CH2), 33.2 (CH2), 31.9 (CH2), 31.2 (CH2), 

30.3 (CH2), 29.4 (CH2), 29.3 (CH2), 28.8 (CH2), 26.3 (CH2), 22.8 (CH2), 22.5 

(CH2), 14.2 (CH3), 14.0 (CH3). IR (ATR): 2925, 2855, 1647, 1622, 1598, 1422, 

1044, 757, 697 cm−1. MS (EI) m/z (relative intensity): 484 (86) [M]+, 413 (36), 

371 (57), 318 (50), 235 (61), 225 (44), 43 (100). HR-MS (ESI) m/z calcd 

C31H41N4O [M+H]+ 485.3275, found 485.3267. 
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3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-methoxyisoquino-

lin-1(2H)-one (89ga) 

 

The general procedure GPA was followed using 51g (94.9 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ga (108 mg, 82%) as white solid. 

M.p. = 62–63 °C. 1H NMR (600 MHz, CDCl3): δ = 8.24 (d, J = 8.9 Hz, 1H), 7.69 

(s, 1H), 6.97 (dd, J = 8.9, 2.5 Hz, 1H), 6.76 (d, J = 2.5 Hz, 1H), 6.26 (s, 1H), 

5.34 (s, 2H), 4.23 (t, J = 7.5 Hz, 2H), 3.87 (s, 3H), 2.94 (t, J = 7.8 Hz, 2H), 1.86–

1.79 (m, 2H), 1.73–1.65 (m, 2H), 1.50–1.43 (m, 2H), 1.39–1.33 (m, 2H), 1.32–

1.27 (m, 4H), 1.27–1.22 (m, 6H), 0.88 (t, J = 6.9 Hz, 3H), 0.82 (t, J = 7.2 Hz, 

3H). 13C NMR (126 MHz, CDCl3): δ = 162.9 (Cq), 162.8 (Cq), 144.3 (Cq), 144.2 

(Cq), 139.0 (Cq), 129.7 (CH), 123.7 (CH), 118.2 (Cq), 115.8 (CH), 106.0 (CH), 

105.0 (CH), 55.6 (CH3), 50.5 (CH2), 39.0 (CH2), 33.2 (CH2), 31.9 (CH2), 31.3 

(CH2), 30.3 (CH2), 29.4 (CH2), 29.3 (CH2), 28.9 (CH2), 26.3 (CH2), 22.8 (CH2), 

22.5 (CH2), 14.3 (CH3), 14.1 (CH3). IR (ATR): 2953, 2925, 2855, 1648, 1619, 

1596, 1250, 1168, 1028, 788 cm−1. MS (EI) m/z (relative intensity): 438 (96) 

[M]+, 367 (61), 325 (100), 272 (72), 202 (49), 189 (75). HR-MS (EI) m/z calcd 

for C26H38N4O2 [M]+ 438.2995, found 438.2996. 
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3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-(trifluoromethyl)-

isoquinolin-1(2H)-one (89ha) 

 

The general procedure GPA was followed using 51h (106 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ha (92.9 mg, 65%) as white solid. 

M.p. = 114–116 °C. 1H NMR (300 MHz, CDCl3): δ = 8.44 (dd, J = 8.4, 1.0 Hz, 

1H), 7.74–7.68 (m, 2H), 7.58 (dd, J = 8.4, 1.7 Hz, 1H), 6.41 (s, 1H), 5.38 (s, 

2H), 4.26 (t, J = 7.5 Hz, 2H), 3.03 (t, J = 7.8 Hz, 2H), 1.91–1.79 (m, 2H), 1.76–

1.69 (m, 2H), 1.52–1.44 (m, 2H), 1.42–1.35 (m, 2H), 1.34–1.29 (m, 4H), 1.28–

1.22 (m, 6H), 0.88 (t, J = 7.0 Hz, 3H), 0.84 (t, J = 7.0 Hz, 3H). 13C NMR 

(75 MHz, CDCl3): δ = 162.6 (Cq), 145.5 (Cq), 143.6 (Cq), 136.9 (Cq), 134.0 (q, 

2JC–F = 32.4 Hz, Cq), 128.9 (CH), 126.2 (Cq), 123.9 (CH),123.9 (q, 1JC–F = 272.7 

Hz, Cq), 122.8 (q, 3JC–F = 4.2 Hz, CH), 121.8 (q, 3JC–F = 3.5 Hz, CH), 104.8 (CH), 

50.5 (CH2), 39.3 (CH2), 33.2 (CH2), 31.9 (CH2), 31.2 (CH2), 30.2 (CH2), 29.3 

(CH2), 29.3 (CH2), 28.7 (CH2), 26.2 (CH2), 22.8 (CH2), 22.5 (CH2), 14.2 (CH3), 

14.0 (CH3). 19F NMR (282 MHz, CDCl3): δ = −63.08 (s). IR (ATR): 2925, 2855, 

1653, 1607, 1322, 1157, 1121, 1065, 796, 693 cm−1. MS (EI) m/z (relative 

intensity): 476 (73) [M]+, 405 (44), 392 (44), 227 (54), 167 (35), 138 (42), 43 

(100). HR-MS (EI) m/z calcd for C26H35F3N4O [M]+ 476.2763, found 476.2759. 
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6-Fluoro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-

1(2H)-one (89ia) 

 

The general procedure GPA was followed using 51i (91.3 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ia (65.3 mg, 51%) as white solid. 

M.p. = 57–58 °C. 1H NMR (300 MHz, CDCl3): δ = 8.34 (dd, J = 8.9 Hz, 5.7 Hz, 

1H), 7.70 (s, 1H), 7.15–6.95 (m, 2H), 6.28 (s, 1H), 5.35 (s, 2H), 4.25 (t, 

J = 7.4 Hz, 2H), 2.97 (t, J = 7.7 Hz, 2H), 1.95–1.77 (m, 2H), 1.77–1.61 (m, 2H), 

1.53–1.42 (m, 2H), 1.40–1.34 (m, 2H), 1.32–1.23 (m, 10H), 0.83 (t, J = 7.5 Hz, 

3H), 0.83 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 165.2 (d,     

1JC–F = 251.8 Hz, Cq), 162.6 (Cq), 145.2 (Cq), 143.8 (Cq), 139.1 (d, 3JC–F = 

10.5 Hz, Cq), 130.9 (d, 3JC–F = 10.1 Hz, CH), 123.7 (CH), 120.9 (d, 4JC–F = 1.6 

Hz, Cq), 114.6 (d, 2JC–F = 23.6 Hz, CH), 110.0 (d, 2JC–F = 21.6 Hz, CH), 104.5 

(CH), 50.5 (CH2), 39.1 (CH2), 33.2 (CH2), 31.9 (CH2), 31.2 (CH2), 30.3 (CH2), 

29.4 (CH2), 29.3 (CH2), 28.8 (CH2), 26.3 (CH2), 22.8 (CH2), 22.5 (CH2), 14.3 

(CH3), 14.0 (CH3). 19F NMR (282 MHz, CDCl3): δ = −106.75 (ddd, J = 8.9, 8.9, 

5.9 Hz). IR (ATR): 2927, 2857, 1645, 1623, 1604, 1446, 1249, 1154, 793, 

474 cm−1. MS (ESI) m/z (relative intensity): 875 (100) [2M+Na]+, 449 (20) 

[M+Na]+, 427 (64) [M+H]+. HR-MS (ESI) m/z calcd for C25H36FN4O [M+H]+ 

427.2868, found 427.2869. 
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6-Chloro-3-n-heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-

1(2H)-one (89ja) 

 

The general procedure GPA was followed using 51j (96.2 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ja (74.4 mg, 56%) as white solid. 

M.p. = 58–59 °C. 1H NMR (500 MHz, CDCl3): δ = 8.24 (d, J = 8.6 Hz, 1H), 7.69 

(s, 1H), 7.38 (d, J = 2.0 Hz, 1H), 7.31 (dd, J = 8.6, 2.0 Hz, 1H), 6.25 (s, 1H), 

5.34 (s, 2H), 4.24 (t, J = 7.4 Hz, 2H), 2.97 (t, J = 7.8 Hz, 2H), 1.87–1.79 (m, 

2H), 1.74–1.64 (m, 2H), 1.50–1.42 (m, 2H), 1.39–1.33 (m, 2H), 1.31–1.27 (m, 

4H), 1.27–1.22 (m, 6H), 0.87 (t, J = 7.0 Hz, 3H), 0.83 (t, J = 7.0 Hz, 3H). 

13C NMR (126 MHz, CDCl3): δ = 162.8 (Cq), 145.3 (Cq), 143.8 (Cq), 138.8 (Cq), 

138.2 (Cq), 129.6 (CH), 126.5 (CH), 124.6 (CH), 123.8 (CH), 122.5 (Cq), 104.2 

(CH), 50.5 (CH2), 39.1 (CH2), 33.1 (CH2), 31.8 (CH2), 31.2 (CH2), 30.2 (CH2), 

29.3 (CH2), 29.2 (CH2), 28.7 (CH2), 26.2 (CH2), 22.7 (CH2), 22.5 (CH2), 14.2 

(CH3), 13.0 (CH3). IR (ATR): 2954, 2927, 1717, 1650, 1593, 1464, 1286, 1049, 

786 cm−1. MS (EI) m/z (relative intensity): 442 (72) [35Cl, M]+, 371 (49), 358 (45), 

329 (41), 193 (57), 138 (60), 43 (100). HR-MS (EI) m/z calcd for C25H35
35ClN4O 

[M]+442.2499, found 442.2499. 
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8-n-Heptyl-7-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-[1,3]dioxolo[4,5-f]is-

oquinolin-6(7H)-one (89ka) and 7-n-Heptyl-6-[(1-n-hexyl-1H-1,2,3-triazol-4-

yl)methyl]-[1,3]dioxolo[4,5-g]isoquinolin-5(6H)-one (89ka’) 

 

The general procedure GPA was followed using 51k (99.1 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ka (49.6 mg, 36%) and 89ka’ (41.3 mg, 31%) 

as white solids. 

8-n-Heptyl-7-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-[1,3]dioxolo[4,5-f]is-

oquinolin-6(7H)-one (89ka):  

M.p. = 62–63 °C. 1H NMR (600 MHz, CDCl3): δ = 7.96 (d, J = 8.5 Hz, 1H), 7.68 

(s, 1H), 6.95 (d, J = 8.5 Hz, 1H), 6.31 (s, 1H), 6.11 (s, 2H), 5.33 (s, 2H), 4.24 (t, 

J = 7.3 Hz, 2H), 2.95 (t, J = 7.8 Hz, 2H), 1.87–1.82 (m, 2H), 1.73–1.67 (m, 2H), 

1.51–1.44 (m, 2H), 1.39–1.34 (m, 2H), 1.31–1.25 (m, 10H), 0.88 (t, J = 6.9 Hz, 

3H), 0.84 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 162.7 (Cq), 149.5 

(Cq), 144.4 (Cq), 144.2 (Cq), 140.6 (Cq), 123.7 (CH), 123.1 (CH), 121.4 (Cq), 

119.6 (Cq), 108.2 (CH), 102.2 (CH2), 97.6 (CH), 50.5 (CH2), 39.1 (CH2), 33.4 

(CH2), 31.9 (CH2), 31.3 (CH2), 30.3 (CH2), 29.4 (CH2), 29.3 (CH2), 28.8 (CH2), 

26.3 (CH2), 22.8 (CH2), 22.6 (CH2), 14.3 (CH3), 14.1 (CH3). IR (ATR): 2954, 

2921, 1602, 1589, 1477, 1425, 1243, 1036, 936, 749 cm−1. MS (EI) m/z (relative 

intensity): 452 (100) [M]+, 381 (45), 368 (40), 339 (57), 286 (71), 203 (98). 

HR-MS (EI) m/z calcd for C26H36N4O3 [M]+ 452.2787, found 452.2779. 
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7-n-Heptyl-6-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-[1,3]dioxolo[4,5-g]i-

soquinolin-5(6H)-one (89ka’):  

M.p. = 90–91 °C. 1H NMR (300 MHz, CDCl3): δ = 7.69 (s, 1H), 7.68 (s, 1H), 

6.77 (s, 1H), 6.23 (s, 1H), 6.04 (s, 2H), 5.36 (s, 2H), 4.25 (t, J = 7.4 Hz, 2H), 

2.94 (t, J = 7.8 Hz, 2H), 1.91–1.80 (m, 2H), 1.71–1.66 (m, 2H), 1.50–1.43 (m, 

2H), 1.40–1.34 (m, 2H), 1.31–1.23 (m,10H), 0.89 (t, J = 7.0 Hz, 3H), 0.84 (t, 

J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 162.4 (Cq), 152.0 (Cq), 147.2 

(Cq), 144.1 (Cq), 142.4 (Cq), 134.4 (Cq), 123.8 (CH), 119.6 (Cq), 105.5 (CH), 

105.1 (CH), 103.2 (CH), 101.6 (CH2), 50.5 (CH2), 39.3 (CH2), 33.1 (CH2), 32.0 

(CH2), 31.3 (CH2), 30.3 (CH2), 29.5 (CH2), 29.4 (CH2), 29.0 (CH2), 26.4 (CH2), 

22.8 (CH2), 22.6 (CH2), 14.3 (CH3), 14.1 (CH3). IR (ATR): 2954, 2924, 2857, 

1649, 1597, 1478, 1427, 1247, 1037, 934 cm−1. MS (EI) m/z (relative intensity): 

452 (100) [M]+, 339 (63), 286 (51), 203 (71). HR-MS (ESI) m/z calcd 

for C26H37N4O3 [M+H]+ 453.2860, found 453.2858. 

3-n-Heptyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6,7-dimethylisoquin

olin-1(2H)-one (89la) 

 

The general procedure GPA was followed using 89l (94.3 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 4/1) yielded 89la (90.4 mg, 69%) as white solid. 

M.p. = 105–106 °C. 1H NMR (600 MHz, CDCl3): δ = 8.08 (s, 1H), 7.68 (s, 1H), 

7.17 (s, 1H), 6.24 (s, 1H), 5.35 (s, 2H), 4.22 (t, J = 7.8 Hz, 2H), 2.92 (t, 

J = 7.8 Hz, 2H), 2.35 (s, 3H), 2.33 (s, 3H), 1.87–1.77 (m, 2H), 1.71–1.64 (m, 

2H), 1.48–1.42 (m, 2H), 1.38–1.31 (m, 2H), 1.29–1.27 (m, 4H), 1.26–1.22 (m, 

6H), 0.87 (t, J = 7.0 Hz, 3H), 0.82 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, 

CDCl3): δ = 163.1 (Cq), 144.3 (Cq), 142.6 (Cq), 142.2 (Cq), 135.3 (Cq), 135.2 
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(Cq), 127.6 (CH), 125.7 (CH), 123.7 (CH), 122.4 (Cq), 104.8 (CH), 50.4 (CH2), 

39.1 (CH2), 33.1 (CH2), 31.9 (CH2), 31.2 (CH2), 30.3 (CH2), 29.4 (CH2), 29.3 

(CH2), 28.9 (CH2), 26.3 (CH2), 22.8 (CH2), 22.5 (CH2), 20.4 (CH3), 19.9 (CH3), 

14.2 (CH3), 14.0 (CH3). IR (ATR): 2954, 2921, 2857, 1647, 1594, 1455, 1378, 

1052, 897, 797 cm−1. MS (ESI) m/z (relative intensity): 896 (56) [2M+Na]+, 437 

(100) [M+H]+. HR-MS (ESI) m/z calcd for C27H41N4O [M+H]+ 437.3275, found 

437.3271. 

5-n-Heptyl-6-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]thieno[2,3-c]pyridin-

7(6H)-one (89ma) 

 

The general procedure GPA was followed using 51m (87.7 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 4/1) yielded 89ma (83.3 mg, 67%) as white solid.  

M.p. = 94–95 °C. 1H NMR (600 MHz, CDCl3): δ = 7.75 (s, 1H), 7.62 (d, J = 5.1 

Hz, 1H), 7.10 (d, J = 5.1 Hz, 1H), 6.50 (s, 1H), 5.39 (s, 2H), 4.24 (t, J = 7.8 Hz, 

2H), 3.00 (t, J = 3.0 Hz, 2H), 1.86–1.80 (m, 2H), 1.72–1.65 (m, 2H), 1.50–1.43 

(m, 2H), 1.39–1.33 (m, 2H), 1.30–1.22 (m, 10H), 0.88 (t, J = 7.0 Hz, 3H), 0.85–

0.81 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 159.4 (Cq), 145.3 (Cq), 

145.1 (Cq), 143.8 (Cq), 133.3 (CH), 127.5 (Cq), 124.0 (CH), 124.0 (CH), 102.5 

(CH), 50.5 (CH2), 39.1 (CH2), 33.3 (CH2), 31.9 (CH2), 31.3 (CH2), 30.3 (CH2), 

29.4 (CH2), 29.3 (CH2), 28.1 (CH2), 26.3 (CH2), 22.8 (CH2), 22.5 (CH2), 14.3 

(CH3), 14.1 (CH3). IR (ATR): 3061, 2923, 2853, 1635, 1576, 1444, 1053, 805, 

792, 657 cm−1. MS (ESI) m/z (relative intensity): 851 (100) [2M+Na]+, 437 (38) 

[M+Na]+, 415 (20) [M+H]+. HR-MS (ESI) m/z calcd for C23H35N4OS [M+H]+ 

415.2526, found 415.2525. 
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5.3.3 Analytical Data – Products 90 

(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylidene-6-met-

hyl-3,4-dihydroisoquinolin-1(2H)-one (90fa) 

 

The general procedure GPA was followed using 32f (90.1 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90fa (86.2 mg, 68%) as a colorless oil. 

1H NMR (600 MHz, C6D6): δ = 8.32 (d, J = 7.9 Hz, 1H), 7.50 (s, 1H), 6.81 (dd, 

J = 7.9, 1.7, 1H), 6.63 (s, 1H), 5.58 (t, J = 7.7 Hz, 1H), 3.65 (t, J = 7.3 Hz, 2H), 

3.43 (s, 2H), 2.17 (s, 6H), 2.00 (s, 3H), 1.93 (dt, J = 7.4 Hz, 2H), 1.39–1.30 (m, 

2H), 1.21–1.10 (m, 8H), 0.98–0.91 (m, 2H), 0.84 (t, J = 7.1 Hz, 3H), 0.62 (t, 

J = 7.4 Hz, 3H). 13C NMR (126 MHz, C6D6): δ = 164.9 (Cq), 153.7 (Cq), 141.8 

(Cq), 139.0 (Cq), 135.8 (Cq), 129.2 (CH), 129.0 (Cq), 127.7 (CH), 127.0 (CH), 

122.8 (CH), 122.0 (CH), 57.9 (Cq), 49.6 (CH2), 32.9 (CH2), 32.5 (CH2), 32.1 

(CH2), 30.2 (CH2), 30.1 (CH3), 29.5 (CH2), 27.6 (CH2), 23.2 (CH2), 21.5 (CH3), 

20.1 (CH2), 14.5 (CH3), 13.6 (CH3). IR (ATR): 2957, 2930, 2871, 1648, 1457, 

1378, 1163, 1046, 835, 498 cm−1. MS (ESI) m/z (relative intensity): 868 (100) 

[2M+Na]+, 445 (94) [M+Na]+, 423 (93) [M+H]+, 407 (100) [M+H]+. HR-MS (ESI) 

m/z calcd for C26H39N4O [M+H]+ 423.3118, found 423.3114. 
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(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylidene-6-(trifl-

uoro-methyl)-3,4-dihydroisoquinolin-1(2H)-one (90ga) 

 

The general procedure GPA was followed using 32g (106 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ga (116 mg, 81%) as a colorless oil. 

1H NMR (600 MHz, C6D6): δ = 8.19 (d, J = 8.1 Hz, 1H), 7.35 (s, 1H), 7.15–7.11 

(m, 1H), 7.09 (d, J = 1.7 Hz, 1H), 5.57 (t, J = 7.8 Hz, 1H), 3.66 (t, J = 7.3 Hz, 

2H), 3.27 (s, 2H), 2.08 (s, 6H), 1.83 (dt, J = 7.4 Hz, 2H), 1.37–1.32 (m, 2H), 

1.19–1.05 (m, 8H), 0.98–0.92 (m, 2H), 0.84 (t, J = 7.2 Hz, 3H), 0.63 (t, 

J = 7.4 Hz, 3H). 13C NMR (126 MHz, C6D6): δ = 163.4 (Cq), 153.3 (Cq), 139.8 

(Cq), 134.5 (Cq), 134.4 (Cq) 133.0 (q, 2JC–F = 32.0 Hz, Cq), 129.6 (CH), 128.3 

(CH), 124.6 (q, 1JC–F = 272.3 Hz, Cq), 123.7 (q, 3JC–F = 3.6 Hz, CH), 123.4 (q, 

3JC–F = 3.7 Hz, CH), 121.6 (CH), 58.2 (Cq), 49.7 (CH2), 32.5 (CH2), 32.5 (CH2), 

32.1 (CH2), 30.0 (CH2), 29.8 (CH3), 29.4 (CH2), 27.6 (CH2), 23.1 (CH2), 20.0 

(CH2), 14.4 (CH3), 13.6 (CH3). 19F NMR (282 MHz, C6D6) : δ = −62.50 (s). 

IR (ATR): 2930, 2858, 1652, 1458, 1431, 1324, 1166, 1126, 730, 418 cm−1. 

MS (ESI) m/z (relative intensity): 975 (75) [2M+Na]+, 953 (13) [2M+H]+, 499 (42) 

[M+Na]+, 477 (100) [M+H]+. HR-MS (ESI) m/z calcd for C26H36F3N4O [M+H]+ 

477.2836, found 477.2831. 
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(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylidene-6-(met-

hylthio)-3,4-dihydroisoquinolin-1(2H)-one (90ha) 

 

The general procedure GPA was followed using 32h (99.7 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ha (96.8 mg, 71%) as a colorless oil. 

1H NMR (300 MHz, C6D6): δ = 8.27 (d, J = 8.1, 1H), 7.46 (s, 1H), 6.83 (dd, 

J = 8.2, 2.0 Hz, 1H), 6.80 (s, 1H), 5.58 (t, J = 7.7 Hz, 1H), 3.65 (t, J = 7.3 Hz, 

2H), 3.37 (s, 2H), 2.16 (s, 6H),1.95–1.88 (m, 2H), 1.87 (s, 3H), 1.45–1.29 (m, 

2H), 1.23–1.07 (m, 8H), 1.02–0.90 (m, 2H), 0.85 (t, J = 6.9 Hz, 3H), 0.63 (t, 

J = 7.3 Hz, 3H). 13C NMR (126 MHz, C6D6): δ = 164.7 (Cq), 153.7 (Cq), 143.9 

(Cq), 139.4 (Cq), 135.4 (Cq), 129.6 (CH), 128.4 (Cq) 123.8 (CH), 123.4 (CH), 

123.2 (CH), 121.9 (CH), 57.9 (Cq), 49.7 (CH2), 32.9 (CH2), 32.4 (CH2), 32.1 

(CH2), 30.2 (CH2), 30.0 (CH3), 29.5 (CH2), 27.6 (CH2), 23.2 (CH2), 20.1 (CH2), 

14.7 (CH3), 14.5 (CH3), 13.6 (CH3). IR (ATR): 2956, 2927, 2856, 1645, 1593, 

1323, 1164, 1046, 831, 677 cm−1. MS (ESI) m/z (relative intensity): 932 (100) 

[2M+Na]+, 910 (18) [2M+H]+, 477 (39) [M+Na]+, 455 (46) [M+H]+. HR-MS (ESI) 

m/z calcd for C26H39N4OS [M+H]+ 455.2839, found 455.2837. 
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(E)-6-Bromo-2-[2-(1-n-butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-heptylide-

ne-3,4-dihydro-isoquinolin-1(2H)-one (90ia) 

 

The general procedure GPA was followed using 32i (110 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ia (131 mg, 90%) as a colorless oil. 

1H NMR (300 MHz, C6D6): δ = 8.03 (d, J = 8.3 Hz, 1H), 7.38 (s, 1H), 7.06 (dd, 

J = 8.3, 2.0 Hz, 1H), 6.96 (s, 1H), 5.56 (t, J = 7.8 Hz, 1H), 3.64 (t, J = 7.3 Hz, 

2H), 3.23 (s, 2H), 2.09 (s, 6H), 1.90–1.76 (m, 2H), 1.42–1.26 (m, 2H), 1.24–

1.08 (m, 8H), 1.01–0.83 (m, 5H), 0.62 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 

C6D6): δ = 163.9 (Cq), 153.4 (Cq), 140.9 (Cq), 134.8 (Cq), 130.7 (CH), 130.3 (Cq), 

130.2 (CH), 129.4 (CH), 126.2 (Cq), 123.8 (CH), 121.7 (CH), 58.1 (Cq), 49.7 

(CH2), 32.5 (CH2), 32.5 (CH2), 32.1 (CH2), 30.1 (CH2), 29.8 (CH3), 29.5 (CH2), 

27.6 (CH2), 23.2 (CH2), 20.0 (CH2), 14.5 (CH3), 13.6 (CH3). IR (ATR): 2956, 

2927, 2855, 1649, 1590, 1321, 1167, 1045, 766, 498 cm−1. MS (ESI) m/z 

(relative intensity): 509 (16) [79Br, 2M+Na]+, 487 (34) [79Br, M+H]+, 166 (100). 

HR-MS (ESI) m/z calcd for C25H36
79BrN4O [M+H]+ 487.2067, found 487.2071. 
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(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-7-fluoro-3-heptylide-

ne-3,4-dihydro-isoquinolin-1(2H)-one (90ja) 

 

The general procedure GPA was followed using 32j (91.3 mg, 0.30 mmol) and 

allene 88a (164 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ja (97.3 mg, 76%) as a colorless oil. 

1H NMR (600 MHz, C6D6): δ = 8.06 (dd, J = 9.3, 2.8 Hz, 1H), 7.43 (s, 1H), 6.72 

(ddd, J = 8.3, 8.3, 2.8 Hz, 1H), 6.60 (dd, J = 8.3, 5.1 Hz, 1H), 5.55 (t, J = 7.8 Hz, 

1H), 3.69 (t, J = 7.3 Hz, 2H), 3.32 (s, 2H), 2.09 (s, 6H), 1.87 (dt, J = 7.3 Hz, 2H), 

1.41–1.33 (m, 2H), 1.21–1.06 (m, 8H), 1.00–0.90 (m, 2H), 0.84 (t, J = 7.2 Hz, 

3H), 0.64 (t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, C6D6): δ = 163.5 (d,   4JC–

F  = 2.5 Hz, Cq), 162.1 (d, 1JC–F = 244.0 Hz, Cq), 153.4 (Cq), 135.2 (Cq), 134.7 

(d, 4JC–F = 3.0 Hz, Cq), 133.4 (d, 3JC–F = 7.1 Hz, Cq), 128.4 (CH), 123.6 (CH), 

121.8 (CH), 118.5 (d, 2JC–F = 22.0 Hz, CH), 115.4 (d, 2JC–F = 23.0 Hz, CH), 58.2 

(Cq), 49.7 (CH2), 32.5 (CH2), 32.1 (CH2), 32.0 (CH2), 30.1 (CH2), 29.8 (CH3), 

29.5 (CH2), 27.6 (CH2), 23.1 (CH2), 20.0 (CH2), 14.4 (CH3),13.6 (CH3). 19F NMR 

(282 MHz, C6D6): δ = −115.37 (td, J = 8.6, 5.0 Hz). IR (ATR): 2955, 2928, 2858, 

1713, 1684, 1606, 1484, 1347, 1280, 1151, 783 cm−1. MS (ESI) m/z (relative 

intensity): 875 (56) [2M+Na]+, 853 (11) [2M+H]+, 427 (100) [M+H]+, 166 (96). 

 

 



                     5. Experimental Part 

111 
 

5.3.4 Analytical Data – Products of TAM Benzamide Annulation with 

Different Allene Acetates 

(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-hexylidene-3,4-dih-

ydro-isoquinolin-1(2H)-one (90ah) 

 

The general procedure GPA was followed using 32a (85.9 mg, 0.30 mmol) and 

allene 88h (151 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ah (90.0 mg, 76%) as a colorless oil. 

1H NMR (600 MHz, C6D6): δ = 8.40 (dd, J = 7.6, 1.5 Hz, 1H), 7.47 (s, 1H), 7.03 

(ddd, J = 7.4, 7.4, 1.6 Hz, 1H), 6.99 (ddd, J = 7.4, 7.4, 1.4 Hz, 1H), 6.82 (dd, 

J = 7.4, 1.0 Hz, 1H), 5.57 (t, J = 7.7 Hz, 1H), 3.65 (t, J = 7.3 Hz, 2H), 3.40 (s, 

2H), 2.15 (s, 6H), 1.86 (dt, J = 7.5 Hz, 2H), 1.38–1.29 (m, 2H), 1.18–1.05 (m, 

6H), 0.98–0.91 (m, 2H), 0.79 (t, J = 7.2 Hz, 3H), 0.62 (t, J = 7.4 Hz, 3H). 

13C NMR (126 MHz, C6D6): δ = 164.7 (Cq), 153.6 (Cq), 139.0 (Cq), 135.5 (Cq), 

131.5 (CH), 131.5 (Cq), 129.1 (CH), 126.9 (CH), 126.3 (CH), 123.1 (CH), 121.9 

(CH), 58.0 (Cq), 49.6 (CH2), 32.9 (CH2), 32.4 (CH2), 32.0 (CH2), 30.0 (CH2), 

29.9 (CH3), 27.5 (CH2), 23.0 (CH2), 20.0 (CH2), 14.4 (CH3), 13.6 (CH3). 

IR (ATR): 2927, 2861, 1647, 1457, 1372, 1319, 1168, 1045, 736 cm−1. MS (ESI) 

m/z (relative intensity): 811 (4) [2M+Na]+, 395 (22) [M+H]+, 166 (100). HR-MS 

(ESI) m/z calcd for C24H35N4O [M+H]+ 395.2805, found 395.2800. 
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(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-(3-phenylpropylide-

ne)-3,4-dihydroisoquinolin-1(2H)-one (90ai) 

 

The general procedure GPA was followed using 32a (85.9 mg, 0.30 mmol) and 

allene 88i (182 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ai (112 mg, 87%) as a colorless oil. 

1H NMR (300 MHz, C6D6): δ = 8.49–8.27 (m, 1H), 7.44 (s, 1H), 7.13–7.05 (m, 

2H), 7.03–6.98 (m, 3H), 6.97–6.93 (m, 2H), 6.77–6.72 (m, 1H), 5.56 (t, 

J = 7.6 Hz, 1H), 3.66 (t, J = 7.3 Hz, 2H), 3.31 (s, 2H), 2.37 (t, J = 7.7 Hz, 2H), 

2.18–2.12 (m, 2H), 2.10 (s, 6H), 1.46–1.24 (m, 2H), 1.02–0.86 (m, 2H), 0.62 (t, 

J = 7.3 Hz, 3H). 13C NMR (75 MHz, C6D6): δ = 164.7 (Cq), 153.7 (Cq), 141.7 

(Cq), 138.8 (Cq), 136.0 (Cq), 131.6 (CH), 131.3 (Cq), 129.0 (CH), 128.7 (CH), 

128.6 (CH), 126.8 (CH), 126.4 (CH), 126.3 (CH), 122.0 (CH), 121.8 (CH), 57.9 

(Cq), 49.5 (CH2), 36.1 (CH2), 32.6 (CH2), 32.3 (CH2), 29.8 (CH3), 29.3 (CH2), 

19.9 (CH2), 13.5 (CH3). IR (ATR): 2931, 2866, 1648, 1456, 1373, 1321, 1167, 

738, 699 cm−1. MS (ESI) m/z (relative intensity): 451 (78) [M+Na]+, 429 

(100)[M+H]+. HR-MS (ESI) m/z calcd for C27H33N4O [M+H]+ 429.2649, found 

429.2650. 
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(E)-3-[4-(Benzyloxy)butylidene]-2-[2-(1-n-butyl-1H-1,2,3-triazol-4-yl)prop-

an-2-yl]-3,4-dihydroisoquinolin-1(2H)-one (90aj) 

 

The general procedure GPA was followed using 32a (85.9 mg, 0.30 mmol) and 

allene 88j (222 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90aj (111 mg, 78%) as a colorless oil. 

1H NMR (300 MHz, C6D6): δ = 8.41–8.36 (m, 1H), 7.44 (s, 1H), 7.30–7.25 (m, 

2H), 7.23–7.18 (m, 2H), 7.14–7.07 (m, 1H), 7.03–6.97 (m, 2H), 6.80–6.74 (m, 

1H), 5.53 (t, J = 7.9 Hz, 1H), 4.22 (s, 2H), 3.66 (t, J = 7.3 Hz, 2H), 3.41 (s, 2H), 

3.13 (t, J = 6.0 Hz, 2H), 2.12 (s, 6H), 2.04 (dt, J = 7.4 Hz, 2H), 1.48–1.29 (m, 

4H), 1.04–0.85 (m, 2H), 0.62 (t, J = 7.3 Hz, 3H). 13C NMR (75 MHz, C6D6): 

δ = 164.8 (Cq), 153.6 (Cq), 139.5 (Cq), 139.0 (Cq), 136.1 (Cq), 131.5 (CH), 131.4 

(Cq), 129.0 (CH), 128.6 (CH), 127.7 (CH),127.6 (CH), 126.8 (CH), 126.5 (CH), 

122.3 (CH), 121.9 (CH), 73.0 (CH2), 69.3 (CH2), 57.9 (Cq), 49.5 (CH2), 32.5 

(CH2), 32.3 (CH2), 30.0 (CH2), 29.8 (CH3), 23.9 (CH2), 19.9 (CH2), 13.5 (CH3). 

IR (ATR): 2930, 2863, 1648, 1456, 1371, 1320, 1102, 738, 697, 459 cm−1. 

MS (ESI) m/z (relative intensity): 495 (6) [M+Na]+, 473 (31) [M+H]+, 308 (10), 

166 (100), 117 (19). HR-MS (ESI) m/z calcd for C29H37N4O2 [M+H]+ 473.2911, 

found 473.2911. 
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(E)-2-[2-(1-n-Butyl-1H-1,2,3-triazol-4-yl)propan-2-yl]-3-(7-chloroheptylide-

ne)-3,4-dihydroisoquinolin-1(2H)-one (90ak) 

 

The general procedure GPA was followed using 32a (85.9 mg, 0.30 mmol) and 

allene 88k (195 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 90ak (90.4 mg, 68%) as a colorless oil. 

1H NMR (300 MHz, C6D6): δ = 8.41–8.32 (m, 1H), 7.49 (s, 1H), 7.09–6.95 (m, 

2H), 6.88–6.76 (m, 1H), 5.56 (t, J = 7.8 Hz, 1H), 3.67 (t, J = 7.3 Hz, 2H), 3.40 

(s, 2H), 3.08 (t, J = 6.7 Hz, 2H), 2.13 (s, 6H), 1.83 (dt, J = 7.4 Hz, 2H), 1.42–

1.27 (m, 4H), 1.09–0.86 (m, 8H), 0.63 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, 

C6D6): δ = 164.7 (Cq), 153.5 (Cq), 139.0 (Cq), 135.6 (Cq), 131.6 (CH), 131.4 (Cq), 

129.1 (CH), 126.9 (CH), 126.3 (CH), 122.9 (CH), 122.0 (CH), 57.9 (Cq), 49.7 

(CH2), 45.1 (CH2), 32.9 (CH2), 32.9 (CH2), 32.5 (CH2), 29.9 (CH3), 29.8 (CH2), 

28.8 (CH2), 27.3 (CH2), 27.0 (CH2), 20.0 (CH2), 13.7 (CH3). IR (ATR): 2931, 

2857, 1601, 1457, 1374, 1323, 1306, 1046, 737 cm−1. MS (EI) m/z (relative 

intensity): 442 (6) [35Cl, M]+, 323 (15), 242 (13), 172 (39), 166 (100), 84 (38). 

HR-MS (ESI) m/z calcd for C25H35N4O35Cl [M+Na]+ 465.2392, found 465.2380. 
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5.3.5 Traceless Removal of TAM Group 

 

To a stirred solution of benzamide 32a (85.9 mg, 0.30 mmol), ZnBr2·TMEDA 

(206 mg, 0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr 

(3.0 M in 2-MeTHF, 300 µL, 0.90 mmol) was added in one portion and the 

reaction mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 

(15.9 mg, 15 mol %) was added in a single portion. After stirring the solution for 

an additional 5 min, allene 88a (164 mg, 0.90 mmol) was added as a solutionin 

THF (0.20 mL) in one portion. After completion, the mixture was placed in a 

pre-heated oil bath at 65 °C, and stirred for 16 h. The reaction mixture was then 

transfered into a sealed tube using THF (2.0 mL). Conc. HCl (5.0 mL) was 

added, and the reaction mixture was placed in a pre-heated oil bath at 130 °C 

and stirred for 5 h. The mixture was allowed to cool to ambient temperature. 

The reaction mixture was extracted with CH2Cl2 (3  15 mL), and the combined 

organic layers were washed with sat. aqueous NaHCO3 (15 mL), dried over 

Na2SO4, filtered and concentrated. Purification by column chromatography 

(nhexane/EtOAc = 5/1) yielded 102 (65.7 mg, 90%) as a white solid. 

M.p. = 86–87 °C. 1H NMR (600 MHz, CDCl3): δ = 10.82 (s, 1H), 8.39–8.36 (m, 

1H), 7.62 (ddd, J = 8.1, 7.1, 1.4 Hz, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.42 (ddd, 

J = 8.1, 7.1, 1.1 Hz, 1H), 6.31 (s, 1H), 2.63 (t,J = 7.0 Hz, 2H), 1.75 (dt, J = 15.3, 

7.6 Hz, 2H), 1.43–1.38 (m, 2H), 1.37–1.32 (m, 2H), 1.30–1.25 (m, 4H), 0.87 (t, 

J = 7.0 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 164.5 (Cq), 142.0 (Cq), 138.8 

(Cq), 132.6 (CH), 127.4 (CH), 125.8 (CH), 125.7 (CH), 124.5 (Cq), 103.9 (CH), 

33.7 (CH2), 31.9 (CH2), 29.3 (CH2), 29.2 (CH2), 28.6 (CH2), 22.9 (CH2), 14.3 

(CH3). IR (ATR): 2926, 2855, 1642, 1607, 1555, 1465, 1346, 1044, 755, 
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582 cm−1. MS (EI) m/z (relative intensity): 243 (42) [M]+, 172 (29), 159 (100), 

158 (18), 41 (33). HR-MS (EI) m/z calcd for C16H21NO [M]+ 243.1623, found 

243.1623. 

5.3.6 Mechanistic Studies 

Intermolecular Competition Experiment 

 

To a stirred solution of 51e (45.1 mg, 0.15 mmol), 51h (53.3 mg, 0.15 mmol), 

ZnBr2·TMEDA (206 mg, 0.60 mmol), dppe (17.9 mg, 15 mol %) in THF 

(0.20 mL), iPrMgBr (3.0 M in 2-MeTHF, 300 µL, 0.90 mmol) was added in one 

portion and the reaction mixture was stirred for 5 min at ambient temperature. 

Then, Fe(acac)3 (15.9 mg, 15 mol %) was added in a single portion. After 

stirring the solution for additional 5 min, a solution of allene 88a (164 mg, 

0.90 mmol) in THF (0.20 mL) was added in one portion. The mixture was placed 

in a pre-heated oil bath at 65 °C. After stirring for 2 min, sat. aqueous NH4Cl 

(2.0 mL) was added to the reaction mixture, which was extracted with CH2Cl2 

(3  15 mL). The combined organic extracts were dried over Na2SO4, filtered 

and concentrated. Purification by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89ea (19.0 mg, 15%) and 89ha (35.7 mg, 25%). 
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Kinetic Isotope Effect (KIE) Measurement 

 

To a stirred solution of 51a (172 mg, 0.60 mmol) or [D]5-51a (175 mg, 

0.60 mmol), ZnBr2·TMEDA (412 mg, 1.20 mmol) and dppe (35.8 mg, 15 mol %) 

in THF (1.2 mL), iPrMgBr (3.0 M in THF, 600 μL, 1.80 mmol) was added in one 

portion and the reaction mixture was stirred for 5 min at ambient temperature. 

Fe(acac)3 (31.8 mg, 15 mol %) was added in a single portion. After stirring the 

solution for additional 5 min, allene 88a (328 mg, 1.80 mmol) was added as a 

solution in THF (1.2 mL) in one portion. An in stitu IR spectrum was acquired 

every 30 s for 2 h. 

The KIE was determined by measuring initial rates from the increase of the 

peak at 1643 cm−1, which corresponds to a C=O vibration of product 89aa. The 

absolute peak area was measured from 1659 to 1635 cm–1 with a one-point 

baseline at 1659 cm–1. A linear fit was employed to derive the initial rates.  
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Figure 5.1. Plot of peak area at 1643 cm–1 vs reaction time for 89aa (top) and [D]5-

89aa (bottom). 
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Intermolecular KIE Measurement 

 

To a stirred solution of 51a (43.0 mg, 0.15 mmol), [D]5-51a (43.7 mg, 

0.15 mmol), ZnBr2·TMEDA (206 mg, 0.60 mmol) and dppe (17.9 mg, 15 mol 

%) in THF (0.6 mL), iPrMgBr (3.0 M in THF, 300 μL, 0.9 mmol) was added in 

one portion and the reaction mixture was stirred for 5 min at ambient 

temperature. Fe(acac)3 (15.9 mg, 15 mol %) was added in a single portion. 

After stirring the solution for additional 5 min, allene 88a (164 mg, 0.90 mmol) 

was added as a solution in THF (0.6 mL) in one portion. After stirring for 45 min, 

sat. aqueous NH4Cl (2.0 mL) was added to the reaction mixture, which was 

then extracted with CH2Cl2 (3  15 mL). The combined organic extracts were 

dried over Na2SO4, filtered and concentrated. The crude product was purified 

by column chromatography (nhexane/EtOAc = 3/1). The mixture was analyzed 

by 1H-NMR spectroscopy to determine the ratio of 89aa/[D]4-89aa. 
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Experiments with Isotopically-labelled Substrates 

 

To a stirred solution of [D]5-51a (87.4 mg, 0.30 mmol), ZnBr2·TMEDA (206 mg, 

0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in one portion and the reaction mixture 

was stirred for 5 min at ambient temperature. Then, Fe(acac)3 (15.9 mg, 

15 mol %) was added in a single portion. After stirring the solution for additional 

5 min, a solution of allene 88a (164 mg, 0.90 mmol) in THF (0.20 mL) was 

added in one portion. The mixture was placed in a pre-heated oil bath at 65 °C. 

After stirring for 16 h, sat. aqueous NH4Cl (2.0 mL) was added to the reaction 

mixture, which was extracted with CH2Cl2 (3  15 mL). The combined organic 

extracts were dried over Na2SO4, filtered and concentrated. Purification by 

column chromatography (nhexane/EtOAc = 3/1) yielded [D]4-89aa (79.2 mg, 

64%) as white solid. HR-MS (ESI) m/z calcd for C25H33N4OD4 [M+H]+ 413.3213, 

found 413.3201. 
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To a stirred solution of 51a (85.9 mg, 0.30 mmol), ZnBr2·TMEDA (206 mg, 0.60 

mmol), dppe (17.9 mg, 15 mol %) in d8-THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in a single portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 

(15.9 mg, 15 mol %) was added in a single portion. After stirring the solution for 

additional 5 min, a solution of allene 88a (166 mg, 0.90 mmol) in d8-THF 

(0.20 mL) was added in one portion. The mixture was placed in a pre-heated 

oil bath at 65 °C. After stirring for 16 h, sat. aqueous NH4Cl (2.0 mL) was added 

to the reaction mixture, which was extracted with CH2Cl2 (3  15 mL). The 

combined organic extracts were dried over Na2SO4, filtered and concentrated. 

The crude product was purified by column chromatography 

(nhexane/EtOAc = 3/1) yielded 89aa (76.4 mg, 64%).  

 

To a stirred solution of [D]-51a (86.1 mg, 0.30 mmol), ZnBr2·TMEDA (206 mg, 

0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in a single portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 
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(15.9 mg, 15 mol %) was added in a single portion. After stirring the solution for 

additional 5 min, a solution of allene 88a (166 mg, 0.90 mmol) in THF (0.20 mL) 

was added in one portion. The mixture was placed in a pre-heated oil bath at 

65 °C. After stirring for 16 h, sat. aqueous NH4Cl (2.0 mL) was added to the 

reaction mixture, which was extracted with CH2Cl2 (3  15 mL). The combined 

organic extracts were dried over Na2SO4, filtered and concentrated. The crude 

product was purified by column chromatography (nhexane/EtOAc = 3/1) 

yielded [D]-89aa (76.4 mg, 64%).  

 

To a stirred solution of 32a (85.9 mg, 0.30 mmol), ZnBr2·TMEDA (206 mg, 0.60 

mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in a single portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 

(15.9 mg, 15 mol %) was added in a single portion. After stirring the solution for 

additional 5 min, a solution of allene [D]2-88a (166 mg, 0.90 mmol) in THF 

(0.20 mL) was added in one portion. The mixture was placed in a pre-heated 

oil bath at 65 °C. After stirring for 16 h, sat. aqueous NH4Cl (2.0 mL) was added 

to the reaction mixture, which was extracted with CH2Cl2 (3  15 mL). The 

combined organic extracts were dried over Na2SO4, filtered and concentrated. 

The crude product was purified by column chromatography 

(nhexane/EtOAc = 3/1) yielded [D]2-90aa (87.5 mg, 71%). HR-MS (ESI) m/z 

calcd for C25H35N4OD2 [M+H]+ 411.3087, found 411.3094. 
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Experiments with DCIB as Additive 

 

To a stirred solution of 51a (86.1 mg, 0.30 mmol), ZnBr2·TMEDA (206 mg, 

0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in a single portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 

(15.9 mg, 15 mol %) was added in a single portion. After stirring the solution for 

additional 5 min, a solution of allene 88a (166 mg, 0.90 mmol) and DCIB 

(76.2 mg, 0.60 mmol) in THF (0.20 mL) was added in one portion. The mixture 

was placed in a pre-heated oil bath at 65 °C. After stirring for 16 h, sat. aqueous 

NH4Cl (2.0 mL) was added to the reaction mixture, which was extracted with 

CH2Cl2 (3  15 mL). The combined organic extracts were dried over Na2SO4, 
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filtered and concentrated. The crude product was purified by column 

chromatography (nhexane/EtOAc = 3/1) yielded 89aa (101 mg, 85%).  

5.4 Iron-Catalyzed C–H/N–H Annulation with Propargyl 

Acetates 

5.4.1 Analytical Data – Products 92 

3-Benzyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-npropylisoquinolin-

1(2H)-one (92aa) 

 

The general procedure GPB was followed using 51a (85.9 mg, 0.30 mmol) and 

alkyne 88a (130 mg, 0.60 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 92aa (79.5 mg, 60%) as a white solid.  

M.p. = 97–98 °C. 1H NMR (600 MHz, CDCl3): δ = 8.49 (d, J = 8.0 Hz, 1H), 

7.74–7.68 (m, 3H), 7.48 (t, J = 7.3 Hz, 1H), 7.33 (t, J = 7.7 Hz, 2H), 7.28–7.24 

(m, 3H), 5.19 (br s, 2H), 4.61 (s, 2H), 4.26 (t, J = 7.3 Hz, 2H), 2.77–2.71 (m, 

2H), 1.89–1.82 (m, 2H), 1.61–1.53 (m, 2H), 1.32–1.23 (m, 6H), 0.99 (t, 

J = 7.3 Hz, 3H), 0.84 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 162.7 

(Cq), 144.2 (Cq), 137.4 (Cq), 137.1 (Cq), 136.7 (Cq), 132.4 (CH), 129.1 (CH), 

128.3 (CH), 128.0 (CH), 126.9 (CH), 126.2 (CH), 125.3 (Cq), 124.0 (CH), 123.1 

(CH), 116.4 (Cq), 50.5 (CH2), 40.0 (CH2), 35.0 (CH2), 31.3 (CH2), 30.4 (CH2), 

30.3 (CH2), 26.3 (CH2), 23.6 (CH2), 22.6 (CH2), 14.6 (CH3), 14.1 (CH3). 

IR (ATR): 3122, 2952, 2931, 1650, 1610, 1313, 1063, 776, 732, 715 cm−1. 

MS (EI) m/z (relative intensity): 442 (72) [M]+, 329 (32), 276 (86), 248 (100), 
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242 (47), 112 (64). HR-MS (EI) m/z calcd for C28H34N4O [M]+ 442.2733, found 

442.2722. 

5.4.2 Traceless Removal of TAH Group 

 

Figure 5.2 Traceless removal of TAH group. 

The general procedure GPD was followed using 92aa (97.0 mg, 0.22 mmol). 

Purification by column chromatography (nhexane/EtOAc = 3/2) yielded 93aa 

(54.0 mg, 73%) as a white solid. 

M.p. = 194–196 °C. 1H NMR (300 MHz, CDCl3): δ = 9.92 (s, 1H), 8.44 (d, 

J = 7.9 Hz, 1H), 7.72 (dd, J = 4.3, 2.0 Hz, 2H), 7.48 (ddd, J = 8.1, 5.4, 2.8 Hz, 

1H), 7.38–7.18 (m, 5H), 4.08 (s, 2H), 2.81 (t, J = 8.1, 2H), 1.65–1.54 (m, 2H), 

1.06 (t, J = 7.3 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 163.2 (Cq), 138.3 (Cq), 

137.1 (Cq), 135.5 (Cq), 132.6 (CH), 129.1 (CH), 128.9 (CH), 128.0 (CH), 127.3 

(CH), 125.9 (CH), 125.6 (Cq), 123.3 (CH), 114.2 (Cq), 36.8 (CH2), 29.0 (CH2), 

23.5 (CH2), 14.4 (CH3). IR (ATR): 3022, 2954, 2871, 2031, 1653, 1630, 1606, 

758, 709, 511 cm−1. MS (ESI) m/z (relative intensity): 168 (100), 278 (67) 

[M+H]+, 577 (25) [2M+Na]+. HR-MS (ESI) m/z calcd for C19H19NO [M+H]+ 

278.1539, found 278.1538. 
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5.4.3 Mechanistic Studys 

Reaction Using Deuterium-Labelled Solvent 

 

To a stirred solution of 51a (85.9 mg, 0.3 mmol), ZnBr2∙TMEDA (205 mg, 

0.60 mmol) and dppe (17.9 mg, 15 mol %) in d8-THF (0.4 mL), iPrMgBr (0.5 M 

in d8-THF, 1.8 mL, 0.90 mmol) was added in one portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, FeCl2 (5.7 mg, 

15 mol %) was added in a single portion. After stirring for additional 5 min, a 

solution of alkyne 91a (130 mg, 0.60 mmol) in d8-THF (0.40 mL) was added in 

one portion. The reaction mixture was stirred at ambient temperature. After 

16 h, sat. aqueous NH4Cl (3.0 mL) was added and the reaction mixture was 

extracted with CH2Cl2 (3  15 mL). The combined organic extracts were dried 

over Na2SO4, filtered and concentrated. Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded the annulated isoquinolone 92aa (86.8 mg, 

50%) as a white solid.  

GC-Headspace Detection of H2 for Standard Reaction 

 

To a stirred solution of 51a (0.9 mmol), ZnBr2∙TMEDA (2.0 equiv) and dppe 

(15 mol %) in THF (1.2 mL), iPrMgBr (3.0 M in 2-MeTHF, 3.0 equiv) was added 

in one portion and the reaction mixture was stirred for 5 min at ambient 

temperature. Then, FeCl2 (15 mol %) was added in a single portion. After 
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stirring the solution for additional 5 min, alkyne 91a (2.70 mmol, 3.0 equiv) was 

added as a solution in THF (1.2 mL). Then, the mixture was stirred at ambient 

temperature. After stirring for 16 h, the gas of headspace was injected to GC-

Ms. 

 

Deprotonation of Substrate 51a by PhZnCl 

 

To a Schlenk tube charged with 51a (85.9 mg, 0.30 mmol), PhZnCl (0.55 M in 

THF, 1.1 mL, 2.0 equiv) was added in one portion and the reaction mixture was 

stirred at ambient temperature. After 2 h, D2O (2.0 mL) was added and the 

mixture was extracted with CH2Cl2 (3  15 mL). The combined organic extracts 

were dried over Na2SO4, filtered and concentrated under reduced pressure. 

Deuterium contents were determined by 1H NMR spectroscopic analysis. 
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Reaction Using Propargyl Acetate 91b 

 

To a stirred solution of 51a (85.9 mg, 0.30 mmol), ZnBr2∙TMEDA (205 mg, 

0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.40 mL), iPrMgBr (3.0 M in 

THF, 300 μL, 0.90 mmol) was added in oneportion and the reaction mixture 

was stirred for 5 min at ambient temperature. Then, FeCl2 (5.7 mg, 15 mol %) 

was added in a single portion. After stirring the solution for additional 5 min, 

alkyne 91b (175 mg, 0.60 mmol) was added as a solution in THF (0.40 mL). 

Then, the mixture was stirred at ambient temperature. After stirring for 16 h, 

sat. aqueous NH4Cl (3.0 mL) was added and the reaction mixture was extracted 

with CH2Cl2 (3  15 mL). The combined organic extracts were dried over 
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Na2SO4, filtered and concentrated. Product 110 was not observed by 1H NMR 

spectroscopic analysis. 

5.5 Iron-Catalyzed C–H/C–C Activations 

5.5.1 Analytical Data – Products with Different N-Substituted Triazolyl 

Moieties 

3-Allyl-2-[(1-n-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4-n-propylisoquinolin-

1(2H)-one (95ag): 

 

The general procedure GPC was followed using 51a (85.9 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95ag (90.8 mg, 80%) as colourless oil.  

1H NMR (300 MHz, CDCl3): δ = 8.44 (d, J = 7.8 Hz, 1H), 7.74 (s, 1H), 7.70–

7.56 (m, 2H), 7.49–7.37 (m, 1H), 6.18–6.05 (m, 1H), 5.32 (s, 2H), 5.20 (dd, 

J = 10.3, 1.5 Hz, 1H), 5.02 (dd, J = 17.3, 1.5 Hz, 1H), 4.24 (t, J = 7.5 Hz, 2H), 

3.89 (s, 2H), 2.71 (q, J = 7.5 Hz, 2H), 1.87–1.78 (m, 2H), 1.30–1.21 (m, 6H), 

1.15 (t, J = 7.5 Hz, 3H), 0.81 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3): 

δ = 162.6 (Cq), 144.4 (Cq), 136.4 (Cq), 136.4 (Cq), 134.2 (CH), 132.3 (CH), 128.2 

(CH), 126.0 (CH), 125.1 (Cq), 124.0 (CH), 122.8 (CH), 117.1 (CH2), 117.1 (Cq), 

50.5 (CH2), 40.0 (CH2), 33.1 (CH2), 31.3 (CH2), 30.3 (CH2), 26.3 (CH2), 22.5 

(CH2), 21.1 (CH2), 14.7 (CH3), 14.1 (CH3). IR (ATR): 2925, 2855, 1642, 1592, 

1337, 1183, 1047, 968, 773, 678 cm−1. MS (ESI) m/z (relative intensity): 379 

(100) [M+H]+, 401 (21) [M+Na]+, 757 (36) [2M+H]+, 779 (50) [2M+Na]+. HR-MS  

(ESI) m/z calcd for C23H31N4O [M+H]+ 379.2492, found 379.2492.  
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3-Allyl-2-[(1-octyl-1H-1,2,3-triazol-4-yl)methyl]-4-ethylisoquinolin-1(2H)-

one (95bg): 

 

 

 

The general procedure GPC was followed using 51b (98.6 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95bg (82.9 mg, 68%) as colourless oil. 

1H NMR (400 MHz, CDCl3): δ = 8.44 (d, J = 7.8 Hz, 1H), 7.74 (s, 1H), 7.68–7.60 

(m, 2H), 7.43 (d, J = 8.1 Hz, 1H), 6.11 (ddt, J = 17.3, 10.3, 4.7 Hz, 1H), 5.32 (s, 

2H), 5.20 (dd, J = 10.3, 1.5 Hz, 1H), 5.02 (dd, J = 17.3, 1.5 Hz, 1H), 4.22 (t, 

J = 7.4 Hz, 2H), 3.90 (s, 2H), 2.71 (q, J = 7.5 Hz, 2H), 1.82 (t, J = 7.4 Hz, 2H), 

1.28–1.18 (m, 10H), 1.15 (t, J = 7.5 Hz, 3H), 0.81 (d, J = 7.1 Hz, 3H). 13C NMR 

(101 MHz, CDCl3): δ = 162.8 (Cq), 144.5 (Cq), 136.6 (Cq), 136.5 (Cq), 134.3 

(CH), 132.5 (CH), 128.3 (CH), 126.1 (CH), 125.2 (Cq), 124.2 (CH), 122.9 (CH), 

117.2 (CH2), 117.2 (Cq), 50.5 (CH2), 39.9 (CH2), 33.0 (CH2), 31.8 (CH2), 30.3 

(CH2), 29.1 (CH2), 29.0 (CH2), 26.6 (CH2), 22.7 (CH2), 21.0 (CH2), 14.6 (CH3), 

14.2 (CH3). IR (ATR): 2926, 2855, 1643, 1592, 1428, 1336, 1047, 916, 773, 

700 cm−1. MS (ESI) m/z (relative intensity): 407 (100) [M+H]+, 429 (21) [M+Na]+, 

769 (50) [2M+H]+, 835 (54) [2M+Na]+. HR-MS (ESI) m/z calcd for C25H35N4O 

[M+H]+ 407.2805, found 407.2805. 
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3-Allyl-2-[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]-4-ethylisoquinolin-1(2H)-

one (95cg): 

 

The general procedure GPC was followed using 51c (87.7 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95cg (70.4 mg, 61%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.41 (dd, J = 8.0, 0.7 Hz, 1H), 7.72 (s, 1H), 

7.68–7.61 (m, 2H), 7.41 (ddd, J = 8.1, 6.4, 1.8 Hz, 1H), 7.32–7.27 (m, 3H), 

7.24–7.21 (m, 2H), 6.16–6.06 (m, 1H), 5.41 (s, 2H), 5.30 (s, 2H), 5.19 (dd, 

J = 10.3, 1.3 Hz, 1H), 5.01 (dd, J = 17.3, 1.3 Hz, 1H), 3.89 (s, 2H), 2.70 (q, 

J = 7.5 Hz, 2H), 1.15 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 162.7 

(Cq), 144.9 (Cq), 136.5 (Cq), 136.3 (Cq), 134.6 (Cq), 134.2 (CH), 132.4 (CH), 

129.1 (CH), 128.8 (CH), 128.3 (CH), 128.2 (CH), 126.0 (CH), 125.1 (Cq), 124.2 

(CH), 122.9 (CH), 117.1 (CH2), 117.1 (Cq), 54.2 (CH2), 39.8 (CH2), 33.0 (CH2), 

20.9 (CH2), 14.6 (CH3). IR (ATR): 2958, 2928, 1642, 1602, 1472, 1433, 1302, 

1033, 812, 778 cm−1. MS (ESI) m/z (relative intensity): 385 (100) [M+H]+, 407 

(23) [M+Na]+, 769 (35) [2M+H]+, 791 (48) [2M+Na]+. HR-MS (ESI) m/z calcd for 

C24H25N4O [M+H]+ 385.2023, found 385.2022. 
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3-Allyl-4-ethyl-2-{[1-(4-fluorophenyl)-1H-1,2,3-triazol-4-yl]methyl}isoquin-

olin-1(2H)-one (95rg): 

 

The general procedure GPC was followed using 51r (88.9 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95rg (69.9 mg, 60%) as a white solid.  

M.p. = 138–139 °C. 1H NMR (400 MHz, CDCl3): δ = 8.46 (ddd, J = 8.1, 1.4, 

0.7 Hz, 1H), 8.21 (s, 1H), 7.73–7.65 (m, 4H), 7.46 (ddd, J = 8.1, 6.4, 1.8 Hz, 

1H), 7.19–7.12 (m, 2H), 6.17 (ddt, J = 17.3, 10.3, 4.7 Hz, 1H), 5.42 (s, 2H), 5.26 

(dd, J = 10.3, 1.3 Hz, 1H), 5.08 (dd, J = 17.3, 1.3 Hz, 1H), 3.95 (s, 2H), 2.74 (q, 

J = 7.5 Hz, 2H), 1.18 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 162.9 

(Cq), 162.5 (d, 1JC–F = 249.1 Hz, Cq), 145.4 (Cq), 136.6 (Cq), 136.3 (Cq), 134.2 

(CH), 133.4 (d, 4JC–F = 3.3 Hz, Cq), 132.6 (CH), 128.3 (CH), 126.2 (CH), 125.2 

(Cq), 123.0 (CH), 122.8 (CH), 122.6 (d, 3JC–F = 8.6 Hz, CH), 117.4 (Cq), 117.4 

(CH2), 116.8 (d, 2JC–F = 23.3 Hz, CH), 39.9 (CH2), 33.1 (CH2), 21.0 (CH2), 14.6 

(CH3). 19F NMR (377 MHz, CDCl3): δ = –112.25 (tt, J = 8.4, 4.6 Hz). IR (ATR): 

3081, 2969, 2930, 1639, 1598, 1431, 1313, 1232, 1042, 837 cm−1. MS (ESI) 

m/z (relative intensity): 389 (100) [M+H]+, 777 (24) [2M+H]+, 799 (35) [2M+Na]+. 

HR-MS (ESI) m/z calcd for C23H22N4OF [M+H]+ 389.1772, found 389.1774. 
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3-Allyl-2-{[1-(3-chloropropyl)-1H-1,2,3-triazol-4-yl]methyl}-4-ethylisoquin-

olin-1(2H)-one (95dg): 

 

The general procedure GPC was followed using 51d (86.3 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95dg (55.7 mg, 50%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.45 (d, J = 8.1 Hz, 1H), 7.81 (s, 1H), 7.71–7.63 

(m, 2H), 7.45 (d, J = 8.1 Hz, 1H), 6.13 (ddt, J = 17.3, 10.3, 4.7 Hz, 1H), 5.33 (s, 

2H), 5.23 (dd, J = 10.3, 1.9 Hz, 1H), 5.04 (dd, J = 17.3, 1.9 Hz, 1H), 4.45 (t, 

J = 6.7 Hz, 2H), 3.90 (s, 2H), 3.50 (t, J = 6.1 Hz, 2H), 2.73 (q, J = 7.5 Hz, 2H), 

2.33 (q, J = 6.7 Hz, 2H), 1.17 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3): 

δ = 162.7 (Cq), 144.6 (Cq), 136.5 (Cq), 136.3 (Cq), 134.2 (CH), 132.5 (CH), 128.3 

(CH), 126.1 (CH), 125.1 (Cq), 124.8 (CH), 122.9 (CH), 117.2 (Cq), 117.2 (CH2), 

47.2 (CH2), 41.3 (CH2), 39.8 (CH2), 33.0 (CH2), 32.6 (CH2), 21.0 (CH2), 14.6 

(CH3). IR (ATR): 2965, 1710, 1611, 1590, 1428, 1338, 1221, 1047, 774, 700 

cm−1. MS (ESI) m/z (relative intensity): 371 (100) [35Cl, M+H]+, 763 (67) [35Cl, 

2M+Na]+. HR-MS (ESI) m/z calcd for C20H24N4O35Cl [M+H]+ 371.1633, found 

371.1629. 
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3-Allyl-4-ethylisoquinolin-1(2H)-one (97ae) and 1-Butyl-4-(prop-1-en-2-yl)-

1H-1,2,3-triazole (119): 

 

The general procedure GPC was followed using 32a (85.9 mg, 0.30 mmol) and 

BCP 94e (177 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc/DCM = 3/1/1) yielded 97ae (33.2 mg, 52%) as a white solid 

and 119 (25.7 mg, 52%) as colourless oil. 

3-Allyl-4-ethylisoquinolin-1(2H)-one (97ae):  

M.p. = 109–110 °C. 1H NMR (400 MHz, CDCl3): δ = 9.55 (s, 1H), 8.43 (dd, 

J = 8.0, 1.0 Hz, 1H), 7.72–7.67 (m, 2H), 7.45 (ddd, J = 8.1, 5.6, 2.6 Hz, 1H), 

5.91 (ddt, J = 16.7, 10.0, 6.5 Hz, 1H), 5.34–5.12 (m, 2H), 3.42 (d, J = 6.5 Hz, 

2H), 2.76 (q, J = 7.5 Hz, 2H), 1.19 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, 

CDCl3): δ = 163.1 (Cq), 138.1 (Cq), 133.9 (Cq), 133.4 (CH), 132.8 (CH), 128.1 

(CH), 126.0 (CH), 125.4 (Cq), 123.1 (CH), 119.2 (CH2), 115.5 (Cq), 35.3 (CH2), 

19.8 (CH2), 14.8 (CH3). IR (ATR): 2965, 2932, 1726, 1654, 1607, 1552, 1469, 

1355, 914, 773 cm−1. MS (ESI) m/z (relative intensity): 214 (100) [M+H]+, 256 

(64), 321 (77), 449 (54) [2M+Na]+. HR-MS (ESI) m/z calcd for C14H16NO [M+H]+ 

214.1226, found 214.1227. 

1-Butyl-4-(prop-1-en-2-yl)-1H-1,2,3-triazole (119):  

1H NMR (400 MHz, CDCl3): δ = 7.47 (s, 1H), 5.69 (s, 1H), 5.09 (s, 1H), 4.34 (t, 

J = 7.2 Hz, 2H), 2.14 (d, J = 1.2 Hz, 3H), 1.89 (p, J = 7.4 Hz, 2H), 1.37 (h, 

J = 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 148.9 

(Cq), 133.9 (Cq), 119.5 (CH), 112.4 (CH2), 50.1 (CH2), 32.5 (CH2), 20.8 (CH3), 

19.9 (CH2), 13.6 (CH3). IR (ATR): 3124, 2959, 2933, 2873, 1640, 1456, 1228, 
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1127, 1046, 892, cm−1. MS (ESI) m/z (relative intensity): 166 (100) [M+H]+, 188 

(54) [M+Na]+. HR-MS (ESI) m/z calcd for C9H16N3 [M+H]+ 166.1339, found 

166.1341. 

5.5.2 Analytical Data – Isoquinolone 95 

3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-methyisoquinoli-

n-1(2H)-one (95eg): 

 

The general procedure GPC was followed using 51e (90.1 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95eg (70.7 mg, 60%) as colourless oil.  

1H NMR (300 MHz, CDCl3): δ = 8.36 (d, J = 8.2 Hz, 1H), 7.77 (s, 1H), 7.47 (s, 

1H), 7.37–7.26 (m, 1H), 6.15 (ddt, J = 17.3, 10.3, 4.6 Hz, 1H), 5.34 (s, 2H), 5.23 

(dd, J = 10.3, 1.6 Hz, 1H), 5.05 (dd, J = 17.3, 1.6 Hz, 1H), 4.27 (t, J = 7.4 Hz, 

2H), 3.91 (d, J = 4.6 Hz, 2H), 2.73 (q, J = 7.5 Hz, 2H), 2.51 (s, 3H), 2.03–1.72 

(m, 2H), 1.33–1.22 (m, 6H), 1.18 (t, J = 7.5 Hz, 3H), 0.85 (t, J = 7.0 Hz, 3H). 

13C NMR (75 MHz, CDCl3): δ = 162.7 (Cq), 144.6 (Cq), 142.8 (Cq), 136.6 (Cq), 

136.4 (Cq), 134.3 (CH), 128.3 (CH), 127.7 (CH), 124.1 (CH), 123.0 (Cq), 122.7 

(CH), 117.1 (CH2), 116.9 (Cq), 50.4 (CH2), 39.8 (CH2), 33.0 (CH2), 31.2 (CH2), 

30.2 (CH2), 26.2 (CH2), 22.5 (CH2), 22.3 (CH3), 20.9 (CH2), 14.6 (CH3), 14.0 

(CH3). IR (ATR): 2958, 2928, 1642, 1602, 1472, 1433, 1302, 1033, 812, 778 

cm−1. MS (ESI) m/z (relative intensity): 393 (71) [M+H]+, 415 (100) [M+Na]+, 

807 (48) [2M+Na]+. HR-MS (ESI) m/z calcd for C24H33N4O [M+H]+ 393.2649, 

found 393.2650. 
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3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-methoxyisoquin-

olin-1(2H)-one (95gg): 

 

The general procedure GPC was followed using 51g (94.9 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95gg (95.6 mg, 78%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.39–8.35 (m, 1H), 7.74 (s, 1H), 7.04–7.00 (m, 

2H), 6.11 (ddt, J = 17.3, 10.4, 4.6 Hz, 1H), 5.30 (s, 2H), 5.21 (d, J = 10.4 Hz, 

1H), 5.02 (d, J = 17.3 Hz, 1H), 4.24 (t, J = 7.3 Hz, 2H), 3.90 (s, 3H), 3.88 (s, 

2H), 2.67 (q, J = 7.5 Hz, 2H), 1.84 (q, J = 7.2 Hz, 2H), 1.28–1.22 (m, 6H), 1.16 

(t, J = 7.5 Hz, 3H), 0.81 (t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3): 

δ = 163.0 (Cq), 162.4 (Cq), 144.6 (Cq), 138.5 (Cq), 137.2 (Cq), 134.2 (CH), 130.4 

(CH), 124.1 (CH), 119.2 (Cq), 117.1 (CH2), 116.7 (Cq), 114.8 (CH), 104.8 (CH), 

55.5 (CH3), 50.5 (CH2), 39.7 (CH2), 33.1 (CH2), 31.2 (CH2), 30.2 (CH2), 26.2 

(CH2), 22.5 (CH2), 21.1 (CH2), 14.4 (CH3), 14.0 (CH3). IR (ATR): 2956, 2929, 

1642, 1612, 1491, 1464, 1235, 1215, 1035, 790 cm−1. MS (ESI) m/z (relative 

intensity): 409 (67) [M+H]+, 431 (100) [M+Na]+, 839 (48) [2M+Na]+. HR-MS 

(ESI) m/z calcd for C24H33N4O2 [M+H]+ 409.2598, found 409.2602. 

 

3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-(methylthio)iso-

quinolin-1(2H)-one (95sg): 

 

The general procedure GPC was followed using 51s (99.8 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95sg (89.2 mg, 70%) as colourless oil. 
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1H NMR (400 MHz, CDCl3): δ = 8.33 (d, J = 8.5 Hz, 1H), 7.74 (s, 1H), 7.42 (d, 

J = 1.8 Hz, 1H), 7.29 (dd, J = 8.5, 1.8 Hz, 1H), 6.12 (ddt, J = 17.3, 10.3, 4.6 Hz, 

1H), 5.30 (s, 2H), 5.22 (dd, J = 10.3, 1.4 Hz, 1H), 5.03 (dd, J = 17.3, 1.4 Hz, 

1H), 4.25 (t, J = 7.4 Hz, 2H), 3.89 (s, 2H), 2.69 (q, J = 7.5 Hz, 2H), 2.55 (s, 3H), 

1.89–1.78 (m, 2H), 1.30–1.24 (m, 6H), 1.16 (t, J = 7.5 Hz, 3H), 0.83 (J = 6.9 Hz, 

3H). 13C NMR (101 MHz, CDCl3): δ = 162.5 (Cq), 144.7 (Cq), 144.4 (Cq), 137.4 

(Cq), 136.8 (Cq), 134.1 (CH), 128.6 (CH), 124.1 (CH), 123.8 (CH), 122.1 (Cq), 

118.5 (CH), 117.2 (CH2), 116.4 (Cq), 50.4 (CH2), 39.8 (CH2), 33.0 (CH2), 31.2 

(CH2), 30.2 (CH2), 26.2 (CH2), 22.4 (CH2), 20.9 (CH2), 15.2 (CH3), 14.5 (CH3), 

14.0 (CH3). IR (ATR): 2957, 2927, 2870, 1638, 1583, 1428, 1324, 1182, 1047, 

790 cm−1. MS (ESI) m/z (relative intensity): 425 (100) [M+H]+, 447 (50) [M+Na]+. 

HR-MS (ESI) m/z calcd for C24H33N4OS [M+H]+ 425.2370, found 425.2379. 

 

3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-phenylisoquino-

lin-1(2H)-one (95fg): 

 

The general procedure GPC was followed using 51f (109 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95fg (83.2 mg, 61%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.53 (d, J = 8.3 Hz, 1H), 7.86 (s, 1H), 7.78 (s, 

1H), 7.72–7.64 (m, 3H), 7.52–7.46 (m, 2H), 7.41 (dd, J = 7.3, 7.3 Hz, 1H), 6.15 

(ddd, J = 17.8, 10.1, 4.9 Hz, 1H), 5.37 (s, 2H), 5.25 (d, J = 10.4 Hz, 1H), 5.07 

(d, J = 17.3 Hz, 1H), 4.27 (t, J = 7.4 Hz, 2H), 3.94 (s, 2H), 2.80 (q, J = 7.5 Hz, 

2H), 1.85 (q, J = 7.2 Hz, 2H), 1.42–1.25 (m, 6H), 1.22 (t, J = 7.5 Hz, 3H), 0.85 

(t, J = 6.7 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 162.7 (Cq), 145.3 (Cq), 

144.5 (Cq), 140.9 (Cq), 136.9 (Cq), 136.9 (Cq), 134.2 (CH), 129.1 (CH), 129.0 

(CH), 128.2 (CH), 127.7 (CH), 125.5 (CH), 124.1 (CH), 124.1 (Cq), 121.3 (CH), 

117.2 (CH2), 117.2 (Cq), 50.5 (CH2), 39.9 (CH2), 33.1 (CH2), 31.2 (CH2), 30.2 
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(CH2), 26.3 (CH2), 22.5 (CH2), 21.0 (CH2), 14.7 (CH3), 14.0 (CH3). IR (ATR): 

2929, 2870, 1642, 1615, 1591, 1451, 1429, 1328, 1047, 790 cm−1. MS (ESI) 

m/z (relative intensity): 455 (100) [M+H]+, 477 (29) [M+Na]+, 909 (33) [2M+H]+, 

931 (60) [2M+Na]+. HR-MS (ESI) m/z calcd for C29H35N4O [M+H]+ 455.2805, 

found 455,2798. 

 

3-Allyl-6-chloro-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinol-

in-1(2H)-one (95jg): 

 

The general procedure GPC was followed using 51j (96.2 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95jg (64.4 mg, 52%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.38 (d, J = 8.6 Hz, 1H), 7.75 (s, 1H), 7.64 (s, 

1H), 7.39 (d, J = 8.6 Hz, 1H), 6.12 (ddt, J = 17.4, 10.3, 4.9 Hz, 1H), 5.31 (s, 2H), 

5.24 (d, J = 10.3 Hz, 1H), 5.03 (d, J = 17.4 Hz, 1H), 4.26 (t, J = 7.3 Hz, 2H), 

3.92 (s, 2H), 2.68 (q, J = 7.4 Hz, 2H), 1.85 (t, J = 7.2 Hz, 2H), 1.29–1.22(m, 

6H), 1.17 (t, J = 7.4 Hz, 3H), 0.84 (t, J = 6.4 Hz, 3H). 13C NMR (101 MHz, 

CDCl3): δ = 162.2 (Cq), 144.2 (Cq), 139.2 (Cq), 138.1 (Cq), 137.9 (Cq), 133.9 

(CH), 130.2 (CH), 126.6 (CH), 124.2 (CH), 123.5 (Cq), 122.5 (CH), 117.4 (CH2), 

116.3 (Cq), 50.5 (CH2), 40.0 (CH2), 33.1 (CH2), 31.2 (CH2), 30.2 (CH2), 26.3 

(CH2), 22.5 (CH2), 21.0 (CH2), 14.5 (CH3), 14.0 (CH3). IR (ATR): 2957, 2929, 

1644, 1474, 1429, 1378, 1326, 1173, 1047, 790 cm−1. MS (ESI) m/z (relative 

intensity): 413 (100) [35Cl, M+H]+, 435 (35) [35Cl, M+Na]+, 847 (53) [35Cl, 

2M+Na]+. HR-MS (ESI) m/z calcd for C23H30N4O35Cl [M+H]+ 413.2103, found 

413.2101. 
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3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-7-methylisoquinol-

in-1(2H)-one (95tg): 

 

The general procedure GPC was followed using 51t (90.1 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95tg (75.0 mg, 64%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.25 (d, J = 2.5 Hz, 1H), 7.75 (s, 1H), 7.58 (d, 

J = 8.4 Hz, 1H), 7.47 (d, J = 8.4 Hz, 1H), 6.12 (ddt, J = 17.3, 10.3, 4.6 Hz, 1H), 

5.33 (s, 2H), 5.20 (dd, J = 10.3, 1.7 Hz, 1H), 5.02 (dd, J = 17.3, 1.7 Hz, 1H), 

4.23 (t, J = 7.4 Hz, 2H), 3.87 (s, 2H), 2.70 (q, J = 7.5 Hz, 2H), 2.46 (s, 3H), 1.83 

(p, J = 7.3 Hz, 2H), 1.31–1.20 (m, 6H), 1.14 (t, J = 7.5 Hz, 3H), 0.83 (t, 

J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 162.7 (Cq), 144.5 (Cq), 136.0 

(Cq), 135.3 (Cq), 134.4 (CH), 134.2 (Cq), 133.9 (CH), 127.8 (CH), 125.1 (Cq), 

124.1 (CH), 122.9 (CH), 117.1 (CH2), 117.0 (Cq), 50.4 (CH2), 39.9 (CH2), 32.8 

(CH2), 31.1 (CH2), 30.2 (CH2), 26.2 (CH2), 22.4 (CH2), 21.3 (CH3), 21.0 (CH2), 

14.6 (CH3), 14.0 (CH3). IR (ATR): 2960, 2929, 1644, 1596, 1504, 1458, 1429, 

1340, 1300, 823 cm−1. MS (ESI) m/z (relative intensity): 393 (64) [M+H]+, 415 

(100) [M+Na]+. HR-MS (ESI) m/z calcd for C24H33N4O [M+H]+ 393.2649, found 

393.2652. 
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3-Allyl-4-ethyl-7-fluoro-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinol-

in-1(2H)-one (95ug): 

 

The general procedure GPC was followed using 51u (91.3 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95ug (94.0 mg, 79%) as light yellow oil.  

1H NMR (600 MHz, CDCl3): δ = 8.09 (dd, J = 9.3, 2.9 Hz, 1H), 7.76 (s, 1H), 7.69 

(dd, J = 9.0, 5.0 Hz, 1H), 7.40 (ddd, J = 9.0, 8.0, 2.9 Hz, 1H), 6.14 (ddt, J = 17.3, 

10.3, 4.7 Hz, 1H), 5.33 (s, 2H), 5.24 (dd, J = 10.3, 1.8 Hz, 1H), 5.04 (dd, 

J = 17.3, 1.8 Hz, 1H), 4.26 (t, J = 7.4 Hz, 2H), 3.92 (s, 2H), 2.72 (q, J = 7.6 Hz, 

2H), 1.86 (p, J = 7.2 Hz, 2H), 1.30–1.24 (m, 6H), 1.17 (t, J = 7.6 Hz, 3H), 0.84 

(t, J = 7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ = 162.0 (d, 4JC–F = 3.5 Hz, 

Cq), 161.1 (d, 1JC–F = 246.9 Hz, Cq), 144.2 (Cq), 135.7 (d, 4JC–F = 2.5 Hz, Cq), 

134.2 (CH), 133.2 (d, 4JC–F = 2.1 Hz, Cq), 126.8 (d, 3JC–F = 7.7 Hz, Cq), 125.5 

(d, 3JC–F = 7.7 Hz, CH), 124.2 (CH), 121.2 (d, 2JC–F = 23.3 Hz, CH), 117.3 (CH2), 

116.8 (Cq), 113.2 (d, 2JC–F = 22.4 Hz, CH), 50.5 (CH2), 40.1 (CH2), 32.9 (CH2), 

31.2 (CH2), 30.3 (CH2), 26.3 (CH2), 22.5 (CH2), 21.2 (CH2), 14.6 (CH3), 14.0 

(CH3). 19F NMR (377 MHz, CDCl3): δ = –114.75 (td, J = 8.6, 5.0 Hz). IR (ATR): 

2957, 2929, 1644, 1597, 1499, 1431, 1351, 1048, 827, 724 cm−1. MS (ESI) m/z 

(relative intensity): 397 (53) [M+H]+, 419 (100) [M+Na]+, 815 (47) [2M+Na]+. 

HR-MS (ESI) m/z calcd for C23H30FN4O [M+H]+ 397.2398, found 397.2400. 
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3-Allyl-7-chloro-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinol-

in-1(2H)-one (95vg): 

 

The general procedure GPC was followed using 51v (96.2 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95vg (73.1 mg, 59%) as light yellow oil.  

1H NMR (300 MHz, CDCl3): δ = 8.44 (dd, J = 2.1, 0.7 Hz, 1H), 7.78 (s, 1H), 

7.70–7.52 (m, 2H), 6.15 (ddt, J = 17.3, 10.2, 4.6 Hz, 1H), 5.34 (s, 2H), 5.26 (dd, 

J = 10.2, 1.7 Hz, 1H), 5.05 (dd, J = 17.3, 1.7 Hz, 1H), 4.28 (t, J = 7.4 Hz, 2H), 

3.94 (s, 2H), 2.72 (q, J = 7.5 Hz, 2H), 1.87 (p, J = 7.3 Hz, 2H), 1.37–1.24 (m, 

6H), 1.17 (t, J = 7.5 Hz, 3H), 0.86 (t, J = 6.7 Hz, 3H). 13C NMR (126 MHz, 

CDCl3): δ = 161.7 (Cq), 144.1 (Cq), 136.9 (Cq), 134.9 (Cq), 134.0 (CH), 132.8 

(CH), 132.1 (Cq), 127.7 (CH), 126.3 (Cq), 124.7 (CH), 124.2 (CH), 117.3 (CH2), 

116.7 (Cq), 50.5 (CH2), 40.1 (CH2), 33.0 (CH2), 31.2 (CH2), 30.2 (CH2), 26.2 

(CH2), 22.5 (CH2), 21.0 (CH2), 14.6 (CH3), 14.0 (CH3). IR (ATR): 2956, 2928, 

1642, 1591, 1461, 1337, 1293, 1047, 910, 824 cm−1. MS (ESI) m/z (relative 

intensity): 413 (57) [35Cl, M+H]+, 435 (100) [35Cl, M+Na]+. HR-MS (ESI) m/z 

calcd for C23H30
35ClN4O [M+H]+ 413.2103, found 413.2104.  

 

3-Allyl-7-bromo-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinol-

in-1(2H)-one：(95wg): 

 

The general procedure GPC was followed using 51w (110 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95wg (65.8 mg, 48%) as colourless oil.  
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1H NMR (600 MHz, CDCl3): δ = 8.59 (d, J = 2.2 Hz, 1H), 7.76 (s, 1H), 7.73 (dd, 

J = 8.7, 2.2 Hz, 1H), 7.55 (d, J = 8.7 Hz, 1H), 6.13 (ddt, J = 17.3, 10.4, 4.7 Hz, 

1H), 5.32 (s, 2H), 5.24 (dd, J = 10.4, 1.2 Hz, 1H), 5.03 (dd, J = 17.3, 1.2 Hz, 

1H), 4.26 (t, J = 7.4 Hz, 2H), 3.92 (s, 2H), 2.70 (q, J = 7.5 Hz, 2H), 1.85 (qd, 

J = 7.9, 7.2, 4.0 Hz, 2H), 1.30–1.25 (m, 6H), 1.15 (t, J = 7.5 Hz, 3H), 0.85 (t, 

J = 7.0 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ = 161.6 (Cq), 144.1 (Cq), 137.1 

(Cq), 135.6 (CH), 135.3 (Cq), 134.0 (CH), 130.9 (CH), 126.6 (Cq), 124.9 (CH), 

124.2 (CH), 120.0 (Cq), 117.3 (CH2), 116.8 (Cq), 50.5 (CH2), 40.1 (CH2), 33.0 

(CH2), 31.2 (CH2), 30.3 (CH2), 26.3 (CH2), 22.5 (CH2), 21.0 (CH2), 14.6 (CH3), 

14.0 (CH3). IR (ATR): 2956, 2928, 1644, 1588, 1478, 1336, 1293, 1048, 930, 

824 cm−1. MS (ESI) m/z (relative intensity): 457 (67) [79Br, M+H]+, 481 (100), 

937 (50). HR-MS (ESI) m/z calcd for C23H30
79BrN4O [M+H]+ 457.1598, found 

457.1598. 

5.5.3 Analytical Data – Impact of CF3-Substitution of Benzamide 

3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-(trifluoromethyl)-

isoquinolin-1(2H)-one (95hg) and 3-Allyl-6-(difluoromethyl)-2-[(1-hexyl-

1H-1,2,3-triazol-4-yl)methyl]-4,5-dihydrocyclopenta[de]isoquinolin-1(2H)-

one (95hg’): 

 

The general procedure GPC was followed using 51h (106 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2 to 1/1) yielded 95hg (9.4 mg, 7%) as a white solid. and 

95hg’ (49.8 mg, 39%) as yellow oil. 
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3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-6-(trifluoromethyl)-

isoquinolin-1(2H)-one (95hg):  

M.p. = 96–97 °C. 1H NMR (400 MHz, CDCl3): δ = 8.55 (dd, J = 8.3, 1.0 Hz, 1H), 

7.92 (s, 1H), 7.74 (s, 1H), 7.63 (dd, J = 8.3, 1.6 Hz, 1H), 6.13 (ddt, J = 17.3, 

10.3, 4.7 Hz, 1H), 5.33 (s, 2H), 5.24 (dd, J = 10.3, 1.4 Hz, 1H), 5.02 (dd, 

J = 17.3, 1.4 Hz, 1H), 4.25 (t, J = 7.4 Hz, 2H), 3.95 (s, 2H), 2.74 (q, J = 7.5 Hz, 

2H), 1.83 (q, J = 7.3 Hz, 2H), 1.27–1.22 (m, 6H), 1.17 (t, J = 7.5 Hz, 3H), 0.83 

(t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 162.0 (Cq), 144.0 (Cq), 

138.3 (Cq), 136.6 (Cq), 134.1 (d, 2JC–F = 32.3 Hz, Cq), 133.9 (CH), 129.5 (CH), 

127.3 (Cq), 124.2 (CH), 124.1 (d, 1JC–F = 273.0 Hz, Cq), 122.1 (d, 3JC–F = 3.4 Hz, 

CH), 120.3 (d, 3JC–F = 4.2 Hz, CH), 117.5 (CH2), 117.0 (Cq), 50.5 (CH2), 40.1 

(CH2), 33.1 (CH2), 31.2 (CH2), 30.3 (CH2), 26.3 (CH2), 22.5 (CH2), 21.0 (CH2), 

14.6 (CH3), 14.0 (CH3). 19F NMR (376 MHz, CDCl3): δ = –62.89 (s). IR (ATR): 

2959, 2931, 2860, 1650, 1597, 1433, 1313, 1130, 1074, 797 cm−1. MS (ESI) 

m/z (relative intensity): 447 (86) [M+H]+, 469 (100) [M+Na]+. HR-MS (ESI) m/z 

calcd for C24H30F3N4O [M+H]+ 447.2366, found 447.2367. 

 

3-Allyl-6-(difluoromethyl)-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-4,5-dih-

ydrocyclopenta[de]isoquinolin-1(2H)-one (95hg’):  

1H NMR (400 MHz, CDCl3): δ = 8.05 (d, J = 8.2 Hz, 1H), 7.72 (s, 1H), 7.45 (d, 

J = 8.2 Hz, 1H), 6.75 (t, J = 55.6 Hz, 1H), 6.05 (ddt, J = 17.3, 10.3, 5.1 Hz, 1H), 

5.34 (s, 2H), 5.20 (dq, J = 10.3, 1.6 Hz, 1H), 5.08 (dq, J = 17.3, 1.6 Hz, 1H), 

4.25 (t, J = 7.3 Hz, 2H), 3.80 (s, 2H), 3.40–3.34 (m, 2H), 3.15–3.05 (m, 2H), 

1.84 (p, J = 7.4 Hz, 2H), 1.29–1.24 (m, 6H), 0.83 (t, J = 6.9 Hz, 3H). 13C NMR 

(101 MHz, CDCl3): δ = 162.3 (Cq), 144.3 (Cq), 144.0 (Cq), 142.0 (t, 3JC–F = 

4.5 Hz, Cq), 134.7 (Cq), 133.3 (CH), 132.3 (t, 2JC–F = 22.5 Hz, Cq), 124.4 (CH), 

124.2 (t, 3JC–F = 6.5 Hz, CH), 123.9 (CH), 123.2 (Cq), 121.8 (Cq), 117.2 (CH2), 

114.2 (t, 1JC–F = 239.0 Hz, CH), 50.5 (CH2), 39.5 (CH2), 34.5 (CH2), 31.2 (CH2), 
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30.2 (CH2), 29.7 (CH2), 27.5 (CH2), 26.2 (CH2), 22.5 (CH2), 14.0 (CH3). 19F NMR 

(377 MHz, CDCl3): δ = –112.87 (d, J = 55.5 Hz). IR (ATR): 2955, 2928, 2857, 

1664, 1619, 1428, 1371, 1103, 1027, 784 cm−1. MS (ESI) m/z (relative 

intensity): 427 (100) [M+H]+, 449 (67) [M+Na]+. HR-MS (ESI) m/z calcd for 

C24H28F2N4ONa [M+Na]+ 449.2123, found 449.2117. 

 

3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-7-(trifluoromethyl)-

isoquinolin-1(2H)-one (95xg) and 3'-Allyl-2'-[(1-hexyl-1H-1,2,3-triazol-4-

yl)methyl]-7'-(trifluoromethyl)-2',3'-dihydro-1'H-spiro(cyclopropane-1,4'-

isoquinolin)-1'-one (95xg’): 

 

The general procedure GPC was followed using 51x (106 mg, 0.30 mmol) and 

BCP 94g (137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95xg (49.6 mg, 37%) as colourless oil and 

95xg’ (33.5 mg, 25%) as yellow oil. 

 

3-Allyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-7-(trifluoromethyl)-

isoquinolin-1(2H)-one (95xg):  

1H NMR (400 MHz, CDCl3): δ = 8.75 (s, 1H), 7.89–7.75 (m, 3H), 6.15 (ddt, 

J = 17.3, 10.2, 2.9 Hz, 1H), 5.35 (s, 2H), 5.26 (dd, J = 10.2, 1.5 Hz, 1H), 5.05 

(dd, J = 17.3, 1.5 Hz, 1H), 4.27 (t, J = 6.9 Hz, 2H), 3.98 (s, 2H), 2.81–2.70 (m, 

2H), 1.93–1.81 (m, 2H), 1.31–1.25 (m, 6H), 1.18 (t, J = 7.6 Hz, 3H), 0.85 (t, 

J = 6.7 Hz, 3H). 13C NMR (75 MHz, CDCl3): δ = 162.2 (Cq), 143.9 (Cq), 139.2 

(Cq), 139.0 (Cq), 133.8 (CH), 128.3 (q, 3JC–F = 3.4 Hz, CH), 127.9 (q, 2JC–F = 33.5 
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Hz, Cq), 126.6 (q, 1JC–F = 249.3 Hz, Cq), 126.0 (q, 3JC–F = 4.1 Hz, CH), 124.9 

(Cq), 124.3 (CH), 123.9 (CH), 117.5 (CH2), 116.7 (Cq), 50.5 (CH2), 40.1 (CH2), 

33.2 (CH2), 31.2 (CH2), 30.3 (CH2), 26.3 (CH2), 22.5 (CH2), 21.1 (CH2), 14.5 

(CH3), 14.0 (CH3). 19F NMR (282 MHz, CDCl3): δ = –62.35 (s). IR (ATR): 2958, 

2930, 1652, 1598, 1554, 1323, 1292, 1163, 1126, 840 cm−1. MS (ESI) m/z 

(relative intensity): 447 (57) [M+H]+, 469 (100) [M+Na]+. HR-MS (ESI) m/z calcd 

for C24H30F3N4O [M+H]+ 447.2366, found 447.2368. 

3'-Allyl-2'-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-7'-(trifluoromethyl)-2',3'-

dihydro-1'H-spiro(cyclopropane-1,4'-isoquinolin)-1'-one (95xg’):  

1H NMR (600 MHz, CDCl3): δ =8.31 (d, J = 2.1 Hz, 1H), 7.65–7.60 (m, 2H), 6.93 

(d, J = 8.1 Hz, 1H), 5.71 (ddt, J = 16.8, 10.2, 7.4 Hz, 1H), 5.36 (d, J = 14.9 Hz, 

1H), 4.98–4.94 (m, 2H), 4.29 (td, J = 7.2, 2.7 Hz, 2H), 4.19 (d, J = 14.9 Hz, 1H), 

3.19 (t, J = 6.7 Hz, 1H), 2.38–2.33 (m, 2H), 1.85 (t, J = 7.2 Hz, 2H), 1.55 (ddd, 

J = 9.6, 6.3, 6.0 Hz, 1H), 1.27–1.22 (m, 6H), 1.00 (ddd, J = 9.8, 6.8, 6.0 Hz, 

1H), 0.83 (t, J = 7.0 Hz, 3H), 0.68 (ddd, J = 9.6, 6.3, 4.4 Hz, 1H), 0.35 (ddd, 

J = 9.8, 6.8, 4.4 Hz, 1H). 13C NMR (101 MHz, CDCl3): δ = 162.6 (Cq), 145.1 

(Cq), 144.3 (Cq), 133.8 (CH), 130.9 (Cq), 129.2 (Cq), 129.0 (q, 3JC–F = 3.0 Hz, 

CH), 125.4 (q, 3JC–F = 3.9 Hz, CH), 124.0 (q, 1JC–F = 271.7 Hz, Cq), 123.1 (CH), 

122.5 (CH), 118.6 (CH2), 64.6 (CH), 50.5 (CH2), 42.0 (CH2), 38.4 (CH2), 31.2 

(CH2), 30.3 (CH2), 26.2 (CH2), 23.4 (Cq), 22.5 (CH2), 19.8 (CH2), 14.0 (CH3), 

10.1 (CH2). 19F NMR (565 MHz, CDCl3): δ = –62.58 (s). IR (ATR): 2929, 2860, 

1649, 1617, 1469, 1331, 1252, 1160, 1129, 922 cm−1. MS (ESI) m/z (relative 

intensity): 447 (45) [M+H]+, 469 (100) [M+Na]+. HR-MS (ESI) m/z calcd for 

C24H30F3N4O [M+H]+ 447.2366, found 447.2370. 
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3-Allyl-4-ethyl-6-(trifluoromethyl)isoquinolin-1(2H)-one (97gg) and 1-

Butyl-4-(prop-1-en-2-yl)-1H-1,2,3-triazole (119): 

 

The procedure was followed using 32g (106 mg, 0.30 mmol) and BCP 94g 

(137 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc/DCM = 3/1/1) yielded 97gg (27.2 mg, 32%) as a white solid 

and 119 (16.4 mg, 33%) as colourless oil. 

3-Allyl-4-ethyl-6-(trifluoromethyl)isoquinolin-1(2H)-one (97gg):  

M.p. = 97–98 °C. 1H NMR (400 MHz, CDCl3): δ = 9.76 (s, 1H), 8.62–8.43 (m, 

1H), 7.98 (s, 1H), 7.75–7.58 (m, 1H), 5.96 (ddt, J = 16.7, 10.1, 6.5 Hz, 1H), 

5.37–5.28 (m, 2H), 3.49 (dt, J = 6.5, 1.8 Hz, 2H), 2.82 (q, J = 7.6 Hz, 2H), 1.25 

(t, J = 7.6 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 162.1 (Cq), 138.1 (Cq), 

135.5 (Cq), 134.4 (d, 2JC–F = 32.0 Hz, Cq), 132.8 (CH), 129.2 (CH), 127.8 (Cq), 

124.1 (d, 1JC–F = 272.8 Hz, Cq), 122.1 (d, 3JC–F = 3.9 Hz, CH), 120.5 (d, 3JC–F = 

4.5 Hz, CH), 119.9 (CH2), 115.0 (Cq), 35.3 (CH2), 19.8 (CH2), 14.8 (CH3). 19F 

NMR (377 MHz, CDCl3): δ = –62.90 (s). IR (ATR): 2963, 2923, 2851, 1651, 

1626, 1459, 1300, 1179, 1119, 842 cm-1. MS (ESI) m/z (relative intensity): 282 

(86) [M+H]+, 304 (100). HR-MS (ESI) m/z calcd for C15H15F3N4O [M+H]+ 

282.1100, found 282.1101. 

1-Butyl-4-(prop-1-en-2-yl)-1H-1,2,3-triazole (119):  

1H NMR (400 MHz, CDCl3): δ = 7.47 (s, 1H), 5.69 (s, 1H), 5.09 (s, 1H), 4.34 (t, 

J = 7.2 Hz, 2H), 2.14 (d, J = 1.2 Hz, 3H), 1.89 (p, J = 7.4 Hz, 2H), 1.37 (h, 

J = 7.4 Hz, 2H), 0.96 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 148.9 

(Cq), 133.9 (Cq), 119.5 (CH), 112.4 (CH2), 50.1 (CH2), 32.5 (CH2), 20.8 (CH3), 
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19.9 (CH2), 13.6 (CH3). IR (ATR): 3124, 2959, 2933, 2873, 1640, 1456, 1228, 

1127, 1046, 892, cm−1. MS (ESI) m/z (relative intensity): 166 (100) [M+H]+, 188 

(54) [M+Na]+. HR-MS (ESI) m/z calcd for C9H16N3 [M+H]+ 166.1339, found 

166.1341. 

5.5.4 Analytical Data – Substrate Scope with BCP 94 

(E)-4-Ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]-3-(non-2-en-1-yl)isoq-

uinolin-1(2H)-one (95ah): 

 

The general procedure GPC was followed using 51a (85.9 mg, 0.30 mmol) and 

BCP 94h (213 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95ah (84.8 mg, 61%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.46 (d, J = 7.5 Hz, 1H), 7.75 (s, 1H), 7.70–

7.63 (m, 2H), 7.44 (ddd, J = 8.1, 6.5, 1.7 Hz, 1H), 5.74–5.63 (m, 1H), 5.50–5.40 

(m, 1H), 5.37 (s, 2H), 4.25 (t, J = 7.4 Hz, 2H), 3.83 (s, 2H), 2.74 (q, J = 7.5 Hz, 

2H), 2.03 (q, J = 6.7 Hz, 2H), 1.84 (p, J = 7.2 Hz, 2H), 1.29–1.22 (m, 14H), 1.17 

(t, J = 7.5 Hz, 3H), 0.87–0.81 (m, 6H). 13C NMR (101 MHz, CDCl3): δ = 162.8 

(Cq), 144.6 (Cq), 137.5 (Cq), 136.6 (Cq), 133.5 (CH), 132.4 (CH), 128.3 (CH), 

125.9 (CH), 125.5 (CH), 125.1 (Cq), 124.1 (CH), 122.9 (CH), 116.7 (Cq), 50.4 

(CH2), 39.9 (CH2), 32.7 (CH2), 32.0 (CH2), 31.8 (CH2), 31.2 (CH2), 30.2 (CH2), 

29.3 (CH2), 28.9 (CH2), 26.2 (CH2), 22.7 (CH2), 22.5 (CH2), 20.9 (CH2), 14.6 

(CH3), 14.2 (CH3), 14.0 (CH3). IR (ATR): 2955, 2926, 2856, 1643, 1592, 1460, 

1337, 1047, 968, 773 cm−1. MS (ESI) m/z (relative intensity): 469 (100), 495 

(17) [M+Na]+. HR-MS (ESI) m/z calcd for C29H43N4O [M+H]+ 463.3431, found 

463.3426. 
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3-Cinnamyl-4-ethyl-2-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]isoquinolin-

1(2H)-one (95ai): 

 

The general procedure GPC was followed using 51a (85.9 mg, 0.30 mmol) and 

BCP 94i (205 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 3/2) yielded 95ai (72.3 mg, 53%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.50 (d, J = 6.6 Hz, 1H), 7.78 (s, 1H), 7.74–7.68 

(m, 2H), 7.49 (ddd, J = 8.1, 6.6, 1.6 Hz, 1H), 7.39–7.27 (m, 4H), 7.24–7.18 (m, 

1H), 6.50 (dt, J = 16.1, 4.9 Hz, 1H), 6.37 (d, J = 16.1 Hz, 1H), 5.40 (s, 2H), 4.25 

(t, J = 7.4 Hz, 2H), 4.10 (s, 2H), 2.80 (q, J = 7.5 Hz, 2H), 1.91–1.80 (m, 2H), 

1.34–1.24 (m, 6H), 1.21 (t, J = 7.5 Hz, 3H), 0.85 (t, J = 7.6 Hz, 3H). 13C NMR 

(101 MHz, CDCl3): δ = 162.8 (Cq), 144.4 (Cq), 136.9 (Cq), 136.7 (Cq), 136.5 

(Cq), 132.5 (CH), 131.9 (CH), 128.7 (CH), 128.3 (CH), 127.6 (CH), 126.3 (CH), 

126.2 (CH), 125.8 (CH), 125.3 (Cq), 124.1 (CH), 123.0 (CH), 117.2 (Cq), 50.5 

(CH2), 40.0 (CH2), 32.3 (CH2), 31.2 (CH2), 30.2 (CH2), 26.2 (CH2), 22.5 (CH2), 

21.1 (CH2), 14.6 (CH3), 14.0 (CH3). IR (ATR): 2929, 2869, 1641, 1591, 1459, 

1336, 1219, 1048, 773 cm−1. MS (ESI) m/z (relative intensity): 455 (100) 

[M+H]+, 477 (77) [M+Na]+, 931 (62) [2M+Na]+. HR-MS (ESI) m/z calcd for 

C29H35N4O [M+H]+ 455.2805, found 455.2803. 
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5.5.5 Analytical Data – Bispiro-Fused Isoquinolone 96 

2'-[(1-Hexyl-1H-1,2,3-triazol-4-yl)methyl]dispiro(cyclobutane-1,3'-isoquin-

oline-4',1''-cyclopropan)-1'(2'H)-one (96aa): 

 

The general procedure GPC was followed using 51a (85.9 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96aa (51 mg, 45%) as colourless oil.  

1H NMR (600 MHz, CDCl3): δ = 8.02 (dd, J = 7.7, 1.5 Hz, 1H), 7.60 (s, 1H), 7.38 

(td, J = 7.7, 7.5 Hz, 1H), 7.27 (dd, J = 7.8, 7.6 Hz, 1H), 6.98 (dd, J = 7.8, 1.1 

Hz, 1H), 5.02 (s, 2H), 4.27 (t, J = 7.2 Hz, 2H), 2.49 (d, J = 11.1 Hz, 2H), 1.86–

1.82 (m, 4H), 1.77 (dt, J = 11.5, 9.1 Hz, 1H), 1.56 (dt, J = 11.5, 9.1 Hz, 1H), 

1.26–1.23 (m, 6H), 1.05–1.01 (m, 2H), 0.99–0.93 (m, 2H), 0.82 (t, J = 6.8 Hz, 

3H). 13C NMR (126 MHz, CDCl3): δ = 164.6 (Cq), 146.0 (Cq), 141.4 (Cq), 132.2 

(CH), 130.3 (Cq), 128.3 (CH), 126.4 (CH), 123.1 (CH), 122.2 (CH), 63.3 (Cq), 

50.5 (CH2), 38.2 (CH2), 31.3 (CH2), 30.3 (CH2), 30.1 (CH2), 26.3 (CH2), 25.8 

(Cq), 22.6 (CH2), 14.6 (CH2), 14.1 (CH3), 10.3 (CH2). IR (ATR): 2954, 2931, 

2858, 1640, 1603, 1461, 1394, 1276, 1045, 757 cm−1. MS (ESI) m/z (relative 

intensity): 379 (100) [M+H]+, 757 (36) [2M+H]+, 779 (29) [2M+Na]+. HR-MS 

(ESI) m/z calcd for C23H31N4O [M+H]+ 379.2492, found 379.2490. 
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2'-[(1-Octyl-1H-1,2,3-triazol-4-yl)methyl]dispiro(cyclobutane-1,3'-isoquin-

oline-4',1''-cyclopropan)-1'(2'H)-one (96ba): 

 

The general procedure GPC was followed using 51b (98.6 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96ba (42.6 mg, 35%) as colourless oil.  

1H NMR (600 MHz, CDCl3): δ = 8.03 (dd, J = 7.7, 1.5 Hz, 1 H), 7.61 (s, 1H), 

7.40 (dd, J = 7.7, 7.6 Hz, 1H), 7.28 (dd, J = 7.8, 7.5 Hz, 1H), 7.00 (dd, J = 7.8, 

1.2 Hz, 1H), 5.03 (s, 2H), 4.28 (t, J = 7.2 Hz, 2H), 2.56–2.45 (m, 2H), 1.88–1.83 

(m, 4H), 1.80–1.75 (m, 1H), 1.58 (dt, J = 11.6, 9.1 Hz, 1H), 1.26–1.20 (m, 10H), 

1.06–1.03 (m, 2H), 1.00–0.94 (m, 2H), 0.83 (t, J = 7.0 Hz, 3H). 

13C NMR (151 MHz, CDCl3): δ = 164.8 (Cq), 146.1 (Cq), 141.5 (Cq), 132.3 (CH), 

130.4 (Cq), 128.4 (CH), 126.5 (CH), 123.2 (CH), 122.3 (CH), 63.3 (Cq), 50.5 

(CH2), 38.2 (CH2), 31.8 (CH2), 30.3 (CH2), 29.9 (CH2), 29.2 (CH2), 29.1 (CH2), 

26.6 (CH2), 25.8 (Cq), 22.7 (CH2), 14.6 (CH2), 14.2 (CH3), 10.2 (CH2). IR (ATR): 

2925, 2854, 1642, 1604, 1462, 1395, 1329, 1276, 1047, 769 cm−1. MS (ESI) 

m/z (relative intensity): 407 (59) [M+H]+, 429 (100) [M+Na]+, 835 (24) [2M+Na]+. 

HR-MS (ESI) m/z calcd for C25H35N4O [M+H]+ 407.2805, found 407.2809. 
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2'-[(1-Phenyl-1H-1,2,3-triazol-4-yl)methyl]dispiro(cyclobutane-1,3'-isoqui-

noline-4',1''-cyclopropan)-1'(2'H)-one (96ya): 

 

The general procedure GPC was followed using 51y (83.5 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96ya (33.3 mg, 30%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 8.13 (s, 1H), 8.06 (ddd, J = 7.7, 1.5, 0.5 Hz, 

1H), 7.77–7.73 (m, 2H), 7.52–7.48 (m, 2H), 7.45–7.39 (m, 2H), 7.31 (dd, 

J = 7.6, 7.3 Hz, 1H), 7.03 (dd, J = 8.1, 1.1 Hz, 1H), 5.13 (s, 2H), 2.58 (d, 

J = 11.3 Hz, 2H), 1.96–1.91 (m, 2H), 1.89–1.83 (m, 1H), 1.65–1.60 (m, 1H), 

1.15–1.07 (m, 2H), 1.06–0.98 (m, 2H). 13C NMR (101 MHz, CDCl3): δ = 164.9 

(Cq), 146.8 (Cq), 141.5 (Cq), 137.2 (Cq), 132.4 (CH), 130.4 (Cq), 129.8 (CH), 

128.8 (CH), 128.4 (CH), 126.6 (CH), 122.4 (CH), 121.6 (CH), 120.5 (CH), 63.4 

(Cq), 38.2 (CH2), 30.1 (CH2), 25.8 (Cq), 14.6 (CH2), 10.3 (CH2). IR (ATR): 2923, 

2853, 1639, 1601, 1502, 1434, 1395, 1280, 1041, 758 cm−1. MS (ESI) m/z 

(relative intensity): 371 (48) [M+H]+, 393 (100) [M+Na]+, 763 (29) [2M+Na]+.  

HR-MS (ESI) m/z calcd for C23H23N4O [M+H]+ 371.1866, found 371.1861. 
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2'-{[1-(3-Chloropropyl)-1H-1,2,3-triazol-4-yl]methyl}dispiro(cyclobutane-

1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one (96da): 

 

The general procedure GPC was followed using 51d (86.3 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96da (40.0 mg, 36%) as colourless oil.  

1H NMR (500 MHz, CDCl3): δ = 8.05 (ddd, J = 7.7, 1.5, 0.5 Hz, 1H), 7.69 (s, 

1H), 7.42 (dd, J = 7.7, 7.6 Hz, 1H), 7.31 (dd, J = 7.8, 7.6 Hz, 1H), 7.02 (ddd, J 

= 7.8, 1.2, 0.5 Hz, 1H), 5.05 (s, 2H), 4.51 (t, J = 6.7 Hz, 2H), 3.52–3.48 (m, 2H), 

2.51 (d, J = 11.2 Hz, 2H), 2.40–2.34 (m, 2H), 1.94–1.87 (m, 2H), 1.84–1.77 (m, 

1H), 1.66–1.60 (m, 1H), 1.11–1.05 (m, 2H), 1.05–0.96 (m, 2H). 13C NMR 

(126 MHz, CDCl3): δ = 164.8 (Cq), 146.3 (Cq), 141.5 (Cq), 132.4 (CH), 130.3 

(Cq), 128.4 (CH), 126.6 (CH), 123.9 (CH), 122.3 (CH), 63.3 (Cq), 47.2 (CH2), 

41.2 (CH2), 38.2 (CH2), 32.7 (CH2), 30.0 (CH2), 25.7 (Cq), 14.6 (CH2), 10.2 

(CH2). IR (ATR): 2948, 1639, 1604, 1461, 1406, 1298, 1152, 1044, 758, 557 

cm−1. MS (ESI) m/z (relative intensity): 371 (40) [35Cl, M+H]+, 393 (100) [35Cl, 

M+Na]+, 763 (13) [35Cl, 2M+Na]+. HR-MS (ESI) m/z calcd for C20H24
35ClN4O 

[M+H]+ 371.1633, found 371.1635. 
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2'-[(1-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-6'-methyldispiro(cyclobutane-

1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one (96ea): 

 

The general procedure GPC was followed using 51e (90.1 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96ea (37.6 mg, 32%) as colourless oil.  

1H NMR (600 MHz, CDCl3): δ = 7.60 (s, 1H), 7.22 (d, J = 7.6 Hz, 1H), 7.08 (d, 

J = 7.6 Hz, 1H), 6.86 (s, 1H), 4.99 (s, 2H), 4.28 (t, J = 7.2 Hz, 2H), 2.67 (s, 3H), 

2.61–2.33 (m, 2H), 1.87–1.78 (m, 4H), 1.75 (ddd, J = 11.5, 7.3, 2.4 Hz, 1H), 

1.56 (dt, J = 11.5, 9.0 Hz, 1H), 1.29–1.22 (m, 6H), 0.99–0.80 (m, 7H). 13C NMR 

(101Mz, CDCl3): δ = 165.3 (Cq), 146.4 (Cq), 142.0 (Cq), 140.4 (Cq), 131.0 (CH), 

130.6 (CH), 129.2 (Cq), 123.1 (CH), 120.6 (CH), 62.7 (Cq), 50.5 (CH2), 37.9 

(CH2), 31.3 (CH2), 30.3 (CH2), 29.9 (CH2), 26.7 (CH2), 26.3 (Cq), 22.6 (CH2), 

22.3 (CH3), 14.7 (CH2), 14.1 (CH3), 10.0 (CH2). IR (ATR): 2954, 2929, 2857, 

1636, 1469, 1389, 1277, 1045, 778, 705 cm−1. MS (ESI) m/z (relative intensity): 

393 (100) [M+H]+, 4415 (95) [M+Na]+. HR-MS (ESI) m/z calcd for C24H33N4O 

[M+H]+ 393.2649, found 393.2653. 
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2'-[(1-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-6'-(methylthio)dispiro(cyclobut-

ane-1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one (96sa): 

 

The general procedure GPC was followed using 51s (99.8 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96sa (50.8 mg, 40%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 7.93 (d, J = 8.2 Hz, 1H), 7.60 (s, 1H), 7.10 (dd, 

J = 8.2, 1.8 Hz, 1H), 6.82 (s, 1H), 5.00 (s, 2H), 4.27 (t, J = 7.2  Hz, 2H), 2.50–

2.44 (m, 5H), 1.88–1.82 (m, 4H), 1.79–1.73 (m, 1H), 1.56 (dt, J = 11.5, 9.0 Hz, 

1H), 1.28–1.22 (m, 6H), 1.06–1.02 (m, 2H), 0.99–0.92 (m, 2H), 0.83 (t, 

J = 7.0 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 164.5 (Cq), 146.1 (Cq), 144.2 

(Cq), 142.0 (Cq), 128.9 (CH), 127.0 (CH), 123.1(Cq), 123.0 (CH), 119.4 (CH), 

63.2 (Cq), 50.5 (CH2), 38.1 (CH2), 31.2 (CH2), 30.3 (CH2), 30.0 (CH2), 26.2 

(CH2), 25.9 (Cq), 22.5 (CH2), 15.1 (CH3), 14.5 (CH2), 14.0 (CH3), 10.2 (CH2). 

IR (ATR): 2854, 2928, 2857, 1638, 1594, 1435, 1422, 1384, 1046, 784 cm−1. 

MS (ESI) m/z (relative intensity): 425 (100) [M+H]+, 447 (60) [M+Na]+. HR-MS 

(ESI) m/z calcd for C24H33N4OS [M+H]+ 425.2370, found 425.2374. 
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2'-[(1-Hexyl-1H-1,2,3-triazol-4-yl)methyl]-6'-(trifluoromethyl)dispiro(cyclo-

butane-1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one (96ha): 

 

The general procedure GPC was followed using 51h (106 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96ha (37.5 mg, 28%) as colourless oil.  

1H NMR (600 MHz, CDCl3): δ = 8.14 (dd, J = 8.0, 0.7 Hz, 1H), 7.61 (s, 1H), 7.54 

(ddd, J = 8.0, 1.7, 0.8 Hz, 1H), 7.23 (d, J = 1.6 Hz, 1H), 5.03 (s, 2H), 4.29 (t, 

J = 7.2 Hz, 2H), 2.54 (d, J = 11.9 Hz, 2H), 1.88–1.83 (m, 4H), 1.83–1.7 (m, 1H), 

1.60 (dt, J = 11.6, 9.1 Hz, 1H), 1.32–1.23 (m, 6H), 1.15–1.10 (m, 2H), 1.08–

0.99 (m, 2H), 0.83 (t, J = 7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3): δ = 163.6 

(Cq), 145.6 (Cq), 142.6 (Cq), 133.9 (q, 2JC–F = 32.3 Hz, Cq), 133.5 (Cq), 129.0 

(CH), 123.9 (q, 1JC–F = 272.8 Hz, Cq), 123.4 (q, 3JC–F = 3.9 Hz, CH), 123.0 (CH), 

119.5 (q, 3JC–F = 3.9 Hz, CH), 63.3 (Cq), 50.5 (CH2), 38.3 (CH2), 31.2 (CH2), 

30.3 (CH2), 30.0 (CH2), 26.3 (CH2), 25.9 (Cq), 22.5 (CH2), 14.5 (CH2), 14.0 

(CH3), 10.6 (CH2). 19F NMR (565 MHz, CDCl3): δ = –62.89 (s). IR (ATR): 2954, 

2933, 1646, 1443, 1295, 1443, 1295, 1167, 1128, 1048 cm−1. MS (ESI) m/z 

(relative intensity): 447 (45) [M+H]+, 469 (100) [M+Na]+. HR-MS (ESI) m/z calcd 

for C24H30F3N4O [M+H]+ 447.2366, found 447.2371. 
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7'-Bromo-2'-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]dispiro(cyclobutane-

1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one (96wa): 

 

The general procedure GPC was followed using 51w (110 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96wa (42.3 mg, 31%) as colourless oil.  

1H NMR (500 MHz, CDCl3): δ = 8.15 (d, J = 2.2 Hz, 1H), 7.60 (s, 1H), 7.50 (d, 

J = 8.3 Hz, 1H), 6.87 (d, J = 8.3 Hz, 1H), 5.00 (s, 2H), 4.28 (t, J = 7.2 Hz, 2H), 

2.50 (d, J = 11.8 Hz, 2H), 1.88–1.83 (m, 4H), 1.80–1.74 (m, 1H), 1.57 (dt, 

J = 11.5, 9.1 Hz, 1H), 1.28–1.23 (m, 6H), 1.09–1.04 (m, 2H), 0.97–0.91 (m, 2H), 

0.83 (t, J = 6.9 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ = 163.5 (Cq), 145.7 (Cq), 

140.6 (Cq), 135.1 (CH), 132.2 (Cq), 131.3 (CH), 124.3 (CH), 123.18 (CH), 120.3 

(Cq), 63.2 (Cq), 50.5 (CH2), 38.3 (CH2), 31.2 (CH2), 30.3 (CH2), 30.0 (CH2), 26.2 

(CH2), 25.6 (Cq), 22.5 (CH2), 14.5 (CH2), 14.0 (CH3), 10.4 (CH2). IR (ATR): 

2954, 2930, 1642, 1425, 1374, 1320, 1249, 1132, 1047, 789 cm−1. MS (ESI) 

m/z (relative intensity): 457 (47) [79Br, M+H]+, 479 (100) [79Br, M+Na]+. HR-MS 

(ESI) m/z calcd for C23H30
79BrN4O [M+H]+ 457.1598, found 457.1597.  
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7'-Fluoro-2'-[(1-hexyl-1H-1,2,3-triazol-4-yl)methyl]dispiro(cyclobutane-

1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one (96ua): 

 

The general procedure GPC was followed using 51u (91.3 mg, 0.30 mmol) and 

BCP 94a (112 mg, 0.90 mmol). Purification by column chromatography 

(nhexane/EtOAc = 1/2) yielded 96ua (34.5 mg, 29%) as colourless oil.  

1H NMR (400 MHz, CDCl3): δ = 7.75 (dd, J = 9.1, 2.8 Hz, 1H), 7.65 (s, 1H), 7.12 

(dd, J = 8.4, 2.8 Hz, 1H), 7.00 (dd, J = 8.5, 4.9 Hz, 1H), 5.05 (s, 2H), 4.32 (t, 

J = 7.2 Hz, 2H), 2.61–2.48 (m, 2H), 1.92–1.86 (m, 4H), 1.82–1.76 (m, 1H), 1.61 

(dt, J = 11.4, 9.1 Hz, 1H), 1.34–1.24 (m, 6H), 1.12–1.06 (m, 2H), 1.01–0.94 (m, 

2H), 0.87 (t, J = 6.9 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 163.7 (d, 4JC–F = 

2.6 Hz, Cq), 161.6 (d, 1JC–F = 245.1 Hz, Cq), 145.7 (Cq), 137.2 (d, 4JC–F = 3.0 Hz, 

Cq), 132.3 (d, 3JC–F = 7.4 Hz, CH), 124.3 (d, 3JC–F = 7.6 Hz, Cq), 123.1 (CH), 

119.1 (d, 2JC–F = 21.9 Hz, CH), 115.1 (d, 2JC–F = 23.2 Hz, CH), 63.4 (Cq), 50.5 

(CH2), 38.3 (CH2), 31.2 (CH2), 30.3 (CH2), 29.9 (CH2), 26.2 (CH2), 25.3 (Cq), 

22.5 (CH2), 14.5 (CH2), 14.0 (CH3), 10.2 (CH2). 19F NMR (377 MHz, CDCl3): 

δ = –115.76  (td, J = 8.8, 5.0 Hz). IR (ATR): 2955, 2931, 2858, 1642, 1588, 

1443, 1382, 1265, 1047, 825 cm−1. MS (ESI) m/z (relative intensity): 397 (44) 

[M+H]+, 419 (100) [M+Na]+, 815 (20) [2M+Na]+. HR-MS (ESI) m/z calcd for 

C23H30FN4O [M+H]+ 397.2398, found 397.2402.  
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5.5.6 Removal of TAH Group 

Dispiro(cyclobutane-1,3'-isoquinoline-4',1''-cyclopropan)-1'(2'H)-one 

(120): 

 

The general procedure GPD was followed using 96aa (114 mg, 0.30 mmol). 

Purification by column chromatography (nhexane/EtOAc = 1/2) yielded 120 

(42.2 mg, 66%) as a white solid.  

M.p. = 188–189 °C. 1H NMR (400 MHz, CDCl3): δ = 8.09 (dd, J = 7.7, 1.6 Hz, 

1H), 7.47 (dd, J = 7.7, 7.6 Hz, 1H), 7.33 (dd, J = 7.8, 7.5 Hz, 1H), 7.02 (dd, 

J = 7.8, 1.3 Hz, 1H), 6.41 (s, 1H), 2.18–2.10 (m, 2H), 2.03–1.94 (m, 3H), 1.76–

1.66 (m, 1H), 1.19–1.13 (m, 2H), 1.07–1.00 (m, 2H). 13C NMR (101 MHz, 

CDCl3): δ = 165.6 (Cq), 141.8 (Cq), 132.8 (CH), 129.7 (Cq), 128.2 (CH), 126.4 

(CH), 122.4 (CH), 59.2 (Cq), 32.5 (CH2), 25.5 (Cq), 13.9 (CH2), 10.6 (CH2). 

IR (ATR): 2954, 2930, 2857, 1665, 1605, 1465, 1439, 1382, 1052, 759 cm−1. 

MS (ESI) m/z (relative intensity): 214 (100) [M+H]+, 256 (78) [M+Na]+, 449 (48) 

[2M+Na]+. HR-MS (ESI) m/z calcd for C14H16NO [M+H]+ 214.1226, found 

214.1227.  
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5.5.7 Mechanistic Studies 

Competition Experiments 

 

To a stirred solution of 51e (45.1 mg, 0.15 mmol), 51h (53.2 mg, 0.15 mmol), 

ZnBr2∙TMEDA (205 mg, 0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF 

(0.20 mL), iPrMgBr (3.0 M in 2-MeTHF, 300 μL, 0.90 mmol) was added in one 

portion and the reaction mixture was stirred for 5 min at ambient temperature. 

Then, Fe(acac)3 (15.9 mg, 15 mol %) was added. After stirring for additional 

5 min, a solution of BCP 94g (137 mg, 0.90 mmol) in THF (0.20 mL) was added 

in one portion. The reaction mixture was stirred at 65 °C. After 10 min, sat. 

aqueous NH4Cl (3.0 mL) was added and the aqueous phase was extracted with 

CH2Cl2 (3  15 mL). The combined organic phases were dried over Na2SO4, 

filtered and concentrated. Purification by column chromatography 

(nhexane/EtOAc = 3/1 to 3/2) yielded 95eg (19.9 mg, 34%), 95hg (10.2 mg, 

15%) and 95hg’ (15.4 mg, 23%). 
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Intermolecular Kinetic Isotope Effect (KIE) Study 

 

To a stirred solution of 51r (29.6 mg, 0.10 mmol) or [D5]-51r (30.1 mg, 

0.10 mmol), ZnBr2∙TMEDA (68.3 mg, 0.20 mmol) and dppe (5.98 mg, 

15 mol %) in THF (0.1 mL), iPrMgBr (3.0 M in 2-MeTHF, 0.30 mmol) was added 

in one portion and the reaction mixture was stirred for 5 min at ambient 

temperature. Then, Fe(acac)3 (5.29 mg, 15 mol %) in THF (0.1 mL) was added 

in a single portion. After stirring for additional 5 min, BCP 94g (30.8 mg, 

0.2 mmol) was added in one portion. The reaction mixture was stirred at 65 °C. 

After the times indicated below, sat. aqueous NH4Cl (3.0 mL) was added and 

the aqueous phase was extracted with CH2Cl2 (3  15 mL). The combined 

organic phases were dried over Na2SO4, filtered and concentrated. 1,3,5-

Triisopropylbenzene (10.2 mg, 0.05 mmol) was added into the reaction mixture 

then diluted with CDCl3 (0.7 mL). The yields of product were determined via 

1H NMR using 1,3,5-Triisopropylbenzene (10.2 mg, 0.05 mmol) as the 

standard. 

Time [min] 1 3 5 7 9 11 13 

95rg [%] 0.0 4.0 6.0 8.0 11.0 13.0 15.0 

[D4]-95rg [%] 1.0 3.0 5.0 7.0 10.0 11.0 13.0 
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Figure 5.3 Initial rates for the reaction of 51r or [D5]-51r with 94g.  

 

 

To a stirred solution of 51a (43.0 mg, 0.15 mmol), [D5]-51a (43.7 mg, 

0.15 mmol) ZnBr2∙TMEDA (205 mg, 0.60 mmol) and dppe (17.9 mg, 15 mol %) 

in THF (0.20 mL), iPrMgBr (3.0 M in 2-MeTHF, 300 μL, 0.90 mmol) was added 

in one portion and the reaction mixture was stirred for 5 min at ambient 

temperature. Then, Fe(acac)3 (15.9 mg, 15 mol %) was added. After stirring for 

additional 5 min, a solution of BCP 94g (137 mg, 0.90 mmol) in THF (0.2 mL) 

was added in one portion. After stirring 10 min at 65 °C, sat. aqueous NH4Cl 

(3.0 mL) was added and aqueous phase was extracted with CH2Cl2 

(3  15 mL). The combined organic phases were dried over Na2SO4, filtered 

and concentrated under reduced pressure. Purification by column 
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chromatography (nhexane/EtOAc = 3/2) afforded a mixture of both products. 

The ratio of 95ag to [D4]-95ag was determined by 1H NMR spectroscopic 

analysis. 

 

Isotopically-labelled Experiments 

 

To a stirred solution of [D5]-51a (87.4 mg, 0.30 mmol), ZnBr2∙TMEDA (205 mg, 

0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in one portion and the reaction mixture 

was stirred for 5 min at ambient temperature. Then, Fe(acac)3 (15.9 mg, 

15 mol %) was added. After stirring the solution for additional 5 min, a solution 

of BCP 94g (137 mg, 0.90 mmol) in THF (0.20 mL) was added in one portion. 
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The mixture was placed in a pre-heated oil bath at 65 °C. After stirring for 16 h, 

sat. aqueous NH4Cl (2.0 mL) was added to the reaction mixture and the 

aqueous phase was extracted with CH2Cl2 (3  15 mL). The combined organic 

phases were dried over Na2SO4, filtered and concentrated. Purification by 

column chromatography (nhexane/EtOAc = 3/2) yielded [Dn]-95ag (66.6 mg, 

58%) as colourless oil. 
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To a stirred solution of [D5]-51a (87.4 mg, 0.30 mmol), ZnBr2∙TMEDA (205 mg, 

0.60 mmol), dppe (17.9 mg, 15 mol %) in THF (0.20 mL), iPrMgBr (3.0 M in 2-

MeTHF, 300 µL, 0.90 mmol) was added in one portion and the reaction mixture 

was stirred for 5 min at ambient temperature. Then, Fe(acac)3 (15.9 mg, 

15 mol %) was added. After stirring the solution for additional 5 min, a solution 

of BCP 94a (137 mg, 0.90 mmol) in THF (0.20 mL) was added in one portion. 

The mixture was placed in a pre-heated oil bath at 65 °C. After stirring for 16 h, 

sat. aqueous NH4Cl (2.0 mL) was added to the reaction mixture and the 

aqueous phase was extracted with CH2Cl2 (3  15 mL). The combined organic 

phases were dried over Na2SO4, filtered and concentrated. Purification by 

column chromatography (nhexane/EtOAc = 1/2) yielded [Dn]-96aa (19.5 mg, 

17%) as colourless oil. 
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To a stirred solution of 51a (85.9 mg, 0.3 mmol), ZnBr2∙TMEDA (205 mg, 

0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.2 mL), iPrMgBr (3.0 M in 

2-MeTHF, 300 μL, 0.90 mmol) was added in one portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 

(15.9 mg, 15 mol %) was added. After stirring for additional 5 min, a solution of 

BCP 94g (137 mg, 0.90 mmol) in THF (0.20 mL) was added in one portion. The 

reaction mixture was stirred at 65 °C. After 5 min, D2O (2.0 mL) was added and 

the aqueous phase was extracted with CH2Cl2 (3  15 mL). The combined 

organic phases were dried over Na2SO4, filtered and concentrated. Purification 

by column chromatography (nhexane/EtOAc = 3/2) yielded [D]-95ag (27 mg, 

24%) The amount of deuterium incorporation was determined by 1H NMR.  
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To a stirred solution of 51a (85.9 mg, 0.3 mmol), ZnBr2∙TMEDA (205 mg, 

0.60 mmol) and dppe (17.9 mg, 15 mol %) in THF (0.2 mL), iPrMgBr (3.0 M in 

2-MeTHF, 300 μL, 0.90 mmol) was added in one portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, Fe(acac)3 

(15.9 mg, 15 mol %) was added. After stirring for additional 5 min, a solution of 

BCP 94a (112 mg, 0.90 mmol) in THF (0.20 mL) was added in one portion. The 

reaction mixture was stirred at 65 °C. After 3 h, D2O (2.0 mL) was added and 

the aqueous phase was extracted with CH2Cl2 (3  15 mL). The combined 

organic phases were dried over Na2SO4, filtered and concentrated. Purification 

by column chromatography (nhexane/EtOAc = 1/2) yielded [D]-96aa (10.2 mg, 

9%) The position of deuterium incorporation was determined by 1H NMR. 
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5.6 Mössbauer Measurement 

After sample preparation, the spectra were recorded and interpreted by Dr. S. 

Demeshko.  

Table 5.1 Mössbauer parameters of reaction mixtures. 

Entry Reaction Valence of Iron/ 

Spin State 

δ  

(mm s-1) 

ΔEQ 

(mm s-1) 

rel. int. 

(%) 

1 57FeCl2 + THF +2HS 1.26 3.05 100 

2 Entry 1 + MeMgBr +1.4[91] 0.29 0.88   100 

3 Entry 2 + 

ZnBr2·TMEDA 

+2HS 

+2HS 

1.01 

1.36 

2.69 

2.56 

69 

31 

 

4 

 

Entry 3 + dppe 

+2HS 

+2HS 

+2HS 

0.92 

0.98 

1.24 

1.42 

2.57 

2.68 

23 

40 

37 

 

5 Entry 4 + 51a n.a. 

+2HS 

+2HS 

0.26 

1.14 

1.00 

1.01 

2.45 

3.17 

43 

36 

21 

 

6[a] 

 

Entry 4 + 51a 

 

+2HS 

+2HS 

+2HS 

0.89 

0.93 

1.02 

2.05 

2.63 

3.07 

30 

49 

21 

7 Entry 5 + 88a 

 

n.a. 

+2HS  

+2HS 

0.24 

0.68 

1.12 

1.43 

1.94 

2.60 

28 

29 

43 

8 Entry 5 + 91a 

 

+2HS 

+2HS 

1.00 

0.95 

2.94 

2.29 

48 

52 
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9 Entry 6 + 94g +2HS 

+2HS 

+2HS 

0.95 

1.02 

1.05 

2.22 

2.79 

3.13 

33 

55 

12 

 

 

 10[a] 

 

Entry 4 + 32a + 94g 

+2HS 

+2HS 

+2HS 

0.92 

0.95 

1.03 

2.09 

2.66 

3.00 

44 

36 

20 

11 Entry 6 + 94a +2HS 

+2HS 

+2HS 

0.74 

1.02 

1.03 

2.34 

2.63 

3.09 

13 

65 

22 

[a] used MeMgBr (3 equiv), ZnBr2·TMEDA (2 equiv). n.a. = not assign. 

Sample Preparation for Mössbauer Measurements 

Entry 1. 57FeCl2 + THF 

Inside a nitrogen-filled glovebox, a suspension of 57FeCl2 (3.2 mg, 25 µmol) in 

THF (0.80 mL) was stirred at ambient temperature for 5 min. Then, the solution 

was filtered and added into a sample holder. The sample holder was taken out 

of the glovebox and frozen in liquid nitrogen immediately.  

Entry 2. 57FeCl2 + MeMgBr + THF 

Inside a nitrogen-filled glovebox, a suspension of MeMgBr (3.0 M in Et2O, 

75 µL, 9.0 equiv) in THF (17 µL) was stirred at ambient temperature for 5 min. 

Then, 57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, 

the solution was diluted to 5.0 mL by adding THF, 0.80 mL of the solution was 

filtered and added into a sample holder. The sample holder was taken out of 

the glovebox and frozen in liquid nitrogen immediately. 
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Entry 3. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + THF 

Inside a nitrogen-filled glovebox, to a stirred solution of ZnBr2·TMEDA 

(51.6 mg, 6.0 equiv) in THF (17 µL), MeMgBr (3.0 M in Et2O, 75 µL, 9.0 equiv) 

was added in one portion and the reaction mixture was stirred for 5 min at 

ambient temperature. Then, 57FeCl2 (3.2 mg, 25 µmol) was added. After stirring 

for additional 5 min, the solution was diluted to 5.0 mL by adding THF, 0.80 mL 

of the solution was filtered and added into a sample holder. The sample holder 

was taken out of the glovebox and frozen in liquid nitrogen immediately. 

Entry 4. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + THF 

Inside a nitrogen-filled glovebox, to a stirred solution of ZnBr2·TMEDA 

(51.6 mg, 6.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF (17 µL), MeMgBr 

(3.0 M in Et2O, 75 µL, 9.0 equiv) was added in one portion and the reaction 

mixture was stirred for 5 min at ambient temperature. Then, 57FeCl2 (3.2 mg, 

25 µmol) was added. After stirring for additional 5 min, the solution was diluted 

to 5.0 mL by adding THF, 0.80 mL of the solution was filtered and added into a 

sample holder. The sample holder was taken out of the glovebox and frozen in 

liquid nitrogen immediately. 

Entry 5. 57FeCl2 + MeMgBr (9 equiv) + ZnBr2·TMEDA (3 equiv) + dppe + 

TAH-substrate (51a) + THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 51a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (51.6 mg, 6.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 75 µL, 9.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 

57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, the 

solution was diluted to 5.0 mL by adding THF, 0.80 mL of the solution was 

filtered and added into a sample holder. The sample holder was taken out of 

the glovebox and frozen in liquid nitrogen immediately. 
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Entry 6. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + TAH-substrate (51a) 

+ THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 51a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (17.2 mg, 2.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 25 µL, 3.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 

57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, the 

solution was diluted to 5.0 mL by adding THF, 0.80 mL of the solution was 

filtered and added into a sample holder. The sample holder was taken out of 

the glovebox and frozen in liquid nitrogen immediately. 

Entry 7. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + TAH-substrate (51a) 

+ allene (88a) + THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 51a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (51.6 mg, 6.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 75 µL, 9.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 

57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, allene 

88a (13.6 mg, 3.0 equiv) was added as a solution in THF (17 µL). After stirring 

for additional 5 min, the solution was diluted to 5.0 mL by adding THF, 0.80 mL 

of the solution was filtered and added into a sample holder. The sample holder 

was taken out of the glovebox and frozen in liquid nitrogen immediately. 

Entry 8. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + TAH-substrate (51a) 

+ alkyne (91a) + THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 51a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (51.6 mg, 6.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 75 µL, 9.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 
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57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, alkyne 

91a (16.2 mg, 3.0 equiv) was added as a solution in THF (17 µL). After stirring 

for additional 5 min, the solution was diluted to 5.0 mL by adding THF, 0.80 mL 

of the solution was filtered and added into a sample holder. The sample holder 

was taken out of the glovebox and frozen in liquid nitrogen immediately. 

Entry 9. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + TAH-substrate (51a) 

+ BCP (94g)+ THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 51a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (17.2 mg, 2.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 25 µL, 3.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 

57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, BCP 

94g (11.4 mg, 3.0 equiv) was added as a solution in THF (17 µL). After stirring 

for additional 5 min, the solution was diluted to 5.0 mL by adding THF, 0.80 mL 

of the solution was filtered and added into a sample holder. The sample holder 

was taken out of the glovebox and frozen in liquid nitrogen immediately. 

Entry 10. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + TAM-substrate (32a) 

+ BCP (94g)+ THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 32a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (17.2 mg, 2.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 25 µL, 3.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 

57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, BCP 

94g (11.4 mg, 3.0 equiv) was added as a solution in THF (17 µL). After stirring 

for additional 5 min, the solution was diluted to 5.0 mL by adding THF, 0.80 mL 

of the solution was filtered and added into a sample holder. The sample holder 

was taken out of the glovebox and frozen in liquid nitrogen immediately. 
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Entry 11. 57FeCl2 + MeMgBr + ZnBr2·TMEDA + dppe + TAH-substrate (51a) 

+ BCP (94a)+ THF 

Inside a nitrogen-filled glovebox, to a stirred solution of 51a (7.2 mg, 1.0 equiv), 

ZnBr2·TMEDA (17.2 mg, 2.0 equiv) and dppe (10.0 mg, 1.0 equiv) in THF 

(17 µL), MeMgBr (3.0 M in Et2O, 25 µL, 3.0 equiv) was added in one portion 

and the reaction mixture was stirred for 5 min at ambient temperature. Then, 

57FeCl2 (3.2 mg, 25 µmol) was added. After stirring for additional 5 min, BCP 

94a (9.3 mg, 3.0 equiv) was added as a solution in THF (17 µL). After stirring 

for additional 20 min, the solution was diluted to 5.0 mL by adding THF, 0.80 mL 

of the solution was filtered and added into a sample holder. The sample holder 

was taken out of the glovebox and frozen in liquid nitrogen immediately. 
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5.7 X-Ray Crystallographic Analysis 

The crystal structures of 89la and 120 were measured and solved by Dr. 

Christopher Golz (Prof. Dr. Manuel Alcarazo research group). 

5.7.1 Data Analysis for Crystal Structure of 89la 

The crystal was kept at 99.98 K during data collection. Using Olex2,[104] the 

structure was solved with the XT[105] structure solution program using Intrinsic 

Phasing and refined with the XL[106] refinement package using Least Squares 

minimisation. 

 

Figure 5.4 Molecular structure of 89la with thermal ellipoids at 50% probability 

level. 

Crystal Data for C27H40N4O (M =436.63 g/mol) triclinic, space group P-1 (no. 

2), a = 5.6131(13) Å, b = 8.0980(19) Å, c = 27.986(7) Å, α = 87.340(7)°, 

β = 87.040(7)°, γ = 84.035(7)°, V = 1262.5(5) Å3, Z = 2, T = 99.98 K, 

μ(MoKα) = 0.071 mm-1, Dcalc = 1.149 g/cm3, 15862 reflections measured 

(4.376° ≤ 2Θ ≤ 63.042°), 8285 unique (Rint = 0.0437, Rsigma = 0.0624) which 
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were used in all calculations. The final R1 was 0.0547 (I > 2σ(I)) and wR2 was 

0.1521 (all data). 

Table 5.2 Crystal data and structure refinement for 89la.  
Compound 89la 

Identification code  mo_0230_CG_0m 

Empirical formula  C27H40N4O  

Formula weight  436.63  

Temperature/K  99.98  

Crystal system  triclinic  

Space group  P-1  

a/Å  5.6131(13)  

b/Å  8.0980(19)  

c/Å  27.986(7)  

α/°  87.340(7)  

β/°  87.040(7)  

γ/°  84.035(7)  

Volume/Å3 1262.5(5)  

Z  2  

ρcalcg/cm3 1.149  

μ/mm-1 0.071  

F(000)  476.0  

Crystal size/mm3 0.714 × 0.391 × 0.052  

Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.376 to 63.042  

Index ranges  -8 ≤ h ≤ 8, -11 ≤ k ≤ 9, -41 ≤ l ≤ 41  

Reflections collected  15862  

Independent reflections  8285 [Rint = 0.0437, Rsigma = 0.0624]  

Data/restraints/parameters  8285/0/293  

Goodness-of-fit on F2 1.031  

Final R indexes [I>=2σ (I)]  R1 = 0.0547, wR2 = 0.1421  

Final R indexes [all data]  R1 = 0.0688, wR2 = 0.1521  

Largest diff. peak/hole / e Å-3 0.52/-0.26  
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Table 5.3 Bond Lengths [Å] for 89la.  
Atom Atom Length/Å   Atom Atom Length/Å 

O1 C1 1.2339(13)   C6 C7 1.4127(15) 

N1 C1 1.3951(14)   C7 C8 1.4337(15) 

N1 C9 1.4023(14)   C8 C9 1.3534(15) 

N1 C19 1.4703(14)   C9 C12 1.5123(15) 

N2 N3 1.3207(14)   C12 C13 1.5332(16) 

N2 C20 1.3605(14)   C13 C14 1.5216(16) 

N3 N4 1.3428(12)   C14 C15 1.5224(16) 

N4 C21 1.3522(13)   C15 C16 1.5187(17) 

N4 C22 1.4588(14)   C16 C17 1.5173(18) 

C1 C2 1.4588(15)   C17 C18 1.522(2) 

C2 C3 1.4095(15)   C19 C20 1.4957(15) 

C2 C7 1.4036(15)   C20 C21 1.3724(15) 

C3 C4 1.3820(16)   C22 C23 1.5185(17) 

C4 C5 1.4213(16)   C23 C24 1.5230(17) 

C4 C10 1.5062(15)   C24 C25 1.5201(19) 

C5 C6 1.3861(15)   C25 C26 1.518(2) 

C5 C11 1.5071(16)   C26 C27 1.523(2) 
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Table 5.4 Bond Angles [˚] for 89la.  

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C1 N1 C9 123.33(9)   C2 C7 C8 118.76(10) 

C1 N1 C19 114.38(9)   C6 C7 C8 122.78(10) 

C9 N1 C19 122.19(9)   C9 C8 C7 121.64(10) 

N3 N2 C20 108.88(9)   N1 C9 C12 120.19(10) 

N2 N3 N4 107.19(9)   C8 C9 N1 119.25(10) 

N3 N4 C21 110.88(9)   C8 C9 C12 120.53(10) 

N3 N4 C22 119.81(9)   C9 C12 C13 117.73(9) 

C21 N4 C22 129.30(9)   C14 C13 C12 114.42(9) 

O1 C1 N1 119.83(10)   C13 C14 C15 112.60(9) 

O1 C1 C2 123.75(10)   C16 C15 C14 113.68(10) 

N1 C1 C2 116.42(9)   C17 C16 C15 113.71(11) 

C3 C2 C1 119.47(10)   C16 C17 C18 112.98(12) 

C7 C2 C1 120.36(10)   N1 C19 C20 113.87(9) 

C7 C2 C3 120.17(10)   N2 C20 C19 119.61(9) 

C4 C3 C2 121.04(10)   N2 C20 C21 108.30(10) 

C3 C4 C5 119.16(10)   C21 C20 C19 132.09(10) 

C3 C4 C10 120.39(10)   N4 C21 C20 104.74(9) 

C5 C4 C10 120.45(10)   N4 C22 C23 113.18(9) 

C4 C5 C11 120.17(10)   C22 C23 C24 110.42(10) 

C6 C5 C4 119.88(10)   C25 C24 C23 114.16(11) 

C6 C5 C11 119.95(10)   C26 C25 C24 112.80(13) 

C5 C6 C7 121.27(10)   C25 C26 C27 113.65(16) 

C2 C7 C6 118.46(10)       
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5.7.2 Data Analysis for Crystal Structure of 120 

The crystal was kept at 100.0 K during data collection. Using Olex2,[104] the 

structure was solved with the XT[105] structure solution program using Intrinsic 

Phasing and refined with the XL[106] refinement package using Least Squares 

minimisation. 

 

 

Figure 5.5 Molecular structure of 120 with thermal ellipoids at 50% probability 

level. 

Crystal Data for C14H15NO (M =213.27 g/mol): monoclinic, space group P21/n 

(no. 14), a = 13.9071(8) Å, b = 9.5864(5) Å, c = 16.9660(10) Å, 

β = 100.194(2)°, V = 2226.2(2) Å3, Z = 8, T = 100.0 K, μ(MoKα) = 0.080 mm-1, 

Dcalc = 1.273 g/cm3, 67587 reflections measured (4.168° ≤ 2Θ ≤ 54.268°), 

4911 unique (Rint = 0.0438, Rsigma = 0.0190) which were used in all calculations. 

The final R1 was 0.0774 (I > 2σ(I)) and wR2 was 0.2170 (all data). 
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Table 5.5 Crystal data and structure refinement for 120.  

CCDC code  2018011  

Empirical formula  C14H15NO  

Formula weight  213.27  

Temperature/K  100.0  

Crystal system  monoclinic  

Space group  P21/n  

a/Å  13.9071(8)  

b/Å  9.5864(5)  

c/Å  16.9660(10)  

α/°  90  

β/°  100.194(2)  

γ/°  90  

Volume/Å3  2226.2(2)  

Z  8  

ρcalcg/cm3  1.273  

μ/mm-1  0.080  

F(000)  912.0  

Crystal size/mm3  0.247 × 0.182 × 0.168  
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Radiation  MoKα (λ = 0.71073)  

2Θ range for data collection/°  4.168 to 54.268  

Index ranges  -17 ≤ h ≤ 17, -12 ≤ k ≤ 12, -21 ≤ l ≤ 21  

Reflections collected  67587  

Independent reflections  4911 [Rint = 0.0438, Rsigma = 0.0190]  

Data/restraints/parameters  4911/0/289  

Goodness-of-fit on F2  1.087  

Final R indexes [I>=2σ (I)]  R1 = 0.0774, wR2 = 0.2080  

Final R indexes [all data]  R1 = 0.0866, wR2 = 0.2170  

Largest diff. peak/hole / e Å-3  0.57/-0.34  
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Table 5.6 Bond Lengths [Å] for 120. 

Atom Atom Length/Å   Atom Atom Length/Å 

O1 C1 1.244(2)   O2 C15 1.245(2) 

N1 C1 1.339(2)   N2 C15 1.336(3) 

N1 C5 1.456(2)   N2 C19 1.456(2) 

C1 C2 1.486(3)   C15 C16 1.489(3) 

C2 C3 1.407(3)   C16 C17 1.405(3) 

C2 C14 1.402(3)   C16 C28 1.394(3) 

C3 C4 1.500(3)   C17 C18 1.498(3) 

C3 C11 1.395(3)   C17 C25 1.393(3) 

C4 C5 1.515(3)   C18 C19 1.510(3) 

C4 C9 1.513(3)   C18 C23 1.519(3) 

C4 C10 1.504(3)   C18 C24 1.500(3) 

C5 C6 1.564(3)   C19 C20 1.566(3) 

C5 C8 1.550(3)   C19 C22 1.551(3) 

C6 C7 1.533(3)   C20 C21 1.510(4) 

C7 C8 1.538(4)   C21 C22 1.543(4) 

C9 C10 1.500(3)   C23 C24 1.503(4) 

C11 C12 1.392(3)   C25 C26 1.389(3) 
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C12 C13 1.394(3)   C26 C27 1.399(3) 

C13 C14 1.383(3)   C27 C28 1.386(3) 

 

Table 5.7 Bond Angles [˚] for 120. 

Atom Atom Atom Angle/˚   Atom Atom Atom Angle/˚ 

C1 N1 C5 124.01(17)   C15 N2 C19 124.42(18) 

O1 C1 N1 122.03(18)   O2 C15 N2 122.13(19) 

O1 C1 C2 121.65(17)   O2 C15 C16 121.22(18) 

N1 C1 C2 116.32(16)   N2 C15 C16 116.64(17) 

C3 C2 C1 120.44(17)   C17 C16 C15 120.48(18) 

C14 C2 C1 119.28(17)   C28 C16 C15 118.78(17) 

C14 C2 C3 120.20(18)   C28 C16 C17 120.67(19) 

C2 C3 C4 117.86(17)   C16 C17 C18 118.04(18) 

C11 C3 C2 118.41(18)   C25 C17 C16 118.01(19) 

C11 C3 C4 123.65(17)   C25 C17 C18 123.78(18) 

C3 C4 C5 111.78(16)   C17 C18 C19 112.54(17) 

C3 C4 C9 116.87(18)   C17 C18 C23 116.04(19) 

C3 C4 C10 120.92(17)   C17 C18 C24 121.00(18) 

C9 C4 C5 119.69(18)   C19 C18 C23 119.80(19) 

C10 C4 C5 118.90(17)   C24 C18 C19 118.23(19) 
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C10 C4 C9 59.62(14)   C24 C18 C23 59.73(16) 

N1 C5 C4 108.55(16)   N2 C19 C18 109.74(18) 

N1 C5 C6 114.59(17)   N2 C19 C20 111.50(18) 

N1 C5 C8 112.46(17)   N2 C19 C22 114.33(19) 

C4 C5 C6 113.59(17)   C18 C19 C20 116.56(18) 

C4 C5 C8 118.06(17)   C18 C19 C22 114.25(19) 

C8 C5 C6 88.71(17)   C22 C19 C20 89.32(19) 

C7 C6 C5 89.68(18)   C21 C20 C19 89.4(2) 

C6 C7 C8 90.31(17)   C20 C21 C22 91.7(2) 

C7 C8 C5 89.99(18)   C21 C22 C19 88.7(2) 

C10 C9 C4 59.90(13)   C24 C23 C18 59.54(15) 

C9 C10 C4 60.48(14)   C18 C24 C23 60.74(15) 

C12 C11 C3 120.95(19)   C26 C25 C17 121.29(19) 

C11 C12 C13      120.5(2)   C25 C26 C27 120.4(2) 

C14 C13 C12 119.26(19)   C28 C27 C26 118.9(2) 

C13 C14 C2 120.72(18)   C27 C28 C16 120.77(18) 
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