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Abstract: MDD simulations using a combination of AM1 and AMBER are performed to elucidate the origin of complexation
between fullerenes and calix[njarenes (n = 4,6,8). Only calix[6]arenes and calix{8]arenes are suitable for complex formation. By
intreducing benzy! substitutents on the upper rim of the calixarenes the interaction cnergy between host and guest is even improved.
Analysis of the data also reveals a strong stabilization by t-butyl or benzyl substitutents beside n-n interactions between the arene
units of the calixarenc and fullerenes. The calculated data perfectly correlate with the experimentally observed equilibrium constants
@ 1999 Elsevier Scienee Ltd. Al rights reserved.

Key words: Fullerene, Calix{n]arene, MD Simulations. Complexation. Benesi-Hildebrand

INTRODUCTION

Only five years after its discovery by Kroto and Smallcy2 an international group headed by Kritschmer
and Huffman® succeeded in developing an extraordinary simple procedure 10 prepare fullerenes on a large
scale. From the beginning chemists were fascinated not only by the unusual geometry of fullerenes but
especially by their reactivity. which is mainly governed by the olefin-type double bonds and by the strain
energy of ca. 8 kcal/mol per carbon.' Beside modifications of fullerenes from the outside (exohcdral
functionalizations)*>, from the inside (endohedrals)*® and within the carbon wall (heterofullerenes)’* the
extraordinary spheric structure has often attracted supramolecular chemists scarching for host molecules
suitable to form host-guest complexes with fullerenes. These host molecules must be characterized by

. . : 13
cavities such as y-cyclodextrine™'? or calixarenes.”"'
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Especially the bowl-shaped calix[n]arene molecules are promising candidates for controlled complex
formation because they are easily accessible in various sizes (generally n = 4, 6, 8 ; for n = 5 cf. Ref. 14) and
due to their versatile modifications.'” Depending on the monomer, these macrocycles are devided into two
types, the Gutsche-type resulting from p-alkyl phenols (calix[n]arene) and the resorc[4]arene-type yielding
from resorcinol. !>

In case of calix[4]arene the number of conformations is quite limited. Reinhoudt ef ol determined in
their investigation with the AMBER! force field the 1,2 alternate conformation to be energetically preferred.'®
They showed that the stability of a conformation depends of the subtituent's number and position at the
phenolic oxygen. It is predominantly controlled by the Coulomb interaction of intramolecular hydrogen bonds.
Among the other conformations as 1.3 alternate and partial cone (paco) is the cone the next stable one. Since
we focus on the calculation of complexes of calixarenes with fullerenes, we considered only the latter
conformation.

Our goal was to calculate complexes between fullerenes (Ceo/Ci0) and p-'butylcalix[n]arenes (n=4,6,8)
with MM methods in order to scale their relative stabilities.' This knowledge may be used for designing

specific host molecules for selective host-guest complex formation. Since the calculation does not refer to only

the dynamic of the system and does not provide sufficient data. Therefore only a molecular dynamic (MD)

simulation provides a satisfying solution.

Method of Calculation

single point calculation of three
arene units with AM1

joining of calix{njarene units fullerene
basing on the central unit (AMBER)

|
I
MD simulation of 32 ps at 300K
(AMBER in MAXIMOBY)
|

100 geometries

analysis of MM energy

(substructures)

evaluation

Scheme [: Procedure for the QC/MM Calculation
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In a study of calix|4]arenes by Karplus et al., AMBER'” proved to be a suitable force field to determine
the pathways for conformational interconversion of calix[4]arenes.'® With the exception of the phenyl atoms
as 2C (MOBY code symbol) and 3C instead of CT, we used the same center types in our calculations. Since

we want to examine host-guest interactions, the choice of the center types is not a sensitive point.
20

The following combined AM1/MM calculations are performed with MAXIMOBY 3.3 running on an
[BM-RS6000-32H workstation. Scheme 1 shows the procedure. Prior to the simulation, a "conjugate gradient”
optimization (5000 steps) of a calixarene was performed while the fullerene was kept fixed in space. During
the heating period, the temperature is raised by 10K per interval until 300K are attained. Now all atoms are
allowed to move according to the forces exerted by all atoms. Each time step takes 1fs. Cut-offs of 10A apply
for the nonbonding interactions with a switching function starting at 9A and a distance dependent dielectric
constant is chosen, After an equilibration period of 300 time steps, the simulation itself is started. It runs for
32000 time steps at 300K; the temperature is adjusted every 100th cycle. During the time of the simulation,

every 320th geometry is written to disk for later analysis (yields 100 geometries).

RESULTS AND DISCUSSION

The equilibrium constants of complex formation were determined by means of UV/Vis absorption
techniques using the Benesi-Hildebrand evaluation method.?' In Fig. 1 a typical example of the changes in the
absorption spectrum of Ceq by addition of p-‘butyl-calix[6]arene is shown. Following eq. 1 the complex
constants were determined from the changes of the absorption in dependence on the concentration of added

calix[n]arene (Fig. 2).

Ceso MAy — A) = V(Kcompiex - A€) - 1/C p-'butylcalix[6]arene) + 1/Ae (1)



14934 I Schlachier et al. / Tetrahedron 55 (1999) 14931 - 14940

Absorbance
[=]
N
(=]
T

350 700

Fig. 1: Changes in the UV/Vis absorption spectrum of Cqq in toluene solution resulting from addition of
the p-'butylcalix[6]arene. Concentration of Ceo is 2.9-107 M, concentration of p-'butylcalix[6]arene
varies from 2.8:10% to 1.2:10° M.
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Fig. 2: Changes of UV/Vis absorbance of Ceo versus concentration of p-'butylcalix[6]arene according to
the modified Benesi-Hildebrand equation 1.
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Table 1| summarizes the results of both the experiments and the calculations. The experimentally
determined complex constants are compared to the interaction energies [AE(interaction) = E(calix/fullerene) -
E(calix)]. For a comparison of the results for Cep and Cyq, the average interaction energy per carbon atom is
given. The last column shows a detailed description of the interaction energy. "Arene" indicates the central
phenyl unit inclusive hydrogen atoms whereas "rest" corresponds to the 'butyl, the OH group, and methylene

bridges.

‘Table 1: Comparison of complex constants with calculated interaction cnergies

Complex of fullerene and Complex constant Interaction energy Interaction energy  per cent distribution

p-‘butylcalix{njarene AE per carbon atom arenefrest ¥
[I/rmol] [keal/mol] [kcal/mol}

Casot{4] - -12.75 -0.21

Cesat[6) 230 -62.81 -1.04 58742

Ceo+[8] 381 -67.26 -1.12 60/40

Crot[6] 154 -64.82 -0.93 57 /43

Crot+(8) 179 -69.08 -0.98 59/41

a) in sofution at 25°C; b) rest corresponds to butyl, OH, CH;

The trend of the calculated interaction energies per atom are in accord with the experimentally observed
complex constants, i.e. the values for the complexes of Cgq are larger than for Cy. By considering the
distribution of the interaction, all complexes show a uniform pattern. The arene's part equals barely 60%

emphasizing the influence of the alky! substituent to stabilize the complex as well.

Fig. 3 shows the geometries of the complexes between Cg and calix[nlarenes (n=6,8). Non-acidic
hydrogen atoms are omitted for reasons of clarity. In the latter complex there are two arene units that stand out
from the cone and thus do not participate in the complexation. This geometry proved to be characteristic for
calix[8)arenes after the simulations. In accord with earlier findings,'® there was no flip-flop mechanism
detectable for intramolecular hydrogen bonds of complexes throughout the simulations. Although no complex
was detectable between Ce and calix[4]arene experimentally, an interaction energy of -0.21 kcal/mol per
carbon atom was calculated. An analysis of the molecular movement in the simulation revealed that an intact
complex existed at the very beginning comparable to those in Fig. 3. However, C¢p began to leave the
calix[4]arene after 15ps and the entire process was completed after 23ps. Obviously the strain energy of the

cone conformation was too large and was releaved by releasing the guest.
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{a) Cgo complexed by calix[8]arene (b) Cg complexed by calix(6larene

Fig. 3: Geometries of complexes between Co and calix[n]arenes
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Fig. 4: Correlation between In(complex constant) and interaction energy

Table 1 showed that the relative stability of the complexes was predicted correctly. By applying the
thermodynamic relation AG = -RTInK for the interaction energies per carbon atom and the complex constants,
a correlation coefficient of R’=0.975 was determined (Fig. 4). Therefore, calculations based on our procedure

should be able to predict the relative stability of new calix[n}arenes (Fig. 5).
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Fig. 5: Modified calix[n}arenes for improved complex formation with [ullerenes
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Surprisingly the largest interaction energy per carbon atom is calculated for the complex Coo+3 (Table

2). By analyzing the geometry, it becomes obvious that the additional phenyl group is in closer contact with

Cey (42% = -35.6 keal/mol) than in the complex of the calix{8]arenc 1 and Cgo (30% = -23.9 kcal/mol). In

agreement with the results in Table 1 the interaction of the arene unit is larger in 1 (50% = -39 kcal/mol) than

in 3 (42% = -35.6 kcal/mol). The absolute values for the contributions of the "rest" are comparable.

Table 2: Calculated interaction energies of complexes with new calix|n]arenes

Complex of fullerene and  Interaction energy AE Interaction energy per per cent distribution
calix{n]arene [keal/mol] carbon atom arene/rest/p-phenyl 2
[keal/mol}
Ceo*+1 -78,25 -1,30 50/20/30
Cgo+2 -70,85 -1,18 46/23/23
Ceot3 -84.77 -1,41 42716142
Ceatd 65,85 -1,01 46719/ 35

a) rest corresponds to butyl, OH, CHz

Fig. 6 visualizes for the relatively small interaction of Ceo with 2. An alternative conformation becomes

impossible with the introduction of a second methylene group because the tetrahedron at the sp’-hybridized

carbon atoms forces the phenyl group to point away from the fullerene.
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Fig. 6: Geometries of complexes between Ceo and calixarenes 2 and 3

At the time when these calculations were performed' no experimental results werc known so far.

Ilowever, meanwhile the groups of Atwood and Shinkai found some indications for complexation of Ceo With
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In summary, quantum chemical calculations are not only useful for elucidating. the origin of the
complexation between calix[njarenes and fullercnes. They can also be used for designing modified

macrocylces to improve selective complex formation.

EXPERIMENTAL

The p-'butyl-calix[n]Jarenes (n=4,6,8) were synthesized following Gutsches’ procedures.” Cg and Cyg
were supplied by Hoechst AG (Frank{urt) in Gold grade purity. The UV/Vis absorption spectra were measured
using a Shimadzu spectrophotometer (Milnster) and a Specord 500 spectrophotometer (Kielce). Toluene was

used as delivered by Fluka in UV-spectroscopy purity.

General procedure for UV/Vis spectroscopic measurements: A series of solutions containing Ceo (2.9
10°™) and varying concentrations of calix[n]arenes (2.8 10 - 1.210"°) were measured in a UV cell of 5.0
cm path length at 25°C. The equilibrium constants of complex formation for the 1:1 complexes were
determined according to the Benesi-Hildebrand method taking into account the dilution effect (cf. eq. 1). In

each case the Benesi-Hildebrand plots gave straight lines with correlation coefficients r > 0.98 (cf. fig. 2).
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