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A Bis(silylene)silole — synthesis, properties and
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A 1,1-bis(silylene)silole has been synthesised by a double salt-metathesis reaction from potassium silacy-
clopentadienediide, K;[1], and an amidinato-stabilized silylene chloride in a 1: 2 ratio. The red colour of

Received 15th April 2024,
Accepted 24th May 2024

DOI: 10.1039/d4dt01112k

rsc.li/dalton

Introduction

Siloles and amidinato silylenes represent important branches
in the growing tree of organosilicon chemistry. The unique
photophysical properties of siloles and their derivatives have
opened new perspectives for materials science." The discovery
of the aggregation induced emission (AIE) effect is here only
one of the most prominent developments.> Amidinato sily-
lenes with tricoordinated silicon atoms show unique nucleo-
philic properties. Since the first report on their synthesis by
H. Roesky and coworkers in 2006, their use as stabilizing
ligands in main group and transition metal chemistry has
strongly influenced the area of small molecule and bond
activation.”” In this respect the work of Driess and coworkers
is of particular interest.*" This group developed a series of
bissilylenes A-G (Fig. 1)'"**™° that show interesting coopera-
tive reactivity that is useful for the synthesis of unusual main
group compounds and makes these compounds valuable
ligands in coordination chemistry. The groups of So and
Roesky/Stalke added to this series bissilylenes H and J.>>*! In
these two examples the silylenes are separated by tetracoordi-
nated silicon atoms and the resulting Si-Si bonds are unu-
sually long (241-245 pm). This suggests relatively small Si-Si
bond energies and therefore small separations between c- and
o*-orbitals with favourable preconditions for c-conjugation.>?
Before the background of these considerations, our motivation
to combine the silole group with tricoordinated amidinato sily-
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the title compound is due to the lp(Si)/a*(silole) transition. This band is bathochromically shifted com-
pared to that of other 1,1-bissilylsiloles suggesting enhanced conjugation between the silole -system and
the newly formed Si(1)—-Si(iv)-Si(i) group. The bissilylene is easily oxidised by the elemental chalcogens S,
Se, and Te and forms a bissilaimide by reaction with an arylazide.

lenes was twofold. We were interested in the influence of the
two Si(u) substituents on the electronic situation of the silole
ring and we were curious to study whether cooperative reactiv-
ity between the two nucleophilic Si(u) centres is possible when
held together by the silole group.
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Fig.1 Examples of chelating bissilylene ligands A-J, their 295i NMR
chemical shifts, §2°Si, and their Si/Si separation, d(Si/Si).
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Results and discussion

The starting materials of choice were silole dianions [1]*~ and
amidinate-stabilized silylene chloride RSi(:)Cl (R = PhC
(N¢Bu),), 2.>** Treatment of dipotassium silacyclopentadiene-
diide K,[1] with silylene chloride 2 in a molar ratio of 1:2 in
THF gives the expected bis(silylene)silole 3 in 65% yield
(Scheme 1). The formation of silole 3 was confirmed by NMR
spectroscopy. The "H NMR spectrum of silole 3 reveals two
singlets, one for the tBu groups and one corresponding to the
trimethylsilyl groups, as well as one set of resonances for the
phenyl groups of the amidinate ligand and of the silole ring
(see the ESIT). In the *°Si NMR spectrum, three signals were
detected at 6*°Si = —10.6, 6.5, and 65.6, which were assigned to
the trimethylsilyl group, the silole (Si1) and silylene silicon
atoms (Si4, Si5), respectively. The assignment is supported by
the detection of a 'J(Si1-Si4/5) coupling constant of 62 Hz for
the two resonances at high frequencies. The *°Si NMR reso-
nance of the silylene silicon atoms Si4/5 appears downfield
shifted from those of the starting material, amidinato silylene
chloride 2 (5°°Si = 14.6),> but in the same chemical shift
region as those of the tris(trimethylsilyl)-substituted benzami-
dinato silylene 6 and the diphenylsilylene separated bissilylene
J (Fig. 1 and 2),** confirming the deshielding effect of the
silicon substituent for this class of silylenes. While the silole
silicon atom is strongly shielded by A§*°Si = —142 compared to
that of K,[1] (5°°Si = 148.5),> its *°Si NMR resonance appears
low field shifted compared to disilyl-substituted siloles, such
as bissilylsilole 5 (5°°Si = —17.1).%° The origin of the red colour
of a solution of silole 3 in n-hexane is a long wave absorption
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Scheme 1 Synthesis of silole bridged bissilylene complex 3.
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Fig. 2 Structural and spectroscopic data of selected siloles and silicon
(1) amidinates.
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band at 4 = 474 nm. In contrast, structurally strongly related
siloles such as 1,1-dimethylsilole 4 and 1,1-bis(trimethylsilyl)
silole 5 are colourless and show long-wave absorptions in the
near UV-region (Fig. 2).”® The colours of crystals of tris(tri-
methylsilyl)silyl substituted amidinato silylene 6 and of bissily-
lene J are yellow, which suggests an absorption band around
400 nm.*** This is in qualitative agreement with calculated
long-wave UV-absorption bands at A, = 370 nm (6) and at
Amax = 387 nm (J) (M06-2X/6-311+G(d,p), Fig. 2).>”*® This com-
parison indicates that the combination of the silole ring with
two amidinato silylene substituents leads to a significant bath-
ochromic shift of the long-wave absorption in bis(silylene)
silole 3.

Red crystals of bis(silylene)silole 3 suitable for single crystal
X-ray diffraction (sc-XRD) analysis were obtained from a satu-
rated Et,O solution at 5 °C and its molecular structure is pic-
tured in Fig. 3. The central silacyclopentadiene ring shows the
expected planar structure (the distance of Si1 from the least
square plane of the four carbon atoms is 1.9 pm) with a short/
long/short C-C bond length variation of the butadiene part
and regular Si1-C1 and Si1-C4 bond lengths (Fig. 2). The
silicon atom Si1 is tetracoordinated and the plane spanned by
Si1 and the two silylene silicon atoms Si4 and Si5 is almost
orthogonally oriented to the silole ring (the dihedral angle
between both planes is 80.7°). The Si-Si bonds are long (245.9
and 246.3 pm) compared to exocyclic Si-Si bonds in siloles
(e.g. silole 5)*° but are in the expected region for exocyclic Si-Si
bonds of amidinate-stabilized silylenes (e.g. silylene 6 and bis-
silylenes H and J (Si-Si = 240-245 pm)).>>** The Si4-Si1-Si5
bond angle is 108.9°, close to the ideal tetrahedral angle. The
coordination environment of the two tricoordinated silicon
atoms Si4 and Si5 is trigonal pyramidal (sum of the bond
angles a: Y a(Si4) = 281.1° and Y a(Si5) = 284.3°), which is con-
sistent with the presence of a stereoactive lone pair at each
silicon centre. The separation between both tricoordinated
silicon atoms is 400.5 pm, in the range of related Si/Si dis-

Fig. 3 Molecular structure of bis(silylene)silole 3 in the crystal (hydro-
gen atoms are omitted; thermal ellipsoids at 50% probability). Selected
atom distances [pm] and angles [°]: Si1-Si4 245.90(6), Si1-Si5 246.35(5),
Si1-C1 189.11(17), Si1-C4 189.48(15), C1-C2 137.09(22), C2-C3 147.64
(23), C3-C4 137.26(19), Si4-Si1-Si5 108.91(19).
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tances in bissilylenes A-E and G-J (326-588 pm) (Fig. 1). The
amidinate rings are oriented in an anti-configuration with
regard to the Si4Si1Si5 plane. Therefore, the lone pairs at the
silylene silicon atoms point in opposite directions.

This is supported by the results of quantum mechanical
calculations at the M06-2X/6-311+G(d,p) level of theory.”” The
molecular structure of silole 3 at this level of theory agrees well
with data that was obtained from XRD analysis. The smallest
deviation between important structural parameters is less than
2% (see the ESIT). This good agreement allows a closer inspec-
tion of the electronic situation in bissilylene silole 3 by this
DFT method. The HOMO-2 is dominated by contributions of
the highest n-orbital of the butadiene part of the silole ring
(Fig. 4). As expected, the HOMO and HOMO-1 are combi-
nations of the lone pairs at the tricoordinated silicon atoms
with significant contributions of the ¢-Si-Si bonds (see Fig. 4)
with the lone pairs pointing in opposite directions. As is
typical for siloles, the LUMO is a combination of the 7* orbi-
tals of the butadiene part of the silole ring and the ¢*-Si-Si
bonds (n*/c* conjugation).”® Different to other siloles (e.g. 4
and 5, Fig. 2 and the ESIY) the long wave transition is a 1p(Si)/
n*(silole) transition. The HOMO/LUMO energy gap is relatively
small (2.18 eV) and the lowest absorption band, which is
assigned to the HOMO/LUMO transition, is calculated at
425 nm (M06-2X/6-311+G(d,p)), close to the experimental value
of 474 nm. Therefore, the substitution of the silole ring with
two tricoordinated silylenes leads to a change in the nature of
the long wave absorption and to a significant bathochromic
shift.

We investigated the reactivity of several transition metal
complexes (such as Fe(0), Ni(0), Ni(u), Pd(0), Pd(u), Au(1), and
Zn(u) complexes) applying different conditions and stoichi-
ometries to probe the coordination ability of silole 3. However,
in all investigated cases the reaction was not selective, and we

LUMO
E=-0.67eV

HOMO
E=-551eV

HOMO-1
E=-580eV

HOMO-2
E=-6.98eV

Fig. 4 Calculated surface diagrams of molecular orbitals of bissilylene
silole 3 (M06-2X/6-311+G(d,p), isodensity value 0.02).
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were not able to isolate a metal complex of bis(silylene)silole 3.
The reason for this failure is not clear but the unfavourable
anti-orientation of the two silylene groups in the confor-
mational ground state might contribute. Due to the lack of
defined reactivity versus metal complexes, we tested the reactiv-
ity of bis(silylene)silole 3 versus standard reagents such as
elemental chalcogens (Scheme 2) and arylazides (Scheme 3).

As expected bis(silylene)silole 3 is unstable in air and the
controlled reactions with dioxygen (air) or oxygen atom donors
(dinitrogen monoxide) are not selective. In contrast, two
equivalents of the heavier chalcogens sulphur, selenium and
tellurium react smoothly with silole 3 in THF at room tempera-
ture to yield the dichalcogenides 7-9 in acceptable to good
yields (66-83%, Scheme 2). The identity and structure of these
compounds were confirmed by NMR spectroscopy and sc-XRD.
The *°Si NMR spectra of chalcogenides 7-9 display for the sily-
lene silicon atom signals at §°°Si = 19.7 (7), 15.0 (8), and —11.7
(9), which show the expected low frequency shift going from
sulphide to telluride known for tetra- and pentacoordinated
silicon chalcogenides.>**~** These >°Si NMR signals are in the
typical region of tetracoordinated amidinate stabilized silicon
chalcogenides bracketed by the values for the corresponding
hypersilyl- and bissilylamino-substituted chalcogenides 13 and
14 (see Fig. 5).>*** Compared to tricoordinated silicon chalco-
genides (heavy silaketones) such as 10-12, the >°Si resonances
of 7-9 are significantly shifted to lower frequencies**>° but
they are clearly distinguished from those of the pentacoordi-
nated silicon chalcogenides 16 (Fig. 5).°" Based on this assess-
ment of the *°Si NMR chemical shifts, we place the electronic
effects of the silole ring in chalcogenides 7-9 between the elec-
tron donating hypersilyl group (in 13) and the electronegative
amino substituent (in 14) or the even more electronegative
phenoxy substituent in the bis(silicon chalcogenide) 15.>*3%33
The silicon selenide 8 shows Si/Se satellites that are separated
by '/ (SiSe) = 292 Hz, in the typical range for tetracoordinated
silicon selenides (e.g. 284 Hz (14b); 247 Hz in Ter*(H)(Me,Im)
Si(Se), Ter* = 2,6-bis-(2,4,6-triisopropylphenyl)phenyl) and sig-
nificantly larger than is found for silylselenoethers such as
(Me;Si),Se (Ysise = 107 Hz).*>** In addition, the *Si NMR data
gives no indication of any intramolecular interaction between
the two SiCh groups.

The silicon selenide 8 exhibits a resonance in the ’Se{'H}
NMR spectrum at §’’Se = —184.3 and the telluride 9 is charac-
terized by one signal at §'*°Te = —692.5 in the "> Te{"H} NMR
spectrum. This is for both nuclei a significant shift to low fre-
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Scheme 2 Reaction of bis(silylene)silole 3 with chalcogens S, Se, and Te.
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quencies compared to the tricoordinated analogues 11b (5””Se
= 635) and 11c (5"*°Te = 731).%” Relative to typical tetracoordi-
nated silicon selenides and tellurides such as 14b,c (5’”Se =
-451, §'°Te = —1093)*® and 15b,c (6"’Se = —514, §"*°Te =
-1242)* it is however significantly shifted to high frequencies.
Although the 7’Se and "**Te NMR chemical shift data for
silicon chalcogenides in different coordination states are
widely spread over large chemical shift ranges (5”’Se = —535 to
+635; §'*°Te = —1236 to +731), the here reported data are con-
sistent as ”’Se and '*Te NMR chemical shifts for this class of
compounds are almost linearly correlated including com-
pounds 8 and 9 from the present study (see the ESI{ for more
detailed data).*°

Sc-XRD analysis of suitable crystals of silicon chalcogenides
7, 8 and 9 (Fig. 6) revealed molecular structures that are close
to that of the bissilylene silole 3. In all three cases, the central
Si1Si4Si5 planes are oriented almost orthogonally to the silole
ring. The increase of the coordination number of the silicon
atoms Si4 and Si5 by oxidation of the bissilylene silole 3
resulted in slightly shorter Si1-Si4/5 bonds in the chalco-
genides 7-9 (Si1-Si4/5 = 240-241 pm) compared to those in
the bissilylene 3. These bonds are however still long compared
to the regular bonds between tetracoordinated silicon atoms
(Si-Si™**" = 235.8 pm). All three silicon chalcogenides 7-9
show an anti-orientation of the chalcogen substituents relative
to the central Si4-Si1-Si5 plane. The lengths of the silicon
chalcogen bonds (7: Si-S = 199-200 pm; 8: Si-Se = 213-214
pm; 9: Si-Te = 237 pm) are in the typical range for tetracoordi-
nated silicon chalcogenides (e.g. 13-15, Fig. 5),>**%** and are
placed between those reported for tricoordinated (e.g. 10 and
11)***° and pentacoordinated silicon chalcogenides (e.g. 16).%"
As a result of the high polarity of the Si-Ch bonds and signifi-
cant contributions from negative hyperconjugation, these
bonds are all short, close to the theoretically expected value for
Si=Ch double bonds (Si=S = 201 pm; Si=Se = 214 pm; Si=Te
= 235 pm).>**>*? A short discussion of the bonding of the Si-S
linkage in compounds 7 and 10(S) (for comparison) support-

Fig. 6 Molecular structure of bissilicon sulphide 7 (left), bissilicon selenide 8 (middle) and bissilicon telluride 9 (right) in the crystal (hydrogen atoms
are omitted; thermal ellipsoids at 50% probability). Selected atom distances [pm] and angles [°]: 7 Si1-Si4 239.19(7), Si1-Si5 239.76(6), Si4—S1 199.33
(7), Si5—S2 199.58(7), Si1-C1 188.85(20), Si1-C4 189.34(15), C1-C2 136.41(27), C2-C3 149.48(24), C3—-C4 136.68(24), Si4-Si1-Si5 117.89(2); 8 Sil-
Si4 239.59(7), Si1-Si5 239.98(6), Si4—Sel 213.29(7), Si5—Se2 213.61(6), Si1-C1 188.94(13), Si1-C4 189.00(12), C1-C2 136.67(16), C2—-C3 149.65(16),
C3-C4 136.22(18), Si4-Si1-Si5 119.51(19); 9 Si1-Si4 241.14(12), Si1-Si5 241.62(13), Si4—Tel 237.12(11), Si5-Te2 236.85(11), Si1-C1 189.43(38), Sil-
C4 189.38(36), C1-C2 136.29(52), C2-C3 149.86(46), C3—-C4 136.08(54), Si4-Si1-Si5 118.98(5).

This journal is © The Royal Society of Chemistry 2024
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ing the use of ylidic Lewis representations is provided in the
ESI (pp. 30-321).

The bissilaimine 17 is formed by the reaction of two equiva-
lents of diisopropylphenylazide, DippN3, with bissilylene 3 in
THF in 71% yield (Scheme 3). It is soluble in aromatic hydro-
carbons, ethers and chlorinated hydrocarbons. Crystals suit-
able for sc-XRD analysis were obtained from benzene solution.
The ?°Si{"H} NMR spectra of bissilaimine 17 display three
signals at §*°Si = —9.0 (SiMe;), —20.3 (silole Si), and -73.1
(imide Si). The imide silicon nuclei are significantly shielded
compared to those of silaimides with tricoordinated silicon
atoms (Fig. 7, cpds 18-20).*"* Its *°Si NMR signal is even at
the low frequency end of the typical region for tricoordinated
silaguanidinium derivatives 21 and 22**** and of tetracoordi-
nated amidinate stabilized silicon imides (Fig. 7, cpds
23-25).*»* Interestingly, the trimethylsilyl groups of the silole
ring show at room temperature in the 'H NMR spectrum
extreme line broadening ("H NMR line width at half height:
~ 300 Hz), indicating the steric overloading of the silaimine
17. Crystals suitable for sc-XRD analysis were obtained from
benzene solution. The molecular structure of bissilaimine 17
is of C,-symmetry with the consequence that both silaimine
units have the same metrics (Fig. 8). Its main features (loca-
lized silole ring, almost orthogonally oriented silole ring and
Si4/Si1/Si5 plane) are very similar to the structures of the bis-
chalcogenides 7-9. The central Si1-Si4/Si5 bonds (245.4 pm)
are of the same length as in the bissilylene 3. The Si4-N1/Si5-
N2 bonds are short (159.8 pm) and compare very well with
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Fig. 7 Silaimines and silaguanidines with tricoordinated and tetracoor-
dinated silicon atoms and dicoordinated nitrogen atoms (selected atom
distances [pm] and angles [°]).
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Fig. 8 Molecular structure of bissilaimine 17 in the crystal (hydrogen
atoms are omitted; thermal ellipsoids at 50% probability). Selected atom
distances [pm] and angles [°]: Si1-Si4 245.42(4), Si4—N1 159.83(6), Si1-
C1 190.08(6), C1-C2 136.97(9), C2-C3 149.96(8), Si4-Sil1-Si5 125.76
(14), Si1-Si4—N1156.16(6), Si4—N1-CP= 166.16(2).

those of silaimines with tricoordinated and tetracoordinated
silicon atoms (Fig. 7). The Si4-N1-C?%/Si5-N2-C?* bond
angles (166.2°) are wider than are usually found for N-aryl/
alkyl substituted silaimines (e.g. cpds 19 and 24) and approach
the values found for N-silyl substituted silaimines
(Flg 7)'42,45,46

Conclusions

A 1,1-bisamidinatosilylene-silole 3 has been synthesized and
characterized. In contrast to other 1,1-disubstituted siloles
with a similar substitution pattern such as 4 and 5, bissilylene
silole 3 is strongly coloured due to a bathochromic shift of the
HOMO/LUMO transition. The nature of the long-wave absorp-
tion band changes from the regular n(silole)/n*(silole) tran-
sition of the butadiene parts of siloles 4 and 5°**° to a Ip(Si)/
n*(silole) transition in bissilylene silole 3 with a smaller energy
separation. The stabilization of the LUMO due to more
enhanced o*/7* conjugation also contributes to the smaller
HOMO/LUMO gap in silole 3. Although the distance between
the molecular structure of the bissilylenesilole 3 is 400 pm,
close to Si/Si distances in related bissilylenes A-E and G-J
(Fig. 1), we noticed no cooperative reactivity of the two nucleo-
philic silicon centres. We attribute this lack of cooperativity in
silole 3 to the very unfavourable anti-orientation of the silicon
lone pairs in its conformational ground state in combination
with the high steric crowding around the central Si4-Si1-Si5
unit which hinders the adoption by bissilylene 3 of a confor-
mation that is more prone to cooperative interactions between
the two silicon lone pairs. Bissilylene silole 3 can be easily oxi-
dized by elemental chalcogenides (S, Se, and Te) and by reac-
tion with Dipp-azide. The obtained amidinato silicon chalco-
genides 7-9 and the amidinato silaimine 17 adopt structures
that are typical for tetracoordinated amidinato silicon deriva-
tives with short silicon chalcogen and silicon nitrogen bonds
due to their high polarity and partial double bond character
due to hyperconjugation.

This journal is © The Royal Society of Chemistry 2024
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