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ABSTRACT

A cerium(IV) double decker porphyrin (1) bearing four 4-methoxyphenyl groups was synthesized. Compound 1 shows a positive, homotoropic
allosteric effect in metal recognition of Ag+ ion, and the peripheral π clefts of 1 act as effective binding sites for Ag+ ion.

Positive and negative allosteric effects are seen throughout
nature where biological events must be efficiently regulated
in response to chemical or physical signs from the outside
world.1-4 To design such artificial allosteric systems5-14 is

of great significance not only for controlling catalytic
activities but also for regulating complexation properties of
artificial receptors according to an allosteric manner. How-
ever, the examples reported so far are mostly heterotropic
or negative allosterisms whereas homotropic, positive allo-
sterism, which is the regulation tool with the most potential,
has been very limited.13,15 Furthermore, this approach is
useful for amplifying and transforming weak chemical or
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physical signals into other forms, so that we can more
conveniently monitor them. Previously, we demonstrated that
cerium(IV) bis[tetrakis(4-pyridyl)porphyrinate] double decker
binds certain dicarboxylic acids [e.g., BOC-(D- or L-)-aspartic
acid (BOC-Asp)] in a positive allosteric manner (Hill
coefficient 3.9) via a hydrogen-bonding interaction to form
only the 1:4 complex.15 Very recently, we reported a cerium
double decker porphyrin-based novel chirality transcription
system in which the guest chirality is allosterically transcribed
and stored.16 Here, it occurred to us that cerium(IV) bis-
[5,10,15,20-tetraarylporphyrinate] double deckers have eight
peripheralπ clefts and they may act as effective binding
sites where guest metals such as a silver(I) ion are recognized
via cation-πinteractions.17,18 We here report a novel type
of homotropic, positive allosteric recognition of Ag+ ion by
peripheralπ cleftsof cerium(IV) double decker porphyrin
(1).

Compound1 was synthesized from 5,10,15,20-tetrakis-
(4-methoxyphenyl)porphyrin according to the method re-
ported by Buchler and Nawra.19 The product was identified
by 1H NMR (COSY at-40 °C: peaks were broadened at
room temperature), MALDI-TOF-MS spectral evidence, and
elemental analysis.20

Upon addition of CF3SO3Ag to a solution of1 (5.0 µM)
in chloroform-methanol (4:1 v/v) at 25°C, the Soret band
of 1 shifted from 400.0 to 414.0 nm with a clear isosbectic
point at 404.5 nm (Figure 1). When an excess amount of

tetrabutylammmonium chloride was added to the solution
of 1-Ag+ complex, AgCl precipitated and the Soret band

in the supernatant solution immediately shifted to 400.0 nm
without an absorbance decrease, which is coincident with
that in the absence of Ag+ ion. Furthermore, no absorbance
change in the Soret band of1 was confirmed in the presence
of alkali metal cation. These results support the view that
the Ag+ ion interacts with1 neither by redox reaction
between1 and Ag+ ion nor by electrostatic interaction. More
importantly, the plots of absorbance change at 414 nm vs
CF3SO3Ag concentration featured a sigmoidal curvature,
indicating that the binding of Ag+ ion to 1 is cooperative
(positive, homomotoropic allosterism) (Figure 2). This

cooperative guest binding was analyzed with the Hill
equation:21 log(y/(1- y)) ) n log[guest]+ log K, whereK
and n are the association constant and Hill coefficient,
respectively andy ) K/([guest]-n + K). From the slope and
the intercept of the linear plot, we obtained logK ) 11.2
andn ) 2.2 (correlation coefficient 0.99). The stoichiometry
of the 1-Ag+ complex was confirmed by the continuous
variation (Job) plots.22 A plot of absorbance change at 414.0
nm against [1]/([1]+[Ag+]) has a maximum at 0.25 which
supports the view that the complex consists of one host1
and three Ag+ ion. The break point of the molar ratio plot
of the1-Ag+ system also appeared at [Ag+]/[1] ) 3. These
spectral data consistently support that the most likely
stoichiometry of1-Ag+ complex is 1:3. Probably the 1:4
1-Ag+ complex is thermodynamically unfavorable because
of electrostatic repulsion among Ag+ ions bounded with
peripheralπ clefts. The foregoing findings indicate that the
first Ag+ ion binding facilitates a second and third Ag+

binding by suppressing the rotational freedom of the two
porphyrin planes and/or of the 4-methoxyphenyl groups.

To obtain further insights into the complexation mode of
this allosteric1-Ag+ system, we measured1H NMR spectra
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Figure 1. Concentration dependence of the UV-vis spectra: [1]
) 5.0 µM, [CF3SO3Ag] ) 5.0-100µM, chloroform-methanol
(4:1 v/v) at 25°C.

Figure 2. Plots of absorbance change at 414.0 nm for1 vs
[CF3SO3Ag].
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for [1]/CF3SO3Ag ) 1:0 and 1:20 at seven different
temperatures (between-40 and 25°C in CD2Cl2:CD3OD
) 4:1 v/v, between 25 and 50°C in Cl2CDCDCl2:CD3OD
) 4:1 v/v). The selected spectra are shown in Figure 3. In

the presence of Ag+, 4-methoxyphenyl protons andâ-pyrrole
protons shifted to lower magnetic field at all temperatures
except for the ‘e’ proton of the 4-methoxyphenyl moiety.23

Furthrmore, 4-methoxyphenyl protons coalesce at 50°C in
the absence of Ag+ ion (A), whereas they do not coalesce at
even 50°C with excess Ag+ ion (B). These results strongly
indicate that Ag+ ion is bound to “peripheralπ clefts” of 1
so that bounded Ag+ ion can suppress the rotational freedom
of 4-methoxyphenyl groups. On the other hand, the spectral
change in theâ-pyrrole protons, which is associated with
the rotation of the porphyrin rings, is scarcely induced.
Judging from the preceding examples for our developed
positive, homotoropic allosteric systems,15,16 however, it is
reasonable that Ag+ ion binding suppresses the rotational
freedom of both the 4-methoxyphenyl groups and the two
porphyrin planes. In addition, we measured1H NMR spectra
for various mixtures of1 and CF3SO3Ag in CD2Cl2-CD3OD
(4:1 v/v). The selected spectra for [1]/CF3SO3Ag ) 1, 5,
and 20 at-40 and-80 °C are shown in Figure 4. In the
case of [1]/CF3SO3Ag ) 1, the peaks for the1-Ag+ complex
appear separately from those for free1. Four different kinds
of pyrrole protons are observed at-80 °C, which are
assignable to the 1:0, 1:1, 1:2, and 1:31-Ag+ complexs,
respectively. On the other hand, in the case of [1]/CF3SO3-
Ag ) 5 or 20, there is only one species assignnable, the 1:3
(1-3Ag+) complex. In such a 1:3 (1-3Ag+) complexation
mode, the structure of the1-Ag+ complex becomes non-
symmetrical. Presumably, the intramolecular Ag+ ions
exchange between peripheralπ clefts of 1 faster than the

NMR time scale even at-80 °C. This is why we cannot
observe peak separation assignable to the nonsymmetrical
structures. We tried to estimate the ratio of equilibrium
constantsK2/K1 and K3/K2 for the association of1 and
CF3SO3Ag. From the ratio of the integral intensities of free
1 and1-Ag+ complexes, we obtained the values 1.61 for
K2/K1 and 0.53 forK3/K2, respectively. These results also
support that the binding of Ag+ to 1 is cooperative. In
conclusion, we demonstrated that1 shows a positive,
homotoropic allosteric effect in the molecular recognition
of Ag+ ion and the peripheralπ clefts of 1 act as effective
binding sites for the Ag+ ion. The present system is readily
applicable to the regulation of association ability or catalytic
activity. We believe that further elaboration of the present
system will lead to a more generalized concept for allosterism
in porphyrin chemistry not only in artificial systems but also
in biological systems.
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(23) ∆δ: +0.15 (a,exo o-H),+0.35 (b,exom-H), +0.26 (c,endo m

- H), +0.43 (d,â-pyrrole H), -0.04 (e,endo o-H),+0.13(-OMe).

Figure 3. Aromatic proton regions of the1H NMR spectra of1
(A) and mixture of1 with 20 equiv of CF3SO3Ag (B) at various
tempratures ((a) Cl2CDCDCl2:CD3OD ) 4:1 v/v, (b) CD2Cl2:
CD3OD ) 4:1 v/v). Figure 4. Aromatic proton regions of the1H NMR spectra of1

(A) and mixture of1 with 1, 5, and 20 equiv of CF3SO3Ag, (B),
(C), and (D), respectively (in CD2Cl2-CD3OD (4:1 v/v)).
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