Indo. J. Chem., 2008, 8 (3), 397 - 403 397

CONFORMATIONAL EQUILIBRIUM AND SPECTROSCOPIC PROPERTIES OF
CALIX[4]JARENE: THEORETICAL STUDY USING AB INITIO METHOD

Hanggara Sudrajat * and Ria Armunanto

Austrian-Indonesia Centre for Computational Chemistry, Department of Chemistry,
Faculty of Mathematics and Natural Sciences, Gadjah Mada University, Sekip Utara Yogyakarta 55281

Received 17 March 2008; Accepted 10 October 2008

ABSTRACT

Molecular structures were optimized for the calix[4]Jarene by ab initio method at the Hartree-Fock level of theory
using LANL2DZ and 6-311G basis sets. Conformational equilibrium of four calix[4]arene conformers are reported.
The results are compared with experiment, force field, and semiempirical molecular orbital calculations. General
trends in relative stabilities of calix[4]arene decrease in following order: cone > partial-cone > 1,2-alternate > 1,3-
alternate. The most stable conformer is the cone conformer that is stabilized by an array of four hydrogen bonds and
this result agree with the reported experimental observations. All structures were analyzed using theoretical IR, UV-
Vis, and 'H NMR spectra attributed to the conformational equilibrium at the Hartree-Fock level of theory using

LANL2DZ basis set.
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INTRODUCTION

A wide variety of macrocyclic ligands able to
interact with cations, anions, and neutral species are
known. These have been isolated from natural resources
or are the result of the synthetic developments which
have taken place in the last 30 years [1-2]. Among the
latter, calixarenes (products of the base-induced
condensation of  p-substituted phenols and
formaldehyde) and their derivatives have received
considerable attention in recent years. There are several
reasons for the current widespread interest in
calixarenes. An important one is the remarkably simple
way (single-step procedure) used for the synthesis of the
parent compounds. In addition, lower and upper rim
functionalization of these macrocycles has resulted in a
massive expansion in the range of derivatives available
[3-5]. Within this context, calix[4]arenes are of particular
interest.

Calix[4]arenes are macrocyclic compounds which
are increasingly being used as building blocks in
supramolecular chemistry [6-10]. One interesting
property of calix[4]arenes is that they can exist in four ex
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Figure 1. Chemical structure of calix[4]arene
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treme conformations, designated cone, partial-cone,
1,2-alternate, and 1,3-alternate. Although each phenol
unit can rotate according to the oxygen-through-the-
annulus rotation mechanism, they favorably adopt a
cone conformation because of stabilization by
intramolecular hydrogen bonding interactions among
OH groups [11].

The investigation on the structural and energetic
of calix[4]arene and it's derivatives has been the
subject of numerous works. Several studires have been
reported in which the relative stability of the
calix[4[arene conformations are determined by
experiments and theoretical calculations methods.
Although the reduction to a small number of
conformers simplifies considerably the task of modeling
calix[4]arene by theoretical calculations, the size of the
system makes a full first-principles approach difficult.
Consequently, a significant number of works on these
systems has been based on force field [12-16], or
semiempirical molecular orbital approaches [12,16-17].

In the present work we report ab initio results for
the structure and conformational equilibrium. Our aim is
to provide accurate theoretical information on the
conformational equilibrium of this molecule by ab initio
calculation. We are also analyzed for the structure of
the calix[4]arene conformers using IR, UV-Vis, and H
NMR spectra at the Hartree-Fock level of theory using
LANL2DZ basis set.

COMPUTATIONAL METHODS

The initial structures of calix[4]arene were
constructed by HyperChem 7.5 program[18]. In order to
find  optimized conformations, we  executed
conformational search by MM/MD simulation. The struc
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Figure 2. Calix[4]arene conformers. (a) cone, (b) partial-cone, (c) 1,3-alternate, (c) 1,2-alternate

*

Figure 3. Hydrogen bondiné in the calix[4]arene cone
conformer

tures of calix[4]arene obtained from MM/MD calculations
were fully re-optimized using ab initio methods to
estimate the absolute and relative energies for the
different conformations.

We have carried out geometry optimizations at
Hartree-Fock level of theory using LANL2DZ and 6-
311G basis sets. The calculations have been performed

with the GAUSSIAN 98 program [19]. For comparison
with other theoretical approaches, results based on
AM1 [20], PM3 [21], CHARMM [22], MM3 and MM" [23]
are also reported. We calculated IR, UV-Vis, and H
NMR spectra at the Hartree-Fock level of theory using
LANL2DZ basis set.

RESULT AND DISCUSSION

Conformational Equilibrium

Figure 2 shows the structure of the four
calix[4]arene conformers. Figure 3 illustrates hydrogen
bonding in the cone conformer. The total energy of the
cone conformer and the energy differences between
the others conformers are reported in Table 1. All the
calculations predict that the most stable conformer is
the cone conformer that is stabilized by an array of four
hydrogen bonds.

Comparison of HF/LANL2DZ and HF/6-311G
results indicate that by using different basis set, the
cone conformer is significantly stabilized relative to all
others conformers. Thus, the energy differences
between partial-cone and cone conformer changes
from 12.1 kcal/mol at HF/LANL2DZ to 10.7 kcal/mol at
HF/6-311G. In addition, at HF/6-311G, the relative
stability of conformers 1,2-alternate and 1,3-alternate is
inversed when compared to HF/LANL2DZ results.
However, all calculations predict that the energy
differences between these conformers (1,2-alternate
and 1,3-alternate) is very low (= 1 kcal/mol).
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Table 1. Total energies of the cone calix[4]arene conformer at different theoretical level

Methods Cone (a.u) Partial-cone ° 1,2-alternate ° 1,3-alternate °
HF/LANL2DZ -1373.42 12.1 204 20.9
HF/6-311G -1373.53 10.7 18.6 18.1
AM1 7.4 10.4 11.5
PM3 7.4 12.4 1.1
CHARMM 9.6 11.8 17.2
MM3 (89) 9.9 1.7 18.7
MM3 (92) 5.6 6.1 10.6
MM* 7.4 9.3 13.6
experiment” 14.9°;13.8¢

“Energy differences (AE's in kcal/mol) between the conformers (Partial-cone, 1,2-alternate, 1,3-alternate and the cone

conformer. °From ref [24], “in chloroform, %in benzene

Table 2. Data for the structure of cone calix[4]arene

Parameters HF/LANL2DZ HF/6-311G AM1 experiment?®
Bond distances (A)
C+-C, 1.41 1.41 1.41 1.41
C+-Ce 1.40 1.40 1.40 1.40
C,-Cs 1.39 1.39 1.40 1.39
C,-C, 1.53 1.53 1.50 1.53
C,-0 1.41 1.42 1.38 1.41
0-0 2.65 2.64 2.91 2.64
Angels (deg)
C4-C-C3 117.3 117.3 114.3 117.3
C4-Co-C; 122.1 122.1 122.7 121.9
C4-Ce-C; 121.1 121.0 121.4 120.8
C,-C;-Ce¢ 113.1 113.1 1114 113.0
C,-C4-C¢ 121.7 121.8 121.2 121.6
0,-C4-C, 119.7 119.7 123.0 119.1
04-C4-Cq 117.4 117.4 115.8 117.8

“From ref [25]

Comparison with experimental data is not direct
since the available data is from measurenments in the
liquid phase and solvent effects can be important.
Experimental free energies of activation (AG) for
conformational inversion of calix[4]arene in two different
solvents (i.e. in chloroform and in benzene) [26] are
reported in Table 1.

Table 1 also presents results for the energy
differences between the calix[4]arene conformers based
on force field and semiempirical molecular orbital
calculations. Similar values for the energy differences
between the partial cone and cone conformers and also
between 1,3-alternate and cone are predicted by force
field calculations (CHARMM and MM3). However,
semiempirical molecular orbital predict a very low energy
difference between 1,2-alternate and 1,3-alternate
conformers (less than 1 kcal/mol), which disagrees
significantly with force field results (=4-6 kcal/mol).
Apparently, this disagreement is not related with
significant differences in the structures.

Among various methods reported in Table 1,
HF/LANL2DZ method gives result for the energy
differences between the calix[4]arene conformers that
energetically close with experimental value. Therefore,

HF/LANL2DZ method presumably is the best method
for determination of structural and spectral properties of
calix[4]arene.

Structure

Table 2 reports structural information from
experiment, ab initio method, and semiempirical
molecular orbital theory (AM1). The experimental data
are from the hexagonal phase of the calix[4]arene-
acetone clathrate. Although condensed phase
structures are not directly comparable to gas phase
data, our predictions based on ab initio optimizations
are in very good agreement with experiment. We found
that O-O distance calculated by ab initio is in perfect
agreement with experiment. We interpret the
agreement between our ab initio results and
experiment as a strong indication that the present
approach is adequate to correctly describe the
structure of calix[n]arenes. AM1 results for the
structural parameters of the cone calix[4]arene are in
good agreement. One exception is the O-O distance
calculated by ab initio (2.64 A) that is much shorter
than AM1 (2.9 A).
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Table 3 reports data on the structure of the cone
conformer of calix[4]arene. We have restricted our dis
cussion to the structural parameters related to hydrogen
bonding in the lower rim of calix[4]arene. For the cone
conformer we can observe a significant reduction of the
O-H bonds (H4-O,, Hx-O3, H3-O4, Hs-O4) when we move
from HF/LANL2DZ to HF/6-311G. This dependence
suggests that different basis set effects contributes to
significantly reduce the O-H bond lengths.

Table 3. Structural data related to hydrogen bonding for
the cone conformer

Infrared spectra

One of the particulary distinctive features of the
calixarenes is the unusually low frequency at which the
stretching vibration of the OH groups occurs in the
infrared, ranging from ca. 3150 cm™ for the cyclic
tetramer to ca. 3300 cm™ for the cyclic pentamer., with
the other calixarenes falling in between these
extremes. This is the result of the especially strong
intramolecular hydrogen bonding that exists in these
molecules. ‘Circular hydrogen bonding’ undoubtedly is
responsible for some of the unique features of the
calix[4]arene. Subtle changes in the shape of the

Parameters HF/LANL2DZ HF/6-311G hydrogen bond array can alter the strengths of the
Bond distances (A) hydrogen bonding.
04-H, 1.026 1.038 The theoretical IR spectra for the calix[4]arene in
H,-O, 1.401 1.761 four conformers is shown in Figure 4. For all spectra
0O,-H, 1.026 1.038 show strong peak at ca. 3415 cm” correspond to the
H,-O4 1.401 1.761 streching vibration of the OH groups. The 1,3-alternate
O5-H; 1.026 1.038 isomers have lowest OH stretching frequency due to
H;-O4 1.401 1.761 the absence of intramolecular hydrogen bonds. In the
O4-H,4 1.026 1.038 cone conformer, four hydrogen bonding occur, thus,
H,-O4 1.401 1.761 the strengths of the hydrogen bonding increase (i.e.
Angels (deg) decreasing voy value). To directly compare with
04-H4-0, 165.402 161.443 experimental data, the calculated frequencies were
H4-O5-H, 104.132 104.904 scaled following the recommended scale factor of
0,-H,-0; 165.479 161.433 0.893 [26]. Th1e obtained1OH stretch1ing frequen1cies
Hy-O3-Hs 104.132 104.903 (i.e.: 3040 cm™, 3043 cm™, 3070 cm ', 3064 cm™ for
0O3-H;-0, 165.454 161.454 cone, partial-cone, 1,3-alternate, and 1,2-alternate
Hs-O4-H, 104.132 104.903 conformers, respectively) are very close with previous
04-H4-04 165.421 161.453 experimental values.
H4-O4-H,4 104.132 104.903
-O-BI:I:‘sttretchg . . | -O-BIj?BsgtrethI]mg . | |
3000 2000 1000 1] 3000 2000 1000 1]
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Figure 4. Calculated IR spectra of calix[4]arene conformers. (a) cone, (b) 1,3-alternate, (c) partial-cone, (d) 1,2-

alternate
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Figure 5. Calculated UV-Vis spectra of calix[4]arene conformers. (a) cone, (b) 1,3-alternate, (c) partial-cone, (d) 1,2-

alternate

The high frequencies of the non-interacting CH
stretching above 3000 cm™. On the other hand, the
frequencies around 1450 cm” correspond to the CC
stretching motions of the benzene rings. In the
fingerprint region the calix[4]arenes conformers all look
rather similar to one another, especially between 1600
and 900 wavenumbers. In the 500-900 cm™ region,
however, the patterns vary to some extent.

UV-Vis spectra

The theoretical UV-Vis spectra for the calix[4]arene
in four conformers is shown in Figure 5. All conformer
have a single absorption maxima at ca. 300 nm in the
ultraviolet region. We found that this results is in
agreement with experimental values (ca. 288 nm). For
all conformers of calix[4]arene, cone conformer showed
the most pronounced absorption maxima at most low
wavelength. This results indicated that cone conformer is
most stable structure due to the highest first ionization
energy.

'H-NMR spectra

The theoretical '"H-NMR spectra for the calix[4]arene in
four conformers is shown in Figure 6. The results
showed that for the cone conformer, the Ar-CH,-Ar
protons signals gives a pair of doublets, partial-cone
conformers gives a pair of doublets and one singlets,
1,2-alternate conformer gives two pair of doublets and
one singlets, 1,3 alternate gives one singlets. The
resonance for the aromatic protons for the cone

conformer are singlets, partial-cone conformers gives
one singlets, 1,2-alternate conformer gives a pair of
doublets and one singlets, 1,3 alternate gives one
singlets. The position of singlet arising from the OH
groups varies with the conformers of the calix[4]arene
and does not correlate particularly well with the
strength of hydrogen bonding as judge by ugn
frequencies in the IR spectra. The obtained "H-NMR
spectra is in agreement with the experimental values.

CONCLUSION

This work reports ab initio calculations for an
important and complex molecule that is presently a
model system in host-guest chemistry. We have
compared our predictions for the conformational
equilibrium with theoretical results based on force field
and semiempirical methods. Ab initio calculations
suggest that the relative stability of the different
conformers of calix[4]arene is in following order: cone >
partial-cone > 1,2-alternate > 1,3-alternate. Our results
also suggest that the energy difference between 1,2
alternate and 1,3-alternate conformers of calix[4]arene
is overestimated by force field calculations. Ab initio
results for the structure of the cone calix[4]arene
conformer are in very good agreement with
experimental data. However, some discrepancies are
found when we compare AM1 predictions with
experimental data.

Hanggara Sudrajat and Ria Armunanto



402

Indo. J. Chem., 2008, 8 (3), xx - xx

Intensity

Intensity

PP

Intensity

1 1 1 1

8 B 4 2
FFh

Intensity

i 1 | |

B 4 2
PP

Figure 6. Calculated 'H-NMR spectra of calix[4]arene conformers. (a) cone, (b) 1,3-alternate, (c) partial-cone, (d)

1,2-alternate

The calculated IR, UV-Vis, 'H NMR, and "°C NMR
spectra results agree well with the structural features of
the molecules. The diagnostic differences in the all
spectra should provide us the key to understand more
deeply the host-guest molecular structures by enabling
to assign and distinguish the individual molecular states.
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ABSTRACT


Molecular structures were optimized for the calix[4]arene by ab initio method at the Hartree-Fock level of theory using LANL2DZ and 6-311G basis sets. Conformational equilibrium of four calix[4]arene conformers are reported. The results are compared with experiment, force field, and semiempirical molecular orbital calculations. General trends in relative stabilities of calix[4]arene decrease in following order: cone > partial-cone > 1,2-alternate > 1,3-alternate. The most stable conformer is the cone conformer that is stabilized by an array of four hydrogen bonds and this result agree with the reported experimental observations. All structures were analyzed using theoretical IR, UV-Vis, and 1H NMR spectra attributed to the conformational equilibrium at the Hartree-Fock level of theory using LANL2DZ basis set.  
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INTRODUCTION


A wide variety of macrocyclic ligands able to interact with cations, anions, and neutral species are known. These have been isolated from natural resources or are the result of the synthetic developments which have taken place in the last 30 years [1-2]. Among the latter, calixarenes (products of the base-induced condensation of p-substituted phenols and formaldehyde) and their derivatives have received considerable attention in recent years. There are several reasons for the current widespread interest in calixarenes. An important one is the remarkably simple way (single-step procedure) used for the synthesis of the parent compounds. In addition, lower and upper rim functionalization of these macrocycles has resulted in a massive expansion in the range of derivatives available [3-5]. Within this context, calix[4]arenes are of particular interest.


Calix[4]arenes are macrocyclic compounds which are increasingly being used as building blocks in supramolecular chemistry [6-10]. One interesting property of calix[4]arenes is that they can exist in four ex
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Figure 1. Chemical structure of calix[4]arene


treme conformations, designated cone, partial-cone, 1,2-alternate, and 1,3-alternate. Although each phenol unit can rotate according to the oxygen-through-the-annulus rotation mechanism, they favorably adopt a cone conformation because of stabilization by intramolecular hydrogen bonding interactions among OH groups [11]. 


The investigation on the structural and energetic of calix[4]arene and it’s derivatives has been the subject of numerous works. Several studires have been reported in which the relative stability of the calix[4[arene conformations are determined by experiments and theoretical calculations methods. Although the reduction to a small number of conformers simplifies considerably the task of modeling calix[4]arene by theoretical calculations, the size of the system makes a full first-principles approach difficult. Consequently, a significant number of works on these systems has been based on force field [12-16], or semiempirical molecular orbital approaches [12,16-17]. 


In the present work we report ab initio results for the structure and conformational equilibrium. Our aim is to provide accurate theoretical information on the conformational equilibrium of this molecule by ab initio calculation. We are also analyzed for the structure of the calix[4]arene conformers using IR, UV-Vis, and 1H NMR spectra at the Hartree-Fock level of theory using LANL2DZ basis set.

COMPUTATIONAL METHODS

The initial structures of calix[4]arene were constructed by HyperChem 7.5 program[18]. In order to find optimized conformations, we executed conformational search by MM/MD simulation. The struc 
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Figure 2. Calix[4]arene conformers. (a) cone, (b) partial-cone, (c) 1,3-alternate, (c) 1,2-alternate
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Figure 3. Hydrogen bonding in the calix[4]arene cone conformer


tures of calix[4]arene obtained from MM/MD calculations were fully re-optimized using ab initio methods to estimate the absolute and relative energies for the different conformations. 


We have carried out geometry optimizations at Hartree-Fock level of theory using LANL2DZ and 6-311G basis sets. The calculations have been performed with the GAUSSIAN 98 program [19]. For comparison with other theoretical approaches, results based on AM1 [20], PM3 [21], CHARMM [22], MM3 and MM+ [23] are also reported. We calculated IR, UV-Vis, and 1H NMR spectra at the Hartree-Fock level of theory using LANL2DZ basis set. 

RESULT AND DISCUSSION

Conformational Equilibrium 


Figure 2 shows the structure of the four calix[4]arene conformers. Figure 3 illustrates hydrogen bonding in the cone conformer. The total energy of the cone conformer and the energy differences between the others conformers are reported in Table 1. All the calculations predict that the most stable conformer is the cone conformer that is stabilized by an array of four hydrogen bonds.


Comparison of HF/LANL2DZ and HF/6-311G results indicate that by using different basis set, the cone conformer is significantly stabilized relative to all others conformers. Thus, the energy differences between partial-cone and cone conformer changes from 12.1 kcal/mol at HF/LANL2DZ to 10.7 kcal/mol at HF/6-311G. In addition, at HF/6-311G, the relative stability of conformers 1,2-alternate and 1,3-alternate is inversed when compared to HF/LANL2DZ results. However, all calculations predict that the energy differences  between   these  conformers  (1,2-alternate and 1,3-alternate) is very low (≈ 1 kcal/mol).

Table 1. Total energies of the cone calix[4]arene conformer at different theoretical level

		Methods

		Cone (a.u)

		Partial-cone a

		1,2-alternate a

		1,3-alternate a



		HF/LANL2DZ

		-1373.42

		12.1

		20.4

		20.9



		HF/6-311G

		-1373.53

		10.7

		18.6

		18.1



		AM1

		

		7.4

		10.4

		11.5



		PM3

		

		7.4

		12.4

		11.1



		CHARMM

		

		9.6

		11.8

		17.2



		MM3 (89)

		

		9.9

		11.7

		18.7



		MM3 (92)

		

		5.6

		6.1

		10.6



		MM+

		

		7.4

		9.3

		13.6



		experiment b

		

		14.9 c ; 13.8 d

		

		





aEnergy differences (ΔE‘s in kcal/mol) between the conformers (Partial-cone, 1,2-alternate, 1,3-alternate and the cone conformer. bFrom ref [24], cin chloroform, din benzene

Table 2. Data for the structure of cone calix[4]arene


		Parameters

		HF/LANL2DZ

		HF/6-311G

		AM1

		experiment a



		                                                                          Bond distances (Å)



		C1-C2

		1.41

		1.41

		1.41

		1.41



		C1-C6

		1.40

		1.40

		1.40

		1.40



		C2-C3

		1.39

		1.39

		1.40

		1.39



		C2-C7

		1.53

		1.53

		1.50

		1.53



		C1-O

		1.41

		1.42

		1.38

		1.41



		O-O

		2.65

		2.64

		2.91

		2.64



		                                                                                Angels (deg)



		C1-C2-C3

		117.3

		117.3

		114.3

		117.3



		C1-C2-C7

		122.1

		122.1

		122.7

		121.9



		C1-C6-C7

		121.1

		121.0

		121.4

		120.8



		C2-C7-C6

		113.1

		113.1

		111.4

		113.0



		C2-C1-C6

		121.7

		121.8

		121.2

		121.6



		O1-C1-C2

		119.7

		119.7

		123.0

		119.1



		O1-C1-C6

		117.4

		117.4

		115.8

		117.8





aFrom ref [25]

Comparison with experimental data is not direct since the available data is from measurenments in the liquid phase and solvent effects can be important. Experimental free energies of activation (ΔG) for conformational inversion of calix[4]arene in two different solvents (i.e. in chloroform and in benzene) [26] are reported in Table 1.

Table 1 also presents results for the energy differences between the calix[4]arene conformers based on force field and semiempirical molecular orbital calculations. Similar values for the energy differences between the partial cone and cone conformers and also between 1,3-alternate and cone are predicted by force field calculations (CHARMM and MM3). However, semiempirical molecular orbital predict a very low energy difference between 1,2-alternate and 1,3-alternate conformers (less than 1 kcal/mol), which disagrees significantly with force field results (≈4-6 kcal/mol). Apparently, this disagreement is not related with significant differences in the structures.


Among various methods reported in Table 1, HF/LANL2DZ method gives result for the energy differences between the calix[4]arene conformers that energetically close with experimental value. Therefore, HF/LANL2DZ method presumably is the best method for determination of structural and spectral properties of calix[4]arene.

Structure


Table 2 reports structural information from experiment, ab initio method, and semiempirical molecular orbital theory (AM1). The experimental data are from the hexagonal phase of the calix[4]arene-acetone clathrate. Although condensed phase structures are not directly comparable to gas phase data, our predictions based on ab initio optimizations are in very good agreement with experiment. We found that O-O distance calculated by ab initio is in perfect agreement with experiment. We interpret the agreement between our ab initio results and experiment as a strong indication that the present approach is adequate to correctly describe the structure of calix[n]arenes. AM1 results for the structural parameters of the cone calix[4]arene are in good agreement. One exception is the O-O distance calculated by ab initio (2.64 Å) that is much shorter than AM1 (2.9 Å). 


Table 3 reports data on the structure of the cone conformer  of  calix[4]arene.  We have restricted our dis


cussion to the structural parameters related to  hydrogen bonding in the lower rim of calix[4]arene.  For the cone conformer we can observe a significant reduction of the O-H bonds (H1-O2, H2-O3, H3-O4, H4-O1) when we move from HF/LANL2DZ to HF/6-311G. This dependence suggests that different basis set effects contributes to significantly reduce the O-H bond lengths. 

Table 3. Structural data related to hydrogen bonding for the cone conformer 


		Parameters

		HF/LANL2DZ

		HF/6-311G



		Bond distances (Å)



		O1-H1

		1.026

		1.038



		H1-O2

		1.401

		1.761



		O2-H2

		1.026

		1.038



		H2-O3

		1.401

		1.761



		O3-H3

		1.026

		1.038



		H3-O4

		1.401

		1.761



		O4-H4

		1.026

		1.038



		H4-O1

		1.401

		1.761



		Angels (deg)



		O1-H1-O2

		165.402

		161.443



		H1-O2-H2

		104.132

		104.904



		O2-H2-O3

		165.479

		161.433



		H2-O3-H3

		104.132

		104.903



		O3-H3-O4

		165.454

		161.454



		H3-O4-H4

		104.132

		104.903



		O4-H4-O1

		165.421

		161.453



		H4-O1-H1

		104.132

		104.903







Infrared spectra


One of the particulary distinctive features of the calixarenes is the unusually low frequency at which the stretching vibration of the OH groups occurs in the infrared, ranging from ca. 3150 cm-1 for the cyclic tetramer to ca. 3300 cm-1 for the cyclic pentamer., with the other calixarenes falling in between these extremes. This is the result of the especially strong intramolecular hydrogen bonding that exists in these molecules. ‘Circular hydrogen bonding’ undoubtedly is responsible for some of the unique features of the calix[4]arene. Subtle changes in the shape of the hydrogen bond array can alter the strengths of the hydrogen bonding.


The theoretical IR spectra for the calix[4]arene in four conformers is shown in Figure 4. For all spectra show strong peak at ca. 3415 cm-1  correspond to the streching vibration of the OH groups. The 1,3-alternate isomers have lowest OH stretching frequency due to the absence of intramolecular hydrogen bonds. In the cone conformer, four hydrogen bonding occur, thus, the strengths of the hydrogen bonding increase (i.e. decreasing υOH value). To directly compare with experimental data, the calculated frequencies were scaled following the recommended scale factor of 0.893 [26]. The obtained OH stretching frequencies (i.e.: 3040 cm-1, 3043 cm-1, 3070 cm-1, 3064 cm-1 for cone, partial-cone, 1,3-alternate, and 1,2-alternate conformers, respectively) are very close with previous experimental values.


Figure 4. Calculated IR spectra of calix[4]arene conformers. (a) cone, (b) 1,3-alternate, (c) partial-cone, (d) 1,2-alternate



Figure 5. Calculated UV-Vis spectra of calix[4]arene conformers. (a) cone, (b) 1,3-alternate, (c) partial-cone, (d) 1,2-alternate


The high frequencies of the non-interacting CH stretching above 3000 cm-1. On the other hand, the frequencies around 1450 cm-1 correspond to the CC stretching motions of the benzene rings. In the fingerprint region the calix[4]arenes conformers all look rather similar to one another, especially between 1600 and 900 wavenumbers. In the 500-900 cm-1 region, however, the patterns vary to some extent. 


UV-Vis spectra


The theoretical UV-Vis spectra for the calix[4]arene in four conformers is shown in Figure 5. All conformer have a single absorption maxima at ca. 300 nm in the ultraviolet region.  We found that this results is in agreement with experimental values (ca. 288 nm). For all conformers of calix[4]arene, cone conformer showed the most pronounced absorption maxima at most low wavelength. This results indicated that cone conformer is most stable structure due to the highest first ionization energy. 


1H-NMR spectra


The theoretical 1H-NMR spectra for the calix[4]arene in four conformers is shown in Figure 6. The results showed that for the cone conformer, the Ar-CH2-Ar protons signals gives a pair of doublets, partial-cone conformers gives a pair of doublets and one singlets, 1,2-alternate conformer gives two pair of doublets and one singlets, 1,3 alternate gives one singlets. The resonance for the aromatic protons for the cone conformer are singlets, partial-cone conformers gives one singlets, 1,2-alternate conformer gives a pair of doublets and one singlets, 1,3 alternate gives one singlets. The position of singlet arising from the OH groups varies with the conformers of the calix[4]arene and does not correlate particularly well with the strength of hydrogen bonding as judge by υOH frequencies in the IR spectra. The obtained 1H-NMR spectra is in agreement with the experimental values.

CONCLUSION


This work reports ab initio calculations for an important and complex molecule that is presently a model system in host-guest chemistry. We have compared our predictions for the conformational equilibrium with theoretical results based on force field and semiempirical methods. Ab initio calculations suggest that the relative stability of the different conformers of calix[4]arene is in following order: cone > partial-cone > 1,2-alternate > 1,3-alternate. Our results also suggest that the energy difference between 1,2 alternate and 1,3-alternate conformers of calix[4]arene is overestimated by force field calculations. Ab initio results for the structure of the cone calix[4]arene conformer are in very good agreement with experimental data. However, some discrepancies are found when we compare AM1 predictions with experimental data.




Figure 6. Calculated 1H-NMR spectra of calix[4]arene conformers. (a) cone, (b) 1,3-alternate, (c) partial-cone, (d) 1,2-alternate

The calculated IR, UV-Vis, 1H NMR, and 13C NMR spectra results agree well with the structural features of the molecules. The diagnostic differences in the all spectra should provide us the key to understand more deeply the host-guest molecular structures by enabling to assign and distinguish the individual molecular states.
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