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radius would imply higher multiplicity for all bonds, but the 
conclusions about the similarity of the bonding in CrOzFz and 
CrOzClz would remain. 

According to VSEPR theory, the amount of space in the 
coordination sphere of an atom occupied by single, double, and 
triple bonds to that atom increases with increasing bond 
multiplicity. Application of this and a few other simple 
postulates of the theory has led to successful predictions of 
the relative magnitudes of bond angles in a wide variety of 
substances among which are the sulfuryl and selenyl halides 
whose structures are summarized in Table V. As is seen from 
the table, however, the theory fails for the chromyl halides, 
where the angle between the bonds to the oxygen atoms is 
found to be slightly smaller than that between the halogen 
bonds. This angle relationship is also found in several other 
pairs of similar molecules that differ in having a main-group 
vs. a transition-metal atom at the central position. 

The angle differences just mentioned, though puzzling, are 
no more so than some other structural features of the group 
6 molecules revealed in Table V. For example, the OMX 
angles are remarkably similar in all five cases. Also, the 0.0 
distances for the sulfur and chromium compounds differ by 
at most about 0.12 A, despite the large differences in the 
M = O  bond lengths and O M 0  bond angles. We see no simple 
model of the bonding which successfully rationalizes all fea- 
tures of the structures in Table V. In respect to the difference 
between the FMF angles in SOzF2 and CrOZFz, however, both 
GMD’ and BM06 have noted that Coulomb repulsion between 
the fluorine atoms should be greater in the latter than in the 
former because their atomic charges are larger in the latter. 
BMO have also pointed out that the FCrF angle bending 
constant is smaller than the FSF constant and that the ob- 
served relative values for LFMF in the two compounds are 

consistent with a balancing of these repulsions and angle 
strains. 

Our values for the symmetrized force constants for CrOzFz 
are similar to those found in CrOzClZ2J4 for all modes except 
those comprising primarily Cr-X bond stretches. For these 
modes the Cr-F constants, while still in the singlebond range, 
are nearly twice the magnitude of the corresponding Cr-C1 
ones, a difference similar to that observed for fluorine and 
chlorine bonded to other atoms. The consistency of the force 
fields for these two molecules supports the conclusion obtained 
from comparison of the bond lengths that the bonding in them 
is similar. Finally, we note that BM06 have obtained values 
for the internal stretching and stretch-stretch interaction 
constants that differ only very slightly from those derived from 
our symmetry force field. The values in aJ/AZ (BMO in 
parentheses) are f(Cr0) = 7.470 (7.429), f(CrF) = 4.746 
(4.774),f(CrO,CrO) = 0.341 (0.382),f(CrF,CrF) = 0.187 
(0.384), and f(Cr0,CrF) = 0.284 (0.390). The differences 
may be attributed to the different structures used in the 
normal-coordinate analyses. 
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The lowest ionization potential (IF’), corresponding to ionization of a nitrogen 2p “lone-pair” orbital, was studied experimentally 
via photoelectron spectroscopy (PES) and theoretically by using semiempirical (MNDO) and ab initio methods, in the 
three series (CH3)+,,N(SM3), (CH,)+,,N(Si(CH,),), and (CH&!H2CH&N(Si(CH3),), n = 0-3. The ab initio calculations 
on (CH3)2NSi3 predict a very flat potential surface around nitrogen, suggesting a balance of forces tending toward pyramidal 
and planar geometries. The results do not wholly support a previous interpretation of electron diffraction data for this 
molecule. The question of d-orbital participation in the Si-N bond is discussed in terms of an effect on the geometry of 
the silylamines and an effect on the IP’s of the silylamines. A method of extrapolating measured IP’s to arrive at the vertical 
IP of a (hypothetical) planar tertiary amine has been presented. For planar trimethylamine a vertical IP of 7.7-7.9 eV 
is predicted. For planar tri-n-propylamine the vertical IP is predicted to be 7.4 eV. MNDO calculations on tri-tert-butylamine 
suggest that the reason for its nonexistence is entirely steric, not electronic. 

Introduction 
Tris(trimethy1silyl)amine is an intriguing compound for at 

least two reasons. First, it is quite remarkable that three 
extremely bulky trimethylsilyl groups can “fit” around one 
nitrogen while three terf-butyl groups cannot, or, at least, have 
not yet been made to fit.’ Second, tris(trimethylsily1)amine 

( 1 )  Methyldi-terr-butylamine has recently been synthesized: Audeh, C. A.; 
Fuller, S. E.; Hutchinson, R. J.; Lindsay-Smith, J. R. J. Chem. Res., 
Miniprint 1979, 2984. 

0020-1669/83/1322-0895$01.50/0 

is fascinating because it is an aliphatic amine that is planar, 
whereas other amines are pyramidal. 

We have undertaken a photoelectron spectroscopic (PES) 
and theoretical study of tris(trimethylsily1)amine and related 
silylamines, the results of which we report herein. 
Experimental Section 

Except for N,N-bis(trimethylsily1)propylamine and N-(tri- 
methylsily1)di-n-propylamine, all compounds were commercial samples 
(Petrarch Systems, Inc.) whose purity was checked by H NMR. The 
two compounds mentioned above were synthesized by literature 
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Table I. First Ionization Potentials (em 

Livant, McKee, and Worley 

n = O  n = l n = 2  n = 3  

8.5," 8.5O 9.2a 9.7a 
8.44,b 
8.53c 8.03 8.21 8.58, 

(CH3)3-nN(SiH3)n 

(CH,),-,N(Si(CH,),), 
(CH,CH,CH,)3-nN(Si(CH3)3)n 7.92c 7.83 8.18 1 8.60d 

a Reference 4. Reference 24. Reference 23. Starzewski, 
K. A.  0.; Dieck, H. T.; Bock, H. J,  Organomet. Chem. 1974,65, 
311. 

0 1 

(eV J 
9.01 

8! 8.0 

1 DO d J 
I I I I 
0 1 2 3  

n 
Figure 1. Lowest IP of (CH3)3-,,N(SiH3),: experimental (m) and 
calculated by ab initio methods STO-3G (O) ,  STO-3G* (V), and 
6-21G (0). At n = 0-2, calculations were performed at several values 
of 0 shown in this figure and in Table 11. 

methods2v3 and purified by distillation. 
Photoelectron spectra were obtained on a Perkin-Elmer Model 

PS-18 spectrometer. Xenon and argon were used as calibrants in all 
runs, and all data quoted herein represent an average of several spectra. 
Results 

Photoelectron spectra for the series (CH3),-,N(SiH3),, n 
= 0-3, have been obtained previously," and the first ionization 
potential (IP) of each member of the series is given in Table 
I and plotted in Figure 1. Shown also in Table I and plotted 
in Figure 2 are the measured first IPS in the series 
(CH,),-,N(Si(CH,),),, n = 0-3, and (CH3CH2CH2),-,N- 
(Si(CH3)3),,, n = 0-3, which were determined here. 

Calculations were carried out at two levels of sophistication, 
namely MND05 and ab  initio.6 In the semiempirical cal- 
culations, the geometry was optimized with respect to energy. 
At the ab  initio level, several standard basis sets were 
employed-STO-3G, STO-3G* (which includes d orbitals on 

(2) Hils, J.; Hagen, V.; Ludwig, H.; Riihlmann, K. Chem. Ber. 1966, 99, 
776. 
Fessenden, R. J.; Crowe, D. F. J .  Org. Chem. 1961, 26, 4638. 
Cradock, S.; Ebsworth, E. A. V.; Savage, W. J.; Whiteford, R. A. J .  
Chem. SOC., Faraday Trans. 2 1972, 68, 934. 
Dewar, M. J. S.;  Thiel, W. J .  Am. Chem. Soc. 1977, 99,4899. 
(a) Hehre, W. J.; Stewart, R.'F.; Pople, J. A. J .  Chem. Phys. 1969, 51 
2657. (b) Hehre, W. J.; Ditchfield, R.; Stewart, R. F.; Pople, J. A. Ibid. 
1970, 52, 2769. (c) Binkley, J. S.; Whiteside, R. A.; Krishnan, R.; 
Seeger, R.; DeFrecs, D. J.; Schlegel, H. B.; Topiol, S.; Kahn, L. R.; 
Pople, J. A. "Gaussian SO", QCPE 406, Indiana University. 

.XPt. 

754 

4 I I I I 

O i i j  
n 

Figure 2. Experimental lowest IP of (CH,)3,N(Si(CH3),), (0) and 
(CH3CH2CH2),-,N(Si(CH3)a)n (A) and lowest IP calculated by 
MNDO for (CH3)3-,N(Si(CH3)3), (0) and (CH3)3-,N(SiH3), (0). 

silicon), and 6-21G. In addition, the standard STO-3G* basis 
was augmented by adding d orbitals to nitrogen (d-orbital 
exponent = 0.8). The geometries employed in these calcula- 
tions are recorded in Table 11, and the results are shown in 
Table 111. The parameter 0 is defined as follows, with tri- 
methylamine as an example: 

I 

I 

In order to keep these ab initio calculations manageable, 
the R-N-R' and R-N-R angles in R,NR' were set equal to 
each other even when R # R'. This seems to be an allowable 
procedure when R and R' are CH, and SiH,; certainly it would 
be unsatisfactory for CH3 and SiMe3. When R and R' are 
CH3 and SiH,, variation of 0 is expected to be the major 
geometric effect, and keeping R-N-R' and R-N-R angles 
equal constitutes a minor perturbation. 
Discussion 

Ab Initio Results. (i) Planarity of (CH3)2NSiH3. A critical 
factor in the calculations reported here was the geometry about 
nitrogen. Electron diffraction studies have been carried out 
on (CH3),-,N(SiH3),, n = 1-3. The conclusion for trisilyl- 
amine' and methyldisilylamines was that nitrogen was planar. 
In the case of dimethylsilylamine, the published geometry had 
the heavy atoms slightly n~np lana r .~  However, the  author 
has indicated that the diffraction data do not strictly rule out 
a planar geometry.1° 

The reason for our concem about geometry is apparent when 
one examines the behavior of trimethylamine. At the STO-3G 
level, an energy minimum is reached at 0 = 101.2' (by using 
a three-point parabolic fit): experimentally, 0 = 108O." At 

(7) Beagley, B.; Conrad, A. R. Trans. Faraday SOC. 1970,66, 2740. 
(8) Glidewell, C.; Rankin, D. W. H.; Robiette, A. G.; Sheldrick, G. M. J .  

Mol. Struct. 1969. 4. 215. 
(9) Glidewell,C.;Ranidn,D. W. H.; Robiette, A. G.; Sheldrick, G. M. J.  

Mol. Struct. 1970, 6, 231. 
(IO) Personal communication from D. W. H. Rankin to M.L.M. 
( 1  1) Wollrab, J. E.; Laurie, V. W. J.  Chem. Phys. 1969, 51, 1580. 
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Table 111. Results of ab Initio Calculationsa 

Livant, McKee, and Worley 

(CH,),N (CH,),NSiH3 CH3N(Sfi3), N(SH3)3 

E e IP basis e IP E e IP E e IP E 

STO-3G 90 6.55 -171.17165 90 6.76 -419.39483 90 7.06 -667.62030 90 7.62 -915.03695 
96 6.68 -0.00088 96 6.84 +0.001 38 96 7.13 t0.00080 

102 7.00 -0.00292 102 7.05 +0.00451 
108 7.53 t0.00068 

STO-3G* 90 7.13 -419.47559 90 7.77 -667.78499 90 8.45 -916.10542 
96 7.20 4-0.001 61 96 7.82 t0.005 76 

102 7.37 +0.005 41 
STO-3G* + d on N 90 6.40 -171.187 78 90 7.02 -419.497 86 

96 6.55 -0.002 31 96 7.10 +0.00053 
102 6.94 -0.00805 
108 7.55 -0.00974 

6-2 1 G 90 8.13 -173.04266 90 8.82 -424.10558 90 9.55 -675.17214 90 10.28 -926.2477 
96 8.25 -0.00004 96 8.90 4-0.00242 96 9.60 -1-0.00252 

102 8.56 +0.00088 102 9.07 +0.006 26 
108 9.03 4-0.00236 

6-21G* 90 8.83 -424.15629 90 9.53 -675.20075 

9 0  

I O  

IP 

(.VI ,o 

I O  

Rei. Lnercy 

I ksd/mol. I 

- 5  

a IP refers to the negative of the energy of highest occupied MO (eV). 
relative to e = 90". 
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Figure 3. Total energy and lowest IP calculated for (CH3)3N and 
(CH3)2NSiH3 as a function of 8. These are ab initio calculations: 
STO-3G (O) ,  STO-3G* (O), 6-21G (A), STO-3G* + d orbitals on 
N (0). Energies are given relative to B = 90'. 

the 6-21G level the E vs. 8 curve is quite flat (Figure 3), the 
extrema differing by only 1.5 kcal/mol. Only when d orbitals 
are included on nitrogen does the calculation approach reality, 
reaching a minimum at B = 107.5'. Significantly, the effect 
of such modest changes in B on the lonepair IP is quite dra- 
matic. For example, although total energy at the 6-21G level 
spanned a range of only 1.5 kcal/mol, the lonepair IP (which 
by Koopmans' theorem can be taken to be minus the energy 
of the HOMO) varied over a wide range of 0.90 eV (21 
kcal/mol). This is reasonable; the lone-pair orbital is essen- 
tially pure p when the system is planar, and it mixes in s 
character as the system becomes more pyramidal. Therefore, 
the question of planarity or nonplanarity of (CHJ2NSM3 must 
be treated with great care in order to do a credible calculation 
of the lone-pair IP for this molecule. As can be seen from 
Table 111, every basis set yields the result that the planar form 
of (CH3),NSiH3 is more stable than the pyramidal form. Here 
it is most reasonable to compare 8 = 90' to 8 = 96O, since 
larger values of 8 are probably not realistic in this case. When 
we make this comparison, the energy difference between these 
two values of B is 0.87 kcal/mol for STO-3G, 1.52 kcal/mol 

Energy (au) is listed in full for e = 90" and subsequent entries are 

for 6-21G, 1.01 kcal/mol for STO-3G*, but only 0.33 
kcal/mol at the most sophisticated level-STO-3G* + d or- 
bitals on nitrogen. In the case of CH3N(SiH3)2, which is 
certainly planar, the differences in energy between B = 90' 
and 8 = 96O are generally larger: 0.50 kcal/mol for STO-3G, 
1.58 kcal/mol for 6-21G, and 3.62 kcal/mol for STO-3G* 
(planar more stable in each case). Here the trend is toward 
a larger energy difference as the basis set becomes more 
sophisticated-just the reverse of the (CH3)*NSiH3 case in 
which the energy difference between planar and pyramidal 
tends to decrease at higher level of theory. In the (CH3),N- 
SiH3 case, a fair generalization is that all of the energy dif- 
ferences are exceedingly small. The significance we attach 
to them is that the problem of planarity in (CH3)2NSiH3 
cannot be unambiguously resolved solely by calculations at 
the level at which they have been carried out. A saving feature, 
however, is that the range of IP's spanned by the realistic range 
8 = 90-96O in this system (about 0.08 eV) is somewhat smaller 
than the range of IPS spanned by the similarly realistic range 
8 = 102-108' in trimethylamine (an average 0.54 eV). Thus, 
a slight ambiguity in geometry in the case of (CH3)*NSiH3 
produces less of an effect on the predicted IP than a slight 
ambiguity in geometry in the case of (CH3)3N. Another 
avenue along which to attack this problem is to compare the 
experimental IP's with the calculated IPS in the series 
(CH3)3-nN(SiH3)n, n = 1-3. From Figure 1 one sees that the 
experimental IP's increase fairly linearly from n = 1 to n = 
3. To best reproduce this linearity, at the 6-21G, STO-3G*, 
or STO-3G level, one must use the B = 90' value for (C- 
H3)2NSiH3. This argues in favor of planarity for this com- 
pound but does not provide conclusive evidence, of course. 

(ii) Importance of d Orbitals. The importance of silicon d 
orbitals in the description of Si-N compounds is a question 
that has been disc~ssed. '~- '~ Baybutt, Guest, and Hillier16 
used a crude basis set and argued that the pyramidal geometry 
of trimethylamine could be predicted without the inclusion of 
d orbitals, but the planar geometry of trisilylamine could only 

~~ ~ ~ 

(12) Fessenden, R.; Fessenden, J. S. Chem. Rev. 1961, 361. 
(13) Ebsworth, E. A. V. J.  Chem. Soc., Chem. Commun. 1966, 530. 
(14) Perkins, P. G. J.  Chem. Soc., Chem. Commun. 1967, 268. 
(15) Nagy, J.; Hencsei, P. J.  Orgonomet. Chem. 1972, 38, 261. 
(16) Baybutt, P.; Guest, M. F.; Hillier, I. H. Proc. Roy. SOC. London, Ser. 

A 1973, 333, 225. 
(17) Shea, K. J.; Gobeille, R.; Bramblett, J.; Thompson, E. J .  Am. Chem. 

Soc. 1978,100, 1611. 
(18) Thuraisingham, R. A. Indian J.  Chem., Sect A 1979, 18A, 509. 
(19) Noodleman, L.; Paddock, N. L. Inorg. Chem. 1979, 18, 354. 
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be obtained when d orbitals were included. They found a total 
d-orbital population of 1.41 e, which is quite high. Their total 
energy for trisilylamine was -892.49 au, which should be 
compared with the energies listed in Table 111. These authors 
characterized their calculations as being of "an exploratory 
nature". These same calculations were repeated by Thu- 
raisingham18 using a better basis set, with more or less the 
same results. That is, trisilylamine became planar only when 
d orbitals were used. Total energy was -922.47, and d-orbital 
population was 0.93 e. Noodleman and Paddock19 have done 
Xa-SCF calculations on (CH3),N, (SiH3)3N, and (GeH3)3N 
and found d-orbital participation highest in the case of tri- 
silyamine (1.08 e). They found the bulk of d-orbital contri- 
bution to be in the high-lying occupied MO's, as one might 
expect. 

The discussion of the importance of d orbitals may be di- 
vided into two parts: the importance of d orbitals in accounting 
for the observed IP's and the importance of d orbitals in ex- 
plaining the planarity of the silylamines. 

We find that the trends in lone-pair IP's for the Si-N 
compounds investigated can be described quite well without 
recourse to the inclusion of d orbitals, as can be seen from the 
curves in Figure 1. This indicates that the contribution of d 
orbitals must be fairly constant throughout the series. This 
is indeed the case; total d-orbital population per silicon in 
(CH3)+,N(SiH3), is 0.328 e for n = 1,0.333 e for n = 2, and 
0.341 e for n = 3. The absolute magnitudes of the calculated 
IP's are, however, a sensitive function of whether or not d 
orbitals are used in the calculation. This is reasonable since, 
qualitatively, the high-lying d orbitals would be expected to 
mix most strongly with occupied orbitals highest in energy, 
namely the 2p lone pair on nitrogen. Thus, the calculated IP 
for N(SiH3)3 is 7.62 eV at the STO-3G level and 8.45 at the 
STO-3GS level. 

The question of geometry as a function of d-orbital par- 
ticipation is quite ticklish, since the energy differences involved 
are very small, as previous investigators have noted. In the 
case of CH3N(SiH3)2, the STO-3G basis yields the planar 
form more stable than the 6 = 96' form by only 0.50 kcal/mol. 
This is qualitatively correct but quantitatively dubious. At 
the STO-3G* level, the planar form is more stable by 3.62 
kcal/mol, a more reasonable number. The population per 
silicon (planar form) is 0.33 e. 

Noodleman and Paddock19 explain the geometry of N(Si- 
H3)3 by positing that the N-Si bond is quite polar and Si-Si 
and H-H electrostatic repulsions force the system to be planar. 
We suggest that planarity results from the operation of both 
the electrostatic effect of Noodleman and Paddock and the 
existence of p-d P bonding. Examination of the total atomic 
charges for N(SiH3)3 reveals a highly polar Si-N bond when 
d orbitals are omitted: 

- m  m m  o f .  ! 2 z  m m  . .  . .  . .  
~? O,H 
-* 

avg H = -0.22 avg H i -0 .24  avg H = -0.13 

6-210 STO-36 STO-30 * 
Total A t o m i c  Charges for N(SiH3)3 

However, at the STO-3G* level this polarity has been greatly 
decreased, indicating that the net effect of the presence of d 
orbitals is to render silicon a better electron acceptor. It may 
be argued that the inclusion of d orbitals obviously makes pd 
?F bonding more important, which would favor planarity, but 
at the same time makes the Si-N and Si-H bonds less polar, 
which would tend not to favor planarity. It seems the two 
effects are connected. 

Semiempirical Results. The MNDO method (Table IV) 
fares poorly in reproducing the "slope" of IP's in the series 
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(CH3)gnN(SiH3)n, n = 1-3. One success however is the fair1 

for n = 1, 1.763 8, for n = 2, and 1.758 8, for n = 3) redicted 
by MNDO in agreement with experiment (1.715 {for n = 
1: 1.726 8, for n = 2,8 and 1.734 8, for n = 3'). For CH3N- 
(SiH3)2 MNDO yields a Si-N-Si angle of 123.2', which 
should be compared with the angle of 127.7 f 0.1' found 
experimentally.8 This widening of the Si-N-Si angle by 
MNDO cannot be an artifact of p-d P bonding since there 
are no d orbitals in the basis; probably the dipolar repulsion 
noted by Noodleman and Paddock19 is responsible here. 

The real strength of MNDO is its ability to handle systems 
with a large number of atoms in reasonable lengths of com- 
puting time, with credible results. Therefore it was possible 
to do calculations for the trimethylsilylamines (CH,),-,N- 
(Si(CH3)3),,, n = 1-3; the results are shown in Figure 2. As 
can be seen, the fit is very good, the theoretical points being 
displaced upward from the experimental points by a roughly 
constant 1.1 eV. 

One may now compare the silylamines to the trimethyl- 
silylamines. Experimentally, on going from (CH3)2NSiH3 to 
(CH3)2NSi(CH3)3, the IP is lowered by 0.47 eV. On making 
two silyl replacements, viz. CH3N(SiH3)2 to CH3N(Si(C- 
H3)3)2, one would expect an effect twice as large and indeed 
this is found-the drop is 0.99 eV. However making three 
repla~ements-N(SiH~)~ to N(Si(CH3)3)3-d~e~ not result 
in an effect 3 times larger. The change is 1.12 eV. This 
phenomenon is reproduced by the MNDO calculations. The 
reductions in calculated IP on making one, two, and three silyl 
to trimethylsilyl alterations are 0.12, 0.23, and 0.24 eV, re- 
spectively. One many speculate that the reason for the odd 
behavior of the tris(trimethylsily1)amine is the Si-N bond is 
longer than the Si-N bond in either the mono- or bis(tri- 
methylsily1)amine. To the best of our knowledge, the struc- 
tural parameters of the latter two compounds have not been 
reported. The Si-N bond length in tris(trimethylsily1)amine 
is 1.759 and it will be of interest to see whether this will 
be found to be appreciably longer than the Si-N bond length 
in the mono- and bis(trimethylsily1) cases. The Si-N bond 
length calculated by MNDO, is, however, roughly constant 
throughout the trimethylsilyl series (see Table 11). 

Regardless of the magnitude of the drop in IP on going from 
-SiH3 to -SiMe3, how can one rationalize a drop at all? To 
explain the IP's, one must focus on the HOMO'S. In the case 
of -SiH3 substituents, the HOMO is (of course) mainly ni- 
trogen 2p,, but with substantial contribution from two of the 
three hydrogens on each silicon as shown here schematically 
(diagram a): 

a b 

constant Si-N bond length throughout this series (1.77 1 K 

11% 

HOMO Of ( a )  N(S1H3l3 and (b) N(Si(CH3)3)3 

From the sums of the squares of coefficients, the contribution 
of the AO's to the MO are given above. Silicon contributes 
negligibly; 97% of the orbital is accounted for by nitrogen and 
hydrogen. In the trimethylsilyl case (b, above) the HOMO 
is the same except carbon hybrids replace the H 1s orbitals. 
We propose a qualitative picture that explains the drop in IP 
effected by replacing SiH3 by SiMe3: 

(20) Gundersen, G.; Rankin, D. W. H. paper presented at the Ninth Austin 
Symposium on Molecular Structure, University of Texas, Austin, TX, 
March 1-3, 1982. 
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The widening of the Si-N-Si angle in CH3N(Si(CH3),), is 
again in evidence. This angle is calculated to be 130.6O. The 
question of the planarity of (CH3)2NSi(CH3)3 cannot be at- 
tacked as rigorously as was done for (CH3)2NSiH3. The 
MNDO method is known to render amines more planar than 
they should be,21 so the fact that MNDO's minimum-energy 
geometry for (CH3)2NSi(CH3)3 was planar is not especially 
convincing. However, if one believes that (CH3),NSiH3 is 
planar (vide supra), then it is reasonable that the trimethylsilyl 
analogue will be also. 

It is interesting to examine the total atomic charges for the 
case of trisilylamine vs. tris(trimethylsily1)amine. As can be 
seen here 

" 
/He I '  ' 3  

("N-si--He 'He 

Total Atomic Charges for  (a) N(SiH3l3 and (b) N(si(CH,),), 

methyl is slightly electron-donating relative to hydrogen, but 
the presence of methyl groups does not increase electron 
density on nitrogen. Charge separation in these silylamines 
is much greater than, for example, that in trimethylamine: 

II w 
rl 

x ?  
m o 00 

4 N . m  
ul 0 P i  

Total A t o m i c  charges for N ( c H , ) ~  

This lends support to the notion of dipole-dipole repulsion as 
a large factor determining the geometries of these silylamines, 
as propounded by Noodleman and Paddock.Ig 

It is probably not the lack of such electrostatic repulsions, 
however, that plagues tri-tert-butylamine. By MNDO, tri- 
tert-butylamine has a AHf 295 kcal/mol above that of tris- 
(trimethylsily1)amine. It would be erroneous to draw any 
quantitative conclusions about the stability of tri-tert-butyl- 
amine on this basis, but such a difference is consistent with 
the fact that tri-tert-butylamine has never been synthesized. 
(The MNDO procedure has some trouble with tert-butyl 
groups;21 viz., tert-butylamine is calculated to be 13.8 kcal/mol 
less stable than found experimentally, while this error is 4.7 
kcal/mol in the case of NH3. The difference, 9.1 kcal/mol 
per tert-butyl group, can be applied as a correction, but the 
new AHf for tri-tert-butylamine, +40.0 kcal/mol, is still 268 
kcal/mol above that of tris(trimethylsily1)amine. One may 
calculate A H  for the processes 

6(CH3)3CH + N2 - 2N(C(CH3)3)3 + 3H2 (1) 
6(CH3),SiH + N2 - 2N(Si(CH3),), + 3H2 (2) 
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0 1 2 3  
n 

Figure 4. Heats of formation calculated by MNDO for (CH3),-,,N- 
(r-Bu)n (A), (CH3)3-,N(SiHA (01, and (CH&,N(SiMe3),, (0). 
Dashed lines are extrapolations of the slopes from n = 0 to n = 1. 

using MNDO-derived AH<s .~~-  One finds AH, = +289.5 
kcal/mol and AH2 = -63.5 kcal/mol. This indicates again 
the thermodynamic instability of tri-tert-butylamine relative 
to tris(trimethylsily1)amine. 

The MNDO-derived geometry of tri-tert-butylamine is in- 
teresting. The C-N bonds, in typical amines about 1.45 A 
(cf. Me3N), are here 1.516 A-a lengthening of about 5%. 
The C-C bonds, typically about 1.54 A, are 1.576 A-a 
lengthening of 2%. One should realize that a major change 
in bond length (e.g., C - C  to C - C )  is something on the order 
of 15%. Therefore a 5% lengthening, not involving a change 
in hybridization at either terminus, is quite substantial. It is 
fair to say tri-tert-butylamine is abnormally stretched. The 
compound is essentially planar even in the absence of the polar 
bonds and electrostatic repulsions of Noodleman and Pad- 
dock. l9 
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In tris(trimethylsily1)amine there are six nonbonded H-H 
distances of 1.98 A (H's on different carbons). In tri-tert- 
butylamine, there are nine such close H-H contacts-six are 
1.99-2.00 A, and three are 1.85-1.86 A. Thus, tri-tert-bu- 
tylamine has greater steric distress than its silyl analogue. 

This point can be made in another way. The difference in 
AHf between (CH3)3N and (CH3)2NR, where R = SiH3, 
SiMe,, or CMe3, is in most part due to the electronic nature 

( 2 1 )  Dewar, M. J. S.; Thiel, W. J .  Am. Chem. SOC. 1977, 99, 4907. (22) McKee, M. L., unpublished results. 
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Table IV. Results of MNDO Calculations 

A H i ,  
kcal/mol 

-2.31 
-14.08 
-24.73 
-31.13 
-81.29 

-166.38 
-221.10 

+1.57 
+20.72 
+67.32 

IP, eV 

9.49 
9.33 
9.54 
9.79 
9.21 
9.31 
9.55 
9.13 
9.01 
9.11 

of the substituent and not to CH3--R steric repulsion. One 
may extrapolate this effect to determine the AHf for CH3NR2 
and NR3. The difference between the extrapolated AHf and 
the AHf actually calculated gives an indication of the con- 
tribution of steric repulsions as distinct from electronic effects. 
This is done in Figure 4. For the case of R = SiH3 there 
seems to be little if any steric strain associated with N(SiH3)3. 
For N(SiMe3)3, one sees a fair difference between the ex- 
trapolation and the actual calculation. It is known that 
MNDO underestimates the stability of sterically crowded 
molecules, for example molecules with tert-butyl groups, as 
noted above. The following data2*-22 allow a correction to be 
made for this idiosyncrasy of MNDO: 

calcd obsd calcd AH€ - 
A H f ,  A H f ,  obsd A H f ,  

kcal/mol kcal/mol kcal/mol 

(CH,), C-CH, -24.6 -40.3 +15.7 

H-CH, -11.9 -17.9 +6.0 
(CH,),Si-CH, -89.9 -52.6 -37.3 

Thus we may apply a correction of -9.7 kcal/mol per tert-butyl 
group and +43.3 kcal/mol per trimethylsilyl group. When 
this is done, tris(trimethylsily1)amine lies 25 kcal/mol above 
the extrapolated line while tri-tert-butylamine lies 55 kcal/mol 
above the extrapolated line. This suggests that there is 30 
kcal/mol worth of steric hindrance in tri-tert-butylamine not 
present in tris(trimethylsily1)amine. 

Planar Amines. Returning now to the measured IP's, one 
may derive an interesting quantity. From Figure 1, one notes 
that from n = 1 to n = 3 the experimental points increase 
approximately linearly. Further, if one believes that (C- 
H3)2NSiH3 is planar, then all three points refer to planar 
silylamines. Therefore extrapolating the IP's to n = 0 would 
yield the IP of planar trimethylamine. This number turns out 
to be 7.9 eV. As a check, the trimethylsilyl series (Figure 2, 
filled circles) should also give the IP of planar trimethylamine 
at n = 0. This series gives 7.7 eV. Therefore we find, ex- 
perimentally, the vertical IP corresponding to a nitrogen 2p 
orbital in planar trimethylamine is 7.7-7.9 eV. 

The only bona fide planar aliphatic amine we are aware of 
is manxine: 

c" b 
Manxine 

( 1-azabicyclo L3.3.g undecane) 

The photoelectron spectrum of this molecule is fa~c ina t ing ;~~ 
since the neutral molecule and radical cation are both rigidly 

(23) Aue, D. H.; Webb, H. M.; Bowers, M. T. J .  Am. Chem. Soc. 1975.97, 
4136. 
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planar about nitrogen, the adiabatic and vertical processes are 
coincident and occur at 7.04 eV. Our value of 7.7-7.9 eV for 
planar trimethylamine is not suitable for comparison since the 
lone-pair IP for a tertiary amine depends on the nature of the 
alkyl groups. For example, Me3N has an IP  of 8 S 4  or 8.44 
eV,24 while ( ~ Z - P ~ ) ~ N  has an IP of 7.92 eV.25 Therefore we 
measured the IP's in the series (n-Pr)3-,N(SiMe3),, n = 1-3 
(Figure 2), which can be extrapolated to n = 0 to yield the 
IP for planar (n-Pr),N. This turns out to be 7.4 eV, which 
is a vertical IP. Since tri-n-propylamine is not rigid, unlike 
manxine, vertical and adiabatic IP's would not be expected 
to be coincident. The difference between 7.4 eV and 7.04 eV 
must represent reorganization in the n-propyl groups and/or 
C-N bond rotation. That is, for tri-n-propylamine, roughly 
half the difference between adiabatic (7.04 eV) and vertical 
(7.92 eV) IP is due to planarization about N, and half is due 
to C-N rotation or conformational changes in the n-propyl 
groups. 

A final observation can be made concerning the trends in 
IP's. For tertiary alkylamines, the nitrogen lone-pair IP de- 
pends on the alkyl groups, as we have mentioned. From the 
difference in IP between Me3N and n-Pr3N, the effect of one 
methyl to n-propyl transformation is -0.19 eV. However, from 
the difference in IP between MqNSiMe3 and (t~-pr)~NSiMe,, 
one methyl to n-propyl transformation is worth only -0.10 eV 
in this case. When two trimethylsilyl groups are present, 
MeN(SiMe3)2 vs. n-PrN(SiMe3)2, a methyl to n-propyl 
transformation is worth only -0.03 eV. Clearly, when one or 
more trimethylsilyl groups are present, the nature of remaining 
alkyl group@) is of minor importance in determining IP. 
Conclusions 

We have concerned ourselves here with the question of 
planarity at nitrogen. We find in trimethylamine that po- 
larization functions on nitrogen are essential in reproducing 
the observed pyramidal geometry of the molecule. However, 
this level of theory predicts a planar structure for (CH3)2N- 
SiH3. In this case the energy difference between planar and 
pyramidal is so small as to render the prediction merely a 
suggestion. A planar structure is not strictly inconsistent with 
the electron diffraction data. 

We have shown the relation between the electrostatic effect 
of Noodleman and Paddock and p-d a-bonding arguments in 
explaining the planarity of N(SiH3)3. 

In consideration of the as yet unsynthesized tri-tert-butyl- 
amine, both p-d 7r bonding and highly polar C-N and C-C 
bonds are absent. The predicted planarity is strictly the result 
of steric effects. Tri-tert-butylamine is estimated to be roughly 
30 kcal/mol less stable sterically than tris(trimethylsily1)amine. 

The measured IP's allow extrapolation to give the vertical 
IP of planar trialkylamine. For planar trimethylamine IP = 
7.7-7.9 eV, and for planar tri-n-propylamine IP = 7.4 eV. 
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