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Using DFT B3LYP/6-31+G(d,p)//B3LYP/6-31G(d,p) calculation method, stable molecular structures were 
optimized for the p-tert-butylcalix[4]arene functionalized at lower rim by cage-annulated crown ether (1) in 
two different conformers and their potassium-ion complexes. Cone conformer of free host 1 was slightly more 
stable than partial-cone conformer. For two different kinds of complexation mode, the potassium ion in 
benzene-rings (bz) pocket showed comparable complexation efficiency with the cation in cage-annulated 
crown-ether (cr) for the cone and partial-cone conformers of 1. The complex (1・K+) in the cr-binding mode for 
the partial-cone conformer was more stable than the cone conformer for B3LYP/6-31 G(d,p) geometry 
optimization. However, 1(cone)*K+(cr) showed lower single-point energy than the 1(pc)・K+(cr) for B3LYP/6- 
31+G(d,p) calculation method.
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Introduction

Numerous calix[4]arene-based receptors have been investi
gated via ‘upper’ and Tower’ rim functionalization.1 The 
complexation properties of these molecules appear to be 
highly dependent upon the nature and number of donor 
atoms and the conformation of the calix[4]arene moiety.2

The selective 1,3-dialkylation of p-tert-butylcalix[4]arene 
followed by the introduction of suitable polyether bridges on 
the two remaining OH groups has generated a new family of 
potassium selective ionophores.3 In particular the 1,3- 
dimethyl ether of p-tert-butylcalix[4]crown-5-ether (1) has 
shown a surprisingly high K+/Na+ selectivity in extraction.4

We have undertaken the relative binding affinity study of 
cone-shaped p-tert-butylcalix[4]aryl esters toward alkali 
metal cations focusing on the binding site of upper or lower- 
rim pocket of the host molecule using DFT calculation 
method.5 The B3LYP/6-31G(d) calculation suggested that 
exo-complexation efficiency of potassium ion inside the 
cavity of lower rim of p-tert-butylcalix[4]aryl esters was 
better than the endo-complexation inside the upper rim (four 
aromatic rings). We have also reported the relative stabilities 
and the calculated structures of three different (cone, partial 
cone, and 1,3-alternate) conformers for the 1,3-dialkyl ether 
of p-tert-butylcalix[4]crown-5-ether (3 and 4) and their 
potassium-cation complexes using the B3LYP/6-31G(d,p) 
calculation method.6,7

Alkali metal picrate extraction studies of p-tert-butylcalix- 
[4]arene crown ether bridged at the lower rim with pyridyl 
unit (2) shows peak selectivity toward K+.8 Relative com- 
plexation efficiencies of the various kinds of potassium 
complexes (2・K+) and the characteristics of cation-oxygen 
(nitrogen) and cation-^- interactions9 were calculated by DFT 
method.10

The objectives of this research are to determine the 
relative stability of two different conformational isomers for

Scheme 1. Chemical drawing of the p-tert-butylcalix[4]arene 
functionalized at lower rim by cage-annulated crown ether (1).

Scheme 2. Chemical drawings of p-tert-butylcalix[4]crown ethers: 
p-tert-butylcalix[4]crown-ether bridged at the lower rim with pyri
dyl unit (2), 1,3-dimethyl ether of p-tert-butylcalix[4]crown-5- 
ether (3), and 1,3-diethyl ether of p-tert-butylcalix[4]crown-5-ether 
(4).

the host (1) and to calculate the relative complexation 
efficiencies of the various kinds of potassium complexes 
(1・K+) using the DFT B3LYP/6-31+G(d,p)//B3LYP/6- 
31G(d,p) calculation method.
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Computation지 Methods

The initial structures of cage-annulated p-tert-butylcalix- 
[4]crown-ether (1) which contains an oxahexacyclic cage 
moiety were constructed by HyperChem.11 In order to find 
optimized structures, we executed conformational search by 
simulated annealing method.12 The potassium-ion complexes 
of 1 were fully re-optimized using DFT B3LYP/6-31G(d,p) 
methods to estimate the absolute and relative energies for the 
different complexes after semi-empirical AM1 energy mini
mization. The DFT B3LYP/6-31+G(d,p) single-point energy 
calculations of the final structures of two different con
formers of host 1 and their K+-complexes by Gaussian 9813 
were performed to include the diffuse functions.

Results and Discussion

The DFT calculations without any constraint were carried 
out for the conformers of the host 1.

Table 1 reports the B3LYP/6-31G(d,p) optimized energies 
of the two kinds of conformations with two different di
rections (oo = out-out and oi = out-in) of two methoxy groups 
of 1. The calculations suggest that cone_oo conformer of 1 is 
found to be slightly (0.62 kcal/mol) more stable than partial- 
cone_oo analogue. The oi structures of both cone and 
partial-cone conformers are much less stable than the oo 
conformations. Since 1,3-alternate conformation was not 
very stable due to the steric hinderance of bulky cage- 
annulated crown ether in the lower rim of 1, one of two 
inverted p-tert-butylanisole groups spontaneously swing to 
the more stable partial-cone analogue during optimization. 
The relative stability of the conformers of 1 is different from 
the 1,3-dialkyl ether of p-tert-butylcalix[4] crown-5 -ether (36 
and 47), where cone conformer is 2-6 kcal/mol more stable 
than partial-cone analogue.

The DFT B3LYP/6-31G(d,p) optimizations have been 
carried out for two kinds of complexation mode for each 
conformer: combining cone or partial-cone conformer of 1 
with potassium ion in two different locations (the cage- 
annulated crown-ether (cr) or benzene-rings (bz) pocket) 
of 1.

Table 2 reports the B3LYP/6-31G(d,p) calculated com- 
plexation energies of the four different complexes in two 
different binding modes. When one compares the relative

Table 2. DFT B3LYP/6-31G(d,p) Complexation Energies of Dif
ferent Complexes of Host (1) with Potassium Ion

Binding modea Figure Ecomplex AE complex AEreld

1(cone)*K (cr) Fig. 1(c) -3653.95306 -62.01 6.25
1(cone)・K* (bz) Fig. 1(d) -3653.96097 -66.98 1.29
1(pc)"K (cr) Fig. 2(c) -3653.96302 -68.26 0.00
1(pc)・K* (bz) Fig. 2(d) -3653.95972 -66.19 2.07

acr indicates crown-ether cavity binding, and bz means benzene-rings 
pocket mode. 1(cone) and 1网 mean the cone_oo and partial-cone_oo 
conformations of host (1). bEcomplex (a.u.) is the total energy of the 
complex. cAEcomplex (kcal/mol) is defined as the total energy of the 
complex minus the sum of the total energies of the cation and the most 
stable free ligand (cone_oo) conformation. dAErel (kcal/mol) is defined as 
the binding energies relative to that of the most strongly bound complex.

stabilities of the complexes for the different guest positions 
in Table 2, the potassium cation in the benzene-rings (bz) 
pocket has better complexation efficiency than in the crown- 
ether moiety (cr) for the cone conformation of host 1 due to 
the strong cation-^9,16 interactions. However, 1(pc)・K+(cr) is 
most stable in all four cases, and 2.07 kcal/mol more stable 
than the 1(pc)・K+(bz) for the partial-cone conformation.

Since basis sets with diffuse functions are important for 
systems where electrons are relatively far from the nucleus 
such as molecules with lone pairs, we have performed the 
DFT B3LYP/6-31+G(d,p) single-point energy calculations 
of the final structures of different conformers of host 1 and 
their K+-complexes.

Table 3 reports the B3LYP/6-31+G(d,p) single-point ener
gies of the various conformations of the host 1. The calcu
lations suggest that cone_oo conformer of 1 is found to be 
2.2 kcal/mol more stable than partial-cone_oo analogue, and 
that the oi conformers are much less stable than the oo 
analogues.

Table 4 reports the B3LYP/6-31+G(d,p) calculated com- 
plexation energies of the four different complexes in two 
different binding modes. When one compares the relative 
stabilities of the complexes for the different guest positions 
in Table 4, the potassium cation in the benzene-rings (cr) 
pocket has slightly better complexation efficiency than in the 
crown-ether moiety (bz) for both of the cone and partial 
conformations of host 1. Cone cr-complex (1(cone)*K+ (cr)) is 
2.35 kcal/mol more stable than the partial-cone analogue. 
This result is different from the B3LYP/6-31G(d,p) optimi
zed energies, which report that partial-cone cr-complex 
(1(pc)・K+(cr)) is more stable than the cone analogue. Here,

Table 1. DFT B3LYP/6-31G(d,p) Calculated Energiesa of Different 
Conformations of Free Host (1)

Conformer6 Figure a.u. AEC

Cone_oo Fig. 1 (a) -3054.12922 0.00
Cone_oi Fig. 1 (b) -3054.11786 7.12
Partial-cone_oo Fig. 2 (a) -3054.12822 0.62
Partial-cone_oi Fig. 2 (b) -3054.12149 4.84

aError limit is 0.01 kcal/mol (2 x 10-6 atomic unit) for each structure. boo 
means that both of the methoxy groups are pointing outward, oi denotes 
that one of the methoxy groups is pointing inward. cAE is the relative 
energy (kcal/mol) with respect to the most stable conformation of the 
free host.

Table 3. DFT B3LYP/6-31+G(d,p) Calculated Energiesa of Differ
ent Conformations of Free Host (1)

Conformer b Figure a.u. AEC
Cone_oo Fig. 1 (a) -3054.20144 0.00
Cone_oi Fig. 1 (b) -3054.19002 7.17
Partial-cone_oo Fig. 2 (a) -3054.19823 2.02
Partial-cone_oi Fig. 2 (b) -3054.19157 6.19

aSingle-point energy calculations at the DFT B3LYP/6-31+G(d,p) level 
based on the DFT B3LYP/6-31G(d,p) optimized geometries.赤 See the 
footnotes of Table 1.
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Table 4. DFT B3LYP/6-31+G(d,p)a Complexation Energies of 
Different Complexes of Host (1) with Potassium Ion

Binding mode” Figure Ecomplex NEcomplex NErel

1(cone)*K (cr) Fig. 1(c) -3654.02322 -60.72 0.00
1(cone)・K+(bz) Fig. 1(d) -3654.01947 -58.36 2.35
1(pc)，K (cr) Fig. 2(c) -3654.01969 -58.50 2.21
1(pc)・K+(bz) Fig. 2(d) -3654.01775 -57.28 3.43
aSee the footnotes of the Tables 2 and 3.

we would rather believe the B3LYP/6-31+G(d,p) values, 
since this computational method is higher level with diffuse 
functions which are important for molecules with lone pairs 
like the host (1), and 1(cone)・K+(cr) complex has more cation
oxygen interactions than three other conformational analo
gues.

The MP2/6-311+G* calculations suggest that cation
oxygen binding energy is -19.4 kcal/mol when K+ is binding 
to the anisole oxygen, and that cation-勿 interaction energy is 
-18.7 kcal/mol for K+ with the benzene ring of anisole.9,16 
These values tell us one reason why the bz-mode complexes 
have similar stability compared with the cr-complexes.

Figure 1(a) shows the front and side views of the cone_oo 
conformation of the host 1. Both of the methoxy groups in 
Figure 1(a) are pointing outward. Figure 1(b) displays the 
cone_oi conformation, in which one of the two methoxy 

groups is pointing inside of the host molecule. AM1 semi- 
empirical calculated energies of both conformers (Figures 
1(a) and (b)) were very similar, and so we have chosen both 
conformers for the DFT calculation. However, as we see the 
values in Tables 1 and 3, the cone_oo optimized structure is 
proven to be more stable than the cone_oi conformer in DFT 
calculation.

Figure 1(c) displays the front and side views of the 
potassium-ion complex in cr-mode of the cone conformation 
of 1. Atoms that are within a certain distance (the bond 
proximate distance) from one another were automatically 
marked as bonded.14,15 All of oxygen atoms in the crown- 
ether moiety in Figure 1(c) are converged to the potassium 
cation showing multiple cation-oxygen interactions. Figure 
1(d) shows the potassium-ion complex in bz-mode of the 
cone conformation of 1. When one sees the left-side view of 
the Figure 1(d), two tert-butylbenzyl groups in the calix[4]- 
arene moiety are vertically coordinated with the potassium 
ion due to the strong cation-勿 interactions. Right-side view 
of the cone bz-complex displays the two more cation-oxygen 
interactions from potassium ion to the oxygen atoms of two 
anisole groups. This may be another reason for the good 
stability of the bz-complex.

Figure 2(a) shows the front and side views of the partial- 
cone_oo conformation of the host 1. Both of the methoxy 
groups in Figure 1(a) are pointing outward. Figure 2(b)

Figure 1. Front and side views of DFT B3LYP/6-31G(d,p) optimized structures of the cone conformer of 1. (a) 1(cone_oo) (Chem3D14 with no 
hydrogen atom shown), (b) 1(cone_oi), (c) 1(cone)*K+(cr) (PosMol15 with hydrogen atoms shown), (d) 1(cone)*K+(^z). Atoms that are within a 
certain distance (the bond proximate distance) from one another were automatically marked as bonded.14,15
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Figure 2. Front and side views of DFT B3LYP/6-31G(d,p) optimized structures of the partial-cone conformer of 1. (a) 1(pc_oo), (b) 1(pc _oi), (c) 
1(pc)・K+(cr), and (d) 1(pc)・K+(bz).

shows the partial-cone_oi conformation, in which one of the 
two methoxy groups is pointing inside of the host molecule. 
Figure 2(c) displays the potassium-ion complexes in cr- 
mode of the partial-cone conformation of 1. All of oxygen 
atoms in the crown-ether moiety in Figure 2(c) are converg
ed to the potassium cation showing multiple cation-oxygen 
interactions. Figure 2(d) shows the potassium-ion complexes 
in bz-mode of the partial-cone conformation of 1. Right-side 
view of the partial-cone complex displays the two more 
cation-oxygen interactions from potassium ion to the oxygen 
atoms of two anisole groups, as we observe the similar 
interactions in cone conformer.

To explain the cation-oxygen interactions and the relative 
binding efficiencies of the different complexes, we have 
measured the distances from the potassium cation to the 
oxygen atoms of the host 1.

An interesting fact deduced from the Table 5 is that the 
distance (2.60-2.79 A) between K+ and the methoxy oxygen 
atoms of host is about 0.15 A shorter than the values (2.74
2.96 A) between K+ and the ether-oxygen atoms of the host. 
These cation-oxygen distances suggest that the electrostatic 
attraction between K+ and the methoxy-oxygen is stronger 
than the ether-oxygen atoms, since the movement of meth
oxy-oxygen atom is relatively free compared to the oxygen 
atoms of the crown-ether framework. However, the oxa

Table 5. DFT B3LYP/6-31G(d,p) Optimized Distances (A) between 
K+ and the Oxygen Atoms of Host (1)

cr-Complex bz-Complex
Distance from K+ 1(cone)*K 1("K+ 1(cone)*K 1("K+

Ether-Oxygen (1) 2.735 2.877
Ether-Oxygen (2) 2.779 2.902
Oxahexacyclic-Oxygen (3)a 3.657 3.782
Ether-Oxygen (4) 2.-25 2.867
Ether-Oxygen (5) 2.965 2.808
Methoxy Oxygen (1) 2.681 2.964 2.787 2.673
Methoxy Oxygen (2) 2.702 2.728 2.689

a Oxygen Atom of the oxahexacyclic moiety of host (1).

hexacylic-oxygen atom in cage-annulated moiety has much 
longer potassium-oxygen distance (〜3.7 A) than other K+- 
oxygen values, and is not strongly participating cation-oxy- 
gen interaction, since the oxahexacylic group is too bulky 
and heavy. MP2/6-311+G* calculation suggests that the 
optimized binding distance between K+ and the oxygen atom 
of an anisole is 2.617 A.16

Overall, the DFT B3LYP/6-31+G(d,p)//B3LYP/6-31G 
(d,p) calculated complexation energies .------------kcal/mol)
of the complexes (1・K+) suggest that cage-annulated p-tert- 
butylcalix[4]arene (1) gives moderate binding efficiency 
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toward to potassium ion compared with other similar hosts 
such as 210 (-61 —82 kcal/mol), 36 and 47 (-50 —73 kcal/ 
mol).

Conclusion

B3LYP/6-31+G(d,p)〃B3LYP/6-31G(d,p) calculations sug
gest that the partial-cone conformer of 1 has similar stability 
with the cone conformer. The binding efficiencies of 
potassium cation in the benzene-rings (bz) pocket of 1 are 
slightly better than the values of the crown-ether (cr) moiety 
in 1 for B3LYP/6-31G(d,p) method. However, 1(cone)*K+(cr) 
complex showed lower single-point energy than the 
1(cone)*K+(bz), 1(pc)*K+(cr) and 1(pc)*K+(bz) analogues for 
B3LYP/6-31+G(d,p) calculation method.

The number of cation-勿 and cation-oxygen interactions 
with potassium cation was crucial to the stability of the 
different conformation of 1・K+ complex. The complexation 
of host 1 toward to potassium cation is calculated to have 
comparable binding efficiencies with the 1,3-dialkyl ether of 
p-tert-butylcalix[4]crown-5-ether.
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