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Abstract

Recent advances in visible light photocatalysis represent a significant stride towards sustainable
catalytic chemistry. However, their successful implementation in fine chemical production
remains challenging and requires careful optimization of available photocatalysts. Our work
aims to structurally modify bioinspired porphyrin catalysts, addressing issues related to their
laborious synthesis and low solubility, with the goal of increasing their efficiency and
developing reusable catalytic systems. We have demonstrated the catalytic potential of readily
available meso-tetrakis[4-(diethoxyphosphoryl)phenyl)]porphyrins (M(TPPP)). Novel metal
(PA(II), Co(Il) and In(IIT)) complexes with this ligand were prepared in good yields. These
chromophores were characterized in solution using spectroscopic (NMR, UV-—vis,
fluorescence) and electrochemical methods. The introduction of phosphonate groups on the
phenyl substituents of meso-tetraphenylporphyrins (M(TPP)) improves solubility in polar
organic solvents without significantly altering the photophysical properties and photostability
of complexes. This structural modification also leads to easier reductions and harder oxidations
of the macrocycle for all investigated complexes compared to corresponding TPP derivatives.
The free base porphyrin, zinc(II), palladium(II), and indium(IIl) complexes were studied as
photocatalysts for oxidation of sulfide to sulfoxides using molecular oxygen as a terminal
oxidant. Both dialkyl and alkyl aryl sulfides were quantitatively transformed into sulfoxides
under blue LED irradiation in the acetonitrile—water mixture (10:1 v/v) with a low loading
(0.005-0.05 mol%) of porphyrin photocatalysts, where H2(TPPP) and Pd(TPPP) were found to

be the most efficient. The reaction mechanism was studied using photoluminescence and EPR



spectroscopies. Then, to access reusable catalysts, water-soluble derivatives bearing
phosphonic acid groups, Ho(TPPP-A) and Pd(TPPP-A), were prepared in high yields. These
compounds were characterized using spectroscopic methods. Single-crystal X-ray diffraction
analysis of Pd(TPPP-A) reveals that the complex forms a 3D hydrogen-bonded organic
framework (HOF) in the solid state. Both Hx(TPPP-A) and Pd(TPPP-A) were found to
catalyzed the photooxidation of sulfides by molecular oxygen in acetonitrile-water mixture (
MeCN-H>O, 1:1 v/v), while only Pd(TPPP-A) resulted in selective production of sulfoxides.
The complex Pd(TPPP-A) was easily recovered through extraction in aqueous phase and

successfully reused in five consecutive cycles of the sulfoxidation reaction.

INTRODUCTION

Over the past two decades, there has been a remarkable increase in the utilization of
photocatalysis in organic synthesis."? This surge can be primarily attributed to the demand for
sustainable processes and the rapid development of photoredox catalytic reactions that operate
through one-electron transfer pathways.>* Photoredox processes have greatly expanded the
range of available synthetic tools to obtain complicated organic molecules under mild
conditions, allowing for potential use of renewable energy source (sunlight). Photocatalysis is
also important for optimizing hazardous or expensive processes such as oxidation and cross-
coupling reactions, for instance. Nevertheless, several notable drawbacks must be still
addressed to make these reactions truly suitable for achieving the ultimate objectives of
sustainable chemistry.

First, many of photocatalytic processes require the use of scavengers or sacrificial
reagents, most often organic compounds, producing many side products in the reaction mixture
that make purification of the target products difficult. Additionally, the most commonly
employed photocatalysts are expensive Ru(I) and Ir(IIl) complexes.”® The substitution of these
catalysts with organic dyes has been extensively investigated; however, high loading levels of
these photocatalysts are often necessary due to the low photostability of organic dyes. By-
products generated during photodecomposition of these catalysts must also be separated from
the target products. Furthermore, the choice of solvents for photocatalytic processes is often
limited, posing a challenge for the development of industrial-scale processes in which many
organic solvents are prohibited by regulatory norms. The last but not the least, the efficiency of

light utilization in these processes remains rather low.



To address these challenges, optimization of available photocatalysts has emerged as a
crucial objective.”!" This would enable shorter irradiation times, reduced photocatalyst
loading, and the use of more environmentally friendly solvents. Porphyrin derivatives,
renowned for their remarkable photophysical properties and prevalence in natural catalytic

12714 However, the synthetic

processes, were identified early on as promising compounds.
availability and limited solubility of these compounds present significant challenges.
Porphyrins are usually only soluble in chlorinated solvents, which are toxic and can participate
in radical processes in particular in the presence of oxygen and catalysts.!>"!” This leads to
decreased reaction selectivity and accelerated photocatalyst decomposition.

Another crucial aspect in the development of porphyrin photocatalysts is our knowledge
of the superior catalytic activity exhibited by derivatives bearing perfluorinated or sterically
hindered ortho-disubstituted aryl groups in the meso- positions of the macrocycle (so-called
second generation catalysts).'2° Nevertheless, the synthesis of these derivatives is generally
more difficult compared to the classical meso-tetraphenylporphyrins (M(TPP)), and this
significantly limits their overall advantages. It is worth to emphasize that the superiority of
these photocatalysts, when compared to TPP complexes, has been primarily demonstrated in
oxidation processes involving strong oxidants. Their significance may be less pronounced in
photoredox transformations and other photocatalytic processes proceeding under mild reaction
conditions.

In this context, we hypothesized that 5,10,15,20-tetra[4-
(diethoxyphosphoryl)phenyl|porphyrins Ho(TPPP) and its metal complexes (Fig. 1) could be
promising as photocatalysts. Electron-deficient Ho(TPPP) indeed exhibits a good solubility in
various organic solvents, and the diethoxyphosphoryl substituents can serve as anchoring
groups for heterogenization of photocatalysts through grafting onto titania or zirconia supports
or through preparation of metal-organic frameworks (MOFs).2'"2* Furthermore, these
porphyrins can be easily transformed into water-soluble derivatives through hydrolysis of the
phosphonate diester groups.?* In catalytic processes, these water-soluble compounds could be
easily separated from the target organic products through liquid phase extraction.?’

In this work, we synthesized Pd(II), In(III), and Co(II) complexes of H>(TPPP) (Fig. 1) and
thoroughly investigated their redox and photophysical properties. Their utility in the
photooxidation of sulfide to sulfoxides using molecular oxygen as the terminal oxidant was also
explored. We developed a practical experimental procedure for selective sulfoxidation in non-

chlorinated solvents, with either the free base porphyrin Ho(TPPP) or the Pd(II) complex



PO;Et, PO3H,

M(TPPP) M(TPPP-A)
M= Hj,, Zn, Cu, Pd, Co, InCI M= Hy, Pd

Fig. 1. Phosphonate-substituted porphyrins investigated in this work.

serving as a photocatalyst. Furthermore, we successfully prepared water-soluble derivatives
H>(TPPP-A) and Pd(TPPP-A) (Fig. 1) and demonstrated that Pd(TPPP-A) is an efficient
photocatalyst for sulfoxidation reaction and can be easily recovered by extraction in the aqueous

phase and reused in subsequent catalytic cycles.

RESULTS AND DISCUSSION
Synthesis of photocatalysts

The free-base porphyrin H2(TPPP) and their complexes have been extensively used in

26-29

material chemistry and sensing, and their synthesis has been meticulously optimized (see

the ESIf for the additional details). In this work this compound was prepared by the
introduction of the diethoxyphosphoryl group in the aldehyde molecule following the classical
condensation of pyrrole and diethyl (4-formylphenyl)phosphonate (1) under acidic conditions
(Scheme 1).

PO4Et;
o2 1. BF3-Et,0,

. Q CHC|3, r.t.

i 2.DDQ, NEts,
H™ "0 CHClj, rt.

POsEl,  H,(TPPP) PO;Et, M(TPPP)
(32-38%) M = Zn (95%), Cu (100%),
Pd (93%), Co (60%),
InCI (70%)
@Reagents and conditions: (i) M(OAc), (M =Zn, Cu, Co), CHCI3/MeOH, reflux; (i) Pd(OAc),, CHCl3/MeCN, reflux; (iii) InClz, AcOH,
NaOAc, reflux.

Scheme 1. Synthesis of M(TPPP) porphyrins.



Due to the electron-deficient character of Ho(TPPP) and its good solubility in common
organic solvents, the insertion of various metal ions into this macrocycle proceeds under mild
conditions. The synthesis of complexes with redox-inactive metals such as Zn(II), Cu(II), and
Ni(Il) has already been reported.’®>! In this work, we prepared Pd(II), Co(Il), and In(III)
complexes, which are of interest for catalytic applications (Scheme 1). Pd(II) and Co(II)
complexes were obtained by adding an excess of metal acetate salts to solutions of Ho(TPPP)
in a refluxed CHCI3/MeCN and CHCl3/MeOH solvent mixture, respectively. The palladium
complex could be obtained in 95% yield by ensuring that heating was stopped immediately
after the consumption of the starting compound. The Co(II) complex was obtained in only 60%
yield, even when stopping the reaction immediately after the complete consumption of
H>(TPPP). For the insertion of In(IIT) ions, indium(III) chloride was used as a metal source, and
the reaction was conducted in refluxed acetic acid in the presence of sodium acetate as a buffer.
The target complex was obtained in 70% yield.

We also attempted to prepare Cr(IlI) complex Cr(TPPP) by reacting Ho(TPPP) with
chromium(II) dichloride or chromium(0) hexacarbonyl, following the procedures reported for
the preparation of chromium(IIl) complexes of Hx(TPP).3>3 However, the target compound
could not be isolated likely due to the hydrolysis of the diethyl phosphonate substituents in the
presence of Cr(III) ions, known for their strong Lewis acid properties.

Next, we prepared water-soluble porphyrins Ho(TPPP-A) and Pd(TPPP-A) bearing four
phosphonic acid substituents. Carrying out the reaction Ho(TPPP) with an excess of
concentrated HCI in a refluxing mixture of MeOH/THF for 48 h led to a complex mixture of
partially hydrolyzed porphyrins. The target compound H>(TPPP-A) was obtained reacting
H>(TPPP) with an excess of TMSBr in CH2Cl> following by the treatment with methanol
(Scheme 2). These conditions were also found to be suitable for achieving a high yield in the
synthesis of PA(TPPP-A).

It is worth mentioning that an alternative method, involving the insertion of Pd(II) ions
into Ho(TPPP-A), was reported after the completion our synthetic work.3*

The structures of synthesized porphyrins M(TPPP) and M(TPPP-A) were confirmed by
HRMS, NMR, and FT-IR analyses (Fig. S29-S52, ESIT) and by single crystal X-ray diffraction
analysis of Pd(TPPP-A) (see below). All synthesized M(TPPP) complexes were found to be
soluble in chlorinated organic solvents, MeOH, MeCN, THF, and DMF (at the level up to mM).
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Scheme 2. Synthesis of phosphonate-substituted porphyrins M(TPPP-A).

DFT computations of selected M(TPPP) (M = H, Pd, InCl) were performed using a

B3LYP functional and the Jorge-DZP basis set for all atoms. The calculations were simplified

by replacing ethyl substituents of phosphonate groups by methyl groups and corresponding

compounds were labeled M(TPPP-Me). According to these calculations, all molecules contain

a planar porphyrin core, with the phenyl rings turned out of plane by angles that are sufficiently
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Fig. 2. The isodensity plot of HOMO and LUMO orbitals for model chromophores M(TPPP-Me) (M = Hz, Pd,
InCl) obtained from DFT calculations.



large for minimizing conjugation between the core and the rings (Fig. S26-28" and Table S7%).
All orbitals of the frontier bundle are typical for the generic porphyrin system, as described in
the four-orbital Gouterman model (Fig. 2). Thus, redox and photophysical properties are
expected to be like those of TPP derivatives. These proprieties have been studied in detail (see
below) to provide all the necessary information for the understanding and analysis of targeted

photocatalytic experiments.

Solid-state structure of Pd(TPPP-A)

Single crystals of Pd(TPPP-A) were grown by slow evaporation a solution of this
compound in DMF/water solvent mixture (10:1 v/v). The complex crystallized as solvate and
the solvent molecules are numerous and highly disordered in the crystal. An appropriate
SQUEEZE procedure was used to obtained crystallographic data (see Experimental data) and
their summary is presented in Fig. 3-5, S1-S3 and Tables S1-S57).

The complex crystallized in the triclinic P-1 space group as a salt with
dimethylammonium counter cations (Table S17). The later species (Me:2NH,") is probably
formed during crystallization of Pd(TPPP-A) due to a slow hydrolysis of DMF under acidic
conditions. This side-reaction is commonly observed in solvothermal syntheses of MOF in

DMF or DMF/water mixtures.

Fig. 3. Molecular structure of the complex (Me2NHa2)2[Pd(TPPP-A).2u] obtained by single-crystal X-ray analysis.

Hydrogen atoms, minor disordered parts and counterions are omitted for clarity.

The asymmetric unit of the crystal contains one porphyrinate molecule and two
dimethylammonium cations. The palladium(Il) ion adopts a square-planar coordination

environment (RMSD plane = 0.006 A) formed by four nitrogen atoms of the porphyrin



macrocycle (Pd-N = 2.018-2.032 A, Table S2f). The Pd—N bond lengths are consistent with
those found in other palladium(Il) complexes with porphyrin ligands.>*>7 The displacement of
the palladium atom from the N4 mean plane of the macrocycle is within 0.011 A. The porphyrin
macrocycle is flat and the angle between the planes defined by Pd—N(1)-N(2) and
Pd—N(3)-N(4) is 1.1(2)° (Table S37). The maximum deviation of the S-carbon atoms from the
N4 mean plane does not exceed 0.160 A, while the deviations of the meso-carbon atoms are
less than 0.1 A. The phenyl substituents at the meso- positions of the macrocycle exhibit
different twist angles with respect to the N4 plane. This is attributed to hydrogen bonding of
phosphonate groups and steric interactions between the phenyl rings and pyrrole fragments of
adjacent porphyrin molecules (Fig. 3 and 4). The values of these twist angles range from
58.5(2)° to 66.6(3)° (Table S37), which is significantly smaller than 80° observed in Pd(TPP).%
This observation suggests a significant influence of the phosphonate group on the crystal
organization. Phosphonic acids are well-known to form strong hydrogen bonds*®* and to
promote the formation of networks through this charge-assisted hydrogen bonding.**#! In the
studied structure, each phosphonate substituent is involved in the formation of two or three
hydrogen bonds with phosphonate groups of nearby porphyrin molecules and
dimethylammonium cations (Fig. 4). The P—O bond lengths differ significantly in the P=O and
P—OH residues, with values lying in the range of 1.499-1.505 A and 1.549-1.694 A,
respectively (Table S2). The remaining four P-O bonds are very similar, measuring 1.529(4),
1.519(4), 1.519(4), and 1.512(4) A. The positioning of the two remaining protons can likely be
determined by considering that only two adjacent phosphonates form hydrogen bonds with
dimethylammonium ions (Fig. 4). The other two phosphonate groups are involved in hydrogen
bonding only with phosphonate residues belonging to the neighboring macrocycles, and these
phosphonate groups are likely doubly protonated. As illustrated in Fig. 4, S2 and S37, the
interaction between the hydrophilic and hydrophobic regions of the molecules is optimized in
the crystals and a 3D hydrogen-bonded organic framework (HOF) is formed. In this network,
porphyrin macrocycles are organized in chains along the [100] crystallographic direction and
are separated by hydrophilic regions. This crystal organization results in the formation of 1D

open channels (Fig. 5 and S17).



Fig. 5. Cation-assisted hydrogen-bonding in the crystals (Me2NH2)2[Pd(TPPP-A).n] leading to formation of
HOF (view along [101] crystallographic direction).

The free volume, calculated using the Mercury program,*? for compositions without
solvate molecules in the voids of (MexNH2)2[Pd(TPPP-A).n], is 25.3% (probe radius 1.2 A,
Fig. S17). This value is approximately twice as high as that observed in the reported complex
Ni(TPPP-A), which was crystallized as salts containing 3.5 and 4 dimethylammonium
molecules.* It is worth noting that networks sustained by inter-porphyrin hydrogen bonds,
which have been extensively studied in the past,** have recently gained renewed interest as
microporous solids.>*#4¢ Our HOF hold potential for the development of photocatalysts and

conductive materials. However, these topics are outside the scope of our article.

Electrochemical properties



The properties of the free base porphyrin Ho(TPPP) and the complexes formed with Zn(II),
Cu(1l), Pd(II), Co(IIl), and In(IIT) ions were further investigated using cyclic voltammetry
(CV), mainly to assess the impact of the metal ions on the redox potentials and on the stability

of the oxidized/reduced species.

Table 1. Electrochemical data (half-wave potentials or peak potentials in volts vs. Eref [Ag"(0.01M)/Ag]) of the

investigated tetra(diethoxyphosphoryl)-substituted porphyrins and referenced compounds in MeCN,

dichloromethane (CH2CL) or benzonitrile (PhCN). In this work, cyclic voltammetry measurements were carried
out at a vitreous carbon working electrode (& = 3mm, v= 0.1 V/s) in MeCN containing tetra-n-butymammonium

perchlorate (TBAP, 0.1 M).

Compound  Solvent Oxidation potentials Reduction potentials (V)*  E1a— Eic~ Eza— Ela Eie— Exc(V)  Ref
(v)* V) V)
Esa Ena Ea Erc Exc Esc
Ho(TPPP)  MeCN 1.22>  0.97° 0.81 -1.35 -1.72 239 2.16 0.16 0.37 twe
(71) (62)  (65)
Hx(TPPP) CH:CL 1.05 0.88 -1.38 -1.68 2.26 0.17 0.30 30
Ha(TPP) PhCN 1.03  0.75 -1.45 -1.84 2.20 0.28 0.39 47,48
Cu(TPPP) MeCN 095 0.75 -1.45 -1.88 2.20 0.20 0.43 tw
(73)  (67) (65)  (78)
Cu(TPP) PhCN 1.03  0.69 -1.58 -2.04 2.27 0.34 0.46 49,48
Zn(TPPP) MeCN 1.17°  0.78 0.57 -1.58 -1.96° 2.15 0.21 0.38 tw
(96)  (66) (63)
Zn(TPPP) CH:CL 0.90  0.60 -1.53  -1.88° 2.13 0.30 0.35 4748
Zn(TPP) PhCN 0.88 0.53 -1.66  -2.02° 2.19 0.35 2.19 4748
Pd(TPPP) MeCN 1.21° 0.93¢ -1.44 -1.89 235 2.37 0.28 0.45 tw
(64) (66) (104)
Pd(TPP) PhCN 123 0.85 -1.55 -2.05 2.4 0.38 0.5 48
Co(TPPP) MeCN 1.07 085 0.22° -1.08 -2.13 na 0.23 1.05 tw
(63)  (66) (71 (80)
Co(TPP) PhCN 1.07  0.89 028 -1.15  -=2.27 na 50
In(TPPP)  MeCN 1.20° 0.97° -1.17 -1.57 243 2.14 0.23 0.40 tw
(65)  (61)
In(TPP) PhCN 1.25* 0.91 -1.39  -1.78 2.30 0.34 0.39 St
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2 Unless noted otherwise, the oxidation and reduction potentials reported in the table are half-wave potential values (£122);
the associated peak to peak potential shifts are given in parenthesis (AEp = |Epa — Epc| given in mV). ® Peak potential value
(Epa or Epc in V) measured at a scan rate of 0.1V/min. The following conversion®? was used to compare potential values (in
V) measured versus SCE* and Ag* (102 M in MeCN + 0.1 M TBAP)/Ag (this work) : Eri(Ag'/Ag) = Eri(SCE) + 0.3. ¢

tw = this work.

ﬁ’\_——?j Zn(TPPP) ﬁ
M(Tppp)g
i 5&
W In(TPPP)
F\_’/ﬁ”ﬁ? cofreP) M

-2 -1.5 -1 0.5 0 -0.5 0 0.5 1 15
E (Volts vs E[Ag*/Ag]) E(Volts vs E[Ag*/Ag])

Fig. 6. Cyclic voltamograms recorded for M(TPPP) with M = Zn(II), Cu(Il), Pd(II), Hz, In(I1T) and Co(II) (1mM
in MeCN + TBAP (0.1 M)), vitreous carbon working electrode (& =3 mm),v=0.1 Vs, Evs
[Ag(0.01M)/Ag].

These experiments were conducted in MeCN containing tetra-n-butylammonium perchlorate
(TBAP) used as a supporting electrolyte. All relevant data are collated in Table 1 together with
those of reference compounds based on meso-tetraphenylporphyrin M(TPP) and on previously
described M(TPPP) complexes.’*3! Selected voltammograms are shown in Fig. 6.

As reported earlier,*° the free base porphyrin Ho(TPPP) undergoes two ring-centered
oxidations and two ring-centered reductions, eventually followed by additional fully
irreversible waves observed below —2 V or above +1 V (Fig. S47). The electron-withdrawing
effect of the four phosphorylated substituents is easily brought to light by the significant anodic
shift of all waves compared to those recorded under similar conditions with the reference free
base H2(TPP) (Table 1). Only the second oxidation wave at Ep2 = 1.21 V was found to exhibit
irreversible character under these experimental conditions as previously observed in

dichloromethane.30-3-35
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The CV curves recorded with the metal complexes M(TPPP) (M = Zn(II), Cu(II), Pd(II),
In(I1I), and Co(II)) are shown in Fig. 6and S5-S13. These curves bring to light that the nature
of the metal ion has a significant impact on the oxidation and reduction potential values.>®>’
Among the investigated compounds, only Cu(TPPP) exhibits two reversible one-electron
oxidation waves and two reversible one-electron reduction waves with characteristic absolute
potential shifts (Eia — Eic and Exc — Eic)*® demonstrating the successive formation of stable
porphyrin-centered 7-anion radical and dianion on the cathodic side, and of 7z-cation radical
and dication on the anodic side (Fig. S57).

The replacement of copper(Il) with a more electropositive zinc(II) ion has a notable
effect on the effective charge density at the macrocycle, leading to a cathodic shift of about 100
mV of both reversible reduction waves. Another notable difference with the data collected with
Cu(TPPP) is the more or less significant loss in the reversibility of the second reduction and
oxidation waves (E2. and E>c in Table 1), the existence of chemical steps associated to the
formation of [Zn(TPPP)]*>" and [Zn(TPPP)]*~ being further revealed by the observation of a
third oxidation wave at Epa3 = 1.17 V of the former ([Zn(TPPP)]**), and of a weak re-oxidation
peak at E, = —0.75 V of the latter ([Zn(TPPP)]*>") (see Fig. 6 and S6"). Such finding is

59,60

reminiscent of previous studies showing that electrogenerated porphyrin dianion can be

involved in proton abstraction reactions with the solvent to afford phlorin dianions.

The CV of Pd(TPPP) exhibits one fully irreversible oxidation wave at Epa1 =0.93 V and
three consecutive reduction waves (Fig. 6 and S77). The stability of the anion radical state
[PA(TPPP)]*, initially revealed at the CV time scale by the reversibility of the first reduction
wave centered at [Ei2]ic = —1.44 V, was confirmed at the electrolysis time scale by the
unambiguous identification of the one-electron reduced species generated in situ after
exhaustive electrolysis at —1.6 V (Fig. S8"), the most notable changes observed on the UV—vis
absorption spectra collected over time during this experiment being a large decrease in the
intensity of the initial Soret band, coming along with a 25 nm bathochromic shift, and the
development of a weakly intense band in the near IR region at Amax = 878 nm. The doubly
reduced species [Pd(TPPP)]?>~, generated by exhaustive reduction of the mixture at —2.15 V,
was conversely found to be unstable in our conditions, as revealed by our failure to regenerate
Pd(TPPP) by re-oxidation (Fig. S9%). As mentioned for the Zn(Il) complex, the low stability of
the electrogenerated dianion [Pd(TPPP)]?~ could be explained by its reaction with the solvent
to give a phlorin derivative, whose formation under electrolysis conditions (Eapp =—2.15 V, Fig.

S10%) was validated by a red shift of the Soret band (17 nm) and by the development of a broad

12



absorption band at 785 nm.*3%60 The irreversibility of the oxidation wave at Epa1 = 0.93 V also
contrasts with the Nernstian response observed in similar conditions with parent complexes.*3-6!
The absence of a return reduction signal at 100 mV/s (Fig. S107) led us to attribute the
irreversibility of the [Pd(TPPP)]"*/Pd(TPPP) wave to the poor stability of the cation radical
state in our experimental conditions.

The CV curves recorded for the indium(III) complex In(TPPP) exhibit a similar pattern
with two consecutive irreversible one-electron oxidation and three reversible reduction waves
(Fig. 6, S11 and S127). The irreversibility of the first oxidation wave is attributed to the
existence of a coupled chemical reaction. The 400 mV shift measured between the first and
second half-wave reduction potentials is in good agreement with values reported in literature
for reduction processes centered on the porphyrin ring, which supports the conclusion that the
stable complexes [In(TPPP)]*~ and [In(TPPP)]?~ are successively produced at the interface. The
HOMO-LUMO gap of 1.14 V measured between the first oxidation and reduction waves is
also consistent with the in-situ formation of the porphyrin-centered anion and cation radicals
In(TPPP)*~ and [In(TPPP)]**, respectively. These values are also in good agreement with those
previously reported for similar In(TPP) complexes.®!

The major discrepancies observed between the curves collected with the cobalt
porphyrin Co(TPPP) and those discussed above are attributed to the known electro-activity of
the cobalt center which can potentially be oxidized or reduced in the accessible potential
range.*® As previously observed for related complexes,*®" three successive one-electron
oxidation waves are observed in the anodic domain, including one irreversible wave at E, =
0.22 V and two irreversible ones at £1,= 0.85 and 1.07 V (Fig. 6 and S137). The unusual shape
and position of the first one-electron oxidation wave allows its unambiguous attribution to the
formation of a Co(IIl) center, while the two subsequent one-electron reversible waves are
attributed to porphyrin-centered processes yielding successively a Co(Ill) z-cation radical and
a dication.

On the cathodic side, two reversible one-electron reduction waves are observed at E1/»
= —1.08 and —2.13 V ( Eic and E>c in Table 1). The difference of more than 1 V measured
between those two values, i.e. more than double those obtained under the same experimental
conditions with related M(TPP) complexes (M is non-electroactive metal ion), supports the
well-accepted idea’?%92-64 that the first one electron reduction is transferred on the Co(II)

center and the second one on the organic ligand. These data are thus in agreement with a first
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reduction yielding [Co(I)(TPPP)]~, which is then converted at much lower cathodic potentials

into the porphyrin anion radical [Co(I)(TPPP)*]*~.

All these observations suggest that there are significant differences in the

electrochemical signatures of M(TPPP) and M(TPP) but that the all the observed electron

transfers remain centered on the porphyrin ring in both series, expect when M = Co(II). The

electron-withdrawing effect of the phosphorylated substituents is revealed in all cases with a

significant shift of all waves towards more positive values, in some cases exceeding 100 mV.

Optical properties and photostability

Electronic absorption spectra of M(TPPP) were recorded in diluted CH>Cl, and MeCN

solutions at room temperature in air. The data collected for these complexes are listed in Table

2, together with those of related non-phosphonated porphyrins M(TPP).

Table 2. Selected photophysical parameters for M(TPPP) and M(TPP).

Compound Solvent Absorption, Fluorescence *
Aabs (nm) (£-103 (M ecm™)) Ar (nm) P

Ha(TPPP) CH:CL 417, 513, 550, 590, 645

MeCN 357 (15), 416 (340), 482 (3), 513 (15), 546 (6), 646, 713 0.09

587 (4), 642 (3)

MeCN/H20 649, 714 0.07

(10:1 v/v)
Hao(TPP)° MeCN 417 (575)%, 513 (14), 549 (5), 592 (5), 646 (4) 654, 720 0.09¢
Pd(TPPP) CH:CL 415 (275), 522 (25), 554 (3)

MeCN 413 (253), 523 (22), 552 (3) 665, 604
Pd(TPP)f toluene 417 (257), 485 (2), 523 (26), 554 (1) 560, 607 0
In(TPPP) CH2CL 404 (40), 426 (6167), 518 (3), 559(21), 598 (8) 603, 657

MeCN 403 (36), 423 (1080), 518 (3), 559(21), 598 (8) 606, 661 0.01
In(TPP) CH2CL 403 (35), 425 (1176), 520 (3), 560 (19), 599 (8) 604, 660

ethanol 0.01#
Co(TPPP) CH:CL 412 (251), 438 (28), 528 (16) - -
Co(TPP)" CH2CL 412,528 - -
Zn(TPPP) CH2CL 423 (380), 550 (17), 592 (sh)

MeCN 604, 657 0.04
Zn(TPP)* MeCN 420 (661), 556 (20), 596 (7) 604, 652 0.03
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Ho(TPPP-A)  MeCN/H.0% 399 (67), 416 (346), 482 (3), 516 (13), 552 (8), 649, 714 0.11

(1:1 v/v) 589 (4), 644 (4)
Pd(TPPP-A)  MeCN/H20% 415 (213), 463 (6), 523 (17), 556 (2) 564, 607 0
(1:1 v/v)

2 Emission was excited at 556 nm for all compounds studied in this work with the exception of Pd(I) complexes
which were excited at 523 nm (Q(0,0)). ® Fluorescence quantum yield were measured at ambient temperature
relative to a solution of Zn(TPP) in MeCN as a standard. ¢ Absorption and emission properties from ref. 65 ¢
Average value of 418 (458) was found from all data previously reported®® limited to consistent values. ¢ Ref. 67.
Average value 0.14 was calculated from all previously reported data® limited to consistent values. f Ref. 67, 68. ¢
Ref. 69. Quantum yield for this compound in DMSO is 0.05.7° ' Ref. 71. ' Average value of 421 (57) was found
from all previously reported data® limited to consistent values. I Ref. 72. ¥ A starting solution of M(TPPP-A) were
prepared diluting the solution of porphyrin in 0.1 M NaOH (1mL) by MeCN (10 mL) and water (9mL). A
MeCN/H20 solvent mixture (1:1 v/v) was used for further dilutions of this solution.

All studied P(O)(OEt),-substituted porphyrins exhibit similar absorption shapes to the non-
phosphonated M(TPP) analogues (Fig. S14"). This reveals the absence of significant alterations
in the electronic transitions resulting from the para-substitution of the lateral phenyl substituent
by phosphonate groups, in accordance with DFT calculations of M(TPPP) (M = H», Pd, InCl)
(Fig. 2). The expected number of intensive Q bands decrease predictably from four to two upon
the insertion of metal ions into the macrocycle, reflecting a change in molecular symmetry from
Doy to Dy 737

In the case of Co(TPPP), the position of the Soret band was close to those observed for
other Co(II) complexes with 5,10,15,20-tetraarylporphyrins bearing electron-deficient
substituents.” As expected, the absorption maximum of Pd(TPPP) appeared blue-shifted
compared to those of Zn(TPPP).®” This blue shift was accompanied by a decrease in the
extinction coefficient coming along with an increase in the full-width-at-half-maximum of the
Soret band, as previously observed for Pd(II) complexes with different porphyrin ligands.5’

As reported in literature for related compounds,’® all synthesized M(TPPP) displayed
negligible solvatochromic properties (Table 2). In our case, it suggests the absence of axial
coordination of phosphonate groups to the central metal ions and the non-dissociation of the
axial chloride ion in In(TPPP). This conclusion is further supported by a good linearity observed
between absorption and concentration for all studied compounds (Fig. S157).

Spectroscopic properties of the water-soluble porphyrins Ho(TPPP-A) and Pd(TPPP-A)
were investigated in MeCN/H2O (1:1 v/v) solvent mixture (Table 1) and in pure water (Fig.
S16-S197). The compounds were soluble only under slightly basic conditions and a good linear
correlation between absorption and concentration was observed for all bands in the

concentration range of 5-107-10%* M (Fig. S17 and S197). No evidence of aggregation was
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thus observed when studying these porphyrins even in aqueous media, which constitutes an
essential prerequisite for subsequent photophysical studies and catalytic experiments.

Emission properties of M(TPPP) and M(TPPP-A) were next investigated in MeCN and
in MeCN/H>0 solvent mixtures at 298 K (Table 2). Upon excitation in the Q bands, the free
base porphyrin Ho(TPPP) exhibited two fluorescence bands (Q(0,0) and Q(0,1)). The position
of the maxima of these bands did not change after the addition of ca. 10 vol% of water to the
studied solution. However, the fluorescence quantum yield (@) decreased from 0.09 to 0.07
after this addition due to the quenching effect of water molecules. Interestingly, the emission
intensity of the phosphonate-substituted porphyrin Ho(TPPP-A) in the MeCN/H>O mixture (1:1
v/v) was higher (&r= 0.11) than that of Ho(TPPP) in the MeCN/H>0O mixture (10:1 v/v) (&r =
0.07), despite the elevated water content in the solvent mixture. The emissivity of Ho(TPPP-A)
under these experimental conditions was comparable to that of either Ho(TPPP) or H>(TPP) in
MeCN.

The emission properties of M(TPPP) complexes were highly dependent on the central
metal ion while being similar to those of the reference TPP-based complexes. Co(TPPP) and
Cu(TPPP) were non-emissive, as expected for open-shell paramagnetic metal complexes. The
emission spectra of Zn(II), Pd(II), and In(IIT) porphyrins in aerated solution were dominated by
S1 — S fluorescence, but the fluorescence quantum yields in the M(TPPP) series, as well as in
the case of Pd(TPPP-A), were significantly reduced compared to those of the corresponding
free base porphyrins. This decrease in @ was attributed to the presence of the metal ion, which
promotes intersystem crossing due to strong spin-orbit coupling (so-called “the heavy atom
effect”).”>’” For our compounds, this was experimentally demonstrated by studying their
emission in solutions that were deoxygenated under reduced pressure (10 mm Hg). The
normalized emission spectra of Pd(TPPP-A) in degassed MeCN/H2O (1:1 v/v) solution is
shown in Fig. S207. A moderate phosphorescence was observed at 785 nm (T1— S, transition),
and its intensity decreased rapidly and almost fully quenched (with an efficiency above 99%),
upon exposure of the solution to air. Similar behavior was observed for In(TPPP) but the
intensity of the phosphorescence was weaker compared to Pd(TPPP), consistent with this
complex having a heavier metal atom than In(TPPP), thereby favoring radiative processes for
the T1—So transition.

Thus, the introduction of diethyl phosphonate groups at the periphery of the tetrapyrrolic
macrocycle and the subsequent hydrolysis of these groups to phosphonic acid did not cause

significant changes in the photophysical properties of the tetrapyrrolic macrocycles, regardless
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of the central metal ions present. These data reveal the potential interest of compounds prepared

in this study for developing reusable photocatalysts.

Catalytic reactions

Photocatalytic properties of porphyrins from the M(TPPP) series were investigated in
the oxidation of sulfides to sulfoxides. This reaction has gained significant attention due to its
relevance in various fields, including natural processes, organic synthesis, warfare agent
disposal, and fuel desulfurization.”®#? The oxidation of sulfides often leads to overoxidation to
sulfones and the undesired cleavage of S—C and (S)C—H bonds. Thus, the development of
selective methods for preparing sulfoxides under mild conditions is of great interest.338¢
Photocatalytic reactions allow to perform this transformation using molecular oxygen as a
terminal oxidant, thereby eliminating the need for strong and toxic oxidizing agents.’’-%
Substantial efforts have been dedicated to optimizing this reaction, which can proceed through
energy transfer (EnT, to molecular oxygen (°0,) to generate singlet oxygen ('02) (Scheme 3A))
or electron transfer (ET, either to the substrate (Scheme 3B) and/or to molecular oxygen to form

superoxide (Scheme 3C)) mechanisms, depending on the nature of the photocatalyst (PC) and

the sulfide.?*%3

hv
A PC —» *PC

*PC + 30, —> PC+'0,

1@ 2 O
R'SHR 1QR2
RisRz+10, —= [ R pigee
O\O
B C
h‘l/ hV
PC PC 5, oo,
— 1ep2 I H-0
0, R'SR RISR? <220 piggo
PC -+ 0_2 or30, I
302 R1SR2—> R'SR R1SR2

Scheme 3. Representation of mechanisms of photocatalytic oxidation of sulfides by molecular oxygen proceeding

through energy transfer (A) and electron transfer (B and C).

In order to facilitate these reactions, photocatalysts (PC) that efficiently generate triplet excited

states are highly essential. In many cases, heavy-metal complexes (Ir(IIl), Ru(Il)) with
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polypyridine ligands or halogen-substituted chromophores (Eosin, Rose Bengal, and so forth)
are employed as PCs to promote intersystem crossing, benefiting from the heavy atom effect.
However, these compounds come with inherent limitations such as toxicity, production costs,
or specific excitation wavelengths. Although porphyrin derivatives, which serve as archetypical
0, photosensitizers in the context of photodynamic therapy (PDT), have also been utilized as
PCs for this transformation, their practical application is still in the early stages of
development.®*

One of the primary challenges associated with use of porphyrins as PCs is their low
solubility in many organic solvents. As a result, homogeneous reactions using porphyrin PCs
are often performed in chlorinated solvents, employing specific derivatives prepared through
complex multistep synthetic procedures.!**~%7 To overcome these drawbacks, researchers have

focused on developing efficient methods for their heterogenization®®-193

and have explored the
replacement of porphyrins with alternative organic dyes or materials, even though these dyes
generally possess less favorable light-absorbing properties and photostability.!~!'! Within this
context, the availability and improved solubility of porphyrins prepared in this work make them
promising candidates for performing various homogeneous photocatalytic processes, including
the sulfoxidation reaction.

To explore their potential, we firstly compared these catalysts with palladium(II) meso-
tetra(pentafluorophenyl)porphyrinate (Pd(F20TPP)), which was reported as an efficient PC for
oxidation of sulfides.®' A solution of 4-methoxythioanisole and Pd(F20TPP) (0.05 mol%) in
MeCN (HPLC-grade) was stirred while slowly bubbling oxygen and irradiated with a blue LED
(450 nm, 3 W). Surprisingly, under these conditions, no oxidation was observed, in contrast to
what was reported previously®! (Table 3, entry 1). However, when water was added as a co-
solvent at a 10:1 ratio (v/v)''? the starting sulfide was consumed after 8 h of irradiation (Table
3, entry 2). As shown in Table 3, Pd(TPPP) displayed higher efficiency, affording the desired
sulfoxide quantitatively after only 1.5 h of irradiation (entry 3). Remarkably, when this complex
was replaced by the less costly and more environmentally friendly free base porphyrin
H»(TPPP), the rate and selectivity of the oxidation reaction did not decrease significantly (entry
4). The replacement of Pd(F20TPP) with the free base porphyrin Ha(F2TPP) was not feasible
because Ho(F20TPP) is insoluble in MeCN, and the addition of water does not improve its

solubility.
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Table 3. Photooxidation of 4-methoxythioanisole in the presence of M(TPPP) and Pd(F20TPP).?

o i o
MeO CH3CN/H,0 (10:1), blue LED (3 W) MeO

Catalyst Loading Time (h) Conversion® Yield® (%)
(mol%) (%) Sulfoxide Sulfone

1° PdF20TPP 0.05 3 1 1 0
2 0.05 2 21 21 0

5 70 70 0

8 100 99 1
3d Pd(TPPP) 0.05 1.5 100 100 0
4 Ha(TPPP) 0.05 2 100 99 1
5 - 12 0 0 0
6 Co(TPPP) 0.15 12 1 1 0
7 Cu(TPPP) 0.15 12 0 0 0
g Zn(TPPP) 0.05 4 2 20 1
od In(TPPP) 0.05 2 47 47 0

3.5 100 99 1

2 Reaction conditions: 0.5 mmol of sulfide and PC were stirred and irradiated by blue LED (450 nm, 3 W) in MeCN/H,O
mixture (2.75 mL, 10:1 v/v) bubbling slowly molecular oxygen at room temperature. ® Conversion and selectivity were
determined by '"H NMR analysis of reaction mixtures using toluene as an internal standard. ¢ The experiment was conducted in
MeCN (2.75 mL). ¢ The reaction didn’t proceed without irradiation of the reaction mixture.

In a next series of experiments, we investigated the photocatalytic activity of Co(II),
Cu(Il), Zn(Il) and In(IIT) complexes conducting the oxidation in MeCN/H>O mixture (Tables
3). The desired product was obtained in good yields only using metalloporphyrinates known
for their ability to generate singlet oxygen, e. g. Zn(II) and In(II) complexes (entries 8 and 9).
In independent experiments conducted with these complexes, we confirmed that no reaction
takes place in the absence of appropriate irradiation and under irradiation of the reaction
mixture without adding PC (entry 5).

To choose PC and solvent for recycling development, the photostability of Ho(TPPP)
and its Zn(Il), Pd(Il) and In(IIT) in CH2Cl>, MeCN and MeOH was investigated. In these
experiments, solutions of M(TPPP) were stirred under irradiation with a blue LED (450 nm, 3
W) during several days monitoring their light absorption by UV—vis spectroscopy. As shown
in Fig. S217, all the compounds under investigation were rapidly decomposed in CH,Cl..
Accordingly, chlorinated solvents are inappropriate for photocatalytic reactions or recycling, as

prolonged irradiation is generally required. Irradiation in MeOH and MeCN also causes a rapid
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decomposition of Zn(TPPP), but other porphyrins were found to be remarkably stable, as
revealed by minor decreases (less than 10%) in their light absorbance after 2 d of irradiation.
Zn(TPPP) was thus excluded from subsequent studies focusing on selectivity and the
oxidation kinetics of dibutyl sulfide and two differently functionalized aryl methyl sulfides,
namely 4-methoxythioanisole and 4-chlorothioanisole, using Ho(TPPP) or its In (IIT) and Pd(II)
complexes (Fig. 7). These specific substrates were chosen because they are known to react with
molecular oxygen through different mechanisms.”'®> While singlet oxygen generation is
reported as the main pathway involved in the sulfoxidation of dialkyl sulfides (Scheme 3,
pathway A), other aryl methyl sulfides tend to react through both energy transfer (EnT) and
electron transfer (ET) processes (Scheme 3, pathways B and C). Consequently, the PC
efficiency may differ for these three substrates. All our experiments show that In(TPPP) is less

efficient than Pd(TPPP) and H>(TPPP), both of which exhibit similar catalytic activities (Fig.

A B c
. H,(TPPP) . Hy(TPPP) = Hy(TPPP)
-Pd(TPPP) | «Pd(TPPP) * Pd(TPPP)
L * In(TPPP) “ In(TPPP) - A In(TPPP)
_ 804 g LY — 80
£ c £
5 604 .§ 604 .5 60
g B
g 40 g ol g W
- o c
S 5] S
204
0 0
0 T T T T T
0 2 1 o H 1 3 4 s 6 1 2z 31 4 3
Time (h) Time (h) Time (h)

Fig. 7 Comparative studies of catalytic efficiency of M(TPPP) in the oxidation of 4-methoxythioanisole (A),
4chlorothionisole (B) and dibutyl sulfide (C) by molecular oxygen in a MeCN/H20 solvent mixture (10:1 v/v)
under irradiation with a blue LED (450 nm, 3 W).

H>(TPPP) and Pd(TPPP) were thus selected for investigating substrate scope using 0.05
mol% of porphyrin PCs. The results obtained in this study are summarized in Table 4. When
H>(TPPP) was used as photocatalyst, all aryl methyl sulfides were transformed to sulfoxides
selectively and almost quantitively although the reaction time was varied (entries 1, 3, 4, 8 and
11). Electron-rich sulfides exhibited higher reactivity than those containing electron-deficient
aryl groups. Such a trend in the evolution of reactivity is expected whether the reactions proceed
through generation of electrophilic singlet oxygen in EnT process (Scheme 3, pathway A)''® or
through ET (Scheme 3, pathways B and C).!'? Notably, the catalyst loading could be halved
with a corresponding increase in reaction time (entries 4 and 5, 8 and 9). Bulky ortho-
bromothioanisol was also selectively photooxidized to sulfoxide, although after 7 h of
irradiation (entry 16). The nitro-substituted derivatives, known for their inertness in EnT

reactions,''? exhibited significantly slower reaction rates, as revealed by the 45% conversion
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Table 4. Photooxidation of sulfides in the presence of H2(TPPP) and Pd(TPPP).?

o)
S 0, M(TPPP) 1 . SNP
R Ri™ Ry Ri™ Ry
CHZCN/H,0 (10:1), blue LED
Entry  Sulfide Catalyst Time (h) Conversion® (%)  Yield® (%)
M(TPPP) Sulfoxide Sulfone
(mol%)
1 S e H2(TPPP)
(0.05) 2.5 100 98 2
2 Pd(TPPP)
(0.05) 3 100 98 2
3 /©/S~Me H2(TPPP)
Me (0.05) 2.5 100 99 1
4 /©/S\Me H2(TPPP)
MeO (0.05) 2 100 99 1
5 (0.025) 3 100 97 3
6 Pd(TPPP)
(0.05) 1.5 100 100
7 (0.025) 2.5 100 100 0
8 /©/S~Me H2(TPPP)
cl (0.05) 2.5 100 100 0
9 (0.025) 4.5 100 99 1
10 Pd(TPPP)
(0.025) 4.5 100 100 0
11 /©/S\Me H2(TPPP)
Br (0.025) 4.5 100 99 1
12 Pd(TPPP)
(0.025) 4.5 100 100
13 /©/S« Me H2(TPPP)
0N (0.05) 8 45 100
143 (0.05) 1.5 100 100 0
153 Pd(TPPP)
(0.05) 1.5 100 100 0
16 @E&Me Ha(TPPP)
Br (0.05) 7 100 98 2
17 Pd(TPPP)
7 100 99 1
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(0.05)

18 ©S© Ha(TPPP)
(0.05) 5 0 0 0

19¢ (0.05) 5.5 99 97 2

20° Pd(TPPP)
(0.05) 5.5 99 97 2

21 Me. o~ S o~ Me H>(TPPP)
(0.005) 4 100 99 1

22 Pd(TPPP)
(0.005) 4 100 100 0

23 0 H>(TPPP)
fjj (0.005) 4 40 40 0
24 S (0.01) 4 100 98 2

25 ©/\S,Me H>(TPPP)
(0.005) 7 100 99 1

2 Reaction conditions: 0.5 mmol of sulfide and PCwere stirred and irradiated by blue LED (450 nm, 3 W) in MeCN/H,O
mixture (2.75 mL, 10:1, v/v) bubbling slowly molecular oxygen at room temperature. ® Conversion and selectivity were
determined by '"H NMR analysis of reaction mixtures using biphenyl as an internal standard. ¢ The reaction was conducted in
EvoluChem Photoredox box using blue LED (450 nm, 30 W).

obtained after 8 h of irradiation (entry 13). However, the kinetics could be improved by
conducting the reaction in a closed vessel under oxygen (balloon of 1L) under irradiation in a
commercially available EvoluChem Photoredox box (entry 14). The later combines a powerful
blue LED (450 nm, 30 W) and a mirror system for optimizing light distribution. Remarkably,
even diphenyl sulfide, which is known for its high photostability due to its low nucleophilicity
and steric hindrance, could be efficiently oxidized using H2(TPPP) under these irradiation
conditions, yielding diphenylsulfoxide in 97% after only 5.5 h of irradiation (entries 18 and 19).
Dibutyl sulfide was oxidized more rapidly compared to all aryl methyl sulfides. When the
amount of catalyst was reduced by a factor of 10 (0.005 mol%), the oxidation reaction was
completed within 4 h (entry 21). The cyclic thian-4-one exhibited lower reactivity than dibutyl
sulfide (entry 23) but it was nevertheless successfully oxidized in 4 h in the presence of 0.01
mol% of the photocatalyst (entry 24). Another important result for the synthetic applications is
that the selectivity of sulfoxidation remains unchanged even for benzyl methyl sulfide — a
compound known to produce many by-products during photocatalytic oxygenation (entry 25).

Similar results were obtained when employing the free base porphyrin H2(TPPP) instead
of its Pd(II) complex. (Table 4, entries 2, 6, 7, 10, 12, 15, 17, 19 and 22). The costs associated
with the insertion of palladium into the macrocycle were balanced by a slight acceleration of
the reaction rate and a minor increase in selectivity of the oxidation.

Comparing the reactivity of different types of sulfides and efficiency of Pd(TPPP) and
H>(TPPP), we hypothesized that the sulfoxidation reaction in the presence of M(TPPP)
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primarily proceeds through the EnT mechanism (Scheme 3, pathway A). To better understand
the reaction pathway, we investigated the efficiency of singlet oxygen generation by M(TPPP)
via photophysical and EPR measurements.

The photophysical measurements were carried out in CD3;CN/D>O (10:1 v/v) by direct
detection of the singlet oxygen phosphorescence signal at 1270 nm. Since the singlet oxygen
quantum yield (pa) of PH has never been reported in MeCN/H>O mixtures to our knowledge,
we assigned this value to be equal to that reported in the literature for many other non-polar or
polar solvents (pa = 0.95).!'"* With this value in hand, we showed that both In(TPPP) and
Pd(TPPP) exhibited, within error margin, a quasi-unitary singlet oxygen sensitization quantum
efficiency (measured ¢, = 0.94 and 1.01, respectively). The singlet oxygen quantum yield of
the free base porphyrin H2(TPPP) (¢4 = 0.72), although still significantly higher than that
reported for most free base porphyrins (¢4 = 0.50-0.60'!® for Ho(TPP), being the most studied
analogue), was lowered than those of Pd(II) and In(IIT) complexes pointing out the heavy-atom
effect on the intersystem crossing efficiency (Table 5 and Fig. S227).

The potential involvement of ET on the substrates was also investigated by tracing the
evolution of the emission intensity upon the gradual addition of 4-methoxythioanisole into
degassed solution of Pd(TPPP). Quenching of the phosphorescence band was observed,
together with a shortening in phosphorescence lifetime, albeit only at very high substrate
concentrations. A Stern-Volmer plot built from those experimental data allowed to calculate a
quenching constant kq of 3-107 M! s7! almost three orders of magnitude below that generally
considered for diffusion-controlled processes. These results are thus revealing that ET on
substrate (Scheme 3, pathway B) is highly unlikely to occur in the oxidation of 4-
methoxythioanisole, and that the oxidation is likely dominated by the singlet oxygen pathway,
even for aryl sulfides.

The experimental conditions implemented for photophysical measurements, as
discussed above, differ significantly from the conditions used for catalytic tests. An alternative
approach to study oxidation reactions involves use of EPR spectroscopy measurements, which
allows to obtain key information on the generation of singlet oxygen in non-deuterated solvents
and under operando conditions, by irradiating the samples in the cavity of the EPR
spectrometer.! 16118

In this work, we explored the potential of EPR/spin trapping techniques for the
quantification of singlet oxygen generation, with the aim of establishing a relatively
inexpensive and practical procedure, requiring small quantities of PC (measurements done in

capillary tubes, V < 0.1 mL). The commonly used 2,2,6,6-tetramethylpiperidine (TEMP) spin
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trap was selected, and the first series of measurements was conducted in MeCN under
irradiation with 365 nm LED positioned near the EPR cavity (refer to the Experimental Section
for details). The rate of TEMPO formation in the presence of PH, H>(TPPP), Pd(TPPP), and
In(TPPP) was measured, and ¢ values were calculated, considering phenalene-1-one (¢4 =
1.00''%) as a standard compound (see ESI). The main results of these studies are shown in Table
5. The data obtained through the EPR/spin trapping method align well with those acquired
through singlet oxygen phosphorescence measurements. However, when the same series of
experiments was conducted in a MeCN/H>O solvent mixture (10:1 v/v), the ¢4 of PH was
significantly lower than those of Pd(TPPP) (Fig. S24"). Further studies aimed at evaluating the
photostability of PH in both solvents, in the absence and presence of TEMP (Fig. S257),
revealed that the photodecomposition of PH in acetonitrile is only slightly accelerated in the
presence of water and that this rate is significantly increased after the addition of TEMP. This
decomposition, found to be fast in aqueous MeCN, appears to be responsible for the decrease
in singlet oxygen quantum yield in the presence of PH. These studies thus demonstrate that,
PH, which is widely used as a standard compound in photophysical studies, can only serve as
a standard for a rough estimation of the order of magnitude of ¢ calculated from EPR/spin
trapping measurements. The EPR-spectroscopy procedure should be optimized in the future to

provide quantitative data.

Table 5. Singlet oxygen quantum yields of M(TPPP) and PH.*

Compound  Solvent ¢a ('O2emission)  ga (EPR)
PH CDsCN/D2O 0.95

MeCN 1.00°
Ho(TPPP)  CDsCN/D20  0.72

MeCN 0.79
Pd(TPPP) CDsCN/D:0  0.94

MeCN 0.92
In(TPPP) CDsCN/D2O 1.01

MeCN 0.97

2 Comparative study by singlet oxygen phosphorescence
measurements and the EPR/spin trapping technique using
TEMP as a spin trap (see, ESI for further details). ° Ref.
114.

Altogether, our studies demonstrated that M(TPPP) are efficient singlet oxygen
photosensitizers and that the EnT mechanisms seems to be predominant in our experimental

conditions. Remarkably, despite singlet oxygen quantum yield of Ho(TPPP) was much lower
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than that of Pd(TPPP), the catalytic efficiency of these two photosensitizers are rather similar
likely due higher light absorption of H2(TPPP) in the working region of blue LED (Table 2).

Finally, we looked at strategies for recovering and reusing the porphyrin PCs.
Porphyrins bearing phosphonic acid functional groups, such as Ho(TPPP-A) and Pd(TPPP-A),
are soluble in water over a wide pH range allowing deprotonation of the phosphonic acid groups
(pH > 2). In contrast, the targeted sulfoxides are commonly insoluble in water and can be
extracted after reaction completion into polar organic phases such as chlorinated solvents or
ethers. The aqueous phase containing the PC can then be utilized in a consecutive catalytic
cycle. With this in mind, we investigated the photocatalytic properties of Ho(TPPP-A) and
Pd(TPPP-A) to propose a practical recycling procedure for the oxidation of sulfides.

To facilitate catalyst recycling, the reaction conditions were modified by increasing
amount of water in the reaction mixture. The oxidation of 4-methoxythioanisole in the presence
of M(TPPP-A) (0.05 mol%) was performed in a MeOH/H>O (1:1 v/v) solvent mixture keeping
other experimental conditions unchanged (Table 6, entry 1 and 2). These conditions were
chosen to allow a recycling of the aqueous phase containing the PC without going through
evaporation. Under these conditions, the oxidation proceeded rapidly, but selective formation
of the sulfoxide was observed only with Pd(TPPP-A). Use of Hx(TPPP-A) led to an
overoxidation of the sulfone. This side-reaction was observed even at relatively low conversion
of the starting compound, indicating that controlling the reaction time alone could not increase
the selectivity of this transformation. Similar results were obtained when studying the oxidation
of 4-chlorophenyl methyl sulfide, although the reaction rate was decreased (entries 3 and 4).
Intense irradiation (30 W) of the less reactive 4-nitrophenyl sulfide in the presence of Ho(TPPP-
A) gave only the sulfoxide, but the oxidation reaction was very slow (entries 5 and 6). The
efficiency of PA(TPPP-A) as a photosensitizer was also tested in the sulfoxidation of thioanisole
(entry 7) and dialkyl sulfides, specifically by studying the oxidation of dibutyl sulfide (entry 8).
Both reactions were successful and proceeded without any complications.

Once again, the mechanism underlying the photocatalytic properties of water-soluble
porphyrins was investigated through photophysical measurements. Experimental conditions
remained consistent with those described above, except for using a 1:1 CD3CN/D>0O mixture as

a solubilizing medium. Comparing to PH as a reference, slightly lower g values were obtained

Table 6. Photooxidation of sulfides in the presence of Ho(TPPP-A) and Pd(TPPP-A).2

0,, 0.05 mol% M(TPPP-A) N o, 0
S, ' _S. + oS!
Ar Me Ar Me Ar Me
CHsCN/H,0 (1:1), blue LED
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Entry  Sulfide Catalyst Time (h) Conversion® (%)  Yield® (%)
(mol%) Sulfoxide Sulfone
1 /©/S\Me Hx(TPPP-A) 2 62 52 11
MeO 3 100 68 32
2 Pd(TPPP-A) 3 100 100 0
3 S Ve Ha(TPPP-A) 16 65 41 24
4 c” C PA(TPPP-A) 7 100 100 0
5 O/S\Me Ha(TPPP-A) 1 6 6 0
N 4 24 24 0
20 86 86 0
28 89 89 0
6 Pd(TPPP-A) 1 100 100 0
7 ©/S‘Me Pd(TPPP-A)* 4 100 100 0
8 Me. _~_S._~_Me Pd(TPPP-A)* 1 100 100 0

@ Reaction conditions: 0.5 mmol of sulfide and pPC were stirred and irradiated by blue LED (450 nm, 3 W) in MeCN/H,O
mixture (3 mL, 1:1 v/v) bubbling slowly molecular oxygen at room temperature. ® Conversion and selectivity were determined
by 'H NMR analysis of reaction mixtures using biphenyl as an internal standard. ¢ The reaction was conducted in EvoluChem
Photoredox box using blue LED (450 nm, 30 W). ¢ The recycled catalyst was used in this reaction.

for the phosphonic acids compared to their diester analogues. Specifically, the yield of
Pd(TPPP-A) was reduced to 0.83, while that of Ho(TPPP-A) reached only 0.5 (Fig. S237).

Despite this slight decrease, the EnT mechanism involving participation of 'O, appears to be

also predominant in the reaction with these PCs.

The reusability of PA(TPPP-A) was explored in the series of consecutive experiments

shown in Fig. 8.
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Fig. 8. Recycling Pd(TPPP-A) in the sulfoxidation reaction (Reaction conditions: 0.5 mmol of sulfide, 0.05 mol%
of PC were stirred and irradiated by blue LED (450 nm, 3 W) in MeCN/H20 mixture (3 mL, 1:1, v/v) bubbling

slowly molecular oxygen at room temperature).

In the first reaction, 4-methoxyanisol yielded the target sulfoxide in quantitative yield
after 4 h of irradiation. The recovery of photocatalyst was straightforward. After the reaction
was completed, the product was extracted with CH2Cl> and the remaining aqueous phase,
containing the porphyrin catalyst, was reused in the next cycle. In this step, thioanisol was
oxidized after 4 h of irradiation and the pure product was obtained in quantitative yield by
extraction with CH2Clz. The aqueous phase containing the photocatalyst was introduced in the
next catalytic cycle to convert dibutyl sulfide into corresponding sulfoxide in quantitative yield
after 1.5 h of irradiation. In the following three consecutive cycles, thioanisole was oxidized
increasing the reaction time to 12 h to achieve a complete conversion without monitoring of the
reaction mixture. The desired product was obtained quantitatively and isolated in pure form
after extraction with CH2Cly, without the need for additional chromatographic purification.

It is noteworthy that the photocatalytic properties of water-soluble Mn(III) complexes
for oxygenation of unsaturated compounds was thoroughly investigated.!!®-'?! In the case of
sulfonate-substituted porphyrin derivatives, it was shown that free-base porphyrins also can be
used as PCs. These catalysts can be easily separated from the target products but their reuse

was impossible probably due to their low photostability.!!*~!2! To our knowledge, we report
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here the first example of an oxidation reaction in which water-soluble porphyrins can be

recycled and reused.

CONCLUSIONS

We have showed that phosphonate-substituted porphyrins are promising compounds for
catalytic applications, addressing key challenges associated with porphyrin catalysts, such as
their availability, photostability and solubility.

In these study, metal complexes of phosphonate-substituted porphyrin Ho(TPPP) were
prepared in good yields by inserting Pd(II), In(IIl), and Co(II) ions in the free base porphyrin
ligand. The photophysical properties, photostability, and redox behavior of the newly
synthesized M(TPPP) complexes were thoroughly investigated. The introduction of the diethyl
phosphonate group at the phenyl substituent significantly altered the electronic properties of
the tetrapyrrolic macrocycle. The presence of these electron-withdrawing groups resulted in
easier reductions and harder oxidations of the macrocycle for all complexes, compared to the
corresponding TPP derivatives. Pd(TPPP) and In(TPPP) complexes in acetonitrile exhibited
remarkably high single oxygen quantum yields and excellent photostability, while being soluble
in non-chlorinated solvents such as acetonitrile and methanol.

The studies on the M(TPPP) porphyrins as PCs for the oxidation of sulfide have revealed
that the free base porphyrin H>(TPPP) and Pd(TPPP) are highly effective PCs for the
sulfoxidation reaction, and that both operate with a mechanism dominated by a singlet oxygen
oxidation pathway. Remarkably, photostability and catalytic efficiency of the free base
porphyrin H>(TPPP) are comparable to those of the more expensive Pd(TPPP) complex.
Readily obtainable porphyrin Ho(TPPP) is among the best metal-free photocatalyst known for
selective oxidation of sulfides to sulfoxides using molecular oxygen as a terminal oxidant.

To enhance the reaction sustainability, we explored the recovery of the porphyrin PC
through a post-synthesis liquid phase-separation process. For this purpose, the best
photocatalysts, Ho(TPPP) and Pd(TPPP), were converted into their water-soluble derivatives
H>(TPPP-A) and Pd(TPPP-A). These porphyrins were then investigated in the oxidation of
sulfides. The oxidation reaction proceeded in MeCN/H,O (1:1 v/v) in the presence both
compounds, but selective transformation to the target sulfoxide was observed only with
Pd(TPPP-A). The experimental procedure enables the straightforward recovery of the catalyst
by extracting the product in CH>ClL. The desirable sulfoxide can be isolated in its pure form by
evaporating the organic phase thus obtained, without additional chromatographic purification.

The aqueous phase, containing the PC, can be recycled and directly utilized in the subsequent
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catalytic cycle. This strategy for the recovery of porphyrin photocatalysts offers an alternative
approach to the extensively studied heterogenization of porphyrin PCs. Our research
contributes to optimization of porphyrin photocatalysts, which exhibit excellent light absorbing

properties and photostability.

EXPERIMENTAL SECTION
Synthesis
General information on materials, methods and synthesis of ligands and complexes M(TPPP)
is present in the Supporting Information (ESI).
DFT computations
To simplify the calculations ethyl substituents of phosphonate groups were replaced by methyl
groups. The structure of M(TPPP-Me) was modeled by DFT calculations using the Firefly
quantum chemistry package,'?? which is partially based on the GAMESS (US)'?* source code.
The calculations were performed using the B3LYP functional with the Jorge-DZP basis set for
all elements, at each step full optimization of geometry was achieved, and the minima were
confirmed by computation of vibration frequencies.
X-ray crystallography of Pd(TPPP-A)
Single clear dark violet needle-shaped crystals of (Me:NH2):[Pd(TPPP-A).u] were
recrystallised from a mixture of water and DMF (1:10 v/v) by slow evaporation. A suitable
crystal with dimensions 0.43 x 0.18 x 0.13 mm?® was selected and mounted on a MITIGEN
holder oil on a Nonius Kappa Apex II diffractometer. The crystal was kept at a steady 7 =
110.0(1) K during data collection. The structure was solved with the ShelXT!?*!2% golution
program using dual methods and by using Olex2'?® as the graphical interface. The model was
refined with ShelXL!?4!25 using full matrix least squares minimisation on F2.
Crystal Data. C4sHasNO12P4Pd, M, = 1128.18, triclinic, P-1 (No. 2), a = 13.0368(4) A, b =
13.9158(5) A, c=18.0430(6) A, a=69.419(2)", f=81.680(2)’, y=78.062(2)°, V' =2988.85(18)
A3, T=11001)K, Z=2,Z'= 1, tfMo Ka1) = 0.474, 175832 reflections measured, 10535
unique (Rint = 0.0878) which were used in all calculations. The final wR> was 0.1521 (all data)
and R; was 0.0606 (I > 2 s(I)). Additional structural data are given in Fig. S1-S3" and Tables
S1-S6'.

Data CCDC-2290735 also contain the supplementary crystallographic information for
this paper. These data can be obtained free of charge from The Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Electrochemical and spectroelectrochemical characterization
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Acetonitrile (Acros Organics, extra-dry with molecular sieves, water < 0.005%) was degassed
using a freeze-pump-thaw procedure and used as is in a glove box under N,. Tetra-n-
butylammonium hexafluorophosphate (TBAP) was prepared, purified and dried using standard
procedures.

Cyclic voltammetry and voltammetry with rotating disc electrodes (RDE) were recorded
using a SP300 Bilogic potentiostat. Analytical studies were conducted under N (glove box) in
a standard three—electrodes electrochemical cell. Tetra-n-butylammonium hexafluorophoshate
was used as supporting electrolytes (0.1 M). An automatic ohmic drop compensation procedure
(biologic ZIR) was systematically performed when using cyclic voltammetry. Vitreous carbon
(© = 3 mm) working electrodes (CH Instruments) were polished with 1 mm diamond paste
before each recording. Voltamperometry with a rotating disk electrode (RDE) was carried out
with a radiometer (CTV101 radiometer analytical) equipment at a rotation rate of 500 rad min™!
using a glassy carbon RDE tip (0= 3 mm).

Spectroelectrochemical measurements were carried out at room temperature under N>
(glove box) in dedicated batch “thin layer” type of cells (0.5 or 1 mm optical path lengths, Pt
mesh electrodes, ALS Co. Ltd.) using a biologic SP300 potentiostat coupled to a MCS 601 UV-
NIR Zeiss spectrophotometer. The counter—electrode was a platinum wire isolated from the
electrolytic solution through an ionic bridge. Ag/AgNOs (CH Instruments, 1072 M+ TBAP 10!
M in MeCN) was used as a reference electrode. Ferrocene was ultimately used as an internal
reference. Measurements were carried out upon scanning the working electrode potential at 20
mV s between the open circuit potential and a chosen final potential followed by
microelectrolysis (1-5 min) at this potential.

Photophysical measurements

UV-vis spectra were recorded in solutions using a PerkinElmer Lambda 900 UV/VIS/NIR
spectrometer (1 cm path length quartz cell). Emission spectra were measured using a Horiba
Jobin Yvon Fluorolog-3 spectrometer. Emission quantum yields of all compounds were
measured relative to the Zn(TPP) in acetonitrile (&= 0.033)'?” and calculated using a standard
procedure.'?®

Singlet oxygen emission spectra were measured using a Horiba Jobin Yvon Fluorolog-
3 fluorimeter, equipped with a three-slit double-grating excitation and emission
monochromator with a dispersion of 2.1 nm mm™" (1200 grooves mm™'). The steady-state
luminescence was excited by unpolarized light from a 450 W xenon continuous wave (CW)
lamp at the desired excitation wavelength, and with excitation slits opening of 10 nm. It

was detected at an angle of 90° for measurements of dilute solutions (10 mm quartz cuvette, 15
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nm emission slits opening, integration time = Is) using a liquid nitrogen cooled solid
indium/gallium/arsenide (InGaAs) detector (850—-1600 nm). Spectra were corrected for both
excitation source light-intensity variation and emission spectral responses (signal "T1¢/Ric").
Singlet oxygen quantum yield (pa) measurements for M(TPPP) were achieved using a
relative methodology based on the comparison of 'O, phosphorescence intensity of diluted
CD3CN/D20 (10:1 v/v) solutions (optical density (OD) <0.1) of studied samples against that
of phenalen-1-one (PH) in the same solvent (pa = 0.95) used here as a reference compound.
Singlet oxygen luminescence quantum yields were calculated using the following equation
5 = @a [M [l—x]
A () [ Uy
where A(4) is the absorbance (or optical density) at the excitation wavelength and / the corrected
integrated luminescence intensity. The subscripts r and x stand for reference and sample,
respectively. The reported results are the average of 3—4 independent measurements at various
absorbances (comprised between 0.01 and 0.1) for both sample and reference. The plot of the
integrated luminescence intensity vs absorbance give straight line with excellent correlation
coefficients and the associated slopes can be determined for both sample and reference,
allowing straightforward determination of the sample 'O> generation efficiency (Fig. S24+).
Singlet oxygen quantum yield (pa) measurements for M(TPPP-A) were carried out
using the same methodology in CD3;CN/D,O (1:1 v/v) solutions. pH was set basic by addition
a droplet of NaOD in D;0, in order to ensure full deprotonation of the phosphonate groups and
avoid any aggregation of the porphyrin molecules, which could be highly detrimental for the
reliability of the measurements. The results are summarized in Fig. S257.
Photocatalytic oxidation of sulfides
Standard 0.01 M solutions of M(TPPP) in MeCN were prepared dissolving 0.05 mmol
porphyrins in 5 mL volumetric flasks. Zn(TPPP) was employed as a powder due to its low
solubility in MeCN, which significantly increased when dissolved in a MeCN/H2O solvent
mixture. Aqueous solution of M(TPPP-A) (0.01 M) was prepared dissolving the porphyrins
M(TPPP-A) in 500 uL of 0.1 N aqueous NaOH and diluted this solution by deionized water in
5 mL volumetric flasks.
General procedure of sulfoxidation in the presence of M(TPPP). A glass vial equipped

with a magnetic stir bar was charged with 1 mmol of sulfide (see Tables 3 and 4) and calculated

amount of standard solution of the photocatalyst. Then acetonitrile and water were added to
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obtain the reaction mixture in acetonitrile/water mixture (2.75 mL, 10:1 v/v). The reaction was
irradiated with blue LED while gently bubbling oxygen. When the reaction was complete, the
mixture was diluted with 7 mL of water and extracted with dichloromethane (3 x 5 mL). The
combined extracts were dried over sodium sulfate and evaporated under reduced pressure at
room temperature. The yield and purity of the products were determined by '"H NMR using
biphenyl as an internal standard.

Dibutyl sulfide was oxidized using 0.005 mol% of PCs, the oxidation of aryl sulfides
was performed in the presence of 0.05 mol% of PCs. The catalyst loading and the reaction time
are indicated in Tables 3 and 4.

This catalysts loading was also used in kinetic studies (Fig. 7) which were performed
by using the same procedure. The reactions were periodically monitored by NMR spectroscopy
after withdrawing aliquot samples.

General procedure of sulfoxidation in the presence of M(TPPP-A). A glass vial
equipped with a magnetic stir bar was charged with 1 mmol of sulfide (see Table 6) and
calculated amount of standard solution of the photocatalyst. Then MeCN and water were added
to obtain the reaction mixture in MeCN/H>O mixture (2.75 mL, 1:1 v/v). The reaction was
irradiated with blue LED while gently bubbling oxygen. When the reaction was complete, the
mixture was diluted with 7 mL of water and extracted with dichloromethane (CH2Cl>, 3 X 5
mL). The combined extracts were dried over sodium sulfate and evaporated under reduced
pressure at room temperature. The yield and purity of the products were determined by 'H NMR
using biphenyl as an internal standard.

The experiments with the recycled PC were performed using the same procedure. After
reaction completion, the product was extracted with CH>Cl, (3 x 5 mL) and the aqueous phase
containing PC was introduced in the next catalytic cycle.

Estimation of singlet oxygen generation using the EPR/spin trapping technique

TEMP (Merck) was used as received. Quantitative studies were conducted to assess the
generation of singlet oxygen by Ho(TPPP), PA(TPPP), and In(TPPP), utilizing TEMP as a spin
trap in both MeCN and MeCN/H>O (10:1 v/v) solutions, in comparison to PH, which was
dissolved in the same solvents. Two sets of four solutions, each with an equal absorption value
(4 = 0.45) at 365 nm, were meticulously prepared by dissolving H>(TPPP), Pd(TPPP),
In(TPPP), and PH in suitable solvents. Following this, 25 mM solutions of TEMP in the same
solvents were prepared, and an equivalent volume of chromophore and TEMP solutions were
combined. The resulting solution was then transferred to a quartz capillary tube and promptly

examined using EPR spectroscopy. EPR measurements were performed in situ under
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photoexcitation in a standard EPR cavity on an X-band Bruker spectrometer equipped with a
365 nm LED (Thorlab), with irradiation times ranging from 0 to 15 min.!'® These EPR assays
were carried out at room temperature, with settings including a modulation frequency of 100
kHz, a microwave power of 7 mW, a modulation amplitude of 1 G, a time constant of 20.5 ms,
and a single acquisition scan. The temporal change in TEMPO concentration was plotted for
both solvents, as illustrated in Fig. S267. The singlet oxygen quantum yield (¢.) in acetonitrile
was determined using reported values for PH. The summarized data are presented in Table 5.
The data obtained in MeCN/H>0O were not subjected to further analysis, as the rate of singlet
oxygen generation by PH was significantly lower than that of Pd(TPPP) and In(TPPP), despite
the expected ¢, of 100% for this compound.
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