Open Access Article. Published on 09 August 2021. Downloaded on 10/31/2025 10:45:47 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

‘ W) Check for updates ‘

Cite this: Chem. Commun., 2021,
57,10095

Received 25th May 2021,

Accepted 9th August 2021 Beate G. Steller,

DOI: 10.1039/d1cc02538d

rsc.li/chemcomm

From conversions of Ar,SnH, (Ar = Tripp, Dipp; Tripp = 2,4,6-Triiso-
propylphenyl, Dipp = 2,6-Diisopropylphenyl), and a bismuth(i) amide,
Bi[N(SiMe3),l3, we isolated the first representatives of mixed, uncharged
Bi/Sn clusters, BigSnzAre. Along with unprecedented bicyclo[2.2.0]-
hexanes, (HAr,Sn),Sn,Bis;, these have been characterized by single
crystal X-Ray diffraction, heteronuclear NMR, vibrational and UV-
Vis spectroscopy. Quantum-chemical calculations were carried out
in order to understand bonding within the isolated polyhedral
compounds.

Owing to potential applications in nano- and materials chemistry,
the last few decades have seen tremendous progress in the field of
main group element cluster chemistry. Yet, the number of
examples and structural variety for this compound class is
strongly dependent on the group number. In contrast to gallium
and aluminum clusters and besides phosphorus and germanium,
polyhedral compounds of heavier group 14 and 15 elements are
still rare despite the advances in the last years,'™ let alone the
examples of polyhedral mixed element compounds.”™® Apart from
a limited number of examples of polyhedral phosphorus/tin
compounds,” ™ examples of more metallic arsenic, antimony
and bismuth homologues are even rarer."*"” As homo- as well
as heteroelement bond formation in these cases is still limited to
just a few strategies including stoichiometric fusion of respective
elements, derivatization of Zintl ions and reductive salt elimina-
tion, these heavier representatives are dominated by anionic Zintl
ion-type structures."®" In the case of Bi/Sn systems thus far
overall only the structures of nine polyanions have been crystal-
lographically characterized including also trimetallic systems,*°
while a series of neutral, unsubstituted Bi/Sn clusters were studied
in the gas phase.*"”> We currently investigate metathesis reac-
tions between organotin hydrides and main group element
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amides as an alternative strategy for cluster synthesis in contrast
to the more commonly used reductive and salt metathesis reac-
tions. Hydrostannolysis and -germolysis of organoelement(IV)-
hydrides and -amides have proven very useful for the synthesis
of respective (alternating) oligo- and polymers.**~*

As an initial result, we herein report the first example of an
uncharged polyhedral Bi/Sn compound, BigSnzArs, from the
conversion of Ar,SnH, (Ar = Tripp, Dipp) and a bismuth(u)
amide. Addition of Bi[N(SiMe;),]; to a DME solution of
Tripp,SnH, led to a color change from initially colorless to
shortly red eventually fading to reddish brown within a few
minutes. As initially a propellane-type structure, Bi,Sn;Trippe
was targeted, a stoichiometric ratio of 3:2 (Tripp,SnH,:Bi
[N(SiMes),];) was applied. Respective, purely tin containing
[1.1.1]propellanes were accessed from organotin hydrides and
tin(n) amides subjected to similar reaction conditions in as yet
unpublished results. Slow solvent evaporation from these reac-
tions led to crystallization of brownish red rods suitable for
X-ray crystallography after 6 days. Single crystal X-ray diffrac-
tion revealed the formation of the mixed bismuth/tin cage
BigSnsTripps (1, 13% yield referred to Tripp,SnH,, 53% yield
referred to Bi[N(SiMes),]5). 1 constitutes the first uncharged,
polyhedral bismuth/tin compound. Storage of the supernatant
solutions at —30 °C gave greenish yellow crystals of cyclo-
(Tripp,Sn); (2)*®*7 as the main byproduct next to H-N(SiMe3),
identified by NMR spectroscopy of reaction solutions.

In addition, small amounts of bicyclo [2.2.0]compound Bi,SnH,.
Tripps (3), were isolated from concentrated reactions mixtures.
(Scheme 1 and Fig. 1, 2) In "H NMR analysis of 1, broad resonances
were observed at r.t. with even more broadened signals at elevated
temperatures (35 and 45 °C), while cooling to —10 °C eventually gave
well-resolved spectra with non-equivalent signals for ortho-iPr groups
of the substituents. (See ESIt) 1 exhibits also a broad "°Sn{'"H} NMR
resonance at —925 ppm (FWHM = 1230 Hz), which lacks compar-
able data in literature where only shifts for terminal R;Sn-Bi groups
are available.*®**° Attempts to increase the yield in 1 by adjusting the
stoichiometry to 3 : 8 failed as no product was obtained nor detected
by NMR spectroscopy, ¢f. Scheme S1 in ESL¥
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Scheme 1 Synthesis of BigSnsAre (Ar = Tripp (1), Dipp (4)) from Ar,SnH,
and Bi[N(SiMez),]s in DME.

Fig. 1 Molecular structures of 1 (right) and 4 (left) in the solid state (50%
probability), hydrogens are omitted. For key structural parameters c.f.
Table 1.

Fig. 2 Molecular structures (50% probability) of 6 (left) and 3 (right) in the
solid state, hydrogens except Sn—H omitted.

When Tripp,SnH, was replaced by the slightly less soluble
dihydride Dipp,SnH,, slow concentration of the solvent after
2 days gave pale brownish red rhombic crystals suitable for
X-ray crystallography which single crystal X-Ray diffraction
revealed as the bicyclo [2.2.0]compound Bi,Sn,H,Dipps (6) in
4% yield. (Scheme 1 and Fig. 2). Nevertheless, evidence for the
formation of the expected polyhedral BigSn;Dipps, compound
4, and cyclo-(Dipp,Sn); (5) were found in 'H and '"°Sn NMR
(0 = —946 ppm, FWHM = 860 Hz) spectra. Crystals of BigSnj.
Dipps (4) suitable for X-ray crystallography were obtained after
removal of the solvent and recrystallization of crude products
from n-pentane at —30 °C. (Fig. 1) Again, concomitantly formed
cyclo-(Dipp,Sn); (5) was isolated and structurally authenticated.
Next to the isolated main products 4 and 5, also a few
octahedral, brownish red single crystals of Bi,Sn,Dipps (7) were
found in crude products of the conversion of Dipp,SnH,
with Bi[N(SiMe;),]5. (Fig. 3) Formation of 1 and 4 from
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Fig. 3 Molecular structure of 7 in the solid state (50% probability),
hydrogens are omitted. For key structural parameters cf. Table 1.

cyclotristannanes 2 and 5 via reaction with bismuth amide
was ruled out experimentally. While keeping the original reac-
tion mixture at r.t. for extended times of 6-9 days resulted in
complete consumption of 3 and 6 and formation of 1 and 4,
attempts to obtain 1 and 4 by addition of Bi[N(SiMe3),]; to DME
solutions of previously isolated 3 and 6 failed with ArH as the
only tractable reaction product. Only when both, Ar,SnH, and
Bi[N(SiMej),]; were added, consumption of 3 and 6 and for-
mation of 1 and 4 was observed. We hence believe that the
formation of labile Bi-H species are crucial steps in Bi-Bi bond
formation en route to 1 and 4, where Ar,SnH, acts as the
reducing agent for the Bi(0) while being converted into the
cyclotristannanes 2 and 5.

The core structure of 1 and 4 is related to that of Zintl ions of
type [Pny;]*~ (Pn =P, As, Sb, Bi) and their uncharged derivatives
Pny;R; (Pn = P (R = SiMe;, iPr), As (R = SiMe;)).**** Due to its
extraordinary polyhedral arrangement, the long-known [Py,]>~
has been described as ‘ufosan’-type polyhedral arrangement. Its
heaviest congener [Bij;]>~ was only recently isolated.*” In
accordance with the principle of valence isoelectronicity, 1
and 4 are topologically identical to [Biy;]*~ with each anionic
bismuth atom interchanged with an [Ar,Sn] unit. The arrange-
ment of the Bi atoms in 1 and 4 is also reminiscent of the
puckered structure of grey bismuth, where the interlayer dis-
tance (3.529 A) exceeds the Bi-Bi distance of 3.072 A only by ca.
15%. In 1 and 4, anti-facing Bi, tetrahedra are connected by Bi-
Bi bonds and Ar,Sn units. Related structural motifs have been
observed for Zintl-ion like intermetalloid clusters of p-block
and d-block elements. Yet, examples for solely mixed main
group metal clusters are scarce as outlined in a recent review.*®

All Bi-Bi bond lengths in 1 and 4 (2.9399(6) to 3.0267(6) A)
fall into the known range for Bi-Bi single bonds (Bi,Phy:*’
2.990 A, Biy(CygH,N),:*® 3.0648 A), and are somewhat shorter
than in rhombohedral bismuth (3.072 A).*° In agreement with
findings in [Biy;]>~, average bond distances between apical
bismuth atoms (Bil and Bi5 in 1; Bi1 and Bi1* in 4) and
equatorial atoms (Bi2 to Bi4 and Bi6 to Bi8 in 1; Bi2, Bi3, Bi4
and equivalents # in 4) are in average longer than between two
equatorial bismuth atoms (1: 3.0264(2) vs. 2.9476(6) A; 4:
3.0047(1) vs. 2.9606(4) A; [Biy > :*° 3.0179(8) vs. 2.9621(1) A).
The difference in bond length can be explained by NBO analysis
of a model compound BigSn;Phg. The calculations show a
higher electron occupation of ¢* Bi-Bi bond orbitals of apical
bismuth atoms (0.084 e™) than between equatorial bismuth
atoms (0.049 e™) through electron donation from adjacent o
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Bi-Bi bond orbitals as well as lone pairs of the bismuth atoms
into these antibonding orbitals. Angles around apical Bi atoms
in 1 (103.47(2) to 105.19(2)°) and 4 (102.74(8) to 105.78(2)°)
deviate significantly from the expected 90° value for dominant
p character of the bonding orbitals within 2c2e bonds, similar
to the angles observed around the tricoordinate Bi atoms in
[Bi > (99.58(4) to 108.26(4)°).

The angles around the tin atoms in 1 and 4 are widened
(1: 105.58(2) to 107.64°; 4: 106.48 to 107.41(2)°) as compared to
the respective Bi-Bi -Bi angles in [Biy]*” (94.09(5) to
96.47(4)°). Average Bi-Sn bond distances of BigSnzArs (1:
2.9162(1) A, 4: 2.9060(6) A) agree with the average Bi-Sn bond
value found in the thus far only other structurally character-
ized, uncharged compound containing a Bi-Sn bond, Big
[Sn(SiMe;);]s (2.926(8) A).*° Yet, average Bi-Sn bond distances
in 1 and 4 are shorter than in bismuth/tin containing polyhe-
dral polyanions (e.g. [Sn,Bi,J*™: 2.9635(7) A; [Sn;Bis]>™:%
2.9975(11) A). These average bond lengths also exceed average
Bi-Sn bonds in 3 (2.9046(8) A), 6 (2.9084(5) A), and 7 (2.939(1)
A). Both, 3 and 6, feature a unique bicyclo[2.2.0]motif with Bi
atoms as bridgeheads. The structure can be derived from a
hypothetical Bi, tetrahedron upon insertion of two tin atoms
and substitution by two terminal Ar,SnH groups. (Fig. 2) Owing
to the constrained geometry, the Bi-Bi-Bi angles in 3 and 6 are
quite acute at values below 90°. Dihedral angles just below 60°
place the Ar,SnH-substituted Bi atoms in 3 and 6 at intra-
molecular distances of only 4.028(1) and 3.840(1) A. A similar
distance between Bi atoms of 4.084(1) A is found in 7, where a
propellane-type structure is extended with a (Dipp,Sn) unit,
similar to the purely tin containing compound SneTripps.>°
While Sn-Sn bond lengths in 7 are unremarkable, Bi-Sn bonds
(avg. 2.941(2) A) are elongated compared to 1 and 4 and angles
around bismuth in 7 are acute (69.15(4) to 80.72(5)°). Both
trends suggest dominant p character of the bonding orbitals of
the bismuth atoms in 7 and hence high s character of the lone
pairs. The small amount of isolated 7 prevented full spectro-
scopic characterization thus far. Structural data of the isolated
mixed bismuth/tin compounds is summarized in Table 1 and
the ESIt (Table S1).

To obtain deeper insight into nature of bonding within the
isolated compounds (1 to 7), DFT calculations with Gaussian09
program package® were performed for phenyl substituted
derivatives, BigSn;Phe, Bi,Sn,Phg and Bi,Sn,Phg, where calcu-
lated structures reproduce experimental data. (For full compu-
tational details, additional canonical orbitals and structural
comparison see ESIt). In all cases, frontier MOs are delocalized
over several atoms or the entire metal scaffold as expected for
cluster type compounds, ¢f. Fig. 4. While valence MOs for
BigSn;Phs (LUMO+3 to HOMO—10) and Bi,Sn,Phg (LUMO+3
to HOMO—-2) show only minor to no contribution of the aryl
ligands, substituents in Bi,Sn,Phg significantly contribute to
calculated canonical orbitals except for the HOMO and LUMO.
(see ESIt) Energies for calculated HOMOs of BigSn;Phg
(—5.47 eV), BisSnsPhg (—5.57 eV) and BiySn,Phs (—5.36 eV)
coincide with each other and are largely composed of
s-electron density at bismuth. LUMOs decrease in energy for
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Table 1 Bond distances and angles (Bi®
atoms, for 1, 4 and 7 cf. Fig. 1-3)

- apical Bi atoms, Bi®: equatorial Bi

Distances [A] and Angles [°]

1 [Biyi ]

Bi“-Bi®: 3.0075(7)-3.0276(6) Bi“-Bi® 2.996(1)-3.014(2)
Bi®-Bi’: 2.9399(6)-2.9559(6) Bi®-Bi‘: 2.917(2)-2.998(2)
Bi-Sn: 2.9027(9)-2.9433(9) Bi’-Bi“-Bi‘: 100.99(4)-104.69(4)
Bi’-Bi“-Bi®: 103.47(2)-105.19(2) Bi“-Bi“-Bi®: 99.58(4)-108.26(4)
Bi“-Bi®-Bi‘: 103.93(7)-104.90(2) Bi?*~Bi-Bi?*: 94.09(11)-96.47(4)
Bi’-Sn-Bi‘: 105.58(2)-107.94(3)

Sn-Bi-Bi”*: 99.97(2)-98.60(2)

4 7

Bi“-Bi‘: 2.9951(5)-3.0138(5) Bi1-Bi2: 4.084(3)

Bi®-Bi’: 2.9553(7)-2.9714(8) Sn-Bi: 2.909(1)-2.969(1)
Bi®-Sn: 2.8966(6)-2.9166(7) Sn2-Sn4: 3.360(1)

Bi’-Bi“-Bi®: 102.74(8)-105.17(2) Sn2-Bi1/2-Sn4: 69.13(3)/69.42(3)
Bi“-Bi’-Bi‘: 103.85(2)-105.78(2) Bi1-Sn2/4-Bi2: 87.26(3)/87.49(3)
Bi’-Sn-Bi‘: 106.48 Sn2-Sn3-Sn4: 72.84(4)

: (2)-107.41(2)
Sn-Bi-Bi”*: 89.05(2)-99.14(2)

/) 3

Fig. 4 Lowest unoccupied (left) and highest occupied (right) molecular
orbitals of model compounds BigSnzPhg. For full computational details and
molecular orbitals of Bi4SnsH,Phg and Bi,SnsPhg see ESI. T

N

the extended compounds Bi,;Sn,Phg (—2.17 eV) and BigSn;Phg
(—2.29 eV) as compared to Bi,Sn,Phs (—1.61 eV) resulting in a
decrease of HOMO-LUMO gaps with cluster size (BiySn,Phs:
3.75 €V; BiySn,Phg: 3.39 eV; BigSns;Phg: 3.19 eV). Owing to the
spherical shape and similar to results for [Biy4]*~, the HOMO in
BigSn;Phe represents a 3d-type superatom orbital, while
HOMO-3 is 2p-orbital like. HOMO to HOMO—10 represent
Sn and Bi contribution, while HOMO—11 to HOMO—24 are
ligand centered. Hence, the 2s-type orbital in BigSn;Phs ranks
lower in energy and corresponds to HOMO—26 as compared to
HOMO-10 in the Zintl ion.

In summary, we have isolated the first structurally charac-
terized examples of uncharged Bi/Sn clusters, BigSnzAre and
Bi,Sn,Ar, utilizing a hydrostannolysis-type reaction of diaryltin
dihydrides and a bismuth(m) amide highlighting the synthetic
potential of the herein employed synthetic protocol. The
concept is currently extended to the preparation of other low-
coordinate homo- and heteroatomic main group element com-
pounds. These results will be reported elsewhere.
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