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a b s t r a c t

Cooperative Bi(III)/Co(II) and Bi(III)/Mn(II) heterogeneous catalysts have been developed enabling effi-
cient oxidative annulations for preparing both cross-coupled imines and benzimidazoles under ambient
conditions in an atom-economic and time-efficient manner, involving ambient air as oxidant and without
the need of any other additives. This is the first synergistic Lewis acid/transition metal catalyzed annu-
lation which is potentiated by the interfaces between the building blocks of the catalysts. To achieve
our goals, a useful fabrication process has been developed to heterogenize the transition metal ions via
strong interactions on well-known Sillèn-type bismuth subcarbonate (bismutite). Their reusability, activ-
ity and selectivity as well as water-tolerance have made them potential competitors to effective hetero-
geneous/homogeneous catalysts reported previously.
� 2022 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Because of their diverse applications, much attention have been
paid to nitrogen-containing heterocyclic compounds and their syn-
theses for many years [1]. Prominent reactions among these are
the oxidative cross couplings and oxidative annulations of anilines
and amines, being key processes, both in industry and in academia
to produce fine chemicals such as pharmaceuticals [2,3], functional
materials [4–7] or chemical sensors [8,9]. For annulations, the most
efficient catalysts are typically based on Brønsted and Lewis acids
such as N-hydroxyphthalimide [10], In(OTf)3 [11] or VO(acac)2-
� CeCl3 [12] etc., including both homogeneous and heterogeneous
ones yielding benzimidazole products selectively. In fact, extension
of the scope of application to some well-known, promising Lewis
acids such as Sn- [13] and Bi-compounds [14] as of yet did not
occur. More recently, both photoinduced noble metal catalysis as
well as metal-free homogeneous processes have been successfully
introduced [10,15–18]. However, because of the extreme likeli-
hood of their homocoupling, instead of the amines, (aromatic)
alcohols as reaction partners with anilines have been applied more
frequently (Table S1). Oxidative cross couplings of anilines and
amines toward imines could be catalyzed by using noble metals
or non-metallic specimens as promoters (Table S1) [16,19–26]. It
has become also evident that catalytic imine and benzimidazole
syntheses can readily be performed by applying 3d transition
metal ions as promoters [27–32]. Nevertheless, the widespread
use of these valuable metals as catalysts in these annulations/cou-
plings are hindered by the fact that non-commercial oxidation
state of the metal ions must be stabilized to ensure catalytic effi-
cacy [33]. Additionally, organic/inorganic additives are typically
required due to their well-known impact on the charge value of
the metal ions and on intermediates of the reactions [34].
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Scheme 1. Foreseen synthesis strategies for producing bismutite-supported tran-
sition metal oxide (cooperative) catalysts.
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Importantly, most of the known catalytic reactions are homoge-
neous processes. For example, commercial Co(II),[35] Fe(II)[36]/
Fe(III)[35,37] and Cu(I)[38]/Cu(II) [2,39] salts have also proven to
be efficient, however, recycling a reuse of these materials would
be highly cumbersome. Furthermore, in numerous examples, due
to the self-coupling of the reactants, high amounts of by-
products were generated via unwanted catalytic processes. Despite
the clear limitations of these strategies in reaction time (24–72 h),
reaction temperature (120–150 �C), as well as the lack of recycla-
bility, low selectivity and the high price of the catalysts, these
Lewis acids and transition metal ions are still widely used.
Although, in most of these reactions O2 was used as a green oxi-
dant, using ambient air is more practical, less expensive and safer
[40,41]. Additionally, the development of water-tolerant reactions
and annulations in green media have also remained a synthetic
challenge. The utilization of high performance manganese- and
nickel-based catalysts, which are known to bear great promises
as catalysts in green chemical approaches [42], is still largely
underexplored. To the best of our knowledge, only some aspects
of manganese promoted cyclocondensations have been investi-
gated so far [43].

In order to successfully address these challenges, cooperative
catalysis with the aid of Lewis acids and (3d) transition metal ions
with variable charge could provide an interesting new perspective
[44–47]. 3d transition metal ions with cooperation of main group
Lewis acids and/or non-metallic components have already been
found efficient for enabling, among others, C–H activation and C–
N bond formation reactions [48,49]. Surprisingly, in oxidative
annulations, bismuth-based cooperative catalysts are less widely
known, despite their useful features in bismuth-mediated reac-
tions for tandem-like reactions [14,50]. Generally, Lewis acid cen-
ters as co-catalysts generate intermediates, forming coordinative
bonds with the reactant(s), to ease the insertion of the ‘‘main” cat-
alyst. By using cooperative catalysts, cost effective, atom economic
as well as reasonably fast catalytic reactions are possible. Contrary
to their meaningful catalytic features, cooperative catalytic oxida-
tive reactions currently bear strong limitations in terms of catalyst
recycling and reuse [51]. To ensure the optimal operation of the
cooperative catalysts, such reactions are typically performed as
homogeneous catalytic processes.

These limitations inspired us to design and develop Lewis
acid/3d transition metal ion cooperative catalysts with tuneable
catalytic ability to promote both oxidative coupling and annulation
of o-phenylenediamine (2-aminoaniline) with benzylamine and its
derivatives under mild reaction conditions. The envisioned way of
catalysis would provide an option to control reaction pathways,
thus isolating imines (coupling product) or benzimidazoles (annu-
lation product) selectively (depending on the reaction parameters)
without the undesired self-coupling of benzylamine. Considering
that we successfully presented previously that transition metal-
inserted Sillèn-type bismuth-containing species (bismutites) can
operate as heterogeneous cooperative catalysts toward concerted
heterocyclizations and couplings [52–56], the main goal herein
was to achieve heterogeneous cooperative catalysis by applying
non-commercial bismuth-based specimens, especially bismutites,
as Lewis acid sites. To the best of our knowledge, no data can be
found in the literature about the catalytic application of similar
heterogeneous catalysts in oxidative annulations.

Herein, by using Sillèn-type bismutite structure and transition
metal species (Co(II), Mn(II), Ni(II)) as building blocks, the con-
struction of cooperative catalytic composite systems via different
synthesis strategies is reported (Scheme 1). The as prepared cata-
lysts were used to promote oxidative transformations of o-
phenylenediamine and its isosteres with amines to form imines
or benzimidazoles in a highly tuneable manner. To produce
strongly bonded metal species, a modified co-precipitation strat-
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egy was employed while grafting of potentially active centres via
weak interaction was fixed by wet impregnation (Scheme 1). The
most important findings presented here include (i) proof of cat-
alytic ability of bismuth-based Lewis acid catalysts for oxidative
cross coupling and annulation of amines; (ii) effective synthesis
of well-characterised surface modified Sillèn-type structures; (iii)
first cooperative Lewis acid/transition metal catalysed C–H/N–H
annulations; (iv) water-tolerant, recyclable and effective heteroge-
neous catalytic processes for forming both 2-(benzylideneamino)
aniline and benzimidazoles and its structural isosteres under mild
reaction conditions and (v) the demonstration of the effect of the
interface between the building blocks on the catalytic efficiency.
2. Experimental section

2.1. General information

Manganese(II) oxide (99%, MnO), manganese(II) nitrate hexahy-
drate (98%, Mn(NO3)2�6H2O), manganese(II,III(IV)) oxide (99%,
Mn3O4), manganese(III) oxide (99%, Mn2O3), manganese(IV) oxide
(99%, MnO2), cobalt(II) oxide (99%, CoO), cobalt(II) hydroxide
(98%, Co(OH)2), cobalt(II) nitrate hexahydrate (99%, Co(NO3)2�6H2-
O), cobalt(II,III) oxide (99%, Co3O4), nickel(II) oxide (99%, NiO),
nickel(II) hydroxide (98%, Ni(OH)2), nickel(II) nitrate hexahydrate
(98%, Ni(NO3)2�6H2O), nickel(III) oxide hydroxide (98%, NiOOH),
bismuth(III) oxide (98%, Bi2O3), bismuth(III) nitrate pentahydrate
(98%, Bi(NO3)3�5H2O), bismuth(III) iodide (97%, BiI3), bismuth(III)
chloride (97%, BiCl3), Bi(III) oxychloride (96%, BiOCl), sodium bis-
muth(V) oxide (95%, NaBiO3; sodium bismuthate), ammonia solu-
tion (25%, NH4OH); sodium carbonate (99%, Na2CO3), sodium
bicarbonate (99%, NaHCO3), concentrated nitric acid (99%, cc.
HNO3), sodium sulphate anhydrous (98%, Na2SO4), sodium chloride
(98%, NaCl), dimethyl sulfoxide (99%, C2H6OS; DMSO),
5-methyloxolan-2-one (99%, C5H8O2; c-valerolactone),
N,N-dimethylformamide (99%, HCON(CH3)2; DMF), toluene (97%,
C6H5CH3), ethyl acetate (98%, CH3COOCH2CH3; EtOAc), hexane
(99%, C6H14), acetonitrile (98%, C2H3N; MeCN), benzylamine
(99%, C6H5CH2NH2), 2-aminoaniline (99%, C6H4(NH2)2;
o-phenylenediamine), 2-aminophenol (99%, C6H4NH2OH),
2-aminothiophenol (99%, C6H4NH2SH), 4-methoxybenzylamine
(98%, CH3OC6H4CH2NH2), 2-methoxybenzylamine (98%,
C6H4CH2NH2OCH3), 4-chlorobenzylamine (99%, ClC6H4CH2NH2),
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2-chlorobenzylamine (97%, C6H4CH2NH2Cl), 3-nitrobenzylamine
hydrochloride (98%, O2NC6H4CH2NH2 � HCl), aniline (99.5%,
C6H5NH2), ethanol (96%, C6H5OH), deuterated dimethyl sulfoxide
(99.9%, C2D6OS; DMSO d6) were purchased from commercial
sources and used as received. Purified water was produced by
reverse osmosis and UV irradiation processes by a Puranity TU
3 + UV/UF system (VWR).

2.2. Synthesis of transition metal-containing bismutites via modified
co-precipitation method

To prepare bismutite-based composite catalysts with strongly
bonded transition metal specimens, a modified co-precipitation
method was applied. The appropriate amounts of Bi(NO3)3�5H2O
(3.75 mmol) in the presence of the corresponding transition metal
salts (3.75 mmol) were dissolved in 25 mL of 5 wt% aqueous citric
acid solution. After that, 40–40 mL of 0.4–0.4 M ammonia and
sodium carbonate solutions were added dropwise into the metal
salt solution, and was stirred at 100 �C for 24 h. The obtained crude
product was filtered, washed with distilled water and ethanol sev-
eral times, and dried at 60 �C overnight. The solidified product was
marked as MBi2O2CO3 (M: Ni, Co or Mn) (designated as co-
precipitated samples). For comparison, transition metal-free bis-
mutite (Bi2O2CO3) was also obtained in the same way without
loading the corresponding transition metal salt.

2.3. Preparation of bismuth subcarbonate-supported NiOx, MnOx and
CoOx

For the preparation of bismuth subcarbonate-supported NiOx/
MnOx/CoOx catalysts, a wet impregnation method was employed.
First, colloidal suspensions of transition metal salts (5 mg/mL)
were prepared in ethanol. The desired amounts of solution (transi-
tion metal salt of 5–15 wt%) were added to one portion of the bis-
muth subcarbonate (0.5 g), and the mixtures were sonicated for 2 h
at room temperature. The obtained dark intermediates were sepa-
rated by filtration, thoroughly washed with ethanol and water sev-
eral times, and dried in an oven at 60 �C overnight. These solids
were then heat-treated at 250 �C for 8 h to obtain the products.
The as-prepared bismutite-supported transition metal-containing
catalyst were labelled as M�Bi2O2CO3 (M: Ni, Co or Mn) (desig-
nated as impregnated samples).

2.4. Characterization methods

X-ray diffraction (XRD) patterns were detected with a Rigaku
XRD-MiniFlex II instrument using CuKa radiation (k = 0.15418 n
m) and 40 kV accelerating voltage at 30 mA. The characteristic
reflections in the normalized diffractograms were identified on
the basis of JCPDS-ICDD (Joint Committee of Powder Diffraction
Standards- International Centre for Diffraction Data) database.

Thermogravimetric analyses were performed on a Setaram Lab-
sys derivatograph. Samples were heated at a rate of 1 �C min�1 to
600 �C under an air flow. The samples of 30–35 mg were put into
high-purity alpha alumina crucibles. For carrying out evolved gas
analysis (EGA), a Pfeiffer QMS 200 mass spectrometer was applied
under an air flow (40 mL/min) with 5 �C/min heating rate
preparing � 100 mg samples for each them.

The structure-building inorganic components were identified
by (FT-)IR and (FT-)Raman spectroscopies. Using an IR source of
785 nm wavelength, Raman spectra of 4 cm�1 resolution were
taken by a Raman Senterra II (Bruker) microscope using a laser
intensity of 12.5 mW, 50-fold objective magnification of and an
integration time of 50 s. The mid infrared (IR) spectra of the com-
posites were detected in the spectral range of 4000–600 cm�1 by
using a BIO-RAD FTS-65A/896 spectrometer. Spectral resolution
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was 4 cm�1 and 256 scans were applied for each spectrum in atten-
uated total reflection (ATR) detection mode for which a Harrick’s
single reflection diamond ATR accessory was used.

The first coordination sphere and oxidation state of the transi-
tion metal ions was established by using a combined UV–Vis spec-
trophotometric - X-ray photoelectron (XP) spectroscopic mapping.
UV–Vis spectra were taken by a SHIMADZU UV-3600i Plus UV–Vis-
NIR spectrophotometer equipped with PMT, InGaAs and PbS detec-
tors, in the 50000–6000 cm�1 wavenumber range with 4 cm�1 res-
olution. Measurements were performed in the reflection mode. X-
ray photoelectron spectra (XPS) were recorded 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 run in the fixed analyzer transmission
(FAT) mode with 20 eV pass energy. The Al Ka radiation (hm = 14
86.6 eV) of a dual anode X-ray gun was applied as an excitation
source. The gun was operated at 210 W power (14 kV, 15 mA).
The binding energy scale was corrected by setting the main C 1 s
component to 285.0 eV in all cases, corresponding to the adventi-
tious carbon. For spectrum acquisition and evaluation, commercial
(CasaXPS, Origin) software packages were used.

The elemental imaging of the freshly prepared samples was
studied by scanning electron microscopy coupled to energy disper-
sive X-ray spectrometer (SEM-EDX). The SEM images were regis-
tered on an S-4700 scanning electron microscope (SEM, Hitachi,
Japan) with an accelerating voltage of 10–18 kV. EDX data were
obtained with a Röntec QX2 energy dispersive microanalytical sys-
tem. The coupled system also provided with the elemental map.
High-resolution, HAADF (high-angle annular dark-field) TEM imag-
ing was carried out utilizing a JEOL 2100F TEM (field emission gun
source, information limit < 0.19 nm) at 100 kV at room tempera-
ture. (TEM-)EDX spectra were taken by applying an Oxford Instru-
ments 30 mm2 Si(Li)detector or an Oxford Instruments x-Max 80
SDD running on an INCA microanalysis system. To prepare samples
for TEM(–EDX) measurements, several drips of a suspension of
each composite was dropped onto copper-grid mounted ‘‘lacey”
carbon films.

The metal ion ratio of the as-prepared composites and the pos-
sible leaching during the catalytic processes was measured by ICP–
MS on an Agilent 7700x instrument. Before measurements, few
micrograms of the samples measured by analytical accuracy were
dissolved in 1 mL concentrated nitric acid, followed by dilution
with distilled water to 50 mL and filtration.

2.5. General procedure for oxidative coupling/annulation

To a solution of 2-aminoaniline (o-phenylenediamine;
2.0 mmol; (2)) and benzylamine (2.4 mmol; (1)) in an appropriate
solvent or solvent mixture (2 mL), a selected catalyst composite
was added (corresponding to at least 2.5 mol% that is 4 � 10–3 -
mmol metal ion loading), and the slurry was stirred at � 70 �C
for the appropriate time under ambient air atmosphere. The pro-
gress of the reaction was monitored by thin layer chromatography
(TLC) using mixtures of ethyl acetate and hexane as eluent. The
obtained mixture was cooled to room temperature and treated
with saturated NaHCO3 (5 mL) followed by extraction with ethyl
acetate (3 � 10 mL) and washing with brine (2 � 5 mL) and water
(1 � 5 mL). The conversion and selectivity were determined after
each reaction by 1H NMR using a 500 MHz Bruker DRX500 instru-
ment and DMSO d6 as solvent at room temperature. In some cases,
for comparison, the above test reaction was repeated under the
optimized reaction conditions without the addition of 2-
aminoaniline to test the catalytic ability of the building blocks of
the composite catalysts.

In reaction of benzylamine (1) and 2-aminoaniline (2)
(Scheme 2), 2-(benzylideneamino)aniline (also mentioned as



Scheme 2. Oxidative coupling of benzylamine and 2-aminoaniline involving
ambient air as oxidant.
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oxidative coupling product; (3)) and/or 2-phenylbenzimidazole
(oxidative annulation product; (4)) were obtained as main prod-
ucts. The selectivity of the process was fine-tuned with the reac-
tion conditions. The aim of the optimization procedure was to
maximize these yields without producing benzylidenebenzy-
lamine (self-coupling product of benzylamine; (5)) by-product.

After the oxidative transformations, the active catalyst was sep-
arated from the reaction mixture by centrifugation followed by
thorough washing with ethanol, water and DMSO. The catalyst
samples were reutilized in the following runs under the optimized
reaction conditions. In each run, the filtrate was checked by ICP-MS
to detect any leaching of the metallic components of the catalysts.
To determine the structural integrity of the composites after each
run, ex situ XRD study on the used catalysts was performed. To
ascertain the heterogeneous nature of the reactions, the hot filtra-
tion test was carried out as follows. The catalytic composite was
filtrated from the reaction slurry before completion of the transfor-
mation (around 50% benzylamine conversion) and then the filtrate
was further treated under unchanged reaction conditions.
3. Results and discussion

3.1. Bismuth compound and solvent screening for catalytic conversion
of benzylamine

First, some commercial and self-prepared bismuth compounds
were tested in the oxidative reaction of o-phenylenediamine (2-
aminoaniline; (2)) with benzylamine (1). In comparison with the
reaction parameters reported previously (Table S1), milder reac-
tion conditions were chosen for the initial set (10 mol% Bi, DMSO,
24 h at 110 �C). As shown in Table 1, commercial bismuth salts
proved ineffective as catalysts for the oxidative transformations
with conversions (�4%) comparable to that of the uncatalyzed
reaction. This finding is in line with the observations published
previously [12]. On the contrary, both Bi2O3 (11% conversion) and
Bi2O2CO3 (bismutite; 19% conversion) showed moderate activity
in this reaction, resulting in a slight improvement in benzylamine
conversion. Note that a heat treatment at � 150 �C was necessary
to remove surface adsorbed water and thus to activate bismutite to
reach the observed catalytic efficiency. It should also be noted that
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the active promoters showed selectivity of � 80% toward the unde-
sired self-coupling product (5) of benzylamine. Importantly, both
the selectivity and the reaction rate of both oxidative transforma-
tions are generally affected by the solvents used. Thus, in addition
to DMSO, other environmentally acceptable solvents were tested
(Fig. 1). No reaction was detected in water, 2-MeTHF and under
solvent-free conditions, while significant changes in both conver-
sion and selectivity were observed in DMSO:water mixtures and
also in c-valerolactone. As a result of the solvent exchange, besides
enhanced benzylamine conversion, notable increase in product
selectivity occurred. The rate of benzylamine self-coupling (5)
gradually decreased with rising water-content in DMSO, until it
totally disappeared upon using a DMSO:H2O mixture of 1:9. c-
Valerolactone as solvent was also found useful in minimizing side
reactions. Not only did these solvents drive back the self-coupling
side reaction, but they also improved the selectivity towards the
oxidative coupling (3) and oxidative annulation products (4). To
summarize, benzylamine conversion in different solvents
decreased according to the following trends over both active cata-
lysts: DMSO:H2O 1:9 > DMSO:H2O 1:1 > DMSO:H2O 9:1 > c-valer
olactone > DMSO. A similar trend was found in the increase of
the selectivity of the desired products, however, c-valerolactone
was not fitting in this series. It became evident from the bismuth
compound screening that bismuth-based catalysts possess valu-
able catalytic activity for such reactions, approximating the cat-
alytic ability of the most frequently used homogeneous catalysts.
Moreover, Bi2O2CO3 as versatile Lewis acidic building block
seemed to be a right option for the development of an efficient
cooperative catalyst. Using Bi2O2CO3 as catalyst in DMSO:H2O
1:9, a benzylamine conversion of 69% with 2-
phenylbenzimidazole (4) selectivity of 73% was obtained; these
values were considered as benchmark values for the further opti-
mization procedures.

As prospective building blocks for cooperative catalysts, pure 3d
transition metal oxides were also tested in oxidative coupling of
benzylamine (1) and 2-aminoaniline (2) under similar reaction
conditions as shown above (Table 2). It was observed that only
MnO2, Mn3O4 and Co3O4 compounds exhibited acceptable catalytic
activity (conversion in the range of 26–35%), however, all with
100% selectivity toward the annulation product (4). It is interesting
to see that no conversion of benzylamine could be detected over
Ni-containing catalysts. To the best of our knowledge, the catalytic
behavior of these non-supported 3d metal oxides for oxidative ani-
line couplings has not yet been reported in the literature.

3.2. Structural and analytical characterization of the modified
bismutite structures

To build effective cooperative catalysts, the effect of the differ-
ent synthesis strategies (Scheme 1) on the structure of the bismu-
tite supported metal oxide composites were studied. XRD patterns
of the samples synthesized by co-precipitation (Fig. 2./ a–d) and
wet impregnation (Fig. 2./ e–g) are presented in Fig. 2, respectively.
The Bragg reflections observed in the diffractograms can be associ-
ated with 00 l, 01 l,11 l, 02 l and 12 l series of Miller indices, corre-
sponding to unit cell dimensions of pure carbonate-containing
bismutite structure (PDF#41–1488) [57]. For co-precipitated sam-
ples, no other crystalline phases were observed. On the contrary,
for the products obtained by the impregnation method, in addition
to the reflections of the bismutite phase, intense reflections corre-
sponding to the appropriate metal oxides can also be clearly iden-
tified; i.e., Mn3O4 (PDF#24–0734) [58], Co3O4 (PDF#42–1467) [59]
and NiO (PDF#47–1049) [60] that were crystallized as separate
phases. The lack of these separated oxide phases in the diffrac-
tograms of the co-precipitated samples should be regarded as
proof for the insertion of the transition metal specimens into the



Table 1
Oxidative coupling of benzylamine and 2-aminoaniline catalyzed by different bismuth compounds. (Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-
aminoaniline, DMSO (2 mL), 10 mol% of catalyst, 110 �C for 24 h).

Bi-compounds conversion of 1 (%) selectivity of 3 (%)* selectivity of 4 (%)** selectivity of 5 (%)***

— 4 ± 1 — — 100
BiCl3 3 ± 2 — — 100
BiI3 4 ± 1 — — 100
Bi(NO3)3 4 ± 2 — — 100
BiOCl 2 ± 3 — — 100
NaBiO3 3 ± 4 — — 100
Bi2O3 11 ± 2 11 9 80
Bi2O2CO3 19 ± 3 18 5 77

* 2-(benzylideneamino)aniline.
** 2-phenylbenzimidazole.
*** benzyledenebenzylamine.

Fig. 1. Solvent effects in the oxidative coupling of benzylamine and 2-aminoaniline catalysed by different bismuth compounds. (reaction conditions: 1 equiv. (0.25 M) of
benzylamine, 1.2 equiv. of 2-aminoaniline, solvent (2 mL), 10 mol% of catalyst, 110 �C (or reflux considering the boiling points) for 24 h).

Table 2
Oxidative coupling of benzylamine and 2-aminoaniline catalyzed by different transition metal compounds. (reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-
aminoaniline, DMSO:H2O 1:9 (2 mL), 10 mol% of catalyst, 100 �C for 24 h).

Catalysts conversion of 1 (%) selectivity of 3 (%)* selectivity of 4 (%)** selectivity of 5 (%)***

— 5 ± 1 — — 100
MnO 2 ± 2 — — 100
Mn3O4 31 ± 4 — 100 —
Mn2O3 — — — —
MnO2 26 ± 2 — 100 —
CoO 1 ± 1 — — 100
Co(OH)2 5 ± 3 — — 100
Co3O4 35 ± 5 — 100 —
NiO — — — —
Ni(OH)2 — — — —
NiOOH — — — —
Bi2O2CO3 69 ± 4 27 73 —

* 2-(benzylideneamino)aniline.
** 2-phenylbenzimidazole.
*** benzyledenebenzylamine, italics: benchmark.
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Fig. 2. XRD patterns of Bi2O2CO3 (a), MnBi2O2CO3 (b), NiBi2O2CO3 (c), CoBi2O2CO3 (d), Mn–Bi2O2CO3 (e), Ni–Bi2O2CO3 (f), Co–Bi2O2CO3 (g). (co-precipitation: left side,
wet impregnation: right side).

Table 3
Molar ratios of the metallic components and compositions of the as-prepared
bismutite supported composites.

Composite Initial Bi:M*
ratio

Actual Bi:M*
ratio

Bulk composition

Bi2O2CO3 — — (BiO)2(CO3)0.87(OH)0.4
Mn–Bi2O2CO3 0.5 7.8 Mn0.26O0.35/

(BiO)2(CO3)0.85(OH)0.60**

Ni–Bi2O2CO3 3.1 Ni0.64O0.64/
(BiO)2(CO3)0.89(OH)0.55**

Co–Bi2O2CO3 13.0 Co0.15O0.20/
(BiO)2(CO3)0.83(OH)0.58**

MnBi2O2CO3 1.0 8.3 Mn0.24(BiO)2(CO3)1.05(OH)0.35
NiBi2O2CO3 3.0 Ni0.66(BiO)2(CO3)(OH)4.47
CoBi2O2CO3 14.3 Co0.14(BiO)2(CO3)1.08(OH)0.98

* M: Mn, Ni, Co; determined by ICP-MS.
** Oxygen-content of the transition metal oxides were inferred based on the XRD

results.
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bismutite framework and/or the precipitation of oxide nanoparti-
cles on the surface of the bismutite host. Nonetheless, it also means
that during the impregnation procedure, transition metal oxides,
most probably, could be anchored on the surface of the host by
means of weak, intermolecular bonding (Scheme 1). Moreover,
because all as-prepared samples exhibited an interlayer space of
0.61 nm, which is consistent with the interlamellar gallery of bis-
mutite filled by carbonate ions, the intercalation of any specimen
of transition metal ions could be excluded in all cases. Note that
the alteration of the initial metal ion molar ratios led to significant
changes in the crystalline phases during the optimization proce-
dure (Fig. S1.) However, these changes are accompanied not only
by the decrease in the crystallinity of the products but also by
the appearance of undesired by-products that prevent even the
formation of the bismutite framework resulting in indefinable
amorphous structures. On the basis of our experience with the cat-
alytic ability of bismuth-based catalysts presented above, the pres-
ence of the long-range ordered bismutite structure is essential to
achieve effective coupling of anilines. Thus, further investigations
shall focus on the well-defined bismutite structures. It should be
noted that (for the impregnation method) more than one metal
molar ratios proved to be useful for building well-defined bismu-
tite structures. However, for comparability reasons, those ratios
have been regarded as optimum which led to the formation of
impregnated composites with almost the same metal ion molar
ratios (see below) as in the case of their co-precipitated
counterparts.

Elemental and chemical analyses confirmed that transition
metal specimens were immobilized in/on the host bismutite dur-
ing both synthesis procedures; however, in the solid products,
the actual molar ratio of the transition metals and bismuth showed
large variations depending on the quality of the guest molecules
and the synthesis methods used. The bulk composition of the solid
products (determined by combining ICP-MS and TG/DTG measure-
ments) is shown in Table 3. Upon using exactly the same initial
ratios of metal ions, for the impregnated samples, higher transition
metal contents were found from the ICP-MS measurements, rela-
tive to the co-precipitated samples (Table 3 and Table S2). The
affinity of the metal ions to be immobilized in/on the host yielded
an order of Ni�Mn > Co, independently of the synthesis proce-
dure. It is interesting to note that the water/hydroxide-content of
the solid samples displayed large variations. While, in comparison
of pure bismutite structure, the water content of the co-
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precipitated Sillèn structures increased as a result of the nickel-
as well as cobalt-insertion, no significant changes in the amount
of inserted hydroxide was found, when manganese was used as
dopant. According to the results shown in Table S3, the three
impregnated samples do not present comparable amount of hydro-
xyl ions as well as no changes in the carbonate-content. Fig. S2
illustrates TG/DTG curves of the co-precipitated samples in which
the number of the endothermic peaks varied with the guest mole-
cules. For the pure bismutite and its manganese counterpart, there
was only one endothermic peak at 470 �C in the DTG curves which
is due to the decarboxylation of the structures. In parallel with the
elimination of the interlayer carbonate and crystalline water (ver-
ified by TG-MS measurements), the collapse of the long-range-
ordered structure and the formation of Bi2O3 and its doped ana-
logue are possible to be detected. It can readily be seen that, after
the collapse of the bismutite structure, beside characteristic reflec-
tions of pure bismuth oxide (PDF#4–294) (Fig. S3) [54], XRD pat-
terns of Bi2Mn4O10 (PDF#74–1096) [61] appear in the
diffractogram of the doped analogue. For Ni- and Co-containing
samples, similar observations can be made, however, with the
appearance of the strongly bonded hydroxyl groups, exerting an
effect on the thermal behavior of the solids. The total disintegra-
tion of the layered structure occurs in a two-step process. In the
first step (�250–265 �C), the layered structure remains intact,
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and a phase transition occurs. This can be clearly confirmed by ex
situ XRD study on these heat-treated samples (Fig. S3).

Fig. 3 together with Fig. S4 illustrate the results of the SEM-EDX
analysis on the as-prepared solids. By impregnating the bismutite
host, the corresponding EDX elemental mappings for Mn/Co/Ni
elements confirmed a homogeneous spatial distribution of bis-
muth, which is in line with our previous hypothesis. Surprisingly,
a heterogeneous dispersion of the cations could be observed on
the EDX of the co-precipitated samples, this is in a slight contradic-
tion with the XRD results.

To resolve this contradiction, TEM/TEM-EDX measurements
(Fig. 4, Fig. S5 and S6) were carried out. TEM images verified that
all co-precipitated samples consist of two types of nanoparticles
with different morphologies as well as different dimensions. In
all cases, smaller crystals of around 5–20 nm with spherical mor-
phology were seen to sit directly on the top of the bigger (�300–
600 nm), cubic crystals. The formation of large aggregates was
detected that may cause the XRD patterns of the transition
metal-containing particles with smaller dimensions to be hin-
dered. This hypothesis could be further justified with TEM-EDX
images. As can be seen, the smaller, spherical crystals are rich in
the corresponding transition metals and oxygen, while the bigger
ones are largely built around bismuth and oxygen, respectively. It
could also be ascertained that transition metal-containing particles
did not cover completely the surface of the bismuth-rich particles,
as a result of the fact that the transition metal-based specimens
were located separately in ‘‘island” structures.

Analysis of the far Raman shift region is a useful tool for the
identification of the transition metal ion containing specimens
(Fig. 5/A, C, E). Furthermore, upon using near-infrared laser power
in this spectral region, bismutite host structure possess only three
detectable Raman active modes at 358, 162 and 71 cm�1, corre-
sponding to the external vibrations of the [Bi2O2]2+ layer and Bi–
anion stretching mode vibration [54]. For impregnated samples,
Fig. 3. SEM-EDX elemental maps of Ni- and Mn-based bismutite structures prepared by
interpretation of the references to colour in this figure legend, the reader is referred to

Fig. 4. HAADF TEM image and TEM-ED
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characteristic Raman modes of Mn3O4 [62], deformed (NiO or) Ni
(OH)2 [63] and Co3O4 [64] specimens could be identified which
were attributed to the lattice mode vibrations of the oxides. This
interpretation is fully in line with the XRD results shown in
Fig. 2. Besides that, the characteristic Raman peaks of the host also
appear in these spectra. For all composites, the complete peak
assignment of Raman, UV–Vis and IR spectra can be found in
Table S4. It should be noted that neither MnO2 [62] nor CoO [64]
have any Raman active vibration mode. Thus, the detection of
these oxides is not possible with Raman spectroscopy. The forma-
tion of these non-Raman active oxides during the impregnation
were excluded by XRD.

Regarding the co-precipitated samples, there are more signifi-
cant changes in the Raman spectra relative to the host structure.
First, the Raman peaks of the host structure disappeared or their
intensities decreased significantly. This observation is due to the
differences in the Raman scattering coefficient of the building
blocks. Second, the intense characteristic peaks that appear in
the presence of the corresponding metal ions cannot be assigned
to Raman active modes of some well-known, commercial oxides
or metallic particles. These bands are more possibly associated
with the vibrations of Bi–O–M (M: Mn, Co) moieties [65], clearly
illustrating the direct interaction between the host and the guests.
These chemical bonds are most probably formed on the interfaces.
However, taking into account the TEM results, there is no informa-
tion about the quality of the transition metal species further away
from the interfaces. This is a direct result of the application of near-
IR laser source, providing bulk sensitive character for Raman
detection.

The Ni-containing system is different from the Mn- and Co ones.
Its Raman bands are readily attributed to deformed Ni(OH)2 and
bismutite components without giving rise to any other peaks,
which is probably due to the lack of the Ni-bearing interfacial
species. IR spectroscopy did not prove to be useful for providing
impregnation (green and red) or co-precipitation (pink and yellow) methods. (For
the web version of this article.)

X elemental maps of CoBi2O2CO3.



Fig. 5. Raman spectra (A, C, E) and UV-DRS spectra (B, D, F) of as-prepared Bi2O2CO3 (black lines), MBi2O2CO3 (red lines) and M�Bi2O2CO3 (blue lines). (M: Mn, Co, Ni). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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convincing information about the nature of the transition metal
species (Fig. S7). Accordingly, anionic components other than car-
bonate and hydroxide cannot be inserted. Indeed, the IR bands at
3430–2500 cm�1 and 1670–1600 cm�1 correspond to the stretch-
ing and deformation mode vibrations of free and hydrogen bonded
hydroxyl groups, respectively, while IR bands at 1420, 1397, 1046
and 840 cm�1 observed in all cases are due to carbonate com-
pounds. Besides, relative to the pure bismutite, the intensity of
170
the stretching mode vibrations of hydroxyl group become more
dominant as a result of metal ion insertion processes. Moreover,
considering the envelope of these vibration bands, it is also clear
that significant amount of strongly bound hydroxyl groups are
generated, upon using co-precipitation synthesis method. As a
result of this, the peak of the free –OH groups (>3350 cm�1)
increase in intensity and broaden. This finding is in a good agree-
ment with the interpretation of the TG/DTG curves.
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The formation of the interfacial sites could be also verified by
UV–Vis measurements (Fig. 5/B, D, F). As can be seen for the
impregnated composites (i.e., no interface effect), the absorption
spectrum of the composites can be described as the linear combi-
nation of the transitions related to the bismutite and the corre-
sponding transitions (mainly charge transfer ones [66–68]) of the
3d metal species. After recording the spectrum of the nickel-
containing co-precipitated sample, exactly the same phenomenon
could be observed, strengthening the hypothesis that there is no
interfacial specimen in this case. On the contrary, for other co-
precipitated samples, bathochromic shifts of the characteristic
transitions of the metal species can be identified which is related
to charge transfer, and are generated due to the presence of inter-
facing sites [69,70].

To investigate the surface transition metal specimens of the co-
precipitated solids, XPS measurements were carried out (Fig. 6 and
Fig. S8). XP spectra of the Bi 4f, Mn 2p, Co 2p and Ni 2p core levels
of pure and transition metal modified bismutite samples are
shown in Fig. 6. It can be seen that, for pure bismutite, the exact
positions of Bi 4f bands and their separation of 5.3 eV illustrate
the presence of the Bi(III) ions on the surface. The Bi 4f bands of
the pure sample can be fitted via considering only one component
(that is, without the need of peak deconvolution) at binding ener-
gies 164.1 and 158.8 eV; they can be attributed to Bi(III) species
incorporated into a Sillèn-type bismutite framework [71]. By mod-
ifying the bismutite framework with manganese and cobalt ions,
these characteristic bands are shifted to higher binding energies
Fig. 6. Bi 4f (A), Mn 2p3/2 (B), Co 2p3/2 (C) and Ni 2p3/2 (D) XP sp
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and a broadening of these peaks are also clearly observed after
the modification. These changes are due to the appearance of the
interfacial specimens. This hypothesis is further supported by con-
sidering the lack of these changes in the spectrum of the nickel-
containing sample. Bi 4f bands of this composite are almost iden-
tical with that of the pure bismutite what indicates the absence
of the interfacial species. This assignment is in line with the inter-
pretation of the Raman and UV–Vis measurements. Furthermore,
the 2p bands of manganese and cobalt of the modified samples
can be described with only one component, corresponding to
MnO and Co(OH)2, respectively [72]. Accordingly, Mn(II) and Co
(II) ions can occupy the right positions on the surface of the com-
posite exclusively. For nickel-bismutite system, there is no identi-
cal chemical environments of nickel which can be identified and
some kind of unidentifiable linear combination of NiO, Ni(OH)2
and NiOOH species can be found on the surface of this sample
[73]. In addition, two different components should be considered
for the right description of this curve which are independent of
each other. Other (oxygen, carbon) components of the spectra
could be described as almost identical surface species of the bis-
mutite host (Fig. S8).

At this point, it can be stated that the immobilization of well-
characterized pure oxide specimens on the surface of bismutite
host can be obtained by means of two different synthesis methods.
Wet impregnation method and the nickel-based co-precipitation
led to the formation of surface modified bismutite structure in
which the transition metal specimens are linked to the surface of
ectra of the as-prepared MBi2O2CO3 (M: none, Mn, Co, Ni).



Scheme 3. Illustrative side views of the as-prepared bismutite-supported manganese oxides produced via wet impregnation (A) or co-precipitation method (B).
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the host via weak interactions (Scheme 3/A). For the two further
co-precipitated samples, a well detectable portion of M�BiOX

interfacial sites can be identified, demonstrating a strong interac-
tion between the host and the guest molecules (Scheme 3/B).

3.3. Catalytic behavior of the modified bismutite structures

With the as-prepared, well-characterized composite materials
in our hand, their catalytic ability was then probed in the oxidative
transformation of benzylamine (Fig. 7 and Fig. S9). Optimization
procedure was performed, using the co-precipitated samples.
Hence, by altering the solvent used (Fig. 7), it was revealed that
benzylamine was efficiently converted by means of the robust
manganese- and cobalt-containing catalysts that display signifi-
cant tolerance towards numerous organic solvents as well as
water. The best operation was experienced in DMSO:H2O 1:9 mix-
ture in both cases (MnBi2O2CO3: �95% conversion/�97% selectiv-
ity, CoBi2O2CO3: �96% conversion/�95% selectivity). Compared
with our benchmark catalyst (�69% conversion, �73% selectivity
in DMSO:H2O 1:9 mixture), a profound effect of the inserted 3d
metal species on the catalytic activity of the bismutite host was
observed, causing significant enhancement in the benzylamine
conversions, independently of the solvents used. Additionally, in
the presence of the dopants, the desired products were obtained
with excellent levels of chemoselectivity that approximated the
unique 2-phenylbenzimidazole (4) selectivity obtained for pure
metal oxides (see above). Moreover, in c-valerolactone, 100% selec-
tivity toward the annulation product (4) was realized by means of
the cobalt-bismuth catalyst. In addition, the use of acetonitrile:wa-
Fig. 7. The effect of various solvents in the oxidative coupling of benzylamine and 2-am
aminoaniline, 10 mol% of MnBi2O2CO3 (left side) and CoBi2O2CO3 (right side), 110 �C (1
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ter 1:1 solvent mixture enabled the exclusive formation of 2-
(benzylideneamino)aniline (3), presenting a facile way of control-
ling the product distribution over the active catalyst. The key
importance of the quality of the 3d metal ions became evident
through a set of optimization reactions that involved studies on
both the catalyst-loading- and temperature-dependence of the
oxidative transformation (Fig. S9). The Co(II)-based catalyst gave
good results with a catalyst loading as low as 2.5 mol%, whilst
10 mol% of the Mn(II)-containing bismutite catalyst was required
to reach high level of 2-phenylbenzimidazole (4) formation. Both
catalysts performed best at reaction temperatures � 90 �C.

The significant transition metal-dependence of the catalytic
reaction was also supported by the fact that all the alternative,
Ni-based catalysts prepared by us were found to be completely
ineffective without any exemption (not shown), similarly to pure
NiO (see above). This observation should be regarded as a marker
of the main role of the surface anchored metal specimens that nec-
essarily dictates the co-catalytic feature of the Bi(III) centers.

To further investigate the role of the interfacial species and the
cooperative catalytic features of the composites, impregnated bis-
mutites were involved in the tests for comparison (Fig. 8). On one
hand, by carrying out the test reaction under the optimized reac-
tion conditions in the presence of the catalysts made by impregna-
tion, supported transition metal specimens exhibited much better
catalytic performance than those that were not anchored on the
bismutite surface. This indicates that Bi(III)-centers participate
directly in the oxidative transformations. Accordingly, it has been
suggested that the co-presence of the active transition metal spe-
cies and the bismuth centers facilitates the organic transformation,
inoaniline. Reaction conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-
00 �C: DMSO:water mixtures, water; reflux: MeCN-containing solvents) for 24 h.



Fig. 8. The effect of the quality of the catalysts in the oxidative coupling of
benzylamine and 2-aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of benzy-
lamine, 1.2 equiv. of 2-aminoaniline, DMSO:H2O 1:9 (2 mL), 10 mol% of catalyst,
100 �C for 24 h. (MBi2O2CO3: co-precipitated samples; M�Bi2O2CO3: impregnated
samples.)
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acting as cooperative catalysts. On the other hand, it has also been
found that these impregnated materials showed substantially
decreased activity, with selectivity similar to that of their counter-
parts obtained by co-precipitation. Indeed, there is a clear correla-
tion between the presence of each of interfacial species and the
catalytic activity during the oxidative transformations.

To quantify the above-mentioned difference in the activity of
the active centers and to investigate the kinetic profile of the cat-
alytic reaction, the time-dependence of the oxidative transforma-
tions have also been investigated. All kinetic curves of the active
catalysts and turnover frequency (TOF) values – calculated from
the initial reaction rates as the number of molecules transformed
per hour and per metal ions – are shown in Fig. 9. The maximum
yield of the desired 2-phenylbenzimidazole product (4) increased
continuously (for ca. 24 h) up to 93%, 92%, 46% and 44% over
Fig. 9. Conversions of benzylamine and yields of 2-phenylbenzimidazole as a function
MnBi2O2CO3 (left side) and CoBi2O2CO3 (right side) catalysts. Reaction conditions: 1 eq
10 mol% of MnBi2O2CO3 or 2.5 mol% of CoBi2O2CO3, 90 �C (left side)/100 �C (right side)
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MnBi2O2CO3, CoBi2O2CO3, Mn–Bi2O2CO3, Co–Bi2O2CO3 catalysts,
respectively. However, within only 8 h, the maximum yield of
88% could be achieved by using the CoBi2O2CO3 composite. From
these results it can also be concluded that cobalt-containing sam-
ples gave much higher TOFs than their manganese-based counter-
parts. It should be noted that the TOF of co-precipitated samples
were almost 4-times larger than those of the corresponding
impregnated ones clearly indicating the positive effect of the inter-
facial specimens generated during co-precipitation. Finally, from
the comparison of the TOF values it can be concluded that neither
the Bi(III) nor the 3d metal ion centers function as the active sites
by themselves as there are really high differences in the initial
activity of the bismutite supported catalysts. Indeed, cooperative
catalytic features are possible to be related to the as-prepared
composites. It is interesting to note that, in c-valerolactone as sol-
vent, the TOF values for the co-precipitated samples were found
very high, however, the selectivities and maximum yields were
lower Fig. S10.

After demonstrating that Bi(III)/TMOs-based composites effi-
ciently promote the oxidative conversion of benzylamine, we
investigated in detail how each part functions in the individual
reaction steps on which the reaction sequence was built.

To do this, the catalytic ability of pure Co3O4 (cobaltite) and Bi2-
O2CO3 (bismutite) samples as well as the Co-based cooperative cat-
alyst was tested as a function of time in both the oxidation reaction
of benzylamine and its oxidative coupling with 2-aminoaniline
(Fig. 10). In the absence of 2-aminoaniline, the commercial inor-
ganics showed moderate activity with exclusive selectivity for
the product benzyledenebenzylamine. However, the calculated
TOFs showed that the cobalt species had higher activity in this
reaction. The cooperative catalyst possessed higher activity with
the same selectivity as its individual building blocks. The observed
selectivities were due to the known instability/reactivity of the
benzylamine [74]. Despite all attempts, this phenomenon made it
impossible to study the oxidative coupling of benzylimine inde-
pendently. Instead of this approach, building blocks have been
studied in the coupling/annulation of benzylamine with 2-
aminoaniline. While 2-phenylbenzimidazole was produced almost
exclusively with the bismutite catalyst, every possible product was
detected when the reaction was carried out with cobaltite, but
their distribution varied over time. This probably means that the
reaction rate of conversion of benzylimine to 2-
(benzylideneamino)aniline is higher when the bismuthite catalyst
is used than when the reaction is catalysed by cobaltite.
of time in the oxidative coupling of benzylamine and 2-aminoaniline catalyzed by
uiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-aminoaniline, DMSO:H2O 1:9 (2 mL),
.



Fig. 10. Benzylamine conversion as a function of time in the oxidation reaction of benzylamine catalyzed by CoBi2O2CO3, Bi2O2CO3 and Co3O4 catalysts (A). Reaction
conditions: 1 equiv. (0.25 M) of benzylamine, DMSO:H2O 1:9 (2 mL), 2.5 (D)/10 mol% (B, C) of catalyst, 100 �C. Consumption of benzylamine and product distribution as a
function of time in the oxidative coupling/annulation of benzylamine and 2-aminoaniline catalyzed by Bi2O2CO3 (B), Co3O4 (C) and CoBi2O2CO3 (D) catalysts. Reaction
conditions: 1 equiv. (0.25 M) of benzylamine, 1.2 equiv. of 2-aminoaniline, DMSO:H2O 1:9 (2 mL), 2.5 (D)/10 mol% (B, C) of catalyst, 100 �C.
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Nevertheless, the consumption rate (TOF) of benzylamine was
higher in the cobalt-catalyzed reaction than in the bismutite-
promoted reaction. In the case of cooperative catalysis, a similar
product distribution was observed as in bismutite catalysis, but
the consumption rate of benzylamine observed was similar to that
of cobaltite. By taking into account all above results, it can be sup-
posed that the rate-controlling step of the reaction sequence corre-
sponds to the oxidation of benzylamine that may take place at the
cobalt-oxide centres on the surface of the cooperative catalysts,
considering the trend in the TOFs determined. Furthermore, in
the case of the composite catalyst, the coupling/annulation step
(s) would take place on the bismutite specimens.

After the oxidative transformations, active Mn- and Co-based
catalysts were separated from the reaction mixture by centrifuga-
tion followed by thorough washing steps using ethanol, water and
DMSO as well as their mixtures for purification. The separated and
washed samples were reutilized as catalysts in following runs
under the optimized reaction conditions. Upon using co-
precipitated samples, there was no significant decrease in the ben-
zylamine conversions for up to five runs (Fig. 11). The results also
indicated that after the first cycle the product distribution between
the oxidative coupling (3) and oxidative annulation (4) products
significantly changed and then reached a plateau value at around
2-phenylbenimidazole (4) selectivity of 65% in both cases in the
third cycle. Moreover, neither measurable leaching of any metallic
174
components (ICP-MS) nor structural changes in the isolated sam-
ples (XRD) from the fifth catalytic run could be identified any of
which would provide potential explanations for the changes in
the selectivity. However, ex situ XRD analysis also revealed that
the crystallinity of the host slightly decreased at the end of the
third catalytic run which may explain the mentioned changes in
selectivity by hindering the access of some of the active sites
(Fig. S11). In case of the application of the impregnated samples,
after three successive cycles the catalytic activity of the composites
decreased significantly (benzylamine conversion 13%, Fig. S12) and
redistribution of the products was observed. These are mainly due
to the leaching of the 3d metal-containing specimens as confirmed
by both ICP-MS and XRD analysis (Fig. S11). This quick degradation
led to the total washing out of both the manganese- and cobalt-
content from the samples at the end of the third cycle. This is prob-
ably because of the heterogenization mode that gives in these
cases weakly bonded 3d transition metal specimens on the surface
of the bismutite host and enables leaching of the transition metal
components without collapse of the host. Hot filtration experi-
ments showed that the oxidative transformation kept going after
the removal of the impregnated catalysts while those where co-
precipitated samples were used were stopped by the catalyst
removal (Fig. S13). In this latter case, the product distribution
was unchanged over time even after the catalysts were removed.
Accordingly, the heterogeneous nature of the reactions promoted



Fig. 11. Reusability of MnBi2O2CO3 (A) and CoBi2O2CO3 (B) in the oxidative coupling of benzylamine and 2-aminoaniline. Reaction conditions: 1 equiv. (0.25 M) of
benzylamine, 1.2 equiv. of 2-aminoaniline, DMSO:H2O 1:9 (2 mL), 10 mol% of MnBi2O2CO3 or 2.5 mol% of CoBi2O2CO3, 90 �C (A) or 100 �C (B) for 8 h.

Table 4
Scope of N-, O- and S-containing heterocycles production via oxidative coupling of benzylamine-derivatives and 2-amino /hydroxy /mercapto anilines over MnBi2O2CO3 and
CoBi2O2CO3 catalysts.

MnBi2O2CO3 (90 �C) CoBi2O2CO3 (100 �C)

# X = NH conversion of 1 (%) selectivity of 3 (%)1 selectivity of 4 (%)2 conversion of 1 (%) selectivity of 3 (%)1 selectivity of 4 (%)2

1 R = p-OMe 57 88 12 57 48 52
93* 33* 67* 97* 20* 80*

2 R = o-OMe 72 64 36 43 0 100
99* 17* 83* 79* 0* 100*
76** 59** 39** 48** 0** 92**

3 R = p-Cl 73 84 16 68 74 26
100* 23* 77* 91* 19* 81*

4 R = o-Cl 80 73 23 68 82 18
100* 15* 85* 95* 23* 77*

5 R = m-nitro 71 0 100 76 0 100
100* 0* 100* 100* 0* 100*

# X = O conversion of 1 (%) selectivity of 3 (%)1 selectivity of 4 (%)2 conversion of 1 (%) selectivity of 3 (%)1 selectivity of 4 (%)2

1 R = H 100 70 30 23 0 100
2 R = p-OMe 59 46 54 69 19 81

100* 19* 81* 100* 6* 94*
3 R = o-OMe 75 80 20 47 0 100
4 R = p-Cl 37 73 27 19 37 63
5 R = o-Cl 57 49 51 95 63 37
6 R = m-nitro 91 94 6 100 86 14

# X = S conversion of 1 (%) selectivity of 3 (%)1 selectivity of 4 (%)2 conversion of 1 (%) selectivity of 3 (%)1 selectivity of 4 (%)2

1 R = H 37 68 32 88 43 57
2 R = p-OMe 52 46 54 17 53 47

99* 22* 78* 45* 33* 67*
3 R = o-OMe 79 80 20 50 0 100
4 R = p-Cl 31 77 23 68 50 50
5 R = o-Cl 74 99 1 62 0 100
6 R = m-nitro 39 100 0 83 99 1

1 cross-coupled imines and their isosteres.
2 benzimidazoles and their isosteres.
* subsequent reactions: Mn: 90 �C for 8 h + 110 �C for 4 h and Co: 100 �C for 8 h + 110 �C for 4 h.
** subsequent reactions without catalysts.
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by CoBi2O2CO3 and MnBi2O2CO3 have been proven. Taking into
account the high catalytic activity and recyclability of the co-
precipitated cooperative catalytic systems, it can be revealed that
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these materials are competitive and attractive oxidative cou-
pling/annulation catalysts compared to benchmark catalysts
reported earlier (see Table S1). By using bismutite-based coopera-
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tive catalysts, high reaction rates and excellent chemical selectivi-
ties were achieved under mild reaction conditions (t = 8 h,
T = 90 �C, ambient air as oxidant) and in environmentally-
reliable solvents (DMSO:H2O 1:9 or c-valerolactone). Moreover,
no additives or inorganic bases were necessary and the heteroge-
neous catalysts could readily be reused and recycled.

Importantly, both cooperative catalysts showed high versatility
to promote oxidative transformations of diversely substituted ani-
lines and benzylamines (Table 4). In most of the cases, under the
well-established reaction conditions, catalytic processes offered
the oxidative coupling product with high selectivity (64–88 %)
and good conversion (37–100 % after 8 h) without the appearance
of the undesired self-coupling product of the benzylamines. In
cases of ortho-methoxy- and meta-nitro-substituted benzylamines,
exclusive formation of the corresponding annulation product was
detected. Importantly, the manganese(II) and cobalt(II) catalysts
were not limited to 2-aminoaniline couplings. 2-Aminophenols
as well as 2-aminobenzenethiols were readily transformed in the
presence of various substituted benzylamines under similar reac-
tion conditions affording the corresponding benzoxazoles and
benzothiazoles.

The selectivity results may further indicate that the catalytic
ring-closing reaction step for the production of benzimidazole
derivatives and their isosteres were substantially controlled by
the reaction temperature used. To verify our hypothesis, a
temperature-programmed reaction sequence was then introduced.
Repeating the reactions in such a way that the 8-hour-long step at
90 (Mn-based catalysts)/100 �C (Co-based catalysts) was followed
subsequently by a 4-hour-long step at 110 �C, the ring-closing also
took place, providing the annulation products. It should be noted
that at 110 �C, practically pure DMSO as a solvent was left behind
at the end of the reaction. Indeed, by numerous benzylamine ana-
logues, both oxidative coupling product and oxidative annulation
product could be produced with controlling the selectivity by the
temperature program. To exclude the possibility for occurring the
ring-closing via (non-catalytic) thermal way, in some cases, this
second step was rerun after the elimination of the catalysts from
the reaction mixtures. Thereby, there were no significant changes
in either in the conversions or in the selectivities compared with
the original ones, reflecting the catalytic character of this second
step.
4. Conclusions

From the results presented herein, it can be concluded that
Lewis acid sites of the Sillèn-type bismutite framework are effec-
tively promoting the oxidative cross coupling and/or oxidative
annulation reactions of anilines with amines. This bismutite struc-
ture is the first reported bismuth-based compound with heteroge-
neous features that is able to promote oxidative CH/NH
annulations, with avoiding the undesired homocoupling of benzy-
lamines. Commercial transition metal oxides, especially cobalt and
manganese oxides with well-defined stoichiometry (i.e., MnO2,
Mn3O4 and Co3O4) were also found to be useful for oxidative trans-
formations exhibiting exclusive selectivity for annulation products.
To build cooperative catalysts that outperform the catalytic effi-
cacy of its building blocks, wet impregnation and co-
precipitation were then introduced which provided hierarchically
ordered (nano)composite structures, having anchored metal oxide
species (Ni(II), Mn(II), Co(II)) immobilized via interactions of differ-
ent strengths on the bismutite surface. More probably, weak, elec-
trostatic bindings have evolved between transition metal oxides
and the surface upon using impregnation method while co-
precipitation led to the formation of strongly bonded oxides on
the surface of the host. To this latter interaction, the generation
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of the interfacial sites (identified by spectroscopic technique) could
contribute. On the interface, Bi–O–M�like (where M is a 3d metal)
specimens were generated during the co-precipitation. By applying
the as-prepared composites as catalysts, a useful combination of
the catalytic ability of the building blocks was observed, giving a
significant increase both in the conversions and in product selec-
tivities. Besides the main role of the surface anchored metal oxides,
the cooperative features of the Lewis acid and charge valuable sites
could be also demonstrated, creating first cooperative Lewis acid/-
transition metal catalyzed C–H/N–H annulations. By generating
the interfacial sites, the catalytic activity and the selectivity of
the composites could be further enhanced without changes in
the stability of the catalysts. By systematically altering the solvents
and/or the reaction sequence used, selective formation of cross-
coupled imines and benzimidazoles were achieved. 2-
Aminophenols as well as 2-aminobenzenethiols were also readily
transformed resulting valuable benzoxazoles and benzothiazoles.
The 3d metal oxide nanoparticles that interact strongly with bis-
mutite surface (resulting in MnBi2O2CO3 and CoBi2O2CO3) proved
to be recyclable. These compounds could function under mild reac-
tion conditions in environmentally-reliable solvents in the pres-
ence of ambient air as the simplest possible oxidant.
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