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Abstract: The aromatic character of silolyl and germolyl anions markedly depends on the substituents
in the 2,5-positions; carbon-substituted derivatives are nonaromatic, whereas silyl-substituted ones
tend to exhibit an aromatic character. However, only carbon-substituted derivatives have been
reported for stannolyl anions. In this study, we present the synthesis and structure of a 2,5-
disilylated stannolyl anion. Transmetalation of a 2,5-disilyl-1-zirconacyclopentadiene with SnCly
gave a dichlorostannole 1, which reacted with potassium tris(trimethylsilyl)silanide to introduce a
bulky silyl group on the tin atom. Reduction of the 1-chloro-1-silylstannole 2 with lithium generated
the lithium salt of the desired stannolyl anion 3 that adopts an n'-coordination to the lithium atom.
We concluded that the stannolyl anion 3 is nonaromatic based on the pyramidalized tin center and
the C—C bond alternation in the five-membered ring as well as the NMR properties.

Keywords: stannolyl anion; aromaticity; metallole; substituent effect

1. Introduction

Heavier congeners of cyclopentadienyl anions, known as metallolyl anions and dian-
ions with general formulas of [C4R5E]™ and [C4R4E]*~ (E = Si, Ge, Sn, Pb), respectively,
have attracted continuous attention as novel ligands in coordination chemistry and un-
conventional aromatic systems consisting of heavier group 14 elements [1-4]. Following
the seminal works by Tilley on the coordination chemistry of silolyl/germolyl anions and
dianions [5-10], several groups have contributed to the development of this field. Various
transition metal complexes incorporating metallolyl ligands have been reported, exhibit-
ing diverse coordination modes such as p-n°m?°- [11,12], n°- (I in Figure 1) [13], p-n'm!-
(I1) [14,15], u-ntmP- [16], n'- [17], and n*-like fashions [13,18]. Recently, the coordination
chemistry of metallolyl dianions towards rare-earth elements and f-block metals has also
been investigated [19-22]. These studies have shown that n°-coordinating metallolyl an-
ions and dianions are aromatic with almost equal C-C bonds in the five-membered ring,
whereas n'- and n4—c00rdinating ones are nonaromatic with a 1,3-diene character [14].
Therefore, coordinating modes have a significant impact on the electronic structure of
metallolyl anions and dianions.

The aromaticity of alkali metal salts of metallolyl anions and dianions is also an
important topic in this field. The family of group 14 metallole dianions (silole [23-26],
germole [26-28], stannole [29-31], and plumbole [32,33]) has been concluded to be aromatic
(III). In contrast, the situation is more complicated in metallolyl monoanions. In the 1990s,
silolyl and germolyl anions with the formula of [C4Me4ER] ™ (E = Si, Ge; R = Me, Mes (2,4,6-
trimethylphenyl), SiMe3) have been structurally characterized, which revealed the pyrami-
dal metal center and bond-altered five-membered ring (IV) [34]. Because this trend is also
found in the structures of stannolyl and plumbolyl anions [C4Ph4ER]™ (E = Sn, Pb; R = Ph,
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Mes, SiMe3) [32,35], the family of metallolyl anions was concluded to be nonaromatic. How-
ever, more recently, Kovacs, Nyulaszi, et al. demonstrated theoretically and experimentally
that the lithium salt of silolyl anion, which has silyl substituents on the alpha-carbon atoms
(Cu: 2,5-positions in the silole ring), is aromatic with an n°-coordination and a planar three-
coordinated silicon center (V) [36,37]. Furthermore, Miiller’s group reported a potassium
salt of a 2,5-disilylgermolyl anion that exhibits an aromatic/nonaromatic switch depending
on the coordinating solvent to the potassium ion; the THF-solvated salt has an aromatic
character with an n°-coordination, while the corresponding 18-crown-6 ether adduct is
nonaromatic with an n'-coordination as well as a pyramidal germanium center [38].
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Figure 1. Selected metallolyl complexes (LII), alkali metal salts of metallolyl dianions (III), nonaro-
matic metallolyl anions (IV), and aromatic metallolyl anions (V). The substituents Si and M indicate
trialkylsilyl groups and alkali metals, respectively.

This effect of the silyl substituents, which imparts aromatic character to silolyl and
germolyl anions, originates from the effective hyperconjugation (o*—m interaction) between
the trialkylsilyl groups and the anionic 7-electron system [38], raising the possibility of
realizing aromatic stannolyl anions. To date, only the tetraphenyl- and tetraethyl stannolyl
anions [C4PhySnR]™ and [C4Et4SnR]™ have been structurally characterized. These two
derivatives are nonaromatic with a highly pyramidal tin center, like I'V [30]. In this report,
we present the synthesis and structural analysis of a lithium salt of 2,5-disilylated stannolyl
anion. X-ray diffraction studies and NMR spectroscopic analysis indicate that the stannolyl
anion is nonaromatic rather than aromatic, despite the assistance of the silyl groups.

2. Results and Discussion

Scheme 1 shows the synthetic route to the target stannolyl anion. Although synthetic
examples of 1,1-dichlorostannole are limited [39,40], dichlorostannole 1 is expected to be a
suitable precursor. Initial attempts to synthesize 1 from the reaction of the corresponding
1,4-dilithiobutadiene, which was prepared by the reduction of 1-(trimethylsilyl)-1-propyne
with lithium, and SnCly; were unsuccessful. Accordingly, CuCl-promoted transmetalation
of an in situ generated zirconacycle [41] and SnCly was investigated. Although the tin
source for this transformation described in the literature has been limited to R,SnX,, where
R = alkyl or aryl and X = halogen [42], dichlorostannole 1 was successfully obtained by this
method in a 58% yield. Treatment of 1 with a potassium salt of tris(trimethylsilyl)silanide
provided chlorostannole 2 with a bulky silyl group on the tin atom. Reduction of 2 with
lithium in Et, O, followed by recrystallization from hexane-THF, provided a lithium salt of
stannolyl anion 3-(thf)3 as highly air- and moisture sensitive orange crystals. On drying
the crystals in vacuo, 3-(thf)3 released two of the three THF molecules to provide 3-(thf) in
a 26% isolated yield. These new compounds were characterized using 'H and multinuclear
NMR spectroscopy, elemental analysis (excluding 3-(thf)), and X-ray diffraction analysis
(excluding 1). Considering that the mono-THF solvated germolyl anion reported by Miiller
et al. has an aromatic character with a planar germanium atom [38], it is inferred that 3-(thf)
may have a potential aromatic character. Unfortunately, our attempts to obtain single
crystals of 3-(thf) from its toluene and benzene solution were unsuccessful. However, NMR
data of 3-(thf) recorded in C¢Dg suggests that 3-(thf) is nonaromatic at least in solution
(vide infra).
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Scheme 1. Synthetic procedure for lithium salt of stannolyl anion 3.

Figure 2 illustrates the solid-state structures of 2 and 3-(thf); determined by X-ray
diffraction analysis, and Table 1 highlights the structural differences between 2, 3, and
a previously reported stannolyl anion isolated as a solvent-separated ion pair [Li(12-c-
4)][C4Ph4Sn(SiMes3)] 4, where 12-c-4 indicates 12-crown-4 ether [35].

Figure 2. Molecular structures of one of the three independent molecules of 2 (top) and 3-(thf)s
(bottom) with thermal ellipsoid plots at 50% probability. All hydrogen atoms are omitted for clarity.
61 and 60, are the angles of Sil —Sn—Ceenter and Sil—Sn—Cl(Li), respectively (Ccenter is the midpoint
of C1 and C4 atoms).
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Table 1. Selected bond lengths [A] and angles [°].
Bonds and Angles ! 22 3-(thf)3 43
Sn—C1,Sn—C43 2.163,2.151 2.197(3), 2.202(3) 2.197(4), 2.198(4)
C1-C2,C3—-C4 1.352,1.352 1.362(4), 1.363(4) 1.360(6), 1.350(6)
C2-C3 1.521 1.489(4) 1.498(6)
Sn—Si 2.589 2.6586(8) 2.6154(14)
C1-Sn—C4 85.6 81.33(10) 78.56(15)
01 132.5 103.9 89.6
0> 109.2 134.16(10) -

1 Gee Figure 1 for the atom labels, 61, and 65. 2 Average values for the three independent molecules are shown.
3 Data from Ref. [35].

The asymmetric unit of 2 contains three independent molecules, each with slightly
different metrical parameters. The tin and Si5/6 atoms deviate by 0.3 and 0.26-0.41 A from
the least-squares plane defined by C1-C4 atoms due to the steric repulsion between the
bulky tris(trimethyl)silyl and trimethylsilyl groups. The average Sn—C1 and Sn—C4 bond
lengths are 2.163 and 2.151 A, which are slightly longer than those in sterically less hindered
stannoles (2.1357(18) and 2.134(3) A) [30,31]. The C—C bonds in the five-membered ring
are clearly altered (1.352, 1.521, and 1.352 A), indicating its 1,3-diene character. In the
packing structure, the stannole molecules are well aligned along the b-axis, as shown in
Figure S1. At present, we infer that the well-ordered structure is realized by multiple
weak hydrogen bonds between the CH groups of the Si(SiMe3); and the chlorine atom
because the interatomic distances of the CH---Cl (approximately 3.1-3.5 A) fall into a range
of CH:--Cl hydrogen bond lengths [43].

Lithium salt of stannolyl anion 3-(thf); crystallizes as a contact ion pair, adopting
nt-coordination to the lithium cation instead of an n°-fashion. Note that this represents the
first example of a contact ion pair of an alkali metal salt of stannolyl anions. The Sn—Li
distance is 2.879(5) A, which falls within the typical range for Sn—Li bonds [44-46]. The
1,3-diene character is confirmed by the C—C bond alternation in the five-membered ring,
where the bond lengths of C1-C2, C2-C3, and C3-C4 are 1.362(4), 1.489(4), and 1.363(4) A,
respectively. The Sn—Si bond in 3-(thf); (2.6587(8) A)is longer than that in 2 (2.589(1) A).
The Sn—C1/C4 bonds (2.197(3)/2.202(3) A) in 3-(thf)3 are also elongated compared to those
in 2 (2.148(4)-2.167(4) A). These structural changes from 2 to 3-(thf); are attributed to the
negative charge localized on the tin atom; the lone pair with a high s-character increases the
p-character of the Sn-5i and Sn—C bonds. Although the bond lengths in 3-(thf); and 4 listed
in Table 1 resemble each other, the degree of pyramidalization is slightly smaller in 3-(thf)3
(01: 103.9 vs. 89.6°) due to the Sn—Li bond in 3:(thf);. This is also confirmed by the sum
of the three angles around the tin atom: 282.3° for 3-(thf); and 255.1° for 4. Additionally,
the angle 05 in 2 (Si1—5Sn—Cl) is 109.2°, which is an ideal angle for a tetracoordinated atom
(109.5°), whereas the angle in 3-(thf)3 (Si1—Sn—Li) is considerably large (134.16(10)°) due
to the high s-character of the tin lone pair.

To understand the structure of 3-(thf) in solution, NMR studies were performed.
Table 2 summarizes the chemical shift changes upon reduction. The 'Sn{'H} NMR signal
shifted from ¢ 101.3 (2) to —130.6 (3-(thf)), indicating that the negative charge is localized
on the tin atom. A similar trend has been reported for related anionic stannacycles [47,48].
On the contrary, the 2Si NMR signal of the aromatic silolyl anion reported by Kovacs,
Nyulészi, et al. shifted to the lower field compared to that of its neutral precursor (6 65.7
for the silolyl anion vs. 17.0 for its precursor) due to the 7-electron delocalization [36].
A significant downfield shift was observed for the C, signal [from ¢ 148.5 (2) to 180.2
(3+(thf)], as was observed in stannolyl and plumbolyl anions, which can be explained by
the substantial contribution of the paramagnetic term (0pars) [49]. In the 7Li NMR spectrum,
a slightly broadened signal was observed at § —1.47. Considering that negatively large ”Li
NMR chemical shifts (approximately —4 to —6 ppm) for lithiated metalloles indicate the
aromaticity of the metallolyl anions due to the diatropic ring currents [50], we concluded
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that 3-(thf) is also nonaromatic in solution. It is interesting to note that the Me signal of
the stannole ring shifted to a lower field upon reduction (from ¢ 2.01 (2) to 2.34 (3-(thf))),
despite the negative charge on the stannole ring in 3-(thf). Therefore, using the chemical
shift of the ring Me signal to diagnose aromaticity in metallolyl anions could lead to
mischaracterization.

Table 2. Chemical shift changes upon reduction.

2 3-(thf) AS3 — &)
5(11%sn) 101.3 —130.6 —231.9
5(13Cy) 148.5 180.2 31.7
5(B3Cp) 162.0 156.9 —5.1
5(*H) of Cg—Me 2.01 234 —0.33

3. Materials and Methods
3.1. General Considerations

All manipulations were carried out under an argon atmosphere using standard Schlenk
techniques or a glovebox, unless otherwise stated. Hexane, toluene, Et,O, THE and C¢Dg
were distilled over potassium mirror. 1-(Trimethylsilyl)-1-propyne, SnCly, and [Cp,ZrCl,]
were purchased from Tokyo Chemical Industry Co., Ltd. (Fukaya City, Japan), Kanto
Chemical Co., Inc. (Tokyo, Japan), and Sigma-Aldrich Chemical Co. (Burlington, MA, USA),
respectively. KSi(SiMe3); was synthesized according to the literature [51]. 'H (500 MHz),
13C{'H} (125 or 100 MHz), “Li{'H} (194 MHz), ¥Si{'H} (99 MHz), and 1?Sn{'H} (186 MHz)
NMR spectra were recorded on a JEOL ECA-500 (JEOL Ltd., Tokyo, Japan) or a Varian
Mercury 400 spectrometers (International Equipment Trading Ltd., Mundelein, IL, USA) at
20 °C, unless otherwise stated. Chemical shifts are reported in 6 and referenced to residual
1H and BC{H} signals of deuterated solvents as internal standards or to the 7Li{'H]},
2Gi{H}, and M9Sn{'H} NMR signals of LiCl in D,O (6 = 0.00), SiMe4 in CDCl3 (5 = 0.00),
and SnMey in C¢Dy (6 = 0.00) as external standards. In 13C{!H} NMR data, 1°, 2°, 3°, and
4° represent primary, secondary, tertiary, and quaternary carbons, respectively. Elemental
analyses were performed on a Perkin Elmer 2400 series Il CHN analyzer (PerkinElmer,
Waltham, MA, USA).

3.2. Synthesis of 1,1-Dichloro-2,5-trimethylsilyl-3,4-dimethylstannole 1

In a Schlenk flask, a suspension of [Cp,ZrCl;] (2.001 g, 6.84 mmol) in hexane (70 mL)
was cooled to —80 °C. Then, "BulLi (1.57 M in hexane, 8.9 mL, 14 mmol) was added
dropwise, and the mixture was stirred for 30 min at this temperature. After adding 1-
(trimethylsilyl)-1-propyne (2.1 mL, 14 mmol), the mixture was stirred at room temperature
for 20 h to give a yellow suspension. The mixture was then cooled to —80 °C, and CuCl
(135.6 mg, 1.4 mmol) and SnCly (1.0 M in hexane, 7.5 mL, 7.5 mmol) were added. The
mixture was stirred for 20 h at room temperature to form a white suspension and filtered
through Celite®. The solvent of the filtrate was removed in vacuo, and the resulting
pale-yellow powder was dissolved in hexane and recrystallized at —20 °C, yielding 1 as
colorless crystals (1.645 g, 3.97 mmol, 58%). Because compound 1 gradually decomposes in
air, storing it under inert gas is recommended. TH NMR (CgDg): 6 1.72 (s, *Jsn = 11 Hz,
6H, CHg), 0.25 (s, 18H, SiMes); PC{'H} NMR (C¢De): 6 159.9 (4°, ?Jsnc = 159 Hz, Cp),
131.5 (4°, Ysnc = 259 Hz, Cyp), 21.2 (1°, 3J119snc = 223 Hz, 3[1175nc = 213 Hz, CH3), 0.6 (1°,
1Tsic = 53 Hz, 3Jsnc = 16 Hz, SiMes); ¥Si{'H} NMR (CDCls): § —6.01 (SiMe3); 119Sn{'H}
NMR (Cg¢Dg): 6 53.2; m.p. 111 °C; Elemental analysis calcd (%) for C12Hp45i,ClySn: C 34.81,
H 5.84; found: C 34.92, H 6.05.

3.3. Synthesis of 1-Chloro-1-tris(trimethylsilyl)silyl-2,5-trimethylsilyl-3,4-dimethylstannole 2

To a hexane solution (10 mL) of dichlorostannole 1 (781 mg, 1.89 mmol), KSi(SiMe3)3
(0.20 M in hexane, 9.4 mL, 1.9 mmol) was added at —80 °C. The resulting mixture was
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stirred for 18 h at room temperature and then filtered through Celite®. After removing the
solvents in vacuo, the resulting yellow powder was dissolved in Et;O. Cooling this solution
at —20 °C afforded pale-yellow crystals of 2 (382 mg, 0.610 mmol, 32% yield). Because
compound 2 gradually decomposes in air, storing it under inert gas is recommended. 'H
NMR (C¢Dg): 6 2.01 (s, 4Jsn = 5.4 Hz, 6H, CH3), 0.40 (s, *Jsnp = 6.5 Hz, 18H, SiMe3), 0.36
(s, ¥Jsnr = 6.5 Hz, 27H, Si(SiMe3)3); 1PC{1H} NMR (C¢Dg): 8 162.0 (4°, ?J119snc = 84 Hz,
?J1178nc = 80 Hz, Cp), 148.5 (4°, J1108nc = 149 Hz, J1178nc = 143 Hz, Jsic = 63 Hz, C,),
23.7 (1°, 3J119snc = 117 Hz, 3[1178nc = 113 Hz, CH3), 3.7 (1°, Jsic = 46 Hz, 3Jgnc = 14 Hz,
Si(SiMes)3), 2.3 (1°, Jsic = 52 Hz, 3Jsnc = 10 Hz, SiMe3); 2°Si{'H} NMR (CDCl3): 6 —7.23
(Si(SiMes)3), —7.24 (Si(SiMe3)3), —7.88 (SiMes); '9Sn{'H} NMR (C¢Dg): 6 101.3; m.p.
150 °C; Elemental analysis calcd (%) for Cy1Hs15iClSn: C 40.27, H 8.21; found: C 39.95,
H 8.34.

3.4. Synthesis of 1-Lithio-1-tris(trimethylsilyl)silyl-2,5-trimethylsilyl-3,4-dimethylstannole 3

Lithium metal (3.2 mg, 0.46 mmol) was added to an Et,O solution (2 mL) of chlorostan-
nole 2 (113 mg, 0.180 mmol) at —20 °C. After stirring for 1 h, the remaining lithium was
removed by filtration. After removing the solvent in vacuo, the residue was dissolved
in hexane/THEF. Cooling this solution to —20 °C deposited orange crystals of 3-(thf)z.
Drying the crystals under reduced pressure gave off two of the three THF molecules to
give 3-thf (31.2 mg, 0.0466 mmol, 26% yield). TH NMR (Cg¢Dg): 6 3.18 (m, 4H, thf), 2.34 (s,
4Tsnp = 16 Hz, 6H, CH3), 1.17 (m, 4H, thf), 0.49 (s, 27H, Si(SiMe3)3), 0.48 (s, 18H, Si(CH3)3);
BBC{IH} NMR (C4¢Dg): 6 180.2 (4°, Cy), 156.9 (4°, Cpp), 68.9 (2°, thf), 25.9 (1°, 3Jsnc = 13 Hz,
CH3), 25.2 (2°, thf), 5.0 (1°, Jsic = 44 Hz, Si(SiMe3)3), 3.9 (1°, Jsic = 51 Hz, 3Js,c = 13 Hz,
SiMes); 2Si{'H} NMR (C¢Dg): 6 —7.6 (Si(SiMe3)3), —8.9 (}Jsnsi = 43.7 Hz, Si(SiMe3)3), —10.1
(*Jsnsi = 39.3 Hz, SiMe3); 119Sn{!H} NMR (Cg¢Dg): 6 —130.6; “Li{'H} NMR (C¢Dg): 6 —1.47;
m.p. > 143 °C (decomp.). Although elemental analysis could not be carried out due to
the instability towards moisture and oxygen, the purity of 3 was confirmed by the 'H,
13C{1H),1"9sn{1H}, Si{'H} and “Li{'H} NMR spectra (Figures S10-514). Satellite signals
caused by Sn—C coupling could not be observed.

3.5. Details for X-ray Diffraction Studies

Diffraction data for 2 and 3-(thf); were collected on a VariMax Saturn CCD diffractome-
ter with graphite-monochromated Mo Ko radiation (A = 0.71075 A) at —180 °C. Intensity
data were corrected for Lorenz-polarization effects and for empirical absorption (REQAB).
All calculations were performed using the CrystalStructure 4.3 crystallographic software
package, except for refinements, which were performed using SHELXL-2018/3 [52]. The
positions of the non-hydrogen atoms were determined by SHELXT [53]. All non-hydrogen
atoms were refined on F,? anisotropically by full-matrix least-squares techniques. All
hydrogen atoms were placed at the calculated positions with fixed isotropic parameters.

Crystal data for C»1Hs1ClSigSn (2) (M = 626.29 g/mol): monoclinic, space group P2;/c
(no. 14), a = 18.826(2) A, b = 28.856(3) A, ¢ = 18.810(2) A, a = 90°, p = 97.7770(10)°, y = 90°,
V =10,124.5(19) A3, Z =12, T = 93(2) K, w(MoK«) = 0.71075 mm !, Dgyic = 1.233 g/cm?,
82,916 reflections measured (6.0° < 26 < 53.0°), 23,037 unique reflections (Rjnt = 0.0729),
which were used in all calculations. The final Ry was 0.0619 (I > 20(I)), wR, was 0.1272 (all
data), and GOF = 1.128.

Crystal data for C33H75LiO35i45n [3+(thf)3] (M = 814.10 g/mol): monoclinic, space
group P2;/n (no. 14), a = 13.3363(11) A, b = 19.6417(18) A, ¢ = 17.7954(16) A, o = 90°,
B =91.4530(10)°, v = 90°, V = 4660.0(7) A3, Z = 4, T = 93(2) K, p(MoKw) = 0.71075 mm ¢,
Deae =1.160 g/ cm?, 37,674 reflections measured (6.0° < 26 < 55.0°), 10,667 unique reflec-
tions (Rint = 0.0437), which were used in all calculations. The final Ry was 0.0437 (I > 20(1)),
wRy was 0.0952 (all data), and GOF = 1.102.
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4. Conclusions

We successfully synthesized novel 1,1-dichloro-2,5-disilylstannole 1, monochlorostan-
nole 2, and lithium salt of stannolyl anion 3-(thf); that adopts an n'-coordination in the
solid-state. Unlike the aromatic 2,5-disilylated silolyl and germolyl anions, the tin coun-
terpart 3-(thf)3 is concluded to be nonaromatic based on the C—C bond alternation and
pyramidal tin center. This conclusion is further supported by ''Sn{'H} and “Li{'H} NMR
spectroscopic properties. This result can be explained by a trend where the energy differ-
ence between pyramidalized metallolyl anions and the planar ones increases as the group
14 metal becomes heavier [54].

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/inorganics12030092 /s1, Figure S1: Packing structure of 2; Table S1:
Crystallographic data for 2 and 3-(thf)3; Figures S2-S14: NMR spectra of 1, 2, and 3-(thf).
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