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The synthesis and isolation of compounds having multiple
bonds to silicon has been one of the major challenges in main
group chemistry.[1] The first stable compounds with double
bonds to silicon were synthesized in 1981,[2]

and since then this group of compounds has
been studied extensively, both experimental-
ly[3] and theoretically.[4] In contrast, com-
pounds with triply bonded silicon are still
largely unknown except for HSi�N which has
been characterized by matrix isolation
spectroscopy.[5] The formation of
transient HC�SiCH3,[6] HC�SiCl,[7] and
H3CSi�SiCH3

[8] has been suggested but con-
clusive evidence for the existence of silynes
(RC�SiR) or disilynes (RSi�SiR) has not yet
been presented, and their synthesis remains
one of the ªholy grailsº of silicon chemistry.

One of the major obstacles in the prepa-
ration of triply bonded silicon compounds,
even as transients, is the existence of more
stable isomers.[9, 10] For the [C,Si,H2] parent
system, the silyne 1 a is calculated[11] to be less stable than the
silylidene 2 a by 32.9 kcal molÿ1, and the barrier for the
1 a!2 a rearrangement is only 6 kcal molÿ1;[9a, 14] the isomeric
vinylidene 3 a is 85.8 kcal molÿ1 less stable than 2 a. Accord-
ingly, only 2 a has been detected and characterized spectro-
scopically in the gas phase,[15] while the shallow wells of the
high-energy isomers 1 a and 3 a are beyond the means of the
conventional variant of neutralization-reionization (NR)[16]

mass spectrometry used in this study.[17]

Theoretical studies by two of us[9] have revealed that
substitution affects strongly and even reverses the stability
order between formally triply bonded silicon species[18] and
their other isomers (Figure 1 a). Thus, the fluorosilyne 1 b is
predicted to be more stable than its isomers 2 b and 3 b by 10.4
and 48.0 kcal molÿ1, respectively. Furthermore, the barrier of
24.9 kcal molÿ1 associated with the interconversion 1 b!2 b is
significantly larger than for the parent silyne (1 a!2 a),
suggesting that 1 b is amenable for experimental detection.
The situation is similar for X�Cl (Figure 1 a) and X�OH.[9a]

The dramatic effect of X can be attributed mostly to the high
D(Si ± F) and D(Si ± Cl) bond energies which exceed D(C ± F)

and D(C ± Cl), respectively, while D(Si ± H) is smaller than
D(C ± H).[19]

Herein, we examine these theoretical predictions by means
of neutralization-reionization (NR) mass spectrometry and
provide the first firm evidence for the existence of compounds
with formal C�Si triple bonds. Our experimental approach for
generating neutral HC�SiX is based upon the neutralization
of the corresponding radical cations. A prerequisite for such
experiments is that the geometry changes occurring upon
neutralization of the radical cations 1 b .� and 1 c .� are
associated with minor excitations of the neutral species. This
condition is fortunately fulfilled, as the calculated energy
differences of the vertical versus adiabatic neutralizations of
1 b .� and 1 c .� , respectively, are less than 4 kcal molÿ1. In
conjunction with the significant height of the calculated
activation barriers for migration of either X�F or Cl,
respectively, the silyne structures may thus be preserved upon
neutralization.

Experimentally[20] it is not trivial, however, to generate the
desired radical cations 1 b .� and 1 c .� in a straightforward
manner and in sufficient yields. Many potential organosilicon
precursors do not yield abundant molecular ions but undergo
instead facile a cleavages. For example, upon ionization the
precursors (CH3)(4ÿn)SiXn (n� 1 ± 3; X�F, Cl) show predom-
inant losses of open-shell fragments, producing closed-shell
silylium ions which would require an additional homolytic
bond cleavage in order to afford the desired radical cations.
Consequently, for most halosilanes, the yields of [C,H,Si,X] .�

ions are generally lowÐat most moderate. An efficient
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Figure 1. Schematic potential-energy profiles [kcal molÿ1] for a) the neutral and b) the cationic
[C,H,Si,X] isomers 1 and 2 (X�H, F, Cl) calculated at the QCISD(T)/6-31G** level of theory.
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generation of silicon-containing [C,H,Si,X] .� radical cations
would require compounds which form abundant molecular
ions upon ionization. These open-shell species may then
undergo consecutive losses of closed-shell neutral particles
leading to the desired [C,H,Si,X] .� ions. The 1,1-dihalosilacy-
clobutanes 4 (X�F, Cl) fulfill these requirements:[23] ioniza-
tion of 4 leads to an intense molecular ion, presumably the
distonic[24] ion 5 .� , which subsequently eliminates C2H4 and
HX to give abundant amounts of [C,H,Si,X] .� ions (Scheme 1).

Scheme 1. Formation and fragmentation of 5 .� .

The collisional activation (CA) mass spectra of the
[C,H,Si,X] .� ions are in full accord with the anticipated
connectivities of 1 b .� and 1 c .� (Figures 2 a and 3 a, respec-
tively). Thus, the intense SiX� fragments are in keeping with

Figure 2. a) Collisional activation (He, 80 % transmission) and
b) neutralization-reionization (Xe, 80 % transmission/O2, 80 % transmis-
sion) mass spectra of [C,H,Si,F] .� ions; the precusor ion was generated by
electron ionization of 1,1-difluorosilacyclobutane (4a) and mass-selected
with sectors B(1) and E(1).

the silyne structures as are the other, minor fragments. In
particular, the SiCHn

� (n� 0, 1) signals are much more intense
than the CHnX� signals, the latter pointing towards the
silylidene ions 2 b .� and 2 c .� . We conclude that the majority
of the precursor [C,H,Si,X] .� (X�F, Cl) ions have the silyne
structures, even though the corresponding silylidenes 2 b .�

and 2 c .� are thermochemically more stable (Figure 2 b). This
conclusion is also in accordance with the generation of

Figure 3. a) Collisional activation (He, 80 % transmission) and
b) neutralization-reionization (Xe, 80 % transmission/O2, 80 % transmis-
sion) mass spectra of [C,H,Si,Cl] .� ions; the precursor ion was generated by
electron ionization of 1,1-dichlorosilacyclobutane (4 b) and mass-selected
with sectors B(1)

[C,H,Si,X] .� ions by consecutive fragmentation of 5 .�

(Scheme 1).
The NR spectra of the [C,H,Si,X] .� (X�F, Cl) ions

(Figures 2 b and 3 b) show pronounced recovery signals due
to reionized [C,H,Si,X] molecules, along with the character-
istic SiX� fragments. The observation of the recovery signals
implies that the neutral [C,H,Si,X] species have lifetimes of at
least a microsecond. While in a preparative sense, this lifetime
may appear to be rather short, it is sufficient to allow for a
complete dissipation of internal energy in the internal
rovibrational modes for small species such as [C,H,Si,X],
which hence can be considered to be stable species as isolated
molecules. In analogy to the above interpretation of the CA
mass spectra, we therefore conclude that the NR experiments
demonstrate the existence in the gas phase of the neutral
silynes HC�SiF (1 b) and HC�SiCl (1 c). For X�Cl, however,
the CHnCl� fragments (n� 0, 1) observed in Figure 3 b imply
the occurrence of partial rearrangement to the silylidene
isomer 2 c (see below).

While the above reasoning is self-consistent, one objection
remains. Thus, the observed CA and NR spectra may also be
consistent with the interpretation that the precursor ions are
2 b .� or 2 c .� , rather than 1 b .� and 1 c .� , respectively, because
the predominance of the SiX� ions may simply reflect an
energetically favored dissociation channel as suggested by our
calculations. Thus, for X�F and Cl, respectively, the frag-
ments [SiX��CH .] stemming from HC�SiX .� are calculated
to be 26.9 and 20 kcal molÿ1, respectively, more stable[25] than
[HXC� Si .�], the lowest energy fragmentation channel of
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HXC�Si .� . For X�Cl this option can be excluded by a
further experiment. As shown in Figure 3 a, a significant
fraction of [C,H,Si,Cl] .� undergoes collision-induced loss of a
hydrogen atom to yield the ion [C,Si,Cl]� . If the precursor
ions were 2 c .� , the connectivity of this fragment should be Cl-
C-Si, while C-Si-Cl is expected from 1 c .� . An experimental
distinction of the two connectivities should hence be possible
based on the observation of either CCl� (characteristic of Cl-
C-Si) or SiCl� (characteristic of C-Si-Cl). To test this point,
mass-selected [C,H,Si,Cl] .� ions were collisionally activated,
yielding [C,Si,Cl]� fragments which were again mass-selected
and subjected to yet another collision event. The correspond-
ing CA/CA spectrum of the [C,Si,Cl]� ions shows an intense
SiCl� fragment (100 %) along with less intense signals due to
SiC� (10 %) and Si� (10 %), while CCl� is not observed above
the noise level of 4 %. Thus, the hydrogen atom loss from
[C,H,Si,Cl] .� yields ClSiC� and not SiCCl�, indicating that the
precursor beam consists of genuine HC�SiCl .� (1 c .�) ions.[26]

By analogy, we assume that the recovery signal in the NR
spectrum of [C,H,Si,F] .� is due to the formation of the silyne
1 b. Finally, this analysis supports the conclusion that the
CHnCl� fragments (n� 0, 1) observed in the NR spectrum of
[C,H,Si,Cl] .� are due to a collision-induced rearrangement of
neutral 1 c to 2 c. This interpretation is also in accord with the
lower intensities of CHnF� in the NR spectrum of
[C,H,Si,F] .� , because for X�F the neutral silyne is more
stable than the silylidene, and the 1 b!2 b isomerization
barrier is higher than for X�Cl (Figure 1 a).

In summary, the present results provide the first exper-
imental evidence for the existence of neutral HC�SiX (X�F,
Cl) molecules with C�Si triple bonds. This success calls for
experimental studies of related systems by more direct
techniques, for example, matrix isolation spectroscopy. Si-
lynes of the type RC�SiX, where substituents X�F, Cl, or an
alkoxy group[9a] maximize thermochemical stability, and
where R is a bulky group which increases kinetic stability,
for example 2,4,6-tris[bis(trimethylsilyl)methyl]phenyl,[3d] are
promising candidates for isolation as long-lived compounds.
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Catalytic Enantioselective Reduction of
Ketones by a Chiral Gallium Complex and
Catecholborane**
Alan Ford and Simon Woodward*

Practical catalytic reduction of prochiral ketones to secon-
dary alcohols of high enantiopurity is indispensable to many
organic preparations. Oxazaborolidine-catalyzed BH3 reduc-
tion[1] and ruthenium-catalyzed transfer hydrogenation[2] are
effective for the reduction of R1C(O)R2 1 provided an
appropriate difference, steric or electronic, exists between
the groups. As steric differences cannot always be realized,
alternative catalysts that sense electronic differences between
the groups in addition to steric requirements are highly
desirable. In a seminal paper Noyori described the use of

[LiAlH(OEt)(BINOL dianion)] (BINOL� 2,2'dihydroxy-
1,1'-binaphthyl) in stoichiometric amounts to effect an
electronically controlled hydride addition to 1 (R1� unsatu-
rated unit, R2� alkyl).[3] We have used the principles of
ªhardº and ªsoftº[4] Lewis acids and bases to attempt a
catalytic analogue of this reagent. Monothiobinaphthol
(MTB)[5] and LiGaH4

[6] were selected as the ªsoftº ligand/
catalyst combination and catecholborane as a ªhardº terminal
hydride source to promote only the removal of alkoxide
products and not the chiral ligand from 4 (Scheme 1). While a
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Scheme 1. Reduction of ketone 1 with a complex of MTB and LiGaH4
(Un�unsaturated unit) as well as with the complex 5 and the borate 6.

range of spectator ligands gave moderate selectivities (X�
OMe (72 % ee), 2-S-C10H7 (72 % ee), 1,2-HOCH2CH2SH
(24 % ee)), a mixture of LiGaH4 and two MTB ligands proved
particularly effective for a range of ketones (Table 1); the
mixture was characterized in the solid state as 5, which is
isostructural with the gallium ± BINOL catalysts of Shibasaki.[7]

These reactions are technically simple, stirring the reaction
is not essential and any cryostat or even a domestic freezer
suffices for cooling. At catalyst loadings below 2.5 mol % the
enantioselectivity falls: At 1 mol % (ÿ25 8C) 1 a is reduced in
86 % ee and with 0.5 mol % (0 8C) in 72 % ee. Pre-storage of
solutions of LiGaH4/2MTB at ambient temperature for two

afforded by xenon, and oxygen was used for reionization. The CA/CA
mass spectrum of [C,Si,Cl]� was obtained by daughter ion selection
with B2, and recording the subsequent fragmentations by scanning
E(2).[21c] All spectra were accumulated and on-line processed with the
AMD/Intectra data system; in general 5 to 50 spectra were averaged
to improve the signal-to-noise ratio.
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Table 1. Enantioselective reduction of ketones 1 by 5 (2.5 mol %) and
catecholborane (1.1 equiv) by method B (see experimental section, unless
otherwise stated).

Ketone R1 R2 Yield [%] ee [%]

a Ph Me 89 ± 95[a] 89 ± 91[a]

b Ph Et 96 93
c Ph nBu 80 92
d Ph iBu 65 92
e 4-BrPh Me 80 87
f 4-MePh Me 95 87
g 2-furyl n-C6H13 76 81
h PhCH�CH Me 70 75
i EtC�C Me 60 63

[a] Using methods A ± C.


