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Abstract 

Motivation. The interaction of a cation with an aromatic ring, namely cation-π interaction is a strong 
noncovalent force of great importance in many systems, including cation receptors and biomolecules. 
Cyclophanes and especially calixarenes are widely used cation receptors based on this interaction. 
[2.2]Paracyclophanes are not used for building cation receptors; however its binding capability toward cations is 
superior to benzene. 
Method. HF and B3LYP calculations have been used to carry out the geometry optimizations of 
[2.2]paracyclophane (1) complexes with lithium and sodium cation. Benzene complexes are also studied for 
comparison purposes. Comparative AIM and NICS analyses of the complexes have been performed. 
Results. Several cation-π complexes have been optimized and compared. Complexes of 1 are considerably more 
stable (~10 kcal/mol) than benzene complexes. This unexpected difference is explained by the reduction of the 
repulsive interaction of the π-systems in 1 due to the close proximity of the two benzene rings upon 
complexation. The AIM analysis is in agreement with this explanation. 
Conclusions. From the results presented here, derived from the higher binding affinity of 1 in comparison to 
benzene toward cations, the following conclusion arises: [2.2]paracyclophane is an excellent binding unit for the 
construction of cation receptors. 
Keywords. Cyclophanes, cation-π interactions, AIM, HF, DFT, host-guest. 

Abbreviations and notations 
AIM, Atoms-in-Molecules  DFT, Density functional theory 
B3LYP, Becke’s three parameter hybrid exchange 
functional and the Lee-Yang-Parr correlation functional 

HF, Hartree-Fock 

BSSE, Basis set superposition error NICS, Nucleus-Independent Chemical Shift 
CP, Critical Point  

1 INTRODUCTION 

Interactions involving aromatic rings are important binding forces in both chemical and 
biological systems and they have been recently reviewed by Meyer et al. [1]. For instance arene-
arene interactions play an essential role in the structure of DNA and proteins, as well as in their 
interaction with small molecules [2,3]. The interactions of cation and π-electrons, namely cation-π 
interactions [4], are strong noncovalent forces of great importance in many systems, including 
cation receptors and biomolecules [5]. 

The study of the chemistry of assemblies of molecules, which are held together and organized by 
means of weak noncovalent intermolecular forces is the matter that concerns to Supramolecular 
Chemistry [6,7]. Understanding the chemical origins (binding sites) as well as the physical nature 
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(energetic) of those binding forces is now one of the main thrusts of host-guest chemistry. 
Molecular modeling techniques based on high-level ab initio calculations are incipient and incisive 
tools that provide insight into the behavior of the molecular systems involved in molecular 
recognition. Cations have been traditionally recognized by two families of receptors depending on 
the intermolecular forces involved: crown ethers [8] (hydrogen bond forces) and calixarenes [9] 
(cation-π interaction). The nature of latter interaction has been widely studied and it has been 
demonstrated that two contributions dominate the interaction, i.e. electrostatic and polarization [10]. 
[2.2]Paracyclophane (1) is the smallest stable member of the cyclophane series. The close proximity 
of the rings leads to a strong interaction of the π-systems. The cavity of 1 is too small for inclusion 
compounds and it is used as a building block to study intramolecular electron transfer phenomena. 
Its use as a building block for the construction of cation receptors has not been yet explored. 

In this communication, we report a theoretical ab initio investigation on complexes of 1 and 
cations. We have compared their energetic and geometrical features with cation-π complexes of 
benzene. The interaction energies of 1 complexes are considerably more negative than benzene 
complexes. A likely explanation of this result is that the aryl-aryl repulsion due the proximity of the 
aromatic rings in 1 is diminished upon complexation of the cation. This presumption is in part 
supported by results previously reported by our group [11], where we have demonstrated that an 
aromatic ring can interact favorably with concentrations of negative charge, for instance anions or 
lone pair of electronegative atoms whenever it is simultaneously interacting with a cation by the 
opposite side of the ring. Results from the AIM analysis [12] present here also support this 
explanation. In addition, to further analyze the interaction of 1 with cations, we report the change in 
the aromaticity of the rings upon complexation by means of the NICS [13] criterion.  

X+

2, X=Li
3, X=Na

X+

4, X=Li
5, X=Na  

Figure 1. Cation-π complexes 2-5. 

2 MATERIALS AND METHODS 

The geometry of the complexes included in this study was fully optimized at the B3LYP/6-
31++G** level of theory using the Gaussian 98 [14] program, since previous studies [15,16] have 
shown that reliable results are obtained at this level. The results at the HF level are also included for 
comparison purposes. No symmetry constrains have been imposed in the optimizations. The 
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binding energies were calculated at the same level with and without correction for the basis set 
superposition error (BSSE) using the Boys-Bernardi counterpoise technique [17]. The topological 
analysis of the electron density performed for complexes 2-5 was determined using Bader’s theory 
of AIM [12]. The analysis was carried out using the AIMPAC program [18] at the HF/6-31++G** 
level of theory. We have used the NICS criterion [14] at the GIAO-HF/6-31++G** [19] level of 
theory to evaluate the aromaticity. 

3 RESULTS AND DISCUSSION 

Table 1 reports the energies and equilibrium distances of 2-5 complexes. Some interesting 
features can be appreciated from the inspection of the results. First, the interaction energies are 
about 10 kcal/mol more negative for 1 complexes than for benzene complexes. This unexpected 
difference is significant and a likely explanation is that the repulsion between the aromatic rings of 
1 is drastically reduced upon complexation with the cation. Second, the equilibrium distances are 
shorter in 1 complexes (2 and 3) in comparison with benzene complexes 4 and 5, particularly at the 
B3LYP level of theory. Third, the effect of introducing electron correlation in the calculations is 
mainly observed in the equilibrium distances, which are shorter at the B3LYP than at the HF level, 
whilst the interacting energies are very similar at both levels. 

Table 1. Interaction energies with the BSSE correction (EBSSE, kcal/mol), equilibrium distances (Re, Å) computed 

for complexes 2-5 at HF/6-31++G** and B3LYP/6-31++G** levels of theory. The density (ρ, a.u.) at the cage critical 

point generated upon complexation of the cation (CP2) and the change of the density (∆ρ, a.u.) computed at the cage 

critical point located in the middle of the two parallel aromatic rings (CP1) of [2,2]paracyclophane upon complexation. 

The change of the NICS (∆NICS, ppm) values computed in the middle of the aromatic rings for complexes 1-4, values 

in parenthesis correspond to the lower ring of the [2,2]paracyclophane. 

Compound EBSSE (HF) EBSSE (B3LYP) Re (HF) Re (B3LYP) 102ρ (3,+3) 104∆ρ (3,+3) ∆NICS 

2 -46.99 -46.94 1.905 1.816 1.233 0.711 -0.069 (0.036) 

3 -31.45 -31.64 2.464 2.473 0.833 0.257 1.067 (0.054) 

4 -36.32 -37.21 1.907 1.835 1.163 - -0.452 

5 -23.19 -24.09 2.472 2.395 0.767 - 1.000 

 

To corroborate the assumption that the superior binding ability of 1 in comparison to benzene for 
the complexation of cations is due to the reduction of the repulsive π-π interaction of the aromatic 
rings, we have performed an AIM analysis. It is well-known that the density at the cage critical 
point (CP) can be used as a measure of the bond order in π-interactions [20,21]. The AIM analysis 
of 1 revealed a unique cage CP (denoted as CP1) located equidistant from both aromatic rings along 
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the C2 axis. Upon complexation of the cation, a second cage CP appears (denoted as CP2), linking 
the cation with one aromatic ring of 1 and located along the C2 axis (see Figure 2). The variation of 
the electron charge density at the cage CP1 (∆ρ(3,+3)) upon complexation of the cation is present in 
Table 1 for complexes 2 and 3. In both complexes the variation is significant, indicating that the 
complexation of the cation has a strong influence on the interaction of the rings. Moreover, the 
variation is positive indicating that the interaction between the aromatic rings is more favorable (or 
less unfavorable) than in 1. In fact, for complex 2 ∆ρ(3,+3) is considerably higher than in 3 in 
agreement with the difference in the complexation energy. The computed values of the electron 
charge density at the CP2 are also present in Table 1 for all complexes. They are greater for 1 
complexes than for benzene complexes in agreement with the interaction energies. Similarly, the 
values of the density in lithium complexes 2 and 4 are greater than the corresponding values 
obtained for sodium complexes 3 and 5, in agreement with the complexation energies. Finally, we 
have studied the variation of the aromaticity of the rings upon complexation of the cation. For 
lithium complexes 2 and 4, the variation of the aromaticity of the ring is very small and negative 
indicating that the aromaticity of the ring is slightly affected by the complexation. On the contrary, 
for sodium complexes 3 and 5, the variation is not negligible and it is positive, indicating that the 
aromaticity of the ring decreases upon complexation. 

 

Figure 2. Optimized structure of complex 3 and the representation of the cage CPs is shown. 

4 CONCLUSIONS 

In summary, we have shown that the ability of [2.2]paracyclophane 1 to form cation-π 
complexes is enhanced respecting benzene. The complexation energies are about 10 kcal/mol more 
favorable in 1 than in benzene. A justification is that the repulsion between the π-clouds of both 
aromatic rings in 1 is reduced upon complexation. The AIM analysis supports this hypothesis. 
Finally, from the result present here we conclude that 1 can be used as an effective binding block 
for the construction of cation receptors. 

Acknowledgment 
We thank the DGICYT and Govern Balear of Spain (projects BQU-2002-04651 and PRDIB-2002GC1-05, 

respectively) for financial support. We thank the CESCA for computational facilities. C. G. thanks the MECD for a pre-
doctoral fellowship. A. F. and D. Q. thank the MCyT for a “Ramón y Cajal” and a “Juan de la Cierva” contract, 

CP2 

CP1 



Internet Electronic Journal of Molecular Design 
 

 

4 
BioChem  Press http://www.biochempress.com

 

respectively. 

5 REFERENCES 

[1] E. A. Meyer, R. K. Castellano and F. Diederich, Interactions with Aromatic Rings in Chemical and Biological 
Recognition, Angew. Chem. Int. Ed. 2003, 42, 1210-1250. 

[2] C. Janiak, A Critical Account on π-π Stacking in Metal Complexes with Aromatic Nitrogen-Containing Ligands, 
J. Chem. Soc. Dalton Trans. 2000, 3885-3896. 

[3] C. A. Hunter, K. R. Lawson, J. Perkins and C. J. Urch, Aromatic Interactions, J. Chem. Soc. Perkin Trans. 2 2001, 
651-669. 

[4] J. C. Ma and D. A. Dougherty, The Cation-π Interaction, Chem. Rev. 1997, 97, 1303-1324. 
[5] J. P. Gallivan and D. A. Dougherty, Cation-π Interactions in Structural Biology, Proc. Natl. Acad. Sci. USA 1999, 

96, 9459-9464. 
[6] G.W. Gokel, in: Advances in Supramolecular Chemistry, Vol. 3, Jai Press Ltd., Greenwich, 1993. 
[7] J.-M. Lehn, Supramolecular Chemistry: Concepts and Perspectives, VCH, Weinheim, 1995. 
[8] R. M. Izatt, J. S. Bradshaw, K. Pawlak, R. L. Bruening and B. J. Tarbet, Thermodynamic and Kinetic Data for 

Macrocycle Interaction with Neutral Molecules, Chem. Rev. 1992, 92, 1261-1354. 
[9] M. A. McKervey, M.-J. Schwing-Weill, F. Arnaud-Neu, in: G.W. Gokel (Ed.), Comprehensive Supramolecular 

Chemistry, Vol. 1, 1996, p. 537. 
[10] E. Cubero, F. J. Luque, M. Orozco, Is Polarization Important in Cation-π Interactions?, Proc. Nat. Acad. Sci. 

1998, 95, 5976-5980. 
[11] C. Garau, D. Quiñonero, A. Frontera, P. Ballester, A. Costa and P. M. Deyà, Anion-π Interactions: Must the 

Aromatic Ring Be Electron Deficient?, New J. Chem. 2003, 27, 211-214. 
[12] R. F. W. Bader, A Quantum Theory of Molecular Structure and its Applications, Chem. Rev. 1991, 91, 893-928. 
[13] P. v. R. Scheleyer, C. Maerker, A. Dransfeld, H. Jiao and N. J. R. v. E. Hommes, Nucleus-Independent Chemical 

Shifts: A Simple and Efficient Aromaticity Probe, J. Am. Chem. Soc. 1996, 118, 6317-6318. 
[14] Gaussian 98, Revision A.7 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. 

Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, 
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. 
Pomelli, C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, 
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, 
A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. 
Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill, B. G. Johnson, W. Chen, M. W. Wong, J. L. 
Andres, M. Head-Gordon, E. S. Replogle and J. A. Pople, Gaussian, Inc., Pittsburgh PA, 1998. 

[15] D. Kim, P. Tarakeshwar, and K. S. Kim, Theoretical Investigations of Anion-π Interactions: The Role of Anions 
and the Nature of π Systems, J. Phys. Chem. A 2004, 108, 1250-1258. 

[16] C. Garau, A. Frontera, D. Quiñonero, P. Ballester, A. Costa and P. M. Deyà, Cation-π versus Anion-π 
Interactions: a Comparative Ab Initio Study Based on Energetic, Electron Charge Density and Aromatic Features, 
Chem. Phys. Lett, 2004, 392, 85-89. 

[17] S. B. Boys and F. Bernardi, Calculation of Small Molecular Interactions by Differences of Separate Total 
Energies: Some Procedures with Reduced Errors, Mol. Phys. 1970, 19, 553-566. 

[18] Available from Prof. R. F. W. Bader’s Laboratory, McMaster University, Hamilton, Ont., Canada L8S 4M1. 
[19] K. Wolinski, J. F. Hinto and P. Pulay, Efficient Implementation of the Gauge-Independent Atomic Orbital Method 

for NMR Chemical-Shift Calculations, J. Am. Chem. Soc. 1990, 112, 8251-8260. 
[20] E. Cubero, F. J. Luque and M. Orozco, A Topological Analysis of Electron Density in Cation-π Complexes, J. 

Phys. Chem. A. 1999, 103, 315-321. 
[21] C. Garau, A. Frontera, D. Quiñonero, P. Ballester, A. Costa and P. M. Deyà, A Topological Analysis of the 

Electron Density in Anion-π Interactions, ChemPhysChem 2003, 4, 1344-1348. 
 


