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ABSTRACT: The synthesis and characterization of a series of polyantimony anionic clusters are reported. The products
[(NbCp),Sb;0]*, [MSb;3]*~ (M = Ru/Fe), and [MSb]*~ (M = Ru/Fe) were isolated as either K(18-crown-6) or K([2.2.2]-crypt)
salts. The Sb,, ring contained in the [(NbCp),Sb,,]*~ cluster can be viewed as an extension of two envelope-like cyclo-Sbg units and
represents by far the largest monocyclic all-antimony species. The clusters [MSb,3]*~ and [MSb,s]>~ (M = Ru/Fe) illustrate the
variability of crown-like Sby ring motifs and reveal the fusion of different antimony fragments featuring unique Sb—Sb chain-like
units. The reported synthetic approaches involve the fabrication of a variety of distinctive polyantimony anionic clusters, enhancing
our understanding of the coordination chemistry of heavier group 15 elements.

Bl INTRODUCTION

The tendency for disproportionation processes and facile
structural rearrangements of polyantimonides greatly enriches
the types of antimony clusters.”” In addition to the ability to
form chain-like units, another notable characteristic of
antimony atoms is their ability to form ring units.”* Several
cyclic structural motifs that can be classified into three
categories have been identified (Scheme 1). The first type is
represented by planar cyclic units that include three-
membered, four-membered, and five-membered rings in
which, e.g, the [Sb,]*” anion can exist by itself and that
were isolated from solutions of AsSb, (A = K, Rb, Cs).” In
contrast, the Sb; and Sb; rings must be coordinated to a metal
atom or organic groups for stabilization.™® The second type is
represented by folded monocyclic units, mainly consisting of
hexagonal and octagonal rings. The [Sby]*™ unit includes two
configurations, a boat-like and chair conformer.”'® The
[Sbg]®™ anion exhibits a crown-like structure and can either
exist in liquid ammonia or be coordinated by a transition metal
such as Nb or Mo at the center of the ring, allowing it to be
isolated from conventional solvents."'~"* In addition, poly-
cyclic structural units contain more antimony atoms. The
norbornadiene-like [Sb,]*~ and polycyclic [Sb;o]*” and
[Sb;]*" units (composed of four-/five-membered and solely
five-membered rings, respectively) can be extracted from the
corresponding Zintl phases.”'*~" In contrast, the realgar-type
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[Sbg]*™ unit requires the coordination of four organometallic
moieties by four twofold-connected Sb atoms for stabiliza-
tion.””"”** In contrast to the lighter congeners (P and As)
where polypnictogen ligands and cages can be extended by
joining two basic cyclic units into a chain-like structure
through a Pn—Pn single bond (Pn = pnictogen),zs_27 such an
extension method is almost unknown for antimony. There are
very few relevant reports, with, e.g., a silyl group-protected
bicycle R¢Sby (R= (Me;Si),CH), in which two Sb, rings are
connected by a Sb—Sb single bond.” Another possibility is to
aggregate antimony entities by rare earth or transition metals,
like in [Ln(n*-Sb,);]*~ (Ln = La, Y, Ho, Er, Lu), where three
cyclo-Sb, units are combined by one Ln** ion with long Sb---Sb
contacts between the cyclo-Sb, rings.”® A similar example is the
anion [(ZnSbg),]*", which represents a new type of coupled
norbornadiene subunits.”” These studies demonstrated the
aggregation of Sb fragments without expanding the cyclic Sb
units. Herein, we report the synthesis of novel polycyclic Sb,
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Scheme 1. (a—c) Selected Examples of cyclo-Sb, Ligand Complexes; (d) This Work
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units containing unprecedented Sb—Sb chain moieties to
extend Sb, cluster cores, such as the strongly folded cyclo-Sb,
ligand within the compound [K(2.2.2-crypt)],[(NbCp),Sb,]
(1), which represents the largest monocyclic all-antimony
species known to date. In addition, butterfly-shaped clusters
[MSb;;]>~ (M = Ru/Fe) exist in [K(18-crown-6)];[RuSb,;]-
5.5en (2) and [K(18-crown-6)];[FeSb;;] (4), where the
antimony unit can be regarded as a recombination of one cyclo-
Sby ring and half an [M@Sbg] unit. Moreover, their evenly
extended Sb,; form in [K(18-crown-6)];[RuSb,s]-en (3) and
[K(18-crown-6)];[FeSb;s]-Sen (§) is displayed as well.

B RESULTS AND DISCUSSION

By reacting K ZnSbs with NbCp, in the presence of
[2.2.2]crypt in an ethylenediamine (en) solution at room
temperature (r.t.), black rod-like crystals of 1 were obtained
after 1 week (Scheme 2) on the wall of the tube. Compound 2
was prepared by the reaction of K;Sb, with Ru(PPh,),Cl, in a
mixture of en, 18-crown-6, and toluene. The reaction mixture
was stirred for 3 h at 60 °C, and black block-like crystals of 2

Scheme 2. Syntheses of Compounds 1-5
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[K(18-crown-6)];[FeSb,s]*5en (5)

were isolated after storage for 2 weeks. Compound 3 could also
be prepared under similar reaction conditions to those
employed for 2 but required additional heating to 90 °C for
1 h. The reaction of K;Sb, and 18-crown-6 with Fe-
(OCPh,),thf,-en at r.t. for 4 h yields compound 4. When
the reaction conditions were changed from r.t. to 70 °C,
product § was obtained within 2 h. In general, the
corresponding 13-atom clusters and 15-atom clusters can be
synthesized from the same starting material; however, the 15-
atom clusters require a higher reaction temperature compared
to the 13-atom ones. Interestingly, when the reaction mixtures
of compounds 2 and 4 were stored for 1 week, crystals of 3 and
S, respectively, were formed, whereas the number of crystals of
2 and 4 decreased. However, these conversions need the
mother liquor of the reaction mixtures and are not possible
starting from the isolated products 2 (4) in new solvent
mixtures.

Crystals of 1—3 and S were suitable for single-crystal X-ray
diffraction analysis, but despite numerous attempts, it was not
possible to obtain single crystals of compound 4 with sufficient
quality for full structural characterization. However, it is
possible to discern the structure of the heavy atom core, which
is isomorphic to the [RuSb,;3]*” cluster. Fortunately, the ESI-
MS spectra of crystals of 1—5 dissolved in acetonitrile
(MeCN) or dimethylformamide (DMF) provide a plethora
of information. Complete cluster fragments of all five
compounds were found in the negative ion mode mass spectra,
which showed prominent peaks for the parent ions at m/z =
1532.9345 ([(NbCp),Sby,]7), m/z = 1683.6162 ([RuSb,5]7),
m/z = 1927.4389 ([RuSb,]7), m/z = 1637.6373 ([FeSb,5]7),
and m/z = 2184.5688 ([K(18-c-6) FeSb,s]™) (Figure 1). The
complete composition of the [FeSb;;]*~ cluster is maintained
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Figure 1. Negative ion mode ESI mass peaks corresponding to (a) [(NbCp),Sbyo]~, (b) [RuSby;]7, (c) [RuSbys]~, (d) [FeSby;]7, and (e) [K(18-
c-6) FeSb,5]~. The experimental mass distributions are depicted in black, and the theoretical masses of the isotope distributions are shown in red.

even under rather harsh MS conditions, which further indicates
the existence of the [FeSb,,]* core.

Compound 1 crystallizes in the triclinic space group P-1 and
possesses one [(NbCp),Sb;o]*” anionic cluster and two
[K(crypt-222)]* cations in the asymmetric unit. As shown in
Figure 2, the structure of the [(NbCp),Sb,]*~ cluster can be

b) 2-
a) Shms==Sh o
Sb
Ay T Sb\—Sb\S N
\\ X b=\=Sb
oS0  Sh===Sb
c)
Sb1

Figure 2. (a) Molecular structure of the [(NbCp),Sb;,]*” anion in 1
(generated via the symmetric code of #1-x, 1-y, 1-z) drawn with
thermal ellipsoids at the 50% level. (b) The cyclo-Sby, unit of
[(NbCp),Sby4]>". (c) The coordination mode of an Nb atom in the
[(NbCp),Sb;e]*~ cluster.

regarded as a folded Sby, ring coordinated by two NbCp
fragments. The Sb,, ring represents the largest monocyclic Sb,,
unit reported thus far. The Sb—Sb bonds in the Sby, ring are
arranged alternately with longer and shorter bond lengths. The
longer Sb—Sb bonds are between 2.7843 and 2.8177 A, which
falls within the range of typical Sb—Sb single bonds, while the
shorter Sb—Sb bonds (2.7481 to 2.7512 A) are between single
and double bonds.”"”**** Taking the reported isostructural
Py, ring as a reference, there are four P=P double bonds and
two negative charges carried by the cyclo-P ), unit, which can be
located at the two bent atoms of the folded ring.”® The two

negative charges on the Sby, ring are also located in the same
region, which confirms the Zintl—Klemm concept (Figure 2b),
namely, that the twofold-connected Sb atom carries a negative
charge. In an alternative resonance form, shorter Sb—Sb bonds
can be viewed as possessing Sb=Sb double bond character-
istics. The Nb—Sb bonds in [(NbCp),Sb,,]*~ are in the range
of 2.8699—2.9944 A, which is slightly longer than those in
[Nb@Sbg]*~ (2.8393—2.9332 A) and in organometallic
complexes containing a CpNb-Sb fragment (2.8929 A).">*!
Compound 2 crystallizes in the triclinic space group P-1,
while compounds 3 and $ crystallize in the monoclinic space
group P2,/c. The clusters [RuSb;;]*~ and [RuSb]*~ are
isostructural with [FeSb;]*~ and [FeSb,]*", respectively, and
in the following, the structures of [RuSb3]>” and [RuSb,s]*~
will be mainly discussed as representatives (Figure 3). The
upper part of the [RuSb;3]*” cluster can be viewed as a
squashed crown-like Sbg ring. Compared with the Sg-like
[Sbg]®~ anion present in ammonia,'' the connection of the
Sb5—Sb6 and Sb9—Sb10 atoms in the [RuSb;3]*~ cluster
shortens the length of one of the axes and changes the ratio of
the long axis to the short axis of the Sbg ring from 1.02 to 1.98
(Sb4---Sb11/Sb7---Sb8). The bond angles of the cyclo-Sbg unit
in the [RuSb;]*~ cluster are approximately 100° and between
[Sbg]®™ (115°) and [Nb@Sbg]*~ (87°), which suggests that a
less puckered shape is favored by uncoordinated crown
molecules. The atoms Sb1—Sb3 and Sb12—Sb13 together
with the embedded Ru atom collectively form a structural
fragment similar to one-half of the [Nb@Sbg]*~ cluster (Figure
3a,c)."” The coordination angles between the Sb atoms and the
central transition metal atom lie in a narrow range of 61.39—
62.08°, slightly larger than those of [Nb@Sbg]*~ (57.06—
60.02°). The top part of the [RuSb;s]*>” cluster is almost
identical to that of the [RuSb;]*>~ cluster. The difference lies
in the bottom part, where three atoms of the [RuSb;;]*~
cluster are replaced by a trigonal prismatic unit missing one Sb
edge. All Sb—Sb bonds in the [RuSb;;]*~ cluster are between
2.7641 and 2.8966 A, comparable to those in the [RuSb;]>~
cluster, and are both typical of two-center two-electron single

15475 https://doi.org/10.1021/jacs.4c03843
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Figure 3. (a) Molecular structures of the [MSb;3]*~ (M = Fe/Ru) anions in the solid state drawn with thermal ellipsoids (50% level). (b)
Molecular structures of the [MSb;;]*~ (M = Fe/Ru) anions in the solid state drawn with thermal ellipsoids (50% level). (c) Molecular structure of
the [Nb@Sbg]*~ anions in the solid state drawn with thermal ellipsoids (50% level). (d) The coordination mode of Fe/Ru atoms in the clusters
[MSb ;> and [MSb,]>~ (M = Fe/Ru). (&) The side view of [Sbg]®*~ and [Nb@Sbg]>~."""

bonds. Compared with the Ru—Sb bonds in the cluster
[RuSb,]*~ (2.5964—2.7200 A), the Ru—Sb bond lengths in
[RuSb,;]*" fall into a larger range of 2.5535—2.7347 A, thus
being shorter than those of [Sbs(RuCp*),]*” (2.6848—2.7903
A)." There are only a limited number of examples for which
to compare Fe—Sb bonds with literature data because only a
few organometallic compounds exist, such as [{Fe;(CO)o}{ps-
SbFe(CO),Cp"},] (2.5075—2.5607 A) and [Fe,Sb(CO),Cp],
(2.6136—2.6581 A), which are comparable to those in the
cluster [FeSb,5]*~ (2.5251-2.6769 A).*>* It is worth noting
that some of the coordination modes of the metal-Sb,
frameworks show similarities between the cluster
[(NbCp),Sbo]*>” and the clusters [MSb,3]*~ and [MSb,s]*~
(M = Fe/Ru). As shown in Figures 2c and 3d, one central
atom is coordinated by two Sb—Sb units and one Sb atom. The
coordination angles of the [(NbCp),Sb;o]*~ cluster are 55.87
and 55.73°, respectively, which are slightly smaller than those
of the remaining four clusters (61.76 and 65.89° a.v.).
Density functional theory (DFT) computations utilizing the
experimentally observed structures and charges of the
[(NbCp),Sb;0]*7, [RuSb;;]*7, and [RuSbs]*~ clusters dem-
onstrate energy gaps of 2.41, 2.52, and 2.85 eV, respectively,
between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) (Figure
4).>*% Detailed analyses of natural atomic orbitals show the
participation of Ru in [RuSb;3]*~ and [RuSb,;]*~, with the
composition being 11.1 and 4.6% for the corresponding
HOMO, respectively. Moreover, the major contribution comes
from the d electrons of the Ru atom. Meanwhile, the Nb atom
(2.6%) also contributes to the HOMO of [(NbCp),Sb;o]*".
Additionally, the surrounding Sb atoms in these clusters make

0 -
——— ‘QE
s —— _l 1
sl T |
om0
§.] ] .
2 2.52 eV
> 241 eV 2.85eV
Pl I o
o] ——
2 -4 — - — —_—
5 SEE— — —

Figure 4. Molecular orbital diagram of the [(NbCp),Sb;o]*",
[RuSb,5]*", and [RuSb s]*~ clusters (from left to right); the energies
of the HOMO/LUMO gaps are given.

the major contribution to the HOMO (Table S6) and along
with the participation of Ru and Nb, giving rise to the stability
of these clusters.

Further investigations of the bonding characteristics of the
[(NbCp),Sb;o]*>~, [RuSb;3]*7, and [RuSb,;]*~ clusters were
conducted using the adaptive natural density partitioning
(AANDP) method.***” The [RuSb,3]*>~ cluster has a total of
76 valence electrons, with each antimony (Sb) atom
contributing five valence electrons and one ruthenium (Ru)
atom providing eight valence electrons. Considering the three
negative charges of the cluster, there are a total of 76 valence
electrons. The distribution of these 76 valence electrons reveals
that in the [RuSb,;]* cluster, each Sb atom has an s-type lone
pair of electrons; the central Ru atom has two d-type lone pairs
of electrons. Additionally, each Sb—Sb bond features a 2c—2e
Sb—Sb ¢ bond, and each Ru—Sb bond contains a 2c—2e Ru—

https://doi.org/10.1021/jacs.4c03843
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Sb ¢ bond. In the [RuSb,;]*" cluster, a similar bonding pattern
is observed, with the distinction that there are s-type lone pairs
of electrons on 15 Sb atoms and 19 2c—2e Sb—Sb ¢ bonds.
The [(NbCp),Sbyo]*~ cluster (Figure 5) comprises a total of

6x2c-2e Nb-Sb o-bonds
ON = 1.66-1.96 |e|

10x2c¢-2e Sb-Sb o-bonds
ON = 1.81-1.94 |e|

2x8c-2e bonds
ON =197 e|

Figure 5. Chemical bonding analysis of the [(NbCp),Sb;,]*~ cluster
by the AANDP method.

60 valence electrons. Each of the Nb and Sb atoms possesses a
pair of 5 s lone electrons, contributing to a cumulative count of
24 electrons. Notably, two Nb atoms engage in the formation
of six Nb—Sb 2c—2e ¢ bonds with each of the three closely
spaced Sb atoms. The molecular architecture is further
stabilized by the creation of 10 Sb—Sb 2c—2e ¢ bonds
between adjacent Sb atoms, establishing the peripheral
structural framework of the cluster. The remaining four
electrons participate in the establishment of two 8c—2e
delocalized bonds, which indicates the multicenter delocaliza-
tion bonds of each Nb,Sby part. The delocalized 8c—2e bond
indicates the interaction between Nb and the surrounding six
Sb atoms, certainly including the interaction between Nb and
Sb4 and SbS (Figure 2c), plus the formation of the localized
Nb—Sbl bond, which makes the Nb atom deviate from the
middle of the Sb=Sb double bond but more shifted toward
Sb4—Sbs.

B CONCLUSIONS

In summary, we were able to show that by starting from Sb-
containing Zintl phases in the reaction with organometallic
transition metal complexes, the unprecedented polyantimony
anions [(NbCp),Sb;o]>~, [MSb;3]*” (M = Ru/Fe), and
[MSb]*~ (M = Ru/Fe) were isolated. The [(NbCp),Sb,,]*~
cluster comprises a folded Sb ring with alternating Sb—Sb
bond lengths and thus represents the largest monocyclic all-Sb
species reported thus far. The [MSb;;]*~ and [MSb,s]*~ (M =
Ru/Fe) clusters exhibit strong correlations in both the
experimental synthesis and structural topology. Whereas the
upper halves of the structures of the clusters [MSb;;]*~ (M =
Ru/Fe) and [MSb,(]*” (M = Ru/Fe) are identical, their
bottom parts feature different unique Sb—Sb chain moieties.
Thus, with these first examples, Sb chemistry closes the gap in
the chemistry of the lighter congeners P and As. After allowing
the mother liquor of crystals 2(4) to stand for an additional

week, the formation of compounds 3(5) was observed,
revealing the thermodynamically greater stability of the
[MSb,]*~ clusters. This series of compounds demonstrates
the fusion and growth processes of antimony clusters,
highlighting the diverse coordination patterns of Sb.
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