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ABSTRACT: An efficient self-supported Cu(II)Bi(III) bimetallic catalyst with a
layered structure was designed and developed. By careful characterization of the as-
prepared material, the host structure was identified to exhibit a Sillen-type
bismutite framework, with copper(II) ions being loaded as guests. The
heterogeneous catalyst enabled C−N and C−S arylations under mild reaction
conditions and with high chemoselectivities, thus furnishing valuable phenothia-
zines via heterocyclization with wide substrate tolerance. As corroborated by
detailed catalytic studies, the cooperative, bifunctional catalyst, bearing Lewis acid
sites along with copper(II) catalytic sites, facilitated an intriguing concerted C−N/
C−S heterocyclization mechanism. The heterogeneous nature of the catalytic reactions was verified experimentally. Importantly, the
catalyst was successfully recycled and reused multiple times, persevering its original structural order as well as its initial activity.

KEYWORDS: bismutite, Sillen-type framework, Cu(II)-immobilization, cooperative bifunctional catalysts, heteroarylations,
concerted C−N/C−S heterocyclization, synthesis of phenothiazines

1. INTRODUCTION

Representative examples of N-heterocyclic structures with C−
N and C−S moieties are phenothiazines and their derivatives.
A diverse range of applicationsfrom electrogenerated
chemiluminescence emitters1−3 to chemosensors for selected
fluorescence detection of special targets,4−6 or as molecular
wires7,8makes them highly valuable as intermediate materials
or as active compounds. The phenothiazine backbone with
various side chains can be used as an active ingredient of
numerous psychotropic,9 antituberculous drugs,10 antifungal
medication,11 inhibitors,12,13 or as a multiple drug resistance
reverting agent.14 Although their applicability has been known
for a long time, the actuality of phenothiazines is
unquestionable, considering their novel applications are
being continuously reported.15−18 For example, the piperazinyl
phenothiazine antipsychotic agent, perphenazine was recently
investigated against SARS-CoV-2 during clinical trials.15

Numerous different synthesis strategies of phenothiazines
were drawn up in the past decades, including heat treatment of
diphenylamines and sulfur at high temperature19 or a four-step
route via Smiles rearrangement.20 Despite indisputable
advances, the heterocyclization step continues to be
insufficient. The most important challenge on this highlighted
point is the realization of the ring-closing reaction by achieving
a step-economical N−H/S−H functionalization cascade.
Despite the fact that notable progress has been made by the
design and development of powerful catalytic tools based on

Ullmann-type couplings,21−23 many notable defects can be
attributed to these strategies. Particularly, the application of a
large amount of added base (10−30 mol %) as well the
application of very long reaction time (48−96 h) and harsh
conditions such as high reaction temperature (110−150 °C),
sequential control of reaction conditions, and high catalyst
loading (10−20 mol %) as well as possible side reactions
coupled with moderate yields (50−70%) overcast the
effectiveness of these systems. Of these, really few elegant,
cascade processes were reported; however, using organic
additives and/or high catalyst loading (30 mol %) is necessary
to provide good yields (70−85%).22,24 Furthermore, while the
focus has already been shifted toward the use of eco-friendly
heterogeneous catalytic systems,25 no relevant progress has
been achieved for producing phenothiazine in a heterogeneous
catalytic manner. Additionally, contrary to noble metals and
copper-based systems, capabilities of which are fully exploited,
Lewis acids are mainly untapped. In view of the above-
mentioned weaknesses, it is surprising given that numerous
modern C−S/C−N/C−C bond-forming reactions are based
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on Lewis acid-catalyzed coupling reactions as economical and
ecologically benign alternatives.26,27 Conveniently, even
though their application could be the means of solution for
heterogeneously catalyzed concerted heterocyclization,28,29

based on Lewis acids and redox centers such as one of the
most effective Cu(II) ions,24,30−32 at present, preparation of
any cooperative catalyst is not known.
Previously, an alternative immobilization methodology for

Cu(I) and Ag(I) ions was developed by us.33−36 With the aim
of heterogenization of cations, a Sillen-type bismutite frame-
work was applied as a host, furnishing a strong anchoring of
the cations. As a result, novel layered type materials were
prepared,33 which acted as robust, efficient, and selective
catalysts for promoting Ullmann-type C−N coupling34 as well
as for the direct synthesis of nitriles from terminal alkynes35 or
the dehydrogenation of a wide scope of benzylic alcohols.36

Nevertheless, the active role of bismuth centers as Lewis acids,
proving the bifunctionality of the as-prepared bismutite
analogues, has not yet been harnessed.
Herein, the design and development of a bifunctional, bulk

catalyst are reported on the basis of a Sillen-type bismuth-
containing layered framework loaded with copper(II) species.
The cooperative catalytic activity of the as-synthesized material
was proven by means of cascade-like N-arylations and S-
arylations of 2-iodoanilines and 2-bromobenzenethiol, yielding
valuable phenothiazines via heterocyclization. Unlike in earlier
cases,23 by taking advantage of bismuth and copper catalytic
centers, simultaneous arylations were targeted, yielding
concerted phenothiazine formation without the need for
employing any extraneous ligand.

2. EXPERIMENTAL SECTION
2.1. Synthesis of the Copper-Containing Bismutite. In a

typical synthesis, performed by the coprecipitation method,
appropriate amounts of Bi(NO3)3·5H2O (1.82 g) and Cu(NO3)2·
3H2O (0.91 g) were dissolved in 25 mL of 5 wt % nitric acid aqueous
solution. After dissolution, 40−40 mL of 0.6−0.6 M ammonia and
sodium carbonate solutions were added to the nitric acid solution
containing the reagent salts and was stirred at 80 °C for 24 h. The
obtained, colored product was filtered, washed with distilled water
several times, and dried at 60 °C overnight. The desired product was
marked as CuBi2O2CO3. For a comparison, copper-free bismutite
(Bi2O2CO3) was also produced in the same way without loading the
copper salt. For the same reasons, a bismutite-supported CuO
composite (CuO@Bi2O2CO3) was also synthesized by a wet
impregnation method previously reported.37

2.2. Characterization of the Copper-Containing Subcar-
bonate. The XRD patterns were recorded on a Rigaku XRD-
MiniFlex II instrument by applying CuKα radiation (λ = 0.15418 nm)
and 40 kV accelerating voltage at 30 mA.
The thermal behavior of the as-prepared layered composites was

studied on a Setaram Labsys derivatograph. The instrument worked
under constant air flow, and the heating rate was 1 °C/min. The
samples, between 30 and 35 mg, were placed into high-purity alpha-
alumina crucibles. To perform evolved gas analysis (EGA), a Pfeiffer
QMS 200 mass spectrometer was used under oxygen flow (40 mL/
min) with a 5 °C/min heating rate using ∼100 mg of the samples.
The structure-building inorganic components were identified by IR

and Raman spectroscopy. Raman spectra were recorded with a Raman
Senterra II (Bruker) microscope at an excitation wavelength of 765
nm by applying 12.5 mW laser power and averaging 20 spectra with
an exposition time of 20 s. The instrument for recording the IR
spectra was a Bio-Rad Digilab Division FTS-65A/896 (mid-range
spectra) with 4 cm−1 resolution. The 4000−600 cm−1 wavenumber
ranges were recorded. 256 scans were collected for each spectrum, in

ATR mode by utilizing a Harrick’s single reflection diamond ATR
accessory.

To determine the microstructure and oxidation state of copper, a
combination of near-infrared (NIR), UV−vis, and XPS spectroscopies
was used. NIR and UV−vis spectra were measured on a SHIMADZU
UV-3600i Plus UV−vis−NIR spectrophotometer equipped with
PMT, InGaAs, and PbS detectors in the 50,000−6000 cm−1

wavenumber range with 4 cm−1 resolution. Measurements were
recorded in the reflection mode. The XPS measurements were carried
out with a SPECS instrument equipped with a PHOIBOS 150 MCD
9 hemispherical analyzer, under a main-chamber pressure in the
10−9−10−10 mbar range. The analyzer was in fixed analyzer
transmission mode with 40 eV pass energy for the survey scan and
20 eV pass energy for the high-resolution scans. The PB sample
powder was pressed into an indium foil and loaded into the chamber
on a gold-coated sample holder. The Al Kα X-ray source was used at
14 kV and at 150 W power. Charge referencing was done to the
adventitious carbon (284.8 eV) on the surface of the sample. For
spectrum evaluation, the CasaXPS commercial software package was
used.

Detailed images from the morphology of the samples were gathered
by a Philips CM20 instrument running at an acceleration voltage of
200 kV, and a Cs-corrected scanning/transmission electron micro-
scope of Themis instrument was used. The TEM−EDS mapping was
monitored by Super-X detectors of the Themis instrument at 200 kV.
The SAED patterns were recorded and evaluated using ProcessDif-
fraction software.38 Porosity and surface area studies were performed
on a NOVA3000 instrument (Quantachrome, USA) gas adsorption
system using nitrogen as the adsorbate. Porosity data were calculated
using the Barrett−Joyner−Halenda method in the 0.05−0.35 relative
pressure range. All the samples were outgassed under vacuum for 16 h
at 25 °C before adsorption measurements. The specific surface areas
were measured by the BET method (adsorption of N2 at 77 K). The
samples were flushed with N2 at 100 °C for 5 h to fully remove any
adsorbents from the surface.

The amount of metal ions incorporated into the framework
designed as well as potential leaching during the catalytic reactions
were monitored by ICP-MS on an Agilent 7700× instrument. Before
measurements, few milligrams of the samples measured by analytical
accuracy were digested in 1.0 mL of concentrated nitric acid, and
then, they were diluted with distilled water to 50 mL and then filtered.

2.3. Optimized Procedure for the Catalytic Reactions. The
optimized procedure for the catalytic N- and S-arylation to produce
phenothiazine is as follows. A mixture of DMSO and distilled water
(1:2; 2 mL), the corresponding 2-iodoaniline or its derivatives (0.5
mmol, 1.0 equiv), 2-bromobenzenethiol (0.55 mmol, 1.1 equiv),
K2CO3 as the base (2.5 equiv), and the copper-containing bismutite
as the catalyst (19 mg, corresponding to 5 mol % metal ion loading)
were combined in a nitrogen-flushed Schlenk-tube equipped with a
magnetic stir bar. The reaction mixture was stirred at 90 °C for 15 h.
Then, the mixture was cooled to room temperature, and the resultant
liquid was extracted with brine (3 × 15 mL) and ethyl acetate (10
mL). The organic layer was dried over Na2SO4 and concentrated
under reduced pressure. In order to find the mildest reaction
conditions for the heterocyclization, the solvent, the temperature, the
reaction time, the amount of the added base, and the catalyst loading
were altered. Not only the activity but also the reusability of a
potential catalyst was investigated in the heterocyclization reaction.
The conversion and the selectivity were determined after each
reaction by gas chromatography−MS (GC−MS) using a Thermo
Scientific Trace 1310 Gas Chromatograph coupled with a Thermo
Scientific ISQ QD Single Quadrupole Mass Spectrometer using a
Thermo Scientific TG-SQC column (15 m × 0.25 mm ID × 0.25 μm
film). During the measurements, parameters were as follows: column
oven temperature: from 50 to 300 °C at 15 °C min−1; injection
temperature: 240 °C; ion source temperature: 200 °C; electrospray
ionization: 70 eV; carrier gas: He at 1.5 mL min−1; injection volume:
2 μL; split ratio: 1 to 33.3; and mass range: 25−500 m/z. Starting
materials, products, and byproducts were identified using reference
samples. The produced final products were also identified by NMR
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spectroscopy (listed in Section S4 in Supporting Information) upon
using a Bruker DRX500 instrument 500 MHz NMR spectrometer. All
samples were dissolved in 0.7 mL of DMSO-d6, and

1H NMR spectra
were taken at room temperature. Spectra were fixed internally to the
remaining resonance of the DMSO-d6 at 8.26 ppm.

3. RESULTS AND DISCUSSION

3.1. Structural and Analytical Analysis of CuBi2O2CO3.
As shown in Figure 1, well-crystallized solids with primary
particle sizes of about 17.0−43.0 nm, as calculated by the
Scherrer equation, were produced by the abovementioned
methods (Table S1). For both bismutite and CuO-modified
bismutite, the diffraction peaks corresponding to the tetragonal
structure with long-range order, analogous to that of bismuth
subcarbonate (Bi2O2CO3) (PDF#41-1488),

39 were detected at
10.5, 25.6, 31.4, and 33.2° 2θ positions with high intensities,
indicating the formation of the bismutite structure with
expanded interlayer gallery (0.665 nm → 0.791 nm) calculated
by the Bragg equation (Table S1). On the basis of previous
studies, it is known that carbonate ions and water molecules
reside in the interlayer space resulting in an increase of the
interlayer distance.40 Thermogravimetry/derivative thermog-
ravimetry (TG/DTG) measurements on bismutite (Figure S1)
verified this because 12.5% total weight loss was observed
compared to a theoretical loss of 8.5%.40 In addition to the
reflections originated from bismutite, the distinct peaks located
around 37.0 and 39.5° corresponded to the (002) and (111)
planes of monoclinic CuO (PDF#80-0076)41 grown over the
surface-modified bismutite. By incorporating copper (ions)
into the framework of Bi2O2CO3, diffraction lines appeared at
13.1, 24.1, 26.1, 30.4, and 32.9°. These reflections are related
to the (002), (103), (004), (105), and (110) planes of an
orthorhombic structure (PDF#22-1067)42 with smaller inter-
lamellar space compared to that of bismutite. The cell
parameters of the structure obtained resembles those of
beyerite (Table S1).43 Beyerite belongs to the family of
bismuth subcarbonates with a Sillen-like structure, in which
intergrowth of [Bi2O2]

2+ layers along with Ca2+ ions and
(CO3)

2− layers are on top of each other. Consequently, copper
species could be intercalated into the interlayer gallery of
bismutite, causing the distortion of its tetragonal structure. As a

result of the intercalation, a new orthorhombic phase could be
solidified.
In order to learn about the accurate chemical composition of

the beyerite-analogous structure, ICP-MS measurements
(Table S1) combined with TG/DTG analysis (Figure 1B
and Table S2) were performed. The actual Cu to Bi molar
ratio of 0.25 was determined by ICP-MS. The TG curves
exhibited four well-separated weight losses. The first two (50−
85 and 200−250 °C) were attributed to the removal of water
molecules. The first loss corresponds to weakly adsorbed water
molecules on the outer surface of the material, while the
second one belongs to the removal of interlayer water
molecules, similarly to what was observed for layered double
hydroxides.44 Incorporation of water molecules into the Sillen-
type structure was not reported previously; their appearance is
probably closely linked to the copper ions inserted into the
framework structure. The other two weight losses can be
assigned to the decomposition of carbonate ions and/or the
hydroxyl groups intercalated among the layers. These
observations are similar to those experienced with malachite,
which is a hydroxyl-carbonate double salt of copper(II). Above
300 °C, both the hydroxyl groups and carbonate ions were lost
exhibiting two mass losses in a relatively narrow temperature
range (310−380 °C).45 This statement was verified by EGA
with a TG−MS device. Complete dehydroxylation of our
framework-modified bismutite took place by 350 °C, also
verified by TG-MS; this observation is in good agreement with
the weight loss previously reported for pure malachite.45 Upon
increasing the temperature, the layered structure collapsed by
600 °C, and phase-pure, nonstoichiometric copper-bismuth
mixed oxide was formed; this was confirmed by XRD (Figure
S2; PDF#48-1886).46 The scale of the mass loss exhibited
notable differences between the framework-modified bismutite
and malachite because only one remarkable weight loss of pure
bismutite (Figure S1)40 could be overlapped with double
losses of malachite. Taking into account the measured actual
molar ratio of metal ions as well as assuming a similar
coordination sphere around copper ions to the microstructure
of malachite, a possible composition for the product could be
offered as Cu0.5Bi2O2(CO3)1.25(OH)0.5·nH2O. The theoretical
weight loss of copper bismutite based upon this formula is
1.5% for the OH units strongly bound and 10% for CO2,

Figure 1. (A) XRD patterns of (a) Bi2O2CO3, (b) CuBi2O2CO3, and (c) 10% CuO on Bi2O2CO3 and (B) TG/DTG-curves of CuBi2O2CO3.
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providing a total of 11.5%. Measured weight loss of the
composite in the range of 300−400 °C attributed to the
decomposition of hydroxyl and carbonate groups is 13.0%,
very close to the theoretical value.
Raman and UV-diffuse reflectance (DR) spectra of as-

prepared composites evidenced both insertion of copper ions
and their local structures convincingly (Figure 2). As can be
observed in all Raman spectra, four relatively sharp, intense
peaks represent the bismutite framework; two of them at 71
and 162 cm−1 can be assigned to the external vibrations of the
[Bi2O2]

2+ layer, one at 358 cm−1 is originated from Bi−anion
stretching vibration mode, and the last one at 1060 cm−1 is
related to ν2 out of plane bending mode vibration of the
carbonate anions.47,48 By adsorbing 10% CuO on the surface of
pure bismutite, no significant variations in the Raman spectrum
were detected using a 785 nm excitation source. However,
upon the incorporation of copper ions into the framework, the
Raman spectrum displayed well-separated relatively intense
peaks at 270, 431, 598, and 1491 cm−1, which can be regarded
as a marker of copper ion insertion with malachite-like
microstructure. Vibration frequencies below 600 cm−1 were
directly assigned to stretching vibration modes of Cu−O (598

cm−1) and Cu−OH (431 cm−1) to the bending vibration mode
of the OCu−OH unit (270 cm−1) in a malachite-like structure;
these bands were found at positions almost identical to those
of pure malachite.49 To make the assignation complete, the
band at 1491 cm−1 was identified as the ν3 vibration band of
the carbonate group, shifted from ∼1400 cm−1 detected in
pure bismutite. These assignations mean further verification
that the first coordination sphere of the incorporated copper is
similar to that experienced in malachite. As was expected based
on the Raman experiment, no remarkable changes in the
optical properties of bismutite-supported CuO were detected
by UV-diffuse reflectance spectroscopy (DRS) compared to
pure bismutite. In contrast, the position of absorption
maximum in the UV region shifted to lower frequencies for
the framework-modified bismutite (279 nm → 264 nm).
Moreover, a new absorption peak started to grow at 370 nm,
which may be assigned to d−d electron transition between
Cu(II) cations and CB electrons of bismuth subcarbonate.50

Mid-IR and NIR spectra of the pristine and the framework-
modified bismutite (Figure 3) proved the different roles of the
hydroxyl groups/water molecules in the structures. For the
pristine sample, the water molecules are involved in a large-

Figure 2. (A) Raman and (B) UV-DR spectra of (a) Bi2O2CO3, (b) CuBi2O2CO3, and (c) 10% CuO on Bi2O2CO3. The inset is a magnified
section of (A).

Figure 3. (A) Mid and (B) NIR spectra of (a) Bi2O2CO3 and (b) CuBi2O2CO3.
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scale hydrogen-bonded system, while coordinating hydroxide
anions are more probable for the framework-modified
CuBi2O2CO3. Most of these intense absorption bands for
each structure are found in the middle IR region (4000−600

cm−1), and they are mainly attributed to the stretching mode
vibrations of the carbonate group [ν1: 836 cm−1;
ν3(interlayer): 1386 cm−1 and ν3(surface): 1485 cm−1],
which is consistent with that reported for bismutite

Figure 4. TEM images of (A) Bi2O2CO3 and (B,C) CuBi2O2CO3; TEM−EDX elemental maps of (D−F) CuBi2O2CO3.

Figure 5. Bi 4f (A), C 1s (B), O 1s (C), and Cu 2p3/2 (D) XP spectra of CuBi2O2CO3 (a) and Bi2O2CO3 (b).
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previously.48,51 The band at 1061 cm−1 can be assigned to the
ν1 stretching mode vibration of carbonate ions. The necessary
condition for this vibration to be IR active is D3h symmetry.52

This is possible if there is no interaction between (one portion
of) the carbonate ions and the oxide layers. However, this band
is lost after the successful intercalation of copper species, while
a new absorption band at 643 cm−1 emerged ascribed to the
symmetric stretching mode vibration of the Cu−O bond.53

This suggests that copper species replaced the weakly bound
carbonate ions among the layers. Absorption bands that
appeared in the region of 4000−2500 cm−1 are associated with
the stretching vibrations of lattice water molecules and OH
groups. In detail, the broad band around 3450 cm−1 belongs to
the free or defect water that can readily overlap with the
bridging and the H-bonded modes of water molecules located
around 3300 and 3200−2500 cm−1. This assignment is capable
of describing the complete OH region of the pristine bismutite
reflecting the adsorption of water molecules.48 The formation
of the M−OH bond is observed at 7166 and 6915 cm−1 for the
framework-modified sample. These vibrations are accompanied
by the appearance of very sharp, well-localized bands around
3300−3400 cm−1 without any significant broadening.53,54 On
registering the region of 9500−7300 cm−1, further significant
spectral differences attributed to electron transitions between
the composites are seen. Nevertheless, the corresponding
information is not yet available with the aid of which these
differences can be interpreted.
Combined TEM/EDX (Figures 4 and S3) analysis also

supported the formation of a typical Sillen-like layered
structure with regular nanoplate-like morphology for the
pure bismutite as well as the copper-loaded, surface-modified
material. The samples were composed of monodisperse
nanospheres with a uniform particle size of around 150 nm.
The lattice spacings (d001) were estimated to be 0.661 and
0.785 nm for CuBiO2CO3 and Bi2O2CO3, respectively, which
were in line with the calculated ones based on the X-ray
diffractograms (Table S1). A very homogeneous copper (and
bismuth) distribution was observed without measurable
clusters or nonintegrated species.
XPS studies were carried out to validate the information

about the copper microstructure as well as to determine the
surface compositions and chemical states on the bismutite
structures. The survey scans showed the incorporation of the
expected elements (Bi, C, O, and/or Cu) in the samples with a
small amount of Na contamination for Bi2O2CO3 (Figure S4).

Bi 4f spectra of the samples were fitted by only one component
at this point (Figure 5). Both the measured binding energies
and the separation of the 4f bands verified the presence of
Bi(III) ions on the surfaces of the samples in both cases. It is
worth mentioning that lower binding energy components were
observable for the pure bismutite, as is expected on the basis of
literature results.40,55 Additionally, it was also found that the
significant shifts of the binding energies with the incorporation
of the copper cations occurred, which reflected that the
insertion of copper into the framework of bismutite occurred.
The C 1s spectra of the samples were mainly composed of
three regions. Generally, the binding energies at around 285 eV
accounted for hydrocarbons, while the peak having binding
energy above 286 eV was assigned to unidentified carbon−
oxygen species. Moreover, there was further proof (∼288.5
eV) that carbonate ions from subcarbonate were also inserted
into the structures. On copper insertion, notable shifts in the
binding energy of carbonate−C 1s transition could be
detected. It indicated a notable change of the interlayer
gallery. Contrary to literature data, two components should
only be used to fit the O 1s region of the samples. One of these
has the characteristic binding energy for Bi−O bonding, while
the second one could be attributed to Bi−CO3 linkage. The Cu
2p region of CuBiO2CO3 could be fitted with a 2p3/2 peak at
933.53 eV and a strong satellite feature at 941.42 eV.
Accordingly, the exclusive presence of Cu(II) ions in identical
chemical environments near the surface could be verified
without any doubt. Overall, the surface analysis confirmed all
of the abovementioned structural properties related to the
bismutite-analogous structures, allowing us to unequivocally
state the success of Cu(II) incorporation.56 Finally, the most
probable surface composition of the framework-modified
copper-bismutite compositecalculated from XPS data
(Figure 5D)was almost the same as was determined for
the bulk with analytical measurements.

3.2. Application of CuBi2O2CO3 as a Heterogeneous
Catalyst in Heterocyclization. To probe the catalytic
performance of the novel copper-containing bismuth oxide
subcarbonate, heterocyclization model reaction was chosen.
During the process, new C−S and C−N bonds were
constructed over bismutite and the composites were applied
(Scheme 1). The yields and the selectivities were used as
indicators.
Our scouting experiments were performed under conditions

similar to those used by Ma and co-workers in an earlier

Scheme 1. Possible Concerted Reaction for Phenothiazine Production with Simultaneous Formation of C−S and C−N Bonds
From the Coupling Reaction of 2-Iodoaniline and 2-Bromobenzenethiol Over Bismutite and Its Cu(II)-Containing
Derivatives
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study.23 While the conversion of 2-iodoaniline was zero under
catalyst-free conditions, a competitive reaction could be seen
producing sulfur-containing byproducts via a thermal pathway
(Figure 6). The framework-modified CuBi2O2CO3 proved to

be an efficient catalyst, producing phenothiazine with high
yield (90%) and high selectivity (90%). The catalyst provided
the desired product in DMSO without employing any
cocatalytic additives or ligands, the unavoidable presence of
which was previously demonstrated in homogeneous catalytic
processes.22,24 In the thermal pathway, 10 mol % sulfur-
containing byproducts, mostly dibenzotiophene, were found to
be formed in the homocoupling side reaction of 2-
bromobenzenethiol. Similarly, decreased yield characterized
the CuO@Bi2O2CO3 system as well. On using Bi2O2CO3 as
the catalyst, Bi(III) centers exhibited catalytic activity toward
the formation of phenothiazine but only with a moderate yield
of 21% and reduced selectivity of 75%. It is not unprecedented
that Bi(III) having a well-known Lewis acid character can act
as a catalyst in heterocyclization reactions.57,58 Nevertheless, to
the best of our knowledge, there is no relevant information
about using heterogeneous bismuth catalysts for promoting
similar reactions.
The application of solvents59 other than DMSO led to a

notable decrease in the phenothiazine yield except for solvent
mixtures of DMSO/water (Figure 7). A 1:1 mixture of these
behaved extremely well, both the conversion and the selectivity
reached 100%. This finding can be considered as particularly
promising, if one takes into account that nonpolar and aprotic
solvents with major issues (THF, diethyl ether) proved to be
appropriate generally. The unique activity of CuBi2O2CO3
made it possible to drop the reaction temperature and decrease
the reaction time. The heterocyclization was found to proceed
to completion with exclusive selectivity toward the desired
product at 90 °C in 72 h using 5 mol % CuBi2O2CO3 as a
catalyst and a 2.5 equiv base (Figures S5 and S6). Notably,
there is no relevant information on using a similarly low

concentration of base to yield phenothiazine exclusively as
optimal, as found in the present case. Furthermore, it became
clear that the outstanding activity of the catalyst allowed for
the reduction of the reaction time, thus enabling time-efficient
C−N and C−S couplings to be formed quantitatively in 15 h
(Figure 8). For comparison, one of the most effective
homogeneous catalytic systems comprising CuI together with
L-proline as a ligand provided a yield of 66% for the same
reaction in a sequential manner (at 90 °C for 24 h for the C−S
coupling, then at 110 °C for 48 h for the C−N coupling) with
a catalyst loading of 10 mol % and a base loading of 5 equiv.23

Thus, it can be concluded that CuBi2O2CO3 catalyzed the
cyclization in a concerted manner under mild conditions.60−66

Optimization of the reaction time provided a useful tool to
demonstrate the advantage of the immobilization process for
catalytic purposes (Figure 8 and Table 1). The concentration
versus time functions were of saturation curves in all cases. The
linear initial parts were suitable for determining the initial
turnover frequency (TOF) values.67 Both the selectivities and
the activities of the catalysts decreased in the order of
CuBi2O2CO3 > CuO@Bi2O2CO3 > CuO > Bi2O2CO3.
Selectivities did not vary in the course of the reaction. The
selectivity over the pristine bismutite (75%) fell far from the
level (>95%) achieved with all the other copper-containing
composites. It was surprising to observe that the pure CuO was
not capable of catalyzing the cyclization reaction, but it could
promote S-arylation selectively. This finding indicates that
Bi(III) centers are necessary for promoting N-arylation.
Although it would have been obvious, the variations in the
catalytic activities could not be explained only on the basis of
the differences in the specific surface area or pore width
distributions (Table S3). The CuO@Bi2O2CO3 composite had
the largest surface area and porosity, however, medium activity
compared to CuBi2O2CO3. Generally, all of the presented
catalysts had a relatively low specific surface area (11.0−21.8

Figure 6. Effect of the quality of the catalysts in the cascade-like C−S
and C−N heterocyclization reaction to produce phenothiazine (see
Scheme 1). Reaction conditions: 1 equiv (0.25 M) of 2-iodoaniline,
1.1 equiv of 2-bromobenzenethiol, 5 equiv of K2CO3, 10 mol %
catalyst, 90 °C for 24 h, 110 °C for further 48 h.

Figure 7. Effect of various solvents in the concerted C−S and C−N
heterocyclization in producing phenothiazine (see Scheme 1).
Reaction conditions: 1 equiv (0.25 M) of 2-iodoaniline, 1.1 equiv
of 2-bromobenzenethiol, 5 equiv of K2CO3, 10 mol % CuBi2O2CO3,
90 °C for 24 h, 110 °C for further 48 h or 70 °C for 72 h.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c09234
ACS Appl. Mater. Interfaces 2021, 13, 42650−42661

42656

https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09234/suppl_file/am1c09234_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c09234/suppl_file/am1c09234_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c09234?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c09234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


m2/g) with very low total pore volumes. All the as-prepared
catalysts could be classified into microporous materials
according to the IUPAC classification.
In addition, the highest yields attained (Table 1, column 3)

also differed significantly from each other indicating that the
local structure of copper/bismuth ions is a crucial factor. It is
revealed that the bimetallic, bismuth−copper systems are more
efficient than the single metallic ones. However, the frame-
work-modified bismutite due to the fixed Cu(II) ions in the
layered structure exhibited the best catalytic indicators. As far
as initial TOF values are concerned (Table 1, column 2), they
were almost the same for CuO and CuO@Bi2O2CO3 because
the active sites and Cu(II) ions over both materials and their
dispersion are low. However, the initial TOF value over
CuBi2O2CO3 was much higher than over the others, probably
due to the close atomic dispersion, consequently, to the better
availability of the Cu(II) sites. So much so, that considering
the above detailed, as-prepared copper-loaded bismutite
functioned as a Lewis acid/redox cooperative catalyst.
In order to verify that the reactions are catalyzed by the solid

substance, a hot filtration test68 was performed and the
catalytic capability of the obtained solution was determined
(Figure S7). The heterocyclization was carried out under the
optimized reaction conditions. The bulk catalyst was readily
removed by a simple filtration after 4 h. Then, in the absence
of CuBi2O2CO3, the conversion of 2-iodoaniline remained at
the same level throughout the whole process as it was before
the hot filtration. Because the filtrate was catalytically inactive,
and there were no leached metal ions verified by ICP-MS

measurements, it can be safely stated that leaching did not
occur, and the transformation was heterogeneously catalyzed.
After the reaction, the active catalyst was separated from the

reaction mixture and reused under identical reaction
conditions to establish its recycling characteristics (Figure 9).

Figure 8. Conversions of 2-iodoaniline (A) and yields of phenothiazine (B) as the function of time in the concerted C−S and C−N
heterocyclization producing phenothiazine (see Scheme 1) catalyzed by various Bi- and/or Cu-containing catalysts. Reaction conditions: 1 equiv
(0.25 M) of 2-iodoaniline, 1.1 equiv of 2-bromobenzenethiol, solvent: DMSO/water 1:2, 2.5 equiv of K2CO3, 2.5 mol % catalyst, 90 °C.

Table 1. Catalytic Activities and Product Yields Over 5 mol % Catalysts in the Phenothiazine Formation Reaction in a Mixture
of DMSO to Water 1:2, Using 2.5 equiv of Bases at 90 °C

initial TOF
(1/h)

phenothiazine yield
(mol %)a

2-iodoaniline conversion
(mol %)a

phenothiazine selectivity
(%)a

dibenzothiophene selectivity
(%)a

Bi2O2CO3 1.3 ± 0.1 12 ± 1.1 16 ± 1.3 75 ± 1.5 25 ± 0.8
CuO 2.6 ± 0.3 0 24 ± 2.0 0b 2 ± 0.5
CuO@
Bi2O2CO3

2.5 ± 0.1 47 ± 3.2 48 ± 2.7 98 ± 2.1 2 ± 0.3

CuBi2O2CO3 10.4 ± 0.5 99 ± 1.2 100 ± 1.8 99 ± 1.7 1 ± 0.3
aAfter 15 h. bOnly C−S coupling reaction occurred.

Figure 9. Reusability of CuBi2O2CO3 in the heterocyclization
reaction. Reaction conditions: 1 equiv (0.25 M) of 2-iodoaniline,
1.1 equiv of 2-bromobenzenethiol, solvent: DMSO/water 1:2, 2.5
equiv of K2CO3, 5 mol % CuBi2O2CO3 as the catalyst, 90 °C, 15 h.
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No remarkable loss in the phenothiazine yield was detected in
up to five cycles. Furthermore, through the catalytic runs, the
bulk catalyst maintained its stability against leaching, which
was confirmed by ICP-MS measurements. In addition, the
layered Sillen-like structure did not suffer any substantial
degradation shown by ex situ XRD analysis performed on the
catalyst after the fifth run (Figure S8). The distribution of
metal ions and the plate-like morphology of copper bismutite
remained nearly unchanged as verified by TEM−EDS
measurements (Figure S9). Some impurities appeared on the
surface of the nanoplates after the repeated runs, which could
be associated with organic deposition accumulated during the
catalytic cycles. The increase of the carbon content also
supported this as determined by EDX (Figure S9).
Furthermore, the ex situ XPS study revealed that the surface
composition of the reused catalyst after the fifth round was
largely unaltered relative to the initial state (Figure S10).
However, a fraction (18.4 at. %) of Cu(II) is reduced to
metallic copper on the surface after reactions that may also
explain the slight decrease in the selectivities experienced. To
the best of our knowledge, this is the first reusable catalyst for
the synthesis of phenothiazine via concerted C−N/C−S
heterocyclization.
With the well-designed catalyst and the optimized reaction

conditions in hand, the scope of viable derivatives of 2-
iodoaniline was probed (Table 2). The obtained high yields
and selectivities strengthened the fact of substrate tolerance of
the bulk catalyst toward electron-withdrawing as well as
electron-donating groups. It has to be mentioned that a
commensurate decrease in both the obtained yields and
selectivities could be seen in the presence of the electron-
donating groups. Besides, it has been also found that there was
no alternative starting material for substituting 2-iodoaniline to
achieve efficient heterocyclization. Here, the time-effective
catalyst provided such a high efficiency toward heterocycliza-
tion of all presented raw materials that is higher than ever to
experience.

4. CONCLUSIONS

Herein, a well-designed heterogeneous bifunctional catalyst has
been reported to promote synthetically useful heterocyclization
involving N- and S-arylations with remarkable efficiency. By
immobilization within the bismutite (Sillen-type) framework as
a suitable host, copper(II) ions could occupy stable inter-
lamellar positions as justified by a large series of analytical
techniques. Similarly to other intercalated cations previously
reported [e.g., Ag(I) and Ca(II)], copper ions were
surrounded by hydroxyl and carbonate groups, which led to
the formation of malachite-like complex anions being dispersed
among the layers, as identified by various spectroscopic
methods. As a result of efficient catalytic heterocyclization,
phenothiazine and its substituted derivatives were successfully
synthesized under mild reaction conditions and within short
reaction times. Importantly, this reaction has been achieved
under heterogeneous catalytic conditions for the first time.
Moreover, C−S and C−N coupling reactions resulting in
concomitant heterocyclization took place simultaneously due
to the fact that the Sillen-like structure operated efficiently in a
cooperative manner ensuring Lewis centers, especially,
bismuth(III) centers and catalytic copper(II) ions with variable
charges demonstrably. Additionally, the copper-bismutite
system presented outstanding resistance against leaching and

exhibited high degree of recyclability without the loss of
activity or selectivity.
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