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Supramolecular chemistry relies on noncovalent interactions
which can be of different natures.1 Only recently it was commonly
accepted that anion-π interactions are attractive noncovalent
interactions if electron-deficient aromatics are present.2 However,
the systematic study of purely organic “receptors” without coor-
dination of a metal ion to the aromatic unit is rare.3,4

As pointed out by Hay et al., there are several possible modes
of interaction between an anion and aπ-system. InA (Chart 1)
covalent binding occurs between the anion X- and the aromatic
unit. This represents the Meisenheimer intermediate of the SNAr
reaction. InB anion-donor-π-acceptor interactions occur between
X- and only one position of the aromatic ring, whileC represents
an “η6” anion-π complex with the anion located above the center
of the π-system.5

For systematic investigations we attached a cationic moiety
(ammonium, iminium, amidinium) to a pentafluorophenyl ring and
introduced a halide as a counteranion. Crystals of1-3 were ob-
tained by diffusion of HCl, HBr, or HI into an acetone or acetonitrile
solution of pentafluoroaniline. Using acetonitrile as the solvent, two
different kinds of crystals (small cubes1a and plates3a) were
formed with HCl, while HBr yielded only the amidinium salt (3b).
Acetone as solvent resulted in the iminium salts2b and2c.6

The main interactions between the anion and the cation in1a
(Figure 1a) occur by hydrogen bonding. Cl- is situated close to
the C6F5-ring leading to short C-Cl contacts of 3.41, 3.40, and
3.78 Å. However, for effective anion-π interactions too many
H-bond competitors for the anion coordination are present at the
aryl-NH3

+ unit.
The salts2b and2c crystallize isostructurally (Figure 1b, only

2b is shown). Due to the reduced number of hydrogen bond donors,
anion-π interactions of typeB take place with short Hal-C3

contacts of 3.44 (Br) and 3.61 Å (I). In addition, the anions are
binding to the electrophilic C-atom of the iminium ions (CImin-Br
) 3.65 Å, CImin-I ) 3.63 Å).7

The most interesting interactions in this series are observed in
the amidinium salts3a and3b (Figure 1c, only3b is shown). In
both, the anion is surrounded by four neighboring cations: two
bind by NH hydrogen bonds (not shown in Figure 1) and one binds
by “η2”-type π-anion coordination (3a: C-Cl ) 3.34, 3.41 Å;3b:
C-Br ) 3.66, 3.73 Å). The interaction with the fourth cation (Fig-
ure 1c) takes place by a NH-hydrogen bond which fixes the anion
on top of the aromatic system close to its center (Carom-Hal )
3.52-3.98 Å (3a) or 3.65-3.83 Å (3b), Table 1). Halogen-centroid
distances are 3.50 Å (3a) or 3.48 Å (3b) with Hal-centroid-
aromatic plane angles of 79.5° (3a) and 85.7° (3b), respectively.

Our results show that anion-π interaction can occur in the
crystals of salts with pentafluorophenyl substituted cations. The

interactions become more prominent by reduction of hydrogen
bonding to the anions. Mainly interactions of typeB are observed.
Only the fixation of the anion on top of theπ-system of3a/b leads
to the stabilization of an “η6” anion-π-complex like shown inC.

To provide more insight into the nature of the “η6” anion-π
interactions quantum chemical calculations were performed for3a/
b. All calculations have been carried out with the Turbomole
program package8a and include the Boys-Bernardi basis set
superposition error correction. At the B3LYP/TZVP8b level of
theory we have been able to obtain structures of the isolated neutral
salts3a/b close to the X-ray structures. The anion-H distances are
smaller due to the missing attraction to the other neighboring
cations, and thus the anion is slightly displaced from a central
position toward the N-H group. The Carom-Hal distances are 3.64-
3.82 Å for3a and 3.67-3.92 Å for3b in excellent agreement with
the X-ray data. Strong binding energies of 470 (3a) and 435 kJ/
mol (3b) have been calculated at the MP2/TZVPP level with the
B3LYP structures. The fraction of the binding energy due to the
anion-π interaction has been estimated by replacing the cation with
hexafluorobenzene such that the pentafluorophenyl system and the
anion retain their positions. The binding energy at the MP2/TZVPP
level is 56 kJ/mol for the chloride system and 52 kJ/mol for the
bromide, indicating a strong anion-π interaction. These values
agree well with interaction energies obtained for the optimized
hexafluorobenzene-halide system by Alkorta et al.4a Although the
anion-π interaction is small compared to the hydrogen bond-like
interaction H-Hal, it is sufficiently strong to determine the structure
if, as sterically possible in3a/b, the two interactions favorably add.

Inspired by those results we prepared compound4, in which no
strongly acidic protons are present, and determined its X-ray
structure.4 cocrystallized with a disordered molecule of water.

In 4 only the electron-poor pentafluorophenyl unit undergoes
anion-π interactions. One of the C6H5 groups interacts by two
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Chart 1. Interactions between Anions and Aromatic π-Systems
(Top) and Salts Investigated in This Study (Bottom)
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C-H‚‚‚Br hydrogen bonds with the anion in addition to H-bonding
of a water molecule.9 In the crystal, the bromide is shifted toward
the rim of the pentafluorophenyl unit showing only two short close
to equidistant contacts Br-C of 3.70 and 3.71 Å. This interaction
represents neither the anion-donor-π-acceptor structureB nor the
“η6” anion-π-complex C. The observed interaction should be
described as an “η2”-type as it is shown inD (Figure 2) and as it
also was observed in the crystal structures of3aand3b (see Figure
1c).

In conclusion, we presented a systematic approach to “metal-
free” salts, which contain pentafluorophenyl as a substituent and
which exhibit extensive anion-π interactions. According to the
investigations by Hay, we also observe anion-donor-π-acceptor
B as well as “η6” anion-π-complexC type interactions. The latter
kind was also investigated by high level quantum chemical
calculations of our compounds and showed the strong attraction
due to anion-π interaction in addition to hydrogen binding. Similar
results were observed with isocyanuric acid derivatives.4c

Based on our studies we would like to add the “η2”-type binding
modeD (Figure 2) as an additional alternative in which the anion
is not located above the center of an aromatic ring and does not
interact with only one specific carbon atom of theπ-system.

It is concluded that an anion-π interaction can lead to structur-
ally highly flexible relative orientations of the aromatic moiety and
the anion, which probably is due to the mainly electrostatic and
dispersive nature of the bonding.

Acknowledgment. Financial support by the Fonds der Che-
mischen Industrie (M.A.) and The Academy of Finland (K.R., Grant
No. 122350) is gratefully acknowledged.

Supporting Information Available: CIF files of the X-ray
structural investigations of1a, 2b, 2c, 3a, 3b, and4. This material is
available free of charge via the Internet at http://pubs.acs.org.

References

(1) (a) Lehn, J.-M.Supramolecular Chemistry - Concepts and PerspectiVes;
VCH: Weinheim, 1995. (b) Bianchi, A.; Bowman-James, K.; Garcia-
Espana, E.Supramolecular Chemistry of Anions; Wiley-VCH: New York,
1997. (c) Gale, P. A.; Garcia-Garrido, S. E.; Garric, J.Chem. Soc. ReV.
2008, 37, 151.

(2) (a) Quinonero, D.; Garau, C.; Rotger, C.; Frontera, A.; Ballester, P.; Costa,
A.; Deya, P. M.Angew. Chem.2002, 114, 3539;Angew. Chem., Int. Ed.
2002, 41, 3389. (b) Demeshko, S.; Dechert, S.; Meyer, F.J. Am. Chem.
Soc.2004, 126, 4508-4509. (c) deHoog, P.; Gamez, P.; Mutikainen, I.;
Turpeinen, U.; Reedijk, J.Angew. Chem.2004, 116, 5939;Angew. Chem.,
Int. Ed.2004, 43, 5815. (d) For a review, see: Schottel, B. L.; Chifotides,
H. T.; Dunbar, K. R.Chem. Soc. ReV. 2008, 37, 68.

(3) (a) Schneider, H.-J.; Werner, F.; Blatter, T.J. Phys. Org. Chem.1993, 6,
590. (b) Berryman, O. B.; Hof, F.; Hynes, M.; Johnson, D. W.Chem.
Commun.2006, 506. (c) Lakshminarayanan, P. S.; Ravikumar, I.; Suresh,
E.; Ghosh, P.Inorg. Chem.2007, 46, 4769. (d) Zuo, C.-S.; Quan, J.-M.;
Wu, Y.-D. Org. Lett.2007, 9, 4219.

(4) For computational studies, see: (a) Alkorta, I.; Rozas, I.; Elguero, J.J.
Am. Chem. Soc.2002, 124, 8593. (b) Mascal, M.; Armstrong, A.;
Bartberger, M. D.J. Am. Chem. Soc.2002, 124, 6274. (c) Frontera, A.;
Saczewski, F.; Gdaniec, M.; Dziemidowicz-Borys, E.; Kurland, A.; Deya,
P. M.; Quinonero, D.; Garau, C.Chem.sEur. J.2005, 11, 6560. (d) Garau,
C.; Quinonero, D.; Frontera, A.; Ballester, P.; Costa, A.; Deya, P. M.J.
Phys. Chem. A2005, 109, 9341. (e) Quinonero, D.; Garau, C.; Frontera,
A.; Ballester, P.; Costa, A.; Deya, P. M.Chem. Phys. Lett.2002, 359,
486. (f) Garau, C.; Frontera, A.; Quinonero, D.; Ballester, P.; Costa, A.;
Deya, P. M.J. Phys. Chem. A2004, 108, 9423. (g) Garau, C.; Frontera,
A.; Ballester, P.; Quinonera, D.; Costa, A.; Deya, P. M.Eur. J. Org. Chem.
2005, 179.

(5) Berryman, O. B.; Bryantsev, V. S.; Stay, D. P.; Johnson, D. W.; Hay, B.
P. J. Am. Chem. Soc.2007, 129, 48.

(6) The preparation of all compounds is analogous to literature protocols,
e.g.: (a) Srivastava, S.; Minore, J.; Cheung, C. K.; Le Noble, W. J.J.
Org. Chem.1985, 50, 394. (b) Gupta, K. A.; Saxena, A. K.; Jain, P. C.;
Padam, C.; Srimal, R. C.; Kar, K.; Anand, N.Ind. J. Chem. B1983, 22B,
384. (c) Xie, Z.; Yang, B.; Liu, L.; Li, M.; Lin, D.; Ma, Y.; Cheng, G.;
Liu, S.J. Phys. Org. Chem.2005, 18, 962. The compounds were prepared
in situ with subsequent crystallization and without further characterization
besides X-ray analysis.

(7) Structures of related iminium salts without fluorine substituents do not
show any anion-π interactions: (a) Baker, R. J.; Bettentrup, H.; Jones,
C. Acta Crystallogr.2003, E59, o538. (b) Zhang, F.; Lerner, H.-W.; Bolte,
M. Acta Crystallogr.2003, E59, o1181.
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Figure 1. X-ray structure analyses of1a (a) and2b (b) showing the bonding
interactions between the anion and its neighbors. Part of the crystal structure
of 3b (c). 2c and3a are not shown (black, C; white, H; green, F; blue, N;
yellow, Cl; red, Br).

Table 1. Comparison of the X-H and X-C Contacts [Å] within
the “η6” Bonded Part of 3a and 3b

C1−X C2−X C3−X C4−X C5−X C6−X

3a 3.77 3.98 3.98 3.75 3.52 3.53
3b 3.74 3.65 3.65 3.74 3.83 3.82

Figure 2. X-ray structure analyses of4‚H2O. The water molecule shows
disorder (black, C; white, H; green, F; pink, P; red, Br, O).
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