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Abstract: Ab initio calculations with full geometry optimization are performed on a wide range of silicon atranes,
RSi[-Y(CH,),—1:N, where R = H, F, OH, NH,, CH3, Cl, SH, PH,, SiHs, and Y = O, NH, NCH3, CH,, using the
6-31G(d) or larger basis sets. The results are used to show trends in the dative SiN bond as a function of axial R
and equatorial Y substitution. The SiN bond is shown to be quite weak, making the atrane geometries very sensitive
to medium effects, as shown by model solvation computations. The nature of the SiN bonding is best described as

dative, as shown by localized orbitals.

Introduction

Pentacoordinated silicon compounds have attracted a great
deal of interest in recent decades. One well studied class of
such molecules are the silatranes, Y=0, which contain an
intramolecular SiN bond:

Y

Since they were first prepared in 1961,' the silatranes (Y =
O) have been extensively investigated, as reported in several
hundred papers from the research groups of Voronkov, Corriu,
Lukevits, Hencsei, and others. Numerous review articles are
available,?~7 including two compendia of the available structural
data.®® The silatrane structure consists of a distorted trigonal
bipyramid at Si, with nearly equatorial atoms Y. The axial N
is pyramidalized so that its lone pair points at Si. While most
chemists have been interested in silatranes because of this
geometry and its short SiN bond distance, silatranes are also of
interest because of their wide range of biological actiyities, *-!!
which include stimulation of hair growth!© and increased winter
wheat yields.!?

Most silatrane X-ray structures have transannular SiN bond
distances in the range 2.05—2.20 A.#° Because this is consider-
ably shorter than the sum of the van der Waals radii, 3.5 A,
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silatranes are generally considered to possess a weak SiN bond,
although this bond is certainly longer than the typical single
SiN bond distance of 1.7—1.8 A. The general consensus is that
more electronegative groups R yield shorter SiN bonds, although
the shortest known bond occurs for R = Cl (2.02 A) instead of
R = F (2.04 A). Obviously, the extent of the SiN bonding as
a function of the group R is of great interest. Although the
structures of over 70 silatranes are now known,®? the atom in
R that is directly connected to Si is limited to H, halogen,'* C
(aryl or alkyl), and O. NMR shifts are found to correlate well
with the transannular bond distance,®%!* and one of the isotropic
nitrogen shifts “appears to be a direct measure of the transan-
nular interaction”.'> Ionization potentials of three silatranes'6
suggest a SiN bond strength in the range 13—22 kcal/mol.

It is certainly true that this SiN interaction is weak, and in
fact this is apparent in the two available gas phase structures,
for R = CH;'7 and R = F.'® Both of these silatranes possess
gas phase structures whose SiN bond is 0.28 A longer than that
in the solid state. At the least this indicates the SiN bond is
very deformable and thus weak if crystal forces can produce
such a large change in geometry, and at the extreme “the dative
bond which exists in the solid state for methylsilatrane is not
evident in the gas phase”.'” Solution phase NMR and IR data'’
imply bond distances intermediate to the solid state and the gas
phase. For example, the SiN bond in methylsilatrane is
approximately 2.20—2.30 A in various solvents, compared to
2.175 and 2.45 + 0.05 A in the solid and gaseous state,
respectively.

The first azasilatranes (in which Y = NH) were reported in
1977,%° for R = H, alkyl, and aryl. The chemistry of these
molecules has been explored by the groups of Lukevits20~22
and Verkade,?>~% sometimes for Y = NCH; or with even
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bulkier groups such as Si(CH3); on the equatorial nitrogens.
Very bulky groups are found to destroy the transannular SiN
bond.?* The available X-ray structures show SiN bond distances
virtually identical to those in the analogous silatrane, but other
data such as NMR “are consistent with the notion that a stronger
SiN bond exists than in silatranes”.?! The range of R groups
which have been explored for the azasilatranes is somewhat
broader, consisting of H, alkyl, aryl, halogen, N(CHz);, N3,
—NCS, —SCN, and OC,Hs.

By analogy with the name azasilatranes, we denote the
compounds with Y = CH, as carbasilatranes.” The first two
members of this family, R = CHj and Cl, were reported in
1985.3! Bis-carbasilatrane ether's X-ray structure’? has a linear
SiOSi angle with a long SiN distance, 2.477 A. Some NMR
experiments> on chlorocarbasilatrane imply SiN bond stretch
isomerization, but this may be due to impurities as is the case
for similar carbastannatranes.> In the 1970s two atranes with
one Y = CH; and the other two Y = O were reported.
Methylmonocarbasilatrane, R = CH333 has a shorter axial than
equatorial SiC bond, 1.877 vs 1.898 A! On the other hand,
methoxymonocarbasilatrane, R = OCH;3 has the axial SiO
longer than equatorial, 1.672 vs 1.656 A, as expected. Because
of their asymmetry, the trigonal bipyramid in monocarbasila-
tranes is more distorted than usual. Perhaps most significantly,
the SiN bond distance is longer than in the analogous silatrane:
2.336 vs 2.175 A for R = CH3 and 2.223 vs 2.11 A for R =
OCH;.

The present paper extends the range of available silatrane
geometries by ab initio geometry optimization. Silatranes (Y
= 0), azasilatranes (Y = NH and Y = NCH3), and carbasila-
tranes (Y = CH,) are investigated. The range of substituents
R considered is H, CH3, NH,, OH, F, SiH3, PH,, SH, and Cl
and is considerably broader than the range of available
experimental compounds. Trends in SiN bonding as a function
of Y and R are presented, and the nature of this bond is
discussed. This broad investigation at a reliable level of
electronic structure theory was feasible only because of the
development of parallel electronic structure codes and the
availability of parallel computers.

Most previous theoretical work on silatranes has been limited
to semiempirical methods due to the large size of the molecules.
All prior work appears to be limited to the silatranes. The first
calculations®” used CNDO/2 with spd basis sets, as the most
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popular bonding model of the time invoked sp’d hybridization,
Experimental geometries were used to calculate bond orders in
phenylsilatrane by the CNDO/2 method.*® Because a three-
center bonding model had come into vogue, a 1987 CNDO/2
calculation® used sp as well as spd basis sets to estimate the
bond orders in methylsilatrane. An important paper in 198740
studied the effect of solvent on the SiN bond potential in methyl-
and fluorosilatrane, using MINDO/3 with an Onsager reaction
field model. The presence of solvent was found to decrease
the SiN bond length, in agreement with experiment. MNDO
calculations®' on methylsilatrane found a smaller bond order
than for covalent SiN bonds.

The first ab initio calculation*? on fluorosilatrane appeared
in 1991, using a 3-21G* basis and geometries modeled after
experimental solid and gas phase structures. A paper in the
same year from our group* used ab initio wave functions at
AM1 optimized geometries for hydroxysilatrane and found that
compression of the SiN bond from the ‘computed to the
experimental value required just 6 kcal/mol. Electron density
analysis confirmed the presence of a Si—N bond, even at the
long gas phase structure. Finally, a series of AM1 and PM3
semiempirical results for fluoro-,*** methyl-,*®* and chloro-
silatrane®* appeared recently. These papers find two distinct
minima, an endo silatrane and an exo structure, in which the
SiN bond is absent. There is a slight energetic preference for
the endo forms, but a very flat potential surface is obtained
throughout the range of SiN distances considered, 2.00—3.40
A. While this manuscript was being reviewed, the first
published ab initio geometry optimization of fluorosilatrane
appeared,* casting doubt on the semiempirical exo structures.

The consensus from all of these papers is that the SiN bond
is present but weak, particularly in those papers which present
a SiN potential curve. However, very little ab initio data are
available, so the structures of 32 silatranes are presented here.

Although they do not involve silatranes, papers from our
group on neutral*® and ionic*’ five coordinate silicon species
are related to the present work. Although NHj is found to
complex to RSiY3, forming RSiY3NHj3, the SiN bond is weak
and the most stable complex results when the other axial group
is very electronegative, e.g., R = F, or if it bonds less strongly
to Si, e.g., R =Cl. Finally, the present paper on silatranes and
related molecules parallels a companion paper*® on phospha-
tranes and azaphosphatranes.
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Methods

The ab initio geometry optimizations performed here are quite
" time consuming, and in fact as noted above are made possible
only because of the advent of parallel computers. All calcula-
tions were performed using the GAMESS electronic structure
code, whose parallel SCF implementation has recently been
described.®® Preliminary AM1 or PM3 semiempirical calcula-
tions were performed using a version of MOPAC6 which has
been incorporated into the GAMESS code. A typical run for
the silatranes described herein utilized 128 nodes, 16 MBytes
of memory per node, and was run in direct mode since the
machines used have very limited /O bandwidth. In most cases
the semiempirical structure as well as Hessian matrix were used
to begin an ab initio run, which then converged in about 25
geometry steps and about 400—800 min of machine time. A
second important innovation which occured late in the project
was the implementation of Pulay's group coordinates,’! which
particularly for the C, cases afford a great reduction in the
number of steps required to find an optimal geometry.

The silatrane results are all obtained at the closed shell SCF
(RHF) level,>? and the majority of the calculations were made
using the 6-31G(d) basis set.>> A larger basis set, which will
be referred to as EXT in this paper, was used to probe the effect
of the basis set on the structures. The EXT basis extends the
6-31G(d) basis by using two sets of d functions®? on Si and
its five adjacent heavy atoms as well as a diffuse sp shell3<
situated on the same atoms. A few MP2 calculations>® were
performed to investigate the possible effect of electron correla-
tion on the potential surfaces. The solution phase structures
are modeled by the SCRF method.*® Bonding analysis is carried
out by orbital localization using the Boys algorithm.?

Structures are assumed to possess C3 symmetry, or C; if the
R group has lower symmetry. In the case of hydroxysilatrane,
chlorocarbasilatrane, and both isomers of CH3Si[N(CH3)CH,-
CH,]sN, we have successfully tested this assumption by
computation of the analytic hessian by a parallel algorithm.
In addition, it is known that the silatranes possess C; or near-
C; symmetry in the X-ray structures.

Structural Results

Gas Phase Geometries. The most important structural
parameter of any silicon atrane is the SiN distance. These RHF/
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Table 1. RHF/6-31G(d) Transannular (SiN) Bond Distances in the
Silatranes RSi[—Y(CH,),—13N¢®

R Y=CH, Y =NH Y = NCH; Y=0

H 2636 2311 (2.080)* 2.193 2.647 (2.146)

F 2499 2.208 2.127 2.034F 2534 (2.042,
2324 +£0.014)

OH 2.596 (2.477)¢ 2.287 2.181(2.135)° 2,667 (2.11Y
NH, 2.664 2.363 2.749

CH; 2.691 2.385(2.132)¢ 2.261 2.734 (2.175,
2.45 £ 0.05)

Cl 2445 2.175 2.092 2.551(2.023)

SH 2547 2227 2.627

PH, 2.627 2.299 2.673

SiH; 2.676 2.336 2.702

2 All distances in A. The first number in parentheses is the
experimental X-ray value; the second is from gas phase electron
diffraction, taken from ref 8 or 9, unless otherwise noted. # Reference
28, ¢ Reference 30. ¢ Reference 32. The compound is a bis ether, not
OH. ¢ Reference 23. The compound is OEt, not OH. fReference 15.
The compound is OMe, not OH. & Reference 22. The compound is
CgHs, not CH;.

6-31G(d) bond lengths are gathered in Table 1, together with
the available experimental data. A previous computation? has
shown the C; system fluorosilatrane to be a minimum on the
potential energy surface. We have computed the hessian for
the C; case hydroxysilatrane and find that it too is a minimum
energy structure.

It is well-known®® that for silatranes the SiN bond distance
is much shorter in the solid state than in the gas phase.
However, the calculated structures in Table 1, which should
reproduce gas phase experiments, have much longer SiN bond
distances than the two available gas phase structures, for R =
F and R=CH;. The chief reason for the 0.28 A change in SIN
bond distance between the solid and gas state as well as the
error in the computed structures, is the malleability of the silicon
atranes. The central bond is actually not very strong, and thus
rather large changes in this bond require very little energy.

This softness of the SiN bond is demonstrated in Figure 1.
Part a of this figure shows an enlargement of the low energy
portion of these potential curves. When the SiN bond distance
is varied over a range of 0.5 A on either side of the equilibrium
position, the energy of the R = F carbasilatrane and azasilatrane
varies by only 6—8 kcal/mol. Fluorosilatrane is even more
deformable, requiring just 4 kcal/mol for the same range of SiN
distortion. Clearly, crystal packing forces need not be larger
than 1 kcal/mol to produce the observed 0.28 A bond compres-
sion in silatranes.

Part b of Figure 1 shows the entire potentials, which we have
extended to 1.5 A past the equilibrium. Data similar to Figure
1 have been presented before for Y = O, at the semiempirical
level®** or using ab initio wave functions at semiempirical
geometries.* Some of the semiempirical PM3 work* indicates
there is a second minimum energy structure, denoted as the exo
form, in which the nitrogen atom is inverted so that its lone
pair is not directed at the Si. This occurs at around r(SiN) =
3.0 for the case of Y = O and R = F.*2 It is clear from Figure
1 that there is no evidence of such a minimum on the Y = O,
R = F ab initio potential, and thus the exo silatranes** are an
artifact of the PM3 parameterization. Figure 1 also shows no
sign of bond stretch isomerization for fluorocarbasilatrane,
although initial NMR experiments® indicated this occurs for
chlorocarbasilatrane. Later experiments® cast doubt on this
interpretation, and in fact an explicit search by us for a long
bond isomer of R = Cl, Y = CHj failed to find such an isomer.
We have computed the analytic Hessian for the single, short
bond isomer of chlorocarbasilatrane and found that it is a
minimum on the potential energy surface. Finally, the most



Structural Trends in Silicon Atranes
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Figure 1. a) Low energy region of the fluorosilatrane potentials. b)
The full potentials. ¢) Comparison of fluoroazasilatrane MP2 and SCF
potentials,

interesting feature of Figure 1b is the wrinkle in the Y = NH
potential near 7(SiN) = 2.8 A. In certain circumstances it is
possible to find a minimum energy structure for other azasila-
trane isomers near this value, as will be discussed below. This
shoulder is not an artifact of the RHF method, as the same
feature is evident in the MP2 potential (computed at the RHF
geometries), as shown in Figure Ic.

Error Sources. Figure 1 also suggests the reason for the
discrepancy between the computed and observed gas phase
structures. Small errors due to basis sets or to the neglect of
electron correlation could produce an apparently large change
of geometry, at very little energy cost. We test these two
possibilities separately.

We have examined the effect of the basis set by carrying out
RHIF/EXT geometry optimizations on the same three molecules
shown in Figure 1. Both the change in the length of the SiN
bond and the amount of energy lowering caused by reoptimi-
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zation are of interest. The results are presented in the top half
of Table 2. Fluoroazasilatrane’s SiN bond decreases 0.025 A
and the energy lowers 0.2 kcal/mol upon optimization. Fluo-
rocarbasilatrane is likewise little changed: the SiN bond
decreases 0.028 A and the energy decreases 0.1 kcal/mol.
However, fluorosilatrane’s SiN bond decreases significantly, by
0.117 A, while gaining just a bit more energy during the
reoptimization, 0.4 kcal/mol. The computed value of the SiN
bond distance is 2.416 A at the RHF/EXT level, removing just
over half of the RHF/6-31G(d) discrepancy from the experi-
mental value, 2.324 + 0.014 A.'® The Y = O curve in Figure
1 is the only one whose minimum shifts significantly upon
expansion of the basis set, so the Y = O curve should appear
intermediate to the Y = NH and Y = CH, curves, rather than
being almost coincident with the latter with the 6-31G(d) basis
set.

Since the EXT basis set’s diffuse functions and double d’s
had such a large effect on the silatrane geometry, we wondered
about the possible effect of additional basis improvements.
Adding a set of f functions (using literature exponents®¥) to
silicon and all adjacent atoms to produce an EXT+f basis once
again caused an apparently large change in geometry. For
fluorosilatrane, the transannular distance increases by 0.08 to
2.49 A, canceling most of the shortening obtained by expansion
to the EXT basis. Once again, the energy influence is small,
as reoptimization with the f’s lowers the energy by only 0.17
kcal/mol. It is clear that the EXT-f results presented here are
unlikely to be converged with respect to the basis set.

Of course, it is also possible that a correlated calculation such
as MP2 is needed to remove the remaining error. The MP2
curve presented in Figure 1¢ suggests such a possibility, as single
point MP2 energies along the SCF potential curves have their
minima apparently shifted inwards. For R = F, the decrease
in SiN bond distance at the MP2 level for Y = O, NH, and
CH, is 0.24, 0.06, and 0.15 A, respectively. These numerical
results should be viewed with some caution, as they do not
include full geometry optimization at the MP2 level, and they
are obtained with the 6-31G(d) basis. Nonetheless, they indicate
that the Y = O atranes, which have the softest stretching
potentials, also have the largest change in geometry beyond the
SCF level.

Based on the discussion in the preceding three paragraphs,
and the two available Y = O gas phase structures, it seems
likely that the RHF/6-31G(d) structures reported in Table 1
contain a systematic error in 7(SiN) for Y = O of about 0.22—~
0.28 A. Theerrorfor Y = CH; and Y = NH (and presumably
Y = NCH3) is likely to be smaller, with the results in Table 1
being perhaps 0.05—0.15 A too long, with the azasilatrane error
lying near the lower end of this range. It is also clear that a
quantitative calculation of the geometry of a Y = O silatrane
would be very demanding, as both large basis sets and electron
correlation are necessary.

Solution Geometries. Even after taking account of these
error estimates in the computed gas phase structures, there still
remain large discrepancies between the computed and X-ray
values in Table 1. These must be due to the change of medium
from the (computed) gaseous state to the solid. While we cannot
perform any computation which would mimic the solid state,
recall that silatranes are thought to have intermediate SiN bond
lengths in solution.!® It is possible to qualitatively investigate
the effect of solvation upon the molecular geometry using the
Onsager reaction field cavity model’® The geometries were
reoptimized using this simplistic solution model for R = F and
Y = CH,, NH, or O, using the EXT basis set. Each molecule
was placed in a cavity of radius ay, = 3.67 A, derived from the
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Table 2. Basis Set and Medium Effects on R = F Atranes

Y=CH, Y=NH Y=0
gas, RHF/6-31G(d)
7(SiN) 2.499 2.208 2534 A
(SiF) 1.640 1.630 1587 A
gas, RHF/EXT
7(SiN) 2.471 2.183 2416 A
r(SiF) 1.641 1.635 1587 A
E(optimization) 0.07 0.22 0.44 kcal/mol
dipole 4.3 5.0 7.5 Debye
DMSO, RHF/EXT
#(SiN) 2332 2.100 2104 A
r(SiF) 1.678 1.667 1638 A
E(solvation) 3.82 5.02 10.55 kcal/mol
E(optimization) 0.68 0.82 4.12 kcal/mol
dipole 75 8.2 13.0 Debye

experimental density of 1.552 g/cm? for fluorosilatrane,*® using
a dielectric constant of € = 45 to simulate DMSO.

The striking results of reoptimization in DMSO “solution”
are included in Table 2. Each of the three atranes undergoes a
dramatic shortening of the SiN bond length, 0.14 for Y = CH,,
0.08 for Y = NH, and 0.31 A for Y = O! The amount of
energy gained by reoptimizing the geometry is less than 1 kcal/
mol for the first two molecules but is 4 kcal/mol for fluorosi-
latrane. The solution phase SiN bondsin Y =NHand Y =0
are essentially equal and in fact approach the solid state X-ray
distances given in Table 1.

A physical interpretation of the large change in geometry
hinges on two factors, namely the softness of the SiN bond
already noted in Figure 1 and the large dipole moments of these
compounds (Table 2). To understand the role played by the
latter it is necessary to digress into the specifics of the Onsager
model.® This model represents the interaction energy of a
neutral solute in a spherical cavity embedded in a continuum
dielectric by permitting the dipole of the solute to induce a dipole
within the dielectric. The induced dipole in turn influences the
dipole of the solute, so these dipoles are iterated to self-
consistency. The energy of the interaction (“solvation energy”)
is

_ _1
Esolv == /2R'ﬂ
where the induced dipole R depends on the dielectic of the

solvent (¢), the radius of the cavity containing the solute (ap),
and the solute dipole (u):

R=gu, g=2(— 1)/(2¢ + 1ay3

For a given cavity size and dielectric constant, as in the
present calculations, the interaction energy will be larger for
solutes with larger dipoles. Thus, the energy lowering due to
solvation at the gas phase geometry as well as the energy
lowering produced by geometry reoptimization in the solvent
field increases in the order Y = CH, < NH < O. As was
already noted in the pioneering semiempirical study of solution
effects on silatrane geometry,*® the dipole moment increases
when the SiN bond decreases under the influence of solvent.
Increasing the solute dipole increases the solvent interaction,
in turn providing additional driving force to further decrease
the SiN bond. However, the large dipoles reported in Table 2
are able to generate the large changes in the SiN distance only
because this bond is easily compressed at little energy cost.

(59) Parkanyi, L.; Hencsei, P.; Bihatsi, L.; Muller, T. J. Organomet.
Chem. 1984, 269, 1-9.
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Figure 2. Side and top views of the axial and equatorial isomers of
the R = CH3, Y = NCH; azasilatrane. The hydrogens on the side chains
have been omitted for clarity. The sum of the bond angles around the

equatorial N atoms is 356.1 and 358.0 degrees in the axial and equatorial
isomers.

Table 3. RHF/6-31G(d) Azasilatrane Axial and Equatorial
Isomers?

r(SiNu) H(8iNey)
R Y ax eq ax eq AE
H NH 2.310 1.751
CH; NH 2.385 2.751 1.755 1.740 +32
H NCH; 2.193 2.722 1.767 1.738 +6.1

CH; NCH; 2.261 2.896 1.780 1.742 —-24

a Distances are in A, and the energy difference E(eq) — E(ax) is in
kcal/mol.

Azasilatrane Isomerization. The substituent on an equato-
rial N has an interesting affect on the molecular geometry, which
is not possible with either Y = O or Y = CH,. The equatorial
nitrogens have both a functional group and a lone pair, and
interchanging these two yields distinct isomers. The possible
positions occupied by the functional group X are “axial” such
that the NX bond is approximately parallel to SiR or “equatorial”
with the X group lying approximately in the plane of the three
nitrogens. Figure 2 illustrates what we mean by an “axial” or
“equatorial” X group. The data shown in Table | in all cases
correspond to the axial isomer.

We have explored the affect of instead placing the X groups
equatorial for R = H and CH3, with Y = NH and Y = NCHa.
The results are shown in Table 3. With small groups R = H
and Y = NH, it is impossible to locate an equatorial isomer, as
all trial structures revert to the axial geometry after optimization,
However, for the other three cases both C3 local minima are
found to exist. For the case R = X = CHj, we have verified
that both isomers are indeed relative minima on the potential
surface by computation of the Hessian matrices, which have
all real frequencies. Placing the X group in the equatorial
orientation has a large effect on the transannular bond distances,
which increase 0.36—0.59 A. There is a smaller change in
r(SiNeg) in the opposite direction. When the smaller group H
is present at either R or X, the equatorial isomer is energetically
slightly less stable. However, when the slightly bulkier methyl
group is used for both R and X, the equatorial isomer is more
stable by a small amount, 2 kcal/mol. These equatorial isomers
all occur near r(SiN) = 2.8, where Figure 1b exhibits a shoulder
for the case R = F, Y = NH. We regard the possible steric



Structural Trends in Silicon Atranes

Figure 3. RHF/EXT Boys localized orbitals for the R = F silicon
atranes, compared to other SiF and SiN bonds. In these plots, N is at
the left, Si to the right, and F at the extreme right.

crowding of the R and X groups as the cause of the existence
of two isomers, which consequently have two different tran-
sannular SiN bond distances.

The existence of this kind of bond-stretch isomerization is
supported by the two published X-ray structures which have
located the substituent on the equatorial N. For R = OEt and
Y = NCHj, the methyl groups take an axial orientation,?® with
r(SiN) = 2,135 A. However, with R = CHj, use of the very
bulky Y = NSi(CH3); forces an equatorial orientation,?* and
r(SiN) = 2,775 A. Our computed structures for both R = CHj
and Y = NCHj isomers are shown in Figure 2. The equatorial
isomer is clearly less sterically hindered around Si. A more
subtle change in the geometry is an increased ring pucker at
the methylene atom adjacent to the equatorial nitrogen, opposite
to the direction of this nitrogen’s substituent. This same
puckering, like the flap of an envelope ring conformation, is
also evident in the published ORTEP structure?* and must be
the cause of sufficient ring strain to open the weak SiN
transannular bond. Note that the base nitrogen in the equatorial
isomer in Figure 2 is nearly flat, but its small degree of
pyramidalization is still directed toward Si, as is true experi-
mentally.?*

It is interesting to note from Table 1 that replacing Y = NH
by Y = NCHj; produces a decrease in the SiN bond length.
The decrease is about 0.08 A but is somewhat larger for R =
H. Unfortunately there is no experimental light to be shed on
this methyl affect, since the available X-ray structures do not
include the same R for both Y = NH and Y = NCH;.

Localized Orbitals and Bonding

Before discussing the extent of SiN bonding in the silicon
atranes, it is appropriate to review prior thinking about this bond.
Not surprisingly, the first bonding model? for atranes in the
1960s invoked the then popular sp’d model for trigonal
bipyramidal geometries. The three center, four electron bonding
model of Musher® caused a re-valuation of this bond in those
terms by 1977.6! Recently, five coordinate silicon compounds

(60) Musher, J. I. Angew. Chem., Int. Ed. Engl. 1969, 8, 54—59.
(61) Sidorkin, V. F.; Pestunovich, V. A.; Voronkov, M. G. Doklady Phys.
Chem. (English Translation) 1977, 235, 850—853.
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with SiN bonds similar to the atranes have been described as
being primarily dative in character.? Thus, the bonding models
have progressed steadily toward weaker descriptions,

The Boys localized orbitals’” of the three R = F silicon
atranes are shown in Figure 3. For comparison, the normal
covalent SiN and SiF bonds in silanes are shown, along with
the hypervalent axial bond in SiFs~. The normal valent and
hypervalent SiF bonds have essentially identical contour plots,
and so it is not possible to characterize the SiF bonds in the
atranes as one or the other. However, the SiN bonds in the
atranes have a very different shape than the normal covalent
SiN bond in HoN—Si(OH)s. It is clear that the atrane SiN
“bonds” are best described as nitrogen lone pairs, interacting
only slightly with the silicon atoms.

The localized orbitals clearly support the dative bonding
model of Haaland.®?> Additional features of this model include
the prediction of large changes in bond distance with inductive
effects at the acceptor atom, weak donor—acceptor bond
strengths, and a preference for the donor to occupy axial
postions. All of these are certainly true of the silicon atranes.

It should be pointed out that the three center, four electron
(3cde) model and the dative bonding model represent limiting
extremes of the same basic MO diagram:

—, SiR .“_\ab
4" “. ;‘ t,

SiR + "-H-/

On the left, the primary interaction is the formation of a bond
and antibond between SiR, with the nitrogen lone pair remaining
essentially unaffected during molecular formation. The only
SiN binding is provided by a small dative interaction. On the
right, all three orbitals contribute to the formation of the 3c4e
bonding (b), nonbonding (nb), and antibonding (ab) levels. Note
that instead of the usual donation of two electrons by the center
atom, in this case the electron pair comes from the nitrogen
ligand. Since the two diagrams differ only in the degree of
interaction, they can be distinguished only by detailed quantum
mechanical computation of the LCAO molecular orbital coef-
ficients.

As was already shown by the contour plots in Figure 3, the
SiN bond is well described using the dative MO diagram on
the left. This diagram predicts an ordinary covalent SiR bond,
whereas the 3cde diagram on the right would predict an
elongated SiR bond.

The computed SiR bond distances are shown in Table 4,
which also includes the covalent SiR bond distances in the
analogous silanes. The covalent bond distances increase by
0.02—-0.04 A from RSi(OH); to RSi(CHj3)s. Three of the atranes
(Y =0, R =H, F, Cl) possess shorter SiR bonds than in the
corresponding silanes. Note however from Table 2 that
shortening the SiN bond in solution leads to a SiF bond in
fluorosilatrane that is longer than in the corresponding silane.
For the remaining atranes the SiR bond is longer than in the
corresponding silane, by 0.01—0.08 A. The two largest
elongations occur for R = Cl, Y = CH, or NH. The elongations
are somewhat smaller than the 0.10 A increase in the SiF bond
distance in going from SiFs (RHF/EXT bond distance 1.556
A) to SiFs™ (equatorial 1.618, axial 1.658 A). The small but

(62) Haaland, A. Angew. Chem., Int. Ed. Engl. 1989, 28, 992—1007.
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Table 4. RHF/6-31G(d) Substituent (Si—R) Bond Distances in the
Silatranes and the Model Silanes RSi(YH);

Y =CH; Y =NH Y=0
R silatrane  silane silatrane silane silatrane silane
H 1.503 1.489 1.500 1.484 1.465 1.468
F 1.640 1.615 1.620 1.603 1.587 1.592

OH 1.689 1.654 1.682 1.654 1.634 1.633
NH, 1.764 1.742 1.759 1.725 1.707 1.703
CH3 1.912 1.896 1.906 1.885 1.862 1.858
(0} 2.171 2.100 2.167 2.091 2.063 2.071
SH 2.224 2177 2227 2.164 2.141 2.134
PH, 2314 2.283 2.318 2.271 2.250 2.247
SiH; 2.392 2.371 2.401 2.363 2.344 2.343

noticeable increase in SiR distances suggests that the bonding
is somewhere between the idealized dative and 3c4e MO
diagrams drawn above, while the contour plots suggest this
intermediate position is closer to the dative picture.

In order to achieve good 3cde bonding, electronegative axial
groups and an electropositive central atom are needed.®° Thus,
we observe from Table 1 a steady shortening of the SiN bond
from R = CHj3 to R = F and again from R = SiH; to R = Cl.
From the 3c4e MO diagram shown above, we note that there
will be better orbital mixing when the energy of the R orbital
is closer to that of the nitrogen lone pair. Thus, for third period
R compared to the analogous second period R, Table 1 shows
r(SiN) is consistently smaller, while Table 4 shows 7(SiR) is
consistently more elongated. Both trends indicate a larger extent
of three center bonding with third period substituents. In fact,
R = Cl produces the shortest SiN bonds. An earlier study of
neutral five coordinate silicon compounds by our group*® also
found that Cl is an ideal axial partner for ammonia. In the
current work, the computed gas phase structure with the shortest
SiN bond is that with R = Cl, Y = NCHj. It is quite possible
that the solid state structure of this azasilatrane will be found
to have a SiN bond distance shorter than 2 A, making it the
shortest known.

Summary

The geometry of the silicon atranes has been found to vary
considerably as a function of a wide range of substituents R

Schmidt et al.

but is actually affected more by the choice of the equatorial
group Y. Azasilatranes possess the shortest SiN distances,
followed by silatranes, and then carbasilatranes. The SiN bond
is a weak one, requiring no more than 8 kcal/mol to stretch it
overa 1 A range. This flexibility, coupled with the large dipole
moments of the atranes, causes large changes in their geometry
upon change of state from gas to condensed media, as
demonstrated by approximate solvent calculations. Bond-stretch
isomerization is predicted to occur in the azasilatranes, depend-
ing on the bulk of the ligands at silicon and the equatorial
nitrogens. Chlorine atoms are the most effective axial partner
for the basal nitrogen, and the azasilatrane R = Cl, Y = NCH;
is predicted to have a shorter SiN bond distance than for any
currently measured silicon atrane. Bonding in the silicon atranes
is best described as a dative N — Si bond but with sufficient
three center interaction to produce a slight elongation of the
SiR bond.

Acknowledgment. The authors would like to thank Jan
Jensen for advice on what the SCRF solvent model can and
cannot do and for assistance with the group coordinates.
Discussions with Professor Verkade throughout the project have
been most helpful as well. The great majority of the computa-
tions were performed on the Touchstone Delta parallel computer,
under the auspices of an ARPA sponsored program with the
Air Force Phillips Lab, with some additional calculations
performed on the CM-5 located at the Army High Performance
Computer Center. Solvent computations were performed on
the Paragon located at San Diego Supercomputing Research
Center. The MP2 single point computations were performed
on an IBM SP2, purchased under the NSF equipment grant
CHE93-19163, and using a parallel MP2 algorithm written by
Michel Dupuis. The analytic Hessians were computed on a SGI
Power Challenge belonging to Ames Laboratory’s Scalable
Computing Group. The research presented here was supported
from the Air Force Office of Scientific Research (93-0105) and
the National Science Foundation (CHE94-11911).

JA9418691



