Volume 54
Numlber 10

14 March 2025
Pages 3955-4382

Dalton

Transactions

An international journal of inorganic chemistry

rsc.li/dalton

R ¢ N X oo\

ISSN 1477-9226

- ROYAL SOCIETY PAPER

Masaichi Saito et al.
“ O F CH EMIST RY Synthesis of a dilithiobutadiene bearing extremely bulky silyl

substituents and its reactivity toward functionalized silanes




Published on 04 February 2025. Downloaded on 3/14/2026 9:26:16 PM.

Dalton

Transactions

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ M) Check for updates ‘

Cite this: Dalton Trans., 2025, 54,
4030

Received 25th December 2024,
Accepted 2nd February 2025

DOI: 10.1039/d4dt03537b

rsc.li/dalton

Synthesis of a dilithiobutadiene bearing extremely
bulky silyl substituents and its reactivity toward
functionalized silanesti
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b

The synthesis and full characterization of 1,4-dilithio-1,4-bis(triisopropylsilyl)-2,3-diphenylbuta-1,3-diene
(1b) are reported. This molecule featuring extremely bulky silyl groups at the 1- and 4-positions serves as
a precursor for the synthesis of 2,5-bis(triisopropylsilyl)-3,4-diphenyl-1-silacyclopenta-1,3-dienes (siloles)
bearing various substituents at the silicon atom (SiR, = SiH, (4), SiH(OMe) (5), SiF, (6), SiBr, (7), SiBr(OMe)
(8)). Importantly, compounds 6 and 7 reacted with lithium to afford 2,5-bis(triisopropylsilyl)-3,4-diphenyl-
dilithiosilole (9). The solid-state molecular structure and solution NMR spectra reveal the formation of an
aromatic ring system, as opposed to the precursors 6 and 7, with two Li cations coordinated by the sila-
cycle in n°-fashions. The sterically bulky dilithiosilole 9 can be applied as an important starting material in
the pursuit of low-valent silicon species without donor stabilization.

Introduction

Silylenes, divalent silicon species, have long received consider-
able attention in terms of their electronic characteristics and
reactivity," > and many types of isolable silylenes stabilized by
sterically demanding groups and/or by donor coordination
have been reported.’>™® Among such intensively studied sily-
lenes, a cyclic diaminosilylene reported by West is worthy of
attention because its divalent silicon center is incorporated
into a 6rn-electron aromatic ring."””"® On the other hand, a
1-silacyclopentadienylidene, where the divalent silicon center
is situated within a butadiene skeleton, is of considerable
interest because of its predicted planar structure featuring a
potential 4n-electron system.>**' Although a variety of 1-silacy-
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clopenta-1,3-dienes (siloles) and derivatives thereof were
reported,”>** none of them emerged as a suitable precursor to
obtain a donor-free silylene.'® Bulky substituents on the 1,4-
positions should be necessary to sterically protect the reactive
silylene center and avoid the necessity of stabilization by a
Lewis base."® To prepare such a silacyclopentadienylidene, 1,4-
dilithio-1,3-butadienes®® are reasonable precursors and they
can be simply prepared by the reduction of phenylacetylenes
with lithium.>>*® We have previously reported on the reactivity
of 1,4-substituted dilithiobutadienes obtained by such
reduction of phenylacetylenes bearing bulky silyl substituents
SiR; (SiR; = ‘BuMe,, Si‘Buj, Si'Pr;) (Scheme 1).27*® The
reduction of phenyl(tert-butyldimethylsilyl)acetylene with
lithium exclusively afforded dilithiobutadiene 1a, whereas
reduction of phenyl(tri-tert-butylsilyl)acetylene bearing the
bulkiest silyl group among these compounds yielded only tri-
tert-butylsilylacetylene (3c). In the reduction of phenyl(triiso-
propylsilyl)acetylene, highly crystalline dilithiodibenzopenta-
lene 2b was isolated, even though dilithiobutadiene 1b formed
as the main product as evidenced by NMR spectroscopy. We
now report the successful isolation and full characterization of
dilithiobutadiene 1b, which possesses thus far the bulkiest
silyl groups on the 1,4-positions. Furthermore, we demonstrate
the reaction of 1b with functionalized silanes yielding siloles
that serve as starting materials for the synthesis of a new
dilithiosilole (9). This compound would act as a promising pre-
cursor in the pursuit of a silacyclopentadienylidene.

This journal is © The Royal Society of Chemistry 2025
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a: SiR; = Si'BuMe, exclusive not formed not formed
b: SiR; = SiPry major (not isolated) minor (isolated) not formed
¢: SiR3 = SifBug not formed not formed major

Scheme 1 Reduction of phenyl(SiRs)acetylenes with lithium.

Results and discussion

Synthesis and characterization of 1,4-dilithio-1,4-bis
(triisopropylsilyl)-2,3-diphenylbuta-1,3-diene (1b)

As described in the previous article,>’” the reduction of phenyl
(triisopropylsilyl)acetylene leads to the simultaneous for-
mation of dilithiobutadiene 1b and dilithiodibenzopentalene
2b (Scheme 2). Although 1b was shown to be the major
product in this reaction evidenced by NMR spectroscopy, the
isolated yields of 1b and 2b are comparable because the iso-
lation of 1b is hampered by the facile crystallization of 2b in
the shape of orange crystals. Therefore, to isolate pure com-
pound 1b, repeated recrystallization from n-hexane or
n-hexane/Et,0 is necessary (Experimental section). By this
method, 1b contaminated by <2% of 2b can be obtained in ca.
13% yield as a dark-red crystalline solid usually containing
residual Et,O and/or n-hexane. The compound is highly air-
and moisture-sensitive, but can be stored over a prolonged
period of time under inert conditions at ambient temperature
without decomposition. In the solid state, decomposition is
observed at a temperature of about 80 °C. In order to promote
the crystallization of pure 1b, other solvents for the recrystalli-
zation were attempted. However, although 1b can be crystal-
lized as a THF- or N,N,N',N'-tetramethylethane-1,2-diamine-co-
ordinated (TMEDA) compound by using the respective coordi-
nating solvent in combination with n-hexane at —30 °C, this
method does not prevent 2b from simultaneous crystallization.
Furthermore, the higher polarity of THF and TMEDA in com-
parison to Et,O makes it difficult to find a suitable concen-
tration of the crystallization solution leading to the formation
of isolable solid materials. As a result, in our experience the
crystallization from Et,O and n-hexane is the most convenient
method to obtain 1b. In this context, we would also like to
note that coordinated Et,O from the reaction is replaced by
THF or TMEDA, respectively; but that the replacement or

SiPrs
_ LiGtodequv) TN
Ph—=——Si'Pr; ELO. Tt s_Li +
20T Ph
SiPry
1b (13%) 2b (12%)

Scheme 2 Synthesis of dilithiobutadiene 1b and dilithiodibenzopenta-
lene 2b.
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removal of the latter solvents is very difficult. This should be
taken into consideration for the following reactions where
compound 1b is planned to be used.

A characteristic feature of compound 1b is its 'Li NMR
chemical shift of § = 1.16 ppm (C¢Dg), which lies in the range
of resonances of vinyllithiums.>*"** Notably, Li NMR spectra
of 1b sometimes exhibited additional resonances in the region
between 6 = 1-2 ppm, which disappeared upon addition of
Et,0 to the NMR sample (refer to ESI{ for details).
Organolithium compounds are known to form aggregates in
solution®*> and therefore, we attribute these additional reso-
nances not to impurities, but to structurally differing mole-
cules of 1b caused by the absence of sufficient coordinating
solvent (Et,O). In contrast to 1b, the “Li NMR resonance of 2b
can be observed in the high-field region at § ~ —8 ppm,”’
characteristic of contact ion pairs in which the Li ion is co-
ordinated to an aromatic ring system.*>*® Moreover, the *C
NMR spectrum of dilithiobutadiene 1b features a resonance at
6 = 205.81 ppm indicative of a lithiated vinyl carbon atom.*®
The solid-state structure of 1b was determined by X-ray diffrac-
tion analysis of a single crystal obtained from a solution of 1b
in Et,0 and n-hexane at —30 °C (Fig. 1). The molecular struc-
ture reveals coordination of the Li atoms to the terminal
carbon atoms of the butadiene framework. The Li-C bond dis-
tances lying in the range of 2.10-2.20 A agree with those
observed in analogous 1,4-disilyldilithiobutadienes (SiR; =
SiMe;, Si‘BuMe,).?”*° Similar to the literature-reported 1,4-bis
(trimethylsilyl)-substituted species containing two molecules
of TMEDA,* in compound 1b every Li atom is coordinated by
one Et,0 molecule. In contrast, the Si‘BuMe,-functionalized
version lacks a coordinating solvent leading to a dimeric struc-
ture with a Li, tetrahedron.?” The C, chain in 1b exhibits the
expected alternation of bond lengths and a torsion angle of ca.
20°, which can be traced to the steric repulsion between the
Ph and the silyl substituents. The latter effect is far less pro-
nounced in the SiMe; derivative (2.4°) in line with the smaller
steric hindrance of the substituents.>®

Lit

A

£

i\
.

e

Fig. 1 The solid-state molecular structure of 1b. The H atoms are
omitted for clarity. Ellipsoids are depicted at the 50% probability level.
Space group P2;/n (monoclinic). Selected bond distances (A) and
(torsion) angles (°): C1-C2 1.3604(19), C2-C3 1.5614(18), C3-C4 1.3552
(19), Li1-C1 2.111(3), Li1-C4 2.184(3), Li2—C1 2.160(3), Li2—C4 2.109(3),
C1-Si1 1.8635(13), C4-Si2 1.8647(13), Li1-0O1 1.975(3), Li2-02 1.948(3),
Li1--Li2 2.579(4), Li1-C1-C2 86.67(11), Li1-C4-C3 80.15(10), Li2-C1-C2
85.34(11), Li2—C4-C3 91.85(11), C1-C2-C3-C4 2.4.

Dalton Trans., 2025, 54, 4030-4038 | 4031
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Synthesis and characterization of 2,5-bis(triisopropylsilyl)-3,4-
diphenylsiloles (SiR, = SiH, (4), SiH(OMe) (5), SiF, (6), SiBr,
(7) and SiBr(OMe) (8))

Scheme 3 shows an overview over the synthetic route toward
siloles 4-8 starting from dilithiobutadiene 1b. Upon reaction
with 2 equivalents of trimethoxysilane (HSi(OMe);), com-
pounds 4 and 5 are formed simultaneously. In contrast to our
expectation, methoxy-substituted silole 5 is obtained as a
minor product (4%), whereas dihydrosilole 4 emerges as the
main species (22%). The compounds are air- and moisture-
stable and can be separated by column chromatography with
subsequent recrystallization. Although the mechanism of this
reaction was not investigated in more detail, we attribute this
outcome to the ability of basic alkaline compounds such as 1b
to catalyze the disproportionation of alkoxysilanes yielding
SiH, among other species.’” Similar behaviour was also
observed upon synthesis of a silacyclopentane from a 1,4-
dilithio-1,1,4,4-tetraarylbutane treated with an excess amount
of HSi(OMe);.>® variation of the reaction conditions (stoichio-
metry, solvent and temperature) did not alter the result shown
here. In order to increase the efficiency in synthesizing 4 and
5, and since pure 1b was obtained in a low yield, a one-pot
reaction starting from phenyl(triisopropylsilyl)acetylene
(Scheme 2) was developed, in which the intermediately formed
dilithiobutadiene was used for further reactions without prior
isolation (for more details, refer to the Experimental section).
Although a variety of compounds inherently formed in this
reaction (e.g. hydrolyzed 2b), purification by column chromato-
graphy afforded compounds 4 and 5. In contrast, the synthesis
of difluorosilole 6 was conducted using pure 1b, since a
column-chromatographic purification was expected to cause
decomposition of the target compound. Instead, 6 was

Ph Ph
Ph — Ph HSi(OMe),

Y (2 equiv.) . I\
'PrsSi SiPrg ——————— PrsSi— Ng;” "SiPrs
Li Li toluene, rt b

H R
1b =H (7%)
= OMe (4%)
SiFy | Et,0, N-bromo- CeHe
-80°C —>rt succinimide
Ph Ph
s I&
'PrsSi Si Si'Pr3 iPrySi SilPry
7\
F F

6
34%

from4:7: R =Br (46%)
from 5: 8: R = OMe (70%)

‘ Li (excess), THF, rt ‘

2 [Lithf)]*

Ph

Ph
g

iPrySi— Ng ~SiPr 45% (from 6)
- 81% (from 7)
9 n.d. (from 8)

Scheme 3 Synthesis of siloles 4-8 and dilithiosilole 9.
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obtained after recrystallization under inert conditions in 34%
yield. To expand the library of halide-functionalized siloles,
compounds 4 and 5 were treated with N-bromosuccinimide to
afford the corresponding bromosiloles 7 and 8 in moderate to
good yields. The siloles 4-8 are thermally stable compounds,
which melt reversibly between 90 and 150 °C. Compounds 4
and 5 are insensitive to moisture and air, while compounds
6-8 do not decompose upon short exposure to atmospheric
conditions; however, they should be handled under inert con-
ditions to avoid hydrolysis. The purity of the compounds was
confirmed by elemental and NMR spectroscopic analyses.
NMR spectra of siloles 4-8. Siloles 4-8 were fully character-
ized by the 'H, *C, "F (6) and *°Si solution NMR spec-
troscopy. The characteristic >°Si NMR chemical shifts are sum-
marized in Table 1. In all cases, the resonance for the triiso-
propylsilyl groups in 2,5-positions appears at a chemical shift
close to § = 0 ppm as expected.”**° In contrast, considerable
differences are observed for the chemical shifts of the silicon
atom incorporated into the five-membered ring (Siying). Herein,
the dihydrosilole 4 shows the largest high-field shift with § =
—18.4 ppm, while the methoxysilole 5 exhibits the most low-
field shifted resonance (§ = 9.3 ppm). The siloles 6, 8 and 7 are
found in between (in this order). Generally, the *°Si NMR
chemical shifts of silacyclopentadienes vary largely depending
on the substituents,* but the values we observed are in good
agreement with reported compounds.*” For example, the *°Si
nuclei of 1,2,3,4,5-pentamethylsilole, 1,1-difluoro-2,3,4,5-tetra-
methylsilole, 1-chloro-1-hydro-2,3,4,5-tetramethylsilole,*® 1,1-
dihydro-2,5-bis(trimethylsilyl)-3,4-diphenylsilole, 1,1-dimethoxy-
2,5-bis(trimethylsilyl)-3,4-diphenylsilole,**  1-bromo-1-tris(tri-
methylsilyl)silyl-2,3,4,5-tetramethylsilole,** and 1,1-dibromo-
2,5-bis(trimethylsilyl)-3,4-diphenylsilole*’ resonate between & =
—38.1 and 8.2 ppm. The Si-H coupling constants (*J ~ 200 Hz)
were observed in compounds 4 and 5, and the presence of
hydrogen atoms at the silicon atom incorporated into the five-
membered ring was alternatively confirmed by non-proton-
decoupled *°Si NMR spectra.”® The corresponding "H NMR
resonances appear at § = 4.78 ppm (CDCl;) and 6 = 5.63 ppm
(CeDg), for 4 and 5, respectively. For the difluorosilole 6, an Si-
F coupling constant of 'J ~ 330 Hz was recorded, in accord-
ance with the analogous 1,1-difluoro-2,3,4,5-tetramethylsilole
(' = 320 Hz).*® In the >C NMR spectra (Table 1), a character-

Table 1 The 2°Si and selected *C NMR chemical shifts

Compound Siring Siipr Cq Cp
4° -18.4 0.8 135.85 172.71
Ysin =196 Hz
5? 9.3 0.7 135.04 171.80
Ysig =212 Hz
6’ -11.0 1.4 n. o. 173.85
Ysip =332 Hz 3er=7.2 Hz
7° 5.8 2.2 136.39 169.35
g? 0.4 1.0 134.71 169.81
9’ 130.7 —0.1 139.72 142.66

“(CDCl;, ppm) of compound 4 ? (CgDs, ppm) of compounds 5-9.

This journal is © The Royal Society of Chemistry 2025
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istic resonance at 6 ~# 170 ppm was observed for all siloles 4-8
and corresponds to the p-C atoms of the silole ring. In con-
trast, the a-C atom bonded to the Si atom appears high-field-
shifted at 6 & 135 ppm. This finding is in good agreement with
the data reported on 2,5-bis(trialkylsilyl)-substituted
siloles.****

Solid-state molecular structure of dibromosilole 7. Single
crystals suitable for X-ray diffraction analysis were obtained for
the dibromosilole 7 (Fig. 2).

The X-ray diffraction analysis revealed the expected struc-
ture of a silacyclopentadiene with two bromide substituents at
the 1-position. The bonding parameters are in good agreement
with those of previously reported siloles whose solid-state
molecular structures were established by X-ray diffraction
analysis.*"***>%%  The five-membered silacycle possesses
almost ideal planarity with the angle between the planes
formed by the atoms (C,~Cg-Cp—Cq) and (C,~Si1-Cy), respect-
ively, being 2.0°. In addition, the three ring C-C distances
alternate accounting for the presence of two double and one
single bond, showing its diene character. The Si-C bond
lengths within the silole ring were determined as 1.857(4) A
and 1.848(4) A, respectively, being in the range of literature-
reported values (1.85-1.88 A).*"*>*¢ The silole silicon atom
(Si1) features a distorted tetrahedral bonding sphere (angle
Co~Si1-Cy 99.3(2)°).

Synthesis and characterization of 2,5-bis(triisopropylsilyl)-3,4-
diphenyldilithiosilole (9)

Literature contains a number of studies on dianionic silacyclo-

pentadienes with different substitution patterns and counter
42-44,47-55

cations. Generally, the synthesis is accomplished by

Fig. 2 The solid-state molecular structure of 7. One of the two inde-
pendent molecules in the unit cell is shown. The H atoms and the
second molecule in the asymmetric unit are omitted for clarity.
Ellipsoids are depicted at the 50% probability level. Space group /121
(monoclinic). Selected bond distances (A) and (torsion) angles (°): C,—C,
1.351(6), Cs—Cy 1.537(6), Cy—C, 1.350(6), Si1-C, 1.857(4), Si1-C, 1.848
(4), Si1-Brl 2.208(2), Si1-Br2 2.212(2), C,-Si1-C, 99.3(2), Si1-C,—Cy
101.8(3), C,—Cp—Cy 118.3(4), Cp—C,—Sil1 102.0(3), C,—Cy—Cp—C, 5.7(6),
Si2-C,—C,—Si3 41.6, angle between planes (C,—Cy3—Cy—C,)—(C,—Sil—
Cy) 2.0.
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reaction of a 1,1-dihalide-substituted silole with an alkaline
metal (Li, Na, K), and in one case even a 1-methyl-1-hydrosilole
was used as the starting material.>® Similarly, we obtained 2,5-
disilyl-substituted dilithiosilole 9 by the reaction of either
difluorosilole 6 or dibromosilole 7 with an excess amount of Li
in THF at ambient temperature in moderate (45%) and good
yield (81%), respectively. As evidenced by NMR spectroscopy,
the methoxy-functionalized bromosilole 8 can also serve as the
starting material indicated by a high-field resonance in the "Li
NMR spectrum; however, multiple other unidentified species
were observed by “Li NMR spectroscopy and the target com-
pound could not be isolated in pure form (for details refer to
ESI{). It is expected that the cleavage of the methoxy group is
slow compared to halide cleavage, resulting in a longer reac-
tion time,** accompanied by side-reactions, e.g. leading to the
formation of 1-substituted monoanionic compounds or
dimeric species.*>***849

Compound 9 was obtained as a dark-red crystalline solid
after recrystallization from Et,O and n-hexane. In the solid
state, decomposition was observed above 150 °C. The purity
was confirmed by NMR spectroscopy (for selected NMR chemi-
cal shifts, refer to Table 1), since the high sensitivity against
air and moisture prevented the collection of satisfying results
in the elemental analysis. The "H NMR spectrum shows well-
resolved signals for the aryl protons between § = 6.95 and
7.12 ppm, slightly low-field shifted compared to those of diha-
losiloles 6 and 7 (6 = 6.87-6.73 and 6.84-6.67 ppm, for 6 and 7,
respectively). The presence of two coordinated THF molecules
is observed as broadened resonances at § = 1.31 and 3.58 ppm,
differing from the chemical shifts of uncoordinated THF (6 =
1.40, 3.57 ppm in C¢Ds).>® In the *C NMR spectrum, all reso-
nances appear at chemical shifts smaller than 6 = 150 ppm,
which could indicate the introduction of two negative charges
into the silole framework compared to the neutral precursor.**
The latter exhibit characteristic **C NMR resonances at § ~ 170
and 135 ppm for the p- and o-C atoms, respectively, of the sila-
cycle. Upon transformation to the dilithiosilole, the p-C reso-
nance is shifted to higher field (§ ~ 142.7 ppm; assigned by 2D
NMR, see ESI}). Similar observations were made by the groups
of Kovacs and Miiller upon investigation of 2,5-bis(trialkylsi-
lyl)-substituted siloles,**** and can also be observed in alkyl-
and aryl-substituted derivatives.*>* In contrast, the resonance
of the o-C atom shifts to lower field (§ = 139.72 ppm), which is
also observed in 2,3,4,5-tetraphenyldilithiosilole (5 =
129.71 ppm).*® The characteristic >*°Si NMR chemical shifts at
6 =130.7 ppm for the ring Si atom and § = —0.1 ppm for the
triisopropylsilyl group are in line with the formation of a dia-
nionic silacycle and again agree with the reports cited
before.*>** In particular, the presence of silyl substituents in
the 2,5-positions induces the pronounced low-field shift, prob-
ably due to the increase in a silylene character in 9, as it was
observed in 2,5-silylated dilithiostannoles.”®** On the other
hand, the previous investigations on 2,5-alkyl- and 2,5-aryl-sub-
stituted silole derivatives found relatively high-field-shifted
?9Si NMR resonances,*” as for example 2,3,4,5-tetraphenyldi-
lithiosilole (5 = 68.5 ppm)**®* and 2,3,4,5-tetramethyl-
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dilithiosilole (6 = 29.8 ppm).>® Moreover, the "Li NMR shift of
& = —6.16 ppm indicates the presence of two (on the NMR time
scale) chemically equivalent Li atoms coordinated by an aro-
matic ring system.?*?® On the other hand, a previous report
discussed the solution structure of tetraphenyldilithiosilole,
which exhibits a ’Li NMR resonance at § = 0.23 ppm, contrast-
ing our findings for compound 9.*

The solid-state molecular structure (Fig. 3) confirmed the
results of the NMR analysis. Single-crystals for the X-ray
diffraction analysis were obtained from a solution of 9 in Et,0O,
Ce¢Hg and n-hexane at —30 °C. As indicated by the "Li NMR
chemical shift, two Li atoms are found coordinated by the five-
membered aromatic ring in n° fashions with an average dis-
tance of 2.23 A between a carbon and a lithium atom, and
each is additionally coordinated by one THF molecule. Similar
to the dibromosilole discussed in the previous section, the
silacycle is close to ideal planarity, as also observed for other
derivatives.*>***” A pronounced difference compared to the
silole 7 is found in the C-C bond distances within the five-
membered ring. While in the neutral species values represent-
ing two double-bonds and one single-bond were found, the
Co—Cp and Cp-Cg bond distances are now equal within the
measurement uncertainty (ca. 1.45 A). This suggests substan-
tial delocalization of electrons within the ring and is diagnos-
tic of the aromatic nature of this system.** The Si1-C, bond
distance is slightly elongated relative to those of the precursors

O1# .
C
Lit#

!
!

Fig. 3 The solid-state molecular structure of 9. The H atoms and the
minor part of the two-fold disordered THF molecule are omitted for
clarity. Ellipsoids are depicted at the 50% probability level. The co-
ordinated THF molecules are shown as sticks. Space group C2 (monocli-
nic). Selected bond distances (A) and (torsion) angles (°): C,—Cj 1.446(5),
Cy—Cp# 1.438(6), Si1-C, 1.881(4), Si2-C, 1.875(3), Lil-silole plane 1.829,
Li1-O1 1.875(6), C,—Si1-C,# 88.3(2), Si1-C,—Cy 111.7(2), C,—Cp—Cpy#
114.13(18), C,—Cp—Cp#—-C,# 1.0, Si2—C,—C #-Si2# 11.8, angle between
planes (C,—Cy—Cp#-C,#)—(C,—Si1-C,#) 0.1.
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6 and 7 (ca. 0.03 A), which is a result of elongation by silylene
character and shortening by electronic delocalization to
increase its double-bond character.>” Upon comparison to the
dipotassio-2,5-bis(trimethylsilyl)-3,4-diphenylsilole reported by
Miiller et al., which forms a coordination polymer through the
n’-coordination of K ions to the aromatic ring and the ring Si
atom (k-Si),***® we conclude that in the present case of com-
pound 9 the steric bulk of the triisopropylsilyl groups in 2,5-
positions is sufficient to prevent the Si atom from such coordi-
nation. This is a promising structural feature with regard to
the synthesis of a base-free silylene from this molecule.

Conclusions

We succeeded in the synthesis and full characterization of 1,4-
dilithio-1,3-butadiene 1b bearing extremely bulky triisopropyl-
silyl groups at its 1- and 4-positions. The triisopropylsilyl sub-
stituents in 1- and 4-positions feature the highest steric
demanding among the 1,4-dilithio-1,4-disilyl-1,3-butadienes
reported to date. We successfully employed this compound in
the synthesis of various functionalized siloles bearing hydro,
methoxy and halide substituents at the silole silicon atom. As
a representative example, the solid-state molecular structure of
dibromosilole 7 was successfully determined by X-ray diffrac-
tion analysis, showing its planar five-membered ring with a
diene character. In the next step, the dihalide-functionalized
siloles 6 and 7 were converted into dilithiosilole (9), which was
fully characterized by NMR spectroscopic analysis and X-ray
diffraction analysis. The high-fielded “Li NMR resonance indi-
cates the coordination of Li ions by an aromatic ring system.
This was confirmed by the solid-state molecular structure
revealing a monomeric species containing a planar silacycle
with delocalized bonds and two Li cations coordinated above
and below the aromatic silole ring. We strongly believe the
dilithiosilole bearing extremely bulky silyl groups will receive
considerable attention as a promising precursor for an uncon-
quered stable silacyclopentadienylidene.

Experimental
Materials and methods

If not otherwise stated, experiments were performed under an
argon atmosphere in a glovebox or using standard Schlenk
techniques. Hexane, benzene, diethyl ether, THF and deute-
rated benzene were purified by potassium mirror before use.
Toluene and deuterated chloroform were stored over activated
molecular sieves (3 A). Phenyl(triisopropylsilyl)acetylene was
synthesized according to a literature procedure.>
N-Bromosuccinimide (FUJIFILM Wako Pure Chemical
Corporation) was recrystallized from water and dried prior to
use. Commercially purchased trimethoxysilane (Tokyo
Chemical Industry Co., Ltd) was stored under argon and used
as received. SiF, gas (Taiyo Nippon Sanso Corporation) was
purchased and used without further purification. Lithium
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powder was prepared according to methods in the cited refer-
ences from lithium lump (Kanto Chemical Co., Inc.).®°™
Column chromatography was performed using Kanto Silica
Gel 60 (spherical, particle size 100-210 pm) and TLC silicagel
60 F,s54 plates (Merck). The H, *C, '°F, Li and *°Si NMR
spectra were recorded on Bruker AVANCE-300, Bruker
AVANCE-400 Cryo, AVANCE-500 or AVANCE-500T spectrometers
at 27 °C. The 'H and *C{'"H} NMR spectra were referenced
against signals of residual protonated solvent.>® The '°F, “Li,
?9Si (non-decoupled) and *°Si{"H} NMR spectra were calibrated
externally. The chemical shifts (§) are given in ppm,
accompanied by coupling constants J in Hz and resonances
classified as s (singlet), d (doublet), t (triplet), sept (septet), br
(broad) and Cq (quaternary C atom). The intensity data for
X-ray crystallographic analyses were collected under a cold N,
stream on a Rigaku RA-Micro 7HFMR equipped with a Rigaku
HyPix-6000HE detector at —150 °C for compound 7, on a
Bruker APEX2 for compound 1b, and on a Bruker D8 QUEST
ECO equipped with a Bruker PHOTON III detector at —123 °C
for compound 9, using graphite-monochromated MoKa radi-
ation (A = 0.71073 A). For compound 7: full data collection and
reduction were performed using the CrysAlisPro program. The
data sets were corrected for absorption using spherical harmo-
nics, implemented in SCALE3 ABSPACK scaling algorithm.
The structures were solved by direct methods using the
SHELXT program and refined by full-matrix least squares
using the SHELXL program.®*** For compounds 1b and 9: full
data correction and reduction were performed using the
APEXS5 program software suite. The collected frames were inte-
grated with the Bruker SAINT software. The absorption correc-
tion was performed by multi-scan method implemented in
SADABS. The structure was solved and refined with the
SHELXTL. Melting points were determined by a Yanaco macro
melting point MP-S3 apparatus and were uncorrected.
Elemental analysis was carried out at the Microanalytical
Laboratory of Molecular Analysis and Life Science Center,
Saitama University.

Synthetic procedures

1,4-Dilithio-1,4-bis(triisopropylsilyl)-2,3-diphenylbuta-1,3-
diene (1b) and dilithiodibenzopentalene 2b. For the synthesis
of compounds 1b and 2b, finely dispersed Li powder (0.455 g,
65.56 mmol, 3.1 equiv. (typically 3 to 4 equiv.)) was suspended
in Et,0 (10 mL). Phenyl(triisopropylsilyl)acetylene (5.46 g,
21.12 mmol, 1 equiv.) was degassed in vacuum and added at
room temperature while stirring. Et,O (10 mL) was used to
completely transfer the alkyne to the reaction mixture. After
vigorous stirring for ca. 30 min to 2 h, a color change of the
reaction mixture to yellow, later brown was observed. Vigorous
stirring was continued for ca. 18 h to yield a dark red-brown
solution and unreacted Li. The latter was removed by filtration,
washed with Et,O (30-50 mL) and the volatile substances were
removed under reduced pressure for 2 h. The resulting oily or
foamy dark-red residue was then suspended in n-hexane
(8 mL) and stored at —30 °C overnight. The yellow/orange pre-
cipitate was separated by filtration over Celite®, the filtrate was
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concentrated to ca. 7 mL and stored at —30 °C overnight.
Recrystallization was continued by repeated decantation of the
mother liquor, isolation of the solid (crystalline) material and
storage of the mother liquor at —30 °C. The crystallization con-
ditions varied case by case; however, a solution of low viscosity
was necessary to promote crystallization. Therefore, the fil-
trate/mother liquor was sometimes diluted with n-hexane
before further storage at —30 °C. Usually, the following obser-
vations were made during the recrystallization process:

1% vial: yellow/orange powder; mainly composed of dilithio-
dibenzopentalene 2b with a trace amount of dilithiobutadiene
1b.* (*In one case, large dark red crystals of 1b were formed
among orange powder of 2b. They can be picked out by twee-
zers and further recrystallized.)

2™ vial: yellow/orange crystalline solid (+ powder); mainly
composed of dilithiodibenzopentalene 2b.

3" vial: red crystalline solid or powder, sometimes sticky
even after drying; mainly composed of 1b (sometimes still con-
taminated with up to 20% of 2b).

Usually from 4™ vial: red crystalline solid, which becomes
solid after drying (not sticky); composed of almost pure 1b
(<2% of 2b).

The color of the mother liquor is generally very dark.
However, after repetitive recrystallizations to remove 2b, the
color changes from orange-red (compound 2b) to deep-red
(compound 1b).

Dilithiobutadiene 1b. Yield: red solid, 0.962 g (contains
(Et,0),.5, 1.344 mmol of 1b, 13%). Decomposition point: ca.
80 °C. "H NMR (400 MHz, CDg): 6 = 7.12 (d, JJuu = 8.1 Hz, 4
H, 0-Ph), 7.05-6.98 (m, 4 H, m-Ph-H), 6.85 (t, *Juu = 7.2 Hz, 2
H, p-Ph-H), 3.19 (q, *Juu = 7.4 Hz, 10 H, OCH,), 1.25 (d, *Jun
= 7.3 Hz, 36 H, 'Pr-CHj overlapped with 6H of CH(CHj,),), 1.06
(t, Jun = 7.4 Hz, 15 H, OCH,CH3). The signal for the CH
protons of the 'Pr groups was overlapped with the 'Pr-CH;
signal, confirmed by HSQC measurement (see, ESI}). "*C{'H}
(101 MHz, CeDg): 6 = 205.81 (Cq, Cy), 161.75 (Cq, Cp), 153.17
(Cq, i-Ph), 129.02 (CH), 126.23 (CH), 123.67 (CH), 65.46 (CH,,
OCH,), 20.33 (CHj;, 'Pr-CH,), 14.26 (CH,, OCH,CH;), 13.95
(CH, 'Pr-CH). "Li NMR (194 MHz, C¢Ds): 6 = 1.16 (s). Because
of the severe sensitivity towards air and moisture, satisfying
results for the elemental analysis were not obtained.

Dilithiodibenzopentalene  2b.  Yield: orange crystals,
0.328 g (0.620 mmol, 12%). Spectroscopic data were reported
previously.?”

1,1-Dihydro-2,5-bis(triisopropylsilyl)-3,4-diphenylsilole  (4)
and 1-hydro-1-methoxy-2,5-bis(triisopropylsilyl)-3,4-diphenylsi-
lole (5). Lithium (0.504 g, 72.62 mmol, 3.2 equiv.) was sus-
pended in Et,O (10 mL). A solution of phenyl(triisopropysilyl)
acetylene (5.90 g, 22.83 mmol, 1.0 equiv.) in Et,O (10 mL) was
added and the reaction mixture was stirred at room tempera-
ture for 18 h. The resulting dark-red reaction mixture was fil-
trated to remove unreacted Li metal and the filtrate was con-
centrated in vacuum for 3 h. The resulting dark-red foam was
dissolved in toluene (50 mL) and cooled to 0 °C. To this solu-
tion was added HSi(OMe); (2.9 mL, 22.83 mmol, 1.0 equiv.)
dropwise while stirring. After the complete addition, stirring
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was continued for 1 h at 0 °C and then for 20 h at room temp-
erature resulting in an opaque orange reaction mixture. From
this point on, all manipulations were conducted in air. The
solvent was removed under reduced pressure. Hexane (30 mL)
was added to the residue, sonicated for 10 min and the solvent
was removed again in vacuum. Isolation of the target com-
pounds was conducted by column chromatography. Typically,
five fractions were obtained. Fractions 1 to 4 were eluted using
n-hexane, while the last fraction was eluted by n-hexane/EtOAc
10:1. Compound 4 (R ~ 0.55 in n-hexane) was usually con-
tained in the second fraction, while 5 was obtained from the
last fraction (R¢ = 0.00 in n-hexane). To obtain analytically pure
compounds 4 and 5, recrystallization from hexane was con-
ducted. Other identified compounds obtained from the
column-chromatographic purification include the starting
material (phenyl(triisopropylsilyl)acetylene in fraction 1) and
dibenzopentalene (deeply orange fraction following dihydrosi-
lole 4).

Dihydrosilole 4. Yield: light-yellow solid, 421 mg
(0.770 mmol, 7%). Melting point: 89-95 °C. Anal. calc. (%) for
C34H34Si; (M = 547.06 ¢ mol™) C 74.65, H 9.95; found C 74.06,
H 10.17. "H NMR (500 MHz, CDCL,): § = 7.02-6.94 (m, 6 H, m-
and p-Ph-H), 6.91-6.83 (m, 4 H, o0-Ph-H), 4.78 (s, 2 H, SiH,),
1.00 (d, 36 H, *Juu = 7.4 Hz, 'Pr-CHs), 0.84 (sept, 6 H, *Jy y =
7.4 Hz, 'Pr-CH). *C{"H} NMR (126 MHz, CDCL,): § = 172.71
(Cy» Cp), 143.21 (Cy, Ph—C), 135.85 (Cq, Cy), 129.12 (CH, 0-Ph),
126.63 (CH, m-Ph), 126.35 (CH, p-Ph), 19.54 (CHj, 'Pr-CHj,),
13.43 (CH, 'Pr-CH). **Si NMR (99 MHz, CDCl;): § = 0.8 (m,
S'Pr3), —18.4 (t, “Jsiu = 196.0 Hz, ring-5i).

Methoxysilole 5. Yield: yellow solid, 240 mg (0.416 mmol,
4%). Melting point: 112-113 °C. Anal. calc. (%) for C;5H;60Si;
(M = 577.09 g mol™") C 72.85, H 9.78; found C 72.37, H 9.80.
'H NMR (500 MHz, C¢Dg): § = 6.98-6.73 (m, 10 H, Ph-CH),
5.63 (s, 1 H, Si-H), 3.57 (s, 3 H, OCH3), 1.16 (d, *Jy iy = 7.3 Hz,
36 H, 'Pr-CH;), 1.06-0.97 (m, 6 H, 'Pr-CH). “*C{*H} NMR
(126 MHz, C¢Dg): 6 = 171.80 (Cg, Cg), 143.10 (Cg, i-Ph), 135.04
(Cq» Ca)y 129.54 (CH), 126.93 (CH), 126.69 (CH), 52.74 (CHj,
OCHj,), 19.74 (CHj;, 'Pr-CH;), 13.67 (CH, 'Pr-CH). ?°Si NMR
(99 MHz, C¢Dg): 6 = 9.0 (d, Jsiu = 210 Hz, ring-Si), 0.7 (m,
Si'Pr3).

1,1-Difluoro-2,5-bis(triisopropylsilyl)-3,4-diphenylsilole  (6).
Dilithiobutadiene 1b (solvated with (Et,0),, 615 mg,
1.017 mmol) was dissolved in Et,O (20 mL) and cooled to
—80 °C. Gaseous SiF, was passed into the reaction flask,
leading to an immediate color change of the reaction mixture
from dark red to yellow. Then, the flask was allowed to warm
to room temperature resulting in the precipitation of a color-
less solid. After the solvent was removed under reduced
pressure, the residue was extracted with hexane (5 mL), fil-
trated and dried in vacuum. The pure compound was obtained
after recrystallization from n-hexane at —30 °C.

Yield: light-yellow solid, 204 mg (0.350 mmol, 34%).
Melting point: 99 °C. Anal. calc. (%) for C;,Hs,F,Si; (M =
583.04 ¢ mol™") C 70.04, H 8.99; found C 69.96, H 9.17. 'H
NMR (400 MHz, C¢Dg): § = 6.87-6.73 (m, 10 H, Ph-H), 1.12 (d,
*Jau = 7.0 Hz, 36 H, 'Pr-CH3), 1.06-0.95 (m, 6 H, 'Pr-CH). *C
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{'"H} NMR (101 MHz, Ce¢Dq): 6 = 173.85 (Cq, t, YJor = 7.2 Hz,
Cp), 141.88 (Cq, t, YJor = 2.5 Hz, i-Ph), 128.78 (CH, Ph-C),
127.22 (CH, p-Ph-C), 127.06 (CH, Ph-C), 19.41 (CH3;, 'Pr-CH3),
13.38 (CH, 'Pr-CH). The resonance of the C, atom was not
observed and is probably covered by the signal of C¢Dg. *°F
NMR (282 MHz, C¢Dg): 6 = —141.1 (s). *°Si{"H} NMR (99 MHz,
CeDg): 6 = 1.4 (s, Si'Pr3), —11.0 (t, s p = 332 Hz, ring-5i).

1,1-Dibromo-2,5-bis(triisopropylsilyl)-3,4-diphenylsilole (7).
Dihydrosilole 4 (464 mg, 0.848 mmol, 1.0 equiv.) and
N-bromosuccinimide (453 mg, 2.55 mmol, 3.0 equiv.) were dis-
solved in C¢Hg (9 mL) and stirred at room temperature for
15 h. The resulting light-yellow suspension was concentrated
in vacuum, the residue was extracted with n-hexane (3 x 2 mL)
and filtrated over Celite®. After removal of the solvent from
the filtrate and recrystallization from n-hexane at —30 °C, the
product was obtained in a pure form.

Yield: yellow solid, 273 mg (0.387 mmol, 46%). Melting
point: 101 °C. Anal. calc. (%) for Cs,Hs,Br,Si; (M = 704.8 ¢
mol™!) C 57.94, H 7.44; found C 55.75 (55.45), H 7.11 (7.23).
Despite several attempts, a satisfying result could not be
obtained, probably due to incomplete combustion even in the
presence of a combustion additive. "H NMR (400 MHz, C¢Dg):
5 = 6.84-6.67 (m, 10 H, Ph-CH), 1.29-1.13 (m, 42 H, CH, CH,
(Pr)). “C{'H} NMR (101 MHz, C¢Ds): § = 169.35 (Cq4, Cp),
141.00 (Cq, i-Ph), 136.39 (Cq, C,), 129.20 (CH, Ph-CH), 127.26
(CH, Ph—-CH), 127.02 (CH, Ph—CH), 20.18 (CH;, 'Pr-CHj), 14.04
(CH, 'Pr-CH). *°Si{*"H} NMR (99 MHz, C¢Ds): 5 = 5.8 (s, ring-Si),
2.2 (s, Si'Pr3).

1-Bromo-1-methoxy-2,5-bis(triisopropylsilyl)-3,4-diphenylsi-
lole (8). Methoxysilole 5 (335 mg, 0.580 mmol, 1.0 equiv.) and
N-bromosuccinimide (114 mg, 0.639 mmol, 1.1 equiv.) were
dissolved in C¢Hg (6 mL) and stirred at room temperature for
14 h. The resulting orange suspension was concentrated in
vacuum, the residue was extracted with n-hexane (3 x 2 mL)
and filtrated over Celite®. After removal of the solvent from
the filtrate and recrystallization from n-hexane at —30 °C, the
product was obtained in a pure form.

Yield: yellow solid, 292 mg (0.445 mmol, 70%). Melting
point: 145-148 °C. Anal. cale. (%) for C;sH;sBrOSi; (M =
655.98 ¢ mol™") C 64.08, H 8.45; found C 63.85, H 8.53. 'H
NMR (400 MHz, C¢Dy): & = 6.92-6.69 (m, 10 H, Ph-CH), 3.63 (s,
3 H, OCHj;), 1.26-1.07 (m, 42 H, CH, CH; (‘Pr)). **C{*"H} NMR
(101 MHz, C¢D): 6 = 169.81 (Cq, Cp), 142.04 (Cy, i-Ph), 134.71
(Cy Cd)y 129.23 (CH, Ph-CH), 129.16 (CH, Ph-CH), 127.02
(CH, Ph-CH), 126.93 (CH, Ph-CH), 126.84 (CH, Ph-CH), 52.76
(CH;, OCH3), 20.10 (CH3, 'Pr-CHj,), 19.73 (CH;, 'Pr-CH3), 13.99
(CH, 'Pr-CH). 2°Si{*H} NMR (99 MHz, C¢Dy): 6 = 1.0 (s, Si'Pr3),
0.4 (s, ring-Si).

2,5-Bis(triisopropylsilyl)-3,4-diphenyldilithiosilole (9)

Method A. Dibromosilole 7 (125 mg, 0.177 mmol, 1.0 equiv.)
was dissolved in THF (1.5 mL) and Li powder (10 mg,
1.44 mmol, 8.1 equiv.) was added. The reaction mixture was
stirred at room temperature for ca. 3 days yielding a dark-red
solution and unreacted Li. After removal of the solvent in
vacuum, the residue was extracted with C¢He (3 mL) and in-
soluble components were removed by filtration over Celite®.
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The filtrate was dried and recrystallized from Et,O and hexane
at —30 °C. Yield: dark-red crystalline solid, 67 mg (contains
(thf),, 0.0953 mmol, 81%).

Method B. Difluorosilole 6 (166 mg, 0.285 mmol, 1.0 equiv.)
was dissolved in THF (1.5 mL) and Li powder (20 mg,
2.85 mmol, 10.0 equiv.) was added. The reaction mixture was
stirred at room temperature for ca. 3 days yielding a dark-red
solution and unreacted Li. After removal of the solvent in
vacuum, the residue was extracted with CsHg (3 mL) and in-
soluble components were removed by filtration over Celite®.
The filtrate was dried and recrystallized from Et,O and hexane
at —30 °C. Yield: dark-red crystalline solid, 91 mg (contains
(thf),, 0.129 mmol, 45%).

Decomposition point. ca. 150 °C. "H NMR (400 MHz, CgDy):
8 = 7.15-7.11 (m, 4 H, m-Ph), 7.09-7.03 (m (dd), 4 H, o-Ph),
6.99-6.92 (m, 4 H), 3.58 (br. s, 8 H, thf), 1.60-1.49 (m, 6 H,
iPr-CH), 1.35 (d, *Jyy,;; = 7.4 Hz, 36 H, 'Pr-CH,), 1.31 (br. s, 8 H,
thf). “C{'HJNMR (101 MHz, Ce¢De): § = 146.57 (Cq, i-Ph),
142.66 (Cq, Cp), 139.72 (Cq, Cy), 131.96 (CH, Ph—C), 126.69 (CH,
Ph-C), 125.00 (CH, Ph-C), 69.43 (CH,, thf), 25.26 (CH,, thf),
20.79 (CH, 'Pr-CH), 14.36 (CH;, 'Pr-CH;). “Li NMR (117 MHz,
CeDg): 8 = 6.16 (s). >?Si{'"H} NMR (99 MHz, C¢Dg): & = 130.7 (s,
ring-Si), —0.1 (s, Si'Pr;). Because of the severe sensitivity
towards air and moisture, a satisfying result for the elemental
analysis was not obtained.
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