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Large fully p-conjugated macrocycles can be regarded as
closed loops of molecular wire. These “wire loops” are
expected to exhibit unusual magnetic and optical behavior if
the electronic coupling around the ring is sufficiently strong,
and recently this idea has led to the synthesis of several large
macrocycles.[1–3] Linear conjugated porphyrin oligomers show
strong long-range electronic coupling,[4–6] and rich nonlinear
optical behavior,[7] thereby providing a motivation for the
synthesis of cyclic conjugated porphyrin oligomers. Although
many cyclic porphyrin oligomers have been investigated,[8–14]

the vast majority of them lack a complete p-conjugation
pathway around the whole macrocycle. The only previously
reported conjugated cyclic porphyrin oligomers are the
square arrays from the research groups of Sugiura[13] and
Osuka.[14]

Here we report the template-directed synthesis of a fully
conjugated butadiyne-linked cyclic porphyrin octamer 1 with
a zinc–zinc distance (between opposite atoms) of 3.4 nm
(Scheme 1). Remarkable features of this cyclic octamer
include its high symmetry (D8h), its template-directed syn-
thesis by bending a “rigid-rod” linear oligomer, its amazingly
high affinity for the template (association constant Kf=

1037m�1), and its cylindrical belt-shaped structure, which
resembles some natural light-harvesting chlorophyll
arrays.[15] Other belt-shaped conjugated systems include
fullerenes, carbon nanotubes, anthracene cyclotetramers,[16]

and cyclic para-phenylacetylenes (CPPAs).[17, 18] Oda and co-
workers have shown that the smooth cylindrical cavities of
CPPAs have high affinities for fullerenes and for smaller
CPPAs, which leads to the formation of concentric onion-type
structures.[18] The synthesis of cyclic porphyrin octamer 1, with
an internal van der Waals surface diameter of 30 7, opens the
possibility of preparing even larger concentric belts.

Cyclic porphyrin oligomers are particularly amenable to
template-directed synthesis by pyridine–zinc ligation,[8–11] so a
key step in our synthesis of cyclic octamer 1 was the design
and synthesis of a complementary octadentate ligand 2. This
template has a calculated nitrogen–nitrogen distance
(between two opposite pyridyl-N atoms) of 29.6 7, which is
close to the ideal nitrogen–nitrogen distance of 29.0 7 for a

template matching the cavity of cyclic octamer 1 (calculated
assuming a Zn�N bond length of 2.2 7 and a displacement of
the zinc atom by 0.3 7 from the plane of the porphyrin ring).
The design of this template includes eight flexible butyloxy
side chains to provide high solubility. The template 2 was

Scheme 1. a) Self-assembly, b) [PdCl2(PPh3)2] , CuI, iPr2NH, I2, air,
60 8C, c) pyridine.
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synthesized by using a Barton–Zard reaction to construct the
key pyrrole intermediate 7 from a cyanostilbene 6
(Scheme 2).[19]

When the linear porphyrin octamer 3 is titrated with
template 2 in chloroform, the changes in the UV/Vis
absorption show that a strong 1:1 complex is formed, although
the association constant is too strong to measure directly
(Kf> 108m�1; see below). The 1:1 stoichiometry of this
complex was confirmed by 1H NMR titrations. The a- and
b-pyridyl protons of the template in the 2·3 complex resonate
at d= 2.6 and 5.4 ppm, respectively, thus proving that all eight
coordination sites of the template bind to zinc centers of the
linear porphyrin octamer, thereby bending it into a ring and
bringing the alkyne terminals into proximity.

Oxidative coupling of the 2·3 complex was achieved under
palladium/copper catalysis, using iodine as the oxidant,[20] to
give the cyclic octamer complex 2·1 (55% conversion by gel
permeation chromatography (GPC); 14% yield of isolated
product). Analytical GPC in THF provided the first clear
evidence for the formation of 2·1 (Figure 1). Coupling of
linear octamer 3 in the absence of template gives polymeric
products which elute faster than 3, whereas when the reaction
is performed in the presence of one equivalent of template 2,
the main product elutes slower than 3 (Figure 1b), as
expected for a cyclic oligomer.[12] Under the conditions of

the GPC analysis, the linear octamer complex 2·3 is com-
pletely dissociated, whereas the cyclized 2·1 complex remains
intact until a large excess of pyridine has been added, when it
dissociates to liberate the free template (elution time 15 min;
Figure 1c). The hydrodynamic volumes of the free cyclic
octamer 1 and its template complex 2·1 are expected to be
very similar, so it is not surprising that their GPC traces are
identical.

1H NMR spectroscopic analysis provides excellent evi-
dence for the D8h symmetry of 1, as illustrated by comparing
the resonances corresponding to the b-pyrrole and meso
protons of 3, 2·3, 2·1, and 1 (Figure 2). The linear octamer 3
should give 16 doublets for the b-pyrrole protons, but most of
them overlap, and only the two doublets for the terminal
b protons (bt and bt’) are well resolved (Figure 2a). These

Scheme 2. Synthesis of octadentate template 2 : a) EtONa, EtOH,
77%, b) CNCH2CO2tBu, KOtBu, THF, 50 8C, 100%, c) Me3SiC2H, [Pd2-
(dba)3], CuI, PPh3, Et3N, 74%, d) Bu4NF, e) 4-bromopyridine hydro-
chloride, [Pd2(dba)3], CuI, PPh3, piperidine, 62%. f) LiAlH4, THF, 0 8C,
g) TsOH, CH3OCH2OCH3, CH2Cl2, h) DDQ, 9% over 3 steps. dba=
trans,trans-dibenzylideneacetone, TsOH=p-toluenesulfonic acid,
DDQ=2,3-dichloro-5,6-dicyano-1,4-benzoquinone.

Figure 1. Analytical GPC traces of: a) 3, b) reaction mixture from the
coupling of 2·3, c) isolated 2·1, after treatment with pyridine, and d) 1
(absorption signal at 255 nm; THF; flow rate 1 mLmin�1; 298 K;
2I300 mm, 7.5-mm i.d. PLgel 3-mm Mixed-E columns, Polymer
Laboratories Ltd.).

Figure 2. 1H NMR spectra (CDCl3, 328 K, 500 MHz) of: a) 3 with
1 vol% [D5]pyridine, b) 2·3, c) 2·1, d) 2·1 with 20 vol% [D5]pyridine,
e) 1 with 1 vol% [D5]pyridine. The internal and terminal b-pyrrole
protons of 3 are labeled bin and bt, respectively. See Scheme 1 for the
definition of meso, b, and b’ positions.
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resonances shift slightly in the 2·3 complex (Figure 2b); the
resonance corresponding to themeso position of the template
is broad and split in this complex because of the reduced
symmetry (threemeso environments). In the 2·1 complex this
resonance is a sharp singlet and the b protons of the cyclic
octamer appear as two poorly resolved pairs of doublets as a
result of the D4h symmetry imposed by the template
(Figure 2c). On addition of excess [D5]pyridine (ca. 104

equiv) to a solution of 2·1, the resonance corresponding to
the templatemeso position shifts downfield by 0.6 ppm as the
free template is liberated from the complex, and the
resonances of the b protons of the octamer simplify to sharp
doublets (b and b’, Figure 2d).

The aryl and alkoxy resonances show that, as expected,
the faces of the porphyrin rings are non-equivalent in 2·1,
whereas in 1 the external and internal faces of the porphyrins
become equivalent on the NMR timescale, probably as a
result of rapid rotation of each porphyrin unit around the
acetylene axis, with one edge of the porphyrin passing
through the large cavity of the cyclic octamer.

The equilibrium constants Kf for formation of 2·1 and 2·3
are too large to measure directly, but they can be evaluated by
measuring how easily pyridine displaces the template (Kb) in
the thermodynamic cycle given in Figure 3, which corre-

sponds to Equation (1) (Kpy is the binding constant of
pyridine for one zinc center of the porphyrin octamer).[21]

Kf ¼
Kpy

8

Kb

ð1Þ

At first sight it may seem surprising that a weak
monodentate ligand (Kpy= 1.9 J 104m�1) competes effectively
with the octadentate ligand (Kf@ 108m�1), but the position of
equilibrium 3 depends on the eighth power of the pyridine
concentration [Eq. (2)], and during a UV/Vis titration the

½1 � py8�
½2 � 1� ¼ Kb½py�8

½2� ð2Þ

concentration of pyridine can be high ([py] up to 10m)
compared to the concentration of the template ([2]� [1]
� 10�6

m), so association constants as high as Kf� 1046m�1

are accessible by this type of competition experiment.

The UV/Vis titration results for 2·1 and 2·3 (Figure 4)
show simple isosbestic behavior in both systems, and the
binding isotherms fit well to the calculated curve for a two-

state equilibrium[22] with Kb values of 1.3 J 10�3
m

�7 and 1.2 J
106m�7, respectively, which correspond to Kf values of 1.3 J
1037m�1 and 1.4 J 1028m�1 for 1 and 3, respectively. The host–
guest complementarity in these systems can be quantified in
terms of effective molarity (EM) according to Equation (3),

EM ¼ 7

ffiffiffiffiffiffiffiffiffiffiffiffi
Kf

ðK0Þ8

s
ð3Þ

where K0 is the binding constant of one arm of the template
for one site on the octamer.

K0 can be approximated to the binding constant of 4-
(phenylethynyl)pyridine to a 5,10-diethynylporphyrin zinc
monomer (K0= 1.0 J 104m�1), which gives EM values of 5.4m
and 0.28m for 2·1 and 2·3, respectively. The difference in the
free energies of template binding for 1 (DG= (�212	
3) kJmol�1) and 3 (DG= (�161	 3) kJmol�1) of 51 kJmol�1

provides an estimate of the energy required to bend the linear
octamer into a cyclic conformation. Further experiments will
be required to test whether this barrier is mainly enthalpic,
thus indicating that 3 behaves as a stiff rod, or entropic, thus
indicating that 3 behaves as a flexible chain.

This study demonstrates the power of noncovalent self-
assembly for controlling the conformation of porphyrin-based
molecular wires, as illustrated previously by torsional control
during the formation of double-strand ladder complexes.[7,21]

The synthesis of cyclic octamer 1 also challenges the common
perception that molecules such as 3 are “rigid” or “shape-
persistent” rods.[23] It is known that polyynes easily bend into
arclike conformations,[24] and porphyrins are readily dis-

Figure 3. Thermodynamic cycle for binding linear porphyrin octamer 3
(rod) to template 2 (star) and pyridine (triangles). The same cycle also
applies to cyclic octamer 1.

Figure 4. UV/Vis titration spectra and binding curves for 2·3 + pyri-
dine (a and b), and 2·1 + pyridine (c and d), in CHCl3 at 298 K (A is
absorption; q is fraction bound; initial concentration of 2·3 and 2·1:
3.1 mm). *: data at 858 nm; c : calculated curve.[22]
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torted.[25] We suspect that cyclic octamer 1 is not highly
strained, and this view is supported by the observation that its
absorption spectrum is very similar to that of 3 (Figure 4a,c),
whereas the spectrum of 2·1 is sharper and red-shifted relative
to that of 2·3. We are currently exploring the magnetic
behavior of the radical cation and radical anion of this cyclic
octamer.
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