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Abstract 

 
 

 

The catalytic allylic substitution is a staple reaction in the synthesis of organic com-

pounds due to its flexibility. Since its introduction by Tsuji and Trost, multiple improve-

ments have been made. However, most of them require the use of expensive and rare 

noble metals such as Pd or Ir. Recently, our group presented the copper-catalyzed 

allylic alkynylation. Yet, the underlying mechanism was not understood. 

This dissertation reports the investigation of the light-induced copper-catalyzed allylic 

alkynylation. Through further optimization, a reliable and robust protocol was estab-

lished. In addition, the improved protocol was subjected to various substrates with var-
ied success. Mechanistic studies were accompanied by spectroscopic investigations 

with NMR, EPR and CV. Together with insights gathered from the perturbation of re-

action conditions a new mechanistic proposal could be presented. 

 

 

Die katalytische allylische Substitution ist aufgrund ihrer Vielseitigkeit eine fundamen-

tale Reaktion in der Synthese organischer Verbindungen. Seit ihrer Entdeckung durch 

Tsuji und Trost sind zahlreiche Verbesserungen in der Methodik erreicht worden. Al-
lerdings benötigen derartige Reaktionen häufig teure und seltene Edelmetalle wie Pal-

ladium oder Iridium. Kürzlich war unsere Arbeitsgruppe in der Lage, eine kupfer-kata-

lysierte allylische Alkynylierung zu präsentieren. Diese war bis jetzt jedoch mechanis-

tisch unzureichend verstanden. 

Die vorliegende Dissertation befasst sich mit der Untersuchung der licht-induzierten 

kupfer-katalysierten allylischen Alkynylierung. Durch weitergehende Optimierungen 

wurde ein verlässliches und robustes Protokoll etabliert. Zusätzlich konnten weitere 

Substrate mit unterschiedlichem Erfolg mit dieser Methode untersucht werden. Mecha-
nistische Studien werden durch spektroskopische Untersuchungen mittels NMR, EPR 

und CV begleitet. Zusammen mit den Erkenntnissen aus vorhergehen Störungsversu-

chen wird ein neuer mechanistischer Vorschlag präsentiert.  
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1. Introduction 

 

The allylic group in organic chemistry describes a functional group with the basic struc-
ture of H2C=CH-CH2R, with R being the rest of the molecule the group is attached to.1 

The word “allyl” is derived from the word Allium (latin for leek) and was first described 

by Theodor Weinheim, who isolated an allylic compound from garlic oil.2 Besides being 

found in various molecules occurring in extracts from plants of the allium family (i.e. 

leeks, garlic, onions etc.), the structural motif of the allyl group can be found in various 

other natural products such as terpenes and terpenoids, fatty acids or natural rubbers 

derived from the isoprene building block. Selected examples are represented in Figure 

1. This ubiquitous functionality is of great interest, not only for the synthesis of novel 
compounds but also due to its inherent reactivity.  

 

 

Figure 1: Structures of selected examples for molecules containing an allylic function. 

 

Allylic groups are known for their ability to stabilize charges due to resonance of the 

bonds. Hence, an allylic functionality is capable of stabilizing positive and negative 
charges as well as radicals.1 This resonance is depicted in Scheme 1. The ability of 

the allyl group to stabilize itself makes it an ideal functionality for nucleophilic substitu-

tions. A comparison of the bond dissociation energies for the abstraction of a hydrogen 

shows a decrease along the series C(sp)-H > C(sp2)arom > C(sp2)vinyl > C(sp3)1 > C(sp3)2 

> C(sp3)3 >C(sp3)allylic.3 The cleavage of the hydrogen in alpha position to the double 

bond is therefore very easy. Furthermore, this also enables the easy substitution of 

leaving groups on the molecule and makes it a reasonable pathway to achieve a 
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functionalization of an allylic site. However, such methodologies always require the 
presence of a good leaving group. 

  

 

Scheme 1: Resonance structures for an allylic cation and stabilization of the charge through shifts of the double 
bond. 

 

As an alternative to the stoichiometric pathways for modifying or introducing an allylic 

group, Tsuji and Trost developed a catalytic pathway as displayed in Scheme 2.4, 5 

Using a functionalized allyl, they were able to introduce a nucleophile with assistance 

of a palladium catalyst. Initially, the palladium coordinates to the double bond of the 

functional group in a η2-mode. The reaction proceeds via an oxidative addition to a η3-
allyl complex of the palladium. The leaving group is then extruded and the allylic group 

can accept the nucleophile.6 This first protocol for an allylic substitution set the hallmark 

for other iterations to come. 

 

 

Scheme 2: Tsuji-Trost-Allylation using a Palladium-Catalyst. 

 

Most notably, the advancements of Takeuchi7 and Helmchen8 towards branched and 

asymmetric products stablished the allylic substitution as a versatile method to intro-

duce this group into molecules. Nevertheless, they have a downside, namely the need 

of very expensive noble metals such as palladium or iridium. As the demand for these 

metals is rising, their price increases even further. Hence, the need for catalyst from 
cheaper transition metals arises. One of these arising metals is copper, due to its rich 

redox chemistry.9-12 These alternatives will be discussed in detail in later chapters. 

Moreover, most allylic functionalizations require substrates containing a leaving group. 
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This diminishes the atom economy due to waste being generated from the leaving 
group. Optimally, a “green” reaction should minimize waste and allow direct function-

alization.13  

As such, our group has been developing a reaction that kept these key points in mind. 

Recently, we reported the copper-catalyzed allylic alkynylation of cyclic alkenes with 

phenylacetylenes under either thermal or light activation.14, 15 Requiring a sacrificial 

oxidant in the form of an organic peroxide, the protocol allowed the cross dehydro-

genative coupling. Furthermore, it accepted different functional groups very well. This 

methodology, depicted in Scheme 3, complies with the previously mentioned require-
ments, presenting an atom-efficient and green reaction. Unfortunately, the underlying 

mechanism of this reaction has remained elusive so far. 

 

 

Scheme 3: General Reaction Scheme for Allylic Alkynylation reported by Mejía et al.14, 15 

 

1.1. Scope of this work 

 

The aim of this work is the further optimization of the copper-catalyzed alkynylation 

reaction and the elucidation of the underlying mechanism. It is focused on clarifying 
the reactions steps necessary to accomplish the reaction. This would allow further re-

finement and optimization of the reaction. Ultimately, clarifying the mechanism might 

allow the development of asymmetric transformations. 
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Chapter 2 focusses on further steps to optimize the reaction and investigate its behav-
ior to changes. Herein, reaction conditions and used reagents are varied and evaluated 

based on the results. Emphasis will be put on increasing the reaction yield as well as 

decreasing the reaction time. Furthermore, perturbations of the reaction conditions will 

be tested, and the results evaluated towards their influence on the mechanism.  

With an optimized protocol, the reaction will be tested for other substrates in Chapter 

3. Especially the use of other allylic substrates will be discussed, including more intri-

cate structural motifs and testing the robustness of the reaction. In addition to this, the 

new protocol will be compared to the results of the previous publications.  

Lastly, Chapter 4 will deal with the elucidation of the mechanism. The reaction will be 

investigated with NMR, EPR and CV methods. Furthermore, isolation of intermediate 

species will be presented. From this, conclusions of the mechanism will be drawn with 

regards to existing models in literature. Lastly, kinetic investigation of the reaction will 

be conducted. At the end of the chapter a new mechanistic proposal will be presented, 

incorporating the information gathered in previous chapters. 

The results of this work give insight to this very complex system and show a novel 

selective reactivity of a copper-complex with organic peroxide. 

 

1.2. Copper-catalyzed C-C coupling reactions 

 

Reactions that enable the formation of C-C bonds have been established in synthetic 

chemistry as the standard for most functionalizations. The interest in new methods 

constantly involves new reactions and optimization. Methodologies are most com-

monly optimized towards incorporating unfunctionalized substrates, working under 

mild conditions with benign compounds, as well as increasing tolerance and selectivity. 
However, most of these reactions rely on noble metals such as palladium, rhodium, or 

iridium. However, these metals are highly toxic and due to their scarcity and increasing 

demand, they are very expensive. Preferably, these metals are replaced with cheaper, 

more abundant and less toxic alternatives such as early transition metals.16 One such 

alternative is copper. Copper belongs to the group of coinage metals like silver and 

gold and is, compared to the other two, highly abundant on earth.17 Besides, copper is 

also a common metal found in living organism as part of metalloenzymes.18 This makes 
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copper an ideal choice for a benign and renewable catalyst. Regarding its redox prop-
erties, copper can take on oxidation states from 0 to +4 and therefore covers a rich 

redox chemistry. While it possesses the capability of single electron transfer (SET) 

reaction, it can also undergo two-electron oxidative addition and reductive elimination 

processes. The properties of copper catalysts can be fine-tuned with different ligands 

and their reactions can be thermally activated or photocatalyzed. The manifold of the 

resulting C-C cross-coupling reactions will be focus of the following chapters. 

  

1.2.1. Coupling of Pre-functionalized Substrates 

 

The most established type of coupling reactions requires the use of pre-functionalized 

substrates. These reactions have been widely used and the methodology can be found 

in many prominent examples such as the Suzuki-Miyaura, Heck, Hiyama or Stille-re-

action. A wide variety of these reactions have a copper-catalyzed variant. One of the 

oldest of such examples is the Rosemund-von Braun reaction.19-21 This reaction allows 

the cyanation of aryl halides to synthesize nitriles. However, the protocol usually re-

quires a large excess of copper(I) cyanide and high temperatures. Hence, a more effi-
cient protocol was needed. Such method was developed by the Buchwald group in 

2003.22 The reaction could proceed at lower temperatures more efficiently, when an 

in-situ Finkelstein reaction was conducted to exchange the halide. Furthermore, the 

use of an inexpensive diamine ligand and the replacement of the cyanide source with 

sodium cyanide increased the reactivity even more and lead to very good conversion 

of various aromatic and heteroaromatic substrates to the corresponding nitriles. The 

optimized reaction conditions are depicted in Scheme 4. Circumventing the problem of 

requiring the more reactive aryl iodides, this methodology elegantly performs the syn-
thesis of these in-situ. Still, the reaction has the downside of requiring high temperature 

and the use of very toxic sodium cyanide.  
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Scheme 4: Rosemund-von Braun cyanation with a modified protocol by the Buchwald group.22 

 

The Hurtley reaction is an Ullmann-type condensation of C-H acidic compounds with 

aryl halides.23 Similarly to the above mentioned reaction, it is limited by the use of aryl 

iodides as substrates due to the lower reactivity of other halides. Nevertheless, it was 

one of the first examples showing the applicability of copper as catalyst for cross-cou-

pling reactions. Modern iterations of the Hurtley reaction perform the coupling of ma-

lonates with aryl iodides at room temperature with increased yields using 2-picolinic 

acid as an assisting ligand.24 The reaction performed in general very well and accepts 
various substrates in good to excellent yields. The group of Ma et al. reported the cou-

pling of aryl iodides with C-H acidic compounds using L-Proline as ligand.25 They could 

prove the robustness of the reaction employing various substrates as well as the use 

of aryl bromides. The first enantioselective version of this coupling was presented by 

the same group.26 Adapting the conditions from the previous reaction, they exchanged 

the proline for trans-4-Hydroxy-L-proline. At reduced temperatures of about -45 °C they 

generated selectively the desired product. Their reported protocol (represented in 

Scheme 5) was able to achieve ee’s of about 93 % with yields between 70 and 85 % 
in several examples. This milestone did not only represent the first enantioselective 

Hurtley-reaction but is also the first instance of an Ullmann-type reaction at very low 

temperature. While it still requires a very high loading of catalyst and ligand, it demon-

strates very well the capabilities of modern copper-catalysts. 
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Scheme 5: Enantioselective Hurtley reaction assisted by a chiral proline ligand.26 

 

Grignard reagents haven been a staple in organic chemistry for the formation of C-C 

bonds. However, their reactivity can be severely lacking in the case of some sub-

strates. Kochi et al. could already show in 1971 the use of copper-catalysts to perform 

cross-coupling reaction between Grignard reagents and organic halides.27 Since then, 
multiple improvements to this methodologies have been reported in literature. Notably, 

one of the earlier reports in this area, was able to replace the organic halides with 

sulfonates, although only primary sulfonates proved to be effective.28 Commonly, these 

methods use the cheap and widely available copper(I) iodide as a catalyst in the reac-

tion. Interestingly, reports also showed the applicability of Li2CuCl4 as a catalyst, which 

is in situ reduced by an excess amount of Grignard.29 In later applications, this copper 

complex became essential,30 and could be used in several protocols for the synthesis 

of intricate molecules.31-33 Remarkably, another copper halide, copper(I) bromide, 
shows also good activity even in small quantities of 1 mol%.34 The reactivity of CuBr 

can be tuned even further, as shown in the coupling of α,ω-dibromoalkanes, by Oku et 

al.35 The reactivity of the coupling could be increased with the addition of hexa-

methylphosphoramide (HMPA). Thus, this is an excellent example for the increase in 

reactivity of copper complexes by tuning the coordination sphere of the metal center. 

However, the use of HMPA is regarded as highly critical due to the compound being 

highly carcinogenic. A more reliable and benign protocol includes the use of [CuBr-

LiSPh-LiBr-THF] as a catalytic system in the synthesis of metacylcophanes.36 With an 
optimized protocol the authors were even able to reduce the amount of Grignard rea-

gent needed to just one equivalent, whereas commonly an excess is needed. The use 

of copper-catalyst in the coupling of allylic substrates and Grignard especially grew in 

popularity. However, the literature to this topic will be discussed in Chapter 1.4. A mas-

sive downside to the above-mentioned methods, is the restricted use of Grignard 
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reagents in the presence of carbonyl groups. The yield of reactions under such condi-
tions drops significantly and side reactions in form of alkylations of the carbonyl group 

are facilitated. In this regard, Jézéquel et al. presented an easy work-around to this 

problem. They found that the additions of N-methyl pyrrolidone (NMP) greatly in-

creases the chemoselectivity of the reaction towards the desired alkylation.37 The ad-

dition of up to nine equivalents of NMP even helped with the reaction of sluggishly 

reacting alkyl bromides and -iodides. 

 

 

Scheme 6: Selected example for the NMP-assisted Copper-catalyzed alkylation with Grignard reagents.37 

 

Besides their application with organomagnesium compounds, the use of copper for 

Suzuki-like coupling reactions with organoboron compounds was explored briefly. The 

Rothenberg group investigated the use of copper and copper/noble metal nanoclusters 

for Suzuki cross-coupling reactions.38 The sole copper-catalyst showed reactivity for 

the reaction. However, it was outperformed by the Cu/Pd nanocluster. Expanding on 
this, Ho et al. explored the coupling of aryl boronic acids with hypervalent iodine com-

pounds and were also able to show a carbonylative pathway under these conditions.3 9  

Only a few years later, a DABCO-assisted copper-catalyzed Suzuki coupling was pub-

lished in literature.40 The authors showed the coupling of several vinyl and aryl halides 

with arylboronic acids with moderate to good yields. Unfortunately, less reactive sub-

strates required a higher loading of the catalyst. These methodologies show the ap-

plicability of copper catalysts to well-known protocols and prove, that copper is capable 

of a similar reactivity to palladium. Ultimately however, palladium-catalyzed protocols 
remain superior in terms of selectivity, scope and applicability. 

A widely applied method in the copper-catalyzed C-C coupling reactions, is the intro-

duction of a trifluoromethyl-group (-CF3) into a molecule.41 The trifluoromethylation has 

gained especial importance in the synthesis of drugs and is a reoccurring structural 

motif in many modern pharmaceuticals.42 However, selective fluorination of methyl 

groups is quite challenging, making the trifluoromethylation the protocol of choice for 

the selective introduction of fluorine into a molecule. In the copper-catalyzed reaction, 
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the formation of CuCF3 is considered the key-step. The first reports on the trifluoro-
methylation of aryl halides by McLoughlin43 and Kobayashi44, have been followed by a 

variety of further reports to improve this methodology. The first isolated and structurally 

well-defined [CuCF3] complexes showed activity towards the reaction and could trans-

fer the trifluoromethyl group to aryl halides but required the use of stoichiometric 

amounts of copper complex.45-47 The first catalytic use of copper complexes in this 

reaction was reported by Wu et al. in 1989.48 The authors were able to perform the 

reaction with only 12 mol% of CuI and using methyl fluorosulphonyldifluoroacetate as 

a fluorinating agent (see Scheme 7). They could successfully transfer the trifluorome-
thyl group in various examples.  

 

 

Scheme 7: Selected example for the copper-catalyzed trifluoromethylation of Aryl halides.48 

 

Hartwig et al. reported the functionalization of aryl halides to aryldifluoroamides starting 

from the corresponding α-silyldifluoroamide under copper catalysis.49 The trifluormeth-

ylation of aryl halides is mostly limited by the availability of reactive aryl iodides or aryl 

bromides. In order to overcome this challenges, multiple groups have put effort into 
this research in order to develop catalytic methods. After showing the first copper-me-

diated trifluoromethylation of aryl boronic acids in 2010,50 the group of Qing was able 

to present a catalytic version of this reaction two years later.51 Through reaction engi-

neering, they showed that careful dosing of the reagents to the reaction was key to 

allow the transformation. Besides, Shen et al. found the applicability of Togni’s Rea-

gent as a source for an electrophilic trifluoromethyl group to functional ary l boronic 

acids.52 Delightfully, Sanford et al. could show the first dual catalytic approach to the 

reaction in 2012.53 They combined the photocatalytic generation via a ruthenium cata-
lyst of a trifluoromethyl radical from CF3I54 with the copper cross-coupling chemistry. 

This method (see Scheme 8) excellently combined two methodologies to generate var-

ious products with acceptable to excellent yields under comparably mild conditions.  
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Scheme 8: Dual-Catalytic Trifluoromethylation of aryl boronic acids using CF3I.54 

 

Another widely known methodology in the field of copper-catalyzed cross-coupling re-

actions of pre-functionalized substrates, is the Sonogashira reaction.55 It is known as 

a dual catalytic protocol between palladium and copper in order to couple aryl halides 

with acetylenes, exploiting the formation of acetylenic cuprates. However, Chapter 1.3 

will focus more in depth on the specific interaction between copper and acetylenes.  

 

1.2.2. Cross-Dehydrogenative-Coupling (CDC) Reactions 

 

According to the principles of Green Chemistry by Paul Anastas,13 the use of sacrificial 

reagents, protecting groups or leaving groups should be drastically reduced in order to 

minimize waste and the ecological impact of chemical synthesis. However, many C-C 

coupling reactions require the presence of a functional group to work. Hence, the use 

of unfunctionalized or non-derivatized substrates would be ideal, as these would gen-

erate a minimum in waste. Such methodology is the cross-dehydrogenative-coupling 

(CDC) reaction, which can directly transform simple starting materials into complex 

molecules. Hence, only C-H bonds and oxidative conditions are required.  

The furnishing of C(sp3)-C(sp3) bonds is one challenge of this chemistry. In regard to 

the copper-catalyzed C-C coupling reactions, the group of Li could show many dehy-

drogenative couplings. Initially, they showed the dehydrogenative Nitro-Mannich reac-

tion of substrates with an adjacent nitrogen atom.56 They facilitated the coupling of 

multiple 1,2,3,4-tetrahydrosioquinolines as well as alkyl-protected anilines with cop-

per(I)-bromide as a catalyst and up to 1.2 eq. of TBHP as an oxidant. This report can 

be set as the first copper-catalyzed CDC reaction. To increase the generality of this 

protocol, they envisioned the use of other substrates as well, and could prove the facile 
coupling of C-H acidic substrates to the isoquinoline. Especially, the use of malonates 

proved to be successful for obtaining good to excellent yields with various substitution 
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patterns on the isoquinoline or malonate.57 In a similar fashion, the group was able to 
couple malononitrile to the same substrate again, although now with an excess of the 

nitrile required.57 The authors proposed the generation of an iminium cation during the 

reaction, either via hydrogen abstraction and consequent single electron transfer 

(SET), or first by SET followed hydrogen abstractions. The proposal was later con-

firmed by Klussmann et al.58, 59 as they could isolate a cuprate coordinated by the imin-

ium salt of the isoquinoline. Eager to further exploit the reactivity of the copper-cata-

lyzed CDC, the group then presented the coupling of malonates with cyclic alkenes 

such as cyclohexene in the allylic position of the double bond.60 Although the reaction 
required cobalt as another catalyst, they could completely forego the need for palla-

dium, which would normally be required in similar Tsuji-Trost-Allylations. With eight 

different examples in C-H acidic substrates, they could prove the generality of the re-

action protocol. A selected example is shown in Scheme 9. 

 

 

Scheme 9: Selected Example for the CDC of malonates with cyclic alkenes.60 

 

In another dual catalytic approach, the group could present the CDC reaction of malo-

nates to a carbon atom adjacent to an oxygen like isochroman.61 In contrast to the 

previously reported reactions, a mixture of a copper catalyst and indium catalyst was 

employed to furnish the desired product. Further on, instead of an organic peroxide, 

2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) was used as an oxidant. In absence of 

the former, no reaction was observed. Similarly, no product was formed when the re-

action was performed with copper as the sole catalyst. Again, the group could prove 

the robustness of the protocol obtaining various products with different substitution 
patterns. Lastly, the group managed to improve the initial Nitro-Mannich reaction even 

further by performing it under aerobic conditions in water (see Scheme 10).62  
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Scheme 10: Copper-Catalyzed CDC Nitro-Mannich reaction in water using oxygen.62 

 

This facile and elegant procedure completely neglects the need for harmful or toxic 

oxidants like organic peroxides and instead allows a transformation under green con-

ditions. Supposedly, the reaction follows a similar mechanism as reported before with 

an iminium ion as the intermediate species. The methods of the Li group enabled many 

other methodologies that either complimented the existing protocols or introduced new 

reactivities based on the same catalytic cycle. As such, Powell et al. reported the first 

dehydrogenative coupling of benzylic substrates with copper.63 As in the previous re-

ports, they could easily achieve the coupling with malonates. However, they had to add 
bathocuproine as a ligand to achieve the desired reactivity. Another interesting varia-

tion of the reaction was developed by Zhang et al., who performed the coupling of 

ethers to styrene and other vinylarenes.64 The reaction leads to the formation of a ter-

minal C(sp3)-C(sp3) bond and consequent oxidation of the benzylic position of the 

arene. This activation mode has so far been unprecedented in copper catalysis. Fur-

thermore, the reaction did not proceed to the ketone if there was no TBHP present or 

if the reaction was conducted under inert atmosphere. However, when up to six equiv-

alents of TBHP were used under inert atmosphere, the product was obtained in 58 % 
yield. The use of other radical starters or oxidant did not yield the product, but the use 

of radical scavengers inhibited the reaction. The protocol was robust towards different 

electronic situations on the arene and overall, the products were obtained in accepta-

ble yields. This reaction protocol could recently be optimized to incorporate linear 

ethers,65 and indoles in a three component reaction.66 In resemblance to the trifluoro-

methylation (vide supra), the groups of Lieu,67 Wang,68 and Buchwald,69 presented 

separately said functionalization of unactivated alkenes. In all reports, the reactions 

proceeded smoothly with a simple copper catalyst and without an oxidant. However, 
these reactions cannot be considered CDC reactions, strictly speaking, as they all re-

quire the use of a CF3-Donor with a leaving group.  
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The asymmetric formation of C-C bonds remains a great challenge in C-H activation 
chemistry. Regarding the copper-catalyzed variety, a few reports have been successful 

especially with the use of chiral ligands. The first enantioselective CDC reaction was 

reported by Gong et al. in 2010 for the coupling of 1,3-dicarbonyls with 3-indolylmethyl 

in the presence of a chiral ligand.70 They decided on the use of DDQ as oxidant at low 

temperatures (see Scheme 11). Their reported protocol also showed very good toler-

ance towards different substituents as well as other carbonyl species like diketones. 

Overall, they obtained the desired products in excellent yields (72-99 %) and good ee’s 

(86-96 %) with a scope of eighteen different products. Their mechanistic investigations 
show the involvement of DDQ in the abstraction of the C-H acidic proton of the 

diketone. Intermediary, the indolyl moiety forms an iminium cation which is then at-

tacked by the anion to afford the desired product. Using a similar protocol, the group 

of Wang achieved the coupling of 1,3-dicarbonyl with various amino acids.71 

 

 

Scheme 11: Selected example of an enantioselective copper-catalyzed CDC reaction.70 

 

Scheidt et al. used an intramolecular CDC reaction to couple a diketone to a carbon 

adjacent to an ether functionality.72 This reaction would be extremely challenging under 
the conditions used above due to the necessity of forming a highly reactive oxocarbe-

nium ion. Their optimized conditions make use of another bisoxazoline (BOX) ligand 

as well as DDQ, and a base, at -70 °C. Under these conditions they were able to pre-

sent the formation of 21 different products with acceptable to good yields and very 

good ee’s. In order to replace the DDQ, they also explored the use of photoredox con-

ditions. While they were able to afford the product, no enantioselectivity could be in-

duced. In a more recent report, the group of Liu showed an intramolecular asymmetric 
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cyclopropanation involving a radical coupling mechanism.73 With great effort, they es-
tablished the reaction conditions with which an enantioselective reaction was ob-

served. In contrast to the other reports, they used hypervalent iodine compounds. Fur-

thermore, the protocol requires the use of a bipyridine ligand for the copper as well as 

a chiral pyrrolidine additive. With these conditions they achieved excellent conversions 

and very good enantioselectivities. These reports prove the capability of copper catal-

ysis to operate in an enantioselective fashion. Recent examples report oxidative cas-

cades for the synthesis of natural products like (-)-Suaveoline.74 

In recent years, the use of copper catalyst for photoactivated or photocatalyzed reac-
tions has increased. As such, also the use of these catalysts for the cross dehydro-

genative formation of C-C bonds has found application. Che et al. performed the cross 

coupling of tetrahydroisoquinolines and nitroalkanes in a classic Nitro-Mannich reac-

tion using a copper photocatalyst.75 In order to increase the lifetime of the transient 

excited copper species, they synthesized a novel zwitterionic phenantroline and di-

phosphine-carborane complex. They could show, as a proof of principle, the formation 

of the desired product under irradiation with light above 420 nm under aerobic condi-

tions. Furthermore, they could also apply the protocol to a broad substrate palette with 
good success. One year later, the group of Bissember reported the coupling of anilines 

with phenylmaleinimides using a copper photocatalysis.76 They found that their reac-

tion required two equivalents of trifluoroacetic acetic under optimized conditions (see 

Scheme 12). If the acid is left out or the reaction is run in the dark, only traces of product 

are observed. With their optimized conditions in hand, they could provide a broad sub-

strate scope. Interestingly, in their efforts to replace the TFA they found all other 

Brønstedt acids or Lewis acids to be ineffective. Mechanistically, they propose the ex-

citation of the copper complex and oxidative quenching under aerobic conditions to a 
copper(II) complex, which then is reduced by a SET from the nitrogen of the aniline. 

Simultaneously, the amide is protonated by the acid and the radical attacks the alkene 

to furnish another radical species. This undergoes intramolecular cyclization and oxi-

dative quenching of the radical would lead to the tetrahydroisoquinoline.  
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Scheme 12: Exemplary reaction for the copper-based, photocatalyzed formation of substituted tetrahydroisoquin-
olines.76 

 

The coupling of C(sp3)-C(sp2) can be furnished in a similar fashion to the above-men-

tioned protocols. Again, the first to investigate this reaction was the group of Li, who 

published the first copper-catalyzed oxidative C-H coupling of tetrahydroisoquinolines 

with aryl boronic acids.77 In resemblance to the previous protocols, this functionaliza-

tion proceeded under oxidative conditions. However, strictly speaking, it is not a true 
CDC reaction as it requires a leaving group. Later, the group of Huang reported one of 

the first couplings of two unfunctionalized substrates under copper catalysis.78 The 

protocol required the use of an organic peroxide to achieve oxidative conditions. This 

was improved upon by Zhang et al., who achieved the same reaction by only using 

pure oxygen or air. Under these conditions, they could perform coupling reaction with 

a N,N-dimethylaniline and N-heteroarenes. With a simple setup, they were able to syn-

thesize over twenty different products. Mechanistically, the reaction follows a similar 

pathway to the other reported coupling with dimethylaniline (vide supra) via oxidation 
of the nitrogen and subsequent coordination to the copper center. Adding to this, Mi-

hovilovic et al. realized the coupling of indoles to tetrahydroisoquinolines. Moreover, 

they also achieved the functionalization of unprotected isoquinolines with very good 

yields (see Scheme 13).79 In this manner, the group of Chandrasekharam performed 

the coupling of indoles with tetrahydroquinolines under mild conditions in water with 

just air as the oxidant.80 
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Scheme 13: Indolation of unprotected 1,2,3,4-Tetrahydroisoquinoline in a CDC reaction.79 

 

The Ugi-type assembly of tertiary amines, nitriles and carboxylic acids towards α-

amino imides has been reported by Xie et al. as a novel method in the copper-cata-
lyzed CDC.81 The reaction proceeded under very mild conditions only requiring TBHP 

as an oxidant. From this, a broad variety of products was synthesized, which proved 

the applicability of this protocol. In 2009, the Kündig’s group reported the synthesis of 

oxindoles, replacing with stoichiometric amounts of copper the former palladium cata-

lyst.82 In 2010, the Taylor’s group presented the catalytic intramolecular cross-dehy-

drogenative coupling of anilides.83 The reaction could be conducted under air in a few 

hours, yielding oxindoles in very high yields. However, it required high temperatures 

(165 °C) to forego the need for a base. Recently, Zhao et al. reported the synthesis of 
cycloalkyl benzo[b]phosphole oxides from unactivated cycloalkanes.84 They obtained 

their desired products in up to 90 % yield, requiring 140 °C and di-tert-butyl peroxide 

(see Scheme 14). Based on their experimental finds, they proposed a radical mecha-

nism with the C-H bond cleavage of the cycloalkane as the rate limiting step. Further 

on, Le et al. investigated the cross dehydrogenative coupling of N-arylglycine esters 

with 2-arylimidazo[1,2-a]pyridines under very mild conditions. The reaction could be 

carried out under air, without the need for a more reactive oxidant. In general, the 

method could successfully transform multiple substrates to the desired product with 
very good yields. Similar to many other reactions discussed here, the addition of 

2,2,6,6-tetramethylpiperidin-1-yloxy (TEMPO) lead to complete inhibition of the reac-

tion.  
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Scheme 14: Synthesis of cyclohexyl benzo[b]phosphole oxides under C-H activating Copper catalysis.84 

 

The Patureau group reported the ortho-aminomethylation of phenols enabled by a cop-

per(II)/peroxide system.85 Under optimized conditions, the reaction proceeded with 

10 mol% of copper catalyst at 80 °C and di-tert-butyl peroxide. The authors could show 

the generality of the reaction protocol with various substrates. Interestingly, their mech-

anistic investigations showed a dependence of the reaction on a radical mechanism. 

A straightforward protocol for the formation of all-carbon triaryl quarternary centers 

from benzofurans with indoles, thiophenes, quinolines and carbazoles was reported by 

Kambe et al. in 2019.86 They applied the method to a broad variety of substrates using 
K2S2O8 and copper(I). Mechanistically, they propose the formation of Cu(I), Cu(II) and 

Cu(III) species during the catalytic cycle. A three component-tandem approach for the 

synthesis of 1,3-oxazines with methanol as a C1-synthon was reported by Baruah et 

al.87 The coupling proceeds from unprotected 1,2,3,4-tetrahydroisoquinoline and 2-

naphtol in methanol with a simple copper(II) catalyst and TBHP in water as shown in 

Scheme 15. Chang et al. reported the alkylation of polyfluoroarenes in 2020 under 

copper-catalysis using hydrocarbons as the alkyl source.88 After optimization, they 

could synthesize a vast library of different products using a copper catalyst with a 
ketiminate ligand as well as an organic peroxide as oxidant. In addition, they could 

show the application of their method to the synthesis of precursors for drugs Li-

doflazine, Indatraline and Nafenopin. 

 

 

Scheme 15: Tandem multi-component synthesis of 1,3-oxazines in a cross-dehydrogenative fashion.87 
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Although not as present in literature as the other two areas, the coupling between two 
C(sp2) bonds is still of interest. Kozlowski et al. did mechanistic studies on the coupling 

of biaryls under oxidative conditions in resemblance to the activity of natural copper-

containing enzymes.89 In another report, the group of Wang showed a one-pot synthe-

sis of  pyrrolo [2,1-a] isoquinolines as part of a cascade reaction.90 The reaction pro-

ceeds through an oxidation of the isoquinoline and consequent [3+2] cycloaddition 

which cascades under the oxidative conditions to the desired pyrrolo isoquinolines. 

This facile method furnishes the desired products at only 50 °C and tolerates the use 

of various substituents on the substrates. In 2017 the group of Singh synthesized pyr-
role-annulated heterocycles within a site-selective dehydrogenative cross-coupling 

with silver salts as oxidant (see Scheme 16).91 Initially during their optimization of the 

reaction, they tested the intramolecular coupling of pyrrole-3-carbaldehyde-azole.  

However, in their initial tests the homocoupling of the substrates proved to be the major 

byproduct. Using a mixture of 4-methylmorpholine N-oxide (NMO) and tetrabu-

tylammonium bromide (TBAB), they could suppress the formation of the homocoupling 

in an acceptable manner. The overall yield however remained moderate (58 %) even 

under optimized conditions. Nevertheless, they could obtain the coupling product in 
various instances for derivatized substrates.  

 

 

Scheme 16: Intramolecular annulation to pyrrole-annulated heterocycles.91 

 

Another facile protocol was published by Pandit et al, for the coupling of benzoxazine-

2-ones with indoles.92 The reaction proceeded under aerobic conditions at 60 °C in 

tetrahydrofuran. With their method, they achieved the synthesis of cephalandole A. 

Even less prevalent than the cross dehydrogenative formation of C(sp2)-C(sp2) bonds 

in literature are methods for furnishing C(sp)-C(sp3) under cross dehydrogenative 
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copper-catalyzed conditions. The earliest report in this area, was set again by Li et al. 
who showed the synthesis of propargylic amines from tertiary amines and phenyla-

cetylene.93 In similarity to their other reports, they used tert-butyl hydroperoxide as an 

oxidant. The reaction proceeded smoothly, and various different products were ob-

tained. In addition, they managed to show an enantioselective version of this reaction, 

coupling the phenylacetylene and tetrahydrosioquinolines shortly after.94 To achieve 

this, they made use of a chiral Py-BOX ligand for the copper (see Scheme 17). Alt-

hough, this reaction proceeded only with moderate ee’s, it marks the first enantiose-

lective catalytic method for the generation of chiral tetrahydroisoquinolines from acet-
ylenes and the isoquinoline. 

 

 

Scheme 17: Enantioselective Alkynylation of tetrahydroisoquinolines  under CDC conditions.94  

 

In 2008, the group of Zhao modified the protocol of the Li group by replacing the TBHP 

with N-bromosuccinimide.95 Using this, they achieved the transformation of several ar-

omatic and aliphatic acetylenes. In a very impressive photoredox reaction, the group 

of Hwang achieved the coupling of terminal alkynes, alcohols and arylamines to pro-

pargylic amines under cross dehydrogenative conditions.96 The reaction was facilitated 
by a mixture of N-methylaniline, phenylacetylene and methanol under irradiation with 

blue LEDs and in presence of copper(I) chloride and benzoquinone as an oxidant. The 

authors screened multiple substrates and proved the robustness of the protocol. Inter-

estingly, during their mechanistic investigation, they proposed the initial formation of 

copper acetylide and consequent photo irradiation to an excited species which can 

undergo SET reactions. Jain and co-workers were able to improve the reactivity of the 
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coupling between terminal alkynes and N,N-dimethyl anilines by introducing a sulfur or 
selenium-based ligand to the catalytic system.97 In 2018 and 2019 the group of Mejía 

et al. reported the cross dehydrogenative coupling of phenylacetylenes with cyclic al-

kenes.14, 15 They could show a facile transformation of the substrates, under either 

thermal, or photocatalytic conditions. The reaction proceeded via a copper(I) complex 

with a terpyridyl ligand. In both cases the presence of an organic peroxide is required 

(see Scheme 18). The authors could show the generality of the protocol by applying it 

to various substrates. The products were synthesized in good up to excellent yields.  

 

 

Scheme 18: Cross dehydrogenative alkynylation of cyclic alkenes via copper catalysis under thermal , or photo-
catalytic conditions.14, 15 

 

1.3. Copper Acetylides and their use in coupling reactions 

 

The Glaser coupling is an important functionalization in organic chemistry involving 

copper acetylides as necessary synthons. First described by Carl Glaser in 1869, he 

reported the copper catalyzed coupling of acetylenes, obtaining 1,3-diynes under oxi-
dative conditions.98, 99 Treatment of phenylacetylene with cuprous chloride, ammonium 

hydroxide in ethanol afforded the copper phenylacetylide as a yellow precipitate. When 
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treated with oxygen, this reagent afforded the acetylene homocoupling product. The 
original method of Glaser however, failed to see a wider application in synthetic chem-

istry. This is mostly attributed to the need of isolation of the potentially explosive copper 

phenylacetylide. This chemistry remained nearly dormant until 1956, when Eglington 

and Galbraith found that copper(II) and pyridine were able to facilitate the oxidative  

coupling of acetylenes.100, 101 However, this protocol required stoichiometric amounts 

of copper(II). Later in 1962, Hay found the positive effects of nitrogen-containing lig-

ands on the original Glaser coupling.102 The use of N,N,N’,N’-tetramethylethylenedia-

mine as a ligand increased the solubility of the copper acetylides drastically and there-
fore ruled out the necessity of the isolation. The protocol has since then been named 

Glaser-Hay-reaction. Still, this method was limited to the homocoupling reaction. Sim-

ultaneously, Cadiot and Chodkiewicz developed the heterocoupling of acetylenes in 

1957.103, 104 In order to achieve this, the copper acetylide was firstly synthesized under 

inert conditions and then treated with an alkyne halide. These methods have seen 

several iterations over the years and have been applied for the synthesis of macrocyl-

ces, of natural products, oligo- and polymers and even in the production of opto-elec-

tronic materials.105-109 As such, the group of Bäuerle presented the synthesis of thio-
phene based macrocycles in 2000 under modified Glaser-Eglinton conditions (see 

Scheme 19), which these days are often used as building blocks for organic light emit-

ting diodes (OLED).110 

 

 

Scheme 19: Synthesis of macrocyclic thiophene-diacetylene moieties under modified Glaser-Eglinton-condi-
tions.110 
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While its applications and uses in literature have been numerous, the discussion of the 
underlying mechanism is still ongoing. The earliest proposal by Salkind et al. involves 

the formation of an alkynyl radical by oxidation via copper(II) and consequent radical 

coupling.111 The Bohlmann group reported the formation of a dimeric copper(II)-acety-

lene complex via π-bond coordination. The information towards this mechanistic pro-

posal was gained from kinetic measurements.112 Nielsen et al. proposed the formation 

of a copper(II)-alkyne complex, which undergoes a disproportionate step to form cop-

per(III). After subsequent transmetallation, a dialkynyl copper(III) complex is formed, 

which yields the product through a reductive elimination.113 The different mechanistic 
proposals are presented in Scheme 20. 

 

 

Scheme 20: Different mechanistical proposals for the Glaser coupling reaction. 

 

The use of copper acetylides is not limited to the Glaser-type reaction. The well-known 
Sonogashira-coupling is a C-C coupling reaction co-catalyzed by copper and palladium 

to introduce alkynes to aryl or vinyl halides.55 The copper co-catalyst plays an important 

role in activating the acetylenes and then transferring the moiety to the palladium cat-

alyst for the cross-coupling. Due to the inherent formation of the cuprate, the Glaser 

homocoupling is the most prominent side reaction occurring in the Sonogashira 
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catalytic cycle. The reaction has enormous synthetic capabilities and has received nu-
merous improvements over the years.  

Another well-known and practiced application of copper-acetylenes are the azide-al-

kyne-click-reactions. These were described by Barry Sharpless as “near-perfect” reac-

tions, that enable facile and robust transformation of chemicals into their respective 

products with high yields and little to no by-products.114 The original click reaction, the 

copper-catalyzed-alkyne-azyde-coupling (CuAAC) to form triazoles was independently 

reported by Sharpless115 and Meldal116 in 2002. Together with Bertozzi, who reported 

the use of copper-free click chemistry for the in vivo imaging of biomolecules in living 
cells,117 Sharpless was awarded the Noble prize in Chemistry in 2022. Besides, the 

CuAAC has seen many applications in research revolving around the modification of 

DNA,118 reactions in living organisms,119 carbohydrates,120 drug-delivery systems,121 

and other medicinal applications,122 and even efforts for copper-free reactions.123 Thus, 

it is to no surprise that this reaction still counts as one of the most important method-

ologies in synthetic chemistry.  

While the CuAAC, Sonogashira reaction and even the Glaser coupling still see a wide 

application, the use of acetylides as direct coupling partners for other reactions is only 
scarcely reported. Unfortunately, their use as a nucleophile is limited by their lack of 

reactivity. At the same time, the synthesis of unreactive organocuprates is very facile 

and despite their organometallic nature they are not sensitive towards water or oxygen. 

A comprehensive overview for the oxidative alkynylation of ynamides, trifluoromethyl 

groups, phosphonates and aryl groups has been made by Evano et al. who focused 

on establishing these acetylides as synthons.124 They achieved the reported alkynyla-

tions under very mild conditions using just oxygen as oxidant. Unfortunately, these 

reactions require still quantitative amounts of copper. In an important publication, War-
ren and co-workers extended the mechanistic understanding of copper-acetylides and 

their reactivity in 2020.125 They were able to isolate and crystalize a discrete copper(II)-

acetylide-complex, which normally occur as polymeric materials.126 They diligently in-

vestigated the reaction of this complex with C(sp), C(sp2) and C(sp3) substrates, both 

experimentally and theoretically, to find suitable mechanistical proposals. The results 

are depicted in Scheme 21. In regards of the C-C homocoupling between two acety-

lides or the coupling of acetylides with nucleophiles, the authors suggest a redox dis-
proportionation step, in which a copper(III) complex is formed. These complexes are 
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susceptible to a quick elimination of the product under formation of the coupling prod-
uct and reduction of the copper(III) to copper(I). Interestingly, this proposal supports 

the findings of Vilhelmsen et al shown above.113 At the same time, the authors also 

suggest the formation of a copper(III) intermediate in the radical capture mechanism 

which can form the coupling product in a facile reductive elimination as well.  

 

 

Scheme 21: Proposed mechanism for the functionalization of copper acetylides.125 

 

A different approach to the alkynylation methodologies investigated by the Warren 

group, has been taken by Lalic et al. in using photocatalysis to activate the unreactive 

acetylides for the coupling of alkyl iodides.127 The seminal work to this approach was 
laid out by Hwang and co-workers, who introduced a palladium-free Sonogashira re-

action with photocatalysis as a driving force.128 Under irradiation, the reaction is not 

dependent on the presence of an oxidant. The authors, furthermore, showed the ne-

cessity of a ligand for the reaction. Surprisingly, 4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-terpyri-

dine proved to be superior in comparison to py-BOX ligands or phenanthrolines. During 

optimization of the reaction, they also found that irradiation with blue light, the metal, 

and the ligand are necessary. Especially the use of iodides was required to obtain a 

reasonable yield. Subsequently, the authors proved that this concept can be applied 
to various structural motifs and showed a broad substrate scope. This was further ex-

panded by Lie et al. who recently reported enantioselective, decarboxylative alkyla-

tions.129 In general, the use of acetylenic cuprates has seen great improvement over 

the years, as they are key-intermediates in important synthetic protocols. Continued 



Introduction 

25 
 

research on these compounds has led to impressive reactions. It is only reasonable to 
expect even more reactions in the future using acetylides as building blocks. 

 

1.4. Modifications at allylic sites 

 

Allylation reactions and the modification at allylic sites are one of the most important 

C-C bond formations, as the allyl group itself provides a useful handle for further func-

tionalizations. Since the introduction of the Tsuji-Trost allylations (vide infra), the 

method has received many improvements over the years. Due to the flexibility and 
concurrent coordination modes of the allylic group, the modification is versatile and by 

the variation of the system the selectivity can be drastically changed. Most of the re-

ported methods in literature, employ a transition-metal-based catalyst. At the same 

time however, most of these protocols require pre-functionalized allylic groups. As de-

scribed in the previous chapters, the ideal evolution of these reactions is to achieve a 

direct dehydrogenative allylation. With the adoption of light-activated protocols to the 

toolkit of modern chemists, also photocatalyzed allylation have found their way into 

literature. Starting from the early beginnings of the allylation up to the state-of-the-art 
advances, this chapter will provide a brief overview over current thermal and photoac-

tivated allylation reactions.  

 

1.4.1. Thermally-activated catalyzed Substitutions 

 

Derived from the standard palladium-catalyzed Tsuji-Trost-Allylation, there is a con-

sensus on the reaction mechanism (Scheme 22). The palladium center coordinates to 

the double bond of the alkene forming a η2-complex. Following the ionization of the 
substrate through extrusion of the leaving group. Subsequently, the palladium can 

change its coordination mode again and a η3 complex is formed, stabilizing the inter-

mediary allylic cation. In this state, a nucleophile can attack each side of allylic moiety. 

After decomplexation the product is obtained and the complex regained to restart the 

catalytic cycle anew.130  
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Scheme 22: Mechanism of the palladium-catalyzed Tsuji-Trost-Allylation.130 

 

From the classic protocol many more iterations followed, especially including pre-func-

tionalized allylic moieties, commonly carboxylates and halides. The nucleophilic part-

ners include, but are not limited to, stannanes, silanes, zinc reagents, and boranes.6 ,  

131 One of the more important applications of this method is for asymmetric allylation 

reactions. Thus the development of chiral ligands for enantioselective transition metal 

catalyzed reactions is still relevant and research has been focused on finding cheaper 

and more effective ligands.132 One example for an enantioselective allylation was pre-

sented by Trost and coworkers in 2005.133 They investigated the allylation of ketones 

from allyl enol carbonates as described in Scheme 23. This reaction is especially chal-

lenging due to the problem of racemization in the presence of most catalysts. However, 

the authors were able to present a few examples with very good yields and excellent 
enantioselectivities.  

 

 

Scheme 23: Palladium-catalyzed, enantioselective allylation  of ketones.133 
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Besides the use of the precious metals, palladium and iridium,7, 8, 134-136, more easily 

available transition metals have been employed over the last few years. Reports of 

allylation reactions with iron,137-139 molybdenum,140-143 or tungsten,144 can be found. 

Copper-catalyzed varieties can also be found in literature. One important work in this 

area has been made by Miura and co-workers.145 They report the direct C-H allylation 

using cinnamyl phosphates (see Scheme 24). The reaction proceeds without the need 

for an external oxidant in presence of a simple copper-phenanthroline complex.  

 

 

Scheme 24: Copper-catalyzed C(sp2)-allylation of electron deficient arenes.145 

 

Unfortunately, the reaction requires the use of electron-deficient arenes to forego the 

need for very reactive oxidants. At the same time, the reaction proceeds with very high 

stereoselectivity, retaining the E/Z configuration. The mechanism is proposed to pro-
ceed through a η3-coordination of the copper to the allylic position. Feringa et al. also 

reported the asymmetric synthesis of chiral allylic esters in 2006.146 Analogous to other 

copper-catalyzed cross-couplings (vide supra), this reaction requires the use of highly 

reactive carbon nucleophiles like Grignard reagents (see Scheme 25). In this specific 

reaction, a chiral phosphine ligand was used to attain enantioselectivity at low temper-

atures. Altogether, the protocol tolerated various substrates and excellent selectivity 

was reported.  
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Scheme 25: Asymmetric Synthesis of chiral allylic esters with Grignard-reagents.146 

 

More and more protocols allow C-H derivatization of at least one of the substrates, 

cutting down on the potential waste. However, in common allylation reactions true CDC 

modes are still rare. C-H allylations including one pre-functionalized substrate are nu-

merous and well investigated.147 In general, the activation of the allylic group proceeds 

through the extrusion of a leaving group. These can be, but are not limited to, acetates, 

carbonates, phosphates, pivalates, silanes or halides. The list of potential substrates 

is ever increasing and presents a wide toolbox of possible allylic moieties and catalysts 
to choose from. 

 

1.4.2. Photocatalytic Allylic Substitutions 

 

The harnessing of light for chemical reactions has gained significant interest over the 

past years.148, 149 The use of light to activate a reaction provides novel catalytic path-

ways, which are inaccessible under thermal conditions, and allows milder and greener 

transformations.150 Hence, this subchapter will discuss a few highlights of the past 
years in research for the photocatalyzed allylation reactions.  

In general, the scope of this research can be divided into single-catalyst reactions and 

dual (or synergistic) catalytic approaches. Both are divided into the use of solely tran-

sition metals,151 organic dyes,152 or both.153 Concerning the transition metals, ruthe-

nium and iridium complexes have been established as the most productive photocata-

lysts or photosensitizers. Unfortunately, the constantly rising demand for these metals 

and their high price make them unattractive for chemical synthesis. Fortunately, many 

authors report the successful use of cheaper transition metals for these applications.15 4   
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One of the first reports of photocatalytic allylations was reported by Reiser in 2012, 
using a copper photocatalyst.155 He used a modified phenanthroline ligand (see 

Scheme 26) in order to increase the lifetime of the excited copper species. The reaction 

required the use of visible light in the range of 530 nm. Under these conditions the 

authors managed to transfer the allylic group in 17 examples with very good yields. 

However, this protocol requires the use of highly toxic organotin compounds. This orig-

inal protocol was later modified by Ollivier et al. exchanging both the anisole moieties 

at the ligand for phenyl.156 In their protocol, the allylation via a tosylated allyl group with 

diphenyliodonium reagents was tested. Their system showed similar proficiency to an 
iridium based photocatalyst. Mechanistically, the authors propose the formation of an 

aryl based radical from the iodonium reagent through the excited photocatalyst. Reiser 

and co-workers later presented another photocatalyzed reaction through an iridium-

based photosensitizer.157 On their search for substrates suitable for the cyclisation re-

action in the coupling of α-bromochalcones with alkenes, they accidently found the 

formation of the allylic coupling products in some cases. In the case of cyclohexene or 

allyl bromides as coupling partners, the allylated chalcones were observed as major 

products. 

 

 

Scheme 26: Cu(dap)2 photocatalyzed allylation using allyl stannanes.155 

 

Reports in literature so far required the presence of a leaving group at least for one of 

the substrates. True cross dehydrogenative protocols were, to the best of our 

knowledge, unprecedented until the publication of Mejía et al. which was discussed 

earlier in this work (vide supra). In this context, it was the first true photocatalyzed CDC 

allylation of alkynes using copper.  
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Zhou and co-workers could show the coupling of C(sp3)-H with allylic substrates under 
photoredox conditions using an organic photosensitizer (see Scheme 27).158 The re-

action was tested with a mesityl-acridinium dye under blue light irradiation. This very 

facile protocol proceeded under very mild conditions. The authors also report an im-

pressive library of substrates tested, showing an excellent applicability and tolerance 

towards different functional groups. The reaction was further improved in a “stop-flow” 

reactor with increased yield and reduced reaction time. Lastly, they also showed the 

synthesis of several building blocks for pharmacological substances.  

 

 
Scheme 27: Allylation of electron-deficient substrates via organic photosensitizer.158 

 

Recently, the group of Alemán showed a chromoselective allylation reaction of indoles, 

pyrroles, amine and alcohols.159 The reaction of these substrates was either selective 

towards the Z- or the E-Isomer depending on the wavelength used (see Scheme 28 

for an example). In presence of the phenothiazine and under irradiation at 365 nm the 

isomerization is driven towards the Z-isomer. On the contrary, when the racemate is 
irradiated at 420 nm, there is nearly complete isomerization towards the E-isomer. In 

presence of the phenoxazine catalyst, still 80 % of the E-isomer is formed.  

 

 

Scheme 28: Exemplary, chromoselective allylation of N-methyl pyrrole.159 
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Mechanistically, the authors could show the formation of an intermediary cation via 

trapping experiment with O18-labeled water. The generation of such cation facilitates a 

simple Friedel-Crafts-Reaction with the other substrate. With the help of laser flash 

photolysis experiments they could also show, that the reaction does not proceed 

through a radical step.  

Along with the “traditional” ways of harnessing light for chemical reactions, the use of 

the so-called dual catalytic or synergistic systems has been developed. In these sys-

tems, upon absorption of light, an excited photosensitizer reacts either through single-
electron-transfer (SET) or hydrogen-atom-abstraction (HAT) with a co-catalyst or sub-

strate to form an activated species.160 The seminal work for the application of this 

method to allylation reactions has been laid out by MacMillan and co-workers.161 They 

employed a combination of an iridium photosensitizer with a thiol-based organocatalyst 

(see Scheme 29).  

 

 

Scheme 29: Dual-catalytic allylation of aryl nitriles.161 

 

The reaction proceeds formidably with various aromatic as well as allylic substrates 

and tolerates very well various functional groups. As such, the protocol is very versatile 

and application towards more intricate substrates were successful. Through their 

mechanistic investigations, they found that the photosensitizer proceeds by reductive 

quenching after irradiation with the nitrile to form a persistent radical. The then oxidized 

photosensitizer is reduced by a SET with the organocatalyst, which forms a thiyl radi-

cal. This radical performs a HAT reaction on the alkene which consequently engages 

in a radical-radical-coupling with the arene radical to form the desired product.  
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2. Optimization of the Reaction Protocol 

 

Recently, Mejía et. al. reported the copper-catalyzed allylic alkynylation under thermal 
and light-promoted conditions, as described in Scheme 30. They were able to convert 

cyclic alkenes with phenylacetylene to the C-C coupling product cyclohex-2-en-1-

ylethynyl)benzene (3A). The protocol was able to achieve an overall yield of 70 % in 

both thermal and light-promoted approaches. Additionally, the reaction required a total 

time of 24 h to achieve these yields. The authors also reported the applicability of the 

method to various functionalized alkenes as well as with different alkynes. However, 

the reaction showed problems in reproducibility. The conditions also promoted the ho-

mocoupling of the phenylacetylene leading to the formation of 1,4-diphenylbutadiyne 
(3B) as the main side product (later referred to as the Glaser-Product).98, 99 This limited 

the efficiency of the reaction greatly.  

 

 

Scheme 30: General reaction protocol for the alkynylation of cyclohexene.14, 15 

 

Hence, optimization of the method was set as a priority to allow a more reliable proto-

col. This will then further enable the screening of intricate substrates or even allow 

enantioselective transformations. Moreover, variation of the reaction conditions could 
give valuable information for the reaction mechanism. As the spectroscopic 
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investigation of the mechanism proved to be rather complex, systematic changes of 
the reaction conditions were made to gain insight of the intermediates. The following 

chapter reports about the efforts undertaken towards an optimized reaction protocol. 

To this purpose, multiple variations on the reaction conditions were tested, using the 

reaction yield as evaluation parameter. Variations of the reaction conditions were made 

bearing in mind the principles of ‘Green Chemistry’.13 Further, conditions of similar re-

action types in literature were tested to gain knowledge about possible similarities.  

 

2.1. Preliminary Optimization of Reaction Conditions 

 

In order to assess the possible perturbations caused by different reagents, optimized 

conditions had to be found. Firstly, general necessary conditions were established by 

changing the ratio of different reagents in solution. In the reported protocol an Asahi 

Spectra Xenon Light Source 300 W Max-303 was used (340-700 nm, max 300 W). In 

contrast to this, the light was exchanged for two 390 nm Kessil LED’s (max 52 W) 

which improved reproducibility and output of the reaction greatly. In addition to this, the 

ligand was exchanged for 4,4′,4″-tri-tert-butyl-2,2′:6′,2″-terpyridine L0 due to its higher 
solubility in acetonitrile. The results of the first trial runs are presented in Table 1. The 

first experiments, represented by Entry 2 to 3, show a dependency of the reaction on 

the used copper-salt, ligand, as well as peroxide. No formation of product 3A could be 

observed in the absence of the former. Following this, efforts were undertaken to re-

duce the amount of copper. It was reduced from 0.05 to 0.025 and 0.0125 mmol re-

spectively. Both reactions showed a slight increase in yield compared to the bench-

mark reaction. Altering the amount of the reactants was detrimental to the overall yield 

(Entry 7 to Entry 11). Stoichiometric amounts of reagents and catalyst lead to the for-
mation of Glaser-Product 3B but only traces of product 3A (Entry 7). Entry 8 and 9 

show a great dependency on an excess of cyclohexene (1). Equivalent amounts of 

cyclohexene and phenylacetylene (2) bring the reaction to a complete halt, while 10 

equivalents still allow a transformation for up to 71 % of product. This is also shown by 

Entry 10 and 11. Increasing the amount of phenylacetylene compared to cyclohexene 

is detrimental to the formation of the product 3A and instead leads to the formation of 

the Glaser-Coupling product 3B.  
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Table 1: Results of the preliminary Reaction Optimization. 

 

Entry 1 [mmol] 2 [mmol] 
TBHP 
[mmol] 

[Cu(MeCN)4]PF6 
[mmol] 

L0 
[mmol] 

Yield of prod-
uct 3Aa  

1b 9.6 0.5 0.959 0.024 0.024 70 % 

2 10 0.5 0 0.05 0.05 0 % 

3 10 0.5 1 0.05 0  0 % 

4 10  0.5 1 0 0.05 0 % 

5c 10 0.5 1 0.025 0.025 86 % 

6c 10 0.5 1 0.0125 0.0125 77 % 

7 0.5 0.5 0.5 0.05 0.05 tracesd 

8 0.5 0.5 1 0.05 0.05 0 %d 

9 5 0.5 1 0.05 0.05 71 % 

10 0.5 1 1 0.05 0.05 0 %d 

11 0.5 5 1 0.05 0.05 0 %d 

12 10 0.5 0.5 0.05 0.05 77 % 

13 10 0.5 0.25 0.05 0.05 46 % 

14 10 0.5 2.5 0.05 0.05 >99 % 

15 10 0.5 1 0.05 0.1 >99 % 

16c,e 0.5 0.5 1 0.05 0.05 0 % 

17f 10 0.5 1 0.05 0.05 >99 % 

18 10 0.5 1 0.05 0.05 >99 % (98 %) 

 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6 , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h, 30 °C.  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b Conditions as mentioned by Mejía et al.

15
 Ligand: 4′-(4-Methylphenyl)-2,2′:6′,2′′-terpyridine. 

c To avoid overheating issues, the lights were cycled between 5 min on at 100 % intensity and 10 min off at 0 % for 24 h 
d The Glaser-Product 3B was observed as the main side product.  
e The Volume of Acetonitrile was increased to 5 ml 
f The reaction was conducted under oxygen atmosphere after the addition of the Peroxide.  
Isolated yield in parenthesis.  
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The amount of peroxide seems to be directly correlated to the efficiency of the reaction 
as suggested by Entry 12 to Entry 14. Reducing the amount of peroxide to less than 

two equivalents lead to a reduction in yield, while further increases lead to a quantita-

tive formation of 3A. In Entry 15 the amount of ligand was doubled to assess its influ-

ence on the yield. The preliminary result show quantitative conversion of the educt to 

the product 3A in presence of two equivalents of ligand. The role of the ligand will be 

further discussed in following chapters. As the reported reaction required an excess of 

cyclohexene, efforts were undertaken to use equivalent amounts of educts. However, 

when the amount of cyclohexene is lowered, and the overall volume is increased no 
reaction takes place (see Entry 16), thus suggesting that an excess of cyclohexene is 

necessary. In addition to this, the susceptibility of the reaction to oxygen exposure was 

tested. The initial protocol required strict inert conditions. However, preliminary exper-

iments showed no influence of the presence of oxygen on the reaction outcome*. 

Lastly, from the information gathered from these experiments, an improved protocol 

has been established as shown in Entry 17. Following the initial experiments, further 

optimization of the reaction time was conducted. The results are presented in Table 2. 

The time of irradiation was varied from 2.5 h to 48 h in total. Surprisingly, the reaction 
showed higher efficiency than expected. As seen in Entry 1, the reaction already 

reaches a high yield after only 2.5 h. In addition to this, the reaction reaches nearly 

complete conversion after 4 h and no more educt is detected after 6 h. This indicates 

that a shortening of reaction time under the new setup is feasible. Besides, for Entry 1 

to Entry 3 the formation of another compound was observed that completely disap-

pears again after 24 h. Through GC-MS analysis, this compound was identified as 3-

(tert-butylperoxy)cyclohex-1-ene (1A).162 The corresponding mass-spectrum can be 

seen in Figure 2. 

 

 

Figure 2: ESI-MS of the 3-(tert-butylperoxy)cyclohex-1-ene (1A).  

 

* The headspace of  the reaction vial was f lushed with oxygen af ter the addition of  all reagents.  
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The formation of this compound has been observed before by Salavati et al. using 

heterogeneous transition metal catalysts.163 Further increases of irradiation time do not 

show any influence on the yield of the desired product (3A). This indicates that the 

product is stable enough under the reaction conditions and no degradation can be 

observed. However, longer reaction times promote side reactions of the cyclohexene. 

Oxidation of the allylic position was observed leading to the formation of cyclohex-2-

en-1-ol (1B) and cyclohex-2-en-1-one (1C) (see Scheme 31) *. Similar to the com-

pound above, these molecules have been reported as oxidation products from the re-
action of cyclohexene with peroxides under transition metal catalysis.164, 165 

Table 2: Variation of Irradiation Time. 

Entry Reaction time [h] 
Time of irradiation 

[h] 
Yield of product 3Aa  

1 2.5 2.5 83 % 

2 4 4 97 % 

3 6 6 >99 % 

4 16  16 >99 % 

5 36 36 >99 % 

6 48 48 >99 % 

7 24 6 83 % 

8b 24 6 87 % 

9 24 0 46 % 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6 , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h, 30 °C.  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b The light was cycled between 5 min on at 100 % intensity and 10 min off at 0 % for 24 h  
 

 

* For the GC/MS analysis of the Cyclohex-2-en-1-ol and Cyclohex-2-en-1-one please refer to the Ap-
pendix.  
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Scheme 31: Copper-Catalyzed Peroxidation and consequen t degradation of Cyclohexene with TBHP.166 

 

Gade et al. reported the formation of the alkylperoxy-species (1A) under Copper(I) 

catalysis and propose a subsequent degradation to the alcohol (1B) and ketone (1C) 

as displayed in Scheme 31.166 To elucidate whether the formation of these products is 

promoted by the heat produced by the lamps, two additional experiments were per-

formed which can be seen in Entry 7 and Entry 8. The reaction was irradiated for a 

total amount of 6 hours and analyzed after 24 hours have passed in total. Entry 7 

shows the outcome for a reaction which was irradiated continuously for 6 h while in 
Entry 8 the light source was turned on and shut off in defined intervals. Both entries 

lead to roughly the same amount of product (3A) at the end. Unfortunately, in both 

cases the reactions underperformed in comparison to Entry 3 which showed a quanti-

tative conversion. Lastly, the reaction was conducted in the complete dark at room 

temperature as seen in Entry 9. Even under these conditions a conversion was ob-

served and the product (3A) was formed in 46 % yield. This confirms that the reaction 

can be achieved thermally, alas, with lower yield.14 More intricate investigations to elu-

cidate the promiscuity towards different activation sources are reported down below. 

2.2. Variation of the Catalytic System  

 

Following the general optimization route, our interest shifted towards the effect of the 

reactants in the catalytic system. We wondered, if we could achieve even shorter re-

action times or better yields with different ligands, copper precursors or peroxides. The 

initial experiments showed a lowered conversion at room temperature. So, we set out 

to test different light sources and heat to investigate its effect on the reaction. Firstly, 

we focused on finding the optimal ligand for the reaction. The Terpyridine scaffold al-
ready showed very good activity in the reaction. However, it is rather expensive and 

their modification is not straightforward. Additionally, investigations of the expected, in-
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situ generated copper(I)-terpyridine complex (as seen in Figure 3 A) proved to be dif-
ficult due to insolubility of the formed product. Crystallization attempts were also futile. 

Various authors reported about the nature of analogous copper-terpyridine complexes 

“polymeric”.167, 168 Accordingly, a possible variation of this multimetallic complexe is 

shown in Figure 3 B. Noticeably, one terpyridine moiety is able to coordinate two cop-

per-center. 

 

 

Figure 3: A: Copper(I)-Terpyridine-Complex and suggested structures. B: Possible polymeric copper complex. 

 

Moreover, Copper(I) is reported to mostly prefer tetrahedral or linear coordination ge-

ometries,169 while the terpyridine moiety generally enforces a square-planar or octahe-
dral coordination with all three nitrogen atoms in the same plane.170, 171 This miss-

match of coordination geometries leads to a variety of struggles in the determination 

of an exact molecular structure. Further investigations on the molecular structure of 

the complex can be found in Chapter 4.1. First experiments were focused on different 

nitrogen-based ligands ranging from structurally easy pyridines to more complex pincer 

ligands, showing a great dependency on the ligand scaffold. These results are depicted 

in Figure 4.  
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Figure 4: Results of the Screening of various Nitrogen -based ligands. Yields are determined via GC. Depicted in 
parenthesis are yields with two equivalents of ligand to copper. 370 nm were used for Ligand L8. 

 

In general, mono- and bidentate ligands such as pyridines and bipyridines were detri-

mental for the formation of the desired reaction product 3A. However, these ligands 

excelled at the formation of the Glaser-product 3B. Increasing the amount of ligand to 

two equivalents (compared to copper) was not fruitful. In contrast to that, the use of tri-

dentate ligands was more successful. The benchmark ligand (L7) performed excep-

tionally, and led to overall quantitative conversion. In comparison to L0 the solubility is 
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however remarkably low in the solvent of our choice. Other Pincer ligands, that have 
been reported to form complexes with copper were tested as well,125, 172-176 giving only 

yields of 39-47 % of 3A. Ionic ligands 11 and 12 inhibited the reaction nearly com-

pletely.  

In general, the following conclusions can be derived from the tested array of ligands:  

▪ Mono- and bidentate Nitrogen-based ligands do not promote the desired reac-

tion and instead allow the Glaser coupling.  

▪ Tridentate Nitrogen-based ligands have a positive influence on the reaction out-

come.  
▪ Terpyridines achieve the highest yields in all test reactions.  

Based on these results, further tests were designed to evaluate the dependency of the 

reaction on the terpyridine. Firstly, it was assumed that the reaction required a copper 

center coordinated by three nitrogen atoms. Hence, the terpyridine was replaced by a 

mixture of a bipyridine and pyridine, as depicted in Scheme 32.  

 

  

Scheme 32: Replacement of the Terpyridine ligand with Bipyridine and Pyridine. 

 

Surprisingly, the reaction did not yield any product 3A but instead promoted the for-

mation of the Glaser Product 3B . This suggests the necessity on a more rigid ligand 

structure such as the terpyridine. Furthermore, the aromatic system of the terpyridine 

ligand could have an influence on the reactivity. Jones et al. report the possible in-

volvement of the terpyridine ligand in nickel-catalyzed alkyl-alkyl-cross-coupling reac-

tion.177 They describe the terpyridine as a non-innocent and redox-active ligand and 

crucial for the reaction. Similar to the results reported here, other nitrogen-based 
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ligands did not result in any improved reactivity. This was later confirmed by Ciszewski 
et al., stating the ligand sphere plays a much more important role in the reaction than 

metal center does.178 Unfortunately, these results still did not give an answer to the 

nature of the coordination of the ligand to the copper. It was therefore decided to modify 

the terpyridine ligand and exchange one pyridine ring with a benzene ring, resulting in 

6-phenyl-2,2’-bipyridine. This ligand could potentially coordinate via its two nitrogen 

atoms and also provide a delocalized π-System. The result of it is depicted in Scheme 

33. 

 

 

Scheme 33: Test reaction of the ligand 6-Phenyl-2,2'-bipyridine (L13). 

 

Similar to the previous reaction, no conversion to the desired product 3A was ob-

served, as no reaction took place. Both experiments imply that the terpyridine moiety 

is necessary for the reaction to succeed. A more detailed investigation of the catalyst 
properties and characteristics can be found in Chapter 4.1. 

Lastly, efforts were undertaken to replace the Ligands with commonly available Phos-

phines and Phosphine oxides or -sulfides as can be seen in Figure 5. The trend con-

tinued in these experiments and no conversion of the educts to the desired product 3A 

was achieved. However, no tridentate phosphorous-based ligands were screened. 
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Figure 5: Screening of various Phosphorous-based ligands. Yields are determined via GC. For L14 and L15 four 
equivalents of Ligand compared to Copper were used. 

 

The investigations of different copper precursors was of special interest, as multiple 

sources state a promiscuity of copper to catalyze reactions in +1 as well as +2 oxidation 

state.179-181 In order to elucidate whether this is also applicable to our reaction, a variety 

of copper salts have been screened. The results of these experiments are summarized 

in Table 3. Both Cu(I) and Cu(II) complexes promote the reaction. However, with Cu(II) 
the reaction is rather sluggish and the yields drop significantly. The best yield was 

achieved with Cu2(OH)2CO3 with 19 %, followed by Cu(OTf)2 and CuCl2. No reaction 

was observed with Cu(acac)2 or copper(II) phtalocyanine. Surprisingly, CuO lead to 

the formation of a small amount of product which has not been observed when Cu2O 

is used. Interestingly, there is only a marginal difference between the various anions 

for Cu(II). In contrast to that, the anion seems to play an important role for the Cu(I) 

precursors.  
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Table 3: Screening of various Copper sources. 

 

Entry Copper Precursor 
Yield of prod-

uct 3Aa  

1 CuCl 34 % 

2 CuBr 55 % 

3 CuI 70 % 

4 Cu(I)-acetate 29 % 

5 Cu2O 0 % 

6 [Cu(MeCN)4]BF4 84 % 

7 Cu2(OH)2CO3 19 % 

8 CuCl2 14 % 

9 CuO 7 % 

10b Cu(II)(acac) 0 % 

11 Cu(OTf)2 15 % 

12 Cu(II)(phtalocyanine) 0 % 

13c Cu(II)(phtalocyanine) 0 % 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol Copper Precursor , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h, 30 °C  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b The reaction was irradiated with 370 nm. 
c No ligand was used. 
 

As it can be seen in Entries 1 to 3, the Cu(I) halides perform better as they move down 

the periodic group. The yield of the product 3A increases from 34 % with the chloride 

salt to 70 % with the iodide salt. This could be reasoned with stronger coulomb inter-

actions of smaller halogen ions. As the ionic radius is increasing with the heavier hal-

ogens, the charge of the ion is more diffuse. Hence the interaction of the anion with 

the Cu(I) cation is less prominent. This could be an indication of possible ionic 
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interactions during the reaction, in which a strongly coordinating anion would act com-
petitively with a substrate or intermediate. The same effect has been observed in the 

case of CuOAc and [Cu(MeCN)4]BF4. The tetrafluoroborate anion is known for its 

weakly coordinating properties.182 On the contrary, the acetate is rather strongly coor-

dinating and therefore shows lowered reactivity. In general, the reaction shows better 

performance with copper(I) salts. The anion plays an important role in the catalysis. 

Stronger coordinating anions inhibit the reaction while weakly coordinating ions pro-

mote it. 

As shown in the initial experiments (vide supra), the peroxide is crucial for the trans-
formation to take place. In both reports of Mejía et al. organic peroxides had to be used 

to promote the reaction.14, 15 However, it was unclear, if the reaction is promoted via a 

radical pathways or other unknown mechanisms. A broad variety of radical starters 

was tested to assess on this. The results of this screenings are shown in Table 4. 

Surprisingly, no reaction was observed in Entry 1 to 4 with common available radical 

starters, such as 2,2-dimethoxy-2-phenylacetophenone (DMAP), which are used for 

photoactivated radical polymerization.183 Also triethylborane (B(Et)3), which promotes 

radical reactions after activation with oxygen,184 did not enable the reaction. However, 
as seen in Entry 5 to 9 peroxides could promote the reaction leading to formation of 

the product 3A with varying efficiency. The lowest yield was achieved with aqueous 

hydrogen peroxide. Unfortunately, the easier to handle and store hydrogen perox-

ide/urea adduct did not show any reactivity. In comparison, the hydroperoxides as well 

as dialkyl peroxides reacted all with considerable yields (56-99 %).  
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Table 4: Screening Results of different Radical Starters.  

 

Entry Radical Starter 
Yield of prod-

uct 3Aa  

1 DMPA 0 % 

2b B(Et)3 0 % 

3 K2S2O8 0 % 

4c Oxygen 0 % 

5 Di-tert-butyl peroxide 56 % 

6 Cumyl hydroperoxided 59 % 

7 Dicumyl peroxide 74 % 

8 Dibenzoyl peroxide >99 % 

9 H2O2 
e 24 % 

10 H2O2 / Urea 0 % 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol radical starter, 0.05 mmol 
[Cu(MeCN)4]PF6 , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h, 30 °C.  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b Air was added to the reaction via a syringe after all reagents were added.  
c Oxygen was bubbled through via a needle for 15 min.  
d 80 % in Cumene 
e 35 % in water 
 

To evaluate the reactivity these peroxides, the Bond Dissociation Energy (BDE) of the 

O-O bond was considered. The BDE is the energy required for the homolytic cleavage 

(Table 5). Interestingly, there is no apparent correlation between the O-O BDE and the 

yield of the desired product in this case. Hydrogen peroxide, which has the highest 
BDE and is the most reactive shows the lowest yield. Furthermore, the most effective 

peroxides TBHP and DBP show no exceptional BDE compared to the rest of the array. 

This suggests a more complex interaction between the peroxide and the catalyst. The 

homolytic cleavage of the O-O bond might not be a necessary step in the reaction 
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mechanism, or is not rate-determining. A deeper investigation of this will be subject of 
Chapter 4.2. 

 

Table 5: O-O Bond Dissociation Energies of Peroxides used in these experiments. 

Entry Peroxide 
Yield of prod-

uct 3A BDE [kcal mol-1] 

1 Dibenzoyl peroxide >99 % 41.1185 

2 Dicumyl peroxide 74 % 34.3186 

3 Cumyl hydroperoxide 59 % 45.01185 

4 Di-tert-butyl peroxide 56 % 38.9187 

5 H2O2 24 % 51.1187 

6 tert-Butyl hydroperoxide >99 % 44.1187 

 

Previous reports on this reaction mostly use acetonitrile as a solvent, as it showed the 
best overall performance. However, acetonitrile is known to be able to coordinate to 

the copper center. A series of solvents ranging from polar to non-polar were tested to 

assess the influence of a coordinating solvent on the reaction. The results are dis-

played in Table 6 from estimated most polar solvent to most non-polar solvent, based 

on the dielectric constant of the solvent.  
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Table 6: Results of the Solvent Screening sorted from most polar to most non-polar Solvent. 

 

Entry Solvent 
Yield of prod-

uct 3Aa  εr (25 °C)188-190 

1 Water 0 % 78 

2 Dimethyl sulfoxide 89 % 47 

3 Dimethyl formamide 88 % 37 

4 Acetonitrile >99 % 36.6 

5 Methanol >99 % 33 

6 N-methyl-2-pyrrolidone 79 % 32.2 

7 2-Propanol 40 % 20.3 

8 Dichloromethane 43 % 8.9 

9 Tetrahydrofuran traces 7.6 

10 Chlorobenzene 0 % 5.6 

11 Toluene 0 % 2.4 

12 Tetrachloromethane traces  2.24 

13 Heptane 0 % 1.88 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6, 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml Solvent, 390 nm, 24 h, 30 °C.  
All solvent were degassed via Freeze-Pump-Thaw-method beforehand.  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
 

Non-polar solvents seem to generally inhibit the reaction. In contrast, polar solvents 

are generally good accepted and yields between 40% and 99 % are achieved. The 

most efficient solvent besides acetonitrile was methanol, leading to quantitative for-
mation of the product 3A. The higher alcohol 2-propanol, on the other hand, seems to 

be detrimental for the reaction. Furthermore, solvents like dimethyl sulfoxide (DMSO), 

dimethyl formamide (DMF) and N-methyl-2-pyrrolidone (NMP) are well accepted by 

the reaction and lead to high yields of the product 3A. Interestingly, all these solvents 
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are known for their ability to coordinate to transition metals.191-193 This suggests that 
the reaction benefits from the solvent acting as an auxiliary coordinating moiety. Di-

chloromethane, a non-coordinating solvent of lower polarity, showed reduced activity 

of the transformation. Besides, water showed no activity whatsoever and completely 

inhibited the reaction. We found that dissolution of the ligand and the complex in the 

same solvent poses the biggest issue. For instance, if the ligand is only soluble in 

minute amounts (like in water) the complex is not formed. To conclude, the reactivity 

depends highly on the polarity of the solvent and its ability to coordinate copper. Non-

polar and non-coordinating solvents completely shut down all reactivity.  

The results reported in Chapter 2.1 suggest already a promiscuity of the reaction to-

wards different sources of activation (i.e. heat or light) similarly to the reports of Mejía 

et al.14, 15 Hence, we had great interest in finding out the exact nature of this activation.  

Thus, different monochromatic light sources and temperatures were screened. The 

results can be found in Table 7. Entry 1 to Entry 4 focused on testing different light 

sources without changing the setup. Furthermore, the intensity of these sources is tun-

able. Interestingly, the reaction behaves similarly to the standard condition for all other 

wavelengths set to 100 % (between 43 and 52 W). High yields are achieved in all 
cases. In contrast to that, at the lowest setting of 25 % Intensity (between 10.75 and 

13 W) the yield drops considerably. At 390 nm a decreased yield of 39 % was ob-

served. At 370 nm this decrease in yield was smaller (96%) and for 440 nm there was 

no discernable difference to the standard conditions. This could hint towards a light 

active species that has an absorption maximum in this region. Further investigations 

on this are done in Chapter 4.1. Replacing the monochromatic light sources with a 

simple LED strip also shows a relatively effective conversion. However, the LED strip 

heats up considerably during the reaction. Activation of the reaction with heat was suc-
cessful as well, leading the desired product with 70 % at 40 °C and nearly quantitative 

at 80 °C. This proves that the reaction can be conducted with a similar setup under 

light irradiation, as well as under elevated temperature. 
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Table 7: Screening for the influence of various Activation sources and results.  

 

Entry Activation source 
Yield of prod-

uct 3Aa 

1b LED 390 nm at 13 W (30 °C) 39 % 

2b LED 440 nm at 45 W (30 °C) >99 % 

3b LED 440 nm at 11.25 W (30 °C) 96 % 

4b LED 370 nm at 43 W (30 °C) 96 % 

5b LED 370 nm at 10.75 W (30 °C) 76 % 

6c LED Strip (60 °C) 78 % 

7d no light, 40 °C 70 % 

8d no light, 80 °C 96 % 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6, 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h.  
a The Yield was determined via GC-MS and is the average of two separate experiments.  
b KESSIL Science PRL160 LEDs were used with the reported wavelength and intensity set to the corresponding option.  
c A standard commercially available blue LED strip was used. 
d The reaction was conducted in a 10 ml Pressure tube in an oil bath.  
 

 

2.3. Influence of Additives on the reaction 

 

The previous chapter showed the susceptibility of the reaction to changes in the con-

ditions. Still, we wondered if the addition of other reagents to the reaction would help 

to accelerate it or give some insights to better understand it.  

As reported by Mejía et al.14, 15 the reaction proceeds either under thermal conditions, 

as well as under light irradiation. Thus, different photosensitizers were tested as addi-
tives in this reaction and the results are displayed in Table 8. The reaction took place 
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in all cases with relatively good yields and high selectivity, although no improvement 
was observed. Importantly, the used excitation wavelength (390nm) was not the most 

suitable for most of the tested photosensitizers,194-197 except for Thioxanthone.198. 

Table 8: Screening results of various Photosensitizers as additives. 

 

Entry Photosensitizer 
Yield of prod-

uct 3Aa  

1 (Ir[dF(CF3)ppy]2(dtbbpy))PF6 85 % 

2 2,4,6-Triphenyl-pyrylium-tet-
raf luoroborate 65 % 

3 [Ru(bpz)3][PF6]2 84 % 

4b Cu(dmp)(xanthphos) 78 % 

5b Thioxanthone 76 % 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6, 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 0.01 mmol of Photosensitizer, 1 
ml MeCN, 390 nm, 24 h, 30 °C.  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b 0.1 mmol of Photosensitizer was used.  
 

The acetylenic proton is relatively acidic (pKA = 28.7),199 allowing deprotonation by 

strong bases to form reactive carbanions. This reactivity was exploited by Glaser, who 

converted phenylacetylenes to 1,4-diphenylbutadiyne using a base and copper cata-

lyst.98, 99 Later modified by Hay to allow an easier reaction setup,102 the protocol be-

came the standard for the homocoupling of acetylenes. Motivated by this, we set out 

to assess the effect of different bases on the reaction. The results are presented in 

Table 9 with the different bases sorted according to their pKB Value. Strong bases like 

KOH, TBD or KOtBu (Entry 1 to Entry 3) are detrimental for the reactivity. The reaction 
does not yield any product in these cases. However, analytics showed the presence of 

major amounts of Glaser Coupling product 3B. Similarly, the addition of potassium 

phosphate (Entry 4) lowers the yield to 57 %. In contrast to that, copper(II) phosphate 
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seems to have little to no influence on the reaction yield. Arguably, the addition of a 
stoichiometric amount of copper could increase the output of the reaction and therefore 

the influence of the base might be negligible.  

 

Table 9: Results of Screening various bases sorted by their pKB value. 

 

Entry Base 
Yield of prod-

uct 3Aa 
pKB Valueb 

1 Potassium tert-butoxide 0 % -18.2200, 201 

2c 1,5,7-Triazabicyclo[4.4.0]dec-5-en 0 % -12.2202 

3 KOH 0 % -1.74203 

4c K3PO4 57 % 1.68200 

5c Cu3(PO4)2 >99 % 1.68200 

6 Na2CO3 90 % 3.7203 

7 K2CO3 89 % 3.7203 

8c Cs2CO3 0 % 3.7203 

9 NaHCO3 95 % 7.6203 

10c NaOAc 45 % 9.2203 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6, 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 mmol of base, 1 ml MeCN, 390 
nm, 24 h, 30 °C.  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b The pKB Value was calculated from the reported pKA Value (pKB = 14 – pKA). 
c The reaction was irradiated with 370 nm. 
 

Interestingly, weaker bases such as carbonates and hydrogen carbonates seem to 

only have minimal influence on the reactivity as the yield of product 3A stays between 

89 % and 95 %. This trend is however not observed with cesium carbonate, which 

completely shuts down the reaction. This is puzzling, as there is no clear trend visible. 
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The solubility of these carbonates increases with higher homologues.204-206 However, 
this trend does not explain the drastic change in reactivity from potassium to cesium. 

As of now, an explanation to this remains elusive. Lastly, sodium acetate (Entry 10), 

the weakest base in these trials, shows a detrimental effect on the reaction by lowering 

the yield to around 45 %. In short, strong bases promote the Glaser Coupling of the 

acetylenes towards 3B, effectively shutting down the desired reactivity. Weaker bases 

have a negligible effect, although in most cases a slight reduction in reactivity is ob-

servable. Therefore, the addition of bases to the reaction is not beneficial.  

Questioning the underlying mechanism of this transformation, we considered using 
additives inspired by reports in literature. The resulting experiments and effects on the 

yield are displayed in Table 10.  

Table 10: Screening of different additives and the corresponding results. 

 

Entry Additive 
Yield of prod-

uct 3Aa 

1b 2,2,2-Trif luoroethanol 99 % 

2c Boronic Acid 68 % 

3c, d 1-N-Methylpyrole 34 % 

4c, d Aluminium chloride 0 % 

5c Iron(III) chloride 0 % 

6b n-Decane 97 % 

7c Sodium Chloride 56 % 
Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6, 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h, 30 °C  
a The Yield was determined via GC-MS and is the average of two separate Experiments.  
b 1 ml was added to the Standard reaction setup 
c 1 mmol was added to the Standard reaction setup 
d The reaction was irradiated at 370 nm. 
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Stahl et al. used 2,2,2-trifluoroethanol (TFE) as a solvent in nickel-catalyzed methyla-
tions of benzylic bonds using di-tert-butyl peroxide.207 They found, that the addition of 

TFE improved the formation of methyl radicals. Inspired by this, trials with this com-

pound as an additive in equal volumetric amounts were conducted. This however, 

showed no effect on the reaction, as the yield remained high. Additionally, they also 

reported that the addition of boronic acid is beneficial for their reaction in promoting the 

formation of methyl radicals. In our case, the addition of this reagent lead to lower 

yields. The addition 1-N-methylpyrrole to the reaction could help stabilize intermediates 

by coordinating to the metal center during the reaction208. This was not observed during 
our tests. There, the compound led to a general inhibition and increased formation of 

the Glaser coupling product 3B. We also suspected that the influence of Lewis’ Acids 

might be beneficial for the reactivity as activation of the peroxides by the former has 

been reported in literature.209, 210 The addition of aluminium chloride and iron(III) chlo-

ride (Entry 4 and Entry 5) completely inhibited the reaction. No product could be iden-

tified from these experiments. As the employed tert-butyl hydroperoxide is only availa-

ble as a solution in decane, we wanted to make sure that the alkane has no influence 

on the reaction. Entry 6 shows that there is only a slight effect on the yield, suggesting 
that decane is not involved in the reaction, as expected. Lastly, the results of precata-

lyst screening (vide supra) suggest an influence of the anion accompanying the copper 

complex on the overall yield. Therefore, we hypothesized that the addition of a strong 

anion such as chloride should have a noticeable effect on the yield. Indeed, this was 

confirmed with the experiment in Entry 7. The addition of 1 mmol of sodium chloride 

led to a decrease in yield to 56 %. 

 

2.4. Summary 

 

- The reported reaction protocol was optimized (Figure 6) by systematic changes 

on the reaction conditions, reagents, and additives. We achieved quantitative 

conversion of cyclohexene and phenylacetylene to cyclohex-2-en-1-

ylethynyl)benzene (3A) in 5 h at 35 °C using monochromatic light (390 nm). The 

protocol is reproducible.  
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Figure 6: Optimized Reaction conditions for the Copper-catalyzed Allylic Alkynylation. 

 

- The original stoichiometric ratios of reactants (20 eq. cyclohexene, 1 eq. phe-

nylacetylene, 2 eq. TBHP) are key to the success of the reaction. 

- The transformation can be conducted either under irradiation with blue light or 

by heating up to 80 °C with comparable yields.  

- The anion of the copper source is important for its reactivity. Strongly coordinat-

ing anions are detrimental while weakly binding anions are favorable for the 

coupling reaction.  

- Both copper(I) and copper(II) complexes are able to catalyze the reaction. How-
ever, copper(II) only shows low conversions.  

- The presence of the terpyridine ligand is necessary for the quantitative conver-

sion. In general, the reaction only accepts tridentate ligands. A specific interac-

tion of the terpyridine in the reaction is proposed. 

- Common radical starters do not promote the reaction. Only in the presence of 

peroxides the desired product is obtained. The reaction tolerates both bisalkyl- 

as well as hydroperoxides.  

- None of the tested additives showed to be beneficial for the reaction.  
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3. Application of the Improved Reaction Protocol to novel Sub-

strates 

 

With a modified and optimized reaction protocol, we envisioned to expand the scope 

of possible substrates beyond the structural motifs tested in previous reports.14, 15 

These mostly focused on the variation of substituents on the aromatic ring of the phe-
nylacetylene in order to assess electronic effects of the substrate on the reaction. How-

ever, the cyclohexene was barely modified. Expanding the substrate scope would al-

low to incorporate more intricate structural motifs which then could be used for further 

functionalization.  

Several compounds found in nature contain the cyclohexene structural motif. They are 

especially found in terpenes and terpenoids, a class of molecules derived from iso-

prene, or 2-methyl-1,3-butadiene,211 that can be found in various natural products. Be-

cause of their complex molecular structures, terpenes and terpenoids are especially 
interesting substrates. A late-stage functionalization of these molecules could therefore 

be very useful. In contrast to that, the use of more sophisticated acetylenes could lead 

to applications in organic conducting materials. These are only a few examples of pos-

sible uses for this methodology.  

 

3.1. Alkynylation of cyclic Alkenes 

 

A variety of different cyclic alkenes containing an allylic CH or CH2 group were tested 
as substrates in the reaction. These reactions were mostly conducted via thermal ac-

tivation at 80 °C in pressure vials, as this was operationally simpler than the photoac-

tivated methodology. Nevertheless, some of the substrates were tested using the mod-

ified photoactivation.  

In general, the reaction showed drastic differences in yields depending on the sub-

strate’s bulkiness and substituents. Elaborate substitutions on the ring were mostly 

detrimental to the reactivity, while general modifications of the carbon backbone were 
tolerated. The results are shown in Figure 7. 
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Figure 7: Screening results of new cyclic Alkenes and Cyclohexene derivatives.  

 

Surprisingly, the reaction showed striking sensitivity towards any oxygen functionality 

as seen in Entries A1 to A3. In all cases, the reaction was completely inhibited, and no 

reaction product could be observed. These results were also confirmed with the cyclo-

pentene derivative A9 and A10, as well as A14 to A18. In every case an oxygen-
containing functionality is present in the molecule and no traces of the desired product 

are observed. Similar observations were made during the screening (vide supra) using 

copper(I) acetyl acetonate as a precursor. Seemingly, coordination of the oxygen-con-

taining functions to the copper inhibits further reactivity. On the contrary, a complete 

inhibition was not observed when alcohols were used as solvents (vide supra). At this 

point, we assume a strong coordination of the oxygen to the copper-metal, deactivating 

the catalyst in the process. While the exact nature of this interaction was not investi-

gated further, other substrates mostly displayed extension of the carbon-frame of the 
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cyclohexene as seen in Entry A4 to A8. For these substrates mostly acceptable yields 
were achieved. The 1-methylcyclohex-1-ene (A4) led to the alkynylation product to 

achieve an overall yield of 66 %. Interestingly, two regioisomers were observed in each 

of the allylic positions yielding a mixture of ((2-methylcyclohex-2-en-1-yl)ethynyl)ben-

zene and ((3-methylcyclohex-2-en-1-yl)ethynyl)benzene in a ratio of 3:2. In contrast to 

that, 1-(tert-butyl)cyclohex-1-ene (A5) only produced one isomer with a total yield of 

55 %, suggesting a steric protection due to the tert-butyl group. Isolation of the reaction 

product from substrate A6 was not possible. However, a product with the desired mass 

was detected in GC-MS and HR-EI-MS as well. Entry A7 and A8 lead to the formation 
of a single regioisomer in 43 % and 51 % respectively. The reaction of dicyclopentadi-

ene (A11) led to a plethora of various products which could not be separated and char-

acterized. It can be assumed, that under the present conditions the substrate under-

goes a Retro Diels-Alder reaction to cyclopentadiene, which can react further. While a 

full structural characterization of such a product was not possible, the presence of one 

alkynylation product was shown with EI-MS. The reaction of A12 did not lead to the 

formation of any product. Similarly, to the Entries A16, A17 and A18 the allylic positions 

are obscured by a bridged carbon atom. This enforces a tetrahedral geometry on the 
carbon atom, making it impossible to assume a trigonal planar geometry as a carbo-

cation or carbon-centered radical. Most surprisingly, the reaction with cholesterol (A13) 

afforded the desired product although only in trace amounts (see Appendix). This indi-

cates that the alkynylation of more complex allylic substrates might be possible with 

further optimization. However, so far only modification of molecules with no heteroa-

tomic functional groups were feasible and afforded the desired product.  

Regarding the experiments under light irradiation, the substrates A4, A10 and A17 

were chosen for the trials. The reactions were irradiated at 390 nm at room tempera-
ture. The results are listed in Figure 8. 
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Figure 8: Results of the photoactivated conversion of new cyclic Alkenes. 

 

In general, the results of the thermal activation could be confirmed. Substrate A4 did 

yield the desired product while the substrates A10 and A17 did not react to any prod-

uct. Most interestingly, the substrate A4 showed a drastically increased yield from 66 % 

up to 95 % while the ratio between the different regioisomers remains the same. This 
indicates that the use of photocatalytic conditions provides a benefit to the yield. In 

contrast to that, it will not facilitate the transformation of demanding substrates, nor 

increase the selectivity.  

 

3.2. Substitution of the Alkyne  

 

The previous results showed that the reaction was very selective towards functionali-

zation of cyclic alkenes. Based on the results of Mejía et al. we investigated the func-
tionalization of different acetylenes as well.15 The reactions were conducted in a similar 

fashion to the previous experiments. 

To test the tolerance of the reaction towards new substrates, different acetylenes with 

various functional groups, heterocycles and carbon chains of various lengths were 

tested. The results of these screening reactions are presented in Figure 9. To our de-

light, every tested substrate yielded the desired products. However, it must be noted, 

that alkynes B3 to B5 as well as B8 to B10 could not be obtained as clean products. 

Purification via column chromatography did not yield pure products. Further efforts to 
purify these were either not successful or led to decomposition of the resulting prod-

ucts. Hence, no yield could be reported.  
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Figure 9: Screening results for various new alkynes (n.d.= the yield could not be determined due to persistent im-
purities). 

 

Nevertheless, it must be noted, that in all cases a reaction product was observed. In-

triguingly, in the case of alkynes the presence of oxygen-containing groups on the sub-

strate does not inhibit the reaction. To our delight, also heterocyclic alkynes and linear 

alkynes were accepted as substrate and yielded the desired products. However, due 

to the complications in the work-up no comparison between the substrates can be 

made.  

 

3.3. Screening of allylic and C-H-acidic Substrates 

 

Chapter 3.1 focused mostly on cyclic alkenes. However, other allylic substrates such 

as several acyclic olefins could be regarded as interesting substrates, as they are use-

ful synthetic building blocks. Furthermore, we hypothesized that C-H-acidic substrates 

could be activated in a similar fashion. Hence, we decided to employ compounds of 
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this type that have been reported in literature to undergo C-C coupling.59, 60, 212 The 
results of these tests are represented in Figure 10. 

 

 

Figure 10: Test reaction of new allylic and C-H-acidic substrates.  

 

Unfortunately, none of the tested substrates lead to any reaction. Interestingly, none 
of the allylic substrates (C4, C6 and C8) showed any conversion either. This could 

imply, that the reaction is very selective towards the transformation of cyclic alkenes. 

Alternatively, this observation could be linked to the presence of reactive functional 

groups. As seen above, the presence of oxygen-containing moieties inhibits the reac-

tion completely. Also, the absence of any reaction product for toluene (C2) and 

ethylbenzene (C5) is puzzling considering that their BDE is similar to that of cyclohex-

ene (84.5 kcal∙mol-1).213 This is another indication, that the reactivity of the cyclohex-

ene in the protocol is rather specific. Lastly, the results from Klussmann et al. inspired 
us to test other kinds of substrates (C1, C3, C8 and C9) in the reaction.59 Similarly to 

the other results, no transformation was observed and no product was formed. While 

this diminishes the applicability of the reaction to other substrates, it allows comparison 

to other reported mechanisms, like radical coupling, which in view of these results, 

seems highly unlikely.  
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3.4. Summary 

 

- The Reaction showed poor compatibility with cyclic alkenes containing oxygen-

ated functional groups. It can be suspected that the coordination of oxygen to 

the copper center inhibits the reactivity.  

- The modification of the carbon “frame” of these cyclic alkenes is accepted by 

the reaction. However, rigid, tertiary carbon centers do not allow the reaction 

giving indication towards either a homolytic or heterolytic cleavage of the C-H 

bond.  
- The Reaction is very selective towards the functionalization of the allylic position 

in cyclic Alkenes. Other commonly used substrates in such radical mediated 

reaction did not lead to any conversion. 
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4. Mechanistic Investigations 

 

The elucidation of reaction mechanism is of great interest for any reaction, as it can 
give valuable information to optimize said reaction or make reaction design easier. In 

the report of Mejía et al. a mechanistic proposal for the oxidative allylic alkynylation 

was published.15 It is presented in Scheme 34. 

 

 

Scheme 34: Mechanistic proposal for the copper-catalyzed allylic alkynylation presented by Mejía et al. 

 

They described a single electron transfer (SET) from the hydroperoxide to an excited 

copper(I) complex, forming a copper(II)-alkoxide and an alkoxy-radical in the process. 

The radical then undergoes a HAT to abstract the allylic proton of the cyclohexene 
forming a cyclohexenyl radical. This is followed by another SET on the copper to form 

a η2-copper(III)-alkenyl-complex. Simultaneously, another copper atom forms 
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phenylacetylide cuprate via an acid-base-reaction. Through a transmetallation, a cop-
per(III)-alkenyl-phenylacetylide complex is obtained, which forms the desired coupling 

product through reductive elimination and regaining the copper(I) catalyst.  

In this early mechanistic proposal, a few open questions remain. First, the role of the 

terpyridine ligand remains unclear. The screening of the various other ligands (vide 

supra) showed a high dependency of the reaction on the terpyridine scaffold. Even 

structurally identical motifs did not show comparable activity. In most of the reported 

complexes of terpyridine, it favors the planar (meridional) tridentate coordination ge-

ometry.170, 214 In contrast to that, copper(I) is usually known to prefer a tetrahedral, or 
in some cases, a linear coordination geometry.169 This discrepancy between the two 

different geometries preferred by ligand and metal might enable the metal center to 

facilitate the desired reaction. Furthermore, terpyridines are known for being “non-in-

nocent” ligands, being able to assist or facilitate redox reaction via electron transfer 

from the ligand.214 Moreover, the terpyridine moiety and its metal complexes are known 

for their photophysical properties.215 This all makes the terpyridine-copper-complex an 

essential part of the catalytic system.  

Secondly, the interaction of the peroxide and copper is not clear. Over the years, a 
myriad of proposals for the interaction of copper and tert-butyl hydroperoxide have 

been published.216-219 While a clear mechanism for the degradation of the peroxide has 

not been experimentally found, most authors report the cleavage of the hydroperoxide 

to an alkoxy radical and through subsequent reaction the formation of a peroxyl radical. 

However, the equilibria of these reactions seem extremely sensitive towards the reac-

tion conditions. 

Lastly, it is not clear, how the coupling step of both substrates proceed. So far, a bime-

tallic activation was proposed but as of now, this has not been proven. Moreover, other 
reaction intermediates have not been investigated and it remains unclear, how the cat-

alyst interacts with substrates. This includes the generation of different oxidation states 

of copper during the reaction and activation of both substrates.  

4.1. Structural Investigations of the Copper(I)-Complex 

 

Initially, we focused on the elucidation of the catalyst structure. As described before 

(vide supra) the copper(I) ion is not likely to engage in a planar, tridentate coordination 
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with the terpyridine ligand. Thus, in order to investigate the molecular structure, differ-
ent analytical methods were chosen. The NMR spectra of the free ligand L0, as well 

as in the presence of Cu(I) (4) can be seen in Figure 11. A comprehensive NMR anal-

ysis of the complex can be found in the Appendix. 

 

 

Figure 11: 1H (300 MHz, CD2Cl2) NMR spectrum comparison between the ligand with and without Copper(I) salt.  

 

Comparing both spectra, a change of the aromatic signal of the terpyridine is clearly 

visible. In general, a high-field-shift is visible, indicating a deshielding of the protons 

due to the distribution of the electron density towards the metal. This shift is around 

0.8 ppm, at most. Additionally, a loss of the signals’ multiplicity is visible. The signals 

at 8.75 ppm and 8.59 ppm shift to 8.08 ppm and 8.04 ppm respectively. Both change 

from two double-doublets to one singlet and one doublet as it can be seen in detail in 

Figure 12.  
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Figure 12: Detailed NMR spectra for the loss of multiplicity upon complexation of copper(I) with terpyridine. 

 

According to reports in literature, the non-coordinated terpyridine occurs in a trans, 
trans geometry in solution to avoid repulsion of the nitrogen lone pairs.214 With the 

introduction of a metal, the pyridine rings “turn” and slightly distort to afford the coordi-

nation of the metal.220 Assuming that a tridentate coordination to the metal is not fea-

sible, only two pyridine rings of the ligands should coordinate at a time. In solution, the 

system might be very dynamic, and the ligand will exchange the coordinating rings 

constantly, with the other two coordination sites occupied by acetonitrile. Such a dy-

namic system would result in the loss of multiplicity as it can be seen in the spectra. 

This equilibrium is illustrated in Scheme 35.  

 

 

Scheme 35: Illustration of the coordination and change of geometry. The anion was omitted for clarity.  

 

Due to dynamic nature of the coordination of the complex, we decided to investigate 

its behavior at lower temperatures. Lowering the temperature should slow down the 
exchange process, making it possible to distinguish between the different states if the 

exchange equilibrium occurs at lower rate than the NMR timescale. Hence, we 
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recorded spectra of the complex in deuterated acetonitrile between 297-237 K. The 
results are illustrated in Figure 13. 

 

Figure 13: Low-Temperature Dynamic 1H NMR (300 MHz, CD3CN) Experiments. 

 

In total, the temperature was lowered to around 237 K. Afterwards, the solvent started 

to solidify, making the measurement impossible. Interestingly, an immediate change is 

already visible at just 287 K. Both the signal at 8.00 ppm and 7.32 ppm shift slightly 

and show the recovery of multiplicity. This continues upon further lowering down the 
temperature to 237 K, at which the signals have shifted to 8.20 ppm and 7.40 ppm 

respectively. The spectra show a shift of all aromatic signals at lowered temperature, 

indicating a coordination of all three pyridine rings to the metal center. However, the 

loss of multiplicity implies a highly dynamic system, in which the coordination of the 

pyridine rings to the metal center is constantly changing. At lower temperature, the shift 

of the signals corresponding to the outer rings of the terpyridine suggest that these are 

subjected to the dynamic change. In contrast, the pyridine ring in the middle remains 

coordinated to the copper, as confirmed by the singlet at 8.10 ppm. Therefore, the 
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dynamic equilibrium is determined by the outer pyridine rings and their exchange of 
coordination with acetonitrile in solution. 

Experiments with other solvents or solvent mixtures proved to be ineffective, as the 

complex degraded in the absence of acetonitrile. Based on this, we hypothesized, that 

the “free” pyridine ring could eventually engage in the activation of the substrates, act-

ing as internal base towards cyclohexene and phenylacetylene. Therefore, we con-

ducted NMR experiments with equivalent amounts of substrate added to the complex. 

The addition of tert-butyl hydroperoxide is separately discussed in the next chapter. 

The resulting NMR spectra of the addition of substrates are found below in Figure 14.  

 

 

Figure 14: 1H NMR (300 MHz, CD3CN) spectrum for the addition of substrates to the copper-terpyridine complex. 
The complex is prepared from 0.1 mmol [Cu(MeCN)4]PF6 and 0.1 mmol terpyridine in 1 ml deuterated MeCN, 

Substrates are added as one equivalent to copper. 

 

Interestingly, there is only a minor change upon the addition of the substrates. In both 

cases a general broadening of the signals is observable, which can be attributed to 
disturbance of the coordination equilibrium by the added substrates. Furthermore, the 

signals of phenylacetylene overlap the signal at 7.4 ppm, so the effect is not visible 
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there. However, during this experiment a change of the solution is visible, as a yellow 
precipitate is formed in the NMR tube. This clearly indicates that there is no direct 

interaction of the ligand with both substrates, and similarly, no change of the electronic 

environment around the copper (such as the coordination of a substrate) is occurring.  

 

4.2. Interaction of the Copper(I)-Complex with the organic Peroxide 

 

At first, we investigated the possible changes in the NMR spectrum of the complex 

upon reaction with the organic peroxide. Immediately after addition of TBHP to an ac-
etonitrile solution of the Cu(I) complex, a drastic color change (from dark red to green) 

is visible. The resulting 1H-NMR spectra shows the disappearance of the correspond-

ing signals, and only the water impurity and the residual solvent peak remained visible. 

It is suspected, that the addition of the strongly oxidizing peroxide leads to the oxidation 

of the copper(I) to copper(II), which is paramagnetic, thus rendering the analysis by 

NMR unsuitable. To get more insight into the electronic situation of this new copper 

complex, we decided to investigate it via EPR spectroscopy. The resulting spectrum is 

shown in Figure 15. The strong EPR signal confirms the presence of unpaired elec-
trons, probably resulting from the oxidation of copper(I) to copper(II). The signal is ex-

tremely complex, so a computer simulation of the spectrum was not successful.  
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Figure 15: EPR Spectrum of the reaction product between the copper(I) -complex (0.05 mmol) and TBHP 
(1 mmol) in 1 ml MeCN under exclusion of atmospheric oxygen. Sample was transferred to a microcapillary tube 

(Hirschmann) to measure. 

 

The interaction of organic peroxides with copper complexes has been amply discussed 
in literature. In a seminal work, Kharasch et al. showed the oxidation of allylic sub-

strates with tert-Butyl perbenzoate and cuprous halides.221 In further reports, they im-

plied the homolytic cleavage of the peroxy-ester to yield two equivalents of the alkoxy-

radical, and showed the formation of peroxy-radicals and methyl-radicals from the de-

composition of the alkoxy-radical under varying conditions.207, 222, 223 This makes the 

characterization of the intermediate species very complex. As Sawyer et al. showed, 

the interaction of copper with peroxides leads to a complex mixture of products, influ-

enced by various factors such as ligand, solvent, and presence of oxygen.219 The char-
acterization of intermediary states and compounds is even more complicated, as the 

reaction between the peroxide and copper happens almost instantaneously.  

Thus, the resulting spectrum for our compound might contain signals for a diverse va-

riety of radical species. Based on the previously mentioned reports, it is plausible that 
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during the reaction of the copper complex with the peroxide, a mixture of alkoxy-, per-
oxy-, hydroxy- and methyl-radicals are forming, as reported by Klussmann et al.59 and 

illustrated in Scheme 36.  

 

 

Scheme 36: Possible pathway for the generation of radicals upon reaction of Copper with TBHP. 

 

In the first step, the hydroperoxide is homolytically cleaved to afford the copper(II) hy-

droxide complex and the alkoxy-radical. The copper(II) hydroxide complex can then 

react with another molecule of the hydroperoxide in a Haber-Weiss-type mecha-

nism,224 to afford the copper-peroxide complex and one equivalent of water. Simulta-

neously, the alkoxy-radical can undergo a Hydrogen Atom Transfer with unreacted 

hydroperoxide to afford the peroxy-radical.  

However, at this point it is not clear which of the possible intermediate is involved in 
the allylic alkynylation reaction. Additionally, reports in literature also suggest the pres-

ence of Copper(III) in these reactions, which increases the complexity of the reaction 

even further.225 In order to elucidate the nature of this complex, we decided to conduct 

radical trapping experiments. These experiments allow to make transient radicals vis-

ible on the EPR time scale by forming adducts with a substance like 5,5-dimethyl-1-

pyrrolin-N-oxid (DMPO). The resulting spectrum is shown in Figure 16. By comparing 

literature reports,226 we could confirm that the measured signals for our reaction agree 

with the presence of alkoxy and/or peroxy radicals in the mixture. Thus, it is most likely, 
that the degradation of the peroxide follows the same mechanisms as described 

above. At this point however, it is still not clear, if these radicals are promoting the 

coupling reactions or forming as a side product. Importantly, the formation of cyclohex-

2-en-1-ol (1B), cyclohex-2-en-1-one (1C) and 3-(tert-butylperoxy)cyclohex-1-ene (1A) 

was observed under our tested reaction conditions. Assuming the reaction proceeds 
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via a HAT from the cyclohexene to an intermediate radical, the formation of the al-
kylperoxy-species of the cyclohexene as a radical recombination product is plausible. 

This peroxide is then degrading to the alcohol and ketone via a homolytic cleavage of 

the O-O bond. In contrast to that, Klussmann et al. reported such peroxides to be the 

crucial intermediate in the functionalization of tetrahydroisoquinolines.59 Further inves-

tigations on this are conducted in the following chapter (vide infra). 

 

 

 

Figure 16: EPR spectrum for the DMPO Spin-Trapping Experiment and Spin Trapping Mechanism for Transient 
Radicals. 0.05 mmol of the complex in 1 ml MeCN were mixed with 1 mmol of TBHP and 10 μl of DMPO. The 

sample was then transferred to a microcapillary tube (Hirschmann) and measured. 

 

Based on these results we could see the formation of a new copper(II) complex. How-
ever, structural characterization was not possible due to the complexity of the system. 

Nevertheless, radical trapping experiments showed the presence of peroxy- and 

alkoxy-radicals inside a solution of the catalyst and peroxide. From this we wondered, 
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if we could see any interaction of the substrates with this green complex in the EPR 
spectrum. Thus, further EPR studies were conducted by performing the same experi-

ments as before but adding each of the reagents to the tube separately. The resulting 

spectra are presented in Figure 17. 

 

 

Figure 17: Comparison of the EPR signals of the copper(II) complex (0.05 mmol) alone (black) and upon addition 
of the substrates (red). Spectrum A for the addition of phenylacetylene (0.5 mmol), spectrum B for the addition of 
cyclohexene (0.5 mmol). Samples were taken and directly transferred to a microcapillary tube (Hirschmann) for 

measuring. 

 

Some changes were observable in the EPR spectra upon mixing. Primarily, the addi-

tion of Cyclohexene (Figure 17 B) introduced a visible change into the spectrum com-

pared to the spectrum of only the Copper(II) complex (Figure 15). In detail, a loss of 

the signal at 3500 G is visible. Similarly, the splitting of the signal of 3250 G to a bigger 

signal is observable, while the signal at 3400 G shows a higher complexity. As dis-
cussed before, simulations of these mixtures were not successful. However, literature 

suggests that a coordination of the olefin to the copper center is possible. This is es-

pecially reported for the copper catalyzed allylic amination.227, 228 Also copper(I) com-

plexes of cyclohexene are known in literature.229 As the change of the EPR spectra 

imply a change in the structure of the paramagnetic species, this could indicate a co-

ordination of the cyclohexene to the copper center. In contrast to that, the addition of 

phenylacetylene to the complex does not induce a change in the EPR spectrum (see 

Figure 17 A). Hence, the paramagnetic copper complex is more likely to form an adduct 
with cyclohexene than with phenylacetylene. This supports the hypothesis, that the 
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interaction of the copper complex with the cyclohexene is a crucial step in the catalytic 
cycle. The proposed intermediates are shown in Scheme 37. Itoh et al. showed the 

formation of a peroxo-complex with copper(II) and reported EPR spectra similar to 

ours.230 

 

 

Scheme 37: Proposed formation of the reactive Copper(II)-Peroxide intermediate and subsequent coordination of 
cyclohexene. 

 

Moreover, we investigated the changes on the EPR signal over time while irradiating 
the sample. The resulting spectra are presented in Figure 18. The measurement was 

conducted in a flat cell with a reactant ratio similar to the standard reaction setup. The 

cell was irradiated over the course of 30 min at 395 nm while a measurement was 

taken every minute.  

 

Figure 18: Time-resolved EPR of the irradiated (395 nm) Reaction . A: The light was turned on. B: The light was 
turned off. The reaction was conducted in a quartz flat-cell, flushed with argon by adding a sample from a solution 
of 0.1 mmol copper-complex, 0.1 mmolTBHP, 0.1 mmol cyclohexene and 0.1 mmol phenylacetylene in 1 ml of 

MeCN.  
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Afterwards, the light was switched off, and measurements were continued for 30 min. 
Interestingly, a quick change of the signal is visible during the irradiation, simulating 

our standard reaction conditions. The signal at 3400 G (Figure 18 A) shows an inver-

sion and consequent decrease in intensity, implying a drastic change of the composi-

tion of the radical species in the mixture. Our efforts to characterize the species so far 

were not successful. However, it can be assumed, that the coordination environment 

of the copper changes. This also confirms that the complex is reactive under irradia-

tion. When the light is switched off, no further change is observed in the signal, as it 

remains stable over the course of 30 min (Figure 18 B). In conclusion, the reaction of 
the hydroperoxide with copper(I) leads to its fast oxidation to produce an unknown 

copper(II) complex. It is assumed, that a copper(II)-peroxo or -alkoxy complex is form-

ing. This complex is then able to coordinate cyclohexene to form a new reaction inter-

mediate. When a mixture similar to the reaction conditions is irradiated at 395 nm, a 

change of the complex is observable, as attested by the change of the EPR spectrum. 

If the sample is then kept in the dark, no such change is observable, indicating a light -

dependent reaction of the complex. 

During the course of these experiments we were able to isolate a crystal which had 
suitable quality to be analyzed via X-Ray diffraction.* The resulting structure of the 

complex (CR1) is depicted in Figure 19. It consists of two atoms of copper(II), each 

coordinated to a terpyridine, and bridged by two peroxides. Interestingly, a difference 

in the bond lengths between one copper center and each peroxide is visible. One per-

oxide is bound to the copper center with a strong covalent interaction, while the other 

peroxide shows a weaker coordination through one non-bonding electron pair of the 

terminal oxygen. The sum formula of the compound CR1 confirms the presence of two 

anions and two equivalents of acetonitrile per copper center, thus both have Cu(II) 
character. Interestingly, such complexes are only scarcely found in literature. Similar 

structural motifs are reported for copper-containing metalloenzymes involved in the 

activation of dioxygen.231-234 Enzymes such as hemocyanin can reversibly bind dioxy-

gen in the catalytic pocket and reduce it to water. Depending on the particular class of 

enzyme, either one, two or multiple copper centers interact with the oxygen to activate 

 

* The compound was crystallized by Leo Gräber during partial fulfillment of his Master Thesis at the 
University of  Rostock; April to August 2022.  
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it. Interestingly, the reported distances between the copper centers in those metalloen-
zymes are in a similar range to the distances found in CR1.234  

 

 

Bond Distance in Å 

Cu2 – O1 2.253(2) 
Cu2 – O3 1.886(2) 
Cu1 – O1 1.886(2) 
Cu1 – O3 2.253(2) 
Cu1 – Cu2 3.1019(7) 

 

Figure 19: Single Crystal X-Ray Diffraction Crystal Structure of a Copper(II)-Peroxide complex CR1. Displace-
ment ellipsoids correspond to a probability level of 30 %. Anions, H-atoms and co-crystallized solvents were omit-

ted for clarity. 

 

Besides the investigation of natural enzymes, also synthetic “analogues” of enzymes 

have been studied for the activation of dioxygen. These biomimetic or bioinspired com-

plexes of copper give a deeper insight into the activation. Tolman et al. showed the 

activation of dioxygen with either monometallic or bimetallic copper complexes with the 

help of tridentate ligands.235-237 Especially the bimetallic copper-complex bears resem-

blance to the structure CR1. Also, reports about halide-bridged copper-complexes with 
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similar structures to CR1 can be found in literature.238 In a similar fashion to the above 
mentioned compounds, Tolman et al. reported a η2-peroxo bimetallic complexes with 

bond lengths comparable to those in complex CR1.239 However, in their case, the 

peroxo-complex formed as a reaction product between a copper-dioxygen-complex 

and a phenol derivate. Thus, the structure of CR1 is, to the best of our knowledge, the 

first reported peroxo-bridged, bimetallic copper(II) complex synthesized from copper(I) 

and a hydroperoxide. Currently, it is not clear, if this compound also forms in the cata-

lytic cycle, or is an off-cycle species. It is likely that under reaction conditions such 

bimetallic complex is not forming due to coordination of acetonitrile. 

Further trials to crystallize important intermediates were unsuccessful. However, in 

some cases the formation of blue-greenish crystals was observed, which could be 

identified as a homoleptic copper(II) terpyridine complex CR3. The crystal structure is 

shown in Figure 20. 

 

 

Figure 20: Single Crystal X-Ray Diffraction Crystal Structure Homoleptic complex of Copper(II) and 4-phenyl ter-
pyridine CR3. Displacement ellipsoids correspond to a probability level of 30 %. H-atoms and co-crystallized sol-

vents were omitted for clarity. 
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This complex is formed under reaction conditions if no substrate is present, or if the 
reaction is not activated. After the immediate oxidation of the copper(I) and possible 

intermediary formation of the bridged peroxo-complex, one copper center will be coor-

dinated by two terpyridine centers, effectively rendering it unreactive due to the ab-

sence of available coordination sites. Therefore, this complex (CR3) is most likely a 

deactivation product of the catalyst. 

Additionally, cyclovoltammetric (CV) measurements were conducted to investigate the 

redox properties of this complex.* The measurements are illustrated in Figure 21. The 

voltammogram of the copper complex 4 shows a sharp irreversible oxidation which can 
be assigned to the Cu(I)/Cu(II) redox couple with a voltage of -0.44 V. A second cycle 

reveals a less intense signal that is shifted to a lower voltage of -0.57 V which could 

result from passivation of the electrode or limitations in the diffusion. The inhibition of 

the reoxidation of copper(I)-terpyridine complexes to Cu(II) has also been discussed 

by Hetterscheid et al., caused by a lack in electron-donating capabilities.240  

 

 

* The measurements were made by Leo Gräber during partial fulfillment of his Master Thesis at the 
University of  Rostock; April to August 2022. 
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Figure 21: Voltammograms of two cycles between -1.3 V and 0.6 V measured with a scanning rate of 250 mV/s 
against Ag/AgNO3 and structural suggestions. A: Cu(I)-Complex 4. B: Cu(I)-Complex with equimolar Phenylacety-

lene 4A. 

 

Next, the redox behavior of the complex 4A was investigated. After equimolar addition 

of phenylacetylene to the complex 4, two oxidative cycles were conducted. A smaller 

oxidation peak with significantly smaller current density occurs at a slightly higher volt-

age of -0.36 V. This species could be associated with the copper-phenylacetylene 

complex 4A in solution. When a second oxidative cycle is run, a smaller oxidation peak 

appears at -0.57 V. Interestingly, a small reduction peak at -0.72 V can be seen, which 
we were not able to attribute to any species. Certainly, it is not the full reduction of the 

acetylide species due to the significant lowered intensity compared to the oxidation. 

During the measurement a bright yellow precipitate formed, that could be identified as 

copper-phenylacetylide. It is possible, that the formation of small quantities of this phe-

nylacetylides cause the reduction signal.  
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Furthermore, the redox properties of the proposed copper-peroxide complex 4B were 
investigated. For this, equal amounts of the catalyst 4 and TBHP were mixed in ace-

tonitrile (Scheme 38). 

 

 

 

Scheme 38: Generation of an intermediary copper-peroxide complex. 

 

The results are presented in Figure 22. A different shape of the signal is visible, indi-
cating the formation of another complex. Figure 22A and Figure 22B show the appli-

cation of a reductive current to the complex. They reveal an irreversible reduction be-

tween -0.4 V and -1.1 V. The signal at around -0.4 V can be attributed to the 

Cu(I)/Cu(II) redox couple. Smaller saddle points and the broad shoulder suggest the 

reduction of several other species in this voltage range. Likely, these occur after com-

plete decomposition of the copper-peroxide complex 4B. Due to the lability of the per-

oxide, the decomposition of it might initiate various follow-up reactions recorded here. 

The shoulder at -0.85 V could be related to the oxidation of superoxide into molecular 
oxygen.241 In reference to the previously mentioned EPR Spectra, the formation of 

such a species is likely, and can occur under the reaction conditions. However, the 

explicit assignment of this signal to a certain oxidation event is difficult due to the over-

lapping of various signals. Furthermore, oxidative currents were applied to the mixture 

of TBHP and copper-complex 4. Firstly, the current was applied between 0 and 1.0 V 

and the resulting spectra are represented in Figure 22C and Figure 22D. Interestingly, 

two clear irreversible oxidation peaks are visible, suggesting a two-step oxidation of 

the complex. This could be attributed to the oxidation of the copper to a very reactive 
copper(III). However, the presence of copper(III) in such systems is highly debated.242,  
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243. It is more likely that the terpyridine ligand undergoes oxidation to form a radical 
cation, as this has also been reported in literature.177, 244 Hence, the terpyridine might 

interact in the reaction as a so-called “non-innocent” ligand, as its redox properties may 

assist or facilitate the reaction. This hypothesis is also supported by the extraordinary 

sensitivity of the reaction towards the ligand. A redox-active ligand would also explain 

unusual oxidation states, which are not realizable by the metal center alone. Further, 

metal-terpyridine complexes are known for their capabilities to enable electron transfer 

processes.245 

 

 

Figure 22: Voltammograms of a Copper-Terpyridine Complex with TBHP in MeCN measured with a scanning rate 
of 100 mV/s against Ag/AgNO3 starting with the reductive current (A and B) and with oxidative current (C and D)  

 

Having a closer look at the oxidation steps, a relatively low voltage of 0.47 V and 0.67 V 

for each step is detected. Thus, the oxidation of the complex occurs relatively easy 
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and, in this case, does not require strong oxidizing agents. Interestingly, when the re-
duction is performed first a consequent oxidation of the complex is not possible and 

the oxidation peaks reported above do not appear. In contrast to this, when the oxida-

tion is performed first, the broad reduction shoulder is detected again. This indicates 

the decomposition of the complex 4B upon reduction as mentioned before. The perox-

ide will easily undergo reduction to form more stable species. Furthermore, this sug-

gests, that the oxidation peaks shown in Figure 22C and Figure 22D can be attributed 

to the whole complex and not only one component.  

 

4.3. Perturbation of Reaction Conditions and Radical Trapping Experiments 

 

While the spectroscopic investigations gave rise to a better understanding of the initial 

activation, the concomitant reaction pathway(s) and its mechanism remained unclear. 

In this section, we investigated the reaction product between the copper-complex and 

the peroxide as well as the influence of the perturbations to the standard reaction con-

ditions. Lastly, we aimed at clarifying the role of the phenylacetylene in the reaction.  

The investigation of radical species is not straightforward, as their lifetimes tend to be 
rather short. Due to their inherent reactivity, the trapping of such radicals by appropri-

ate scavengers is a feasible strategy to detect this short-lived species. Well-known 

examples for radical trapping agents are (2,2,6,6-tetramethylpiperidin-1-yl)oxyl 

(TEMPO), butylated hydroxytoluene (BHT), styrene and ascorbic acid. Thus, we de-

cided to add these compounds to our standard reaction conditions. The results are 

displayed in Table 11. 
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Table 11: Addition of Radical Trapping Reagents to Standard Reaction Conditions. * 

 

Entry Radical Trapping agent Yield of 3Aa Observation 

1 
 

54 % R1 

2 

 

1 % R1, R2, R3 

3 
 

94 % no side-products ob-
served 

4 

 

< 1 % R4 and R5 

Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6 , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 1 mmol of radical 
trapping agent, 390 nm, 24 h, 30 °C.  
a The Yield was determined via GC-MS. 
 

Interestingly, different results were obtained from the various trapping agents. The ad-

dition of TEMPO to the reaction lead to a noticeable decrease in the yield of the cou-

pling product 3A. Furthermore, the analysis of the reaction mixture showed the for-

mation of a TEMPO-methyl adduct (see Appendix). This indicates the formation of me-

thyl-radicals (R1) in solution. However, no other intermediates were observed. The 

 

* The reactions with BHT, Styrene and Ascorbic Acid were conducted by Leo Gräber during partial ful-
f illment of  his Master Thesis at the University of  Rostock; April to August 2022. 
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cleavage of a methyl-radical from an organic peroxide such as TBHP or DTBP is well 
known to literature.207 Hence, it is to no surprise, that such radicals can be trapped. 

The addition of BHT however, showed a broader scope of possibly transient radical 

species in solution. BHT is very well known as radical inhibitor and was used in many 

commercial products.246 Employed in the reaction, adducts of methyl (R1), and tert-

butyloxy radicals (R2) could be detected. Especially, the formation of alkoxy radicals 

supports the proposed degradation mechanism of the peroxide during the initial acti-

vation. Nevertheless, the presence of peroxyl radical was not detected. To our surprise, 

also the adduct of cyclohexene (R3) and BHT was detected. This implies the presence 
cyclohexene radicals during the reaction. We decided to investigate the effect of BHT 

on the reaction more closely, by conducting experiments in different concentrations 

and adding the radical trap at different reaction times. The results are depicted in Table 

12. 

 

Table 12: Addition of BHT to the standard reaction at different points and in different concentrations.  

Entry 
Equivalents of BHT to 

phenylacetylene 
Yield of 3Aa 

Time of Addi-
tion 

1 1 44 % af ter peroxide 

2 1 14 % before peroxide 

3 0.1 97 % af ter peroxide 

4 0.1 94 % before peroxide 

Standard Reaction Conditions: 10 mmol Cyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide solution (5-6 
M in decane), 0.05 mmol [Cu(MeCN)4]PF6 , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 24 h.  
a The Yield was determined via GC-MS. 
 

Comparing Entry 1 and 2, a significant change can be detected in the yield of the de-
sired product depending on the point in time the BHT was added to reaction. When 

BHT is added after addition of peroxide, still a yield of 44 % could be achieved. This 

implies that only one equivalent of the peroxide was quenched, while the other half is 

still able to facilitate the reaction. However, when the BHT is added before the peroxide 

the yield drops significantly, effectively hindering the reaction. Thus again, the results 
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indicate, that the crucial point of the reaction is the formation of a catalytic species 
between the copper and peroxide. If the amount of radical inhibitor is lowered to only 

0.1 equivalents compared to phenylacetylene, no such significant change is observed. 

This also shows that the reaction is relatively robust towards small amounts of the 

radical inhibitor. In regard to the employed styrene, no influence on the reaction and 

no additional radical coupling products were observed. The addition of ascorbic acid 

however, led to a strong inhibition of the reaction. Ascorbic acid is a natural antioxidant, 

occurring in many living beings to protect the organism from oxidation through free 

radicals.247 Interestingly, the analysis of the reaction mixture shows the formation of 
cyclohexene radical coupling products (see Appendix) such as the homocoupling of 

two cyclohexenes (R4) as well as a di-cyclohexene ether (R5). This shows the degra-

dation of the oxidant in solution by the ascorbic acid. Nevertheless, the formation of 

radical species is still possible and leads to different cyclohexene coupling products. 

The results of these experiments might also indicate that the formation of a radical is 

not crucial as mentioned also in previous chapters. Thus, the peroxide acts more as a 

sacrificial oxidant rather than a radical starter.  

As the system and the underlying mechanism have been, so far, too complex to ana-
lyze via conventional methods, we decided to simplify the substrates. One such sim-

plifications was motivated by the findings of Klussmann et al.59 They proposed the 

formation of a peroxy-ether on the substrate, that consequently undergoes a nucleo-

philic substitution to afford the desired products. While we observed similar peroxy-

ether of cyclohexene (vide supra), the isolation of such intermediates was extremely 

difficult and dangerous due to the inherent reactivity of peroxides. We therefore de-

cided to introduce a cyclohexene with a good leaving group like a bromide. The result 

when conducting the experiment with 3-bromocyclohexene is depicted in Table 13. No 
reaction is observed in absence of the peroxide, neither in the dark, nor under irradia-

tion. However, in presence of the peroxide under irradiation, trace amounts of various 

coupling products were observed: the desired product 3A, the glaser-product 3B and 

one coupling product with the bromide P1 still intact. From these results, insights of the 

mechanism can be obtained. First of all, the presence of the peroxide is absolutely 

necessary for the reaction to proceed. In absence of the TBHP, no reaction is ob-

served, even when the substrates contain a good leaving group. When the peroxide is 
added, no regioselectivity is observed. Hence, the reaction does not proceed via 
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nucleophilic substitution at the cyclohexene. It is therefore unlikely, that our reaction 
follows a similar pathway to the reaction reported by Klussmann et al. 

 

Table 13: Test Experiments for nucleophilic Substitutions * 

  

Entry Remarks Result 

1 no peroxide, hv 390 nm, r.T., 24 h no reaction 

2 no peroxide, dark, r.T., 24 h no reaction 

3 2 eq. TBHP, hv 390 nm, r.T., 24 h 
mixture of P1, 

3A and 3B 

Standard Reaction Conditions: 10 mmol 3-Bromocyclohexene, 0.5 mmol Phenylacetylene, 1 mmol tert-Butyl Hydroperoxide so-
lution (5-6 M in decane), 0.05 mmol [Cu(MeCN)4]PF6 , 0.05 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine, 1 ml MeCN, 390 nm, 
24 h. The Yield was determined via GC-MS. 
 

Lastly, we were interested in investigating the activation of the phenylacetylene. The 

most important side reaction is the homocoupling of the phenylacetylene, also called 

the Glaser coupling.98, 99 While the mechanism of this coupling is not clear yet,125 all 

accepted proposals suggest the formation of a copper-phenylacetylide intermediate. 

This yellow organometallic compound can easily be isolated in a reaction between 

copper(I) salts and phenylacetylene. As we have observed the formation of Glaser 

products in the reaction, as well as a yellow precipitate, we proposed the formation of 

such as phenylacetylide intermediate under our reaction conditions. To assess if this 
compound is an intermediate of the desired product, we decided to add it directly to 

the reaction mixture. First, the synthesized copper phenylacetylide 1D was used as a 

replacement of the phenylacetylene as can be seen in Scheme 39. 

 

* The f inal investigations of this subchapter were conducted by Leo Gräber during partial fulfillment of 
his Master Thesis at the University of  Rostock; April to August 2022. 
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Scheme 39: Standard reaction with Copper-Phenylacetylide as alkyne source. Yields are determined via GC. 

 

The synthesized acetylide 1D was used in the same quantities as the phenylacetylene, 

while other conditions were kept according to the standard reaction conditions. As a 

result, the major coupling product of the reaction is the homo-coupling of the acety-

lenes 3B. Only trace amounts of the desired product 3A have been observed. It is 
reasonable to assume, that the high concentration of acetylide suppresses the allylic 

alkynylation.  

A similar result to the previous reaction was observed by replacing the copper(I) pre-

cursor by the copper acetylide 1D (Scheme 40). Again, the major product formed is 

the homo-coupling. In contrast to the previous reaction, the alkynylation product was 

obtained in 10 %.  

 

  

Scheme 40: Standard Reaction with Copper-Phenylacetylide as catalyst precursor. Yields are determined via GC. 
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Similar to the reported Glaser mechanisms, a bimetallic pathway could be necessary 
to furnish the desired product.112, 248 Yet, this type of bimetallic mechanism could not 

be confirmed for this reaction. In regard to the formation of the acetylide, literature also 

reports the use of copper-acetylides as photocatalysts or photoinitiators.249-251. So far, 

there has been little to no evidence for the formation of an intermediate complex incor-

porating this moiety. Therefore, future investigations should be focused on these inter-

mediates. 

 

4.4. Kinetic Investigations  

 

For the kinetic profiling of the photocatalyzed allylic alkynylation we followed both, the 

consumption of phenylacetylene, and formation of our desired product. The recorded 

concentration profiles for the reactions under irradiation at 370 nm, and 440 nm are 

shown in Figure 23.  

 

 

Figure 23: Kinetic Measurements and Graphical Representation for the Reaction under Standard Conditions irra-
diated at 370 nm (A) and 440 nm (B) at 25 °C. 
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Interestingly, two different profiles for the different wavelengths can be observed. In 
both cases, an induction period is visible, and seems to be dependent on the wave-

length, as the reaction at 370 nm starts showing changes at around 60 min, while the 

reaction at 440 nm starts at around 200 min. The reaction at 440 nm proceeds slower 

and only reaches about 50 % conversion after 8 h, while reaction at 370 nm reaches 

nearly full conversion at around 5 h. After 24 h, both reactions show a quantitative 

conversion. This demonstrates the dependency of the reaction time on the wave-

length of the light. The catalytic system likely has a higher absorption at the lower 

wavelength of 370 nm (see Appendix). Furthermore, the presence of this induction 
period is interesting considering the mechanism, indicating either the reaction of the 

pre-catalyst to a catalytically active species or the formation of an intermediate. This 

suggests that the reaction is not photocatalyzed but photoinitiated. The complexity of 

these kinetics was confirmed, as common models could not be fitted to the data. 

 

4.5. Proposed Reaction Mechanism 

 

In the previous chapter, different aspects of the underlying mechanism of the light -
induced copper-catalyzed allylic alkynylation were discussed. The reaction system 

proved to be very complex and showed a high variety of possible reaction intermedi-

ates. Analysis of the reaction proved to be very extensive as the reaction was either 

very difficult to analyze, or the rapid formation of various reactive species precluded 

the use of traditional analytical methods. In total, we were able to define some initial 

steps of the reaction, and show that this system has a novel reactivity not yet reported 

in literature. Considering every result from the past three chapters, we were able to 

propose a new mechanistic scheme which is presented in Scheme 41.  

In our experiments, the ligand proved to be irreplaceable to the reaction, allowing a 

very dynamic interaction in solution with the copper center, exposing a vacant coordi-

nation side for the incoming substrate, and leaving an uncoordinated pyridine ring 

hanging in the proximity of the metal. Upon reaction of the Cu(I) precatalyst I with 

TBHP, the dark red solution turns into a bright green. While the interaction and reac-

tions of copper salts with peroxides are widely discussed in literature, there is no con-

sensus of the exact pathways the reaction takes. Ultimately, the reaction proceeds 
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nearly instantaneous upon addition of the peroxide and renders its spectroscopic anal-
ysis difficult. We propose an initial acid-base interaction of the free pyridine ring at the 

ligand with the hydroperoxide. Then, the resulting peroxyl-anion coordinates to the 

copper, where it quickly oxidizes it upon homolytic cleavage of the oxygen-oxygen 

bond (II). Consequently, a tert-butoxide radical is expelled from the complex and cop-

per-hydroxide-complex III is formed. Eventually, this complex is able to form the di-

meric copper-peroxide complex IV mentioned previously. The monomeric complex 

also forms under incorporation of another molecule of TBHP and subsequent elimina-

tion of water. Based on our findings from EPR measurements and radical trapping, the 
formation of complex V is also possible. Henceforth, the peroxyl-complex is coordi-

nated by a cyclohexene in a η2-manner. Such formation of a complex was assumed 

due to the change in the EPR signal previously. In the following step, complex VI then 

activates the allylic proton of the cyclohexene assisted by either heating or irradiation 

of the reaction. 

 

 

Scheme 41: New mechanistic proposal for the copper-catalyzed allylic alkynylation. 
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Under elimination of tert-butanol an organo-copper(III) complex (VII) shall be formed. 
Nevertheless, the existence of such species in copper-catalyzed carbon-carbon cou-

pling is highly discussed.242, 243 Certainly, the activation of the phenylacetylene in a 

similar fashion to the Glaser-Hay coupling seems unlikely, as the previous experiments 

showed no direct coupling from the phenylacetylide to the desired product. This indi-

cates another mode of activation for the acetylenic proton. It is reasonable to assume, 

that the ligand and its capability to act as internal base might allow this activation. 

Ultimately, the exact nature of this intermediary species in our reaction is unknown. 

Alternatively, the cyclohexene complex VII can react with the acetylene via an acid-
base-reaction with the hydroxide ligand, forming the copper(III) phenylacetylide IX. The 

reaction is then concluded via a reductive elimination to yield the coupling product and 

regenerating the copper(I) complex I, closing the catalytic cycle.  

The cycle can be interrupted by side reactions between the active copper complexes 

and the cyclohexene as depicted in Scheme 42. The alkoxide radicals X can interact 

with unreacted TBHP to form peroxy radicals XI. Simultaneously, alkoxide radicals X 

can also abstract the allylic proton on the cylcohexene. Ultimately, the radicals will be 

terminated in radical quenching reactions to yield the cyclohexene peroxyether XIII and 
the homocoupling of the cyclohexene XIV. Interestingly, the coupled alkoxide XV is not 

observed, indicating that the alkoxy radical is consumed faster than the cyclohexene 

radical is formed.  
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Scheme 42: Formation of cyclohexene-byproducts as off-cycle products. 

 

The peroxyether species XIII however, decomposes under the reaction conditions to 
yield the observed cyclohexene alcohol and ketone. This pathway therefore presents 

no productive reaction to yield the desired product. 

 

4.6. Summary 

 

- The mechanistic hypothesis published by Mejía and co-workers was disproven 

and a new mechanism was proposed, including dedicated spectroscopic and 

experimental work.  
- It was shown that the copper(I)-terpyridine complex I is a highly dynamic sys-

tems, shifting its geometry at room temperature. This dynamic relationship of 

the ligand and metal center might have drastic influence on the reactivity, even 

facilitating the reaction.  

- The interaction between the peroxide and the copper center is extremely di-

verse and yields a great range of products. The reactions occur almost imme-

diately upon addition of peroxide to the metal.  
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- EPR analysis, Spin-trapping and radical quenching experiments show the for-
mation of alkoxide and peroxide radicals in solution. Further analysis suggests 

the formation of a peroxide complex.  

- We could isolate a novel copper(II)-peroxide complex (CR1), which has not 

been reported before. The complex shows a symmetric coordination of two per-

oxides to two copper centers. 

- Cyclovoltammetric measurements suggests that rather than the formation of a 

copper(III) complex, a redox activity of the ligand is possible. However, such 

oxidized ligand could not be isolated yet.  
- Kinetic measurements and dynamic EPR measurements show a dependency 

of the reaction time on the light source. Presumably, the catalytically active spe-

cies shows a higher absorption in the range of 370 to 390 nm. 

 

5. Conclusion and Outlook 

 

The copper-catalyzed allylic alkynylation provides a novel pathway to functionalize rel-

atively unreactive substrates. However, intricate research of the underlying mechanism 

proved to be difficult due to the complexity of the system. In this work, we were able to 

present a novel reaction mechanism based on various spectroscopic findings and sys-
tematic changes of the reaction conditions.  

Chapter 2 showed the sensitivity of the reaction towards the conditions. The terpyridine 

ligand was found to be crucial for the reaction’s success, as well as the use of an 

organic peroxide. Furthermore, the findings of the chapter implied that the mechanism 

did not proceed via free radicals as previously proposed. Further, as a conclusion of 

Chapter 2 a new reaction protocol was presented which allowed an easier handling of 

the reaction as well as drastically shortened reaction times from 24 h to 5 h. We could 

level out the strict exclusion from oxygen to just using degassed solvent. Most inter-
estingly, it was found that the reaction requires an excess of cyclohexene to proceed 

in the desired fashion.  

Chapter 3 confirmed the extraordinary selectivity of the reaction again, ruling out allylic  

substrates, that are acyclic or possess any oxygenated groups. On the other hand, the 

reaction showed great acceptability of various phenylacetylenes. Therefore, the 
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interaction of the complex with the cyclohexene must be very specific and probably 
presents a key-step in the whole reaction.  

Chapter 4 confirmed the complexity of the system. An important find in this chapter 

was the dynamic coordination of the copper by the terpyridine ligand. This coordination  

mode and the applicability of the ligand as a non-innocent participant in the reaction 

justifies the key role of the compound in the reaction system. We furthermore could 

prove the existence of copper-peroxides and copper-alkoxides during the course of the 

reaction, allowing a non-radical pathway. As a result, a new mechanistic proposal was 

made. 

This new proposal allows a deeper insight in the reaction and potentially helps in further 

optimizing the conditions. Still, the biggest challenge of the reaction remains the use 

of hazardous peroxides as well as the excess of cyclohexene. Potentially, the new-

gained knowledge can be used to replace the organic peroxide with benign oxidants 

or even dioxygen. Furthermore, reaction engineering and the use of flow-chemistry will 

help to mitigate the effects of side-reactions.252, 253 

Lastly, the use of prochiral substrates such as cyclohexene makes the reaction inter-

esting for the enantioselective formation of products. Approaches towards this could 
make use of novel ligand systems, that would incorporate the necessary reactivity as 

well as the possibility for the formation of an asymmetric product. Another approach 

would be the use of artificial metalloenzymes.254, 255 This rather novel technology would 

incorporate the complex into a protein scaffold and optimally use synergistic effects 

between the scaffold and metal center to afford an enantioselective transformation. 

Currently, the investigations of these systems are ongoing in our lab.  
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A. Appendix 

A.1. Experimental Part 

A.1.1. Materials 

 
If not mentioned otherwise, reactions were performed using standard Schlenk Tech-

niques. Tetrakisacetonitrile Copper(I) Hexafluorophosphate (97 %, Sigma Aldrich), 

4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine (95 %, Sigma Aldrich), tert-Butyl Hydroperox-

ide solution 5-6 M in decane (Sigma Aldrich), Ethynylbenzene (>98 %, TCI), Cyclohex-

ene (inhibitor-free, ReagentPlus®, 99 %, Sigma Aldrich), Naphtalene (99 %, Sigma 

Aldrich), Pyridine (99.7 %, VWR), 2,2′-Bipyridine (>99 %, TCI), 4,4′-Di-tert.-butyl-2,2′-
dipyridyl (>98 % Sigma Aldrich), 1,10-Phenanthroline (≥98 %, Sigma Aldrich), 2,9-Di-

methyl-1,10-phenanthroline (≥98 %, Sigma Aldrich), 4′(4-Methylphenyl)-2,2′:6′,2′-ter-

pyridin (98 %, Alfa Aesar), N,N,N′,N′-Tetramethylethylendiamin (99 %, Sigma Aldrich), 

Potassium hydrotris(3,5-dimethylpyrazol-1-yl)borate (97 %, TCI), Triphenylphosphine 

(99 %, Acros Organics), Copper(I) chloride (98+ %, Sigma Aldrich), Copper(I) bromide 

(98 %, Sigma Aldrich), Copper(I) iodide (98 %, Alfa Aesar), Copper(I) acetate (97 %, 

Sigma Aldrich), Copper(I) oxide (≥99 %, Sigma Aldrich), Tetrakisacetonitrile Copper(I) 

tetrafluoroborate (>98 %, TCI), Copper Carbonate Hydroxide (>98 % Sigma Aldrich), 
Copper(II) trifluoromethanesulfonate (>98 %, TCI), Copper(II) phtalocyanine (90 % 

dye content, Sigma Aldrich), Copper(II) chloride (98 %, Thermo Scientific), Copper(II) 

oxide (99 %, Sigma Aldrich), Copper(II) acetylacetonate (99.9 % Sigma Aldrich), Cop-

per(II) acetate (98 %, Sigma Aldrich), 2-(tert-Butylperoxy)-2-methylpropane (98 %, 

Sigma Aldrich), Cumene hydroperoxide (technical grade 80 %, Sigma Aldrich), Di-

cumyl peroxide (98 %, Sigma Aldrich), Benzoyl peroxide (75 %, remainder water, 

Sigma Aldrich), Hydrogen peroxide urea (99 %, Sigma Aldrich), Hydrogen peroxide 

(35 %, aqueous solution, abcr), 2,2-Dimethoxy-2-phenylacetophenone (98 %, TCI),  , 
Potassium pyrosulfate (99 %, Fluka), Triethyl borane (11 % solution in THF, TCI), Ac-

etonitrile (≥99 %, Honeywell), Methanol (≥99.9 %, Fisher Scientific), Dimethyl sulfoxide 

(≥99.7 % extra dry, Acros), Dichloromethane (≥99 %, Acros), Tetrachloromethane 

(99.8 %, Acros), Dimethyl formamide (99.8 % extra dry, Acros), Toluene (99.99 %, 

Acros), Heptane (99.9 %, Fisher Scientific), Chlorobenzene (98 %, Fluka), 2-propanol 

(99 %, Acros), N-Methyl-2-pyrrolidone (99.5 %, Acros), Tetrahydrofuran (99.5 %, 

Acros), [4,4′-Bis(1,1-dimethylethyl)-2,2′-bipyridine-N1,N1′]bis[3,5-difluoro-2-[5-(trif luo-

romethyl)-2-pyridinyl-N]phenyl-C]Iridium(III) hexafluorophosphate (Sigma Aldrich), 
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2,4,6-Triphenylpyrylium tetrafluoroborate (98 %, Sigma Aldrich), Tris(2,2′-bipyrazine-
N1,N1′)ruthenium(II) hexafluorophosphate (95 %, Sigma Aldrich), 4,5-Bis(diphe-

nylphosphino)-9,9-dimethylxanthene (98 %, TCI), Thioxanthone (97 %, Sigma Al-

drich), Sodium Carbonate (99.5 %, Sigma Aldrich), Sodium Hydrogencarbonate 

(ch.rein, SCS) Potassium Carbonate (99 %, Fluka), Potassium Hydroxide (98.41 %, 

Fluka), Potassium Phosphate (95 %, Riedel-de Haën), 1,5,7-Triazabicyclo[4.4.0]dec-

5-ene (98 %, Sigma Aldrich), Copper(II) Phosphate (97 %, Sigma Aldrich), Potassium 

tert-Butoxide (≥98 %, Sigma Aldrich), Sodium Acetate (≥98.5 %, TCI), Caesium Car-

bonate (99 %, Sigma Aldrich), 2,2,2-Trifluoroethanol (Merck), Decane (>99 %, Sigma 
Aldrich), Aluminium Chloride (>98 %, Merck), Iron(III) Chloride (>98 %, Merck), 1-Me-

thylimidazole (99 %, abcr) were purchased and used as received. For the synthesis of 

the ligands, (6-Bromopyridin-2-yl)methanol (95 %, abcr), Methanesulfonyl chloride 

(98 %, Alfa Aesar), Pyrazole (>98 %, TCI), Sodium Hydride (90 %, Sigma Aldrich), 2-

(Chloromethyl)pyridine Hydrochloride (>97 %, TCI), 2-Picolylamine (>98 %, TCI), Cy-

anuric chloride (99 %, Sigma Aldrich), 2-Aminopyridine (>99 %, TCI), Acetylacetone 

(>99 %, Sigma Aldrich), 2,6-Diisopropylaniline (>90 %, Alfa Aesar), n-Butyllithium so-

lution (2.5 M in hexane, Sigma Aldrich), 1-[2-Oxo-2-(2-pyridinyl)ethyl]pyridinium iodide 
(>97 %, TCI), 3-(Dimethylamino)propiophenone hydrochloride (>98 %, TCI) were pur-

chased and used as received. 

2-Cyclohexen-1-one (≥95 %, Sigma Aldrich), 1-Cyclohexene-1-carboxylic acid (97 %, 

Sigma Aldrich), 2-Cyclohexen-1-ol (95 %, Sigma Aldrich), 1-Methyl-1-cyclohexene 

(97 %, Sigma Aldrich), 1-tert-Butyl-1-cyclohexene (technical 80 %. Sigma Aldrich), 3-

Carene (≥90 %, Sigma Aldrich),1-Methylcyclopentene (98 %, Sigma Aldrich), (S)-(−)-

Limonene (>95 %, TCI), 2-Cyclopenten-1-one (98 %, Sigma Aldrich), 3-Methyl-2-cy-

clopenten-1-one (97 %, Sigma Aldrich), Dicyclopentadiene (contains BHT as stabilizer, 
Sigma Aldrich), 2-Norbornene (>99 %, TCI), Cholesterol (≥99 %, Sigma Aldrich), 2-

Ethynyl-1,4-dimethylbenzene (97 %, Sigma Aldrich), 3-Ethynylphenol (>98 %, TCI), 3-

Ethynylaniline (≥98 %, Sigma Aldrich), 4-Ethynylaniline (97 %, Sigma Aldrich), 2-

Ethynylbenzaldehyde (>95 %, TCI), 1-Pentyne (>98 %, TCI), 1-Decyne (>95 %, TCI), 

3-Ethynylthiophene (96 %, Sigma Aldrich), 2-Ethynylpyridine (98 %, Sigma Aldrich), 3-

Ethynylpyridine (98 %, Sigma Aldrich), (−)-Terpinen-4-ol (≥95 %, Sigma Aldrich), (1R)-

(−)-Myrtenol (95 %, Sigma Aldrich), (R)-(−)-Carvone (98 %, Sigma Aldrich), (1S)-(−)-
Verbenone (94 %, Sigma Aldrich), (S)-cis-Verbenol (95 %, Sigma Aldrich), 2,4-Pen-

tanedione (≥99 %, Sigma Aldrich), Ethynylbenzene (>98 %, TCI), Dimethyl malonate 
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(98 %, Sigma Aldrich), Allylamine (98 %, Sigma Aldrich), Allyl Acetate (>97 %, TCI), 
N,N-Dimethylallylamine (>98 %, TCI), N-Methylpyrrole (99 %, Sigma Aldrich), Nitro-

methane (≥95 %, Sigma Aldrich), 2,2,6,6-Tetramethylpiperidine 1-oxyl (98 %, Sigma 

Aldrich), 3,5-Di-tert-4-butylhydroxytoluene (99 %, Sigma Aldrich), Styrene (>99 %, 

Sigma Aldrich), Ascorbic acid (99 %, Sigma Aldrich), 3-Bromocyclohexene (90 % tech-

nical grade, Sigma Aldrich) were purchased and used without any further purification.  

 

Solvents for moisture or oxygen sensitive compounds and reactions were obtained 

commercially via Sigma-Aldrich or Acros Organics as dry solvents over mol sieves and 
under inert gas. Dry and degassed Acetonitrile was obtained from the solvent-purifica-

tion-system MB-SPS-5 from MBraun and was prior to use degassed again via freeze-

pump-thaw-methods. The solvent was stored in Schlenk tubes under Argon.  

 

If not mentioned otherwise, the photoactivated reactions are conducted in a dedicated 

photoreactor (45 cm wide, 45 cm deep, 45 cm high) made from PVC with a UV-light 

filter. Into the reactor a ventilator is incorporated to regulate the temperature. Reactions 

are irradiated with two KESSIL Science PRL 390 nm LED light sources. The lights are 
placed about 20 cm apart with a light way of about 5 cm to the reaction vessel. For the 

screening of conditions, six reactions were performed simultaneously by placing them 

in two rows with three vials facing one light each. The setup is displayed in Figure 24. 
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Figure 24: Standard reaction setup incorporating a magnetic stirring plate, two Kessil Science PRL 160 390 nm 
lights and a fan to regulate temperature. Six reactions can be performed simultaneously. The whole setup is c on-

tained in a protected box. 

 
A.1.2. Characterization methods 

A.1.2.1. Nuclear Magnetic Resonance Spectroscopy (NMR) 

 

NMR spectra of the samples were measured on Bruker 300 MHz (AV300 or Fourier 

300: 1H = 300 MHz, 13C = 75 MHz) or on Bruker 400 MHz (AV400: 1H = 400 MHz, 13C 

= 101 MHz, 19F = 282 MHz, 31P = 122 MHz) spectrometers. Spectra shifts are reported 

as δ-values in ppm relative to the deuterated solvent shift(s). Following solvents were 

used for referencing NMR spectra:  

d1-chloroform (1H = 7.26 ppm, 13C = 77 ppm), d8-toluene (1H = 2.08, 6.97, 7.01, 

7.09 ppm, 13C = 137.48, 128.87, 127.96, 125.13, 20.43 ppm), d3-acetonitrile (1H = 

1.94 ppm, 13C = 1.32, 118.26 ppm), d2-dichloromethan (1H = 5.32 ppm, 13C = 
53.84 ppm), d6-dimethylsulfoxide (1H = 2.49 ppm, 13C = 7.0 ppm). 
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The abbreviations used to describe the multiplicity of the spectra peaks are: s (singlet), 
d (doublet), t (triplet), q (quadruplet), dd (doublet of doublets), dt (doublet of triplets), 

ddd (doublet of doublets of doublets) and m (multiplet), etc. Coupling constant J is 

reported in Hertz (Hz). 

 

A.1.2.2. Infrared Spectroscopy (IR) 

 

ATR infrared spectra of the samples were measured on Bruker Alpha-P spectrometer. 

All samples were measured neat. Liquid samples were measured in a film, while solid 
samples were pressed directly on to the IR-detector window. Adsorption bands are 

given in wave numbers (cm-1) and were measured in the range from 400 to 4000 cm-1 

 

A.1.2.3. Mass Spectrometry: Electron spray ionization (ESI), Electron 

Ionisation (EI) 

 

Samples for mass spectrometry were dissolved in tetrahydrofuran (THF), acetonitrile 

or dichloromethane depending on the solubility of the sample. Mass spectra were 
measured on an Agilent 6890/5973 (GC-MS), Agilent 7890/5977 (GC-MS), Agilent 

1260/6130 Quadrupol (LC-MS), Agilent 1200/6210 Time-of-Flight (LC-MS). The ratio 

of mass to charge are indicated, intensities relative to the base peak (I = 100) are 

written in parentheses. High resolution mass spectra (HRMS) were recorded on 

Thermo Electron MAT 95-XP (EI) or Agilent 1200/6210 Time-of-Flight (ESI). Electron 

ionization (EI) spectra were performed at 70 eV using methane as the carrier gas, with 

time-of-flight (TOF) mass analyzer. Electrospray ionization (ESI) spectra were per-

formed using a time-of-flight (TOF) mass analyzer. 

 

A.1.2.4. Gas chromatography – Flame Ionization Detector (GC-FID) 

 

Gas chromatography was measured on a Hewlett Packard/Agilent GC HP6890 and 

Agilent GC 7890A equipped with flame ionization detectors. Samples are prepared by 

taking 50 μl of sample directly from the reaction and 50 μl of an internal standard stock-
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solution (0.235 mol∙l-1 naphthalene in toluene) and adding it to a GC-vial. The sample 
is then diluted to 1 ml with acetonitrile (HPLC grade).  

From this sample, 1 μl is injected into a preheated inlet (260 °C) and led onto the col-

umn (Agilent 19091J-413) with a split of 150:1. The oven is ramping up the temperature 

from 50 °C to 260 °C (8 °C∙min-1) and holding it for 5 min, then heating to 280 °C 

(8 °C∙min-1) and holding it for 5 min and lastly heating to 300 °C (8 °C∙min-1) and hold-

ing for 5 min for a total runtime of 46.25 min. The gas flow is run at a constant 1 ml∙min-

1. Substances are detected at 320 °C with a hydrogen flow of 40 ml∙ml-1 inside the FID.  

 

A.1.2.5. Electron Paramagnetic Resonance (EPR) Spectroscopy 

 

EPR measurements were conducted by adding a stock solution of the catalyst in Ace-

tonitrile (c = 0.05 mmol∙ml-1) under exclusion of oxygen to a microcapillary glass tube 

(Hirschmann) and measuring immediately. To this, two equivalents of the peroxide 

were added and the sample was measured again. Subsequently, one equivalent of 

phenylacetylene and 20 equivalents of cyclohexene were added to the tube and meas-

ured in between. Radical trapping experiments were conducted by repeating the above 
mentioned steps and adding 10 μl of DMPO (Biotechnik GERBU) to the sample before 

measuring.  

Time-resolved experiments were conducted in a flat-cell, that was flushed with argon 

prior to use. Equivalent amounts of reagents were added to the reactor, before it was 

irradiated at 395 nm.  

 

A.1.2.6. Single-Crystal X-Ray Diffraction (XRD) 

 

Crystallographic data were obtained on a Bruker KAPPA APEX II DUO diffractometer. 

The structure was solved by direct methods and refined by full-matrix least-squares 

procedures on F2. The SHELXTL256 software package XP (Bruker AXS) was used for 

graphical representation. Displacement of ellipsoids are drawn at the 30 % probability.  
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A.1.2.7. Cyclovoltametry (CV) 

 

All electrochemical investigations were performed at room temperature in 10 ml dried 

acetonitrile p.A. (VWR) under an argon atmosphere with 0.1 M tetrabutylammonium 

hexafluorophosphate as conducting salt using an Autolab (PGSTAT 204, METROHM). 

The solutions were purged with argon and an argon layer was maintained above the 

solutions during the electrochemical measurements. A glassy carbon disk electrode 

(d = 2 mm) was used as working electrode, a platinum electrode as the counter elec-

trode and an Ag/AgNO3 sat. in H2O system as the reference electrode (all electrodes: 
METROHM). The measurements were performed with 20 µmol compound dissolved 

in the electrolyte. Differential pulse voltammetry (DPV) was conducted using a scan 

rate of 10 mV s−1, step potential of 5 mV, modulation potential of 25 mV, modulation 

time of 0.05 s and interval time of 0.5 s in both oxidative and reductive direction. 

 

A.1.3. Synthetic Protocols 

 

All reactions involving moisture or air sensitive compounds were performed under ar-
gon atmosphere using standard Schlenk techniques. Argon was dried by passing it 

through a column with phosphorous pentoxide on silica (Siccapent). All glassware was 

oven-dried, evacuated and flushed with argon three times prior to usage. Syringes, 

needles and other tools were flushed with argon three times before use.  

 

A.1.3.1. Synthesis of (cyclohex-2-en-1-ylethynyl)benzene and charac-

terization of side products. 
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Scheme 43: Standard Reaction for the formation of (cyclohex-2-en-1-ylethynyl)benzene and its side product. 

 

To an 8 ml screw cap vial with a magnetic stirring bar, 18.6 mg (0.05 mmol) of 

Tetrakisacetonitrile Copper(I) Hexafluorophosphate and 20.1 mg (0.05 mmol) of 

4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine are added. The vial is then flushed with an 
Argon stream for 30 s before 1 ml of dry and degassed Acetonitrile is added via a 

syringe. The solution turns immediately to a dark brown/red. To this solution 181.9 μl 

(1 mmol) of the tert-Butyl hydroperoxide solution is added via a pipette. Following this, 

the solution turns green rapidly under sporadic evolution of a gas. Consequently, 

51.1 μl (0.5 mmol) of Phenylacetylene and 1 ml (10 mmol) of cyclohexene are added 

to the vial, while stirring the mixture. The gas phase is then once again flushed with 

Argon before being sealed with the cap and parafilm. The vials are then placed in a 

photoreactor box between two lights with a distance of 5 cm each. The reaction is irra-
diated for 24 h with two Kessil Science PR160L 390 nm LED at 100 % Intensity. After-

wards, the reaction is quenched with 30 ml of water and extracted three times with 

50 ml dichloromethane each. The crude product is then purified via Flash Column 

Chromatography using Pentane. After removing the solvent, (cyclohex-2-en-1-

ylethynyl)benzene is obtained as a colorless oil with 89.3 mg (98 %, 0.49 mmol). The 

analytics were according to literature.15 After exposition to oxygen, a second product 

is forming, which was characterized via 2d-NMR and identified as (cyclohex-3-en-1-

ylethynyl)benzene.  

1H NMR (400 MHz, CD2Cl2) δ = 7.54 – 7.46 (m, 2H), 7.40 – 7.32 (m, 3H), 5.91 – 5.79 

(m, 2H), 3.39 (tdd, J = 7.4, 3.0, 2.0 Hz, 1H), 2.18 – 2.03 (m, 3H), 1.99 – 1.84 (m, 2H), 

1.74 – 1.64 (m, 1H). 

13C NMR (101 MHz, CD2Cl2) δ = 132.94, 131.97, 128.98, 128.68, 128.49, 128.05, 

127.45, 124.46, 93.41, 80.69, 29.93, 28.54, 25.18, 21.18. 
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A.1.3.2. General Procedure for the Screening of Reaction conditions 

 

All Reaction performed while optimizing the standard Reaction protocol were con-

ducted according to this description. Deviations to this protocol are specially noted. To 

an 8 ml screw cap vial with a magnetic stirring bar, 18.6 mg (0.05 mmol) of Tetrakisac-

etonitrile Copper(I) Hexafluorophosphate and 20.1 mg (0.05 mmol) of 4,4′,4″-Tri-tert-

butyl-2,2′:6′,2″-terpyridine are added. The vial is then flushed with an Argon stream for 

30 s before 1 ml of dry and degassed Acetonitrile is added via a syringe. The solution 
turns immediately to a dark brown/red. To this solution 181.9 μl (1 mmol) of the tert-

Butyl hydroperoxide solution is added via a pipette. Following this, the solution turns 

green rapidly under sporadic evolution of a gas. Consequently, 51.1 μl (0.5 mmol) of 

Phenylacetylene and 1 ml (10 mmol) of cyclohexene are added to the vial, while stir-

ring the mixture. The gas phase is then once again flushed with Argon before being 

sealed with the cap and parafilm. The vials are then placed in a photoreactor box and 

the reaction is irradiated for 24 h with two Kessil Science PR160L 390 nm LED at 

100 % Intensity. The reaction is irradiated for 24 h with two Kessil Science PR160L 
390 nm LED at 100 % Intensity. After the reaction has finished, the lights are shut off 

and a sample is taken and analyzed via GC-FID and GC-MS with Naphtalene as an 

internal Standard. The yield is calculated based on the resulting peak area of the prod-

uct in reference to the peak area of phenylacetylene and 1,4-Diphenylbutadiyne. An 

exemplary calculation with calibration curves and chromatogram can be found in Chap-

ter A.1. 

 

A.1.3.3. Synthesis of (6-bromopyridin-2-yl)methyl methanesulfonate 

 

 

Scheme 44: Synthesis of (6-bromopyridin-2-yl)methyl methanesulfonate 
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The ligand was synthesized according to a reported protocol.172 An oven-dried 25 ml 

Schlenk flask equipped with a magnetic stirring bar is evacuated refilled with Argon 

three times. To this 5 ml of anhydrous Methylene Chloride are added under argon 

through a septum with a syringe. Following this, 5 mmol of (6-bromopyridin-2-yl)meth-

anol are added to the flask. The mixture is stirred under Argon and cooled down to 

0 °C. Consequently, 11 mmol of Triethyl amine and 13 mmol of Methanesulfonyl chlo-

ride is added via syringe under a constant Argon stream to the solution. The resulting 

yellow mixture is then gradually warmed to room temperature and stirred for additional 
15 min before being quenched with 5 ml of water. Subsequently, the reaction mixture 

is extracted two times with 20 ml of Diethylether. The combined organic phases are 

washed with a saturated solution of Ammonium chloride and dried with Sodium sulfate. 

The solvent is then removed under vacuo yielding (6-bromopyridin-2-yl)methyl me-

thanesulfonate 1.217 g (93 %). It is used without any further purification.  

 

A.1.3.4. Synthesis of 2-((1H-pyrazol-1-yl)methyl)-6-(1H-pyrazol-1-

yl)pyridine (L8) 

 

 

Scheme 45: Synthesis of 2-((1H-pyrazol-1-yl)methyl)-6-(1H-pyrazol-1-yl)pyridine (L8) 

 

An oven-dried 50 ml Schlenk flask equipped with a magnetic stirring bar is evacuated 

and refilled with Argon three times. To this 12.14 mmol of Sodium hydride is added in 

a glove box. The flask is then sealed and removed from the glovebox. Consequently, 

10 ml of bis(2-methoxyethyl) ether to the solid via a syringe through a septum under 

constant Argon stream. Following this, 10 mmol of pyrazole suspended in 10 ml of 

bis(2-methoxyethyl) ether is added dropwise to the mixture via a dropping funnel. This 

dispersion is then stirred at 70 °C for 90 min before a solution of 4.57 mmol of (6-
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bromopyridin-2-yl)methyl methanesulfonate is added slowly to the reaction. The mix-
ture is then heated at 130 °C for 24 h under Argon. After letting it cool to room temper-

ature, 30 ml of water is added to the solution and then extracted three times with Ethyl 

acetate (10 ml) and consequently dried over sodium sulfate. The crude product is then 

purified via Flash Column Chromatography using Ethyl Acetate and Heptane (1:1) as 

eluents. It is then dried under high vacuum for a day to remove traces of solvent. The 

product is a colorless oil and yielded with 658 mg (63 %, 2.9 mmol). Analytics were 

according to literature.172  

1H NMR (300 MHz, CDCl3) δ = 8.45 (dd, J = 2.6, 0.7 Hz, 1H), 7.78 (m, 1H), 7.68 – 
7.56 (m, 2H), 7.51 (m, 2H), 6.73 (m, 1H), 6.36 (dd, J = 2.6, 1.7 Hz, 1H), 6.25 (m, 1H), 

5.35 (s, 2H). 

13C NMR (75 MHz, CDCl3) δ = 155.27, 150.84, 141.98, 139.82, 139.80, 139.53, 

130.00, 126.89, 118.68, 111.04, 107.64, 106.09. 

MS (ESI-TOF): m/z calcd [M + H]+: 226.11; found: 226.1090, m/z calcd [M+Na]+: 

248.09; found: 248.0911.  

 

A.1.3.5. Synthesis of tris(pyridin-2-ylmethyl)amine (L9) 

 

 

Scheme 46: Synthesis of tris(pyridin-2-ylmethyl)amine (L9) 

 

The ligand was synthesized according to literature procedure.257 To a 100 ml round-

bottomed flask with a magnetic stirrer 20 ml of distilled water is added. To that 

46.24 mmol of 2-Picolylchloride is added. Subsequently, 23.12 mmol of 2-(aminome-

thyl)pyridine is added to the solution. Consequently, 10 ml of 10 M solution of Sodium 

hydroxide in distilled water is added dropwise slowly while stirring over the course of 

2 h. Then, the reaction is heated for 30 min at 70 °C and then cooled to room 
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temperature. The product is extracted with Chloroform (3x150 ml) and the combined 
organic phases are dried over Sodium sulfate. The crude product is purified via Flash 

Column Chromatography with Ethyl Acetate and heptane (1:1). A dark brown solid is 

obtained with 5.388 g (80 %, 18.56 mmol). Analytics were according to literature.257 

 

1H NMR (300 MHz, CD2Cl2) δ = 8.50 (ddd, J = 4.9, 1.8, 1.0 Hz, 3H), 7.72 – 7.56 (m, 

6H), 7.14 (ddd, J = 7.3, 4.9, 1.5 Hz, 3H), 3.84 (s, 6H). 

13C NMR (75 MHz, CD2Cl2) δ = 160.04, 149.39, 136.58, 123.15, 122.25, 60.53. 

MS (ESI-TOF): m/z calcd [M + H]+: 291.1609; found: 291.1608.  

 

A.1.3.6. Synthesis of N2,N4,N6-tri(pyridin-2-yl)-1,3,5-triazine-2,4,6-tri-

amine (L10) 

 

 

Scheme 47: Synthesis of N2,N4,N6-tri(pyridin-2-yl)-1,3,5-triazine-2,4,6-triamine (L10) 

 

The synthesis was taken from Literature.173 An oven-dried 50 ml Schlenk flask with a 

magnetic stirring bar is evacuated and refilled with Argon three times. To this 5 mmol 

of Cyanuric Chloride are added under an Argon stream. Consequently, 25 ml of N,N-

Diisopropylethylamine and 10 ml of dry Acetonitrile are added while cooling the mixture 

down to -5 °C. Following this, 15 mmol of 2-aminopyridine are added dropwise through 

a dropping funnel. Subsequently, the mixture is stirred 2 h and then heated to 70 °C 
for 12 h. After cooling to room temperature, the solvent is removed under vacuo and 

the bright yellow solid is washed with Ethanol, chloroform and diethylether. After drying 

it under high vacuum a yellow powder is obtained in 1.658 g (92 %, 4.64 mmol). Ana-

lytics were according to the literature.173 
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MS (EI-MS): m/z calcd [M]+: 357.14449; found: 357.14360. 

 

A.1.3.7. Synthesis (2E,4E)-N2,N4-bis(2,6-diisopropylphenyl)pentane-

2,4-diimine 

 

 

Scheme 48: Synthesis of (2E,4E)-N2,N4-bis(2,6-diisopropylphenyl)pentane-2,4-diimine 

 

The synthesis was conducted according to a procedure reported in literature.258 To a 

500 ml flask 44.45 mmol of 2,4-pentadione, 107.73 mmol of 2,6-diisopropylaniline and 

5 ml of Hydrochloric Acid (12 M) are added and stirred with a magnetic stirring bar. 

The reaction is heated for 3 days under reflux. After letting the mixture cool to room 

temperature, the solvent is removed under vacuo. The residue is then refluxed in 

300 ml of heptane for 1 h. Afterwards, the solid is filtered off and treated with 200 ml of 

aqueous Sodium carbonate and 300 ml of dichloromethane until the solid dissolves. 

The organic layer is then separated and dried with magnesium sulfate. Lastly, the su-
pernatant is filtered and the solvent is removed under vacuo. The remaining grey solid 

is washed with cold (0 °C) methanol and dried under vacuo. A grey solid with 16.348 g 

(87 %, 39.08 mmol). Analytics were according to reports in literature.258 

 

1H NMR (300 MHz, CD2Cl2) δ = 12.05 (s, 1H), 7.12 (s, 6H), 4.91 (s, 1H), 3.12 (h, J = 

6.9 Hz, 4H), 1.71 (s, 6H), 1.17 (dd, J = 28.6, 6.9 Hz, 24H). 

13C NMR (75 MHz, CD2Cl2) δ = 161.56, 142.94, 141.30, 125.47, 123.35, 93.75, 28.59, 

24.46, 23.31, 20.93. 

 

A.1.3.8. Synthesis of lithium (2E,4E)-2,4-bis((2,6-diiso-

propylphenyl)imino)pentan-3-ide (L12) 
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Scheme 49: Synthesis of lithium (2E,4E)-2,4-bis((2,6-diisopropylphenyl)imino)pentan -3-ide (L12) 

 

The procedure was adapted from literature.258 An oven-dried three-necked round-bot-

tomed flask with a magnetic stirring bar is evacuated and refilled with Argon three 

times. The flask is equipped with a thermometer and then 19.1 mmol of (2E,4E)-N2,N4-

bis(2,6-diisopropylphenyl)pentane-2,4-diimine are added to it under a steady stream 
of Argon. To this, 60 ml of dry tetrahydrofurane is added. The mixture is cooled to -

20 °C with a sodium chloride/ice bath. Then 8 ml of a 2.5 M n-butyl lithium solution in 

hexane is added dropwise slowly via a syringe through a septum. The mixture is then 

allowed to slowly heat to room temperature and it is stirred overnight. The following 

day, the solvent is removed under vacuo until a precipitate is forming. It is redissolved 

via heating and consequently cooled to -20 °C to obtain colorless crystals in 4.874 g 

(60 %, 11.48 mmol). Analytics were according to the reports in literature.258 

 

1H NMR (300 MHz, C6D6) δ = 7.26 – 7.09 (m, 6H), 5.06 (s, 1H), 3.47 (p, J = 6.9 Hz, 

4H), 1.96 (s, 6H), 1.34 (d, J = 6.9 Hz, 12H), 1.26 – 1.22 (d, J = 6.9 Hz, 12H). 

13C NMR (75 MHz, C6D6) δ = 163.55, 149.56, 140.90, 123.27, 67.92, 28.13, 24.93, 

24.45, 23.53, 23.17. 

MS (ESI-TOF): m/z calcd [M + H]+: 417.3265; found: 417.3271. 

 

A.1.3.9. Synthesis of 6-phenyl-2,2'-bipyridine (L13) 

 

 

Scheme 50: Synthesis of 6-phenyl-2,2'-bipyridine (L13) 
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The procedure was adapted from literature.259 To a 100 ml round-bottomed flask 
8 mmol of 1-[2-Oxo-2-(2-pyridyl)ethyl]-pyridinium Iodide and 80 mmol of ammonium 

acetate are added. Consequently, 20 ml of glacial acetic acid are added to the reaction. 

To this, 8 mmol of 3-(dimethylamino)propiophenone is added before the mixture is 

heated to reflux for 22 h. After letting the reaction cool to room temperature the solvent 

is removed under vacuo. The dark brown oil is then dissolved in 100 ml of distilled 

water and extracted with 100 ml of chloroform. The crude product is then purified via 

flash column chromatography with Ethylacetate and Heptane (1:1). After removing the 

solvent, white crystals are obtained in 1.254 g (68 %, 5.4 mmol). Analytics were ac-
cording to reports in literature.259 

 

1H NMR (300 MHz, CDCl3) δ = 8.70 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H), 8.65 (dt, J = 8.0, 

1.1 Hz, 1H), 8.39 (dd, J = 7.7, 1.0 Hz, 1H), 8.20 – 8.12 (m, 2H), 7.93 – 7.74 (m, 3H), 

7.56 – 7.41 (m, 3H), 7.32 (ddd, J = 7.5, 4.8, 1.2 Hz, 1H). 

13C NMR (75 MHz, CDCl3) δ = 156.54, 156.48, 155.84, 149.17, 139.46, 137.82, 

136.98, 129.14, 128.85, 127.06, 123.86, 121.43, 120.41, 119.42. 

MS (ESI-TOF): m/z calcd [M + H]+: 233.39; found: 233.1082. 

 

 

A.1.3.10. General Procedure for the testing of new allylic substrates 

 

The test reaction for new allylic substrates were conducted according to the following 

procedure if not mentioned otherwise. To a 10 ml pressure tube with an olive on the 

side a magnetic stirring bar is added. Then 18.6 mg (0.05 mmol) of Tetrakisacetonitrile 

Copper(I) Hexafluorophosphate and 20.1 mg (0.05 mmol) 4,4′,4″-Tri-tert-butyl-
2,2′:6′,2″-terpyridine are added to the tube. The setup is then evacuated and flushed 

with Argon three times. Consequently, 1 ml of dry and degassed Acetonitrile is added 

upon which the solution turns dark brown/red. Following this, 181.9 μl (1 mmol) of tert-

Butyl hydroperoxide is added via a pipette. Subsequently, 51.1 μl (0.5 mmol) of Phe-

nylacetylene and 10 mmol of the allylic substrate are added via a pipette. The reaction 

is then heated in an oil bath at 80 °C for 24 h while being stirred. Upon completion, the 
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reaction is cooled to room temperature and then quenched with 25 ml of distilled water. 
The suspension is then extracted three times with 50 ml of Dichloromethane each. The 

crude product is then purified via Flash Column Chromatography and analyzed via 

NMR and ESI-TOF MS. 

 

A.1.3.10.1. 1-methylcyclohex-1-ene (A4) 

 

 

Scheme 51: Synthesis of ((2-methylcyclohex-2-en-1-yl)ethynyl)benzene (A4-1) and ((2-methylcyclohex-2-en-1-
yl)ethynyl)benzene (A4-2). 

 

1-methylcyclohex-1-ene (10 mmol, 961.7 mg) and phenylacetylene (0.5 mmol, 

51.1 mg) afforded after separation with pentane a mixture of ((2-methylcyclohex-2-en-

1-yl)ethynyl)benzene (A4-1) and ((3-methylcyclohex-2-en-1-yl)ethynyl)benzene (A4-2) 

in ratio of 3:2 as a colorless oil. The mixture could not be separated. Total yield: 
64.9 mg (66 %, 0.33 mmol). 1H NMR (300 MHz, CDCl3) δ = 7.48 – 7.40 (m, 2H), 7.33 

– 7.25 (m, 3H), 5.48 (dq, J = 3.2, 1.6 Hz, 1H), 3.30 (dtt, J = 7.2, 3.3, 1.6 Hz, 1H), 2.14 

– 1.75 (m, 4H), 1.75 – 1.68 (m, 3H), 1.68 – 1.51 (m, 1H). 13C NMR (75 MHz, CDCl3) δ 

= 135.45, 131.72, 131.68, 128.27, 128.21, 127.57, 124.11, 121.21, 93.50, 80.16, 

29.76, 29.29, 28.40, 23.92, 21.19. EI-MS, m/z: 196 [M-CH3]+ (100 %), 181 [C14H13]+, 

167 [C13H11]+, 153 [C12H9]+, 128 [C10H8]+, 115 [C9H7]+, 91 [C7H7]+, 77 [C6H5]+. 
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A.1.3.10.2. 1-(tert-butyl)cyclohex-1-ene (A5) 

 

Scheme 52: Synthesis of ((3-(tert-butyl)cyclohex-2-en-1-yl)ethynyl)benzene (A5-1). 

 

1-(tert-butyl)cyclohex-1-ene (10 mmol, 1382.5 mg) and phenylacetylene (0.5 mmol, 

51.1 mg) afforded after separation with pentane ((3-(tert-butyl)cyclohex-2-en-1-

yl)ethynyl)benzene (A5-1) as a colorless oil. Yield: 66.2 mg (55 %, 0.277 mmol). 1H 

NMR (300 MHz, CDCl3) δ = 7.55 – 7.41 (m, 2H), 7.41 – 7.26 (m, 3H), 5.58 – 5.55 (m, 

1H), 3.43 – 3.33 (m, 1H), 2.18 – 1.85 (m, 5H), 1.85 – 1.71 (m, 1H), 1.70 – 1.55 (m, 

2H), 1.12 (s, 9H). 13C NMR (75 MHz, CDCl3) δ = 146.66, 131.77, 128.25, 127.57, 

117.89, 94.01, 80.05, 35.57, 29.55, 29.17, 29.14, 29.10, 28.81, 25.66, 24.63, 24.30, 

23.67, 22.73, 21.95. EI-MS, m/z: 238 [M-CH3]+, 223 [C17H19]+, 195 [C15H15]+, 181 

[C14H13]+ (100 %), 165 [C13H10]+, 152 [C12H8]+, 141 [C11H10]+, 128 [C10H8]+, 115 [C9H7]+, 

91 [C7H7]+, 77 [C6H5]+. 

 

A.1.3.10.3. (+)-3-Caren (A6) 

 

(+)-3-Caren (10 mmol, 1362.3 mg) and phenylacetylene (0.5 mmol, 51.1 mg) were re-

acted under standard conditions. After separation with pentane, a colorless oil was 

obtained. Characterization of the reaction product via NMR spectroscopy was not suc-

cessful. However, a product with the desired mass was found in the HR-EI-MS (for 

GC/MS see Appendix). HR-EI-MS, m/z calcd [M]+: 236.15659; found: 236.155595. 
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A.1.3.10.4. S-Limonene (A7) 

 

 

Scheme 53: Synthesis of ((2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)ethynyl)benzene (A7-1). 

 

S-Limonene (10 mmol, 1362.4 mg) and phenylacetylene (0.5 mmol, 51.1 mg) afforded 

after separation with pentane ((2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-

yl)ethynyl)benzene (A7-1) as a mixture of Enantiomers. Yield: 51.2 mg (43 %, 

0.22 mmol). 1H NMR (300 MHz, CDCl3) δ = 7.45 – 7.31 (m, 2H), 7.31 – 7.18 (m, 3H), 

5.56 – 5.32 (m, 1H), 4.87 – 4.80 (m, 1H), 4.78 – 4.64 (m, 1H), 3.20 – 3.12 (m, 1H), 

2.58 – 1.86 (m, 2H), 1.86 – 1.61 (m, 6H), 1.61 – 1.33 (m, 1H). 13C NMR (75 MHz, 

CDCl3) δ = 149.55, 131.77, 131.72, 128.32, 128.26, 128.21, 127.66, 127.59, 122.72, 
108.95, 87.54, 80.98, 47.81, 34.05, 33.44, 32.88, 22.43. EI-MS, m/z: 236 [M-CH3]+, 

221 [C17H18]+, 193 [C15H13]+, 178 [C14H10]+, 167 [C13H9]+ (100 %), 152 [C12H8]+, 141 

[C11H10]+, 115 [C9H7]+, 91 [C7H7]+. 

 

A.1.3.10.5. 1-methylcyclopent-1-ene (A8) 
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Scheme 54: Synthesis of ((3-methylcyclopent-2-en-1-yl)ethynyl)benzene (A8-1) 

 

1-methylcyclopent-1-ene (10 mmol, 821.4 mg) and phenylacetylene (0.5 mmol, 

51.1 mg) afforded after separation with pentane ((3-methylcyclopent-2-en-1-

yl)ethynyl)benzene (A8-1). Yield: 46.4 mg (51 %, 0.25 mmol). 1H NMR (300 MHz, 

CDCl3) δ = 7.40 – 7.33 (m, 2H), 7.26 – 7.20 (m, 3H), 5.32 (tt, J = 2.1, 1.6 Hz, 1H), 3.72 
– 3.62 (m, 1H), 2.45 – 2.17 (m, 3H), 2.09 – 1.94 (m, 1H), 1.74 (ddt, J = 2.1, 1.6, 1.1 

Hz, 3H). 13C NMR (75 MHz, CDCl3) δ = 142.23, 131.71, 128.26, 127.60, 124.95, 36.76, 

36.46, 32.56, 16.68. HR-EI-MS, m/z calcd [C14H14]+: 182.10857; found: 182.10900, m/z 

calcd [C14H13]+: 181.10127; found: 181.10118. 

 

A.1.3.10.6. Dicyclopentadiene (A11) 

 

Dicyclopentadiene (10 mmol, 1322 mg) and phenylacetylene (0.5 mmol, 51.1 mg) 
were reacted under standard conditions. After separation with pentane, a colorless oil 

was obtained. Characterization of the reaction product via NMR spectroscopy was not 

successful. However, a product with the desired mass was found in the GC-MS (EI) 

(see Appendix).  

 

A.1.3.10.7. Cholesterol (A13) 

 

Cholesterol (1 mmol, 386 mg) and phenylacetylene (0.05 mmol, 5.1 mg) were reacted 
with 0.1 mmol of tert-Butyl hydroperoxide (9 mg), 0.01 mmol Copper(I) 
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Hexafluorophosphate (1.9 mg) and 0.01 mmol 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyri-
dine (2.0 mg) in 1 ml of Acetonitrile according to the general procedure. The workup 

with pentane did not yield any product. However, traces of the product were observed 

in the EI-MS (see Appendix). 

 

A.1.3.11. General Procedure for Acetylenic Substrates 

 

The test reaction for new acetylenic substrates were conducted according to the fol-

lowing procedure if not mentioned otherwise. To a 10 ml pressure tube with an olive 
on the side a magnetic stirring bar is added. Then 18.6 mg (0.05 mmol) of Tetrakisac-

etonitrile Copper(I) Hexafluorophosphate and 20.1 mg (0.05 mmol) 4,4′,4″-Tri-tert-bu-

tyl-2,2′:6′,2″-terpyridine are added to the tube. The setup is then evacuated and flushed 

with Argon three times. Consequently, 1 ml of dry and degassed Acetonitrile is added 

upon which the solution turns dark brown/red. Following this, 181.9 μl (1 mmol) of tert-

Butyl hydroperoxide is added via a pipette. Subsequently, 0.5 mmol of Acetylenic Sub-

strate and 821.5 mg (10 mmol) of cyclohexene are added via a pipette. The reaction 

is then heated in an oil bath at 80 °C for 24 h while being stirred. Upon completion, the 
reaction is cooled to room temperature and then quenched with 25 ml of distilled water. 

The suspension is then extracted three times with 50 ml of Dichloromethane each. The 

crude product is then purified via Flash Column Chromatography and analyzed via 

NMR and ESI-TOF MS. 

 

A.1.3.11.1. 2-ethynyl-1,4-dimethylbenzene (B1) 

 

 

Scheme 55: Synthesis of 2-(cyclohex-2-en-1-ylethynyl)-1,4-dimethylbenzene (B1-1) 
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Cyclohexene (10 mmol, 821.5 mg) and 2-ethynyl-1,4-dimethylbenzene (0.5 mmol, 

65.1 mg) afforded after separation with pentane 2-(cyclohex-2-en-1-ylethynyl)-1,4-di-

methylbenzene (B1-1). Yield: 84.4 mg (80 %, 0.4 mmol). Analytics were according to 

literature.15 1H NMR (300 MHz, CDCl3) δ = 7.28 – 7.18 (m, 2H), 7.16 – 6.93 (m, 3H), 

5.83 – 5.71 (m, 1H), 3.43 – 3.29 (m, 1H), 2.43 – 2.35 (m, 3H), 2.34 – 2.21 (m, 3H), 

2.13 – 1.54 (m, 6H). 13C NMR (75 MHz, CDCl3) δ = 136.99, 134.91, 132.40, 132.36, 

129.43, 129.39, 129.28, 129.26, 128.53, 128.51, 127.99, 127.42, 123.49, 96.65, 79.51, 

78.52, 29.71, 28.29, 24.83, 20.84, 20.76, 20.31.  

 

A.1.3.11.2. 2-ethynylphenol (B2) 

 

 

Scheme 56: Synthesis of 2-(cyclohex-2-en-1-ylethynyl)phenol (B2-1) 

 

Cyclohexene (10 mmol, 821.5 mg) and 2-ethynylphenol (0.5 mmol, 59.1 mg) afforded 

after separation with ethyl acetate and pentane (1:2) 2-(cyclohex-2-en-1-ylethynyl)phe-

nol (B2-1). Yield: 53.5 mg (53 %, 0.26 mmol). Analytics were according to literature.1 5  
1H NMR (300 MHz, CDCl3) δ = 7.20 – 7.08 (m, 1H), 6.99 – 6.93 (m, 1H), 6.90 – 6.87 

(m, 1H), 6.79 – 6.73 (m, 1H), 5.81 – 5.74 (m, 1H), 5.74 – 5.68 (m, 1H), 5.68 – 5.67 (m, 

0H), 3.33 – 3.23 (m, 1H), 2.13 – 1.91 (m, 3H), 1.91 – 1.68 (m, 2H), 1.68 – 1.50 (m, 

1H). 13C NMR (75 MHz, CDCl3) δ = 155.60, 152.20, 129.50, 128.21, 127.05, 124.20, 

118.50, 115.24, 92.98, 80.15, 29.42, 28.08, 24.77, 20.74. 
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A.1.3.11.3. 3-ethynylaniline (B3) 

 

 

Scheme 57: Synthesis of 3-(cyclohex-2-en-1-ylethynyl)aniline (B3-1). 

 

Cyclohexene (10 mmol, 821.5 mg) and 3-ethynylaniline (0.5 mmol, 58.6 mg) afforded 

3-(cyclohex-2-en-1-ylethynyl)aniline (B3-1). The separation with ethyl acetate and pen-

tane (1:2) was not successful and only a crude mixture was obtained. Further efforts 

to purify the product did not obtain a clean product. Hence no yield was determined. 

The crude NMR can be found in the Appendix. Mass of crude product: m = 44.6 mg. 
MS (ESI-TOF): m/z calcd [M + H]+: 198.1283; found: 198.1287. 

 

A.1.3.11.4. 4-ethynylaniline (B4) 

 

 

Scheme 58: Synthesis of 4-(cyclohex-2-en-1-ylethynyl)aniline (B4-1). 

 

Cyclohexene (10 mmol, 821.5 mg) and 4-ethynylaniline (0.5 mmol, 58.6 mg) afforded 
4-(cyclohex-2-en-1-ylethynyl)aniline (B4-1). The separation with ethyl acetate and pen-

tane (1:2) was not successful and only a crude mixture was obtained. Further efforts 

to purify the product did not obtain a clean product. Hence no yield was determined. 

The crude NMR can be found in the Appendix. Mass of crude product: m = 27.1 mg. 

MS (ESI-TOF): m/z calcd [M + H]+: 198.1283; found: 198.1282. 
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A.1.3.11.5. 2-ethynylbenzaldehyde (B5) 

 

 

Scheme 59: Synthesis of 2-(cyclohex-2-en-1-ylethynyl)benzaldehyde (B5-1). 

 

Cyclohexene (10 mmol, 821.5 mg) and 2-ethynylbenzaldehyde (0.5 mmol, 65.1 mg) 

afforded 2-(cyclohex-2-en-1-ylethynyl)benzaldehyde (B5-1). The separation with ethyl 

acetate and pentane (1:2) was not successful and only a crude mixture was obtained. 

Further efforts to purify the product did not obtain a clean product. Hence no yield was 

determined. The crude NMR can be found in the Appendix. Mass of crude product: 

m = 12.6 mg. MS (EI-MS): m/z calcd [M]+: 210.10392; found: 210.10349. 

 

A.1.3.11.6. 3-ethynylthiophene (B6) 

 

 

Scheme 60: Synthesis of 3-(cyclohex-2-en-1-ylethynyl)thiophene (B6-1) 

 

Cyclohexene (10 mmol, 821.5 mg) and 3-ethynylthiophene (0.5 mmol, 54.1 mg) af-

forded after separation with pentane 3-(cyclohex-2-en-1-ylethynyl)thiophene (B6-1). 

Yield: 38.4 mg (71 %, 0.355 mmol). Analytics were according to literature.15 1H NMR 
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(300 MHz, CDCl3) δ = 7.38 – 7.33 (m, 1H), 7.25 – 7.20 (m, 1H), 7.08 (dd, J = 5.0, 1.2 
Hz, 1H), 5.78 (dtd, J = 9.9, 3.3, 1.9 Hz, 1H), 5.75 – 5.64 (m, 1H), 3.35 – 3.16 (m, 1H), 

2.12 – 1.51 (m, 6H). 13C NMR (75 MHz, CDCl3) δ = 130.20, 128.25, 127.85, 127.08, 

125.05, 92.47, 75.44, 29.46, 28.12, 24.80, 20.78. MS (ESI-TOF): m/z calcd [M + H]+: 

188.06529; found: 188.06542. 

 

A.1.3.11.7. 3-ethynylpyridine (B7) 

 

 

Scheme 61: Synthesis of 3-(cyclohex-2-en-1-ylethynyl)pyridine (B7-1) 

 

Cyclohexene (10 mmol, 821.5 mg) and 3-ethynylpyridine (0.5 mmol, 51.6 mg) afforded 

after separation with ethyl acetate and pentane (1:9) 3-(cyclohex-2-en-1-ylethynyl)pyr-
idine (B7-1). Yield: 22.6 mg (24 %, 0.12 mmol). 1H NMR (300 MHz, CDCl3) δ = 8.60 

(dt, J = 2.2, 1.1 Hz, 1H), 8.45 (dd, J = 4.9, 1.7 Hz, 1H), 7.70 – 7.60 (m, 1H), 7.22 – 7.14 

(m, 1H), 5.78 (dtd, J = 10.5, 3.5, 2.0 Hz, 1H), 5.68 (ddt, J = 9.9, 3.6, 2.0 Hz, 1H), 3.33 

– 3.24 (m, 1H), 2.07 – 1.91 (m, 2H), 1.90 – 1.70 (m, 2H), 1.70 – 1.50 (m, 2H). 13C NMR 

(75 MHz, CDCl3) δ = 152.36, 147.93, 138.63, 128.55, 126.49, 122.95, 121.14, 96.58, 

29.23, 28.10, 24.69, 20.64. MS (ESI-TOF): m/z calcd [M + H]+: 184.1126; found: 

184.1131. 

 

A.1.3.11.8. 2-ethynylpyridine (B8) 
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Scheme 62: Synthesis of 2-(cyclohex-2-en-1-ylethynyl)pyridine (B8-1). 

 

Cyclohexene (10 mmol, 821.5 mg) and 2-ethynylpyridine (0.5 mmol, 51.6 mg) afforded 

2-(cyclohex-2-en-1-ylethynyl)pyridine (B8-1). The separation with ethyl acetate and 

pentane (1:2) was not successful and only a crude mixture was obtained. Further ef-

forts to purify the product did not obtain a clean product. Hence no yield was deter-

mined. The crude NMR can be found in the Appendix. Mass of crude product: 

m = 100.2 mg. MS (ESI-TOF): m/z calcd [M + H]+: 184.1126; found: 184.1129. 

 

A.1.3.11.9. pent-1-yne (B9) 

 

 

Scheme 63: Synthesis of 3-(pent-1-yn-1-yl)cyclohex-1-ene (B9-1). 

 

Cyclohexene (10 mmol, 821.5 mg) and pent-1-yne (0.5 mmol, 34.1 mg) afforded 3-

(pent-1-yn-1-yl)cyclohex-1-ene (B9-1). The separation with pentane was not success-

ful and only a crude mixture was obtained. Further efforts to purify the product did not 

obtain a clean product. Extensive drying under vacuum led to decomposition. Hence 

no yield was determined. The crude NMR can be found in the Appendix. Mass of crude 

product: m = 34.1 mg. MS (EI-MS): m/z calcd [M]+: 147.11683; found: 147.11698. 

 

A.1.3.11.10. dec-1-yne (B10) 
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Scheme 64: Synthesis of 3-(dec-1-yn-1-yl)cyclohex-1-ene (B10-1). 

 

Cyclohexene (10 mmol, 821.5 mg) and dec-1-yne (0.5 mmol, 69.1 mg) afforded 3-

(dec-1-yn-1-yl)cyclohex-1-ene (B10-1). The separation with pentane was not success-

ful and only a crude mixture was obtained. Further efforts to purify the product did not 

obtain a clean product. Hence no yield was determined. The crude NMR and GC-MS 
can be found in the Appendix. Mass of crude product: m = 38 mg. MS (EI-MS): m/z 

calcd [M]+: 217.19508; found: 217.19488. 

 

A.1.3.12. General Procedure for other allylic or C-H acidic Substrates. 

 

The test reaction for other allylic or C-H acidic substrates were conducted according to 

the following procedure. A 10 ml pressure tube equipped with a magnetic stirring bar 

is evacuated and refilled with Argon for a total amount of three times. To this tube 
18.6 mg (0.05 mmol) of Tetrakisacetonitrile Copper(I) Hexafluorophosphate and 

20.1 mg (0.05 mmol) 4,4′,4″-Tri-tert-butyl-2,2′:6′,2″-terpyridine are added. The tube is 

then evacuated again and flushed with Argon. Consequently, the solids are dissolved 

in 1 ml of dry and degassed Acetonitrile. Following this, 181.9 μl (1 mmol) of tert-Butyl 

hydroperoxide is added via a pipette. Subsequently, 51.1 μl (0.5 mmol) Phenylacety-

lene and 10 mmol of substrate are added to the reaction. The setup is then heated in 

an oil bath at 80 °C for 24 h while being stirred. Upon completion, the reaction is cooled 

to room temperature and the reaction is analyzed via GC/MS.  
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A.1.3.13. General Procedure for the synthesis of the Terpyridine-Cop-

per(I) complex 

 

 

Scheme 65: Synthesis of the Terpyridine-Copper(I) Complex. 

 

An oven-dried Schlenk flask equipped with a magnetic stirring bar is evacuated and 

refilled with Argon three times. Consequently, 93.2 mg (0.25 mmol) of Tetrakisacetoni-

trile Copper(I) Hexafluorophosphate and 100.4 mg (0.25 mmol) 4,4′,4″-Tri-tert-butyl-
2,2′:6′,2″-terpyridine are added. The solids are then dissolved in 5 ml of dry and de-

gassed Acetonitrile and stirred overnight. The following day, the mixture is filtered un-

der Argon. The solvent is removed under vacuo to obtain a red to brownish powder.  

1H NMR (300 MHz, CD3CN) δ = 8.06 (s, 2H), 7.97 (d, J = 6.4 Hz, 4H), 7.32 (d, J = 5.4 

Hz, 2H), 1.48 (s, 9H), 1.29 (s, 18H). 

13C NMR (75 MHz, CD3CN) δ = 164.52, 163.54, 154.84, 154.52, 149.58, 123.61, 

121.98, 121.54, 66.28, 36.66, 36.11, 30.63, 30.45, 15.66. 

19F NMR (282 MHz, CD3CN) δ = -71.51, -74.01. 

31P NMR (122 MHz, CD3CN) δ = -127.15, -132.97, -138.79, -144.60, -150.42, -150.47, 

-156.23, -162.05. 

MS (ESI-TOF): m/z calcd [M + H]+: 464.2132; found: 464.2133 (without Acetonitrile), 

m/z calcd [PF6-]: 144.9642, found 144.9644.  

 

A.1.3.14. Preparation and Crystallographic Data of Complex CR1 

(C80H110Cu2F12N8O4P2) 
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Firstly 0.01 mmol of the precursor complex are prepared according to the General Pro-
cedure for the synthesis of the Terpyridine-Copper(I) complex. To this an equal amount 

of tert-butyl hydroperoxide is added. The mixture is then filtered through a syringe-filter 

into another Schlenk vessel and cooled in a ice/NaCl bath. To this 2 ml of toluene are 

added over the course of 2 h using a syringe, taking care to not drop the solvent directly 

into the solution but let it run down the glass wall. The vessel is then placed at -20 °C 

until small green crystals formed. 

For the crystal structure, please refer to Figure 19. 

 

Table 14: Crystallographic Data for Complex CR1 

Empirical Formula C80H110Cu2F12N8O4P2 

Formula Weight 1664.77 

Temperature 150(2) K 
Wavelength 1.54178 Å 

Crystal system Monoclinic 

Space Group C2/c 

Unit Cell dimensions 

a =25.4292(7) Å                      = 90°. 

b = 9.8227(3) Å        = 95.8650(13)°. 

c = 33.5679(9) Å                       = 90°. 

Volume 8340.8(4) Å3 

Z 4 

Density (Calculated) 1.326 Mg/m3 
Absorption Coefficient 1.656 mm-1 

F(000) 3496 

Crystal Size 0.19 x 0.09 x 0.03 mm 

Reflections Collected 59093 

Independent Refelctions 7372 (Rint = 0.0472) 

Data / Restraints / Parameters 7372 / 263 / 569 

Goodness-of-fit on F2 1.039 

Final R indices [I>2σ(I)] R1 = 0.0535, wR2 = 0.1431 
R indices (all data) R1 = 0.0593, wR2 = 0.1487 

Largest diff. peak and hole 0.833 and -1.048 eÅ-3 
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A.1.3.15. Preparation and Crystallographic Data of Complex CR2 

(C66H82CuF6N6O6S2) 

 

Crystals of CR2 were obtained from a reaction solution via slow evaporation of the 

solvent under aerobic conditions.  

 

 

Figure 25: Single Crystal X-Ray Diffraction Crystal Structure of a homoleptic Copper(II) tris -tert-butyl-terpyridine 
complex (CR2). Displacement ellipsoids correspond to a probability level of 30 %. H-atoms and co-crystallized 

solvents were omitted for clarity. 

 



Appendix 

133 
 

Table 15: Crystallographic Data for Complex CR2 

Empirical Formula C66H82CuF6N6O6S2 

Formula Weight 1303.04 

Temperature 150(2) K 

Wavelength 0.71073 Å 
Crystal system Monoclinic 

Space Group P21/n 

Unit Cell dimensions 

a =14.6085(14) Å                     = 90°. 

b = 19.0953(18) Å       = 105.258(2)°. 

c = 24.625(2) Å                       = 90°. 

Volume 6627.1(11) Å3 

Z 4 

Density (Calculated) 1.306 Mg/m3 

Absorption Coefficient 0.464 mm-1 

F(000) 2744 

Crystal Size 0.45 x 0.11 x 0.07 mm 

Reflections Collected 120449 

Independent Refelctions 15999 (Rint = 0.0485) 

Data / Restraints / Parameters 15999 / 34 / 831 

Goodness-of-fit on F2 1.026 

Final R indices [I>2σ(I)] R1 = 0.0420, wR2 = 0.1023 

R indices (all data) R1 = 0.0600, wR2 = 0.1138 

Largest diff. peak and hole 0.705 and -0.767 eÅ-3 

 

 

A.1.3.16. Preparation and Crystallographic Data for Complex CR3 

(C55H48CuF12N8P2) 

 

Crystals of CR3 were obtained from a reaction solution via slow evaporation of the 

solvent under aerobic conditions. 

For the crystal structure, please refer to Figure 20. 
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Table 16:Crystallographic Data for Complex CR3 

Empirical Formula C55H48CuF12N8P2 

Formula Weight 1174.49 

Temperature 150(2) K 

Wavelength 1.54178 Å 
Crystal system Monoclinic 

Space Group P21/n 

Unit Cell dimensions 

a =14.5397(5) Å                      = 90°. 

b = 17.3263(6) Å     = 105.1047(15)°. 

c = 21.3760(8) Å                       = 90°. 

Volume 5199.0(3) Å3 

Z 4 

Density (Calculated) 1.501 Mg/m3 

Absorption Coefficient 1.967 mm-1 

F(000) 2404 

Crystal Size 0.420 x 0.110 x 0.090 mm 

Reflections Collected 51882 

Independent Refelctions 9195 (Rint = 0.0322) 

Data / Restraints / Parameters 9195 / 0 / 696 

Goodness-of-fit on F2 1.035 

Final R indices [I>2σ(I)] R1 = 0.0358, wR2 = 0.1004 

R indices (all data) R1 = 0.0406, wR2 = 0.1058 

Largest diff. peak and hole 0.325 and -0.443 eÅ-3 

 

A.1.3.17. Preparation and Crystallographic Data for Complex CR4 

(C27H35Br2CuN3) 

 

Crystals of CR4 were obtained from a reaction solution via slow evaporation of the 

solvent under aerobic conditions. 
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Figure 26: Single Crystal X-Ray Diffraction Crystal Structure of a copper terpyridyl dibromo complex  (CR4). Dis-
placement ellipsoids correspond to a probability level of 30 %. H-atoms and co-crystallized solvents were omitted 

for clarity 
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Table 17: Crystallographic Data for Complex CR4 

Empirical Formula C27H35Br2CuN3 

Formula Weight 624.94 

Temperature 150(2) K 

Wavelength 1.54178 Å 
Crystal system Trigonal 

Space Group P3221 

Unit Cell dimensions 

a =12.3599(12) Å                    = 90°. 

b = 12.3599(12) Å             = 90°. 

c = 15.8064(16) Å                       = 

90°. 

Volume 2091.2(5) Å3 

Z 3 

Density (Calculated) 1.489 Mg/m3 
Absorption Coefficient 4.596 mm-1 

F(000) 951 

Crystal Size 0.21 x 0.21 x 0.08 mm 

Reflections Collected 26793 

Independent Refelctions 2453 (Rint = 0.0249) 

Data / Restraints / Parameters 2453 / 3 / 168 

Goodness-of-fit on F2 1.083 

Final R indices [I>2σ(I)] R1 = 0.0168, wR2 = 0.0425 
R indices (all data) R1 = 0.0168, wR2 = 0.0425 

Absolute structure parameter 0.022(4) 

Largest diff. peak and hole 0.248 and -0.457 eÅ-3 

 

 

A.1.3.18. Synthesis of Copper(I)-phenylacetylide 
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Scheme 66: Synthesis of Copper(I)-phenylacetylide. 

 

The compound is synthesized according to procedures reported in literature.124 An 

oven-dried 250 ml Schlenk flask equipped with a magnetic stirring bar is put under 

vacuum and refilled with oxygen a total amount of three times. To this flask 1.677 g 
(4.5 mmol) of Tetrakisacetonitrile Copper(I) Hexafluorophosphate and 1.243 g 

(9.0 mmol) of Potassium carbonate are added. Consequently, the solids are dispensed 

in 70 ml of dry Dimethyl formamide under Argon. Lastly, 0.5 ml (4.5 mmol) of phenyla-

cetylene are added via syringe while stirring. The suspension is then left stirring over 

night. On the next day, the bright yellow solid is filtered and washed with 10 % ammo-

nia in water, pure water, ethanol and diethylether. The solid is then dried under vacuum 

to obtain 518.7 mg (3.15 mmol, 70 %) of the bright yellow powder. Analytics were ac-

cording to literature.260 

 

A.1. Spectra
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Figure 27: 1H NMR (400 MHz, CD2Cl2) spectrum of (cyclohex-2-en-1-ylethynyl)benzene 
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Figure 28: 13C NMR (101 MHz, CD2Cl2) spectrum of (cyclohex-2-en-1-ylethynyl)benzene 
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Figure 29: 13C-dept CD2Cl2 spectrum of (cyclohex-2-en-1-ylethynyl)benzene 
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Figure 30: HMBC spectrum of (cyclohex-2-en-1-ylethynyl)benzene 
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Figure 31: HSQC spectrum of (cyclohex-2-en-1-ylethynyl)benzene 
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A standard calculation for the yield based on the peak area of the chromatogram obtained from GC-FID measurements is shown below. 
In this A is referring to the peak area, c to the concentration, m to the increase of the calibration curve and V to the volume. 

 

𝜂 = 
(

A(𝑃𝑟𝑜𝑑𝑢𝑐𝑡) ∙ c(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑)
A(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑) ∙ m(𝑃𝑟𝑜𝑑𝑢𝑐𝑡)

) ∙ 𝑉(𝑣𝑖𝑎𝑙)

(
A(𝑃𝑟𝑜𝑑𝑢𝑐𝑡) ∙ c(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑)
A(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑) ∙ m(𝑃𝑟𝑜𝑑𝑢𝑐𝑡)

) + (
A(𝑃𝐴) ∙ c(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑)
A(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑) ∙ m(𝑃𝐴)

) + (
A(𝐺𝑙𝑎𝑠𝑒𝑟) ∙ c(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑)
A(𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑) ∙ m(𝐺𝑙𝑎𝑠𝑒𝑟)

) ∙ 𝑉(𝑣𝑖𝑎𝑙)
 (1) 

 

𝜂 = 
(

57.4154 ∙ 0.025133807 mmol ∙ ml−1

366.08017 ∙ 0.71716
) ∙ 1 ml

(
57.4154∙ 0.025133807 mmol ∙ ml−1

366.08017 ∙ 0.71716 ) + (
16.80847 ∙ 0.025133807 mmol ∙ ml−1

366.08017 ∙ 0.83618 ) + (
5.66388 ∙ 0.025133807 mmol ∙ ml−1

366.08017 ∙ 0.86822 ) ∙ 1 ml
 

 

𝜂 = 0.75 
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Figure 32: Calibration Curves for (cyclohex-2-en-1-ylethynyl)benzene (up-left), phenylacetylene (up-right) and 1,4-diphenylbutadyine (down-middle). 
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Figure 33: Examplary GC Chromatogramm for a reaction under Standard Conditions. Peaks were assigned via retention time or mass spectrometry. 

 

 



Appendix 

146 
 

 

 

Figure 34: GC/MS of Cyclohex-2-en-1-ol and Cyclohex-2-en-1-one. 

 

The Spectra was confirmed with literature reports.261 
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Figure 35: 1H-NMR (300 MHz, CDCl3) spectrum of 2-((1H-pyrazol-1-yl)methyl)-6-(1H-pyrazol-1-yl)pyridine (L8). 
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Figure 36: 13C NMR (75 MHz, CDCl3) spectrum of 2-((1H-pyrazol-1-yl)methyl)-6-(1H-pyrazol-1-yl)pyridine (L8). 
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Figure 37: 1H NMR (300 MHz, CD2Cl2) spectrum of tris(pyridin-2-ylmethyl)amine (L9) 
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Figure 38: 13C NMR (75 MHz, CD2Cl2) spectrum of tris(pyridin-2-ylmethyl)amine (L9) 
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Figure 39: ATR-IR-Spectrum of Ligand L10. 
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Figure 40: 1H NMR (300 MHz, CD2Cl2) spectrum of (2E,4E)-N2,N4-bis(2,6-diisopropylphenyl)pentane-2,4-diimine 
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Figure 41: 13C NMR (75 MHz, CD2Cl2) spectrum of (2E,4E)-N2,N4-bis(2,6-diisopropylphenyl)pentane-2,4-diimine 
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Figure 42: 1H NMR (300 MHz, C6D6) spectrum of lithium (2E,4E)-2,4-bis((2,6-diisopropylphenyl)imino)pentan-3-ide (L12) 
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Figure 43: 13C NMR (75 MHz, C6D6) spectrum of lithium (2E,4E)-2,4-bis((2,6-diisopropylphenyl)imino)pentan-3-ide (L12) 
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Figure 44: 1H NMR (300 MHz, CDCl3) spectrum of 6-phenyl-2,2'-bipyridine (L13).  
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Figure 45: 13C NMR (75 MHz, CDCl3) spectrum of 6-phenyl-2,2'-bipyridine (L13). 
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Figure 46: 1H NMR (300 MHz, CDCl3) spectrum of ((2-methylcyclohex-2-en-1-yl)ethynyl)benzene (A4-1) 
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Figure 47: 13C NMR (75 MHz, CDCl3) spectrum of ((2-methylcyclohex-2-en-1-yl)ethynyl)benzene (A4-1) 
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Figure 48: 1H-COSY 45 spectrum of ((2-methylcyclohex-2-en-1-yl)ethynyl)benzene (A4-1) 
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Figure 49: 1H NMR (300 MHz, CDCl3) spectrum of ((3-(tert-butyl)cyclohex-2-en-1-yl)ethynyl)benzene (A5-1) 
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Figure 50: 13C NMR (75 MHz, CDCl3) spectrum of ((3-(tert-butyl)cyclohex-2-en-1-yl)ethynyl)benzene (A5-1) 
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Figure 51: 1H-COSY 45 spectrum of ((3-(tert-butyl)cyclohex-2-en-1-yl)ethynyl)benzene (A5-1) 
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Figure 52: EI-MS of the Reaction Product from the Alkynylation of (+)-3-Caren (A6) 
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Figure 53: 1H NMR (300 MHz, CDCl3) spectrum of ((2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)ethynyl)benzene (A7-1) 
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Figure 54: 13C NMR (75 MHz, CDCl3) spectrum of ((2-methyl-5-(prop-1-en-2-yl)cyclohex-2-en-1-yl)ethynyl)benzene (A7-1) 
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Figure 55: 1H NMR (300 MHz, CDCl3) spectrum of (3-methylcyclopent-2-en-1-yl)ethynyl)benzene (A8-1) 
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Figure 56: 13C NMR (75 MHz, CDCl3) spectrum of ((3-methylcyclopent-2-en-1-yl)ethynyl)benzene (A8-1) 
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Figure 57: EI-MS of the Reaction Product from the Alkynylation of dicyclopentadiene (A11)  
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Figure 58: EI-MS of the Reaction Product from the Alkynylation of Cholesterol (A13). 
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Figure 59: 1H NMR (300 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)-1,4-dimethylbenzene (B1-1) 
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Figure 60: 13C NMR (75 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)-1,4-dimethylbenzene (B1-1) 
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Figure 61: 1H NMR (300 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)phenol (B2-1). 
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Figure 62: 13C NMR (75 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)phenol (B2-1). 
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Figure 63: 1H NMR (300 MHz, CDCl3) spectrum of 3-(cyclohex-2-en-1-ylethynyl)aniline (B3-1) 
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Figure 64: 13C NMR (75 MHz, CDCl3) spectrum of 3-(cyclohex-2-en-1-ylethynyl)aniline (B3-1). 
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Figure 65: 1H NMR (300 MHz, CDCl3) spectrum of 4-(cyclohex-2-en-1-ylethynyl)aniline (B4-1). 
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Figure 66: 13C NMR (75 MHz, CDCl3) spectrum of 4-(cyclohex-2-en-1-ylethynyl)aniline (B4-1). 
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Figure 67: 1H NMR (300 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)benzaldehyde (B5-1). 
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Figure 68: 13C NMR (75 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)benzaldehyde (B5-1). 
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Figure 69: 1H NMR (300 MHz, CDCl3) spectrum of 3-(cyclohex-2-en-1-ylethynyl)thiophene (B6-1) 
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Figure 70: 13C NMR (75 MHz, CDCl3) spectrum of 3-(cyclohex-2-en-1-ylethynyl)thiophene (B6-1) 
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Figure 71: 1H NMR (300 MHz, CDCl3) spectrum of 3-(cyclohex-2-en-1-ylethynyl)pyridine (B7-1). 
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Figure 72: 13C NMR (75 MHz, CDCl3) spectrum of 3-(cyclohex-2-en-1-ylethynyl)pyridine (B7-1) 
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Figure 73: 1H NMR (300 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)pyridine (B8-1). 
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Figure 74: 13C NMR (75 MHz, CDCl3) spectrum of 2-(cyclohex-2-en-1-ylethynyl)pyridine (B8-1). 
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Figure 75: 1H NMR (300 MHz, CDCl3) spectrum of 3-(pent-1-yn-1-yl)cyclohex-1-ene (B9-1). 
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Figure 76: 13C NMR (75 MHz, CDCl3) spectrum 3-(pent-1-yn-1-yl)cyclohex-1-ene (B9-1).  
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Figure 77: 1H NMR (300 MHz, CDCl3) spectrum of 3-(dec-1-yn-1-yl)cyclohex-1-ene (B10-1). 
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Figure 78: 13C NMR (75 MHz, CDCl3) spectrum 3-(dec -1-yn-1-yl)cyclohex-1-ene (B10-1). 
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Figure 79: EI-MS of the Reaction Product from the Allylic Alkynylation of dec-1-yne (B10) 
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Figure 80: 1H NMR (400 MHz, CD3CN) spectrum of the terpyridine-copper(I) complex. 
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Figure 81: 13C NMR (75 MHz, CD3CN) spectrum of the terpyridine-copper(I) complex. 
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Figure 82: 19F NMR (282 MHz, CD3CN) spectrum of the terpyridine-copper(I) complex.  
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Figure 83: 31P NMR (122 MHz, CD3CN) spectrum of the terpyridine-copper(I) complex. 
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Figure 84: EI-MS of Radical Trapping Intermediates for TEMPO and BHT 
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Figure 85: EI-MS of Cyclohexene Coupling Products during Radical Quenching with Ascorbic Acid.  
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Figure 86: ATR-IR of copper(I) phenylacetylide. 
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Figure 87: UV-VIS spectra of the copper complex 4 and copper peroxide complex 4B. 
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