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A practical and efficient methodology for the formation of C–O bonds on the porphyrin/chlorin periphery
was developed. The aroyloxy-substituted porphyrins and chlorins related to chlorophyll-a at the b- and
meso-positions, respectively, were conveniently synthesized by the free radical substitution reaction with
benzoyl peroxide and its homologs.
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Much effort has been devoted to the synthesis of porphyrins
bearing carbon–heteroatom bonds, such as C–O, C–S, C–N, and
C–P bonds, attached to b- and meso-positions.1 The introduction
of heteroatom-linked functional groups into the porphyrin periph-
ery can modulate the properties of the porphyrin macrocycle and
provides access to several new, potentially useful porphyrins by
providing reaction sites for further transformations. The porphy-
rins and metalloporphyrins with attached aryloxy and alkoxy
groups have been shown to have interesting properties.2 Therefore,
the formation of C–O bonds on the tetrapyrrole macrocycle periph-
ery has received much attention, and considerable progress has
been made recently.3 However, in contrast to the large number
of synthetic porphyrins with carbon-based peripheral substituents,
only a few porphyrins with oxygen-based peripheral substituents,
such as aryloxy, alkoxy, hydroxy, and acyloxy moieties, have been
reported.2a,e,g,4 In addition to the multistep and low-yield synthesis
of b-alkoxyporphyrins from alkoxypyrroles, porphyrins bearing
oxygen-based peripheral substituents have been mainly obtained
by nucleophilic substitution and metal-catalyzed C–O bond forma-
tion reactions.1b,3a,c Although the nucleophilic substitution and
metal-catalyzed cross-coupling reactions involve difficult reaction
condition and expensive reagents, it is necessary to develop more
convenient and economical methods for the direct construction
of C–O bonds on the porphyrin periphery without additional steps,
such as introduction of functional groups and metal complexation,
in advance.

Although the metal-catalyzed aryloxylation and alkoxylation of
halogenated porphyrins have emerged as a powerful approach for
the formation of C–O bonds on porphyrin periphery, the corre-
sponding acyloxylation, particularly aroyloxylation has not been
systematically explored besides that reported by Iturraspe and
Esdaile.5 To extend the synthetic strategy to C–O bond formation
on porphyrin/chlorin periphery, herein, we report a new approach
for the synthesis of b- or meso-aroyloxy-substituted porphyrins
and chlorins using benzoyl peroxide (BPO) and its homologs.

In this study, the free radical substitution of tetraphenylporphy-
rin 1 (TPP) was carried out by reacting it with BPO in toluene at
90 �C for 5 h to afford two main products, b-benzoyloxy-TPP 2
and b,b0-dibenzoyloxy-TPP 3 in 23% and 15% yields, respectively
(Scheme 1). In this reaction, 1 mol equiv of BPO was used as the
aroyloxylation reagent rather than as the initiator. The reaction
temperature was required to be higher than 70 �C that corresponds
to the pyrolysis temperature of BPO; otherwise, the reaction did
not occur, indicating a free radical substitution reaction. The
structures of products 2 and 3 were established by their 1H NMR,
UV–visible, and mass spectral analyses.6 This simple and conve-
nient aroyloxylation method motivated us to extend its application
to other types of porphyrins.

Next, chlorophyll-a derivatives were used to investigate the
C–O bond formation on the chlorin periphery because their
20-meso-position possesses special reactivity, such as high
regioselectivity, for various electrophilic substitutions.7 Methyl
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Scheme 1. Synthetic routes for b-aroyloxy-substituted tetraphenylporphyrins 2 and 3.

J. Li et al. / Tetrahedron Letters 55 (2014) 1086–1089 1087
pheophorbide-a (4, MPa), isolated from Alga spirulina,8 was used as
the starting material and reacted with BPO under the same reac-
tion conditions for the reaction of 1 to smoothly afford 20-benzoyl-
oxy-substituted chlorin 5, as an unique product, in 56% yield
(Scheme 2). The corresponding substitution reaction of methyl
pyropheophorbide-a (6, MPPa), prepared by the thermal demeth-
oxycarbonylation of 4 in refluxing acetic acid,9 with BPO afforded
methyl 20-benzoyloxy-pyropheophorbide-a 7a in 58% yield.6

Alternatively, 5 can also be converted into 7a by refluxing in acetic
acid in 88% yield, indicating that the C–O bond at the 20-position
was quite stable under acidic conditions. Assuming that a bulky
functional group at the 20-meso position may lead to atropisomer-
ism, methyl-substituted benzoyl peroxides as the reactants, which
were readily prepared by the reaction of methylbenzoyl chloride
with hydrogen peroxide under basic conditions, reacted with 6 to
afford the corresponding ortho-, meta-, and para-methylbenzoyl-
oxy-substituted chlorins 7b–7d in approximately equal yields, that
is, 52%, 55%, and 53% yields, respectively. However, the aroyloxyla-
tions of the chlorins with a pyropheophorbide skeleton did not re-
sult in atropisomerism according to their 1H NMR spectra. Even the
2-methyl group adjacent to the benzoyloxy group in chlorin 7b did
not restrict the rotation of the aromatic ring around the C–O bond
attached to the 20-meso-position of the macrocycle periphery.
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Scheme 2. Synthetic routes for 20-meso-aroyloxy-substituted chlorophyll-a derivatives;
toluene/90 �C; (d) LiOH/THF/O2; (e) (1) NH2OH/pyridine, (2) CH2N2; BPO: benzoyl perox
The chlorophyll-a derivatives, purpurin-18 methyl ester (8) and
purpurinimides (e.g., compound 10), possess a bulkier six-mem-
bered ring E; therefore, they can occupy more space and the car-
bonyl group at the 15-position could push the substituted groups
and hydrogen atoms on the ring D closer to the 20-substituent
by the interatomic repulsion. To evaluate the effect of the change
in the exocyclic E-ring on the atropisomerism, 4 was converted
to 8 in 68% yield by the reaction in tetrahydrofuran (THF) contain-
ing LiOH in an open system in dark followed by the acidification
with AcOH and methylation with ethereal diazomethane.10 The
substitution reaction of 8 with BPO afforded 20-benzoyloxy-
substituted chlorin 9 (52% yield); its imidation with excess hydrox-
ylamine in pyridine and methylation with diazomethane afforded
20-benzoyloxy-substituted purpurin-18 N-methoxyl imide 10 in
90% yield. This compound can also be obtained in 48% yield by a
sequential conversion using hydroxylamine and PBO from 8.11

As expected, both chlorins 9 and 10 exist as atropisomers based
on their 1H NMR spectra (Fig. 1A and B). For chlorins 9 and 10, the
ratios of the two atropisomers were similar (�5:2), and the
chemical shifts of all their methyl groups and hydrogen atoms at
the 18-position exhibited obvious differences. When the 17-H and
18-Me groups were on the same side as the 20-benzoyloxy group
(atropisomer b), large upfield shifts were observed in the 1H NMR
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Figure 1. Equilibrium of the atropisomers of chlorin 10 (A) and chemical shifts of protons on the D-ring (B).
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Figure 2. Electronic absorption spectra of aroyloxy-substituted chlorins.
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spectra, probably because of the shielding effect derived from the
conjugated system of the aromatic ring, including the C@O bond at-
tached to the 20-position in the chlorin chromophore, whereas for
the same moiety in the opposite side with the 20-benzoyloxy group
(atropisomer a), the chemical shifts were less affected. The reason
for the atropisomerism in chlorins 9 and 10 can be attributed to
their stereochemical structures around the 20-benzoyloxy group.
Compared to the five-membered ring E in (pyro)pheophorbides 5
and 7, the six-membered exocyclic ring E in chlorins 9 and 10 occu-
pied more space, and the carbonyl group at the 15-position could
push the substituted groups and hydrogen atoms on the D-ring clo-
ser to the 20-benzoyloxy group by the interatomic repulsion. The
crowded atmosphere around the 20-meso position in chlorins 9
and 10 restricted the C–O single bond rotation of the C20-benzoyl-
oxy group and resulted in the atropisomerism. The 1H NMR spec-
trum of chlorin 10 indicated that atropisomer a is the preferred
conformation because the benzoyloxy group is not extremely
crowded with the adjacent substituents, whereas atropisomer b is
strongly strained with the identically orientated C18-methyl group.
The atropisomers of chlorins 9 and 10 showed closely overlapped
bands in the TLC plate, and they could not be separated by high-per-
formance liquid chromatography (HPLC).

The UV–visible spectra of 1 and 2 (Fig. 2A) indicate a strong
bathochromic shift (48 nm) of the Qy band of 2 compared to that
of 1, and the full width at half maximum (FWHM) of the Soret band
of 2 broadened dramatically (from 12 to 81 nm). These distinct
changes in the optical property of 2 were attributed to the
phenylacyloxy group at the 20-b-position; the steric and electronic
effects of this group decreased the molecular symmetry and
increased the molecular orbital division.

In the UV–visible spectra of chlorin and their 20-meso-benzoyl-
oxy-substituted product (Fig. 2B), a slight bathochromic shift in the
Qy band of chlorin 9 (6 nm) compared to its precursor 8 was
observed. However, the introduction of the benzoyloxy group in
pheophorbide 5 and pyropheophorbides 7a–d scarcely affected
their visible spectra. Only �1–2 nm changes in the Qy bands were
observed in the UV–visible spectra between the pre-and post-
aroylation materials (Fig. 2B). These variations in the absorption
spectra of chlorins indicated that the degree of difficulty and ease
of the rotation of the phenylacyloxy group around the C–O bond
attached to the 20-meso-position was an important factor influenc-
ing the spectroscopic properties, i.e., the more restricted the rota-
tion of the substituted groups around the C–O bond attached to
the macrocycle, the more effective is their interaction with the
chlorin chromophore.

In conclusion, we successfully developed a practical and
efficient methodology for the synthesis of b- or meso- benzoyloxy
porphyrins and chlorins by the direct peripheral aroyloxylation
reactions with BPO and its homologs. In this ligand-free and
non-metal-catalyzed process, porphyrin or chlorins related to
chlorophyll-a were directly used as the reaction substrates,
without additional complicated steps such as metal complexation
and halogenation. Because the reaction is simple and effective
under mild conditions, it may allow the convenient preparation
of various useful b- and meso-functionalized porphyrins and chlo-
rins. Further studies on the application of the aroyloxy-substituted
porphyrins, obtained in this study, are currently in progress.
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