1496

On the possible formation of Si=0, Si=S, and
Si=Se double bonds via the reaction of silylenes
with oxirane, thiirane, and selenirane,
respectively. An ab initio theoretical study

Yitzhak Apeloig and Stepan Sklenak

Abstract: The reactions between silylene,$i, and the three-membered ring compounds, oxir@)etljiirane (L0),

and seleniranel(l), which provide possible routes to Si=X (X = O, S, Se) double bonds were studied by ab initio cal
culations at the MP2 and QCISD correlated levels of theory employing the polarized 6-31G** basis set. The calcula
tions show that the three reactions arehafihly exothermic(-61.8, —45.2, —-52.9 kcal/mol at MP2/6-31G**//MP2/6-
31G** for X = O, S, Se,respectively). In the gas phase, at 0 K, these reactions are predicted to be also spontaneous
(i.e., the calculated transition states are lower in energy than the reactants). At 298 K, entropy contributions result in
small barriers on th&G surface fo X = O, S (7.4kcal/mol for both reactions at QCISD (full)/6-31G**), but for X =

Se the reaction remains spontaneous. Thus, the calculations suggest that these reactions are viable routes fer the prepa
ration of compounds with Si=X (X = O, S, Se) double bonds. The first step in all the reactions is the barrierHess for
mation of an encounter-complex between the silylene and the X atom of the precunset.=F@, S, hese complexes

are predicted to be sufficiently stable to be observed in a matrix. The reaction steps which follow depend on X; for
X = O fragmentation of the silylene—X&, complex proceeds in two steps viabaadical intermediate, while for

X = S and X = Se thdragmentation occurs ia single stepThe first ab initio calculations for j§i=Se are reported.

Key words silylene, silanone, silanethione, silaneselone.

Résumé: Faisant appel a des calculs ab initio aux niveaux MP2 et QCISD apparentés de la théorie et utilisant
I'ensemble polarisé 6-31G**, on a étudié les réactions entre le silylep®i, ldt les composés cycliques a trois

chainons oxirane9), thiirane (0) et sélénirane(l) qui pourraient servir de voies a la formation de doubles liaisons
Si=X (X = 0O, S, Se). Les calculs montrent que les trois réactions sont ttnéeexothermiqueé-61,8, —45,2 et

—52,9 kcal/mol au niveau MP2/6-31G**//MP2/6-31G** poX = O, S et Serespectivement). En phase gazeus® K,

il est aussi prédit que ces réactions seront spontanées (c’est-a-dire que I'’énergie des états de transitions est plus faible
que I'énergie des réactifs). A 298 K, les contributions de I'entropie conduisent & de faibles barriéres sur la surface du
AG pour X = O et S (7,4kcal/mol pour chacune des réactions au niveau QCISD(plein)/6-31G**)); toutefois, pour X =
Se, la réaction reste spontanée. Ainsi les calculs suggérent que ces réactions sont viables pour la préparation de
composés comportant une double liaison Si=X (X = O, S, Se). La premiere étape de toutes ces réactions est une for
mation sans barriere d’énergie d’un complexe de rencontre entre le silylene et I'atome X du précurseXr=Pouet

S, il est prédit que ces complexes sont sufisamment stables pour étre observés dans une matrice. Les étapes
réactionnelles qui suivent dépendent de la nature de Xr fou O, la fragmentation du complexe silylene—Xd, se

produit en deux étapes par le biais d'un intermédiiradical alors que pour X = S et X = Se, fmagmentation se

produit enune seule étapeOn rapporte aussi les premiers calculs ab initio pour J8i&Se.

Mots clés silylene, silanone, silathione, silanesélone.

[Traduit par la Rédaction]

Introduction con chemistry (1). For many years such compounds were

known only as transients and stable compounds with multi

The synthesis of compounds with multiple bonds to-sili ple bonds to silicon were isolated only in the last twe de
con is one of the important contemporary challenges in silicades (1). Of the Bi=X (X = O, S, Se) family, a stable

Received April 8, 1999. Published on the NRC Research Press website on November 2, 2000.

Dedicated to Professor Adrian G. Brook, one of the great pioneers of modern organosilicon chemistry.

Y. Apeloig! and S. Sklenak.Department of Chemistry and the Lise Meitner - Minerva Center for Computational Quantum
Chemistry, Technion-Israel Institute of Technology, Haifa 32000, Israel.

IAuthor to whom correspondence may be addressed. Telephone: + 972-4-829-3721. Fax: + 972-4-823-3735.
e-mail: chrapel@techunix.technion.ac.il

Can. J. Chem78 1496-1510 (2000) © 2000 NRC Canada



Apeloig and Sklenak 1497

Si(CH,), CH,
Tht (H,C),Si
N o i H,C CH
Si—X Tbt= Si(CH,); Tip= 3
e Si(CH,),
Tip (H,C).Si H,C CH,
1 (X=S) Si(CH;) CH,
2 (X=Se)
_CH,
FI{ QI\CH3
0= = O s
(o St ® SSHER e ST
CH, CH CH

3

3a (R = phenyl) 4 5
3b (R =1 - naphthyl)

silanethione BSi=S (@) (2) and a stable silaneselone compound, c-GH,X, such as oxirane (X = 09), thiirane
R,Si=Se @), (3) which are kinetically stabilized by the very (X =S, 10), or selenirane (X = S€,1), as shown in eq. [1].
bulky substituents Dip (2,6?r,C¢Hs), Tip (2,4,6'Pr;CgH,),
and Tbt (2,4,6—[(MgSi),CH]CgzH,) were recently isolated by Qi . QoY 4+ -
Okazaki and co-workers (2, 3) in two spectacular achieve[l] RR'SI: + Xﬂ RR'Si=X HpC=CH;
ments. All other known silanethiones or silaneselones with a
tricoordinated silicon atom are transient species (1, 4, 5). . . ) )
Si=X double bonds can also be stabilized by substituents Several experimental studies of the reaction of silylenes
which can coordinate intramolecularly to the low- With oxiranes have been reported (11). Tzeng and Weber
coordinated silicon atom. Three such “internally coordinated(112) studied the reaction between dimethylsilyled&)(and
silanethiones,3a, 3b, and4, were recently isolated (6)3  2-Vinyl oxirane (13) and based on the observed products
and4 have tetracoordinate & and pentacoordinatelgpsil-  they suggested that dimethylsilanorig)(is formed as an in--
icon atoms, respectively. An internally coordinated silane€rmediate ~(Scheme 1). The proposed mechanism
selone §), with a tetracoordinated silicon atom, was also(Scheme 1) involves the initial formation of a silylene—
isolated (). Stable silanones, 8i=0, are not yet known OXxirane ylide intermediat&5, which opens to an allylic ion-
(not even as internally coordinated species ag-f), but  Pair (16), which dissociates to give (G§}Si=O. Although
several transient silanones, including the pare;8i=O (), the observed products are consistent with the intermediacy
(7a, b) were detected spectroscopically in matrix (7) and in®f (CHg);Si=0, the desired dimethylsilanoné4j was not
the gas phase (8). The parent silanon&iHO () (1b, (fora  directly observed.
related theoretical study see refc &nd &), 9) and Barton (1b) and Goure and Barton (&)l studied the re
silanethione HSi=S (7) (9c, 10) were studied theoretically. action of (CH),Si with cyclooctene oxidel(7). They con
In contrast, nothing is currently known, either theoreticallycluded (Scheme 2) that the ylide8 is formed, but they
or experimentally, on silaneselone,$i=Se @). could not establish unequivocally if18 extrudes

A possible route leading to compounds with a Si=X (X = (CH3),Si=0, or whether it acts as a “silanone transfer agent”
O, S, Se) double bond is the reaction between a silylengyielding products which are consistent with the presence of
R,Si;, and a strained chalcagenide three-membered ring4. They also could not differentiate between paths A and B

in Scheme 2.
Scheme 1.
(CH,),Si J (CH),S™ +
(CH,),Si: + 0] | —— N\ YT
0 o
+
12 13 15 16

. \\(CH3)ZSi=€| (14) —  products
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Mes,Si: (19) + O \DO - > [Meszsi=O] (21)
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Ando et al. (1d), suggested the intermediacy of Only one stable tetra-substituted seleniranea(1133b) and
dimesitylsilanone (MeSi=0O, Mes = 2,4,6-MgCgH,) (21)  two relatively unstable tri-substituted seleniranescjl18re
in the reaction of MesSi (19) with oxiranes and with several known.
2-substituted oxiranes (Scheme 3). To shed further light on the mechanism of the reactions of

In a recent study, Walsh and co-workers €L &tudied the silylenes with chalcogenide-3-membered ring compounds
gas phase reactions of (G}ESi with oxirane and interpreted and to test whether these reactions are potentially useful for
their results in terms of the transient formation of generating Si=X double bonds we have studied rxn. [1] by
(CHy),Si=0. high-level ab initio molecular orbital calculations. We have

Although a variety of thiiranes, are known @?2only one  attempted to answer questions such as: “Is rxn. [1] exether
example of rxn. [1] X = S, between a disilyloxy silylene, mic, despite the formation of the high energySi#=X? Do
(Me;SiO),Si (generated in situ on a reactive silica surface)large energy barriers separate the reactants from the desired
and a thiirane, was reported, and the intermediacy of g@roducts? Are there lower energy channels leading to other
silanethione was suggested ()2 There are no reports on products?.” Three major model reactions were studied: i.e.,
the reaction of silylenes with seleniranes; which is not surthe reactions between,Bi and oxirane ¥), thiirane (0),
prising, as the number of available seleniranes is limitedand seleniranel(l), potentially leading to KSi=X, X = O,
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S, Se, respectively, (egs.di-1c]), as well as the reactions material includes the calculated vibration frequencies of the
of the larger MgSi and MesSi (Mes = 2,4,6-MgCgH,-) H,S:--XGH, complexes.
with oxirane. The computational results and our conclusions The effect of the level of theory which was used on the
about the mechanisms of these reactions are reported in thislculated reaction energies is small % = S, but some
paper. what more significant fo X = O, where the MP2/6-31G**
calculations overestimatAH® of rxn. [1a] by 5 kcal/mol
(the difference is even higher for the individual reaction
steps) relative to QCISD/6-31G**. In general the QCISD/6-
31G** values are believed to be the more reliable and there
[1b] H,Si: + SQ (10) — H,Si=S (7) + H,C=CH, fore QCISD values are generally used in the discussion (un
less stated otherwise). The very small difference between the
MP2 and QCISD results for eq. BL (X = S) suggest that
[1c] H,sSi: + SGQ (11) —— H,Si=Se (8) + H,C=CH, this is the case also for eq.dl(X = Se), where QCISD cal
culations are beyond our current capabilities.

[a] H,Si: + OQ (9) —> H,Si=O (6) + H,C=CH,

Computational methods Discussion

Ab initio molecular orbital calculations (14) at the coire The calculations reported in this paper apply directly to

lated Moller-Plesset MP2 (15) and QCISD (16) levels Ofthe isolated molecules in the gas-phase and we wish first to

theory were performed, using the Gaussian 94 series of prcb : .
. i} r ; oint out some of the consequences of this fact. In connec
grams (17). The fully polarized 6-31G™ basis set (18) WaSiion to the bimolecular reactions discussed in this paper, two

used throughout and all electrons were included in the ealc . P
; ; g g : ypes of potential energy surfaces (PES), shown in Fig. 2,
lations (including for Se). Equilibrium geometries and tran should be considered:)(@n exothermic multistep reaction in

sition structures were fully optimized at both the = = s
) - ) x which the energy of the reactants is higher than the energy
MP2(full)/6-31G™ and the QCISD(full)/6-31G™* (except of all the transition states involved (FigaR Such a reaction

for H,Si=Se) levels of theory. Vibrational frequencies at the. .
i 7 . “is spontaneoustéd K and is expected to occur extremely
MP2/6-31G** level were computed for all species, to char rapidly. The encounter-complex is produced in a

acterize them as minima, transition structures, or higher Or\'/'brationally excited state having sufficient internal energy

der saddle points on the potential energy surface (PES) a3 overcome the activation barriekE(1), and to proceed to

for evaluating their zero-point vibrational energies (ZPE). . i . : S
IRC calculati?)ns (29) werg applied to all the MIgZIG—élG*’2 y|e!d the products; i an exotherr.n|c'mult|§tep reaction in
calculated transition structures to secure that they indee hich on]? ﬁf the trans't'CEE_Stba)gEIS Ishhlgher mhenergy than the
- . nergy of the reactants (Fig n this case the reaction Is
connect the reactants with the desired products. not spontaneous and the encounter-complex (or other inter-

Enthalpies 80 K (Hg) were calculated as the sum of the X ; L e .
total energies (either at MP2 or at QCISD) and the Corre_rnedlates) will have a significant life time (depending on the

sponding ZPEs calculated at MP2/6-31G**. Entropieshe'ght of the AE(3) barrier), because on average the

o J : vibrationnally excited molecules do not have the required
(czzlgﬂia(t;(algbi stirr?e ?ng?clj%ﬁﬁge)é Sang ZrPoEiSme:ti%?ls I;’SV\?(:eleenergy to cross thAE(3) barrier. An additional energy of at
mented in Gaus%ian 94 (17%,998 and 51?15(3598 could be cal P leastAE(3) has to be supplied to allow the reaction toro
culated directly at the MP2 level. At the QCISD level (where ceed to the products.

- . . The situation is different in solution (or in high-pressure
the vibration energies were not calculated),qs was esti : . :
mated using théS}’ggg values calculated at MI3229?6-31G**. gas-phase reactions) because the energy gained in the-forma

S . . ; : tion of the first encounter-complex (or intermediate) can be
areT%SSe'g]?&'Izug]ﬁoﬁtr?ﬁgrgggg; éhgn?g?’vmigtjhgﬁts Egﬁgonsrapidly distributed to the environment and the complex can
. : . o reach its vibrational ground state. So even in case
SG(f,”E%q,en?ég te?ftiilV)altljv?]isleitH%gdSerlfot(eIf:hi; \%jﬁgg? 0 (i) (Fig. 2a) the encounter-complex will have a significant
K; (ﬁ) I\Z/Iglg,z ang QCIS>E/) 1denote such calculations with the 6_Iifetime and an additional energy af(1) has to be supplied
31G** basis set using the optimized geometries at the samg\) the system to overcome the barrier separating the first en
levels, i.e., MP2 and QCISD denote MP2/6-31G**/ /MP2/6- coUNter-complex from the products. In cagg (Fig. 20), the

- ) - ) o . energy required in solution to overcome the activation bar
?els%ecgcglyQCISD/G 31G*//QCISD/6-31G™* calculations, rier of AE(2) is higher than for the isolated molecules in the

gas-phase/E(3)).
The discussion below applies generally to the gas-phase
Results reactions to which the calculations are directly applicable,

The calculated total energies, ZPEs, entropies, and Gibgaut in some cases the qonqlusion_s are extended to the liquid
free energies of all species involved in egsalidlc] are Phase based on the guidelines discussed above.
listed in Table 1. Selected geometrical parameters of the op , , .
timized structures of the reactants and products are shown ik Energetics and mechanism of the reactions of
Fig. 1, those of the intermediates and the transition states afdlylene with chalcogenide three-membered rings
given in Table 2 and the atom numbering used is shown in Reactions [A]-{2c] are calculated to be highly exother
Scheme 4. The calculated enthalpies and Gibbs free energi@¢, both on the enthalpy and on the free energy surfaces
of egs. [2]-[2c] are given in Table 3. The supplementary (Table 3) i.e., by £G3qg values at MP2, kcal/mol): —61.8 for
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Table 1. Calculated

gies (Hartrees).

Can. J. Chem. Vol. 78, 2000

absolute energies (Hartrees), zero point energies (ZPE, kcal/mol), entropies {¢& Mpband Gibbs free ener

Molecule (level) MP2/6-31G* QCISD/6-31G** ZPE° SSoe” Sog°

Silanone 6) —365.213082 —365.226555 12.06 56.09 —365.216484
Silanethione T) —687.821243 —687.848974 11.18 58.94 —687.827266
Silaneselone§) —2687.911768 10.82 61.85 —2687.919636
Oxirane Q) -153.34823% —153.373619 37.76 57.86 —153.312440
Thiirane (0) —475.982236 -476.015201 35.90 60.63 —475.949604
Selenirane 11) —2476.059698 35.06 63.82 —2476.029732
Dimethylsilylene (2) —368.499000 46.32

Dimethylsilanone 14) -443.626979 49.63

O-zwitterion @2) —443.479700 —443.524871 48.48 72.37 —443.430556
S-zwitterion @3) —766.113835 —766.165433 46.65 76.84 —766.069175
Se-zwitterion 24) —2766.207981 45.79 79.66 —2766.165775
O-biradial complex 25) —443.480586 —443.510428 47.29 75.10 —443.434037
O-transition state26) —443.445958 —443.498331 46.62 71.91 —-443.399624
O-transition state27) —443.474872 —443.505329 45.98 74.07 —443.430206
S-transition state2() —766.086683 —766.138443 45.10 78.72 —766.045223
Se-transition state2Q) —2766.194380 44.71 79.32 —2766.153826
Silaoxetane 308 —443.597940 49.63

Silathietane 30b) —766.202552 48.15

Silaselenetane300) —2766.292564 47.47

Silaoxetane TS31a) —443.528756 47.57

Silathietane TS31b) —766.134320 46.57

Silaselenetane TS310 —2766.229162 46.11

Dimethylsilanethione 32) —766.233346 48.82

Dimethylsilaneselone3@) —2766.328298 48.65

Diphenylsilylene 84) —749.137958 121.7%

Diphenylsilanone &5) —-824.064648 124.96

H,Si —290.093976 —290.118691 7.76 49.48 —290.101309
H,C=CH, —78.32723% —78.355922 32.89 52.29 —78.295689

#Using MP2/6—-31G** optimized geometries.
®Using QCISD/6-31G** optimized geometries.
‘At MP2/6-31G**,

©-152.874064 at HF/6-31G**.

€38.86 kcal/mol at HF/6-31G**.

At HF/6-31G**.

9-78.038841 at HF/6-31G**.

" 34.20 kcal/mol at HF/6-31G**.

oxirane (eq. [4]), —45.2 for thiirane (eq. [i]) and -52.9 for  eq. [X]). This step is exothermic and does not involve an
selenorane (eq. ). The calculated reaction enthalpies, energy barrier and it occurs spontaneously both on the
AH°, are very similar to thG®° values (Table 3). The ener enthapy and on the free energy surfaces. However, due to
gies of egs. [&]-[1c] are significantly lower than those eal the contribution of entropy this step is much less exothermic
culated for the analogous reactions of singlet methylene(by ca. 9-10 kcal/mol at 298 K) on th&G,gg surface than
CH,, (AH° values at MP2, kcal/mol) with oxirane (—110.0), on theAH,gg surface. The geometries (Table 2) and the-elec
thiirane (—85.8), and selenorane (—80.0). However, althougtronic nature of the intermediate silylene—}€, complexes
these reactions are highly exothermic, rxnsa][and [1b] 22-24 are discussed below.
are calculated not to occur spontaneously at 298 K even in The subsequent reaction steps, leading from the encoun
the gas-phase because significant barrié&G urface) of ter-complex intermediates to the finaL$i=X + CH,=CH,
7.4 and 7.3 kcal/mol, respectively, separate the reactan{sroducts, are different for the silylene reaction with oxirane
from the products. This result has, of course, important ex(eq. [2a]) and for the reactions with thiirane and selenirane
perimental consequences which will be discussed beloweq. [2] and eq. [Z], respectively), and these reactions are
Only rxn. [Ic], for X =Se is predicted to occur spontane therefore discussed separately.
ously in the gas-phase.

The first step in all three reactions is the attack g6Hon 1. (a) The reaction of silylene with oxirane
the heteroatom X of the three-membered ring to give the The calculated enthalpies and Gibbs free energies (at 298 K)
corresponding encounter-complex intermediatgs22 (X = for the reaction between J3i and oxirane (rxn. [&]) are
0, eq. [A]); (i) 23 (X = S, eq. [d]); and (i) 24 (X = Se,  shown in Figs. 8 and 3, respectively. These figures and the
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Fig. 1. Selected optimized geometrical parameters at MP2/6-31G** and QCISD/6-31G** (values in parenthesis) of species of interest.
Species34 and 35 are at HF/6-31G**. Bond lengths are given in pm, bond angles in degrees.

H 1545 H 1948 H
113 /T\(153.8) 1100 7\ (1954) \  207.0
Si— Si—/Ss 109.6 ( Si Se
(111.5) \_ (110.2)\_ > ;
2147.2 871472 21473
(147.3) (147.4)
6,C,, 7,C,, 8, C,,
59.4 65.9
(59.2) (65.9) 68.0
146.2 147.9
(146.6) | © (148 3) S 1472 Se
1435 181.1 197.0
(143.2) (181.6)
9,C,, 10, C,, 11, C,,
H,C H,C H,C
\ 154.6 N\ 1955 N\ 207.0
110.8 /Si:O 110.0 /Si_—S 1058 ( Si___Se
/
HE T H,C HE
186.6 187.0 186.9
14, C,, 32,C,, 33,C,,
1508  H.C
e (151.4) 3 % 190.5 189.9
92.4 st o741 ( si o 150.4
(92.4) I . . 104.4 Sie 116.7 Si—O0
H H,C ~_
g 185.3
Cyy 12, C, 34,C, 35, C,

[2]
[2a] 9 (X=0) 22 (X=0) 6 (X=0)
[2b] 10 (X=S) 23 (X=S) 7 (X=S)
[2c] 11 (X=Se) 24 (X=Se) 8 (X=Se)

SiH,
H,Sic + xﬂ — Dx’ —> H,Si=X + H,C=CH,

In the first step of the reaction, a donor—acceptor complex
between HSi and oxirane Z2), which is kinetically stable,
is formed. This step is spontaneous and quite exothermic
(AH® = =17 — =20 AG° = —7 — —11 kcal/mol), pointing to a
stable complex, which should be detectable spectroscopi
cally at lowtemperatures. Similar complexes between silylenes
and ethers or alcohols have been reported and also character
ized spectroscopically (20). The calculated vibrationat fre
quencies of the complexeg2-24 are reported in the

discussion below are based on the QCISD/6-31G** valuessupplementary material to assist in their future spectroscopic
which are believed to be the more reliable (the MP2/6-identification. The cleavage of the compl@2 to give the
31G** values are given in parenthesis). As pointed outH,Si=O and HC=CH, products is also exothermidG°® =
above, rxn. [2], although it is very exothermicAG®° =
—56.6 kcal/mol (at QCISD/6-31G**) is predicted not to-oc 14.8 kcal/mol AH®) and 14.9 kcal/mol4G®) (at QCISD/6-
cur spontaneously at 298 K even in the gas-phase, as it iB1G**, 19.3 and 19.4 kcal/mol, respectively, at MP2/6-
volves a significant barrier (i.e., the PES is of tyg® (n
Fig. 2) on theAG surface (Fig. B). On the other hand at 0 occurs in two steps: in the first step, one of the C—O bonds
K, where the contribution of entropy is zero (Figa)3the
reaction is spontaneous (i.e., the PES is of tyg)en Fig. 2).

—49.3 kcal/mol), however a significant energy barrier of

31G**) separate®2 from the products. The cleavage 22

cleaves via transition state (T2p to give the biradical in
termediate25, which then fragments (via T37) to produce
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Table 2. Selected optimized geometry parameters at MP2/6—-31G** and QCISD/6-31G** (in parenthesis) for intermediates and transition statesalr[Ba}s. [2

<(Si-X-

<(Hy-Si-
X-C,)

~135.2
(~134.7)

<(H,-Si-
X-Cy)

27.8
(29.1)
156.8

(156.9)
154.9

<(H;-
Si-X-

<(H4-Si-
X-Cy)

<(Si-X-

<(Si-X-
Co)

<(Si-X-
&)

r(Cy-

C)

C-Cy)

—65.8
(~64.4)
~108.1

(~108.2)

Co)

Ci-C)

r(X-Cy)

r(x-C,)

K(Si-X)

Molecule

111.2
(111.4)

—41.6
(~41.2)
108.1

(108.2)
110.9

—-105.3

(~106.4)

120.3
(120.6)

146.0 146.1 146.3 116.7
(146.6)  (117.5)

(145.5)

203.6
(205.7)

O-zwitterion @2) C,;

(145.6)

95.0
(95.3)

~156.8
(~156.9)

-95.0
(-95.3)

101.2
(101.9)

101.2
(101.9)

182.1 182.1 147.2
(182.8)  (147.6)

(182.8)

236
(239)

S-zwitterion @3) Cg

3.3

9
118.6

(117.9)

-110.9

-154.9

~135.9
(~140.4)

—93.3
~99.4
(~98.6)

98.3 98.3

146.7

198.1
188.9

(185.5)

198.1

243.3

Se-zwitterion 24) Cq

—75.2
(=79.3)

29.4
(22.0)

-31.3
(=39.1)

130.5
(128.7)

121.3

(119.1)

144.5
(145.8)

146.3
(143.8)

177.3
(181)

O-transition stateq6) C,

119.9
(94.1)

-86.4
(-124.2)

~134.9
(~162.5)

36.3
(-9.0)

~12.2
(-47.3)

-93.1
(-99.0)
~103.0

(~105.2)
-102.0

1355

(108.6)

126.1
(110.2)

147.5

(147.4)

234.3
(236.0)

165.8 146.1
(141.9)

(169.9)

O-biradical intermediate2b) C,

104.4
(97.5)

-56.6
(-51.4)

-100.7

715
(76.7)

27.5

127.3
(121.7)

126.8
(124.1)

140.5

(140.3)

240.4
(244.4)

167.8

(169.6)

163.9
(162.8)
212

O-transition stateq7) C,

(-92.0)
—77.9
(=76.1)

(36.2)

102.0
(100.7)

-32.9
(-33.2)

77.9
(76.2)

329

120.8
(118.7)

212.9 139.7 120.8
(139.3)  (118.7)

(216.8)

212.9
(216.8)

S-transition state2@) Cg

(33.2)

(~100.7)

(214.4)

222.4 222.4 140.3 119.6 119.6 -100.9 329 75.4 -75.4 -32.9 100.9

224.5

Se-transition state2Q) Cg

#For atom numbering see Scheme 4. Bond lengths are given in pm, angles in degrees.
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Scheme 4 .Definition of geometrical paramters fapecies22-29.

H

LN

22-29

Table 3. Calculated enthalpies and Gibbs free
energies (in parentheses) for various reactions

(kcal/mol).

AHG (AG3eg)
Equation MP2/6-31G** QCISD/6-31G**
2a —-61.5 (-61.8) -56.5 (-56.8)
2b —44.9 (—45.2) —44.2 (—44.4)
2c -52.6 (-52.9)
3a —-68.1
3b -50.3
3c —60.6
42 -58.9

At HF/6-31G**.

the desired silanon@ (and ethylene). The biradical interme-
diate @5) lies higher in energy tha@2 on both theAH and

the AG surfaces (at QCISB)and as the barrier for its cleav-
age is only ca. 2 kcal/mol, it is expected to have a very short
lifetime.

These computational results are consistent with the only
experimental kinetic study of the reaction of dimethyl
silylene with oxirane (14). Yet, the high value of the mea
sured rate constant together with the observation ¢4,C
formation, suggest that the calculated barrier of
14.9 kcal/mol (QCISD) separating? from 25 (i.e., TS 26)
is probably too high. This small theoretical-experimental
discrepancy may result from real differences in the reactions
of H,Si (used in the calculations) and of (©kBi (used ex
perimentally), or from errors in the calculations. B3LYP/6-
31G**//B3LYP/6-31G** calculations indeed give a lower
barrier of 10.4 kcal/mol for the conversion 82 to 25 (AH°®
for the formation of22 is —16.6 kcal/mol at this level). A
more detailed theoretical study of the reaction of ¢LHi
with oxirane, as well as additional experiments are however
required to reach a fully consistent theoretical-experimental
picture of this reaction.

1. (b) The reaction of kSi with thiirane and selenirane

In contrast to the multistep fragmentation of the oxirane—
silylene complex 22, the fragmentation of the analagous
S- and Se-complexe23 and 24) to produce the desired
products (silanethiong or silaneselon® (and ethylene), re
spectively) occurs in a single step via transition st&@&and

2At MP2/6-31G** 25 is slightly lower in energy tha@2 (Table 1),
but based on previous experience with biradicals (e.g., ref. 23) we
prefer the QCISD/6-3IG** results.

© 2000 NRC Canada



Apeloig and Sklenak 1503

Fig. 2. Schematic potential energy surfaces for an exothermic multi-step bimolecular gas-phase reactlmefergy of the reactants
is higher than that of the transition state for the conversion of the encounter-complex to probutte énergy of the reactants is
lower than the energy of the transition state for the conversion of the encounter-complex to products.

A

Reactants| .
-\ _
2} I S
=2 L S T
m ;;;;;;;;;;;;;;;;;
7 R W I W ,
,,,,,,,,,,,,,, Encounter
complex
Encounter
complex  Products Products
a b

29, respectively, in which the two C—X bonds are equally lated vibrational frequencies &3 are given in the supple
elongated. mentary material).

Reaction [b] and each of its two steps are highly exother- Reaction [2] (Fig. 5) is the only reaction of the three re-
mic on both theAH and theAG surfaces (Fig. 4). ThugyH®  actions studied here in which no energy barrier exists be-
at 0 K for the overall reaction and for the first and secondtween reactants and products either onAlkkor on theAG
steps are: (QCISD, kcal/mol): —44.2, —16.8, and —27.4, resurfaces (i.e., the reaction is of typ&) (n Fig. 2). Reaction
spectively, andAG® = —44.4, —-7.6, and —36.8, respectively. [2c] in contrast to rxns. [d] and [29], is therefore predicted
However, rxn. [B], similarly to rxn. [24], is spontaneous at to occur spontaneously in the gas-phase, as the barrier for
0 K but not at 298 K. The rate-determining step, as in rxn.the fragmentation of the silylene—selenirane intermeckdte
[24], is the cleavage of the intermediate silylene—thiirane(AG® = 7.5 kcal/mol) is significantly lower than the energy
complex23. The Gibbs free energy of activation for this step released4G° = —21.8 kcal/mol) upon its formation (Fig. 5).
is calculated to be relatively high, ca. 15.0 kcal/mol at bothReaction [2] is predicted to be very facile also in solution
QCISD and MP2 £H° is very similar, 15.4 kcal/mol§.As  as the barrier for the fragmentation of comp@«is small,
the complexation energy released in the formation28f only 7.5 kcal/mol.
from the reactants of 7.6 kcal/mol is smaller than the energy In summary, the calculations show that rxnsajfg2c] are
required for its fragmentation (14.9 kcal/moR3 is pre  highly exothermic, both on thAH and AG energy surfaces,
dicted to be a long-lived entity even in the gas-phase. Thisn the range of —44 — -56 kcal/mol (QCISD/6-31G**)
conclusion applies even more strongly to the solution phasealepending on the heteroatom X of the reactant three-membered
where the energy gained by complexation can be speedilsing. All reactions proceed via intermediate,$i---XGH,
distributed to the environment and therefore it might be- posdonor—acceptor complexes which are formed spontaneously.
sible to observe3 spectroscopically in matrices (the calcu These complexes are quite stable kinetically (less so for

31t is noteworthy that the synchronous single-step fragmentation of g-+XGH, encounter-complexe£2-24 to the corresponding
H,Si=X and ethylene is formally a “symmetry-allowed” reaction in a “linear-type” process (see ref. 24). Thus, assuming a linear-type pro
cess withC-symmetry the relevant occupied orbitals of the reactag} ére: {) the two o(C—X) bonds — one symmetric (S) and one
anti-symmetric (A); (i) the Si---X bond (S);ii{) and the silylene lone-pair (S). These orbitals correlate with those of the ground state
orbitals of the products, }£=CH, + CH,=X, i.e., (C—X) (S), (C=X) (S), m(C=C) (S), and the lone-pair on O (A). A close analogy to
rxns. [2a]-[2c] is the abstraction of NR fror\-alkylaziridines by dichlorocarbenes producing olefins in which the relative configuration of
the substituents is retained, indicating a synchronous symmetry-allowed process (see for example ref. 25). However, a closer examination of
the reaction reveals that the fragmentation step has, to some extent a “symmetry-forbidden” contribution due to the very high polarity of the
H,Si=X molecules which are better described gSi+—X" (the calculated charges on X are: —0.96, —0.55, —0.4&fe O, S, Sefespee
tively). To better understand this point it is more convenient to analyze the fragmentation reaction in the reverse direction, i.e.,-as an addi
tion reaction of HSi*—X~ to CH,=CH,. Such a reaction is a symmetry-forbiddae@s + w2s reaction. In agreement with this analysis, the
fragmentation reactions @2-24, although highly exothermic, have significant activation barriers an&fe O, thepreferred reaction path
is indeed nonconcerted, i.e., it proceeds via a two-step mechanism, as expected for a symmetry—forbidden r€aspeciés having two
imaginary frequencies and closely corresponding toZ83or X = S and to TS29 for X = Se, is 5.9 kcal/mol higher in energy than the
biradicaloid TS26) The contribution of the polarity to the degree of symmetry-forbiddeness of the fragmentation reactions is smaller for X
= S and Se than faX = O, due to thdower polarity of HSi=S and HSi=Se relative to K5i=0, and with these chalcogonites fragmentation
occurs in a single step. Another factor contributing to the significant barriers of the fragmentation step is the high degree of electron reorga
nization required along the fragmentation process (see for example ref. 26).
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Fig. 3. Calculated reaction scheme for eqa]at QCISD/6-31G** and at MP2/6-31G** (values in parenthesis). The figure is drawn
according to the QCISD/6-31G** values and the relative energies are given in kcalap&tefction enthalpiesb) Gibbs free ener

gies at 298 K.

AH,  (a) +
T
H,Si +
C,H,0
16.9
(20.0)
56.6 39.7 .
(61.5) (60.9) | 1(41.6) (39.8)
_______ Y ¥ __________X
Reaction coordinate
=+
A o & H _\
Angs (b) Si \ H2 H
Be sy, oS
; \
H,Si + N TN
C,H,0 O N CH,
75 5% (75
(106) y | . (22)
~ H
S
H CH,
O\éH
56.8 9 o 642 493 56.8
(61.8) (70.8) (61.2)  (49.0)
_______ Y 2. ¥ Y _____

v

Reaction coordinate

X = Se) and according to the calculations should be detect7.4 kcal/mol for both reactions) exists and the energy gained
able in low-temperature matrices. The cleavage of thes& the complexation step is not sufficient to overcome the
complexes is also highly exothermic and in the gas-phase diarrier separating the complex from the products. In solu
0 K it is also spontaneous (i.e., represented by a PES of typion, where the silylene—X, complexes may have the
(a) in Fig. 2). However, at 298 K, even in the gas-phase, thgossibility to relax, the barriers which have to be overcome
cleavage of the donor—acceptor complex is spontaneous onbre larger and become quite significant, i.e., 14.9 kcal/mol

for X = Se. For X = O and X = S, aignificant barrier AG =

for both reactions (at QCISD).
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Fig. 4. Calculated reaction scheme for eqbJat QCISD /6-31G** and at MP2/6-31G** (values in parenthesis). The figure is drawn
according to the QCISD/6-31G** values and the relative energies are given in kcalap&tefction enthalpiesb) Gibbs free ener
gies at 298 K.

v

AGie  (b) S
H. \ H CH,
Si
-~ 28 ~cH,
CH,S A% wcH, 149 11
s _ | (15.0)
76 ~cH
(11.5) 23 2
44 .4 36.8 51.7
(45.2) (33.8) (48.8)
H,Si=S
+
H,C=CH,
/2 A D
Reaction coordinate
1. (c) The silatane route rier Ex(1) is 32.0 kcal/mol. Unfortunately, we could not-lo

Barton (1b) and Barton and Goure (&), who studied cate the corresponding transition states connecting the
experimentally the reaction of dimethylsilylene with cyclo silylene complexef3-24 with the corresponding silatanes
hexane oxide, pointed out that an alternative mechanism t80b-30¢, and thus could not compare directly these barriers
that shown in Fig. 3, i.e., via the corresponding silaoxetane§E,(1)) with the corresonding barriers for fragmentation of
(see path A in Scheme 2), could not be excluded. To evaluthe complexe3-24 to the corresponding }$i=X + C,H,,
ate the viability of this mechanistic possibility, we have-cal E,(4) in Scheme 5K, (4) are the barriers to the fragmenta
culated the'silatane route” for the reaction of J3i with 9-11,  tion of 22-24 given in Figs. &-3c, respectively). However,
shown in Scheme 5. Our results reveal that the rearrange&ven without this direct comparison the calculations (at the
ment of 22 to 30a is very sluggish since the calculated bar MP2/6-31G**//MP2/6-31G** level), show clearly (Table 4)
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Fig. 5. Calculated reaction scheme (kcal/mol) for eqc][at MP2/6—-31G**. The relative energies are given in kcal/ma). Reaction

enthalpies. If) Gibbs free energies at 298 K.

AH;% (a)
H,Si +
C,H,Se
H +
H &
31.1 Si S| \
i
e | GH,
: o
R w CH, } CH,
o
\ |
CH2/ I
24 7.5
..y ____ 00Oy . Y____1l___
H,Si=Se
52.7 215 29.0 .
H,C=CH,
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. +
HZSI + H
C,H,Se H, _\
e \S Ho o CH,
018 o
. CH, T~ éH
Se - | 29 2
~CH
24 2 7.5 I
H,Si=Se
52.9 311 38.6 +
H,C=CH,
LN _______ Yo oo ___. | A

Reaction coordinate

that in solution the silatane route is not a likely mechanismSe, respectively, so that the overall activation barrieg?),

for the production of HSi=X. Thus, the silatane30a-30c,

for the cleavage of the silatan89a-30c to the correspond

even if formed in the reaction, are significantly more stableing H,Si=X are 41.4, 41.2, and 38.4 kcal/mol, respectively,
than the final products of rxn. [2] (i.e., by 31.5, 29.8, (Table 4). Thus, if the silatanes were indeed formed as-inter

29.9 kcal/mol fo X = O, S, and Serespectively (sedH(2)

mediates in the reactions of silylenes with chalcogenide

values in Table 4). Furthermore, the cleavage of thehree-membered rings, they would not be expected to ex

silatanes involves additional activation barrieE(£2) vat
ues in Table 4) of 9.9, 11.4, and 8.6 kcal/mot % =

trude H,Si=X under the reaction conditions used in the liter

0O, S, ature experiments and therefore they should have been
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detected experimentally. At the moment experiments argable 4. Calculated enthalpies and activation energies (kcal/mol)
available only fo X = O and inagreement with the above at MP2/6-31G**//MP2/6-31G** for the silatane route
theoretical analysis, silaoxetanes were not detected in solScheme 5).

tion experiments (14-11c, 21). Also, in gas-phase reac

tions the silatanes are not expected according to th* AHQ) AHE) E«(2) Ei-2)
calculations to be observed experimentally, asehergy re O -73.1 315 41.4 9.9
leased in their productioAH(1), far exceeds thenergy,E,(2), S —-54.2 29.8 41.2 114
required for their fragmentation. This is agreement with the Se -51.4 29.9 38.5 8.6

available gas-phase experimentse(121'.

Attempts to locate a reaction path connecting directly theang of rxn. [4] (at HF/6—-31G**//HF/6—31G**). The caleu
reactants with the corresponding silatanes, i.e., a direct inated reaction energies (Table 3) are quite similar to those
sertion of the silylene into the strained C—X bond of the gptained for the parent rxns. 4R-[2¢] and although a full
XC;H, molecule (a reaction which is exothermiH(3) in  scan of the PES was not carried out, this result suggests that
Scheme 5) by —97.7, —79.3, and —87.1 kcal/mol (MP2/6—kyI- and aryl-substituted silylenes can also serve as precur
31G*) for X = O, S, and Setespectively) have failed, but sors for producing the desired,&=X compounds. Of par
we believe that these pathways are higher in energy than Vigcylar interest is the computational prediction that even with
the silylene-XGH, complexes. _ _ the relatively stable Pf$i the reaction with oxirane tgive

Our computational results combined with the fact thatppsi=0 is still highly exothermic, i.e., by —58.9 kcal/mol.
silaoxetanes were not observed experimentally in these reaghjs suggests that it might be possible to use even sterically
tions (11) strongly support the conclusion that silaoxetanegrotected silylenes, such as M8sand even ThSi, to pro
are not involved as intermediates in the reactions of silylenegyce sterically stabilized silanones, e.g., MisO and
with chalcogenide three-membered rings. The calculationsrbtzsi:o_ We encourage experimentalists to test this- sug
also show that silatanes are not good precursors for the pryestion.
duction of Si=X multiple bonds (e.g., via pyrolysis), because
the activation barriers for their fragmentatioB,(2), are  Equilibrium geometries
high, ca. 38-41 kcal/mol, requiring relatively high reaction The differences between the QCISD and the MP2 calcu-

temperatures. lated geometries are relatively small (see Fig. 1 and Table 2),

and the discussion below is based on the QCISD geometries
2. Reactions of dimethylsilylene and diphenylsilylene (except fo X = Se, where only MP2 values are available)
with chalcogenide three-membered rings which are believed to be more reliable.

Do the calculations for the parent,&i discussed above The doubly bonded compounds: silano6g &ilanethione
apply also to silylenes, which experimentally are used morg7), and silaneselones) are all planar, i.e., have,, symme-
widely than HSi, such as dimethylsilylene and diphenyl- try. The calculated Si=X bond lengths (pm) of: 153.8 (X =
silylene? To answer this question we have calculated the re), 195.4 (X = S), and 207.0 (X = Se) are all significantly
actionenthalpies of rxn. [3] (at MP2/6-31G*//MP2/81G**)  shorter (by ca. 8-9%) than the corresponding Si—X single

[3] (H,C),Si: + X<I —  (HC)SI=X  +  H,C=CH,

[3a] 12 9 (X=0) 14 (X=0)

[3b] 10 (X=S) 32 (X=S)

[3c] 11 (X=Se) 33 (X=Se)

[4] Ph,Si " oﬂ —>  PhSi=0 +  H,C=CH,
34 9 35

4For X = O, thesilaoxetane30a can be formed from the silylene—oxirane comp®Xvia ring-closure of the biradical5. This ring-closure
requires rotation around the Si—O and C—C bond&5nThe fact that a silaoxetane was not observed experimentaléy-{1&, 11e indi-
cates that the fragmentation 25 to H,Si=O and HC=CH, is faster than its ring closure ®0a This is reasonable, as the activation barrier
for the fragmentation o025 is only ca. 2 kcal/mol and it essentially involves only elongation of the C—O bond, while ring-clos86ate-
quires rotation around two bonds, reducing the dynamic probability of this process (for a discussion of the rates of rotation around C—C
bonds in biradicals, see for example ref. 21). The actual substituents used in the experiments, which are significantly larger than H used in
the calculations, may further slow down the ring-closure relative to fragmentation. The fact that silaoxetanes were not observed-experimen
tally implies that the free energy of activation for the ring-closur@®fs by at least 3 kcal/mol higher in energy than that for its fragmenta
tion. Fo X = S and Se wecould not locate the transition state which separates the S—silylene and Se-silylene cong@exms 24,
respectively) from the corresponding silatan@8b and 30c We assume that also in these cases these barriers are higher than the corre
sponding fragmentation barriers to the products (15.4 and 7.5 kcal/mol, respectively), but this point will have to be rechecked when such ex
periments will become available.
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Scheme 5.The silatane route.

AN

Si \

/% AH (1) H—gi—x
—

9 (X=0) 22 (X=0) 30a (X=0)
10 (X=S) 23 (X=S) 30b (X=S)
11 (X=Se) 24 (X=Se) 30c (X=Se)

E, (4)

E 2) “ E,(-2)
H,Si=X + H,C=CH,

6 (X=0)
7 (X=S)
8 (X=Se)

bond distances, (166.7, 214.3, 226.6 pm, respectively iside” conformation (e.g./HSIXC is ca. 180°). Although,
H;SiXH), indicating the multiple bonding nature of the the geometrical parameters 8224 indicates a relatively
Si=X bond in these molecules. The calculated (H-Si-H)weak complexation, the calculated complexation energies
bond angles are: 111.5° (X = 0), 110.2° (X = S), and 109.6%how that these complexes are bound quite strongly; i.e., by
(X = Se) and the Si—H bond lengths in all species are 147.3 pn20.0, 20.6, and 31.1 kcal/molfX = O, S, Serespectively,
The calculated QCISD geometry of silanofieagrees well (at MP2). This apparent dichotomy between the geometries
with the recently measured experimental values) (8 and the complexation energies reflects the high energies of
(r(Si=0) = 151.5 pm, r(Si—H) = 147.2 pm, < (H-Si-H) = the Si—X bonds (22).
112.0°) as well as with the best available calculated geome- The transition states for the concerted fragmentation of
try at CCSD/TZ2P(f,d)//CCSD/TZ2P(f,d) ¢& Substitution the silylene-XGH,, X = S, Seintermediates 28 and 29,
of the hydrogens in k8i=X by two methyl groups has a mi- respectively) are structurally similar to those of the corre-
nor effect on the geometry of the Si=X. sponding silylene—X¢gH, complexes 23 and 24, respee

The calculated charges and geometries of the silylenetively), but they have much shorter ‘SX distances
XC,H, complexes (Table 2) are consistent with the descrip (r(Si—X) = 214.4 and 224.5 pm), much longer C—X bonds
tion of these species as involving a modest donor—acceptdr(C—X) = 216.8 and 222.4 pm), significantly shorter C—C
interaction between one of the lone pairs of X (donor) andbonds (ca. 140 pm) and significantly wider Si-X-C bond an
the vacant B(Si) orbital (acceptor}.Thus, in the encounter gles (ca. 120°), compared to those parameters in the-corre
complexes22-24, the calculated total charge transferredspondingcomplexes. Actually, the r(Si—X) distances in
from C,H,X to the SiH, unit (using the Natural Population 28 and 29 are very close to those of the corresponding
Analysis at MP2(full)/6—31G**) is: 0.15 el. iR2, 0.31 el. in  Si—X single bonds (214.3 and 226.6 pnr % = S and Se,
23, and 0.34 el. in24. Consistent with the modest charge respectively) and these transition states can be described as
transfer is the fact that the ‘SK distances in the complexes occurring relatively “late” along the fragmentation reaction
22-24 are quite long, r(Si—X) = 205.7 (X = 0), 239.0 (X = S), coordinate.
and 243.3 (X = Se) pm, in comparison with the corresponding In the silylene—oxirane reaction the intermediate complex
Si—X single bonds in ESiXH: 166.7 (X = O), 214.3 (X =S), 22 undergoes cleavage in two stepd:first only one of the
and 226.6 (X = Se) pm. Similarly, the C—X bond lengths in C—O bonds breaks (via T86) to give the biradical com
the complexes are only slightly elongated (by 1-2 ppm)plex 25; (ii) followed by cleavage of the second C—O bond
compared to those calculated for the corresponding thregTS 27) to give H,Si=O and ethylene. Along the progres
membered ring precursors. The silylene is tilted above thaion: 22 - 26 - 25 - 27 - 6, the Si—O bond length is
three-membered ring; the Si-X-Y bond angle (where Y is thegradually shortened (205.7, 181.0, 169.9, 162.8, and 153.8
center of the C—C bond) is 124° @2, and ca. 102° fo23  pm respectively) and the C—O bond length is gradually
and 24. Rotation of the silylene around the S axis is  elongated (143.29), 145.6 @2), 185.5 @6), 236.0 ¢5), and
facile (barriers of 0.6-2 kcal/mol), witl22 preferring the 244.4 @7), pm). The largest differences between the QCISD
“inside” conformation (i.e., where theHSIXC dihedral an  and MP2 geometries are found for théradical 25 (Ta-
gle is ca. 0°), while23 and 24 are more stable in the “out ble 2).

5Silylene—XR, complexes are often referred to in the literature as “zwiterionic.” According to the calculations this description is not justified
and we prefer to refer to them as donor—acceptor complexes.
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Conclusions

High level ab initio calculations for the reactions between 5
silylene and oxirane9), thiirane (L0), and seleniranel(l)
which are possible routes to Si=X double bonds (X = O, S,
Se, egs. [d]-[2c]), show that these reactions are highly exo
thermic QH° = -61.5, —44.9, and -52.7 kcal/molrf¥ = O, 3.
S, Se, respectively at MP2/6—-31G**) and in the gas-phase at
0 K they are also spontaneous. The first step of these reac
tions involves the barrierless formation of a donor—acceptor4.
complex between the silylene and the X atom of the precur
sor, GH,X. The reaction steps which follow depend on X.
For X = O, fragmentation of the silylene—8,X complex22 5.
proceeds in two steps via a biradical intermediate. In-con
trast, fragmentation of the 28) and the SeZ4) complexes
occurs in a single step. At 298 K in the gas-phase, the con
tributions of entropy lead foX = O and S, to asmall energy
barrier (AG) of 7.4 kcal/mol on the path between the
silylene—XGH, complex and the products, butrfX = Se
the reaction is spontaneous also at 298 K. In solution, a bar
rier of 7.5 kcal/mol separates the silylene complexes from
the products also foX = Se andthis barrier is somewhat
higher (14.9 kcal/mol) foX = O, and S. Howevethese bar 8
riers can be easily surmounted, making these reactions syn
thetically attractive.

In conclusion, the computational results suggest that the
reaction of silylenes with chalcogenide three-membered ring
compounds (eq. [1]) is indeed a viable route for the prepara-
tion of compounds with a Si=X double-bond (X = O, S, Se),
both in the gas-phase and in solution. We call for an experi-
mental testing of this prediction. 9.
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