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ABSTRACT 

The stabilization of transient and non-observable oxyallyl intermediates can be achieved 

through the introduction of electron-donating amino substituents. The resulting 1,3-

di(amino)oxyallyls are redox-active and can have up to three persistent redox forms. In 

particular, their radical cations are even air-persistent, as the result of “enhanced” capto-

dative effect.  This manuscript reports our efforts for the development of redox-active 

metal complexes featuring oxyallyl frameworks, with a particular focus on β-diketiminate 

(NacNac) ligands. Indeed, metal-complexes of the latter generally decompose upon ligand-

centered oxidation/reduction and the design of redox-active NacNac remains a challenge. 

The first chapter summarizes recent bibliography related to stabilized oxyallyl molecules 

and the study of redox-active ligands.  

The second chapter describes the direct oxidation of vinamidines with m-CPBA to afford 

bis-imine ketone ligands. This methodology is far simpler and easier as compared to the 

previously described method from the literature. The coordination chemistry of these 

ligands and their redox behavior were also studied.  

The third chapter explores an original substitution pattern on bis-imine ketones, with the 

introduction of electron-donating amino groups in 1,3-positions. A detailed study of the 

reaction of 1,3-dichloro vinamidinium salts with aniline derivatives is reported, as well as 

preliminary study of the metal coordination of the novel electron-rich ligand.  

The last chapter presents alternatives strategies and concepts, including the use of O-

protected and/or bidentates ligands. 

Keywords: Organic chemistry, Ligands, Complexes, Metal-free oxidation, Redox properties. 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



RÉSUMÉ 

 

Les oxyallyles sont considérés généralement comme des espèces transitoires non 

observables, mais peuvent être stabilisés par l’introduction de groupements aminés 

donneurs d’électrons. De  tels 1,3-di(amino)oxyallyls sont rédox-actifs et peuvent exister 

sous jusqu’à trois formes redox. En particulier, leurs cations radicaux sont persistants à 

l’air, en raison d’un effet capto-datif «extrême». Ce manuscrit décrit nos efforts pour 

développer des complexes métalliques redox-actifs comportant des motifs oxyallyles, avec 

une attention particulière pour les ligands de type β-diketiminate (Nacnac). En effet, en 

général, les complexes de ces derniers se décomposent lors de d’une oxydation/réduction 

centrée sur le ligand et la conception de version redox-actives représente encore un défi.  

 

Le premier chapitre résume la littérature récente concernant les oxyallyles stabilisés et 

l’étude des ligands redox actifs. 

 

Le second chapitre décrit l’oxydation directe de vinamidines par m-CPBA pour former des 

ligands bis(imino)cétones. Cette approche synthétique représente une amélioration 

importante par rapport aux méthodologies précédemment décrites. La chimie de 

coordination et l’électrochimie de ces composés ont également été étudiées.   

 

Le troisième chapitre explore l’introduction d’un nouveau motif di(methyl)amino en 

positions 1 et 3 des bis(imino)cétones. Nous décrivons notamment une étude détaillée de 

la réaction des sels de 1,3-dichlorovinamidinium avec des dérivés de l’aniline, ainsi qu’une 

étude préliminaire de la chimie de coordination du nouveau ligand enrichi 

électroniquement. 

 

Le dernier chapitre expose des stratégies et des concepts alternatifs, notamment 

l’utilisation de ligands O-protégés et/ou bidentés. 

 

Mots clés: Chimie Organique, Ligands, Complexes, Oxydation sans métal, Propriétés redox. 
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The objective of this PhD work was to produce different ligands for the synthesis of 

redox-active metal complexes featuring oxyallyl patterns. Initially, oxyallyls were 

considered as unstable intermediates that are too reactive to be isolated or to be 

observed but recently our research team has demonstrated that these species can be 

stabilized with the rational modifications of steric and electronic effects of substituents. 

Stable versions of oxyallyls can show redox activity by the virtue of their ability to store 

and deliver electrons. Therefore, the main goal of this thesis was to obtain a variety of 

ligand structures, the corresponding oxyallyl-metal complexes and the study of overall 

redox properties.  

I.1 Organic oxyallyl derivatives 

I.1.1 Oxyallyls: the transient species 

(i) Reaction intermediates 

A chemical reaction is a process in which one or more chemical compounds, the 

reactants, by their consumption during the reaction are converted into one or more 

different compounds called products that are formed as a result of the process. These 

reactions can sometimes go through the formation of the transient or elusive species 

that are known as reactive intermediates which can be formed in the preceding step and 

consumed in a further step to ultimately obtain the final product. These species can be 

classified as charged or uncharged intermediates depending on the mechanism of the 

reaction. The lifetime of such type of intermediates is usually short and in some cases 

their isolation or even observation is challenging.  

 

Figure 1: Energy diagram of a reaction and examples of reactive intermediates 
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The discovery of the stable forms of such transient species has impacted modern 

chemistry1 as it has opened new opportunities for innovative concepts and applications. 

For instance, in 1900 Gomberg2 reported a persistent radical by the treatment of 

tri(phenyl)methyl chloride with the zinc or silver metal. The further extension of the 

tri(phenyl)methyl radical structure to the formation of the first stable bi-radical specie 

was studied by Schlenk in 1915.3 These seminal discoveries led to the acceptance of 

existence of organic radicals by the scientific community and can be considered as the 

foundation of numerous fields in organic or polymer chemistry and also far beyond in 

biology, medicine and material science.4 

 

Figure 2: Stable form of intermediates 

Another example is given by carbenes which had long been regarded as non-isolable 

intermediates. A (phoshino)(silyl) carbene was the first stable carbene generated by the 

photolysis of the corresponding diazo compounds5 by Bertrand and co-workers in 1988. 

In 1991, Arduengo et al synthesized the first N-heterocyclic carbene6 (NHC) that was 

generated by the deprotonation of the respective imidazolium chloride salt and fully 

characterized by X-ray diffraction study.  

After these initial discoveries many stable versions of intermediates have been 

reported7 and have found applications in the field of catalysis including the design of 

efficient ruthenium based catalysts for olefin metathesis as well as the use of NHC-silver 

complexes as anitmicrobials.8 

Our research team has been interested in designing the stable versions of another kind 

of reactive intermediates: oxyallyls. 
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(ii) Oxyallyls as elusive intermediates 

The possibility that cyclopropanone could adopt an open form by the cleavage of its C2-

C3 bond was first stated by R. Hoffmann in 1968.9 These hypothetical acyclic structures 

are known as “oxyallyls” and belong to the class of non-Kekulé molecules. In fact, despite 

having an even number of electrons, their neutral π system can be described only with 

zwitterionic or diradical resonance forms (Scheme 1).  

 

Scheme 1: The general structure of ‘oxyallyl’ 

These moieties had been considered as non-observable, generally too reactive and 

usually evade spectroscopic observation as their ring closure to give the corresponding 

cyclopropanone occurs within picoseconds with a negligible activation barrier.10 They 

have been postulated as highly reactive intermediates in several key reactions11 such as 

1,3-dipolar cycloadditions11a,e,f,i, Nazarov cyclizations11g,h and the Favorskii 

rearrangement11b (Scheme 2). 

 

Scheme 2: Oxyallyl derivatives as reactive intermediates 
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For decades despite numerous attempts,12 even the existence of oxyallys couldn’t be 

proved experimentally. It is only in 2011 that Garcia-Garibay et al finally reported the 

observation of di(cyclohexyl)oxyallyl13 specie as a deep blue product (Scheme 3) that 

has a half-life of some picoseconds in solution depending on the solvent whereas 42 

minutes in the solid state at room temperature. The oxyallyl ultimately decay to 

dicyclohexylidene by the loss of C=O group due to its decomposition under irradiation 

and therefore could not be isolated in the stable form. 

 

Scheme 3: Observation of a di(alkyl)oxyallyl 

I.1.2 Stabilized versions of oxyallyls 

Recent results in the laboratory indicate that strong electron-donating amino 

substituents can dramatically stabilize oxyallyl derivatives14 due to their ability to form 

different mesomeric structures by the delocalization of π electrons (Scheme 4). 

 

Scheme 4: Mesomeric forms of stabilized oxyallyls featuring 1,3-amino groups 

In Scheme 5, two examples of 1,3-di(amino)oxyallyls are shown which are stable enough 

to be observed by NMR in solution. Oxyallyl 2 was generated by the reaction of ‘anti-

Bredt’ N-heterocyclic di(amino)carbene (NHC) with carbon monoxide (CO). It was 

rearranged at -10°C, avoiding its isolation, through the migration of diisopropylphenyl 
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(Dipp) group to yield compound 1. In order to avoid Dipp migration, the protonated 

form 2.H+ of oxyallyl was isolated which can further behave as an H· donor to form the 

corresponding radical cation 2.+ upon treatment with air. Similarly, the reaction between 

acyclic di(amino)carbene (ADAC) and CO generated oxyallyl structure 3 that can be 

isolated and crystallized in the form of trimeric lithium chloride adduct {3.LiCl}3. 

 

Scheme 5: Examples of reported 1,3-di(amino)oxyallyl derivatives 

Our research team has reported14c the isolation of oxidized dication 32+ whose one-

electron reduction can give the corresponding radical cation 3.+ and two-electron 

reduction led to the corresponding oxyallyl 3 (Scheme 6).  
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Scheme 6: Different redox states of the di-cation 32+ 

The similar cyclovoltammetric study was applied to oxyallyl 2 that further evidenced the 

formation of its four different redox-states (from 22+ to 2.-). The zwitterionic oxyallyl 

molecules have been characterized by NMR and can be isolated as O-coordinated metal 

complexes or their protonated salts. Note that these latter species are formal H· donors 

and can be easily re-oxidized into the corresponding radical cations with a soft oxidant 

(air, potassium ferricyanate, etc). 

Hence, overall, these patterns are original reservoirs for electrons and protons. 

Therefore, 1,3-di(amino)oxyallyls can be considered as redox-active species for 

designing various ligands and metal complexes to play further with electrons (and 

protons). 

However, the stabilization of oxyallyls does not require four amino substituents 

surrounding their structure. As described in Scheme 7, the oxyallyl 4 features only two 

donating groups. It was obtained similarly by the reaction of cyclic(alkyl)(amino) 

carbene (CAAC) with CO15 and was isolated in the form of its protonated salt 4.H+ whose 

further oxidation formed radical cation 4.+. Both of these compounds 4.H+ and 4.+ were 

found to be stable towards air and moisture.  
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Scheme 7: Stable 1,3-di(amino)oxyallyl derivatives 

In 2003, Tian et al reported the synthesis of compounds 5 that can be seen as examples 

of oxyallyl structure with two donating 4-aminophenyl groups (Scheme 8). Compounds 

5 were isolated in very low yields (0.2-7.4 %) as trace impurities resulting from the 

condensation reaction of croconic acid with the corresponding dihydroxyaniline.16a 

These compounds are near IR-dyes that can be used for designing non-linear optic 

materials due to their tendency to form J-aggregates on spin-coated films.17 

Note that the genuine structure of compounds 5 is blurred by the sharing of two 

hydrogens by three hydroxyl groups. As a matter of fact, X-ray diffraction analysis of 5 

showed similar bond lengths of all the C-O bonds present in the oxyallyl pattern and 

phenoxy components.16b 

 

Scheme 8: Formation of 5 in low-yields by the rearrangement of croconaines 
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I.1.3 Origin of the stability of 1,3-di(amino)oxyallyl radical cations  

1,3-di(amino)oxyallyl radical cations constitute a new class of highly air-persistent 

radicals. Radicals 2.+ and 4.+ have been stored for more than 4 years without any 

evidenced decomposition whereas 3.+ has a half-life of several hours in a well-aerated 

solution.  

These results are remarkable as the lifetime of typical carbon centered radical species is 

very short because their reactions are often thermodynamically favored with low energy 

barriers.18 For instance, they can undergo rapid dimerization, disproportionation or 

hydrogen abstraction reactions. Carbon based radicals can also react with oxygen to give 

out peroxide radicals and the corresponding derivatives. 

It is well known that the capto-dative effect19 can weaken the C-C bond of the dimer due 

to the combination of electron-donating, electron-withdrawing or bulky substituents 

that favor the formation of small amounts of monomeric radicals and can be detected in 

solution. A typical textbook example is 2-oxomorpholin-3-yl radical featuring the capto-

dative association of an amino (donor) and a carboxy (acceptor) group. It was isolated in 

the solid state as the corresponding C-C dimer (Figure 3). The dissociation constant of 

this dimer was about 10-9 M at room temperature allowing the observation of a radical 

in de-gassed solution by EPR spectroscopy.20  

The first monomeric amino carboxy radical and the related bi- or tri-radicals21 were 

synthesized from cyclic (alkyl)(amino)carbenes (CAAC) which provided bulky 

environments that can further prevent the dimerization of the radicals. These radicals 

were perfectly stable under inert atmosphere but decay within few seconds when 

exposed to air (Figure 3). Half-lives of these radicals in air were increased up to several 

days by incorporating electron withdrawing substituents at the carboxy moiety. The 

impact of the electronic effects on their air stability was theoretically studied and 

interpreted as the result of “enhanced” capto-dative combination (Figure 4).15 
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Figure 3: Observation of the C-C dimer and the first isolated amino carboxy radical 

The trends observed for the stability of these monomeric amino carboxy radicals 

explains the air-persistency of the previously mentioned oxyallyl radical cations 2.+, 3.+ 

and 4.+. Indeed they can be also described as C-radical centers stabilized by “enhanced” 

capto-dative combination as they feature an electron donating amino substituent and an 

electron withdrawing carboxy group which is activated by an iminium moiety (Figure 

4). 

 

Figure 4: “Enhanced” capto-dative stabilization of radicals 

I.2 Oxyallyl-metal complexes 

I.2.1 The known metal-oxyallyl compounds 

As discussed before, most of the stabilized class of oxyallyls were isolated in their 

protonated forms but the metal O-coordination of these species could also aid their 

isolation as stable species.  

Siemeling14b in 2013 reported the observation of oxyallyl 3 by the carbonylation 

reaction of the corresponding di(amino)carbene that was crystallized in the form of air-

sensitive trimeric lithium chloride adduct {3.LiCl}3 (Figure 5). Each Li atom in the 

complex has two O atoms and one Cl atom in its surroundings in a trigonal-planar three-
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coordinate enivronment forming the inorganic core [Li-O]3 in a regular hexagon 

geometry. The average bond lengths of Li-O and Li-Cl are 1.86 Å and 2.28 Å respectively 

which are remarkably short due to low coordination number in the complex. The 

formation of oxyallyl 3 was observed by the red-orange solution through in-situ NMR 

spectroscopy that revealed one signal in 1H NMR and two signals in 13C NMR. 

 

Figure 5: Crystal structure of lithium chloride adduct {3.LiCl}3 

A similar reaction was performed with a more bulky carbene in the presence of CO to 

afford the red hydrochloride salt 6 after acid work up which can be attributed to the 

structure of protonated form of oxyallyls (Scheme 9). The X-ray diffraction study 

confirmed that the value of C-O bond length (1.4 Å) in compound 6 and complex 

{3.LiCl}3 (1.36 Å) are in the range observed for the related protonated oxyallyl 

derivatives (for 2.H+, C-O = 1.36 Å). Therefore, we can say that the structure of lithium 

chloride adduct {3.LiCl}3 has an oxyallyl pattern in its backbone and can be considered 

similar to the protonated oxyallyl forms. 

 

Scheme 9: Carbonylation of bulkier acyclic di(amino)carbene to form compound 6 
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Various organometallic compounds which can be seen as complexes of oxyallyls have 

been also reported in the literature.22 The platinum(II) complex 7a possesses two 

relevant canonical forms, i.e., metallacyclobutanone and π-allyl. In the case of 

palladium(II) complex 7b, the structural and spectroscopic studies indicate a larger 

contribution of the π-allylic character.22c 

 

Scheme 10: The oxyallyl-metal complexes 7 

Chetcuti et al reported the synthesis of dinickel complex 8 by the deprotonation of 

cationic nickel(II) complex of acetone in which the central bridging ligand was regarded 

as a trapped oxyallyl (Scheme 11).22d However, it is important to note that the complex 8 

may be better viewed as a bis-enolate complex. Furthermore, the redox properties of the 

complexes 7 and 8 were not studied by the author. 

 

Scheme 11: Synthesis of di(metalla) ketone 8 

I.2.2 Redox-active ligands 

The particular category of ligands that can access multiple oxidation states in the metal 

complexes are known as redox-active ligands. The stepwise electrochemical or chemical 

one-electron oxidation or reduction can result in different oxidation states.  

In Scheme 12, the oxidation state of the nickel(II) dithiolene complex[Ni(S2C2Ph2)2]z can 

exist in three different forms (z = 2-, 1-, 0) where stilbene-1,2-dithiolate acts as a redox-
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active species favoring the ligand centered oxidation rather than the oxidation of the 

nickel metal to form the radical analogue 9 of the supporting redox-active ligand. 

 

Scheme 12: Redox-active stilbene-1,2-dithiolate ligand S2C2Ph2 

Several analytical techniques are available that helps to determine the clear oxidation 

states of the metal ion and the redox-active ligands such as cyclic voltammetry, single 

crystal X-ray diffraction, UV-vis spectroscopy, EPR spectroscopy or density functional 

theory (DFT) calculations.23 Apart from the redox-activity, the ligands where there is an 

ambiguity to assign the formal oxidation states are considered as non-innocent ligands. 

The use of metal complexes with the radical structure of the redox active ligands plays a 

crucial role in the mechanism of catalytic processes in certain enzymatic reactions to 

complement the redox properties of the metalloenzymes.24  

Perhaps the most understood and studied example of metal-catalysis involving a redox-

active ligand is the oxidation of primary alcohols to aldehydes catalyzed by the enzyme 

galactose oxidase (GOA).25 

The accepted catalytic cycle of the enzyme involves a redox-active phenolate as 

described in Scheme 13. The first step is the oxidation of sulfur-modified tyrosine-272 

moiety to obtain the oxygen centered radical coordinated to a Cu(II) ion. The RCH2OH 

group then binds through the Cu-O-Tyr-495 bond on the galactose with the release of 

TyrOH substituent. The radical is shifted to the galactose-alkoxide moiety by the proton-

coupled electron transfer (PCET) that further reduces Cu(II) to Cu(I) with the formation 

of the oxidized product. The release of H2O2 is achieved afterwards by the reaction of the 

reduced enzyme with dioxygen via PCET and thus completing the cycle. There is an 

overall two-electron change in this catalytic cycle: one-electron oxidation is affected by 

the tyrosyl radical and another one-electron oxidation is performed by the Cu(II)/Cu(I) 

couple (Scheme 13).  
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Scheme 13: Mechanism of galactose oxidase (GAO) 

Several other redox-active ligands have been studied and investigated in recent times 

that ultimately led to useful applications in material science26 and catalysis.27 To date, 

the vast majority of efficient man-made homogeneous metal catalysts are based on 

noble metals which are rare and expensive (ruthenium, rhodium, palladium, platinum, 

etc). Their efficiency often relies on their ability to perform key elemental steps of 

catalytic cycles such as reductive elimination and oxidative addition, which involve two-

electron redox processes. Such transformations are more difficult in the case of first-row 

metals. They undergo more frequently one-electron redox changes resulting in 

uncontrolled radical reactivities and less stable catalytic intermediates. Redox-active 

ligands can significantly ease two-electron processes by accepting/giving one extra 
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electron. In other words, they can confer nobility to cheap, earth abundant, first row 

metals.28 

One of the examples of the ligand centered oxidation was reported by the group of 

Heyduk.29a They added molecular chlorine to a zirconium(IV) complex 10 and obtained 

the Zr(IV) dichloride derivative 11. X-ray diffraction, EPR and UV-vis spectroscopy 

showed that the change in the oxidation state occurred at the NO-ligands and not at the 

metal center. Both NO-ligands proved to be redox-active: they were oxidized to their 

radical state by the donation of one electron each, thus allowing homolytic activation of 

Cl2 upon the interaction of Zr(IV) complex 10 with molecular chlorine (Scheme 14). 

 

Scheme 14: Ligand centered oxidative addition of chlorine to Zr(IV) complex 10 

Another example of ligand assisted oxidation was reported in 2008 by the team of 

Chaudhuri29b (Scheme 15). Upon addition of molecular bromine, the two redox-active 

radical amidophenolate ligands in the copper(II) complex 12 underwent one-electron 

oxidation to form the new hexacoordinated complex 13 in which the metal center 

remained untouched as a Cu(II). 

 

Scheme 15: Ligand assisted oxidative addition of bromine to Cu(II) complex 12 

An example of a ligand assisted reductive process was also reported by Heyduk and co-

workers (Scheme 16).29d They first synthesized Fe(III) complex 15 by reacting the 
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potassium salt of the ONO ligand 14 with FeCl(N(SiMe3)2)THF. Addition of t-butylthiol to 

complex 15 in the presence of three equivalents of pyridine led to the formation of 

Fe(III) complex 16. In this process, the ligand of the Fe(III) complex 15 was reduced by 

two-electrons. 

 

Scheme 16: Ligand facilitated reductive elimination from Fe(III) complex 15 

Redox-active ligands can also take part in catalytic processes. The square planar 

cobalt(III) complex 17 catalyzes the Negishi-like cross coupling of alkyl halides with 

organozinc reagents.29c The catalytic cycle involves the oxidative addition of the 

alkylhalide, a trans-metalation with zinc and the reductive elimination leading to the 

final product (Scheme 17). The two NO ligands are oxidized by one electron each during 

the oxidative addition where the oxidation state of the metal does not change.  

 

Scheme 17: Negishi-like cross-coupling of alkyl halides by Co(III) complex 17 
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I.2.3 Oxyallyl patterns for designing redox-active NacNac ligands? 

The main goal of this PhD work was to explore the possibility of metal complexes with 

the general structure shown in Scheme 18. Due to the presence of an oxyallyl pattern, 

they are expected to be redox active and/or redox non-innocent. 

 

Scheme 18: Introduction of oxyallyl patterns into NacNac structure  

The structures in Scheme 18 can also be viewed as exotic redox-active versions of the 

very well-known 1,3-diketiminates or β-diketiminates, the so-called NacNac 18 (Figure 

6) which have been a focus in coordination and organometallic chemistry for many 

years.30 They are versatile and auxiliary ligands due to their ability to bind strongly to 

metals as well as their tunable and exceptional steric demands. They show a wide range 

of structures by changing R’’ groups on the nitrogen atoms that can be hydrogen, alkyl, 

aryl or sometimes silyl groups. They can offer high steric protection around the metal 

centre by the introduction of bulkier groups (e.g. aryl groups) on the nitrogens to 

provide unusual coordination enivronment and the stabilization of highly reactive metal 

complexes. Their complexes have been known for most of s-, p-,d- and f-block metals, in 

various oxidation states. These complexes have applications in small molecule 

activation, novel organometallic compounds and catalysis. 

 

Figure 6: The general structure of NacNac 18 



 

19 
 

The presence of oxyallyl patterns in such ligands is expected to confer the redox-activity 

and can favor the ligand centered chemical oxidations/reductions in the formed 

oxyallyl-metal complexes (Scheme 18).  

To date, the design of redox-active NacNac remains a challenge. Wieghardt et al in 2011 

demonstrated that the NacNac ligand in complex 1931 can show one electron oxidation 

to obtain a neutral π radical structure 20 when coordinated to high-spin Ni(II) ion 

(Scheme 19). The zinc analogue of 19 was also synthesized further to examine the 

NacNac centered oxidation that confirmed the formation of the similar π radical. 

However, the isolation, and even the direct observation of these radicals were not 

possible because they decompose within seconds.  

Our proposed models are expected to be more stable, for instance Zn-complex 21 as an 

“oxyallyl radical equivalent” of complex 20. Preliminary DFT calculations indicated that 

it is very similar to the organic air-stable oxyallyl radical cations with most of the spin 

density on oxygen (O = +0.44, C = +0.24 distributed over three carbon atoms) rather 

than on carbon atoms (+0.54) in the radical 20 that is likely the reason of its high 

reactivity. Complex 21 could even undergo a second ligand-centered oxidation affording 

the α-keto-β-diimine complex 21+ (Scheme 19).  

 

Scheme 19: The expected ligand-centered oxidation of oxyallyl-NacNac complexes 
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The participation of the NacNac ligand with similar redox activities is limited to a 

handful of examples.32 K. G. Caulton in 2012 described the use of NacNac derivatives in 

which two β-diketiminates moieties are combined by the central C=C bridge in the form 

of binucleating N,N’-diarylimine ligand (Scheme 20). The cobalt(II) complex 22 showed 

two reversible reductions in the cyclic voltammetry experiment. According to the solid 

state molecular structure, the distorted trigonal planar geometry around the cobalt 

center is unchanged during these reductions. In association with spectroscopic 

evidences, these results were consistent with the ligand centered reductions to form the 

corresponding radical tri-anion 23 and the tetra-anion 24 forms of the ligand. 

 

Scheme 20: Ligand centered reduction on NacNac derivative 

 

An example32b of ligand assisted oxidation was reported by the group of S. Itoh as shown 

in Scheme 21. The redox-active phenol groups were incorporated within the β-

diketiminate derivative to form the copper(II) complex 25. The respective one- and two- 

electron oxidations of complex 25 were performed to form the expected radical 26 and 

the quinonoid structure 27 of the supporting ligand. The oxidized complexes 26 and 27 

showed distinctive absorption spectra in the visible to NIR region that confirmed the 

ligand-based transitions of the oxidized organic frameworks. The crystal structure of the 

radical complex 26 showed the characteristic structural change in the aminophenol 

component of the ligand that was further in agreement with the ligand centered 

oxidation. 
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Scheme 21: Redox-activity induced in NacNac by the use of phenol groups 
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I.3 Overview of the project 

 

Keeping the above discussions in mind, we wanted to contribute to the design and the 

organic synthesis of several ligands containing oxyallyl moieties, study the impact of 

different substitution patterns on their stability, the introduction of a metal center into 

these systems, their radical reactivity and redox properties.  

 

Herein, we first describe the metal-free oxidation of different vinamidines to develop 

several bis-imine ketones (α-keto-β-diimines), cyclic voltammetry studies of the 

obtained ligands and their coordination chemistry with various transition metals in 

Chapter II.  

 

Chapter III focuses on the investigation of the full reversal of selectivity in the reaction 

of a 1,3-dichlorovinamidinium salt with aniline derivatives, the synthesis and the 

characterization of the desired electron-enriched ligand and the related complex 

formation.  

 

In Chapter IV, new ligands with oxyallyl patterns are designed further to investigate 

their reactivities, the formation of metal complexes and the studies of their redox 

behavior are explored. Finally, this chapter presents alternative strategies and concepts 

as perspectives in the quest for designing redox-active NacNac structures. 
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The formation of designed metal-oxyallyl complexes can be achieved by the use of two-

fold oxidized versions of β-diketiminate (NacNac) ligands, i.e., bis-imine ketones or α-

keto-β-diimines (Scheme 22). The redox non-innocent behavior of these ligands is 

expected due to the presence of oxyallyl moieties in the metal complexes. 

 

Scheme 22: Bis-imine ketones– precursor for desired complexes 

Bis-imine ketones can be synthesized from the corresponding vinamidines (Scheme 23) 

but no satisfying method was available so far. Therefore, there was a need for a 

convenient synthetic methodology. 

 

Scheme 23: Vinamidines - precursor for bis-imine ketones 

II.1 State of the art 

II.1.1 Modification of β-diketiminates at central carbon (R’ ≠ H) 

Most of the NacNac ligands feature hydrogen atom at the central carbon (R’ = H). Only a 

very few models are known with different substituents at this position.33 

Scheme 24 describes the formation of a precursor of such ligand (with R’ ≠ H): the bis-

vinamidine 28. Note that it resulted from the addition of a β-diketiminate (R’ = H) to 

europium(III) chloride. Instead of the expected formation of a tris-β-diketiminate Eu(III) 

complex,33b the ligand donated an electron reducing Eu(III) to Eu(II) ion and converted 

into a radical whose dimerization afforded compound 28. This reaction is an illustration 

of the reactivity of the central position of NacNac ligands (when R’ = H) which can lead 

to undesired side products. 
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Scheme 24: Formation of bis-vinamidine 28 

The role of electronic effects of substituents at this central position was studied by 

Coates et al.33a They synthesized a range of zinc(II) acetate complexes 29 to investigate 

their catalytic activity in the copolymerization of limonene oxide and carbon dioxide. 

Cyano-substituted ligands were found slightly underperforming when compared to their 

hydrogen analogues (TOF > 10 h-1 (R’ = H); TOF = 3-9 h-1 (R’ = CN)).  

 

Figure 7: Example of a β-diketiminate modified structure at central carbon 

The bis-imine ketones are among the rare NacNac derivatives with a remarkable 

modification at the central carbon (R’ = O). These ligands can be used in the formation of 

a new type of initiator for olefin polymerization when coordinated to an appropriate 

metal atom. 
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II.1.2 Applications of bis-imine ketones 

Bis-imine ketone nickel(II) complexes 30 have found applications in the polymerization 

of olefins as extremely active initiators.34 They allowed the synthesis of high molecular 

weight polyethylenes and poly-α-olefins. Furthermore, the polymerization reactions 

were also carried out under living conditions to obtain low-disperse semi-crystalline 

polymers.35 

 

Scheme 25: Bis-imine ketone nickel initiators  

A co-activator (a Lewis acid such as methylaluminoxane) was required to enhance the 

reactivity of the initiators during the polymerization reactions. The close structural 

analogue (β-diimines) with respect to α-keto-β-diimines, varying only at α-position, has 

been used for comparative studies (Figure 8). An increase in the activity by 

approximately two orders of magnitude was observed for keto complex 30 in contrast to 

its β-diimine analogue.34a The presence of carbonyl group on the ligand decreases the 

electron density around the nickel center and is likely the reason behind the increased 

rate of polymerization. 

 

Figure 8: Structure of β-diimine (left) & bis-imine ketone (right) nickel initiators 
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II.1.3 Complexes of bis-imine ketones and the related derivatives  

The metal complexes of α-keto-β-diimines have been known for a very long time but 

they were usually obtained as rare side products from the air oxidation of ligands of 

several unprotected NacNac complexes where central carbon atom has hydrogen atom 

(R’ = H).36 The process of oxidation of NacNac complexes from the reaction of molecular 

oxygen usually yields complex mixtures of products which can include the removal of 

electrons from the metal ion or from the complexed ligand, the formation of metal-

oxygen adducts or the oxidative dehydrogenation of the ligand whose characterization is 

somehow difficult to achieve. The results reported so far indicated that this oxidation 

can be done in different modes (Scheme 26) to form: (i) a neutral ketone37a, (ii) a 

dianionic gem-dioxy form37b, (iii) a peroxo intermediate37c, or (iv) a dianionic reduced 

form of the bis-imine ketone, depending upon the type of the central metal ion present 

in the complex. 

 

Scheme 26: Different ways of oxidation of a NacNac 

The formation of keto-macrocyclic iron(II) complex 32 in high yield (> 95 %) was 

reported in 199736e by the oxidation of bis-macrocyclic diiron compound 31 by the 

attack of molecular oxygen at the cross-conjugated carbon-carbon bridging double bond. 

The key structural data featured the corresponding signals for six different types of 

carbon atoms present in the β-diimine keto specie 32 (IR: ν = 1650 (CO) cm-1; 13C NMR: 

δCO = 187.7, δCN = 176.4, 4δCH2 = 59.7 to 33.3 ppm). The high yield and the observation of 

the reaction in solid state suggested the formation of the dioxetane intermediate for this 
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pathway (Figure 9). The first step formed the peroxide radical with the development of a 

radical in the six-membered ring by the transfer of one electron from π system to a 

dioxygen molecule that could be seen as other mesomeric form by the oxidation of 

iron(II) to iron(III) followed by the formation of dioxetane intermediate with the 

combination of intra-molecular radical pair that ultimately generated the keto complex 

32. The presence of β-diimine keto macrocycle 32 was also attributed by the presence of 

blue color in acetonitrile solution (λmax = 650 nm).  

 

Figure 9: Keto-macrocyclic Fe(II) complex 32 & its cyclic voltammogram[ref:36e] 

The cyclic voltammetry experiment (Figure 9) for the complex 32 in acetonitrile 

solution revealed an irreversible oxidation versus Fc/Fc+ at 0.93 V for the oxidation of 

Fe2+ to Fe3+. The iron in +2 oxidation state was relatively more stable than its +3 

oxidation state due to the greater π-donor strength of Fe2+. The one electron reversible 

reduction at -0.98 V was considered to be centered on keto-β-diimine component of the 

ligand. The irreversible and broader wave at -1.36 V was not understood well but it was 

suggested because of the pinacol reduction from the unwanted proton ions.  
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Another example of the β-diimine keto macrocycle was reported as the cobalt(III) 

complex36a 34 that was formed by the oxidation of four coordinated Co(II) complex 33 in 

the presence of O2. The drastic color change with a robust exothermic reaction was 

assumed to go through the formation of a peroxo intermediate in which one of the 

diiminato rings was transformed into α,β-unsaturated ketone (Scheme 27). The 

presence of the keto group was further confirmed by elemental analysis, IR (ν = 1670 

(CO) cm-1 ) and 1H NMR spectroscopy (δCH3 = 2.77, δCH3 = 3.27, δCH = 5.54 ppm). 

 

Scheme 27: Oxidation to form keto-Co(III) complex 34 intermediate  

In addition to the oxidation of p- and d-block metal complexes of NacNac ligands, the 

complexes of lanthanides are usually known for their sensitivity in the presence of 

oxygen whose oxidation can lead to a variety of ligand oxygenation reactions and 

formation of mixed products.  

An example of a controlled oxidation of NacNac-lanthanide complexes was reported in 

the literature36f that yielded complex 35 and a C-C coupling product 36. The general 

crystal structure of Er and Dy complexes which were isolated in average yields (Er = 43 

%; Dy = 34 %) is represented in Figure 10. They featured eight lanthanide oxide and 

chloride adducts which are arranged in pairs across the molecular axis where a 

dianionic reduced form of a bis-imine ketone ligand bridges the two metal ions (Ln3+) in 

a tridentate fashion.  
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Figure 10: Crystal structure[ref:36f] of the formed Ln-cluster 

While handling the highly reactive β-diketiminate-calcium cationic complex 37 for 

lactide polymerization, Sarazin and co-workers isolated diiminoalkoxide 38.36g The 

authors hypothesized that unwanted traces of moisture has resulted in the formation of 

this by-product 38. However, they could not achieve the quantitative synthesis of 38 by 

repeating the reaction in the presence of water, dioxygen, peroxides or H2O2. The X-ray 

analysis in Figure 11 revealed the distorted square pyramidal geometry for the complex 

38 where the metal ion has the five-coordinate environment including THF molecule in 

their coordination sphere with nitrogen atom at axial position.  

 

Figure 11: Crystal structure[ref:36g] of dinuclear calcium complex 38 
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II.1.4 Synthesis of metal free bis-imine ketones  

The only available method for the synthesis of free diimine keto ligands is from the rare 

and selective oxygen degradation of the copper(II) and zinc(II) complexes under aerobic 

conditions.37a 

Vinamidines are the conjugated acids of NacNac ligands and therefore the obvious 

precursors for NacNac complexes. They can be synthesized by two different methods 

according to the literature (Scheme 28).38 The most utilized and convenient route is the 

condensation of β-diketones with anilines in the presence of acid.38a-d The other route is 

useful when the previous way of synthesis is stagnant especially in the case of bulky 

substituents38e and allows for the synthesis of non-symmetric vinamidines. 

 

Scheme 28: Synthesis of vinamidines 

In contrast, the availability of free bis-imine ketones is far from matching the diversity of 

vinamidines: it is limited to very few substituting groups. This is due to the limitations of 

the only known method for the synthesis of metal free bis-imine ketones which was 

reported by Itoh et al in 2002. 

Their procedure required three steps (Scheme 29):  
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(i) the formation of NacNac-Cu(II) or NacNac-Zn(II) complex by the treatment of 

vinamidine with an equivalent amount of metal (Cu or Zn) acetate at room temperature. 

According to the crystal structure, copper complex featured one Cu(II) with a distorted 

square planar geometry (in which β-diketiminate and acetate ion were bidentate 

ligands) whereas Zn(II) afforded a dinuclear complex with a four-coordinate tetrahedral 

geometry and bridging acetate and methoxide ligands between the two zinc atoms.  

(ii) the oxidation of the Cu(II) complex with the bubbling of molecular oxygen at 50°C in 

methanol for at least 12 hours. A spectacular color change of the solution was observed 

from brown to green. This was the result of the formation of a hemiacetal derivative in 

which copper acquired N2O2 coordination within square planar geometry.  

(iii) the hydrolysis and decomplexation of the resulting hemiacetal ligand using aqueous 

ammonia to generate the corresponding ketone diimine in 54 % overall yield.  

 

Scheme 29: Different steps in the synthesis of bis-diimine ketones 

An isotype labeling experiment with 18O2 confirmed that dioxygen was the oxygen 

source during the oxidation reaction (step ii). As for the mechanism, the formation of a 

hydroperoxo intermediate was proposed (Scheme 30) during the oxidation step.  
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Scheme 30: Proposed hydroperoxo intermediate formed during the oxidation step 

This methodology has severe limitations. Not only structure variation in the system is 

limited (with R = Me and a few aryl N-substituents) but its implementation is very 

inconvenient. The oxidation step of NacNac-Cu(II) complex requires a continuous 

bubbling of pure dioxygen for around two days in a warm solution which is really 

troublesome and wasteful. In addition, multi-gram synthesis is impractical because it 

would require litres of solvent due to the low solubility of the reactants. Therefore, the 

synthesis of metal free bis-imine ketones was a challenge. 

II.2 Results 

II.2.1 Metal free oxidation of vinamidiniums 

Among all the oxidation processes that we have discussed till now, our method of 

oxidation of vinamidiniums salts using meta-chloroperbenzoic acid (m-CPBA) is one of 

the simplest methodology (Scheme 31). As explained previously, the generation of an 

air-persistent oxyallyl radical cation39 3.+ was achieved after oxidizing 

tetrakis(dimethylamino) vinamidinium using m-CPBA as an oxidant to form 

di(amidinium)ketone 32+ followed by its one-electron reduction. 

 

Scheme 31: Generation of oxyallyl radical cation 3.+ 

However, the result of the oxidation reaction by m-CPBA is highly dependent on the 

substitution patterns.40 For example, the oxidation of vinamidinium 39 (Scheme 32) 



 

35 
 

afforded 2-chlorovinamidinium 40 (yield = 71 %) and not the expected keto product as 

the reaction of chloride counter-anions with m-CPBA. The same reaction was repeated 

with the anion metathesis of vinamidinium 39 by tetrafluoroborate and the formation of 

compound 41 (yield = 74 %) took place. Both of these obtained vinamidinum products 

40 and 41 mainly differ at the central carbon atom according to 13C NMR spectroscopy 

(δ40 = 94 and δ41 = 127 ppm) and further characterized by X-ray diffraction analysis and 

mass spectrometry. Of note, the reaction of vinamidinium 41 with dibromine or 

potassium ferricyanate or excess m-CPBA further formed the corresponding hydration 

products (trione and gem-diol) as a result of over oxidation.  

Another reaction pathway was observed in the case of mono(methine)cyanine 42 that 

featured an electron-richer pattern. Reaction with  m-CPBA did not lead to the expected 

di-cationic keto compound but to the further oxidation and ultimately to the formation 

of 1,3-methyl-benzimidazolium 43. Therefore, the oxidation of vinamidinium 

derivatives using m-CPBA, although efficient in few cases, it is not versatile and one 

could expect similar limitations for vinamidines. 

 

Scheme 32: m-CPBA oxidation of vinamidiniums 39 and 42 
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II.2.2 m-CPBA oxidation of vinamidines 

The synthesis of vinamidines38d 44a and 44b were done by the treatment of two 

equivalents of corresponding anilines (2,6-diisopropyl aniline and 2,4,6-trimethyl 

aniline) with pentanedione in the presence of hydrochloric acid at 80°C. 

Dichloromethane and water were added to the crude solids which were neutralized by 

adding triethylamine. After further work-up, the vinamidines were purified by 

crystallization in ethanol and isolated in 70-80 % yield.   

 

Scheme 33: Synthesis of vinamidines 44a and 44b 

Then the reaction of m-CPBA with the solution of vinamidine 44a in dichloromethane 

was performed. According to the NMR spectroscopy, the reaction was finished in almost 

one hour at room temperature. The corresponding bis-imine ketone 45a was purified by 

recrystallization in cyclohexane and obtained in 80 % yield.  

 

Scheme 34: One step synthesis of bis-imine ketones 45 

We started to explore the scope of this reaction which could ultimately lead to a direct 

and straightforward synthesis of different bis-imine ketones. We considered the similar 

oxidation of vinamidine 44b.  

Unlike 45a, the resulting bis-imine ketone 45b evolved within few hours. Even freshly 

made crystals always contained an impurity that did not feature the respective C=O 
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signal at δ = 194 ppm in 13C NMR but instead a peak at δ = 94 ppm was observed. Drying 

the crystals of 45b in the presence of P2O5 under vacuum resulted in the pure form of 

diimine ketone. This supported the existence of the hydrated gem-diol form 45b.H2O as 

an impure compound. 

 

Scheme 35: Gem-diol form of ligand 45b 

To study the effect of structure variation of the backbone, vinamidine 44c was 

synthesized in 82 % yield by the deprotonation of (Dipp)N=CMePh by one equivalent of 

n-BuLi at -78°C followed by the addition of (Dipp)N=CClPh in diethylether.38e The 

reaction mixture was refluxed overnight that formed white precipitate of the desried 

product and then quenched with water. The organic phase was washed with brine and 

extracted by dichloromethane. The crude product was purified by recrystallization from 

cold methanol. 

 

Scheme 36: Formation of vinamidine 44c 

Vinamidine 44c was oxidized similarly in the presence of m-CPBA to form the expected 

bis-imine ketone ligand 45c in 87 % yield.  Note that no synthesis was previously 

available for this compound.  

The presence of the carbonyl was indicated by following spectroscopy (IRATR:  ν= 1700 

cm-1 (C=O); 13C NMR δCO = 192.5 ppm) and confirmed by X-ray diffraction study of a 

single crystal (Figure 12). As a crystalline solid, ligand 45c was found to be very stable at 

room temperature with no notable degradation after two years. 
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Figure 12: Crystal structure of ligand 45c (H-atoms are omitted for clarity) 

 

The cyclic voltammetry of the bis-imine ketone ligands 45 were performed to set the 

bench mark for the corresponding metal complexes. The results showed one reversible 

reduction (E1/2 = -1.9 V for 45a and E1/2 = -1.7 V for 45c, see Figure 13) which was 

interpreted as the formation of the corresponding ketyl radical anion. 

 

Figure 13: Cyclic voltammograms of bis-imine ketones 45a and 45c in 0.1 M 

solutions of TBAPF6 in dichloromethane and acetonitrile respectively, with a scan 

rate of 100 mV.s-1 

-3 -2 -1 0

E vs Fc+/Fc (V)

45c

45a
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II.2.3 Coordination chemistry of the obtained bis-imine ketone ligands 

After obtaining bis-imine ketone ligands 45, it was time to coordinate them to a metal 

and study the redox properties of the resulting complexes.  

We started with the already published34c NiBr2-complex of ligand 45a. The complex was 

synthesized by treating the ligand with one equivalent of nickel(II) bromide ethylene 

glycol dimethyl ether complex [(DME)NiBr2] at room temperature in dichloromethane 

and isolated in 25 % yield as a highly sensitive red-brown solid (Scheme 37). 

 

Scheme 37: Synthesis of α-keto-β-diimine nickel(II) complex 46 

According to the cyclic voltammetry experiment, complex 46 underwent an irreversible 

reduction at Epc = -0.9 V indicating a fast chemical transformation upon addition of 

electrons. The resulting product was reversibly reduced at E1/2 = -1.3 V. However, this 

reduced form was not stable enough to be characterized. Indeed, after quantitative 

electrolysis at E = -1.1 V, the solution was CV- and EPR-silent. 

 

Figure 14: Cyclic voltammogram of complex 46 in 0.1 M solution of TBAPF6 in 

dichloromethane with a scan rate of 100 mV.s-1 

-2 -1.5 -1 -0.5 0

E vs Fc+/Fc (V)
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Similarly, (DME)NiBr2 was reacted with the other ligands 45b and 45c but 

unfortunately only complex mixtures were obtained. No reaction could be evidenced 

when the complexation of the ligands 45a and 45c were tried with ZnCl2 and Cu(BF4)2. 

 

Scheme 38: Metal-complexation with ligands 45a and 45c 

II.2.4 Oxidation of metal complexes bearing macrocyclic ligands 

As bis-imine ketones 45 appeared to be poor ligands for studying coordination 

chemistry, we turned our attention to macrocyclic models, hoping that the issuing 

complexes would be more stable. We synthesized Geodken’s macrocyclic ligand 

2,3:9,10-dibenzo-5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradeca-2,4,6,9,11,13-

hexaene 48 according to the literature.41 The first step was the reaction between 

phenylenediamine and acetylacetone in the presence of nickel acetate to afford the dark 

green macrocyclic Ni(II) complex 47 in 38 % yield (Scheme 39). A metal template was 

required: in the absence of a Ni(II) salt, 1,3-diazepine 49 was obtained. Then, the HCl gas 

was passed over complex 47 to form the salts of H2482+. Free ligand 48 was isolated in 

55 % yield after the treatment with triethylamine. 

 

Scheme 39: Preparation of macrocyclic complex 47 and corresponding ligand 48 
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According to NMR spectroscopy, all oxidation attempts of either the macrocyclic ligand 

48 or complex 47 by m-CPBA yielded complex mixtures.  We assumed that the presence 

of oxidizable benzene rings was problematic and therefore we moved towards a 

macrocycle with no aromatic linker: 5,7,12,14-tetramethyl-1,4,8,11-

tetraazacyclotetradeca-4,6,11,13-tetraene 50. The known two-step synthesis of this 

ligand was straightforward and did not require a metallic template (Scheme 40).42 

Bis(acetylaceton)ethylenediamine was reacted with triethyloxonium tetrafluoroborate 

in dichloromethane and further treated with ethylenediamine in methanol. The addition 

of sodium methoxide to the reaction mixture generated the ligand compound 50 in 43 % 

yield. Nickel acetate and the macrocyclic ligand 50 were refluxed in ethanol to form the 

corresponding macrocyclic Ni(II) complex 51 (30 % yield).42a 

 

Scheme 40: Synthesis of macrocyclic ligand 50 and its nickel (II) complex 51 

We also synthesized gold(III) complexes 52 and 53 by the condensation reaction of 

bis(1,2-ethanediamine)gold(III) with 2,4-pentanedione in aqueous-alkaline solution.43 

The presence of one or two six-membered β-diiminate rings in the complex depends on 

the ratio of reagents, pH and the reaction time. These complexes contained four donor 

nitrogen atoms, two five membered chelate ethylenediamine rings with the 

corresponding one or two six membered β-diiminate rings where the gold atom has a 

square planar coordination geometry around four nitrogens. The complexes were 

isolated as a form of the PF6 salt after the addition of KPF6 in the reaction mixture. Note 

that the complexes of ethylenediamine are usually not acidic enough to allow the 

condensation reaction with ketones. The pKa of chelating amine complexes of Au(III) 
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comparatively have low values44 (for example pKa ≈ 6.5 for Au(en)23+) which permits 

direct template synthesis of the complex. 

 

Scheme 41: Synthesis to obtain gold(III) complexes 

Unfortunately, here again, all reactions of direct oxidation of macrocyclic ligand 50, as 

well as its Ni(II) and Au(III) complexes 51, 52 and 53 using m-CPBA afforded 

complicated mixtures of products. In particular, no evidence was found in 13C NMR for 

the formation of a C-O or C=O bond and the mixtures remained EPR silent. Therefore, we 

failed to generate the expected keto-macrocyclic compounds with the selected 

macrocyclic ligand and their metal complexes. 

 

Scheme 42: m-CPBA oxidation of macrocyclic ligands and its metal complexes  
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We assumed that the struggle in studying the coordination chemistry of bis-imine 

ketones may be due to the very weak electron-donating properties of these ligands. 

Hence, we considered incorporating electron-rich dimethylamino groups at R positions 

hoping the corresponding bis-imine ketone to be a better ligand.  

 

 

 

II.3 Conclusion 

 

Bis-imine ketones (α-Keto-β-diimines) 45 were previously described as fragile ligands 

and it was suggested to use them as soon as they are synthesized but following the 

oxidation procedure using m-CPBA as an oxidant, the obtained products are stable forms 

of bis-imine ketone ligands (with hydration product in few cases). This method was 

straightforward, fast and simple as compared to the other methods reported before for 

the oxidation of vinamidines. This methodology is promising since the low availability of 

α-keto-β-diimines has clearly hampered further developments. However, the oxidation 

by m-CPBA to obtain the respective bis-imine ketones may be dependent on the 

substitution pattern of the vinamidines.  
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II.4 Experimental 

General considerations: All the reactions were performed under an inert atmosphere 

using standard Schlenk techniques or an argon filled glovebox unless otherwise stated. 

Dichloromethane and diethylether were dried and freshly distilled over calcium hydride 

and sodium/benzophenone respectively. The chemicals were purchased from Acros, 

Alfa Aesar and Sigma-Aldrich (now Merck) and were used without further purifications. 

Melting point: mp were measured with a Büchi B-545 melting point apparatus system.  

High Resolution Mass Spectrometry: HRMS spectra were obtained by electrospray 

ionization method on Brüker Esquire 3000 or a Thermo Scientific LTQ Orbitrap XL. 

Infra-Red: IR spectra were recorded on a Perkin-Elmer GS2000 IR spectrophotometer 

with a Golden-Gate ATR unit.  

Nuclear Magnetic Resonance: NMR spectra were performed on the NMR-ICMG 

platform of Grenoble with Avance III 300, 400 and 500 MHz Bruker spectrometers at 

room temperature. 1H NMR and 13C NMR chemical shifts (δ) are reported in parts per 

million (ppm) relative to TMS and were referenced to the solvent residual peak. NMR 

multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, sept = 

septuplet, br = broad, m = multiplet signal.  

Electrochemical measurements: They were conducted using a BioLogic SP300 

potentiostat in an argon filled glovebox. Cyclic voltammetry experiments were 

performed in a standard three-electrode electrochemical cell in dichloromethane or 

acetonitrile solutions of 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) as 

supporting electrolyte with a carbon disk (Φ = 3 mm) as a working electrode, an 

Ag/0.01M AgNO3 as reference electrode and a platinum wire as an auxiliary electrode. 

Ferrocene was used as standard and all reduction potentials are reported with respect 

to the E1/2 of the Fc/Fc+ redox couple.  

Crystal structure analysis: Crystallographic studies were performed on the RX-ICMG 

platform of Grenoble with a Bruker AXF-APEXII X-ray diffraction instrument equipped 

with graphite monochromated Mo/Kα-radiation (λ = 0.71073 Å) and a cryostream 

cooler. 
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45a: m-CPBA [60 wt% with H2O] (8.25 g, 28.68 mmol) was dissolved in CH2Cl2 (90 mL), 

dried over Na2SO4, 60 mL of this solution was added into the solution of vinamidine 44a 

(4.0 g, 9.55 mmol) in CH2Cl2 (200 mL). The reaction mixture was stirred for one hour. 

The mixture was washed with saturated aqueous solution of NaHCO3 (3 X 300 mL), with 

water (300 mL), then dried over Na2SO4, filtered & concentrated in vacuo yielding a 

yellow powder of 45a (4.06 g, 98 % yield). The product was purified by crystallization at 

room temperature using cyclohexane (80 % yield).  

mp: 108-109 °C.  

HRMS: m/z calcd for C29H41O1N2 (M+H+), 433.3213; found, 433.3217.  

IR (ATR): ν = 1700 cm-1 (C=O).  

1H NMR (400 MHz, CDCl3) δ: 7.18-7.11 (m, 6H), 2.82 (sept, J = 7 Hz, 4H), 1.99 (s, 6H), 

1.14 (two d, J = 7 Hz, 24H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 193.5, 168.4, 144.6, 135.9, 124.8 (CH), 123.3 (CH), 28.2 

(CH), 23.7 (CH3), 23.2 (CH3), 17.3 (CH3) ppm.  
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45b: The general procedure of above described m-CPBA oxidation was followed, 

starting from vinamidine 44b (820 mg, 2.5 mmol), affording 45b as an oil, which 

crystallized upon trituration in cyclohexane. (640 mg, 75 % yield).  

mp: 95-101 °C (dec.).  

HRMS: m/z calcd for C23H29O1N2 (M+H +), 349.2280; found, 349.2270.  

IR (ATR): ν = 1702 cm-1 (C=O).  

1H NMR (500 MHz, CDCl3) δ: 6.90 (s, 4H), 2.29 (s, 6H), 2.01 (s, 12H), 1.79 (s, 6H) ppm.  

13C NMR (125 MHz, CDCl3) δ: 193.8, 168.5, 144.6, 133.3, 128.8 (CH), 125.0, 20.8 (CH3), 

17.9 (CH3), 16.7 (CH3) ppm.  

45b.H2O was always present as an impurity:  

 

1H NMR (400 MHz, CDCl3) δ: 6.88 (s, 4H), 2.29 (s, 6H), 2.01 (s, 12H), 1.96 (s, 6H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 169.9, 143.3, 133.5, 129.0 (CH), 126.0, 94.3, 20.8 (CH3), 

18.0(CH3), 14.8 (CH3) ppm. 
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45c: Following the general procedure on precursor 44c (1.65 g, 2.8 mmol) in Et2O (40 

mL), the product was synthesized which was further purified by chromatography on a 

short silica column using CH2Cl2 as eluent (1.37 g, 87 % yield). Single crystals in good 

quality were formed upon crystallization in cyclohexane for X-ray diffraction analysis.  

mp: 160-162°C.  

HRMS: m/z calcd for C39H45O1N2 (M+H+), 557.3532; found, 557.3533.  

IR (ATR): ν = 1700 cm-1 (C=O).  

1H NMR (300 MHz, CDCl3) δ: 7.33 (d, J = 7 Hz, 2H), 7.25 (d, J = 7 Hz, 8H), 7.06 (s, 6H), 

2.84 (sept, J = 7 Hz, 4H), 1.01 (d, J = 7 Hz, 12H), 0.75 (d, J = 7 Hz, 12H) ppm.  

13C NMR (75 MHz, CDCl3) δ: 192.5, 165.2, 144.3, 135.9, 131.9, 130.5 (CH), 129.2 (CH), 

128.4 (CH), 124.9 (CH), 123.4(CH), 28.3 (CH) 24.1 (CH3), 22.5 (CH3) ppm. 

Crystallographic data: 
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Formula: C39 H44 N2 O 

Space Group: P -1  

Cell lengths (Å): a = 10.525(2); b = 12.498(7); c = 13.969(6) 

Cell Angles (°): α = 69.67(5); β = 86.47(3); ϒ = 73.49(3) 

Cell Volume: 1650.59 

R-Factor (%): 6.04 

Bond length                                                                    Selected Angle 

C2O1 1.205(3)                                                               C3C2C1 117.1(2)  

C2C3 1.507(4)                                                               O1C2C1 122.1(2)                                        

C3C10 1.482(3)                                                             C2C1C4 116.9(2) 

C10C11 1.382(4)                                                           C1N1C16 122.4(2) 

C11C12 1.368(4)                                                           N1C16C17 116.8(2)      

C3N2 1.268(3)                                                               C17C22C23 114.5(3) 

N2C3 1.268(3)                                                               C23C22C24 110.9(3) 

N2C28 1.421(4)                                                             C17C16C21 122.2(2)   

C28C33 1.395(4)                                                           C18C17C22 122.3(2)                            

C33C32 1.386(5)                                                           N1C1C4 129.7(2)   

C32C31 1.375(4)                                                           C9C4C5 118.5(2)   

C33C37 1.516(4)                                                           C9C4C1 123.0(2) 

C37C38 1.510(5)                                                           H6C6C5 120.0 

C11H11 0.930                                                                H22C22C24 106.9                 

C37H37 0.98                                                                  H24AH24BC24 35.3 
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46: The ligand 45a (0.25 g, 0.578 mmol) was suspended with DME(NiBr2) (0.241 g, 

0.781 mmol) in CH2Cl2 (12 mL). This suspension was stirred for 18 hours at room 

temperature. The solvent was evaporated and the resulting residue was washed twice 

with diethyl ether (2 x 12 mL). The residue was redissolved in dichloromethane (12 

mL), filtered and evaporated to give out red-brown solid product (yield = 0.094 g, 25 %).  

mp: 179.2°C.  

IR (ATR): ν = 1700 (C=O), 1635 (C=N) cm-1.  

1H NMR (400 MHz, CDCl3) δ: 21.4 (s, 4H), 11 (br, 4H), 3.4 (s, 24H), -14.9 (s, 2H), -25.4 (s, 

6H) ppm.  

The characterization data was in good agreement with the reported results.34c 
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As we assumed that the weak electron-donating property of the previously synthesized 

bis-imine ketone ligands was problematic, we considered incorporating electron-rich 

dimethylamino groups into these ligands. In principle, such compounds could be 

synthesized from the reaction of anilines with 1,3-dichlorovinamidinum salts followed 

by m-CPBA oxidation. 

 

Scheme 43: Step-wise synthesis of electron-enriched bis-imine ketones 

III.1 1,3-dichlorovinamidinium precursors 

1,3-Dichlorovinamidinum salts45 A have been studied since 1970s. They are the 

precursors for different kinds of electron-rich allenes46, cyanines and heterocyclic 

structures.47 According to the literature, the reaction of vinamidinium salts with 

secondary amines can result in the formation of tetra(amino)vinamidinium salts B 

whereas with primary amines, the corresponding vinamidines C can be obtained 

(Scheme 44).  

 

Scheme 44: Reaction of 1,3-dichlorovinamidinium salts A with amines 

The synthesis of 1,3-dichlorovinamidinium salt 54+ was done by reacting the 

commercial available phosgene iminium chloride with 0.5 equivalents of 

dimethylacetamide following a procedure48a which was recently modified by the Martin 

group.48b Contrarily to previous reports, we discovered that the vinamidinium was 

generated in the form of its hydrogendichloride salt 54.HCl2 and could be solubilized in 
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an ice cold water with no significant hydrolysis. The treatment of this aqueous solution 

with potassium hexafluorophosphate resulted in the counter-anion exchange from HCl2 

to PF6 in good 72 % overall yield.  

 

Scheme 45: Preparation of 1,3-dichlorovinamidinium salt 54+ 

III.2 Selectivity in the reaction of aniline with 1,3-

dichlorovinamidinium salt 

In 1971, Viehe et al reported the reaction of primary amines with vinamidinium 54+.45b 

As reported experimental procedures were not clearly detailed by the author, we 

directly added two equivalents of aniline to the solution of 54+ in dichloromethane 

(Scheme 46). The three equivalents of triethylamine (NEt3) were also added as the 

reaction was expected to form two equivalents of HCl. However, we observed the 

quantitative formation of 2,4-(dimethylamino)quinoline 56 resulting from an 

intramolecular electrophilic aromatic substitution of the N-phenyl component after the 

addition of the first equivalent of aniline. This already known quinoline 5649 was 

isolated in 42 % yield and fully characterized. Nevertheless, we noticed that 1,3-diimine 

55, the tautomer of the desired vinamidine, was formed by delaying the addition of NEt3 

to a mixture of vinamidinium 54+ and aniline. 

We tested different reaction conditions in order to optimize the formation of 55 (Table 

1). When aniline was added to the solution of vinamidinium salt 54.PF6 in presence of 

NEt3, the only observed product according to 1H NMR spectroscopy was quinoline 56 

along with the triethylammonium salts, regardless of stoichiometry (Table 1: entry 1 

and 2). Interestingly, a very small amount of diimine 55 was observed when we delayed 

the addition of NEt3 to a mixture of aniline and vinamidinium by 2 minutes (entry 3). 

Increasing this delay upto 10 minutes boosted the 55 : 56 ratio to 80 : 20 (entry 4). 

Furthermore, using the hydrogendichloride salt of vinamidinium 54.HCl2 enhanced the 

same 55 : 56 ratio to 85 : 15 (entry 5). The reaction was also attempted with one 

equivalent of aniline (entry 6) and we found that there was no formation of the 
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quinoline 56 instead only the diimine 55 was formed in almost 50 % conversion. Finally, 

adding aniline in excess and delaying the addition of NEt3 by 10 minutes, 1H NMR 

monitoring indicated the full conversion of 54.PF6 into desired the diimine 55 that was 

recovered in 68 % yield as colorless crystals after the work-up (entry 7). 

 

Scheme 46: Preparation of 1,3-dimethylamino-N,N-diphenylpropane-1,3-diimine 

55 & 2,4-(dimethylamino)quinoline 56 

Table 1: Different reactions of vinamidinium 54+ with aniline in presence of 

triethylamine 

Experiment No. 54+ : PhNH2 54+ : NEt3 Delay before 

adding NEt3 

55 : 56a 

1 1 : 2 1 : 3 b 0 : 100 

2 1 : 6 1 : 3 b 0 : 100 

3 1 : 2 1 : 3 2 min 8 : 92 

4 

5 

1 : 2 

1 : 2 

1 : 3 

1 : 3 

10 min 

10 min 

80 : 20 

85 : 15 

6 

7 

1 : 1 

1 : 6 

1 : 3 

1 : 6 

10 min 

10 min 

50 : 0 

100 : 0 

a Measured from 1H NMR spectra of the crude product in CDCl3; b Aniline was added to 

vinamidinium in presence of NEt3. 

In conclusion, the addition of aniline (even in excess) to a solution of 1,3-

dichlorovinamidinium salt 54+ in the presence of NEt3 invariably leads to the formation 

of quinoline 56. In contrast, delaying (by 10 minutes) the addition of NEt3 forms 1,3-

diimine 55, even when a substoichiometric amount of aniline is used. 
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III.3 Investigation by DFT calculations 

The reversal of selectivity in the reaction of vinamidinium 54+ to form two different 

products 55 and 56 in similar experimental conditions was rationalized through DFT 

calculations at the B3LYP/6-311g(d,p) level of theory (Dr. David Martin).50 

We considered that the reaction of the first equivalent of aniline with vinamidinium 54+ 

leads to the formation of either intermediate 57 or 57.H+ in the presence or absence of 

base respectively (Scheme 47). These intermediates can either react with the second 

equivalent of aniline to form the corresponding vinamidines 55/55.H+ or experience an 

intramolecular electrophilic substitution to give out cyclic dihydroquinoline products 

58/58.H+ followed by the formation of final quinolines 56/56.H+. 

 

Scheme 47: Reaction track of vinamidinium 54+ with aniline in presence and 

absence of NEt3 
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For intermediate 57, the amidine and enamine components are nearly orthogonal at the 

optimized minima. The C2-C3 bond (149 pm) is longer than the C1-C2 bond (134 pm) that 

indicated the weak conjugation between their respective π-systems. It has four 

diastereomeric conformers due to the non-symmetrical enamine and imine moieties 

which were found to be close in energy with the similar structural and electronic 

properties. On the contrary, the other intermediate 57.H+ has eight different isomers 

due to the E/Z isomerism around C1-C2, C2-C3 and C3-NPh bonds because of its 

moderately twisted form and the whole conjugated π-system. They feature similar 

characteristics with similar energies (6 kcal mol-1). The most stable conformers among 

all the diastereomeric forms of 57 and 57.H+ are shown in Figure 15. 

 

Figure 15: The most stable among the relative free enthalpies of diastereomeric 

conformers of 57 (left) & 57.H+ (right) at 298 K. Only 3E isomers are suitable for 

intramolecular cyclisation. Default optimizations were performed ‘in vacuuo’ 

In both the intermediates 57 and 57.H+, the highest occupied molecular orbital (HOMO) 

is the π-orbital of the phenyl group whereas the lowest unoccupied molecular orbital 

(LUMO) is the expected electrophilic C1 center for the enamine moieties (Figure 16; for 

simplicity, the discussion focuses only on the most stable conformers (1E, 3E)-57 and 

(1Z, 2Z, 3E)-57.H+) according to the experimentally observed formation of 56. The 

generation of 56 goes through the formation of a dihydroquinoline 58 by the 

intramolecular cyclisation of 57 which is probably the rate-determining step of the 

process. In the absence of base, the corresponding protonated intermediate 57.H+ 
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results in the less nucleophilic aryl center (the energy of the HOMO for 57 = -0.2 eV; for 

57.H+ = -0.35 eV) and an increase in the electrophilicity at the C1 center (the energy of 

the LUMO for 57 = -0.017 eV; for 57.H+ = -0.19 eV). Hence, with these two opposing 

effects, it isn’t possible to determine qualitatively the relative rate of cyclisation of 57 

and 57.H+. 

 

Figure 16: (a) The optimized geometry of the most stable diastereomer; (b) the 

highest occupied molecular orbital (HOMO) and (c) the lowest unoccupied 

moleculer orbital (LUMO) of 57 and 57.H+ intermediates 

The only stable conformers of 57 has a significant configuration of 3E as it is mandatory 

for the N-phenyl to be in the region of the responsive C1 center for the formation of 

dihydroquinoline 58 obtained after the cyclisation. The evolution of the 

dihydroquinoline 58 was found to be endergonic with the value of +8 kcal mol-1 for the 

cis isomer whereas +21 kcal mol-1 for its trans isomer (in blue, Figure 17). The 

generation of 58.H+ was more thermodynamically disfavored (formation of cis-58.H+ = 

+15 kcal mol-1; trans-58.H+ = +40 kcal mol-1). All the processes correspond to late 

transition states as expected for the aromatic substitutions with the relatively milder 

electrophiles. Depending upon the initial conformations of 57 and 57.H+, all the 

activation energy barriers are in the 32-43 kcal mol-1 range that further suggested that 

the rates of cyclisation of 57 and 57.H+ were similar. Consequently, the development of 
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55 in the absence of NEt3 would have resulted from the deactivated phenyl ring of 57.H+ 

that was further compensated by aniline as nucleophile. The fast formation of quinoline 

55 occurred within minutes at room temperature in the presence of NEt3, therefore the 

estimated high value of activation barriers (above 30 kcal mol-1) for the formation of 58 

or 58.H+ are not in accordance with the experimental results. 

 

Figure 17: Energy diagram for the cyclisation of (a) 57 (top) and (b) 57.H+ 

(bottom). Energies are in kcal.mol-1. Default optimizations were performed ‘in 

vacuuo’ (blue). Optimization in ‘dichloromethane’ using the default polarizable 

continuum model corresponds to dashed lines with energies in parentheses (red) 
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Significantly, the optimized structure of intermediate cis-58 has a noteworthy elongated 

C-Cl bond (297 pm) as compared to the other parented intermediates (trans-58 = 192 

pm; cis-58.H+ = 195 pm; trans-58.H+ = 185 pm). Further, similar features were 

noticeable in other transition states (TS‡cis = 227 pm; TS‡trans = 187 pm; TS‡cis.H = 185 

pm; TS‡trans.H = 181 pm). The HOMO of the TS‡cis resulted from the combination of π-

system of the obtained dihydroquinoline 58 and the σ* orbital of the C-Cl bond (Figure 

18). The stabilizing interaction weakened and elongated the C–Cl bond. This effect was 

not significant in the case of the more electron-poor TS‡cis.H because its π-system was 

lower in energy. Finally this factor was negligible in TS‡trans and TS‡trans.H because the 

relevant molecular orbitals did not overlap properly as the C–Cl bond was nearly 

orthogonal to the π-system. 

 

Figure 18: HOMO level representation of cis-58, TS‡cis, TS‡trans, TS‡cis.H and TS‡trans.H 

Considering the role of the solvent for the ionization of C-Cl bond, the optimization of all 

the key intermediates and transition states was repeated using the polarizable 

continuum solvation model for dichloromethane (in red, Figure 17) and we found that 

the energy of TS‡cis dropped to +12 kcal mol-1 whereas the relative energies of TS‡trans, 

TS‡cis.H and TS‡trans.H were not affected by solvent effects (39-43 kcal mol-1). 
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Therefore, when considering solvent effects, the low-lying TS‡cis could account for the 

preferred formation of 56 in basic media at room temperature, as observed 

experimentally. 

III.4 Limitations in the reaction of 1,3-dichlorovinamidinum with 

bulky anilines 

During the course of this work, S. Aldridge and co-workers published the synthesis and 

coordination chemistry of several amino-functionalized vinamidines.51 Their synthetic 

methodology involved the reaction of anilines with 1,3-dichlorovinamidinum 54+ but in 

different conditions (reflux for a day in chloroform followed by quenching with aqueous 

KOH). In the case of 2,4,6-trimethylaniline (MesNH2), they observed the formation of 

only one product, an unexpected spirocyclic compound 59 which was fully 

characterized including X-ray analysis. The authors proposed that after the addition of 

the first equivalent of aniline, the para-methyl of the resulting product is deprotonated, 

thus triggering a nucleophilic attack of the ipso-position to the chloro-iminium moiety. 

We believed that a more likely mechanism involves the electrophilic attack of the chloro-

iminium moiety to form a spiro Wheland-type intermediate (Scheme 48). 

 

Scheme 48: Proposed mechanism for the reaction of vinamidinium with MesNH2 

In the case of 2,6-diisopropylaniline (DippNH2), they reported the isolation of the 

desired diimine 61 in 33 % yield. We followed their procedure51 by refluxing the 

dichlorovinamidinium salt 54+ with 2.4 equivalent of DippNH2 in the presence of 3.5 

equivalent of Hünig base (N-ethyl diisopropyl amine) in chloroform. But in these 
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experimental conditions, the desired diimine 61 was formed as a 5 % impurity. We 

could isolate the major product in 65 % yield that was fully characterized. Its 1H NMR 

spectrum featured signals for five aromatic protons at δ = 6 to 8 ppm which were 

reminiscent of quinoline 56. X-ray diffraction study further confirmed the formation of 

the quinoline derivative 62 (Figure 19). We assumed that the reaction proceeds through 

an intramolecular electrophilic aromatic substitution involving the elimination of an 

isopropyl carbocation and the formation of isopropyl chloride.  

 

Figure 19: The reaction mechanism and the crystal structure (twin) for quinoline 

derivative 62 (H-atoms are omitted for clarity) 

S. Aldridge and co-workers proposed an alternative method for the synthesis of diimines 

60 and 61 featuring bulky N-substituents (Scheme 49). They reported that the reaction 

of lithiated 2-(methyl)vinamidines 63 with 2-(chloro)vinamidines 64 afforded the 

desired diimines in 35-66 % yield. However, we found that the preparation of 

precursors 63 and 64 was too inefficient (10-15 % yields) and irrelevant for the 

synthesis of diimines on a gram-scale.  
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Scheme 49: Alternative method for the synthesis of diimines  

 

III.5 Synthesis and study of an electron-enriched bis-imine ketone 

The designed diimine 55 was oxidized with m-CPBA in dichloromethane at room 

temperature according to our methodology (see chapter II). The previously unknown 

bis-imine ketone ligand 65 was isolated in 86 % yield. 

 

Scheme 50: m-CPBA oxidation of vinamidine 65 

The oxidized product 65 was fully characterized. The presence of the ketone moiety was 

evidenced by a characteristic peak at δ = 191.0 ppm in 13C NMR as well as a band at ν = 

1704 cm-1 in IR spectroscopy. The structure was further ascertained by X-ray diffraction 

experiment (Figure 20).  

 

Figure 20: Crystal structure of ligand 65 (H-atoms are hidden for clarity) 
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The reduction of 65 was studied by cyclic voltammetry.  When the experiment was 

performed at the scan rate of 100 mV.s-1, an irreversible wave was observed. 

Electrochemical reversibility was ultimately achieved at 10,000 mV.s-1 scan rate (E1/2 = -

1.7 V). These experiments indicated the formation of the ketyl radical anion 65.- which 

undergoes a fast chemical transformation (Figure 21). 

 

Figure 21: Cyclic voltammogram of ligand 65 in 0.1 M solution of TBAPF6 in 

acetonitrile with a scan rate of 10,000 mV.s-1 

We attempted several coordination reactions of diimine 65 with transition metal 

precursors. Complex reaction mixtures were obtained with (DME)NiBr2, ZnCl2 or 

K2[PtCl4]. Despite all our efforts, no well-defined compound could be separated by 

crystallization. 

Ligand 65 partially reacted with Zn(BF4)2.xH2O and Cu(OTf)2.toluene metal salts. 

However, besides the free ligand, the main reaction product turned out to be an amidine 

66 which was fully characterized, including X-ray analysis (Scheme 51). Amidine 66 is 

likely the result of a metal-promoted hydrolysis.  

 

Scheme 51: Formation of the hydration product 66 

-2.5 -2 -1.5 -1 -0.5 0

E vs Fc+/Fc (V)
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Eventually, ligand 65 was reacted with one equivalent of diethylzinc (ZnEt2) in 

dichloromethane at room temperature (Figure 22). Note that a gentle gas evolution was 

observed during the reaction. The crude solid was washed with pentane and crystals 

(15-20 % yield) were formed at -20°C by the layering of pentane over concentrated 

dichloromethane solution. X-ray analysis revealed that the resulting Zn-complex 67 

consists of a zinc(II) chloride center which is O-coordinated by three (NNO)EtZn(II) 

units where (NNO) is a L2X scorpionate (diimine)(alkoxy) ligand  (Figure 22). IR (no νCO, 

only νCN = 1559 cm-1) and 13C NMR (δCN = 157.1, δCo = 78.2 ppm) spectroscopy were also 

in line with the formation of the R-CH-O moiety in the complex. 

 

 

Figure 22: Synthesis and X-ray structure of complex 67 (H-atoms & counter-anions 

are omitted for clarity) 

During this reaction, ligand 65 underwent a formal reduction. We proposed that ligand 

65 first reacts with ZnEt2 to afford complex 68, then two possible processes could 

account for the formation of complex 67:  
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(i) a reductive elimination of the ethyl groups to form butane gas and a complex that can 

be  seen as Zn(0)-65 or Zn(II)-652- due to the redox non-innocent behavior of the ligand. 

In that case, the formation of 67 would be the result of further protonation by an 

external source, possibly dichloromethane which can also be the source for the chloride 

anions (Scheme 52). 

(ii) a β-hydride elimination of the ethyl group with the formation of ethylene. In that 

case, the reduction of the keto moiety is simply the result of a hydride migration with no 

need for an external source of protons. However, it does not account for the formation of 

the chloride anion.  

 

Scheme 52 : Proposed mechanisms for the formation of complex 67 

Such β-H elimination in zinc(II) compounds may have important implications in group 

transfer reactions in synthetic chemistry or for the understanding of Zn-based 

metalloenzymes.52 Indeed, it is not a very common pathway for organozinc compounds 

and can only be observed under extreme conditions53 either by thermal treatment or IR 

laser pyrolysis at 600-650°C. Note that there are scarce reports of hydride reduction of 

electron-poor tri(fluoro)methyl ketones by ZnEt254 which could be related to the 

formation of complex 67. 
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III.6 Conclusion 

 

The formation of the desired electron-rich diimine 55 was performed by delaying the 

addition of triethylamine to the reaction mixture of aniline and vinamidinium 54+. On 

the other hand, the addition of aniline to vinamidinium 54+ in the presence of base 

formed the quinoline 56, regardless of stoichiometry. It is possible to rationalize the 

experimental results with a simple qualitative consideration of intermediates 57 and 

57.H+. Indeed, 57.H+ bears both, a less electrophilic iminium and a more nucleophilic 

aryl center than in the case of intermediate 57. DFT calculations are in line with 

experimental results, providing solvent effects are taken into account. Among the 

various transition states for the cyclisation process, only TS‡cis derived from 57 allows 

for a fast intramolecular reaction at room temperature. The synthesis of diimine 55 

cannot be extended towards bulkier anilines. The electron-enriched bis-imine ketone 

ligand 65 was formed by the m-CPBA oxidation of diimine 55. The reaction of ligand 65 

with diethylzinc afforded complex 67. This reaction implies an unusual reductive 

process (either a reductive elimination or a β-hydride elimination from ethyl group) 

promoted by the ligand 65.  
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III.7 Experimental 

General considerations: 1,3-dichlorovinamidinium salt 54+ was prepared according to 

literature procedures.48 All the solvents and commercially available amines were freshly 

distilled before use and the reactions were performed under an inert atmosphere. Other 

commercial chemicals were used without further purifications. 

DFT calculations were carried at the B3LYP/6-311g(d,p) level of theory using the 

program package Gaussian09.50 Optimized structures were identified as energy minima 

by calculating the vibrational frequencies. E is the absolute electronic energy with zero 

point energy correction; H and G are the sum of electronic (in hartrees). Transition 

states were examined by vibrational analysis and then submitted to intrinsic reaction 

coordinate calculations. 

Melting points: A Büchi B-545 melting point apparatus system was used to determine 

mp. 

High Resolution Mass Spectrometry: HRMS were carried by electrospray ionization 

method on Brüker Esquire 3000 or a Thermo Scientific LTQ Orbitrap XL. 

Infra-Red: IR spectra were measured on a Thermo Scientific Nicolet iS10 FT-IR ATR 

spectrometer. 

Nuclear Magnetic Resonance: 1H NMR (at 300, 400 or 500 MHz) and 13C NMR (at 75, 

100 or 125 MHz) spectra were performed on the NMR-ICMG platform of Grenoble with 

Bruker Avance 300, 400 and 500 spectrometers at 298 K and reported in parts per 

million (ppm) relative to TMS. NMR multiplicities are abbreviated as follows: s = singlet, 

d = doublet, t = triplet, sept = septuplet, m = multiplet, br = broad signal.  

Crystallographic studies were performed on the RX-ICMG platform of Grenoble with a 

Bruker AXF-APEXII X-ray diffraction instrument (with Mo/Kα-radiation).  

Electrochemical measurement of ligand 65: It was carried out using a Bio-logic SP-

300 potentiostat. Cyclic voltammetry experiment was performed in 0.1 M TBAPF6 + 

CH3CN at a scan rate of 10,000 mV.s-1 with a vitreous carbon disk (3 mm in diameter) as 

a working electrode, Ag/0.01 M AgNO3 as a reference electrode and a platinum wire as 

an auxiliary electrode. All reduction potentials are reported with respect to the E1/2 of 

the Fc/Fc+ redox couple. 
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55: Aniline (6.63 g, 0.071 mol) was added in once to a solution of vinamidinium salt 

54.PF6 (3.85 g, 0.011 mol) in CH2Cl2 (5 mL) at 0°C. After 10 minutes, a white suspension 

was observed and then NEt3 (6.90 g, 0.068 mol) was added drop wise. After 30 minutes 

of stirring, volatiles were evaporated under vacuum. The resulting residue was 

triturated and washed twice with Et2O and then dissolved in CH2Cl2. The organic 

solution was washed three times with 1 M aqueous solution of K2CO3, once with water 

and dried over Na2SO4. Evaporation under vacuum yielded a sticky oil. Addition of few 

drops of cyclohexane initiated the crystallization whereby crystals were isolated as 

colorless needles (2.37 g, 68 % yield). Single crystals suitable for X-ray diffraction 

analysis were obtained by recrystallization in cyclohexane at room temperature.  

mp: 135°C.  

HRMS: m/z calcd for [C19H25N4]+, 309.2079; found, 309.2083.  

1H NMR (400 MHz, CDCl3) δ: 7.35 (t, J= 8 Hz, 4H), 7.06 (t, J = 8 Hz, 2H), 6.73 (d, J = 8 Hz, 

4H), 3.54 (s, 2H), 3.00 (s, 12H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 155.7, 150.8, 129.0 (CH), 122.7 (CH), 121.9 (CH), 38.6 

(CH3), 29.4 (br, CH2) ppm. 

Crystallographic data: 
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Formula: C19 H24 N4  

Space Group: R -3  

Cell lengths (Å): a = 16.0329(19); b = 16.0329(19); c = 16.0329(19) 

Cell Angles (°): α = 113.029(17); β = 113.029(17); ϒ = 113.029(17) 

Cell Volume: 2674.61 

R-Factor (%): 4.01 

Bond length                                                                       Selected Angle 

C7H7B 0.990                                                                     C7C8N1 124.1(1)              

C7C8 1.527(2)                                                                   C1N4C8 117.9(2) 

C8N1 1.290(1)                                                                   N4C8N1 117.5(1) 

N1C5 1.405(2)                                                                   C8N1C5 123.3(1)         

C9C5 1.396(3)                                                                   N1C5C9 121.9(1) 

C12C9 1.387(2)                                                                 C10C5C9 118.5(2) 

C9H9 0.950                                                                        C1N4C14 116.4(2)           

C8N4 1.363(2)                                                                   C8C7C6 118.3(1)  

N4C1 1.456(3)                                                                   C7H7AH7B 36.48  

C1H1A 0.980                                                                      H7AC7C8 107.7 

N4C1 1.456(3) 

 

 



 

71 
 

 

56: Under air, aniline (0.66 g, 7 mmol) was added drop wise to a solution of 

vinamidinium 54.PF6 (1.0 g, 3 mmol) and NEt3 (1.20 g, 12 mmol) in CH2Cl2 (20 mL). 

After two hours of stirring, the resulting mixture was washed once with aqueous 

NaHCO3, once with water and dried over Na2SO4. After evaporation under vacuum, 

purification by flash column chromatography (silica, eluent: CH2Cl2, then ethyl acetate) 

yielded a colorless oil. (Yield = 265 mg, 42 %).  

HRMS: m/z calcd for [C13H18N3]+, 216.1501; found, 216.1504.  

1H NMR (500 MHz, CDCl3) δ: 7.86 (d, J = 8 Hz, 1H), 7.69 (d, J = 8 Hz, 1H), 7.47 (t, J = 8 Hz, 

1H), 7.15 (t, J = 8 Hz, 1H), 6.26 (s, 1H), 3.21 (s, 6H), 2.96 (s, 6H) ppm.  

13C NMR (125 MHz, CDCl3) δ: 158.4, 128.8 (CH), 126.8 (CH), 124.0 (CH), 120.2 (CH), 

118.1, 94.9 (CH), 43.7 (CH3), 37.9 (CH3) ppm. 
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62: To a solution of vinamidinium salt 54.PF6 (0.5 g, 1.47 mmol) in CHCl3, 2,6-

diisopropylaniline (0.61 g, 3.45 mmol, 2.4 eq) and N-ethyl diisopropyl amine (0.67 g, 

5.17 mmol, 3.5 eq) were added. The reaction mixture was then refluxed overnight at 

70°C. After cooling to room temperature, saturated KOH solution was added at 0°C until 

the pH reached 10, followed by water. The aqueous layer was washed twice with CHCl3 

and the organic layers were combined and washed with brine (NaCl) and dried over 

MgSO4. The resulting solution was filtered and after evaporation, the obtained residue 

was purified by flash chromatography (eluent: DCM/MeOH/NEt3 = 97/2/1) on silica gel 

yielded a reddish-oily product (231 mg, 61 % yield). The compound was recrystallized 

at -20 °C from a saturated pentane solution. Single crystals suitable for X-ray diffraction 

analysis were obtained from a saturated pentane solution at room temperature.  

mp: 65.1°C.  

HRMS (ESI): m/z calcd for [C16H24N3]+, 258.1970; found 258.1969.  

1H NMR (500 MHz, CDCl3) δ: 7.73 (d, J = 8 Hz, 1H), 7.39 (d, J = 8 Hz, 1H), 7.12 (t, J = 8 Hz, 

1H), 6.29 (s, 1H), 4.15 (sept, J = 7 Hz, 1H), 3.21 (s, 6H), 2.94 (s, 6H), 1.36 (d, J= 7 Hz, 6H) 

ppm.  

13C NMR (125 MHz, CDCl3) δ: 159.3, 157.4, 147.1, 144.7, 124.7 (CH), 121.7 (CH), 120.3 

(CH), 118.3, 95.1 (CH), 44.3 (CH3), 38.2 (CH3), 28.0 (CH), 23.2 (CH3) ppm. 

Crystallographic data (twin structure): 
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Formula: C16 H23 N3  

Space Group: P -1  

Cell lengths (Å): a = 8.3549(10); b = 11.8139(12); c = 15.0527(17) 

Cell Angles (°): α = 105.598(9); β = 93.257(9); ϒ = 90.138(9) 

Cell Volume: 1428.49 

R-Factor (%): 8.28 

Bond length                                                                          Selected Angle 

C3N3 1.405(7)         C3C2 1.351(6)                               C8C14C15 114.2(4)                     

N3C12 1.450(6)       C2C1 1.450(7)                               C16C14C15 109.5(4) 

C1N2 1.361(6)         C2H2 0.930                                     C8C9N1 117.6(4) 

C9N1 1.359(5)         C11H11C 0.960                             C9N1C1 119.0(4) 

C4C9 1.427(7)          C13H13B 0.960                             C1C2C3 119.2(4)   

C1N1 1.318(5)         C4C3 1.430(6)                                N1C1N2 118.1(4)             

C8C14 1.524(7)       C14H14 0.980                                C11N2C10 115.7(4)  

N2C11 1.436(6)       C6H6 0.930                                    C11N2C1 123.7(4) 

C14C15 1.531(6)                                                                C3N3C12 117.7(4) 

C9C8 1.430(6)                                                                     C12N3C13 111.1(4) 

C4C5 1.407(6)                                                                     C9C4C5 118.4(4) 

C5C6 1.364(7)                                                                     C9C8C7 118.6(4) 

C6C7 1.397(8)                                                                     C5C6C7 119.4(5)             

C7C8 1.372(6)                                                                     C4C3N3 118.5(4)    

C16H16B 0.960                                                                   C9C8C14 118.4(4) 
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65: m-CPBA [60 wt% with H2O] (7.46 g, 25.94 mmol) was dissolved in CH2Cl2 (40 mL), 

dried over Na2SO4, 20 mL of this solution was added into a solution of 1,3-diimine 55 

(2.0 g, 6.48 mmol) in CH2Cl2 (30 mL). The reaction mixture was stirred for one hour. The 

mixture was washed three times with saturated aqueous solution of NaHCO3, once with 

water, dried over Na2SO4, filtered & concentrated in vacuo to give the solid product (1.8 

g, 86 % yield). Single crystals suitable for X-ray diffraction analysis were obtained by 

crystallization in cyclohexane at room temperature.  

mp: 111.2°C.  

HRMS: m/z calcd for C19H23O1N4 (M+H+), 323.1872; found, 323.1881.  

IR (ATR): ν = 1704 cm-1 (C=O).  

1H NMR (300 MHz, CDCl3) δ: 7.23 (t, J = 8 Hz, 4H), 6.95 (t, J = 8 Hz, 2H), 6.8 (d, J = 8 Hz, 

4H), 2.59 (br s, 12H) ppm. 

13C NMR (75 MHz, CDCl3) δ: 191.2, 148.7, 129.1, 128.6 (CH), 122.6 (CH), 122.2 (br, CH), 

38.7 (br, CH3) ppm. 

Crystallographic data: 
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Formula: C19 H22 N4 O  

Space Group: P n a 21  

Cell lengths (Å): a = 12.168(2); b = 21.152(4); c = 6.9588(14) 

Cell Angles (°): α = 90.00; β = 90.00; ϒ = 90.00 

Cell Volume: 1791.04 

R-Factor (%): 4.52 

Bond length                                                                       Selected Angle 

C6O1 1.203(2)                                                                  C3C6C8 115.9(1) 

C6C3 1.515(2)                                                                   O1C6C3 123.5(1) 

C3N4 1.347(2)                                                                  N4C3N2 132.1(1) 

N4C6AA 1.459(3)                                                             C3N2C5 126.4(1)  

C3N2 1.283(2)                                                                  C6AAN4C1AA 114.3(2) 

N2C5 1.409(2)                                                                  N2C5C10 119.2(1)    

C5C12 1.391(2)                                                                C12C5C10 119.2(1)     

C12C9 1.382(2)                                                                C5C10C1 119.9(2) 

C9H9 0.951                                                                        C1AAN4C3 122.3(1)             

C9H9 0.951                                                                        N2C3C6 108.5(1) 

C12H12 0.950                                                                   H6ACC6AAN4 109.5 

C6AAH6AB 0.980                                                             H6AAC6AAH6AB 109.5 

                                                                                               H1C1C13 119.7   
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66: To the solution of ligand 65 (0.212 g, 0.658 mmol) in MeOH (8 mL), a solution of zinc 

fluoroborate (0.075 g, 0.314 mmol) in MeOH (7 mL) was added and the reaction mixture 

was stirred for 18 hours at 30°C. The solvent was evaporated and the residue was 

crystallized by layering ether over a CH2Cl2 solution at -20°C. 

1H NMR (400 MHz, CDCl3) δ: 7.30 (d, J = 6 Hz, 8H), 7.04 (d, J = 6 Hz, 2H), 6.88 (s, 5H), 

3.59 (s, 2H), 3.06 (s, 6H), 2.64 (br s, 12H) ppm. 

13C NMR (100 MHz, CDCl3) δ: 190.8, 152.7, 149.8, 148.5, 129.7 (CH), 128.6 (CH), 122.6 

(CH), 121.7 (CH), 51.8 (CH), 38.6 (br, CH3), 37.1 (br, CH3) ppm. 

Crystallographic data: 

 

Formula: C9 H13 N2   

Space Group: P 21/c  

Cell lengths (Å): a = 6.7152(8); b = 15.0642(17); c = 11.3605(14) 

Cell Angles (°): α = 90; β = 105.270(11); ϒ = 90 

Cell Volume: 1108.65 

R-Factor (%): 7.63 
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Bond length                                                                        Selected Angle 

C1N1 1.445(4)                                                                   N1C7N2 123.8(4) 

N1C7 1.296(5)                                                                   C8N2C9 117.1(3) 

C7N2 1.323(4)                                                                   C7N1C1 123.8(3) 

N2C8 1.439(5)                                                                   N1C1C6 123.1(3) 

C1C6 1.383(5)                                                                    C1C6C5 119.2(4) 

C6C5 1.407(5)                                                                    H8CC8H8B 128(4) 

C8H8B 1.02(5) 

C7H7 1.00(3) 

C6H6 0.92(5) 

C5H5 1.04(4) 

N1H1 1.06(4) 
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67: To the solution of the ligand 65 (0.5 g, 1.551 mmol) in CH2Cl2 (20 mL), 1 M diethyl 

zinc (1.6 mL, 1.6 mmol) was added and the reaction mixture was stirred for 18 hours. 

The solvent was evaporated and the residue was crystallized by layering pentane over 

minimum CH2Cl2 solution at -20°C. (Yield 15-20 %) 

mp: 146-149°C.  

IR (ATR): ν = 1559 cm-1 (C-O).  

1H NMR (400 MHz, CDCl3) δ: 7.3-6.8 (m, 10H), 3.7 (s, 2H), 2.8 (s, 12H), 1.28 (s, 3H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 157.1, 127.5, 121.5 (CH), 120.3 (CH), 120 (CH), 78.2 (CH), 

40.8 (CH3), 30.7 (CH2), 6.9 (CH3) ppm. 

Crystallographic data: 
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Formula: C63 H84 Cl N12 O3 Zn4  

Space Group: P -1  

Cell lengths (Å): a = 13.603(3); b = 14.637(3); c = 21.903(4) 

Cell Angles (°): α = 70.62(3); β = 76.87(3); ϒ = 63.02(3) 

Cell Volume: 3650.94 

R-Factor (%): 3.74 

Bond length                                                        Selected Angle 

Zn1Cl1 2.2378(9)    C29H29 0.949             Zn1O5Zn4 121.02(9)   C8C11O5 107.4(2) 

Zn1O5 1.937(2)       C23H23B 0.990          Cl1Zn1O5 113.82(6)     N10C10N12 128.3(3)  

O5Zn4 2.032(2)       H59CC59 0.980           Cl1Zn1O6 115.09(6)    Zn4O5C11 99.5(1)        

Zn4C23 1.955(5)     C6H6C 0.980                O4Zn1Cl1 113.69(6)    N10C10C11 118.9(2)     

C23C59 1.462(9)                                              O6Zn1O5 103.18(8)   

Zn4N12 2.089(2)                                              O5Zn4C23 138.3(1) 

N12C35 1.415(3)                                              Zn4C23C59 117.7(4) 

C35C29 1.382(3)                                               O5Zn4N12 78.49(8) 

C29C40 1.383(4)                                               Zn4N12C10 109.2(2)            

N12C10 1.293(3)                                              C20N10C10 121.7(3) 

C10N10 1.340(4)                                              C6N10C20 114.8(3)         

N10C6 1.450(4)                                                N12C35C29 118.5(3) 

C11C10 1.552(3)                                               C52C35C29 118.7(3)    

C11O5 1.391(4)                                                 C23Zn4N12 128.2(2) 

C11H11 1.000                
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IV.1 O-protected ligands 

 

In our group, an alternative synthesis of organic oxyallyl patterns have been developed 

which relies on the use of O-protecting groups. We wondered whether this could be 

applied to metal-based versions (Scheme 53). 

 

Scheme 53: The use of O-protected ligand for designing desired complexes 

As mentioned before, the oxidation of tetrakis(di-methylamino) vinamidinium using m-

CPBA as an oxidant formed di(amidinium)ketone 32+ that can be written in different 

redox forms in order to obtain the oxyallyl structure 3 (Scheme 54). These redox forms 

can also be accessible by using O-protected vinamidiniums (unpublished results). 

For instance, di(amidinium)ketone 32+ was obtained by the deprotection of methyl 

group on vinamidium 69 using boron bromide etherate complex (BBr3.Et2O). However, 

the last step was performed in poor yields.  

Alternatively, vinamidinium 70 that feature a benzoyl O-protecting group was also 

synthesized. Dimethyltrimethylsilylamine (NMe2SiMe3) was used for the deprotection 

process followed by the acidic treatment. Not only 3H+, the protonated form of oxyallyl 

3, was isolated in good yield (62%) but this method could be applied to a variety of 

novel organic oxyallyl derivatives (PhD thesis of V. Regnier, unpublished results).  

Therefore, we considered the synthesis of ligands with benzoyl O-protecting groups.  
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Scheme 54: Examples of O-protected vinamidiniums 

IV.1.1 Preparation of O-protected ligands: preliminary considerations  

The synthesis of O-protected ligands can be done following two different approaches: 

(i) from O-protected 1,3-dichlorovinamidium salts  

O-protected 1,3-dichlorovinamidinium salts can be synthesized according to previously 

described reaction55 between phosgene iminium chloride and an acetamide (Scheme 

55). In principle, these dichlorovinamidinium salts can be further treated with amines to 

give rise to O-protected vinamidiniums or vinamidines. 

 

Scheme 55: Synthesis of O-protected vinamidiniums or vinamidines 
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We synthesized dichlorovinamidinium salt 72 with O-acetyl group in 43 % yield by the 

reaction of acetamide derivative 71 with phosgene iminium chloride. However, the 

addition of excess aniline in the presence of NEt3 to vinamidinium 72 did not lead to the 

expected vinamidine but to benzimidate 74 which was fully characterized. This reaction 

likely goes through the transient formation of dicationic 1,3-dioxolium 73 followed by 

aminolysis with aniline. A parallel work of Marc Devillard (post doc) who synthesized a 

range of dioxolium salts featuring an ancillary vinamidinium pattern, is in line with this 

hypothesis.56   

 

Scheme 56: Synthesis of benzimidate 74  

 

(ii)  from direct oxidation of vinamidines with benzoyl peroxide (BPO) 

This method is similar to the method of direct oxidation using m-CPBA but instead of 

using m-CPBA, BPO was used as an oxidizing agent.  

The synthesis to obtain O-protected Zn(II) complex 77 was already done by the Martin 

group (Scheme 57). The first step was the oxidation of vinamidine 75 with BPO to 

produce free O-protected vinamidine 76 that was treated with ZnEt2 to undergo metal 

complexation to form O-protected complex 77. The complex could also be prepared by 

reversing the order of reaction. Vinamidine 75 could be treated with ZnEt2 first to form 

the corresponding complex followed by the oxidation with BPO to obtain O-protected 

complex 77.  
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Scheme 57: Example of an O-protected ligand and the corresponding Zn(II) 

complex  

IV.1.2 Bis(oxazoline)-based model 

We chose to illustrate route (ii) further by synthesizing O-protected bis(oxazoline)-

based ligands and their metal complexes. Bis-oxazolines (BOXs) have been considered as 

“privileged ligands”57 due to their ability to quickly emerge as high-performance ligand 

platform that are used in many catalyzed stereo-controlled reactions58 and have 

enormous use in catalysis. The metal complexes of bis-oxazolines have been used to 

prepare chiral Lewis acids where the role of the metal is to activate electrophiles in free 

coordination sites in order to attack nucleophiles or the enolate part.59 Structures of bis-

oxazolines with R’ = R’’ = H are related to vinamidines and are precursors for the 

corresponding bidentate β-diketiminate (NacNac) ligands (Figure 23).60 

 

Figure 23: General structure of bis-oxazolines and vinamidines 
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We first synthesized bishydroxy malonamide 78 by the reaction of diethyl malonate 

with 2 equivalents of 2-amino-2-methyl-1-propanol in the presence of NaH at 160°C. 

After the removal of ethanol in vacuo, the solid product 78 was recovered and used 

further without purification (99 % yield).  

A solution of diamide 78 in dichloromethane was then treated with 2.5 equivalents of 

methanesulfonyl chloride at 0°C in the presence of 5 equivalents of triethylamine. After 

washing it with a saturated solution of ammonium chloride, the solvent was removed. 

The resulting crude mesylate was refluxed with 5 equivalents of sodium hydroxide in 

methanol/water mixture. The final product 79 was purified by bulb to bulb vacuum 

distillation and was isolated in 65 % yield (Scheme 58).61 

 

Scheme 58: Synthesis of the selected bis-oxazoline 79 

The oxidation of bis-oxazoline 79 with m-CPBA did not work out well. 13C NMR and 1H 

NMR indicated the formation of a complex mixture of unknown products and no 

formation of the expected bis-imine ketone structure was observed.  

Therefore, bis-oxazoline 79 was reacted with BPO in the similar conditions. Layering 

pentane over a concentrated solution of the crude material in dichloromethane led to 

the crystallization of minor impurity 80 resulting from the reaction of a second molecule 

of BPO with bis-oxazoline 79. It was fully characterized, including an X-ray analysis (see 

the crystal structure in Figure 24). After flash column chromatography of the remaining 

mother liquor, the desired O-protected preligand 81 was isolated in 75 % yield.  
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Scheme 59: Synthesis of O-protected bis-oxazoline ligand 81 

 

Figure 24: Crystal structure of the impurity 80 

In both products 80 and 81, there is a difference in the oxazoline and methyl hydrogens 

according to 1H NMR (Figure 25). They are magnetically equivalent in 80 whereas they 

become diastereotopic in 81 due to the presence of the prochiral central carbon. 

 

Figure 25: 1H NMR spectra of ligands 80 and 81 
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The treatment of ligand 81 with one equivalent of ZnEt2 afforded ethylzinc(II) complex 

82. The presence of one ethyl group attached to Zn was observed by 1H NMR [CH3 (t, δ = 

1.28 ppm) and CH2 (q, δ = 0.4 ppm)]. The addition of two equivalents of 81 to ZnEt2 

yielded zinc(II) complex 83. The structure of Zn(II) complex 83 was confirmed by X-ray 

diffraction study (Figure 26) and featured the following structural data (IR (ATR): ν = 

1773 (C=O), 1619 (C-O) cm-1; 13C NMR: δCO = 166.9 ppm).  

 

Scheme 60: Synthesis of Zn(II) complexes 82 and 83 

 

 

Figure 26: Crystal structure of Zn(II) complex 83 (H-atoms are omitted for clarity) 

We attempted the deprotection of benzoyl groups in zinc complexes 77 and 83 with N,N 

dimethyltrimethylsilylamine (NMe2SiMe3) and n-butyllithium (n-BuLi). However, no 

reaction was observed according to NMR spectroscopy. The formation of radical was 

also excluded, as the solutions remained EPR-silent. Hence, we could not go further with 

such type of O-protected ligands. 
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IV.2 Perspectives: alternative design for metal-based oxyallyls? 

 

The bis-imine ketone ligands have the ability to coordinate themselves through all the 

coordinating sites present in the structure i.e., one oxygen and two nitrogens. This rich 

coordination chemistry may be at the source of difficulty to isolate well-defined metal 

complexes.  

Therefore, as a perspective for future work, an alternative model for a metal-based 

oxyallyl featuring a bidendate ligand was proposed. The bidentate ligands would 

formally result from the N-alkylation of parented diimine ketones (Scheme 61).  

 

Scheme 61: Alternative redox-active N,O-bidentate ligands and corresponding 

complexes 

These N,O-bidentate ligands are reminiscent of o-aminophenolate ligands62 (previously 

discussed in chapter I) but featuring the capto-dative substitution of oxyallyl patterns 

which is expected to stabilize radical forms. 

 

Scheme 62: Different oxidation states in  o-aminophenolate ligand 
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IV.2.1 Bis(methylbenzimidazolyl)ketone 

We considered a model based on bis(methylbenzimidazolyl)ketone 85. The only 

reported synthesis for this compound involved the inconvenient reaction of N-

methylbenzimidazole with diethyl carbonate under extreme experimental conditions.63 

Therefore, we decided to implement our previous strategy based on m-CPBA oxidation.  

We first synthesized bis(N-methylbenzimidazol-2-yl)methane 84 using a modification of 

the method described by S. Elgafi et al [63]. The mixture of diethyl malonate with two 

equivalents of N-methyl-1,2-phenylenediamine was heated at 185°C for 5 hours in 

presence of NaH. The pure product 84 (mp = 201°C) was simply recovered by washing 

the formed solid with diethylether and drying under vacuum (69 % yield). 

 

Scheme 63: Synthesis of bis(N-methylbenzimidazol-2-yl)methane 84  

Benzimidazole 84 was oxidized with m-CPBA to form ligand 85 in 92 % yield. The 

structure was asserted by IR and 13C NMR spectroscopy (ν = 1658 cm-1 (C=O); δCO = 179 

ppm). 

 

Scheme 64: Synthesis of bis(methylbenzimidazolyl)ketone 85 

The cyclic voltammetry experiment for ligand 85 was performed (Figure 27). It showed 

a reversible reduction first at E1/2 = -1.7 V which is assigned to the formation of the ketyl 

radical anion followed by a further irreversible reduction at Epc = -2.1 V. 
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Figure 27: Cyclic voltammogram of ligand 85 in 0.1 M solution of TBAPF6 in 

acetonitrile with a scan rate of 100 mV.s-1 

IV.2.2 N,O-bidentate ligands 

N,O-bidentate ligand 86 was obtained by the reaction of ligand 85 with one equivalent 

of methyl triflate at room temperature. The product 86 was purified by washing with 

diethylether and was isolated in 76 % yield (Scheme 65). Ligand 86 was fully 

characterized including IR and 13C NMR spectroscopy (86: ν = 1680 cm-1 (C=O); δCO = 

172.7 ppm). 

The same strategy of alkylation was applied to the previously synthesized bis-imine 

ketone ligands. Only, the electron-enriched ligand 65 was able to react with methyl 

triflate to form the corresponding N,O-bidentate ligand 87. Ligand 87 was obtained in 

60 % yield and the structure was confirmed by the characteristic CO signals in IR and 13C 

NMR spectroscopy (87: ν = 1735 cm-1 (C=O); δCO = 180.1 ppm). 

 

Scheme 65: Synthesis of N,O-bidentate ligand 86 and 87 

-2.5 -2 -1.5 -1 -0.5 0

E vs Fc+/Fc (V)
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According to cyclic voltammetry experiments, ligand 86 featured an irreversible 

reduction at Epc1 = -1.1 V. Ligand 87 showed two reductions at E1/2 = -0.9 V (for the 

formation of corresponding radical) and at Epc = -1.3 V. 

 

Figure 28: Cyclic voltammogram of ligands 86 and 87 in 0.1 M solution of TBAPF6 

in acetonitrile with a scan rate of 100 mV.s-1 

 

Prior to the study of the coordination with ligand 85, we synthesized di-cation 882+ 

which can be seen as an organic model for the targeted complexes. We performed the 

di(methylation) of di(imine)ketone 85 using methyl triflate in chloroform at 60°C. The 

corresponding bis(triflate) salt 882+ was isolated in 88 % yield. The structure of 882+ 

was confirmed by X-ray diffraction analysis (Scheme 66). In addition, it featured the 

typical CO signals in IR (ν = 1690 cm-1) and 13C NMR spectroscopy (δ = 166.8 ppm).  

Note that ligand 87 did not react with methyl triflate in similar conditions. 

-3 -2 -1 0

E vs Fc+/Fc (V)

87

86
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Scheme 66: Synthesis, redox transformation and X-ray structure of di-cation 882+ 

(H-atoms & counter-anions are omitted for clarity) 

According to cyclic voltammetry experiments, di-cation 882+ undergoes a first reversible 

reductions at E1/2 = -0.12 V which is attributed to the formation of corresponding radical 

cation 88.+. A second reduction at Epc = -0.9 V to afford the corresponding zwitterionic 

oxyallyl 88 seems to be coupled with a chemical transformation. 

 

Figure 29: Cyclic voltammogram of di-cation 882+ in 0.1 M solution of TBAPF6 in 

acetonitrile with a scan rate of 100 mV.s-1 

-2 -1.5 -1 -0.5 0 0.5 1

E vs Fc+/Fc (V)
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The electrochemical reduction of 882+ was also performed in acetonitrile at E = -0.5 V. 

The stoichiometry (one coulomb per mole of substrate), the observation of a strong EPR 

signal at room temperature and an excellent fit between experimental and theoretical 

hyperfine coupling constants confirmed the formation of persistent 88.+ that finally 

decayed after few hours at room temperature (Figure 30). 

 

Figure 30: X-band EPR spectrum confirming the presence of 88.+. (a) Experimental 

spectra, (b) simulated spectra with a Lorentzian line-broadening parameter of 

0.37 and the following set of hyperfine constants: a(14N) = 3.1 MHz (4 nuclei), 

a(1H) = 6.5 MHz (12 nuclei) and a(1H) = 0.86 MHz (4 nuclei) 

The addition of magnesium turnings to a solution of ligand 86 was accompanied by a 

color change of the solution from yellow to very dark red color. An EPR signal was 

observed at room temperature that indicated the presence of an organic radical moiety. 

Note that 1H NMR and 13C NMR peaks could also be evidenced for a N-CH3 substituent 

and some aromatic positions. 
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Figure 31: 1H NMR, 13C NMR and EPR spectra of 89 

Two reduction processes at E1/2 = -1.1 V and Epc = -1.5 V were observed in the cyclic 

voltammetry experiment of the solution of 89. The reversibility of the first reduction 

suggests that the reaction product 89 contains a coordinated magnesium. Indeed, the 

reduction of free ligand 86 is irreversible and leads to a product which does not undergo 

further reduction.  

 

Figure 32:  Cyclic voltammogram of product 89 in 0.1 M solution of TBAPF6 in 

acetonitrile with a scan rate of 100 mV.s-1 

-2.00 -1.50 -1.00 -0.50 0.00

E vs Fc+/Fc (V)
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Scheme 67: Possible structure for 89 
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IV.3 Conclusion  

 

The preparation of O-protected ligands was described by two methods: (i) from O-

protected 1,3-dichlorovinamidium salts and (ii)  from direct oxidation of vinamidines 

with benzoyl peroxide (BPO). The oxidation of free bis-oxazoline 79 using BPO gave rise 

to the formation of new O-protected ligand that further used for the formation of O-

protected Zn(II) complexes. The deprotection of the benzoyl groups failed using 

NMe2SiMe3 and n-BuLi. 

The oxidation of benzimidazole precursor was done successfully using m-CPBA to form 

bis(2-benzooxazolyl)ketone ligand 85. The formation of two different N,O-bidentate 

ligands 86 and 87 was achieved by methylation and preliminary results suggested the 

formation of Mg(II) complex 89 with ligand 86. The organic version of complex 

compounds of ligand 85 in the form of di-cation 882+ was formed and fully 

characterized. 
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IV.4 Experimental 

General considerations: All the reactions were performed under an inert atmosphere. 

The solvents were freshly distilled before use. Dichloromethane, chloroform and 

acetonitrile were distilled over CaH2 whereas diethyl ether was distilled by 

sodium/benzophenone. Reagent methyl trifluoromethanesulfonate was freshly dried 

before experiments. Other chemicals were purchased from Alfa Aesar and Sigma-Aldrich 

(now Merck) and were used without purifications. 

Electron Paramagnetic Resonance: Isotropic EPR spectra were obtained at room 

temperature on a X-band Brüker EMX Plus spectrometer. 

High Resolution Mass Spectrometry: HRMS spectra were obtained by electrospray 

ionization method on Brüker Esquire 3000 or a Thermo Scientific LTQ Orbitrap XL. 

Melting points (mp) were recorded with a Büchi B-545 melting point apparatus system. 

Infra-Red (IR) spectra were measured on a Thermo Scientific Nicolet iS10 FT-IR ATR 

spectrometer. 

Nuclear Magnetic Resonance: NMR spectra were done on the NMR-ICMG platform of 

Grenoble with Bruker Avance 300, 400 and 500 MHz spectrometers at 298 K. 1H NMR 

and 13C NMR chemical shifts (δ) are reported in parts per million (ppm) relative to TMS. 

NMR multiplicities are abbreviated as follows: s = singlet, d = doublet, t = triplet, q = 

quadruplet, br = broad signal, m = multiplet. 

Electrochemical measurements were conducted in a standard one-compartment and 

three electrode electrochemical cell with a Bio-logic SP300 potentiostat. Cyclic 

voltammetry experiments were performed in 0.1M TBAPF6 + CH3CN at a scan rate of 

100 mV.s-1 with a carbon disk of 3 mm in diameter as a working electrode, Ag/0.01 M 

AgNO3 as a reference electrode and a platinum wire as an auxiliary electrode. Ferrocene 

was used as standard, and all reduction potentials are reported with respect to the E1/2 

of the Fc/Fc+ redox couple. 

Crystallographic studies were performed on the RX-ICMG platform of Grenoble with a 

Bruker AXF-APEXII X-ray diffraction instrument (with Mo/Kα-radiation). 



 

100 
 

 

Benzoyl peroxide [BPO-70%] (1.81 g, 5.231 mmol) was dissolved in CH2Cl2 (20 mL), 

dried over Na2SO4 of which 10 mL solution was added into the solution of bis-oxazoline 

79 (0.5 g, 2.378 mmol) in CH2Cl2 (5 mL). The reaction mixture was stirred overnight. 

The mixture was washed three times with saturated aqueous solution of NaHCO3, once 

with water, dried over Na2SO4, filtered and concentrated in vacuo to get the solid 

product.  

80: It was crystallized by layering pentane over CH2Cl2 solution of solid product at 0°C.  

1H NMR (300 MHz, CDCl3) δ: 8.15 (d, J = 8 Hz, 4H), 7.57 (t, J = 8 Hz, 2H), 7.42 (t, J = 8 Hz, 

4H), 4.17 (s, 4H), 1.33 (s, 12H) ppm. 

Crystallographic data:  

 

Formula: C25H26N2O6 

Space Group: C 2/c  

Cell lengths (Å): a = 20.008(4); b = 7.8835(16); c = 15.899(3) 

Cell Angles (°): α = 90; β = 107.36(3); ϒ = 90 

Cell Volume: 2393.57 
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R-Factor (%): 9.99 

Bond length                                                             Selected Angle 

C4C1 1.520              C7N1 1.502(5)                   O2C1C4 113.1        H13AC13H13B 109.5                  

C1O2 1.356(5)        C3C6 1.384(5)                    C1C4C1 106.8        H12AC12H12B 108.6 

O2C12 1.449(5)     C6C8 1.380(6)                    O1C4O1 112.3 

C12C7 1.526(6)     C12H12A 0.970                  O2C1N1 120.6(3) 

C7C13 1.504(8)     C11H11A 0.960                  C7N1C1 106.3(3) 

C1N1 1.251(5)                                                        C12O2C1 104.0(3) 

C4O1 1.412                                                              C13C7C12 111.9(4) 

O1C2 1.354(4)                                                        O1C2O3 122.7(3) 

C2O3 1.203(4)                                                        C2O1C4 118.7 

C2C3 1.481(5)                                                        C2C3C6 118.1(3) 

 

 

81: It was obtained by flash column chromatography of the remaining mother liquor 

after crystallization (eluent: CH2Cl2) (yield = 0.589 g, 75 %).  

mp: 100.2°C.  

HRMS: m/z calcd for [C18H23O4N2]+, 331.1652; found, 331.1650.  

1H NMR (400 MHz, CDCl3) δ: 8.12 (d, J = 8 Hz, 2H), 7.57 (t, J = 8 Hz, 1H), 7.44 (t, J = 8 Hz, 

2H), 6.15 (s, 1H), 4.06 (d, J = 8 Hz, 2H), 4.01 (d, J = 8 Hz, 2H), 1.31 (s, 6H), 1.28 (s, 6H) 

ppm.  

13C NMR (100 MHz, CDCl3) δ: 164.9, 159.2, 133.5 (CH), 130.2 (CH), 128.9, 128.4 (CH), 

79.8 (CH2), 67.8, 65.1 (CH), 28 (CH3) ppm. 
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82: 1M diethylzinc (0.35 mL, 0.35 mmol) was added drop wise to the solution of O-

protected ligand 81 (0.103 g, 0.313 mmol) in Et2O (20 mL) and the mixture was stirred 

for 18 hours. The solvent was evaporated and washed with ether to obtain the dried 

white powder. (Yield = 0.062 g, 47 %) 

1H NMR (300 MHz, CDCl3) δ: 8.17 (d, J = 8 Hz, 2H), 7.56 (t, J = 8 Hz, 1H), 7.44 (t, J = 8 Hz, 

2H), 4.02 (s, 4H), 1.40 (s, 12H), 1.28 (t, J = 8 Hz, 3H), 0.39 (q, J = 8 Hz, 2H) ppm. 
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83: To the solution of ligand 81 (0.2 g, 0.605 mmol) in Et2O (12 mL), 1M diethyl zinc (0.3 

mL, 0.3 mmol) was added drop wise and the mixture was stirred for 18 hours. The 

solvent was evaporated to obtain the dried product which was further crystallized by 

layering ether over CH2Cl2 solution. Yield = 0.136 g, 31 %.  

mp: 263.3°C.  

HRMS: m/z calcd for C36H43O8N4Zn (M+H+), 723.2367; found, 723.2369.  

IR (ATR): ν = 1773 (C=O), 1619 (C-O) cm-1.  

1H NMR (500 MHz, CDCl3) δ: 8.18 (d, J = 7 Hz, 4H), 7.55 (t, J = 7 Hz, 2H), 7.44 (t, J = 7 Hz, 

4H), 3.93 (s, 8H), 1.42 (s, 24H) ppm.  

13C NMR (125 MHz, CDCl3) δ: 167, 165.5, 133 (CH), 130.3 (CH), 128.4 (CH), 93.3, 79.6 

(CH2), 66, 28.2 (CH3) ppm. 

Crystallographic data: 
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Formula: C36H42N4 O8Zn 

Space Group: P 21/n 

Cell lengths (Å): a = 9.1888(18); b = 25.889(5); c = 16.153(3) 

Cell Angles (°): α = 90; β = 91.33(3); ϒ = 90 

Cell Volume: 3841.58 

R-Factor (%): 3.21 

Bond length                                                                                  Selected Angle 

Zn1N3 1.980(2)         C19C8 1.530(3)                                  N3Zn1N2 94.70(6) 

Zn1N2 2.017(2)         Zn1N1 1.983(1)                                  N1Zn1N4 93.91(6) 

N3C2 1.318(2)           Zn1N4 2.023(2)                                  O5C6O3 123.7(2) 

C2C5 1.390(3)           C34H34 0.949                                     C6O3C5 115.0(1) 

C5O3 1.420(2)                                                                           C2O9C19 105.9(1) 

O3C6 1.357(2)                                                                           C18C8C30 110.7(2) 

C6O5 1.200(2)                                                                           C2N3Zn1 120.2(1) 

C2O9 1.360(2)                                                                           C2C5C7 124.6(2) 

O9C19 1.453(2)                                                                        O5C6C13 124.3(2) 

N3C8 1.487(2)                                                                          C22C13C34 119.7(2) 

C8C30 1.519(3)                                                                        C19C8N3 100.9(1) 

C6C13 1.488(3)                                                                        H19AC19H19B 109.0 

C13C34 1.380(3)                                                                         

C30H30A 0.980 

C19H19A 0.990 
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84: Diethyl malonate (2.532 g, 15.808 mmol) was mixed with N-methyl-1,2-

phenylenediamine (3.948 g, 32.316 mmol) and NaH (0.008 g, 0.333 mmol). The mixture 

was heated at 185°C for 5 hours with the distillation set-up (as the reaction will release 

ethanol and water). After cooling to room temperature, pure product 84 was simply 

recovered by washing several times with diethylether and drying under vacuum (3 g, 69 

% yield). 

mp: 201.3 °C.  

1H NMR (400 MHz, CDCl3) δ: 7.73-7.71 (m, J = 2H), 7.24-7.23 (m, 6H), 4.61 (s, 2H), 3.84 

(s, 6H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 149.2, 142.4, 136.2, 122.7 (CH), 122.2 (CH), 119.5 (CH), 

109.4 (CH), 30.5 (CH2), 28.6 (CH3) ppm. 
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85: m-CPBA-60% (3.13 g, 10.88 mmol) was dissolved in CH2Cl2 (45 mL), dried over 

Na2SO4 of which 30 mL solution was added into the solution of 1,1-bis(1-

methylbenzoimidazol)methane (1.0 g, 3.62  mmol) in CH2Cl2 (15 mL). The reaction 

mixture was stirred for 3 hours and washed 3 times with saturated aqueous solution of 

NaHCO3, once with water, dried by Na2SO4, filtered & concentrated in vacuo to get the 

solid product (0.97 g, 92 % yield). The compound was purified by crystallization in 

methanol (0.42 g, 40 % yield).  

mp: 186.9°C.  

HRMS: m/z calcd for [C17H15ON4]+, 291.1240; found, 291.1239.  

IR (ATR): ν = 1658 cm-1 (C=O).  

1H NMR (500 MHz, CDCl3) δ: 7.98 (d, J = 8 Hz, 2H), 7.47-7.46 (m, 4H), 7.38-7.35 (m, 2H), 

4.14 (s, 6H) ppm.  

13C NMR (125 MHz, CDCl3) δ: 179, 146.9, 142.5, 136.9, 126.3 (CH), 123.8 (CH), 123 (CH), 

110.3 (CH), 32.1 (CH3) ppm. 
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86: At room temperature methyl triflate (0.04 mL, 0.353 mmol) was added into the 

solution of ligand 85 (0.1g, 0.344 mmol) in CHCl3 (7 mL). The reaction mixture was 

stirred over weekend. The solution was filtered, residue was dried under vacuum and 

stored as a yellow solid (0.12 g, 76 % yield).  

mp: 201.5°C.  

HRMS: m/z calcd for [C18H17ON4]+, 305.1397; found, 305.1385.  

IR (ATR): ν = 1680 cm-1 (C=O).  

1H NMR (400 MHz, CD3CN) δ: 8.0-7.97 (m, 2H), 7.87-7.84 (m, 2H), 7.79 (t, J = 8 Hz, 2H), 

7.66 (t, J = 8 Hz, 1H), 7.48 (t, J = 8 Hz, 1H), 4.31 (s, 3H), 4.06 (s, 6H) ppm. 

13C NMR (100 MHz, CD3CN) δ: 172.7, 145.5, 145.1, 144.0, 139.1, 132.7, 130 (CH), 129.4 

(CH), 126.4 (CH), 123.4 (CH), 114.8 (CH), 113.1 (CH), 34.9 (CH3), 33.2 (CH3) ppm. 

 

 

 

 

 

 

 

 



 

108 
 

 

87: Methyl triflate (0.4 mL, 3.534 mmol) was added to the solution of the selected ligand 

65 (1 g, 3.102 mmol) in Et2O (50 mL). The reaction mixture was stirred overnight at 

room temperature. The solution was filtered, washed twice with ether and dried under 

vacuum to get the desired solid product (0.9 g, 60 % yield).  

mp: 98.3°C.  

HRMS: m/z calcd for [C20H25ON4]+, 337.2023; found, 337.2017.  

IR (ATR): ν = 1735 cm-1 (C=O).  

1H NMR (400 MHz, CDCl3) δ: 7.47-7.36 (m, 5H), 7.28 (t, J = 7 Hz, 2H), 7.03 (t, J = 7 Hz, 

1H), 6.82 (d, J = 7 Hz, 2H) 3.63 (s, 3H), 3.23 (s, 6H), 2.55 (s, 6H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 180.1, 165, 147.7, 146.3, 140.7, 130.5 (CH), 130 (CH), 

128.8 (CH), 124.2 (CH), 122.3 (CH), 120.8 (CH), 119.2 (CH), 44.3 (CH3), 43.4 (CH3), 42.9 

(CH3), 40.2 (CH3) ppm. 
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882+: Methyl trifluoromethanesulfonate (87 mg, 0.53 mmol) was added dropwise into 

the solution of (benzoimidazol-2-yl)ketone 85 (50 mg, 0.17 mmol) in CHCl3 (5 mL). A 

precipate/solid appeared upon stirring over weekend at 60°C. The supernatant was 

removed by filtration. The resulting residue was washed several times with diethyl 

ether and dried under vacuum (94 mg, 88 % yield). The product was crystallized from a 

concentrated solution of acetonitrile at -20 °C.  

mp: 260-262°C.  

HRMS: m/z calcd for C18H17N4O (M-CH3+), 305.1397; found, 305.1385.  

IR (ATR): ν = 1690 cm-1 (C=O).  

1H NMR (400 MHz, CD3CN) δ: 8.10-8.07 (m, 4H), 7.99-7.97 (m, 4H), 4.16 (s, 12H) ppm.  

13C NMR (100 MHz, CD3CN) δ: 166.8, 139.2, 134.0, 131.7 (CH), 115.7 (CH), 35.7 (CH3) 

ppm. 

Crystallographic data:  
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Formula: C19 H20 N4 O 

Space Group: C 2/c  

Cell lengths (Å): a = 16.142(3); b = 6.5629(13); c = 24.162(5) 

Cell Angles (°): α = 90; β = 101.12(3); ϒ = 90 

Cell Volume: 2511.62 

R-Factor (%): 12.56 

Bond length                                                                                Selected Angle 

C10O5 1.21                                                                                 O5C10C12 120.8 

C10C12 1.477                                                                             N9C12N6 110.6(7) 

C12N6 1.34(1)                                                                            C18N9C12 127.8(7) 

N6C17 1.47(1)                                                                            C12N6C17 127.9(7) 

C12N9 1.335(9)                                                                         C12N6C11 107.2(6) 

N9C18 1.47(1)                                                                            C14N9C12 108.3(6) 

N9C14 1.40(1)                                                                            C16C14C11 124.1(8) 

C14C11 1.39(1)                                                                          C12C10C12 118.3 

C11C13 1.40(1)                                                                          H18BC18H18A 109.5 

C14C16 1.36(1)                                                                          H17CC17H17A 109.4 

C16C20 1.41(1) 

C17H17C 0.959 

C18H18A 0.96 

C16H16 0.929 
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89: Magnesium turnings (0.008 g, 0.329 mmol) were added to the solution of bidentate 

ligand 86 (0.304 g, 0.669 mmol) in CH3CN (15 mL). The solution was stirred over 

weekend at room temperature until all the Mg was dissolved completely that turned the 

solution into dark red color. The solution was filtered and the solvent was evaporated to 

yield dark red solid product (0.124 g, 59 % yield).  

1H NMR (400 MHz, CDCl3) δ: 8.94 (s, 1H), 7.85 (s, 4H), 7.71 (s, 4H), 4.05 (s, 9H) ppm.  

13C NMR (100 MHz, CDCl3) δ: 143, 133, 127.9 (CH), 114.1 (CH), 34.1 (CH3) ppm. 
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The formation of different ligands featuring bis-imine ketone backbone was synthesized 

using m-CPBA as an oxidant (Figure 33). This methodology is simpler, faster and easier 

as compared to Cu-oxidation method of vinamidines. In addition, we were able to study 

structural variation in bis-imine ketone ligands with the introduction of various 

substituents.  

   

 

Figure 33: Ligands formed by m-CPBA oxidation 

 

The investigation of the full reversal of selectivity in the reaction of aniline with 1,3-

dichloro-1,3-bis(dimethylamino)vinamidinium salt was studied by DFT calculations that 

accounted for two different products. The formation of electron-enriched vinamidine 

was successfully obtained by delaying the addition of base (triethylamine).  However, 

the incorporation of bulky aniline derivatives (Dipp, Mes) could not be achieved 

following the similar procedure. 

Benzoyl O-protected ligands and Zn(II) complexes were obtained but deprotection of the 

benzoyl groups could not be done. Two N,O-bidentate ligands were synthesized to avoid 

the possibility of tri-coordination in the metal-oxyallyl complexes.  

The genuine structure of oxyallyl substituted Mg(II) complex 89 is still uncertain. 

Indeed, we have not obtained suitable crystals of this complex for single crystal X-ray 

diffraction analysis. These preliminary results are encouraging for further study of the 

metal-reduction and coordination chemistry of N,O-bidentate ligands. 
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Investigation of the full reversal of selectivity in
the reaction of aniline with 1,3-dichloro-1,3-
bis(dimethylamino)vinamidinium salts†

Monika Tripathi, Vianney Regnier, Christophe Lincheneau and David Martin *

The addition of aniline, even in excess, to a solution of 1,3-dichloro-1,3-bis(dimethylamino)vinamidinium

salt in the presence of triethylamine invariably leads to the formation of 2,4-bis(dimethylamino)quinoline.

Conversely, delaying the addition of the base leads to the formation of 1,3-dimethylamino-N,N0-

diphenylpropane-1,3-diimine, even when only a substoichiometric amount of aniline was used. A DFT

study led to the consideration of factors that accounted for this reversal of reactivity. The role of a

secondary orbital interaction in key transition states, as well as the role of solvent, is discussed.

The chemistry of 1,3-dichloro-vinamidinium salts A (Scheme 1)
was essentially developed in the 1970s. These readily available
compounds1 have allowed the synthesis of some cyanines,
allenes and a variety of heterocycles.2,3 More recently, several
works on electron-rich allenes,4,5 so-called carbodicarbenes,6

have triggered a revival of interest in these versatile synthons.7

In turn, we decided to reinvestigate the reactivity of the long-
known 1,3-dichloro-1,3-bis(dimethylamino)vinamidinium 1+.
In particular, we showed that this compound is not as moisture
sensitive as previously suggested.8 On the contrary, its high
persistence in aqueous solution allows for the metathesis of the
counterion of the salt. We used the resulting (hexafluoro)phos-
phate salt 1�PF6 as the precursor for an isolable pyrimidinium-
2-ylidene.8 Herein we report our findings on the simple reaction
of 1+ with aniline in the presence of triethylamine. We show that
the timing of the addition of the base allows for switching
the reaction towards the formation of either a quinoline or a
malonamidine, in otherwise identical experimental conditions.
DFT calculations allowed the rationalization of this full reversal
of selectivity.

In the course of our work on atypical vinamidinium
derivatives,8,9 we were interested in 1,3-bis(dimethylamino)-
N,N0-diphenylpropane-1,3-diimine 2. The reaction of 1,3-dichloro-
vinamidinium salts A with amines has been reported many times.2,7

Secondary amines quantitatively afford tetra(amino)vinamidinium
salts B, whereas primary amines usually yield the corresponding
diketimine, either as tautomer C or C0. Half a century ago, Viehe
et al. briefly described the synthesis of 2 from 1+ and aniline.
As the authors did not provide a detailed experimental procedure,

we simply reacted two equivalents of aniline with 1�PF6. We also
added three equivalents of triethylamine, as we anticipated the
interception of two equivalents of HCl and deprotonation of 2�H+.
However, we observed the quantitative formation of quinoline 3,3

which resulted from the addition of one equivalent of aniline
followed by an intramolecular electrophilic aromatic substitution
of an N-phenyl moiety. Even with an excess amount of aniline, 3
remained the only observed product, along with triethylammonium
salts (Table 1, entries 1 and 2). Finally, the formation of a small
amount of the desired 1,3-diimine 2 was achieved by delaying the
addition of triethylamine for about two minutes (entry 3). Increasing
this delay up to 10 minutes enhanced the 2 : 3 ratio to 85 : 15. The
replacement of the PF6

� anion by HCl2
� is also slightly beneficial

(entries 4 and 5). Importantly, with only one equivalent of aniline,
only 2 is formed in nearly 50% conversion (entry 6). Conversely,
the use of an excess amount of aniline allowed the total

Scheme 1 1,3-dichloro-vinamidinium salts A and their reaction with
amines.
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conversion of 1+ into 2, which was isolated as colorless crystals
in 68% yield after work-up. Of note, during the preparation of
this paper, Aldridge et al. also published the synthesis of 2,
which is in line with our findings that the reaction performs

well when the basic work-up is delayed. Indeed, in situ generated
1+ and two equivalents of aniline were stirred in refluxing
tetrahydrofuran for one night and late work-up with aqueous
NaOH afforded 2 in 50–60% yield.10

We considered that the reaction of 1+ with the first equivalent
of aniline affords 4�H+, which can either react with a second
equivalent of aniline or undergo an intramolecular electrophilic
substitution, to afford 2�H+ or 3�H+, respectively (Scheme 2). In
the presence of a base, the key intermediate becomes 4, from
which the reaction pathway can similarly diverge to yield either 2
or 3.

We first examined intermediate 4 with DFT computations at
the B3LYP/6-311g(d,p) level of theory.11 At the optimized
minima, the amidine and enamine moieties are nearly orthogonal
(Fig. 1). The weak conjugation between their respective p-systems
is also indicated by the long C2–C3 bond (149 pm, to be compared
to the C1–C2 bond length: 134 pm). Due to the non-symmetrical
enamine and the imine moieties, 4 has four diastereomeric
conformers, which were found to be close in energy and with
similar electronic and structural properties. In contrast with its
basic counterpart, the alternative intermediate 4�H+ is only slightly
twisted and its whole p-system is conjugated. As a result, eight
isomers of 4�H+ had to be considered, due to E/Z isomerism
around C1–C2, C2–C3 and C3–NPh bonds. They were found at
similar energies within a 6 kcal mol�1 range and featured
similar characteristics.

For both 4�H+ and 4, the lowest unoccupied molecular
orbital (LUMO, see Fig. 2; for clarity, the discussion focuses
on the most stable conformers (1E,3E)-4 and (1Z,2Z,3E)-4H+)
has a significant weight on C1, which is the expected electro-
philic center for the enamine moieties. The highest occupied
molecular orbital (HOMO) is a p-orbital at the phenyl group,
according with the experimentally observed formation of 3. The
intramolecular cyclisation of 4 first goes through the formation
of dihydroquinoline 5, which is very likely the rate-determining
step of the process. The protonation of 4 clearly results in a less
nucleophilic aryl group (the energy of the HOMO of 4: �0.2 eV;
4�H+: �0.35 eV). However, it also results in an increase in
electrophilicity at C1 (the energy of the LUMO of 4: �0.02 eV;

Table 1 Reaction of 1+ with aniline in the presence of triethylamine (TEA)

Entrya
1+ : aniline
ratio

1+ : TEA
ratio X�

Delay before the
addition of TEA

2 : 3
ratiob

1 1 : 2 1 : 3 PF6
� — 0 : 100

2 1 : 6 1 : 3 PF6
� — 0 : 100

3 1 : 6 1 : 3 PF6
� 2 min 8 : 92

4 1 : 2 1 : 3 PF6
� 10 min 80 : 20

5 1 : 2 1 : 3 HCl2
� 10 min 85 : 15

6 1 : 1 1 : 3 PF6
� 10 min 50 : 0c

7 1 : 6 1 : 6 PF6
� 10 min 100 : 0

a A typical test reaction was performed on 1 mmol of 1+; see also the
experimental part. b Measured from the 1H NMR spectra of the crude
reaction in CDCl3. c 1 : 1 ratio of only starting material 1 and product 2
was observed; no traces of 3 could be detected.

Scheme 2 Reaction pathways for the reaction of 1+ with aniline.

Fig. 1 Relative free enthalpies for diastereomeric conformers of 4 (left) and 4�H+ (right) at 298 K. Default optimizations were performed ‘‘in vacuo’’. Only
3E isomers are relevant for intramolecular cyclisation and are highlighted. Energies after optimization in ‘‘dichloromethane’’, using the default polarizable
continuum model, are in parentheses.
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4�H+: 0.2 eV). Therefore, the relative rate of cyclisation of 4 and
4�H+ cannot be qualitatively predicted, with the two effects
being antagonist.

Note that only conformers of 4 with a 3E configuration are
relevant for the formation of the intermediate dihydroquino-
line 5, as the latter requires the N-phenyl group to be in the
vicinity of the reactive C1 center. The formation of 5 was found
to be endergonic by +8 kcal mol�1 for the formation of the cis
isomer and by +21 kcal mol�1 for trans-5 (Fig. 3, in blue). The
formation of 5�H+ is more thermodynamically disfavored (the
formation of cis-5�H+: +15 kcal mol�1; trans-5�H+: +40 kcal mol�1).
As expected for aromatic substitutions with relatively mild
electrophiles, all processes correspond to late transition states.
All activation barriers are in the 32–43 kcal mol�1 range,
depending on the initial conformation of 4 or 4H+. At this
stage, this study suggested that the rates of cyclisation of 4 and
4H+ were similar. Therefore, the formation of 2 in the absence
of a base would only result from the deactivation of the phenyl
ring in 4�H+, which would then be outcompeted by aniline as
a nucleophile. However, the predicted high activation barriers
for the formation of 5 or 5�H+, above 30 kcal mol�1, were
inconsistent with the experimentally observed fast formation
of 3, within minutes at room temperature in the presence of
triethylamine.

Importantly, the optimized structure of intermediates cis-5
features a significantly elongated C–Cl bond (297 pm) compared
to the other parented intermediates (trans-5: 192 pm; cis-5H+:
195 pm; trans-5�H+ 185 pm). A similar effect is discernible for
the corresponding transition states (the C–Cl bond length in
TS‡

cis: 227 pm; TS‡
trans: 187 pm; TS‡

cis�H: 185 pm; TS‡
trans�H:

181 pm). The HOMO of TS‡
cis results from the combination

of the p-system of the formed dihydroquinoline and the s*
of the C–Cl bond (see Fig. 4). This stabilizing interaction
weakens and elongates the C–Cl bond. It is not significant
in the case of the more electron-poor TS‡

cis�H because its
p-system is lower in energy. It is negligible in TS‡

trans and
TS‡

trans�H because the relevant molecular orbitals do not
properly overlap, with the C–Cl bond being nearly orthogonal
to the p-system.

Considering the key role of the solvent in the ionization of
such a C–Cl bond, we re-optimized all key intermediates and
transition states, taking dichloromethane into account with
the polarizable continuum solvation model (Fig. 3, in red).
The relative energies of TS‡

trans, TS‡
cis�H and TS‡

trans�H were not
significantly affected by solvent effects (39–43 kcal mol�1). In
marked contrast, the energy of TS‡

cis dropped to +12 kcal mol�1.

Fig. 2 Representations of (a) the optimized geometry of the most stable
diastereomer; (b) lowest unoccupied molecular orbital; (c) the highest
occupied molecular orbital of 4 (left) and 4�H+ (right).

Fig. 3 Energy diagram for the cyclisation of (a) 4 (top) and (b) 4�H+

(bottom). Energies are in kcal mol�1. Default optimizations were performed
‘‘in vacuo’’ (in blue). Optimization in ‘‘dichloromethane’’, using the default
polarizable continuum model, corresponds to dashed lines, with energies
in parentheses (in red).
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Conclusion

The addition of aniline to 1+ in the presence of triethylamine
leads to the formation of quinoline 3, regardless of stoichiometry.
Conversely, delaying the addition of the base switches the reaction
towards the formation of malonamidine 2 only. Simple con-
siderations on the key intermediates 4 and 4�H+ do not allow a
straightforward rationalization of these experimental results.
Indeed, 4 bears a more nucleophilic arene moiety and at the
same time it features a less electrophilic chloro-iminium center
than that in the case of 4�H+. Therefore, the relative rates of
cyclisation of 4 and 4�H+ through intramolecular electrophilic
aromatic substitution cannot be predicted qualitatively.

Among the various transition states for the cyclisation of 4 or
4�H+, only TS‡

cis, which stems from 4, can account for a fast
intramolecular reaction at room temperature, thus explaining
the experimental results. The peculiar electronics and geometry
of TS‡

cis allow a significant stabilizing interaction of the p-system
of the formed dihydroquinoline and the s* of the C–Cl bond. A
polar solvent is critical to weaken the C–Cl bond, suggesting
that the intramolecular process is unlikely in the gas phase.

Di(chloro)vinamidinium salts are key synthons in vinamidinium
chemistry. In the context of the current renewal of the field, the
in-depth understanding of their reactivity is critical. With
respect to our specific research program, it provides valuable

guidelines for our ongoing work in the design and synthesis of
novel derivatives.

Experimental section
General considerations on experiments

1,3-Dichloro-1,3-bis(dimethylamino)vinamidinium salts were
prepared according to the literature.7c,8 Commercially available
aniline and triethylamine were freshly distilled before use.
NMR spectra were recorded on the NMR-ICMG platform of
Grenoble with Bruker Avance 300, 400 and 500 MHz spectro-
meters at 298 K. 1H NMR and 13C NMR chemical shifts (d) are
reported in parts per million (ppm) relative to TMS and were
referenced to the residual solvent peak. NMR multiplicities
are abbreviated as follows: s = singlet, d = doublet, t = triplet,
br = broad signal.

Synthesis of 2

Aniline (6.63 g, 0.071 mol) was added once to a solution of 1�PF6

(3.85 g, 0.011 mol) in dichloromethane (5 mL). After 10 minutes,
a white suspension was observed and triethylamine (6.90 g,
0.068 mol) was added dropwise. After 30 minutes of stirring,
volatiles were evaporated under vacuum. The resulting residue
was washed twice with diethylether and then dissolved in
dichloromethane. The organic solution was washed three times
with 1 M aqueous solution of K2CO3, once with water and dried
over Na2SO4. Evaporation under vacuum yielded a sticky oil. The
addition of a few drops of cyclohexane initiated the crystal-
lization of 2, which was isolated as colorless needles (2.37 g,
68% yield). mp 135 1C. 1H NMR (CDCl3, 400 MHz): d = 7.35
(t, J = 8 Hz, 4H), 7.06 (t, J = 8 Hz, 2H), 6.73 (d, J = 8 Hz, 4H), 3.54
(s, 2H), 3.00 (s, 12 H); 13C{1H} NMR (CDCl3, 100 MHz): d = 155.7
(C), 150.8 (C), 129.0 (CH), 122.7 (CH), 121.9 (CH), 38.6 (CH3),
29.4 (br, CH2). HRMS: m/z calcd for C19H25N4

+ [M + H]+:
309.2079, found: 309.2083.

Synthesis of 3

Aniline (0.66 g, 7 mmol) was added dropwise to a solution of
1�PF6 (1.0 g, 3 mmol) and triethylamine (1.2 g, 12 mmol) in
dichloromethane (20 mL). After two hours of stirring, the
resulting mixture was washed once with aqueous NaHCO3,
once with water and dried over Na2SO4. After evaporation
under vacuum, purification by column chromatography (silica,
eluent: dichloromethane, then ethyl acetate) yielded a colorless
oil (265 mg, 42% yield). 1H NMR (CDCl3, 400 MHz): d = 7.84 (dd,
J = 1 and 8 Hz, 1H), 7.69 (d, J = 8 Hz, 1H), 7.46 (dt, J = 1 and 8 Hz,
1H), 7.14 (dt, J = 1 and 8 Hz, 1H), 6.24 (s, 1H), 3.21 (s, 6H), 2.96
(s, 6H); 13C{1H} NMR (CDCl3, 100 MHz): d = 158.8 (C), 158.6 (br,
C), 149.6 (br, C), 129.1 (CH), 127.0 (CH), 124.2 (CH), 120.6 (CH),
118.5 (C), 95.2 (CH), 44.1 (CH3), 38.3 (CH3). HRMS: m/z calcd for
C13H18N3

+ [M + H]+: 216.1501, found: 216.1504.

Conflicts of interest

There are no conflicts to declare.

Fig. 4 Representation of the HOMO of cis-5, TS‡
cis, TS‡

trans, TS‡
cis�H and

TS‡
trans�H.
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Metal free oxidation of vinamidine derivatives:
a simple synthesis of a-keto-b-diimine ligands†

Monika Tripathi, Vianney Regnier, Zakaria Ziani, Marc Devillard, Christian Philouze
and David Martin *

Oxidation of vinamidinium salts with meta-chloroperbenzoic acid is the key synthetic step towards new

persistent 1,3-di(amino)oxyallyl radical cations. When applied to parent vinamidines, this protocol allows

for a simple straightforward synthesis of a-keto-b-diimine ligands, for which no convenient synthesis

was previously available.

b-Diketiminates, so-called NacNac ligands (Scheme 1), have
been a focus in coordination chemistry for decades.1 Structural
modications include a large variety of N-substituents, as well
as bulky,2 electron-withdrawing,3 or electron donating4 R
groups. Substitution at the central carbon atom (R0 s H) has
also been explored as a strategy to tame this reactive position
and enhance the chemical stability of the complex.5 The a-keto-
b-diimines are among rare representatives with a more signi-
cant modication at the central carbon. These electron-
decient ligands have found applications in the design of
highly active nickel(II) initiators for the synthesis of high
molecular weight polyethylenes and poly-a-olens.6 Interest-
ingly, low-disperse semi-crystalline polymers could be obtained
under living conditions and remarkable enantiomorphic site
control could be achieved.7

The low availability of a-keto-b-diimines has clearly hampered
further development. Their metal complexes have been known
for long, but only as occasional by-products from the air-
decomposition of unprotected NacNac complexes (R0 ¼ H).8 To
date only a rare selective oxygen-degradation of copper(II)
complexes allows for the synthesis of a handful of 2,4-
di(arylimino)pentan-3-ones 2 from the corresponding vinami-
dines 1.6a,d,9 The procedure requires (i) the synthesis of the Nac-
Nac–Cu(II) complex, (ii) oxidation at the ligand with dioxygen in
a methanol/dichloromethane mixture, (iii) the decomplexation
and hydrolysis of the resulting hemiacetal ligand (Scheme 1). In
turn, we had to synthesize 2,4-bis((2,6-diisopropylphenyl)imino)
pentan-3-one 2a and experienced rsthand the length and limi-
tations of thismethodology. Among the three steps, the oxidation
of the NacNac–copper complex is especially inconvenient and
wasteful, as it consists of a continuous bubbling of pure dioxygen

in a warm solution for two days.6a Recently, we released a par-
ented, though in principle far simpler, oxidation of tetrakis(di-
methylamino) vinamidinium 3 into di(amidinium)ketone 42+

withmeta-chloroperbenzoic acid (m-CPBA) as oxidant. Our initial
focus was on the corresponding radical 4c+, which was found
remarkably air-persistent, despite minimal steric hindrance.10

Herein we report how further assessment of such 1,3-(diamino)
oxyallyl radical cations ultimately led to a straightforward pro-
tocole for the synthesis of a-keto-b-diimines from NacNac
precursors.

Scheme 1 Previously reported synthesis of a-keto-b-diimines and
synthesis of air-persistent radical 4c+ from vinamidinium 3.
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Prior to 4c+, only two oxyallyl radical cations had been
synthesized from the reaction of rare stable electrophilic car-
benes with carbon monoxide.11–13 In principle, the oxidation of
vinamidinium salts should provide for a more simple and
general route, with no need of sophisticated N-substituents. To
probe this assumption, we rst considered the oxidative func-
tionalization of the chloride salt of vinamidinium 5+, which was
synthesized from N,N-dimethyl-benzamide and 1-dimethyla-
mino-1-phenylethene.14 Addition of m-CPBA at room tempera-
ture yielded 2-chlorovinamidium 6 in 71% yield (Scheme 2).
This result indicated the competitive formation of meta-chlor-
obenzoyl hypochlorite Cl(C6H4)CO2Cl, from the reaction of
chloride anions with m-CPBA.15 Therefore we proceeded to an
anion metathesis. The resulting tetrauoroborate salt reacted
with m-CPBA, but this time to afford 7$H+, which was fully
characterized and isolated in 74% yield. Of note, the NMR
spectra of vinamidiniums 6 and 7$H+ mostly differ in the 13C
chemical shi of their central carbon: 94 and 127 ppm,
respectively. They were unambiguously characterized by mass
spectrometry analyses and X-ray diffraction studies (Fig. 1).

Solutions of 7$H+ featured an EPR signal upon exposure to
air. This slow reaction could be brought to fast completion in
presence of potassium hydrogenocarbonate. The remarkable

persistency under aerobic conditions of the resulting radical (in
aerated solutions for several hours) was reminiscent of our
previously reported stable oxyallyl radicals, some being simi-
larly synthesized by auto-oxidation of parented enol-cations.11a

Therefore, we hypothesized the formation of radical 7c+.
Although the radical ultimately decayed and couldn't be iso-
lated, the excellent t between the experimental EPR hyperne
coupling constants16 and the calculated values17 for 7c+ strongly
supported this reasonable assumption (Fig. 2a). The reaction of
7$H+ with excess meta-chloroperbenzoic acid or stronger
oxidants, such dibromine or potassium ferricyanate, led to over
oxidation and directly afforded EPR-silent mixtures of trione 8
and the corresponding hydrated gem-diol 8$H2O,18 likely
through the formation and subsequent hydrolysis of electron-
poor di(iminium)ketone 72+.

We turned to mono(methine)cyanine 9 featuring electron-
richer benzimidazole patterns.19 However, the reaction of 9
with m-CPBA afforded known20 1,3-dimethyl- benzimidazolium
10, and not the expected di(benzimidazolium)ketone 132+

(Scheme 2). Note that uncompleted, but clean, formation of 10
was still observed when adding sub-stoichiometric (one equiv-
alent) m-CPBA over one hour at �78 �C. Importantly, dication
132+ could be nally synthesized by the oxidation of di(imine)
methane 1119 by m-CPBA, followed by di(alkylation) of the
resulting di(imine)ketone 12. Given that 132+ was found almost
unreactive towards water, the formation of 10 from 9 results
from further oxidative cleavages of 132+, and not its hydrolysis.21

According to cyclic voltammetry experiments, 132+ undergoes
successive reductions at E1/2 ¼ �0.12 V vs. Fc/Fc+ (reversible)
and Epc ¼ �0.9 V (with further chemical evolution), which we
attributed to the formation of radical cation 13c+ and zwitter-
ionic oxyallyl 13, respectively (see ESI†). We performed the
electrochemical reduction of a solution of 132+ in acetonitrile at
E ¼ �0.5 V. The stoichiometry (one coulomb per mole of
substrate), the observation of a strong EPR signal, as well as an
excellent t between experimental and theoretical hyperne
coupling constants, conrmed the formation of persistent 13c+

Scheme 2 Redox transformations of di(imidazole)methane and 1,3-
di(phenyl) vinamidinium derivatives.

Fig. 1 X-ray structures of 6, 7$H+ and 2c,d with thermal ellipsoids
drawn at 50% probability level. Most hydrogen atoms, solvent mole-
cules and counter-anions were omitted for clarity.
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(Fig. 2b), which ultimately decayed at room temperature aer
several hours.

The formation of di(imine)ketone 12 from 11 was so clean
that it prompted us to explore further the direct oxidation of
NacNac precursors. To our delight, treatment of 1a22 afforded 2a
in 98% yield. In contrast with the former long and tedious
syntheses from literature, the one-step reaction was completed
aer one hour at room temperature on multigram scales. EPR
monitoring of the reaction showed the formation of a para-
magnetic intermediate. Simulation of the hyperne structure of
the spectra required signicant coupling with a single proton,
in addition to two equivalent nitrogen atoms and six protons
(Fig. 2c). This suggested the transient formation of N-
protonated radical 1a$Hc+, parented to 4c+, 7c+ and 13c+, thus
implying closely related pathways for the m-CPBA oxidation of
vinamidiniums and vinamidine 1a.

The only few reported b-di(imine)ketones were derivatives of
acetylacetone and ortho-substituted anilines. Apart from 1a,
which can be stored for several days, they were described as
unstable ligands, to be used as soon as synthesized.6d We
applied our protocole to vinamidine 1b21 with 2,4,6-trimethy-
laryl N-substituents and, indeed, the resulting ketone 2b
decayed into a complex mixture within hours. Fast work-up
allowed for its isolation in 75% yield (Scheme 3). However,
even freshly crystalized 2b contained an impurity with similar
NMR chemical shis, except for a 13C NMR signal (quarternary
carbon) at 94 ppm in place of the CO band of 2b at 194 ppm.
Although the instability of 2b limited further investigations,
drying crystals in vacuo in presence of P2O5 decreased the
amount of impurity, allowing us to assign this latter to the
corresponding hydrated gem-diol 2b$H20.23,24

Finally, we considered vinamidines 1c25 and 1d,4b,d with
phenyl and di(methyl)amino R groups, respectively. The corre-
sponding di(imine)ketones 2c,d, which are out of reach of
previous methods, were isolated in 86–87% yield. They features
similar key structural data (IRATR: n ¼ 1700 cm�1; 13C NMR dCO

¼ 194–191 ppm). Their structures were asserted by a structural
X-ray diffraction study (Fig. 1). Importantly, in ketones 2c,dwere
found remarkably bench stable and have been stored for month
with no noticeable degradation.

In conclusion, the synthesis and characterization of radicals
7c+ and 13c+ are further evidences that introducing 1,3-di(a-
mino)oxyallyl patterns is a robust principle for the design of
persistent radical cations. However, the outcome of the reaction
of vinamidiniums with m-CPBA is too dependent of the
substitution pattern to constitute a general route and over-
oxidation is only manageable with extra electron-donating
amino groups. In contrast, when applied to vinamidines, this
protocol allows for a straightforward synthesis of a-keto-b-dii-
mines. In addition to its simplicity, stable derivatives were
isolated, with unprecedented bulky or electron-donating R
groups. We are now evaluating these new ligands for nickel-
initiated polymerization of ethylene.
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a b s t r a c t

Ring opening of cyclopropanones affords non-Kekul�e oxyallyls, which are usually fleeting intermediates.
However, recent experimental results showed that amino-substituted versions can be stable enough to
be characterized in solution by NMR spectroscopy. Herein, the role of substituents in the stabilization of
oxyallyls was examined by DFT calculations at the B3LYP/6-311g(d,p) level of theory. The stability of
model compounds, relative to their cyclic structural isomers, was evaluated for simple substituents
covering a broad range of electronic properties. The particular case of the model 1,3-bis(amino)oxyallyl
(H2N)CHCOCH(NH2) has been examined from a conformational standpoint to shed light on the interplay
of sterics and electronic influence of the amino substituents. Finally, model tetrasubstituted di(amino)
oxyallys were considered and provided few general guidelines for the design of new stable derivatives
with oxyallyl patterns.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Oxyallyls A (see Fig. 1) are non-Kekul�e molecules, whose
structure can be assigned to zwitterionic or biradical limit forms
[1,2]. They are structural isomers of cyclopropanones B, along with
other functional groups, such as methyleneoxiranes C, enones D
and oxetenes E. Since the 1960s, they have been postulated as the
key reactive intermediates in numerous [4 þ 3] cycloadditions [3],
rearrangement reactions, Nazarov-type cyclisations [4] and the
biosynthesis of prostaglandins [5].

The cyclization of prototypical oxyallyls into the corresponding
cyclopropanone is almost barrierless and had precluded their direct
observations for decades. Measurements of the activation energy
for the disrotatory ring opening of cyclopropanones, which can be
approximated to the oxyallyl-cyclopropanone energy difference,
demonstrated that steric effects can be used to destabilize cyclo-
propanones relatively to their oxyallyl isomer. For instance, this
value is lowered from 30 kcalmol�1 for the trans-di(tertbutyl)
cyclopropanone [6], down to þ9.8 kcal mol�1 for 1, which features
very bulky cis substituents (Scheme 1) [7]. Even in this very
favorable case, the oxyallyl remains the less stable form. In contrast,
Lahti et al. predicted that the ring opening of strained bicyclo[2.1.0]

pentan-5-ones 2 should be thermodynamically favored [8]. How-
ever, despite several attempts, these compounds have eluded
spectroscopic observation so far [9]. In 2011, the group of Garcia-
Garibay reported the generation of di(cyclohexyl)oxylallyl 3 in
the crystalline state [10]. The packed environment hindered the
ring closure to the point that the half-life of 3 reaches 42min at
298 K, allowing for the first time the direct observation of an oxy-
allyl intermediate.

In the recent years, several authors, including our team, re-
ported the synthesis of amino-sustituted oxyallyls 4a-c (Scheme 2)
[11]. These compounds are dramatically more persistent than their
elusive alkyl-substituted counterparts. Species 4a-b could be
characterized by NMR in solution, but rearranged into 5a-b
above �10 �C [12]. The group of Siemeling reported the isolation
and the X-Ray diffraction structure of a lithium chloride complex of
oxyallyl 4c [13]. Last year, we could generate metal-free 4c and
show that its half-life in acetonitrile is almost 1 h at room tem-
perature [14].

Amino groups are strong p-donors and, of course, their intro-
duction modifies significantly the electronic structure of the oxy-
allyl core. Because of the extension of the delocalized p-system,
zwitterionic resonance structures are expected to overweight the
biradical ones (for canonical structures of A, see Fig. 1). Importantly,
the influence of electronic effects of 1,3-substituents on the relative
stability of oxyallyls hasn't been really assessed yet. Even the case of
amino groups remains unclear. So far, only the parent 1,3-
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bis(dimethylamino)oxyallyl has been briefly considered with
computational methods. This unhindered di(amino)oxyallyl fea-
tures a planar p-system. As expected, it is a close-shell molecule
with a high singlet-triplet energy gap [15]. However, in the
experimentally generated compounds 4a-c steric hindrance results
in twisted CeN bonds. Such distortions blur the genuine electronic
effect of the substituent. It is known from amide, ureas and imi-
nium series that the eI inductive effect of nitrogen atom becomes
significant, as the þM p-donation of the amino group is hampered.
In extreme cases, it may even prevail, thus resulting in species with
unusual properties and reactivity [16].

Herein we propose to probe the role of substituents in the sta-
bilization of oxyallyls. We considered model compounds with
simple substituents covering a broad range of electronic properties.
We evaluated their stability, relative to their cyclic structural iso-
mers, with an emphasis on the interplay of steric and electronic
effects in 1,3-di(amino)oxyallyls.

2. Computational methods

We carried out calculations using the density functional theory
as implemented in the program package Gaussian09 [21], with the
B3LYP exchangeecorrelation functional [22] and the 6-311G(d,p)

basis set. Indeed 5a, one of the very few observed di(amino)oxy-
allyl, as well as related (amino)(carboxy)radicals, were previously
studied at this level of theory and calculations well reproduced
experimental data, including NMR chemical shifts [12a] or geom-
etry from x-ray diffraction studies [12b]. The parent all-H
substituted oxyallyl was only considered out of curiosity. Indeed
it is a well known problematic particular case for DFT [17], which
fails to recognize the transition state nature of its singlet ground
state [18].

Singlet oxyallyls were investigated as open shell molecules with
broken spin symmetry [keyword guess(mix, always) in
Gaussian09; UB3LYP/6-311g(d,p) level of theory]. All structures
were submitted to vibrational analysis and minima were charac-
terized by the absence of imaginary frequencies. Relaxed optimized
energy as a function of angles or torsions, were performed with 10�

steps. A global scanwas first performed. The results were smoothed
with additional local scans around all local minima, in order to
eliminate artefacts due to a single monodirectional scan.

3. Results

We first considered symmetric 1,3-disubstituted oxyallyls AR, as
well as their corresponding cyclopropanone BR and methyleneox-
irane CR isomers. Model substituents R were selected in order to
cover a broad range of electronic effects and their size was kept as
small as possible in order to minimize steric effects. In Table 1, the
electron donating capability of R decreases from entry 1 to entry 12
[19]. Amino-substituted oxyallyls (R¼NMe2 or NH2, entries 1e2)
have a close-shell singlet ground state. The first excited triplet state
was found at more than þ20 kcal mol�1, the corresponding cyclo-
propanone and methyleneoxirane being even higher in energy. In
marked contrast, classical oxyallyls, with H or methyl substituents,
are in the exact opposite situation. The corresponding cyclo-
propanone is the most stable isomer, followed by the methyl-
eneoxirane, the oxyallyl form being a high-energy biradicaloid
(entries 6e7).

More generally, it can be stated that closed-shell ground states
are achieved with strong donor substituents. Increased electron
withdrawing effects generally destabilize AR relatively to BR and CR.
Entries 3 and 9 are the only clear exceptions. They correspond to
vinylogous versions of NH2 and COH substituents, respectively. The
extension of the delocalized p-system by 4 carbon atoms results
both in the stabilization of AR and a significant decrease of the
singlet-triplet gap. This result is especially interesting, as it in-
dicates that biradicaloid linear ketocyanines dyes, which were
recently proposed [20], could be viable targets.

Therefore any steric hindrance that induces twisting of an amino
group is expected to be detrimental for the stability of 1,3-
di(amino)oxyallyls with respect to other isomers, as it results in
decreased þ M donation. We considered energy as a function of
symmetrical torsions q1 around the CeN bonds, for model com-
pounds ANH2-CNH2 (Fig. 2). As shown on Fig. 3, varying q1 doesn't
modify the energy of cyclopropanone BNH2 and methyleneoxirane
CNH2 by more than a few kcal.mol�1. These small variations are
likely resulting from subtle changes in steric interactions between
substituents. In marked contrast, as expected, oxyallyl ANH2 is
critically destabilized when increasing q1. Strinkingly, no minimum
of energy for an oxyallyl form could even be found for q1> 60�.
When q1¼0�, the lone pair of the nitrogen atom is fully conjugated
with the p-system. Conversely, when q1¼90�, there is no possible
p-conjugation and the amino becomes a eI inductive group.
Therefore increasing q1 amount to increase electron-withdrawing
properties of the N-substituent. In other words, the stability of
1,3-disubstituted oxyallyls compared to their corresponding
cyclopropanone isomers increases as the substituents are more
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electron-donor.
Steric hindrance also induces torsions (q2 and q2

0
) around the

two (N)CeC(O) bonds (see Fig. 2). Indeed, the optimized structures
of 4a-c are symmetrical with q2¼ q2

’ ¼ 10, 13 and 23�, respectively.
Here again, as such twisting hampers an optimal conjugation of the
p-system, it is expected to be detrimental for the stability of 1,3-
di(amino)oxyallyls. We scanned the relaxed optimized energy of
ANH2 as a function of q2 and q2’ (Fig. 4). The surface of energy can be
delimited in areas, which correspond to as many isomers of ANH2.

As expected the lowest energy minimum corresponds to the planar
all-trans oxyallyl (q2¼ q2

’ ¼ 0�). This latter is destabilized when
varying simultaneously q2 and q2

0
to ultimately favor the cyclo-

propanone isomer for 60� < q2, q2’ < 110� (see sectional view 4a),
whereas varying of q2 with q2

’ z 0� will favor the cyclopropanone
form for 80� < q2< 120� (see sectional view 4b).

Next, we considered model tetrasubstituted 1,3-di(amino)oxy-
allys A(NH2,R) (see Table 2). Interestingly, in all cases, the oxyallyl
was more stable than its cyclopropanone isomer by about
30e35 kcalmol�1. In contrast, the singlet-triplet gap was signifi-
cantly sensitive to the R substituent and decreased when increasing
the electron-withdrawing capability of R (entries 1e5). In other
words, capto-dative substitution stabilize the triplet diradical state
of A(NH2,R). Importantly, the CeC bond length in cyclopropanones
B(NH2,R) increases accordingly in the series, from 159 ppm (R¼H)
up to 178 pm (R¼ CN). The weakening of this bond by capto-dative
substitution, is also evident from the resulting decreased stretching
frequency of the bond (from 699 cm�1 to 552 cm�1). Note that for
R¼ CHO, the cyclopropanone does not correspond to a minimum of
energy. It is predicted to be a transition state for the cis-trans
interconversion of the corresponding oxyallyl.

Table 1
Influence of substituents on the relative energies of oxyallyls AR, cyclopropanones BR and methyleneoxiranes CR.

Entry

AR

BR
CR

R DES-T EBa ECa

1 NMe2 þ22.3 þ23.1 þ23.9
2 NH2 þ20.9 þ27.5 þ26.2
3 CHCHNH2 þ5.1 þ19.3 þ20.5
4 OMe þ10.7 þ3.0 þ7.2
5 OH þ1.5 þ1.9 þ1.9
6 Me þ4.3 �13.7 �6.5
7 H �1.0 �26.2 �15.3
8 CCH þ1.3 �3.1 þ5.0
9 CHCHCOH þ0.5 þ6.2 þ9.3
10 COH �1.5 �18.0 �11
11 CN �0.5 �11.9 �3.2
12 NO2 �0.4 �33.3 �24.0

a Energies are given with zero-point correction in kcal.mol�1 and are relative to the corresponding singlet oxallyl 1AR.

Fig. 2. Torsion angles q1 (left) and q2 (right).

Fig. 3. Energy (with zero-point correction) of ANH2, BNH2 and CNH2 as a function of q1. The C2 axis of the molecule was maintained: torsions around the two CeN bonds are identical.
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Fig. 4. 3D representation of the relaxed optimized energy of ANH2 as a function of torsions q2 and q20 , and projection with demarcation of areas corresponding to the most stable
isomer. Sectional view a (in blue) represents energy as a function of q2, the C2 axis of the molecule is maintained and torsions around the two CeC bonds are identical; in sectional
view b (in red) only one CeC bond is twisted, the second being constant at q02¼ 0� . (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

Table 2
Relative energies of tetrasubstituted 1,3-di(amino)oxyallyls A(NH2,R) and the corresponding cyclopropanones B(NH2,R).

Entry

A(NH2,R)

B(NH2,R)

R DES-T EBa dcc
c ucc

d

1 H þ20.9 þ27.5 159 699
2 NH2 þ23.8 þ32.8 160 674
3 CCH þ12.2 þ34.8 164 624
4 CHO þ6.0 þ30.5b 176 559
5 CN þ11.5 þ31.7 178 552

a Energies are given with zero-point correction in kcal.mol�1 and are relative to the corresponding singlet oxallyl 1A.
b Optimized structure of cyclopropanone corresponds to a transition state.
c Computed H2NCeCNH2 bond length of the cyclopropanone ring (in pm).
d Computed stretching frequency of the H2NCeCNH2 bond (in cm�1).
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4. Conclusion

At least two strong electron-donors are required to favor 1,3-
substituted oxyallyls over their cyclopropanone form, regardless
of steric hindrance. In this context, amino groups should be ideal.
However, examination of the interplay of sterics and electronic
effect of the substituent reveals a more complex situation. Indeed,
the stabilization of the corresponding 1,3-di(amino)oxyallyls is very
sensitive to the conjugation of the lone pair of the nitrogen atom
with the p-system of the oxyallyl moiety, any deviation from ideal
planarity being detrimental.

Amino groups are among the most electron donating sub-
stituents. Given that known 1,3-di(amino)oxyallyls rearrange prior
to isolation and cannot be isolated, it is clear that the design of
bottle-able derivatives requires extra stabilizing features. This work
indicates that the introduction of a second set of substituents in a
capto-dative manner, as well as the extension of the conjugated
skeleton, are always beneficial. These approaches are certainly
complementary and allow the achievement of both a significantly
stabilized oxyallyl and a low singlet-triplet energy gap. This sug-
gests that the corresponding biradicaloids are viable synthetic
targets. We are actually exploring the possibility to isolate such
compounds in our laboratory.
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