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Treatment of hexachloropropene (ClL,C=C(Cl)-CCls) with Si,Clg and [nBusNICL (1 : 4 : 1) in CH,Cl, results
in a quantitative conversion to the trisilylated, dichlorinated allyl anion salt [nBusN][Cl,C=C(SiClz)-
C(SiClz)a] ([nBugNI[1]). Tetrachloroallene CL,C=C=CCl, 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 =
78.3(1)°. One-electron oxidation of [nBuyNI[1] with SbCls furnishes the distillable blue radical 1'. The
neutral propene ClL,C=C(SiClz)-C(SiClz),H (2) was obtained by (i) protonation of [1]~ with HOSO,CF3
(HOTf) or (i) H-atom transfer to 1° from 1,4-cyclohexadiene. Quantitative transformation of all three
SiCls substituents in 2 to Si(OMe)s (2°M€) or SiMes (2M®) substituents was achieved by using MeOH/
NMeEt or MeMgBr in CH,Cl, or THF, respectively. Upon addition of 2 equiv. of tBuLi, 2M¢ underwent
deprotonation with subsequent LiCl elimination, 1,2-SiMes migration and Cl/Li exchange to afford the
allenyl lithium compound MesSi(Li)C=C=C(SiMe3z), (Li[4]), which is an efficient building block for the
introduction of Me, SiMes, or SnMes (5) groups. The trisilylated, monochlorinated allene ClzSi(C)C=C=
C(SiCls), (6), was obtained from [nBu4N][1] through Cl™ -ion abstraction with AlClz and rearrangement in
CH,Cl, (1° forms as a minor side product, likely because the system AlClz/CH,Cl, can also act as a one-
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Introduction

Organosilanes are invaluable building blocks for advanced
materials and multifaceted reagents for organic synthesis.!
Characteristic of the first application area is that the Si atoms
remain as essential, function-determining parts in the molec-
ular scaffolds (e.g., luminescent siloles,* silsesquioxane cages,?
and silicone polymers*®). The opposite is true for the second
application area, because the silyl groups are no longer present
in the final products after they served to transfer the organic
fragment (e.g.,, Peterson olefination, Hiyama-type C-C-
coupling,” or Tamao oxidation®). 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” (¢f the Hosomi-Sakurai
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allylation®).’® While a plethora of efficient routes to mono-
silylated allyl systems have been elaborated so far," 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."
We have recently disclosed that the inexpensive chlorinated
hydrocarbons CCl,, Cl,C=CCl,, and Cl,C=C(Cl)-C(Cl)=CCl,
can be straightforwardly converted to the exhaustively tri-
chlorosilylated anions [A] -[C]*~ upon treatment with Si,Cls in
the presence of [nBuyN]Cl (Scheme 1)."*** The actual active
silylation reagent, the silanide [SiCl;],'**® is generated by Cl -
induced heterolysis of the disilane. [SiCl;]” can either react as
a nucleophile in a carbophilic or chlorophilic attack (abstrac-
tion of a chloronium ion to form SiCl, and a carbanion), or
behave as a Cl -stabilized dichlorosilylene [SiCl,-Cl]™.*>*%*51°
The primary products, [A] -[C]*", have been further trans-
formed into a variety of other multiply trichlorosilylated
compounds with geminally and/or vicinally positioned SiCl;
substituents ([A-GaCl;] -E; Scheme 1)."*** An SiCl; group
differs from the more abundant SiMe; 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) SiCl; substituents are
the better 7 acceptors and have a greater ability to stabilize
adjacent carbanions (o effect).* (iii) SiCl; substituents are the
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Scheme 1 Reactions of CCl,, C,Cly, or C4Clg with Si>Clg/Cl™ furnish
the exhaustively trichlorosilylated carbanions [Al~, [BI?>~, or [CI*,
which give access to a variety of further compounds, such as the
adduct [A-GaCls]™, the C, compounds B and D, and the strained,
edge-fused double silacyclobutene E.

stronger Lewis acids. Analogous to the above-mentioned release
of [SiCl;]™ from Si,Cls/Cl ™, also other main-group anions [R,E]
can readily be generated under mild conditions from precursor
fragments R,E-SiCl; upon addition of Lewis basic anions, such
asF orCl (E=eg,C, Si, Ge, P, §).13142023

Herein, we fill the gap in the series of perchlorinated
substrates and report on the reaction of the C; substrate hexa-
chloropropene (C;Clg) with the Si,Clg/Cl™ system. In striking
contrast to the previous cases (Scheme 1), there is now no
quantitative Cl/SiCl; exchange, but we rather obtain selectively
the trisilylated, dichlorinated allyl anion [1]~ (Scheme 2). One-
electron oxidation of [1]” affords the distillable blue radical
1°. Furthermore, we will show that [1]” is a valuable starting
material for the synthesis of multiply silylated C; products as
diverse as propenes, cyclopropenes, and allenes.
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Scheme 2 Synthesis of [nBu4N][1] from CsClg and Si>Cle/[nBusNICL;
oxidation of [nBuyN][1] with SbCls generates the thermostable radical
1". Molecular structure of [Ph4P][1] in the solid state (the [Ph4P]* cation
is omitted for clarity); selected bond lengths [A], bond angles [°], and
dihedral angle [°].

12420 | Chem. Sci, 2021, 12, 12419-12428

Edge Article

Results and discussion

Synthesis and characterization of the mixed Cl/SiCl;-
substituted allyl anion [1]~

Similar to the cases of [A]", [B]*, and [C]*", we initially aimed
at the synthesis of a fivefold trichlorosilylated allyl anion
[C3(SiCl3)s]”. To this end, we treated 1 equiv. of hexa-
chloropropene (C;Clg) with 6 equiv. of Si,Clg and 1 equiv. of
[nBuyN]|Cl in CH,Cl, at room temperature; 5 equiv. of the
disilane were supposed to provide the five SiCl; 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 C;Clg, no
CH moieties, and one major organosilicon product that gave
rise to three *C and two *°Si resonances. Two of the "*C reso-
nances pointed toward the presence of an olefinic subunit
(6(**C) = 135.8, 137.3). The third *C NMR signal possessed
a chemical shift value of 50.3 ppm, which is close to the value of
the signal of the carbanionic centers in [C]*~ (50.2 ppm).**®
However, the total numbers of NMR signals were not consistent
with a [C3(SiCl;)s]” anion either of average C,, or C; symmetry.
We also noted smaller *°Si resonances characteristic of chloride
diadducts of perchlorinated cyclohexasilanes (e.g. [SicCli,-
-2CIJ?7), typically formed from Si,Clg/Cl- mixtures in the
absence of an additional reactant.'®'®'*** 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 Si,Cls 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 CH,Cl, was subsequently
quenched with excess MeOH and titrated with aqueous NaOH.
The amount of HCI released was determined to be 8 equiv., in
agreement with three SiCl; substituents introduced (note that 1
equiv. of HCI is neutralized in situ by the carbanionic center).
Instead of the aimed-for [nBu,N][C;(SiCl;)s], a salt of the form
[nBuyN][C;(SiCl;);Cl,] had obviously been prepared ([nBu,N][1];
Scheme 2). Neither an increase in the amount of Si,Cls added
(up to 17 equiv.) nor an elevated reaction temperature (refluxing
CH,Cl,) enforced a higher degree of silylation, but only resulted
in more cyclohexasilane side products.

Finally, X-ray crystallography confirmed the number of three
SiCl; groups present in [1]” and unequivocally revealed their
positions at the C; chain: suitable single crystals of [Ph,P][1] were
obtained from a 1:4:1 mixture of C;Clg : Si,Cls : [PhyP]CI in
CH,Cl, (Scheme 2). All three carbon atoms of [1]” have a planar
configuration. C(1) and C(3) carry two SiCl; substituents and two
Cl atoms, respectively; the third SiCl; 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) A) is even longer than that of the formal
C(sp?)-C(sp®) single bond in 1,3-butadiene (1.47 A),>* while the
C(2)=C(3) bond length (1.338(4) A) is typical of an isolated C=C
double bond (1.34 A).>® Any charge delocalization along the C;
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 SiCl;
groups,* which leads to a significant contraction of the C(1)-Si(1)/
Si(2) bonds (1.760(2)/1.762(3) A) compared to the C(2)-Si(3) bond
(1.859(3) A). The electronic structure of [1]~ was further examined
by quantum-chemical calculations at the wB97X-D3(BJ)/ma-def2-
QZVPP//wB97X-D3(B])/ma-def2-TZVP(CPCM(CH,CL,))** 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)* analysis
confirms 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 significantly negatively charged (—0.53e™) while C(3)

Opnpo(C2-C3)

LPrgo(C1)

T
AG = -8.4 kcal-mol™

[T
AG = 13.8 kcal-mol™

Fig. 1 (a) Selected Kohn—Sham molecular orbitals of [1]7; (b) NBOs
involved in the bonding of the C3 chain (isosurface value = 0.05 e™Y/2
Bohr~*'?) and natural charges at the Si and C atoms; (c) Gibbs free
energies relative to [1] (AG = 0 kcal mol™?) of isomers [1']” and [1”]~
with different substitution patterns. Computed at the wB97X-D3(BJ)/
ma-def2-QZVPP//wB97X-D3(BJ)/ma-def2-TZVP(CPCM(CH,CL,))
level; see Scheme 2 for the atom numbering.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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is almost neutral (—0.09¢”). This trend is supported by
a LP(C(1)) — o*(C(2)-C(3)) charge-transfer stabilization estimate
of E? = 10.3 kcal mol~'. Strong charge-transfer estimates are
further observed from LP(C(1)) into the antibonding C(2)-Si(3)
(E®) = 7.6 keal mol %), Si(1)-Cl (SE® = 30.2 kcal mol?), and
Si(2)-Cl (SE® = 29.5 keal mol ) 6* 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 o bonds with the C=C w (anti-)bond (3.1 and
3.6 keal mol ). Nevertheless, the experimentally obtained isomer
of [1]” is energetically disfavored relative to the isomer [1']”
bearing a Cl atom at C(2) and a trans-SiCl; 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 C;Clg: Si,Clg : [nBuyN]CI
(1:1:0.07) in CD,Cl, was prepared at room temperature. After
1.5 h, when most of the C;Cl; and Si,Cls had been consumed,
NMR-spectroscopic investigation of the reaction mixture
revealed tetrachloroallene (F)*® and its dimer G* as the sole
organic products (Scheme 3). Experiment 2: a solid mixture
C3Clg : SiyClg : [nBuyN]Cl (1:4: 1) in CD,Cl, was prepared at
liquid-nitrogen temperature and allowed to melt inside the pre-
cooled NMR spectrometer (—32 °C). "*C{"H} NMR spectra were
recorded at regular intervals of 28 min. During the first five
intervals, the temperature of —32 °C was maintained; later, the
sample was slowly brought to room temperature (see the ESI}
for full details). After the first interval, F was detected besides
residual starting material C;Cls (Fig. 2). After the second
interval, the resonances of [1]” had emerged, those of F were
still visible and those of C;Clg had vanished. As the reaction
progressed, the amount of F in the mixture steadily decreased
while that of [1]™ increased, until finally (at room temperature)
only [1]” was present. The dimer G was not observed at any
point in time. Two small **C resonances (6 = 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 C;Clg via chloronium-ion abstraction
by [SiCl;]™ to form SiCl, and F/G with concomitant release of
CI™.** Two further conclusions can be drawn: (i) the activation
barrier of the reaction C;Clg — F is even lower than that of the
reaction 2 F — G,* because F is replenished faster than it
dimerizes to G. (ii) The overall barrier of the follow-up reaction F
— [1] is higher than that of C;Clg — F. Otherwise, the
conversion C;Clg — F with only catalytic amounts of Cl™ could
not proceed quantitatively because the formation of [nBu,N][1]
traps 1 equiv. of [nBu,N]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
C;Clg and Si,Clg and is generated already at low temperatures.
(ii) When the stoichiometrically required amounts of Si,Cls/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 identifiable by in situ
NMR spectroscopy (but only the final product [1]). Therefore,

Chem. Sci., 2021, 12, 12419-12428 | 12421
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Scheme 3 Top: reaction of CsClg with Si>Clg and Cl™ furnishes perchloroallene F, which can either dimerize to G (black pathway) or react further
to [1]~ (blue pathway). Bottom: Gibbs free energy (kcal mol™) diagram for the formation of [1]~ computed at the wB97X-D3(BJ)/ma-def2-
QZVPP+COSMO-RS//ma-def2-TZVP(CPCM(CH,Cly)) level of theory (standard conditions).

our mechanistic proposal for the formation of [1]™ has to be
based on previous experiences with related systems and
quantum-chemical calculations at the wB97X-D3(BJ)/ma-def2-
QZVPP+COSMO-RS****//ma-def2-TZVP(CPCM(CH,Cl,))  level
that fully support all the conclusions drawn (Scheme 3).**

Step 1: we assume a nucleophilic attack of [SiCl;]” on the
central carbon atom of F, which produces the allyl anion INT1.
Step 2: INT1 and SiCl, 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 [SiCl;]™ on a Cl-
C(sp®) bond of INT3 generates the allyl anion INT4 (a similar
chloronium-ion abstraction initiates also the reactions C;Clg —
F and CCl; — [A]™ (Scheme 1)'*'*?°). Step 5: due to the o effect
of the SiCl; substituent, the generated electron lone pair will
preferentially reside on the silylated C-terminus, which
straightforwardly explains why the third SiCl; 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 3C{*H} NMR spectra recorded at —32 °C at 28 min intervals on
the reaction mixture CsClg : Si>Clg : [NnBUsNICL(1: 4 : 1; CD,CLl,) and at
room temperature (top); (*) unknown intermediate.

[SiCl5]” on the remaining CI-C(sp®) 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 [C;3(SiCl;)s]” show a highly strained structure, even
though the reaction [1] + 2 [SiCl;]” — [C3(SiCl;)s]” +2 Cl” is
predicted to be exergonic by AG = —82 kcal mol™". The situa-
tion in hexasilylated [C]*~ is different, since its two carbanionic
termini adopt orthogonal conformations with respect to the
central C=C double bond, avoiding unfavorable vicinal SiCl;---
SiCl; interactions that should be a major issue in the case of
[Cs(SiClLy)s] .

Targeted synthesis of the thermostable allyl radical 1

Cyclic voltammetry on [nBu,N][1] showed a (quasi)reversible
redox wave with a half-wave potential of E;;, = 0.06 V (vs. FcH/
FcH'; CH,Cl,, supporting electrolyte: [nBuyN][B(CsFs)4]),
indicating that the radical 1° may be synthetically accessible
(we found no indication of further oxidation of 1" to the cor-
responding allyl cation [1]"). After an extensive screening of
numerous oxidants, SbCl; was identified as the reagent of
choice (for more detailed information on the oxidizing agents
used and the respective reactions, see the ESIT):** when SbCl;
was added at room temperature to a brown solution of
[nBuyN][1] in CH,Cl,, the color immediately changed to green.
After 5 min of stirring, n-hexane was added to precipitate all
insoluble salts, the CH,Cl,/n-hexane mixture was evaporated,
and the blue 1" was distilled off (10~* mbar, 90 °C; 78% yield,
Scheme 2). The exceptional (thermal) stability of distillable 1°
under inert conditions stands out among most other organic
radicals.** The identity of 1° was proven by a quenching
experiment with the H-atom donor 1,4-cyclohexadiene, which
gave the corresponding prop-1-ene 2 (¢f: Scheme 6) and C¢Hg in
a 2 :1 ratio. An EPR spectrum, recorded at room temperature
on a solution of 1" in CH,Cl,, is in good agreement with

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Experimental EPR spectrum of 1° (black; 0.48 mM in CH,Cly,

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 wB97X-D3(BJ)/ma-def2-
TZVP(CPCM(CH,Cly)) level of theory: 1 x a(**C) = —8.8 G, 1 x a(**C) =
18.0G,1x a*C) =27.8 G, 2 x a(**Si) = 14.1 G, 1x a(®**Si) = —29.3 G, 2
x a(®>Cl/¥Cl) = 0.4 G, 3 x a(**Cl/¥’Cl) = 0.7 G, 6 x a(**Cl/*’Cl) = 1.0
G; linewidth = 1.0 G. All exptl. hfc have been scaled by the respective
gyromagnetic ratios and natural abundances using the program
easyspin.*® (b) Singly occupied Kohn-Sham molecular orbital (SOMO)
and Mulliken spin-density plot of 1°. Isosurface values = 0.05 e /2
Bohr~*2 (MOs) and 0.005 e Bohr /2 (p). (c) Normalized computed
(blue), experimental (grey) UV/vis spectrum of 1" and calculated tran-
sitions  (yellow) at the TDA-DFT wB97X-D3(BJ)/ma-def2-
TZVP(CPCM(CH,CL,)) level, applying molecule-dependent optimal
tuning.
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a simulated spectrum obtained using the hyperfine coupling
constants computed at the wB97X-D3(BJ)/ma-def2-
TZVP(CPCM(CH,Cl,)) level of theory (Fig. 3a). The singly
occupied molecular orbital (SOMO) of 1" is plotted in Fig. 3b;
a corresponding spin-density plot shows that the odd electron
is mainly localized in the p, orbital of C(1). The blue color of 1°
arises from an absorption band at An., = 605 nm (¢ =
11023 M~ " em ') in CH,Cl,, which is reasonably reproduced
by quantum-chemical calculations applying the Tamm-Danc-
off approximation of time-dependent DFT (TDA-DFT)* and
molecule-dependent optimal tuning® (Fig. 3c; ¢f. [nBu,N|[B’]:
Amax = 650 nm (ref. 13)). UV/vis spectroscopy can thus be
applied as a useful diagnostic tool to assess the stability of 1°
toward air and moisture. A cuvette was charged with a dilute
solution of 1° in CH,Cl, 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. After 4 h,
the sample still had an intense blue color; after 14 h, it was
colorless.

Synthesis of the mixed Cl/SiR;-substituted propenes 2, 2°™¢,

and 2° (R = Cl, OMe, Me)

We next converted [nBu,N][1] to the neutral propene through
protonation with HOSO,CF; (HOTf) in CD,Cl, (Scheme 4). In
the "H NMR spectrum, the product mixture gave rise to two
singlets at 3.75 and 4.09 ppm with relative intensities of 2 : 1
(the 'H resonances of the CH units in doubly protonated [C]*~
appear at 3.49 ppm (ref. 15)). The *C{*H} and *°Si 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 (¢f.
the comparable situation in (Cl;Si),(H)C-C(H)(SiCls),).***® 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 Cl,C=C(SiCl;)-C(H)(SiCls),
(m/z = 511.60, [M']"). Quantum-chemical calculations (wB97X-
D3(BJ)/ma-def2-QZVPP+COSMO-RS//ma-def2-TZVP(CPCM(CH,-
Cl,))) indeed predict a high barrier of rotation about the
C(1)-C(2) bond of 2 (AG* = 33.5 keal mol ' the corresponding
computed rotational barrier of [1]” is AG* = 30.1 kcal mol " and
the rotation activation enthalpy of the parent allyl anion was
calculated to AH* = 19 kcal mol™* 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]*~
as the proton-abstracting reagent, which indeed regenerated
[1]” quantitatively (see the ESIf for more details).*” In contrast
to the reaction with HOTf, the reaction of [1]” with 2 equiv.
ethereal HCI in CD,Cl, gives a product that shows only one set
of signals in the NMR spectra (use of 1 equiv. ethereal HCI
generates a mixture of the same product and [1]7). These
signals can be assigned to compound 3, which carries only two
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Scheme 4 Conversions of [nBusNI[1] to the propenes 2A/2B, 2°M°A/
2°MeB, or 3 by treatment with HOSO,CF3 (HOTY), MeOH, or ethereal
HCL, respectively; the reactions of [nBusNI[1] or 2A/2B with MeMgBr
provide the respective products H or 2MA/2MeB (deviating from the
balanced reaction equations, HOTf and MeMgBr were used in excess
amounts). (i) CH>Cl,, room temperature; (ii) THF, 60 °C in a sealed
NMR tube, 21 h; (iii) THF, reflux temperature, 1 d; (iv) 8 equiv. NMe,Et,
CH,Cl,, room temperature; (v) 9 equiv. NMe,Et, CH,Cly, 0 °C to room
temperature; (vi) 1 equiv. [nBu4NI]Cl, CD,Cl,, 60 °C, 3 d.

SiCl; 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
influence on the reaction outcome (non-nucleophilic counter-
anion OTf™ vs. nucleophilic counteranion CI™).***?

A controlled methanolysis of 2A/2B again provided two
isomers, 2°M°A/2°M°B (1 : 1), and added useful NMR handles
(Scheme 4):** (i) the OMe and CH integrals confirmed the
presence of one unique Si(OMe); group, two chemically equiv-
alent Si(OMe); groups, and one CH proton in 2°™°A/2°M¢B, (ii)
Selective NOESY NMR experiments enabled an assignment of
the individual signal sets to rotamer 2°™°A or 2°™°B. With
a similar motivation as in the case of the methanolysis reaction,
2A/2B were also treated with excess MeMgBr in THF. After
workup, we isolated 2M°A/2M°B in a ratio of 2: 1 (Scheme 4;
computed rotational barrier about the C-C single bond: AG* =
34.0 kcal mol™*). The fact that 2™°A is the dominant rotamer
was confirmed by a NOESY-NMR experiment.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Conversion of [1]” and 2™° 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 2™°A/2M°B: a puta-
tive tris(trimethylsilyl) derivative [1™]” should have a less
stabilized carbanionic center than [1], because the o effect of
a SiMe; fragment is smaller than that of an SiCl; unit, which
decreases the acidity of 2M° relative to 2.*'* The anticipated
higher reactivity of [1™]” makes this anion another worthwhile
synthesis target. In a first attempt, 2A/2B were replaced by
[7BuyN][1] in the Grignard reaction, which, however, did not
furnish [1™€]” but rather the cyclopropene H* (Scheme 4): As
expected, all three SiCl; groups were converted to SiMe; groups.
Against a priori expectations, the nucleophilicity of the carb-
anion was increased to the point that it underwent an intra-
molecular C1™ substitution to close the three-membered ring.
Moreover, migration of one silyl group occurred® and the
second C-bonded Cl atom was replaced by a Me substituent.
Silylated cyclopropenes are valuable building blocks for organic
synthesis.*® Derivative H was previously obtained via five steps
in ~10% yield.***” In comparison, our two-step synthesis (80%
yield) represents a significant improvement. Coming back to
[1™€]~, we next employed the extremely basic tBuLi to accom-
plish the deprotonation of 2™, The most selective reaction was
reached with 2 equiv. of tBuLi, which gave the lithiated allene
Li[4]** (quantitative conversion; Scheme 5).* In terms of the
reaction mechanism, we propose that an initial proton

‘.|3iMe3
Cl\c//c:\cisnwe3
i i H
Cl SiMe;
2Me

1 tBuLi 2 tBuLi
Sives  |H
) Me;Si SiMe
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/ \ / \ / \
Me;Si SiMe; Me SiMe3 MesSn SiMeg
1 J 5
/SiMes
Me:,Si—CEC—C\—Me
K SiMe3

Scheme 5 The reaction of 2M® with tBuLi does not lead to Li[1M®] but
to Li[4]. Li[4] reacts with MezSiCl, Mel, or Me3SnCl to form the deriv-
atives I, J/K, or 5, respectively (THF, room temperature).
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abstraction generates [1™°]”, which, similar to the case of the
reaction [nBu,N][1] + MeMgBr — H (Scheme 4), cyclizes to an H-
type cyclopropene carrying a CCl instead of the CMe fragment.
With the bulky ¢BulLi, the chlorocyclopropene does not undergo
Cl/tBu but rather Cl/Li exchange. Ample precedence exists for
the rearrangement of (lithiated) cyclopropenes to (lithiated)
allenes.”®*® Li[4] straightforwardly reacts with Me;SiCl, Mel, or
Me;SnCl to furnish the derivatives I,** J/K,*® and 5, respectively
(Scheme 5). Also allenes, especially the silylated ones, are
attracting great attention as building blocks in organic
synthesis and in the field of materials science.”* The time- and
cost-efficient new protocol reported here is therefore a poten-
tially valuable addition to the existing toolbox of allene
syntheses.> Along these lines, it would be desirable to include
[1]” as starting material for the synthesis of perchlorinated
Li[4]-type compounds.® Given that [nBuyN][1] per se has no
tendency to eliminate Cl™ ions even at elevated temperatures,
we added AlCl; in CH,Cl, to support Cl™ abstraction (¢f: Scheme
1).** After stirring at room temperature overnight, the reaction
mixture had adopted a deep green color. The [nBu,N]AICL,]
formed was precipitated by addition of n-hexane, all volatiles
were removed from the filtrate under reduced pressure, and the
green oily residue was subjected to distillation. Only one frac-
tion was obtained (10~° 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 "H NMR spectrum, three *C resonances and two *°Si NMR
signals. One of the C nuclei was strongly deshielded (6(**C) =
216.7, CD,Cl,), as is characteristic for central allene-C atoms. A
typical allene stretching band was observed at 1928.5 cm™ " in
the IR spectrum. A GC-MS measurement confirmed the
formation of the trifold SiCl;-substituted chloroallene 6 (m/z =
473.60, [M']"; Scheme 6). The apparent blue color of 6 would be
unique among comparable allene species (¢f. the colorless
compounds I, J, and 5) and, on the other hand, is reminiscent of
the radical 1°. Indeed, an EPR spectrum of the blue fraction in
CH,Cl, affirmed the presence of this NMR-silent radical in
addition to 6. In order to gently quench 1°, 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 C¢Hg (Scheme 6). After removal of all volatile
components, the mixture of 6 and 2 was dissolved in Et,O and
treated with excess MeMgBr to produce the corresponding
derivatives (Me;Si)(Cl)C=C=C(SiMe;), and 2°, respectively.
From the proton integral values in the "H NMR spectrum of this

/S|CI3

1AICI +H°
M —— c=Cc=cC + 1* —> 6 + 2
—1AICl~ / .. (ii)
() Cl SiCly
6

Scheme 6 Synthesis of 6 in a mixture with side product 1° through
reaction of [1]™ with AlCls; the identity of 1" was confirmed by an H-
atom abstraction reaction, which gave 2 and CgHg. (i) CH>Cl,, room
temperature; (ii) excess 1,4-cyclohexadiene, CD,Cl,, room tempera-
ture; CgHeg was observed as byproduct.
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blend, it was then estimated that the fraction of 2™¢ was about
20% - which, in turn, should also be true for the fraction of 1* in
the blue mixture with 6. We finally succeeded in the isolation of
6 (24% yield) by performing the 1,4-cyclohexadiene quench on
a preparative scale: while 6/1° cannot be separated by fractional
distillation, this is conveniently possible for 6/2. How was
1" formed? Bock et al. have already advertised the system
AICL;/CH,Cl, as a strong oxidizing agent and proposed the
chloromethylium salt [CH,CIJ[AICl,] as the actual electron
acceptor.®® So far, we never observed such reactivity (e.g, in the
synthesis of E; Scheme 1),"*** but in the present case, it may well
play a role.

Conclusions

We found that hexachloropropene (Cl,C=C(Cl)-CCl;) reacts
with the Si,Cls/Cl™ system (1 : 4 : 1) to give the trisilylated allyl
anion [Cl,C=C(SiCl3)-C(SiCls),]™ ([1]7). The remarkable coex-
istence of a C-centered nucleophile with three electrophilic Si
atoms in the same molecule is a consequence of the
pronounced o effect of the SiCl; groups, which electronically
stabilize the electron lone pair. The Cl-to-SiCl; exchange
underlying the formation of [1] involves [SiCl;]” 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 C; compounds are
accessible, such as the thermostable blue radical 1°, the pro-
penes Cl,C=C(SiR';)-C(SiR';),H (R' = Cl, Me, OMe; 2, 2M°,
2°Me) or the allene Cl;Si(Cl)C=C=C(SiCl;), (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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