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ABSTRACT

Triplet carbene H−C−SiHCl2 (1), prepared by a photochemical [1,2]H-shift from 1,1-dichlorosilaethylene, was identified by matching experimental
and [CCSD(T)/cc-pVTZ] infrared absorptions. Parts of the potential energy surface were explored utilizing CCSD(T)/cc-pVTZ and B3LYP/6-
311+G** computations. DFT reproduces the experimental features and CCSD(T) computations for the triplet surface but fails in the description
of the open-shell singlet state of 1. We emphasize the notion of electropositive heterosubstitution for the generation of persistent ground-state
triplet carbenes.

Very few electronic ground-state triplet carbenes bearing
electropositive elements such as silicon are known,1 and those
species also exhibitingR-hydrogen substituents are prone
to rearrangements.2,3 The only documented confluence of
both structural features is (CH3)2HSi-C-H, whose carbene
moiety was deduced from ESR data to be linear.4 In the
prevailing view, bulky substituents are required for sufficient
kinetic stabilization of triplet carbenes against external
reactions or dimerization,5-7 although this strategy may
operate by thermodynamically destabilizing both singlet and

triplet states, with the effect being larger for the singlet.5

The present communication highlights the key alternative
role of electronic stabilization in the design of persistent
triplet carbenes. Because valuable magnetic properties may
be displayed by open-shell electronic ground-state mole-
cules,8 organic materials of this type would be particularly
useful given the broad arsenal of synthetic organic methods
that for the design of complex molecular architectures.

Ground-state triplet (3A′′) carbene1 was prepared9 by
irradiation of 1,1-dichlorosilaethylene210 with monochro-
matic light (313( 5 nm) in an argon matrix at 10 K (Scheme
1; computed energetics at the CCSD(T) level11 with the cc-§ Justus-Liebig-University.
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pVTZ basis set12 in Scheme 2). Olefin2 was generated
through the thermal (∆T) reaction of atomic ground-state
triplet silicon atoms (3P) with methylene chloride. The initial
chlorosilylene3 gives2 upon irradiation withλ > 310 nm
or further thermal reaction. This preparation has the advan-
tage that the desired species is not generated from the diazo
or diazirene precursors by photochemical extrusion of N2,
which inevitably gives the singlet ground state from which
rearrangements often occur.13 A full description of this
reaction cascade will be described elsewhere.

Excellent matching (Figure 1) of measured fundamental
and unscaled theoretical harmonic IR absorption frequencies
and intensities unequivocally identifies and characterizes3A′′-

1, which is indefinitely stable under these conditions. If the
CCSD(T)/cc-pVTZ harmonic C-H stretching frequency
(3261 cm-1) of 3A′′-1 is appended with the mean anharmo-
nicity (-123 cm-1) of the ν1 and ν3 fundamentals of3B1

methylene,14 the carbene bond stretch of HCSiHCl2 is
computed to occur at 3138 cm-1, exactly where the absorp-
tion is measured! In contrast, the same theoretical scheme
for closed-shell singlet1 yieldsν1 ) 2905 cm-1, below the
experimental value by 233 cm-1.

The assigned C-H stretching frequency of3A′′-1 is in full
accord with the CCSD(T)/cc-pVTZ structure, which exhibits
a short, strong C-H bond (re ) 1.079 Å) and a wide H-C-
Si angle (θe ) 152.4°) significantly deviating from linearity.
The analogous parameters for triplet methylene arere )
1.075 Å and 133.9°.14,15 The IR absorption at 2212 cm-1

(computed:ω2 ) 2313 cm-1 with anticipated anharmonic-
ity16 of about-80 cm-1) can be assigned to the Si-H bond
stretch; the C-Si vibration appears at 844 cm-1 (computed
844 cm-1; modest coupling with the C-Si-H bend). For
additional proof of structure, we also prepared dideutero-
3A′′-1 (D-C-SiDCl2, Figure 2) by the same method starting
from D2CCl2 + Si. The vibrational matching is equally good
and further confirms our structural assignment. A full normal
coordinate analysis of the vibrations of both isotopomers of
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Scheme 1

Scheme 2. Energy Profile in kcal mol-1 at CCSD(T)/cc-pVTZ
(ROCISD/cc-pVTZ for1A′′-1)

Figure 1. IR spectrum of dichlorosilylcarbene1. Top: computed
bands [CCSD(T)/cc-pVTZ frequencies with MP2/cc-pVTZ intensi-
ties]. Bottom: experimental spectrum, argon matrix, 10 K (positive
part of a difference spectrum of the photochemical transformation
of silylene2 into 1 with 313 nm light).
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3A′′-1, including total energy distributions (TEDs) from
theory, is given in Supporting Information.

The closed- and open-shell singlet states of HCSiHCl2

were carefully examined to exclude their appearance in the
matrix-IR experiments on1. The open-shell singlet is often
neglected in carbene studies with the tacit assumption that
it is much higher in energy than the other two states. The
B3LYP/6-311+G** density functional method17 paints an
entirely different picture, placing open-shell1A′′-1 9.6 kcal
mol-1 belowclosed-shell1A′-1! However, more rigorous ab
initio computations completely invalidate this result.

At the CCSD(T)/cc-pVTZ level, closed-shell1A′-1 opti-
mizes inCs symmetry to a structure with a trans H-C-
Si-H framework, a long C-H distance of 1.106 Å, and an
H-C-Si angle of 105.9°, lying 18.5 kcal mol-1 above3A′′-
1. The 1A′ structure of1 has ana′′ vibrational mode of
imaginary frequency (186i cm-1) leading to aC1 conforma-
tion (1A) 0.9 kcal mol-1 lower in energy, wherein one of the
chlorines has migrated to an unusual partial bridging position
to donateσ(SiCl) electron density into the empty carbene p
orbital.

To reliably describe the open-shell singlet state, configu-
ration interaction singles and doubles theory was invoked
with a proper restricted Hartree-Fock reference wave
function (ROCISD).18 At the ROCISD/cc-pVTZ level,1A′′-1
has aCs minimum with a trans H-C-Si-H framework, a
very short C-H distance of 1.065 Å, and an very wide
H-C-Si angle of 175.0°. By means of an equivalent and
balanced correlation treatment of the open-shell singlet/triplet
pair of states, this theoretical method places1A′′-1 28.0 kcal
mol-1 above3A′′-1. Conjoining the cc-pVTZ ROCISD (1A′′,
3A′′) and CCSD(T) (1A, 3A′′) energy separations yields the
profile of Scheme 2, wherein the open-shell singlet of1 lies
aboVeits closed-shell singlet counterpart by about 10 kcal
mol-1. Thus, the ROCISD/cc-pVTZ computations preclude
the possibility that the1A′′ state of1 is the species identified
in the matrix isolation experiments, not only on energetic
grounds but also on the basis of a predicted open-shell singlet
C-H stretching frequency 90 cm-1 (ROHF/cc-pVTZ) higher
than the triplet absorption at 3138 cm-1. Closed-shell1A-1
is likewise eliminated on both accounts by the CCSD(T)/
cc-pVTZ results discussed above.

The essential structural and energetic features of the
ground-state triplet and closed-shell singlet states of1 are
accurately recovered by B3LYP/6-311+G**, which repro-
duces the CCSD(T)/cc-pVTZ benchmark (1A, 3A′′) energy
separation to within 1 kcal mol-1. The failure of the density
functional method lies exclusively in its treatment of the
open-shell singlet, presumably because the zeroth-order wave
function of this state cannot be represented by a single Slater
determinant.

Although 3A′′-1 truly is a triplet methylene derivative
displaying close to tetrahedral bond angles within the SiHCl2

moiety (only one conformer was located) as well as typical
Si-H and Si-Cl bond lengths, halogen substitution has an
appreciable effect in the stabilization relative to the respective
silene, because the parent carbene H-C-SiH3 lies 46.2 kcal
mol-1 above silaethylene (vide infra).19 Providing further
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Figure 2. IR spectrum of dideuteriodichlorosilylcarbene1-d2.
Top: computed bands [CCSD(T)/cc-pVTZ frequencies with MP2/
cc-pVTZ intensities]. Bottom: argon matrix, 10 K (positive part
of a difference spectrum of the photochemical transformation of
silylene2-d2 into 1-d2 with 313 nm light).
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support for this point, halogen-substitution groups also
stabilize aromatic triplet carbenes.20 The triplet stabilization
effect of the entire SiHCl2 substituent was evaluated (at
B3LYP/6-311+G**) relative to its carbon analogue by
means of isodesmic eq 1.

The stabilizing effect in1 is seen to be sizable considering
the singlet-triplet energy separations of methylene (about
9 kcal mol-1) or even the more comparable ethylidene (about
5 kcal mol-1).21 Although there is nodirectstabilizing effect
of the chlorine substituents for the carbene1 (eq 2), chlorine
substitution significantly (almost 10 kcal mol-1) decreases
the stability of silene2, as evident from the singlet-triplet
energy separations (B3LYP/6-311+G**) of H 2CdSiH2 (35.1
kcal mol-1) and H2CdSiCl2 (25.8 kcal mol-1).

The assumption that only triplet carbene ground states with
bulky substituents will be stable derives from the observation
thatπ-donor substituents inevitably stabilize the singlet state
more than the triplet state through effective p-π overlap (lone
pairs from heteroatoms or conjugated double bonds).2,7 But
even electron-deficientπ- as well asσ-donor heteroatom
(e.g., BR2)-substituted carbenes are predicted to have nearly
linear singlet ground states.22 Hence, only a mildσ-electron
donor (and poorπ-donor) will aid in stabilizing the triplet
by increasing the s-orbital contribution at the carbene
center:23 The SiHCl2 group serves this purpose well.

For kinetic stability, the barrier for the thermal rearrange-
ment of a carbene to the respective olefin (in the same
electronic state) must be sufficiently high. We compute a
more than adequate 41.4 kcal mol-1 barrier for the rear-

rangement of3A′′-1 to 3A′′-2 (Scheme 2). This large barrier
should allow the spectroscopic identification of3A′′-1 even
at much higher temperatures (which are not available under
matrix conditions). The alternative migration of a chlorine
atom to the carbene center is partially attenuated by the
“chlorophilic” nature of silicon. Chlorine substituents are
known to destabilize SidC double bonds, as is also evident
from the low-lying (28.4 kcal mol-1) triplet state of2.24

In summary, we report and assign the first infrared
spectrum of a silicon-subsituted triplet carbene bearing an
R-hydrogen. The assignment of3A′′-1 based on the matching
of measured and ab initio theoretical IR absorptions is
unequivocal. The closed- and open-shell singlet states of1
lie above the triplet ground state by substantial amounts, 19
and 28 kcal mol-1, respectively. A large barrier of about 41
kcal mol-1 blocks rearrangement of carbene1 to olefin2 on
the triplet surface, although there is likely an intersystem
crossing mechanism which would become operative at lower
energies. With regard to preparing triplet ground-state
carbenes that would have a significant lifetime (say 1 h)7 at
ambient temperatures, steric and electronic effects should
bothbe considered. Hence, the attachment of a bulky group
with a silicon atom (also to avoid dimerization) to the carbene
center may be a good strategy to prepare these elusive targets.
Computational as well as experimental studies along this
route are well underway.
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