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Reaction Pathways of Singlet Silylene and Singlet Germylene with Water, Methanol,
Ethanol, Dimethyl Ether, and Trifluoromethanol: An ab Initio Molecular Orbital Study
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Ab initio molecular orbital calculations have been performed to explore the reaction potential energy surfaces
of singlet silylene and germylene with water, methanol, ethanol, dimethyl ether, and trifluoromethanol. We
have identified two new reaction channels on each reaction surface, except for reactions involving dimethyl
ether. The previously unreported reaction channels invobvelirhination following the initial formation of

an association complex. For reactions involving singlet silylene and water, a simple activated complex theory
(ACT) analysis predicts that these newly identified reaction channels are equally likely to be accessed as the
previously identified 1,2 hydrogen atom shift channels. For reactions involving singlet germylene and water,
a similar ACT analysis predicts that the-dlimination channels will occur in preference to the 1,2 hydrogen
shift. Indeed, the room-temperature rate constants f@likhination from the germanium complex are predicted

to be approximately 5 orders of magnitude greater than for the H atom migration channel.

1. Introduction al. have measured the removal rate constants for singlet silylene
and germylene reacting with dimethyl ether, methanol, water,
and related compound$In particular, a motivation for measur-

ing the pressure-independent removal rate constants has been

- ! . X to provide reliable experimental data to be used in subsequent
these group IV electron-deficient radicals in chemical vapor P P 9

d ition miconductor manufactur nd the photoni ndreaction modeling. Nonetheless, without a more detailed knowl-
eposition, semico fc Or manufacture, and the photonics a edge of the relevant reaction potential energy surfaces, inter-
aerospace industriés? In particular, the oxidation chemistry

of silviene has received considerable attention. both e er'mentalpretation of the experimental data can be difficult. It is therefore
an dl'?/heoretical o rI:a/cent yeel§f§For examplle éilylene)ig WIeII desirable to extend the already extensive body of theoretical
Known to insert into O-H bond< via a zwitterionic donor literature describing the silylene-plus-water system by making

acceptor intermediateNonetheless, there remains a paucity of an investigation into the reactivity of singlet silylene and
P . o . paucity germylene with other compounds of experimental interest.

experimental data characterizing the energetics and kinetics of Thi ts th its of th tical i "

silylene oxidation chemistry. Even less experimental data are IS paper presents e results ot a néw theoretical Investiga-

available to characterize the oxidation chemistry of germylene. t'?k? |nt(|) tg_e refrllct;orlrﬁ)athwagst Oﬂf sﬂylenetr\]/v ith \I/vallter, drgi_than_ol,
Ab initio quantum chemistry has proven to be a valuable tool ethanol, dimethy’ ether, anc trifuoromethanal. In adaition, In

in developing a more detailed understanding of the chemistry light of the lack of theoretical data on the analogous germylene

f e sicon-xy-yorces, 0, The st neoretcal sudy /21 1 P01 he s =0 1t st escrong e
of silylene insertion into GH bonds was made by Raghavachari have identified ne)\:v re%ctioyn channels on the sil Iene-al(;ohol
et al. in 1984'° Gordon and Pedersorstudied the reverse y

eacion in 1950 a5 par of an vestigation no thermal 214 SerYene-alcohol eacton potente eneoy saces T
decomposition processes for silanol. More accurate Calculationsoxidationpchemistr of s%lplene and germ Iegne redicting that
describing the insertion of silylene into water were reported by y Y germy P 9

Su and Gordon in 1995, while in the same year Darling and H; elimination .is an important reaction channel for bqth systems
Schlegel? and Lucas et a¥ reported extensive tabulations of at lower reaction temperatures than previously anticipated.
thermochemical data for the Sj@, system using the Gi2 . .
method. Accurate thermochemical data for thg4D, system 2. Computational Details
were reported by Zachariah and Tsang in 1995.1996, Lee
and Bod® investigated the propensity for silylene insertion into
CH3O—H and CH—OH via ab initio theory. There are no
reports in the literature describing the results of similar
theoretical investigations into the oxidation chemistry of germ-
ylene.

In an effort to gain a more detailed understanding of the
oxidation chemistry of silylene and germylene, Alexander et

The chemistry of silylene, Siil and to a lesser extent
germylene, Geb] has been the focus of a considerable amount
of attention over the last 2 decades due to the importance of

The computational approach we have adopted for this study
is broadly similar to that previously reported by Su and Gordon
in their study of the insertion of silylene and dimethylsilylene
into watert!

All calculations were performed using the Gaussiat 84d
Gaussian 98 suites of programs. Geometry optimizations were
performed using the Pople-type 6-3#+G(d,p) basis set. This
flexible triple- basis set was chosen because (i) it allows for a

* To whom correspondence should be addressed. Address: Departmentdlrect comparison of the reaction potential energy surfaces
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Figure 1. MP2/6-311-+G(d,p) stationary points determined on the silylene-pluater reaction potential energy surface. Note that the pathways
leading to the formation afyn 9 andanti-hydroxysilylenel0 via transitions state§ and 7, respectively, are hitherto unknown.

TABLE 1: Number of Molecular Orbitals Included in the formed, in which the paths of steepest descent (in mass-weighted
Frozen Core for Each Post-HF ab Initio Calculation Cartesian coordinates) were followed from each transition state
number of orbitals to the connecting minima. The default step size along the
reaction system in frozen core reaction path was 0.1 arHéibohr.
SiH, + H.0 6 _ .
SiH, + MeOH 7 3. Results and Discussion
g::z :[ EE)(I)—IH 18 Unlike carbene, Ck(1), which exists in its ground electronic
SiH, + MeOMe 8 state as a triplet with unpaired valence electrons, silylene; SiH
GeH, + H,0 15 (2), and germylene, GeH3), exhibit vastly different chemistry
GeH + MeOH 16 due to the pairing of the valence electrons to create singlet
GeH, + MeOMe 17

ground electronic states. The pairing of the valence electrons
creates empty p atomic-like molecular orbitals at the silicon
reaction potential energy surface as previously reported in the and germanium atomic centers that are available to accept
literature!-10-12 electron density from electron-rich reaction partners. In this
The geometries of all stationary points on the reaction study we explore the reactivity of singlet silylene and germylene
potential energy surfaces were first determined at the Hartree with small electron-rich alcohols and related compounds. In the
Fock (HF) level of theory and then reoptimized using second- sections below we present the results for, and discuss the

order Mgller-Plesset perturbation theory (MP2). For the reaction potential energy surfaces of, each sub-titled reaction.
silylene-plus-water reaction system more extensive optimizations

were performed at the MP4(SDT®$%and QCISD(T§-%levels
of theory. All MP2, MP4(SDTQ), and QCISD(T) calculations O O
were performed with a frozen core of inner electrons. That is, C <o > Syt @Geu-"“““

only the valence electrons and virtual orbitals were used in the @\ O\ O

electron correlation calculations. The number of molecular

orbitals constrained to the frozen core for each reaction system

is listed in Table 1. 1 2 3
Stationary points on each reaction potential energy surface

were characterized as being minima or transitions states by 3.1. SiH, + H,0. The insertion reaction of silylene into water

diagonalizing the second-derivative Hessian matrix to determine js the most thoroughly investigated of all the reactions consid-

the number of negative eigenvalues (0 for minima, 1 for ered here and was first studied by Raghavachari é? alith

transition states}® All reported zero-point energies are scaled subsequent investigations by Gordon and Pedésah Su and

by 0.89292224 Gordon!! Related chemistry has been investigated by Darling
To verify that transition states identified by the computational and Schlegel? Lucas et all® and Zachariah and Tsadg.

procedure described above actually connect to the expectedTogether, this body of work has provided a detailed picture of

reactants, intermediates and products for each reaction channelnuch of the silicon-oxy-hydride potential energy surface. A

intrinsic reaction coordinate (IR&) calculations were per-  pictorial summary of the reaction profiles determined from our
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TABLE 2: Molecular Point Group Symmetry, Total Energy, Scaled Zero-Point Energy (ZPE), Hessian Index, and Selected
Geometric Parameters for Each Stationary Point on the Silylene-plus-Water Reaction Potential Energy Surfate

Hy
s—d & Siic\o Ha\ /s éu/ Hc\o HC\Si Q AN Hbgi 0
H7 O\, si—o &Y Hg™7 — —
i Aa \Ha Ha/ Ha y b/ ~, H Hy ? a/ \Hd si—0 \Hd
G G G & Cs Cs Cs
C)] (5) © g 3 %) 10)
total energy ZPE Hessian index(Si—0) r(O—Hg) r(Si—H) 0O(Si—O—Hg) O(Si—O—Hy) O(Ha—Si—Hp)
reactants (Sik+ H,0) 0
HF —366.07706 83.2 0.94 93.7
MP2 —366.38654 79.5 0.96 92.5
MP4(SDTQ) —366.42428 78.7 0.96 92.3
QCISD(T) —366.42689 78.6 0.96 92.6
intermediate complefd) 0
HF —366.09639 97.5 2.15 0.94 2.72 120.5 117.9 95.0
MP2 —366.41249 94.3 212 0.96 2.67 117.1 115.0 94.3
MP4(SDTQ) —366.44923 93.4 2.14 0.96 2.69 116.0 115.4 94.1
QCISD(T) —366.45093 93.2 2.14 0.96 2.70 116.4 115.3 94.2
transition stat€5) 1
HF —366.03297 86.5 1.86 1.25 1.62 122.2 59.0 105.0
MP2 —366.37299 82.4 1.95 1.26 1.62 112.7 55.9 104.7
MP4(SDTQ) —366.40868 81.3 1.97 1.27 1.62 111.5 55.2 104.6
QCISD(T) —366.40856 81.5 1.95 1.27 1.62 112.8 55.8 104.8
transition stat¢6) 1
HF —366.03813 88.5 1.87 1.26 1.76 120.0 65.4 89.2
MP2 —366.37393 84.7 1.91 1.30 1.75 115.6 62.8 87.8
MP4(SDTQ) —366.41026 83.6 1.92 131 1.76 115.2 62.7 87.7
QCISD(T) —366.41062 83.6 1.91 1.30 1.76 115.7 63.0 87.7
transition stat€7) 1
HF —366.03893 89.2 1.87 1.26 1.77 116.9 65.6 89.6
MP2 —366.37482 85.6 191 1.29 1.76 112.4 63.1 88.5
MP4(SDTQ) —366.41112 845 1.92 1.30 1.76 112.1 62.9 88.5
QCISD(T) —366.41142 845 1.91 1.30 1.76 112.6 63.2 88.4
silanol (8) 0
HF —366.18812 95.8 1.64 2.50 1.47 122.6 34.3 108.1
MP2 —366.50366 92.7 1.67 2.50 1.47 118.4 34.4 108.0
MP4(SDTQ) —366.53661 91.9 1.67 2.51 1.47 117.7 34.4 108.0
QCISD(T) —366.53705 91.8 1.67 251 1.47 117.9 34.4 108.0
synhydroxysilylene(9) 0
HF —364.97540 51.4 1.64 123.7
MP2 —365.26623 49.0 1.67 119.4
MP4(SDTQ) —365.29552 48.5 1.68 118.9
QCISD(T) —365.29627 48.5 1.67 119.3
anti-hydroxysilylene(10) 0
HF —364.97536 52.1 1.64 118.7
MP2 —365.26686 49.8 1.68 113.9
MP4(SDTQ) —365.29615 49.3 1.68 113.7
QCISD(T) —365.29677 49.3 1.68 114.2
hydrogen (H) 0
HF —1.13251 24.5
MP2 —1.16030 24.2
MP4(SDTQ) —1.16777 23.8
QCISD(T) —1.16838 23.6

2 Results are reported using the Pople-type 64316G(d,p) basis set at the HF, MP2, MP4(SDTQ), and QCISD(T) levels of theory. The point
group and Hessian index results apply for all the levels of theory. Total energies are in hartrees. ZPEs are in kJ/mol. Distances are in angstroms.
Angles are in degrees. Geometric parameters without listed values have no meaning in the atom labeling scheme employed.

MP2/6-31H1-+G(d,p) investigation is presented in Figuré®l.  energy, Hessian index and selected geometric parameters for
We have identified two new reaction channels leading to the each stationary point. Results are reported for HartFamrck
formation of syn- and anti-hydroxysilylene from the reaction (HF) theory, second-order MgllePlesset perturbation (MP2)

of silylene and water. These newly identified reaction channels theory, fourth-order Mgller Plesset perturbation (MP4(SDTQ))
suggest that the onset ot ldlimination may occur at excitation  theory® and quadratic configuration interaction (QCISD(T))
energies (and hence reaction temperatures) lower than previouslyheory?! The reported subset of geometric parameters represent
thought! Note that it is the pathways leading to the formation the critical bond-forming, bond-breaking and geometry-changing

of syn- and anti-hydroxysilylene, structur@sand 10, respec- degrees of freedom along the reaction pathways. A complete
tively, via transition state§ and7, respectively, that are reported  listing of all structural information and calculated (unscaled)
here for the first time. vibrational frequencies for each stationary point, at each level

In Table 2 we report the point group symmetry of each of theory, is available as supplementary informafién.
geometry-optimized stationary point on the silylene-plus-water  From Table 2 it is apparent that, for each level of theory, the
reaction surface, as well as the total energy, scaled zero-pointcalculated stationary point geometries do not vary significantly
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TABLE 3: Comparison of the Relative Energies of Stationary Points on the Silylene-plus-Water Reaction Potential Energy
Surface as Determined in This Stud§® and in Previous Investigations—¢

AE(HFY  AE(MP2P  AE(MP4P  AE(QCISD(T)P AE(Ragy AE(Suf  AE(Zac.}

intermediate complefd) —36.5 —-53.3 -50.8 —48.5 —55.6 —86.2 —36.2
transition statg5) 119.1 38.5 43.6 51.0 36.4 20.5 13.1
transition statg6) 107.5 38.3 41.7 47.8

transition stat€7) 106.2 36.9 40.3 46.5

silanol(8) —278.9 —294.3 —281.7 —276.1 —293.7 —320.1 —317.9
syrthydroxysilyleneg(9) + hydrogen —88.2 —-111.3 —-108.9 —105.6

anti-hydroxysilylene(10) + hydrogen —87.4 —112.1 —109.7 —106.1 —127.7

a All values are reported in kd/mol. Note the trend for the work performed in this study where the post-HF relative energies for each stationary
point increase in the order MP2:MP4(SDTQ):QCISD(T). See text for defail.calculations in this study were performed with the 6-31G(d,p)
basis set at the four levels of theory specifieVork of Raghavachari et al. (ref 10) at the HF/6-31G(d) le¥&Work of Su and Gordon (ref 11)
at the MP2/6-31G(d,p) levet.Work of Zachariah and Tsang (ref 4) at the MP4/6-311G(2df, p)//IMP2/6-31G(d) level.

from each other, particularly for the post-Hartrdeock calcula- Rearrangement of intermediaddo silanol8 (see Figure 1)
tions. However, the level of theory employed does show a has been previously shown to proceed via transition fate
significant variation in the predicted total energy of each (involving a 1,2 hydrogen shift), a stationary point on the
stationary point. In particular, the introduction of electron reaction potential energy surface identified to possegss C
correlation in the post-Hartred=ock calculations has a large  symmetry:® We calculate the SiO bond length in transition
effect on the predicted energies. The influence of the level of state 5 to be 1.95 A, compared to 1.87 A predicted by
theory employed on the predicted energies of the stationary Raghavachari et &P.and 1.93 A predicted by Su and Gord8n.
points can be seen more clearly in Table 3 where we report theThe net activation barrier for the formation of silanol is
relative energies, including scaled zero-point energies, of all calculated by us to be 38.5 kJ/mol, compared to 36.4 kJ/mol
stationary points on the reaction surface, determined both in by Raghavachari et a%.and 20.5 kJ/mol by Su and Gordéh.
this study at all four levels of theory and, where available, by Moreover, we calculate that the overall energy barrier from
previous investigators!01t intermediatet to transition staté is 91.8 kJ/mol, compared to
The MP4 calculations predict decreasein the well depth ~ 92.0 k/mol predicted by Raghavachari et®énd 106.7 kJ/
for intermediatet of 2.5 kJ/mol and aincreasein the barrier Mol by Su and Gordo#: Finally, the formation of silano8
height for transition staté by 5.1 kJ/mol, relative to the MP2  from silylene and water is calculated by us to be exothermic
energy predictions. Similarly, relative to the MP4(SDTQ) results, Py 294.3 kJ/mol, compared to 293.7 kJ/mol reported by
the QCISD(T) calculations predictfarther decreasén the well Raghavachari et & and 320.1 kJ/mol by Su and Gordéh.
depth for intermediaté of 2.3 kJ/mol and durther increase Apart from the previously reported reaction channel leading
in the barrier height for transitions st&i®f 7.4 kd/mol. Indeed, ~ to Silanol formation, Figure 1 highlights two new reaction
the data in Table 3 clearly show a consistent trend wherein the Pathways from the intermediate compléxthat lead to the
relative energies of all local minima on the reaction potential formation of both syn- and anti-hydroxysilylen8, and 10,
energy surfaceecreasas the level of theory employed moves respectively, via Helimination. The net activation energies for
from MP2 to MP4(SDTQ) to QCISD(T), while the relative these two_channgls are ce_llculated to be very similar to that for
energies of all transition statéscreaseas the level of theory  the formation of silanol, being 38.3 kJ/mol for the “syn” channel
is improved. These trends are similar to those reported by Su@nd 36.9 kd/mol for the “anti” channel. The formation of syn-
and GordoAt where energy variations of-B kJ/mol were and ant|-hydroxy§|lylene are predicted to be 111.3 and 112.1
observed as the level of theory was improved. Su and GordonkJd/mol exothermic, respectively. Zachariah and T3amaye
performed high level single-point energy corrections to the Previously identified a reaction channel that leads to the
optimized MP2 geometries, whereas in this study full optimiza- formation of anti-hydroxysilylene. However, this channel
tions were performed at each level of theory (albeit with a frozen iNvolves a 1,2 hydrogen shift from “hot” silanol, rather than
core treatment for electron correlation). Nonetheless, the Ofiginating from intermediate complek Zachariah and Tsang
consistent trends of increasing and decreasing relative energie®redict that the activation energy for the conversion of silanol
for each stationary point as a function of improving the level 8 t0 anti-hydroxysilylenel0is 274 kJ/mol and belimination
of theory indicates that it is sufficient to limit our calculations S therefore only important at moderate-to-high reaction tem-
to the less computationally expensive MP2 level for all further Peratures (greater than 600 Kfonversely, our much lower
reactions studied here. Reasonable estimates of well depths angctivation energies for the “syn” and “anti” reaction channels
reaction barriers for the higher levels of theory can be made, if from intermediate complex (91.6 and 90.2 kJ/mol, respec-

necessary, by simply adding or subtracting (as appropriaé) 2 tively) suggest that weliminati(_)n may be an important reaction
kJ/mol to the reported MP2 results. channel at much lower reaction temperatures.

The silylene-plus-water reaction is initiated by an interaction for-;? afci](?rgno? gﬁiﬁﬁgﬂﬂﬂ tfgfrr:;:?;: (e;f I{t)rzglot\(?\/rcl)silg)rLoerr;h(;af
between the empty p atomic-like orbital on the ground-state . . .

; ! . hydroxysilylene via intermediate complek we have used
SiH, and a lone pair of electrons on the water, leading to . S
; ; . Activated Complex Theory (ACT§ (or Transition State Theory
intermediatel possessing; symmetry and bound by 53.3 kJ/ (TSTI*3) 1o estimate both the preexponentié-factor” and
mol at the MP2 leveéP (cf. 55.6 kJ/mol predicted by Ragha- P P

vachari et at® using HF/6-31G(d) and 86.2 k/mol predicted reaction rate constants for each channel. ACT predicts a reaction

by Su et ak! using MP2/6-31G(d,p)). The interaction binding rate constant by the expression
intermediate4 results in the plane of the SipHnoiety lying kT Qi —E,
almost orthogonal to the SO axis. The SO bond length is k(T) = o T
long, calculated to be 2.12 A, compared to 2.13 A predicted by ret
Raghavachari et P and 2.10 A predicted by Su et ¥l wherek(T) is the predicted reaction rate consta@, is the

1)
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TABLE 4: Preexponential A-Factors and Reaction Rate 10—
Constantsk Calculated for the Silylene-plus-Water System
Using Activated Complex Theory?

298.15 K 600 K 10%

reaction A-factor k A-factor k
channel (Lmol™*s™?) (Lmolts™) (Lmolts™?) (Lmolts™?

4—5—-8 158x10%¥ 1.31x 10 1.78x 10*°® 1.82x 10
4—6—9 131x10® 1.16x 10?® 1.11x10® 1.17x 10*
4—7—10 1.26x 10® 2.02x 10*® 1.02x 10*°® 1.45x 10

a See text for details.

1 020

1010

k(L moi's™)

partition function density of the activated complex minus the
imaginary vibrational degree of freedom (assumed to correspond
to the reaction coordinateQ) is the partition function density e S T G SR - B
of the “reactant” (in this case, intermediate comptgxE, is 0 0002 0004 0006 0008 001 0012
the activation energyk, is the Boltzmann constant, and the 1T (K)
remaining physical constants have their usual meanings. Alex- _ ) ) )
ander et at have measured an inverse temperature dependencé:'g”re 2. .ACT—predlcted r.eactlon rate constapts for each reaction
for the removal rate constants of singlet silylene and germylene channel 0: 4 —5—8), @: 4—6—~9) and &: 4= 7—10)as

. . a function of inverse temperature from 100 to 1500 K.
with H,O and related compounds, suggesting that the depth of
the energy well for the intermediate complex plays an important
role in these reaction systems, particularly at lower temperatures.Taple 6. Complete geometric and vibrational frequency data
Itis therefore reasonable to base the ACT analysis on treatingare available as Supporting Informatid.
the intermediate complex as the “reactant” due to the fact that
many reaction partners become trapped in the initial potential
energy well. We have calculated the preexponential factors and
;efa;ﬁ:grgsrstsiszn_sf%nf fé),r 4e3?récitg,eatr?(;ie_r)e?ﬂolno,cl;?nneI‘Jgas been previously reported by Lee and Bowhile the

. . . hydrogen elimination” channels are reported here for the first
298'15 and 600 K. Results of this analysis are presented in Tabletime. On the basis of the overall similarity in appearance of the

’ . . silylene-plus-methanol and the silylene-plus-water potential
The molgcular .ge'ometrles. Qf transitions st.aﬁeﬁ, and7 energy surfaces, we expect that each of the three reaction
are all relatively similar, and it is not too surprising, therefore,

) RO . ' channels via transition statd®, 13, and 14 will have similar
to see little variation in the predicted values of the preexponential -
A-factors for each reaction channel. It is therefore unreasonablepmpens't'es' . )
to conclude that the silanol-forming reaction chanme 5 . Methyl_ substitution has increased the well depth of the
— 8) has a favorable “entropy of reaction” compared to the intermediate complex from 53.3 kJ/mol to 75.8 kJ/mol (see

two newly identified hydroxysilylene-forming channes¢ 6 Table 6). The binding energy of 75.8 kd/mol calculated here
— 9 and4 — 7 — 10). Indeed, with each reaction channel for the association complex compares favorably to those reported

exhibiting similarA-factors and activation energies, the predicted PY Lee and Bo# of 88.3 kd/mol (MP2/6-31G*) and 83.3 kJ/
rate constants (Table 4) are also very similar. The fact that Mol (MP4/6-311G(2df,p)//MP2/6-31G*). Methyl substitution
reaction channe#t — 7 — 10 (having the lowest activation has decreased the barrier heights (relative to. reacFants) leading
energy) is predicted to be approximately 80% faster than the to product formation, from-38 kJ/mol for reacyon with water,
other two at room temperature, reducing<80% faster at 600 0 ~14 kJ/mol (Table 6). Lee and Boo predict a much lower
K, further suggests that each reaction channel is equally likely barrier to reaction along the 1,2 hydrogen shift reaction channel
to be accessed as the temperature is increased. In Figure 2 w&f 2.5 kJ/mol at the MP4/6-311G(2df,p)//MP2/6-31G* level of
present the ACT-predicted reaction rate constants for eachtheory, with a zero-point correction determined at the
reaction channel as a function of inverse temperature from 100 HF/6-31G* level:> Even more striking is their prediction of a
to 1500 K. It is clearly evident that all reaction channels have barrierless channel, with a transition state energy-af1 kJ/
an equal propensity over this wide temperature range. The factmol, when the lower-level zero-point correction term is not
that the plots of the logarithm éfagainst reciprocal temperature ~ included.
are linear indicates a much stronger temperature dependence In the previous section we identified trends in the predicted
of the exponential term in eq 1 than of the preexponential terms. energies of stationary points on the silylene-plus-water potential
Hence, the heights of the reaction barriers will control the energy surface as a function of the level of theory employed.
reaction kinetics rather than the relative “tightness” of each In particular, we showed that reasonable estimates of well depths
transition state. and reaction barriers for higher levels of theory can be made, if
3.2. SiH, + MeOH. The silylene-plus-methanol reaction necessary, by simply adding or subtracting (as appropriat&) 2
potential energy surface has been investigated at the MP2/6-kJ/mol to our reported MP2 results. We believe that a similar
311++G(d,p) level of theory. A pictorial summary of the scaling process can be made in the silylene-plus-methanol
reaction profiles determined from this investigation is presented system due to the overall similarity of the two potential energy
in Figure 3. In Table 5 we report the point group symmetry of surfaces. However, some difficulty remains in comparing the
each geometry-optimized stationary point, as well as the total silylene-plus-methanol results of this investigation with those
energy, scaled zero-point energy, Hessian index and selectedeported earlier by Lee and B¥odue to the different triple:
geometric parameters for each stationary point. The relative basis sets used in each study. In particular, it is not readily
energies, including scaled zero-point energies, for stationaryapparent what influence the inclusion of diffuse functions (as
points on the silylene-plus-methanol system are included in used here) may have on reported energies compared to the

TTTTTT T T T T T T T T T T T T T I T T T T T T T T T T T T TTITTEEETTT
o3

NN NN NN EE N NN NN NN

Overall, the appearance of the silylene-plus-methanol reaction
potential energy surface is very similar to that for the silylene-
lus-water system. The channel involving a 1,2 hydrogen shift
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H(13)
(12) I
H I—0
7
....Si—\o H/ CHa

SiH, + CHzOH

0

—— 304 16)
w-Si—QO

Hw /
H (15) CHj

Figure 3. MP2/6-311+G(d,p) stationary points determined on the silylene-plus-methanol reaction potential energy surface.

TABLE 5: The MP2/6-311++G(d,p) Molecular Point Group Symmetry, Total Energy, Scaled Zero-Point Energy (ZPE),
Hessian Index, and Selected Geometric Parameters for Each Stationary Point on the Silylene-plus-Methanol Reaction Potential
Energy Surfacet

H H H H H H
i : si/_c\o T/H° a\/HC c\Si 0 Foy /CH3 Y
SO\ H"7 N Si—\o\ ,.,Si—\o\ HO™7 T\ si—d RN

HyH, e Ha CHs b/ CHa s CHs H CHs CHs

C G G G C Cs Cs

(11) 12) a13) (14) (15) (16) an

total energy ZPE Hessian Index(Si—O) r(O—H) r(Si—H;) 0O(Si—O—C) O(Si—O—Hg) O(Ha—Si—Hy)

reactants (Sikl+ MeOH) —405.55684 151.0 0 0.96 92.5
intermediate complgg1) —405.59095 164.8 0 2.04 0.96 2.55 121.0 111.3 94.2
transition stat¢12) —405.55238 151.8 1 1.92 1.26 1.62 115.2 56.8 104.7
transition stat¢13) —405.55117 152.3 1 1.88 1.31 1.75 120.2 63.6 87.5
transition stat¢14) —405.55198 153.1 1 1.89 1.31 1.75 114.9 63.2 88.7
methoxysilang15) —405.67645 161.0 0 1.66 251 1.47 121.1 34.1 108.0
synmethoxysilyleng16) —404.44173 117.4 0 1.66 129.6
anti-methoxysilyleng17) —404.44087 117.8 0 1.67 122.2
hydrogen (H) —1.160301 24.2 0

aTotal Energies are in Hartrees. ZPEs are in kJ/mol. Distances are in angstroms. Angles are in degrees. Geometric parameters not listed have
no meaning in the atom labeling scheme employed.

inclusion of additional polarization functions, particularly the Careful inspection of the data in Table 7 highlights a number
set of higher angular momentufrfunctions as used by Lee of general trends in how stationary point energies vary as a
and Boo?® function of basis set flexibility. For example, adding a set of
To explore the effect of basis set flexibility on reported diffuse functions to all atoms in a triplg-basis set containing
stationary point energies, we have reoptimized each stationarya given complement of polarization functions (e.g., comparing
point found on the MP2/6-31+G(d,p) potential energy  6-311++G(d,p) to 6-311G(d,p)) has the effect dising all
surface using a series of increasingly flexible triple-split basis stationary point energies by—30 kJ/mol. By comparison,
sets, viz., 6-311G(d,p), 6-311G(2d,p), 6-311G(2df,p), 643t G- irrespective of whether diffuse functions have been included
(d,p), 6-311+G(2d,p) and 6-311+G(2df,p). The values of  or not, adding an additional set dfand a set of polarization
the primitive Gaussian exponents and coefficients for all functions to the basis sets already containing one sed of
polarization and diffuse functions are the defaults used within functions on the non-hydrogens (and one sgb tiinctions on
the Gaussian 98 prograth All optimizations were performed  the hydrogen atoms) has the effectloivering all stationary
at the MP2 level of theory and the results for each basis set, point energies by 1525 kJ/mol, with the additional set df
summarized as the relative energy (in kJ/mol) of each stationary functions contributing roughly 50% to the energy lowering. The
point on the silylene-plus-methanol reaction surface, are reportedexceptions to this second trend are the initial association
in Table 7. complex (structurell) basis set-dependent relative energies,
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TABLE 6: Comparison of the MP2/6-311++G(d,p) Relative fact that the MP4 calculation raises the barrier height relative
Energies, Including Scaled Zero-Point Energies, of to the MP2 value by up to 7 kJ/mol, but that the additional

353"9{‘%%078}2&(’;,1gf%ﬁg{'ﬁg}?ﬁ’gﬂg;{}ﬁfﬁ”ﬁg;%ﬂ?};‘g{;g polarization functions together with the lack of diffuse functions
lowers the barrier by~20 kJ/mol.

AEMP2) The silylene-plus-methanol reaction potential energy surface
silylene-plus-methanol reported here at the MP2/6-3t3G(d,p) level of theory,
intermediate Complef1) —75.8 predicts that the reaction barrier for the formation of methoxy-
ggz:ggﬂ igtggg ié? silanelb5, via transition statd 2 is slightly lower (2-3 kJ/mol)
transition staté14) 14.9 than the corresponding “hydrogen elimination” channels ac-
methoxysilang15) —304.1 cessed via transition staté8 and 14 (see Table 6). Also, the
synmethoxysilyleng16) + hydrogen —-128.1 relative energies of the “syn” and “anti” hydrogen-elimination
_anti-nethoxysilyleng(17) + hydrogen —1255 products 16 and 17 swap compared to their corresponding
S'lyl‘ine'plg.s'fthan("l g 186 transition state¢3 and14. The Si-O bond length in intermedi-
't?af]rsr}:%r:astztzolg)p el8) 89 ate complexi1is 2.04 A, much shorter than the 2.12 A bond
transition stat¢20) 12.8 length found in intermediate comple& This is expected
transition statg21) 11.4 because methyl is a better electron donor than hydrogen,
ethoxysilang22) —306.0 allowing for a stronger StO bond to form. The formation of
Syr?‘?zthﬁxys"%"f”e(zi)lJr hﬁ/d(;ogen *igé-g a stronger S+O bond explains the deeper energy well for
siIﬁgtr:la-glgg}/t?i:‘ﬁjgpc?(met)h;ngl rogen it intermediate complet1 compared to the analogous intermedi-
intermediate complef@5) —277 ate complex4 on the silylene-plus-water reaction surface.
transition stat¢26) 39.0 Indeed, the shorter SIO bond also accounts for the significantly
transition stat¢27) 29.2 lower energies of the three transition stats 13 and 14.
transition stat¢28) 28.4 Overall, the silylene-plus-methanol potential energy surface
a All values are reported in kJ/mol. exhibits lower activation barriers for product formation relative

to the reactants. However, any species trapped in the deeper

where smaller energy differences are noted as the number ofénergy well corresponding to intermediate complek will
polarization functions is increased. experience a barrier to further reaction of 88 kd/mol (Table 6),

The data presented in Table 7 also highlight that the prediction Which is similar to the 92 kJ/mol barrier calculated for the
of barrierless reaction channels (relative to reactants) by Leesilylene-plus-water system. Alexander et@have concluded
and Boo appears to be a direct consequence of includingthat, from the perspective of the intermediate complex, at
additional polarization functions in the 6-311G family of basis temperatures below450 K “unimolecular dissociation” back
sets. We predict barrierless reaction channels when the 6-311G10 reactants is more likely than further reaction leading to
(2d,p), 6-311G(2df,p) and 6-3¥HG(2df,p) basis sets are used productsl5, 16,and17. However, these workers also note that
to model the silylene-plus-methanol reaction. The results suggestsome evidence exists suggesting that in addition to “uni-
that irrespective of whether diffuse functions are included in molecular dissociation” from intermediate compléX, an
calculations, predicted reaction barriers may be slightly over- additional reaction channel is operative. Unfortunately, Alex-
estimated using basis sets that include only the (d,p) set ofander et at® provide no analysis of their data to estimate the
polarization functions. However, barriers may well be under- barrier height for this additional reaction channel. Such modeling
estimated if too many polarization functions, for example the would be required to compare to the ab initio data presented in
(2df,p) set of functions, are included. As we will discuss below, Table 7.
experimental determination of the activation energy for reaction  3.3. Sitb + EtOH. A pictorial summary of the reaction
to form productsl5, 16,and17is required to resolve the issue  profiles determined from our MP2/6-3+#-G(d,p) investigation
of basis set-dependent predictions of reaction energy barriers.into the silylene-plus-ethanol system is presented in Figure 4.

Completing a comparison of the relative energies reported In Table 8 we report the point group symmetry of each
by Lee and Bo® we are able to ascribe their report of a lower geometry-optimized stationary point, as well as the total energy,
MP4/6-311G(2df,p)//MP2/6-31G* association complex energy scaled zero-point energy, Hessian index, and selected geometric
of 83.3 kJ/mol to the effect of having additional polarization parameters for each stationary point. The relative energies,
functions in the single-point energy correction. Additionally, including scaled zero-point energies, for stationary points on
the much lower energy barrier to the 1,2 hydrogen shift channel the silylene-plus-ethanol surface are included in Table 6.
reported by Lee and Boo of 2.5 kJ/mol at the MP4/6-311G-  Methyl and ethyl groups have similar electron donating
(2df,p)/IMP2/6-31G* level, compared to our prediction of 12.5 strengths, indicating that substitution of a methyl group for an
kJ/mol at the MP2/6-31-+G(d,p) level can be ascribed to the ethyl group should not significantly alter the electronic environ-

TABLE 7: Comparison of the Relative Energies of Stationary Points on the Silylene-plus-Methanol Reaction Potential Energy
Surface for Several Triple-Split Basis Set

basis set reactants 131 (12 13 14 (15 (16) + Hz (17) + Hz
6-311G(d,p) 0.0 —95.1 7.1 7.5 6.7 —321.4 —122.3 —118.3
6-311G(2d,p) 0.0 —96.2 -25 -35 -5.0 —337.7 —138.1 —134.8
6-311G(2df,p) 0.0 —102.7 —-11.9 —12.6 —14.0 —347.0 —146.9 —143.2
6-311++G(d,p) 0.0 —89.6 11.7 14.9 12.8 —314.0 —118.6 —116.4
6-311++G(2d,p) 0.0 —86.1 5.2 6.2 3.7 —327.6 —129.4 —128.0
6-311++G(2df,p) 0.0 -92.1 -4.1 -2.6 -5.2 —337.3 —138.3 —136.6

a All reported energies are determined from geometry optimizations at the MP2 level of theory. No corrections for zero-point effects have been
included, hence the values reported here for the 6+31&(d,p) basis set differ from those reported in Table 6 where scaled zero-point energy
contributions have been included. Energies are reported in kJ/mol. See text for details.
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Figure 4. MP2/6-311+G(d,p) stationary points determined on the silylene-plus-ethanol reaction potential energy surface.

TABLE 8: The MP2/6-311++G(d,p) Molecular Point Group Symmetry, Total Energy, Scaled Zero-Point Energy (ZPE),
Hessian Index and Selected Geometric Parameters for Each Stationary Point on the Silylene-plus-Ethanol Reaction Potential
Energy Surfacet

Hc Hc Ha Ha Hc Hb
VA H H \ CaHaCoH \
si—d w0 é,/ < é/ 3 eSO Moy feeCets §i—Qq
N YT w4 CaCets O STON ° §—o0
b Hgy © a e H CaHaCeHa 'CyHaCeHa Hy CgHaCeHg CgHaCeHs
C, C, (o C C C C
as 19 (20) 21 (22) (23) 24)

total energy ZPE Hessian index(Si—0) r(O—Hg) r(Si—Hy O(Si—O—Cq) O(Si—O—Hg) O(HaSi—Hy)

reactants (Sibl+ EtOH) —444.75719 218.4 0 0.96 92.5
intermediate comple8) —444.79243 232.3 0 2.03 0.97 2.55 121.4 111.5 94.3
transition stat¢19) —444.75413 219.3 1 1.92 1.26 1.62 114.9 56.7 104.7
transition stat¢20) —444.75282 219.7 1 1.89 1.31 1.75 119.8 63.3 87.4
transition stat¢21) —444.75374  220.7 1 1.89 131 1.74 114.7 63.0 88.6
ethoxysilang22) —444.87768 228.7 0 1.66 2.52 1.47 121.2 34.1 108.0
synethoxysilyleng23) —443.643398 185.3 0 1.66 129.4

anti-ethoxysilyleng24)  —443.642663 185.7 0 1.67 122.1

hydrogen (H) —1.160301 24.2 0

aTotal energies are in hartrees. ZPEs are in kJ/mol. Distances are in angstroms. Angles are in degrees. Geometric parameters not listed have no
meaning in the atom labeling scheme employed.
ment experienced by the oxygen atom. Inspections of Figuresterminal methyl group bent out of what would be tig
3 and 4 shows that the energetics of the reaction potential energysymmetry plane. Furthermore, tlig configurations of all three
surfaces are almost identical. For silylene-plus-ethanol, we products are transition states on the MP2 surfaces, linking
predict a marginatiecreasef 3—4 kJ/mol in the transition state  degenerate minima @; symmetry via an out-of-plane methyl
barrier heights and a similancreasein the well depth of wag.

intermediate comple&8, relative to the silylene-plus-methanol 3.4. Sib + CF3OH. To explore the influence of the
system. We expect that the reaction kinetics for these two electronic environment around the central oxygen atom on
reaction systems will be very similar. reactivity with silylene, the alkyl substituents were replaced by

In the silylene-plus-water system, each reaction product a strong electron-withdrawing trifluoromethyl group, yielding
(structuress, 9, and 10) is predicted to posses3; molecular trifluoromethanol as the reaction partner. For this reaction
symmetry. A similar situation exists for the silylene-plus- system, investigations were limited to determining the relative
methanol reaction system, with produci®, 16, and 17 energies of the intermediate complexes and transitions states.
possessings symmetry. However it is interesting to note that In Table 9 we report the point group symmetry of each
in the silylene-plus-ethanol system, all three reaction products geometry-optimized stationary point, as well as the total energy,
(structures22, 23, and 24) possessC; symmetry, with the scaled zero-point energy, Hessian index and selected geometric
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TABLE 9: MP2/6-311++G(d,p) Molecular Point Group Symmetry, Total Energy, Scaled Zero-Point Energy (ZPE), Hessian
Index, and Selected Geometric Parameters for Each Stationary Point on the Silylene-plus-Trifluoromethanol Reaction Potential

Energy Surface*

H, H H
si—O, ) s/Hc\ T/H°\ T/H"
J > Hoe 0 SO, Si_\ox
Hyp, O3 H CF3 w CFg Hs CFs
G C C, C
(25) (26) v (28)
total energy ZPE Hessian index(Si—0) r(O—Hc) r(Si—Hy) 0O(Si—0—Cqy O(Si—O—Hy) O(HaSi—Hp)
reactants (Sikl+ CROH) —702.83860 97.5 0 0.96 92.5
intermediate compleg5) —702.85264 106.6 0 2.30 0.97 2.78 125.2 109.6 93.4
transition stat¢26) —702.82304 95.6 1 2.08 1.22 1.67 123.2 53.1 104.3
transition stat¢27) —702.82774 98.2 1 2.04 1.23 1.81 123.9 61.6 88.3
transition stat¢28) —702.82814 984 1 2.04 1.23 181 121.1 61.3 88.9

aTotal energies are in hartrees. ZPEs are in kJ/mol. Distances are in angstroms. Angles are in degrees. Geometric parameters not listed have no
meaning in the atom labeling scheme employed.

TABLE 10: MP2/6-311++G(d,p) Molecular Point Group Symmetry, Total Energy, Scaled Zero-Point Energy (ZPE), Hessian
Index, and Selected Geometric Parameters for Each Stationary Point on the Germylene-plus-Water Reaction Potential Energy
Surface

He H Hy Hy H H
4 / ‘{ He H °\ H H b
%e—o\ Hb\“‘fe'_o C-‘!e/_\o‘ gs\e/_\o\ Hb““..]Ge—o\ DG\ —O/ ¢ G\e—-O\
HoH, '@ Ha Hg Hl Ha H Ha Ha Ha y Ha
G G G C Cs Cs Cs
29 (30) 31 (32) (33) (34 (3%)
Hessian
total energy ZPE index r(Ge-0O) r(O—Hy) r(Ge-H,) 0O(Ge-O—Hy [O(Ge-O—H;) O(HsGe—Hy)
reactants (GepH H,0) —2152.79566 77.5 0 0.96 91.8
intermediate complg29) —2152.81814 90.4 0 2.27 0.96 2.84 117.0 117.2 94.0
transition stat¢30) —2152.76395 78.6 1 2.07 1.38 1.63 108.4 51.5 105.5
transition stat¢31) —2152.77555 81.2 1 2.03 1.35 1.86 116.6 62.9 87.6
transition stat¢32) —2152.77580 81.8 1 2.03 1.34 1.86 114.1 63.0 88.4
germinol(33) —2152.86448 87.1 0 1.80 2.62 1.52 116.9 34.1 109.6
synhydroxygermylen€34) —2151.65923 46.7 0 1.82 114.1
anti-hydroxygermyleng35) —2151.65946 47.4 0 1.82 110.7
hydrogen (H) —1.16030 24.2 0

aTotal energies are in hartrees. ZPEs are in kJ/mol. Distances are in angstroms. Angles are in degrees. Geometric parameters not listed have no
meaning in the atom labeling scheme employed.

parameters for each stationary point. The relative energies,For hydrogen elimination, the “syn” channel barrier is 29.2 kJ/
including scaled zero-point energies, for all stationary points mol, compared to 38.3 kJ/mol with water, while the “anti”
are included in Table 6. barrier is 28.4 kJ/mol compared to 36.9 kJ/mol with water.

We would expect that the electron withdrawing nature of  3.5. GeH, + H,O. A summary of the reaction energetics
trifluoromethanol to influene the energetics of the silylene-plus- from our MP2/6-31%+G(d,p) investigation into the germylene-
trifluoromethanol reaction potential energy surface in quite a plus-water reaction system is presented in Table 10. We report
different way to the silylene-plus-methanol and silylene-plus- the point group symmetry of each geometry-optimized stationary
ethanol surfaces. Indeed, with the reduced electron densitypoint, as well as the total energy, scaled zero-point energy,
available for the S+O bond formed between Sjtind CROH Hessian index and selected geometric parameters for each
being a primary factor governing the overall reaction potential stationary point. The relative energies, including scaled zero-
energy surface, we would expect reaction energetics similar to point energies, for stationary points on the germylene-plus-water
those predicted for the silylene-plus-water reaction system. surface are included in Table 11.

The silylene-plus-trifluoromethanol reaction surface features  The germylene oxidation chemistry is qualitatively similar
the most weakly bound intermediate complex (strucRHevith to that of silylene, with the possibility of both H atom migration
a well depth of only 27.7 kJ/mol; the SO bond length in and H elimination processes being active. All energy barriers
intermediate comple®5 is unusually long at 2.30 A. These to reaction are higher, and reaction exothermicities are smaller.
predictions are entirely consistent with less electron density However, the H elimination processes are predicted to occur
being available within the critical SiO bond. The longer SiO in preference to the germinol-forming migration channel.
bond in association compl&bwould also be expected to result  Compared to the silylene-plus-water system, the germylene
in larger activation barriers for both the H atom migration and reaction potential energy surface exhibits a barrier to reaction
H, elimination reaction channels. The 1,2 hydrogen shift barrier involving a 1,2 hydrogen shift that is very large. The energy
is predicted to be 39.0 kJ/mol, compared to 38.5 kJ/mol with barrier is 84.4 kJ/mol with respect to the reactants and 130.5
water as the reaction partner. However, the energy barriers tokJ/mol from the intermediate complex energy well. The higher
H, elimination are lower than in the case of reacting with water. energy barrier to H atom migration is not unexpected due to
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TABLE 11: Comparison of the MP2/6-311++G(d,p) each stationary point. The relative energies, including scaled

gelative Enlfrgies, InCrllleiGng SCr’lﬂed Z?YO-\E’VOim EneégieS, of zero-point energies, for stationary points on the germylene-plus-
tationary Points on the Germylene-plus-Water, an water surface are included in Table 11.

-Methanol Reaction Potential Energy Surfaced .
Compared to the analogous silylene system, the germylene-

AEMP2) plus-methanol reaction potential energy surface shows overall
germylene-plus-water significantly higher barriers to reaction, but is otherwise
intermediate comple¢29) —46.1 qualitatively quite similar. Again there exists a strong?6 kJ/
ransition stat¢30) 844 mol) energetic preference for the,Helimination channels
transition staté¢31) 56.5 T
transition stat¢32) 56.4 compared to the H atom migration process. Furthermore, the
germinol(33) -171.1 reaction exothermicities are again predicted to be much lower
synthydroxygermyleng34) + hydrogen —69.8 than for the equivalent silylene reactions.
ge?rgg'lgﬁgtgﬁg_%gﬁlgggfs)+ hydrogen —69.2 A comparison of the germylene-plus-water and germylene-
intermediate comple(@6) —63.1 plus-methanol reaction potential energy surfaces shows that the
transition stat¢37) 63.4 greater electron donating ability of the methyl substituent lowers
transition stat¢38) 37.8 all transition state energy barriers and the intermediate complex
transition stat¢39) 38.0 well depth by~20 kJ/mol. This behavior is similar to that
gﬁ%%’i{%i%gpﬁ?e)n 1)+ hydrogen _f;i"é predicted for the analogous silicon reaction systems. Drawing
anti-methoxygermylené42) + hydrogen 795 upon the concepts of AC_:T discussed earlle_r, the similarities in
) the molecular geometries of each transition state makes it
“All values are reported in kJ/mol. unlikely that the H elimination channels are entropically
o o _ R unfavored. Therefore, with the significantly lower barriers to
= E reaction, we expect thatz-elimination will again constitute the
e dominant reaction channels.
10* £ E 3.7. Sib + MeOMe and GeH, + MeOMe. Alexander and
E OOOQQ 3 co-workers have measured the removal rate constants for the
N °. 8 E reactions of silylene and germylene with dimethyl ethérhese
- g 0 ° 3 workers have found that compared to methanol and water, the
2 E . ® E dimethy! ether removal rate constants are significantly larger,
g 10° ¢ E suggesting that different chemical pathways may be operative
E o 3 for these systems. Certainly, there is no obvious avenue for H
o E atom migration or H elimination with dimethyl ether as the
tE ] reaction partner.
g o E A summary of the reaction energetics from our MP2/6-
DL PGS S U S R 311++G(d,p) investigation into the silylene-plus-dimethyl ether
0 0002 0004 0006 0008 001 0012 and germylene-plus-dimethyl ether reaction systems is presented
1T (K) in Table 13. We report the point group symmetry of each
Figure 5. ACT-predicted reaction rate constants for each reaction ge€ometry-optimized stationary point, as well as the total energy,
channel ©: 29— 30— 33), (O: 29— 31— 34) and (a: 29— 32 scaled zero-point energy, Hessian index, and selected geometric
— 35) as a function of inverse temperature from 100 to 1500 K. parameters for each stationary point. The relative energies,

including scaled zero-point energies, for stationary points on

the larger size of the germanium atom. Indeed, the larger both potential energy surfaces are also included in Table 13.
germanium atom size favors the “hydrogen elimination” chan-  The silylene-plus-dimethyl ether and germylene-plus-dimethyl
nels by nearly 30 kJ/mol. ether reaction potential energy surfaces each display similar

The temperature-dependent reaction rate constants predicte@haracteristics, with relatively deep energy wells for the initially
from a simple ACT analysis using the germylene-plus-water formed association complexes. However, compared to all
reaction potential energy surface are presented in Figure 5. Asprevious reactions discussed, no reaction channels have been
for the data presented in Figure 2, the predicted rate constantsfound that correspond either to H atom migration from the
are calculated in each case assuming the “reactant” to be theoxygen atom to the group IV element or to llimination.
intermediate association complex. The ACT analysis predicts Rather, a relatively high-energy channel that corresponds to the
that at room temperature the;Hlimination channels have  migration of an entire methyl group from the oxygen atom to
reaction rate constants approximately 5 orders of magnitudethe group IV element has been identified. The methyl group
faster than for the 1,2 hydrogen shift channel. Clearly hydrogen migration differs from the previously reported H atom migration
elimination is the dominant reaction channel in the oxidation channels in that it proceeds “syn” to the silylene (germylene)
chemistry of germylene at low-to-moderate temperatures. As hydrogen atoms. The geometries of transition stdteand46
with the equivalent silylene reactions, the linearity of the are similar to those reported by Lee and Boo in their study of
temperature-dependent rate constant plots in Figure 5 indicateghe insertion of silylene into the -©0 bond of methandl®
that the reaction barrier heights dominate the kinetics rather than  The energy barriers to the methyl-migration reactions leading
any entropic effects attributable to transition state geometries. to the formation of the highly exothermic products methoxy-

3.6. GeH + MeOH. A summary of the reaction energetics methylsilane47 and methoxymethylgermad are quite large,
from our MP2/6-31%+G(d,p) investigation into the germylene-  being 193.3 and 229.1 kJ/mol, respectively. The overall reaction
plus-methanol reaction system is presented in Table 12. Weexothermicities are 365.1 kJ/mol for the formation of product
report the point group symmetry of each geometry-optimized 47 and 230.9 kJ/mol for the formation of produt8. Intrinsic
stationary point, as well as the total energy, scaled zero-pointreaction coordinate calculations from transition statBsand
energy, Hessian index, and selected geometric parameters fo6 confirm that final product formation involves an inversion
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TABLE 12: The MP2/6-311++G(d,p) Molecular Point Group Symmetry, Total Energy, Scaled Zero-point Energy (ZPE),
Hessian Index, and Selected Geometric Parameters for Each Stationary Point on the Germylene-plus-Methanol Reaction
Potential Energy Surface

He H. Hy Hy H H
/ /X /. Ik P -
Ge—0 Gé—0 /N /N Ge—0 ® Vb Ge—Q
§ N, Hg" Se—0 Ge—0 Hy —
HS Aa CHg 4 ot wd Yo us YoM 4 o, Ge—0 Neha
G C G G Cs Cs Cs
(36) 37 (38 39) (40) (41) 42)
Hessian
totalenergy ZPE index r(Ge-0O) r(O—Hy) r(Ge-H,) 0O(Ge-0O-C) 0(Ge-O—H, O(HsGe—Hy)
reactants (GepH MeOH)  —2191.96596 149.0 0 0.96 91.8
intermediate compl€86) —2191.99442 160.6 0 221 0.96 2.70 119.6 110.4 92.5
transition stat¢37) —2191.94128 147.6 1 2.05 1.38 1.62 112.7 52.2 105.8
transition stat¢38) —2191.95145 148.7 1 2.02 1.35 1.87 118.3 63.8 86.3
transition stat¢39) —2191.95154 149.1 1 2.03 1.36 1.86 113.5 63.2 87.3
methoxygermang0) —2192.03650 155.0 0 1.80 2.65 1.53 117.3 33.8 109.6
syn-methoxygermylené41) —2190.83292 114.6 0 1.80 126.7
anti-methoxygermylené42) —2190.83216 114.9 0 1.81 120.2
hydrogen (H) —1.16030 24.2 0

aTotal Energies are in hartrees. ZPEs are in kJ/mol. Distances are in angstroms. Angles are in degrees. Geometric parameters not listed have no
meaning in the atom labeling scheme employed.

TABLE 13: MP2/6-311++G(d,p) Molecular Point Group Symmetry, Total Energy, Scaled Zero-point Energy (ZPE), Relative
Energies, Hessian Index, and Selected Geometric Parameters (the symbol X represents Si or Ge) for Each Stationary Point on
the Silylene-plus-Dimethyl Ether and Germylene-plus-Dimethyl Ether Reaction Potential Energy Surfacés

CaHs CaHa CaH3 CaHa

Y 4 Ha\H-b-;' Lt Hatl% CdHa
§i—0 (’f:e-—O\ Sl-<0l fi—O‘ Si—0 /Ge—O
Hf Aa CeHs Hl?s Aa CcHa Hy Aa CcHa HY H, GCds HaCe HsCe
Cl Cl Cl C1 Cs Cs
(43) 44) 45) (46) 47 (48)
Hessian
total energy ZPE AE(MP2) index r(X—0) r(O—Cy r(X—C;) OX—-0-Cy OX—-0—-C;) O(Ha—X—Hy)
reactants —444.73544 218.6 0.0 0 1.41 92.5
(SiH, + CH3;OCHg)
intermediate —444.77266 232.0 —84.3 0 2.03 1.44 2.92 117.9 113.6 94.2
complex(43)
transition —444.67383 250.1 193.3 1 1.86 1.96 2.53 112.5 82.9 102.3
state(45)
methyl methoxy- —444.88887 256.3 —365.1 0 1.67 2.84 1.86 121.3 38.7 107.6
silane(47)
reactants —2231.14456 216.5 0.0 0 141 91.8
(GeH, + CH;0CHy)
intermediate —2231.17556 227.8 —70.4 0 2.20 1.44 3.12 1125 117.0 92.6
complex(44)
transition —2231.06772 243.9 229.1 1 2.00 2.03 2.60 110.2 80.4 100.9
state(46)
methyl methoxy- —2231.24540 250.4 —230.9 0 1.81 2.98 1.94 117.8 39.0 109.0
germang48)

aTotal Energies are in hartrees. ZPEs affls are in kJ/mol. Distances are in angstroms. Angles are in degrees. Geometric parameters not listed
have no meaning in the atom labeling scheme employed.

of the silylene and germylene hydrogen atoms about the silicon 4. Conclusions
and germanium atoms as the migrating methyl group adopts an

“anti” configuration with respect to the methoxy methyl group. . . . . )
investigate the reaction potential energy surfaces of singlet
Both productsA7 and 48 posses€s molecular symmetry. . : .
o ) . silylene and singlet germylene with water, methanol, ethanol,
The significantly larger energy barriers suggest that formation gimethyl ether and trifluoromethanol. In addition to the previ-
of products47 and 48 is unlikely to be a significant reaction  ously reported 1,2 hydrogen shift reaction channel, we have
channel in either of these systems at other than at very highjdentified new stereospecific “syn” and “anti”sHelimination
temperatures. At lower temperatures, the larger removal ratechannels for all reaction systems except for those involving
constants measured by Alexander et®atan be attributed to  dimethyl ether. The overall appearance of the reaction potential
trapping of the initial association complex in the relatively deep energy surface is qualitatively similar for each reaction family,
energy well. Once trapped in the well, dissociation back to with all reactions forming an initial association complex
reactants is diminished, the process being manifest as an increasmvolving the empty p atomic-like molecular orbital on the
in the reactant removal reaction rates. Group XIV element and the electron rich oxygen atom prior to

We have employed ab initio molecular orbital theory to
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final product formation. For reactions involving dimethyl ether, (12) Darling, C. L.; Schegel, H. Bl. Phys. Chem1993 97, 8207.
migration of an entire methyl group from the ether to the Group . .(18) Lucas, D. J.; Curtiss, L. A; Pople, J. A.Chem. Phys1993 99,

eyt : 97.
XIV element occurs “syn” to the silylene (germylene) hydrogen (14) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
atoms. Chem. Phys1991, 94, 7221.
A simple activated complex theory (ACT) analysis has been ~ (15) Lee, S. Y.; Boo, B. HJ. Mol. Struct.1996 366, 79-82.

. (16) Alexander, U. N. Direct Kinetic Studies of Silylene and Germylene
performed on the calculated silylene-plus-water and germylene- Ph.D. Thesis, The Flinders University of South Australia, 2000.

plus-water reaction potential energy surfaces. In the case of (17) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
silylene-plus-water, the Helimination channels are predicted Johnson, B. G.; Robb, M. A;; Cheeseman, J. R.; Keith, T.; Petersson, G.

; ; A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
to_haV(_-:' an equal propensity for reaction compared to the H atomV. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;
migration channel. HO\{VeVQr, er ggrmylene-plus-wat.er Systeém, Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
we predict that H elimination is significantly more likely to Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
roceed, even at low-to-moderate reaction temperatures. Fox, D. J.; Binkley, J. S.; Defrees, D. J., Baker, J.; Stewart, J. P.; Head-
P P Gordon, M.; Gonzalez, C.; Pople, J. AGaussian 94 Revision E.2;
. Gaussian, Inc.: Pittsburgh, PA, 1995.
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