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ABSTRACT: Binary Zintl anions comprising atoms of two p-
block elements, and ternary Zintl clusters, in which the latter are
combined with d-/f-block metal ions, are being studied with great
activity. However, although an impressive variety of elemental
compositions have been realized, some combinations of the p-block
(semi)metals are lacking in corresponding substructures. The In/
Sb combination is extremely rare, and T1/Sb has not yet been
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realized at all, although the existence of pseudo-tetrahedral species, 5 7

for instance, was predicted by quantum chemical studies. Extraction v
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of the novel ternary phase K¢InSb; and of KT1,Sb; with ethane-
1,2-diamine (en) yielded binary Zintl anions of these elemental
combinations as salts comprising pseudo-tetrahedral anions
(InSb;)*~ and (TISb;)>~ or nine-vertex cages (In,Sbs)*~ and
(T1,Sbs)*", respectively. To establish efficient synthesis routes, the extractions were monitored using electrospray-ionization mass
spectrometry and fractionated crystallization. We thereby isolated salts of two further anions that might represent intermediates on
the way to larger species, namely, a novel salt of the Sb,>~ anion, and a salt of the new binary anion (TISb,)*”. We describe the
experimental approach, the process of its optimization, the geometric structures of the new compounds as well as their electronic
structures that were established by DFT calculations.

Bl INTRODUCTION involved (Scheme 1), as this reduces interatomic strain. In
addition, this is a phenomenological rationale based on

The investigation of yet unexplored combinations of p-block
previous observations. According to these predictions,

elements in binary Zintl anions has been of great interest for

the establishment and efficient access of novel multimetallic pseudo-tetrahedral anions should be accessible if (a) the
Zintl clusters in the recent past. Such compounds not only corresponding figures fall within the given limits and if (b)
challenge our understanding of chemical bonding and provide corresponding synthetic approaches can be established.
insights into the formation of cluster molecules in general, but Although some element combinations might theoretically be
also show an untapped potential in the pursuit of previously possible, it remains a significant challenge to fill in the gaps
unknown intermetallic solids and nanomaterial morphologies, synthetically. This is mainly due to the lack of appropriate
and in openin§ several new avenues toward further application- intermetallic precursors required for corresponding extraction
based studies.”” Recent results show that it is possible to use experiments that ultimately afford the pseudo-tetrahedral
Zintl clusters in homogeneous catalysis,3 access impressive anions. Hence, for expansion of the library of binary Zintl
cluster architectures like [K(2,2,2-crypt) |s[K@Au,,Sby)," and anions, the development of a toolbox for the synthesis of such
realize Sand explore very uncommon intermetallic bonding pseudo-tetrahedral precursors for follow-up reactions toward
modes. larger cluster architectures is required.

The most common starting point for the use of binary Zintl Some of the pseudo-tetrahedral Zintl anions can be obtained

anions in follow-up chemistry is found in pseudo-tetrahedral
anions of the form (TrPn;)*~ and (Tt,Pn,)*” (where Tr is a
group 13 element, Tt is a group 14 element, and Pn is a group
1S element). However, of all the theoretically possible
combinations of p-block (semi)metals, a considerable number
are yet to be synthetically realized, although quantum chemical
calculations predicted several of them to be stable.” The reason
as to why only some of them seem to be accessible
experimentally has been put down to a preferrable combina-
tion of atomic sizes and electron affinities of the elements

in high-yield and high-purity salts on a multigram scale, e.g,
(Sn,Sb,)*~ or (InBi;)*~.”* However, this does by far not apply
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Scheme 1. Overview of Ratios of Covalent Radii® (Q,,) of
Elements Tr, Tt and Pn in Pseudo-Tetrahedral Anions
(TrTt;)*, (TrPn;)>", and (Tt,Pn,)*” (Tr: Group 13
Element, Tt: Group 14 Element, Pn: Group 15 Element)”
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“The dashed lines indicate the suggested lower and upper limit of
ratios for species to be accessible, according to known species isolated
in corresponding salts. Still unknown species are drawn in semi-
transparent mode. Eleven tetrahedra, indicated by blue highlight, have
been previously known, the two ones with white highlight are being
added in this work.

to all other elemental combinations. Most of them, e.g,
(TIBi;)*>~ and (Ge,Sb,)?",”" cannot be isolated in high yield
without the formation of byproducts, while other elemental
combinations have not been accessible at all. The combination
of Tl and Sb in a Zintl compound is one of them. For In and
Sb, only one species based on a binary In/Sb structure has
been reported to date, [K([2.2.2]crypt)]4[IngSb;5]. It has been
synthesized by a reaction of KSb, with [In(benzyl);] in
ethane-1,2-diamine (en) in the presence of 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8 Jhexacosane (crypt-222)."!

Here, we report a systematic and atomically precise
approach toward a salt comprising the elusive (InSby)*~
anion by oxidative extraction of the new intermetallic solid
K¢InSb; in en/crypt-222. A similar approach yielded a salt of
the slightly more oxidized anion (In,Sbs)*". Salts of the equally
elusive heavier congeners, (TISby)*~ and (T1,Sbs)*", resulted
from extraction of the known phase K¢T1Sb,.'” These
procedures additionally afforded a new salt of the Sb,>~
anion and a yet unknown binary expansion of it, (TISb,)>",
both of which can be viewed as intermediates during the
formation of larger Pn-based or T1/Pn-based clusters.

As mentioned above, the controlled preparation of binary
Zintl anions containing atoms of different sizes from ternary
Zintl solids of the form K,Tr/Tt,Pn, remains a challenge —
especially with regard to an efficient synthesis route.'”"”
Therefore, we aimed at gaining more insight in the extraction
process in order to be able to ultimately design, optimize, and
control the syntheses. Following this strategy, we successfully
synthesized compounds comprising anions of two (widely)
elusive elemental combinations, In/Sb and T1/Sb, from ternary
phases K¢ InSb; and K(TLSb;. The structures of all new
compounds were elucidated by means of single-crystal X-ray
diffraction. The elemental compositions, which for In and Sb
cannot be obtained from standard X-ray measurements, were
determined by a combination of elemental analysis (micro-X-
ray fluorescence spectroscopy, #-XFS) and quantum chemical
studies employing density functional theory (DFT) methods.
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B EXPERIMENTAL SECTION

General Synthesis Procedures. All procedures and reactions
were executed under a dry argon atmosphere using standard Schlenk
or glovebox techniques. Ethane-1,2-diamine (en) were distilled from
CaH, and preserved over 3 A molecular sieves, whereas toluene (tol)
and 2-methoxy-2-methylpropane (MTBE) were distilled from sodium
and stored over 3 A molecular sieves. Before use, 4,7,13,16,21,24-
hexaoxa-1,10-diazabicyclo[8.8.8 Thexacosane (crypt-222) was vacuum-
dried for a minimum of 18 h. All products show sensitivity toward air
and moisture, but a reasonable thermal stability.

Syntheses. K;nSb; (1). 0.848 g (21.70 mmol, 6.00 equiv)
potassium, 0.831 g (7.23 mmol, 2.00 equiv) indium and 1.320 g
(10.84 mmol, 3.00 equiv) antimony were placed in a tantalum
ampule, which was closed by arc-welding in the glovebox. The
tantalum ampule was placed in a fused silica ampule and flame-sealed
under vacuum. Afterwards, the ampules were placed in a tube furnace,
heated to 850 °C with 1.0 K min~" and kept at this temperature for 10
h. The ampules were cooled down to 550 °C with 0.8 K min~" and
held at this temperature for 30.5 days. Afterwards, the oven was
turned off. The reaction yield was 90.2% (2.707 g).

KsT1,Sbs. The compound was prepared according to a published
protocol."” Details are given in the Supporting Information.

[K(crypt-222)],(InSbs)-en (2). 200 mg (241.10 umol, 1 equiv) of
K¢InSb; and 546.5 mg (1.45 mmol, 6.02 equiv) of crypt-222 were
placed in a Schlenk tube and were suspended in 12 mL en. The
mixture was stirred for 1 h and 2 mL of the solution were filtered into
a fresh Schlenk tube. Afterwards, it was layered by 3.5 mL toluene.
After 10 d dark orange crystals had formed. The crystals were suitable
for single crystal X-ray diffraction and could be identified as [K(crypt-
222)];(InSb;)-en (2).

[K(crypt-222)]5(In,Sbs)-3tol (3). 100 mg (120.55 pmol, 1.00 equiv)
of K¢InSb; and 273.2 mg (725.73 pmol, 6.02 equiv) of crypt-222 were
placed in a Schlenk tube and were suspended in S mL en. The
reaction mixture was stirred for 21 h. Afterwards, the solution was
filtered and divided in two Schlenk tubes and layered with 4 mL each
toluene or MTBE and stored at 4 °C. After a few days the toluene
layered solution showed some red block shaped crystals. The red
crystals were suitable for single crystal X-ray diffraction and could be
identified as [K(crypt-222)]5(In,Sbs) (3).

Time-Dependent Extraction and Fractional Crystallization of
KsTl,Sbs, and Synthesis of [K(crypt-222)],(TISbs)-en (4), [K(crypt-
222)]5(T1,Sbs)-3tol (5), [K(crypt-222)],(TISb;) (6), and [K(crypt-
222)1,1.[(KSb,),] (7). 100 mg (99.10 pmol, 1.00 equiv) of K(TL,Sb,
and 224.7 mg (596.90 ymol, 6.02 equiv) of crypt-222 were placed in a
Schlenk tube and suspended in 6 mL en. The first sample was filtered
after S min into a second Schlenk tube and filled into a 250 uL
Hamilton syringe. Mass spectrometry analyses (ESI(—)-MS) were
performed immediately thereafter. Subsequently, the remaining
filtrate was layered with 2 mL toluene and stored at S °C in a
Schlenk tube. The process was repeated for the following samples in
the respective order: 1, 4, 24 h and 1 week after the synthesis. The
crystallization experiments after 1 h extraction time yielded black
rhombohedral crystals of [K(crypt-222)],(TISb,) (6). The experi-
ment after 6 h yielded black rods of [K(crypt-222)],(TISb;)-en (4),
while the experiment after 1 day of extraction time yielded black rods
of [K(crypt-222)],(KSb,) (7) and black blocks of [K(crypt-
222)]5(TLSbs)-3tol (5). From the same reaction mixture, we were
able to isolate another variant of compound 6, denoted as compound
6a, which crystallizes in the monoclinic space group P2,/c with three
toluene solvent molecules per formula unit and four formula units per
unit cell. Details are provided in the Supporting Information.

Selective Synthesis of [K(crypt-222)],(TISbs)-en (4). 100 mg
(99.10 umol, 1.00 equiv) of KTLSb; and 224.7 mg (596.90 umol,
6.02 equiv) of crypt-222 were placed in a Schlenk tube and suspended
in 7 mL en. The reaction mixture was stirred for 6 h at room
temperature. The suspension was precipitated with 30 mL of toluene
and stored at 5 °C for crystallization. The dark brown suspension was
filtered using a PTFE tube with a glass fiber filter. The precipitate was
conserved and dried under vacuum. Afterwards, a black, shiny powder

was obtained (78 mg, 55.68 umol, 56%).

https://doi.org/10.1021/acs.inorgchem.5c00724
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Scheme 2. Formation of Compounds 1—7 Illustrated by Non-Stoichiometric Reaction Schemes and Structural Diagrams of the
(Molecular) Anions in 2—7 (Atom Assignment According to Quantum Chemical Calculations Detailed Below)

(1) en/crypt-222

AA @) stir, fiter [ [K(erypt-222)],(InSbs)-en  (2)
6K +2In+3Sb —» KginSby
—-1In ) (3) +toluene L= [K(crypt-222)]5(In4Sbs)-3tol (3)
(1) enferypt-222 > [K(crypt-222)],(TISbg)-en  (4)
AA (2) stir, filter
6K+ 2Tl +3Sb ——» KgTl,Sbs > [Kcrypt-222)]5(Tl4Sbs)-3tol  (5)
(3) + toluene
> [K(crypt-222)],(TISb;)-3tol (6)
—>  [K(crypt-222)]4[(KSb7),]  (7)
Sb Sb Sb Sb’Sb
Y E AR |\ Ssp spr$Pzsb N\ PR=K
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“Details on the synthesis procedures are given in the text and in the Experimental Section, the crystal structures and the computational results are

shown and explained below and in the Supporting Information.

Selective Synthesis of [K(crypt-222)],(T1,Sbs)-3tol (5). 100 mg
(99.10 pmol, 1.00 equiv) of K¢T1,Sb; and 224.7 mg (596.9 umol, 6,02
equiv) of crypt-222 were placed in a Schlenk tube and suspended in
3.5 mL en. The reaction mixture was stirred for 48 h at room
temperature. While stirring a color change from dark brown-red to
intense red was observed. The suspension was filtered using a PTFE
tube with a glass fiber filter, due to the considerable amount of
metallic residue present in the Schlenk tube. The dark red filtrate was
layered with 4 mL toluene and stored at S °C. After 6 days black
rhombohedral crystals of [K(crypt-222)];T1,Sbs (5) were obtained.

Micro-X-ray Fluorescence Spectroscopy. The measurements
were performed on single crystals with a Bruker M4 Tornado and in
one case with a Horiba XGT-9000, both equipped with a Rh-target X-
ray tube, poly capillary optics and a Si drift detector. The emitted
fluorescence photons were detected with an acquisition time of 180 s.
Quantification of the elements is achieved through deconvolution of
the spectra.

Electrospray-lonization (ESI) Mass Spectrometry. All mass
spectra were recorded on a Thermo Fisher Scientific Finnigan LTQ-
FT spectrometer in negative-ion mode. In order to explore the
possible formation pathway, we prepared a series of reaction solutions
of the reaction leading to the compounds 2 and 3 in en. The reaction
solutions were allowed to stir for 5, 30 min, 3 h, 1 day, 1 week and 2
weeks, before the measurements. The solutions were injected into the
spectrometer with gastight 250 yL Hamilton syringes by syringe
pump infusion. All capillaries within the system were washed with a
dry en/toluene mixture (1:1) 2 h before and at least 10 min in
between measurements to avoid decomposition reactions and
consequent clogging. ESI parameters: Spray Voltage: 3.6 kV, Capillary
Temp: 290 °C, Capillary Voltage: —20 kV, Tube lens Voltage:
—121.75 kV, Sheath Gas: 45, Sweep Gas: 0, Auxiliary Gas: 40. Note
that, while some of the species that were detected in ESI-MS were
crystallized, for those that were not obtained in condensed phase, it
cannot be excluded that they are generated under ESI-MS conditions
only.

Single Crystal X-ray Diffraction. For the general procedure see
the Supporting Information for details on the individual compounds.
All compounds are very sensitive to moisture and air. A small number
of crystals was extracted directly from the mother liquor into predried
NVH oil. The data was collected at 180 K using different
diffractometers (see the Supporting Information for the individual
compounds). Structure solution (ShelXT)'* and refinement
(ShelXL)" were performed in Olex2.'® The figures were made in
Diamond4'” using displacement ellipsoids with a probability of 50%.

Powder X-ray Diffraction. The data was collected on a Stoe
StadiMP diffractometer system equipped with a Mythen 1 K silicon
strip detector and Cu—Ka radiation (4 = 1.54056 A). The samples
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were filled into glass capillaries (0.3 mm diameter), which were sealed
airtight with soft wax. The tube was then mounted onto the
goniometer head using wax (horizontal setup) and rotated throughout
the measurement.

Quantum Chemical Studies. Computational studies were
conducted by using the program system TursomoLE V7.7.1'°7°
and employing DFT methods. We used the meta-GGA functional
TPSS™' and dhfTZVP basis sets”> with effective core potentials
(ECPs) at the In, Tl, and Sb atoms.”> > The Resolution-of-the-
Identity (RI)*® approximation with corresponding auxiliary bases””
was used to speed up the calculations. The negative charges were
compensated via COSMO.*** The electronic structure was studied
by means of population analyses.*>*' Localized molecular orbitals
were calculated according to Boys' method.** More details and
supporting figures are given in the Supporting Information.

B RESULTS AND DISCUSSION

The first challenge was to find suitable ternary phases to be
extracted. Only one ternary phase has been described for the
K/T1/Sb system so far, K¢TL,Sbs,'* and only a few solids have
been known for the combination of A/In/Sb (A = alkali
metal), A,In,Sb, (A = K, Rb, Cs),>*™* K, In Sby,*°
K,In,Sby,*" Na,In,Sb,,** Na,InSb,* and CsInSb,™ as well
as Csgln,,Sby,. "' We successfully reproduced K T1,Sbs, but the
same reaction conditions applied to the elemental combination
of K/In/Sb afforded the new compound KgnSb; (1),
exhibiting a yet unprecedented A/In/Sb ratio, as probed by
SCXRD, PXRD and p-XES.

The formation of the solid phases KsTL,Sb; and 1, as well as
the syntheses of compounds 2 — 7, comprising molecular
anions, by extraction of the solids are summarized in Scheme 2.
All compounds were obtained in single-crystalline form with
yields varying between S and 70% with respect to Sb.

Compound 1 crystallizes in the triclinic space group P1 with
eight formula units in the unit cell. Views of the crystal
structure are shown in Figure 1.

The structure of 1 is not related to that of KsT1,Sbs, in
which the heteroatomic anionic unit consists of . [ (T1,Sbs) "]
chains, but to that of recently reported K;,Ge;sSby.'" It is
therefore based on carbonate-like [InSb,]°~ anions (Figure 1a)
surrounded by K" ions with no connectivity between the
anionic units. Similar [AB;]9” anions have been reported for
the lighter homologs [SiP;]°7, [SiAs;]°7, [GeP;]°", [GeAs,]*,
and [SnAs;]°".** In contrast to K,,Ge; sSby, however, 1 is a

https://doi.org/10.1021/acs.inorgchem.5c00724
Inorg. Chem. 2025, 64, 8711-8718
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Figure 1. (a) Molecular structure of the carbonate-like [InSb;]®~
anion in K¢InSb, (1). (b) Extended unit cell of 1. Thermal ellipsoids
are shown at the 50% probability level. Selected interatomic distances
[A] and angles [°]: In1-Sbl 2.7644(7) — 2.8268(7), K--Sb
3.4461(17) — 4.159(2); Sbl1—In1—Sb2 119.20(2)°%; Sbl1—In1-Sb3
120.77(2)°; Sb2—In1—Sb3 120.00(2)°. More structural details are
provided in Figures S75—S77.

single-phase solid. This well-defined composition makes the
phase a very good starting material for the synthesis of
(soluble) (InSb;)*~ anions by partial oxidation of the
[InSb;]° units during treatment with a corresponding solvent
that allows for oxidative extraction according to previous
reports. Ethane-1,2-diamine (en) was proven suitable in many
instances, as it is sufficiently polar and simultaneously acts as
an oxidant under release of H,.'**7*

We therefore extracted 1 with en and crypt-222 for 1 h. The
expected binary pseudo-tetrahedral anion (InSb;)>~ was formed
and could be isolated in the compound [K(crypt-
222)],(InSb;)-en (2) upon layering with toluene. Notably, if
the extraction time is extended to 21 h, the oxidation proceeds,
forming the nine-atom monocapped square-antiprismatic
anion (In,Sbs)*~. It was isolated as its [K(crypt-222)]" salt,
[K(crypt-222)]5(In,Sbs)-3tol (3).

A corresponding extraction of the double-salt K¢T1,Sb;
yielded a variety of products: [K(crypt-222)],(TISbs)-en (4),
[K(erypt-222)]5(T1,Sbs)-3 tol (), [K(erypt-222)]5(TISb,)
(6), and [K(crypt-222)],5[(KSb;),] (7). The phase was
prepared as per the previously published procedure with en
and crypt-222. In situ monitoring of the extraction process by
ESI-MS (SI, Figures $21—S73) indicated the formation of the
(TISb,)*" anion in 4 to occur first, followed by the formation
of the (TLSbg)®>” anion in 5. The crystal structures of
compounds 2 — 7 are illustrated in Figures 2 and 3.

Compounds 2 and 4 crystallize isotypically in the
monoclinic space group P2, with two formula units in the
unit cell. The pseudo-tetrahedral anions in these salts represent
the missing examples of the (TrPn;)*~ series with elements of
periods 5 and 6 (Tr = In, T]; Pn = Sb, Bi). For the (InSb;)*~
anion in 2 (Figure 2a), the atom assignment based on X-ray
analysis is not possible owing to the similar atomic numbers of
the two elements. All four position were therefore refined with
mixed sites occupancy (0.25 In, 0.75 Sb). The interatomic
distances are between 2.8161(18) and 2.9568(27) A. As
expected, the bonds are sli§htly shorter compared to the
heavier homolog (InBi;)>~.*" In the (TISb;)*~ anion in 4
(Figure 2c), three atoms (TI1, Sb2 and Sb3) show elemental
disorder (0. 33 In, 0.67 T1), while the Sb4 position was refined
as Sb only. The TI/Sb—Sb/TIl distances are 2.8604(3) —
3.0194(31) A — thus, between those in the heavier Bi/TI
homolog (TIBi;)* 7 and those in 2, as expected. To account
for the disorder of atomic positions in the figures, the
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TI/Sb2

TI/Sb3

Sb6  Sb3
Sb4

Figure 2. (a) Molecular structure of the (InSby)?” anion in 2
(disregarding disorder of some of the atoms); interatomic distances
[A]: In/Sb—In/Sb 2.8161(18) — 2.9568(27). (b) Molecular structure
of the (In,Sbs)*~ anion in 3; selected interatomic distances [A]: In—
Sb 2.9270(13) — 3.0743(10), Sb—Sb 2.8509(14) — 2.9036(13), In—
In 3.3811(13) — 3.5881(15). (c) Molecular structure of the (TISb;)*~
anion in 4 (without disordered atom); interatomic distances [A]: T1/
Sb—Sb/TI1 2.8604(3) — 3.0194(31). (d) Molecular structure of the
(T1,Sbg)*>™ anion in 5; selected interatomic distances [A]: TI-Sb
2.9217(43) — 3.256(6), Sb—Sb 2.8123(11) — 3.0324(9), TI-TI
3.4443(8) — 3.6930(9). The thermal ellipsoids are drawn with 50%
probability. More structural details are provided in Figures S78—S93.

Sb3A Sb13

Sb12

Figure 3. (a) Molecular structure of one of the two disordered
positions of the (TISb,)*™ anion in 6; selected interatomic distances
[A]: TI-Sb 3.189(3) — 3.283(3), Sb—Sb 2.416(4) — 3.229(2). (b)
View of the crystal structure of 6. (c) Cut-off from the one-
dimensional {KSb,}*~ chain present in the crystal structure of 7;
selected interatomic distances [A]: Sb—Sb 2.574(4) — 2.921(6).
Thermal ellipsoids are drawn with 50% probability. More structural
details are provided in Figures S94—S10S.

respective atoms are drawn as octants with two colors, where
the outer color indicates the atom type that is more probable
on this atomic position based on the DFT studies discussed
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below. We would like to emphasize that all pseudo-tetrahedral
binary anions are isoelectronic to neutral P, or As, molecules,
which is why they are traditionally viewed as being composed
of three Pn° atoms and one Tr*~ atom in case of the (TrPn;)*~
species. However, as we show below, quantum chemical
calculations strongly suggest another charge distribution, which
is more pointing toward a distribution of the negative charge
over all four atoms. Notably, this leads to the same overall
charge, and equally affords a + 2 difference in (formal) atomic
charges. Beyond this background, we will discuss alternate
interpretations of the other anions, as well.

Compounds 3 and § crystallize isotypically in the triclinic
space group P1 with two formula units in the unit cell. The
(In,Png)*~ anions in 3 and § are nido-type nine-atom cages
(monocapped square-antiprisms). This structural motif is well-
known from the homoatomic Zintl anions Tty*~ (Tt = group
14 atom)*® and the isoelectronic cations Pny>* (Pn = Sb,
Bi)**" as well as from homologous heteroatomic anions
(In,Bis)>™ and (T1,Bis)*~,”"* all of which have the same (40)
valence electron count. The anions in 3 and 5 hence
complement the series of this anion type with elements of
periods 5 and 6 (Tr = In, TI; Pn = Sb, Bi), which may be
viewed as variations of the Pny>" cations, in which four of the
Pn atoms are replaced by isoelectronic Tr*~ — in agreement
with the 3— total charge of the binary species. Alternatively
(and in better agreement with the computational studies
described below), it can be derived from Tt,"" in the following
way: Four Tr and four Pn atoms in (Tr,Png)’” together
provide the same electron count as eight Tt atoms in Tty*",
while the ninth Tt atom is replaced by isoelectronic Pn*, which
compensates one of the four negative charges of the parent
species. As expected, the interatomic distances in the four
anions of the (Tr,Png)*” series develop according to the
atomic sizes of the involved atoms: 2.8509(14) — 3.5881(15)
A for the (In,Sbg)®™ anion in 3 (including all types of bonds),
2.8123(11) — 3.6930(9) A for the (TLSbs)*~ anion in §,
3.008(4) — 3.818(4) A in (In,Bis)*,”" and 3.0400(6) —
3.6386(5) A in (T1Bis)*>".” Notably, the basal four-membered
ring ({Sb,} according to DFT calculations, see below) shows a
more distinct distortion in the (T1,Sbs)>~ anion of 4 (Sb—Sb
diagonals: 4.2114(9) and 4.0189(10) A; folding angle 167.1°)
than the {Sb,} unit in the (In,Sbg)*" anion in 2 (Sb—Sb
diagonals: 4.1049(12) and 4.0220(13) A; folding angle
175.0°). At first glance, one might attribute this to the better
match of In and Sb atoms in terms of their radii, but for
(In,Big)*~ and (T1,Bis)*", it was the T1/Bi species that showed
the larger distortion, although the sizes of Tl and Bi atoms are
nearly identical.”>' We therefore assume that the four large Tl
atoms force each four-membered ring attached to them to fold.

Compound 6 crystallizes in the monoclinic space group P2/
n with one formula unit in the unit cell. The anion in 6 is a
monocapped nortricyclane-type {Sb,} cage, with a Tl atom
connected to the cage in an 7*type fashion by one of its
quadrangular faces. In the crystal, the anion is rotationally
disordered (50:50). The molecular structure of one of these
positions is shown in Figure 3a, a view of the crystal structure
including the disorder is given in Figure 3b. Compound 7
crystallizes in the monoclinic space group P2,/c with two
formula units in the unit cell, represented by two individual
clusters and their corresponding K* ions (Figure 3c).

The attachment of a T1 atom to the {Sb;} cage in compound
6 affects the Sb—Sb distances in it. The Sb1B’—Sb6 bond in
the triangular base of the seven-atom cage facing the T1 atom
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(3.096(3) A) is much longer than the two other bonds within
the triangle (2.799(4) and 2.807(2) A), which in turn are
shorter than the corresponding Sb—Sb bonds in the bare Sb,*~
anion (2.876(2) — 2.906(2) A).>’ In agreement with the
quantum chemical studies, the T1 atom should be viewed as a
TI" cation that is coordinated by the Sb,*>~ unit; indeed,
regarding the T1 atoms as TI*” would require all Sb atoms to
be formally neutral, which is not reflected in any structural
detail of the anion. The Sb—TI distances in 6 (3.189(3) —
3.283(3) A) are by more than 0.3 A longer than in 4, in
agreement with weaker and more ionic bonds. Additionally,
the distances of the apical atom are elongated while the Sb—Sb
bond on the opposite side of the Tl atom is shortened. The
findings are consistent with the observation made for another
cluster based on the coordination of a metal atom by Sb,*",
[Sb,{Mo(CO);}1>~,** featuring the same coordination mode.
In [Rb([2.2.2]crypt)],(Sb,,Zn)-8NH; however,” another
coordination mode of the Sb,>~ unit is observed, with only
two of the (formally negatively charged) y-Sb atoms involved,
and consequently, the Sb—Sb distances are significantly less
affected.*® The anion in compound 6 confirms the
coordination found in isostructural anions (TIP,)*” and
(TIAs7)3_.56 From the same reaction mixture, we were able
to isolate another variant of compound 6, denoted as
compounds 6a, which crystallizes in the monoclinic space
group P2,/c with three toluene solvent molecules per formula
unit and four formula units per unit cell. Details are provided
in the Supporting Information.

Although being formally related in that a monocharged
cation is coordinated by an Sb,*” anion, the anionic
substructure of compound 7 is different from that in 6. It
does not form a molecular entity, but assembles into one-
dimensional strands of alternating Sn,*~ anions and K* cations;
the remaining negative charge is compensated by two
[K(crypt-222)]* complexes per formula unit which are more
distant in the crystal structure. In contrast to the observations
described for the (TISb,)*” molecule, the {Sb,} cages in 7 are
nearly unaffected by their coordination activity, which is
alternatingly 7*-type and 7*-type, like in a closely related salt
that crystallizes together with an NH; solvent molecule.”” The
Sb—Sb distances (2.574(4) — 2.921(6) A) therefore compare
well with those observed in the bare Sb,*~ anion.”* We assume
that the formation of a coordination polymer is favored over
isolated cages by a gain in energy; this might be even larger by
covalent linkage, but to the best of our knowledge extended
ID, 2D, or 3D assemblies of {Sb,} units have not been
observed to date.

As mentioned above, normal X-ray diffraction experiments
do not allow to distinguish between In and Sb atoms. To
further analyze the experimental results, we therefore
performed DFT studies. Details of the computational
procedure are given in the Experimental Section and in the
Supporting Information. The calculated bond lengths and
angles were found to be in excellent agreement with the
experimental values (Tables S17, S19, S21, S23, and S25). We
therefore went on to analyze the electronic structures of the
binary anions in compounds 2—6.

As already shown in a previous study,’ we only found 2-
center 2-electron (2c2e) bonds within the pseudo-tetrahedral
anions in 2 and 4 through inspection of localized molecular
orbitals (LMOs, Figures S109 and S113). Population analyses
showed polarization toward the Sb atoms, which is equivalent
with a significant accumulation of negative charge on the Sb
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atoms. This tendency is more pronounced in the T1/Sb case,
supporting a much less pronounced charge distribution, rather
towards Tr* and Sb™ than Tr*~ and Sb’ as suggested by the
pseudo-element concept, although population analyses (both
Mulliken and NPA) suggest a slightly negative charge for the
Tr atoms, too.

To verify the distribution of the In atoms in 3 and of the Tl
atoms in S, respectively, we permutated both atom types over
all possible positions. The most probable conformers are the
ones depicted in Figure 2 above. All further isomers exhibit
significantly higher relative energies compared to the global
minimum structures. We can therefore conclude that only one
isomer is present in the crystal in these two cases — which in
the case of some of the anions discussed herein can undergo
rotational disorder though. An overview over the most
reasonable minima with the respective relative energies are
given in Figures S112 and S119. While we again find 2c2e Sb—
Sb bonds, all heteroatomic bonds represent 3c2e interactions
(Figures S113 and S120), as expected for these Wade-Mingos-
type cages. As in the pseudo-tetrahedral anions, the negative
charge is distributed over the whole molecule with most
electron density being situated on the Sb atoms.

The calculated bond lengths and angles in the anion in 6
were again in good agreement with the experimental values
(Table S25). Another local minimum structure, where the TI1
atom is bridging the trigonal Sb base of the nortricyclane-like
parent motif (Figure $123), was found to be 90 kJ/mol higher
in energy with respect to the global minimum structure, which
is actually the one found in the crystal structure. Analysis of the
canonical molecular orbitals (Figure S125) indicates the
presence of cluster orbitals, as exemplified for some of the
MOs in Figure 4. These MOs can be localized within the
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HOMO-10 HOMO-17

Figure 4. Examples for cluster orbitals in the anion of compound 6,
being of f-type (HOMO-3), d-type (HOMO-14), p-type
(HOMO-10), and s-type (HOMO—17), respectively.

nortricyclane-like {Sb,} parent motif into regular 2c2e bonds,
while the heteroatomic TI1-Sbl and TI11—-Sb2 bonds are
strongly polarized toward the respective Sb atoms. This is in
perfect agreement with the description of an Sb,’” cage
coordinating a T1" cation; indeed, for this cluster, the Tl atom
shows a slightly positive charge according to population
analyses. Additionally, the localization procedure yields one 3-
center-2-electron (3c2e) bond between Sb6, Sb7 and TI1. The
contribution coming from the Tl atom is small, however
(Figure S124), thus supporting the relatively weak interaction
in this part of the molecule and rationalizing the elongated T1—

Sb bonds.
HM CONCLUSIONS

This study has allowed us to demonstrate that quantum
chemical prediction is helpful in searching for yet missing
examples of pseudo-tetrahedral binary anions of p-block
(semi)metals. We have added two new anions to the library
of these compounds, and established protocols for their
targeted synthesis. Using time-dependent mass spectrometry
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and fractional crystallization revealed that the extraction
reaction initially produces smaller anions in solution, which
gradually evolve into larger ones over time by partial oxidation.
This allowed for the isolation and characterization of a total of
seven new compounds. Both the structure elucidation and
concomitant quantum chemical calculations highlighted a
subtle, yet important, impact of substituting In with T1 atoms
on the bonding, resulting in slightly weaker heteroatomic
bonds. The studies also indicated that in the Tr/Sb elemental
combination, it is more reasonable to undertake a formal
charge separation into Tr" and Sb~, although contradicting the
widely applied pseudo-element concept. Future research aims
to utilize these new binary anions in reactions involving d- and
f-block elements to explore their reactivity differences.
Additionally, we plan to expand the collection of pseudo-
tetrahedral cluster anions with different combinations of
elements.
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