
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 6
/2

2/
20

26
 6

:2
2:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
The power of tric
aInstitut für Anorganische und Analytische

Max-von-Laue-Straße 7, D-60438 Frankfu

wagner@chemie.uni-frankfurt.de
bMulliken Center for Theoretical Chemistry, I

Chemie, Universität Bonn, Beringstraße 4, 5
cInstitut für Physikalische und Theoretisch

Max-von-Laue-Str. 7, D-60438 Frankfurt (M

† Electronic supplementary information (
and crystallographic data in CIF or
10.1039/d1sc03958j

Cite this: Chem. Sci., 2021, 12, 12419

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 20th July 2021
Accepted 13th August 2021

DOI: 10.1039/d1sc03958j

rsc.li/chemical-science

© 2021 The Author(s). Published by
hlorosilylation: isolable trisilylated
allyl anions, allyl radicals, and allenyl anions†

Isabelle Georg,a Markus Bursch, b Burkhard Endeward, c Michael Bolte, a

Hans-Wolfram Lerner, a Stefan Grimme b and Matthias Wagner *a

Treatment of hexachloropropene (Cl2C]C(Cl)–CCl3) with Si2Cl6 and [nBu4N]Cl (1 : 4 : 1) in CH2Cl2 results

in a quantitative conversion to the trisilylated, dichlorinated allyl anion salt [nBu4N][Cl2C]C(SiCl3)–

C(SiCl3)2] ([nBu4N][1]). Tetrachloroallene Cl2C]C]CCl2 was identified as the first intermediate of the

reaction cascade. In the solid state, [1]� adopts approximate Cs symmetry with a dihedral angle between

the planes running through the olefinic and carbanionic fragments of [1]� of C]C–Si//Si–C–Si ¼
78.3(1)�. One-electron oxidation of [nBu4N][1] with SbCl5 furnishes the distillable blue radical 1c. The

neutral propene Cl2C]C(SiCl3)–C(SiCl3)2H (2) was obtained by (i) protonation of [1]� with HOSO2CF3
(HOTf) or (ii) H-atom transfer to 1c from 1,4-cyclohexadiene. Quantitative transformation of all three

SiCl3 substituents in 2 to Si(OMe)3 (2OMe) or SiMe3 (2Me) substituents was achieved by using MeOH/

NMe2Et or MeMgBr in CH2Cl2 or THF, respectively. Upon addition of 2 equiv. of tBuLi, 2Me underwent

deprotonation with subsequent LiCl elimination, 1,2-SiMe3 migration and Cl/Li exchange to afford the

allenyl lithium compound Me3Si(Li)C]C]C(SiMe3)2 (Li[4]), which is an efficient building block for the

introduction of Me, SiMe3, or SnMe3 (5) groups. The trisilylated, monochlorinated allene Cl3Si(Cl)C]C]

C(SiCl3)2 (6), was obtained from [nBu4N][1] through Cl�-ion abstraction with AlCl3 and rearrangement in

CH2Cl2 (1c forms as a minor side product, likely because the system AlCl3/CH2Cl2 can also act as a one-

electron oxidant).
Introduction

Organosilanes are invaluable building blocks for advanced
materials and multifaceted reagents for organic synthesis.1

Characteristic of the rst application area is that the Si atoms
remain as essential, function-determining parts in the molec-
ular scaffolds (e.g., luminescent siloles,2 silsesquioxane cages,3

and silicone polymers4,5). The opposite is true for the second
application area, because the silyl groups are no longer present
in the nal products aer they served to transfer the organic
fragment (e.g., Peterson olenation,6 Hiyama-type C–C-
coupling,7 or Tamao oxidation8). Especially allylsilanes, which
combine the reactivity of alkenes and metal-allyl reagents, have
been termed “one of the most important building blocks in
modern organic synthesis” (cf. the Hosomi–Sakurai
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allylation9).10 While a plethora of efficient routes to mono-
silylated allyl systems have been elaborated so far,11 higher
silylated derivatives are still difficult to access, which is unfor-
tunate since geminal disilyl compounds in particular can be
involved in numerous synthetically useful transformations.12

We have recently disclosed that the inexpensive chlorinated
hydrocarbons CCl4, Cl2C]CCl2, and Cl2C]C(Cl)–C(Cl)]CCl2
can be straightforwardly converted to the exhaustively tri-
chlorosilylated anions [A]�–[C]2� upon treatment with Si2Cl6 in
the presence of [nBu4N]Cl (Scheme 1).13–15 The actual active
silylation reagent, the silanide [SiCl3]

�,16–18 is generated by Cl�-
induced heterolysis of the disilane. [SiCl3]

� can either react as
a nucleophile in a carbophilic or chlorophilic attack (abstrac-
tion of a chloronium ion to form SiCl4 and a carbanion), or
behave as a Cl�-stabilized dichlorosilylene [SiCl2$Cl]

�.13,16,18,19

The primary products, [A]�–[C]2�, have been further trans-
formed into a variety of other multiply trichlorosilylated
compounds with geminally and/or vicinally positioned SiCl3
substituents ([A$GaCl3]

�–E; Scheme 1).13–15 An SiCl3 group
differs from the more abundant SiMe3 group in a number of
ways: (i) the Si–Cl bonds offer the possibility of extensive
derivatizations, such as transformation to Si–H bonds, alkyl-
ation, or hydrolysis to (oligo)siloxanes. (ii) SiCl3 substituents are
the better p acceptors and have a greater ability to stabilize
adjacent carbanions (a effect).4 (iii) SiCl3 substituents are the
Chem. Sci., 2021, 12, 12419–12428 | 12419
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Scheme 1 Reactions of CCl4, C2Cl4, or C4Cl6 with Si2Cl6/Cl
� furnish

the exhaustively trichlorosilylated carbanions [A]�, [B]2�, or [C]2�,
which give access to a variety of further compounds, such as the
adduct [A$GaCl3]

�, the C2 compounds B and D, and the strained,
edge-fused double silacyclobutene E.
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stronger Lewis acids. Analogous to the above-mentioned release
of [SiCl3]

� from Si2Cl6/Cl
�, also other main-group anions [RnE]

�

can readily be generated under mild conditions from precursor
fragments RnE–SiCl3 upon addition of Lewis basic anions, such
as F� or Cl� (E ¼ e.g., C, Si, Ge, P, S).13,14,20–23

Herein, we ll the gap in the series of perchlorinated
substrates and report on the reaction of the C3 substrate hexa-
chloropropene (C3Cl6) with the Si2Cl6/Cl

� system. In striking
contrast to the previous cases (Scheme 1), there is now no
quantitative Cl/SiCl3 exchange, but we rather obtain selectively
the trisilylated, dichlorinated allyl anion [1]� (Scheme 2). One-
electron oxidation of [1]� affords the distillable blue radical
1c. Furthermore, we will show that [1]� is a valuable starting
material for the synthesis of multiply silylated C3 products as
diverse as propenes, cyclopropenes, and allenes.
Scheme 2 Synthesis of [nBu4N][1] from C3Cl6 and Si2Cl6/[nBu4N]Cl;
oxidation of [nBu4N][1] with SbCl5 generates the thermostable radical
1c. Molecular structure of [Ph4P][1] in the solid state (the [Ph4P]

+ cation
is omitted for clarity); selected bond lengths [Å], bond angles [�], and
dihedral angle [�].

12420 | Chem. Sci., 2021, 12, 12419–12428
Results and discussion
Synthesis and characterization of the mixed Cl/SiCl3-
substituted allyl anion [1]�

Similar to the cases of [A]�, [B]2�, and [C]2�, we initially aimed
at the synthesis of a vefold trichlorosilylated allyl anion
[C3(SiCl3)5]

�. To this end, we treated 1 equiv. of hexa-
chloropropene (C3Cl6) with 6 equiv. of Si2Cl6 and 1 equiv. of
[nBu4N]Cl in CH2Cl2 at room temperature; 5 equiv. of the
disilane were supposed to provide the ve SiCl3 substituents,
while the 6th equiv. was meant to formally abstract a Cl+ cation
and generate the negative charge. According to NMR spectros-
copy, the reaction mixture contained no unconsumed C3Cl6, no
CH moieties, and one major organosilicon product that gave
rise to three 13C and two 29Si resonances. Two of the 13C reso-
nances pointed toward the presence of an olenic subunit
(d(13C) ¼ 135.8, 137.3). The third 13C NMR signal possessed
a chemical shi value of 50.3 ppm, which is close to the value of
the signal of the carbanionic centers in [C]2� (50.2 ppm).15

However, the total numbers of NMR signals were not consistent
with a [C3(SiCl3)5]

� anion either of average C2v or Cs symmetry.
We also noted smaller 29Si resonances characteristic of chloride
diadducts of perchlorinated cyclohexasilanes (e.g. [Si6Cl12-
$2Cl]2�), typically formed from Si2Cl6/Cl

� mixtures in the
absence of an additional reactant.16,18,19,24 Taken together, these
observations led to the working hypothesis that the obtained
product was a partly trichlorosilylated/chlorinated allyl anion.
To substantiate this conclusion, we repeated the reaction with 4
equiv. of Si2Cl6 and obtained the same organosilicon product in
a quantitative fashion and this time without the cyclohexasilane
contaminants (NMR-spectroscopic control; 90% yield). An
aliquot of the isolated product in CH2Cl2 was subsequently
quenched with excess MeOH and titrated with aqueous NaOH.
The amount of HCl released was determined to be 8 equiv., in
agreement with three SiCl3 substituents introduced (note that 1
equiv. of HCl is neutralized in situ by the carbanionic center).
Instead of the aimed-for [nBu4N][C3(SiCl3)5], a salt of the form
[nBu4N][C3(SiCl3)3Cl2] had obviously been prepared ([nBu4N][1];
Scheme 2). Neither an increase in the amount of Si2Cl6 added
(up to 17 equiv.) nor an elevated reaction temperature (reuxing
CH2Cl2) enforced a higher degree of silylation, but only resulted
in more cyclohexasilane side products.

Finally, X-ray crystallography conrmed the number of three
SiCl3 groups present in [1]� and unequivocally revealed their
positions at the C3 chain: suitable single crystals of [Ph4P][1] were
obtained from a 1 : 4 : 1 mixture of C3Cl6 : Si2Cl6 : [Ph4P]Cl in
CH2Cl2 (Scheme 2). All three carbon atoms of [1]� have a planar
conguration. C(1) and C(3) carry two SiCl3 substituents and two
Cl atoms, respectively; the third SiCl3 substituent resides at C(2).
The anion adopts an approximate Cs symmetry in the solid state
with a dihedral angle Si(1)C(1)Si(2)//Si(3)C(2)C(3) of 78.3(1)�. The
C(1)–C(2) bond (1.484(3) Å) is even longer than that of the formal
C(sp2)–C(sp2) single bond in 1,3-butadiene (1.47 Å),25 while the
C(2)]C(3) bond length (1.338(4) Å) is typical of an isolated C]C
double bond (1.34 Å).25 Any charge delocalization along the C3

chain can obviously be neglected. Rather, the electron lone pair
© 2021 The Author(s). Published by the Royal Society of Chemistry
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(LP) at C(1) is stabilized by the a effect of the two attached SiCl3
groups,4 which leads to a signicant contraction of the C(1)–Si(1)/
Si(2) bonds (1.760(2)/1.762(3) Å) compared to the C(2)–Si(3) bond
(1.859(3) Å). The electronic structure of [1]� was further examined
by quantum-chemical calculations at the uB97X-D3(BJ)/ma-def2-
QZVPP//uB97X-D3(BJ)/ma-def2-TZVP(CPCM(CH2Cl2))26 level (cf.
the frontier orbitals shown in Fig. 1a). The range-separated
hybrid functional was applied to avoid self-interaction error-
related problems for anionic systems and too weakly bound
electron density. A natural bond orbital (NBO)27 analysis
conrms a C(2)]C(3) double bond and a LP localized at the C(1)
atom (Fig. 1b). C(1) bears a highly negative charge of�1.60e� and
C(2) is also signicantly negatively charged (�0.53e�) while C(3)
Fig. 1 (a) Selected Kohn–Sham molecular orbitals of [1]�; (b) NBOs
involved in the bonding of the C3 chain (isosurface value ¼ 0.05 e�1/2

Bohr�3/2) and natural charges at the Si and C atoms; (c) Gibbs free
energies relative to [1]� (DG ¼ 0 kcal mol�1) of isomers [10]� and [100]�

with different substitution patterns. Computed at the uB97X-D3(BJ)/
ma-def2-QZVPP//uB97X-D3(BJ)/ma-def2-TZVP(CPCM(CH2Cl2))
level; see Scheme 2 for the atom numbering.

© 2021 The Author(s). Published by the Royal Society of Chemistry
is almost neutral (�0.09e�). This trend is supported by
a LP(C(1))/ s*(C(2)–C(3)) charge-transfer stabilization estimate
of E(2) ¼ 10.3 kcal mol�1. Strong charge-transfer estimates are
further observed from LP(C(1)) into the antibonding C(2)–Si(3)
(E(2) ¼ 7.6 kcal mol�1), Si(1)–Cl (SE(2) ¼ 30.2 kcal mol�1), and
Si(2)–Cl (SE(2) ¼ 29.5 kcal mol�1) s* orbitals. Accordingly, charge
transfer from the LP to the adjacent silyl groups is a crucial factor
for the stabilization of [1]�. In sum, repulsive but much smaller
contributions are found for the interactions of the corresponding
Si–C s bonds with the C]C p (anti-)bond (3.1 and
3.6 kcalmol�1). Nevertheless, the experimentally obtained isomer
of [1]� is energetically disfavored relative to the isomer [10]�

bearing a Cl atom at C(2) and a trans-SiCl3 group at C(3) (with
respect to C(1); Fig. 1c).

To gain some experimental insight into mechanistic details
of the formation of [1]�, we performed two NMR-scale experi-
ments. Experiment 1: a mixture C3Cl6 : Si2Cl6 : [nBu4N]Cl
(1 : 1 : 0.07) in CD2Cl2 was prepared at room temperature. Aer
1.5 h, when most of the C3Cl6 and Si2Cl6 had been consumed,
NMR-spectroscopic investigation of the reaction mixture
revealed tetrachloroallene (F)28 and its dimer G29 as the sole
organic products (Scheme 3). Experiment 2: a solid mixture
C3Cl6 : Si2Cl6 : [nBu4N]Cl (1 : 4 : 1) in CD2Cl2 was prepared at
liquid-nitrogen temperature and allowed to melt inside the pre-
cooled NMR spectrometer (�32 �C). 13C{1H} NMR spectra were
recorded at regular intervals of 28 min. During the rst ve
intervals, the temperature of �32 �C was maintained; later, the
sample was slowly brought to room temperature (see the ESI†
for full details). Aer the rst interval, F was detected besides
residual starting material C3Cl6 (Fig. 2). Aer the second
interval, the resonances of [1]� had emerged, those of F were
still visible and those of C3Cl6 had vanished. As the reaction
progressed, the amount of F in the mixture steadily decreased
while that of [1]� increased, until nally (at room temperature)
only [1]� was present. The dimer G was not observed at any
point in time. Two small 13C resonances (d ¼ 182.2, 143.9),
which appeared together with the signals of [1]� and dis-
appeared again at the end of the conversion may be assignable
to an unknown intermediate (Fig. 2). Experiment 1 suggests an
initial dechlorination of C3Cl6 via chloronium-ion abstraction
by [SiCl3]

� to form SiCl4 and F/G with concomitant release of
Cl�.30 Two further conclusions can be drawn: (i) the activation
barrier of the reaction C3Cl6 / F is even lower than that of the
reaction 2 F / G,31 because F is replenished faster than it
dimerizes toG. (ii) The overall barrier of the follow-up reaction F
/ [1]� is higher than that of C3Cl6 / F. Otherwise, the
conversion C3Cl6 / F with only catalytic amounts of Cl� could
not proceed quantitatively because the formation of [nBu4N][1]
traps 1 equiv. of [nBu4N]Cl. The results of experiment 2 can be
interpreted as follows: (i) also in the presence of 1 equiv. of Cl�,
F remains the primary intermediate of the reaction between
C3Cl6 and Si2Cl6 and is generated already at low temperatures.
(ii) When the stoichiometrically required amounts of Si2Cl6/Cl

�

are present, the reaction F / [1]� runs to completion and the
dimerization of F can no longer compete. (iii) Apart from F, no
further intermediates are unequivocally identiable by in situ
NMR spectroscopy (but only the nal product [1]�). Therefore,
Chem. Sci., 2021, 12, 12419–12428 | 12421
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Scheme 3 Top: reaction of C3Cl6 with Si2Cl6 and Cl� furnishes perchloroallene F, which can either dimerize toG (black pathway) or react further
to [1]� (blue pathway). Bottom: Gibbs free energy (kcal mol�1) diagram for the formation of [1]� computed at the uB97X-D3(BJ)/ma-def2-
QZVPP+COSMO-RS//ma-def2-TZVP(CPCM(CH2Cl2)) level of theory (standard conditions).
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our mechanistic proposal for the formation of [1]� has to be
based on previous experiences with related systems and
quantum-chemical calculations at the uB97X-D3(BJ)/ma-def2-
QZVPP+COSMO-RS32,33//ma-def2-TZVP(CPCM(CH2Cl2)) level
that fully support all the conclusions drawn (Scheme 3).34

Step 1: we assume a nucleophilic attack of [SiCl3]
� on the

central carbon atom of F, which produces the allyl anion INT1.
Step 2: INT1 and SiCl4 form a pentacoordinated adduct INT2.
Step 3: INT2 readily releases a Cl� ion yielding the disilylated
12422 | Chem. Sci., 2021, 12, 12419–12428
prop-1-ene INT3. Step 4: chlorophilic attack of [SiCl3]
� on a Cl–

C(sp3) bond of INT3 generates the allyl anion INT4 (a similar
chloronium-ion abstraction initiates also the reactions C3Cl6/
F and CCl4 / [A]� (Scheme 1)13,14,20). Step 5: due to the a effect
of the SiCl3 substituent, the generated electron lone pair will
preferentially reside on the silylated C-terminus, which
straightforwardly explains why the third SiCl3 group is attached
at this position to give the neutral prop-1-ene INT5, even though
this step is slightly endergonic. Step 6: a chlorophilic attack of
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 13C{1H} NMR spectra recorded at �32 �C at 28 min intervals on
the reaction mixture C3Cl6 : Si2Cl6 : [nBu4N]Cl (1 : 4 : 1; CD2Cl2) and at
room temperature (top); (*) unknown intermediate.
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[SiCl3]
� on the remaining Cl–C(sp3) bond of INT5 releases the

product [1]� and provides a huge thermodynamic driving force.
The reaction likely stops at this stage for kinetic reasons,
because [1]� is already a sterically crowded compound:
quantum-chemical calculations on the putative pentasilylated
allyl anion [C3(SiCl3)5]

� show a highly strained structure, even
though the reaction [1]� + 2 [SiCl3]

� / [C3(SiCl3)5]
� + 2 Cl� is

predicted to be exergonic by DG ¼ �82 kcal mol�1. The situa-
tion in hexasilylated [C]2� is different, since its two carbanionic
termini adopt orthogonal conformations with respect to the
central C]C double bond, avoiding unfavorable vicinal SiCl3/
SiCl3 interactions that should be a major issue in the case of
[C3(SiCl3)5]

�.
Fig. 3 (a) Experimental EPR spectrum of 1c (black; 0.48 mM in CH2Cl2,
room temperature). Simulated EPR spectrum (red), based on the
experimentally obtained g value of 2.0036 and computed hyperfine
coupling constants (hfc) calculated at the uB97X-D3(BJ)/ma-def2-
TZVP(CPCM(CH2Cl2)) level of theory: 1 � a(13C) ¼ �8.8 G, 1 � a(13C) ¼
18.0 G, 1 � a(13C) ¼ 27.8 G, 2� a(29Si) ¼ 14.1 G, 1� a(29Si) ¼ �29.3 G, 2
� a(35Cl/37Cl) ¼ 0.4 G, 3 � a(35Cl/37Cl) ¼ 0.7 G, 6 � a(35Cl/37Cl) ¼ 1.0
G; linewidth ¼ 1.0 G. All exptl. hfc have been scaled by the respective
gyromagnetic ratios and natural abundances using the program
easyspin.39 (b) Singly occupied Kohn–Sham molecular orbital (SOMO)
and Mulliken spin-density plot of 1c. Isosurface values ¼ 0.05 e�1/2

Bohr�3/2 (MOs) and 0.005 e Bohr�1/2 (rspin). (c) Normalized computed
(blue), experimental (grey) UV/vis spectrum of 1c and calculated tran-
sitions (yellow) at the TDA-DFT uB97X-D3(BJ)/ma-def2-
TZVP(CPCM(CH2Cl2)) level, applying molecule-dependent optimal
tuning.
Targeted synthesis of the thermostable allyl radical 1c

Cyclic voltammetry on [nBu4N][1] showed a (quasi)reversible
redox wave with a half-wave potential of E1/2 ¼ 0.06 V (vs. FcH/
FcH+; CH2Cl2, supporting electrolyte: [nBu4N][B(C6F5)4]),
indicating that the radical 1c may be synthetically accessible
(we found no indication of further oxidation of 1c to the cor-
responding allyl cation [1]+). Aer an extensive screening of
numerous oxidants, SbCl5 was identied as the reagent of
choice (for more detailed information on the oxidizing agents
used and the respective reactions, see the ESI†):35 when SbCl5
was added at room temperature to a brown solution of
[nBu4N][1] in CH2Cl2, the color immediately changed to green.
Aer 5 min of stirring, n-hexane was added to precipitate all
insoluble salts, the CH2Cl2/n-hexane mixture was evaporated,
and the blue 1c was distilled off (10�3 mbar, 90 �C; 78% yield,
Scheme 2). The exceptional (thermal) stability of distillable 1c
under inert conditions stands out among most other organic
radicals.36 The identity of 1c was proven by a quenching
experiment with the H-atom donor 1,4-cyclohexadiene, which
gave the corresponding prop-1-ene 2 (cf. Scheme 6) and C6H6 in
a 2 : 1 ratio. An EPR spectrum, recorded at room temperature
on a solution of 1c in CH2Cl2, is in good agreement with
© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 12419–12428 | 12423
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a simulated spectrum obtained using the hyperne coupling
constants computed at the uB97X-D3(BJ)/ma-def2-
TZVP(CPCM(CH2Cl2)) level of theory (Fig. 3a). The singly
occupied molecular orbital (SOMO) of 1c is plotted in Fig. 3b;
a corresponding spin-density plot shows that the odd electron
is mainly localized in the pz orbital of C(1). The blue color of 1c
arises from an absorption band at lmax ¼ 605 nm (3 ¼
11 023 M�1 cm�1) in CH2Cl2, which is reasonably reproduced
by quantum-chemical calculations applying the Tamm–Danc-
off approximation of time-dependent DFT (TDA-DFT)37 and
molecule-dependent optimal tuning38 (Fig. 3c; cf. [nBu4N][Bc]:
lmax ¼ 650 nm (ref. 13)). UV/vis spectroscopy can thus be
applied as a useful diagnostic tool to assess the stability of 1c
toward air and moisture. A cuvette was charged with a dilute
solution of 1c in CH2Cl2 under inert conditions. A UV/vis
spectrum was recorded, the cap was opened to the ambient
atmosphere and closed again to avoid evaporation of the
solvent. Measurements were repeated in regular intervals of
30 min and showed a linear decrease in absorbance. Aer 4 h,
the sample still had an intense blue color; aer 14 h, it was
colorless.
Scheme 4 Conversions of [nBu4N][1] to the propenes 2A/2B, 2OMeA/
2OMeB, or 3 by treatment with HOSO2CF3 (HOTf), MeOH, or ethereal
HCl, respectively; the reactions of [nBu4N][1] or 2A/2B with MeMgBr
provide the respective products H or 2MeA/2MeB (deviating from the
balanced reaction equations, HOTf and MeMgBr were used in excess
amounts). (i) CH2Cl2, room temperature; (ii) THF, 60 �C in a sealed
NMR tube, 21 h; (iii) THF, reflux temperature, 1 d; (iv) 8 equiv. NMe2Et,
CH2Cl2, room temperature; (v) 9 equiv. NMe2Et, CH2Cl2, 0 �C to room
temperature; (vi) 1 equiv. [nBu4N]Cl, CD2Cl2, 60 �C, 3 d.
Synthesis of the mixed Cl/SiR3-substituted propenes 2, 2OMe,
and 2Me (R ¼ Cl, OMe, Me)

We next converted [nBu4N][1] to the neutral propene through
protonation with HOSO2CF3 (HOTf) in CD2Cl2 (Scheme 4). In
the 1H NMR spectrum, the product mixture gave rise to two
singlets at 3.75 and 4.09 ppm with relative intensities of 2 : 1
(the 1H resonances of the CH units in doubly protonated [C]2�

appear at 3.49 ppm (ref. 15)). The 13C{1H} and 29Si NMR spectra
were also characterized by a major and minor set of signals,
both compatible with the molecular structure of the target
compound 2. An explanation of the observed NMR features lies
in the formation of rotamers, 2A and 2B, due to restricted
rotation about the sterically encumbered C–C single bond (cf.
the comparable situation in (Cl3Si)2(H)C–C(H)(SiCl3)2).13,40 This
interpretation gained support from GC-MS measurements,
which gave the same molecular masses for 2A/2B and were in
line with a chemical formula of Cl2C]C(SiCl3)–C(H)(SiCl3)2
(m/z ¼ 511.60, [Mc]+). Quantum-chemical calculations (uB97X-
D3(BJ)/ma-def2-QZVPP+COSMO-RS//ma-def2-TZVP(CPCM(CH2-
Cl2))) indeed predict a high barrier of rotation about the
C(1)–C(2) bond of 2 (DG‡ ¼ 33.5 kcal mol�1; the corresponding
computed rotational barrier of [1]� isDG‡¼ 30.1 kcal mol�1 and
the rotation activation enthalpy of the parent allyl anion was
calculated to DH‡ ¼ 19 kcal mol�1 according to ref. 41). Since
a mere rotamer mixture should yield solely [1]� as the depro-
tonation product, we treated 2A/2B with various strong bases. A
selective transformation was achieved by using 1 equiv. of [B]2�

as the proton-abstracting reagent, which indeed regenerated
[1]� quantitatively (see the ESI† for more details).42 In contrast
to the reaction with HOTf, the reaction of [1]� with 2 equiv.
ethereal HCl in CD2Cl2 gives a product that shows only one set
of signals in the NMR spectra (use of 1 equiv. ethereal HCl
generates a mixture of the same product and [1]�). These
signals can be assigned to compound 3, which carries only two
12424 | Chem. Sci., 2021, 12, 12419–12428
SiCl3 groups and is formed through C-protonation accompa-
nied by protodesilylation (Scheme 4). The latter reduces the
steric overload and, as a consequence, the rotation about the
C–C single bond is no longer restricted. As previously observed
in related cases, the choice of the acid obviously has a major
inuence on the reaction outcome (non-nucleophilic counter-
anion OTf� vs. nucleophilic counteranion Cl�).13,15

A controlled methanolysis of 2A/2B again provided two
isomers, 2OMeA/2OMeB (1 : 1), and added useful NMR handles
(Scheme 4):43 (i) the OMe and CH integrals conrmed the
presence of one unique Si(OMe)3 group, two chemically equiv-
alent Si(OMe)3 groups, and one CH proton in 2OMeA/2OMeB. (ii)
Selective NOESY NMR experiments enabled an assignment of
the individual signal sets to rotamer 2OMeA or 2OMeB. With
a similar motivation as in the case of the methanolysis reaction,
2A/2B were also treated with excess MeMgBr in THF. Aer
workup, we isolated 2MeA/2MeB in a ratio of 2 : 1 (Scheme 4;
computed rotational barrier about the C–C single bond: DG‡ ¼
34.0 kcal mol�1). The fact that 2MeA is the dominant rotamer
was conrmed by a NOESY-NMR experiment.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conversion of [1]� and 2Me to the silylated cyclopropene H
and the silylated allenes Li[4]–6

According to in situ NMR spectroscopy, the Grignard reagent
does not deprotonate the propene cores of 2MeA/2MeB: a puta-
tive tris(trimethylsilyl) derivative [1Me]� should have a less
stabilized carbanionic center than [1]�, because the a effect of
a SiMe3 fragment is smaller than that of an SiCl3 unit, which
decreases the acidity of 2Me relative to 2.4,13 The anticipated
higher reactivity of [1Me]� makes this anion another worthwhile
synthesis target. In a rst attempt, 2A/2B were replaced by
[nBu4N][1] in the Grignard reaction, which, however, did not
furnish [1Me]� but rather the cyclopropene H44 (Scheme 4): As
expected, all three SiCl3 groups were converted to SiMe3 groups.
Against a priori expectations, the nucleophilicity of the carb-
anion was increased to the point that it underwent an intra-
molecular Cl� substitution to close the three-membered ring.
Moreover, migration of one silyl group occurred45 and the
second C-bonded Cl atom was replaced by a Me substituent.
Silylated cyclopropenes are valuable building blocks for organic
synthesis.46 Derivative H was previously obtained via ve steps
in �10% yield.44,47 In comparison, our two-step synthesis (80%
yield) represents a signicant improvement. Coming back to
[1Me]�, we next employed the extremely basic tBuLi to accom-
plish the deprotonation of 2Me. The most selective reaction was
reached with 2 equiv. of tBuLi, which gave the lithiated allene
Li[4]48 (quantitative conversion; Scheme 5).49 In terms of the
reaction mechanism, we propose that an initial proton
Scheme 5 The reaction of 2Me with tBuLi does not lead to Li[1Me] but
to Li[4]. Li[4] reacts with Me3SiCl, MeI, or Me3SnCl to form the deriv-
atives I, J/K, or 5, respectively (THF, room temperature).

© 2021 The Author(s). Published by the Royal Society of Chemistry
abstraction generates [1Me]�, which, similar to the case of the
reaction [nBu4N][1] + MeMgBr/H (Scheme 4), cyclizes to anH-
type cyclopropene carrying a CCl instead of the CMe fragment.
With the bulky tBuLi, the chlorocyclopropene does not undergo
Cl/tBu but rather Cl/Li exchange. Ample precedence exists for
the rearrangement of (lithiated) cyclopropenes to (lithiated)
allenes.28,50 Li[4] straightforwardly reacts with Me3SiCl, MeI, or
Me3SnCl to furnish the derivatives I,48 J/K,48 and 5, respectively
(Scheme 5). Also allenes, especially the silylated ones, are
attracting great attention as building blocks in organic
synthesis and in the eld of materials science.51 The time- and
cost-efficient new protocol reported here is therefore a poten-
tially valuable addition to the existing toolbox of allene
syntheses.52 Along these lines, it would be desirable to include
[1]� as starting material for the synthesis of perchlorinated
Li[4]-type compounds.50 Given that [nBu4N][1] per se has no
tendency to eliminate Cl� ions even at elevated temperatures,
we added AlCl3 in CH2Cl2 to support Cl� abstraction (cf. Scheme
1).15 Aer stirring at room temperature overnight, the reaction
mixture had adopted a deep green color. The [nBu4N][AlCl4]
formed was precipitated by addition of n-hexane, all volatiles
were removed from the ltrate under reduced pressure, and the
green oily residue was subjected to distillation. Only one frac-
tion was obtained (10�3 mbar, 70 �C), which possessed a bright
blue color; some yellow-brown material remained in the distil-
lation sump. The blue distillate collected showed no signal in
the 1H NMR spectrum, three 13C resonances and two 29Si NMR
signals. One of the C nuclei was strongly deshielded (d(13C) ¼
216.7, CD2Cl2), as is characteristic for central allene-C atoms. A
typical allene stretching band was observed at 1928.5 cm�1 in
the IR spectrum. A GC-MS measurement conrmed the
formation of the trifold SiCl3-substituted chloroallene 6 (m/z ¼
473.60, [Mc]+; Scheme 6). The apparent blue color of 6 would be
unique among comparable allene species (cf. the colorless
compounds I, J, and 5) and, on the other hand, is reminiscent of
the radical 1c. Indeed, an EPR spectrum of the blue fraction in
CH2Cl2 affirmed the presence of this NMR-silent radical in
addition to 6. In order to gently quench 1c, the solution was
treated with 1,4-cyclohexadiene, whereupon the blue color dis-
appeared over the course of 2 h. NMR spectroscopy on the
colorless solution still showed the resonances of 6, but also the
signals of 2 and C6H6 (Scheme 6). Aer removal of all volatile
components, the mixture of 6 and 2 was dissolved in Et2O and
treated with excess MeMgBr to produce the corresponding
derivatives (Me3Si)(Cl)C]C]C(SiMe3)2 and 2Me, respectively.
From the proton integral values in the 1H NMR spectrum of this
Scheme 6 Synthesis of 6 in a mixture with side product 1c through
reaction of [1]� with AlCl3; the identity of 1c was confirmed by an H-
atom abstraction reaction, which gave 2 and C6H6. (i) CH2Cl2, room
temperature; (ii) excess 1,4-cyclohexadiene, CD2Cl2, room tempera-
ture; C6H6 was observed as byproduct.
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blend, it was then estimated that the fraction of 2Me was about
20% – which, in turn, should also be true for the fraction of 1c in
the blue mixture with 6. We nally succeeded in the isolation of
6 (24% yield) by performing the 1,4-cyclohexadiene quench on
a preparative scale: while 6/1c cannot be separated by fractional
distillation, this is conveniently possible for 6/2. How was
1c formed? Bock et al. have already advertised the system
AlCl3/CH2Cl2 as a strong oxidizing agent and proposed the
chloromethylium salt [CH2Cl][AlCl4] as the actual electron
acceptor.53 So far, we never observed such reactivity (e.g., in the
synthesis of E; Scheme 1),14,15 but in the present case, it may well
play a role.
Conclusions

We found that hexachloropropene (Cl2C]C(Cl)–CCl3) reacts
with the Si2Cl6/Cl

� system (1 : 4 : 1) to give the trisilylated allyl
anion [Cl2C]C(SiCl3)–C(SiCl3)2]

� ([1]�). The remarkable coex-
istence of a C-centered nucleophile with three electrophilic Si
atoms in the same molecule is a consequence of the
pronounced a effect of the SiCl3 groups, which electronically
stabilize the electron lone pair. The Cl-to-SiCl3 exchange
underlying the formation of [1]� involves [SiCl3]

� ions as key
intermediates and stops at the stage of the triply silylated
product presumably due to steric constraints. As a result, [1]�

presents four types of synthetically useful functional groups
(i.e., Cl, SiCl3, C]C, [R3C:]

�) that can be employed in further
derivatizations. Indeed, starting from readily available [1]�,
a variety of still highly functionalized C3 compounds are
accessible, such as the thermostable blue radical 1c, the pro-
penes Cl2C]C(SiR0

3)–C(SiR0
3)2H (R0 ¼ Cl, Me, OMe; 2, 2Me,

2OMe), or the allene Cl3Si(Cl)C]C]C(SiCl3)2 (6). The silylation
protocol and follow-up reactions presented here thus represent
a time- and cost-efficient addition to the currently available
toolbox for the preparation of organosilicon building blocks.
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U. Groß, S. Rüdiger and A. Dimitrov, J. Fluorine Chem., 1996,
76, 139–144; (b) K. Goto, T. Kubo, K. Yamamoto, K. Nakasuji,
K. Sato, D. Shiomi, T. Takui, M. Kubota, T. Kobayashi,
Chem. Sci., 2021, 12, 12419–12428 | 12427

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc03958j


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
A

ug
us

t 2
02

1.
 D

ow
nl

oa
de

d 
on

 6
/2

2/
20

26
 6

:2
2:

45
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
K. Yakusi and J. Ouyang, J. Am. Chem. Soc., 1999, 121, 1619–
1620; (c) R. G. Hicks, Org. Biomol. Chem., 2007, 5, 1321–1338;
(d) A. Ueda, H. Wasa, S. Nishida, Y. Kanzaki, K. Sato,
D. Shiomi, T. Takui and Y. Morita, Chem.–Eur. J., 2012, 18,
16272–16276; (e) J. P. Peterson, M. R. Geraskina, R. Zhang
and A. H. Winter, J. Org. Chem., 2017, 82, 6497–6501; (f)
K. Kato, K. Furukawa, T. Mori and A. Osuka, Chem.–Eur. J.,
2018, 24, 572–575; (g) K. Kato and A. Osuka, Angew. Chem.,
Int. Ed., 2019, 58, 8978–8986; (h) B. Tang, J. Zhao, J.-F. Xu
and X. Zhang, Chem. Sci., 2020, 11, 1192–1204; (i)
M. Harada, M. Tanioka, A. Muranaka, T. Aoyama,
S. Kamino and M. Uchiyama, Chem. Commun., 2020, 56,
9565–9568.

37 S. Hirata and M. Head-Gordon, Chem. Phys. Lett., 1999, 314,
291.

38 (a) T. Stein, L. Kronik and R. Baer, J. Chem. Phys., 2009, 131,
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