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Abstract—Several different synthetic approaches enabling a direct covalent connection between the meso-position of porphyrin and
the upper rim of calix[4]arene have been studied. The best results were obtained via condensation of an excess of pyrrole and p-meth-
ylbenzaldehyde with calix[4]arene-5,17-dialdehyde under BF;-Et,O catalysis in CHCl;. Subsequent oxidation of the intermediate
porphyrinogen gave the corresponding bis-porphyrin—calixarene conjugate in 15% overall yield. The '"H NMR complexation study
revealed the pronounced selectivity of the bis-porphyrin derivative towards Cyq fullerene.

© 2006 Elsevier Ltd. All rights reserved.

Calix[4]arenes and their relatives' are frequently used as
molecular scaffolds in the design of elaborate supra-
molecular systems, including a variety of functional
receptors. Among various hosts for fullerene recogni-
tion, calix[n]arenes have played an important role since
the pioneering work of Shinkai’s and Atwood’s groups.?
There are numerous examples® demonstrating that
spherical fullerenes are attracted by a shape-complemen-
tary cavity of calixarenes to form complexes both in
solution and in the solid state. Recent studies have
shown that the curved = surfaces of Cg or Cq fullerenes
can interact with the (metallo)porphyrin moieties by
attractive m—m interactions.* Consequently, various multi-
porphyrin systems and extensive studies of porphyrin/
fullerene interactions have been reported.?

In our previous study we showed that the combination of
porphyrin and calixarene motifs within one molecule
leads to novel receptors with many interesting complex-
ation properties.® As we have reported recently, calix[4]-
arene or thiacalix[4]arene—porphyrin conjugates with
porphyrin units preorganised in the distal positions,
behave as molecular tweezers’ that can pick up fullerenes
in solution. Despite the fact that the connection between
the porphyrin and calixarene units was constructed via
relatively mobile spacers, the receptors exhibited pro-
nounced selectivity towards fullerene Cq. In this context,
we expected that mounting the tetraarylporphyrin
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moiety directly to the upper rim of calix[4]arene would
lead to more preorganised structures, and hence, to
higher selectivity of fullerene complexation. In this
letter we report on the synthesis and binding properties
of such compounds—calix[4]arenes bearing porphyrins
directly connected via the meso-positions.

Calix[4]arenes with porphyrin moieties directly con-
nected via the meso position to the upper rim are not
easily accessible and only a few examples of these types
of structures can be found in the literature.®®8 The syn-
thesis of the target compound 5 is depicted in Scheme 1.
The starting dialdehyde 1 was obtained via formylation
of 25,27-dipropoxycalix[4Jarene with dichloromethyl
methyl ether’ in a high yield, which was then used for
the mixed aldehyde condensation'® with p-tolualdehyde
and pyrrole (route I). The stoichiometric ratio of the
reactants  (1:p-tolualdehyde:pyrrole = 1:6:8)  under
BF3-Et,0 catalysis gave the target bis-porphyrin deriva-
tive 5 in a very low yield (0.4%). Surprisingly, under
these conditions the mono-substituted calixarene 4a
bearing one unreacted formyl group was isolated (in
addition to tetra-p-tolylporphyrin) as the main product
(14%).11

As the use of excess pyrrole did not lead to good results,
we turned our attention to the application of more pre-
organised starting compounds. Thus, p-tolualdehyde
was transformed into the corresponding dipyrro-
methane 2 and used for the condensation (route II).
Although the number of molecules needed for condensa-
tion is much lower than that in route I (7 vs 15), this
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4a,R = -CH=0
4b,R=-H
O=CH CH=0

5 CH=0

Scheme 1. Reagents and conditions: (i) Excess pyrrole, rt/3h (85%); (ii) (a) CHCl;, cat. BF3Et,O, rt/7h, (b) DDQ, rt (0.4-15%); (iii)

CH;CH,COOH, reflux (0.1%).

strategy gave only a slightly better result—compound 5
was isolated in 1% yield. In route III, calix[4]arene dial-
dehyde 1 was reacted with excess pyrrole to give the bis-
dipyrromethane derivative 3 in 85% yield.'>!? Unfortu-
nately, condensation of 3 with pyrrole and p-tolualde-
hyde and subsequent oxidation of the intermediate
porphyrinogen with DDQ gave the target compound 5
in only 3% yield. The next method used for porphyrin
synthesis involved route IV, where a mixture of 1, pyr-
role and p-tolualdehyde was stirred under reflux in pro-
pionic acid in the presence of air. This procedure led to a
complicated reaction mixture from which derivative 5
was isolated in a very low yield (0.1%) via repeated pre-
parative TLC. As all attempts to obtain compound 5 in

an acceptable yield failed, we decided to return to route
I and further optimise the reaction conditions. After
many trials and errors, we found that the condensation
of dialdehyde 1, pyrrole and p-tolualdehyde in a ratio of
1:86:88 (CHCIl3/BF;-Et,O catalysis) gave bis-porphyrin
5in 15% yield.'* To gain a deeper insight into the mech-
anism of fullerene complexation, a model compound 4b
having only one porphyrin unit on the upper rim was
prepared. Compound 4b was obtained via route IV from
the corresponding monoaldehyde 6 in 10% yield.'?

The UV-vis absorption spectra of 5, shown in Figure 1,
are similar to those obtained for 5,10,15,20-tetra-
phenylporphyrin (TPP). In our opinion, a small red
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Figure 1. Spectral changes induced by the addition of Cg to 5
(co =14 uM) in toluene. Arrows indicate the absorbance changes
induced by Cgo with concentration varied from 0 (black line) to
3.1x 107> M (1 mm cell, 298 K).

shift of the Soret band of TPP from 419 nm to 423 nm
and 425 nm in 4b and 5, respectively, is an indication
of weak interactions between the porphyrin and calix-
arene moieties. The two transition dipoles B, and B,
of the porphyrin moiety in compound 5 are degenerate
and show one strong Soret band. This indicates that
intramolecular dipole-dipole exciton coupling between
the directly attached porphyrin units in 5 is very weak.
In contrast, the porphyrin-substituted lower rim in
structurally similar bisporphyrin receptors leads to a
closer contact of the porphyrin units as documented
by a broadening and splitting of the Soret bands due
to exciton coupling.” In this case the B, and B, transi-
tion dipoles become nondegenerate.

The addition of Cgg or Cy to a toluene solution of 5 leads
to hypochromicity of the original Soret band and the
appearance of a well-defined isosbestic point (Fig. 1),
which indicates noncovalent interaction between fuller-
ene and the porphyrin units. Unfortunately, the spectral
changes are weak (especially with Cgy) and the solubili-
ties of Cgy and C;( are poor such that the precise values
of the binding constants could not be evaluated. It was
estimated that compound 5 binds Cg with K below
140 M~! (Fig. 1). Very small spectral changes of the
single arm compound 4b or TPP also confirmed their
weak interaction with fullerenes. Especially in the case
of TPP, the hypochromicity was very small (~1% after
addition of 5x 107* M Cg) and could only be observed
at high concentrations of the components. This fact is
responsible for the lack of detectable interactions in
our previous paper.’

An improved insight into the binding ability of calix-
arene—porphyrin conjugates was gained using '"H NMR
titrations. Upon the addition of C;q to a solution of 5
in benzene-ds or toluene-dg, the proton resonances of
the porphyrin pyrrole NHs moved upfield (ca 0.2 ppm
in the 5 + C,g system) (Fig. 2). Similar behaviour, albeit
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Figure 2. '"H NMR titration of 5 with C, (porphyrin NH protons,
C¢Dg, 300 MHz, 298 K). The solid line is the theoretical isotherm
obtained by the least-squares fit to the experimental data.

not so pronounced, was observed for the aromatic pro-
tons of the porphyrin moieties, while the signals of the
calixarene skeleton remained almost unchanged. The
complexation-induced chemical shifts (CIS) indicate
interaction between the porphyrin and fullerene moie-
ties. Moreover, a Job plot constructed with the help of
"H NMR spectroscopy (Fig. 3) confirmed the formation
of a 1:1 complex.

Assuming 1:1 stoichiometry, the binding isotherms were
analysed by a nonlinear least-squares method.!® The
corresponding binding constants K are summarised in
Table 1. While the binding constants of 4b and 5 for
C,o were almost identical in toluene, the corresponding
constants in benzene were rather distinct. The much
higher constant for compound 5 (K=4500+
600 mol~'1) compared with 4b (K= 1100 =+ 200
mol ' 1) indicates a cooperative binding of fullerene by
both porphyrin units. More efficient complexation of
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Figure 3. Job plot for the 5+ Cy system (‘H NMR, C¢Dg, 300 MHz,
298 K).
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Table 1. Binding constants K of 4b and 5 towards fullerene Cy, (1H
NMR, 25 °C, 300 MHz)

K [mol ' I}
Toluene-dy Benzene-dy
4b 1300 =+ 500 1100 4200
5 1000 + 200 4500 + 600

4 CIS for Cgy were too small (<10 Hz).

C7o by 5 in benzene (compared with toluene) could be
related to different solvation effects and/or competitive
interactions of toluene with the receptor. Nevertheless,
direct competitive binding of toluene into the calixarene
cavity (NMR titration experiments in CDCl;) was not
observed. Interestingly, Cgo induces only very minor
changes in the '"H NMR spectra suggesting very weak
binding of fullerene Cg. In all cases the CIS values were
too small (CIS <10 Hz) to allow quantitative determina-
tion of the binding constants.

In conclusion, we have shown that calix[4]arenes bearing
porphyrin units directly connected to the upper rim at
the meso-position represent good preorganised molecu-
lar clefts with C;0/Cgo binding selectivity. Synthetic pro-
cedures leading to similar derivatives are currently under
investigation.
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aqueous sodium carbonate, dried over magnesium sulfate
and evaporated with 5 g of silica gel to dryness. Column
chromatography (silica gel, CH,Cl,:petroleum ether:Et;N
250:250:1, then CHCl;:Et;N 100:1) gave 2 mg of 5 (0.4%),
55 mg of 4a (14%) and 5,10,15,20-tetrakis(p-tolyl)-porphy-
rin as an undesired by-product.
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Derivative 4a: purple powder, mp: >300°C. '"H NMR
(CDCl;, 300 MHz) 6 (ppm): 9.85 (s, 1H, OH), 9.59 (s, 1H,
CHO), 8.93-8.8 (m, 8H, Ar-H), 8.74 (s, 1H, OH), 8.08-
8.05 (m, 6H, Ar-H), 7.92 (s, 2H, Ar-H), 7.7 (s, 2H, Ar-H),
7.58-7.53 (m, 6H, Ar-H), 7.14 (d, 2H, J = 7.3 Hz, Ar-H),
7.07 (d, 2H, J =17.7 Hz, Ar—-H), 6.91 (dd, 2H, J, = 7.7 Hz,
J,=17.3Hz, Ar-H), 4.6 (d, 2H, J = 12.8 Hz, Ar—-CH,-Ar),
4.43 (d, 2H, J = 13.2 Hz, Ar-CH»-Ar), 4.13-4.05 (m, 4H,
-O-CH,-CH,-CHs), 3.63 (d, 2H, J = 12.83 Hz, Ar—CH»—
Ar), 3.58 (d, 2H, J=13.2 Hz, Ar-CH,-Ar), 2.72 (s, 3H,
Ar-CH3), 2.71 (s, 6H, Ar-CH;), 2.25-2.16 (m, 4H, -O-
CH,-CH,-CH3), 1.46 (t, 6H, J = 7.3 Hz, -O-CH,—-CH»—
CH3), —2.75 (s, 2H, NH). 3C NMR (75 MHz, CDCls) ¢
(ppm): 190.94, 160.12, 152.96, 151.95, 146.22, 140.06,
139.39, 139.31, 139.29, 138.81, 137.25, 135.27, 134.48,
134.38, 133.87, 133.05, 132.45, 132.34, 131.06, 130.88,
129.67, 129.11, 128.72, 128.56, 127.38, 126.22, 125.73,
120.56, 119.95, 119.78, 78.60, 31.58, 31.49, 23.61, 21.53,
11.09. IR (KBr): 3318, 3023, 2960, 1809, 1725, 1687,
1595 cm™!. EA caled for C,gHgeN4Os: C, 81.84; H, 5.96.
Found: C, 81.68; H, 5.81%. MS TOF ESI + m/z 1115.47
[M+HT" (100%), 1137.49 [M+Nal" (20%).

This compound was recently prepared by a different
method: Seigle-Ferrand, P.; Sdira, S. B.; Felix, C;
Lamartine, R.; Bavoux, C.; Fenet, B.; Bayard, F.; Voc-
anson, F. Mater. Sci. Eng. 2006, C26, 181-185.
Preparation of derivative 3: Dialdehyde 1 (0.5g,
0.855 mmol), was dissolved in hot pyrrole (6.1 ml,
88 mmol) under an N, atmosphere. Five drops of boron
trifluoride diethyl etherate were added and the solution
was stirred at room temperature for 3 h. The reaction
mixture was then poured into 150 ml of aqueous sodium
hydroxide (5%) and extracted with chloroform (6 x 40 ml).
The combined organic layers were washed with water and
dried over MgSO,. The solvent was evaporated and the
residue was purified by column chromatography (silica
gel, CHCl3:MeOH = 10:1) to give 0.60 g of bis(dipyrro-
methane) derivative 3 (85%) as a yellowish solid. Mp:
>190 °C (decomp.). '"H NMR (CDCls, 300 MHz) & (ppm):
8.52 (s, 2H, OH), 7.87 (br s, 4H, NH), 6.89-6.87 (m, 4H,
Ar-H), 6.85 (s, 4H, Ar-H), 6.78-6.76 (m, 2H, Ar-H),
6.68-6.67 (m, 4H, Ar-H), 6.18-6.15 (m, 4H, Ar-H), 5.95—
5.94 (m, 4H, Ar-H), 5.35 (s, 2H, Ar-CHAr,), 4.28 (d, 4H,
J=12.7, Ar—-CHy-Ar), 3.95 (t, 4H, J=6 Hz, -O-CH»—
CH,-CH3), 4.28 (d, 4H, J=12.7 Hz, Ar—CH-Ar), 2.06
(m, 4H, -O-CH,~CH,—CH3), 1.32 (t, 6H, J = 7.4 Hz, -O-
CH,-CH,-CHj;). *C NMR (CDCls, 75 MHz) & (ppm)
152.55, 152.13, 133.79, 133.33, 132.41, 129.14, 128.73,
128.50, 125.72, 117.10, 108.50, 107.12, 78.63, 43.34, 31.71,
23.71, 11.21. IR (KBr): 3425, 2965, 2935, 1707, 1635 cm ™.
EA caled for Cs,Hs,N4O4: C, 78.36; H, 6.58; N, 7.08.
Found: C, 78.08; H, 6.51; N, 6.91. MS TOF ESI + m/z
819.4 [M+Na*t] (100%).

Preparation of bis-porphyrin 5, (route I-optimised proce-
dure): A mixture of dialdehyde 1 (85 mg, 0.15 mmol), p-
tolualdehyde (1.53 ml, 13 mmol) and pyrrole (0.90 ml,
13.3 mmol) was dissolved over 10 min in 1000 ml of dry
chloroform under N,. Five drops of boron trifluoride
diethyl etherate were added and the reaction mixture was
stirred in the dark at room temperature for 7h. Then 5 g
of DDQ were added in one portion and the resulting dark
solution was stirred for an additional 2 h. The reaction

15.

16.

mixture was extracted with aqueous sodium carbonate,
dried over magnesium sulfate and evaporated with 10 g of
silica gel to dryness. Subsequent column chromatography
using silica gel (eluent:CH,Cly:petroleum ether:Et;N =
250:250:1, then CHCI3:Et3N 100:1) gave 36 mg of deriv-
ative 5 (15%) and 5,10,15,20-tetrakis(p-tolyl)-porphyrin as
a by-product.

Derivative 5: purple powder, mp: >300°C. 'H NMR
(CDCl3, 300 MHz) 6 (ppm): 9.03-8.87 (m, 18H, 16 Ar-
H+ 2-OH), 8.15-8.11 (m, 12H, Ar-H), 8.05 (s, 4H, Ar-
H), 7.60-7.55 (m, 12H, Ar-H), 7.22 (d, 4H, J =7.33 Hz,
Ar-H), 7.00 (t, 2H, J=7.3Hz, Ar-H), 4.76 (d, 4H,
J=12.83 Hz, Ar-CH»-Ar), 4.19 (t, 4H, J= 6.2 Hz, -O-
CH,-CH,-CH3;), 3.72 (d, 4H, J = 12.83 Hz, Ar-CH,-Ar),
2.74 (s, 6H, Ar—CHs5), 2.73 (s, 6H, Ar—CH3), 2.72 (s, 6H,
Ar—CH3), 2.32-2.26 (m, 4H, -O-CH,—-CH,-CH3;), 1.55 (t,
6H, J=17.3 Hz, -O-CH,-CH,-CH3), —2.7 (s, 4H, NH).
3C NMR (C¢Ds, 75MHz) & (ppm): 154.42, 152.49,
140.24, 140.20, 140.09, 137.23, 137.17, 137.13, 136.57,
134.96, 134.89, 133.41, 133.18, 129.77, 128.21, 128.15,
128.08, 127.83, 127.76, 127.39, 127.09, 121.77, 120.70,
120.67, 120.43, 30.14, 23.91, 21.46, 21.42, 21.39, 11.25. EA
calcd for Cy16HogNgOy4: C, 83.63; H, 5.81; N, 6.73. Found:
C, 83.28; H, 5.71; N, 6.54. MS TOF ESI + m/z 1666.69
[M+H"*](100%). UV-vis (toluene) Amax (nm), s (M~" cm™")
in parentheses: 425 (6.4x10%), 518 (2.4x10%, 553
(2.2 % 10%, 594 (9.1 x 10*), 651 (6.5 x 10°).

Preparation of derivative 4b (route IV). A mixture of
aldehyde 6 (0.200 g), p-tolualdehyde (0.133 ml) and pyr-
role (0.133 ml) was dissolved in 200 ml of propionic acid
and the resulting mixture was stirred under reflux for 6 h
in the presence of air. Propionic acid was removed under
reduced pressure and the residue was purified by column
chromatography on silica gel (petroleum ether:CH,Cl, 1:1
containing 0.25% of TEA) to obtain 40 mg (10%) of
compound 4b as a purple powder. Mp: 279-281 °C. 'H
NMR (CDCl;, 300 MHz) 6 (ppm): 8.95-8.83 (m, 8H, Ar—
H), 8.78 (s, 1H, OH), 8.58 (s, 1H, OH), 8.12-8.07 (m, 6H,
Ar-H), 7.92 (s, 2H, Ar-H), 7.57-7.53 (m, 6H, Ar-H),
7.15 (d, 2H, J=17.7Hz, Ar-H), 7.1 (d, 2H, J=7.3 Hz,
Ar-H), 7.05 (d, 2H, J=17.7Hz, Ar-H), 6.89 (dd, 2H,
J1=17.7Hz, J,=73Hz, Ar-H), 6.72 (t, IH, J="7.7, Ar—
H), 4.63 (d, 2H, J = 12.8 Hz, Ar—CH,-Ar), 4.44 (d, 2H,
J=12.8 Hz, Ar—CH,-Ar), 4.08 (t, 4H, J=6.1 Hz, -O-
CH,-CH,-CH3;), 3.61 (d, 2H, J=12.8, Ar-CH,-Ar),
348 (d, 2H, J=12.8 Hz, Ar-CH,-Ar), 2.71 (s, 3H,
Ar-CH3), 2.7 (s, 6H, Ar-CH3), 2.22-2.16 (m, 4H, -O-
CH,-CH,-CH3), 1.44 (t, 6H, J=7.3 Hz, -O-CH,-CH»—
CHs), —2.75 (s, 2H, NH). '*C (CDCl;, 75 MHz) § (ppm):
153.94, 153.33, 152.27, 139.71, 139.65, 137.50, 137.48,
135.55, 134.76, 134.70, 134.01, 133.77, 133.20, 129.37,
128.83, 128.31, 127.65, 126.80, 125.88, 124.73, 124.26,
121.05, 120.22, 120.19, 119.99, 119.34, 119.27, 78.71,
31.84, 30.41, 23.88, 21.78, 11.36. EA caled for
C;sHesN4O4: C, 82.84; H, 6.12. Found: C, 82.68; H,
6.11. MS TOF ESI + m/z 1087.75 [M+H"] (100%). UV-
vis (toluene) Amax (nm), e (M~' cm™") in parentheses: 423
(4.1x10%), 518 (1.6 x 10%), 554 (1.1 x 10%), 595 (5.2 x 10°),
651 (4.8 x 10%).

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