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Anionic Siliconoids from Zintl phases: R3Sig~ with Six and R2Sig?~
with Seven Unsubstituted Exposed Silicon Cluster Atoms (R =

Si(tBu)2H)

Lorenz J. Schiegerlizbl, Antti J. Karttunent, Wilhelm Kleinkl, and Thomas F. Fassler bl

Abstract: Neutral and anionic silicon clusters (siliconoids) are
regarded as important model systems for bulk silicon surfaces. For 25
years their formation from binary alkali metal silicide phases has been
proposed, but experimentally never realized. Herein we report for the
first time on the silylation of a silicide leading to the anionic siliconoids
(Si(tBu),H);Sis™ (1a) and (Si(tBu),H).Sis?™ (2a) with the highest known
number of ligand-free silicon atoms. The new anions are obtained in
a one-step reaction of Kg2SiiZ/NHs(lig.) and  Si(tBu)o(H)Cl/thf.
Electrospray ionization spectrometry and *H, *C, Si as well as ?°Si-
HBMC NMR spectroscopy confirm in accordance with calculated
NMR shifts the attachment of three silyl groups at a [Sig]*" cluster
under formation of 1a. During crystal growth the siliconoid di-anion 2a
is formed. The single crystal X-ray structure determination reveals that
two silyl groups are connected to the deltahedral Sis cluster core
revealing seven unsubstituted exposed silicon cluster atoms with a
hemispheroidal coordination. The negative charges -1 and -2 are
delocalized over the six and seven siliconoid Si atoms in 1a and 2a,
respectively.

More than two decades ago, the synthesis of polyhedral Si
compounds was regarded as the greatest challenge in molecular
silicon chemistry.l Shortly later, Wiberg et al. reported in 1993
the synthesis and structural characterization of tetrakis(tri-tert-
butylsilyl)-tetrahedro-tetrasilane R;Sis (R = ‘BusSi) featuring a Si,
tetrahedron, obtained by the reaction of RBr;Si-SiBr,R with
RNa.”l In his contribution Wiberg also suggested that such
compounds should more be straightforwardly accessible through
the reaction of alkylhalides with tetrahedral Sis*~ polyanions. Such
polyanions are present in intermetallic compounds ASi (A = Li—
Cs), accessible in a one-step reaction by fusion of the respective
elements in quantitative yields.®! The idea of using so-called Zintl
ions as precursors for Si-rich molecules was supported by the
synthesis of Sekiguchi’s anionic species R"3Si;~ ¥l (R"= -SiMeDis;,
Dis = CH(SiMe3),) in 2003 and was for more than two decades
frequently considered, but repeatedly discarded due to the high
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reducing properties of silicides.? 5 The development in the
synthesis of molecules with low-valent Si atoms!®! as well as with
unsubstituted Si atoms!™ 7 triggered again the demand for faster
synthetic routes towards molecules with a considerable number
of Si—-Si bonds and unsubstituted Si atoms. According to a recent
definition,!® such siliconoids require at least one exposed cluster
atom with a hemispheroidal coordination sphere, which forms
bonds solely to adjacent Si clusters atoms. Consequently, such
units display only homoatomic bonds and are free of ligands
(“naked”). Such neutral and anionic silicon clusters (siliconoids)
are regarded as important model systems for bulk silicon surfaces.
In 2011 our group showed that Sis*~ Zintl clusters are accessible
to chemical transformation from solid Zintl phases e.g. by reacting
it with CuMes (Mes = 1,3,5-trimethylbenzene), thereby giving
(CuMes),Sis*,Blwhereas in 2016 Scheschkewitz et al. obtained
LiR”sSis (R” = 2,4,6-triisopropylphenyl) with one anionic and two
neutral unsubstituted vertex atomsl® by a “purely molecular”
approach. However, an approach from Zintl phases with
covalently bonded ligands was still missing.

By contrast, during the last decade the vinylation, silylation and
phosphinylation of polyhedral germanium Zintl anions Geg*" with
different substituents has been demonstrated by using mainly the
Zintl phase K;Gey.*% However, similar reactions of Sig*~ clusters
were not yet achieved due to the absence of the corresponding
4:9 phases. Up to date, A;Sis P! (A = Li-Cs) and A;,Si;; M (A =
K—Cs) phases that contain either solely Sis*~ units, or Sis*~ beside
Sig*” deltahedral clusters in a 2:1 ratio, are known. Sis*~ and Sig*
clusters are species which have nucleophilic character due to
their highly negative charge but are also electrophilic in character
due to the electron-deficient bonding situation of the cluster
skeleton.*? Since the A;Si, phases are rather insoluble in any
solvent, the focus was put on the Ai.Sii;; phases that are
sufficiently soluble in liquid ammonia, and crystal structures of
solvates containing Sis*~ ¥l and Sig*~ ' units have been obtained,
and subsequent reactions in liquid ammonia as solvent led to the
formation of  (Phzn)Sig® %1 ({Ni(CO).}:Sig),%~ 18 and
(NHCPPPCU)Sig3~.1t7

Recently, the mono-protonated cluster HSig®~ 18 was obtained
upon the isolation of crystals of A:12Si;z (A = K, Rb) from liquid
ammonia with the help of sequestering agents. A subsequent
transfer of the extraction products to pyridine yielded the doubly-
protonated species, the structure of which was determined for the
iso-valence-electronic cluster with mixed tetrel elements
HSig-xGex?™ (x = 4.1).1:% Both, HSig®™ 18 and H,Sig?™ 19, were
fully characterized by *H and 2°Si NMR spectroscopy in solution.
The formation of well-defined solutions that contain nine-atomic
silicon clusters after pre-extraction with liquid ammonia finally
paved the way for further conversions of these clusters in solution
with appropriate reactants. Theoretical studies support the
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formation of siliconoids by the attachment of sp3-Si linkers?% and
triggered us to investigate the reactivity of Sig*” clusters obtained
from K12Siiz and chloro-silanes with the ambition to synthesize
larger siliconoid units. The experimental results are supported by
computational methods (DFT-PBEO/TZVP level of theory).l?]

In analogy to our recent synthesis of H,Sig?",'% we dissolved
K12Si17/222crypt in liqguid ammonia. After removal of the solvent
the brown residue was treated with thf under continues cooling in
an ice bath, and a pre-cooled solution of Si(tBuz)HCI in thf was
added. After several hours the initially heterogenous reaction
mixture gave a red-brown solution, from which after removal of all
volatiles and washing with hexane a brown solid was obtained.
ESI-MS investigations of the solid in thf solution indicated the
presence of (Si(tBu).H)sSis~ (1a) as the only product species
(Figure 1a). ESI-MS fragmentation experiments confirmed the
groups in 1a (full ESI-MS and the ESI-MS fragmentation spectra
are shown in the Supporting Information).
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Figure 1. a) ESI-MS spectrum of (Si(tBu)2H)sSis™ (1a) (m/z = 683; line:
measured spectra, bars: simulated isotope distribution); b) atom labelling of the
di-anionic siliconoid 1a; c) 2°Si HMBC (Heteronuclear Multiple Bond Correlation)
NMR spectrum of 1a in thf-d8 (vertical axis: 2°Si NMR; horizontal axis: *H NMR;
#: 222crypt; +: thf-d8; *: silicon grease).

'H and *C NMR spectra of the brown solid dissolved in thf-d8
exclusively show one set of signals for (K-222crypt) and the

WILEY-VCH

Si(tBu),H groups (Figure 1c, full NMR spectra in the Supporting
Information). The integrals of the peaks in the *H NMR spectra
reveal a ratio of 1:3 as expected for the composition
(K-222crypt)(Si(tBu)2H)sSis (1). This composition is supported by
an elemental analysis (C, H, N) of the solid.

The 2°Si NMR spectrum of 1 shows three resonances at 18.00 (a),
-175.16 (B) and -358.81 ppm (y) which are in considerably good
agreement with the calculated values of 21, -184 and -385 ppm,
respectively for an optimized structure of la with D3, symmetric
cluster core (Figure 1c, NMR calculation details in the Supporting
Information). All *H and **C NMR chemical shifts were allocated
by the quantum chemical shift calculations to the atoms as labeled
in Figure 1b. The resonance at 18.00 ppm is attributed to the three
equivalent Si(tBu),H groups, whereas the strongly high-field
shifted signals at —175.16 and —358.81 ppm arise from the three
substituted and six unsubstituted Si vertex atoms in the Sig
polyhedron, respectively. The experimental 2°Si NMR signal y
(—358.81 ppm) of the unsubstituted vertex atoms shows a
stronger upfield shift as usually observed for prominent siliconoid
speciest® and is comparable to the signals for the protonated Sig
cluster species HSig®~ [l (unsubstituted vertex atoms:
-359 ppm) and to the experimental and calculated ?°Si NMR
average values for H,Sig?™ 191 (exp.: —346 ppm; calcd.: —348 ppm).
Since the ligand carries H atoms with different bond separations
to the Si atoms of the cluster, a two-dimensional 2°Si HMBC NMR
spectrum was used to establish the structure of la (Figure 1c).
Analysis of the cross peaks reveals a strong coupling between the
IH NMR resonance a (SiH) and the 2°Si NMR resonance a (SiH)
with a scalar coupling constant *J(*H-°Si) = 177.9 Hz. A cross
peak is also observed for a with the 2°Si NMR resonance J (silyl-
substituted Si vertex atoms) with a decisively smaller scalar
coupling 2J(*H-?°Si) = 8.5 Hz. The detected 'J and 2J coupling
constants are comparable to the ones in H,Sis(Mes)s?? with J
and 2J values of 207 and 5.5 Hz, respectively. No signal splitting
is observed for the 3J(*H-?°Si) cross peak of a and y. Cross peaks
are also observed for the proton signal b with the silicon signals a
and B, but again no 3J(*H-?°Si) and “J(*H-?°Si) signal splitting is
observed. Moreover, no cross peak is observed between b and y
which would correspond to a 35J(*H-*Si) coupling. Ligand
scrambling as observed for R"3Sis~ [ cannot be excluded for 1a.
A fast exchange of the ligands as well as the Dsn symmetry of 1la
will both lead to the same number of signals in the NMR spectrum.
No NMR-line broadening was observed by decreasing the
temperature to —20°C.

Crystallization experiments of 1 from fluorobenzene solutions led
to the formation of small amounts of orange needle-shaped
crystals, suitable for single-crystal X-ray diffraction
(crystallographic details are given in the Supporting Information).
The structure determination, however, reveals the composition
(K-222crypt)o(Si(tBu)2H)2Sis  (2) with only two silyl groups
attached at the Sig cluster core. An Si:K ratio of 9:2 is confirmed
by an EDX analysis of the single crystals. A fragmentation product
in the ESI spectrum (see Supporting Information) also matches
with (Si(tBu),H),Sig?>~ (2a). A similar transformation of a tris- to a
bis-silylated cluster upon the crystallization process has been
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detected for (Si(iBu)s)sGeo™.>31 The molecular structure of the di-
anion 2a shows a C,v symmetric cluster that derives from a mono-
capped square antiprism. The silyl groups are bonded to two
opposing vertex atoms of the open face of the polyhedron. The
shortest Si—Si distance occurs between the Si atoms of the cluster
atoms to the exo-bonded atoms [Si1-Si10: 2.349(2) A and Si3—
Si11: 2.379(2) A]. However, all bonds between silicon framework
atoms and the atoms that carry the silyl groups (Sil1 and Si2) are
shortened and lie in the narrow range between 2.405(2) and
2.445(2) A, whereas the two bonds Si5-Si6 and Si7—Si8, the bond
vector of which lies perpendicular to the external Si—Si bond, are
elongated [2.782(2) and 2.764(2) A, respectively]. The remaining
multicenter bonds are also elongated with respect to the localized
covalent bonds and are found in the range 2.429-2.534 A.
Polyhedral edges of the unsubstituted Sig*~ cluster are overall
longer [2.423(4) to 2.881(4) A].l#dl Longer Si5-Si6 and Si7-Si8
distances compares well to the distances between the
unsubstituted  bridgehead atoms in  the siliconoids
[Li-(12crown4),](Tip)sSis® with 2.5506(9) A, (Tip)sSisi? with
2.7076(8) A, and (Mes)sSisi?? with a corresponding bond length of
2.636(1) A.

Si(tBu),H

Figure 2. a) Molecular structure of the siliconoid anion (Si(tBu)zH)2Si¢? (2a). Si
and C atoms (blue and grey, respectively) are shown as ellipsoids at a 50%
probability level; CHs groups and Hs; atoms are omitted for the reason of clarity.
The disorder of one silyl group is shown in the Supporting Information; b)
Schematic view of 2a with emphasis on the seven unsubstituted exposed silicon
cluster atoms with a hemispheroidal coordination shown in red.

DFT calculations and structure optimization reveal that the
structures la and 2a represent minima in energy. All calculated
distances of 2a show an almost perfect match with the measured
values after structure optimization (Si—Si distances and partial
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atom charges of la and 2a are given in the Supporting
Information). Calculation of the partial atom charges reveal that in
la the extra negative charge is almost equally delocalized over
the six siliconoid atoms, whereas in 2a, the two negative charges
distribute over the seven siliconoid atoms Si2, Si4, Si5 — Si9, with
the square-capping atom Si9 — that carries the third ligand in 1a —
having a slightly higher value.

Opening of a novel and relatively simple synthetic protocol to
siliconoid clusters will allow for a faster development of the field.
The formation of six and seven unsubstituted vertex atoms with
hemispheroidal coordination, which requires a multi-step
synthesis through the molecular approach, is achieved in one step
synthesis from the Zintl phase Ki,Sii7. The binary phase itself is
obtained by simply melting together the elements. The synthetic
route is not restricted to the examples shown here, and we will
report on the introduction of other ligands in a forthcoming paper.
Moreover, we foresee that the manifold chemistry known for Geg
clusters might now be transferred to Sis.

Acknowledgements

The authors are thankful for the financial support by WACKER
Chemie AG and Deutsche Forschungsgemeinschaft (DFG, FA
198/14-1). Further, they thank Prof. Dr. Wolfgang Eisenreich for
supporting the 2°Si NMR measurements, Maria Miiller for the EDX
analyses, and Ulrike Ammari for the elemental analyses. A. J. K
thanks the Finnish IT Center for Science (CSC) for computational
resources.

Keywords: cluster compounds ¢ functionalization ¢ quatum
chemical calculations - silicon ¢ siliconoids « synthesis

[1] T.Tsumuraya, S. A. Batcheller, S. Masamune, Angew. Chem. 1991, 103,
916-944; Angew. Chem. Int. Ed. 1991, 30, 902-930.

[2] N. Wiberg, C. M. M. Finger, K. Polborn, Angew. Chem. 1993, 105, 1140-
1142; Angew. Chem. Int. Ed. 1993, 32, 1054-1056.

[3] a) T. Goebel, A. Ormeci, O. Pecher, F. Haarmann, Z. Anorg. Allg. Chem.
2012, 638, 1437-1445; b) H. G. von Schnering, M. Schwarz, J. H. Chang,
K. Peters, E. M. Peters, R. Nesper, Z. Kristallogr., New Cryst. Struct.
2005, 220, 525; c) L. A. Stearns, J. Gryko, J. Diefenbacher, G. K.
Ramachandran, P. F. McMillan, J. Solid State Chem. 2003, 173, 251-
258; d) J. He, D. D. Klug, K. Uehara, K. F. Preston, C. I. Ratcliffe, J. S.
Tse, J. Phys. Chem. B 2001, 105, 3475-3485.

[4] M. Ichinohe, M. Toyoshima, R. Kinjo, A. Sekiguchi, J. Am. Chem. Soc.
2003, 125, 13328-13329.

[5] Y. Heider, D. Scheschkewitz, Dalton Trans. 2018, 47, 7104-7112.

[6] a) Y. Wang, Y. Xie, P. Wei, R. B. King, H. F. Schaefer, P. von R.
Schleyer, G. H. Robinson, Science 2008, 321, 1069-1071; b) Y. Wang,
G. H. Robinson, Dalton Trans. 2012, 41, 337-345; c) C. D. Martin, M.
Soleilhavoup, G. Bertrand, Chem. Sci. 2013, 4, 3020-3030; d) E. Rivard,
Struct. Bonding (Berlin, Germany) 2014, 203; e) K. C. Mondal, S. Roy,
B. Dittrich, D. M. Andrada, G. Frenking, H. W. Roesky, Angew. Chem.
2016, 128, 3210-3213; Angew. Chem. Int. Ed. 2016, 55, 3158-3161.

[7] a) K. Abersfelder, A. J. P. White, H. S. Rzepa, D. Scheschkewitz,
Science 2010, 327, 564-566; b) G. Fischer, V. Huch, P. Mayer, S. K.
Vasisht, M. Veith, N. Wiberg, Angew. Chem. 2005, 117, 8096-8099;
Angew. Chem. Int. Ed. 2005, 44, 7884-7887; c) S. Ishida, K. Otsuka, Y.
Toma, S. Kyushin, Angew. Chem. 2013, 125, 2567-2570; Angew. Chem.
Int. Ed. 2013, 52, 2507-2510.



R
RPOOVWONOUAWNER

D000 DIADIMDINDNOWWWWWWWWWWNNNNNNNNNNRERPRPRPEPREREREPR
APRPWNPFPOOONOOPRAWNRPFPOOONOUOBAWNPFPOOONOOOBAWNPFPOOONOOOITRAWNPEPOOONOOORAWDN

8l

[0

[20]

[11]

[12]

(23]

[14]

[18]
[16]

[17]

M. Waibel, F. Kraus, S. Scharfe, B. Wahl, T. F. Fassler, Angew. Chem.
2010, 122, 6761-6765; Angew. Chem. Int. Ed. 2010, 49, 6611-6615.

P. Willmes, K. Leszczynska, Y. Heider, K. Abersfelder, M. Zimmer, V.
Huch, D. Scheschkewitz, Angew. Chem. 2016, 128, 2959-2963; Angew.
Chem. Int. Ed. 2016, 55, 2907-2910.

a) M. W. Hull, S. C. Sevov, Angew. Chem. 2007, 119, 6815-6818;
Angew. Chem. Int. Ed. 2007, 46, 6695-6698; b) F. Li, S. C. Sevov, Inorg.
Chem. 2012, 51, 2706-2708; c) F. S. Geitner, J. V. Dums, T. F. Féassler,
J. Am. Chem. Soc. 2017, 139, 11933-11940; d) F. S. Geitner, W. Klein,
T. F. Fassler, Angew. Chem. 2018; Angew. Chem. Int. Ed. 2018 (Article
online: https://doi.org/10.1002/ange.201803476).

a) V. Quéneau, E. Todorov, S. C. Sevov, J. Am. Chem. Soc. 1998, 120,
3263-3264; b) C. Hoch, M. Wendorff, C. Réhr, J. Alloys Compd. 2003,
361, 206-221.

a) K. Wade, Inorg. Nucl. Chem. Lett. 1972, 8, 559-562; b) K. Wade,
Chem. Commun. 1971, 792-793.

C. Lorenz, S. Gartner, N. Korber, Z. Anorg. Allg. Chem. 2017, 643, 141-
145.

a) S. Joseph, C. Suchentrunk, F. Kraus, N. Korber, Eur. J. Inorg. Chem.
2009, 2009, 4641-4647; b) C. B. Benda, T. Henneberger, W. Klein, T. F.
Fassler, Z. Anorg. Allg. Chem. 2017, 643, 146-148.

J. M. Goicoechea, S. C. Sevov, Organometallics 2006, 25, 4530-4536.
S. Joseph, M. Hamberger, F. Mutzbauer, O. Hartl, M. Meier, N. Korber,
Angew. Chem. 2009, 121, 8926-8929; Angew. Chem. Int. Ed. 2009, 48,
8770-8772.

F. S. Geitner, T. F. Fassler, Chem. Commun. 2017, 53, 12974-12977.

[18]

[29]

[20]
[21]

[22]

[23]

[24]

WILEY-VCH

a) T. Henneberger, W. Klein, T. F. Fassler, Z. Anorg. Allg. Chem. (Article
online: https://doi.org/10.1002/zaac.201800227) 2018; b) C. Lorenz, F.
Hastreiter, J. Hioe, L. Nanjundappa, S. Gartner, N. Korber, R. M.
Gschwind, Angew. Chem. 2018; Angew. Chem. Int. Ed. 2018 (Article
online: https://doi.org/10.1002/anie.201807080).

L. J. Schiegerl, A. J. Karttunen, J. Tillmann, S. Geier, G. Raudaschl-
Sieber, M. Waibel, T. F. Fassler, Angew. Chem. 2018; Angew. Chem.
Int. Ed. 2018 (Article online: https://doi.org/10.1002/anie.201804756).
L.-A. Jantke, T. Fassler, Inorganics 2018, 6, 31.

a) TURBOMOLE V7.3 2017, a development of University of Karlsruhe
and Forschungszentrum Karlsruhe GmbH, 1989-2007, TURBOMOLE
GmbH, since 2007; b) R. Ahlrichs, M. Bar, M. Haser, H. Horn, C. K6lmel,
Chem. Phys. Lett. 1989, 162, 165-169; c) J. P. Perdew, K. Burke, M.
Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865-3868; d) C. Adamo, V. J.
Barone, J. Chem. Phys. 1999, 110, 6158-6170; e) F. Weigend, R.
Ahlrichs, Phys. Chem. Chem. Phys. 2005, 7, 3297-3305.

D. Nied, R. Képpe, W. Klopper, H. Schnockel, F. Breher, J. Am. Chem.
Soc. 2010, 132, 10264-10265.

L. J. Schiegerl, F. S. Geitner, C. Fischer, W. Klein, T. F. Féassler, Z.
Anorg. Allg. Chem. 2016, 642, 1419-1426.

K. Abersfelder, A. J. P. White, R. J. F. Berger, H. S. Rzepa, D.
Scheschkewitz, Angew. Chem. 2011, 123, 8082-8086; Angew. Chem.
Int. Ed. 2011, 50, 7936-7939.



OCoO~NOUAWNE

Entry for the Table of Contents

COMMUNICATION

® = siliconoid atom N
R = Si(tBu),H

Closing the gap! 25 years after Wibergs synthesis of tetrahedro-tetrasilane from
molecular precursors, the idea to use binary silicides became true. The direct
synthesis of soluble silicon-rich molecules from solid K1,Sii7 in a one-step reaction
allows now for an easy and direct access to molecules with a large number of
ligand-free Si atoms — so-called siliconoids.
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