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By using a perylene diimine (PDI) syn-atropisomer as highly preorganized precursor, we successfully con-
structed a visible-light-active organic macrocycle PDI-M. The formation of macrocyclic structure effec-
tively avoids self-aggregation of PDI cores and enhances the absorption in visible region. As a photocata-
lyst, PDI-M exhibits excellent activity on aerobic selective oxidation of sulfide into sulfoxide under visible
light irradiation at room temperature. Mechanism studies show that both superoxide and singlet oxy-
gen act as reactive oxygen species. This work provides a typical case toward the maximum utilization of
photosensitive groups under mild conditions.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The preparation of artificial organic macrocycles, especially
those with functional groups, has always been a hot spot in
the field of supramolecular chemistry [1,2]. The yield of ring-
closing reaction is relatively low, due to the formation of poly-
meric by-products. To overcome the difficulties caused by the tra-
ditional method of high dilution and template synthesis, we re-
cently have proposed a strategy of using a naphthalimide atropiso-
mer as a highly preorganized precursor to prepare organic macro-
cycles (Scheme 1). The macrocycles were obtained in an excellent
ring-closing yield reaching ~90% and exhibited a selective recog-
nition for tryptophan [3]. As an important extension of this effi-
cient strategy, we wished to explore the preparation of perylene
diimide-based (PDI) macrocycles with larger conjugated structure
as molecular skeleton. It is well known that PDI and its derivatives
are a class of dye molecules with excellent photoelectrical proper-
ties. Due to their cheap source, high electron mobility, strong ab-
sorption capacity and adjustable electronic energy levels by chem-
ical modification, they have shown a wide range of potential ap-
plications in many fields such as organic solar cells [4-6], organic
field effect transistors [7-9], fluorescent probe sensing materials
[10-13], photodynamic and photothermal therapy in biomedical
[14-16]. Thus, to use PDI as the building blocks may bring abun-
dant photoelectrical functions to the organic macrocycles. But so
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far, due to low solubility and other reasons, PDI-based macrocy-
cles are still relatively limited [17-19] and further exploration is
urgently needed.

Photocatalysis is an important branch of catalysis, which can
convert solar energy into chemical or electrical energy to initiate
organic reaction via thermal activation process. Compared with ul-
traviolet radiation, the visible-light driven photocatalysis is more
attractive and has developed into a mild, clean and atomic ef-
ficient organic synthesis method [20-24]. PDI derivatives as ex-
cellent visible-light absorbing materials, however, tend to self-
aggregate together due to their rigid large m-conjugated planar
structures, resulting in fluorescence quenching and greatly reduc-
ing the utilization efficiency of photosensitive groups [25]. So far,
there are still relatively limited investigations on the PDI photocat-
alysts driven by visible light [26-29].

Encouraged by the high efficiency of our macrocyclization strat-
egy [3], we herein prepared a PDI-based syn-atropisomer as highly
preorganized precursor to successfully construct a new visible-
light-active organic macrocycle PDI-M. The formation of macro-
cyclic structure effectively avoids self-aggregation of PDI cores and
enhances the absorption in the visible region. As an efficient pho-
tocatalyst, PDI-M can catalyze oxidation reaction of a series of
thioethers into corresponding sulfoxides in a high conversion and
selectivity both exceeding 90%. The reaction proceeded smoothly
under mild conditions utilizing visible light as the driving force
and molecular oxygen as the oxidant at room temperature.
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Scheme 1. The synthetic strategy of macrocycle based on arylenediimide syn-
atropisomers.
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Fig. 1. (a) Synthesis of PDI-M: (i) CH3CH,COOH, 145 °C, 10 h; (ii) CH3CN/CH,Cl,,
70 °C, 18 h. (b) "H NMR spectrum (DMSO-dg, 298 K) and (c) high resolution ESI-MS
of PDI-M.2PFg.

The synthesis of macrocycle PDI-M is illustrated in Fig. 1.
Firstly, arylamine 1 was obtained by a Suzuki coupling reaction
between corresponding aryl bromide and boronic acid (Figs. S1-
S4 in Supporting information). Then, an imide condensation of the
as-prepared 1 with 1,6,7,12-tetrachloro-3,4,9,10-perylene tetracar-
boxylic dianhydride (PDI-1, Fig. S1) in propionic acid to form
a mixture of syn- and anti-PDI atropisomers (syn-A and anti-A,
respectively). Owing to the difference in polarity, the syn-/anti-
arylenediimide atropisomers were usually separated by column
chromatography in the previous work [3,30-33]. Interestingly, the
isomers in this work can be directly separated by solubility differ-
ence and no column separation is required. As shown in Figs. S5-
S7 (Supporting information), the purity of the products is proved.
That is, only precursor syn-A with convergent conformation pre-
cipitated after the reaction, and pure syn-A can be obtained by
simple filtration and washing. This extraordinary discrepancy in
solubility is probably derived from the extended length of pen-
dant 4-pyridylphenyl groups, which lead to larger polarity differ-
ence between syn- and anti-isomers. With quantities of precur-
sor syn-A in hand, macrocycle PDI-M as dibromide salt was syn-
thesized in a straightforward manner after reacting with linker
1,4-bis(bromomethyl)benzene in acetonitrile/chloroform for 18 h
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Fig. 2. Absorption and emission spectra of PDI-M (solid line) and 1,6,7,12-
tetrachloro-3,4,9,10-perylenetetracarboxylic dianhydride (PDI-1, dashed line) in
DMF (0.01 mmol/L).

at 70 °C. The whole cyclization reaction did not need opera-
tionally complex conditions such as the use of highly diluted con-
centration, template molecules and slow dropwise addition of re-
actants. The product as chloride (PDI-M-2Cl) and PFg salt (PDI-
M.-2PFg) can be obtained by anion exchange. '"H NMR spectrum of
PDI-M indicated the existence of a single symmetrical structure

(Fig. 1b) and high resolution electrospray-ionization mass spec-
trometry (ESI-MS) analysis also showed peaks of PDI-M with the
loss of two counterions (Fig. 1c).

As shown by Fig. 2, the UV-vis absorption and fluorescence
emission spectra of PDI-M and reactant PDI-1 were investigated.
The macrocycle PDI-M shows strong absorption in the range of
400-550 nm and fluorescence emission centered at 560 nm, which
are significantly enhanced compared with that of PDI-1. These re-
sults are probably due to the macrocyclic structure of PDI-M that
prevents the aggregation of chromophores and enhances their sol-
ubility. Cyclic voltammogram showed that the potentials of the two
reversible single electron reduction waves are —0.39 and —0.84
eV vs. Ag/AgCl (Fig. S13 in Supporting information). We used the
Rehm-Weller formula to calculate the Gibbs free energy (Table S1
in Supporting information), which are attributed to the formation
of charge-delocalized radical anion PDI'~ and the dianion PDI?~ of
the macrocyclic compound PDI-M.

The catalytic performance of PDI-M-2Cl was evaluated in the
selective oxidation of thioanisole under visible light (A = 455 nm
blue LED) and oxygen atmosphere at room temperature (Table 1).
The reaction was firstly performed in acetonitrile, but only 10% of
sulfide was converted with a low sulfoxide selectivity (25%). Sol-
vent optimization showed that the mixed solvent of CH3CN and
water is favorable to the selective oxidation of sulfide to sulfox-
ide (entries 1-7). The optimal ratio of CH3CN/H,O0 is approximately
7:2, which can significantly improve the conversion and selectiv-
ity up to 96% and 92% (entry 7). An excess of photocatalyst was
demonstrated to lead to a decrease in yield (Table S2 in Support-
ing information). For the existence of the arm charges and the
closed ring, the catalyst is found slightly soluble in water and re-
dundant powders were found to suspend on the surface of reac-
tion system, which probably reduces the absorption of light energy.
The time profile for sulfide oxidation showed that high conversion
and selectivity was simultaneously obtained in ca. 2 h (Fig. S14 in
Supporting information). Upon prolonged reaction, the conversion
can reach nearly 100%, while the selectivity of sulfoxide decreased
slightly because of overoxidation. To show the practicability of this
method, a gram-scale reaction was carried out, producing the de-
sired product sulfoxide in 87% yield (1.218 g). The control experi-
ments indicated that no reaction occurred in the absence of light
(entry 9), photocatalyst (entry 10) or O, (entry 11).
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Table 1 Table 2
Optimization of photocatalytic oxidation conditions of thioanisole. Substrate expansion for photocatalytic oxidation by PDI-M.
[¢]
Il Entry Substrate Time Conversion Sulfoxide
S S
~ PDI-M (1 mol%) ~ . o
Solvent, O,, r.t. (b) (%) Selectivity
Visible Light (%)
Entry  Solvent Catalyst ~ Conversion (%)  Sulfoxide selectivity (%) s
~
1 CHsCN PDIM 10 25 1 © 2 96 92
2 CH,Cl, PDI-M 11 62
3 CH3CH,0H PDI-M 41 78 s
4 CH;0H PDI-M 47 80 5 O/ ~ 5 04 o
5 H,0 PDI-M 70 4
62 CH3CN+H,0 PDI-M 95 88
7b CH3CN+H,0  PDI-M 96 92 e
8¢ CH;CN+H,0 PDI-M 52 80 3 ©/\ 2 92 90
od CH3CN+H,0 PDI-M Trace Trace
10 CH;CN+H,0 - Trace Trace
11¢ CH;CN+H,0 PDI-M Trace Trace S
120 CH;CN+H,0 PDI-1 20 72 4 ©/ 4 89 85
13P CH;CN+H,0  PDI-2 5 55
14 CH3CN+H,0 PDI-3 93 91 s
~
All reactions were carried out on a scale of 0.45 mmol thioanisole, 1% mol catalyst 5 o 4 91 93
and 0.36 mmol biphenyl in 4.5 mL of solvent under visible light at room tempera-
ture for 2 h, equipped with an oxygen balloon. S
* CH3CN/H,0=8/1. 6 4 89 87
b CH3CN/H,0=7/2. NC
¢ CH3CN/H,0=2/1.
4 Without light. SN
¢ Under a nitrogen atmosphere. PDI-1, PDI-2 and PDI-3 (Table S3 in Supporting 7 /©/ 4 87 81
information). Conversion and selectivity calculated from GC. OzN
S\
8 2 98 94
With the optimal reaction conditions, the compared catalytic
activities of acyclic monomers PDI-1 and PDI-2 were carried out. s
They exhibited poor conversion rate and selectivity (entries 12 and 9 /©/ 2 98 96
13), which may be ascribed to both the poor solubility and the MeO
aggregation of the PDI photosensitizers. To further confirm this 10 s P 97 94
assumption, a charged monomeric PDI-3 instead of neutral PDI-
11 NS 2 94 92

1/PDI-2 was designed and synthesized (Fig. S1). This parallel ex-
periment was labeled as entry 14. As anticipated, a satisfied cat-
alytic effect as PDI-M was obtained for its full solubility and non-
aggregation from two extended charged arms. It is worth noting
that the solubility of PDI-M in CH3CN/H,0 (7:2) is only approx-
imately 1% of PDI-3 (Table S3), so a much less amount of PDI-
M catalyst would achieve the comparable catalytic effect as that
of PDI-3. From the above-mentioned experiments, we can summa-
rize that there are two advantages in our titled macrocycle: i) the
macrocyclic structure prevents the aggregation of PDI mother nu-
cleus; ii) the attached charged groups make an observable dissolu-
tion in a minor amount of H,0, and thus only a very small amount
of catalyst is needed.

The excellent activity and selectivity of PDI-M for the transfor-
mation of thioanisole to sulfoxide prompted us to explore other
thioethers as substrate under the optimal reaction conditions. Con-
sidering the electronic effects of different substituent groups on
the phenyl groups, a series of substrates with the various elec-
tion withdrawing or donating groups are chosen as displayed in
Table 2. Though the para-substitution with electron withdrawing
groups on the benzene ring seems slightly suppresses the sulfide
oxidation to a degree than the donating groups, the experimen-
tal results exhibited good photocatalytic activity of PDI-M for all
the tested substrates from aryl to alkyl thioether, which give us an
overall impression that the title macrocycle could function as uni-
versal catalyst for the oxidation of thioether to sulfoxide.

To reveal the mechanism of the photooxidative reaction, addi-
tional experiments were performed. Radical scavengers including
quinol for radicals, p-benzoquinone for O, ~/OH, tert-butyl alco-
hol for ‘OH and DMPO for O, ~ were used in the selective oxida-
tion of sulfide (Table 3). We found that the photooxidative reaction
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All reactions were conducted on a scale of 0.45 mmol sulfides, 1% mol PDI-M and
0.36 mmol biphenyl in 4.5 mL of mixed solvent (CH3CN/H,0=7/2) under visible
light at room temperature, equipped with an oxygen balloon. Conversion and selec-
tivity calculated from GC.

Table 3
Free radical scavenging experiments.

Entry Radical scavengers Scavenging group Conversion (%)
1 - - 96

2 Quinol radicals 1

3 p-Benzoquinone 0,7~ [OH 9

4 tert-Butyl alcohol ‘OH 87

5 DMPO 0;~ 3

6 TEMP 10, 28

Conversion and selectivity calculated from GC.

of sulfides can be significantly suppressed after adding quinol, p-
benzoquinone and DMPO (entries 2, 3 and 5), whereas tert-butyl
alcohol does not evidently change the reaction (entry 4), indicat-
ing that the reaction process involves O, ~ radicals. Meanwhile, the
conversion of sulfide was also inhibited after adding TEMP (entry
6), a singlet oxygen trap. Therefore, O, and 10, species were si-
multaneously present in the reaction process. These observations
are in accordance with the previously reported mechanism [26,34],
that is, singlet oxygen oxidation through an energy transfer coex-
isting with a radical pathway through electron transfer.

Other experiments further supported the proposed mechanism.
As shown by Table 1, when water was added to the acetonitrile re-
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action system, the conversion rate and selectivity were greatly im-
proved, so we wondered whether H,0 could act as reactant to be
involved in the reaction process. To explore the origin of O in the
product sulfoxide, an isotope labeling experiment was performed
using H,0'® and H,0. No product of sulfoxide containing 08 was
detected in the reaction system when using H,0'® as solvent by
GC-MS (Fig. S15 in Supporting information). Thus, it can be con-
cluded that O, rather than H,O acts as the only oxygen source
to afford the product sulfoxide. According to the reported litera-
ture [35], the charged intermediates formed through 10, oxida-
tion can be effectively stabilized in the polar solvents containing
protons, thereby accelerating the reaction rate, which implies the
presence of singlet oxygen in the reaction. On the other hand, it
is well known that O, ~ is formed by the electron transfer be-
tween the triplet sensitizer and the oxygen molecule. We used the
Rehm-Weller formula to calculate the Gibbs free energy for elec-
tron transfer between the photosensitizer and the substrate (Table
S1) [36]. The Gibbs free energy of electron transfer from methyl
phenyl sulfide to PDI-M excited state is —2.07 eV, and the value of
PDI-M excited state to O, with the formation of O, is —1.64 eV.
Taking the favorable Gibbs free energy into account in both of the
electron-transfer steps, the generation of superoxide anion radical
in the reaction is reasonable.

Based on the above mechanism experiments, we conclude that
there may be two paths for the sulfide oxidation in this system
(Fig. S16 in Supporting information): (i) Energy transfer path: af-
ter absorbing photons, the excited PDI* transfers energy through
intermolecular transfer to 0, forming '0,. The singlet oxygen can
seize an electron of sulfide to form R,S*-00~, which further reacts
with another sulfide molecule to afford the product sulfoxide. (ii)
Single electron transfer path: one electron is first transferred from
sulfide to the excited PDI* form the electron-losing thioether and
PDI', and then PDI~ transfers one single electron to O,, forming
0,". Subsequently, the electron-losing thioether is oxidized by O,~
to generate sulfoxide.

In summary, a novel PDI-based macrocycle PDI-M was success-
fully designed and synthesized from a highly preorganized atropi-
somer precursor. As an efficient and environmental-friendly photo-
catalyst, PDI-M was employed for selective oxidation of sulfides to
sulfoxides under visible light using O, as oxidant at room tempera-
ture. Taking the advantage in avoiding the aggregation of PDI cores
into account, visible-light-active macrocycles may act as promising
photocatalysts for organic reactions.
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