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Introduction

In the early 1980s, cofacial bis-porphyrins were developed
with geometrically well-defined spacers, generating the so-
called pac-man bis-porphyrins[1] as highly preorganized and
geometrically controlled bis-chromophoric systems. These
structures are involved in controlled electrochemical proc-

esses such as oxygen reduction. Furthermore, for these bis-
porphyrins, a precise correlation of structural features with
chemical and physical properties has been obtained.[1] Flexi-
ble cyclic porphyrin dimers lacking the preorganization of
the pac-man porphyrins were developed around the same
period. In these species, the cofacial arrangement of the por-
phyrins was the result of more or less controlled geometric
changes, induced by the binding of a bidentate guest (in-
duced fit). The thermodynamics and kinetics associated with
these changes have been exhaustively analyzed in the pio-
neering work of Hunter and Sanders.[2] In the past decade,
acyclic forms of porphyrin dimers have received a great deal
of attention due to the induction of circular dichroism (CD)
when a chiral bidentate is bound to a bis-porphyrinic recep-
tor, which has led to determination of absolute configura-
tion for diamines and amino acids.[3] Flexible structures in-
volving a calixarene platform, in which the cofacial porphy-
rin arrangement is induced by coordination of bidentate
substrates have also been reported recently.[4] Apart from
our approach, only two examples in which the calixarene ge-
ometry directly affects the porphyrin arrangement have
been reported. The first concerns a highly compact tetrapor-
phyrin on a cone calix[4]arene platform.[5] The second in-
volves the use of electrostatic interactions as an assembling
tool between cationic porphyrins and anionic calixarenes,
and illustrates the potential fine tuning of porphyrin proper-
ties by a calixarene spacer.[6]
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We have developed an efficient synthetic method leading
from porphyrin precursor 1 to pac-man-type bis-porphyrin
calixarene conjugates 2–4 in which a flexible calixarene
spacer maintains two porphyrins in a cofacial arrangement.[7]

The receptors were designed to cumulate the advantageous
preorganization of pac-man bis-porphyrins and the possible
fine adjustment of the interchromophore distance of flexible
dimers. Indeed, functionalization of the upper rim with two
rigidly linked porphyrins affords a cylindrical or cone-
shaped calixarene spacer that arranges the two chromo-
phores at a variable distance. The calixarene acts as a hinge
that only allows a movement of the two chromophores in
the plane containing the acetylenic linkers that connect
them to the calixarene platform.

When built on covalently linked calixarene bis-porphyrin
tweezers, the pac-man-type bis-porphyrins can bite, and
sometimes bite hard. Here we present the structural charac-
terization of such species, together with a study of their
biting properties versus typical bidentate axial bases such as
diazabicyclo[2.2.2]octane (dabco) and pyrazine (Pyz).

Results and Discussion

Synthesis : The synthetic approach and leading to the species
used in this work is described in a preliminary commnica-
tion[7] and summarized in Scheme 1. Experimental details of
the synthesis of the calixarene precursors and Sonogashira
coupling of 1 with functionalized calixarenes are provided in
the Experimental Section.

The approach is versatile and allows full control of the
1,3-alternate or cone conformation of the calixarene. The
moderate yields (4 : 35 %, 3 : 40 %, 2 : 45 %) of the double

Sonogashira coupling of ethynyl porphyrin derivative 1 with
diiodo calixarene precursors 5, 7, and 9 are due to steric hin-
drance around the iodo groups on the calixarene.

X-ray crystallography : Crystals of ligand 4 suitable for X-
ray diffraction[8] were obtained by slow diffusion of ben-
zene/hexane into a dilute solution of 4 in dichloromethane.
In the structure of the bis-porphyrin (Table 1, Figure 1) the
two porphyrin units are in a quasi-cofacial orientation.

This orientation in 4 is opposite to that observed by Smith
and Jaquinod[5] in the first upper-rim porphyrin–calixarene
conjugate, in which steric crowding generated by the vicinity
of four porphyrins forced their respective perpendicular ar-
rangement. Despite the possible free rotation around the
ethynyl linker, the two tetrapyrrolic macrocycles are facing
each other. The internal crown-6 chain induces opening of
the calixarene hinge. Thus, the same dihedral angle of 408 is
found between the two phenolic rings of the calixarene that
are connected to the porphyrin and between the porphyrin
mean planes.

As a consequence, due to the length of the ethynyl linker,
the two zinc atoms are 20.522(3) � apart and are contained
roughly in the plane normal to the two tetrapyrrolic macro-
cycles that contains the two ethynyl linkers. Slight bending
of the acetylenic linkages testifies to steric crowding around
the edge of the calixarene located between the two porphyr-
ins. Although the zinc atoms are in the plane defined by the
four N atoms of each porphyrin ring, oxygen atoms from
the neighboring calixcrown-6 units act as a fifth axial ligand.
As depicted in Figure 2, the coordination of the oxygen
atoms induces a head-to-tail arrangement in the crystal lat-
tice, in which parallel arrays of porphyrins are packed by
van der Waals interactions between porphyrin rings belong-
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ing to neighboring arrays. It is noteworthy that the solid-
state structure correlates quite well with 2D 1H NMR data,
which indicate contacts between the central protons of the
crown-6 moiety located between the porphyrins and both
the b-pyrrolic protons and the protons of the phenyl spacers
in the case of 4.[7] The rather long distance between the two
zinc atoms is consistent with the fact that no significant in-
teractions are seen between the two chromophores in the
UV-visible spectrum of 4. When steric crowding between
the two chromophores is reduced (in 2 and 3), interactions

occur between the tetrapyrrolic macrocycles. The UV-visible
spectra of 1–4 show broadening of the Soret band associated
with significant hypochromism, especially in the case of 3,
for which the smallest interporphyrin distance is expected.[7]

Determination of association constants : Because of the high
degree of preorganization in this series of hosts, a high affin-

Scheme 1. i) Cs2CO3, CH3CN, reflux: 5 (65 %), 9 (60 %); ii) 10% [PdCl2(PPh3)2], CuI, NEt3, 323 K: 4 (35 %), 3 (45 %), 2 (40 %); iii) NaI (cat.), NaH,
DMF, 298 K: 7 (75 %).

Table 1. Crystallographic data for 1.[8]

formula C169.19H148N8O12Zn2 Z 2
Mr 2615.98 1calcd [gcm�3] 1.168
color red-brown m(MoKa) [mm�1] 0.385
crystal system triclinic measured reflns 58904
space group P1̄ unique reflns 27194
a [�] 17.207(3) q range [8] 2.08–26.09
b [�] 17.717(3) Rint 0.3669
c [�] 27.198(4) observed data 4437
a [8] 98.03(2) R1,wR2 [I>2 s(I)] 0.1157, 0.2035
b [8] 99.113(19) R1,wR2 (all data) 0.4012, 0.2758
g [8] 111.51(2) GOF on F2 0.744
V [�3] 7438(2) parameters 1679

Figure 1. Side and front views of the solid state structure of 4. Significant
distances are discussed in text.
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ity for bidentate axial bases was expected. The ability of 2–4
to bind diazabicyclo[2.2.2]octane (dabco) and 1,4-pyrazine
was investigated in dichloromethane at 25 8C by UV-visible
titrations, 1H NMR spectroscopy, and cyclic voltammetry.

Due to their different geometries, hosts 2–4 display very
specific binding capabilities. Whereas only one association
constant can be calculated for 4 with both dabco and pyra-
zine, two different host–guest species are observed for both
2 and 3 with each bidentate guest. The association constants
determined from UV titrations (see Supporting Informa-
tion) are collected in Table 2. During the titration process,

only a slight red shift of the Soret and Q-bands is observed
for each receptor. The binding event corresponds to simulta-
neous coordination of the substrate to the zinc(ii) atom and
closing of the tweezers. While the former event is known to
produce a large red shift in the range of 10–20 nm, the latter
is usually responsible for a blue shift, when occurring in a
cofacial arrangement of the porphyrins. For receptors 2, and
3, these two effects compensate each other partially, and
only small changes in the absorption maxima occur. The dif-
ferences in the affinities of hosts 2–4 for dabco and pyrazine
reflects that, in the 1:1 stoichiometry, dabco is a much stron-
ger bidentate ligand due to the presence of two electronical-
ly independent nitrogen lone pairs. In contrast, the two ni-

trogen atoms of the conjugated pyrazine communicate, and
the binding of the first nitrogen atom to zinc(ii) decreases
the basicity of the second. The N�N bond in dabco is short-
er (N�N 3.75 �) than that found in pyrazine (N�N 4.05 �).
As a result of the relative flexibility of the calixarene plat-
form, the strength of the N�Zn coordinative bond governs
the affinity of the axial ligand for the bis-porphyrin recep-
tor.

For each bidentate ligand, the 1:1 host–guest association
increases from 2 to 3. This reflects the greater flexibility and
accessibility of the internal cavity of the tweezers in recep-
tors 2 and 3. The steric constraint imposed by the bis-crown
structure of 4 evidently prevents the tweezers from closing
around the guest, but consequently promotes the formation
of a 1:2 host–guest external monodentate complex for both
dabco and pyrazine. For the more flexible species 2 and 3,
the high affinities for dabco and pyrazine also reflect the
degree of preorganization of the two zinc porphyrins. The
association constants illustrate an impressive enhancement
in the stability of 1:1 inclusion complexes in comparison to
previously reported association constants between dabco
and pyrazine with other flexible bis-porphyrins. Early results
from Sanders and Hunter showed that cyclophane-type por-
phyrin dimers bind pyrazine and dabco with associations
constants on the order of 102 and 106

m
�1, respectively.[2a] In

this case, an induced-fit process was observed in which the
linear character of the bidentate guest was responsible for
the final cofacial arrangement of the chromophores. Recent-
ly, more highly preorganized porphyrin–calixarene conju-
gates have been designed in which an increase by one order
of magnitude in the association constants with dabco (1.0�
107

m
�1) is observed.[4b] The smallness of this increase in asso-

ciation constant reflects that, in these hosts, the porphyrins
are attached to the calixarene platform lower rim through
flexible amide bonds and O-alkylation. Indeed, the energy
cost for adequate orientation of the porphyrins in the host
precludes strong enhancement of association. As shown by
the association constants listed in Table 2, hosts 2 and 3

Figure 2. Crystal packing of 4 and zinc(ii)–oxygen interactions in the solid state. Solvent molecules (hexane) omitted for clarity.

Table 2. Association constants for hosts 2–4 with dabco and pyrazine at
298 K in CH2Cl2.

[a]

Receptor/dabco Receptor/pyrazine
1:1 [m�1] 1:2 [m�2] 1:1 [m�1] 1:2 [m�2]

2 1.6� 108 1.0� 105 0. 9 � 106 1.1� 105

3 7�108 1.1� 104 5.1� 106 3.7� 105

4 – 1.2� 106 – 1.2� 106

[a] Binding constants obtained from titration of receptor solutions (2.5 �
10�6

m) with substrate solution (2.5 � 10�4
m) from 0 to 50 equiv, analyzed

with Specfit[9] (see Supporting Information). No reliable association con-
stant could be determined between 4 and bidentate guests for a 1:1 stoi-
chiometry. 15% errors in association constants.
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clearly have a high degree of preorganization that leads to a
gain three orders of magnitude greater than in flexible por-
phyrin dimers. As a result of the rigid connection of the por-
phyrins to the calixarene hinge, complexation of dabco and
pyrazine occurs without energy-wasting geometric changes
in the receptors. This interpretation is confirmed by data
from 1H NMR spectroscopic monitoring of dabco and pyra-
zine binding in receptors 2–4.

Binding geometry in bis-porphyrin tweezers : 1H NMR titra-
tions at 298 K in CDCl3 have been performed for receptors
2–4 with both guests. In both cases, similar conclusions can
be drawn from the analysis of chemical shift displacements.
Only the results of dabco binding with hosts 3 and 4 are
commented on in detail.

Figure 3 shows the evolution of the 1H NMR spectrum of
3 on addition of dabco. All signals are well defined through-
out the titration, and this provides evidence for a slow ex-
change process between bound and free receptor when the
ratio r= [dabco]/[3] is between 0 and 1. For r=0.33 and
0.66, the dabco singlet appears at �4.5 ppm and denotes the
insertion of the bidentate base in between the porphyrin
rings of the tweezers. All dabco present is bound to the re-
ceptor. The signals corresponding to free host disappear
concomitantly, and at r= 1 no free species are observed in
solution. Most signals assigned to the porphyrin b-pyrrolic

protons are shielded, which is consistent with shortening of
the distance between the tetrapyrrolic macrocycles on guest
complexation. Protons Ha and Hb are respectively shifted to
8.3 and 8.45 ppm. Ha’ and Hb’ are also shielded and appear
in the set of signals around 7.2 ppm. This indicates a more
severe pinching of the bis-porphyrin in the neighborhood of
the calixarene upper rim than on the open end of the tweez-
ers.

Protons of the phenyl spacer are also shifted, with Hc now
appearing at d= 7.4 ppm, and Hd being less shielded (Dd=

�0.35 ppm) at d=7.8 ppm. The dabco signal appears at d=

�4.5 ppm until 1:1 stoichiometry is reached. At r>1, the
dabco peak rapidly broadens then disappears completely,
while the rest of the spectrum remains unchanged. Even on
addition of a large excess of substrate (r= 10), no additional
changes are observed in the host�s spectrum. This is consis-
tent with a persistent closed form of the tweezers, in which
the excess substrate induces fast exchange of the bound
dabco with free species. Considering the differences be-
tween the association constant of the 1:1 and 1:2 complexes
of 3 with dabco, it is not surprising that external coordina-
tion of dabco, leading to a 1:2 complex, is not observed by
NMR spectroscopy at r=10, because larger excesses are re-
quired to destroy the 1:1 complex. A similar behavior is ob-
served for receptor 2, for which the signal due to dabco
bound within the tweezers disappears in the presence of

Figure 3. NMR titration of 3 with dabco (CDCl3, 300 MHz, 298 K).

Chem. Eur. J. 2005, 11, 4199 – 4209 www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 4203

FULL PAPERCofacial Bis-Porphyrins

www.chemeurj.org


excess substrate, whereas the signals due to the receptor
protons remain unaffected. In both cases, total disruption of
the 1:1 complexes requires a very large excess of dabco. The
signal due to free dabco significantly perturbs the resolution
of the 1H NMR spectra. In contrast, in receptor 4, rapid dis-
ruption of the 1:1 complex is observed in the presence of
excess substrate.

In the case of weakly bound substrates, the spectral be-
havior of the host is drastically different, as shown by the
spectral evolution in Figure 4 for titration of 4 with dabco.
The addition of dabco to a solution of 4 induces broadening
of the signals, which is clear evidence for exchange between
free and bound 4 that is slow on the NMR timescale. How-
ever, some displacements of the signals are noticeable and
may be assigned to conformational changes similar to those
observed with host 3, but less pronounced due to weaker as-
sociation. An extremely broad signal centered at �4.5 ppm
can be detected up to r= 1, but disappears rapidly on addi-
tion of even a slight excess of substrate. After the changes
that occur for 0< r<2, protons of the receptor are observed
close to their original chemical shifts. The slight differences
observed are assigned to a persistent complex in a 2:1 form.
Due to an association constant of approximately 106

m
�1, it is

anticipated that an excess of five dabco per binding site
(10 equiv) is needed to observe the fully complexed form, as
depicted in Figure 4.

The 1H NMR results can be analyzed in light of the asso-
ciation constants determined by UV-visible titrations. De-
pending on the calixarene conformation and its functionali-
zation, the flexibility of the calixarene hinge can be assessed,
and the selectivity of the binding can be explained. For
hosts 2–4, binding properties are summarized in Scheme 2,
in which the symbolism RSin stands for complexation of sub-
strate S in the tweezers R, and RSout stands for complexa-
tion of the substrate outside the tweezers.

For host 4, it is clear that steric hindrance due to the inter-
nal crown-6 ether chain disfavors pinching of the tweezers
to accommodate coordination of the bidentate substrate for
r�1. Therefore, on guest addition, weak insertion is ob-
served only for dabco. No association constant could be de-
termined for the 1:1 complex due to competition with the
favored formation of the 1:2 complex. However, 1H NMR ti-
tration shows the presence of a broad signal centered at
�4.5 ppm that is indicative of dabco binding within the bis-
porphyrin tweezers, with fast exchange between bound and
unbound species. As soon as r exceeds 1, this signal disap-
pears and the host�s signals sharpen and appear at their orig-
inal chemical shifts. Thus, as suggested by 1H NMR spectros-
copy, an intermediate insertion complex with dabco may be
postulated, but cannot be further characterized in the case
of host 4.

Hosts 2 and 3 can accommodate both bidentate guests
due to greater flexibility of the calixarene platform. The

Figure 4. NMR titration of 4 with dabco (CDCl3, 300 MHz).
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large association constants determined from UV-visible ti-
trations for the 1:1 complexes, and their comparison with
the association constants corresponding to the 1:2 forms,
imply that at NMR concentrations and with up to a tenfold
excess of guests, only species corresponding to the favored
1:1 complexes are observed. For these more flexible hosts,
the signals corresponding to the crown ether chain and to
the CH2 bridges of the calixarene structure are also affected
by addition of the bidentate ligand, indicative of changes in
the geometry of the platform.

Electrochemical studies : Electrochemical studies confirm
the binding scheme depicted for dabco in Scheme 2. The be-
havior of pyrazine complexes was not studied by electro-
chemistry because pyrazine is inactive over the range of po-
tentials for which these studies were carried out.[10] Uncoor-
dinated dabco exhibits only one irreversible oxidation step
at 0.36 V versus ferricinium/ferrocene (Fc+/Fc).

To eliminate any contribution of ohmic drop to the peak
current variations, all peak currents reported here were ob-
tained by convolution voltammetry. For each receptor, the
current intensity IpC of the first two-electron reduction at EC

can be used as a reference for the current intensities Ip of
the free and bound receptor oxidations and the sum of the
Ip values associated with EOx1(RS) and EOx1’(RS).

For all receptors, independent of their respective affinities
for dabco, Scheme 3 explains the possible evolutions during
the oxidation and back-reduction processes. Not all of these
steps are observed for each receptor. The peculiar electro-
chemical behavior of each receptor pinpoints that the influ-
ence of dabco binding in an oxidized receptor is significantly
different than in the receptor itself.

Figure 5a shows the convolution voltammograms of all re-
ceptors in the absence of dabco. Figure 5b–f show their re-
spective responses in the presence of increasing amounts of
dabco. In all cases, the addition of dabco immediately indu-
ces the rise of a new, reversible oxidation signal EOx(RS), be-

tween 0.250 and 0.300 V. This is assigned to the first oxida-
tion of (ZnP-S-ZnP), which is facilitated by coordination of
dabco to zinc. The behavior of receptors 2–4 can be ana-
lyzed in light of the respective affinities of 2–4 for dabco,
keeping in mind that the zinc porphyrin radical cations
(ZnPC+) have higher affinities for dabco than the neutral
species. In the absence of dabco, the receptors display a clas-
sical set of two reversible oxidations. The first oxidation
occurs at EOxR =0.310 V for 2 and at 0.360 V for 3 and 4.
The second oxidation is at 0.700 V for all receptors. The
change in the shape of the first oxidation peaks is consistent
with the weak excitonic coupling observed in UV absorp-
tion, which showed that, while the ZnP chromophores are
independent in 4, they interact in 2 and even more so in 3.
This increasing interaction results in a split-induced broad-
ening of the first oxidation peak for 2 and 3. Due to the
small separation of these potentials (<59 mV), interactions
between the porphyrins can only be detected by the meas-
urement of truncated Ip values for 2 and 3.

As expected, the behavior of receptors 2 and 3 is similar
when �1<n<0 (Scheme 3), for which the RSin coordination
mode is exclusive, as no Sout oxidation at 0.560 V could be
observed (Figure 5b). Indeed, based on the oxidation poten-
tials of the receptors, RSin and RSout coordination modes
cannot be distinguished. In contrast, oxidations characteris-
tic of the substrate are only observed if the substrate is
bound outside (RSout). Insertion within the tweezers pre-
vents oxidation of both nitrogen atoms in the substrate.

In substoichiometric amounts, the presence of dabco
inside the tweezers facilitates only one zinc porphyrin oxida-
tion compared to that in the free receptor at EOx1 = 0.190 V,
and EOx1 = 0.240 V for 3 and 2, respectively. The second zinc
porphyrin oxidation remains at an unchanged potential of
EOx1’(RS) = EOxR =0.360 V in the case of 3, and EOx1’(RS) =

EOxR = 0.310 V in the case of 2. This lack of influence on the
second zinc porphyrin can be ascribed either to a poor elec-
tron-donating character of the substrate in the (RSin)C+

form, or to decoordination of dabco from the remaining
neutral zinc porphyrin to generate the (ZnPC+-S)-(ZnP) spe-
cies depicted in Scheme 3. A split back-reduction is ob-
served at ERed1(RS) = 0.190 V and ERed1’(RS) = ERedR = 0.360 V
for 3, and at ERed1 = 0.010 V and ERed1’(RS) = ERedR=0.240 V
for 2, in which ERedR corresponds to free (ZnPC+), and

Scheme 2. Dabco binding modes and lgKassoc for hosts 2–4.

Scheme 3. Redox and thermodynamic equilibria observed by cyclic vol-
tammetry.
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ERed1(RS) to reduction of the monodentate (ZnPC+-S) com-
plex in the RSin or RSout conformation. Due to its higher af-
finity for dabco, receptor 3 shows only a small shift of its
back-reduction at ERed1(RS) =0.190 V, which reflects that even
in the (ZnPC+-S-ZnPC+) state, dabco is bound to both Zn
porphyrins. Receptor 2 shows its weaker affinity for dabco
in the rise of a clearly more difficult back-reduction that cor-
responds to the monodentate Zn(PC+)-dabco complex at
ERed1(RS) =0.010 V. As expected, dabco binding to receptor 4
has little influence on the oxidation potentials. In reduction,
the peak corresponding to reduction of the monodentate
(ZnPC+-S) complex is clearly seen at ERed1(RS) = 0.010 V,
which is the same potential as in the case of 2. In the pres-
ence of one equivalent of dabco (Figure 5c), receptor 3 dis-
plays a unique broad oxidation peak at 0.220 V that corre-
sponds to a combination of the EOx1(RS) = 0.190 V cathodical-
ly shifted oxidation induced by formation of a bidentate
dabco complex for the first porphyrin in (ZnP-S-ZnP). At
EOx1’(RS) = 0.360 V, oxidation of the second porphyrin in the
(ZnPC+-S)-(ZnP) species in which dabco is still weakly
bound to the neutral ZnP moiety is observed. Receptor 2
shows a similar displacement, but with a marked shoulder at
0.140 V due to pronounced monodentate behavior of dabco.
The oxidation of the second zinc porphyrin moiety in the
tweezers remains at EOx1’(RS) = 0.290 V, close to its original
value of 0.310 V. In addition to the unaffected zinc porphy-
rin oxidation at EOx1’(RS) =0.370 V, receptor 4 shows two fa-
cilitated oxidations, a shoulder at 0.190 V for the monoden-
tate RSout form and a peak at EOx1(RS)=0.300 V for the mono-
dentate RSin form. From the affinity constants of receptor
4 for dabco, and the observation of a large NMR peak at
high field for its 1:1 complex, the presence of RSin and RSout

at this stoichiometry explains the observation of the two fa-
cilitated oxidations. However, these oxidations cannot be
unambiguously assigned to a precise conformer. Nonethe-
less, it is logical to assume that the cathodically shifted oxi-
dation is due to a pure monodentate RSout form of dabco
rather than a weak, bidentate RSin conformer. This hypothe-
sis is strongly supported by the presence of a return peak
observed for the oxidation of the RSout form, but not for the
RSin conformer, which is destabilized by oxidation of the
first ZnP moiety. In all forms, a monoelectronic, cathodically
shifted return peak is observed for the monodentate dabco
form (ZnPC+-S)-(ZnP), together with a monoelectronic re-
duction of the free (ZnC+P) moiety released from the (ZnPC+

-S-ZnPC+) species.
Figure 5d confirms these trends for all receptors in the

presence of two equivalents of dabco, and provides some ad-
ditional evidence for the specific behaviors of 2, 3, and 4. In
particular, the disappearance of all reduction peaks corre-
sponding to the free (ZnC+P) moiety is consistent with the
interpretation of all of the observed processes described
above. Indeed, on oxidation of the first (ZnP-S) moiety at
EOx1(RS) in the (ZnP-S-ZnP) species, the second (ZnP)
moiety is oxidized in a substrate-free state at EOx1’(RS) to gen-
erate an electron-poor (ZnC+P) that quickly binds the
second dabco molecule. For receptors 2 and 3, a small oxi-

dation peak of bound dabco is observed, that is, some dabco
binding in the (ZnPC+-S-ZnPC+) species takes place outside
of the tweezers. This is even more pronounced for receptor
4, even though dabco oxidation is partially masked by the
shifted, dielectronic second oxidation of the (ZnPC+-S)2 spe-
cies, which is easily identified by its reversibility. The change
that corresponds to the enhanced affinity of 42(C+) for two
dabco molecules appears at much lower dabco/receptor
ratios for 4 than for 2 or 3. Thus, the affinities of the (ZnPC+)2

species for dabco can be considered to follow the same
trend as the affinities in the neutral receptors 2–4. Figure 5e
and d confirm the evolution, and show that for receptor 3 in
the RSin conformation, the dabco-binding behavior, which
involves switching from bidentate/monodentate/bidentate in
the respective 1/1 complexes (ZnP-S-ZnP), (ZnPC+-S)-
(ZnP), and (ZnPC+-S-ZnPC+), is not perturbed, even in the
presence of five equivalents of dabco.

Thus, the electrochemical response of receptor 3 in the
presence of one equivalent of dabco is a stepwise process in
which the RSin status of the complex is maintained through-
out the redox cycle. The first zinc porphyrin oxidation gen-
erates a bis-porphyrin species in which the two porphyrins
are now distinct. Oxidation of the second zinc porphyrin
generates a bis(radical cation) that displays a strong affinity
for dabco in the RSin mode. In addition to this electrochemi-
cally induced chewing motion, it is remarkable that two
identical chromophores can be differentiated efficiently by
the addition of one equivalent of a bridging substrate, due
to the particular flexibility of the calixarene bridge that con-
nects them. These aspects are particularly interesting for the
design of systems capable of storing information, because
the presence of dabco preferentially bound to the radical
cation may prevent intra- and intermolecular diffusion of
the charge located on the oxidized species in films incorpo-
rating these species.

Conclusion

The flexibility and the versatile coordinating properties of
the bis-porphyrin hosts presented here demonstrate that the
fine-tuning of physicochemical properties can be achieved
through small geometrical changes by using flexible calixar-
ene platforms for positioning and orienting porphyrins. The
orientation postulated in solution is observed in the solid
state, and 2D NMR measurements provide evidence for
similarities between solid-state and solution structures. High
affinities for bidentate substrates have been observed in the
most flexible structures, and NMR changes in the calixarene
region on complexation of these guests suggest that geomet-
rical changes affecting the chromophore arrangement occur
through geometrical changes of the tetraphenolic hinge. The
use of the complexing abilities of the calixarene moiety for
modulating interporphyrin interactions is currently being ex-
plored.
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Experimental Section

All solvents were dried prior to use. Acetonitrile was distilled under an
argon atmosphere from CaH2 and stored over 4 � molecular sieves. Di-
methylformamide (DMF) was pre-dried by azeotropic distillation with
toluene prior to standing over 4 � molecular sieves. Toluene was dried
by standing over sodium chips. All reagents were commercial except cal-
ixarenes 6 and 8, which were iodinated according to literature proce-
dures.[11] 1H NMR spectra were recorded on Bruker Avance 300 and
Avance 500 spectrometers and the chemical shifts were calibrated on re-
sidual nondeuterated solvent (d=7.27 ppm for CHCl3 in CDCl3). UV-
visible spectra were obtained on a Hewlett Packard diode-array (HP
8453) spectrophotometer in 1 cm cells.

Synthesis of compound 5 : An excess of Cs2CO3 (0.115 g, 0.336 mmol)
and pentaethylene glycol di-p-toluenesulfonate (0.110 g, 0.202 mmol)
were added to a solution of 6 (0.1 g, 0.112 mmol) in CH3CN (30 mL)
under argon. The reaction mixture was refluxed for 24 h. Then, CH3CN

was removed under reduced pressure,
and the residue extracted with CH2Cl2

and 10% aqueous HCl. The organic
phase was separated and washed with
water. After evaporation of the sol-
vent, the product was purified by
column chromatography (Al2O3,
CH2Cl2/AcOEt, 80/20) (0.8 g,
0.072 mmol, 65 %). M.p. >250 8C;
1H NMR (300 MHz, CDCl3, 25 8C): d=

7.41 (s, 4 H; ArH), 7.08 (d, J =7.5 Hz,
4H; ArH), 6.88 (t, J=7.5 Hz, 2H; ArH),
3.8 (s, 8H; ArCH2Ar), 3.73 (m, 9H;
ArOCH2CH2OCH2CH2), 3.59 (m, 14H;
ArOCH2CH2OCH2CH2), 3.42 (t, J=

12.9 Hz, 4 H; ArOCH2CH2OCH2CH2),
3.36 (t, J =12.9 Hz, 4 H; ArOCH2-
CH2OCH2CH2), 3.03 ppm (t, J=12.9 Hz,
4H; ArOCH2CH2OCH2CH2); elemen-
tal analysis (%) calcd for C48H58I2O12:
C 53.34, H 5.41; found: C 53.60, H
5.44.

Synthesis of compound 7: NaH
(0.005 g, 0.24 mmol), n-bromopropane
(0.196 g, 1.16 mmol), and NaI (0.023 g,
0.16 mmol) were added to a solution of
6 (0.07 g, 0.08 mmol) in DMF (30 mL)
under argon. The reaction mixture was
stirred at room temperature for 8 h.
Then aqueous 10 % HCl (50 mL) was
slowly added, and the resulting solid
was filtered and washed with water.
Pure product was obtained by recrys-
tallization from MeOH (0.04 g,
0.042 mmol, 50 %). M.p. >250 8C;
1H NMR (300 MHz, CDCl3): d=7.11
(d, J=7.3 Hz, 4 H; ArH), 7.00 (t, J=

7.3 Hz , 2H; ArH), 6.53 (s, 4 H; ArH),
4.34 (d, J =13.5 Hz, 4 H; ArCH2Ar),
4.04 (t, J =7.5 Hz, 4H; OCH2CH2CH3),
3.71–3.3.68 (m, ArOCH2CH2OCH2-
CH2), 3.15 (d, J=13. 5 Hz, 4H; ArCH2-
Ar), 1.93 (m, 4 H; OCH2CH2CH3),
1.08 ppm (t, J =7.3 Hz, 6 H; OCH2CH2

CH3); elemental analysis (%) calcd for
C44H52I2O8·2MeOH·H2O: C 52.88, H
5.98; found: C 52.53, H 5.63.

Synthesis of compound 9 : An excess of
Cs2CO3 (0.63 g, 1.95 mmol) and penta-
ethylene glycol di-p-toluenesulfonate
(0.65 g, 1.16 mmol) were added to a so-
lution of 8 (0.5 g, 0.65 mmol) in

CH3CN (50 mL) under argon. The reaction mixture was refluxed for
24 h. Then CH3CN was removed under reduced pressure, and the residue
extracted with CH2Cl2 and aqueous 10 % HCl. The organic phase was
separated and washed with water, and the solvent was evaporated. Crys-
tallization of the oily residue from CH2Cl2/MeOH yielded 9 as a white
solid (0.4 g, 1.14 mmol, 65 %): M.p. >250 8C; 1H NMR (300 MHz,
CDCl3, 25 8C): d=7.36 (s, 4H; ArH), 6.84 (d, J=7.5 Hz, 4H; ArH), 6.82
(t, J =7.5 Hz, 2H; ArH), 3.8 (s, 8H; ArCH2Ar), 3.73–3.44 (m, ArOCH2-
CH2OCH2CH2), 1.46 (t, 6H; OCH2CH2CH3), 0.93 ppm (m, 4 H;
OCH2CH2CH3); elemental analysis (%) calcd for C44H52I2O8·2 CH2Cl2·
MeOH: C 48.47, H 5.19; found: C 48.34, H 4.84.

Synthesis of receptor 2 : Porphyrin 1 (0.132 g, 0.160 mmol) and calix[4]ar-
ene 9 (0.07 g, 0.073 mmol) were placed in a flask which was thoroughly
flushed with argon. Degassed toluene and NEt3 (10 mL) were then
added, as well as catalytic amounts of [PdCl2(PPh3)2] and CuI
(10 mol %). The reaction mixture was stirred at 50 8C for 16 h. The sol-

Figure 5. Evolution of convolution voltammetry curves for receptors 2–4 in the presence of increasing amounts
of dabco.
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vents were removed under reduced pressure. The organic layer was
washed with water and dried over Na2SO4. The product was purified by
column chromatography (SiO2, CH2Cl2/acetone 80/20). Yield: 0.068 g,
0.03 mmol, 40 %; m.p. >250 8C; 1H NMR (500 MHz, CD2Cl2, 25 8C): d=

8.84 (d, J =4.5 Hz, 4 H; Hbpyr), 8.70–8.65 (m, 12 H; Hbpyr), 8.17 (br d, J=

7.6 Hz, 4H; ArH), 7.90 (d, J =7.6 Hz, 4H; ArH), 7.45 (s, 4H; ArHcalix),
7.26 (s, 4 H; ArHxylyl), 7.15 (s, 8 H; ArHxylyl), 7.14 (d, J =7.8 Hz, ArHcalix),
6.90 (t, J=7.8 Hz, ArHcalix), 3.94 (t, J= 15.8 Hz, 4H; ArOCH2CH2OCH2-
CH2OCH2), 3.91 (t, J =15.8 Hz, 4 H; ArOCH2CH2OCH2CH2OCH2), 3.65
(br s, 8 H; ArCH2Ar), 3.57 (m, 4 H; ArOCH2CH2O), 3.53 (s, 4H; Ar-
OCH2CH2OCH2CH2OCH2), 3.45 (t, J =14.5 Hz, 4H; OCH2Propyl), 3.29
(m, 4H; ArOCH2CH2O),2.59–2.58 (2 s, 12 H; ArCH3), 2.47 (s, 12 H;
ArCH3), 1.71 (s, 6H; ArCH3), 1.56 (s, 24H; ArCH3), 1.19 (m, 4 H;
OCH2CH2propyl), 0.83 ppm (m, 6 H; OCH2CH2CH3); FAB positive MS:
m/z calcd for C154H142O8N8Zn2: 2362.5; found: 2362.9 [M+]; elemental
analysis (%) calcd for C154H142O8N8Zn2·3CH2Cl2·C6H14: C 72.21, H 6.52,
N 3.91; found: C 72.39, H 6.04, N 4.14; UV/Vis (CH2Cl2) lmax (e) =422
(700 000), 551 nm (36 000 mol�1 dm3 cm�1).

Synthesis of receptor 3 : Porphyrin 1 (0.120 g, 0.132 mmol) and calix[4]ar-
ene 7 (0.06 g, 0.06 mmol) were placed in a flask which was thoroughly
flushed with argon. Degassed toluene and NEt3 (5 mL) were then added,
as well as catalytic amounts of [PdCl2(PPh3)2] and CuI (10 mol %). The
reaction mixture was stirred at 50 8C for 3 h. The solvents were removed
under reduced pressure. The organic layer was washed with water and
dried over Na2SO4. The product was purified by column chromatography
(SiO2, CH2Cl2/acetone, 95/5). Yield: 0.05 g, 0.021 mmol, 35 %); m.p.
>250 8C; 1H NMR (500 MHz, CD2Cl2, 25 8C): d=8.77 (d, J =4.6 Hz, 4 H;
Hbpyr), 8.57 (d, 4.6 Hz, 4H; Hbpyr), 8.49 (d, J =4.6 Hz, 4H; Hbpyr), 8.46 (d,
J =4.6 Hz, 4H; Hbpyr), 8.08 (d, J =8 Hz, 4H; ArH), 7.82 (d, J=4 H;
ArHH), 7.22 (s, 4 H; ArHxylyl), 7.18 (d, J =8 Hz, 4 H; ArHcalix), 7.02 (s,
8H; ArHxylyl), 6.98 (t, J= 8H; 2H; ArHcalix), 6.97 (s, 4 H; ArHcalix), 4.58
(d, J= 13.6 Hz, 4H; ArCH2Ar), 4.28 (t, J= 7.5 Hz, 4H; ArOCH2CH2O),
4.17 (t, J=7.5 Hz, 4H; ArOCH2CH2O), 3.96 (t, J =8 Hz, 4H; Ar-
OCH2CH2CH3), 3.79 (m, 4H; ArOCH2CH2OCH2CH2OCH2), 3.71 (m,
4H; ArOCH2CH2OCH2CH2OCH2), 3.68 (s, 4 H; ArOCH2CH2OCH2-
CH2OCH2), 3.34 (d, J =13.6 Hz, 4 H; ArCH2Ar), 2.58 (s, 6H; ArCH3),
2.42 (s, 12H; ArCH3), 2.03 (q, J =8 Hz, ArOCH2CH2CH3), 1.71 (s, 12H;
ArCH3), 1.52 (s, 24H; ArCH3), 1.09 ppm (t, J=8 Hz, ArOCH2CH2CH3);
FAB positive MS: m/z calcd for C154H142O8N8Zn2: 2362.5; found: 2363.6
[M+]; elemental analysis (%) calcd for C154H142O8N8-
Zn2·2 CH2Cl2·CH3COCH3: C 73.69, H 5.91, N 4.32; found: C 74.01, H
5.92, N 3.93; UV/Vis (CH2Cl2) lmax (e) =420 (665 000), 550 nm
(29 000 mol�1 dm3 cm�1).

Synthesis of receptor 4 : Porphyrin 1 (0.1 g, 0.117 mmol) and calix[4]arene
5 (0.06 g, 0.053 mmol) were placed in a flask that was thoroughly flushed
with argon. Then degassed toluene and NEt3 (10 mL) were added, as
well as catalytic amounts of [PdCl2(PPh3)2] and CuI (10 % mol.). The re-
action mixture was stirred at 50 8C for 16 h. The solvents were removed
under reduced pressure. The organic layer was washed with water and
dried over Na2SO4. The product was purified by column chromatography
(SiO2, CH2Cl2/acetone 90/10). Yield: 0.04 g, 0.16 mmol, 30%; m.p.
>250 8C; 1H NMR (500 MHz, CD2Cl2): d=8.88 (d, J=4.7 Hz, 4H;
Hbpyr), 8.76 (d, J =4.7 Hz, 4H; Hbpyr), 8.69–8.64 (m, 8 H; Hbpyr), 8.2 (m,
4H; ArH), 7.93 (m, 4H; ArH), 7.48 (s, 4H; ArHcalix), 7.46 (s, 4H; ArHxylyl),
7.30 (s, 4H ArHxylyl), 7.28 (s, 2 H; ArHxylyl), 7.10 (s, 2H; ArHxylyl), 7.28 (t,
J =7.5 Hz, ArHcalix), 6.90 (t, J =7.5 Hz, ArHcalix),4.05–3.02 (m, 32H; Ar-
OCH2CH2OCH2CH2OCH2), 3.72 (br s, 8 H; ArCH2Ar), 3.62 (s, 4H; Ar-
OCH2CH2OCH2CH2OCH2), 3.57 (s, 4H; ArOCH2CH2OCH2CH2OCH2),
2.62 (s, 12H; ArCH3),2.61 (s, 6 H; ArCH3), 2.48 (s, 6 H; ArCH3), 1.86 (s,
6H; ArCH3), 1.82 (s, 18H; ArCH3), 1.76 ppm (s, 6 H; ArCH3); FAB MS:
m/z calcd for C158H148O12N8Zn2: 2481.6; found: 2479.8 [M+]; elemental
analysis (%) calcd for C158H148O12N8Zn2·4 CH2Cl2·2H2O: C 68.69, H 5.64,
N 3.92; found: C 68.24, H 6.06, N 3.86; UV/Vis (CH2Cl2) lmax (e)=422
(940 000), 551 nm (44 000 mol�1 dm3 cm�1).
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