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Abstract 

Motivation. A radical based homodesmotic reaction (HDR) is designed for the accurate calculation of the 
aromatic stabilization energy of cyclopropenyl cation. The energy of the HDR (∆E) accounts for the energy 
released when the cyclic 2π electron cationic conjugation is changed to a linear 2π electron cationic conjugation. 
In other words, ∆E corresponds to the aromatic stabilization energy of cyclopropenyl cation. The value of the 
aromatic stabilization at G2 level is found to be 127.0 kJ/mol. This stabilization energy is much smaller as 
compared to the value of 247.3 kJ/mol calculated by Glukhovtsev et al. in 1996 using a reaction falsely 
described as a homodesmotic reaction. In fact, their value accounted mainly the total π electron conjugation 
energy of (C3H3)+ and not to its aromatic stabilization. 
Method. B3LYP/6–31G(d,p) and G2 level calculations on homodesmotic reaction were used in this study. 
Results. The aromatic stabilization energy of cyclopropenyl cation at B3LYP/6–31G(d,p) and G2 levels are, 
respectively, 115.4 and 127.0 kJ/mol. 
Conclusions. A new homodesmotic reaction is designed for the accurate estimation of the aromatic stabilization 
energy of cyclopropenyl cation. 
Keywords. Aromaticity; cyclopropenyl cation; DFT calculations; G2 calculations; homodesmotic reaction; 
isodesmic reaction. 

Abbreviations and notations 
HDR, homodesmotic reaction ZPVE, zero–point vibrational energy 
IDR, isodesmic reaction  

1 INTRODUCTION 

Aromaticity is a fundamental concept in chemistry [1-6]. Among aromatic hydrocarbons, the 
cyclopropenyl cation is the simplest one. This cation plays a central role in many important 
processes in physical and organic chemistry. The spectroscopic techniques have established a cyclic 
planar D3h structure for this cation [7-10]. This was also confirmed by several ab initio quantum 
chemical calculations [11-13]. Isodesmic and homodesmotic reactions are frequently used for the 

                                                           
# Dedicated to Professor Haruo Hosoya on the occasion of the 65th birthday. 
* Correspondence author; phone: +81-52-789-3518; fax: +81-52-789-4234; E–mail: koga@info.human.nagoya–u.ac.jp. 



Aromatization Energy of Cyclopropenyl Cation 
Internet Electronic Journal of Molecular Design 2002, 1, 603–609 

 

 

604 
BioChem  Press http://www.biochempress.com

 

study of aromaticity from the energetic point of view [14–16]. In isodesmic reactions (IDR), there is 
a matching of the bonds in reactants and products species according to their formal type (single, 
double, or triple). George et al. [16–17] used a subclass of IDR known as homodesmotic reaction 
(HDR) to evaluate the stabilization energies for cyclic conjugated hydrocarbons. In both sides of 
HDR reactions there are equal numbers of each type of carbon–carbon bonds (Csp3–Csp3, Csp2–Csp3, 
Csp2–Csp2, Csp2=Csp2, etc.) as well as equal number of each type of carbon atom (Csp3, Csp2, etc.) with 
zero, one, two, and three hydrogen atoms. 

In 1976 Radom et al. [11] have calculated the resonance energy of (C3H3)+ using the reaction 
given in Eq. (1). They found a value of 290.51 kcal/mol for this at the HF/6-31G*//HF/STO-3G 
level. In 1996 Glukhovtsev et al. [13] calculated the energetics of the same reaction at the G2 level. 
However, they describe the reaction as a HDR incorrectly, and also consider the energy of the 
reaction as the aromatic stabilization energy of (C3H3)+ to obtain a value of 247.3 kJ/mol. In true 
sense it is not an HDR because at the reactant and product sides of the reaction, the formal type of 
the C–C bonds are not balanced. For example, at the reactant side there are three Csp2–Csp2 bonds 
and three Csp3–Csp3 bonds. On the other hand, the product side has one Csp2–Csp2, one Csp3–Csp3 and 
four Csp3–Csp2 bonds. Because of this imbalance in the C–C bonding, the aromaticity value obtained 
by them could be erroneous. One may also note that the reactant side has no hydrogen atoms that 
can participate in hyperconjugative interaction with the ring carbon atoms. But the product side has 
six such hydrogen atoms. Another point to be noted in this reaction is that as compared to the 
reactant side, the charge and the π bond are separated in the product side, meaning that there is no π 
conjugation in the product side. Therefore, the energy of the reaction is actually a good 
approximation to the total π electron conjugation energy of (C3H3)+ and not to its aromatic 
stabilization. Aromatic stabilization of a molecule corresponds to the extra stabilization achieved by 
that molecule due to π electron cyclic delocalization as compared to a matching π electron acyclic 
delocalization. Therefore, in order to get the aromatic stabilization of (C3H3)+ it is necessary to 
subtract the linear π conjugation energy of the allyl cation from the energy of the reaction in Eq. (1). 
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Very recently, we have proposed radical based homodesmotic reactions [18] for the accurate 
calculation of the aromaticity of benzene and antiaromaticity of cyclobutadiene, cf. Eqs. (2) and (3). 
In these reactions, the hybridization type as well as the bonding nature of the C–C and C–H bonds 
are conserved in both sides of the reactions. Further, the strain effects are almost balanced at both 
sides of the reaction because of the use of cyclic radical systems. The energy of these reactions 
therefore represents the energy released when an n electron cyclic conjugation changed to an n 
electron linear conjugation. At the MP4(SDQ)/6–31G(d,p) level, the reaction in Eq. (2) predicted an 
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aromatic stability of 121.76 kJ/mol for benzene and the reaction in Eq. (3) predicted an antiaromatic 
destabilization of 171.76 kJ/mol for cyclobutadiene. 
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It is expected that a radical based homodesmotic reaction similar to that given in Eqs. (2) or (3) 
could give a more accurate quantitative value for the aromaticity of cyclopropenyl cation. In this 
work such a reaction is studied. 

2 MATERIALS AND METHODS 

All calculations were performed with the Gaussian 98 suite of programs [19] at the B3LYP/6-
31G(d,p) level [20,21] density functional theory and ab initio G2 level methods [22] as 
implemented in the package. At first all the molecules studied herein were optimized at the 
B3LYP/6-31G(d,p) level. The optimized geometries were confirmed as minima by frequency 
calculations at the same level of theory. These geometries were further optimized at the 
MP2(full)/6-31G(d) level for the G2 level calculations. G2 level energy calculations have been done 
using the MP2 level geometries (default procedure). At the G2 level, the total energy of a molecule 
approximately corresponds to the total energy at QCISD(T)/6-311+G(3df,2p) level for MP2(full)/6-
31G(d) optimized geometry, with the incorporation of scaled HF/6-31G(d) zero-point vibrational 
energies (ZPVEs) and a so-called higher level correction. To obtain theoretical enthalpies at 298 K, 
vibrational contributions to temperature corrections were calculated with the use of harmonic 
frequencies computed at the HF/6-31G(d) level and scaled by 0.8929 according to the G2 scheme. 
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3 RESULTS AND DISCUSSION 

The IDR reaction given in Eq. (4) represents the change of the cyclic 2π electron cationic 
conjugation to a linear 2π electron cationic conjugation. Eq. (4) can be made homodesmotic by 
adding Eq. (5) to it, which gives Eq. (6). Eq. (5) represents the change of one Csp3–Csp2 and one 
Csp2–H bonds to one Csp2–Csp2 (formal single bond) and one Csp3–H bonds. The reaction in Eq. (6) 
is a good example of a HDR because in this reaction, not only the number and types of CC and CH 
bonds are conserved, but also the number of hyperconjugated hydrogen atoms are equal at the 
reactant and product sides. Moreover, the use of the cyclic system P2 at the product side is expected 
to cancel out a major portion of the strain energy of cyclopropenyl cation in the reactant side. For 
the biradical systems the highest spin state, the triplet state is used in the calculation. Therefore, the 
Csp2–Csp2 bond of P3 in the product side can be considered as a formal Csp2–Csp2 single bond. It 
means that the number of formal Csp2–Csp2 single bonds are also conserved in the reaction, two each 
at the reactant and product sides of Eq. (6). 
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The optimized geometries of the systems in Eq. (6) at the MP2(full)/6–31G(d) levels are 
depicted in Figure 1 along with their B3LYP/6–31G(d,p) C–C bond length parameters. In general, 
all these systems show nearly the same geometrical parameters at both B3LYP/6–31G(d,p) and 
MP2(full)/6–31G(d) levels of theories. The cyclopropenyl cation R1 has a planar D3h structure with 
C–C bond length equal to 1.366 Å. The mass spectrometric and spectroscopic experimental data as 
well as previous ab intio calculations support this structure as the most stable isomer of the (C3H3)+ 
molecular cation [8–14]. The charge of this cation is equally distributed on the carbon atoms. As 
compared to (C3H3)+, the linear π conjugated allyl cation (P1) has longer C–C bond length (1.382 
Å) and the charge is largely concentrated on the terminal carbon atoms (Figure 1). In the case of the 
acyclic radical cation R2 and the corresponding cyclic radical cation P2, the charge and spin density 
are mainly shared by the Csp2 carbon atoms. The spin density values of the biradical triplet systems 
R3 and P3 suggest that the unpaired electrons lie exclusively on the Csp2 carbon atoms. There is 
only a small increase in the over all C–C bond lengths on going from the reactant side to the 
product side. For instance, at MP2 level, the sum of C–C bond lengths for the reactant and product 
sides are 9.954 and 9.979 Å respectively (corresponding B3LYP values are 9.952 and 9.993 Å, 
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respectively). What is the major change when R1 + R2 + R3 gives P1 + P2 + P3? It is undoubtedly 
the change of the cyclic 2π electron delocalization in R1 to the linear 2π electron delocalization in 
P1. In other words it corresponds to the transformation of an aromatic system to a nonaromatic 
system. All other electronic effects including the strain effects are nearly conserved in both sides of 
the reaction. It means that the energy released ∆E in the process R1 + R2 + R3  P1 + P2 + P3 is a 
very good approximation to the extra stabilization of cyclopropenyl cation due to the cyclic π 
electron conjugation as compared to the matching linear π conjugation in the allyl cation. It implies 
that ∆E is in fact a very good approximation to the classical aromatization energy of (C3H3)+. At the 
B3LYP/6–31G(d,p) level, ∆E is 115.39 kJ/mol. On the other hand, the G2 level value of ∆E at 0 K 
and 298 K are respectively 127.63 and 127.03 kJ/mol. These values are much smaller as compared 
to the value of 247.3 kJ/mol calculated by Glukhovtsev et al. [13] using the reaction given in Eq. 
(1). In fact, their value accounted mainly the total π electron conjugation energy of (C3H3)+ and not 
its aromatic stabilization. 

 

 

 
 

Figure 1. Optimized geometries at the MP2(full)/6–31G(d) level. Mulliken atomic charges and spin densities with 
hydrogens summed into carbon atoms are also given. MP2 values are given in regular font. All the values in italics are 
at the B3LYP/6–31G(d,p) level. 
 

Note that since P3 has radical centers on adjacent carbon atoms, the radical–radical interaction in 
it could be slightly higher than that in R3. Yet another point is that the strain energy of R1 at the 
reactant side is accounted by the strain energy of P2 at the product side. However, since P2 has a 
larger triangular structure than R1, the ring strain of the former could be slightly smaller than the 
latter. In other words, the radical effects are slightly over–estimated and the ring strain effects are 
slightly under–estimated at the product side of the reaction in Eq. (6) leading to a partial 
cancellation of both effects when ∆E is calculated. 
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4 CONCLUSIONS 

A radical based homodesmotic reaction, Eq. (6), is designed for a very good estimate of the 
aromatic stabilization of (C3H3)+. In this reaction the number of each type of carbon–carbon bonds 
(Csp3–Csp3, Csp2–Csp3, Csp2–Csp2, Csp2=Csp2), number of each type of carbon–hydrogen bonds (Csp3–
H, Csp2–H) and the number of each type of carbon atoms (Csp3, Csp2) with zero, one, two, and three 
hydrogen atoms are conserved. Further, the strain effects are nearly balanced at both sides of the 
reaction. The ∆E of the reaction provides a very good estimate of the extra stabilization of the cyclic 
2π electron cationic cyclic conjugation as compared to a matching 2π electron cationic acyclic 
conjugation. The aromatic stabilization energy of (C3H3)+ (∆E) at the B3LYP/6–31G(d,p) level is 
115.39 kJ/mol and its G2 level value at 0 K and 298 K are, respectively, 127.63 and 127.03 kJ/mol. 
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