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Abstract

Metastable dissociations have been studied for trimethylsilyldimethylsilylenium ion,)§8HSi" (CH,),, and four bridged
analogs, (CH);Si—X-Si"(CHy), (X = CH,, O, NH, G=C). Several dissociation pathways are observed, with branching ratios
that vary significantly with the bridging group. This article focuses on two competing pathways: elimination of methane and
of ethylene. The energetics of ethylene elimination from £Z8i—Si" (CH,), have been characterized by molecular orbital
and density functional theory, and the kinetic energy distributions of the products of the dissociation have been modeled wit!
statistical phase space theory, yielding good agreement with experiment. Methane elimination occurs across the two silicc
centers, and is accompanied by a large release of kinetic energy, suggestive of a concerted reaction and a considerable rev
activation barrier in the exit channel. Electronic structure calculations combined with statistical phase space modeling of th
dissociation kinetics suggest that the product from methane elimination is a disilacyclobutyl cation. A mechanism for this
elimination reaction is proposed. A comparison of the kinetic energy release distributions observed for methane eliminatiol
from the bridged ions suggests that an analogous mechanism is involved for the entire series. (Int J Mass Spectrol
185/186/187 (1999) 449-462) © 1999 Elsevier Science B.V.
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1. Introduction dissociations of organosilicon ions, specifically of silyle-
nium ionsl, the silicon analogs of carbenium ions. These
One of our research interests is finding experimental species share some of the characteristics of carbenium
and theoretical means to characterize the mechanisms ofons, such as a tendency to undergo facile rearrange-
reactions of ions in the gas phase, with particular ments [1-9]. However, because there are often large
emphasis on reactions of fundamental interest for or- differences in energies for the isomeric silylenium and
ganic chemistry, such as nucleophilic substitution reac- carbenium ions derived from, for example, 1,2-atom or
tions, oxidations, and elimination reactions. During the -group shifts, barriers to rearrangements tend to be larger
past few years, we have been studying the metastablein silylenium ions [10-12], leading to the possibility of
distinguishing isomeric species by collisional activation
. . or reactivity studies [13-16]. In a recent study, we
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2R—Si~ R3 (R, R%, R® = H, alkyl, alkoxy, halogen, phenyl, vinyl)
I

Diagram 1.

HSi"(CH,), and H,Si*C,Hs) and SiGH, " [as (CHy), dissociative electron ionization (50 or 70 eV) at low
Si* and HSi (CH,)(C,Hs) isomers] silylenium ions  source pressures. Although direct source pressure
could be used along with theoretical modeling to gain measurement is not currently available in this instru-
insight to the mechanisms of rearrangements [17]. Thesement, the source conditions are known to be essen-
particular systems were of interest because they hadtially collisionless, in that no products of expected
been reasonably thoroughly characterized in earlier stud-ion-molecule chemistry are observed under typical
ies and were also fairly simple molecules, and therefore operating conditions. lons were extracted from the
could provide a theoretically accessible benchmark for source, accelerated to 8 keV, and the ion of interest
the metastable analysis. Numerous other silylenium ions mass selected at the magnetic sector. Products of
with larger alkyl substituents, heteroatom substituents, metastable dissociations in the field free region be-
and unsaturation have also been studied and some oftween the magnet and electric sectors were energy
those results will be described in future pUblicationS. ana|yzed by Scanning the electrostatic sector, a tech-
Here, we describe results from studies of five trim- nique known as MIKES. Dissociations occurring in
ethylsilyl-substituted - silylenium ions: (ChSIi-Si" this region correspond to lifetimes of approximately
(CHy), and (CH)3SI-X-Si*(CHy), (X = CH,, NH, O, 10 us. Branching ratios were obtained by integrating
and G=C). These systems stood out from the restin that each product ion peak area. The kinetic energy release
they all exhibit, to varying degrees, a metastable disso- gjstributions (KERDs) were obtained from analysis of
ciation pathway that has not been observed for any the peak shape by one of two procedures. For narrow
monosilicon silylenium ion we have studied thus far. In peaks (average release less than 0.2 eV), the KERD is
addition to the ethylene elimination reaction also ob- piained from numerical differentiation of the peak
served for the SigH;" and SiGH, ™ ions and several  ghane and transformation of coordinates, a method
other dimethyl-substituted silylenium ions, the trimeth- -+ has been described previously [19]. This method
ylsilyl-substituted silylenium ions also dissociated by neglects instrumental discrimination and assumes a
loss of methane [18]. We have examined this process it source of dissociation, and can overestimate
along with the ethylene elimination pathway, by means energy releases for broad peaks (average release

of mass—analyz_ed |on_ Kinetic eqergy spectroscopy greater than 0.5 eV). For such peaks, instrumental
(MIKES), combined with electronic structure calcu-

lations for determination of reaction energetics, and
statistical phase space theoretical modeling of the kinetic
energy release associated with the metastable reaction
The results indicate that the ionic product of methane
elimination is a methylated disilacyclobutyl cation.

discrimination can lead to significant distortion of the
peak shape, and a more sophisticated method was
used to obtain the KERDs. This method is based on
Sthe work of Rumpf and Derrick [20], and involves
calculation of several “basis functions” corresponding
to peak shapes for single-valued energy releases. The
calculation accounts for instrumental discrimination
and for dissociation throughout the field-free region.
The basis functions are collected into a rectangular
Experiments were performed using a reverse ge- matrix, and a fit to the data is obtained by means of
ometry double focusing mass spectrometer (V. G. singular value decomposition. This procedure allows
Analytical ZAB-IF). The ions were generated by for editing of the resulting matrix of singular values,

2. Experiment
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Scheme 1. Mechanisms for elimination of ethylene from dimethyl silylenium ions.

thereby eliminating solutions that do not contribute
significantly to improving the fit. The more straight-
forward procedure of least-squares fitting can result in
large oscillations in the resulting KERD, because of
addition and subtraction of linear combinations of
basis functions that serve mainly to fit noise.

Hexamethyldisilane, hexamethyldisiloxane, hexa-
methyldisilazane, bis(trimethylsilyl)methane, bis(tri-
methylsilyl)acetylene, and 1,1,2,2-tetrachloro-1,2-dim-
ethyldisilane were purchased from Sigma-Aldrich.
1,2-dichloro-1,2-dimethyl-1,2-diphenyldisiloxane was
obtained from Gelest Inc., PA. All compounds were
used without further purification.

Ab initio calculations were performed using the
Gaussian 92 [21] and Gussian 94 [22] software
packages, running on a DEC alpha server (model
400). All geometries were optimized using the
6-31G(,p) basis set at the Hartree-Fock (HF) level of
theory. Frequencies were calculated at the HF level
and were corrected by a factor of 0.893 [23]. For the
purpose of comparison, these calculations were also
carried out using density functional theory at the
Becke3LYP/6-31Gd) level.

Theoretical modeling of the KERDs was performed
using statistical phase space theory [24-27]. These
calculations are described briefly in an Appendix.

3. Results and discussion

Our studies of a number of dimethyl- or ethyl-
substituted silylenium ions have shown that a com-
mon and often prominent metastable dissociation

pathway is elimination of ethylene. For dimethyl-
substituted ions, the elimination can occur by two
different mechanisms that both lead to a common
intermediate, a silylenium-bridged ethylene (Scheme
1) [10—-12]. One mechanism involves isomerization to
the ethyl-substituted isomer by way of thesilyl
carbenium ion. The ethyl-substituted ion then rear-
ranges to the bridged structure by eithiehydrogen
transfer or sequential 1,2-hydrogen shifts. The alter-
native mechanism involves a cyclic transition state
with concerted carbon—carbon bond formation and
transfer of two hydrogens to the silicon atom. The
theoretical barriers for these two processes were
found to be comparable at the MP2/6-34G) level

of theory [17].

The metastable dissociation spectrum of (E8i—
Si"(CH,), revealed an intriguing difference from
other dimethyl-substituted silylenium ions. Elimina-
tion of ethylene was only a very minor pathway, and
a new dissociation channel was observed, correspond-
ing to elimination of methane. This pathway has not
been observed by us for metastable dissociations of
any silylenium ions that contain only a single silicon
center, but is observed in each of the trimethylsilyl-
substituted silylenium ions that we have studied, and
has been reported in the literature for (4$i—NH-
Si"(CH,), and (CH,),Si—-O-Si"(CHy), [18,28] and
for ions from trimethylsilyl-substituted chlorosilanes
[29]. The branching ratios for the metastable dissoci-
ations of (CH);Si-Si"(CH;), and (CH);Si—X—
Si"(CH,), (X = CH,, NH, O, CG=C) are given in
Table 1. It can be seen that methane elimination
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Table 1

Experimental branching ratios for the metastable decomposition
of (CH;),Si—Si"(CHy), and (CH,);Si—X-Si* (CHg), ions (X =

CH,, NH, O, C=C)

lon Neutral loss  Percent abundafice
(CH,)5Si-Si* (CHg), Si(CH,), a7
H, 35
CH, 12
C,H, 6
(CH,)3Si—-CH~Si" (CH,), CH, 60
CH,Si(CH;), 29
C,H, 8
H.Si(CHy), 3
(CH,)3Si-NH-Si"(CH,), CH, >99
NHSI(CHy), <1
(CH,);Si—O-Si"(CH,), CH, 80
OSi(CH;y), 16
C,H, 4
(CH,);Si-C=C-Si"(CH;), C,H, 23
C,H, 20
Si(CHy), 18
SiC,Hg 13
H,Si(CH;), 10
C,H, 7
CH, 6
CHg 3

2 Integrated product intensity. Typical reproducibility-isl —2%.

dominates for three of the ions: Those with=X CH,,
NH, and O. It is less prominent for (GHSi—
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Si"(CH,), and for X = C=C. Formation of a prod-
uct ion corresponding to (CPLSi™ is common to all

five ions (although it is only a trace product for X
NH). The G=C-bridged ion gives numerous prod-
ucts, suggesting that extensive rearrangement is oc-
curring. The variation in the extent of methane elim-
ination for these five ions is significant, ranging from
>99% for X = NH to only 6% for X = C=C. Loss

of ethylene, by contrast, was a minor pathway, except
in the G=C-bridged ion.

The shapes of the KERDs for,8, and CH, loss
from these ions give some insight into the mecha-
nisms involved [30]. The experimental KERDs for
C,H, and CH,j elimination from (CH);Si-Si*(CH,),
are shown in Fig. 1. Loss of £, is accompanied by
a small energy release and an energy distribution
peaked near zero, suggesting a process that does not
involve a reverse activation barrier (that is, an exit-
channel energy barrier relative to the separated prod-
ucts). In contrast, the energy release for Qbss is
large, and the distribution is broad and peaked well
away from zero. This type of KERD is indicative of a
process which has a large reverse activation barrier
and suggests that GHloss may be a concerted
process.

/ Si203H11+ + 02H4

[ (CHa)sSI-Si* (CHg),|
\ SiQC4H11+ + CH4

1.0 0,
l'p q
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Fig. 1. Experimental kinetic energy release distributions for metastable dissociation gE8GHsi" (CH,).
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Table 2
Reaction enthalpiest® K for some possible ionic products from metastable dissociation of)}¢SH-Si"(CHg),*

Neutral Loss Product Ion HF/6-31G(d,p) Becke3LYP/6-31G(d)
(CH3),Si (CH,),Si* 2.29 2.41
H, (CH,);Si-CH=Si"CH; 3.23 2.81
(CH3)3Si-CH,Si*=CH, 3.37 2.98
+
(CH3)3Si— i 2.72 2.48
1+
(CH;),Si— SiCH, 1.76 1.53
+
(CH3>2SiC SiCH, 093 0.79
CH, A+ 1.95 1.80
(CH,),Si— SiCH,
CHs;. . N1 0.82 0.80
Sil " SiCH
HoON T
CH, (CH,);Si-Si*H, 2.25 2.49
(CH3),(H)Si-Si* (CH,)(H) 2.00 2.18
(CH3)(H),Si-Si*(CH,), 1.86

2These energies are quoted in units of eV relative to the precursor ion,)&HSi*(CH,),, and have been corrected for zero-point
vibrational energy.

In order to gain some insight to the structure of the The results of the electronic structure calculations
product ions formed upon metastable dissociation of were combined with the observed experimental data
(CHy)3Si—Si* (CHg),, electronic structure calculations  for metastable dissociation to create a preliminary
were performed to determine the energetics for for- model of the reaction coordinate for the dissociation
mation of different ionic isomers that could result of (CH,);Si—Si"(CHs),. A schematic of the model
from loss of H, CH,, or CH,. The results are used is shown in Fig. 2. The kinetic energy releases
collected in Table 2. The major dissociation channel associated with loss of (CH,Si or CH, are small
results in formation of (CK),Si* and is endothermic  and the KERDs are peaked near zero, so these
by 2.41 eV. (Formation of the isobaric ion, channels were modeled with orbiting transition states
HSi*(CH,)(C,Hs), is an additional 0.82 eV endother- in the dissociation channel and no reverse activation
mic [17] and was therefore not considered). The barrier. The kinetic energy releases for loss gfd
KERD for formation of this product is narrow and CH, were large and the KERDs were indicative of
peaked near zero, which indicates that the effective significant reverse activation barriers. Therefore, tight
barrier of this dissociation with respect to the precur- transition states were assumed for these channels.
sor is approximately equal to the overall endothermic- Further details regarding the assumed spectroscopic
ity. For the other dissociations to compete, the barriers properties of these transition states are provided in the
leading to the other three products should not be Appendix.
significantly greater than 2.4 eV. Even with this With use of this model reaction coordinate, the
constraint, there are multiple isomeric structures pos- kinetics of the dissociations were calculated with
sible for the ions resulting from each of the remaining statistical phase space theory, and the relative ener-
three dissociations. gies of the four transition states were varied until the
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Fig. 2. Schematic drawing of the model potential energy surface used in the statistical phase space calculations for calculation of the branchil
ratios and the KERD for ¢H,, loss from (CH);Si—Si" (CHj),. The connection of the reactant ion to the products or tight transition states may
not be direct, but may involve intermediate steps, and only rate-limiting transition states are considered. All energies are given in eV and ar
relative to the reactant ion. Shown in bold are thK enthalpies calculated at the Becke3LYP/6-31)dével of theory. In italics are the
optimized transition state energies used in the phase space modelingl pfaSs for calculation of the KERD shown in Fig. 3. The tight
transition states for Hor CH, loss represent reverse activation barriais, (RH), for these products, leading to the large releases of kinetic
energy observed for these products.

experimental branching ratio was reproduced. In or- loss in the phase space calculation is the energy
der to limit the scope of the problem, a constraint was difference between the two orbiting transition states.
imposed that the endothermicity for dissociation by When the orbiting transition state for (GHSi loss
loss of (CH),Si must be within 0.2 eV of the was held between 2.2 and 2.5 eV, the experimental
theoretical result. The resulting optimized transition ratio o 8 : 1 was best reproduced for an energy
state energies relative to the precursor ion are given in difference of about 0.12 eV, with the,B, loss
Table 3, along with the theoretical branching ratios channel being lower in energy. The calculated branch-
for these energies. It can be seen that the relative ing ratios for H, and CH, loss were found to be
energy for the GH, dissociation channel is within the  sensitive to variation in the lowest frequencies of the
range of energies calculated for the three mostly likely corresponding tight transition states, especially those
isomers of the product ion, and is in excellent agree- frequencies below 100 cm, so these energies have
ment with the B3LYP result for formation of larger uncertainties associated with them. However,
(CH,),(H)Si-Si"(CH,)(H). The major factor that the modeling does show that the tight transition states
controls the relative amounts of (GBSi and GH, must be considerably lower in energy than either of
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Table 3
Optimized barrier heights from phase space theoretical modeling of the metastable dissociation)s8i¢&H (CH,),
Type of Optimized Calculated Experimental
Neutral product transition state barrier heights, e¥ branching ratio, % branching ratio, %
(CHy),Si Orbiting 2.30+ 0.19 48 47
H, Tight 1.32+0.20° 34 35
CH, Tight 1.40* 0.2C° 11 12
CH, Orbiting 2.18+ 0.18 6 6

2Energy relative to the precursor ion.
b Constrained to be within 0.2 eV of ab initio results; the uncertainty represents the range explored.
¢ Uncertainty represents effect of varying lowest vibrational frequencies.

the orbiting transition states in order to reproduce the vation barrier in the exit channel. To a rough approx-
experimental branching ratios. This has important imation, the average kinetic energies for these pro-
implications for determining the likely structures of cesses may be taken as a measure of the barrier height
the product ions, and we will consider these channels relative to the separated productsEd,, in Fig. 2.
next. This means that the energies of the products from
The metastable eliminations of,+Hor CH, from elimination of CH, should be about 0.9 eV relative to
(CHy)sSi—Si*(CHj), are accompanied by large re- the precursor, and the products fromleiss should lie
leases of kinetic energy. In the case of Jbiss, the about 0.6 eV above the precursor ion, (Ji$i—
average kinetic energy release is about 0.5 eV, and for Si*(CH,),. This rules out all the isomeric structures
H, loss, the average release is about 0.7 eV. The considered for these two products except the lowest
shapes of the KERDs in both cases are roughly energy species for each, the 1,3-disilacyclobutyl cat-
triangular, centered about the average energy. Thisions (Table 2).
shape is characteristic of dissociation from a repulsive ~ With use of the model shown in Fig. 3 and the
potential energy surface, for example, from an acti- transition state energies in Table 3, the statistical

(CHa)aSi'Si+(CH3)2 —_— Si2C3H11+ + C2H4

Experiment
° Theory

PROBABILITY

T T T T 1
0.0 0.2 0.4 0.6 0.8
RELATIVE KINETIC ENERGY, eV

Fig. 3. Comparison of the experimental and phase space theoretical KERD for eliminatigi df@n (CH;),Si—Si" (CH,),. The theoretical
KERD was calculated using the potential energy surface shown in Fig. 2 with the energies shown in italics for the rate-limiting steps in the
four reaction channels.
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Scheme 2. Stepwise elimination of ethylene across the silicon centers.

KERD for ethylene elimination was calculated and is labeled methyl groups [18]. This suggests that elimi-
compared with the experimental result in Fig. 3. For nation of ethylene can also occur across the silicon
this calculation, the transition state energies were centers (Scheme 2), which would lead to
again varied over the ranges given in Table 3, with the (CH,),(H)Si-Si"(CH,)(H). Formation of the lowest
requirement that the experimental branching ratios be energy isomer for ethylene elimination in Table 2
reproduced. The theoretical result shown was calcu- would appear to involve a charge-remote mechanism,
lated with the transition state energies shown in italics with the ethylene fragment deriving solely from the
in Fig. 2. The theoretical and experimental KERDs uncharged silicon center. We cannot distinguish
are in good agreement, and the transition state ener-among these options based on the energetics, but the
gies are consistent with the calculated energetics of similarity of the experimental KERD to that observed
the lowest energy products for all but the,H for monosilicon ions suggests that the charged center
elimination reaction. The branching ratios can also be is involved.
reproduced if each transition state energy is raised Experimental kinetic energy release distributions
proportionately, and then the resulting theoretical for C,H, loss from the series of (CHLSIi—X-
KERD broadens. For example, the KERD calculated Si*(CHjy), ions are shown in Fig. 4. The KERD for
with AE for C,H, loss at 2.29 eV has an average the X = CH, ion is the same width as that for
kinetic energy of 82 meV, compared with 78 meV (CH,);Si-Si"(CHg),. For X = 0 and G=C, the
when AE for C,H, loss is 2.18 eV. Likewise, if the ~ KERDs are slightly broader. The similarity in shape
transition state energies are lowered proportionately, of the KERDs suggests that the mechanisms for
the calculated KERD narrows. However, for energies ethylene loss in all four systems are very similar. The
within 0.2 eV of the ab initio results, the agreement slightly greater energy release for the =XO and
between theory and experiment is quite good. X = C=C distributions may be because of the in-
Elimination of ethylene from (Ck),Si—Si" (CH,), creased endothermicity for the reactions (Table 4).
may occur by a mechanism analogous to that shown Stabilization of the silylenium ion in these two species
in Scheme 1 for the dimethylated monosilicon ions, can occur bymr-electron donation with X= O bridge
which would lead to the (Ck)3Si—Si"H, product, the and by conjugation of the positive charge into the
highest energy isomer shown for this channel in Table acetylene bridge for X C=C, leading to the in-
2. However, studies of the dissociations of partially creased endothermicity. There may also be differ-
deuterated (CE),Si—-O-Si"(CH,), showed that 1,3-  ences in the extent to which ethylene is lost by the
transfers of the methyl groups across the bridging mechanism shown in Scheme 1 versus Scheme 2,
atom are facile, leading to complete scrambling of the because of the steric requirements of the methyl
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Metastable Elimination of Ethylene

(CH3)3Si-Si*(CHg),

© o (CH3)3Si'CH2'Si+(CH3)2

L —— (CHg)3Si—C =C—Si*(CHg)y
(CHy)3Si-O-Si*(CHa)s

0.5

PROBABILITY

0.0 0.2 0.4 0.6 0.8
RELATIVE KINETIC ENERGY, eV

Fig. 4. Comparison of the experimental kinetic energy release distributions ig){8IHSi" (CH,), and the (CH);Si—X-Si"(CHjy), series
(X = CH,, CG=C, 0). This reaction channel is not observed for=XNH.

transfers across the bridging group, particularly for the trimethylsilyl substituent, and consider now a
X = C=C. mechanism for this reaction.

As noted above, we have not observed elimination ~ The peak shape for loss of methane was analyzed
of CH, metastable dissociations of the monosilicon for four of the five ions. (Inadequate signal precluded
silylenium ions. Tabei et al. reported Gldlimination the characterization of methane loss for the acetylene-
as a minor channel in the metastable spectrum of bridged ion.) The KERDs for methane elimination are
HSi™(CH,), ion [31], but their spectrum also shows a similar in shape to that observed for (QkBi—
low-intensity product corresponding to loss of CH  Si*(CHjy),, but show some small variation in the
and another because of loss of, ldnd H. These  average energy released (Fig. 5). This suggests that
products suggest that the metastable HSH,), ions the mechanisms are similar in all four ions in that they
have more internal energy in their instrument, such all involve significant reverse activation barriers, but
that higher-energy radical losses are possible. Basedthat the barriers to elimination may vary. In contrast
on our observations, we conclude that the Qiod- to the present results, Tobita et al. reported far greater
uct we observe for the trimethylsilyl-substituted si- variation in the KER for theX = 0 and NH systems
lylenium ions does not arise solely from the charged (T, s = 482 and 944 meV, respectively) [18]. The

silicon center, but also derives either H or Ctlom reason for this disagreement is not clear, but again
Table 4

Reaction enthalpyta0 K for the elimination of GH, from (CH,);Si—Si" (CH,), and (CH,);Si—X-Si"(CH,), (X = CH,, O, G=C)*

Reactant ion Product ion (assumed) HF/6-3d.8) Becke3LYP/6-31Gd)
(CHy)3Si-Si* (CHy), (CHg)sSi-Si"H, 2.25 2.49
(CH3)sSi—CH~Si"(CHy), (CHg),Si-CH~Si"H, 2.37 2.52
(CH;)sSi—O-Si"(CHy), (CH,),Si-O-Si'H, 2.55 2.74
(CHy)3Si-C=C-Si*(CH,), (CHg)sSi-C=C-Si*H, 2.49 2.65

2Energy relative to the precursor ion, in units of eV, and corrected for zero-point vibrational energy.
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Metastable Elimination of Methane

1.0

(CH3)3Si-Si*(CHy),
(CHg)3Si-CHy-Si*(CHg),
o (CHg)3Si-NH-Si*(CHy),
(CH3)3Si-O-Si*(CHg),

>
=
=
om
< 0.59
01]
z .o
o
o
0.0
0.0 0.5 1.0

RELATIVE KINETIC ENERGY, eV

Fig. 5. Comparison of the experimental kinetic energy release distributions ig){8IHSi" (CH,), and the (CH),;Si—X-Si"(CHjy), series
(X = CH,, NH, O). Weak signal precluded measurement of the experimental distribution foIC&=C.

may have to do with differences in the internal
energies of the ions studied in the different instru-
ments used.

As shown in Table 1, elimination of CHis the
dominant dissociation pathway for the=X CH,, NH,
and O ions. As in the case of (GHSI-Si"(CHj),,
this indicates that the barrier for the elimination of
CH, must be significantly lower than that for,i&,
elimination for these ions, probably by about 0.8 eV
(see Table 3). From the maxima of the KERDs for
CH, elimination, an approximate value for the reverse
activation barrier is 0.5 eV relative to the product

Table 5

energies. The products formed by Cldlimination
should therefore be about 1.3 eV more stable than the
products formed by ¢H, elimination. This require-
ment places useful constraints on the range of possi-
bilities for the structures of the ionic species. In Table
5 are shown the reaction enthalpies for formation of
several alternative products from ¢Hbss for the

X = O precursor ion. Of these structures, the lowest
energy 1,3-disilacyclobutyl cation is about 1.3-1.5 eV
more stable than the ethylene loss product (Table 4),
and all the other isomers considered are significantly
higher in energy. This suggests that for this ion, as for

Relative energies for some possible ionic products of elimination of f@n (CH;,),Si—O-Si"(CH,),?

Product Ion

HF/6-31G(d,p)

Becke3LYP/6-31G(d)

+
(CH3)2Si\/\, SiCH, 1.27 1.10
o

+ GHe 2.77 2.49
(CH,),Si- O- SiCH,

AYRT) 3.68 3.46
(CH3)251_ Oo- SICH3

3.83 3.47

+
(CH,),Si— O- Si: CH,

2Energies are relative to the precursor ion, in units of eV and corrected for zero-point vibrational energy.
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/"H\ +i
C|;H3 ?Hs H3C CI:HZ CH2
. I CHa.o? NA.
Si i — S i — 3:5i 'Si—CHz +CH
CH(:;/H/ \X/§|\CH3 CHSH/ I\X/SI\CHS CH3/ \X/ + 8 4
3 3

?Ha ﬁHz
+ a i

Si /S| + CH4
Hy ~X77 > CH,

Scheme 3. Cyclic transition state for methane elimination.

(CH,)3Si—Si" (CHy),, methane elimination results in  ison with a six-membered ring. For this ion, we
formation of a disilacyclobutyl cation. propose an alternative mechanism, shown in Scheme
Across the series of the ions studied, the branching 4. The rationale behind this proposal is as follows:

ratio for CH, elimination is highly dependent on the Metastable dissociation of (GHSi—Si"(CH,), is
bridging unit. For X= NH, O and CH, methane unique in this series in that a major product formed
elimination is by far the dominant reaction pathway. corresponds to loss of HHThe phase space modeling
For X = C=C and for (CH,);Si-Si" (CH,), methane suggests the transition state for this process is close in
elimination becomes only a minor pathway (Table 1). energy to that for Chlloss, and both processes are
We interpret these observations in terms of a cyclic accompanied by large releases of kinetic energy,
transition state involving elimination across the two suggesting concerted eliminations. It seems plausible
silicon centers (Scheme 3) in the unrearranged ions, that a common intermediate is involved, one that is
and collapse of the resulting ion to the cyclic prod- structurally analogous to the ¥ NH, O and CH
ucts. The inflexible €&C bridging unit introduces ions, but in whicheither H, or CH, elimination may
considerable strain to the transition state, effectively occur by the six-membered ring transition state as in
preventing CH elimination. However, the five-mem-  Scheme 3. This structure can be reached by means of
bered ring that would be implicated for (GHSi— an initial endothermic 1,2-hydrogen shift to form the
Si"(CH,), does not seem greatly strained by compar- g-silicon carbenium ion. The subsequent 1,2-

+
<|3Ha CHa ?Ha CH, cle3 CHa
. . /
CHy~Si—Si+ CHy-Si Si—CH; —=  CHy-Si—CH,—Si+
CHs H/CH2 CHy H / CH, H
_ B _
CH g'/\s"H Hz('; ?Ha
CIRANGAA ~— | *si__ .Si—CH
V' "CH, CHy ~ “CHy Ny °
+CH4 ﬂ
H C/H H + /\. _CHs3
2 | — CH3-Si_  Si_
*Si__ Si—CH V' TCHg
TN 3
| CHy CH oy, +H,

Scheme 4. Loss of Hor CH, from trimethylsilyldimethylsilylenium ion.
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Table 6
Relative energies for some possible ionic products of elimination of f@n (CH,),Si-O-Si"(CH,),?

Product fon HF/6-31G(d.p) Becke3LYP/6-31G(d)
VA
(CH,),Si7 | SiCH, 0.0 0.0
N

+
(CH,),Si—N= Si(CHj), 0.10 0.04

+ GH 1.86 1.67
(CH,),Si- NH- SiCH,

+
(CH,),Si—N=SiCH, 2.37 2.00

2Energies are relative to the cyclic structure, in units of eV, and corrected for zero-point vibrational energy.

Si(CHy), shift and 1,3-methyl shifts are both expected 4. Conclusions
to be exothermic, and thus, lead to the proposed
common intermediate species, and to elimination of =~ Metastable dissociations were studied for five tri-
H, or CH, by means of the cyclic transition state. This methylsilyl-substituted silylenium ions: (GHSi—
mechanism explains the unique, tbss channel in Si"(CH,), and (CH);Si—X-Si"(CHy), (X = CH,,
(CHg)3Si—Si* (CH,), by means of chemistry common  NH, O, and G=C). All of these ions except (CHLSi—
to the other ions as well, and further provides a means NH-Si*(CHj,), undergo elimination of ¢H,, a pro-
to rearrange to the 1,3-disilacyclobutyl product spe- cess that has been observed previously in dimethyl-
cies that are implicated by the phase space modeling. substituted silylenium ions, but this reaction is only a
The metastable loss of GHrom the (CH,),Si— minor pathway. This reaction probably occurs by a
NH-Si"(CHj), ion is worthy of specific mention.  stepwise mechanism analogous to that proposed for
Elimination of methane is nearly the exclusive disso- the HSi"(CH,), and (CH,);Si" species. A new dis-
ciation pathway for this ion, with only a very small  sociation is observed for the trimethylsilyl-substituted
amount (1%) of (CHy),Si" formation. Earlier deu-  species as compared to other dimethyl-substituted
terium labeling studies of this ion suggest that ,CH silylenium ions, corresponding to loss of GHrhis
loss involves the hydrogen on the bridging amino reaction involves a significant reverse activation bar-
group [32]. Elimination across the Si-N bond would rier, and is strongly dependent on the nature of the
lead to the formation of either (CHLSI*-N = bridging group, suggesting that the elimination is

Si(CHg), or (CHy);Si-N = Si"CHs. The energies of  concerted and occurs across the two silicon centers.
these product ions, compared to the lowest-energy

cyclic product, are shown in Table 6. The symmetric

ion is quite stable and is comparable in energy to the

cyclic structure formed by elimination across the two Acknowledgements
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product of methane elimination, the similarity of the This work was supported by a grant from NSF
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Appendix constraint of the experimental time window, which
selects for a narrow energy range of ions.

The details of the calculations performed have
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