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This work describes studies of the formation, structure, and dissociation of hydroxy-
siliconate ions. Hydroxide adduct ions can be formed in the reaction of halogenated and
oxygenated silanes with hydrated hydroxide, OH~(H,0),. Experiments with mass-selected
ions indicate that at least two water solvent molecules are required in order to form a
hydroxide adduct of fluorotrimethylsilane. Collision-induced dissociation, ion formation, and
ion reactivity studies suggest pentavalent siliconate structures for hydroxide adducts of
halogenated silanes but solvated siloxides for the oxygenated species. Electronic structure
calculations find three types of hydroxide adduct ions, including the hydroxysiliconate and
two forms of solvated siloxides. The relative energies of the ions and the barriers that separate
them depend on the substituents on the silanes. Empirical modeling of the cross sections
for collision-induced dissociation indicates that loss of HF from fluorinated hydroxide adducts
occurs through a loose transition state, whereas loss of alkane/arene occurs through a tight

transition state at low activation energies.

Silicon is often invoked as a species that readily
exhibits hypervalent behavior.1=12 In particular, it forms
pentavalent, trigonal-bipyramidal anions called silicon-
ates, in both the gas'® and condensed phases.!4~18
Pentavalent siliconate ions have been used in the
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condensed phase for the investigation of nucleophilic
substitution, leading to potential synthetic utility.1419-21
Because they are relatively stable, siliconates are
often used in fundamental studies of hypervalent
bonding.2022-25  Sijliconates are also good hydride
donors!®23.26729 gnd thus have been utilized for the
investigation of the stereoselectivity of hydride reduc-
tion reactions in the gas phase.3°~32 Consequently, the
formation, stability, and decomposition of gaseous sili-
conates have been investigated both theoretically33-35
and experimentally.1320.36-41
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Formation of siliconate ions in the gas phase is
typically accomplished by one of two methods. In many
cases, siliconate ions can be formed by termolecular
addition of nucleophiles (including hydride, halides, or
alkoxides) to silanes under high-pressure conditions.!3
Alternatively, ions can be generated by “soft transfer”
from an ion donor. Thus, whereas alkoxysiliconates can
be formed by direct addition of alkoxides to silanes at
high pressures,13203639 jons such as SiHs~ can be
generated by the reaction of silane with (C¢H13)SiH,4 ™,
prepared by addition of hydride to n-hexylsilane.?43!

Reactions of hydroxide with silanes typically do not
lead to formation of pentavalent siliconates but, instead,
result in formation of siloxide ions (eq 1).#243 By relating

OH™ + RSi(CH;); —»

R / SiMC3O_ + RH

Si—OH 0]

Hae” | S~
CH;

the branching ratio for siloxide formation to the differ-
ences in gas-phase acidities of the resulting neutral
molecules, this reaction provides a powerful means for
the regioselective measurement of gas-phase acidities
and has been applied for the determination of the
acidities of alkanes,*2“3 cycloalkanes,**> and arenes.*6—48
However, despite the fact that the reaction is regularly
used for thermochemical measurements, the mechanism
for siloxide formation from the hydroxysiliconate is not
completely understood. A detailed understanding of the
mechanism is important if the reaction is to lead to
reliable thermochemical data. The proposed mecha-
nism3643 for the silane cleavage reaction generally
involves addition of hydroxide to form a hydroxysilicon-
ate intermediate, which undergoes competitive elimina-
tion to form siloxides (eq 1). DePuy et al.%® originally
suggested that cleavage of RH/CH,4 occurred either
through concerted elimination or by stepwise dissocia-
tion of R, followed by rapid proton transfer. Additional
computational®439-41 and experimentall33941-44 studies
have attempted to differentiate between these two
possibilities. It was shown by using deuterium labeling

RSi(CH,),0” + CH,
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experiments that the cleavage product is formed by
deprotonation of the incoming hydroxide,’33° but this
still allows for either pathway. In 1989, DePuy and co-
workers*® proposed that cleavage of alkanes proceeds
through a stepwise process involving formation of a
carbanion that is stabilized by solvation of the silanol,
followed by rapid deprotonation to give siloxide and
methane. Theoretical studies3* indicated a transition
state with substantial negative charge buildup on the
departing alkyl group, which was interpreted as being
consistent with the mechanism provided by DePuy and
co-workers.3643 On the basis of RRK/RRKM modeling
studies, Wong et al.*! proposed concerted elimination
mechanisms of methane and benzene from pentavalent
hydroxysiliconates, with polar transition states similar
to those described in the earlier computational work.3*
However, the putative hydroxysiliconate intermediates
were not observed in the studies described above, and
the decomposition mechanism was deduced from dif-
ferences between the Kinetics of alkoxide photodisso-
ciation and those for the reaction of the silane with
hydroxide. Although Damrauer and co-workers?® have
reported that hydroxide adduct ions can potentially be
formed by the reaction of hydroxide with methoxysilane,
or by addition of chloride or fluoride to triethylsilanol,
hydroxysiliconates have not been explicitly used to
investigate the decomposition reaction.

We recently reported*® the putative formation of
hydroxysiliconate ions of phenyltrifluoro- and phenyl-
trichlorosilanes by the reaction of these silanes with
hydrated hydroxide, OH~(H20),. In that work, it was
shown that collision-induced dissociation (CID) of the
hydroxide adduct of phenyltrifluorosilane occurs by
competitive loss of HF or benzene (eq 2), whereas the

CeHsSiIF,OH™ — HF + C;H.SiF,0~  (2a)
— CgHg + SiF,0” (2b)

ion derived from phenyltrichlorosilane loses HCI only.
These products are the same as those observed in the
reaction of hydroxide with phenyltrifluoro- and phenyl-
trichlorosilanes, suggesting that they are derived from
common hydroxysiliconate intermediates. Attempts to
generate the hydroxide adduct of phenyltrimethylsilane
by the same approach were unsuccessful.

In this work, we investigate the scope of the reactions
of silanes with hydroxide and hydrated hydroxide, with
a focus on the formation of hydroxysiliconate ions. By
using tandem mass spectrometry, we investigate the
role of hydration in the formation of hydroxysiliconate
ions, the structures of the hydroxide adducts, and their
dissociation mechanisms. Calculations of the structures
and dissociation potential energies of the hydroxy-
siliconates are presented that provide insight into the
experimental results. We show experimental and com-
putational evidence that there are at least two types of
stable hydroxide adduct ions that can be generated upon
reaction of halogenated silanes with hydrated hydrox-
ide, and these ions can interconvert at low energies. We
also show that adduct ions can be formed by reaction of
hydroxide with oxygenated silanes, but they likely have
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a solvated siloxide structure. Last, we describe compu-
tational and experimental evidence that the dissociation
of hydroxysiliconate ions occurs by initial rearrange-
ment to a solvated siloxide, followed by decomposition.

Experimental Section

Instrumental Description and Data Analysis. All gas-
phase ion/molecule reactions were carried out using a flowing
afterglow—triple-quadrupole mass spectrometer that has been
previously described.5>5! Primary ionic reagents were prepared
by 70 eV electron ionization (El) of neutral precursors and
carried by helium buffer gas (0.400 Torr, flow(He) = 190 STP
cm?/s) through the flow tube, where they were allowed to react
with neutral vapors added through a micrometering valve.
Hydroxide ion was prepared by El of a 2:1 mixture of methane
and nitrous oxide. Hydrated hydroxide was prepared by
reaction of hydroxide ion with wet THF.5252 lons generated in
the flow tube were sampled through a 1 mm nose cone orifice
into a differentially pumped region, where they were analyzed
with a triple-quadrupole mass filter (EXTREL). Collision-
induced dissociation was carried out by selecting the ion with
the desired mass-to-charge ratio with the first quadrupole and
injecting the ion into the second quadrupole, g2, which served
as a gastight collision cell containing argon as the target gas.
The CID collision energy was controlled by the pole offset
voltage, and the absolute energy origin was established by
using retarding potential analysis. The uncertainty in the
absolute energy scale was estimated to be +0.15 eV in the
laboratory frame. Product ions were mass-analyzed with the
third quadrupole and detected with a channeltron particle
detector operated in pulsed-counting mode.

Cross sections for CID, o, were calculated using I/lo = oNI,
where | and |, are the intensities of the product and reactant
ions, N is the number density of the target, and | is the
effective collision path length. The value of | was calibrated
to be 24 + 4 cm5! by using the reaction of Art + D,, which has
a well-established cross section.5* Cross sections were meas-
ured as a function of target pressure and extrapolated to zero
pressure, single-collision conditions.

Cross sections were modeled with the exponential expres-
sion shown in eq 3,%7%8 where E is the center-of-mass collision
energy of the reactant ion, g; is the fraction of the ions with
internal energy E;, E, is the threshold energy for dissociation,
n is a parameter that reflects the energy deposition in the
collision,® and oy is a scaling factor. The data were modeled

o(E) =0y PG(E+E —~ E)/E 3

by adjusting the parameters to correspond with the steeply
rising portion of the appearance curve(s) directly past the
threshold. Also convoluted into the fit were the ion kinetic
energy distributions, approximated as a Gaussian function
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with a 1.5 eV (laboratory frame) full-width at half-maximum,
and a Doppler broadening function to account for motion of
the target. The factor P; is the probability for ion dissociation,
calculated from RRKM theory. Branching ratios for competi-
tive dissociations were calculated from the ratios of rate
constants for the competing channels.

Structures of transition states used in the RRKM calcula-
tions depend on the type of dissociation that occurs. For direct
dissociation reactions, a product-like transition state was
assumed, corresponding to the phase-space limit.®® Struc-
tures and frequencies for rearrangement pathways were
obtained from electronic structure calculations. Data analysis
and modeling were carried out using the CRUNCH 4D
program.54,57,60762

Modeled threshold energies, Eo, are 0 K AE values and were
converted to 298 K bond dissociation enthalpies by using the
integrated heat capacities of reactants and products. Uncer-
tainties in enthalpy values were calculated by statistical
combination of the uncertainty in the absolute energy scale
for the experiment, the standard deviation of values obtained
from replicate experimental trials, and uncertainty due to error
in the transition state, estimated as the change in the
threshold energy that results when the frequencies of the
transition state are adjusted to change the activation entropy
by +2 cal/(mol K).

Branching ratio measurements®364 were carried out using
the flowing afterglow reactor. For these experiments, the yields
of relevant ions are measured and plotted with respect to
measured flow. Correction of yields involves subtraction of
background and adjustment for isotopic distributions. Ex-
trapolation to zero flow gives branching ratios of primary
products with an estimated +5% uncertainty.

Materials. Methane (99.5%) and nitrous oxide (99%) were
obtained from BOC gases. Helium gas was purified via a liquid
nitrogen trap containing molecular sieves. Fluorotrimethyl-
silane (96% purity) was purchased from Aldrich and used as
received. All other silanes were commercially obtained and
distilled under atmospheric conditions prior to use.

Computational Details. Rotational constants and fre-
quencies of reactants, transition states, and products, required
to calculate the internal energies of the ion and the RRKM
dissociation rates, were calculated at the B3LYP/6-31+G* level
of theory®>~75 using Gaussian 98.7®¢ Geometries, energies, and
frequencies of hydroxide adduct structures of fluorotri-
methylsilane and the transition states that connect them were
also calculated at the B3LYP/aug-cc-pVDZ, B3LYP/aug-cc-
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Table 1. Reactivity and Experimental Branching Ratios for Reaction of OH~ and Hydrated OH~ with
Various Silanes

silane

branching ratio?

OH~ adduct®
(secondary products)

OH~— adduct
with OH~(H20)x¢

Si(CHg)4
CeHsSi(CHs)sd
(CH2)3SiNHSI(CH3)3
FSi(CH3)3 (1)
CeHsSiF3 (3)

CsHsSiCls

Si(CH3)sCN

CH3CH20Si(CHa)3 (2)

(CH3),CHOSI(CH3)3

CeHsOSi(CH3)s

100% Si(CH3)30~
100% Si(CHa3):0~
82% Si(CH3):0~
18% (M — 1)~
32% Si(CHa3):0~
30% (M — 1)~
38% FSi(CH3),0"
3% SiF30~

75% CeHsSiF207
22% (M — 1)~
10% CI~

25% CeHsSiClL,0~
65% (M — 1)~
90% Si(CH23):0~
10% CN~™

85% Si(CH3)30~
5% (M — 1)

10% CH3CH0Si(CH3)20~
2% (CH3)20H07
85% Si(CH3)30~
4% (M — 1)~

9% (CH3),CHOSI(CH3),0~
40% Si(CH3)30~

N

N
N
N

N
N
N
Y

55% CgHsO~

5% (M — 1)

25% CH3COO~

55% Si(CH3)30~

20% (M — 1)~

87% Si(CH3)30~

8% (M — 1)~

5% (CH3)3SiOSi(CH3),0~
100% (CH3CH,0)3Si0~

CH3CO,Si(CH3)s3

(CH3)3SiOSi(CHs3)s

Si(OCH,CHa)s

Y Y

a Flow tube branching ratios for the reaction of OH~ with silane, extrapolated to the single-collision limit. ® Indicates whether the
hydroxide adduct is observed in the reaction of silane with hydroxide under any reaction conditions; hydroxide adducts are not formed
as primary products. ¢ Indicates whether the hydroxide adduct is observed in the reaction of the silane with hydrated hydroxide; the ions
in the flowing afterglow have n = 0—4. 9 This branching ratio has been previously reported* as 97% Si(CH3)30~ and 3% CsHsSi(CH3)20;
however, CsHsSi(CH3),O~ was not observed in this work. The difference is likely due to multiplier discrimination.*®

pVTZ, and MP2/aug-cc-pVDZ levels of theory.””~82 Single-point
energies at the MP2,83-87 MP4,88 and B3LYP levels of theory
were calculated at each of the optimized geometries. Zero-point
energy and thermal corrections to single-point energies were
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calculated from unscaled frequencies obtained at the same
level of theory as the geometry.

Results and Discussion

Here we report the results of our studies of the
formation, structure, and dissociation of hydroxide
adducts of silanes. The first section will describe the
formation of hydroxide adducts in the reaction of silanes
with hydroxide and hydrated hydroxide and the role of
solvation in adduct formation. It also describes the
products obtained upon CID of the hydroxide adducts
and a comparison with flow tube chemistry. The second
section will discuss computational studies of the ion
structures, and the last section will consider the mech-
anism of collision-induced dissociation behavior for the
hydroxide adducts in light of the computational predic-
tions. Throughout these sections, the phrase “hydroxide
adduct” is used to refer to the addition ion formed in
the reaction of the silane plus hydroxide but does not
specify the structure of the ion.

Adduct lon Formation. We have examined the
reactivity of the silanes listed in Table 1 with hydroxide
and hydrated hydroxide. With bare hydroxide, the main
reaction pathways are siloxide formation, direct sub-

(88) Krishnan, R.; Pople, J. A. Int. J. Quantum Chem. 1978, 14, 91—
100.

(89) Krishnan, R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys. 1980,
72, 4244—4245.
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stitution, and proton transfer. The products and ap-
proximate branching ratios for each of the products are
shown in the second column of Table 1. None of the
silanes examined in this work form hydroxide adducts
as primary products in the reaction with bare hydroxide
ion. However, hydroxide adducts are observed as sec-
ondary products in the reaction of hydroxide with
oxygenated silanes at high silane flow, as indicated in
the third column in Table 1. Although we did not
examine the reaction of hydroxide with methoxysilane
in this work, the results for other oxygenated silanes
suggest that the hydroxide adduct observed in the
previous study?° was likely a secondary product. The
fourth column in Table 1 indicates whether hydroxide
addition is observed as a product in the reaction of
hydrated hydroxide with the silane. Adduct ions are
observed in the reaction of hydrated hydroxide with the
oxygenated and halogenated silanes and cyanotri-
methylsilane. Adduct ions are not observed with alkyl-
or aryl-substituted silanes, such as tetramethyl- and
phenyltrimethylsilane, with either hydroxide or hy-
drated hydroxide.

The reaction products listed in the second column of
Table 1 are also observed when reactions are carried
out with hydrated hydroxide. However, they are not
necessarily formed in the reaction of the silanes with
solvated ions and may result from reaction with bare
hydroxide still present in the flow tube. Moreover, given
the series of hydrated ions formed in the reaction of OH~
with wet THF (OH~(H20),, n = 0—3), it is not clear from
the flow tube chemistry which of the hydrated ions is/
are responsible for the formation of the hydroxide
addition product. Therefore, we have examined the
reactions of hydrated hydroxide ions with fluorotri-
methylsilane ((CH3)3SiF (1), m/z 92) in g2 of the triple-
quadrupole analyzer in order to investigate the role of
solvation in product formation. As shown in Table 1,
the hydroxide adduct of fluorotrimethylsilane is formed
in the reaction of the silane with hydrated hydroxide,
but not with hydroxide. Mass spectra of the reactions
of mass-selected OH~(H,0), ions (n = 1-3) with
(CH3)3SiF are included as Supporting Information. With
OH~(H,0), the observed products are m/z 89, 91, and
93, similar to what is observed in the flow tube in the
reaction of the silane with OH~ (Table 1). Very small
amounts of products may also be present at m/z 107 and
111, which likely correspond to hydrated siloxide ions
(m/z 89 and 93). All the observed species have maximum
cross sections near 0 eV that drop off substantially at
higher energies, indicating that they are formed by
exothermic processes. For reactions with n = 2 or more,
a product is also observed at m/z 109, corresponding to
the hydroxide adduct. The fact that the hydroxide
addition product is only observed for hydroxide with two
or more solvent molecules is consistent with the hy-
pothesis that the adduct must be formed by soft
hydroxide transfer. Moreover, the fact that at least two
solvent molecules are required suggests that the reac-
tion with singly hydrated hydroxide is likely too exo-
thermic to allow for adduct formation. If hydroxide
transfer from OH~(H.0) to the silane is exothermic,
then the hydroxide binding energy of the silane is
greater than that of water, 26.8 & 1.0 kcal/mol.%°

(90) Paul, G. J. C.; Kebarle, P. J. Phys. Chem. 1990, 94, 5184—5189.
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Table 2. Products Obtained upon CID of
Hydroxide Adducts of Selected Silanes

silane CID product?

FSi(CH3)s (1) 89 (Si(CH3)307), 93 (FSi(CH3).07)

CH3CH20Si(CH3)s (2) 89 (Si(CHs3)307)

CsHsSiF3 (3) 101 (SiF307), 159 (CsHsSiF,07)

CGH5$i35CI3 191 (C5H58i35c|207)

Si(CH3)sCN 26 (CN7), 89 (Si(CH3)307)

(CH3),CHOSI(CH3)3 89 (Si(CHs3)307)

CeHsOSi(CHg)g 93 (CeHsof)

(CH3)3SiOSi(CHz3)3 89 (Si(CHs3)307)

CH3002Si(CH3)3 59 (CH3COZ_), 89 (Si(CH3)30_),

131 (M — 1)
Si(OCH2CH3)s 179 (Si(OCH,CHj3);07)P
a For multiple dissociation channels, the major product is in

boldface. P CID also gave ions at m/z 150 and 121 resulting from
secondary fragmentation of the m/z 179 ion.

lon Dissociation and lon Structures. The struc-
tures of the hydroxide adducts have been examined by
using energy-resolved collision-induced dissociation.
CID products and the relative yields at 25 eV (lab frame)
are listed in Table 2. For the halogenated silanes, the
CID products of the hydroxide adducts generally re-
semble the reaction products listed in Table 1, except
that those products resulting from deprotonation are not
observed upon CID. These results suggest that siloxide
formation and substitution can occur via hydroxide
addition to the silane (eq 1) but that proton transfer
occurs without the formation of an adduct. The CID
behavior of the hydroxide adducts of the oxy-substituted
silanes, however, is often different from that of the other
derivatives. For example, whereas CID of the hydroxide
adduct of 1 leads to the same siloxide products that are
observed in the flow tube reaction of 1 and OH™~ (eq 4
in Scheme 1), CID of the hydroxide adduct of ethoxy-
trimethylsilane (CH3CH,0Si(CH3)3 (2)) results in for-
mation of trimethylsiloxide by loss of ethanol as the only
ionic product, in contrast to the flow tube reaction that
gives trimethylsiloxide, ethoxydimethylsiloxide, and the
deprotonation product (eq 5 in Scheme 1).91

Differences between the flow tube reactivity and
hydroxide adduct CID are found for most of the oxy-
substituted silanes, whereas the CID behavior of the
hydroxide adducts of the halogenated silanes (and
cyanotrimethylsilane) generally reflects the flow tube
chemistry. Observed differences between CID and flow
tube products are interpreted to mean that the hydrox-
ide adduct examined by CID is not the same ion
accessed during the flow tube reaction of the silane with
hydroxide. Similarly, CID products that reflect those
observed in the flow tube reaction show that the
reactions likely proceed through a common intermedi-
ate. Thus, if it is assumed that siloxide formation in the
flow tube proceeds through a hydroxysiliconate as
shown in eq 1, then a simple explanation for the
observed differences in the CID behavior of the hydrox-
ide adducts for oxy- and halo-substituted silanes is that
the hydroxide adducts of halo-substituted silanes have
hydroxysiliconate structures, whereas those of the oxy-
substituted silanes do not. A comparison of the results
in Tables 1 and 2 in light of these interpretations

(91) In principle, siloxide formation in the flow tube from the
reaction of ethoxysilane with hydroxide could also occur by -elimina-
tion, without formation of a hydroxide adduct. However, if that is the
case, it only serves to further the distinction between the flow tube
chemistry and CID processes.
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Scheme 1

(CH,),SiFO™ + CH,
(m/z 93)
. - FLOW
CH,),SiF + OH e —— 0~
(CHy); TuBE (CH):SIO™ + HF
1 (m/z 89)

(CH,),SiF(CH,)” + H,0

(m/z 91)

EtOSi(CH,),0” + CH,

(w/z 119)
Me,SiOEt + OH- FEOW v 50~ + EtoH
TUBE

@ (m/z 89)

<CID  [(CH,),SiF + OH] @)
<CID M SiOEt + OHT 5)

@

(CH,),(EtO)Si(CH,)” + H,0O

(m/z 117)

suggests that the hydroxide adducts of FSi(CH3)s (1)
and CgHsSiF; (3) have hydroxysiliconate structures,
whereas hydroxide adducts of CH3CH,OSi(CH3)3 (2),
C6H5OSi(CH3)3, and (CH3)2CHOSi(CH3)3 do not.

On the basis of the CID behavior and the computa-
tional results described below, the hydroxide adducts
of the oxysubstituted silanes are most likely solvated
siloxide ions, Me3SiO~- - -HOR. To test for this struc-
ture, we examined the reaction of the hydroxide adduct
of 2 with methanol in the second quadrupole. At low
energies, methanol displaces ethanol in the ion, indicat-
ing that the ion has a labile ethanol moiety, consistent
with a solvated siloxide structure.®? Methanol does not
displace HF in the hydroxide adduct of fluorotri-
methylsilane. However, this result does not require a
hydroxysiliconate structure for the adduct of 1, as HF
binds to anions more strongly than does methanol.%3

We also examined the CID behavior of the cluster
ions formed in the reaction of trimethylsiloxide ion,
(CH3)3SiO~, with ethanol and HF (egs 6a and 6b).

(CH,);Si0™ + CH,CH,OH —

(CH,),SiO"- - -HOCH,CH, (6a)
m/z 135

(CH;);SI0" + HF — (CH,),Si0 - - -HF  (6b)
m/z 109

These ions have the same mass-to-charge ratio as the
hydroxide adducts of ethoxytrimethylsilane (2) and
fluorotrimethylsilane (1) but are generated by alternate
approaches. In both cases, the CID spectra of the
resulting ions are indistinguishable from those of the
hydroxide adduct ions, suggesting a common reactant
ion structure. Thus, CID of the ion formed by HF
addition leads to products resulting from loss of HF and
CHg4, whereas the ion formed by ethanol addition loses
only ethanol. Assuming that the initial step of the
reaction involves formation of solvated siloxide, then the
result agrees with what is expected for the hydroxide

(92) van der Wel, H.; Nibbering, N. M. M.; Sheldon, J. C.; Hayes,
R. N.; Bowie, J. H. 3. Am. Chem. Soc. 1987, 109, 5823—5828.

(93) Bartmess, J. E. Negative lon Energetics Data. In NIST
Chemistry WebBook; NIST Standard Reference Database 69; Mallard,
W. G., Linstrom, P. J., Eds.; National Institute of Standards and
Technology: Gaithersburg, MD, 2003 (http://webbook.nist.gov).

Chart 1
X g R R
R~ N N
>Si—0 R—Si—O0—HX R—Si—O—HR
R” | / /
R X
A B C

adduct of 2, for which CID behavior and reactivity
suggest a solvated siloxide structure. However, a sol-
vated siloxide structure for the hydroxide adduct of 1
is not consistent with the CID results, which indicate a
hydroxysiliconate structure. Electronic structure calcu-
lations described in the following section resolve the
discrepancy, showing that the hydroxysiliconate and
solvated siloxide structures for the hydroxide adduct of
fluorotrimethylsilane are comparable in energy and are
separated by a small energy barrier and can, therefore,
readily interconvert.

Computational Results. Electronic structure cal-
culations have been used to investigate the structures
of the hydroxide adducts examined in this work. This
section discusses the relative energies of the hydroxide
adduct ions and gives potential energy surfaces that
shed light on the mechanism of ion dissociation.

(a) Structures of Hydroxide Adduct lons of
FSl(CH3)3, CH3CH20$I(CH3)3, and C6H5SiF3. Three
distinct low-energy ion structures are identified for the
hydroxide adducts, shown in Chart 1. In addition to the
hydroxysiliconates labeled as structure A, there are also
two solvated siloxides. The first siloxide is an alkyl-/
aryl-substituted ion solvated by HF or ROH and is
labeled structure B. The second, structure C, is an
alkane-/arene-solvated siloxide ion. A silanol-solvated
carbanion complex, such as that suggested by DePuy
and co-workers,*2 has not been found to be a stable
structure for any of the systems investigated in this
work. Full geometries, frequencies, Mulliken charges,
and absolute energies at the B3LYP/6-31+G* level of
theory are provided as Supporting Information. The
lowest energy geometries of the hydroxysiliconates, A,
are trigonal bipyramidal, with the hydroxide substituent
equatorial and the electronegative silane substituent
(F—, RO-) in the axial position. This allows for hydro-
gen bonding to occur between the hydroxide and the
axial substituent, which is reflected in the lowest energy
conformations, as the O—H bond eclipses the axial Si—F
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Table 3. B3LYP/6-31+G* Relative Energies of Structures A—C for Hydroxide Adduct lons, Silane
Reactants, and Siloxide Products for 1-32

XR3SiOH~ R3SiO™- - -HX
(™) (B

R2XSiO™- - -HR R3SiX + OH™ R3SiO™ + HX

©

(CH3)sSiF (1) 0 -6.2
CH3CH0Si(CH3)s (2) 0 -13.1
CeHsSiFs (3) 0 4.6

2298 K enthalpy values in kcal/mol.

0.0 / 3B

SiF;0™+ CgHg
8.6 -,

\

143
CeHg—SiF;0°
3C
Figure 1. Potential energy diagram for the C¢HsSiFs3 (3)
+ OH~ system with calculated relative enthalpies (B3LYP/

6-31+G*).

or Si—0O bonds. The geometries in which the hydroxide
and electronegative substituent are both axial are
typically 1—2 kcal/mol higher in energy, whereas other
conformations are ca. 7—8 kcal/mol or more higher in
energy. Relative energies are summarized in the Sup-
porting Information.

The relative energies for the lowest energy structures
for the three types of ions for three silanes, calculated
at the B3LYP/6-31+G* level of theory, are shown in
Table 3. The lowest energy isomers for all three systems
are the ions with structure C, the alkane- or arene-
solvated siloxide. For fluorotrimethylsilane (1) and
ethoxytrimethylsilane (2), the solvated siloxides B are
lower in energy than the hydroxysiliconate ions A, but
in phenyltrifluorosilane (3) the hydroxysiliconate is
lower in energy than the solvated siloxide. According
to the calculations, the hydroxysiliconate structure is
relatively more stable, compared to the solvated siloxide,
for systems with more fluoride substituents. The cal-
culated hydroxide affinities of silanes 1—3 also increase
as more fluorides are added, suggesting that the hy-

droxide bond energies are related to the relative stabili-
ties of structures A and B (Table 3, column 5).

(b) Potential Energy Surfaces. Calculations of the
critical points along the potential energy surfaces for
the dissociation of the hydroxide adducts have been used
to investigate the interconversion of the states and the
ion dissociation behavior. The general shape of the
potential energy surfaces is shown in Figure 1 for
phenyltrifluorosilane (3). The transition states that
connect the three minima described above have been
calculated at the B3LYP/6-31+G* level of theory. Thus,

42.9 29.3

35.8 7.0
32.8

—24.6
—29.0
—14.3 4.7

the hydroxysiliconate structure 3A is connected to the
HF-solvated siloxide 3B by transition state 3AB. Simi-
larly, 3A is connected to the benzene-solvated siloxide
3C by transition state 3AC. The formations of the
products from the transition states have been confirmed
by calculating the intrinsic reaction coordinate (IRC).%4%
Ultimately, siloxide formation results by direct dissocia-
tion of the solvated siloxides 3B and 3C.

The relative energies of all the states on the surface
are shown in Figure 1. The key features are the relative
energies of the hydroxysiliconate and the HF-solvated
siloxide, the heights of the barriers, and the dissociation
energy for loss of HF. Although the benzene-solvated
siloxide is the lowest energy isomer, the ion binding
energy (ca. 6 kcal/mol, Figure 1) is very small; thus, the
ion will not be observed in the thermal conditions of
flowing afterglow.133° For phenyltrifluorosilane, the
hydroxysiliconate is calculated to be lower in energy
than the HF-solvated siloxide, such that the ion is
predicted to have the hydroxysiliconate structure 3A,
in agreement with the assignment made on the basis
of the experimental CID results. Loss of HF from 3A
can occur through the intermediate 3B and requires

~33 kcal/mol from the hydroxysiliconate. The energy
of the calculated transition state that connects 3A and
3B is ca. 14 kcal/mol lower than the dissociation energy
to form HF, such that the rate-limiting step for loss of
HF should be the dissociation of 3B. Loss of benzene
from 3A is calculated to be exothermic by 8.6 kcal/mol.
As with loss of HF, a stepwise process can occur through
intermediate 3C. However, unlike what is expected for
loss of HF, the barrier for loss of benzene is determined
by the transition state that connects the hydroxy-
siliconate with solvated siloxide. The calculated transi-
tion states found in this work closely resemble those
obtained in previous calculations.®341 Most notably,

Mulliken charge distributions indicate a significant

buildup of charge on the bound atom in the dissociating

moiety (see the Supporting Information).

The analogous potential energy surface for the fluoro-
trimethylsilane system is shown in Figure 2. The main
differences from the surface shown in Figure 1 are in
the relative energies of the hydroxysiliconate (1A) and
HF-solvated ion (1B) and the height of the barrier that
connects them. For fluorotrimethylsilane, the solvated
siloxide is calculated to be ca. 6 kcal/mol lower in energy
than the hydroxysiliconate, and they are separated by
a small energy barrier (~3 kcal relative to the silicon-
ate). The calculated energy ordering of hydroxysiliconate
and solvated siloxide does not agree with that inferred
from the experimental CID behavior, which suggested
a hydroxysiliconate structure for the ion. Because the

(94) Gonzalez, C.; Schlegel, H. B. 3. Chem. Phys. 1989, 90, 2154—

2161.
(95) Gonzalez, C.; Schlegel, H. B. J. Phys. Chem. 1990, 94, 5523—

5527.
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(CH3);Si0 + HF
1293

1B

F(CH3),Si0”
+ CH4

227N

F(CH3),Si0—CH;
1C
Figure 2. Potential energy diagram for the (CH3)sSiF (1)
+ OH~ system with calculated relative enthalpies (B3LYP/

6-31+G*).

energies of the ions are fairly close, we have carried out
a more thorough computational study of the relative
energies of the ions and the transition state. The relative
energies, calculated at the B3LYP, MP2, and MP4 levels
of theory with Dunning basis sets, are given in Table
4. The solvated siloxide structure is calculated to be
lower in energy with most methods, but the energies of
the two structures are very close and likely indistin-
guishable by perturbation theory. Barriers for intercon-
version of the two structures are generally 2—7 kcal/
mol. Thus, although computational studies predict 1B
to be lower in energy, structures 1A and 1B are likely
close in energy and separated by low energy barriers.
Notably, the barrier that connects the ions is much
lower than the energies of the reactants used to gener-
ate them (1 + OH~ or Me3SiO~ + HF; Table 3), such
that the lower energy structure can be accessed upon
adduct ion formation, accounting for the observation
that the CID properties of the adduct ion do not depend
on the method by which the ion is formed. The same is
true for the hydroxide adduct of phenyltrifluorosilane
(Figure 1) and ethoxytrimethylsilane (Figure 3).

The potential energy surface for ethoxytrimethyl-
silane shown in Figure 3 is significantly different from
those for the fluoro-substituted silanes shown in Figures
1 and 2. First, the energy difference between the
solvated siloxides 2B and 2A is much larger than what
was found for 1 or 3. Therefore, the hydroxide adduct
of 2 is predicted to have a solvated siloxide structure,
which agrees with the assignment made on the basis of
chemical reactivity. Second, the energy for loss of
ethanol from structure 2B is much lower than those for
loss of HF from 1B and 3B; thus, ethanol loss is much
more likely. Thus, loss of ethanol should be the major
dissociation pathway, in agreement with the experi-
mental results (Table 2).

Dissociation Mechanism from Energy-Resolved
CID Analysis. The mechanisms of dissociation of the

Krouse and Wenthold

Table 4. Calculated Relative 298 K Energies
(kcal/mol) of FSiMe;OH™ Isomers at Various Levels

of Theory
FSi(CH3)sOH~ HF loss TS (CH3)3SiO™- - -HF
method (1A) (1AB) (1B)
B3LYP/aug-cc-pVDZ Geometry
B3LYP/aug-cc-pvVDZ 0.0 25 —5.2
B3LYP/aug-cc-pVTZ2 0.0 3.8 —6.3
MP2/aug-cc-pvVDZ2 0.0 4.4 -1.2
MP2/aug-cc-pVTZ2 0.0 4.8 -3.2
MP4/aug-cc-pVDZ2 0.0 4.0 -0.3
B3LYP/aug-cc-pVTZ Geometry
B3LYP/aug-cc-pVTZ 0.0 3.2 —6.2
MP2/aug-cc-pVDZ2 0.0 4.2 -0.5
MP2/aug-cc-pVTZa 0.0 5.1 -2.6
MP4/aug-cc-pvVDZ2 0.0 4.0 0.5
MP2/aug-cc-pVDZ Geometry
MP2/aug-cc-pVDZ 0.0 4.3 -1.1
B3LYP/aug-cc-pvVDZ2 0.0 2.2 —4.8
B3LYP/aug-cc-pVTZ2 0.0 2.9 —6.3
MP2/aug-cc-pVTZ2 0.0 49 -29
0.0 4.1 -0.2

MP4/aug-cc-pVDZ2

2 Single-point electronic energies based upon the geometries at
the indicated levels of theory. Zero-point and thermal energy
corrections are obtained by using frequencies calculated at the
level of theory used to calculate the geometry.

CHy-H
AN [3_ !
Si---0
A / I
OEt
2AC\
1 \
oA Et(l)---H (CHy);Si0
1 1 A ! + EtOH
| \ Si-- -(I) ;70
' \ - | !
1 \ 1
1 \ 1
! \ 0.8 ]
' 1 0.0 __-"338", h
Et. \ !
E : \O H \ ll
1 \ 1
! ~ l_ | v [
i Si—0 Y /
] / | \ 1
1 \ 1
1 \ 1
' 2A 131
i (CH3);SiO-—HOEt
| 2B
Me,Si(OEHO™ i
+ CH, H
TN 00!
Me,Si(OEH)O-—CH,
2C

Figure 3. Potential energy diagram for the CH3CH,0Si-
(CH3)3 (2) + OH~ system with calculated relative enthal-

pies (B3LYP/6-31+G*).

hydroxide adducts of 1 and 3 have been examined in
more detail experimentally by using energy-resolved
CID. As shown in Table 2, the hydroxide adduct of 1
loses methane and HF to form fluorodimethylsiloxide
and trimethylsiloxide, respectively, upon CID (eq 4). The
cross sections for methane and HF loss from the
hydroxide adduct of 1 in the region from O to 6 eV
(center-of-mass frame) are shown in Figure 4. At low
energies, loss of methane to form fluorodimethylsiloxide
is slightly more efficient, but trimethylsiloxide is the
dominant product at energies above 2 eV.
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HF Loss: Loose

CH, Loss: Tight
N 2=453x107

HF Loss: Tight
CH, Loss: Tight
x?=6.16x 10!

"l
HF Loss: Tight HF Loss: Loose
CH, Loss: Loose & CH, Loss: Loose &
15 {2 =8.03 x 107 N 2=715x101 N
, e,

Absolute Cross Section, A2

Collision Energy (Center-of-Mass), eV

Figure 4. Measured cross-sections for the dissociation of
the hydroxide adduct of fluorotrimethylsilane modeled by
using various transition state combinations as described
in the text. The triangles represent cross sections for loss
of methane, and the circles are those for the loss of HF.

Modeling of the energy-resolved cross sections pro-
vides insight into the mechanisms of ion dissociation.
We have attempted to model the cross sections by using
the two types of decomposition mechanisms that have
been proposed for the hydroxysiliconate intermediates
in the reaction of silanes with hydroxide.3® The first is
a “tight” mechanism involving concerted loss of RH (eq
7). Frequencies for these transition states for concerted

| u R
>s|i‘—(|> - >sii‘—c') -
(1A) (1AB, 1AC)

RH + Si(CH3);0~ 7)

loss of HF or methane from the hydroxide adduct of 1
are those for the calculated structures 1AB and 1AC,
respectively. The second is a “loose” mechanism that
involves direct dissociation of RH from the solvated
siloxide as the rate-limiting step. The frequencies for
the loose transition states were approximated from
those for the siloxide and RH by using the phase space
theory approach described by Rodgers, Ervin, and
Armentrout.®® Parts a—d of Figure 4 show the fits of
the cross sections for CID of the hydroxide adduct of
fluorotrimethylsilane with different combinations of
transition states for product formation. The data in
Figure 4 were fit between 1.5 and 3.5 eV, and the
reactant ion was assumed to have a hydroxysiliconate
structure. Modeling the data by assuming a solvated
silioxide structure does not affect the qualitative results
but does affect the actual fitting parameters (vide infra).

As can be seen in Figure 4, the best fit to the data is
obtained when using a tight transition state for the loss
of methane and a loose transition state for the loss of
HF. Modeling with the other combinations leads to
significantly worse agreement with the data, both
visually and statistically (x? value), and does not ef-
fectively reproduce the shape of the energy dependence
of the methane loss channel. The parameters used to

Organometallics, Vol. 23, No. 11, 2004 2581

Table 5. Thermochemical Parameters for the CID
of Hydroxide Adducts of Fluorotrimethylsilane

and Phenyltrifluorosilane?

Reactant lon FSiMe3OH™ ¢

barrier for HF loss
barrier for CH4 loss
no

AS* (HF loss)

AS* (CH4 loss)

31.1 + 4.2 kcal/mol
25.6 + 3.7 kcal/mol
15+01

14.8 cal/(mol K)
2.9 cal/(mol-K)

Reactant lon MesSiO~- - -HF®

barrier for HF loss
barrier for CH, loss
nb

AS* (HF loss)

AS* (CH4 loss)

29.5 + 3.7 kcal/mol
23.3 £ 3.2 kcal/mol
15+01

8.3 cal/(mol K)
—2.8 cal/(mol K)

Reactant lon C¢HsSiF;0H~ ¢
barrier for HF loss 33.4 + 4.8 kcal/mol
barrier for CgHg loss 38.0 + 5.3 kcal/mol
nb 1.4+05
AS* (HF loss) 15.6 cal/(mol K)
AS* (CgHe loss) —0.7 cal/(mol K)

a Activation barriers correspond to AHgs. P Exponent in eq 3.
¢ Data obtained by modeling cross sections for CID of hydroxide
adduct of fluorotrimethylsilane. Modeling assumes that loss of HF
occurs by a loose transition state, whereas loss of CH,4 occurs by
a tight transition state. The reactant ion structure used in the
modeling is indicated. The actual structure of the ion (siliconate
or solvated siloxide) is not known. 9 Data obtained by modeling
low-energy (<3.5 eV) cross sections for CID of the hydroxide adduct
of phenyltrifluorosilane. Modeling assumes that loss of HF occurs
by a loose transition state, whereas loss of benzene, at threshold,
occurs by a tight transition state.

obtain the fit shown in Figure 4b are given in Table 5.
From the modeling, it is found that loss of methane has
a lower energy barrier than loss of HF but occurs with
a tighter transition state and is therefore less efficient
at high energies. These conclusions, based solely on the
empirical modeling, agree with the computational pre-
dictions derived from the potential energy surface shown
in Figure 2. With assumption of a solvated siloxide
reactant, the measured energy values for loss of HF and
methane are 29.5 + 3.7 and 23.3 + 3.2 kcal/mol (Figure
2, Table 5), in fair agreement with calculated predictions
(Table 3, column 6). Thus, loss of methane has a lower
barrier than that for loss of HF and is formed in greater
abundance at low energy but has a tighter transition
state; therefore, HF loss is preferred at higher energy.

Modeling was also carried out with phenyltrifluoro-
silane (Figure 5). As with the modeling of the fluoro-
trimethylsilane data, the cross sections at low energies
(<3.5eV) are best fit when using a loose transition state
for loss of HF but a tight transition state for loss of
benzene. However, accurate modeling of the data at high
energies (>3.5 eV) requires the addition of another
benzene loss channel, where the benzene is lost through
a loose transition state. Therefore, modeling of the CID
data for the hydroxide adduct of phenyltrifluorosilane
indicates that the dissociation occurs by a concerted
mechanism at low energy but that a pathway with a
loose transition state opens at about 3.5 eV. The fully
optimized fit for the CID cross sections, obtained with
a tight transition state for loss of benzene over the entire
range, a direct dissociation channel for loss of benzene
above 3.5 eV, and a loose transition state for loss of HF,
is shown in Figure 5. The parameters used for the loose
transition state for benzene loss at high energy were
based upon a dissociation of the ionic leaving group,
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Figure 5. Cross-sections for the dissociation of the hy-
droxide adduct of phenyltrifluorosilane, and the calculated
fit to the data. The circles correspond to loss of benzene,
and the triangles represent the pathway corresponding to
loss of HF. The benzene loss channel has been multiplied
by a factor of 5. The cross section data were modeled using
a loose transition state for the loss of HF from 1.5 to 6.2
eV. A tight transition state is used to model the loss of
benzene from 1.5 to 6.2 eV and a second, loose transition
state from 3.5 to 6.2 eV, as described in the text.

followed by rapid proton abstraction (eq 8), resulting in
a stepwise mechanism similar to that proposed by
DePuy and co-workers.36:4243 Modeling parameters for
the low-energy fits of Figure 5 are shown in Table 5.

CeHsSiF,0H™ — [C;Hs + SiF;0H] —
CeHg + SIF;0™ (8)

DePuy and co-workers3® have previously suggested
the possibility of competing loose and tight mechanisms
for the dissociation of the fluoride adduct of phenyltri-
methylsilane, (CH3)3Si(CsHs)F~. This agrees with what
we have found for the dissociation of CgHsSiFz;OH™,
where a concerted mechanism is preferred at low
activation energies, but the dissociative pathway domi-
nates at higher activation. However, it should be noted
that the energy at which the second pathway is ob-
served, 3.5 eV, is higher than the calculated hydroxide
affinity of 3 (Table 3). Therefore, it is unlikely that this
pathway is accessed during the thermal reaction of OH~
with the silane.

Conclusions

Reactivity and computational studies indicate two
distinct stable structures for hydroxide adducts of
fluorinated and oxygenated silanes: hydroxysiliconates
and solvated siloxides. Alkane-/arene-solvated siloxides
are calculated to be the lowest energy structures but
are weakly bound with respect to dissociation. The
relative energies of hydroxysiliconates and HX-solvated
siloxides depend on the substituents, as fluoro-substitu-
tion preferentially stabilizes hydroxysiliconate struc-
tures. The presence of a low-energy hydroxysiliconate
ion is indicated experimentally by CID products that
mirror those observed in the gas-phase reaction of OH~
with the silane. The results obtained in this work
indicate a hydroxysiliconate as the lowest energy struc-

Krouse and Wenthold

ture for the OH~ adduct of phenyltrifluorosilane but an
ethanol-solvated siloxide structure for the product ob-
tained from OH™ with ethoxytrimethylsilane. Experi-
mental and computational studies suggest that the
hydroxysiliconate and solvated siloxide structures for
the hydroxide adduct of fluorotrimethylsilane are very
close in energy and can readily interconvert upon
activation.

Modeling of CID cross sections indicates that two
types of dissociation mechanisms are possible for hy-
droxysiliconate ions. Loss of HF from fluorinated hy-
droxysiliconates is found to occur by a loose mechan-
ism, whereas alkane/arene loss is found to occur by a
tight (concerted) transition state at low energies. The
results are interpreted in light of computed potential
energy surfaces for the hydroxide adducts, which predict
the dissociation of hydroxysiliconates to occur by a
stepwise mechanism involving rearrangement to the
solvated siloxide, followed by decomposition. Whereas
the barrier for loss of HF from fluorinated hydroxy-
siliconate ions is much higher than that for intercon-
version of the hydroxysiliconate and corresponding
solvated siloxide structures, the barrier for loss of
alkane/arene is dictated by the energy of the transition
state for rearrangement from hydroxysiliconate to sol-
vated siloxide.

The mechanistic insight gained from this and other
recent work has important implications for the silane
cleavage method of measuring gas-phase acidities. An
important assumption in this approach is that the
differences in the barriers for the competing alkane-/
arene-loss channels mirror the differences in acidities
of the leaving hydrocarbon. This assumption is reason-
able, assuming a mechanism wherein the rate-limiting
step involves cleavage of an anionic leaving group.
However, the results of this work, in agreement with
the recent studies by Brauman and co-workers,*! sup-
port a more concerted mechanism wherein the barrier
is dictated by the energy of the rearrangement transi-
tion state and reiterate*! the call for caution in the use
of silane cleavage for measuring acidities. The question
of whether it is reasonable to expect the height of the
barrier to reflect the acidity of the fragmenting organic
moiety is unclear, and studies designed to test the
relationship are currently underway.
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