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Surprisingly Slow Reaction of Dimethylsilylene with Dimethylgermane: Time-Resolved
Kinetic Studies and Related Quantum Chemical Calculations

Introduction

Studies of the so-called “heavy carbenes”, M&Rhere M=
Si, Ge and R= H, Me are of fundamental interest because of
the ubiquitous involvement of these intermediates in the
breakdown mechanisms of organosilicon and organogermanium
compounds:2 Moreover, the particular prototype species, SiH
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Time-resolved studies of silylene, SiHand dimethylsilylene, SiMg generated by the 193 nm laser flash
photolysis of appropriate precursor molecules have been carried out to obtain rate constants for their bimolecular
reactions with dimethylgermane, Mg&eH,, in the gas phase. SiMet+ Me,GeH, was studied at five
temperatures in the range 29955 K. Problems of substrate UV absorption at 193 nm at temperatures above
400 K meant that only three temperatures could be used reliably for rate constant measurement. These rate
constants gave the Arrhenius parametersAfm(® molecule® s1) = —13.254+ 0.16 andg, = —(5.01+

1.01) kJ mot?. Only room temperature studies of Sittere carried out. These gave values of (448.06)

x 1071 cm? molecule* s7* (SiH, + Me,GeH, at 295 K) and also (4.4% 0.07) x 1071°cm?® molecule? s7*

(SiH, + MeGeH; at 296 K). Rate constant comparisons show the surprising result that Sidets 12.5

times slower with MgGeH, than with MeSiH,. Quantum chemical calculations (G2(MP2,SVP)//B3LYP
level) of the model StH and Ge-H insertion processes of SiMevith SiH,/MeSiH; and GeH/MeGeH;

support these findings and show that the lower reactivity of SiMéh Ge—H bonds is caused by a higher
secondary barrier for rearrangement of the initially formed complexes. Full details of the structures of
intermediate complexes and the discussion of their stabilities are given in the paper. Other, related, comparisons
of silylene reactivity are also presented.

chemical calculations which indicate that these reactions proceed
via intermediate complexes whose stabilities are drastically
reduced when Me-for-H substitution takes place on the silylene
or germylene portion of the compléx.

Up to now, rate constant comparisons between silylene and
germylene insertion reactions have been largely confined to
SiH,-with-silane and GelRwith-germane reaction'st2-14 The

and GeH, are important in the mechanisms of chemical vapor ¢, exceptions to this include SiH- GeHy, 15 Gerb + SiH, 16
deposition (CVD) leading to formation of electronic device .4 GeH + MesSiH.27 Only with studies of these mixed Si/

materials’4

Ge reaction systems is it possible to make comparisons of the

Gas-phase kinetic studies of silylefeShave shown that  reactivities of different heavy carbenes with the same substrate
SiMe; is significantly less reactive than SiHror example, at  (reaction partner) or of a particular heavy carbene with two
298 K, rate constants for the-SH insertion reactions of SiMe  sypstrates containing different group 14 elements. Such an
(with the methylsilanes), are in the range (025) x 10712 exercise is useful because it allows a test of a long-held tenet
cm® molecule® s~1,8 while those for SiH lie in the range (2.5 of chemical reactivity, viz., that for any reactive intermediate
4.0) x 10*%cm® moleculet s~.971 Even more striking effects  rates should be faster with substrates with weaker b&hds.
have been found with germylenes. Recent gas-phase kineticjalthough there are various versions of this idea, one of the
studie$? have shown that GeMes at least a factor of 21300  earliest is attributed to Evandolanyil® who noted the cor-
less reactive than GeHwith Me,GeH, at 298 K. These  relation between activation energies and overall exothermicities
decreases in reactivity have been attributed to the eleCtron'(AH) for homo|0gous series of abstraction reactionsl] The
withdrawing effect of the methyl groups in the silylérteand evidence from the studies so far is ambiguous. Thus GeH
germylené’? This idea has drawn support from quantum gjH, (k= 1.3 x 10711 cm® molecule’ s7119) is slower than

Geh + GeHy (k = 5.5 x 10711 cm® molecule® s7119 as

“ To whom correspondence should be addressed. expected (StH bonds are stronger than 6kl bonds), but by
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contrast, Sik+ GeH, (k= 3.1 x 10-°cm? molecule* s 119

is slower than Sikl+ SiH; (k = 4.6 x 1071 cm?® molecule™®

s 119 which is not expected. The third reaction, viz., GeH
MesSiH (k = 8.2 x 10711 cm® molecule’® s117), is slower
than GeH + Et;GeH k= 2.7 x 10719 cm?® molecule’l s7114),

as one might expect, but this assumes that Bhd Me-
substituents are equivalent and we have recently f&fthat
this is not the case (Etis more activating than Me). Rather
more striking is the behavior of CISiH, where reactions with
MeGeH; and MeGeH; are almost 5 times slower than reactions
with MeSiH; and MeSiH,,2° once again the unexpected result.

Becerra et al.

into a variable temperature reaction Spectrosil quartz vessel with
demountable windows which were regularly cleaned. Photolysis
pulse energies were typically 680 mJ with a variation of
+5%. The monitoring laser beam was multipassed 36 times
along the vessel axis, through the reaction zone, to give an
effective path length of 1.4 m. A portion of the monitoring beam
was split off before entering the vessel for reference purposes.
Light signals were measured by a dual photodiode/differential
amplifier combination, and signal decays were stored in a
transient recorder (Datalab DL910) interfaced to a BBC
microcomputer. This was used to average the decays of up to

In order to investigate this question further, we decided to study five photolysis laser shots (at a repetition rate of 1 or 0.5 Hz).

the reaction of SiMg with Me,GeH, (reaction 6). This will
permit a comparison with the reaction Sij/e Me,SiH,.8 This
latter reaction is the fastest-SH insertion reaction of SiMe

The averaged decay traces were processed by fitting the data
to an exponential form using a nonlinear least-squares package.
This analysis provided the values for first-order rate coefficients,

among the methylsilanes and therefore suggests that (6) mightky,s for removal of SiH and SiMe in the presence of known

be the fastest reaction of SiMevith the methylgermanes.
Reaction 6 will also provide a comparison with the recently
studied and exceptionally slow reaction of GeMwith
Me,GeH.12 In order to provide further comparisons, more

partial pressures of substrate.

The photoprecursors for the silylenes were silacyclopent-3-
ene (SCP) for Sikl and 1,1-dimethyl-1-silacyclopent-3-ene
(DMSCP) for SiMe. The monitoring lasers were a CW argon

limited studies (room temperature only) have been carried out jon |aser (Coherent Innova 90-5), for Sipand a single mode

on SiH, + MeGeH; (reaction 2) and SikH+ Me,GeH, (reaction

dye laser (Coherent 699-21) pumped by the Ar ion laser, for

3). There have been no previous gas-phase experimental studiegjH,. Both silylenes were detected via absorption in their strong

of these reactions.

In addition we have undertaken quantum chemical (ab initio)
studies of the reactions ((4) and (5)) of SiMeith GeH, and
MeGehH; and the analogous reactions ((7) and (8)) of SiMe
with SiHs and MeSiH, in order to obtain information about

A(1B1) — X(*A,) absorption bands, SiMeat 457.9 nr& and
SiH; at 579.39 nm (17 259.50 cr), a strong vibratiorrotation
transition?*25The dye laser wavelength was set by the combined
use of a wave meter (Burleigh WA-20) and reference to a known
coincident transition in the visible spectrum gf/hpor and was

the potential energy surfaces of these processes and thereby gaighecked at frequent intervals during the experiments.

further insight into the mechanistic differences between reactions

of SiMe, with germanes and silanes. Previously Sakai and
Nakamura (SN} have calculated barriers of 41 and 46 kJ rdol
for reactions 7 and 8, respectively, at the MP4/6-31G(d,p)//MP2/
6-31G(d,p) and MP3/6-31G(d,p)//MP2/3-21G(d) levels, respec-
tively. Also, S&¥? has calculated energy barriers of 6 and 26 kJ
mol~1 for reactions 4 and 7, respectively, at the CCSD(T) level
using B3LYP optimized structures.

Except for (1) the reactions investigated here, either experi-
mentally or theoretically, are

SiH, + GeH, — H;SiGeH, (1)

SiH, + MeGeH, — H;SiGeH,Me (2)
SiH, + Me,GeH, — H,SiGeHMeg (3)
SiMe, + GeH, — HMe,SiGeH, 4)
SiMe, + MeGeH, — HMe,SiGeHMe (5)
SiMe, + Me,GeH, — HMe,SiGeHMeg, (6)
SiMe, + SiH, —~ HMe,SiSiH, @)
SiMe, + MeSiH; — HMe,SiSiH,Me (8)

Experimental Section

Rate Measurements.Silylene kinetic studies have been
carried out by the laser flash photolysis/laser absorption
technique, details of which have been published previ-
ously®10.23.24 Only essential and brief details are therefore
included here. Silylenes were produced by the 193 nm flash

Gas mixtures for photolysis were made up containing a small
pressure of precursor (SCP, 2.5 mTorr; DMSCP;20 mTorr)
and varying pressures of substrate (up to 20 mTorr for the SiH
studies; up to 40 Torr for the SiMestudies). For the SiH
studies, inert diluent, SfFwas also added to give total pressures
of 10 Torr. All gases used in this work were frozen and
rigorously pumped to remove any residual air prior to use.

MeGeH; and MeGeH, were synthesized by literature
methods described previousk.SCP was prepared by the
reduction of 1,1-dichloro-1-silacyclopent-3-ene with LiAlkh
ether in 60% vyield following literature procedurés.l,1-
Dichloro-1-silacyclopentene-3 was obtained frois1-chloro-
4-trichlorosilylbut-2-ene and Mg in 58% yield and the latter
compound was prepared by reactionos-1,4-dichlorobut-2-
ene and trichlorosilane in 50% vyield, both following published
procedured® DMSCP was prepared by reaction of 1,1-dichloro-
1-silacyclopent-3-ene with MeMgBr in 70% yield, again ac-
cording to published procedurés.SCP and DMSCP were
purified by low-pressure distillation to greater than 90%. All
compounds were checked for purity by GC analysis (2 m
silicone column, OV101) using a Perkin-Elmer 8310 chromato-
graph operated at ambient temperature. Purities were for
MeGeH, 99.3%; for MeGeH,, >99.5%; for SCP, 99%; and
for 1,1-DMGCP, 91%. The small impurity in MeGeHhivas
Me,GeH,. The small impurities in MgseH, were MeGeH and
Mes;GeH. Sk (no GC-detectable impurities) was from Cambrian
Gases.

Density Functional Theory (DFT) and ab Initio Calcula-
tions. The DFT calculations, including the finding and verifica-
tion of stationary points, were done with the B3LYP functighal
using the 6-31G(d) basf8 All the structures obtained here were
verified, by examination of their Hessian matrix, as minima (all

photolysis of gaseous mixtures containing suitable precursorsfrequencies real) or transition states (one imaginary frequency).
using a Lambda Physik (Coherent) Compex 100 exciplex laser, The identities of transition states to particular reactions were
operating with ArF. Photolysis pulses were fired, at right angles, established by B3LYP calculations along the minimum energy
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paths (intrinsic reaction coordinate, IRC) connecting them with 30+
local minima. Electronic energies were corrected to include zero |
point vibrational energy (ZPE) contributions. For this purpose 298K
we used the scaling factor of 0.9806 recommended for B3LYP
frequencies? For all stationary points, enthalpies at 298 K were
also calculated using harmonic oscillator and rigid rotor models.

Ab initio G2(MP2,SVP}! energy calculations were done for =
all minimal energy species on the potential energy surfaces of o
reactions studied. As we used geometries and frequencies<,
obtained at the B3LYP/6-31G(d) level, we denote this type of <
calculation as G2(MP2,SVP)//B3LYP or simply G2MP2B3 for
short. The same computational scheme was previously used in
our studies of germylene reactio##s’® where it was shown to
give results which were very close to those obtained with the
standard versioti of G2 theory.

Most of the calculations carried out here were performed

0 -—

) ; 0 10 20 30 40 50
using Gaussian 98 at the computer center of IOC RAS,
Moscow. [Me,GeH,)/Torr
Figure 1. Second-order plots for reaction of SiMeé- Me,GeH, at
Results different temperatures (indicated).
General Considerations Previous measuremettsf the UV TABLE 1: Experimental Second-Order Rate Constants for

spectra of MeGekland MeGeH, gave 193 nm absorption cross  SiMe, + Me,GeH,
section values of 5.% 10722 and 4.2x 1021 cn?, respectively,

TIK ke/1071% cm® moleculel st
at room temperature. These are very low values and under
experimental conditions indicate very little absorption of the ggg-z ‘3‘-‘1"%; 8'%2
excimer laser beam at 298 K. However, it was also found 2009 5621 013
earlief? that 193 nm photolysis of M&eH, at temperatures 479.4 2 40+ 0.10
above 398 K produces a transient species, so it seems likely 555.0 227+ 0.1C¢°

that MeGeH, has a stronger absorption at higher temperatures,
probably due to peak broadening.

For each reaction of interest it was independently verified ,,q we second-order rate constants, obtained by least-squares

S:nnglprellmlnary e's(genme;ts ;[hat,tgl a g|v§rr re?Ct'on mixture, fitting, are collected in Table 1. The error limits quoted are single
bs VAIUES WETE not dependent on th€ exciplex [aser energy Of gy, qarqg deviations, but to allow for the possibility of other
number of photolysis shots. Because static gas mixtures were

used. tests with un to 15 shots were carried out. The constanc systematic sources of error, we estimate more realistic uncer-
R P - . Ytainties of+10%. The rate constants decrease with increasing
of kops (five shot averages) showed no effective depletion of . -
; o X temperature, but an Arrhenius plotlgfvalues, shown in Figure
reactants in any of the systems. The sensitivity of detection of

. . o . 2, clearly shows signs of curvature beyond experimental
SiMe; was high but decreased with increasing temperature. . L
. . " ) uncertainty. Because of the strong likelihood (see below) that
Therefore increasing quantities of precursor were required at

igher temperatres, Howeter, at any g femperaturs precu S2C2YS 8478 1 55 e by e presence of ot
sor pressures were kept fixed to ensure a constant (but alwaysdata obtzgined at the IO\;ver temperatures, either at 299yand 339
small) contribution td,ps values. P '

For the SiMe + Me,Gebb studies, a series of experiments K (two-point line) or at 299, 339, and 401 K (three-point line).

was carried out at five temperatures in the range from room The following Arrhenius parameters were obtained.
temperature up to ca. 555 K. In these experiments, a number of o 3 11

runs (ca. five) at different M&eH, partial pressures (up to 40  two-pointline: logks/cm” molecule " s ) =

Torr) were carried out at each temperature. The purpose of these —13.584+ 7.00 kJ molYRTIn 10
experiments was to establish the second-order nature of the

kinetics. However, the results were complicated by the finding three-point line: Iog(elcmB molecule!s ™) =

(noted abov¥®) that, at the higher temperatures, a reactive

aValues at 479.4 and 555.0 K are too high (see text)

transient was produced from MeeH, alone This transient (—13.25+ 0.16)+ (5.01+ 1.01) k mol/RTIn 10

decayed at rates lower than those with Sieecursor present,

but which varied with temperature and pressure otGhH. Tests were made of the pseudo-first-order decays of the
For the SiH studies, only carried out at ambient temperature, absorbing species produced from JeH; alone at 479 and

much lower pressures of substrate g@eH, or MeGeH) were 555 K. The decay constants were proportional to {GleH]

needed and SFwas added up to a total pressure of 10 Torr. and gave second-order rate constaifsnf molecule’ s™%)

No experiments were undertaken at different total pressures. of 2.1 x 10713 and 1.75x 1013, respectively. Further details
Kinetics of SiMe, + Me,GeH,. This reaction was investi-  are reported in the Supporting Information. Because the signal

gated over the temperature range 2885 K. The second-order  intensity of this intermediate varied with M@eH,, it was not

rate plots are shown in Figure 1 for the five temperatures studied.easy to make corrections for this in the presence of Sile

It should be noted that total pressures (essentially those ofprinciple the presence of two absorbing intermediates should

Me,GeH,) vary from run to run. Leaving aside the question of lead to double-exponential decays, but the relative closeness of

the nature of the absorbing transient at higher temperatures (buthe decay constants and the general system noise meant that

see below), it can be seen that reasonably linear plots resulteddata fitting to other than single-exponential decays was not
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-12.2 rate constant of (4.054 0.064) x 10719 ¢cm® molecule® s1.
No pressure or temperature variation studies of this reaction
were undertaken.

Quantum Chemical Calculations.In order to provide a basis
of comparison with experiment, which probes the effects of
change of substrate from silane to germane and also the effects
of methyl substitution in the substrate, we have undertaken
G2MP2B3 calculations on reactions ((7) and (8)) of SiMéth
SiH, and MeSiH and of the analogous reactions ((4) and (5))
of SiMe, with GeH, and MeGeH. The results of these
calculations reveal a set of intermediate structures similar to
those found in earlier theoretical calculations of silyfériéand
germylené?16.1%insertion reactions. Apart from the reactants
and products, each reaction system indicates the presence of at
— —— . least three stationary points and four in the case of reaction 7.
15 20 25 30 35 40 In this latter case there are two local minima and two transition
R states, designated C1 and C2, and TS1 and TS2, respectively.
10°KIT For reactions 4, 5, and 8, C2 is missing. The local minima
Figure 2. Arrhenius plot for rate constants for Silie- Me;,Gett represent weakly bound H-bridged complexes with dimethyl-
gé)rl].p;,r;ttuigr&the threelower temperatures; ---, fit for thvo lower silylene bridging the M-H bond (M= Si or Ge) into which
insertion will take place in either a syn (C1) or anti (C2)
configuration. The transition states TS1 and TS2 have the same
configurations respectively as C1 and C2, and it is noteworthy
that TS2 structures are found for all reactions, even though C2
complexes do not exist for three of them. This means that the
pathways to particular disilane and silagermane products are
not straightforward. For reactions 8 and 5 there is an additional
complexity arising from the conformational possibilities for the
Me group in the substrates MeSildnd MeGeH. This can be
20 either gauche or anti with respect to the migrating H-atom (C1)
or skew-transoid or eclipsed with respect to the migrating
H-atom (C2). These are labeled C1_1 and C1_2 (or C2_1 and
104 C2_2), respectively. The same applies to the corresponding
transition states. Note that for the purposes of this description
it is assumed that C2 complexes exist in these cases. These
0 details are summarized in the generic Figure 4. The individual
0 ' 10 ' 20 ' 30 ' pathways for each of the reactions investigated are shown in
the topology diagram in Figure 5. Not shown in Figure 4 is the
PimTorr further complexity that the silyleregermane complexes (C1)
Figure 3. Second-order plot for reaction of Sitat 10 Torr (SF) at show distortion fromCs or C; symmetry by dihedral rotations
296 K with different substrates (indicated). of the HiGe— or MeH,Ge— groups around the GeSi axis.

practicable. What is clearly the case is that at 479 and 555 K | NiS means that these complexes have right- and left-handed
the apparenkops values include unknown contributions from forms and additional conformers. The angular dlstO(tlons of
another intermediate and therefore represent overestimates of1€S€ fromCs (or C1) symmetry are generally small, with the
the reaction rate constants for SiMet 299 and 339 K no Igrge;t being ca. 55.Deta|ls of these rotat|onalld|stort|ons are
absorptions could be detected from #@eh; alone; at 401 K givenin the.Supportlr?g Information, tqgether WI'Fh total energies
a small signal was seen barely beyond the noise level. It seem&Nd Cartesian coordinates of all stationary points.
reasonable to assume that the lower three temperatures are The key geometric parameters for each of the complexes and
unaffected by this problem, and therefore the Arrhenius transition states for all four reactions are given in Tables 2 and
parameters from the three-point fit should be reliable. While 3. A number of features of the data are worth pointing out. The
both two-point and three-point Arrhenius lines fit the data within complexes have long central bonds:-&i or Si--Ge, signifi-
experimental error, the three-point plot is preferable on statistical cantly longer than the bonds of the products (e.g., 2.357 A for
grounds. Si—Si in HMe,SiSiHs and 2.382 A for StGe in HMeSiGeH).
Kinetics of SiH, + MeGeHz. Only a room temperature (296  Si'**-H* bonds are significantly longer than-SH* in the Si—H
K) study of this reaction at a total pressure of 10 Torrg)SF  insertion complexes (Srefers to the silicon atom from the
has been carried out. The second-order rate plot is shown insilylene) and St-H* are longer than the GeH* bonds in the
Figure 3. This shows a good linear fit leading to a second-order Ge—H insertion complexes, indicating the rather small extent

-12.4

-12.6

-12.8

log(k/cm® molecule™ s™)

-13.0

40+ MeGeH,
Me,GeH,

30+

4 1
k,/10"s

rate constant of (4.408& 0.073) x 10719 cm® molecule* s, of H-atom transfer. Indeed, the-SH* bond lengths show very
No pressure or temperature variation studies of this reaction little extension €0.03 A) compared with the calculated-SH
were undertaken. bond lengths of Siki(1.486 A) and MeSiH (1.490 A) and the

Kinetics of SiH, + Me;GeH,. Only a room temperature (295 Ge--H* bond lengths show little extension<(Q.073 A)
K) study of this reaction at a total pressure of 10 Torrd)SF  compared with the calculated &l bond lengths of Geld
has been carried out. The second-order rate plot is shown in(1.538 A) and MeGekl(1.546 A). Change of substrate either
Figure 3. This shows a good linear fit leading to a second-order from SiH, to MeSiH; or from GeH, to MeGeH (i.e., Me-for-H
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Figure 4. Generic structures of the complexes (local minima) and transition states found by B3LYP/6-31G(d) calculations for the reactions of
SiMe; reactions with Sil¥MeSiH; and GeH/MeGeH;.. Conformation names are based on the orientation of R (Newman projection) with respect

to the migrating H-atom (marked with an asterisk).

]

[ SiMe, + SiH, [ SiMe, + MeSiHs ]

¢ c2 71'C<
51 % TS1.1,TS1 2 TS2.1,TS2.2
[ HMe,SiSiH, ] [HMeZSiSiHZMe

SiMe2 + GeH4

i
/N

SiMe, + MeGeH3;

Cc1.1,C1.2

/N

TS1 TS2 TS1_1,TS1_2 TS2_.1,TS2_2
HMe,SiGeH; HMe,SiGeH,Me

Figure 5. Topology diagram of the potential energy surfaces for the reactions of,Sille SiH,, MeSiH;, GeH,, and MeGeH from B3LYP/

6-31G(d) calculations.

TABLE 2: Some Interatomic Distance$ for Intermediates
Formed in Reactions 7 and 8 Calculated at the B3LYP/
6-31G(d) Level

TABLE 3: Some Interatomic Distances for Intermediates
Formed in Reactions 4 and 5 Calculated at the B3LYP/
6-31G(d) Level

bond length/A

reaction

bond length/A

species  SiSi' SieeeH*  Sj'eeeH* reaction species GeSi Ge-:H* Si--H*
(7) SiMe+SiH, C1 3.552 1.508 2.154 (4) SiMe;+GeH, C1 3.151 1.608 1.836
TS1 2.823 1572 1.680 TS1 2.790 1.834 1.586
C2 3.886 1491 2.750 C2
TS2 2.483 1.623 1.765 TS2 2.576 1.712 1.771
(8) SiMe-+MeSiH;  C1_1 3.431 1.520 2.025 (5) SiMe-+MeGeH;  C1_1& 3.184 1.612 1.817
TS1 1 2.656 1.869 1.537 Cl_1B 3.143 1.619 1.799
Cl.2 3.518 1517 2.056 TS1 1 2.763 1.878 1.568
TS1 2 2.703 1.835 1.539 C1l.2 3.266 1.602 1.851
c2_1 TS1 2 2.802 1.872 1.564
TS2_1 2.509 1.616 1.757 c2_1
Cc2_2 TS2_ 1 2.595 1.712 1.738
TS2 2 2.485 1.641 1.735 c2_2
TS2 2 2.601 1.722 1.753

aTo distinguish the Si atoms, that from the silylene is designated
Si'.

a2There are two gauche minima. See Supporting Information for
structures.

substitution) produces only small geometrical effects on the by up to 0.67 A, increases in GeH* by up to 0.27 A, and

complexes £0.129 A for the SiH insertion complexes;
<0.115 A for the Ge-H insertion complexes).

reductions in Si+H* by up to 0.29 A. These changes indicate
a significant degree of H* transfer in all cases. The larger

Geometry changes from complexes to transition states for changes for the SiH insertions reflect the fact that the

each reaction pathway are as might be expected. For thid Si
insertion reactions there are significant reductions irSibond
lengths by as much as 1.40 A, increases in-Bit by up to
0.35 A, and reductions in Si-H* by up to 0.99 A. For the
Ge—H insertions there are reductions irr-SGe bond lengths

complexes in these cases are rather looser. Change of substrate
either from SiH to MeSiH; or from GeH, to MeGeH (i.e.,
Me-for-H substitution) produces generally small geometrical
effects on the transition statex@.05 A in the listed bond
lengths) with the notable exception of those for TS1 for SiMe
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TABLE 4: Electronic Energies (AE(0 K), Enthalpies (AH(298 K)), and Gibbs Free Energies AG(298 K)) of Complexes?
Transition States2 and Products for Reactions 7, 8, 4, and 5 Calculated at the G2MP2B3 Level in kJ mol

reactants quantity Cl1 Cl 2 TS1 1 TS1 2 C2_.1 C2.2 TS2 1 TS2_ 2 product
(7) SiMe, + SiH, AE(0 K) —6,—3)0 —5¢ +17,+410 +26° -6 +1 —208,—204> —-216
AH(298K) -5 +14 -3 -4 —211
AG(298 K) +29 +63 +19 +47 —162
(8) SiMe&, + MeSiH;  AE(0 K) -13 —12,—4° +11 +16,+46° -9 —6 —207,—204
AH(298 K) —12 —-11 +9 +14 -13 -10 —209
AG(298 K) +25 +24 +59 +61 +40 +42 —-160
(4) SiMe, + GeH, AE(0 K) —-9,-3 +2, +6° +6 —223,—226°
AH(298 K) —11 -2 +2 —226
AG(298 K) +28 +41 +47 —184
(5) SiMe&, + MeGeH; AE(0 K) —-17 (-1¢%) —15 -3 +1 -4 -1 —222
AH(298K) —17(—16%) —15 -5 -1 -7 —4 —224
AG(298K) +25(H2%) +26 +43 +48 +42 +45 —178

aFor reactions 7 and 4, C1, TS1, C2, and TS2 have only one conformati@iues from ref 21 calculated at the MP4/6-31G(d,p)//MP2/6-
31G(d,p) level ¢ Values from ref 22 calculated at the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ levelalue for alternative gauche conformation

(this work).
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Figure 6. Generic potential energy surface for-$i and Ge-H

insertion reactions of SiMe

Discussion

General Comments and Rate Constant Comparisong.he
main experimental objective of the present study was to measure
gas-phase rate constants for the reaction of ZiMeh
Me,GeH,. This has been achieved at temperatures of 299, 339,
and 401 K. At higher temperatures the complication of formation
of a reactive intermediate from MBeH, alone means that
experimental decay constants in the reaction system of interest
cannot be attributed solely to SiMeAlthough the direct
correction of decay traces was not possible, some idea of the
overestimate of values d&; in Table 1 can be obtained by
extrapolation of the Arrhenius plot of Figure 2. Based on the
three lowest temperatures the calculated valudg/@6-13 cm?
molecule’! s71 are 1.98 (479 K) and 1.66 (555 K). These are
83% and 73% of the measured decay constants at 479 and 555
K, respectively. If the Arrhenius line were steeper these
percentages would be lower. Although the identity of the
intermediate generated by the 193 nm photolysis ofG&t
is unknown, it seems most likely to be methylgermylene,
MeGeH. Its reactivity is clearly between those of Gehihd
GeMe,'2 and its observed decay rate is consistent with the

+ MeSiHs;, where much larger changes particularly in the known kinetic behavior of MeGePRf

Si-+*H* bonds (up to 0.3 A) were found.

There are no previous measurements of the absolute rate

The energies, enthalpies, and free energies associated witltonstants obtained in this study, although relative rates for
all the stationary point species are given in Table 4, and a genericreactions of Sik with MeGeH; and MeGeH, have been
potential energy surface is shown in Figure 6. A number of reported by Sefcik and Ring at 623°kConsidering first SiMg
features can be discerned. The complexes (C1) for SiMih
the germanes (reactions 4 and 5) are more stable than thosMe.GeH, than toward MgSiH,. The comparison of rate
with the silanes (reactions 7 and 8) in termsAdfl, although
AG values are very similar. With the exception of reaction 4 includes rate constant values for related reactions of CISiH,
the transition states TS2 are lower in batil and AG than : €S, Vv
TS1. Thus, although C2 complexes cannot generally be found, /S0 reacts more slowly with germanes than with silanes. The
pathway 2 (from C1 to TS2) is generally favored over pathway possible reasons for this are considered later. The Arrhenius

1 (from C1 to TS1). In the substrate, Me-for-H substitution

stabilizes the complexes (C1) by-8 kJ mol* (AH) and lowers

the enthalpies of the transition states by amounts up to 10 kJ
mol~1; in particular, the rate determining TS2 values are lowered
by 610 kJ mof® (AG values are also lowered but by slightly

less). The most interesting feature is that TS2 for reaction 8

lies lower in energy by 56 kJ mol! than TS2 for reaction 5.
This indicates that reaction of SiMevith MeSiH; should be
favored over that with MeGeld These observations apply

whether we consideE(0 K), H(298 K), or G(298 K).

we may immediately note that it is less reactive toward
constants at room temperature is shown in Table 5, which also

which shows a similar pattern of relative reactivities, viz., CISiH

parameters for reaction 6 are compared with those for reactions
of SiMe, with the methylsilanes in Table 6. The value of the
factor (As) for reaction of SiMe with Me,GeH; is fairly close

to that for SiMe + Me;SiH,, indicating that the main reason
for the reactivity difference lies in the differing (negative)
activation energies. Before discussing the origin of this, we
consider the related kinetic data for SiH able 7 shows the
comparison of room temperature rate constants for reactions of
SiH, with the methylgermanes and methylsilanes. Here it is
apparent that, whereas Sikeacts more slowly with Gerthan

with SiH4, when it comes to the methyl derivatives the situation

Because of the complexity of these calculations, we did not is reversed. This arises because Me-for-H replacement in the

extend them to reactions 3 and 6.

germane substrate series causes greater rate constant enhance-
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TABLE 5: Some Rate Constant Comparisons for Ge-H and Si—H Insertion Reactions of SiMe and CISiH at Room
Temperature

reaction Kge-H? reaction Ksi-n? kge-n/Ksi—H
SiMe; + Me,GeH, 4.4 x 107180 SiMe; + Me;SiH, 5.5x 10 12¢ 0.080
CISiH + MeGeH; 6.61x 10-14d CISiH + MeSiH; 3.16x 1073d 0.21
CISiH + Me,GeH, 3.49x 10 13d CISiH + Me,SiH, 1.43x 10712 0.24

aUnits: cn® molecule! s71. ® This work. ¢ Reference 84 Reference 20.

TABLE 6: Arrhenius Parameters for Ge—H and Si—H TABLE 8: Some Relative Rate Constantd for Ge—H and
Insertion Reactions of SiMe Si—H Insertion Reactions of SiH, at Room Temperature:
Methyl Substituent Effect
log(A/cm?
reaction molecule*s™)  EgkJ mol? ref reaction Krel krel(per X—H)
SiMe, + Me,GeH —13.25 —=5.01 this work SiH, + GeH, 1p 10
SiMe, + SiH,4 —12.54 +1.25 8 SiH, + MeGeh 1.44 1.92
SiMe, + MeSiH; —12.90 —6.73 8 SiH, + Me,GeH, 1.32 2.65
SiMe, + Me,SiH, —13.15 —10.55 8 SiH, + SiH,4 1 1¢
SiMe; + Me3SiH —13.41 —11.20 8 SiH, + MeSiH; 0.89 1.19
Sin + MeZSin 0.76 1.52
ments than in the silane series, on a pertXbasis (X= Ge or SiH; + MesSiH 0.54 2.17

Si). This is shown in Table 8. It should, however, be borne in  aBased on the rate constants of Table® Reference reaction for
mind that the rate constants of Table 7 are all close to their Ge—H insertions.c Reference reaction for SH insertions.
collisional limits, and that the differences among them are not
large. The data of Sefcik and Riffgapparently suggest that was not stabilized. Thus the product ratios they obtained cannot
SiH, is ca. 32 times more reactive with M&eH, than with be regarded as a true measure of the relative rate constants for
MeGeH; at 623 K. This is considerably different from the value insertion under their conditions.
of 0.92 at 298 K which can be obtained from the figures of  Although we have not carried out product analytical studies,
Table 8. However, the considerable differences in temperaturesthere is little doubt that the observed silylene reactions occur
and pressures can explain this at least in part (see below). via Ge—H bond insertion. Lamp€ has detected $$iGeH; in

We believe that the reactions studied here do not suffer from the reaction of Sik+ GeH,. Sefcik and Ring’ have observed
pressure dependence effects, and therefore true second-ordehe silylgermane products of the reactions of Sikith the
rate constants have been obtained. In the main reaction ofmethylgermanes. Sakurai et38lhave observed the Ged
interest, viz., SiMe + Me,GeH,, good second-order behavior insertion product of SiMePh (phenylmethylsilylene) with
was found although total pressures varied from run to run. In EtsGeH. It is not expected that SiMeshould react differently
the SiH reactions (2) and (3), there are three reasons to doubtfrom SiH, or SiMePh.
such effects. First the products {5IGeHMe, H;SiGeHMe), Further assistance in understanding these rate effects was
even if formed initially vibrationally excited, are less likely to  obtained from the theoretical calculations discussed in the next
revert to reactants because they can decompose via the followingsection.

alternative pathways. Quantum Chemical Calculations and the Barriers to Si-H
and Ge—H Insertion Reactions. The results of our theoretical
H,SiGeHMe* — SiH, + MeGeH calculations indicate some differences from previous work. Both
_ _ SNl and Sé? found only one complex and one transition state
H,;SiGeHMg* — SiH, + GeMe, for reaction 7, SiMe + SiH, (corresponding to C1 and TS1).
The geometries reported in both papers (see Supporting
[For HsSiGeh, formation of SiH, + GeH is 92 kJ mot! more Information) show that the complexes were looser than those

exothermic than SikH+ GeH!®. AH° differences for these  found by us for C1 and that the transition states showed a greater
reactions should be similar.] This argument explains the lack degree of H-atom transfer than ours in TS1. For the energies

of pressure dependence previously fot¥rid reaction 1, SiH (Table 4,AE(0 K)/kJ mol?) the values for the complexes are
+ GeH. similar to ours, but those for TS1, viz., 4land 2622 are rather
Second, the analogous SiH+ MeSiH; and SiH + larger than ours of 17. However, the significant point is that

Me,SiH, reactions do not show pressure dependences at 298both groups failed to find TS2, which is much lower in energy
K. Third, the values fork, and k; are essentially at their  and therefore provides the actual reaction pathway transition
collisional limits and higher values would be unreasonable. state. Similar comments may be made about the calculations
These comments, however, do not apply to these reactions aby SN for reaction 8, SiMg + MeSiHs, although geometries
623 K, where pressure dependences are likely. Furthermore, infound for C1 and TS1 were very similar to ours (see Supporting
their study, Sefcik and Rirf§ used end product analysis to Information). For reaction 4, SiMet+ GeH;, although Seé? did
measure relative rates, and because of the alternative pathwayot find a transition state corresponding to TS2, his energy
decomposition it is likely that some part of the initial product values (Table 4) for C1 and TS1 are not very different from

TABLE 7: Some Rate Constant Comparisons for Ge-H and Si—H Insertion Reactions of SiH, at Room Temperature

reaction Kge-H? reaction Ksi—1? Kee—n/Ksi—H
SiH; + GeH, 3.06 x 10710p SiH; + SiH, 4.60 x 10710¢ 0.67
SiH; + MeGeH; 4.41 x 10710d SiH, + MeSiH; 4.10x 10710 1.08
SiH; + Me.GeH, 4.05x 10-tod SiH; + Me;SiH, 3.50x 1070 1.16
SiH; + Me;GeH SiH + Me;SiH 2.54x 10710¢

aUnits: cn?® molecule! s71. P Reference 15¢ Reference 10¢ This work. ¢ Reference 11.
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ours. In fact, in this case because TS1 is slightly lower in energy TABLE 9: Comparison of Theoretical Values (G2MP2B3
than TS2, reaction via TS1 is probably the major pathway. The éevhﬁ') of %ES(QMK)/kJ mol ~* for Ge—H Insertion Reactions of
quantitative differences between our results and those of 2€M€ and Sivie;

previous work21:22 apart from their failure to find alternative reactants C1 TS1 TS2 ref
pathways, must be put down to the use of different levels of GeMe + GeH, -4 +28 +29 12
calculation and different basis sets. GeMe + MeGehH; -12 +25 +19 12

; 2,19 ; SiMe, + GeH, -9 +2 +6 this work

As noted previously?'® we believe that not too much SiMes + MeGeH, _17 '3 ‘4 this Work

significance should be attached to the complexity of rotational
forms found here for some of the species. It is clear that both
complexes and transition states are fairly mobile structures, and
for a given species conformational energy differences are very
small (3 kJ mot! at most). However, the finding of confor-
mational switching between complexes and transition states is
a novel feature of the present systems. In our previous

. . . . 11 ,16,19 . . .
.calcullatlons involving both S'l.yleﬁé anq germyI?n’e? . .. Hj Geh has an activation barrier (ca. 50 kJ mblwhereas
insertion processes, the reaction topologies were “linear”, viz., SiH, does not®

C1l complexes reacted via TS1 transition states and C2 - . L
It remains to consider whether there are any quantitative

complexes reacteq V'f’" TS2 transition states. . differences between these calculations and the experimental
One of the motivations for the present calculations was to results of SiMe obtained here. The calculated Me-for-H
see whether and to what extent they could offer supporting g pstituent effects in the substrate mean that for reactions of
evidence folr the kinetic re;ults. The flndlng of weakly pound SiMe, with Me;SiH, and MeGeH, we can expect further barrier
complexes is just such evidence, but is no longer particularly yeqyctions compared with those calculated for the reactions with
surprising. The existence of such complexes in heavy carbene,\,|eSi|_|3 and MeGeH. Approximate estimates (TSAH(298
reactions is now well establishé®:1216.1° What is more K)/kJ mol-%) would be —22 for SiMe + Me,SiH, and —16
informative are the trends in energy values (eitB@ K) or for SiMe, + Me;Geh. From the kinetics of the complex
H(298 K)) found here, particullarly of the trapsitipn states, T.SI mechanism, described in previous pagéréhese values should
and TS2. Two effects are of interest. The first is the lowering correspond approximately to the measured negative activation
of energies produced by Me-for-H replacement in the substrate energies for these reactions. The differences between theory and
(i.e., on changing from SiiHto MeSik; or from GeH to experiment (Table 6) are 112 kJ mofL. While these are larger
MeGeH). This is clear and unambiguous, although it varies than we might have hoped, there are probably enough uncer-
slightly according to reaction pair. For insertions into-&i tainties in experiment, kinetic analysis, and theory to accom-
bonds these are ca—5 kJ mof* (TS1) and 6-10 kJ mof* modate such differences. The trendAG values (Me-for-H
(TS2). For insertions into GeH bonds they are ca.15 kJ replacement) is slightly less than that AH, indicating that
mol™ (TS1) and 6-10 kJ mot™* (TS2). This can account for  activation entropies compensate somewhat. This helps reduce
the observed rate coefficient increésé reaction 8, SiMe + differences from experiment, but we do not believe a more
MeSiH;, compared with reaction 7, SiMet SiHs, although  elaborate kinetic analysis would eliminate them. The important
from our results the high barriers associated with TS1 mean point, however, is that the theory does predict more negative
that reaction should be limited to passage via TS2. Despite theactivation energies for the SH insertion than for the GeH
fact that the reactions have not been studied, we would expectinsertion process.
SiMe;, to react faster with MeGegireaction 5, than with Gef The kinetic data for GeH and Si-H reactions of Sitd(Table
reaction 4. Our results show clearly that this is the case for the 7) suggest that these arguments do not appear to apply to SiH
analogous reaction pair for SiHFor SiMe, there is the  However, all published calculations for the-Si insertion
complication that apparently the pathway should switch from reactions of Sikf911show that secondary barriers are very low,
reaction via TS1 (reaction 4) to reaction via TS2 (reaction 5), and offer no hindrance to reaction. Secondary barriers could
although the energies of TS1 and TS2 are so close for reactionyg|| pe higher for Ge-H insertions and still be low enough to
5 that undoubtedly reaction via both pathways should occur. exert rather little effect on rate constant values. The most likely
The Me-for-H substituent effects calculated here are very similar reaction where an effect would show up is the reaction ofSiH

the comparison of TS2 energy values calculated for analogous
GeMe insertion processes with those of SiM&he GeMe
values are ca. 23 kJ mdlhigher than their SiMgcounterparts.
Obviously in the GeMginsertion reactions with GeH bonds,
distortions of two Ge atom 4p orbitals are required. We have
used this argument previously to explain why, in reaction with

to those found earlier for other SH! and Ge-H2 insertion + Ge'—h, the one case where Gél insertion is actua”y slower

reactions. than the analogous SH insertion. Unpublished calculations
The second effect is the switch from substrate silanes to support this cas&- For the methyl-substituted substrates, Me-

substrate germanes, viz., from-$ to Ge—H insertion for-H replacement almost certainly reduces the secondary

processes. TS1 enthalpy values show significant decreases obarriers to even smaller values where any effect is even less.
ca. 15 kJ mot?, such that whereas the-SH insertions have  The greaterke(per X—H) values of Table 8 for the GeH
significant positive barriers, the Gé1 insertions do not. insertions than for the SiH insertions is in agreement with
However, it is the TS2 values which are of more interest becausethe idea that there is a small but nonzero effect of secondary
they are lower and the reactions occur either completely or barrier operating in the GeH insertion case.

partially via this pathway. The TS2 enthalpy differences are  From these studies it seems that to obtain significant inversion
ca. 5-6 kJ mol lower for Si—-H compared to GeH insertion. of relative rates for GeH compared with SiH insertion
The reason for this is not clear to us, but we note that the reactions requires a stabilized silylene. SiMe known to be
similarity of the critical bond lengths in the TS2 structures more stabilized in terms of its divalent state stabilization energy
(Tables 2 and 3) between the two cases. This means that thg DSSE) than Siki*2 The origin of this is thought to be inductive
larger 4p orbitals of the Ge atom require more distortion than electron withdrawal by the more electronegative Me groups.
the 3p orbitals of the Si atom. Another comparison shown in CISiH is another such case where relative rate constant values
Table 9 provides added support for this argument. This shows disfavor Ge-H insertion (Table 5). In this case the CISiH gains
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its stabilization via back-donation of electron density from a
Cl atom lone pair to the Si atom empty p orbital. Unpublished
calculations also support these arguméats.

Some Further Enthalpy Considerations.(a) Thermochem-
istry of Disilanes.The theoretically calculatedhH°(298 K)
values for reactions 7 and 8 may be compared with values of
—220.9 and-215.9 kJ mot? obtained by use of the Allen bond
additivity scheme based on the calorimetric valué\bf®(Six-
Meg).** These values have an estimated maximum uncertainty
of 49 kJ mol?, which means that the calculated values-@fl1
and —209 kJ mof? (Table 4) are essentially in agreement.

(b) Thermochemistry of Silylgermaneshe theoretically
calculatedAH®(298 K) values for reactions 4 and 5 may be
compared withAH®(298 K) = —242 4 10 kJ mot?! obtained
for reaction 1, SiH + GeH,; — H3SiGeH;, from experimental
AH¢° values!® The additivity considerations for methyldi-
silaned* suggest that the values afH° for reactions 4 and 5
might be slightly less negative than this but probably not by
more than 5 kJ mol. This means that the calculated values of
—226 and—224 kJ mot! (Table 4) are in reasonable agreement
with expectations based on experiment.

Conclusion

The experimental kinetic studies carried out here have shown
the surprising result that SiMénserts into the GeH bonds of
Me,GeH, more than an order of magnitude more slowly than
into the Si-H bonds of MeSiH,. Model theoretical quantum

chemical calculations demonstrate that in the mechanisms ofg .

both Si-H and Ge-H insertion, which occur via intermediate
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