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Abstract: The electron affinities for a series of a-silyl-substituted silyl and carbon radicals have been measured. These 
electron affinities (kcal/mol) include the following: EA((Me3Si)2CH) = 36.0 ± 0.2, EA(Me2HSiSiMe2) = 32.3 ± 
0.8,/L4((Me3Si)2SiH) = 44.7 ± 1.9, and £/J((Me3Si)3Si) = 46.8 ± 2.0. The electron affinity of the dimethylsilyl 
radical was also determined to be 24.7 ± 0.5 kcal/mol. From these electron affinities and the bond dissociation energies, 
we derive the gas-phase acidities for these compounds. These quantities allow us to compare the stabilization in carbon 
and silyl anions by a-silyl groups. Ab initio calculations aid in understanding the stabilization mechanism. 

Introduction 

In this work we have measured the electron affinities for a 
series of a-silyl-substituted carbon and silyl radicals to probe the 
effect of a-silyl substituents on the stabilities of carbanions and 
silyl anions. 

Carbanions are among the most important synthetic inter­
mediates, and they are used extensively to form carbon-carbon 
bonds.1,2 Silyl groups stabilize carbanions in solution,3 and much 
synthetic work takes advantage of their stability;4-7 silyl anions 
are used extensively to synthesize silicon-carbon bonds.8 In 
solution these anions are solvated and they are complexed with 
alkali metal cations. 

Gas-phase experiments, in the absence of solvent, allow the 
determination of the thermodynamic properties of anions through 
the measurement of acidities and electron affinities, so that the 
relative stabilities of the anions can be compared. In the gas 
phase, most simple carbanions are very weakly bound9 or 
unbound10-13 with respect to electron loss. In contrast, silyl anions 
are much more stable, with correspondingly higher electron 
affinities (EA(SiH3) = 32.4 kcal/mol14.15 vs EA(CH3) = 1.8 
kcal/mol9). 

Third period elements are known, from measurements of gas-
phase acidities16-22 and electron affinities,20'23-24 to stabilize 
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In addition, the electron affinity of the dimethylsilyl radical 
was determined. This electron affinity serves as a model for the 
effect of dimethyl substitution on the electron affinity of a silyl 
radical, and it is used to derive the acidity for dimethylsilane. 
This acidity is of interest because of discrepancies in the previously 
measured acidities of methylsilane and trimethylsilane.15'19 Our 
derived acidity is compared with the previously determined value. 

Experimental Section 

Materials. 1,1,2,2-Tetramethyldisilane was prepared in the laboratory 
of Professor Edwin Hengge. We purified this compound using gas 
chromatography (Hewlett-Packard 5790A, column SE-30, 8 ft., 0.25 
in.) to remove other silane impurities. Tris(trimethylsilyl)methane and 
tetrakis(trimethylsilyl)silane were purchased from Aldrich and used as 
received. Tris(trimethylsilyl)silane was purchased from Fluka and used 
as received. Nitrogen trifluoride was purchased from Ozark Mahoning. 
Before introduction into the high vacuum chamber, all neutrals were 
degassed by several freeze-pump-thaw cycles on the foreline. 

Ion generation. Fluoride ion was generated by the dissociative electron 
capture of nitrogen trifluoride, NF3. 

NF3+ e" — F + N F 2 (1) 

Anions were then generated by proton abstraction from the corresponding 
neutral or by nucleophilic displacement reactions. Proton abstraction 
was used to generate the (dimethy lsilyl)dimethy lsily 1 anion. Nucleophilic 
displacement, modeled on the methods used by DePuy and co-workers 
to generate carbanions in the gas phase,40,41 was used to generate the 
other anions, eq 2. 

F + (Me3Si)3SiH — Me3SiF + (Me3Si)2SiH" (2) 

This method is used to generate the silyl anions unambiguously. 
Instruments. Experiments were performed in an ion cyclotron resonance 

(ICR) spectrometer operating in the CW mode,42 which allows continuous 
ion generation and detection. The signal-to-noise ratio obtained with 
CW ICR is ideal for measuring small changes in the ion population 
(<1%). Single-frequency phase-sensitive detection was accomplished 
using home-built capacitance bridge detection (CBD) circuitry,43 together 
with a commercial lock-in amplifier (Princeton Applied Research Corp., 
Model 124A). The voltage output from the CBD is proportional to the 
number of ions in the ICR cell.44 A frequency-locksystem43 was employed 
to correct for frequency shifts (typically ± 0.1 kHz in 150 kHz) induced 
during photochemical experiments. 

Light Sources. The ions were irradiated with light from an arc lamp 
or a dye laser. Low-resolution spectra were obtained using a 1000-W 
xenon arc lamp (Canrad-Hanovia) in conjunction with a 0.25-m high 
intensity grating monochromator (Kratos Analytical). Spectral band-
widths were 20-50 nm, fwhm. The grating was calibrated using the 
expanded output from a helium-neon laser. Lamp power was measured 
using a thermopile (Eppley Laboratory, Inc.). Because of the configura­
tion of our experimental setup, arc lamp power measurements could not 
be performed simultaneously with the detachment data and were obtained 
separately. 

A dye laser (Coherent 590) pumped by a Coherent argon ion laser 
(Innova 200/15) was used to irradiate the ions. Wavelengths were selected 
with a three-plate birefringent filter; the spectral bandwidth was typically 
1 cm-1. Laser dyes (Exciton) used and wavelength ranges include the 
following: Rhodamine 590 (570-650 nm), DCM (605-705 nm), LDS 
698 (670-750 nm), and LDS 751 (700-820 nm). The dye laser was 
calibrated by using the optogalvanic effect.45'46 The output from the dye 
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laser is introduced into a Ca/Ne hollow cathode lamp and the current 
of the lamp is monitored as the laser is tuned. The current changes if 
the laser is tuned to an electronic transition of the species in the lamp. 
The dye laser was calibrated using the known transitions for these 
elements.47 Dye laser power was measured simultaneously with data 
collection by splitting off a small portion of the beam and directing it into 
a thermopile (Eppley Laboratory, Inc.). 

Data Acquisition and Processing. Electron photodetachment experi­
ments were performed by monitoring the anion population (A-) as a 
function of the wavelength (energy) of irradiated light. 

A" + hv — A + e" (3) 

Data collection typically involved measuring the ion intensity without 
light at the beginning and the end of a scan and collecting signal 
measurements at 10-100 consecutive steps; the signal was measured and 
averaged for 3 to 5 s at each step and step sizes were 5 nm for the arc 
lamp data and less than 1.5 nm for the laser data. The relative cross 
section, <r(X), was calculated from the fractional ion signal change, F(X), 
the wavelength, X, and the energy of the light at that wavelength, E(X), 
using the steady state model.48 

g ( X ) = x / r rxufX )>r^M ( 4 ) 

X-E(X)[I-F(X)] 
A minimum of three scans were averaged together for each wavelength 
region. Each photodetachment spectrum was comprised of several small, 
overlapping wavelength regions, spliced together. 

Calculations. Ab initio molecular orbital calculations were performed 
using Gaussian 92.49 Structures were defined using symmetry and were 
not verified as global minima, because only relative geometry and energetic 
information were desired. Determination of global minima is expected 
to give only minor changes in the structure and energetics of these systems. 

Results 

Photodetachment Spectra. The photodetachment spectra 
obtained are shown in Figures 1-5. AU spectra show cross sections 
that are smoothly increasing functions above threshold. The cross 
section at any particular wavelength is the sum of all available 
transitions from the ground state anion to the various rotational, 
vibrational, and electronic states of the neutral and of the excited 
electronic states of the anion. Transitions to these excited states 
will be superimposed on the background detachment and will 
appear as slope changes in the spectrum. 

The threshold for photodetachment is the energy at which the 
cross section first rises from zero. This threshold is generally 
assigned as the adiabatic electron affinity for the radical, 
presuming that the Franck-Condon factor for the v' = 0 (J',K' 
= 0) *- v" = 0 (J",K" = 0) transition is strong enough to be 
observed and that hot band transitions are unimportant. 

The photodetachment thresholds for all ions display slowly 
rising cross sections. Predictions regarding the slope of the 
photodetachment spectrum at threshold can be made based on 
the type of orbital from which the electron is removed.50 Ab 
initio studies predict that carbon and silyl anions are quite 
pyramidal (H-M-H angle = 109° and 95-97°, respectively).51 

The silyl anion is observed experimentally to have a H-Si-H 
angle of 95°,14 leading us to predict that in the silyl anions the 
"extra" electron resides in an orbital with substantial s character. 
The detached electron is therefore expected to be a p wave, which 
should show a cross section whose slope at threshold is proportional 
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Figure 1. Low-resolution electron photodetachment spectrum for 
Me2HSr; bandwidth = 20 nm fwhm. 

to E%11, where E is the energy of the ejected electron. Thus, the 
cross section should rise slowly, and we believe the first onset we 
observe corresponds to the adiabatic electron affinity. 

Onsets were assigned using two methods. The first involved 
a linear extrapolation of the data to zero cross section. The second 
method involved taking the derivative of a smoothed cubic spline 
function determined from a least-squares fit of the data.52 Onsets 
from the arc lamp data are corrected for the bandwidth by 
subtracting the full width at half maximum; the uncertainties in 
the onsets are assigned as the spectral bandwidth (20-25 nm). 
For two of the anions, higher resolution data were also obtained 
using a dye laser; spectral features were assigned from these data 
with an uncertainty of ± 5 nm. The onset assignments and 
uncertainties are discussed in more detail below for the individual 
ions. 

Experimental Results, (a) Me2SiH. The low-resolution pho­
todetachment spectrum for the dimethylsilyl anion is shown in 
Figure 1. The onset, based on the value from the differentiated 
spline, appears at 1178 ± 20 nm. The monochromator bandwidth 
was subtracted from the spline-derived value, yielding a bandwidth-
corrected onset of 1158 ± 20 nm, corresponding to an adiabatic 
electron affinity of 24.7 ±0.5 kcal/mol. This spectrum displays 
a broad resonance centered at approximately 530 ± 20 nm. This 
resonance peak is indicative of a transition to an electronically 
excited state of the anion. The energy of this state is approximately 
2.3 eV above the ground state of the anion. This is nearly identical 
with the transition energy observed15 for an excited electronic 
state in Me3Si-. The apparent structure in the spectrum between 
600 and 1000 nm is probably a consequence of power fluctuations 
in the arc lamp output, and we do not believe it to have any 
physical significance. 

(b) MejSiHSiMej. The photodetachment spectrum of the 
(dimethylsilyl)dimethylsilyl anion is shown in Figure 2. The 
spectrum displays a smoothly rising cross section above ap­
proximately 900 nm, with no observed resonances. The onset 
was assigned as 904 ± 20 nm, based on the results of the 
differentiated spline method. This yields a bandwidth-corrected 
onset of 884 ± 20 nm, corresponding to an adiabatic electron 
affinity of 32.3 ± 0.8 kcal/mol. 

(c) (MejSihSiH. The low-resolution arc lamp photodetach­
ment spectrum for this anion is displayed in Figure 3. This anion 
displays a smoothly rising cross section above 664 nm. Correction 
for the bandwidth (25 nm) yields an electron affinity of 639 ± 
25 nm (44.7 ± 1.9 kcal/mol). No evidence of excited electronic 
states is seen for energies less than 3.5 eV (350 nm). 

(d) (Me3Si)jSi. The low-resolution arc lamp spectrum for 
this anion is shown in Figure 4. This anion displays an onset at 

(52) Janousek, B. K. Ph.D. Thesis, Stanford University, 1979. Janousek, 
B. K.; Zimmerman, A. H.; Reed, K. J.; Brauman, J. I. J. Am. Chem. Soc. 
1978, 100, 6142-6148. 
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Figure 2. Low-resolution electron photodetachment spectrum for 
Me2HSiSiMe2

-; bandwidth = 20 nm fwhm. 
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Figure 3. Low-resolution electron photodetachment spectrum for 
(Me3Si)2SiH-; bandwidth = 25 nm fwhm. 

500 

Wavelength (nm) 

600 

Figure 4. Electron photodetachment spectrum for (Me3Si)SSr. The 
bandwidth is 25 nm fwhm. The high-resolution laser spectrum is shown 
as an inset. 

604 nm. Correction for the bandwidth yields an onset of 579 ± 
25 nm (49.4 ± 1.8 kcal/mol). The high-resolution electron 
photodetachment spectrum is shown as an inset. A slowly rising 
cross section is seen, with a slope change at 611 nm. The long 
tail between 611 and 700 nm may be partly due to a hot band. 
A hot band of this magnitude (6 kcal), however, is unexpected. 
Assignment of the onset at 700 nm would give an electron affinity 
that is not consistent with those for the other silanes. Therefore, 
because of the uncertainty in the onset assignment, we estimate 
large error bars and assign the onset as 611 ± 25 nm (46.8 ± 2 
kcal/mol). 
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Figure 5. Electron photodetachment Spectrum for (Me3Si)2CH-. The 
bandwidth is 25 nm fwhm. The high-resolution laser spectrum is shown 
as an inset. 

(e) (Me3Si)2CH. The low-resolution electron photodetachment 
spectrum for this anion is shown in Figure 5. A slowly rising 
cross section is seen, with an onset of 734 nm. A resonance appears 
at approximately 530 nm (2.3 eV), suggesting the presence of an 
excited state of the anion. This is nearly identical in energy to 
the resonance seen24 in the electron photodetachment spectrum 
of (Me3Si) CH2

-. The high-resolution spectrum shown as an inset 
shows a slow, smoothly rising cross section, with an onset of 795 
± 5 nm. Therefore, we assign the electron affinity as 36.0 ± 0.2 
kcal/mol. 

Discussion 

We have determined here the electron affinities for several 
silyl-substituted carbon and silyl radicals, and we now examine 
these electron affinities to learn about the magnitude of a-silyl 
stabilization. The electron affinity measures the stability of an 
anion relative to its neutral. 

A' —A + e" EA(A) (5) 

A comparison of electron affinities reveals the stabilization of the 
anions relative to their corresponding radicals. To learn about 
relative anion stabilities we compare acidities (eq 6), and to learn 
about relative radical stabilities we compare bond dissociation 
energies (eq 7). 

A H - A " + H+ A//°acid(AH) (6) 

AH — A + H />°(AH) (7) 

In this paper we compare the observed electron affinity trends 
for a-silyl-substituted silanes and methanes with those for other 
a-substituted compounds. We then discuss observed and esti­
mated bond dissociation energies for the neutral compounds, as 
an estimate of the radical stabilities. From the electron affinities 
and the bond dissociation energies we compute acidities for these 
compounds, allowing us to compare the stabilization of these 
anions. Ab initio calculations are used to help understand the 
mechanism of the anion stabilization. 

Electron Affinities, (a) Carbon Radicals. We have measured 
the electron affinity of (Me3Si)2CH as 36.0 ± 0.2 kcal/mol. The 
electron affinity of Me3SiCH2 was previously determined24 to be 
21.9 ± 0.3 kcal/mol, and the electron affinity of CH3 is 1.8 ± 
0.7 kcal/mol.9 Replacement of a hydrogen by a trimethylsilyl 
group thus increases the electron affinity by about 20 kcal/mol 
for the first silyl substituent and 14 kcal/mol for the second. This 
is a dramatic effect: the stabilization obtained from one 
trimethylsilyl group is on the order of the resonance stabilization 
energy measured for one phenyl group (the electron affinity of 

the benzyl radical is53 21.0 ± 0.14 kcal/mol) and there is relatively 
little "saturation" effect when a second group is added. 

We can compare this with the effect observed by substitution 
of other a-substituents. The replacement of a hydrogen by an 
alkyl group generally decreases the electron affinity, because the 
radical is stabilized relative to the anion. Indeed, most simple 
alkyl anions are not bound with respect to electron loss.10-13 As 
substituents, some other second period elements (O, N) also appear 
to decrease the electron affinity; electron affinities for CH2OH 
and CH2NH2 are calculated to be negative and these anions have 
not been observed.54 In contrast, ab initio calculations using 
isogyric reactions predict that fluorine substitution should increase 
the electron affinity33 and CH2F

- has been observed experimen­
tally.13.55 

Third period substituents are stabilizing. For example, the 
electron affinity of MeSCH2 was measured to be 20.0 ± 1.2 
kcal/mol using photoelectron spectroscopy,23 similar to the effect 
of silyl substitution. Ab initio calculations using isogyric reactions 
suggest that substitution of multiple chlorine atoms increases the 
electron affinity approximately 13-16 kcal/mol per substituted 
chlorine atom.33 The adiabatic electron affinity OfCCl3 has been 
calculated using approximate density functional theory (DFT) 
to be 54.4 kcal/mol34 and derived from acidity measurements as 
51.9 ± 2.3 kcal/mol.22 Thus, these calculations suggest that 
chlorine atoms show a similar effect to that seen for silyl groups. 

(b) Silyl radicals. As we have done with carbon radicals, we 
can explore substituent effects on electron affinities of silyl 
radicals. The silyl anion is quite stable;14-15'51'56 its radical has 
a much higher electron affinity than that of the methyl radical9 

(32.4 vs 1.8 kcal/mol). In this work, we have determined the 
electron affinity of Me2SiH to be 24.7 kcal/mol, showing that 
substitution of two methyl groups decreases the electron affinity 
of the silyl radical by ~8 kcal/mol. The electron affinities of 
the other methyl silyl radicals have previously been determined,15 

and the electron affinity of the dimethylsilyl radical is consistent 
with these measurements: EA(MeSiH2) = 27.5 ± 0.8 kcal/mol; 
EA(Me2SiH) = 24.7 ± 0.5 kcal/mol; EA(SiMe3) = 22.4 ± 0.6 
kcal/mol. Thus, substitution of a methyl group for a hydrogen 
decreases the electron affinity ~ 2-5 kcal/mol per methyl group. 
This electron affinity value for Me2SiH allows us to derive the 
acidity of Me2SiH2 and helps to resolve some differences in the 
literature regarding this acidity, as discussed below. Substitution 
of a phenyl for hydrogen is known to have essentially no effect 
on the electron affinity (EA(SiH3) = 32.4 ± 0.6 kcal/mol vs 
EA(PhSiH2) = 33.1 ± 0.1 kcal/mol).15 

In this work, we have also found that substitution of two and 
three (Me3Si)- groups gives an electron affinity of 44.7 and 46.8 
kcal/mol, respectively. Although the electron affinity of the singly 
substituted compound (Me3SiSiH2) was not determined, we can 
estimate the electron affinity change for substitution of one silyl 
group by comparing the electron affinities for Me2SiH and Me2-
SiHSiMe2. 

Me2SiHSiMe2 + Me2SiH" — 

Me2SiHSiMe2
- + Me2SiH (8) 

The &H"nn is -7.6 kcal/mol. If we assume that (Me3Si)- or 
(Me2SiH)- show essentially the same effect, substitution of a 
(Me3Si)- group for H increases the electron affinity of silyl 
radicals ~2-8 kcal/mol per silyl group. Obviously then, the 
effect of a-silyl substitution on silyl radical electron affinity is 
considerably smaller than the effect of a-silyl substitution on 
carbon radical electron affinity (2-8 vs 14-20 kcal/mol). It is 

(53) Gunion, R. F.; Gilles, M. K.; Polak, M. L.; Lineberger, W. C. Int. J. 
Mass Spectrom. Ion Proc. 1992, 117, 601. 

(54) Downard, K. M.; Sheldon, J. C; Bowie, J. H.; Lewis, D. E.; Hayes, 
R. N. J. Am. Chem. Soc. 1989, / / / , 8112. 

(55) Graul, S. T.; Squires, R. R. J. Am. Chem. Soc. 1990,112,2517-2529. 
(56) Kalcher, J. Chem. Phys. 1987, 118, 273-284. 
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likely that most of this attenuation is a consequence of the 
substantially greater stability (electron affinity) of the silyl radical 
itself. From considerations of perturbation theory, we expect 
that as a system becomes more stable, stabilization interactions 
of this type will be diminished. 

Bond Dissociation Energies, (a) C-H Bonds. The relative 
stabilities of the radicals can be examined in a similar manner 
by comparing the bond dissociation energies of the neutral 
molecules. The only silyl substituted methane bond dissociation 
energy measured is for tetramethylsilane, CH3SiCH2-H, deter­
mined57 to be 99.2 ±1.2 kcal/mol, nearly identical with that 
obtained for the analogous carbon compound, neopentane57 (99.7 
kcal/ mol). A separate determination58 suggested that an a-silyl 
substituent stabilizes a primary alkyl radical by 2.6 ± 1 kcal/ 
mol. This, together with the typical primary C-H bond energy, 
recently revised to 101.1 ± 0.4 kcal/mol,59-60 yields a C-H bond 
energy of 98.5 ± 1 kcal/mol in tetramethylsilane. Both of these 
determinations are consistent with silyl groups providing a small 
amount of stabilization to a carbon radical, slightly more than 
that seen by an addition of an alkyl group. Ab initio calculations 
by Coolidge and Borden61 indicate that Z>° (C-H) for SiH3CH3 
is 1.1 kcal/mol less than D" (C-H) for ethane, while calculations 
by Allendorf and Melius predict that D" (C-H) for CH3SiH3 is 
100.9 kcal/mol,62 also consistent with substitution of a silyl group 
for a methyl group providing a small amount of stabilization. We 
expect the addition of a second silyl group will further stabilize 
the radical by approximately the same amount and we estimate 
the C-H bond dissociation energy of (Me3Si)2CH-ZZaS 96 kcal/ 
mol. 

(b) Si-H bonds. Si-H bond dissociation energies have been 
measured for a variety of silicon compounds. From these 
measurements, it appears that D" (Si-H) is essentially inde­
pendent of the number of methyl groups present (ca. 90 kcal/ 
mol).57-63 The bond dissociation energies of silane, methylsilane, 
and trimethylsilane were also derived15 via a thermochemical 
cycle from the electron affinities of the corresponding radicals 
and the acidities of the neutrals: D" (SiH4) = 91.6 ± 2 kcal/mol; 
Z)°(MeSiH3) = 92.2 ± 2 kcal/mol; 0"(Me3SiH) > 91.0 kcal/ 
mol. Ab initio calculations62'64 for a series of methyl-substituted 
silanes suggest there may be a small increase in D" (Si-H) for 
successive substitution of methyl groups (<0.9 kcal/mol per 
methyl group). This difference is within the experimental error 
limits and would be difficult to observe experimentally. Because 
of the difficulties in measuring D" (Si-H) directly, we have chosen 
to estimate Z>° (Me2SiH2) using the above derived D" (Si-H); 
therefore we assign D" (Me2SiH2) = 92 ± 2 kcal/mol. 

D" (Si-H) shows a slight decrease with silyl substitution: D0-
(Si-H) for SiH3SiH2-Zf57, Me3Si(Me2)Si-ZZ,65 and (Me3Si)3Si-
H65 are 86.3, 85.3, and 79.0 kcal/mol, respectively. Ab initio 
calculations have also been used by Coolidge and Borden to study 
the effect of silyl substitution on D"(Si-H).61 They compute a 
2.9 kcal/mol decrease in D" (Si-H) from silane to disilane and 
a difference of 8.2 kcal/mol between silane and (SiH3)3Si-H. 
They attribute the lowering of D° (Si-H) to silicon being less 
electronegative than hydrogen. Sax and Kalcher have used ab 

(57) Walsh, R. Ace. Chem. Res. 1981, 14, 246-252. 
(58) Davidson, I. M. T.; Barton, T. J.; Hughes, K. J.; Ijadi-Maghsoodi, S.; 

Revis, A.; Paul, G. C. Organometallics 1987, 6, 644-646. 
(59) Seakins,P. W.; Pilling, M. J.; Niiranen, J.T.; Gutman, D.; Krasnoperov, 

L. N. J. Phys. Chem. 1992, 96, 9847-9855. 
(60) Berkowitz, J.; Ellison, G. B.; Gutman, D. J. Phys. Chem. 1994, 98, 

2744. 
(61) Coolidge, M. B.; Borden, W. T. J. Am. Chem. Soc. 1988,110, 2298-

2299. 
(62) Allendorf, M. D.; Melius, C. F. / . Phys. Chem. 1992, 96, 428-437. 
(63) Walsh, R. In The Chemistry of Organic Silicon Compounds; Patai, 

S., Rappoport, Z., Eds.; John Wiley and Sons Ltd.: New York, 1989; Vol. 
I; pp 371-391. 

(64) Ho, P.; Coltrin, M. E.; Binkley, J. S.; Melius, C. F. / . Phys. Chem. 
1985, «9, 4647-4654. 

(65) Kanabus-Kaminska, J. M.; Hawari, J. A.; Griller, D.; Chatgilialoglu, 
C. J. Am. Chem. Soc. 1987,109, 5267-5268. 
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Table 1. Carbon Thermochemistry" 

A* 

CH3 
(CHs)3CCH2 

Me3SiCH2 
(Me3Si)2CH 

EA(A') 

1.8 ±0.7» 
4.8' 

21.9 ±0.3/ 
36.0 ± 0.2 

D" (H-A) 

104.9' 
101.1" 
99.7* 
99.2* 
96 ± 4 ' 

A/TWHA) 

417 
409 ± \* 
411 ±10« 
387 ± 3* 
374 ± 4 

" All values in kcal/mol. Acidities calculated using eq 9. * Reference 
9. "The 1°, 2°, and 3° £>°(C-H) have recently been revised.59'60 The 
new value for a primary alkyl radical is used for neopentane. d Reference 
11.* Reference 55. /Reference 24. * Reference 57. * Reference 19. ' Es­
timated from the D" (C-H) for (CHj)3SiCH2-H,57 assuming each 
trimethylsilyl group decreases the D" (H-A) by approximately 3 kcal/ 
mol. 

initio methods to calculate D" (Si-H) for SiH4, H3SiSiH3, and 
(H3Si)2Si-ZZ2 as 91.6, 89.5, and 86.3 kcal/mol, respectively,66 

suggesting that silyl substitution decreases D" (Si-H) by 2-3 kcal/ 
mol per silyl group. 

Acidities. The gas-phase proton affinity is defined as the 
enthalpy change for the heterolytic H-A bond dissociation (eq 
6). The smaller the AZZ°acid(HA) value, the more acidic the 
compound. If we assume that the relative stabilities of the neutral 
species are not affected by substitution, the relative anion stabilities 
can be obtained by comparing the acidities. Acidities can be 
derived from the electron affinities using the bond dissociation 
energy of H-A, Z>° (H-A), and the ionization potential of 
hydrogen, IP(H). 

AJZ°acid(HA) = D°(H-A) - EA(A) + IP(H) (9) 

EA(A) and IP(H) are 0 K values, while AZZ0
acid(HA) and Z>°-

(H-A) are 298 K values. Correction of AZZ°acid(HA) for the 
integrated heat capacities is expected to make only a minor 
contribution to this value, less than the error limits. Therefore 
we have not included these contributions. 

Acidities can also be measured by equilibrium or bracketing 
techniques. Attempts to bracket the acidity using alkoxides were 
complicated by the formation of the trimethylsiloxide ion. This 
chemistry has previously been observed by DePuy and co­
workers.11'67 

RO" + (Me3Si)2CH2 — Me3SiO" + (Me3Si)CH2R 

The structure of the neutral molecule is postulated, based on 
their work. Trimethylsiloxide ion can deprotonate the silyl neutral, 
depending on the acidity of the neutral (AG°acid(Me3SiOH) = 
352 ± 468 and 356.0 ± 4.0 kcal/mol69 ). Because of these 
complications, experimental acidity determinations were not 
successful. 

The derived acidities for carbon and silyl are summarized in 
Table 1 and Table 2, respectively. 

Carbon Acids. A summary of the electron affinities, bond 
dissociation energies, and calculated acidities is shown in Table 
1. The acidity, relative to neopentane, increases by 22 and 13 
kcal/mol for the addition of one and two trimethylsilyl groups, 
respectively. The stabilization causes (Me3Si)2CH2 to be more 
acidic than methanol and comparable in acidity to /ert-butyl 
alcohol.70 This remarkable stabilization can be compared with 
the stabilization seen from other a-substituents. 

The substitution of a methyl group for a hydrogen in the anion 
is destabilizing, resulting in A/Z°at!jd increasing approximately 6 
kcal/mol.11 Not surprisingly electron delocalization into an 
aromatic ring decreases AZZ° aCid', however the decrease is only 

(66) Sax, A. F.; Kalcher, J. J. Phys. Chem. 1991, 95, 1768-1783. 
(67) DePuy, C. H.; Damrauer, R.; Bowie, J. H.; Sheldon, J. C. Ace. Chem. 

Res. 1987, 20, 127. 
(68) Damrauer, R.; Simon, R.; Krempp, M. J. Am. Chem. Soc. 1991,113, 

4431^*435. 
(69) Grimm, D. T.; Bartmess, J. E. J. Am. Chem. Soc. 1992,114, 1227-

1231. 
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TaUe 2. Silane Thermochemistry" Table 4. 6-311 +G(d,p) Geometries 

EA(A*) Z)0(H-A) AffWHA) 

SiH3 

Me2SiH 

Me2HSiSiMe2 
(Me3Si)2SiH 
(Me3Si)3Si 

32.4 ± 0.6* 
32.4 ± 0.3' 
24.7 ± 0.5 

32.3 ±0.8 
44.7 ± 1.9 
46.8 ± 2.0 

90.3 ± 1" 
91.8 ±0.5' 
92 ±2« 

86 ±2* 
82 ±4' 
79 ± y 

373 ± 2» 
371 ± y 
380 ± 2 
383 ±3^ 
366 ± 3 
352 ± 6 
346 ± 3 

" AU values in kcal/mol. * Reference 15. c Reference 14. ' Reference 
57.' References 75 and 60. /Reference 19. 'Estimated as described in 
text. *DerivedfromZ)8(Si-H)forMe3SiMe2Si-H(85.3± 1 kcal/mol)65 

and H3SiH2Si-H (86.3 ± 1 kcal/mol).57'Estimated to lie between 
Me3SiMe2Si-H (85.3 ± 1 kcal/mol«) and (Me3Si)3Si-H (79 ± 1 kcal/ 
mol<5). J Reference 65. 

Table 3. Calculated Substituent Stabilization Energies of Methyl 
and Silyl Anions" 

6-31G(d) 6-3U+G(d,p) 

(SiHj)11CHn, + CH3- -* (SiHa)nCH3-,- + CH4 AH°m 
1 -37 -25 
2 -64* -47» 
3 -85 -66 

(SiH3J11SiH4-* + SiH3- - (SiH3)^iH3H," + SiH4 AH"™ 
1 -12 -11 
2 -21 -19 
3 -28 -27 

" AU values in kcal/mol; symmetries used for the calculations for the 
molecules and anions are defined in Table 4. * Because of the symmetry 
chosen for (SiH3)2CH2, there are two eclipsing interactions present in 
this molecule which are not present in Si3CH3 and (SiH3)3CH; from our 
other calculations these interactions are expected to contribute ap­
proximately 4 kcal/mol to the decrease in the AZfn,,. 

slightly greater than that measured here:70 Aif°aCid(C6H5CH3) 
= 380.8 ± 2.4; AH0^aC6Hs)2CH2) = 363.6 ± 2.3; and 
A/r,

add((C6H5)3CH) = 358.7 ± 2.9 kcal/mol. The replacement 
of hydrogen by other third period elements shows similar 
stabilization effects to that seen for silyl groups, as observed from 
the measured A#°acid: Me2PCH3 (391.1 ± 217 and 383.9 ± 3.1 
kcal/mol18), MeSCH3 (393.2 ± 2 kcal/mol17), CZf3SH (394 ± 
2.9 kcal/mol20), and ClCH3 (399.6 ± 2.5 kcal/mol21). Multiple 
substituent effects on acidity have been studied for a few other 
third period compounds. The acidities OfCH2Cl2 and CHCl3 are 
374.6 ± 3.970 and 357.6 ± 2.0 kcal/mol,22 respectively. Ab initio 
calculations suggest a 17-21 kcal/mol acidity increase per Cl 
substituted.33 The acidity of 5,5-dimethyl-1,3-dithiane has been 
measured16 to be 372.9 ± 2.1 kcal/mol. We expect the acidity 
of this compound should be quite similar to that of (MeS)2CH2. 
From these results it appears that multiple silyl, sulfur, or chlorine 
substituents have similar effects on the acidity of methane, but 
silyl substituents may be the most stabilizing 

The anion stabilization for these compounds can also be 
calculated using ab initio methods. We have performed calcula­
tions using two different basis sets. To minimize the calculation 
time, we calculated geometries and energies for the (-SiH3) 
substituted compounds, rather than the (-SiMe3) substituted 
compounds, and we used symmetry to define the geometries. 
Global minima were not calculated; we expect only minor 
differences in the stabilization energies as a result of this. 
Isodesmic reactions are used to estimate the stabilization energies. 
While we do not expect the absolute value of these numbers to 
be correct because we have not included electron correlation and 
zero point energies, we expect that the trends should be correct. 
From these calculations, the stabilization at the 6-31G(d) level 
ranges from -37 (1 silyl group) to -28 kcal/mol per silyl group 
(3 silyl groups), while that at the 6-311+G(d,p) level ranges 

(70) Bartmess, J. E. NIST Negative Ion Energetics Database, Version 
2.06, U.S. Department of Commerce, National Institute of Standards and 
Technology, 1990. 

methanes 

CH4Cr*) 
H3SiCH3 (C30) 
(H3Si)2CH2(C21,) 
(H3Si)3CH (C30) 

methyl anions 

CH3-(C30) 
(H3Si)CH2-(C0) 
(H3Si)2CH-(C) 
(H3Si)3C-(C30) 

silanes 

bond distances (A) 

C-Si C-H 

1.882 
1.884 
1.890 

1.084 
1.086 
1.090 
1.074 

bond distances (A) 

C-Si C-H 

1.780 
1.787 
1.801 

1.098 
1.085 
1.085 

bond distances (A) 

Si-Si Si-H 

angle (deg) 
HCH 109.5 
SiCH 110.9; HCH 108.0 
SiCSi 116.9; SiCH 108.3 
SiCSi 113.2; SiCH 105.4 

angle (deg) 
HCH 109.0 
SiCH 120.2; HCH 113.4 
SiCSi 128.4; SiCH 115.7 
SiCSi 120.0 

angle (deg) 

SiH4 (7,) 
H3SiSiH3(D3*) 
(H3Si)2SiH2 (C20) 

2.364 
2.366 

1.477 
1.480 
1.483 

HSiH 109.5 
SiSiH 110.3; HSiH 108.6 
SiSiSi 112.5; SiSiH 109.1; 

HSiH 107.8 
(H3Si)3SiH (C30) 

silyl anions 

SiH3-(C30) 
(H3Si)SiH2-(Q) 
(H3Si)2SiH-(C) 
(H3Si)3Si-(C30) 

2.368 1.486 

bond distances (A) 

Si-Si Si-H 

2.398 
2.388 
2.379 

1.535 
1.529 
1.526 

SiSiSi 110.8; SiSiH 108.1 

angle (deg) 
HSiH 96.9 
SiSiH 95.8; HSiH 97.0 
SiSiSi 98.2; SiSiH 96.2 
SiSiSi 98.6 

from -25 (1 silyl group) to -22 kcal/mol for each silyl group (3 
silyl groups); both sets of calculations are consistent with a roughly 
additive increase in the acidity with substitution of multiple 
substituents. Basis sets without diffuse orbitals are believed to 
overestimate stabilization energies28-71 and electron correlation 
appears to be necessary to calculate acidities accurately.38 

Bemardi and co-workers32 determined the stabilization of a single 
silyl group to be-23.2 kcal/mol (MP2/6-31G(d)//3-21+G(d)), 
using the identical isodesmic reaction. Numerous calculations 
using various basis sets have shown that silyl groups stabilize 
carbanions25"28'32 and that third period elements stabilize 
carbanions.25-34-54 

We can examine the neutral and anion geometries, to learn 
more about the mechanism of the stabilization (Table 4). An 
examination of the C-Si bond lengths shows that, in general, 
bond lengths are found to decrease by approximately 0.1 A upon 
deprotonation. This is consistent with an earlier prediction that 
hyperconjugation plays an important role in the stabilization of 
the carbanion.24-28'72 In addition, the central bond angle at the 
carbon increases upon deprotonation. The Mulliken population 
analysis indicates that in the neutral molecule, the central carbon 
has close to a full negative charge. Upon deprotonation, most 
of the charge is picked up throughout the rest of the molecule. 

Schleyer, Houk, and co-workers28 performed ab initio calcula­
tions to study the stabilization of carbanions. They concluded 
that third period elements are more stabilizing than second period 
elements, as a result of their more electropositive character, more 
effective negative hyperconjugation, and the greater polarizability 
of these elements. They concluded that the stabilization energies 
are not greatly affected by the inclusion of d-orbitals and therefore 
d-orbitals are not important for describing the stabilization of 
carbanions. They are important, however, for describing the 
geometries properly. 

Silyl Acids. The derived acidities of the silanes allow us to 
compare the effects of methyl and silyl substituents on the acidities 
of silyl compounds. 

(71) Spitznagel, G. W.; Clark, T.; Schleyer, P. v. R.; Hehre, W. J. J. 
Comput. Chem. 1987, 8, 1109-1116. 

(72) Hopkinson, A C ; Lien, M. H. /. MoI. Struct (Theochem) 1983, 92, 
153-166. 
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We were especially interested in the effect of methyl substitution 
on the acidity of silane, because of the discrepancies observed in 
two previous independent measurements of the acidities of the 
methyl silanes. Damrauer and co-workers" used bracketing 
techniques to measure the acidity of silane as 371 ± 2 kcal/mol 
and the acidities of methylsilane, dimethylsilane, and trimeth-
ylsilane each as 383 ± 3 kcal/mol, concluding that the alkylsilanes 
were less acidic than silane, but that alkylsilane acidities did not 
vary with the number of substituted methyl groups. Wetzel et 
al.'5 previously used equilibrium measurements to determine the 
acidities of silane, methylsilane, and trimethylsilane; these were 
determined to be 372.8 ± 2,378.3 ± 2, and > 382.8 ± 2 kcal/mol, 
respectively, consistent with an acidity decrease of ~3-6 kcal/ 
mol per substituted methyl group. From the experiments reported 
here, we derive the acidity of dimethylsilane as 380 ± 2 kcal/mol, 
consistent with an acidity decrease of 2-6 kcal/mol per substituted 
methyl group. The electron affinities of the methyl-substituted 
radicals show incremental decreases with methyl substitution (2-5 
kcal/mol per substituted methyl),15 while the Si-H bond energies 
are expected to be essentially unchanged57 or show slight increases 
upon methyl substitution,62-64 as discussed earlier. Therefore we 
expect the acidities should decrease approximately 2-5 kcal/mol 
with successive methyl substitution. The small changes we see 
for successive methyl substitution may be obscured in the previous 
bracketing determination of the Si-H acidities of the methylsilanes 
by Damrauer and co-workers.19 These bracketing experiments 
are also complicated by the presence of a relatively acidic C-H 
site in these molecules (A#°acid(C-H) = 388-391 kcal/mol19 vs 
A#°acid(Si-H) = 378-383 kcal/mol). Therefore, our derived 
acidity of dimethylsilane is consistent with a small decrease in 
the acidities of the methylsilanes upon successive methyl 
substitution. 

The effect of silyl group substitution on the acidity of silanes 
was also derived. A comparison of dimethylsilane and Me2-
SiHSiMe2H shows that substitution of a silyl group increases the 
acidity by approximately 14 kcal/mol, a consequence of an 8 
kcal/mol increase in EA and a decrease of ~6 kcal/mol in bond 
energy. Examination of the other substituted silanes shows that 
the overall trend is a stabilization of 6-14 kcal/mol per silyl 
group. This a remarkable amount of stabilization, considering 
that the silyl anion itself is so stable. Interestingly, the substitution 
of a phenyl group has been shown to have essentially no effect 
on the acidity of silanes,15 suggesting that T delocalization does 
not play a role in the stabilization of silyl anions. This is supported 
both by studies of the NMR chemical shifts in various phenyl 
silyl anions73 and by the absorption spectra of phenyl silyl lithium 
salts in THF.74 

The anion stabilization for these compounds was also calculated 
using ab initio methods, as for the carbanions, summarized in 
Table 3. From this it can be seen that the calculated stabilization 

(73) Buncel, E.; Venkatachalam, T. K.; Eliasson, B.; Edlund, U. J. Am. 
Chem. Soc. 1985, 107, 303-306. 

(74) Evans, A. G.; Hamid, M. A.; Rees, N. H. J. Chem. Soc. B1971,1110. 
(75) Seetula, J. A.; Feng, Y.; Gutman, D.; Seakins, P. W.; Pilling, M. J. 

J. Phys. Chem. 1991, 95, 1658-1664. 

energies are one-third (6-31G(d)) to one-half (6-311+G(d,p)) 
those seen for the analogous carbon compounds. The stabilization 
calculated using the 6-311+G(d,p) basis set agrees quite well 
with our experimental estimates (8-11 vs 6-14 kcal/mol for each 
silyl group). The disilane acidity was previously calculated38 to 
be 362 kcal/mol (MP2/6-311++G(3df,2pd)), consistent with a 
silane stabilization of approximately 11 kcal/mol, suggesting that 
electron correlation does not have a large effect on the stabilization 
energies of silyl anions. Interestingly, substitution of other third 
period elements is predicted to yield a stabilization quite similar 
to that exhibited by silyl. 

Previous calculations have examined the effect of second period 
substituents on the stability of silyl anions and have concluded 
that methyl groups destabilize silyl anions,26-35'36 consistent with 
experimental observations. 

Examination of the geometries of the neutral molecules and 
deprotonated anions shows a few interesting trends. Upon 
deprotonation, the Si-Si bond lengths actually increase slightly. 
This suggests that hyperconjugation is not an important factor 
for silyl anions, in contrast to the carbanions. This is not surprising, 
given the long length of these bonds and the poor ir-overlap 
expected. Other studies of the effect of second period38-72 and 
third period elements38 on the stability of silyl anions have shown 
that the Si-X (X = CH3, NH2, OH, F, SiH3, PH2, SH, Cl) and 
Si-H bond lengths increase upon deprotonation. In addition, the 
central Si bond angle decreases substantially upon deprotonation, 
from approximately 110-111° to 95-98°. The small central 
angles in the anions suggests that there is substantial p-character 
in the bonds, and that the extra electron is located in an orbital 
with substantial s-character. An orbital with substantial s-
character would be expected to bind an electron more tightly 
than one with more p-character, as seen in the carbanion system. 
In addition, the Mulliken populations suggest that a substantial 
amount of the charge in the anion remains on the central silicon, 
consistent with the electron being tightly bound in the s-orbital. 

Conclusions 

Silyl groups stabilize both carbanions and silyl anions, as seen 
from electron affinity measurements and derived acidities. Ab 
initio calculations also suggest that the stabilization increase is 
approximately additive for the number of silyl groups. The 
stabilization for carbanions is approximately 14-20 kcal/mol 
per silyl group and the stabilization for silyl anions is approximately 
6-14 kcal/mol per silyl group. Ab initio calculations suggest 
that the stabilization results from hyperconjugation in the 
carbanion, consistent with previous work, but does not result from 
hyperconjugation in the silyl anion. 

Acknowledgment. We are grateful to the National Science 
Foundation for support of this work. We thank Professor Edwin 
Hengge, Technical University, Graz, Austria for the tetram-
ethyldisilane, and we thank Professor Robert Damrauer, Uni­
versity of Colorado, Denver, for encouragement and helpful 
discussions. 


