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ABSTRACT ARTICLE HISTORY

A series of porous organic polymers based on a singlet oxygen generating oxoporphyino- Received 22 November 2023
gen (‘OxP’) has been successfully prepared from a pseudotetrahedral OxP-tetraamine Accepted 17 February 2024
precursor (OxP(4-NH,Bn),) by its reaction with tetracarboxylic acid dianhydrides under Revised 26 January 2024
suitable conditions. Of the compounds studied, those containing naphthalene (OxP-N) KEYWORDS

and perylene (OxP-P) spacers, respectively, have large surface areas (~530 m? g~'). On the Singlet oxygen generation;
other hand, the derivative with a simple benzene spacer (OxP-B) exhibits the best 'O, oxoporphyrinogen; porous
generating capability. Although the starting OxP-tetraamine precursor is a poor 'O, polymer; selective oxidation;
generator, its incorporation into OxP POPs leads to a significant enhancement of 'O, organic sulfide
productivity, which is largely due to the transformation of NH, groups to electron-

withdrawing diimides. Overall '0, production efficacy of OXP-POPs under irradiation by

visible light is significantly improved over the common reference material PCN-222. All

the materials OxP-B, OxP-N and OxP-P promote oxidation of thioanisole involving

conversion of ambient triplet state oxygen to singlet oxygen under visible light irradiation

and its reaction with the sulfide. Although the reaction rate of the oxidation promoted by

OxP POPs is generally lower than for conventional materials (such as PCN-222) or

previously studied OxP derivatives, undesired overoxidation of the substrate to methyl

phenyl sulfone is suppressed. For organic sulfides, selectivity of oxidation is especially

important for detoxification of mustard gas (bis(2-chloroethyl)sulfide) or similarly toxic

compounds since controlled oxidation leads to the low toxicity bis(2-chloroethyl)sulfoxide

while overoxidation leads to intoxification (since bis(2-chloroethyl)sulfone presents

greater toxicity to humans than the sulfide substrate). Therefore, OxP POPs capable of

promoting selective oxidation of sulfides to sulfoxides have excellent potential to be used

as mild and selective detoxification agents.
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IMPACT STATEMENT

Oxoporphyrinogen (OxP) is a unique chromophore compound in that it is intrinsically de-
aggregated allowing large quantum yields of singlet oxygen generation. Due to its structure,
OxP is also an ideal building block for porous systems. In this work, we describe the first
incorporation of OxP in highly stable microporous polymers strongly enhanced singlet oxygen
generation for selective oxidation of organic sulfides to sulfoxides (as a model reaction) under
heterogeneous conditions. The novelty of this work lies in the high stability and easy recovery
of the materials, the synergetic enhancement of singlet oxygen generation in the polymers
over the starting OxP, and the excellent selectivity for the oxidation reaction.

1. Introduction

Singlet oxygen ('O,) is a form of dioxygen generated
by the excitation of ground (triplet) state O, molecules
[1]. It is an important reactive oxygen species (ROS)
with critical properties in biochemical systems [2,3]
but it has also emerged as a very useful reagent for
photodynamic therapy (PDT, of tumours [4,5], or for
bacterial inactivation [6]), organic synthesis [7,8] or
oxidation of chemical warfare agents [9,10]. For these
reasons, novel means of generating singlet oxygen are
continuously reported with applications involving
photosensitization by an organic chromophore being
highly attractive especially those based on white light
or ambient light radiation, where a local power source
is not required. While several chromophores have
been proposed as 'O, photosensitizers including por-
phyrins [11], fullerenes [12] and conjugated polymers
[13], these often suffer from deactivation processes,
especially photobleaching [14]. These disadvantages
can be partly or wholly overcome through incorpora-
tion of the chromophore into extended porous struc-
tures such as metal organic frameworks (MOFs)
[15,16], covalent organic frameworks (COFs) [17] or
porous organic polymers (POPs) [18], where chromo-
phore bleaching is arrested but 'O, is able to emanate
from the material at its surfaces or pores. These mate-
rials can be processed in film form or applied in
microfluidic devices for the purposes of developing
their potential applications [19]. The discovery of
new chromophores suitable for these applications is
therefore an intensively active area of research. Apart
from MOFs and COFs several other classes of nano-
materials have been found to photocatalytically

generate '0, and other reactive oxygen species
(ROS) in a useful form. These catalysts include nitro-
gen-rich carbons [20], carbon nitride [21,22], and
hexagonal boron nitride [23] all of which are capable
of selective oxidation of sulfides for synthetic purposes
or for environmental remediation.

Porous solids incorporating appropriate organic
chromophores have been widely studied for ROS gen-
eration, especially for singlet oxygen (*O,) [24]. For
example, Zr(IV)-MOF-based materials containing the
5,10,15,20-tetrakis(4-carboxyphenyl)porphyrin
(TCPP) building block are widely studied with respect
to their 'O, generation capabilities [25]. However, this
property of MOFs is often limited by hydroxyl groups
contained in the structure, which lead to substantial
quenching of '0, [26]. To ameliorate this effect, the
active 'O,-generating chromophore ought to be incor-
porated into a simple polymer structure (such as
a POP) [27]. Consequently, POPs possessing 'O, gen-
erating capabilities have been used for the aforemen-
tioned applications (PDT [28], bacterial inactivation
[29] or detoxification [30]. The latter of these applica-
tions might involve photochemical oxidation of, for
example, mustard gas (bis(2-chloroethyl)sulfide) to its
non-toxic sulfoxide congener. This process is notable
here since it requires 'O, to act as mild oxidant thus
avoiding overoxidation of bis(2-chloroethyl)sulfide
and it’s non-toxic sulfoxide to the also toxic bis
(2-chloroethyl)sulfone [31]. POPs are a class of porous
solids that, in contrast to MOFs [32], do not contain
metallic nodes being composed solely of organic
building blocks. POPs also differ from the commonly
studied COFs [33] since they are usually non-



Sci. Technol. Adv. Mater. 25 (2024) 3

crystalline amorphous solids. The properties of POPs
are strongly dependent on the type of bonding that is
used for the connection of building blocks. Common
linkage types are imine [34], boroxine [35], boronate
ester [36] or triazine [37], despite the hydrolytic
instability of some of these compounds, and the
harsh conditions required for preparation of triazine
POPs. In contrast, the condensation of oligoamines
with tetracarboxylic acid dianhydrides such as
1,4,5,8-naphthalenetetracarboxylic dianhydride leads
to diimide-bonded POPs with improved chemical sta-
bility by using simple preparative conditions [38]. As
for other classes of porous solids, POPs have great
potential for applications including gas storage [39],
heterogeneous catalysis [40], sorption [41] and degra-
dation [42] of pollutants, fluorescence sensing of
explosives [43], etc.

In this study, we report the preparation of a series of
diimide-linked POPs based on the oxoporphyrinogen
‘OxP’ chromophore as one of the building blocks. OxP
is a chromophore molecule derived from 5,10,15,20-
tetrakis(3,5-di-tert-butyl-4-hydroxyphenyl)porphyrin
(T(DtBHP)P) by proton-coupled 2-electron oxidation
[44]. In contrast to the parent porphyrin T(DtBHP)P,
OxP has a non-planar macrocycle geometry similar to
a calix [4]pyrrole [45] with pyrrolic N-H groups available
for interaction [46] or substitution [47]. OxP and its
derivatives have been studied as prochiral probes for
chiral molecules [48], colorimetric sensors of ions [49],

= Na,S.9H,0
; o —» O _
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organocatalysts [50] and electron acceptors in photosyn-
thetic model systems [51]. Recently, we have also
demonstrated that derivatives of OxP are efficient gen-
erators of 'O, operating under visible light irradiation by
virtue of the main absorption band of the compounds
appearing in the visible range with A, around 500 nm
[52]. The properties of diimide-linked-OxP materials
depend strongly on the identity of the anhydride used
as the connecting unit, as well as on the reaction condi-
tions used for the polymerization. The materials were
found to have excellent potential for 'O,-mediated oxi-
dation reactions as indicated by the enhanced selectivity
(over the corresponding oxo-Zr(IV) MOFs) in the oxi-
dation of thioanisole to methyl phenyl sulfoxide.
Figure 1(a) shows the chemical structures of the OxP
diimide POPs, and Figure 1(b) shows the X-ray crystal
structure of pristine unsubstituted OxP [53] with a calix
[4]pyrrole-like conformation of the tetrapyrrole macro-
cycle. Figure 1(c) illustrates the tetrahedral conformation
of the OxP POPs due to the disposition of pyrrole groups
in the OxP-B compound prepared from OxP derivative
OxP(4-NH,Bn), and pyromellitic anhydride, while
Figure 1(d) is a space-filling representation of OxP-N,
which indicates the possible steric role of the bulky
macrocyclic meso-substituents in establishing a rigid
building unit of any prospective polymeric structures.
Figure 1(e) shows the structure of typical OxP-oxo-Zr
(IV) MOFs (OxP-ZrMOF), which were initially studied
for their 'O, generating capability [52].

(o} o]
o
%

Imidazole/150 °C

Figure 1. Synthesis and structures of OxP polyimide polymer singlet oxygen generators. (a) Synthesis and chemical structures of
OxP POPs. (b) X-ray crystal structure of OxP [53]. (c) Space-filling representation of the energy-minimized (MM2) structure of the
substituted OxP unit in OxP-B. Note the approximately tetrahedral disposition of its N-substituents [47]. (d) Diamondoid porous
structure of OxP-ZrMOF previously studied for its singlet oxygen generation properties [52]. Panel (d) reproduced by permission

from [52], copyright [2021, Elsevier Ltd].
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2. Results and discussion
2.1. Structure and textural properties

OxP POPs were prepared from the OxP(4-NH,Bn),
building block, which was in turn prepared from the
OxP(4-NO,Bn), precursor (Figure 1). Although the
reduction of 4-nitrobenzyl-substituted OxPs to the
corresponding amine is convenient for lower multi-
plicities of N-substituent [54], the reduction of
OxP(NO,Bn), is accompanied by a significant
amount of de-N-benzylation (mostly yielding the tri-
N-benzyl-OxP derivative OxP(4-NH,Bn); with one
pyrrolic group de-alkylated, which was discarded).
Reaction of OxP(4-NH,Bn), with the 3 different aro-
matic tetracarboxylic dianhydrides yields the corre-
sponding POPs designated according to the diimide
spacer identity (B = Benzene tetracarboxylic acid dii-
mide, N = Naphthalene tetracarboxylic acid diimide,
P = Perylene tetracarboxylic acid diimide). Each mate-
rial required a different method for its preparation
after optimization. For pyromellitic dianhydride, reac-
tion of OxP(4-NH,Bn), in pyridine provided the solid
polymeric product, while reaction with naphthalene-
1,4,5,8-tetracarboxylic dianhydride was performed in
quinoline at 160°C for 5 d. For perylene-3,4,9,10-
tetracarboxylic dianhydride, the solid product was
formed only when the reaction was performed in
molten imidazole in the presence of Zn(OAc), cata-
lyst, probably due to the limited solubility of perylene-
3,4,9,10-tetracarboxylic dianhydride.

The pXRD patterns of the OxP POPs (Figure S1) do
not show any significant diffraction peaks due to the
amorphous character of the materials, which is
expected based on the synthesis of other diimide-
linked polymers [55]. The presence of the diimide
linkage of the polymers was confirmed by infrared
spectroscopy of the materials (Figure S2) based on
the red-shifted position (1710-1730 cm™!) of the sym-
metrical C=0O stretching absorptions, which usually
appear around 1780 cm™' in aromatic anhydrides,
and N - H stretching vibrations of the OxP(4-NH,
Bn), precursor (3200-3500cm™') are completely
eliminated suggesting complete conversion of - NH,
group to diimide. The presence of two C=0O (str.)
peaks in OxP-N and OxP-P at 1730 and 1680 cm ™
is similar to that for previously reported naphthalene
diimides [56] and perylene diimides [57]. According
to the particle size distributions of the materials
obtained by DLS (Figure S3), OxP-B and OxP-P con-
sist of large particles with diameters over 25 um and
a broad size distribution with particle diameters
exceeding 1000 pm (the detection limit of the DLS
instrument). In both samples, there are traces of smal-
ler particles having diameters in the range 2-6 pum. For
OxP-N, the particle size distribution is significantly
narrower with particles mostly in the range 25-125
pum. Elemental compositions of the OxP POPs were

J. HYNEK et al.

measured using multiple independent methods.
Combustion analysis (Table S1) shows that the con-
tents especially of C and H are lower than expected
calculated for polymers having infinite chains. This
discrepancy is most likely due to excess oxygen pre-
sent in the samples based on the presence of unreacted
anhydride (or hydrolyzed dicarboxylic acid) groups at
the surfaces of the materials. This was confirmed using
EDX analysis (Figure S4) which revealed that the sur-
faces of the materials are composed largely of anhy-
dride groups, since the observed C:O atomic ratio is in
the range from 6.5:1 to 11.5:1; For comparison, the
bulk material should exhibit C:O ratio in the range
10.5:1 to 13.5:1. For OxP-P, N content is almost dou-
ble that expected and can be assigned to excess imida-
zole trapped in pores of the structure during synthesis
(there are approximately 4-5 imidazole molecules
incorporated per repeat unit of the polymer; this
impurity could not be removed even after Soxhlet
extraction over extended periods (>5 d). EDX analysis
of OxP-P also indicates the presence of about 1 weight
% of Zn originating from the zinc(II) acetate catalyst
used during synthesis, which also persisted in samples
even after extended extraction.

Textural properties of the OxP POPs were studied
using N, sorption-desorption measurements. Analysis
of the resulting adsorption isotherms (Figure 2(a))
provides the values of specific surface area (Table 1).
The surface area of OxP-B, having the smallest linker
between two neighbouring OxP moieties of the com-
pounds studied, is around 130 m* g~' with the lower
synthesis temperature probably leading to a lower
extent of polymerization and low porosity. However,
replacement of the benzene linker with naphthalene
leads to a significant improvement in the surface area
of OxP-N to 530 m” g, which is similar to reported
values of some other persistently porous polymers
prepared by these methods [58]. The longer linker
perylene does not lead to substantial increase in sur-
face area although this could also be due to the irre-
versible incorporation of imidazole at the interior of
OxP-P. The N, sorption-desorption isotherms show
significant hysteresis due to difficult desorption of N,
from the materials suggesting some elasticity of the
structures. Also, pore size distributions of the materi-
als calculated by the density functional theory (DFT)
method (Figure 2(b)) confirm the presence of micro-
pores in the 5-10 A range and that these are most
prevalent in OxP-N. For OxP-B and OxP-P, there is
also a significant contribution by pore sizes in the 10-
20 A range.

During synthesis of the materials, we found that
each of the OxP POPs requires a different method to
establish the porous insoluble networks. This makes
a direct comparison between the physical character-
istics of the materials inconvenient since the differ-
ing synthesis procedures affect their pore sizes.
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Figure 2. Textural parameters, simulated structures and TEM morphologies of OxP POPs. (a) N, adsorption isotherms of the OxP
POPs measured at 77 K. (b) DFT pore size distributions calculated from the N, adsorption isotherms. Note that OxP-N has the
largest proportion of pores in the 5-10 A range while OxP-P and OxP-B have increasing proportions of larger pores in the 10-20 A
range. (c) Energy-minimized structure of a nanoparticle of OXP-N of approx. 10 nm diameter showing availability of pores based
on rigid molecular components. (d) Space-filling representation of the OxP-N structure in (c). (e) Stable (energy-minimized)
hexagonal pore structure (diameter 4 nm approx.) possible in OxP-P polymer. (f) Energy-minimized structure of a nanoparticle of
OxP-P of approx. 10 nm diameter showing availability of pores based on rigid molecular components. TEM micrographs of (g)
OxP-B, (h) OxP-N, and (i) OxP-P revealing amorphous microporous morphologies for the OxP POPs. See figure S5 for low

resolution SEM and TEM images of the materials.

Table 1. Textural parameters of the OxP POPs studied.

Sample Sger/m2 g™ Vpore/cm® g7
OxP-B 132 0.151
OxP-N 534 0.467
OxP-P 532 0.466

While it is difficult to make assertions about the
effect of the pore size on the catalytic properties in
this case, the aim of this work has simply been to
obtain an optimum catalyst, which we have achieved
based on variation of the inter-OxP linker. There is
one observation that might be made based on the
relative SO generating properties. While OxP-B
shows qualitatively weaker singlet oxygen generating
power than OxP-N, in acetonitrile OxP-B has
enhanced oxidizing power of thioanisole over OxP-
N. This might be as a result of the wider pore size

and greater accessibility of the substrate to the cat-
alysts pores. In methanol, where reaction intermedi-
ates are stabilized, the two materials show similar
activities possibly because access to pores is of lower
priority in determining the reactivity.

Based on the lack of crystalline order in OxP POP
materials and measurable porosity, we constructed
model structures by randomly assembling the repeat-
ing units and performing energy minimization using
the Materials Studio suite of programs. The resulting
structures are shown in Figure 2(c-f). Figure 2(c)
shows stick and space-filling representations of
a particle (~10nm) of OxP-N where large diameter
pores are clearly persistent in the structure following
the energy minimization procedure, which is consis-
tent with the range of pore diameters extracted from
Brunauer-Emmett-Teller (BET) isotherms. It is also
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possible to construct regular pore geometries using
these COF components (see Figure 2(e) for an energy
minimized planar hexagonal pore in OxP-P having
~4nm diameter) although pore size data suggests
only a small population of these or similar pore archi-
tectures. The disordered structure of OxP-P obtained
by energy-minimization using the Materials Studio
program is shown in Figure 2(f) revealing
a micropore architecture. The microporous structure
of the materials is supported by transmission electron
microscopy imaging shown in Figure 2(g-i). TEM
images are typical of homogeneous microporous
materials with larger mesopores visible at lower reso-
lution (see Figure S5 for low resolution (SEM and
TEM) electron microscopy images of the OxP
POPs). The pore-structures of porous organic poly-
mers can be rather disordered, so that observation of
any ordered pore structure by electron microscopic

J. HYNEK et al.

techniques is unlikely. Also, these OxP POP materials
are solely organic also obstructing high-resolution
TEM observation based on sample decomposition at
higher voltages. TEM images, while of lower resolu-
tion do nevertheless indicate a disordered spongy por-
ous forms of the materials as also indicated by their
BET textural properties and powder diffraction
patterns.

2.2. Photochemistry

Electronic absorption spectra of tetra-N-alkylated OxP
derivatives contain a broad absorption band centered
around 510 nm (Figure 3(a)), which extends from 400
to 650 nm. Rose Bengal, used as a reference here, absorbs
at 550 nm (shoulder at 525nm). Phosphorescence
observed at 1270 nm due to 'O, formed in the presence
of OxP POP precursor OxP(4-NH,Bn), and Rose
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Figure 3. Electronic absorption spectroscopy. (a) UV-vis spectra of POP precursor OxP(4-NH,Bn), and Rose Bengal (used as
a reference '0, generator in this study). Inset shows the phosphorescence emission peak due to '0, generated by the respective
dyes. Note the weak peak for OxP(4-NH,Bn), (amines quench '0,) and the background emission tail due to OxP chromophore.
(b) Solid state UV-vis spectra of OXP POPs. (c) Evidence for effective 'O, generation by OxP-B and OxP-N: (i) attenuation of
anthracene electronic absorption by endoperoxide formation under irradiation (during 5 h) and (ii) ESR spectra measured in the
presence of TEMP spin trap under irradiation in the presence of OxP-B POP (during 3 h) and (iii,iv) similar data (measured
respectively over 5 h and 2 h periods) in the presence of OxP-N POP. (d) Decay in anthracene absorption in the presence of the

OxP POPs, PCN-222 and without sensitizer (blank).
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Bengal are shown in Figure 3a (inset) revealing that the
precursor material is a poor 102 generator (Pgo=0.10
vs. 0.76 for Rose Bengal). The absorption bands of OxP
POPs (Figure 3(b)) are substantially broadened over the
parent compound with a wide absorption covering most
of the visible region of the electromagnetic spectrum
from 300 to 800 nm. The broadening of the absorption
band is due not only to inter-chromophore interactions
at the materials’ interiors but also to scattering caused by
the particulate form of the samples. Increased and broa-
dened absorbance and emission by OxP POPs obscures
observation of the phosphorescence emission due to 'O,
so that we have used other methods for its detection,
namely, loss of anthracene UV-vis absorption by endo-
peroxide formation (Figure 3(c(i,iii))) and electron spin
resonance spectroscopy (ESR) in the presence of the 'O,-
selective spin trap 2,2,6,6-tetramethyl-4-piperidinol
(TEMP; Figure 3(c(ii,iv))). Data in Figure 3(c) clearly
indicate the presence of 'O, (see Supplementary
Information for related and control data). Figure 3(d)
shows plots of anthracene UV-vis absorption attenuation
accompanying endoperoxide formation based on 'O,
generation by OxP POPs, reference PCN-222 and with-
out sensitizer. Under these conditions, OxP POPs are
clearly superior in activity over PCN-222, a commonly
applied MOF-type 'O, generating material, with OxP-B
eliminating up to 60% of anthracene after 5 h. While the
data in Figure 3(c) and our other work [52,59] confirms
the presence of 'O, generated by irradiation of the OxP
chromophore in the presence of ambient dioxygen (e.g.
TEMP spin trap is selective for 'O,), there exists the
possibility of the generation of other ROS such as hydro-
xyl radical or superoxide. However, for OxP chromo-
phores such species have only been observed where
protic processes (protonation and deprotonation) of
the macrocycle are available [60,61]. For OxPBn, type
chromophores, which are difficult to protonate [62],
processes leading to superoxide or hydroxyl radicals are
absent, and only the excited triplet state of the irradiated
chromophore can be involved in the photoexcitation of
ground state dioxygen’O,.

As reported previously, tetra-N-alkylated OxP deri-
vatives can serve as 'O, photosensitizers [52,59]. The
precursor molecule of OxP POPs, OxP(4-NH,Bn),,
also generates 'O, under irradiation by 550 nm light,
as indicated by the characteristic peak at 1270 nm in
the photoluminescence spectrum (Figure 3(a)) [59].
The quantum yield of 'O, for OxP(4-NH,Bn), in
acetone is about 0.10, which is significantly lower
than the OxP carboxylate esters studied previously
(Dgo =0.37 for OxP(4-(MeO,C)Bny) [52], due to the
presence of amino groups which can quench any 'O,
generated. For OxP POPs, few amino groups of the
precursor remain (as indicated by FTIR spectra) so
that this type of quenching is not expected.
Additionally, it has recently been reported [59] that
different tetra-N-alkylated OxPs are excellent 'O,
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generators especially when N-alkylating groups are
relatively electron-withdrawing as is the case here for
diimide N-substituents; quantum yields of 'O, gen-
eration approaching 0.90 were found for OxP deriva-
tives [59]. Plots showing the attenuation of anthracene
UV absorbance (Figure 3(b)) in irradiated solutions
show that OxP POPs are superior to PCN-222 in their
'0, generating capacities by a factor of ~ 2. A variety
of factors might affect this including better harvesting
of the light used for the irradiation (broad band visible
light 400-700 nm) by the OxP chromophores over the
porphyrin moiety in PCN-222 and the morphologies
of the samples, where larger irregular pores can
increase the reaction interface with solution. OxP
POPs have a comparable efficiency of 'O, production
as the previously reported OxP porous coordination
polymers (OxP PCPs) based on oxo-Zr(IV) clusters
[52]. For OxP POPs, the absence of suppressing - OH
groups in the structure should promote 'O, genera-
tion although the proximity of chromophores sug-
gested by the broadness of the UV-vis absorption
spectra implies relaxation of excited states by other
routes with a negative effect on the 'O, productivity.
Having confirmed formation of 'O, by irradiation of
OxP-POPs according to in situ reaction with the spin
trap (TEMP, see Figure 3(c) & S6 - S15) both in
methanol and acetonitrile, these solvents were conse-
quently used as the media for photooxidation studies.
Relative 'O, generating efficacies of OxP POPs and
PCN-222 were estimated by in situ endoperoxidation
of anthracene (see Figures S16 — S20).

2.3. Photooxidation of thioanisole

Since OxP-POPs produce 'O, at efficiencies compar-
able to or better than PCN-222, we decided to inves-
tigate their potential for the oxidization of organic
substrates, in this case, thioanisole. Oxitation of
thioethers can be used as a model reaction to assess
the use of materials for the mild oxidation of toxic
thioethers where oxidation of the substrate to
a sulfoxide is preferred over its over oxidation to
potentially toxic sulfones (e.g. mustard gas, bis
(2-chloroethyl) sulfide; while mustard gas is a severe
irritant its corresponding sulfoxide is almost inert but
the corresponding sulfone is also a severe irritant
[63]). Oxidation of thionanisole by 10, as the oxidiz-
ing species ought to yield predominantly its sulfoxide
(Figure 4(a)) although the respective sulfone
(Figure 4(b)) might aso be formed. Selective oxidation
of thioethers to sulfoxides can be considered based on
their reaction with singlet oxygen. Initial reaction of
the sulide with 'O, gives a reactive peroxide-like spe-
cies R,S'OO™, which is quenched by reaction with
a further equivalent of the thioether yielding two
equivalents of sulfoxide per equivalent of 'O, [64].
Other ROS such as peroxides have also been used for
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this transformation but these often rely on
a complicated catalyst system and overoxidation to
the sulfone is a common disadvantage [65,66].
Hydroxyl radical can be used to oxidize sulfides but
only in the presence of dioxygen, and the reaction
mechanism proceeds by regenerating the starting sul-
fide so that high conversions attainable by using other
methods are not usually acheivable [67].

Plots of the progress of reaction are also given in
Figure 4(c-f) indicating that 1 mol% of OxP-B or OxP-
N is sufficient to achieve nearly quantitative conversion
to sulfoxide after 24 h in methanol (Figure 4(c,d)),
respectively. In acetonitrile (Figure 4(e,f)) the activity
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is significantly lower, although 80% conversion can be
still be achieved with OxP-B in 24 h. We assume that
the low activity of OxP-P is due to the incorporated
imidazole molecules in the framework (imidazole is
known to quench 10, [68]).

As reference materials for comparison of the oxida-
tion activity, we have used PCN-222 and an OxP-
ZrMOF previously reported by our group [52]. From
Figure 4(c,f) it emerges that the activity of OxP-POPs
is generally lower than OxP-ZrMOF but in some cases
(OxP-N in methanol, OxP-B in both solvents) it is
comparable to PCN-222. However, as can be seen
from Figure 4(d,f) using OxP POPs is beneficial in
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Figure 4. Conversion of thioanisole to its oxidation products by applying OxP-POP-generated '0,. (a) Oxidation of thioanisole to
methyl phenyl sulfoxide. (b) Oxidation of thioanisole to methyl phenyl sulfone. (c) Percentage conversion to methyl phenyl
sulfoxide for OxP POPs (1 mol% based on substrate) suspended with stirring in methanol-d, solutions of thioanisole (c = 0.125 M)
irradiated with broad band visible light during 24 h. (d) Percentage conversion to methyl phenyl sulfone for OxP POPs (1 mol%
based on substrate) suspended with stirring in methanol-d, solutions of thioanisole (c=0.125 M) irradiated with broad band
visible light during 24 h. (e) Percentage conversion to methyl phenyl sulfoxide for OxP POPs (1 mol% based on substrate)
suspended with stirring in acetonitrile-d; solutions of thioanisole (c = 0.125 M) irradiated with broad band visible light during 24 h.
(f) Percentage conversion to methyl phenyl sulfone for OxP POPs (1 mol% based on substrate) suspended with stirring in
acetonitrile-d; methanol-d, solutions of thioanisole (c = 0.125 M) irradiated with broad band visible light during 24 h. Conversion
was estimated using 'H NMR spectroscopy after diluting (with CDCl;) aliquots of the reaction mixture.
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Table 2. Photocatalysts (OxP-N) stability for use in batch
selective oxidation reactions.

Reaction run®

Conversion®/% Yield (sulfoxide)

1 99.1 97.6
2 99.6 97.1
3 99.6 97.3
4 99.8 973
5 99.3 97.6

%For five consecutive 12 h reactions with photocatalyst recycling. "Based
on integration of NMR peaks due to products (sulfoxide (2.74 ppm),
sulfone (3.06 ppm)) and residual thioanisole (2.47 ppm).

terms of selectivity towards the sulfoxide product. As
demonstrated by the appropriate NMR spectra (see
Figure S21), 24 h of continuous irradiation of metha-
nol dispersions of OxP-ZrMOF and PCN-222 pro-
vided 24% and 6% of the overoxidized product,
respectively, whereas in the case of OxP-B and OxP-
N the concentration of methyl phenyl sulfone in the
reaction mixture did not exceed ~ 2%, while full con-
version to sulfoxide was achieved after 12 h of irradia-
tion. Thus, OxP-N and OxP-B suspended in methanol
can be considered as an excellent mild oxidation
reagent system for the selective oxidation of sulfides
to sulfoxides with the added benefit that the highly
insoluble POP material can be simply removed by
filtration following reaction completion further avoid-
ing possible overoxidation scenarios. The filtered
photocatalyst can be reused with virtually no loss of
activity during multiple batch reaction runs over
a more than 60 h period (see Table 2), which is an
added advantage in the use of highly stable multichro-
mophoric photocatalysts systems. The infrared spec-
trum of the photocatalyst remains essentially
unchanged following its use during 60 h attesting to
its excellent stability. Minor relative intensity changes
found in the post-catalysis infrared spectrum can be
assigned to small variations in solvation/hydration of
the material. We note here that a similar OxP photo-
catalyst incorporated in a MOF structure [52] lost
some activity in secondary batch reactions again
emphasizing the excellent stability in use of the OxP-
N photocatalyst. Finally, the catalysts remain active for
several years when stored in the dark under ambient
conditions attesting to their long-term stability.

3. Conclusion

A series of OxP-POPs has been successfully prepared
from pseudotetrahedral OxP(4-NH,Bn), precursor by
its reaction with carboxylic dianhydrides under suitable
conditions. Of the compounds studied, OxP-N and
OxP-P containing naphthalene and perylene spacers,
respectively, have large surface areas (~530 m> g~'). On
the other hand, OxP-B exhibits the highest 'O, gener-
ating capability. Although the starting OxP(4-NH,Bn),
is a poor 'O, generator, incorporation of the compound
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into POPs leads to a significant enhancement of 'O,
productivity, which is largely due to the transformation
of NH, groups to electron-withdrawing diimides. The
overall 'O, production efficacy of OxP POPs under
irradiation by visible light is much improved over the
common reference material PCN-222. All the materials
OxP-B, OxP-N and OxP-P reveal significant activity to
promote oxidation of thioanisole involving ambient
oxygen under visible light irradiation. Although the
reaction rate of the oxidation promoted by OxP POPs
is generally lower than for conventional materials such
as PCN-222 or previously studied OxP-ZrMOF, ana-
lysis of the reaction mixtures reveals that undesired
overoxidation of the substrate to methyl phenyl sulfone
is suppressed. Therefore, OxP-POPs have excellent
potential to be used as mild and selective oxidation
agents for this purpose. Controllable oxidation is an
important tool for instance in the selective transforma-
tion of benzyl alcohols to benzaldehydes [69], primary
amines to imines [70], or organic sulfides to sulfoxides
[71]. In the case of organic sulfides, selectivity of oxida-
tion plays an especially important role in the detoxifica-
tion of mustard gas (bis(2-chloroethyl)sulfide) or
similar highly toxic compounds. Controlled oxidation
provides the less harmful bis(2-chloroethyl)sulfoxide
whereas overoxidation leads to intoxification since bis
(2-chloroethyl)sulfone presents greater toxicity to
humans than the sulfide substrate [72].
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