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I - Introduction  

1 - Naphthyridine based complexes  

The synthesis and the use of bimetallic complexes in homogeneous catalysis 

has been under an increasing attention over the last decades. The close 

interaction between two metal centres can allow for a larger range of 

reactivity due to higher activity, selectivity or multi-electron transfer 

processes. The proximity between the metals can be enforced by either 

covalent bonding or by multidentate ligands. In nature, these effects are 

observed primarily in metalloenzymes in which the active sites comprise 

metals in close proximity to each other and with the surrounding environment 

(1st and 2nd coordination spheres). This yields an active site enabling otherwise 

challenging or inaccessible reactions. In regards to transferring these concepts 

to catalyst design, one type of metalloenzymes is particularly of interest: 

some enzymes incorporate a carboxylate ligand1–4 (glutamic and aspartic 

amino acids) used as the template to coordinate two metals and therefore 

enforce their proximity without the necessity of a strong bond between them. 

The presence of a bridging ligand does not inhibit the flexibility at the active 

site as the carboxylate is small and the metals can be either in or out of the 

plane of the ligand, accommodating a large variety of positions while still 

being coordinated to the carboxylate. In these metalloenzymes, the distance 

between the metals varies from 2.5 to 4.4 Å.  

To design bimetallic complexes in homogeneous catalysis, carboxylate-based 

ligands can be used as a template or any other molecule that share similar 

properties (distance between the coordinating atoms and allowing for 

flexibility). A popular option is the 1,8-naphthyridine ligand, an aromatic 

heterocyclic compound belonging to the diazanaphthalene class (C8H6N2) and 

consisting of two pyridines fused (Figure I.1a). The distance between two 

nitrogens is 2.31 Å5, allowing for a similar range of metal-metal distances as 

the carboxylate ligands. Metals can coordinate to a 1,8 naphthyridine in three 

ways: κN1, 2N1,N8 and -N1:N8  but only the last one involves two metals 

(Figure I.1). The naphthyridines can be functionalized in the positions 2 and 7, 

adding new coordination sites and making the resulting complexes more 

https://en.wikipedia.org/wiki/Aromaticity
https://en.wikipedia.org/wiki/Heterocyclic_compound
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stable. The functionalization allows for differentiating the two coordination 

sites of the naphthyridine, defining which site coordinates to which metal in 

heterobimetallic complexes. In 1979, Evens and Caluwe published one of the 

first reports6 on the synthesis of a series of functionalized 1,8 naphthyridines, 

including bpnp, which became a popular ligand in the following years (Figure 

I.2). 

 

Figure I.1. a) Atom numeration in 1,8 naphthyridine and coordination modes to 1,8 

naphthyridine by one or two metals: b) ĸN1, c) ĸ2N1,N8 and d) µ-ĸN1:ĸN8. 

1,8-naphthyridine was first used as ligand in the 1970's in coordination 

chemistry (Figure I.2). The goals were to synthesize either metal complexes 

with a high coordination number7–9 (8 for Fe, Ni, Co, Cu, Zn or 12 for Pr) or 

bimetallic complexes with a large variety of metal ions10–15 (Rh, Ru, Cu, Mo, 

Fe, Zn, Pd, etc…). The research focused on the synthesis and characterisation 

of these complexes. Two papers are especially worth mentioning. The first 

one is the work of Ford and Kasha16–19 on the ligand exchange from acetate to 

naphthyridine, highlighting the similarities between the coordination of the 

metals to them and making a comparison to metalloenzymes (Figure I.2c). The 

second is the synthesis of the heterobimetallic Rh/Ni complexes by Balch,20 

which were the first ones to be published to my knowledge.  

a)

c)

b)

d)
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Figure I.2. Selection of 1,8-naphthyridine based complexes from the 1970's and 

1980's: a) [Ni2(napy)4Br2]+ from Sacconi et al.,13 b) [Cu2(napy)2Cl4] from Mealli et 

al.,11 c) [Rh2(OAc)3(bpnp)]+ from Tikkanen et al.16 and d) [Pr(napy)6]3+ from Clearfield 

et al.9 

A renewed interest in the naphthyridine based complexes started on the 

2000's, with the focus shifting from their properties to their reactivity and 

catalytic abilities. The Lippard group21–25 published one of the first examples 

of homogeneous catalysis for the transesterification of an RNA mimic by a Zn2 

complex (Figure I.3). The dinuclear catalyst was six times faster than the 

mononuclear one, highlighting the interest of multi-nuclear complexes as 

efficient catalysts.  

a)

d)c)

b)
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Figure I.3. Catalyst for the transesterification of an RNA mimic by Lippard.24 

Several research groups specialized in the design of new ligands based on 1,8-

naphthyridine and the reactivity of their corresponding complexes, including 

Uyeda, Bera, Broere and Tilley. A few examples from each group are described 

here, to give an overview of the state of the art. The main types of reactions 

done with these complexes are either cyclisations or C-H activations, which 

are those studied in this thesis. Other types of reactions26–35 have also been 

published, like the dehydrogenation of alcohols into ketones31 and the 

formation of imines.30,32 The Uyeda group specialized in the cyclisation 

reaction: they synthesized dinickel complexes with a 1,8-naphthyridine ligand 

having imine substituents in positions 2 and 7. To complete the coordination 

sphere of the nickels, a benzene was introduced as a π-bridging ligand (Figure 

I.4a).36 This specific complexes can promote a large variety of cyclisations37–43 

like alkyne cyclotrimerisation, [4+1] cycloaddition of diene, cyclopropanation 

and the Pauson-Khand reaction. The groups of Bera44 and Tilley,45 both 

published on the cyclisation of alkynes with azides catalysed by dicopper 

complexes (CuAAC reaction; Figure I.4b).  
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Figure I.4. Examples of cyclisation reactions with naphthyridine based catalysts: a) 

cyclotrimerisation of alkyne by Uyeda38 and b) alkyne azide cycloaddition by Tilley.45 

In naphthyridine complexes, the C-H reaction can occur on the naphthyridine 

ligand itself or on another reactant coordinated to the metal(s). In the former 

case, the Bera's group synthesized Ru and Pd complexes46,47 in which the 

naphthyridine is substituted on one side only, with a phenyl or a heterocycle. 

This substituent can be deprotonated to become an additional coordination 

site to the metal (Figure I.5a). In another work by Broere's group,48,49 the 

naphthyridine ligand can undergo a reversible deprotonation that can 

dearomatize the naphthyridine core (Figure I.5b). This deprotonation can 

happen on both sides of the ligand and can be done on the free ligand or on 

the corresponding dicopper complexes. The C-H activation of other molecules 

by naphthyridine complexes has been reported. The Tilley group reported 

copper complexes45,50,51 (with di-pyridine substituents) promoting the proton 

transfer from an alkyne to a phenyl ligand and producing benzene and an 

alkynyl dicopper complex. Deolka et al.52 reported a similar reaction done 

a)

b)

1 mol%, C6D6, 22°C, 15 min, 97% yield

10 mol%, o-C6H4F2, 100°C, 5.3 h, 90% yield
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with a PtII/CuI complex in which the 2 and 7 substituents of the naphthyridine 

were different (one acting as a hard coordinating ligand, and the other as a 

soft) to promote the selective coordination of the two metals. This system 

yielded also an alkynyl complex and the formation of methane. Isaac et al.53 

described the electrochemical activation of the sp3 aliphatic C-H bond in 

toluene and acetonitrile by CuII/CuIII complexes based on the ligand 

synthesized by the Tilley group. This reaction is done both in stoichiometric 

and catalytic fashions. 

 

Figure I.5. Examples of C-H activation reactions a) on a substituent of the 

naphthyridine46 and b) with the dearomatisation of the naphthyridine ring.48 

2 - Activation of alkynes by copper complexes  

The first organocopper ever reported was the copper alkynyl Cu2C2 (ethyne 

1,2 diylcopper (I)) in 1859 by Böttger.54 This complex is stable under wet 

conditions but highly explosive if dry. In the absence of any additional ligand, 

the copper alkynyl adopts a polymeric form,55,56 which confers it a thermal 

and shock stability, contrary to the earlier complexes. In presence of a Lewis 

base (phosphine, carbine, amine, etc.), the polymeric structure breaks down 

into clusters, poly- and mononuclear complexes as the base coordinates to 

the coppers.  

a)

b)
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Figure I.6. Orbital type and interaction between a copper and a) an alkyne in 2 

coordination mode, b) an alkynyl in a 1 coordination mode. 

In copper-alkyne complexes, the metal coordinates to the π-system of the 

alkyne (4-electrons π-donor), delocalizing the electron density between 3 

centres (Cu and C≡C). The molecular orbitals of the alkyne involved in the 

donation to the metal are the πxy and πxz (Figure I.6). The coordination of the 

alkyne to the copper breaks its linearity, with the substituents at an angle up 

to 140° compared to the linearity of triple bond in the free alkyne. The alkyne 

is also a π-acceptor with its π*xy and π*xz orbitals. However, the CuI ion is a 

poor back-donor on its own but this ability can be increased with the presence 

of suitable ancillary ligands57–60 (1,10-phenanthroline or β-diketimide, for 

example). The alkynyl ligand (deprotonated alkyne) coordinates mainly to the 

copper via its lone pair (2-electrons σ-donor) but its π-system can also be 

involved in back-donation and can coordinate to additional coppers centres. 

It is worth noticing that CuI has a d10 electronic configuration and thus the 

antibonding orbitals are partially filled, activating the C≡C bond. All these 

donor/acceptor combinations allows for a large variety of coordination 

modes in which the alkyne/alkynyl can be bonded to one or several coppers, 

allowing the formation of multi-metallic complexes and polymers. The figure 

I.7 shows a selection of different coordination modes. 

dxydyz πxy π*
xy

dz2 πxz dxz π*
xz dx2-y2

σlp

δ

σ

σ

π

π

a) b)
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Figure I.7. Selection of coordination modes of alkyne and alkynyl to copper(s). 

Copper-alkynyl complexes are involved in a large variety of reactions61–64 from 

cross-couplings to propargylic substitutions (Figure I.8).65 All these types of 

reactivity will not be describe here. Instead, the focus will be centred on the 

Glaser-Hay coupling and cycloadditions as they are the most relevant to this 

thesis. 

The Glaser-Hay coupling is the name for the homocoupling reaction of two 

terminal alkynes (Figure I.9a). It was first discovered by Glaser in 1869 with 

the report of the synthesis of the 1,4 diphenyl 1,3 butadiyne.66 In this coupling 

reaction O2 is used as an oxidant reagent. The main drawback of Glaser 

reaction is that it was explosive. This problem was fixed by Hay in 1962 with 

the use of a bidentate ligand to stabilize the copper complexes.67 The Glaser-

Hay reaction68–74 is a good example of a green reaction as it is done under mild 

reaction conditions, uses no hazardous nor toxic reagents and provides diynes 

in excellent yield with water as the only side product. As this reaction only 

need terminal alkynes in presence of copper (I), the Glaser-Hay reaction often 

yields side products in the other reactions shown in Figure I.8.  
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Figure I.8. Summary the reactivity of alkynes with copper complexes.  

There are two main types of cycloadditions with alkynyl-copper complexes 

and they both involve 1,3 dipoles to form either 4-membered ring (Kinugasa 

reaction) or 5-membered ring products (Figure I.9b and c). The Kinugasa 

reaction75 is the synthesis of 2-azetidione (also called β-lactam) from the 

cyclisation of nitrone with alkyne in the presence of copper (I). This reaction 

can be done at room temperature, uses accessible and stable reactants and 

the copper catalysis allows for better diastereoselectivity than the organic 

version of this reaction.76–82 β-lactam are very common in pharmaceutical 

drugs like antibiotics (penicillin and its derivatives) and others used in the 

treatment of several diseases (cancer, AIDS, high cholesterol level, etc.). To 

synthesize these drugs a high level of selectivity is needed and the Kinugasa 

reaction is very important to reduce waste, excluding the formation of 

unwanted side products. The formation of 5-membered rings between a 1,3 

dipole and an alkyne is very well known in the case of the azide (to form 

triazole) but other dipoles can be used, like oxine. This reactions provides 

Oxidative Coupling Cross coupling Other coupling

Direct nucleophilic attackPropargylic substitution

Cycloaddition

Glaser Hay

OA cross coupling

Sonogashira
Castro Stephens

Alkyne Aldehyde Amine (A3)

Carboxylation

Kinugasa

1,3 dipole
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access to a large library of heterocycles. The specific case of the cyclisation 

with azide is discussed at length in the next section of the introduction. 

 

Figure I.9. Example of a) the Glaser-Hay reaction,67 b) the Kinugasa reaction76 and c) 

the formation of 5-membered rings from 1,3 dipoles.63 

3 - Synthesis of 1,2,3 triazole and the CuAAC reaction  

The earliest report of the synthesis of 1,2,3 triazole was published in 1893 by 

Michel.83 It detailed the cyclisation of dimethyl acetylene dicarboxylate 

(DMAD) with phenyl azide (Figure I.10a) and mentioned the two isomers of 

the product. The electronic structure of both the reactant and the product 

seems questionable to modern eye as none of the usual characterization 

methods were available at the time. The reaction between an alkyne and a 

1,3 dipole is a part of a type of reactions called the 1,3 dipolar 

cycloadditions84–90 (also called the Huisgen reaction) and these reactions went 

under a huge development during the 1960's. This type of reaction enables 

the relatively easy synthesis of 5-membered heterocycles. It involved two 

different types of reactant: a 1,3 dipole (molecule with separation of charge 

over three atoms and -delocalized electrons) and a dipolarophile (molecule 

containing a multiple bond). The 1,3 dipole participates in the reaction with 

a)

c)

b) +

+

https://en.wikipedia.org/wiki/Delocalized_electron
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four π-electrons while the dipolarophile brings in two π-electrons. In the case 

of the synthesis of triazoles, the dipolarophile is an alkyne and the 1,3 dipole 

is an azide. The product of the resulting cycloaddition leads to two isomers: 

the 1,4 and the 1,5 triazoles (Figure I.10b).  

Computational works to understand the mechanism of this reaction were 

published since 1963,91 with the work of Polenski on the calculation of 

activation enthalpies. The current understanding of the mechanism90,92,93 of 

the Huisgen reaction is as follows: in the vast majority of cases the 

cycloaddition occurs in one concerted step in which the two C-N bonds are 

formed. In some instance, a stepwise mechanism can be more favourable if 

the intermediate is extremely well stabilized by its substituents. Depending 

on the systems, the reactivity is either controlled by the distortion of the 1,3 

dipole or by the orbital interactions between the HOMO of the 1,3 dipole and 

the LUMO of the dipolarophile. 

 

Figure I.10. Early attempt at 1,2,3 triazole synthesis by Michel83 as written in 1893 

(a) and Huisgen reaction84 with the transition states (b). 

 

+

+ +
Δ

a)

b)
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The latest big improvement in the synthesis of triazole occurred in 2002 with 

the works of Medal94 and Sharpless95 (Figure I.11). They both reported the 

copper catalysed version of the 1,3 dipolar cycloaddition between alkyne and 

azide96–101 (CuAAC for short). This reaction is one of the most relevant example 

of click chemistry.102 This branch of organic synthesis focus on the 

development of reactions to link building blocks via cross-couplings, 

cycloadditions and other reactions leading to carbon-heteroatom bond. The 

term click chemistry refers to both the synthetic processes as well as the type 

of reactions. Indeed, a reaction has to fulfil several rigorous criteria to be 

regarded as click chemistry: high yield, high selectivity, wide scope, harmless 

by-products removable without chromatography, non-toxic reaction 

conditions and easily available reactants. The CuAAC reaction fits perfectly in 

this framework as the reaction produces selectively 1,4 triazole at very high 

yield (often > 95%) at room temperature. The reaction is very robust, 

supporting a wide pH range (4-12), a variety of solvents (from organic to pure 

water) and with a low catalyst loading (0.25-2 mol%). Side products95,103–106 

are rarely reported and almost any type of functional group is tolerated on 

both the azide and alkyne. The catalyst for this reaction is usually CuII salts in 

presence of sodium ascorbate to produce the CuI active species. CuI salts are 

less often used as catalyst as they are more easily poisoned by 

disproportionation.  
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Figure I.11. CuAAC reaction as first reported by a) Medal94 and b) Sharpless.95 

The CuAAC reaction is very efficient but it is not the only procedure to 

selectively synthesize 1,4 triazoles: Ag,107,108 Ru109 complexes, heterogeneous 

Zn/C, Au(111) and Raney-Ni catalysts have been also reported. If these 

reactions are less efficient than the CuAAC, most of them do not need to 

undergo a catalyst activation like the CuII salt does (reduction to CuI). The 

CuAAC reaction has two main limitations: 1) it can only work for terminal 

alkynes as the mechanism requires their deprotonation and 2) the 1,5 triazole 

isomer cannot be synthesized due to the larger distortions the reactants have 

to overcome to be aligned in the transition state compared to the one leading 

to the 1,4 triazole. To tackle these issues, other metal-based catalysts110 were 

develop over the last 20 years. To synthesize the 1,5 isomer of the 1,2,3 

triazole, several complexes have been already developed based on Ru, Zn and 

some lanthanides.111 The catalysed cyclisation of internal alkynes is possible 

with Ir112 and Ru complexes, leading to 1,4,5 trisubstituted 1,2,3 triazole. The 

Figure I.12 regroups a selection of these catalysts for the MAAC reaction 

(Metal catalysed Alkyne Azide Cycloaddition). 

a)

b)

+

+
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Figure I.12. Example of catalyst for the MAAC for 1,4 triazole synthesis108 (a); for 1,5 

triazoles synthesis109,111,113 (b and c) and for 1,4,5 triazoles synthesis from internal 

alkynes112 (d). 

The CuAAC reaction is typically done using CuII salts that are first reduced to 

CuI before entering the catalytic process. The reduction can occur via the 

addition of a reducing agent (like sodium ascorbate) or via the Glaser-Hay 

homocoupling of alkynes. UV and EPR results114 support the reduction of CuII 

into CuI during the induction period of the CuAAC reaction. The mechanism of 

the CuAAC reaction was first supposed to be monomeric95,115 i.e. only one CuI 

centre is involved in the active species of the catalytic cycle. This mechanism 

involves four steps and is shown in the Figure I.13. It starts with an alkynyl CuI 

complex, formed during the catalyst activation. The first step consists of the 

coordination of the azide to the complex, followed by the formation of the 

first C-N bond leading to a 6-membered metallacycle. The second C-N bond is 

created by reductive elimination forming a copper-triazolyl intermediate.116 

The 1,4 triazole product is released after a proton transfer with the alkyne, 

regenerating the copper alkynyl complex. The cyclisation of the azide with the 

alkynyl occurs in a stepwise manner, contrarily to the Huisgen reaction in 

which it is concerted, and this mechanism is supported by a computational 

study.115 However, Quirante et al.117 nuances that concerted vs stepwise 

cyclisation preference: it depends of the ability of the system to stabilize the 

metallacycle intermediates. Thus, the preferred pathway depends on the 

a) c)b)

d)
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nature of the substituent of the alkyne and the azide as well as of the reaction 

conditions. This work also examined the causes of the observed 

regioselectivity: there is a 12.4 kcal/mol difference between the transition 

states for the 1,4 and 1,5 isomers, explaining the exclusive synthesis of the 

former. The transition state of the 1,5 cyclisation is higher in energy due to 

the higher distortion needed to align the atoms and to the arrangment of the 

charges of the carbons and nitrogens that are less ideal than for the 1,4 

cyclisation.  

 

Figure I.13. Catalytic cycle of the CuAAC reaction with a mononuclear catalyst. 

However, the number of coppers involved in the reaction started to be 

questioned in 2005, with the publication of a kinetic study118 showing a 

second order in copper, i.e. the active species in the catalytic cycle involve 

more than one copper centre. As copper salts are usually used as catalyst with 
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the addition of some ligand, a large variety of nuclearities are potentially 

accessible in solution, from mononuclear complexes to clusters. The 

bimetallic nature of the active species was corroborated by a computational 

study in 2007119 that compared the energy of the cyclisation step for the 

CuAAC reaction with mono, di(σ,σ), di(σ,π) and tetra-copper alkynyl 

complexes. The lowest barrier is given by di(σ,σ) alkynyl complex. Since then, 

several computational120–126 papers arrived at the same conclusion that 

dicopper species are more active than their monocopper equivalent and 

therefore are the actual active species. Monocopper complexes can still be 

formed and/or be the resting state127 of the reaction but their participation to 

the production of the 1,4 triazole is minimal. The bimetallic character of the 

catalyst for the CuAAC reaction was further established via diverse 

experimental methods:127–133 ESI-MS, isotope exchange, kinetic studies and 

characterization of intermediates. The CuAAC reaction has also been done 

with well defined dicopper complexes based on naphthyridine ligand, 

showing that the reaction can work properly and efficiently with a dicopper 

active site.  

The mechanism with dicopper active species is shown in Figure I.14. The 

mechanism is not very different from the mononuclear ones: it also starts with 

an alkynyl CuI complex and another copper complex coordinates to the alkynyl 

to further active it, either to its π-system or in a σ mode. Then, the azide 

coordinates to the dicopper and the formation of the first C-N bond leads to 

a 6-membered metallacycle. The triazolyl intermediate is formed by the 

creation of the second C-N bond and the dissociation of one of the coppers. A 

proton transfer from the alkyne to the triazolyl allows the regeneration of the 

alkynyl CuI complex and the release of the 1,4 triazole product. Due to the 

flexibility of the system, the exact geometries of the active species can vary 

depending on the ligands and the reaction conditions but the general steps 

remain the same. As for the mononuclear catalyst, the cyclisation happens in 

two steps instead of a concerted one like in the Huisgen reaction. The rate 

determining step depends on the reaction conditions. Turzun and al.134 

showed that in aprotic conditions, the proton transfer from the alkyne to the 

triazolyl complex happen in one concerted step and is the RDS. But in protic 

conditions, the deprotonation of the alkyne and the protonation of the 
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triazolyl are decoupled in two different steps and their respective transition 

states are stabilized compared to the concerted one. Thus, in the whole cycle, 

there is three transition states (deprotonation, cyclisation, protonation) with 

similar energies and therefore the RDS can vary easily depending on specific 

reaction conditions and on the environment around the coppers. 

Overall, the CuAAC reaction mechanism is extremely flexible but the 

fundamental nature of the catalytic cycle remains unchanged. It is the 

composition and geometry of the active species that vary significantly, 

adapting to the reactants and reaction conditions. The efficiency and 

robustness of this reaction arise from its adaptive behaviour.  

 

Figure I.14. Catalytic cycle of the CuAAC reaction with a dinuclear catalyst. 

To be active, the CuAAC catalyst needs to contain a CuI centre but if not 

stabilized enough, it can deactivate easily. The poisoning of the catalyst is 
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usually due to an oxidation back to CuII or a disproportionation of two CuI into 

CuII and Cu0. The use of ligand for stabilizing CuI is a way to prevent the 

poisoning of the catalyst and to make it more efficient (Figure I.15). The 

cheapest ligand for the CuAAC reaction is the acetate ion.114,129,135,136 It 

provides a template for the coordination of two coppers in close proximity 

(2.64 Å in [CuII
2(C2H3O2)4]∙12H20), increasing the efficiency of the catalyst as 

two coppers are needed in the active species. Several attempts were made to 

use other ligands that can chelate two coppers (1,8 naphthyridine or di-NHC 

ligands). Another common type of ligand for the CuAAC reaction is the 

polyamine/heterocycle ones137–141 which despite being polydentate seem to 

coordinate to one copper only. These ligands have large sizes but they are 

often flexible enough to preserve the ability of the catalyst to adapt to specific 

reactants and reaction conditions. The third most common type of ligand is 

the heterocyclic carbene (NHC),116,127,130,131,142–144 which provided some of the 

most efficient CuAAC catalysts (high yields at room temperature with catalyst 

loading of 75 ppm in 6 hours143). Other types of ligand like phosphine132,133,145, 

thioester146 and pincer based on pyridine147 or naphthyridine44 can also be 

used even if less commonly. The reactant can compete with the ligand for the 

coordination to the metal centre. Thus, there is a need for a balance between 

stabilizing the catalyst promoting the CuAAC reaction and poisoning it by 

creating very stable but unreactive complexes or bulky species in which the 

active site is blocked.  
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Figure I.15. Example of ligands for the CuAAC reaction. 

4- Outline of this thesis  

This thesis describes the computational investigations done on CuI/CuI 

DPEOPN complexes (Figure I.16). These systems are challenging as the 

mechanisms of the reactions presented here are very complex due to the 

flexibility of the coordination environment of the coppers, the presence of a 

counter-ion and the asymmetric nature of the DPEOPN ligand. The goal of this 

thesis is to take a deep look into these factors and their influence on the 

properties and the reactivity of these complexes. After introducing the 

chemistry of these metal complexes in the Chapter I, Chapter II provides a 

summary of the computational details, including benchmarks. Chapter III 

reports the properties of the complexes 1+ and 2+ ([Cu2(DPEOPN)(µ-Ph)]+ and 

[Cu2(DPEOPN)(µ-CC(ρ-CF3-C6H4)]+, respectively). Chapter IV focuses on the 

mechanism of C-H activation of alkyne by 1+ (Figure I.16a) and Chapter V 

covers the water catalysis of this reaction. Chapter VI describes the 

mechanism of the CuAAC reaction using 2+ as catalyst (Figure I.16b). Finally, 

Chapter VII discusses on the design of new complexes based on the DPEOPN 

ligand to improve the C-H activation of alkynes by 1+. 
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Figure I.16. The main reactions described in this thesis: a) C-H activation of alkynes 

by 1+ and b) CuAAC reaction catalyzed by 2+. 

Part of the work reported in this thesis is the results of a collaboration with 

the Tilley group (UC Berkeley). Over the last decade, this group has published 

several articles45,50,51,148–152 on 1,8-naphthyridine complexes, mostly involving 

copper (CuI/CuI or CuI/CuII, CuI/MII with M = Mn, Fe, Co, Ni and Zn). They 

developed two main ligand types (Figure I.17): one with the same dipyridine 

substituents148,150 (later referred as "arms" in this thesis) on positions 2 and 7 

(DPFN and DPEN) and one with a phosphine and a dipyridine 

substituents152,153 on the same positions  (DPEOPN). The study of the reactivity 

of these complexes focuses on the C-H activation of alkynes or 

pentafluorobenzene45,50,51 and on the CuAAC reaction.45 The purpose of this 

collaboration was to achieve a better understanding of the properties and the 

reactivity of dicopper complexes based on 1,8-naphthyridine. In particular, 

Chapters III and IV describe the work done for our join publication of June 

2021 (see article 1 in the annexes). 

1+ 2+

2+

a)

b)
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Figure I.17. 1,8-naphthyridine based ligands from the Tilley group. 

  

R = Me (DPEN)
R = F (DPFN)

E = O (DPEOPN)
E = CH2 (DPEPN)
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II - Computational details  

The methods used in this thesis will not to be explained here. Theoretical and 

technical details can be found in the literature for DFT,154–156 solvation 

models157 and microkinetics modelling.158,159 This chapter focuses on the 

benchmarks realized to choose the DFT functional and a short overview of the 

methods used to carry out the calculations. 

1 - Benchmark  

At the beginning of this project, a benchmark was carried out to choose an 

appropriate DFT functional. A pool of seven different functionals160–168 

(B3LYP+GD3, BMK+GD3, CAM-B3LYP+GD3, M06+GD3, MN15, PBE0+GD3, and 

TPSSh) was used to compute the geometry and the energies of 1+ and 2+. For 

all functionals, the geometry of 1+ and 2+ were optimized in gas phase and 

compared to their X-Ray crystal structure. The quality of the DFT geometries 

was assessed by considering the distances between the two metals and 

between the metals and the ligands (Figure II.1). For both complexes, TPSSh 

and PBE0+GD3 give the lowest values for the root mean square deviation 

(RMSD) and thus were kept for the second part of the benchmark. 
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Functional RMSD MaxDev  Functional RMSD MaxDev 

B3LYP 0.056 0.086  B3LYP 0.045 0.088 

BMK 0.084 0.163  BMK 0.167 0.088 

CAM-
B3LYP 

0.038 0.077 
 CAM-

B3LYP 
0.034 0.069 

M06 0.054 0.083  M06 0.036 0.072 

MN15 0.036 0.058  MN15 0.085 0.195 

PBE0 0.029 0.065  PBE0 0.025 0.052 

TPSSh 0.021 0.047  TPSSh 0.030 0.057 
 

Figure II.1. Key distances (in bold black) selected to calculate RMSD and the 

maximum deviation (MaxDev) of the bonds in bold black in 1+ (left) and 2+ (right) 

for the different functionals. 

In order to evaluate the functionals performance for energy barrier 

estimation, several energy profiles were computed with TPSSh and 

PBE0+GD3. In all cases, PBE0+GD3 yielded lower ΔG‡ barriers than TPSSh. For 

example, the barrier is 6.6 kcal/mol lower in the case of the C-H activation of 

alkyne (Figure II.2). TPSSh always yields to energy barriers that are too high to 

be plausible under the experimental reaction conditions. This is likely due to 

the different description of dispersion forces in each case. The PBE0 functional 

does not account for dispersion therefore the Grimme dispersion correction 

GD3169 was used in all calculations. The TPSSh functional was formulated to 

describe both strong and weak interactions. Thus, it accounts for non-



25 
 

covalent interactions to some extent. Nevertheless the GD3 corrections was 

also develop for TPSSh and thus was tested on the pathway for the same 

reaction as PBE0+GD3 and TPSSh (Figure II.2). The barrier decreases by 8.0 

kcal/mol relative to TPSSh, showing the dramatic importance of dispersion in 

this system. However, the calculation of the frequencies at the TPSSh+GD3 

level failed in the Gaussian release used to perform this work. Thus, the 

thermal corrections cannot be computed with the GD3 correction, yielding 

unreliable the energies. Therefore, the PBE0+GD3 functional was used for all 

the calculations in this project. 

 

Figure II.2. Energy comparison between PBE0+GD3 (green), TPSSh (red) and 

TPSSh+GD3 (blue) for the C-H activation of alkyne by 1+. 
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2 - Methods  

DFT calculations were carried out with the hybrid PBE0 GGA functional,166 as 

implemented in the Gaussian 16 software package.170 The Grimme dispersion 

model GD3169 was used to correct the PBE0 functional. Two different basis 

sets,171 one of double-ζ quality (def2SVP) and one of triple-ζ quality 

(def2TZVP), were used. All the structures were fully optimized without any 

geometry or symmetry constraint with the def2SVP basis set. Frequency 

calculations were also carried out with the same basis set, to confirm the 

energy-minimum nature of all stationary points (i.e. all-real frequencies) and 

to estimate the thermal corrections at 298.15K (ET, including zero-point, 

thermal and entropy energies). A selection of transition states were relaxed 

with IRC calculations to verify that they belong to the reaction pathway 

connecting 1+ to 2+. The potential energy of the optimized geometries was 

refined by means of single-point calculations with the def2TZVP basis set (E). 

The ultrafine (99,590) pruned grid was used for higher accuracy in the 

computation of the two-electron integrals. When not specified, the 

calculations were performed in THF (CPCM continuum model).172,173 Orbital 

analysis and spin densities were obtained from natural population analysis 

with the NBO7 software.174 The calculations were done using the def2TZVP 

basis set. The free energies reported in the manuscript (G) were obtained by 

adding the thermal corrections to the refined potential energies as show in 

Eq. 1 and corrected to the 1M standard state.  

    𝐺 =  𝐸 +  𝐸𝑇     Eq1 

Microkinetic models were constructed with the COPASI software (version 

4.24).175 Association reactions were assumed to have low Gibbs energy 

barriers (ΔG‡ ≤ 5 kcal mol-1), thus having no impact on the global kinetics of 

the reaction. The initial concentrations used in the simulations were those 

reported in experimentally and are detailed in the corresponding sections of 

this thesis. The model was simulated at 1 atm and 48.5 ºC in accordance with 

the experimental conditions. The rate equations were solved using 

deterministic time course simulations with the LSODA algorithm. The 

elementary steps of the mechanism underlying the microkinetic models are 
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given in later sections of this thesis, together with the ΔG‡ values derived from 

the DFT calculations. The model was optimized with the Hooke & Jeeves 

algorithm to fit the experimental values. 
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III - Properties of the DPEOPN based complexes  

In this chapter, the focus has been emphasized on the properties of the 

complexes 1+ and 2+. As it will become evident in latter chapters, several 

properties of these complexes have a large impact on reactivity and are 

therefore essential to describe. To ease the description of the complexes and 

their analysis, the key atoms have been labelled as shown in Figure III.1. These 

labels do not change depending on the presence of additional molecules 

(counter-ion or solvent molecule). 

 

Figure III.1. Labels of the key atoms in the complexes 1+ and 2+.  

1 - Coordination modes of the alkynyl ligand  

Experimentally, two coordination modes of the alkynyl ligands are observed 

in the crystal structures153 (Figure III.2). In 2+, the bridging ligand, µ-CC(p-CF3-

C6H4), is coordinated symmetrically to the coppers in a σ,σ mode. Conversely, 

the bridging alkynyl group in 3+ ([Cu2(DPEOPN)(µ-CC(p-CH3-C6H4))]+) is 

coordinated asymmetrically to the coppers in a σ,π mode.  

C1

C3

Cu1
Cu2

N3

N4
C2

N1
N2
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Figure III.2. Two coordination modes of the alkynyl: a) σ,σ in 2+ and b) σ,π in 3+ and 

the NLMOs involved in the coordination of the alkynyl: c) lone pair of C2 in 3+
σ,σ and 

d) πxy orbital of the triple bond between C2 and C3 in 3+
σ,π. 

To assess the origin of this difference, both coordination modes were 

computed for 2+ and 3+, in gas phase and in THF (Table III.1). In all cases, the 

σ,σ binding mode is more stable than the σ,π, though by small energy 

differences within the 1.6-2.7 kcal/mol range. Thus, the σ,π coordination 

mode observed in 3+ is likely due to packing effects in the crystal structure, 

a) b)

c) d)
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which are not taken into account in our DFT model. Further experimental 1H 

NMR data confirm this explanation as the σ,σ binding mode of the alkynyl is 

the only one observed for both 2+ and 3+ in solution.  

Complexes Gas phase THF 

2+
σ,σ  0.0 0.0 

2+
σ,π 2.1 2.7 

3+
σ,σ 0.0 0.0 

3+
σ,π 1.7 1.6 

 

Table III.1. Relative free energies of 2+ and 3+ with the σ,σ and σ,π coordination 

modes. All the energies are in kcal/mol. 

A NBO analysis on 3+
σ,σ and 3+

σ,π gives more details about their coordination 

modes and about the different orbitals involved. In 3+
σ,σ, the alkynyl 

coordinates to the coppers by its lone pair (Figure III.2c) with similar 

interaction strengths: 49.6 and 53.1 kcal/mol for Cu1 and Cu2, respectively. In 

3+
σ, π, the lone pair of the alkynyl also interacts with both coppers but the 

interaction is stronger with Cu2 (68.9 kcal/mol) than with Cu1 (16.5 kcal/mol). 

In addition to the lone pair, the πxy orbital of the triple bond (Figure III.2d) 

coordinates to Cu1 (23.6 kcal/mol). This interaction is occurring due the 

bending of the alkynyl toward Cu1, reducing the distance with the carbons to 

2.01 and 2.28 Å for C2 and C3, respectively.  

2 - Coordination of a THF molecule  

Another properties worth checking before investigating any reactivity is the 

ability of a THF molecule to coordinate to 1+ and 2+, leading to 1+
THFand 2+

THF. 

The energy of the association between a THF molecule and the complexes 

was computed. In the case of 1+, THF do not coordinate to the copper as there 

is steric hindrance between the solvent molecule and the phenyl ligand 

(Figure III.3). For 2+, the THF molecule can coordinate to Cu1 (2.17 Å), the least 

sterically crowded copper. The association is thermoneutral with a ΔG of 0.5 

kcal/mol. In the rest of this work, the assumption made is that the solvent do 

not coordinate to the complexes if not explicitly stated and THF is only 

modelled implicitly.  
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Figure III.3. 3D representation of a) 1+
THF and b) 2+

THF. 

3 - Partial dissociation of DPEOPN  

DPEOPN is a polydentate ligand 5 that can partially dissociate from the two 

coppers. The dissociation could lead to more space in the active site and/or 

create new favourable interactions with potential reactants. Thus, the 

thermodynamics of three partial dissociations have been considered (Figure 

III.4) to assess if they are easily accessible under experimental conditions. 

These dissociations are done by a rotation of the following bonds: 

 O-naphthyridine  

 Csp3-naphthyridine  

 Csp3-pyridine  

a) b)
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Figure III.4. The three partial dissociations of DPEOPN considered for 1+ and 2+, R = 

Ph or CC(p-CF3-C6H4). 

All the partial dissociations of 1+ and 2+ are accessible and the same trends 

are observed for both complexes (Figure III.5 and III.6). The highest 

intermediates are the ones with the phosphine dissociated (1+
phos and 2+

phos) 

with energies above 15 kcal/mol compared to the fully coordinated 

complexes. The dissociation of the pyridines arm (1+
arm and 2+

arm) is more 

favourable, with energies between 10 and 15 kcal/mol. The most favourable 

dissociation is caused by the rotation of one of the pyridines (1+
pyr and 2+

pyr), 

which is close to thermoneutrality for 2+ and slightly exergonic for 1+. The 

partial dissociation of DPEOPN introduce geometrical modifications: in Xphos 

and Xarm (where X stands for 1+ or 2+), the remaining bonds are shortened for 

the copper centre undergoing dissociation, whereas the bonds involving the 

other copper are weakened. No significant geometry changes are observed in 

the X+
pyr complexes. The energetic cost of the dissociations can be ascribed to 

the strength of the coordination bond: Cu-P > [Cu-N]x2 > Cu-N. For X+
phos and 

X+
arm, the coordination of a THF molecule on the vacant site can slightly 

stabilize the complexes, from 0.1 to 2.6 kcal/mol. No coordination of THF is 

reported for the X+
pyr complexes as the decoordination of one pyridine does 

not open a large enough vacant site to fit a THF molecule.  
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Figure III.5. Partial dissociations of DPEOPN for 1+ in kcal/mol.  

1+ 0.0
1+

_THF 0.0
1+ 

phos 16.4
1+

phos_THF 16.3 

1+
arm 10.7

1+
arm_THF 9.8

1+ 
pyr -1.4
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Figure III.6. Partial dissociations of DPEOPN for 2+ in kcal/mol.  

To further study the impact of the partial dissociation of DPEOPN on 1+, an 

NBO analysis was carried out (Table III.2). All the significant interactions 

between the ligands and the coppers involve a (sp) orbital centred on the 

coordinating atoms of DPEOPN and the phenyl with an accepting s* orbital 

mainly centred on the coppers (Figure III.7). As stated above, the energetic 

cost of the dissociation correlates to the strength of the coordination to the 

coppers. This is highlighted by the energy of the interaction between P (59.5 

kcal/mol) and N (21.8 kcal/mol on average) with the coppers. In 1+
pyr, the 

strength of the interactions between the ligands and the coppers do not 

change compared to 1+, displaying the small effect of the partial dissociation 

of one pyridine. On the contrary, the dissociations yielding 1+
arm and 1+

phos 

have a large effect on the energy of the remaining interactions. In 1+
arm, there 

are three less bond less between the coppers and DPEOPN than in 1+. As a 

result, the remaining interactions have higher energies (+17.6, +25.8 and 

2+ 0.0
2+

_THF 0.0
2+ 

phos 19.9
2+

phos_THF 17.3 

2+
arm 14.7

2+
arm_THF 14.0

2+
pyr 2.9
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+25.3 kcal/mol for P, N2 and C1, respectively). In 1+
phos, due to the loss of the 

coordination of the phosphine, the energy of the interactions involving Cu1 

increases (+27.6 and +23.3 kcal/mol for N1 and C1) while the C1-Cu2 interaction 

is weakened (-8.6 kcal/mol)  

 P-Cu1 N1-Cu1 N2-Cu2 N3-Cu2 N4-Cu2 C1-Cu1 C1-Cu2 

1+ 59.5 24.7 21.0 20.0 21.6 53.2 44.5 
1+

pyr 60.5 24.1 25.5 25.3 - 56.0 47.3 
1+

arm 77.1 - 46.8 - - 54.6 69.8 
1+

phos - 52.9 15.9 22.3 22.3 76.5 35.9 
 

Table III.2. Energies (in kcal/mol) of the interaction between a donating (sp) orbital 

centred on the coordinating atoms of DPEOPN and the phenyl with an accepting 

s* orbital mainly centred on the coppers. 
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Figure III.7. 3D representation of the NLMOs involved in the (sp) donation from a) 

P, b) N1, c) N3, d) C1 to the (s)* of e) Cu1 and f) Cu2 in the complex 1+. 

 

 

a) b)

c) d)

e) f)
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4 - Ion-pairing of NTf2
- with 1+ and 2+  

Another important property to consider is the energy of association of the 

complexes 1+ and 2+ with the counter-ion NTf2
-, which was computed in THF 

with an implicit solvent model. Five positions for NTf2
- are defined around the 

complexes (Figure III.8) and these series of calculations are noted 1X and 2X, 

where X stands for the position of the counter-ion (i.e. A to E). In symmetrical 

complexes, the positions C and E are equivalent, as in 1+, but they differ when 

one of the pyridines dissociates, as in 1+
pyr.  

 

Figure III.8. Positions A to E of NTf2
- around the complexes [Cu2(DPEOPN)(µ-R)]+ 

represented by green circles.  

The association of 1+ with NTf2
- is favourable as the free energies are 

thermoneutral in one case and slightly exergonic in the others (Table III.3). 

The most favourable position is C with -2.5 kcal/mol. In all cases, there is no 

direct coordination to the metal centres and the counter-ion is only 

interacting with the complex via weak dispersion interactions (Figure III.9). 

Overall, the geometries of the 1X series are not impacted by the presence of 

NTf2
- and are very similar to the one of 1+. As shown in the previous section, 

the partial dissociation of one pyridine leads to the stable intermediate 1+
pyr. 

Thus, its association with NTf2
- was also computed (Table III.3). The complexes 

1pyrX are also close to thermoneutrality or exergonic. 1pyrC is the most stable 

complex of all the computed 1+ isomers, with -4.3 kcal/mol. The position E is 

also very stable, by -4.1 kcal/mol, as expected from its similarity with the 

position C. In most cases, the geometry is not affected by the presence of NTf2
-

, except for 1pyrA (Figure III.10) in which the counter-ion is coordinated (2.30 

A

B

[Cu2(DPEOPN)(µ-R)]+

+   
NTf2

-

ΔG

E

C

D
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Å) to Cu1 and leads to an elongation of the bonds between the latter and 

DPEOPN.  

Position of 
NTf2

- 
ΔG (kcal/mol)  

Position of 
NTf2

- 
ΔG (kcal/mol) 

1A 0.0  1pyrA 1.3 
1B -2.3  1pyrB -0.9 
1C -2.5  1pyrC -4.3 
1D -1.2  1pyrD -1.2 
   1pyrE -4.1 

 

Table III.3. Free energy of the ion-paring for 1+ and 1+
pyr. The energy reference is the 

energy 1+ added to the energy of NTf2
- for both series. 
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Figure III.9. 3D representation of 1C from different perspectives showing the 

position of NTf2
- relative to a) the pyridine and the phosphine and b) the 

naphthyridine backbone. All the distances are in Angstrom (Å).  

a)

b)

2.89 2.81

2.41

2.56 3.08
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The association of 2+ with the counter-ion is also close to thermoneutrality or 

slightly exergonic (Table III.4). In this case the most stable position is B, by -3.4 

kcal/mol. The counter-ion is associated only via weak interactions with the 

ligands and does not have a significant impact on the geometry (Figure 

III.10c). The only noticeable change occurs for 2D, in which the alkynyl bends 

toward the pyridines arm and NTf2
-. However, the bridging carbon is still 

equidistant from the coppers so the coordination mode is not modified by this 

bending. As for 1+, the association of 2+
pyr with NTf2

- was investigated. The 

energies of the 2pyrX series are thermoneutral but not low enough to be more 

stable than 2B. The positions A, B and C yield geometries very similar to that 

of 2+
pyr and the only differences between them are the weak interactions 

involving NTf2
-. The two remaining complexes, 2pyrD and 2pyrE, have a different 

coordination mode: the Cipso of the alkynyl is binding in an σ fashion to one 

copper and in a π fashion to the other, like in 3+. In 2pyrD, the Cipso is σ bonded 

to Cu2 while it is σ bonded to Cu1 in 2pyrE (Figure III.10c). For the latter, the 

geometrical changes also involved an interaction between the coppers and 

one oxygen of NTf2
-: with distances of 2.39 Å with Cu1 and 2.62 Å with Cu2. 

Therefore, the ion-pairing of 1+ and 2+ with NTf2
- is an important effect that 

stabilizes the complexes and leads to low-energy intermediates with 

interesting features including different coordination modes and direct 

interactions with the metals centres.  

Position of 
NTf2

- 
ΔG (kcal/mol)  

Position of 
NTf2

- 
ΔG (kcal/mol) 

2A 2.3  2pyrA 2.0 
2B -3.4  2pyrB -1.1 
2C -1.4  2pyrC -0.3 
2D -1.5  2pyrD 0.5 

   2pyrE -1.1 
 

Table III.4. Free energy of ion-paring for 2+ and 2+
pyr. The energy reference is the 

energy 2+ is added to the energy of NTf2
- for both series. 
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Figure III.10. 3D representation of a) 1pyrA, b) 1pyrC, c) 2B and d) 2pyrE. 

5 - Redox potentials of 1+ and orbital analysis  

The redox potentials of 1+ were measured experimentally and it was 

hypothesized that the complex undergoes a quasi-reversible reduction 

involving the naphthyridine ligand.153 Thus, the redox potentials were 

computed to determine which orbitals were involved. Both the oxidation and 

reduction lead to species with one unpaired electron, 12+ and 10, respectively. 

The spin ladder of 1+, 12+ and 10 were computed to verify that the lowest spin 

a) b)

d)c)



43 
 

states used to calculate the redox potentials are the ground states. For both 

12+ and 10, the lower spin state is the doublet by a large energy difference 

while 1+ is a singlet, as expected for a 3d10 complex (Table III.5). 

1+ ΔG 12+ ΔG 10 ΔG 

S = 1 0.0 S = 2 0.0 S = 2 0.0 
S = 3 29.2 S = 4 49.0 S = 4 50.0 
S = 5 98.4     

 

Table III.5. Spin ladder for 1+, 12+ and 10; all energies are in kcal/mol. 

Then, the most stable spin states of 1+, 12+ and 10 were selected to calculate 

the redox potentials. A significant deviation is observed for the computed 

oxidation potential compared the experimental one with 0.46 V versus 0.17 

V, respectively; inducing a difference of 0.29 V. The HOMO of 1+ has strong 

contributions from the 3d orbitals of the coppers and the  lone pairs of the 

coordinating atoms of DPEOPN. This orbital also involves the π-system of the 

phenyl bridging ligand (Figure III.11), indicating the presence of a three-

centre-two-electron interaction (3c2e) with the coppers. The spin density of 

12+ is very similar to the HOMO of 1+ and thus suggests that the oxidation takes 

place at the dicopper core of the complex, in which the local spins (0.49 and 

0.15 ) and charges (-0.36 and -0.39 e) of each metal centre are significantly 

different.  



44 
 

 

Figure III.11. Computed orbitals and densities relevant to the electrochemical 

behaviour of 1+; a) HOMO of 1+, b) LUMO of 1+, c) spin density of 12+, d) spin density 

of 10.  

For the reduction potential, there is a better agreement between the 

experimental and the computed values; -1.70 and -1.58 V, respectively; with 

a smaller deviation of 0.12 V. The LUMO of 1+ is an antibonding orbital centred 

on the naphthyridine backbone (Figure III.11). The spin density of 10 matches 

very well with the LUMO of 1+, confirming that the populated orbital in the 

reduction process is ligand-based.  

The redox potentials were also computed using 1+
pyr, as the most stable form 

of 1+ is 1pyrC. However, the counter-ion was not considered in the redox 

potential calculations. The oxidation leads the complexes 12+
pyr and the 

reduction to 10
pyr. As done for the redox calculations with 1+, the spin ladder 

for the three complexes and the results are gathered in Table III.6. The most 

a) b)

d)c)
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stable spin state is the lowest one for all the complexes, as expected since the 

lowest spin state are the most stable in the previous redox calculations and 

there is no major changes between 1+ and 1+
pyr.  

1+
pyr ΔG 12+

pyr ΔG 10
pyr ΔG 

S = 1 0.0 S = 2 0.0 S = 2 0.0 
S = 3 31.3 S = 4 43.8 S = 4 50.9 
S = 5 108.2     

 

Table III.6. Spin ladder for 1+
pyr, 12+

pyr and 10
pyr; all energies are in kcal/mol. 

Then, the most stable spin state of 1+
pyr, 12+

pyr and 10
pyr were used to calculate 

the redox potentials. A large deviation is observed for the computed oxidation 

potential compared the experimental one: 0.73 V versus 0.17 V, giving an 

error of 0.54 V. The deviation is even larger than with 1+ and is becoming too 

substantial to represent the experimental data correctly. Thus, no orbital 

analysis was carried out for the oxidation potential. The reduction potential 

with 1+
pyr is -1.58 V versus -1.70 V experimentally, giving an error of 0.22 V. As 

with 1+, the reduction potential is better fitting the experiments than the 

oxidation one. However, the experimental reduction potential is better 

represented by 1+ than by 1+
pyr and therefore was not investigated further. 
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IV - C-H activation of alkynes with 1+  

The C-H activation of alkyne by 1+ consist of a stoichiometric reaction where 

a proton is transferred from the alkyne to the phenyl bridging the two coppers 

in 1+, leading to the formation of benzene and 2+. Experimentally,153 the 

activation of alkynes has been performed in THF at 48.5°C using the alkyne 

HCC(p-CF3-C6H4). This chapter details the search of a mechanism to explain 

this reaction and the assessment of its accuracy by comparing some 

computed properties with experimental data.  

1 - Search of the transition states  

A concerted step in which the proton transfers from the terminal alkyne to 

the bridging phenyl ring was assumed as a starting point. For this mechanism, 

the transition state has two isomers, due to the two different arms of the 

naphthyridine backbone. The alkyne coordinates to the copper either on the 

pyridine side or on the phosphine side and are further referred as the TS1 and 

TS2 series, respectively. All the transition states are represented schematically 

on the Figures IV.2 and IV.3 for the TS1 series and Figures IV.6 and IV.7 for the 

TS2 series. All the energy of the transition states reported in this thesis are 

gathered in tables in the annex A.  

 

Figure IV.1. Labels of the key atoms in the transition states connecting 1+ to 2+.  

C1

C3

Cu1

Cu2

N1

N2

C2
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To ease the description of the transition states and their analysis, the key 

atoms have been labelled as shown in Figure IV.1. These labels do not change 

depending on the isomers nor on the presence of additional molecules to the 

transition state (counter-ion or solvent molecule). For all the energy barriers 

mentioned below, 1+ and 1C were used as the energy reference instead of 1+
pyr 

and 1pyrC isomers. The two latter converged with lower DFT energies, but the 

experimental 1H NMR and the redox potential calculations do not support the 

partial dissociation of the pyridines in the DPEOPN as the most stable form of 

1+. 

 

Figure IV.2. Schematic representations and labels of all the transition states 

computed for the TS1 series; the green circles represent the position of NTf2
- (1/2). 

TS1 TS1A

TS1B TS1C TS1D

TS1E
TS1_arm TS1_armTHF

TS1THF
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Figure IV.3. Schematic representations and labels of all the transition states 

computed for the TS1 series; the green circles represent the position of NTf2
- (2/2). 

For the TS1 series, 16 transition states were considered. The simplest one is 

TS1 (in red in Figure IV.4 and Figure IV.5a), where all the part of DPEOPN are 

coordinated to the coppers and the counter-ion is not included. TS1 is 

distorted compared to 1+ and 2+, with the distance between the coppers 

increased by 0.5 Å and the dihedral angle Cu1-N1-N2-Cu2 is 21.9°, compared to 

4.1° in 1+. However, all the other distances are quite similar to the ones in 1+ 

and 2+. The alkynyl bends over one of the tBu substituent of the phosphine, 

creating dispersion interactions with it. The barrier ΔG‡ of 27.1 kcal/mol 

TS1α TS1β TS1βA

TS1βB TS1βC TS1βD

TS1βE
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associated to this transition state is too high compared to what is expected 

from the experiments (i.e. <24.0 kcal/mol). The first attempt to lower the 

energy of TS1 consisted in adding a THF molecule to "solvate" the transferred 

proton (TS1THF, in dotted red in Figure IV.4). The oxygen of THF is pointing 

toward the proton at a distance of 2.84 Å, thus it is close enough to interact 

with it. To accommodate the THF molecule on top of the active site, the 

complex has to distort even more: the distance between the copper is 3.03 Å 

and the distances between Cu1 and the phenyl and between Cu2 and the 

alkynyl are elongated by 0.8 and 0.12 Å, respectively. All these geometrical 

changes, increase the energy of the transition state by 3.3 kcal/mol, up to 30.4 

kcal/mol and thus, the presence of a solvent molecule around the active site 

is not favourable.  

 

Figure IV.4. Free energy of all the transition states of the TS1 series.  

The counter-ion is added to TS1 to create the TS1X series (diagonally red 

dashed in Figure IV.4), with X describing the position of the counter-ion 

around the complex (A to E see Figure IV.2). The energy range varies from 

26.5 to 33.3 kcal/mol. TS1A has a very interesting structure where NTf2
- is 

bound to Cu1, causing its partial dissociation from the naphthyridine ligand, 
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due to steric hindrance (Figure IV.5b). Thus, the distance between the coppers 

increases to 3.91 Å. TS1A yields to an energy barrier of 33.3 kcal/mol, which is 

too high to be relevant. On the contrary, TS1C, TS1D and TS1E have structures 

extremely close to TS1, where the only difference is the bending of the alkynyl 

over the phosphine. In these transition states, NTf2
- interacts only via 

dispersion with the ligands: DPEOPN, phenyl and alkynyl. In the case of these 

three positions, the association of TS1 and NTf2
- is isoenergetic. 

As previously shown for 1+ and 2+, DPEOP is a chelating ligand that can 

partially dissociate from the coppers. These isomers could be more reactive, 

yielding lower energy barriers that would not be accessible otherwise. Thus, 

several dissociations were considered for TS1. The first one is the rotation of 

the pyridines arm (TS1_arm), which opens space around Cu2. This dissociation 

has a dramatic effect on the geometry. The remaining bond between Cu2 and 

DPEOPN is strengthened to balance the loss of the pyridines, including the 

shortening of -0.1 Å of the bond with the naphthyridine backbone. The 

coordination of Cu2 to the alkynyl and the naphthyridine is close to linearity 

with an angle of 173.0°. Conversely, the bond between Cu1 and the 

naphthyridine elongates to full dissociation at 2.81 Å. The phenyl does a 

hydrogen bond with the pyridine on the back of TS1_arm, with a distance of 

2.85 Å between the hydrogen and the nitrogen atoms. The alkynyl does not 

interact with the phosphine substituents, unlike in TS1. The coordination 

sphere of Cu1 is also more linear than is in the previous transition states, with 

an angle of 167.7° between the phosphine, Cu1 and the phenyl. The energy 

barrier associated to TS1_arm is very high (39.9 kcal/mol) and thus these 

modifications and new interactions are not favourable enough to compensate 

the dissociation of the two pyridines. The coordination of a THF molecule in 

the vacant site of Cu2 mitigates the structural distortion, lowering the energy 

barrier to 36.5 kcal/mol (TS1_armTHF in dotted orange in Figure IV.4). For 

example, the Cu1 bond to the naphthyridine backbone is elongated to 2.31 Å, 

but not dissociated. However, the energy of TS1_armTH remains high and 

therefore the coordination of THF does not make this reaction pathway 

plausible.  
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Figure IV.5. 3D representation of a) TS1, b) TS1A, c) TS1_arm and d) TS1βC. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

As the dissociation of the pyridines arm leads to very high barriers, the 

dissociation of the phosphine is excluded, as the related intermediates are 

even at higher energies. The only partial dissociation remaining is the rotation 

of one pyridine. Starting from TS1, two different dissociations can be done. 

Either the pyridine in the front rotates or the one in the back, leading to TS1α 

and TS1β, respectively (Figures IV.2 and IV.3). On one hand, TS1α has an 

unusual geometry, with the phenyl group still bridging the coppers evenly but 

with longer distance than in 1+ (2.17 Å on average). As the coppers are still 

bridged, the distances between them is much smaller than in TS1, with only 

a) b)

d)c)
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2.55 Å. The alkynyl group is coordinated to Cu1; and not on Cu2 as the 

transition states from the TS1 series are supposed to; and orientated in 

parallel to naphthyridine backbone with which it interacts by π-stacking. 

Contrary to the previous transition states, the transferred proton is 

equidistant from the phenyl and the alkynyl (1.44 Å). Regardless of these 

unusual features, TS1α has a high energy (34.9 kcal/mol). On the other hand, 

TS1β has a geometry very close to TS1 with similar distances (between all the 

key distances involving the coppers) and the same orientation of the alkynyl 

and phenyl groups (Figure IV.5c). Despite these similarities, the loss of one 

pyridine in the coordination sphere of Cu2 destabilizes the transition state to 

28.9 kcal/mol. Overall, the partial dissociation of DPEOPN does not lead to the 

lowering of the energy of TS1 on its own. 

The last possibility to lower the energy of TS1 series is to combine the effects 

of the partial dissociation of DPEOPN and of the ion-pairing with NTf2
-. As TS1β 

is the lowest transition state with a partial dissociation, it is the only one 

considered for the association with NTf2
-, leading to the TS1βX series, with X 

referring the position of counter-ion (Figure IV.3). In TS1βA, NTf2
- is on top of 

the complex, in the plane of the naphthyridine backbone and coordinated to 

Cu1 by one of its oxygen (2.18 Å). Like in TS1THF, the complex has to be even 

more distorted than usual to fit NTf2
- in the active site: the distance between 

the copper increases to 3.74 Å and Cu1 dissociates from the naphthyridine 

backbone (3.08 Å). Due to its unusual position, NTf2
- interacts with all parts of 

the ligands (distances below 2.80 Å), except the naphthyridine. This particular 

geometry is surprisingly quite stable as the free energy associated to TS1βA is 

24.2 kcal/mol. TS1βB, TS1βC and TS1βD have very similar geometries to TS1β, 

except for the Cu1-naphthyridine bond which is elongated by 0.1 Å. The 

counter-ion is not coordinated to the coppers in these transition states and it 

only does weak interactions with the ligand. The energy range for these 

transitions states is from 22.9 to 28.3 kcal/mol (green dashed line on Figure 

IV.4) and the differences are mainly due to the interactions with the counter-

ion. These interactions maximize in the case of TS1βC, which yields the lowest 

energy barrier (22.9 kcal/mol), involving most of the DPEOPN ligand and the 

alkynyl (Figure IV.5d).  
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Figure IV.6. Schematic representations and labels of all the transition states 

computed for the TS2 series; the green circles represent the position of NTf2
- (1/2). 

For the TS2 series, 13 transition states were computed and are listed in Figures 

IV.6 and IV.7. The simplest one is TS2 (Figure IV.9a), where DPEOPN is fully 

coordinated to the coppers and the counter-ion is excluded. TS2 is much more 

distorted than TS1. This is caused by the higher steric hindrance of the phenyl 

with the pyridines than with the phosphine. To fit the two pyridines and the 

phenyl around Cu2, the pyridines arm is pushed forward and Cu2 dissociates 

from the naphthyridine backbone (2.67 Å). Thus, the distance between the 

coppers increases up to 3.58 Å. The position of the transferred proton is 

TS2 TS2A TS2B

TS2C TS2D TS2E

TS2α TS2αA TS2αB
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similar to the one in TS1: the distance between H+ and the alkynyl is shorter 

(1.30 Å) than the one between H+ and the phenyl (1.78 Å). The geometry of 

TS2 is the only one with this geometrical feature in the series and gives its 

second lowest energy barrier (27.3 kcal/mol, in red in Figure IV.8).  

 

Figure IV.7. Schematic representations and labels of all the transition states 

computed for the TS2 series; the green circles represent the position of NTf2
- (2/2). 

As for the TS1 series, the ion-paring between TS2 and NTf2
- was also explored, 

yielding the TS2X series (red dashed in Figure IV.8), with X describing the 

position of the counter-ion. TS2A and TS2B are both compact transition states, 

with a distance between the coppers of 2.60 and 2.66 Å, respectively. In TS2A, 

NTf2
- is on top of the complex and it interacts with the most parts of the 

ligands, including the phosphine, the pyridines, the phenyl and the alkynyl. 

NTf2
- is also in contact with the transferred proton through one of the fluorine 

(2.71 Å).The presence of NTf2
- on top of the complex forces the bond between 

the proton and the alkynyl to elongate to 2.21 Å. In TS2B, NTf2
- is only 

interacting with the tBu of the phosphine. These two transition states yield 

high energy barriers: 35.2 and 35.8 kcal/mol for TS2A and TS2B, respectively. 

TS2αC TS2αD TS2αE

TS2β
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TS2C and TS2E are more distorted, with a distance of 2.76 and 2.86 Å between 

the coppers (Figure IV.9b). Most of the distances between the coppers and 

the ligands are the same as in 1+ and 2+, except for one between the 

naphthyridine backbone and Cu2, which is elongated by 0.1 Å. This distortion 

is quite small compared to the same bond in TS2. As there is more space within 

the active site, the alkynyl is closer to the coppers and thus the distance 

between the H+ and the alkynyl is shortened to 1.53 and 1.48 Å for TS2C and 

TS2E, respectively. The energy of these transition states are the lowest in this 

TS2X series, i.e. 31.1 and 29.4 kcal/mol. The TS2X series gives interesting 

geometries and NTf2
- has a clear impact on both the energy and the geometry 

of TS2. However, the energy of the associations of TS2 and NTf2
- varies from 

isoenergetic to unfavourable, within the 0.7-7.1 kcal/mol range of energies. 

As for TS1, the ion-pairing effects alone are not enough to lower the energy of 

TS2. 

Figure IV.8. Free energy of all the transition states of the TS2 series.  

The transition states of the TS2 series appeared to be higher in energy than 

the ones of TS1. However, to be consistent, the effect of the partial 

dissociation of DPEOPN was also investigated for TS2. Considering the results 

obtained with TS1, only the partial dissociation of one pyridine was kept. This 

En
er

gy
 in

 k
ca

l/
m

o
l

0

5

10

15

20

25

30

35

40



57 
 

yields two different transition states, TS2α and TS2β, for the dissociation of the 

pyridine on each of the opposite faces of the complex (Figures IV.6 and IV.7). 

These two transition states have a very different geometry compared to TS2: 

On one hand, TS2α is moderately open with a distance of 2.73 Å between the 

coppers and the distances between the coppers and the ligands are similar to 

the ones in 1+ and 2+. The phenyl and the dissociated pyridine are parallel to 

each other and are separated by 3.90 Å on average, suggesting the presence 

of π-stacking interactions (Figure IV.9c). TS2α is quite high in energy, yielding 

a barrier of 32.1 kcal/mol. One the other hand, TS2β has a particular geometry: 

the distance between the coppers is extremely short, with only 2.58 Å, 

corresponding to an elongation of 0.1 Å compared to 1+ and 2+. As the active 

site is extremely compact, the bond between the alkynyl and Cu1 is elongated 

to 2.23 Å and the alkynyl adopts an unusual position: orientated downward 

and parallel to the naphthyridine backbone. This transition state yielded the 

highest energy barrier for the TS2 series, with 36.6 kcal/mol. Thus, likewise 

the ion-pairing, the partial dissociation of DPEOPN alone cannot lower the 

energy of TS2.  
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Figure IV.9. 3D representation of a) TS2, b) TS2E, c) TS2α and d) TS2αE. The red dashed 

lines account for the cleavage and formation of C-H bonds between the phenyl and 

alkynyl moieties. 

The last attempt to lower the ΔG‡ in the TS2 series is to combine the effects of 

the ion-pairing and the partial dissociation. Only TS2α is considered, as TS2β is 

too high to be lowered enough by these effects. This attempt is labelled TS2αX, 

with X denoting the position of NTf2
- (Figures IV.6 and IV.7). TS2αA, TS2αB, TS2αC 

and TS2αD have a geometry close to the one of TS2α, even if small variations 

are observed. For example, TS2αD is more compact than the others with a 

a) b)

d)c)
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distance of 2.64 Å between the coppers. But overall, they are all quite similar 

and the main difference is the position of NTf2
- and the interactions it makes 

with the complex. The energy varies between 31.9 and 35.3 kcal/mol, showing 

that these associations of NTf2
- to TS2α are either isoenergetic or 

unfavourable. TS2αE is much different from the other transition states of this 

series. Its geometrical characteristics are very similar to TS1βC, even if the 

position of the phenyl and the alkynyl are reversed: the distance between the 

coppers is 2.92 Å (Figure IV.9d). The transition state is therefore quite 

distorted but the coppers are still coordinated to the naphthyridine backbone. 

Since the active space is quite open, the alkynyl is close to Cu1, so its C-H bond 

is elongated only up to 1.27 Å. The forming C-H bond of the benzene is longer 

with 1.66 Å. As in TS1βC, NTf2
- is involved in weak interactions with most parts 

of the ligands; including the pyridine β, the naphthyridine backbone, the 

phosphine and the alkynyl. These geometrical characteristics appear to be 

favourable, as the energy barrier of TS2αE is 26.7 kcal/mol. It is the lowest 

transition state found for the TS2 series, even if it is only 0.6 kcal/mol lower 

than TS2.  

 

Figure IV.10. 3D representation of the intermediate between 1C to TS1βC.  
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Overall, TS1βC, is the lowest transition state for the C-H activation of alkyne by 

1+, with a ΔG‡ of 22.9 kcal/mol. This energy barrier involves both the partial 

dissociation of DPEOPN and the ion-pairing with NTf2
-, highlighting the 

relevance of these effects and their combination. An Intrinsic Reaction 

Coordinate (IRC)-driven relaxation has been done on a selection of transition 

states, coming from both TS1 and TS2 series. In some cases, the IRC leads to 

an intermediate where the alkyne reactant or the benzene product appear 

coordinated to the dicopper core. These intermediates do not change the 

concerted nature of the C–H activation step. In the case of TS1βC, the IRC leads 

to the products directly, while yielding an intermediate on the reactants side 

at 9.8 kcal/mol (Figure IV.10). This intermediate has a particular geometry: 

the phenyl is only coordinated to Cu1 with a distance of 1.98 Å, while the 

alkyne is bridging the two coppers via its π-system with distances of 2.00 Å for 

C2 and 2.12 Å for C3. No associative transition state was found connecting 1+ 

to this pre-reaction complex despite multiple attempts, and thus a low 

potential energy barrier was postulated for this step. The full mechanism is 

summarize in Figure IV.11. Through this pathway, the natural charge of H is 

relatively stable (from +0.22 in the benzene up to +0.29 in the intermediates) 

due to the similarity of the atoms bonded to it (carbons C1 and C2 from the 

phenyl and the alkyne). However, the charge of these carbons varies largely 

(-0.22 to -0.62 in the case C2 for example) depending on their coordination to 

the coppers, increasing the polarity of the Cu-C bonds.  
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Figure IV.11. Schematic representation of the concerted mechanism of 1C to 2B; the 

green circles represent the positions on NTf2
-. 

 

 

 

 

 

Pre-reactant TS1βC

1C

2B
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2 - Descriptors analysis of the transition states  

The 29 transitions states found for the concerted mechanism were analysed 

with the aim of finding which descriptors yield the lowest energy barriers. 15 

different descriptors were considered, including the following geometrical 

and electronic parameters: 

 Position of NTf2
- 

 Distance between Cu1 and Cu2 

 Distance between C1 and C2 

 Distance between H and C1 

 Distance between H and C2  

 Dihedral angle Cu1-N1-N2-Cu2 

 Natural charge of Cu1 

 Natural charge of Cu2 

 Difference of natural charge between Cu1 and Cu2 

 Natural charge of the C1 

 Natural charge of the C2  

 Difference of natural charge between C1 and C2 

 Natural charge of H 

 Difference of natural charge between H and C1 

 Difference of natural charge between H and C2 

In the following Figures IV.12 and IV.13 and in the additional Descriptors file 

(see Annexes) are scattered plots of the descriptors analysis of the TS1 and TS2 

series. All the transition states related to the TS1 series are represented in blue 

dots while the ones related to the TS2 series are in green dots. There is three 

trends that can be extracted from this descriptors analysis. First, the transition 

states of the TS1 series tend to be lower in energy than the one of the TS2 

series (Figure IV12). Second, the position of the counter-ion relative the 
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complex influences the energy and the most stable transition states are the 

ones where NTf2
- is near the alkynyl; i.e. position C for TS1 and E for TS2 (Figure 

IV.12). Third, the descriptor yielding the strongest correlation is the distance 

between the coppers (Figure IV.13). The ideal distance seems to be 2.95 Å, at 

which both coppers are still coordinated to the naphthyridine backbone, and 

yet distant enough to accommodate the incoming alkyne. If the distance 

between the copper is shorter, the active site is very compact and steric 

hindrance destabilizes the transition state. If the coppers distance is longer, 

one of the copper dissociates from the naphthyridine backbone and thus the 

energy of the transition states increases. From this perspective, the energy 

barrier appears to be mostly controlled by steric effects. 

 

 

Figure IV.12. Energy of the transition states as function of the position of NTf2
-.  
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Figure IV.13. Energy of the transition states as function of the distance between the 

coppers, R2 = 0.7080. Four points were off the trend and have been removed: 

[2.95;39.9], [3.58;27.3], [3.74;24.2] and [3.91;33.3].  

3 - KIE calculations  

The possibility of having kinetic isotope effects (KIE) was also considered in 

the DFT studies by replacing the transferred hydrogen atom in TS1βC by 

deuterium. The KIE was modelled for the same substrate (p-tolylacetylene) 

and solvent (dichloromethane) used in the experiments, yielding 𝑘𝐻/𝑘𝐷  = 

9.3. The experimental KIE,153 kH/kD = 1.8 ± 0.2, was measured by exposing 1+ 

to an excess of an equimolar mixture of p-tolylacetylene and p-tolylacetylene-

d1. There is a significant difference between the DFT and the experimental 

values of 𝑘𝐻/𝑘𝐷 but both are consistent with a normal and primary KIE. 

Further, this difference corresponds to a small energy quantity of only 1.0 

kcal/mol. Two factors may exaggerate the KIE in the DFT calculations: 

overestimated linearity of the C∙∙∙H∙∙∙C moiety, on one hand, and 

underestimated contribution of the heavier elements (C and Cu) to the 

transition state vector, on the other. 
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4 - Microkinetics modelling of the C-H activation  

To assess the agreement of our DFT mechanism with the experiments, a 

microkinetics model was created. By comparing the experimental conversion 

to the one predicted with the DFT mechanism, we can determine if our model 

represents the experiments well and estimate the error in the DFT barriers. In 

the experimental kinetics data, 50 and 100% conversion are reached at 15 and 

90 minutes, respectively. To compute the microkinetics, the same conditions 

as in the kinetic experiments were used: 10 mM of 1+, 21mM of alkyne, at 

48.5°C in THF with 1 atm. The microkinetics model comprise two elementary 

steps (Figure IV.14): the reaction of 1C to 2B via TS1βC and its reverse reaction. 

For the forward step, the ΔG‡
f is 22.9 kcal/mol while the reverse step has a 

ΔG‡
r of 48.6 kcal/mol. The coordination of the reactant and the dissociation 

of the product have been neglected as they do not have an impact on the 

microkinetics simulations. The conversion was computed via a time course 

simulation, with one point generated every 30 seconds for 90 min. The final 

conversion achieved with the DFT parameters was 18.2%. This conversion is 

too low compared to the experimental data.  

 

Figure IV.14. Elementary reactions considered for the microkinetics model of the 1C 

to 2B bridging ligand exchange.  

To estimate the error in the DFT ΔG‡ barrier, the simulated conversion was 

fitted to the experimental one by varying the free energy of TS1βC (Figure IV.15 

and Table IV.1). The fitted model with an error correction of -2.0 kcal/mol 

matches well with the experimental data: the conversion is 49.8 and 95.5 % 

at 15 and 90 minutes, respectively. Thus, the fitted ΔG‡ values are 20.9 and 
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44.8 kcal/mol for the forward and reverse elementary steps. An error of -2.0 

kcal/mol is within the range expected for DFT methods in the calculation of 

energy barriers. The overestimation of the barrier may originate from the 

complex features of our system, including:  

 The involvement of 3 molecular entities: 1+, NTf2
- and the alkyne; 

increasing the sources of error in the computation of the free 

energies.  
 

 The NTf2
- ligand interactions, which have proven to be relevant, might 

be influenced by a complex combination of dispersion forces and 

solvation effects. 

 Conversion at 15 min Conversion at 90 min 

Experiment 50 100 
DFT model 3.4 18.2 
Fitted model (-0.5) 7.3 34.2 
Fitted model (-1.0) 14.9 56.9 
Fitted model (-1.5) 28.7 80.3 
Fitted model (-2.0) 49.8 95.5 
Fitted model (-2.5) 74.0 99 (at 66 min) 
Fitted model (-3.0) 92.3 99 (at 30 min) 

 

Table IV.1. Comparison of the conversion between the experiments, the unfitted 

DFT model and the fitted model (error in kcal/mol).   

Experimentally, the reaction rate is a first order in 1+ and fractional in the 

alkyne (p-tolylacetylene). In contrast, the mechanistic model derived from the 

DFT calculations is first order in both 1+ and the alkyne. This difference can be 

related to the following points:  

 Our model considers only one reaction pathway but due to the 

complexity of this system, it is likely that multiple pathways are 

available and several equilibriums involving complexes formed from 

1+ and the alkynes potentially exist.  
 

 Experimentally, to obtain the order in the alkyne, its concentration 

varied from 15 to 60 equivalent to 1+. These reaction conditions are 

different to the rest of the experiment were the ratio was closer to 

1:1 (alkyne:1+). With high concentration, the aggregation of the 
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alkyne or the creation of complexes involving several alkyne 

molecules cannot be excluded. Our model does not include these 

possibilities as it considers a 1:1 ratio. 
 

 The solubility of the reactants can also play a role in this difference. 

Experimentally the solubility was reported as potentially challenging, 

with few solvents able to support the reaction. Computationally, the 

solvent is modelled implicitly only, thus dismissing interactions 

requiring the use of explicit models. 

Overall, the DFT results suggest a viable pathway for C–H bond activation of 

alkyne at the dicopper centre. Even if it is not possible to connect fully the 

experimental and computational results together in a comprehensive way, 

the DFT results suggest a viable pathway for C–H bond activation at the 

dicopper centre. A more detailed description of the reaction mechanism, 

including competing pathways, will require more in-depth experimental and 

computational investigations. 

 

Figure IV.15. Comparison of the fitted microkinetics model: unfitted DFT model 

(black dashed line), fitted model with energy corrections in kcal/mol of -0.5 (orange 

dots), -1.0 (red dots), -1.5 (grey dots), -2.0 (black line), -2.5 (blue dots) and -3.0 

(green dots).  
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V - C-H activation of alkynes catalyzed by water  

At the beginning of this project, the experimental work was performed at 

room temperature. Back then, the preliminary results estimated the time 

required to complete the reaction from 1+ to 2+ to be 175h, i.e. over a week. 

Therefore, we searched a way to accelerate the reaction, considering the 

mechanistic details discussed in the previous chapter. Based on this 

knowledge, we proposed that water could be added to the reaction, since it 

could potentially ease the transfer of the proton from the alkyne substrate to 

the phenyl bridging ligand. The water molecule can assist the reaction in three 

different manners. The first possibility is related to the nature of TS1THF, and 

corresponds to a concerted mechanism where the water molecule solvates 

the transferred proton (Figure V.1a). However, this transition state never 

converged and H2O always dissociated from the active site during the 

optimization. The second possibility is a proton shuttle: H+ of the alkyne is 

transfer to H2O that gives an H+ to the phenyl (Figure V.1b), but no transition 

state could be converged, despite multiple attempts. The last attempt to find 

a water-assisted mechanism has a two steps (Figure V.1c). First, H+ is transfer 

from H2O to 1+, leading to the release of benzene and the formation of the 

intermediate 4+, in which a hydroxyl group is the bridging ligand (step A). 

Then, the H+ is transferred from the alkyne to 4+, recovering H2O and forming 

2+ (step B). Thus, water catalyses the formation of 2+. To assess its plausibility, 

we compute the thermodynamics of 4+ compared to 1+ and 2+. 4+ was found 

to be more stable than 1+ by -7.8 kcal/mol and higher in energy than 2+, which 

is -24.8 kcal/mol lower than 1+. Thus, this reaction pathway is plausible, at 

least from the thermodynamics point of view. Before exploring this 

mechanism any further, it is worth mentioning that the addition of water has 

been experimentally tested. The presence of water has a dramatic effect on 

the kinetics of the reaction: the time to reach full conversion decreased from 

90 to 60 min at 48.5°. This effect is consistent with a change in the mechanism 

towards a reaction pathway involving water through a lower energy barrier. 

Therefore, the mechanism for the water-assisted activation of alkynes was 

further explored. 
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Figure V.1. Possible mechanisms for the activation of alkyne with water. 

a) c)b
)
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1 - Properties of the complex 4+  

Before searching for transition states, the properties of 4+ were computed as 

it is a new intermediate and its geometry is different from the ones of 1+ and 

2+ (Figure V.2a). The copper on the phosphine side is decoordinated from the 

naphthyridine backbone (2.45 Å), leading to an asymmetric bonding of the 

hydroxyl to the copper, with 1.89 and 1.97 Å for Cu1 and Cu2, respectively. It 

also results in a shorter bond between Cu1 and the phosphine (2.18 Å) and the 

distance between the coppers is elongated to 2.67 Å. The effects of the partial 

dissociation of DPEOPN and the association with the counter-ion are 

described below. To compare the energetic impact of these effects, 4+ is used 

as the energy reference. 

To look at the association of 4+ with NTf2
-, the same five positions described 

in Figure III.8 are computed. The associations are thermoneutral or exergonic 

in one case (see Table V.1). 4A is the most stable complex, with an energy of     

-3.2 kcal/mol relative to 4+, and the presence of NTf2
- on top of the active site 

does not affect its geometry. However, the counter-ion interacts extensively 

with the ligands: it makes dispersion interactions with the phosphine and the 

pyridines and a hydrogen bond with the hydroxyl via one of its oxygen (2.10 

Å). The relevance of such interactions is highlighted by the comparison 

between 4A and 4B: they have extremely similar geometries but the latter is 

3.7 kcal/mol higher than the former. This difference is due to the lack of 

interactions between the complex and NTf2
-: as the counter-ion is on the side 

of the phosphine, it can only do weak interactions with the tBu substituents. 

The complexes 4C, 4D and 4E have similar geometries that vary only in two 

ways: the position of NTf2
- and the length of the bond between Cu1 and the 

naphthyridine backbone, varying between 2.30 and 2.53 Å. These differences 

do not impact the energy of these complexes, as there are in a range of 0.4 

kcal/mol. 
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Figure V.2. 3D representation of a) 4+ and b) 4pyrD. 

The three partial dissociations considered for 4+ are the same ones as for 1+ 

and 2+: the rotation of the phosphine, of the pyridines arm and of one of 

pyridine (see Figure III.4 for more details), leading to the complexes 4+
phos, 

4+
arm and 4+

pyr. The loss of the phosphine in 4+
phos leads to a very distorted 

complex, where the remaining bonds involving Cu1 are contracted: the 

distance between the coppers is reduced by 0.2 Å, and the bonds to the 

hydroxyl and the naphthyridine backbone shorten to 1.86 and 1.91 Å, 

respectively. To allow this closer interaction, Cu2 dissociates from the 

naphthyridine with a distance of 2.51 Å. These important changes in the 

geometry of 4+, due to the dissociation of the phosphine, are not favourable 

as the energy of 4+
phos is 18.1 kcal/mol above 4+. The dissociation of the 

pyridines arm also causes major changes to the geometry of 4+: the distance 

between Cu1 and the naphthyridine backbone increases even more to 2.72 Å, 

allowing the coordination sphere of Cu1 to be nearly linear, with an angle of 

176.6° between the phosphorus, Cu1 and the oxygen of the hydroxyl versus 

165.4° in 4+. The coordination sphere of Cu2 is also influenced: the Cu2–ligand 

bonds are shortened (1.83 Å with the hydroxyl, and 1.94 Å with the 

naphthyridine), and its coordination sphere straightened (160.8° in 4+
arm and 

134.2° in 4+ for the angle between the naphthyridine, Cu2 and the hydroxyl). 

These changes do not have a huge energetic impact, as 4+
arm is only 5.0 

kcal/mol higher than 4+. In contrast with 4+
phos and 4+

arm, the dissociation of 

one pyridine causes small structural changes in 4+
pyr: the coordination of the 

a) b)
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hydroxyl to the coppers is even, with a bond length of 1.90 Å, and the distance 

between the coppers and the DPEOPN ligand vary within 0.2 Å. This 

dissociation lead to a low-energy intermediate at -2.7 kcal/mol. These three 

dissociations have the same energy range as the dissociations of 1+ and 2+ and 

they follow the same trend: their energetic cost is related to the strength of 

the coordination of the broken bonds: Cu-P > (Cu-N) x2 > Cu-N.  

Position of 
NTf2

- 
ΔG (kcal/mol)  Position of 

NTf2
- 

ΔG (kcal/mol) 

4A -3.2  4pyrA -5.1 
4B 0.5  4pyrB -2.2 
4C -0.3  4pyrC -2.7 
2D -0.2  4pyrD -6.1 
4E -0.6  4pyrE -2.5 

 

Table V.1. Free energy of ion-paring for 4+ and 4+
pyr. The energy reference is the 

energy of 4+ added to the energy of NTf2
- for both series. 

The combined effects of both the ion-pairing with NTf2
- and the partial 

dissociation of DPEOPN on 4+ were investigated and only 4+
pyr, the most stable 

dissociation was kept. Again, the same five positions around the complex (A 

to E) were computed leading to the 4pyrX series. The two most stable 

structures are 4pyrD (Figure V.2b) and 4pyrA, with -6.1 and -5.1 kcal/mol, 

respectively. They have several common characteristics. NTf2
- is on top of the 

complex and does a hydrogen bond with the hydroxyl via one of its oxygen 

atoms (2.00 and 2.04 Å for 4pyrD and 4pyrA, respectively). The hydroxyl is 

coordinated symmetrically to the coppers with a distance of 1.91 Å in both 

cases. The main difference between 4pyrA and 4pyrD is the coordination of the 

coppers to the naphthyridine backbone: in the latter the coordination is 

symmetrical, with a distance of 2.25 Å, while asymmetrical in the former. The 

bond involving Cu2 is 0.1 Å longer than the one with Cu1 (2.20 and 2.31 Å). The 

complexes 4pyrC and 4pyrE share similar features, the main one being the 

coordination of NTf2
- to Cu1 by one of its oxygen, with distances of 2.32 and 

2.23 Å, respectively. This coordination does not affect the geometry of 4pyrC 

and modify slightly the distances between the coppers and the naphthyridine 

backbone (0.1 Å) in 4pyrE. As expected with such similarities, the energy of 
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these two complexes are very close, differing by only 0.2 kcal/mol. The most 

stable isomer of 4+ is 4pyrD, which include the effects of the ion-pairing with 

NTf2
- and the dissociation of one pyridine. 4pyrD is 11.4 kcal/mol lower than 2B, 

showing that this reaction is thermodynamically favourable. 

2 - Step A: the formation of 4+  

To ease the description of the transition states and their analysis, the key 

atoms have been labelled as shown in Figure V.3. These labels do not change 

depending on the isomers or on the presence of additional molecules like the 

counter-ion. For all the energy barriers mentioned below, 1+ and 1C were used 

as the energy reference, depending on the presence of NTf2
-. All the energy 

of the transition states reported in this chapter are listed in tables in the annex 

A. 

 

Figure V.3. Labels of the key atoms in the transition states connecting 1+ to 4+.  

a) Search of the transition states  

The first step of the mechanism of the water-assisted activation of alkyne 

corresponds to a proton transfer between the phenyl in 1+ and H2O. A 

concerted transition state is postulated for this step and as for the concerted 

C-H activation mechanism (see the previous chapter), there are two different 

isomers: the water molecule can coordinate to the copper on the pyridine 

side or on the phosphine side of 1+. This approaches are not equivalent and 

C1

O1

Cu1

Cu2

N1

N2
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are further referred as the TS3 and TS4 series and all their related transition 

states are represented schematically on the Figures V.4 and V.5 for the former 

and V.8 and V.9 for the latter. 

 

Figure V.4. Schematic representations and labels of all the transition states 

computed for the TS3 series; the green circles represent the position of NTf2
- (1/2). 

For TS3 series, 18 transition states were considered and are shown in Figures 

V.4 and V.5. The simplest one is TS3 (in red in Figure V.6 and Figure V.7a), in 

which DPEOPN is fully coordinated to the coppers and the counter-ion is not 

included. TS3 is quite distorted with a distance between the coppers of 2.81 

Å, in the same range as TS1, and a dihedral angle Cu1-N1 -N2-Cu2 of 32.2°. Both 

the naphthyridine backbone and the pyridines are coordinated 

asymmetrically to the coppers, with a difference of 0.09 Å for the formers and 

TS3 TS3A TS3B

TS3C TS3D TS3E

TS3α TS3αA TS3αB



76 
 

0.07 Å for the latter. The phenyl and hydroxyl groups have similar bond length 

with the coppers, 2.04 Å for the former and 2.00 Å for the latter, respectively. 

The proton is much closer to the hydroxyl than the phenyl: 1.18 vs 1.48 Å, thus 

the forming bond is more elongated than the breaking one, like in the TS1 and 

TS2 series. Overall, this transition state has a geometry similar to the previous 

ones but with a much lower ΔG‡ barrier of 23.0 kcal/mol. This result is 

consistent with the increased reactivity observed in the experiments.  

 

Figure V.5. Schematic representations and labels of all the transition states 

computed for the TS3 series; the green circles represent the position of NTf2
- (2/2). 

As this water-assisted pathway seemed promising, the effects of the ion-

paring with NTf2
- and of the partial dissociation of DPEOPN were inquired, to 

allow its comparison to TS1βC, the most stable transition state of the concerted 

activation of the alkynes. First, the effects of the ion-paring are described and 

TS3αC TS3αD TS3αE

TS3β TS3βA TS3βB

TS3βC TS3βD TS3βE
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it corresponds to the TS3X series, where X stands for the position of NTf2
- 

around the complex (Figure V.4). The changes introduced by NTf2
- have little 

impact on the energy as the five TS3X are within a narrow energy range of 1.5 

kcal/mol (in red dashed in the Figure V.6) and the association varies from 

being isoenergetic (TS3E) to slightly unfavourable (TS3D). The geometry of the 

transition states of this series share some common traits: the distance 

between the coppers and the ligands are similar to the ones in TS3, as well as 

the distances of the breaking and forming bonds involving the proton. 

However, the distances between the two coppers show larger fluctuations, 

with values varying from 2.68 Å in TS3D to 2.97 Å in TS3A. In the TS3X series, 

NTf2
- never interacts directly with the coppers but does many weak 

interactions with DPEOPN. In TS3A (Figure V.7b), TS3B and TS3D, there is a 

hydrogen bond between the hydroxyl and one of the oxygens of NTf2
- and 

another with one of its fluorine atoms, with distances of 1.86 and 2.54 Å, 

respectively. Thus, the association of NTf2
- to TS3 induce some geometrical 

changes resulting in slightly higher energy barriers.   

To investigate the effects of the partial dissociation of DPEOPN on TS3, only 

the dissociations involving one pyridine were kept, leading to TS3α and TS3β. 

The overall geometry of these transition states are not impacted by the 

dissociation compared to TS3: the remaining bond between Cu2 and DPEOPN 

is only shortened by 0.05 Å, while the distance between the coppers increases 

by 0.1 Å and 0.05 Å in TS3α and TS3β (Figure V.7c). The energy of TS3α is 23.5 

kcal/mol and thus, this dissociation has no energy cost. However, the 

dissociation of the pyridine β is favourable by 2.3 kcal/mol, giving a barrier of 

20.7 kcal/mol. 
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Figure V.6. Free energy of all the transition states for the TS3 series. 

These two transition states are 2.8 kcal/mol apart and while this difference is 

significant, they were both kept to unravel the effects of combining the 

ion-paring with the partial dissociation of DPEOPN. The TS3αX series is 

composed of five transition states corresponding to the association of NTf2
- 

(positions X = A to E) with TS3α. The energy of these transition states are 

reported in blue dashed in Figure V.6. The two lowest transitions states of this 

series are TS3αC and TS3αE, with an energy of 22.1 and 22.0 kcal/mol. Their 

geometry are extremely similar to TS3. The only difference between them is 

the position of NTf2
- but it does weak interactions with the tBu substituents of 

the phosphine and with the naphthyridine backbone in both cases. In TSαC, 

NTf2
- interacts also with the coordinated pyridine while it interacts with the 

dissociated pyridine and the phenyl ring in TS3αE. These differences do not 

impact their energy. In the TS3αX series, two other transition states have very 

close geometries: TS3αA and TS3αD. They have a distance between the coppers 

of 2.80 Å, 0.1 Å longer than in TS3α and NTf2
- does a hydrogen bond with the 

hydroxyl via one of its oxygen (1.82 Å). The energy of these transition states 

is higher, with 25.9 and 24.6 kcal/mol, showing again that a closer interaction 
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between the complex and the counter-ion does not necessarily lead to a lower 

energy. 

 

Figure V.7. 3D representation of a) TS3, b) TS3A, c) TS3β and d) TS3βE. The red dashed 

lines account for the cleavage and formation of bonds between the phenyl and 

hydroxyl moieties. 

The TS3βX series (Figure V.5) is more homogeneous: the geometries of the five 

transition states are similar to TS3β. The only difference is the position of NTf2
- 

which yields an energy range of 6.3 kcal/mol, going from 18.6 kcal/mol for 

TS3βE up to 24.9 kcal/mol for TS3βD. As they are all akin, only the lowest is 

described here (Figure V.7d). In TS3βE, the distance between the coppers is 

2.72 Å and the remaining bonds between the coppers and DPEOPN are not 

impacted by the loss of the back pyridine. A dissymmetry exists in the 

coordination of the coppers to the naphthyridine backbone (2.16 Å for Cu1 

and 2.00 Å for Cu2), but this difference was already present in TS3. The 

hydroxyl and the phenyl are closely coordinated to Cu2 (1.94 Å) and to Cu1 

a) b)

c) d)
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(2.04 Å), respectively. The transferred proton is closer to the hydroxyl than to 

the phenyl, with interatomic distances of 1.18 and 1.45 Å, respectively. The 

counter-ion is located in the cavity created by the two arms of the 

naphthyridine backbone. It only does weak interactions with DPEOPN and the 

phenyl, and it has no interaction with the coppers nor the hydroxyl. TS3βE is 

the lowest transition state of the TS3 series. It shows the importance of 

combining the effects of the partial dissociation of DPEOPN and the ion-

pairing with NTf2
-, despite that these effects can increase the energy of the 

transition states when considered separately.  

 

Figure V.8. Schematic representations and labels of all the transition states 

computed for the TS4 series; the green circles represent the position of NTf2
- (1/2). 

TS4 TS4A TS4B

TS4C TS4D TS4E

TS4α TS4αA TS4αB
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The TS4 series was also investigated and the 18 transition states considered 

are displayed in the Figures V.8 and V.9. The simplest one is TS4 (in red in 

Figure V.10 and Figure V.11a), where all the part of DPEOPN are coordinated 

to the coppers and the counter-ion is excluded. The geometry of TS4 shares 

similar features with TS3, despite the isomerism. TS4 is quite distorted, with a 

distance of 2.85 Å between the coppers and a dihedral angle of 30.8° between 

Cu1-N1-N2-Cu2. The hydroxyl is closely coordinated to Cu1 while the phenyl has 

a longer bond with Cu2, with distances of 1.94 and 2.04 Å, respectively. The 

transferred proton is also closer to the hydroxyl than to the phenyl with 

distances of 1.18 and 1.40 Å. Due to the presence of the bulky phenyl ring on 

Cu2, the pyridines arm shifts in front of the complex to ease the steric 

hindrance in the active site. TS4 has a ΔG‡ of 23.6 kcal/mol, which is only 0.6 

kcal/mol higher than TS3. Thus, the impact of the ion-paring with NTf2
- and of 

the partial dissociation of DPEOPN on TS4 were investigated.  

TS4 is more affected by the presence of NTf2
- in its environment than TS3, with 

a wide range of energies; from 19.6 to 25.8 kcal/mol (red dashed in Figure 

V.10). The lowest one is TS4A and it is the lowest transition state of the entire 

TS4 series. Its geometry is heavily impacted by the presence of NTf2
- on top of 

the complex. The pyridines arm is pushed forward even more, leading to the 

dissociation of Cu2 from the naphthyridine backbone, with a distance of 2.77 

Å (Figure V.11b). The bond between Cu1 and the naphthyridine is elongated 

to 2.18 Å, causing a shortening of the other bonds with Cu1 to 2.18 Å with the 

phosphine and 1.88 Å with the hydroxyl. These modifications lead to an 

increasing distance between the coppers, as they are 4.00 Å apart. In TS4A, 

NTf2
- interacts mainly with the hydroxyl, with which it does two hydrogen 

bonds via two of its oxygens, at 1.97 and 2.33 Å. These interactions are 

supposedly the ones that stabilize TS4A compared to the other transition 

states of the TS4 series. The other positions of NTf2
- lead to higher energies, 

from 22.6 kcal/mol for TS4E, up to 25.8 kcal/mol for TS4B. The impact of the 

counter-ion on geometry is smaller in these cases: there is no decoordination 

or elongation of the bonds between the coppers and DPEOPN. However, the 

distance between the coppers varies significantly from 2.73 Å in TS4C to 3.05 

Å on TS4B. In these four transition states, NTf2
- interacts only via dispersion 

interactions with the ligands. Overall, the counter-ion has an important effect 
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on TS4, as it lowers the barrier by 4.0 kcal/mol and influence the geometry 

dramatically. 

 

Figure V.9. Schematic representations and labels of all the transition states 

computed for the TS4 series; the green circles represent the position of NTf2
- (2/2). 

To be consistent with the TS3 series, the only partial dissociation considered 

is the rotation of one pyridine, leading to TS4α and TS4β for the dissociation of 

the front and back pyridine, respectively (Figures V.8 and V.9). These two 

transition states have extremely similar geometries where the only difference 

is the distance between the coppers: it is longer in TS4β than in TS4α (2.91 and 

2.80 Å). The other distances between the coppers and the ligands are the 

same as in TS4, except for a slight dissymmetry in the coordination of the 

coppers to the naphthyridine backbone (2.05 Å for Cu1 and 2.16 Å for Cu2 on 

average). These minimal modifications of the geometry lead to lower 

TS4αC TS4αD TS4αE

TS4β TS4βA TS4βB

TS4βC
TS4βD TS4βE
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energies: 22.1 kcal/mol for TS4α and 20.8 kcal/mol for TS4β (Figure V.11c). It 

displays once more the importance of the partial dissociation of DPEOPN in 

the reactivity of 1+.  

 

Figure V.10. Free energy of all the transition states of the TS4 series. 

Both TS4α and TS4β were kept for the investigation on the combined effects of 

the ion-pairing and of the partial dissociation of DPEOPN, as they are only 

separated by 1.3 kcal/mol, leading to the TS4αX and TS4βX series. All the 

transition states in the former series are akin to TS4α. The distance between 

the coppers varies only between 2.76 and 2.83 Å and the most noticeable 

difference is in the way the coppers coordinate to the naphthyridine 

backbone. In some transition states, they are coordinated symmetrically, as 

in TS4αC, or unsymmetrical like in TS4αA (with the largest difference being 0.2 

Å) but there is no dissociation from the naphthyridine backbone. The energy 

range of this series is from 20.2 to 25.5 kcal/mol (blue dashed Figure V.10). 

The lowest one is TS4αC, where NTf2
- is in the cavity formed by the two arms 

of the naphthyridine backbone. It allows the counter-ion to interact with all 

the parts of DPEOPN as well as with the phenyl ring but there is no direct 
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contact with the coppers nor the hydroxyl. The addition of NTf2
- to TS4α lowers 

its energy by 1.9 kcal/mol.  

 

Figure V.11. 3D representation of a) TS4, b) TS4A, c) TS4β and d) TS4βC. The red dashed 

lines account for the cleavage and formation of bonds between the phenyl and the 

hydroxyl moieties. 

The association of NTf2
- with TS4β prompts to a large variety of geometries 

within an energy range of 20.0 to 24.1 kcal/mol (green dashed Figure V.10). 

The two lowest transitions states have very similar energies; 20.0 kcal/mol for 

TS4βC (Figure V.11d) and 20.6 kcal/mol for TS4βA; but very different 

characteristics. TS4βA is extremely distorted, with a distance of 3.67 Å between 

the coppers, due to the dissociation of Cu1 from the naphthyridine backbone 

(2.95 Å). As Cu1 is further away from DPEOPN, it is more accessible to NTf2
-, 

which coordinates to it via one of its oxygen (1.42 Å). Another oxygen does a 

hydrogen bond with the hydroxyl (1.87 Å), which is usual for the position A. 

In contrast, there is no impact on the geometry of TS4β when paired with NTf2
- 

in the position C. The counter-ion is interacting via dispersion with the 

a) b)

c) d)
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phosphine, the naphthyridine backbone, the dissociated pyridine and the 

phenyl but there is not direct interactions with the coppers nor the hydroxyl. 

Overall, the ion-pairing with NTf2
- is the most relevant effect on TS4 at it gives 

the lowest transition state of the series with TS4A. However, it is important to 

note that several transition states that also include the partial dissociation of 

DPEOPN are close to the energy of TS4A (3 within 1 kcal/mol).  

 

Figure V.12. Schematic representation of the mechanism from 1+ to 4+; the green 

circles represent the position of NTf2
-. 

The TS4 series leads to several low lying transition states; however, none of 

them are lower than TS3βE, the lowest transition state for the first step of the 

water-assisted activation of alkynes by 1+, with a ΔG‡ of 18.6 kcal/mol. As for 

the concerted mechanism, both the partial dissociation of DPEOPN and the 

ion-pairing with NTf2
- are involved in this mechanism, enforcing their 

relevance. A collection of transition states, from both the TS3 and TS4 series, 

TS3βE

1C

4pyrD
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have been selected to undergo an IRC-driven relaxation. In most cases, 

including TS3βE, the transition states relax directly to 1+ and 4+. The mechanism 

for this first step is summarized in Figure V.12. Through this mechanism, the 

natural charge of H decreases as it transfers from H2O to the phenyl (+0.47 to 

+0.22) consistently with the electronegativity of the atoms it is bonded to (O1 

or C1). The charge of O1 increases (-0.94 to -1.14) as it coordinates to the 

coppers while the charges of C1 decreases (-0.60 to -0.22) as it dissociates 

from them.  

b) Descriptors analysis of the transition states  

The 36 transition states obtained for the first step of the water-assisted 

activation of alkynes were analysed using descriptors, defined by 15 different 

geometrical and electronic parameters. These descriptors include: 

 Position of NTf2
- 

 Distance between Cu1 and Cu2 

 Distance between the C1 and O1 

 Distance between H and C1 

 Distance between H and O1  

 Dihedral angle Cu1-N1-N2-Cu2 

 Natural charge of Cu1 

 Natural charge of Cu2 

 Difference of natural charge between Cu1 and Cu2 

 Natural charge of the C1 

 Natural charge of the O1 

 Difference of natural charge between C1 and O1 

 Natural charge of H 

 Difference of natural charge between H and C1 

 Difference of natural charge between H and O1 
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The following Figures V.13 and V.14 and in the additional Descriptors file (see 

annexes) are scatter plots showing the potential correlations between these 

descriptors and the energy barriers of the transition states. All the transition 

states related to the TS3 series are represented in blue dots while the ones 

related to the TS4 series are in green dots. As previously stated, the lowest 

transitions states are taking into account the ion-pairing, the partial 

dissociation of DPEOPN or both combined. The first noticeable feature is that 

the transition states are less distorted, with most of the transition states 

having their distance between the coppers ranging from 2.65 to 2.85 Å, versus 

2.70 and 3.00 Å in the transition states of the concerted C-H activation 

mechanism. The lower distortions in the TS3 and TS4 series can be due to the 

smaller size of the incoming reactant (water versus alkyne). The second 

characteristic that arise from these figures is that the two series form clusters 

when looking at the natural charge of Cu1 (Figure V.13): all the transition 

states from TS3 series have a δCu1 around 0.40 while the one from the TS4 

series have a δCu1 around 0.50. This clustering might be cause by the different 

ligand coordinated to Cu1 in these series. In TS3, the phenyl ligand is bounded 

to Cu1 while it is the hydroxyl in TS4. The hydroxyl polarizes it bond with Cu1 

more than the phenyl, causing the δCu1 to be higher for TS4 series than TS3. 

With this hypothesis, the reverse should be expected for Cu2: a natural charge 

higher for the TS3 series than for TS4. The trend is not as clear (Figure V.14) as 

no cluster are observed even if the values from the TS4 series tend to be lower. 

There is no other correlation to report since the highest R2 value is 0.1642 for 

the natural charge of Cu2.  
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Figure V.13. Energy of the transition states as function of the natural charge of Cu1, 

R2 = 0.0017. No point has been removed.  

 

Figure V14. Energy of the transition states as function of the natural charge of Cu2, 

R2 = 0.1642. No point has been removed. 
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3 - Step B: the formation of 2+  

To ease the description of the transition states and their analysis, the key 

atoms have been labelled as shown in Figure V.15. These labels do not change 

depending on the isomers or on the presence of additional molecules to the 

transition state, like the counter-ion. For all the energy barriers mentioned 

below, 4+
pyr and 4pyrD were used as the energy reference as they are the lowest 

isomers of 4+, depending on the presence of the counter-ion.  

 

Figure V.15. Labels of the key atoms in the transition states connecting 4+ to 2+.  

a) Search of the transition states  

The second step of the water-assisted activation of alkynes consists of the 

proton transfer between the hydroxyl in 4+ and an alkynyl to form 2+ and 

regenerate H2O. As for the previous step (see above), there are two isomers 

of the transition state: the alkyne can coordinate on the pyridine side or on 

the phosphine side and these approaches are not equivalent and are further 

referred as the TS5 and TS6 series. All the transition states are represented 

schematically on the Figure V.16 for the TS5 series and on the Figures V.19 and 

V.20 for the TS6 series. 
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Figure V.16. Schematic representations and labels of all the transition states 

computed for the TS5 series; the green circles represent the position of NTf2
-. 

For the TS5 series, 8 transition states (Figure V.16) have been considered. The 

simplest one is TS5, where DPEOPN is fully coordinated and the association 

with the counter-ion is neglected (in red Figure V.17 and Figure V.18a). The 

most noticeable characteristic is how compact this transition state is 

compared to the previous ones, with a distance of 2.64 Å between the 

coppers, similar to the one in 4+. As the coppers are close together, the 

hydroxyl is asymmetrically bound to both (2.00 Å to Cu2 and 2.29 Å to Cu1) 

while the alkynyl group is only coordinated to Cu1 (2.13 Å). TS5 has a free 

energy of 17.0 kcal/mol and thus is lower than TS3 by 6.0 kcal/mol. It indicates 

TS5 TS5A TS5B

TS5C TS5D TS5E

TS5α TS5β
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that the rate limiting step of this reaction is the first one; i.e. the formation of 

4+. It also shows that this water assisted mechanism has a lower barrier than 

the concerted of activation of alkynes. The effects of the ion-pairing with NT2
- 

and the partial dissociation of DPEOPN on TS5 are summarized below.  

 

Figure V.17. Free energy of all the transition states of the TS5 series. 

The TS5X series come from the association of TS5 with NTf2
- in five positions (A 

to E, see Figure V.16). However only four are reported here, as TS5A did not 

converge. There is an overall destabilization of TS5 due to the presence of NTf2
- 

in its environment, as the energy of these transition states varies from 19.0 to 

20.6 kcal/mol (in red dashed in Figure V.17). The energy range is narrow and 

coincides with similar geometry of the transition states. Their key features are 

a short distance between the coppers, around 2.66 Å, a symmetric 

coordination to DPEOPN (coppers to the naphthyridine backbone and Cu2 to 

the pyridines) and no direct interaction between the coppers and the counter-

ion. In the position B, C and E, the substituents are oriented in the same 

manner as in TS5: the alkynyl is pointing to the outside of the active centre 

and the hydroxyl is slightly in front of the coppers. In TS5D, the naphthyridine 

backbone and the alkynyl are parallel to each other (3.70 Å) and do a π-
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stacking interaction together. This new geometry is not particularly 

favourable as the associated energy is in the same range as the rest of the TS5X 

series. The counter-ion interacts with the complex by the usual dispersion and 

other weak interaction as a hydrogen bond with the hydroxyl group in TS5C. 

Overall, the interaction between TS5 and NTf2
- increases the barriers ΔG‡.  

 

Figure V.18. 3D representation of a) TS5, b) TS5E. The red dashed lines account for 

the cleavage and formation of C-H bonds between the hydroxyl and alkynyl 

moieties. 

As for the step A, only the dissociation of one pyridine is considered, leading 

to TS5α and TS5β (Figure V.16). The geometry of TS5α is not impacted by the 

dissociation. The only modification is the slight asymmetry in the coordination 

of the coppers to the naphthyridine backbone: it is closer to Cu2 than Cu1, with 

2.05 and 2.17 Å, respectively. The dissociation of the pyridine α heads to an 

increase of ΔG‡ by 3.8 kcal/mol. Conversely, the geometry of TS5β is more 

affected by the dissociation as the distance between the coppers increases to 

2.84 Å. There is also an asymmetry in the coordination of the coppers to the 

naphthyridine core: the bond with Cu1 is 0.14 Å longer than the one with Cu2. 

Otherwise, the bonds have similar length than the ones in TS5. The energy of 

TS5β is 17.9 kcal/mol, which is similar to the one of TS5, indicating that the 

dissociation of the pyridine β do not affect the energy. It is not atypical to 

obtain higher barrier when the ion-pairing with NTf2
- or the partial 

dissociation of DPEOPN are taken into account separately (see IV). However, 

as the transition states of TS6 are much lower, no further computational work 

has been done on the TS5 series. 

a) b)
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Figure V.19. Schematic representations and labels of all the transition states 

computed for the TS6 series; the green circles represent the position of NTf2
- (1/2). 

Then, the last 18 transition states for this water-assisted mechanism were 

investigated and form the TS6 series (Figures V.19 and V.20). The simplest one 

is TS6 (Figure V.22a), where all the part of DPEOPN are coordinated to the 

coppers and the counter-ion is neglected. The geometry of TS6 is much more 

distorted than TS5, with a distance between the copper of 2.84 Å. This 

elongation is due to the dissociation of Cu1 from the naphthyridine backbone 

(2.55 Å). As there is more space in the active site, the alkynyl group can 

coordinate to Cu2 via its π system, with similar bond distances for the two 

carbons: 2.05 Å for C2 and 2.08 Å for C3. The hydroxyl is coordinated to Cu1, 

with a distance longer than usual and akin to the alkynyl ones (2.04 Å). The 

TS6 TS6A TS6B

TS6C TS6D TS6E

TS6α TS6αA TS6αB
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forming bond is longer than the breaking one: the proton is at 1.43 Å of the 

hydroxyl and at 1.22 Å of the alkynyl. All this features seem favourable as the 

energy of TS6 is only 14.3 kcal/mol (red in Figure V.21)  

 

Figure V.20. Schematic representations and labels of all the transition states 

computed for the TS6 series; the green circles represent the position of NTf2
- (2/2). 

The association of TS6 and NTf2
- leads to the five transition states TS6X (X = A 

to E). They are all in a range of 4.1 kcal/mol (red dashed in Figure V.21) and 

the two lowest transition states, TS6C and TS6D, have similar energies as TS6 

with ΔG‡ are 14.6 and 14.7 kcal/mol, respectively. Their geometry are also 

akin, with a distance between the copper around 2.82 Å and with the 

distances of the proton with the hydroxyl and the alkynyl of 1.20 and 1.46 Å, 

respectively. The main difference between TS6C and TS6D is the coordination 

TS6αC TS6αD TS6αE

TS6β TS6βA TS6βB

TS6βC
TS6βD TS6βE
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sphere of Cu1: in the former the bond with the naphthyridine core is elongated 

(2.21 Å) while Cu1 is decoordinated from the nitrogen in the latter (2.48 Å). 

However, this difference does not have much repercussions on the rest of the 

geometry. Another difference is the interaction with NTf2
-. In TS6C, the 

counter-ion is located in the cavity formed by the two arms of the 

naphthyridine backbone and interacts with all the parts of DPEOPN and the 

alkynyl (Figure V.22b) while it only interacts with the pyridines arm in TS6D. 

Overall, the association of TS6 with NTf2
- is isoenergetic or unfavourable and 

the geometry of the TS6 is impacted only to a small extend.  

 

Figure V.21. Free energy of all the transition states of the TS6 series. 

As for TS5, the only dissociations of DPEOPN considered were the rotation of 

one of the pyridine leading to TS6α and TS6β. In this case, the partial 

dissociation of DPEOPN has a huge impact on the energy of TS6, leading to 

low-lying transition states: 10.0 and 7.3 kcal/mol for TS6α and TS6β, 

respectively (in blue and green in Figure V.21). The biggest geometrical impact 

of these dissociations is the elongation of the distance between the coppers: 

it increases up to 3.29 Å for TS6α and to 3.57 Å for TS6β. In the first case, it is 

caused by the elongation of the distance between Cu1 and the naphthyridine 
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backbone up to 3.03 Å, while it is due to the orientation of Cu1 toward the 

back of the complex in TS6β, with an unchanged distance between Cu1 and the 

naphthyridine backbone (Figure V.22c). In both transition states, the 

transferred hydrogen is closer to the hydroxyl than to the alkynyl, with 

average values of 1.23 and 1.35 Å, respectively. The coordination mode of the 

alkynyl is retained as the two carbons involved in the π-system of the alkynyl 

are at 2.05 Å from Cu2 on average.  

 

Figure V.22. 3D representation of a) TS6, b) TS6C, c) TS6β and d) TS6βE. The red dashed 

lines account for the cleavage and formation of bonds between the hydroxyl and 

alkynyl moieties. 

As TS6α and TS6β have a low energy and are only 2.7 kcal/mol apart, they are 

both kept to examine the combined effects of the association with NTf2
- and 

partial dissociation of DPEOPN on TS6, creating the TS6αX and TS6βX series (see 

Figures V.19 and V.20). The TS6αX series is spread on a short range of energy 

a) b)

c) d)
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distributed around TS6α, varying from 9.4 to 12.3 kcal/mol for TS6αE and TS6αA, 

respectively (blue dashed in Figure V.21). The geometry of these transitions 

states are similar to TS6α, with a difference in the bond lengths up to 0.05 Å 

maximum; except for two characteristics: the distance between the coppers 

and the position of the transferred proton. For the former, the length of this 

bond varies from 3.16 (TS6αE) to 3.58 Å (TS6αA), showing that the transition 

states remain very distorted compared to 4+ and 2+. The distance between the 

coppers correlates with the distance between Cu1 and the naphthyridine 

backbone: when the latter increases, the former does as well. The position of 

the proton is closer to the alkynyl in TS6αA and TS6αE, while closer to the 

hydroxyl in the three other transition states. The counter-ion interacts mainly 

via dispersion in the TS6αX series but two other types of interactions are worth 

noting: an hydrogen bond between an oxygen of NTf2
- and the hydroxyl in 

TS6αA and the coordination of NTf2
- to Cu2 (2.18 Å) in TS6αE via one of its oxygen.  

In the TS6βX series, the energy of the transition states are even lower, going 

from 5.3 to 11.1 kcal/mol (green dashed in Figure V.21). The lowest transition 

state of this series is TS6βE (Figure V.22d). Its geometry is quite similar to TS6β 

but with an elongated distance between Cu1 and the naphthyridine backbone 

(2.84 Å versus 2.54 Å) leading to the coppers to be further apart (3.83 Å). The 

counter-ion is positioned along the naphthyridine backbone, allowing it to 

interact via dispersion with all parts of DPEOPN (phosphine, naphthyridine 

and dissociated pyridine) and doing a hydrogen bond with the hydroxyl via 

one of its oxygen (1.94 Å). This extremely distorted transition state is the 

lowest one for the second step the water assisted activation of alkynes.  
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Figure V.23. 3D representation of the intermediates found via the IRC relaxation of 

TS6βE: a) on the reactant side and b) on the product side. 

Overall, the TS6 series have much lower ΔG‡ than the TS5 series, with the 

lowest one being TS6βE with a barrier of 5.3 kcal/mol. Thus, the second barrier 

of the water-assisted mechanism is much lower than the first one (18.6 

kcal/mol) suggesting that the rate determining step is the formation of 4+. In 

this mechanism, as in the previous ones, the combined effects partial 

decoordination of DPEOPN and the ion-pairing with NTf2
- are two key effects 

to lower the energy of the transition state, going from 14.3 to 5.3 kcal/mol. 

To be certain of the nature of these transition states, an IRC-driven relaxation 

were done on a selection of them, collected from both the TS5 and TS6 series, 

and additional intermediates were found for most of the transition states. For 

TS6βE, there a two new intermediates, one before and one after the transition 

state. In the first one, the hydroxyl dissociate from Cu2 as the alkyne 

coordinates via its π-system on it (Figure V.23a). The counter-ion does a 

hydrogen bond with the hydroxyl with one of its oxygen (2.01 Å). The energy 

of this intermediate is 4.8 kcal/mol higher than 4pyrD and TS6βE is less than 1 

kcal/mol higher. The second intermediate (Figure V.23b) is appearing after 

the proton transfer and the alkynyl is bridging the two coppers while the 

water molecule is coordinated to Cu1 (2.15 Å). NTf2
- does two hydrogen bonds 

with H2O via its oxygen atoms (2.15 and 1.73 Å). The energy of this second 

intermediate is -13.5 kcal/mol and after the dissociation of H2O, 2B is formed 

a) b)
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and is only 0.9 kcal/mol lower. The mechanism for this second step of the 

water-assisted catalyst is summarize in Figure V.24. Through this mechanism, 

the natural charge of H increases as it transfers from the alkyne to H2O (+0.26 

to +0.47) consistently with the electronegativity of the atoms it is bonded to 

(O1 or C2). The charge of O2 diminishes (-1.14 to -0.94) as it dissociates from 

the coppers while the charge of C2 increases (-0.22 to -0.62) as it dissociates 

from them.  

 

Figure V.24. Schematic representation of the mechanism of 4+ to 2+; the green circles 

represent the position of NTf2
-. 

b) - Descriptors analysis of the transition states  

The 24 transition states computed for the step B of the water-assisted 

activation of alkynes are analysed using 16 descriptors, including: 

 Position of NTf2
- 

 Distance between Cu1 and Cu2 

 Distance between the C2 and O1 

TS6βE

2B

4pyrD



100 
 

 Distance between H and C2 

 Distance between H and O1  

 Angle between P, Cu1 and O1 

 Dihedral angle Cu1-N1-N2-Cu2 

 Natural charge of Cu1 

 Natural charge of Cu2 

 Difference of natural charge between Cu1 and Cu2 

 Natural charge of the C2 

 Natural charge of the O1 

 Difference of natural charge between C2 and O1 

 Natural charge of H 

 Difference of natural charge between H and C2 

 Difference of natural charge between H and O1 

In the following Figures V.25 to V. 30 and in the additional Descriptors file (see 

Annexes) are scattered plots of the descriptors analysis of the TS5 and TS6 

series. All the transition states related to the TS5 series are represented in blue 

dots while the ones related to the TS6 series are in green dots. There are four 

main trends coming out from this descriptors analyses. First, all the transition 

states of the TS6 series have a lower energy than the ones of TS5 series (Figure 

V.25), demonstrating a clear preference for the alkyne coming toward the 

complex on the pyridines side. This is atypical as, so far, the phosphine side 

were the preferred spot for the bulkier reactant. A possible explanation is that 

while the alkynyl is supported by Cu2, the π-system of the aryl ring can interact 

with the tBu substituents of the phosphine (Figure V.22), while this is 

impossible if the alkynyl is coordinated to Cu1. The second trend correspond 

to the correlation between large distortion in the transition state and low 

energy. This is evident from three descriptors: the distance between the 

coppers, the distance between C2 and O1 and the dihedral angle between the 

coppers and the nitrogens of the naphthyridine backbone (Figures V.26, V.27 

and V.29). Surprisingly, the optimal distance between the coppers is almost 
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at 3.90 Å, which is extremely distorted in comparison of the optimum distance 

for the concerted mechanism (around 2.90 Å) where the reactants where 

bulkier. It could be due to the straightening of the coordination sphere of Cu1: 

in the lowest transition states of the TS6 series, Cu1 is dissociated from the 

naphthyridine backbone, and the further away it goes, the closer its 

coordination sphere is to linear. To show this, the angle between the 

phosphorus atom, Cu1 and the oxygen of the hydroxyl has been added as a 

descriptor (Figure V.28). The R2 value is significant (0.6558) and two kind of 

transition states can be observed. The first ones have a P-Cu1-O1 angle around 

125° and correspond to transition states which are less distorted ones with a 

distance of 2.64 to 2.58 Å between the coppers and a distance between the 

naphthyridine backbone and Cu1 from 2.10 to 2.71 Å. These transition states 

are also the ones with the highest energy. The second group have a P-Cu1-O1 

angle around 165° and is composed of the most distorted transition states. 

Their distance between the coppers varies from 3.16 to 3.83 Å and the one 

between Cu1 and the naphthyridine is from 2.47 to 3.35 Å away. These 

transition states are also the ones with the lowest energy. The amount of 

distortion needed to straighten the coordination sphere of Cu1 is huge and it 

is unlikely to be accessible in the presence of a bulkier substrate, like the 

phenyl in the concerted mechanism. The third trend is the correlation 

between the decrease of the natural charge of Cu1 and low-energy transition 

states (Figure V.30). In these transition states, one anion (hydroxyl or phenyl) 

is coordinated to each copper, inducing a lot of charge variation at the core of 

the transition states. Thus, the transition states stabilizing this polarization 

would lead to the lower energy. However, the energy range is large for each 

value of natural charge of Cu1 and therefore no strong conclusion should be 

made from this descriptor. The last feature that arise from these figures is 

that the TS5 and TS6 form cluster in a majority of the descriptors. This can be 

explain the very different type of geometry observed in these series: compact 

for TS5 and distorted for TS6.  
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Figure V.25. Energy of the transition states as function of the position of NTf2
-. 

 

Figure V.26. Energy of the transition states as function of the distance between the 

two coppers, R2 = 0.7559. No point has been removed.  
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Figure V.27. Energy of the transition states as function of the distance between C2 

and O1, R2 = 0.7178. No point has been removed. 

 

Figure V.28. Energy of the transition states as function of the angle between P, Cu1 

and O1 and H, R2 = 0.6558. No point has been removed. 

0

5

10

15

20

25

2,44 2,46 2,48 2,50 2,52 2,54 2,56 2,58

Δ
G

‡
in

 k
ca

l/
m

o
l

d(C2-O1) in Å

0

5

10

15

20

25

100 110 120 130 140 150 160 170 180 190

Δ
G

‡
in

 k
ca

l/
m

o
l

Angle P-Cu1-O1 in degree



104 
 

 

Figure V.29. Energy of the transition states as function of the dihedral angle 

between Cu1, N1, N2 and Cu2, R2 = 0.4572. No point has been removed. 

 

Figure V.30. Energy of the transition states as function of the natural charge of Cu1, 

R2 = 0.6292. No point has been removed. 
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4 - Microkinetics model  

Before detailing the microkinetic models realized for this reaction, the full 

mechanism of the water assisted activation of alkynes by 1+ is first 

summarized (Figure V.31). In step A, a water molecule approaches 1C on the 

pyridines side and transfers a proton to the phenyl bridging ligand in TS3βE. 

From this transition step, the reaction goes directly to the intermediate 4D and 

a molecule of benzene is liberated. Then, in step B, the alkyne also approaches 

the complex on the pyridines sides, leading to an intermediates where the 

hydroxyl is coordinated only to Cu1 while the alkyne is coordinated via its π 

system to Cu2. This intermediate is 4.8 kcal/mol higher than 4D and the 

following transition state is extremely easily accessible, as TS6βE is only 0.5 

kcal/mol higher. Going towards the products, another intermediate was 

found, where the alkynyl group is bridging the two coppers and the water 

molecule is still coordinated to Cu1. As no transition state has been found, the 

water molecule is postulated to dissociate from 2+ without a transition or with 

a very low-lying one (≤ 5 kcal/mol). After this dissociation the final product, 

2B, is formed. In this reaction, the rate determining step in the formation of 

4D with a ΔG≠ of 18.6 kcal/mol. The presence of NTf2
- lower the energy of both 

the intermediates and the transition states and its position around the 

complexes is quite versatile. Apart from 1C and 2B, all the intermediates and 

transition states have the back pyridine dissociated from Cu2. Thus, the 

relevance of the partial dissociation of DPEOPN and of the ion-pairing is 

highlighted in this mechanism. 
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Figure V.31. Schematic representation of the mechanism of 1+ to 2+ catalyzed by 

water; the green circles represent the position of NTf2
-. 
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This mechanism is used to create a microkinetics model to compute the 

conversion associated to it and to assess the error in the DFT barriers. 

Experimentally, the reaction reaches 50, 70 and 100 % conversion at 13, 20 

and 60 minutes, respectively. To do the microkinetics, the same conditions as 

for the concerted reaction, and as in the in the kinetic experiments, were 

used: 10.0 mM of 1+, 21.0 mM of alkyne, at 48.5°C in THF with 1 atm to which 

1.5 equivalent of water were added relative to 1+. The model comprise six 

elementary steps (Figure V.32). Four of them arise from the water assisted C-

H activation described in this chapter. The first couple of elementary steps 

consist of the reaction of 1C to 4D via TS3βE (step A), with a ΔG‡
fA of 18.6 

kcal/mol for the forward step and a ΔG‡
rA of 30.0 kcal/mol for the reverse. The 

second couple of elementary step correspond to the reaction of 4D to 2B via 

TS6βE (step B), with a barrier ΔG‡
fB of 5.3 kcal/mol and of 19.6 kcal/mol for the 

reverse elementary step ΔG‡
rB. The last two elementary steps come from the 

concerted mechanism (discussed in IV) i.e. the reaction of 1C to 2B via TS1βC 

and its reverse reaction. The energy barrier associated to these steps are 22.9 

kcal/mol for ΔG‡
fC while the reverse step has a ΔG‡

rC of 48.6 kcal/mol. The 

coordination of the reactants and the dissociation of the products have been 

neglected as the energy barrier of such step is likely to be lower. The 

conversion is computed via a time course simulation, with one point every 30 

seconds for 60 min. 
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Figure V.32. Elementary reaction considered microkinetics model of the 1+ to 2+ 

catalysed by water. 

First, the microkinetics simulation was run without any correction on the 

energetic barrier obtained by DFT, leading to 100% after only 13 minutes 

(Figure V.33). It indicates that the value of ΔG‡
fA is too low leading to the 

completion of the reaction in a sixth of the total time. The error cannot come 

from ΔG‡
fC as in the previous chapter, the conversion reached only around 

10% at 60 minutes without energy corrections. To fit the DFT model the 

energy of ΔG‡
fC is lowered by 2.0 kcal/mol (as for the concerted mechanism) 

and the energy of ΔG‡
fA is gradually increased from +0.2 to +0.7 kcal/mol. The 

energy error that leads to the best model increased ΔG‡
fA by +0.5 kcal/mol: it 

reaches 50 and 70 % conversion at 13 and 20 minutes, as the experimental 

data. However, the full conversion is attained in 32 minutes which is faster 

than the experiments (60 minutes). It appears that the experimental kinetic 

involves at least two different regimes when our model only represent the 

first one. After 20 minutes, a new reaction or more stable intermediates 

causing catalyst poisoning dominate the kinetics of the reaction described in 

this chapter. This may be due to the high quantity of water present in the 

reaction mixture (1.5 equivalents relative to the complex). 

+ +

+ +

A)

B)

C) + +
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 Conversion at 15 min Conversion at 60 min 

Experiment 50 100 
DFT model 3.4 18.2 
Fitted model (+0.2) 7.3 34.2 
Fitted model (+0.3) 14.9 56.9 
Fitted model (+0.4) 28.7 80.3 
Fitted model (+0.5) 49.8 95.5 
Fitted model (+0.6) 74.0 99 (at 66 min) 
Fitted model (+0.7) 92.3 99 (at 30 min) 

 

Table V.2. Comparison of the conversion between the experiments, the unfitted 

DFT model and the fitted model (error in kcal/mol).  

 

 

Figure V.33. Fitting of the DFT model (black dashed line) by increasing the energy of 

ΔG‡
fA by +0.2 (orange dots), +0.3 (red dots), +0.4 (grey dots), +0.5 (black line), +0.6 

(blue dots) and +0.7 kcal/mol (green dots) and by lowering the energy of ΔG‡
fA by -

2.0 kcal/mol . 
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VI - CuAAC reaction with 2+ as catalyst  

The catalytic ability of the di-copper DPEOPN based complexes was 

investigated using the CuAAC reaction. The motives to choose this reaction 

relies on three arguments. First, the CuAAC reaction is robust and selective, 

producing only 1,4 triazole and side products are usually not observed. 

Second, it involves alkynyl di-copper species as well as a C-H activation step 

similar to the one described in chapter IV. Finally, a similar 1,8 naphthyridine 

based di-copper complexes has been already used as catalyst for the CuAAC 

reaction.45 Therefore, the complex 2+ can be used to catalyse this reaction. 

Experimentally, the reaction can be done over a few hours in THF at 50°C, 

using the alkyne HCC(p-CF3-C6H4) and the azide N3(p-CH3-C6H4). This chapter 

reports the study of the mechanism of the CuAAC using a robust di-copper 

catalyst with a well-defined structure, instead of simple copper salts. Through 

this chapter, the atoms and compounds will be labelled as shown in Figure 

VI.1 to ease the description of the intermediates and transition states. All the 

energy of the transition states reported in this chapter are gathered in tables 

in the annex A. 

 

Figure VI.1. Labels of the key atoms in the CuAAC reaction catalysed by 2+.  

C4C3

N1
N2

N3

N4

N5

Cu1 Cu2

C2’

C3’

C2
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1 - The search of in-cycle intermediates  

To explore the mechanism of the CuAAC reaction, intermediates were 

searched first and then the transition states that would connect them were 

investigated. In this first section, only the intermediates involved in the 

mechanism of the CuAAC reaction are reported.  

 

Figure VI.2. Commonly accepted intermediates for the CuAAC reaction. 

This reaction is well known in the case of copper salt as catalyst and thus the 

key intermediates have been characterized, both experimentally and 

computationally96–101 (Figure VI.2). Based on this knowledge, four 

intermediates are considered for a tentative cycle. The starting intermediate 

is 2+, with the alkynyl already bound to two coppers and thus the alkynyl do 

not need further activation as in the case of copper salts. The intermediate 2+ 

will not be described here as it has already been done in Chapter III. The 

second intermediate arise after the coordination of the azide to 2+. The third 

intermediate is a 6-membered ring metallocycle appearing after the 

formation of the first C-N bond. The fourth and last intermediate originates 

from the reductive elimination forming the second C-N bond and corresponds 

to a triazolyl bridging the two coppers. A proton transfer between this last 

intermediate and the alkyne regenerates 2+, releasing the 1,4 triazole 

product. 
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Figure VI.3. Tentative intermediates for the coordination of the azide to 2+. 

To find the intermediate where the azide is coordinated to 2+, seven 

geometries were considered, as shown in Figure VI.3. Two variables were 

investigated: the coordination of the alkynyl; which can either bridge the 

coppers (5+ and 6+) or not (7+ and 8+); and on which copper the azide 

coordinates; either on the phosphine (5+ and 8+) or on the pyridine side (6+ 

and 7+). These four intermediates all converged into 5+ (Figure VI.4a), 

indicating a clear preference for the alkynyl to bridge the coppers and 

highlighting the importance of the 2e3c interaction between the bridging 

ligand and the metal centres. The other clear feature is the preference of the 

azide to coordinate on the phosphine side, due to the higher steric hindrance 

βα

α
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between the pyridines of DPEOPN and the aryl substituent of the azide, 

compared to the tBu of the phosphine. The coordination of the azide (2.29 Å) 

on Cu1 distorts slightly its coordination sphere: the phosphine is pushed 

outside of the axis containing DPEOPN and the coppers. This change is shown 

by the angle between Cu2-Cu1-P: 169.8° in 2+ and 157.9° in 5+. The other 

meaningful changes are the elongation of the distance between Cu1 and the 

alkynyl (1.97 Å in 2+ and 2.04 Å in 5+) and of the distance between the coppers 

(2.38 Å in 2+ and 2.46 Å in 5+). Otherwise, all the other distances and angles 

are similar in both complexes. The coordination of the azide to 2+ is 

thermoneutral, since 5+ is only 0.2 kcal/mol higher in energy. 

Complex ΔG (kcal/mol)  Complex ΔG (kcal/mol) 

5+  0.0  5α
+  2.3 

5A  3.0  5αA  2.2 
5B  1.1  5αB  4.8 
5C -2.7  5αC -0.1 
5D -0.4  5αD  1.6 
5E -4.5  5αE -1.1 

 

Complex ΔG (kcal/mol)  Complex ΔG (kcal/mol) 

5β
+  2.2  6α

+  5.9 
5βA  2.4  6αA  8.0 
5βB  2.4  6αB  6.2 
5βC -0.8  6αC -0.3 
5βD  2.4  6αD  7.6 
5βE -2.0  6αE  4.5 

 

Table VI.1. Free energy of the ion-paring of 5+, 5α
+, 5β

+ and 6α
+ with NTf2

-. 

The presence of the azide introduces steric bulk into the active centre and the 

partial dissociation of DPEOPN could yield different and more stable 

conformations. Thus, the effect of the partial dissociation of DPEOPN on 5+ 

and 6+ was also considered (Figure VI.3). Only two dissociations where 

considered: the rotation of the front pyridine α or of the back pyridine β, as 

the other dissociations usually yielded intermediates with higher energy (see 

Chapters III and V). Both dissociations were computed for 5+ and only one for 

6+. The dissociation of the pyridine β was not considered for 6+ as the steric 
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hindrance between the azide and the pyridine α would not decrease 

compared to 6+ and thus the intermediate would converge into 5β
+. Therefore, 

only the dissociation of the pyridine α was considered for 6+. 

These three intermediates have been obtained and their energy relative to 5+ 

are gathered in Table VI.1. The dissociations are slightly endoergic for 5+, with 

2.3 and 2.2 kcal/mol for 5α
+ and 5β

+, respectively. There are two main impacts 

on the geometry of 5α
+ (Figure VI.4b). First, the distance between the azide 

and Cu1 increases to 2.42 Å, allowing the angle Cu2-Cu1-P straighten to 162.3°. 

The second is the elongation of the distance between the coppers by 0.2 Å to 

2.67 Å. All the other distances are either the same as in 5+ or only fluctuate by 

0.05 Å. The dissociation of the pyridine β on 5+ has the opposite effect (Figure 

VI.4c): the distance between Cu1 and the azide shorten to 2.22 Å, increasing 

the bending of the Cu2-Cu1-P angle to 144.3°. The rest of the complex is not 

impacted by the dissociation. The intermediate 6α
+ is also higher in energy 

than 5+, by 5.9 kcal/mol. In 6α
+, the azide is coordinated to Cu2 (2.32 Å) instead 

of the pyridine α (Figure VI.4d), causing the elongation of the bond between 

the alkynyl and Cu2 by 0.1 Å. Overall, these dissociation processes are easily 

accessible even at room temperature, without having considerable impacts 

on the geometry of the complexes. 
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Figure VI.4 3D representation of a) 5+, b) 5α
+, c) 5β

+ and d) 6α
+. 

As shown in the three previous chapters, the ion-pairing of the complexes 

with NTf2
- dramatically affects both the energy and the geometry of 

complexes. Thus, it was also computed for 5+, 5α
+, 5β

+ and 6α
+, leading to the 

series 5X, 5αX, 5βX and 6αX where X stands for the position of the counter-ion 

around the complex (Figure III.8). All the energies are gathered in Table VI.1 

and the energy reference is the addition of the energy of 5+ and NTf2
-. Overall, 

the ion-pairing has an important effect on the energies of these complexes, 

ranging from -4.5 to 8.0 kcal/mol, and eight associations are exergonic. For 

the four complexes, the positions of NTf2
- yielding the lowest energies are C 

and E, in which the counter-ion is in the cavity created by the phosphine, the 

naphthyridine backbone and the pyridines of DPEOPN. The presence of NTf2
- 

in the environment of 5+, 5α
+, 5β

+ and 6α
+ has little impact on their geometries; 

a) b)

c) d)
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the only important modification is the shortening of the distance between the 

coppers by 0.2 Å in 5αB. Thus, the energy differences observed for these series 

are mostly due to the weak interactions occurring between the complexes 

and the counter-ion. The most stable intermediate with the azide coordinated 

to 2+ is 5E, in which NTf2
- is paired to the complex and DPEOPN is fully 

coordinated. 

 

Figure VI.5. Tentative intermediates after the first C-N bond formation. 

 

β

β

β

β

β



118 
 

Then, the metallocycle intermediate, in which the first C-N is formed, was 

investigated (Figure VI.5). From the 11 attempts, ten converged to a complex 

where a triazolyl is bridging the two coppers, i.e. where the two C-N bonds 

are already formed (Figure VI6). Only 9+ converges into an intermediate in 

which the carbons of the alkynyl and the nitrogens N4 and N5 of the azide form 

a 4-membered ring. The energy of 9+ is 22.0 kcal/mol higher than 2+ and as 

the two C-N bond are already formed, no further reactivity that could lead to 

the triazolyl seems plausible. Therefore, the intermediate 9+ is considered 

irrelevant to this mechanism and no intermediate between the formations of 

the first and the second C-N bonds were found.  

The last intermediate examined is the one where a triazolyl is bridging the 

coppers after the formations of the two C-N bond between the alkynyl and 

the azide. The only intermediate considered is 15+ and its variations shown in 

Figure VI.6. The geometry of 15+ is similar to the ones of 1+ and 2+: the 

pyridines and the naphthyridine backbone are coordinated symmetrically to 

the coppers, with 2.08 and 2.12 Å on average, respectively. The distance 

between the coppers is 2.40 Å and the triazolyl is bridging them symmetrically 

at 2.02 Å. The triazolyl is tilted one side toward on the naphthyridine 

backbone (Figure VI.7). As for all the other intermediates, the partial 

dissociation of DPEOPN was considered via the rotation of the pyridine α or 

β, leading to 15α
+ and 15β

+. The dissociation does not affect the geometry of 

15+ as the biggest change is the slightly dissymmetric coordination of the 

coppers to the naphthyridine (2.16 and 2.08 Å for Cu1 and Cu2 in 15α
+). All the 

other distances and angles are similar to the ones in 15+. The energy of these 

intermediates are also comparable to the one of 15+, as 15α
+ and 15β

+ are 1.5 

and 2.9 kcal/mol higher, respectively. 

 

Figure VI.6. Tentative intermediates for the second C-N bond formation. 

α β
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The effect of the ion-pairing with NTf2
- on 15+, 15α

+ and 15β
+ was also 

investigated, leading to the series 15X, 15αX and 15βX, where X describes the 

position of NTf2
- around the complexes (Figure III.8). As for 5+, the association 

does not affect the geometry of the complexes as the larger fluctuation is 

observed in the 15αX series: the distance between Cu1 and the naphthyridine 

backbone varies from 2.13 to 2.23 Å. The ion-pairing impacts the energy of 

15+, 15α
+ and 15β

+, with energies varying between -3.6 and 5.0 kcal/mol (Table 

VI.2). The most stable positions are C and E for the three complexes, as for 

most intermediates. The lowest one is 15E, in which DPEOPN is fully 

coordinated to the coppers and the NTf2
- is in the cavity created by DPEOPN.  

Complex ΔG (kcal/mol)  Complex ΔG (kcal/mol) 

15+  0.0  15α
+  1.5 

15A  2.7  15αA  2.1 
15B  0.3  15αB -1.0 
15C -1.8  15αC -3.3 
15D -1.7  15αD  1.3 
15E -3.6  15αE -1.8 

 

Complex ΔG (kcal/mol)    

15β
+  2.9    

15βA  5.0    
15βB  1.6    
15βC  0.4    
15βD -    
15βE  0.2    

 

Table VI.2. Free energy of the ion-paring for 15+, 15αX and 15βX.  
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Figure VI.7. 3D representation of 15+ from the a) front and b) side. 

Over the four intermediates postulated to participate in the mechanism of the 

CuAAC reaction, only three, 2+, 5+ and 15+ were found and they can be 

arranged in a tentative catalytic cycle (Figure VI.8). As it is, this mechanism 

involves three steps: A) the coordination of the azide to 2+, B) the cyclisation 

between the alkynyl and the azide and C) the proton transfer from the alkyne 

to 15+. The thermodynamic of this tentative catalytic cycle are promising as 

the coordination of the azide is thermoneutral; 5E is -0.8 kcal/mol lower than 

2B; and cyclisation step is very exergonic as 15E is -53.9 kcal/mol lower than 

2B. For these three intermediates, it is more advantageous for DPEOPN to be 

fully coordinated to the coppers and the association between the complexes 

and NTf2
- is exergonic in all cases. The following sections of this chapter detail 

the search of transition states connecting these intermediates.  

a) b)
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Figure VI.8. Postulated catalytic cycle for the Cu2AAC reaction after exploring the 

stability of the potential intermediates. 

 

2 - Step A: the coordination of the azide to 2+  

The first step of the catalytic cycle is the coordination of the azide to 2+ (Figure 

VI.9). As there is often no or low-lying transition state for coordination step, a 

scan of the potential energy surface (PES) was done to check the presence of 

a transition state. The scan was done along the N3-Cu1 bond, with a point 

every 0.1 Å (Figure VI.10). Each point of the scan correspond to a constrained 

optimization in which all internal coordinates were relaxed except for N3-Cu1 

and the energies reported are electronic  since no frequency calculations were 

done.  
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Figure VI.9. Step A: the azide coordination to 2+. 

The scan has no energy maximum and does not provide any evidence for the 

presence of a transition state on the PES. The minima around 2.30 Å 

correspond to the fully optimized geometry of 5+. When the bond length 

diminish or augment, the electronic energy increases. A plateau in the energy 

is present around 3.00 Å and likely corresponds to the van der Waals complex 

of 5+ and the azide. Overall, there is no clear indication of the presence of a 

transition state for this step and the energetic cost of this coordination step 

is postulated to originate only from the entropy penalty.  

 

Figure VI.10. Scan of the electronic energy along the Cu1-N bond in 5+. 
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3 - Step B: the formation of the triazolyl complex 15+ 

The second step of the CuAAC reaction consists of the cyclisation of the 

alkynyl and the azide ligands present in 5+, forming the intermediate 15+, in 

which a triazolyl is bridging the two coppers (Figure VI.11). None of the 

intermediates based on 6+ (Figure VI.3) where considered as a starting point 

for this step as they all are higher in energy than the 5+ ones. Overall, 18 

transition states have been computed (Figures VI.12 and VI.13) and they form 

the TS7 series. In this section of the thesis, the energy references used to 

compare the energy of the transition states are either the energy of 5+ or 5E, 

depending on the presence of the counter-ion. 

 

Figure VI.11. Step B of the catalytic cycle: triazolyl formation. 

a) Search of the transition states  

The simplest transition state for the cycloaddition is TS7, in which the effects 

of the partial dissociation of DPEOPN and of the ion-pairing with NTf2
- are 

ignored. TS7 has a geometry close to the one of 5+ as the coordination of the 

alkynyl and DPEOPN do not seems to be altered (Figure VI.15a). The 

naphthyridine and the pyridines coordinate symmetrically to the coppers with 

respective distances of 2.16 and 2.10 Å. The alkynyl is bridging the two 

coppers asymmetrically: the distance with Cu1 is 0.14 Å longer than the one 

with Cu2, due to the coordination of the azide to Cu1. The azide is much closely 

coordinated than in 5+ as the bond distance is shorten by 0.2 Å to 2.10 Å. This 

leads to an increase of the distance between the coppers to 2.59 Å, indicating 

that more distortions are needed to allow the azide closer to the coppers. The 
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two forming C-N bonds, i.e. N3-C2 and N5-C3, have very different lengths, with 

2.87 Å for the former and 1.94 Å for the latter, but they are both involved in 

the imaginary frequency of the transition state. With the formation of these 

bonds, the alkynyl becomes "alkyl like" and the change in the nature of the 

multiple bond between C2 and C3 is apparent in the C2-C3-C4 angle of 144.5°, 

compared to the 180.0° of the free alkyne. The energy of TS7 is 20.6 kcal/mol 

(in red in Figure VI.14). As for the previous series of transition states, the 

effects of the ion-pairing with NTf2
-, of the partial dissociation of DPEOPN and 

of both combined are detailed in the next paragraphs.  

 

Figure VI.12 Schematic representations and labels of all the transition states 

computed for the TS7 series; the green circles represent the position of NTf2
- (1/2). 

TS7

TS7α

TS7A TS7B

TS7C TS7E
TS7D

TS7αBTS7αA
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Figure VI.13. Schematic representations and labels of all the transition states 

computed for the TS7 series; the green circles represent the position of NTf2
- (2/2). 

To examine the effect of the ion-paring, five positions of NTf2
- around TS7 were 

investigated and led to the TS7X transition states (Figure VI.12). The impact of 

this association on the geometry of TS7 is minimal as the most substantial 

deviations are in the range of ± 0.05 Å for the distances and of 2.5° for the 

angle C2-C3-C4. However, the repercussion on the energy of these transition 

states are bigger: it ranges from 20.0 to 25.6 kcal/mol (red dashed in Figure 

VI.14). Thus, the association of NTf2
- with TS7 is isoenergetic in one case 

(position E) and unfavourable in the others and the energy differences 

between the transition states arise from the various weak interactions with 

NTf2
-. In the most stable transition state (TS7E) the counter-ion is in the cavity 

created by the phosphine, the pyridine β and the naphthyridine backbone. In 

TS7αC TS7αD TS7αE

TS7β TS7βA TS7βB

TS7βC TS7βD TS7βE



126 
 

addition to DPEOPN, NTf2
- interacts with the toluene substituent of the azide 

as it is positioned below its aromatic ring (Figure VI.15b).  

 

Figure VI.14. Free energy of all the transition states of the TS7 series. 

When the partial dissociation of DPEOPN in TS7 was investigated, only the 

dissociations of the pyridines were included, as they were the only considered 

for the intermediates, yielding TS7α and TS7β (Figure VI.12 and VI.13). The 

dissociation has little impact on the geometry of the two transition states: the 

remaining bonds with DPEOPN are slightly shorter for Cu2 and longer for Cu1 

(-0.08 Å and +0.06 Å for the naphthyridine core in TS7β). Overall, the distances 

varies by less than 0.1 Å. These few modifications have no energetic impacts 

on TS7β as its energy is 20.6 kcal/mol, like TS7, and are slightly unfavourable 

for TS7α, with 21.9 kcal/mol.  
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Figure VI.15. 3D representation of a) TS7, b) TS7E, c) TS7β and d) TS7βC. The red dashed 

lines account for the formation of the two C-N bonds between the azide and alkynyl 

moieties. 

Finally, the effects of the ion-pairing with NTf2
- and of the partial dissociation 

of DPEOPN were examined simultaneously, leading to the TS7αX and TS7βX 

series where X stands for the position of the counter-ion around the complex 

(Figures VI.12 and VI.13). The association between NTf2
- and TS7αX is 

unfavourable as their energy ranges from 23.5 to 27.3 kcal/mol. The geometry 

of these transition states are not much influenced by the presence of the 

counter-ion; with distances varying less than 0.1 Å; and NTf2
- do not interact 

directly with the metal centres. In the TS7βX series, the association in the 

positions A, B, C and E do not lead to relevant changes in the geometry of TS7β. 

However, in TS7βD, NTf2
- is above the pyridines arm and one of its CF3 is close 

to the π system of the alkynyl (around 3.20 Å). As a result, the alkynyl bends 

more towards NTf2
-, with a Cu1-C2-C3 angle of 126.7° compared to 97.3° in 

b)

d)

a)

c)
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TS7β, where the alkynyl bends more towards the phosphine. It also reduces 

the difference in the distances between the coppers and C2 (1.97 and 1.90 Å 

with Cu1 and Cu2, respectively) and the distance between the coppers 

diminishes to 2.46 Å, which is close to the value in 5+. However, TS7βD yields a 

barrier of 24.2 kcal/mol, showing that the geometry observed in most of the 

transition states in the TS7 series is preferable. The lowest position for NTf2
- is 

C, in the cavity formed by DPEOPN, but on the side opposite to the 

coordination site of the azide. However, the association is still unfavourable, 

with 21.9 kcal/mol. The combination of the effects of the dissociation of 

DPEOPN and of the ion-paring with NTf2
- do not yield favourable interactions 

in the case of TS7.  

 

Figure VI.16. Schematic representation of the mechanism of the cyclisation of the 

CuAAC reaction; the green circles represent the position of NTf2
-. 

Overall, the transition states for the cyclisation step of the CuAAC reaction are 

in a low energy range of 20.0 to 27.3 kcal/mol, the lowest one being TS7E. In 

this mechanism, the association of the transition states with NTf2
- lowers their 

energy, whereas the partial decoordination of DPEOPN increases it. To be 

certain of the nature of these transition states, an IRC-driven relaxation were 
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done on a selection of them and no additional intermediates were found. The 

figure VI.16 summarizes the mechanism of the cyclisation 2+ with the azide.  

b) Selectivity of the cycloaddition step  

As stated in the introduction of this thesis, the CuAAC reaction is a selective 

copper catalysed version of the Huisgen addition. The mechanism and the 

origin of the selectivity of this reaction was already discuss in the case of the 

copper salt as catalyst.176,177 With the DPEOPN catalyst, the reaction is also 

selective as no trace of the 1,5 triazole isomer has been detected 

experimentally.45 Thus, the mechanism for the formation of the 1,5 triazole 

was computed to explain the selectivity in this case. Only the simpler case was 

consider: the counter-ion NTf2
- is neglected and DPEOPN is fully coordinated 

to the coppers. For the 1,5 cycloaddition, the mechanism starts with 2+ and 

the azide separately and they form an adduct at 2.0 kcal/mol in which the 

azide do not coordinate to the copper but where its toluene substituent does 

a π-stacking interaction with the substituent of the alkynyl in 2+. However, the 

azide does coordinate to the copper on the phosphine side in the transition 

state (2.26 Å). The forming bond with C2 is much shorter than the one in TS7 

(2.09 versus 2.87 Å) while the bond with C3 is elongated (2.19 versus 1.94 Å). 

This changes causes the transition state for the 1,5 cycloaddition to be 6.9 

kcal/mol higher than TS7. The triazolyl product is coordinated to the coppers 

at similar distance (2.02 Å) but its ArCF3 substituent can do a C-H-π interaction 

with one of the pyridine (average distance of 2.80 Å). This 1,5 triazolyl 

complex is 9.4 kcal/mol higher than 15+. This higher energies for the 1,5 

cycloaddition arise from increasing steric hindrance between the azide and 

the alkynyl as well as a stronger polarization. For example, the natural charge 

of Cu1 is +0.29 in TS7 versus +0.79 in the transition state for the 1,5 

cycloaddition (Table VI.3). This extra charge separation is apparent for most 

atoms in the active site in both the transition state and the 1,5 triazolyl 

complex. Thus, the 1,5 cycloaddition is thermodynamically and kinetically 

unfavourable compared to the 1,4 cycloaddition. These energies are 

consistent with the selectivity of the CuAAC reaction observed in the 

experiments with the DPEOPN di-copper catalyst. 
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Figure VI.17. Cycloaddition mechanism to obtain the 1,4 (full black line) and 1,5 

(dashed blue line) triazolyl di-copper complexes.  
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TS7 Charge 1,5 isomer TS  Charge 

Cu1 +0.29 Cu1 +0.79 
Cu2 +0.49 Cu2 +0.88 
C1 -0.23 C1 -0.58 
C2 -0.14 C2 -0.05 
N1 -0.33 N1 -0.20 
N2 +0.13 N2 +0.12 
N3 -0.10 N3 -0.25 

 

15+ Charge 
1,5 triazolyl 

intermediates 
Charge 

Cu1 +0.35 Cu1 +0.70 
Cu2 +0.45 Cu2 +0.84 
C1 -0.25 C1 -0.46 
C2  0.00 C2 +0.07 
N1 -0.18 N1 -0.32 
N2 -0.09 N2 -0.09 
N3 -0.27 N3 -0.17 

 

Table VI.3. Charge distribution along the pathways of the 1,4 and 1,5 cyclisations.  

c) Descriptors analysis of the transition states  

The 18 transition states obtained for the cyclisation step of the CuAAC were 

analysed using descriptors, defined by 15 different geometrical and 

electronical parameters, including: 

 Position of NTf2
- 

 Distance between Cu1 and Cu2 

 Distance between the C2 and N3 

 Distance between the C3 and N5 

 Distance between the C2 and C3 

 Dihedral angle Cu1-N1-N2-Cu2 

 Natural charge of Cu1 

 Natural charge of Cu2 
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 Difference of natural charge between Cu1 and Cu2 

 Natural charge of the C2 

 Natural charge of the C3 

 Natural charge of the N3 

 Natural charge of the N5 

 Difference of natural charge between C2 and N3 

 Difference of natural charge between C3 and N5 

In the additional Descriptors file (see annexes) are scatter plots showing the 

potential correlations between these descriptors and the energy barriers of 

the TS7 series. As previously stated, the lowest transitions states are taking 

into account the ion-pairing or the partial dissociation of DPEOPN even if the 

range of the energy in this series is quite narrow, from 20.0 to 27.3 kcal/mol. 

For comparison, the energy range was from 22.9 to 39.9 kcal/mol for the 

concerted mechanism of the C-H activation of alkyne (see Chapter IV). 

Another noticeable features is the small distortions the complex undergo 

during this cyclisation: the alkynyl is still bridging the coppers, in line with the 

short distance between the two metal centres (2.50 to 2.65 Å). The descriptor 

analysis did not reveal any clear trend as the highest R2 value is 0.3162 for the 

natural charge of N3.  

4 - Step C: the regeneration of 2+ from 15+  

The third and last step of the CuAAC reaction consists of the proton transfer 

between the alkyne and 15+, leading to the regeneration of 2+ and the 

formation of the 1,4-triazole (Figure VI.18). In this section of the thesis, the 

energy references used to compare the energy of the transition states are 

either the energy of 15+ or 15E plus the alkyne, depending on the presence of 

the counter-ion. For this step a concerted proton transfer was assumed, 

similarly to the one for the concerted activation of alkynes (see Chapter IV). 

There are four possible isomers for the transition state: depending on the 

positions of the triazolyl and of the alkynyl on the copper (TS8 and TS9 have 

alkynyl group on Cu2 while it is on Cu1 for TS10 and TS11) and on the orientation 
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of the triazolyl compared to the alkynyl (the two ArCF3 groups are close to 

each other like in TS9 and TS11, or away from each other as from TS8 and TS10). 

All these different series of transition states are described in this section. 

 

Figure VI.18. Step C of the CuAAC reaction: regeneration of 2+. 

a) Search of the transition states  

The first series of isomers considered is TS8 and it contains 18 transition states 

(Figures VI.19 and VI.20). In this series, the alkynyl is coordinated to Cu2 and 

the triazolyl on Cu1, the latter is orientated so its tolyl substituent is near the 

alkynyl. The simplest transition state of this series is TS8 (Figure VI.22a), in 

which the effects of the partial dissociation of DPEOPN and of the ion-pairing 

with NTf2
- are ignored. The distance between the coppers is 2.78 Å, which 

represent a distortion of 0.40 Å compared to 15+ and 2+. Many transition 

states reported in this work have similar features or are even more distorted 

and considering the size of the substituents, TS8 is quite compact. The 

coordination of the pyridines to Cu2 are symmetrical (2.09 Å in both cases) but 

the naphthyridine backbone is bound more tightly to Cu2 than to Cu1 (2.04 

versus 2.22 Å). The alkynyl is coordinated to Cu2 with the usual bond distance 

of 1.92 Å while the bond between Cu1 and the triazolyl is elongated by 0.1 Å 

to 2.10 Å, due to steric interactions with the naphthyridine. The alkynyl is in 

the same plane as the coppers and the triazolyl is orientated toward the back, 

with its ArCF3 substituent in the cavity E along the naphthyridine and close to 

the pyridine β. The tolyl substituent of the triazolyl is parallel to the ArCF3 of 

the alkynyl (4.00 Å apart), suggesting the presence of a π-π interaction 

between them. The transferred proton is closer to the alkynyl than to the 

triazolyl, with 1.38 and 1.54 Å, respectively. The energy of TS8 is high, with 
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32.9 kcal/mol (red in Figure VI.21). The effect of the pairing with NTf2
- and of 

the partial dissociation of DPEOPN are summarized in the following 

paragraphs.  

 

Figure VI.19. Schematic representations and labels of all the transition states 

computed for the TS8 series; the green circles represent the position of NTf2
- (1/2). 
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The counter-ion is added to TS8 to create the TS8X series, with X describing the 

position of the counter-ion around the complex (A to E see Figure VI.19). The 

associations are unfavourable as the energies vary in the narrow range of 34.7 

to 36.5 kcal/mol (red dashed in Figure VI.21). Overall, the geometry of TS8 is 

not impacted by the presence of the counter-ion as the biggest modification 

is the elongation of the distance between Cu1 and the naphthyridine 

backbone (N1) by 0.06 Å in TS8A. Thus, the variation in energy are mainly due 

to the diverse interactions introduced by NTf2
- depending on its position. It is 

worth noting that the two highest transition states, TS8A with 35.1 and TS8E 

with 36.5 kcal/mol, are the only ones in which the counter-ion interacts with 

the triazolyl. In the three remaining transition states, NTf2
- interacts only with 

DPEOPN, and with the alkynyl ligand for TS8C, leading to an energy of 34.7 

kcal/mol in all cases. The associations of TS8 with NTf2
- yield to barriers that 

are too high to be plausible. 
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Figure VI.20. Schematic representations and labels of all the transition states 

computed for the TS8 series; the green circles represent the position of NTf2
- (2/2). 

The impact of the partial dissociation of DPEOPN on TS8 was investigated via 

the dissociation of the pyridines α and β only, as for the intermediates and 

the cyclisation step, yielding TS8α and TS8β (Figure VI.22b). As for the ion-

pairing, the geometry of TS8 is not affected by the dissociation in both cases, 

with changes below 0.05Å. The dissociations are unfavourable with an energy 

of 35.5 kcal/mol for both TS8α and TS8β. Thus, neither the effects of the ion-

pairing nor the partial dissociation can lower the energy of TS8 alone. 

TS8αC TS8αD TS8αE

TS8β TS8βA TS8βB

TS8βC TS8βD TS8βE
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Figure VI.21. Free energy of all the transition states of the TS8 series.  

To complete the TS8 series, the combined effects of the ion-paring with NTf2
-

and the partial dissociation of DPEOPN were considered together, leading to 

the series TS8αX and TS8βX (Figures VI.19 and VI.20). The TS8αX series is very 

similar to the previous transition states: the geometry is not impacted (less 

than 0.1 Å of difference) and the energy varies from 34.1 to 37.8 kcal/mol 

(dashed blue in Figure VI.21). The most stable one is TS8αC and it is the only 

one for which the interaction of NTf2
- with TS8α is favourable (-1.4 kcal/mol). 

In TS8αC, NTf2
- is in the cavity formed by the phosphine, the naphthyridine 

backbone and the dissociated pyridine α and it interacts only with these parts 

of TS8α. The transition states where NTf2
- interacts with the triazolyl have high 

energy: between 36.9 and 37.8 kcal/mol for TS8αA, TS8αD and TS8αE. The 

transition states in the TS8βX series are comprised within a large range of 

energies; 28.7 to 38.5 kcal/mol (dashed green in Figure VI.21) and their 

geometry are more varied than in the TS8αX series. Compared to TS8 and TS8β, 

TS8βA, TS8βB and TS8βD display no geometrical changes but TS8βC and TS8βE do 

(Figure VI.22c and d). TS8βC is much more distorted than other transition states 

in the series, with a distance between the coppers of 3.19 Å corresponding to 

an increase of 0.37 Å compared to TS8β. This elongation comes from the loose 
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coordination of NTf2
- to Cu2 (2.40 Å) that forces it to come forward and thus 

lengthens the distance to Cu1. It also leads to the elongation of the breaking 

bond between C2' and H to 1.42 Å, meaning that the proton is now equidistant 

from the two carbons. Another dramatic change is the mode of coordination 

of the alkynyl: it is bonded to the two coppers in an asymmetric way, with 

distances of 2.17 and 2.00 Å from Cu1 and Cu2, respectively. The coordination 

of the triazolyl is less impacted as it only increases by 0.1 Å to 2.21 Å. Apart 

from coordination to Cu2, NTf2
- interacts with both arms of DPEOPN. All this 

features makes TS8βC the lowest transition state of the TS8 series. TS8βE is even 

more distorted than TS8βC, with the distance between the coppers increasing 

to 3.88 Å and leading to the dissociation of Cu1 from the naphthyridine 

backbone. This modification allows the coordination of NTf2
- by one of its 

oxygens to Cu1 (2.21 Å). As Cu1 is further away from the naphthyridine 

backbone, there is more space for the triazolyl group and its bond to Cu1 

shortens to 2.01 Å. In this transition state, NTf2
- interacts with the tBu 

substituents of the phosphine and the ArCF3 group of the triazolyl. These 

changes and new interactions on TS8βE leads to the highest energy of the 

series TS8, with 38.5 kcal/mol. Overall, the association with NTf2
- and the 

partial dissociation of DPEOPN have little impact on the 18 transition states 

of the TS8 series, with the exception of TS8βC and TS8βE. 
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Figure VI.22. 3D representation of a) TS8, b) TS8β, c) TS8βC and d) TS8βE. The red dashed 

lines account for the cleavage and formation of C-H bonds between the triazolyl and 

alkynyl moieties. 

The second series isomer for the C-H activation step of the CuAAC reaction is 

the TS9, which also contain 18 transition states (Figures VI.23 and VI.24). In 

this series, the triazolyl is coordinated to Cu1 while the alkynyl is on Cu2, as in 

TS8, but the triazolyl has a different orientation: the ArCF3 substituent is near 

the alkynyl group and the toluene substituent is facing the naphthyridine 

backbone. The simplest transition state of this series is TS9 (Figure VI.26a), in 

which the effects of the partial dissociation of DPEOPN and of the ion-pairing 

with NTf2
- are neglected. The geometry of TS9 is similar to the one of TS8: the 

naphthyridine backbone is coordinated asymmetrically to both coppers (2.19 

b)

d)

a)

c)
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and 2.04 Å for Cu1 and Cu2) and the pyridines are on average 2.10 Å away from 

Cu2. The alkynyl has a typical bond length of 1.92 Å with Cu2 while the bond 

between Cu1 and the triazolyl is elongated to 2.09 Å. The proton is also 

similarly positioned between the alkynyl and the triazolyl (1.38 and 1.53 Å, 

respectively). The main difference with TS8 is the distance between the 

coppers, which is shorter in this instance with 2.69 Å. As a result, the ArCF3 

group of the triazolyl is closer to the alkynyl than in TS8 (ca. 3.50 Å versus 4.00 

Å). The energy of TS9 is 33.0 kcal/mol which is equivalent to the one of TS8. 

 

Figure VI.23. Schematic representations and labels of all the transition states 

computed for the TS9 series; the green circles represent the position of NTf2
- (1/2). 
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The association of TS9 with NTf2
- yields the TS9X series, comprising five 

transition states, with X labelling the different positions of the counter-ion 

around the complex (Figure VI.23). The energy of the transition states ranges 

from 30.0 to 36.5 kcal/mol (dashed red in Figure VI.25) and ion-pairing is only 

favourable in position C. The presence of NTf2
- in the environment of TS9 has 

little impact on its geometry for the positions A, B and D. TS9C has similar 

distances too but the orientation of the alkynyl is different as it bends forward 

over the counter-ion (2.50 Å apart, Figure VI.26b). The rest of the transition 

state is unchanged. TS9E is impacted by the presence of NTf2
- as it drags the 

triazolyl and Cu1 away from the naphthyridine backbone, leading to an 

increased distance between the coppers of 2.83 Å. These changes lead to a 

high energy of 36.5 kcal/mol for TS9E. In this case, the interaction between 

NTf2
- and TS9 lowers the ΔG‡ by 3.0 kcal/mol (TS9C), it is however not low 

enough for this transition state to be accessible. 
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Figure VI.24. Schematic representations and labels of all the transition states 

computed for the TS9 series; the green circles represent the position of NTf2
- (2/2). 

The partial dissociation of DPEOPN was investigated via the two transition 

states TS9α and TS9β, in which one pyridine has dissociated from Cu2 (Figures 

VI.23 and VI.24). The geometries of these transition states are not significantly 

reshaped as the most substantial change is the elongation of the distance 

between the coppers by 0.1 Å up to 2.77 Å in TS9β. The dissociations increase 

the energy of TS9 to 35.1 and 35.8 kcal/mol for TS9α and TS9β, respectively. It 

shows once more that the partial dissociation of DPEOPN is not able to lower 

the energy of the transition states on its own.  

TS9αC TS9αD TS9αE

TS9β TS9βA TS9βB

TS9βC TS9βD TS9βE
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Figure VI.25. Free energy of all the transition states of the TS9 series.  

As TS9α and TS9β are close in energy, they were both kept to examine the 

combined effects of the ion-pairing with NTf2
- and the partial dissociation of 

DPEOPN on TS9, leading to the series TS9αX and TS9βX (Figures VI.23 and VI.24). 

The former series has an energy ranging from 34.6 to 37.8 kcal/mol (blue 

dashed in Figure VI.25). The most stable is TS9αE and it is the only case where 

the geometry of the transition state changes dramatically from TS9α: Cu1 

dissociates from the naphthyridine backbone (2.84 Å), increasing the distance 

between the coppers to 2.99 Å. As the complex is more open, the triazolyl is 

in a different position compared to the other transition states of the series. 

The ArCF3 substituent is over the tBu of the phosphine (3.50 Å on average) 

while the toluene substituent is almost parallel to the pyridine β (Figure 

VI.26d). The alkynyl also coordinates to the complex differently: it is bridging 

asymmetrically the coppers, with distances of 2.25 Å to Cu1 and 2.02 Å to Cu2, 

and its ArCF3 substituent is in between the phosphine (around 2.50 Å) and the 

dissociated pyridine α (4.00 Å). In TS9αE, NTf2
- is interacting only with the 

pyridine β and the toluene substituent of the triazolyl. The TS9βX series is even 

higher in energy than TS9αX, ranging from 36.1 to 39.7 kcal/mol. The difference 

in energy inside this series comes from the different interactions with NTf2
- as 
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they all have the same geometry as TS9β. Overall, the TS9 series gives transition 

states with high energies and a low variety of geometrical characteristics. The 

lowest one is TS9C, with 30.0 kcal/mol, which is 1.3 kcal/mol higher than TS8βC. 

 

Figure VI.26. 3D representation of a) TS9, b) TS9C, c) TS9α and d) TS9αE. The red dashed 

lines account for the cleavage and formation of C-H bonds between the triazolyl and 

alkynyl moieties. 

The third isomer of the transition state for C-H activation step consists of the 

TS10 series and its 18 transition states (Figures VI.27 and VI.28). In this series, 

the alkynyl ligand is coordinated on Cu1 while the triazolyl is on Cu2. The latter 

is orientated so its toluene substituent is going upward near the substituent 

b)

d)

a)

c)

b)a)
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of the alkynyl. The simplest transition state of this series is TS10 (Figure VI.30a), 

in which the effects of the partial dissociation of DPEOPN and of the ion-

pairing with NTf2
- are neglected. TS10 is distorted, with a distance between the 

coppers of 3.21 Å. This is caused by the coordination of the bulky triazolyl and 

the pyridines to Cu2, forcing it to shift forward DPEOPN. It also leads to the 

elongation of the distance between Cu2 and the naphthyridine backbone up 

to 2.44 Å. However, as there is less steric hindrance between the triazolyl and 

the naphthyridine backbone, it allows the triazolyl to closely coordinate to Cu2 

(2.00 Å), which is comparable to the distance in the intermediates 15+. The 

alkynyl is closely coordinated to Cu1 as well, with a bond distances of 1.93 Å. 

The other ligands display normal bond distances with Cu1: 2.28 Å for the 

phosphine and 2.07 Å with the naphthyridine backbone. The transferred 

proton is closer to the alkynyl than to the triazolyl, with distances of 1.35 

versus 1.55 Å; i.e. the forming bond is longer than the breaking one. The tolyl 

substituent of the triazolyl is located between the two pyridines and is also 

close to the substituent of the alkynyl (around 3.40 Å) while the ArCF3 

substituent is positioned in the cavity formed by DPEOPN. The free energy 

barrier associated to TS10 is 33.6 kcal/mol (red in Figure VI.29), which is in the 

same energy range than TS8 and TS9.  
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Figure VI.27. Schematic representations and labels of all the transition states 

computed for the TS10 series; the green circles represent the position of NTf2
- (1/2). 

The association of TS10 with NTf2
- creates the TS10X series, where X display the 

position of the counter-ion (Figure VI.27). These five transition states have an 

energy ranging from 33.1 to 37.7 kcal/mol (red dashed in Figure VI.29). The 

position A is the lowest and also is the one where the NTf2
- coordinates to Cu1 

via one of its oxygens (2.18 Å). It causes a change in the way the naphthyridine 

coordinates to the coppers: it elongates by 0.1 Å with Cu1 while it shortens to 

2.20 Å with Cu2. The last difference is the position of the proton which is now 

equidistant from the alkynyl and the triazolyl, with 1.42 and 1.45 Å, 
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TS10A TS10B
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respectively. In addition to be coordinated to Cu1, NTf2
- interacts with a tBu 

substituent of the phosphine, the alkynyl and the pyridine β. The TS10B, TS10C, 

TS10D and TS10E have geometries closer to TS10 with the only variation being 

the distance between Cu2 and the naphthyridine ranging from 2.27 to 2.57 Å, 

causing the distance between the coppers to vary slightly. In these four 

transition states, NTf2
- interacts only with the ligands. The association of TS10 

with NTf2
- do not stabilize the transition states and thus, their energy remains 

too high to be considered as a plausible pathway. 

 

Figure VI.28. Schematic representations and labels of all the transition states 

computed for the TS10 series; the green circles represent the position of NTf2
- (2/2). 
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The effect of the partial dissociation of DPEOPN was investigated, and as for 

TS8 and TS9, only the dissociation of the pyridines were considered, leading to 

TS10α and TS10β (Figures VI.27 and VI.28). The former is heavily influenced by 

the dissociation: the complex becomes more compact as the distance 

between the coppers shorten to 2.74 Å and the bond between Cu2 and the 

naphthyridine backbone decreases by 0.3 Å to 2.15 Å. The dissociation of the 

pyridine α allows the complex to have more flexibility as the toluene 

substituent can take the space where the pyridine previously was (Figure 

VI.30c). A new interaction arises as the triazole cycle and the pyridine α are 

parallel and only 3.70 Å apart. These modifications do not stabilize TS10α as its 

energy is 35.0 kcal/mol. The second dissociation has fewer impact on the 

geometry of TS10, even if it also gives the complex more flexibility. The 

distance between the coppers shortens to 3.09 Å and the distance between 

Cu2 and the naphthyridine is shortened by 0.33 Å, meaning that this ligand is 

coordinated symmetrically to the coppers (2.11 Å). The rest of the bonds are 

not affected by the dissociation. The dissociation of the pyridine β is also 

unfavourable, with an energy of 37.7 kcal/mol for TS10β. 

 

Figure VI.29. Free energy of all the transition states of the TS10 series.  
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The final series for TS10 consist of combining the effects of the ion-pairing with 

NTf2
- and of the partial dissociation of DPEOPN, leading to the TS10αX and TS10βX 

(Figures VI.27 and VI.28). The TS10αX transition states have energies ranging 

from 32.0 to 39.6 kcal/mol (blue dashed in Figure VI.29). The lowest one 

correspond to the position A and has similarities with TS10A: NTf2
- coordinates 

to Cu1 at 2.19 Å which (Figure VI.30d) increases the distance between the 

metal and the naphthyridine to 2.17 Å. It also increases slightly the distance 

between the coppers by 0.07 Å. The rest of the complex is not impacted by 

the coordination of the counter-ion. The other TS10αX transition states have 

similar geometry to TS10α and NTf2
- interacts only with the ligands. The 

association of TS10β with NTf2
- leads to five transition states with energies 

ranging from 36.6 kcal/mol for TS10βE and 43.7 kcal/mol for TS10βC (green 

dashed in Figure VI.29). The counter-ion does not interact directly with the 

metal centres and the differences in energy are mainly due to the different 

interactions between NTf2
- and the ligands. Overall, the TS10 series produces 

18 transition states that are high in energy, the lowest being TS10αA with 32.0 

kcal/mol. Hence, the effects of the association with NTf2
- and the partial 

dissociation of DPEOPN, either combined or separately, do not lead to any 

significant stabilisation.  
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Figure VI.30. 3D representation of a) TS10, b) TS10A, c) TS10α and d) TS10αA. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

triazolyl and alkynyl moieties. 

The last series considered for the regeneration of 2+ from 15+ is TS11, which 

contains 18 transition states (Figure VI.31 and VI.32). In TS11, the alkynyl is 

coordinated to Cu1 while the triazolyl is carried by Cu2 and is orientated so its 

tolyl substituent faces the naphthyridine backbone. This transition state is 

distorted as the distance between the coppers is 3.13 Å. However, both 

d)c)

b)a)
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coppers are still coordinated to the naphthyridine backbone, with bond 

distance of 2.07 and 2.24 Å for Cu1 and Cu2, respectively. The elongation of 

the distance between the metal centres comes from Cu2 shifting off the 

naphthyridine plane due to the presence of the very bulky triazolyl. The 

triazolyl and the alkynyl have bond distances similar those in the 

corresponding bridging intermediates 2+ and 15+: 1.99 and 1.92 Å, 

respectively. As in TS10, the transferred proton is closer to the alkynyl (1.37 Å) 

than the triazolyl (1.55 Å). The ArCF3 substituent is 3.50 Å away from the 

substituent of the alkynyl (Figure VI.34a) while the tolyl substituent is parallel 

to the naphthyridine backbone (around 3.50 Å). The energy associated to TS11 

is 34.7 kcal/mol (red in Figure VI.33), the highest of the four isomers 

considered for this C-H activation step.  

The association of the counter-ion with TS11 creates the TS11X series where X 

stands for the position of NTf2
- around the complex (Figure VI.31). For four of 

these transition states (TS11A, TS11B, TS11C and TS11D) the association is 

isoenergetic or unfavourable since their energies range from 34.9 to 37.6 

kcal/mol (dashed red in Figure VI.33). Their geometries are not impacted by 

the presence of NTf2
-, which interacts only with the ligands. However, TS11E 

does a favourable association with NTf2
-, with a ΔG‡ of 33.6 kcal/mol. The 

counter-ion coordinates to Cu1 via one of its oxygen (2.19 Å). It causes a 

change in the way the coppers coordinate to the naphthyridine backbone: the 

distance with Cu1 elongates to 2.15 Å while the distance with Cu2 decreases 

to 2.16 Å, leading to symmetrical coordination (Figure VI.34b). The distance 

between the coppers elongates slightly to 3.19 Å. These changes affect the 

position of the proton relatively to the alkynyl and the triazolyl as it becomes 

equidistant, with 1.44 and 1.48 Å, respectively. The associations of the 

counter-ion with TS11 do not lead to any significant stabilization and the 

energies are still much higher than TS8βC, the most stable transition state so 

far with 28.7 kcal/mol. 
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Figure VI.31. Schematic representations and labels of all the transition states 

computed for the TS11 series; the green circles represent the position of NTf2
- (1/2). 

The next effect to be considered on TS11 is the partial dissociation of DPEOPN 

and as for previous isomers, only the dissociation of one pyridine at a time 

was computed, leading to TS11α and TS11β. The former is hugely affected by 

the dissociation as the ArCF3 substituent of the triazolyl fills the pocket open 

by dissociated the pyridine α (Figure VI.34c), like for TS10α. This new flexibility 

allows the two coppers to be much closer, as shown by the inter-atomic 

distance of 2.72 Å. It also reduces the distance between Cu2 and the 

naphthyridine to 2.14 Å, due to reduced steric hindrance between the 

TS11

TS11α

TS11A TS11B

TS11C TS11ETS11D

TS11αBTS11αA
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triazolyl and DPEOPN. The dissociation of the pyridine α is unfavourable as 

the energy of TS11α is 35.4 kcal/mol. The dissociation of the pyridine β has a 

softer impact on the geometry as the biggest change is the shortening of the 

bond between Cu2 and the naphthyridine backbone by 0.15 Å. All the other 

bonds undergo modifications smaller than 0.05 Å. The energy of TS11β is even 

higher, with 37.9 kcal/mol. Thus, the partial dissociation do not appears to 

lower the energy barrier associated to TS11. 

 

Figure VI.32. Schematic representations and labels of all the transition states 

computed for the TS11 series; the green circles represent the position of NTf2
- (2/2). 

TS11αC TS11αD TS11αE

TS11β TS11βA TS11βB

TS11βC TS11βD TS11βE
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Figure VI.33. Free energy of all the transition states of the TS11 series.  

Finally, the effects of the association with NTf2
- and the partial dissociation of 

DPEOPN on TS11 were combined, creating the TS11αX and TS11βX series. The 

former series comprise five transitions states with geometries similar to the 

one of TS11α. NTf2
- interacts with the ligands; DPEOPN, the alkynyl and/or the 

triazolyl depending of its position and it coordinates to Cu1 only in TS11αE (2.21 

Å) without changing its geometry (Figure VI.34d). The energy of these 

transition states range from 34.1 kcal/mol for TS11αE to 39.2 kcal/mol for TS11αD 

(blue dashed in VI.33). In the TS11βX series, three transition states (TS11βB, TS11βC 

and TS11βD) have very similar geometries and energies to TS11β, as they are 

ranging from 40.3 to 40.6 kcal/mol (green dashed in VI.33). In these transition 

states, NTf2
- interacts only with the ligands and not directly with the metal 

centres. However, in TS11βA and TS11βE, the counter-ion coordinates to Cu1 

(2.21 and 2.25 Å, respectively). In both cases, the coordination leads to an 

increased distance between the coppers to 3.27 Å, affecting the coordination 

sphere of Cu1. In TS11βA, the bond with the naphthyridine backbone elongates 

by 0.1 Å while the coordination of the alkynyl changes from σ to π in TS11βE. 

The energy of these transition states are 40.5 and 36.6 kcal/mol, respectively. 

Overall, the transition states that compose the TS11 series are high in energy 
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and the effects of the ion-pairing with NTf2
- and/or the partial dissociation of 

DPEOPN do not lower the energy of TS11 significantly. 

 

Figure VI.34. 3D representation of a) TS11, b) TS11E, c) TS11α and d) TS11αE. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

triazolyl and alkynyl moieties. 

 

 

d)c)

b)a)
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Figure VI.35. 3D representation of the intermediates on reactant (a) and product (b) 

sides.  

Overall, the transition states for the regeneration of 2+ have high energies, 

from 28.7 to 42.1 kcal/mol. The lowest one is TS8βC, in which the alkynyl is 

coordinated to Cu2 while the triazolyl is on Cu1 with its tolyl substituent 

oriented towards the ArCF3 group of the alkynyl. The importance of the ion-

pairing and of the partial dissociation of DPEOPN are once more highlighted 

as the pyridine β is not bound to Cu2 while NTf2
- is. To be certain of the nature 

of these transition states, an IRC-driven relaxation was done on a selection of 

them. Two additional intermediates were found for TS8βC (Figure VI.35). From 

15+, there is an intermediate at 9.7 kcal/mol in which the alkyne is coordinated 

to Cu2 via its π-system (2.00 Å to C2' and 2.07 Å to C3'). To allow the alkyne to 

coordinate, the triazolyl dissociates from Cu2 and thus is only bound to Cu1 

(1.96 Å). The second intermediate is after TS8βC, at -10.0 kcal/mol. In this one, 

the 1,4 triazole is formed and dissociated from the complex. The alkynyl is 

bridging the coppers asymmetrically: in σ mode to Cu1 (1.89 Å) and in a π 

mode to Cu2 (2.06 Å on average). The other important feature of these 

intermediates is that the counter-ion remains close to Cu2 (2.22 and 2.51 Å 

for the pre-reactant and pre-product). The figure VI.36 summarizes the 

mechanism of the regeneration of 2+ starting from 15+. 

a) b)
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Figure VI.36. Schematic representation of the mechanism of the C-H activation of 

the CuAAC reaction; the green circles represent the position of NTf2
-. 
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b) Descriptors analysis of the transition states  

For this C-H activation step, 72 transition states were computed and analysed 

using 15 descriptors, both geometrical and electronical. These descriptors 

include: 

 Position of NTf2
- 

 Distance between Cu1 and Cu2 

 Distance between the C2 and C2' 

 Distance between H and C2 

 Distance between H and C2'  

 Dihedral angle Cu1-N1-N2-Cu2 

 Natural charge of Cu1 

 Natural charge of Cu2 

 Difference of natural charge between Cu1 and Cu2 

 Natural charge of the C2 

 Natural charge of the C2' 

 Difference of natural charge between C2 and C2' 

 Natural charge of H 

 Difference of natural charge between H and C2 

 Difference of natural charge between H and C2' 

In the additional Descriptors file (see annexes) are scatter plots showing the 

potential correlations between these descriptors and the energy barriers of 

the transition states series TS8, TS9, TS10 and TS11. All the lowest-energy 

transition states include the effect of the ion-paring, often combined with the 

partial dissociation of DPEOPN. The descriptor analysis did not reveal any 

specific trends as the highest R2 value is 0.3232 for the natural charge of C2. 

However it is worth noticing that the transition states for this step have very 

varied geometries, as shown by the distance between the coppers changing 
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within a wide range of 2.60-3.90 Å. No clustering was observed in the scatter 

plots either.  

5 - The poisoning of 2+  

The last topic investigated for the CuAAC reaction is the poisoning of the 

catalytic system. The major source of potential poisoning is the coordination 

of the azide to 2+, which can occur in ways hampering the cycloaddition to the 

alkynyl. Thus, the ten off-cycle adducts shown on Figure VI.37 were 

computed. The energy reference for this section is 5+ and the energies of the 

adducts are gathered in Table VI.4. Three of them did not converged into 

intermediates where the azide is coordinated to 2+ and thus, 16α
+, 17α

+ and 

19+ were discarded. The remaining adducts converged in four different 

intermediates. 

The first one arise from the calculation of 16+, 17+ and 18+. In this 

intermediate, the azide is loosely coordinated to Cu1 by N5 (2.35 Å) and its 

tolyl substituent is orientated toward the pyridines arm (Figure VI.38b). The 

coordination of the azide induces an asymmetry in the coordination of the 

alkynyl to the coppers, with a longer distance to Cu1 than Cu2 (2.01 and 1.94 

Å). The only difference between this three adducts is the orientation of the 

alkynyl: it bend over the phosphine in 16+ while it is straight in 17+ and 18+. 

Their respective energies are 4.1, 3.6 and 3.8 kcal/mol. As 17+ is the most 

stable one, it was the only one kept to investigate the effect on the ion-pairing 

with NTf2
-, leading to the 17X series (X = A to E, see Figure III.8). The overall 

geometries of the transition states of this series are similar to the one of 17+ 

with the exception of the bond between Cu1 and the azide, which varies from 

2.28 Å for the position E to 2.47 Å for C. The energy is ranging from -1.0 to 5.6 

kcal/mol (Table VI.4), the lowest one being 17C. The position A did not 

converge. 
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Figure VI.37. Schematic representations and labels of the off-cycle adducts of the 

CuAAC reaction. 
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The second intermediate comes from the converged geometry of 18α
+. It has 

a geometry similar to 17+ but with the pyridine α dissociated (Figure VI.38d). 

The rest of the geometrical characteristics vary within a range of only 0.1 Å 

relative to 17+. The dissociation of the pyridine α is endoergic as the energy 

of 18α
+ is 5.3 kcal/mol, which is 1.7 kcal/mol higher than 17+. When 18α

+ is 

paired with NTf2
-, only the position E leads to an intermediate in which the 

azide is coordinated to 2+. The ion-pairing has a minimal effect on the 

geometry as the only relevant change in 18αE is the slight shortening of the 

bond between the azide and Cu1 to 2.35 Å. The energy of 18αE (5.0 kcal/mol) 

is similar to the one of 18α
+.  

Complex ΔG (kcal/mol)  Complex ΔG (kcal/mol) 

16β
 +  3.1  17+  3.6 

16βA  6.2  17A - 
16βB  3.1  17B  1.2 
16βC -  17C -1.4 
16βD  2.7  17D  2.3 
16βE  1.1  17E 5.2 

 

Complex ΔG (kcal/mol)  Complex ΔG (kcal/mol) 

17β
 +  4.2  18α

+  5.3 
17βA 4.1  18αA - 
17βB -  18αB - 
17βC  1.5  18αC - 
17βD  5.8  18αD - 
17βE -0.4  18αE  5.0 

 

Table VI.4. Free energy of ion-paring for 16β
+, 17+, 17β

+ and 18α
+. 

The third intermediate is 16β
+, in which the azide is strongly coordinated to 

Cu1 (2.12 Å) and orientated such as the nitrogens are perpendicular to the 

naphthyridine backbone (Figure VI.38a). The other features of this adduct are 

the same as these of 17+ but with the pyridine β dissociated. The energy of 

16β
+ is 3.1 kcal/mol. The association of 16β

+ with NTf2
- lead to the 16βX series. 

The position C optimized in a complex in which the azide is not coordinated 

to the coppers but the counter-ion is. Thus, this position was discarded. Of 

the four remaining associations, three have the same geometry as 16β
+: 16βB, 
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16βD and 16βE. For 16βA, the presence of NTf2
- induce the elongation of the 

distances of Cu1 with the azide and with Cu2, by 0.15 and 0.22 Å, respectively. 

The alkynyl bends over the phosphine and NTf2
-, changing its coordination 

mode from a σ,σ to a σ,π. The energies of the 16βX series are ranging from 1.5 

to 6.5 kcal/mol, with E being the most stable position for the counter-ion. 

 

Figure VI.38. 3D representations of the off-cycle adducts a) 16β
+, b) 17+, c) 17β

+ and 

d) 18α
+. 

a)

c) d)

b)
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The last intermediate was obtained from the two adducts, 17β
+ and 18β

+, in 

which the azide is coordinated to Cu1 (2.22 Å) and the tolyl substituent is 

orientated toward the phosphine (Figure VI.38c). The relatively close 

coordination of the azide causes the elongation of the bonds of Cu1 with the 

naphthyridine backbone and the alkynyl, with 2.28 and 2.02 Å. The energy of 

17β
+ and 18β

+ are 4.1 and 4.3 kcal/mol, respectively. Thus, 17β
+ was kept to 

investigate the effect of the association with NTf2
- on this intermediate, 

leading to the series 17βX. The position B could not be converged. For 17βC, 

17βD and 17βE, the ion-pairing do not impact the geometry that remains similar 

to 17β
+. However the presence of NTf2

- introduces several changes in 17βA: the 

alkynyl bends over it and the phosphine, inducing an asymmetric coordination 

to the coppers (2.03 and 1.89 Å for Cu1 and Cu2) and increase the distance 

between the coppers to 2.62 Å. To accommodate the new position of the 

alkynyl, Cu1 nearly dissociates from the naphthyridine backbone (2.43 Å). The 

energy range for this series is -0.4 to 5.8 kcal/mol(Table VI.4), 17βE being the 

lowest one. 

Overall, four adducts (16β
+, 17+, 17β

+ and 18α
+) were obtained for the CuAAC 

reaction and their energies are higher than that of 5+. The association with the 

counter-ion leads to a couple of intermediates with lower energy: 17C and 

17βE, with -1.4 and -0.4 kcal/mol, respectively. However, none of the off-cycle 

adducts are more stable than 5E. Therefore, there is no poisoning found for 

the CuAAC reaction and the rate determining step remains the C-H activation 

of the alkyne. 

6 - Summary of the mechanism of the CuAAC reaction  

The CuAAC reaction starts with the coordination of the azide on Cu1 in 2B, 

forming 5E. This first step is thermoneutral (-0.8 kcal/mol) and there is no 

barrier other than the energy cost originating from the entropy penalty. Then, 

the alkynyl and azide ligands undergo a cycloaddition to create two C-N bonds 

in TS7E. This first transition step is low in energy, with a barrier of 20.0 

kcal/mol, and leads to the formation of the intermediate 15E, which is very 

exergonic (-53.9 kcal/mol). The third and last step of the CuAAC reaction 

consists of a proton transfer from the alkyne to the triazolyl in 15E, 
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regenerating 2B and producing the 1,4 triazole product. This step involves the 

highest energy barrier (28.7 kcal/mol), which is associated to the transition 

state TS8βC. In this mechanism, the counter-ion plays a key role since it is 

bound to the coppers core in the lowest-energy transition state and the two 

intermediates directly connected to it. There is also a clear preference for the 

position of NTf2
- around the complexes: the cavity formed by the arms of 

DPEOPN (positions C and E) with the exception of 2B. The partial dissociation 

of DPEOPN is also an important effect as it allow to lower the energy of TS8βC 

by 6.0 kcal/mol compared to TS8C, its fully coordinated equivalent. The full 

mechanism of the CuAAC reaction is summarized in the Figure VI.39. 
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Figure VI.39. Schematic representation of the mechanism of the CuAAC reaction; 

the green circles represent the position of NTf2
-.  
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VII - Ligand design: modifications on DPEOPN  

In this chapter, the chelating ligand DPEOPN was modified to assess its 

influence on the reactivity of this type of complexes. Each part of the ligand 

(phosphine, naphthyridine, pyridines arm) was modified one by one, to know 

the origin of the differences observed. For the sake of simplicity, the effects 

of the ion-pairing between the complex and the counter-ion and of the partial 

dissociation of the chelating ligand are neglected as they would create an 

extremely large number of combinations.  

 

Figure VII.1. The C-H activation of alkynes reaction used for ligand design.  

To investigate the effects of the chelating, the C-H activation of alkyne by 1+ 

is used as a model reaction (see chapter IV and Figure VII.1). This choice was 

motivated by three reasons. First, this reaction is the most studied one, by 

both experiments and computations, and thus is the one that our model 

represents most accurately. Second, the CuAAC reaction includes a C-H 

activation step that is also the rate determining step and thus, it is reasonable 

to assume that the best ligand for the activation of alkynes would also be 
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efficient for the CuAAC reaction. Third, the mechanism of this reaction is a 

concerted proton transfer, removing potential complexities such as a change 

of the most stable species in a catalytic process or a multistep reaction. For 

each new ligand, two intermediates will be computed (with a phenyl or an 

alkynyl bridging the coppers), as well as two transition states (with the phenyl 

and alkynyl substituents on different coppers), as shown in Figure VII.1. To 

ease the description of the complexes and transition states in this chapter, 

the key atoms are labelled as shown in Figure VII.2. All the energy of the 

transition states reported in this thesis are listed in tables in the annex A. 

 

Figure VII.2. Labels of the key atoms in this chapter.  

1 - Symmetrical ligands based on DPEOPN  

The DPEOPN ligand has two different arms on its naphthyridine backbone: a 

phosphine and a pyridines one. The easiest modification to implement is to 

make ligands with either two phosphines or two pyridines arms148 (Figure 

VII.3). The complexes emerging from these ligands are labelled AXY, where X 

equal to 1+ or 2+ depending if a phenyl or an alkynyl is bridging the coppers 

and Y is either PR3 or pyr depending of the arms of the ligand. 

C1

C3

Cu1 Cu2 N1

N4

C2

N3

N2
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Figure VII.3. Complexes A1+
PR3 and A2+

pyr with symmetrical chelating ligands.  

The complexes A1+
PR3 and A1+

pyr share common features with 1+. First, they 

all have a distance between the coppers of 2.39 Å and their chelating ligand 

is fully coordinated. Next, the distance between the different parts of the 

chelating ligand and the coppers are also similar to 1+: 2.14 Å with the 

naphthyridine, 2.26 Å for the phosphines in A1+
PR3 and 2.12 Å for the pyridines 

in A1+
pyr. The phenyl is bridging the coppers symmetrically at 2.02 Å but is 

orientated in different ways. In A1+
PR3, the phenyl is in the plane of the 

naphthyridine backbone while it bends out of it for 1+ (14.6°) and even more 

for A1+
pyr (26.7°, see Figure VII.4a). These different bendings of the phenyl 

illustrate how the bulk of the phosphine and pyridines arms are orientated: 

the tBu substituents point toward the exterior of the active site while the 

pyridines hinder the copper on which they are coordinated, hence inducing 

more distortion than the phosphine.  

The two complexes with the alkynyl bridging the coppers, A2+
PR3 and A2+

pyr, 

also display similarities with 2+. The ligands are all coordinated and orientated 

in similar ways. The bond distances involving the chelating ligand are not 

reported here as they are equivalent to the µ-phenyl complexes (see above). 

The alkynyl coordinates symmetrically to the coppers at 1.96 Å on average 

(Figure VII.4b). The thermodynamics of the proton transfer reaction between 

the alkyne and A1+
Y, leading to A2+

Y, is exergonic with -20.2, -24.8 and -25.8 

kcal/mol for A2+
PR3, 2+ and A2+

pyr, respectively.  

a) b)
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Figure VII.4. 3D representation of the complexes a) A1+
pyr and b) A2+

PR3 and of the 

transition states c) TSA1pyr and d) TSA1PR3. The red dashed lines account for the 

cleavage and formation of C-H bonds between the phenyl and alkynyl moieties. 

The C-H activation of an alkyne by A1+
Y is assumed to undergo a concerted 

mechanism (Figure VII.1) leading to A2+
Y. Unlike for the DPEOPN complexes, 

there is only one transition state possible (TSA1Y) from A1+
Y to A2+

Y, as both 

sides of the chelating ligand are the same i.e. the two coppers are equivalent. 

a) b)

c) d)
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TSA1PR3 (Figure VII.4d) is significantly distorted compared to the reactant and 

product (+0.28 Å for the distance between the coppers) but not enough to 

induce the partial dissociation of the chelating ligand. The distances between 

the chelating ligand and the coppers are similar to the ones reported for 

A1+
PR3. The phenyl bonds to Cu1 at 2.05 Å, while the alkynyl coordinates Cu2 

at 2.02 Å and its ArCF3 substituent is near one of the tBu substituents of the 

phosphine. The proton is closer to the alkynyl (1.35 Å) than the phenyl (1.63 

Å). All these characteristics are similar to those of TS1. The energy of this 

transition state is however significantly higher than TS1, with 31.2 kcal/mol 

versus of 27.1 kcal/mol. TSA1pyr is much more distorted than TSA1PR3, due to 

the dissociation of Cu1 from the naphthyridine backbone (2.75 Å), caused by 

the steric hindrance between the phenyl and the pyridines, as in TS2. As a 

result, the distance between the coppers increases to 3.55 Å (Figure VII.4c). 

The remaining bond between the chelating ligand and the coppers are in the 

same range as observed in the corresponding intermediates except for the 

bond between one of the pyridine and Cu1 which is slightly shorter (2.04 Å). 

The phenyl and the alkynyl are both tightly bound to their respective copper 

with distances of 1.95 and 1.92 Å. The transferred proton is also closer to the 

alkynyl than to the phenyl (1.36 versus 1.87 Å). The energy of TSA1pyr is 24.0 

kcal/mol, which is significantly lower than TS1, TS2 and TSA1PR3. The Table VII.1 

shows the local natural charge of the coppers and the energy of TS1, TS2, 

TSA1PR3 and TSA1pyr. It seems that the energy of the transition states correlates 

to the charge of the coppers: the highest transition state (TSA1PR3) is the one 

with the less positively charged coppers. Conversely, the lowest transition 

state (TSA1pyr) is the one where the coppers are the most positively charged. 

The transition states are computed in THF, a polar solvent, and thus the 

transition states that separate the charges best leads to the lower energy.  
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Transition state ΔG‡ 
Natural charge of 

Cu1 
Natural charge of 

Cu2 

TS1 27.1 0.30 0.51 
TS2 27.3 0.48 0.59 
TSA1PR3 31.2 0.36 0.32 
TSA1pyr 24.0 0.62 0.55 
TSA1Til 27.6 0.55 0.53 

 

Table VII.1. Free energy and natural charges of the coppers in TS1, TS2, TSA1PR3, TSA1pyr 

and TSA1Til.  

It is worth mentioning that the Tilley group synthesized another symmetrical 

1,8-naphthyridine based complexes with two pyridines arms.45 However, 

instead of the methyl group, there is a fluorine atom on the sp3 carbon 

connecting the pyridines to the backbone. Thus, the intermediates and the 

transition state (labelled A1+
Til, A2+

Til and TSA1Til) for the activation of alkyne 

was also computed for this ligand. The intermediates A1+
Til and A2+

Til are very 

similar to A1+
pyr and A2+

pyr and therefore will not be describe here. The 

thermodynamic of the reaction is -25.8 kcal/mol which is the exactly the same 

as for the methylated version of the ligand (see above). The transition state 

TSA1Til also has several common features with TSA1pyr (Figure VII.5): Cu1 is 

dissociated from the naphthyridine backbone (2.42 Å), increasing the distance 

between the coppers to 3.20 Å. The remaining distances are the same as in 

TSA1pyr. The energy of TSA1Til is 27.6 kcal/mol and is 3.6 kcal/mol higher than 

TSA1pyr. In TSA1Til, there is less charge separation than in TSA1pyr (see the natural 

charge ofCu1 and Cu2 in Table VII.1) leading to a higher barrier. 
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Figure VII.5. 3D representation of a) A2+
Til, b) TSA1Til. The red dashed lines account 

for the cleavage and formation of C-H bonds between the phenyl and alkynyl 

moieties. 

 

2 - Modification of the phosphine  

The second series of modifications of DPEOPN concerns the functionalisation 

of the phosphine. In addition to the original tBu, eight substituents were 

chosen: five alkanes (Me, Et, iPr, Cy and Ad) and three alkyls (p-Ph-NO2, Ph 

and p-Ph-OMe). The complexes belonging to this series are label BXR, where 

X is 1+ or 2+ and R is the abbreviation of the phosphine substituents (Figure 

VII.6).  

a) b)
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Figure VII.6. Reactant and products of the C-H activation of alkyne via a dicopper 

complex; a) B1+
R and b) B2+

R with R = Me, Et, iPr, tBu, Cy, Ad, Ph, p-Ph-NO2 and p-Ph-

OMe. 

All the B1+
R intermediates have very similar geometries: the distance between 

the coppers is 2.38 Å and the chelating ligand is all fully coordinated on them. 

The bond distances for the phosphine, the naphthyridine backbone and the 

pyridines to the corresponding copper are 2.25, 2.14 and 2.10 Å on average. 

The orientation of the phosphine changes for the three biggest substituents 

(tBu, Cy and Ad): instead of pointing to the side, one of the substituent is filling 

the space in front of the naphthyridine allowing the other to point away from 

the active site and thus reducing the steric hindrance (comparison between 

Figure VII.7a and b). The phenyl is bridging symmetrically the coppers at 2.02 

Å and is orientated on one side of the naphthyridine (Figure VII.7b). Overall 

the largest variation in the key distances is observed for the Cu1-N1 bond with 

a range of 0.07 Å. The only geometrical properties influenced by the different 

substituents of the phosphine is the R-P-R angle which varies as follow: p-Ph-

NO2 < Me ≈ Ph < Et < Ad < p-Ph-OMe ≈ Cy < iPr < tBu. Most of these angles are 

ranging from 103.4° to 107.6°, except for tBu which has a larger angle of 

115.8°.  

a) b)
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Figure VII.7. 3D representation of a) B1+
Me, b) B1+

Ad, c) B2+
iPr and d) B2+

Ph.  

Similar observation can be made for the B2+
R complexes: the distance 

between the coppers is 2.38 Å and the distances with the chelating ligand are 

2.26, 2.10 and 2.08 Å for the phosphine, the naphthyridine backbone and the 

pyridines, respectively. The orientation of the phosphine changes for the 

three biggest R substituents (tBu, Cy and Ad) in the same way as in the B1+
R 

complexes. The alkynyl is bridging the coppers evenly at 1.95 Å on average. In 

most cases, the alkynyl is orientated in the plane of the naphthyridine but in 

3 cases (Cy, Ph and p-PhNO2) the alkynyl bends outside of the plane (Figure 

VII.7c and d). As for the B1+
R complexes, the only change caused by the 

substituents is the R-P-R angle, which followed the same trend and varied 

from 103.7° to 108.0° for all, with the exception of tBu which has an angle of 

116.0°. Considering the thermochemistry of the C-H activation of alkynes by 

a) b)

c) d)
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B1+
R, the reaction is exergonic and the energy ranges from -22.6 kcal/mol for 

B2+
Ad and B2+

p-Ph-NO2 to -24.9 kcal/mol for B2+
p-Ph-OMe.  

 

Figure VII.8. Free energy of all the transition states of the TSB1R (blue) and TSB2R 

(green) series relative to B1+
R; plain colours correspond to alkane substituents and 

the dashed colours to alkyl substituents.  

In this series, the ligands are unsymmetrical and thus there are two different 

isomers for the transition state connecting B1+
R to B2+

R, as for DPEOPN (Figure 

VII.1), and they are labelled TSB1R and TSB2R depending on the coordination of 

the phenyl to either Cu1 or Cu2, respectively. The energy of these transition 

states are gathered in the Figure VII.8. The transition states in the TSB1R series 

can be split in two groups, depending on the nature of R. The ones with alkane 

substituents share common features: a long distance between the coppers 

(2.88 to 3.02 Å), except for TSB1Ad which has a shorter distance of 2.77 Å. The 

chelating ligand is still fully coordinated to the metal centres, with a slight 

asymmetry in the coordination of the naphthyridine (around +0.1 Å for N1 

compared to N2). The phenyl is coordinated to Cu1 at 2.01 Å on average and 

is outside of the naphthyridine plane (Figure VII.9a). The alkynyl is 

coordinated to Cu2 at 1.93 Å and bends over the phosphine so its ArCF3 

substituent interacts with it (around 3,00 Å apart for TSB1Et). The energy of 

these transition states decreases from Me/Et to iPr/tBu (Figure VII.8), likely 
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due to the increasing interactions between the R substituents and the alkynyl. 

The two bulkiest substituents have higher energies, with 31.1 and 37.7 

kcal/mol for Ad and Cy, respectively. This significant energy increase is due to 

the high steric hindrance generated by these substituents that cannot be 

counterbalanced by the creation of new weak interactions with the other part 

of the complex. The three transition states with the alkyl substituents have an 

overall similar geometry to the alkane ones except for the orientation of the 

alkynyl. Instead of being tilted over the phosphine, the ArCF3 substituent of 

the alkynyl do a π-stacking interaction with one of the R substituent of the 

phosphine (3.60 Å apart on average). In TSB1p-Ph-NO2 and TSB1Ph, the alkynyl is in 

the cavity formed by the chelating ligand around the coppers, while it is on 

top of the R substituent in TSB1p-Ph-OMe (Figure VII.9c and d). The energies of 

these transition states are lower than the alkane ones, ranging from 25.9 

kcal/mol for TSB1p-Ph-OMe to 26.9 kcal/mol for TSB1Ph. 

All the transition states in the TSB2R series have similar characteristics: for all 

except TS2 (R=tBu, which is not describe here, see chapter IV) the phenyl is 

bridging the two coppers (Figure VII.10a) despite the large variations in the 

distance between the metals (from 2.71 to 3.30 Å). The bridge is symmetrical 

in five transition states versus three unsymmetrical (TSB2Cy, TSB2Ad and TSB2Ph). 

The preferred position for the alkynyl is with its ArCF3 substituent parallel to 

the pyridine β (the pyridine containing N4 in Figure VII.2), with which it does 

a π-stacking interaction as they are 3.50 to 3.70 Å apart. The two exceptions 

are TSB2Cy and TSB2Ph. In the former, the alkynyl is not interacting with the 

chelating ligand at all while it is parallel to the naphthyridine (3.30 Å) in the 

latter, showing the presence of the π-stacking interaction (Figure VII.10c and 

d). The energies of these transition states are all higher than their TSB1R 

equivalents by few kcal/mol, with the exception of TS2, which has the same 

energy as TS1 (27.3 and 27.1 kcal/mol, respectively). The overall range for the 

TSB2R series is from 27.3 to 40.0 kcal/mol.  
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Figure VII.9. 3D representation of a) TSB1Me, b) TSB1Cy, c) TSB1Ph and d) TSB1p-Ph-OMe. The 

red dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

 

a) b)

c) d)
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Figure VII.10. 3D representation of a) TSB2Et, b) TS2, c) TSB2Cy and d) TSB2Ph. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

The two series of transition states TSB1R and TSB2R were analysed with the 

descriptors approach used in the previous chapters to find correlations 

between the energy of the transition states and geometrical and electronical 

parameters. Some descriptors will be considered in each subsections of this 

chapter (black dots, see below) and other are specific to each subsections 

(grey squares, see below for the phosphine case):  

 Distance between Cu1 and Cu2 

a) b)

c) d)
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 Natural charge of Cu1 

 Natural charge of Cu2 

 Difference of natural charge between Cu1 and Cu2 

 Dihedral angle Cu1-N1-N2-Cu2 

 Distance Cu and C1 

 Distance Cu and C2  

 Distance C1 and H  

 Distance C2 and H  

 Natural charge of the C1  

 Natural charge of the C2 

 Natural charge of H 

 Distance between Cu1 and P 

 Natural charge of P 

 Angle R-P-R 

In the Figure VII.11 and in the additional Descriptors file (see annexes), are 

scattered plots of the descriptors analysis of the TSB1R and TSB2R series. All the 

transition states related to the TSB1R series are represented in blue dots while 

the TSB2R are in green. The main feature of this descriptor analysis is that there 

is no parameters that strongly correlate to the energies. The only one display 

a moderate correlation is the natural charge with C2, the carbon of the alkynyl 

coordinated to the copper, with a R2 of 0.57 (Figure VII.11). It could indicate 

that more the carbon is charge negatively, lower the transition state energy 

will be, i.e. better the charge separation is and easier the transfer of the 

proton from C2 to C1 is. However, the correlation for this parameters is only 

moderate and the span of the energy barriers is wide for each values of the 

charge and thus, no strong conclusions can be made. 
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Figure VII.11. Energy of the transition states as function of the natural charge of C2, 

R2 = 0.5676. No point has been removed. 

3 - Modification of the naphthyridine  

The third series of modifications of DPEOPN involves the functionalisation of 

the naphthyridine backbone. No geometrical changes are done near the 

active site but the electronic properties are tuned with the addition of an -

NO2 or -OMe group instead of a hydrogen in the para position relative to the 

coordinating nitrogen (Figure VII.12). The complexes belonging to this series 

are label CXY, where X is 1+ or 2+ and Y is the abbreviation of the naphthyridine 

substituents.  
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Figure VII.12. Reactant and products of the C-H activation of alkyne via a dicopper 

complex; a) C1+
Y and b) C2+

Y with Y = NO2, H and OMe. 

The intermediates C1+
Y and C2+

Y are both very similar to 1+ and 2+: in both 

cases the distance between the coppers is 2.38 Å and the chelating ligands 

are all fully coordinated to them. The phosphine and the pyridine have no 

variation in their bonding distances to the coopers while the distance to the 

naphthyridine varies slightly, even if the largest variation is 0.07 and 0.05 Å 

for C1+
Y and C2+

Y. In both cases, the phenyl and the alkynyl are symmetrically 

bridging the coppers, at 2.02 and 1.95 Å, respectively. Figure VII.13 displays 

an example of each of these complexes. The thermodynamics of the reaction 

from C1+
Y to C2+

Y is exergonic, with G = -24.3, -24.8 and -25.1 kcal/mol for Y 

= NO2, H and OMe, within a narrow energy range of 0.8 kcal/mol. 

a) b)
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Figure VII.13. 3D representation of a) C1+
NO2 b) C2+

OMe, c) TSC1OMe and d) TSC2NO2. The 

red dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

The proton transfer connecting C1+
Y to C2+

Y proceed via two different 

transition states: the alkyne coordinates either on pyridine side (TSC1Y) or on 

the phosphine one (TSC2Y). The energy of these transition states are gathered 

a) b)

c) d)
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on Figure VII.14. The transition states TSC1R are very similar to TS1: the 

chelating ligand is fully coordinated to the coppers, the distance between Cu1 

and the phenyl is 2.01 Å while Cu2 and the alkynyl are 1.93 Å apart and its 

ArCF3 substituent is above the phosphine (Figure VII.13c). The only difference 

between these three transition states is the distance between the coppers 

(2.98, 2.88 and 2.82 Å for TSC1NO2, TS1 and TSC1OMe), due to the elongation or 

shortening of the bond between Cu1 and N1. The energy of these transition 

states are 27.8, 27.1 and 26.5 kcal/mol for TSC1NO2, TS1 and TSC1OMe, 

respectively; correlating to the distance between the coppers and the 

electronic donor ability of the substituent Y.  

The transition states TSC2Y are very different from TS2 and from each other. 

TSC2NO2 is less distorted than TS2, with a distance between the coppers of only 

2.84 Å versus 3.08 Å, allowing the chelating ligand to be fully coordinated to 

the coppers (Figure VII.13d). The phenyl ligand is strongly coordinated to Cu2 

(1.99 Å) and loosely to Cu1 (2.36 Å), displaying a weak bridge between the 

coppers. The alkynyl is coordinated to Cu1 at 1.97 Å. The energy of TSC2NO2 is 

31.7 kcal/mol, which is 4.4 kcal/mol higher than TS2. TSC2OMe has a geometry 

very similar the ones of the TSB2R series, with the phenyl bridging the coppers 

evenly (2.14 and 2.11 Å for Cu1 and Cu2, respectively) and the alkynyl 

orientated in a way that allows it to do a π-stacking interaction with the 

pyridine β (3.70 Å apart). This transition state is even higher in energy, with 

35.8 kcal/mol. Thus, the transition states from TSC1Y appear to be lower in 

energy than the TSC2Y ones, the lowest being TSC1OMe (26.5 kcal/mol). 
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Figure VII.14. Free energy of all the transition states of the TSC1Y (blue) and TSC2Y 

(green) series 

4 - Modifications on the pyridines arm  

a) Modifications of the pyridines  

The fourth series of modifications of DPEOPN regards the functionalisation of 

the two pyridines. As for the modifications of the naphthyridine backbone, 

the electronic properties of the pyridines are altered with the addition of 

an -NO2 or -OMe group instead of a hydrogen in the para position compared 

to the coordinating nitrogen (Figure VII.15). Two different sets of complexes 

where investigated, the DXY series which has two pyridines and the EXY series 

in which the pyridine β (the pyridine containing N4 in Figure VII.2) was 

replaced by a methyl (X is 1+ or 2+ and Y is the abbreviation of the pyridine 

substituent). This last series was inspired on the dissociation of the β pyridine 

observed in the DPEOPN complexes and described in the previous chapters. 
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Figure VII.15. Reactant and products of the C-H activation of alkyne via a dicopper 

complexes a) D1+
Y and b) E2+

Y, with Y = NO2, H and OMe. 

The three D1+
Y intermediates are all very similar (Figure VII.16a): the distance 

between the coppers is 2.38 Å and the chelating ligand is fully coordinated to 

them. The phosphine has the longer bond distance with 2.25 Å while the 

naphthyridine and the pyridines are shorter, with an average of 2.14 and 2.10 

Å, respectively. The phenyl is bridging symmetrically the coppers (2.02 Å) and 

is tilted outside of the naphthyridine plane. The geometry of the E1+
Y 

complexes is not much impacted by the loss of one pyridine compared to their 

D1+
Y equivalent. The only noticeable differences are: 1) the asymmetrical 

coordination of the naphthyridine to the coppers, with distances in E1+
H of 

2.17 and 2.08 Å for the Cu1-N1 and Cu2-N2 bonds, respectively. 2) The phenyl 

bridge is not tilted out from the naphthyridine plane (Figure VII.16b), as there 

is less steric hindrance with the chelating ligand. These small geometry 

changes are similar to the subtle distortion of the DPEOPN complexes caused 

by the dissociation of the pyridine β.  

a) b)
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Figure VII.16. 3D representation of a) D1+
OMe, b) E1+

H c) D2+
NO2 and d) E2+

NO2. 

The same trends are observed for the D2+
Y and E2+

Y complexes: the overall 

geometry is the same for both series even if the latter is slightly more 

distorted. For example, the dihedral angle Cu1-N1-N2-Cu2 is -0.2° on average 

for the D2+
Y complexes and 10.2° for the E2+

Y. The coordination to 

naphthyridine to the coppers is slightly asymmetric, with distance differences 

of 0.04 and 0.10 Å between for N1 and N2 in D2+
NO2 and E2+

NO2, respectively. 

The shared features among the two series comprise the distance between the 

coppers of 2.38 Å and the fully coordinated chelating ligands (2.25 Å for the 

phosphine and 2.06 Å on average for the pyridine). The alkynyl is bridging 

symmetrically the coppers at 1.95 Å on average and is unbend (Figure VII.16c 

and d). The D2+
Y complexes are more exergonic than the E2+

Y ones as their 

a) b)

c) d)
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energies are ranging from -23.9 to -24.8 kcal/mol and from -20.2 to 21.4 

kcal/mol, compared to their respective phenyl-bridged complexes.  

 

Figure VII.17. Free energy of all the transition states of the series TSD1Y (plain blue), 

TSE1Y (dashed blue), TSD2Y (plain green) and TSE2Y (dashed green).  

For this series, the transition state linking D1+
Y and E1+

Y to D2+
Y and E2+

Y has 

also two isomers: the ones were the alkyne attacks from the pyridines or the 

phosphine sides, leading to TSD1Y and TSD2Y for the ligands with two pyridines 

and to TSE1Y and TSE2Y for the ligands with only one pyridine. The six transition 

states of the TSD1Y and TSE1Y series have many common features: the distance 

between the coppers varies only by ±0.05 Å around 2.92 Å and the chelating 

ligands are fully coordinated to the coppers, with asymmetric bonding of the 

naphthyridine (+0.1 Å longer for the Cu1-N1 bond compared to the Cu2-N2 

one). The distance between Cu1 and the phenyl is 2.01 Å for the TSD1Y series, 

while the distance is elongated to 2.08 Å for the TSE1Y. The only major 

differences between these two series are the coordination mode and the 

orientation of the alkynyl. In TSD1Y, it coordinates to Cu2 in a σ mode via C2 and 

its ArCF3 substituent is tilted toward the phosphine (Figure VII.18a), while it 

coordinates via its π system on Cu2 in TSE1Y (2.05 and 2.08 Å for C2 and C3) and 

its ArCF3 substituent is above the pyridine (Figure VII.18b). The energy of 
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these six transition states are ranging from 27.1 to 28.3 kcal/mol, and for each 

Y substituent the transition state from the series D is lower than the one from 

the series E (Figure VII.17). The other noticeable trend is that the lowest-

energy transition state in each series is the one with the donor substituent -

OMe on the pyridine and the higher one has the acceptor substituent -NO2. 

However, with such small range of energy (1.2 kcal/mol), it is difficult to 

conclude that the substituent with the most electron donating character will 

yield the lowest energy barriers since the smallest error in the estimation of 

the DFT energies could reverse this trend. 

 

Figure VII.18. 3D representation of a) TSD1OMe, b) TSE1NO2, c) TSD2OMe and d) TS2. The 

red dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

a) b)

c) d)
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As for the previous modifications of DPEOPN, the TSD2Y and TSE2Y series exhibit 

a large variety of geometries, with the distance between the coppers in the 

wide range of 2.75 to 4.04 Å. Their corresponding energies vary from 26.6 to 

37.8 kcal/mol (Figure VII.17). In this case, all geometries are significantly 

different and therefore, only the lowest-energy one will be describe here 

(TSD2OMe in Figure VII.18c). TSD2OMe is extremely distorted and has the longest 

distance between the coppers (4.04 Å), due to the dissociation of Cu2 from 

the naphthyridine (2.77 Å) as the arm carrying the pyridine rotates forward, 

resembling TS2 (Figure VII.18d). The effect on the coordination sphere of Cu2 

is minimal as the remaining distances with the metal are 2.06 and 1.99 Å for 

the pyridines and the phenyl, respectively. The alkynyl coordinates on Cu1 via 

its π-system and its ArCF3 substituent is above the phosphine, differing from 

TS2, in which the alkynyl is bound to Cu1 in a σ mode. The proton is equidistant 

from the two carbons, at 1.44 Å. Overall, in this series of modifications, the 

lowest-energy transition state is TSD2OMe with 26.6 kcal/mol.  

From the four series TSD1Y, TSD2Y, TSE1Y and TSE2Y, twelve transition states were 

computed and analysed to search for correlation between their properties 

and energy. The chosen properties include the general parameters described 

in the section VII.2, plus the following:  

 Natural charge of the N3 

 Natural charge of the N4 

 Angle between N3-Cu2-N4 

 Distance between N3 and Cu2 

 Distance between N4 and Cu2 

In the additional Descriptors file (see annexes), are scattered plots of the 

descriptors analysis of the TSD1Y, TSD2Y, TSE1Y and TSE2Y. Two descriptors 

features a good correlation with the energies of the transition states: the 

distance between Cu2 and N4 and the angle N3-Cu2-N4 (see below). It is 

important to notice that these descriptors concern geometric properties 

involving the pyridine β and thus involve only the six transition states from 

the TSD1Y and TSD2Y series. After a closer look to these graphics, one point is 
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an outlier compare to the other transition states (TSD2NO2 with 37.8 kcal/mol) 

and seems to be at the origin of the correlation. Thus, the descriptors analysis 

on the transition states issued from the modifications of the pyridine do not 

lead to any clear correlation between the energy and any descriptors and the 

only parameters that show a significant R2 arise from a mathematical artefact.  

b) Replacement of the pyridines by imines  

The fifth modification of the DPEOPN ligand concerns the replacement of the 

pyridines by imines (Figure VII.19). The number of atoms between the 

naphthyridine backbone and the coordinating nitrogens is kept constant 

relative to DPEOPN to have chelating ligands with a relatively similar shape 

and flexibility. The imine is functionalize with five different groups: Me, Et, iPr, 
tBu and Ph, chosen to vary the size and orientation of the bulk around Cu2. As 

in the previous section, two series of complexes were designed: FXR which has 

two imines and GXR which has only one (with X = 1+ or 2+ and R = Me, Et, iPr, 
tBu, Ph). 

 

Figure VII.19. Reactant and products of the C-H activation of alkyne via a dicopper 

complex: a) F1+
R and b) G2+

R with R = Me, Et, iPr, tBu and Ph. 

The complexes F1+
R and G1+

R have very similar characteristics: the distance 

between the metal centres varies from 2.36 to 2.43 Å, with the F1+
R complexes 

tending to have longer distances than the G1+
R. The chelating ligands are all 

a) b)
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fully coordinated to the coppers: the phosphine bonds to Cu1 at 2.25 Å, the 

bonds with the naphthyridine are asymmetric (Cu2-N2 is 0.1 Å longer than Cu1-

N1) and the imines coordinate to Cu2 at 2.10 Å in F1+
R and 2.03 Å in G1+

R. The 

phenyl bridges the coppers symmetrically with a bond distance of 2.02 Å on 

average over the two series. Its orientation changes with the size of the R 

substituent of the imine. For R = Me and Et, the phenyl is in the plane of the 

naphthyridine while it slightly bends out of it to interact with the imines for R 

= iPr and Ph (Figure VII.20a). For R = tBu, the phenyl is also outside of the plane 

of the naphthyridine but on the opposite side of the imine for G1+
tBu (Figure 

VII.20b) and the imine arm shifts to make space on one side in F1+
tBu for the 

phenyl.  

The F2+
R and G2+

R complexes are even more alike as the distance between the 

coppers varies only from 2.39 to 2.41 Å. The naphthyridine backbone is 

symmetrically coordinated to the coppers with a bond distance of 2.11 Å on 

average, except for F2+
iPr and F2+

tBu, in which the Cu1-N1 bond is shorter by 0.1 

Å. The phosphine is bound to Cu1 at 2.25 Å and the imine to Cu2 with a distance 

of 2.09 Å for F2+
R and 2.03 Å for the G2+

R. The alkynyl is bonded symmetrically 

to the coppers (1.96 Å) and is orientated in the plane of the naphthyridine in 

all complexes except for F2+
Ph in which the ArCF3 substituent bends over the 

imines (Figure VII.20c and d). The thermodynamics of the activation of alkynes 

is exergonic and the F2+
R complexes are more stable than the G2+

R ones, with 

the energies ranging from -22.5 to -27.0 kcal/mol for F2+
R and from -20.7 

to -21.8 kcal/mol for G2+
R. 
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Figure VII.20. 3D representation of a) F1+
iPr, b) G1+

tBu c) F2+
Ph and d) G2+

Et. 

The proton transfer connecting F1+
R and G1+

R to F2+
R and G2+

R can proceed via 

two transition states: the alkyne arrives either on the pyridine side of the 

complexes (TSF1R and TSG1R) or on the phosphine one (TSF2R and TSG2R). The 

energy of all these transition states are gathered in Figure VII.21. TSF1R and 

TSG1R have similar bonding between the chelating ligand and the coppers, but 

the asymmetrical bonding to the naphthyridine backbone is accentuated for 

TSG1R (2.20 Å to N1 and 2.14 Å to N2 in TSF1Me versus 2.22 and 2.05 Å for TSG1Me). 

In all these cases, the phenyl is only bound to Cu1 with an average distance of 

2.01 Å. The main difference between TSF1R and TSG1R is the coordination of the 

alkynyl to Cu2. In TSF1R, it coordinates in a σ mode via C2 (1.96 Å on average) 

and its ArCF3 substituent bends over the phosphine (Figure VII.22a). In TSG1R, 

a) b)

c) d)
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the coordination mode is also σ (except for TSG1iPr which has a π mode) but 

the substituent of the alkynyl points toward the top of the complex and does 

not interact with the chelating ligand (Figure VII.22b). The energy of the 

transition states of TSF1R are either lower or equivalent to the one of TSG1R (R 

= Me and Ph). The overall range of energy is quite narrow, from 26.2 to 29.9 

kcal/mol. The lowest for each series are TSF1iPr with 26.2 kcal/mol and TSG1Ph 

28.8 kcal/mol.  

 

Figure VII.21. Free energy of all the transition states of the series TSF1Y (plain blue), 

TSG1Y (dashed blue), TSF2Y (plain green) and TSG2Y (dashed green). 

0

5

10

15

20

25

30

35

40

45



195 
 

 

Figure VII.22. 3D representation of a) TSF1iPr, b) TSG1Ph, c) TSF2Ph and d) TSG2Ph. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

The second series of transition states, TSF2R and TSG2R, contains a very large 

variety of geometries: the phenyl bridges the coppers in TSF2Me and TSF2Ph 

(Figure VII.22c) while the alkynyl is bridging them in TSG2Ph. When there is no 

bridge, the phenyl coordinates on Cu2 and the alkynyl on Cu1 with a large 

variety of mode of coordination (σ or π) and of orientation of its substituent 

(in the cavity formed by the chelating ligand, along the naphthyridine or above 

the imines). Overall, the energies of these transition states are higher than 

a) b)

c) d)
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those of TSF1R and TSG1R, ranging from 27.9 to 40.5 kcal/mol. The lowest one 

is TSG2Ph, in which the alkynyl is bridging the coppers via its π system and the 

phenyl is coordinated to Cu1 and orientated above the phosphine (Figure 

VII.22d). To allow this geometry, Cu1 dissociates from the naphthyridine (3.03 

Å).  

From these four series, TSF1R, TSF2R, TSG1R and TSG2R, twenty transition states 

were computed and analysed to search for correlation between properties 

and their energy. The properties chosen include the general parameters 

described in the section VII.2 plus the following:  

 Natural charge of the N3 

 Natural charge of the N4 

 Angle between N3-Cu2-N4 

 Distance between N3 and Cu2 

 Distance between N4 and Cu2 

In the Figures VII.23 and in the additional Descriptors file (see annexes), are 

scattered plots of the descriptors analysis of the TSF1R, TSF2R, TSG1R and TSG2R 

series (in blue, green, orange and red, respectively). Only one descriptors, the 

distance between Cu and C2, yields a significant correlation (Figure VII.23). The 

energy of the transition states are lower when the alkyne coordinates strongly 

to the copper, i.e. when the alkyne is well activated. The three other 

descriptors that show moderate correlation are the distances C1-H and C2-H 

and the angle N3-Cu2-N4. The two distances are complementary as the energy 

of the transition states are lower when the transferred proton is closer to the 

alkynyl (with a moderately activated C2-H around 1.20 Å) than to the phenyl 

(best around 2.00 Å). This is consistent with most of the transition states 

described in this thesis: the energy is lower when the geometry is closer to 

reactants than to products. The angle N3-Cu2-N4 seems to show a correlation 

between a larger angle, i.e. distortion to create space around the active site, 

and the transition states with lower energies. However, the energy span is 

quite broad over all the angles and thus no strong conclusion can be made. 
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Figure VII.23. Energy of the transition states as function of the distance between Cu 

and C2, R2 = 0.6961. No point has been removed. 

c) Replacement of the pyridines by amines  

The last modification of DPEOPN reported in this chapter is the replacement 

of the two pyridines by amines (Figure VII.24). As for the imine, the number 

of atoms between the naphthyridine backbone and the coordinating 

nitrogens is kept constant relative to DPEOPN. The amine is functionalized 

with five groups: Me, Et, iPr, tBu and Ph. As for the imine modification, this 

arm of the ligand can have one or two amines, leading to the complexes HXR 

and IXR, respectively (with X = 1+ or 2+ and R = Me, Et, iPr, tBu, Ph).  
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Figure VII.24. Reactant and products of the C-H activation of alkyne via a dicopper 

complex; a) H1+
R and b) I2+

R with R = Me, Et, iPr, tBu and Ph. 

H1+
R and I1+

R complexes are relatively similar: the Cu1-Cu2 distance is ranging 

in between 2.35 and 2.42 Å, the Cu1-P distance has the same value measured 

in most systems (2.25 Å), the naphthyridine backbone is asymmetrically 

coordinated to the coppers in most cases (except H1+
Me and H1+

Et), with a 

maximum difference in bond distances of 0.2 Å. The phenyl is bridging the 

coppers symmetrically in all complexes, with a bond distance of 2.02 Å. The 

main difference among these complexes is the coordination of the amine(s) 

to Cu2. In the H1+
R series, only the two smallest substituents (Me and Et) allow 

for the coordination of both amines. When the size of the substituent 

increases, one of the amines dissociates to ease the steric hindrance between 

their substituents (Figure VII.25a). The amine in the I1+
R complexes is always 

coordinated to Cu2 (Figure VII.25b) as there is less hindrance with the rest of 

the chelating ligand. In most complexes, the R substituents of the amine 

interact with the phenyl as there are close to each other (around to 2.50 Å in 

H1+
tBu). 

a) b)
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Figure VII.25. 3D representation of a) H1+
tBu, b) I1+

iPr c) H2+
tBu and d) I2+

Me. 

The features observed for the phenyl bridging complexes are also mostly valid 

for the alkynyl series H2+
R and I2+

R. The main difference between them is also 

how the amines coordinate to Cu2. For the ligands with two amines, only 

H2+
Me and H2+

Et show an even coordination of the amines to Cu2 (2.15 and 

2.20 Å, respectively). The bond of Cu2 with one of the amine is elongated for 

R = iPr and Ph (2.36 and 2.32 Å) but not completely broken. There is a clear 

dissociation (3.79 Å) of one of the amines only for H2+
tBu, which has the 

bulkiest R substituent (Figure VII.25c). This difference is likely due to the size 

of the bridging ligand: the alkynyl do not create much steric hindrance 

compared to the phenyl, as the bulk of its substituent is placed far from the 

a) b)

c) d)
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bimetallic core. In the I2+
R complexes, the amine is always fully coordinated 

to Cu2 (Figure VII.25d). 

The proton transfer connecting H1+
R and I1+

R to H2+
R and I2+

R, can proceed via 

two distinct transition states, depending on whether the alkyne arrives on the 

complex from the pyridine side (TSH1R/TSI1R) or from the phosphine side 

(TSH2R/TSI2R). The TSH1R series, can be split in two depending on the size of the 

amine. For the two smaller ones, with R = Me and Et, the chelating ligand is 

fully coordinated to the coppers, with an asymmetry for the naphthyridine 

backbone (2.21 and 2.08 Å for N1-Cu1 and N2-Cu2 in TSH1Et, respectively). The 

phenyl is bound to Cu1 at 2.03 Å and points toward the outside of the active 

site. The alkynyl coordinates to Cu2 in σ mode (1.92 Å) and bends over the 

phosphine (Figure VII.26a). The transferred proton is closer to the alkynyl than 

the phenyl (1.30 versus 1.79 Å on average). The energy of these two transition 

states are 29.0 and 31.7 kcal/mol for TSH1Me and TSH1Et, respectively. The 

remaining three TSH1R (R = iPr, tBu and Ph) share common features: one of the 

amines is dissociated from Cu2, as in the intermediates H1+
R, due to their bulky 

substituents. The alkynyl coordinates to Cu2 in σ mode but its ArCF3 

substituent is between the phosphine and the amine (Figure VII.26b). In both 

TSH1tBu and TSH1Ph, the bond between the naphthyridine backbone and Cu1 is 

broken, with distances of 2.58 and 2.96 Å, respectively. The energy of these 

three transition states are 27.0, 27.7 and 29.5 kcal/mol for TSH1iPr, TSH1tBu and 

TSH1Ph (Figure VII.27), respectively.  
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Figure VII.26. 3D representation of a) TSH1Et, b) TSH1Ph, c) TSI1Me and d) TSI1tBu. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

The geometry of the transition states in the TSI1R series differs: TSI1Me, TSI1Et 

and TSI1iPr have a geometry similar to TSH1Me, in which only the orientation of 

the alkynyl differs as its do not bend over the phosphine (Figure VII.26c). They 

all have similar energy, with 28.5, 28.4 and 28.1 kcal/mol for TSI1Me, TSI1Et and 

TSI1iPr, respectively. TSI1tBu is the lowest transition state of all the tried 

modifications of DPEOPN with an energy of 19.3 kcal/mol. In this transition 

state the chelating ligand and the phenyl are both coordinated as in TSI1Me and 

a) b)

c) d)
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the only change is the coordination of the alkynyl. It is bonded to Cu2 via its π 

system (2.02 and 2.22 Å to C2 and C3) and it is also coordinated to Cu1 via C2 

(2.18 Å), bridging the two coppers. The ArCF3 substituent of the alkynyl is 

between the amine and the phosphine (Figure VII.26d). In TSI1Ph, the amine 

has dissociated from Cu2 (3.55 Å) so the alkynyl can coordinate via its π system 

instead and its substituent is above the amine. This transition state is the 

highest of the TSI1R series with 29.4 kcal/mol. 

 

Figure VII.27. Free energy of all the transition states of the series TSH1Y (plain blue), 

TSI1Y (dashed blue), TSH2Y (plain green) and TSI2Y (dashed green).  

The transition state based on TS2 also displays a large variety of geometries. 

For the TSH2R series, only four transition states were obtained as TSH2Ph did not 

converge. Out of these four, the chelating ligand is fully coordinated to the 

coppers only in TSH2Me. In TSH2Et, Cu1 dissociate from the naphthyridine 

backbone to allow the alkynyl to coordinate via its π system (2.13 and 2.25 Å 

for C2 and C3) while its ArCF3 substituent is above the phosphine (Figure 

VII.28a). As often in this type of transition states, the proton is equidistant 

from the alkynyl and the phenyl, with 1.41 and 1.47 Å, respectively. The 

energy of TSH2Et is particularly high with 39.0 kcal/mol. In TSH2iPr and TSH2tBu, 
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one of the amines has to dissociate due to its bulk (Figure VII.28b), as for the 

intermediates H1+
R. In these two transition states and in TSH2Me, the alkynyl 

coordinates to Cu1 in a σ mode (2.00 Å on average) and its substituent does 

not interact with any other part of the complex. The transferred proton is 

closer to the alkynyl than to the phenyl (1.26 and 1.66 Å in TSH2tBu). The energy 

of these is lower, ranging from 27.8 to 33.9 kcal/mol, with the energy lowering 

with the increased size of the R substituents of the amine.  

The TSI2R series has more homogeneous characteristics, with energies ranging 

from 29.9 to 35.4 kcal/mol. TSI2Ph has the highest energy while TSI2Me has the 

lowest and is the only one described here. The chelating ligand is fully 

coordinated to the coppers with a slight asymmetry in the coordination of the 

naphthyridine (2.14 and 2.05 Å for N1 and N2, respectively) while the amine is 

bound to Cu2 at 2.18 Å, yielding to a short distance between the coppers of 

2.75 Å. The alkynyl is bound to Cu1 at 1.97 Å in σ mode and there is no close 

interaction between its substituent and the rest of the complex. The phenyl 

coordinates to Cu2 on the same side as the amine at 1.96 Å. The proton is 

again closer to the alkynyl (1.31 Å) than to the phenyl (1.73 Å). The series TSH2R 

and TSI2R, involving the second isomer of the transition states for the amine 

modification of DPEOPN lead to transition states higher in energy than the 

series for the first isomer (TSH1R and TSI1R), with 27.0 kcal/mol for TSH1iPr and 

19.3 kcal/mol for TSI1tBu. 
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Figure VII.28. 3D representation of a) TSH2Et, b) TSH2iPr, c) TSI2Me and d) TSI2Ph. The red 

dashed lines account for the cleavage and formation of C-H bonds between the 

phenyl and alkynyl moieties. 

 

 

 

 

a) b)

c) d)
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Nineteen transition states were computed for the replacement of the pyridine 

by amines in DPEOPN. They were analysed to search for correlation between 

properties and their energy. The properties chosen include the general 

parameters described in the section VII.2 plus the following:  

 Natural charge of the N3 

 Natural charge of the N4 

 Angle between N3-Cu2-N4 

 Distance between N3 and Cu2 

 Distance between N4 and Cu2 

In the Figures VII.29 and VII.30 and in the additional Descriptors file (see 

annexes), are scattered plots of the descriptors analysis of the TSH1R, TSH2R, 

TSI1R and TSI2R series (in blue, green, orange and red, respectively). Two 

descriptors showed a moderate correlation with the energies of the transition 

states. The first one is the natural charge of H: the energy of the transition 

states decreases when the positive charge of H is higher, with the highest 

value around 0.32. This descriptors shows that the more the transferred 

hydrogen atom is "proton-like" the faster the reaction is. The distance 

between C2 and H is the second descriptor with moderately good R2 (0.5556). 

It shows that the shorter this distance is (down to 1.20 Å in this case), the 

lower the energy of the transition state will be. It seems that the lower the 

transition state has "reactant like" geometry. This is a common feature for 

low-lying transition states across the different reactions reported in this 

thesis. 
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Figure VII.29. Energy of the transition states as function of the natural charge of H, 

R2 = 0.6270. No point has been removed. 

 

Figure VII.30. Energy of the transition states as function of the distance between C2 

and H, R2 = 0.5556. No point has been removed. 
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5 - General remarks on ligand design  

This chapter on the ligand design of 1,8-naphthyridine based on DPEOPN will 

be concluded with several remarks: 

 74 transition states were computed and their energy vary from 19.3 

kcal/mol for TSI1tBu to 40.5 kcal/mol for TSF2tBu, leading to a large 

overall range of 21.2 kcal/mol. However, the majority of the transition 

states (65) have energies within a narrower range of 11.8 kcal/mol, 

from 24.0 to 35.8 kcal/mol. 

 9 transitions states are lower than TS1: TSA1pyr, TSB1p-Ph-NO2, TSB1Ph, 

TSB1p-Ph-OMe, TSC1OMe, TSD2OMe, TSF1iPr, TSH1iPr and TSI1tBu. At the exception 

of TSD2OMe, they all correspond to the isomer where the phenyl 

coordinates on Cu1, independently of the nature and size of the 

different part of the chelating ligand.  

 Overall, the results suggest that more donating ligands (OMe versus 

H and NO2) lead to transition states with a lower energy. 

 There is a balance between steric hindrance and favourable weak 

interaction involving the chelating ligand: the transition states are 

stabilized when the substituent of the chelating ligands are neither 

too small (R = Me, Et) nor too large (R = Cy,Ad). The balance seems to 

be R = iPr, Ph and tBu, where the phenyl and alkynyl can interact with 

the substituents without too much steric hindrance. 

 This chapter should be considered as a preliminary work on ligand 

design based on DPEOPN for C-H activation reactions. All the reported 

transition states neglects two effects; the association with the 

counter-ion and the partial dissociation of the chelating ligand; which 

can impact the energy, affecting the trends observed in this chapter. 

The goal here were to search for possible candidate for a future study 

of this type of ligand, requiring more automation of transition states 

search and in deep statistical analysis.  
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VIII - Conclusions and Outlook  

The main conclusions on the properties and reactivity of the dicopper 

DPEOPN complexes are: 

 These complexes are labile since the DPEOPN ligand can undergo 

various partial dissociations. These allow the coordination sphere of 

the complexes to adapt to the presence of other ligands and to the 

approach of reactants. 

 The counter-ion (NTf2
-) of these dicopper complexes needs to be 

included in the computations to represent properly their reactivity. 

 There is a subtle balance between steric hindrance and attractive 

weak interactions between the different ligands and the counter-ion.  

 The [Cu2(µ-Ph)(DPEOPN)]+ complex (1+) can activate the C-H bond of 

alkynes via a concerted proton transfer. This reaction can be 

catalyzed by water, decoupling the protonation of the phenyl and the 

deprotonation of the alkyne in two steps. 

 The [Cu2(µ-Alk)(DPEOPN)]+ complex (2+) catalyses the CuAAC 

reaction. The mechanism of this catalytic cycle differs from the same 

reaction done with CuII salts as catalysts. The cycloaddition reaction 

occurs in one concerted step, instead of two, due to the bulk of 

DPEOPN around the dicopper centre. The rate determining step is the 

protonation of the triazolyl, occurring similarly to the C-H bond 

activation of alkynes by 1+. In 2+, the flexibility of the metal core is 
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restricted by the bulky nature of the reactants, yielding higher energy 

barriers.  

 The C-H activation of alkynes is favoured when the naphthyridine 

ligand carries donating substituents on either the aromatic rings or 

the chelating arms. This further opens the possibility of designing 

more reactive complexes.  

 

To continue the work done on this project, several directions are possible: 

 The DFT mechanisms, especially for the water catalyzed C-H 

activation of alkyne and the CuAAC reaction, could be refined when 

more experimental data becomes available.  

 Due to the large amount of different geometries for each complex 

(partial dissociation of DPEOPN, positions of the counter-ion, 

approaches and coordination mode of the reactants), the calculations 

and the analysis of the results can highly benefit from automation 

measures facilitating the design of new catalysts. 

 Several other naphthyridine based catalyst are available 

experimentally and they are efficient for cyclisation reactions and/or 

C-H activations. It would be interesting to compare their efficiency 

and reactivity to 1+ and 2+ on the reactions presented in this thesis. 

 Since 2+ catalyses the CuAAC reaction, it may also be active in similar 

reactions. The Kinugasa reaction is a good candidate as it requires a 
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CuI catalyst for the cycloaddition of an alkyne to a nitrone. This 

reaction leads to different diastereomers and the differentiation of 

the coppers in the DPEOPN complexes could be efficient at promoting 

selectivity. 
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Annexes  

In addition to the annexes present in this thesis, two files contain materials 

related to this thesis: 

 The figures of the description analysis of the transition states 

(Descriptors.pdf) 

 The cartesian coordinates of the geometry of all the intermediates 

and transition states mention in this thesis (Geometries.xyz) 

Both files can be found here: https://doi.org/10.5281/zenodo.5236129 
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A - Summary of the energy of the transitions states  

1 - Chapter IV: C-H activation of alkyne with 1+  

The energy reference for these transition states are either 1+ or 1C plus the 

alkyne, depending on the absence/presence of the counter-ion NTf2
-. 

TS ΔG‡ TS ΔG‡ TS ΔG‡ 

TS1 27.1 TS1β 28.9 TS2D 31.8 

TS1_THF 30.2 TS1βA 24.2 TS2E 29.4 

TS1A 33.3 TS1βB 28.3 TS2α 30.7 

TS1B 29.4 TS1βC 22.9 TS2αA 33.1 

TS1C 26.5 TS1βD 30.3 TS2αB 33 

TS1D 26.5 TS1βE 24.7 TS2αC 30.1 

TS1E 26.5 TS2 27.3 TS2αD 33.4 

TS1_arm 39.9 TS2A 35.2 TS2αE 26.7 

TS1_armTHF 36.5 TS2B 35.8 TS2β 35.2 

TS1α 34.5 TS2C 31.1     
 

2 - Chapter V: C-H activation of alkyne catalyzed by H2O  

The energy reference for the transition states of the step A are either 1+ or 1C 

plus H2O, depending on the absence/presence of the counter-ion NTf2
-. 

TS ΔG‡ TS ΔG‡ TS ΔG‡ 

TS3 23.0 TS3β 20.7 TS4α 22.1 

TS3A 23.8 TS3βA 18.9 TS4αA 23.9 

TS3B 24.3 TS3βB 22.0 TS4αB 25.1 

TS3C 24.6 TS3βC 19.7 TS4αC 20.2 

TS3D 24.7 TS3βD 24.9 TS4αD 25.5 

TS3E 23.1 TS3βE 18.6 TS4αE 23.0 

TS3α 23.5 TS4 23.6 TS4β 20.8 

TS3αA 25.9 TS4A 19.6 TS4βA 20.6 

TS3αB 24.8 TS4B 25.8 TS4βB 21.7 

TS3αC 22.0 TS4C 24.0 TS4βC 20.0 

TS3αD 24.6 TS4D 24.7 TS4βD 24.1 

TS3αE 22.1 TS4E 22.6 TS4βE 23.8 
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The energy reference for the transition states of the step B are either 4+
pyr or 

4pyrD plus the alkyne, depending on the absence/presence of the counter-ion 

NTf2
-. 

TS ΔG‡ TS ΔG‡ TS ΔG‡ 

TS5 17 TS6A 17.7 TS6αD 13.8 

TS5A - TS6B 18.7 TS6αE 9.4 

TS5B 20.6 TS6C 14.6 TS6β 7.3 

TS5C 19.7 TS6D 14.7 TS6βA 8.8 

TS5D 19.6 TS6E 16.5 TS6βB 9.4 

TS5E 19 TS6α 10 TS6βC 8.4 

TS5α 20.8 TS6αA 12.2 TS6βD 11.1 

TS5β 17.9 TS6αB 10.2 TS6βE 5.3 

TS6 14.3 TS6αC 11.1 
  

 

3 - Chapter VI: CuAAC reaction with DPEOPN based catalyst  

The energy reference for the transition states of the cyclisation step are either 

5+ or 5E, depending on the absence/presence of the counter-ion NTf2
-. 

TS ΔG‡ TS ΔG‡ TS ΔG‡ 

TS7 20.6 TS7α 21.9 TS7β 20.6 

TS7A 24.4 TS7αA 25.5 TS7βA 25.2 

TS7B 25.6 TS7αB 26.5 TS7βB 23.3 

TS7C 22.0 TS7αC 23.5 TS7βC 21.9 

TS7D 23.0 TS7αD 27.3 TS7βD 23.4 

TS7E 20.0 TS7αE 23.5 TS7βE 22.2 
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The energy reference for the transition states of the C-H activation step are 

either 15+ or 15E plus the alkyne, depending on the absence/presence of the 

counter-ion NTf2
-. 

TS ΔG‡ TS ΔG‡ TS ΔG‡ 

TS8 32.9 TS9α 35.1 TS10β 37.7 

TS8A 35.1 TS9αA 37.2 TS10βA 43.7 

TS8B 34.7 TS9αB 37.0 TS10βB 40.3 

TS8C 34.7 TS9αC 34.8 TS10βC 40.5 

TS8D 34.7 TS9αD 37.8 TS10βD 42.1 

TS8E 36.5 TS9αE 34.6 TS10βE 38.6 

TS8α 35.5 TS9β 35.8 TS11 34.7 

TS8αA 37.6 TS9βA 37.7 TS11A 37.6 

TS8αB 37.6 TS9βB 37.9 TS11B 34.9 

TS8αC 34.1 TS9βC 36.2 TS11C 35.8 

TS8αD 36.9 TS9βD 36.1 TS11D 35.1 

TS8αE 37.8 TS9βE 39.7 TS11E 33.6 

TS8β 35.5 TS10 33.6 TS11α 35.4 

TS8βA 36.3 TS10A 33.1 TS11αA 37.0 

TS8βB 38.1 TS10B 37.7 TS11αB 38.3 

TS8βC 28.7 TS10C 35.9 TS11αC 35.4 

TS8βD 35.5 TS10D 35.3 TS11αD 39.2 

TS8βE 38.5 TS10E 34.5 TS11αE 34.1 

TS9 33.0 TS10α 35.0 TS11β 37.9 

TS9A 35.0 TS10αA 32.0 TS11βA 40.5 

TS9B 33.9 TS10αB 38.9 TS11βB 40.4 

TS9C 30.0 TS10αC 39.6 TS11βC 40.6 

TS9D 33.5 TS10αD 36.2 TS11βD 40.3 

TS9E 36.5 TS10αE 33.3 TS11βE 36.6 
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4 - Chapter VII: Ligand design - modifications on DPEOPN  

The energy reference for these transition state are their corresponding phenyl 

bridging complex plus the alkyne. 

TS ΔG‡ TS ΔG‡ TS ΔG‡ 

TS1 27.1 TSG1Et 29.3 TSD2NO2 37.8 

TSA1PR3 31.2 TSG1iPr 29.0 TSD2OMe 26.6 

TSA1Pyr 24.0 TSG1tBu 29.9 TSE2NO2 29.8 

TSA1Til 27.6 TSG1Ph 28.8 TSE2H 30.3 

TSB1Me 28.3 TSH1Me 29.0 TSE2OMe 31.3 

TSB1Et 28.5 TSH1Et 31.7 TSF2Me 38.2 

TSB1iPr 27.3 TSH1iPr 27.0 TSF2Et 37.2 

TSB1Cy 37.7 TSH1tBu 27.7 TSF2iPr 33.2 

TSB1Ad 31.1 TSH1Ph 29.5 TSF2tBu 40.5 

TSB1PhNO2 26.5 TSI1Me 28.5 TSF2Ph 31.9 

TSB1Ph 26.9 TSI1Et 28.4 TSG2Me 30.9 

TSB1PhOMe 25.9 TSI1iPr 28.1 TSG2Et 30.7 

TSC1NO2 27.8 TSI1tBu 19.3 TSG2iPr 29.6 

TSC1OMe 26.5 TSI1Ph 29.4 TSG2tBu 32.1 

TSD1NO2 27.9 TS2 27.3 TSG2Ph 27.9 

TSD1OMe 27.1 TSB2Me 35.0 TSH2Me 33.9 

TSE1NO2 28.3 TSB2Et 35.0 TSH2Et 39.0 

TSE1H 27.8 TSB2iPr 33.8 TSH2iPr 30.9 

TSE1OMe 27.5 TSB2Cy 40.0 TSH2tBu 27.8 

TSF1Me 29.0 TSB2Ad 38.4 TSH2Ph - 

TSF1Et 27.9 TSB2PhNO2 34.5 TSI2Me 29.9 

TSF1iPr 26.2 TSB2Ph 34.4 TSI2Et 31.8 

TSF1tBu 27.5 TSB2PhOMe 33.7 TSI2iPr 33.5 

TSF1Ph 28.8 TSC2NO2 31.7 TSI2tBu 33.2 

TSG1Me 29.2 TSC2OMe 35.8 TSI2Ph 35.4 
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