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The nature and aggregation of octaethylporphine (OEP) and hematoporphyrin (HmP-IX) immobilized in
silica during the sol-gel process were evaluated using UV-Vis absorption, excitation and emission spec-
troscopies. An essential difference in biomimetic photooxidation of a-pinene was observed between the
two obtained intensive luminescent materials. Biocatalytic activity was only found for OEP/SiO,, and the
lack of such activity for HmP-IX/SiO, was related to the interaction of its carboxyl groups with the silica
structure. Myrtenol was the only primary and pinocarvone and pinocarveol the only secondary products
of the reaction of a-pinene oxidation. A cooperative mechanism of photooxidation based on proton trans-
fer between protonated porphyrin and silanol/siloxane groups followed by electron abstraction from sub-
strate by the light-excited OEP/SiO, matrix or photosensitized generation of singlet oxygen (10,) was
proposed. The correlation between the biocatalytic efficiency and spectral properties of the porphyrins
was also examined. The reusability and stability of OEP/SiO, were demonstrated in four catalytic cycles.

Fluorescent materials
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1. Introduction

Introduction of oxygen into olefinic terpene skeletons of o-
pinene or R-(+)-limonene is an important reaction in the formation
of a wide variety of different terpenoid derivatives found in the
plant kingdom [1]. A number of oxygenated monoterpenes present
at low concentrations in plant oils have flavoring/fragrance and
anti-carcinogenic properties. It is not surprising then that signifi-
cant efforts have been directed toward exploring these remarkable
compounds and their alternative, synthetic sources.

Most of the microbial oxidations of terpenes described so far
have been initiated by cytochrome-P450-dependent monooxyge-
nases, i.e, heme-containing proteins responsible for catalytic
insertion of oxygen into a large variety of substrates in a specific
and regioselective way [1,2]. Porphyrins, especially metallopor-
phyrins in homogenous systems, due to their synthetic versatility
and reactivity, are especially attractive for the construction of bio-
mimetic analogs of oxygenases through elaboration of the super-
structure of macrocycle or chelate complexes [3-9]. They also
make it possible to carry out oxidation reactions in non-aqueous
media, e.g., for C—H activation in monoterpene molecules under
mild conditions. However, there are some important limitations
to the application of metalloporphyrins, such as instability due to
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oxidative degradation of the porphyrin ring and difficulty of recov-
ering these expensive compounds.

The use of heterogeneous catalysts offers advantages (such as
easier recovery and recycling and increased stability) over those
used in homogenous conditions. Therefore, many attempts have
been made to incorporate porphyrin on solid supports, including
the use of cross-linked polymers [10-14], clays and layered mate-
rials [15,16], biopolymers [17], polymeric ion-exchanging resins
[18,19], silanized kaolinite [20], different types of zeolites [21,22]
and modified silica [9].

At present, sol-gel processes offer new and promising possibili-
ties for the direct bioencapsulation of porphyrin photocatalysts, as
well as other active biological substances with heat-sensitive and
fragile molecules, such as enzymes, proteins, antibodies and micro-
bial whole cells. Besides simplicity of preparation, low-temperature
encapsulation and tunable porosity, silica sol-gels are also charac-
terized by optical transparency, chemical and photochemical inert-
ness and photochemical, thermal and mechanical stability [23].

There are several reports on porphyrins immobilized in the
sol-gel matrix as new functional catalytic devices for the production
of commercially important compounds. For example, iron porphyrin
catalysts have been anchored on spherical silica gel beads obtained
by the sol-gel route for the oxidation of (Z)-cyclooctene and
cyclohexane with PhIO or H,0, [24-26]. In turn, silica microspheres
functionalized with 5-(4-allyloxy)phenyl-10,15,20-tri(2,6-dichlo-
rophenyl)porphyrin have been prepared by Huang et al. for the
photooxidation of 1,5-dihydroxynaphthalene under visible light
irradiation in an aerated aqueous solution [27]. Recently, a visible
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light photocatalytic system based on water-insoluble tin porphyrin
Sn(OH),(TPP) immobilized on SiO, has been successfully used for
the degradation of 4-chlorophenol and acid orange 7 [28].

Pinenes are constituents of the wood and oil of an extensive
variety of plants. One rich source of a-pinene is turpentine, a by-
product of the pulping process in paper making. If an efficient
method could be developed for conversion of non-polar turpentine
monoterpenes into valuable flavor and fragrance compounds, the
value of the product would be increased. It is worth mentioning
that the method of oxidation of natural pinene by porphyrin
immobilized on silica is a response to the global tendency for
developing cleaner processes, according to the 3R rule (Reduce, Re-
use, and Recycle).

A previous study has demonstrated that some porphyrins
encapsulated in silica gel act as intensive luminescent materials
and efficient catalysts in biomimetic photocatalytic systems [29].
Unfortunately, that study has made no reference to the influence
of immobilization on the mechanism of photocatalysis. In this
connection, the aim of the present work was to elucidate how
the change of the physicochemical properties of porphyrins in
sol-gel determines the efficiency and the mechanism of photoca-
talysis. An investigation of the differences in biomimetic oxidation
of a-pinene by free-base, water-insoluble octaethylporphine (OEP)
and hematoporphyrin (HmP-IX) intercalated in transparent sol-
gel silica is also reported.

2. Materials and methods
2.1. Preparation of transparent monolithic gel-bars

Silica gels were prepared by sol-gel polymerization of
tetraethylorthosilicate (TEOS). TEOS was polymerized by hydrolysis
and condensation, with hydrogen chloride used as a hydrolysis cat-
alyst. In a typical preparation of monoliths, 78 cm® of TEOS and
42 cm? of acidic water (HCI, pH approx. 3) were stirred for 1.5 h.
The molar ratio of (HCI + H,0) to TEOS was fixed at 6.7. After hydro-
lysis, a homogeneous sol was obtained, with a final pH of about 4.5.
Next, 4-cm> portions of the sol were placed in disposable polysty-
rene spectrofluorimetric cells. Appropriate amounts of mother solu-
tions of porphyrins in THF, at 10> M for HmP-IX and 5 x 10~* M for
OEP, were added (using Hamilton microsyringes) to the sol in the
disposable spectrofluorimetric cells. Two parallel series of doped
sols were prepared in which the concentrations of the porphyrins
varied from 1 x 1076 to 2.2 x 107> M. The final concentration in
each series was dependent on the solubility of the particular por-
phyrin. Finally, the plastic cells were sealed with parafilm. Gelation
was observed after 5 days. The material obtained at this stage was
designated alcogel. After 1 month, the parafilm was perforated with
a needle to allow slow evaporation of the solvent during monolith
drying. The alcogels synthesized according to the above procedure
had a structure filled with EtOH and water. Wet gels were dried at
23 °Cin air.

The parafilm was removed after 5 months, and the drying pro-
cess was continued until the volumes of the shrinking monoliths
were constant and equal to approximately 1/8 of the volume of
the alcogel samples, resulting in the formation of a material hereaf-
ter referred to as xerogel. Such a complicated procedure of slow dry-
ing was used to prevent cracking of the monolithic transparent gels.

2.2. Evaluation of textural properties of silica gel samples

The specific surface areas of the dried silica gel samples were
calculated using the BET method [30], and their pore volumes were
determined from low-temperature nitrogen adsorption measured
using a Micrometrics ASAP 2405 V1.01 analyzer. Before measure-
ments, the samples were degassed at —170 °C.

2.3. Spectral measurements

Absorption UV-Vis spectra of the porphyrins in solutions and
gels were registered with a Carl-Zeis Jena M42 spectrophotometer
in the 350-700 nm range at 23 °C, while emission spectra were re-
corded using an FP-6300 spectrofluorometer (JASCO). The UV-Vis
spectra of solutions were registered in a 1 cm quartz cell, while
the gel spectra were measured after the solid samples were with-
drawn from the disposable cells. The fluorescence spectra were
taken without filters, since the FP-6300 spectrofluorometer had
sufficiently high resolutions, and the xenon lamp peaks did not
interfere with the investigated spectra. The UV-Vis reflectance
spectra were registered using a Horizontal Sampling Integrating
Sphere (Model: PIV-756) connected to a V-660 Spectrophotometer
(JASCO).

It should be noted that the structure and properties of doped
sol-gels depend not only on the chemical composition of the start-
ing materials, but also on numerous operational factors involved in
the preparation of sol-gels such as the water/silica molar ratio, the
type of solvent and catalyst, pH, temperature and humidity. These
parameters highly influence hydrolysis and condensation. To
eliminate these variations, all samples were prepared at the same
time from one stock solution, and all spectra were performed on
the same day. In this way, all assay reactions in one series of exper-
iments were carried out in the same conditions.

2.4. Photooxidation experiments

As a final step, the dry samples, defined as xerogel, were firstly
broken and then powdered in a mill (Planetary mill PULVERISETTE
6, Fritsch) to an average particle size of 0.2 mm for use in further
experiments.

Photooxidation experiments were carried out under controlled
temperature (20 °C), using an incubator consisting of four fluores-
cent visible lamps (Osram Lumilux, Cool White) arranged regularly
above the reaction vessel. Catalytic oxidation was carried out at
atmospheric pressure, under oxygen dissolved in the system in a
closed 10-ml glass container equipped with a magnetic stirring
bar. In a typical run, 150 pmol of a-pinene (corresponding to
50mM) was dissolved in 3cm? of chloroform (acetone or
1,4-dioxane) containing a predetermined amount of immobilized
porphyrin in a powder form (200 mg) and irradiated under an esti-
mated light intensity ranging from 120 to 150 pmol/m? s. Unless
stated otherwise, the phototransformation of o-pinene was carried
out for 24 h. In photodynamic experiments, the photoreactivity
runs were carried out for 33 h. 50-puL samples were withdrawn
from the suspensions every 1h during the first 4 h of irradiation
and subsequently every 4 or 12 h.

Silica powder was evenly dispersed in the organic solvent con-
taining analytes during magnetic stirring. At the end of the appro-
priate time intervals, aliquots of 100 pl of the reaction medium
were withdrawn and vigorously mixed with an equal volume of
an internal standard solution of 0.05% (v/v) n-decane (for the
substrate) and linalool (for the oxidation products) in hexane, to
be subsequently used for GC and GC-MS analyses.

Since it is known that photooxygenation of pinene yields hydro-
peroxides [31], the resulting mixtures were treated with a 5%
excess of the reducing agent triphenyl phosphine at room
temperature for 2 h, to convert hydroperoxides to alcohols. The
samples were analyzed by GC-MS.

2.5. Comparison of porphyrin photoactivity in a homogenous and a
heterogeneous system

The substrate (150 pmol) in 3 mL of chloroform was mixed with
an appropriate amount of photosensitizer (1.7 x 10~ mol of
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free-base OEP or 4.5 x 107°mol of free-base HmP-IX or an
equivalent molar amount in 185 mg of encapsulated porphyrins
in a powder form) to produce 1/117,647 and 1/44,444 M ratios of
sensitizer (OEP or HmP-IX) to substrate, respectively. For both
HmP-IX and OEP, two parallel experiments were performed for
24 h at 20 °C under the estimated intensity of visible light.

The stability and re-usability of the porphyrins were monitored
using multiple sequential oxidation of pinene under conditions de-
scribed above. Prior to each reaction cycle, the catalyst was filtered
off, washed exhaustively with chloroform and methanol and dried
on a rotary vacuum evaporator in a water bath at 50 °C. The proce-
dure was repeated three times to remove any terpene residues.
Finally, UV-Vis reflectance spectra of the catalyst were recorded
before its retesting with a new reactant mixture.

2.6. Chromatographic analysis

Progress of the reaction (in terms of selectivity and conversion)
was monitored using a Varian GC system fitted with a DB-5 capil-
lary column and FID (Flame Ionization Detector). The reaction
products were analyzed using a Phinigan DSQ spectrometer cou-
pled to a Trace GC Ultra Chromatograph equipped with an RTX-5
column according to the method given in Ref. [29].

Compounds were identified by comparing their mass spectra
and retention indexes (RI) with those of authentic sample spectra
in a standard library database system. The volatile compounds
were quantified by calculating the corresponding GC peak areas
with respect to the GC peak area of the internal standard. Biotrans-
formations were performed in two replicate samples, and analyses
were carried out in duplicate. The errors associated with the GC
quantification of samples were 5% and are quoted for a confidence
interval of 95%. The presented data are reported as average values.

Hydroperoxides were identified by GC-MS using the split-
injection/temperature-programmed sample introduction tech-
nique (PTV) and estimated on the basis of corresponding alcohols.
Pinocarveyl hydroperoxide was the only hydroperoxide identified.
Its mass spectra were as follows; [m/z (% of base peak)] 168 [M*
(<0.2)], 153 [M"—CHs (94)], 150 [M"—H,0 (<0.1)], 109 (4), 97
(24), 83 (9), 71 (3), 70(100), 69 (8), 55 (22), 42 (9), 41 (31).
Hydroperoxide yields were determined by double injection, with
and without reduction of the reaction mixture by triphenylphos-
phine, and then calculated from the increase in alcohol content.
The mass balance between pinocarvone and hydroperoxide,
monitored by an internal standard, was above 90% in all cases. A
detailed GC and MS analysis confirmed that pinocarveol repre-
sented a <90% yield based on hydroperoxide.

3. Results and discussion
3.1. Spectral behavior of porphyrins intercalated in silica gel

Physicochemical characterization of an active element is of
primary importance at the initial stages of the design of a new
photocatalytic device. The absorption and emission spectra of por-
phyrins are extremely sensitive to processes such as metalation,
protonation, ring oxidation and dimerization. In all porphyrin
spectra, two main bands can be distinguished in the region of
400-450 nm and 500-650 nm, which are known as the Soret and
the Q bands, corresponding to electronic transitions of So — S,
and Sp — Sy, respectively. The Soret band originates from allowed
electronic transitions and is about 15-30 times more intensive
than the Q band, which occurs as a result of forbidden electronic
transitions.

The spectra of hematoporphyrin (HmP-IX) and octaethylpor-
phine (OEP) in silica sol and alcogel (Figs. 1 and 2) were compared.

In contrast to OEP, increasing concentrations of HmP-IX resulted in
an evident straight-line increase in absorbance at 391 and 393 nm.
The increase was probably caused by the strong solvation of the
hydroxyl and carboxyl groups of HmP-IX by ethanol molecules.
We did not observe any deviation from Beer’s Law, which is evi-
dence for the lack of aggregation of this porphyrin in the sol and
alcogel matrix.

It has been reported that porphyrin molecules tend to aggregate
by hydrophobic and m-m interactions, leading to a loss of linearity
in the Beer’s law plot [32]. Thus, a drastic decrease in Soret band
intensity, which is the basis for the evaluation of the molar frac-
tions of monomers, dimers and trimers of porphyrin, was observed
with increasing concentrations of OEP. The following equations
were used to estimate the dimerization and trimerization con-
stants of OEP in sol-gel and the molar fractions of the particular
species:

&€ = &monmon + Edimdim + Etrim Cltrim (1)

where ¢ refers to molar absorbance, i.e., the A/c ratio (A - absor-
bance, ¢ - molar concentration of porphyrin), and &mon, &dim, trim de-
note molar absorbances of monomers, dimers and trimers of OEP
(in L/molxcm™). The symbol « refers to the molar fractions of the
particular forms of porphyrin calculated from:

Omon = [OEP]/([OEP] + Byim[OEP” + Bysim [OEP), )
%aim = Baim[OEP) /([OEP] + Buim [OEP]” + Byyimn [OEPP), 3)
%sim = Burim [OEP]” / ([OEP] + B [OEPT + Byirm [OEPP), (4)

where [OEP] is the molar concentration of the OEP monomer,
whereas Bgim and fim are dimerization and trimerization constants
evaluated from the formulas:

Baim = [(OEP),]/[OEP?, (5)

Buim = [(OEP);]/[OEP]”. (6)

[(OEP),;] and [(OEP)s] refer to the concentrations of dimers and tri-
mers of OEP. The total concentration c of porphyrin has to fulfill the
equation:

¢ = [OEP] + 2[(OEP),] + 3[(OEP),). (7)

There was a relatively good fit between the experimental ¢ values
and those calculated from Eq. (1) as well as between the total por-
phyrin concentration c and that found from Eq. (7), namely R? > 0.99
(where R? is the determination coefficient). The fitting procedure
was performed using PSI-PLOT (Version 8.83, Poly Software Interna-
tional). An evident increase in the molar fractions of dimers and a
decrease in the molar fractions of trimers are observable when
the sol sample is compared with the alcogel samples (Fig. 3). It
seems that in sol, porphyrin molecules can freely form both dimers
and trimers, whereas in the SiO, matrix, the formation of trimers
and higher agglomerates is strongly limited due to geometrical con-
strains, namely the small pore dimensions that hinder the incorpo-
ration of the trimers into the gel skeleton. It is interesting to note
that the molar absorbance coefficient for monomers &y, is in the
range 10°-10° L/molxcm™', whereas the values of &gim and &yim
are at the zero level, which was determined from the goodness of
fit to Egs. (1) and (7). This is probably the result of a m-m interaction
between OEP molecules during the formation of dimers and trimers.
Electrons participating in the m-m bond cannot be promoted to
higher electronic states as easily as in the case of OEP monomers.
Dimers and trimers of porphyrin in alcogel do not absorb light,
but they alter the concentration of monomers, which is observable
as a decrease in the absorbance with the rise in OEP concentration.
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Fig. 1. UV-Vis absorption spectra of HmP-IX and OEP intercalated in SiO, sol (the numbers denote the concentrations of the porphyrins).

In xerogel, both OEP and HmP-IX behave similarly with regard
to the character of their UV-Vis absorption spectra. When xerogel
is compared to alcogel (Figs. 4 and 2, respectively), however, there
is an observable red shift in the Soret bands from 393 to 404 nm for
HmP-IX and from 390 to 400 nm for OEP, with a characteristic
broadening at higher concentrations of the porphyrins (Fig. 4). This
fact is explained by many investigators as due to agglomeration of
tetrapyrrole macrocycles [33-35]. A calculation based on the
method given for alcogel (see Eq. (1)-(7)) yielded the following
parameters characteristic of the dimerization and trimerization
of HmP-IX in xerogel: &mon = 3.3 x 10°, &gim = 2.7 x 10%, &uim =0,
log Kgim = 6.72 and logKy;im, = 4.75. For OEP, the parameters were
Emon =24 x 10%, &4im=1.1 x 10®>, &4im=0, logK4m=6.99 and
log Kiim = 3.41. This calculation is only a very crude approximation,
since the determination coefficients R?> for HmP-IX and OEP in
xerogel were 0.95 and 0.91, respectively. Nevertheless, it provides
strong support for the conclusion about the predominance of por-
phyrin dimers over higher forms of aggregation in the xerogel. Still,
it cannot be precluded that the red shift in the Soret bands is re-
lated to the interaction of porphyrin molecules with silica walls,
probably through the formation of hydrogen bonds, as was found
earlier [29].

The essential difference between alcogel and xerogel is in the
shape of the Q bands. In the case of xerogel, only two components
are observed, contrary to alcogel, where four components are pres-
ent. This fact is directly related to the well-known change in the
symmetry of porphyrins from Dy, for the dication H4P?* to Dap
for the free-base porphyrin H,P. From the above, it is quite evident
that porphyrins exist in xerogel predominantly as dications. The
concentration of free-base forms is very low and, additionally,
the Q bands originating from free-base forms overlap with those
from dications.

The observed split of the Soret band in the excitation spectra for
octaethylporphine and hematoporphyrin IX into two peaks (Fig. 5)
suggests the probable formation of H-type (face-to-face) and J-type
(face-to-tail) agglomerates of the free-base porphyrins and their
dications. This is in agreement with the exciton theory, in which
the excited-state energy level of a monomeric dye splits into two
during aggregation [35]. The emission spectra (Fig. 6) contain
two bands at 612 and 627 nm for HmP-IX and at 603 and
620 nm for OEP. These bands probably correspond to the presence
of dications and free-base porphyrins. During the transition from
alcogel to xerogel, there can be observed a blue shift in the bands
to 600 and 592 nm and the emergence of a new band near 650 nm,
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which is probably related to the agglomeration of free-base por-
phyrins and their protonated forms. On the other hand, it is well
known that agglomerated and protonated forms of porphyrins
have less intense fluorescence compared to free-base porphyrin

monomers [36]. Our investigations show, however, that this state-
ment is not true of sol-gel systems, where the dimerized porphy-
rins are characterized by very strong red fluorescence, more
intense than that of porphyrins dissolved in alcogel. This may be
due to many factors, such as different dielectric constants of the
medium, interaction of the dimerized species with silica walls
and|/or a difference in the screening of the photoluminescence cen-
ter by the solvent molecules.

It must be emphasized that outside of optical applications, sil-
ica materials should have very small pore sizes; and if functional-
ized porphyrin systems are used as biocatalysts or chemical
sensors, a proper balance between non-leaching of the entrapped
bioactive porphyrins and their accessibility to the reagents be-
comes really important [37]. Textural characterization of the sil-
ica xerogel based on N, adsorption revealed a microporous
character of the adsorbent. The micropore surface area was
411.15 m?/g, while BET surface area was 537.25 m?/g. Apart from
the micropores, meso- and macropores with diameters of 17-
3000 A were also present in the silica structure. Their participa-
tion in the overall pore volumes, however, was minor, namely
0.046 cm>/g per 0.252 cm>/g of the total pore volume; neverthe-
less, it is evident that the accommodation of J- and H-dimers of
porphyrins inside the gel structure is possible without steric
obstacles.
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Fig. 4. UV-Vis absorption spectra of HmP-IX and OEP intercalated in SiO, xerogel
(7 months after gelation; the numbers denote the initial concentrations of the
porphyrins in silica sol).

3.2. Biotransformation of «-pinene by OEP and HmP-IX encapsulated
in silica

The initial investigation was aimed at evaluating the potential
of porphyrins encapsulated in silica gel for o-pinene light-
promoted biotransformation with oxygen dissolved in the system.
Oxidation was carried out over the entire spectral range of visible
light because photons with wavelengths up to 700 nm are the most
effective for photochemical purposes, while at wavelengths below
300 nm in the direct beam, no solar photons are detectable at the
Earth’s surface [38]. The photoreaction was carried out at the high-
est possible concentration of the porphyrins in the materials
(~4 x 10~* M). Drastic differences in bioactivity were observed
between OEP/SiO, and HmP-IX/SiO, in all solvents used (Fig. 7).
In chloroform, for example, the yield of products was 6.5-fold
higher for the OEP/SiO,.

The considerable differences in the photobiocatalytic perfor-
mance of the two intensive luminescent materials studied may re-
sult from the strong interaction of the electron-accepting carboxyl
groups of HmP-IX with silica, and the much stronger electron
donating ability of OEP, which makes the central cavity of the por-
phyrin ring less electrophilic than in the case of HmP-IX/SiO, [39].
According to some investigators, the interaction of porphyrin
molecules with silanol groups (Si-OH) through hydrogen bonds
promotes non-radiating fluorescence decay of porphyrins, whereas

the covalent bond between porphyrin molecules and silica walls in
the interior pores of the gel prevents that process [37]. The fact
that HmP-IX in silica preserves fluorescence, but significantly loses
photoactivity may be attributed to its chemical binding with SiO,,
which probably hinders intersystem crossing from the singlet ex-
cited state of the porphyrin to the triplet state, which is a crucial
step for photochemical activation of dioxygen.

According to GC-MS data, the main ultimately detectable
oxidation products for both porphyrins were pinocarvone, trans-
pinocarveol and myrtenol, compounds of a high commercial value.
The increase in the pinocarveol content in the reaction mixture
after addition of the reducing agent PPhs; additionally pointed to
pinocarveyl hydroperoxide as a transitional photooxidation prod-
uct. The structures of the obtained compounds were consistent
with those previously formed in the biotransformation of c-pinene
or its enzymatic degradation with some genera of bacteria and fun-
gi [40-42]. Recently, hydroperoxides have been found to be key
intermediates in the biotransformation pathway of pinene [43].
Thus, the activity of the examined OEP in a sol-gel matrix can mi-
mic the catalytic oxidative properties of o.-pinene monooxygenase
and seems to proceed along similar stages as microbial conver-
sions. However, studies on oxidative biotransformation of mono-
terpenes by most bacterial and fungal monooxygenases [1,44] as
well as biomimetic catalysts to metalloenzymes [45] show that
trans-pinocarveol and pinocarvone are generated as main products
in the biotransformation of B-pinene rather than a-pinene. It must
be noted that photooxidation of p-pinene by OEP and HmP-IX in a
solution system resulted in preferential production of myrtenol,
with lower amounts of myrtenal and pinocarvone (data not
shown).

Contrary to the observations of some authors studying transfor-
mation of monoterpenes by microbial and plant cells [46,47], we
found that pinocarvone does not derive from trans-pinocarveol.
This finding was corroborated by an independent reactivity exper-
iment in which no oxidative products were detected under typical
reaction conditions using trans-pinocarveol or myrtenol as sub-
strates. Therefore, it can be concluded that all three products:
trans-pinocarveol, myrtenol and pinocarvone are the result of
independent biotransformation reactions of o-pinene at different
oxidation rates. Additional support for the above conclusion comes
from the fact that the kinetics of the process is of the first order
with respect to a-pinene concentration. The straight-line depen-
dence of log (c/co) vs. time t (where co is the initial concentration
of pinene) confirms the first-order character of the biotransforma-
tion reaction (Fig. 8) with the rate constant K= 0.013/h.

3.3. Influence of organic solvent and porphyrin concentration in silica
gel on biotransformation yield

Seven organic solvents with various polarities were tested for
their ability to enhance o-pinene photoconversion by HmP-IX
and OEP entrapped in silica gel. Only in the case of methanol and
acetonitrile was slow sedimentation of silica particles observed.
A variation in the distribution of oxygenated products in the
different media was noted (Fig. 7). The reason for the distinctly dif-
ferent molar ratios of, for instance, myrtenol/pinocarvone, espe-
cially in chloroform, dichloromethane, acetone and acetonitrile is
rather complex. It can be explained by solvent effects on the rate
of the consecutive reaction steps and/or the rate of decay of reac-
tive oxygen species. We believe that it is especially the different
dielectric constants and, hence, the different polarities of the sol-
vents that determine the lifetime and rates of formation of active
intermediates such as free radicals and singlet oxygen as well as
subsequent recombination of these species. Taking into account
the fact that a photocatalytic reaction may involve electron
abstraction from pinene either by an excited photocatalyst or by
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Fig. 5. Excitation spectra of the porphyrins in xerogel (16 months after gelation, emission at 650 nm).

singlet oxygen, we cannot exclude the influence of the solvent on
the easy transfer of the electron in the system. Similar solvent ef-
fects have already been described in the literature [48]. The pres-
ent results clearly indicate that myrtenol and part of pinocarveol
are formed in a pathway that involves different reactive intermedi-
ate species than those involved in the hydroperoxide pathway of
pinocarvone formation.

Maximum yields of all photooxidation products were obtained
in non-polar solvents, e.g., chloroform and methyl chloride.
Hydrophilic solvents such as, for example, EtOH were substantially
less efficient in terms of their ability to maintain active porphyrins
in sol-gel, probably because alcohols quench active oxygen species
or pinene radical cations. In an investigation of the photooxygen-
ation of styrene, no active oxygen species have been detected
in alcohol reaction systems [49]. The highest bioconversion
of a-pinene by OEP/SiO, and HmP-IX/SiO, was obtained in chloro-
form, probably as a result of the fact that singlet oxygen as the
primary oxygen agent responsible for the photooxidation by
light-sensitive catalysts [50] has a relatively long lifetime in this
solvent [51].

Light-promoted addition of singlet oxygen to pinene is known
to produce hydroperoxides that originate from an ene-type reac-
tion [52,53]. Therefore, the product profile of the OEP/SiO, system
was also analyzed after reducing the expected hydroperoxides to
corresponding alcohols. When PPh; was added to the reaction

mixture, pinocarvone almost completely disappeared in favor of
trans-pinocarveol. This means that pinocarvone derived from a
pinocarveyl hydroperoxide intermediate and needs to be inter-
preted as a secondary product of photocatalysis. It probably arose
from the decomposition of the hydroperoxide during thermolysis
in the GC injector port; photochemical transformation of the
hydroperoxide (on long exposure of the photocatalyst to irradia-
tion) can be neglected as a source of pinocarvone. Myrtenol,
another product of photocatalysis, is not an ene product typical
of the a-pinene reaction with '0,, and thus, it might have arisen
from a radical-type background reaction. It is interesting to note
that hydroperoxides, as unstable compounds, have been reported
to be decomposed under photocatalytic conditions with a broad
variety of side products formed or in a GC system with alcohol
and pinene oxide as the only products [54,55]. The behavior of
the studied photocatalyst toward o-pinene can be compared
neither to that of some groups of manganese porphyrin catalysts
which use peroxides as oxidants nor to porphyrin photocatalysts
which afford the formation of mixtures of pinene oxide, verbenol,
verbenone and myrtenol [7,8,53]. However, our system shows a
certain resemblance to the porphyrin-based photosensitized reac-
tion leading to the formation of pinocarveol and myrtenol as main
products, preceded by reduction of the corresponding hydroperox-
ides [14]. As far as we know, pinocarvone from o-pinene has only
been obtained in UV-catalyzed oxidation involving the use of
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Fig. 6. Comparison of the emission spectra of HmP-IX (a) and OEP (b) in alco- and xerogel (excitation wavelength 390 nm).

H,TPP as photosensitizer and some very toxic chemicals: acetic
anhydride, pyridine, (dimethylamino)pyridine and base [56]. The
literature points out that allylic oxidation of a-pinene also gives
rise to verbenyl hydroperoxide (and myrtenyl hydroperoxide)
derivatives and subsequently to the formation of verbenol and
verbenone [57,58].

A free-radical chain mechanism is also suggested in photooxi-
dation reactions. A broad product mixture of allylic and epoxide
oxidation products usually arises from typical radical-initiated
autoxidation [20,53]. Since we obtained alcohol and hydroperoxide
(and ketone from it) only, with no verbenyl-derived products and
neither epoxide nor corresponding glycol derivatives, we suggest
that phototransformation of o-pinene by porphyrins in silica gel
involves a cooperative mechanism of photooxidation based on
two possible routes. The first pathway, consisting in electron
abstraction from substrate by the light-excited OEP/SiO, matrix,
can lead to the formation of minor components during a radical
autoxidation mechanism, while the most abundant compounds,
pinocarveyl hydroperoxide is formed through a photosensitized
reaction with singlet oxygen (either by electron transfer from
o-pinene to '0, or via a radical mechanism). These two alternative
pathways (type I and II) are well documented in the literature

[11,50]. As has been postulated previously, the mechanism of pho-
tooxidation is determined by the concurrent involvement of the
reactive oxygen species: singlet oxygen ('0,), superoxide radical
anions (0%*~) and hydroxyl radicals [59,60].

Trans-pinocarveol and myrtenol are formed, presumably, via ra-
pid decomposition of the hydroperoxide radical in the radical chain
mechanism, as has been reported by Schrader et al. [61]. McMorn
et al. [57] also suggest that oxidation of o-pinene to verbenone
using a silica-titania co-gel catalyst proceeds probably via the for-
mation of a hydroperoxy intermediate. No attempt has been made
to optimize this result, but it is apparent that OEP in silica gel could
provide a novel biomimetic pathway to pinocarvone.

In a subsequent experiment, the porphyrins at various concen-
trations in the sol-gel matrix (ranging from 1 x 107% to 2.2 x
107> M) for the photooxidation of o-pinene were examined to
investigate product yields and catalytic activity and also to exam-
ine the correlation between the biocatalytic efficiency of the por-
phyrins in SiO, and their intensity of fluorescent emission and
absorbance. In this experiment, we also wanted to determine the
effect of porphyrin aggregation on the yield of the photooxidation
reaction. The results were studied considering the efficiency of the
photocatalysts in terms of turnover number (TON), defined as the



M. Trytek et al./Journal of Catalysis 286 (2012) 193-205 201

(b) . OEP/SiO, - alcogel

Intensity, a. u.

1x10°®
2x16°
4x16°®
6x10°
8x10°
1x10°
1.2x107°
1.4x107°
1.6x107°
1.8x107°
2x10°

725

Wavelength, nm

OEP/SiO, - xerogel

300

250

Intensity, a. u.

Aexc =390 nm

700 725

Wavelength, nm

Fig. 6 (continued)

25

N
o

HmP-IX/SiO2

- -
o o

products concentration (g/L)
o
w

=
o

K L
(]

%,

’/@r

N
&

[ trans-pinocarveol
B pinocarvone
Em myrtenol OEP/SiO2

- - N
o o
s L

o
L

products concentration (g/L)
o
2]

o
[=}
|

Fig. 7. Comparison of biomimetic activity of HmP-IX and OEP encapsulated in silica gel in the process of a-pinene photooxidation in different organic solvents.

number of moles of product formed per mole of porphyrin per
hour. The biocatalytic efficiency of the porphyrins entrapped in
the sol-gel matrix was found to be positively correlated with their
intensity of fluorescent emission and absorbance over the range of

their concentrations studied in sol. The maximum TON was
reached at 6 x 10~® M for OEP (Fig. 9). Close to this OEP concentra-
tion, the highest luminescence intensity and sharpness of the
relative Soret band was observed in alcogel, which rules out the
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Fig. 8. The progress of a-pinene biotransformation according to first-order kinetics
(¢ - concentration of a-pinene at time t, co - initial concentration of pinene).

formation of higher aggregated species of the porphyrin. At high
concentrations of the porphyrin in silica, a drop in the catalytic
effectiveness occurred. This is in agreement with the more general
rule that the formation of a dication and higher-order aggregates
decreases the photoactivity of photosensitizers [62-64], as the
presence of porphyrin stacking does not allow optimal interaction
of a-pinene with macrocycles [65]. However, contrary to expecta-
tion, octaethylporphine in xerogel showed maximum absorbance
and enhanced luminescence in the concentration region between
1 x 107> and 1.4 x 107> M. In all probability, this was caused by
the formation of associate porphyrin structures, which, by transfer-
ring energy from one to another led to a radiative transition from
the OEP/SiO, excited state to its singlet ground state, concurrently
with photochemical activation of dioxygen. In turn, HmP-IX/SiO,
showed residual activity over the entire range of concentrations
studied, with slightly higher values at 2.2 x 107> M (data not
shown). This indicates that the poor catalytic behavior of hemato-
porphyrin in silica gel has no relation to its agglomeration.

3.4. Comparison of homogeneous and heterogeneous systems

In all our earlier studies regarding the photooxidation of
limonene, both the OEP and the HmP-IX porphyrin were very
active in a homogeneous system. Whenever photosensitizers are
immobilized, their photophysical properties as well as photodegra-

dation and aggregation tendencies change, and these changes may
have an effect on the profile and yields of photooxidation products
of a substrate [66]. We compared the photooxidation of o-pinene
in a homogenous and a heterogeneous system using the same total
amount of catalyst. In the case of OEP, the overall characteristics of
the reaction were similar (Fig. 10). In comparison with OEP, HmP-
IX in the homogeneous system showed lower yields of products
due to its low solubility in chloroform used as solvent in the pho-
toreaction. As expected from the previous results with heteroge-
neous systems, HmP-IX lost its photocatalytic activity when
intercalated in SiO-.

The correlation between the photoactivity of free-base OEP in
organic solutions and that entrapped in silica matrices indicates
that the strategy of its incorporation into the transparent matrix
was successful, as the photoactivity of OEP in the heterogeneous
system was exactly the same as in the homogeneous system. The
photoactivity was preserved despite the fact that the structure of
the silica matrix, with some of its pores being closed, might hinder
the access of oxygen and o-pinene to the catalytic site and
diffusion of the oxidation products into the reaction medium. This
result also stands in contradiction to the general rule that immobi-
lized photosensitizers show reduced quantum yield of '0, genera-
tion [50]. This is additional evidence both for the efficiency of the
new porphyrin photocatalyst in SiO, matrix and for the existence
of a non-'0, pathway for the biotransformation of a-pinene.

As mentioned before, OEP at concentrations up to 6 x 1076 M
exists in xerogel mainly in the form of dimers rather than high-
er-order aggregated porphyrin species, as confirmed by the split-
ting of the excitation band (see Fig. 5). As a consequence, the
OEP-doped xerogel employed in the experiment showed a sharp
Soret band. From most of the above data, it is possible to
rationalize the pathways for the biomimetic oxidation of terpenes
by the porphyrin encapsulated in silica gel. We propose that
photooxidation of monoterpenes involves the participation of
two species, dimers and dications of OEP in SiO,. As a conclusion,
we propose a hypothetical primary step of the mechanism of
o-pinene photooxidation by OEP/SiO, (Scheme 1). The essential,
photoinduced process would involve transfer of protons from the
dimeric form of the porphyrin dication to the lone electron pairs
of siloxane oxygen (in =Si—0—Si=) or passing of protons to un-
bound silanol groups of the silica network. The resulting excited
porphyrin in the triplet state could then react in one of two ways,
via type I or Il photooxygenation mechanism. In the case of HmP-
[X, the silanol groups and the lone electron pairs inside the silica
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pores are blocked by the electrophilic group of HmP-IX, making
transfer of protons from the excited porphyrinic complex
impossible.

During the course of photooxidation, the reaction solution
remains colorless. The stability and reusability of OEP/SiO, in
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photocatalytic oxidation of pinene studied within four catalytic
cycles is shown in Fig. 11. The OEP/SiO, catalyst could be repeat-
edly used for 4 successive biotransformations of each 20-h cycle
with the total turnover number of up to 12,000. The most signifi-
cant loss of photocatalytic activity (about 30%) was observed after
the first cycle. Then, the activity was maintained at the same level
for another 2 cycles to fall by 20% after the fourth cycle. The
porphyrin immobilized inside the matrix retained 50% of its initial
activity. As was shown in UV-Vis reflectance spectra (Fig. 11), the
decrease in the absorption intensity after the first cycle could point
to leaching of the catalyst from the silica support into the solution.
However, the experiments with filtrates recovered after removal of
the catalyst demonstrated residual activity for a-pinene photocon-
version in the filtrate, but only in that obtained after the first re-use
of the catalyst. This can be explained by the photobleaching of the
catalyst and its consequent release into solution in an inactive
form, which is not detectable by visible spectroscopy. It has to be
emphasized that the OEP/SiO, catalyst practically did not change
its visible spectrum over the four cycles performed, in contrast to
free OEP in the homogeneous system, which exhibited changes in
the UV-Vis spectra (possibly by protonation) and lost its activity
(data not shown). The OEP/SiO, is easily removable by filtration

CHy

oxidation

1
0, products

30,
kisc

% S %
'[H,0EP**---H,0EP]. — °[H,0EP---H,OEP]

RN

DIM"

H3C. CHjy

% e transfer
CHj

H;C. CHj

% +
CHs

H+
1
|
1

no products

Scheme 1.



204 M. Trytek et al./Journal of Catalysis 286 (2012) 193-205

5000

(a)

4000

3000
2000
1000
0 T T T T
1 2 3 4

photocatalytic cycles

total turnover number

0,7
(b) — before the reaction
06 1 400 aftor 1 catalytic cyele
Soret p |0~ after 2 calalyt!o cycles
] band ——-— after 3 catalytic cycles
05 — — —  after 4 catalytic cycles

0,4 1

0,3 1

Absorbance, a. u.

02 T

0.1

0,0 1
300 350 400 450 500 550 600 650 700
Wavelength, nm

Fig. 11. Reusability of OEP/SiO; in the photocatalytic oxidation of pinene (a) and
UV-Vis reflectance spectra showing its stability (b); (concentration of OEP in silica
gel: 6 x 107 M).

from the reaction mixture, greatly simplifying the isolation of the
products. Moreover, OEP/SiO is recyclable and has been reused
up to three times without any appreciable loss of catalytic activity.
This stability is not only due to the physical entrapment but also to
the multiple additional interactions with SiO, through hydrogen
bonds, ionic or hydrophobic forces. Although the reported results
are promising, additional research is needed to develop a method
for decreasing porphyrin photobleaching for use in the biotransfor-
mation of terpenes.

In our study, we obtained pinocarvone that can be found,
though unfortunately only in small amounts, for example, in ex-
tracts of Hyssopus officinalis and Chrysanthemum parthenium as well
as in Chamomile and Eucalyptus essential oils. Pinocarvone has
practical applications as a flavor compound, a cockroach attractant
[67] and a key intermediate for the manufacture of various fine
chemicals including tricyclic lactones widely used as perfume
and flavor ingredients [68].

4. Conclusions

1. Encapsulation of octaethylporphine in silica gel generates bio-
materials with a high fluorescence intensity and photocatalytic
activity, which resemble enzymes involved in monoterpene
biotransformation. By contrast, hematoporphyrin encapsulated
in silica gel preserves its luminescence properties only.

2. It is suggested that the lack of photocatalytic activity in hema-
toporphyrin is caused by its covalent binding with the silica

network, which probably impedes the formation of active oxy-
gen species.

3. The decrease in the photocatalytic efficiency with the rise in
octaethylporphine concentration accompanies the formation
of higher-than-dimer aggregates of this porphyrin in silica.

4, o-Pinene oxidation probably occurs with the participation of
singlet oxygen or/and oxygen radicals, generated by partially
protonated porphyrin dimers.

5. The final oxidation products, namely trans-pinocarveol, pino-
carvone and myrtenol, are formed independently in the first-
order reaction of a-pinene oxidation.

6. The octaethylporphine photocatalyst in silica gel, as compared
to its free-base form in the homogeneous system, is easily
and efficiently recycled within four catalytic cycles with the
total photooxygenation turnover number of up to 12,000.
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