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Complex formation between 1-chloro-4-(trifluoromethyl)benzene
(guest) and 4-tert-butylcalix[4]arenes (host) distally substituted
with phosphonic acid or phosphonic ester groups at the lower rim
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Abstract—The complexation behavior of the distally substituted phosphonic acid and phosphonic ester 4-tert-butylcalix[4]arenes (hosts)
with 1-chloro-4-(trifluoromethyl)benzene (guest) was examined in chloroform. The complex stability constants (K;) and the thermodynamic
parameters of the complexation were determined by a spectrofluorometric method using Job’s method and van’t Hoff theory, respectively. A
strong dependence of the host—guest interaction on the extent of distortion in the conformation of calixarene host cavity was obtained. The
‘pinched cone’ conformer of 1,3-substituted calix[4]arenes seems to form a complex with electron-deficient neutral aromatics predominantly
through m—mr type interaction. © 2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

The recognition of neutral organic molecules by synthetic
receptors is a topic of current interest in supramolecular-
and also in analytical chemistry.'? Calixarenes, cyclic
oligomers of phenolic units linked through the ortho
positions, are a fascinating class of macrocycle, because
of the simplicity of their skeleton, which is associated
with versatile recognition properties both of metallic or
organic ions and of neutral molecules.>* Recent reviews
summarize their thermodynamic® and redox properties,®
their applications in analytical and separation chemistry,’
modeling of their molecular dynamics®'® and the extent
of their metal ion binding character in solution.'"'? In the
last few years, calixarenes have become very popular
compounds in supramolecular chemistry since the OH groups
on their lower rim can be selectively functionalized.'>-!

Among the substituents attached to the lower rim, those
containing phosphorus are of considerable practical
importance. Calixarene derivatives with phosphorus donor
atoms have been reported®>* and their coordination to
copper,'® platinum?%2526 and gold* has been investigated.
Calixarene based phosphine and phosphinite ligands
were used in platinum-, palladium- and rhodium-catalyzed
carbonylation  reactions.””  Calix[n]arene  phosphine
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oxides have been used for the inter- and intra-group
separation of lanthanides and actinides.?! Calix[4]arenes
containing phosphonate groups either on the upper or on
the lower rims were synthesized and used for the extraction
of lanthanides into organic solvents.”®

The molecular recognition properties of calixarene building
blocks were recently examined by molecular modeling tech-
niques based on high-level ab initio calculations.”" Arena
et al. have also investigated the inclusion of small neutral
organic guests (alcohols, ketones and nitriles) with water-
soluble calix[4]arene receptors by "H NMR spectroscopy.”’
They concluded that small polar organic molecules having
CH groups, that are usually found inside the apolar cavity of
calix[4]arenes in the solid phase®” are complexed in aqueous
solution and the inclusion process is controlled by subtle
conformational and electrostatic effects. It is well known,
that a CH group can interact in an energetically favorable
way with the 7 system of aromatic compounds.®*** It has
also been shown that CH—r type interactions play important
roles in the supramolecular interactions of some
calixarenes.”™® A three-component zigzag molecular
array was obtained on the inclusion of p-xylene by
calixarenes,”” with the array structure being formed by
CH-r interactions. Novoa and Mota®® have found CH-mr
or OH— type interactions between compounds having both
m-electrons and CH or OH groups (e.g. ethene—ethene,
acetylene—ethene, benzene—ethene, acetylene—benzene,
benzene—benzene, ethene—water, acetylene—water,
benzene—water, etc).

0040-4020/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved.
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In our previous papers®* the complexation behavior of
calix[4]arene and 4-fert-butyl-calix[6]arene (hosts) with
neutral -electron deficient I-trifluoromethyl-benzene
derivatives (guests) in chloroform and dimethylformamide
was reported. The formation of stable host—guest complexes
was examined by the spectrofluorometric method and
quantum-chemical model calculations. The solvent effect
on the stability of the complex was clearly detected. Results
obtained later dealing with the complexation of 1,3-substi-
tuted calix[4]arene derivatives with 4-chloro-1-trifluoro-
methyl-benzene showed the importance of w—m
interactions between the phenolic rings of the calixarene
host and the neutral guest molecule.*’

In this paper the complexation behavior of distally
substituted phosphonic acid and phosphonic ester deriva-
tives of 4-rert-butylcalix[4]arenes (hosts) in the presence
of 1-chloro-4-(trifluoromethyl)benzene (guest) was studied
by spectrofluorometric and quantum-chemical methods.
The complex stability constants (K;) and the thermo-
dynamic parameters of the complex formation were deter-
mined by Job’s method and van’t Hoff theory, respectively.
The experimentally determined thermodynamic data were
compared with the host—guest interaction energy derived
from quantum-chemical calculations.

2. Results and discussion

The aromatic rings in the calixarene core can form an elec-
tron rich cavity due to the electron donating effects of tert-
butyl-, methylene- and alkoxy groups, therefore electron
deficient neutral aromatic guest molecules were chosen for
earlier model studies.’*~** Preliminary experiments indi-
cated that 1-chloro-4-(trifluoromethyl)benzene (BTF) inter-
acts with calix[4]arene and 4-tert-butyl-calix[6]arene in
chloroform. It was therefore decided to use this molecule
as a model guest to study the host—guest interactions with
phosphonic acid derivatives of calixarenes. It is expected,
that 1,3-substituted calix[4]arenes, unlike the parent
calix[4]arene, exist in a distorted ‘cone’ conformation
showing different features in the ‘host—guest’ interaction.
The structures of the molecules investigated are shown in
Fig. 1.

(A) R (B)
la CH,P(O)(OH),
2a (CH),P(O)(OH),
3a (CHa);P(O)(OH),
b CH,P(O)OC,Hs),
2b  (CHy),P(O)(OC>Hs),
3b  (CH,);P(0)(OC,Hs),

tBu tBu tBu tBu CF,

Cl

e ———

Figure 1. Calixarenes (A) as hosts and 1-chloro-4-(trifluoromethyl)-
benzene/BTF (B) as guest chosen for this model study.

2.1. Photoluminescence (PL) spectra

Fig. 2 shows the PL spectra of phosphonic acid (a) and
phosphonic ester (b) derivatives of 4-tert-butylcalix[4]arene
dissolved in chloroform using 280 nm for excitation. The
shape of the PL spectra are very similar, the maximum
intensity was obtained at 312 nm in each case. The calixar-
enes having phosphonic acid substituents show approxi-
mately two times higher PL intensity. Both the acid- and
ester-like calixarenes show similar changes in the intensity
of the PL signal with the chain lengths of 1,3-substituents.
2a and 2b derivatives show the highest PL intensity in the a
and b series, respectively.

2.2. Effect of complexation on PL intensity

In order to investigate the interaction of the different 1,3-
substituted 4-fert-butylcalix[4]arene derivatives with BTF,
equimolar 10™*M solutions of calixarene: 1-chloro-4-
(trifluoromethyl)benzene were prepared in chloroform and
the PL spectra were recorded. Evaluating them it could be
seen that the presence of the guest molecules induced
changes in the spectra. Whilst there were no major changes
in fluorescence wavelength, the change in intensity was
significant in each case (see Fig. 3 as representative). The
calixarenes showed lower PL intensity in the presence of
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Figure 2. PL spectra of series a (top) and b (bottom) calixarenes in
chloroform.
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Figure 3. Spectral change of 2a obtained in the presence of 1-chloro-4-
(trifluoromethyl)benzene (solid line: 2a, dashed line: 2a—BTF).

1-chloro-4-(trifluoromethyl)benzene. According to our
earlier results™~* it was supposed that the spectral changes
observed were induced by the inclusion interaction of
calixarenes with the guest molecules.

2.3. Determination of complex stability

Job’s method® is a well known, often used approach for
determination of the complex stoichiometry with spectro-
scopic techniques, also in calixarene chemistry.**™*® The
method of Job validated 1:1 stoichiometry in each case
(Fig. 4) and the stability constants of the examined host—
guest complexes were determined by least squares fitting as
described earlier.**~*"%

Table 1 summarizes the stability constants of the inclusion
complexes of distally substituted 1la—3a and 1b—3b with
1-chloro-4-(trifluoromethyl)benzene in chloroform solvent
at temperature of 20°C.

2.4. Thermodynamic description of guest inclusion

The thermodynamic parameters for the individual
complexes formed between I-chloro-4-(trifluoromethyl)-
benzene (guest) and distally substituted 4-fert-butylcalix[4]-
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Figure 4. A typical Job’s plot of 2a—BTF complexes.

Table 1. Thermodynamic parameters of complexation of calix[4]arenes
(1a—3a and 1b-3b) with 4-chloro-1-(trifluoromethyl)benzene

Host logK, AG’(&Imol™") AH’(JImol™") AS*TK 'mol™)
la  125%0.05 —6.67+0.14 —27.62+0.04 —70.26%+0.02
2a 1.98+0.03 —10.81+0.16 —29.43+0.05 —62.43+0.02
3a 2.89+0.03 —15.94+0.14 —3242+0.04 —5526+0.02
1b  2.54+0.04 —13.96+0.14 —31.34+0.04 —58.26%0.02
2b  3.34%£0.03 —18.52+0.15 —34.16£0.04 —52.43+0.02
3b  3.96+0.04 —22.02+0.14 —36.43+0.04 —48.32+0.02

arenes (host) were determined from the thermal
dependencies using the van’t Hoff equation:

K =ex (—A—G)—ex (—A—H)ex (E) (1)

— P\ R ) TP R )P R

and

anz—A—H%-E 2)
RT R

where AG is the Gibbs free energy change, AS the entropy
change and AH the enthalpy change associated with the
inclusion complex formation. To determine these thermo-
dynamic properties experimentally, the stability constants
of the complexes were determined using the Job’s method
at six different temperatures selected in the 15-40°C range
with a step size of 5°C. From the obtained values of the
stability constant, the enthalpy and entropy changes of the
given inclusion complex formation was determined by least
square fitting of Eq. (2) to the experimental data. Fig. 5
shows an example of the thermal dependence of the
logarithm of the K formation constant for the calixarene
1a—BTF system.

Table 1 summarizes the thermodynamic parameters for the
complexation of la-3a and 1b-3b with 4-chloro-1-
(trifluoromethyl)benzene. It can clearly be seen that the
Gibbs free energy change and the enthalpy change of
complexation show a dependence on the chain length of
the 1,3-substituents. The phosphonic ester complexes
(1b—3b) have higher stability than the phosphonic acid
ones (1a—3a).
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Figure 5. Correlation between the logarithm of measured K; values of
1a—BTF complexes and the reciprocal temperature.
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In an earlier study*' we found that the two opposite planes of
the phenolic rings derivatized (alkylated) at the lower rim
are located closer together than that of the unfunctionalized
rings, leading to a ‘flattened cone’ conformation. Similar
findings were recently reported in the case of water soluble
calix[4]arenes that contain hydroxyamides attached to their
lower rims.>® Thus, it was possible that the correlation
between the energy and enthalpy changes and the stability
constants is a result of the fine tuning of the cavity shape
caused by the chain lengths of the 1,3-substituents.

2.5. The stabilization energy of the inclusion complexes

To understand the effect of the cavity shape on the
complexation, the interaction between the calixarene
derivatives (1a—3a, 1b—3b) and the BTF was also examined
by a quantum-chemical method at ab initio level. The inter-
action energy between the host calixarene and the guest
BTF molecules was calculated by the following procedure.
The BTF molecule was fixed with its center of gravity on the
symmetry axis of calixarene molecule. Beginning from
these initial conditions, the free rotation of BTF molecule
around its center of gravity was allowed and a geometry
optimization was carried out. When the stable conformation
of the calixarene—BTF system was found, full geometry
optimization was done for the complex. The total energies
of the complexes were determined by ab initio calculations.
The total energy of the unforced state was used to determine
the interaction energy Ej,., With the following equation:

Eiper = E — EoBTF 3)

inter

where Egen is the total energy of the calixarene—BTF
system, Ecaix and Eyprr is the total energy of the
separated calixarene and BTF molecules, respectively. All
energies were determined in the presence of a solvent cage
using TIP3P method i.e. the solvation enthalpies of the
species interacted were considered in this way. Only for
the case when the BTF molecule is located inside the
calixarene cavity (i.e. interacts with calixarene from the
side of the upper rim) were stable conformations found.
This is in accordance with the results of Brouwer et al.,
obtained by X-ray and NMR studies.”!

system Etot,calix

Fig. 6(a) shows the calculated interaction energy in com-
parison with the measured enthalpy change of inclusion
complex formation of calixarene—BTF system. It can be
seen that the interaction energy shows a linear dependence
on the chain length of the substituents similar to that
which was obtained in the case of distally dialkylated
calixarenes.*’ Actually we find a fair correlation between
the experimental and theoretical energy values. This
provides a supporting evidence that the model used
correctly predicts the observed inclusion trends in accor-
dance with the results found in cyclodextrin chemistry.”*~>*

2.6. Cavity shape effect on complexation

It is known that substitution of the OH groups of calix[4]-
arenes can change the cone conformation to ‘partial cone’
(‘paco’) or to 1,2- or 1,3-alternate conformations in vacuo.”
On the basis of conformational analysis by Langevin
dynamic calculations the total energy difference between
the cone and paco conformations of 1la was found to be
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Figure 6. Correlation between the cavity shape of the examined calixarene
derivatives (described by o and B angles, represented by B and A, respec-
tively) and the calculated interaction energy (open circle), measured
enthalpy changes (closed circle) during their complexation with BTF.

37.32 kJ/mol with an energy barrier of 63.26 kJ/mol for
cone to paco transition. Therefore it is very likely that the
calixarene keeps its cone conformation at room tempera-
ture. These results are in agreement with those of Otter
and Briels,56 who used the reactive flux method to consider
the solvent effect of chloroform. They could prove the cone
stabilization effect of chloroform for calix[4]arene.

Calixarenes possess a closed loop of hydrogen bonds at the
lower rim.* The interaction between the OH groups
increases the cavity of calixarene skeleton while the tetra-
gonal distortion on the methylene bridge between the
phenolic units counteracts this effect. As a result of these
two opposite effects, alternate oscillations of the angles
between phenolic rings 1,3 and 2,4 of calixarene skeleton
were obtained by molecular dynamic calculations. An oscil-
lation periodicity of approximately 150—180 fs was found in
our model calculations.

In the cases of 1,3-substituted calixarenes, there is an inter-
action between the OH groups of rings 2 and 4 and the O
atoms of the phosphonate substituents of rings 1 and 3. This
interaction increases the angle [ between the rings
numbered 2 and 4, while the steric effect on the 1,3-substi-
tuents pulls the other two rings (numbered 1 and 3) together.
These two effects are influenced by the distortion of tetra-
hedral methylene bridges. To evaluate this phenomenon, i.e.
the interaction of calixarene species with BTF, a geometry
optimization was performed for all the examined calixarene
derivatives. The angles o and 3 between the opposite rings
of calix[4]arene (Fig. 6) were used to characterize the
distortion of calixarenes and were compared with the inter-
action energy of host—guest complex (Fig. 7).

Fig. 6 (lower curve) shows that with increasing chain length
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Figure 7. Definition of o and [ angles describing the shape of the
calixarene cavity.

of the 1,3 substituents, the angle o between the opposite
rings 1 and 3 decreases while the angle (3 between the
rings 2 and 4 increases (see Fig. 7). As a consequence of
this steric effect, a decrease in the stabilization energy of
complex was detected. We mention here that the interaction
energy has a negative value, so less interaction energy
results in higher complex stability. This means that the opti-
mal complexing sphere is the most flattened cone conforma-
tion of the host where the introduction of the guest into the
cavity is facilitated by the opening of rings 2 and 4 (high 3)
and the strong binding site of guest is provided by the nearly
coplanar rings 1 and 3 (low «). These results suggest the
importance of m—m type interactions between the aromatic
ring of BTF and the 1 and 3 rings of calixarene.

3. Conclusion

The inclusion complexation behavior of the distally substi-
tuted phosphonic acid and phosphonic ester derivatives of
4-tert-butylcalix[4]arenes (hosts) with 1-chloro-4-(trifluoro-
methyl)benzene (guest) was examined in chloroform. The
complex stability constants (K;) and the thermodynamic
parameters of the complexation were determined. A strong
dependence of the interaction between the neutral guest
molecule and the calixarene on the extent of distortion in
the conformation of ‘host’ cavity was obtained. The pinched
cone conformer of 1,3-substituted calix[4]arenes forms a
complex with electron-deficient neutral aromatics predomi-
nantly through m—m type interactions.

4. Experimental

Parent 4-tert-butylcalix[4]arene was obtained from Aldrich.
The 1,3-substituted ‘lower rim’ functionalized calixarenes
were prepared as described previously.”® (For structural
details see Fig. 1, series a (phosphonic acids): 1la
(Mw=836.38), 2a (Mw=864.41), 3a (Mw=892.44), and
series b (phosphonic esters): 1b (Mw=948.51); 2b
(Mw=976.55); 3b (Myw=1004.57).

1-Chloro-4-(trifluoromethyl)benzene (BTF) was obtained

from Budapest Chemical Works Co. Ltd. Chloroform
obtained from Fluka was freshly distilled before use.

Highly sensitive Fluorolog 73 spectrofluorometric system
(Jobin-Yvon/SPEX) was used to investigate the photo-
luminescence (PL) spectra of the different solutions. For
data collection a photon counting method with 0.2 s integra-
tion time was used. Excitation and emission bandwidths
were set to 2 nm. 1 mm layer thickness of the fluorescent
probes with front face detection was used to eliminate the
inner filter effect. A wavelength of 280 nm was chosen for
excitation and 312 nm for the emission peak of the spectra.
A Grant thermostat (Grant LTD6G, Grant Instruments) was
used for temperature controlling. The stoichiometry and
stability constants of the complexes were determined by
an application of Job’s method.”’

The equilibrium conformation of calixarenes and benzo-
trifluoride derivative was studied with semi-empirical
AM1 (Austin Model) method,™ followed by ab initio HF/
6-31G" calculations. Fletcher—Reeves geometry optimiza-
tion method was used for the investigation of the con-
formers. The interaction energy of the studied species was
described at an ab initio level using HF/6-31G" calculation.
TIP3P method®® with extension to the solvent used® was
applied for considering the solvent effect. All types of calcu-
lations were carried out with HyperChem Professional 5.1
program package.’'
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