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Introduction

Porphyrins, porphyrinoids and their metal complexes have
been used extensively as photosensitizers in synthetic
chemistry as well as environmental and medical applications
& Over the past decades, much attention was paid to design
new photosensitizers with the aim of improving the efficiency
of production of reactive oxygen species (ROS) and especially
singlet oxygenw’lz]. Porphyrins may be readily protonated with
different weak and strong acids L
was paid to porphyrin diprotonated species as potential
photosensitizers with red-shifted absorption bands in the
visible region. In spite of some advantages of homogeneous
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Novel metal free porphyrinic photosensitizers supported on
solvent-induced Amberlyst-15 nanoparticles with a porous
structure

Akram Heydari-turkmani, Saeed Zakavi* and Nasser Nikfarjam*

In this study, a series of meso-tetraarylporphyrins (aryl = phenyl, 2-methylphenyl and 2-
chlorophenyl), H,T(aryl)P immobilized on nanosized Amberlyst-15 (nanoAmb) through acid-base
reaction were utilized as highly efficient (turnover number in the range of 4 x (8000 to 10000), for
4 successive reactions with the same catalyst), stable and reusable heterogeneous photocatalysts
for the aerobic oxidation of olefins under green conditions. Interestingly, nanoAmb with an
average diameter less than 200 nm was produced from Amb beads by overnight magnetic stirring
in ethyl acetate at room temperature. The catalysts may be reused at least four times without
significant decrease in the catalytic activity. The immobilization of porphyrin on the polymer was
confirmed by diffuse reflectance UV-vis and IR spectroscopy. Also, the supported porphyrin was
released from nanoAmb surface by alkaline treatment and analyzed by UV-vis spectroscopy. N,
porosimetry analysis showed significant decreased BET surface area and pore volume values of
the polymer after the immobilization of porphyrins. The influence of different parameters
including the photosensitizer to olefin molar ratio, porphyrin loading, solvent, type of light source
and the meso substituents has been investigated. H,T(2-Me)PP@nanoAmb and H,T(2-
Cl)PP@nanoAmb showed the highest oxidative stability and catalytic activity among the series of
porphyrins, respectively. In order to overcome the photooxidative degradation of porphyrin
photosensitizers, different degrees of catalyst loading were examined and that with the lowest
loading showed the best performance. The use of 1,4-benzoquinone and 1,3-
diphenylisobenzofuran as the quencher of superoxide anion radical and singlet oxygen species
revealed that oxidation reaction mainly proceeds with a singlet oxygen mechanism.

catalysts over their heterogeneous counterparts such as higher
catalytic activity, heterogenizing homogeneous catalysts is an
efficient approach to overcome problems encountered with
the use of the former including difficulties in separation and
recovery as well as the oxidative degradation of the catalyst.
Different organic and inorganic supports may be employed to
1691 | the case of

[1-

immobilize the porphyrin based catalysts&
metalloporphyrins, functionalization of the organic and
inorganic supports with efficient nitrogen donors such as
imidazole may be used for this purpose [20-22]. Also, the
introduction of anionic and cationic centres on the support has
been utilized to immobilize porphyrins and metalloporphyrins
with cationic and anionic substituents, respectivelym’“]. The
lack of metal centre in the case of free base porphyrins
necessitates the introduction of different anionic and cationic
groups at the periphery of porphyrin core. Accordingly,

13-15

1 However, little attention
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used as simple supports to immobilize a wide range of
[25-26]

Indeed, core protonation of porphyrins may be used as a low-
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cost alternative of complex multi-step procedures have been
used to functionalize porphyrins at the B and meso positions
2 Furthermore, the structural and electronic changes upon
the protonation of porphyrins such as the out-of-plane
deformation of porphyrin core and decreased dihedral angle
between the porphyrin mean plane and the meso aryl
substituents lead to significant difference between
porphyrins[1—3' 2 |t should be noted that in free base meso-
tetraarylporphyrins, in the absence of remarkable steric
hindrance between the meso aryl groups and the B carbon
atoms, there are large dihedral angles between the aryl
substituents and porphyrin mean plane@]. This in turn leads to
little or no difference between the structure and electronic
properties of porphyrins with various electron releasing and
with-drawing substituents. Amberlyst 15 dry (Amb) is a bead
form, strongly acidic ion exchange resin that has been used as
acidic catalyst in different organic transformations®22%2 This
polymer is cheap, non-toxic and environmentally compatible.
Also, the stability of Amb towards degradation under oxidative
conditions makes it suitable for wusing as support for
immobilization of oxidation catalysts@]. In spite of the
extensive studies performed on the spectral and structural
properties of porphyrin dications, to date, little attention has
been paid to the effects of core protonation on the
photocatalytic activity of porphyrin photosensitizers[gz'ggl.
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Indeed, the formation of porphyrin diacids was considered as
an undesired side reaction during the use of porphyrin free
base photosensitizers in chlorinated solvents2. In 2015,
oxidation of artemisinin catalyzed by an Amb supported
porphyrin in liquid CO, was reported by George et alB2d
another study, the influence of UV light on the photostabiliy of
some porphyrin diacids with CH;COOH was investigated[ﬁl. In
the present study, Amberlyst 15 nanoparticles (nanoAmb)
prepared by stirring the polymer beads in diethyl acetate at
room temperature was utilized as a strong acid to protonate a
series of meso-tetraarylporphyrins (Figure 1). Also, due to the
insolubility of the polymer in the solvent used in this study, the
diprotonated species were immobilized electrostatically on the
anionic polymer. It is noteworthy that the deprotonated
polymer acts as the counteranion of the diprotonated species
and therefore in the absence of alkaline agents, the
diprotonated species is strongly bonded to the surface of the
polymer and therefore no catalyst leaching has been observed.
The nanoAmb supported porphyrins were used as
photosensitizer for the aerobic oxidation of olefins in
acetonitrile. The effects of parameters such as the
mesosubstituents, light source, solvent and degree of
porphyrin loading on the photocatalytic activity and oxidative
stability of porphyrin diacids were investigated. Interestingly,
turnover numbers as high as ca. 10000 were achieved for the
oxidation reaction catalyzed by the diacids.
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Figure 1. Schematic presentation of immobilization of porphyrins on Amberlyst 15 nanoparticles (nanoAmb).
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Experimental
Instrumental

A Pharmacia Biotech Ultrospec 4000 UV-Vis
spectrophotometer was used for UV-vis spectroscopy. Diffuse
reflectance UV-vis spectra were recorded using a Varian Cary
5000 UV-VIS-NIR absorption spectrometer. 'H NMR spectra
were obtained on a BrukerAvance DPX-400MHz spectrometer.
The reaction mixtures were analyzed by a Varian-3800 gas
chromatograph equipped with a HP-5 capillary column and
flame-ionization detector. The oxidation products were
characterized by 3¢ NMR. DR-FT-IR spectra were prepared
with a Bruker Vector 22 instrument after mixing the samples
with KBr. The porosimetry analyses were performed by
nitrogen adsorption/desorption method using a Belsorp max
(Japan) instrument. The mean diameter and size distribution of
the aqueous dispersion of particles before and after loading of
porphyrin were measured by Zetasizer Nano ZS (Malvern
Instruments Ltd., United Kingdom). All measurements were
performed at 25° C with an angle detection of 90° . The
sample was previously filtered with a 0.45 u m Millipore filter
to avoid any contamination. For morphology investigation by
the field-emission scanning electron microscopy (FE-SEM), the
crushed Amberlyst beads obtained after 5 and 24 h were set
on a clean glass slide and then vacuum-coated with gold.
Digital images of the samples were acquired with the
HitachiS4160 field emission scanning electron microscope
operating at 20 kV.

Synthesis and characterization of H,TPP, H,T(2-CI)PP, H,T(2-
Me)PP and H,T(4-OMe)PP@nanoAmb

Meso-tetraphenylporphyrin H,TPP and its derivatives with
para-methoxy, H,T(4-OMe)PP, ortho-methyl, H,T(2-Me)PP and
2-chloro, H,T(2-Cl)PP B3 were synthesized, characterized and
purified according to the literature methods. The H NMR, e
NMR and UV-Vis spectral data of the porphyrins are presented
in the Supporting Information, S1. Amberlyst 15 beads (dry,
Acros) were stirred vigorously over a magnetic stirrer in ethyl
acetate overnight at room temperature to obtain the pale
yellow powder of nanoAmb. A solution of the desired
porphyrin (0.08 mmol) in 25 ml ethyl acetate was added to 1.5
g nanoAmb and the mixture was stirred for 5 h at room
temperature in air. After the required time, the pale yellow
nanoAmb turned to green. The solid was separated by
centrifuging and was washed two times with ethyl acetate. The
loaded porphyrin was measured by UV-vis spectroscopy;
Tetra-n-butylammonium hydroxide was added to the
mobilized porphyrin in ethyl acetate to release the acid
bonded porphyrin. The released porphyrin was measured by
absorbance measurement at the A, of each porphyrin.

General oxidation procedure

The photooxidation reactions were performed in a double
walled cylindrical glass vessel (Supporting Information, Figure
S1). Water circulation through the outer jacket was used to
maintain a constant temperature. In a typical reaction, 6.6 x
10 mmol photosensitizer and olefin (0.66 to 6.6 mmol) were

This journal is © The Royal Society of Chemistry 20xx
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added to 10 ml acetonitrile to obtain the desired molar ratio.
At different time intervals, an aliquot of the solution was taken
out with a syringe and analyzed by GC. In order to characterize
the oxidation products, a control reaction was performed in
CDCl; under the same conditions. The B¢ NMR spectrum
confirmed the formation of cyclooct-1-en-3-yl hydroperoxide
and 2-cyclohexene-1-one in the oxidation of cyclooctene and
cyclohexene, respectively. The spectral data of the products
are summarized in the in the (Supporting Information, S2 and
S3).

Results and discussion

Amb nanoparticles were prepared by magnetically stirring
overnight Amberlyst 15 beads in diethyl acetate. Interestingly,
the beads break down into small particles over time (Figure 2,
A, B, Cand D).
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Figure 2. FE-SEM images indicating the structural changes
upon magnetic stirring of Amb in ethyl acetate up to 24 h. DLS
characterization of Amb nanoparticles and H,TPP@nanoAmb.
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The results of dynamic light scattering (DLS) confirmed the
formation of polymer nanoparticles with an average diameter
of 192 nm. Field-emission scanning electron microscopy (FE-
SEM) images revealed the formation of nearly spherical
nanoparticles with an average diameter of less than 200 nm.
Also, DLS showed an average diameter of 198 nm for the
porphyrin supported polymer (Figure 2, 1). Diffuse reflectance
UV-vis spectra of the catalysts (Figure 3) showed the presence
of porphyrins on the polymer support. The red shift of the
Soret and Q(0,0) bands is in accord with the formation of
porphyrin diprotonated species[27’36]. It is noteworthy that the
order of Soret and Q(0,0) band of different porphyrins in DR
UV-Vis spectra correlates with that previously observed for the
corresponding diacids in dichloromethane.**>¢! The
immobilization of porphyrins on the polymer was also studied
by IR spectroscopy. The IR spectra of Amb, H,TPP and
H,TPP@nanoAmb are shown in the Supporting Information,
Figure S2. Upon the formation of porphyrin diacids the region
of greatest difference is 1100-1500 cm™ that has been
attributed to the stretching and bending modes of the pyrrole
rings. It was shown by Stone et al. that the band due to the C-
N stretching at ca. 1350 cm™ is almost absent in porphyrin
a4, However, the existence of strong bands due to the
polymer support in this region made it impossible to observe
the expected changes. Immobilization of H,TPP on the polymer
is accompanied with the protonation of the porphyrin core and
the formation of strong intermolecular hydrogen bonds
between the N-H groups and the counteranion of the acid. As
may be seen from in the Supporting Information, Figure S2 the
main difference between the IR spectra is the disappearance
of the N-H stretch band at 3300 cm™ Apparently, the
formation of strong hydrogen bonds between the —SO;” groups
of Amb and [H4TPP]2+ led to the broadness of the N-H stretch
band and disappearance of this band. Amb is a macroporous
resin®28 and therefore the incorporation of porphyrins into
the macropores is expected to decrease the porosity of the
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Figure 3 (a) Typical UV-vis spectrum of free base porphyrin (purple curve,
H,TPP) and its dication with sulfuric acid (green curve) in ethyl acetate; (b)
Diffuse reflectance UV-vis spectra of the Amb immobilized porphyrins.
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The nitrogen sorption isotherms of the solid catalysts are
shown in (Figure 4). The isotherms are in accord with the
macroporous structure of the catalysts[wl. Also, the Vil
and Sger values, summarized in Table 1 show significant
decreased BET surface area and pore volume values of the
polymer after the immobilization of the porphyrins.
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Figure 4. N, adsorption/desorption isotherms of nanoAmb and the immobilized
porphyrins.

Oxidation of cyclooctene

The photooxidation of cyclooctene in the presence of the
immobilized catalysts was studied and the influence of different
factors was investigated.

Effect of catalyst:substrate molar ratio

In order to optimize the reaction conditions, the oxidation of
cyclooctene in the presence of H,TPP@nanoAmb in CH3CN was
studied. The degree of H,TPP loading on Amb 15 was found to
have significant influence on the catalytic activity of the catalyst
(Table 2). It is observed that the maximum conversion was
obtained using H,TPP@nanoAmb with a loading of 0.003 mmolg
'. This observation seems to be due to immobilization of H,TPP at
the outer surface of the polymer. It is noteworthy that
H.TPP@nanoAmb with this loading has the minimum amount of
H,TPP per gram of the polymeric support.

Table 1 BET analysis of Amb and the immobilized catalysts.

Entry Photosensitizer S%er Vet
ng-l o’ g-l
1 Amb 85.0 0.5183
2 H,TPP@nanoAmb 33.0 0.3000
3 H,T(4-OMe)PP@nanoAmb 44.2 0.3422
4 H,T(2-Cl)PP@nanoAmb 45.0 0.3600
5 H,T(2-Me)PP@nanoAmb 37.8 0.3532

S%erand VP, are specific surface area and total pore volume, respectively.

This journal is © The Royal Society of Chemistry 20xx
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Table 2 Effect of the degree of porphyrin loading on photocatalytic activity of H,TPP@Amb for the oxidation of cyclooctene in acetonitrile.?

Catalyst Porphyrin uptake/(mmol g')°*  Catalyst weight H,TPP Conversion Oxidative TON®
(9) Capacity (umol) (%)° Stability (%)° [TOF ("
H.TPP@nanoAmb 0.029 0.0227 0.668 58 40 5800[120]
H,TPP@nanoAmb 0.024 0.0270 0.668 71 42 7100 [147]
H,TPP@nanoAmb 0.019 0.0320 0.668 81 33 8100 [168]
H,TPP@nanoAmb 0.009 0.0710 0.668 83 33 8300 [172]
H,TPP@nanoAmb 0.003 0.2270 0.668 85 35 8500 [177]
nanoAmb 0 0.200 0 0 g 0

Published on 05 May 2017. Downloaded by University of California- San Diego on 05/05/2017 21:31:22.

@ The supported H,TPP and cyclooctene were used in 1:5000 molar ratio. ° Evaluated by absorbance measurement at the Amax of H,TPP by UV-vis spectroscopy
(see the text). ° GC yield; the product was characterized by C NMR (Supporting Information, S2). 4 Measured on the basis of the absorbance changes at the Amax
of the released porphyrin after treatment with tetra-n-butylammonium hydroxide. °“TON demonstrates the number of moles of product obtained per one mole of the

catalyst.'TOF was obtained as turnover number of the reaction per time unit. ¢ No oxidative degradation was detected.

On the other hand, due to the high molar ratio of photosensitizer
to cylooctene, i.e., 1:5000, there is no meaningful difference
between the oxidative stability of the catalysts with different

Table 3 Effect of catalyst to substrate molar ratio on the oxidation of cyclooctene in
acetonitrile.””

degrees of loading. BET analysis showed a porous structure for Catalyst:Substare  Conversion Oxidative TON

H,TPP@nanoAmb. Also, this technique demonstrates a (%) Stability (%) [TOF (h™)]
remarkable decrease in BET surface area of H,TPP@nanoAmb 1:1000 35 350 (7]

with respect to that of Amb. Accordingly, the macropores of the 1:5000 85 35 4250 [88]
polymer are occupied with H,TPP. Apparently, the use of lower 1:10000° 93 40 9300 [194]
degrees of H,TPP loading led to an increase in the number of 1:15000 84 34 12600 [262]
catalytic sites at the surface of the heterogeneous catalyst. In 1:20000 82 32 16400 [342]

other words, the catalytic sites at the surface of the polymer are
more important in the oxidation reaction than those in the
macropores. Furthermore, the molar ratio of catalyst to olefin was
optimized (Table 3) and the 1:10000 one was found to be the best
one.

?H,TPP@nanoAmber with a loading of 0.003 (Table 2) was used as catalyst. "The
reactions were conducted at room temperature. © The optimum molar ratio.

Table 4 Solvent effect on the rate of reaction and the catalyst stability.’

Entry Solvent Conversion (%) Oxidative
Solvent effect Stability (%)
1 Acetonitrile 93 40
To optimize the solvent, the solvent, the oxidation of cyclooctene 2 Toluene 11 78
was conducted in different solvents (Table 4) and the highest 3 1,2-Dichloroethane 73 8
conversion was obtained in acetonitrile. Also, the highest 4 Dimethylsulfoxide Trace 0
5 Dimethylformamide Trace 0

oxidative stability of the photosensitizer was observed in toluene.

The lifetime of singlet oxygen (1) depends on the solventY,
However, different values were reported for lifetime of singlet
oxygen in a given solvent in the literature™? and therefore there is
no certainty in the relative lifetime of this species in a series of
solvent. The lifetime of singlet oxygen decreases as CHsCN (77
us) > DCE (63 ps) > Toluene (29 ps) > DMSO (19 ps) > DMF
(17.9 ps) in the used solvents®. The order of conversions
approximately correlates with the order of lifetime of singlet
oxygen in these solvents. As may be observed in Table 4, the
oxidative stability of the catalyst in the used solvents decreases
as Toluene > CH3CN >> DCE > DMSO = DMF. It should be noted
that mechanistic studies (vide infra) showed the involvement of
singlet oxygen as the main reactive oxygen species. Furthermore,
no product was obtained for the reactions performed in DMSO
and DMF. It is noteworthy that these solvents are considered as
singlet oxygen quencher4,

Effect of the light source
The type of light source is among the parameters influencing the

photocatalytic activity of porphyrin-based photosensitizers 148,

This journal is © The Royal Society of Chemistry 20xx

? See the footnotes of Tables 2 and 3.

The oxidation of cyclooctene catalyzed by Ho.TPP@nanoAmb was
studied in the presence of different 20 W LED lamps (Figure 5
and Table 5) in CH3CN. The results showed higher efficiency of
the blue lamp compared to the red one. Accordingly, the
absorption at the wavelength of the Soret band seems to be
mainly responsible for the photosensitizer ability of the catalyst.
Also, the white LED lamp was better than the other lamps. The
conducting of the oxidation reaction in the presence of the Sun
light led to very similar results to those with white LED lamp.
Furthermore, the effect of light source on the oxidation reaction
catalyzed by the other photosensitizers was studied and similar
results were obtained (Table 5). It should be noted that as was
expected the oxidative degradation of catalysts was greater in the
presence of the blue LED lamp. In other words, the increase of
the efficiency of singlet oxygen production led to both increase in
the conversion of cyclooctene to the oxidative products and the
oxidation of catalyst precursor.

J. Name., 2013,00,1-3 | 5
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Figure 5. Effect of the light source on the photocatalytic activity of
H,TPP@nanoAmb for the oxidation of cyclooctene in acetonitrile.

Effect of the meso substituents

The catalytic activity of different nanoAmb supported porphyrins
was studied (Table 5 and Figure 6). It is observed that the
catalytic activity decreased as H,T(2-Cl)PP@nanoAmb = H,T(2-
Me)PP@nanoAmb > H.TPP@nanoAmb >> HoT(4-
OMe)PP@nanoAmb. Also, the oxidative stability of the
photosensitizer was in the order of H,T(2-Me)PP@nanoAmb >
H.T(2-Cl)PP@nanoAmb > H,TPP@nanoAmb >> H,T(4-
OMe)PP@nanoAmb.  Accordingly, the electron deficient
porphyrins were more efficient than the electron-rich ones. Also,
the oxidative stability of the photosensitizers approximately
correlates with the degree of electron deficiency of the porphyrins.
However, higher oxidative stability of H.T(2-Me)PP@nanoAmb
cannot be explained by the electronic properties of the ortho
substituents. Apparently, the greater size of methyl (200 pm)
group relative to chlorine atom (175 pm) “€, led to increased
steric hindrance at the meso position of the former and led to the
observed order of oxidative stability.

Table 5 Photocatalytic activity of the catalysts in the presence of different light

sources.’
Conversion (Oxidative stability) (%)
Phot i Ti White Blue Red Sun
otosensitizer ':‘e LED LED LED Light
(h) (20 w) (20 w) (20 w)
H, TPP@Amb 48 93(40) 43(38) 17(84) 89(32)
HZT(Z»CI)PP@/-\mbb 24 87(49) 58(59) 9(88) 92(44)

H,T(2-Me)PP@Amb® 24 82(83)  91(29) 7(93)  89(76)

? Reactions were performed using the catalyst and cyclooctene in 1:10000 molar ratio.
"The loading of porphyrin was 0.003 mmol‘g'1 (see Table 2).

6 | J. Name., 2012, 00, 1-3
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Figure 6. Photocatalytic activity of nano-Amb immobilized porphyrins with
different meso substituents under the optimized conditions.

catalyst reusability

One advantage of heterogeneous catalysts over their
homogeneous counterparts is their reusability. For the catalysts of
oxidation reactions high stability of the catalyst under oxidative
conditions facilitates the reuse of catalyst. The reusability of the
catalysts was examined for four successive reactions (Figure 7). It
is observed that the catalysts may be reused at least four times
without significant decrease in the catalytic activity. However, after
the fourth run, the catalyst degradation was significant in the case
of H, TPP@nanoAmb and H,T(2-Cl)PP@nanoAmb. In the case of
H.T(2-Me)PP@nanoAmb, ca. 66% of the catalyst was recovered
after the forth run. Accordingly, the latter is the best catalyst of the
series on the basis of both catalyst stability and activity. It should
be noted that while the reactions catalyzed by H,T(2-
Cl)PP@nanoAmb and H,T(2-Me)PP@nanoAmb were performed
in 24 h, the data demonstrated in Figures 7 and 8 for
H, TPP@nanoAmb are for a reaction time of 48 h. The leaching of
catalyst from the support surface is considered as a major
problem associated with the use of immobilized catalysts. In the
case of the nanoAmb supported porphyrins, only the presence of
strong acids in the reaction media can leach the catalyst from the
polymer surface. In other words, the formation of porphyrin
diprotonated species with acids other than the —SO3;H groups of
the support should be avoided to prevent the leaching of
porphyrins from the support surface. It is noteworthy that
conducting of the photooxidation reactions in the presence of free
base porphyrins in chlorinated solvents is associated with partial
or complete protonation of porphyrins. In a control reaction,
H.TPP@nanoAmb in DCE was treated with acidified DCE for 1 h.
After 1 h, the mixture was filtered and the UV-vis spectrum of the
DCE solution was prepared. Interestingly, the UV-vis spectrum
showed no porphyrin dication.

This journal is © The Royal Society of Chemistry 20xx
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Figure 7. Catalyst reusability of H,TPP@nanoAmb under the optimized reaction
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Figure 8. The catalyst stability after four successive reuse cycles.

It should be noted that the Soret band of H,TPP(HCI), should
appear at ca. 442 nm. Accordingly, the acid immobilized catalyst
is stable towards anion exchange with HCI. In a previous study,
we demonstrated that the anion exchange with a porphyrin
dication requires decomposition of the dication into free base
porphyrin,

Oxidation of cyclohexene

The photooxidation of cyclohexene was also conducted using the
Amb supported porphyrins (Table 6). Herein, allylic ketone was
obtained as the main product. In contrast to the oxidation of
cyclooctene (Table 5), running the oxidation of cyclohexene
in the presence of sun light led to a remarkable increase in
the rate of the reaction; it is observed that the TOF values
are ca. two times than those obtained in the case the 20 W
white LED lamps. The oxidation was also performed under
sun light.

Herein, the reaction times were much shorter than those in the

presence of the LED lamps. It should be noted that the change of

This journal is © The Royal Society of Chemistry 20xx
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light source in the oxidation of cyclooctene led to little
changes in the reaction rate. The comparison of the data
summarized in (Tables 5) shows higher reactivity of
cyclooctene than cyclohexene.

Reactive oxygen species

The involvement of singlet oxygen and/or superoxide anion
radical species in the aerobic oxidation of organic
compoundsi®#! catalyzed by free base porphyrins and
H,TPP(DDQ), was evident in previous studies?. 1,3-
diphenylisobenzofuran (DPBF) as a well known singlet
oxygen scavenger was used to determine®®*¥ the reactive
oxygen species responsible for the oxidation of cyclooctene.
A solution of DPBF in acetonitrile (5 x 10° M) was irradiated
with a 10 W red LED lamp for 10 min prior to the addition of
the photosensitizer.

0.6
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Figure 9. (@) The variation in the absorbance at the Anaxof DPBF versus time in
the absence and presence of H,TPP@nanoAmb. (b) The spectral changes at
the Amax Of DPBF after exposure to a 10 W red LED lamp in presence of the
photosensitizer.
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Table 6. Photooxidation of cyclohexene.
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White LED Sun Light
" Time Conversion (Oxidative TON [TOF Time Conversion (Oxidative TON [TOF
Photosensitizers (h) stability) (%) (h'1)] (h) stability) (%) (h'1)]
H,TPP@nanoAmb 48 89 (60) 8900 [185] 24 90 [51] 9000 [375]
H,T(2-Cl)PP@nanoAmb 48 95 (61) 9500 [198] 24 92 [65] 9200 [383]
H,T(2-Me)PP@nanoAmb 48 80 (88) 8000 [167] 24 68 [90] 6800 [283]

@ Catalyst and cyclohexene were used in 1:10000 molar ratio in acetonitrile. 2-cyclohexene-1-one was the major product (Supporting Information, S3). See the

footnotes of Table 3 for more details.

No detectable changes were observed in the intensity of the
absorption band at 410 nm. The addition of
H, TPP@nanoAmb led to gradual decrease in the
absorbance at 410 nm (Figure 9) that provides considerable
evidence for the involvement of singlet oxygen as the major
ROS. On the other hand, the oxidation of cyclooctene was
conducted in the presence of 1,4-benzoquinone (in 1:2 molar
ratio relative to cyclooctene) as a superoxide anion radical
scavenger®™2 and no change in the yield of the oxidation
product was observed. It should be noted that the order of
photocatalytic activity of the catalyst in different solvents was
also in a good agreement with the lifetime of singlet oxygen
in these solvents.

Conclusion

A series of meso-tetra(aryl)porphyrins supported on
Amberlyst 15 nanoparticles via acid base reaction were used
as highly efficient heterogeneous photocatalysts (TON
values in the range of 8000-10000) for the aerobic oxidation
of olefins and found that: (i) The polymer nanoparticles with
an average diameter less than 200 nm can be readiliy
sythesized by stirring the polymer beads in ethyl acetate for
24 h; (ii) the concomitant protonation and immobilization of
porphyrins led to a significant increase in the oxidative
stability of porphyrins with respect to their non-immobilized
counterparts so that the porphyrins may be recovered and
reused at least four times without significant decrease in their
catalytic activity; (iii) the very limited solubility or insolubility of
porphyrins in acetonitrile that is a disadvantage in
homogeneous  photocatalysis of oxidation reactions
catalyzed by non-metallated porphyrins was used as an
advantage to design a heterogeneous catalytic system with
no-catalyst leaching over long reaction times; (iv) porphyrin
dications may be prepared in safe, non-toxic and eco-friendly
solvents. Also, the loaded porphyrin may be readily
separated from the polymer by a simple alkaline treatment
and measured by UV-vis spectroscopy. Furthermore, the
polymer can be recovered and reused after an acid
treatment; (v) with the exception of some highly electron-
deficient porphyrins, all previously synthesized porphyrins
may be readily immobilized on Amberlyst-15 nanoparticles as
a strong acid to form a large library of heterogeneous
porphyrinic photosensitizers; (vi) interestingly, the maximum
catalyst performance was observed in the presence of a
remarkably low degree of porphyrin loading; (vii) the highest
oxidative stability and catalytic activity were observed in the

8| J. Name., 2012, 00, 1-3

case of H,T(2-Me)PP@nanoAmb and
Cl)PP@nanoAmb, respectively.

H2T(2-
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