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thiazines: synthesis, photophysical
and redox properties, and efficient photocatalytic
oxidative coupling of amines†

Jun Zhou, Lijun Mao, Meng-Xiang Wu, Zhiyong Peng, Yiming Yang, Manfei Zhou,
Xiao-Li Zhao, * Xueliang Shi * and Hai-Bo Yang

Herein we successfully developed a ring-fusion approach to extend the conjugation length of

phenothiazines and synthesized a series of novel extended phenothiazines 1–5. The intriguing p-

conjugation length-dependent photophysical and redox properties of 1–5, and their photocatalytic

performance towards visible-light-driven oxidative coupling reactions of amines were systematically

investigated. The results indicated that this series of extended phenothiazines exhibited continuous red

shifts of light absorption with increasing numbers of fused rings. As compared with the conventional

phenothiazine (PTZ), all the extended phenothiazines displayed reversible redox behavior and maintained

a strong excited-state reduction potential as well. Consequently, 3, 4 and 5 with longer effective

conjugation lengths could efficiently catalyze the oxidative coupling of amines to imines under visible-

light irradiation; by comparison, the shorter 1, 2 and PTZ could only catalyze such reactions in the

presence of UV light. Moreover, 3 showed superior catalytic performance which can result in better

yields within a shorter reaction time, and in a broad substrate scope. Finally, a direct and efficient

conversion of amines to imines under sunlight in an air atmosphere was successfully realized. We believe

that our study including the new phenothiazine modification methodology and the newly developed

extended phenothiazine-based photocatalysts will open up a new way to develop novel phenothiazine-

based materials for optoelectronic and catalytic applications.
Introduction

Phenothiazine, an S, N heterocyclic molecule, is a well-known
and highly versatile building block for a broad range of appli-
cations in different research areas due to its easy chemical
functionalization and intriguing chemical and physical prop-
erties (Fig. 1).1,2 For example, phenothiazine and its derivatives
have been widely utilized as donor units in the molecular
engineering of highly conjugated donor–acceptor materials for
optoelectronics, which is largely attributed to the electron-rich
nature of sulphur and nitrogen heteroatoms.3–5 Also, because
phenothiazine derivatives exhibit low oxidation potentials with
a fully reversible one-electron redox process and good hole
mobility, they have been widely employed as efficient hole
transport materials (HTMs) for perovskite solar cells (PSCs).6–8

In addition, phenothiazine is a very unique luminophore that
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t China Normal University, 3663 N,

hina. E-mail: xlzhao@chem.ecnu.edu.cn;

ESI) available. CCDC 2143327, 2143328,
5124, 2145133, 2150682 and 2150683.
CIF or other electronic format see

60
can display conventional uorescence and thermally activated
delayed uorescence (TADF) as well as room-temperature
phosphorescence (RTP), mainly because of its distinct boat
conformation that can induce different charge transfer char-
acteristics and molecular packing motifs.9–15 Moreover, pheno-
thiazine derivatives have also been proven to be effective
photoredox catalysts for various synthetic transformations
ranging from metal-free atom transfer radical polymerization
(ATRP) for controlled polymer synthesis16–23 to small molecule
transformations such as radical dehalogenations,24 nucleo-
philic alkoxylations of alkyl olens,25 photoredox catalyzed C–N
and C–H/C–H cross-couplings,26,27 and so on.28,29 Despite these
diverse electronic and optical properties and wide applications,
the development of phenothiazine-based materials is limited
primarily to the chemical modication of the phenothiazine
core at N, S sides and 3, 7 positions (Fig. 1).30 Specically, the
functional positions of the phenothiazine core, N-10, S-5, and C-
3,7, are typically involved in chemical reactions like N-substi-
tution, oxidation, formylation, and electrophilic substitutions
(halogenation) and subsequent coupling reactions. Compared
to these conventional modication strategies, Matyjaszewski
and co-workers reported a phenyl benzo[b]phenothiazine with
extended conjugation, which demonstrated stronger absorption
in the visible light region and better catalytic performance than
© 2022 The Author(s). Published by the Royal Society of Chemistry
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those of 10-phenylphenothiazine.31 On this basis, we speculate
that the synthesis of extended phenothiazines would be an
alternative strategy to tune the electronic and optical properties
of phenothiazine-based materials tailored to specic applica-
tions, especially for their optoelectronic and catalytic applica-
tions (Fig. 1).

Imines refer to a class of organic molecules containing
a carbon–nitrogen double bond which have been widely
employed as important building blocks for the synthesis of
organic ne chemicals and pharmaceutical compounds.32 Imines
can be prepared by many methods such as the condensation of
aldehydes and ketones with amines, the reaction of nitriles with
organometallic compounds, dehydrogenation of amines, reduc-
tion of nitro compounds, and so on.33 Alternatively, imines can
also be obtained by the direct oxidative coupling of amines,
which shows the signicant advantages of high atom economy
and environment friendliness.34 However, the oxidative coupling
of amines to imines is usually carried out using expensive noble
metal catalysts at a high reaction temperature.35 Recently, the
photocatalytic oxidative coupling of amines has been emerging
as a promising approach for imine synthesis due to the advan-
tages of low energy consumption and high efficiency.36–38 For
example, some representative photocatalytic systems, such as
transition metal catalysts,39,40 metal oxides,41 metal/
semiconductor hybrid nanostructures,42,43 metal-
loporphyrins,44,45 and metal–organic frameworks (MOFs),46,47

have proven to be very efficient for oxidative coupling of a variety
of amines. However, most of the above are still metal-containing
photocatalysts, while metal-free, pure organic and visible light-
active photocatalysts for efficient oxidative coupling of amines
are relatively rarely reported.48,49 Besides, many reported photo-
catalytic systems for oxidative coupling of amines are basically
polymer-based hybrid materials; however, there is little research
on the potential of organic small molecules as photocatalysts for
imine preparation. In addition, organic small molecules could
offer more design space to ne tune their optoelectronic and
redox properties and are particularly convenient for the under-
standing of the structure–property relationships at the molecular
level, owing to their molecularly precise backbone. In this
scenario, the development of novel small-molecule photoredox
catalysts for efficient imine synthesis is of great importance.
Fig. 1 Target extended phenothiazine cores and design principle of
this work.

© 2022 The Author(s). Published by the Royal Society of Chemistry
In this work, we report the design and synthesis of a series of
extended phenothiazines 1–5 with up to seven linearly fused
rings, including benzo[b]phenothiazine, dibenzo[b,i]phenothi-
azine, naphtho[2,3-b]phenothiazine, benzo[b]naphtho[2,3-i]
phenothiazine and dinaphtho[2,3-b:20,30-i]phenothiazine,
through a simple and versatile synthetic strategy (Fig. 1). As
expected, extension of the conjugation of phenothiazines
obviously shied their absorption spectra toward the longer
wavelength region, along with the signicant increase in the
molar extinction coefficient. Moreover, all the extended
phenothiazines displayed reversible redox behavior and can be
oxidized to form the corresponding radical cation species with
considerable stability. Subsequently, the catalytic performances
of 1–5 and PTZ were surveyed in the ultraviolet (UV) and visible-
light-driven oxidative coupling reactions of amines. The results
indicated that 3 showed better catalytic performance that not
only resulted in a broad substrate scope, but also succeeded in
the efficient conversion of amines to imines under sunlight in
an air atmosphere. Therefore, for the rst time this work
provided a new strategy to modify phenothiazines and
successfully developed a very efficient pure organic and visible
light-active photocatalyst for efficient oxidative coupling of
amines.

Results and discussion
Molecular design and synthesis

For comparison, all the target extended phenothiazines 1–5 and
the reference PTZ were designed with the same substituent of 4-
tert-butylphenyl group on the nitrogen atom. Considering the
solubility issue of the longer extended phenothiazines 3–5, two
bulky mesityl groups are used to suppress their p–p stacking. As
shown in Scheme 1, a simple and versatile synthetic strategy
involving the synthesis of themethoxy-substituted diaryl suldes,
the conversion of methoxy groups to triates, and a nal
palladium-catalyzed double N-arylation reaction50 was employed
to prepare this series of extended phenothiazines (see the ESI†).
Specically, the methoxy-substituted diaryl suldes could be
obtained by the normal palladium-catalyzed cross-coupling
reaction of aryl halides with aryl thiols, or by the direct
palladium-catalyzed C–S coupling of aryl halides with thiourea.
For example, a-OMe, c-OMe, and d-OMe could be obtained by the
cross-coupling reaction of 2-bromo-3-methoxynaphthalene or 2-
bromo-9,10-dimesityl-3-methoxyanthracene with corresponding
2-methoxybenzenethiol or 3-methoxynaphthalene-2-thiol in good
yields. By comparison, the symmetric b-OMe and e-OMe could be
directly prepared by the C–S coupling of the corresponding 2-
bromo-3-methoxynaphthalene and 2-bromo-9,10-dimesityl-3-
methoxyanthracene with thiourea in 56% and 59% yields,
respectively. Subsequently, the obtained methoxy-substituted
diaryl suldes were demethylated using boron tribromide and
were then converted into triates a-OTf–e-OTf in a reaction with
triic anhydride in the presence of pyridine in moderate yields.
Finally, phenothiazines 1–5 were synthesized in moderate to
good yields from triates a-OTf–e-OTf and 4-tert-butylaniline by
the palladium-catalyzed double N-arylation reaction. Phenothia-
zines 1–5 and other newly synthesized compounds were well-
Chem. Sci., 2022, 13, 5252–5260 | 5253
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Scheme 1 General synthetic procedures of 1–5: (i) Pd2(dba)3, XPhos, t-BuONa, toluene, 130 �C, 24 h, yields: 56% (a-OMe), 60% (c-OMe), 49% (d-
OMe); (ii) thiourea, Pd2(dba)3, TriPhos, Cs2CO3, 1,4-dioxane, 110 �C, 24 h, yields: 56% (b-OMe), 59% (e-OMe); (iii) (a) BBr3, CH2Cl2, 0 �C to room
temperature, 1 h; (b) triflic anhydride, pyridine, CH2Cl2, 0 �C to room temperature, 2 h, yields: 77% (a-OTf), 83% (b-OTf), 76% (c-OTf), 61% (d-OTf),
70% (e-OTf); (iv) 4-(tert-butyl)aniline, Pd2(dba)3, DPEPhos, Cs2CO3, toluene, 130 �C, 24 h, yields: 49% (1), 36% (2), 60% (3), 49% (4), 48% (5).
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characterized by 1H NMR, 13C NMR, and mass spectrometry (see
the ESI†). Particularly, the structures of 1–5 were all unambigu-
ously conrmed by X-ray crystallographic analysis (vide infra).
Photophysical and electrochemical properties

Phenothiazines 1–5 showed good solubility in common organic
solvents, and their UV-vis absorption and emission spectra were
recorded in N,N-dimethylformamide (Fig. 2a–c). As expected,
due to the more extended conjugation, phenothiazines 1–5
showed signicant red-shi absorption spectra with respect to
the reference PTZ. Another noticeable feature of their absorp-
tion proles was that increasing the number of fused rings also
enhanced the absorption intensity and shied wavelengths to
low energies (Table 1). In particular, for the solutions of 3–5,
obvious absorption bands between 400 nm and 500 nm were
observed, resulting in their yellow color. In contrast, 1 and 2,
like PTZ, were almost colorless. Regarding their emission
spectra, 1, 2 and PTZ emitted very weak blue uorescence (400–
500 nm) while 3–5 displayed a green emission band between
450 nm and 600 nm. Their uorescence quantum yield (FF)
values were then estimated by the absolute integrating sphere
method and the results indicated that the extended phenothi-
azines generally exhibited higher FF values, especially for 3–5
(Table 1).
5254 | Chem. Sci., 2022, 13, 5252–5260
The electrochemical properties of phenothiazines 1–5 were
investigated by performing cyclic voltammetry (CV) in a dry
CH2Cl2 solution and compared with those of PTZ (Fig. 2d).
Interestingly, PTZ, 1 and 2 were found to exhibit one reversible
oxidation wave with half-wave potentials (E1/2) of 0.16, 0.26, and
0.36 V (vs. Fc/Fc+), respectively. In contrast, phenothiazines 3–5
showed two reversible oxidation waves with half-wave potentials
of 0.27/0.96, 0.31/0.93, and 0.26/0.84 V, respectively. The HOMO
energy levels of PTZ and 1–5 were determined to be�5.04,�5.14,
�5.24, �5.18, �5.13, and �5.16 eV, respectively, based on the
onset potential of the rst oxidation wave. Notably, the results
revealed that the extension of conjugation length exerted less
impact on theHOMOorbital of phenothiazines, but the change in
their LUMO energy levels was more obvious based on the calcu-
lation results (Fig. S1†). Thus, the variation of the HOMO–LUMO
band gap of PTZ and 1–5 was mainly attributed to the more
pronounced decrease of the LUMO level with the increase of
conjugation length (Table 1 and Fig. S1†). Combining their elec-
trochemical results with optical spectroscopy, the excited-state
reduction potentials of PTZ and 1–5 were then determined to be
approximately�2.17,�2.12,�2.15,�1.72,�1.74 and�1.74 V (vs.
SCE), respectively. Though the reducing ability of 1–5 tended to be
weaker than that of PTZ, this series of extended phenothiazines
still maintained a strong excited-state reduction potential when
compared with the classical metal–ligand complex molecules
such as Ru(bpy)3

2+ and Ir(ppy)3
2+,51,52 indicating their potential as
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 UV-vis absorption spectra (a) and normalized emission spectra
(b) of PTZ and 1–5. The excitation wavelength of PTZ and 1–5was 321,
368, 371, 339, 341, and 348 nm, respectively. (c) Photos of the solu-
tions under white light (bottom) and upon irradiation (top). (d) Cyclic
voltammograms of PTZ and 1–5 in CH2Cl2 with 0.1 M Bu4NPF6 as the
supporting electrolyte, Ag/AgCl as the reference electrode, and a Pt
wire as the counter electrode and a scan rate at 20 mV s�1.

Fig. 3 (a) UV-vis-NIR absorption spectra of the radical cation species
of PTZc+ and 1c+–5c+. Inserted are the photos of the solutions. (b) EPR
spectra of 2c+ and 5c+, and their simulations. (c) Calculated spin density
distributions of 2c+ (left) and 5c+ (right).
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good photocatalysts. Therefore, the above photophysical and
electrochemical studies disclosed that the ring-fusion approach
could efficiently tune the photophysical and redox properties of
phenothiazines, especially of 3–5, and consequently would have
a signicant effect on their catalytic performance (vide infra).

The properties of radical cation species

The stability of the radical cation or anion intermediates of
photocatalysts is very important to their practical synthetic
transformations because only robust photocatalysts are able to
perform many catalytic cycles. Therefore, the properties of the
radical cation species of PTZ and 1–5 are of great interest and
were then systematically investigated. The observed highly
reversible oxidation waves of PTZ and 1–5 based on their CV
spectra implied that their corresponding radical cation species
were theoretically stable and accessible. Chemical oxidation of
PTZ and 1–5 with AgSbF6 oxidant was explored, and the oxida-
tion species were investigated by UV-vis-NIR absorption spec-
troscopy (Fig. 3a and S10†). The oxidation processes were
Table 1 Summary of the photophysical and electrochemical dataa

Photocatalyst labsmax [nm]
3

[M�1 cm�1] lemmax [nm] FF [%]
E1/2 vs.
SCE [V]

PTZ 321 3700 445 <1 +0.62
1 368 4467 436 <1 +0.72
2 371 6634 418 7.22 +0.82
3 339 41 867 506 19.54 +0.73
4 341 60 167 494 11.59 +0.77
5 348 108 333 504 12.23 +0.72

a labsmax: absorption maxima. 3: molar extinction coefficient for the corresp
quantum yield. E1/2: half-wave potential. E1/2 (PCc

+/PC*): excited state red
ferrocene/ferricenium (Fc/Fc+). EHOMO: HOMO energies. ELUMO: LUMO en

© 2022 The Author(s). Published by the Royal Society of Chemistry
monitored by UV-vis-NIR titrations, and the signicant color
change and the emergence of the distinct long-wavelength
absorptions together with the observed isosbestic points all
indicated the successful formation of radical cation species 1c+–
5c+. Notably, the dication species of 32+–52+ were not accessible
regardless of the fact that 3–5 displayed two reversible oxidation
waves, mainly due to the modest oxidation ability of AgSbF6.
Interestingly, the UV-vis-NIR absorption proles of 1c+ and 2c+

were actually quite similar to that of PTZc+ which all displayed
a prominent band in the ultraviolet region and a broad high
intensity absorption in the visible region. In contrast, the
features of the UV-vis-NIR absorption of 3c+–5c+ were signi-
cantly distinct from those of PTZc+, 1c+ and 2c+, indicating that
these radical cation species may feature diverse electronic
structures. During the chemical oxidation processes it was also
found that radical cation species of 3c+–5c+ were more reactive
than PTZc+, 1c+ and 2c+, e.g., 3c+–5c+ were prone to being restored
to their neutral state when kept under ambient conditions.

Electron paramagnetic resonance (EPR) spectroscopy was
then employed to investigate the electronic structures of 1c+–5c+

(Fig. 3b and Table S2†). The observed intensive EPR signals
further provided direct evidence of the successful formation of
the radical species 1c+–5c+. Interestingly, 1c+ and 2c+, like PTZc+,
displayed three characteristic peaks due to the nitrogen
E1/2 (PCc
+/PC*)

vs. SCE [V] Eoptg [eV] Eox1 [V] Eox2 [V]
EHOMO

[eV]
ELUMO

[eV]

�2.17 3.66 0.24 — �5.04 �1.38
�2.12 3.16 0.34 — �5.14 �1.98
�2.15 3.04 0.44 — �5.24 �2.20
�1.72 2.61 0.38 0.99 �5.18 �2.57
�1.74 2.66 0.33 0.97 �5.13 �2.47
�1.74 2.56 0.36 0.91 �5.16 �2.60

onding absorption maximum. lemmax: emission maxima. FF: uorescence
uction potential. Eoptg : optical gaps. Eox: rst oxidation potentials versus
ergies.

Chem. Sci., 2022, 13, 5252–5260 | 5255
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hyperne splitting (mI ¼ 0, �1) with a g tensor around 2.004–
2.005.53 By comparison, the EPR spectra of 3c+–5c+ displayed
strikingly different isotropic hyperne splitting patterns
compared with those of 1c+, 2c+ and PTZc+. Moreover, the g
values of 3c+–5c+ also decreased continuously and were obvi-
ously smaller than those of PTZc+, 1c+ and 2c+. In order to gain
more insights into their electronic structures, density func-
tional theory (DFT) calculations at the M06-2X/def2-TZVP level
were further conducted to elucidate the spin density distribu-
tions in PTZc+ and 1c+–5c+ (Fig. 3c and S2–S7†). The calculated
results revealed that 1c+ and 2c+, like PTZc+, featured the same
spin density distribution map as their spin density was mainly
located on the heteroatoms of both nitrogen and sulphur. In
comparation, the spin density distribution maps of 3c+–5c+ were
very distinct from those of 1c+ and 2c+, wherein negligible spin
density was observed in the sulphur atoms while the spin was
delocalized over the outermost aromatic rings. This well
explained the relatively large g values of PTZc+, 1c+ and 2c+ and
the smaller g values of 3c+–5c+, i.e., the latter featured more
carbon-centered radical character and the g values approached
a ge value of 2.003. Also, because 3c+–5c+ behaved more like the
carbon-centered radical, they were more reactive than PTZc+, 1c+

and 2c+. Based on the calculation results, their EPR spectra were
also roughly simulated using the Bruker SpinFit soware
(Fig. 3b and S11–S16†). Taking 2c+ and 5c+ as examples, both
simulated spectra satisfactorily agreed with the experimentally
observed spectrum, wherein the three-line splitting of 2c+ was
due to the isotropic 14N hyperne coupling (AN ¼ 7.289 G) while
the ve-line splitting pattern of 5c+ was caused by the 14N
hyperne coupling (AN ¼ 5.478 G) and proton superhyperne
splitting (AH ¼ 4.597 G). Therefore, these results revealed that
the extension of conjugation in this series of phenothiazines
produced a signicant impact on the properties of their radical
cation species, especially their electronic structures and
stability.
X-ray crystallographic analysis

Single crystals of 1–5 and radical cation species of 1c+ and 2c+,
suitable for X-ray crystallography analysis, were successfully
grown and analyzed (Fig. 4 and S17–S23†). Notably, all attempts
to obtain the single crystals of 3c+–5c+ were unsuccessful
Fig. 4 (a) Single crystal structures including the top view and side view of
viewed along the c axis (one layer) showing the stacking of the molecul

5256 | Chem. Sci., 2022, 13, 5252–5260
because during the chemical oxidation of 3–5 and crystal
growth process, single crystals of neutral 3–5 rather than 3c+–5c+

always formed when the crystals precipitated out, which might
indicate that the weakly coordinating anion of SbF6

� was not
sufficient to stabilize 3c+–5c+. Like the conventional phenothi-
azine derivatives, 1–5 all exhibited a bent structure along the
S–N axis with a small bending angle of around 155�–165�

(Fig. 4a). The substituents of the 4-tert-butylphenyl group and
the bulky mesityl groups oriented almost perpendicularly to the
backbone, which was conducive to their good solubility. Upon
oxidation, the phenothiazine skeletons of the formed radical
cation species 1c+ and 2c+ tended to be nearly planar. In addi-
tion, the length of the C–N bond and C–S in the phenothiazine
skeleton of 1 and 2 became signicantly shorter aer oxidation.
These tendencies of planarization of the PTZ skeleton and
decreased bond lengths are commonly observed in the p-elec-
tronic system of the PTZ radical cation because the radical
cation is delocalized over the planarized p-system and the N
and S atoms, which could signicantly increase its stability. In
contrast, these tendencies were not observed in the DFT-
optimized geometries of 3c+–5c+ (Fig. S8 and Table S1†), indi-
cating that the electronic structures, especially their spin
density distributions, were markedly different from those of
conventional PTZ radical cations as well as 1c+ and 2c+.
Regarding their 3D packing structures, common p–p stacking
or herringbone arrangements in conventional acene/
heteroacene derivatives were not observed in 1–5, mainly
because of their bent conformation and the bulky substituents.
In contrast, face to face p–p stacking was observed in 1c+ and
2c+, which could mostly be attributed to their highly planar
structures. It is worth mentioning that the crystals of 4 self-
assembled into a hexamer with a very interesting 3D packing
motif (Fig. 4b). Specically, six molecules of 4 formed a hexamer
with a �11 �A cavity. The hexamer structure was mainly stabi-
lized by multiple C–H/H–C (pink dotted line) and C–H/p (red
dotted line) interactions between the six molecules. The hex-
amers propagated along the a and b axes and then self-
assembled into a 3D porous supramolecular network (Fig. 4c).
The intrinsic cavity and intriguing 3D packing structures of 4
indicated that it may have some potential applications in gas
storage and separation.
1–5, 1c+ and 2c+. (b) Hexamer organization of 4. (c) Crystal packing of 4,
es along the a and b directions.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Visible-light-driven oxidative coupling of various amines to
imines catalyzed by 3a

a Reaction conditions: amine (0.5 mmol), catalyst 3 (0.25 mol%), C6D6
(1.5 mL), O2 balloon, 6 W white LED light, room temperature, 1 h.
b Conversion was determined by GC using dodecane as an internal
standard and conrmed by GC-MS. c Yield was determined by 1H
NMR using 1,3,5-trimethoxybenzene as an internal standard.
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Catalytic performance studies

To survey the effectiveness of 1–5 as catalysts in the oxidative
coupling of amines to imines, a model reaction based on the
substrate of benzylamine and some controlled reactions were
carried out under different irradiation conditions. The results
indicated that all the extended phenothiazines, like the refer-
ence PTZ, were capable of catalyzing the oxidative coupling of
benzylamine to the imine efficiently at room temperature with
UV light and 1 atm of oxygen as the oxidant (Fig. 5). Interest-
ingly, the extended phenothiazines, especially 3–5, were
demonstrated to be more efficient than PTZ because they took
comparatively little time to achieve a >99% conversion. More-
over, the difference in catalytic activity became more obvious
when the reaction was conducted under white LED irradiation
(the LED light intensity is 225 mW cm�2, and the wavelength
range is between 400 nm and 830 nm). Specically, the oxidative
coupling reaction catalyzed by PTZ, 1, or 2 hardly occurred at all,
while the reaction could still proceed efficiently in the presence
of 3–5. The underlying cause of their distinct catalytic activity,
especially under white light, was their different absorption
characteristics where PTZ, 1, and 2 were almost colorless and
thus unable to catalyze the oxidative coupling reaction. Notably,
3 showed slightly superior catalytic performance than 4 and 5,
which was likely to be due primarily to its relatively better
photostability among them (Fig. S24 and S25†). Therefore, 3was
chosen as a representative of this series of extended phenothi-
azines to demonstrate their potential photocatalytic applica-
tions. To further demonstrate the excellent catalytic
performance of 3, the reaction scope was then explored with
a range of amine substrates bearing different substituted
groups (Table 2). As expected, all simple amine substrates were
converted into the corresponding imine products with low
catalyst loadings in good to excellent conversion and yield
within 1 h (Table 2, entries 1–6). The conversion and the yield of
the heteroaryl amines and amines with electron-withdrawing
groups were slightly decreased (Table 2, entries 7–9), mainly
due to the electronic effects. In addition, 1,2,3,4-
Fig. 5 Catalyst activity results of PTZ and 1–5 for the oxidative
coupling reaction of benzylamine to imine under 6 W UV light and 6 W
white LED light. Reaction conditions: benzylamine (0.5 mmol), catalyst
(0.25 mol%), toluene (1.5 mL), O2 balloon, 6 W UV or white LED light,
room temperature. Conversion was determined by GC using dodec-
ane as an internal standard and confirmed by GC-MS.

d Catalyst 3 (0.5 mol%), 1.5 h. e Catalyst 3 (0.5 mol%), 1 h.
f Conversion was determined by 1H NMR using 1,3,5-
trimethoxybenzene as an internal standard.

© 2022 The Author(s). Published by the Royal Society of Chemistry
tetrahydroisoquinoline and dibenzylamine could also be con-
verted to corresponding imines (Table 2, entries 10 and 11).54

Generally, most of the reported photocatalytic oxidative
couplings of amines to imines required high catalyst loading or
extremely long reaction times, and were usually carried out
under an articial light source (e.g., LED light).48,54–56 In
comparison, phenothiazine 3 as a photocatalyst for oxidative
coupling of amines demonstrated several merits such as low
catalyst loadings, short reaction times and mild conditions
(Fig. S26†). Encouraged by the results described above, natural-
sunlight-driven oxidative coupling reactions of amines to
imines catalysed by 3 were then demonstrated. To one's delight,
a series of simple substituted benzylamines were successfully
converted to the corresponding imines in good to excellent
Chem. Sci., 2022, 13, 5252–5260 | 5257
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Table 3 Sunlight-driven oxidative coupling of various amines to
imines catalyzed by 3a

a Reaction conditions: amine (0.5 mmol), catalyst 3 (0.25 mol%),
toluene-d8 (1.5 mL), air, natural sunlight, room temperature, 4 h.
b Yield was determined by 1H-NMR using 1,3,5-trimethoxybenzene as
an internal standard. c Catalyst 3 (0.5 mol%).
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conversion and yields in the presence of low loading amount of
3 when the reactions were conducted under sunlight in an air
atmosphere (Table 3 and Fig. S27†). To the best of our
Fig. 6 Reaction mechanism studies and analysis. (a) DMPO spin-trapp
irradiation, and their simulations. (b) Test for the production of hydrogen
litmus paper. (d) Proposed pathway for oxidative coupling reactions of a

5258 | Chem. Sci., 2022, 13, 5252–5260
knowledge, these preliminary results indicated that 3 repre-
sents one of the most efficient photocatalysts for the visible-
light-driven oxidative coupling reactions of amines at room
temperature so far.

To further understand the details of the oxidative coupling
reaction, the reaction mechanism was then systematically
investigated. Generally, in these photoredox catalysis mecha-
nisms, the photocatalytic cycle involved a photo-induced elec-
tron transfer process including the photoexcitation of the
catalyst (i.e., 3) and the subsequent electron transfer to oxygen
(Fig. 6d). Firstly, 3 was excited from its ground state to an
excited state to generate electron–hole pairs whose electronic
structure was optimized by DFT calculations. Subsequently, the
electron was transferred to oxygen to generate a superoxide ion
(cO2

�) and amine radical cations. Finally, the hole was trans-
ferred to the amine substrate (or we can say that the amine
transferred one electron to the radical cation 3c+), thus
completing the photocatalytic redox cycle. To conrm this
photocatalytic cycle, spin-trapping EPR spectra were recorded
with 3 and benzylamine under visible-light irradiation. Based
on the simulation results, the spin-trapping EPR experiment
conrmed the formation of both cO2

� and amine radical cation
using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as the trapping
agent (Fig. 6a). It should be noted that the absence of singlet
oxygen (1O2) based on the EPR spin-trapping analysis might
exclude another potential reaction mechanism that the amine
reacted with 1O2.57 Hydrogen peroxide was also conformed to be
generated during this reaction process (Fig. 6b). In addition,
a characteristic odor of NH3 was noticed during this oxidative
coupling reaction, and the formation of NH3 was further
conrmed by litmus paper (Fig. 6c). The controlled experiments
also indicated that these intermediate species could only be
detected when the reaction was performed under light
ing EPR spectra recorded with 3 and benzylamine under visible-light
peroxide by adding KI. (c) Test for the production of ammonia using

mines.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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irradiation. In the literature, several mechanisms of oxidative
coupling of primary amines were reported, including the
photoinduced generation of aldehydes and the successive
condensation reaction that resulted in the coupled
imines.54,58–63 However, the in situ NMR did not probe the
formation of aldehyde species, thus excluding this reaction
pathway (Fig. S71–S85†). Based on these results, a plausible
reaction pathway for oxidative coupling reactions of amines in
the presence of 3 is proposed in Fig. 6d. Notably, though several
mechanisms of oxidative coupling of primary amines were re-
ported in the literature, comprehensive studies on such reac-
tion mechanisms are very rare.
Conclusions

In summary, a series of N-aryl substituted extended phenothi-
azines 1–5 with up to seven linearly fused rings were success-
fully synthesized through a simple and versatile synthetic
strategy. We demonstrated that the increased conjugation of
phenothiazines not only resulted in their red-shied absorption
spectra but also a remarkable increase in the molar extinction
coefficient, which is very benecial for efficient visible-light
photocatalytic processes when they are used as photocatalysts.
Similar to conventional phenothiazines, the designed extended
phenothiazines of 1–5 showed reversible redox behavior and
maintained a strong excited-state reduction potential. Their
radical cation species were studied by EPR spectroscopy and the
results suggested that the properties of 3c+, 4c+ and 5c+ were
different from those of 1c+ and 2c+ with respect to their EPR
proles, spin density distributions and stability. A comparative
study on the catalytic performance indicated that 3, 4 and 5
serving as photocatalysts could succeed in the visible-light-
driven oxidative coupling reactions of amines, while 1 and 2,
like the reference PTZ, can only catalyze such reactions in the
presence of ultraviolet light. Notably, 3 displayed superior
catalytic performance, especially in terms of stability and reac-
tion time. Moreover, a direct and efficient conversion of amines
to imines under sunlight in an air atmosphere was successfully
realized, which further conrmed the exceptional catalytic
performance of 3. Therefore, this work successfully demon-
strated that the ring-fusion approach could efficiently tune the
photophysical and redox properties of phenothiazines, and
eventually signicantly affect their catalytic performance. It is
expected that our studies would not only provide a new
synthetic strategy for chemical modication of phenothiazine-
based materials but also shed some light on the under-
standing of the structure–property relationships of photo-
catalytic materials at the molecular level.
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37 F. Su, S. C. Mathew, L. Möhlmann, M. Antonietti, X. Wang
and S. Blechert, Angew. Chem., Int. Ed., 2011, 50, 657–660.

38 Y. Xiao, G. Tian, W. Li, Y. Xie, B. Jiang, C. Tian, D. Zhao and
H. Fu, J. Am. Chem. Soc., 2019, 141, 2508–2515.

39 J. Jin, H.-W. Shin, J. H. Park, J. H. Park, E. Kim, T. K. Ahn,
D. H. Ryu and S. U. Son, Organometallics, 2013, 32, 3954–
3959.

40 F. Yagishita, T. Nagamori, S. Shimokawa, K. Hoshi,
Y. Yoshida, Y. Imada and Y. Kawamura, Tetrahedron Lett.,
2020, 61, 151782.

41 S. Furukawa, Y. Ohno, T. Shishido, K. Teramura and
T. Tanaka, ACS Catal., 2011, 1, 1150–1153.

42 X. Ye, Y. Li, P. Luo, B. He, X. Cao and T. Lu, Nano Res., 2022,
15, 1509–1516.

43 K. Zhang, G. Lu, F. Chu and X. Huang, Catal. Sci. Technol.,
2021, 11, 7060–7071.

44 P. Zhang, C. Yu, Y. Yin, J. Droste, S. Klabunde, M. R. Hansen
and Y. Mai, Chem.–Eur. J., 2020, 26, 16497–16503.

45 W. Zou, X.-H. Liu, C. Xue, X.-T. Zhou, H.-Y. Yu, P. Fan and
H.-B. Ji, Appl. Catal., B, 2021, 285, 119863.

46 X. Yang, T. Huang, S. Gao and R. Cao, J. Catal., 2019, 378,
248–255.

47 X. Li, Z. Li, K. Zhang, D. Zhao and X. Huang, Asian J. Org.
Chem., 2021, 10, 2895–2901.

48 Z. Wu, X. Huang, X. Li, G. Hai, B. Li and G. Wang, Sci. China:
Chem., 2021, 64, 2169–2179.

49 J. H. Park, K. C. Ko, E. Kim, N. Park, J. H. Ko, D. H. Ryu,
T. K. Ahn, J. Y. Lee and S. U. Son, Org. Lett., 2012, 14,
5502–5505.

50 L. Zhang, X. Huang, S. Zhen, J. Zhao, H. Li, B. Yuan and
G. Yang, Org. Biomol. Chem., 2017, 15, 6306–6309.

51 T. Koike and M. Akita, Inorg. Chem. Front., 2014, 1, 562–576.
52 N. Corrigan, S. Shanmugam, J. Xu and C. Boyer, Chem. Soc.

Rev., 2016, 45, 6165–6212.
53 D. Clarke, B. C. Gilbert, P. Hanson and C. M. Kirk, J. Chem.

Soc., Perkin Trans. 2, 1978, 1103–1110.
54 X. Lang, H. Ji, C. Chen, W. Ma and J. Zhao, Angew. Chem., Int.

Ed., 2011, 50, 3934–3937.
55 K. Zhang, Z. Xi, Z. Wu, G. Lu and X. Huang, ACS Sustainable

Chem. Eng., 2021, 9, 12623–12633.
56 P. Kong, P. Liu, Z. Ge, H. Tan, L. Pei, J. Wang, P. Zhu, X. Gu,

Z. Zheng and Z. Li, Catal. Sci. Technol., 2019, 9, 753–761.
57 J. Jin, C. Yang, B. Zhang and K. Deng, J. Catal., 2018, 361, 33–

39.
58 H. Huang, J. Huang, Y.-M. Liu, H.-Y. He, Y. Cao and

K.-N. Fan, Green Chem., 2012, 14, 930–934.
59 L. Liu, S. Zhang, X. Fu and C.-H. Yan, Chem. Commun., 2011,

47, 10148–10150.
60 R. D. Patil and S. Adimurthy, Adv. Synth. Catal., 2011, 353,

1695–1700.
61 Y. Mitsumoto and M. Nitta, J. Org. Chem., 2004, 69, 1256–

1261.
62 S.-I. Naya, Y. Yamaguchi and M. Nitta, Tetrahedron, 2005, 61,

7384–7391.
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