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a b s t r a c t

Photocatalytic oxygenations of a furan and a benzofuran derivative have been realized by using anionic
and cationic free-base porphyrins as well as their manganese(III) complexes under various reaction con-
ditions. In the case of the furan derivative, application of these catalysts resulted in deviating reaction
pathways generating different products. Annulation of a benzene to the outer side of the furan ring, how-
ever, led to the formation of only one type of product, independently of the photocatalyst used. Different
oxygenation mechanisms leading to the same end-product, the 10-membered keto-lactone derivative,
have been suggested for the metalloporphyrins and the corresponding free bases.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Photocatalytic processes proved to be successful in both natural
and artificial systems such as photosynthesis, the basis of the food
chain on Earth [1], and oxidative degradation of various harmful
organic pollutants, e.g. polyaromatic hydrocarbon (PAH) deriva-
tives [2] and surfactants [3]. Connecting to the latter area, in pho-
todynamic therapy (PDT) also oxidation of organic compounds,
moreover, living organisms can be performed by application of var-
ious sensitizers such as porphyrins, the excitation of which leads to
in situ generation of singlet oxygen, a very oxidative species, in the
tissue of malignant tumors [4]. However, singlet oxygen can also
be utilized for preparative purposes, for synthesis of several oxy-
genated derivatives of different types of organic compounds. While
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free-base porphyrins are useful sensitizers for production of singlet
oxygen [5–9], metalloporphyrins are much more versatile photo-
catalysts due to their coordination ability promoting a wider range
of oxidation reactions. They can be applied in autooxidation reac-
tions, hydroxylations or direct oxygen transfer yielding epoxides
[10,11]. Cationic manganese(III) porphyrins proved to be efficient
catalysts for oxygenation of a-pinene. Its selective epoxidation
was observed in aqueous systems at relatively low substrate:cata-
lyst ratio (S/C = 500), while in aprotic organic solvents, such as ben-
zene or toluene, allylic hydroxylation products were formed [12].
Using various metalloporphyrins in acetonitrile, photocatalytic
epoxidation of cyclooctene was also achieved [13]. Photocatalytic
oxygenation of cycloalkenes [12–14] and other unsaturated het-
eroaromatics [5] was carried out by application of both metalated
and free-base porphyrins [5,12–14].

These precedents inspired us to study the porphyrin-mediated
photocatalytic oxygenation of 5,10-methano-5,10-dihydro-4H-
benzo[4,5]cyclohepta[1,2-b]furan (1) (see in Scheme 1) [15]. The
structure of this compound represents the basic skeleton of many
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Scheme 1. Simplified mechanism suggested for photocatalytic oxygenation of 1 in the presence of the non-metalated cationic porphyrin (H2TMPyP4+).

Fig. 1. Structures of 5,10,15,20-tetrakis(1-methyl-4-pyridinium)porphyrin
(H2TMPyP4+) and 5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (H2TSPP4�).
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biologically active and important substances isolated from nature,
characterized with the same functional groups responsible for
their biological activity [16,17].

We have successfully realized the photocatalytic oxygenation of
this special benzobicyclodiene containing fused furan ring [15]. The
manganese(III) complexes of the cationic 5,10,15,20-tetrakis(1-
methyl-4-pyridinium)porphyrin (Mn(III)TMPyP5+) and the anionic
5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin (Mn(III)TSPP3�)
along with the anionic free base (H2TSPP4�, Fig. 1) were used in
our experiments in aerated and argon-saturated solutions at pH 7.
According to our results, in these photocatalytic oxygenation reac-
tions new polycyclic epoxides, enediones, ketones, alcohols and/or
hydroperoxides can be obtained, depending on the catalyst applied.
The deviating reaction pathways by the different photocatalysts
were interpreted in terms of steric and electronic effects.

In order to further elucidate the role of the steric and electronic
effects in the photocatalytic oxygenation of this benzobicyclic fur-
an derivative (1), we have carried out our experiments at pH 10
too, also using the cationic free base (H2TMPyP5+, Fig. 1). Addition-
ally, increasing the steric hindrance of the oxidative attack at the
outer double bond of the furan ring, photocatalytic oxygenation
experiments using both the anionic and the cationic manga-
nese(III) porphyrins and their corresponding free bases were
performed with the corresponding benzofuran analogue, 7,12-
methano-7,12-dihydro-6H-benzo[4,5]cyclohepta[1,2-b]benzo[d]-
furan (11) [18,19] (see in Scheme 3) as an annulated derivative of
1. Thus, instructive comparisons could be made regarding the
structure and the reactivity of both the starting organic substrates
and the photocatalysts from the viewpoints of oxygenation. For
such analyses reliable structure determination of the products
were indispensable. The results of these examinations can serve
as useful guiding for planning selective oxygenation of other
benzobicyclo[3.2.1]octadiene derivatives in order to get new
functionalized bicyclic skeleton found in many natural systems
[16].
2. Results and discussion

2.1. Oxygenation of the furan derivative 1

Our previous results regarding the photocatalytic oxygenation
of furan derivative 1 have been completed with some experiments
using the cationic manganese(III) porphyrin (Mn(III)TMPyP5+) and
the corresponding free base as catalysts (H2TMPyP4+). In the pres-
ence of the non-metalated cationic porphyrin (in air-saturated
solution of pH 7), the product was the same as in the case of the
anionic free base (H2TSPP4�), i.e. hydroxybutenolide derivative 4
as it is shown in Scheme 1.

This phenomenon confirms that application of water-soluble
free-base porphyrins, independently of the sign of their charge, re-
sults in the formation of the same product because in all cases the
oxidative agent in these systems is singlet oxygen. This reactive
species is generated by the interaction between dissolved oxygen
and long-lived triplet excited state of the porphyrins as sensitizers.
The efficiencies for the formation of derivative 4 are very similar
(73% for the anionic [15] and 68% for the cationic free base). This
phenomenon suggests that in this case the charge of the free-base
porphyrins does not significantly influence the yield for the gener-
ation of singlet oxygen, in accordance with the interaction of a neu-
tral species, i.e. dioxygen molecule.

In argon-saturated systems no permanent change was ob-
served, confirming that oxygenation with free-base porphyrins as
photocatalysts takes place exclusively with a mechanism involving
singlet oxygen as the key reactant in situ generated.

As it was previously observed in the case of the anionic manga-
nese(III) porphyrin (Mn(III)TSPP3�) [15], an increase of the pH from
7 to 10 significantly enhanced the yield (ratio) of the epoxidized
product (5) (from 35% to 87%) at the expense of the ring-opened
one (6) (from 63% to 10%) in air-saturated system [15]. The desig-
nations of the compounds are shown in Scheme 2.

This phenomenon suggested that the higher pH hinders the fur-
ther reaction of derivative 5. Carried out the experiments with the
corresponding cationic metalloporphyrin (Mn(III)TMPyP5+), a sim-
ilar, but much more striking effect was experienced. While at pH 7
(due to electronic effects) the main product in this case was a
derivative hydroxylated at an ‘‘inner’’ carbon atom of the furan ring
(9), at higher pH (=10) the yield of this species considerably dimin-
ished (to 8%), and the epoxidized compound (5) became the main
product with a yield of 74% (Table 1). Notably, this derivative as a
product at pH 7 was obtained only in a trace amount (with a yield
of 5%).

The striking influence of the increased pH, especially in the case
of the cationic manganese(III) porphyrin, may be attributed to the
strong reduction of the electrophilicity of the catalyst by a possible
axial coordination of a hydroxo ligand. Accordingly, the excited
metalloporphyrin is not promoted anymore to attack inner carbon
atoms of the furan ring, but formation of the epoxide derivative (5)
is favorized via oxygenation at the outer double bond, which is ste-
rically much more accessible. Besides, the considerably decreased
H+ concentration might also play a role in the depression of the
hydroxylated product (9), the formation mechanism of which in-
volves protonation (Scheme 2).

According to earlier works [12] and more recent studies
[13,20,21], in the case of manganese(III) porphyrins as photocata-
lysts, (P)MnIV@O and (P)MnV@O intermediates played the key role
of the in situ generated reactive species in the oxygenation of
cycloalkenes. (P)MnIV@O can be produced by a photoinduced
homolysis of the metal–ligand bond with chloride or hydroxide ax-
ial ligands in aqueous systems [11,12]. In the latter case the Mn(II)



Scheme 2. Simplified mechanisms suggested for photocatalytic oxygenation of 1 in the presence of the cationic manganese(III) porphyrin (Mn(III)TMPyP5+) at pH = 10.

Table 1
Photoproducts with yields (%) obtained using the cationic manganese(III) porphyrin
(Mn(III)TMPyP5+) under various experimental conditions.

Compound 9 10 5 6 7

% (pH = 7, air-saturation) 47 [15] 17 [15] 5
% (pH = 10, air-saturation)a 8 15 74 Traces Traces
% (pH = 7, oxygen-saturation)a 13 20 66

a Product ratio in the crude photomixture according to NMR spectra.

Scheme 3. Simplified mechanisms suggested for photocatalytic oxygenation of 11
in the presence of anionic and cationic manganese(III) porphyrins and the
corresponding free bases.
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species formed in the primary photochemical step (Eq. (1)) under-
goes an oxidation with the dissolved O2 (Eq. (2)).

ðPÞMnIIIOHþ hm! ðPÞMnII þ �OH ð1Þ

2ðPÞMnII þ O2 ! 2ðPÞMnIV@O ð2Þ

Eq. (2) represents an overall reaction comprising several steps
[11]. Our experiments were carried out in water–acetone solvent
mixture, thus hydroxide or water was axially coordinated to the
Mn(III) center. Hence, hydroxyl radicals generated in the primary
photochemical step most probably react with the organic solvent.
Disproportionation of the Mn(IV) complexes formed produces
highly reactive manganese(V)-oxo species (Eq. (3)) [20,21].

2ðPÞMnIV@OþHþ� ðPÞMnV@Oþ ðPÞMnIIIOH ð3Þ

Disproportionation is significantly faster then synproportiona-
tion in this equilibrium system, besides, a polar solvent promotes
the previous process, thus it occurs with nearly a diffusion-
controlled rate constant [20]. Further, the rate constants for
epoxidation of olefins are several orders of magnitude higher for
manganese(V)-oxoporphyrins than for the corresponding Mn(IV)
species. Accordingly, (P)MnV@O can be considered as the major
oxidant in the photocatalytic oxygenations in our systems.

Also with the manganese(III) porphyrins, experiments were car-
ried out in argon-saturated systems too, at pH 7. Deviating from
the corresponding free bases, in the case of which no permanent
change was observed due to the exclusive role of the singlet oxy-
gen, the formation of the ring-opened derivative 6 was detected,
although with moderate yields, 8% for the anionic and 5% for the
cationic metalloporphyrins. This phenomenon suggests that in
deoxygenated system the same mechanism of oxygenation is effec-
tive, independently of the charge of the porphyrins. The most rea-
sonable way is the photoinduced oxidation of the axially
coordinated aqua or (less probably at pH = 7) hydroxo ligands, pro-
ducing �OH as shown by Eq. (1). Since a considerable fraction of the
hydroxyl radicals formed are scavenged by the organic co-solvent
(acetone) in the system, only a minor part of the starting material
is transformed to derivative 6 via oxygenation with �OH.

2.2. Oxygenation of the benzofuran derivative 11

In order to study the effect of the increased steric hindrance of the
oxidative attack at the outer bond of the furan ring, photocatalytic
oxygenation experiments using both the anionic and the cationic
manganese(III) porphyrins (Mn(III)TSPP3� and Mn(III)TMPyP5+)
and their corresponding free bases (H2TSPP4� and H2TMPyP4+) were
carried out with the annulated derivative 11, which, compared to 1,
contains a benzene connected to the outer side of the furan ring
(Scheme 3). Similarly to the case of the furan derivative 1, the effect
of each photocatalyst on the oxygenation of 11 was examined in aer-
ated reaction mixture of pH 7. Besides, changes in the pH and oxygen
concentration were also studied with the metalloporphyrin
photocatalysts.

Although on the basis of the increased steric hindrance, com-
pared to the products formed from 1, a much more restricted
choice of the oxygenated derivatives of 11 was expected, the re-
sults were extreme in this respect. The main product was the same
in each case, no matter which catalyst was applied under various
conditions. Thus, the photoproduct 13 formed in the presence of
the free-base porphyrins agrees with that generated by the use
of metalloporphyrins. Structure determination and characteriza-
tion, based mostly on the results of NMR measurements, unambig-
uously indicated the formation of the 10-membered keto-lactone
derivative 13, the structure of which is shown in Fig. 2.

The photoproduct 13 (Scheme 3) was isolated by repeated thin-
layer chromatography and characterized by spectroscopic meth-
ods. From the NMR spectra, using different techniques (COSY,
NOESY, HSQC and HMBC), all protons and carbons were assigned
due to key interactions (Figs. 3 and 4). The structure of 13 was
obvious from the presence of well resolved and well recognizable



Fig. 2. Molecular structure of 13. Displacement ellipsoids are drawn for the
probability of 50% and hydrogen atoms are depicted as spheres of arbitrary radii.
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six-proton-pattern between 2.4 and 4.6 ppm with the characteris-
tic couplings unmistakably pointed to this type of rigid benzobicy-
clic structures as published earlier [15]. The structure of this
photoproduct 13 was confirmed also by its 13C NMR spectrum,
which clearly revealed the proposed structure with two character-
istic keto groups, two doublets and two triplets in the aliphatic re-
gion (see Section 4). There are more complex couplings between
the aliphatic protons (Fig. 3), probably due to the changing in the
dihedral angles between the CAH bonds of the methano-bridged
skeleton in the 10-membered keto-lactone ring, in comparison
with the enedione 6 (Scheme 2) obtained from the corresponding
furan derivative 1. Additionally, MS spectra were very informative.
Molecular ions m/z 278, 32 mass units higher than the starting
compound 11, indicated that two oxygens were added to the mol-
ecule of 11.

The structure and the conformation of 13 were confirmed by
single-crystal X-ray diffraction.

Interestingly, this compound formed as the main product in all
cases studied is totally different from any type of the product
formed from 1 under various experimental conditions. This sur-
prising result suggests that, beside a strong steric hindrance, a con-
siderable electronic effect was also caused by the annulation of a
benzene to the outer side of the furan ring.
PPM (F2) 4.6 4.4 4.2 4.0 3.8 3.6 3

A B

A/E B/E
B/C

Fig. 3. COSY spectrum of the keto-lactone
The same end-product of the application of different photocat-
alysts does not mean a common oxygenation mechanism. A uni-
versal pathway would be in contradiction with the fact that
metalloporphyrins can catalyze the oxygenation of 11 even in the
absence of dissolved oxygen, while the corresponding free bases
cannot be effective in argon-saturated systems, similarly to the
case of the furan derivative 1.

This phenomenon can be attributed to different oxygenation
mechanisms leading to the same end-product. The description of
the suggested pathways are shown in Scheme 3. In the way for
the case of the free bases, similarly to the oxygenation of the furan
derivative 1, singlet oxygen can only be the reactive species gener-
ated by the long-lived triplet state of the photocatalysts. However,
deviating from the reaction with 1, the attack at the outer carbon
atoms of the furan ring is hindered, and thus, a dioxetane (14) for-
mation at the inner double bond is favored, which is followed by a
ring fission leading to the end-product 13 [22,23]. In the presence
of the metalloporphyrins, as Eqs. (1)–(3) indicate, the reactive spe-
cies are partly hydroxyl radicals and partly (in aerated systems
predominantly) (P)MnIV@O and (P)MnV@O molecules. These also
attack at the inner carbon atoms of the furan ring, resulting in
the formation of an epoxide intermediate 12, the further reactions
of which leads to the final product 13 (Scheme 3). Hydrolysis of
epoxide 12 gives an intermediate 1,2-diol 120. Either acidic or basic
conditions can promote the hydrolysis, giving the intermediate 120

with trans stereochemistry as a result of the stereospecificity of the
reaction. The 10-membered keto-lactone end-product 13 is formed
by further oxidative cleavage of the cyclic 1,2-diol 120 to the corre-
sponding dicarbonyl compound in a way similar to that described
for the oxidative cleavage of some b-hydroxyethers [24,25].

In comparison with the 10-membered keto-lactone end-
product 13, intermediates 12 and 120 are also very interesting for
their different rigid methano-bridged junction of two aromatic
units at defined geometrical arrangement (Fig. 5), and the changes
in the structure according to the space filling models can be fol-
lowed for the reaction of conversion from the starting substrate
11 into 13.

In the case of the free-base porphyrins the yields of the
end-product 13 are high, approaching the total conversion (99%
for H2TSPP4� and 85% for H2TMPyP4+ at pH 7 in aerated solution)
so this reaction can be characterized as a very efficient entry into
medium-ring keto-lactones. This data indicate that the formation
of singlet oxygen is very efficient for both free bases. Like in the
case of the furan derivative 1, the similar yields confirm that the
charge of the sensitizer does not play any role in the interaction
with the neutral dioxygen molecule. Besides, the absorption
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end-product 13 in CDCl3 (600 MHz).
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Fig. 4. HSQC spectrum of the keto-lactone end-product 13 in CDCl3 (600 MHz).

Fig. 5. Space filling models of the reaction intermediates 12 (left) and 120 (right)
during the reaction according to Scheme 3.

Table 2
The yields (%) of the photoproduct 13 obtained by using anionic and cationic
manganese(III) porphyrins under various experimental conditions.

Mn(III)TSPP3� Mn(III)TMPyP5+

% (pH = 7, air saturation) 40 81
% (pH = 10, air saturation) 36 83
% (pH = 7, oxygen saturation) 13 85
% (pH = 7, argon saturation) 11 14
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spectra of these porphyrins and the lifetimes of their triplet states
are also very similar [26,27].

The yields of the common end-product obtained with the man-
ganese(III) porphyrins applied at various circumstances are sum-
marized in Table 2.

Deviating from the results with the free bases, the photocata-
lytic oxygenation efficiency of the corresponding manganese(III)
porphyrins strongly depends on the their charge. The yields for
the cationic catalyst are over 80% under each condition applied,
while those for the anionic one do not exceed 40%. The significantly
higher efficiencies for Mn(III)TMPyP5+ can be attributed to the low-
er Lewis basicity of the porphyrin ligand making the corresponding
manganese(V)-oxo intermediate much more electrophilic than the
anionic one.

An increase of the pH from 7 to 10 did not cause any significant
change in the yields of the end-product (a slight decrease for the
anionic and an even slighter increase for the cationic metallopor-
phyrins, Table 2). This phenomenon suggests that protons (or
hydroxide ions) are not involved in rate-determining steps of this
mechanism. Increasing the concentration of dissolved O2 (using
oxygen-saturated system), no appreciable change was observed
for the cationic photocatalyst, while a dramatic reduction of the
yield (to about one third of that obtained in aerated solution) oc-
curred for Mn(III)TSPP3�. These deviating results may be attributed
to a quenching effect of the oxygen, decreasing the efficiency of the
primary photochemical step (Eq. (1)). Thus, a decrease in the con-
centration of the less electrophilic anionic Mn(V)-oxo intermediate
significantly diminishes the oxygenation yield, while in the case of
the corresponding cationic species, which is a much more effective
reagent, such a reduction of the concentration does not influence
the yield of the end-product.

In the case of argon-saturated systems, similarly to the results
with the furan derivative 1, dramatic reductions of the yield for
both manganese(III) porphyrins were observed. The values of the
yield are very similar, independently of the charge of the catalyst,
confirming, as suggested for the case of 1, that the hydroxyl radi-
cals formed in the primary photochemical step (Eq. (1)) are the
common oxidative agents. A significant part of these species are
scavenged by the organic co-solvent, strongly diminishing the effi-
ciency of the oxygenation of 11. The moderately lower yield with
the anionic catalyst is in accordance with its higher Lewis basicity
decreasing the efficiency of the photoinduced LMCT reaction gen-
erating �OH from the axially coordinated aqua (or hydroxo) ligand.
Notably, also in the case of the furan derivative 1, the end-product
in argon-saturated systems was the corresponding ring-opened
compound (6).
3. Conclusions

The comparison of the photocatalytic oxygenation of a furan
derivative of the benzobicyclo[3.2.1]octadiene skeleton 1 and that
of the corresponding benzofuran derivative 11 revealed striking
differences. In the previous case, the application of free-base por-
phyrins led to the formation of a hydroxybutenolide derivative,
and the use of cationic and anionic manganese(III) porphyrins gen-
erated various other oxygenated products such as epoxidized and
furan ring-opened compounds (with the Mn(III)TSPP3� catalyst)
as well as hydroperoxy- and hydroxy-derivatives (with
Mn(III)TMPyP5+). An increase of pH, diminishing the electrophilic-
ity of the cationic metalloporphyrin, promoted the reaction pro-
ducing the epoxidized product. However, photocatalytic
oxygenation of the benzofuran derivative 11 resulted in the forma-
tion of only one end-product, independently of the photocatalyst
applied. This phenomenon indicated that, although the free bases
and the corresponding manganese(III) porphyrins catalyze the
oxygenation via different mechanisms, generating singlet oxygen
and Mn(V) or �OH species as reactive oxidants, respectively, the



Scheme 4. Further possible applications of the photocatalytic oxygenation by manganese(III) porphyrins.

Table 3
Crystallographic data collection and structure refinement details.

Compound 13

Empirical formula C18H14O3

Formula wt./g mol�1 278.29
Crystal dimensions/mm 0.37 � 0.28 � 0.18
Space group P1
a (Å) 7.2175(5)
b (Å) 9.4768(8)
c (Å) 10.1521(8)
a (�) 77.261(7)
b (�) 84.498(6)
c (�) 87.794(6)
Z 2
V (Å3) 674.07(9)
Dcalc (g cm�3) 1.371
l (mm�1) 0.753
H range (�) 4.48–75.95
T (K) 293(2)
Diffractometer type Xcalibur Nova
Range of h, k, l –7 < h < 9

–11 < k < 11
–10 < l < 12

Reflections collected 4840
Independent reflections 2645
Observed reflections (I P 2r) 2217
Absorption correction Multi-scan
Rint 0.0343
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strong electronic and steric effects allow the formation of only one
type of compound, the bridged 10-membered keto-lactone 13.
These results demonstrate that annulation of a benzene to the out-
er side of the furan ring dramatically restricts the possibilities of
this photocatalytic oxygenation giving a very interesting 10-mem-
bered keto-lactone structure, which was found in many natural
compounds too [28,29]. On this way, the applied benzofuran deriv-
ative 11 proved to be excellent selective precursor of the medium-
sized macrolactone ring 13. Accordingly, the type of the end-prod-
uct can be controlled by the porphyrin catalyst (anionic, cationic,
metalated or free-base), the pH, and the structural modification
of the
basic skeleton.

Utilization of this type of photocatalytic oxygenation can also
be applied for synthesis of other novel benzobicyclo[3.2.1]octadi-
ene derivatives with nitrogen (15), even more similar to natural
structures, by their subsequent transformations with different dia-
mines to water-soluble derivatives or rigid-methano-bridged skel-
eton with prolonged double bond (16) as shown in Scheme 4.

Water-soluble free-base and metalloporphyrins as catalysts for
oxygenation of organic substrates in water–acetone solvent mix-
ture offer the possibility of their easy separation from the products,
ensuring the efficient reuse of them. This peculiarity may be a con-
siderable advantage over the fully hydrophobic systems.
R (F) 0.0495
Rw (F2) 0.1511
Goodness of fit 1.073
H atom treatment Constrained
No. of parameters 191
Dqmax, Dqmin (e Å–3) 0.228; �0.243
4. Experimental section

4.1. General

The 1H and 13C NMR spectra were recorded in CDCl3 solutions
containing tetramethylsilane as internal standard on a Bruker
Spectrometer at 300 or 600 and at 75 or 150 MHz, respectively.
The mass spectra were recorded on a GC/MS instrument (GC tem-
perature program: delay 3 min, injector temperature 350 �C, heat-
ing from 110 to 300 �C within 6 min, then 300 �C isothermal for
15 min). Elemental analysis was carried out on Perkin–Elmer,
Series II, CHNS Analyzer 2400. Chromatographic separations were
performed on thin layer plates (0.2 mm, Kiselgel 60 F254, Merck).
All solvents were distilled prior the use.

4.2. Typical experimental procedure for the photocatalytic oxygenation
of 1 and 11

A solution of 40 ml of 1 or 11 and the manganese(III) and free-
base porphyrins in acetone/water (50:50) was irradiated with a
70 W tungsten halogen immersion lamp (Philips, kir > 380 nm) in
a thermostated 50 ml cylindrical photoreactor. A stream of air or
oxygen was passed through the solution at RT during 2 h, also
ensuring vigorous stirring. The following concentrations conditions
were: S/C = 100, porphyrin = 0.00144 mmol and 1 or
11 = 0.144 mmol. After termination of the photolysis acetone was
removed by vacuum distillation. The remaining two phases were
separated by standard methods. The water-insoluble oxygenation
products remained in the organic phase. The photoproducts 4, 5,
9 and 10 from 1 and 13 from 11 (Schemes 1–3), were isolated by
repeated thin-layer chromatography using petroleum ether/
diethyl ether (20–50%) as eluent and characterized by spectro-
scopic methods.
4.3. 8,13-methano-8,13-dihydrodibenz[b,f]oxecane-6(7H),14-dione
(13)

Colorless oil; UV (96% ethanol): kmax (e) 244 nm (6707 mol�1 -
dm3 cm�1); IR (mmax, cm�1, evaporated from diethylether): 1762
and 1650 (C@O).1H NMR (600 MHz, CDCl3): dH 2.49 (1H, m, HF),
2.96 (2H, m, HC/D), 3.05 (1H, m, HE), 3.4 (1H, m, HB), 4.54 (1H, dd,
J = 4.5; 2.9 Hz, HA), 6.91 (1H, d, J = 7.6 Hz, Har), 7.03 (1H, t,
J = 7.4 Hz, Har), 7.19 (1H, m, Har), 7.20 (1H, t, J = 7.4 Hz, Har), 7.22
(1H, dt, J = 7.6; 0.9 Hz, Har), 7.28 (1H, d, J = 7.6 Hz, Har), 7,37 (1H,
ddt, J = 7.8; 1.7; 0.6 Hz, Har), 7.72 (1H, dd, J = 7.8; 1.7 Hz, Har). 13C
NMR (150 MHz, CDCl3) dC33.5 (t), 40.6 (d), 42.5 (t), 58.8 (d),
121.3 (d), 124.0 (d), 124.9 (d), 125.3 (d), 127.1 (d), 127.5 (d),
129.9 (s), 130.2 (d), 132.1 (d), 139.8 (s), 145.6 (s), 147.5 (s), 167.8
(s), 203.6 (s). MS, m/z (%) = 278 (M+, 100). Anal. Calcd for
C18H14O3: C, 77.68; H, 5.07. Found: C, 77.45; H 5.29.

4.4. Single-crystal X-ray structure analysis of 13

Single crystal measurement was performed on an Oxford Dif-
fraction Xcalibur Nova R (CCD detector, microfocus Cu tube). Pro-
gram package CrysAlis PRO [30] was used for data reduction. The
structures were solved using SHELXS97 [31] and refined with
SHELXL97 [31]. The model was refined using the full-matrix least
squares refinement; all non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were treated as riding entities. Draw-
ing of the molecular structure was prepared using ORTEP-3 [32].
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Crystallographic and refinement data for the structures reported in
this paper are shown in Table 3.

Supplementary material

Supplementary crystallographic data for this paper can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retriev-
ing.html (or from the Cambridge Crystallographic Data Centre,
12, Union Road, Cambridge CB2 1EZ, UK; fax:+44 1223 336033;
or deposit@ccdc.cam.ac.uk). CCDC 871751 contains the supple-
mentary crystallographic data for this paper.
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