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Prostaglandin H synthases (PGHSs) are heme-containing enzymes, which directly add two O2 molecules
to arachidonic acid (AA) by the initiation of H-atom abstraction of 1,4-diene moiety and through sequen-
tial reactions to give PGH2 as a final product. Here, we report the synthesis of a new PGHS model, which
has two binaphthol bridges in one side of an iron porphyrin. Its substrate reaction site is more flexible and
accordingly less hindered than the previous four binaphthol-bridged twin-coronet-type models (FeTCP).
The present model is expected to accept higher olefins, which can reach the intermediate phenoxyl rad-
ical and iron in this complex. Upon treatment of the iron complex with mCPBA at �50 �C, we succeeded in
the quantitative generation of the corresponding naphthoxyl radical, which was characterized by the
increase in characteristic absorbance for naphthoxyl radical at 385 and 485 nm as well as by its ESR signal
and recovery of the original spectra by the addition of N,N-dimethylaniline as an efficient reducing agent.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Tyrosyl radical acts as a mediator for electron/proton transfer
reactions coupled to metal redox centers in various metalloen-
zymes, such as photosystem II in plant chloroplast and prostaglan-
din H synthases (PGHSs) in spite of its instability under aerobic
conditions.1 PGHSs are a family of typical tyrosyl-radical-mediat-
ing enzymes and catalyze the addition of two oxygen molecules
to arachidonic acid (AA) to form prostaglandin H2 (PGH2) through
multi-step reactions in ‘one pot’. The tyrosyl residue (Tyr385 for
PGHS-1) in PGHS locates 10 Å from the heme unit in the peroxidase
active site.2 PGHS is a bifunctional enzyme3 that catalyzes two
essential reactions, (1) generation of the tyrosyl radical (Tyr-O�)
by a rapid intramolecular electron transfer from tyrosine to an oxo-
iron(IV) porphyrin p-cation radical and (2) regio- and stereoselec-
tive H radical abstraction of the 13-pro-S hydrogen from AA and
trapping of the resultant radical with O2.4 The succeeding cycliza-
tion, the addition of another O2 atom, and hydrogen atom abstrac-
tion from the resultant Tyr-OH furnish the formation of PGH2.

However, the intrinsic instability of aryloxyl radicals makes the
development of aryloxyl-radical-mediated reactions difficult in or-
ganic synthesis5 in spite of its potential utility, because of their
easy oxidation by oxygen molecule or radical coupling between
two radicals without any (steric) protection of the phenoxyl radi-
cals. By inspection of the environment around the tyrosyl residue
in PGHS, the key for the utilization of any phenoxyl radicals for or-
ganic synthesis is the avoidance of radical coupling and O2 oxida-
tion, that is, the suitable block of the radical centers on the
ll rights reserved.
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phenoxyl radicals. Based on the analysis, we have reported an ac-
tive site model ‘twin-coronet’6 porphyrin (FeTCP)7 as a PGHS mod-
el (Fig. 1), where we used a substituted binaphthol as a phenoxyl
Figure 1. A new syn-binaphthol-bridged iron porphyrin [1(X)] and its computer-
generated model (A), where the counter anion is omitted. Reported FeTCP(X) and its
structural model (B). Piv = pivaloyl.



Scheme 1.
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radical equivalent fixed on an iron porphyrin by bridging between
adjacent meso-phenyl groups. We designed so that the two adja-
cent and para positions of the binaphthol group, where electron
density becomes higher than the other position in its aryloxyl rad-
ical. We successfully attained the observation of the corresponding
intermediate naphthoxyl radical by mCPBA oxidation and realized
the catalytic oxygenation reaction of cis,cis-1,4-diene in high stere-
oselectivity. This is the first example of a model system utilizing
the unstable Ar-O� radical as a mediator in catalytic oxygenation
reactions and it provides important insights into the catalytic oxy-
genation mechanism of PGHSs. FeTCP has sterically blocked cavity
by two binaphthol bridges on each face of the porphyrin ring.
Though such solid structure enhances the radical stability, the ste-
ric hindrance around the cavities considerably reduces its reactiv-
ity and accordingly its applicability to various polyenes including
AA.

Here, we report the synthesis and characterization of a new
chemical model [1(X)] of PGHSs (Fig. 1), where only two binaph-
thol groups are bridged on the same side of the porphyrin ring,
in order to increase the cavity motion. This design of the model
complex also allows to keep the symmetry at the porphyrin syn-
thetic stage.

The model synthesis was done according to Scheme 1. The
starting porphyrin 2 was prepared by Lindsey method8 (CH2Cl2,
with BF3�OEt2 catalyst in 42% yield) followed by demethylation
with pyridinium hydrochloride at 240 �C (90%). The bridging of
two MOM-protected optically active 1,10-binaphthol-3,30-dimeth-
ylene group to give 5 (syn) and 6 (anti) in 1:2 ratio (overall 45%



Figure 2. 1H NMR of binaphthol-bridged model: (A) anti-isomer (10) and (B) syn-
isomer (8). Each pyrrole b-protons are shown in each magnified spectra, J = 4.6 Hz.

Figure 3. UV–vis spectral change of complex 1(OH) to its oxidized form (10) upon
treatment with mCPBA: (A) Time course of the spectral change (20 s interval). Inset:
magnified spectra of the 400–600 nm region. (B) Comparison of the spectra of
complex 1(OH) before oxidation (red), complex 10 (after oxidized) (blue), and
recovery of 1(X) by the addition of N,N-dimethylaniline (black).

� Conditions: 9.19 GHz, microwave frequency: 100 KHz, modulation width: 0.5 mT,
microwave power: 1 mW, temperature: 77 K.
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yield). Though we used the atropisomeric mixture of 3 for this
binaphthol bridging reaction, it is interesting that the resultant-
bridged complexes, 5 and 6, are obtained in a high yield. The two
isomers were separated by column chromatography. Both syn-
and anti-isomers can be distinguished by 1H NMR spectra of their
pyrrole b-protons by inspection of their molecular symmetry
(Fig. 2): In syn-isomer (5), each couple of adjacent b protons on
each pyrrole ring is in different environment, thus, they give four
doublets. The anti-isomer (6) has two sets of equivalent pyrrole
b-protons and each two protons of two pyrrole rings below the
naphthalene bridges are in different environment. Thus, anti-iso-
mer shows two singlets and two doublets.

syn-Isomer (5) was transformed to complex 1(Cl) by deprotec-
tion of MOM group with TMSBr and selectively protected its outer
two hydroxyl groups by pivaloyl group with pivaloyl chloride fol-
lowed by metallation with FeCl2. Complex 1(Cl) and intermediates
are fully characterized by 1H NMR and HRMS. Similarly, anti-iso-
mer was also converted to the corresponding Fe complex 11(Cl).

The oxidation of complex 1(OH) (FeIII), transferred by the base
treatment of 1(Cl), with m-chloroperbenzoic acid (mCPBA, 2.5 M e-
quiv) in CH2Cl2 at �50 �C indicated the quick spectral change
showing clear isosbestic points and increase in absorbance at 385
and 485 nm (Fig. 3A). The bands at 385 and 485 nm are assigned
to be the corresponding naphthoxyl radical (Np-O�) based on com-
parison of the spectroscopic evidences reported for naphthoxyl
radical by us6 (for FeTCP, k = 365 (sh) and 478) and Nath and Neta9

(for 2-Np-O�, 335 and 480 nm). The formation of Np-O� was further
confirmed by its EPR signal,� g = 2.0046, which was exactly same as
the reported one for FeTCP.6 The oxidized species 10 also exhibits
absorption bands at 420 (Soret) and 510 nm (Q), which are charac-
teristic of an FeIV(@O) porphyrin (compound II)10 and differentiated
from FeIVP+� (compound I).11 Thus, the new species 10 is assigned to
be compound II with NpO�, [FeIV(@O)P(Np-O�)] (P = porphyrin). To
confirm its oxidation state, addition of N,N-dimethylaniline (DMA)
as an efficient single-electron-reducing agent12 showed the recovery
of the UV–vis spectra as the starting FeIII species [1(X)].

It is worth to mention on the rapid formation of the oxidized
form 1(OH) upon treatment with mCPBA. Within 10 min after
mCPBA addition, the spectral change to 10 is completed. However,
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the previous model, FeTCP, took at least 30 min for the complete
conversion to the corresponding oxidized form even at higher tem-
perature (�40 �C) at the same concentration. This proves the new
model 1(X) has less sterically hindered reaction site than FeTCP.

In conclusion, we synthesized and characterized a binaphthol-
bridged porphyrin as a new PGHS model successfully. Its species
that was oxidized by mCPBA was identified as [FeIV(@O)P(Np-O�)]
from its UV–vis spectra as well as from the recovery by the reduc-
tion with DMA.12 The higher reactivity of 1(X) with mCPBA is
promising to apply it to polyene oxygenation. The use of 1(X)
and 11(X) as PGHS model catalysts and comparison of their reac-
tivity are now underway.

2. Spectral data for selected compounds

2.1. Compound 8 (syn)

1H NMR (CDCl3, 400 MHz): d8.92 (d, 2H, J = 4.6 Hz, pyrrole b-H),
8.88 (d, 2H, J = 4.6 Hz, pyrrole b-H), 8.80 (d, 2H, J = 4.6 Hz, pyrrole
b-H), 8.69 (d, 2H, J = 4.6 Hz, pyrrole b-H), 8.02 (d, 2H, J = 2.6 Hz,
Ar-H), 7.91 (d, 4H, J = 2.6 Hz, Ar-H), 7.83–7.64 (m, 4H, Ar-H), 7.57
(d, 4H, J = 8.3 Hz, Ar-H), 7.53 (s, 4H, Ar-H), 7.43 (d, 2H, J = 8.3 Hz,
Ar-H), 7.37–7.23 (m, 2H, Ar-H), 7.13 (t, 2H, J = 8.3 Hz, Ar-H), 6.88
(d, 2H, J = 9.5 Hz, Ar-H), 6.82 (t, 2H, J = 7.5 Hz, Ar-H), 6.60 (t, 2H,
J = 9.5 Hz, Ar-H), 6.45 (d, 2H, J = 8.5 Hz, Ar-H), 5.45 (d, 2H,
J = 12.9 Hz, benzylic), 5.16 (d, 2H, J = 9.2 Hz, benzylic), 5.08 (d,
2H, J = 12.9 Hz, benzylic), 4.99 (d, 2H, J = 9.2 Hz, benzylic), 4.94 (s,
2H, OH), 1.46 (s, 36H, t-butyl-CH3), 0.82 (s, 18H, t-butyl-CH3),
�2.84 (s, 2H, N–H). HR-MS (FAB, NBA): Found: m/z 1690.789. Calcd
for C114H106N4O10: 1690.790.

2.2. Compound 10 (anti)

1H NMR (CDCl3, 400 MHz): d8.80 (d, 2H, J = 4.6 Hz, pyrrole b-H),
8.70 (s, 2H, pyrrole b-H), 8.67 (s, 2H, pyrrole b-H), 8.65 (d, 2H,
J = 4.6 Hz, pyrrole b-H), 8.10 (d, 2H, J = 2.4 Hz, Ar-H), 7.75–7.64
(m, 4H, Ar-H), 7.51 (d, 2H, J = 3.4 Hz, Ar-H), 7.46 (d, 4H, J = 3.4 Hz,
Ar-H), 7.34 (s, 4H, Ar-H), 7.28–7.21 (m, 4H, Ar-H), 7.14 (t, 2H,
J = 7.5 Hz, Ar-H), 7.02 (dd, 2H, J = 7.0, 5.6 Hz, Ar-H), 6.84 (t, 2H,
J = 7.0 Hz, Ar-H), 6.78 (d, 2H, J = 8.0 Hz, Ar-H), 6.63 (t, 2H,
J = 6.5 Hz, Ar-H), 6.46 (d, 2H, J = 8.5 Hz, Ar-H), 5.43 (d, 2H,
J = 12.2 Hz, benzylic), 5.22 (d, 2H, J = 12.2 Hz, benzylic), 5.01 (d,
2H, J = 9.7 Hz, benzylic), 4.92 (s, 2H, OH), 4.76 (d, 2H, J = 9.7 Hz,
benzylic), 1.43, 1.32, 1.23 (3s, 36H, t-butyl-CH3), 0.76 (s, 18H, t-bu-
tyl-CH3), �2.99 (s, 2H, N–H). HR-MS (FAB, NBA, C114H106N4O10):
Found: m/z 1690.790. Calcd for C114H106N4O10: 1690.790.
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