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Density functional theory results for the structure and conformational equilibrium of four calix[4]arene
conformers are reported. The results are compared with experiment, force field, and semiempirical molecular
orbital calculations. The energy difference between the two most stable conformers of calix[4]arene (cone
and partial-cone) is 10 kcal mdl at the BLYP/6-31G** level with the geometries optimized at BLYP/6-
31G*. For the most stable conformer, results for the protonated structure are also reported. Electrostatic potential
surfaces for the cone calix[4]arene and the corresponding tetitd-@epleted structure have been calculated.

It is suggested that their representation may be of relevance to understand the known ability iciacatir]
systems to form complexes with charged species in-hgsgst chemistry.

I. Introduction In the present work we report density functional results for
the structure, conformational equilibrium, and electronic proper-
ties of calix[4]arene. Our aim is to provide accurate theoretical
information on the conformational equilibrium and electronic
properties of this complex molecule by density functional theory
calculations. We are also reporting results for the structure of
the protonated structure of the cone calix[4]arene conformer.
In order to discuss the known ability of calix[4]arene to selec-
tively interact with neutral molecules and charged species, this
work also presents data on the electrostatic potential surfaces
of calix[4]arene and some related systems. It appears that the
electrostatic potential may be of considerable interest to explain
some features characterizing catijrenes in hostguest
chemistry.

Molecular systems having the ability to recognize or selec-
tively interact with other molecules are extremely important in
chemistry or biochemistry. One of the most relevant application
of these systems is in hestjuest chemistry. In this field, recog-
nition is related to selective hesguest receptors and it is strong-
ly dependent on the hosguest intermolecular interactions.

One family of model systems in supramolecular kagiest
chemistry is the family of calixjlarenes-? Calix[n]arenes are
examples of [{]-metacyclophanes composed of phenol and
methylene bridged units. One characteristic of the cal@axgne
structure is theirr-rich cavity, which favors the inclusion of
charged guest compounds, which are stabilized by noncovalen
binding forces related to catienr interactions® Some recent
studies suggested that the investigation of catiorinterac-
tions will contribute to the design of new caliprenes-based
receptors useful for molecular recognitidin addition, calix- We have carried out complete geometry optimizations at
[n]arenes are highly useful cyclic compounds into which the different theoretical levels using density functional theory. The
introduction of functional groups in the lower or in the upper first set of optimizations has been carried out with the Becke
rims can be designed to favor interactions with specific guest exchange functional oty (HFB) and the 6-31G basis set.
systems and lead to the construction of very sophisticated Optimizations using the Becke representation for the exchange
molecular sensors. and the Lee, Yang, and Parr correlation functiéhhhve been

The investigation on the structural and energetic basis of also carried out with the 6-31G and 6-31G* basis set. Further
selectivity in calixp]arenes and derivatives has been the subject single-point calculations with the 6-31G** basis set and two
of numerous work$:? One of the best known members of the different representations for the exchange functional (B&cke
calix[n]Jarene family is calix§]arene. This system has four stable and Becke's three-paramet8rare also reported. We have also
and relevant conformerscone, partial-cone, 1,2-alternate, and optimized the structure of the protonated cone conformer at
1,3-alternate (see Figure 1). Although the reduction to a small BLYP/6-31G and BLYP/6-31G* level.
number of conformers simplifies considerably the task of = The DFT calculations have been carried out with a pruned
modelling calix[4]arene by theoretical calculations, the size of grid (75,302), having 75 radial shells and 302 angular points
the system makes a full first-principles approach difficult. per shell (default grid in Gaussian-94). For comparison with
Consequently, a significant number of works on these systemsother theoretical approaches, results based on AMPIVI3 25
has been based on force figld’ or semiempirical molecular ~ CHARMM,26 MM3 and MM* 27 are also reported.
orbital approache%!118.19 In order to discuss the role played by electrostatic interactions
in the complexation of charged species with calix[4]arene, we

_* To whom correspondence should be addressed. E-mail: ben@adonis.naye calculated the electrostatic potential from BLYP/6-31G*
°“'I°¢“;;§}O Fsica da Matda Condensada. optimizations. We are also providing data on the electrostatic

* Departamento de Quica e Biogumica. potential for the tetra-©H-depleted calix[4]arene in which the

[I. Computational Details

10.1021/jp991213h CCC: $18.00 © 1999 American Chemical Society
Published on Web 10/23/1999



Properties of Calix[4]arene J. Phys. Chem. A, Vol. 103, No. 45, 1999081

Figure 2. Hydrogen bonding in the calix[4]arene cone conformer. This figure illustrates the formation of a cyclic hydrogen bonded array in the
low rim of calix[4]arene.

O—H groups have been replaced by H atoms. The calculationslustrates hydrogen bonding in the cone conformer. The total
have been performed with the GAUSSIAN-94 progr&gmand energy of the cone conformer and the energy differences be-
the electrostatic potential surfaces have been generated with theween the others conformers are reported in Table 1. All the

Molekel software?® calculations predict that the most stable stable conformer is the
cone conformer that is stabilized by an array of four hydrogen
[ll. Results and Discussion bonds.
A. Conformational Equilibrium and Proton Affinity. Comparison of HFB/6-31G and BLYP/6-31G results indicate

Figure 1 shows the structure of the four calix[4]arene conformers that by using an exchange and correlation functional (BLYP)
(cone; partial-cone; 1,2-alternate; 1,3-alternate). Figure 2 il- the cone conformer is significantly stabilized relative to all others
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TABLE 1: Total Energies (in au) of the Cone Calix[4]arene Conformer at Different Theoretical Level$

cone (total) partial coneAE) 1,2-alternate AE) 1,3-alternate AE)

HFB/6-31G —1373.860 22 121 20.4 20.9
BLYP/6-31G —1381.508 77 16.0 26.2 27.8

(—1381.866 96)
BLYP/6-31G*® —1381.804 62 9.7 17.2 16.3
BLYP/6-31G**P —1381.856 09 10.0 17.4 16.6
BLYP/6-31G* —1381.810 15 10.7 18.6 18.1

(—1382.159 52)
BLYP/6-31G**¢ —1381.861 09 10.7 18.3 17.7
B3LYP/6-31G** —1382.360 33 10.5 18.4 17.6
AM1 7.4 10.4 11.5
PM3 7.4 12.4 111
CHARMM¢ 9.6 11.8 17.2
MM3(89)¢ 9.9 11.7 18.7
MM3(92)f 5.6 6.1 10.6
MM +b 7.4 9.3 13.6
experimerft 14.9,13.8

aEnergy differencesAE'’s in kcal/mol) between the conformers (partial-cone, 1,2-alternate and 1,3-alternate) and the cone conformer. Total
energies for the protonated cone are also reported (values in parentR&esinetry optimized at BLYP/6-31G Geometry optimized at BLYP/
6-31G* 9 From ref 14.¢ From ref 10.f From refs 12 and 13! Free energies of activationG* in a solvent (chloroform and benzene, respectively)
from ref 7.

Figure 3. Hydrogen bonding in the protonated calix[4]arene cone conformer. The complexation of calix[4]arene bitbaks the symmetry of
the cone conformer presented in Figure 2.

conformers. Thus, the energy differences between the partial-ences. The energy difference between the two most stable
cone and cone conformer changes from 12.1 kcai hatl HFB/ conformers (cone and partial-cone) is 10.7 kcalThat BLYP/
6-31G to 16 kcal mol' at BLYP/6-31G. Introduction of 6-31G** level with the geometries optimized at BLYP/6-31G*.
polarization functions on the heavy atoms (6-31G* basis set) Comparison with experimental data is not direct since the
reduces the energy difference between the conformers. Inavailable data is from measurements in the liquid phase and
addition, at BLYP/6-31G*, the relative stability of conformers solvent effects can be important. Experimental free energies of
1,2-alternate and 1,3-alternate is inversed when compared toactivation AG’s) for conformational inversion of calix[4]arene
BLYP/6-31G results. However, all density functional calcula- in different solventsare reported in Table 1.
tions predict that the energy difference between these con- Table 1 also presents results for the energy differences
formers (1,2-alternate and 1,3-alternate) is very levl Kcal between the calix[4]arene conformers based on force field and
mol™1). semiempirical molecular orbital calculations. Similar values for
Additional single-point calculations with the 6-31G** basis the energy differences between the partial cone and cone
set predict similar values for the conformational energy differ- conformers and also between 1,3-alternate and cone are
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TABLE 2: Data for the Structure of Cone Calix[4]arene? B. Structure. Table 2 reports structural information from
BLYP/6-31G* AM1  MM3® exptf experiment® density functional (BLYP/6-31G*), semiempirical
- molecular orbital theory (AM1), and force field calculations
bond distances/A 10 .
Ci—C» 1.42 141 1.41:1.38 (MM3). The experimental data are from the hexagonal phase
C,—Cs 1.41 1.41 1.40:1.39 of the calix[4]arene-acetone clathrat®. Although condensed
C—Cs 1.41 1.40 1.39;1.38 phase structures are not directly comparable to gas phase data,
C—Cr 1.54 1.50 1.53 our predictions based on BLYP/6-31G* optimizations are in
€0 1.39 1.38 1.41;1.37  very good agreement with experiméftVe find that the G-O
0-0 267 291 3.05 2.64 distance calculated by DFT (2.6 A) is in perfect agreement with
angles/deg experiment. We interpret the agreement between our DFT results
=G G 117.6 114.3 117.3 and experiment as a strong indication that the present approach
Ci—C—C 122.3 122.7 121.9 © .
Ci—Co—Cs 1214 1214 120.8 (BLYF_’/6-316 ) is adeq_uate to (_:orrectly describe the structure
C,—C,—Cs 113.9 111.4 112.4 113.0 of calix[n]arenes. Density functional and AM1 results for the
C,—C1—Cs 122.1 121.2 121.6 structural parameters of the cone calix[4]arene are in good
0,-C,—C, 120.9 123.0 119.1 agreement. One exception is the-O distance calculated by
01=Ci=Ce 116.9 115.8 119.3117.8  pET (2.6 A) that is much shorter than AM1 (2.9 A) and MM3-

aWe present results from density functional theory (BLYP/6-31G*), (89) (3.05 A) predictions.
semiempirical molecular orbital theory (AM1), force field (MM3), and Table 3 reports data on the structure of the cone and
data from experiment. From ref 10.¢ From ref 29. protonated cone (conedi conformers of calix[4]arene. We
predicted by DFT and force field calculations (CHARN\&Nd have restricted our discussion to the structural parameters related
MM3(89).10.1213However, DFT and semiempirical molecular to hydrogen bonding in the lower rim of calix[4]arene. For the
orbital calculations predict a very low energy difference between cone conformer we can observe a significant reduction of the
1,2-alternate and 1,3-alternate conformers (less than 1 kcalO—H bonds (H—0O,, Hy—0O3, H3—04, H4—01) when we move
mol~1), which disagrees significantly with force field results from HFB/6-31G to BLYP/6-31G. This dependence suggests
(~4—6 kcal mol1). Apparently, this disagreement is not related that electronic correlation effects contributes to significantly
with significant differences in the structures. This conclusion reduce the GH bond lengths. Introduction of polarization
is supported by single-point calculations at MNevel, with functions on the heavy atoms (moving from BLYP/6-31G to
geometries optimized at BLYP/6-31G*. From these calculations BLYP/6-31G*) increases the ©H bonds by 0.1 A. Valence
the energy difference between 1,2-alternate and 1,3-alternateangles (@—Hi1—0O,, O,—Hy—03, O3—H3—04, O4—H4—0Oy) are
of is ~4 kcal mol™. increased by~4°.

Complexation of calixfjarenes with charged species is Protonation breaks the symmetry of the cyclie-B©® bond
extremely important in host-guest chemistry and several works array. In addition, some ©H bonds are clearly increasedAH
based on force fieff® calculations concerning the complexation  Os, Hs—0O3) while H;—0; is reduced. Comparison between the
of alkali metals cations with calirjarenes have been reported. different basis sets (6-31G and 6-31G*) shows that some
However, we are not aware of experimental data or theoretical parameters are significantly modified. Thus—+0, is 1.39 A
predictions on the proton affinity of calix[4]arene. Figure 3 at BLYP/6-31G and 1.46 A at BLYP/6-31G*. ©Hs—0; is
shows the structure of protonated cone conformer of calix[4]- 163.£4 at BLYP/6-31G and 170°3at BLYP/6-31G*.
arene. Total energies for the protonated cone are also reported C. Electrostatic Potential Surfaces.The importance of
in Table 1. From the total energies we predict that the proton electrostatic potential surfaces as a useful qualitative guide to
affinity is 224.8 kcal mot! at BLYP/6-31G and 219.3 kcal  study cation-x interactions has been pointed out by Dougherty
mol~! at BLYP/6-31G*. and collaboratordt We present in Figures 4 and 5 different

TABLE 3: Structural Data Related to Hydrogen Bonding for the Cone Conformer and for the Protonated Cone Conformer of
Calix[4]arene

cone cone-H

HFB/6-31G BLYP/6-316 BLYP/6-31G* BLYP/6-31G BLYP/6-31G*
O;—H1 1.0252 1.0294 1.0074 1.0880 1.0687
H;—0O3 1.7073 1.5880 1.6887 1.3903 1.4601
O,—H» 1.0252 1.0294 1.0074 1.0070 0.9981
H,—0O3 1.7072 1.5878 1.6887 1.7340 1.7846
O3—Hs 1.0252 1.0294 1.0074 0.9917 0.9848
H3—0Oy4 1.7073 1.5880 1.6887
Hs—0O3 1.7341 1.7860
O4—Ha 1.0252 1.0294 1.0074 1.0070 0.99979
Hs—04 1.7073 1.5878 1.6887
O;—Hs 1.0877 1.0673
Hs—0O3
Hs—0Oy4 1.3910 1.4638
0;—H;—0, 161.4 161.1 165.1 163.4 170.5
H;—0,—H> 104.9 105.0 103.2 110.9 107.9
O,—H,—03 161.4 161.1 165.1 158.0 159.4
H,—0O3—Hs 104.9 105.1 103.2 116.8 115.7
O3—H3—0q4 161.4 161.1 165.1
Hz—04—H,4 104.9 105.0 103.2
O4—H;4—0y 161.4 161.1 165.1
Hs—01—H; 104.9 105.1 103.2 104.6 103.9
Hi—O1—Hs 105.6 106.1
O3—H;—0q4 158.0 159.5

04—Hs—01 163.4 170.3
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Figure 4. The electrostatic potential (in au) is represented over electronic isodengifin e A-3) surfaces of volum#/s (in A3). The color coding
is the following: red corresponds to the minimum (negative) potentigl &nd blue to the maximum (positive) potentjal. All figures correspond
to p = 0.04 e A3, (a) cone calix[4]areneVs = 148.2,¢- = —0.2053,¢; = 0.1555. (b) Tetra-©H-depleted calix[4]areneVs = 133.8,¢- =
—0.1744,6, = 0.1102. (c) protonated calix[4]areng; —148.7,¢- = —0.0803,¢;+ = 0.3787.

Figure 5. Electrostatic isopotential surfaces. The lower and upper limits of the electrostatic potential ¢n anfi¢- respectively) were determined
over isoelectronic density surfacesmé 0.0004 e A3, (a) cone calix[4]arenep- = —0.076,¢- = 0.030. (b) Tetra-&H-depleted calix[4]arene:
¢< = —0.084,¢- = 0.0235. (c) Protonated calix[4]arené~ = 0.033;¢- = 0.129.
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representations of the electrostatic potential for the cone calix- This work also reports data on the structure and proton affinity
[4]arene and protonated cone calix[4]arene. In order to analyzeof the calix[4]arene-H* complex. Unfortunately, we have no
the O—H groups contribution to the electrostatic potential we data from experimental or theoretical sources for comparison.
are also reporting data on the tetra-B-depleted calix[4]arene One of the conclusions of the present work concerns the
in which H atoms replace ©H groups. analysis of the role played by calix[4]arene in hegtiest

We observe that the convention for the colors is dependentchemistry made possible by visualization of electrostatic
on the lower and upper limits of the electrostatic potential. potential surfaces. Our results indicate that electrostatic potential
Consequently, for each system (cone, tetraFOdepleted cone  surfaces can be relevant to understand, at least qualitatively,
and protonated cone) these limits should be consulted (see figurethe ability of calixjnjarenes and derivatives to recognize neutral

captions). molecules and ions.
In Figure 4 the electrostatic potential is represented over an .
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