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It is with great pleasure to welcome readers to this Special Issue of Inorganics, devoted to
“Coordination Chemistry of Silicon”. Investigations into silicon compounds continue to afford a wealth
of novel complexes, with unusual structures and brand-new reactivities. In fact, the ongoing quest for
silicon complexes with novel properties has led to a large number of silicon compounds, that contain
various types of ligands or substituents. Use of the divergent coordination behavior of silicon to
construct sophisticated low- and hyper-valent silicon complexes makes it possible to change their
electronic structures and properties. Therefore, progress of the coordination chemistry of silicon
can be the key concept for the design and development of next generation silicon compound-based
applications. This Special Issue is associated with the most recent advances in coordination chemistry
of silicon with transition metals, as well as main group elements, including the stabilization of
low-valent silicon species through the coordination of electron-donor ligands, such as N-heterocyclic
carbenes (NHCs) and their derivatives [1,2]. This Special Issue is also dedicated to the development of
novel synthetic methodologies, structural elucidations, bonding analyses, and possible applications
in catalysis or chemical transformations, using related organosilicon compounds [3]. Besides, recent
years have witnessed great research efforts in silicon-based polymer chemistry, as well as silicon
surface chemistry, which have become increasingly important for unveiling the correlations between
nanoscopic structural features and macroscopic material properties, including the coordination
behavior at silicon.

The 19 articles composing this Special Issue can be considered as a representative selection
of the current research on this topic, reflecting the diversity of silicon chemistry and yield an
impressive compilation.

Intrinsic coordination behaviors of silanes towards transition metals are the subject of several
articles in this issue. For example, Nakata et al. discuss the synthesis and structure of a hydrido
platinum(II) complex with a dihydrosilyl ligand that bears a bulky 9-triptycyl group [4]. The ligand
exchange reaction of this mononuclear (hydrido)(dihydrosilyl) complex with various phosphines
has also been studied. Sunada and coworkers provide an elegant method for accessing planar
tetrapalladium clusters starting from octa(isopropyl)cyclotetrasilane through the insertion of palladium
atoms into the Si-Si bonds of the cyclotetrasilane [5]. While the ligand exchange reaction with NHCs
yields the more coordinatively unsaturated cluster, reaction with a trimethylolpropane phosphite
affords a planar tripalladium cluster. Wagler and coworkers demonstrate a striking coordination
chemistry of (2-pyridyloxy)silanes with transition metals (Pd, Cu) [6]. The molecular structures of the
complexes have been elucidated by crystallographic analysis, and further computational investigations
provided an in-depth understanding of the interatomic interaction between transition metals (Pd, Cu)
and penta-/hexa-coordinate silicon centers.

Using donor ligands such as NHCs, allowed the stabilization and isolation of reactive low-valent
silicon species. For instance, Matsuo and coworkers identified a methodology for accessing the
NHC-adduct of arylbromosilylene from the reaction of dibromodisilene with two NHC equivalents [7].
They also discuss the isolation of arylsilyliumylidene ions through the dehydrobromination with four
NHC equivalents. In the course of the reactivity study on the NHC-coordinated silyliumylidene ion,
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Porzelt et al. describe the activation of the S-H bond in hydrogen sulfide by the arylsilyliumylidene
ion, resulting in the formation of an NHC-coordinated thiosilaaldehyde [8]. DFT (density functional
theory) calculations have been employed to examine the zwitterionic character of NHC-coordinated
thiosilaaldehyde, and the reaction mechanism for the formation has also been computationally
investigated. The NHC stabilization method can also be expanded to the heavier congener of silicon,
namely, germanium. Egawa, Unno, and coworkers describe the successful isolation of the NHC-adduct
of germathioacid from the reaction of corresponding NHC-stabilized chlorogermylene with elemental
sulfur [9]. The zwitterionic resonance structures, including the nature of the Ge-S bond have also been
analyzed using computational methods.

Several articles comprising this issue focus on molecular silicon clusters and silicon surface
chemistry. Jantke and Féssler report computational investigations on polymeric Sig clusters [10].
The stability and electronic nature of the related polymeric and oligomeric clusters are discussed.
Iwamoto and coworkers describe the intriguing thermal transformation of a SigRg siliconoid into three
novel silicon clusters having unprecedented silicon frameworks [11]. Molecular structures of three
obtained clusters have been elucidated by conventional spectroscopic methods and XRD analysis.
The absorption of acetylene and ethylene on the surface of Si(001) in the usual bond insertion mode
is deeply investigated by implementing DFT calculations by Pecher and Tonner [12]. The distorted
and symmetry-reduced coordination of silicon atoms with increased electrophilicity and enhanced
reactivity has been shown by molecular orbitals analysis.

The present issue also includes several articles concerning the incorporation of silicon
atoms in organic and inorganic ring structures. Ottosson and coworkers provide quantum
chemical calculations on the ring-opening ability of silacyclobutene [13]. They show that a
silacyclobutene ring fused with a [4n]annulene can be used as an indicator for triplet-state
aromaticity. The preparation of a digermadichlorosilane marked by a 5-membered SiGe,C, ring
is described by Sasamori and coworkers [14]. It was accomplished via double Si—Cl insertion
in the reaction between 1,2-digermacyclobutadiene and SiCly. The enveloped geometry of the
SiGe,C; ring skeleton was elucidated by XRD analysis. Jana, Scheschkewitz, and coworkers
report on the synthesis of an NHC-adduct of chlorogermylene adjacent to an SiN,C, ring [15].
This was produced via the oxidative addition of West’s N-heterocyclic silylene into the Ge-Cl
bond of the NHC-complex of germanium(Il) dichloride. Iwamoto and coworkers provide the
synthesis of 1,2-bis(trimethylsilyl)-1,2-disilacyclohexene bearing the Si=Si double bond in an Si,Cy
ring skeleton [16]. The conversion of this disilene into the corresponding potassium disilenide and
its reactivity towards various electrophiles are also described. Von Hénisch’s group discusses the
incorporation of a disilane unit into crown ether, leading the preparation of 1,2-disila[18]crown-6,
as well as 1,2-disila-benzo[18]crown-6 [17]. The complexation ability with ammonium cations by
these disilane-containing crown ethers is examined, and corresponding complexes are successfully
isolated. Pietschnig and coworkers highlight the synthesis of cyclopentyl-substituted silanetriol and
its condensation that leads to the isolation of corresponding disiloxanetetrol and also hexameric
polyhedral silsesquioxane cage T¢ [18].

The review article by Ohshita and coworkers comprehensively outlines works related to
the utilization of disilanylene polymers to modify the TiO, surface and their applications in
dye-sensitized solar cells [19]. Kanno, Kyushin, and coworkers describe new straightforward
synthetic methods for unsymmetrically substituted oligosilanes with various functional groups [20].
Reactions with organolithium or Grignard reagents and ruthenium-catalyzed alkoxylations were
employed for the substitution of each functional group. Bauer and Strohmann provide the molecular
structures of four enantiomerically pure 2-silylpyrrolidinium salts [21]. XRD analysis unveiled
the structures of these compounds, and hydrogen-bond interactions were discussed. The group
of Majundar describes the facile one-pot synthesis of N-heterocyclic germylene and stannylene using
1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene as a mild organosilicon reductant [22]. In this
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reaction, the volatile byproducts trimethylsilyl chloride and pyrazine can easily be removed under
vacuum, and significant over reduction was not observed.

Finally, I wish to express my gratitude to all the authors for their contributions to this Special Issue.

I would also like to thank reviewers for their kind, essential advice and suggestions. The contributions
of the editorial, as well as the publishing staff at Inorganics to this Special Issue are also highly
appreciated. I hope readers from different research fields will enjoy this Open Access Special Issue and
find a basis for further work in this exciting field of silicon chemistry.
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Abstract: Cyclopentyl substituted silanetriol can be prepared and isolated. Its condensation yields
the corresponding disiloxanetetrol as a primary condensation product. Further condensation leads
to the hexameric polyhedral silsesquioxane cage T. The latter has been mentioned in the literature
before however, lacking structural data. All compounds have been characterized with multinuclear
NMR spectroscopy and, in addition, the molecular structures have been determined in the case of the
disiloxanetetrol and the hexasilsesquioxane via single crystal X-ray diffraction.

Keywords: silanetriols; disiloxane tetrols; silsesquioxanes; condensation; molecular cage

1. Introduction

Cage silsesquioxanes have attracted much attention in recent years [1,2] owing to their widespread
applications for example in catalysis [3], as model systems for silica surfaces [4,5], in the design of
superoleophobic surfaces [6], ionic liquids [7], biocompatible materials [8], as well as in polymer
chemistry [2]. The synthetic approach towards such octasilsesquioxanes is mainly based on the hydrolytic
condensation of trifunctional silanes RSiX3, where R is a stable organic substituent and X a reactive
moiety (i.e., X = Cl, OMe etc.) [2,9] and catalysts like tetrabutylammonium fluoride (TBAF) have been
shown to improve the yields in the presence of certain organic substituent [10-12]. Recently, it has been
demonstrated that silanetriols are suitable starting materials for cage silsesquioxanes, giving access to Tg
cages in a one-pot synthesis which could not be obtained from the corresponding alkoxysilanes via other
routes [13,14]. Here we report our investigation to prepare a cyclopentyl substituted silanetriol and its
condensation to the T cage via the corresponding tetrahydroxydisiloxane.

2. Results and Discussion

Starting from commercially available cyclopentyltrichlorosilane, the corresponding silanetriol was
prepared by careful hydrolysis in ether solution at 0 °C in the presence of three equivalents of aniline in
analogy to an established procedure by Takiguchi [15]. Silanetriol 1 has been be isolated from the etheral
solution as colorless powder in above 80% yield. The 2?Si-NMR resonance of the product was observed
at —37.7 ppm in D,O which compares well with the 295 chemical shifts of related alkylsilanetriols
such as tert-butylSi(OH)z (—36.8 ppm, D,0). While cyclopentyl substituted silanetriol 1 was stable
as a solid, it slowly underwent condensation in polar solvents such as THF or DMSO (Scheme 1).
The resulting tetrahydroxydisiloxane 2 has been identified as primary condensation product and was
characterized by NMR and IR spectroscopy, mass spectrometry and single crystal X-ray diffraction.

Inorganics 2017, 5, 66; doi:10.3390/inorganics5040066 5 www.mdpi.com/journal/inorganics
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The 2Si-NMR chemical shift at —51.8 ppm in THF solution is in good agreement with the known
chemical shifts of other alkylsubstituted disiloxane tetrols [14,16], resonating at slightly lower field
compared with aryl substituted disiloxane tetrols [17,18].

Si—0—
\0 Si
Cl 1) PhNH, OH OH HO, Rl o\
R—si 2) 10 R—si ——> R—si Si—R ——» o /S' ——Si—R
— i — i
cl ~~OH THE O// THF g d

b / \/
. “<:| OH OH  HO R/S"O—Si\

0 @ ® R

Scheme 1. Formation of 3 via 1 and 2 starting from cyclopentyl trichlorosilane.

Compound 2 could be obtained as single crystals suitable for X-ray diffraction as two polymorphs, one
crystallizing in a monoclinic, the other in an orthorhombic crystal system both confirming the constitution
of 1,3-di-cyclopentyl-1,1,3,3-tetrahydroxysiloxane. In the monoclinic crystal of 2, the molecules are lying
with O1 on an inversion center resulting in an Si-O-5i angle of 180°. The cyclopentyl rings are disordered
over two sites (Figure 1). Each of the four OH groups of the tetrahydroxysiloxanes are involved in
one donor and in one acceptor hydrogen bond [O2---O3' 2.6811(19) A, O2-H2.--03' 174.8(9)°; O3---02”
2.6718(19) A, 03-H3---02” 177.3(14)°], resp., forming two-dimensional aggregates, in which each molecule
is connected to six neighbors showing a two-dimensional closest packing. This planar aggregate is shielded
on both sides by the cyclopentyl groups. The molecules show pseudo-mirror planes normal to the c axis;
the transformation to orthorhombic symmetry would lead to an angle differing by 0.268(4)° from 90°.

cz21'

[322‘{&: c31
C32' @ c41

a b

Figure 1. This ORTEP plot of the molecular structure of 2 from the monoclinic (b) and the orthorhombic
(a) polymorph showing the atomic numbering scheme. The probability ellipsoids are drawn at the 50%
probability level. The cyclopentyl rings are disordered over two sites. The H atoms bonded to oxygen
are drawn with arbitrary radii, the H atoms of the cyclopentyl rings were omitted for the sake of clarity.
Red: oxygen; blue: silicon.
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In the orthorhombic phase the molecules of 2 adopt Cy, (= 2/m) symmetry resulting in a Si-O-Si
angle of 180°. Again, the cyclopentyl rings are disordered over two sites (Figure 1). The main
difference between the two phases is the fact that the H atoms of the OH groups are ordered
in the monoclinic phase but disordered in the orthorhombic phase. Equivalence of the two OH
groups bonded to a Si atom and therefore a higher effective symmetry is reached by this disorder in
orthorhombic 2. All four OH groups in orthorhombic 2 are equivalent by symmetry and are involved
in two hydrogen bonds [02--02’ 2.670(2)A, 02-H3---02' 169(2)°; O2---02" 2.678(2)A, O2-H2---02”
172.5(19)°] forming two-dimensional aggregates, in which each molecule is connected to six neighbors,
showing a two-dimensional closest packing almost identical to monoclinic 2 (Figure 2). In addition,
the supramolecular hydrogen bonding the bond distances and angles of the central RSi(OH),O- units
are in the typical range of such disiloxanetetrols [14,16-20].

{5 w(AJ“» LA

5%
z%g@%;

Figure 2. ORTEP plot of the orthorhombic packing of 2. The atoms are drawn with arbitrary radii, the
hydrogen bonds are plotted with dashed lines. Red: oxygen; blue: silicon.

Prolonged condensation of 1 in THF over five months resulted in a mixture containing mainly
disiloxane 2 and the corresponding hexasilsesquioxane 3 in a 2:1 ratio. Recrystallization of this mixture
in DMSO furnished crystalline 3, which has been identified via spectroscopic methods and single
crystal X-ray diffraction. Compound 3 has been already described in the literature together with
its spectroscopic data [21]. The ?°Si-chemical shift of Ty cage 3 at —56.3 ppm in DMSO solution
observed by us is very similar to the previously reported one (—54.4, CDCls3) and fits well in
the range observed for alkyl substituted T¢ cages [16,21] but resonates at a lower field than the
comparable Tg-cages [10,12,14,16,22]. Compound 3 could be obtained as single crystals suitable for
X-ray diffraction and crystallizes in the orthorhombic space group Ccce. In the crystal structure analysis
of 3, the molecules of hexa(cyclopentylsilsesquioxane) are located with one O atom (O5) on a two-fold
rotation axis parallel to the crystallographic a-axis (Figure 3).
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Figure 3. ORTEP plot of 3 showing the atomic numbering scheme. The probability ellipsoids are drawn
at the 50% probability level. The hydrogen atoms were omitted for clarity reasons. Selected bond
lengths [A] and angles [°]: Sil-O4 1.6269(12), Si1-O1 1.6390(11), Si1-O3 1.6430(11), Sil-C11 1.8369(15),
Si2-04’ 1.6274(11), Si2-01 1.6390(11), Si2-02 1.6417(12), Si2-C21 1.8385(16), Si3-O5 1.6284(7), Si3-02
1.6367(11), Si3—-03 1.6400(11), Si3—C31 1.8375(16); Si1-01-5i2 128.69(7), Si3-02-Si2 131.35(7), Si3-03-Sil
131.11(7), Si1-04-Si2’ 139.84(7), Si3—05-Si3’ 132.34(10).

The molecules are packed in layers normal to the a-axis, leading to mechanically very soft
crystals. The central highly-symmetric SigOg tetracycle shows slight but significant deviations from
Dj;, symmetry (e.g., Sil-O4-Si2’ 139.84(7)° vs Si3-05-Si3’ 132.34(10)°). The variation of the Si-O bond
lengths covers a narrow range between 1.627 A and 1.643 A which is smaller than in the other structure
reports where variations as much as 0.04 to 0.28 A are reported. Until now, only a few structure
determinations of hexa(alkyl/aryl)silsesquioxanes with this SigOg cage can be found in the literature
including tert-butyl [16], cyclohexyl [23], 1,1,2-trimethylpropyl [24], 2,4,6-triisopropylphenyl [25],
trimethoxysilyl [26], and isopropyl [27] substituted hexasilsesquioxanes. For these, the mean value of
the Si-O-Si angles in the six-membered rings is 130.2(4)°, the mean value of the other Si-O-Si angles
is 140.0(8)° (min. 136.5°). Moreover the topic has been reviewed not long ago and also a structure
determination of a Ty cage has been performed in the gas phase [28,29]. The unit cell contains eight
equivalent isolated molecules of 3. Relevant geometric parameters of 3 are listed in the caption of
Figure 3 and crystallographic details are summarized in Table 1.
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Table 1. Crystal data and structure refinement for 2 and 3.

Parameter 2m 20 3
Formula C10H2205Si2 C10H2205Si2 C30H5409Si6
Formular weight 278.46 278.46 727.27
Temperature [K] 100 100 100
Wavelength [A] 0.71073 0.71073 0.71073
Crystal system monoclinic orthorhombic orthorhombic
Space group P2;/c Cmce Ccce
Unit cell dimensions: - - -
a[A] 11.5359(16) 10.1476(5) 16.2855(8)
b[A] 6.7079(9) 20.7484(10) 22.3460(11)
c[A] 10.1493(13) 6.7022(3) 19.6563(9)
w[°] 90 90 90
BI°] 115.830(4) 90 90
v I[°] 90 90 90
Volume [A3] 706.90(16) 1411.12(12) 7153.2(6)
Z 2 4 8
Calcd. density [mg/m?] 1.308 1.311 1.351
# [mm~1] 0.258 0.258 0.283
®-range for data collected [°] 3.62-25.50 3.62-26.00 2.59-30.00
Data/parameters 1303/125 734/66 5219/213
Goodness-of-fit on F2 1.095 1.159 1.052
R; (obsd. data) 0.0326 0.03440.0346 0.0378
wR; (all data) 0.0873 0.0903 0.1049
Rint 0.0235 0.0264 0.0397
re.d. min/max [e A~3] —0.247/0.235 —0.291/0.414 —0.346/0.631

re.d.: Residual electron density.

3. Experimental Details

All manipulations were carried out under inert argon atmosphere using standard Schlenk technique.
All solvents were dried and freshly distilled over Na/K-alloy where applicable. Cyclopentyltrichlorosilane
has been purchased and used without further purification. 'H- and '*C-NMR-data have been recorded
on a Bruker Avance III (Billerica, MA, USA) 300 MHz spectrometer (operating at 300 MHz, 75.4 MHz)
or a Varian MR-400 MHz spectrometer (operating at 400 MHz, 100.5 MHz). 295i-NMR-data have been
recorded on a Bruker Avance III 300 MHz spectrometer (operating at 59.6 MHz). All measurements have
been performed at room temperature using TMS as external standard. EI-mass spectra have been recorded
on an Agilent Technologies 5975C (Santa Clara, CA, USA) inert XL MSD with SIS Direct Insertion Probe.
IR-spectra have been recorded using a Perkin-Elmer 1725X FT/IR (Waltham, MA, USA) spectrometer
using KBr plates.

3.1. Synthesis of cyclopentylsilanetriol 1

Cyclopentyltrichlorosilane (3.43 g, 16.9 mmol), dissolved in 13 mL diethylether, was added dropwise
to a solution of water (0.91 g, 50.6 mmol) and aniline (4.78 g, 51.4 mmol) in 150 mL of diethylether at
0 °C while stirring. A white precipitate is formed in the reaction mixture and stirring is continued for 2 h
upon completed addition while slowly warming to room temperature. The precipitate is filtered off with
a fritted funnel and discarded. The solvent of the remaining solution is removed in vacuo. Yield 2.02 g
(13.7 mmol, 81%). 'H-NMR (300 MHz, D,0): §(ppm): 1.01, 1.48, 1.59, 1.79; 2°Si-NMR (59.6 MHz, D,0):
S(ppm): —37.7.
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3.2. Synthesis of the 1,3-Dicyclopentyldisiloxane-1,1,3,3-tetrol 2

Silanetriol 1 (0.5 g) was dissolved in 20 mL THF at room temperature. Slow evaporation of the
volatiles took four weeks. The raw material was extracted with pentane which upon evaporation of the
solvent yielded compound 2 as colorless crystalline solid (0.3 g, 1.1 mmol, 64%). TH-NMR (300 MHz,
THF-dg): §(ppm): 0.83, 1.10, 1.40-1.59, 1.78; 3C-NMR (75.4 MHz, THF-dg): (ppm): 25.4, 27.9, 28.7;
2Si-NMR (59.6 MHz, THF-dg): 8(ppm): —51.8; IR: 3251 (OH), 1104 (Si-O-Si); MS/EI (70 eV): m/z (%) = 209
(100) [M-cyc]*, 141 (72) [M-cyco]*.

3.3. Synthesis of Hexa(cyclopentylsilsesquioxane) 3

2.5 g (16.9 mmol) of silanetriol 1 are dissolved in THF (100 mL) and are stored at room temperature
for five months. The solvent is removed and the resulting solid (2.1 g) contains compounds 2 and 3
in a 2:1 ratio. Extraction with DMSO yields 3 as colorless crystalline material (1.1 g, 1.5 mmol, 53%).
TH-NMR (250 MHz, DMSO-de): 5(ppm): 0.80-1.00 (br), 1.42-1.60 (br), 1.70; 3C-NMR (75.4 MHz,
DMSO-dg): d(ppm): 23.3,26.38, 27.04; 295i-NMR (59.6 MHz, DMSO-d,): d(ppm): —56.3. MS/EI (70 eV):
m/z (%) =726.3 (1) [M]*, 67 (100) [cyc]*.

3.4. X-ray Crystallography

X-ray diffraction measurements were performed on a BRUKER-AXS SMART APEX 2 CCD
diffractometer using graphite-monochromatized Mo-K radiation. Supplementary crystallographic
data for this paper can be obtained free of charge quoting CCDC 1575839-1575841 from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

The structures were solved by direct methods (SHELXS-97)?> and refined by full-matrix
least-squares techniques against F2 (SHELXL-97)2. The cyclopentyl groups in 2 are disordered over two
orientations and were refined with site occupation factors of 0.5. In 2m the equivalent bonds in these
groups were restrained to have the same lengths. In 20 the same anisotropic displacement parameters
were used for atoms C2 and C5. The other non-hydrogen atoms were refined with anisotropic
displacement parameters. The positions of the H atoms of the OH groups were taken from a difference
Fourier map, the O-H distances were fixed to 0.84 A, and the H atoms were refined with common
isotropic displacement parameters without any constraints to the bond angles. The site occupation
factors of the disordered H atoms of the OH groups in 2m were fixed to 0.5. The H atoms of the tertiary
C-H groups were refined with individual isotropic displacement parameters and all X-C-H ang]les
equal at C-H distances of 1.00 A. The H atoms of the CH, groups were refined with common isotropic
displacement parameters for the H atoms of the equivalent CH, groups and idealized geometries with
approximately tetrahedral angles and C-H distances of 0.99 A.

4. Conclusions

In summary, we have shown that cyclopentyl substituted silanetriol can be prepared and isolated.
In polar solvents, spontaneous condensation occurs which yields the corresponding disiloxanetetrol
as a primary condensation product. Further condensation leads to the hexameric polyhedral
silsesquioxane cage T¢. The latter has been mentioned in the literature before. However, it lacked
structural data. All compounds have been characterized with multinuclear NMR spectroscopy and
in addition the molecular structures have been determined in the case of the disiloxanetetrol and
the hexasilsesquioxane via single crystal X-ray diffraction. Our results show that silanetriols bearing
secondary alkyl substituents may be suitable precursors for the synthesis of POSS cages as well.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/66/s1: Cif and
cif-checked files.
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Abstract: A hydrido platinum(II) complex with a dihydrosilyl ligand, [cis-PtH(SiH, Trip)(PPhs),] (2)
was prepared by oxidative addition of an overcrowded primary silane, TripSiH3 (1, Trip = 9-triptycyl)
with [Pt(n?-C,Hy)(PPhs),] in toluene. The ligand-exchange reactions of complex 2 with free
phosphine ligands resulted in the formation of a series of (hydrido)(dihydrosilyl) complexes (3-5).
Thus, the replacement of two PPhs ligands in 2 with a bidentate bis(phosphine) ligand such as
DPPF [1,2-bis(diphenylphosphino)ferrocene] or DCPE [1,2-bis(dicyclohexylphosphino)ethane] gave
the corresponding complexes [PtH(SiH,Trip)(L-L)] (3: L-L = dppf, 4: L-L = dcpe). In contrast,
the ligand-exchange reaction of 2 with an excess amount of PMe3 in toluene quantitatively produced
[PtH(SiH, Trip)(PMe3)(PPhs)] (5), where the PMej ligand is adopting trans to the hydrido ligand.
The structures of complexes 2-5 were fully determined on the basis of their NMR and IR spectra,
and elemental analyses. Moreover, the low-temperature X-ray crystallography of 2, 3, and 5 revealed
that the platinum center has a distorted square planar environment, which is probably due to the
steric requirement of the cis-coordinated phosphine ligands and the bulky 9-triptycyl group on the
silicon atom.

Keywords: platinum; primary silane; hydrido complex; oxidative addition; ligand-exchange reaction;
X-ray crystallography

1. Introduction

The transition metal catalyzed synthesis of functionalized organosilicon compounds gained
substantial momentum during the past few decades [1]. Among these catalytic conversions,
the oxidative addition of hydrosilanes with platinum(0) complexes is an efficient method for the
generation of the platinum(Il) hydride species, which has been proposed as a key intermediate in
platinum-catalyzed hydrosilylations [2-6] and bis-silylations [7,8], as well as the dehydrogenative
couplings of hydrosilanes [9-13]. While a number of reactions of hydrosilanes with platinum(0)
complexes affording mononuclear bis(silyl) [14-18] and silyl-bridged multinuclear complexes [19-29]
have been described so far, the isolation of mononuclear hydrido(silyl) complexes has been less
well studied due to the high reactivity of a Pt—-H bond [30-34]. In particular, the synthesis of
hydrido(dihydrosilyl) platinum(II) complexes, which are anticipated as the initial products in the Si-H
bond activation reactions of primary silanes with platinum(0) complexes, is quite rare. Indeed, only
two publications have previously reported the characterization of hydrido(dihydrosilyl) platinum(II)
complexes. In 2000, Tessier et al. reported that the reaction of a primary silane with a bulky
m-terphenyl group with [Pt(PPr);] produced the first example of a stable hydrido(dihydrosilyl)
complex [cis-PtH(SiHyAr)(PPr3),] (Ar = 2,6-MesCgH3) [35]. Quite recently, Lai et al. also
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described the synthesis of a bis(phosphine) hydrido(dihydrosilyl) complex [PtH(SiH,Si'BupMe)(dcpe)]
(dcpe = 1,2-bis(dicyclohexylphosphino)ethane) containing a Si-Si bond [36]. Meanwhile, we succeeded
in the first isolation of a series of hydrido(dihydrogermyl) platinum(Il) complexes [PtH(GeH, Trip)(L)]
(Trip = 9-triptycyl) using a bulky substituent, 9-triptycyl group [37]. In addition, we reported the first
syntheses and structural characterizations of hydrido palladium(II) complexes with a dihydrosilyl-
or dihydrogermyl ligand, [PAH(EH, Trip)(dcpe)] (E = Si, Ge) [38]. Very recently, we also found that
hydride-abstraction reactions of [MH(EH, Trip)(dcpe)] (M = Pt, Pd, E = Si, Ge) with B(C¢Fs)3 led to the
formations of new cationic dinuclear complexes with bridging hydrogermylene and hydrido ligands,
[(M(dcpe)}»(n-GeHTrip)(u-H)]* [39]. As an extension of our previous work and taking into account the
interest devoted to hydrido platinum(II) complexes, we present here the synthesis and characterization
of a series of mononuclear (hydrido)(dihydrosilyl) complexes [PtH(SiH, Trip)(L),].

2. Results

2.1. Synthesis and Characterization of [cis-PtH(SiH, Trip)(PPh3),] (2)

The reaction of TripSiH3 1 with [Pt(n?-CoHy)(PPhs),] in toluene proceeded efficiently at room
temperature under inert atmosphere to form the corresponding complex [cis-PtH(SiH, Trip)(PPh3), ]
(2) in 91% yield as colorless crystals (Scheme 1). In the TH NMR spectrum of 2, the characteristic
signals of the platinum hydride were observed at 6 = —2.15, which were split by 19 and
157 Hz of 3'P-'H couplings accompanying 958 Hz of satellite signals from the >Pt isotope.
This chemical shift is comparable with those of the related (hydrido)(dihydrosilyl) complexes,
[cis-PtH(SiHy Ar)(PPr3),] (Ar =2,6-MesCgH3) (5 = —3.40) [35] and [cis-PtH(SiH,Si'BuyMe)(dcpe)]
(8 = —0.89) [36]. The SiH, resonance appeared as a multiplet at § = 4.68 ppm. The 3!P{'"H} NMR
spectrum of 2 exhibited two doublets (¥Jp_p = 15 Hz) at § = 33.8 and 34.5 with 1°Pt-°1p coupling
constants, 2183 and 1963 Hz, which were assigned to the phosphorus atoms lying trans to the hydrido
and dihydrosilyl ligands, respectively, in agreement with the NMR data for reported germanium
congener [cis-PtH(GeH, Trip)(PPhs),] [6 = 31.2 (Mpep = 2317 Hz) and 31.6 (Jpep = 2252 Hz)] [37].
The silicon atom of 2 gave rise to a resonance around & = —40.6 with splitting due to 3'P-2°Si
couplings (Jp(ransy-si = 161, 2Jp(isy-si = 15 Hz) and Pt satellites (}pig; = 1220 Hz) in the 2Si{'H})
NMR spectrum. In the solid state IR spectrum for 2, Pt-H and Si-H stretching vibrations were
observed at 2041 and 2080 cm ™!, respectively. Complex 2 is thermally and air stable in the solid state
(melting point: 123 °C (dec.)) or in solution, and no dimerization or dissociation of phosphine ligands
was observed.

PhsP. H
O [P(17%-C2Ha)(PPh3)z] ’ jp( Q (0
C 7 7> toluene, RT PhsP /Si\ Q
SiHz H H
1 2 (91%)

Scheme 1. Synthesis of [cis-PtH(SiH, Trip)(PPhj);] 2.

The molecular structure of 2 was determined unambiguously by X-ray crystallographic analysis,
as depicted in Figure 1. The X-ray crystallographic analysis of 2 revealed that the platinum center
attains a distorted square-planar environment, which was probably due to the steric requirement of
the cis-coordinated PPhj ligands and the bulky 9-triptycyl group on the silicon atom. The P1-Pt1-P2
angle of 101.63(3)° and P1-Pt1-Sil angle of 96.17(3)° deviated considerably from the ideal 90° of
square-planar geometry. The Pt-Si bond length is 2.3458(9) A, which is comparable to those ranging
from 2.321 to 2.406 A observed in the related mononuclear platinum(Il) complexes bearing silyl
ligands [1]. The hydrogen atom on the platinum atom was located in the electron density map and has
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a Pt-H distance of 1.59(4) A. The Pt1-P1 bond length [2.2945(8) A] is slightly shorter than the Pt1-P2
bond length [2.3401(8) A], which indicates the stronger trans influence of the silicon atom compared
with that of the hydride in this complex. This result is consistent with the >Pt-3'P coupling constants
(2183 and 1963 Hz) observed in the 3'P{'H} NMR spectrum.

Figure 1. ORTEP of [cis-PtH(SiH,Trip)(PPh3),] 2 (50% thermal ellipsoids, a solvation toluene
molecule, and hydrogen atoms, except H1, H2, and H3 were omitted for clarity). Selected bond
lengths (A) and bond angles (°): Ptl1-Sil = 2.3458(9), Pt1-P1 = 2.2945(8), Pt1-P2 = 2.3401(8),
Pt1-H1 = 1.59(4), Si1-C1 = 1.918(3), P1-Pt1-P2 = 101.63(3), Si1l-Pt1-P1 = 96.17(3), Si1-Pt1-H1 = 79.7(16),
P2-Pt1-H1 = 82.5(16), Si1-Pt1-P2 = 162.13(3), P1-Pt1-H1 = 175.8(16).

2.2. Ligand Exchange Reactions of 2 with Free Phosphine Ligands

We next examined the ligand-exchange reactions of complex 2 with free phosphine ligands.
The replacement of two PPhj ligands in 2 with a bidentate bis(phosphine) ligand such as DPPF
(1,2-bis(diphenylphosphino)ferrocene) or DCPE gave the corresponding complexes [PtH(SiH, Trip)(L-L)]
(3: L-L = dppf, 4: L-L = dcpe) in 87% and 80% yields, respectively (Scheme 2). In the 'H NMR spectra of
3 and 4, the hydride resonated as a doublet of doublets at 5 = -1.62 (Jp_p = 20, 164, pi_yy = 995 Hz)
for 3 and —0.46 (3Jp_g; = 13, 166, Jp_ir = 1004 Hz) for 4. These chemical shifts are shifted downfield
in comparison with that of the starting complex 2 (5 = —2.15), which is probably due to the stronger
electron-donating ability of chelating phosphines compared with PPhs. The spectrum for 3 also
displayed a multiplet signal centering at 4 = 4.61 corresponding to the SiH, protons, which is shifted
upfield by 0.89 ppm in comparison with that of 4. The 3'P{!H} NMR spectrum of 3 showed two
doublets (3Jp_p = 21 Hz) with 1%°Pt satellites at & = 30.5 (}]pi_p = 2247 Hz) and 34.5 (}Jp,_p = 1837 Hz),
which are close to those of 2 [6 = 33.8 (Jp_p = 2183 Hz) and 34.5 (}Jpi_p = 1963 Hz)]. The observation of
P-P coupling indicates a large deviation of the P-Pt-P angle from 90° of the ideal square planar
geometry around the Pt(Il) center (vide infra). In contrast, the 3'P{!H} resonances for 4 were
observed as two singlets at § = 69.2 ({Jp,p = 1809 Hz) and 85.3 (Jp.p = 1678 Hz), respectively,
which are relatively shifted downfield relative to those of 2 and 3. The larger 1 Jpep values
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(2183 Hz for 3, 1809 Hz for 4) are assigned to the phosphorus atom trans to the hydrido ligand, as in
the case of 2. Furthermore, the 2’Si{'H} NMR spectra of 3 and 4 showed a doublet of doublets signals
at § = —39.0 (¥Jsi_p = 167, 12 Hz) for 3, and —44.6 (}Jsi_p = 173, 11 Hz) for 4, which were accompanied
by !°Pt satellites of 1207 Hz for 3 and 1253 Hz for 4, respectively.

L. _H Ph CyC
DPPF or DCPE ot Q& E/Ph ‘\’P/y
2 —_—> /N
toluene, RT L A g DPPF= Fe P DCPE = (P
H H "\ /N
PhPh CyCy

3 (dppf, 87%)
4 (dcpe, 80%)

Scheme 2. Ligand-exchange reaction of [cis-PtH(SiH, Trip)(PPh3);] 2 with chelating bis(phosphine)s.

The molecular structure of DPPF-derivative 3 in the crystalline state was confirmed by X-ray
crystallography (Figure 2). The platinum atom lies in a distorted square-planar geometry; the sum of the
bond angles around the platinum atom is 360.48°. The P1-Pt1-P2 angle is 102.29(9)°, and other angles
around the platinum atom are less than 90°, except the P1-Pt1-Sil angle [95.19(9)°]. The Pt-Si [2.331(3) A]
and two Pt-P bond lengths [2.286(2), 2.319(2) A] are comparable to those of the corresponding DPPF-ligated
hydrido complex [PtH(SiHPhy)(dppf)] [2.3366(4), 2.2830(4), and 2.3192(4) A, respectively] [40].

Figure 2. ORTEP of [PtH(SiH,Trip)(dppf)] 3 50% thermal ellipsoids, a solvation CH,Cl, molecule,
and hydrogen atoms, except H1, H2, and H3 were omitted for clarity. Selected bond lengths (A)
and bond angles (°): Pt1-Sil = 2.331(3), Pt1-P1 = 2.286(2), Pt1-P2 =2.319(2), Pt1-H1 = 1.687(10),
Si1-C1 = 1.920(10), P1-Pt1-P2 = 102.29(9), Si1-Pt1-P1 = 95.19(9), Si1-Pt1-H1 = 76(5), P2-Pt1-H1 = 87(5),
Si1-Pt1-P2 = 162.10(9), P1-Pt1-H1 = 171(5).

It is well known that trimethylphosphine (PMe3) is a strong o-donating ligand for a wide
variety of transition-metal complexes. Therefore, one can reasonably expect the formation of
[PtH(SiH, Trip)(PMes);] in a similar ligand-exchange reaction of 2 with PMe;. However, we found
that the reaction of 2 with 2.2 equivalents of PMej in toluene at room temperature did not proceed
completely, which resulted in the formation of [PtH(SiH, Trip)(PMej3)(PPhs)] (5), where the PPhj ligand
trans to hydrido in 2 is exchanged with a PMej3 ligand (Scheme 3). Complex 5 was isolated as colorless
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crystals in quantitative yield after workup. In the 'H NMR spectrum of 5 at 298 K, the characteristic
broad doublet signal due to the platinum hydride was observed centering at 6 = —1.91 with splitting by
SIP-YH (Mp(transy-11 = 157 Hz) and Pt-'H (}py_y1 = 899 Hz) couplings. The SiH, protons also appeared
as a broad multiplet at 6 = 5.95, which is shifted downfield relative to those of the above complexes
2-4 (8 = 4.68-5.50). The 3'P{'H} NMR spectrum of 5 at 298 K exhibited two nonequivalent broad singlet
signals at & = —22.9 and 37.4, with two sets of 1°>Pt satellites of 2115 and 1833 Hz. The former signal
was assigned to the PMej trans to the hydrido ligand using a non 'H-decoupled 3!'P NMR technique
at 253 K. The 2Si{'H} NMR spectrum of 5 at 223 K featured one 295i resonance as a broad doublet
signal at § = —43.9 (?Js;_p = 151 Hz). The broadening of NMR signals possibly implies the existence
of the Si-H o-complex intermediate 6 in the NMR time scale [38,41,42]. Unfortunately, attempts to
probe further the fluxional behavior of 5 by VT (variable temperature)-NMR in solution revealed
no appreciable changes in spectroscopic features by 'H and 3'P NMR spectroscopy. The molecular
structure of 5 is also determined by X-ray analysis, as shown in Figure 3. Distortions from square
planar geometry at the platinum center were observed, similar to the cases of 2 and 4. The Pt-Si bond
length of 5 [2.3414(13) Al is almost equal to those of 2 [2.3458(9) Aland 4 [2.331(3) Al As expected,
the Pt1-P1 bond length for the PMejs ligand of 5 [2.2978(12) Al is shortened compared with the Pt1-P2
bond length for the PPhj ligand of 5 [2.3203(11) A] due to the different ligands in the trans positions of
the phosphorus atoms. While only a few cationic platinum complexes containing different phosphine
ligands have been reported [43-45], complex 5 is the first example of a neutral platinum complex
bearing a weakly electron-donating PPh; and strongly electron-donating PMejs.

PhsP. H
\ /
PMes . Q>

2 _— /N
toluene, RT MesP /S'\ g
H H

5 (94%)

Scheme 3. Ligand-exchange reaction of [cis-PtH(SiH, Trip)(PPh3);] 2 with trimethylphosphine (PMe3).

Figure 3. ORTEP of [PtH(SiH,Trip)(PMe3)(PPh3)] 5 50% thermal ellipsoids, a solvation CH,Cl,
molecule, and hydrogen atoms, except H1, H2, and H3 were omitted for clarity. Selected bond lengths
(A) and bond angles (°): Pt1-Sil = 2.3414(13), Pt1-P1 = 2.2978(12), Pt1-P2 = 2.3203(11), Pt1-H1 = 1.44(6),
Si1-C1 = 1.930(5), P1-Pt1-P2 = 103.47(4), Si1-Pt1-P1 = 92.34(4), Sil-Pt1-H1 = 75(2), P2-Pt1-H1 = 89(2),
Si1-Pt1-P2 = 164.19(4), P1-Pt1-H1 = 167(2).
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A plausible formation mechanism for 5 is shown in Scheme 4. According to the stronger trans
influence of the silyl ligand than that of the hydrido ligand, the ligand-exchange of a PPhj frans to silyl
ligand takes place to yield the intermediate 5’ in the first step, while 5 might be formed directly from the
corresponding coordinatively unsaturated intermediate (3-coordinated 14-electron complexes) [46,47].
Then, the intramolecular interchange of coordination environments between the silyl and hydrido
ligands through the Si-H o-complex intermediate 6 would occur, probably due to the steric
repulsion between the bulky 9-triptycyl group on the silicon atom and the cis-PPh; ligand in 5'.
Finally, the corresponding complex 5 was obtained as the thermodynamic product. As another
pathway, it is likely that the direct formation of 5 is caused by an initial dissociation of the PPhj3 ligand
at the trans position of the hydrido ligand in 2 due to steric reason.

~PPh, o, _H PhsP_ _H
2 ——— Pt —_— Pt
2Ny
PPh, PhaP”  SiH,Trip 0 siH,Trip
PMes MeSP\ /H MeaP\ 'Ti
P = /Pt-}-é.H | T 5
-PMe; PhsP SiH,Trip PhsP iHzTrip
5 6

Scheme 4. Plausible reaction pathway for the formation of [PtH(SiH, Trip)(PMe3)(PPh3)] 5.

3. Materials and Methods

3.1. General Procedures

All of the experiments were performed under an argon atmosphere unless otherwise noted.
Solvents were dried by standard methods and freshly distilled prior to use. 'H, 13C, and 3'P
NMR spectra were recorded on Bruker DPX-400 or DRX-400 (400, 101 and 162 MHz, respectively),
Avance-500 (500, 126 and 202 MHz, respectively) (Karlsruhe, Germany) spectrometers using CDCl;
or C¢Dg as the solvent at room temperature. 2°Si NMR spectra were recorded on Bruker Avance-500
(Karlsruhe, Germany) or JEOL EX-400 (Tokyo, Japan) (99.4 and 79.3 MHz, respectively) spectrometers
using CDCl3, CD,Cl,, C¢Dg, or THF-dg as the solvent at room temperature, unless otherwise noted.
IR spectra were obtained on a Perkin-Elmer System 2000 FT-IR spectrometer (Walham, MA, USA).
Elemental analyses were carried out at the Molecular Analysis and Life Science Center of Saitama
University. All of the melting points were determined on a Mel-Temp capillary tube apparatus
(Stafford, UK) and are uncorrected. 9-Triptycylsilane (TripSiHs, 1) [48] and [Pt(n2-CyH4)(PPhs),] [49]
were prepared according to the reported procedures.

3.1.1. [cis-PtH(SiH, Trip)(PPhs),] (2)

A solution of TripSiHz 1 (50.9 mg, 0.179 mmol) and [Pt(n2-CoHy)(PPhs),] (149.3 mg, 0.199 mmol)
in toluene (3 mL) was stirred at room temperature for 1 h to form a pale yellow solution. After the
removal of the solvent in vacuo, the residual colorless solid was purified by washing with hexane to
give [cis-PtH(SiH, Trip)(PPhs),] (2) (164.3 mg, 91%) as colorless crystals.

'H NMR (400 MHz, CDCL): & = —2.15 (dd, Y p@rans) = 157, Jripeis) = 19, Jrpe = 958 Hz,
1H, PtH), 4.68 (m, 2H, SiH,), 5.28 (s, 1H, TripCH), 6.83-6.89 (m, 6H, Ar), 7.02-7.06 (m, 6H, Ar),
7.15-7.31 (m, 21H, Ar), 749 (t, ] = 7 Hz, 6H, Ar), 7.81 (d, ] = 7 Hz, 3H, Ar). 3C{'H} NMR
(101 MHz, CDCl3): § = 46.6 (TripC), 55.3 (TripCH), 122.7 (Ar(CH)), 123.7 (Ax(CH) x 2), 126.2 (Ar(CH)),
127.8 (Ar(CH)), 127.9 (Ar(CH)), 129.4 (Ar(CH)), 129.6 (Ar(CH)), 134.1 (Ar(CH)), 134.2 (Ar(CH)),
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133.7-134.8 (m, Ar(C)), 135.5 (d, Jc_p = 38 Hz, Ar(Q)), 148.4 (Ar(C)), 149.5 (Ar(C)). 3'P{'H} NMR
(162.0 MHz, CDCl3): & = 33.8 (d, 2Jp_p = 15, Jp_p; = 2183 Hz), 34.5 (d, 2Jp_p = 15, Jp_p; = 1963 Hz).
2Si{'H} NMR (79.3 MHz, CD,Cb): § = —40.6 (dd, 2Jsi_p(trans) = 161, 2Jsi_p(cis) = 15, sicpe = 1220 Hz).
IR (KBr, cm™1): v = 2041 (Pt-H), 2080 (Si-H). Anal. Calcd. for CsqHysP,PtSi: C, 66.99; H, 4.62. Found:
C, 66.55; H, 4.61. Melting point: 123 °C (dec.).

3.1.2. [PtH(SiH, Trip)(dppf)] (3)

A solution of 2 (40.5 mg, 0.040 mmol) and DPPF (28.2 mg, 0.048 mmol) in toluene (3 mL)
was stirred at room temperature for 5 h. After the removal of the solvent in vacuo, the residual
colorless solid was purified by washing with Et;O and hexane to give [PtH(SiH,Trip)(dppf)]
(3) (37.1 mg, 0.035 mmol, 87%) as yellow crystals.

'H NMR (400 MHz, CDCl3): & = —1.62 (dd, >Ji1-p(trans) = 164, 2Jr1-p(cis) = 20, Jrpt = 995 Hz, 1H, PtH),
3.86 (s, 2H, Cp), 4.20 (s, 2H, Cp), 4.37 (s, 2H, Cp), 4.58-4.64 (m, 4H, Cp and SiHy), 5.30 (s, 1H, TripCH),
6.87-6.89 (m, 6H, Ar), 7.26 (m, 6H, Ar), 7.41 (br, 6 H, Ar), 7.66-7.81 (m, 14H, Ar). 3C{1H} NMR
(101 Hz, CDCl3): § =46.5 (m, TripC), 55.2 (TripCH), 71.3 (d, *Jc_p = 5 Hz, Cp(CH)), 72.1 (d, *Jc_p = 6 Hz,
Cp(CH)), 745 (d, *Jcp = 7 Hz, Cp(CH)), 75.6 (d, *Jcp = 8 Hz, Cp(CH)), 79.3 (dd, Jc_p =42,
3Jc_p =5 Hz, Cp(C)), 80.7 (dd, Jc_p = 47, 3Jc_p = 6 Hz, Cp(C)), 122.7 (Ar(CH)), 123.71 (Ar(CH)),
123.68 (Ar(CH)), 126.4 (Ar(CH)), 127.7 (d, 3Jc_p = 11 Hz, Ar(CH)), 128.0 (d, 3Jc_p = 10 Hz, Ar(CH)),
129.9 (Ar(CH)), 130.1 (Ar(CH)), 134.3 (d, ?Jc_p = 13 Hz, Ar(CH)), 134.6 (d, ?Jc_p = 14 Hz, Ar(CH)),
134.8-135.5 (m, Ar(Q)), 136.2 (d, Jc_p = 43 Hz, Ar(C)), 148.4 (Ar(C)), 149.7 (Ar(C)). 3'P{'H} NMR
(202 MHz, CDCl3): & = 30.5 (d, 2Jp_p = 21 Hz, Jpep = 2247 Hz), 34.5 (d, 2Jp_p = 21, Jpe_p = 1837 Hz).
Si{'H} NMR (79.3 MHz, CDCly): & = —39.0 (dd, /si-p(trans) = 167, *Jsi-p(cis) = 12, Ysi-pt = 1207 Hz).
IR (KBr, cm™1): v = 2055 (Pt-H), 2081 (Si-H). Anal. Calcd. for CssHyuFeP,PtSi: C, 62.73; H, 4.29.
Found: C, 62.70; H, 4.27. Melting point: 183 °C (dec.).

3.1.3. [PtH(SiH, Trip)(dcpe)] (4)

A solution of 2 (35.6 mg, 0.035 mmol) and DCPE (18.8 mg, 0.044 mmol) in toluene (3 mL)
was stirred at room temperature for 5 h. After the removal of the solvent in vacuo, the residual
colorless solid was purified by washing with Et;0 and hexane to give [PtH(SiH,Trip)(dcpe)]
(4) (25.5 mg, 0.028 mmol, 80%) as colorless crystals.

'H NMR (500 MHz, CDCl3): § = —0.45 (dd, 2J11-p(trans) = 165, 2Jr-p(cis) = 13, pent = 1004 Hz, 1H,
PtH), 1.16-1.51 (m, 20H, Cy), 1.65-1.86 (m, 24H, Cy), 2.16-2.19 (m, 2H, Cy), 2.30-2.37 (m, 2H, Cy),
5.32 (s, 1H, TripCH), 5.50 (dd, *J_r1 = 15, 3Jr1-p(trans) = 6, 2Jpert = 31 Hz, 2H, Sity), 6.84-6.90 (m, 6H, Ar),
7.30-7.32 (d, ] = 7 Hz, 3H, Ar), 7.94-7.96 (d, ] = 7 Hz, 3H, Ar). C{'H} NMR (101 Hz, CDCl3):
5=23.2(dd, 3Jc_p = 21, 16 Hz, PCHy), 26.2 (dd, 3Jc_p = 23, 21 Hz, PCH)), 26.9 (d, 3Jc_p = 14 Hz,
PCy(CH,)), 26.4 (d, 3Jc_p = 13 Hz, PCy(CH,)), 26.8 (d, *Jc_p = 10 Hz, PCy(CHy)), 27.0 (d, *Jc_p = 12 Hz,
PCy(CHy)), 28.9 (m, PCy(CH,) x 2), 29.7 (m, PCy(CH,)), 35.3-35.8 (m, PCy(CH) x 2), 46.8 (TripC),
55.4 (TripCH), 122.7 (Ar(CH)), 123.6 (Ar(CH)), 126.9 (Ar(CH)), 148.6 (Ar(C)), 159.2 (Ar(C)). 'P{'H]}
NMR (162 Hz, CDCl3): 5=69.2 (s, Jpp = 1809 Hz), 85.3 (s, Jp.p = 1678 Hz). 2*Si{'H} NMR
(79.3 MHz, CD,Cly): § = —44.6 (dd, 2Jsi_p(trans) = 173, YJsi-p(cis) = 11, sipt = 1253 Hz). IR (KBr, cm ™ 1):
v = 2057 (Pt-H), 2081 (Si-H). Anal. Calcd for Cy4¢HgyPoPtSi: C, 61.24; H, 7.15. Found: C, 61.10; H, 7.10.
Melting point: 134 °C (dec.).

3.1.4. [PtH(SiH, Trip)(PMe3)(PPhs)] (5)

A toluene solution of PMes (1.0 M, 0.2 mL, 0.200 mmol) was added to a solution of
2 (98.0 mg, 0.098 mmol) in toluene (3.5 mL) at room temperature. The reaction mixture was stirred at
room temperature for 30 min. After the removal of the solvent in vacuo, the residual colorless solid
was purified by washing with Et,O and hexane to give [PtH(SiH, Trip)(PMej3)(PPh3)] 5 (75.6 mg, 94%)
as colorless crystals.

19



Inorganics 2017, 5,72

'H NMR (400 MHz, C¢Dg): & = —1.91 (d, Jupurans = 157, Jupe = 899 Hz, 1H, PtH),
1.03-1.11 (m, 9H, PMe), 5.34 (s, 1H, TripCH), 5.95-5.97 (m, 2H, SiH,), 6.82-6.97 (m, 15H, Ar),
7.31(d, ] =7 Hz, 3H, Ar), 7.57 (br, 6H, Ar), 8.50 (d, ] = 7 Hz, 3H, Ar). 3C{'H}-NMR (101 Hz, CDCl3):
8 = 16.4-17.1 (m, PMe), 53.6 (TripC), 55.4 (TripCH), 123.0 (Ar(CH)), 123.9 (Ar(CH)), 124.1 (Ar(CH)),
126.5 (Ar(CH)), 128.5 (d, 3Jc_p = 10 Hz, Ar(CH)), 130.0 (Ar(CH)), 134.4 (d, ?Jc_p = 13 Hz, Ar(CH)),
135.6 (d, YJc_p = 36 Hz, Ar(CH), 148.5 (Ar(C)), 149.7 (Ar(C)). 3'P{'"H}-NMR (162 Hz, C¢Dy):
&= —229 (s, Jpwp = 2115 Hz), 37.4 (br, Jp.p = 1833 Hz). 2°Si{'H}-NMR (79.3 MHz, THF-dg, 223 K)
5 —43.9 (d, *Jsi_pgrans) = 151 Hz). IR (KBr, em™!) v = 2029 (Pt-H), 2054 (Si-H). Anal. Calcd for
Cy1HyoPoPtSi: C, 60.21; H, 4.93. Found: C, 60.57; H, 5.00. Melting point: 115 °C (dec.).

3.2. X-ray Crystallographic Studies of 2, 3, and 5

Colorless single crystals of 2 were grown by the slow evaporation of its saturated toluene
solution, and single crystals of 3 and 5 were grown by the slow evaporation of its saturated
CHCl; and hexane solution. The intensity data were collected at 103 K on a Bruker AXS
SMART diffractometer (Karlsruhe, Germany) employing graphite-monochromatized Mo Ko radiation
(A =0.71073 A). The structures were solved by direct methods and refined by full-matrix least-squares
procedures on F? for all reflections (SHELX-97) [50]. Hydrogen atoms, except for the PtH and SiH
hydrogens of 2, 3, and 5, were located by assuming ideal geometry, and were included in the structure
calculations without further refinement of the parameters. Full details of the crystallographic analysis
and accompanying cif files (see Supplementary Materials) may be obtained free of charge from
the Cambridge Crystallographic Data Centre (CCDC numbers 1577277, 1577278, and 1577279) via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk).

3.2.1. [cis-PtH(SiH, Trip)(PPhs),] (2)

Cs¢HysPoPtSi, CyHg, My = 1096.18, triclinic, space group P-1, a = 12.7971(6) A, b = 13.4847(6) A,
c=148861(7) A, « = 99.2791(10)°, B = 99.2791(10)°, vy = 90.3020(10)°, V = 2472.4(2) A3, Z=2,
Deate. = 1472 g-em =3, Ry (I> 201) = 0.0310, wR; (all data) = 0.0718 for 11639 reflections and 617 parameters,
GOF =1.025.

3.2.2. [PtH(SiH, Trip)(dppf)] (3)

CsyHyyFeP,PtSi, CHyCly, MW = 1118.79, monoclinic, space group P2;, a = 12.2585(6) A,
b=155003(7) A, c = 12.9367(6) A, p = 110.8060(10)°, V = 2297.81(19) A3, Z = 2, Dyc = 1.617 g-em 3,
Ry (I>20l) =0.0484, wR, (all data) = 0.1171 for 8350 reflections, 571 parameters, and 2 restraints,
GOF =1.018.

3.2.3. [PtH(SiH, Trip)(PMes)(PPhs)] (5)

Cy1HyoPoPtSi, CHyCly, My = 902.78, orthorhombic, space group Pbca, a = 15.9074(6) A,
b =20.9224(8) A, c =22.6113(9) A, V = 7525.5(5) A3, Z = 8, Doy = 1.594 g-cm =3, Ry (I'> 207) = 0.0325, wR,
(all data) = 0.0706 for 7011 reflections and 448 parameters, GOF = 1.026.

4. Conclusions

We have demonstrated that the oxidative addition of the sterically bulky primary silane,
TripSiH; 1 with [Ptm?-CoHy)(PPhs),] in toluene, resulted in the formation of the mononuclear
(hydrido)(dihydrosilyl) complex [cis-PtH(SiH,Trip)(PPh3),] 2. The ligand-exchange reactions of
2 with free chelating bis(phosphine)s such as DPPF or DCPE resulted in the formations of
a series of (hydrido)(dihydrosilyl) complexes [PtH(SiH,Trip)(L)] (3: L = dppf, 4: L = dcpe).
In contrast, the reaction of 2 with an excess amount of PMej3 in toluene quantitatively produced
[PtH(SiH, Trip)(PMe3)(PPhs)] 5. The latter is of particular interest, as it represents the first platinum
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complex having different simple phosphine ligands such as a weakly electron-donating PPhz and
a strongly electron-donating PMej;. Further investigations on the reactivity of these complexes are
currently in progress.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/72/s1, cif and
cif-checked files.
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Abstract: Halogenated oligosilanes and oligogermanes are interesting compounds in oligosilane
chemistry from the viewpoint of silicon-based-materials. Herein, it was demonstrated that a

1,2-digermacyclobutadiene derivative could work as a bis-germylene building block towards double
Si—Cl activation to give a halogenated oligometallane, a bis(chlorogermyl)dichlorosilane derivative.

Keywords: Si—Cl activation; germylene; digermene; digermacyclobutadiene

1. Introduction

Halogenated oligosilanes and oligogermanes are attractive compounds as functionalized
oligometallanes from the standpoint of oligosilane material chemistry [1-7]. In this regard,
Si(Il) or Ge(Il) species should be an important building block for creating such halogenated
oligosilanes/germanes because silylenes (divalent Si(II) species) or germylenes (divalent Ge(Il) species)
have been known to undergo ready Si—Cl insertion reactions, i.e., Si—Cl activation reactions [8-11].
For example, Iwamoto and Kira reported the facile Si—Cl insertion of the isolable dialkylmetallylenes
towards SiCly under mild conditions [10]. However, especially in the germanium cases, it is difficult
to isolate the insertion products, >Ge(Cl)SiR3, because the insertion reaction of a germylene toward
a Si—Cl bond would be reversible in some cases [12]. Thus, the substituents on the Si atom (R of the
R3Si—Cl species) should be bulky and/or electropositive to avoid the a-elimination of R35i-Cl from
the Ge moiety [8,12-22]. The requirement for the bulkiness on the Si—Cl moiety could make it difficult
to create halogenated oligometallanes, such as >Ge(Cl)-SiCl,-Ge(Cl)< with utilizing the double
Si—Cl activation of the Ge(II) species towards SiCly, because of two unfavorable factors: (i) entropy,
two Ge(II) moieties should react with one SiCly species; and (ii) the stability of the product, the Cl
atoms on the Si atom should promote the x-Si—Cl elimination, i.e., the retro reaction (Scheme 1). In this
paper, we chose a 1,2-digermacyclobutadiene derivative [23] as a suitable Ge(Il) building block for
the double Si-Cl activation of SiCly to yield >Ge(Cl)-SiCl,-Ge(Cl)< species, because the rigid cyclic
skeleton should overcome the entropy-disadvantage, and the rigidness of the cyclic skeleton should
suppress the «-Si—Cl elimination. Finally, it was found that the stable 1,2-digermacyclobutadiene
1 (1,2-Tbb,-3,4-Ph;y-digermacyclobutadiene, Tbb = 2,6-[CH(SiMe3);],-4-t-Bu-CgHp, Scheme 2) [24]
with SiCly afforded the corresponding 1,3-digerma-2-sila-cyclopent-4-ene derivative, the cyclic
>Ge(Cl)-SiCl,-Ge(Cl)< compound. 1,2-Digermacyclobut-1-ene derivative was reacted with SiCly to
give the double-Si-Cl-insertion product, and the following reduction reaction gave the corresponding
> Ge = Si = Ge < species [11]. Although 1 could undergo facile double Si—Cl activation toward SiCly,
neither double Ge—Cl nor C—Cl activation could occur in the reaction of 1 with GeCly /CCly.

Inorganics 2017, 5,79; doi:10.3390/inorganics5040079 24 www.mdpi.com/journal/inorganics
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Scheme 1. Depictions for Si-Cl activations of Ge(Il) species and Si-Cl a-elimination from
a chlorosilylgermane.

2. Results and Discussions

When the stable digermyne 2 bearing bulky aryl substituents, Tbb groups
(2,6-[CH(SiMe3); J-4-t-Bu-CgHy), was treated with PhC=CPh (tolan) at room temperature,
1,2-digermacyclobutadiene 1 was isolated as a stable crystalline compound [23-26] via formal
[2+2] cycloaddition (Scheme 2). As one can see from the structure of 1, it is a cyclic 47-electron
conjugated, anti-aromatic compound incorporating Ge(II) moieties. On the basis of theoretical
calculations, 1 has considerable -Ge=Ge—C=C- character rather than =Ge-Ge=C-C- [24]. Accodingly,
as expected, 1 could work as a building block of the bis-Ge(II) moiety. Reaction of 1 with SiCly afforded
digermadichlorosilane 3 quantitatively, which could be formed via double Si-Cl insertion reactions of
the Ge(II) moieties of the 1,2-digermacyclobutadiene skeleton in 1. This reaction has been performed
under the neat condition at 55 °C because the addition of small amount of SiCly or reaction at r.t.
afforded very slow conversion of 3. The obtained dichlorosilane 3 has the >Ge(Cl)-SiCl,-Ge(Cl)<
moiety in its 1,3-digerma-2-sila-cyclopent-4-ene skeleton, i.e., 2 should be one of a unique class of
compounds of oligohalo-oligometallanes. Thus, 1 was found to work as a bis-germylene building
block (>Ge: + :Ge<) towards a double Si—Cl activation.

Ph Ph ,
Tbb Ph—=——Ph — SiCl, CH(SiMes),
el b (N
N p— t
CD, Ge—Ge nea
Tbb ret 6 N 55 °C
, o Tob ) Tbb 2 days CH(SiMe3),
3
quant.
ECl, Ph Ph
- — ECly = GeCly: 61%
neat _ .
r.t., 10 min. Tobr-Ge—Ge-ncl  ECla = CCla: 5%
||
Cl Tbb
5

Scheme 2. Preparation of 1,2-digermacyclobutadiene 1, and its reaction with ECly giving
digermadichlorosilane 3 (E = Si) and dichlorodigermacyclobutene 5 (E = C, Ge), respectively.

The molecular structure of digermadichlorosilane 3 was definitively determined by X-ray
crystallographic analysis (Figure 1). The two Tbb/Cl groups are oriented in (E)-geometry probably
due to steric reasons. The five-membered ring skeleton in 3 exhibits the envelope geometry with
a deviation of the Si atom from the Ge-C=C-Ge plane by ca. 1.27 A. While the two Ge-Cl bond
lengths are almost the same (Gel-Cl1: 2.2094(14) A, Ge2-Cl4: 2.2011(15) A) within a range of standard
deviations, the orientation of the two Cl atoms are slightly different to each other. That is, one of
the Cl atom (Cl4) is oriented to outside of the five-membered ring skeleton, but another one (Cl1) is
approaching to the central Si atom with the Cl1---Si distance of 3.25 10%, which is far from the other
one (Cl4---Si = 3.66 A) [27]. In addition, the two Cl-Ge-Si angles are considerably different from each
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other, (Cl11-Gel-5i = 90.20(8), Cl4-Ge2-Si = 105.40(8)). These asymmetrical structural features indicate
weak n(ClI1)---0*(Si-Cl3) interaction. These structural features were reasonably reproduced by the
theoretical structural optimization at B3PW91/6-311G(2d) [28]. The theoretically-optimized structure
of the less hindered model 3/, which has Me groups instead of Tbb groups, exhibits a completely
planar five-membered skeleton with C, symmetry. Thus, these structural features observed in 3 could
be due to the steric congestion.

In the expectation of obtaining the Ge analogue of 3, digermadichlorogermane 4, the reaction
of 1 with GeCly was attempted. As a result, the expected product, 4, was not obtained, but the
1,2-dichloro-1,2-digermacyclobut-3-ene 5 was obtained as a predominant product even under the
conditions of using only a small amount of GeCly in the dark [29]. In addition, the reaction of 1
with CCly also furnished the formation of 5 without any formation of the CCl,-insertion product 6.
1,2-Dichloro-1,2-digermacyclobutene 5 showed considerable stability in the air, and it can object to
further purification by silica gel column chromatography. Although the reaction mechanism for the
formation of 5 by the reaction of 1 with GeCly or CCly was not clear at present, the formation of 5 is
most likely interpreted in terms of the double-chlorination of 1 with the elimination of ECl, (E = Ge or
C) moiety.

Figure 1. Molecular structures of (a) digermadichlorosilane 3 and (b) dichlorodigermacyclobutene 5
with atomic displacement parameters set at 50% probability. All hydrogen atoms and solvent molecules
(THF and benzene) were omitted for clarity and only selected atoms are labeled. Selected bond lengths
(A) and angles (deg.): (a) 3: Gel-Si, 2.3734(16); Ge2-Si, 2.3938(15); Gel-Cl1, 2.2094(14); Ge2-Cl4:
2.2011(15); Si—Cl2, 2.052(2); Si—Cl13, 2.053(2); Ge1-Si-Ge2, 91.15(5); C11-Ge1-5i, 90.29(5); Cl4-Ge2-Si,
105.40(6); C12-Si—Cl13, 106.04(9); (b) 5: Gel-Ge2, 2.4694(6); Ge1-Cl1, 2.2098(11); Ge2-C12, 2.2049(11);
Gel-C2, 1.984(4); Ge2—C1, 1.996(4); C2-Gel-Ge2, 74.24(13); Gel-Ge2-C1, 73.02(12); Ge2-C1-C2,
106.8(3); C1-C2-Gel, 105.6(3).

The difference of the products in the reaction of 1 with ECl4 (E = Si, Ge, and C) between E = Si
and E = Ge, C cases should be of great interest. Although we could not draw a definitive conclusion,
we performed the thermodynamic energy calculations (free energies) on the reaction of 1 with ECly
(E = Si, Ge, C) to give the insertion products, 3, 4, and 6, or the chlorination products, 5 and CL,E:
(calculated as 1/2 Cl,E=ECl,) at the B3APW91/6-311G(2d) level of theory (Scheme 3) [28]. In the case
of E = Si, the formation of 3 should be exothermic by 2.3 kcal/mol, and that of 5 with Cl,Si=SiCl,
was estimated as an endothermic reaction by 4.5 kcal/mol. However, in the case of E = Ge or C,
the formation of 5 with CI,E=ECI, was thermodynamically favorable (E = Ge: AG = —27 kcal/mol,
E = C: AG = —81 kcal/mol) relative to the formation of 4 or 6 (E = Ge (4): AG = —24 kcal/mol, E =C
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(6): AG = —63 kcal/mol). Thus, thermodynamic energy difference between cases of E = Si, Ge, and C
could give us some hints on the difference of the reaction products, though the reasonable reaction
mechanisms are not clear at present.

The structure of 1,2-dichloro-1,2-digermacyclobut-3-ene 5 was revealed by the X-ray
crystallographic analysis. The two Tbb/Cl moieties are oriented in (E)-geometries, in the
digermacyclobutene skeleton in 5. The Ge-Ge bond length is 2.4694(6) A, which is within a range
of singly-bonded Ge-Ge distances. The lengths of the two Ge—Cl bonds are almost identical as
Gel-Cl1 = 2.2098(11) A and Ge2-CI2 = 2.2049(11) A, which are similar to those of 3. The Gel-C2
and Ge2-C1 (1.984(4), 1.996(4) A) bond lengths in the digermacyclobutene skeleton of 5 are slightly
longer, and shorter relative to those of the only example of the previously reported chlorinated
1,2-digerma-3-cyclobutadiene derivative 7 (Ge-Cl: 2.145(2)-2.150(2), Ge-C: 1.998(6), 2.002(6) A)
(Scheme 4) [30]. Interestingly, reduction of the isolated 5 with lithium naphthalenide was found
to reproduce 1,2-digermacyclobutadiene 1 quantitatively, as evidenced by the ! H NMR spectra.

Ph Ph Ph Ph
ol ; - ( wTbb + 1/2 CLE=ECI,

"Ge\ /Ge\ Tbb1-Ge—Ge-1Cl

Tot” E o |
cl’ ¢l Cl Tbb
5

3(E=Si);:AG=-23 1 E=Si: AG=+4.5
4(E = Ge): AG=-23.5 E =Ge: AG =-26.7
6(E =C): AG=-62.8 E=C:AG=-80.5

Scheme 3. Theoretical calculations on AG values (in kcal/mol) in the reactions of 1 with ECl (E = Si,
Ge, C) to give insertion products (3, 4, 6) or chlorinated product 5.

GeCl,-(dioxane) + S || —> S

Scheme 4. Reported reaction of GeCl,-(dioxane) with the highly strained alkyne to give the first
example of chlorinated 1,2-digerma-3-cyclobutadiene derivative 7 [30].

3. Materials and Methods

3.1. General Information

All manipulations were carried out under an argon atmosphere using either a Schlenk line
techniques or glove boxes. Solvents were purified by the Ultimate Solvent System, Glass Contour
Company (Laguna Beach, CA, USA) [31]. 1H, 13C, and 29Si NMR spectra were measured on a JEOL
AL-300 spectrometer ('H: 300 MHz, 13C: 75 MHz, #Si: 59 MHz). Signals arising from residual
CgDsH (7.15 ppm) in the C4Dy were used as an internal standard for the 'H NMR spectra, and
that of C4Dg (128.0 ppm) for the 13C NMR spectra, and external SiMey 0.0 ppm for the 2°Si NMR
spectra. High-resolution mass spectra (HRMS) were measured on a Bruker micrOTOF focus-Kci
mass spectrometer (on ESI-positive mode). All melting points were determined on a Biichi Melting
Point Apparatus M-565 and are uncorrected. 1,2-digermacyclobutadiene 1 was prepared according to
literature procedure [24].
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3.2. Experimental Details

3.2.1. Reaction of 1,2-Tbb,-1,2-Digermacyclobutadiene 1 with an Excess of SiCly

A solution of 1,2-Tbb,-1,2-digermacyclobutadiene 1 (56.0 mg, 0.046 mmol) in SiCly (1.0 mL,
8.8 mmol, excess) was treated at 55 °C for 48 h, and the color of the dark red solution disappeared.
After removal of residual SiCly under the reduced pressure, the residue was recrystallized from THF at
room temperature to give compound 3 as colorless crystals in quantitative yield (64.2 mg, 0.046 mmol).

Data for 3: colorless crystals, m.p. = 68.7-69.7 °C (dec.); "H NMR (300 MHz, C¢Dj, r.t.):
50.11 (s, 36H, SiMe3), 0.32 (s, 36 H, SiMe3), 1.24 (s, 18H, t-Bu), 2.51 (bs, 4H, CH), 6.70-6.76 (m, 2H,
ArH), 6.84-6.90 (m, 8H, ArH), 7.22 (d, 4H, ] = 7.2 Hz, ArH); 13C NMR (75 MHz, C¢Ds, 298 K):
5 1.80 (SiMe3), 2.17 (SiMe3), 30.96 (CMes), 30.99 (CH), 34.32 (CMej3), 124.20 (ArH), 126.87 (ArH),
127.81 (ArH), 130.97 (ArH), 132.28 (Ar), 140.70 (Ar), 150.13 (Ar), 151.14 (Ar), 162.66 (CAr); ’Si NMR
(59 MHz, C¢Dg, 298 K): 6 3.61 (SiMe3), 3.84 (SiMe3), 28.83 (GeSiGe); MS (DART-TOF, positive mode):
m/z caled. for CgpHyge*Cly"#Ge,Sig 1393.3630 ([M + H]*), found 1393.3681 ([M + HJ*).

3.2.2. Reaction of 1,2-Tbb,-1,2-Digermacyclobutadiene 1 with an Excess of GeCly

A C4¢Dg solution of 1,2-Tbb,-1,2-digermacyclobutadiene 1 (38.3 mg, 0.0313 mmol) was treated
with an excess amount of GeCly (0.3 mL, 2.6 mmol) at room temperature. After stirring of the reaction
mixture for 10 min, the solvent and GeCly were removed under reduced pressure. The residue was
recrystallized from benzene at room temperature to give compound 5 as main product in 61% yield
(24.6 mg, 0.0190 mmol).

Data for 5: colorless crystals, m.p. 904-91.4 °C; 'H NMR (300 MHz, C¢Dg, rt.):
50.13 (s, 36H, SiMe3), 0.27 (s, 36 H, SiMe3), 1.26 (s, 18H, -Bu), 2.58 (s, 4H, CH), 6.88-6.93 (m, 6H, ArH),
7.00 (t, 4H, ] = 7.2 Hz, ArH), 7.39 (d, 4H, ] = 7.2 Hz, ArH); 13C NMR (75 MHz, C¢Dj, 298 K):
51.83 (SiMes), 1.86 (SiMes), 30.26 (CMes), 31.03 (CH), 34.39 (CMes), 124.16 (ArH), 128.00 (ArH),
128.67 (ArH), 129.79 (ArH), 133.71 (Ar), 139.21 (Ar), 150.45 (Ar), 151.29 (Ar), 167.29 (CAr);
MS (DART-TOF, positive mode): m/z caled. for CeyHyg9>*Cly"4Ge,Sig 1295.4484 (IM + H]*), found
1295.4492 (M + H]).

3.2.3. Reaction of 1,2-Tbb,-1,2-Digermacyclobutadiene 1 with an Excess of CCly

A C4¢Dg solution of 1,2-Tbb,-1,2-digermacyclobutadiene 1 (32.9 mg, 0.0269 mmol) was treated
with an excess amount of CCly (0.2 mL, 2.1 mmol) at room temperature. After stirring of the reaction
mixture for 10 min, the solvent and CCly were removed under reduced pressure. The residue was
recrystallized from benzene at room temperature to give compound 3 as main product in 55% yield
(22.8 mg, 0.0175 mmol).

3.3. Computational Methods

The level of theory and the basis sets used for the structural optimization are contained within
the main text. Frequency calculations confirmed minimum energies for all optimized structures.
All calculations were carried out using the Gaussian 09 program package [28]. Computational time
was generously provided by the Supercomputer Laboratory in the Institute for Chemical Research of
Kyoto University.

3.4. X-ray Crystallographic Analysis

Single crystals of [3-(thf)] and [5-2(benzene)] were obtained from recrystallization from THF
and benzene, respectively. Intensity data were collected on a RIGAKU Saturn70 CCD system
with VariMax Mo Optics using Mo Ka radiation (A = 0.71075 10%). The structures were solved
by a direct method (SIR2004 [32]) and refined by a full-matrix least square method on 2 for all
reflections (SHELXL-97 [33]). All hydrogen atoms were placed using AFIX instructions, while all
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other atoms were refined anisotropically. Supplementary crystallographic data were deposited at
the Cambridge Crystallographic Data Centre (CCDC; under reference numbers: CCDC-1578241 and
1578242 for [3-(thf)] and [5-2(benzene)], respectively) and can be obtained free of charge via https:
//www.ccde.cam.ac.uk/structures/. X-ray crystallographic data for [3:(thf)] and [5-2(benzene)]. Data
for [3-(thf)] (CesH116Cl3GerOSig): M = 1465.37, triclinic, P-1 (no.2), a = 12.6367(7) A, b = 16.9170(6) A,
c=20.4887(10) A, a= 91.3815(14)°, B = 105.252(2)°, vy = 109.642(3)°, V = 3949.2(3) A3, Z = 2,
Deale. = 1.232 g~cm*3, pw=1.070mm1, 20ma = 51.0°, measd./unique refls. = 83580/14641 (Rin.
= 0.1095), param = 767, GOF = 1.117, Ry = 0.0683/0.1122 [[>20(I)/all data], wR, = 0.1188/0.1359
[I>20(I)/all data], largest diff. peak and hole 1.681 and —0.592 e.A% (CCDC-1578241). Data for
[5-2(benzene)] (C74H120CloGesSig): M = 1450.49, triclinic, P-1 (no.2), a = 11.6792(2) A, b = 15.7581(3)
A, ¢ = 24.7906(5) A, o = 76.2640(10)°, B = 88.0800(10)°, y = 70.2510(10)°, V = 4165.89(14) A3,
Z =2, Degle. = 1156 g-em ™3, 1 = 0.937 mm ™!, 20max = 50.0°, measd./unique refls. = 64887/14555
(Rint, = 0.0810), param = 805, GOF = 1.289, R = 0.0637/0.0804 [I>20(I)/all data], wR, = 0.1247/0.1311
[[>20(1)/all data], largest diff. peak and hole 0.983 and —0.689 e.A??1%3 (CCDC-1578242).

4. Conclusions

It was demonstrated that 1,2-digermacyclobutadiene 1 could work as a bis-germylene building
block (>Ge: + :Ge<) towards double Si-Cl activation in the reaction of 1 with SiCly to give the
halogenated oligometallane, bis(chlorogermyl)dichlorosilane 3. Conversely, GeCly and CCly were
found to work as double-chlorinating reagents towards 1 giving dichlorodigermacyclobutene 5. Thus,
1 would be an interesting building block for oligohalo-oligometallanes.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/79/s1. Cif and
cif-checked files. Figures S1-S5.
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Abstract: The planar tetrapalladium cluster Pd,{Si(‘Pr),}3(CN'Bu), (4) was synthesised
in 86% isolated yield by the reaction of palladium(0) bis(isocyanide) Pd(CN'Bu), with
octaisopropylcyclotetrasilane (3). In the course of this reaction, the palladium atoms are clustered
via insertion into the Si-Si bonds of 3, followed by extrusion of one Si'Pr, moiety and reorganisation
to afford 4 with a 54-electron configuration. The CN'Bu ligand in 4 was found to be easily
replaced by N-heterocyclic carbene (‘Pro,IMM®) to afford the more coordinatively unsaturated cluster
Pd,{Si(‘Pr),)3(ProIMMe); (5) having the planar Pd4Siz core. On the other hand, the replacement
of CNfBu with a sterically compact ligand trimethylolpropane phosphite {P(OCH,);CEt} led to a
planar tripalladium cluster Pd3{Si(‘Pr),}3{P(OCH,)3CEt}3 (6) and Pd{P(OCH,)3CEt}4 in 1:1 molar
ratio as products.

Keywords: palladium; cluster; cyclic organopolysilane; template; bridging silylene ligand; isocyanide

1. Introduction

Transition metal clusters have attracted much attention because of their unique chemical
properties. These clusters have been extensively studied in homogeneous catalysis, in which the
substrate can be cooperatively activated by dual metal components in the cluster [1-3]. In many cases,
the clusters are also used as structural models of the active sites in heterogeneous catalysts. Detailed
spectroscopic analysis of the substrates coordinated to the cluster framework has provided unique
insight into the function of the active surface in, for example, the chemisorption process [4,5]. Moreover,
some of the clusters provide structural and/or functional mimics of the active sites in enzymes [6-9].
A typical way to prepare the clusters is the self-assembly of metals and bridging ligands, by simply
mixing the appropriate metal precursors in proper molar ratios under suitable reaction conditions.
However, the self-assembly process generally forms a mixture of clusters of different nuclearities.
Thus, a separation step is required to isolate the desired clusters, thereby lowering the yield of
the product. In addition, the molecular structure of the formed clusters is not very predictable;
in other words, this strategy is unsuitable for custom-designed clusters.

To overcome these drawbacks, a new methodology called template synthesis has recently been
introduced [10-28]. In this method, the products are synthesized by clustering multiple metal atoms
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on the template. The structure of the clusters obtained in this method is highly controllable by using
template molecules with appropriate structures; the yield of the product is generally high. Using this
synthetic strategy, many transition metal clusters having 1D chain-like structures have been prepared
by employing polyenes [10-13], multidentate phosphines [14-17], and nitrogen-containing compounds
as templates [18-22]. Similarly, the use of (poly)cyclic aromatic hydrocarbons as a template led to the
formation of metal clusters with 2D sheet-like structures [23-28]. However, only a limited number of
2D sheet-like clusters have been prepared, due to the lack of suitable template molecules.

We are interested in producing more 2D sheet-like clusters based on the template synthesis
approach, focusing on the use of cyclic organopolysilanes as the template molecules. In our
previous study, we found that a ladder polysilane, decaisopropylbicyclo[2.2.0]hexasilane (1), acts as
a good template molecule for the preparation of large palladium clusters [29]. It is known
that some transition metal species can be inserted into the Si-Si bonds of organosilanes [30,31],
and “Pd(CNR), (CNR = isocyanide)” is one of the representative [32,33]. In the reaction of Pd(CNBu),
with 1, the Pdy; cluster Pd;1{Si('Pr)},{Si(‘Pr),}4(CN!Bu)yg (2), having a “folding” nanosheet structure,
was confirmed to form in high isolated yield. As shown in Scheme 1, 1 behaves as a template to fix seven
palladium species between seven different Si-Si bonds. Four additional palladium species participated
to form the Pdy; cluster 2. In addition, the ligand exchange of CN'Bu in 2 to CN(2,4,6-Me3-C¢Hy)
triggered the skeletal rearrangement to produce another Pd;; cluster to have a “folding” nanosheet
structure but with a wider dihedral angle. This indicates that the structure of the cluster can be tuned
by changing the auxiliary ligand on the metal. Theoretical calculations were also used to elucidate the
electronic structure and bonding nature of these clusters [34].

Insertion into Si-Si bonds

Ln
Si

Pro. Pr_o/Pr 4 L p —Pdl__ Pd
$~si—¥ 7(dicNBu), LEPr ’Pr_’P_rz . 4 BdlcN'Bu),
ipr,Si— L. ~Si T Si S Si n = Si
Pry®'~si—>'ipr,

Pr Si Si i

1 Pr, Ln ’Pi L, Sipr,

template clustering assembling the Pd species
of Pd species and reorganization

BUY By
2 (L = CN'Bu)

Scheme 1. Reaction of palladium(0) bis(isocyanide) Pd(CN'Bu), with ladder polysilane 1 to afford the
Pdqq cluster 2.

Along the same line, in this study we intend to use octaisopropylcyclotetrasilane (3) (Chart 1)
having four Si-Si bonds as a template for the clustering of palladium species. As we expected,
the reaction of 3 with Pd(CN'Bu), effectively formed a planar tetrapalladium (Pdy) cluster
framework. Meanwhile, an unexpected outcome was that the reaction was accompanied by
extrusion of one Si'Pr, moiety, leading to the formation of a coordinatively unsaturated cluster
Pd4{Si(‘Pr);}3(CN'Bu)4 (4) with 54-electron configuration as a single product. Ligand exchange of
CN'Bu in 4 by an N-heterocyclic carbene (‘Pr,IMM®) proceeded with preserved Pd,Sij core structure
to afford a planar Pdy cluster Pd4{Si(‘Pr),}3(‘Pr,IMMe); (5) quantitatively, which has 52 electrons and
coordinatively more unsaturated than 4. On the other hand, ligand exchange reaction of 4 with
trimethylolpropane phosphite decreased the cluster nuclearity to afford the planar tripalladium cluster
Pd3{Si("Pr),}3{P(OCH,)3CEt}3 (6) and the mononuclear Pd{P(OCH,);CEt}, concomitantly.
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Chart 1. Structures of octaisopropylcyclotetrasilane 3, palladium clusters having bridging silylene
ligands, and N-heterocyclic carbene ligand (‘Pr,IMMe).

2. Results and Discussion

2.1. Synthesis of Planar Pdy Cluster 4 by Reaction of PA(CN'Bu), with Cyclotetrasilane 3

As mentioned in the introduction, Pd(CNBu); is known to show high reactivity toward insertion
into the Si-Si bonds of various organosilanes. Indeed, the reaction of Pd(CN'Bu), with 3 proceeded
smoothly in toluene at 65 °C to afford the planar Pdy cluster 4 in 86% isolated yield (Scheme 2).
By monitoring this reaction by 'H NMR spectroscopy, we found that 4 was formed as the sole product,
since no other silicon-containing by-products were observed. This indicates that all the silylene (Si'Pry)
moieties in 3 were incorporated into 4. In addition, no intermediary palladium species were found in
this reaction. It should be noted that Osakada et al. synthesized a structurally similar planar Pdy cluster
having three bridging silylene ligands (Chart 1) by the reaction of dinuclear {Pd(PCy3)} (u-n?-SiHPhy),
and 1,2-bis(dimethylphosphino)ethane (dppm) at 80 °C [35]. In that cluster, dppm was used as the
auxiliary ligand for the palladium centre on the edge. In contrast, two of the three palladium atoms
on the edge of 4 (Pd(1) and Pd(2) in Figure 1) bear only one isocyanide ligand each, giving a more
coordinatively unsaturated cluster with 54 cluster valence electrons, compared with that prepared by
Osakada et al.

iPI'z
BuNC Si CN'Bu
Pr28|—S| Pry !
34 | + 4Pd(CNBu), ——= L Pdl |
lpr28|—S|/pr2 toluene ipr,Si _Si iPr,
65 °C, 18h

3 tBUNC” ~ “CN'Bu

quant

4. 86% isolated yield

Scheme 2. Reaction of octaisopropylcyclotetrasilane 3 with Pd(CN!Bu), to afford 4.

The molecular structure of 4 was determined by X-ray diffraction analysis. The ORTEP drawing
of 4 is given in Figure 1a, and the side view of its core Pd4Siz fragment is shown in Figure 1b.
The selected bond distances are summarized in Table 1. Three palladium atoms and three silicon
atoms derived from the bridging silylene moieties form an almost planar six-membered ring, and
the fourth palladium atom (Pd(4)) is located at the centre of this ring. Therefore, the four palladium
atoms and three silicon atoms lie on a plane, and deviations of all seven atoms from this plane are
within the range of 0.028-0.178 A. The Pd(4)-Pd(1)-C(CN'Bu) and Pd(4)-Pd(2)-C(CN'Bu) axes slightly
deviate from linearity (162.37(14) and 163.14(14)°, respectively), which may originate from the strong
trans-influence of the central Pd(4) atom whose formal oxidation state is Pd(0). The sum of the two
Pd(cent)-Si~Cipso angles and the Cipso—Si-Cipso angle is close to 360° (355.5°-360.0°). This suggests
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that the coordination geometry around the Si atoms can be regarded as pseudo-trigonal bipyramidal,
and the two Pd(edge) atoms for each Si atom (Pd(1) and Pd(2) for Si(1), Pd(2) and Pd(3) for Si(2),
and Pd(1) and Pd(3) for Si(3)) are located on the axial position of the Si atom. The silylene ligand
including Si(1) bridges over two Pd cores (Pd(1) and Pd(2)). The bond distances of Pd(1)-Si(1) and
Pd(2)-Si(1) are 2.4252(12) and 2.4339(12) A, respectively, which are considerably shorter than those
observed in other Pd(edge)-Si moieties (2.5094(11)-2.6401(12) 10\). In contrast, the Pd(edge)-Si(silylene)
bond distances in Osakada’s Pd4Si3 cluster are reported to be 2.505-2.546 A with no significant
deviation [35-39]. This difference may be derived from the formal electron configurations of Pd(1)
and Pd(2). As suggested by our previous theoretical calculations, the metal-to-silylene charge transfer,
from the occupied d-orbital of the metal to the empty p-orbital of the silylene moieties, plays a crucial
role in the bonding interaction between Pd(edge) and the bridging silylene moieties. Because Pd(3)
has two isocyanide ligands, rt-back donation from Pd to the two isocyanide ligands causes the Pd(3)
centre to be more electron-deficient. This leads to longer Pd(3)-silylene bond distances compared
with those of Pd(1)-Si(1) and Pd(2)-5i(1). The Pd(3)-Pd(4) bond length (2.7523(5) A)is slightly longer
than Pd(1)-Pd(4) (2.6812(6) A) and Pd(2)-Pd(4) (2.6778(6) A); however, they are within the range of
metal-metal bonding interaction reported in the literature [10].

{ JC of CN'Bu

Pd(2) Si(1)

T_Pd(d)

I cofcneulg 79
% s@&{ T Ve Y Pe(1) C of CNBu
[ \ P

>~ \'Pd(3) C of CN'Bu
& e .
. -

@) (b)

Figure 1. (a) Top view of the molecular structure of 4 with 50% probability ellipsoids. Hydrogen atoms
were omitted for clarity; (b) Side view of 4. All atoms derived from the isocyanide ligands except for
the coordinated carbon atoms, and all hydrogen atoms were omitted for clarity.

Although there are three inequivalent palladium centres in the solid-state structure of 4, only one
singlet 'H NMR peak derived from the Bu moiety of the isocyanide ligand was observed at 0.99 ppm
in C4Djg at room temperature. In the variable temperature "H NMR spectrum of 4 in toluene-dg,
this ‘Bu signal (appeared at 1.02 ppm at r.t.) started to broaden at around 0 °C, almost coalesced
at —70 °C, then two signals appeared at 0.90 and 1.05 ppm at —90 °C. Similarly, methyl peaks
corresponding to the ‘Pr moieties on the Si atoms also began to broaden at around 0 °C, then split
into three slightly broad signals at —90 °C in an intensity ratio of ca. 1:1:1. This suggests the presence
of two inequivalent isocyanide ligands, as well as three inequivalent methyl groups of the Si'Pr,
moieties at lower temperatures. These spectral features suggest the presence of fluxional behaviour,
due to the facile site exchange of the isocyanide ligands. The fluxional behaviour of the coordinated
isocyanide ligands has also been observed in the previously reported transition metal clusters [40,41].
The IR spectrum of the crystals of 4 displays two absorption bands at 2103 and 2065 cm ™! along
with a shoulder band at 2125 cm~!. This spectral feature is consistent with the solid-state structure
determined by X-ray diffraction analysis. Unfortunately, no signal appeared in the 2’Si{'H} NMR
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spectrum of 4 with longer (5 sec) or shorter (0.2 sec) relaxation time, even when using very concentrated
sample with many scans.

2.2. Ligand Exchange of 4 with N-Heterocyclic Carbene

In our previous paper, all 10 CN'Bu ligands in 2 were found to be easily and quantitatively
replaced by another isocyanide ligand CN(2,4,6-Me3-C¢Hy) to form a new “folding” Pdy; cluster
at —35 °C [29]. Thus, the ligand exchange reaction of 4 with CN(2,4,6-Me3-C¢H,) was attempted.
However, no reaction took place even at higher temperatures. Instead, 4 underwent the facile ligand
exchange with 3 equiv. of N-heterocyclic carbene, iPrleMe, to give the new planar Pd4Si; cluster
Pd4{Si(‘Pr),}3(‘PryIMMe); (5) at room temperature (Scheme 3). TH NMR monitoring of this reaction
indicated that 5 was formed in quantitative yield concomitant with the formation of free isocyanide,
and it was isolated in 63% yield after purification. During this reaction, the four isocyanide ligands in
4 were replaced by three pr,IMMe ligands. Consequently, a more coordinatively unsaturated Pd,Siz
cluster with 52 valence electrons was formed. An possible alternative synthetic route for cluster 5 may
be the reaction of cyclotetrasilane 3 with “Pd(‘Pr,IMM¢),”. To check this possibility, we performed the
reaction of 3 with “Pd(‘Pr,IMM®),” which was generated in situ from the reaction of CpPd(n’-allyl)
with 2 equiv. of ‘Pr,IMM¢. We confirmed that no reaction took place even at higher temperatures such
as 65 °C in C¢Dg, suggesting that cluster 5 is available only in the reaction shown in Scheme 3.

o, ﬁ}ﬁ\ - {

BUNC Si CN'Bu

T ol < @?\@%Nﬁ

ipr,SI__ “Siipy, ts{geﬂ? /przsu _Siipr,
BuNC”  “CN'Bu (PraMMe) 4 cNIBU
4

5.63% |solated yield

Scheme 3. Synthesis of 5 via ligand exchange reaction.

The molecular structure of 5 is shown in Figure 2, and selected bond distances are summarized
in Table 1. Cluster 5 has a pseudo-C3 symmetric structure, and each Pd(edge) atom bears only
one ‘PryIMMe ligand. Four Pd atoms and three Si(silylene) atoms are located on a plane, and
deviations of these atoms from the plane are within the range of 0.031-0.178 A. As seen in cluster 4,
all three Pd(4)-Pd(edge)-C(‘PrIMM®) axes deviate slightly from linearity (Pd(4)-Pd(1)-C(‘PriMMe):
163.61(13)°, Pd(4)-Pd(2)-C(‘PrIMMe): 170.18(12)°, Pd(4)-Pd(3)-C(‘PrIMMe): 169.15(9)°). The dihedral
angle between the Pd4Sis plane and the five-membered ring of the 'Pr,IMM® ligands are 87.5°~104.3°,
suggesting the almost perpendicular orientation of the 'Pr,IMM¢ moieties. Because cluster 5 has
a pseudo-C3 symmetric structure, the three Pd(edge)-Pd(4) distances are essentially the same
(2.6991(8)-2.7030(7) A). Each silylene ligand bridges over two Pd(edge) atoms in an asymmetric
manner. For instance, the bond distance of Pd(1)-Si(1) (2.3668(13) A) is significantly shorter compared
with that in Pd(2)-Si(1) (2.6359(14) A). This may originate from the biased charge transfer from Pd
to silylene moieties. Further studies including theoretical calculations to elucidate the details of the
bonding interaction in the planar Pd4Sis clusters are now underway.

The 'H and *C{*H} NMR spectra of 5 are consistent with the expectation from its pseudo-C3
symmetric structure. One singlet derived from the carbene carbon atom of the ‘Pr,IMMe moiety was
observed at 194.0 ppm in the 3C{'H} NMR spectrum. The ?Si{'H} NMR spectrum of 4 showed a
singlet at 223.1 ppm, which is comparable to those derived from the silylene moieties of 2 (191.85 and

36



Inorganics 2017, 5, 84

226.63 ppm). This signal appeared at slightly lower field compared with Osakada’s Pd4Si3 cluster
(195 ppm) [35], but it is within the range for bridging silylene ligands reported in the literature [42—44].

. { c Alm"‘l

(b)

Figure 2. (a) Top view of the molecular structure of 5 with 50% probability ellipsoids. Hydrogen atoms
were omitted for clarity; (b) Side view of 5. All atoms derived from the Pr,IMMe ligands except for
the coordinated carbon atoms, and all hydrogen atoms were omitted for clarity.

2.3. Ligand Exchange of 4 with Trimethylolpropane Phosphite to Afford the Planar Pds Cluster 6

The facile ligand exchange of 4 with Pr,IMM¢ prompted us to examine the reaction of 4 with
trimethylolpropane phosphite. This reaction was first monitored by 3'P{'H} NMR. Treating 4 with
7 equiv. of trimethylolpropane phosphite provides two signals at 118.9 and 143.9 ppm. The former was
assignable to the mononuclear Pd{P(OCH,;);CEt}4 complex by comparison with the independently
prepared Pd{P(OCH,)3CEt}; from the reaction of Cde(n3—allyl) with 4 equiv. of P(OCH,)3CEt. With a
lower amount of P(OCH,);CEt, no intermediary species were visible in the reaction of 4 to form 6 and
Pd{P(OCH,;)3CEt}4. For example, treating 4 with 4 equiv. of P(OCH;)3CEt resulted in the exclusive
formation of 6 and Pd{P(OCH,;);CEt}4 with recovery of 4. Because Pd{P(OCH,)3CEt}4; shows low
solubility in diethyl ether or pentane, it can be easily removed from the crude product. Subsequent
recrystallisation from pentane gave the planar tripalladium cluster 6 in a pure form. During this
reaction, the sterically compact phosphite ligand may first attack the central palladium atom in 4,
followed by the fragmentation to afford 6 and Pd{P(OCH,)3;CEt}4 as products in 1:1 molar ratio
(Scheme 4). It should be noted that the synthesis of structurally similar triplatinum clusters bearing
bridging silylene ligands has been reported [45-48]. However, to the best of our knowledge, cluster 6
is the first example of the palladium analogue of these clusters.

) ) o~
e % o oy r oy
. B I r
BuNC /§|\ CNBu o0— oP P-o o
Py S0 O
gl TR < , - RO 1
iPr,Si_L_Sij o] enzene _Sj Si X
2 \@/ Pro rt. 1h ’Przl IiPr o 4
t ANEN At 2
BuNC CN'Bu -4 CN(BU .
4 04 0

6. 52% isolated yield

Scheme 4. Ligand exchange of 4 with trimethylolpropanephosphite to give the planar tripalladium
cluster 6.
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The molecular structure of 6 was confirmed by X-ray diffraction analysis. The ORTEP drawing is
shown in Figure 3, and the selected bond distances are depicted in Table 1. Cluster 6 can be regarded
formally as a 42-electron cluster with three Pd-Pd bonds similar to those found in the previously
reported trinuclear Pt3Sis clusters [45-48]. As shown in Figure 3b, there is a planar Pd3Siz unit,
and the deviations of all atoms from the plane are within the range of 0.000-0.172 A. One of the three
phosphorus atoms (P(3) in Figure 3b) is located below the plane by 0.504 A. The Pd-Pd bond distances
are 2.7041(6)-2.7117(5) A, which are almost comparable to those found in 5 and reported polynuclear
palladium clusters [10]. In contrast to clusters 4 and 5, the silylene ligands symmetrically bridge over
two palladium atoms, and the Pd-Si bond lengths are 2.3557(9)-2.3754(11) A, which are in the normal
range for those found in palladium complexes having bridging silylene ligands.
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Figure 3. (a) Top view of the molecular structure of 6 with 50% probability ellipsoids. Hydrogen atoms
were omitted for clarity; (b) Side view of 6. All atoms derived from the phosphite ligands except for
the coordinated phosphorus atoms, and all hydrogen atoms were omitted for clarity.

Table 1. Selected bond distances for 4, 5 and 6.

4 5 6
Pd(1)-Pd(d) 2.6812(6)  2.7029(6) -
Pd(2)-Pd(4) 2.6778(6)  2.6991(8) -
Pd(3)-Pd(d) 2.7523(5)  2.7030(7) -

Pd(1)-Pd(2) - - 2.7117(5)
Pd(1)-Pd(3) - - 2.7041(6)
Pd(2)-Pd(3) - - 2.7050(4)

Pd(1)-Si(1) 2.4252(12) 23668(13)  2.3557(9)
Pd(1)-Si(3) 2.5827(12) 2.6359(14)  2.3602(9)
Pd(2)-Si(1) 24339(12) 2.6518(12)  2.3707(12)
Pd(2)-Si(2) 2.6401(12) 2.3769(15)  2.3754(11)
PA(3)-Si(2) 2.5094(11) 2.6659(14)  2.3658(11)
Pd(3)-Si(3) 2.5341(12) 2.3693(12)  2.3691(11)
PA(4)-Si(1) 2.3106(12)  2.2638(14) -
Pd(4)-Si(2) 2.2621(10)  2.2558(11) -
Pd(4)-Si(3) 2.2692(12)  2.2603(13) -

The NMR spectra of 6 are consistent with those expected from the molecular structure determined
by X-ray diffraction analysis. For instance, the methyl and methine groups of the ‘Pr groups appeared
at 1.86 and 1.93 ppm as doublet and septet, respectively. The 3'P{'H} NMR spectrum of 6 exhibited an
intense singlet at 143.9 ppm.

3. Materials and Methods

Manipulation of air and moisture sensitive compounds was carried out under a dry nitrogen
atmosphere, using standard Schlenk tube techniques associated with a high-vacuum line, or
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in the glove box filled with dry nitrogen. All solvents were distilled over appropriate drying
reagents prior to use (toluene, benzene, ether, pentane, hexamethyldisiloxane (HMDSO); PhoCO/Na).
H, BC{'H}, ¥Si{'H} and *'P{'H} NMR spectra were recorded on a Lambda 400 spectrometer at
ambient temperature unless otherwise noted. IH, BC{1H}, #Si{'H} and 3'P{'"H} NMR chemical
shifts (5 values) were given in ppm relative to the solvent signal or standard resonances (*’Si{!H}:
external tetramethylsilane, S1p(1H}: external H3POy). Elemental analyses were performed at the
A Rabbit Science Co., Ltd. (Ayako Sato, 5-4-21 Nishihashimoto, Midori, Sagamihara, Kanagawa
252-0131, Japan). IR spectra were recorded on a PerkinElmer Spectrum Two spectrometer. Starting
materials, octaisopropylcyclotetrasilane (3) [49], PA(CN'Bu); [31], Cde(n3—allyl) and ‘Pr,IMMe [50]
were synthesized by the method reported in the literature.

3.1. Synthesis of Pd4(Si('Pr);)3(CN'Bu)y (4)

In a 50-mL Schlenk tube, Pd(CN/Bu), (273 mg, 1.00 mmol) was dissolved in toluene (20 mL),
then octaisopropylcyclotetrasilane (3) (86 mg, 0.19 mmol) was added to this solution at room
temperature. The solution was stirred at 65°C for 18 h, then the solvent was removed in vacuo.
The remaining crude product was dissolved in pentane (40 mL), and centrifuged to remove the
insoluble materials. The supernatant was collected, concentrated to ca. 5 mL, and cooled at —35°C to
give 4 as yellow crystals (237 mg, 0.22 mmol, 86%).H NMR (400 MHz, r.t., C¢Dg): & = 0.99 (s, 36H, ‘Bu),
1.85 (d, ] = 7.3 Hz, 36H, CH(CHj3),), 2.42 (sept, | = 7.3 Hz, 6H, CH(CH3),). '3C{'H} NMR (100 MHz,
r.t, C6D6)I 5 =238 (S, Si{CH(CH3)2}2), 26.3 (S, C(CH3)3), 30.1 (S, Si{CH(CHg)z}z), 53.1 (S, C(CH3)3)
(one peak due to the CN'Bu moiety was not detectable). 29Si{1H} NMR (119 MHz, r.t., C4Dg): no signal
appeared. IR (ATR): ven = 2125, 2103, 2065 cm 1. Anal caled for Ca3sHygN,Pd,Sis; C 41.45, H 7.14,
N 5.09; found: C 41.17, H 6.84, N 5.20.

3.2. Synthesis of Pdy(Si(‘Pr);)3('ProIMMe), (5)

In a 20-mL Schlenk tube, 4 (67 mg, 0.061 mmol) was dissolved in toluene (20 mL), then PryIMMe
(33 mg, 0.183 mmol) was added to this solution at room temperature. The solution was stirred at
room temperature for 1 h, then the solvent was removed in vacuo. The remaining solid was again
dissolved in toluene (20 mL), stirred at room temperature for 1 h, then the solvent was removed
in vacuo. The remaining crude product was extracted with pentane (10 mL), and the mother liquid was
centrifuged to remove the small amount of insoluble materials. The supernatant was collected, then the
solvent was removed in vacuo. The remaining powder was washed with HMDSO (5 mL x 2) to afford
5 as a brown powder (50 mg, 0.038 mmol, 63%). Crystals suitable for X-ray diffraction analysis were
obtained by cooling the saturated pentane solution at —35 °C. 'H NMR (400 MHz, r.t., C¢Dg): & = 1.44
(d, ] = 7.3 Hz, 36H, CH(CHs),), 1.69 (s, 18H, C=CMe), 1.85 (d, ] = 7.3 Hz, 36H, CH(CHs),), 2.10 (sept,
] = 7.3 Hz, 6H, Si{CH(CHs)y}2), 6.24 (sept, | = 7.3 Hz, 6H, N{CH(CHj3),}). *C{'H} NMR (100 MHz, r.t.,
CeDg): 6 =10.2 (s, Si{CH(CH3)2}2), 22.5 (s, Si{CH(CH3),}»), 23.2 (s, N{CH(CHj3),}), 23.6 (s, C=CMe),
54.0 (s, N{CH(CH3)3}), 122.6 (s, C=CMe), 194.0 (s, Pd-C). ’Si{'H} NMR (119 MHz, r.t., C¢Dg): & = 243.3
(s, SiMey). Anal calcd for Cs1H9pNgPd,Sis; C 46.78, H 7.85, N 6.42; found: C 46.75, H7.74, N 6.25.

3.3. Synthesis Ofpd3{5i(ipr)2}3{P(OCH2)3CEH3 (6)

In a 20-mL Schlenk tube, 4 (30 mg, 0.027 mmol) was dissolved in benzene (20 mL),
then trimethylolpropane phosphite (31 mg, 0.19 mmol) was added to this solution at room temperature.
The solution was stirred at room temperature for 1 h. After freeze-drying, the remaining solid was
dissolved in ether (20 mL), and centrifuged to remove the insoluble materials. The supernatant was
collected, then the solvent was removed in vacuo. The remaining powder was washed with HMDSO
(5 mL) and cold pentane (3 mL) to afford 6 as a brown powder (16 mg, 0.014 mmol, 52%). Crystals
suitable for X-ray diffraction analysis were obtained by cooling the saturated ether solution at —35 °C.
"H NMR (400 MHz, r.t., C¢Dg): & = 0.06 (t, | = 7.6 Hz, 9H, CH,CHj3), 0.19 (q, ] = 7.6 Hz, 6H, CH,CHj),
1.86 (d, ] =7.6 Hz, 36H, CH(CH3),), 1.93 (sept, | = 7.6 Hz, 6H, Si{CH(CH3)2}»), 3.56 (s, 18H, OCH,-).
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BC{'H) NMR (100 MHz, r.t., C¢Dg): & = 6.7 (s, CH,CH3), 21.3 (s, Si{CH(CH3),}2), 23.6 (s, CH,CH3),
29.6 (s, Si{CH(CHz),}»), 34.1 (dd, ] = 11.5, 22.0 Hz, CCH,CH3), 72.4 (s, OCH,). 2°Si{'H} NMR (119 MHz,
r.t., CsDg); no signal appeared. 3'P NMR (162 MHz, r.t., C¢Dg): & = 143.9. Even though a number of
attempts have been made, we have been unable to obtain satisfactory elemental analysis values for 6,
presumably due to the high instability toward both air and moisture. Anal caled for C3H7509P3Pd3Si3;
C 37.65, H 6.58; found: C 38.40, H 5.83.

3.4. In Situ Preparation of Pd{P(OCH,)3CEt}4

In a]. Young NMR tube, Cde(n3-allyl) (20 mg, 0.094 mmol) was dissolved in C¢Dg (0.5 mL),
then trimethylolpropane phosphite (61 mg, 0.38 mmol) was added to this solution at room temperature.
The solution was allowed to stand at room temperature for 45 min. 1H and 3'P{*H} NMR spectra
indicates quantitative formation of Pd{P(OCH,)3CEt}4. TH NMR (400 MHz, r.t., C¢Dg): 6 = 0.03
(t,] = 7.6 Hz, 12H, CH,CH3), 0.14 (q, 6H, ] = 7.6 Hz, 8H, CH,CH3), 3.65 (s, 24H, OCH,-). 3'P{'H} NMR
(162 MHz, r.t., C¢Dg): & =118.9.

3.5. X-Ray Data Collection and Reduction

X-ray crystallography for complex 4 and 5 was performed on a Rigaku Saturn CCD area
detector with graphite monochromated Mo Ko radiation (A = 0.71075 ,g;), and single crystals of
6 suitable for X-ray crystallography were analyzed by synchrotron radiation at beam line BL02B1
(A =0.71075 f\) of Spring-8 (Hyogo, Japan) using Rigaku Mercury II detector. The data obtained were
processed using Crystal-Clear (Rigaku) on a Pentium computer, and were corrected for Lorentz and
polarization effects. The structures were solved by direct methods [51], and expanded using Fourier
techniques [52]. Hydrogen atoms were refined using the riding model. The final cycle of full-matrix
least-squares refinement on F? was based on 12,489 observed reflections and 470 variable parameters
for 4; 14,053 observed reflections and 577 variable parameters for 5; 11,457 observed reflections and
507 variable parameters for 6. Neutral atom scattering factors were taken from Cromer and Waber [53].
All calculations were performed using the Crystal Structure [54] crystallographic software package
except for refinement, which was performed using SHELXL-97 [55]. Details of final refinement,
as well as the bond lengths and angle, are summarized in Tables S1-S3, and the numbering scheme
employed is also shown in Figures S7-S9, which were drawn with ORTEP at 50% probability ellipsoids.
CCDC numbers 1582225 (4), 1582226 (5) and 1582227 (6) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic
Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

4. Conclusions

In the present study, we found that the planar tetrapalladium cluster can be easily obtained by the
reaction of cyclic tetrasilane with Pd(CN'Bu),. The ligand exchange of the cluster led to the formation
of new clusters, with or without maintaining the core structure. These results indicate that clustering
metal atoms through insertion into the Si-Si bonds of cyclic organopolysilanes is an effective way to
synthesise transition metal clusters with bridging organosilylene ligands. Efforts are underway to
synthesise a series of new metal clusters by the reaction of appropriate transition metal precursors
with cyclic organopolysilanes. Application of these cluster molecules as functional materials, such as
catalysts, will also be investigated in the near future.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/84/s1, CIF and
cif-checked files, detailed crystallographic data, the actual NMR charts of complexes 4, 5 and 6, and IR chart of 4.
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Abstract: Silyl-substituted pyrrolidines have gained increased interest for the design of new
catalyst scaffolds. The molecular structures of four enantiomerically-pure 2-silylpyrrolidinium
salts are reported. The perchlorate salts of (S)-2-(triphenylsilyl)pyrrolidine [(S)-1-HCIO4] and
(5)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2-HCIO,], the trifluoroacetate (S)-2-TFA, and the
methanol-including hydrochloride (S)-1-HCl-MeOH were elucidated by X-ray crystallography and
discussed in terms of hydrogen-bond interactions.

Keywords: hydrogen bonds; silicon; 2-silylpyrrolidines; stereochemistry; X-ray crystallography

1. Introduction

In 2010, we and others reported on the enantioselective synthesis of 2-silylpyrrolidines as
organocatalysts for the asymmetric Michael addition of aldehydes to nitroolefines [1,2]. Since then, some
impressive developments in the catalyst design have been achieved, overcoming synthetic challenges
and introducing pyrrolidinylsilanols as bifunctional hydrogen bond-directing organocatalysts [3,4].
The stereochemical information of 2-substituted silylpyrrolidines was introduced by asymmetric
deprotonation of N-(tert-butoxycarbonyl)pyrrolidine (N-Boc-pyrrolidine) with sec-butyllithium in
the presence of (-)-sparteine [5,6], followed by a substitution reaction with a silyl halide or
methoxide as the electrophile. Concerning the first successful preparation of enantiomerically-pure
(5)-2-(triphenylsilyl)pyrrolidine [(S)-1], we established an indirect synthetic route via intermediate
formation of 2-(methoxydiphenylsilyl)-N-Boc-pyrrolidine [1]. Recently, a detailed structural and kinetic
investigation gave new insight into the structure-reactivity relation in enamines and iminium ions derived
from 2-tritylpyrrolidine [7] and 2-(triphenylsilyl)pyrrolidine [8]. (S)-2-(Triphenylsilyl)pyrrolidine [(S)-1]
and (S)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2] have already been structurally characterized in the
form of their hydrochloride [1,2] and their hydrobromide salts [3] (Figure 1).

Ph Ph

H Ph H Me
(S)-1 (S)-2

Figure 1. (S)-2-(triphenylsilyl)- [(S)-1] and (S)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2].
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Herein, we  present the molecular structures of  enantiomerically-pure
(5)-2-(triphenylsilyl)-[(S)-1-HCIO4] and (S)-2-(methyldiphenylsilyl)pyrrolidinium perchlorate
[(5)-2-HClOy4], which were obtained from the respective optically-pure chloride salts [1]
by treatment with perchloric acid. In addition, we report on hydrogen-bonding
motifs in the new enantiomerically-pure methanol inclusion compound (S)-1-HCl-MeOH
and in the enantiomerically-pure trifluoroacetate (S)-2-TFA. Hydrogen bonding in
enantiomerically-pure pyrrolidines is worth studying in order to explore new activation modes in
organocatalytic transformations.

2. Results and Discussion

Compound (5)-1-HCIO, crystallized in the monoclinic crystal system, space group P2y,
as colorless plates (Figure 2 and Table 1). The pyrrolidinyl nitrogen atom of (S)-1-HCIO4 has been
protonated by perchloric acid and is involved in hydrogen bonds to two perchlorate anions via H(1N)
and H(2N). The hydrogen bond N-H(1N)---O(1) is slightly stronger [N-H(IN) 0.911 A, H(IN)---O(1)
1.966 A, N---O(1) 2.845 A, N-H(IN)---O(1) 161.79°] than the interaction between H(2N) and O(2)
[N-H(2N) 0.773 A, H2N)---O(2) 2.230 A, N---O(2) 2.940 A, N-H(2N)---O(2) 152.82°]. The C-Si bond
lengths of the triphenylsilyl moiety are comparable to those found in the hydrochloride species
(5)-1-HCl [1] and in other triphenyl-substituted silanes [9,10]. The C(19)-Si bond between silicon
and the heterocyclic carbon atom amounts to 1.9111(15) A and is in the characteristic range for
2-(triphenylsilyl)pyrrolidines [1] (Figure 2). This significantly longer bond compared to the respective
C—C bond in the carbon analogue 2-tritylpyrrolidine was considered a crucial parameter for the higher
reactivity of (S)-1 in enamine catalysis [1].

Figure 2. Part of the crystal structure (ORTEP plot) of compound (S)-1-HCIOy in the crystal, with the
displacement ellipsoids set at the 50% probability level. Selected bond lengths (A) and angles (°):
C(1)-Si 1.8727(15), C(7)-Si 1.8724(15), C(13)-Si 1.8595(15), C(19)-5i 1.9111(15), C(19)-N 1.5229(19),
C(22)-N 1.4999(19), C1-O(1) 1.4376(12), C1-O(2) 1.4305(13), C1-O(3) 1.4316(13), C1-O(4) 1.4217(12),
C(13)-Si-C(7) 111.31(7), C(13)-Si-C(1) 111.55(7), C(7)-Si-C(1) 108.77(7), C(13)-Si—C(19) 108.01(6),
C(7)-5i-C(19) 105.67(7), C(1)-Si-C(19) 111.39(6). Hydrogen bond N-H(IN)---O(1): N-H(1N) 0.911,
H(IN)---O(1) 1.966, N---O(1) 2.845, N-H(1N)---O(1) 161.79. Hydrogen bond N-H(2N)---O(2): N-H(2N)
0.773, H2N)---O(2) 2.230, N---O(2) 2.940, N-H(2N)---O(2) 152.82. Symmetry transformations used to
generate the equivalent atom O(2), hydrogen-bonded to H(2N): 1 — x, % +y, —z
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Previously-known single-crystal X-ray diffraction data of compound (S)-1-HCI correspond to the
chloroform adduct (S)-1-HCI-CHCl3 [1]. After recrystallization of compound (S)-1-HCl from methanol,
single crystals of the methanol including compound (S)-1-HCl-MeOH were obtained (Figure 3 and
Table 1). Compound (S)-1-HCl-MeOH crystallized in the orthorhombic crystal system, space group
P21 21 24, as colorless needles. The chloride ion is involved in hydrogen bond interactions with
H(IN), H(2N), and the methanol hydroxyl group, with the O-H(10)---Cl hydrogen-bond [O-H(10)
1.034 A, H(10)---C1 2.071 A, O---C13.086 A, O-H(10)---Cl 166.42°] being essential for the formation
of a defined inclusion compound. In addition, a short distance of 3.651 A between chloride and
the phenyl carbon atom C(14) gives a hint for a weak C(14)-H(14)---Cl interaction within the crystal
structure of (S)-1-HCl-MeOH (Figure 3).

Figure 3. Part of the crystal structure (ORTEP plot) of compound (S)-1-HCl-MeOH in the crystal,
with the displacement ellipsoids set at the 50% probability level. Selected bond lengths (A) and
angles (°): C(1)-5i 1.863(2), C(7)-Si 1.870(2), C(13)-Si 1.873(2), C(19)-Si 1.905(2), C(19)-N 1.498(3),
C(22)-N 1.494(3), O-C(23) 1.385(3), C(13)-Si-C(7) 112.48(9), C(13)-Si—C(1) 108.46(9), C(7)-Si-C(1)
110.86(9), C(13)-Si—C(19) 110.34(9), C(7)-Si—C(19) 108.18(9), C(1)-Si—C(19) 106.34(9). Hydrogen bond
N-H(IN)---Cl: N=-H(IN) 0.870, H(1N)---C1 2.310, N---C1 3.125, N-H(1N)---Cl 155.93. Hydrogen bond
N-H(2N)---Cl: N-H(2N) 0.913, H(2N)---C1 2.184, N---C1 3.062, N-H(2N)---C1 160.99. Hydrogen bond
O-H(10)---Cl: O-H(10) 1.034, H(10)---C12.071, O---C1 3.086, O-H(10)---C1 166.42. C(14)-H(14)---Cl
interaction: C(14)---Cl 3.651, C(14)-H(14)---Cl 171.50. Symmetry transformations used to generate
the equivalent methanol molecule: x, 1 + y, 1 + z. Symmetry transformations used to generate the
equivalent atom Cl, hydrogen-bonded to H(2N): % +x,15—-y2—z

Compound (S5)-2-HCIO, crystallized in the monoclinic crystal system, space group P2,
as colorless plates (Figure 4 and Table 1). The asymmetric unit of compound (5)-2-HCIO4 contains
two independent molecules [(5)-2-HCIO4-A and (S5)-2-HClO4-B]. The bond lengths between the silyl
group and the heterocycle with 1.878(5) A [C(14)-Si(1), molecule A] and 1.889(5) A [C(31)-Si(2),
molecule B] differ slightly from each other, but are considerably shorter than the respective bond in
the 2-triphenylsilyl derivative (S)-1-HCIO4 (compare Figures 2 and 4). The C-Si—C angles are in both
independent molecules very close to the ideal tetrahedral angle (Figure 4).
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Figure 4. Molecular structure (ORTEP plot) of compound (S)-2-HClOy in the crystal, with the
displacement ellipsoids set at the 50% probability level. Selected bond lengths (A) and angles
(°): Molecule (S)-2-HCIO4-A: C(1)-Si(1) 1.852(6), C(2)-5i(1) 1.855(6), C(8)-Si(1) 1.871(5), C(14)-5i(1)
1.878(5), C(14)-N(1) 1.508(7), C(17)-N(1) 1.508(6), C1(1)-O(1) 1.416(4), C1(1)-O(2) 1.413(5), C1(1)-O(3)
1.426(5), C1(1)-O(4) 1.413(5), C(1)-Si(1)-C(2) 112.5(3), C(1)-Si(1)-C(8) 109.7(3), C(2)-Si(1)-C(8) 110.6(2),
C(1)-5i(1)-C(14) 109.4(3), C(2)-Si(1)-C(14) 106.4(2), C(8)-Si(1)-C(14) 108.1(2). Molecule (S)-2-HCIOy4-B:
C(18)-S5i(2) 1.856(6), C(19)-5i(2) 1.875(6), C(25)-5i(2) 1.884(5), C(31)-Si(2) 1.889(5), C(31)-N(2) 1.509(7),
C(34)-N(2) 1.510(7), C1(2)-O(5) 1.400(5), C1(2)-O(6) 1.405(5), C1(2)-O(7) 1.365(6), C1(2)-O(8) 1.431(5),
C(18)-5i(2)-C(19) 109.9(3), C(18)-Si(2)-C(25) 111.5(3), C(19)-Si(2)-C(25) 110.1(2), C(18)-Si(2)-C(31)
110.4(3), C(19)-5i(2)-C(31) 106.0(2), C(25)-5i(2)-C(31) 108.8(2).

Treatment of enantiomerically-enriched (S)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2] with
trifluoroacetic acid in dichloromethane resulted in the formation of the trifluoroacetate (S)-2-TFA.
Enantiomerically-pure single crystals of (S)-2-TFA were obtained after recrystallization from
acetonitrile. Compound (5)-2-TFA crystallized in the orthorhombic crystal system, space group
P2y 27 24, as colorless needles (Figure 5 and Table 1). Like in the perchlorate (S)-2-HCIO, (see
Figure 4) and in the hydrochloride (S)-2-HCI [1], the asymmetric unit of compound (S)-2-TFA
contains two independent molecules [(5)-2-TFA-A and (S)-2-TFA-B]. The fluorine atoms of the
trifluoroacetate anions and the pyrrolidine carbon atom C(35) of molecule (S)-2-TFA-B are disordered.
Each trifluoroacetate is hydrogen-bonded to two silylpyrrolidinium cations via an N-H---O interaction.
The parameters of the found hydrogen-bonds differ from each other, with the N-H distances ranging
from 0.847 A [N(2)-H(4N)] to 1.082 A [N(2)-H(3N)], and the N-H:--O angles ranging from 159.48°
[N(1)-H(2N)---O(2)] to 172.31° [N(2)-H(3N)---O(3)], although the N---O distances are quite similar
(Figure 5).
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Figure 5. Part of the crystal structure (ORTEP plot) of compound (S)-2-TFA in the crystal, with
the displacement ellipsoids set at the 50% probability level. The ellipsoids F(1B), F(2B), and F(3B)
of molecule (5)-2-TFA-A, and the ellipsoids F(4B), F(5B), and F(6B) of (S)-2-TFA-B are omitted for
clarity. Selected bond lengths (A) and angles (°): Molecule (S)-2-TFA-A: C(1)-Si(1) 1.849(2), C(2)-Si(1)
1.863(2), C(8)-5i(1) 1.857(2), C(14)-Si(1) 1.889(2), C(14)-N(1) 1.505(2), C(17)-N(1) 1.491(3), C(18)-C(19)
1.520(3), C(18)-0O(1) 1.225(3), C(18)-O(2) 1.206(3), C(1)-5i(1)-C(2) 111.77(10), C(1)-5i(1)-C(8) 110.07(10),
C(2)-5i(1)-C(8) 108.11(9), C(1)-Si(1)-C(14) 109.69(10), C(2)-Si(1)-C(14) 107.16(10), C(8)-Si(1)-C(14)
109.98(9). Hydrogen bond N(1)-H(IN)---O(1): N(1)-H(1N) 1.050, H(1N)---O(1) 1.680, N(1)---O(1)
2.716, N(1)-H(IN)---O(1) 167.81. Hydrogen bond N(1)-H(2N)---O(2): N(1)-H(2N) 1.010, H(2N)---O(2)
1.769, N(1)---O(2) 2.738, N(1)-H(2N)---O(2) 159.48. Symmetry transformations used to generate the
equivalent atom O(2), hydrogen-bonded to H(2N): 1 — x, —% +, % — z. Molecule (S)-2-TFA-B:
C(20)-Si(2) 1.845(2), C(21)-Si(2) 1.850(2), C(27)-Si(2) 1.851(2), C(33)-5i(2) 1.884(2), C(33)-N(2) 1.507(3),
C(36)-N(2) 1.491(3), C(37)-C(38) 1.522(3), C(37)-O(3) 1.220(3), C(37)-O(4) 1.205(3), C(20)-5i(2)-C(21)
110.03(11), C(20)-Si(2)-C(27) 110.46(10), C(21)-5i(2)-C(27) 108.38(9), C(20)-Si(2)-C(33) 111.26(11),
C(21)-Si(2)-C(33) 110.30(9), C(27)-5i(2)-C(33) 106.30(10). Hydrogen bond N(2)-H(3N)---O(3):
N(2)-H(3N) 1.082, H(3N)---O(3) 1.665, N(2)---O(3) 2.740, N(2)-H(3N)---O(3) 172.31. Hydrogen bond
N(2)-H(4N)---O(4): N(2)-H(4N) 0.847, H(4N)---O(4) 1.903, N(2)---O(4) 2.728, N(2)-H(4N)---O(4) 164.58.
Symmetry transformations used to generate the equivalent trifluoroacetate anion, hydrogen-bonded to
H(@GN): % +x,1.5 -y, 1 — z. Symmetry transformations used to generate the equivalent atom O(4),
hydrogen-bonded to H(4N): 1 + x, , z.

3. Experimental Details

3.1. Synthetic Methods

Synthesis and characterization data of compounds (5)-1-HCl and (S)-2-HCl were previously
reported by our group [1]. The perchlorate salts (S)-1-HCIO4 and (S)-2-HCIO4 were prepared by
treatment of (5)-1-HCl and (S)-2-HCI, respectively, with excess perchloric acid (60 wt %). Colorless
single-crystals were formed overnight under normal atmosphere at room temperature within the
remaining solvent. Single crystals of the inclusion compound (S)-1-HCI-MeOH were obtained after
recrystallization of (5)-1-HCl from methanol. (5)-2-TFA was prepared by treatment of 800 mg
(2.99 mmol) enantiomerically-enriched (S)-2-(methyldiphenylsilyl)pyrrolidine [(S)-2, e.r. = 89:11]
with 341 mg (2.99 mmol) trifluoroacetic acid in 10 mL dichloromethane at room temperature. After
removing of all volatiles in vacuo, the residue was dissolved in acetonitrile. Enantiomerically-pure
single crystals of (S)-2-TFA were formed under normal atmosphere at room temperature within
three months.
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3.2. X-ray Crystallography

Single-crystal X-ray diffraction analyses were performed on an Oxford Diffraction Xcalibur S
diffractometer (Oxford Diffraction Ltd. (Abingdon, UK)) at 173(2) K using graphite-monochromated
Mo K« radiation (A = 0.71073 A). The crystals were mounted at room temperature. The crystal
structures were solved with direct methods (SHELXS-97 [11]) and refined against F2? with the
full-matrix least-squares method (SHELXL-97 [12,13]). A multi-scan absorption correction using
the implemented CrysAlis RED program (Version 1.171.32.37, Oxford Diffraction Ltd.) was employed.
The non-hydrogen atoms were refined anisotropically. The hydrogen atoms H(1N) and H(2N)
in compound (S)-1-HClO,, H(1IN), H(2N), and H(10) in compound (S)-1-HCI-MeOH, and H(1IN),
H(2N), H(3N), H(4N), H(34A), H(34B), H(36A), and H(36B) in compound (S)-2-TFA were located
on the difference Fourier map and refined independently. All other hydrogen atoms were placed in
geometrically-calculated positions and each was assigned a fixed isotropic displacement parameter
based on a riding model. The fluorine atoms F(1)-F(6) and the carbon atom C(35) in (S)-2-TFA are
disordered. The absolute configuration of (S)-1-HClOy, (S)-1-HCl-MeOH, (5)-2-HCIOy, and (S)-2-TFA
was determined by Flack’s method based on resonant scattering [14]. Figures 2-5 were created
using Mercury (Version 3.3). Crystal and refinement data are collected in Table 1. Crystallographic
data of enantiomerically-pure 2-silylpyrrolidinium salts (5)-1-HCIOy, (5)-2-HCIOy, (S)-1-HCl-MeOH,
and (5)-2-TFA have been deposited with The Cambridge Crystallographic Data Centre. CCDC 1582443
[(S)-1-HC1-MeOH], CCDC 1582444 [(S)-2-TFA], CCDC 1582445 [(S)-1-HClO4], and CCDC 1582446
[(5)-2-HClOy4] contain the supplementary crystallographic data for this paper (see Supplementary
Materials). These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44 1223 336033;
E-mail: deposit@ccdc.cam.ac.uk).

4. Conclusions

In the context of studies concerning the effect of the counter anion in organocatalytic reactions
with polar species involved, we were interested to synthesize salts of optically-pure 2-silylpyrrolidines
with different counter anions for further reactivity studies, which might be of interest in terms of
hydrogen-bond activation in the initial enamine formation step. By studying the hydrogen-bonding
behavior of 2-silylpyrrolidines, interesting information about silicon-specific effects on the basicity of
the pyrrolidine nitrogen center may be provided. Future studies will also address the respective salts
of the carbon analogue 2-tritylpyrrolidine for comparison.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/88/s1. Cif and
cif-checked files.
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Abstract: Baird’s rule tells that the electron counts for aromaticity and antiaromaticity in the first
nrtt triplet and singlet excited states (T; and Sp) are opposite to those in the ground state (Sp).
Our hypothesis is that a silacyclobutene (SCB) ring fused with a [4n]annulene will remain closed in
the T state so as to retain T; aromaticity of the annulene while it will ring-open when fused to a
[4n + 2]annulene in order to alleviate Ty antiaromaticity. This feature should allow the SCB ring to
function as an indicator for triplet state aromaticity. Quantum chemical calculations of energy and
(anti)aromaticity changes along the reaction paths in the T state support our hypothesis. The SCB
ring should indicate T; aromaticity of [4n]annulenes by being photoinert except when fused to
cyclobutadiene, where it ring-opens due to ring-strain relief.

Keywords: Baird’s rule; computational chemistry; excited state aromaticity; Photostability

1. Introduction

Baird showed in 1972 that the rules for aromaticity and antiaromaticity of annulenes are reversed
in the lowest mrt* triplet state (T1) when compared to Hiickel’s rule for the electronic ground state
(So) [1-3]. The rule has subsequently been confirmed by a series of quantum chemical calculations [3,4],
and it has also been shown that 4n m-electron species can have triplet multiplicity ground states
(To). Interestingly, the Ty state cyclopentadienyl cation and the isomeric vinylcyclopropenium cation
(a closed-shell singlet) are nearly isoenergetic [5,6], revealing that Baird-aromatic stabilization of triplet
state species can be significant [3,7]. It has also been shown through computations that Baird’s rule
can be extended to the lowest mrr* excited singlet states (S;) of cyclobutadiene (CBD), benzene, and
cyclooctatetraene (COT) [8-13]. Thus, [4n]annulenes display aromatic character in both their T (or Tp)
and S; states whereas [41 + 2]Jannulenes display anti-aromaticity. With Hiickel’s and Baird’s rules it
becomes clear that benzene has a dual character and can be labelled as a molecular “Dr. Jekyll and
Mr. Hyde” [3,14,15]. This is in line with the early conclusions by Baird as well as by Aihara [1,16],
and the excited state antiaromaticity explains the photoreactivity of many benzene derivatives [14].
On the other hand, CBD and COT are both aromatic in the Ty state [17-19].

In the last few years, the excited state aromaticity and antiaromaticity concepts (abbr. ES(A)A)
have gained gradually more attention [20-22], even though the pioneering experimental studies were
presented by Wan and co-workers already in the 80s and 90s [23-28]. We earlier stressed that Baird’s
rule can be used as a qualitative back-of-an-envelope tool for the design of photochemically active
materials, as well as for the development of new photoreactions [29,30]. Indeed, a recent combined
experimental and computational study of a chiral thiopheno-fused COT compound by Itoh and
co-workers reveals that the aromatic stabilization energies in both the T; and S; states are extensive
(~21 kcal/mol) [31], in agreement with previous computational estimates of T; state (anti)aromatic
(de)stabilization [32,33]. For experimental identification of excited state aromatic cycles vs. anti- and
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nonaromatic ones, there is a need for suitable indicator moieties. Based on both computations and
experiments we recently reported that the cyclopropyl (cPr) group can differentiate Ty and S; state
aromatic rings from those that are antiaromatic or nonaromatic in these states [34]. Yet, the cPr group
also has a drawback in that the products formed upon ring-opening are not easily identified as they
are complicated mixtures or polymeric material.

Herein, we discuss a computational study on the effects of T; state (anti)aromaticity of [4n]- and
[4n + 2]annulenes on the photochemical ring-opening of a silacyclobutene (SCB) ring fused with an
annulene. The SCB ring is interesting because of its ring-strain and high chemical reactivity [35].
One could potentially use the SCB ring as a substituent on an annulene ring, and here it is already
known that 1,1-dimethyl-2-phenyl-1-silacyclobut-2-ene ring-opens photochemically [36], likely a route
for excited state antiaromaticity relief. However, when used as a substituent the opening of the SCB
ring will also be affected by conformational factors (Figure 1a). Instead, if fused it sits in the same
arrangement regardless of annulene, and thus, should be a more unbiased indicator (Figure 1b).

(a) (b)
/

SR, |
| L_—SiR,

R =H or alkyl
Figure 1. The silacyclobutene (SCB) ring as a substituent (a) and fused to an annulene ring (b).

We argue that the T; aromaticity of [4n]annulenoSCBs will hinder the SCB ring from opening
as this will lead to loss of Ty aromaticity, while the T; antiaromaticity of [4n + 2JannulenoSCBs
instead will enhance the rate for ring-opening. We base this argument on the Bell-Evans-Polanyi
principle that says that the activation energy will be proportional to the reaction energy for reactions
of the same type [37]. This will lead to a photoreactivity difference which can allow the SCB ring
to function as a Ty aromaticity indicator. Noteworthily, the Ty state potential energy surfaces (PESs)
for electrocyclization reactions of compounds with 47 m-electrons were earlier explored by Mauksch
and Tsogoeva [38], and Mobius aromatic transition states were identified in compounds with 8,
10 and 127-electrons. Yet, the focus of our paper is not on the T; state electrocyclic ring-opening
of SCB but instead on the explicit effect of the T; state (anti)aromaticity of annulenes on the SCB
ring-opening when these annulenes are fused to the SCB ring. Earlier, we reported that the shapes
of T; state PESs for twists about the C=C double bonds (cf. T; state Z/E-isomerizations) of [4n]-
and [4n + 2]Jannulenyl substituted olefins are connected to changes in Ty state (anti)aromaticity of
(hetero)annulenyl substituents [39-42]. From this, one can infer that the Ty state PES of also other
photoreactions will vary in dependence of a neighboring [4n + 2]- or [4n]annulene ring. BenzoSCB
(2a, Figure 2) should photorearrange to o-silaxylylene (2b), containing a highly reactive Si=C double
bond [43], while cyclobuteno-(1a) and cyclooctatetraenoSCB (3a), based on our hypothesis, should be
resistant to photochemical ring-openings. Indeed, photochemical ring-opening of 2a in the S; state to
the transient 2b, trapped by alcohol solvents to yield isolable silylethers in 40-80% yield (Scheme 1),
was earlier reported by Kang and co-workers [44]. Additions of alcohols to silenes, particularly
naturally polarized ones (Si%+=C%), proceed over very low activation barriers (a few kcal /mol) [45]
due to the high oxy- and electrophilicity of the sp? hybridized Si atom, making these reactions highly
suitable for rapid trapping of transient SCB ring-opened isomers. A potential benefit of the SCB
ring over the cyclopropyl group is the persistence of the products formed upon photochemical SCB
ring-opening followed by trapping [44,46].
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R = Me, Et, i-Pr, t-Bu

MeOH

254 nm ©\/
0,
5°C SSiR,

9-24h

: SiR,OMe

Scheme 1. The photochemical SCB ring-opening and subsequent trapping of ortho-silaxylylene reported
by Kang, K.T. et al. [44].

Our investigation is focused on the T; state ring-openings rather than the S; state processes as
the triplet states are more easily amenable to computations. We used different aromaticity indices
to examine the (anti)aromatic character of ring-closed and ring-opened isomeric structures. If Ty
aromaticity of a [4n1]annulene hinders the SCB ring from opening, then the absence of this reaction upon
irradiation should indicate T; aromaticity. The SCB ring-opening could tentatively be connected to the
bond dissociation enthalpies (BDEs) because the C—C BDE in a strain-free compound (90.4 kcal/mol) is
slightly higher than the Si-C BDE (88.2 kcal/mol), which in turn is higher than the Si-Si (80.5 kcal /mol)
BDE [47,48]. Although the BDE difference between the strain-free C-C and Si-C bonds is small, strain
could be more important in the SCB ring than in the all-carbon cyclobutene ring (vide infra). Here it can
be noted that the cyclobutene and disilacyclobut-3-ene rings are less suitable than the SCB ring because
the former opens only rarely upon photolysis (e.g., benzocyclobutene does not undergo photochemical
ring-opening unless further derivatized) [14,49], while the latter is unstable and readily oxidized in
air to 1,3-disila-2-oxacyclopentenes [50]. It should also be noted that strained four-membered rings
with heteroatoms from Groups 15 and 16 are problematic in the context of excited state aromaticity
indicators as these heteroatoms provide lone-pair electrons that will interact electronically with the
m-conjugated annulene. Additionally, the lowest excited states of compounds with such rings could be
of n7t* rather than of 7t* character, leading to excited states for which Baird’s rule is not applicable.
The SCB ring when used as a substituent can also influence the annulene through m-conjugation, yet,
when fused onto an annulene its C=C bond is joint with the annulene. Thus, the SCB ring could hold
a unique position as a tentative excited state aromaticity indicator unit.

” - hv ’,/ - /
|l L - s
.~ SiH, -7 SsiH,

n=4nmor4n+ 2 n-electrons

my, — g
SiH e
1a - 1b SiH
So: AA So:NA
T A T1:NA
X
SiH; NsiH,
2a 2b
So: A So: NA
T1:AA Ti:NA
—
SiH, SsiH,
3a 3b
S : NA (AA) So:NA
Ti:A Ti:NA

Figure 2. The annulenoSCB ring-openings and the postulated (anti)aromatic characters in the Sy and
the Ty states of 1a, 2a, 3a, 1b, 2b, and 3b, respectively, with A = aromatic, AA = antiaromatic, and NA

= non-aromatic.
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2. Results and Discussion

We first discuss the changes in energies, geometries and (anti)aromaticities in the Ty states
during ring-opening reactions of the three molecules (Figure 2) in which a SCB ring is fused with
either a [4n]annuleno-(cyclobuteno- and cyclooctatetraeno-) ring or a [4n + 2Jannuleno-(benzo-) ring.
We discuss reaction and activation energies, and subsequently analyze (anti)aromaticity changes
through the harmonic oscillator model of aromaticity (HOMA), nucleus independent chemical shift
(NICS) and isomerization stabilization energy (ISE) indices as well as anisotropy of the induced
current density (ACID) plots. Finally, openings of SCB rings fused with 5- and 7-membered annulenyl
cations and anions are discussed. We also explored the T PES for SCB ring-opening when fused

with polycyclic systems (see Scheme S1), and for comparison the all-carbon analouges of 2 and 3
were analyzed.

2.1. Energy Changes

For the first three compounds (1-3), three different methods, two density functional theory
methods (B3LYP and OLYP), and one Coupled Cluster method (CCSD(T)) were tested to ensure that
the results do not vary extensively with method. Similar results were mostly obtained at the two DFT
(B3LYP and OLYP) and CCSD(T) levels, and therefore, only B3LYP energies are given for the remaining
compounds unless otherwise noted. Compound 2a(T1) had a higher relative energy than that of its
ring-opened isomer, 2b(T1), by 33.7-38.3 kcal /mol depending on the computational method (Figure 3).
Moreover, the activation energy for Si—-C bond scission in the T state was merely 9.0 kcal/mol,
38.3 kcal/mol lower than in the Sy state at the B3LYP level. This suggests that an antiaromatic
destabilization of the benzene ring in the Ty state affected 2a(T7) making it highly unstable and prone
to cleave the Si-C bond.

87.0, 84.2,93.5
(9.0, 5.9, 14.2)
90.0-
78.0, 78.3, 79
80.0-
__ 700t d
g SiH
% 60.0F Sz 46.5,42.8,65.3 (7,
§ 42.4,44.6,48.3 (31.6, 31.0, 39.2) S,
0
2 : P
g 400 | 38.4,39.9,41.0 b 37.3.41.3
c : \ 5
5 300f 19.9, 18.1, 22.6 ~ 1\ 222,221,244
H (9.5, 7.7, 6.3) N :
< 200 SiH; SiH, i Of
2 10.4 : : SSiH,
8 qp0- 104 (43.7, 42.5, 44.7) '
K 16.3 ; (33.1, 31.4,35.7)
00k . ¥ ¥
[y, W2l o™
-10.0F SiHp 14.2, @jsm
22.9) z SiH,
-20.0+ SiH
7
-30.0f B
SiH, -30.3,-29.9, :23.2
-40.0

1a 1b 2a 2b 3a 3b

Figure 3. T; state potential free energy surface diagrams for ring-openings of 2,3-cyclobutadieno-1-5CB (1),
2,3-benzo-1-SCB (2) and 2,3-cyclooctatetraeno-1-SCB (3) at (U)B3LYP/6-311G(d,p) (normal print),
(U)OLYP/6-311G(d,p) (italics), and (U)YCCSD(T)/6-311G(d,p)/ /(U)B3LYP/6-311G(d,p) (underlined)
levels. Values in parenthesis are activation energies. Values for the Sy state in black and values for the
T state in red.
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Interestingly, the Ty PES of 1 displayed a similar shape as that of 2, since 1b(Ty) is of lower
energy than 1a(T¢) despite the fact that CBD is weakly Tq-aromatic [8,13,17,51-53]. At the two DFT
levels, 1b(T1) was even lower than 1a(Sp), likely due to ring-strain relief in 1b(T¢). Furthermore,
the activation energy in the Ty state was lower than that in the Sy state by 7.7 kcal/mol at B3LYP
level. An opposite behavior was observed for 3 in its T; state because 3b(Tq) is higher in energy
than 3a(T1) by 11.8-26.1 kcal/mol. Moreover, the activation energies in the T; state are very high,
31.0-39.2 kcal/mol, revealing that the SCB ring will remain closed. Thus, for compounds 2 and 3,
the energy changes upon ring-opening in the T states fell in line with our hypothesis; ring-opening
releases energy in 2 in the T state, while it requires energy in 3. The question was, to what extent
these energy changes were linked to changes in (anti)aromaticity (vide infra).

The Si-C bond lengths in 1a, 2a, and 3a are 1.95 A, 192 A, and 1.90 A, respectively, which is
slightly longer than the normal Si—C bond length (1.87-1.89 A) [54]. Thus, as one goes to gradually
larger annulene rings, the SCB ring gets successively less strained when evaluated based on Si-C
bond lengths.

Noteworthily, in the Sy state, the reaction energy for ring-opening of 2a(Sg) was of opposite sign
to the reaction energy in the T; state. This reversal in endergonicity and exergonicity when going
from the Sy to the T state of 2 should be a consequence of Baird’s rule being the exact opposite to
Hiickel’s rule. With regard to compounds 1 and 3 in the Sy states, the ring-opening of 1a(Sg) was
exergonic, in line with relief of both Sy antiaromaticity and ring-strain, while ring-opening in the
non-aromatic isomer 3a(Sg) was endergonic. These energies were a combination of factors; (i) changes
in (anti)aromaticity, (ii) ring strain release, and (iii) changes in the bonding character at the Si atom as it
goes from sp° to sp? hybridized. Formation of a Si=C double bond is an unfavorable process which is
not sufficiently compensated by relief of ring strain in the least ring strained of the compounds (3a(Sy)).
Indeed, the ring opening of the all-carbon congener (allC-3(Sg)), where a C=C double bond is formed
instead, was exergonic by 6.4 kcal/mol (see Figure 513).

For 2 and allC-2, the Sy electrocyclic ring-opening transition states were conrotatory, as expected
for a thermal reaction with 47 electrons. In Ty, this was reversed to a disrotatory fashion. In contrast,
for 3 and allC-3, both the Sy and T; transition states were conrotatory. The conrotatory mode in Ty
could be explained by the fact that the spin density is delocalized both over the eight-membered
and four-membered rings in the TS (Figures S44 and S45). This is consistent with a 10-electron
electrocyclic ring-opening with Mobius orbital topology which would be allowed in T;. Indeed,
the ACID plots for 3 and allC-3 supported this interpretation, as the ring current went over all 10 atoms
(Figures S54 and S55). However, the difference of mechanism in T; with 10-electron conrotatory for 3
and 4-electron disrotatory for the other molecules was not sufficiently large to prevent application of
the Bell-Evans-Polanyi principle, as they all fell on the same correlation line (Figure 540, vide infra).

In addition to the SCB ring fused to aromatic and antiaromatic annulenes, we also analyzed it
when fused to the non-aromatic reference compounds cyclobutene, cyclohexene, and cyclohexadiene.
When going from 4 to 6 over 5, the reaction energies in the T; state became gradually less
strongly exergonic, while the activation energies increased slightly. Compounds 4 and 5 both have
nonconjugated C=C double bonds, yet, the cycloalkene ring was larger in 5, leading to less ring-strain
than in 4, as well as a Ty state SCB ring-opening reaction energy which was lower by 11.3 kcal/mol.
When going from 5 to 6, the reaction energy further decreased by 12.1 kcal/mol, revealing that the
length of the conjugated path also had an impact. An indication that T, state antiaromaticity was
alleviated in 2a(T1) was the fact that the energy released when going from 2a(T+) to 2b(T4) (Figure 3)
was larger than when going from 5a(T1) to 5b(T7) (Figure 4). Indeed, the ring-closed 2a(T1) was at an
even higher energy than 5a(T7) where the triplet biradical was confined to an essentially planar olefin
bond. This clarified that the benzene ring in the T; state was strongly destabilized. The destabilized
nature of T state benzene became obvious when regarding compound 6, where the ring-closed isomer
has a SCB moiety with its C=C double bond being part of a conjugated, yet, nonaromatic segment
because the T; energy of 2a(T1), was substantially higher than that of 6a(T1) (78.0 vs. 47.5 kcal/mol,
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respectively). Moreover, the activation energy for SCB ring-opening of 2a(T¢) was 6.6 kcal/mol lower
than that of 6a(T1), which indicated an influence of T; antiaromaticity in 2a(Ty).

76.0
80.0f N

‘S\H;

Relative free energies (kcal/mol)

Figure 4. Relative reaction and activation free energies (kcal/mol) for the SCB ring-opening when
fused to non-aromatic rings. The energies for transition states are given in bold. Black energy levels
represent the Sy state and red ones represent T; states at (U)B3LYP/6-311G(d,p) level.

2.2. Changes in Ty State (Anti)aromaticity upon Ring-Opening

2.2.1. Harmonic Oscillator Model of Aromaticity (HOMA) Values

Bond length equalization is one indicator of aromaticity, and we chose the geometric HOMA
index as one of the indices used (Table 1). The large negative HOMA values in 1a(Sp), 1b(Sp) and
1b(T) corresponded to antiaromaticity, while the small HOMA value of 1a(T1) suggested that this

structure is non-aromatic. Ring-opening of 1a(Ty) to 1b(T) led to an increase in antiaromaticity
(AHOMA(T;) = —0.69).

Table 1. Harmonic oscillator model of aromaticity (HOMA) values at the (U)B3LYP/6-311G(d,p) level
of compounds 1, 2, and 3.

So Ty
Compounds
a b AHOMA a b AHOMA
1 —4.04 -1.11 2.93 0.10 —0.59 —0.69
2 0.97 0.07 —0.90 —0.32 0.83 1.15
3 0.08 —0.21 -0.13 0.89 0.21 —0.68

Compound 2, in comparison, was aromatic in structures 2a(Sg) and 2b(T;) while it was
non-aromatic in structures 2a(T1) and 2b(Sg). Since 2a(T7) is non-aromatic, ring-opening to 2b(Ty)
was favored, as aromaticity was gained (AHOMA(T;) = 1.15). Benzene in the T state can adopt
several different conformers depending on the starting geometry; (i) it can have a quinoidal structure
with two unpaired electrons in the para-positions and two double bonds parallel to the C;-axis (3Q),
(ii) it can have an anti-quinoidal structure with two allyl radical segments (BAQ), or (iii) it can be
described as a combination of a pentadienyl and a methyl radical 3PM) [55] (Figure 5). Isomer
2a(Ty) is geometrically most similar to 3AQ since it has two long CC bonds and two allylic segments
(see Figure S9).

The small HOMA values of 3a(Sy), 3b(Sg) and 3b(T7) indicate that these are nonaromatic while
a high positive value of 3a(T1) suggests aromatic character. Thus, ring-opening of 3 in the T state
entails an unfavorable reduction in aromaticity as AHOMA(T;) = —0.68. Taken together, the HOMA
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values support our hypothesis that T; state aromaticity is lost in SCB ring-openings of 1a and 3a, while
the T state antiaromaticity of 2a is alleviated in this reaction.

‘Q ‘AQ 3PM

Figure 5. The quinoid (Q), anti-quinoid (AQ), and pentadienyl-methyl (PM) conformers of
T;-state benzene.

2.2.2. Nucleus Independent Chemical Shift (NICS) Scans

NICS is a magnetic indicator of aromaticity. The chemical shifts of NICS probe are scanned
over a certain distance (0-5 A) above the center of the molecular plane. The out-of-plane component
obtained is then plotted against the distance. The NICS scans of 1-3 in their T; states in ring-closed
and ring-opened isomers are shown in Figure 6, while those in the Sy states are found in Figure S1.
With regard to 1a(T), the out-of-plane component in the NICS scan had a negative value (—14.4 ppm;
1.1 A) suggesting that this structure is significantly aromatic. Conversely, a high positive value of
the out-of-plane component in 1b(T1) shows that this structure had antiaromatic character. For 2,
it was found instead to be 2a(Ty), as it had a high positive value for the out-of-plane component
(90.9 ppm; 0 A) revealing that this structure was T; antiaromatic. This T antiaromaticity changed back
to aromaticity when the SCB ring opened, because a value of —19.8 ppm at 1.1 A was calculated for
2b(T¢). With regard to 3, the NICS scan showed 3a(T1) to be aromatic with a value of —30.4 ppm at
0.9 10\, yet, 3b(T1) was non-aromatic. Because of the non-planarity of the COT of 3b(T1) a small kink
was observed in its NICS scan, in contrast to that of 3a(T) (Figure 6 and Figure S1). Discontinuities
in NICS-XY scans due to non-planarities were earlier observed by Schaffroth and co-workers for
tetraazaacenes [56]. Thus, based on NICS, we have support for our hypothesis that T; (anti)aromaticity
influences the reaction energies for the ring-openings of 1, 2, and 3. This led to loss of T; aromaticity in
1 and 3, whereas it leads to alleviation of T; antiaromaticity in 2. This reversal when going from 1 to 2,
and then to 3 was also viewed clearly in Figure 6, since the structures with negative (aromatic) NICS
values were successively 1a(T1), 2b(T1) and 3a(Ty).
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Figure 6. Nucleus independent chemical shifts (NICS) scans of (a) 1a(T1) and 1b(T4); (b) 2a(T¢) and
2b(T7); as well as (c) 3a(T1) and 3b(Tq) at the GIAO-(U)B3LYP/6-311+G(d,p)/ /(U)B3LYP/6-311G(d,p)
level. Only the out-of-plane components are displayed.

2.2.3. Anisotropy of the Induced Current Density (ACID) Plots

ACID is a magnetic indicator of aromaticity for visualizing ring-currents and electron
delocalization. The ACID plots (Figure 7) of compounds 1, 2, and 3 corroborated the results
of the NICS scans. Clockwise ring-currents for 1a(T1), 2b(T1) and 3a(T;) indicated aromaticity,
while counter-clockwise ring-currents in 1b(T1) and 2a(Tq) represented antiaromaticity. Yet, the
ring-currents in 1b(T1) suggested this structure to be only weakly antiaromatic. The 3b(Ty) structure
was non-aromatic. Clearly, 2a(T1) opened the SCB ring to alleviate Ty antiaromaticity (a favorable
process), while 1a(T¢) and 3a(Tq) lost aromaticity upon ring-openings (unfavorable processes).

2.2.4. Isomerization Stabilization Energy (ISE) Values

ISE is an energetic index of aromaticity and it is based on the energy difference between the
calculated total energy of fully aromatic methyl isomer to that of the non-aromatic exocyclic methylene
isomer. We also utilized the isomerization stabilization energy (ISE) index of Schleyer [32] to estimate
either the aromaticity or antiaromaticity in ring-closed structures in the T; state. Here, we examined
only 1 and 2, and only in their T; states. With regard to the smallest compounds, the 4- and 5-methyl
substituted 1a(T1) derivatives showed negative ISE values (ISEayg —10.1 kcal /mol, Figure 8), indicative
of some T; aromatic stabilization. With regard to 2, the methyl-substituted 2a(Ty) structures showed
positive ISE values from 10.1 to 12.6 kcal/mol, indicative of T; antiaromatic destabilization. Structure
2a(Ty) is highly destabilized, evident from the computed ISE values. On the other hand, the ISE values
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reported for benzene in Sy state is —33.2 kcal/mol [57]. Thus, the ISE values support our hypothesis
that 2a(T4) is destabilized to the same extent as 1a(T4) is stabilized.

Isomer a(T,) Isomer b(T,)

Figure 7. Anisotropy of the induced current density (ACID) plots at (U)B3LYP/6-311+G(d,p)//
(U)B3LYP/6-311G(d,p) level. Broken arrows in 1b(T7) indicate weaker ring-currents. Aromatic = A,
antiaromatic = AA, weakly antiaromatic = WAA, and non-aromatic = NA.
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Figure 8. Isomerization stabilization energy (ISE) values (kcal/mol) of the 4- and 5-methyl
substituted 1a(Tq) derivatives, and the 5-, 6-, 7-, and 8-methyl substituted 2a(T1) derivatives at the
UB3LYP/6-311G(d,p) level. ISEayg is the average ISE value for the various methyl substitutions.
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2.3. Five- and Seven-Membered Carbocyclic Anions and Cations Fused to SCB

In order to explore if the findings on 1-3 can be extended to other [41]- and [41 + 2]annulenyl-SCBs,
we examined the potential energy surfaces of 5- and 7-membered annulenyl cations and anions fused
to SCB rings (7-9, Figure 9). This also allowed us to evaluate how the reaction energies depend on the
annulene size. It should be noted that we only investigated energy and geometry changes, and we
predicted 7 and 9 to resemble 1 and 3, respectively, while 8 should resemble 2. The SCB-fused Cp- was
excluded as its calculated Ty state was of 7to* and not of 7t7t* character.

The 7a(Sy) structure was a transition state; being a 47m-electron species it is strongly singlet state
antiaromatic, it showed large CC bond length alternations (Figure S11), and it was unstable to SCB
ring-opening, leading to singlet state antiaromaticity alleviation. On the other hand, 7a(Ty) in the
T, state was a minimum on the T; PES; its geometry met the aromaticity criterion of bond length
equalization, and the spin density was uniformly distributed over the cyclopentadienyl fragment
(Figure S12). Interestingly, it was 2.9 kcal/mol lower in energy than 7a(Sp), similar to the parent
cyclopentadienyl cation which has a triplet ground state [58-61]. The ring-opening of 7a(T1) to 7b(T1)
was endergonic by 3.8 kcal/mol, opposite to the ring-opening of 1a(T1) to 1b(T;) which was exergonic
by 17.5 kcal/mol. The reason why 1a(T1) does not behave similar to 7a(T;) and 3a(T7) could be
explained by the ring-strain in the CBD ring.

With regard to 9a(Ty), it was merely 4.2 kcal/mol higher in energy than 9a(Sp), and its geometry
indicated a completely delocalized cycloheptatrienyl anion. This delocalization of the triplet biradical
character was also confirmed through its spin density (Figure S12). The ring-opening of 9a(T1) to
9b(T¢) was energetically unfavorable, yet, not equally unfavorable as the ring-opening of 3a(T¢) to
3b(T4). Thus, when going to gradually larger annulenes the SCB ring-opening energies in the T; state
were —17.5 (1), 3.8 (7), 12.2 (9), and 22.2 (3) kcal/mol, respectively. i.e., only the most ring-strained
compound (1) displayed an exergonic reaction energy. The activation energies in the T; state also
increased gradually and they were 9.5 (1), 21.7 (7), 24.6 (9) and 31.6 (3) kcal /mol, respectively. Hence,
the SCB ring, when fused with [4n]annulenes will in general not open in the T; state, a feature
that stems from T; aromaticity. When an SCB ring is attached to an annulene ring, the absence of
a photochemical ring-opening should therefore indicate Ty aromaticity. Only when ring-strain is high,
as in 1a(T4), will Ty state ring-opening occur in such species.
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Figure 9. Free energy changes in 5- and 7-membered annulenyl cations and anions fused with SCB
rings upon ring-openings at (U)B3LYP/6-311G(d,p) level. Compound 7a(Sp) is not a minimum in
the Sy state. The black energy levels represent Sy and those of red indicate T; state and energies for
transition states are given in bold.
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Compound 8 showed the opposite behavior to that found for 7 and 9. Structure 8a(T7) was highly
skewed and its ring-opening to 8b(T1) was exergonic by 17.6 kcal/mol. Also, the ring-opened 8b(T1)
isomer was planar and had a CC bond delocalized structure. Thus, 8 having a [4n + 2]annulene
moiety, displayed similar characteristics as 2. Yet, the smaller the ring, the higher the exergonicity
of the ring-opening, explained by relief of ring-strain in addition to the relief of T; antiaromaticity.
Taken together, the T; state ring-opening reactions were markedly uphill for compounds 3, 7, and 9,
and downbhill for 2 and 8. Compounds 3, 7, and 9 showed T; aromaticity similar to [4n]annulenes,
while compounds 2 and 8 showed T1 antiaromaticity analogous to [4n + 2]annulenes, suggesting that
loss of T1 aromaticity was observed in ring-openings of [4n]annulenes while T1 antiaromaticity of
[4n + 2]annulenes is alleviated through such reactions. Finally, the T1 state activation energies for SCB
rings of the T1 aromatic compounds 3, 7, and 9 were higher than those of the non-aromatic reference
compounds 4-6 (Figure 10), allowing the SCB ring to function as a T; state aromaticity indicator.
For the (4n + 2)m-electron annulenoSCBs, the activation energies were similar or lower than those of
the nonaromatic references. Overall, the height of the activation barriers in the T; state were, to a
significant extent, correlated with the reaction energies (R? =0.762, Figure S40), in accordance with the
Bell-Evans-Polanyi principle. This correlation was even stronger for the Sy state (R? = 0.872).
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Figure 10. Activation free energies (kcal/mol) of all compounds 1-9 at the (U)B3LYP/6-311G(d,p) level
in the Sy (unfilled circles) and T (filled circles) states.

2.4. Polycyclic Structural Units Fused to SCB

In order to test the generality of the hypothesis, the reaction and activation energies for the
ring-opening of an SCB ring when fused to polycyclic moieties (10 and 127-electrons) were also
explored (Scheme S1). With 10 mr-electrons, naphthalene is T; antiaromatic, and we found that the SCB
ring-openings of all three isomers of naphtho-SCB (10a—10c) were exergonic, in line with our hypothesis.
However, the activation energy for 10a (23.3 kcal/mol) is significantly higher than observed for the
cPr-naphthalenes previously studied (8-11 kcal /mol) [34], suggesting that the SCB ring will remain
closed when fused to naphthalene. With regard to biphenylene, a 127-electron compound which is Ty
state Baird-aromatic, the SCB ring-opening energies of 11a-11c were modestly exergonic. Moreover,
the activation barrier for SCB ring-opening was nearly the same as that of naphthalene (24.2 kcal/mol).
Yet, it should be noted that polycyclic systems are more complex than monocycles because the SCB
ring-opened products can adopt aromaticity in some of the rings leading to stabilization, a feature
already observed for the ring-openings of the corresponding cPr substituted systems. Clearly, the SCB
ring should remain closed for Ty aromatic polycyclic compounds, however, it may also not open for
polycyclic T; antiaromatic species, leading to limitations of its usage.
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3. Computational Methods

All calculations were performed with Gaussian 09 revision D.01 [62]. The structures were
optimized at the (U)B3LYP and (U)OLYP density functional theory levels [63-66], with the
6-311G(d,p) basis set [67,68]. Frequency calculations were carried out at the same level to confirm
stationary points with real frequencies. Single-point energy calculations were performed at the
(U)CCSD(T)/6-311G(d,p)/ /(U)B3LYP/6-311G(d,p) level and thermal corrections at the B3LYP level
were added to get the free energies. Structural, magnetic and energetic indices were used to assess
the extent of aromaticity [69]. The harmonic oscillator model of aromaticity (HOMA) [70] values were
calculated at the (U)B3LYP/6-311G(d,p) level. Positive values approaching 1.0 correspond to aromatic
compounds, negative values to antiaromatic compounds, and values close to zero indicate nonaromatic
compounds. Nucleus independent chemical shift (NICS) scans along an axis perpendicular (z-axis) to
the ring planes were generated with the Aroma package 1.0 [71-73], using the Gauge-Independent
Atomic Orbital (GIAO) method [74] at the GIAO-(U)B3LYP/6-311+G(d,p)/ / (U)B3LYP/6-311G(d,p)
level. Scans were performed starting at the centre of the annulene to 5.0 A above the ring plane
with increments of 0.1 A. For aromatic compounds, the out-of-plane components show relatively
deep minima. For non-aromatic compounds, the values close to the molecular plane are positive,
decreases asymptotically and approach zero as the distance is increased. The antiaromatic compounds
display high positive values for the out-of-plane components which go to zero with increasing distance.
The anisotropy of the induced current density (ACID) calculations [75,76] were used to analyze the
ring-currents with the CGST method [77] at (U)B3LYP/6-311+G(d,p) level with AICD 2.0.0 software
package. The ACID plots were generated using (NMR = CGST 10p(10/93 = 1) and ultrafine grid
(integral = grid = ultrafine). Clock-wise ring-currents indicates aromaticity and counter clock-wise
ring-currents indicates antiaromaticity. Isomerization stabilization energies (ISE) [32,33,57] were
calculated at the (U)B3LYP/6-311G(d,p) level.

4. Conclusions

We have shown that the ring-opening ability of the SCB ring in the T; state can be used to sense for
Ty aromaticity of a [4n]annulene to which it is fused, as its ring-opening disrupts the T; aromaticity of
the [4n]annulene, an unfavorable (endergonic) process. Conversely, it should open regardless if fused
to a Ty non-aromatic or Ty antiaromatic ring. By usage of a variety of (anti)aromaticity indices, we link
the shapes of the Ty PES to changes in T; (anti)aromaticity. Consequently, the SCB ring could be used
as a T; aromaticity probe, in contrast to the all-carbon cyclobutene or disilacyclobutene rings which
are either too photoresistent or too labile. Moreover, as the silacyclobutene ring when fused does not
m-conjugate with the annulene, it has a benefit when compared to strained four-membered rings with
Group 15 and 16 elements. The SCB ring also has a benefit over the cPr group examined earlier by us in
the context of excited state aromaticity indicators [34] because the transient intermediate formed upon
SCB ring-opening, in contrast to the ring-opened cPr intermediate, is easily trapped by alcohols to
yield photostable silylethers. Yet, the SCB ring is likely of limited applicability in polycyclic systems as
it may remain closed regardless of whether the ring system is T; aromatic or T; antiaromatic. Still, our
study can be interesting from an applications perspective as it reveals situations when the SCB ring as
a part in a larger molecule could lead to photoinstability of compounds used for various applications
in organic electronics [78].

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/5/4/91/s1, NICS
scans, ACID plots, geometries, spin densities, and Cartesian Coordinates.
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Abstract: The surface modification of inorganic materials with organic units is an important process
in device preparation. For the modification of TiO,, organocarboxylic acids (RCO,H) are usually
used. Carboxylic acids form ester linkages (RCO,Ti) with hydroxyl groups on the TiO, surface to
attach the organic groups on the surface. However, the esterification liberates water as a byproduct,
which may contaminate the surface by affecting TiO, electronic states. In addition, the ester linkages
are usually unstable towards hydrolysis, which causes dye detachment and shortens device lifetime.
In this review, we summarize our recent studies of the use of polymers composed of disilanylene
and 7-conjugated units as new modifiers of the TiO, surface. The TiO, electrodes modified by those
polymers were applied to dye-sensitized solar cells.

Keywords: dye-sensitized solar cell; disilanylene polymer; photoreaction; surface modification; TiO,

1. Introduction

Dye-sensitized solar cells (DSSCs) are of current interest because of the advantages they offer,
including low fabrication cost and possible color tuning of the cells. The cells possess dye-attached
TiO; as photoactive electrodes [1]. This system involves electron injection from photoexcited dyes to
the conduction band of TiO; as the key step of the photocurrent generation. The resulting oxidized dyes
are reduced by accepting an electron from the redox system, such as I /I~ in acetonitrile to recover the
neutral state. Subsequently, electron-flow takes place from TiO; to the redox system through electrodes
generating the photo-current of the device. Conventionally, the modification of the TiO, surface by
organic dyes is performed by the formation of ester linkages between the Ti-OH bonds of the surface
and the carboxylic acid groups of the dyes, as shown in Scheme 1 (1). However, the esterification
produces water as a byproduct, which may contaminate the surface and thus change the electronic
properties of TiO,. Furthermore, the ester linkages on the TiO, surface are usually unstable towards
hydrolysis and react with moisture to detach the dyes, shortening cell lifetime.

On the other hand, polymers having backbones composed of alternating organosilicon units and
m-conjugated systems have been investigated as functional materials, such as carrier transporting and
emissive materials [2-4]. Photoactive properties are also an important characteristic of Si-7t polymers.
In particular, those with Si-Si bonds are photoactive and UV irradiation of the polymer solutions leads
to the cleavage of the Si-Si bonds. When the polymer films are irradiated in air, siloxane (Si-O-5i)
and silanol (Si-OH) bonds arising from the reactions of the photoexcited Si-Si bonds with oxygen
and moisture are formed. The formation of these relatively polar units increases the solubility of the
polymers in alcohols, making it possible to utilize the polymer films as positive photoresists [2,5,6].
In fact, irradiation of the polymer films through a photomask followed by the development of the
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irradiated films by washing with alcohols provides sub—micron-order fine patterning. Utilizing the
photoactivities, disilanylene-m alternating polymers are photochemically attached to the TiO, surface
through the formation of Si-O-Ti bonds, as presented in Scheme 1 (2). In addition, disilanobithiophene
is also investigated as a binding unit to TiO,, and those resulting in polymer-attached TiO, materials
are applied to DSSCs. Hanaya and coworkers reported a similar modification of TiO; electrodes by
silanol and alkoxysilane dyes via the formation of Si-O-Ti linkages [7-11]. They demonstrated that
the resulting electrodes show high performance as DSSC electrodes with high robustness towards
hydrolysis in particular, as compared with electrodes with conventional ester linkages. For example,
DSSCs based on a dye with a trimethoxysilyl anchor (1), shown in Chart 1, exhibited high performance
with a power conversion efficiency (PCE) over 12%. This was higher than the DSSCs with a similar
dye that had a carboxylic acid unit as the anchor (2) [9,11], clearly indicating the high potential of the
Si-O-Ti bond as an efficient anchoring linkage. Dye 1-attached TiO, showed higher stability towards
hydrolysis and nearly no detach of the dye was observed after soaking for 2 h at 85 °C, while TiO,
with 2 underwent the liberation of approximately 70% of the dye under the same conditions. It was
also demonstrated that an aminoazobenzene dye with a triethoxysilyl anchor (3) showed higher
sensitizing ability than a similar one bearing a carboxylic acid unit (4) (Chart 1), because of an
improved open-circuit voltage (V) arising from suppressed charge recombination [10].

In general, the anchors of the sensitizing dyes should have electron deficiency for the smooth
electron injection from the photo-excited dye to the TiO, conduction band. Silicon units are generally
recognized as electron-rich units, because of the low electronegativity of silicon. However, it is
also known that silicon substituents work as electron-accepting units when attached to m—electron
systems. In this review, we summarize our recent studies of the use of the disilanylene polymers
as new modifiers of the TiO, surface. Applications of the modified TiO, electrodes to DSSCs are
also described.

HO
(® D—COH ———» _ M
TiO, TiO,

@ : n-conjugated unit

N/
Si—o
Srd e - HO @
o TiO, TiO,
n

SWNTl
WEST T \/
i~ Gjannn _

— 7 hv o7 >—8i—0

i >

! hydrophobic interaction ~ TiO5 HO (3)

1 TiO,

SWNT

Scheme 1. Modification of TiO; surface with (1) organocarboxylic acid; (2) Si-Si-7t polymer; and (3) s
hybrid of Si-Si-m polymer and SWNT (single-walled carbon nanotube).
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J Hex Hex

1 X = Si(OMe); 12.5% (12.8% with co-sensitizer)
2 X =CO,H 9.32%

MeZNON\\ 3 X = Si(OEt); 2.6%
N X

4 X=CO,H2.4%

Chart 1. Structures of sensitizing dyes with a trialkoxysilyl or carboxylic acid anchor reported by
Hanaya et al. and PCEs of the dye-sensitized solar cells (DSSCs) utilizing the dyes [9-11].

2. Results and Discussion

2.1. Photochemical Attachment of Si-Si—rt Polymers to TiO, Surface

When a TiO, electrode was irradiated (>400 nm) in a chloroform solution of
poly[(disilanylene)quinquethienylene] (DS5T in Chart 2) with a Xe lamp bearing a cut filter, the colorless
electrode turned yellowish brown [12]. In this process, light longer than 400 nm was used to avoid the
activation of TiO,.

R R BuB
/ s\ Si-si Ar@ %
x R R ]p Bu Bu Hexx Hex y

‘?SI:T-B Bu MS2TBtE = S
X=BR=-Et MS2TBs E = Se
' Are /\ / \
- S S R' R? R2 R
Bu Bu ]\ Bu Bu
i T N. N 11
/S\ S‘I’O’S‘I% £ == /s\ /s\ = S‘ifs‘,i%
5Bu  Bujp DSATBtE = § /\ Bu Bu/ n
DSOST DS4TBs E = Se NN
1N N\ DS2E2TBt1 R' =R2=H
S N= S DS2E2TBt2R' = H, R?=Bu
1= 2 —
DSaTPy DS2E2TBt3 R' = Bu, RZ=H

Chart 2. Si-Si—m and Si— alternating polymers for a DSSC.

The photoreactions of compounds and polymers with Si-Si—7t units have been studied in detail,
and three types of reactions have been suggested as the major photodegradation pathways, as illustrated
for poly(disilanylenephenylene) in Scheme 2 [2,5,6]: (1) 1,3-silyl shift from the disilanylene unit to the
m—electron system forming silenes; (2) homolytic cleavage of the Si-Si bonds; and (3) direct reactions of
the Si-Si bonds of the photoexcited molecules with alcohols. The alcoholysis of disilane units (route 3)
proceeds dominantly over routes 1 and 2 when a large excess of alcohol is present in the reaction
media [13,14]. The homolytic cleavage of Si-C bonds (route 4) is occasionally involved as a minor pathway,
and routes 2 and 4 are preferred to route 1 in the polymeric systems [15,16]. However, the expansion of the
m-conjugation usually suppresses the photoreactivities of the Si-Si—t compounds and polymers [17,18]
and indeed, DS5T is basically not photoactive in an inert atmosphere [18]. Given these considerations,
it seems most likely that the photochemical modification of the TiO, surface with DS5T occurs via direct
reactions of the photoexcited polymer with TiOH groups on the surface. The reactions of DS5T with
water adsorbed to the TiO, surface to form silanols and the subsequent condensation of the silanols with
TiOH groups may also take place to form Si—O-Ti bonds.
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Scheme 2. Photodegradation of poly(disilanylenephenylene): (1) 1,3-silyl shift; (2) homolytic cleavage
and (3) alcoholysis of Si-Si bond; and (4) homolytic cleavage of Si-C bond.

A similar treatment of TiO, with DS6T (Chart 2) also provided a polymer-attached TiO,.
This modified TiO, was examined as a photoelectrode of DSSCs. As presented in Table 1, the DSSCs
showed photocurrent conversion, although the activities were not very high and the PCEs were
approximately 0.1%. A colored TiO; electrode was also obtained by dipping the electrode into a
solution of the corresponding siloxane polymer DSOS5T (Chart 2), presumably owing to the interaction
between the polymer chain and the TiO; surface, such as the coordination of the siloxane oxygen to the
Lewis-acidic Ti site (SiO-Ti) and hydrogen bonding to TIOH (Si,O-HOTi). However, the device with
DSO5T-attached TiO, showed much less efficient photocurrent generation (PCE = 0.05%), indicating
that a chemically bound polymer on TiO, is necessary to improve the activity. The attachment of
polyl(ethoxysilanylene)quinquethiophene] (MS5T) on the TiO, surface was also examined, as shown
in Scheme 3 [19]. A DSSC with TiO, modified by MS5T provided a PCE of 0.13% with Js. (short-circuit
current density) = 0.44 mA/ cm?, Ve = 338 mV, and FF (fill factor) = 0.48.

M e
Iex TIOZ /Sl
N\ o)
S [ /‘\
OEt
5 n TiO,

MS5T

Scheme 3. Reaction of MS5T with TiO;.

Table 1. Polymer absorption maximum and DSSC performance.

Polymer Amax 3/nm DSSC? Jo/mA ecm™2  Voo/mV FF PCE/%
DS5T 436 0.76 292 0.52 0.11
DS6T 418 0.86 296 0.48 0.12

DSO5T © 426 0.57 234 0.39 0.05

DS5T/SWNT - 1.84 340 0.62 0.39
DS2E2TBt1 487 1.30 308 0.61 0.25
DS2E2TBt2 430 0.29 228 0.46 0.03
DS2E2TBt3 504 1.08 392 0.60 0.26

DS4TBt 508 1.30 324 0.63 0.28

DS4TBs 546 0.61 324 0.57 0.11

DS4TPy 416 2.15 296 0.63 0.40

MS2TBt ¢ 451 0.42 358 0.40 0.06
MS2TBs ¢ 482 0.54 336 0.49 0.09

@ UV-Vis absorption maximum in solution; b FTO/ TiOy—polymer/I,-17 /Pt; © dye-attached TiO, electrode was
prepared by dipping the electrode into the polymer solution without irradiation.
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The three-component hybridization of the polymer, TiO,, and carbon nanotube was also possible,
as shown in Scheme 1 (3) [20]. Mixing DS5T with single-walled carbon nanotubes (SWNTs) by
ball milling provided the hybrid material DS5T/SWNT, which was soluble in organic solvents.
Irradiation of the TiO, electrode in a solution of the hybrid gave a TiO,/SWNT/DS5T hybrid
electrode. Application of the electrode to a DSSC led to improved performance with a PCE of 0.39%,
which was 3.5 times higher than that based on the DS5T-modified TiO, (Table 1). Improvement of the
device performance was likely ascribed primarily to the enhanced carrier transporting properties by
hybridization with SWNTs.

The rather low DSSC performance based on the DS5T- and DS6T-modified TiO, was presumably
due to the narrow absorption windows of the polymers, and thus donor-acceptor type m-conjugated
systems were introduced to the Si-Si-m polymers in order to obtain more red-shifted absorption
bands (Chart 2, Table 1) [21,22]. Photochemical treatment of TiO, electrodes in the polymer solutions,
similarly to that for DS5T and DS6T mentioned above, provided polymer-modified TiO, that showed
improved DSSC performance, as expected (Table 1). Among them, the best performance was obtained
using the pyridine-containing polymer (DS4TPy). The pyridine unit would participate in a secondary
coordinative interaction with the Lewis-acidic Ti site of the TiO, surface to facilitate the electron
injection from the photoexcited polymer to TiO;, as shown in Scheme 4. Enhanced electron injection
through pyridine-Ti coordination has been reported [23]. Monosilane polymers with D-A type
m-conjugated units (MS2TBt and MS2TBs in Chart 2) were also examined as DSSC dyes, which may
attach to the TiO, surface via coordination of the benzothiadiazole or selenadiazole units to the
Lewis-acidic Ti sites [24]. Although the DSSCs based on these polymers showed photocurrent
conversion, the performance was low with PCE < 0.1%, again indicating that chemical bonding
to polymer is important to improve DSSC performance.

Si\/
(e}
TiO
DS4TPy ——~ QN ﬁ
N
T

Scheme 4. Modification of TiO; surface with DS4TPy.

The thermal attachment of DS2E2TBt1 and DS4TPy to the TiO, surface was also examined.
However, DSSCs using the thermally modified TiO, electrodes showed lower PCEs (0.17% and
0.23% for DS2E2TBt1 and DS4TPy, respectively) than those with the corresponding photochemically
modified electrodes. This is due to the smaller amount of dye adsorbed to the surface, which was
estimated to be approximately half of those of the photochemically modified electrodes.

2.2. Dithienosilole- and Disilanobithiophene-Containing rt-Conjugated Polymers as Modifiers of the
TiO; Surface

In spite of our efforts to develop new and efficient sensitizing dyes for DSSCs based on Si-Si—
polymers, DSSC performance was rather low, with a maximal PCE of 0.40%. The absorption
windows seemed to be still narrow even though the D-A type m-conjugated units were introduced
to the polymers. This was presumably because the polymer 7-conjugation was interrupted by
disilanylene units, although there might be some interaction between the Si-Si o-orbital and the
m-electron systems, namely, o—7 conjugation [2]. In addition, the Si-Si bonds might be cleaved on
photolysis to produce silyl radicals that compete with the TiO, surface modification. The silyl radicals
might add the 7-electron systems to decompose the conjugated structures. We therefore prepared
dithienosilole-pyridine fully conjugated polymers DTSPy and DTS2TPy (Chart 3), expecting that
the polymers would interact with the TiO, surface via pyridine-Ti coordination [25]. The polymers
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could be attached to TiO; electrodes by dipping the electrodes into the polymer solutions without
UV irradiation, and PCEs of 0.55% and 0.54% were obtained from the DSSCs based on DTSPy and
DTS2TPy, respectively.

On the basis of these results, we designed and synthesized disilanobithiophene (DSBT)-pyridine
and —pyrazine alternating polymers (Chart 3). We recently demonstrated that DSBT is an efficient
donor unit of D-A 7-polymers that are potentially useful as active materials of bulk hetero-junction
polymer solar cells [26-28]. These DSBT—pyridine and —pyrazine polymers have fully conjugated
systems in their backbones and show red-shifted absorption bands around 500 nm, as illustrated in
Figure 1 [29]. They are able to attach to the TiO, surface by both Si-O-Ti bonding and pyridine— or
pyrazine-Ti coordination (Scheme 5). Interestingly, DSBT showed high reactivity arising from the ring
strain and reacted with the TiO, surface even in the dark. Indeed, homopolymer pDSBT that has no
Lewis-base site could be attached to TiO, by dipping a TiO, electrode into the chloroform solution in
the dark. As presented in Figure 2, the electrode thermally modified by pDSBT shows a darker color
than that modified photochemically. This is most likely because the degradation of m-systems occurred
to some extent under photochemical conditions, competing with the photo-derived modification of
TiO;. In some cases, however, the thermally modified TiO; electrode showed inferior performance
as the photo-electrode of DSSCs to that modified under photochemical conditions, because smaller
amounts of polymers could attach to TiO, in the dark.

s. s
‘AT A= — w
s " Q YaWaw
2T 2ET DTSPy DTS2TPy

2ET = 2-ethylhexyl

Ar——S S ~ N= N= s N=

Hex~$ISi=Hex DSBTPy DSBT2TPy DSBTFz
Hex Hex Hex Hex
N= N=
[ S Wy W
s 8 s~ N\ \ 7 N\ \J
( i N N
7\ n Hex Hex
Hex-S1"S~Hex DSBT2TPz1 DSBT1TPz2
Hex Hex
pDSBT

Chart 3. DTS-pyridine and DSBT-pyridine polymers.

DSSCs using TiO; electrodes modified by the DSBT-pyridine and —pyrazine polymers exhibited
good performance with a maximal PCE of 0.89%, as presented in Table 2 and Figure 3, using a TiO,
electrode thermally modified with DSBTPz. Presumably, thermal modification in the dark led to
the introduction of smaller amounts of polymers on the surface. However, in the photochemical
modification, it is speculated that silyl and aryl radicals would be formed from the photo-induced
homolysis of the Si-Si and Si-C bonds to some extent, as illustrated in Scheme 2, routes 2 and 4,
as the minor photodegradation pathways for Si-Si—mt polymers. The radicals add to the 7-conjugated
systems to suppress the conjugation, thus leading to the decreased efficiencies. In fact, DSSCs using
photochemically modified TiO, usually show IPCE (incident photon to current conversion efficiency)
maxima at higher energies than DSSCs with thermally modified TiO, [29]. As can be seen in Table 2,
the performance changed depending on the conditions of attaching the dyes on TiO,. Some polymers
showed higher performance when attached to TiO, photochemically, but some others gave rise to
better results under thermal conditions. Establishing a balance between the amount of polymer loaded
and the degree of photodegradation seems important to further improve DSSC performance. This may
be achieved by optimizing the polymer structure.
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Scheme 5. Modification of TiO, surface with DSBT-pyridine and —pyrazine polymers.
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Figure 1. Absorption spectra of DSBTPy and DSBTPz in o-dichlorobenzene. Reproduced from
Reference [29]—Published by the Royal Society of Chemistry.
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Figure 2. Photographs of (a) photochemically and (b) thermally modified TiO, electrode by pDSBT
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Figure 3. IPCE spectra and |-V curves of DSSCs based on photochemically (solid line) and thermally

(dashed line) modified TiO; electrodes by DSBTPz. Reproduced from Reference [29]—Published by
the Royal Society of Chemistry.
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Table 2. Polymer absorption maximum and DSSC performance.

Polymer Amax mm  DSSCP Jo/mAcm~2  Vo/mV FF PCE/%
DTSPy ¢ - 2.17 400 0.63 0.54
DTS2TPy © - 2.03 390 0.69 0.55
pDSBT 451 2.10 308 0.61 0.39
pDSBT ¢ 520 0.69 356 0.67 0.16
DSBTPy 439 1.91 344 0.63 0.41
DSBTPy ¢ 484 1.67 396 0.63 0.42
DSBT2Tpy 468 3.11 380 0.63 0.74
DSBT2TPy ¢ 475 1.34 392 0.66 0.35
DSBTPz 468 1.58 384 0.62 0.38
DSBTPz ¢ 496 3.22 424 0.65 0.89
DSBT2TPz1 482 221 396 0.64 0.56
DSBT2TPz1 ¢ 489 2.28 432 0.68 0.67
DSBT2TPz2 490 2.70 384 0.59 0.61
DSBT2TPz2 © 503 1.58 420 0.66 0.44

@ UV-Vis absorption maximum of polymer-attached TiO, electrode; b RTO/ TiO—polymer/I,-1" /Pt; © Dye-attached
TiO; electrode was prepared by dipping the electrode into the polymer solution without irradiation.

3. Conclusions

We have demonstrated that the reactions of Si-Si bonds with hydroxyl groups on the TiO, surface
provide an efficient route to modify the surface. These reactions proceeded cleanly without forming
byproducts that might affect the properties of the TiO,. The Si-O-Ti bonds were known to be stable
towards hydrolysis and seem to be useful for DSSCs with long lifetime. This process may be also
applied to modify inorganic oxide surfaces other than TiO,, providing a hydrophobic surface with
functional dye structures, thereby useful to control the surface and interface fine structures of organic
optoelectronic devices such as organic thin film transistors and sensors. It has been also demonstrated
that the attachment of azine-containing disilanylene polymers by both Si-O-Ti bonding and azine-Ti
coordination improves the DSSC performance. This is likely ascribed to enhanced electron-injection
through the azine-Ti coordination site. A similar function-separated dual site attachment of dyes on
TiO; electrodes by the simultaneous formation of an anchoring unit and an electron-injecting unit
has been recently applied to DSSCs [30-32]. The present system with disilane and azine units as the
anchoring and electron-injecting units, respectively, seems to provide a new molecular design for
robust sensitizing dyes.
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Abstract:  Peripherally functionalized low-valent main group species allow for the
introduction/interconversion of functional groups without increasing the formal oxidation

state of the main group center. Herein, we report a straightforward method for the incorporation of a
a-chlorosilyl moiety adjacent to the NHC-coordinated germanium(II) center.

Keywords: silylene; germylene; N-heterocyclic carbene; oxidative addition

1. Introduction

In recent years, the chemistry of the heavier analogues of carbenes (tetrylenes) has been expanded
beyond mere synthetic curiosity [1-3] towards application in synthesis. Heavier carbene analogues
are applied as a donor ligands in low-valent main group species [4,5] as well as in transition metal
complexes [6,7]. An increasing number of examples show competitive catalytic activity in different
organic transformations [8]. As the complexity of the tetrylenes increases with more intricate ligand
architectures [9], functionalization protocols in the presence of uncompromised low-valent Group
14 centers conveniently allow for a comparatively straightforward diversification in the final stages
of ligand synthesis. While the interconversion of functional groups is just beginning to emerge in
the case of heavier multiple bonds [10], numerous examples have been reported for the heavier
tetrylenes [11-15]. Recently, Scheschkewitz et al. have taken a similar approach with the synthesis of
the multiply functional NHC-coordinated silagermenylidenes, I and II (Scheme 1) [16,17], which serve
as precursors for cyclic NHC-coordinated germylenes of type III, IV, and V under consumption of
the Si=Ge bond, but retention of the low-valent germanium center (Scheme 1) [16,18,19]. The leaving
group characteristics of the peripheral chloro functionality of IT can be exploited for the incorporation
of different organic substituents by treatment with organolithium reagents in order to fine-tune
the steric requirements of the ligand scaffold of cyclic germylenes of type IV [20,21]. Directly
chloro-functionalized silylenes and germylenes are readily converted to a variety of novel low-valent
group 14 compounds by functional group interconversion at the low-valent tetrel center [22].
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Scheme 1. Chemical structures of «-chlorosilyl-functionalized silagermenyledene I, and

a-chloro-functionalized germylenes II-IV (R = Tip = 2,4,6-iPr3C¢Hp, NHCPr2Mez - 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene, NHCMe: = 1,3,4,5-tetramethylimidazol-2-ylidene, Xyl = 2,6-Me,CgHj3,
and Mes = 2,6-Me,CgHs).

An additional leaving group adjacent to a chloro-functionalized heavier carbene center would in
principle provide a precursor for the synthesis of further examples of heavier vinylidene such as I and
IL. The synthesis of an NHC-coordinated (chlorogermyl)chlorogermylene, IV, from NHC-coordinated
diaryl germylene and NHC- or 1,4-dioxane coordinated dichlorogermylene has been reported by
the groups of Baines and Tobitah [23,24]. Herein, we now report the synthesis of NHC-stabilized
(chlorosilyl)chlorogermylene, 1.

2. Results and Discussions

We anticipated that West’s N-heterocyclic silylene, 2 [25] would insert into the Ge-Cl bond of
the NHC-germanium(II)dichloride adduct 3 [26] as it is well known for the oxidative addition of
different types of bonds e.g., C—C1[27] and Ge-N [28]. Indeed, the reaction of 2 and 3 in a 1:1 ratio in
toluene at room temperature afforded the NHC-stabilized (chlorosilyl)chlorogermylene 1 which was
isolated as a crystalline compound (Scheme 2). We did not obtain any indication for the formation of
donor-acceptor adducts between 2 and 3 or rearrangement products as often described for reactions
of silylenes and germylenes [29,30].

DA G G

[ Sit o+ I /C:»G/ei _— [ Sil.,. N
N N d e N Ge <—-C\N \
A TA A8
2 3 1

Scheme 2. Synthesis of 1.

Compound 1 was characterized in solution state by NMR spectroscopy as well as in solid state by
single crystal X-ray molecular structure determination. The insertion of the silylene into the Ge—Cl
bond turns the germanium atom into a center of chirality. As a result the two diastereotopic C—-H
protons of C,N,Si-moiety give rise to two doublets at & = 5.87 and 6.03 ppm (1](H, H) = 3.92 Hz) in the
'H NMR. Similarly, the two tBu groups show 'H NMR resonances at & = 1.29 and 1.65 ppm. Hindered
rotation can be excluded as the explanation for the doubling of these resonances. Despite the increased
congestion about the germanium center, the NHC retains the local rotational Cp-symmetry in solution:
the TH NMR shows only a single septet for the two CH moieties of the isopropyl groups. In contrast,
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there are again two signals for the adjacent diastereotopic methyl groups of the N-isopropyl moiety.
In 13C{'H} NMR, the carbenic carbon shows a resonance at § = 171.01 ppm, which is similar to the
chemical shifts observed for other NHC-coordinated Ge(II) compounds [18,19]. In 29Gi{1H} NMR, the
singlet at 5 = —3.39 ppm is strongly highfield shifted compared with that of the free N-heterocyclic
silylene (5 = +78.3 ppm) [25]. Notably, even repeated crystallization of 1 did not yield NMR spectra
uncontaminated by residual 2, which led us to speculate about the reversibility of the oxidative Ge-Cl
addition to the silylene. NMR at variable temperatures, however, did not show any temperature
dependence of the sample composition.

Nonetheless, single crystals of 1 suitable for a X-ray diffraction study were obtained from saturated
toluene solution at —20 °C after one day. Compound 1 crystallizes in the monoclinic P27 /c space group.
However in the obtained single crystal X-ray diffraction data we did not see any residual electron
density for the cocrystalization of 2 along with 1. Analysis of molecular structure determination
revels the presence of x-chlorosilyl moiety adjacent to the NHC-coordinated germanium(II) center;
which was anticipated from the solution state structure (Figure 1). The Si-Ge bond length is 2.4969(7)
A which is close to reported Si(IV)-Ge(Il) bond length [19]. The distance between carbenic carbon
and germanium(II) center is 2.081(2) A, which is slightly shorter than that of the corresponding
NHC-coordinated germanium(II)dichloride (2.106(3) A) [26].

Figure 1. Molecular structure of 1 at 30% probability level, all H-atoms were deleted for clarity. Selected
bond lengths (A) and bond angles (deg.): Gel-C1 2.081(2), Gel-Cl1 2.2891(8), Gel-Sil 2.4969(7);
C1-Gel-Cl1 92.58(7), C1-Gel-5il 102.56(7), C1-Gel-Sil 101.83(3).

3. Materials and Methods

3.1. General Information

All manipulation were carried out under an argon atmosphere using either a Schlenk line
technique or inside a GloveBox. All solvents were dried by Innovative Technology solvent purification
system. Compounds 2 [25] and 3 [26] were prepared according to literature procedures. Benzene-d6
was dried and distilled over potassium under argon. NMR spectra were recorded on a Bruker Avance
11T 300 MHz NanoBay NMR spectrometer (Bruker, Switzerland). 'H and *C{'H} NMR spectra were
referenced to the peaks of residual protons of the deuterated solvent (*H) or the deuterated solvent
itself (13C{TH}). 2°Si{'H} NMR spectra were referenced to external SiMey.

3.2. Experimental Details

Synthesis of compound 1: 25-mL dry and degassed toluene were added to a Schlenk flask
containing 2 (0.242 g, 1.23 mmol) and 3 (0.4 g, 1.23 mmol) at —78 °C. The mixture is brought to room
temperature within one hour and stirred continuously for another two hours. Removal of the solvent in
vacuum and washing of the solid residue with n-hexane was followed by extraction with 20 mL warm
toluene. The resulting yellow solution was concentrated to about 15 mL and kept at —20 °C for one day
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to get bright yellow crystals of the desired compound, 1, suitable for single crystal X-ray diffraction
study. Despite apparently uniform crystals, a pure sample of compound 1 without free silylene 2 could
not be obtained. Yield: 0.360 g (56% which include 13% of compound 2). TH NMR (300 MHz, C4Ds,
298 K): & = 113 (d, Y, 1) = 7.02 Hz, 6H, CH(CH3)2), 1.24 (d, '] 1, 1) = 6.9 Hz, 6H, CH(CH3),), 1.29
(s, 9H, N(CHs)3), 1.51 (s, 6H, CCH3), 1.63 (s, 9H, N(CH3)3), 5.74 (sept, !J 11, 11) = 7.02 Hz, 2H, CH(CH3),),
5.87 (d, Y 1) = 3.92 Hz, 1H, CHCH) 6.03 (d, 1H, gy 11y = 3.92 Hz, CHCH) (1.42 and 6.76 ppm
refer to the resonances for compound 2) ppm. BC{TH} NMR (75.4 MHz, C4Dg, 298 K): & = 10.35 (2C,
CCH3), 22.06(4C, CH(CH3),), 31.97 (3C, C(CH3)3), 32.15 (3C, C(CH3)3), 51.97 (1C, C(CH3)3), 52.49 (1C,
C(CHj3)3), 54.07 (2C, CH(CH3),), 113.70 (1C, CHCH), 115.26 (1C, CHCH), 127.13 (2C, CCHj3), 171.01
(1C, NCN). #Si{'H} NMR (59.6 MHz, C4Dg, 298 K): & = —3.39 ppm.

3.3. X-ray Crystallographic Analysis

Single crystals of 1 were obtained from saturated toluene solution at —20 °C. Intensity data were
collected on a Bruker SMART APEX CCD diffractometer (Bruker, Germany with a Mo K« radiation
(A =0.71073 A) at T = 182(2) K. The structures were solved by a direct method (SHELXS [31]) and
refined by a full-matrix least square method on F? for all reflections (SHELXL-2014 [32]). All hydrogen
atoms were placed using AFIX instructions, while all other atoms were refined anisotropically.
Crystallographic data (Supplementary Materials) were deposited at the Cambridge Crystallographic
Data Center (CCDC; under reference number: CCDC-1587144) and can be obtained free of charge via
https:/ /www.ccde.cam.ac.uk/structures/. X-ray crystallographic data for 1: M = 520.15, monoclinic,
P21/c, a = 11.3853(3) A, b = 13.1071(3) A, ¢ = 17.5390(5) A, p = 96.2860(10)°, V = 2601.58(12) A3,
Z =4, Dy = 1.328 gcm_3, m =1.444 mm~ 1, 20max = 54.20°, measd./unique refls. = 48784/5747
(Rint. = 0.0292), GOF = 1.075, Ry = 0.0408/0.0471 [I>20(I)/all data], wR, = 0.1077/0.1112 [I>20(I)/all
data], largest diff. peak and hole 3.152 and —0.604 e A8

4. Conclusions

We have demonstrated a proof of principle study for the straightforward incorporation of a
a-chlorosilyl moiety adjacent to the donor-stabilized germanium(II) center. The resulting product
features a 1,2-dicholoro functionality and should therefore in principle be suitable as precursor for
the targeted synthesis of NHC-coordinated silagermenylidenes, the heavier analogues of vinylidenes.
So far, attempts to eliminate the two chloro substituents reductively were not met with success.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/6/1/6/s1, Cif,
cif-checked, NMR spectra files.
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Abstract: Host-guest chemistry was performed with disilane-bearing crown ethers and the
ammonium cation. Equimolar reactions of 1,2-disila[18]crown-6 (1) or 1,2-disila-benzo[18]crown-6 (2)
and NH4PF; in dichloromethane yielded the respective compounds [NH4(1,2-disila[18]crown-6)]PFq
(3) and [NHy(1,2-disila-benzo[18]crown-6)|PF¢ (4). According to X-ray crystallographic, NMR, and IR
experiments, the uncommon hydrogen bonding motif Og;---H could be observed and the use of
cooperative effects of ethylene and disilane bridges as an effective way to incorporate guest molecules
was illustrated.

Keywords: siloxanes; host-guest chemistry; supramolecular chemistry; main group coordination
chemistry; hydrogen bonding

1. Introduction

Siloxane bonding has been intensely discussed for the past seventy years. However, siloxane
bonding is not yet fully understood. Its discussion regarding the basicity is, to the best of our
knowledge, nowadays based on two different explanatory models. Both are important in order to
give insights into the Si-O bond, the associated Lewis basicity, and binding properties. As one model,
negative hyperconjugation interactions are discussed especially for permethylated siloxanes [1,2].
These interactions are understood as a donation of electron density in the case p(O) — 0*(Si-C), which
is competing with the coordination towards a Lewis acid and vice versa. Hence, the basicity of silicon
bonded oxygen atoms turns out to be lower [3-5]. The other explanatory model considers the Si-O
bond as highly ionic. The electronegativity gradient in the Si—O bond is considerably larger than in
the C-O bond, which causes significantly different binding properties of siloxanes in comparison to
ethers. Gillespie and Robinson emphasize that the electron pairs located directly at the oxygen atoms
are spatially diffused, resulting in a lower basicity [6]. Furthermore, one could argue that the partially
negatively charged oxygen atoms should show strong interactions with Lewis acids. However, this
argument is disproved by repulsive interactions between a positively charged silicon atom and a
Lewis acid, which was recently shown via quantum chemical calculations [7,8]. Overall, this leads
to an understanding of why the coordination of siloxanes turns out to be cumbersome. The whole
discussion is stripped down to monosilanes, which results in a structural discrepancy regarding (cyclic)
poly-silaethers. The conformation of the ligand significantly affects the coordination properties, which
was shown for ring-contracted crown ethers [9,10]. Considering all those arguments, we tried to
regain structural analogy towards organic (crown type) ligands with the insertion of disilane-units.
Simple substitution of —-SiMe,— units with —Si;Mes— units in a residuary -C;H,O- framework yields
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disilane-bearing ligands with a respectable coordination ability very close to their organic analogs.
Alkali and alkaline earth metal salts could easily be coordinated by ligands of this class, so the
coordination ability of siloxane compounds should be reconsidered [11-15]. However, the discussion
around siloxane bonding is not restricted to the coordination of Lewis acids and includes the ability to
form hydrogen bonds. Hydrogen-bonding patterns vary with the use of different substituents within a
silicon-based system (see Scheme 1).

.~ 07
R3SI\ ¢ /

o)
D

T—(>

/

Scheme 1. Model of hydrogen-bonding involving silicon-based systems in which A = acceptor
(especially O), D = donor-bearing atom (O/N), T = tetrel (C/Si), d = length of the respective hydrogen
bonding contact, and ¢ as well as w are relevant bond angles setting up the hydrogen bonding pattern.

The ability of these systems to form a hydrogen bond has been discussed since the early sixties,
especially by the group of West. Early examinations order the affinity to form hydrogen bonds in the
sequence R3COCRj3 > R3COSiR3 >> R3S5i0SiR3 according to IR-spectroscopic and thermodynamic
studies, as well as NMR experiments [16-18]. Also, recent research confirms a low hydrogen bonding
affinity of the oxygen atoms within ligands of the type R3SiOSiR3 [19]. This is also reflected by the fact
that a lot more solid state structures with hydrogen bonding between D-H and R3CDSiR3 (D = O, N)
than between D-H and R3SiOSiR3 are known to date. These results reflect the fact that a screening of
the Cambridge Crystallographic Database (CCDC) reveals no more than twenty structures that exhibit
hydrogen bonding between D-H and R3CDSiR3 (D = O, N) and just a handful of structures showing
contacts in between D-H and R3SiOSiR3 in the solid state [20]. Taking all observations into account,
the hydrogen bonding of siloxanes continues to be an uncommon motif and is declared as an unusual
phenomenon [21]. However, it is possible to increase the ability of siloxanes to form hydrogen bonds
by decreasing the ¢p-angle, which could be shown in several publications and was also supported
by experimental data provided by the group of Beckmann [5,17,21-23]. The relatively small pool of
experimental data motivated us to extend the coordination chemistry of hybrid disila-crown ethers to
ammonium cations.

2. Results

The ability of organic crown ethers to act as host molecules is discussed regarding different
systems with hydronium- and ammonium ions as the simplest hosts. Recrystallization of equimolar
ratios of salt and an appropriate crown ether from organic and/or aqueous solution yields crown ether
complexes with the general formula [M(CE)]A, where M = H30* or NH4*, CE = crown ether, and A
= anion. Mainly crown ethers of the [18]crown-6 type are used, but the anion structure varies with
A =Cl7,Brs7, I37, ClO4~, [BF4], [PFg]~ [SbCls]~, and many more [24-33]. In the case of hybrid
crown-ethers, aqueous solutions and traces of moisture lead to the entire decomposition of the ligand.
Siloxane cleavage with aqueous solutions is common for this kind of ligand and has already been
discussed in other publications [11,34,35]. For this reason, hydrogen bonding towards hydronium
cations could not be performed. However, the incorporation of a guest turned out to be successful
in the use of ammonium hexafluorophosphate as the salt and 1,2-disila[18]crown-6 (1), as well as
1,2-disila-benzo[18]crown-6 (2) as the ligands of choice. The ligands were prepared using methods
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described in the literature (see Scheme 2) [11,15]. Subsequent reaction of these ligands with NH4PFg in
anhydrous dichloromethane yielded the respective complexes [NH4(1,2-disila[18]crown-6)]PFg (3) and
[NHy(1,2-disila-benzo[18]crown-6]PFg (4). Neat 3 is a colorless powder which can be recrystallized
from dichloromethane. The resulting colorless blocks were analyzed via XRD. 3 crystallizes in the
non-centrosymmetric monoclinic space group P2; as an enantiopure product very similar to the
corresponding potassium complex [K(1,2-disila[18]crown-6)PF4] according to the lattice constants [11].
As also observed for organic crown ether complexes, the ammonium cation is trapped in the cavity
of the sila-crown ether beneath the anion bound to every second oxygen atom of the ligand 1.
The hydrogen bonding system of the ammonium cation now features three different binding modes
due to the insertion of the O-Si-Si-O linkage and the presence of the [PFs]~ anion. Hence, etheric
oxygen atoms, one silicon substituted oxygen atom, and two of the fluorine atoms of the [PF¢]™ anion
are participating (see Figure 1). The F---H contacts show distances that are well within the range of
hydrogen bonding for this system. Freely chosen systems for comparison are [NH4([18]crown-6)]PF,
[NH4(dibenzo[18]crown-6)]PFq, and [NH4(benzo[15]crown-5)]|PF¢ [32,36,37].

(o o (o /
qo OH 2 NEts (IO O~gi—
_—> |
o) OH  THF or THF/Et,0 o) O—Si\—
I\/O\) Q I\/O\)
I\
Q 0o o o o
alte) = 1 2

(-C2H402)  (-C6H402)

Scheme 2. Synthesis of 1,2-disila[18]crown-6 and 1,2-disila-benzo[18}crown-6 [11,15].

Figure 1. The molecular structure of compound 3 in the solid state. Thermal ellipsoids represent a
probability level of 50%. The disordered part of the ligand with a lower occupancy and all carbon
bonded hydrogen atoms are omitted for clarity, whereas hydrogen atoms of the ammonium cation are
represented with arbitrary atomic radii. The latter were refined with DFIX [0.91] commands. Selected
contacts and bond lengths [pm]: H1---F1 222(3), H1---F2 236(3), H2:--O5 206(3), H3---03 203(6), H4---O1
205(3), Si1-Si2 234.8(1).
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Compound 3 is a rare example combining hydrogen bonding situations towards etheric oxygen
atoms, as well as partially silicon substituted oxygen atoms in the same molecule. This enables a
comparative analysis of the respective hydrogen bond donating properties of the different oxygen
atoms. The hydrogen bonding data for 3 and related compounds-based on the representation in
Scheme 1 are presented in Table 1. The respective hydrogen bonding patterns of 3 show no significant
divergence between the O(ygaic)-H and Os;)-+-H contacts. Hence, there is no hint of a preference of
the etheric oxygen atoms to form hydrogen bonding. The N-H4---O1 contact has a rather short value
of 205 pm, but is still in agreement with those in the related compounds. So, it can be assumed that the
use of cooperative effects of ether and disilane bridges seems to be an effective way to incorporate
guest molecules.

Table 1. Hydrogen bonding geometry in 3, 4, and related silicon based systems.

Compound or CSD Refcode? D-H2 A d[pm] T3 wl°] ®[°]  Ref.?

N-H2 O5 206 Cg 160 113 *

3 N-H3 O3 203 Cg 156 108 *

N-H4 O1 205 C 159 122 *

N-H2 O4 214 Cg 165 117 *

4 N-H3 02 209 Cr 151 110 *

N-H4 O6 200 C 172 118 *
VONMOB N-H O 226 C 174 128 [38]
MEQFOD N-H O 247 C 141 131 [39]
ITUBUIL N-H O 198210 C 157-160 130-132 [40]
MOLYUO O-H O 192 Si 167 116 [23]
TAKFOB O-H O 257-260 Si 148-152 139-148 [41]
ZEMXAQ O-H O 199 Si 156 116 [42]
EGEKAC O-H O  199-200 C 155-161 114-115 [43]
PERWIS O-H O 199 C 166 123 [44]
REXXAT O-H O 199 C 173 111 [45]

1 Choice of CSD Codes is based on ref. [20]. Geometric criteria for the search were similar to those in ref [21].
CCDC ConQuest Version 1.19 was used for the search; 2 See Scheme 1 for abbreviations; 3 Subscript E denotes that

the hydrogen bonding refers to an etheric oxygen atom: two carbon atoms are located next to one oxygen atom;

4 * = published within this work.

The successful incorporation of the ammonium cation in the silicon containing [18]crown-6 ether
and its interesting bonding relations prompted us to synthesize another ammonium complex using the
similar ligand 2. Thereby, we obtained compound 4 as a white powder, which was further recrystallized
from a mixture of dichloromethane and cyclopentane, yielding colorless rods suitable for single crystal
X-ray diffraction analysis (see Figure 2 and Table 2). 4 crystallizes in the monoclinic space group Cc and
reveals a trapped ammonium cation in the middle of the crown ether cavity bound to every second
oxygen atom of the ligand 2. The [PF4]~ anion and one molecule of co-crystalline DCM are located
above and beneath the ammonium cation. In comparison to compound 3, the ammonium cation is
located closer to the calculated mean plane spanned by the donor atoms of the crown ether with 45 pm
in the case of 4 and 59 pm in the case of 3. The hydrogen bonding geometry of 4 is slightly different to
that of 3 because of the rather rigid, ortho-bridging phenyl unit (see Table 1). Similar to the O(gganic)---H
and O(s;)---H in 3, the respective hydrogen bonding contacts show no significant divergence. However,
due to the incorporation of co-crystalline DCM, an intrinsic disorder causes problems with the crystal
structure refinement. For this reason, several restraints on distances and anisotropic displacement
parameters were used during the refinement. Hence, the hydrogen-bonding situation between the
ligand and ammonium cation should be considered carefully and is not discussed in detail as done
for 3. Recrystallization attempts from other solvents failed. Nonetheless, the crystal structure clearly
indicates the participation of the silicon bonded oxygen atom regarding hydrogen bonding.
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Figure 2. The molecular structure of compound 4 in the solid state. Thermal ellipsoids represent a
probability level of 50%. The disordered part of the ligand with a lower occupancy and all carbon
bonded hydrogen atoms, as well as the DCM molecule, are omitted for clarity. The hydrogen atoms of
the ammonium cation are represented with arbitrary atomic radii. The latter were refined with DFIX
[0.91] commands. Selected contacts and bond lengths [pm]: H1---F1 212(4) pm, H1---F2 247(5), H1---F3
279(5), H2---O4 213(6), H3---02 209(5), H4---06 200(3), Si1-Si2 233.9(3).

Table 2. X-ray crystallographic data for compounds 3 and 4-DCM.

3 4-DCM
Empirical formula C14H36FgNOgPSip C19H35Cl, FgNOgPSiy
Formula weight [g-mol ] 515.59 648.55
Crystal colour, shape colourless block colourless rod
Crystal size [mm] 0.487 x 0.432 x 0.346  0.076 x 0.106 x 0.522
Crystal system monoclinic monoclinic
Space group P2, Ce
Formula units 2 4
Temperature [K] 100(2) 100(2)
a =10.4542(5) a=14.9582(7)
g =12. =12.6454
Unit cell dimensions [A, °] lé _ 102?235;; ZZ _ 16.;35522;
B =117.912(1) 3 =104.950(2)
Cell volume [A3] 1214.57(10) 2984.8(2)
p calc [g/cm?] 1.410 1.443
w [mm~1] 0.286 0.422
20 range [°] 4.342 to 50.568 4.280 to 53.570
Reflections measured 34532 68974
Independent reflections 4419 6355
Ry (I>20(I)) 0.0203 0.0535
wR; (all data) 0.0529 0.1329
GooF 1.076 1.035
Largest diff. peak/hole [e-A~3] 0.24/-0.27 0.51/-0.44
Flack parameter 0.004(14) 0.048(16)

The interactions between the silicon affected oxygen atoms and the hydrogen atoms of the
ammonium cation are further verified by NMR and IR experiments. As observed for the metal
complexes of disila-crown ethers, a characteristic downfield shift of the singlet in the 295i{1H} and the
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singlet of the SiMe,-groups in the 'H NMR spectra is observed for both compounds 3 and 4. The 2°Si
NMR shift is 13.7 ppm in the case of 3 and 16.2 ppm in the case of 4. For this reason, both compounds
show a dynamic process regarding the H-bonding situation. Rapid exchange results in the described
equivalency of the silicon atoms. Even in VT NMR experiments, subsequently cooling the solution to
190 K did not result in an inequivalence of the SiMe, groups. The respective NMR shifts are in the
range of sodium and potassium metal ion complexes of disila-crown ethers [11,14].

The 'H NMR spectra represent the singlets for the SiMe, groups at 0.29 (3) and 0.30 (4) ppm,
respectively. For the ammonium cations, triplets were observed at 6.44 ppm for 3 and at 6.64 ppm for
4in the '"H NMR spectra. As mentioned above, IR spectroscopic data also indicate an interaction of
the ammonium cation with the silicon bonded oxygen atom. In comparison to pure NH4PFg, three
instead of only one NH stretching vibrations are observed in both compounds. The respective signals
are found at 3333 cm ! in NH4PFy; 3317, 3188, and 3086 cm™~! in 3; and 3298, 3225, and 3066 cm~?
in 4, comprising a significant red-shift in the coordinated cases [46]. This is in accordance with the
solid-state structures found upon single crystal X-ray diffraction analysis, as three different binding
modes of the NHy-related hydrogen atoms are revealed.

3. Materials and Methods

3.1. Laboratory Procedures and Techniques

All working procedures were performed by the use of Schlenk techniques under Ar gas. Solvents
were dried and freshly distilled before use. Ammonium hexafluorophosphate was stored and handled
under Ar atmosphere using a glovebox of MBRAUN-type. NMR spectra were recorded on a Bruker
AV III HD 300 MHz or AV III 500 MHz spectrometer (Bruker, Ettlingen, Germany), respectively.
The MestReNova package was used for analyzation [47]. Infrared (IR) spectra of the respective
samples were measured using attenuated total reflectance (ATR) mode on a Bruker Model Alpha
FT-IR (Bruker, Billerica, MA, USA) stored in the glove box. OPUS-software package was applied
throughout [48]. ESI-MS spectrometry was performed with an LTQ-FT (Waltham, MA, USA) and
LIFDI-MS with an AccuTOF-GC device (Akishima, Tokyo, Japan). Elemental analysis data cannot be
provided due to the presence of fluorine in the samples, which harms the elemental analysis devices.

3.2. Crystal Structures

Single crystal X-ray experiments were carried out using a Bruker D8 Quest diffractometer (Bruker,
Billerica, MA, USA) at 100(2) K with Mo K« radiation and X-ray optics (A = 0.71073). All structures
were solved by direct methods and refinement with full-matrix-least-squares against F? using SHELXT-
and SHELXL-2015 on the OLEX2 platform. Crystallographic data for compounds 3 and 4 are denoted
as follows: CCDC Nos. 1589283 (3), 1589284 (4-DCM) [49-51]. Crystallographic information files (CIF,
see Supplementary Materials) can be obtained free of charge from the Cambridge Crystallographic
Data Centre (CCDC) (link: www.ccdc.cam.ac.uk/data_request/cif). Visualization of all structures was
performed with Diamond software package Version 4.4.0 [52]. Thermal Ellipsoids are drawn at the
50% probability level.

3.3. Experimental Section

The sila-crown ethers 1,2-disila[18]crown-6 (1) and 1,2-disila-benzo[18]crown-6 (2) were
synthesized according to methods reported in literature [11,15]. Compounds 3 and 4 were synthesized
as follows.

[NH4(1,2-disila[18]crown-6)]PF; (3): 106 mg of 1 (0.30 mmol, 1.0 eq) was dissolved in 15 mL
of dichloromethane. A total of 59 mg of NH4PFg (1.2 eq, 0.36 mmol) was then added. Stirring the
suspension for 72 h gave a cloudy solution, which was filtered followed by the removal of the solvent
under reduced pressure. The raw product was washed with 5 mL of n-pentane and dried in vacuo.
A total of 147 mg of 3 was obtained as a pale white powder in 94% yield. For single crystal growth,
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3 was dissolved in dichloromethane and the solvent was removed until saturation of the solution.
Cooling to —32 °C yielded colorless blocks after a few days. "H NMR: (300 MHz, CD,Cl,) § = 0.29 (s,
12H, Si(CHj),), 3.55-3.88 (m, 4H, CH>), 3.64 (s, 12H, CH,), 3.74-3.76 (m, 4H, CH>), 6.44 (t, Yy = 54 Hz,
4H, NHy) ppm; BC{'H} NMR: (75 MHz, CD,Cl,) § = —1.2 (s, Si(CH3)2), 62.9 (s, CHy), 70.7 (s, CHp),
70.8 (s, CHy), 70.9 (s, CHy), 72.9 (s, CHy) ppm; °F NMR: (283 MHz) § = —72.5 (d, !Jpr = 713 Hz, PFy)
ppm; ZSi{lH} NMR: (99 MHz, CD,Cly) § = 13.7 (s, Si(CHj),) ppm; 3'P NMR: (203 MHz, CD,Cl,)
& = —140.3 (hept, !Jpr = 713 Hz, PFq) ppm. MS: LIFDI(+) m/z (%): 370.20784 [M~PFs]* (100), IR (cm1):
3317 + 3188 + 3086 (m, br, 5is N-H), 2891 (m), 1453 (m), 1425.98 (m), 1352 (w), 1249 (m), 1097 (s), 1075 (s),
1060 (s), 953 (s) 920 (s), 830 (vs), 791 (vs), 769 (s), 739 (s), 713 (s), 626 (m), 556 (s), 518 (w).

[NHy4(1,2-disila-benzo[18]crown-6)]PFg (4): 140 mg of 2 (0.35 mmol, 1.0 eq) was dissolved in 10 mL
of Dichloromethane. Subsequent addition of 69 mg of NH4PFg (0.35 mmol, 1.0 eq) and stirring of the
suspension for three hours yielded a clear solution that was subsequently freed of the solvent. The raw
product was well washed with 8 mL of n-pentane, followed by drying in vacuo. A total of 200 mg
of 4 was obtained as a pale white powder in 95% yield. For single crystal growth, 4 was dissolved in
2 mL of dichloromethane, layered with 15 mL cyclopentane, and finally stored at —32 °C to obtain
colorless rods after a few days. 'H NMR: (300 MHz, CD,Cl,) & = 0.30 (s, 12H, Si(CH3)y), 3.63-3.71 (m,
4H, CH,), 3.74-3.83 (m, 4H, CH,), 3.85-3.95 (m, 4H, CH>), 4.15-4.23 (m, 4H, CH>), 6.64 (t, Jx11 = 54 Hz,
4H, NH4) ppm; 6.86-7.04 (m, 4H, CcHy). *C{*H} NMR: (75 MHz, CD,Cl,) § = 2.5 (s, Si(CH3)2), 62.02
(s, CHa), 68.6 (s, CHy), 69.6 (s, CHy), 72.8 (s, CH), 113.6 (s, Ca,H), 122.4 (s, C4,H), 148.3 (s, Cay, q) ppmry;
19F NMR: (283 MHz) & = —72.9 (d, !Jpr = 712 Hz, PFs) ppm; 2°Si{'H} NMR: (99 MHz, CD,Cl,) § = 16.2
(s, Si(CH3),) ppm; 31P NMR (203 MHz, CD,Cl,): —143.8 (hept, !Jpr = 713 Hz, PFg) ppm. MS: ESI(+)
m/z (%): 418.2080 [M-PF4]* (100), IR (cm™1): 3298, 3225, 3066 (m, br, & s N-H), 2946 (m), 2878 (m),
1594 (w), 1505 (m), 1454 (m), 1425 (m), 1249 (s), 1209 (s), 1121 (m) 1069 (s), 957 (m), 830 (vs), 791 (vs),
765 (vs), 738 (vs), 632 (w), 555 (vs).

4. Conclusions

In this work, the incorporation of guest molecules into disilane-bearing crown ethers was
discussed. The complexation of ammonium cations by the ligands 1 and 2 turned out to be successful.
Within the respective complexes 3 and 4, H-bonding between a silicon affected oxygen atom and the
ammonium cation was purposefully realized. So far, related H-bonding was only observed as an
occasional occurrence in solid-state structures. In addition, Organic) --H and Os;)---H contacts show no
significant divergence on a structural level. Hence, there is no hint for a preference of the etheric oxygen
atoms to form hydrogen bonding. The interaction of the protons related to the ammonium cation with
the silicon affected oxygen atoms was verified by NMR- and IR-spectroscopic experiments. It can
be concluded that the use of cooperative effects of ethylene and disilane bridges is an effective way
to incorporate guest molecules. We are currently aiming for the synthesis of all-disilane substituted
crown ether analogs. Systems of the type SiSi-O-5iSi will help advance our understanding of the
siloxane linkage in combination with hydrogen bonding.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/6/1/15/s1, Cif and
cif-checked files.
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Abstract: Using density functional theory (DFT) methods, we analyze the adsorption of acetylene
and ethylene on the Si(001) surface in an unusual bond insertion mode. The insertion takes place
at a saturated tetravalent silicon atom and the insight gained can thus be transferred to other
saturated silicon compounds in molecular and surface chemistry. Molecular orbital analysis reveals
that the distorted and symmetry-reduced coordination of the silicon atoms involved due to surface
reconstruction raises the electrophilicity and, additionally, makes certain o bond orbitals more
accessible. The affinity towards bond insertion is, therefore, caused by the structural constraints of
the surface. Additionally, periodic energy decomposition analysis (pEDA) is used to explain why
the bond insertion structure is much more stable for acetylene than for ethylene. The increased
acceptor abilities of acetylene due to the presence of two 7*-orbitals (instead of one 7t*-orbital and a
set of 0*(C-H) orbitals for ethylene), as well as the lower number of hydrogen atoms, which leads to
reduced Pauli repulsion with the surface, are identified as the main causes. While our findings imply
that this structure might be an intermediate in the adsorption of acetylene on Si(001), the predicted
product distributions are in contradiction to the experimental findings. This is critically discussed
and suggestions to resolve this issue are given.

Keywords: adsorption; bond activation; bonding analysis; density functional theory; distorted
coordination; molecular orbital analysis; silicon surfaces

1. Introduction

The discovery of stable molecules containing silicon-silicon double bonds four decades ago [1]
has sparked the research interest in the chemistry of disilenes [2-5]. Unlike in alkenes, the substituents
at these double bonds are not arranged in a planar fashion, but tilted, a result of the bonding situation
which has been described as a double dative bond [6,7]. The most stable conformation is a trans
arrangement of the four substituents [6,8-10], which is favored not only from orbital overlap aspects at
the Si-Si bond, but also Pauli repulsion within the molecule [11]. While these unusual double bonds
can undergo similar reactions as alkenes, e.g., 1,2-addition, cycloaddition, or coordination in metal
complexes [3], the reactivity is increased and sterically demanding substituents are needed to stabilize
the molecules [5]. Additionally, the tilted geometry leads to changes in reaction mechanisms and
stereochemistry, as a recent study on the addition of molecular hydrogen to a disilene showed [12]:
here, the system favors anti-addition to syn-addition or a stepwise mechanism.

A cis arrangement of substituents in disilenes is rarely observed. Two examples include silicon
atoms as part of a borane cluster [13] and a base-stabilized adduct [14]. In both cases, the coordination
of the two silicon atoms in the most stable conformation is not symmetric (formally, Cp, symmetry,
in the case of four identical substituents), but asymmetric (formally, Cs symmetry). This distortion
changes the electronic structure and, as a consequence, the reactivity: in the base-stabilized adduct [14],
one silicon atom acts as an acceptor in a dative bond, a situation that would not be possible in
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carbon—carbon double bonds. Further investigation of cis-substituted disilenes could, therefore, reveal
new aspects of silicon chemistry.

The Si(001) surface, a widely-used substrate in surface science with a high relevance for
application [15], features a structure similar to cis-substituted disilenes (Figure 1): in the surface
reconstruction process of the bulk (a), which crystalizes in a diamond structure, two adjacent atoms
form a covalent bond and tilt, yielding the characteristic buckled dimers of this surface (b). Although
the bond could be, in a local picture, formally described as a double bond, the buckling leads to a
localization of the occupied 7-type orbital at the upper Siyp atom, while the empty 7*-type orbital is
mostly localized at the lower Sigoy, atom (c) [16]. Therefore, the surface possesses both nucleophilic
(at Siyp) and electrophilic (at Sigown) characters. This enhances the reactivity with organic molecules:
In addition to typical double bond reactions like 1,2-addition and cycloaddition, the surface can form
dative bonds and act as a reagent in nucleophilic substitution [17,18]. This underlines that, in many
cases, it can be treated as a molecular reagent [19]. The study of reactions on Si(001) can, therefore,
aid in the understanding of molecular disilenes.

(a) (€

Q 0 @ ) Ddown (unoccupied)
QSi@ QSi@ Si—Si S'\SiO
AL A L
’,Sl\ ,\/S|»\;;\ ’,SI\ :‘/Sl\‘f; . ’,Sl\ TJ\/SI»\:,
|

si” s si” s si”s

Dyp (occupied)

Figure 1. (a) Schematic depiction of the Si(001) surface reconstruction process. Dots indicate unpaired
electrons. (b) Structure of Si(001) in the most stable reconstruction, c(4 x 2), with nomenclature used
subsequently. (c) Crystal orbitals (at the I point in k space) of a Si(001) slab corresponding to the dimer
states, calculated at PBE-D3/TZ2P.

Previously, a new reaction type on Si(001) was reported in a theoretical study [20]: the bond
insertion of acetylene into a Sigown—Sisyp bond (compare Figure 1b), called the sublayer mode from
now on. This behavior is highly unusual, since, until now, the Siyp and Sigown atoms were considered
reactive centers in most cases. Sig,, atoms were disregarded because they are tetravalent, therefore fully
saturated and missing the “dangling bond” orbitals of Siyp and Sigown (Figure 1c). The observation is
also in stark contrast to the adsorption of alkenes like ethylene, which undergo a cycloaddition with
one or two surface dimers mediated by a coordination of the molecular 7 system to a Sigown atom
(7t complex) [21-27]. For the adsorption of acetylene, cycloadducts are the most stable adsorption
modes as well, as confirmed by theoretical calculations and experimental measurements at room
temperature [20,21,28-36]. While there is experimental evidence for the presence of an intermediate
state (called precursor in surface science) [37], there is no consensus on the nature of this state.
Statements that have been made include a mobile precursor [37], a m complex [28,30], no stable
precursor at all [21,35], and the bond insertion structure [20].

Using molecular orbital analysis and bonding analysis, we will now provide a description of
acetylene adsorption on Si(001) that advocates the insertion mechanism (Scheme 1). Even though this
mechanism has not been reported for other systems so far, we will explain how the electronic structure
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of acetylene benefits this reaction by comparing it to the adsorption of ethylene. Additionally, we will
provide an explanation for the reactivity of Sig}, atoms by molecular orbital analysis of distorted silane.
This will show that the calculated reactivity is a reasonable alternative to existing hypotheses.

H, H
Cc=C
[\
Si—Si
i \
H-C=C-H /
H H On-top
¢=C._ _si
+ —_— \S,i Si \.‘/
Sl/s\I
Sublayer- H
Precursor Ceci o
H‘C// \‘.SI S\Ivl,
Si—si
] V-
Bridge

Scheme 1. Possible adsorption mechanism of acetylene on Si(001) with the sublayer mode as an
intermediate (precursor) in the formation of cycloaddition modes on-top and bridge as advocated
in [20].

2. Computational Details

2.1. Molecules

Structural optimization was performed using the PBE functional [38,39], the D3(B]) dispersion
correction [40,41] and the def2-TZVPP basis set [42] in ORCA 3.0.2 [43] (standard convergence criteria
and integration grids). Molecular orbitals were calculated and visualized using PBE-D3(BJ)/TZ2P in
ADF 2016 [44—46] (standard convergence criteria and integration grids).

2.2. Surfaces

All energies and structures were calculated with the Vienna Ab Initio Simulation Package
(VASP) [47-50] version 5.3.5 using the PBE and HSEO06 [51] functionals (structures and frequencies:
PBE only), the D3(BJ) dispersion correction and the PAW formalism [52,53] with a basis set cutoff of
400 eV. Electronic k space was sampled using a I'(221) grid. Self-consistent field (SCF) calculations were
converged to an accuracy of 10~ eV, and structural optimizations to 10~2 eV-A~1. Reaction paths
were calculated using the Climbing-Image Nudged Elastic Band method [54], while the transition
state structures were refined using the Dimer method [55]. Harmonic vibrational frequencies were
calculated from structures converged to 1073 eV-A~1 by a finite differences approach and construction
of the Hessian using Cartesian displacements of 0.01 A (SCF convergence: 10~ eV). Gibbs energies
were calculated at T = 300 K, p = 1 bar in an approach described elsewhere [27]. All minimum and
transition state geometries and their respective total energies are given in the Supplementary Materials.

The Si(001) surface was modeled as a six-layer slab in ¢(4 x 2) reconstruction and frozen double
layer approximation. The bottom was saturated with hydrogen atoms in a tetrahedral arrangement at
a distance of d(Si—-H) = 1.480 A, the experimental equilibrium distance in silane [56]. Cell parameters
a and b were set to 15.324 A, corresponding to a 4 x 4 cell with an optimized bulk lattice parameter
of 5.418 A. In the ¢ direction, a vacuum layer of at least 10 A was ensured. Convergence studies on
these parameters can be found in a previous work [57]. The bonding energy Ej,ong was defined as the
difference between the energy Eio of the relaxed total system and the energies Eq,,¢ and Ep,) of the
relaxed and isolated surface and molecule:

Epond = Etot — Esurf — Emol (1)
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Please note that surface science convention is the use of the adsorption energy E,qs with
inverse sign convention (E,4s = —Epong). Scanning tunneling microscopy (STM) topographies
were calculated in the Tersoff-Hamann approximation [58,59] using bSKAN [60,61]. The approach
outlined has delivered accurate and reliable results for organic/semiconductor systems in the
past [18,26,27,57,62,63].

2.3. Periodic Energy Decomposition Analysis

Bonding analysis was performed at PBE-D3(B])/TZ2P, I' only k sampling, using pEDA [64] in
ADF-BAND 2016 [65,66]. The pEDA method allows to dissect Epopng into well-defined quantities that
allow interpreting the bonding between two fragments in a system (here: molecule and surface) in a
chemically meaningful way. In the first step, Eponq is partitioned into the intrinsic interaction energy
AEjn; and the respective preparation energies AEprep of the molecule (M) and surface (S):

Epond = AEint + AEprep(M) + AEprep(s) (2)

Since a dispersion correction is applied to the DFT calculations, AEj,; can be divided into a
dispersion term (disp) and an electronic term (elec):

AEint = AEini(disp) + AEint(elec) 3)

The actual pEDA procedure then decomposes AEjy¢(elec) into contributions from Pauli repulsion
(AEpauii), electrostatics (AEgjstat), and orbital interaction (AEp):

AEjnt(elec) = AEpay;; + AEeistat + AEory 4)

Additionally, the NOCV extension [67,68] was applied to the pEDA calculation in this work.
This allows expressing AE, as the sum of individual energy contributions AE (i) of different
character (e.g., 0/ bonding, donation and back donation). The assignment to a character was done by
visual inspection of the deformation densities Ap(i) which show the corresponding charge transfer.

3. Results

3.1. Distorted Coordination of Tetravalent Silicon

The enhanced reactivity of Sig,, atoms can be understood from the structural distortion in
the reconstruction process (Figure 1a): since the position of the surface atoms Siyp and Sigown is
changed with respect to the bulk, the coordination of the Sig, atoms changes from tetrahedral to
a symmetry-reduced arrangement (Figure 1b). This affects the electronic structure, as can be seen
from a molecular orbital analysis of a similarly distorted silane molecule: Figure 2a shows a Walsh
diagram [69] depicting the Kohn-Sham energies of selected molecular orbitals as a function of the
distortion angle « (Figure 2b), i.e., the tilting of two Si-H bonds from tetrahedral position without a
change in bond length. The distortion reduces the symmetry of the molecule from point group Ty4
to Cs and causes degenerate orbitals to split in energy. This is most evident in the triply-degenerate
1t, orbital, the HOMO of the tetrahedral molecule: Orbital 4a’ rises approximately linearly in energy
with increasing «, while at the same time, orbital 1a” is unaffected and 34’ decreases in energy. This is
caused by changes in overlap of the involved 3p(Si) and 1s(H) atomic orbitals. The unoccupied and
anti-bonding 2f, orbitals are affected in a similar manner and the LUMO of the distorted molecule
(54") gets significantly lower in energy with increasing «. At 50° distortion, it features a large lobe at
the “empty coordination site”, i.e., the location of a fifth bonding partner in a five-fold coordinated
structure. Since this orbital becomes spatially and energetically more accessible, the distortion makes
the system more electrophilic. The ability of silicon to accommodate more than four substituents is
well-known in molecular silicon chemistry.
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Figure 2. (a) Walsh diagram of the silane molecule: Kohn-Sham energies (calculated at PBE-D3/TZ2P)
of selected valence orbitals as a function of the tilting angle «, i.e., the deflection of two Si—-H bonds
from the ideal tetrahedral arrangement. At a = 0°, only the 2, orbital that transforms into the LUMO
of the distorted molecule (54) is shown. (b) Definition of .

Still, this does not explain the activation of the Sigown—Sisu, bonds, since the HOMO (44'),
while raised in energy, is located at three Si—-H bonds. However, on Si(001) the structure is even
further reduced in symmetry and the two distorted bonds are not tilted by the same amount. This is
because every Sig,, atom is connected to one Siggywn and one Siyp in the minimum configuration
(Figure 1b) and the corresponding bonds are tilted by a different a: Approximately 30° (towards
Siup) and 50° (towards Sigown). When this geometry is reproduced in silane, an additional symmetry
reduction takes place (Cs to Cy), the HOMO (Figure 3a) becomes a mixture of orbitals 44’ and 14"
of the Cs-symmetric molecule and features a large lobe at the Si—-H bond that is tilted by 50°, i.e.,
the one representing the Sigown—Sisyp, bond on Si(001). At the same time, the LUMO (Figure 3b) is
essentially unchanged with respect to the Cs-symmetric molecule. This asymmetric distortion provides
a much better explanation of the bond activation, since the HOMO could interact with an empty
orbital of another molecule (adsorbate) and form a covalent bond by breaking the Si—-H (Sigown—Sisub)
bond, whereas the LUMO could interact with an occupied orbital and form a second covalent bond,
reinforcing the bond insertion reactivity.

Two selected crystal orbitals (COs) of a Si(001) slab at the I point in k space show that the
electronic structure at Sig}, atoms is similar: the HOCO (Figure 3¢, —4.85 eV) is localized primarily at
the Sigown—Sisup bonds, while the LUCO+5 (Figure 3d, —3.47 eV) features large lobes at the Sig,;, atoms.
It is surprising to see the Sigown—Sisyp, bond orbital as the HOCO, since the non-bonding electron
pairs at Siyp, (Figure 1c) are usually considered as frontier orbitals in the surface reactivity of Si(001).
However, at the I point, the highest energy orbital representing the Siy, states (HOCO-1) is very close
in energy (—5.02 eV) to the HOCO. Additionally, this orbital becomes the HOCO in other parts of k
space, as a recent theoretical determination of the band structure using hybrid functionals has shown
(Figure 5¢ in [70]). Hence, both the non-bonding electron pairs at Siyp and the activated Sigown=Sisub
bonds are high enough in energy to be considered reactive towards adsorbates. The energetic location
of the LUCO+5, the other crystal orbital involved in bond insertion reactivity, is more in line with
previous considerations, since the orbitals representing the empty states at Sigown (Figure 1c) are still
lower in energy (—4.43 to —3.61 eV) and, therefore, more accessible. All of this shows that the effects
described for silane also apply to Sigy}, atoms on the Si(001) surface and that the enhanced reactivity of
these saturated atoms is caused by the distorted geometric arrangement.
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Figure 3. Top: HOMO (a) and LUMO (b) of an asymmetrically-distorted silane molecule (two Si-H
bonds deflected by a = 30 and 50°, respectively), representing the coordination of a Sig, atom on a
Si(001) surface (see Figure 1b). Bottom: HOCO (c) and LUCO+5 (d) of a Si(001) surface slab at the I
point in k space, showing a similar electronic structure at the Sig}, atoms.

3.2. Bond Insertion of Acetylene and Ethylene on Si(001)

The optimized structures and bonding energies of acetylene and ethylene on Si(001) in the 7
complex and sublayer adsorption modes are given in Figure 4. As previously reported [20], the 7t
complex mode of acetylene is not a minimum for the computational approach chosen here, but a
first-order saddle point (Vimag = 71i). This is also evident in the energy profile connecting the two
stationary points (c) which shows no local energy maximum. The acetylene 7t complex structure can
therefore be seen as a transition state (TS) between two symmetry-equivalent sublayer minima. In
contrast to this, the ethylene 7t complex structure is a minimum, the sublayer mode is higher in energy,
and the energy profile features a maximum. Furthermore, a local minimum is apparent: this represents
the lowest energy rotamer of the ethylene 7 complex, in which the C-C bond is rotated by 30-45°
approximately in the xy plane [27,71]. Since the structure shown in Figure 4b is only 3 kJ-mol ! higher
in energy and allows a better comparability with the corresponding acetylene TS structure due to a
similar molecular orientation, it is analyzed here instead of the minimum rotamer.

The two 7t complex structures show several similarities, beginning with a C-C bond elongation
by 3-4% compared to the gas phase value (acetylene: 1.208 — 1.239 A, ethylene: 1.333 — 1.381 A).
This is already an indication of electron donation from the 7t system to the surface. An indicator of back
donation is the Sigoyn—Sisy, bond length, which is elongated by 2% compared to its minimum value in
the isolated surface slab (2.340 — 2.396 (acetylene), 2.340 — 2.389 A (ethylene)). The nature of this
interaction would be a donation of electron density from the o(Sigown—Sisup) crystal orbital (Figure 3c)
to the molecular 7* orbital. Carbon-silicon distances d(C—Sigown) are in a similar range for both systems
as well but slightly shorter for acetylene (2.175 A, ethylene: 2.234 A). While this could indicate a
stronger interaction between molecule and surface in comparison to ethylene, the Eponq value of
acetylene (—64 kJ-mol~1) implies a weaker interaction (ethylene: —71 KJ-mol~1). Bonding analysis
will provide an explanation for this apparent contradiction later on. In comparison with [20], where
this reaction was reported first, our Epong values are lower in energy by ~25 kJ-mol~'. This difference
can be mainly attributed to the dispersion correction to the DFT energies, which was not applied in
the literature study, and other differences in the computational setup. Our Gy,ng values (Figure 4)
are higher in energy by 47 (acetylene) and 58 kJ-mol~! (ethylene) than Ey,,q values, highlighting
the importance of molecular entropy loss upon adsorption described previously [27,72,73]. However,
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it should be noted that, in the case of the acetylene TS, the partition function used to calculate Gponq
has one fewer degree of freedom, the imaginary mode. Hence, this Gponq value should not be taken
as a bonding energy of this state in thermodynamic equilibrium, which is not possible for a saddle
point, but rather the effective energy in a reaction where the structure appears as a TS, i.e., conversion
between two sublayer minima.

(a) T
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Figure 4. (a,b) Optimized structures and PBE-D3 Eponq (Gpond) Values of the m complex (left) and
sublayer (right) adsorption modes of acetylene (a) and ethylene (b) on Si(001). d(C-C"), d(C/C'~Sigown),
d(C'-Sigyp) and d(Sigown—Sisup) given in A (o) Corresponding reaction energy profiles (PBE-D3) and
HSE06-D3 energies at the stationary points.

The sublayer mode is easily characterized by a drastically increased Sigoyn—Sisyp bond length
(acetylene: 3.128 A, ethylene: 3.127 A) with respect to the isolated slab value (2.340 A), a strong
indication that this covalent bond has been broken. At the same time, two C-Si covalent bonds are
formed (d(C-Sigown/C'~Sisup) = 1.848/1.910 (acetylene), 1.882/1.944 A (ethylene)) and the C-C’ bond
elongates to 1.348 (acetylene) and 1.529 A (ethylene), typical values for double and single bonds,
respectively. This implies that one 7 bond is broken in the insertion process and the C-C’ bond
order is reduced by one. The slightly larger d(C-Si) values for ethylene are caused by Pauli repulsion
between the CH; groups and the surface, as bonding analysis will show later. While the acetylene
sublayer mode is markedly lower in energy than the m complex TS at values of —120 (Eponq) and
—65 kJ-mol ! (Gponq), the ethylene structure is higher in energy than the 7 complex at —65 (Eponq) and
—2 kJ-mol™! (Gpong)- This was reported in the previous study [20] as well (Epong = —97 (acetylene)
and —22 kJ-mol ! (ethylene)) and used as an argument on why this mode was not observed in any
adsorption experiments of ethylene. The differences of the literature energies to our values can again
be attributed to the missing dispersion correction and the different computational setup. In particular,
the smaller cell size of 2 x 2 atoms per layer (this study: 4 x 4) appears to destabilize the sublayer
modes. A similar effect was previously found for the bridge mode of ethylene [27]. This destabilization
is also apparent at the TS for the 7w complex — sublayer conversion in the ethylene system, since our
values for the energy barrier (E,: 14, G,: 13 kJ-mol 1) are considerably lower than the literature value
of E, =41 kJ-mol 1.

Considering that both this study and [20] were performed using GGA functionals, one could argue
that the stability of the acetylene sublayer mode might be an artifact of the methodology. To address
this issue, we performed single point calculations at the optimized structures using the HSE06 hybrid
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functional. The resulting energies of the stationary points (Figure 4c) show only a minor decrease in
Epond Values of up to 15 k]-mol~! and barely any changes in energy differences (HSE06-D3 energies of
the full reaction paths in Figure 4c are given in the Supplementary Materials). This confirms that the
PBE functional is an appropriate choice for the description of these systems. An independent test of
the DFT energy values, e.g., by wavefunction-based methods, would nevertheless be desirable.

Bonding analysis results obtained from pEDA calculations (see Section 2.3) are given in Table 1.
By comparing the m complex values, it becomes apparent that the lower Eponq value of ethylene is
caused by a reduced molecular preparation energy (AEprep(M) = 10 vs. acetylene: 15 kJ-mol~1) and
an increased dispersion interaction (AEjni(disp) = —27 vs. acetylene: —23 kJ-mol~1). The electronic
interaction energy AE;n(elec), as well as the stabilizing pEDA terms electrostatic (AEgjstat) and orbital
interaction (AEy,) are all weaker in case of ethylene. These results resolve the apparent contradiction
of shorter C/ 2_Sigown bonds, but less negative Epong values in the case of acetylene: The shorter
distance is caused by a larger stabilization through electrostatic and orbital interaction, which are
overcompensated by the reduced dispersion interaction and higher preparation energy. However,
the character of the chemical bond as given by pEDA is comparable in both structures: a dative
bond between the molecule and surface, apparent from the AEggat/AEp ratio (47:53), a typical
value in covalent bonds [74], and a dominating molecule-to-surface orbital contribution AE,,(M — S)
(acetylene: 70% of AEy,, ethylene: 74%).

Table 1. pEDA bonding analysis of acetylene and ethylene adsorbed on Si(001) in the 7 complex and
sublayer modes .

7t Complex Sublayer
Acetylene (TS) Ethylene Acetylene Ethylene

AEin ~105 ~106 656 —583
AE;n(disp) 2 23 (22%) 27 (25%) 22 (3%) 30 (5%)
AEini(elec) 2 —82  (78%) =79 (75%) —634  (97%) —553  (95%)
AEpaui 701 653 1587 1628

AEigtar 2 —367  (47%) 342 (47%) 912 (41%) 042 (43%)
AEqgm, ® —416  (53%) -390 (53%) —1310  (59%) —1240  (57%)
é)E:'b(M - —292  (70%) —289  (74%) —551  (42%) —536  (43%)
f/['“;‘i{b(s - 88  (21%) 76 (19%) 714 (55%) —641  (52%)
AEprep(M) 15 10 364 341
AEprep(S) 17 16 156 161

Ebond ® 73 (—64) 80 (~71) 136 (—120) —81 (—65)

1 All values in kJ-mol~", calculated using PBE-D3/TZ2P. Fragments: Molecule and surface. Fragmentation:
Closed-shell singlet (7t complex), triplet (sublayer). M: Molecule, S: Surface. ? Percentage values give relative
contributions of dispersion and electronic effects to the interaction energy AEiy;. > Percentage values give relative
contributions of the attractive pEDA terms AEejstat and AE . * Percentage values give relative contributions to the
total orbital interaction energy AEqp,. ° PAW values (in parentheses) given for comparison.

In the sublayer mode of acetylene, AE;,; is drastically lower than in the 7 complex TS,
at —656 kJ-mol 1. Since AE;n(disp) barely changes, this is an electronic effect that can be attributed
to the formation of the two shared-electron bonds between molecule and surface. AEp,,1i, AEelstat,
and AEy, rise significantly in absolute value, and orbital interaction is now even more predominant
in stabilization at 59% vs. 41% for AEgjgtat. This is mainly caused by a large increase in back bonding
(surface to molecule) contributions AE,(S — M), now the dominating orbital term (55% of AEy,).
The increase occurs because the nature and number of the covalent bonds has changed from one
dative to two shared-electron bonds. These major contributions to stabilization, however, are partially
compensated by large preparation energies in both molecule and surface (364 and 156 kJ-mol~!,
respectively), so that the resulting Ep,onq value is only ~60 kJ-mol~! lower than the energy of the 7t
complex TS. The ethylene sublayer analysis shows that the destabilization with respect to acetylene
is not a result of increased molecular deformation, as previously suggested [20], since the AEprep(M)

101



Inorganics 2018, 6,17

value for ethylene is lower than the corresponding value for acetylene. Furthermore, AE;,(disp) is
lower for ethylene as well, so the effect is entirely contained in AEj,¢(elec), which is 81 kJ-mol 1 less
stabilizing than for acetylene. The pEDA decomposition reveals that the destabilization is contained in
AEp,y; and AEy,, but not AEg,;, which is more stabilizing for ethylene. This is in contrast to the 7
complex structures, where the weaker AE;; was reflected in a lower absolute value of all three pEDA
terms. Here, the AE,y, destabilization is mainly caused by a reduction of back bonding contributions
AE (S — M), which are weaker by 73 kJ-mol 1 for ethylene, whereas AE,,(M — S) contributions are
only reduced by 15 kJ-mol~!. This can be understood from the electronic structure of the molecules:
Whereas acetylene has two low-lying m*-orbitals that can act as acceptors for electron density from the
surface, in ethylene, only one 7*-orbital is available. The back donation into 6*(C-H) bonds (negative
hyperconjugation) that is possible in ethylene yields much less stabilization since the orbitals are
higher in energy. Therefore, the acceptor ability of ethylene is reduced (lower AE,,;,(S — M) value)
and the amount of AE,, stabilization decreases, while, at the same time, Pauli repulsion increases
since the two additional C-H bonds are interacting with the surface. The only stabilizing effects that
arise from the additional atoms and bonds in ethylene are in AE s, and AEjn(disp), but these are not
able to compensate the energy loss from the two other terms. It can therefore be concluded that the
enhanced acceptor abilities of acetylene combined with the lower number of C-H bonds leading to the
reduced Pauli repulsion are the determining factors that benefit a stabilization of the sublayer mode
for this molecule.

3.3. Comparison with Experiment

As already mentioned in the Introduction, these findings imply that the sublayer mode could be
a precursor intermediate in the adsorption mechanism of acetylene on Si(001). Up to now, scanning
tunneling microscopy (STM) and spectroscopic measurements were performed at room temperature
or higher [29,31-33], where the more stable on-top and bridge modes (Scheme 1) dominate and
all molecules that could have possibly been trapped in a precursor have already reacted to these
states. However, if one assumes that these reactions are under kinetic control, as observed for many
reactions of organic molecules on Si(001) [19], the distribution of on-top and bridge structures at room
temperature can be estimated from calculated energy barriers G, (Equation (5)) and compared with
experimental findings.
Nonftop = exp (_ Ga,anftop - Ga,bridge) G)
Npridge ksT

For ethylene, this approach showed excellent agreement with experiment [27]. Here, the calculated
barriers Ga,on-top/ Ga pridge, 55/35 (PBE-D3) and 62/48 kJ-mol~! (HSE06-D3), yield distributions of
Non-top/ Npriage = 0.0003 (PBE-D3) and 0.004 (HSE06-D3) at 300 K. Unfortunately, an experimental STM
measurement at the same temperature showed a much higher abundance of on-top structures (28%)
at low coverage and the corresponding Non-top/ Nirigge value of 0.39 would indicate a difference in G,
values of less than 3 kJ-mol~!. Hence, our proposed model for the adsorption mechanism (Scheme 1)
is not able to reproduce the experimental findings with the calculated energies and is therefore either
incorrect or incomplete. The alternative of formulating a 7w complex as a precursor from which the
system converts to on-top and bridge is not supported by DFT calculations as well: previous studies
were unable to determine a transition state on the m complex — on-top path, whereas for the path
towards bridge, a transition state could be found [21,35]. Hence, conversion to on-top should be highly
preferred, which is again not in line with the experimental observations. To minimize the possibility
that we missed other precursor structures by our structural optimization approach, we carried out
ten ab initio molecular dynamics simulations of the gas-surface dynamics. Eight trajectories ended
up in the sublayer mode while the other two ended up directly in on-top and bridge, respectively
(see the Supplementary Materials). Thermal effects are also an unlikely source of the disagreement,
since molecule and surface were initially put in random states of thermal excitation corresponding
to T = 300 K in these simulations. Additionally, our DFT approach provided reliable results in the
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description of adsorption kinetics for ethylene and other organic molecules on Si(001) [18,27,62].
Thus, we assume that the disagreement between theory and experiment is not due to a failure of
the approximations in our density functional approach, but rather a result of an incomplete model
of the adsorption dynamics. An alternative idea would be to assume that the reaction is under
thermodynamic control. This also does not deliver a coherent picture, since all theoretical studies
predict the on-top mode to be more stable than bridge at low coverage [20,21,30,35,57]. Therefore,
a new, presumably more complex model of the adsorption dynamics must be devised, which we
cannot provide at this moment.

As an aid to identify different possible precursor species in experimental measurements, Figure 5
shows simulated STM images of the adsorption modes sublayer, on-top, and bridge in comparison with
the clean Si(001) surface. The bias voltages were chosen as —2.0, +0.8 and +1.9 V, typical experimental
values. While at negative voltage, occupied orbitals are probed and the non-bonding electron pairs
at Siyp atoms are visible on the clean surface (compare Figure 1), unoccupied orbitals are probed at a
positive voltage and the empty orbitals mostly localized at Sigow, atoms are visible. At a voltage of
+1.9 V, the nodal planes of the 7* type orbitals become apparent. Adsorption modes on-top and bridge
are easily identifiable at all voltages by the quenched signals of surface atoms, thereby appearing as
dark spots of different orientation [31]. In contrast, the sublayer mode is invisible at negative bias
voltage, as is the ethylene 7t complex structure [26]. However, in contrast to the 7w complex, which is
evident at positive bias voltage from a quenched surface atom signal, this mode might be identified
from a displaced Sigown signal, which is due to the change in coordination and electronic structure of
this surface atom. However, if the STM resolution does not allow the identification of the displacement
of the Sigown signal, the structure would appear invisible at all commonly-used voltages. If the 7
complex of acetylene is, in contrast to all theoretical investigations, the precursor, it should appear
in STM measurements with the same features as the equivalent ethylene structure described above.
It should be noted that in order to identify this mode, experimentally demanding low-temperature
measurements at both positive and negative bias voltages would be ideal, since the signals at positive
voltages could also stem from on-top structures, whereas the molecule is invisible at negative voltages.
On the basis of our results, signals that are visible at positive and invisible at negative voltages would
be strong indications for the 7t complex.

clean surface sublayer mode on-top mode bridge mode

Figure 5. Simulated STM images of a clean surface and the adsorption modes sublayer, on-top, and
bridge at bias voltages of U = —2.0, +0.8 and +1.9 V. The sublayer mode can only be identified at positive
voltage from the displaced signal of the Sigjoyn atom to which the molecule is bonded. Color coding of
Si atoms: dark blue (Siyp), medium blue (Sigown), light blue (Sigp)-
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Alternatively, vibrational spectroscopy measurements at low temperatures could provide
indications about the nature of the precursor. The 7 complex of ethylene is evident from hindered
vibrations at ~200 and 600 cm~! [22,26] and it can be expected that an equivalent acetylene structure
would show a similar vibrational fingerprint. The sublayer mode, on the contrary, could be identified
from a large ~100 cm~! splitting of the C—H stretching vibration band whereas on-top and bridge
show a more narrow splitting of ~20-30 cm ™.

An alternative to the precursor-based models discussed up to now could be the existence of direct
or pseudo-direct adsorption pathways as present in the adsorption of cylooctyne on Si(001) [62,75].
Future experiments or more accurate computations might resolve the remaining open questions and
help to address the difficulties of established DFT methods in describing the adsorption behavior of
acetylene on 5i(001).

4. Conclusions

Using molecular orbital analysis of silane, we have shown that the geometric distortion of
saturated silicon atoms leads to enhanced reactivity. In particular, the electrophilic character of the
silicon atom is increased while the distorted o bonds are activated. On Si(001), this distortion is
enforced by the surface reconstruction and leads to an unusually high reactivity of the saturated
subsurface atoms. Similar behavior might be observed in molecular systems if steric or electronic
effects of substituents could be designed to lead to similar structures. The results therefore present a
type of bond activation not driven by orbital interaction, as is often the case, but rather the constrained
geometry of the system.

Furthermore, pEDA analysis has shown that the increased acceptor ability and smaller number
of C-H bonds of acetylene lead to a stabilization of the sublayer bond insertion mode on Si(001),
whereas in the case of ethylene adsorption, this bonding pattern leads to a rather unstable structure.
While this mode is a possible candidate for a precursor intermediate in the adsorption of acetylene,
the results are not in agreement with the experimental findings. In particular, the ratio of product
states on-top and bridge at low coverage deviates by two to three orders of magnitude. However,
alternative pathways also do not lead to a better agreement and further experiments or more accurate
computations are needed to settle the adsorption mechanism. We provided STM simulations of the
sublayer adsorption mode in comparison with the product states which might help in identifying
molecules that might be trapped in this intermediate state at low temperatures. In any case, this
system provides an opportunity to improve and revise either established adsorption models and/or
the theoretical methods used to model them.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/1/17/s1,
Figure S1. HSE06-D3 energies of the full T complex — sublayer reaction paths. Cartesian coordinates and total
energies of all minimum and transition state structures discussed in the text. Ten AIMD adsorption trajectories in
xyz format. Computational setup of the AIMD simulations.
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Abstract: 7-Electron compounds that include multiple bonds between silicon atoms have
received much attention as novel functional silicon compounds. In the present paper,
1,2-bis(trimethylsilyl)-1,2-disilacyclohexene 1 was successfully synthesized as thermally stable
yellow crystals. Disilene 1 was easily converted to the corresponding potassium disilenide 4,
which furnished novel functionalized disilenes after the subsequent addition of an electrophile.
Interestingly, two trimethylsilyl groups in 1 can be stepwise converted to anthryl groups. The novel
disilenes derived from 1 were characterized by a combination of nuclear magnetic resonance (NMR)
spectroscopy, mass spectrometry (MS), elemental analyses, and X-ray single crystal diffraction
analysis. The present study demonstrates that disilene 1 can serve as a unit of cis-1,2-dialkyldisilene.

Keywords: disilene; functionalization; m-electron systems

1. Introduction

Stable silicon compounds that include double bonds between silicon atoms (disilenes, R,Si=SiR;)
have received much attention over the last three decades [1-3]. Because such silicon 7-electron systems
have an intrinsically higher m-orbital level and a narrower HOMO (highest occupied molecular
orbital)-LUMO (lowest unoccupied molecular orbital) gap compared to those of the corresponding
organic 7-electron systems, extended 7-electron systems that include the Si=Si double bond(s) should
be anticipated to be unprecedented functional 7-electron materials. In this context, the reactions of
disilenide (a disilicon analogue of vinyl anion [R;Si=SiR] ™) with electrophiles is one of the promising
routes to introduce a functional group into the silicon m-electron systems [4-9]. Disilenides have
been synthesized by reductive dehalogenation of the corresponding trihalodisilane [10] or reductive
cleavage of R—Si(spz) bond on the Si=Si double bond in a stable disilene [11-15].

Very recently, we found a novel route to a disilenide from a stable disilene under
milder conditions [16]. In this route, the disilenide was generated from the reaction of a
trimethylsilyl-substituted disilene and potassium t-butoxide [17] via selective cleavage of the
Si(sp?)-Si(sp®) bond on the Si=Si double bond. In this reaction, neither an undesired reduction of the
Si=Si double bond nor addition of t-BuOK across the Si=Si double bond occurred. During the course of
our study, we designed a novel cyclic disilene, 1,2-bis(trimethylsilyl)-substituted 1,2-disilacyclohexene
1. Compound 1 has two trimethylsilyl groups that can be converted stepwise to the corresponding
potassium derivatives after treatment of f-BuOK, as well as alkyl groups that cause at least perturbation
to the electronic structure of the Si=Si double bond and should be suitable for the investigation of
interactions between the Si=Si double bond and the functional group. Herein, we report successful
synthesis, molecular structure and functionalization of 1 and its derivatives. Although 1 has six
trimethylsilyl groups on the six-membered ring, one trimethylsilyl group on the Si=Si double
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bond is selectively eliminated to provide the corresponding disilenide after treatment with t-BuOK.
Noticeably, two trimethylsilyl groups in 1 were converted stepwise to anthryl groups to furnish the
corresponding 1,2-dianthryldisilene in good yield.

2. Results and Discussion

2.1. Synthesis and Molecular Structure of Disilacyclohexene 1

1,2-Bis(trimethylsilyl)-1,2-disilacyclohexene 1 was synthesized as shown in Scheme 1 similar to
that of 1,2-diphenyl-3,3,6,6-tetrakis(trimethylsilyl)-1,2-disilacyclohexene A [18] (Figure 1). The reaction
of Me3SiSiH,Cl, which was generated by the reaction of Me3SiSiH,Ph with triflic acid followed
by addition of NEt3-HCI salt, with 1,4-dilithio-1,1,4,4-tetrakis(trimethylsilyl)butane, which was
also generated from 1,1-bis(trimethylsilyl)ethene and lithium in tetrahydrofuran (THF), afforded
1,4-bis(2,2,2-trimethyldisilanyl)butane 2 in 89% yield. Bromination of 2 with Br, provided tetrabromo
derivative 3 in 70% yield. Finally, treatment of 3 with potassium graphite (KCg) in THF furnish 1 in
99% yield as yellow crystals. The structure of 1 was determined by a combination of multinuclear
nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry (MS) and X-ray diffraction (XRD)
analysis (Figure 2, Table 1 (vide infra)). The six-membered ring of 1 adopts a half-chair conformation
similar to the corresponding 1,2-diphenyl derivative A. The Si1-Si2 bond length in 1 (2.1762(5) A)
is slightly longer than that in A (2.1595(5) A). The geometry around the Si=Si double bond of 1
is trans-bent and twisted; bent angles B of 1 (Sil: 12.9°; Si2: 6.5° (Si2)) are smaller than those of
A (6i1: 13.7°; Si2: 19.2° (Si2)), while the twist angle T of 1 (17.7°) is larger than that of A (4.8°).
These substantial differences in the geometry around the Si=Si bond would be due to a combination of
the electronic effects of silyl substituents that favor a planar geometry [19-21] and the steric effects of
the silyl substituents, as the potential energy surface of the bending of the Si=Si double bond has been
predicted to be shallow [20,22]. In 'H, 13C and 2°Si NMR spectra, three singlet signals of trimethylsilyl
groups (one is on the unsaturated silicon atom and the other two are on the alkyl substituent),
which indicates that the ring inversion occurs slowly on the NMR time scale in solution. The 2°Si
resonance of unsaturated silicon nuclei of 3 (131.4 ppm) are slightly downfield-shifted compared to
that of A (100.9 ppm), which should be due to the substituent effects of silyl group on the Si=Si double
bond [23]. In the UV-Vis absorption spectrum of 1 in hexane, a distinct absorption band assignable to
a 7(Si=5i)—m*(Si=5i) transition (see, Figure 546) appeared at 420 nm (e 1.57 x 10%), which is slightly
hypsochromically shifted compared to that of A (427 nm (e 8400) in hexane).

Me3Si  SiMe;
Li
Li
1. TfOH (1.0 eq), MesSi~ SiMes MesSi,  SiMes;
hexane 0.4 e iH,Si
MesSisiHPh — = Me3SiSiHZC|] (04eq) VoSt SiH;SiMes
2. NEt3'HCI (2.4 eq) hexane, THF . .
=30 °C, 30 min MesSi SiMes
2 (89%)
Br; (4.1 eq), MesSi  SiMes KCg (4.2 q), Me3Si\ /SiMe3
benzene SiBr,SiMe THF, 1t, 3 h Si=Si
—_— . . 2 3 1 T : -
0Ctort, MezSiBr,Si Me3Si SiMe3
30 min MesSi SiMe; Me3Si SiMe;
3 (70%) 1(99%)

Scheme 1. Synthesis of disilene 1.
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Figure 1. Related disilenes A [18], B [10], and C [24], as well as tetrasila-1,3-dienes D [25], E [12],
and F [26].

Figure 2. ORTEP (Oak Ridge Thermal Ellipsoid Plot) drawing of 1 with thermal ellipsoids set at 50%
probability and hydrogen atoms omitted for clarity.

2.2. Conversion of 1 to Disilenide 4 and Functionalized Disilenes

Disilene 1 can be effectively converted to the corresponding disilenide through a selective cleavage
of the Si(spz)—Si(spS) bond (Scheme 2) [16]. When 1 was treated with one equivalent of +-BuOK in THF,
the color of solution gradually turned from yellow to orange. The formation of potassium disilenide 4
as a sole product in the resulting reaction mixture was confirmed by a combination of the multinuclear
NMR spectra in C¢Dg and the results of the reaction with electrophiles (vide infra). In this reaction,
1,2-addition of +-BuOK across the Si=Si double bond of 1 as well as elimination of a trimethylsilyl group
on the carbon atom in the disilacyclohexene ring was not observed at all. The 'H, *C, and 2°Si NMR
spectra of 4(thf) in C¢Dj exhibits the presence of five trimethylsilyl groups. The 2’Si NMR spectra
exhibited two signals due to the unsaturated silicon nuclei at 146.9 ppm (=SiSiMe3) and 219.3 ppm
(=Si™). Similar large differences between the chemical shifts of the unsaturated silicon nuclei have been
found in those of structurally related disilenides (Me3Si)TipSi=SiTip[K(thf),,] (101.4 (=Si(SiMe3)Tip),
186.6 (=Si~) in THF-dg; Tip = 2,4,6-triisopropylphenyl) [16] and reported disilenides [27].
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Scheme 2. Synthesis of functionalized disilenes through desilylation of 1.

After removal of the volatiles, recrystallization from toluene provided suitable single crystals
of (4(toluene)),. In the single crystals, disilenide 4 forms a dimer with a crystallographic inversion
center (Figure 3a). Interestingly, the potassium cations are coordinated by one anionic silicon atom in
an 1'-fashion, one toluene molecule in an n°-fashion, and the Si=Si double bond in the other disilenide
moiety in an n2-fashion. The distance of Si1-K1 is 3.4655(5) A, which falls in typical range of Si1-K1
distance in the reported potassium disilenides (3.33-3.52 A) [10,13,28], while the Sil---K1’ and Si2---K1’
distances are 3.5066(5) and 3.7645(5) A. Although the dimeric structure of metal disilenides in the solid
state have been reported [10,28,29], to the best of our knowledge, such n2-coordination of the Si=Si
double bond in a disilenide to the metal cation in the solid state is unprecedented. The Si=Si distance
in (4(toluene)), (2.2035(5) 10%) is substantially elongated compared that of neutral disilene 1 (2.1762(5)
A) and the geometry around the Si=Si double bond is slightly cis-bent (bent angle 8: 3.7° (Si1-K1), 1.5°
(Si2-SiMe3); twist angle 1: 1.5°), which may result from the n2-coordination of the Si=Si double bond
to the K cation.

Treatment of 4, which was generated from 1 and t+-BuOK in THF, with an electrophile provide
various functionalized disilenes (Scheme 2). For instance, reaction of 4 with triethylchlorosilane gave
Et3Si-substituted disilene 5 as yellow crystals in 99% yield. The reaction of 4 with one equivalent of
9-bromoanthracene furnished the corresponding anthryldisilene 6 (33% yield). In a similar manner,
(10-bromo-9-anthryl)disilene 65" was obtained as a major product from the reaction of 4 and one
equivalent of 9,10-dibromoanthracene, although it was not obtained in a pure form due to the
inseparable byproducts such as anthracene and 9-bromoanthracene. Although the reactions of 4 with
less bulky bromoarenes such as bromobenzene or bromomesitylene (2,4,6-trimethylbromobenzene)
afforded a mixture which may contain the desired phenyl or mesityl-substituted disilenes, isolation of
these disilenes was unsuccessful probably due to the instability of the resulting less bulky aryldisilenes
under these reaction conditions. Noticeably, disilene 6 underwent a further desilylation reaction
followed by addition of 9-bromoanthracene to furnish 1,2-dianthryldisilene 7 as black purple crystals
in 17% yield. The reaction of 4 with 0.5 equivalent of 1,2-dibromoethane afforded the corresponding
tetrasiladiene 8 in 86% yield as red-orange crystals similar to the reaction of Tip,Si=SiTipLi and mesityl
bromide leading to the corresponding hexaryltetrasila-1,3-diene D (Figure 1) [25].
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Figure 3. ORTEP drawings of (a) (4(toluene)),, (b) 5, (c) 6, (d) 657, () 7, and (f) 8 with thermal ellipsoids
set at 50% probability and hydrogen atoms omitted for clarity.

Table 1. Selected structural parameters and spectral data of disilenes.

d gA 5 RV
-/ R 4
/SI—SI ----- @ R
R R™~R
Cpd dIA Angle Sum at Si/° Bl° T/ s®si)t Amax/nm (e) 2
358.52(3) (Sil-SiMes),  12.9 (Sil-SiMes), e 420 (157 x 10%),
1 217620)  359.61(3) (Si2-SiMey) 6.5 (Si2-SiMey) 177 1314 (=5i-5iMes) 343 (463 x 10)
358.04(3) (=Si-- K), 3.7 (=5i-K) %, 146.9 (=5i-SiMes) ~
4 220350) 350 94(3) (=Si-SiMes) 1.5 (=Si-SiMes) ® 25 2193 (=5i)
358.8(1) (=Si-SiEts),  11.2 (=Si-SiEts), 123.5 (=Si-SiEty), ~
5 2186009 5561) (=5i-SiMes) 121 (=Si-SiMes) 17 1342 (=5i-5iMe3)
. 21086 260006) (=Si-Anb), 0.1 (=Si-Ant), o1 130.3 (=Si-Ant), 535 (9.25 x 102),
: 355.98(3) (=Si-SiMes)  22.5 (=Si-SiMes) : 74.9 (=Si-SiMe) 399 (2.64 x 10%)
o 217110) 359.76(6) (=Si-AntP"), 4.7 (=Si-AntPr), 85 75.1 (=Si-SiMe3), [578 (9.67 x 10?),
: 356.04(5) (=5i-SiMe;)  22.4 (=Si-SiMes) - 129.1 (=Si-Ant®) 410 (3.08 x 104)] 3
357.10(6) (Sil-Ant),  17.4 (=Sil-Ant), o 543 (1.68 x 10%)
7 21550)  35571(6) (Siz-An 210 (=Si2-Ant) 3.3 882 (=Si-Ant) 399 (1.85 x 104)
2.1850(4) 359.99(4) (Si1), 0.3 (Si1)
gt (Sil=Si2) 359.99(3) (512) 12(52) 0.7(Si1=Si2)  106.4 (Si=SiSiMes),  ~500 (sh, 357 x 10%),
2.1915(5) 359.98(3) (i3) 1.0 (5i3) 1.8(5i3=5i4)  143.0 (Si=SiSiMes) 437 (3.42 x 10%)
(5i3=Sid) 359.94(4) (Sid) 2.4 (Sid)

! Measured in benzene-ds. > Measured in hexane. 3 cis-bent. # Dihedral angle Sil-Si2-Si3-Si4 = —88.36(2)°. ° The sample
contains 6 (~10%).
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2.3. Molecular Structures of Disilenes 5-8

Similar to 1, the Si=Si double bond in triethylsilyl-substituted disilene 5 adopts a trans-bent and
twist geometry (Figure 3b, Table 1): the Si=Si double bond distance (2.1860(19) A) is slightly longer
than that in 1 (2.1762(5) A) possibly due to the increased steric bulkiness of the silyl group. The 2si
chemical shifts of double bonded Si nuclei in 5 (123.5 (Si-SiEt3) and 134.2 ppm (Si-SiMe3)) are close to
that of 1 (131.4 ppm).

Monoanthryldisilene 6 has a slightly shorter Si=Si double bond distance (2.1598(6) A) compared
to that of 1 (Figure 3c). The geometry around the Si atom bonded to the anthryl group is almost
planar (the angle sum: 360.00(5)°), while that bonded to the SiMe3 group is significantly pyramidalized
(355.98 (3)°). Such larger pyramidalization at the silyl-substituted silicon center compared to that at the
phenyl-substituted center have been predicted theoretically in an unsymmetrical substituted disilene
Ph,Si=Si(SiH3); [30]. The disilene 7t (7Si) and aromatic 7t (mC) systems are almost perpendicular to each
other (dihedral angle &: 76.0°). A similar structural feature was found in 10-bromoanthryl-substituted
disilene 65" (the angle sum: 359.76(6)° (Si-Ant®"), 356.04(5)° (Si-SiMej3); dihedral angle &: 81.9°)
except for the longer Si=Si double bond distance (2.1711(7) A) (Figure 3d). Although the structural
characteristics of 6 and 65" were essentially consistent with the optimized structures of 6 and 657 (6opt
and 6Br0pt) at the BSBPW91-D3/6-31G(d) level of theory (Table S6), the Si=Si distance of 687 (2.1711(7) A)
observed in the single crystals is considerably longer than that of the calculated value of 65%qp (2.1574
A). The observed longer Si=Si distance in 65" may be due to the significant intermolecular C-H---Br—C
interaction in the crystals (H---Br distance: 3.08 A) [31-34] (Figure 4). The substantial upfield-shifted
29Gi resonances of silyl-substituted double bond Si nuclei compared to that of aryl-substituted Si
nuclei in 6 and 657 (6: 74.9 (Si-SiMe3) and 130.3 ppm (Si-anthryl); 6*: 75.1 (Si~SiMes) and 129.1 ppm
(Si—anthryl)) have often been observed in 1-aryl-2-silyldisilenes [11,15,35].

Figure 4. Crystal structure of 65. The nearest Br---H distance is 3.08 A and the Si-C°~C'? angle is 164.7°.

1,2-Dianthryldisilene 7 also adopts a moderately trans-bent and slightly twisted geometry around
the Si=Si double bond (bent angle B: 17.4° (Sil) and 21.0° (Si2); twist angle T: 3.3°) (Figure 3e). The Si=Si
distance of 7 (2.1525(7) A) is shorter than those of disilenes 1, 5, 6 and 65 probably due to the absence
of the SiMe3 group. The disilene 7t (nSi) and aromatic 7t (nC) systems in 7 are considerably twisted with
respect to each other (dihedral angle 5: 79.7° (Sil) and 63.5° (Si2)). The upfield-shifted >’Si resonance
of this double bonded silicon nuclei in 7 (88.2 ppm) compared to that in 1 (131.4 ppm) is often observed
in symmetrically-substituted silyl-substituted disilenes and aryl-substituted disilenes [1-3].

Similar to the reported anthryl-substituted disilenes [10,24,36], 6, 68", and 7 exhibit a weak
and broad absorption band I assignable to 7(Si=Si)—7*(anthryl) transition in the visible region as
well as a structured intense band II that involves m(anthryl)—m*(anthryl) and 7(Si=5i)—7*(Si=Si)
transitions (300400 nm). The absorption maximum of band I of 6 in hexane (535 nm (¢ 9.3 x 102)) is
slightly bathochromically shifted compared to that of trialkylanthryldisilene B (525 nm (¢ 4.2 x 10%))
(Figure 1) [10], which would be due to the presence of electron-donating silyl-substituents, while it
is moderately hypsochromically shifted compared to triarylanthryldisilene C (550 nm (e 3800)) [24]
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(Figure 1) probably due to the absence of extra aryl groups. The maximum of band I of 65* (578 nm)
is considerably bathochromically shifted compared to that of 6. The lower-lying m* orbitals in
10-bromo-9-anthryl group compared to 9-anthryl group may be responsible for the bathochromic shift
of band I, which was qualitatively reproduced by density functional theory (DFT) calculations of 6 and
65" (see, Figures 547 and $48). The absorption maximum of band I of 1,2-dianthryldisilene 7 (543 nm
(1.68 x 10%)) (Figure S49) is close to that of 6 and almost twice as large as that of 6, which is consistent
with the presence of two anthryl groups on the Si=Si double bond.

Two Si=Si double bonds in 8 are almost perpendicular to each other with the dihedral
angle Sil-Si2-Si3-5i4 of 88.35(3)° (Figure 3f), which would be mainly due to the severe steric
congestions around the central Si2-5i3 bond similar to the hitherto known tetrasila-1,3-dienes, such as
Tip,Si=SiTip-SiTip=SiTip, (D, dihedral angle: 51°) [25], ((t-BupMeSi),Si=SiMes-SiMes=S5i(Sit-Bu,Me);)
(E, 72(2)°) [12]), and R;,Si=Si(SiMe3)-S5i(SiMe3)=SiR; (R; = 1,1,4,4-tetrakis(trimethylsilyl)butan-1,4-diyl)
(F, 122.56(7)°) [26] (Figure 1). Each Si=Si double bond in 8 adopts a planar structure with the
bent angles of 0.3-2.4°. While the Si2-Si3 distance (2.3392(5) A) falls in the typical range of the
Si-Si single bond, the Si=Si bond lengths of Sil-Si2 and Si3-5i4 in 8 (2.1850(5) and 2.1914(5) A,
respectively) are slightly longer than that of 1 (2.1762(5) A). The ultraviolet-visible (UV-vis) absorption
spectrum of 8 exhibits an intense and broad absorption band (437 nm (e 3.42 x 10%)) (Figure 5)
accompanied by a shoulder peak at around 500 nm (e 3.57 x 103). These bands are substantially
bathochromically shifted compared to that of monodisilene 1 [420 (¢ 1.57 x 104)], which suggests
significant interactions between two Si=Si double bonds in 8. DFT calculation provided further
information on the interactions between two Si=Si double bonds in 8. The optimized structure of 8
(8opt) at the BBPW91-D3/6-31G(d) level of theory is roughly consistent with the structure obtained
from XRD analysis: the dihedral angle of two Si=Si bond of 8,pt is 71.4° and the Si=Si distances are
2.1904 and 2.1907 A. Even though the dihedral angle between the two Si=Si double bonds is large,
the frontier orbitals involve two split 7t orbitals delocalized over two Si=Si double bonds (—4.61 and
—4.79 eV at the B3LYP/6-311G(d)/ /B3PW91-D3/6-31G(d) level of theory), while LUMO and LUMO+1
correspond to 7* orbitals (—1.75 and —1.46 eV). Time-dependent (TD) DFT calculation at the same
level predicted four T—m* transitions, which is qualitatively consistent with the observed absorption
bands of 8 (Figure S50). These results are consistent with a recent theoretical study that two Si=Si
in tetrasila-1,3-diene can interact each other even at the dihedral angle of 90° due to the intrinsic
non-planar geometry around the Si=Si double bond [16]. The longest wavelength absorption bands
found in 8 (~500 nm) are hypsochromically-shifted compared those of the reported aryl-substituted
tetrasila-1,3-dienes D (518 nm) [25], E (531 nm) [12] probably due to the absence of aryl-substituents,
but close to that of structurally similar tetrasila-1,3-diene F (510 nm) [26] (Figure 1). The 295i resonances
of 8 (106.4 (-Si=SiSiMe3) and 143.0 ppm (-Si=SiSiMe3)), which are upfield- and downfield-shifted
compared to that of 1 (131.4 ppm), may also be consistent with the substantial interactions between
two Si=Si double bonds.

4.0

tetrasila-1,3-diene 8
disilene 1

[10%(dm® mol! cm™)]
g
o
T

0.0

300 400 500 600
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Figure 5. Ultraviolet-Visible absorption spectra of 1 and 8 in hexane.
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3. Materials and Methods

3.1. General Procedure

All reactions involving air-sensitive compounds were performed under a nitrogen atmosphere
using a high-vacuum line and standard Schlenk techniques, or a glove box, as well as dry and
oxygen-free solvents. NMR spectra were recorded on a Bruker Avance 500 FT NMR spectrometer
(Bruker Japan, Yokohama, Japan). The 'H and 13C NMR chemical shifts were referenced to residual 'H
and 13C signals of the solvents: benzene-dg (*H: 6 7.16 and 13C: § 128.0). The 2°Si NMR chemical shifts
were relative to MeySi (¢ 0.00). Sampling of air-sensitive compounds was carried out using a VAC
NEXUS 100027 type glove box (Vacuum Atmospheres Co., Hawthorne, CA, USA). UV-Vis spectra
were recorded on a JASCO V-660 spectrometer (JASCO, Tokyo, Japan). Melting points were measured
on a SRS OptiMelt MPA100 (SRS, Sunnyvale, CA, USA) without correction.

3.2. Materials

Hexane, toluene and THF were dried using a VAC solvent purifier 103991 (Vacuum Atmospheres
Co., Hawthorne, CA, USA). Benzene and 1,2-dimethoxyethane (DME) were dried over LiAlHy,
and then distilled under reduced pressure prior to use via a vacuum line. Benzene-ds and
1,2-dibromoethane were degassed and dried over 4A molecular sieves (activated). CDClz was
dried over 4A molecular sieves (activated). Potassium graphite (KCg) [37] and Me3SiSiH,Ph [38]
were prepared according to the procedure described in the literature. Bromine, 9-bromoanthracene,
9,10-dibromoanthracene, chlorotriethylsilane, lithium, magnesium sulfate (anhydrous), potassium
t-butoxide (t-BuOK), Et3N-HCl salt and triflic acid (TfOH) were purchased from commercial sources
and used without further purification.

3.3. Preparation of 1,4-Bis(2,2,2-trimethyldisilanyl)-1,1,4,4-tetrakis(trimethylsilyl)butane 2

In a Schlenk flask (200 mL) equipped with a magnetic stir bar, Me3SiSiH,Ph (15.5 g, 0.0859 mol)
and hexane (30 mL) were placed. To the solution, TfOH (12.9 g, 0.0895 mol) was added at 0 °C.
After stirring for 30 min, the reaction mixture was transferred to an another Schlenk flask (200 mL)
equipped with a magnetic stir bar and Et3N-HCl salt (28.3 g, 0.206 mol). After stirring for 30 min at
room temperature, the resulting insoluble materials were removed by filtration. To the solution, a
THEF solution (100 mL) of (Li(Me3Si);CCHy),-(thf)s (24.7 g, 0.0343 mmol), which was prepared from
1,1-bis(trimethylsilyl)ethene (11.9 g, 0.0690 mmol) and lithium (722 mg, 0.104 mmol) in THF [39], was
added at —30 °C. After the mixture was stirred for 30 min, the resulting solution was hydrolyzed and
extracted with hexane. The organic layer was separated, washed with a brine, dried over anhydrous
magnesium sulfate, and finally concentrated under reduced pressure. Kugelrohr distillation (115 °C,
0.1 Pa) of the residue furnished 1,4-bis(2,2,2-trimethydisilanyl)-1,1,44-tetrakis(trimethylsilyl)butane (2)
as a colorless oil (16.8 g, 0.305 mmol) in 89% yield.

2: a colorless oil; b.p. 115 °C/0.1 Pa (Kugelrohr); TH NMR (CDCl3, 500 MHz, 300 K)
§0.14 (s, 36H, Si(CHs)s), 0.22 (s, 18H, Si(CHs)3), 1.94 (s, 4H, CH,), 3.51 (s, 4H, SiH,); 13C NMR (CDCls,
125 MHz, 300 K) & 0.9 (Si(CHs)3), 1.8 ((Si(CH3)3), 3.8 (C), 32.5 (CH,); 2°Si NMR (CDCl;, 99 MHz, 301 K)
& —54.5 (SiHy), —15.6 (SiMe3), 3.2 (SiMe3); MS (EI, 70 eV) m/z (%) 535.0 (15, M* — Me), 477.0 (41, M*
— SiMe3), 402.0 (76, M* — 2H — 2SiMej3); Anal. Calcd. for CpoHe,Sig: C, 47.92; H, 11.33; found: C,
47.84; H, 11.33%.

3.4. Preparation of 1,4-Bis(1,1-dibromo-2,2,2-trimethyldisilanyl)-1,1,4,4-tetrakis(trimethylsilyl)butane 3

In a two-necked flask (100 mL), 2 (1.00 g, 1.81 mmol) and benzene (20 mL) were placed. To the
mixture, bromine (1.19 g, 7.44 mmol) was added dropwise at 0 °C and then the mixture was stirred
for 30 min at room temperature. The volatiles were removed in vacuo, and washing the residue with
hexane afforded pure 3 as colorless crystals (1.09 g, 1.26 mmol) in 70% yield.
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3: colorless crystals; m.p. 212 °C; TH NMR (C¢Ds, 500 MHz, 296 K) & 0.36 (s, 18H, Si(CH3)3), 0.44
(s, 36H, Si(CH3)3), 2.74 (s, 4H, CH,); 13C NMR (C¢Dg, 125 MHz, 297 K) 6 0.4 (SiMes), 4.5 (SiMe3), 19.2
(Q), 32.6 (CHy); 22Si NMR (CgDg, 99 MHz, 296 K) & —4.3 (SiMe3), 2.5 (SiMe3), 28.6 (SiBr,); MS (EI,
70 eV) m1/z (%) 851.0 (31, M* — Me), 641.0 (100, M* — 2SiMes — Br), 560.0 (23, M* — 2SiMes — 2Br),
487.0 (77, M* — 3SiMe3 — 2Br); Anal. Calcd. for CooHsgBr4Sig: C, 30.48; H, 6.74%. Found: C, 30.61; H,
6.95%.

3.5. Synthesis of 1,2,3,3,6,6-Hexakis(trimethylsilyl)-1,2-disilacyclohexene 1

All operations were carried out in a glove box. In a Schlenk tube (50 mL), 3 (1.26 g, 1.45 mmol),
KCg (825 mg, 6.10 mmol) and THF (70 mL) were placed. After stirring the mixture at room temperature
for three hours, the volatiles were removed under reduced pressure. Then dry hexane was added to
the residue and the resulting salt was filtered off. Removal of hexane under reduced pressure gave
disilene 1 as yellow crystals (789.0 mg, 1.44 mmol) in 99% yield.

1: yellow crystals; m.p. 120 °C; TH NMR (Cy¢Dg, 500 MHz, 296 K) 5 0.25 (s, 18H, Si(CH3)3), 0.34
(s, 18H, Si(CHs)3), 0.47 (s, 18H, Si(CH3)3), 1.90-2.00 (m, 2H, CH,), 2.45-2.57 (m, 2H, CH,); 13C NMR
(CgDg, 125 MHz, 297 K) & 1.1 (Si(CH3)3), 4.32 (Si(CH3)3), 4.34 (Si(CH3)3), 20.7 (C), 34.5 (CH,); °Si
NMR (C¢Dg, 99 MHz, 296 K) § —11.9 (SiMe3), 0.8 (SiMe3), 1.6 (SiMes), 131.4 (Si=Si); UV-Vis (hexane,
room temperature) Amay/nm (g) 420 (1.57 x 10%), 343 (4.63 x 10%); HRMS (APCI) m/z [M]* Calcd. for
CpoHsgSig: 546.2687. Found. 546.2687; Anal. Calcd. for CpHsgSig: C, 48.27; H, 10.68%. Found: C,
48.21; H, 10.55%.

3.6. Synthesis of Potassium 2,3,3,6,6-Pentakis(trimethylsilyl)-1,2-disilacyclohexen-1-ide 4

In a Schlenk tube (50 mL) equipped with a magnetic stir bar, disilene 1 (81.4 mg, 0.149 mmol)
and t-BuOK (17.6 mg, 0.157 mmol) and THF (9.0 mL) were placed. After stirring for one hour at room
temperature, disilenide 4 was formed as a sole product, which was confirmed by NMR spectroscopy.
The volatiles including THF and the resulting t-BuOSiMe3; were removed under reduced pressure and
then the resulting residue was washed with hexane to afford 4(thf) as an orange powder (43.0 mg,
7.35 x 1072 mmol) in 49% yield.

4(thf): an orange powder; m.p. 157 °C; "H NMR (C4Ds, 500 MHz, 323 K) § 0.33 (s, 27H, 3 x Si(CHs)3),
0.47 (s, 9H, Si(CH3)3), 0.49 (s, 9H, Si(CH3)3), 1.43-1.45 (m, 4H, 2 x CH,; of THF), 2.15-2.24 (m, 2H, CH>),
2.69-2.83 (m, 2H, CH,), 3.54-3.56 (m, 4H, 2 x CH, of THF); 3C NMR (C¢D, 125 MHz, 323 K) § 1.9
(Si(CH3)3), 2.1 (Si(CH3)3), 4.6 (Si(CH3)3), 5.1 (Si(CH3)3), 6.4 (Si(CH3)3), 20.8 (C), 24.2 (C), 33.6 (CHy), 35.2
(CH3y), 25.9 (CH; in THF), 68.0 (CH, in THF); ¥Si NMR (C¢Ds, 99 MHz, 323 K) 5 —15.9 (SiMe3), —3.1
(SiMe3), —2.9 (SiMe3), —2.3 (SiMe3), —1.4 (SiMe3), 146.9 (=SiSiMe3), 219.3 (=5i~). The elemental analysis
was unsuccessful as 4(thf) is very sensitive to air and moisture.

Similar to the reaction in THE, 4(dme) (63.2 mg, 9.11 x 10~2 mmol, 49% yield) was obtained from
1 (102 mg, 1.86 x 10~! mmol), +-BuOK (22.5 mg, 2.0 x 10! mmol) and DME (9.0 mL).

4(dme): an orange powder; m.p. 135 °C; THNMR (CgDg, 500 MHz, 323 K) § 0.37 (s, 9H, 2 x Si(CH3)3),
0.39 (s, 9H, Si(CH3)3), 0.49 (s, 9H, Si(CH3)3), 0.54 (s, 9H, Si(CH3)3), 2.24-2.30 (m, 2H, CH>), 2.70-2.87 (m,
2H, CH,), 3.05 (s, 6H, 2 x CH30 of DME), 3.07 (s, 2H, OCH,CH,0), 3.08 (s, 2H, OCH,CH,O of DME); 3C
NMR (Cg¢Dg, 125 MHz, 323 K) 6 1.9 (Si(CH3)s), 2.1 (Si(CHs)3), 4.6 (Si(CH3)3), 5.0 (Si(CH3)3), 6.3 (Si(CH3)3),
33.6 (CHy), 35.1 (CH3), 58.9 (CH30O of DME), 71.6 (OCH,CH,0O in DME), 71.7 (OCH,CH,O of DME);
298I NMR (C¢Dg, 99 MHz, 323 K) § —15.9 (SiMe3), —3.2 (SiMe3), —2.3 (SiMe3), —1.5 (SiMe3), 142.9, 143.1
(=SiSiMe3), 222.2 (=5i~). The reasons for the observation of very slightly split signals that can be assigned
to one of the double bonded Si nuclei remain unclear at this point.

3.7. Synthesis of 1-Triethylsilyl-2,3,3,6,6-pentakis(trimethylsilyl)-1,2-disilacyclohexene 5

In a Schlenk tube (50 mL) equipped with a magnetic stir bar, disilene 1 (450.0 mg, 0.822 mmol),
t-BuOK (92.2 mg, 0.822 mmol) and THF (8 mL) were placed. After stirring for one hour at room
temperature, disilenide 4 was formed quantitatively, which was confirmed by NMR spectroscopy.
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Then, THF was removed in vacuo. To the residue toluene (10 mL) and chlorotriethylsilane (150.0 mg,
0.995 mmol) were added. After stirring for 15 min at room temperature, the volatiles were removed in
vacuo. To the residue dry hexane was added and the resulting salt was filtered off. Removal of hexane
from the filtrate gave Et3Si-substituted disilene 5 as yellow crystals (481 mg, 0.816 mmol) in 99% yield.

5: yellow crystals; m.p. 180 °C; TH NMR (C¢Dg, 500 MHz) § 0.270 (s, 9H, Si(CH3)3), 0.273 (s,
9H, Si(CH3)3), 0.35 (s, 9H, Si(CH3)3), 0.37 (s, 9H, Si(CHz)3), 0.48 (s, 9H, Si(CH3)3), 0.94-1.09 (m, 6H,
Si(CH,CHg)3), 1.17 (t, ] = 7.8 Hz, 9H, Si(CH,CH3)3), 1.88-2.02 (m, 2H, CH>), 2.49-2.62 (m, 2H, CH,);
13C NMR (CgDg, 125 MHz, 300 K) & 1.01 (Si(CHs)s), 1.03 (Si(CHz)3), 4.1 (Si(CHj)3), 4.3 (Si(CHs)s), 4.4
(Si(CHa)3), 7.8 (Si(CH,CHj3)3), 9.2 (Si(CH,CHj)3), 20.7 (CHa), 21.3 (CHa), 34.5 (C), 34.9 (C); °Si NMR
(C6Dg, 99 MHz, 300 K) & —12.5 (SiMe3), 0.4 (SiMej3), 0.5 (SiMe3), 1.0 (SiEt3), 1.3 (SiMe3), 1.8 (SiMe3),
123.5 (Et3SiSi=), 134.2 (Me3SiSi=); HRMS (APCI) m/z [M]* Calcd. for CysHe4Sig: 588.3157, Found.
588.3156; Anal. Calcd. for CpsHe4Sig: C, 50.94; H, 10.94%. Found: C, 50.58; H, 10.70.

3.8. Synthesis of 1-(9-Anthryl)-2,3,3,6,6-pentakis(trimethylsilyl)-1,2-disilacyclohexene 6

In a Schlenk tube (50 mL) equipped with a magnetic stir bar, disilene 1 (181 mg, 3.30 x 10~! mmol)
and +-BuOK (38.0 mg, 3.39 x 10~! mmol) and DME (15.0 mL) were placed. After stirring for one hour at
room temperature, disilenide 4 was formed as a sole product, which was confirmed by NMR spectroscopy.
Then DME was removed in vacuo, and the resulting residue was dissolved in benzene (11.0 mL). To the
solution, a benzene solution (7.5 mL) of 9-bromoanthracene (86.2 mg, 3.35 x 10~! mmol) was added and the
mixture was stirred for 1 min at room temperature. The resulting salt was removed by filtration and washed
with benzene and the solvent was removed from the filtrate in vacuo. Formation of the anthryl-substituted
disilene 6 as a major product was observed by 'H NMR spectrum. Recrystallization from hexane and DME
at —35 °C gave 6 as reddish purple crystals (83.6 mg, 1.28 x 10~ mmol) in 33% yield.

6: reddish purple crystals; m.p. 178 °C; TH NMR (Cg¢Dg, 500 MHz, 298 K) 5 —0.21 (s, 9H, Si(CH3)3),
—0.01 (s, 9H, Si(CH3)3), 0.32 (s, 9H, Si(CH3)3), 0.40 (s, 9H, Si(CH3)3), 0.48 (s, 9H, Si(CH3)3), 2.34-2.45
(m, 1H, CH,CHH), 2.52-2.59 (m, 3H, CH,CHH), 7.21-7.24 (m, 2H, 2 x CH), 7.37-7.42 (m, 2H, 2 x CH),
7.72-7.76 (m, 2H, 2 x CH), 8.19 (s, 1H, CH), 9.45 (d, ] = 8.7 Hz, 1H, CH), 9.75 (d, | = 8.8 Hz, 1H, CH);
13C NMR (CgDg, 125 MHz, 298 K) 5 1.68 (Si(CHs)3), 1.73 (Si(CH3)3), 3.1 (Si(CHs)3), 3.6 (Si(CHs)3), 4.5
(Si(CH3)3), 15.0 (C), 23.6 (C), 32.3 (CHy), 32.5 (CH,), 125.2 (2 x CH), 125.5 (CH), 125.6 (CH), 129.46 (CH),
129.49 (CH), 131.0 (CH), 131.9 (C), 132.4 (C), 132.8 (CH), 133.7 (CH), 137.7 (C), 138.1 (C), 138.5 (C); °Si
NMR (C¢Dg, 99 MHz, 297 K) 5 —10.0 (SiMe3), 1.6 (SiMe3), 1.7 (SiMe3), 2.2 (SiMes), 2.3 (SiMes), 74.9
(=S5i(SiMe3)), 130.3 (AntSi=); UV-Vis (hexane) Amax/nm (g) 399 (26400), 535 (925); MS (EI, 70 eV) m/z
(%) (682.0 (53, M* + O3)), 650.0 (19, M*), 577.0 (100, M* — SiMe3); Anal. Calcd. for C33HsgSiz: C, 60.85;
H, 8.970. Found: C, 60.69; H, 9.042%.

3.9. Synthesis of 1-(10-Bromo-9-anthryl)-2,3,3,6,6-pentakis(trimethylsilyl)-1,2-disilacyclohexene 6B

In a Schlenk tube (50 mL) equipped with a magnetic stir bar, were placed disilene 1 (169 mg,
3.08 x 107! mmol) and +-BuOK (36.0 mg, 3.21 x 10~! mmol) and DME (6.0 mL). After stirring for
one hour at room temperature, disilenide 4 was formed as a sole product, which was confirmed by
NMR spectroscopy. Then DME was removed in vacuo and benzene (7.5 mL) was added. The resulting
benzene solution of 4 was added to a benzene (17 mL) solution of 9,10-dibromoanthracene (103 mg,
3.06 x 107! mmol) in another Schlenk tube (50 mL) equipped with a magnetic stir bar. After the
mixture was stirred for 1 min at room temperature, the resulting salt was removed by filtration
and washed with benzene and the volatiles were removed from the filtrate in vacuo. Formation of
9-bromoanthryl-substituted disilene 65* as a major product was observed by 'H NMR spectrum.
Recrystallization from hexane at -35 °C gave 65" (32.0 mg, 4.38 x 10~2 mmol) as blue crystals
in 14% yield including anthryldisilene 6 as a major contaminant. Further separation of 6 and 65"
was unsuccessful.

65" (including 6 (~10%)): blue crystals; TH NMR (C¢Dg, 500 MHz, 298 K) 5 —0.26 (s, 9H, Si(CH3)3),
—0.04 (s, 9H, Si(CH3)3), 0.27 (s, 9H, Si(CH3)3), 0.38 (s, 9H, Si(CH3)3), 0.45 (s, 9H, Si(CH3)3), 2.35-2.40
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(m, 1H, CHHCHy), 2.49-2.56 (m, 3H, CHHCHy), 7.23-7.27 (m, 2H, 2 x CH), 7.30-7.35 (m, 2H, 2 x CH),
8.62 (d, ] = 8.6, 1H, CH), 8.65 (dd, ] = 8.7 Hz, 14.6 Hz, 1H, CH), 9.53 (d, ] = 8.5 Hz, 1H, CH), 9.85 (d,
] = 8.7 Hz, 1H, CH); 13C NMR (C¢Ds, 125 MHz, 299 K) & 1.65 (Si(CHs)3), 1.70 (Si(CHj)3), 3.07 (Si(CH3)3),
3.60 (Si(CH3)3), 4.44 (Si(CHs)3), 15.1 (C), 23.6 (C), 32.3 (CH,) 32.4 (CHy), 125.36 (CH), 125.38 (CH), 127.5
(CH), 127.6 (CH), 128.9 (CH), 129.0 (CH), 131.0 (C), 131.5 (C), 133.2 (CH), 134.2 (CH), 138.2 (C), 138.6 (C),
140.3 (C); 29Si NMR (C¢Ds, 99 MHz, 298 K) 5 —9.9 (SiMe3), 1.7 (SiMe3), 1.8 (SiMes), 2.29 (SiMes), 2.34
(SiMe3), 75.1 (=5i(SiMe3)), 129.1 [(BrAnt)Si=]; UV-Vis (hexane) Amax/nm (g) 391 (24800), 410 (30800),
578 (967); HRMS (APCI) m/z [M]* Calcd. for C33HsyBrSiz: 728.2029. Found. 728.2026; [M* + H*]. for
C33HsgBrSiy: 729.2107. Found: 729.2104; [M* — H*] Calcd. for C33Hs6BrSiy: 727.1950. Found: 727.1947.
A quaternary carbon signal was not observed in the 13C NMR spectrum.

3.10. Synthesis of 1,2-Di(9-anthryl)-3,3,6,6-tetrakis(trimethylsilyl)-1,2-disilacyclohexene 7

In a Schlenk tube (50 mL) equipped with a magnetic stir bar, were placed 6 (38.7 mg, 7.07 x 1072 mmol),
t-BuOK (8.70 mg, 7.75 x 10~2 mmol) and DME (7.5 mL). After stirring for one hour at room temperature,
the corresponding disilenide was formed as a sole product, as confirmed by NMR spectroscopy. Then the
volatiles were removed in vacuo and benzene was added. To the solution, a benzene solution of
9-bromoanthracene (17.1 mg, 6.65 x 10~2 mmol) was added. The 'H NMR spectrum of the reaction
mixture indicated formation of the desired bisanthryl-substituted disilene. The resulting salt was removed
by filtration and washed with benzene and the volatiles were removed from the filtrate in vacuo.
Recrystallization from toluene at —35 °C gave disilene 7 as black purple crystals (7.50 mg, 9.93 x 10~ mmol)
in 17% yield.

7: black purple crystals; m.p. 220 °C (decomp.); TH NMR (CgDs, 500 MHz, 298 K) 5 —0.11 (s, 18H,
2 x Si(CH3)3), 0.58 (s, 18H, 2 x Si(CH3)3), 2.81 (s, 4H, (CH3),), 6.84-6.87 (m, 2H, 2 x CH), 7.10-7.14
(m, 2H, 2 x CH), 7.23-7.30 (m, 4H, 4 x CH), 7.55-7.58 (m, 4H, 4 x CH), 7.78 (s, 2H, 2 x CH), 9.57-9.59
(m, 2H, 2 x CH), 9.82-9.84 (m, 2H, 2 x CH); 3C NMR (C¢Ds, 125 MHz, 299 K) & 1.5 (Si(CHs)3), 4.6
(Si(CHs)3), 21.3 (CHa), 32.6 (C), 125.06 (CH), 125.09 (CH), 125.14 (CH), 129.1 (CH), 129.7 (CH), 130.8
(CH), 131.7 (C), 132.3 (C), 132.6 (CH), 132.9 (CH), 136.2 (C), 137.6 (C), 137.7 (C); ?°Si NMR (C4Ds,
99 MHz, 298 K) 6 2.6 (SiMe3), 3.8 (SiMe3), 88.2 (Si=Si); UV-Vis (hexane) Amax/nm (¢) 340 (5250), 357
(8640), 375 (14100), 543 (1680); MS (EL 70 eV) m/z (%) 755 (11, M*), 681 (2.9, M* — SiMes), 607 (1.5, M+
— 25iMe3); Anal. Calcd. for Cy4HsgSis: C, 69.96; H, 7.74. Found: C, 68.54; H, 7.774%. Although the
reason why the observed relative ratio of carbon atoms in the elemental analysis was less than the
calculated value remains unclear at this point, flame resistant materials such as silicon carbide may be
formed during elemental analysis.

3.11. Synthesis of 1,4-Bis(trimethylsilyl)tetrasila-1,3-diene 8

In a Schlenk tube (50 mL) equipped with a magnetic stir bar, were placed disilene 1 (139.9 mg,
0.256 mmol), +-BuOK (29.0 mg, 0.258 mmol) and THF (5 mL). After the mixture was stirred for one
hour at room temperature, 'H NMR spectrum of the mixture showed that disilenide 4 was formed
quantitatively. Then, to the mixture, 1,2-dibromoethane (24.0 mg, 0.128 mmol) was added at 0 °C.
After additional stirring of the mixture for 15 min at 0 °C, the volatiles were removed under reduced
pressure. To the residue dry hexane was added and the resulting insoluble materials were filtered off.
Removal of hexane from the filtrate and subsequent recrystallization from diethyl ether at —35 °C
gave tetrasila-1,3-diene 8 as red crystals (104.0 mg, 0.110 mmol) in 86% yield.

8: red crystals; m.p. 220 °C (decomp.); 'H NMR (C4¢Dg, 500 MHz, 296 K) & 0.30 (s, 18H, Si(CH3)3),
0.37 (s, 18H, Si(CH3)3), 0.468 (s, 18H, Si(CH3)3), 0.470 (s, 18H, Si(CH3)3), 0.68 (s, 18H, Si(CH3)3),
2.06-2.15 (m, 4H, CH}), 2.45-2.64 (m, 4H, CH,); '>*C NMR (C4¢Dg, 125 MHz, 296 K) § 1.8 (Si(CH3)3),
3.2 (Si(CHg)3), 4.8 (Si(CH3)3), 5.66 (Si(CH3)3), 5.74 (Si(CH3)3), 23.5 (C), 26.9 (C), 33.5 (CHy), 36.7 (CH,);
29Si NMR (CgDg, 99 MHz, 296 K) 5 —10.9 (SiMe3), 1.4 (SiMe3), 2.8 (SiMej3), 3.3 (SiMej3), 3.6 (SiMes),
106.4 (Si=SiSiMej3), 143.0 (Si=SiSiMe3); UV-Vis (hexane, room temperature) Amax/nm (g) ~500 (sh,
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3.57 x 10%), 437 (3.42 x 10%); HRMS (APCI) m/z [M]* Calcd. for C3gHogSiqs: 946.4433. Found. 946.4430;
Anal. Calcd. for C3gHogSiq4: C, 48.13; H, 10.42%. Found: C, 48.48; H, 10.58%.

3.12. Single Crystal X-ray Diffraction Analyses

Single crystals for data collection were obtained by recrystallization under the following
conditions: from hexane at —35 °C (1, 5, 6, 65), from toluene at —35 °C ((4(toluene)),, 7) or from
diethyl ether at —35 °C (8). Each single crystal coated by Apiezon® grease was mounted on the
glass fiber and transferred to the cold nitrogen gas stream of the diffractometer. X-ray data were
collected on a BrukerAXS APEXII diffractometer with graphite monochromated Mo-Ko radiation
(A =0.71073 A). The data were corrected for Lorentz and polarization effects. An empirical absorption
correction based on the multiple measurement of equivalent reflections was applied using the
program SADABS [40]. The structures were solved by direct methods and refined by full-matrix
least squares against F? using all data (SHELXL-2014/7) [41]. CCDC-1813641-1813647 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk).

1: CCDC-1813641; 100 K; CopHsgSig; Fw 547.40; orthorhombic; space group Py, (#61); a = 17.3380(16) A,
b=18.0108(16) A, c =22.317(2) A, V = 6969.0(11) A3, Z = 8, Deyieq = 1.043 Mg/m3, R1 = 0.0218 (I > 20(I)),
wR2 = 0.0619 (all data), GOF = 1.051.

4: CCDC-1813642; 100 K; CysHs7KSiz; Fw 605.45; monoclinic; space group P2;/n (#14),
a=15.7323(17) A, b = 11.7003(13) A, ¢ = 21.031(2) A, B = 107.1880(10)°, V = 3698.4(7) A3, Z = 4,
Deated = 1.087 Mg/m?3, R1 = 0.0234 (I > 20(I)), wR2 = 0.0642 (all data), GOF = 1.049.

5: CCDC-1813643; 100 K; CpsHgsSig; Fw 589.48; monoclinic; space group P2;/n (#14),
a=9.060819) A, b = 37.640(8) A, ¢ = 11.263(2) A, B = 103230(2)°, V = 3739.3(14) A3, Z = 4,
Deated = 1.047 Mg/m3, R1 = 0.0729 (I > 20(I)), wR2 = 0.1806 (all data), GOF = 1.335.

6: CCDC-1813644; 100 K; Cz3HsgSiz; Fw 651.42; monoclinic; space group P2i/c (#14),
a=17.7493(8) A, b = 9.0323(4) A, ¢ = 23.7624(10) A, B = 91.2830(10)°, V = 3808.6(3) A3, Z = 4,
Deated = 1136 Mg/m?, R1 = 0.0320 (I > 20(I)), wR2 = 0.0847 (all data), GOF = 1.038.

68" CCDC-1813645; 100 K; Cs3HsyBrSiy; Fw 730.32; triclinic; space group P-1 (#2),
a=9.05293) A, b =11.9109(4) A, c = 19.1793(7) A, & = 93.9480(10)°, 8 = 90.1810(10)°, 7 = 109.1330(10)°,
V =1947.47(12) A3, Z = 2, Dgyieq = 1.245 Mg/m3, R1 = 0.0263 (I > 20(I)), wR2 = 0.0701 (all data),
GOF =1.043.

7: CCDC-1813646; 100 K; CyuHsgSig-CyHg; Fw 847.57; triclinic; space group P-1 (#2),
a=11.0302(9) A, b = 12.8081(10) A, ¢ = 15.7049(13) A, & = 95.628(2)°, B = 98.481(2)°, v = 90.755(2)°,
V =2361.13) A%, Z = 2, Deqieq = 1.192 Mg/m®, R1 = 0.0350 (I > 20(I)), wR2 = 0.0954 (all data),
GOF = 1.025.

8: CCDC-1813647; 173 K; C3gHogSiy4; Fw 948.42; triclinic; space group P-1 (#2), a = 11.4093(11) A,
b=15.6821(15) A, ¢ = 19.5623(19) A, a = 84.8020(10)°, B = 75.9110(10)°, ¢ = 71.9750(10)°,
V =3227.8(5) A3, Z = 2, Deaieq = 0.976 Mg/m?, R1 = 0.0266 (I > 20(I)), wR2 = 0.0759 (all data),
GOF = 1.039.

4. Conclusions

We successfully synthesized 1,2-bis(trimethylsilyl)-1,2-disilacyclhexene 1 and converted the silyl
group(s) to the functional group(s). Noticeably, two silyl groups in 1 can be replaced stepwise by
anthryl groups, which suggests that 1 can serve as a unit of cis-1,2-dialkyldisilene for novel extended
-electron systems. As the introduction of heteroatoms into sp?-carbon-based nanocarbon materials
such as polycyclic aromatic hydrocarbons, fullerenes and graphenes has received substantial attention,
nanocarbon materials in which the Si=Si double bond was introduced into the peripheral position
by using functionalizable disilenes such as 1 may provide novel, fascinating nanosilicon—carbon
hybrid materials.
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Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/6/1/21/s1,
Figures S1-545: NMR spectra of 1-8, Figures 546-S50: UV-Vis spectra of 1, 6, 657, 7, 8, Tables S1-S5: Transition
Energy, Wavelength, and Oscillator Strengths of the Electronic Transition of 1, 6, 657, 7, 8, Table S6: Selected
structures of 1, 6, 657, 7, 8 optimized at the BAPW91-D3/6-31G(d) level of theory and a xyz file for the optimized
structures of 1, 6, 68*, 7, 8.
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Abstract:  The reactions of the fused-ring bulky Eind-substituted 1,2-dibromodisilene,
(Eind)BrSi=SiBr(Eind) (1a) (Eind = 1,1,3,3,557,7-octaethyl-s-hydrindacen-4-yl  (a)),
with N-heterocyclic carbenes (NHCs) (Im-Mey = 1,3,4,5-tetramethylimidazol-2-ylidene and
Im-'Pr,Me; = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) are reported. While the reaction of 1a
with the sterically more demanding Im-"Pr,Me; led to the formation of the mono-NHC adduct of
arylbromosilylene, (Im-'PryMe,)—SiBr(Eind) (2a’), a similar reaction using the less bulky Im-Mey
affords the bis-NHC adduct of formal arylsilyliumylidene cation, [(Im-Mey4),—Si(Eind)]*[Br~] (3a).
The NHC adducts 2a’ and 3a can also be prepared by the dehydrobromination of Eind-substituted
dibromohydrosilane, (Eind)SiHBr; (4a), with NHCs. The NHC-coordinated silicon compounds
have been characterized by spectroscopic methods. The molecular structures of bis-NHC adduct,
[(Im-Pr,Me;),—Si(Eind)]*[Br~] (3a’), and 4a have been determined by X-ray crystallography.

Keywords: silicon; N-heterocyclic carbenes; bromosilylenes; silyliumylidenes; dehydrobromination

1. Introduction

Over many years, a number of unsaturated silicon compounds have been successfully
obtained by virtue of the complexation of metal ions and/or coordination of ligands (mainly
Lewis bases) in addition to steric protection with bulky substituents [1-11]. Among them,
the coordination chemistry of highly-reactive halosilylenes, i.e., halogen-substituted divalent Si(II)
species, have attracted a lot of attention as potentially useful precursors for the construction
of a wide range of silicon-containing compounds [12-17]. Figure 1 shows recent examples of
coordination-stabilized arylhalosilylenes and their derivatives [18-24]. In 2010, Filippou’s group
reported the first N-heterocyclic carbene (NHC) adducts of arylchlorosilylenes bearing sterically large
m-terphenyl groups, (Im-Me4)—SiCl(Ar) (Ic and Id) (Ar = 2,6-(Mes),CsHjz (Mes = 2,4,6-Me3CgHoy) (c)

Inorganics 2018, 6, 30; doi:10.3390/inorganics6010030 123 www.mdpi.com/journal/inorganics
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and 2,6-(Tip),CeHj (Tip = 2,4,6-Pr3CsHy) (d)), which were prepared by the dehydrochlorination of
the aryldichlorohydrosilanes, (Ar)SiHCl,, with NHC (Im-Mey = 1,3,4,5-tetramethylimidazol-2-ylidene)
along with the formation of imidazolium chloride, [(Im-Me4)H]*[CI] [18]. The NHC adduct Id
reacted with [Li*][CpMo(CO)s]~ to afford the silylidene complex, Cp(CO),Mo=Si(Ar)(Im-Mey) (IId),
and the subsequent treatment with B(CgHys-4-Me); produced the first silylidyne complex,
Cp(CO),;Mo=Si(Ar) (ITId), featuring a metal-silicon triple bond [19,25].

& O
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Me‘N/g,Me OC"}\AO\\Si/Ar @ 7 Bbt PCys
SN oc ! N< Si—pf
Ar /- X ? Mo~ Ar Si—Pt
N Ve ! oc )O3 Vs 5/ -
Si, Me~ ~~-Me ocC SAr Si, ¥s
o \—{ B
I W an i v v
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Me + Me + Me +
Ve R~N/%,Me Me\NJere Me‘N/S,Me
_ (. (.
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NL © / R / Me / Me
Ar /- N Ar—Si: a Br- Ar—Si: " ClI- Ar—Sit—0~ " CI-
\ R e e
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R! R2 Ar' = Mes (c) Me,Si
Fhﬁz Ar = s = Tip (d) 4<_§:SiMe3
- 7\
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Eind: R' = R? = Et (a) Me Pr
EMind: R' = Et, R2 = Me (b) Mes Tip (9)

Figure 1. Examples of coordination-stabilized arylhalosilylenes and their derivatives. Each one of the
possible canonical forms is depicted.

In 2011, we reported on the 4-pyrrolidinopyridine (PPy) adducts of arylbromosilylenes with
fused-ring bulky Rind groups, PPy—SiBr(Rind) (IVa and IVb) (Rind =1,1,3,3,5,5,7,7-octa-R-substituted
s-hydrindacen-4-yl; Eind (a: R! = R? = Et) and EMind (b: R! = Et, R? = Me)) [26,27],
which were formed by the addition of PPy to 1,2-dibromodisilenes, (Rind)BrSi=SiBr(Rind)
(1a and 1b) [20]. Also in 2011, Cui reported on the related NHC-coordinated aminochlorosilylene [28],
and recently Driess’s group reported on the aminochlorosilylene-nickel complex [29]. In 2012,
a platinum complex of arylbromosilylene, (Bbt)BrSi=Pt(PCy3), (Ve), was synthesized by the
treatment of 1,2-dibromodisilene, (Bbt)BrSi=SiBr(Bbt) (le), bearing the bulky Bbt groups
(Bbt = 2,6-{CH(SiMej3),}2-4-C(SiMe3)s-CsHy (e)) [30] with Pt(PCys); [21,31]. In this context, some
arylbromosilylidene and arylsilylidyne complexes of nickel and platinum were reported [32-34].
In 2013, Filippou’s group reported the unprecedented dicationic NHC complexes of silicon(II)
and NHC adducts of iodesilyliumylidene cation Sil* [35]. Subsequently, we reported the
reaction of 1,2-dibromodisilenes (1b, 1e, and 1f) having EMind, Bbt, and Tbb groups
(Tbb = 2,6-{CH(SiMe3)s}r-4-'Bu-C¢Hy (£)) with NHCs (Im-Mey and Im-"Pr,Me;) (Im-"ProMe, =
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1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene) leading to the formation of mono-NHC adducts
of arylbromosilylenes, NHC—SiBr(Ar) (VIb’ and VIe), and the bromide salts of the bis-NHC adducts
of formal arylsilyliumylidene cations, [(NHC),—Si(Ar)]*[Br~] (VIIb, VIIb/, and VIIf) [22]. Inoue’s
group also reported the synthesis of chloride salts of bis-NHC adducts of formal arylsilyliumylidene
cations, [(Im-Mey), —Si(Ar)]*[C1™] (VIIIc and VIIIg) (Ar = Tip (g)) [23] and their unique conversion
to silicon analogues of acylium ions, [(Im-Mey),—Si(O)(Ar)]*[Cl7] (IXc and IXg) [24]. Recently,
Inoue’s group reported on the chalcogen-atom transfer and exchange reactions of NHC-bound heavier
silaacylium ions, [(Im-Mey), —Si(E)(Ar)]*[C1"] (E =S, Se, and Te) [36].

In this article, we describe the preparation and characterization of NHC-coordinated silicon
compounds bearing the bulky Eind group, which have been obtained by two different synthetic
procedures, i.e., the NHC-induced fragmentation of the Eind-based 1,2-dibromo-disilene and the
dehydrobromination of the Eind-based dibromohydrosilane with NHCs.

2. Results and Discussions

2.1. Reactions of (Eind)BrSi=SiBr(Eind) (1a) with NHCs

We first performed an NMR tube scale reaction of Eind-based 1,2-dibromodisilene,
(Eind)BrSi=SiBr(Eind) (1a) [20], in C¢Dg with two equivalents of the sterically more bulky NHC,
Im-"PryMe,, relative to Im-Me,. The progress of the reaction was monitored by 'H NMR
spectroscopy, indicating the selective formation of the mono-NHC adduct of the arylbromosilylene,
(Im-"PryMe,)—SiBr(Eind) (2a’), after overnight heating at 70 °C. In the 2Si NMR spectrum, only one
signal was observed at 6 = 18.0 ppm, which is comparable to those of (Im-‘Pr,Me,)—SiBr(EMind) (VIb’)
(8 = 13.1 ppm) and (Im-Mey)—SiBr(Bbt) (VIe) (5 = 10.9 ppm) [22]. The !3C signal at § = 170.6 ppm
for 2a’ is characteristic of a carbene carbon atom, similar to those for VIb’ (5 = 169.7 ppm) and VIe
(8 =167.5 ppm) [22]. Based on the NMR tube experiment, the mono-NHC adduct 2a’ was synthesized
as an orange solid in 88% crude yield (Scheme 1).

Pra N ~Pr Me
N N .
y=( (2 eq) Pra N/\S/Me
Me Me LN
2 Eind Vs N
benzene \Si Pr
70 °C, overnight /"
Br
2a' (88%)
Eind Br
\ /
Si—Si —
/ \
Br Eind — Me 1+
1a Me.NxN/Me Me‘N/S/Me
\—( (4 eq) LN
Me Me / ‘Me
2 | Eind—Si: Br-
benzene X, Me
rt, 1 day N
Me-N \2\ Me
L Me _
3a (54%)

Scheme 1. Reactions of 1a with N-heterocyclic carbenes (NHCs).

We also examined the reaction of 1a with four equivalents of Im-"Pr,Me,. After 1-day heating at
70 °C in C¢Dg, the 29Gi NMR spectrum indicated the formation of a mixture containing the mono-NHC
adduct 2a’ (5 = 18.0 ppm) as the major product and the bis-NHC adduct of the arylsilyliumylidene
cation, [(Im-"Pr,Me,),—Si(Eind)]*[Br~] (3a’) (56 = —59.6 ppm), as the minor product. The latter
2Si signal was shifted upfield compared to the former, and was similar to those of the formal
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arylsilyliumylidene cations, [(NHC),—Si(EMind)]*[Br~] (VIIb and VIIb’) (§ = —60.8 and —75.9 ppm)
and [(Im-Mey),—Si(Tbb)]*[Br~] (VIIf) (§ = —70.9 ppm) [22]. However, we found that the reaction was
not completed even after prolonged heating (longer than 1 week), probably due to the severe steric
repulsion between the Eind group and Im-"Pr,Me, molecules. Thus, we were unable to isolate 3a’.
Nevertheless, single red crystals of 3a’ could be obtained from the reaction mixture, whose structure
was determined by X-ray crystallography (Figure 2).

0

Br1

Figure 2. Molecular structure of 3a’. The thermal ellipsoids are shown at the 50% probability level.
All hydrogen atoms and benzene molecule are omitted for clarity.

Figure 2 shows a separated ion pair of 3a’ in the crystal. The closest Si- - - Br distance (7.6669(6) A)
is analogous to that of VIIb’ (7.732(3) A) [22], thus being much longer than the sum of the van der Waals
radii of Si and Br (3.95 A). The Si atom is three-coordinate adopting a distorted pyramidal geometry,
which can be explained by the presence of a lone pair of electrons. The sum of the surrounding angles
around the Si atom (XSi = 327.3°) is almost the same as that of VIIb’ (Si = 327.0°) [22]. The Si-C(Rind)
bond length in 3a’ (Si1-C1 = 1.9482(19) A) is similar to that in VIIb’ [1.927(8) A] [22] and longer than
typical Si—C bonds (ca. 1.88 A), suggesting the high s-character of the lone pair of electrons on the Si
atom and the high p-character of the Si—C(Rind) bond. The Si+—C(NHC) coordination distances in 3a’
(Si1-C29 = 1.953(2) and Si1-C40 = 1.942(2) A) are comparable to those observed in VIIb’ (1.955(9) and
1.979(8) A) [22].

We next investigated the reaction of 1a with two equivalents of the less bulky NHC, Im-Mey,
and C¢Dg. After 1 day at room temperature, two signals mainly appeared at § = 73.3 and
—63.3 ppm in the ?°Si NMR spectrum, corresponding to the unreacted 1a and the bis-NHC
adduct of the arylsilyliumylidene cation, [(Im-Me4),—Si(Eind)]*[Br~] (3a). This indicated that the
NHC-arylbromosilylene adduct, (Im-Me4)—SiBr(Eind) (2a), which serves as a potential intermediate,
is more reactive toward Im-Mey compared to 1a. When the dibromodisilene 1a was treated with
four equivalents of Im-Mey in benzene, the bis-NHC adduct 3a was efficiently formed (Scheme 1).
We obtained 3a as an orange powder in 54% crude yield. The upfield-shifted 2°Si resonance for 3a
(5 = —63.3 ppm) suggests the contribution of the canonical form due to the bis(imidazolium) adduct of
a silyl anion, whose electronic structure was previously supported by the theoretical calculations of
VIIb’ and VIIf [22]. In the 13C NMR spectrum of 3a in CD3CN, one NHC carbene signal was observed
at § = 162.0 ppm, comparable to those for VIIb (8 = 160.5 ppm), VIIb’ (5 = 162.4 ppm), and VIIf
(6 =160.4 ppm) [22].

2.2. Reactions of (Eind)SiHBr, (4a) with NHCs

We also examined another synthetic route for the NHC-coordinated silicon compounds, i.e.,
the dehydrobromination of the Eind-substituted dibromohydrosilane, (Eind)SiHBr; (4a), with NHCs

126



Inorganics 2018, 6, 30

(Scheme 2). The precursor (4a) was prepared as pale brown crystals by the dibromination of the
Eind-based trihydrosilane, (Eind)SiHs [37,38], with allyl bromide in the presence of a catalytic amount
of PdCl, [39]. We found that this reaction exclusively afforded 4a even using an excess amount of allyl
bromide with prolonged heating (longer than 1 week), most likely due to the steric bulkiness of the
Eind group. In this context, Kunai, Ohshita, and their co-workers previously reported the selective
dibromination of trihydrosilanes with CuBr; in the presence of Cul [40]. The formation of 4a was
deduced on the basis of the spectroscopic data (Figures S1-54). In the 'H NMR spectrum, the Si-H
signal was found at 6 = 6.89 ppm with satellite signals, due to the 29Si nuclei ['J(¥Si-1H) = 288 Hz].
The 2°Si NMR signal appeared at § = —28.7 ppm, similar to that of (Bbt)SiHBr; (5 = —28.47 ppm) [41].
The infrared spectrum exhibited a Si-H stretching band at 2317 cm™! in the KBr-pellet (Figure S4) and
at 2298 em™! in THF [42,43]. The molecular structure of 4a was determined by single-crystal X-ray
diffraction analysis (Figure 3). The hydrogen atom on the silicon atom was located on difference
Fourier maps and isotropically refined. In the crystal, the SiHBr; group is fixed in one conformation
with respect to the rotamer around the Si—-C bond. A similar conformation was also observed in the
crystal of (Eind)PCl, [44]. The Si-C bond length for 4a (1.8746(18) A)is comparable to those of typical
Si—C bonds (ca. 1.88 A).

(Eind)SiH5
Proy g -Pr 2eq . Me
\—{( Pr< M H
B Beq) Me”  Me N\j?/ e . ’P'\N*N’Pr .
) =N -
PdCly (cat) benzene Emd\Si/ iPr @
toluene t, overnight s Me  Me
80°C,8d Br
2a' (59%)
(Eind)SiHBr, ——
4a Me +
Me'NxN’Me Me‘N/S/Me
\—( (3eq) A N H
Mg Me ) ¥ e Voo A Mo
Eind—Si: Brr + N@N’ Br
benzene X, Me )_(
; Me Me

i 1d N
Me~ N\%\Me
Me
3a (not isolated)

Scheme 2. Reactions of 4a with NHCs.

@ }

Brzg '
:}&ST%BH
B

Figure 3. Molecular structure of 4a: Side view (left), front view (right). The thermal ellipsoids are
shown at the 50% probability level. The hydrogen atoms, except for the Si-H group, are omitted
for clarity.
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As shown in Scheme 2, the reaction of 4a with two equivalents of Im-‘Pr,Me, proceeded more
smoothly at room temperature in comparison to the reaction of 1a with Im-"Pr,Me, (Scheme 1),
producing the mono-NHC adduct 2a’ in 59% crude yield. The reaction of 4a with three equivalents
of Im-Me, also afforded the bis-NHC adduct 3a on the basis of the NMR data. In these reactions,
it is essential to remove the byproducts, imidazolium bromides, [NHC)H]*[Br~], for the isolation
procedure of the silicon products, which may be considered as a disadvantage when compared to
the no-byproduct strategy of using 1a as a precursor (vide supra). Actually, the separation of 3a and
[(Im-Me4)H]*[Br~ ] was found to be difficult in our experiments. However, dibromodisilene 1a can
only be obtained by a two-step synthesis from the trihydrosilane, (Eind)SiH3; thus the bromination
of (Eind)SiH3 with N-bromosuccinimide (NBS) first affords the tribromosilane, (Eind)SiBrs, then the
reduction of (Eind)SiBr; with two equivalents of lithium naphthalenide (LiNaph) produces 1a [20].
Therefore, the dehydrobromination of 4a with NHCs can be considered as a convenient short-step
synthesis for NHC-coordinated silylene derivatives.

3. Materials and Methods

3.1. General Procedures

All manipulations of the air- and/or moisture-sensitive compounds were performed either
using standard Schlenk-line techniques or in a glove box under an inert atmosphere of argon.
Anhydrous hexane, benzene, and toluene were dried by passage through columns of activated
alumina and supported copper catalyst supplied by Nikko Hansen & Co., Ltd. (Osaka, Japan).
Anhydrous pentane and acetonitrile were purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan), and used without further purification. Deuterated benzene (C¢Dg, benzene-dg)
was dried and degassed over a potassium mirror in vacuo prior to use. Deuterated acetonitrile
(CD3CN, acetonitrile-d3) was dried and distilled over calcium hydride (CaHj) prior to use.
(Eind)SiHj3 [37,38], (Eind)BrSi=SiBr(Eind) (1a) [20], 1,3,4,5-tetramethylimidazol-2-ylidene (Im-Mey) [45]
and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene(Im-"Pr,Me,) [45] were prepared by the literature
procedures. All other chemicals and gases were used as received.

Nuclear magnetic resonance (NMR) measurements were carried out using a JEOL ECS-400
spectrometer (399.8 MHz for 1H, 100.5 MHz for 3C, and 79.4 MHz for #’Si) or JEOL JNM AL-300
spectrometer (300 MHz for 'H, 75 MHz for '3C, and 59 MHz for 2°Si) (JEOL Ltd., Tokyo, Japan).
Chemical shifts (5) are given by definition as dimensionless numbers and relative to 'H chemical
shifts of the solvents for 1H (residual C¢4DsH in C¢Dg, 'H(6) = 7.15, residual CD,HCN in CD;CN,
TH(5) = 1.94), and '3C chemical shifts of the solvent for 13C (C¢Dg: 3C(5) = 128.06 and CD3;CN:
13C(8) = 118.26). The signal of tetramethylsilane (®si(8) = 0.0) was used as an external standard
in the 2°Si NMR spectra. The absolute values of the coupling constants are given in Hertz (Hz)
regardless of their signs. Multiplicities are abbreviated as singlet (s), doublet (d), triplet (t), quartet (q),
multiplet (m), and broad (br). The mass spectra were recorded by a JEOL JMS-T100LC AccuTOF
LC-plus 4G mass spectrometer (ESI-MS) with a DART source. The elemental analyses were performed
in the Microanalytical Laboratory at the Institute for Chemical Research (Kyoto University, Uji, Japan).
Melting points (m.p.) were determined by a Stanford Research Systems OptiMelt instrument. We were
unable to obtain a satisfactory elemental analysis for 2a’ and 3a, probably due to their extremely
high air- and moisture-sensitivity as well as a contamination of NHCs and unidentified compounds
associated with some thermal decomposition (Figures S5-510).

3.1.1. Synthesis of (Eind)SiHBr; (4a)

To a solution of (Eind)SiHjz (4.09 g, 9.91 mmol) in toluene (30 mL) was added PdCl, (38.0 mg,
0.21 mmol) and allyl bromide (4.2 mL, 48.5 mmol). The reaction mixture was heated at 80 °C for 8 days.
After the solvent was removed in vacuo, the residue was dissolved in hexane and the resulting mixture
was centrifuged to remove the insoluble materials. The supernatant was concentrated to dryness and
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the resulting residue was recrystallized from pentane to afford 4a as pale brown crystals in 81% yield
(4.58 g, 8.02 mmol).

TH NMR (399.8 MHz, C¢Dg, 30 °C): § = 0.78 (t, ] = 7.3 Hz, 12 H, CH,CH3), 0.80 (br. s, 12 H, CH,CH3),
1.48-1.65 (m, 8 H, CH,CH3), 1.76 (s, 4 H, CH5), 2.11 (br. s, 8 H, CH,CH3), 6.89 (s, 1 H, satellite, Jsi_ij =
288 Hz, SiH), 7.01 (s, 1 H, ArH). 3C NMR (100.5 MHz, C¢Dy, 25 °C): § = 9.3, 10.5 (br), 33.5, 34.2 (br),
42.6 (br x1),44.8 (br x1),47.9 (br x2),54.7 (x2), 123.6,125.1, 150.8 (one aromatic peak is broadened at
155-158); 2°Si NMR (79.4 MHz, C4Dg, 30 °C): § = —28.7 (d, Jsi_iy = 288 Hz). IR (KBr, cm™!): v = 2317
(Si—H); IR (THF, cm™~1): v = 2298 (Si—H). DART-HRMS (positive-mode) Caled. for CogHyeBrpSi + H:
569.1814. Found: 569.1820. Anal. Calcd. for CogHyeBr,Si: C, 58.94; H, 8.13. Found: C, 59.41; H, 8.19.
Melting point (argon atmosphere in a sealed tube) 102-105 °C.

3.1.2. Synthesis of (Im-'Pr,Me,)—SiBr(Eind) (2a’)

(Method A) Reaction of (Eind)BrSi=SiBr(Eind) (1a) with Im-"Pr,Me,

A mixture of 1a (158 mg, 0.16 mmol) and Im-'Pr,Me; (63.0 mg, 0.35 mmol) was dissolved in
benzene (5 mL). The reaction mixture was heated overnight at 70 °C. After the solvent was removed
in vacuo, the residue was washed with pentane to afford 2a’ as an orange solid in 88% crude yield
(190 mg, 0.28 mmol). We were unable to isolate 2a’ in pure form, because 2a’ was not thermally stable
in solution, gradually giving Im-'Pr,Me, and unidentified compounds (Figure S5).

TH NMR (399.8 MHz, C¢Ds, 60 °C): & = 0.81-1.00 (m, 24 H, CH,CHj3), 1.12 (br. s, 6 H,
CH(CH3),—(Im-"Pr;Mey)), 119 (d, | = 7.0 Hz, 6 H, CH(CH3),—(Im-PryMe»)), 1.61 (s, 6 H,
CH;3—(Im-'Pr;Me,)), 1.62-1.95 (m, 20 H, CH, + CH,CH3), 5.00-5.27 (m, 2 H, CH(CHj3),~(Im-'Pr;Me,)),
6.71 (s, 1 H, ArH). 13C NMR (100.5 MHz, C4Dj, 70 °C): § = 9.3,9.4,9.9, 10.0, 10.5, 20.7, 21.4, 24.6, 33.7 (br,
overlapped, Im-"Pr,Me; and CH,CHj), 42.8, 48.4, 51.1 (Im-"PryMey), 54.5, 119.9, 125.9 (Im-'Pr,Mey),
147.2, 148.5, 153.7, 170.6 (Im-"PryMey); 2°Si NMR (79.4 MHz, C4Dg, 25 °C): & = 18.0. HRMS (ESI,
positive) Caled. for C39HesBrN,Si + H: 669.4179. Found: 669.4211. Melting point (argon atmosphere in
a sealed tube) 152-156 °C (dec.).

(Method B) Reaction of (Eind)SiHBr, (4a) with Im-"Pr,Me,

A mixture of 4a (476 mg, 0.97 mmol) and Im-Pr,Me; (352 mg, 1.95 mmol) was dissolved in
benzene (7 mL). After stirring overnight at room temperature, the resulting orange suspension was
filtered through a polytetrafluoroethylene (PTFE) syringe filter to remove the insoluble materials.
The filtrate was concentrated to dryness and the resulting residue was washed with pentane to afford
2a’ as an orange solid in 59% crude yield (197 mg, 0.29 mmol).

3.1.3. Synthesis of [(Im-Me4),—Si(Eind)]*[Br]~ (3a)

(Method A) Reaction of (Eind)BrSi=SiBr(Eind) (1a) with Im-Mey

A mixture of 1a (102 mg, 0.11 mmol) and Im-Mey (54 mg, 0.43 mmol) was dissolved in benzene
(6 mL). After stirring for 1 day at room temperature, the resulting orange solid was separated and
washed with a mixture of hexane and benzene to afford 3a as an orange powder in 54% crude yield
(85.2 mg, 0.12 mmol). We were unable to isolate 3a in pure form, because 3a was not thermally stable
in solution leading to the contamination of Im-Me,; and unidentified compounds (Figure S8).

TH NMR (399.8 MHz, CD3CN, 20 °C): § = 0.61 (br. t, ] = 6.3 Hz, 12 H, CH,CH3), 0.80 (t, ] = 7.3 Hz, 12 H,
CH,CHs), 1.50-1.70 (m, 8 H, CH,CHg), 1.75 (br. s, 4 H, CH,), 1.93—1.97 (m, overlapped, 8 H, CH,CHs),
2.15 (s, 12 H, CH3~(Im-Mey)), 3.25 (br. s, 12 H, CH3—~(Im-Mey)), 6.75 (s, 1 H, ArH). '*C NMR (100.5 MHz,
CD3CN, 19 °C): 6 =9.2,9.4,10.0 (br, Im-Mey), 34.1 (br, overlapped, Im-Mey and CH,CH3), 42.8, 48.1,
54.2,121.8,128.5 (Im-Mey), 136.5, 150.7, 162.0 (Im-Mey) (one aromatic peak is overlapped). 2°Si NMR
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(79.4 MHz, CD3CN, 25 °C): 6 = —63.3. DART-HRMS (positive-mode) Calcd. for C4pHggBrN,Si + H:
737.4553. Found: 737.4562. Melting point (argon atmosphere in a sealed tube) 169-174 °C (dec.).

(Method B) Reaction of (Eind)SiHBr; (4a) with Im-Mey

A mixture of 4a (70.3 mg, 0.12 mmol) and Im-Mey (50.6 mg, 0.41 mmol) was dissolved in benzene
(6 mL). After stirring for 1 day at room temperature, an orange suspension was formed. An insoluble
orange solid was collected by filtration, whose "H NMR spectrum indicated the formation of a mixture
of 4a and [(Im-Me4)H]*[Br~].

3.2. X-ray Crystallographic Studies of 3a’ and 4a

Single crystals suitable for X-ray diffraction measurements were obtained from benzene for
3a’ and from hexane for 4a. Intensity data were collected using a Rigaku XtaLAB P200 with a
PILATUS 200K detector for 3a’ and a Rigaku AFC-8 with a Saturn 70 CCD detector for 4a (Rigaku
Corporation, Tokyo, Japan). All measurements were carried out using Mo Ko radiation (A = 0.71073 A).
The integration and scaling of the diffraction data were carried out using the programs CrysAlisPro [46]
for 3a’ and CrystalClear [47] for 4a. Lorentz, polarization, and absorption corrections were also
performed. The structures were solved by an iterative method with the program of SHELXT [48],
and refined by a full-matrix least-squares method on F? for all the reflections using the program
SHELXL-2017/1 [49]. The non-hydrogen atoms were refined by applying anisotropic temperature
factors. Positions of all the hydrogen atoms were geometrically calculated, and refined as riding
models. The Si-H hydrogen atom was located on difference Fourier maps and isotropically refined.
Full details of the crystallographic analysis and accompanying CIF files can be obtained free of
charge from the Cambridge Crystallographic Data Centre (CCDC numbers 1811699 and 1811700) via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44-1223-336033; E-mail: deposit@ccdc.cam.ac.uk).

3.2.1. [(Im-'Pr,Me,), —Si(Eind)]*[Br~] (3a’)

Cs0HgsBrN4Si-CgHg, M = 928.32, crystal size 0.36 x 0.15 x 0.12 mm, triclinic, space group P—1 (#2),
a=10.6548(3) A, b = 12.0149(2) A, c = 21.7366(5) A, o = 80.5199(18)°, B = 82.343(2)°, v = 72.816(2)°,
V =2611.54(11) A3,7=2,Dy,=1.181 g cm 3, u(Mo Ko) = 0.849 mm~ !, 65594 reflections collected,
13761 unique reflections, and 579 refined parameters. The final R(F) value was 0.0491 [I > 20(I)].
The final Ry, (F?) value was 0.1364 (all data). The goodness-of-fit on F? was 1.031.

3.2.2. (Eind)SiHBr; (4a)

CogHyeBrSi, M = 570.56, crystal size 0.16 x 0.17 x 0.41 mm, triclinic, space group P—1 (#2),
a=7972(3) A, b = 11.070(4) A, ¢ = 16.621(5) A, « = 89.972(4)°, B = 80.770(3)°, v = 73.314(5)°,
V =1385.1(8) A3, Z = 2, Dy = 1.368 g cm 3, (Mo Ka) = 2.992 mm 1, 22599 reflections collected,
6332 unique reflections, and 292 refined parameters. The final R(F) value was 0.0298 [I > 20(I)].
The final Ry, (F?) value was 0.0803 (all data). The goodness-of-fit on F? was 1.016.

4. Conclusions

We have synthesized some new NHC-coordinated silicon species having the fused-ring
bulky Eind group by two methods; one is via the reactions of the stable diaryldibromodisilene,
(Eind)BrSi=SiBr(Eind) (1a), with NHCs, and the other is the dehydrobromination of the
aryldibromohydrosilane, (Eind)SiHBr; (4a), with NHCs. In both synthetic pathways, we have mainly
obtained the mono-NHC adduct of the arylbromosilylene, (Im-Pr,Me,)—SiBr(Eind) (2a’), and the
bis-NHC adduct of the formal arylsilyliumylidenecation, [(Im-Me4), —Si(Eind)]*[Br~] (3a), depending
on the steric bulk of the NHCs (Im-Pr,Me, vs. Im-Mey). Further studies on the reactivities of the
NHC-coordinated silicon compounds are now in progress.
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Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/6/1/30/s1, S1:
NMR spectra of 4a, 2a’, and 3a and IR spectrum of 4a (PDF), S2: crystallographic details for 4a and 3a’ (CIF) and
S3: cif-checked files (PDF).
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Abstract: Charged and neutral silicon clusters comprising Si atoms that are exclusively connected
to atoms of the same type serve as models for bulk silicon surfaces. The experimentally known
nido-[Sig]*~ Zintl cluster is investigated as a building block and allows for a theoretical prediction
of novel silicon-rich oligomers and polymers by interconnection of such building units to larger
aggregates. The stability and electronic properties of the polymers {L,([Sig]—(SiClp),)n} and
{L([Sig]=(SiH,),) }, as well as of related oligomers are presented.

Keywords: silicon cluster; siliconoid; nanoparticle; computation

1. Introduction

Silicon is the element of choice for fulfilling the desire for novel materials with promising
properties. Even though, silicon is an indirect band gap semiconductor resulting in poor efficiency
of light emission, the observation of visible photoluminescence from porous silicon or silicon
nanoparticles at room temperature reported in the early 90s [1,2] triggered the investigations of
low-dimensional silicon quantum structures and had been a subject of extensive investigations due to
the potential usage of nano-sized silicon in photonic and optoelectronic devices [3,4].

In recent years, some experimental molecular approaches successfully showed that molecules
with low-valent Si atoms can be synthesized. So-called siliconoids [5] are stable unsaturated neutral
silicon clusters that show the characteristic structural features of silicon nanoparticles and surfaces
in the molecular regime generally realized through the occurrence of one or more unsubstituted
Si atoms [5-8].

Computationally, many novel well-ordered Si allotropes of various dimensionality have been
proposed [9,10], but only a few of those were experimentally verified, such as the low-density
Si allotropes [11] with clathrate-type structures [12-19]. The focus of the research lies on the description,
understanding, and discovery of well-performing photovoltaic materials as well as models for bulk
silicon surfaces [20,21]. A few such predicted materials are realizable in laboratory to date also applying
physical methods such as ultrafast laser-induced confined microexplosion [22].

Currently, one of the most investigated two-dimensional materials is silicene [23], the higher
homologue of graphene [24]. It is reported as a buckled sheet of sp®/sp?-hybridized Si atoms connected
to wrinkled six membered rings, which is stabilized through intrinsic van-der-Waals interactions [25].
Silicene is experimentally accessible only on metal surfaces [26-28]. Theoretical investigations on this
material are reviewed in several articles [29-31]. Another two-dimensional Si modification results from
adding ad-atoms to silicene. Si in this MoS,-structure type shows a lower relative energy compared
to silicene [32]. In our recent work, we introduced two-dimensional materials, which may overcome
surface reconstruction problems by using {Sig} Zintl cages (Figure 1a) that are stable in solution [33].

Our aim is the computational investigation using substructures or molecular building units that
are experimentally known, which we call the chemi-inspired attempt [9,10]. We found that Zintl clusters
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of Group 14 elements, as they occur in neat binary intermetallic solids (Zintl phases) [34], represent
ideal candidates for constructing tailor-made materials. They have well-defined structures, which are
retained upon solvation, and can thus be functionalized, oligomerized, or even polymerized [35,36].
Best suited for such chemistry is the nine-atomic [Eo]®¥~ cluster (E =Si, Ge, Sn, and Pb). For silicon,
only a few examples of following-up reactions of Sig clusters are known whereas the pure clusters
are structurally characterized in solids [37] and in salts obtained from solution [38—42]. In all
examples, reactions occur via atoms of the open square of the mono-capped square antiprism of the
nido-[Sig]*~ cluster (Figure 1a); either capped in a 5*-coordination with phenylzinc (Figure 1b) [39] as
well as Cu-NHC (NHC = N-heterocyclic carbene) [43] or two clusters are bridged by Ni(CO), fragments
via two neighboring atoms of the open square, each involved in a 5!-coordination (Figure 1c) [40,44].

@) (b) (©

Figure 1. The building block nido-[Sig]* and its experimentally accessible complexes from solution.
(a) nido-[Sig]* optimized on a DFT-PBE0/def2-TZVPP /PCM level of theory; (b) closo-[SigZn(CgHs)]>~ [39];
(c) [{Ni(CO)zlz(u—Sig]z]& [40,44]. Si, C, H, Zn, Ni, and O are shown as grey, blue, light blue, green, turquoise,
and red spheres.

Further, it was shown that such clusters can serve as seed crystals for the synthesis of Si
nanoparticles and nanoscale materials [45,46]. In analogy to Geg clusters for which covalently
bonded Gey oligomers and polymers are experimentally known, Si-based materials that contain
Sig units linked via the atoms of the open square are feasible [39,41,44]. The direct linkage has already
been discussed and also the stability and properties of two-dimensional Si materials containing
sp3-hybrized Si atoms as linkers between Sig clusters were computationally investigated [33].
In this work, we explore the possibilities of introducing tetrahedrally connecting sp3-Si atoms,
which might occur from a formal reaction of the anions with SiCly and SiH,Cl, and nido-[Sig 1*~ clusters.
Thus, we investigate the complexes [Si(Sig)Cl3]*~ and [Si(Sig)Me3]>~ (Me = ~CHj), [Si(Sig)2Cl1°~,
[Si(Sig)3Cl]°~, and [Si(Sig)4]'?~. Further, we analyze the hypothetical insertion of nido-[Sig]*~ clusters
into polysilanes resulting in the neutral polymers {1, ([Sis] -(SiClp),)»} and {L ([Sio] ~(SiH2),) s}

2. Computational Details

Neutral polymers containing silane fragments and Sig clusters as well as the polysilanes
themselves were optimized starting from manually drawn structures pre-optimized using UFF [47,48].
The lattice and atomic positions were allowed to relax during optimization within the constraints
given by rod group symmetry [49]. All quantum chemical calculations for the polymers were carried
out using the CRYSTALO9 program package [50] with a hybrid DFT functional after Perdew, Burke,
and Ernzerhof (DFT-PBEO) [51,52]. For silicon, a modified split-valence + polarization (SVP) basis
set [53] was applied. The shrinking factor (SHRINK) for generating the Monkhorst-Pack-type grid of k
points in the reciprocal space was set to 4, resulting in three k-points in the irreducible Brillouin zone.
For the evaluation of the Coulomb and exchange integrals tight tolerance factors (TOLINTEG) of 8, 8,
8, 8, and 16 were chosen. Default optimization convergence thresholds and an extra-large integration
grid (XLGRID) for the density-functional part were applied in all calculations. Harmonic vibrational
frequencies were calculated numerically to confirm the stationary point on the potential-energy surface
as a true minimum.
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The investigations on charged complexes containing nido-[Sig]*" as a building block are done with
the DFT-PBEO [51,52] hybrid DFT functional and def2-TVZPP level basis sets for the elements Si, Cl,
H, and C using the Gaussian09 program package [54]. For modelling a solvation effect, a solvation
model (polarizable continuum model, PCM) with standard settings was applied [55]. For structure
optimizations, extremely tight optimization convergence criteria were combined with a large and
ultrafine DFT integration grid. The systems were allowed to relax without symmetry restrictions.
Harmonic vibrational frequencies were calculated analytically to confirm the stationary point on the
potential-energy surface as a true minimum (except for M6).

The position parameters for all optimized compounds are listed in the Supplementary Materials.

3. Results and Discussion

3.1. Neutral Polymers with SiCl, or SiH; Linkers between the Clusters

Inspired by the [(Ni(CO)2)2(11-Sig), 13~ complex [40,44] (Figure 1c) and in continuation of our
work on 2D structures containing Siy clusters [33], we derived two polymers {},([Sig] -(SiCl2),)» }
(P1) and {1 ([Sio]~(SiHa),)x} (P2) by a formal replacement of Ni(CO), with isolobal SiCl, or SiH,.
The polymers can also be regarded as silanes with inserting Sig units. Pauling electronegativity of
Ni and Si are almost identical with a value of xn; = 1.91 and xs; = 1.90, respectively, and the electron
withdrawing effect of the CO ligands is considered by choosing ligands whose electronegativity is
higher if compared to Si (xc) = 3.16 and xy = 2.20).

The energetically optimized polymers P1 and P2 possess nearly ideal C4,, symmetric Sig units in the rod
group pmm2 (relevant bond lengths are listed in Table S1, Supplementary Materials). The two bridging Si
atoms and two adjacent atoms of each of the two open squares form a planar hexagon which is compressed
along the propagation direction of the polymer. The bond angles at the bridging Si atom consequently lie
in the range of tetrahedral angles 103.4°-111.0° for both compounds. The torsional angles between these
hexagons and the open square of the nido-clusters are 165.8° and 160.3° for P1 and P2, respectively. In order
to compare the total energy with respect to «-Si and since the compounds contain also X = H and Cl atoms
we include polysilanes with comparable bond situations according to Equation (1):

AE¢1 (5 [Sio—(SiX2),]) = AEiot(% [Sio—(SiX2),] ) —[9-Etot (a=Si) + 2-Erot (L, [SiXa) ) 1)

The resulting values of 7.28 eV and 7.23 eV for X = Cl and H, respectively refer to one formula unit
(Sig)(SiXp)y (X = Cl, H) for P1 and for P2, respectively (Figure 2). Scaled to one Si atom per formula
unit these values result in 0.56 eV for both compounds. On a first glance, the values seem high if
compared to «-Si, however the polymers must rather be compared to Si nanoparticles than to bulk
materials. In this context the values are rather close to the relative energy of the carbon fullerenes of
which for example Cgy which is 0.48 eV per atom higher in total energy than diamond [56]. The Si
bridged clusters are also much lower in energy than the directly connected clusters (0.96 eV) [33].
Energetically, the differences between Si—Cl and Si-H bonds a negligible.

Figure 2. Cut-out of polymer P1. Si and Cl are shown as yellow and green spheres, respectively.
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3.2. Charged Molecules—The Stepwise Ligand Exchange in SiCly to [Siy7]'2~

Siliconoid molecules are formed by a stepwise substitution of heteroatomic bonds between ligands
bound to a central Si atom with Si terminated groups. We computationally substituted ligands in SiXy
by [Sig]* for X = Cl, H, and CHj3. The resulting molecular ions [Si(Sig)Cl3]>~ (ML), [Si(Sig)H3]* (M2)
and [Si(Sig)Me3]>~ (M3) differ in the ligands at the sp3—Si atom (Table 1). We started the optimizations
for all compounds from a ql-connected isomer with an ideal Cy, symmetric nido-[Sig 1* cluster.

As the energetically most favorite structure of M1 we found an arrangement with an almost
perfect D3, symmetric trigonal prismatic Sig cluster with the SiClz group symmetrically capping
a triangular face of the Sig cluster. The three distances between the Si atoms of the SiCl3 group and
the Si atoms of the clusters are with a value of 2.58 A identical to the lengths of the triangular face of
Sig, consequently forming an almost undistorted tetrahedron. The three Si-Cl distances are 2.20 A.
The shape of Sig cluster distorts to a tricapped trigonal prism with prism heights of 2.69 A that are
elongated with respect to the triangular faces. The opposing trigonal face, which is not capped,
has considerable shorter lengths edges of 2.46 A and 2.49 A. Thus the coordination of the SiCl3 group
leads to an elongation of edges of the capped triangle.

Interestingly, no local minimum structure with #'-coordination of the SiCl; groups were found.
In contrast, for [Si(Sig)H3]*~ (M2) and [Si(Sig)Me3 ] (M3) the energetically most favored structures remain
with nl—coordinated Sig clusters. For both anions, the Sig clusters distort to (pseudo-)Cy, symmetric cages as
an intermediate of the mono-capped square anti prism and the tricapped trigonal prism. With the ratio of
diagonal lengths of the open square of d; /d; = 1.22 is M2 more distorted than M3 (d; /d, = 1.16). The bond
length between the clusters and their ligands are 2.33 A and 2.35 A, respectively. The prism heights are
263 A,2.64 A, and 3.08 A for M2 and 2.62 A, 2.63 A, and 3.18 A for M3.

Bridging two clusters by a single SiCl, fragment, e.g. attaching two clusters to one central Si atom
leads to the anion of composition [SiCly(Sio)»]°~ (M4). Both Sig clusters in M4 form a ql-coordination
with distances between the cluster and the bridge atoms of 2.34 A. The Si-Cl bonds of 2.13 A and
2.14 A are shorter than for M1. Both clusters within M4 deform after optimization to (pseudo-)Cay
symmetric compounds with d; /d; = 1.21 and 1.22. (The distortion of C4, symmetric monocapped
square anti prism can be characterized by the ratio of the diagonal lengths d; and d, of the open
square. For an undistorted cage the ratio is equal to 1. Deviation from this ratio leads to cages with Cy,,
symmetry.) The bond angle between the central Si atom and the two bonded Si atoms of the clusters is
121.7° and thus larger than the tetrahedral angel, which is most probably due to the steric demands of
the Sig ligands.

Substitution of another Cl ligand by a third [Sig]*~ results in the highly charged cluster
[SiCI(Sig)3]%~ (M5). In M5 the three (pseudo-)C,, symmetric clusters have diagonal length ratio
in the narrow range of d; /d; = 1.15-1.17 and bond lengths of 2.37 A between cluster atoms and the
central sp3-Si atom for each bond. The distance Si~Cl is 1.18 A.

A replacement of all Cl ligands by Sig units results in [Si(Sig)4]'>~ (M6). Such highly charged
clusters are not unrealistic, since a salt containing a [Gess]'2~ cluster unit, which is attached to three
Au* ions ([AuzGeys]”") had been isolated and structurally characterized [57]. The distances for all four
Si-Si bonds at the central Si atom are 2.39 A. The angles range between 105.1° and 117.3°. The clusters
are again distorted towards Cp, symmetric cages, but stay close to the Cy, symmetric input with
ratios of the diagonal lengths of the open square between d; /d; = 1.11-1.15. A table listening all bond
distances and relevant cluster parameters is located in the Supplementary Materials.

The building unit M6 can be extended by continuation the building scheme with more
SiCly. Successive linking [Sig]*~ clusters with SiCly. under Cl substitution results in a neutral
two-dimensional 2 {[(Sig)-Si], } sheet [33].
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Table 1. Structural analysis of molecular anions (Figure 3). All values are averaged, if more bonds or
angles of the same type exist.

i A i A Angles/°  Angles/° Angles/°
Molecular Anions Distances/A  Distances/A ngles, ngles, ngles,
X3Si-Si(Sig) Si-Cl X-Si-X (Sig)-Si-X  (Sig)-Si—(Siy)
M1 2.58 (%) 2.20 94.6 - -
M2 2.33 - 105.3 1133 -
M3 2.35 - 107.8 111.1 -
M4 2.34 2.14 101.2 107.9 121.7
M5 2.37 2.18 - 100.6 116.7
Mé6 2.39 - - - 109.4
(@) o ° (b) o (c)
\»-‘.// 3 VAN
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Figure 3. Optimized structures of molecular anions M1-M6. (a) 773-[Si(Sig)Cl5]>~ (M1), (b) 171-[Si(Sig)Me3]>~
(M2), (¢) 1'-[Si(Sig)H3 >~ (M3), (d) [SiCla(Sio)a]°~ (M4), (e) [SiCL(Sio)s]*~ (M), (£) [Si(Sig)a]'~ (MS). Siand
Cl atoms are shown as yellow and green spheres, respectively.

4. Conclusion

The modelling of polymeric Sig chains gave interesting insights to the chemistry of this up to now
hard to functionalize Sig cluster. It showed that a replacement of Ni(CO); as a ligand by others bridging
sp>-Si units with comparable electron withdrawing effects, namely SiH, and SiCl,, leads to polymers
that are energetically in a range for realizable materials. The formation of charged oligomers by the
formal substitution of X ligands in SiXy by [Sig]*~ clusters leads to stable anions [SiCly_y(Sig)yx]>*".
For all derivatives, stable anions with covalent Si-Si bonds to the central Si atom form, except for
x =1and X = Cl. Here, a 17°-coordination of the cluster to the Si atom of the SiClz group is observed.
Whereas the monomeric unit [Si(Sig)4]'2~ (M6) possesses a relative high charge, further combination

with bridging Si atoms leads to a relatively stable two-dimensional neutral Si allotrope.
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Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/6/1/31/s1, Bond
lengths for Sig clusters within the different compounds; Band Structures and DOSs of Polymers; Position
Parameters for Polymers; Vibrational Frequencies for Polymers; Position Parameters for Molecular Compounds;
Vibrational Frequencies of Molecular Compounds.
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Abstract: Reactivity studies of silyliumylidenes remain scarce with only a handful of publications
to date. Herein we report the activation of S-H bonds in hydrogen sulfide by mTer-silyliumylidene
ion A (mTer = 2,6-Mes,-CgH3, Mes = 2,4,6-Me3-CcHy) to yield an NHC-stabilized thiosilaaldehyde B.
The results of NBO and QTAIM analyses suggest a zwitterionic formulation of the product B as the most
appropriate. Detailed mechanistic investigations are performed at the M06-L/6-311+G(d,p)(SMD:
acetonitrile/benzene)/ /MO06-L/6-311+G(d,p) level of density functional theory. Several pathways for
the formation of thiosilaaldehyde B are examined. The energetically preferred route commences with
a stepwise addition of H;S to the nucleophilic silicon center. Subsequent NHC dissociation and proton
abstraction yields the thiosilaaldehyde in a strongly exergonic reaction. Intermediacy of a chlorosilylene
or a thiosilylene is kinetically precluded. With an overall activation barrier of 15 kcal/mol, the resulting
mechanistic picture is fully in line with the experimental observation of an instantaneous reaction
at sub-zero temperatures.

Keywords: silicon; N-heterocyclic carbenes; silyliumylidenes; small molecule activation; mechanistic insights

1. Introduction

Low-valent main group chemistry is a rapidly developing field and the wealth of new structural
motifs, which have been isolated in the past two decades, have increasingly gained interest in using these
species for the activation of small molecules and, potentially, for catalysis (for representative reviews
see [1-7]). Key to these developments have been the usage of suitable synthetic methodologies in
combination with thermodynamic and kinetic stabilization by appropriately chosen ligands. In particular,
for the heavier carbon analogue silicon, a plethora of studies reported new low-valent compounds in recent
years [8-25] and the chemistry of silylene base adducts has already been carefully developed [14,26-36].
Before these findings, silyliumylidene ions, cationic Si(II) species were found to be promising as similar
versatile Lewis amphiphiles [37,38].

In 2004, Jutzi initiated the chemistry of silyliumylidene ions taking advantage of the stabilizing
effects of the n®-coordinated pentamethyl-cyclopentadienyl ligand to prepare hypercoordinate
silyliumylidene ion I (Figure 1) [39]. Driess and coworkers isolated the two coordinated silyliumylidene
ion II, stabilized by aromatic 6m-electron delocalization as well as by intramolecular donation of
the sterically encumbered p-diketiminate ligand [40]. N-heterocyclic carbenes (NHCs) represent
another ligand class, widely used in modern main group chemistry. As NHCs are strong o donors,
their application in main group chemistry enabled the isolation of a large variety of low coordinate
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and low-valent main group compounds [41,42]. The first NHC-stabilized silyliumylidenes, III and IV
were synthesized by Filippou and coworkers via a three-step protocol from Sily [28], and by Driess
and coworkers through the reaction of Roesky’s NHC-stabilized dichlorosilylene with their bridged
bis-carbene ligand [23].
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Figure 1. Selected examples of isolated silyiumylidenes.

Sasamori, Matsuo, Tokitoh and coworkers obtained the bulky aryl-substituted silyliumylidenes
Va-c by treatment of the corresponding diaryldibromodisilene with the carbenes ImMey
(1,3,4,5-Meg-imidazol-2-ylidene) or Im'Pr,Me;  (1,3-'Pry-4,5-Mey-imidazol-2-ylidene)  [43].
Around the same time our group reported the mTer- and Tipp-substituted silyliumylidenes A
and A’ (mTer = 2,6-Mesy-CgH3, Mes = 2,4,6-Me3-CgHy, Tipp = 2,4,6-Pr3-CeHy) [44]. Different to all
other known silyliumylidenes, A and A’ are accessible via an easy one-step synthesis: the addition of
3 equivalents of ImMey to the corresponding Si(IV) aryldichlorosilanes to give the silyliumylidenes
via HCI removal by ImMe4 and nucleophilic substitution of chloride. The same approach was
recently used by the group of Matsuo, obtaining Va via addition of ImMey to a solution of
(EMind)dichlorosilane (EMind = 1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-4-yl) [45].
It should be noted that the corresponding iodosilyliumylidene stabilized by one NHC and one cAAC
(cyclic (alkyl)aminocarbene) moiety have been reported by So and coworkers [46], as well as the parent
silyliumylidene [HSi*] stabilized by two ImMe, moieties [47].

Although a handful of silyliumylidenes have been reported in the last few years, reactivity studies
are limited to the activation of elemental sulfur [24,48], the synthesis of a stable silylone from IV [23],
and the catalytic application of I in the degradation of ethers [49]. For comparison, the neutral
silylene derivative of silyliumylidene II (Figure 1) has been applied in the activation of several
small molecules such as NHj3, H,S, H,O, AsHz and PHj3 [50-52]. A theoretical assessment of
the observed divergent reactivity was provided by Szilvasi and coworkers, revealing a unique
insertion step to form the 1,4 adducts, followed by varying pathways towards the products [53].
The NHC-stabilized arylchlorosilylene corresponding to A has already been published by Filippou
and coworkers in 2010, as well as the chlorosilylene with sterically more demanding mTer'™" ligand
(mTer'™ = 2,6-TippyCeHs) [54]. Subsequently, the mTer'P-chlorosilylene was employed as the precursor
for the preparation of a silylidyne complex Cp(CO),;Mo=Si(mTer'’") [55]. The conversion of those
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chlorosilylenes with lithium diphenylphosphine and LiPH, to the corresponding phosphinosilylene
and 1,2-dihydrophosphasilene reported by Driess and coworkers in 2015 [56,57] as well as the reaction
towards diazoalkanes and azides presented by Filippou and coworkers [58] remain as the only reports
regarding the reactivity of this species.

In any case, we consider silyliumylidene ions as promising candidates for small molecule
activation as they possess two different reactive sites: an electron lone pair, and two empty p-orbitals
at the silicon center. The electrophilicity of A and A’ is moderately mitigated by N-heterocyclic
carbene coordination to the silicon center (Figure 2). Moreover, the zwitterionic representation of A/A’
(Figure 2) emphasizes the view of a silyl-anion, which appears useful further below.

We have already presented the silylene-like reactivity of A in the C-H activation of
phenylacetylene to give the 1-alkenyl-1,1dialkynylsilane VI as the Z-isomer exclusively (Figure 2) [44].
We have also reported the application of A/A’ for the reduction of CO; yielding the first NHC-stabilized
silaacylium ions (VII/VII’) [59]. In addition, we have demonstrated the importance of kinetic
stabilization by the steric bulk of the aryl ligands. In contrast to VII, the less shielded compound VII’
is kinetically labile even at sub-zero temperatures and could only be characterized spectroscopically.
Very recently, we reported the synthesis of the corresponding heavier silaacylium ions VIIIa-c obtained
from the reactions with CS; or Sg, Se, and Te, respectively [60]. Also, we could demonstrate the recovery
of silyliumylidene A from VIIIa-c by the treatment with Aul as well as chalcogen transfer reactions.
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Figure 2. Reactions of silyliumylidenes A and A’.

For the last 30 years, neutral congeners of VIIla-c, silanechalcogenones R,Si=E with E =S, Se,
Te have been studied extensively [61]. In contrast, related compounds of type RHSi=E (E =S, Se, Te) are
limited to the studies on intramolecularly stabilized silathioformamide by Driess and coworkers [50] and
the NHC-stabilized heavier silaaldehydes by Miiller and coworkers [62].

In this article, we further expand our series by the reaction of silyliumylidene A with
hydrogen sulfide, yielding an NHC-stabilized thiosilaaldehyde, in a combined experimental and
theoretical approach.
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2. Results and Discussion

2.1. Reaction of Silyliumylidene A with H,S

The reaction of NHC-stabilized silyliumylidene A, dissolved in acetonitrile, with 1 M HjS solution
in THF proceeded rapidly even at —20 °C, and the orange color of the starting material vanished
within seconds. 'H NMR spectroscopy indicated the formation of imidazolium salt, and one remaining
ImMey coordinated to the silicon center (3.46 ppm, 6H, NCHj3, ImMey). The splitting of the signals for
the ortho-methyl groups and the benzylic protons in the mesityl moieties indicated reduced symmetry in
the product. A new signal at 5.35 ppm with 23 satellites (g = 209.0 Hz) was assigned to the Si bound
hydrogen atom by 'H/??Si-HMBC-NMR spectroscopy. The 2?Si NMR signal was shifted down-field from
—69.03 ppm in the starting material to —39.59 ppm. Single crystals were obtained after storing the reaction
solution at 8 °C overnight. X-ray crystallography confirmed the formation of the NHC-stabilized
thiosilaaldehyde B (Figure 3). In earlier work by Miiller and coworkers, they obtained the analogous
species with the bulkier mTer'™ ligand by the reaction of the NHC-stabilized hydridosilylene with
elemental sulfur [62]. BmTer™" features the same gy coupling constant (209 Hz), which is smaller
compared to the one of silathioformamide (255 Hz) reported by Driess and coworkers. [50]. Compound B
is stable under the inert atmosphere and shows good solubility in acetonitrile, however, in contrast
to thiosilaaldehyde BmTer’™, only a limited solubility in aromatic solvents is observed. Removal of
the imidazolium byproduct from B was achieved by fractional crystallization from acetonitrile to obtain
B as an analytically pure crystalline solid in 54% yield. Repetition of the experiments using A’ featured
the same fast decoloring, but the attempts to isolate the corresponding B’ were not successful, most likely
due to the kinetic lability of the formed product.

SN

AN cl /N\"/N\ —N N~
AN H,S y H TH
R-Si: R-Si_ R-Si.
X, -ImMegHCI s s~
N B
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Figure 3. (a) Conversion of silyliumylidene A to B with HyS and (b) the molecular structure of B.
Thermal ellipsoids are shown at the 50% probability level. Except for the H1 atom, hydrogen atoms
are omitted for clarity. Selected bond lengths [A]and angles [°] of B: S1-Si1 2.0227(9), Si1-C1 1.902(2),
Si1-C25 1.934(2), Sil-H1 1.41(3), S1-Si1-H1 113.5(11), C1-Si1-S1 121.14(8), C1-Si1-H1 113.3(11).

The tetracoordinate NHC-stabilized thiosilaaldehyde B (Figure 3) exhibits a distorted tetrahedral
coordination around the silicon atom with a m-stacking of the NHC and a mesityl group of
the terphenyl ligand. The Si-S bond length was 2.0227(9) A, which is slightly longer than in compound
VlIa (2.013(1) A and 2.018(1) A for the two independent molecules) [60], as well as the intramolecular,
stabilized thiosilaaldehyde by Driess and coworkers (1.9854(9) A) [50]. It is closer to the covalent
double bond radii of sulphur and silicon (2.01 A) than to the sum of single bond radii (2.19 A) [63].
The Si—-CNHC bond (1.934(2) A) and the Si—-C™™ bond (1.902(2) A) are shortened compared to
A (1.9481(19) A and 1.9665(19) A/1.9355(19) A). The structural parameters are close to those of
BmTer" [62].

Further insight into the nature of the Si-S bond in B is provided by density functional theory
(DFT) computations at the M06-L/6-311++G(2d,2p)/ /M06-L/6-31+G(d,p) level. For all bonding
analyses, we chose a truncated molecular model replacing the mTer ligand by phenyl and ImMey by
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ImMe,H; (1,3-Mej-imidazol-2-ylidene). The computed structural parameters of pModel agreed well
with the experimental molecular structure obtained from X-ray diffraction (see Table S3). Natural bond
orbital (NBO) analysis reveal natural localized molecular orbitals (NLMOs, Figure 4b) corresponding
to Si-H, Si—CNHC, Si—C™mTer and Si-S single bonds as well as three NLMOs representing the electron
lone pairs at sulfur. This zwitterionic representation of BM°9d¢! is also the dominant Lewis resonance
structure within the natural resonance theory (NRT) formalism (Figure 4a). In line with analysis
by Miiller and co-workers [62], the short Si-S bond and the Wiberg bond index of 1.38 can be
rationalized by negative hyperconjugation [64,65] of the sulphur lone pairs into the 0*(Si-R) orbitals:
the occupancy of the LP(S) NBOs is significantly decreased (1.81 e, 1.76 e), while the NBOs for
the anti-bonding o*-orbitals are partly populated (Si-H: 0.11 e, Si-CNHC: 0.14 e, Si-C"™er: .12 e).
Topological analysis of the computed electron density, by means of Bader’s quantum theory of atoms
in molecules (QTAIM) [66,67], characterizes the Si-S bond as a strongly polar covalent interaction as
indicated by a marked shift of the bond-critical point (bcp) towards the more electropositive Si site,
arelatively large electron density ppp, a positive Laplacian V2] Pbep as well as a negative total energy
density Hyp.p at the bep (Figure 4c) [68,69].
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Figure 4. Results of the bonding analysis of BM°del, (a) Dominant Lewis resonance structure according
to NRT analysis, (b) NLMOs representing the electron lone pairs at sulphur and the Si-CNHC, Si—CPh,
Si-S, and Si-H single bonds, (c) 2D plot of V2p(r) charge concentration (- - -), and depletion (—), bond
path (—) and beps (black dots) with characteristic properties and bond path lengths of the Si-S bond,
(d) related compounds 1-4.

For a classification of further characteristics at the Si-S bep, we analyzed related species containing
a Si-S single bond (1 and parent compound 3) or a Si=S double bond (2 and parent compound 4,
Figure 4d). The results of the corresponding QTAIM analyses are summarized in Table 1. All molecular
graphs display a characteristic shift of the Si-S bcp towards the more electropositive silicon site. In line
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with expectation, the values of py,¢, and Vzpbcp are higher for double bonded compounds 2 and 4
compared to single bonded compounds 1 and 3. The electron density and its Laplacian for the Si-S
bond in BMode! are located in between, suggesting the presence of a partial double bond [70,71].
Also, the delocalization gradient Jg;g, i.e., the number of electron pairs shared between two atoms,
lies between the values for the single and double bonded species. However, the bond ellipticity ¢pcp,
a measure of pp,, anisotropy indicating the 7t character of a bond, is rather small with a value of 0.01.
Nevertheless, the 5i-5 bond shortening, as well as the decrease in ellipticity compared to &, for the Si-S
single bonds in 1 and 3, agree with the presence of negative hyperconjugation in BModel [72], which was
already observed within the NBO framework.

Table 1. Results of QTAIM analyses of BM®del and 1-4. Selected properties of the electron density
distribution of the Si-S bond: Bond path lengths dg; g, and distances to beps ds; pep and dpep-s,
the electron density pp,cp, the Laplacian of the electron density Vzpbcp, the total energy density Hy,p,
the bond ellipticity epc, = A1/A2 — 1 (derived from the two negative eigenvalues of the Hessian matrix
of the electron density at the bcp with A1 > A,), delocalization index ds; 5.

2
dSi—bcp dbcp—S Pbep v Pbcp Hbcp

Compound dSi—S [A] [A] [A] [EA73] [eA_5] [EhA,g,] sbcp 5Si,S

pModel 2.00 075 126 0.78 3.33 —0.52 0.01 078
1 213 077 136 0.66 1.36 —0.43 012 056
2 1.95 073 122 0.83 5.24 —0.55 021 115
3 2.14 078 137 0.64 1.36 —0.40 010 057
4 1.94 073 121 0.83 5.39 —0.56 023 125

These results support a zwitterionic nature of B with the partial double bond character of the Si-S
bond due to negative hyperconjugation. This enhanced interaction between silicon and sulphur is
reflected experimentally by the short bond length found in single crystal XRD analysis.

2.2. Mechanistic Investigations on the Reaction of Silyliumylidene A with H,S

The reaction of HyS and A proceeds instantaneously, preventing the NMR detection of
intermediates to gain further information on this conversion. To rule out the formation of chlorosilylene
C as reaction intermediate, we investigated the interconversion of C and A in a combined experimental
and theoretical approach (Figures 5 and 6).

Addition of one further equivalent of ImMey to a solution of chlorosilylene C in benzene at RT lead
to no change in color or 'H-NMR. Heating of the reaction solution to 40 °C resulted in slow darkening
of the solution to orange. After several hours the formation of orange crystals in the lower part of
the Schlenk tube was observed, yielding silyliumylidene A in 58% isolated yield after a prolonged
reaction time of 18 h. The reverse reaction could not be demonstrated experimentally due to the limited
stability of chlorosilylene C and ImMe, in MeCN, the sole solvent in which A is soluble and stable.

N -\ Cl
AR ImMe, AR
R-Si: <~ R
c T /
cl - ImMey \/—N
C /NW)\
A R=mTer

Figure 5. Interconversion of chlorosilylene C and silyliumylidene A at 40 °C.

DEFT calculations on the interconversion of C and A were performed at the M06-L/6-311+G(d,p)
(SMD = benzene)/ /M06-L/6-31+G(d,p) level of theory with a marginally reduced molecular model
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(mTer reduced to 2,6-diphenyl-C¢H3 and ImMey replaced by ImMe,H)). Silyliumylidene 7 is only
slightly lower in energy than chlorosilylene 5 (Figure 6). This is in accordance with a report on the related
silyliumylidene ions Vb and V¢, for which a substituent-dependent shift in relative stabilities was
observed [43]. We further investigated the potential energy surface of the interconversion: NHC addition
to chlorosilylene 5 via TS56 (A*G = 19.6 kecal/mol) leads to tetracoordinate 6, which is located as
an unstable intermediate (18.8 kcal/mol). En route to silyliumylidene ion 7, a substantial effective barrier
of 28.4 kcal/mol for the chloride dissociation in TS67 is found. This is in line with interconversion of
chlorosilylene C to silyliumylidene A taking place at elevated temperatures but clearly incompatible with
the HjS activation that takes place at —20 °C. Based on our combined experimental and theoretical studies,
we thus conclude that formation of thiosilaaldehyde B does not involve intermediacy of chlorosilylene C.

—\ /| \ NN T SN
NN NN< NN~ N\:? NO
_ \ \
cind cn,,i cu,,l o / N / -
/S\Z + —_— /SH _— /SH —_— Si: — R-Si: Cl
R R R RNV AN
N” N7 A~ ~nN '//N //N
- _ —
_ NN NN N N
5 TS56 6 Ts67 7
0.0 +196 +188 +284 -04

Figure 6. Computed pathway for the interconversion between 5 and 7, R = 2,6-diphenyl-C¢Hj3 and
ImMe;Hy; AG?S in kcal /mol.

The reaction of 8 with hydrogen sulfide commences with a proton transfer via TS89
to give intermediate 9 as an ion pair in an exergonic step (Figure 7) (MO06-L/6-311+G(d,p)
(SMD:acetonitrile) / /M06-L/6-31+G(d,p) level of theory). Subsequently, the SH moiety adds to
the silicon center to yield 10, a pentacoordinate intermediate, with an effective barrier of 15.1 kcal/mol.
The assistance of a second H,S molecule in TS?89 is entropically disfavored compared to TS89.
The NHC-stabilized silyliumylidene 8 acts as a nucleophile in the reaction with hydrogen sulfide, as its
electrophilicity is saturated by the presence of two coordinating NHCs. Accordingly, the zwitterionic
representation of 8 in the following best emphasizes its nucleophilic character.

=03
NN
e
H,S _[.H.
R-Si’ s’H
p
o
—N\/\
1
N TS89 TNﬁ /:\N o\
/LN +3.2(-7.8) )/N\ —Ny N~ NN~
H
/N - T T
R-Si: R-si” SH—— | Rsil_ > R-Si
/ SH ~sh
\)I/N 4 N/ ~ //L — ~NANN—
X = N7 N NN
/N\) /N\) \—/ \—/
8 t 9 TS910 10
0.0 (0.0) —*Nﬁ -8.7 (- 12.5) +6.4 (- 6.6) -6.8(-19.7)
N
2H,S _ )j"“'s’H -H,S
— |R-Si R
/N
+>\N SH
—N\)
TS89
+11.1 (- 9.5)

Figure 7. Computed pathway for the reaction from 8 to 10, R = 2,6-diphenyl-C4Hz; AG?*® (AH?%)
in kcal/mol.
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Starting from 10, different pathways to NHC-stabilized thiosilaaldehyde 11 were examined
(Figure 8). The concerted NHC dissociation and S-H proton abstraction in transition state TS1011
is connected with a barrier of 6.9 kcal/mol and directly yield 11 in a strongly exergonic reaction.
Alternatively, dissociation of one NHC ligand from 10 to 12 was thermodynamically favored and
proceeded barrierlessly, as indicated by relaxed potential energy surface scans along the Si-CNHC bonds
(see Figures S7 and S8). The NHC liberated subsequently abstracts, with clear kinetic preference, the S-H
proton in 12 (TS1211: AYG = 8.7 kcal/mol). The alternative route for Si-H hydride abstraction via TS1213
is connected with a substantially higher activation barrier (A¥G = 23.5 kcal /mol), which renders this path
to 11 kinetically irrelevant. The atomic charges obtained by natural population analysis of 10 (H>: —0.17 e,
HS: 0.18 e) supported the view that the increased activation barrier goes back to the additional charge
transfer occuring in the course of the hydride abstraction. Overall, the addition of H,S to silyliumylidene
8 via TS910 is rate-limiting with an effective activation barrier of 15 kcal/mol. Subsequent isomerization
to thiosilaaldehyde 11 is initiated by barrierless NHC dissociation and accomplished by abstraction of
the S-H proton by the free carbene. Concerted proton abstraction and NHC dissociation (TS1011) is
kinetically disfavored.

7\ - —
~N N~ N N— A
+ + N N— H
o H T .
R*Si\SH e \R*/SI\/s —_— R/SiQH +  N—
~NANN— N’{"H
A [ N— 1
10 TS1011 -44.7 (-43.3)
-6.8(-19.7) +0.1(-11.1)
barrier-free
‘ dissociation
=\ /)
AN N /NTN\
) N )
R/SIQH + K/N\ —_— R-SivH R
SH \ .S
12 N\T/H
-17.4 (- 15.1) Q\/N\
l TS1211
-8.7(-17.5)
+
/\ [\ *
N N~ \ —~No N~
O ek |
_Siz-H —8i-+
R N, N R \ H\
SH | S §H
H
TS1213 Has
+61(-352) TsH281311
\ -9.4 (- 16.3)
_ _ +
—N N < —N N~
-4 N= J H —
r-Si « N— r-Si!
“sH K/ N
13
-12.9 (- 10.2) TS1311
+9.3 (+11.5)

Figure 8. Computed pathway for the reaction from 10 to 11, R = 2,6-diphenyl-C¢Hs; AG? (AH>8)
in kcal/mol.
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In conclusion, we have presented the activation of hydrogen sulfide by silyliumylidene ion A to
give the thiosilaaldehyde B. Its nucleophilicity is best rationalized by assuming a zwitterionic character.
Combined experimental and theoretical investigations reveal that the thiosilaaldehyde formation does
not involve intermediacy of chlorosilylene C or thiosilylene 13. The NHC-stabilized silyliumylidene A
adds H,S in a stepwise reaction sequence followed by NHC dissociation. Proton abstraction by the latter
yields thiosilaaldehyde in a strongly exergonic reaction. With an overall activation barrier of 15 kcal/mol,
the resulting mechanistic picture is fully in line with the experimental observation of an instantaneous
reaction at sub-zero temperatures.

3. Materials and Methods

3.1. General Methods and Instruments

All manipulations were carried out under the argon atmosphere using standard Schlenk or
glovebox techniques. Glassware was heat-dried under vacuum prior to use. Unless otherwise
stated, all chemicals were purchased from Sigma-Aldrich (Steinheim, Germany) and used as received.
Benzene, n-hexane, and acetonitrile were refluxed over standard drying agents (benzene/hexane
over sodium and benzophenone, acetonitrile over CaHy), distilled and deoxygenated prior to use.
Deuterated acetonitrile (CD3CN) and benzene (C¢Dg) were dried by short refluxing over CaH, (CD3;CN)
and/or storage over activated 3 A molecular sieves (CD3CN and C¢Dg). All NMR samples were prepared
under argon in J. Young PTFE tubes. mTerSiHCl,, chlorosilylene C and ImMey were synthesized according
to procedures described in literature [54,73,74]. NMR spectra were recorded on Bruker AV-400 spectrometer
(Rheinstetten, Germany) at ambient temperature (300 K). 1H, 13C, and Si NMR spectroscopic chemical
shifts § are reported in ppm relative to tetramethylsilane. 5(*H) and §('3C) were referenced internally
to the relevant residual solvent resonances. 5(>’Si) was referenced to the signal of tetramethylsilane
(TMS) (8 = 0 ppm) as the external standard. Elemental analyses (EA) were conducted with a EURO EA
(HEKA tech, Wegberg, Germany) instrument equipped with a CHNS combustion analyzer. Details on
XRD data are given in the supplementary materials.

3.2. Improved and Upscaled Synthesis of Silyliumylidene A

mTerSiHCI, (1.00 g, 2.42 mmol, 1.0 eq.) and ImMey (901 mg, 7.26 mmol, 3.0 eq.) were each dissolved
in 17.5 mL of dry benzene in two different flasks. The ImMey solution was added very slowly to the silane
solution to generate a layer of immediately formed imidazolium hydrogenchloride salt separating both
solutions without stirring. After complete addition/overlaying stirring was switched on, both solutions
mixed thoroughly as fast as possible and the precipitated imidazolium hydrogenchloride salt was allowed
to settle down for a short time. The supernatant dark red solution was filtered into a new flask, the residue
was washed with 2 mL of dry benzene and the combined solutions were allowed to stand overnight
for complete crystallization of the orange silyliumylidene. The yellow supernatant was separated from
the orange crystalline solid, washed four times with 5 mL dry hexane to remove residues of white
imidazolium hydrogenchloride salt and dried in vacuo. An orange crystalline product was obtained in
66% yield (1.00 g). Analytical data are the same as previously published [44].

3.3. Synthesis of Thiosilaaldehyde B

Silyliumylidene A (150 mg, 221 pmol, 1.0 eq.) was dissolved in MeCN (3.0 mL), cooled to —20 °C
and an excess of H;S solution (approx. 0.8 M) in THF was added. The solution quickly turned from
orange to yellow to blue-green while a white precipitate was formed. The solution was allowed to
warm to RT upon which the precipitate redissolved. The solution was concentrated to halve the volume
and stored in the fridge for crystallization overnight. The supernatant was filtered off and the white
residue was washed with MeCN (0.5 mL) at 0 °C. The solid was dried in vacuo. B was obtained as
a white crystalline solid in 54% yield (59.0 mg, 118 umol). Storage of a crude reaction mixture at 8 °C
yield single crystals of B suitable for X-ray diffraction analysis.
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'H-NMR (400 MHz, 298 K, CD;CN) & 7.45 (t, ] = 7.6 Hz, TH, C*H, C°H?), 6.98 (s, 2H, C3/°H, Mes),
6.91 (d, | = 7.6 Hz, 2H, C3H, C¢H3), 6.76 (s, 2H, C3/°H, Mes), 5.36 (s, 1H, SiH, gz = 209.0 Hz),
3.46 (s, 6H, NCHj, ImMey), 2.36 (s, 6H, C'/3/5CHj;, Mes), 2.31 (s, 6H, C1/3/5CHj3, Mes), 1.98 (s, 6H,
CCHj3, ImMey), 1.93 (s, 6H, C1/3/5CHj3, Mes); 3C-NMR (126 MHz, 298 K, CD;CN) 5 149.84, 148.75,
141.06, 138.76, 137.45, 137.42, 137.05, 130.08, 129.63, 128.45, 34.12 (NCHj3, ImMey), 22.21 (C*/*/°CHj, Mes),
21.76 (C2/4/6CHj;, Mes), 21.23 (C%/*/6CH3, Mes), 8.68 (CCH3, ImMey); 2Si-INEPT-NMR (99 MHz, 298 K,
CD;3CN) § —39.58; EA experimental (calculated): C 74.27 (74.65), H 7.66 (7.68), N 5.61 (5.62), S 6.25 (6.43) %.

3.4. Conwversion of Chlorosilylene C to Silyliumylidene A

Chlorosilylene C (40.0 mg, 80 pmol, 1.0 eq.) and ImMey (10.1 mg, 80 pmol, 1.0 eq.) were dissolved
in 1.5 mL of dry benzene in a Schlenk tube. The tube was placed in an oil bath and heated to 40 °C
for 18 h. After this time, a large amount of orange crystals was formed with some white precipitate
(ImMey-HCI) and a slightly yellow supernatant, which was removed via the syringe. The orange
crystals were washed two times with 2 mL benzene and three times with 2 mL hexane to remove
the white precipitate. The crystalline material was dried in vacuo to give A in 58% yield (29.0 mg).
Analytical data are the same as previously published [44].

3.5. DFT Calculations

Geometry optimizations and harmonic frequency calculations have been performed using
Gaussian09 [75] employing the M06-L/6-31+G(d,p) [76-78] level of density functional theory. The SMD
polarizable continuum model was used to account for solvent effects of acetonitrile and benzene [79].
The ‘ultrafine’ grid option was used for numerical integrations [80]. Stationary points were characterized
as minima or transition states by analysis of computed Hessians. The connectivity between minima and
transition states was validated by IRC calculations [81] or displacing the geometry along the transition
mode, followed by unconstrained optimization. For improved energies, single point calculations
were conducted at the SMD-MO06-L/6-311+G(d,p) [82,83] level of theory; wave functions used for
bonding analysis were obtained at the M06-L/6-311++G(2d,2p) [82,83] level. Natural bond orbital
(NBO) and natural resonance theory (NRT) analyses were performed using the NBO 6.0 program [84],
interfaced with Gaussian09 [85,86]. The AIMALL [87] program was used for QTAIM analyses [66,67].
Unscaled zero-point vibrational energies, as well as thermal and entropic correction terms, were obtained
from Hessians computed at the M06-L/6-31+G(d,p) level using standard procedures. Pictures of
molecular structures were generated with the ChemCraft [88] program.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2304-6740/6/2/54/s1,
Figures S1-54: NMR spectra of B, Figures S5 and S6, Tables S1 and S2: Crystallographic details of B (CCDC 1839062),
Table S3: Comparison of calc. and exp. Structures, Tables 54-57: Details of NBO and QTAIM analyses, Figures S7-58:
Relaxed potential energy scans along the Si-CNHC bonds in 10, Table S9: Energies of all calculated compounds,
Tables S10-535: Cartesian coordinates of all calculated compounds.
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Abstract: Syntheses of heavier Group 14 analogues of “Arduengo-type” N-heterocyclic carbene
majorly involved the use of conventional alkali metal-based reducing agents under harsh reaction
conditions. The accompanied reductant-derived metal salts and chances of over-reduced impurities
often led to isolation difficulties in this multi-step process. In order to overcome these shortcomings,
we have used 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene as a milder reducing agent for the
preparation of N-heterocyclic germylenes (NHGe) and stannylenes (NHSn). The reaction occurs in
a single step with moderate yields from the mixture of N-substituted 1,4-diaza-1,3-butadiene, E(II)
(E(II) = GeCl,-dioxane, SnCly) and the organosilicon reductant. The volatile byproducts trimethylsilyl
chloride and pyrazine could be removed readily under vacuum. No significant over reduction was
observed in this process. However, N-heterocyclic silylene (NHSi) could not be synthesized using an
even stronger organosilicon reductant under thermal and photochemical conditions.

Keywords: organosilicon; reductant; N-Heterocyclic tetrylene; salt-free

1. Introduction

Carbene chemistry kick-started with the ground-breaking discovery of the bottle-able
N-heterocyclic carbene (NHC) by Arduengo in 1991 [1]. Since this seminal work, the versatile NHCs
have replaced the classical phosphine-based ligands for transition-metal catalysts [2]. Subsequently,
the isolation of heavier Group 14 analogues of ‘Arduengo type” carbene NHE (E = Si, Ge, and Sn)
have been the subject of intense study, both for fundamental interests and potential applications in
transition metal catalysis, similar to the NHCs. To date, a handful of NHEs have been synthesized
and structurally characterized [3,4]. Obviously, the heavier analogues possess distinct electronic
features compared to the NHCs, and hence exhibit different reactivities [3,4]. While N-heterocyclic
silylenes (NHSi) have been engaged as ancillary ligands in numerous homogeneous catalysis [5-7],
N-heterocyclic germylenes (NHGe) serve as a precursor for polymerization chemistry [8-10] and also
for chemical vapour depositions [11].

Typically, the synthesis of the five-membered N-heterocyclic tetrylenes involves the reaction
between N-substituted 1,4-diaza-1,3-butadiene, Group 14 halides, and the harsh alkali metal based
reducing agents (Scheme 1) [3,4]. In the case of NHGe and NHSn, the initial step involves the reduction
of N-substituted 1,4-diaza-1,3-butadiene by lithium metal, followed by cyclization of the dianion
with the corresponding Group 14 E(II) halides [12-15]. While in the case of NHSi, the precursor
cyclic diaminodichlorosilane was obtained by the cyclization of the dilithiated diazabutadiene
with SiCly [16-18]. West et al. reported the first synthesis of NHSi by the reduction of this cyclic
diaminodichlorosilane with potassium metal in tetrahydrofuran [18]. In these approaches, the choice
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of reductant play crucial role in the reductive dehalogenation step [12-18]. Moreover, the syntheses
suffer from involvement of multiple steps, associated metal salts as byproduct and hence product
isolation difficulties, and sometimes cases of over reduction. Certainly, these shortcomings urge a
careful revisit into the synthetic methodology involved and finding an alternate milder reducing agent.

N—Ar
/
7
Ar—N
Li
Ar Ar
AT ke A _ NLi /
N, LiNaph N Cl sicl e N
[ Sii<=—— || s <— — ||
4 -MCl N g o NLi - -Lict N
\ \ \
Ar M=KorlLi Ar Ar Ar

E(ll) = GeCl,.dioxane, SnCl,

Scheme 1. Typical synthetic route for heavier Group 14 analogue of “Arduengo-type” carbene.

The milder organosilicon reductants have been well-known to efficiently reduce early transition
metals without the formation of reductant-derived metal salts and over-reduced impurities [19,20].
Very recently, 2,3,5,6-tetramethyl-1,4-bis(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene have been
employed for metal salt-free reduction of dibromobismuthine and dibromostibine to dibismuthine
and distibine, respectively [21]. Worth mentioning, there are few discrete examples where a NHE
(E = Si, Ge, and Sn) has been synthesized under metal-free conditions: Dehydrochlorination of
cyclic diaminohydrochlorosilane using bulky NHC [22], dehydrogenation of dihydrogermane by
frustrated Lewis pair [23], and transamination of Sn{N(SiMe3),}, with x-amino-aldimines [24,25],
respectively. In this study, we have developed a simple one-pot synthetic route under milder
conditions to synthesize NHGe and NHSn, respectively, free from reductant-derived metal salts
using 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene [19,20] as the reductant.

2. Results and Discussion

The N-heterocyclic germylene (NHGe) 1 (Scheme 2) has been synthesized in one step by the
low temperature addition of GeCl,-dioxane to a mixture of N 1N 2—dimesitylethane—l,2—diimine and
1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene in tetrahydrofuran. The volatile byproducts
trimethylsilyl chloride and pyrazine, were easily removable under vacuum (Figures 51-53). Since
small amounts of insoluble solids appeared upon hexane addition, compound 1 was isolated as yellow
solid from its hexane extract in an acceptable yield of 80%. Compound 1 was characterized by NMR
study (Figures 54 and S5). Single crystals of 1 were grown from hexane at —40 °C, and its structure
was determined using single crystal X-ray crystallography (Figure 523 and Table S1). This method is
also applicable for other aromatic substituents, such as 2,6-diisopropylphenyl (Figures S6 and S7).

SlMe3 Ar

/_//N [ j _THF,-10°C_ [ E:
Ar—N -Me;SiCl
-pyrazine

E(Il) = GeCl,.dioxane, SnCl, S'MeB ” 1_':

= Ge

Ar = 2,4,6 trimethylphenyl 2=5n

Scheme 2. One-pot synthesis of NHE (E = Ge, Sn) using a salt-free reduction method.
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A similar method has been employed for the synthesis of N-heterocyclic stannylene (NHSn) 2
(Scheme 2). Formation of metallic tin was observed in the reaction mixture, which was removed by
filtration. This arises due to the thermolabile nature of NHSn [24,25], leading to difficulties in acquiring
NMR data (Figures S8 and S9). The presence of additional peaks in the '?Sn NMR (Figure S10) of
the reaction mixture may be attributed to the formation of Sn(IV) compounds [26,27]. Single crystals
of compound 2 were obtained from hexane extract at —40 °C in a yield of 35% (Figures S11-513
and 524, Table S2). Notably, Gudat et al. reported the first synthesis of NHSn by transamination of
Sn{N(SiMej3),}, with x-amino-aldimines [25].

Despite several trials, we have been unsuccessful in synthesizing N-heterocyclic silylene
(NHSi). Low temperature one-pot reaction (Scheme 3(i)) of N 1 ,Nz-dimesitylethane-l,2-diimine, SiCly,
and two equivalents of stronger reducing agent 1,1’-bis(trimethylsilyl)-1,1’-dihydro-4,4’-bipyridine
(R2) led to a mixture of cyclic diaminodichlorosilane (A) and the disilylated product (B), along
with a large amount of insoluble solid (Figures S14 and S15). Notably, the organosilicon
reducing agents do not reduce diazabutadiene (Figure S22), while they react with Group 14
halides. Subsequently, we attempted to reduce the synthesized cyclic diaminodichlorosilane [16]
using both 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene (R1) and also the stronger reductant
1,1"-bis(trimethylsilyl)-1,1’-dihydro-4,4’-bipyridine (R2) (Scheme 3(ii)) under thermal conditions. The
NMR data always reflected the presence of unreacted cyclic diaminodichlorosilane, along with other
unidentifiable products (Figures S16-519). On a related context, 1,4-bis(trimethylsilyl)-substituted
1,4-dihydropyrazine has been reported to be capable of organosilyl group exchange reactions [28].
We have also tried reductions under UV irradiation conditions, anticipating enhanced Si—Cl bond
cleavage [29]. However, each time NMR led to a mixture of unidentifiable products, in addition to the
unreacted cyclic diaminodichlorosilane (Figures S20 and S21). Probably, the relatively lower reduction
potentials of these organosilicon reductants do not allow the reduction of diaminodichlorosilanes.

N-Ar Ar ClySi,
/_// . R2 N I N—Ar
Ar—N’ + S0y ———— || Sl * /& mnsoluble Solid (i)
THF,0°C N Ar—
\ r—N
Ar SiCly
Ar = 2,4 ,6-trimethylphenyl A B
2,6-diisopropylphenyl
/=\
A\, Toluene i R1= Me3Si—N N-SiMe3
Ar . __. > mixture of products \—/
I 24 h, Reflux — —
[N\ Cl R1orR2 R2 = Me3Si*NC>:<:\N*SiMea
Si. E—— — —
N Cl
hv, THF, 4 h "
Ar L mixture of products (i)

Scheme 3. Attempts to synthesize N-heterocyclic silylene (NHSi) using organosilicon reductants.

3. Materials and Methods

3.1. General Information

All manipulations were carried out under a protective atmosphere of argon, applying standard
Schlenk techniques or in a dry box. Tetrahydrofuran, toluene, and hexane were refluxed over
sodium/benzophenone. All solvents were distilled and stored under argon and degassed prior
to use. C¢Dg was purchased from Sigma Aldrich (Sigma Aldrich Co., St. Louis, MO, USA) and
dried over potassium. All chemicals were used as purchased. Diazabutadiene [30] ligand, and
the reducing agents 1,4-bis-(trimethylsilyl)-1,4-diaza-2,5-cyclohexadiene, 1,1’-bis(trimethylsilyl)-1,
1’-dihydro-4,4’-bipyridine [19,20] were synthesized according to reported literature procedure.
Photochemical reactions were performed in Peschl Photoreactorsystem (Peschl Ultraviolet GmbH,

158



Inorganics 2018, 6, 69

Mainz, Germany). 'H, 13C{1H}, and ?Si{'H} NMR spectra were referenced to external SiMe, using the
residual signals of the deuterated solvent ('H) or the solvent itself (1*C). 1'9Sn NMR was referenced
to SnCly as the external standard. Melting points were determined under argon in closed NMR
tubes and are uncorrected. Elemental analyses were performed on Elementar vario EL analyzer
(Elementar Analysensysteme GmbH, Langenselbold, Germany). Single crystal data were collected
on a Bruker SMART APEX four-circle diffractometer equipped with a CMOS photon 100 detector
(Bruker Systems Inc., Fillanden, Switzerland) with a Cu Ke radiation (1.5418 A). Data were integrated
using Bruker SAINT software and absorption correction using SADABS. Structures were solved by
Intrinsic Phasing module of the direct methods (SHELXS) [31] and refined using the SHELXL 2014 [32]
software suite. All hydrogen atoms were assigned using AFIX instructions, while all other atoms were
refined anisotropically.

3.2. Experimental Detail

Synthesis of compound 1: GeCl, Dioxane (0.087 g. 0.38 mmol) dissolved in THF was added
drop-wise to a schlenk flask containing N, N?-dimesitylethane-1,2-diimine (0.11 g, 0.38 mmol) and
1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (0.084 g, 0.38 mmol) in THF kept at —10 °C. The reaction
mixture was slowly warmed to room temperature and stirred overnight. The volatiles were removed
under vacuum and extracted in hexane. The solvent was removed completely to give compound 1
as a yellow solid ((0.110 g, % yield = 80), which was further bulk crystallized from hexane at —40 °C
with a crystallization yield of (0.097 g, % yield = 71) (Decomp. 115-118 °C). TH NMR (400 MHz, C¢Ds,
TMS) § = 6.87 (s, 4H, ArH); 6.57 (s, 2H, NCH); 2.23 (s, 12H, 0-CH3); 2.19 (s, 6H, p-CH3) ppm; *C{'H}
NMR (101 MHz, C¢Dg, TMS ) & = 142.41 (i-ArC); 134.87 (0-ArC); 133.61 (p-ArC); 128.88 (m-ArC); 125.16
(NCH); 20.60 (CHs); 18.06 (CH3) ppm. Elemental Analysis: Caled. For CooHp4GeNy: C, 65.80; H, 6.63;
N, 7.67. Found: C, 65.82; H, 6.68; N, 7.62.

Synthesis of compound 2: SnCl, (0.324 g, 1.71 mmol) dissolved in THF was added
drop-wise to a schlenk flask containing N 1,Nz—dimesitylethane-l,2-diimine (0.5 g, 1.71 mmol) and
1,4-bis(trimethylsilyl)-1,4-dihydropyrazine (0.386 g, 1.71 mmol) in THF kept at —10 °C. The reaction
mixture was stirred for 10 min, maintaining the same temperature. Subsequently, the volatiles were
removed under vacuum. Hexane was added to the red-brown residue and the product was extracted
in hexane. The red filtrate of hexane was concentrated and kept at —40 °C to give red crystals of 2
(0.247 g, crystallization yield = 35%). (Decomp. 145-147 °C). TH NMR (400 MHz, Toluene-Dg, 248 K)
5 =692 (s, 4H, m-CH); 6.91 (s, 2H, NCH); 2.33 (s, 12H, CH3); 2.29 (s, 6H, CH3) ppm. *C NMR (101 MHz,
Toluene-Dg, 248 K) & = 145.91 (i-ArC); 133.97 (0-ArC); 133.01 (p-ArC); 129.01 (m-ArC); 128.32 (NCH);
20.82 (CH3); 18.48 (CH3) ppm. 11967 NMR (149.74 MHz, Toluene-Dyg, 248 K) & = 250 ppm. Elemental
Analysis: Caled. For CoHpSnNy: C, 58.43; H, 5.88; N, 6.81. Found: C, 58.46; H, 5.95; N, 6.87.

4. Conclusions

We have established a salt-free reductive route for the synthesis of N-heterocyclic germylene and
stannylene in one step. The easily removable volatile byproducts of the reaction leads to easy isolation
of N-heterocyclic tetrylenes in acceptable yields. However, we have not been able to synthesize
N-heterocyclic silylene using organosilicon reductants under thermal or photochemical conditions.
The potential of this benign salt-free reduction method in the synthesis of other interesting low-valent
main-group compounds is a much coveted area to explore.

Supplementary Materials: The following are available online at www.mdpi.com/2304-6740/6/3/69/s1, detailed
synthetic trials for preparing NHSi, NMR Spectra Figures, Crystallography Tables, ORTEP Figures. Figures S1
and S2: 1H and 13C NMR of Compound 1 (crude reaction mixture, before crystallization), Figure S3: 1H NMR
in CDClj3 of the hexane insoluble solid residue from the crude reaction mixture of compound 1, Figures 54 and
S5: TH NMR, 13C NMR of Compound 1, Figure S6: 1H NMR, Figure S7: 13C NMR, Figures S8-510: 1H, 13C,
and 119Sn NMR of Compound 2 (crude reaction mixture, before crystallization), Figure S11-513: 1H, 13C, and
119Sn NMR of Compound 2, Figures S14 and S15: 1H and 13C NMR plot of Trial 1 (* = 4,4-Bipyridine, " = A,
” = B), Figures 516 and S17: 1H and 29Si NMR of Trial 2, Figures 518 and S19: 1H and 29Si of Trial 3, Figures 520
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and S21: 1H and 29Si NMR of Trial 4, Figure 522: 1H NMR study for the reaction between diazabutadiene and
organosilicon reductant, Figure 523: Molecular structure of 1 in the solid state (thermal ellipsoids at 30%, H atoms
omitted for clarity). Selected bond lengths [A] and bond angle [°]: Gel-N1 = 1.8679 (18) A, Gel-N2 = 1.8786
(18); N1-Ge-N2 = 83.62 (8), Figure S24: Molecular structure of 2 in the solid state (thermal ellipsoids at 30%, H

atoms omitted for clarity). Selected bond lengths [A] and bond angle [°]: Sn1-N1 = 2.089 (4) A, Sn1-N2 = 2.096 (4);
N1-Sn-N2 = 77.95 (16), Table S1: Crystal data and structure refinement for Compound 1, Table S2: Crystal data
and structure refinement for Compound 2.
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Abstract: Carboxylic acid chlorides are useful substrates in organic chemistry. Many germanium
analogues of carboxylic acid chloride have been synthesized so far. Nevertheless, all of the
reported germathioacid chlorides use bidentate nitrogen ligands and contain germanium-nitrogen
bonds. Our group synthesized germathioacid chloride, Ge(S)CH{CgH3-2,6-Tip, }(Im-i-ProMe;), using
N-heterocyclic carbene (Im-i-Pr,Me;). As a result of density functional theory (DFT) calculation, it
was found that electrons are localized on sulfur, and the germanium-sulfur bond is a single bond
with a slight double bond property.

Keywords: germanium; germanethione; germathioacid chloride; N-heterocyclic carbines

1. Introduction

Heavier analogues of multiple bonded organic species have attracted the interest of many chemists
in terms of comparisons for structures, physical properties, and reactivities [1-3]. For a long time,
multiple bonds of higher row main group elements have been thought to be unstable due to the small
overlap of 7r-orbitals. However, a breakthrough occurred in 1981 with the achievement of the synthesis
of Si=C [4], S=Si [5], and P=P [6] bonds by taking advantage of the protection by bulky substituents.
They have also opened a breach in the elemental bond theory. In recent years, increasing interest in the
chemistry of double-bonded species between group 14 and 16 elements has emerged, since carbonyl
compounds represent one of the most important functionalities in chemistry [3,7,8]. Among them,
focusing on the double bond of germanium and sulfur, that is, germanetione, there is a history of
research as shown below (Figure 1).

Inorganics 2018, 6, 76; doi:10.3390/inorganics6030076 162 www.mdpi.com/journal/inorganics
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Figure 1. Ge=S-containing compounds and Ge=S bond length.

In 1989, Veith and co-workers synthesized germanethione (I) (germanium urea), which was
stabilized by nitrogen ligand, and determined its structure by X-ray analysis [9]. After that, Okazaki,
Tokitoh and co-workers isolated the first diarylgermanethione (II) using a very bulky protecting group
and determined its structure [10,11]. Meanwhile, in organic chemistry, carboxylic acid chloride is an
important compound group that serves as a substrate for the Friedel-Crafts reaction or Rosenmund
reduction. The development of heavy analogues of carboxylic acid chloride was achieved by
Roesky’s group in 2002. They succeeded in the synthesis and isolation of the target substance (III)
by thermodynamic stabilization using a n-diketiminate ligand [12]. Following their work, several
results of germathioacid chloride syntheses using a bidentate nitrogen ligand have been reported
(IV-VII) [13-16]. Nevertheless, due to the limitation of the use of a bidentate nitrogen ligand,
all germathioacid chloride syntheses reported so far are only those in which nitrogen atoms and
germanium are bonded; thus, all are heavy analogues of carbamoyl chloride.

In this paper, we report the synthesis and structure of germathioacid chloride stabilized with an
NHC ligand. Among germathioacid chlorides, this is the first example containing a germanium carbon
bond. We have clarified the bonding state of the germathioacid chloride by density functional theory
(DFT) calculation.

2. Results and Discussion

2.1. Synthesis and Structure of Germathioacid Chloride 3

As shown in Scheme 1, 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (Im-i-Pr,Me;)-substituted
chlorogermylene (2) was prepared by the reaction of the Ge(Cl){C¢H3-2,6-Tips} (1) with an
equivalent amount of Im-i-Pr,Me; in dry toluene. This synthesis method was based on Filippou’s
method [17]. Compound 2 was treated with sulfur element in dry benzene-ds at ambient temperature
for 3 days, and after work up, the germathioacid chloride coordinated by Im-i-Pr,Me; (3),
Ge(S)Cl{CcH3-2,6-Tipo }(Im-i-Pr,Me;) was obtained in 31% yield. The germathioacid chloride (3)
was characterized by NMR spectroscopy together with elemental analysis, and the structure of 3 was
finally determined by single-crystal X-ray analysis (Figure 2).
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Scheme 1. Synthesis of Ge(S)Cl{C¢H;3-2,6-Tip; }(Im-i-PryMey) 3.

Figure 2. Molecular structure of Ge(S)CH{CgH3-2,6-Tip;}(Im-i-PrMe;) 3, with thermal ellipsoids
shown at the 50% probability level. Hydrogen atoms are omitted for clarity. Ge: Green, S: Yellow,
CI: Light green, N: Blue, C: gray. Selected bond distances (A) and angles (°): Gel-S1 2.0846(8),
Gel-Cl1 1.991(3), Gel-C37 2.060(3), Ge1-Cl 2.2261(7); C1-Ge1-C37 108.65(10), C37-Gel-Cl1 95.26(7),
C1-Gel-Cl1 106.70(7), C1-Gel-S1 102.04(8), C37-Gel-S1 104.82(8), S1-Gel-Cl1 108.17(3).

Crystals suitable for X-ray crystallographic analysis of 3 were obtained from benzene-ds.
Compound (3) crystallized in the monoclinic crystal system with P2; /n space group. Compound (3)
is the first example of germathioacid chloride in which the Ge atom is not coordinated to an N atom.
The germanium center is bonded to the terphenyl ligand, chlorine, and sulfur atoms, and the other
site is occupied by the NHC (Im-i-Prp,Me;y), resulting in a tetrahedral geometry at the germanium
center. The Ge-S bond of 3 (2.0846(8) A) is slightly longer than the Ge=S bonds stabilized by N ligands
(ranging from 2.048(2) A to 2.066(1) A [12-16]), but shorter than the Ge-S single bond (2.239(1) A [18])
(Figure 1). This result suggests that the Ge-S bond has a partial double bond character.
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2.2. Density Functional Theory Studies on the Germathioacid Chloride 3

In order to better understand the characteristics of germathioacid chloride 3, a density functional
theory (DFT) calculation (B3LYP/6-31G(d,p)) was carried out [19]. The optimized structure of the
germathioacid chloride 3 well-reproduced the structure experimentally observed in single-crystal
X-ray analysis (Figure 2 and Figure S3). The natural population analysis (NPA) showed that a large
positive charge was located on Ge (+1.240), and the S atom and Cl atom had negative charges of —0.762
and —0.456, respectively. The calculated IR stretching frequency of G=S bond was 469.64 cm 1.

As shown in Figure 3, the highest occupied molecular orbital (HOMO) and HOMO — 1 were
predominantly localized on the S atom, which should correspond to non-bonding pair electrons
(Figure 3a,b), and an —bond between the Ge atom and the S atom was not observed. The molecular
orbitals (MOs), which should correspond to the o-bonds of the Ge-S/Ge-C(NHC), and the o -bonds
of the Ge-S/Ge-Cl were also observed in HOMO — 1/HOMO - 29 (Figure 3c,d) and LUMO + 8,
respectively (Figure 3e). These results suggest that the Ge-S bond would have a single bond character.
On the other hand, the value of the Wiberg Bond Index (WBI) of Ge-S is 1.367, implying that the Ge-S
bond has a partial double bond character. Although the value of WBI seemingly contradicted the
analysis of the MOs, the second-order perturbation theory analysis rationalized the Ge-S bond feature;
both non-bonding pair electrons localized on the S atom donated stabilization energy to the ¢ -orbitals
of the Ge-Cl (23.39 kcal/mol), Ge-C(Arrjp) (11.23 kcal/mol), and Ge-C(NHC) (16.51 kcal/mol),
respectively, and the secondary orbital interaction should be attributed to the partial m-bonding nature
between the Ge-S bond in the WBI analysis. These results indicate that the Ge-S bond is a single
bond with a partial double bond character, which is in good agreement with observation that the bond
length (2.0846(8) A) in the germathioacid chloride 3 (Figure 2) is shorter than that of the single bond of
Ge-S (2.239(1)A) [18], and longer than that of the Ge=S double bond (2.048(2) A to 2.066(1) A) [12-16].

9
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Figure 3. Selected molecular orbitals and their energy levels (eV): (a) HOMO (—4.815 eV), (b) HOMO —
1(—4.925¢V), (c) HOMO — 7 (—6.6529 eV), (d) HOMO — 29 (—9.1961 eV), (e) LUMO + 8 (—0.6615 eV).

Based on experiments and calculation results, compound 3 could be an intermediate property
between 3’ and 3” (Figure 4). Further investigation will be carried out in the future.
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Figure 4. Resonant structural formula of 3.
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3. Materials and Methods

3.1. General Information

Materials: All manipulations were carried out under an argon atmosphere using standard
Schlenk-line or glove-box techniques. Hexane, ether, and THF were dried by being passed
through columns of activated alumina and a supported copper catalyst supplied by Nikko Hansen
& Co., Ltd. (Osaka, Japan). Toluene was refluxed over sodium and benzophenone, distilled,
and degassed prior to use. Deuterated benzene (C¢Dg, benzene-ds) was dried and degassed over
a potassium mirror in vacuo prior to use. (EtO)LiC¢Hs3-2,6-Tip, [20], Ge(Cl){CcH3-2,6-Tipy} [21]
and 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene (Im-i-Pr,Mejy) [22] were prepared according to
procedures published in the literature.

The Fourier transformation nuclear magnetic resonance (NMR) spectra were obtained using JEOL
JNM-ECS 300 (*H at 300 MHz, '3C at 75 MHz) and JEOL JNM-ECA 600 (*H at 600 MHz, 13C at 151 MHz)
NMR instruments (JEOL, Tokyo, Japan). For 'H-NMR, chemical shifts are reported as § units (ppm)
relative to SiMey and the residual solvents peaks were used as standards. Analysis by electron impact
mass spectrometry (EI-MS) was performed on a SHIMADZU GCMS-QP2010SE/DI12010 (SHIMADZU,
Kyoto, Japan). Elemental analyses were performed by the Center for Material Research by Instrumental
Analysis (CIA), Gunma University, Japan.

3.2. Synthesis

3.2.1. Synthesis of Ge(Cl){CgHz-2,6-Tip, }(Im-i-Pr,Mey) 2

To a solution of Ge(Cl){CsHj3-2,6-Tip,} (249 mg, 0.423 mmol) in dry toluene (3 mL) was added
1,3-diisopropyl-4,5-dimethlylimidazol-2-ylidene (76.3 mg, 0.423 mmol) in dry toluene (6 mL) at room
temperature under an argon atmosphere. The solution was stirred for 20 h. The resulting solution
was concentrated under reduced pressure. Then, toluene was added for crystallization to afford 2 as
colorless crystals (yield: 24.4 mg, 12%).

2: colorless crystals; TH-NMR (300 MHz, C4Dg, 70 °C, § in ppm) 6 0.98 (broad, 6H) 1.04 (broad, 6H),
111 (d, ] =6.8 Hz, 6H), 1.16 (d, ] = 6.8 Hz, 6H), 1.26 (d, ] = 6.8 Hz, 6H), 1.31 (d, ] = 6.8 Hz, 6H), 1.33
(d,] =6.8Hz, 6H), 1.58 (s, 6H), 1.64 (d, ] = 6.8 Hz, 6H), 2.91 (sept, ] = 6.8 Hz, 2H), 3.19 (sept, | = 6.8 Hz,
2H), 3.38 (sept, ] = 6.8 Hz, 2H), 5.39 (broad, 2H), 6.96-7.12 (m, 3H), 7.23 (s, 4H); '*C{'H}-NMR (151
MHz, C¢Dg, RT, b in ppm) 6 10.2 (CH3z), 20.6 (CHs), 21.7 (CH3), 22.6 (CH3), 23.4 (CH3), 24.4 (CH3),
24.5 (CH3), 24.6 (CH3), 26.2 (CH3), 26.5 (CH3), 30.9 (CH), 31.2 (CH), 31.4 (CH), 31.5 (CH), 34.6 (CH),
34.9 (CH), 52.2 (CH), 52.8 (CH), 120.8 (CH), 121.0 (CH), 121.2 (CH), 125.0 (CH), 125.7 (CH), 126.3 (CH),
128.3 (CH), 129.3 (C), 131.8 (C), 140.0(C), 147.1 (C), 147.6 (C), 156.9 (C), 172.3 (C); Anal. Calcd. for
CyyHgoClGeN,: C 73.30, H9.03, N 3.64; found: C 73.01, H 8.94, N 3.61.

3.2.2. Synthesis of Ge(S)Cl{C¢H3-2,6-Tip,}(Im-i-Pr,Me;) 3

To a solution of Ge(Cl){CgH3-2,6-Tip,}(Im-i-Pr,Me;) (90.6 mg, 0.118 mmol) (2) in benzene-dg
(0.5 mL) in an NMR tube equipped with a Young stopcock at room temperature, Sg (3.77 mg,
0.118 mmol) was added. The solution was reacted for 3 day in the NMR tube. The resulting solution
was concentrated under reduced pressure to yield colorless crystals of 3 (yield: 28.9 mg, 31%).

3: colorless crystals; TH-NMR (600 MHz, C¢Dg, RT, & in ppm) b 0.34 (broad, 3H), 0.50 (broad, 3H), 0.94
(broad, 3H), 0.98 (broad, 3H), 1.04 (broad, 3H), 1.06 (broad, 3H), 1.16 (broad, 3H), 1.20 (broad, 3H), 1.30
(broad, 6H), 1.36 (broad, 12H), 1.49 (broad, 3H), 1.55 (broad, 3H), 1.97 (broad, 3H), 2.02 (broad, 3H),
2.64 (broad, 1H), 2.86 (broad, 1H), 2.97 (broad, 1H), 3.06 (broad, 1H), 3.73 (broad, 1H), 3.97 (broad, 1H),
5.38 (broad, 1H), 6.92-7.02 (m, 4H), 7.35-7.44 (m, 3H), 7.75 (broad, 1H); 13C{1H}-NMR (151 MHz, C¢Ds,
RT, 5 in ppm) & 10.2 (CHz), 10.4 (CH3), 19.9 (CH3), 19.9 (CH3), 20.5 (CHj), 20.6 (CH3), 22.8 (CH3), 22.9
(CHj3), 23.0 (CH3), 23.1 (CH3), 23.8 (CH3), 24.2 (CH3), 24.5 (CH3), 25.6 (CH3), 25.9 (CH3), 26.1 (CH3),
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26.9 (CH3), 27.4 (CH3), 31.3 (CH), 31.4 (CH), 31.7 (CH), 32.1 (CH), 34.7 (CH), 34.8 (CH), 49.4 (CH), 52.7
(CH), 120.6 (CH), 120.8 (CH), 121.5 (CH), 122.1 (CH), 126.8 (CH), 128.4 (CH), 134.1 (CH), 138.9 (C), 139.7
(C), 142.0(C x 2),145.2 (C), 145.3 (C), 145.4 (C), 146.3 (C), 148.3 (C), 148.4 (C), 148.5 (C), 148.4 (C), 1485
(C), 148.8 (C), 152.0 (C), 153.3 (C); Anal. Calcd. for C47HgoClGeN,S,: C 70.28, H 8.78, N 3.49; found: C
69.99, H 8.72, N 3.88.

3.3. Single-Crystal X-ray Analysis of Ge(S)Cl{ CsH3-2,6-Tip, }(Im-i-PryMe;) 3

Crystals suitable for the X-ray crystallographic analysis of the germathioacid chloride (3) were
obtained from benzene-ds. The intensity data were collected on a Rigaku XtaLab P200 diffractometer
(Rigaku, Tokyo, Japan) with multi-layer mirror mono chromated Mo Ka radiation (A = 0.71075 A).
The structures were determined by direct methods (SHELXS-97) [23], and refined by full-matrix
least-squares procedures on F2 for all reflections (SHELXL-97) [23]. All of the non-hydrogen atoms
were refined anisotropically. All hydrogens were placed using AFIX instructions. All calculations were
carried out using Yadokari-XG2009 [24]. Crystallographic data have been deposited into the Cambridge
Crystallographic Data Centre, with deposition numbers CCDC 1851711 for compound 3. Copies
of the data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html
(or from the Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge, CB2 1EZ, U.K;
Fax: +44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk).

Crystal data for Ge(S)CH{C¢Hj3-2,6-Tip}(Im-i-ProMe;) (3) (123 K): C47HgoClGeN,S, Fw 802.14,
Monoclinic, Space group P2;/n, colorless crystals, a = 9.3421(10), b = 19.570(2), ¢ = 23.901(3) A,
B =90.387(3)°, V = 4369.6(8) A%, Z = 2, Deareq = 1.219 Mg/m?, R1 = 0.0486 (I > 20), wR2 = 0.1243
(all data), Goodness of Fit (GOF)= 0.906.

3.4. DFT Calculations

Density functional theory (DFT) calculations were performed using the Gaussian 16 program
package [25]. Geometry optimizations and vibrational analyses of all local equilibriums were
performed using the B3LYP functional with a basis set of 6-31G(d,p) for all atoms. The natural
population analysis (NPA) [26], charge distribution, Wiberg bond index (WBI) [27], and second-order
perturbation analysis were calculated with the natural bond orbital (NBO) program package at the
B3LYP/6-31G(d,p) level of theory. Cartesian coordinates and energies of the computed structures are
listed in the Supplementary Materials.

4. Conclusions

In conclusion, we have achieved the synthesis of germathioacid chloride without using nitrogen
ligands. The nature of the bonds between the germanium atom and sulfur atom was investigated by
X-ray analysis and DFT calculation. These experimental and theoretical results suggest that the Ge-S
bond is a single bond with a partial double bond character. We hope that our research will help us
clarify the nature of the Ge-S bond.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/3/76/s1.
Figures S1 and S2: 'H- and 3C{'H}-NMR spectra of 2 and 3 in CsDs, Figure S3: Optimized geometries of
germathioacid chloride 3, Cartesian coordinates and energies of the computed structures, cif and check cif files of
compound 3.
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Abstract: A series of unsymmetrically substituted oligosilanes were synthesized via stepwise
introduction of different substituents to «-chloro-w-hydrooligosilanes. The reactions of x-chloro-w-
hydrooligosilanes with organolithium or Grignard reagents gave hydrooligosilanes having various
alkyl, alkenyl, alkynyl and aryl groups. Thus-obtained hydrooligosilanes were converted into
alkoxyoligosilanes by ruthenium-catalyzed dehydrogenative alkoxylation with alcohols.

Keywords: x-chloro-w-hydrooligosilane; titanium; ruthenium; dehydrogenative alkoxylation

1. Introduction

Recently, various functionalized oligosilanes have attracted growing interests due to their unique
photophysical and electronic properties [1-13]. In the synthesis of such compounds, introduction
of functionality to oligosilanes is an important process. Oligosilanes having both chlorosilane
and hydrosilane moieties are especially interesting because two different functionalities could be
introduced to the oligosilanes. For example, x-chloro-w-hydrooligosilanes are potential precursors for
such modification.

A problem to be overcome is limitation of facile functionalization of the hydrosilane moiety
in the oligosilanes. Thus far, halogenation [14-16], Lewis acid-catalyzed reactions [17-19] and
radical-promoted reactions [20-24] have been used for the Si-H modification of hydrooligosilanes.
Transition metal-catalyzed reactions of hydrosilanes are well known as Si-H conversion methods,
including hydrosilylation [25-27], dehydrogenative silylation of OH and NH groups [28-31],
silylation of aromatic rings [32-36] and so on. however, most of them are applicable only
to hydromonosilanes. When hydrooligosilanes are subjected to these transition metal-catalyzed
reactions, major products come from the cleavage of Si-Si bonds. Although the transition
metal-catalyzed reactions are utilized as valuable organic synthesis methodologies [37-40], it is not
the case for the transformation of hydrooligosilanes. As a rare example, Yamanoi and Nishihara have
reported the palladium-catalyzed arylation of hydrooligosilanes with aryl iodides to afford the
corresponding arylated oligosilanes with preservation of the Si-Si bonds [41,42].

Previously, we reported titanium-catalyzed synthesis of the hydrogen-terminated oligosilanes
from «,w-dichlorooligosilanes [43]. This method enabled us to synthesize x-chloro-w-hydrooligo-
silanes with high selectivity. The «-chloro-w-hydrooligosilanes are good precursors of variously
substituted hydrooligosilanes via nucleophilic substitution of the chlorosilane moiety. Furthermore,
we have recently found ruthenium-catalyzed dehydrogenative alkoxylation of a hydrodisilane
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with alcohols [44]. Interestingly, the reactions proceed with preserving the Si-Si bond despite its
susceptible nature to transition metals [37-40]. Combination of these two methods leads to convenient
synthesis of unsymmetrically substituted oligosilanes. In this paper, we report the synthesis of
various substituted hydrooligosilanes from «-chloro-w-hydrooligosilanes and transformation of
thus-obtained hydrooligosilanes to the corresponding alkoxy oligosilanes.

2. Results and Discussion

2.1. Synthesis of 1-Hydrooligosilanes

As reported previously, a-chloro-w-hydrooligosilanes 1-3 are synthesized by the selective
monoreduction of «,w-dichlorooligosilanes with alkylmagnesium chlorides in the presence of a
catalytic amount of TiCly (Scheme 1) [43]. The remaining chlorosilane moiety is possible functionality
for introduction of various substituents.

R i-PrMgCl, cat. TiCly R
CH—Si—Cl > ClH—Si—H
R n Et20, rt R n

n=2-4 1. R=j-Pr,n=2
R = Me, j-Pr 2.R=Me,n=3
3:R=Me,n=4

Scheme 1. Monoreduction of &,w-dichlorooligosilanes with i-PrMgCl in the presence of a catalytic
amount of TiCly.

As shown in Scheme 2, the chlorosilane moiety of 1 was smoothly substituted by organolithium
reagents. When 1 was treated with 2-thienyllithium, 2-thienyldisilane 4 was obtained in high yield.
4-Methoxyphenyl group was also introduced to afford 4-methoxyphenyldisilane 5.

I-Pr i-Pr i-Pri-Pr
A oo e
Cl SII SII H + ArLi THE Ar SII §| H
i-Pr i-Pr I-Pr i-Pr
1
4 Ar=~@ (85%)
S

5 Ar= @OMe (45%)

Scheme 2. Synthesis of substituted hydrodisilanes from 1-chloro-2-hydrodisilane.

In the cases of polymethylated oligosilanes 2 and 3, Grignard reagents are more suitable for
the substitution of the chlorosilane moiety. The Grignard reagents were prepared in the presence of
lithium chloride and DIBAL-H to activate magnesium metal [45]. As shown in Scheme 3, various alkyl,
alkenyl, alkynyl and aryl groups were introduced, and substituted hydrooligosilanes were successfully
synthesized. As alkyl group installation, 5-hexenyl- and 2-phenylethylmagnesium reagents were
used to afford hydrotrisilanes 6 and 7. Mono- and disubstituted alkenyl groups such as styryl and
2-buten-2-yl ones were also introduced to the trisilane skeleton successfully. The stereochemistry of
the alkene moieties of trisilanes 8 and 9 was determined by 'H NMR spectroscopy. The E geometry of
the styryl group in 8 was confirmed by the ] value of the vinylic coupling (19 Hz). The major Z isomer
of 9 was confirmed by NOE experiment. Three types of alkynyl Grignard reagents with aliphatic,
aryl and silyl substituents were subjected to the reaction to afford alkynyltrisilanes 10-12. Various aryl
groups were also introduced to 2 to afford phenyl-, 4-methoxyphenyl-, 4-dimethylaminophenyl-,
and 2-thienyltrisilanes 13-16. The similar arylation was also applicable to 3, and 2-thienyltetrasilane
17 was obtained. All of these reactions proceed without loss of the hydrosilane moieties, which can
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be used for further modification of the hydrooligosilanes. The reason for low yields in some cases is
attributed to loss during the isolation procedure by column chromatography over silica gel.

l\llle I\Ille
Cl Sli H + RMgX R Sli H
Me /n Me /n

22n=3,3n=4
MeMeMe MeMeMe MeMeMe Me I\Illel\lllel\llle
Sl Sl Sl H Sl Sl Sl Sl Sl Sl Si-Si-Si-H
/_\_/_MeMeMe _/_MeMeMe _/_MeMeMe jh’lel\hel\he
Me
0
6 (38%) 7 (70%) 8 (58%) 9 (54%, E/Z = 32/68)
l\lllel\lllel‘\llle I\Illel\lllel\llle lYIelYIeI\(Ie
Bu Sli-SIi-SIi—H Ph Sli-SIi-SIi—H Me;Si Sli-§i-§i—H
MeMeMe MeMeMe MeMeMe
0 (48%) 11 (69%) 12 (55%)
I\Illel\lllel\llle I\lllel\lllel\llle lYIelYIelYIe I\lllel\lllel\llle
Ph—SIi-SIi-SIi—H MeO@§i-§i-§i—H Meﬂ@ﬁi-%iﬁi—H | N Sli-SIi-Sli—H
MeMeMe MeMeMe MeMeMe S MeMeMe
13 (55%) 14 (67%) 15 (39%) 16 (71%)
MeMeMeMe
| N Sl Sl Sl Sl
S MeMeMeMe
17 (43%)

Scheme 3. Synthesis of substituted hydrooligosilanes from a-chloro-w-hydrooligosilanes.

2.2. Dehydrogenative Alkoxylation of hydrooligosilanes with Alcohols

As mentioned above, we have reported ruthenium-catalyzed dehydrogenative alkoxylation of
a hydrodisilane with alcohols without Si-Si bond cleavage [44]. The reactions are also applicable to
various hydrotrisilanes. As shown in Scheme 4, some of the hydrotrisilanes synthesized above were
subjected to the ruthenium-catalyzed dehydrogenative alkoxylation with methanol. All reactions
proceeded smoothly in toluene at room temperature in the presence of 2.5 mol % of [RuCl, (p-cymene)],
to afford methoxytrisilanes 18-21 in good yields. It is worth noting that the alkenyl and alkynyl
moieties tolerate the reactions. Neither hydrosilylation nor bis-silylation occurred under these

reaction conditions.

MeMeMe cat. [RuCly(p-cymene)], MeMeMe
R—Sli—SIi—SIi—H + MeOH > R—Sli-Sli-Sli—OMe
MeMeMe toluene MeMeMe
MeMeMe MeMeMe I\Illel\lllel\llle l\lllel\lllel\llle
_/—SI Sl Sl OMe Bu Sl Sl Sl OMe Ph Si-Si-Si-OMe Ph—Si-Si-Si-OMe
/ DR DR
Ph MeMeMe MeMeMe MeMeMe MeMeMe
18 (72%) 19 (65%) 20 (47%) 21 (87%)

Scheme 4. Synthesis of 1-methoxytrisilanes from 1-hydrotrisilanes.
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To gain further insight into the substituent effects in the ruthenium-catalyzed alkoxylation,
ethyl-substituted hydrodisilane 22 and 2-hydrotrisilane 26 were used for the reactions with methanol.
The results are summarized in Tables 1 and 2. Even though an excess amount of methanol (10 equiv)
was used in the reaction of 22, the reaction rate is much slower than that of PhMe,SiSiMe,H,
which finished within 2 h under the same reaction conditions [44]. When bulkier alcohols are used,
the reaction rate becomes slower. The reaction of 22 with ethanol needed heating at 50 °C to be
completed within one day. The reaction with a large excess of 2-propanol is much more sluggish.
Even though the reaction was carried out on heating, more than 40 h were needed for complete
consumption of 22.

Table 1. Reactions of 22 with various alcohols in the presence of [RuCl,(p-cymene)],.

Et Et cat. [RuCly(p-cymene)], (2.5 mol%) Et Et
Ph-Si-Si-H  + ROH . Ph-Si-Si-OR
Et Et ouene Et Et

22

Entry  Alcohol (equiv)  Temperature Reaction Time/h  Product  Isolated Yield/%

1 MeOH (10) 0°C-rt 20 23 83
2 EtOH (10) 50 °C 23 24 45
3 i-PrOH (100) 0-50 °C 41 25 58

Table 2. Reactions of 26 with methanol in the presence of various ruthenium catalysts.

MeMeMe catalyst (2.5 mol%) Me Me Me Me
Ph-Si-Si-Si-Ph  + MeOH ——— > Ph-Si—Si—Si-Ph + Ph-Si-OMe
I I I lOluene I | I |
MeH Me Me OMe Me Me
26 27 28
GC Yield/% !
Entry Catalyst Methanol (equiv) Temperature/°C  Reaction Time/h
26 27 28
1 [RuCl, (p-cymene)]> 10 0 23 19 16 47
2 [RuCly(mesitylene)], 10 0-50 51 12 22 11
3 [RuCl, (benzene)], 10 0-50 100 3 59 (29) 5
4 RuHCI(CO)(PPhz)3 2 10 0 19 41 0 2

1 Isolated yield was given in parentheses. 2 5 mol %.

For the alkoxylation of 26, optimization of the ruthenium catalyst was necessary, as shown
in Table 2. The reaction of 26 with methanol in the presence of the (p-cymene)ruthenium catalyst
gave the desired 2-methoxytrisilane 27 in low yield along with monosilane 28, which was produced
by Si-Si bond cleavage (Entry 1). Changing the aromatic ligand to mesitylene slightly improved
the formation of 27, but the Si-Si bond cleavage still occurred significantly (Entry 2). In contrast,
the (benzene)ruthenium catalyst gave 27 more selectively and suppressed the formation of 28 (Entry 3).
Compared with the (arene)ruthenium complexes, RuHCI(CO)(PPh3)3 showed little catalytic activity,
and no alkoxylation product was detected in the reaction mixture (Entry 4).

The superior performance of the (benzene)ruthenium catalyst over the (p-cymene)ruthenium
catalyst might be attributed to the less steric hindrance around the coordinated arenes. The intermediate
of the reaction might be the hydrosilane-bound ruthenium complex via o-coordination or oxidative
addition of the Si-H bond to the ruthenium atom. Nucleophilic attack of methanol to the silicon
atom having the Si-H bond produces 27. At this step, more crowded p-cymene prevents methanol
from attacking the central silicon atom. As a result, methanol attacks the terminal silicon atom of 26 to
afford 28 via Si-Si bond cleavage.
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3. Materials and Methods

All reactions were carried out under an argon atmosphere using standard Schlenk techniques
unless otherwise noted. THF and diethyl ether were distilled from sodium benzophenone ketyl
under a nitrogen atmosphere. Toluene was distilled from sodium under a nitrogen atmosphere.
CI(i-Pr),SiSi(i-Pr),H (1) [43], CI(SiMey)sH (2) [43], Cl(SiMe;)4H (3) [43], PhMe,SiSi(H)MeSiMe,Ph
(26) [46] and Et3SiSiEt3 [47] were prepared according to the reported procedures. Silica gel for column
chromatography (Kanto Chemical, silica gel 60N, spherical, neutral, particle size 100-210 um) was
purchased and used as received. The other chemicals were purchased (Kanto Chemical, Tokyo, Japan;
Kishida Chemical, Osaka, Japan; Sigma-Aldrich Japan, Tokyo, Japan; Tokyo Chemical Industry, Tokyo,
Japan; Wako Pure Chemical Industries, Osaka, Japan) and used without further purification.

GC analysis was performed on a Shimadzu GC-8A gas chromatograph equipped with packed
columns containing 10% silicone SE-30 on Uniport B (GL Sciences, Tokyo, Japan) and a Shimadzu
(Kyoto, Japan) C-R8A Chromatopack integrator. 'H, 13C and 2°Si NMR spectra were measured with
JEOL (Akishima, Japan) JNM-ECA600, JNM-ECS400 and JNM-ECS300 spectrometers. Dodecane,
tricosane or mesitylene were used as internal standards for NMR yield estimation. IR spectra were
recorded on Shimadzu FTIR-8700, JASCO (Hachioji, Japan) FT/IR-4600 and hitachi (Tokyo, Japan)
FTIR 270-50 spectrophotometers. Mass spectra and high-resolution mass spectra were recorded on
Shimadzu GCMS-QP2010 SE and JEOL JMS-T100GCV mass spectrometers. Spectral data of all new
compounds are showed in Figure S1-5113 in supplementary materials.

3.1. Synthesis of 1,1,2,2-Tetraisopropyl-1-(2'-thienyl)disilane (4)

A 1.64 M solution of butyllithium in hexane (1.5 mL, 2.5 mmol) was added dropwise to a solution
of thiophene (212 mg, 2.52 mmol) in THF (8 mL) at 0 °C, and the mixture was stirred at 0 °C for
1 h. Compound 1 (536 mg, 2.02 mmol) was added, and the mixture was stirred for 2 days at room
temperature. The reaction was quenched by adding 1.0 M hydrochloric acid. The reaction mixture was
extracted with hexane. The organic layer was washed with water and brine, and dried over anhydrous
sodium sulfate. After evaporation of the solvents, the residue was distilled with a Kugelrohr distillation
apparatus (100-130 °C/1 mmHg) to give 4 (537 mg, 85%) as a yellow oil.

4. TH NMR (301 MHz, CDCl;): 5 1.07 (d, 6H, ] = 6.9 Hz), 1.10 (d, 6H, ] = 6.9 Hz), 1.12 (d, 6H, ] = 7.2 Hz),
1.14 (d, 6H, ] = 8.1 Hz), 1.16-1.31 (m, 2H), 1.40 (sept, 2H, ] = 7.3 Hz), 3.73 (t, 1H, ] = 3.2 Hz), 7.20 (dd, 1H,
J=47,35Hz),7.31 (dd, 1H, ] = 3.5, 1.1 Hz), 7.61 (dd, 1H, ] = 4.7, 1.1 Hz). 3C NMR (76 MHz, CDCly):
§11.7,13.7,19.3,19.5,20.8, 21.6, 128.0, 130.6, 134.8, 136.2. 2Si NMR (60 MHz, CDCls): 5 —14.7, —9.0.IR
(NaCl): 2940, 2860, 2070, 1460, 1210, 1000, 880, 750, 700 cm 1. MS (EL 70 eV): m/z 312 (M*, 16),
269 (100), 227 (37), 197 (16), 185 (25), 155 (17), 141 (15), 127 (20). hRMS (EI): found 312.1774, calcd for
C16H3,SSi, 312.1763.

3.2. Synthesis of 1,1,2,2-Tetraisopropyl-1-(4'-methoxyphenyl)disilane (5)

A 1.53 M solution of tert-butyllithium in pentane (3.7 mL, 5.7 mmol) was added dropwise to
a solution of 4-iodoanisole (260 mg, 1.11 mmol) in THF (5 mL) at —78 °C, and the mixture was
stirred at —78 °C for 1 h. After warming to room temperature, 1 (244 mg, 0.921 mmol) was added,
and the mixture was stirred at room temperature for 24 h. The reaction was quenched by adding
1.0 M hydrochloric acid. The reaction mixture was extracted with hexane. The organic layer was
washed with water and brine, and dried over anhydrous sodium sulfate. After evaporation of the
solvents, the residue was distilled with a Kugelrohr distillation apparatus (190-220 °C/1 mmHg) to
give 5 (141 mg, 45%) as a yellow oil.
5. 'TH NMR (301 MHz, CDCly): § 1.03 (d, 6H, ] = 7.2 Hz), 1.05 (d, 6H, ] = 7.2 Hz), 1.08 (d, 6H, ] = 7.2 Hz),
1.09 (d, 6H, ] = 7.2 Hz), 1.14-1.27 (m, 2H), 1.40 (sept, 2H, ] = 7.2 Hz), 3.73 (t, 1H, ] = 3.3 Hz), 3.81 (s, 3H),
6.89 (d, 2H, ] = 8.7 Hz), 7.45 (d, 2H, ] = 8.7 Hz). '*C NMR (76 MHz, CDCl,): § 11.7, 12.7,19.2, 19.4, 21.0,
21.7,55.0,113.4,126.5, 137.2, 160.1. 2°Si NMR (99 MHz, CDCl3): § —15.0, —6.1. IR (NaCl): 2940, 2860,
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2070, 1590, 1500, 1460, 1280, 1250, 1180, 1100 cm 1. MS (EI, 70 eV): m/z 336 (M*, 43), 293 (100), 251 (48),
221 (77), 209 (38), 179 (43), 167 (19), 165 (16), 151 (27), 137 (14). hRMS (EI): found 336.2305, calcd for
C19H360Si; 336.2305.

3.3. Representative Procedure: Synthesis of 1,1,2,2,3,3-Hexamethyl-1-(. 2/ -thienyl)trisilane (16)

A 1.64 M solution of butyllithium in hexane (4.8 mL, 7.9 mmol) was added dropwise to a solution
of chlorotrimethylsilane (847 mg, 7.80 mmol) in THF (15 mL) at —78 °C, and the mixture was stirred at
—78 °C for 10 min. After warming to room temperature, magnesium turnings (392 mg, 16.1 mmol)
and a 1.0 M solution of DIBAL-H in toluene (0.1 mL, 0.1 mmol) were added. After stirring for 5 min,
the mixture was cooled to —10 °C, 2-bromothiophene (974 mg, 5.97 mmol) was added. After stirring
for 1h, 2 (876 mg, 4.15 mmol) was added, and the mixture was stirred at room temperature overnight.
The reaction was quenched with 1.0 M hydrochloric acid. The reaction mixture was extracted
with hexane. The organic layer was washed with water and brine, and dried over anhydrous sodium
sulfate. After evaporation of the solvents, the residue was separated by column chromatography over
silica gel with hexane to give 16 (758 mg, 71%) as a colorless oil.

16. 'H NMR (600 MHz, CDCl3): § 0.09 (d, 6H, ] = 4.5 Hz), 0.15 (s, 6H), 0.41 (s, 6H), 3.73 (sept, 1H,
] =4.5Hz),7.19 (dd, 1H, | = 4.5, 3.2 Hz), 7.21 (dd, 1H, ] = 3.2, 0.8 Hz), 7.59 (dd, 1H, | = 4.5, 0.8 Hz).
13C NMR (151 MHz, CDCl3): § —6.6, —5.9, —1.8,128.3, 130.6, 134.2, 139.1. 2°Si NMR (119 MHz, CDCl3):
5 —47.2, —36.3, —20.5. IR (NaCl): 2950, 2090, 1400, 1250, 1030, 880, 830, 770 cm 1. MS (EI, 70 eV): m/z
258 (M*, 5), 243 (59), 199 (21), 173 (26), 170 (23), 141 (82), 116 (52), 73 (100). hRMS (EI): found 257.0669,
caled for C1gHySSiz (M* — h) 257.0672.

3.4. Synthesis of 1-(5'-Hexenyl)-1,1,2,2,3,3-hexamethyltrisilane (6)

Synthesis of 6 was carried out by the same procedure as 16 using THF (4 mL),
chlorotrimethylsilane (178 mg, 1.64 mmol), a 1.64 M solution of butyllithium in hexane (1.14 mL,
1.87 mmol), magnesium turnings (95 mg, 3.9 mmol), a 1.0 M solution of DIBAL-H in toluene (0.024 mL,
0.024 mmol), 6-bromo-1-hexene (234 mg, 1.44 mmol) and 2 (178 mg, 0.844 mmol). Separation by
column chromatography over silica gel with hexane gave 6 (84 mg, 38%) as a colorless oil.

6. TH NMR (600 MHz, CDCl3): & 0.06 (s, 6H), 0.12 (s, 6H), 0.15 (d, 6H, | = 4.5 Hz), 0.59-0.64 (m, 2H),
1.30-1.37 (m, 2H), 1.40-1.44 (m, 2H), 2.03-2.07 (m, 2H), 3.72 (sept, 1H, ] = 4.5 Hz), 4.92-4.94 (m, 1H),
4.98-5.01 (m, 1H), 5.77-5.84 (m, 1H). 13C NMR (151 MHz, CDCl;): 5 —6.4, —5.8, —3.4,15.5,24.3,33.1,
33.7,114.3,139.2. 2°Si NMR (119 MHz, CDClg): § —48.0, —36.1, —13.5. IR (NaCl): 3080, 2950, 2920,
2090, 1640, 1411, 1250, 910, 880, 830, 790 cm ™. MS (EI, 70 eV): m/z 258 (M*, 9), 215 (20), 141 (64),
127 (18), 117 (20), 116 (19), 73 (100), 59 (51). hRMS (EI): found 258.1649, caled for C1oHzoSiz 258.1655.

3.5. Synthesis of 1,1,2,2,3,3-Hexamethyl-1-( 2! -phenylethyl)trisilane (7)

Synthesis of 7 was carried out by the same procedure as 16 using THF (20 mL),
chlorotrimethylsilane (1.01 g, 9.32 mmol), a 1.60 M solution of butyllithium in hexane (6.0 mL,
9.6 mmol), magnesium turnings (472 mg, 19.4 mmol), a 1.0 M solution of DIBAL-H in toluene (0.12 mL,
0.12 mmol), (2-bromoethyl)benzene (1.30 g, 7.04 mmol) and 2 (1.01 g, 4.79 mmol). Separation by
column chromatography over silica gel with hexane containing 1% triethylamine gave 7 (939 mg, 70%)
as a colorless oil.

7. TH NMR (600 MHz, CDCl3): 5 0.16 (s, 6H), 0.19 (s, 6H), 0.21 (d, 6H, ] = 4.5 Hz), 1.01-1.05 (m, 2H),
2.65-2.70 (m, 2H), 3.81 (sept, 1H, ] = 4.5 Hz), 7.17-7.26 (m, 3H), 7.29-7.33 (m, 2H). 13C NMR (151 MHz,
CDCly): 5 —6.4, —5.8, —3.5,17.9,30.9, 125.7,127.9, 128.5, 145.5. 2Si NMR (119 MHz, CDCls): 5 —47.9,
—36.2, —13.3. IR (NaCl): 3030, 2950, 2890, 2090, 1600, 1490, 1450, 1410, 1250, 880, 830, 790 cm 1. MS (EI,
70 eV): m/z 265 (M*—CHs, 11), 221 (76), 163 (71), 135 (100), 117 (84), 116 (38), 73 (78), 59 (84). hRMS
(EI): found 265.1263, caled for C13Ha5Sis (M* — CHj) 265.1264.
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3.6. Synthesis of 1,1,2,2,3,3-Hexamethyl-1-(E)-styryltrisilane (8)

Synthesis of 8 was carried out by the same procedure as 16 using THF (8 mL),
chlorotrimethylsilane (407 mg, 3.75 mmol), a 1.64 M solution of butyllithium in hexane (2.3 mL,
3.8 mmol), magnesium turnings (188 mg, 7.73 mmol), a 1.0 M solution of DIBAL-H in toluene (0.064 mL,
0.064 mmol), -bromostyrene (527 mg, 2.88 mmol) and 2 (430 mg, 2.04 mmol). Separation by column
chromatography over silica gel with hexane gave 8 (332 mg, 58%) as a colorless oil.

8. TH NMR (600 MHz, CDCl3): 5 0.09 (s, 6H), 0.10 (d, 6H, | = 4.5 Hz), 0.20 (s, 6H), 3.70 (sept, 1H,
J=45Hz),6.45(d, 1H,] =19 Hz), 6.78 (d, 1H, | = 19 Hz), 7.16-7.19 (m, 1H), 7.24-7.28 (m, 2H), 7.33-7.38
(m, 2H). 13C NMR (151 MHz, CDCl3): 6 —6.5, —5.8, —3.3, 126.4, 128.0, 128.7 (2 peaks are overlapped.),
138.6, 143.8. 2Si NMR (119 MHz, CDCl3): § —47.2, —36.1, —20.2. IR (NaCl): 3020, 2950, 2890, 2090,
1710, 1600, 1570, 1490, 1450, 1400, 1250, 990, 880, 840, 790, 730 cm 1. MS (EI, 70 eV): m/z 278 (M*, 4),
219 (18), 204 (22), 161 (26), 145 (79), 135 (32), 117 (25), 116 (91), 102 (17), 73 (100), 59 (68). hRMS (EI):
found 278.1334, calcd for Ci4Hy¢Siz 278.1342.

3.7. Synthesis of 1-(2-Buten-2-yl)-1,1,2,2,3,3-hexamethyltrisilane (9)

Synthesis of 9 was carried out by the same procedure as 16 using THF (8 mL),
chlorotrimethylsilane (407 mg, 3.75 mmol), a 1.64 M solution of butyllithium in hexane (2.3 mL,
3.8 mmol), magnesium turnings (188 mg, 7.73 mmol), a 1.0 M solution of DIBAL-H in toluene (0.048 mL,
0.048 mmol), 2-bromo-2-butene (388 mg, 2.87 mmol) and 2 (420 mg, 1.99 mmol). Separation by column
chromatography over silica gel with hexane gave 9 (248 mg, 54%, E/Z = 32/68) as a colorless oil.

(2)-9. TH NMR (600 MHz, CDCl): § 0.15 (s, 6H), 0.15 (d, 6H, ] = 4.8 Hz), 0.25 (s, 6H), 1.67-1.71 (m, 3H),
1.74-1.76 (m, 3H), 3.74 (sept, 1H, ] = 4.2 Hz), 6.07-6.11 (m, 1H). 13C NMR (151 MHz, CDCls): 5 —5.9,
—5.8,—1.9,18.4,25.3,134.8, 136.4. 25i NMR (119 MHz, CDCls): § —46.6, —35.7, —22.3.

(E)-9. TH NMR (600 MHz, CDCls): 5 0.13 (d, 6H, ] = 4.2 Hz), 0.15 (s, 6H), 0.25 (s, 6H), 1.68-1.71 (m, 3H),
1.74-1.75 (m, 3H), 3.71 (sept, 1H, ] = 4.8 Hz), 5.77-5.80 (m, 1H). 13C NMR (151 MHz, CDCls): 5 —6.1,
—59, 37,144,154, 133.9,136.2. °Si NMR (119 MHz, CDCl3): 5 —47.8, —35.7, —17.3.

Mixture of (Z)-9 and (E)-9. IR (NaCl): 2950, 2900, 2090, 1250, 880, 830, 790 cm~". MS (EL, 70 eV): m/z
230 (M*, 7), 156 (14), 141 (16), 131 (19), 117 (35), 116 (82), 97 (19), 73 (100), 59 (41). hRMS (EI): found
230.1335, caled for CqoHoeSiz 230.1342.

3.8. Synthesis of 1-(1'-Hexynyl)-1,1,2,2,3,3-hexamethyltrisilane (10)

A 0.90 M solution of isopropylmagnesium chloride in THF (1.11 mL, 1.0 mmol) was added to a
solution of 1-hexyne (83 mg, 1.0 mmol) in THF (5 mL), and the mixture was stirred at 40 °C for 1 h.
After cooling to room temperature, 2 (316 mg, 1.50 mmol) was added, and the mixture was stirred
at room temperature for 1 h. The reaction was quenched with 1.0 M hydrochloric acid. The reaction
mixture was extracted with hexane. The organic layer was washed with water, saturated aqueous
sodium hydrogencarbonate and brine, and dried over anhydrous sodium sulfate. After evaporation of
the solvents, the residue was separated by column chromatography over silica gel with hexane to give
10 (123 mg, 48%) as a colorless oil.

10. 'THNMR (600 MHz, CDCly): § 0.16 (s, 6H), 0.18 (d, 6H, ] = 4.5 Hz), 0.20 (s, 6H), 0.90 (t, 3H, ] = 7.2 Hz),
1.37-1.44 (m, 2H), 1.46-1.51 (m, 2H), 2.24 (t, 2H, | = 6.9 Hz), 3.75 (sept, 1H, | = 4.5 Hz). 3C NMR
(151 MHz, CDCL3): § —6.7, —5.8, —1.8,13.7, 19.9, 22.0, 31.0, 82.9, 110.3. 2%Si NMR (119 MHz, CDCl,):
5 —46.8, —36.2, —34.9. IR (NaCl): 2960, 2170, 2090, 1710, 1260, 800 cm 1. MS (EI, 70 eV): m/z 256 (M*,
3), 241 (14), 197 (16), 141 (38), 139 (22), 117 (37), 116 (100), 101 (14), 83 (22), 73 (99), 59 (36). hARMS (EL):
found 256.1491, calcd for C1oHygSiz 256.1499.
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3.9. Synthesis of 1,1,2,2,3,3-Hexamethyl-1-(phenylethynyl)trisilane (11)

Synthesis of 11 was carried out by the same procedure as 10 using THF (25 mL), phenylacetylene
(811 mg, 7.94 mmol), a 0.81 M solution of isopropylmagnesium chloride in THF (9.5 mL, 7.7 mmol) and
2 (1.55 g, 7.36 mmol). Separation by column chromatography over silica gel with hexane containing
1% triethylamine gave 11 (1.41 g, 69%) as a colorless oil.

11. 'H NMR (600 MHz, CDCls): 5 0.22 (d, 6H, ] = 4.5 Hz), 0.23 (s, 6H), 0.31 (s, 6H), 3.81 (sept, 1H,
] = 4.5 Hz), 7.27-7.30 (m, 3H), 7.44-7.46 (m, 2H). 13C NMR (151 MHz, CDCly): 5 —6.6, —5.8, —2.1,93.3,
107.8, 123.6, 128.3, 128.5, 132.0. 2°Si NMR (119 MHz, CDCl3): § —46.3, —36.2, —33.7. IR (NaCl): 2950,
2360, 2150, 1490, 1250 cm~1. MS (EL 70 eV): m/z 276 (M*, 14), 261 (15), 217 (63), 203 (27), 159 (64),
135 (26), 116 (71), 73 (100). hRMS (EI): found 276.1178, calcd for C14HpsSiz 276.1186.

3.10. Synthesis of 1,1,2,2,3,3-Hexamethyl-1-(trimethylsilylethynyl)trisilane (12)

Synthesis of 12 was carried out by the same procedure as 10 using THF (5 mlL),
trimethylsilylacetylene (98 mg, 1.0 mmol), a 0.90 M solution of isopropylmagnesium chloride in
THF (1.11 mL, 1.0 mmol) and 2 (316 mg, 1.50 mmol). Separation by column chromatography over
silica gel with hexane gave 12 (149 mg, 55%) as a colorless oil.

12. 'H NMR (600 MHz, CDCl;): 5 0.16 (s, 9H), 0.17 (s, 6H), 0.19 (d, 6H, | = 4.5 Hz), 0.22 (s, 6H),
3.77 (sept, 1H, | = 4.5 Hz). *C NMR (151 MHz, CDCl3): § —6.7, —5.8, —2.2,0.1,113.0, 116.9. 2Si NMR
(119 MHz, CDClg): 5 —46.6, —36.1, —34.7, —18.9. IR (NaCl): 2960, 2090, 1260, 840, 800 cm . MS (EI, 70
eV): m/z 272 (M*, 4), 257 (12), 213 (41), 155 (18), 117 (16), 116 (100), 73 (80). hRMS (EI): found 272.1267,
caled for C11H28814 272.1268.

3.11. Synthesis of 1,1,2,2,3,3-Hexamethyl-1-phenyltrisilane (13)

Synthesis of 13 was carried out by the same procedure as 16 using THF (10 mL),
chlorotrimethylsilane (0.7 mL, 6 mmol), a 1.60 M solution of butyllithium in hexane (3.4 mL, 5.4 mmol),
magnesium turnings (290 mg, 11.9 mmol), a 1.0 M solution of DIBAL-H in toluene (0.073 mL,
0.073 mmol), bromobenzene (0.44 mL, 4.2 mmol) and 2 (609 mg, 2.89 mmol). Separation by column
chromatography over silica gel with hexane containing 1% triethylamine gave 13 (404 mg, 55%) as a
colorless oil. The "H NMR spectrum is identical to the reported data [48].

13. "H NMR (600 MHz, CDCl3): & 0.08 (d, 6H, J = 4.5 Hz), 0.13 (s, 6H), 0.40 (s, 6H), 3.73 (sept, 1H,
] = 4.5 Hz), 7.33-7.36 (m, 3H), 7.46-7.48 (m, 2H). 13C NMR (151 MHz, CDCl3): § —6.5, —5.9, —3.2, 127.9,
128.5,133.9, 139.8. 22Si NMR (119 MHz, CDCl5): & —47.4, —36.1, —18.0.

3.12. Synthesis of 1-(4'-Methoxyphenyl)-1,1,2,2,3,3-hexamethyltrisilane (14)

Synthesis of 14 was carried out by the same procedure as 16 using THF (5 mlL),
chlorotrimethylsilane (301 mg, 2.77 mmol), a 1.64 M solution of butyllithium in hexane (1.7 mL,
2.8 mmol), magnesium turnings (127 mg, 5.22 mmol), a 1.0 M solution of DIBAL-H in toluene (0.06 mL,
0.06 mmol), 4-bromoanisole (380 mg, 2.03 mmol) and 2 (301 mg, 1.43 mmol). Separation by column
chromatography over silica gel with hexane gave 14 (270 mg, 67%) as a colorless oil.

14. 'H NMR (600 MHz, CDCls): 5 0.08 (d, 6H, ] = 4.5 Hz), 0.11 (s, 6H), 0.35 (s, 6H), 3.71 (sept, 1H,
J = 4.5 Hz), 3.82 (s, 3H), 6.90 (d, 2H, ] = 8.7 Hz), 7.37 (d, 2H, ] = 8.7 Hz). 13C NMR (151 MHz, CDCl5):
§ —6.4, —5.9, —2.9, 55.1, 113.7, 130.3, 135.2, 160.2. 2°Si NMR (119 MHz, CDCl3): § —47.5, —36.1,
—18.4. IR (NaCl): 2950, 2090, 1590, 1500, 1280, 1250, 1180, 1110, 880, 830, 780 cm 1. MS (EI, 70 eV): m/z
282 (M, 8), 281 (20), 193 (36), 165 (100), 135 (16), 116 (54), 73 (29). hRMS (EI): found 281.1213, caled for
C13H,50Si5 (M* — h) 281.1213.
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3.13. Synthesis of 1-( 4 -Dimethylaminophenyl)-1,1,2,2,3,3-hexamethyltrisilane (15)

Synthesis of 15 was carried out by the same procedure as 16 using THF (5 mL),
chlorotrimethylsilane (290 mg, 2.67 mmol), a 1.64 M solution of butyllithium in hexane (1.6 mL,
2.6 mmol), magnesium turnings (122 mg, 5.02 mmol), a 1.0 M solution of DIBAL-H in toluene (0.06 mL,
0.06 mmol), 4-bromo-N,N-dimethylaniline (400 mg, 2.00 mmol) and 2 (277 mg, 1.31 mmol). The crude
product was separated by column chromatography over silica gel with hexane-ethyl acetate (5:1).
Compound 15 (150 mg, 39%) was obtained as a colorless oil.

15. TH NMR (600 MHz, CDCL3): § 0.09 (d, 6H, | = 4.5 Hz), 0.11 (s, 6H), 0.33 (s, 6H), 2.95 (s, 6H),
3.71 (sept, 1H, | = 4.5 Hz), 6.73 (d, 2H, ] = 8.4 Hz), 7.32 (d, 2H, ] = 8.4 Hz). 13C NMR (151 MHz, CDCl,):
§-6.4,-5.8,-2.8,40.4, 112.3, 124.5, 135.0, 150.8. 29Si NMR (119 MHz, CDCl3): § —47.5, —36.0, —19.0. IR
(NaCl): 2950, 2890, 2080, 1600, 1510, 1350, 1240, 1110, 880, 830, 790 cm~1. MS (EL 70 eV): m/z 295 (M*,
15), 178 (100), 162 (9), 134 (12), 116 (9), 102 (12), 73 (9). hRMS (EI): found 294.1528, caled for Cy4HpgNSis
(M* — h) 294.1529.

3.14. Synthesis of 1,1,2,2,3,3,4,4-Octamethyl-1-( 2! -thienyl)tetrasilane (17)

Synthesis of 17 was carried out by the same procedure as 16 using THF (5 mlL),
chlorotrimethylsilane (282 mg, 2.60 mmol), a 1.64 M solution of butyllithium in hexane (1.6 mL,
2.6 mmol), magnesium turnings (127 mg, 5.22 mmol), a 1.0 M solution of DIBAL-H in toluene (0.08 mL,
0.08 mmol), 2-bromothiophene (324 mg, 1.99 mmol) and 3 (381 mg, 1.42 mmol). Separation by column
chromatography over silica gel with hexane gave 17 (191 mg, 43%) as a colorless oil.

17. 'H NMR (600 MHz, CDCl3): & 0.09 (s, 6H), 0.12 (d, 6H, | = 4.5 Hz), 0.15 (s, 6H), 0.42 (s, 6H),
3.72 (sept, 1H, ] = 4.5 Hz), 7.19 (dd, 1H, ] = 4.5, 3.3 Hz), 7.20 (dd, 1H, ] = 3.0, 0.6 Hz), 7.59 (dd, 1H, ] = 4.2,
1.2 Hz). '¥C NMR (151 MHz, CDCl3): & —5.9, —5.81, —5.79, —1.4, 128.3, 130.5, 134.1, 139.3. °Si NMR
(119 MHz, CDCl3): § —44.1, —43.9, —35.9, —19.9. IR (NaCl): 2950, 2890, 2090, 1400, 1250, 1210, 990,
880, 830, 780, 700 cm 1. MS (EI, 70 eV): m/z 316 (M*, 1), 257 (100), 173 (17), 167 (34), 159 (19), 141 (39),
116 (18), 73 (93), 59 (15). hRMS (EI): found 301.0753, caled for C11HpsSSis (M* — CH3) 301.0754.

3.15. Synthesis of 1-Methoxy-1,1,2,2,3,3-hexamethyl-3-(E)-styryltrisilane (18)

[RuCly(p-cymene)], (15 mg, 0.024 mmol) was added to a solution of 8 (271 mg, 0.973 mmol)
and methanol (65 pL, 1.6 mmol) in toluene (4 mL) at 0 °C. The mixture was stirred with gradual
warming to room temperature overnight. After evaporation of the solvent, the residue was distilled
with a Kugelrohr distillation apparatus (146152 °C/0.90-1.4 mmHg) to give 18 (216 mg, 72%) as a
colorless oil.

18. 'H NMR (600 MHz, CDCl3): 5 0.19 (s, 6H), 0.25 (s, 6H), 0.28 (s, 6H), 3.43 (s, 3H), 6.54 (d, 1H,
] =18.9 Hz), 6.86 (d, 1H, ] = 18.9 Hz), 7.23-7.25 (m, 1H), 7.31-7.35 (m, 2H), 7.42-7.45 (m, 2H). 13C NMR
(151 MHz, CDCls): 5 —6.4, —3.4, —0.1, 51.4, 126.4, 127.9, 128.58, 128.64, 138.6, 143.8. 2Si NMR
(119 MHz, CDClg): § —50.2, —20.7, 21.3. IR (NaCl): 2950, 1590, 1570, 1490, 1450, 1400, 1250, 1080, 990,
830, 780, 730, 690 cm L. MS (EI, 70 eV): m/z 308 (M*, 10), 293 (44), 219 (48), 173 (52), 145 (72), 135 (65),
133 (37), 117 (41), 116 (57), 89 (39), 73 (100), 59 (71). hRRMS (FD): found 308.1449, caled for C;5HpsOSis
308.1448.

3.16. Synthesis of 1-(1'-Hexynyl)-3-methoxy-1,1,2,2,3,3-hexamethyltrisilane (19)

Synthesis of 19 was carried out by the same procedure as 18 using toluene (4 mL), 10 (264 mg,
1.03 mmol), methanol (65 pL, 1.6 mmol) and [RuCl;(p-cymene)], (15 mg, 0.024 mmol). The crude
product was distilled with a Kugelrohr distillation apparatus (112-116 °C/1.2-1.3 mmHg) to give 19
(191 mg, 65%) as a colorless oil.

19. TH NMR (600 MHz, CDCl3): § 0.17 (s, 6H), 0.20 (s, 6H), 0.25 (s, 6H), 0.89 (t, 3H, ] = 7.2 Hz), 1.35-1.42
(m, 2H), 1.45-1.50 (m, 2H), 2.22 (t, 2H, ] = 7.2 Hz), 3.43 (s, 3H). 13C NMR (151 MHz, CDCl5): 5 —6.6,
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~1.9, -0.1,13.7, 19.9, 22.0, 30.9, 51.4, 82.9, 110.2. °Si NMR (119 MHz, CDCl3): § —49.9, —35.1, 21.2. IR
(NaCl): 2960, 2170, 1250, 1090, 1040, 830, 780 cm . MS (EI, 70 eV): m/z 286 (M*, 1), 257 (19), 229 (16),
133 (20), 117 (35), 116 (54), 89 (41), 73 (100), 59 (61). hRMS (FD): found 286.1612, calcd for C13Hz0OSis
286.1604.

3.17. Synthesis of 1-Methoxy-1,1,2,2,3,3-hexamethyl-3-(phenylethynyl)trisilane (20)

Synthesis of 20 was carried out by the same procedure as 18 using toluene (4 mL), 11 (280 mg,
1.01 mmol), methanol (65 pL, 1.6 mmol) and [RuCl,(p-cymene)], (15 mg, 0.024 mmol). The crude
product was distilled with a Kugelrohr distillation apparatus (134-135 °C/0.90-0.93 mmHg) to give 20
(147 mg, 47%) as a colorless oil.

20. 'H NMR (600 MHz, CDCly): § 0.25 (s, 6H), 0.30 (s, 6H), 0.33 (s, 6H), 3.46 (s, 3H), 7.29-7.30 (m, 3H),
7.43-7.45 (m, 2H). 13C NMR (151 MHz, CDCls): § —6.5, —2.1, 0.0, 51.5, 93.3, 107.8, 123.5, 128.3, 128.5,
132.0. 2Si NMR (119 MHz, CDCl3): § —49.5, —33.9, 21.0. IR (NaCl): 2970, 2940, 2900, 2150, 1490, 1250,
1080, 840, 780, 690 cm L. MS (EL, 70 eV): m/z 306 (M*, 7), 305 (23), 193 (41), 159 (37), 116 (34), 89 (30),
73 (100), 59 (64). hRRMS (FD): found 306.1293, caled for Cy5HpsOSis 306.1291.

3.18. Synthesis of 1-Methoxy-1,1,2,2,3,3-hexamethyl-3-phenyltrisilane (21)

Synthesis of 21 was carried out by the same procedure as 18 using toluene (4 mL), 13 (258 mg,
1.02 mmol), methanol (60 pL, 1.5 mmol) and [RuCl,(p-cymene)], (15 mg, 0.024 mmol). The crude
product was distilled with a Kugelrohr distillation apparatus (153-157 °C/11 mmHg) to give 21
(251 mg, 87%) as a colorless oil. The NMR data are identical to the reported data [48].

21. TH NMR (600 MHz, CDCl3): § 0.156 (s, 6H), 0.160 (s, 6H), 0.42 (s, 6H), 3.35 (s, 3H), 7.32-7.37
(m, 3H), 7.46-7.49 (m, 2H).13C NMR (151 MHz, CDCl): § —6.3, —3.2, —0.2, 51.3, 127.9, 128.5, 133.9,
139.6. 2Si NMR (119 MHz, CDCl3): § —50.2, —18.4, 21.3. IR (NaCl): 2950, 2890, 1250, 1080, 830, 780,
730, 700 cm 1. MS (EI, 70 eV): m/z 282 (M*, 2), 267 (38), 193 (14), 135 (54), 116 (100), 89 (15), 73 (23),
59 (17). hRMS (FD): found 282.1300, caled for C13Hy¢OSi3 282.1291.

3.19. Synthesis of 1,2-Dichloro-1,1,2,2-tetraethyldisilane

Freshly distilled acetyl chloride (14.0 mL, 197 mmol) was added dropwise to the mixture of
aluminum chloride (26.04 g, 195 mmol) and hexaethyldisilane (21.8 mL, 79.5 mmol). The flask was
immersed in a water bath to prevent raising the reaction temperature too much. After stirring for
3 h, the reaction mixture was distilled under reduced pressure (bp 100-131 °C/9 mmHg) to give
1,2-dichloro-1,1,2,2-tetraethyldisilane (16.47 g, 85%) as a colorless o0il. The 'H NMR spectrum is
identical to the reported data [14].

3.20. Synthesis of 1,1,2,2-Tetraethyl-1-phenyldisilane (22)

Phenylmagnesium bromide was prepared from magnesium turnings (2.17 g, 89.4 mmol),
bromobenzene (11.72 g, 74.6 mmol) and diethyl ether (42 mL). The Grignard reagent was added
dropwise to a solution of 1,2-dichloro-1,1,2,2-tetraethyldisilane (16.47 g, 67.7 mmol) in diethyl ether
(30 mL) at 0 °C. The mixture was stirred at room temperature for 12 h. After filtration of the
reaction mixture, the filtrate was evaporated to give a crude product of 1-chloro-1,1,2,2-tetraethyl-2-
phenyldisilane (19.29 g).

A solution of 1-chloro-1,1,2,2-tetraethyl-2-phenyldisilane in diethyl ether (60 mL) was added
dropwise to a mixture of lithium aluminum hydride (1.21 g, 32.0 mmol) and diethyl ether (100 mL) at
0 °C. The mixture was stirred with gradual warming to room temperature overnight. The reaction was
quenched with 1.0 M hydrochloric acid. The reaction mixture was extracted with hexane. The organic
layer was washed with brine and dried over anhydrous sodium sulfate. After evaporation of the
solvents, the residue was distilled under reduced pressure according to a normal distillation procedure
(bp 129-131 °C/5 mmHg) to give 22 (12.30 g, 73% in two steps) as a colorless oil.
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22. 'H NMR (600 MHz, CDCl3): § 0.69-0.76 (m, 4H), 0.95-1.02 (m, 10H), 1.03-1.06 (m, 6H), 3.67 (quin,
1H, ] = 3.8 Hz), 7.33-7.36 (m, 3H), 7.48-7.50 (m, 2H). 3C NMR (151 MHz, CDCls): § 2.2, 4.4, 8.4, 10.2,
127.9, 128.6, 134.6, 137.6. 2Si NMR (119 MHz, CDCly): § —26.4, —13.1. IR (NaCl): 3070, 2950, 2910,
2870, 2080, 1460, 1430, 1230, 1100, 1010, 970, 800, 770, 700 cm~1. MS (EL 70 eV): m/z 250 (M*, 13),
163 (61), 135 (100), 107 (55). hRMS (FD): found 250.1574, caled for C14HpeSi, 250.1573.

3.21. Synthesis of 1,1,2,2-Tetraethyl-1-methoxy-2-phenyldisilane (23)

[RuCly(p-cymene)], (16 mg, 0.026 mmol) was added to a solution of 22 (260 mg, 1.04 mmol)
and methanol (338 mg, 10.5 mmol) in toluene (4 mL) at 0 °C. The mixture was stirred with gradual
warming to room temperature for 1 day. After evaporation of the solvent, the residue was distilled with
a Kugelrohr distillation apparatus (81-117 °C/0.5 mmHg) to give 23 (241 mg, 83%) as a colorless oil.

23. TH NMR (600 MHz, CDCls): § 0.70-0.81 (m, 4H), 0.95-1.02 (m, 10H), 1.06-1.10 (m, 6H), 3.41 (s, 3H),
7.31-7.36 (m, 3H), 7.51-7.53 (m, 2H). 13C NMR (151 MHz, CDCl3): § 4.4, 7.0, 7.3, 8.3, 51.7, 127.9, 128.5,
134.8, 137.7. 2Si NMR (119 MHz, CDCl3): § —17.3, 19.2. IR (NaCl): 3070, 2960, 2880, 1460, 1430, 1090,
1010, 700 cm~1. MS (EL 70 eV): m/z 280 (M*, 40), 279 (100), 265 (21), 251 (20), 237 (40), 223 (27), 209 (28),
195 (23), 135 (39), 117 (25), 107 (61), 89 (35), 59 (21). hRMS (FD): found 280.1670, caled for C15HpsOSin
280.1678.

3.22. Synthesis of 1-Ethoxy-1,1,2,2-tetraethyl-2-phenyldisilane (24)

Synthesis of 24 was carried out by the almost same procedure as 23 using toluene (4 mL),
22 (253 mg, 1.01 mmol), ethanol (476 mg, 10.3 mmol) and [RuCl,(p-cymene)], (15 mg, 0.024 mmol).
The mixture was stirred at 50 °C for 1 day. The solvent was evaporated, and the residue was
distilled with a Kugelrohr distillation apparatus (95-110 °C/0.5 mmHg) to give 24 (135 mg, 45%) as a
colorless oil.

24. TH NMR (600 MHz, CDCls): § 0.69-0.80 (m, 4F), 0.94-1.01 (m, 10H), 1.05-1.08 (m, 6H), 1.14 (t, 3H,
] =7.0Hz), 3.61(q, 2H, ] = 7.0 Hz), 7.32-7.35 (m, 3H), 7.49-7.53 (m, 2H). 13C NMR (151 MHz, CDCl3):
54.4,7.1,7.6,8.3,18.8,59.5,127.9,128.5, 134.8, 137.9. Si NMR (119 MHz, CDCl3): 5 —17.4, 16.5. IR
(NaCl): 2960, 2880, 1460, 1430, 1100, 1080, 1000, 700 cm~1. MS (EI, 70 eV): m/z 294 (M*, 2), 293 (4),
265 (21), 237 (37), 209 (33), 135 (36), 131 (47), 107 (100), 105 (39), 103 (63), 87 (19), 75 (35), 59 (23). hRMS
(FD): found 294.1849, calcd for C14H30OSi, 294.1835.

3.23. Synthesis of 1,1,2,2-Tetraethyl-1-isopropoxy-2-phenyldisilane (25)

[RuCl, (p-cymene)], (17 mg, 0.028 mmol) was added to a solution of 22 (265 mg, 1.06 mmol) and
2-propanol (675 mg, 11.2 mmol) in toluene (4 mL) at 0 °C. The mixture was stirred with gradual
warming to room temperature for 12 h. Additional 2-propanol (5.84 g, 97.1 mmol) was added, and the
mixture was heated at 50 °C for 1 day. After cooling to room temperature, the solvent and excess
2-propanol were evaporated, and the residue was distilled with a Kugelrohr distillation apparatus
(91-111 °C/0.5 mmHg) to give 25 (188 mg, 58%) as a colorless oil.

25. TH NMR (600 MHz, CDCl3):  0.71-0.75 (m, 4H), 0.93-1.00 (m, 10H), 1.04-1.07 (m, 6H), 1.09 (d, 6H,
J = 6.0 Hz), 3.90 (sept, 1H, ] = 6.0 Hz), 7.31-7.34 (m, 3H), 7.51-7.53 (m, 2H). 13C NMR (151 MHz, CDCls):
54.4,7.3,8.2,84,26.1,66.0,127.8,128.4, 134.8, 138.0. 2°Si NMR (119 MHz, CDCl3): 5§ —17.5, 14.1. IR
(NaCl): 2960, 2880, 1460, 1430, 1380, 1120, 1020, 700 cm~ 1. MS (EI, 70 eV): m/z 308 (M*, 0.2), 265 (73),
237 (84), 221 (17), 209 (54), 193 (25), 181 (14), 165 (15), 145 (41), 135 (41), 107 (100), 105 (35), 103 (79),
75 (75). hRMS (FD): found 308.1997, calcd for C17H3,0Si, 308.1991.

3.24. Synthesis of 2-Methoxy-1,1,2,3,3-pentamethyl-1,3-diphenyltrisilane (27)

[RuCl,(benzene)], (13 mg, 0.026 mmol) was added to a solution of 26 (317 mg, 1.01 mmol) and
methanol (328 mg, 10.2 mmol) in toluene (4 mL) at 0 °C. The mixture was stirred with gradual
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warming to room temperature for 1 day and at 50 °C for 5 days. After cooling to room temperature,
the solvent was evaporated, and the residue was distilled with a Kugelrohr distillation apparatus
(128-149 °C/0.5 mmHg) to give 27 (100 mg, 29%) as a colorless oil.

27. TH NMR (600 MHz, CDCly): § 0.32 (s, 6H), 0.34 (s, 6H), 0.37 (s, 3H), 3.32 (s, 3H), 7.32-7.33 (m, 6H),
7.42-7 43 (m, 4H). 3C NMR (151 MHz, CDCl5): 5 —3.8, —2.90, —2.87, 53.2, 127.9, 128.7, 134.1, 139.1.
295i NMR (119 MHz, CDCl3): § —21.8, 12.6. IR (NaCl): 3070, 2950, 1430, 1250, 1070, 770, 730, 700 cm .
MS (EL 70 eV): m/z 344 (M*, 5), 329 (25), 251 (14), 209 (17), 197 (10), 193 (13), 179 (33), 178 (54), 163 (24),
135 (100), 122 (11), 117 (11), 107 (11), 105 (12), 59 (17). hRMS (FD): found 344.1460, calcd for C1gH,5OSis
344.1447.

4. Conclusions

We found that a-chloro-w-hydrooligosilanes, synthesized by the titanium-catalyzed monoreduction
of &,w-dichlorooligosilanes, are good precursors for the synthesis of unsymmetrically substituted
oligosilanes. Each functional group, the chlorosilane and hydrosilane moieties, is independently
substituted by the reactions with organolithium or Grignard reagents and the ruthenium-catalyzed
alkoxylations. In both steps, little or no cleavage of the Si-Si bond occurred. Further studies on these
synthetic reactions are now in progress.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/3/99/s1,
Figures S1-5113: spectral data of all new compounds.
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Abstract: Molecular silicon clusters with unsubstituted silicon vertices (siliconoids) have received
attention as unsaturated silicon clusters and potential intermediates in the gas-phase deposition
of elemental silicon. Investigation of behaviors of the siliconoids could contribute to the greater
understanding of the transformation of silicon clusters as found in the chemical vapor deposition
of elemental silicon. Herein we reported drastic transformation of a SigRg siliconoid to three novel
silicon clusters under mild thermal conditions. Molecular structures of the obtained new clusters
were determined by XRD analyses. Two clusters are siliconoids that have unsaturated silicon vertices
adopting unusual geometries, and another one is a bis(disilene) which has two silicon-silicon double
bonds interacted to each other through the central polyhedral silicon skeleton. The observed drastic
transformation of silicon frameworks suggests that unsaturated molecular silicon clusters have
a great potential to provide various molecular silicon clusters bearing unprecedented structures
and properties.

Keywords: cluster; isomerization; silicon; siliconoid; subvalent compounds

1. Introduction

Molecular silicon clusters have attracted much attention as their characteristic electronic properties
and reactivity depend on the structures [1-5]. In the chemical vapor deposition (CVD) process of
elemental silicon, unsaturated silicon clusters with unsubstituted silicon vertices are considered
as potential intermediates [6-8]. Recently, such kinds of unsaturated molecular silicon clusters
are synthesized as isolable molecules [9-22] and termed “siliconoids” by Scheschkewitz et al. [10].
The siliconoids show their characteristic distorted structures and large distribution of 298j nuclear
magnetic resonances. As the unsubstituted vertices are considered to be preferred reaction sites for
transformation of silicon clusters [23-25], investigation of thermal transformation of the siliconoids
would provide fundamental reactions that may contribute to improving our understanding of the
mechanism of the CVD process elemental silicon [26-30]. However, thermal transformation of
siliconoids is still scarce. Scheschkewitz et al. have reported thermal rearrangement, expansion,
and contraction of SigTipe (Tip = 2,4,6-triisopropylphenyl) siliconoids [10,13,15-17,22].

Recently, we reported that thermal reaction of Si5Rg siliconoid 1 at 40 °C afforded SigRg siliconoids
4 and 6, the latter of which undergoes thermal isomerization to 4 upon extra heating (Scheme 1). In this
transformation, elimination of a silylene unit (SiRj, 2) from 1 generates disilene 3 and silylene 5, which
equilibrate with each other and dimerize to give 4 and 6, respectively [22]. As 4 has still highly
strained structures similar to 1, we examined further thermal reactions of 4. Herein, we report
thermal transformation of 4 giving new silicon clusters that involve highly distorted silicon atoms,
silicon-silicon double bonds, or unsubstituted silicon vertices. The observed drastic transformation
suggests that unsaturated molecular silicon clusters have a great potential to provide various molecular
silicon clusters bearing unprecedented structures and properties.

Inorganics 2018, 6, 107; doi:10.3390/inorganics6040107 184 www.mdpi.com/journal/inorganics



Inorganics 2018, 6, 107

t-Bu tBu t-B tBu tBu
\ RR
40°C Sy S' s
/ \/ \ sil 1s3Si—tBu| — '~s|
Si—gj—Si i > Sl\S,
R R R R RR ~ SI* I\R
R R ) 3 tBu  tBu
1 Si:
. 4 (dimer of 3)
R = SiMe3 R R
2
R R MBU R R FBU tBu R R
Si S' /Si\
si{ | >sit b m— sil | >si=si{]| si
Si S‘l S‘i
\
R R By RR tBu tBu R R
5 6 (dimer of 5)

Scheme 1. Thermal transformation of 1. R = SiMej.

2. Results

2.1. Thermal Reactions of 4

Upon heating 4 at 75 °C in benzene-ds, new silicon clusters with unprecedented silicon
frameworks 7, 8, and 9 were formed together with silylene 2 and its thermal isomerization product,
silene 10 (Scheme 2). Compounds 7 and 8 are isomers of 4 and 6 bearing the formula of SigRg, while 9
is a contracted SiyRg¢ cluster. Formation of 9 is consistent with concomitant formations of SiR, units (2
and 10). The time course of the product yields monitored by "H NMR spectrum (see Figure S16 in the
Supplementary Materials) indicated that 7 was initially formed and then 8 and 9 were generated in
this reaction: after heating for 3 h, 7, 8, and 9 were observed in 26%, 3%, and 28% yields, respectively,
while 19 h later, 7 disappeared and 8 and 9 were observed in 6% and 59% yields, respectively. Silicon
clusters 7, 8, and 9 are moisture and air sensitive and isolated by careful recrystallization of the reaction
mixture. Details of the structures of 7-9 will be discussed in the subsequent sections.

R —Bu tBu -Bu IBu R
Siz Sl\sl
75°C \ N\
L , /\ /SI\SI i;s.fs.\ s|>y; \ Su S 2+ E;&R
s—sl\ Si— tBu \ B
n R R
R tBu E
tBu 10

Scheme 2. Thermal transformation of 4. R = SiMej3.

Interestingly, thermal reaction of pure 7 at 60 °C in benzene-dg provided not only 8 and 9 but also
4. This result indicates that isomerization between 4 and 7 is reversible at 60 °C in solution, though
we are not able to distinguish whether 8 and 9 were formed from 4 directly or via 7. While 8 remains
intact after heating even at 80 °C for 10 h in benzene-ds, 9 was decomposed together with formation of
10 under the same conditions as monitored by "H NMR spectroscopy.

2.2. Molecular Structure of 7

XRD analysis exhibits that 7 has unsubstituted vertices at the Si3 and Si4 atoms that
were shared by the bicyclo[1.1.0]tetrasilane moiety [Sil, Si2, Si3, and Si4] similar to 4 and the
tricyclo[Z.Z.O.02'5]hexasilane moiety [Si3, Si4, 5i5, Si6, Si7, and Si8] (Figure 1). The Si3 and Si4 atoms
adopt a highly distorted umbrella geometry which is very far from the typical tetrahedral configuration:
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the bond angles vary from 57.47(2)° [Si2-Si3-5i4] to 149.57(3)° [Si1-5i3-S5i6] around the Si3 atom and
from 56.02(2)° [Si2-Si4-Si3] to 140.10(3)° [Si2-Si4-Si5] around the Si4 atom. The distance between Si3
and Si4 [2.5477(8) Al is longer than typical Si-Si single bond length [ca. 2.36 A] [31] and those of the
other Si-Si bonds in the silicon skeleton of 7 [2.3037(8)-2.4618(7) A] but close to the distance between
bridgehead unsubstituted silicon atoms in hexamesitylpentasila[1.1.1]propellane 11 [2.636(1) A]118]
and siliconoids such as 12 [2.7076(8) A] [13,14] (Figure 2).

Si1 % o

Figure 1. ORTEP drawing of 7 (atomic displacement parameters set at 50% probability; hydrogen atoms
and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected distances
[A] and angles [°]: Sil-Si2 2.3684(7), Sil1-Si3 2.3798(8), Si2-Si3 2.3037(8), Si2-Si4 2.3422(8), Si3-Si4
2.5466(8), Si4-5i5 2.4005(8), Si4-S5i7 2.4240(7), Si5-Si6 2.3563(8), Si5-Si8 2.4441(7), Si6-Si7 2.3440(8),
Si7-5i8 2.4618(7), Si1-Si2-5i3-5i4 122.48(3).

R
Tip R e, Mo o
Si—siMes Si—si 2
N 2 N N Si Si Si R

MeSQS|\:K ) T|p28|\:/\ ‘/SITIPQ R %Si/ I\Si/ I%Si

si—SiMes; Si/%'p R | Me,

Mes R
1 12 R
13

Figure 2. Related silicon clusters and a disilene. Mes = 2,4,6-trimethylphenyl, Tip = 2,4,6-
triisopropylphenyl, R = SiMe3.

The "H NMR spectrum of 7 indicates a facile flipping of the bicyclo[1.1.0]tetrasilane moiety (Sil,
Si2, Si3, and Si4) in solution on the NMR time scale: two t-Bu groups on Si5 and Si7 atoms were
equally observed and four singlet signals for SiMe3 groups on the terminal five-membered rings were
observed with the same integral ratio. In the 2Si NMR spectrum of 7, a large distribution of chemical
shifts [6Si = —191.9 (Si4), —66.3 (Si6), —20.0 (Si3), —12.0 (Si5, Si7), 7.5 (Si2), 42.2 (Sil), 64.7 (Si8) ppm]
were observed similar to those observed for the reported siliconoids [13,14,18].

The UV-Vis spectrum of 7 in hexane exhibits several absorption bands tailed to ca. 600 nm with
several shoulders as found in those of other molecular silicon clusters. The longest wavelength’s
absorption maximum was observed at 492 nm (e 1400) (Figure 3). Judging from the results of
the TD-DFT calculation of 7 at the B3LYP/6-311G(d)/ /B3PW91-D3/6-31G(d) level of theory (7opt),
the band at 492 nm can be assigned to the transition from HOMO to LUMO. As shown in Figure 3b,
HOMO and LUMO are mainly the o and o* orbitals of the Si3-Si4 bond with the highly distorted
geometry which is the longest Si-Si distance in the silicon framework as mentioned above.
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Figure 3. (a) UV-Vis spectrum of 7 in hexane at room temperature. (b) Frontier Kohn-Sham orbitals of
7 at the B3LYP-D3/6-311G(d)//B3PW91-D3/6-31G(d) level of theory (isosurface value = 0.05e™/ A3).

2.3. Molecular Structure of 8

Although purification of 8 was very difficult because of its very low yield, a few single crystals
of 8 were luckily obtained after recrystallization from hexane. Accordingly, 8 was characterized by
only XRD analysis and 'H NMR spectroscopy. XRD analysis exhibits that it has two silicon-silicon
double bonds at both sides of a tricyclo[2.2.0.02’5]hexasilane framework (Figure 4). The double-bond
silicon atoms Sil, Si2, Si5, and Si6 lie on the crystallographic C2 axis. The Si1-Si2 [2.1570(12)
A] and Si5-Si6 [2.1641(12) A] distances are within the range of the known silicon—silicon double
bonds (2.118-2.289 A) [32,33] and these Si=Si double-bond planes are almost perpendicular to each
other with the dihedral angle between the least-square plane of the terminal silacyclopentane
rings of 87.3°. The Si-Si single bond distances in the central tricyclo[2.2.0.0>°|hexasilane skeleton
[2.3496(8)-2.3641(9) A] are similar to that of typical Si-Si single bonds (ca. 2.36 A)[31] and reported
tricyclo[2.2.0.02%Thexasilanes [2.33-2.47 A] [13,34-36].

4
\

Q

)
v
@

Figure 4. ORTEP drawing of 8 (atomic displacement parameters set at 50% probability; hydrogen atoms
and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected distances
[A] and angles [°]: Si1-Si2 2.1570(12), Si2-Si3 2.3570(9), Si3-Si4 2.3496(8), Si4-Si5 2.3641(9), Si5-Si6
2.1641(12), Si1-Si2-Si3 142.020(19), Si3-Si2-Si3* 75.96(4), Si2-Si3-Si4 90.74(3), Si3-Sid-Si5 91.17(3),
Si4-5i5-5i6 142.41(2), Si1-Si2-5i3-5i4 142.134(19), Si2-5i3-5i4-Si5 128.51(2).

In the UV-Vis spectrum of 8 in hexane, a distinct absorption band (Amax 451 nm) with a shoulder
band (500 to 600 nm) was observed in the visible region (Figure 5a). This band is considerably
redshifted compared to that observed for a structurally related bis(disilene) in which two Si=Si double
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bonds were connected by a Si—Si bond (13, Amax =403 nm, Figure 2). DFT calculation suggested that the
band in the visible region would be overlapped by a few bands due to 7(Si=Si) to 7*(Si=Si) transitions.
For compound 8 optimized at the BBPW91-D3/6-31G(d) level of theory (8pt), HOMO (—4.47 V) and
HOMO-1 (—4.50 eV) are n(Si=Si) orbitals, while LUMO (—1.47 eV) and LUMO+1 (—1.17 eV) are
m*(Si=5i) orbitals (Figure 5b). While HOMO and HOMO—1 are almost degenerated, the difference in
energy between LUMO and LUMO+1 was relatively large (0.30 eV). This large energy difference would
result from considerable interaction between two 7*(Si=Si) orbitals through the central silicon cage.
TD-DFT calculation of 8,pt at the B3LYP/6-311G(d) [hexane]//B3PW91-D3/6-31G(d) level of theory
predicts that the major peak observed at 451 nm involves a combination of HOMO—1 to LUMO+1 and
HOMO to LUMO+1 transitions, while the shoulder band involves HOMO to LUMO and HOMO-1 to
LUMO transitions. The spectral feature of 8 is consistent with the substantial interactions between two
Si=Si double bonds through the central silicon cages.
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Figure 5. (a) UV-Vis spectrum of 8 in hexane at room temperature. (b) Frontier Kohn-Sham orbitals of
8 at the B3LYP-D3/6-311G(d)/ /B3PW91-D3/6-31G(d) level of theory (isosurface value = 0.05e™/ A3y

2.4. Molecular Structure of 9

The XRD analysis indicates that 9 is also a silicon cluster classified as a siliconoid having
unsubstituted vertices at Si2 and Si3 atoms with a hexasila[2.1.1]propellane skeleton in which two
wings (Si4 and Si5-5i6) are bridged by Si7 atom (Figure 6). To the best of our knowledge, this is the
first example of a silicon cluster having [2.1.1]propellane skeleton, although persilapropellane family
including hexamesitylpentasila[1.1.1]propellane 11 (Figure 2) [18] and its bridged siliconoids [13,14]
have been synthesized as isolable molecules. Cluster 9 can also be seen as a hexasilaprismane (Si2-5i7)
in which two skeletal silicon atoms (Si2 and Si3) are bridged by one silicon atom (Sil). The Si2 and Si3
atoms adopt an umbrella-type inverted tetrahedral geometry as observed for bridgehead silicon atoms
of pentasila[l.1.1]properanes [13,14,18]. The Si2-Si3 distance [2.6829(8) A)] is comparable with the
distances between silicon atom with an umbrella geometry in hexamesitylpentasila[1.1.1]propellane 11
[2.636(1) A][18] and siliconoids such as 12 [2.7076(8) A] (Figure 2) [13,14].

The 2°Si NMR spectrum of 9 showed five signals due to skeletal silicon nuclei at —159.5 (5i2, 5i3),
—60.3 (Si7), 2.3 (Si5, Si6), 26.5 (Si1), 123.3 (Si4) ppm, which were assigned on the basis of a 'H-2’Si
HMBC spectrum. The highfield-shifted >’Si NMR resonance due to the unsubstituted vertices of 9
(8Si = —159.5) is similar to those of pentasila[1.1.1]propellane 11 [5Si = —273.2 [18]] and its bridged
siliconoid 12 [6Si = —274.2 [13]], while the considerably downfieldshift of Si4 nuclei in 9 resembles
that of 12 [5Si = 174.6] [13]. The geometry around the hexasilaprismane framework in 9 except for the
Si2 and Si3 atoms resembles to those of the reported hexasilaprismanes [10,36,37].
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Figure 6. ORTEP drawing of 9 (atomic displacement parameters set at 50% probability; hydrogen
atoms and thermal ellipsoids of selected carbon and silicon atoms omitted for clarity). Selected
distances [A] and angles [°]: Si1-Si2 2.3813(8), Si2-Si3 2.6829(8), Si2-Si4 2.3645(8), Si2—Si5 2.3738(8),
Si3-Si4 2.3566(8), Si3-Si6 2.3804(8), Si4-Si7 2.3051(8), Si5-Si6 2.3292(8), Si5-Si7 2.3435(9), Si6-Si7
2.3511(8), Si2-Sil-Si3 68.86(3), Sil-Si2-Si3 55.26(2), Sil-Si2-Si4 102.08(3), Sil-Si2-Si5 117.64(3),
Si4-Si2-Si5 88.85(3), Sil-Si3-Si2 55.88(2), Sil-Si3-Si4 102.85(3), Sil-Si3-Si6 115.41(3), Si4-Si3-Si6
88.32(3), Si1-Si2-Si3-Sid 142.33(4).

In the UV-Vis spectrum in hexane, 9 exhibits a distinct absorption band at 511 nm (e 2700)
(Figure 7), which is similar to the absorption bands observed for siliconoids 11 and 12 (Figure 2)
but in contrast to those for hexasilaprismanes showing normally only weak absorption tailing to
500 nm [10,36,37]. TD-DFT calculation of 9 predicted that this band should be assigned to HOMO —
LUMO and HOMO—1 — LUMO transitions. HOMO—1 and LUMO involve mainly ¢ and ¢* orbitals
of the interbridgehead Si2-5i3 bond with the umbrella geometry, while HOMO is o orbitals of the
Si-Si bond in the silicon framework. The characteristic absorption band observed in 9 would result
from the presence of the unsubstituted silicon vertices with an inverted geometry.
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Figure 7. (a) UV-Vis spectrum of 9 in hexane at room temperature. (b) Frontier Kohn-Sham orbitals of
9 at the B3LYP-D3/6-311G(d)/ /B3PW91-D3/6-31G(d) level of theory (isosurface value = 0.05 e~/ A3y
2.5. Theoretical Study

Although the detailed mechanism for transformation from 4 to 7-9 remains unclear at this moment,
it should be worthy to discuss the relative stability of SigRg isomers 4, 6, 7, 8. In Table 1, relative energies
of the clusters calculated at the BSPW91-D3/6-31G(d) level are shown and all optimized structures (4opt,
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6opt, Zopt, 8opt, and 9opt) wWere in agreement with the experimentally observed structures. Formations
of 6opt and 7opt from 4opt are predicted to be very slightly endoergonic, while generation of 8pt
and 9opt+2o0pt and from 44pt are exoergonic at 348.14 K, which is consistent with the experimental
results. In contrast to the predicted high thermal stability of 8,p¢, the yield of 8 was considerably low.
As silylene 2 decomposes quickly to 10 at 348 K [38], formation of 9 is expected to be irreversible under
the thermal conditions. The irreversible formation of 9 and the higher activation barrier for formation
of 8 compared to those for other reactions may be responsible for the low yield of 8. Although the
reason for the higher stability of 8opt compared to other isomers remains unclear, the absence of the
highly strained structure such as bicyclo[1.1.0]tetrasilane moiety and the umbrella geometry as found
in 4opt, 6opt, and 7opt may be mainly responsible for the relative stability of 8opt.

Table 1. Relative free energies for SigRg isomers calculated at the B3SPW91-D3/6-31G(d) level of theory.

Compound AG(298.15 K) [k]/mol] AG(348.15 K) [k]J/mol]

dopt 0.0 0.0
6opt +16.2 +14.6
Topt +14.2 +14.6
8opt ~71.8 —77.5

901,( + Zopt +14.9 —-0.1

It is also noteworthy to compare with other possible SigRg isomers. Theoretical study of SigHg
species demonstrated that a silicon cluster bearing a bicyclo[1.1.0]butane moiety with C; symmetry
(14" in Figure 8) has been located theoretically as the most stable isomer which is 30.9 k] /mol lower in
energy than the second stable octasilacubane 15! at the B3LYP/6-31G(d) level of theory [39]. While
isolable SigRg species such as octasilacubane 15 [40—-45] and octasilacuneane 16 [19] have been reported,
the SigRg clusters in our study such as 4, 6, 7, and 8 do not provide such stable isomers. Two silicon
vertices of the SigRg clusters in this study have two alkyl groups, while two silicon vertices are
unsubstituted, which would lead to a unique transformation reaction without involving the stable
isomers such as octacubane.

RSI—Si R R
/g{i‘g{i\ - RS/jS'RTIR RN
RoSiT \ / PR ||':<Si—|'—/SiR RS.//,S?'\Ei\SféS'R
7 I\\ . / ! I/ !
RSIZ_gi=SiR RSI—SiR s
15 (R = aryl)

Figure 8. Examples of related SigRg isomers.

3. Materials and Methods

3.1. General Procedures

All reactions treating air-sensitive compounds were carried out under nitrogen atmosphere using
a high-vacuum line and standard Schlenk techniques, or a glove box, as well as dry and oxygen-free
solvents. NMR spectra were recorded on a Bruker Avance 500 FT NMR spectrometer (Bruker Japan,
Yokohama, Japan). The 'H and '*C NMR chemical shifts were referenced to residual "H and '3C signals
of the solvents, benzene-dg (*H & 7.16; 13C § 128.0). The 2Si NMR chemical shifts were relative to Me4Si
in ppm (8 0.00). Sampling of air-sensitive compounds was carried out using a VAC NEXUS 100027
type glove box (Vacuum Atmospheres Co., Hawthorne, CA, USA). Reactions at low temperatures were
performed by using an EYELA PSL-1400 cryobath (Tokyo Rikakikai Co, Ltd, Tokyo, Japan). UV-Vis
spectra were recorded on a JASCO V-660 spectrometer (JASCO, Tokyo, Japan).
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3.2. Materials

Benzene, benzene-dg, diethyl ether, hexane, tetrahydrofuran (THF), and toluene were dried over
LiAlHy, and then distilled prior to use by using the vacuum line. Compound 4 was prepared according
to the procedure reported in the literature [22].

3.3. Thermolysis of 4

Ina]. Young NMR tube, 4 (5.0 mg, 0.0044 mmol) was dissolved in benzene-d, (0.5 mL). The mixture
was heated for 22 h at 75 °C, monitored by "H NMR spectroscopy (Figure S16). After heating the
mixture for 3 h, compounds 7 (26%), 8 (3%), and 9 (28%) were formed (Figure S1). After heating for a
total of 22 h, only 8 (6%) and 9 (59%) were observed (Figure S2). The yields of 7-9 were determined by
TH NMR spectroscopy using ferrocene as an internal standard.

3.4. Isolation of 7

In a Schlenk tube (30 mL) equipped with a magnetic stir bar, compound 4 (150 mg, 0.131 mmol)
and benzene (15 mL) were placed. The reaction mixture was heated at 75 °C for 3 h. Benzene was
removed in vacuo. Recrystallization from hexane at —35 °C gave 4. Recrystallization of the mother
liquor from toluene at —35 °C gave cluster 7 as reddish orange crystals (11.4 mg, 0.0100 mmol) in
8.0% yield.

7: reddish orange crystals; mp. 138 °C (decomp.); TH NMR (C¢Dg, 500 MHz, 298 K) 6 0.40 (s, 18H,
SiMes), 0.45 (s, 18H, SiMe3), 0.46 (s, 18H, SiMe3), 0.52 (s, 18H, SiMe3), 1.52 (s, 18H, t-Bu), 1.53 (s, 9H,
t-Bu), 1.57 (s, 9H, t-Bu), 1.94-2.00 (m, 4H, CHy), 2.03 (s, 4H, CH,); 13C NMR (C¢Ds, 125 MHz, 298 K) 6
4.8 (SiMe3), 5.8 (SiMe3), 6.2 (SiMe3), 6.6 (SiMe3), 17.5 (C), 19.5 (C), 20.6 (C), 26.8 (C), 32.0 (C(CH3)3),
32.3 (C), 33.4 (C(CH3)3), 34.2 (C), 35.1 (CHa), 35.6 (CHy), 35.9 (C(CH3)3), 36.3 (CHy); 2°Si NMR (C¢Ds,
99 MHz, 298 K) 6 —191.9 (Si4), —66.3 (Si8), —20.0 (Si2), —12.0 (5i5,Si7), 2.60 (SiMe3), 3.01 (SiMe3), 3.66
(2 x SiMes), 7.53 (Si3), 42.2 (Sil), 64.7 (Si6); UV /vis (in hexane): Amax/nm (¢) 492 (1400), 405 (sh, 3100),
351 (sh, 6500); HRMS (APCI) m/z (IM]* was not observed but [M + H + O;]* was found probably
because 7 is so reactive that it was partially oxidized and/or hydrolyzed before injecting the sample
into the instrument) caled for C4gH1170,Si16: 1173.5356; found: 1173.5353; anal. calcd for C4gH11¢Si16:
C, 50.45; H, 10.23; found: C, 50.83; H, 9.90.

3.5. Isolation of 8 and 9

In a Schlenk tube (30 mL) equipped with a magnetic stir bar, compound 4 (104.0 mg, 0.0910 mmol)
and benzene (15 mL) were placed. The reaction mixture was heated at 75 °C for 20 h. The volatiles
were removed in vacuo. Recrystallization from hexane at —35 °C gave 8 as an orange powder (2.6 mg,
0.0023 mmol) in 3% yield. Recrystallization of the mother liquor from diethyl ether at —35 °C gave 9
as red crystals (20.4 mg, 0.026 mmol) in 29% yield.

8: orange crystals; TH NMR (C¢Dg, 500 MHz, 299 K) 6 0.39 (s, 72H, SiMe3), 1.71 (s, 36H, t-Bu), 1.98
(s, 8H, CHy); UV /vis (in hexane): Amax/nm (g) 540 (sh, 1100), 451 (12000).

9: red crystals; mp. 164 °C (decomp); TH NMR (C¢Dg, 500 MHz, 299 K) § 0.31 (s, 18H, SiMe3),
0.54 (s, 18H, SiMej3) 1.30 (s, 18H, t-Bu), 1.35 (s, 9H, +-Bu), 1.39 (s, 9H, +-Bu), 1.90-2.06 (m, 8H, CHy); 13C
NMR (C4Ds, 125 MHz, 300 K) 6 5.1 (SiMe3), 5.6 (SiMe3), 15.5 (C), 17.7 (C), 24.9 (C), 25.8 (C), 30.4 (C),
31.3 (C(CHjs)3), 31.5 (C(CHa)3), 32.0 (C(CH3)3), 35.5 (CHy), 36.9 (CHa); 2°Si NMR (C¢Dg, 99 MHz,
299 K) & —159.5 (Si2, Si3), —60.3 (Si7), 2.3 (Si5, Si6), 3.6 (SiMe3), 5.3 (SiMe3), 26.5 (Sil), 123.3 (Sid);
UV /vis (in hexane): Amax/nm (¢) 511 (2700), 260 (28000); HRMS (APCI) m/z (IM]* was missing but
[M + Hjz + O4]" was found probably because 9 is highly reactive and it was partially oxidized and/or
hydrolyzed before injecting the sample into the instrument) caled for C3pH79O4Si11: 835.3435; found:
835.3437; anal. caled for C3,HySiqq: C, 49.92; H, 9.95; found: C, 49.90; H, 9.81.
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3.6. X-ray Analysis

Recrystallization from toluene (7), hexane (8), and diethyl ether (9) at —35 °C gave single crystals
suitable for data collection. The single crystals coated by Apiezon® grease were mounted on the
glass fiber and transferred to the cold gas stream of the diffractometer. X-ray data were collected on a
BrukerAXS APEXII diffractometer (Bruker Japan, Yokohama, Japan) with graphite monochromated Mo
Ko radiation (A =0.71073 A). The data were corrected for Lorentz and polarization effects. An empirical
absorption correction based on the multiple measurement of equivalent reflections was applied using
the program SADABS [46]. The structures were solved by direct methods and refined by full-matrix
least squares against F2 using all data (SHELXL-2014/7) [47]. CCDC-1863288-1863290 contain the
supplementary crystallographic data for this paper. These data can be obtained free of charge via
http:/ /www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK; Fax: +44 1223 336033; E-mail: deposit@ccdc.cam.ac.uk).

7: CCDC-1863288; [code si302a]; 100 K; CagH1165i16-(CyHg)a 5; Fw 1373.17; triclinic; space group
P—1(#2),a=11.5327(18) A, b=17.883(3) A, c = 21.560(3) A, « = 69.416(2)°, p = 85.458(2)°, y = 76.379(2)°,
V = 4045.5(11) A3, Z = 2, Deqieq = 1.127 mg/m3, R1 = 0.0357 (I > 20(I)), wR2 = 0.0941 (all data),
GOF = 1.062.

8: CCDC-1863289: [code si303a]: 100 K; Cy4gH116Si16; Fw 1142.84; monoclinic; space group C2/c¢
(#15), a = 21.538(2) A, b =17.9167(19) A, c = 20.792(3) A, p = 118.8750(10)°, V = 7026.1(15) A3, Z = 4,
Deated = 1.080 mg/m3, R1 = 0.0363 (I > 20(I)), wR2 = 0.0910 (all data), GOF = 1.077.

9: CCDC-1863290: [code si301a]; 100 K; C3yHySi1; Fw 769.92; orthorhombic; space group Pbca
(#61),a =11.3287(13) A, b= 17.976(2) A, c = 46.325(5) A, V = 9433.6(19) A3, Z = 8, D4cq = 1.084 mg/m?,
R1=0.0377 (I > 20(I)), wR2 = 0.0839 (all data), GOF = 1.111.

3.7. Theoretical Study

All theoretical calculations were performed using a Gaussian 09 [48] and GRRM14
programs [49,50]. Geometry optimization of 2, 4, 6, 7, 8, and 9 (2opt, 4opt, 6opt, Zopt, 8opt, and Yopt)
were carried out at the B3PW91-D3/6-31G(d) level of theory. The atomic coordinates of all optimized
structures were summarized in a .xyz file (optimized structures.xyz).

4. Conclusions

SigRg cluster 4 transforms into novel silicon clusters 7, 8, and 9, bearing unprecedented silicon
frameworks accompanied by elimination of the R;Si (silylene) unit under a mild thermal condition.
Reversible isomerization between 4 and 7 was observed. XRD analyses exhibit that both 7 and 9
have two unsubstituted skeletal silicon atoms classified as siliconoids, while 8 has two Si=Si double
bonds. A large dispersion of 2°Si chemical shifts was observed for 7 and 9 as found in the reported
siliconoids. The observed transformation of molecular silicon clusters involving substantially different
molecular structures and electronic properties suggests that unsaturated molecular silicon clusters
have a great potential to provide various molecular silicon clusters bearing unprecedented structures
and properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/6/4/107/s1,
Figures S1-S15: NMR spectra of 7-9, Figure S16: Time course of the product yields during thermolysis of 7,
Figures S17-519: UV-Vis spectra of 7-9, Tables S1-S5: Transition Energy, Wavelength, and Oscillator Strengths
of the Electronic Transition of 4ept, 60pt-9opt, @ XyZ file (“optimized structures.xyz”): the atomic coordinates and
energies of 4opt, 6opt-9opt. Cif and checkCif files.
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Abstract: Proceeding our initial studies of compounds with formally dative TM—Si bonds (TM = Ni,
Pd, Pt), which feature a paddlewheel arrangement of four (N,S) or (N,N) bridging ligands around
the TM-Si axis, the current study shows that the (N,0)-bidentate ligand 2-pyridyloxy (pyO) is
also capable of bridging systems with TM—5i bonds (shown for TM = Pd, Cu). Reactions of
MeSi(pyO); with [PACl,(NCMe);] and CuCl afforded the compounds MeSi(u-pyO),PdCl (1) and
MeSi(u-pyO)3CuCl (2), respectively. In the latter case, some crystals of the Cu(Il) compound
MeSi(u-py0)4CuCl (3) were obtained as a byproduct. Analogous reactions of Si(pyO)s, in the presence
of HpyO, with [PdCl;(NCMe),] and CuCly, afforded the compounds [(HpyO)Si(u-pyO)4PACI|Cl
(4), (HpyO)1Si[(n-pyO)2PdClL ], (5), and (HpyO),Si[(p-pyO)2CuCly ], (6), respectively. Compounds
1-6 and the starting silanes MeSi(pyO); and Si(pyO)s were characterized by single-crystal X-ray
diffraction analyses and, with exception of the paramagnetic compounds 3 and 6, with NMR
spectroscopy. Compound 2 features a pentacoordinate Si atom, the Si atoms of the other complexes
are hexacoordinate. Whereas compounds 1-4 feature a TM—Si bond each, the Si atoms of compounds
5 and 6 are situated in an Og coordination sphere, while the TMCl, groups are coordinated to pyridine
moieties in the periphery of the molecule. The TM-Si interatomic distances in compounds 1-4 are
close to the sum of the covalent radii (1 and 4) or at least significantly shorter than the sum of the
van-der-Waals radii (2 and 3). The latter indicates a noticeably weaker interaction for TM = Cu.
For the series 1, 2, and 3, all of which feature the Me-Si motif trans-disposed to the TM—Si bond,
the dependence of the TM—Si interaction on the nature of TM (Pd(II), Cu(I), and Cu(Il)) was analyzed
using quantum chemical calculations, that is, the natural localized molecular orbitals (NLMO)
analyses, the non-covalent interaction (NCI) descriptor, Wiberg bond order (WBO), and topological
characteristics of the bond critical points using the atoms in molecules (AIM) approach.

Keywords: AIM; DFT; intermetallic bond; 2°Si NMR spectroscopy; X-ray diffraction

1. Introduction

The coordination number of tetravalent silicon can easily be enhanced (up to five or six) with the
aid of monodentate or chelating ligands [1-4]. In some of our studies, we have also shown that late
transition metals (Ni(II), Pd(II), and Pt(I)) may serve the role of a lone pair donor at hexacoordinate
silicon, for example, in I and II (Chart 1) [5-8]. That kind of complexes with silicon as a lone pair
acceptor in the coordination sphere of a transition metal (TM) thus complements TM silicon complexes
with, e.g., silylene ligands, in which the Si atom is the formal lone pair donor, such as IIL, IV, and
V [9-13], and the silyl complexes, in which the TM-5i bond is one out of four bonds to a tetravalent
Si atom (e.g., VI, VII, VIII, and IX) [14-18]. In complex IX and some other compounds with group
9 metals [19-22], the 2-pyridyloxy (pyO) ligand was successfully utilized for stabilizing the TM-Si
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bond by forming two bridges over the heterodinuclear core. Some other compounds have been
reported, in which one pyO ligand bridges the TM-5i bond (e.g., X, and some others) [23-25]. In all of
these Si(u-pyO)TM compounds, the ambidentate pyO ligand is bound to silicon via the Si-O bond,
while the softer Lewis base (pyridine N atom) is TM bound. This structural motif should enable access
to a new class of paddlewheel-shaped complexes with formally dative TM—Si bonds, in which the Si
atom may carry a sterically more demanding group or alkyl group, because of the rather poor steric
demand of the surrounding donor atoms (i.e., O atoms), whereas in the previously reported TM—5i
paddlewheel complexes (such as I and II), the donor atom situation at silicon merely allowed for the
presence of a small electronegative H-acceptor moiety (i.e., a halide).

|
(|: /= (|:I CysP  tBu RaN
SN N si—N Y Cl ' N
~ ~ /
] / | — /RU—SI\ j
H N
Pd S Pd—N . /
| 4 | \/ 4 CysP  tBU
cl ol RN
I 1 11}
N/P;\NPT N/:\N R, SiSiMes)s @
— a7 ~— 5 s 7
| | | |
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S// | \\S Si(SiMes)s APLLpA T
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\—/ pp
\"| Vil VI IX X

Chart 1. Selected metal-silicon complexes.

2. Results and Discussion

2.1. Syntheses and Characterization of Silanes MeSi(pyO)3 and Si(pyO)4

For the starting materials, we synthesized MeSi(pyO);3 via triethylamine supported reaction of
MeSiCls and 2-hydroxypyridine, and Si(pyO)s, via transsilylation, with the preceding synthesis of
Me3Si(pyO), which is known in the literature [26] (Scheme 1). Both of the silanes formed crystals
suitable for single-crystal X-ray diffraction analysis (Figure 1 and Table 1). In both of the compounds,
the Si atom is essentially tetracoordinate and the coordination sphere may be described as (4 + 3) in
MeSi(pyO); and (4 + 4) in Si(pyO)s, because of the pyridine N atoms, which are capping the faces
of the tetrahedral coordination spheres from distances close to the sum of the van-der-Waals radii
(ranging between 2.91 and 3.03 10\). This tetracoordination of Si in Si(pyO), is in contrast to the Si
hexacoordination in the thio analog Si(pyS)4 [27] (and other pyS-bearing Si compounds [28]), in which
two of the 2-mercaptopyridyl ligands form four-membered chelates, and in complexes of the N-oxide
of the pyO system, which forms five-membered chelates [29,30].
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3 HpyO
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Scheme 1. Syntheses of starting materials MeSi(pyO)s and Si(pyO)s.
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Figure 1. Molecular structures of MeSi(pyO); and Si(pyO), in the crystal; thermal displacement
ellipsoids are drawn at the 50% probability level; H atoms are omitted for clarity and selected
atoms are labeled. Because of the special crystallographic position of the Si atom of Si(pyO)y in
the solid (S4 symmetry), the asymmetric unit consists of 1/4 of the molecule. The asterisked labels
indicate the symmetry equivalents. Selected interatomic distances (A) and angles (deg) are as follows,
for MeSi(pyO)s3: Si1-O1 1.645(1), Si1-02 1.638(1), Si1-O3 1.652(1), Si1-C16 1.837(2), Sil---N1 2.998(1),
Sil---N2 3.028(1), Sil---N3 2.920(1), O1-Si1-O2 114.68(5), O2-Si1-O3 112.74(5), O1-5i1-03 97.77(5),
01-5i1-C16 111.96(7), O2-Si1-C16 106.46(6), O3-5i1-C16 113.72(6); for Si(pyO),: Sil-O1 1.630(1),
Sil---N12.913(2); O1-5i1-01* = O1*-5i1-O1** = O1**-5i1-O1*** = O1-Si1-O1** 113.64(5), O1-5i1-O01**
= 01*-5i1-01*** 101.42(9).

&

The 2°Si NMR shifts (MeSi(pyO)s in CDCl3: —46.5; Si(pyO)4 in solid state: —87.9, in CDCl3: —97.2)
are in support of tetracoordination, as they are similar to (and even more downfield shifted than) the
29Si NMR shifts of the related phenoxysilanes MeSi(OPh)s (—54.0) [31] and Si(OPh)s (—101.1) [32],
respectively. Some effect of the three- or four-fold capped coordination spheres is evident from
the bond angles of the Si atoms, which exhibit notable deviations from the ideal tetrahedral angle
(in MeSi(pyO)3z, O1-5i1-03 97.39(5)° and 02-5i1-03 114.68(5)°; in Si(pyO)s, two sets of O-5i-O angles
of 101.42(9)° and 113.64(5)°). In general, the Si tetracoordination in these silanes, in combination
with the vacant pyridine N atoms, should be favorable for complex formation with additional metal
atoms. The same feature, tetracoordinate Si atom and vacant additional donor atoms, has also been
encountered with methimazolylsilanes [5,33] and 7-azaindolylsilanes [8], which turned out to be
suitable starting materials for compounds such as I and II.

2.2. Choice of Metals: Pd(II) and Cu(I)

In reactions with 7-azaindolylsilanes, Pd(Il) already proved to be a suitable candidate for forming
paddlewheel-complexes with TM—Si bonds and TM-bound pyridine moieties (e.g., in II). In addition
to d® systems, other electron rich TMs may also be capable of forming complexes with TM—Si bonds,
as shown by Bourissou et al. for the Au(I)—Si system (e.g., XI, Chart 2), in which the d'0 metal is the
electron pair donor [34-36]. Furthermore, for compounds XII (M = Cu, Ag, Au), Kameo et al. have
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shown that Cu(I) and Ag(I) are weaker donors [37]. In this context, we need to note that a previous
study by Bourissou et al. [38] revealed an interaction between the Si-Si o-bond electron pair of
a disilane (as donor) and Cu(I) (as acceptor) (XIII). Similar systems (with rather weak d'° metal-silicon
interaction) have been investigated for Ni(0), Pd(0), and Pt(0) by Grobe et al. (e.g., XIV) [39-41].
Whereas Au(I), Ni(0), Pd(0), and Pt(0) are more susceptible to phosphine ligands, Cu(l) represents
adlo system likely to bind to more than one or two N-donor ligands, and thus we included Cu(l) (as
CuCl) in our investigations.

F F ®
| | Me Me Me I/\/Ie Me
Ph—Si § Si——si g o>
At R~jpr M- R~pn C[P/c'u\Pjij Ni~R~Me
N2 NP /s i | | iPr | \Me /3
cl cl ; ;
iPr iPr co
XI Xl X1 XIvV

Chart 2. Selected metal-silicon complexes with donor-acceptor-interactions between the Si atom of
a tetravalent silane and a d'° metal atom.

2.3. Reactions of MeSi(pyO)z with [PdCl,(NCMe),] and CuCl

The reactions of MeSi(pyO)z and [PdCI,(NCMe);] (in 1:1 molar ratio) in chloroform proceeded
with the partial dissolution of [PdCl,(NCMe);] and the formation of a clear (slightly yellow, almost
colorless) solution, from which the crystals of the chloroform solvate of compound 1 formed within
one day (Scheme 2). The formal loss of Cl and the addition of a fourth pyO-bridge indicate ligand
scrambling in the course of this reaction. The addition of excess MeSi(pyO)s (as sacrificial pyO
source) eventually led to the complete dissolution of [PdCl,(NCMe);] and the formation of crystals
of compound 1 - 2 CHCI;3 in good yield. From such a crystal, the molecular structure of 1 was
determined using X-ray diffraction analysis (Figure 2 and Table 1). In principle, the molecule
has paddlewheel architecture with four pyO ligands attached to Si (via Si-O bonds) and Pd (via
Pd-N bonds) of a Me-Si-Pd—Cl axis. The idealized planes of the pyO ligands are slightly tilted
against the Si-Pd axis (Pd-Si—O-C torsion angles ranging between 34.6(3)° and 26.3(3)°), and the
axial angles (C21-Si1-Pd1 and Si1-Pd1-Cl1) exhibit some deviation from linearity (177.88(12)° and
177.36(3)°, respectively). The Si and Pd atoms are displaced from the O4 and Ny least-squares planes,
respectively (into opposite directions), by 0.252(1) and 0.165(1) A, respectively. The Pd-Si bond
(2.6268(2) A) is slightly longer than in the methimazolyl bridged paddlewheel complexes (where
the Pd-Si bond lengths in the range 2.53-2.60 A were observed) [7], and slightly shorter than in the
7-azaindolyl bridged paddlewheels [8]. The Si—C bond (1.853(4) A) is only marginally longer than in
the starting silane MeSi(pyO); (1.837(2) A), thus hinting at only a weak Pd—Si lone pair donor action.
At hexacoordinate silicon with trans-disposed stronger donor (e.g., another hydrocarbyl group [42,43],
2-pyridinethiolato N atom [28] or 8-oxyquinolinyl N atom [44,45]), one would expect a Si—C bond
lengthening beyond 1.90 A. The Pd-Cl bond (2.891(1) A), however, is unexpectedly long, thus hinting
at ionic dissociation. This is supported by four H---Cl contacts with the pyO-H® atoms. The 2°Si NMR
shift of compound 1 (—116.9 ppm in CDCl3) is notably more upfield with respect to MeSi(pyO)3 and
Si(pyO)y, thus indicating the hypercoordination of the Si atom. This 2°Si NMR shift, however, may be
representative of either penta- or hexacoordinate silicon, and therefore the role of the sixth donor
moiety (Pd—5i) requires further elucidation (vide infra).
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N -2 MeCN N0 — =\ N
Cl—Pd—Si—Me Cl—Cu--Si—Me Cl—CurSi—Me
1 2 3

CL 9 g
[PdCl,(NCMe),]
X ? A 4# MeSi(pyO)s ﬂ» X, A —_— N o A

Scheme 2. Reactions of MeSi(pyO)z with [PdCl;(NCMe);] and CuCl.

Table 1. Crystallographic data from data collection and refinement for MeSi(pyO)3, Si(pyO)s, 1 - 2

CHCl3, and 2.
Parameter MeSi(pyO)s Si(pyO)s 1-2CHCl3 2
Formula C15H15N3O3Si C20H16N4O4Si C23H21 C17N4O4PdSi C](,H]5C1CUN303Si
M, 325.40 404.46 800.08 424.39
T(K) 200(2) 200(2) 180(2) 200(2)
AA) 0.71073 0.71073 0.71073 0.71073
Crystal system triclinic tetragonal monoclinic triclinic
Space group P-1 I41/a C2/c P-1
a(A) 9.1581(7) 9.5163(7) 14.8719(5) 8.7497(4)
b(A) 9.3250(7) 9.5163(7) 10.5112(5) 9.2334(5)
c(A) 11.4078(9) 21.824(2) 39.3020(13) 23.5781(13)
(°) 92.440(6) 90 90 88.255(4)
B(°) 109.582(6) 90 95.404(3) 89.283(4)
¥(°) 116.896(6) 920 90 68.654(4)
V(A3) 796.41(12) 1976.4(3) 6116.4(4) 1773.36(17)
Z 2 4 8 4
Peate(grem™1) 1.36 1.36 1.74 1.59
HMo Koo (mm™1) 0.2 0.2 1.3 1.5
F(000) 340 840 3184 864
Omax(°), Rint 28.0, 0.0263 25.0, 0.0238 25.0, 0.0355 28.0,0.0310
Completeness 99.9% 99.8% 99.9% 99.8%
Reflections collected 12193 3724 52652 28693
Reflns unique 3836 873 5379 8555
Restraints 0 0 18 0
Parameters 209 66 403 453
GoF 1.066 1.137 1.147 1.073
R1, wR2 [I> 20(I)] 0.0343, 0.0871 0.0404, 0.0934 0.0339, 0.0765 0.0350, 0.0858
R1, wR2 (all data) 0.0426, 0.0925 0.0567, 0.1062 0.0423, 0.0818 0.0444, 0.0900
Largest peak/hole (e-A’3) 0.22, —0.31 0.16, —0.28 0.67, —0.65 0.77, —0.28
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Figure 2. Molecular structures of compounds 1 (in 1 - 2 CHCl3), 2, and 3 in the crystal; thermal
displacement ellipsoids are drawn at the 50% probability level; H atoms are omitted for clarity and
selected atoms are labeled. For compound 2, only one of the two crystallographically independent
(but conformationally similar) molecules is depicted. The selected interatomic distances (A) and
angles (deg) for 1 are as follows: Pd1-Sil 2.627(1), Pd1-Cl1 2.891(1), Pd1-N1 2.023(3), Pd1-N2 2.039(3),
Pd1-N3 2.028(3), Pd1-N4 2.013(3), Si1-O1 1.785(2), Si1-O2 1.775(2), Si1-O3 1.789(2), Si1-04 1.780(2),
Si1-C21 1.853(4), Pd1-Si1-C21 177.88(12), C11-Pd1-Sil 177.36(3), N1-Pd1-N3 170.10(11), N2-Pd1-N4
170.91(11), O1-Si1-O3 163.66(12), O2-5i1-04 163.72(12); for 2: Cul-CI1 2.361(1), Cul-N1 2.038(2),
Cul-N2 2.039(2), Cul-N3 2.023(2), Cul---5Sil 3.204(1), Si1-O1 1.626(2), Si1-O2 1.629(2), Si1-O3 1.618(2),
Si1-C16 1.834(3); O1-Si1-C16 106.11(12), 02-Si1-C16 106.90(14), O3-Si1-C16 106.05(14), O1-Si1-O2
111.41(13), O1-Si1-03 113.91(12), 02-Si1-03 111.89(12); and for 3: Cul---Sil 2.919(1), Cul-Cl1 2.403(1),
Cul-N1 2.023(2), Cul-N2 2.055(2), Cul-N3 2.025(2), Cul-N4 2.049(2), Si1-O1 1.753(2), Si1-02 1.757(2),
Si1-03 1.753(2), Si1l-0O4 1.755(2), Si1-C21 1.847(2); Cul-Sil-C21 177.51(6), Cl1-Cul-Sil 178.24(2),
N1-Cul-N3 159.32(5), N2-Cul-N4 158.66(5), O1-Si1-O3 154.22(6), and O2-Si1-O4 155.83(6).

The reaction of MeSi(pyO)3 with CuCl (Scheme 2) proceeds in the expected straightforward
manner in a 1:1 molar ratio, i.e., CuCl dissolves in chloroform and in tetrahydrofuran (THF) in
the presence of one mol equivalent of MeSi(pyO)3, to afford an almost colorless (slightly greenish,
by traces of Cu(Il)) solution. Also, whereas the starting material produces a >’Si NMR signal at
—46.5 ppm (in CDCl3), the resonance is shifted upfield for the solutions of MeSi(pyO)3; with CuCl
(—49.6 ppm for the THF solution, —64.1 ppm in CDCl3). From the THF solution, some colorless crystals
of the expected product 2 formed, which were suitable for single-crystal X-ray diffraction analysis
(Figure 2 and Table 1). The crystal structure is comprised of two independent molecules that exhibit
similar conformation, that is, a propeller with a Cl-Cu-Si-CHj axis and three pyO-bridges (bound
to Si via Si-O bonds and to Cu via Cu-N bonds). The Cu---Si separation is rather long (ca. 3.2 A),
but it is shorter than in complex XII (M = Cu, Cu---Si 3.48 A) [37], and the effect of Cu(l) on the Si
coordination sphere is evident from the flattening of the SiO3 pyramidal base (sum of angles ca. 337°).
Furthermore, the 2°Si NMR shift of this solid is significantly upfield with respect to the starting silane
(—70.0 and —71.4 ppm for the two crystallographically independent Si sites). In the CDCl3 solution,
compound 2 produces one set of broad 'H NMR signals for the pyO moieties. Thus, this 'H NMR
signal broadening and the less pronounced upfield shift of the 2°Si NMR signal in the solution indicate
conformational changes, such as coordination equilibria between isomers MeSi(u-pyO);CuCl and
Me(kO-py0),Si(u-pyO)CuCl, the latter with a weaker or absent Si---Cu interaction. Upon repeated
opening/closing of the Schlenk flasks with solutions of 2 in THF or chloroform (e.g., for drawing NMR
samples), some blue crystals of the related copper(Il) compound 3 formed (Scheme 2) as solvent free
crystals (from THF) and chloroform solvate (from the chloroform solution). The crystal structures of
both compounds were determined using single-crystal X-ray diffraction (Table 2), and the molecular
structure of 3 in the solvent free crystals (Figure 2) is included in the discussion as a representative
example. This molecule combines features of both compounds 1 and 2, as the Si:--Cu separation is
rather long (2.92 A), thus being similar to compound 2, but the axis of this paddlewheel complex is
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bridged by four pyO ligands. The Si—C bond length is intermediate between those of 1 and 2, but the
Si-O bonds are almost as long as in 1, presumably as a result of the frans-arrangement of the Si-O
bonds, but with a somewhat greater deviation of the O-Si-O axes from linearity in 3 (by ca. 25°).
The Cu-N bond lengths in 3 are similar to those in 2, and we attribute this similarity to a combination
of two antagonist effects, that is, bond shortening by a higher oxidation state of the Cu atom and bond
lengthening by trans-arrangement along the N-Cu-N axes. Deviations of the O-5i-O and N-Cu-N
axes from linearity as well as the rather long Si---Cu separations are combined with displacement
of Si and Cu atoms from the O, and Ny least-squares planes, respectively, into opposite directions
by 0.379(1) and 0.371(1) A, respectively. Thus, the coordination spheres of both the Si and Cu atoms
are best described as square-pyramidal. Unfortunately, the deliberate synthesis of larger amounts
of 3 (by deliberate exposure of solutions of 2 to air) failed, and therefore we have not been able to
isolate pure 3 for further spectroscopic or other investigation. Nonetheless, this compound represents
a welcome link between compounds 1 and 2, and therefore we performed computational analyses of
the electronic situations in 1, 2, and 3.

Table 2. Crystallographic data from data collection and refinement for 3, 3 - CHCl3, and 4 - 4 CHCI;.

Parameter 3 3 - CHCl3 4 -4 CHCl3
Formula C21H19CICUN404S1 C22H20C14CHN404Si C29H25C114N505Pd5i
M; 518.48 637.85 1154.33
T(K) 200(2) 200(2) 200(2)
AMA) 0.71073 0.71073 0.71073
Crystal system tetragonal monoclinic triclinic
Space group I41/a P2; P-1
a(A) 18.3774(5) 9.2616(4) 11.2079(5)

Table 2. Cont.

Parameter 3 3 - CHCl3 4 -4 CHCl3
b(A) 18.3774(5) 15.6201(7) 13.1431(6)
c(A) 26.4847(8) 9.2773(5) 15.1242(7)
«(°) 90 90 78.113(4)
B(°) 90 93.049(4) 87.403(4)
7(°) 90 90 89.899(4)
V(A%) 8944.6(6) 1340.22(11) 2177.81(17)
Z 16 2 2
Ocale(grem™) 1.54 1.58 1.76
HMo Ko (mm™1) 1.2 13 14
F(000) 4240 646 1144
Omax(°), Rint 28.0, 0.0425 28.0, 0.0302 27.0,0.0271
Completeness 99.9% 99.9% 99.9%
Reflns collected 71,378 22,760 34,910
Reflns unique 5409 6449 9502
Restraints 0 1 12
Parameters 290 326 562
GoF 1.081 1.060 1.059
XFlack —0.008(4)
R1, wR2 [I > 20(I)] 0.0278, 0.0679 0.0269, 0.0624 0.0230, 0.0557
R1, wR2 (all data) 0.0355, 0.0712 0.0302, 0.0639 0.0275, 0.0577
Largest peak/hole (e-A~?) 0.45, —0.25 0.44, —0.31 0.52, —0.48

2.4. Computational Analyses of the Pd—Si and Cu—Si Interactions in Compounds 1, 2, and 3

For the following investigations, we used the crystallographically determined molecular structures
of 1, 2, and 3 (Figure 2) as a starting point, followed by the optimization of the H atom positions for
the isolated molecules in the gas phase.
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Natural localized molecular orbital (NLMO) analyses were performed using DFT-(RO)B3LYP
functional with an SDD basis set for Pd and Cu, 6-311+G(d) for C, Cl, H, N, O, and Si (for details
see experimental section). Figure 3 shows the NLMOs identified for the TM—Si donor—acceptor
o-interaction, and Table 3 lists the selected features of these NLMOs. In all three of the cases, the NLMO
analysis treated this interaction as a donation of a mainly TM localized lone pair into a vacant orbital
at Si. The latter has a 0*(Si-Me) character, which reasons its rather poor acceptor qualities. Thus,
in contrast to Pd—Si—Cl systems such as I and II, which feature Pd/Si contributions of 84%/12% [6]
and 83%/15% [8], respectively, the corresponding o-donor electron pair in 1 is more TM localized (91%
Pd contribution). In Cu-Si complexes 2 and 3, the corresponding lone pair is even more metal localized
(ca. 98%), and has less than a 1% Si contribution. Thus, it resembles a d(z?) orbital more closely.
Regardless of the different oxidation states of the Cu atoms and the different Cu---Si separations,
the characteristics of the Cu—Si NLMOs of these two compounds are surprisingly similar. As it was
shown for the related Pd and Ni systems that TM—Si interactions of related complexes from first
and second row TMs may be very similar (83% Ni, 13% Si contribution to the Ni—S5i NLMO in the
Ni-analog of compound I) [6], we attribute the poor donicity of Cu in compounds 2 and 3 to the
enhanced effective nuclear charge (group 11 instead of group 10 element) rather than to Cu being
a first row transition metal.

Figure 3. Natural localized molecular orbital (NLMO) representations of the TM—Si interaction in
(from left) compounds 1, 2, and 3. For compound 3, the a-spin contribution is shown. NLMOs are
depicted with an isosurface value of 0.02, the atom color code is consistent with Figure 2.

Table 3. Selected features of the natural localized molecular orbitals (NLMOs) of the TM—Si interaction
in compounds 1, 2, and 3.

Feature 1 2 31
% contribution TM 90.7 97.9 98.6
Hybrid (TM) 97.6% 4d, 2.2% 5s 99.6% 3d 99.5% 3d
% contribution Si 8.3 0.8 0.8
Hybrid (Si) 37.7% 3s, 61.7% 3p 18.2% 3s, 79.5% 3p 18.0% 3s, 79.7% 3p

! Contributions of a-spin and B-spin are essentially identical. TM—transition metal.

As the TM-Si interactions in compounds 1 and especially in 2 and 3 appear to be of
an electrostatic/polar nature rather than covalent, the non-covalent interactions (NCI) descriptor
of these compounds was analyzed (Figure 4). In compound 1, a strong electrostatic non-covalent
interaction between Pd and Si is detected, represented by a deep blue disc- or toroid-shaped area of the
NCI along the Pd-Si bond. This feature is similar to the NCI along the Pd—Cl bond in this compound
(and similar to the Cu—Cl bonds in compounds 2 and 3). In sharp contrast, the light blue color of the
NCI encountered along the Cu-Si paths in 2 and 3 hints at significantly weaker interactions, and their
nature seems to be more closely related to the polar interactions of the pyO°-hydrogen atoms with the
metal bound chloride (i.e., weak hydrogen contacts).

In order to quantify these non-covalent interactions (TM---5i vs. C-H---Cl), topological analyses
of the electron density distributions in compounds 1, 2, and 3 were performed using the atoms in
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molecules (AIM) approach. This AIM analysis of the wave function detected the bond critical points
(BCPs) between Si and TM (TM = Pd, Cu) in all three of the complexes. Some of their features are listed
in Table 4. For compounds 2 and 3, the electron density p(r,) and the positive Laplacian Vzp(rb) are of
low magnitude, and the ratio | V(1) | /G(1p) slightly above 1 is indicative of an intermediate closed
shell interaction with pronounced ionic contribution [46] (in accordance with the low Wiberg bond
order (WBO) [47]). The | V(rp) | /G(rp,) ratio in complex 1 is slightly greater than 2, and in combination
with the negative Laplacian, it is indicative of a strong polarized shared shell interaction [48-50].
According to Espinosa et al. [51], the ratio H(ry,)/p(rp,) can be utilized as a covalence degree parameter
(for systems where d < dcoy, | V(1p) | > G(rp), H(rp) < 0), the greater magnitude of which indicates the
stronger atom-atom interaction (leading to an order of increasing strength 2 < 3 < 1). For the series
under investigation, the analysis of the estimated interaction energies (Ein) [52,53] yields an order of
increasing Ei,¢(TM-5i) in compounds 2 = 3 < 1. The estimated Ej,; and the ratio H(ry,)/po(rp) indicate
a slightly stronger interaction in 3 relative to 2. In accordance with the NCI, the Cu---Si interactions in 2
and 3 are indeed similar to the C-H---ClI contacts in these molecules in terms of energetics. Whereas the
Eint(Cu---Si) in 2 and 3 were estimated to —2.3 and —3.7 kcal-mol~!, respectively, the same approach of
the analysis of V(rp,) at the BCPs the C-H---Cl contacts in 1, 2, and 3 yielded an average Ej,; of —1.90,
—1.65, and —2.02 kcal mol ™!, respectively.

Furthermore, for the paramagnetic compound 3, this analysis afforded a Mulliken spin density
distribution of 65.9% Cu-localization and 6.9-7.3%, located at each of the four nitrogen atoms. This is
in accordance with the ligand field theory, which would assign the unpaired electron of a d” system in
the square pyramidal coordination sphere to the d(x>—y?) orbital, thus providing a d(z2)-located lone
pair for potential donor—acceptor interactions perpendicular to the Cu(II)Ny plane in this particular
case of compound 3.
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Figure 4. Non-covalent interaction (NCI) representations of (from left) compounds 1, 2, and 3 depicted
with an isosurface value of 0.4 and a color range from —0.03 (blue, attractive) to 0.03 (red, repulsive).

204



Inorganics 2018, 6, 119

Table 4. Selected features of the bond critical points (BCPs) of the TM-Si interaction in compounds 1, 2,
and 3 derived from the topological analyses (AIM) of the wave function.

Feature ! 1 2 3
o(ty) 0.04461 0.01229 0.01742
V2p(ry) 000127 0.02835 0.02896
G(rp) 0.01721 0.00721 0.00958
V(rp) —0.03475 —0.00734 —0.01192
| V(ry) | /Gry) 2,018 1.017 1244
Glrp)/plrp) 0386 0.587 0.550
H(ry) —0.01753 —0.00012 —0.00234
H(rp)/p(ry) ~0393 ~0.010 —0.134
Eine ~109 23 37
WBO 0.270 0.057 0.037

! Electron density (o(rp) in a.u.), Laplacian of electron density (V2p(1p) in a.u.), Lagrangian kinetic energy density
(G(rp) in a.u.), potential energy density (V(rp) in a.u.), ratio | V(rp) | /G(rp), ratio G(rp)/p(rp) in a.u., electron energy
density (H(rp) in a.u.), ratio H(rp)/p(rp) in a.u., estimated interaction energy according to Lepetit et al. [53] and
Espinosa et al. [52] Ejnt = 1/2 627.509469 V(rp) in kcal-mol~'. WBO—Wiberg bond order.

2.5. Reactions of Si(pyO)4 with [PACl,(NCMe),] and CuCl,

In analogy to the formation of I and II from the respective silane Si(L)4 (L = bridging ligand)
and [PdCl,(NCMe),], Si(pyO)4 should be capable of forming paddlewheel complexes of the type
CISi(p-pyO)4TMCI upon reaction with TMCl,, or suitable complexes thereof. Thus, we aimed
at synthesizing CISi(u-pyO)4PdCl (4") through the reaction of [PdCl,(NCMe),] and Si(pyO); in
chloroform (Scheme 3). As the main product, a beige solid of very poor solubility formed. In the
dispersion of this fine solid in chloroform, some coarse crystals (beige, almost colorless) formed in
the course of some days of storage at room temperature. Single-crystal X-ray diffraction analysis
(Table 2, Figure 5) revealed the identity of this compound as the HpyO-adduct of the intended product
(compound 4, Scheme 3). Presumably, the intended product 4" had formed initially and then reacted
further with traces of free HpyO. The deliberate synthesis of 4 by reacting [PACl,(NCMe),], Si(pyO)as,
and HpyO in a 1:1:1 molar ratio in chloroform, eventually afforded this compound in good yield.
The molecular structure of the cation [CIPd(pu-pyO)sSi(HpyO)]* of 4 resembles the paddlewheel
architecture of compound 1, and notable differences that arise from the different substituent at Si
(trans to Pd) are the following: The Pd-Si bond is noticeably shorter (2.50 A) because of the more
electronegative Si-bound substituent. As a consequence, the Si atom is less displaced from the Oy
least-squares plane (by 0.101(1) A), whereas the displacement of the Pd atom from the Ny plane (into
the opposite direction, by 0.167(1) A) is not altered. Interestingly, the Sil-O5 bond (trans to Pd) is
significantly shorter than the equatorial Si-O bonds, thus hinting at still rather poor Pd—Si donor
action. In spite of the NH group of the trans-Pd-Si located HpyO moiety, the C—O bonds of all five of
the pyO and HpyO ligands are very similar, ranging between 1.313(2) and 1.325(2) A. The 2°Si NMR
shift of this compound (0%°Si —147.9 ppm in CD,Cl,) is in accordance with the hexacoordination of
the Si atom, and the 'H and '3C NMR spectra feature two sets of pyO-signals in a 4:1 intensity ratio,
reflecting the four bridging and the dangling pyO moieties, respectively, and the retention of this
molecular architecture in solution.
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Figure 5. Molecular structure of the cation [CIPd(u-pyO)sSi(HpyO)]* in the crystal structure of
compound 4 - 4 CHCl3; thermal displacement ellipsoids are drawn at the 50% probability level;
C-bound H atoms are omitted for clarity and the selected atoms are labeled. Selected bond lengths A)
and angles (deg) are as follows: Pd1-Sil 2.496(1), Pd1-Cl1 2.785(1), Pd1-N1 2.033(1), Pd1-N2 2.036(1),
Pd1-N3 2.019(1), Pd1-N4 2.031(1), Si1-O1 1.765(1), Si1-02 1.751(1), Si1-03 1.758(1), Si1-O4 1.759(1),
Si1-05 1.709(1), Pd1-Si1-O5 178.57(5), Cl1-Pd1-Sil 178.87(2), N1-Pd1-N3 170.88(6), N2-Pd1-N4
170.04(5), 01-Si1-03 173.01(6), and O2-Si1-O4 173.77(6).

S}
F F Cl
<O\ SilpyO)s HpyO <@ > 7

N o > e N
4 -2Mecn T [PACNCMe)] -2 MeCN - «

Cl—Pd—Si—ClI Cl—Pd——Si—O0O N
H®
4’ 4

Scheme 3. Reactions of Si(pyO)s with [PdCl,(NCMe),].

Upon harvesting the crystalline solid 4 - 4 CHCl3, some yellow crystals of another compound
formed in the filtrate. Using single-crystal X-ray diffraction analysis, they were identified as the
chloroform solvate 5 - 6 CHCl3 of the complex 5 (Scheme 4). The deliberate synthesis of this complex,
by using [PACl,(NCMe); ], Si(pyO)s, and HpyO in a 2:1:2 molar ratio in chloroform, afforded compound
5 in good yield. Interestingly, the crystals that were initially formed during the synthesis consisted of
a different solvate (5 - 8 CHCl3), and upon filtration, some more crystals of solvate 5 - 2 CHCl3 formed
in the filtrate. The elemental analysis of the final product upon drying was in agreement with the
composition of the solvate 5 - 2 CHCl3. Even though all three solvates (5 - 8, 6, 2 CHCl3, respectively)
were characterized crystallographically (Table 5), only the molecular structure of 5 in the solvate 5 -
6 CHCI; is discussed as a representative example (Figure 6), as there are only marginal differences
between the molecular conformations in the three different solvates.

The Si atom of compound 5 is, in the crystal structures, located on a center of inversion, thus the
trans angles are 180°, and the very similar Si-O bond lengths and cis angles close to 90° (maximum
deviations of ca. 1°) furnish an Si atom almost perfect octahedrally coordinated by six pyO oxygen
atoms. Two sets of mutually cis situated anionic pyO ligands, the four O atoms of which are located in
one plane, act as (N,N)-chelate donors toward PdCly, and the axial positions of the Si coordination
sphere are occupied by the O atoms of HpyO, each of which establishes an N-H---O contact to
an adjacent pyO oxygen atom (as indicated in Scheme 4). In spite of the very similar Si-O bond lengths,
the C-O bonds of the HpyO moieties (1.303(3) A) are significantly shorter than the C—O bonds of the
bridging pyO moieties (1.328(3) 10\), and thus exhibit a pronounced double bond character, as expected
for HpyO. In the solvate 5 - 8 CHCl3, these differences are even more pronounced with 1.296(3) vs.
1.331(3) and 1.336(3) A. As expected, the Pd atoms are situated in a square planar coordination sphere
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(with a sum of cis angles of 360.3(1)°). Compound 5 exhibited too poor of a solubility for solution NMR
characterization, but the 2’Si cross-polarization magic-angle-spinning (CP/MAS) NMR spectroscopy
of the solid unequivocally confirmed the hexacoordination of the central Si atom (62%Si —190.2 ppm).
This chemical shift is similar to other hexacoordinate Si complexes with SiOg coordination sphere
(e.g., Si(acetylacetonate),(salicylate) 0%8i —191.7 ppm) [54].

+ [PdCIy(NCMe),] / \
_ *2Hpy0 _— J N, ~
-2 MeCN . ] © HQ
Si(pyO)s — Cl\M/ N O\\Si<o >M/ ¢ 5 m=rg
+Cucl a0 S 0" | O N o
+2 HpyO ( = b /0 D 6 m=cu
Z N =

Figure 6. Molecular structures of 5 and 6 in the crystal (5 in the structure of solvate 5 - 6 CHCl3);
thermal displacement ellipsoids are drawn at the 30% probability level; C-bound H atoms are omitted
for clarity and selected atoms are labeled. In both cases, the Si atom is located on a crystallographically
imposed center of inversion, and therefore the asymmetric unit consists of a half molecule and the
symmetry related sites (e.g., O1 and O1* at Sil) are trans to each other. Selected bond lengths (A)
and angles (deg) for 5 are as follows: Pd1-Cl1 2.290(1), Pd1-CI2 2.303(1), Pd1-N1 2.028(2), Pd1-N2
2.036(2), Si1-O1 1.794(2), Sil-02 1.760(2), Si1-03 1.770(2), N1-Pd1-Cl1 175.93(7), N2-Pd1-CI2 176.15(7),
Cl1-Pd1-CI2 91.60(3), Cl1-Pd1-N2 88.91(7), C12-Pd1-N1 87.65(7), and N1-Pd1-N2 92.10(9); for 6:
Cul-Cl1 2.238(1), Cul-CI2 2.256(2), Cul-N1 2.008(4), Cul-N2 1.990(4), Si1-O1 1.790(3), Si1-O2 1.770(3),
Si1-03 1.755(3), N1-Cul-Cl1 153.97(12), N2-Cu1-CI2 162.50(12), Cl1-Cu1-CI2 93.69(5), Cl1-Cul-N2
90.82(11), C12-Cul-N1 90.31(12), and N1-Cul-N2 93.03(16).

In an attempt at synthesizing a paddlewheel complex of the composition CICu(u-py0),SiCl,
in comparison to the attempted synthesis of 4’ (Scheme 3, left), anhydrous CuCl, and Si(pyO),
were dispersed in chloroform. Whereas most of the reactants remained unchanged, the solution
phase became blue and some blue crystals formed upon storage within one week. The crystals were
identified as compound 6 by single-crystal X-ray diffraction analysis. Apparently, traces of HpyO in
the sample gave rise to the formation of this Cu-analog of compound 5. Deliberate synthesis, by using
CuCly, Si(pyO)y, and HpyO in a 2:1:2 molar ratio in chloroform, afforded compound 6 in good yield
(Scheme 4). Because of the very poor solubility and the paramagnetic Cu(Il) sites in this compound,
NMR spectroscopic characterization was no option, and therefore we only discuss the molecular
structure of this complex. The central parts of the molecule, that is, the bond lengths and angles of the
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hexacoordinate Si atom as well as the equatorial arrangement of two Si(u-pyO),M clamps and two
axially situated HpyO ligands, which establish N-H:--O hydrogen bridges to adjacent pyO oxygen
atoms, are very similar to the arrangement in compound 5. The noteworthy difference is associated
with the Cu(II) coordination sphere, which is distorted and intermediate between the tetrahedral
and square planar. Then sum of the cis angles of Cu (367.9(2)°) deviates significantly from planarity.
The N-Cu-N and CI-Cu-Cl angles in particular are wider than 90°, and the angle between the CuN,
and CuCl; planes is 30.7(2)°. Thus, in spite of the notable distortion, this coordination sphere is still
closer to the square rather than tetrahedral.

Table 5. Crystallographic data from data collection and refinement for 5 - 2 CHCl3, 5 - 6 CHCl3, 5 - 8
CHCl3, and 6. Ry for the data set of 5 - 2 CHCl3 was not reported in the refinement output because of
the HKLF5 format used for twin refinement.

Parameter 5.2 CHCl; 5.6 CHCl3 5.8 CHCl3 6
Formula C3oHpgCligNgOgPd2Si C36HzpClpoNgOgPdnSi CagHzaClpgNgOgPdpSi C3HygClyCunNgOgSi
M; 1187.99 1665.46 1904.20 863.54
T(K) 200(2) 200(2) 200(2) 200(2)
AA) 0.71073 0.71073 0.71073 0.71073
Crystal system monoclinic triclinic monoclinic monoclinic
Space group C2/c P-1 P2y/n P2y /n
a(A) 22.458(2) 12.1698(6) 12.3681(5) 9.1063(8)
b(A) 11.8102(7) 12.1951(7) 13.1356(4) 11.0475(6)
c(A) 17.4818(18) 13.1643(8) 22.2337(9) 17.1744(17)
«(®) 90 107.904(4) 90 90
B() 111.330(7) 103.147(4) 95.990(3) 104.705(7)
(%) 90 114.671(4) 90 90
V(A3) 4319.1(7) 1539.81(19) 3592.4(2) 1671.2(2)
V4 4 1 2 2
Peate(g-em 1) 1.83 1.80 1.76 1.72
HMo Ko (mm™1) 1.5 1.6 1.6 1.7
F(000) 2344 818 1868 872
Omax(°), Rint 250,/ 27.0,0.0264 27.0,0.0396 25.0,0.0983
Completeness 99.8% 99.9% 99.9% 99.7%
Reflns collected 16169 18872 46707 16933
Reflns unique 3789 6728 7828 2933
Restraints 9 66 166 0
Parameters 289 410 539 226
GoF 1.034 1.055 1.033 0.924
R1, wR2 [I > 20(1)] 0.0474, 0.1009 0.0331, 0.0720 0.0299, 0.0663 0.0441, 0.0776
R1, wR2 (all data) 0.0958, 0.1166 0.0448, 0.0776 0.0399, 0.0699 0.1057, 0.0907
Largest peak/hole (e»A’3) 0.76, —0.85 0.56, —0.58 0.46, —0.35 0.46, —0.72

3. Experimental Section

3.1. General Considerations

The commercially available chemicals (2-hydroxypyridine, anhydrous CuCl,, Me3SiCl, MeSiCls,
and SiCly) were used as received without further purification. Chloroform (CDCl; stabilized with
silver, CHClj stabilized with amylenes) and CD,Cl, were stored over activated molecular sieves (3 A)
for at least seven days. THF, diethyl ether, toluene, and triethylamine were distilled from sodium
benzophenone. All of the reactions were carried out under an atmosphere of dry argon utilizing
standard Schlenk techniques. 2-Trimethylsiloxypyridine [26] was synthesized according to a literature
procedure. [PACI;(NCMe);] [8] and CuCl [55] were available in the laboratory from previous studies.
The solution NMR spectra (lH, 1BC, 2951) were recorded on Bruker Avance III 500 MHz and Bruker
Nanobay 400 MHz spectrometers (Bruker Biospin, Rheinstetten, Germany) and Me4Si was used as
internal standard. The 2Si (CP/MAS) NMR spectra were recorded on a Bruker Avance HD 400 WB
spectrometer with 7 mm zirconia (ZrO,) rotors and KelF inserts (compound 2) or 4 mm zirconia rotors
(compounds Si(pyO)s and 5) at an MAS frequency of vgpin = 5 kHz. The elemental analyses were
performed on an Elementar Vario MICRO cube (Elementar, Hanau, Germany). The single-crystal X-ray
diffraction data were collected on a Stoe IPDS-2T diffractometer (Stoe, Darmstadt, Germany) using Mo
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Ka-radiation. The structures were solved by direct methods using SHELXS-97, and were refined with
the full-matrix least-squares methods of F2 against all reflections with SHELXL-2014 [56-58]. All of the
non-hydrogen atoms were anisotropically refined. The C-bound hydrogen atoms were isotropically
refined in an idealized position (riding model), the N-bound H atoms of compounds 4 - 4 CHCl3, 5 -
2 CHCI3, 5 - 6 CHCl3, and 5 - 8 CHCl3 were refined isotropically without restraints, and in the case
of compound 6, the isotropic displacement parameter of the N-bound H atom was set at the 1.2-fold
mean displacement parameter of the pivot atom for stable refinement (because of the rather poor
data set). The graphics of the molecular structures were generated with ORTEP-3 [59] and POV-Ray
3.6 [60]. CCDC 1869874 (MeSi(pyO)s), 1869875 (Si(pyO)s), 1869876 (3 - CHCl3), 1869877 (3), 1869878 (6),
1869879 (5 - 2 CHCl3), 1869880 (2), 1869881 (5 - 8 CHCl3), 1869882 (1- 2 CHCl3), 1869883 (5 - 6 CHCl3),
and 1869884 (4 - 4 CHCl3) contain the supplementary crystal data for this article (see Supplementary
Materials). These data can be obtained free of charge from the Cambridge Crystallographic Data
Centre via www.ccde.cam.ac.uk/data_request/cif. For the computational analyses of compounds 1,
2, and 3, the atomic coordinates from the crystallographically determined molecular structures were
used for the non-hydrogen atoms. The geometry optimization of the H atom positions was carried
out with Gaussian09 [60] using a DFT-PBEPBE functional and def2tzvpp basis set for all of the atoms.
Subsequently, starting from these molecular structures, the NBO (natural bond orbital) and NLMO
(natural localized bond orbital) calculations were performed using Gaussian09 [61] with the NBO6.0
package [62] using DFT-(RO)B3LYP functional (for Cu, Pd with SDD basis set; for C, H, N, O, Cl,
and Si, with the 6-311+G(d) basis set including Douglas—Kroll-Hess second order scalar relativistic).
The NLMO graphics were generated using ChemCraft [63]. The NCI [64], AIM [65], and Wiberg bond
order [47] calculations were carried out using MultiWFEN [66], using the same wave function that had
been used for the NBO/NLMO calculations. The graphical representations of the NCI results were
created using VMD [67].

3.2. Syntheses

MeSi(pyO)s. A Schlenk flask with magnetic stirring bar was charged with 2-hydroxypyridine
(1.50 g, 15.6 mmol), evacuated, and set under Ar atmosphere prior to adding THF (50 mL) and
triethylamine (1.89 g, 18.7 mmol), with stirring to afford a colorless solution. With continuous
stirring at room temperature, methyltrichlorosilane (0.82 g, 5.5 mmol) was added dropwise via
syringe, while the simultaneous formation of a white precipitate (Et3NHCI) was observed. Upon the
complete addition of the silane stirring at room temperature was continued for 1 h, whereupon the
hydrochloride precipitate was filtered off and washed with THF (2 x 5 mL). From the combined filtrate
and washings, the solvent was removed under reduced pressure (condensed into a cold trap) to afford
a crystalline residue, which was dissolved in hot THF (5 mL) and filtered prior to the addition of
hexane (10 mL), and was stored at 6 °C. In the course of three days, colorless crystals of the product
formed, which were separated by decantation (while cold) and were dried in vacuo (yield 0.90 g
(2.7 mmol, 50%)). The crystals were suitable for X-ray diffraction analysis. The elemental analysis for
C16H15N3055i (325.39 g-mol’l) was as follows: C, 59.06; H, 4.65; N, 12.91; found C, 56.37; H, 5.29;
and N, 12.28. The composition found indicates hydrolysis upon sample preparation. The following
was calculated for C14H1gN4O555i (i.e., MeSi(pyO)s - 1.5 H,O) (352.42 g-mol’l): C, 54.53; H, 5.15;
N, 11.92; multiplied with a mass correction factor of 1.035, which accounts for the uptake of similar
amounts of water prior to and after weighing of the sample (C, 56.44; H, 5.33; N, 12.34). 1H NMR
(CDCl3): & (ppm) 0.92 (s, 3H, SiCH3), 6.84-6.88 (m, 6H, H? and H®), 7.53-7.57 (m, 3H, H*), 8.07-8.08
(m, 3H, H®); 3C{!H} NMR (CDCly): 6 (ppm) —2.6 (SiCH3), 113.1 (C®), 118.0 (C3), 139.2 (C*), 147.4 (C®),
160.6 (C2); Si{'H} NMR (CDCl3): § (ppm) —46.5.

Si(pyO)s. In a Schlenk flask with magnetic stirring bar 2-trimethylsiloxypyridine (3.00 g,
18.0 mmol) was dissolved in chloroform (4 mL), whereupon SiCly (0.82 g, 4.8 mmol) was added (via
syringe) with stirring. The resultant solution was heated with stirring under reflux for 2 h, to afford
a white precipitate of the product. The mixture was allowed to attain room temperature, the solid was
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filtered, washed with chloroform (2 x 5 mL), and dried in vacuo. The yield was 1.08 g (2.67 mmol,
57%). The single-crystals suitable for X-ray diffraction analysis were obtained by recrystallization
in THF. The elemental analysis for CooH;6N4O45i (404.45 g-mol’l) was as follows: C, 59.39; H, 3.99;
N, 13.85; found C, 57.19; H, 4.90; N, 13.36. The composition found indicates hydrolysis upon sample
preparation. The following was calculated for CooH9N4O¢Si (i.e., Si(pyO)y - 2 HyO) (440.48 g-molfl):
C, 54.53; H, 4.58; N, 12.72; multiplied with a mass correction factor of 1.05, which accounts for uptake
of similar amounts of water prior to and after weighing of the sample: C, 57.26; H, 4.81; N, 13.36.
TH NMR (CDClg): ¢ (ppm) 6.86-6.98 (m, 8H, H? and H®), 7.54-7.58 (m, 4H, H*), 8.01 (m, 4H, H®);
13C{'H} NMR (CDCls): d (ppm) 113.2 (C®), 118.4 (C%), 139.2 (C*), 147.3 (C®), 159.7 (C?); 2°Si{'H} NMR
(CDCly): 6 (ppm) —97.2, (CP/MAS): 6 (ppm) —87.9.

CIPd(p-pyO)sSiMe - 2 CHCl3 (complex 1 - 2 CHCl3). A Schlenk flask was charged with a magnetic
stirring bar, MeSi(pyO)3 (0.40 g, 1.2 mmol) and [PdCl;(NCMe),] (0.16 g, 0.62 mmol), evacuated, and set
under Ar atmosphere prior to adding chloroform (3 mL). Upon brief stirring at room temperature
(within two minutes), the starting materials dissolved completely to afford a light-yellow solution.
Immediately after dissolution, the stirring was stopped and the solution was stored undisturbed
at room temperature. In the course of one day, colorless crystals of the product formed, but the
solution was stored for another week in order to complete crystallization, whereupon the crystals were
separated from the supernatant by decantation and then briefly dried in vacuo. A single-crystal suitable
for X-ray diffraction analysis was taken out of the mother liquor. The yield was 0.31 g (0.39 mmol, 65%).
The elemental analysis for Cp3H»1Cl;N4O4SiPd (800.11 g~molf1) was as follows: C, 34.53; H, 2.65;
N, 7.00; found C, 37.81; H, 2.85; N, 8.35. The composition found indicates a loss of solvent upon drying
and storage, the C, H, N values found correspond to the composition CIPd(u-pyO)sSiMe - 1.2 CHCl3
(for C22A2H20A2C14A6N4O4Sﬂ)d (70461 g-rnolfl): C, 3784, H, 289, N, 795) 1H NMR (CDC13) 1) (ppm)
0.92 (s, 3H, CH3) 6.66-6.67 (m, 8H, H? and H?), 7.47-7.51 (m, 4H, H*), 9.22-9.24 (m, 4H, H°); 13C{1H}
NMR (CDCl3): 6 (ppm) 3.5 (SiCH3), 114.2 (C?), 116.0 (C3), 141.4 (C*), 148.8 (C°), 162.7 (C?); 2°Si{'H]}
NMR (CDCl): 6 (ppm) —116.9.

CICu(pu-pyO)3SiMe (complex 2). Procedure A: A Schlenk flask was charged with a magnetic
stirring bar, MeSi(pyO); (0.44 g, 1.4 mmol) and CuCl (0.14 g, 1.4 mmol), evacuated, and set under
Ar atmosphere prior to adding THF (1.5 mL). Upon brief stirring at room temperature (within five
minutes), the starting materials dissolved completely to afford a light turquoise (almost colorless)
solution. 2°Si NMR spectroscopic analysis of this solution (with D,O capillary used as lock) revealed
one signal (at —49.6 ppm). In the course of one day, colorless crystals of the product formed, whereupon
the crystals were separated from the supernatant by decantation, and then briefly dried in vacuo.
A single-crystal suitable for X-ray diffraction analysis was taken out of the mother liquor. The yield
was 0.12 g (0.28 mmol, 20%). The elemental analysis for C;4H;5CICuN3O5Si (424.39 g-mol’l) was as
follows: C, 45.28; H, 3.56; N, 9.90; found C, 43.44; H, 3.67; N, 9.44. The composition found indicates the
presence of ca. 4% of “inert” materials (free of C, H, N), such as CuCl, as C, H, and N were found in
the expected ratio. 2Si{'H} NMR (CP/MAS): § (ppm) —70.0, —71.4 (intensity ratio 1:1).

Procedure B: A Schlenk flask was charged with a magnetic stirring bar, MeSi(pyO)s (0.30 g,
0.92 mmol) and CuCl (0.09 g, 0.92 mmol), evacuated, and set under Ar atmosphere prior to adding
CDCl; (1.0 mL). Upon brief stirring at room temperature (within five minutes), the starting materials
dissolved completely to afford a light turquoise (almost colorless) solution, which was used for the 'H
and 2°Si NMR spectroscopic analysis. Compound 2 did not crystallize from this solution. "H NMR
(CDCls): & (ppm) 0.71 (s, 3H, CH3) 6.87-6.95 (m, 6H, H? and H®), 7.66 (m, 3H, H*), 8.78 (m, 3H, H°);
2Gi{!H} NMR (CDCl3): 6 (ppm) —64.1.

ClCu(p-py0O)sSiMe (complex 3). In the Schlenk flasks with the crude product solutions of complex
2, upon opening, some deep blue crystals formed over the course of some days. In both cases,
the crystals were suitable for single-crystal X-ray diffraction analysis. From Procedure A, the solvent
free variety 3 crystallized. From Procedure B, some crystals of the mono-chloroform solvate of 3 formed.
The amount of crystals of solvent free 3 obtained was sufficient for elemental analysis. The elemental

210



Inorganics 2018, 6, 119

analysis for C1H19CICuN4O4Si (518.48 g-mol’l) was as follows: C, 48.65; H, 3.69; N, 10.81; found C,
48.29; H, 3.92; N, 10.63.

[CIPd(u-pyO)4Si(HpyO)ICl - 4 CHCl3 (complex 4 - 4 CHCIz). A Schlenk flask was charged
with a magnetic stirring bar; Si(pyO)s (0.30 g, 0.74 mmol), [PdCl,(NCMe);] (0.19 g, 0.74 mmol),
and 2-hydroxypyridine (0.07 g, 0.74 mmol); evacuated; and set under Ar atmosphere prior to adding
chloroform (3 mL). Upon stirring at room temperature, a beige dispersion formed, and the supernatant
was orange. Over the course of one week, the finely dispersed powder transformed into a beige
coarse crystalline product. A single-crystal suitable for X-ray diffraction analysis was taken out of
the mother liquor. This solid was filtered, washed with chloroform (2 x 2 mL), and briefly dried in
vacuo. The yield was 0.40 g (0.30 mmol, 47%). From the filtrate, some yellow crystals of compound
5 - 6 CHCl; formed, which were suitable for single-crystal X-ray diffraction analysis. The elemental
analysis for CogHpsCl1sN5OsSiPd (1154.38 g-mol~!) was as follows: C, 30.17; H, 2.18; N, 6.07; found
C,30.43; H, 2.10; N, 6.94. 'H NMR (CD,Cl,): é (ppm) 6.82 (ddd, 4H, H?, 7.1 Hz, 6.1 Hz, 1.3 Hz), 6.85
(ddd, 4H, H3, 8.4 Hz, 1.3 Hz, 0.6 Hz), 7.40 (ddd, 1H, H5, 7.2 Hz, 6.1 Hz, 1.1 Hz) 7.62 (ddd, 4H, H%,
8.5 Hz, 7.0 Hz, 1.8 Hz), 7.76 (ddd, 1H, H3, 8.8 Hz, 1.0 Hz, 0.7 Hz), 8.25 (ddd, 1H, H*, 8.8 Hz, 7.2 Hz,
2.0 Hz), 8.53 (ddd, 1H, H®, 6.1 Hz, 2.0 Hz, 0.7 Hz), 9.29 (ddd, 4H, H°, 6.2 Hz, 1.8 Hz, 0.6 Hz), 15.82
(s, 1H, NH); 3C{'H} NMR (CD,Cl,): § (ppm) bridging pyO: 114.2 (C?), 117.0 (C3), 142.3 (C*), 148.5
(C), 162.1 (C?), Si-bound HpyO: 117.7 (C?), 118.6 (C3), 139.2 (C*), 145.8 (C?), 158.3 (C2); ’Si{'H} NMR
(CD,Clp): & (ppm) —147.9, (CP/MAS): 6 (ppm) —146.3.

ClLPd(u-pyO), (HpyO)Si(HpyO)(u-pyO),PdCl, - 2 CHCl3 (complex 5 - 2 CHCl3). A Schlenk
flask was charged with a magnetic stirring bar; Si(pyO)4 (0.40 g, 0.99 mmol), [PdCl,(NCMe),] (0.51 g,
2.0 mmol), and 2-hydroxypyridine (0.19 g, 2.0 mmol); evacuated; and set under Ar atmosphere prior to
adding chloroform (3 mL). Upon stirring at room temperature, an orange dispersion formed. Within
three days of undisturbed storage at room temperature, some yellow crystals formed, which were
identified as the solvate 5 - 8 CHCl3 by single-crystal X-ray diffraction analysis. To the mixture, further
chloroform (2 mL) was added, and was briefly stirred prior to filtration and washing with chloroform
(2 x 3mL). The solid was dried in vacuo to afford a yellow powdery solid. In spite of the solvent
rich solvate found in the crude mixture, the elemental analysis of the dried product corresponds to
the approximate composition of 5 - 2 CHCI3. The yield was 0.83 g (0.70 mmol, 71%). In the filtrate
some yellow crystals formed which were identified as the solvate 5 - 2 CHClj3 by single-crystal X-ray
diffraction analysis. The elemental analysis for C3;HygCligNgOgSiPd, (1188.05 g~m01*l) was as follows:
C, 32.35; H, 2.38; N, 7.07; found C, 31.68; H, 2.23; N, 7.10. The solubility of the product in various
organic solvents was not sufficient for solution NMR spectroscopic characterization. 2?Si{'H} NMR
(CP/MAS): 6 (ppm) —190.2.

Cl,Cu(p-pyO)(HpyO)Si(HpyO)(u-pyO),CuCl, (complex 6). A Schlenk flask was charged with
a magnetic stirring bar; Si(pyO)4 (0.38 g, 0.95 mmol), CuCl, (0.25 g, 1.9 mmol), and 2-hydroxypyridine
(0.18 g, 1.9 mmol); evacuated; and set under Ar atmosphere prior to adding chloroform (2.5 mL).
Upon stirring at room temperature, a turquoise dispersion formed. After three days of storage at
room temperature, further chloroform (3 mL) was added and was briefly stirred prior to filtration
and washing with chloroform (2 x 3 mL). The solid was dried in vacuo to afford a blue powdery
solid. The yield was 0.70 g (0.74 mmol, 78%). The elemental analysis indicates the presence of solvent
(0.7 CHCl3) in the product. The following was calculated for C30HysCl4NgOpSiCu, (947.12 g~mol*1):
C, 38.93; H, 2.84; N, 8.87; found C, 38.70; H, 3.08; N, 8.86. Some single-crystals of compound 6 were
obtained from a mixture of Si(pyO), (0.10 g, 0.25 mmol) and CuCl, (0.03 g, 0.025 mmol), which was
layered with chloroform (1 mL) and stored undisturbed at room temperature for one week.

4. Conclusions

Two different 2-pyridyloxysilanes, MeSi(pyO); and Si(pyO)s, proved to be suitable starting
materials for the syntheses of heteronuclear complexes, in which the ambidentate pyO ligand binds to
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Si via 5i-O, and to transition metals via TM-N bonds. The chelation of the Si atom by this ligand has
not been encountered, thus the pyO nitrogen atoms are readily available for complex formation.

As shown for a d® and a d° system (with formation of CIPd(p-py0O)4SiMe 1 and ClCu(u-pyO)3SiMe
2, respectively), pyridyloxysilanes may support the formation of different paddlewheel structures,
that is, with four and three bridging ligands, respectively. The pyO buttresses do not force Si and
TM into close proximity, as it is evident from the different Pd-Si and Cu-Si separations in 1 and 2,
respectively. A higher coordination of the Si atom by the transition metal site still depends on the
donicity of the TM site and the acceptor qualities of Si. As shown in the current study, the Si-Me moiety
trans to an electron rich TM (Pd(II) in this particular case) causes weaker TM-Si interactions with
respect to previously reported complexes with related TM—Si—Cl motif. Furthermore, group 11 metals
(Cu(I) and Cu(Il)) were shown to be significantly weaker lone pair donors toward Si(IV) than group
10 metals (e.g., PA(II) and, according to previous studies, Ni(II) [6,7]). A systematic comparison of this
series was enabled by the unintended formation of the decomposition product ClICu(u-pyO)sSiMe
3. To our knowledge, compound 3 represents the first complex with a Cu(II)-Si(IV) bond (or at least
with such a short (2.9 A) Cu(Il)---Si(IV) separation). As shown by the quantum chemical calculations,
the Cu---Si interactions in compounds 2 and 3 are slightly stronger than the C-H:--Cl hydrogen contacts
encountered in the same molecules.

The reactions of Si(pyO), with [PdCl,(NCMe);] and CuCly, in the presence of 2-hydroxypyridine
HpyO, gave rise to the formation of an entirely different class of hypercoordinate Si-complexes of
the type (HpyO),Si[(1-pyO)>,TMCl, 5, 5 and 6, respectively. As the coordination spheres about TM
vary between square planar and distorted tetrahedral in compounds 5 and 6, respectively, this kind
of complex architecture may turn out to be suitable for the complexation of various further TMXj,
moieties (X = halide, pseudo-halide etc.).

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2304-6740/6/4/119/s1:
the crystallographic data of the compounds reported in this paper in CIF format.
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