NHC stabilized acetylene – how far can the analogy be pushed?
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Abstract: Experimental studies suggest that the compound (NHCbz)2C2H2 can be considered as a complex of a distorted acetylene fragment which is stabilized by benzoannelated N-heterocyclic carbene ligands (NHCbz)→(C2H2)←(NHCbz). A quantum chemical analysis of the electronic structures shows that the description with dative bonds is more favourable than with electron-sharing double bonds  (NHCbz)=(C2H2)=(NHCbz).
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Introduction 



The use of ligands, particularly carbenes, to support small p-block fragments in low oxidation states is an area that continues to flourish.[
] A variety of mono-, di- and tricentre complexes EnLm (n, m = 1 - 3) which possess dative bonds at low-valent main-group atoms E could become isolated in recent years (Scheme 1). The ligands L in the reported adducts are carbenes, phosphines, CO or N2.[1]
Scheme 1


In addition to being fundamentally interesting from the perspective of new structure and bonding motifs such as carbodicarbenes C(NHC)2[
] (NHC = N-heterocyclic carbene) and the first stable molecule with a B-B triple bond,[
] a great deal of new reactivity is also being discovered. For example, the peculiar bonding properties of carbodicarbenes have been utilized for a range of catalytic reactions such as hydrogenation of inert olefins,[
a] C-C cross-coupling reactions,[4b] intermolecular hydroamination[4c] and hydroheteroarylation. [4d] The oxidation of NHC→Si2←NHC with O2 allowed for the isolation of NHC stabilized SiO2 fragments – essentially a soluble form of sand.[
] A recent reexamination of the electronic structure of N2(PPh3)2 suggested, that the molecule should be considered as complex between N2 in the highly excited (1)1Γg state and two phosphine ligands.[
] The bonding situation may thus be sketched with dative bonds Ph3P→N2←PPh3. The electronic ligand properties of PR3 are very similar to those of NHCs.[
]  Experimentally known compounds that were described as guanidine derivatives (NHC)=N-N=(NHC)[
] may therefore also be considered as adducts (NHC)→N2←(NHC) (Scheme 2). Rivard recently reported an inorganic analogue of acetylene, BH-NH, in this case stabilized by an NHC binding to the boron at the same time as coordinating a borane to the nitrogen atom.[
] The bonding situation was sketched with dative bonds as shown in Scheme 2b. Note that the central BH-NH fragment in the latter complex is in the electronic ground state whereas the isoelectronic N2 in (NHC)→N2←(NHC) is in the excited (1)1Γg state. The direction of the dative bonds in the two complexes is therefore different from each other.
Scheme 2


The description of these and other p-block compounds as donor-acceptor (D-A) complexes has been the subject of recent debate, as to whether or not a “dative” description of the bonding is appropriate.[
] We are of the opinion that the bonding in each newly reported compound should be studied in detail in order to ascertain in which cases a “dative” D-A description may be a helpful description of the bonding.


Recently, in our efforts to synthesize NHCbz (benzylated NHC) stabilized C2, following a deprotonation protocol inspired by Bertrand’s synthesis of NHCbz stabilized C1,[
] we unexpectedly generated compound 1 via a reduction rather than the desired deprotonation process (Scheme 3a).[
] This occurs with a variety of strong bases such as KOtBu and n-butyl lithium. High conversions were observed by 1H NMR spectroscopy, but isolation could only be achieved via a tedious selective precipitation from n-hexane at -35 (C. The maximum isolated yields that could be obtained were ~20%.  We have recently found that direct reducing agents such as 2 equivalents KC8 or cobaltocene also effect the transformation quantitatively as monitored by 1H NMR. A synthesis in benzene solution using cobaltocene is ideal, as the cobaltocenium precipitates, allowing for 1 to be easily isolated in ~90% yield simply by removal of the benzene under vacuum. The in situ solution is clean enough to use 1 without isolation if desired. The 1H NMR spectrum of 1 displays a distinct asymmetry in the NHCbz units, induced by the restricted rotation about the exocyclic C=C bond, with two distinct methyl signals from each NHCbz and the backbone aromatic protons also consistent with an asymmetry. It therefore appears reasonable to describe the structure of 1 as tetraamino substituted 1,3-butadiene. This bonding is in turn analogous with that of the N-heterocyclic olefin (NHO, first reported by Kuhn[
], name coined by Rivard[
]) NHC=CH2, with 2 NHO units linked by a single C-C bond. NHOs are showing an increasingly rich chemistry[
], dominated by Lewis basic behavior at the exocyclic carbon, conferred on it by major contribution from the zwitterionic resonance structure which can also be sketched with a dative bond. Compound 1 had been previously reported in 1974 by Hünig and co-workers as part of a wider examination of vinyl-benzimidazoles, with some redox chemistry described, but the compound was not characterized. 
Scheme 3
    
With the above ideas in mind, we began to investigate experimentally and theoretically if 1 exhibits properties that agree with the notion of a bifunctional NHO. In this report we show that while the reactivity does not follow NHOs, the exocyclic C=C bond in the compound is highly unusual in that it is extremely weak. Theoretical results that are described below lead to the notion that the bonding is best described in analogy to the isoelectronic dinitrogen adduct (Scheme 2a) as a complex (NHCbz)→(C2H2)←(NHCbz), that is NHC stabilized acetylene (Scheme 3b). 
Results and Discussion
    
Having noted the bifunctional analogy of 1 with NHOs, we attempted to bind metal fragments to the carbon atoms, beginning with AuCl. The reaction of tetrahydrothiophene-AuCl with 1 in C6H6 solution resulted in formation of a black precipitate within a purple solution immediately. The reaction was filtered and the solvent removed in vacuo. Samples of the residue were dissolved in CDCl3 and MeCN for NMR and mass spectrometry studies, from which the cationic bis-NHCbz complex [Au(NHCbz)2]+ could be identified[
] as well as several other unidentified NHC containing products, the identified product arising from apparent cleavage of the exocyclic C=C bond (Scheme 4). A similar result was obtained from the reaction of dicationic 12+ with Ag2O under refluxing conditions in 1,2-dichloroethene, for which we were attempting in situ reduction and formation of the Ag(I) NHO complex. However, as for gold the major identifiable product via mass spectrometry was the cationic bis-NHCbz Ag(I) complex, followed by confirmation through observing the known complex in the 1H NMR spectrum as the major compound in the solid obtained from the reaction.[
] In both reactions the fate of the central C2H2 unit was unclear. Reactions with other Lewis acids such as BH3, AlCl3, GaCl3, as well as the ethereal HCl in an attempt to add H+ resulted in the production of intractable mixtures from which no products could be identified.[
]
Scheme 4


It was noted that if an NMR sample of 1 in C6D6 was left open to the ambient atmosphere of the lab, after a few hours 1 converted into a product indicative of a symmetric compound with respect to the NHC fragments as inferred from 1H NMR spectroscopy. The resonance in the 1H NMR spectrum from the central C2H2 unit had disappeared entirely. To determine if O2 or H2O was the agent of this transformation, an excess of degassed water (10 uL) was added to a sample (50 mg) of 1 in C6D6. This resulted in a complex mixture in the 1H NMR spectrum with no trace of the symmetric product. In a second experiment, a sample of 1 in C6D6 was prepared under N2 atmosphere and then exposed to ambient conditions through a CaCl2 drying tube. This resulted in clean conversion to the symmetric product within 2 hours, indicating O2 was reacting to generate the symmetric product as monitored by 1H NMR spectroscopy. A trace amount of acetylene was also observed at 1.36 ppm. It was found that stirring a sample of acetylene generated from CaC2 and H2O bubbled into C6D6 rapidly (within a few minutes) results in the escape of the bulk of the acetylene from the solution. The symmetric product was identified as the urea O=NHCbz (Scheme 5) via synthesis of a genuine sample following literature procedure and comparison of the 1H NMR spectra.[
] 
Scheme 5

This means that the C=C double bond in 1 is undergoing facile cleavage by atmospheric O2. Reactions of dienes with singlet oxygen have been reported to give ketones with release of acetylene.[
] Other reactions of alkenes with oxygen also give ketones, but in nearly all cases the oxygen is activated, either by using O3 as the oxygen source, high intensity irradiation of O2, conversion of triplet O2 into singlet O2 or via radical transfer reagents.[
] In our case the reaction of the diene is uncatalysed and occurs at room temperature using atmospheric triplet oxygen, which is rare.[
] Performing the reaction in a darkened environment gave the same result, indicating that ambient light is not contributing to the reaction. Enamines also are known to react with O2, but only with singlet or otherwise sensitized O2.[
]
In an attempt to conclusively deduce the fate of the central C2H2 unit in the above reactions, 1-d2 was synthesized using deuterium labeled maleic anhydride (which eventually makes up the central C2D2) using our previously reported method of synthesizing [12+][I]2 followed by reduction.[12a] In the 2H NMR spectrum of 1-d2 obtained in proteo benzene solution a strong signal arose at ( = 4.44 ppm. In reactions of this labeled species with tht-AuCl and O2, the signal disappears and no signals other than residual C6DH5 are observed. This is consistent with acetylene escaping the solution as the reactions proceed. In a reaction between [12+][I]2-d2 and  Ag2O in CH3CN monitored without refluxing for 3 days a signal slowly emerges in the 2H spectrum at ( = 2.57 ppm. Free C2D2 was measured to have a 2H chemical shift of ( = 2.30 ppm in CH3CN, and the residual CDH2CN in acetonitrile from the natural abundance of deuterium gives a very weak signal at ( = 2.14 ppm. The emergent signal in the reaction with Ag2O is in the range of resonances observed for cationic Ag-(C2H2)n complexes (n = 1-3) by Krossing and co-workers.[
]  However, Krossing reported that use of a highly weakly coordinating anion is required to isolate these compounds, in our system I- is the likely counterion for any such species. We could not isolate any of the material for further characterization, and mass spectral studies comparing the reaction using labeled and unlabeled did not show any signals increasing in mass.

While the identity of all species and mechanism, in particular with Au+ and Ag+, of these reactions has not been fully deduced (the reaction with O2 cleanly generates the NHC-urea), the important feature of all reactions is that the exocyclic C=C bond in 1 is easily cleaved. These observations suggest that the nature of the C=C double bond in 1 is unusual. Therefore, a detailed examination of the bonding situation and the properties of compound 1 has been performed using quantum chemical methods.
Figure 1, Table 1


Figure 1 shows the optimized geometry of 1 and the ligand NHCbz  at  the BP86+D3(BJ)/def2-TZVPP level of theory. The calculated C-C distances R(C1-C2) = 1.368 Å and R(C2-C3) = 1.449 Å in 1 agree with standard values for 1,3-butadiene.[
]   The central C1C2C3C4 moiety is not perfectly planar, but somewhat twisted (dihedral angle 160.7o, which might be cause by steric repulsion between the methyl groups. However, the calculated bond dissociation energy for the reaction 1  → 2 NHCbz + C2H2 which has  De = 94.7 kcal/mol (Table 1) for breaking two bonds suggests that the formal C1=C2 double bond is unusually weak. Another noteworthy result concerns the charge distribution in 1. Figure 1 shows that the carbon atoms of the central C2H2 moiety carry a large negative charge of -0.41 e. The calculated atomic partial charges indicate a substantial transfer of 0.41 e from the NHCbz ligands to C2H2. Experimental evidence for the high negative charge at the central carbon atoms comes from their 13C NMR chemical shift at ( = 66.5 ppm,[12a] far upfield from where an alkene carbon would typically be found (over 100 ppm). This cannot be explained with the electronegativities of the atoms, because the nitrogen atoms of NHCbz exert an inductive electron withdrawing effect. Further information on the bonding situation comes also from the polarity of the σ- and π-bond orbitals that are given by the NBO calculations. The C1-C2 and C3-C4 σ bonds are nearly unpolar (52% at the NHCbz end) while the π bonds exhibit a slightly larger polarity of 56% toward the C2H2 unit. At first sight, this might be taken as evidence for a standard C=C double bond.



Detailed insight into the bonding situation in 1 comes from an energy decomposition analysis (EDA) in conjunction with natural orbitals for chemical valence (NOCV). We carried out EDA-NOCV calculations of 1 using the fragments 2 NHCbz and C2H2 with the frozen geometries of the compound, but with different electronic states. One calculation uses singlet fragments as reference states for dative bonds (NHCbz)→(C2H2)←(NHCbz), where the π and the π* MO of the C2H2 fragment are doubly occupied. The second calculation employs electronic quintet states of 2 NHCbz and C2H2, which are the reference states for electron-sharing double bonds (NHCbz)=(C2H2)=(NHCbz). It has been shown in several studies that the change in the electronic structure which takes place through bond formation indicates the favourable choice of the fragments and thus, the most appropriate description of the bonding situation.[
] The crucial expression of the EDA-NOCV calculation is the orbital term ΔEorb, which is associated with the change of the total orbital interactions of the fragments. 
Table 2

 
Table 2 gives the numerical results of the EDA-NOCV calculations of 1 with the different electronic states of the fragments. The attractive interactions ΔEint are rather large and they are slightly weaker for the electron-sharing bonds (-436.0 kcal/mol) than for the dative bonds (-465.3 kcal/mol). Note that the intrinsic interactions between the fragments involve highly excited states of C2H2. The bond dissociation energies De, which are calculated with respect to the electronic ground state, are much smaller. This is, because the geometrical and electronic relaxation energy, which is given by ΔEprep, is very large. The comparison between the calculated ΔEorb values suggest that the orbital interactions between the singlet fragments (-706.1 kcal/mol) are clearly weaker than those of the electron-sharing interactions (-846.5 kcal/mol). The EDA-NOCV analysis therefore suggests that the bonding in compound 1 is best described in terms of dative bonds (NHCbz)→(C2H2)←(NHCbz).
Figure 2



The breakdown of the ΔEorb term into pairwise orbital interactions shows that there are four major contributions ΔEorb(1) - ΔEorb(4) which provide 94% of the total orbital interaction energy. Visual inspection of the deformation densities Δρ(1) - Δρ(2), which are associated with the orbital interactions, helps to identify the nature of the respective term. Figure 2 shows a plot of the four deformation densities and the most relevant fragment orbitals which are connected to ΔEorb(1) - ΔEorb(4). The colour coding red→blue   illustrates the direction of the charge flow. It becomes obvious that the two strongest interactions come from σ-donation of the in-phase (+,+) combination of the lone-pair electrons of the NHCbz ligands (ΔEorb(1) = -259.9 kcal/mol) and the out-of-phase (+,-) σ-donation (ΔEorb(2) = -198.5 kcal/mol) into the vacant σ orbitals of C2H2. Another large contribution of ΔEorb(3) = -159.9 kcal/mol comes from the π-backdonation (NHCbz)←(C2H2)→(NHCbz) of the occupied π* MO of C2H2 into a linear combination of vacant π orbitals of (NHCbz)2. The latter contribution is very strong, because the π* MO of C2H2 is energetically high-lying. The strong (NHCbz)←(C2H2)→(NHCbz) π-backdonation reduces the π-donation from the nitrogen lone-pair orbitals to the carbene carbone atom of the NHCbz moiety in 1. Figure 1b shows that the C-N bonds of the carbene carbon atom in free NHCbz are clearly shorter (1.374 Å) than in 1 (1.406/1.407 Å). The π-backdonation of the occupied π MO of C2H2 is much weaker (-46.0 kcal/mol), which can be explained with the energetically much lower-lying orbital. Note that energy of the orbital interaction is not related to the amount of charge transfer, which is given by the eigenvalues ν. The eigenvalues that are connected to the π-backdonation (ν3 + ν4 = ±1.90) are nearly as large as the eigenvalues of the σ-donation (ν1 + ν2 = ±2.04). This is in agreement with the NBO results, which suggest that the polarities of the C-C σ- and π-bonds between NHCbz and C2H2 are not very different from each other. 


We calculated the reaction energies for processes where the central C2H2 moiety in (NHCbz)→(C2H2)←(NHCbz) is replaced by various Lewis acids. Table 1 shows that the reactions with B2H6 and BCl3 are weakly endergonic. The reaction with the stronger Lewis acid AlCl3 becomes exergonic by ΔG298 = -15.1 kcal/mol. The most favourable reaction is calculated for the gold cation, the formation of [Au(NHCbz)2]+ from [(C2H2)(NHCbz)2] is exergonic by ΔG298 = -150.5 kcal/mol. Finally, we calculated the reaction energy for oxidation of 1 with O2 yielding the urea and C2H2, showing that the reaction is exergonic by ΔG298 = -89.0 kcal/mol.


We carried out further calculations in order to find out if the description of [(C2H2)(NHCbz)2] with dative bonds and electron lone-pairs at the carbon atoms of the central C2H2 moiety (NHCbz)→(C2H2)←(NHCbz) is valid. To this end we calculated the proton affinities of [(C2H2)(NHCbz)2]. The calculations suggest that the protonation takes place at carbon and not at nitrogen. The very large first and second proton affinities at carbon, which are overall exergonic by -450.5 kcal/mol (Table 1) are in agreement with the description of 1 with two lone-pairs at carbon. We also calculated complexes of [(C2H2)(NHCbz)2] with one and two Lewis acids (AuCl) that are attached to carbon. The very large bond dissociation energies for binding one (47.6 kcal/mol) and two AuCl (52.9 kcal/mol) are strong support for the dative bonding model. 
Scheme 6


Compound 1 might alternatively be viewed as a 1,1,4,4-tetraaminobutadiene. The analogous tetraaminobutadiene with N-methyl groups 2 (Scheme 6) was already synthesized in 1966 and its properties have been studied before.[
] The reported redox properties of 2 differ significantly from 1, in that 2 is reported to undergo electrochemical oxidation in a single two-electron step, distinct from the two one-electron oxidations we previously reported for 1. Figure 1 shows that the optimized geometry of 2 is not very different from 1. The central C-C and C-N bond lengths and the bond angles of the two molecules are very similar while the C1C2C3C4 dihedral angle of 2 (170.2o) indicates a smaller twist than in 1 which has a dihedral angle of 160.7o.  The different bonding situation between 1 and 2 comes clearly to the fore by EDA-NOCV calculations. Table 2 shows that the calculated ΔEorb values for 2 using the singlet fragments (-719.6 kcal/mol) are now significantly larger than those of the electron-sharing interactions (-669.4 kcal/mol). The results suggest that compound 2 unlike 1 is better described with classical electron-sharing bonds (Me2N)2C=C(H)-C(H)=C(NMe2)2 than with dative bonds. A similar situation has been found for the related systems with a single carbon atom at the centre. The carbodicarbene C(NHC)2 has a strongly bent equilibrium geometry and possesses dative bonds (NHC)→C←(NHC) while the tetraaminoallene (Me2N)2C=C=C(NMe2)2 has a linear structure and electron-sharing bonds.[26d] But the latter molecule may exhibit similar chemical reactivity as C(NHC)2  such as addition of CO2 and CS2 to the central carbon atom[
] and therefore, it has been termed a "hidden carbon".[26d] In the light of our results it might be worthwhile to examine the reactivity of 1,1,4,4-tetraaminobutadiene with strong Lewis acids.


While this study of (NHCbz)2(C2H2) (1) was carried out, the related molecule (cAAC)2(Si2H2) where a disilaacetylene fragment is bonded to two cyclic alkyl(amino) carbene ligands[
] was isolated and the electronic structure was analyzed with the same quantum chemical methods as in our work.[
] The EDA-NOCV calculations showed that, in this case,  the description with dative bonds (cAAC)→(Si2H2)←(cAAC) has  nearly the same weight as the depiction with classical double bonds (cAAC)=(Si2H2)=(cAAC). In contrast, the EDA-NOCV calculations clearly favour a dative description of  the acetylene complex (NHCbz)→(C2H2)←(NHCbz).
Experimental Section
Synthetic work

All manipulations of 1 were performed under an N2 atmosphere using glovebox or Schlenk line techniques. [12+][I]2 and [12+][OTf]2  were synthesized via previously reported procedures.[12a]  Compound [12+][I]2-d2, in which the central =CH-CH= unit is replaced with =CD-CD=, was synthesized using the reported procedure but using maleic anhydride-d2 (Cambridge Isotope Laboratories) as the starting reagent. C2H2 and C2D2 were generated by adding H2O or D2O dropwise to CaC2 and bubbling the resulting gas into NMR tubes or Schlenk flasks via cannula.  CH3CN and C6H6, were obtained from Caledon Laboratories and dried using an Innovative Technologies Solvent Puriﬁcation System with dual columns packed with alumina. The dried solvents were stored under an N2 atmosphere over 3 Å molecular sieves in the glovebox. Solvents for NMR spectroscopy (CDCl3, CD3CN, C6D6) were purchased from Cambridge Isotope Laboratories and dried by stirring for three days over CaH2, distilled prior to use, and stored in the glovebox over 3 Å molecular sieves. 
a) Improved synthesis of 1: In a N2 filled glovebox [12+][I]2 (50 mg, 0.091mmol) was suspended in 2 mL of C6H6 and 2 equivalents of Cp2Co (33 mg, 0.182mmol) in C6H6 solution (2 mL) was added. The mixture was stirred for 2 hours. The precipitated solid of cobaltocenium iodide was removed via centrifugation and the solution was collected. The solvent was removed under vacuum to obtain 1 as an orange solid. Yield: 26 mg, 90%. The spectroscopic data was identical to what we previously reported for the synthesis of 1 using strong bases. [12a] A proton NMR of the solid obtained using this method is given in the supporting information.

b) Reaction of 1 with tetrahydrothiophene-AuCl: A suspension of [12+][OTf]2 (149 mg, 0.26 mmol) in C6H6 (5 mL) and 2 equivalents of Cp2Co (98 mg, 0.52 mmol) in C6H6 (5 mL) was mixed under an N2 atmosphere in a glovebox. The mixture was left to stir for 1 hour after which 2 equivalents of tetrahydrothiophene-AuCl (167 mg, 0.52 mmol) in C6H6 (5 mL) were added to the solution. The solution rapidly formed a purple solid. The mixture was left to stir for 30 minutes after which the solution was centrifuged and the solution decanted. The solvent was removed from the solution under vacuum to produce a dark purple solid. A sample of the solid was dissolved in CH3CN for mass spectrometry analysis, the spectrum of which is shown in supporting information. 
c) Reaction of 12+ with Ag2O: Compound [12+][I]2  (200 mg, 0.35 mmol) was placed in a flask and 1,2-dichloroethane (20ml) was added to form a suspension. 1 equivalent of Ag2O (81 mg, 0.35 mmol) was added to the suspension and the mixture was refluxed for 12 hours until all the Ag2O disappeared from the reaction. The reaction was left to cool to room temperature and was filtered. The filtrate was reduced under vacuum to obtain an orange solid. Samples of the isolated solid were dissolved in CDCl3 and CH3CN for 1H NMR and mass spectrometry, respectively, with the spectra being shown in supporting information.
d) Reaction of 12+-d2 with Ag2O: Compound [12+][I]2-d2  (55 mg, 0.096 mmol) was placed in a flask and CH3CN (2 ml) was added to form a suspension. 1 equivalent of Ag2O (22 mg, 0.096 mmol) was added to the suspension and the mixture was stirred for 3 days. An aliquot was removed for 2H NMR study. The spectrum is shown in the supporting information.
e) Reaction of 1 with O2: Compound [12+][I]2 (50 mg, 0.087mmol,) was placed in a vial with C6D6 (2 mL) under an N2 atmosphere and 2 equivalents of Cp2Co (33 mg, 0.175mmol) were added to the solution. The mixture was left to stir for 2 hours. The mixture was filtered, and the filtrate was transferred into a Schlenk flask under an N2 atmosphere equipped with a drying tube (CaCl2). The N2 flow was turned off, allowing ambient atmosphere into the flask through the drying tube The solution was left to air for 2 hours, resulting in a gradual colour change of the solution from yellow to very pale yellow. An aliquot was removed and 1H NMR spectroscopy showed complete conversion of 1 to the urea, with the spectra shown below. The spectrum of the urea generated from 1 which had been synthesized using KHMDS is shown in supporting information.
Theoretical Methods

Geometry optimizations were performed using the Gaussian 09 optimizer[
] together with TurboMole7.0[
] energies and gradients at the BP86-D3(BJ)[
] /def2-TZVPP[
] level of theory. The Hessian matrices were computed to determine the nature of stationary points and to calculate zero-point energies (ZPEs) as well as thermal corrections and entropy effects using the standard statistical-mechanics relationships for an ideal gas. The NBO[
] calculations were performed with GENNBO5.9.[
]




The nature of the chemical bond was investigated by means of an energy decomposition analysis (EDA, also termed extended transition state method - ETS) developed independently by Morokuma[
] and by Ziegler and Rauk.[
] The bonding analysis focuses on the instantaneous interaction energy ΔEint of a bond A–B between two fragments A and B in the particular electronic reference state and in the frozen geometry of AB. This interaction energy is divided into three main components [Eq. (1)]. 

ΔEint = ΔEelstat + ΔEPauli + ΔEorb 



(1)

    The term ΔEelstat corresponds to the quasiclassical electrostatic interaction between the unperturbed charge distributions of the prepared atoms and is usually attractive. The Pauli repulsion ΔEPauli is the energy change associated with the transformation from the superposition of the unperturbed electron densities 
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 operator) and renormalization (N = constant) of the product wavefunction. ΔEPauli comprises the destabilizing interactions between electrons of the same spin on either fragment. The orbital interaction ΔEorb accounts for bond pair formation (electron sharing), charge transfer, and polarization effects. The ΔEorb term can be decomposed into contributions from each irreducible representation of the point group of the interacting system. Further details on the EDA/ETS method[
] and its application to the analysis of the chemical bond[
] can be found in the literature.

    The EDA-NOCV[
] method combines charge (NOCV) and energy (EDA) decomposition schemes to decompose the deformation density which is associated with the bond formation, Δρ, into different components of the chemical bond. The EDA-NOCV calculations provide pairwise energy contributions for each pair of interacting orbitals to the total bond energy. NOCV (Natural Orbital for Chemical Valence)[
] is defined as the eigenvector of the valence operator, [image: image5.png]


, given by Equation (2):
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In the EDA-NOCV scheme the orbital interaction term, ΔEorb, is given by Equation (3):
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 are diagonal transition state Kohn-Sham matrix elements corresponding to NOCVs with the eigenvalues -vk and vk, respectively. The  [image: image15.png]


 term of a particular type of bond are assigned by visual inspection of the shape of the deformation density, Δρk. The EDA-NOCV scheme thus provides both qualitative (Δρorb) and quantitative (ΔEorb) information about the strength of orbital interactions in chemical bonds.[
] 
    The EDA-NOCV calculations were carried out with the program package ADF2013.01[
] using the gradient corrected functional BP86[33a,b] in conjunction with uncontracted Slater-type orbitals (STOs) as basis functions.[
] The latter basis sets for all elements have triple-ζ quality augmented by two sets of polarization functions (ADF-basis set TZ2P+). This level of theory is denoted BP86/TZ2P+. An auxiliary set of s, p, d, f, and g STOs was used to fit the molecular densities and to represent the Coulomb and exchange potentials accurately in each SCF cycle.[
] The BP86/TZ2P+ calculations were performed using the BP86-D3(BJ)/def2-TZVPP optimized geometries. 

Conclusion


We have found that the bonding situation in compound 1, which is formally a tetraaminobutadiene, is better described in terms of dative bonds between the benzoannelated NHC ligands and a C2H2 fragment in a highly excited electronic state, where the π and π* orbital are both doubly occupied which leads to electron lone pairs at the central carbon atoms (Scheme 3b). The conclusion comes from the analysis of the electronic structure with the help of the EDA-NOCV method. The bonding with dative bonds directly explains the very large proton affinities at the carbon atoms, which are higher than at nitrogen. It also explains the chemical reactivity of 1 where facile cleavage of the exocyclic C=C bond is observed.
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Captions and Legends 
Scheme 1. Schematic representation of the mono-, di- and tricentre complexes EnLm that have structurally been characterized by x-ray crystallography.

Scheme 2. Bonding description (a) with electron-sharing bonds and dative bonds of N2(NHC)2 and (b) with dative bonds in Rivards complex (NHC)→(BHNH)→(BR3),[9]
Scheme 3. (a) Reduction of 12+ leading to 1 rather than deprotonation. (b) Bonding description of 1 with electron-sharing bonds and dative bonds.
Scheme 4. Reaction of compound 1 with metal salts.
Scheme 5. Reaction of compound 1 with oxygen.

Scheme 6. Tetraaminobutadiene with N-methyl groups 2.
Figure 1. (a) Optimized geometry of compounds (a) 1 and (b)  2. Atomic partial charges q at selected atoms and polarity of the C1-C2 σ and π NBO bond orbitals. (c) Optimized geometry of of NHCbz. Bond length in Å, angles in degrees. The calculations were carried out at the BP86+D3(BJ)/def2-TZVPP level of theory.
Figure 2. Plot of deformation densities Δρ1-4 of the pairwise orbital interactions in 1 (left column) and the associated occupied and vacant fragment orbitalsa (middle and right columns) in the singlet state (See Table 2). The direction of the charge flow is red→blue.
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aOnly the most important fragment orbitals are shown.


















Figure 2

Table 1. Calculated reaction energies (in kcal/mol) at the BP86+D3(BJ)/def2-TZVPP level of theory. 
	Reaction
	ΔEe
	ΔEo
	ΔG298

	1   →   2 NHCbz + C2H2
	94.7
	88.4
	69.4

	1  +  B2H6    →   2 NHCbz-BH3 + C2H2
	17.7
	12.5
	4.2

	1  +  2 BCl3  →   2 NHCbz-BCl3 + C2H2
	0.6
	-0.8
	6.3

	1  +  2 AlCl3  →  2 NHCbz-AlCl3 + C2H2
	-19.3
	-21.5
	-15.1

	1  +  Au+    →  [NHCbz-Au- NHCbz]+ + C2H2
	-137.5
	-140.2
	-150.5

	1 +  H+ → [1-H]+ a 
	-267.0
	-257.7
	-257.4

	1 +  2H+ → [1-2H]2+ b
	-466.8
	-449.1
	-450.5

	1 +  H+ → [1-H(N)]+ c 
	-236.1
	-226.9
	-226.4

	1 +  2H+ → [1-2H(N)]2+  d
	-395.4
	-378.1
	-377.5

	1  +  AuCl   →  1-(AuCl)e
	-60.3
	-58.9
	-47.6

	1-(AuCl)  +  AuCl  →  1-(AuCl)2f
	-66.9
	-64.3
	-52.9

	1  + O2 →  2 NHC=O + C2H2  
	-78.2
	-80.4
	-89.0


aThe proton is bonded to one carbon atom of the central C2H2 moiety.
bThe protons are bonded to the carbon atoms of the central C2H2 moiety.
cThe proton is bonded to one nitrogen atom of the NHCbz  moiety.
dThe protons are bonded to two nitrogen atoms of the NHCbz  moieties. There are four isomers for [1-2H(N)]2+. The values in Table 1 refer to the energetically lowest lying species. 
eThe Au atom is bonded to one carbon atom of the central C2H2 moiety.
fThe Au atoms are bonded to the carbon atoms of the central C2H2 moiety.
Table 2. EDA-NOCV results at the BP86+D3(BJ)/TZ2P+ level of theory of compounds 1 and 2 using different electronic states of the fragments.  Energy values are given in kcal/mol.
	
	(C2H2)(NHC)2  (1)
	(C2H2)(NMe2)4  (2)

	Fragments
	2 NHC (Singlet) 

+  C2H2 (Singlet)
	2 NHC (Quintet) 

+ C2H2 (Quintet)
	2 C(NMe2)2 (Singlet)

 + C2H2 (Singlet)
	2 C(NMe2)2 (Quintet) 

+ C2H2 (Quintet)

	Bonding
	  dative bonding
	electron-sharing
bonding
	  dative bonding
	electron-sharing
bonding

	∆Eint
	-465.3
	-436.0
	-526.3
	-395.9

	∆EPauli
	+636.5
	+924.8
	+576.5
	+761.0

	∆Edisp
	-10.4
	-10.4
	-11.6
	-11.6

	∆Eelstat[a]
	-385.4 (36.8 %)
	-503.9 (37.3 %)
	-371.5 (34.1 %)
	-475.9 (41.5 %)

	∆Eorb[a]
	-706.1 (63.2 %)
	-846.5 (62.7 %)
	-719.6 (66.0 %)
	-669.4 (58.5 %)

	ΔEorb(1)[b]
	-259.9 (36.8 %)
	-180.6 (21.3 %)
	-241.7 (33.6%)
	-237.9 (35.5%)

	ΔEorb(2)[b]
	-198.5 (28.1 %)
	-100.4 (11.9 %)
	-172.1 (23.9%)
	-89.7 (13.4%)

	ΔEorb(3)[b]
	-159.9 (22.6 %)
	-473.7 (56.0 %)
	-213.3 (29.6%)
	-205.5 (30.7%)

	ΔEorb(4)[b]
	-46.0 (6.5 %)
	-80.6 (9.5%)
	-51.7 (7.2%)
	-76.6 (11.4%)

	∆Erest
	-41.8 (6.0 %)
	-50.8 (6.1 %)
	-40.8 (5.7 %)
	-59.7 (8.9%)

	∆Eprep
	+371.9
	+342.6
	+415.6
	+285.2

	-De
	-93.4
	-93.4
	-110.7
	-110.7


aThe values in parentheses give the percentage contribution to the total attractive interactions ΔEelstat + ΔEorb. 
bThe values in parentheses give the percentage contribution to the total orbital interactions ΔEorb.
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Experimental observations and quantum chemical calculations suggest that the benzoannelated tetraaminobutadiene compound 1 is better described in terms of dative bonds between N-heterocyclic carbene ligands as donors and acetylene in a highly excited state as acceptor. 
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