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Abstract—Molecular tweezers based on calix[4]arene- or thiacalix[4]arene—porphyrin conjugates have been prepared starting from
tetraformyl calixarenes and aminoporphyrin moieties. As proven by NMR and UV/vis titration experiments, these compounds form

1:1 complexes with Cgg and Cy, fullerenes in solution while possessing a high selectivity towards fullerene Cy.

© 2007 Elsevier Ltd. All rights reserved.

The unique three-dimensional shapes of calix[4]arenes’
and thiacalix[4]arenes® together with their simple prepa-
ration make these compounds ideal candidates for appli-
cation in supramolecular chemistry. Since the seminal
work of Atwood** and Shinkai*® on calix[8]Jarene—Cg
inclusion complexes, many examples showing that the
concave cavities of these compounds can serve for the
recognition of spherical fullerenes have been reported.*
Recent studies have revealed that the curved fullerene
surfaces can interact with planar porphyrins or metallo-
porphyrins by attractive interactions.” While these inter-
actions were originally studied in the solid state, it was
soon discovered that suitably designed multi-porphyrin
systems can also recognize fullerenes on the basis of
their size in solution.® As we have shown in our previous
studies, the combination of porphyrin and calixarene
motifs can give rise to novel receptors with many inter-
esting complexation properties.” It was demonstrated,
that the calixarene core can serve as an efficient molecu-
lar scaffold enabling appropriate mutual arrangement of
porphyrin units in space with recognition potential for
fullerenes. In this Letter, we report the synthesis and
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binding ability of novel molecular tweezers designed
for effective fullerene binding.®

The synthesis of target thiacalixarene-based receptor 7a
is depicted in Scheme 1. The starting thiacalix[4]arene
was brominated with NBS in acetone’ to give
5,11,17,23-tetrabromo derivative 2 in 68% yield. Subse-
quent alkylation using propyl iodide/K,COs in refluxing
acetone gave, stereoselectively, the corresponding tetra-
propoxy derivative 3 immobilized in the 1,3-alternate
conformation.!? The generation of a tetralithium deriv-
ative using the described procedure'! (n-BuLi/toluene,
rt) failed. In contrast, reaction with ferz-butyllithium
in THF (conditions used in classical calixarene chemis-
try) and the subsequent addition of N-formylpiperidine
led to the tetraaldehyde 4! smoothly in 51% yield.
The Schiff-base derivative 7a'® was then obtained in
62% yield by condensation of 4 with aminoporphyrin
5 in CH,Cl,. To gain a deeper insight into the role of
calixarene preorganization on recognition process, the
double bond (imine) of 7a was reduced to a single bond
(amine) 8a'* by NaBH3;CN in THF. Similar reactions
were also carried out with tetraaldehyde 6' to yield
the analogous receptors 7b'® and 8b'” representing
derivatives with a classical calix[4]arene core moiety.

The complexation ability of the receptors towards fulle-
renes Cgo and Cyo was studied by "H NMR titrations in
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Scheme 1. Reagents and conditions: (i) NBS, acetone, rt (68%); (i) K,COs, Prl, acetone, reflux (62%); (iii) (a) ¢#-BuLi, THF, —78°C;
(b) N-formylpiperidine (51%); (iv) 5, mol sieves (4 A), DCM (62% for 7a, 72% for 7b); (v) NaBH;CN, THF-EtOH, rt (11% for 8a, 70% for 8b).

toluene-dg and benzene-ds. Upon addition of excess (up
to 15equiv) of Cyy, the proton resonances of the
porphyrin NH shifted upfield (0.98 ppm 7a/C;Dg and
0.75 ppm for 7a/Cg¢Dg, 298 K, 300 MHz). Similar up-
field shifts, albeit not so pronounced (0.22-0.28 ppm),
were observed upon addition of Cg. The porphyrin aro-
matic resonances are subjected to minor complexa-
tion induced chemical shifts only (CIS < 0.1 ppm). Due
to difficulties with following these shifts in the over-
crowded aromatic region of the spectra, only the NH
resonances of the porphyrin moieties were used for the
construction of the corresponding titration curves and
Job plots.

The 1:1 stoichiometry of binding of Cgg and Cyq to
receptors 7 and 8 was established by Job plot analysis
(Fig. 1). The only exception is represented by receptor
8a in benzene, where the Job plot indicated the presum-
able presence of both 1:1 and 1:2 receptor—fullerene
complexes. Assuming the 1:1 stoichiometry, the binding
isotherms constructed from induced chemical shifts of
the NH resonances were analyzed by a nonlinear least-
squares method.'® The corresponding binding constants
are summarized in Table 1.
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Figure 1. Job plot for the 7a + C;, system in toluene-dg at 298 K
("H NMR titration, 300 MHz).

NMR spectroscopy is oi)timally suitable for estimation
of lower Ky, values (<10* mol ' L). As the K, constants
in benzene exceeded the limit value, reliable titration
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Table 1. Binding constants Kj, of 7a-8b towards Cgo and Cy, fullerenes
(lH NMR titrations, 25 °C, 300 MHz)

Ky [mol™' L]
Benzene-dy Toluene-dy
C60 C70 C60 C7O
7a 2300 3.6x10* 2000 2.0x 10*
2000 +200°  (3.3+£0.2)x10* 900 + 100?
b 3600 4.9 x 10* 2200 1.0 x 10*
3000 + 300° (5.5 =+ 0.4)x 10*
8 ° b 6000 6200
8b 4400 52x10* 3000 1.9 x 10*

Experimental error less than 20%.
#Results from UV/vis titrations.
® Unclear stoichiometry.

curves were obtained using extremely dilute solutions
(¢~ 107> mol L™!). To check our results independently
we verified them through UV/vis titration experiments.
The absorption spectra of the receptors were not
affected by sulfur or methylene calixarene bridges and
showed characteristic porphyrin absorption bands: the
Soret band occurred at 423 nm and the Q-bands
appeared at 518, 553, 594 and 650 nm. Three main
features were noticed after the addition of Cgy or Cq:
(i) the original Soret band was red-shifted by several
nm with significant hypochromicity indicating the
formation of a host-guest complex between both com-
ponents. (ii)) Well-defined isosbestic points appeared
which are typical of the presence of two spectroscopi-
cally distinguishable components. (iii) The appearance
of very weak and broad absorption bands above 700
nm can be attributed to ground-state porphyrin-to-ful-
lerene charge transfer interactions.®® The Soret band
of the 1:1 complex retrieved from the global fit is shown
in Figure 2 including the binding isotherm recorded at
423 nm.'” Evidently, the K, values are comparable with
those obtained from the '"H NMR titrations (Table 1).
This demonstrates the compatibility of both methods
and the absence of concentration-dependent effects on
the function of the receptors.
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Figure 2. Absorption spectra of 7a (a) and 1:1 complex 7a-Cy, (b).
Inset: Binding isotherm at 423 nm, the solid line represents the least-
squares fit to the experimental data.

It is worth noting that the binding constants are larger in
benzene than in toluene, a feature that is more pro-
nounced for binding of C;,. For example, the K, values
of 7b increased from 1.0 x 10* to 4.9 x 10*mol ™' L in
toluene and benzene, respectively. The fact that the
binding constants are inversely proportional to the
solubility of fullerenes (toluene is a better solvent than
benzene)?® was described recently®® indicating that
solvation effects®® play an important role in fullerene
recognition. In all cases, the receptors have substantially
stronger affinity towards fullerene C;, than fullerene
Cgo. The resulting selectivity factor Ky(Cr)/Ky(Ceo) is
solvent-dependent with larger values in benzene where
the factor is above 10.

In conclusion, we have shown that calix[4]Jarenes and
thiacalix[4]Jarenes in the I,3-alternate conformation
bearing four porphyrin units behave as monodentate
receptors with high C;y/Cgo binding selectivity.
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Preparation of 5,11,17,23-tetraformyl-25,26,27,28-tetra-
propoxythiacalix[4 Jarene 4. A solution of 5,11,17,23-
tetrabromo-25,26,27,28-tetrapropoxythiacalix[4Jarene 3
(707 mg, 0.72 mmol) in dry THF (50 mL) was cooled to
—78 °C under argon and tert-butyllithium (1.4 M in
pentane, 28.9 mmol) was added and the reaction stirred
for 2h. N-Formylpiperidine (5.6 mL, 50.5 mmol) was
added to the solution at —78 °C and the mixture was
slowly warmed to room temperature. Next, 1 M aqueous
HCI (10 mL) was added and the crude was extracted with
diethyl ether (3 x 50 mL). The organic phase was dried
over MgSQO, and evaporated to dryness. Product 4 was
obtained as a white powder after column chromatography
on silica gel using petroleum ether/ethyl acetate = 3:1 as
eluent (283 mg, yield 51%). Mp: 251-256 °C. 'H NMR
(CDCl;, 300 MHz, 298 K) ¢: 9.78 (s, 4H, -CH=0), 7.89
(s, 8H, ArH), 3.94 (t, J= 7.1 Hz, 8H, —-OCH,), 1.20-1.32
(m, 8H, CH,), 0.61 (t, J = 7.4 Hz, 12H, -CH3). '*C NMR
(CDCl3, 75 MHz) 6 (ppm): 189.8 (Ar—CH=0), 165.4 (Ar—
Q), 134.9 (Ar-C), 131.8 (Ar-C), 129.9 (Ar-C), 86.9 (-O—
CH,-), 23.0 (-O-CH,-CH,-), 10.1 (-CH,—CHs3). TOF
MS ES+ caled for Cu4Hs0O0sSs [M+Na™]: 799.1504.
Found: 799.233 [M+Na']. IR (KBr): 1727 cm ™.
Preparation of derivative Ta: A mixture of derivative 4
(27 mg, 0.035mmol) and aminoporphyrin 5 (220 mg,
0.23 mmol) in dry dichloromethane (15 mL) was refluxed
over 4 A molecular sieves under a nitrogen atmosphere for
7 days. The solvent was removed and the product was
purified by column chromatography on aluminium oxide
with petroleum ether/ethyl acetate = 3:1 as eluent (98 mg
of a purple solid, yield 62%). Mp > 300°C. 'H NMR
(CgDsg, 300 MHz, 298 K) 6: 9.05-9.30 (m, 32H, porph-H),
8.15-8.55 (m, 32H, porph-ArH), 8.02 (s, 12H, porph-
ArH), 7.85 (s, 8H, ArH), 7.58 (d, J = 7.7 Hz, 8H, porph-
ArH), 4.36 (s, 4H, -CH=N-), 3.96 (t, J=17.1 Hz, 8H,
—OCH,), 1.20-1.74 (m, 224H, —-C(CH3)3 and CH,), 0.94 (t,
J=6.6 Hz, 12H, -CHj3), —1.81 (s, 8H, NH). IR (KBr):
1627 cm™'. UV-vis (benzene) Amax (nm), ¢ (M~' ecm™!) in
parentheses: 423 (1.56x 10%), 518 (6.6x10%, 553
(4.0x10%, 594 (1.9x10%, 650 (1.9x10%. Elemental
Anal. Calcd for C312H348N2004S4Z C, 8199, H, 767, N,
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6.13. Found C, 81.68; H, 7.67; N, 6.08. MALDI MS calcd
for [M*]: 4570.55. Found: 4571.04.

. Preparation of derivative 8a: A mixture of 7a (50 mg,

0.011 mmol) and NaBH;CN (14 mg, 0.220 mmol) was
stirred in 10 mL of THF/ethanol mixture (1:1) at room
temperature for 3 days under a nitrogen atmosphere. The
reaction was quenched with 1 M aqueous HCI (1 mL) and
the reaction mixture was then neutralized with aqueous
NaOH. The crude product was extracted into dichloro-
methane (3 x 20 mL). The organic phase was dried over
MgSO, and evaporated to dryness. Product 8a (purple
powder, Smg, 11% yield) was obtained by preparative
TLC on aluminium oxide using petroleum ether/ethyl
acetate (4:1) as eluent. Mp > 300 °C. '"H NMR (CDCl;,
300 MHz, 298 K) ¢: 8.86-8.94 (m, 32H, porph-H), 8.01-
8.07 (m, 32H, porph-ArH), 7.75 (s, 12H, porph-ArH), 7.68
(s, 8H, ArH), 6.96 (d, J = 8.1 Hz, 8H, porph-ArH), 4.46
(s, 8H, Ar-CH,-N), 422 (s, 4H, —-NH-), 4.13 (t,
J=1.3Hz, 8H, -OCH,), 1.20-1.74 (m, 224H, —-C(CH3);
and CH,), 0.91 (t, J= 6.3 Hz, 12H, —CH3), -2.68 (s, 8H,
NH) EA calcd for C312H356N2004S42 C, 8185, H, 784, N,
6.12. Found C, 81.48; H, 7.57; N, 5.98. MALDI MS calc.
for [M*7]: 4578.61. Found: 4579.187. IR (KBr): 3435 cm™".
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Preparation of derivative Th: This compound was obtained
analogously to 7a using 6 as the starting material. Purple
powder, 72% yield, mp>300°C. 'H NMR (C¢Ds,
300 MHz, 298 K) ¢: 9.11-9.30 (m, 32H, porph-H), 8.21-
8.42 (m, 32H, porph-ArH), 8.03 (s, 12H, porph-ArH), 7.91
(s, 8H, ArH), 7.60 (d, 8H, J= 7.7 Hz, porph-ArH), 4.31
(s, 4H, -CH=N-), 3.95 (t, /= 7.3 Hz, 8H, -OCH,), 3.70
(s, 8H, Ar—-CH,-Ar), 0.98-1.82 (m, 236H, ~C(CH3); and
CH, and —~CH3), —1.84 (s, 8H, NH). IR (KBr): 1628 cm ™.
UV-vis (benzene) Amax (nm), & (M~ 'em™") in parentheses:
423 (1.72x10%, 518 (6.9x10%, 553 (4.2x10%, 594
(1.9 x 10%), 650 (2.0 x 10%). EA caled for Cs16H356N2004:
C, 84.37; H, 7.98; N, 6.23. Found C, 84.49; H, 8.04; N,
6.01. MALDI MS caled for [M']: 4498.39. Found:
4500.15.

Preparation of derivative 8b: Prepared analogously to 8a
using 7b as the starting material. Purple powder with
mp > 300 °C, 70% yield. '"H NMR (CDCls, 300 MHz,
298 K) : 8.86-8.98 (m, 32H, porph-H), 8.50 (s, 8H, ArH),
8.08-8.13 (m, 32H, porph-ArH), 7.80 (s, 12H, porph-
ArH), 7.14 (d, J = 8.4 Hz, 8H, porph-ArH), 4.26 (s, 8H,
Ar-CH,-N), 4.10 (s, 4H, -NH-), 3.94 (t, /= 7.1 Hz, 8H,
—OCH,), 3.68 (s,8H, Ar-CH,-Ar), 1.02-1.80 (m, 236H,
—C(CH3); and CH; and —CH3), —2.66 (s, 8H, NH). IR
(KBr): 3443 em ™!, EA caled for Csi6H364N2004: C, 84.22;
H, 8.14; N, 6.22. Found: C, 83.89; H, 7.89; N, 6.03.
MALDI MS caled for [M¥]: 4506.45. Found: 4529.069
[M+Na*].

The binding constants were calculated using the computer
program opruMm (Kyvala M.) freely available at: http://
www.natur.cuni.cz/~kyvala/opium.html.

Binding experiments: All UV/vis experiments were per-
formed in benzene or toluene at 295 K by adding aliquots
of a fullerene stock solution to a receptor solution of
micromolar concentration and to the solvent. The latter
solution was used as a reference sample. The recorded sets
of absorption spectra were globally analyzed using the
SPECFIT program (v. 3.0, Spectrum Software Associates)
to obtain the corresponding absorption spectra of com-
plexes and binding constants.
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