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Tris(pyrazolyl)methanesulfonate (Tpms) ligands constitute water-compatible scorpionate platforms that
combine the facial N,N,N donor set of classical tris(pyrazolyl)borates (Tp) or tris(pyrazolyllmethane (Tpm)
with an appended sulfonate functionality that enhances hydrolytic robustness, solubility in polar media
and coordination flexibility. Over the last two decades, Tpms chemistry has evolved from simple alkali—
metal salts into structurally diverse complexes spanning much of the periodic table, in which the sulfonate
group may remain non-coordinating or engage as an auxiliary, often hemilabile, donor. This donor com-
plementarity enables k*/x? coordination switching, modulation of nuclearity, access to multinuclear and
polymeric architectures, and fine control over metal-centre environments. In this Perspective, we critically
analyse the emerging structure—property relationships that govern Tpms coordination modes, stability
and dimensionality and assess how these features translate into enabling functions in oxidation and
carbonylation catalysis, Lewis-acid-mediated C-C bond formation, biologically active silver and copper
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systems, and coordination polymer design. Finally, we outline key challenges and opportunities for the
field, including rational ligand-design strategies to control sulfonate engagement, the need for mechanis-
tic benchmarking under aqueous and green conditions, and the potential of Tpms ligands as general

rsc.li/dalton scaffolds for sustainable and functional inorganic chemistry.

ments—as well as in homogeneous catalysis, metal extraction and
biomimetic chemistry.>®™* Despite these successes, the use of

1. Introduction

The development of tridentate nitrogen-donor ligands has
become a central theme in coordination and organometallic
chemistry, driven by their well-defined coordination modes
and broad applicability in catalysis, materials science and bio-

many Tp complexes in polar or aqueous media can be limited by
their low water solubility and, in some cases, by their suscepti-
bility to hydrolytic degradation. These features have motivated the
search for related ligand platforms better suited to such

inorganic modelling. Among these systems, scorpionate environments.>'*>"
ligands—most notably tris(pyrazolyl)borates (Tp)—have
achieved particular prominence owing to their facial tripodal
coordination and the possibility of fine-tuning steric and elec- H H R H R
tronic properties through pyrazole substitution.'™ Since their R LR R R /B\\R R /B\\}?
introduction by Trofimenko,” poly(pyrazolyl)borate ligands ) N l\\l\\N A\ 7 N ’Tl\l\‘l \ /N '}‘\’}‘ \
have evolved into a highly versatile class of scorpionate _N N \ N /N\N. AR /N\T//N\
systems. A key feature of Tp ligands is the possibility to systemati- A \ ’ /é R R l\lll/ E R R R M R RR
cally tune their steric and electronic properties through substi- a R /'\f\R R b) / l\\l\\ R ) N/ \N’
tution at the 3-, 4- and 5-positions of the pyrazolyl rings. Such <N NANZ H I§ N= /,lll N
modifications enable fine control over metal-ligand interactions, \ ,lj lll/ N // \BLN; N \B/ R
coordination number and geometry, ranging from classical «’- R \B// R R \N RR R RH/ \N R
N,N,N facial binding to reduced k> coordination modes or dis- |l| N/\ | N \
torted geometries under steric constraints (Fig. 1).>” As a result, K Y

R

Tp has become one of the most widely employed tripodal ligand
platforms, finding applications in areas such as bioinorganic
modelling—where it mimics histidine-rich coordination environ-
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Fig. 1 Representative steric and coordination diversity of tris(pyrazolyl)
borate (Tp) ligands. Substituents (R) on the pyrazolyl rings modulate
steric demand and enable different coordination modes, including (a)
classical k*-N,N,N facial binding, (b) k¥*> coordination with secondary
M---H-B interactions, and (c) reduced coordination environments under
increased steric constraints.
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An isoelectronic and isosteric alternative to Tp is tris(pyrazo-
lyl)methane (Tpm), which preserves the facial tridentate binding
motif while offering greater synthetic flexibility. Substitution at
the pyrazole rings enables straightforward access to a wide range
of derivatives, allowing steric and electronic modulation without
altering the tripodal framework.>®'®'® Building on this scaffold,
Kldui and co-workers introduced the sulfonated analogue tris(pyr-
azolyl)methanesulfonate (Tpms),>® obtained by replacing the
methine proton of Tpm with a methanesulfonate group (Fig. 2).

The incorporation of a sulfonate functionality endows
Tpms ligands with several key advantages over classical scor-
pionates. These include enhanced resistance to hydrolysis,
excellent solubility in polar solvents (including water), and
remarkable stability across a wide pH range in aqueous media.
Beyond these physicochemical benefits, the sulfonate unit
introduces an additional anionic donor site that can remain
non-coordinating or participate directly in metal binding,
thereby expanding the accessible coordination space.>*”>* As a
result, Tpms retains the monoanionic, formally Cs,-symmetric
N-donor character of Tp, while the replacement of the B-H
fragment with a sulfonate-bearing carbon centre generates a
chemically robust yet functionally versatile ligand platform.®??

Although the early development of Tpms chemistry was pre-
viously surveyed by Martins and co-workers in 2016,>* the sig-
nificant growth of the field over the last decade warrants a new
perspective. These features have positioned Tpms as an attrac-
tive alternative to traditional scorpionate ligands, stimulating
growing interest in its coordination and organometallic chem-
istry. Rather than providing an exhaustive catalogue of
reported compounds, this Perspective offers a critical analysis
of how the distinctive structural elements of Tpms, particularly
sulfonate incorporation and coordination flexibility, govern
metal binding, reactivity and function, and how these attri-
butes can be exploited in catalysis, biologically relevant
systems and functional materials.

2. Tris(pyrazolyl)methanesulfonate
ligands
2.1. Synthesis and general features

Tris(pyrazol-1-yl)methanesulfonate (Tpms, C(pz):S0;37)
ligands constitute a family of stable and versatile scorpionate-
type donors that are both isoelectronic and isosteric with clas-

Cl })CC>}C >}

Fig. 2 Comparison of classical scorpionate ligands tris(pyrazolyl)borate
(Tp) and tris(pyrazolyl)methane (Tpm) with the sulfonated analogue tris
(pyrazolyl)methanesulfonate (Tpms), highlighting the replacement of
the B—H or C—H unit with a methanesulfonate functionality in Tpms.
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sical tris(pyrazolyl)borates (Tp). As in Tp systems, the pyrazolyl
rings impart high chemical robustness, including resistance to
oxidative and reductive conditions, while substitution at the
pyrazole framework enables fine modulation of steric and elec-
tronic properties.>**>° A defining distinction, however, arises
from the replacement of the B-H unit with a sulfonate-bearing
carbon centre, which profoundly alters solubility, hydrolytic
stability and coordination behaviour. The prototypical lithium
salt, LiTpms, was first reported by Kldui in 2000 via deprotona-
tion of tris(pyrazolyl)methane in THF with n-butyllithium, fol-
lowed by sulfonation using a sulfur trioxide-trimethylamine
adduct and crystallisation from hot methanol.>® This modular
and operationally simple route provides direct access to Tpms
and related derivatives in good yields and has become the
standard synthetic entry point for this ligand class (Scheme 1).
Importantly, the resulting salts display excellent solubility in
polar solvents, including water, setting Tpms apart from many
classical scorpionate systems and enabling downstream chem-
istry under aqueous or protic conditions.

2.2. Structural variations and steric control

Beyond the parent Tpms framework, the introduction of steri-
cally demanding substituents at the 3-position of the pyrazolyl
rings has given rise to so-called “second-generation” Tpms
ligands.?*2**! Representative examples include Tpms™™
Tpms™ and Tpms™", which provide a systematic means to
modulate the steric environment around the metal centre
without disrupting the tripodal scaffold.

The phenyl-substituted derivative Tpms®™ was prepared by
Wanke and co-workers through low-temperature deprotonation
of Tpm™™ followed by sulfonation with SO;-NMe;.>° Notably,
the resulting lithium salt retains high solubility in polar media
(MeOH, EtOH, acetone, and water), illustrating how the sulfo-
nate functionality compensates for the increased hydrophobi-
city introduced by bulky aryl substituents. Analogous synthetic
strategies afford Tpms™ and Tpms™", whose steric bulk effec-
tively suppresses the formation of multinuclear “sandwich-
type” assemblies commonly encountered with less hindered
scorpionate ligands.?*?**%*3? Collectively, these derivatives
establish steric encumbrance as a powerful design parameter
in Tpms chemistry, allowing control over nuclearity, coordi-
nation number and accessibility of the metal centre while pre-

1 }]' . 1 R! §O3 . 1
/ N/\ TNA 1. "BuLi, THF / N\ N N
_ N\ | R E—— _ | N\ |
N N Nx 2. SO3; NMe, N N N
R2 R2 R2 R2
R2 R'=H R2
R2=H, Ph, t-Bu or i-Pr TpmsR?

Scheme 1 General synthetic route to tris(pyrazolyl)methanesulfonate
(Tpms) ligands via deprotonation of tris(pyrazolyl)methane derivatives,
followed by sulfonation with the SOs:NMes adduct, illustrating access to
the parent Tpms ligand (R* = H) and sterically modified second-gene-
ration derivatives (R* = H, Ph, i-Pr or t-Bu).

This journal is © The Royal Society of Chemistry 2026
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serving the favourable solubility and stability imparted by the
sulfonate group (Scheme 1).

2.3. Coordination flexibility and sulfonate engagement

Tpms ligands and their derivatives share with Tp ligands their
monoanionic, Cz,-symmetric, tripodal nature, but the replace-
ment of the B-H moiety with a methanesulfonate group intro-
duces additional donor flexibility. This modification confers
significant coordination versatility, allowing Tpms ligands to
function either as tripodal or bipodal donors.°®
Crystallographic and spectroscopic data reveal that Tpms
ligands can adopt multiple coordination modes, including x*-
N,N,N binding through the three pyrazolyl nitrogen atoms (a),
¥*>-N,N,O coordination involving two pyrazolyl nitrogens and
one sulfonate oxygen (b), ¥*-N,N coordination through two pyr-
azolyl rings (c), and k*>-N,0 binding with one pyrazolyl nitrogen
and one sulfonate oxygen (d).>**> This adaptability enables
reversible k*/x* switching and facilitates access to multinuclear
and polymeric architectures (Fig. 3).

Infrared spectroscopy has proven particularly diagnostic for
assessing sulfonate involvement in coordination. For Tpms
salts in which the sulfonate group remains non-coordinating,
two characteristic SO; stretching bands are typically observed,
consistent with retained C;, symmetry: the asymmetric stretch-
ing mode v,4(SO;) appears around 1220-1240 cm ™', while the
symmetric mode v4(SO;) is found in the 1055-1070 cm™"
region.”” In contrast, coordination of the sulfonate oxygen
lowers the local symmetry to Cs, leading to splitting of the SO,-
related stretching modes into three distinct bands, typically
observed at 1285-1315 cm™' [v,(SO,)], 1185-1205 cm™"
[v5(SO,)], and 1030-1040 cm ™" [v(S-O)].

The transition from two to three bands therefore provides a
clear spectroscopic signature of sulfonate coordination. These
trends correlate closely with solid-state structures and can also

K2-N,N K2-N,0

Fig. 3 Representative coordination modes of tris(pyrazolyl)methane-
sulfonate (Tpms) ligands: (a) x*>-N,N,N coordination through the three
pyrazolyl nitrogen atoms; (b) k*>-N,N,O coordination involving two pyra-
zolyl nitrogens and one sulfonate oxygen; (c) k¥>-N,N coordination with
one pyrazolyl arm unbound; and (d) k2-N,O coordination featuring one
pyrazolyl nitrogen and one sulfonate oxygen. The ability of the sulfonate
group to remain non-coordinating or to engage as an auxiliary donor
underpins the coordination flexibility of Tpoms ligands.

This journal is © The Royal Society of Chemistry 2026
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be used to probe coordination equilibria in solution. For
example, the potassium salt KTpms™" displays the two-band
pattern expected for a non-coordinating sulfonate group,
whereas LiTpms™" and TITpms™" exhibit the three-band
pattern associated with sulfonate coordination.>*”

In transition-metal complexes, analogous behaviour is
observed: zinc halide species [(Tpms™")ZnX] (X = ClI, Br) show
spectroscopic features consistent with ¥*-N,N,O coordination,
while nickel analogues [(Tpms®")NiX] retain x*-N,N,N binding
with a non-coordinating sulfonate group.*” Differences in SO,
band positions and relative intensities, together with changes
in pyrazolyl vibrations, further allow semi-quantitative assess-
ment of sulfonate engagement under different conditions.
Taken together, these studies reveal the sulfonate group as a
switchable auxiliary donor that responds sensitively to metal
identity and coordination environment. This combination of
enhanced solubility, hydrolytic stability and tunable donor
behaviour positions Tpms ligands as versatile scorpionate plat-
forms whose coordination chemistry not only parallels that of
Tp, but in many respects extends it. These features underpin
the diverse reactivity and functional applications discussed in
the following sections.

3. Metal complexes of tris(pyrazolyl)
methanesulfonate across the periodic
table

Although Tpms coordination chemistry is less extensive than
that of classical tris(pyrazolyl)borates, the available studies
already reveal distinctive, recurring patterns that are specific to
sulfonated scorpionates. In the following sections, we there-
fore adopt a concept-driven view, focusing on how sulfonate
incorporation reshapes solubility, coordination mode prefer-
ences and nuclearity, and how these features enable redox/oxo
chemistry, organometallic reactivity and extended architec-
tures. The discussion highlights representative systems and
the design rules they suggest, rather than providing an exhaus-
tive catalogue of reported complexes.

3.1. Salt platforms and pre-coordination behaviour: alkali
metals and TI(1)

Alkali-metal and thallium(i) Tpms derivatives define the base-
line coordination behaviour of sulfonated scorpionates in the
absence of strong d-block metal preferences. These systems
illustrate how the sulfonate group can remain non-coordinat-
ing, engage in O-only binding modes, or promote oligomeric
assemblies, thereby establishing reference points for interpret-
ing sulfonate engagement in transition-metal complexes. The
lithium salt LiTpms and its sterically modified congeners are
readily accessed by metathesis reactions and typically display
higher degrees of sulfonate engagement than their heavier
alkali-metal analogues. Infrared spectroscopic studies provide
a clear diagnostic of this behaviour: LiTpms™" exhibits three
v(SO3) bands characteristic of reduced symmetry and sulfonate

Dalton Trans.
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coordination, whereas the potassium analogue KTpms™"
shows only two ¥(SO;) bands, consistent with retention of Cj,
symmetry and a non-coordinating sulfonate group.>®*” These
observations highlight the sensitivity of sulfonate binding to
cation size and Lewis acidity, even in the absence of d-orbital
participation. In the solid state, LiTpms derivatives can crystal-
lise as monomeric or oligomeric assemblies, where the sulfo-
nate group may remain a spectator or engage in ¥*-O,0 inter-
actions that link metal centres into higher-order structures.
Such behaviour illustrates the propensity of the sulfonate
moiety to act as a structural organiser under favourable
electrostatic conditions, foreshadowing its role in coordination
polymers and multinuclear transition-metal systems. The post-
transition-metal thallium(i) derivative TITpms™" represents a
limiting case in which Tpms coordination is dominated exclu-
sively by the sulfonate functionality. Structural and spectro-
scopic studies reveal O-only binding of the ligand, with no
involvement of the pyrazolyl nitrogen donors.>**” This behav-
iour contrasts sharply with that observed for d-block metals
and underscores the capacity of Tpms to adapt its donor set in
response to metal softness and coordination preferences.

Collectively, alkali-metal and TI(1) Tpms salts establish key
reference points for understanding sulfonate engagement,
coordination flexibility and aggregation tendencies. These
systems define the baseline against which metal-driven coordi-
nation switching, redox chemistry and structural diversifica-
tion in transition-metal complexes can be meaningfully
interpreted.

3.2. When the sulfonate competes: coordination-mode
switching and auxiliary donor behaviour

One of the defining features of Tpms ligands is the ability of
the sulfonate group to compete with pyrazolyl nitrogen donors
for metal coordination. This section examines metal-depen-
dent «*/x* switching and N,N,N versus N,N,O binding motifs
(Fig. 3), highlighting cases where subtle changes in metal
identity, oxidation state or coordination environment deter-
mine whether the sulfonate remains a spectator or becomes
an active donor. Comparisons across transition-metal series
reveal how sulfonate engagement can be harnessed to modu-
late geometry, nuclearity and solution dynamics. Early evi-
dence of sulfonate competition can be identified by compari-
son across closely related metal systems. In zinc(u) halide com-
plexes [(Tpms®*)ZnX] (X = Cl, Br, I) (1a-c), solid-state struc-
tures reveal k>-N,N,O coordination, with the sulfonate oxygen
completing a distorted tetrahedral environment around zinc
(Scheme 2).*

"H NMR studies in CDCI; reveal distinctive solution behav-
iour: while the chloride and bromide analogues exhibit three
sets of pyrazolyl resonances in a 1:2 intensity ratio, consistent
with a solution equilibrium between a Cs,-symmetric species
and a Cg-symmetric isomer, the iodide derivative displays
exclusively the Cg-symmetric form even at low temperature.
This trend highlights the subtle interplay between halide iden-
tity, metal Lewis acidity and sulfonate engagement. Further
insight into sulfonate-assisted coordination flexibility is pro-
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Scheme 2 Zinc(i) complexes supported by the sulfonated scorpionate
ligand Tpms®Y, illustrating sulfonate-assisted coordination flexibility.
Solid-state «*-N,N,O coordination is observed for the halide derivatives
[(TpmsB¥)ZnX] (X = CL, Br, 1), while subsequent alkylation and protonoly-
sis reactions afford the monoacetate complex [(Tpms®%)ZnOAc] or a
dinuclear species featuring asymmetric bridging units, depending on the
reaction conditions.

vided by the reactivity of these zinc systems. Treatment of Tl
(Tpms™") with diethylzinc in THF affords the alkyl complex
[(Tpms™“)ZnEt] (1d), which upon reaction with acetic acid
yields either the monoacetate derivative [(Tpms™")ZnOAc] (1e)
or a dinuclear species, depending on the number of equiva-
lents of acetic acid employed.>*

Infrared spectroscopy corroborates sulfonate engagement
through the characteristic splitting of the v(SO;) bands, while
solution-phase NMR and IR studies indicate dynamic behav-
iour, involving partial sulfonate dissociation and interconver-
sion toward k*-N,N,N binding. In contrast, the isostructural
nickel(n) analogues [(Tpms™"“)NiX] crystallise exclusively in «*-
N,N,N coordination modes, with minimal spectroscopic evi-
dence for sulfonate participation (Scheme 3).*> This Zn/Ni
divergence highlights how subtle differences in metal Lewis
acidity and preferred coordination geometry govern sulfonate
involvement. Notably, these nickel complexes represent the
first reported Group 10 Tpms derivatives, underscoring the
structural robustness of bulky sulfonated scorpionate frame-
works in stabilising tetrahedral Ni(i1) environments.

Cobalt (1) chemistry provides further insight into sulfonate-
assisted coordination expansion. The five-coordinate complex

so3
2X=Cl
3X=Br

/ g [BU

Tl
,C\N N|X2
_N

Scheme 3 [(Tpms®Y)NiX] (X = Cl, Br) complexes showing «*-N,N,N
coordination and a non-bonding sulfonate group, highlighting the
metal-dependent nature of sulfonate participation in Tpms chemistry.

X
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[(Tpms™*)CoCl(Hpz™®")] (4) adopts a distorted trigonal-bipyra-
midal geometry in which the sulfonate oxygen occupies an
axial position, stabilising a «>-N,N,0 binding mode
(Scheme 4a).”> Despite its five-coordinate structure, the
complex exhibits electronic features more commonly associ-
ated with four-coordinate Co(u) centres, underscoring the
subtle yet significant electronic influence exerted by sulfonate
coordination. In contrast, attempts to generate Tpms-sup-
ported Co(u) complexes under hydrolytic conditions can
promote cleavage of the C(sp*)-S bond (Scheme 4b), yielding
Tpm-based derivatives and sulfate-containing species.*® Cyclic
voltammetry of these products reveals an irreversible Co**/Co"
reduction process in the range —0.40 to —0.68 V vs. SCE (satu-
rated calomel electrode), followed by oxidation waves at higher
potentials (0.58-1.28 V). These results emphasise that sulfo-
nate engagement, while generally reversible and hemilabile,
may also enable alternative reaction pathways under specific
chemical environments.

Vanadium systems further exemplify sulfonate competition
in redox-active environments. While the V(iv) complex
[VCl3(Tpms)] (6) adopts classical ¥*-N,N,N coordination,'®**
oxovanadium derivatives such as (Tpms)VOCI(DMF) (8) exhibit
N,N,0 binding modes in the solid state, with spectroscopic evi-
dence for equilibria between N,N,N and N,N,O coordination in
solution (Scheme 5).%

Silva and co-workers subsequently reported the reaction of
[VO(OEt);] with LiTpms, affording the air-stable dioxovana-
dium(v) complex [VO,(Tpms)] (9) (Scheme 5).%° This behaviour
reflects the pronounced oxophilicity of vanadium and illus-
trates how sulfonate donors can be selectively recruited to
stabilise high-valent and oxo-containing metal centres.

Taken together, these examples establish sulfonate compe-
tition as a tunable and predictable feature of Tpms coordi-
nation chemistry rather than a structural anomaly. Metal iden-
tity, oxidation state, steric environment and solvent collectively

/
303 N@
o N
N N + Cocl, MR 0s5-C—
O N\
I IN<
N7

tBu
IBU |/ Bu

TS
e D o D
N7

O~
S0,HO” | OHCHs
OCH;

Scheme 4 (a) [(Tpms™®)CoCl(Hpz™®¥)] showing «*-N,N,O coordination
and sulfonate-assisted stabilisation of a five-coordinate cobalt(i) centre.
(b) Transformation of Tpms-supported cobalt complexes under protic
conditions, illustrating ligand reorganisation and alternative coordination
pathways.
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Scheme 5 Vanadium complexes supported by tris(pyrazolyl)methane-
sulfonate illustrating coordination-mode switching driven by oxidation
state and oxo formation. While [VClz(Tpms)] adopts x>-N,N,N coordi-
nation, oxovanadium derivatives display N,N,O binding involving the sul-
fonate oxygen, with solution equilibria between N,N,N and N,N,O
modes.

determine whether the sulfonate group remains a spectator,
acts as an auxiliary donor, or participates dynamically in
coordination equilibria. This capacity for controlled donor
switching distinguishes Tpms ligands from classical scorpio-
nates and provides a powerful handle for modulating geome-
try, nuclearity and reactivity in downstream organometallic
and catalytic applications.

3.3. Redox and oxo manifolds enabled by Tpms: early
transition metals and high-valent species

Early transition metals provide a particularly revealing arena
in which to assess the impact of sulfonated scorpionate
ligands on redox chemistry and oxo formation. In this context,
Tpms ligands combine two features that are rarely accessible
simultaneously with classical scorpionates: (i) stabilisation of
high oxidation states under polar conditions and (ii) the
capacity of the sulfonate group to participate selectively in
metal-oxo coordination environments. Vanadium, molyb-
denum and rhenium systems collectively illustrate how these
attributes translate into structurally and electronically diverse
redox manifolds. Vanadium chemistry offers the clearest illus-
tration of oxidation-state-dependent behaviour. As discussed
above, the V(iv) halide complex [VCl;(Tpms)] (6) adopts a con-
ventional «*-N,N,N coordination mode and displays well-
defined and reversible V(iv)/V(v) redox behaviour.'®** In con-
trast, oxovanadium derivatives formed either by aerial oxi-
dation or controlled ligand substitution recruit the sulfonate
oxygen into the coordination sphere, yielding N,N,O-bound
species and solution equilibria between N,N,N and N,N,O
binding modes (Scheme 5).** The dioxovanadium(v) complex
[VO,(Tpms)] (9) extends this chemistry to higher oxidation
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states while reverting to a classical scorpionate binding mode,
demonstrating that sulfonate engagement is not obligatory but
is selectively triggered by oxophilicity and coordination
demand.?® Together, these systems establish Tpms as a ligand
capable of accommodating redox-driven structural reorganis-
ation without compromising stability in polar media.
Molybdenum complexes further emphasise the versatility of
Tpms in redox-active environments. Reaction of Li(Tpms) with
[Mo(CO)] affords the tricarbonyl species Li[Mo(Tpms)(CO);]
(10), a rare example of a water-soluble molybdenum carbonyl
complex.’” This compound serves as a gateway to a rich redox
landscape encompassing low- and high-valent molybdenum
species (Scheme 6). Controlled oxidation, protonation or
halide abstraction yields iodide, hydride and oxo derivatives,
including Mo(v) and Mo(vi) oxo dimers in which the Tpms
ligand adopts distinct coordination roles. Notably, the sulfo-
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Scheme 6 Redox- and ligand-induced transformations of the tricarbo-
nyl complex Li[Mo(Tpms)(CO)s], providing access to low- and high-
valent molybdenum species. Oxidation, protonation and halide abstrac-
tion afford iodide, hydride and oxo derivatives, including Mo(v) and Mo
(vi) oxo dimers, highlighting the versatility of Tpms ligands in redox-
active chemistry.
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nate group may coordinate directly to the molybdenum centre
or engage in secondary interactions with lithium ions to gene-
rate polymeric or supramolecular assemblies. These obser-
vations underscore the non-innocent nature of the sulfonate
functionality, which contributes not only to solubility but also
to structural diversification across oxidation states.

Rhenium chemistry provides a complementary perspective
on high-valent oxo stabilisation. Tpms-supported rhenium(vi)
oxo complexes such as [ReO3(Tpms)] (17) and mixed-ligand
derivatives derived from Re,O; or [ReOCl;(PPh;),] illustrate the
compatibility of Tpms ligands with strongly oxidising metal
centres (Scheme 7).*® These species retain structural integrity
under aqueous or alcoholic conditions, highlighting the pro-
tective role of sulfonated scorpionates in harsh redox environ-
ments. Subsequent incorporation of neutral donors, as in
[ReO(Tpms)(HMT)] (19), expands this chemistry to lower oxi-
dation states and introduces electrochemically addressable Re
(m)/Re(u) couples.*® Cyclic voltammetry of this complex reveals
a single-electron irreversible reduction wave, assigned to the
Re(m) — Re(u) redox process.

Beyond discrete molecular complexes, Tpms ligands also
enable the assembly of redox-active clusters. The [VFe;S,]**
cubane-type clusters stabilised by Tpms represent an early and
striking example of multimetallic architectures supported by
sulfonated scorpionates (Scheme 8).>° In these systems, the
Tpms ligand contributes to both electronic modulation and
solubility, allowing systematic variation of terminal ligands
and fine-tuning of redox potentials without disruption of the
metal-sulfur core.

Collectively, these early transition-metal systems demon-
strate that Tpms ligands provide a robust yet adaptable plat-
form for redox and oxo chemistry. Selective sulfonate recruit-
ment, tolerance to high oxidation states and compatibility
with polar and aqueous environments distinguish Tpms from
classical scorpionates and underpin their growing relevance in
oxidation catalysis and sustainable inorganic chemistry.

Re,O;
303 H,O or MeOH  [ReOCl3(PPhs),] so3 al
g hL iroms 4» <:N W
N
Re,O
Re 2%7 Re\
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Scheme 7 Tris(pyrazolyl)methanesulfonate-supported rhenium oxo
complexes illustrating the stabilisation of high-valent Re(vi) species and
their extension to lower oxidation states through coordination of neutral
donor ligands.
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Scheme 8 Tpms-stabilised [VFesS4]?* clusters bearing different term-
inal ligands at the iron sites (Cl™, thiolate and aryloxide). Variation of the

terminal donor modulates the electronic properties of the cluster while
preserving the metal-sulfur core.

3.4. Reactive organometallic motifs: carbonyl, hydride and
small-molecule activation chemistry

Late transition metals supported by tris( pyrazolyl)methanesul-
fonate ligands exhibit a rich organometallic chemistry in
which classical scorpionate coordination is combined with
enhanced solubility, coordination adaptability and access to
reactive intermediates. In contrast to the early transition-metal
systems discussed above, where redox and oxo chemistry domi-
nate, Tpms ligands in Groups 8 and 9 enable the stabilisation
of carbonyl, hydride and coordinatively unsaturated species
that are directly relevant to bond activation and catalysis.

Ruthenium complexes constitute the most extensively devel-
oped family within this context. Half-sandwich species of the type
[Ru(n’-arene)(Tpms)]Cl (24-28) and their phenyl-substituted ana-
logues are readily obtained by reaction of Li(Tpms) or Li(Tpms™)
with the corresponding chloro-bridged dimers and retain classi-
cal ¥’-N,N,N scorpionate binding (Scheme 9).**

These complexes are air-stable, soluble in polar solvents
and serve as versatile precursors for further ligand substitution
chemistry. Importantly, metathesis reactions and solvent-
dependent rearrangements allow access to alternative coordi-
nation environments, including mixed donor sets and k*-N,N,
O binding in specific cases.

Further diversification is achieved through phosphine
coordination. The reaction of [RuCl,(PPhj);] with Li(Tpms)
affords [RuCK{Tpms}(PPhs),] (32), which displays solvent- and
temperature-dependent coordination behaviour, undergoing
reversible interconversion between «*-N,N,0 and «3-N,N,N
isomers (Scheme 10).%*

Subsequent substitution with PTA gives rise to a family of
well-defined x*-N,N,N complexes that can be further functiona-
lised through electrophilic modification of the coordinated
PTA ligand, providing a modular platform for post-synthetic
diversification without disrupting the Tpms framework.

Hydride chemistry provides particularly compelling evi-
dence of the ability of Tpms ligands to stabilise reactive inter-
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Scheme 9 Synthesis of ruthenium(i) half-sandwich complexes sup-
ported by tris(pyrazolyl)methanesulfonate ligands. Reaction of Li(Tpms)
or Li(Tpms™) with chloro-bridged arene ruthenium dimers affords [Ru
(n®-arene)(Tpms)ICl derivatives (arene = p-cymene, benzene or hexa-
methylbenzene), while reaction with [RuCl,(COD)(CHzCN),] provides
access to Ru(COD)-Tpms complexes. The solid-state structure of
complex 24, shown with 50% probability ellipsoids, illustrates a repre-
sentative coordination environment. Hydrogen atoms are omitted for
clarity.

mediates. Reaction of [RuH,(PPh;),] with Li(Tpms) yields the
monohydride [RuH(Tpms)(PPhs),] (40), which undergoes pro-
tonation to form the molecular hydrogen complex [Ru(n*-H,)
(Tpms)(PPh;),]" (43) (Scheme 11).*° These species were unam-
biguously characterised by NMR spectroscopy, relaxation time
measurements and isotopic labelling, representing rare
examples of n>-H, complexes supported by sulfonated scorpio-
nate ligands. This chemistry highlights the compatibility of
Tpms frameworks with delicate metal-hydrogen bonding
motifs.

Iron chemistry provides an early entry point into Group 8
organometallic motifs supported by tris( pyrazolyl)methanesulfo-
nate ligands. The first reported Tpms complex in this area was
the iron(u) species Fe(Tpms), (45), synthesised by Gu in 2005.*"

Subsequent derivatisation afforded the lithium salt Li,[Fe
(Tpms)(CN)3] (46) that reacted with Mn(Cl0O,),-6H,0 in DMF to
form a well-defined heterobimetallic compound, [Fe"(Tpms)
(CN);][Mn"(H,0),(DMF),]-DMF (47) (Scheme 12). This trans-
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Scheme 10 Solvent- and temperature-dependent coordination behav-
jour in ruthenium(n) tris(pyrazolyl)methanesulfonate complexes.
Reaction of [RUCl,(PPhz)z] with Li(Tpms) affords [RuCl{Tpms}(PPhsz),],
which undergoes reversible interconversion between x*-N,N,O and «*-
N,N,N coordination modes. Subsequent substitution with PTA enables
selective formation of k*-N,N,N complexes and post-functionalisation at
the coordinated phosphine.
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Scheme 11 Formation of Ru—hydride and n?-H, complexes supported
by Tpms ligands, illustrating stabilisation of metal-hydrogen bonding
motifs. Isotopic labelling experiments lead to the corresponding nZ-HD
species, confirming reversible H-H bond formation within the Tpms
coordination environment.

formation highlights the capacity of Tpms-supported cyanome-
tallates to engage in controlled secondary metal coordination.
In parallel, Silva and co-workers reported the pentacoordi-
nate iron(n) complex Li[FeCl,(Tpms)] (48), obtained directly
from FeCl,-2H,O and Li(Tpms) in water, which displays the
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Scheme 12 Iron(i) tris(pyrazolyl)methanesulfonate complexes illustrat-
ing early Group 8 organometallic motifs. Formation of [Fe(Tpms),], its
dilithiated  derivative ~and the heterobimetallic  {[Fe"(Tpms)
(CN)3lIMn"(H0),(DMF),]}-DMF assembly highlight the ability of Tpms-
supported iron centres to engage in redox-active, multinuclear and sec-
ondary coordination chemistry, alongside classical x>-N,N,N scorpionate
binding in Li[FeCly(Tpms)].

classical ~ «*-N,NJN  scorpionate coordination mode
(Scheme 12)."®

Rhodium systems further demonstrate the potential of
Tpms ligands in organometallic reactivity. Carbonyl and olefin
complexes such as TpmsRh(COD) (49) (COD = 1,5-cycloocta-
diene), TpmsRh(NBD) (50) (NBD = bicyclo[2.2.1]hepta-2,5-diene)
and TpmsRh(CO), (51) demonstrate flexible coordination behav-
iour, including ¥*-N,N,N binding and bis-chelation modes
depending on the ancillary ligands (Scheme 13).>>**

Photolysis of mixed carbonyl-phosphine derivatives gener-
ates coordinatively unsaturated Rh(i) species capable of activat-
ing aromatic C-H bonds.** Irradiation in benzene leads to
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C } [Rh(L)CI], ‘N\\\‘
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Scheme 13 Synthesis of rhodium(i) tris(pyrazolyl)methanesulfonate
complexes bearing carbonyl and olefin ligands. Reaction of Tl(Tpms)
with [Rh(CO),Cll,, [Rh(COD)Cl]l; or [Rh(NBD)CL], affords Tpms-sup-
ported Rh(i) species displaying flexible coordination behaviour and pro-
viding entry points to further organometallic reactivity.
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quantitative formation of hydrido-aryl products, while analo-
gous experiments in deuterated solvents demonstrate isotopic
scrambling, providing clear evidence for genuine C-H acti-
vation pathways rather than simple ligand exchange
(Scheme 14a). NMR spectroscopy supports these assignments:
in 53, the hydride appears at 6 = -16.30 ppm as a doublet of
doublets (Ygnu = 26.0 Hz, *Jpy = 32.3 Hz), consistent with
related Cp* (pentamethylcyclopentadienyl) and Tp* (tris(3,5-
dimethylpyrazolyl)borate) analogues,**™*> while the corres-
ponding deuteride signal in 54 is observed at dp = -16.1 ppm
in the >H NMR spectrum, with coupling constants reduced
according to the magnetogyric ratio of deuterium (YJgnp = 4
Hz, *fop = 5 Hz). After short irradiation times, NMR analysis
also reveals the formation of the carbon monoxide insertion
product [(TpmsRh(H)(COCe¢H;5)(PMe;))], identified by its
characteristic hydride resonance at §y = -14.88 ppm as a
doublet of doublets, confirming the accessibility of benzoyl
intermediates under mild photochemical conditions. The
incorporation of water-soluble phosphines further extends
Tpms-Rh chemistry into polar media. Complexes such as [Rh
(Tpms)(CO)(PTA)] (56) (PTA = 1,3,5-triaza-7-phosphaadaman-
tane) combine K-N,N,N scorpionate binding with labile donor
environments and exhibit well-defined electrochemical
responses, while maintaining sufficient stability for solution
studies (Scheme 14b).*® These systems illustrate how Tpms
ligands can balance coordination rigidity with functional
adaptability in late-metal organometallic chemistry.

Iridium analogues complete this picture by extending Tpms
chemistry to oxidative addition processes. Reaction of [IrCl
(COE),], (COE = cis-cyclooctene) with Li(Tpms) affords ethyl-
ene complexes that readily undergo ligand substitution and
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Scheme 14 Photochemical and ligand-substitution reactivity of
rhodium()) tris(pyrazolyl)methanesulfonate complexes: (a) Photolysis of
carbonyl-phosphine derivatives generates coordinatively unsaturated
Rh() species that undergo C—-H bond activation and CO insertion to
form hydrido—aryl and acyl complexes; and (b) Incorporation of water-
soluble phosphines such as PTA affords well-defined Rh—Tpms species
compatible with polar media.
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Scheme 15 Ethylene coordination, phosphine substitution and dihy-
drogen oxidative addition in iridium(i) tris(pyrazolyl)methanesulfonate
complexes.

hydrogen activation to form cis-dihydride species
(Scheme 15).*” These transformations demonstrate that the
sulfonated scorpionate framework can accommodate n-ligand
coordination, oxidative addition and metal-hydride formation
without loss of structural integrity.

Collectively, the organometallic chemistry of Fe, Ru, Rh and
Ir supported by Tpms ligands reveals a coherent picture in
which classical scorpionate coordination is retained while
access to carbonyls, hydrides, n>-H, complexes, cyanometallate
motifs and C-H activation intermediates is enabled. These
studies establish Tpms ligands as genuinely enabling plat-
forms for organometallic reactivity, particularly in polar or
protic environments where traditional scorpionates are often
ineffective.

3.5. Coinage metals and structural diversity: discrete
complexes, polymers and extended architectures

The coordination chemistry of coinage metals (Cu, Ag and Au)
with tris(pyrazolyl)methanesulfonate (Tpms) ligands rep-
resents one of the most structurally diverse manifestations of
this ligand family, reflecting the combined influence of soft
metal centres, hemilabile sulfonate coordination and flexible
tripodal nitrogen binding. In contrast to earlier transition-
metal systems, Tpms-coinage metal chemistry spans discrete
molecular complexes, multinuclear assemblies and extended
coordination polymers.

Copper(1) complexes provided the first direct structural evi-
dence of Tpms coordination to coinage metals. Santini and co-
workers reported mixed phosphine-Tpms Cu(i) species such
as [Cu(PPh;)(Tpms)] (60) and related derivatives, in which
Tpms adopts a heteroscorpionate «*-N,N,0 coordination
mode, leading to distorted tetrahedral Cu(i) centres
(Scheme 16a).>' In the absence of sterically compatible phos-
phines, bis-ligand species [Cu(Tpms),] (62) are preferentially
formed, highlighting the adaptability of the Tpms donor set.
Variable-temperature NMR studies revealed pronounced fluxio-
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Scheme 16 Copper() complexes supported by tris(pyrazolyl)methane-
sulfonate ligands: (a) The formation of mixed phosphine—Tpms species
and bis(Tpms) derivatives illustrates the balance between heteroscorpio-
nate k*-N,N,O coordination; and (b) fully tripodal k*-N,N,N binding, as
well as the influence of pyrazolyl substitution on Cu() coordination
environments.

nal behaviour, attributed to rapid pyrazolyl arm exchange and
weak Cu-O(sulfonate) interactions.

The donor balance within Tpms was further illustrated by
copper(i) carbonyl complexes. Kldui and co-workers compared
[(Tpms™*)Cu(CO)] (64) and [(Tpms)Cu(CO)] (63), demonstrat-
ing that steric encumbrance at the pyrazolyl rings favours «*-N,
N,O coordination in Tpms™" derivatives, whereas the less hin-
dered Tpms ligand preferentially adopts a ¥’-N,N,N mode
(Scheme 16b).”> Vvariable-temperature NMR and IR spec-
troscopy showed that bulky substituents promote a Cs-sym-
metric N,N,O coordination, associated with an intense v(CO)
band at 2108 cm™", while non-substituted Tpms favours a Cs,-
symmetric isomer with v(CO) = 2104 cm™'. These systems
underscore how subtle ligand modifications dictate coordi-
nation symmetry and electronic properties at soft Cuf()
centres. Copper(u) derivatives extend this chemistry to higher
coordination numbers. The square-pyramidal complex [CuCl
(Tpms®™)(H,0)] (66) illustrates how the sulfonate group can
directly participate in metal binding, stabilising «*-N,N,0
coordination modes in Cu(u) environments (Scheme 17).*®
Solid- and solution-state spectroscopic data confirm partial
sulfonate engagement, reinforcing the role of Tpms as more
than a purely N-donor ligand. In parallel, the water-soluble
copper(i) complex [Cu(TPPTS)(Tpms)] (65), obtained from [Cu
(CH,CN),]PF,, Nay[TPPTS] (TPPTS = P(C¢H,-m-S0O;);) and Li
(Tpms) in CH30H/CH;CN, further demonstrates the compat-
ibility of Tpms-based systems with highly polar and aqueous
media (Scheme 17).*°

Silver(i) systems exhibit the most pronounced structural
diversity within coinage-metal Tpms chemistry. Discrete Ag(i)
complexes such as [Ag(Tpms)] (67) exhibit predominantly «*-N,
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Scheme 17 Copper complexes supported by tris(pyrazolyl)methane-
sulfonate ligands in different oxidation states. Formation of a water-
soluble Cu() complex bearing a sulfonated phosphine and stabilisation
of a square-pyramidal Cuf(i) centre through x*-N,N,O coordination high-
light the role of the sulfonate group in enhancing solubility and enabling
higher coordination numbers.

N,N coordination in solution, but weak Ag---O(sulfonate) inter-
actions can promote oligomerisation or polymerisation in the
solid state (Scheme 18).>° The outcome is highly sensitive to
auxiliary ligands: phosphine- and PTA-stabilised complexes
remain molecular,’®”" whereas ligand-only systems readily
assemble into extended architectures. A particularly striking
example is the one-dimensional helical coordination polymer [Ag
(Tpms)], (71), in which Tpms bridges adjacent Ag centres
through alternating N- and O-donor sets (Scheme 18).>> This
structure highlights the ability of Tpms to function simul-
taneously as a chelating and bridging ligand, enabling polymer
formation without additional spacers or multitopic linkers.

Gold(m) chemistry, though more limited, reinforces the
intrinsic donor hierarchy of Tpms ligands. In the square-
planar complex [AuCl,(Tpms)] (72), Tpms coordinates exclu-
sively through two pyrazolyl nitrogen atoms, leaving both the
sulfonate group and one pyrazolyl arm unbound
(Scheme 19).>> NMR studies in DMSO-dg show rapid exchange
among the pyrazolyl arms, whereas X-ray diffraction reveals an
almost ideal square-planar Au(m) centre with two chloride
ligands and two coordinated pyrazolyl donors. This selective
coordination behaviour reflects the preference of Au(m) for soft
N-donor environments and suggests opportunities for second-
ary interactions or post-coordination assembly.

Overall, coinage-metal Tpms chemistry showcases the
ligand as a genuine structure-directing platform rather than a
passive spectator. The interplay between soft metal centres,
hemilabile sulfonate coordination and tripodal nitrogen
binding enables access to a continuum of nuclearities and
dimensionalities—from fluxional mononuclear complexes to
discrete Ag(1) assemblies and extended coordination polymers.
This structural adaptability clearly distinguishes Tpms from
classical scorpionate ligands and underpins its growing rele-
vance in the rational design of functional metal-based
architectures.
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Scheme 18 Structural diversity of silver(i) tris(pyrazolyl)methanesulfo-
nate complexes. Modulation of auxiliary ligands and reaction conditions
enables access to Ag() species, phosphine- or PTA-stabilised complexes,
and oligomeric or polymeric assemblies, reflecting the balance between
®>-N,N,N coordination and secondary Ag—O(sulfonate) interactions. The
solid-state structure of complex 68, shown with 50% probability ellip-
soids, illustrates a representative coordination environment. Hydrogen
atoms are omitted for clarity.
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Scheme 19 Gold(m) tris(pyrazolyl)methanesulfonate complex illustrat-
ing selective N-donor coordination. The solid-state structure of
[AuCly(Tpms)] (72) is shown with 50% probability ellipsoids. Hydrogen
atoms are omitted for clarity.

3.6. Emerging design rules from Tpms-supported metal
complexes

The body of work reviewed in this section reveals that tris(pyra-
zolyl)methanesulfonate ligands are not merely water-compati-
ble analogues of classical scorpionates, but versatile design

This journal is © The Royal Society of Chemistry 2026
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elements that enable systematic control over coordination
mode, nuclearity and reactivity across a broad range of metal
centres. Several general design rules can be distilled from
Tpms-supported metal complexes. A first and central feature is
the hierarchy and complementarity of donor sites. While the
three pyrazolyl nitrogen atoms define a robust facial N; plat-
form, the appended sulfonate group introduces an additional,
weaker donor that can engage selectively depending on the
electronic demands, coordination number and hardness of
the metal centre. This hierarchy enables predictable differen-
tiation between fully tripodal k*-N,N,N coordination, hetero-
scorpionate k*>-N,N,O binding and lower denticity modes such
as ¥>-N,N, particularly in metals capable of accommodating
higher coordination numbers or secondary interactions. Closely
related to this is the hemilabile character of the sulfonate group,
which allows reversible engagement without compromising the
integrity of the tripodal scaffold. Across multiple metal families,
sulfonate coordination emerges as a responsive element rather
than a fixed binding site, adapting to changes in oxidation state,
solvent polarity or the presence of auxiliary ligands. This behav-
iour underpins dynamic processes such as coordination switch-
ing, fluxionality in solution and the stabilisation of reactive inter-
mediates, while maintaining high hydrolytic stability. A third
recurring design principle is the control of nuclearity and dimen-
sionality. Tpms ligands can stabilise well-defined mononuclear
complexes, but they also readily support multinuclear assemblies
and extended architectures when secondary metal-sulfonate or
metal-metal interactions become energetically favourable. In par-
ticular, coinage-metal systems highlight how subtle changes in
ligand environment or reaction conditions can shift the outcome
from discrete species to coordination polymers, without the need
for multitopic or rigid organic linkers. The reviewed examples
further demonstrate that steric modulation at the pyrazolyl rings
provides an efficient handle to fine-tune coordination symmetry
and electronic properties. Bulky substituents favour reduced denti-
city or heteroscorpionate binding, whereas less hindered systems
promote fully tripodal coordination. This steric control directly
translates into changes in metal geometry, ligand lability and reac-
tivity, offering a modular strategy for catalyst and material design.

Finally, Tpms ligands combine structural robustness with
functional adaptability, particularly under polar or aqueous
conditions. The sulfonate group enhances solubility and stabi-
lity without sacrificing coordination versatility, positioning
Tpms as a powerful scaffold for sustainable inorganic chem-
istry. Importantly, the ligand framework supports a wide range
of oxidation states and metal classes, from early transition
metals to coinage and post-transition metals, enabling the
transfer of design principles between traditionally distinct
areas of inorganic chemistry.

4. Applications
4.1. Antimicrobial and antiproliferative activities

The biological applications of Tpms-based metal complexes
have been widely explored over the past two decades, particu-
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larly for copper(1) and silver(r) derivatives. In 2003, Santini and
co-workers investigated the antioxidant activity of the copper()
complex [Cu[PPh,(p-CsH,COOH)],(Tpms)] using lucigenin-
enhanced chemiluminescence, a technique that selectively
detects free superoxide radicals not quenched by antioxi-
dants.”® This complex efficiently scavenged superoxide anions,
showing an ICs, value of 0.57 + 0.06 mM. The activity was
attributed to the electron-donating properties of the scorpio-
nate ligand, which were proposed to enhance the complex’s
reactivity toward reactive oxygen species. Pellei and co-workers
(2004) extended these studies to the copper(r) derivative
[CuTpms(TPPTS)] (65), also assessed by lucigenin chemilumi-
nescence.”” While complex 65 exhibited the highest anti-
oxidant performance, its capacity to prevent DNA strand break-
age depended strongly on the reactive nitrogen-oxygen species
donor used. Notably, complex 65 significantly protected DNA
only in the presence of the SIN-1 donor, highlighting a selec-
tive protective effect against specific sources of oxidative stress.

The biological scope of Tpms complexes was later expanded
to silver derivatives. Pettinari and co-workers (2011) evaluated
the antimicrobial properties of [Ag(Tpms)] (67)-[Ag(PTA)
(Tpms)] (70) by agar diffusion assays against a panel of bac-
teria and fungi.”® While the lithium salt of Tpms alone was
inactive, all silver complexes displayed broad-spectrum anti-
bacterial and antifungal activity. The PTA-containing complex
70 was particularly potent, showing significantly greater anti-
bacterial activity than silver nitrate (P < 0.01). It inhibited both
Gram-positive and Gram-negative strains, except Enterococcus
faecalis, known for its high intrinsic tolerance, and demon-
strated strong activity against Pseudomonas aeruginosa as well
as excellent antifungal effects against Candida albicans (inhi-
bition zones ~ 20 mm). These results underscore the potential
of silver(i) Tpms complexes, especially PTA-containing deriva-
tives, as potent antimicrobial agents.

Continuing the exploration of silver-based systems, Almeida
and co-workers (2019) investigated the antiproliferative pro-
perties of the coordination polymer [Ag(Tpms)], (71) using
MTS assays on ovarian carcinoma (A2780) and colorectal carci-
noma (HCT116) cell lines.>® The polymer showed marked, con-
centration-dependent cytotoxicity with striking selectivity
toward A2780, achieving an exceptionally low ICs, of 0.04 pM
(vs. 4.73 uM for HCT116). Notably, the effect on non-tumor
fibroblasts resembled that observed for HCT116, suggesting a
promising therapeutic window for selectively targeting ovarian
carcinoma. Mechanistic studies indicated rapid disruption of
A2780 cell adherence, likely driven by controlled Ag" release,
and apoptosis as the main cell death pathway. These findings
highlight Tpms-based silver(1) coordination polymers as prom-
ising candidates for anticancer therapy.

The antimicrobial potential of silver(r)) Tpms systems was
further examined by Smolenski and co-workers (2015), who
studied [Ag(mPTA),](Tpms),(BF,) and [Ag(Tpms)(mPTA)] (69b)
against pathogenic bacteria and fungi using the microdilution
method.>" The former consistently exhibited lower MIC values
(8-128 puM) than compound 69b (32-256 pM), particularly
against Gram-negative bacteria (E. coli, P. aeruginosa) and
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Candida albicans (8-32 pM). Both complexes were less active
against Gram-positive species, showing mainly bacteriostatic
effects. Importantly, compound [Ag(mPTA),|(Tpms)s(BF,)
retained the antibacterial potency of AgNO;, while the struc-
ture of 69b appeared to reduce silver bioavailability and
activity. The presence of hydrophobic ligands in both com-
plexes was suggested to facilitate interactions with microbial
membranes, enhancing silver ion action. In addition, their
interaction with thiol-rich proteins was probed using adeno-
sine deaminase (ADA) as a model enzyme: unlike AgNO;,
which competitively inhibits ADA via cysteine binding, neither
complex significantly interfered with enzyme activity. This
selectivity suggests the potential for antimicrobial efficacy
combined with reduced off-target protein reactivity.

4.2. Catalytic functions

The versatile coordination properties of the tris(pyrazolyl)
methanesulfonate (Tpms) ligand and its derivatives have
enabled the development of a wide range of catalytic systems
spanning early and late transition metals. The combination of
electronic tunability, hemilabile coordination and variable
denticity allows Tpms-based complexes to participate in
diverse transformations, including oxidations, carbonylations,
and C-C bond-forming reactions, often under mild and sus-
tainable conditions.

Vanadium complexes were among the earliest Tpms-based
catalysts to be explored. A particularly well-studied transform-
ation is the oxidation of cyclohexane, where Tpms-based com-
plexes serve as effective catalysts under environmentally
benign conditions. Silva et al. demonstrated that vanadium,
iron, and copper complexes synthetized from the reaction
between the corresponding chlorides in alcohol solvents, in
the presence of LiTpms, catalyse the single-pot oxidation of
cyclohexane to cyclohexanol and cyclohexanone using H,O, as
an environmentally friendly oxidant (Scheme 20a).'® Among
these, the iron complex Li[FeCl,(Tpms)] (48) demonstrated the
highest activity promoted by the use of acid, operating efficien-
tly in aqueous media without the need for organic solvents,
owing to its high solubility. Mechanistic studies pointed to a
radical pathway, likely involving C- and O-centered radicals in
conjunction with a metal-based oxidant. Building on this
work, Mishra et al explored the vanadium(m) complex
[VCl;(Tpms)] (6) as a catalyst precursor for the selective oxi-
dation of cyclohexane with dioxygen in a one-pot, solvent-free
process.>® Optimal activity was achieved at 140 °C, 15 atm O,,
and 18 h, with pyridine-2-carboxylic acid (PCA) significantly
boosting performance, underscoring the versatility of Tpms-
supported vanadium complexes in oxidative catalysis.

Following these studies on chlorinated vanadium
complexes,'®”> the catalytic activity of the oxovanadium com-
plexes was also investigated. The complex (Tpms)VOCI(DMF)
(8) catalyses the oxidation of 3,5-di-tert-butyl catechol to the
corresponding quinone with H,0, in DMF, achieving on
average 65% conversion under optimized conditions, with the
remaining 35% corresponding to other oxidation products
(Scheme 20b).>°

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6dt00354k

Open Access Article. Published on 10 April 2026. Downloaded on 4/11/2026 10:15:52 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Dalton Transactions

[VCl3(Tpms)] (6)
Li[FeCl,(Tpms)] (48)

H20,
MeCN

O

(Tpms)VOCI(DMF) (8

© ii

[ReO(Tpms)(HMT)] (19)
H20,

)CJ)\/\OO/

Scheme 20 Representative catalytic transformations promoted by
Tpms-based complexes. (a) Oxidation of cyclohexane to cyclohexanol
and cyclohexanone using H,O, as the oxidant; (b) oxidation of 3,5-di-
tert-butylcatechol to the corresponding quinone catalysed by an oxova-
nadium complex; and (c) Baeyer-Villiger oxidation of ketones to esters
or lactones mediated by a rhenium complex.

c)

Further studies showed that the vanadium(v) complex
[VO,(Tpms)] (9) is highly effective in the carboxylation of
methane and ethane, reaching yields of up to 40%, and out-
performing analogous systems containing neutral scorpionates
such as hydrotris(1-pyrazolyl)methane.>®

This complex also catalyses the oxidation of cycloalkanes
(cyclohexane and cyclopentane) with aqueous H,0,, selectively
affording alcohols and ketones. The catalytic performance is
comparable to that of the previously reported chloro-V(iv) com-
pounds (6),"® reaching turnover numbers (TONs) of 117 and
120 when complexes 6 and 9 were used, respectively. These
results underscore the ability of Tpms ligands to stabilize
vanadium centers in high-oxidation-state processes.

The catalytic scope of Tpms extends to other early tran-
sition metals. The rhenium(m) complex [ReO(Tpms)(HMT)]
(19) mediates Baeyer-Villiger oxidations of cyclic and acyclic
ketones with H,0, as the oxidant under mild conditions
(70 °C, 6 h in dichloroethane) in a one-pot process.*® High
turnover numbers (TONs) are observed, particularly for small-
ring ketones such as cyclobutanone, and substrates like
2-methylcyclohexanone and pinacolone are efficiently con-
verted to lactones and esters (Scheme 20c). The Tpms ligand
plays a key role in stabilising reactive oxygenated intermedi-
ates, facilitating selective oxygen insertion.

In contrast, ruthenium systems have shown more limited per-
formance. Complexes such as [Ru(p-cymene)(Tpms)]|Cl (24) and
[Ru(p-cymene)(Tpms*™)|Cl (27) catalyse the oxidation of styrene
with H,0, in acetone (1 mol% loading), but only benzaldehyde is
detected in modest yield (~20%), and even increasing the catalyst
concentration leads to only moderate improvements.*®

Tpms-based rhodium complexes offer a notable exception
among late transition metals. The complex [(Tpms)Rh(CO)
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(PMe;)] (52b) is the only known tripodal-ligand catalyst capable
of promoting benzene carbonylation.”” Its relatively low steric
hindrance and the push-pull electronic effect of Tpms and PMe;
maintain metal-center accessibility while stabilizing both Rh(i)
and Rh(m) intermediates. This enables the isolation of rare cata-
Iytic species such as the hydridophenyl [(Tpms)Rh(H)(CsHs)
(PMe;)] (53) and hydridobenzoyl [(Tpms)Rh(H)(COCeHs)(PMe3;)]
(55) complexes, which are typically difficult to trap in related
systems. Later, the use of TpmsRh(CO), (51) in the hydroformyla-
tion of 1-hexene was studied.’” The reaction takes place under
mild conditions and in the absence of added phosphines such
as the previously reported catalyst used in the carbonylation of
benzene.*” The catalyst exhibits high selectivity for the linear
aldehyde, whereas the analogous complex Tp*Rh(CO), preferen-
tially forms the branched aldehyde. During catalysis, a bis(acyl)
rhodium(m) complex is formed.

The [Ir(Tpms)(H),(PPh;)] (59) complex was tested in the
hydrogenation of the sterically hindered 3,3-dimethyl-1-
butene, achieving complete conversion to the desired 2,2-di-
methylbutane.”” Notably, increasing the H, pressure from 1 to
2 atm using a Parr hydrogenator resulted in a shorter reaction
time, underscoring the beneficial effect of higher hydrogen
pressure on the catalytic performance.

Tpms derivatives have also shown promise in Lewis acid
catalysis. The phenyl derivatives [NiCl(Tpms™)] (2), [ZnCl
(Tpms®™)] (1a), and [CuCl(Tpms™™)(H,0)] (66) were tested in
the Henry (nitroaldol) reaction of benzaldehyde with
nitroethane in methanol.*® While the nickel complex showed
low activity, the zinc(u) and copper(u) species efficiently cata-
lysed the reaction, reaching yields of up to 99% at room temp-
erature with a predominance of the anti diastereoisomer.
Notably, the zinc complex exhibited the best diastereo-
selectivity, with anti/syn ratios up to 2.3. Mechanistic insights
suggest that the metal center acts as a Lewis acid to activate
the aldehyde and nitroethane, while the Tpms™ ligand
behaves as a Brgnsted base, assisting nitronate formation.

The newly described gold(ur) compound [AuCl,(Tpms)] (72)
was tested® for the first time in the oxidation of toluene and
benzyl alcohol. Maximum yields of 8% were achieved for
toluene oxidation, affording benzyl alcohol and benzaldehyde,
while benzyl alcohol oxidation reached a 35% yield, producing
benzaldehyde with 75% selectivity relative to benzoic acid. In
both reactions, mild conditions were employed, with reaction
times not exceeding 24 hours. Furthermore, the oxidative ester-
ification of benzaldehyde to form methyl benzoate was carried
out under similarly mild conditions, yielding encouraging con-
versions and selectivities.

Taken together, these studies reveal the broad catalytic ver-
satility of Tpms-based systems, from vanadium-mediated oxi-
dations and rhenium-catalysed Baeyer-Villiger reactions to
rhodium-promoted carbonylations, Lewis acid-driven C-C
bond formation, and the selective peroxidative oxidation of
alkanes. The balance of electronic donation, multi-dentate
coordination, and the capacity to stabilize diverse metal oxi-
dation states makes Tpms a privileged scaffold for the develop-
ment of efficient and sustainable catalysts.
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5. Conclusions and outlook

Tris( pyrazolyl)methanesulfonate ligands have evolved from
simple sulfonated analogues of classical scorpionates into versa-
tile and functionally rich platforms for modern inorganic chem-
istry. The body of work discussed in this Perspective demon-
strates that Tpms ligands uniquely integrate facial N,N,N coordi-
nation, enhanced solubility in polar and aqueous media, and a
tunable sulfonate functionality within a single, robust scaffold.
This combination enables systematic control over coordination
mode, nuclearity and the metal-centre environment across a wide
range of elements and oxidation states.

A defining feature of Tpms chemistry is the hierarchical
organisation of donor sites, in which strong pyrazolyl nitrogen
coordination is complemented by a weaker, adaptable sulfo-
nate interaction. This donor complementarity accounts for the
remarkable structural diversity observed, from well-defined
mononuclear complexes to multinuclear assemblies and
extended coordination polymers. Importantly, the sulfonate
group operates as a responsive structural element rather than
a passive substituent, allowing reversible engagement without
compromising hydrolytic stability or ligand integrity. These
structural attributes translate directly into functional behav-
iour. Tpms-supported complexes have demonstrated activity in
oxidation, carbonylation and C-C bond-forming catalysis,
often under mild and environmentally compatible conditions,
while silver- and copper-based systems exhibit promising anti-
microbial and antiproliferative properties. In both contexts,
the balance between ligand rigidity and adaptability appears
critical, enabling stabilisation of reactive intermediates, modu-
lation of metal accessibility and, in some cases, controlled
metal-ion release.

Looking forward, several opportunities and challenges can
be identified. Greater mechanistic insight, particularly under
aqueous or biologically relevant conditions, will be essential to
move Tpms-based systems beyond proof-of-concept studies.
Rational ligand design, including targeted substitution at the
pyrazolyl rings or controlled modification of the sulfonate
environment, offers a clear pathway to fine-tune steric and
electronic effects and to direct nuclearity or dimensionality. In
catalysis, benchmarking against established ligand classes
under comparable conditions will be crucial to define the true
advantages of Tpms frameworks. In biologically related appli-
cations, understanding structure-activity relationships and
metal release pathways will be key to improving selectivity and
reducing off-target effects.

Continued exploration of this ligand family is therefore
expected to yield not only new structures but also deeper
insight into how multifunctional ligand architectures can be
exploited in contemporary inorganic chemistry.
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