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Calix[4]naphthalenes are a class of molecules which possess deeper cavities than those of the analogous calix[4]arenes.
Preliminary data obtained for the complexation of [60]fullerene (“Cg,”") with the C,-symmetrical endo-calix[4]-
naphthalene 3 and its terz-butyl-substituted derivative 4 show that they form supramolecular 1:1 complexes with Cq,
in benzene, toluene or CS, solution with relatively high association equilibrium constants (K,,.). Reported herein are
thermodynamic parameters and additional K, determined for the complexation of Cg, and calix[4]naphthalenes 3
and 4 which show that both a solvophobic effect and n—r interactions are major driving forces for the complexation

process.

Introduction

In 1994, Atwood et al.* and Shinkai et al.? reported that p-tert-
butylcalix[8]arene (1) can be used to selectively sequester [60]-
fullerene (“Cg,”) from a mixture containing Cq, and [70]fuller-
ene (“C,,”). This is accomplished by the formation of a 1:1
clathrate in which a C, guest molecule is bound within the
cavity of the host molecule 1. Several studies have since been
published which have shown that Cg, also forms supramolecu-
lar complexes with various other derivatives of calix[n]arenes,
calixresorcinarenes and cyclotriveratrylene.®* Some of these
reports describe formation of solid clathrates with accompany-
ing X-ray structures, while others describe solution studies from
which association equilibrium constant values were deter-
mined. Most of the data reviewed by Danil de Namor* concern
thermodynamic studies of charged ionic guests with calix[n]-
arene hosts, conducted in polar organic solvents (e.g methanol,
acetonitrile, benzonitrile), or in aqueous solution. With the
exception of the data reported by Shinkai ez al.® to the best of
our knowledge there are no other thermodynamic data that
have been reported for complexation of calix[n]arenes with Cg,
in nonpolar organic solvents.
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Calix[4]naphthalenes are a class of molecules which possess
deeper cavities than those of the analogous calix[4]arenes. In
19936 and 19957 we reported the synthesis of all four exo-
calix[4]naphthalene isomers which are methylene-bridged cyclic
oligomers of 1-naphthol. The C,-symmetrical isomer is

depicted as structure 2. In 1999 we reported that the corre-
sponding C,-symmetrical endo-calix[4]naphthalenes 3 and its
tert-butyl-substituted derivative 4, form supramolecular 1:1
complexes with Cg, in benzene, toluene or CS, solution, and
also reported the respective association equilibrium constants
(K,s0c) Of the complexes in each of these solvents.® It was noted
in this report that the K, values increased from benzene to
toluene to CS, and the hypothesis was presented that this trend
could be due to a solvophobic effect.” We herein report that
these thermodynamic parameters, AH and AS, for the com-
plexation of calix[4]naphthalenes 3 and 4 with Cg, in each of
the three solvents, is consistent with the hypothesis.

Other factors which determine the nature of the supra-
molecular complex formation between hosts such as e.g. calix-
arenes or cyclodextrins (and presumably, calixnaphthalenes)
and non-polar or polar guests can also be delineated by analysis
of the relationship between association equilibrium constants
and the corresponding enthalpy and entropy changes.!® It has
been shown, for example, that the slopes and intercepts from
the observed linear TAS vs AH plots can be used as quantitative
measurements respectively, of the extent of conformational
changes of the host, and of host-guest desolvation involved in
complex formation.'®*? The thermodynamic data reported
herein are interpreted in these contexts and with reference to
published data on other similar complexation phenomena.

Results and discussion

Supramolecular 1:1 complex formation between calix[4]naph-
thalene 4, for example, with Cg, in solution, can be represented

by eqn. (1):
Ceo + 4= Cy4 1)

The corresponding association equilibrium constant (“stabil-
ity constant”) K, for 4 can be defined by eqn. (2), and is

Kassoc = [C60'4]/[C60][4] (2)

calculated on the basis of the corresponding Benesi—
Hildebrand relationship," eqn. (3), where A4 is the absorbance

[Ceol/AA = 1/Ae + 1/(AeK 50c[4]) 3)
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Table 1 Thermodynamic and K, values for Cg, complexes with 3 and 4 in toluene, benzene and carbon disulfide, at 298 K

Compound Solvent AH/KJ mol™!

AS/Tmol ' K!

TAS/kJ mol ™! Koo

3 Toluene -774+%18
Benzene —-6541t14
CS, —38.1£0.8
4 Toluene —59.7%£13
Benzene —48.2 t 1.1
CS, -309%0.8

—206.8 +4.7
—167.1+£3.6
—61.7+1.3
—1444+ 3.1
—1154+25
—344t14

—61.6+8.5
—498+5.0
—18.4+1.0
—43.0+4.0
—344+28
—-103 1.1

661 + 51
475+ 40
2692 + 78
708 £ 91
302 +£20
4018 £ 156
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Fig. 1 Double-reciprocal plot of data for the Cqy4 system in toluene
solution at 25 °C.

change at 1 =430 nm of a solution of Cg, in the appropriate
solvent, upon the successive addition of 4; Ae represents the
difference in the molar extinction coefficient between the Cg,-4
complex and that of uncomplexed C,.

A typical double reciprocal (Benesi-Hildebrand) plot for the
Cqo'4 complexation process in toluene solution, for example,
determined by eqn. (3) is linear (r* = 0.998) as shown in Fig. 1,
with an intercept of 1.01 x 107% and slope of 1.43 x 1076, K, .
values in each case are calculated by dividing the intercept by
the slope (determined by linear regression analysis) of the
respective double reciprocal plot. Table 1 lists the mean K,
values determined at 25 °C for C¢, and 3 or 4 in each solvent.

Plots of 1/T vs. log;y K, at five different temperatures for
Cqo and 3 or 4 in each of the three solvents tested are also linear
and have positive slopes, indicating that the complexation pro-
cess is exothermic and thus driven by favourable enthalpy
changes. A typical plot for Cq, and 4 in toluene for example,
also gives a straight line (+*=0.977) with a slope of 3.11 x 10?
and an intercept of —7.54. All of the AH values determined for
Cq and 3, or 4, in each solvent were exothermic and are listed
in Table 1. The AH values for the complexation of Cq, and 3 or
4 in toluene solution are higher than those noted for the same
solvent, by Shinkai and Ikeda in their study of the complex-
ation of Cy, and tert-butylcalix[5]arene 5, or tert-butylhexa-
homotrioxacalix[3Jarene 6.° Presumably, the extra fused
aromatic rings on each naphthalene group in our examples
allow for additional attractive m—m interactions. These add-
itional interactions can be either due to the presence of the two
extra m-bonds per naphthalene unit as compared with the
phenyl groups in 5 and 6, or simply due to the fact that the
naphthalene rings result in the formation of a deeper and wider
cavity, thus potentially allowing for better contact between host
and guest.™ It is notable that the AH values for 4 are lower than
those for 3. This could imply that the terz-butyl-methyl---n
interactions between the methyl groups of the tert-
butylcalixarene and the m-system of a guest molecule which
were noted by Andreetti ef al.’*? to be important consider-
ations, are not factors here. Such interactions accounted for the
clathrate formation between toluene and ferz-butylcalix[4]arene
77 observed by Andreetti et al., and also for an unusual clathrate
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formed between benzophenone and fert-butylcalix[4]arene
monotriflate (8) observed by ourselves.'®

It is possible, however, to rationalize this apparent contradic-
tion by considering that in the present case, the major attractive
interactions for complex formation between Cq, and 3 are the
-7 interactions between Cg, and both of the fused aromatic
rings in each naphthalene unit via a deep-cavity inclusion. In
the case of complexation between Cg, and 4 however, a shal-
lower penetration of the guest molecule may be occurr-
ing, wherein the zert-butyl-methyl - - - T interactions may be the
dominant ones, thus sterically inhibiting potentially more
effective m—r interactions between the Cg, guest and the naph-
thalene rings. Despite the above considerations however, the
K, values for the Cgy-4 complex are higher than the corre-
sponding values for the Cgy3 complex.

The values of both AH and AS obtained become more
negative as the K. values increase, and the AH values are
opposite to those that would be predicted simply using the
solubility values for Cg, in benzene (1.4-1.9 mg cm™?) and tolu-
ene (2.1-3.2 mg cm*)."” However, Haino et al.'® have argued
that complex formation competes against the solvation of C,
in these apolar solvents. The implication therefore would be
that in the present study, the AH values measured for 3 or 4
in benzene should be higher than the corresponding values in
toluene, which is not the case. Nevertheless, if the lower solubil-
ity values reported by Letcher et al.'® for Cg, in benzene (0.89
mg cm®) and toluene (0.54 mg cm™®) are considered instead,
our observed AH values are consistent with the trends in the
solubilities of Cg, in toluene, benzene and CS,, respectively.
Other studies ***? involving complexation between various calix-
[n]arene derivatives and Cg, in toluene and benzene solution
have reported similar K trends to ours.

Table 1 also shows that all of the AS values are negative,
indicating that while complex formation is enthalpy favoured, it
is also entropy disfavoured. Formation of the complexes there-
fore results in a more ordered system, possibly due to the freez-
ing of the motional freedom of both the guest and the host
molecules. Tao and Barra have offered a similar rationale for
the data that they observed with their particular system.'® The
magnitudes of the entropy changes observed in CS,, benzene
and toluene, can be rationalized as follows. During formation
of the complex, solvent molecules within the cavity of each
calix[4]naphthalene host are displaced by a Cq, molecule. It is
proposed that upon complex formation with Cq, more CS,
solvent molecules are displaced than are benzene or toluene
molecules. Thus, there is a larger entropy gain achieved from
the displacement of CS, molecules compared to the other two
solvent molecules. On the other hand, a more ordered state
(entropy loss) can result in the case of toluene and benzene due
to the solvation of the complex by a “face-to-face” inter-
action®® of these solvent molecules around the complex. This is
due to the m—m interactions which are possible between solvent
benzene, or toluene with the naphthalene rings of the cal-
ix[4]naphthalene molecules, and also with the “aromatic” rings
of the Cg, guest within the complex. The higher AH values
observed in toluene and benzene solution as compared to CS,
can also be rationalized in this way. It has been suggested ** that
a factor which could possibly contribute to the unusual binding
trends observed for the different solvents may be desolvation of



the fullerene occuring to a lesser degree with the smaller CS,
molecule as compared with the aromatic solvents.

The entropy changes observed for the complexation of Cg,
and 3 in toluene and benzene solution are larger than those
observed for 4. This reflects the fact that 3 is known to be
conformationally more flexible than 4 in solution,® even
though both may become locked in a cone conformation as a
result of their complexation with Cg,, and despite the fact that
the rotational freedom inherent in the zert-butyl groups on 4
would be expected to add to the entropy of the latter host
molecules. It has also been suggested by a referee® that a higher
degree of residual solvation could also provide some explan-
ation for the smaller entropy loss and hence the stronger bind-
ing with the less tight complexes with the ferz-butyl host, 4.

A linear relationship exists between TAS and AH (slope =
0.90, intercept = 5.0; ¥ =0.99). Such linear relationships are
commonly referred to as a compensation effect, although
Petersen ?® pointed out that these relationships can be deceptive.
Nevertheless, several authors!®?? have proposed recently that
the slopes from TAS vs. AH plots derived from host—guest
complexation studies can be rationalized in terms of the degree
of conformational changes of the host during the complexation
and that the intercepts can be rationalized in terms of the extent
of desolvation upon complexation. Using these arguments, the
magnitude of the slope implies that the Cq-3 and Cgy-4 com-
plexes are accompanied by large conformational changes and
extensive desolvation, as seen from the relatively high intercept
value obtained.

In conclusion, thermodynamic parameters and association
equilibrium constants have been determined for the complex-
ation of Cg, and calix[4]naphthalenes 3 and 4 which have shown
that a solvophobic effect and n—r interactions are major driving
forces for the complexation process.

Experimental

Toluene (BDH, Scintillation Grade) was distilled over sodium
metal with benzophenone prior to use. Benzene (ACP Chem-
icals Inc., A.C.S grade, 99%) and CS, (Aldrich Chemical
Company, Inc., Spectrophotometric Grade, 99+%) were used
without further purification. Cg, (99.5%) was purchased from
Aldrich. Calix[4]naphthalenes 3 and 4 were prepared according
to methods previously described.®® UV-VIS absorption spectra
recorded on a HP 8452A diode array spectrophotometer with
thermostated cell compartments. Temperatures were recorded
to £0.1 °C with a thermocouple (Kiethley Model 163 digital
voltmeter).

To obtain the association equilibrium constants K, corre-
sponding to complex formation, changes in absorbance (AA) as
a function of calix[4]naphthalene concentration were deter-
mined. A 2.50 ml aliquot of Cg, solution (ca. 1.00 x 107* M in
benzene, toluene or CS,) was placed in a quartz cell, to which
0.050 or 0.10 ml aliquots from a stock solution (ca. 1.00 X
1073 M) of 3 or 4 (vide infra) were added. After each addition
and after homogenization of the resulting solutions, the
absorption spectra were recorded at =430 nm. At least ten
data points were measured in each run. Blank solutions consist-
ing of only the solvent were measured before each experiment.
A solution of Cg, in the appropriate solvent was used as the
“solvent” with which to prepare the solutions containing 3 or 4,
in order to maintain the concentration of Cg, constant during
the experiment (mole fraction method). Duplicate data sets
were obtained for each run. Absorbance was plotted versus
concentrations of 3 or 4.

Linear double reciprocal (Benesi-Hildebrand plots) plots
(e.g. Fig. 1) were used to determine K. values from the slope
and intercept, obtained from linear regression analyses. Values
for K, were determined at five different temperatures (288—
308 K). From the linear plots (e.g Fig. 2) of log K, versus 1/T,
the thermodynamic parameters (i.e. enthalpy change AH, and
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Fig.2 Plot of log K vs. 1/T for the complexation of C4, and 4 in toluene
solution.

entropy change AS) for the formation of the complexes were
calculated. The resulting values are tabulated in Table 1.
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