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Silylenes, SiR, are highly important reactive intermediates in
silicon chemistry and to date all known SiRpecies possess a
singlet ground state without any experimentally verified excep-
tion! This is in contrast to the fact that the ground-state
multiplicity of their carbon analogues GRan be easily switched
from triplet to singlet by modification of the substituents Rs
the chemistry of triplet silylenes is expected to be entirely different
from that of singlet silylene (as found for carbeffgsthe
preparation of a silylene which has a triplet ground state and the
exploration of its chemistry is one of the most important
challenges in contemporary silicon chemisttyor more than a

decade now, a great deal of experimental as well as theoretical

effort has been dedicated to this goal, but without suct&ds.
In this paper we use carefully calibrated approximate density
functional theory (DFT) computations to predict specific silylenes
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which have triplet ground states, hoping to stimulate experimental
testing of these theoretical predictions.

The key ingredients needed for a ground-state triplet silylene
appear clear from information already presented in the literature:
(a) Systematic theoretical studies employing correlated wave
functions revealed a substantial electronic effect of different
o-substituents on the singletriplet energy gapAEs-1).2 It has
been shown that electronegative substituents increase-tfie S
gap, whereas electropositive substituents reduce the gap. In
addition, 7-donor orz-acceptor substituents exert a significant
effect onAEs_1, with the former stabilizing singlets and the latter
stabilizing triplets. For example, thi@; state of SiH is 18-21
kcal/mol (experimental,19—23 kcal/mol calculated) higher in
energy than théA; ground state, whereas a much larger gap of
75—77 kcal/mol has been measured for SifEikewise, methyl
substituents increase the gap to-2% kcal/mol in Si(CH),.”®¢8
In contrast, the more electropositive Sigroup decreases the
computedAEs_t to —5 to —10 kcal/mol in Si(SiH),.3%° With
electropositive Li substitution, theory in fact has already predicted
that SiLiH and SiL} are ground-state triplets, being by several
kcal/mol more stable than the singlet speéid.©810 However,
although interesting conceptually, it appears questionable if SiLiH
or SiLi, will become accessible experimentally. (b) Another
important factor is the steric control &Es_t: the singlet state
is continuously destabilized relative to the triplet state upon
widening the R-Si—R angle {), eventually the singlet and triplet
curves cross, and the order of stability of the two states is reversed,
e.g., ata. = 130 for the parent Sikl'! This idea inspired several
experimental studies which used bulky carbon substituents R, such
astert-butyl,*2 mesityl (2,4,6-trimethylpheny® or 1-adamantyt?
but all of these BSi silylenes were found to be ground-state
singlets. Theoretical studies along the same lines culminated in a
landmark paper by Grev, Schaefer, and Ga8pamyhich it has
been clearly shown that the goal of generating a triplet silylene
might be easier to achieve if both the electronic effects of
o-electropositive atoms and the steric widening of theSR-R
angle are combined. Using TCSCF (singteBCF (triplet)
calculations, these authors indeed computed a triplet ground state
for Si(Si(CHs)3)2 (AEs—t = 1.2 kcal/mol), but from calibration
of this theoretical level against results for smaller systems at more
sophisticated levels of theory they concluded that the singlet state
is by 3—4 kcal/mol more stable than the triplet staféhus, the
question of which substituents reverse the singigplet stability
producing a ground-state triplet still remains.

The accurate prediction of singtetriplet energy differences
constitutes a substantial challenge for standdrdnitio theory
because of the need to treat both states in a balanced way, to
include both near degeneracy and dynamic electron correlation
effects. The answer of post-HF ab initio theory to such a problem,
the use of a high level of correlation treatment in combination
with large and flexible basis sets, is not a practical option for the
highly substituted systems representing promising candidates for
ground-state triplet silylenes. However, presently, methods based
on approximate density functional theory provide a computation-
ally efficient alternative to the rigorous ab initio approach.

To gauge the accuracy of the practical computational “work-
horse” that we have chosen for the larger systems, the BLYP/
DZVP-ECP method® we have studied a number of smaller
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Table 1. AEs-t (kcal/mol) and R-Si—R Bond Angles (Singlet/Triplet, in degrees) Computed at Various Levels of Theory

method SiH Si(CH); Si(SiHs). Si(Si(CH)):
BLYP/DZVP-ECP —185 —23.6 9.3 —3.2
90.9/118.3 98.8/118.3 94.7/124.5 100.6/129.1
BLYP/DZP -20.9 -26.5 -10.1 —4.4
90.9/118.8 98.0/119.3 93.6/126.2 100.9/129.1
B3LYP/DZP -20.1 -25.8 -76 -33
91.4/118.4 97.8/118.7 92.7/126.1 100.9/129.6
B3LYP/6-311+G(3d,2p) —20.7 —26.2 9.0 —3.1
91.5/118.5 97.4/118.1 92.3/126.6
CCSD(T)/cc-pvVQZ —20.2 —26.6 -9.9
92.4/118.5

aEnergy calculations on CCSD(T)/6-3t#G(3df,2p) optimized geometriesEnergy calculations on B3LYP/6-33H-G(3d,2p) optimized
geometries® Energy calculations on B3LYP/DZP optimized geometries.

Table 2. AEs-t (kcal/mol) and SiSi—Si Bond Angles (Singlet/

silylenes at various levels of theo¥and the results are sum- Triplet) Computed at the BLYP/DZVP-ECP Level of Theory

marized in Table 1.

As evident from these data, there is an overall good agreement species AEs 1 Qsi-si-si?
among the various levels of theory for the computdses_+ and Si(1-adamanty}) —15.9 112.7/125.0
the optimized bending angle. We note a general tendency of Si(1-silaadamantyi) 0.9 116.3/129.4
the BLYP/DZVP-ECP to overestimate the stability of the triplet Si(Si(CHs)2(t-Bu))2 -15 106.4/130.1
by 2—3 kcal/mol compared to the more reliable reference  Si(Si(-Pr))z 17;1.2 119.1/137.2
calculations, e.g., for SiHand Si(CH),. A pleasingly low Si(Si(-Pr)¢-Bu)). 2.4 121.0/142.2
deviation of the BLYP/DZVP-ECP calculations is obtained for Si(Si¢-Bu)s)e 7.1 130.9/147.5
the two silyl-substituted silylenes Si(Sjld and Si(Si(CH)z).. an degrees® B3LYP/DZP energy calculations on BLYP/DZVP-

There is no obvious reason why the same accuracy should notECP optimized geometries.
be present in all other silyl-substituted systems studied. Hence,
we conclude that our BLYP/DZVP-ECP calculations overestimate nearly unchanged in the triplet, which is indicative of only minor
the relative stability of the triplet by 3 kcal/mol at most (including  steric repulsion. ConsequenthAEs 1 increases only slightly
corrections for zero-point energies, which do not exceed 0.5 kcal/ compared to Si(Si(Chkjs)., and the ground-state multiplicity
mol). remains unchanged (Table 2). This is consistent with recent
The small energy gap of3.2 kcal/mol computed at BLYP/  experimental findings by Kira et al. that:BuMe;Si),Si and (-
DZVP-ECP for Si(Si(CH)s), confirms the best previous theoreti-  PrMe:Si),Si have singlet ground stat&slending support to the
cal estimate for this specieAEs + = —3 to —4 kcal/mol} and reliability of our computational approach. The more bulkyi-Si(
led us to select the SiSi—Si unit as the essential building block ~ Propyl) group as substituent widemssignificantly in both the
for finding a ground-state triplet silylene. Inspired by Gaspar's singlet and the triplet silylenes, andRr:Si),Si is computed to
experimental ided$ and the theoretical reasonings mentioned be a ground-state triplet at the BLYP/DZVP-ECP IéVghnd
above, we first studied Si(1-adamangydhd Si(1-silaadamantyl) the more elaborate B3LYP/DZP calculations confirm this result).
In agreement with experimeftwe found the former to have a  However, AEs 1 is small, only 1.4-1.7 kcal/mol making an
singlet ground state. On the other hand, according to the BLYP/ unequivocal theoretical prediction of its ground state very
DZVP-ECP results, Si(1-silaadamangyipssesses a triplet ground ~ difficult.* A slightly larger gap of 2.4 kcal/mol in favor of the
state. However, given the observed uncertainty of our computa- triplet results from the presence of two $igfopyl)(ert-butyl))
tional approach of up te-3 kcal/mol, the computed gap of 0.9  substituents on the central silicon atéfriExchange of the two
kcal/mol is certainly too small to allow for an unequivocal remainingi-propyl groups byt-butyl groups, however, leads to a

statement with respect to its ground-state multiplicity. significant increase inc and inAEs-, with a computed singlet

In search of more promising candidates we turned to the Si- triplet gap of 7.1 kcal/mol in favor of the triplet. Using even the
(Si(CHy)3), system and increased the steric bulk of thsilicon most conservative error estimate, based on the largest deviation
substituents by Consecutive|y add|ng a|ky| groyp'ghe introduc- found in our calibration Calculat|0ns, the lower limit mesz

tion of onetert-butyl group to each silyl substituent causes an in this silylene should be 4.1 kcal/mol, and we therefore are

opening ofo by 6° in the singlet structure, whereasremains ~ confident in predicting that-BusSi),Si has a triplet ground-
state multiplicity In view of the pleasingly low deviations
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