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Noncovalent interactions play a fundamental role in many
areas of modern chemistry. In particular the interations of
cations and p-electrons–cation±p interactions–are strong
noncovalent binding forces of great importance in many
systems.[1,2] Crystallographic studies provide much of the
information on cation±p interactions and other nonbonding
interactions that have attracted considerable attention in the
last years such as anti-hydrogen bonds,[3] dihydrogen bonds,[4]

and other unconventional hydrogen bonds.[5] These interac-
tions have also been studied extensively by means of
computational methods. Noncovalent interactions are usually
characterized by Bader©s theory of ™atoms in molecules∫
(AIM),[6] which has been used successfully to understand
conventional[7] and unconventional[8] hydrogen bonds and
cation±p interactions.[9]

The cation±p interaction is in gen-
eral dominated by electrostatic and
cation-induced polarization.[10] The
nature of the electrostatic component
has been rationalized, emphasizing
the function of the permanent quad-
rupole moment of benzene (see Fig-
ure 1).[11] The favorable interactions
in the benzene±hexafluorobenzene
complex have been studied, including
the face-to-face stacking in its crystal
structure.[12] A detailed analysis car-
ried out by Williams stresses the
important role of the large, perma-
nent quadrupoles of the two mole-
cules, which are similar in magnitude
but of opposite sign.[13] The impor-
tance of the quadrupole moment for
understanding intermolecular inter-
actions of aromatic systems has been
rationalized.[14]

Theoretical studies of the possible
interaction of the p-electron cloud of
C6F6 with several small electron do-
nor molecules have been published
previously.[15±17] In this communica-
tion we report a preliminary study of

the interactions between anions and hexafluorobenzene. In
these complexes the anion is positioned over the benzene ring
along the C6 axis. This study combines crystallographic and
computational evidence to demonstrate that anion±p inter-
actions exist and that they are energetically favorable. To the
best of our knowledge this is the first study in which the term
™anion±p interaction∫ is used to describe the interaction
between the permanent quadrupole of C6F6 and anions.[18]

Initially the geometries of all the complexes included in this
study were fully optimized at the Hartree±Fock (HF) level by
using the 6-31þþG** basis set.[19] The binding energies were

calculated with and without correction for the basis set
superposition error (BSSE) by using the Boys±Bernardi
counterpoise technique[20] and zero-point energy (ZPE)
corrections. Frequency calculations at the same level con-
firmed that the structures are at their energy minima.
Furthermore, in all cases we extended our calculations to
the MP2/6-31þþG** level, assuming C6v symmetry for
complexes 1±5 and C3v symmetry for complexes 6 and 7.
Unfortunately, the frequency calculations give either one or
more imaginary frequencies for all complexes. To solve this
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Figure 1. Representations of the quadrupole moments of benzene (left)
and hexafluorobenzene (right) and the anion±p interaction (middle).

Table 1. Interaction energies with (EBSSE,EBSSEþZPE [kcalmol�1]) and without (E [kcalmol�1]) the basis set
superposition error (BSSE) and zero-point energy correction (ZPE) and equilibrium distances (Re [ä]) at
HF/6-31þþG** and MP2/6-31þþG** (italics) levels of theory, and selected electron density
topological properties for the complexes of hexafluorobenzene with anions.

Complex E EBSSE EBSSEþZPE Re CP[a] n 1021 102r 21

C6F6¥¥¥H� �11.2 �11.1 �10.2 3.034 (3,�1) 6 0.578 1.135
1 �17.5 �14.3 �13.4 2.706 (3, þ 1) 6 0.576 1.139

(3, þ 3) 1 0.426 1.611
C6F6¥¥¥F� �18.8 �18.1 �17.8 2.669 (3,�1) 6 1.001 4.200
2 (3, þ 1) 6 0.996 4.226

(3, þ 3) 1 0.702 4.106
C6F6¥¥¥Cl� �11.0 �10.8 �10.6 3.404 (3,�1) 6 0.572 1.637
3 �18.0 �13.2 �12.9 3.155 (3, þ 1) 6 0.571 1.637

(3, þ 3) 1 0.450 1.820
C6F6¥¥¥Br� �13.2 �9.3 �9.5 3.479 (3,�1) 6 0.618 1.612
4 �20.7 �12.4 �11.9 3.214 (3, þ 1) 6 0.616 1.613

(3, þ 3) 1 0.480 1.887
C6F6¥¥¥CN� �11.9 �11.3 �10.9 3.020 (3,�1) 6 0.701 2.276
5 (3, þ 1) 6 0.700 2.290

(3, þ 3) 1 0.534 2.543
C6F6¥¥¥NO3

� �9.7 �8.4 �8.2 3.325 (3,�1) 3 0.535 1.089
6 �18.7 �12.4 ±[b] 2.922 (3, þ 1) 3 0.324 1.477

(3, þ 3) 1 0.234 1.308
C6F6¥¥¥CO3

2� �28.4 �26.9 �26.6 3.011 (3,�1) 3 1.043 3.385
7 (3, þ 1) 3 0.598 2.588

(3, þ 3) 1 0.401 2.147

[a] The electron density (1) and its Laplacian (r 21) in atomic units at the critical points (CP) originating
upon complexation are given, as well as the total number (n) of each CP in the complex. [b] Unfortunately,
the frequency calculation of complex 6 was impossible to carry out since the program stops with an error
message.



issue, we carried out the geometry optimizations without
imposing any symmetry constraints. As a result, complexes 1,
3, 4, and 6 have been successfully optimized and the
minimum-energy nature of the structures has been confirmed,
except for complex 6 (see footnote of Table 1). For the other
complexes–2, 5, and 7–the minimum-energy structures
correspond to the nucleophilic attack of the anion at one of
the carbon atoms. Topological analysis of the charge density
1(r) distribution and properties of critical points (CP) were
determined by using the AIM method, which provides an
unambiguous definition of chemical bonding,[21] by means of
the program AIMPAC[22] using the HF/6-31þþG** wave-
function.
Table 1 reports the energies and equilibrium distances

calculated at both HFandMP2 levels of theory corresponding
to the interaction of hexafluorobenzene with a series of
anions. In general, the MP2-computed binding energies are
more negative than the HFones and the equilibrium distances
are shorter. For complexes 1±5 exploration of the CPs
revealed the presence of six (3,�1) and six (3, þ 1) CPs
symmetrically distributed. The bond CPs connect the anion
with the carbon atoms, and the ring CPs connect the anion
with the middle of the C�C bond (see Figure 2). The
Laplacian of the (3,�1) CPs is positive which indicates a
depletion of the electron density, as is common in closed-shell
interactions.[6] Finally, the interaction is further described by
the presence of a cage CP located over the hexafluorobenzene
molecule along the C6 axis, connecting the anion with the
center of the ring. Quantitative values for 1(r) and r 21(r) at
the CPs give hints on the character and strength of the
interaction. The values obtained for complexes 1±7 (see
Table 1) are similar to those found for cation±p interactions.[9]

The pattern of CPs that appears upon complexation is altered
in the complexes 6 and 7 (NO3

� and CO3
2�). Only three bond

and three ring CPs are found as a result of the geometry of the
optimized complexes, in which the anion is placed parallel
over the ring and the nitrogen (or carbon) atom is located

along the C6 axis (see Figure 2). In these complexes the
interaction can be also viewed as a face-to-face parallel
stacking interaction in which one component is electron
deficient and the other is electron rich.
It is quite clear that without the results of crystallographic

experiments molecular modeling would be a highly specula-
tive activity at best. Crystal structures are so rich in
information and often reveal effects that had not been noticed
by the original authors. The Cambridge Structural Database
(CSD) appeared to us to be a convenient and reliable
storehouse for geometrical information. The utility of small-
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Figure 2. Representations of the location of the (3,�1) CPs (red circles),
the (3, þ 1) CPs (green circles), and the (3, þ 3) CP (blue circle) originating
from the interaction of hexafluorobenzene with fluoride (top) and nitrate
(bottom) ions. On the left-hand side the complexes are viewed perpendic-
ular to the benzene ring; for clarity, the anions have been omitted in these
representations. On the right-hand side the complexes are viewed side-on.

Figure 3. X-ray crystal structures of [(Ph2PC5H4)2FeAu2SC6F5][ClO4] (LAPZAD)[31] and [(C6F5)2Br][BF4] (HOHJUJ); distances in ä.



molecule crystallography and the CSD in analyzing geo-
metrical parameters and nonbonding interactions has been
clearly established.[23] In exploring the CSD we found 1944
fragments in which noncovalent p interactions are present
between lone-pair electrons of electronegative atoms such as
F, Cl, Br, O, S, and N and perfluorobenzene derivatives.
Twenty-seven of those were p interactions between anions
and pentafluorobenzene derivatives.[24] In Figure 3 we show
two selected examples and the CSD reference codes of crystal
structures in which the anion±p interaction is evident. It is
remarkable that the HOHJUJ[25] structure in which the
tetrafluoroborate anion is surrounded by three pentafluoro-
phenyl moieties and two fluorine atoms of the anion clearly
interact with the p-electron cloud of the aromatic rings. In
order to validate the crystallographic study, we provide in
Figure 4 an angle histogram and an angle±distance scatter-
plot, in which the angle used for the histogram and the
scatterplot is defined by the interacting atom (X), the ring
centroid, and one carbon atom of the ring, and the distance

used for the scatterplot is the average of all six X±Cring
distances. The major number of hits in the search corresponds
to angles close to 908 (see histogram) and the concentration of
data are at angles close to perpendicular to the aromatic ring
and interaction distances closer than the van der Waals
contact (see scatterplot).
To analyze the physical nature of the anion±p interaction

and determine whether polarization is important, we com-
puted its contribution to the total interaction energy with the
recently developed Molecular Interaction Potential with
polarization (MIPp),[26] which is a powerful tool for predicting
the binding properties of aromatic compounds.[10,27] MIPp is
an improved generalization of the molecular electrostatic
potential (MEP), in which three terms contribute to the
interaction energy: 1) an electrostatic term identical to the
MEP,[28] 2) a classical dispersion±repulsion term, and 3) a
polarization term derived from perturbational theory.[29]

Therefore, it provides a natural partitioning of the interaction
energy into intuitive components.
Calculation[30] of the MIPp of hexafluorobenzene interact-

ing with F� (see Table 2) was performed with the HF/6-311þ

G** geometries and wavefunctions. In the calculations the F�

ion was considered as a classical nonpolarizable particle. We
explored the electrostatic (Ee), polarization (Ep), van der
Waals (Evw), and total (Et) interacting energies when a
fluoride ion approaches an hexafluorobenzene molecule
perpendicular to the center of the aromatic ring. The results
in Table 2 point out the importance of the polarization
component, which is similar to the electrostatic one in the 2.0±
3.0 ä range.
In summary, the results derived from crystallographic

structures and theoretical calculations reported in this study
reveal the existence of anion±p interactions. This new non-
bonding interaction has been studied by using a topological
analysis of the electron density and MIPp calculations. The
interaction of anions with other benzene derivatives with
positive quadrupole moments such as 1,3,5-trinitrobenzene is
under study.
Note added in proof : Since submission of this manuscript, a

publication has appeared that includes relevant work. It
describes the interaction of p-electron deficient 1,3,5-triazine
ring and several anions by ab initio calulations at the MP2
level of theory.[32] We are grateful to the editor for bringing
this to our attention.
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Figure 4. Plots obtained directly from analysis of the CSD database for
structures in which noncovalent interactions are present between an
electronegative atom (X) such as F, Cl, Br, O, S, and N and a
perfluorobenzene fragment. a) Histogram showing the number of struc-
tures N obtained at an angle defined by the electronegative atom X, the
ring centroid, and one carbon atom of the ring. b) Scatterplot for the
structures in which the same angle and the average of all six X±Cring
distances are plotted. Both plots were obtained directly from the CSD
database software.

Table 2. Contributions to the total interaction energy [kcalmol�1] calcu-
lated with MIPp for hexafluorobenzene interacting with F� at several
distances [ä] from the center of the ring.

Distance Ee Ep Evw Et

1.5 �36.59 �43.84 1047.82 967.38
2.0 �22.44 �24.89 119.05 71.72
2.5 �16.39 �13.93 13.44 �16.89
3.0 �12.66 �7.96 �0.50 �20.12
3.5 �9.90 �4.74 �0.83 �15.48



A Springlike 3D-Coordination Network That
Shrinks or Swells in a Crystal-to-Crystal
Manner upon Guest Removal or
Readsorption**

Kumar Biradha and Makoto Fujita*

The recent upsurge in the crystal engineering of coordina-
tion nets is caused by their several useful functional properties
such as porosity, use in separation and catalysis, and magnet-
ism.[1] Particularly, some metal±organic 3D networks were
shown to be porous: the networks and their crystalline nature
are intact after the guest removal and the emptied network
had the ability to reabsorb and desorb guest molecules.[2] Here
we show another class of compounds in which a 3D network
contracts after guest removal and expands after a guest is
readsorbed; this class of molecules can also exchange guest
molecules without affecting the 3D network or its crystalline
nature. Linear and rigid bifunctional ligands (1D) such as 4,4’-
bipyridine form several networks with various properties.[3]

However, its 3D analogue, 2,4,6-tris(4-pyridyl)triazine (TPT,
1), has not been explored to that extent.[4] In solution
chemistry we have already shown that panel-like ligands such
as 1 self-assemble into 3D polyhedra upon reaction with

N

N

N

N

NN

1

COMMUNICATIONS

3392 ¹ 2002 WILEY-VCH Verlag GmbH&Co. KGaA, Weinheim 0044-8249/02/4118-3392 $ 20.00+.50/0 Angew. Chem. Int. Ed. 2002, 41, No. 18

[1] a) D. A. Dougherty, Science 1996, 271, 163; b) J. C. Ma, D. A.
Dougherty, Chem. Rev. 1997, 97, 1303.

[2] J. L. Sussman, M. Harel, F. Frolow, C. Oefner, A. Goldman, L. Tolker,
I. Silman, Science 1991, 253, 872.

[3] a) P. Hobza, V. Spirko, H. L. Selzle, E. W. Schlag, J. Phys. Chem. A
1998, 102, 2501; b) P. Hobza, V. Spirko, K. Buchhold, B. Reimann, H.-
D. Barth, B. Brutschy, Chem. Phys. Lett. 1999, 299, 180.

[4] a) T. B. Richardson, S. de Gala, R. H. Crabtree, P. E. M. Siegbahn, J.
Am. Chem. Soc. 1995, 117, 12875; b) P. L. A. Popelier, J. Phys. Chem.
A 1998, 102, 1873.

[5] I. Alkorta, I. Rozas, J. Elguero, Chem. Soc. Rev. 1998, 27, 163.
[6] a) R. F. W. Bader, Chem. Rev. 1991, 91, 893; b) R. F. W. Bader, Atoms

in Molecules. A Quantum Theory, Clarendon, Oxford, 1990.
[7] J. R. Cheeseman, M. T. Carrol, R. F. W. Bader,Chem. Phys. Lett. 1988,

143, 450.
[8] U. Koch, P. L. A. Popelier, J. Phys. Chem. 1995, 99, 9747.
[9] E. Cubero, M. Orozco, F. J. Luque, J. Phys. Chem. A 1999, 103, 315.
[10] E. Cubero, F. J. Luque, M. Orozco, Proc. Natl. Acad. Sci. USA 1998,

95, 5976.
[11] M. Luhmer, A. Bartik, A. Dejaegere, P. Bovy, J. Reisse, Bull. Soc.

Chim. Fr. 1994, 131, 603.
[12] J. H. Williams, J. K. Cockcroft, A. N. Fitch, Angew. Chem. 1992, 104,

1666; Angew. Chem. Int. Ed. Engl. 1992, 31, 1655.
[13] J. H. Williams, Acc. Chem. Res. 1993, 26, 593.
[14] a) P. Hobza, H. L. Selzle, E. W. Schlag, J. Am. Chem. Soc. 1994, 116,

3500; b) F. Cozzi, R. Ponzini, R. Annunziata, M. Cinquini, J. S. Siegel,
Angew. Chem. 1995, 107, 1092; Angew. Chem. Int. Ed. Engl. 1995, 34,
1019; c) H. Adams, F. J. Carver, C. A. Hunter, J. C. Morales, E. M.
Seward, Angew. Chem. 1996, 108, 1628; Angew. Chem. Int. Ed. Engl.
1996, 35, 1542.

[15] I. Alkorta, I. Rozas, J. Elguero, J. Org. Chem. 1997, 62, 4687.
[16] J. P. Gallivan, D. A. Dougherty, Org. Lett. 1999, 1, 103.
[17] Y. Danten, T. Tassaing, M. Besnard, J. Phys. Chem. A 1999, 103, 3530.
[18] Presented in part by us at the ™Segona Trobada de Joves Investigadors

dels PaÔsos Catalans∫ (Girona, Catalonia), 2002 (Book of Abstracts
p. 41).

[19] Gaussian98 (RevisionA.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, 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, 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, J. A.
Pople, Gaussian, Inc., Pittsburgh, PA, 1998.

[20] S. B. Boys, F. Bernardi, Mol. Phys. 1970, 19, 553.
[21] R. F. W. Bader, J. Phys. Chem. A 1998, 102, 7314.
[22] Available from Prof. R. F. W. Bader©s laboratory, McMaster Univer-

sity, Hamilton, ON, Canada L8S 4M1.
[23] a) A. Nangia, K. Biradha, G. R. Desiraju, J. Chem. Soc. Perkin Trans. 2

1996, 943; b) G. R. Desiraju, Crystal Engineering. The Design of
Organic Solids, Elsevier, Amsterdam, 1989.

[24] The search criteria were the following: 1) the interacting atom with
any pentafluorobenzene derivative was either S, N, O, F, Cl, Br, or I; 2)
the type of nonbonding contact was either intramolecular or
intermolecular; 3) the nonbonding contact was defined by distance
criteria, i.e. less than the sum of van derWaals radii ; 4) a hit was stored
when a nonbonding contact existed between the interacting atom and
all six carbon atoms of the aromatic ring; and 5) for the search of
anion±p interactions a negative charge was defined explicitly on the
interacting atom.

[25] H. F. Frohn, M. Giesen, D. Welting, G. Henkel, Eur. J. Solid State
Inorg. Chem. 1996, 33, 841.

[26] J. F. Luque, M. Orozco, J. Comput. Chem. 1998, 19, 866.
[27] D. QuiÊonero, A. Frontera, G. A. SuÊer, J. Morey, A. Costa, P.

Ballester, P. M. Dey‡, Chem. Phys. Lett. 2000, 326, 247.
[28] E. Scrocco, J. Tomasi, Top. Curr. Chem. 1973, 42, 95.
[29] M. M. Francl, J. Phys. Chem. 1985, 89, 428.

[30] MIPp was computed using the MOPETE computer program; J. F.
Luque, M. Orozco, Universitat de Barcelona, Barcelona, 1998.

[31] O. Crespo, F. Canales, M. C. Gimeno, P. G. Jones, A. Laguna,
Organometallics 1999, 18, 3142.

[32] M. Maascal, A. Armstrong, M. Bartberger, J. Am. Chem. Soc. 2002,
124, 6274.

[*] Prof. Dr. M. Fujita,þ Dr. K. Biradha
Department of Applied Chemistry
Graduate School of Engineering, Nagoya University
and
CREST, Japan Science and Technology Corporation (JST)
Chikusaku, Nagoya 464-8603 (Japan)
E-mail: mfujita@appchem.t.u-tokyo.ac.jp

[þ] Present address:
The University of Tokyo Bunkyo-ku, Tokyo 113-8656 (Japan)
Fax: (þ 81)3-5841-7257

[**] This work was supported in part by the Grant-In-Aid for Science
Research in a Priority Area ™Metal-Assembled Complexes (no. 401-
10149106) from the Ministry of Education, Science, Sports, and
Culture, Japan.

Supporting information for this article is available on theWWWunder
http://www.angewandte.org or from the author.


