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Element-element bonded multiply charged cationic species are well known as
dimers or small cyclic oligomers in the condensed phase. However, the
smallest acyclic version, a trinuclear unit possessing greater than a mono-
cationic charge, has remained elusive. Here we introduce a bis(phosphine)
supported low valent triantimony-based tricationic compound as a new
entrant in this field. Structural elucidation and electronic understanding reveal
a W-shaped tricationic unit comprising of a three-center four-electron sigma-
bonded triantimony moiety that is terminally capped by bis(phosphine)
ligands, with the central antimony atom having two lone pairs of electrons. The
unique counter trianion [Sb(0),(0Tf)4]*” (OTf = CF3S03) possesses reactive
polar Sb¥-0% bonds, the structure of which is determined from single crystal
X-ray diffraction analysis. The ensemble of reactive molecular fragments
found in this highly charged antimony-based compound makes it thermally
unstable. Nonetheless, this fully characterized fleeting species shows a diverse
reactivity profile, advancing the isolation of various novel antimony com-
pounds, including the formation of a distinct low-valent antimony-cobalt
carbonyl cluster.

Stabilization of reactive main group species in the condensed phase
has comprehensively enriched our understanding of reaction inter-
mediates and chemical bonding'?. Among them, stabilization of mul-
tiply charged ions’ is at the forefront of contemporary research. The
seminal report on dihelium dication He,?* by Pauling in 1933* marked
the gateway to multiply charged ions as important species found not
only in interstellar medium®, but also as key intermediates in chemical

reactions and materials’. In the condensed phase, multiply charged
ions with distantly charge-separated scaffolds having long-range
electrostatic interactions or large-sized clusters and Zintl ions having
delocalized systems mitigate the intramolecular Coulombic
repulsions® and are thus recognized as stable species’®. On contrary,
syntheses of element-element bonded multiply charged molecules has
remained an arduous task due to strong electrostatic repulsive forces
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Fig. 1| Examples of ligand-supported low-valent trinuclear-based cationic
compounds. a N-Heterocyclic carbene-supported {Ns}- and {P;}-based cations
(A and B). b N-Heterocyclic carbene-stabilized {P}-based cation (C). ¢ Trimetallic
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bismuth(l)-based monocation (D). d Trication based on a bis(phosphine)-stabilized
acyclic triantimony unit (E, this work).

leading to electron loss or molecular fragmentation, known as Cou-
lombic explosion®.

Suitable combination of weakly coordinating anions and appro-
priate ligands capable of dispersing the charge density have led to the
successful stabilization of Group 13-15 homoatomic dicationic
dimers®?® and multiply charged cationic clusters (cyclic tri-/tetra-/
pentamers)®”", overcoming their intramolecular Coulombic repul-
sions. Recently, a supramolecular stabilization approach was intro-
duced for a formally tetracationic Bi,*" ring?. Notably, there are only
two examples known in literature thus far on the syntheses of dimers
possessing even higher charges, including our recent report on a bis(a-
iminopyridine) stabilized-distibane tetracation*?’. There is pre-
cedence for a few acyclic trimers featuring three contiguously bonded
atoms in low oxidation state, however, with only overall monopositive
charge (Fig. 1a-d)**. Unlike the cyclic analogues, acyclic trinuclear-
based compounds possessing an overall tricationic charge have
remained elusive. However, it is worth mentioning that gas phase
investigations show the formation of highly reactive tricationic tri-
nuclear species such as (CO,)*" ions or the allene trication” >, Despite
the limited knowledge of such species, it could be envisaged that the
isolation of heavier element-based species would be more attainable as
they are intrinsically capable of accumulating multiple charges owing
to the larger atomic sizes.

Herein we present the synthesis, characterization, and reac-
tivity of a unique low-valent triantimony-based tricationic molecule
in the ionic compound 1 (Fig. 1E) stabilized by two bis(phosphine)
molecules at the terminal antimony sites. In conjunction, we
introduce an unusual antimony(V)-dioxo-based trianion, maintain-
ing the overall charge neutrality of 1. Single-crystal X-ray diffrac-
tion analysis and electronic structure calculations reveal the
presence of a covalently bonded acyclic and bent Sb—Sb-Sb unit.
The dicoordinated central Sb atom possesses two lone pairs of
electrons, while the terminal Sb centers of the trimetallic unit carry
one lone pair of electrons each. We additionally present reactivity
studies of 1 that demonstrate the lability of the Sb—Sb bond and
the strong influence of the counter trianion.

Results and discussion

Synthesis and structure determination

The low-valent triantimony-based tricationic compound 1 coordi-
nated by 5,6-bis(diisopropylphosphino)acenaphthene (L) at the
terminal Sb centers along with its unique [Sb(0),(OTf),]*" counter
trianion (OTf = CF3SO3) was obtained from the reaction between
[LSb](OTf) and Sb(OTf);. The reactants were combined in a 3:1 ([LSb]
(OTf): Sb(OTf)3) ratio in dichloromethane and maintained at -35°C
(Fig. 2a). [LSb](OTf) was reported by us; it shows the ability of the
Sb(l) center coordinating to coinage metal ions**. Sb(OTf); was
prepared following a literature procedure'. Intensely red-colored
single crystals of 1 were grown from a dichloromethane solution at
-35°C. Compound 1 is thermally labile. Upon warming to room
temperature, a rapid fading of the solution color to orange, along
with precipitation of metallic Sb was observed. Single crystals grown
by layering this pale orange colored dichloromethane solution with

pentane, gave an Sb-O-Sb based compound, 2 [LSb—O-Sb(OTf),]
(Fig. 2a) as a white crystalline solid (vide infra).

In-situ generation of 1in CD,Cl, and CD3CN at 243 K was studied
by NMR spectroscopy (Figure S2, S9 and S10). The *P{'"H} NMR spectra
showed a peak at +17.2 ppm in CD;CN and one at +13.4 ppm in CD,Cl,,
assigned to 1. There were additional peaks present arising from L,
protonated [LH,](OTf),, and the diphosphonium dication L(OTf),,
indicating the involvement of redox processes. The presence of peaks
due to phosphine oxides indicated the influence of inadvertent
moisture, likely from the Sb(OTf); precursor. Amongst these side
products formed, compound 1 was calculated to be present in 15%,
using triphenyl phosphate as internal NMR standard (Figure S8).
Variable-temperature coupled with time-dependent *P{'H} NMR data
showed the instability of 1 (vide infra). Absorbance data in acetonitrile
reveals a maximal absorption (A\a) at 418 nm (£=1030.83 M’ cm?)
and a broad shoulder at 500 nm (Figure S32-S33). The collection of
single-crystal X-ray diffraction data of sufficient quality for structure
solution and refinement was achieved for 1 after numerous attempts.

Compound 1 crystallizes in the centrosymmetric monoclinic
space group C2/c, featuring half of the tricationic fragment and half of
the trianionic unit [Sb(0)2(0Tf)4]*" in the asymmetric unit (Fig. 2b, ¢).
Altogether, the cation in 1 possesses a W-shaped conformation. The
central antimony atoms, Sb2 (cationic unit) and Sb3 (anionic unit) lie
on a two-fold rotation axis, which generates the remaining half frag-
ment of both the cationic and anionic moieties by symmetry
(Table S19). The triantimony {Sbs} unit has a Sb1-Sb2 bond length of
2.7735(8) A and bent angle of 87.42(3)° at the central Sb2. The P1-Sb1l
and P2-Sbl bond lengths are 2.556(3) A and 2.572(2) A, respectively,
noticeably elongated compared to those present in [LSb](OTf) (Sb1-P1
2.4595(9) A, Sb1-P2 2.4598(9) A)*. The distance between the two
terminal Sb atoms is 3.833(9) A, falling within the sum of their van der
Waals radii (4.40 A)*". Relatable bent {Sbs} units are present in [Sb;Ph,]
and [Sb(SbBu,),]™ anions >3,

The counter-trianion is based on an SbO, core, with four triflate
units bound to the central Sb(V) atom (Fig. 2¢), resembling the acetate
salt of uranium oxide*. The triflate units of [SbO.(OTf)4]* display
thermal disorder over two positions with roughly 70% and 30% occu-
pancies. Nonetheless, the discernible Sb3-O5(0Tf) bond length is
2.175(9) A. The Sb3-01 bond length is 1.834(13) A, close to that reported
for monomeric stibine oxide (Sb=0 distance being 1.837(2) A)*. Such
bonds may be understood as a polar, Sb%-0% rather than Sb=0, due to
the large differences in atomic sizes and electronegativities between
Sb and O atoms™®. The presence of an ‘0% =Sb(V) ¥*=0%"unit in the
anion of 1 devoid of any steric protections is probably responsible for
the thermal instability. A similar thermal instability was reported for
DippsBi®*-0% (Dipp = 2,4,6-diisopropylphenyl)®’. The unstable tri-
anion in 1 loses one oxygen atom, manifesting in the formation of 2.
Despite numerous efforts, anion exchange (PF¢, SbFg, B(CgFs)4 anions)
in 1 was not successful, each time leading to 2.

Compound 2 crystallizes in the centrosymmetric monoclinic
space group P2;/c (Table S19). The molecular structure of 2 has a bent
Sb1-01-Sb2 core, with different substituents on the two Sb centers
(Fig. 2d). Sbl is coordinated by the phosphine ligand, adopting a
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Fig. 2 | Syntheses and ORTEPs of bis(phosphine)-stabilized triantimony-based
tricationic molecule 1 and oxo-bridged diantimony compound 2. a Synthesis of
1 by using three equivalents of [LSb](OTf) and one equivalent of Sb(OTf)3 and its
subsequent conversion to 2; b Molecular structure of [L,Sbs]*" in the solid-state
structure of 1 (thermal ellipsoids at 35%, H atoms are omitted for clarity), Selected
bond lengths [A] and angles [°]: P1-Sbl 2.556(3), P2-Sbl 2.572(2), Sb1-Sb2
2.7735(8); P1-Sb1-P2 86.27(8), Sb1-Sb2-Sb1’ 87.42(3); ¢ Molecular structure of the

Pr ipr ; ipr 3t 3

iPr = isopropyl
RT OTf = CF3S0O3
- Sb(0) DCM = Dichloromethane
- [LSb](OTf) RT = Room Temperature

o
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[Sb(0),(0OTf),4]* counter-trianion in the solid-state structure of 1 (thermal ellipsoids
at 35%); d Molecular structure of 2 [LSb—0-Sb(OTf),] in the solid state (thermal
ellipsoids at 35%, H atoms, and solvent molecule omitted for clarity), Selected bond
lengths [A] and angles [°]: P1-Sb1 2.588(2), P2-Sb1 2.557(2), Sb1-011.947(3), Sb2-01
1.928(4); P3-Sb1-P4 87.89(5), Sb1-01-Sb2 129.7(2). The color code refers to the
colors used in the crystal structure figures: Sb (magenta), P (orange), O (red), S
(yellow), F (light green), C (gray).

trigonal pyramidal geometry, while Sb2 has a square pyramidal
environment with four triflates situated in distorted basal plane. The
Sb1-01 and Sb2-01 bond lengths are 1.947(3) A and 1.928(4) A,
respectively with a Sb1-O1-Sb2 angle of 129.7(2)°. The Sb-O-Sb core
of 2 is structurally analogous to dimeric stibine oxide (Ph3;Sb0),*, and
related to the triaryl antimony oxide stabilized by a stiborane unit*’.
Infrared stretching frequencies for Sb-O bonds appear at 512 and
575 cm™ (Figure S34)%.

Insight into the formation of 1 and subsequent conversion to 2
was provided by an in-situ variable temperature (243 K to 298 K) and
time-dependent >'P{'H} NMR study (Figure S9-S10). We suggest that
the reaction involves a reductive catenation process proceeding via
initial coordination of [LSb](OTf) to Sb(OTf);. A simple stoichiometric
representation of the reaction between three equivalents of [LSb](OTf)
and one equivalent of Sb(OTf); for the synthesis of 1 and subsequent
conversion to 2 is provided in Figure S11. Beyond the coordinating
ability of the bis(phosphine) ligand L, it acts as a 2e” reductant towards
Sb with concomitant formation of diphosphonium dication L(OTf),.

The inadvertent presence of water in Sb(OTf)3'® plays a crucial role in
the formation of [Sb(0),(OTf),] trianion, in conjunction with L as the
Brgnsted base to give LH,(OTf), (Figure S11). The Sb-Sb bond formed
in the {Sbs} unit of 1 is inherently weak due to the large atomic size of
Sb. This manifested in the gradual generation of [LSb](OTf) from 1
upon increasing to room temperature from 243K (Figure S9). The
generation of [LSb](OTf) was validated by the addition of its excess
into the reaction medium (Figure S19-S20); which did not give rise to
any new peak in the in-situ *P{'H) spectra. From the NMR study, it
appears 1 has a slightly better stability in CD;CN compared to CD,Cl, at
room temperature, although single crystals of 1 were obtained exclu-
sively from dichloromethane at -35 °C. This conclusion was further
bolstered by UV-Vis measurements which reflected the instability of 1
in dichloromethane. The highly reactive [Sb(0),(OTf),] trianion led to
the conversion to 2 within 12 hours in CD5CN and rapidly in a couple of
hours in CD,Cl, at room temperature (Figure S9-S10). The complete
disappearance of the peak due to L(OTf), suggests its involvement in
the oxide transfer process from Sb(V) to form the phosphine oxide®.
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Fig. 3 | Electronic structure of the tricationic bis(phosphine)-stabilized trian-
timony compound 1. (optimized at BP86-D4/def2-TZVPP level of theory) a
Selected Kohn-Sham orbital representations of 1. b Molecular Electrostatic

iPr = isopropy!

3+

Potential (MEP) map of 1. ¢ Possible resonance forms of 1. Note that Sb3 in the
computed structure refers to Sbl’ in the crystal structure (see Fig. 2b), owing to the
lack of symmetry restrictions in the former.

Various oxides of L formed, as detected in the NMR study, have been
rationalized based on experimental (Figure S12-S16) and computa-
tional supports (Table S2). Apparently, all free L are ultimately engaged
in stabilizing Sb(I) cation or are protonated.

This study demonstrates that 1 represents a rare snapshot dur-
ing the formation of 2, the thermodynamically preferred compound.
The multi-tasking of L with emphasis on its reducing proficiency
makes it indispensable in the trapping of 1. Ligand substitution of 1
with the chelating ligand 1,2-bis(diphenylphosphino)ethane was not
possible, leading only to a rapid conversion to 2 (Figure S26). It is
worth mentioning that the formation of 2 was not observed upon the
addition of triphenyl phosphine (Figure S22), which is due to its well-
known oxygen scavenging ability*. While the role of water molecules
from the Sb(OTf); precursor in the synthesis of 1 has been realized,
beyond a certain optimal amount of water, we observe the rapid
formation of 2 (Figure S21). The lability of the Sb—Sb bond in 1 is
therefore evident from its cleavage in the presence of any external
reagents like phosphine or water. Efforts to employ anhydrous
Sb(OTf); or its derivatives*>* or in-situ generated Sb[B(C¢Fs)4]5 in
the preparation of 1 were unsuccessful (Figure S28-S30). Thus,
compound 1 stands as the unique smallest acyclic tricationic mole-
cule containing a bis(phosphine)-stabilized {Sbs} unit and an
unconventional [Sb(0),(0Tf),] counter trianion.

Computational analysis

The geometric structure of the cationic part in 1 was optimized
without symmetry restrictions using the ORCA 5.0.1** program
package at the BP86-D4/def2-TZVPP level of theory and was

confirmed to be the global minimum through frequency calculations.
The calculated Sbl-Sb2/Sb2-Sb3 bond length of 2.792A, Sb-P
(average) length of 2.580 A and the Sb1-Sb2-Sb3 angle at Sb2 (93°)
(Table S3) agree closely with the experimental data (note that Sb3 in
the computed structure refers to Sbl’ in the labeling scheme of the
crystal structure, owing to the lack of two-fold symmetry restrictions
in the former). A Natural Bond Orbital (NBO) analysis of the cation in
1 elucidates that the two terminal Sb1/Sb3 are electronically equiva-
lent and distinct from central Sb2. All three Sb centers feature one
non-bonding pair of electrons attributed to the inert 5s*-based
orbital, corresponding to HOMO-3 (Fig. 3a). The central Sb2 pos-
sesses a second lone pair of electrons in a p-type orbital, comprising
the HOMO (Fig. 3a). HOMO-6 and HOMO-9 show the o-bonding
orbitals between Sb1-Sb2/Sb2-Sb3 (Fig. 3a). Unlike the {Bis}-based
monocation”, the p-type lone pair orbital on Sb2 does not undergo
suitable orbital overlap for 3c-2e i-bonding. A low positive Laplacian
(V?p(rBCP) = 0.008) and a low magnitude of electron density (0.059)
at the bond critical point (BCP) of Sb1-Sb2 in 1, obtained from
Bader’s quantum theory of atoms in molecules (AIM), indicate a weak
bonding situation between them (Table S4). The calculated bond
dissociation energy (De=6.6kcalmol™) for the reaction [LSb-Sb
-SbL]** > [LSb-Sb]** + [LSb]" reflects the same. Surprisingly, the
corresponding calculated Wiberg Bond Order (WBO) value is 1.12
(Figure S35). This discrepancy most likely arises from the strong
donor ability of the ligands and presence of lone-pairs on the central
Sb atom*. The average WBO for Sb—P is 0.75 reflecting single bonds
(Table S3). The very low calculated WBO between Sbl and Sb3 (0.07)
and non-covalent interaction studies showing negligible interactions
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Fig. 4 | Reactivity study with 1 and comparison with the reactivity of [LSb](OTf) in dichloromethane. Reaction of 1 with (a) elemental sulfur. b Ph,Ch, (Ch =S, Se). ¢ Pl;,

Inset: Reaction of [LSb](OTf) with Sg.

between the two outer Sb centers (Figure S38) suggest an acyclic
{Sbs} molecule. No bond critical point and shared electron density
were observed between the two terminal Sb centers of 1 from the
AIM and electron localization function (ELF) respectively, reinforcing
the acyclic nature of the {Sbs} unit (Figure S36, S37).

Natural Bond Orbital (NBO) charges are +0.28 on the terminal Sb
atoms, -0.25 on the central Sb2 and +1.12 on the P atoms (Table S5). A
molecular electrostatic potential map shows the positive charges
being localized on the terminal antimony atoms and on the coordi-
nating P atoms (Fig. 3b), while the central antimony is negatively
charged. Based on this charge analysis, [L,Sb;]*" in 1 is closest to the
canonical structure Ill (Fig. 3c). Calculated** excitations from Time-
Dependent Density Functional Theory (TDDFT) for 1 closely match
with the experimental values (Table S7). The lowest excitation (calcu-
lated: 519 nm, measured: ~500 nm) is the electronic transition from
HOMO (lone pair at the central Sb) to LUMO. The measured peak at
~418 nm stems from two excitations (calculated at 415 nm and 444 nm)
of similar oscillator strength, both from the HOMO to low lying
unoccupied orbitals (LUMO +2, LUMO +4, LUMO + 6). The LUMOs
involve the p orbitals of the two terminal Sb atoms and that of the
neighbored P atoms in antibonding manner (Table S7).

Similar investigations were done** for the anionic part with the
same settings but additionally employing the conductor-like screening
model*. Localized MOs*® (Figure S39) reveal one sigma bond for each
of the two axial Sb-O bonds, involving the p,(0O) orbitals as well as
p-(Sb) and s(Sb) orbitals. The bonds are somewhat enhanced by pi
interaction of the p,(O) and p,(O) lone pairs (Mulliken contribution
~90%) with p, and py orbitals of Sb contributing the remainder. This
bonding situation results in a total WBI of 1.50, and further in an
electron density of 0.17 and a Laplacian of 0.56 at the BCP. This clearly
indicates that these bonds are more than single bonds; for compar-
ison, numbers indicating a single bond present in SbCl; are 1.07 for the

WBI, 0.09 for the density and 0.12 for the Laplacian at the BCP. NBO
charges amount to -1.14 for the O atoms and to +2.62 for Sb, thus
giving an overall charge of +0.34 for the O-Sb-O fragment. NBO charge
is —0.84 per OTf unit, suggesting highly polarized character for the
equatorial bonds. Consequently, one finds only one localized MO per
equatorial bond that has contributions from both Sb and O. It is
dominated by the p(O) orbital perpendicular to the Sb-O-S plane (85%),
the remainder is distributed among the matching p orbitals at S and Sb.
This yields much lower WBI (0.37), as well as lower numbers for density
(0.06) and Laplacian (0.16) at the BCP than for the axial bonds. This is
also in line with calculated much longer bond length for the equatorial
bonds (2.270 A), than for the axial bonds (1.829 A). The latter on the
other hand are very similar to those calculated for bare (OSbO)*,
1.784 A. Overall, the anion can thus be quite reasonably described as an
(OSbO)" unit ionically bonded to four (OTf)" units.

The calculated Sb1-0O1 and Sb2-01 interatomic distances of the
optimized structure of 2 are 1.954 A and 1.984 A, respectively, in close
agreement with experimental bonding parameters, while the
Sb1-01-Sb2 angle of 123.5° is slightly wider. NBO charges on Sbl and
Sb2 are +1.42 and +2.00, respectively, and -1.29 for the O atom
(Table S9). WBO values for Sb1-O1 and Sb2-01 are 0.57 and 0.50,
respectively (Table S8), and involve a set of strong donor-acceptor
interactions between O? and each Sb center (Table S13).

Reactivity

Given the low bond dissociation energy of the Sb-Sb bond in the
cation of 1 and rapid transformation of 1 to 2 along with generation of
[LSb](OTf), we have compared the reactivity of 1 (Fig. 4) with that of
[LSb](OTf)*°. Compound 1 was prepared in situ for each reactivity
study owing to its poor thermal stability. Addition of elemental sulfur
to the intense red-colored dichloromethane solution of 1 led to its
immediate decolorization, accompanied by Sb(0) precipitation.
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Fig. 5 | ORTEPs of sulphido-bridged diantimony compound 3, the bis(pho-
sphine)-coordinated Sb(Ill)-SePh dication in compound 6, and the bis(pho-
sphine)-coordinated Sb(Ill)-I dication in compound 7. a ORTEP of 3 [LSb-S
-Sb(OTf),] in the solid state (thermal ellipsoids at 35%, H atoms, and solvent
molecule are omitted for clarity), Selected bond lengths [A] and angles [°]: P1-Sbl
2.569(2), P2-Sbl 2.577(2), Sb1-S1 2.401(1), Sb2-S1 2.423(1); P1-Sb1-P2 86.64(5),
Sb1-S1-Sb2 101.65(5). b Molecular structure of the cation in 6 [LSb—SePh]** in the
solid state (thermal ellipsoids at 35%, H atoms, triflate anions, and solvent molecule

e
c)

M“»{f\e
-

are omitted for clarity), Selected bond lengths [A] and angles [°]: P1-Sbl 2.551(2),
P2-Sb1 2.572(2), Sb1-Sel 2.5368(9), Se1-C25 1.942(1); P1-Sb1-P2 88.28(6),
Sb1-Sel-C25 94.95(2). ¢ Molecular structure of the cation in 7 [LSbI]** in the solid
state (thermal ellipsoids at 35%, H atoms, triflate anions, and solvent molecule are
omitted for clarity), Selected bond lengths [A] and angles [°]: P1-Sbl 2.578(2),
P2-Sb12.587(2), Sb1-11 2.6972(6); P1-Sb1-P2 85.62(5). The color code refers to the
colors used in the crystal structure figures: Sb (magenta), P (orange), O (red), S
(yellow), F (light green), Se (light orange), 1 (dark brown), C (gray).

Colorless single crystals of [LSb—S-Sb(OTf),] (3; Fig. 4a) were obtained
in 48% yield by slow diffusion of pentane into the concentrated
dichloromethane solution kept at =35 °C. Compound 3 crystallizes in
the triclinic space group P1 (Table S19). The molecular structure of 3
(Fig. 5a) is analogous to that of 2, having an Sb—-S-Sb bridge in place of
the Sb—O-Sb unit present in 2. The Sb-S bond lengths and Sb-S-Sb
bond angle match with previously reported Sb-S-Sb compounds®”’.

The reaction between [LSb](OTf) and Sg, on the other hand, led to
a metathesis reaction forming [LS1(OTf), (4) along with Sb(0) pre-
cipitation. Colorless single crystals of 4 were grown in 12% yield at
room temperature from dichloromethane/pentane layering. The
3P{'H} NMR spectrum of 4 in CD;CN shows a signal at +64 ppm (Fig-
ure S46). An in-situ NMR study shows the formation of L(OTf), and
numerous P(V) species in the reaction (Figure S49). Compound 4
crystallizes in the triclinic space group P1 (Table S19) exhibiting P1-S1
and P2-S1 bond lengths of 2.092(1) and 2.086(1), respectively, and has
a P1-S1-P2 bond angle of 103.91(5)° (Figure S48).

Reactions of 1 with diphenyl dichalcogenides (Ph,Ch,, Ch =S, Se)
led to pale-yellow-colored solutions along with the precipitation of
Sb(0) (Fig. 4b). Single crystals of [LSb-ChPh](OTf), (Ch = S (5) and Se
(6)) were obtained in good yields from respective dichloromethane
solutions upon layering with pentane and kept at low temperature.
Both 5 and 6 crystallize in the triclinic space group P1 (Table S20). The
Sb1 sites have a trigonal pyramidal environment, with Sb1-S1 and
Sbl-Sel bond lengths being 2.399(2) and 2.5368(9) A in 5 and 6,
respectively (Figs. S54, 5b). These Sb—Ch bond lengths are shorter than
those in the reported neutral chalcogen-stibine complexes***’. The
3P{'H} NMR spectra in CD;CN show peaks at +16.6 and +11.6 ppm for 5
and 6, respectively (Figure S52 and S59). Solid-state absorbance
spectra for 5 and 6 show A at 315nm and 310 nm, respectively
(Figure S55 and S62). On the contrary, an in-situ *P{'H} and 7’Se NMR
study (Figure S56, S63 and S64) upon addition of diphenyl dichalco-
genide to [LSb](OTf) shows that the Ch—Ch bond was not cleaved.
However, elemental Sb precipitated from the reaction medium with
the corresponding formation of L(OTf), (Figure S63 and S64). This
observation suggests that the difference in local charges between the
Sb centers in the cation in 1 stimulates the Ch—Ch bond cleavage™.

Recently, we have reported a metathesis reaction upon treatment
of [LSb](OTf) with trilodophosphane, giving [LP](OTf)*. A similar
metathesis reaction was not observed upon combining 1 with triio-
dophosphane. Pale yellow single crystals of [LSbI](OTf), (7) (Fig. 4c)
were isolated in 45% yield from a dichloromethane solution layered

with pentane stored at a low temperature. The *P{H} NMR spectrum
of 7in CD5CN depicts a peak at +4.97 ppm (Figure S67). The solid-state
absorbance spectrum of 7 shows A.x at 307 nm (Figure S69). Com-
pound 7 crystallizes in the monoclinic space group C2/c (Table S20).
The Sb atom in the cationic molecule in 7 possesses a trigonal pyr-
amidal environment (Fig. 5c). The Sb-I bond length is 2.6971(6) A,
which is slightly longer than that reported for free Sbl; (2.686(1) A)*
but shorter than that present in polymeric pyridine-based anti-
mony(lll) iodides (Sb-1=2.7878(5) A)*>. The role of Pl; as an iodine
source is apparent for the formation of 7°.

A unique Sb-Co compound [(LSb);Co3(CO)oSbCI][SbF¢], (8) was
obtained from the reaction between 1 and [Co,(CO)g] followed by
anion exchange with Ag[SbF] (Fig. 6a). Black crystals of 8 were grown
at low temperature from dichloromethane upon layering with pentane.
The highly symmetric compound 8 crystallizes in the non-
centrosymmetric trigonal space group R3c, with one-third of the
cationic unit and approximately 1.3 [SbF¢]~ anions present in the
asymmetric unit (Table S20). The central antimony atom, Sb2, and one
of the [SbF¢]~ units are located on a three-fold rotational axis within the
asymmetric unit, while the other [SbF¢]~ anion resides on a general
position. The molecular structure of 8 (Fig. 6b) shows Sb2 in a distorted
tetrahedral coordination environment. The Sb2-Cl1 bond length falls in
the range of that observed in cyclic-alkyl-amino-carbene-stabilized
chloro-stibinidenes*. The Sb1-Col and Col-Sb2 bond lengths (2.528(3)
A and 2.521(3) A respectively) in 8 are nearly the same, being marginally
smaller than those in distibinidene-coordinated [Co(CO),I*, a bis(a-
iminopyridine)-stabilized [Sb-Co(CO)s-Sb] complex® or a stibinidene-
stabilized [Co(CO)s] complex reported by Zhou and co-workers®, and
also the related distibine-cobalt complexes reported by Bismuto and
co-workers”, Notably, the average Sb-Co bond lengths (2.596 A)
found in the structurally related cation [Sb{Co(CO);PPh3},]" is longer
than that in 8”. A relatable homoleptic complex is [Sb(AuMe),]*, with
an Sb atom in a tetrahedral coordination environment®. CO vibrational
frequencies arising from the {Co(CO);} fragments in 8 appear at 1972,
2022, and 2094 cm’, as determined by IR spectroscopy (Figure S76),
which is comparable to the reported stibinidene- and distibine-cobalt
carbonyl complexes?*’,

Whitmire et al. reported a structurally analogous complex,
(Et4N),[CISbFe;(CO)12]%Y, obtained from the treatment of
(Et4N);[SbFe4(CO)6] with SbCl; or TICI;. In our case, dichlor-
omethane served as the chloride source for the formation of 8.
Compound 8 was characterized by NMR spectroscopy in the solution
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Fig. 6 | Reaction scheme of 1 with [Co2(CO)8] forming 8, and molecular struc-
ture determination. a Reaction of 1 with 1.5 equivalents of [Co,(CO)g] in dichlor-
omethane, followed by anion exchange using Ag[SbF]. (Note: L(OTf), and
phosphine oxides were detected by a 3'P{'H} in-situ NMR study of the reaction) (b)
Molecular structure of the cation in 8 [(LSb);C03(C0O)sSbCI]* in the solid state

[SbFgls

(thermal ellipsoids at 35%, H atoms, [SbF¢]™ anions, and solvent molecule are
omitted for clarity). Selected bond lengths [A] and angles [°]: Sb1-Col 2.528(3),
Sb2-Col 2.521(3), Sb2-Cl1 2.441(7); Co1-Sb2-CI1 104.39(6). The color code refers
to the colors used in the crystal structure figures: Sb (magenta), P (orange), O (red),
Co (blue), Cl (green), C (gray).

state (Figure S70-S73) and exhibited diamagnetic behavior in the
temperature range 50-300K (Figure S78-S80). The optimized
structure of 8 agreed with the structural parameters obtained from
the single crystal X-ray diffraction data (calculated cartesian coor-
dinates are provided in the Source Data file). The lowest excited
triplet state is much higher in energy (39 kcal mol?), coherent with its
diamagnetic behavior. A related complex, in [Cp,Co][Bi{Co(CO)4}4l,
was however reported to possess two unpaired electrons®’. Absor-
bance data of 8 in dichloromethane reveals a maximal absorption
(Amax) at 565 nm (e=8486 M cm™) (Figure S74-S75). The spectrum
is well reproduced by the TDDFT calculations, albeit somewhat blue-
shifted by -60 nm or 0.26 eV (Table S14). The absorption at Ay, is
due to two near-degenerate excitations from near-degenerate
occupied MOs (representations in idealized threefold symmetry) to
the (non-degenerate) LUMO. Also, the subsequent two pairs of
excitations are near-degenerate and show similar character
(Table S14). The localized molecular orbitals (LMOs) (Table S15)
reveals that the central Sb atom is covalently bonded to the three Co
atoms and exhibits one strongly polarized bond to Cl. Each of the
three peripheral Sb atoms bind to the two neighbored P atoms
(polarized towards P), further covalently bonds to one Co atom and
additionally have one lone pair of electrons on it. For each Co atom,
seven further LMOs involve the Co(d) and the C(p) orbitals of the
three binding CO groups. Three of them represent o-type interac-
tions with main localization at C, four of them are dominantly located
at Co with substantial m-type delocalization towards C. We note in
passing that the local bond situation at Co is reasonably well-
resembled in the simple model compound [H-Co(CO);-HI, for which
the analogous LMOs are also shown in Table S15. No Sb-Co complex
could be crystallized from the reaction between [LSb](OTf) and
[Cox(CO)s].

Hence, a disparate reactivity profile of 1 and [LSb](OTf) is evi-
dent from the above discussed experimental findings. The observed
reactivity of 1 is guided by the presence of the highly reactive
counter-trianion as well as the polarity and the low dissociation
energy of the Sb-Sb bond. Furthermore, the redox non-innocence of
bis(phosphine) leads to multiple redox processes. Unlike the repor-
ted examples of {Pnz}-based monocationic units acting as a “Pn”
transfer reagent®*, 1 did not act as a synthon for the transfer of the

central “Sb” to create other low-valent organoantimony compounds,
and it did not undergo coordination to other metal ions or
Lewis acids.

In summary, we showcase the hitherto unknown acyclic
triantimony-based tricationic species as the latest innovation in the
synthetic toolbox of multiply charged ions. Structural and electronic
delineation of the tricationic part shows an overall W-shaped mole-
cular conformation comprising a low-valent {Sbs} unit terminally cap-
ped by bis(phosphine)s. The {Sbs} unit features a foundationally weak
three-center four-electron o-bonding between the atoms, with the
central Sb atom possessing two lone pairs of electrons. The uncon-
ventional [Sb(0),(OTf),]>" counter trianion shows the presence of
highly reactive polar Sb®-0°% bonds. This triantimony-based com-
pound 1 is thermally unstable and appears as a fleeting species before
it converts to the diantimony oxo compound 2. Compound 1 exhibits a
diverse reactivity, which arises not only from the Sb¥-0% bond
polarity in the counter trianion, but also from a weak Sb-Sb o-bond
and the bond polarity in the trication of the compound. In summary,
we have been able to chemically realize an acyclic trantimony-based
tricationic species, enriching the landscape of antimony chemistry. We
will continue our investigations in the preparation of such exotic
multiply-charged cationic species that will introduce new bonding
schemes and novel reactivity.

Methods

General methods

All manipulations were carried out under a protective argon atmo-
sphere, applying standard Schlenk techniques or in a dry box.
Dichloromethane (DCM) was stirred, refluxed over calcium hydride,
and kept over 3A molecular sieves. All solvents were distilled and
stored under argon, and degassed before use. CD;CN and CD,Cl,
ampoules were purchased from Sigma Aldrich and are used as they are.
[LSb](OTf) and Sb(OTf); (OTf = CF3S03) were made following the lit-
erature procedures'®*®, All chemicals were used as purchased.

Spectroscopic details (NMR, IR, UV-Vis, ESI-MS, and MALDI-TOF)
H and BC{!H} NMR spectra were referenced to external SiMe, using the
residual signals of the deuterated solvent (*H) or the solvent itself (*C).
BE{H}, 3'P{H} and 7’Sef{'H} NMR were referenced to external C¢HsCF5
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(TFT), 85% H3PO4, and SeMe, (plus 5 % C¢Dg) respectively. NMR spectra
were recorded on Bruker AVANCE IIl HD ASCEND 9.4 Tesla/400 MHz,
Jeol 9.4 Tesla/400 MHz, and Bruker AVANCE Il HD ASCEND 14.1 Tesla/
600 MHz. Solution and solid phase absorbance spectra were acquired
from SHIMADZU UV-1900 and UV-3600 plus UV-VIS-NIR spectro-
photometer using quartz cells with a path length of 1cm. Melting
points were determined under argon in closed NMR tubes and were
uncorrected. Due to the high sensitivity of the compounds, Elemental
analyses did not provide consistent data. Mass analysis was performed
in MALDI-TOF Applied Biosystems — 4800 Plus MALDI TOF/TOF Ana-
lyzer and in AB Sciex 4800 plus HRMS on the Waters Synapt, USA.
Infrared spectroscopic data were recorded in Bruker Alpha-Il FTIR-Eco
ATR and Opus software. All spectroscopic data plots are given in the
Supplementary Information.

Syntheses
Synthesis of compound 1. Three equivalents of [LSb](OTf) (0.050 g,
0.077 mmol) and one equivalent of Sb(OTf); (0.014 g, 0.025 mmol)
were added to a Schlenk flask, and 4 mL DCM (pre-cooled at —35°C)
was added to it. The reaction mixture was stirred for 15 minutes at
-35°C. A dark red-colored solution was obtained. The solution was
stored at —35 °C for one day. Red-colored crystals were obtained. A
scale-up of the crystallization yield of 1 was possible using dichlor-
oethane as the solvent. The crystals were thermally sensitive in addi-
tion to being extremely air- and moisture-sensitive. Ay.x (acetonitrile)
=418 nm (€=1030.83 M* cm?).

'H NMR (600 MHz, CD;CN, 243K) 6 8.09 (d, ¥y =7.4Hz, 2H,

Acn-CH), 7.67 (d, Jun = 7.4 Hz, 2H, Acn-CH), 3.54 (s, 4H, Acn-CH.),

2.79 (m, 4H, Pr-CH), 1.08 (m, 24H, ‘Pr-CH3) ppm.

31p{IH} NMR (162 MHz, CD;CN, 243 K) § +17.19 ppm.

YF{'H} NMR (565 MHz, CD;CN, 243 K) § -80.09 ppm.

BC{H} NMR was not possible due to the high instability of the

compound.

% Yield calculated for compound 1 from *P{!H} in-situ reaction NMR

spectra using triphenyl phosphate as the internal standard = 15

Synthesis of compound 2. Three equivalents of [LSb](OTf) (0.050 g,
0.077 mmol) and one equivalent of Sb(OTf); (0.014 g, 0.025 mmol)
were added to a Schlenk flask, and 8 mL DCM was added to it. The
reaction mixture was stirred for 24 hours at room temperature. A light
orange solution was obtained along with the formation of Sb(0). The
solution was filtered, layered with pentane, and kept for crystallization
at —35 °C. White-colored single crystals were obtained after 2 days in
38% (0.036 g) yield. Decomposition temperature: 148-150 °C. MALDI-
TOF (CHCA Matrix) found m/z 343.4080, -calculated for
[C24H36P>Sb>OK]* m/z 343.4976.

'H NMR (600 MHz, CD;CN, 298K) & 8.11 (d, ¥py=15.3Hz, 2H,

Acn-CH), 7.70 (d, 3Jyn = 7.6 Hz, 2H, Acn-CH), 3.56 (s, 4H, Acn-CH.),

2.87 (m, 4H, Pr-CH), 119 (m, 12H, ‘Pr-CH;), 1.04 (m, 12H, Pr-

CH5) ppm.

BC{'H} NMR (151 MHz, CD;CN, 298 K) & 161.02 (s, Acn-C), 142.82

(d, /=8.3Hz, Acn-C), 142.32 (m, Acn-C), 135.90 (m, Acn-C), 123.14

(m, Acn-CH), 122.17 (q, /=321.6 Hz, OTf) 103.08, 102.60 (s, Acn-

CH), 31.47 (s, Acn-CH,), 23.27 (d, J=42.8 Hz, ‘Pr-CH), 17.31 (s, ‘Pr-

CH3), 16.46 (s, ‘Pr-CH3), ppm.

3P{'"H} NMR (162 MHz, CD;CN, 298 K) § +17.77 ppm.

F{'H} NMR (565 MHz, CD;CN, 298 K) § —79.20 ppm.

Single-crystal X-ray diffraction

Single crystal data were collected on Bruker SMART APEX Duo and
Bruker APEX-Il CCD diffractometers using Mo radiation (0.71073 A).
The structures were solved using SHELXT methods from SHELXL-
2018/136 and refined using full-matrix least-squares methods against
F2 with the SHELXL program. Olex2 was used as a graphical interface
for the refinements. General crystallographic data are listed in

Supplementary Tables S12 and S13; Structural images are shown in
Fig. 2b-d, Fig. 5a-c, Fig. 6b; supplementary structural images are
shown in Supplementary Figs. S22& S28.

SQUID measurements

The samples were characterized using a SQUID-Vibrating Sample
Magnetometer (SQUID-VSM, Quantum Design, USA) to determine
their magnetic behavior. The magnetization of the sample was
recorded as a function of temperature in the range of 5-300 K, under:
a) Magnetic field of 1000 Oe; b) Zero field-cooled (ZFC) and field-
cooled (FC) conditions. The sample was cooled in zero fields to 5K
for ZFC measurements, and then magnetization was measured while
warming in a field of 1000 Oe. For FC measurement, the sample was
cooled from 300K to 5K in a magnetic field of 1000 Oe, and the
magnetization was measured while warming in a field. Magnetization
versus magnetic field (M-H) at 300K, 6 K, 5K, and 4K up to a mag-
netic field of 1000 Oe was done. Prior to the measurement, the
instrument was calibrated using a standard sample of high-purity
Palladium metal at 298 K and 1 Tesla magnetic field in VSM mode.
During the calibration, it was ensured that the experimentally
obtained magnetization of the Pd sample (in VSM mode) matches
closely with its theoretical value. During calibration, the obtained
error was less than 0.2%.

Quantum chemical studies

For the cation in compound 1 and for compound 2, gas-phase geo-
metry optimizations were carried out using program packages ORCA
5.0.1** starting from the corresponding X-ray crystallographic struc-
tures. The optimizations were performed at the BP86°***-D4/def2-
TZVPP® level of theory. The RI-J approximation was applied for
Coulomb integrals with the appropriate auxiliary basis sets®’. Each
optimized geometry was confirmed as a minimum by evaluating its
Hessian matrix. Natural Bond Orbital (NBO)®® analyses were done
with Gaussian 16 Rev. B.01 software®. The NBO results provided
insights into selected orbital interactions, partial atomic charges,
donor-acceptor interactions, and Wiberg Bond Orders (WBOs)™.
Molecular Electrostatic Potential (MEP) maps were generated to
visualize electron-rich and electron-deficient regions of the mole-
cules. Topological analyses, including Atoms-in-Molecules (AIM)
charge distribution and Non-Covalent Interaction (NCI) plots, were
carried out using the Multiwfn 3.8 software”. Figures were rendered
by Gaussview 5.0 package program "

Analogous calculations with the same settings were done for the
anion in 1and for compound 8 with TURBOMOLE*, the clarification of
the bond situation was done via localized molecular orbitals*. Further,
with the same program suite, time-dependent density functional cal-
culations for the cation in 1and for compound 8 were done employing
the PBEO” functional (all other settings unchanged).

Data availability

The structure of compounds 1-8 were determined by single-crystal X-
ray diffraction. Crystallographic data for the structures reported in this
article have been deposited at the Cambridge Crystallographic Data
Center, under deposition numbers CCDC-2475487-2475489 (1-3),
2475493-2475496 (4-7), 2475624 (8). A copy of the data can be
obtained free of charge via (https://www.ccdc.cam.ac.uk/structures/).
The Cartesian coordinates of all optimized structures are provided in
the source data file. The files comprise all necessary data for repro-
ducing the values. All non-default parameters for the computational
studies are given in the Supplementary Information together with the
corresponding references of the used methods. The data collected for
NMR, UV-Vis, mass spectrometry, SQUID and EPR measurements and
the respective discussions are provided in the supplementary data file.
All data are available from the corresponding author upon
request. Source data are provided with this paper.
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Code availability

The ORCA quantum chemical program package is available at (https://
orcaforum.kofo.mpg.de/app.php/dlext/),

(https://www.turbomole.org/).
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