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DIRECT ESTIMATION OF AROMATICITY IN 

FISCHER CARBENES 
 

J. Oscar C. Jiménez-Hallaa, Israel Fernándezb and Gernot Frenkingc 

 
aInstitut de Química Computacional, Universitat de Girona, 17071 Girona, Catalunya. bDepto. Química 

Orgánica, Facultad de Química, Universidad Complutense de Madrid, 28040 Madrid, España. cFachbereich 

Chemie, Philipps-Universität Marburg, Hans-Meerwein-Strasse, D-35032 Marburg, Germany. 

 

1. Introduction 

 Carbene chemistry has evolved through the last decade as the new discoveries on 

the synthetic organic field envisaged a plethora of compounds which could be 

functionalized by profiting the chemical properties that the two unpaired electrons confer to 

the carbene. Since the first metallocene carbene introduction reported by Fischer and 

Maasböl in 1964,[1] its rich chemistry became more attracted when the first applications 

catalyzed by metal complexes started at the 1970s.[2,3] Fischer carbenes were reported as 

potential precursors in the preparation of carbo- and heterocycles.[4-10] They are 

electrophilic at the carbene carbon atom and present a low oxidation state in the middle or 

late transition metal (TM). Another very pronounced characteristic is that Fischer carbenes 

possess π-electron acceptor metal ligands –such as carbon monoxide ligand- and π-donor 

substituents on the methylene group like hydroxyl and amino groups.  

 In fact, we can say a Fischer carbene is a derivation of alkylidenes (see Figure 1), 

where the organic chain R is substituted by a heteroatom as functional group mainly O, S or 

N (at this point, the resulting species is named a carbene ligand) and the α-hydrogen by 

another R substituent like alkyl, aryl or other functional group. 
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Figure 1. Derivation of Fischer carbenes. 

 

 Basically, the electronic behavior of Fischer carbenes is ruled by the π-donor 

substituents (i.e. in the methylene group). There is an effect of donation from the σ-orbitals 

of the carbene atom to the metal center and a back-donation from d-orbitals of the metal 

closer to the π-orbitals of the carbene atom. But also we have the competition effect of the 

π-donation coming from the substituent ligands (see Figure 2). 

 By other hand, there is other variety of carbenes which is opposite in chemical 

reactivity to the Fischer moieties already mentioned: Schrock carbenes. These species were 

first introduced by Schrock in 1974 when he reported on the synthesis of 

(Me3CCH2)3Ta=C(H)(CMe3).[11] So, whereas Fischer carbenes are usually in a singlet 

state, Schrock carbenes are more conceivable as covalent bonds, or in other words, they are 

present in a triplet state. Some derivations from these main kind of carbenes have also been 

reported as the N-N heterocyclic carbenes, sulfur- and phosphocarbenes, which have 

engaged also an industrial interest for new routes of synthesis are not considered in the 

analysis of this work as they need a little π-back donation from the metal to be stable 

enough to be isolated and where the carbene ligands can even be synthesized as free 

species.[12-15]  

 
Figure 2. Effects of donation and back-donation conveyed through the Fischer carbenes. 
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The so-called Dötz benzannulation reaction can be regarded as the most important 

and synthetically useful of the Fischer carbene reactions. It consists in an ensemble between 

an alkoxycarbene, by instance, and an olefin providing a p-alkoxyphenol derivative. 

Moreover, the nature of the alkyne determines equally the position of the larger substituent. 

Some mechanistic details of this reaction have been investigated in our group[16-18] and 

by others,[19-21] because the type of green chemistry derivated from Fischer carbenes is 

really wide and flexible. It is very useful in the synthesis of new medicines (antibiotics like 

aflatoxin B2,[22,23] family of carbazolquinones,[24] fredericamycin A,[25], landomycin 

A,[26] etc; essential components of metabolites like (-)-kendomycin[27]), natural products 

(derivatives of (-)-curcuquinone,[28] alkaloids extracted from plants like bulgaramine[29]) 

and biological molecules (components of big enzymes as the (S,S)-isodityrosine,[30] 

aminoacids like arylglycines,[31] preparation of vitamins E and K[32-34]). But there is still 

controversy among the mechanistic proposals and some fine features in its chemistry 

remain uncovered. This crucial aspect could not only improve the yield of a reaction but 

also to broaden its applicability.  

By other hand, aromaticity concept offers a viable way to quantify reactivity on this 

kind of organic compounds. It has been very useful for the rationalization of the structure, 

stability and reactivity of many molecules. Even though this concept was introduced first in 

1865 by Friedrich August Kekulé, it has not precise meaning yet and many general 

methods have tried to give a clear definition. Perhaps because this phenomenon offers 

different manifestations on its quantification, (i.e. it is a multidimensional property inherent 

to the electronic structure of molecules), the ways for formulating a proper scale diverge 

among them, based on their structural, magnetic and energetic characteristics. Such criteria 

can be divided in order to describe better the forecasted conditions presented in aromatic 

systems (associated to a conjugated cyclic π-electron compound):[35-41] an energetic point 

of view, where the first aromaticity definition was understood as an ‘energy excess’ or the 

contribution of delocalized energy that stabilize organic molecules;[42-44] a geometrical 

criterion, proposed from the idea that π-electron structures leads to an equalization of bond 

lengths[45-47] (both, energetic and geometrical criteria, are called frequently ‘classical 

schemes’); actual tendencies make use of a magnetic criterion, based on the π-electron ring 
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current induced when the molecule is exposed to external magnetic fields, where 

aromaticity can be defined as the ability of maintaining an induced current (diatropic 

compounds);[48-56] equally, several electronic stability criteria have been proposed 

recently, based on the electronic distribution of the density of the molecular system (all of 

them use an aspect of the topology of the electron density for quantify aromaticity).[49,57-

64] 

 As the aromaticity has been introduced to the inorganic realm, when in 1995 

Robinson et. al.[65] reported the first aromatic cyclic Ga3
2- species stabilized by organic 

ligands, some ways to obtain aromaticity measures (specifically, those for the classical 

schemes) were regarded to the parameterizations of some mathematical expressions. This 

was the empirical approach: to adjust observable data to the theory for predicting new 

classes of compounds. The most accepted aromaticity indices based on structural 

parameters: Bird’s indices[66-72] I5 and I6 and Krygowski’s HOMA,[45] have used these 

regression methods. For this last one, the analytic form (which has been used to predict 

aromaticity in carbo- and heterocycles last ten years) is the following: 

[ ]21 iopt RR
N

HOMA −∑−=
α  

where N is the number of related bonds (for example, N=6 for benzene) and α is the 

regression coefficient chosen in a way to fix HOMA=0 for the Kekule structure typical of 

an aromatic system and HOMA=1 for molecules having all the bonds equal to the optimal 

value Ropt. Next, it has been demonstrated[41] that HOMA can be divided into an energetic 

term (EN) and a geometrical term (GEO): 

GEOENHOMA −−=1  
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with the parameters of the model ropt= 1.388 Å and α= 257.7 Å-2. They can be interpreted 

as the dearomatization terms: EN, measuring the decrease of aromaticity due to a decrease 

(1) 

(2) 

(3) 

(4) 
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of the resonance energy and GEO, measuring an aromaticity diminution by increase of 

bond length alternation. 

 Later, Prof. Schleyer introduced a new index based on the magnetic properties of 

diatropicity in the center of each ring of organic molecules. Nucleus-Independent Chemical 

Shifts (NICS)[56] were computed at these points (on the center or 1 Å above this center[73] 

were the recommended measurement positions) to predict aromaticity/antiaromaticity: the 

more negative the NICS value is, the more aromatic the compound is. Then, we extended 

this idea because we thought one point would not be reliable to detect the point of 

maximum aromaticity value as this is not more a concept for organic molecules but also for 

inorganic realm. We recommended performing NICS scannings up to 5 Å above the ring 

center as the most of molecules start to vanish the effects of magnetic field[53] (Figure 3). 

 

 
Figure 3. NICS scan technique for characterizing type of aromaticity in molecules. 

 

A. Stanger has corroborated our proposition extending this methodology to the organic 

molecules.[74] Even when estimation of aromaticity by means of magnetic criteria would 

be one of the most convenient tools, these methods are still subject to debate.[51,52,75] 

 The most modern aromaticity index criteria make use of the topological analysis of 

the electron density. Firstly, Howard and Krygowski[60] proposed to pay attention to the 

value of density, ρ, and the Laplacian of density, ∇2ρ, at the center of the cyclic molecules 
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(as was stipulated for NICS measures), because this is the position of minimal charge 

density in the ring plane (the so-called Ring Critical Point, rcp). Particularly, the curvature 

of the electron distribution (Hessian value perpendicular to the molecular plane, λ3) is 

sensitive on the changes of charge concentration or depletion at this point. But also the 

other values (ordered such that λ1 < λ2 < 0 < λ3) are helpful to define another aromaticity 

index, the bond ellipticity: 

1
2

1 −=
λ
λ

ε , 

This index can be interpreted as a measure of the anisotropy of the curvature of the 

electron density;[76] it has been shown to correlate very well with other criteria and 

therefore opened the possibility to some new rigorous mathematical expressions. 

Fuentealba and coworkers also made mention for taking a look of the electron localization 

function on a topological analysis, like that for electron density, as an aromaticity scale.[77] 

In our group, Poater and coworkers have derived an electronically based aromaticity 

index, the delocalization index (DI), δ(A,B), derived from the Quantum Theory of Atoms in 

Molecules (QTAIM).[78] The term δ(A,B) is obtained by double integration of the 

exchange-correlation density over the atomic basins, as defined in the QTAIM, of atoms A 

and B, according to Equation (6). 

( )∫ ∫Γ−=
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 The term δ(A,B) gives a quantitative idea of the number of electrons delocalized or 

shared between atoms A and B.[79,80] The larger the DI values, the more aromatic the 

molecule is. 

 Conversely, Matito and Solà introduced the aromatic fluctuation index[61] (FLU) 

given in Equation (7): 
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 The terms in Equation (8) are: the average population of an atom A, N(A), and the 

number of electrons localized at the atom A, λ(A), defined within the QTAIM,[78] whereas 

δ(A,B) is defined in Equation (6). So, FLU index should give a number close to zero for any 

aromatic molecule. Moreover, this quantity not only analyzes the amount of electron 

sharing between adjacent atoms in a given ring, which should be substantial in aromatic 

molecules, but it also takes in account the similarity of electron sharing between adjacent 

atoms. 

 Bultinck et. al.[58] have used the definition of the DI, Equation (6), for generalizing 

to 1,2,…,n atoms in a given molecule as can be seen in Equation (10). This is called the 

multi-center index, δ(1,2,…,n), and characterizes the extent of delocalized cyclic bonding in 

individual molecular rings. 

∑⋅=
nji

nijkij nSSSnn
,...,,

)()2()1(!2),...,2,1( Lδ  

 Even when these delocalization indices have predicted very well the aromaticity for 

several organic systems, they don’t correlate almost in any case with the magnetic indices. 

Thus, there is still some debate for the validation of these aromaticity indices[81,82] and 

therefore, the research is open to new possibilities. 

 The main goal of this work is precisely to test a direct estimation of conjugation and 

aromaticity with the Energy-Decomposition Analysis (EDA) method proposed in the group 

of Prof. Frenking,[83-88] for a form of strained carbene. Our interest comes from the fact 

that carbenes containing annelated cyclopropene rings are good models for the behavior of 

aromatic molecules under geometric constraints. In other words: does annelation produce 

significant alterations in the geometry of the central benzene ring, and if it does, are such 

geometric changes diagnostic of loss of aromatic character? This is an exciting challenge 

for applying the EDA method in the search of the reactivity in carbenes, main focus of my 

PhD thesis. 

 

 

2. Computational Methods 

(9) 

(10) 



J. Oscar C. Jiménez Halla 

 8

The geometries of the molecules were optimized using non-local DFT level of theory 

using Becke’s exchange functional[89] in conjunction with Perdew’s correlation 

functional[90] (BP86). Uncontracted Slater-type orbitals (STOs) were employed as basis 

functions in SCF calculations.[91] Triple-ζ-quality basis sets were used, which were 

augmented by two sets of polarization functions, that is, p and d functions for the hydrogen 

atom and d and f functions for the other atoms. This level of theory is denoted as 

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.[92] Unless otherwise specified, all structures were verified as minima on the 

potential energy surface by calculating the Hessian matrices. The calculations were carried 

out using the ADF(2003.01) program package.[93] 

In the Energy Decomposition Analysis (EDA), bond formation between the interacting 

fragments is divided into three steps, which can be interpreted in a plausible way. In the 

first step the fragments, which are calculated with the frozen geometry of the entire 

molecule, are superimposed without electronic relaxation yielding the quasiclassical 

electrostatic attraction ΔEelstat. In the second step the product wavefunction becomes 

antisymmetrized and renormalized, which gives the repulsive term ΔEPauli, termed Pauli 

repulsion. In the third step the molecular orbitals relax to their final form to yield the 

stabilizing orbital interaction ΔEorb. The latter term can be divided into contributions of 

orbitals having different symmetry. This latter step is crucial for the present study. The sum 

of the three terms ΔEelstat + ΔEPauli + ΔEorb gives the total interaction energy ΔEint: 

ΔEint = ΔEelstat + ΔEPauli + ΔEorb 

Note that the latter is not the same as the bond dissociation energy, because the 

relaxation of the fragments is not considered in ΔEint. The interaction energy, ΔEint, together 

with the term ΔEprep, which is the energy necessary to promote the fragments from their 

equilibrium geometry to the geometry in the compounds, can be used to calculate the bond 

dissociation energy, –De = ΔEprep + ΔEint. Because we are not concerned with the bond 

dissociation energies in this report I give only the values for ΔEint and its contributing 

terms. Further details about the EDA can be found in the literature.[94,95] 
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The interacting open-shell fragments have been calculated as open-shell singlets (os), 

doublets (d), triplets (t) or quartets (q) where the electron configuration and electronic state 

is determined by the bond which is analyzed in the EDA. 

We also tested our results with methods incorporating electron-correlation to the wave-

function beyond the Hartree-Fock theory. MØller-Plesset second-order perturbation theory 

(MP2) and Coupled-Cluster theory with single and double excitations (CCSD) were the 

selected post-HF methods chosen as reference for validating the results obtained with 

BP86. These methods have the same or even better accuracy than our GGA functional but 

for large systems the former ones become highly expensive computationally and in this 

case we have applied it as the annelated carbenes are small molecules. These methods were 

performed by means of the Gaussian03 program package.[96] Because of the lower cost for 

computing analytic harmonic frequencies using Gaussian03 (instead of ADF program), we 

also computed those for the BP86 and MP2 methods (numerical frequencies for CCSD 

were neglected in our procedure). These calculations allowed us to be ensured on the nature 

of the critical points found for all of the investigated species in this work. Minima on the 

Potential Energy Surface (PES) present zero negative frequencies whereas saddle-points of 

n-order have precisely n negative frequencies (n=1 for transition states and so on). 

 

 

 

3. Results and Discussion 

We considered a hydrogenation reaction of a closed-shell annelated propene species to 

get insight our test of aromaticity on carbene systems. This is shown in Scheme 1, noting 

that pairs of electrons are positioned at the corners of each propene (i.e. at the carbene 

carbons where the most reactivity on the molecule is expected). Thus, the introduction of 

three protons to those corners transforms this neutral species into a tri-cation. In our 

research, we have taken in account two possible isomers of these species: one is a totally 

planar set of fused rings of high symmetry (D3h) and the second is a distorted structure, 

where the carbene carbons are bent out from the benzene ring plane (see Scheme 1). 

Moreover, the benzene nucleus comprises two types of bonds: those contained within the 

annelation (endo bonds) and those connecting two annelations (exo bonds). 
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3.1 Optimized Geometries 

 To understand the first question made, that is, if annelation provokes an alteration in 

the structure of the central benzene fragment, we first discuss the optimized geometries 

obtained using the three ab-initio methods pointed out at the Computational Methods 

Section. An initial observation is that the non-planar annelated species (b) of 1 are very 

different in geometry among the BP86, MP2 and CCSD levels of theory. 

 

 
Scheme 1. Reaction of hydrogenation of a cyclopropa-annelated benzene (1) studied in this work. Note we 
can have two isomers: (a) planar species and (b) non-planar species. 
 

 In Figures 4-6, the optimized geometries are shown in that order. The most distorted 

one is that calculated with DFT (Figure 4). In fact, this molecule is merely a cluster of 

carbon atoms where the C-C distances are alternated (long, then short and so on). The 

propene rings are predicted by this method to be unstable towards the bending out the plane 

affording a nine-membered carbon ring. 

 

 1 
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Figure 4. Optimized geometries (bond distances, Å) of the non-planar cyclopropa-annelated benzene 
calculated at BP86/6-311G(2d,2p) level of theory. 
 
 

 
Figure 5. Optimized geometries (bond distances, Å) of the non-planar cyclopropa-annelated benzene 
calculated at MP2/6-311G(2d,2p) (numbers in bold) level of theory. 
 
 
 
 Whereas MP2 theory indicates a well-conserved structure (Figure 5), noting that the 

shorter C-C bonds are those exo positioned and the larger at the endo bonds of the central 

benzene ring. The same conclusion can be highlighted using CCSD theory, but in this case 

the two propene rings out of the benzene ring plane were disrupted to form a semi-planar 

structure with a more symmetric eight-membered ring and one still kept three-membered 
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ring (see Figure 6). Even when we had tried to start from different initial distorted 

cyclopropa-annelated benzene structure for these calculations, we obtained the referred 

geometries as the same critical points for the corresponding theories. But the common 

feature is the bond localization when the benzene ring is expanded due to the high strain 

found in the bent three-membered rings. 

 
 

 
Figure 6. Optimized geometries (bond distances, Å) of the non-planar cyclopropa-annelated benzene 
calculated at CCSD/TZVP (numbers in parenthesis) level of theory. 
 
 
 This issue has been debated since the observed effect by Mills and Nixon in 1930 of 

bond alternation in annelated benzenes.[97-100] Originally, it was suggested to explain 

reactivities and selectivies of benzenes annelated to small rings, however, during the years 

the subject evolved. Today it is known as the effect causing an aromatic moiety to localize 

bonds (e.g. alternating arrangement of single and double bonds instead of the usual 

symmetric arrangement) due to strain imposed by small annelated ring(s) and hence to 

change the structure and reactivity of the system. So, this strain-induced bond localization 

(SIBL) phenomenon is a σ-effect because of the bonds which are affected. Since it is 
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orthogonal to the π system of the aromatic moiety, it can serve as a “handle” for the study 

of the π and σ effects in these systems.[101-103] 

 The average aromatic bond length for alkyl-substituted benzenes is 1.397 ± 0.009 

Å.[104,105] Thus, for the cases of the non-planar isomers, this effect is very important as 

the structures possess alternating C-C bond distances according to what has been shown 

above. 

 
 
 

 
Figure 7. Optimized geometries (bond distances, Å) of the planar cyclopropa-annelated benzene are shown 
calculated at levels of theory BP86/6-311G(2d,2p), MP2/6-311G(2d,2p) (numbers in bold) and CCSD/TZVP 
(numbers in parenthesis). π-electron populations on each carbon atom are also displayed for the planar species 
and were obtained from the BP86 calculations. 
 
 
 The three results for the planar isomer of 1 (we labeled such structure as 2) are 

shown in Figure 7. The C-C bond distances become shorter as the ab-initio method 

employed is more robust. Again, exo C-C bonds are larger than endo ones. By comparing 

the bond distances of the carbons of the benzene fragment with those to the carbene 

carbons, in the planar structure 2 we can see the differences are minor than those distances 

at the isomer 1 calculated with MP2 (Figure 5). Thus, slight deviations of 2 from planarity 

lead to the fracture of the delicate equilibrium in the three-membered rings. 
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 Turning now on the attention to the hydrated species (3-4), we obtained lesser 

variations in the geometry of the non-planar isomers (3). Figure 8 summarizes the 

optimized geometries of this species calculated at the three levels of theory. As can be seen, 

SIBL are rather inferior to those found in the pure-carbon species. While here the 

difference in distance between exo and endo bonds is no longer than 0.06 Å, for structures 1 

and 2, the Mills-Nixon effect was clearly pronounced (0.10 – 0.34 Å). Furthermore, C-C 

bond distances with carbene carbons are smaller (around 1.40 Å) than exo bonds in the 

central benzene fragment (~1.46 Å). This trend is the opposite for the non-hydrated 

compounds (1-2) in any of the employed levels of theory. Note also that C-C endo bonds 

are shortened when calculated in the order BP86 > MP2 > CCSD, whereas C-C exo bonds 

are enlarged when calculated in the same order. It is likely the accumulation or depletion of 

electron charge over these bonds influences on the sensitivity of the theoretical method 

used to take in account the electron correlation exerting in the distances of carbon atoms.  

 
 

 
Figure 8. Optimized geometries (bond distances, Å) of the non-planar 1,3,5-
trihydrotricyclopropa[a,c,e]benzene are shown calculated at levels of theory BP86/6-311G(2d,2p), MP2/6-
311G(2d,2p) (numbers in bold) and CCSD/TZVP (numbers in parenthesis).  
 
 
 The same occurs for the planar hydrated molecules (4), but the bond alternation is 

slightly higher than for the non-planar counterparts. Bond distances are shown in Figure 9. 

We have calculated the natural orbital populations of planar compounds 2 and 4. When the 

carbon cluster is not hydrated (2), electron population remains more on the benzene 

carbons, whilst for the hydrated species 4 part of the charge is displaced to the carbene 
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carbons now hydrogen-substituted each one. Since the difference is almost the double, we 

can say that the addition of hydrogens has a remarkable effect on the structure of this 

molecule. In fact, the reverse effect of SIBL on such complexes with heteroatoms has been 

already discussed in the literature.[106-108] There is a correlation between strain energy 

and the amount of charge localization on these kind of compounds, or in other words, SIBL 

effects and the distortive π forces must be linearly dependent in these systems.[108] 

 
 
 
 

 
Figure 9. Optimized geometries (bond distances, Å) of the planar 1,3,5-trihydrotricyclopropa[a,c,e]benzene 
are shown calculated at levels of theory BP86/6-311G(2d,2p), MP2/6-311G(2d,2p) (numbers in bold) and 
CCSD/TZVP (numbers in parenthesis). π-electron populations on each carbon atom are also displayed for the 
planar species and were obtained from the BP86 calculations. 
 
 
 

3.2 Characterization and magnetic properties of annelated benzenes 

 We also collected the electronic energies of all the compounds shown above in 

Table 1. Non-planar isomers (1-3) are minima, whereas planar species (2-4) are saddle-

points of second-order (pointing out towards non planarity and distortion of the central 

benzene fragment) for both non-hydrated (1-2) and hydrated (3-4) cases. BP86 

overestimates noteworthy the energy differences due to the condition of planarity of these 

molecules, in comparison with MP2 and CCSD post-HF theories. But perhaps the most 

important divergence is that MP2 (and presumably CCSD) predicts that hydrated non-



J. Oscar C. Jiménez Halla 

 16

planar and planar isomers are minima coexisting in equilibrium, although BP86 considers 

the planar hydrocyclopropabenzene (4) a second-order saddle-point it is just 0.42 kcal·mol-1 

far from the minimum. This result can be taken carefully as it has been shown by Moran 

and coworkers[109] that for ab-initio levels of theory, benzene and arenes are predicted to 

be nonplanar (contrasted to the general experience). Even when the failure of the more 

robust theoretical methods to maintain central benzene planar (as in our case), this energy 

difference usually is no more than 0.5 kcal·mol-1 for the nonplanar minima.[109] 

Interestingly, whereas for CCSD the nonplanar (3) and the planar (4) cyclopropabenzenes 

are practically the same structure (see distances in Figures 8 and 9), for MP2 method there 

is an unique difference lying on the exo C-C distance (1.466 Å in 3 against 1.365 Å in 4). 

 
 
 
Table 1. Energies corrected by ZPE given in kcal/mol for the molecules (Mol) shown in 
Figures 4-9. The number of imaginary frequencies and relative energies are also displayed.  

BP86/6-311G(2df,2p) MP2/6-311G(2df,2p) CCSD/TZVP Mol 
Energy ΔEa Freq Energy ΔEa Freq Energy ΔEa 

1 -342.596503 0.00 0 -341.507368 0.00 0 -341.5561402 0.00 
2 -342.430704 104. 2 -341.466954 25.62 2 -341.4899418 41.54
3 -342.987899 0.00 0 -342.021408 0.00 0 -342.0965606 0.00 
4 -342.987228 0.42 2 -342.021404 0.002 0 -342.0965557 0.003

a Relative energies respect to the minimum. 
 
 
 
 By other hand, as we have mentioned in the Introduction, the magnetic properties of 

these species have been measured using NICS aromaticity index. In Table 2 are shown the 

values calculated at the center of each ring, NICS(0), or 1 Å up to the perpendicular 

direction of the ring plane from the ring center, NICS(1), and even the tensor zz-component 

of both quantities, denoted as NICSZZ(0) and NICSZZ(1). In general, it can be seen that by 

comparing NICS of the isolated benzene or cyclopropane species with those on the 

annelated molecules 2 and 4, the central benzene ring increases its aromaticity while outer 

cyclopropene rings decrease dramatically its local aromaticity. Furthermore, NICS values 

are more negative for cyclopropa-annelated benzene 2 than for the hydrated moiety 4. In 

other words, the former is showing a paramagnetic behavior whereas the 

trihydrotricyclopropa[a,c,e]benzene 4 is more a diamagnetic species according to the 
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calculated NICS values. Thus, for this aromaticity index based on magnetic criteria, the 

more reactive ring (the less aromatic) is the central benzene skeleton and the addition of 

hydrogens in the carbene carbons destabilizes more the molecule than the all-carbon 

molecule 2. 

 It is important to mention that usually NICS predict the inner rings on arenes and 

phenylenes to be the more aromatic ones[110,111]. For this case, we will see that NICS 

values are in line with the prediction of our testing aromaticity index (vide infra). It is 

possible that for very correlated electron systems like carbenes containing annelated 

cyclopropene rings, NICS give good quantitative estimation of aromaticity. 

 

 
Table 2. Nucleus-Independent Chemical Shifts (NICS) aromaticity index of magnetic 
criteria for the molecules shown in Figures 4-9, calculated at BP86/6-311G(2d,2p) level of 
theory. 

Index Benzene 2 – Ring A 4 – Ring A 
NICS(0) -7.991 -6.245 -3.005 
NICS(1) -10.487 -16.323 -12.772 

NICSzz(0) -14.367 -30.715 -23.487 
NICSzz(1) -28.979 -30.927 -25.759 

    
Index Cyclopropane 2 – Ring B 4 – Ring B 

NICS(0) -21.196 -2.861 5.978 
NICS(1) -14.305 -9.337 -4.141 

NICSzz(0) -30.751 -3.664 16.134 
NICSzz(1) -28.074 -15.559 -7.728 

 
 
 
 

3.2 Energy decomposition analysis (EDA) of these studied species. 

 The kind of information we can extract from EDA outputs is very rich in chemical 

intuition and gives a quantitative picture of the nature of chemical bonds in the studied 

systems. A very important requirement to get the correct separation of σ and π parts that 

contribute to the orbital energy contribution term, ΔEOrb, is that the symmetry group of the 

molecule contains either the CS group or belongs as a subgroup. This condition will ensure 

us that this last term can be exactly divided in ΔEσ and ΔEπ orbital energy terms. Thus, 

once we calculate ΔEπ this is a good estimation of the degree of conjugation or 
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hyperconjugation of the molecule. Frenking et.al. have shown that the conjugation (which 

is due to the electron delocalization over the bonds related with) can also be related with a 

direct measure of aromaticity[84,86]. 

 The final calculation of ADF contains the information concerned with the way of 

cutting and defining those fragments constituting the whole aromatic system. We can 

decide whether if we need to calculate a homolytic (one electron per each atom forming the 

bond involved in the cutting off) or heterolytic (both electrons in one atom of the bond 

rupture) mode of bond breaking. For our study, we considered just homolytic ruptures of 

the σ-bonds as we known for cyclic aromatic systems the kind of involucrated σ-bonds is 

well defined. But it is also possible to define the spin of every electron where the bonds 

were cut. Intuitively, defining the same spin for both electrons of the same broken bond 

will lead to an increase in the Pauli repulsion term, ΔEPauli, and therefore we can have 

different spin configurations when calculating the interaction energy ΔEInt from the 

idealized fragments considering cutting offs in bonds of interest. The hint is to search for 

the spin configuration which shows the lesser Pauli repulsion energy. In order to follow this 

recommendation, we carried out many test until we got the optimum values of EDA for 

each of the studied systems shown here. 

 Table 10 and 11 contain all the results obtained by analyzing the bonds at the fixed 

optimized geometries of 2 and 4 compounds. As can be seen, these results are contrasted 

with the isolated benzene and cyclopropane molecules, which are displayed at the first 

column in both mentioned Figures. For the cases of cyclopropane cutting offs, we shown 

several spin configurations as can be seen in Figure 11. Note that the triplet configuration 

on CH+ fragments give the less Pauli repulsion energy and thereby we also recommend 

always be sure to test all the possibilities to define spins of the broken bonds. In general, we 

can say that orbital interactions ruled out the nature of the chemical bonding on these 

species.   
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 Electron density is displaced from the central benzene ring to the smaller 

cyclopropane rings. This is because ΔEπ values decrease substantially from isolated 

benzene to the more strained benzene in the annelated species whereas the same conclusion 

follows between isolated cyclopropane species and those annelated to the benzene, even 

when the diminution is quantitatively minor in the last one. So for EDA, annelated 

cyclopropanes are more aromatic than the central benzene fragment. As we mentioned 

above, these results agreed with the prediction using NICS index. But the difference resides 

on the aromaticity character between hydrated and non-hydrated moieties. Whereas for 

EDA, we can see in Tables 10 and 11 that ΔEπ values are more negative in the hydrated 

species 4 (more aromatic) than in non-hydrated 2, for NICS forecast this behavior is the 

opposite. 

 The bond alternation when passing from the D6h geometry of the isolated benzene to 

the D3h annelated benzene increases and that is other factor explaining why benzene 

aromaticity decreases when the molecule is more strained in the annelated cyclopropa-

benzene compound. This strain-induced bond localization is more pronounced in the non-

hydrated species 2 than for the hydrated molecule 4. Moreover, by comparing the benzene 

skeleton for the total geometry of both studied molecules and deleting the carbene carbons, 

we can account for the effect of π-delocalization of adjacent cyclopropane rings on the 

broken bonds in central benzene. These ring currents, when absent, it destabilize π-system 

of annelated benzene by ca. 21 kcal·mol-1, i.e. 7 kcal·mol-1 by each carbene carbon (see 

Figure 10). 

 To estimate the degree of conjugation among π-orbitals of carbon atoms 

constituting the aromatic rings, we need to compare the ΔEπ values with those of a linear 

hydrocarbon containing the same number of alternated bonds as benzene. For this case, the 

reference system should be 1,3,5,7-tetraoctene but we can also use 1,3,5-trihexene, because 

even when the latter is not the exact isoelectronic system, it is aromatic whereas 1,3,5,7-

tetraoctene is not. Even though, the difference of ΔEπ is pretty larger for the isolated 

benzene than for the annelated systems. This quantification of conjugation is very useful 

also to predict aromaticity in such a kind of annelated carbene systems. 
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4. Conclusions 

The calculated ΔEπ values for the annelated cyclopropane benzene molecules 

suggest that the EDA may be used for directly estimating the strength of π conjugation in 

aromatic compounds. The EDA values show a pattern which agrees with the 4n + 2 rule. 

The extra aromatic stabilization energy can be obtained by comparing the cyclic 

conjugation with the strength of π conjugation in acyclic reference compounds. The ΔEπ 

values indicate that benzene is significantly stabilized by aromatic stabilization, but the 

total π bonding contribution to the carbon-carbon bonding becomes even more stabilizing 

when the geometry is distorted toward a D3h form which has three long and three short C-C 

bonds. The D6h equilibrium structure is enforced by the σ orbital interactions and by the 

quasiclassical electrostatic attraction. 
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1. Introduction 

 Since the discovery of the noble gases in 1904 by Ramsey, chemists took up the 

challenge to overcome the reluctance of the group 8 elements to form chemical bonds. The 

story of the decade-long failures and the circumstances which eventually led to the first 

syntheses of noble gas compounds by Bartlett[1]
 and by Hoppe[2]

 is a fascinating example 

for the endurance and the creativity of great chemists who were determined to overcome 

the obstacles which are posed by nature.[3]
 A large number of noble gas compounds has in 

the meantime become isolated in the condensed phase but until recently, only molecules of 

Xe and Kr could be prepared. This is because chemical inertness increases when the noble 

gas (Ng) atom gets smaller. It took until the millennium year 2000 that the first chemically 

bonded neutral argon compound HArF was prepared by Khriatchev et al.[4]
 The molecule 

was synthesized by photolysing HF in an argon matrix at low temperature and it was 

identified by comparing its vibrational spectrum with quantum chemical values. HArF is 

only stable as matrix-isolated species and thus, it is not a genuine “bottleable” compound. 

Salt compounds of ArF+
 have been predicted to be principally isolable because the 

calculated bond dissociation energy of the cation is very high (49 kcal/mol).[5]
 The search 

for a suitable weakly coordinating anions which stabilize ArF+
 has not been successful so 

far and thus, it remains a challenge for experiment. Theoretical studies have shown that the 
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outlook for synthesizing neutral compounds with genuine chemical bonds of the light 

homologues He and Ne are not very bright.[6]
  

Another challenge posed by noble gas chemistry is the synthesis of a compound 

which contains two noble gas atoms that are connected by a chemical bond Ng-Ng. Seppelt 

succeeded in 1997 to isolate a salt compound with the cation Xe2+
 that has a Xe-Xe bond 

with an interatomic distance of 3.087(1) Å.[7]
 A neutral compound possessing a Ng-Ng 

bond seems highly unlikely because two atoms Ng with a filled valence shell should not by 

prone to engage in chemical bonding with each other. On the other hand we learned from 

the ground breaking work of Khriatchev et al.[4]
 that the cooperative effect of atoms H and 

F bonded at opposite sides of an atom Ng induces a strongly covalent bond between 

hydrogen and argon and a dominantly ionic bond between HAr+
 and F-.[8]

 It seemed to us 

that the synchronous influence of H and F might even be strong enough to induce chemical 

bonding between noble gas atoms in HNgNgF. Here we report about quantum chemical 

calculations[9]
 of the latter species where Ng = Xe, Kr, Ar. We also present the calculated 

reaction pathways and activation energy for the decomposition of HNgNgF.  

 

 

2. Results and Discussion 

Figure 1 shows the optimized geometries of the calculated equilibrium structures 

and transition states. All tetraatomic species HNgNgF are minima on the potential energy 

surface (PES) possessing a linear (C∞v) geometry using DFT at the m05-2x/def2-TZVPP 

level.[10]
 Reoptimization at MP2/def2-TZVPP and at CCSD(T)/aug-cc-pVTZ also gave 

linear energy minima for HArArF and HXeXeF. Unfortunately, the geometry optimizations 

of HKrKrF at CCSD(T)/aug-cc-pVTZ and MP2/TZVPP did not converge. Note that the 

m05-2x/def2-TZVPP values for the Ar-Ar and Xe-Xe bonds are very similar to the 

CCSD(T)/aug-cc-pVTZ values. The theoretically predicted values for the Xe-Xe bond 

length in HXeXeF are close to the experimental and calculated Xe-Xe distance in the cation 

Xe2+. The CCSD(T)/aug-cc-pVTZ value for r(Xe-Xe)+
 is 3.107 Å and 3.078 Å at 

MP2/def2-TZVPP. 
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Figure 2 shows the theoretically predicted reaction coordinates for the 

decomposition of HNgNgF yielding the most stable final products HF + 2 Ng. The 

decomposition pathway of HNgNgF firstly leads via hydrogen migration to the 

triatomic species HNgF + Ng. The IRC calculations using TS1 as starting point yield 

weakly bonded van der Waals complexes HNgF…Ng which are only slightly lower in 

energy than the separated species. The calculations at CCSD(T)/aug-cc-pVTZ predict 

that the noble gas compounds HNgF decompose via TS2 with activation barriers 

between 23.7 kcal/mol (HArF) and 39.2 kcal/mol (HXeF) to HF and free Ng. The 

theoretical values are in good agreement with previous calculations.[11]
  

The most important results which are shown in Figure 2 are the calculated 

activation barriers TS1 for the reaction HNgNgF → HNgF…Ng. The ab initio 

calculations suggest that HArArF is only a very shallow energy minimum on the PES. 

The barrier for decomposition is 1.4 kcal/mol at CCSD(T)/aug-cc-pVTZ and 0.1 

kcal/mol at MP2/def2-TZVPP. Zero-point energy (ZPE) corrections slightly increase 

the barrier to 1.6 kcal/mol at CCSD(T)/aug-cc-pVTZ and 0.2 kcal/mol at MP2/def2-

TZVPP. The calculated barrier at m05-2x/def2-TZVPP is also quite small (0.2 kcal/mol 

which increase to 0.3 kcal/mol with ZPE corrections) in good agreement with the ab 

initio values. It seems highly unlikely that HArArF can be experimentally observed. 

The calculations predict a similar situation for the heavier homologue HKrKrF. Since 

the geometry optimization using MP2 and CCSD(T) of HKrKrF at MP2 and CCSD(T) 

failed we used the m05-2x/def2-TZVPP optimized structures for single point energy 

calculations at the ab initio levels. We encountered SCF convergence problems with the 

CCSD(T)/aug-cc-pVTZ calculations but we succeeded in single point energy 

calculations at MP2/def2-TZVPP. The latter predict a barrier of 2.5 kcal/mol. A slightly 

higher barrier of 3.5 kcal/mol is calculated at m05-2x/def2-TZVPP (4.5 kcal/mol with 

ZPE correction). These values might be too low to make HKrKrF a viable compound. 
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The situation looks different for the xenon homologue HXeXeF. The calculated 

activation barrier TS1 is 11.8 kcal/mol at CCSD(T)/aug-cc-pVTZ and 10.0 kcal/mol at 

MP2/def2-TZVPP. The barrier becomes slightly higher when ZPE corrections are 

considered reaching 13.1 kcal/mol at CCSD(T)/aug-cc-pVTZ and 11.1 kcal/mol at 

MP2/def2-TZVPP. The m05-2x/def2-TZVPP value for the barrier is 10.5 kcal/mol 

(12.0 kcal/mol with ZPE corrections) which is in agreement with the ab initio values. 
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The sizable activation barrier which is predicted at different levels of theory levels 

suggest that HXeXeF could become observed in a low temperature xenon matrix. 

 

Table 1. Calculated IR frequencies (cm-1) and intensities (km/mol) at m05-2x/def2-
TZVPP. Experimental values are given in parentheses.a  

Frequency  Intensity  mode  Frequency  Intensity  mode  
H-Ar-Ar-F  H-Ar-F 

68.0a
  1.0  F-Ar-Ar bend  472.1  

(435.7)b
  

221.1  Ar-F stretch  

159.7  41.7  Ar-Ar stretch  716.2a
  

(686.9)b
  

27.2  bend  

317.3  104.4  H-Ar-Ar bend  2114.9  
(1965.7 – 
1972.3)b

  

439.2  Ar-H stretch  

384.5  34.5  Ar-F stretch   
1676.6  8804.1  Ar-H stretch   

H-Kr-Kr-F  H-Kr-F  
72.9  7.3  F-Kr-Kr bend  457.4  

(414.2-
417.0)c

  

206.1  Kr-F stretch  

135.6  38.4  Kr-Kr stretch  645.3a
  

(645.9-
650.9)c

  

8.4  bend  

304.0  253.3  H-Kr-Kr bend  2076.4  
(1925.4-
1951.6)c

  

378.1  Kr-H stretch  

616.1a
  18.0  Kr-F stretch   

1692.4  5878.4  Kr-H stretch   
H-Xe-Xe-F  H-Xe-F  

20.2a
  7.5  F-Xe-Xe bend  467.9  206.4  Xe-F stretch  

126.3  30.3  Xe-Xe stretch  643.6a
  0.3  bend  

296.0a
  4.4  H-Xe-Xe bend  2140.5  276.1  Xe-H stretch  

311.9 522.6 Xe-F stretch    
1351.5 3808.8 Xe-H stretch    

aDegenerate mode.  
bReference 4b.  
cReference 12.  
 

 

It should be easy to identify HXeXeF by its IR spectrum which is according to 

the calculations clearly distinguishable from the IR spectrum of HXeF. There is no 

report know to us which reports about the experimental observation of HXeF which 

should be prepared along with HXeXeF when HF is photolyzed in a xenon matrix. 
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Table 1 shows the theoretically predicted vibrational frequencies and IR intensities of 

both compounds at the m05-2x/def2-TZVPP level. There are two vibrational modes of 

HXeF and HXeXeF which have a very large intensity in the infrared spectrum. For 

HXeF, the IR active Xe-F stretching mode is predicted at 468 cm-1
 while the Xe-H 

stretching mode is calculated at 2141 cm-1. The strongly IR active modes of HXeXeF 

are calculated at 1352 cm-1
 (Xe-F) while the Xe-H stretching mode is predicted at 312 

cm-1. The absolute values for the harmonic vibrations are probably too large but the two 

xenon compounds should clearly be distinguished by the large shift of ~800 cm-1
 for the 

Xe-H stretching mode. Table 1 gives also the calculated vibrational frequencies and IR 

intensities for the argon compounds HArF and HArArF and for the krypton species 

HKrF and HKrKrF. The experimentally observed values for HArF[4]
 and HKrF[12]

 

suggest that the theoretical values for the vibrational frequencies are ~10% too large. 

 

Table 2. NBO Charges of HNgNgF and HNgF at MP2/def2-TZVPP//MP2/def2-
TZVPP.  

  Ar  Kr Xe  
H-Ng1-Ng2-Fa

  q(H) = 0.42  
q(Ng1) = 0.51 
q(Ng2) = 0.05 
q(F) = -0.98  

q(H) = 0.30  
q(Ng1) = 0.43 
q(Ng2) = 0.16 
q(F) = -0.88  

q(H) = -0.01  
q(Ng1) = 0.59  
q(Ng2) = 0.32  
q(F) = -0.91  

H-Ng-F  q(H) = 0.26  
q(Ng) = 0.59 
q(F) = -0.84  

q(H) = 0.12  
q(Ng) = 0.71 
q(F) = -0.83  

q(H) = -0.04  
q(Ng) = 0.87  
q(F) = -0.83  

aUsing m05-2x/def2-TZVPP optimized geometry.  
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Figure 3. Contour line diagrams ∇2ρ(r) of the calculated molecules. Solid lines 
indicate areas of charge concentration (∇2ρ(r) < 0) while dashed lines show areas of 
charge depletion (∇2ρ(r) > 0).  
 
 
 
 

We analyzed the electronic structure of the noble gas compounds in order to 

understand the nature of the chemical bonding. Table 2 gives the calculated atomic 

partial charges of HNgNgF and HNgF. The fluorine atom carries always a large 

negative charge which is close to –1. The negative charge at fluorine in HNgNgF is 

even a bit larger than in the respective HNgF molecule. The charge distribution suggests 

that the tetraatomic species may be described as HNgNg+ cations which are 

electrostatically bonded to F-. The noble gas atoms are positively charged. Note that the 

Ng atom which is bonded to fluorine is always less positively charged than the Ng atom 

which is bonded to hydrogen. Another interesting result is the partial charge of the 

hydrogen atom in HXeXeF which is essentially neutral.  

 

 

Table 3. AIM Results of HNgNgF and HNgF at MP2/def2-TZVPP//MP2/def2-TZVPP.  
Molecule  bond  ρ(rb)  ∇2ρ(rb)  H(rb)  
H-Ar-Ar-F  H-Ar  0.229  -0.888  -0.274  

 Ar-Ar 0.037 0.126  0.0002  
 Ar-F 0.040 0.181  0.0014  

H-Ar-F  H-Ar  0.293  -0.657  -0.229  
 Ar-F 0.107 0.327  -0.028  

H-Kr-Kr-Fa 
 H-Kr  0.088  0.079  -0.039  

 Kr-Kr 0.029 0.057  -0.0008  
 Kr-F 0.056 0.151  -0.0035  

H-Kr-F  H-Kr  0.192  -0.422  -0.165  
 Kr-F 0.104 0.268  -0.034  

H-Xe-Xe-F  H-Xe  0.111  -0.082  -0.063  
 Xe-Xe 0.041 0.050  -0.0058  
 Xe-F 0.079 0.204  -0.020  

H-Xe-F  H-Xe  0.155  -0.196  -0.118  
 Xe-F 0.098 0.225  -0.037  

aUsing the m05-2x/def2-TZVPP optimized geometry.  
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Figure 3 shows the contour line diagrams of the Laplacian distribution ∇2ρ(r) of 

HNgNgF and HNgF. The results of the AIM (Atom in Molecules)[13]
 calculations are 

given Table 3. The shape of the Laplacian distribution nicely indicates the nature of the 

bonding interactions. The fluorine atom has in all compounds a spherically symmetrical 

Laplacian distribution which underscores the classification of a fluoride F-
 anion. The 

Ar-H bonds in HArArF and HArF possess an area of continuous charge concentration 

∇2ρ(r) > 0 (solid lines) which suggest an ArH+
 moiety. The Laplacian distribution of 

the second argon atom in HArArF is nearly undistorted which agrees with the very low 

energy which is necessary to change the linear equilibrium structure to TS1. The 

electronic charge at hydrogen in the krypton and xenon compounds becomes higher 

than in the argon compounds (see the atomic partial charges in Table 2). This becomes 

visible by the area of charge concentration in the Kr-H and Xe-H moieties which 

becomes more shifted towards the hydrogen end than in the Ar-H fragments. The Kr-Kr 

bonding in HKrKrF exhibits a small polarization at the krypton atoms. The more 

polarizable xenon atoms in HXeXeF show an area of charge depletion ∇2ρ(r) < 0 

(dashed lines) which agrees with the partial charges (Table 2) for the noble gas moiety 

Xe-Xe+. Unlike the free Xe2+
 cation which was isolated by Seppelt the compound 

HXeXeF possesses a covalent Xe-H bond in the HXeXe+
 fragment which is bonded to 

F-
 mainly through Coulombic interactions. 
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