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The structures and energies of p-tert-butylcalix[5]crown-6-ether (1) and its alkylammonium complexes have
been calculated by DFT B3LYP/6-31G(d,p) method. We have studied the binding sites of these host-guest
complexes focusing on the p-tert-butylcalix[5]arene pocket (endo) or the crown-6-ether moiety (exo) of 1. The
smaller alkylammonium cations have the better complexation efficiency with p-tert-butylcalix[5]crown-6-
ether than the bulkier alkylammonium ions. For the sec- and tert-butylammonium ions, the hydrogen-bond
distances of the exo-complexes are shorter, therefore, stronger than the endo-cases. This DFT calculated result
is in parallel with the trend of the experimental association constants of the branched butylammonium ions. 
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Introduction

Selective binding of biologically important organic
ammonium guests attracts much research interests, which
results in development of many sophisticated host systems.1-3

Calix[5]crowns are known to bind large alkali metal ions4

and a number of organic ions;5 similarly calix[6]crowns are
quaternary alkylammonium ion6 selective. Endo-calix
complexation of alkylammonium cations by functionalized
(1,3)-p-tert-butylcalix[5]crown ether7 and by calix[5]arene-
based molecular vessels8 have been reported. Giannetto et
al. reported a very efficient discrimination behavior between
butylammonium isomers by means of calix[5]arene-based
ion selective electrode technique.9 More recently, 1,3-

bridged calix[5]crown-6-ether (1) was investigated as a tool
for the shape recognition of alkylammonium ions in focus-
ing the endo- versus exo-cavity complexation.10 

Various important computational approaches in a variety
of interesting supramolecular system are published.11 We
have reported computer simulations on molecular recogni-
tion of alkyl ammonium ions by ester derivatives of p-tert-
butylcalix[6]arene (2).12 In that study, endo-complex was
reported as the most stable conformer among the different
orientations of alkyl ammonium cations complexed inside
the cone-shaped host. Complexes of aromatic ring with
ammonium cations, which are very important in biological
systems, were already studied using ab initio calculations.13

The report shows that two types of NH-aromatic π and CH-
aromatic π interactions in benzene ring are responsible for
the binding. From analysis of the structures and energies, the
π-σ* through-space interactions are seen to be significant in
both types of NH-π and CH-π interactions.14 We have
published the structures and energies of p-tert-butylcalix[4]-
crown-6-ether (3) and its alkyl ammonium complexes using
ab initio HF/6-31G method.15 We have found that cone
conformation is generally to be most stable for all the
employed calculation methods. The primary binding site of
host 1 for the recognition of alkyl ammonium guests was
confirmed to be the central part of the crown moiety, which
is in satisfactory agreement with the experimental3e results.
Endo-calix complexations of alkylammonium cations by p-
tert-calix[5]aryl ester16 have also been calculated by using
ab initio HF/6-31G method. 

In this study we have used DFT B3LYP/6-31G(d,p) method
for the computer simulation of the complexation behaviors
of the 1,3-bridged p-tert-butylcalix[5]crown-6-ether toward
various alkyl ammonium ions. The main emphases of this
research are trying to locate the most probable binding site
of the host for the recognition of alkyl ammonium guest, and
to determine the selectivity of the host for different alkyl
ammonium guests with varying structural characteristics.
Figure 1 shows the sketchs of hosts 1, 2, and 3, in which
some of the hydrogen atoms are omitted for clarity. 

Figure 1. Chemical structures of (a) 1,3-bridged p-tert-butyl-
calix[5]crown-6-ether 1, (b) p-tert-butylcalix[6]aryl ester 2, and (c)
p-tert-butylcalix[4]crown-6-ether 3. 
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Computational Methods

The initial structures of host molecule and host-guest
complexes for DFT calculations were created by Hyper-
Chem.17 In order to find optimized conformations, we
executed conformational search by simulated annealing
method described in previous research.18 B3LYP/6-31G(d,p)
full re-optimization of the structure of host 1 or its
alkylammonium complex was performed to get the final
structure for each complex by using Gaussian 98.19

Table 1. DFT B3LYP/6-31G(d,p) Calculated Complexation Energiesa of Calix[5]crown-6 Complexes with Alkylammonium Ions　

Complex(guest)
b NH4

+ Me Et n-Pr iso-Pr n-Bu iso-Bu sec-Bu tert-Bu

1(endo)
c −82.80 −73.56 −66.77 −66.56 −57.40 −65.22 −54.62 −49.11 −49.14 

1(exo)
d −78.30 −72.90 −64.43 −59.38 −58.00 −62.03 −54.88 −54.21 −47.82 

aComplexation energies (kcal/mol) = EComplex − EHost(cone) − EGuest. Error limits in these calculations are 0.01 kcal/mol. bMe = methyl ammonium, Et =
ethyl ammonium, n-Pr = n-propyl ammonium ion, etc. cGuest(endo) means that alkyl ammonium ion is contained inside of the benzene rings. dGuest
(exo) denotes that alkyl ammonium ion is contained inside of the crown-ether ring. 

Figure 2. DFT B3LYP/6-31G(d,p) calculated complexation energies
(kcal/mol) of endo- and exo-calix[5]crown-6-ether complexes with
alkylammonium Ions.

Figure 3. DFT calculated structures21 of 1 complexed in the calix[5]arene-cavity with (a) ammonium, (b) methylammonium, (c) ethyl-
ammonium, (d) n-propylammonium, (e) iso-propylammonium, (f) n-butylammonium, (g) iso-butylammonium, (h) sec-butylammonium,
and (i) tert-butylammonium ions.
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Results and Discussion

The B3LYP/6-31G(d,p) optimizations were carried out for
two kinds of complexation mode of 1 by combining the cone
conformer of host 1 with various guest cations. The results
of DFT B3LYP/6-31G(d,p) complexation energies of the
complexes of calix[5]crown-6-ether with alkyl ammonium
ions are listed in Table 1 and Figure 2. 

The smaller alkylammonium cations have the better com-
plexation efficiency with p-tert-butylcalix[5]crown-6-ether
than bulky alkylammonium ions. One should note that in the
gas phase it is natural that smaller cationic species such as
NH4

+ should have higher binding energy than larger cationic
species. However, in the presence of solvents, a specific size
of cations (rather than a smaller cation) would more selec-
tively bind receptors.20

When one compares the complexation energies, 1+n-
propylammonium(endo) complex (−66.6 kcal/mol) is found
to be 7.2 kcal/mol more stable than the exo-complex (−59.4
kcal/mol). And the complexation energy (−65.2 kcal/mol)
for 1+n-butylammonium(endo) complex is found to be 3.2
kcal/mol more efficient than the exo-complex (−62.0 kcal/

mol). However, 1+sec-butylammonium(endo) complex
(−49.1 kcal/mol) is found to be 5.1 kcal/mol less stable than
the exo-complex (−54.2 kcal/mol) due to steric hindrance of
the branched butylammonium ion. These different discrimi-
nations of n-butyl and sec-butylammonium guest by the p-
tert-butylcalix[5]crown-6-ether host are in accord with the
results of the NMR titration experiments.10 Except those
cases, the complexation efficiencies for other alkylammo-
nium ions are almost same in both of the calix[5]arene
cavity (endo) and the crown periphery (exo) of p-tert-butyl-
calix[5]crown-6-ether. Figure 3 shows the final structures20

of cone conformation of 1 endo-complexed in the calix[5]-
arene cavity with alkyl ammonium ions. Figure 4 shows the
cone conformation of 1 exo-complexed in the crown-ether
ring moiety.

For the complexation of alkylammonium ions by the ester
derivatives of p-tert-butylcalix[6]arene (2), endo-calix[6]-
arene complex was reported as the most stable conformer
among four different orientations of alkyl ammonium cations
complexed inside of the cone-shaped host.9 For the host 2,
the most efficient binding site is a larger cavity consisted of
six benzene rings which provide two types of NH-aromatic

Figure 4. DFT calculated structures21 of 1 complexed in crown-ether ring with (a) ammonium, (b) methyl ammonium, (c) ethyl ammonium,
and (d) n-propyl ammonium ion, (e) iso-propylammonium, (f) n-butylammonium, (g) iso-butylammonium, (h) sec-butylammonium, and (i)
tert-butylammonium ions.
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π and CH-aromatic π interactions.11 However, the primary
binding site of p-tert-butylcalix[4]crown-6-ether (3) for the
recognition of alkyl ammonium guests was found to be the
central part of the crown-6-ether moiety. But in the present
case of cone-shaped p-tert-butylcalix[5]crown-6-ether (1),
the cavity size of calix[5]arene of host 1 having five benzene
rings is smaller than the calix[6]arene of host 2 and larger
than the calix[4]arene of host 3. Therefore, the endo-com-
plexation efficiency of the host 1 has no advantage or dis-
advantage over exo-complexation in most alkylammonium
guests. However, the endo-complexation for the hydrophobic
cavity of the benzene ring might show a different efficiency
in presence of solvent, depending upon aqueous or organic.

Experimentally, the steric hindrances by p-tert-butyl groups
of 1 are severe for the entering of branched butylammonium
ions into the p-tert-butylcalix[5]arene pocket. Therefore,
bulky alkylammonium ions prefer to the crown ether moiety
(exo mode) by experiencing both the hydrogen-bonding and
electrostatic interactions. The hydrogen-bonding, electrostatic
interaction, and steric hindrance of alkyl ammonium cation
are the principle factors for the complexation efficiency of
the p-tert-butylcalix[5]crown-6-ether with varying structures
of the alkylammonium guests. From the calculated structures,
the distances from nitrogen atom in alkylammonium guest
ion to oxygen atoms in a cone-shaped host 1 are reported in
Table 2 and Figure 5. 

When one look at the values of smaller alkylammonium
ions in Figure 5, the average hydrogen-bond distances of the
endo-complexes is shorter, therefore, stronger than the exo-
complexes. However, for the bulky sec- and tert-butyl-
ammonium ions, the hydrogen-bond distances of the endo-

complexes are longer, therefore, weaker than the exo-cases.
This DFT calculated result is again in parallel with the trend
of the experimental association constants of the branched
butylammonium ions,10 although the conditions between
calculation (in vacuum) and experimental environment (in
solution) are different. 

Conclusion

We have performed DFT B3LYP/6-31G(d,p) calculations
for the complexation of p-tert-butylcalix[5]crown-6-ether
with varying alkyl ammonium ions. The results show that
the complexation efficiencies are almost same in both of the
central part of crown periphery and the cavity of p-tert-
butylcalix[5]arene. Complexation with the smaller alkyl-
ammonium ion shows the better complexation efficiency
than the bulkier alkylammonium ion. The iso-butylammo-
nium cation in endo position of the host showed the highest
complexation efficiency among the branched butylammo-
nium ions, which is similar to the trend of the experimental
association constants. 
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