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Organoantimony: a versatile main-group platform
for pnictogen-bonding and redox catalysis

Elisa Chakraborty and Robin Weiss (= *

The chemistry of main-group elements has seen remarkable advances in organic synthesis and catalysis,
redefining the boundaries of redox and acid—base reactivity traditionally dominated by transition metals.
Among these developments, organoantimony chemistry has remained largely overlooked. Yet, recent

discoveries have unveiled its multifaceted reactivity, spanning redox processes and Lewis acidity through

the so-called pnictogen bond, positioning it as a promising underexplored platform for organic synthesis
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and catalysis. This Tutorial Review delves into the fundamental principles underlying organoantimony
reactivity, drawing comparisons with other main-group elements while highlighting its distinctive

behaviour. We examine its emerging roles in non-covalent interactions, organometallic transformations,
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1. Introduction

The last decades have witnessed major discoveries in the
chemistry of main-group elements." This series of concerted
efforts from the synthetic community in main-group chemistry
has now undoubtedly challenged the primacy of d block
elements in terms of redox and acid reactivity. One can men-
tion several breakthroughs such as the frustrated Lewis pair
concept,” the use of main group elements as transition-metal-
like species (B, Si, P, Sn, and Ge)*® and very recently bismuth,°
and the use of halogen and chalcogen as Lewis acids with the
contribution of o- and n-holes.”™

Despite the wealth of developments in the redox reactivity of
main-group elements, their application in catalytic processes,
as well as the exploitation of heavier p-block elements, is still in
its infancy. The main difficulty stems from the substantial
energy difference between frontier orbitals; consequently, redox
events are often unidirectional and mainly thermodynamically
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and redox catalysis, offering a comprehensive perspective on its synthetic potential.

1) Exploring the multifaceted reactivity of organoantimony (Lewis base, Lewis acid, and metal-like reactivity).

2) Understanding the unorthodox nature of organoantimony to establish interaction with a Lewis base via the so-called pnictogen bond.
3) Learning how organoantimony reactivity can be harnessed with appropriate ligand functionalization.

4) Gaining insight into different applications of organoantimony in catalysis and organic synthesis.

5) Identifying future perspectives and challenges in catalysis with organoantimony chemistry.

driven.' For example, low valent elements of groups 13 and 14
preferentially undergo oxidative additions, while elements from
groups 16 and 17 more likely exhibit reductive elimination.®

Based on these observations, elements of group 15, the
pnictogens (Pn), located halfway within p-block elements, pre-
sent interesting intermediate reactivity which was exploited in
numerous redox couples: P/PY ! As™/AsY **1* BiY/Bi™ and
Bi"™/Bi".'* Furthermore, it is worth mentioning the extensive
development of their Lewis acid properties, which they have
undergone in parallel.”>™® In comparison, organoantimony
chemistry has received very little attention and its reactivity
has long been relegated to the field of Lewis bases and to highly
reactive Lewis acids with reference to archetypal antimony
halides such as SbCl; or SbFs.'%*°

In light of the recent advances, antimony chemistry is now
attracting renewed interest. Metal-like behaviour and Lewis acid
properties enabling the building of strong interaction, namely
the pnictogen bond, were lately pinpointed, promoting de facto
organoantimony compounds to the rank of a promising plat-
form for organic synthesis and ultimately catalysis (Fig. 1).**">

This Tutorial Review aims to familiarize readers with recent
advances in the burgeoning field of organoantimony, highlighting
its non-orthodox reactivity based on concepts including pnictogen
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Fig. 1 Multifaceted reactivity of organoantimony divided into three cate-
gories: redox chemistry, Lewis acid reactivity and Lewis base reactivity.

bonding and redox chemistry. The major goals are to (1) estab-
lish the origins of organoantimony multifaceted reactivity, (2)
expose singular and similar reactivity regarding other elements,
and (3) provide a comprehensive understanding and rationale of
organoantimony for redox chemistry and pnictogen bonding.
Towards these objectives, the present Tutorial Review is articu-
lated in three main parts covering (i) pnictogen bonding for
organic synthesis and non-covalent catalysis, (ii) organoanti-
mony in organometallic chemistry, and (iii) organoantimony
redox chemistry for organic synthesis and catalysis. Finally,
and most importantly, we hope to convey not only an insight
into organoantimony synthetic capabilities, but also to instigate
additional effort in this fascinating field of research from
synthetic organic and inorganic communities.

2. Synthesis of organoantimony
compounds

While the synthetic landscape of organoantimony compounds
encompasses a range of methodologies tailored to the desired
oxidation state, substitution pattern, and electronic environ-
ment around the antimony center, this section focuses on the
most general applicable strategies for accessing commonly

Elisa Chakraborty obtained her
MSc degree in chemistry from the
Indian Institute of Technology
Bombay, Mumbai, India. She is
pursuing her doctoral  studies
under the guidance of Pr. Robin
Weiss, at Institut de Chimie Ana-
lytique et Réactivité Moléculaire en
Normandie - CARMeN (France,
2024). Her present research explores
heavy main-group elements for
organic synthesis and catalysis.

Elisa Chakraborty

11380 | Chem. Soc. Rev., 2025, 54, 11379-11397

View Article Online

Chem Soc Rev

encountered species, rather than providing an exhaustive and
detailed account of all methods.

Much of the synthetic chemistry of antimony starts with
antimony halides (SbX; and SbX;), which can be used to design
the targeted structure around the Sb center. Organoanti-
mony(m) derivatives (SbArz) are most commonly synthesized
via nucleophilic substitution of stibine halides (SbX;) with
organolithium or Grignard reagents, affording stable and isol-
able species used as precursors in further functionalization or
oxidation reactions. Synthesis of stibines SbArAr’, flanked with
different moieties can be achieved with the same procedure
starting from halo-aryl-stibines SbArX, (Fig. 2(A)). SbArX, and
SbAr,X are synthesized from SbAr; and SbX; through a dis-
proportionation reaction leading to SbArX, or SbAr,X, depend-
ing on the stoichiometry (Fig. 2(B)). The same methodology,
including nucleophilic substitution with organometallic
reagents, can be applied to obtain pentavalent organoantimony
SbArs starting from SbXs. Organoantimony(v) derivatives includ-
ing SbAr;X, are typically generated via oxidation of stibines
(SbAr;) using mild oxidants, such as Br,, Cl,, or H,0,. Of
particular interest, 1,2-quinone derivatives can both serve as an
oxidant for the Sb(m) center and, once reduced in catecholate
motifs, as efficient stabilizing ligands around the antimony
center. The resulting triaryl-catecholatostiboranes can alterna-
tively be generated via substitution of triaryl-dihalo-stiboranes
(SbAr;X,) with catechol derivatives. The stability of the pentava-
lent state is strongly influenced by the steric and electronic
nature of the organic group conditioning; therefore, the purifica-
tion is achieved mainly via recrystallization and, in rare cases, on
gel silica chromatography. Cationic organoantimony(v) species
are generally accessed through alkylation or Lewis acid
mediated-abstraction of halides on stibines (SbArz) and orga-
noantimony derivatives (SbAr;X, and SbAr,X) respectively

(Fig. 2(C)).
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Fig. 2 Overview of a few key syntheses of common organoantimony
derivatives obtained by (A) nucleophilic substitution or oxidation, (B)
disproportionation or (C) abstraction reaction.

3. Pnictogen bonding for organic
synthesis and noncovalent catalysis

Historically, the Lewis acidity of antimony has been assessed in
Gutmann’s early work®! denoting the higher affinity of SbCls
for halides compared to BCl;. Although this property has been
elegantly harnessed in superacid chemistry by Olah,> limited
effort has been put into the development of antimony-based
Lewis acids until the twenty-first century. This domain is now
expanding concomitantly with an improved grasp provided by
the pnictogen bond model.

3.1. Pnictogen bonding: features and properties

Formation of weak to strong adducts between Lewis bases and
organoantimony derivatives is indicative of a certain acidity for
the latter. However, the distinctive absence of a nonbonding
vacant orbital in organoantimony derivatives prevents us from
explaining the origin of its acidity, as in the case of a classical
Lewis acid (Fig. 3). Instead, this pnictogen acidity can be
rationalized by means of the c-hole model. A c-hole is defined
as a region of depleted electron density along the extension of a
covalent bond Sb-R (typically Sb-C or Sb-X), creating a site of
positive electrostatic potential. This polarized region arises
from the anisotropic distribution of electron density around
antimony and can interact with a Lewis base to give rise to what
is referred to as a pnictogen bond. Pnictogen bonding (PnB) is
described as an attractive and directional interaction between

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Comparison of models employed for a standard Lewis acid and
pnictogen bond donor.

an electron-rich acceptor (a pnictogen bond acceptor), such as a
Lewis base (A), and the positively charged electrostatic surface,
namely a o-hole, of a pnictogen (a pnictogen bond donor)
(Fig. 4(A)). In addition to the pnictogen bond definition pro-
vided by IUPAC,*® fundamental theoretical investigations have
unambiguously contributed to its classification.”” Very impor-
tantly, it is worth noting that the c-hole, located at the antipode
of the og,-r covalent bond, overlaps intrinsically with the
G*sp-r/x antibonding orbital which can therefore also interact
with the pnictogen bond acceptor via a charge transfer. Thus,
the pnictogen bond can be described as a contribution of
electrostatic interactions through the c-hole model and charge
transfer through orbital interactions (Fig. 3).

Consequently, pnictogen bond donors may be regarded as a
particular class of Lewis acids. Like conventional Lewis acids,
they are capable of accepting an electron pair; however, the
accepting orbital is an antibonding ¢* molecular orbital rather
than a nonbonding atomic orbital. This distinction implies that
the balance of interactions differs, combining a well-defined
electrostatic potential (the 5-hole) with a characteristic orbital
framework that sets them apart from classical Lewis acids.
These differences give rise to unique features such as weaker
and reversible PnB which are, however, generally more robust
compared to other non-covalent interactions (e.g., hydrogen
bond, n-stacking, and dispersion forces). Thus, for the sake of
clarity and due to close similarities, PnB can be considered as
the non-covalent counterpart of a classical Lewis acid. By
extension to the latter and keeping in mind these differences
but also similarities, it is therefore frequent to refer to the Lewis
acidity of a pnictogen bond donor.

Overall, PnB is defined as a non-covalent interaction whose
bonding energy ranges from 10 to 60 kcal mol . PnB involving
antimony is also distinguished by a superior covalency degree
in comparison with other elements of group 15, 16 and 17, due
to better charge transfer contributions. Indeed, the latter can
contribute significantly to the pnictogen bond which can result
in an interaction energy twice as great. To this extent, PnB may
be rather considered as a coordination bond in some cases.

Antimony presents inherent features that distinguish its
uniqueness. The knowledge and proper application of these
properties should allow the design of an effective pnictogen
bond donor, which can be summarized as follows:

Chem. Soc. Rev,, 2025, 54, 11379-11397 | 11381


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00332a

Open Access Article. Published on 17 October 2025. Downloaded on 3/6/2026 4:52:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

I[N Pnictogen bonding (PnB)

o Pnictogen bond
Or o |

chole o o R<SpO (Ae—e ochole
donor . ® ‘R acceptor
c

= Involves electrostatic interaction and charge transfer
= Directional non-covalent interaction

2] Impact of oxidation state

E *
c «
R‘»O — LUMO R OG Higher
s o G——O
R— Sb S5 fi‘e'g‘/ R—S.b—R Lewis acidity
| Ny
R ~— I|§ R
= Lowering the LUMO energy by oxidation
= Higher oxidaton leads to larger o-hole
A Poly-pnictogen bonding
® ®
«Sh, Sh,
L ) 2 .
She----A A Sbp
v - ---
D Sb®
- Higher
> affinity
with A

= Cooperative effect leads to stronger pnictogen bond adduct

[l T-shaped geometry

View Article Online

Chem Soc Rev

&1 o-Holes tuning Polarisability trend

P S Cl
25.0 19.3 14.3
—0
b As Se Br
©/ \@ 29.7 25.4 20.5
F Sb Te |
F, F 433 38.3 323
deeper
o-hole Bi
> .Sb. v 48.0
F - F
a <«
F E F
F = Among highest polarisability (a)

= No lanthanide contraction, poorly
= Electron-withdrawing diffuse 5p orbital

groups deepen o-holes

@ Latent Lewis acid

= Initial geometry distortion upon incoming Lewis Base in coordination sphere

. A 3 J
rlg;d and 1 d g =.. standard
N :yz7ear; A N Lewis o 'O Lewiswacid
Y Y—gp: acid-base 5 \‘~._ 3
o . \ /. interaction =1 o-hole
/ ‘ perpendicular N donor
N ¢ p vacant T
orbital A = Ligand-enforced geometric constraints

Fig. 4

= Lewis acid 5p-type vacant ortbital

(A) Description of a pnictogen bond between RzSb and a Lewis base (A) and (B) increase of o-hole depth (light to dark blue) by introduction of an

electron-withdrawing group (EWG), (C) polarizability trend in the periodic table, (D) effect of oxidation state at the Sb center on c-hole and the LUMO
leading overall to an higher Lewis acidity, (E) schematic representation of poly-pnictogen bonding, (F) distortion of geometry induced by a Lewis base
leading to the formation of a pnictogen bond, and (G) properties of antimony as a function of its geometry: evolution of a pnictogen bond donor
(pyramidal geometry) towards a genuine antimony-based Lewis acid (planar geometry).

e Lewis acidity is proportional to the electro-attractivity of the
rest of the molecule; therefore, the presence of an electron-
withdrawing group (EWG) strengthens PnB by depleting electron
density around antimony (Fig. 4(B)). This has the beneficial
effect of further deepening the c-hole. Additionally, the intro-
duction of a positive charge on the organoantimony scaffold or
antimony center substantially increases its Lewis acidity.>®

e As a general rule, c-hole based non-covalent interaction
strengthens with heavier atoms, in concert with c-hole donor
atomic polarizability («). A diffuse electronic cloud also allows
an easier electronic density relocation around the c-hole donor.
In consequence, the position of Sb in the periodic table (o), =
43.3) makes it a natural choice regarding other pnictogens
(2as = 29.7, ap = 25.0) and other columns (xp. = 38.3, tge =
25.4, ag = 19.3, and a; = 32.3, o, = 20.5, oc; = 14.3) (Fig. 4(C)).

e The exception to the preceding principle is often observed
with organobismuth, which forms a weaker pnictogen bond

1382 | Chem. Soc. Rev., 2025, 54, 11379-11397

with respect to organoantimony, despite a higher polarizability
(opi = 48.0). Antimony orbital considerations allow a simple
rationalization by comparing the 5p valence orbitals which are
less diffused than the 6p valence orbitals of Bi. Therefore, Bi-
based PnB suffers from stronger Pauli repulsion which cannot
be compensated. This discrepancy within the pnictogen family
arises from the lanthanide contraction leading to only a small
variation (0.09 A) in covalent radii from Sb to Bi (1.39 vs. 1.48 A).
This smaller-than-expected size variation results in shorter-
than-expected covalent bonds with Bi, which electronically
repel any incoming Lewis base more easily (Pauli repulsion)
and in fine weaken the Lewis acidity of Bi compared to Sb.*° In
addition, Sb-based PnB preeminence over Bi-based PnB with a
hard Lewis base (O, N) also results from size compatibility of
orbitals with regard to the hard-soft acid-base theory.*’

e A higher oxidation state leads to stronger c-holes and
energy-lowered o*g, r orbitals at the metalloid center,

This journal is © The Royal Society of Chemistry 2025
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propelling antimony V to the rank of a better pnictogen bond
donor in comparison with antimony IIL>' More precisely,
oxidation of the antimony center increases the interaction
energy of PnB by ca. 30 to 50% (Fig. 4(D)).

e A tethering effect might occur if a Lewis base or a bulky
group is present on the organoantimony scaffold: this results in
hindering of the pnictogen bond formation with an external
Lewis base. Usually, this effect can be observed with aryl-
antimony flanked in the ortho position with a pnictogen bond
acceptor or bulky substituent.?**?

e Use of a multivalent pnictogen bond donor enhances
substrate binding via a cooperative effect involving more than
one pnictogen bond (Fig. 4(E)).**°

e Pentavalent organoantimony adopting a trigonal bipyra-
mid type geometry can be considered as a latent pnictogen
bond donor due to its sterically hindered o-holes. Nevertheless,
PnB formation is still possible: upon approach of a Lewis base,
the Sb coordination sphere distorts its initial geometry into an
octahedral complex, revealing in fine an accessible o-hole
(Fig. 4(F)). The strain energy associated with organoantimony
deformation is even lower when initial geometrical constraints
are already present.®”

e Constraining antimony geometry from a pyramidal to a
planar form with adequate ligands leads to a complete mole-
cular orbital rearrangement and in fine a different reactivity.
Non-planar antimony derivatives are usually characterized by
both high nucleophilicity and electrophilicity; most impor-
tantly, the lowest unoccupied molecular orbital (LUMO) con-
sists mainly of a vacant p orbital at the Sb center. In this
peculiar case, the interaction based on a vacant p orbital and a
Lewis base can’t be considered as a pnictogen bond since no ¢*
orbitals are involved.

3.2. Organoantimony derivatives as Lewis bases and acid
coordination sites

Organoantimony chemistry displays several reactivities. Hence,
before applications of PnB are detailed below, other reactivities
more related to the field of covalent chemistry such as basicity
and coordination at the antimony center will be succinctly
presented to avoid confusion in this section.

By extension to lighter pnictogens, organoantimony features
a Lewis base character through its electron lone pair. This facet
was historically identified with electron-rich stibines being able
to react with various acids.?® This property was also clearly
underlined in metallic complexes including triarylstibine and
stibinidene, whose antimony free electron pairs are delocalized
towards metal centers such as palladium or {W(CO)s} frag-
ments, acting thus as L-type ligands (Scheme 1).*9*°

In contrast, organoantimony derivatives also act as strong
acid sites, which, in the presence of Lewis bases, could lead to
the formation of covalent bonds. Interestingly, their formation
involves a o-hole. The transition state leading to their for-
mation of these robust adducts involves a pnictogen bond
which is fleetingly formed before evolving into a covalent bond.
As a consequence, the formation of the new covalent bond
leads to the subsequent cleavage of another Sb-R bond or the

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Complexes featuring the Lewis base character of organ-
oantimony.

formation of an ate complex (Fig. 5(A)). Such a non-isolable
pnictogen bond is called a transient PnB. A typical example of a
transient pnictogen bond driving the formation of an ate
complex is the binding of fluoride or chloride for sensing or
anion transport applications.*’ Another relevant example of
transient PnB is the complexation of formaldehyde with
phosphino-stiborane (Fig. 5(B)),"> which may suggest new
potential applications due to a reactivity reminiscent of fru-
strated Lewis pairs. While the formation of a covalent bond
may involve transient PnB, this aspect will not be addressed in
the next discussion which highlights instead non-covalent
catalytic processes driven by PnB.

3.3. Pnictogen bonding for organic synthesis and catalysis

For the practical use of organoantimony reagents in organic
synthesis, stability and ease of handling are critical. The sensi-
tivity of antimony-based pnictogen bond donors toward oxygen
and moisture strongly depends on both the oxidation state of
antimony and the supporting ligands. Electron-deficient triva-
lent stibines are prone to hydrolysis and degradation in the
presence of air and water, whereas electron-rich stibines can
often be stored on the bench without special precautions. More
elaborate cationic complexes bearing weakly coordinating
anions are generally more sensitive, requiring rigorously dried
solvents and inert-atmosphere techniques. Yet, several recent
studies have shown that certain acidic stibonium salts remain
air-stable and catalytically active under open-flask conditions,
thereby broadening their synthetic utility.**** In contrast, many
Sb(v) derivatives, most notably pentavalent catecholatostibor-
anes, exhibit remarkable robustness, tolerating air and moisture

(A R
- R,, |
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_ASb—A
R R ,b‘
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R o R /
R IbilR L re slu“R L
| R | R 1©
R R R B I <R
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Fig. 5 Formation of a transient pnictogen bond resulting in a substitution
(A) or an addition reaction (A) and (B).
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over extended periods without decomposition.*"*> Overall, while
highly electrophilic Sb(m) species demand careful exclusion of
oxygen and water, the most developed Sb(v) family, catechola-
tostiboranes, can be regarded as bench-stable reagents, thus
offering practicing chemists a series of chemicals ranging from
sensitive to water- and air-tolerant systems.

Lewis acid properties of organoantimony in catalysis have
been reported since the early 2000s, despite the absence of any
model at that time. In 2010, the Wong group introduced an
azastibocine perfluoroalkylsulfonate whose stability was attrib-
uted to an intramolecular pnictogen bond which simulta-
neously rigidifies the molecular scaffold (Scheme 2).*° This
catalyst was successfully used in a highly diastereoselective
Mannich reaction, leading to beta-amino ketones in sustain-
able solvents such as water. The catalytic activity was unequi-
vocally attributed to the Lewis acidity of the antimony center,
deepened by the perfluoroalkylsulfonate moiety. Importantly,
no selectivity was observed with the organobismuth analogue,
despite its catalytic efficiency.®”

As established in a systematic study performed by Gabbai’s
group in 2014, tetraarylstibonium salts are potent pnictogen
bond donors and have a propensity to activate oxygen-based
Lewis bases such as tetrahydrofuran. Capitalizing on these
results, the same group reported activation and hydrosilylation
of benzaldehyde derivatives with a bifunctional pnictogen bond
donor bearing two triarylmethylstibonium cations. Unambigu-
ously, the authors demonstrated a mechanism occurring via
carbonyl activation, with a stronger catalytic effect ascribed to a
double electrophilic activation due to the ditopic nature of
distibonium salts (Scheme 3).

Concomitantly, the Hudnall group also took advantage of
these features, using stibonium salts in acetalization reactions
with catalyst loadings as low as 0.1 mol%.*® In all these
examples, high catalytic activity of stibonium salts is denoted
with a very low catalyst loading, similar to those usually
employed with metals.

The pnictogen bond concept in catalysis was first introduced
by the Matile group in 2018, in a comprehensive study
establishing the direct relationship between catalytic activity,

O [Sb]/[Bi] (5 mol%), 0 Ar 0 Ar
é AriCHO, AroNH; ij/kNHArz + =" “NHAr,
H,0, 25°C _
syn anti

more than 10 examples
-Arq | -Ar, = CgH4Me, CgH4OMe, CgH4CF;3 CgH4Cl, CgHs

sape

Catalysts efficiency
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Scheme 3 Hydrosilylation of an aldehyde with stibonium salts.

c-hole depth, and polarizability of c-hole donors. Due to a
stronger polarizability, antimony-based oc-hole donors have
demonstrated the best results in benchmark reactions such as
Reissert-type substitution of isoquinolines and substitution
of 1-chloroisochromane in the presence of silyl enol ether
(Scheme 4). High yields (up to 91%) were obtained with
20 mol% of catalyst loadings. Due to the propensity of c-hole
donors to form strong adducts in the presence of halides, the
asserted mechanism involves chloride abstraction, releasing a
highly reactive onium ion which subsequently undergoes nucleo-
philic addition in the presence of the silyl enol ether. PnB
surpassed halogen bonding and chalcogen bonding, affording
a reaction rate increase from 3 to 80-fold. As expected, substitu-
tion of stibine with highly electron-withdrawing pentafluoro-
phenyl motifs led to the best catalytic activity, with a c-hole
deepening of 39% in comparison with triphenylstibine.
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R “(15eq)
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X >
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3 examples
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Scheme 4 First proof-of-concept of halogen abstraction catalysis invok-
ing the PnB concept.
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In continuation of these pioneering groundworks, an addi-
tional series of antimony-based catalysts were developed on the
basis of the PnB rationale. In view of strengthening c-holes,
features such as positive charge at the antimony center, a
strong electron-withdrawing motif, a high oxidation state (+V)
and bidentate motifs were targeted. In order to evaluate new
pnictogen bond donors, transfer hydrogenation of quinolines
with Hantzsch ester was recurrently selected as a standard
benchmark reaction due to its proven responsiveness towards
o-hole-directed catalysis (Scheme 5).>°

The tris(pentafluorophenyl)stibine gave poor conversion in
comparison with the corresponding stiborane (Scheme 5(a))
(24% yield versus 80%). Although the stiborane is fitted with
only one c-hole, it presents a higher Lewis acidity which arises
from the high oxidation state of antimony V (Fig. 4(D)).*!
Notably, pre-organization around the metalloid center is of
great importance and drastically impacts the outcome of a
reaction. Gabbai’s group compared the catalytic activities of
several dichlorostiboranes (Scheme 5(b)). Dichloromesitylsti-
borane was completely inactive, very certainly due to the
important tethering effect from mesityl motifs, precluding
any access to o-holes. Reduction of steric hindrance in dichlor-
ophenylstiborane did not lead to considerable improvements; up
to 15% yield was solely observed.”” This result may be explained
by an excessive energy cost for geometry rearrangement when
transitioning from the ground state to the PnB complex. In order
to bypass this activation strain, the dichlorostiborane can be
replaced by the 5-phenyl-5,5-dichloro-A’>-dibenzostibole whose
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N" R CDCl; 25°C N R
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Catalysts efficiency

a Cl
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3 &2
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Scheme 5 Transfer hydrogenation of quinolines catalysed by pnictogen
bonding with (a) fluorinated organoantimony, (b) sterically hindered and
accessible stiboranes, (c) and stibonium salts.
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antimony center is subjected to a greater strain in the 5-
membered heterocycle. The latter thus requires a lower strain
energy to access the prerequisite octahedral geometry for PnB
complex formation and is in fine more Lewis acidic by virtue of its
pre-templated geometry. The new pnictogen bond donor was also
isolated as an adduct via an Sb---O pnictogen bond with the
solvent (in this case, tetrahydrofuran) which is depicted in
Scheme 5(b), thus confirming higher c-hole availability and Lewis
acidity. In addition, good catalytic activity was observed with
catalyst loadings as low as 1 mol%.

In 2019, Gabbai’s group also demonstrated in the same
transfer hydrogenation of quinolines the excellent catalytic
activity of a bis-stibonium salt (Scheme 5(c)), which was attrib-
uted to a double activation mode of a substrate through a
doubly coordinated bimolecular complex involving two Sb- - -N
interactions, one of which was clearly identified as a PnB.>! The
bis-stibonium salt achieved up to 90% yield with 5 mol% of
catalyst loadings. In comparison, the control mono-stibonium
salt delivered a 24% yield at best, underlining the importance
of pre-organization effects rather than those featured in biden-
tate catalysts.

Even though stibonium salts do not suffer much strain
energy re-organization, ligand motifs sometimes lead to a
reduced catalytic activity due to the tethering effect. In another
systematic study, Gabbai’s group examined the influence of
steric hindrance around the Sb center within a series of tetra-
arylstibonium triflates (Scheme 6).>> Unhindered tetraphenyl-
stibonium triflate, with 10 mol% catalyst loading, achieved a
good yield (53%) in a model cycloaddition reaction between
oxiranes and isocyanates affording oxazolidinones as a mixture
of two regioisomers. Steric tethering of o-holes with methyl
motifs led to a slight deterioration of the yield (46%). In
contrast, the presence of c-hole stopper motifs, namely intra-
molecular -hole acceptor motifs, drastically diminished yields
up to 6% by preventing any possibility of establishing an
external pnictogen bond.

In parallel, it should be noted that the Takagi group has also
used stibonium salts in cationic polymerization of styrene
derivatives. In conjunction with c-hole activation rules, the
stibonium cation flanked with the most electron withdrawing

NCO  [SbAr,JOTF (10 mol%),
0,
j,> . TBAB (10mol%), . o Q
b N

R CDCl3 40°C
! Rz o\)\ R oﬁ)

R
Ry = Me, Ph, R, = H, OMe, CF; mixture
Catalysts efficiency
Ph Tfoe Ph T0° Ph T10° Tfoe
Phu sb Phn sb Phi & Phu Sl)
P ﬁ ﬁ P’
53% yield 46% yield 32% yleld 6% yleld

Scheme 6 Synthesis of oxazolidinone catalysed by tetraarylstibonium
cations.

Chem. Soc. Rev., 2025, 54, 11379-11397 | 11385


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00332a

Open Access Article. Published on 17 October 2025. Downloaded on 3/6/2026 4:52:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Tutorial Review

groups offered the highest catalytic activity (with a monomer
conversion of 91% in 8 h).>

In the context of asymmetric catalysis, the Zhang group
achieved a significant foray in 2021, reporting the first stable
stibonium stiborate salt in enantiocontrolled transfer hydro-
genation reactions.>® A variety of substrates such as quinolines,
benzoxazines and benzoxazinones were reduced in excellent
yields, with catalyst loadings as low as 0.05 mol%. Enantios-
electivity up to 98% ee could be achieved via an asymmetric-
counter-ion-directed-catalysis mechanism due to a weakly coor-
dinating chiral stiborate anion (Scheme 7). This is the first
example of chiral induction with antimony-based PnB, which
paves the way towards further development of chiral PnB
catalysts. One major challenge remains to be the introduction
of chirality directly on the c-hole donor, providing access to a
putative class of neutral chiral pnictogen bond donors.

As extensively exemplified by the Matile group, the emergence
and importance of organoantimony in the field of catalysis
might also be attributed to its unique features, which are
certainly more than just extensions of other c-hole donors. As
a first incursion, epoxide-opening polyether cascade cyclisations
were systematically studied and used as a responsive tool for
supramolecular catalysis assessment.>®> PnB catalysis distinc-
tively provided 6-endo-tet anti-Baldwin products, with important
variations between stibines and stiboranes as PnB catalysts
regarding regio- and stereoselectivity. A cyclisation reaction
example is depicted with a simple monoepoxide reagent in
Scheme 8(a), catalyzed by several Lewis acids (Scheme 8(b)).
Covalent Lewis acid catalysis reasonably led to the Baldwin
product, with Lewis acids such as BF; or SbCl; as well as other
c-hole donors based on bismuth, tin or germanium.** This
peculiar reactivity may be attributed to multi-supramolecular
coordination enabled by hydrogen bonding, PnB and lonepair-n
interactions in the presence of polyepoxide substrates. By con-
trast, the previously cited interactions, combined with the highly
acidic Sb center and the hydrophobic platform of stiboranes,
lead to a possible catalyst-substrate complex giving rise to this
unorthodox selectivity (Scheme 8(c)). This underlying mecha-
nism was investigated and proposed later on.>® These lessons on
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Scheme 7 Asymmetric pnictogen bonding catalysis.
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Scheme 8 (a) Epoxide-opening cyclisation with (b) several o-hole donors,
(c) potential catalyst—substrate transition state, (d) oligoepoxide-opening
cyclisation in a lipid bilayer membrane, (e) transfer hydrogenation reaction
with hydrosoluble starting materials using standard stiboranes, and (f)
transfer hydrogenation reaction catalysed by pnictogen bond enzyme.

antimony catalysis led authors to describe PnB catalysis as the
non-covalent supramolecular counterpart of classical covalent
Lewis acid catalysis.

The propensity of organoantimony to engage in transmem-
brane transport has received a lot of attention.*’ In 2021, the
same group reported this notion in combination with PnB
catalysis, which was found to occur with a rate enhancement
beyond one million in oligoepoxide-opening cyclization in lipid
bilayer membranes (Scheme 8(d)), whereas no conversion was
observed in solution.*®

Capitalising on the strong catalytic activity of pnictogen
bond donors in non-trivial environments, the authors estab-
lished, afterwards, a transfer hydrogenation reaction with
hydrosoluble fluorogenic quinolines and Hantszch ester in
aqueous medium, catalysed with stiboranes (Scheme 8(e)). This

This journal is © The Royal Society of Chemistry 2025
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remarkable result underlines the ability of non-polar c-holes to
catalyse in aqueous systems, allowing us to move one step
further towards biological conditions and promising valuable
contributions for sustainable antimony chemistry.”” Building
on this momentum, the Matile group proposed host-guest
complexes between wild-type streptavidin enzymes and bioti-
nylated stiboranes for catalysing the hydrogenation transfer
reaction (Scheme §(f)).”® Remarkably, c-hole donor-artificial
enzyme complexes were found to operate clearly with PnB at the
micromolar level. In addition, the chiral environment provided
by enzymes has improved the diastereoselectivity outcome very
modestly.

Trivalent antimony also has its place in pnictogen bond
catalysis: for illustration, the Venugopal group reported in 2021
the efficient reduction of oxide phosphine into corresponding
phosphine under mild conditions with silane as the hydrogen
source. The catalyst, a stibenium triflate, was used with
10 mol% loading and achieved up to 92% yield. Remarkably,
stibenium salt proved to be more effective with respect to
bismuthenium salt (Scheme 9).>° This observation was corre-
lated with computational calculations revealing a LUMO low-
ered in energy for antimony derivatives.

The same group went one step further in the stibenium salt
design by flanking the catalyst scaffold with a Lewis base in
order to generate an intramolecular stabilizing Sb---N pnicto-
gen bond. Aluminate anion was used as an extremely weakly
coordinating counteranion for unleashing the Lewis acid
potential. The resulting stibenium salt generated in situ proved
to be highly acidic and was used respectively in a cross-, a ring
opening- and a ring closing carbonyl olefin metathesis with
moderate to good yields and 10 mol% of catalyst loadings
(Scheme 10(a)).*°

Other stibenium salts were also described as being highly
active in the cyanosilylation reaction (Scheme 10(b)),*** and
very recently, in 2025, the Venugopal group reported the metal-
free hydroamination of styrene using a highly constrained
stibenium with a trispyrazolylborate moiety (Scheme 10(c)).**
This highlights the importance of ligand design for organoan-
timony reactivity.
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Scheme 9 Oxide phosphine reduction catalysed by bismuthenium- and
stibenium salts.
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Scheme 10 (a) Carbonyl olefin metathesis, (b) cyanosilylation and (c)
hydroamination reactions catalyzed by cationic antimony derivatives.

4. Organoantimony derivatives for
organometallic chemistry

4.1. Organoantimony, a not-so-innocent ligand

Antimony-based ligands are also used in metallo-organoantimony
complexes due to their free electron pairs. For example, 2,2'-
bis(diarylstibino)-1,1"-binaphthyl (BINASb) was reported as an
efficient rigand in rhodium complexes for ketone hydrosilylation.
Noteworthily, partial enantioselectivity was obtained with BINASb
complexes, up to 34% ee; whereas almost no chiral induction was
observed with inferior homologue complexes based on 2,2'-
bis(diarylphosphino)-1,1"-binaphthyl (BINAP) (Fig. 6(a).*' In a
comprehensive work of organometallic synthesis and antimony-
based ligand investigation, the Gabbai group reported a large
palette of antimony-metal complexes including late transition
metals such as iridium, rhodium, platinum, palladium, gold and
nickel.”*®® According to the organoantimony nature, the Sb---M
coordination type may differ. First, stibines which are good L-
ligands enable donor-acceptor interaction Sb — M from the
antimony as the donor towards the metal as the acceptor. This
peculiar interaction greatly influences the transition metal beha-
viour by polarizing electron density in the Sb---M bond. It is worth
noting that the Lewis acidic antimony center may concurrently
engage in a secondary interaction with an external Lewis base at
the antipode of the Sb-M bond, via the 6*g, -, molecular orbital
(Fig. 6(b)). The overall effect results in a weaker Sb- - -M interaction.

This effect, termed by the Gabbai group as coordination-
non-innocence, offers the possibility to fine-tune metal reactivity.
In the second place, two-electron oxidation of heterobimetallic
Sb(ur)-metal complexes may occur partially or completely at the
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Fig. 6 (a) Application of ligand antimony in the hydrogenation reaction,

(b) ligand-non-innocence and (c) redox-non-innocence in an antimony
derivative, and (d) hydroamination of alkynes with a non-innocent anti-
mony-gold complex.

redox-non-innocent antimony center. Resulting Sb(v)-metal com-
plexes display strong acidity at the Sb center which in turn reverts
Sb- - -M interaction into a new donor-acceptor interaction M — Sb
from the metal as the donor towards antimony as the acceptor
(Fig. 6(c)). Taking advantage of both ligand- and redox-non-
innocence of ambiphilic antimony ligands, the Gabbai group
achieved synthesis of Sb-metal complexes with exacerbated reac-
tivity at the metal center, which were nicely exemplified in catalysis.

One of the most striking examples is the hydroamination of
acetylenes with antimony-gold complexes in which a high
oxidation state Sb(v) was revealed to be vital for catalytic activity
(Fig. 6(d)).*® To this end, the authors selected a neutral tri-
fluorostiborane moiety as a Z-ligand for activating the metal
center.®® Later on, the authors demonstrated the benefits of
monocationic and dicationic stibonium as Z-ligands, respec-
tively, in cycloisomerisation of 1,6-enyne and polymerisation
and hydroamination of styrene.®”%®

4.2. Metal-antimony exchange in cross-coupling reactions

The C-Sb bond has nearly half the bond dissociation energy of
a C-C bond (Esp.c = 215 kJ mol ').* For this reason,
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organoantimony derivatives might be considered as transme-
talation agents which can be synergistically coupled in metal-
catalysed reactions. As a common feature, antimony-based
cross-coupling usually requires mild conditions without additives
such as bases. Notably, organoantimony compounds are known to
be effective in carbon-carbon bond formation such as Heck-,
Hiyama-, Stille- and Suzuki-type cross-coupling reactions.”””*
A representative example is a pallado-catalysed oxidative cross-
coupling of aryl trifluoroborates and aryl stibines, reported in
2018 by Chaplin and Hooper (Scheme 11(a)). The use of aryl
stibines affords very good selectivity in favor of cross-coupling
versus undesired homo-coupling, with respect to other non-
antimony-based aryl transfer reagents such as BiPh;, PbPh,,
SnPh, and BPh;. This methodology is of certain interest owing
to the ready availability of stibines in only one step and good to
excellent yields obtained with both electron-rich and electron-poor
stibines.”” Application of less toxic and stable organoantimony
has been described by the Yasuike group using difluorostiborane
in the synthesis of 4-arylcoumarins via an oxidative Heck-type
arylation followed by a cyclization (Scheme 11(b)).”® One can
notice that additive-free and aerobic conditions yielded the
desired products in good to excellent yields. The organobismuth
analogue failed to provide corresponding 4-arylcoumarins in
appreciable yield (35% in 24 h).

Another class of organoantimony such as azastibocines
features an intramolecular PnB Sb---N, which is responsible
for enhanced reactivity in cross-coupling reactions. Taking
advantage of this feature, the Qiu group investigated and
developed several nickel- and palladium-based cross-coupling
methodologies (Scheme 11(c)). This impressive work enabled
fully operational synthetic routes for the coupling of a wide

range of building blocks in a two-step reaction protocol.”*”®
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5. Organoantimony redox chemistry in
catalysis and organic synthesis

5.1. Elementary steps: on the footsteps of d-block elements

The previous section describes the behaviour of organoanti-
mony as a ligand or at best a coupling reagent in transmetala-
tion processes catalysed by transition metals and its use in
organometallic chemistry. Accordingly, in this section, we will
focus on redox properties of organoantimony compounds and
their reactivity as such, by providing an overview with non-
exhaustive but relevant examples. In addition to redox reactions
reported in the literature, the legitimacy of redox properties
probably stems from a number of clues which are drawn as
follows:

e Antimony is located in the middle range of the pnictogen
family; therefore, one can expect relatively mild conditions for Sb
reduction (compared to P and As which require strong reducing
agents) and oxidation (compared to bismuth which requires
highly oxidizing agents). Additionally, low valent antimony
(Sb") exhibits strong nucleophilicity, a consequence of its p-
orbital lone pair being highly prone to oxidation (Fig. 7 and 8(A)).

e The valence electronic ns*np® configuration of antimony
allows several oxidation states ranging from —III to +V. Note-
worthily, antimony exhibits several stable oxidation states consti-
tuting two main redox couples Sb¥/Sb™ and Sb™/sb’ (Fig. 7(B))."°

e Processes of rupture or formation of Sb-H or Sb-C bonds
are feasible in terms of required energy (Esp-r = 255 KJ mol ™,
Esp_c = 215 kJ mol *).*°

e Antimony geometry can be distorted into a planar form by
means of tailored ligands, while requiring a low barrier energy
of 10 k] mol~".””7® The planarization enables a reduction of the
large energy gap between frontier orbitals and induces the
formation of an empty p orbital at the antimony center,
rendering it more electrophilic. Moreover, planar antimony
derivatives combine at the Sb center both (i) an empty p
molecular orbital and (ii) an s molecular orbital containing a
free electron pair, which is a net advantage for mimicking
transition metal reactivity (Fig. 4(G)). Overall, these features
should favour putative redox processes.

Pnictogen redox trend PnB as a bridge to redox events

A
P =y A-Y =
R— Sbi —> R— Sbl ---- A=Y transient
PnB
] °
2 As X
° o
2 5
g’ ,g elementary coordination
‘o - redox step adduct
a2 Sb g formation
3 ®
2
Bi |y ‘\A R —a—v1°
R—% bi\ 7
R R
E] Common oxidation state
= PnB favors coordination and el y redox

Sb' sb'" sbY steps at Sb center

Fig. 7 (A) Vertical periodic redox trend of the pnictogen family, (B)
common oxidation state of antimony, and (C) transient PnB tunnelling
redox events such as formation of a coordination bond and an elementary
redox step consisting of an oxidative addition.
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e Ligand moieties around the Sb center are as essential as
the ligands for metals. Strongly electron-withdrawing substitu-
ents stabilize oxidized states and also enable lowering of the
LUMO energy (Fig. 4(D)).

e Pre-association via PnB can orient and polarize substrates
with the Sb center, effectively lowering the activation barrier for
a simple coordination step as well as for elementary redox steps
(Fig. 7(C)).

Several oxidative additions of stibines(m) were reported
using oxidizing agents such as peroxides, bromine, selenium- or
tellurium-based diphenyldichalcogenides or iodobenzene dichlor-
ide (Fig. 8(A)).”*®* Stabilised stibinidenes(1) also undergo oxida-
tive addition of diphenyldisulfide, as reported by the Dostal
group. The 2,6-bis(ketimine)phenyl or 2,6-(methylamine)(ketimi-
ne)phenyl ligands impose both a trigonal planar geometry and a
steric shielding of Sb(i) via intramolecular Sb- - -N PnB. Planariza-
tion results in the formation of the Sb center of both an s-type
lone pair and an empty p molecular orbital, being partly respon-
sible for the redox reactivity. Antimony may also benefit from a
ligand-cooperativity effect as observed in the oxidation reaction
with alkyne or alkene cyclisation, providing the corresponding
stibines(m) (Fig. 8(A)). In parallel, reductive eliminations of poorly
stable stibines were observed by elimination of H, or a phospho-
nium cation.”®® More blatantly, the Akiba group reported in
2015 a systematic study of ligand exchange and ligand-coupling
reactions with pentavalent antimony derivatives,** based on their
anterior observations (Fig. 8(B)).®> The authors confirmed reduc-
tive elimination on antimony Sb(v), leading to diyne and biaryl
products, in the presence of a catalytic amount of lithium
tetrakis(pentafluorophenyl)borate under strong heating. The
reductive elimination also proceeds without a catalyst by means
of flash vacuum thermolysis; nevertheless, the activation mode of
the lithium cation is relatively unclear and still remains to be
utterly clarified (Fig. 8(B)).

Noteworthily, a stoichiometric two-electron redox process
has been described with the azostibocine scaffold in the
presence of methyl iodide. Although the mechanism has not
been proven, one can assume oxidative addition on the anti-
mony center via the stiborane intermediate, followed by methyl
chloride elimination (Fig. 8(C)).*® Alternatively, 1-electron-
sequence oxidation or reduction is also possible. In this con-
text, Schulz and Haberhauer reported remarkable stepwise
single-electron oxidation and reduction reactions of peri-
substituted bisstibino-naphthalene(m) into corresponding dis-
tibane (formally: II) (Fig. 8(D)).*” Later, the Broring group
reported sequential oxidation of antimony(u) corroles towards
antimony(v) species with silver salts. Interestingly, the authors
observed no physical oxidation state +IV after the first oxidation
but instead corrole oxidation due to non-innocent behaviour of
the latter (Fig. 8(D)).*® These sequential steps allow for the
selective adjustment of the antimony oxidation state and a
subsequent study of the intermediates which are of great
importance for the development of new redox processes.

One can mention a canonical transmetalation involving a
highly strained cyclic lithium borate and stibine(in) reported by
the Gabbai group.®® However, the underlying mechanism has
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not been determined and the driving force of the reaction is
more likely to be associated with a strain-release mechanism,
making it a case apart. In this line, the Dostal group reported
later the transmetalation of boronic acid on a stibaheterobor-
oxine derivative. Whereas the transmetalation conditions
require 10 equivalents of boronic acid, this reaction is the first
of its kind and is conceptually highly significant in antimony
chemistry (Fig. 8(E)).°° Since the transmetalation is a recurring
step in organometallic chemistry, this naturally raises the
important question of antimony’s ability to undertake other
or similar related redox reaction steps.

Stibine oxide tends to polymerise in most cases; however, to
overcome this problem, the Johnstone group has reported a
sterically hindered monomeric stibine oxide based on a 2,6-
diisopropylphenyl ligand, opening therefore a new avenue for
oxide stibine chemistry.”’ The hindered monomeric stibine
oxide undergoes reduction with silanes under mild conditions,
as well as oxide transfer involving the cleavage of the Sb-O
bond, ultimately leading to the corresponding difluorostibor-
ane (Scheme 12(a)). The same group also highlighted the
peculiar reactivity of stibine oxides, which promotes canonical
C-F and Si-F bond cleavage (Scheme 12(b)).°> The ambiphilic
nature of stibine oxide might serve as a starting point for small
molecule activation through isohypsic processes, similar to
metals in catalysis.

Taking small molecule activation one step further, the
Cornella group superbly achieved in 2023 hydrogen and ethy-
lene activation with sterically distorted distibenes, under very

1390 | Chem. Soc. Rev,, 2025, 54, 11379-11397

mild conditions (Scheme 12(c)).”* By using bulky hydrindacene
ligands, the authors obtained distibenes featuring unusual
long Sb=Sb bond lengths. This property leads distibene to
dissociate in solution, providing transient reactive monomeric
stibinidene(1), which reacts with hydrogen and ethylene. In
stibinidene(1), metal-like reactivity is due to dual orbital inter-
action between organoantimony and the substrate. Oxidative
addition of small molecules is certainly of high importance and
there is plenty of room for improvement by better understand-
ing of both the metal-like reactivity of Sb(i) and potential Sb
redox catalysis.'®**

Other elementary redox steps in antimony redox chemistry
have also been unlocked, such as C-H activation, which is, par
excellence, the hallmark of transition metals. The Periana
group was the first to use stiboranes(v) in the C-H activation
of small molecules such as methane or ethane. The antimony
complex was shown to activate small molecules through the
formation of a polarized C-Sb bond, leading to a pentavalent
complex after ligand decoordination (Scheme 13). The high
oxidation state of the latter favors the reductive elimination,
releasing both the stibine(m) and the C-H activated product.®®
The authors also demonstrated quantitative C-H activation with
high selectivity by replacing trifluoroacetic acid with sulfuric
acid and using a pentamethoxy antimony(v) derivative; note-
worthily, a C-H activation mechanism in a similar fashion was
confirmed.’® This proof of concept of C-H activation of light
alkanes adds another metal-like feature to the antimony toolbox.
Moreover, the pentavalent antimony scaffold employed in this

This journal is © The Royal Society of Chemistry 2025
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Scheme 12 (a) Hindered oxide stibine reactivity involving isohypsic oxid
and (c) small molecule activation with distibene via an oxidative addition.

study is relatively simple, offering considerable opportunities for
system improvement through the introduction of more complex
ligands. It is also worth noting that other C-H activation reac-
tions have been reported on larger molecules, such as the
phenolate anion, using dichlorostibine(in).®”

5.2. Low-valent organoantimony Sb™/Sb" and Sb™/Sb’ in
catalysis and organic synthesis

The use of low-valent organoantimony in catalysis and organic
synthesis is particularly rare; nevertheless, one can cite a few
examples that harness antimony reactivity, benefiting from
geometry-constraining effects or the non-innocent nature of
the ligands.

Capitalizing on the ambiphilic properties of stibinidene(x),
the Zhou group used these features for Sb(ur)/Sb(i) redox
catalysis with 10 mol% loading for hydroboration of disulfides.
The propensity of stibinidene(1) to undergo oxidative addition
was used to initiate the catalytic cycle with diaryldisulfides
ArSSAr. The resulting stibine(u) performs a hydrogen transfer
with pinacolborane (HBpin), leading to a sulfidoborate ArSBpin
and a fleeting hydridostibine(ur) intermediate which regenerates
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Scheme 13 Pentavalent activation of
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spontaneously into the catalyst through a reductive elimination
(Scheme 14).°® The basic character of the stibinidene(r) catalyst
was subsequently put to contribution for in situ valorization of
the so-obtained sulfidoborate and thiophenol products into
B-sulfido carbonyl compounds through a Michael reaction. The
one-pot access to B-sulfido carbonyl compounds through low-
valent antimony redox catalysis, coupled synergistically with
antimony Lewis base catalysis, is unprecedented and is expected
to pave the way for using the many facets of antimony in
catalysis. Moreover, similar antimony reactivity with respect
to organobismuth should legitimate further investigations in
this area.

Antimony redox properties were also harnessed for hydro-
gen production in electrocatalytic processes. The challenge lies
rather in determining the mechanistic aspects of the hydrogen
evolution reaction which have been extensively studied with
transition metals, but poorly explored with main-group-
element-based electrocatalysts. Brudvig, Batista and Crabtree
group reported the hydrogen evolution reaction with an Sb(i)
porphyrin active catalyst in which antimony is the catalytic
center for proton reduction. In this electrocatalytic reaction, the
antimony catalyst navigates through three formal oxidation
states (V/IV/III) whose redox potentials are directly modulated
by an antimony non-innocent polypyrrole ligand. This flexibil-
ity is a key advantage of the system, unlike metal-based hydro-
gen evolution reaction catalysts, where the redox-active site and
the substrate-binding site are inherently linked, restricting the
independent tuning of electronic properties.®’

Alternatively, the catalyst can also be supported directly in
an electrode as reported by the Jiang and Vogiatzis group which
developed an antimony(m) salen heterogenized in a glassy
carbon electrode.’®® The reaction proceeds via an antimony-
assisted and ligand-centered pathway involving sequential two-
electron reduction and protonation steps to produce H,
electrocatalytically. A simplified redox catalytic cycle is depicted
in Scheme 15, in which the antimony(u) salen results in a
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stibinidene(r) after two sequential electron reduction-protona-
tion steps. The latter undergoes a formal oxidative addition
leading to a hydridostibine(m) which, after hydrogen elimina-
tion, regenerates the stibine catalyst. Put in perspective, these
results provide an in-depth analysis of the underlying redox
mechanism, opening new avenues in heterogeneous redox
antimony electrocatalysis.

Hydrometalation of alkenes and alkynes is a key elementary
reaction that offers a direct route to alkyl- or alkenyl-metal
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Scheme 15 Electrocatalytic hydrogen evolution reaction with an

antimony(in) salen.
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intermediates which are highly valuable in organic synthesis
applications. To this extent, the Chitinis group reported unca-
talyzed hydrostibination reactions of alkene and alkyne bonds,
as a new class of elementary hydrometallation reactions requiring
neither a radical initiator nor additives such as metals or Lewis
acids (Scheme 16).'°" With the intention to design a highly
reactive hydrostibination reagent whose LUMO is sufficiently
low to engage with unsaturated substrates, the authors prepared
a hydridostibine(ur) with a rigid naphthalenediamine scaffold.
Increase of the Sb-N bond polarity with diamine ligands enables
LUMO localization on the Sb center and enhances its Lewis acidity
(with respect to Sb-C bonds); these features are required condi-
tions for hydrometallation and somehow reminiscent of borane
by analogy. Most importantly, the planar nature of the naphtha-
lenediamine ligand, flanked by a bulky triethylsilyl group,
imposes a distorted geometry around the antimony center, which
maintains its acidity by preventing any back donation of nitrogen
lone pair. In addition, the silyl groups ensure stability of the
reagent against H, elimination and promote higher reactivity of
the Sb-H bond via a geometry-permitted B-silicon effect (on_si —
Osp-y)- The meticulously designed reagent performed hydrostibi-
nation reactions in excellent yields with alkynes and alkenes but
also with azobenzene and activated aldehydes. Strikingly, the
hydrostibination reaction from terminal arylacetylenes yields
selectively to anti-Markovnikov Z-olefins, which is in contradiction
with anti-Markovnikov E-olefins usually observed via syn-addition
in the hydroboration reaction. The unpredicted selectivity
emerges from a homolytic mechanism initiated by the generation
of a stibinyl(u) radical, resulting originally from hydrogen transfer
between hydridostibine(m) and arylacetylenes (Scheme 16). The
stibinyl(u) radical participates then in a cycle featuring two oxida-
tion states Sb(u) and Sb(m), leading after a final hydrogen transfer
to the hydrostibination product.'®® The so-obtained Z-olefins are
rather difficult to obtain and usually require metal complexes with
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Scheme 16 Hydrostibination reaction for the selective synthesis of Z-
olefins.
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tailored ligands, which renders hydrostibination stereoselectivity
both unorthodox and of great interest for synthetic methodology.

5.3. High-valent organoantimony Sb'/Sb"/Sb™ in catalysis

The first reported catalytic redox system using the redox couple
Sb(v)/Sb(ur) was reported in 1985 by the Akiba group for a-
diketone synthesis (Scheme 17)."%* The active catalyst, dibromo-
phenylstiborane(v), has been exploited for its ability to chelate
a-hydroxy ketones under their enolic form with a prior ligand
exchange. Although the exact mechanism remains to be
explored, a rational pathway tends rather towards the reductive
elimination of the resulting complex, leading to the a-diketone
and triphenyl stibine(m). The latter can be reconverted into
dibromophenylstiborane(v) in the presence of a stoichiometric
quantity of a dibrominated co-oxidant. Later, milder and more
sustainable conditions were developed, notably by using a poly-
meric oxide triphenylstibine as the catalyst. The mechanism is
assumed to be the same and the authors avoided stoichiometric
use of co-oxidant, capitalizing on the oxidizing properties of
oxygen to close the catalytic cycle (Scheme 17)."%*

The use of other homologues such as triphenylarsine or
triphenylbismuth is not effective in this reaction, reflecting
thus the complementary importance of antimony in catalysis.'°

Cross-dehydrogenative coupling is an efficient tool for the
creation of carbon-carbon bonds; however, the developed
methodologies are largely based on transition metals. An alter-
native system using N-hydroxyphthalimide and a redox active
antimonate salt, NaSbClg, as a non-innocent counteranion co-
catalyst was reported by the Kobayashi group for the aerobic
cross-dehydrogenative coupling of N-tetrahydroisoquinolines
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Scheme 17 Catalytic oxidation of a-hydroxyketones with stiborane and
polymeric stibine oxide.
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(Scheme 18)."°* Although the mechanism is not established,
it is assumed that the single electron oxidation of tetrahydroiso-
quinolines is catalyzed by a hexachloroantimonate(v) anion pro-
viding an aminium radical cation. Aerobic condition leads to the
reoxidation of the antimony(iv) species into an antimonate(v)
anion catalyst and the formation of an oxygen radical anion. The
latter abstracts subsequently the hydrogen of the N-hydroxy-
phthalimide, delivering the phthalimide N-oxide radical and the
peroxide anion. Lastly, the aminium radical cation undergoes
hydrogen radical abstraction to yield the iminium cation which
readily reacts with nucleophiles to furnish the final cross-products.
Overall, the antimony-based co-catalysis of cross-dehydrogenative
coupling does not offer significant advantages compared to other
metal-based systems. However, from a fundamental point of view,
the implementation of redox-active antimonate counteranions in
catalysis might lead to further investigation in this area. It should
be noted, however, that a main challenge lies in the assessment of
the catalytically active species, since halide antimony derivatives
tend to disproportionate.

In the same way as non-noble transition metals, the redox
properties of antimony derivatives prompt them to be oxidized
under aerobic conditions, which makes them a potent platform
for the two-electron reduction of O,. Inspired by these features,
the Gabbai group designed a bifunctional platform to achieve
the four-electron reduction of O,, which is often considered a
more difficult task.'®® For this purpose, the authors took
advantage of a bis-diphenylstibine based on a xanthene or
dihydroacridine planar scaffold as depicted in Scheme 19. In
the presence of an electron-rich ortho-quinone, a formal oxida-
tion proceeds on both stibines(m), going to the +V oxidation
state, in parallel to the four-electron reduction of oxygen. The
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Scheme 18 Cross-dehydrogenative coupling reaction using a redox-
active antimony salt as a co-catalyst.
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resulting stable a,a,B,B-tetraolate distiborane can be triggered
sequentially via a formal ligand exchange in acidic medium,
followed by a reductive elimination mediated by an arylthiol
reducing agent, regenerating in fine the starting bis diphenyl-
stibine(in). Overall, the authors introduced an innovative strategy
based on an antimony platform for the metal-free reduction of
dioxygen. Despite the obvious difficulty in achieving a catalytic
reaction, sequential reaction conditions were implemented to
regenerate the initial distibine, paving the way for further
catalytic development.

5.4. Redox neutral catalysed and mediated reaction of Sb™

Redox neutral catalysis can be described as a series of elementary
steps (analogous to those observed with transition metals) part of
a catalytic cycle, preserving the oxidation state of the metal or
metalloid center. Several examples based on organobismuth or
organophosphorus compounds have already been reported.'*"*
However, only one example using antimony has been published
based on redox neutral catalysis definition. It was reported in 2022
by the Coles group for the catalytic hydrophosphination of phenyl
isocyanate leading non-selectively to the products of mono- and
di-insertion (Scheme 20)."” An antimony(m) phosphanide catalyst
was developed capitalizing on a bis(amidodimethyl)disiloxane
ligand, offering similar advantages with respect to the hydrosti-
bination catalyst developed by the Chitnis group (Scheme 16),
namely higher stability via steric hindrance, and a reactive Sb-P
bond owing to constrained geometry and B-silicon effect. The
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Scheme 19 Four-electron reduction of dioxygen with distibines.
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antimony catalysis.

mechanism may certainly involve an adduct between antimony(i)
phosphanide and phenyl isocyanate via a Sb---N or Sb---O PnB
promoting the first insertion step. The resulting phosphanylcar-
boxamidate antimony(m) complex undergoes then a second inser-
tion reaction or directly releases the phosphanylcarboxamide
product via a hydrogen transfer step which formally refers to a
ligand exchange. While the selectivity still remains to be con-
trolled, this redox neutral hydrophosphination reaction is a first
proof of concept in antimony chemistry.

6. Conclusions

Over the past few years, the fields of organic chemistry and
catalysis have experienced major upheavals due to the pursuit
of metal-free alternatives and the aspiration to discover new
reactivities. In this context, rapid advancements in organoanti-
mony chemistry have positioned it as a compelling platform for
organic synthesis and catalysis, bridging the gap between
traditional main-group chemistry and transition metal reactiv-
ity. This attention was greatly fostered by the combination of
redox versatility and the emerging role of pnictogen bonding,
which arises from the Lewis acidity of organoantimony.
This latter has greatly contributed to broadening the scope of
non-covalent interactions and their applications in catalysis.
However, despite the significant progress made in recent years,
several challenges remain. A major limitation is the relatively
narrow understanding of structure-redox reactivity relation-
ships until now. While promising applications have been
demonstrated in redox transformations and small-molecule
activation, the full potential of organoantimony in redox cata-
lysis has yet to be fully realized.

Looking ahead, key areas of future research include not only
the design of more robust and highly selective organoantimony
catalysts, but also the seamless integration of chiral pnictogen

This journal is © The Royal Society of Chemistry 2025
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bond donors into asymmetric catalysis, and the exploration of
novel reactivity modes inspired by transition metals. It is impor-
tant to note that c-hole-based asymmetric catalysis is a current
topic of high interest and is still in its infancy with respect to
pnictogen bond. Furthermore, interdisciplinary approaches
combining computational chemistry, mechanistic studies, and
innovative ligand design will be crucial in refining and expand-
ing the practical applications of organoantimony chemistry.
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