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Abstract

Quinacridone derivatives have recently emerged as promising organic photocatalysts
due to their availability, strong visible-light absorption and accessible redox
properties; however, their broader application in homogeneous photocatalysis

has been hindered by poor solubility and stability. Herein, we report an optimized
and resource-efficient N-alkylation protocol that enables simple access to soluble
quinacridone derivatives under significantly milder conditions than those commonly
employed. With this approach, a new N,N’-substituted quinacridone derivative was
prepared, fully characterized, and evaluated as an organic photocatalyst. This catalyst
promotes efficiently the visible-light-driven aerobic oxidation of sulfides to sulfoxides
in homogeneous conditions, operating at very low catalyst loading (0.1 mol %)

and displaying excellent chemoselectivity, with no detectable overoxidation to
sulfones. The reaction proceeds smoothly in HFIP using molecular oxygen as oxidant
and shows broad tolerance across different substrates. Notably, the photocatalytic
system remained active over multiple consecutive substrate addition cycles without
requiring catalyst reloading and consistently maintained high sulfoxide yields,

a level of robustness that contrasts with the degradation typically observed for
quinacridone-based photocatalysts under analogous conditions.

1 Introduction
Visible-light photoredox catalysis is an established approach to access chemical reactiv-
ity that is difficult to achieve under thermal conditions, enabling redox transformations
in mild reaction settings [1-4]. Historically, photoredox catalysis has been extensively
developed using transition-metal complexes, whose well-defined photophysical and
redox properties have laid much of the groundwork for the field [5, 6]. However, increas-
ing efforts have focused on the development of organic photocatalysts [7], driven by the
possibility of tailoring their structure and properties through rational molecular design
[8, 9], as well as by concerns related to the cost and toxicity of commonly used transi-
tion-metals such as ruthenium and iridium [10].

In the search for efficient organic photocatalysts, quinacridone (QA) has emerged as a
particularly appealing scaffold [11]. Indeed, QA is a cheap, non-toxic and commercially
available industrial pigment [12] whose derivatives show strong visible-light absorption
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and accessible redox potentials [11]. Those properties have recently renewed interest in
its use beyond pigmentary applications toward functional materials and photocatalysis
[13-15]. Despite these attractive features, the broader exploitation of QAs in catalysis
has been historically limited by synthetic and processing constraints [16]. Indeed, the
parent QA scaffold exhibits extremely low solubility, arising from strong m—m stacking
and an extended intermolecular hydrogen-bonding network, as well documented by
crystallographic and polymorphism studies [17]. Recent efforts have demonstrated that
appropriate N-functionalization or peripheral substitution can overcome these limita-
tions, enabling soluble QA derivatives that retain broad visible absorption as well as
suitable redox properties for light-driven transformations [15, 18]. For instance, N-sub-
stituted and structurally modified QAs have been employed as organic semiconductors
in electronic devices [19, 20], as photoactive components in hybrid photocatalytic sys-
tems for solar-driven transformations [21] and as homogeneous photocatalysts in visi-
ble-light-driven redox reactions [14]. However, the preparation of soluble N-substituted
QA derivatives has traditionally relied on harsh conditions, including large excesses
of alkylating agents, large excesses of nucleophilic or strong bases, prolonged reaction
times, and demanding purifications [14, 22-27]. These aspects significantly impact the
sustainability, scalability, and practical deployment of QA-based photocatalysts. Accord-
ingly, improving the synthetic accessibility of soluble and functional QA derivatives
remains a prerequisite not only for their broader adoption in photocatalysis, but also for
their integration into emerging functional materials.

In parallel, the selective oxidation of sulfides to sulfoxides has emerged as a widely
investigated reaction in visible-light photocatalysis, owing to its synthetic relevance
and its frequent use as a benchmark reaction [28]. Numerous studies have shown that
organic photocatalysts can effectively promote this transformation using molecular oxy-
gen, offering a metal-free alternative to conventional approaches [14, 28-31]. Recent
examples include purely organic molecular photocatalysts operating under visible light
and ambient oxygen, such as phenothiazinone- or thioxanthone-based systems, which
enable efficient sulfoxidation under mild conditions and low catalyst loadings [32,
33]. While good sulfoxide selectivity is often reported, these transformations typically
require extended irradiation times, and aspects related to catalyst recovery and reuse are
seldom explored [28, 32, 33]. Hybrid and immobilized organic photocatalysts can par-
tially address recyclability issues, yet often require complex catalyst preparation or show
reduced activity upon reuse [34—36]. Within this context, access to readily soluble QA
derivatives with suitable redox properties allows the exploration of QA-based systems
in light-driven sulfide oxidation, while also providing a framework to consider catalyst
efficiency, reuse, and sustainability-related aspects.

In this work, we report the optimization of a simple and resource-efficient synthetic
protocol for the preparation of soluble QA derivatives, broadly applicable to different
alkylating agents, and its use to access a novel QA-based organic photocatalyst. The
derivative was fully characterized and applied in the visible-light-driven oxidation of
sulfides to sulfoxides, operating at very low catalyst loading (0.1 mol%) and allowing
repeated substrate addition while maintaining high catalytic activity and excellent selec-
tivity toward sulfoxide formation across a range of sulfide substrates.
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2 Experimental

2.1 Materials and general methods

All commercial reagents and solvents were purchased from Sigma-Aldrich/Merck Life
Science at the highest available purity grade and used as received unless otherwise
stated. Quinacridone was purchased from TCI Chemicals. 1,1,1,3,3,3-Hexafluoro-2-pro-
panol (HFIP) was purchased from Fluorochem.

NMR spectra were recorded on a Bruker Avance 700 MHz spectrometer. 'H NMR
chemical shifts (8) are reported in ppm and referenced to residual solvent signals
(CDCly: § 7.26; CD,Cly: 8 5.32).

UV-vis absorption spectra were recorded on a Shimadzu UV-2450 spectrophotom-
eter. Fluorescence spectra were acquired using an Agilent Cary Eclipse fluorimeter.

Electrochemical measurements were carried out using a PalmSens4 potentiostat and
PS Trace 5.11 software for data analysis. Experiments were conducted using a three-
electrode configuration with a glassy carbon working electrode (2 mm diameter), a plati-
num coil counter electrode, and an Ag/AgCl reference electrode. Measurements were
performed in HFIP containing tetrabutylammonium perchlorate (TBAP 0.1 M) as sup-
porting electrolyte.

Excited-state redox potentials E°(M*/M~) were estimated as follows:

EO(Mx* /M) = EX(M/M™) +Eo_o(M—-M*) = E°(M/M") + hc/A

where M is the ground state, M* the lowest excited state, E°(M/M") is the ground state
electrochemical redox potential for the couple M/M™ and E;_o(M-M?*) is the 0—0 spec-
troscopic transition energy gap, calculated from the emission and absorption cross A.

2.2 Gas chromatography analysis and quantification

Gas chromatography analyses were performed on a Shimadzu GC-2050 system
equipped with a flame ionization detector (GC-FID). GC-FID was employed for reaction
monitoring and quantitative determination of conversions and yields. Calibration curves
for both sulfides and the corresponding sulfoxides were constructed by injecting solu-
tions of known concentration prepared in the presence of decane as internal standard
(Fig. S11-S26). The sulfoxide products used for calibration correspond to compounds
previously synthesized and fully characterized by NMR spectroscopy in our earlier work
[31].

2.3 Synthesis of N,N’-bis-(3,5-di-tert-butylbenzyl)quinacridone (QA-1, Table 1)

In a general procedure, QA (100 mg, 0.32 mmol), tetrabutylammonium bromide (TBAB,
26 mg, 0.08 mmol), and sodium hydroxide (256 mg, 6.4 mmol) were suspended in N,N-
dimethylformamide (DMF, 10 mL). The mixture was stirred vigorously at 50 °C for 1 h,
during which the color changed from bright red to deep blue. A solution of 3,5-di-tert-
butylbenzyl bromide (272 mg, 0.96 mmol) in DMF (5 mL) was then added dropwise
over 15 min, and the reaction mixture was stirred at 50 °C for an additional 5 h. After
cooling to room temperature, the reaction mixture was diluted with dichloromethane
(DCM, 100 mL) and washed sequentially with brine (3 x 150 mL) and water (150 mL).
The organic phase was dried over anhydrous sodium sulfate, filtered, and concentrated
under reduced pressure. The crude product was purified by column chromatography
on silica gel (15% petroleum ether in DCM — DCM) and further purified by repeated
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Table 1 Optimization of the N-alkylation of QA

tBu

H 0 Br Bu

sosasRER . SN< 0o

0 H o] tBu
QA-1

tBu

Entry Solvent Base Base Eq. RX Eq. TBAB Eq. T (°C) Time (h) Yield?®
1 DMF NaOH 20 6 025 50 6 71
2 DMF NaOH 20 3 025 50 6 62
3 DMF Li,CO;4 20 3 0.25 50 7° -
4 DMF K,CO;, 20 3 025 50 7° 3
5 DMF K,CO,4 5 3 0.25 50 7P 3
6 DMF Cs,CO, 20 3 025 50 6 77
7 DMF Cs,CO; 5 3 025 50 6 76
8 DMF Cs,C0;4 5 3 - 50 6 71
9 DMF Cs,CO; 2 3 - 50 6 69

(a) Isolated yield. (b) The suspension of QA, base and TBAB was stirred for an additional hour

precipitation from chloroform/pentane to afford QA-1 as a bright orange solid (171 mg,
71%). '"H NMR (700 MHz, CDCl,), § 8.76 (s, 2 H), § 8.55 (d, J=7.98, 2 H), § 7.66 (t,
J=7.70, 2 H), § 7.45 (d, ] =8.75, 2 H), § 7.36 (s, 2 H), § 7.26 (t, ] =7.39, 2 H), & 7.08 (s,
4 H), § 5.80 (s, 4 H), 8 1.25 (s, 36 H). "*C{*H} NMR (700 MHz, CDCl,), § 178.2, § 151.5,
§ 143.0, § 136.8, § 134.5, § 134.2, § 127.1, § 126.3, § 121.8, § 121.1, § 1194, § 115.5, §
114.0, § 51.0, 8 34.7, 6 31.3. HRMS: m/z [M + H]"; calculated: 717.4420; found: 717.3976.
UV-vis in DCM [\, nm (¢, M~'em™!)]: 511 (16100). UV-vis in HFIP [\, nm (g,
M 'em™h)]: 548 (9600).

2.4 Photocatalytic oxidation of thioethers

Photocatalytic reactions were carried out at room temperature in a homemade photore-
actor consisting of a cardboard box internally lined with aluminum foil. The light source
was an array of three green LEDs (A =520 nm, 30 W) mounted on a fan-cooled heat sink.
Reactions were performed in 25 mL screw-cap vials sealed with rubber septa and placed
at a fixed distance of 8 cm from the light source. Thioethers (0.075 mmol) were dissolved
in a solution of decane 5 mM and QA-1 15 uM in HFIP (5 mL). The solution was bub-
bled with molecular oxygen for 5 min prior to irradiation. Reactions were irradiated in
an oxygen atmosphere for 1 h under strong stirring, unless otherwise stated.

2.5 Consecutive substrate addition experiments

Catalytic performance under consecutive substrate additions was evaluated using the
standard photocatalytic conditions described above. After each reaction cycle (1 h), a
fresh portion of thioether substrate (0.075 mmol) was added directly to the reaction
mixture without additional photocatalyst. Reaction progress was monitored by UV-vis
spectroscopy and by GC-FID analysis at the end of each cycle.
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2.6 DFT calculations

DFT calculations have been carried out using Gaussian 16 rev. A. 03 [37]. Geometry
and frequency optimizations have been performed in the vacuum, and in DCM using
SMD as continuum solvation model. Computations were carried out applying B3LYP
as functional, with 6-31G+ (d, p) as basis set. Single point TD-DFT calculations have
been performed with 6-311G+(d, p) basis set in gas-phase and solvent, using 20 states
for each computational condition. Hessian analysis indicates the absence of imaginary

frequencies.

3 Results and discussion

3.1 Optimization of the synthesis of QA-1

To address the synthetic limitations of QA, an improved N-alkylation protocol was
developed and applied to the synthesis of a new N,N'-substituted QA derivative, in
which bulky substituents were introduced to enhance solubility by reducing intermo-
lecular hydrogen bonding and m—m stacking. To this end, 3,5-di-tert-butylbenzyl bro-
mide was selected as a model alkylating agent, also providing a suitable platform for the
optimization of the reaction conditions. As anticipated above, the synthesis of soluble
N-substituted QA derivatives has traditionally relied on harsh reaction conditions, typi-
cally involving large excesses of nucleophilic bases and alkyl halides [14, 22—24]. Only
a limited number of alternative approaches have been reported, often at the expense of
prolonged reaction times or elevated temperatures [38, 39].

Starting from a protocol previously employed in our laboratory [14], we systematically
investigated the influence of key reaction parameters in the synthesis of QA-1, including
the nature and equivalents of the base, the amount of alkylating agent, and the use of
tetrabutylammonium bromide (TBAB), commonly added as phase-transfer catalyst to
address the inherently heterogeneous nature of the reaction. The outcome of this opti-
mization study is summarized in

Such study revealed a marked sensitivity of the reaction to both, the nature of the base
and the loading of the alkylating agent. In this context, reaction outcomes are discussed
in terms of isolated yields, as the disubstituted compound was consistently obtained as
the main product. When sodium hydroxide was employed as a base, good yields were
achieved, as expected (entry 1); however, decreasing the amount of alkyl halide resulted
in a noticeable decrease in yield, confirming the dependence on reagent excess under
these conditions, plausibly due to competing nucleophilic substitution by the hydrox-
ide anion (entry 2). When sodium hydroxide was replaced with non-nucleophilic
alkali metal carbonates, lithium carbonate was found to be ineffective (entry 3), while
potassium carbonate afforded only trace amounts of product even when used in large
excess (entries 4-5). In these cases, the suspension was stirred for an additional hour
prior to the addition of the alkylating agent to promote a more effective deprotonation
of QA under heterogeneous conditions; however, the typical color change from red to
deep blue observed during QA deprotonation did not take place. These observations
are consistent with the limited solubility of these salts in DMF, which restricts the effi-
cient generation of the reactive QA anion. As anticipated from previous reports [24, 38,
39], switching to cesium carbonate led to a substantial improvement in reaction per-
formance (entries 6—9). Indeed, high yields were consistently obtained using only three
equivalents of alkylating agent (entry 6), while also allowing a reduction in base loading
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(entries 7-9). Notably, the transformation proceeded reliably at moderate temperature
(50 °C) and on shorter timescales, providing a set of conditions that balance efficiency
with operational simplicity. The reaction was also found to proceed in the absence of
TBAB (entries 8-9), indicating that phase-transfer catalysis is not strictly required for
product formation. Nevertheless, the presence of TBAB resulted in a faster transition
from the deep blue solution of the deprotonated QA to the characteristic orange color
of the alkylated product, suggesting a favorable effect on the reaction kinetics that was
not further investigated. The optimized conditions were further applied to the synthesis
of N,N’-dibutylquinacridone (DBQA), leading to a marked improvement of the sustain-
ability of the reaction (Scheme 1).

Interestingly, under these alkylation conditions, the formation of monosubstituted QA
derivatives was also observed. In the synthesis of QA-1, the corresponding monosubsti-
tuted product QA-2 could be isolated in low yields (1-6%) (Fig. S4). Likewise, when the
same optimized protocol was applied to the preparation of DBQA, the monoalkylated
derivative (MBQA) was obtained in appreciable amounts (21% yield). Notably, mono-
substituted QA derivatives may represent valuable organic photocatalysts, as retention
of the N-H moiety in such compounds may provide a reactive handle for hydrogen atom

transfer (HAT) processes.

3.2 Characterization of QA-1

The novel QA derivative obtained from the optimized N-alkylation protocol was char-
acterized by optical and electrochemical techniques. UV-vis spectroscopy revealed that
QA-1 exhibits a broad absorption band in the visible region, with molar extinction coef-
ficients on the order of 10* M~! cm™! (Fig. S5). Both absorption and fluorescence mea-
surements have shown pronounced solvent-dependent behavior, with a clear red shift
observed when moving from dichloromethane to HFIP (Figs. S5-S6). This trend indi-
cates a strong sensitivity of the electronic transitions to the surrounding medium, con-
sistent with significant solvent—chromophore interactions.

Electrochemical characterization by cyclic voltammetry in HFIP revealed redox fea-
tures consistent with those reported for other N-substituted QA derivatives. In com-
parison with DBQA, commonly employed as a benchmark in this family, QA-1 exhibits
closely similar ground-state reduction and oxidation potentials (E,.4=-0.87 V and
E.,=+0.98 V vs. Ag/AgCl for QA-1, compared to E 4=-0.85V and E;, =+0.94 V vs.
Ag/AgCl for DBQA [14]). The excited-state redox properties are likewise comparable,

20 eq. NaOH
Q H 0.25 eq. TBAB Q C4Ho
N 13 eq. 1-bromobutane N
wn (LTI - (L0
N DMF, 100°C, 7h [}j
H o) CHy O
65%
o H 5 eq. Cs,CO; O CqHo
N 3 eq. 1-bromobutane N
o (L XOCIC - (LI
N DMF, 50°C, 6h N
H o) CiHy O
60%

Scheme 1 Synthesis of DBQA in optimized conditions
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dihedral a dihedral b === dihedral ¢

Fig. 1 Optimized geometry of QA1 (B3LYP/6-311G+dp CPCM DCM solvent) analyzing the skeleton features and
dihedral angles

Table 2 Analysis of the dihedral angles in compound geometry moving from vacuum to DCM as
solvent (B3LYP 6-31G+(d, p) SMD). Features were declared in Fig. 2

DIHEDRAL GAS-PHASE SOLVENT-PHASE
a 176.08 173.96
b 172.70 176.49
C -92.02 -92.82

with nearly identical excited-state reduction (E*,.4=+1.34 V vs.+1.33 V vs. Ag/AgCl)
and oxidation potentials (E*, ~-1.23 V vs.-1.24 V vs. Ag/AgCl). In light of the estab-
lished performance of DBQA in visible-light-driven oxidative transformations, these
data support QA-1 as well suited to operate under analogous photocatalytic condition.

DFT calculation has been performed to analyze the geometry and electronic QA-1
features.

B3LYP and CAM-B3LYP have been selected as functional considering its ability to
foresee reliably ground and excited states of organic compounds [40], both in gas- and
solvent phase. Calculations were performed with 6-31G+(d, p) or 6-311G+(d, p) basis-
set, using the polarizable conductor calculation model solvation (CPCM) in dichloro-
methane (DCM) as solvent. The absence of imaginary frequencies in Hessian matrix for
gas- and solvent- phase indicated that all the obtained geometries are the energy minima
points of each conformation. Firstly, molecules geometries were analyzed both in gas-
phase and in solvent (DCM), Fig. 1.

In the most stable conformer, the two aromatic group of the substituents are in oppo-
site position, avoiding the m-m staking and increasing solubility. The aromatic core of
quinacridone is not flat and displays a zig-zag shape (Fig. 1a). In particular, the nitrogen
atom displays sp2 character due to the delocalization of the electron pair on the aromatic
ring. However, it is not completely planar, as can be seen from the characteristic dihedral
angles of the molecule. Analyzing the deviation of the quinacridone core from planarity,
dihedral angles variation from vacuum to solvent were analyzed (Fig. 1b; Table 2).

The geometry calculation shows a significant variation moving form vacuum to sol-
vent in a-b dihedral angles. The solvation induces appreciable changes, suggesting a par-
tial bend of the quinacridone core upon solubilization, while dihedral ¢ variation was
limited.
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Frontiers molecular orbitals features were also investigated to analyze the effects of
the substituents on the electronic properties of quinacridone group. Highest Occupied
Molecular Orbital (HOMO) and Lowest Occupied Molecular Orbital (LUMO) were
examined in gas-phase and in DCM, Fig. 2.

Solvent presence seems not to affect HOMO-LUMO distribution: in both cases orbit-
als are mainly centered on QA skeleton. HOMOs are delocalized over the QA core, also
including the benzylic Csp® groups. In LUMOs such moiety was not involved anymore.

HOMO-LUMO gap in DCM is about 2.9 eV, comparable with the experimental value
(Egp=24€V).

3.3 QA-1 mediated aerobic photooxidation of sulfides

To evaluate the performance of QA-1 in photocatalytic sulfide oxidation and to iden-
tify suitable reaction conditions, methyl p-tolyl sulfide was selected as a model substrate.
Thus, a preliminary screening was conducted by systematically varying key reaction
parameters, including the nature of the solvent, the photocatalyst loading and the atmo-
sphere of the reaction. The results of this screening are summarized in Table 3.

The screening shows that the oxidation of methyl p-tolyl sulfide proceeds efficiently
under visible-light irradiation only in a narrow set of conditions. In HFIP, quantitative
formation of the corresponding sulfoxide was achieved within 1 h under an oxygen
atmosphere, even at catalyst loadings as low as 0.1 mol%, demonstrating that the trans-
formation can be sustained at very low photocatalyst concentrations without loss of effi-
ciency (entries 1,4,5). Additionally, extending the reaction time up to 16 h did not result
in detectable overoxidation (entry 11).By contrast, the reaction was largely suppressed
in a variety of alternative solvents, including nitriles, chlorinated solvents, acetone, and
DME, where only trace amounts or negligible yields of sulfoxide were observed (entries
2-3, 6-7,9-10). These results highlight the specific role of HFIP, whose high polarity
and strong hydrogen-bond-donating character are known to strongly influence photo-
chemical oxidations involving polar or radical intermediates [41]. In the present system,
HFIP likely contributes not only to reaction efficiency but also to the exclusive formation

of the corresponding sulfoxide, enhancing selectivity by plausibly disfavoring pathways

GAS-PHASE

-2.50 eV

Fig. 2 HOMO-LUMO analysis of QA-1 in the vacuum and in solvent (DCM). Geometry was optimized with B3LYP
functional, 6-31G+(d, p) basis set and CPCM solvation model
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Table 3 Optimization of methyl p-tolyl sulfide photooxidation

QA-1 0
S GreenlLight I
> S\
1h

Entry QA-1 (%mol) % Solvent Atmosphere Yield
1 1 HFIP 0, >99%
2 1 Butyronitrile o,
3 1 Benzonitrile o, Trace
4 0.5 HFIP o, >99%
5 0.1 HFIP 0, >99%
6 0.1 DCM 0, trace
7 0.1 DMF o, 1%
8 0.1 HFIP Air 70%
9 0.1 Acetone 0, trace
10 0.1 Acetonitrile o, trace
11° 0.1 HFIP 0, >99%

Reaction conditions: [substrate]=15 mM in 5 mL solvent under an air or oxygen atmosphere, using a photoreactor
equipped with green LEDs (A=520 nm, 30 W), with the reaction mixture placed at a fixed distance of 8 cm from the light
source

a) The reaction time was extended to 16 h

leading to overoxidation. Moreover, as supported by electrochemical evidence [14],
HFIP can modulate the redox properties of QA derivatives, thereby facilitating photo-
induced electron transfer processes under the applied conditions. When molecular oxy-
gen was replaced by air, the reaction still proceeded to significant conversion (entry 9),
although longer reaction times were required to reach completion. Overall, these data
confirm HFIP as a suitable medium for the photocatalytic oxidation of methyl p-tolyl
sulfide with QA-1, enabling high efficiency and exclusive sulfoxide formation at very low
catalyst loadings.

Under the optimized conditions identified with the model substrate, the generality of
the protocol was evaluated across a representative set of sulfides (Scheme 2).

Aryl methyl sulfides bearing electron-neutral or electron-donating substituents were
smoothly converted into the corresponding sulfoxides, typically affording quantitative
yields within 1 h (1, Table 3). Halogen substitution on the aryl moiety was also well toler-
ated, as exemplified by the chloro-substituted derivative (4), which delivered the desired
product in quantitative yield. Diarylic sulfides proved to be viable substrates as well,
although longer irradiation times were required to reach excellent results (2,5,7). A dis-
tinct behavior was observed for heteroaryl sulfides such as thianthrene (3), which slowly
underwent oxidation to a limited extent upon prolonged irradiation. Substrates bearing
strongly electron-withdrawing groups exhibited a pronounced decrease in reactivity (8),
indicating a sensitivity of the reaction to electronic effects at sulfur. Notably, benzylic (6)
and aliphatic (9) sulfides were successfully oxidized, with simple dialkyl sulfides under-
going rapid and essentially quantitative conversion. Across the examined substrates, the
reaction consistently proceeded with full chemoselectivity, and no overoxidation to the

corresponding sulfones was detected, even upon extended irradiation times.
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QA-1 (0.1% mol), O,

S - 9
R™°R' ] So,
HFIP, Green light, 1 to 15 h R R
0 2 i
o OO
(1) (2) (3)
1h, >99% 2h, >99% 15h, 43%
(0]
I L
S S o
I
O OR® ;
Cl
(4) (5) (6)°
1h, >99% 3.5h, >99% 6h, 97%
0 ?
S S\ 0
/©/ \O O.N SoNS o
2
(7) (8) (9)
2h, >99% 15h, 91% 1h, >99%

Scheme 2 Substrate scope of QA-1 mediated sulfide photooxidation. a NMR yield
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Fig. 3 On the left: absorption spectra of the reaction mixture before (black line) and after every cycle. On the right:
% Yield of methyl p-tolyl sulfoxide after each cycle
3.4 Consecutive substrate addition experiments
To gain insight into the behavior of the photocatalytic system under prolonged opera-
tion, consecutive reaction cycles were performed by sequential addition of fresh methyl
p-tolyl sulfide to the same photocatalyst solution. Under these conditions, the oxidation
was repeated over five 1 h cycles, while monitoring both the reaction outcome and the
spectrophotometric response of the photocatalyst. As illustrated in Fig. 1, high sulfoxide
yields were maintained throughout the successive cycles, with only a moderate decrease
observed after repeated substrate recharging.

By monitoring the UV-vis absorption spectra of the reaction mixture, decrease in the
intensity of the main visible absorption band is observed after the first cycle, followed by
a more gradual attenuation in subsequent runs. This behavior suggests that an initial loss
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Scheme 3 Mechanism hypothesis for the QA-1 mediated aerobic photooxidation of sulfides [14, 31]

of active catalyst concentration occurs early during operation, whereas the formation
of photodegradation products appears to be limited. Overall, these results indicate that
the system operates efficiently over multiple substrate additions, combining sustained
catalytic activity with reasonable photochemical stability. Although a slight loss of active
catalyst is observed, the ability to maintain high yields across repeated cycles highlights
a level of operational stability that is unprecedented for quinacridone-based photocata-
lysts in homogeneous photocatalysis. To note, the increase in absorbance observed in
the region below 400 nm is ascribed to the increased concentration of methyl p-tolyl

sulfoxide in each cycle.

3.5 Scavenging experiments

Preliminary mechanistic information was obtained through scavenging experiments
(Fig. S28). The addition of 1,4-dimethoxybenzene (DMB), employed as a radical cat-
ion scavenger, led to a significant suppression of product formation, supporting the
involvement of sulfur-centered radical cation intermediates generated upon photoin-
duced electron transfer. A comparable decrease in reactivity was observed upon addi-
tion of benzoquinone (BQ), consistent with the participation of superoxide anion radical
formed upon reduction of molecular oxygen. In contrast, the limited effect observed
in the presence of 1,4-diazabicyclo[2.2.2]octane (DABCO) suggests that singlet oxygen
does not play a major role under the applied conditions. Overall, the scavenging experi-
ments are consistent with a reaction pathway closely related to that previously proposed
for DBQA [14], involving photoinduced electron transfer followed by oxygen-mediated
steps (Scheme 3). Based on the experimental and mechanistic studies, as well as our pre-
vious work [14], the most plausible pathway involves oxidative quenching by molecu-
lar oxygen after the photoexcitation of the catalyst. Further mechanistic studies will be
required to confirm the relative contribution of the different pathways involved.
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4 Conclusions

In this work, a user-friendly and more sustainable N-alkylation protocol was developed
to access soluble QA derivatives, enabling the preparation of a new photocatalyst. Such
organic dye proved effective in the visible-light-driven oxidation of sulfides to sulfox-
ides using molecular oxygen, operating at very low catalyst loading and displaying broad
substrate tolerance and excellent chemoselectivity. Notably, the catalytic system was
shown to remain operative over multiple substrate additions, maintaining high product
yields despite a slight gradual decrease in active catalyst concentration. Remarkably, this
behavior contrasts with the rapid deactivation commonly observed for QA-based photo-
catalysts under oxidative conditions and highlights a good level of operational stability.
Mechanistic insights obtained from scavenging experiments are consistent with a photo-
induced electron-transfer pathway involving sulfur-centered radical cations and oxygen-
derived reactive species, in agreement with mechanisms previously proposed for related

systems.
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