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Introduction

One silicon atom of bis(silylene) functions as a
selective Lewis base under adduct formation with
a Lewis acidy

Yi Ding,**® Mohd Nazish, € Paul Niklas Ruth,® Regine Herbst-Irmer,
Dietmar Stalke {2 *° and Herbert W. Roesky () *°

Herein, we describe the facile and selective one-pot synthetic route to silylene-aluminum and silylene-
gallium adducts. Reduction of silylene LSiCl (L = PhC(N'Bu),) with KCg in the presence of bulky and steri-
cally hindered cyclopentadienyl aluminum Cp""AlCL, (Cp"" = 1,2,4-'BusCsH,) and gallium [-Cp"'Ga(u-Cl)
Cll, to afford the Lewis acid—base adducts nl-Cp”'M(Clz) « Si(L)-SiL (M = AL, 1; M = Ga, 3). To confirm the
formation of the Lewis acid—base adduct, the bis(silylene) LSi()-Si()L reacts with Cp""All, to form n*-Cp””’
Al(l5) « Si(L)-SiL (2). These are the first examples where one Si atom in the bis(silylene) is a Lewis base and
coordinates with aluminum or gallium to form a Lewis acid—base adduct, while the other Si atom in the
bis(silylene) still maintains the characteristics of silylene. Compound 3 was heated to 70 °C in toluene for
4 hours and decomposed into the silylene LSiCl and Cp'"Ga'. Compounds 1-3 are well characterized with
NMR spectroscopic methods and single-crystal X-ray structural analysis.

Chart A: C

Silyl i is(si
of Sily or

As a silicon analog of carbene, silylene has a relatively large
AEg ¢ energy gap and displays fascinating reactivity." Bearing
vacant orbitals as well as reactive lone pairs of electrons at
silicon results in the silylene that can act as a Lewis acid as
well as a Lewis base. Silylenes have been widely explored for
the formation of transition metal complexes.>
subject of main group metals with silylene or bis(silylene)
adducts are not extensively explored. Intrinsically group 13
compounds possess Lewis acidity. Silylene is reported to form
Lewis acid-base adducts with organoboron compounds. A
number of literature reports on silylene-boron adducts are well
documented.* "

In comparison with silylene-boron adducts, reports on sily-
lene-aluminum, silylene-gallium, and silylene-indium are rare
(Fig. 1). In 2016, Tacke and co-workers reported the first sily-
lene-aluminum adduct (A) with a Si-Al bond derived from a
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Fig. 1 Adducts of silylene-aluminum,
indium.
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bis(guanidinato)silylene.*” In 2019, we treated LSi-Sil. with
AlMe; to afford the adduct LSi(AlMe;)-Si(AlMe;)L (L = PhC
(N‘Bu),) (B)."" In addition to that we have also reported adduct
C containing an organoaluminum dichloride of a mixed-donor
ligand LSiCeH4PPh,.>* In 2021, Radius and co-workers
reported the adducts D, which were derived from the reactions
with N-heterocyclic silylene (Dipp,NHSi) and All; or Al
(CeF5)3."* Recently, Khan and co-workers reported the reaction
of disilene (TMS),N(n"-Cp*)Si=Si(n'-Cp*)N(TMS), with AlX; (X
= Cl or Br) to form adduct E."> However, the reactions of the
stable N-heterocyclic silylene L'Si: (L' = (ArN)C(=CH,)CH=C
(Me)-(NAr), Ar = 2,6-'Pr,C¢H;) with AlMe; or AlH;-NMe; leads
directly to the 1,1-addition product F.'* In 2013, Aldridge and
co-workers reported the silylene-gallium adduct G with meta-
thesis steps from the Si(iv) precursor Si{N(SiMe;)Dipp}Br;."” In
2017, Driess and co-workers treated LSi-R-BMes, (L = PhC
(N‘Bu),; R = 1,12-xanthendiyl spacer; Mes = 2,4,6-Me;CgH,)
with equivalent amounts of GaCls, which resulted in the Si"f —
GaCl; adduct (H)."® We have also reported a silylene-gallium
adduct 1.>* In 2018, Sen and co-worker prepared the first sily-
lene-indium complex J.*”

Since we report on the silylene LSiCl,"®* many groups have
used this precursor for preparing a number of unprecedented
compounds.'® Later on, we reported the bis(silylene) LSi-SiL,>°
which displayed a silicon(r) dimer, that comprises of a Si-Si
single bond with a lone pair of electrons on each silicon center
showing very high reactivity.>' Since then this high reactivity of
silylene and bis(silylene) were explored by our group and
others. However, the reports of the Lewis acid-base adducts
based on the silylene or bis(silylene) are limited.

In this report, we reduced the silylene LSiCl with an equi-
valent amount of KCg in the presence of half equivalent of
bulky and sterically hindered cyclopentadienyl Cp"’"MCl, (M =
Al or Ga) to afford interesting Lewis acid-base adducts n'-Cp"”’
M(Cl,) « Si(L)-SiL. To confirm the formation of this type of
novel Lewis acid-base adducts, bis(silylene) LSi-SiL was treated
with equivalent amounts of Cp™All, to get n'-CpAl(I,) « Si
(L)-SiL. The new compounds are well characterized by NMR
spectroscopic and single-crystal X-ray analyses.

Results and discussion

Reduction of LSiCl proceeds with equivalent amounts of KCg
in the presence of 0.5 equivalents of Cp"’AlCl, in the toluene
at —78 °C. Then the reaction was slowly warmed up to room
temperature and stirring was continued overnight to afford the
Lewis acid-base adduct n'-Cp"’Al(Cl,) « Si(L)-SiL (1) as color-
less crystals in 52% yield (Scheme 1).

The "H NMR spectrum of 1 shows two singlets at § 1.25 and
1.36 ppm for the ‘Bu of amidinato ligand, two singlets at §
1.64 and 1.75 ppm for the ‘Bu of cyclopentadienyl ligand. One
broad resonance at § 6.79-6.85 ppm for cyclopentadienyl, and
two broad resonances at 6 6.92-7.02 and 7.23-7.25 ppm for
phenyl protons. The *°Si NMR shows two resonances at 49.2
and 57.0 ppm caused by the different chemical environments
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Scheme 1 Synthesis of compound 1-3.

of the two Si atoms in the compound 1, both shift up-field in
comparison to the bis(silylene) (76.3 ppm).

Compound 1 crystallizes in the triclinic space group P1
with one molecule and two half toluene solvent molecules in
the asymmetric unit. The X-ray crystallography of 1 clearly
shows the coordination of the Lewis acid Cp'AlCl, with bis
(silylene) LSi-SiL to form the Lewis acid-base adduct (Fig. 2). It
is noteworthy that in the bis(silylene) LSi-SiL, one Si atom
adopts a four-coordinate arrangement as a Lewis base, while
another Si atom also holds a lone pair of electrons with a

Fig. 2 Molecular structure of 1. Anisotropic displacement parameters
are depicted at the 50% probability level. The hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and angles []: Si1-Si2
2.4245(10), Si2—Al2 2.5413(9), Si1-N1 1.8667(12), Si1-N2 1.8691(11), Si2—
N3 1.8295(11), Si2—N4 1.8522(11), Al2-Cl1 2.2005(7), Al2-CI2 2.1745(7),
N1-Si1-N2 69.50(5), N3-Si2—N4 71.08(5).

This journal is © The Royal Society of Chemistry 2023
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three-coordinate character. However, the two Si atoms are in
an oxidation state I, this is a very rare situation. In the Lewis
acid part, the Al atom adopts a four-coordinate oxidation state
III. The Al2-Si2 (2.5413(9) A) bond length is significantly
longer than the reported Al-Si covalent bond in compounds
[LAIHSiH,Mes], (2.4602(8) A)'* and LAI(SiH,SiH,),AlL (2.4473
(9)-2.4545(9) A)."* Furthermore, other selected examples with
Si-Al bonds are mentioned in brackets (F (2.487(1) A),**
NacnacAlHSiH,Ph (2.4522(8) A), and NacnacAlHSiHMePh
(2.4548(7) A)).>* However, the Al-Si coordination bond length
which is reported in the following examples is longer in LSi
(AlMe;)-Si(AlMe;)L,  (2.5921(7) and 2.5799(8) A),'* [PhC
(NPr),],Si — AlPh; (2.5293(14) A) and [C(N'Pr);],Si — AlPh,
(2.5544(17) A).*” This indicates that the Al-Si bond in com-
pound 1 is a coordination bond. The Si1-Si2 bond length is
2.4244(10) A, which is longer than the corresponding com-
pound in LSi-SiL, (2.413(2) A),*° LSi(AIMe;)-Si(AlMe;)L (2.3937
(7) A),** and LSi(M)-Si(M)L (M = Ir, 2.376(5) A; M = Rh, 2.388
(2) A).>* Since only Si2 in LSi-SiL is coordinated with Al from
the Cp'”Al(Cl,), the Si-N bond lengths and the N-Si-N bond
angles in the two amidinato silicon four-membered rings are
different. The Si2-N bond length (Si2-N3 1.8295(11) A, Si2-N4
1.8522(11) A) are shorter than Si1-N (Si1-N1 1.8667(12) A, Si1-
N2 1.8691(11) A), which makes the bond angle N3-Si2-N4
(71.08(5)°) to be slightly bigger than N1-Si1-N2 (69.50(5)°). It
is also noteworthy that the Cp"’AlCl, changes from n’ to n".

To confirm the formation of Lewis acid-base adduct, we
also tried the reaction of bis(silylene) LSi-SiL with Cp'’All, at
room temperature overnight, and then isolated the light yellow
crystals n'-Cp™Al(I,) « Si(L)-SiL. (2) in the yield of 45%
(Scheme 1). The "H NMR spectrum of 2 shows four singlets at
5 1.21, 1.42, 1.66, and 1.76 ppm for the “Bu of amidinato and
cyclopentadienyl ligand. One broad resonance at §
6.88-6.95 ppm for cyclopentadienyl, two broad resonances at §
6.97-7.06 and 7.20-7.25 ppm for phenyl protons. The *°Si
NMR shows two resonances at 47.8 and 54.4 ppm for the two
Si atoms in compound 2, which shift to up-field in comparison
to compound 1 (49.2 and 57.0 ppm) and the starting material
bis(silylene) (76.3 ppm).

2 crystallizes isostructurally to 1 (Fig. 3) in the triclinic
space group P1 with one molecule and two toluene solvent
molecules. Due to the larger radius of the two iodine atoms
connected to Al in the Lewis acid part, the bond lengths of Al-
Si (2.5505(9) A) and Si-Si (2.4399(8) A) are both slightly longer
than those in compound 1, while all other features mentioned
above for 1 are identical.

To further elaborate the formation of Lewis acid-base
adduct, we repeated the reaction of LSiCl with equivalent
amounts of KCg and 0.25 equivalents of [n'-Cp""Ga(u-CI)Cl], in
toluene at —78 °C. From this reaction we obtained as a Lewis
acid-base adduct n'-Cp™Ga(Cl,) « Si(L)-SiL (3) as colorless
crystals in 65% yield. The "H NMR spectrum of 3 shows two
singlets at § 1.25 ppm and 1.37 ppm for the ‘Bu of amidinato
ligand, two singlets at § 1.63 ppm and 1.72 ppm for the ‘Bu of
cyclopentadienyl ligand. One broad resonance at §
6.81-6.87 ppm for cyclopentadienyl, two broad resonances at §

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Molecular structure of 2. Anisotropic displacement parameters
are depicted at the 50% probability level. The hydrogen atoms are
omitted for clarity. Si1-Si2 2.4399(8), Si2—All 2.5505(9), Si1-N1 1.8659
(15), Si1-N2 1.8669(15), Si2—N3 1.8396(14), Si1-N2 1.8492(13), All-I1
2.6040(8), Al1-12 2.5740(7), N1-Si1-N2 69.73(7), N3-Si2—N4 70.77(7).

6.92-7.01, 7.10-7.13, and 7.22-7.24 ppm for phenyl protons.
The 2°Si NMR shows two resonances at 41.1 and 54.7 ppm for
the two Si atoms with the different chemical environments in
compound 3, which also shift to up-field in comparison to the
aluminum compound 1 and starting material bis(silylene)
(76.3 ppm).

Compound 3 crystallizes again isostructurally to 1 (Fig. 4)
in the triclinic space group P1, however with two molecules
and four toluene solvent molecule in the asymmetric unit.
Interestingly, the dimer gallium [n'-Cp™Ga(u-Cl)Cl], was split
into the monomers Cp"’GacCl, by the bis(silylene) to form com-
pound 3. In the Lewis acid part, the Ga atom is four-co-
ordinated in oxidation state III. The Si2-Gal bond length
(2.4910(7) A) is longer than those in adducts of G (2.438(1) and
2.452(1) A)," H (2.3963(17) A),'® and I (2.3904(6) A),°* but

Fig. 4 Molecular structure of 3. Anisotropic displacement parameters
are depicted at the 50% probability level. The hydrogen atoms are
omitted for clarity. Si1-Si2 2.4339(7), Si2—Gal 2.4910(7), Si1-N1 1.8621
(16), Si1—-N2 1.8755(16), Si2—N3 1.8427(15), Si2—N4 1.8271(14), Gal-Cl1
2.2788(8), Gal-ClI2 2.2368(6), N1-Si1-N2 69.60(7), N3-Si2—N4 71.33(6).
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shorter than the Si-Al bond length in compounds 1 (2.5413(9)
A) and 2 (2.5506 A). However, the Si1-Si2 bond length (2.4339(7)
A) is longer than in the compound of LSi-SiL (2.413(2) A),?° the
adduct LSi(AlMe;)-Si(AlMe;)L (2.3937(7) A),"* LSi(M)-Si(M)L
(M =Tr, 2.376(5) A; M = Rh, 2.388(2) A).?* The above mentioned
differences in the two amidinato silicon rings are again valid.

We heated compound 3 in toluene to 70 °C and kept it for
4 hours, hoping to get some novel structures through
rearrangement, but it was found to be decomposed into the
silylene LSiCl and Cp’’Ga" according to the NMR spectroscopic
methods (Scheme 1).

Conclusions

In summary, we reported the reduction of silylene LSiCl with
KC;g in the presence of large sterically hindered cyclopentadie-
nyl aluminum or gallium dichloride to form three novel sily-
lene-aluminum or silylene-gallium Lewis acid-base adducts.
In the adducts, one silicon atom in the bis(silylene) is a Lewis
base coordinated with large sterically hindered cyclopentadie-
nyl aluminum dihalide or gallium dichloride. One silicon
atom in bis(silylene) acts as a Lewis base, while another
silicon atom also maintains the characteristics of silylene,
making the two amidino silicon four-membered rings in bis
(silylene) showing regular changes.

Experimental section

All manipulations were carried out using standard Schlenk
and glove-box techniques under an atmosphere of high-purity
dinitrogen. THF, hexane, and toluene, respectively, were dis-
tilled over Na/K alloy (25 : 75), while diethyl ether was distilled
over potassium mirror. Deuterated NMR solvent C4D¢ was
dried by stirring for 2 days over Na/K alloy followed by distilla-
tion in a vacuum and degassing. 'H, "*C{'H}, and *°Si NMR
spectra were recorded on Bruker Avance 400 MHz NMR
spectrometer and were referenced to the resonances of the
solvent used. Microanalyses were performed by the
Analytisches Labor fiir Anorganische Chemie der Universitit
Gottingen. Melting points were determined in sealed glass
capillaries under dinitrogen, and are uncorrected. The starting
material LSiCl,'® LSi-SiL,>° n>-Cp"’AlX, and [n'-Cp"Ga(p-Cl)
Cl], were synthesized by following the literature procedure.**
All other reagents were used as received.

Synthesis of n'-Cp""Al(CL,) « Si(L)-SiL (1)

To a mixture of LSiCl (294 mg, 1.0 mmol), KCs (135 mg,
1.0 mmol) and 1°-Cp™AICl, (166 mg, 0.5 mmol) or Cp"AlBr,
(210 mg, 0.5 mmol) was added toluene (30 mL) at —78 °C, and
the resulting mixture was allowed to warm to room tempera-
ture slowly and stirred at room temperature overnight. After fil-
tration, the solvent was concentrated to 10 mL under vacuum.
The orange solution was stored in a freezer at —30 °C for 7
days to isolate X-ray quality colorless block-shaped crystals of 1
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(yield: 247 mg, 52%). "H NMR (400 MHz, C¢D, 298 K, ppm): &
7.25-7.23, 7.02-6.92 (m, 10H, Ar-H), 6.85-6.79 (m, 2 H,
CsH,(‘Bu);), 1.75 (s, 18 H, CsHy(‘Bu);), 1.64 (s, 9 H,
CsH,(‘Bu);), 1.36 (s, 18 H, N'Bu), 1.25 (s, 18 H, N'Bu); *C NMR
(126 MHz, Cg¢Dg, 298 K, ppm): § 163.6 (NCN), 154.1, 152.3
(PhCN), 133.7, 131.8, 131.1, 130.5, 130.1, 129.7, 129.0, 128.5,
128.4, 127.5, 126.8 (Ar-C, Cp-C), 53.9, 53.2 (C(CHs)), 35.4,
33.9, 33.5, 32.6, 31.9, 31.7, 31.6, 31.0, 28.8 C(CH,); 2°Si NMR
(99 MHz, 298 K, C¢Ds, ppm): § 57.0, 49.2. Mp: 208 °C (dec).
Anal. (%) caled for C4;H;5AICI,N,Si,-C,Hg (940.3): C, 68.83; H,
8.88; N, 5.95 Found: C, 69.11; H, 9.01; N, 5.54.

Synthesis of n'-Cp""Al(L,) < Si(L)-SiL (2)

To a mixture of LSi-SiL (259 mg, 0.5 mmol) and n°>-Cp"’All,
(258 mg, 0.5 mmol) were added toluene (30 mL) at room temp-
erature and stirred overnight. After filtration, the solvent was
concentrated to 10 mL under vacuum. The red solution was
stored in a freezer at —30 °C for 3 days to get X-ray quality color-
less block-shaped crystals of 2 (yield: 247 mg, 43%). '"H NMR
(400 MHz, C¢Dg, 298 K, ppm): § 7.25-7.20, 7.06-6.93 (m, 10H,
Ar-H), 6.92-6.88 (m, 2 H, CsH,(‘Bu)s), 1.76 (s, 18 H, CsH,(‘Bu)s),
1.66 (s, 9 H, CsHy(‘Bu);), 1.42-1.21 (m, 36 H, N‘Bu); *C NMR
(100 MHz, Cg¢Dg, 298 K, ppm): § 170.1 (NCN), 164.9, 164.8
(PhCN), 133.4, 131.6, 131.4, 130.3, 130.1, 129.8, 129.1, 129.0,
128.5, 128.4, 128.2, 126.9, 125.3 (Ar-C, Cp-C), 54.4, 53.1
(C(CH,)), 35.9, 34.0, 33.7, 33.5, 32.2, 32.2, 32.0, 31.5 C(CH3); >°Si
NMR (99 MHz, 298 K, C¢Ds, ppm): § 54.4, 47.8. Mp: 219 °C
(dec). Anal. (%) caled for C,;H;5AlLN,Si,-2 C;Hg (1217.33): C,
60.18; H, 7.53; N, 4.60 Found: C, 60.31; H, 7.73; N, 4.39.

Synthesis of n'-Cp"'Ga(Cl,) « Si(L)-SiL (3)

To a mixture of LSiCl (294 mg, 1.0 mmol), KCs (135 myg,
1.0 mmol) and [n*-Cp"'Ga(u-Cl)Cl], (188 mg, 0.25 mmol) was
added toluene (30 mL) at —78 °C, and the resulting mixture
was allowed to warm to room temperature slowly and stirred at
room temperature overnight. After filtration, the solvent was
concentrated to 10 mL under vacuum. The yellow solution was
stored in a freezer at —30 °C for 2 weeks to get X-ray quality
yellow block shaped crystals of 3 (yield: 315 mg, 65%). 'H
NMR (400 MHz, C¢Ds, 298 K, ppm): § 7.24-6.89 (m, 10 H, Ar-
H), 6.89-6.84 (m, 2 H, CsH,(‘Bu);), 1.72 (s, 18 H, CsH,(‘Bu);),
1.63 (s, 9 H, CsH,(“Bu);), 1.37 (s, 18 H, N'Bu), 1.25 (s, 18 H,
N‘Bu). "*C{’H} NMR (100 MHz, C¢Ds, 298 K, ppm & 166.2
(NCN), 155.5, 152.3 (PhCN), 133.3, 131.4, 130.9, 130.3, 129.9,
128.8, 128.5, 128.2, 127.8, 127.5, 126.8 (Ar-C, Cp-C), 54.1, 53.4
(C(CH;);), 35.8, 34.6, 33.9, 33.4, 31.7, 31.5, 31.0, 30.5
(C(CH3)3). *°Si NMR (99 MHz, C¢Ds, 298 K, ppm): 54.7, 41.1.
Mp: 187 °C (dec). Anal. (%) caled for C,,H;5GaCl,N,Si, 2 C,Hg
(1077.17): C, 68.01; H, 8.52; N, 5.20 Found: C, 68.25; H, 8.81;
N, 5.14.
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