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CONSPECTUS: Bismuth-based research has become a highly
topical field in recent years, yielding remarkable prospects for new
fundamental insights and new materials applications, ranging from
innovative catalysts to novel pharmaceuticals, due to this heavy
metal’s virtually nonradioactive and nontoxic properties. Given that
the 6s* electron pair can be stereochemically active under certain ¥ #
circumstances, bismuth atoms adopt a variety of coordination P& ZA . Snig
modes and bonding environments with oxidation states ranging v I s
from (formally) +V to —IIl. As a consequence, bismuth-based YR 7 14 !
compounds cover the entire spectrum from simple coordination NS vg% e D
compounds to much more unusual cluster cations and cluster A QA"A$ ,f y
anions exhibiting metal—metal bonding in a homoatomic manner, .- })é'€§‘<1€> | | ﬁ
a\74
or in concert with other s-, d-, p-, or f-block metal atoms. Such
bismuth clusters show high potential for the development of new bismuth-based materials, but they are also interesting objects by
themselves. Given the relatively recent development of bismuth-rich cluster molecules, a deep understanding of their properties—
including unprecedented structural features, complex electronic structures, substantial heavy metal aromaticity, as well as their
formation pathways—is still in its infancy. The topic thus spans a broad range from highly sophisticated synthetic chemistry through
interdisciplinary experimental and theoretical analyses to materials science.
Based on our recent work and several notable reports from other groups, this article will highlight the successful access to a number
of novel bismuth-rich cluster ions emerging from both solution-based approaches and solid-state chemistry. It will shed light on the
unique structural and electronic properties that cause chemical and physical peculiarities of such compounds. Selected examples
include, but are not limited to, (1) the first encapsulation of actinide ions in intermetalloid clusters which additionally served to
manifest substantial all-metal 7-aromaticity with a (calculated) record ring current per electron; (2) a large metalloid {Zn;,} unit
stabilized in a porphine-related {ZngBi,s} moiety in [K,Zn,,Bi;s]®7; (3) the largest assembly of bismuth atoms within one molecule,
observed in [{Ru(cod)},Bi;s]* that consists of two Bi—Bi-linked “[{Ru(cod)},Biy]*™” subunits.
Notably, cluster growth has remained largely a black box, which is starting to be revealed, however. We discuss possible formation
pathways of such (multi)metallic nanoarchitectures on the basis of smaller subunits that were detected by mass spectrometric
analyses and could also be captured upon reaction with organometallic complexes. In addition to the intrinsic structural and
electronic properties of the cluster anions and cluster cations reviewed herein, we will briefly introduce the emerging usage of
bismuth-based compounds in material science and give an outlook to future developments.
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Scheme 1. Overview of Bismuth-Based Clusters and Corresponding Materials Obtained from Different Precursor
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from ref 100. Copyright (2016) Springer-Nature.

e Eulenstein, A. R; Franzke, Y. J; Lichtenberger, N;
Wilson, R. J; Deubner, L; Kraus, F,; Clérac, R;
Weigend, F.; Dehnen, S. Substantial z-aromaticity in
the anionic heavy-metal cluster [Th@Bi,,]*". Nat. Chem.
2021, 13, 149—155.° We presented the straightforward
synthesis of a Bi,% ring stabilized structurally by an
endohedral Th*" cation, which together exhibit 2m-
aromaticity with ring current is very close to that of the
26m-aromatic molecules porphine, and much stronger than
that of benzene (61).

o Eulenstein, A. R.; Franzke, Y. ].; Biigel, P.; Massa, W.;
Weigend, F.; Dehnen, S. Stabilizing a metalloid {Zn,,}
unit within a polymetallide environment in
[K,Zn,0Big]°". Nat. Commun. 2020, 11, 5122.* We
showed that the as-synthesized heterometallic cluster anion
[KyZnyoBig]®~ consists of a macrocyclic 24-atom unit
{ZngBi\}, which has a close structural relationship with the
organic macrocycle porphine and embeds a metalloid
{Zny,} unit the largest one observed for Zn atoms to
date.

1. INTRODUCTION

In contrast to the exhaustively explored chemlstry of organic
and inorganic phosphorus compounds,”™” research addressing
the heavier pnictogens, especially bismuth and bismuth-based
compounds, has been investigated to a much lesser extent.®
However, the outstanding and unique physical and chemical
properties of bismuth confer a fascinating use toward
corresponding materials, which attracts increasing scientific
interest in many different aspects. Among the compounds that
are currently in focus are dibismuthide or small bismuth cluster
anions, which can be extended to bismuth-rich clusters, and
eventually to bismuth-based materials in a “bottom-up”
fashion. Thus, the clusters’ isolation and characterization
helps in understanding how bismuth-based nanostructures
form. However, the study of corresponding formation
pathways—upon extraction of intermetallic solids with basic

liquids in the absence or presence of other p-, d-, or f-block
compounds, by reactions of metals and metal salts in ionic
liquids, or by reductive coupling of organobismuth compounds
or bismuth halides—is still in its infancy.

Recent reviews have summarized the knowledge gained in
the field of intermetalloid and heterometallic clusters.”” "
Although some of these articles included bismuth-based
clusters that were reported until 2019 in the collection of
compounds, they did not put emphasis on such clusters,
especially anionic ones, nor did they elaborate on correspond-
ing cluster formation. However, the number of reports that
address bismuth-based clusters in particular is currently
increasing. These contribute, not only, to a plethora of novel
geometric and electronic structures, including a coexistence of
localized and multicenter bonding, but also, to drawing a
blueprint for the construction of bismuth-rich nanostructures
from smaller units. This will ultimately increase the knowledge
for designing and predicting selective and efficient synthetic
strategies for cluster compounds, and it demonstrates the high
potential of methods for accessing new functional bismuth
cluster-based materials. In this article, we review recent
developments concerning clusters composed predominantly
of Bi atoms, and materials based on such species (Scheme 1).

2. BISMUTH-BASED CLUSTER ANIONS

Anionic bismuth clusters are mainly observed in the context of
Zintl chemistry. Based on his seminal potentiometric titrations
done in the 1930s,'*"'® Zintl suggested anionic bismuth
clusters to exist but was unable to isolate them. In the
meantime, many binary or ternary intermetallic solids with
(poly)bismuthide substructures have been realized. Extraction
of such solids, like K,Bi, (x/y = 3/2, 5/4, 1/1), using amine-
based solvents and alkali metal sequestering agents, affords
homoatomic anions like Bi,*”, Bi,*", and Bi," (Figure la—
¢).”~"” These anions differ from the lighter pnictogens greatly
owing to the unique properties of bismuth itself. In particular,
Bi,”” is the only Pn,>” anion known to date. At first glance it
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Figure 1. Molecular structures of homoatomic bismuth cluster anions
obtained from single crystal X-ray diffraction measurements: (a)
Bi,>, (b) Bi,>7, (¢) Bi,*7, (d) Bi¢*™ with its nearly planar
confirmation stabilized by two K* ions, (e) Bi,>”, and (f) Bi;*~
Color code: Bi (blue), K (pale green).

can be described as isolectronic to O,; however, due to the
strong spin—orbit coupling, it is diamagnetic and has a singlet
ground state. The lighter Pn,”” in contrast were calculated to
have the presumed triplet ground state, a possible explanation
to their lack of synthetic realization.””

Addition of chemical reagents with Lewis-acidic or even
oxidizing properties to the extraction solution of solids
comprising or producing these small Bi,’~ anions often results
in larger homoatomic anions as reaction products. Treatment
of mixtures KBi,/ZnPh, or K;Bi,/K,Sny in liquid ammonia
yield KBi-NH;, which contains an infinite, planar 1D-{Bi }
zigzag chain, while K;Bi,/K,Ge, yielded a nearly flat Bi*~ ring
sandwiched between two K' cations in K,[K(18-crown-
6)],Big¢9NH; (Figure 1d; 18-crown-6 = 1,4,7,10,13,16-
hexaoxacyclooctadecane).”’ Bismuth cluster anions of even
higher nuclearity were obtained by addition of an oxidizing
agent (reagent or solvent) to the extraction mixture: Bi7 B
(Figure le) was isolated upon extraction of K(Bi, in the
presence of [(C4Hy)Cr(CO);],** while disproportionation and
oxidation of the pseudo-tetrahedron (GaBi,)>~, obtained from
extractions of a ternary solid of the nominal composition
“KsGa,Bi,” in pyridine, yielded Bi;,*~ (Figure 1f), the largest
homoatomic bismuth cluster anion known to date.

Heteroatomic cluster anions comprising bismuth atoms can
be prepared in a similar manner. Extraction of a mixture of
K;Bi, and K,Snyg/K;,Sn;; in liquid ammonia afforded
carbonate-like [SnBi;]*~ (Figure 2a).”* However, upon
changing the intermetallic solids to Rb;Bi, and RbSn,, the
extraction product from hquid ammonia was the hypho-cluster
(Sn3Bi;)*~ (Figure 2b).>® Ternary intermetallic solids are also
effective sources for heteroatomic bismuth-based clusters.
Extraction of intermetallic solids “RbSnBi” or “CsSnBi” with
liquid ammonia afforded the anions (Sn;Bis)*~ and (Sn,Bi,)*~
(Figure 2¢,d) in [Rb(crypt-222)]5(Sn;Bis)-8.87NH; and

[Cs(18-crown-6)],(Sn,Bi,)-12NH, (crypt-222 =
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]-
hexacosane) 25,36 However, this method has found the most
success in the preparation of pseudo-tetrahedral, anionic
analogues of P, (Figure 2e) or As,. Considering the heavier
pnictogens, only the thermally and light sensitive As, has been
isolated. The analogous “Sb,” and “Bi,” remain unknown.
However, tetrahedral molecules containing these heavier atoms
are possible by (formal) exchange of P atom(s) with group 13
or group 14 element atoms. This leads to anions (TrPn;)*”
and (Tt,Pn,)*” (Figure 2f; Tr = Ga—TI; Tt = Ge—Pb; Pn =

Figure 2. Molecular structures of binary/ternary bismuth-based Zintl
anions extracted from ternary/quaternary intermetallic solids, as well
as of P, (for comparison): (a) [SnBiy]*", (b) (Sn;Bi;)*, (c)
(SnsBis)*", (d) (SnBiy)*, (e) Py, (f) (Tt,Bin)*™ (Tt = Sn, Pb), (g)
(Tt,Bi,)*™ (Tt = Sn, Pb), (h) [(SneGe,Bi),]*". Color code: P (pink),
Ge (yellow), Sn (lime), Sn/Pb (orange), Bi (blue). Atomic disorder is
represented by two-color spheres, with the most probable assignment
of atoms (according to DFT calculations) indicated by the dominant
colors.

P—Bi).”’~** For Bi, this concept has allowed the successful
isolation of (GaBi;)*~, (InBiy)*~, (TIBi;)>~, (Sn,Bi,)*,
(Pb,Bi,)>7, and very recently, (PbBi;)~ (see below).”
Typically, these binary anions are synthesized by extraction
of ternary intermetallic solids using ethane-1,2-diamine (en) as
solvent and crypt-222 as sequestering agent for crystallization
(in some cases accompanied by salts of (Tt,Bi,)*~ (Figure

2).>**® A unique extension of this protocol using the
quaternary intermetallic solid “K,Ge,Sn,Bi” served as a source
of the ternary anion [(SnsGe,Bi),]*” (Figure 2h). 7 This
cluster displays a commonly made observation: Bi atoms in
anionic clusters generally bond to heavier elements owing to a
preference for bonding between metals with similar relative
charges and size, in this case, Sn. This explains the distinct lack
of either (Si,Bi,)?>” or (Ge,Bi,)*". A salt of (GaBi;)*~,*® an
apparent exception from this phenomenon, has been detected
in the gas phase, but not yet unambiguously verified by X-ray
crystallography. The preference for a spatial separation
between small atoms and Bi atoms is reflected in the
(Ge,Biy,)*" anion, obtained by extraction of “K,GeBi”, in
which both atom types are well separated on the molecular
scale (see below).*®

Transition metal complexes offer great potential for
incorporating other metal atoms into bismuth-based cluster
frameworks. Reactions between [(M*Nacnac)Zn], and K;Bi,
in liquid ammonia yielded the CO,-like anion [BiZnBi]*"
upon removal of the M*Nacnac ligand (Figure 3a).”
Organometallics with CO ligands have found great success in
the synthesis of structural motifs where some ligands are
retained. Complexes like [Rh,(CO),ClL,], [Rh(acac)(CO),],
and [Ir(CO),(acac)] were used as source of {M(CO)}*
fragments (M = Co, Rh, and Ir) in reactions with KBi, in
en/crypt-222. As a consequence of the incorporation of
electrons from the transition metal fragments to cluster
bonding, such reactions afforded many uncommon structures.
Examples are ten-vertex [Bi,M;(CO);]*” (M = Co, Rh) based
on a nortricyclane-like {Bi,} unit, [Rh@Bis(Rh{CO)}]*~ and
[Rh@Bi;o{Rh(CO)}¢]*~ containing encapsulated Rh atoms, or
15-vertex [(Bis),{Ir(CO)}sBi;]*~ (Figure 3b—e).*'~*

When switching to either {M(CO),;} (M = Cr, Mo) or
{Ni(CO)} from sources like [M(CO);(MeCN),], [M(CO)q],
or [Ni(CO),(PPh;),], these 12-electron transition metal
fragments do not (formally) add electrons to the cluster. So,
the average number of cluster electrons per atom can get close
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Figure 3. Molecular structures of binary cluster anions: (a) [Bi—Zn—
Bi]*", (b) [Bi,M;(CO);]*~ (M = Co, Rh), (c) [Rh@Biy(RhCO);]*",
(d) [Rh@Biy(RhCO)LJ™, (e) [(7-Bi)y(IrCO)(uBi)s™, (1)
[Bi;My(CO)gJ*~ (M = Cr, Mo), (g) [(r*-Bis)M(CO),J*~ (M = Cr,
Mo), (h) [Bi6M03(CO)9]4_, (i) [Bi3Ni4(CO)6]3_, (])
[BiyNi,(CO)e]*", (k) [BisNig(CO)o]*, (1) [Ni,@{BigNis(CO)s}]*,
(m) [Bi;,Ni,(CO),]*, (n) [ZnyBi;;]>". Color code: d-block metal
atom (black), Sn (lime green), Bi (blue).

to 4 (per main group atom; 14 per transition metal atom) or
below, and structures containing deltahedral architectures—
indicative of electron deficiency—are obtained.
[Bi;M,(CO)4]>” contains an ozone-like Bi*~, [(1*-Bi;)M-
(CO);]*” (M = Cr, Mo) is based on cyclic Bi;*”, and
[BigMo0;(CO)o)*" has a distorted {Big} triangular prism
(Figure 3fh).~* The series of known Ni/Bi cluster anions
demonstrate the variety in {Bi,} substructures, such as
[Bi;Ni,(CO)6]*", [BiyNi,(CO)s)*", [BizNis(CO))*, and
[Ni,@{BigNig(CO)s}]*", whose heating and oxidation addi-
tionally yielded [Bi;,Ni,(CO),]*" (Figure 3i—m).***’

The examples described above are all concerning the
reactivity of bismuth-containing intermetallic solids. However,
the previously mentioned pseudo-tetrahedral anions are viable
starting materials in their own right, yielding an incredible
range of products which offer insights into a rich and diverse
chemistry. The reaction between (Sn,Bi,)>~ and ZnPh, affords
[ZngSn,Big]*, the first intermetalloid cluster made up of three
different metal atoms. It is based on an 1l-atom nido-type
{ZnSn;Bi;} and also formulated as [Zn@ZnSn;Bi,@Bi;]*~ in
summary (Scheme 2 and Figure 4a).*®

Additionally, this was extended to the (Pb,Bi,)*” anion and
the synthesis of the isostructural [Zn4Pb,Big]*~.*" Both clusters
are similar to binary [ZnyBi;;]*~ (Figure 3n), obtained from
the reaction between ZnPh, and KBi,."* While these clusters
accord with the Wade—Mingos rules of electron counting,49_51
the products of the reaction between (Sn,Bi,)>~ or (Pb,Bi,)*~
and [Ni(cod),] do not: anions [Ni,Tt,Bis]*>~ (Tt = Sn, Bi)—
made up by two face-sharing square antiprisms that
incorporate a Ni atom in each cavity—represent electron-

Scheme 2. Illustration of the Synthesis of [ZnsSn;Big]*™ as
an Example of Ternary Bismuth-Rich Cluster Anions

fusi tracti
2K +Sn + Bi 0w snBit —2T2NON i (erypt-222)](SnoBig)en
en/crypt-222

- [ZnPhy]
[K(crypt-222)]4[Zn@2Zn5Sn3Biz@Bis]-0.5en-0.5tol

en/tol

g h

Figure 4. Molecular structures of ternary cluster anions comprising Bi
atoms: (a) [ZnsTt;Big]* (Tt = Sn, Pb), (b) [Ni,Tt,Bis]*~ (Tt = Sn,
Pb), (c) [Pd;SngBig]*", (d) [Pd@Pd,Pb,Bis]*", (e) [Au{n,-
(SnyBip) 1, 1%, () {[AuSnsBis],}*, (g) [Ln@Tt,Bis]*™ (Ln = La,
Ce; Tt = Sn or Ln = La, Nd, Gd, Sm, Tb; Tt = Pb)/[An@Pb,Biy]>~
(An = Th, U), (h) [Ln@Pb,Bi,]*” (Ln = La, Ce; Tt = Sn or Ln = La,
Nd, Gd, Sm, Tb; Tt = Pb)/[Eu@SngBig]*"/[U@Pb,Bi,]*". Color
code: d-/f-block metal atoms (black), Sn (lime), Pb (light orange),
Sn/Pb (orange), Bi (blue).

precise architectures (Figure 4b).**** Two different Pd-
containing clusters, [Pd;SngBig]*” (Figure 4c) and [Pd@
Pd,Pb,,Bis]*" (Figure 4d), were obtained upon reaction of
(Sn,Bi,)*” and (Pb,Bi,)*” with [Pd(dppe),] and [Pd(PPh;),],
respectively.””>* The synthesis of all these clusters require an
expansion of the original pseudo-tetrahedral cluster starting
material, though it is also possible to retain this bonding
arrangement, exemplified in [Au(n*-(Sn,Bi,),]*” (Figure
4e)."> A control of these two processes, either a seemingly
straightforward ligand exchange or cluster expansion, can be
influenced by the reaction conditions (Scheme 3). Upon
reaction of (Pb,Bi,)*~ with [(Ph;P)AuMe] in en, [Auf{n*

Scheme 3. Illustration of the Formation of Three Different
Compounds upon Reactions of [K(crypt-222)],(Pb,Bi,)-en
with [(PPh;)AuMe] in Different Solvent Mixtures

(PbBig)”
atom exchange
O
i \

[Au(Pb.Bip)]®

{IAuPb:Bigl}*

reorganization

intact (Pb.Bip)? + [(PPhg)AuMe]
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(Pb,Bi,)},]*” was isolated with intact pseudo-tetrahedra
coordinating to the Au® ion."> However, on exchanging the
solvent to pyridine, a solvent prone to undergo reduction to
the bipyridyl radical anion, {{AuPbBi,],}*" is obtained instead
(Figure 4f).>°> Changing crystallization conditions finally
allowed for the isolation of an atom-exchanged pseudo-
tetrahedron, (PbBiy)~. It is important to understand the
flexibility of these starting materials in regards of atom
rearrangement equilibria—as a necessary precondition for all
of these architectures to form.

Lanthanide (Ln) complexes [Ln(CsMe,H);] were used
successfully in combination with pseudo-tetrahedral Zintl
anions to prepare ternary clusters with binary, nondeltahedral
13-atom or 14-atom shells encapsulating Ln"" ions. (Sn,Bi,)*~
afforded [Eu@SngBig]*~, alongside (Sn,Bi,)*”, and double
salts of [Ln@Sn,Bi,]*” and [Ln@Sn,Biy]*~ (Ln = La, Ce).**’
Switching to (Pb,Bi,)*” led to a wider range of products
comprising [Ln@Pb,Biy,_,]?" and [Ln@Pb,Bi;;_,]*" (Ln =
La, Nd, Gd, Sm, Tb; x/q = 7/4, 6/3; y/q = 4/4, 3/3).>°
(Pb,Bi,)*” also enabled an extension to the 5f elements to
prepare [U@Pb,Bi,]*~ and [U@Pb,Bi,]>".>" The structure of
the 14-atom shell is electron-precise, with all group 14 atoms
being negatively charged pseudo-group 1S atoms. In contrast,
the 13-atom shell is overall reduced, with (formally) 1 Bi* and
4 Bi~ beside 4 Bi° according to DFT calculations, which also
confirmed magnetic susceptibility measurements (Figure Sa).

The above examples of reactions with binary or ternary
intermetallic solids or salts of pseudo-tetrahedral anions have
not expressed a marked difference between using either one or
the other. However, intermetallic solids can act as much
stronger reducing agents. This was demonstrated in the
synthesis of [U@Bi;,]*” and [Th@Bi;,]*~.>*" The former is
prepared by reaction of preformed (GaBij)*~ and [U-
(CsMe,H),]. According to DFT calculations and magnetic
measurements, the charge assignment most likely accords with
a Bi;,*" moiety encapsulating U®* (upon an intramolecular
redox process). The charge of the anionic bismuth cluster unit
was confirmed by using Th*" from [Th(CsMe,H),Cl] to form
isostructural [Th@Bi,]*” with unambiguous charge assign-
ment (Figure Sb). The latter, however, required the use of
“KsGa,Bi,”, a stronger reducing agent, to form the highly
reduced Bi;,*". In-depth computational studies of this species
revealed that the molecule displays z-aromaticity, with two
electrons delocalized over the {Bi;,} unit in a torus-shaped
molecular orbital that could not be localized (i.e., the localized
molecular orbital, LMO, looking essentially the same; Figure
5¢,d) and a substantial calculated ring current of 22.7 nA T™".

All-metal 7z-aromaticity is extremely rare. Before these
examples, it was restricted to 3-, 4-, and 5-membered rings
that required stabilization by organ(ometall)ic ligands, by
incorporation in larger cluster structures or neat solids, or were
detectable only in the gas phase.

This species also underlines the variety of bonding modes
that exist in bismuth-based clusters: electron-precise 2-center-
2-electron bonding complying with the 8-N rule,”” multicenter
bonding owing to electron-deficiency and following the
Wade—Mingos rules,” ™' or bonding modes that accord to
none of the classical models, providing motivation for such a
study.®!

Another aspect to consider when it comes to the source of
bismuth, either the intermetallic solid or pseudo-tetrahedral
compound, is the partnering element. When using Sn or Pb,
the metal atom is often retained in the final cluster molecule,
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Figure 5. (a) Molecular structure of [U@Bi;,]*", color code: Bi
(blue), U (black), and temperature dependence of ¥T for compounds
containing [U@Bi,]>~ (gray dots), [U@Pb,Bi,]*~/[U@Pb,Bi,]*~
(blue dots), and [U@TLBi;;]*” (green dots). Reproduced with
permission from ref 59. Copyright (2016) ACS Publications. (b)
Molecular structure of [Th@Bi;,]*, color code: Bi (blue), Th
(black). (c) HOMO of the calculated cluster (DFT; aj in Dy,
symmetry). (d) LMO with the highest energy expectation value.
(e) Plot of the magnetically induced current density. Reproduced with
permission from ref 3. Copyright (2021) Springer-Nature.

whereas group 13/Bi elemental combinations more often
represent elemental mismatch and element segregation—with
the tendency to release the group 13 element decreasing from
Ga and In to TL Numerous products were obtained with a
plethora of structures and compositions from Ga/Bi and In/Bi
intermetallic solids. The two most commonly used solid
mixtures are (ill-defined) solid “KiGa,Bi,” mentioned above
and the corresponding (well-defined) solid KIn,Bi,.”* Both
have regularly been considered as sources for (GaBi;)*~ and
(InBiy)*", the starting point for complex redox cascades
triggered by addition of mildly Lewis-acidic metal complexes.
For example, extraction of the intermetallic solids in the
presence of [La(CsMe,H);] or [Zn(Mes),] yielded clusters
[Bi@Gag(Biy)s]> />~ or [Bi@Ing(Bi,y)s]> />, respectively.”®*
In [Bi@Gag(Biy)s)®” a “Bi*™” ion is surrounded by eight
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formally uncharged “Ga®” atoms in a cubic arrangement with
“Bi,” dumbbells capping the faces (Figure 6a). The structure of

a b c

Figure 6. Molecular structure of the (idealized) T}, symmetry of [Bi@
Trg(Biy)s]* (a), of [Bi@Trg(Biy)s]*~ (b), and of the (hypothetical)
topology if considering all possible external Ga distributions in the 5—
anions (c). Color code: Ga (pink), Bi (blue).

the S—anion can be derived by exchanging one of the “Ga”
atoms with “Ga®~”—isoelectronic to a group 15 element and
subsequently “pushed out” into the perceived “Bi;,” framework
(Figure 6b). If this was to occur for all Ga atoms ultimately
giving a “[Bi@Gag(Bi,)¢]""™” (Figure 6c), such a molecule
would be isoelectronic to a hypothetical “[Bi@Biy]*™";
however, an anion of extremely high charge (11—) is unlikely
to form in solution in this case.

[Bi@Gag(Bi,)s]> />~ was obtained using an excess of the
[La(CsMe H);] (3.8 equiv). For a 1:1 stoichiometry,
(Ga,Bi¢)*™ was obtained instead,” which is isoelectronic and
isostructural to (Ge,Biy,)*"."* Again, the lighter elements
preferentially maximize the number of contacts with like
elements. Both structures can therefore be described as a {Bi—
Ga—Ga—Bi} or {Ge,} chain in between two {Bi,} units,
respectively (Figure 7).

a b

Figure 7. Molecular structures of (a) (Ge,Bi,)*” and (b)
(Ga,Bi6)*". Color code: Ge (yellow), Ga (pink), Bi (blue).

Binary cluster anions of the In/Bi and TI/Bi elemental
combinations show a larger tolerance for heteronuclear
bonding interactions as compared to the “mismatch”
combination Ga/Bi. Beside the extraction of (TrBi;)>~ from
K(Tr,Bi, (Tr = In, TI; Figure 8a), (Tr,Bis)*~ cocrystallized as
minor components (Figure 8b).”*** The (Tr,Bis)*~ anions,
like the above-mentioned (Tt,Bi,)>~ (Tt = Sn, Pb), are
isoelectronic and isostructural with nido-Tt,*~ (Tt = Si, Ge, Sn,
Pb)."” Notably, extraction of “K,TIBi;” (i.e., KBi,-KTIBi) with
en/crypt-222 affords high purity [K(crypt-222)],(TIBi;)-
0.5en, while K,TIBi under similar conditions is a source of

ARy 9 4

Figure 8. Molecular structures of (a) (TrBiy)*~ (Tr = Ga, In, T1), (b)
(Tr,Big)* (Tr = In, TI), (c) (TLBi;)*", and (d) (B,H,)*>". Color
code: Ga/In/Tl (brown), T1 (dark red), (d) Bi (blue), B (indigo), H
(white).

(T1,Bi;)*" (Figure 8c),*® the first 7-atom closo-type p-block
metal cluster, reminiscent of (B,H,)*~ (Figure 8d).*

Even though binary Tr/Bi anions were shown to form, there
are significantly fewer ternary d-/f-block/Tr/Bi clusters
reported than combinations of d-/f-block/Tt/Bi. The only
reported cases with Ga/Bi beside a non-main group metal are
[Ga@Bi,o(NbMes),]>~* and the f-block metal-based endohe-
dral 13-vertex clusters [Sm@Ga;_H;_,,Bijo,)°” (x = 0, 1;
Figure 9a, b), the first protonated ternary intermetalloid

¥ <0

a

b
c d
Figure 9. Molecular structures of (a) [Sm@Ga,HBi;;]*", (b) [Sm@
G33H3Bi10]3_; ) {[(La@lnzBil1)(#'Bi)z(La@InzBin)]}é_: (d)
[An@TLBi;, >~ (An = Th, U). Color code: Ga (pink), In (red), TI

(dark red), Bi (blue), d-/f-block metal atoms (black), C (gray), H
(white).

clusters.”® A u-Bi bridged “dimer” of 13-vertex cages, {[(La@
In,Bi,, ) (u-Bi),(La@In,Biy;)]}*~ (Figure 9c¢),” represents the
only reported example observed for In/Bi, while the TI/Bi
combination affords the isoelectronic analogue of “regular” Tt/
Bi 13-vertex clusters discussed above, [An@TL,Bi;; >~ (An =
Th, U; Figure 9d)>** with f-block metal ions.

No examples have been reported so far for the Ga/Bi or In/
Bi combinations including d-block metal atoms, while the
tendency remains for retention of Tl in some reactions of T1/
Bi sources with d-block compounds. The reaction between
(TIBi;)*~ and ZnPh, affords [(Bis)Zn;(TIBis)]*" (Figure 10a),
while with CdPh,, [(Bi,)Cd(Bi,)]*~ (Figure 10b) is
obtained—representing the first coordination compound of
the Bi,>~ anion.®®

Both, loss and retention of Tl can occur and sometimes
along the same reaction cascade. The distinction can be
justified between the similar sizes of the metal atoms in the
pseudo-tetrahedral molecules as an archetypal example as
alluded to earlier, with the same principle extended to larger
cluster molecules. Therefore, it would be reasonable to expect
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Figure 10. Molecular structures of (a) [(Big)Zn;(TIBis)]*" and (b)
[(Bi,)Cd(Bi,)]*", highlighting their topological relationship with the
Bi,® anion. Color code: T1 (dark red), Bi (blue), d-block metal atoms
(black).

using the “mismatched” and more reducing “K;Ga,Bi,” would
lead to Bi-richer cluster anions straightforwardly.

On combining (TIBi;)*~ and [Ru(cod)(H,CC(Me)CH,),]
in en, three different cluster products are obtained: [ T1,Bis{Ru-
(cod)}]*™ (Figure 11a), (TLBis)*" (see above), and [Big{Ru-

Figure 11. Molecular structures of (a) [TLBig{Ru(cod)}]*", (b)
[Big{Ru(cod)},]*7, (c) [{Ru(cod)},Bi,s]* without inversion sym-
metry, and (d) [{Ru(cod)},Bi;s]*~ with inversion symmetry. Color
code: Tl (dark red), Bi (blue), Ru (black), C (gray).

(cod)},]*” (Figure 11b). “K{Ga,Bi,” and [Ru(cod)(H,CC-
(Me)CH,),] when added together affords the same [Bis{Ru-
(cod)},]*>~ cluster.”” However, [Bi;g{Ru(cod)},]*" anions
(two conformers, Figure 1lc,d) form concurrently.” These
can be viewed as the oxidatively coupled product, with two
“[Big{Ru(cod)},])*™” connected by a Bi—Bi single bond.

Unlike with (TIBi;)*, reaction of ZnPh, with “K;Ga,Bi,”
affords [KzanoBilé]s_ (Figure 12),48 containing a macrocyclic
{ZngBi ¢} unit (coordinating two K* cations above and below
the ring) and a {Zn,,} cluster at its core. There are distinct
similarities between {ZngBi s} and the porphyrin molecule.
Both are 24-atom rings and show aromatic behavior, while
each can trap metal ions, or in case of the larger molecule, a
{Zn,,} unit.

Regarding the formation of [Bijg{Ru(cod)},]*, it is
counterintuitive at first glance to receive an oxidatively coupled
product from a more reductive reactant, yet the overall charge
balance still represents a reduction of the Bi atoms in the

Figure 12. (a) Molecular structure of [K,Zn,oBi6]¢", (b) molecular
structure of porphyrin, and calculated electrostatic potentials of (c)
{ZngBi c}*~ and (d) [K,Zn,Bis]®~. Color code: Bi (blue), Zn
(black), K (light turquoise). Reproduced with permission from ref 4.
Copyright (2020) Springer-Nature.

reaction system. However, this product spectrum underlines
that the complex processes that occur during cluster formation
require much more investigation in future work. Unfortunately,
further experimental studies are usually limited by a lack of
isolable material; thus, despite all the incredible properties and
diverse nature of products, understanding the chemistry is
significantly hindered. Overcoming this issue was the
motivation for a more controlled synthesis toward bismuth-
based clusters, and the basis for reaction studies of
[K(crypt)],Bi, with [(cod)IrCl], and [CpRu(MeCN);][PF].
This way, [K(crypt-222)][{(cod)Ir};Bis] and [K(crypt-222)]-
[{CpRu};Bis] were obtained in appreciable quantities and
good yield." Both exhibit trigonal prismatic {Bis} cores capped
with the transition metal fragment on the rectangular faces.
While the Ir compound, and also [{Mo(CO);};Bis]*”
mentioned above,” have significantly distorted prisms,
[{CpRu};Bis]” has a near-perfect symmetric trigonal prism.
This affects the electronic structure of the overall cluster. All
three clusters display aromatic properties, but this observation
can be assigned to what is often called c-aromaticity. Except
that, [{CpRu};Bis]” has an orbital of two simultaneously
occurring 7-type contributions with symmetry reminiscent of a
f.>-orbital delocalized over the whole {Biz} prism (Figure 13a,
b)—like (hypothetical) Big*~ (Figure 13c, d). As a

Rl Yui

Figure 13. (a) Molecular structure of [{CpRu};Bis]™ in the crystal,
(b) nonlocalizable HOMO—1 of the calculated cluster (DFT; a; in C;
symmetry), (c) structure of (hypothetical) Bi¢~, and (d) non-
localizable HOMO of the cluster (DFT; a, in C; symmetry). Adopted
with permission from ref 1. Copyright (2022) Springer-Nature.
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consequence, the overall aromatic properties are not only of o-
type, but also influenced by this other orbital of f-type
symmetry. Therefore, by extension of the nomenclature, it can
be expressed as @-aromaticity—an idea that had previously
only been theorized and has now been realized in an
obtainable compound.

3. POSSIBLE FORMATION PATHWAYS OF BISMUTH
CLUSTER ANIONS

In contrast to the diverse range of structural and unique
electronic properties of bismuth cluster anions, the formation
pathways of such molecules remain largely unknown. This
perceived “black box” with regard to any mechanistic
description is complicated by the flexibility and versatile
bonding environments of metals and metal—metal bonds, and
essentially hindered with a lack of in situ spectroscopic
measuring technique available. Bi has one NMR active nuclei
(100%, spin 9/2)—hence unreasonable to monitor; therefore,
solution-based analytics are limited to tracking heteroatoms or
ligands, or mass spectrometry.8

Nevertheless, efforts have been made in this regard. The
synthesis of Bi;;>~ is one such example.”> [K(crypt-
222)],(GaBis)-en in (D;)pyridine shows one "'Ga resonance
(8 = —662.04 ppm), which disappears after 3 h accompanied
by the formation of elemental Ga. In addition to the isolation
of Bi;;*~, Bi,>™ also crystallized from the reaction solution. Gas
chromatography—mass spectrometry (GC-MS) of the reaction
solution detected H, and 4,4’-bipyridine (likely oxidized from
the 4,4'-bipyridyl radical anion).'”***~"' Based on the
experimental evidence, a plausible stoichiometric reaction
scheme for the formation of the Bi;;*>~ from (GaBi;)*~ was
possible (Scheme 4a).”® Another, coinciding, suggestion was
made for the formation of [U@Bi;,]* from Bi,>~ which
replaced (C;Me,H)™ ligands from [U(CMeH);] (Scheme

Scheme 4. (a) Suggested Formation Pathway of Bi;;*>~ and
(b) Suggested Formation Pathway for the Formation of

[U@Bi,,]*
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Panel a: Reproduced with permission from ref 23. Copyright (2014)
Wiley-VCH. Panel b: . Reproduced with permission from ref 59.
Copyright (2016) ACS Publications.

4b).*>” As mentioned above, the formation of the Bi,*™ units is
conceivable as a product of a disproportionation of 6
(GaBi;)*” into 6 Ga’, 3 Bi,”", and 3 Bi,>".

The limited amount of conclusive evidence in other
examples means the overall understanding of bismuth cluster
growth is gradually being revealed. Each assumption is gaining
in credibility and earlier models are becoming more refined.
Most probably, weak Bi---Bi bonding plays an important role in
the formation of bismuth cluster anions,”>”* as these assemble
from smaller units through initial approach of the latter, and
finally strengthening of the interactions.

Ideas to the formation of (Ga,Bi)*", for instance, were
obtained from electrospray ionization mass spectrometry (ESI-
MS) measurements and previous knowledge of small {Bi,}
fragments (n = 2, 3, 4). The latter build up to form the larger
clusters, most likely templated by Lewis-acid metal complexes,
as evidenced by the observation of [La(CpMe,H),(Bi,)]™ in
the ESI mass spectrum. As indicated above, charged “Ga®™”
atoms seem to play a significant role (Scheme §).”

Scheme S. Selected Transformations of K,Bi, (x/ y=1/2,2/
2, 3/2, 5/4) and “K;Ga,Bi,” as Observed from X-ray
Diffraction (XRD) or ESI-MS“

' Gal +!Bis2"! (minor):

T 1 An* Ga® +Bi;? (XRD)

Y}

"KsGa,Bi," en > (GaBiz)* (major)
py - Ga+Bi;;> (XRD)

xs "Ln3*" . - ) _
=2 =1 > Bi,% + (GaBiNRy)% + [La(Biy)(CsMe,H)oI™ (ESI-MS)

R = H or organic group
[Bi@Gag(Biz)s]>™* (XRD)

..Ln3+n
Biyd + Bis%" + Big® + Bi,% + Bigh~ + Bi;,%~ (ESI-MS)

(GaBise)* (XRD)

||Ru|Ll2+u ) ) ) )
L——— Bi,% + Bis% + [Ru,'L'Bi,]% + [Rus'L'Bi]%" (ESI-MS)

'L' = organic ligand; x=4,5,7,8,9
[{Ru'L'}4Bisg]* (XRD)

Reproduced with permission from ref 2. Copyright (2021) ACS
Publications. “An = actinide, Ln = lanthanide, py = pyridine, en =
ethane-1,2-diamine, xs = excess).

4. OTHER BISMUTH-BASED CLUSTERS AND
MATERIALS AND FUTURE PERSPECTIVES

It is also worthy to note other approaches to bismuth-based
clusters, also including cluster cations. A Bi-organic route
afforded [Cp*,Ln,Bis]>*"(Ln = Tb, Dy) with a neutral
{Ln,Bis} core bicapped by (Cp*)~ ligands.”* The underlying
diamagnetic Big®~ unit exhibits strong coupling with Ln** ions,
resulting in superexchange-based single-molecule magnets
(Figure 14).

Similarly with their anionic siblings, cationic bismuth
clusters can be homoatomic, heteroatomic, or intermetalloid.
Typically, they possess deltahedral structures at variance to the
electron-precise structures found in most of the homoatomic
anionic clusters of group 15 metals.””>’ Their synthesis can
be divided into two categories: fusion of metals and metal
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Figure 14. Variable-field magnetization curve for [K-
(THF),],[Cp*,Ln,Bi] (1.8 to 4.5 K). Reproduced with permission
from ref 74. Copyright (2021) Elsevier.

halides, or dissolution in Lewis-acidic media (usually AICl; or
GaCly) in ionic liquids, though recently also in benzene and
dichloromethane. Heteroatomic clusters are harder to prepare
as cationic clusters, as infinite higher dimensional lattices seem
to be preferred over discrete molecules. Selected structures of
cationic clusters are shown in Figure 15.”77
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Figure 15. (a) Molecular structures of homoatomic bismuth cations
Bi,*,”” closo-Bis*,”® nido-Bis*,”® nido-Bis>*,* arachno-Big®*,*" closo-
Biy™,** nido-Biy>".** (b) Binary complexes and cationic clusters of
bismuth atoms with d-block metal atoms: [MBig]%,** [MBi,(Bis)]%,%°
[MBig]™,% [M@Biy]*,** [M@Bi,o]**,*” [M,Bi,,]™.*® (c) Binary
clusters of two bismuth cluster cations (and additional Bi-based units)
with d-block metal atoms: [M,(Bi,),Bi,]™% [M,(Bi,),(Bi,),]%",*’
[M,(Bis),Bi,]1", " [M,(Bis) (Big)Bi,]*",”” [M(n*Bis),]"",”" [M(n*-
Big) (7*-Big)]%*.°> Color code: Bi (blue), d-block metal atoms (black).

Ligand-decorated (organo-)bismuth cluster compounds are
also well studied compounds. From dibismuthane, first realized
in 1934, and dibismuthene to cyclic (RBi), (n =3, 4, S, 6) and
(polycyclic) bismuthane clusters (such as RgBig), these
electron-precise covalent compounds offer great insight into
Bi—Bi bonding, as well as the reactivity of such bonds. The
reader is directed to the following review articles addressing
the subject in more detail.”>**

Generally, clusters are often described as ideal models for
describing extended solid networks. This is of interest for
intermetallics of Bi with transition metals as materials, which
are synthetically challenging for three main reasons: low
solubility of transition metals in liquid Bi, the relative closeness
between the boiling points of Bi versus transition metals, and
the formation of metal precipitates rather than the desired
alloys owing to differences in redox potentials. Besides serving
as models, clusters may also offer solutions to these problems

as precursors for bismuth-based materials—analogous to the
synthesis of Ge nanomorphologies from Gey*".”> So far,
however, the only example of a bismuth nanomaterial
generated from a molecular precursor is bismuthene, by
electrochemical cathodic corrosion of bismuth metal, via Bi,>~
as the intermediate—a species that is the most likelgr precursor
for the growth of all other bismuth cluster anions. ©

The exciting and new properties of bismuth-based materials
emphasizes the unique potential cluster molecules have in this
regard. Bismuth nanomaterials truly excel due to the
combination of a large spin orbit coupling, bandgap and
charge carrier mobilities. Bismuthene has been successfully
used as an effective photocatalysis and also electrocatalysis for
the reduction of CO, or fixation of N, to NH,.”””® Bismuth
clusters represent an opportunity to incorporate other metals
to form unique higher-dimensionality structures, seen in the
examples of Bi;,Ni,I;,”" Bi,RhBrg,* and Bi,,PdBr,,"” which
can further enhance the properties of any material fabricated
from such precursors. An example of this was realized recently
with Bi;,Rh;I,, the first example of a new class of topological
insulator, which consists of 1D-{[Bi,I3]>"} chains sandwiched
between 2D-{[(Bi,;Rh),I]**} layers (Figure 16)."%" We include

[(BIARh)BI]2+

[Bi,lg]2-

Figure 16. Crystal structure of the topological insulator Bi;,Rh;I,.
Reproduced with permission from ref 100. Copyright (2016)
Springer-Nature.

this information to provide an outlook for the promising future
of bismuth nanomaterial applications, thereby referring to

. . . '98,101-105
several reviews on the topic for further reading.

5. CONCLUDING REMARKS

The synthesis of anionic or cationic bismuth clusters has long
been a mystery. From an unknown expectation of products to
the “black box” of formation pathways and mechanisms, yet,
efforts have helped lay the foundations for solving these two
riddles. Synthetic methods may have started from using
transition metal complexes in a seemingly random fashion,
now it is increasingly possible to actually design a reaction
methodology with some level of insight into a potential
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product, or at least a successful synthesis to something new.
Formation studies continue to reveal more insight into this
complex problem, mainly the understanding of how metal
clusters behave in solution. This chemistry is still in its infancy,
and with the incredible properties these all-metal compounds
possess, unique electronic situations as one example, our
understanding of bonding continues to be pushed and grow in
new directions. Their uses and applications will no doubt play
a vital role in the direction of future research, and many more
discoveries are yet to be unearthed.
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