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ABSTRACT

The versatility of a resorcinol-substituted phenanthroline-strapped porphyrin was enhanced by appending allyl chains via a double Claisen
rearrangement. Two pyridine arms were then appended to the resorcinol oxygens. This multifunctional porphyrin is a suitable generic building
block for the preparation of liposoluble heme protein models. X-ray characterization of the pentacoordinated zinc complex and the binding of
a sixth imidazole ligand to the ferric complex both suggest a facilitated access to an empty distal site.

Using a common tetrapyrrolic structure for the incorporation
of iron into globins, hemoproteins achieve a variety of
functions in living organisms as a result of a highly specific
distal environment.1 Among these functions, tetraelectronic
oxygen reduction by cytochrome c oxidase fuels the produc-
tion of ATP through a proton gradient generated across the
membrane.2 The understanding of the sophisticated active
center of this enzyme has triggered very elegant synthetic
work and produced a large variety of bioinorganic models.2,3

Based on the actual knowledge of the cooperative interplay
between CuB and FeA3 in the binding of oxygen and the
performances of existing models, the development of ac-

cessible synthetic electrocatalysts for oxygen reduction can
be envisioned.

As the result of a long process of building specific distal
and proximal sites, the syntheses of hemoprotein models
usually orginate from generic building blocks such as a meso-
tetraaminophenyl porphyrin that is equipped with reactive
anchoring points.4 In the search for rigid ligands that would
facilitate both isolation and characterization of intermediates,
we have developed functional mimics of cytochrome c
oxidase based on phenanthroline-strapped porphyrins that can
be prepared on large scale.5 Our initial strategy was extended
to a generic building block that can be systematically varied
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to assess small effects of ancillary ligands in enzyme models.
The efficient synthesis of a generic framework 3 comprising
a phenanthroline (phen)-strapped porphyrin is described. The
porphyrin bears anchoring points for both pendant proximal
and distal bases and for side chains to control solubility or
for subsequent incorporation of the models into membranes
and polymers.6

The synthesis of the phen-strapped porphyrin 1 bearing a
dimethoxyresorcinol substituent anchored to one meso posi-
tion was performed according to previously reported
methods.5a Porphyrin 1 can be prepared from a meso-bromo
species7 that is readily available on the scale of a few grams.
This availability fulfills an important requirement for the
design of a generic heme model. Initial development of
cytochrome c oxidase models performed on 1 was hindered
by major solubility problems; therefore, additional functional
groups were introduced on the framework. The dimethoxy
derivative 1 was cleaved with boron tribromide and then
alkylated with allyl bromide in the presence of potassium
carbonate in acetone. The diallyl derivative 2, obtained in
79% yield, was subjected to the harsh conditions of Claisen

rearrangement in degassed, refluxing diphenyl ether. After
the double rearrangement, the dihydroxylated resorcinol
analogue 3, obtained in 60-85% yield, displayed signifi-
cantly enhanced solubility compared to that of the original
resorcinol derivative 1.

This generic framework 3 now possesses two anchoring
points (hydroxy groups) for built-in axial bases, as well as
reactive peripheral allyl chains for further control of the
lipophilicity. To demonstrate both possibilities, the dihy-
droxyl derivative 3 was reacted with 3-(3-bromopropyl)py-
ridine or its mesylate analogue to afford the bis-pyridine
appended porphyrin 4 in 58% yield. Alternatively, reaction
of 3 with 1-hexene under Grubbs conditions for metathesis8

afforded the bis-olefinic derivative 5 in 83% yield. Reduction
of 5 to the corresponding saturated intermediate and subse-
quent alkylation with pyridine side arms led to 6, an analog
to 4 bearing two peripheral C7 chains, in 65% yield. 1H NMR
spectra of both 4 (Figure 1) and 6 (Supporting Information)

showed the proximity of both pendant arms above and below
the porphyrin nucleus, as indicated by the shielding of Hc

(0.18 ppm) and Hc′ (0.55 ppm).
To demonstrate the usefulness and versatility of this

generic building block, zinc(II) and ferric complexes were
prepared. On the basis of previous observations with imi-
dazole side arms,5a,9 it was expected that only pentacoordi-
nated metal complexes would be observed in the presence
of two pyridine side arms. For the zinc complex, 1H NMR
spectral changes confirmed both the pentacoordinated nature
of the complex and the exclusive coordination of the
proximal pyridine. The effects of the zinc binding on the
NMR spectra are summarized in Figure 1 for 4 and 4Zn.
Proton assignments of the free ligands 4 and 6 and their zinc
complexes 4Zn and 6Zn are based on COSY/ROESY
experiments (see Supporting Information). The strong shield-
ing of the protons R to the nitrogen on both pyridines
suggested that both side arms interact with the central metal

Scheme 1

Figure 1. Significant chemical shift displacements observed in 4Zn
(top trace) upon zinc complexation in 4 (bottom trace) (1H NMR,
400 MHz, CDCl3). Detailed assignment is given in Supporting
Information, and proton numbering is in Scheme 1. Protons of the
proximal pendant chain are red, and those of the distal pendant
chain are blue.
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core. However, careful examination of related signals on the
propyl linkers confirmed that the proximal side arm was the
only one for which a deshielding effect was observed for
Hb and Hc, while Ha′ is simultaneously pulled out of the
shielding area. These displacements result from the bending
of the resorcinol moiety toward the open face of the
porphyrin due to the constraints generated by ligation of the
proximal pyridine and the positioning of Hb and Hc away
from the porphyrin plane. The shielding of HP2′ and remains
puzzling and was assigned to an interaction of the distal
pyridine with the distal pocket. A speculative interpretation
is that the shielding of this specific distal proton is due to
ring current of either the side phenyls of the strap or the
phen or both. Reasons for the location of HP2′ and in this
area of space include (1) the possible formation of a hydrogen
bond with a water molecule in the phen binding site or (2)
simple π-stacking interactions within the pocket. Either
reason is plausible, but neither could be established un-
equivocally.

X-ray diffraction confirmed the postulated coordination
geometry of the zinc(II) complex. Single crystals of the zinc
complex were obtained by slow diffusion of heptane into a
chloroform solution of 4Zn, followed by slow evaporation.
The crystal structure is depicted in Figure 2.10 The zinc atom

is pentacoordinated in a ruffled porphyrin core. Table 1
summarizes the zinc-nitrogen distances. The square base
pyramidal coordination around the zinc is significantly
distorted, and the zinc-pyridine bond leans toward the
resorcinol side of the ligand. The zinc is out of plane by
0.29 Å from a N4 centroid with a Zn-NPy distance of 2.17(1)
Å, which is in the range of previously reported pentacoor-
dinated zinc(II) porphyrins.11 The phen pocket is empty in
the close proximity of the porphyrin. The phen binding site

is occupied by a water molecule that is H-bonded to the
phen’s nitrogen atoms. The presence of a solvent molecule
in the phen pocket was observed in two previous cases.12,13

In the structure depicted in Figure 2, this solvate is
maintained by one stronger (d(N8-H2w) ) 1.87(1) Å) and
one weaker (d(N7-H2w) ) 2.34(3) Å) hydrogen bond that
weaken the H2w-O3 bond (d ) 1.21(6) Å) versus the
H1w-O3 bond (d ) 1.18(6) Å). Globally, the solid-state
positioning of the distal pyridine accounts quite well for the
shielded NMR resonance of HP2′ and resulting from the
phen’s ring current.

The potential use of 4FeIII as models of hemoprotein and
cytochrome c oxidase is conditioned by the reproduction of
the coordination scheme of 4Zn with iron(III) and eventually
with iron(II). The ferric complex was prepared quantitatively
by metalation with FeCl2 in THF. The zinc coordination
geometry is believed to mimic the pentacoordination of the
ferric complex. Based on the length of the propyl linker
between the pyridine and the resorcinol platform, only one
of the pyridines should be able to bind iron(III). In that case,
the ferric complex presents a distal site that remains available
for the coordination of small exogenic ligands and should
display peculiar behavior upon addition of a sixth ligand like
imidazole. This assumption was preliminarily confirmed by
UV-vis spectroscopy and electrochemistry.

The evolution of both the phen’s absorption bands and
the iron(III) porphyrin’s Q-bands in [4FeIII]Cl upon addition
of 0-1 equiv of imidazole is depicted in Figure 3. No further

evolution was observed at higher imidazole/[4Fe] ratios. On
the basis of previous observations for zinc(II) complexes,
these spectral changes clearly indicate that imidazole binding

Figure 2. Solid-state structure of 4Zn. Solvent molecules (CHCl3)
omitted for clarity.10 The inset provides the atom numbering used
in Table 1 for the analysis of Zn coordination geometry.

Table 1. Distances and Angles Representative of Distorted Zinc
Coordination in 4Zn

Ni

Ni-Zn
distance

Ni-Zn-Nj

angle (deg)
Ni-Zn-NPy

angle (deg)

N1-Zn 2.045 N1 N2 89.12 105.73
N4-Zn 2.074 N4 N1 88.92 97.29
N3-Zn 2.052 N3 N4 88.05 94.14
N2-Zn 2.073 N2 N3 89.29 96.04

Figure 3. Spectrophotometric titration of 4Fe (6.1 × 10-4 M) with
0-1.1 equiv of imidazole (1.2 × 10-2 M) in CH2Cl2 at 297 K.
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in the distal pocket is highly favored by the formation of a
hydrogen bond with the nitrogen atoms of the phen moiety.
The association constant of imidazole with [4FeIII]Cl could
not be estimated on the basis of titration experiments because
the initial coordination state of [4FeIII] was unknown, as
chloride may be partially bound to it, preventing fine data
analysis.

Further evidence for the binding of imidazole at the distal
site was obtained from cyclic voltammetry (Figure 4). In

the absence of imidazole, the reduction of [4FeIII]Cl or
[4FeIII]PF6 (provided in Supporting Information) into the
ferrous species was poorly defined, as expected for a
coordinatively deficient iron(III/II) redox couple. The poor
definition of the redox couple is representative of ill-defined
coordination (partially coordinated Cl). In particular, the lack
of reversibility in the anodic return peak may be due to
interference of residual water (from the solvent) on the
iron(II) center after reduction. In the presence of imidazole,
electrochemical reversibility was reached as a result of the
binding of imidazole in both the ferric and the ferrous states.
A better definition of the signal corresponds to an unchanged
coordination geometry in both redox states. This suggests

that the distal pyridine does not interact with the Fe(II) state.
The zinc complex thus mimics the pentacoordinate states of
both Fe(III) and Fe(II).

In conculsion, in its reduced state 4Fe possesses an empty
cavity that is suitable for exogenic ligands. The solubility
of this model can be adjusted, as demonstrated by the
attachment of alkyl side chains, and anchoring groups for
further incorporation into artificial membranes are present.
In addition, this candidate for a cytochrome c oxidase model
was obtained from a generic building block that possesses a
distal site, which is predefined by the phen strap, and two
hydroxyl groups for the attachment of axial bases and
ancillary ligands. The binding of copper(I) within the phen
moiety and the electrocatalytic behavior of the iron(III) and
iron(II) complexes are currently being investigated.
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Figure 4. Cyclic voltammetry behavior of [4FeIII]Cl (5 × 10-4

M) in CH2Cl2 + 0.1 M TBAPF6 (black trace) and after addition of
imidazole (1 equiv). Working electrode: Pt disk, counter electrode
Pt wire, reference AgCl/Ag, with Fe(Cp)2 calibration. V ) 0.1 V/s.
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