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Transfer reagents are useful tools in chemistry to access metastable compounds. The reaction of

[Cp00
2ZrCl2] with KSb(SiMe3)2 leads to the formation of the novel polyantimony triple decker complex

[(Cp00Zr)2(m,h1:1:1:1:1:1-Sb6)] (1, Cp00 ¼ 1,3-di-tertbutyl-cyclopentadienyl), containing a chair-like Sb6
6�

ligand. Compound 1 represents a valuable transfer reagent to form novel antimony ligand complexes.

Thus, the reaction of 1 with CpR-substituted transition metal halides of nickel, cobalt and iron leads to

the formation of a variety of novel Sbn ligand complexes, such as the cubane-like compounds

[(Cp000Ni)4(m3-Sb)4] (2) and [(Cp000Co)4(m3-Sb4)] (3a) or the complexes [(CpBnCo)3(m3-Sb)2] (4) and

[(Cp000Fe)3(m3-Sb)2] (5), representing a trigonal bipyramidal structure. Moreover, beside the transfer of Sb1
units, also the complete entity can be transferred as seen in the iron complex [(Cp000Fe)3(m3,h

4:4:4-Sb6)]

(6). DFT calculations shed light on the bonding situation of the products.
Introduction

The reactivity of polypnictogen ligand complexes is an active
eld of chemical research, which resulted in numerous novel En

complexes (E ¼ P, As, Sb).1,2 Especially for phosphorus and
arsenic, a large variety of examples have been synthesized so far,
usually by employing white phosphorus or yellow arsenic in the
reaction with transition metal or main group compounds.3–6 In
contrast, the number of polyantimony ligand complexes is very
limited and, therefore, their chemistry was far less investi-
gated.7 Reasons for this can be attributed to various challenges
such as the sensitivity of antimony-containing compounds
towards light, the weak Sb–Sb bonding8 and especially the lack
of suitable antimony sources. Since Sb4 is only known in the gas
phase or under special conditions, e.g. trapped in a solid neon
matrix,9 grey antimony, Zintl ions,10 organo-substituted Sb
precursors11 and quite simply SbCl3 (ref. 12–14) and its deriva-
tives were used as starting materials. In the 1970s, the rst Sbn
ligand complex [{Co(CO)3}4(m3-Sb)4] was published by Dahl et al.
by the reaction of Co(OAc)2$H2O with SbCl3 as antimony source
(I, Fig. 1).12 Even in the case of the complexes [Sb2{W(CO)5}3]13

(II) and [{LGa(NMe2)}2(m,h
1:1-Sb4)]14 (III), SbCl3 and Sb(NMe2)3

are used as precursors (Fig. 1, L ¼ HC[C(Me)N(2,6-C6H3
iPr2)]2).

The most commonly applied antimony sources, to build
polyantimony ligand complexes or main group compounds, are
neutral organo-substituted antimony units such as R4Sb4 (R ¼
Cp*, tBu; Cp* ¼ h1-C5Me5)15–17 and R0

4Sb2 (R0 ¼Me, Et).18 Rösler
rsität Regensburg, 93040 Regensburg,

; Web: https://www.uni-regensburg.de/

er/

ESI) available. CCDC 2079755–2079760.
F or other electronic format see DOI:

32
et al. succeeded in the synthesis of the molybdenum complexes
[{CpMo(CO)2}2(m,h

2-Sb2)] (IV) and [Cp000Mo(m,h5:5-Sb5)MoCpR]
(V, Fig. 1; Cp000 ¼ h5-C5H2

tBu3, Cp
R ¼ h5-C5H2

tBu2Me) by ther-
molysis of tBu4Sb4 with [CpMo(CO)3]2 and [Cp000Mo(CO)3CH3],
respectively.15,16 V represents the rst triple-decker sandwich
complex containing a cyclo-Sb5 middle deck. Interestingly, one
tBu group of the Cp000 ligand is degraded to a methyl group
during the thermolytic reaction.16
Fig. 1 Selected examples of Sbn ligand complexes.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 1.
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Recently, the chemistry of the polyantimony main group
compounds has experienced a revival5,19 especially by the
introduction of the nacnac ligand in combination with Mg and
Ga (i.e. LMg and LGa) in this eld. In addition to the afore-
mentioned compound III, [(LGa)2(m,h

2:2-Sb4)]17 (VI) and
[(LMg)4(m4,h

2:2:2:2-Sb8)]18 (VII) are interesting representatives
made of organo-substituted antimony precursors. VI is formed
by the reaction of LGa with Cp*4Sb4 via reductive elimination of
decamethyl-dihydrofulvalene Cp*2 and oxidative addition of
LGa to the Sb4 subunit.17 To form VII, the reducing agent
[(LMg)2] was used to initiate the cleavage of the Sb–C bonds in
R0

4Sb2.18 Another possibility to build polyantimony ligand
complexes was shown by P. Roesky et al. by the usage of Sb0

nanoparticles in the thermolysis reaction with [Cp*2Sm],
leading to the formation of the f-element polystibide [(Cp*2-
Sm)(m4,h

2:2:2:2-Sb8)] (VIII), similar to VII.20 Also, our group is
interested in the generation of Sbn ligand complexes with
unprecedented structural motifs. For instance, we succeeded in
the synthesis of [(N3N)WSb] (VI, N3N ¼ tren ¼ N(CH2CH2-
NSiMe3)3) which possesses a rst tungsten antimony triple
bond compound.21 Here, a lithium antimonide salt was used as
Sb1 source. Due to the lack of suitable antimony precursors, the
access to polyantimony compounds is strongly limited (vide
supra), in principle due to their instability. The classical
synthetic procedures, i.e. thermolysis or photolysis, lead in
most of the cases to gray antimony.

Besides the usual synthetic pathways such as thermolysis,
photolysis or reactions with unsaturated fragments, the transfer
of En units constitutes a promising procedure for the synthesis
of metastable En ligand complexes, since such reactions
proceed under mild conditions and enable the formation of
compounds that are not accessible by other means.4,6,22 A
prominent product of such a transfer reaction is the synthesis of
AsP3, reported by Cummins et al., where a P3

3� unit was
transferred from a niobium complex to AsCl3.23 Asn units were
also transferred from the zirconium complexes [Cp00

2Zr(m,h
1:1-

E4)] (E ¼ P, As) to LSi, leading to the formation of the inorganic
benzene derivatives L3Si3E3 (E ¼ P, As; L ¼ PhC(NtBu)2).24

Moreover, this approach was extended to transition metals.25

Besides the transfer of the entire En unit, its degradation as well
as aggregation were also observed. Therefore, the question ari-
ses whether it would be possible to synthesize a related zirco-
nium complex containing a polyantimony unit. Such derivative
could be used to transfer the antimony entity to transition
metals or main group compounds to build metastable poly-
antimony compounds. Herein we report on the successful
synthesis of [(Cp00Zr)2(m,h

1:1:1:1:1:1-Sb6)] (1) and its unprece-
dented use as transfer reagent for Sbn species. Nevertheless, in
comparison to Pn and Asn transfer reagents, one should keep in
mind the lesser stability of Sb–Sb bonds during the transfer,
due to the much lower E–E single bond energy.

Results and discussion

To discover a suitable starting material for transfer reactions,
we investigated the reaction of [Cp00

2ZrCl2] with KSb(SiMe3)2,
surprisingly leading to the formation of the polyantimony triple
© 2021 The Author(s). Published by the Royal Society of Chemistry
decker complex [(Cp00Zr)2(m,h
1:1:1:1:1:1-Sb6)] (1) as the only

isolable and identied product (Scheme 1). Compound 1 is well
soluble in solvents such as n-pentane, toluene or THF, and is
highly air- and light-sensitive. It decomposes rapidly, especially
in solution, even at low temperatures (�80 �C) aer few days.
Therefore, the recorded 1H NMR spectrum of 1 at r.t. reveals the
expected signals for the Cp00 ligands, but also unidentied
decomposition products. Also, in the mass spectrum of 1, the
molecular ion peak with a correct isotopic pattern was detected
at m/z ¼ 1267.61, beside some other peaks, corresponding to
decomposition products.

Crystals of 1 suitable for single crystal X-ray diffraction
analysis were obtained by storing a concentrated solution in
dichloromethane or n-pentane at �30 �C. The molecular
structure of 1 is depicted in Fig. 2.

The central structural core represents a chair-type Sb6 unit
attached to two [Cp00Zr] fragments in an h1:1:1:1:1:1 fashion,
leading to a cube-like Zr2Sb6 core. The Sb–Sb distances of
2.8381(7) Å to 2.8783(6) Å are in the range of a single bond and
in good agreement with other polyantimony ligand
complexes.14,16–18,26 Complexes containing chair-like Sb6 ligands
are not known. The most related compounds are the boat-like
cyclo-Sb6

4� species in the Zintl ion [(Cp*Ru)2(m,h
4:2:2-Sb6)]

2�

reported by B. Eichhorn et al.10c and the phosphine ligand
stabilized compound [(R3P)4Sb6]

4+ containing a bicyclic Sb6
moiety.10d Otherwise, only organo-antimony compounds
bearing organic substituents ((RSb)6, R ¼ C6H5, C7H7) were
published.26,27 Complexes containing chair-like or skew boat-
like E6 (E ¼ P, Bi) moieties have also been reported.28 The
most related complex to 1, [(Cp*Ti)2(m,h

1:1:1:1:1:1-P6)], was
synthesized by the co-thermolysis of [Cp*Ti(CO)2] with white
phosphorus.28a This compound can be formally described as
a lighter congener of 1. Only a few examples of compounds
containing antimony and zirconium are known so far, but
organic substituents are attached to the antimony atoms.29

DFT calculations were performed at the B3LYP/def2-TZVP
level of theory to elucidate the electronic structure and the
nature of the Sb6 ligand in 1. The Wiberg Bond Indices (WBI) of
the Zr–Sb bonds of 0.97 (in average) indicate a covalent nature
of these bonds. This applies also to the Sb–Sb bonds with
a slightly lower value of 0.84 (average), conrming the presence
of single bonds within the Zr2Sb4 unit. The natural charge
distribution shows a positive charge concentration on the cyclo-
Sb6 ligand (+0.48) and Zr (+0.11 each), while the negative charge
is located on the Cp00 ligand (�0.35 each).
Chem. Sci., 2021, 12, 9726–9732 | 9727
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Fig. 2 Molecular structure of 1 in the solid state with thermal ellipsoids
at 50% probability level. H atoms are omitted for clarity.
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With compound 1 in hand, we investigated its suitability to
transfer Sbn units under mild conditions to late transition
metals. For this purpose, transition metal halides of the type
[Cp000MX]2 of nickel, cobalt and iron were used. The formation of
the thermodynamically favored zirconium halogen bond
represents the driving force of these reactions. Due to the very
limited stability of 1, in situ generated solutions were used
under strict exclusion of light. All mentioned reactions were
performed in THF at r.t. and a subsequent column chromato-
graphic workup was needed for purications, signicantly
reducing the yield of the formed products (cf. Scheme 2). The
reaction of 1 with [Cp000NiBr]2 leads to [(Cp000Ni)4(m3-Sb)4] (2),
containing a cubane-like Ni4Sb4 core and the co-crystallization
of nickelocene [Cp000

2Ni] (20). Under similar reaction condi-
tions, 1 reacts with [Cp000CoCl]2 exclusively to the heterocubane
derivative [(Cp000Co)4(m3-Sb)4] (3a). [Cp

BnCoCl]2, containing the
sterically less encumbered CpBn substituent, reacts with 1 to
Scheme 2 Reaction of in situ prepared [(Cp00Zr)2(m,h
1:1:1:1:1:1-Sb6)] (1) wit

[CpRCoCl]2 (CpR ¼ CpBn, Cp000); (iii): 1 with in situ prepared [Cp000FeBr]2: is

9728 | Chem. Sci., 2021, 12, 9726–9732
a mixture of [(CpBnCo)4(m3-Sb)4] (3b) and [(CpBnCo)3(m3-Sb)2]
(4).30 Despite numerous attempts, 3b and 4 could not be sepa-
rated to be obtained as analytically pure compounds. Further-
more, the reaction of 1 with [Cp000FeBr]2 leads to two products
aer chromatographic workup, [(Cp000Fe)3(m3-Sb)2] (5) and
[(Cp000Fe)3(m3,h

4:4:4-Sb6)] (6). Whereas in the afore-reported
products 2, 3a, 3b, 4 and 5 only Sb1 units are incorporated, in
6, the complete Sb6 entity was transferred. The

1H and 13C{1H}
NMR spectra of 2/20 reveal the expected signals for 2. Due to the
paramagnetic nature of 20, no signals are detected in the
diamagnetic region. 1H NMR measurements of the mixture of
3b and 4 show two sets of signals, which can be attributed to 3b
and 4, respectively. Although 3b is paramagnetic, the 1H NMR
signals occur in the diamagnetic region probably due to the
strong localization of the spin density on the cobalt centers.
Thus, the ratio between 3b and 4 of 2 : 1 could be identied. In
the 1H NMR spectra of 3a, 5 and 6, only broad signals for the tBu
groups are observed, due to their paramagnetic character. The
molecular ion peaks with the correct isotope pattern were
detected for all mentioned compounds by mass spectrometry.31

Single crystals of 2/20 and 3a suitable for crystal X-ray
diffraction analysis were obtained by layering a toluene solu-
tion with acetonitrile (2/20) or by storing a concentrated n-
hexane solution at �30 �C (3a) (Fig. 3). Surprisingly, 2 co-
crystallizes with 20 in a ratio of 2 : 1 (ESI: Fig. S2†). The
central structural core of 2 and 3a consists of a distorted hetero-
cubane unit built up by four nickel or cobalt and four antimony
atoms (Fig. 3). The square faces of the cubanes show a kite-like
distortion in which the Sb atoms approach each other. All nickel
and cobalt atoms are coordinatively saturated by the coordi-
nation of a Cp000 ligand. The Ni–Sb bond lengths in 2 (2.5202(7) Å
to 2.5602(7) Å)32,33 and the Co–Sb bond lengths in 3a (2.5023(19)
Å to 2.6305(14) Å)12,34–37 are in the range of corresponding single
bonds. While, in 2, the Ni–Ni distances are quite long (3.9352(9)
Å to 3.962(1) Å) indicating no bonding interaction, in 3a, there
are two short Co/Co distances of 3.071(4) Å and two long Co/
h transition metal halides at r.t. in THF. (i): 1 with [Cp000NiBr]2; (ii): 1 with
olated yields are given in parentheses.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc02498a


Fig. 3 Molecular structures of 2 (left) and 3a (right) in the solid state
with thermal ellipsoids at 50% probability level. H atoms are omitted
and the Cp000 ligands drawn in the wire frame model for clarity.
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Co distances of 4.034(3) Å. Similarly, the Sb–Sb distances in 2
are reasonably similar (3.0767(4) Å to 3.1613(4) Å), while, in 3a,
there are two very short (2.9453(13) Å) and two longer
(3.1763(13) Å) Sb–Sb distances. The former lies in the range of
an elongated single bond.38 The distortion of the M4Sb4 core is
more accentuated in 3a than in 2, probably due to the Co/Co
and Sb/Sb interactions. The rhombic distortion of the cubanes
[(Cp*M)4E4] (M ¼ Cr, Mo, E ¼ O, S) was attributed to ferro-
magnetic as well as antiferromagnetic couplings of the metal-
based electrons.39

DFT calculations reproduce well the geometric parameters of
the model compound [(Cp*Co)3(m-Sb)2] (4m; vide infra), while
the short Co–Co distances in 3a are slightly longer in the opti-
mized geometry, irrespective of a singlet or a triplet spin state.
The short Sb–Sb distances in 3a are well reproduced. The
presence of Sb/Sb interactions in 2 and 3a are substantiated by
the Mayer bond orders, which vary from 0.25 to 0.35 and from
0.27 to 0.52, respectively correlate with the corresponding
distances. Based on the analysis of the Intrinsic Bonding
Orbitals,40 the Co/Co interaction in 3m is realized via the Co–
Sb s-bond to which contributions of roughly 10% from the
other two Co atoms are mixed. Additionally, on each Co center,
there are three non-bonding d orbitals which do not overlap to
give Co–Co bonds. The Mayer bond order for the Co–Co inter-
actions in 4m is roughly 0.48 while for the Co–Sb bonds vary
from 0.92 to 0.98. To investigate the electronic structure of 3a in
Fig. 4 Molecular structures of 3b (left), 5 (middle) and 6 (right) in the s
omitted and the Cp000 ligands drawn in the wire frame model for clarity.

© 2021 The Author(s). Published by the Royal Society of Chemistry
more detail, EPR and Evans NMR investigations were per-
formed. 3a is EPR-silent and has an effective magnetic moment
of meff ¼ 2.34 mB, corresponding roughly to two unpaired elec-
trons as determined by the Evans method.41

Compounds 4 and 5 crystallize as brown and violet blocks,
respectively, by layering a toluene solution with acetonitrile.
Their central structural motif consists of an [M3Sb2] trigonal
bipyramide, built up by two antimony and three metal atoms
(M ¼ Co (4), Fe (5), Fig. 4). The cobalt and iron atoms are
located in the equatorial plane and coordinated by a CpR

ligand, the antimony atoms occupy the apical positions. While
the Fe–Sb distances of 2.4895(6) Å to 2.55342(5) Å are in good
agreement with reported single bonds,1,42,43 the Co–Sb
distances of 4 (2.4362(4) Å to 2.4547(4) Å) are shortened.12,34–37

A remarkable difference between the geometry of 4 and 5 is
represented by the M–M distances. While, in 4, the Co–Co
distances are all very similar (2.7284(6) Å to 2.7332(5) Å) and lie
in the same range of elongated single bonds,33,43 in 5, there are
one short (2.4489(6) Å and 2.4895(6) Å) and two longer Fe–Fe
distances (2.8076(6) Å to 2.9230(6) Å).44 Interestingly, the
nitrogen congener of 5, [(Cp000Fe)3(m3-N)2], possesses uniform
Fe–Fe distances varying from 2.4727(4) Å to 2.4734(4) Å,45 while
the phosphorus and arsenic derivatives [(Cp*Fe)3(m3-E)2] (E ¼
P, As)46 show a distortion of the Fe3 fragment that is similar to
5, but less accentuated. The structure of 4 represents a new
structural motif and can be regarded as a closo-type cluster
with 12 skeletal electrons according to the Wade-Mingos rule.
Similar complexes of iron and antimony are known only for
antimony atoms coordinating to Lewis acidic metal fragments
as in [Fe3(CO)9(m3-SbMLn)2] (MLn ¼ CpMn(CO)2, Cr(CO)5,
W(CO)5, Mo(CO)5).1,42

To explore the electronic structure of 5, EPR and Evans NMR
investigations were performed. The X-band EPR spectrum of 5
at 77 K in frozen toluene shows an axial signal (gx ¼ gy ¼ 2.177
and gz ¼ 2.443 (giso ¼ 2.266)) with no hyperne splitting (Fig. 5).
The doublet spin state of 5 is further supported by Evans NMR
measurements, resulting in meff ¼ 1.65 mB, corresponding
roughly to one unpaired electron.41

In order to elucidate the electronic structure of 5, DFT
calculations were performed. The geometry of 5 in different
spin states (S ¼ 1/2 to 4) was optimized by using different
olid state with thermal ellipsoids at 50% probability level. H atoms are

Chem. Sci., 2021, 12, 9726–9732 | 9729
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Fig. 5 X-band EPR spectrum of 5 in toluene at 77 K: gx ¼ gy ¼ 2.177
and gz ¼ 2.443 (giso ¼ 2.266). Red: experimental; blue: simulated.47
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functionals. The results show that only the OPBE functional in
a doublet spin state reproduces the experimental geometry of 5
found in the solid state. Hybrid functionals lead to optimized
geometries with considerably longer Fe–Fe distances, while
a similar trend is observed for the OPBE functional in higher
spin states (cf. ESI†). Single point calculations with both func-
tionals OPBE and B3LYP (OPBE, doublet spin state optimized
geometry) predict the doublet spin state as the energetically
lowest state, while the other spin states lie energetically higher
(cf. ESI†). Therefore, the ground state of 5 can be viewed as
being a doublet spin state, which is in accordance with the EPR
and Evans NMR data (vide supra). For the nitrogen analog of 5,
[(Cp000Fe)3(m3-N)2], the presence of three low-spin iron(III) (S¼ 1/
2) centers and a total spin of Stot ¼ 1/2 was reported, due to
complex antiferromagnetic coupling.45

Single crystals of 6 suitable for X-ray diffractions were ob-
tained aer chromatographic workup by layering a toluene
solution with acetonitrile. The central structural motif of 6
consists of a Sb6 prism with its rectangular faces being capped
by [Cp000Fe] fragments (Fig. 4, right). Within the triangular
faces, the Sb–Sb distances (2.9029(4) Å to 2.9365(4) Å) are
slightly shorter than the Sb–Sb distances between them
(3.0283(4) Å to 3.0646(4) Å). This variation of the Sb–Sb
distances nicely correlates with the corresponding Mayer bond
orders (OPBE/def2-SVP, doublet spin state) of 0.53 and 0.33,
respectively. The Mayer bond orders for the Fe–Sb bonds vary
only slightly between 0.69 to 0.73. Although the Sb–Sb
distances are slightly longer than usual Sb–Sb single bonds,
they lie in the range of elongated single bonds.14,16,18,48 DFT
calculations at the OPBE/def2-SVP level predict the doublet
spin state for 6 as ground state, with the spin density being
evenly distributed over the three Fe centers, while the other
spin states lie energetically higher (for example the quartet
spin state is with 53 kJ mol�1 higher in energy; cf. ESI†). To the
best of our knowledge, 6 is the rst complex containing a Sb6
prism. Comparable complexes are only known for other group
15 homologous.49
9730 | Chem. Sci., 2021, 12, 9726–9732
Conclusions

In summary, we herein report the synthesis of the rst zirco-
nium antimony ligand complex [(Cp00Zr)2(m,h

1:1:1:1:1:1-Sb6)] (1),
which contains an unprecedented chair-like Sb6 ligand coordi-
nated to two Cp00Zr fragments. Complex 1 can be used as an
effective antimony transfer reagent towards transition metal
halides of nickel, cobalt and iron. That way, a variety of novel
Sbn ligand complexes such as the cubane-like compounds
[(Cp000Ni)4(m3-Sb)4]/[Cp000

2Ni] (2/20) and [(Cp000Co)4(m3-Sb4)] (3a) or
the complexes [(CpBnCo)3(m3-Sb)2] (4) and [(Cp000Fe)3(m3-Sb)2] (5)
containing a trigonal bipyramidal structure were obtained and
fully characterized. Beside the partial transfer of the Sb1 units,
also the complete transfer of a Sb6 unit was achieved. Here, the
iron complex [(Cp000Fe)(m,h4:4:4-Sb6)] (6) is formed which shows
the potential of 1 as transfer reagent for polyantimony units. In
principle, an initial transfer of larger Sbn units from 1 should
have been possible, however, the low stability of such complexes
(especially during column chromatographic work-up) might be
the reason that mostly only Sb1-unit-containing complexes were
isolated. Future work in this area is dedicated to developing
smoother reaction pathways.
Data availability
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ICSD under 2079755 (1), 2079756 (2/20), 2079757 (3a), 2079758
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