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Antimony is a fifth-period element in the nitrogen family, a silver-white

metalloid with weak conductivity and thermal conductivity. It is stable at room temperature @\'&“S‘S E/e%oo
and does not react easily with oxygen and water in the air. Natural minerals are found in the Q@‘o ! cvesho, %%\
form of sulfides. Current research and applications are mostly concentrated on material e S
modification, utilizing the properties of antimony in traditional chemical industries, helping CNSbx,elc.  Sb/Bi elc
alloys improve their flame retardancy, stability, increasing semiconductor performance, etc. For - [T |
example, to enhance the electronic conductivity, after coating or embedding antimony or its - A Ll 3
derivatives in thin layers in photonic nanomaterials, the performance of the original material in G Culh.ete P
photoelectrochemical catalysis can be effectively increased, thereby expanding the efficiency of 62% SHOTNG, &
oxidation—reduction reactions accounting for the degradation of organic matter in wastewater. Y ~ V»g
However, the catalytic reaction between the derivatives of antimony and organic compounds By, elcomplex B &
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N
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beside the material is less studied, and the mechanism of the studies in organic synthesis is "180us i organic ¥

relatively unclear. The reported organic synthesis related to antimony is mainly in the form of
Lewis acid catalysts or dual-metal catalytic systems combined with other metals. This Review will focus on the application of
antimony in photocatalysis, electrocatalysis, and other organic syntheses in the past 10 years.

antimony, photocatalysis, electrocatalysis, water splitting, organic synthesis, Lewis acid catalyst, dual catalysis,
bimetallic catalysis, antimony oxide, antimony complex

may be less acidic than the corresponding antimony halides,
they exhibit excellent stability to water and oxygen, coupled
with high Lewis acidity and relative stability.” Examples include
antimony triphenyl (V) pentafluorobenzenesulfonate and
perfluorinated octanesulfonate, both showcasing exceptional
hydrolysis resistance and thermal stability."’

Research has demonstrated that pure antimony oxide
exhibits relative inertness and significantly influences catalyst
activity.'' Furthermore, antimony plays a crucial role in the
structural stability and functionality of numerous crystal
structures reported in the literature.'”

Antimony and its derivatives can be used as catalysts;
meanwhile, they also have a wide range of other applications,
such as antimony selenide, which is common in solar cells,
photodetectors, battery electrodes, and memory devices."
Two-dimensional antimonene quantum dots with high photo-
thermal conversion efficiency have been used as novel near-
infrared photothermal agents for effective cancer treatment in
the biomedical field."*"> Antimony chloride can be used for
information anticounterfeiting, encryption decryption, and

The term “pnigogen” was originally coined by van Arkel in the
Canadian Journal of Chemistry in 1961 to describe the
elemental forms of group 15 elements. By around 1990, this
term evolved into “pnicogen” or “pnictogen”.’ Until the revised
inorganic nomenclature was proposed in 2005, TUPAC
referred to group 15 elements and their compounds as
“phosphorus elements” and “phosphorus compounds”, respec-
tively.”

Lately, there has been growing desire to employ group 15
reagents as catalysts.” Antimony (Sb), which belongs to group
15, is commonly found in trivalent Sb(III) and pentavalent
Sb(V) forms.* Group 15 elements, such as phosphorus,
arsenic, antimony, and bismuth, can serve as donor atoms.
The interaction known as the antimonic bond or nitrogen
group element bond (PnB) involves a o-hole interaction
between an electron-deficient area on the surface and a
nucleophile (electron-rich acceptor).” This type of interaction
enables reactivity that is different from that observed in
traditional Lewis acid catalysis.”

Antimonides, characterized as strong Lewis acids, have
found applications as catalysts or reagents in various organic
reactions. Experimental evidence indicates that SbCl; exhibits
higher chloride ion affinity than BCl;, indicating its superior
Lewis acidity.” However, the corrosive nature of antimony
halides, such as SbCl;, has led to the development of modified
antimony derivatives with substituents. While these derivatives
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logic gate construction, having potential application value in
the fields of anticounterfeiting and encryption.'®

In this Review, we explore the historical aspects of antimony
and provide an overview of the research progress concerning
constructed antimonides and their derivatives as catalysts
(Figure 1), spanning the period from 2014 to 2024.
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Figure 1. Antimony derivatives.

In recent times, there has been increasing focus on the role of
photocatalysis in advancing environmentally sustainable syn-
thesis techniques.'” Photocatalysis involves the utilization of
metal comglexes activated by visible light as catalysts in organic
synthesis."” The application of metal-based photocatalysts in
organic chemistry was validated in the late 1970s, and
significant advancements have been made in the past 15
years, leading to the construction of synthesis methods for
numerous molecules and products.'” Common visible-light
catalysts include metal oxides like TiO,° and polypyridine

complexes of ruthenium and iridium such as Ru(bpy);** and
[Ir(tpy) (R-ppy)Cl] (Figure 2).>"**

Despite these progressions, issues like the limited spectral
response range of TiO, and the energy requirements for light
or heat have constrained the photocatalytic effectiveness and
applicability of certain catalysts.”>”>° In recent years,
antimony-based photocatalysts have garnered growing atten-
tion for their superior photocatalytic activity compared to
TiO,.*°

For example, Guo and colleagues developed a photocatalyst
by doping Sb into TiO, and used a fluorescent probe,
terephthalic acid, to assess its effectiveness. The incorporation
of Sb into TiO, lowered the energy barrier for bond formation,
facilitating easier radical initiation compared to pure TiO,.
This modification extended the absorption spectrum, from UV
to visible light, and strengthened the photocatalytic perform-
ance.”” Zhou and colleagues used the scraper method to
fabricate a mesoporous composite film of titanium dioxide
(TiO,) and antimony-doped tin oxide (ATO) on a titanium
plate matrix. Under ultraviolet light, methylene blue was
selected to probe the degradation. It was found that the
coating ratio had a significant effect on the testing of the
photoelectric effect. In the experiments, different proportions
of ATO nanoparticles mixed with TiO, were used to prepare
composite films, which were tested for their photocatalytic
properties. The results showed that the photocatalytic
performance of the composite films significantly improved
with the increase of the ATO ratio. When the proportion of
ATO was 10%, the degradation rate of the composite film
reached 94%, while the degradation rate of the pure TiO, film
was only 41.2%. This indicates that the addition of ATO
nanoparticles can significantly improve the photocatalytic
activity of the composite films. It was also found that the
charge transport and transfer properties of the composite films
improved as the ratio of ATO was increased. The charge
transport resistance (R,) and interfacial charge transfer
resistance (R;) of the composite films decrease with increasing
ATO ratio, indicating that the introduction of ATO nano-
particles contributes to the improvement of charge transport
and transfer rates (Figure 3).”"

In 2017, Nakata and his team developed a Rh—Sb codoped
SrTiO; photocatalyst (STO:Rh,Sb). The inclusion of
antimonate significantly hindered the formation of the Rh*'
composite center in STO. Additionally, the photocatalytic
degradation of acetaldehyde demonstrated that the photo-
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Figure 2. Ruthenium polypyridyl complexes and iridium polypyridyl complexes: versatile visible-light photocatalysts.
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Figure 3. Scheme of the photoelectrocatalytic process with and
without ATO.

catalytic efficiency of ground STO:Rh,Sb was superior to that
of ground STO without antimony doping.”

Chen and co-workers conducted a photocatalytic breakdown
experiment of rhodamine B (RhB) and discovered that Sb-
doped (BiO),CO; nanosheets exhibited a notable increase in
photocatalytic activity compared to pure (BiO),CO; nano-
sheets. This enhanced activity was credited to a larger surface
area and a faster electron transfer rate.’’ Li and colleagues
found that in the process of the photocatalytic breakdown of
RhB, the accumulating concentration of eOH radicals was
dependent on the form of BaSb,O4 The form of BaSb,O4
greatly affected the photocatalytic activity. The authors
compared the marigold-flower-like BaSb,O4 (M-BaSb,Og),
rose-flower-like BaSb,0¢ (R-BaSb,Og), and ground samples of
these two forms, demonstrating the active species in the
photocatalytic process.”’

The following year, He’s group investigated how Sb(III)
photooxidation occurs with various Fe(IIl) species and
discovered that at pH 1—3 the primary oxidants for Sb(III)
oxidation were ®OH and eCl,” radicals. According to the
control experiment results, the ®OH radical dominated the
redox process. With the accumulation of OH™, the aqueous
condition changed to be basic, and during this stage an
electron transfer happened between Sb(III) and Fe(III),
leading to the formation of Fe(II). The findings illustrated
that the geochemical cycling of Sb(III) in aquatic systems
heavily depended on various sources of Fe(III).*

Feérid’s group employed Sb-doped ZnO nanocrystals (NCs)
to enhance visible light absorption of ZnO-NCs. By using RhB
as probes, Sb-doped ZnO NCs promoted hydroxyl radical
generation and improved the photocatalytic reaction rate.”
Torres-Martinez’s group designed a SrZrO;—Sb,0O; hetero-
structure that demonstrated 30% higher activity than SrZrO,
due to effective charge separation and transmission at the
heterostructure interface. In application exploration, they used
it to deal with water splitting and the degradation of biohazard
tetracyclines.”*

In 2018, Zamora’s group created a sandwiched form of
heterostructures with carbon nitride and antimonene flakes,
which improved light absorption and charge separation and
exhibited higher photocatalytic activity in organic pollutant
degradation.” Mohamed and co-workers prepared silver-
doped Sb,0; nanocomposites to prepare aniline via the
photoredeox reaction of nitrobenzene. They discovered the
enhancement of photocatalytic activity due to a reduction in

the band gap and the extended lifetime of electron—hole
pairs.‘?’6

To enhance the photocatalytic activity of Sb,O;, Riaz and
co-workers tried to combine Sb,0; with poly(o-phenylenedi-
amine) (POPD) to form nanocomposites through in situ
oxidation polymerization. The screening results showed that
Sb,0; loaded with 24% POPD had higher thermal stability
than pure Sb,O; and also showed good photocatalytic
activity.37

Kokabi’s group studied the single-layer antimonene nano-
sheets and found they exhibited photocatalytic properties
across the entire pH range.’”® Both armchair and zigzag
directions were explored, and the armchair edges were more
chemically active. The maximum number of atoms was up to
388. In the application of water splitting experiments, both
morphologies of nanosheets had great potential to be
promising photocatalysts.

Antimony’s influence on photocatalytic properties extends
beyond just improving photosensitizers; it also affects other
nonphotocatalytic reagents. In 2021, Dai’s group developed an
ultrathin van der Waals heterostructure of antimony/graphitic
carbon nitride (Sb/g-C;N,) to facilitate carbon dioxide
reduction. The photocatalytic performance showed that this
heterostructure enhanced CO, activation due to its increased
specific surface area, resulting in a higher CO production rate
compared to pure g-C;N,. The mechanism was that Sb/g-
C3N4 improved the transfer and separation efficiency of
interfacial charge carriers, and the photogenerated electrons
were transferred to the g-C3N, conduction band during
photocatalysis, with holes remaining in Sb. The electrons
further reduced the CO, adsorbed on the catalyst surface to
form CO, while the heterostructure of Sb/g-C;N, promoted
the desorption of the product and maintained the stability of
the catalyst.”> Zhai and colleagues explored using carbon
vacancies to modify the electronic configuration of antimony
atoms on carbon nitride (C;N,) and investigated the charge
transfer process. Their density functional theory (DFT)
calculations revealed a strong electronic interaction between
Sb atoms and the carbon-rich vacancy C;N,, which helped
maintain the electron-rich state of the Sb atoms and promoted
photocatalytic oxygen reduction to produce H,0,. Their
findings highlighted the importance of geometric and
electronic configurations at the material interface for oxygen
absorption and activation, supporting Dai’s conclusions.” In
2023, Naveed’s team pyrolyzed antimony sulfide (Sb,S;)
nanorods using various plant oil capping agents, which
demonstrated effective photocatalytic degradation of Janus
Green (JG) and Rose Bengal (RB) with a degradation rate of
up to 99.9%. Additionally, the activity of these nanorods
remained optimal even after multiple usage cycles.”'

In 2023, Xiao and colleagues presented antimony-
substituted violet phosphorus (VP-Sb) as a photocatalyst for
hydrogen evolution, showing improved stability and reduced
carrier recombination.”” Mani and his team developed a
composite material of rod-shaped a-Ag,WO, (n-type)
modified with Sb,S; (p-type) chalcogenide. The inclusion of
Sb,S; extended the visible light absorption of the composite
compared to that of pure a-Ag,WO,. During photocatalytic
degradation of methylene blue (MB), rhodamine B (RhB), and
methyl orange (MO), the 25 wt % Sb,S;/a-Ag,WO,
nanocomposite demonstrated the highest photocatalytic
degradation efficiency, suggesting its potential for treating
organic pollutants in industrial wastewater.*’ Since molybdate
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and tungstate are in the same periodic table group and share
similar chemical and physical properties, modifications
effective for tungstate may also apply to molybdate.
Consequently, Imran’s team synthesized Sb-doped cerium
molybdate, which showed enhanced dielectric properties and
photocatalytic activity, achieving a higher degradation rate
compared to diclofenac potassium.

In 2024, Imran and co-workers doped different concen-
trations of antimony (Ce,_,Sb,FeO;, 0.00 < x < 0.09) in
CeFeO; via a coprecipitation technique to improve the
photocatalytic efficiency of CeFeOj;. With increasing antimony
concentration, the photocatalytic degradation performance of
Ce,;_,Sb,FeO; tended to be stable, and the degradation rate of
diclofenac potassium gradually increased. As a result,
Ce(93Sbgo,;FeO; shows the best photocatalytic activity
(Table 1).*°

Table 1. Efficiency of Photocatalytic Degradation of
Potassium Diclofenac

photocatalyst photodegradation
CeFeO; 73.10%
Cey.99Sbg 0 FeOs 75.70%
Ceg97Sbo.03FeO; 76.30%
Cey.95Sbg 0sFeOs3 77.00%
Ce.935bo.07FeO; 80.50%
Cey.91SbggoFeO; 75.40%

Gong and colleagues constructed a 3D/2D-hollow compo-
site structure in situ to generate Cs;Sb,I; nanosheets on ZnTe
microspheres. In such a stable catalyst, Te—Sb bonds improved
the contacting strength at the heterojunction interface and
effectively promoted charge separation. Compared to using
pure ZnTe and Cs;Sb,], in photocatalytic CO, reduction, the
selectivity for CO production catalyzed by the new composite
was significantly higher (from moderate to excellent).*

Antimony-based photocatalysts can effectively degrade
toluene, rhodamine, and other compounds and reduce
environmental pollution. However, the recovery and large-
scale preparation of antimony-based photocatalysts are still
bottlenecks restricting their industrial applications.

Electrocatalysis, an amalgamation of electrochemistry and
homogeneous or heterogeneous catalysis, stands out as a
method that enhances the efficiency and sustainability of
chemical synthesis, facilitating the generation of novel
molecules not easily accessible through conventional
means.”’ In recent years, two-dimensional (2D) materials
have become potential candidates in the realm of energy
storage and transformation due to their substantial layer
spacing, extensive specific surface area, and ample reactive
surface and edges.” Antimony, identified as a 2D semi-
conductor with noteworthy carrier mobility, an appropriate
band gap, and robust spin—orbit coupling, has garnered
attention.

In 2014, Zeng’s group reported the discovery of antimonene,
a two-dimensional material that features a band gap of 2.28 eV
and behaves as an indirect semiconductor. This property
enabled the synthesis of additional semiconductor materials in
the presence of group 5 elements.”” Wang and colleagues
successfully prepared single-layer antimonene on a PdTe,
substrate in 2016, highlighting its substantial band gap and

exceptional stability and suggesting its potential application in
nanoelectronic devices.”

In 2018, Ebenso’s team discussed nanocomposites (AONP-
PANI-SWCNT) incorporating antimony oxide nanoparticles
(AONPs), with polyaniline and acid-functionalized single-
walled carbon nanotubes (PANI-SWCNTs) serving as
supporting materials. In comparison to other glassy carbon
electrode complexes, AONP-PANI-SWCNT demonstrated
superior electron transport and increased electrical activity.
For the electrocatalysis of lindane, the GCE-AONP-PANI-
SWCNT electrode showed high sensitivity for detecting
lindane even amidst various organic and inorganic interfering
substances.”'

In 2022, Cheng and his team reported on the electrocatalytic
nitrogen reduction reaction (NRR) using a few-layer
antimonene electrocatalyst in an aqueous K,SO, electrolyte.
Density functional theory (DFT) calculations demonstrated
that the nitrogen reduction reaction (NRR) kinetics were
enhanced by the active edges and the adsorption of hydrated
potassium cations on antimonene. The main side reaction
accompanying NRR is the hydrogen evolution reaction
(HER). Antimony complexes and antimonate have also been
demonstrated utility as catalysts in HER.>>

Materials in thin layers exhibit better catalytic capacity, such
as two-dimensional materials, which have more potential in
applications than three-dimensional bulk materials. In 2017,
MacFarlane’s team proposed a composite of Sb nanosheets
and graphene and detailed the synthesis of few-layer
antimonene nanosheets (SbNSs) from bulk Sb crystals using
the cathodic exfoliation method. These nanosheets were
shown to be effective catalysts in the reduction of CO, to
formate.”>® The practical catalyst was generated in situ; hence, it
could afford large-scale processing. In 2019, Qi and co-workers
utilized the high catalytic efficiency property of few-layer
nanosheets and further revealed the preparation of another
kind of nanometer-sized antimony, antimonene nanosheets,
which had a high specific surface area that increased the
number of active sites and a two-dimensional structure that
increased the speed of electron transport. The structure of the
antimonene nanosheets was optimized to better absorb light
energy to promote light-driven water decomposition, with the
material demonstrating efficient hydrogen and oxygen
evolution reactions under alkaline conditions, identifying it as
a catalyst with significant potential for water decomposition.”*

Wang and colleagues revealed that the mixture of antimony
doped tin oxide (ATO) combined with carbon nanotubes
served as the support for a palladium catalyst (Pd/ATO-
CNTs). In the electrooxidation of formic acid, the Pd/ATO-
CNTs catalyst demonstrated significantly greater activity and
stability compared with the Pd/CNTs catalyst. One of the
reasons was that antimony-doped materials produced a large
number of oxygen vacancies, making formic acid easier to
oxidize.> Antimony-doped metal oxides are very promising
catalysts for electrocatalytic oxidation as cocatalysts for Pt.

Abe’s group synthesized a Pt/NaSb;O, nanocrystal catalyst.
The higher activity of Pt/NaSb;O, in the electrocatalytic
oxygen reduction reaction (ORR) under acidic conditions,
compared to cutting-edge Pt-modified TiO, or carbon
catalysts, is likely due to the enhanced electron transfer
between Sb cations with different valence states. (Scheme 1).%°

Christensen and colleagues detailed the electrocatalytic
ozone generation model using Ni and Sb codoped SnO,.
They found that without Ni, Sb-doped SnO, could not
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Scheme 1. Electron-Hopping Model for the Enhanced ORR
Activity of Pt/NaSb;0,

a) electron hopping
NaSb;0, : j
b) no electron hopping

generate ozone electrocatalytically, highlighting a synergistic
interaction between Ni and Sb. Sb(V) enhanced the electronic
conductivity of SnO,, while the incorporation of Ni(II) created
oxygen vacancies that facilitated the dissociation of adsorbed
molecular oxygen into single oxygen atoms at the Sb(III) sites.
These atoms then reacted with adsorbed hydroxyl molecules to
form ozone.”” To address the issue of the short service life of
SnO,-Sb electrodes in wastewater degradation, Zhang and
colleagues developed a Nb-TiO, nanotube (Nb-Ti/Nb-TiO,-
NTs/ATONPs) electrode for the electrocatalytic degradation
of Acid Red 73. They found that the electrochemical oxidation
performance of Nb-Ti/Nb-TiO,-NTs/ATONPs surpassed
that of Ti-based electrodes with an energy consumption
reduction of 28.8%. The loading of Nb—TiO, nanotubes
created channels for mass transfer, leading to the improvement
of the adsorption capacity and charge transfer efficiency of the
novel composites.*®

In 2023, Li and his team fabricated Sb-doped SnO,/Ti
electrodes and studied their effectiveness in the electrocatalytic
degradation of RhB. The degradation rate of the electrode
reached 99.1% after 150 min in an alkaline medium via the Sb-
doped electrode. This kind of electrode showed high stability
and repeatability and initiated hydroxyl radicals (¢OH) to
react and to decompose RhB in alkaline solution. The
degradation intermediates of RhB were identified using
HPLC-MS, which allowed for the hypothesized de 9gradation
pathway of RhB to be proposed (Scheme 2).°° In the
electrocatalysis process, the hydroxyl group adsorbed on the
electrode surface will not only generate ®OH to degrade RhB
but also form Sn—OH with Sn. ®OH can also promote the
conversion of Sn—OH to SnO,, thereby restoring the activity
and stability of the electrode. The presence of Sb provides
additional free electrons for SnO,, narrows the band gap of
SnO,, and makes the electrode more inclined to produce «OH
than the electrode with O,.

In 2017, Zhu et al. applied a sol—gel method to coat nano-
Sb-doped SnO, (Sb-SnO,) onto a polyporous coal-based
carbon film (CM). The Sb—SnO, was evenly distributed
across the CM surface and securely bonded through C—O—Sn
chemical bonds, which improved the stability of the coating.
The resulting Sb-SnO,/CM exhibited a high oxygen evolution
potential (OEP), strong electrocatalytic activity, and durability.
It also retained excellent conductivity, leading to better
electrocatalytlc degradatlon of tetracycline compared to the
uncoated CM.*’

In 2018, Yu et al. developed an Sb—Ni cyanogel by reacting
SbCl; with K,Ni(CN),. This cyanogel was subsequently
reduced to create a 3D Sb—Ni alloy framework, resulting in
a consistent Sb—Ni—C ternary anode. The Sb—Ni—C anode,
enhanced with two-dimensional reduced graphene oxide

Scheme 2. Possible Electrochemical Degradation Pathways
of RhB
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(rGO) carbon, exhibited excellent durability and effectively
mitigated the problem of substantial volume expansion during
operation.61

In 2022, Nerskov’s group developed antimonate (MSb,O,
M = Fe, Co, Ni, and Mn) with commendable electrical
conductivity, thermodynamic stability, and aqueous stability in
basic conditions (pH = 13). The study highlighted that
MnSb,04 proved to be the most efficient catalyst for
facilitating the oxygen reduction reaction. Additionally, it was
found that antimonate could function as a framework to
modify the catalytic properties of transition metal oxides,
including NiO.®* In 2023, Kang and co-workers enhanced the
efficiency and stability of antimony oxide on the surface of Pt
nanoparticles (SbO,-Pt) in the electrochemical glycerin
catalytic oxidation reaction (EGOR). The deposition of
SbO, changed the absorption of the Pt electrocatalyst.
Compared to Pd/C, the modified catalyst had high select1v1ty
for the production of dihydroxyacetone and a high cyclo-rate.®
Huang and colleagues created ultrathin antimony oxide-coated
Ir—Sb nanowires (Ir—Sb NWs/SbO,) as highly effective
bifunctional catalysts for the hydrogen oxidation reaction
(HOR) and hydrogen evolution reaction (HER) under
alkaline conditions. Compared with Ir NW/C and commercial
Pt/C, the Ir—Sb NW/SbO, nanowires displayed superior
catalytic performance. The study highlights that the ultrathin
structure and the presence of Sb sites occupied by H,O
enhance the inherent catalytic activity of Ir and significantly
improve OH* absorption during alkaline HER/HOR elec-
trolysis. In addition, the protection brought by the SbO layer
further prevented poisoning from carbon monoxide.®

In 2021, Hisaeda’s group synthesized and characterized the
novel porphyrin antimonate complexes Sb(III)OEPo and
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Scheme 3. Synthesis of Porphycene Antimony Complexes
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Sb(V)OEPO-Br, (Scheme 3). The hydrogen evolution
reaction was driven by the reduction of the antimony
porphyrin at the center of the ligand, and the redox property
of the porphyrin allowed antimony to act as the central
element of the complex caused by the anodically shifted
condition.”®

In 2024, Si and colleagues first explored the use of an
antimony corrole in HER. They prepared three novel
antimony corroles featuring nitro groups located at the
ortho-, meta-, and para-positions of the 10-phenyl group
(Figure 4a). The hydrogen evolution reaction (HER)
performance of these corroles was assessed in acetonitrile
and a neutral buffer solution (Vppgp/Viao = 1:2). Both solvents
demonstrated significant electrocatalytic HER activity,
although the activity tended to diminish from 3 to 5. They
proposed that the catalytic process for antimony involves the
assistance of two proton sources: TFA and TsOH (Figure 4b).
The proposed mechanism includes the antimony corrole
complex binding two protons, followed by the release of
hydrogen gas.*®

In 2017, Crabtree’s team developed a range of antimony
porphyrin complexes, and TPSb(OH), was extensively
examined to confirm its catalytic effectiveness. Density
functional theory (DFT) results demonstrated its potential as
a proton reduction catalyst.”” Conversely, Cheng’s research
indicated that potassium cations hindered proton movement
within the interfacial water layer, thus prioritizing nitrogen
reduction reactions (NRR) over hydrogen evolution reactions
(HER).>?

Meanwhile, Zhou’s team synthesized a novel complex salt by
combining an organic hybrid dysprosium cation with
chalcogenidoantimonate as the counterion. This complex was
produced by reacting Sb, Se, DyCl;, and triethylene tetramine
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Figure 4. (a) Structures of the three antimony corrole complexes. (c)
Proposed catalytic cycle of HER with Sb corroles.

(teta) at 170 °C for a week. The researchers then assembled
Ni/SbSe-1@AB/NF electrodes by integrating SbSe-1 with
acetylene black (AB), nickel nanoparticles, and porous nickel
foam (NF). These electrodes were utilized as electrocatalysts
for the oxygen evolution reaction (OER), showcasing excellent
catalytic performance due to the combined effects of SbSe-1,
AB, and nickel nanoparticles (Figure 5).°

Ma’s team successfully developed a carbon-supported Sb/Bi
bimetallic composite for electrocatalytic CO, reduction. They
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¢

Figure 5. 3D structure of [Dy(teta),][SbSe,].

discovered that the addition of a small amount of Sb improved
both the stability of the electrode and the selectivity for
formate production in Bi-based materials. The presence of Sb
notably reinforced the physical structure of the carbon spheres
on the surface of the composite and effectively prevented their
dissolution, thus reducing the degradation of Bi materials.””

Olah et al. proposed that fluoro-antimonic acid represents a
robust Lewis acid, with its acidity reaching Hy, = —28 in the
case of 1:1 HF/SbF;. It was even stronger than Magic Acid
(HSO,F/SbF, Hy = —15.1). The replacement of SbF; with
other Lewis acids tended to diminish the acidity. Fluoro-
antimonic acid, characterized as a potent Lewis acid, could
protonate supersaturated hydrocarbons and readily protonated
(or coordinated with) unbonded electron pair donors. The
broad protonation scope underscored the capacity of antimony
to represent an extrgmely strong Lewis acid.”

In 2014, Gabbai’s group synthesized antimony triflate
derivative 5 and stibonium borate salt [Sb(C4Fs),][B(C4Fs),]
6 starting from SbCI(C¢F;), 4 (Scheme 4a). Ion-pair complex
6 exhibited rather strong Lewis acidity, which could even
attract a fluorine anion from [SbF]~ and [BF(C4F),] ™. It was
applied in the polymerization of THF and the hydro-

Scheme 4. Synthesis of Antimony Lewis Acid Derivative and
Application of Hydrosilylation of Benzaldehyde
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defluorination reaction of fluorothane, showcasing its robust
Lewis acid character. The tetrahedral arrangement of the Sb
center hinders approach of the nucleophile, contributing to its
stability even in air conditions. Basically, in the preliminary
exploration of stibonium borate salt complex, it had great
potential in replacing reagents with Lewis acidic functions in
more reactions.”' In 2016, Gabbai’s group continued to
construct novel stibonium structures. This time, they utilized
[1,2-(Ph,MeSb),CH,1**([7]**) to prepare [7][OTf], and
[7]1[BE,], (Scheme 4b), revealing its potential ability in
double-activation of the carbonyl functional group under mild
conditions. In the selected reaction model, stibonium salt was
designed to catalyze the hydrosilanization of benzaldehyde
(Scherne.fk:).72

Gabbai and colleagues prepared another fluorinated
stiborane derivative with Lewis acidity close to that of
B(C4Fs);. They selected Sb(C4Fs); as starting material to
react with o-chloranil, and then the designed product
Sb(C¢Fs)3(0,C4Cl,) was obtained efficiently in high purity.
They found the novel Lewis acid could react with phosphines
to access frustrated Lewis pairs (FLPs). With the reaction
property in hand, they continued to utilize o-C4H,(PPh,)-
(SbCl,) to synthesize a FLP with a strong intramolecular
interaction by mimicking the same preparation method
(Scheme S). The closer distance increased the interaction
between P and Sb, which made the complex significantly inert
to water. Hence, the ambiphilic FLP was successfully applied
to reaction of formaldehyde in aqueous solution, demonstrat-
ing the novel FLP with strong Lewis acidic energy and water
tolerance had a wide range of applications.”

To increase the Lewis acidity of the antimony cation, Gabbai
devised and incorporated a second cationic center, finding that
bicationic derivatives showed the highest catalytic efficiency in
the reduction of quinoline by Hantzsch ester (Scheme 6).”
The parallel comparison result showed that the stibonium ion
had stronger Lewis acidity than the phosphonium ion. Thus,
distibonium complex 13 gave the best performance in the
hydrogenation reaction._

Most recently, Gabbai’s group discovered that S-phenyl-5,5-
dichloro-4°-dibenzostibole 14 displayed higher Lewis acidity
than Ph;SbCl, and Mes;SbCl,. By imposing geometric
constraints, 14 demonstrated enhanced performance and
served as a catalyst for the reduction of quinoline and imine
(Scheme 7).”* The authors conducted DFT calculations to
reveal the relationship between function and structure. In their
study, compared to Ph;SbCl,, the five-membered heterocycle
ring constructed within the antimony center changed the
geometry of complex and left a larger o-hole in the equatorial
orbital. Consequently, the Lewis acid had more contact with
the substrates and showed better catalytic performance. To
date, Gabbai’s group has ceased merely creating and studying
new structures of antimony reagents. They observed the
working principles of antimony complexes as Lewis acids and
applied them in various reactions. Due to antimony’s high
Lewis acidity, they explored the use of organic antimony
compounds as new platforms for trapping, sensing, and
transporting anions, of which encoding a photophysical
response and transporting an anion across the biological
phospholipid membranes were promising.”

The two-centered Lewis acid gained success and attracted a
lot of attention from chemists. Gabbai’s team prepared various
antimony cations and assessed their catalytic effectiveness in
cycloaddition reactions involving isocyanates and oxiranes. The
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Scheme §. Preparation of Ambiphilic Phosphino-stiboranes

pphi Pph,

2 C:,F}LI

-78°C

SbCl; SbArs;

Ph Ph
0-0,CCl P ‘l:' .
- ' O ‘ ’
Sb
Ar, 0 [ Cl
Ar Cl

Ar = Ph or Ar = C4Fg

Scheme 6. Mono- and Bicationic Phosphorus and Antimony Lewis Acid Derivatives and the Hydrogenation of Quinolines

Catalyzed by Different Distibonium Complexes
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Scheme 7. Solid-State and Solution Structure of 14 and its
THF Adduct Used in Transfer Hydrogenation Reactions
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lower catalytic activity of antimony ions (19* and 20%) can be
ascribed to the contribution of nitrogen atoms from the
intramolecular dimethylamino group due to the reduction in
Lewis acidity caused by the antimony atom. The bulky
antimony ion (16*—18") as well as the electron-rich isocyanate
increase the regional selectivity of the reaction, which is best at

20

catalyst 18" in favor of the 3,4-isomer (A). Finally, without the
presence of the Sb catalyst, the reaction proceeded slowly and

produced only B as the main product (Scheme 8).”°
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“(a) Various tetraarylstibonium ions. (b) Antimony ion-catalyzed
cycloaddition reaction between propylene oxide and phenyl
isocyanate.
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Qiu’s group also synthesized a range of organoantimony(I1I)
halide complexes. These complexes featured a
tetrahydrodibenzo[c,f][1,5]azastibocine framework, where a
donor—acceptor interaction between the nitrogen and
antimony atoms influenced the catalytic activity of antimony.
Conversely, the halogen bonded to the antimony center
operated in a push—pull manner to modulate the Lewis acidity.
The combined effects of the nitrogen substituents and halogen
atoms around the central antimony(III) atom created Lewis
acid catalysts for various reactions, including the Mannich
reaction, cross-condensation, cyclization-aromatization, and
aminolysis of epoxides. Among these, fluorinated
organoantimony(III) derivatives demonstrated higher activity
compared to their chlorinated, brominated, and iodinated
counterparts, as the Sb—F moiety acted as a more effective
hydrogen bond acceptor. (Scheme 9). The Sb—F moiety
showed7 7better catalytic efficiency and could be recycled and
reused.

Scheme 9. Preparation of Organoantimony(III)
Compounds
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Yin and his colleagues applied the diantimony-centered
strategy to design and synthesize a novel bimetallic organic
antimony catalyst, which had four Lewis/Brensted acidic/basic
sites (Scheme 10). It was used in the diastereoselective direct
Mannich reaction and showed a high catalytic efficiency
(catalyst load of 0.1%).”

Scheme 10. Synthesis of a Bimetallic Organic Antimony
Catalyst
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In the field of asymmetric catalysis, Tan’s group achieved a
breakthrough in 2021. Utilizing chiral mandelic acid derivative
22 as the chiral source, they synthesized chiral antimony
compound 23 and chiral antimony anion/cation pair 24. The
active species in the reduction of benzoxazine by Hantzsch
ester was identified as 24, exhibiting high efficiency and
selectivity with good compatibility across substrates with
different substituents (Scheme 11).”” In 2022, Pupkova and
co-workers discovered a photodegradation application of an
ionic complex formed by 3,5-dinitrosalicylic acid and
pentaphenylantimony.*’

In 2016, Zhang’s group prepared antimony-doped CeO,-
WO,/TiO, catalyst and used it for the catalytic reduction of
NO,. Adding Sb to CeO,-WO;/TiO, greatly enhanced the
selective catalytic reduction of NH; at lower temperatures.
Among the catalysts, SbsCe (W4/Ti had better low-temper-
ature catalytic activity, which was of certain significance for the
development of an NH; denitrification catalyst.”’

21

Scheme 11. Synthesis of a Chiral Antimony(V) Cation/
Anion Pair
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Wang’s group isolated a new polymolybdoxide containing
antimonium [(CH;),N]H[SbYSb™,Mo,304]-9H,O in aque-
ous solution. This compound was then used as a heteroge-
neous catalyst to convert organosilanes to silane alcohols under
gentle reaction conditions. Single crystal X-ray revealed the
exact three-layered structure of the polyheteromolybdate
scaffold with antimonate. The middle layer of the oxygen-
bridge bond connected the antimonate layer and the
molybdate layer. Moreover, the catalyst still retained its
catalytic activity after three reaction cycles.*”

Narasimharao and co-workers synthesized a Sb-implanted
Keggin-structured ammonium salt of 12-molybdophosphoric
acid (AMPA) catalyst. The number of Sb atoms increased
from 1 to 3, while the Mo atoms were replaced accordingly
(from 11 to 9). It was used to catalyze the chlorobenzene gas-
phase oxidation reaction (Scheme 12), and the catalytic

Scheme 12. Sb-AMPA Catalyzes Chlorobenzene Oxidation

Sb-AMPA
= CO,+Cl,+ H,0 + HCI
0,

performance was assessed relative to the original AMPA
sample. Sb doping increased the thermal stability of AMPA
and improved the conversion of chlorobenzene, likely due to
more Sb—O—Mo species being present in the catalyst.”’

The oxidations mentioned in photo- and electrocatalysis are
usually used in water splitting and the degradation of organic
pollutions. Most recently, Huang and co-workers mixed Sb,0;
and Cu?* ions to form Sb,0;—CuO nanocomposites through
microwave heating, which were used for the catalytic
degradation of p-nitrophenol (PNP). When Sb,0;—CuO
nanocomposites were mixed into PNP, the UV—vis absorbance
of PNP was reduced significantly in 3 s, while the other
materials did not show a similar performance. The Sb,0;—
CuO nanocomposite can efficiently de§rade the PNP, with a
degradation rate of 96% (Scheme 13).”"
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Scheme 13. Proposed Degradation Pathways of PNP by the
Sb,0;—CuO Catalyst
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Inspired by N3/CX and C;/CN types of click reactions,
Manners and colleagues designed a P;/CN type of click
reaction and aimed to obtain a series of stable 1-aza-2,3,4-
triphospholenes (Scheme 14). They employed organoantimo-

Scheme 14. Dipolar Additions of N3, C;, and P,
Frameworks with CX Triple Bonds
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nide Ph,SbCI(OTf) and Ph;Sb(OTf), as the optimal Lewis
acid catalysts for the addition of cyclophosphine to nitriles,
yielding the desired product with high selectivity in a broader
scope.””

In 2020, Matile’s group reported the pnictogen bonding
catalysis applied in epoxy-ring-opening polyether cyclization,
which led to an anti-Baldwin product. They demonstrated
distinct regional and stereoselectivity between Sb(III) and
high-valence Sb(V) catalysts and explained how the epoxide
substrate occupied the o-hole to give anti-Baldwin cyclization
adducts.*

Garcia and colleagues prepared thin films containing
antimony oxide nanoparticles (SbOx/fl-G and SbOx/fl-
(N)G) on quartz using Sb(OAc); adsorbed by alginate or
chitosan, and the material can be used as a catalyst to promote
the Michael addition of active methylene to conjugated enones
(Scheme 15a) and Henry condensation between nitromethane
and benzaldehyde (Scheme 15b). Compared with SbOx/fl-G,
SbOx/fl-(N)G shows better catalytic activity and selectivity

. . .87
and improves the conversion rate of the reaction.

In summary, in the fields of photocatalysis and electrocatalysis,
the mechanisms are generally similar in their respective
applications, where electrons are moved by light or electricity.
Antimony and its derivatives added to composite materials or
electrodes have a stronger electron conduction ability
compared to the raw materials or original electrodes, enabling
them to exhibit outstanding performance in wastewater
treatment and carbon dioxide reduction and utilization,

22

Scheme 15. SbOx/fl-G- and SbOx/fl-(N)G-Catalyzed
Michael Addition and Henry Addition
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among other applications. For example, in wastewater
treatment, research objects include the degradation of
rhodamine B, aniline, Janus Green, and Rose Bengal, among
other organic pollutants. In carbon dioxide recovery and
utilization, carbon dioxide can be reduced to carbon monoxide
or converted to formic acid salts for immobilization. In other
organic synthesis fields, the mainstream research focuses on
the evolution of ultrastrong Lewis acid catalysts, where the
reactions can be comparable to or even surpass those catalyzed
by classic Lewis catalysts represented by boron compounds.
Recently, there has been one example of an ion pair catalytic
reaction combined with chiral mandelic ligands, where
antimony exhibits catalytic effects similar to those of the
phosphorus element in the same family. In cases where it is
combined with other metals, antimony more often displays its
metallic properties while maintaining the original properties of
the compound and enhancing the stability of the original
catalyst, thereby increasing the number of cycles and reducing
losses. In the future, we believe that the more mature
experience in photo/electrocatalysis can be further expanded
and applied to other organic reactions, making antimony the
main functional source of catalysis and expanding the
knowledge interface of antimony in the field of organic
chemistry.

The data underlying this study are available in the published
article.
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