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Abstract: The 1H and 13C NMR spectra of 5>'m-tetra-rm-butyldisilane show that it adopts the gauche conformation below 
room temperature. These first NMR observations of hindered rotation in a disilane give a AG* of 13.73 ± 0.1 kcal/mol. Two 
independent methods indicate that the entropy term is small (AS* = -5.4 ± 3.0 eu). The decrease in importance of the entro
py term for the disilane compared to related ethanes is attributed to the decrease in steric repulsions which results from increas
ing the central bond length. The ESR spectrum of the disilanyl radical, generated by hydrogen abstraction, is indicative of an 
equilibrium conformation in which the /3-silicon-hydrogen approaches the nodal plane of the half-filled p orbital. The useful
ness of the hyperfine splitting of the /? hydrogen, A(SiH^), as a conformational probe is discussed. 

Dynamic nuclear magnetic resonance has become one of 
the most valuable techniques for determining the structure and 
stereochemistry of molecules.1 The characteristics of NMR 
permit observation of dynamic processes with barrier heights 
within the range of about 5-25 kcal/mol. The barriers to 
rotation about carbon-carbon bonds often lie within this range 
and thus many NMR investigations of rotation in organic 
molecules have appeared. 

Disilanes, compared with their carbon congeners, exhibit 
lower rotational barriers about the central bond as the data in 
Table I indicate. As might be expected, the increased bond 
lengths in the disilanes reduce their rotational barriers below 
those found for the analogous carbon compounds.2"" Until 
now, all experimental investigations of rotation about sili
con-silicon bonds have required the use of microwave spec
troscopy, vibrational spectroscopy, or electron diffraction.2,5'10 

Unfortunately, these three methods are generally useful only 
for simple molecules since the complexity of the data and its 
subsequent analysis increases rapidly as the number of atoms 
increases. Rotational barriers for more complex alkyl and aryl 
disilanes have only been estimated from empirical force field 
(EFF) calculations.3'7 

Ingold and co-workers have recently reported extremely high 
rotational barriers determined from the NMR spectra of 
5}w-tetra-te/-?-butylethane (1) and syw-tetra(trimethylsi-
lyl)ethane (2).'2 Their interest in these compounds arose from 

[(CH3)3C]2CHCH[C(CH3)3]2 

1 

[(CHj)3Si]2CHCH[Si(CHj)3I2 

2 
their studies of persistent carbon-centered radicals which re
sulted when bulky tert-buty\ and trimethylsilyl groups were 

substituted on ethane.13 These highly substituted ethyl radicals 
also exhibit restricted rotation. Conformational assignments 
have been made for radicals using the electron spin resonance 
hyperfine splittings (hfs) from the /3 hydrogens, a(H^). Fol
lowing this method, Sakurai and co-workers have interpreted 
the ESR spectrum of the j-ym-tetramethyldisilanyl radical to 
indicate conformational preferences at low temperatures.14 

In this paper we report an investigation by NMR and ESR 
of the effects of tert-buty\ substitution on the stereochemistry 
of disilanes. The species investigated were sym-teUa-tert-
butyldisilane (3) and its corresponding radical, 4. 

[(CH3)JC]2SiHSiH[C(CH3)J]2 

3 
[(CHj)3C]2SiHSi[C(CH3)J]2 

4 

Experimental Section 

1,1,2,2-Tetra-terf-butyldisiIane (3). 3 was prepared by coupling 
di-rerr-butyldichlorosilane and/or di-rer/-butylchlorosilane under 
reaction conditions slightly modified from those previously reported.15 

The coupling was run using sodium-potassium alloy and proceeds in 
reasonable yield in either THF (40%) or cyclohexane (53%) solvent. 
The compound was purified by vacuum distillation (84-95 0C at 0.25 
Torr) and confirmed by its IR and NMR spectra. 

NMR Spectra. The variable-temperature 1H NMR spectra were 
obtained on Varian XL-100-15 and Bruker WH-270 spectrometers 
operating in the FT mode. Variable-temperature 13C resonance 
spectra were acquired on the Varian X L-100 spectrometer. All spectra 
were run in CD2Cl2 solvent with Me4Si as an internal reference. The 
probe temperature was monitored using a Doric DS-35 thermocouple 
indicator to an accuracy of ±1 0C. 

Theoretical spectra were calculated using a program based on the 
matrix formulations of the Bloch equations as described by Reeves 
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Figure 1. Experimental 1H NMR spectra (dashed lines) and theoretical 
spectra (solid lines) determined for the primary hydrogens of 3 in CD2CI2 
at various temperatures. The low-intensity peaks in the experimental 
spectra arise from sample impurities. 

Table I. Rotational Barriers for Some Disilanes and Their Carbon 
Congeners 

compd 

H3SiSiH3 

H3CCH3 

H3SiSiH2F 
H3CCH2F 
H3SiSiHF2 
H3CCHF2 
H3SiSiF3 

H3CCF3 

Cl3SiSiCI3 
Cl3CCCl3 

Me3SiSiMe3 

method0 

V 
EFF 
MW 
MW 
MW 
EFF 
MW 
EFF 

V 
ED 
ED 
EFF 

rotational barrier, 
kcal/mol 

1.22 
1.2 
2.88 
1.05 
3.33 
0.85 
3.18 
0.81 
3.21 
0.65 

10.8 
1.05 

ref 

2 
3 
4 
5 
6 
7 
8 
7 
9 

10 
11 
3 

"V = vibrational, EFF = empirical force field, MW = microwave, 
ED = electron diffraction. 

and Shaw.16 The actual program employed makes the assumption that 
AS* = 0. The best fit values were determined by superpositioning of 
the simulated spectra on the experimental spectra. 

ESR Spectra. Solutions of 3 with A\-tert-b\i\.y\ peroxide (1:1 v/v) 
or with di-Ze/t-butyl peroxide and Zert-butylbenzene (1:1:1 v/v/v) 
were carefully degassed and sealed in quartz tubes. The solutions were 
irradiated with a water-filtered Bausch and Lomb SP-200 super 
pressure mercury source in the ESR cavity of a Varian V-4502-12 
spectrometer using 100-kHz modulation and a Varian V-4557 variable 
temperature accessory. The microwave frequency was measured with 
a Hewlett-Packard 5245L counter and 5256A frequency converter. 
The g factor and hyperfine splitting constant were measured relative 
to an aqueous solution of Fremy's salt (g = 2.0057; a\ = 13.096 
G). 

There is no observable temperature dependence in the ESR spec
trum from -60 to -20 0C. At -25 0C the disilanyl radical exhibits 
no apparent decay in signal intensity after 8 h. However, if the tem
perature is raised above —20 0C, decomposition of 4 results in several 
unidentified ESR signals. 

NMR Results and Discussion 

NMR Spectra. The 270-MHz ' H N M R spectrum of 3 taken 
at ambient temperature shows two singlets for the methyl and 
SiH protons at 1.15 and 3.61 ppm, respectively. The SiH res
onance remains a singlet at all temperatures. The changes 
observed in the methyl region at various temperatures are 
depicted in Figure 1 along with the calculated spectra. The 
!ow-temperature limiting spectrum shows two equivalent 
methyl resonances with a chemical shift separation (Ac) of 15.2 
Hz. The 5.6-Hz separation observed at low temperatures at 
100 MHz is consistent with this value. 

The '3C NMR spectrum of 3 also shows two singlets at 
ambient temperature. The methyl carbons are found at 31.2 
ppm and the quaternary carbons appear at 20.3 ppm. At low 
temperatures the methyl resonance splits into two equivalent 
signals with a separation of 23.2 Hz. No splitting of the qua
ternary carbons is observed. 

The Ac's for 3 observed on the various spectrometers are 
collected in Table II along with the corresponding coalescence 
temperatures and the calculated free energies of activation. 

Table II. Rate Parameters for Internal Rotation of 3 Taken from 
the Variable Temperature NMR Data 

parameter 

AJ-, Hz 
Tc, K 
AG*, kcal/mol 

3C at 25.2 
MHz 

23.2 
273 

13.8 

Table III. Thermodynamic Activation 
and Related Compounds 

compd 

H at 270.1 
MHz 

15.2 
267 

13.8 

'Hat 100.1 
MHz 

5.6 
257 

13.7 

Parameters for Disilane 3 

AG*, AW*, 
kcal/mol kcal/mol 

AS* 
eu ref 

(Z-Bu)2SiHSiH(Z-Bu)2 13.7 12.3 -5.4 this 
work 

U-Bu)2CHCH(Z-Bu)2 >23 12 
(Me3Si)2CHCH(SiMe3)2 18.8 9.6 -26 12 
(Z-Bu)2PP(Z-Bu)2 12.6 15.7 +14 21 

Conformation of 3. The splitting of the methyl resonance of 
3 into two signals at low temperatures (Figure 1) indicates that 
interconversion of conformational isomers is slow on the NMR 
time scale. The anti conformation, 5, would give rise only to 
one signal, and therefore the two different methyl resonances 

must arise from the distinct methyl pairs of the eclipsed con
formation, 6, or the gauche conformation, 7. 

Ingold has presented similar results for compounds 1 and 
2 and favors the gauche conformation on steric grounds, 
especially because relieving these steric repulsions by angle 
bending leads to a lower energy conformation for the gauche 
rotamer.12 These steric effects are, however, easily removed, 
for NMR coupling constants indicate that tetraphenylethane 
adopts the anti conformation,17 and tetramethylethane exhibits 
no conformational preference, displaying NMR signals for 
both gauche and anti rotamers in a 2:1 statistical ratio.18 

EFF calculations on disilanes suggest that hexamethyl-
disilane has the staggered conformation3 but that hexaphen-
yldisilane should be nearly eclipsed.19 An eclipsed rotamer 
might also be possible for 3, but molecular models indicate that 
the increased bond lengths are not sufficient to remove serious 
steric repulsions between geminal tert-buty\ groups in the 
molecule. Therefore, we favor the gauche form for the disilane 
3 in accord with Ingold's findings for the ethanes 1 and 2.20 

Entropy Effects on the Free Energy of Activation of 3. 
Thermodynamic activation parameters for rotation in the 
disilane 3 and related compounds are listed in Table 
I I I . ' " ' 

Although the free energy of activation for the ethanes l and 
2 is high, the enthalpy term for 2 was determined to be within 
the typical 6-14 kcal/mol range found for hindered rotation 
about carbon-carbon bonds.12 The rest of the activation energy 
for 2 was accounted for by the large entropy term, — 26 ± 2 eu. 
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Figure 2. Least-squares plot of the free energy of activation vs. the co
alescence temperature obtained at various magnetic field strengths. 

Table IV. ESR Parameters for Disilanyl Radicals" 

Figure 3. ESR spectrum of 4 at - 2 5 0C. Inserts are for the 29Si satellites 
obtained at higher spectrometer gain. 

radical 

(/-Bu)2HSiSi(J-Bu)2 

(CH3)2HSiSi(CH3)2 

(CHj)3SiSiH(CH3K 
(CH3)3SiSi(CH3)2 

a(CHtf) 

7.79 
8.15 
8.21 

fl(SiHtf) 

<3.4* 

6.63-9.14rf 

a(HT) 

C 

0.25 
0.30 
0.47 

<H29Si„) 

116 

142"-
142f , 
137 

g 

2.0038 

2.00375 
2.0037 
2.0037 

ref 

this 
work 

14 
25 
25 

" Hyperfine splitting constants in gauss. h Value quoted is AWp_p of central line. ' Not resolved. d Temperature dependent: 6.63 at 20 0 C, 
9.14 at - 1 2 0 0 C. e Reference 30. fa(U„) = 16.30 G. 

Ingold and co-workers therefore suggested that when the free 
energy of activation is higher than expected, as in the case of 
compounds with extremely bulky substituents, significant 
entropy effects can account for the additional energy.22 

The enthalpy and entropy of activation for rotation of the 
disilane 3 were determined employing the dependence of the 
coalescence temperature upon the NMR resonance frequen
cy.23 A least-squares analysis of the resultant rate parameters 
for chemical exchange between two equally populated sites 
(Figure 2) gave a A//* of 12.3 ± 0.8 kcal/mol and a AS* of 
-5.4 ± 3.0 eu. Although the value of AS* is based on only 
three experimental points, the AS* for 3 appears to be quite 
small (near zero as suggested by the line-shape analysis) and 
negative. This result is reasonable for a simple intramolecular 
rate process and receives additional support from the excellent 
agreement between the two independent determinations of 
AG* (13.76 ±0.1 kcal/mol from line-shape analysis vs. 13.73 
± 0.1 kcal/mol by the above method). 

That the entropy term makes a substantially smaller con
tribution to AG* for the disilane 3 than for hindered ethanes 
can be rationalized by referring to models, which show that 1 
is a remarkably hindered species. Rotation about the central 
C-C bond must be accompanied by a concerted rotation of the 
methyl groups in order for them to get by each other. A similar 
situation occurs for 2 since the increased C-SiMe3 bond length 
is compensated for by the similarly lengthened Si-CH3 bond. 
The smaller AG* is attributed to the greater flexibility of these 
longer bonds. Compound 3, however, shows a considerably 
lengthened central bond as well as an increased Si-C Me3 bond 
length. This combined lengthening moves the methyl groups 
considerable further apart and substantially reduces the con
tact between methyl groups, thus leading to less hindered 
rotation. 

ESR Results and Discussion 
ESR Spectrum. Photolysis of a solution of di-tert-bulyl 

peroxide and 3 at —25 0C rapidly produced a steady-state 
concentration of the disilanyl radical, 4, from hydrogen ab
straction by the photochemically generated tert-buloxy radi

cals. The ESR spectrum shown in Figure 3 consists of a broad 
single line flanked by silicon-29 (/ = '/2, 4.7% abundance) 
satellites.24 The g value and silicon hfs are given in Table IV 
and are consistent with those for other tabulated disilanyl 
radicals.14'25 The peak to peak line width (A//P_p) of 4.2 G 
decreased to 3.4 G when the photolysis was carried out in 
fer?-butylbenzene as solvent. The hfs due to the B hydrogen, 
a(Hj}), was not resolved but must be less than the A//p_p of 3.4 
G. 

Hfs and Conformational Assignment for 4. The ESR mea
surement of a(Hp) has allowed the determination of equilib
rium conformations for substituted ethyl radicals. This splitting 
arises primarily from hyperconjugation and is dependent on 
the angle, 0, between the principal axis of the p orbital con
taining the unpaired electron and the C-H bond on the B-
carbon atom as shown in 8. This hfs can be represented by the 

empirical relationship a (H^) = BQ + B cos2 6 where S0 and B 
are constants (B0 ^ 3 ± 2, B = 48 ± 5 G).26 

Although most silyl radicals exhibit pyramidal geometry, 
disilanyl radicals are believed to be planar or quasi-planar from 
ESR25'27 and chemical evidence.28'29 It therefore appears that 
hyperconjugation provides an important mechanism in de
termining the magnitude of /3-SiH as well as /3-CH splittings 
in disilanyl radicals.14 However, because only one another 
/3-SiH splitting for a disilanyl radical has been reported, an 
empirical relationship for assigning the angle, B, based on 
values of a(SiH^) cannot yet be developed. 

The ESR parameters for 4 and for other known disilanyl 
radicals are shown in Table IV. The smaller value of a(29Sia) 
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Table V. afHfj) for Some Substituted Ethyl Radicals 

radical T, 0C a(Hg), G ref 

(r-Bu)2HCC(/-Bu)2 25 <3.5a 31 
[(CH3)3Si]2HCC[Si(CH3)3]2 25 <0.27« 31 
(CH3)2HCC(CH3)2 20 11.9* 31 

-120 9,8 
(CH3J2HCCH2 -98 32.2 32 

-145 35.1 

" Value quoted is AWP_P of central line. * Hfs for unique hydrogen; 
o(H,t)) = 22.9 G for the methyl hydrogens. 

in 4 compared to the other disilanyl radicals indicates reduced 
s character in the orbital containing the unpaired electron and 
thus a more nearly planar radical center. 

The value of a(Si-H^) is remarkably low, within the line 
width of the single-line ESR spectrum. This fact along with 
the temperature independence of the ESR spectrum over the 
range studied indicates that 4 is locked in conformation 9. As 
discussed earlier, it is not possible to calculate the angle 9, but 
a comparison of a(SiHp) with that in Me2HSi-SiMe2 suggests 
that the /3-SiH bond is approaching the nodal plane of the 
half-filled p orbital (i.e., 9 is approaching 90°). This confor
mation must result from steric repulsions between the tert-
butyl groups, consistent with the high activation barrier for 
rotation about the Si-Si bond determined for the parent disi-
lane 3. 

These findings are in direct contrast to the results on sym-
tetramethyldisilanyl radical, Me2HSiSiMe2.14 For this species 
a(SiH^) increases markedly with the lower temperatures 
implying that 10 is the equilibrium conformation for this 

9 10 

radical. This conformation, with 9 = 0°, must be favored by 
hyperconjugation between the /3-SiH bond and the p orbital 
on silicon. Greatly reduced steric hindrance in this radical 
compared to 4 allows this conformation to be sustained. 

It is interesting to compare these results with those for the 
substituted ethyl radicals shown in Table V.31>32 The ex
traordinarily low value observed for 0[H13) in (:-Bu)2-
HCC(Z-Bu)2 and (Me3Si)2HCC(SiMe3)231 shows that these 
hindered radicals, like 4, are locked in conformation 9. The less 
hindered Me2HC-CMe2,31 however, does not adopt confor
mation 10 as does its silicon analogue but shows a weak pref
erence for 9 (more pronounced at lower temperatures). This 
connotes greater steric strain than in the corresponding disil
anyl radical, resulting from the shorter C-C bond. Confor
mation 10 can, however, be observed in some substituted ethyl 
radicals. For example, the temperature dependence of a(H$) 
for the isobutyl radicals, Me2HCCH2,32 suggests that 10 is the 
equilibrium conformation. 

The hyperfine coupling constant, a(H(j), has been extremely 
important in the assignment of conformations for substituted 
ethyl radicals. Similarly, it appears that the ESR measurement 
of a(SiH(j) will be a valuable probe in the conformational 
analysis of disilanyl radicals. 
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