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The molecular geometry of crystalline 1-chlorosilatrane is computed at the self-consistent field (SCF) and
density functional theory (DFT) levels of theory with the 6-31G* basis set and compared with experiment.
The calculations reproduce the shortening of thelgidistance in the crystal relative to the gas phase, in
agreement with existing experimental data for methyl- and fluorosilatrane. The bond shortening is shown to
be the result of a combination of a conformational change in the molecule and-diiptde interactions

with the surrounding molecules in the crystal. The importance of the need to include long-range interactions
in the calculation is demonstrated. The calculated electron density of chlorosilatrane is analyzed in terms of

the natural bond orbital formalism (NBO), natural resonance theory (NRT), and the theory of atoms in molecules
(AIM).

Introduction

CHART 1: Schematic Drawing of the General Structure
. . . . of Atranes (Left), and of 1-Chlorosilatrane in Particular
Silatranes are biologically active compounds whose pharma- (Right)

codynamical properties were reviewed about 25 years!ago.

Historically, silatranes were the first examples of structures of X S

the form given in Chart 1, now generally referred to as “atranes”, rls sli.

with E = Si and Y= O. v Ny o "\”"Io,//

The chemical and structural features of main group atranes, N2 X%

including silatranes, have been reviewed by VerkaBeom a . < .. $

topological point of view, silatranes can exist in two different NS NS

forms. In the exo form, the lone pair of the nitrogen atom is

directed outward from the cage, thus potentially allowing 0

coordination with a Lewis acid. In the endo variety, the lone

pair is directed inward toward the silicon atom, creating the 1-Substituted silatranes have also attracted considerable
possibility of a transannular SN bond. A survey of 95 computational interest. Greenberg etPgberformed single point
crystalline silatranes in the current (5.24) version of the Hartree-Fock (HF) calculations on two bond stretch isomers
Cambridge Structural Databdsshows that, after elimination ~ of methylsilatrane and found little difference in the charge
of four entries with X= Os, the average SN distance is equal distributions of the two forms when using the 3-21G* basis set.
to 2.14(7) A and the %Si—O valence angle 96(3) both Gordon and co-worke?sperformed a HF/6-31G* calculation
indicative of an existing bonding interaction between Si and on AM1-optimized geometries of silatranes and concluded that
N, and thus a pentacoordinated Si atom. This is in sharp contrast2bout 26 kJ/mol is required to shorten the-8ibond from the

to the information obtained from gas phase electron diffraction length found in the gas phase to that of the crystal, suggesting
data (GED). Shen and Hilderbrafdtetermined the structure that crystal forces are responsible for the observed shortening.
of methylsilatrane and found a-SN distance of 2.45(5) A, They also reported the existence of a bond critical p8int
indicating that there essentially is no dative bond between the between the Si and N atoms and concluded from the calculated
Si and N atoms. In the crystalline st&tehis value is found to properties of the electron density and its second derivative that
be 2.175(4) A. In another study, Hargittai efallso used GED  the bond between the two atoms is a closed shell interaction.
to study fluorosilatrane. They found a-SW distance of  Csonka and Hencséi'® used MNDO, AM1, and PM3 to
2.324(14) A, compared to a value of 2.042(1) in the crystal. calculate the equilibrium geometries of 1-fluoro, 1-methyl, and
In the latter Study, experimenta] Charge density maps revea|edl-Ch|Or05i|atrane, and concluded that both the endo- and exo-
the existence of increased electron density between the Si andorms are energy minima. A further studyon fluorosilatrane

N atoms. On the basis of the linear relationship that was found émploying full geometry optimization at the HF level and the
between the nonplanarity of the Si atom and the value of the 3-21G, 3-21G* and 6-31G* basis sets showed that the previously
Si—N distance as found in the crystalline state, Greenberg et predicted existence of a stable exo form is an artifact of the
al8 have questioned the notion that there is no dative bond Semiempirical calculations. Moreover, they also found that the
between Si and N in the gas phase, as the data for the isolatecbilatrane skeleton is very flexible and that only a small amount
molecule are within reasonable agreement with the trend Of energy is required to shorten the transannulam\bdistance.
observed for the solid state. Boggs et al® used HF/6-311G* and MP2/6-31G energies of
MNDO geometries of methyl- and fluorosilatrane to confirm
that there is no stable exo conformation but a broad potential
10.1021/jp049155+ CCC: $27.50 © 2004 American Chemical Society
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They also found that MgllerPlesset (MP2) electron correlation 0{3 o-g

has a sizable influence on the calculated results with thé\Si g, 8° g0 8° g

bond being about 0.15 A shorter with MP2 compared to HF. LTI e O{S"f' @ ' ﬁ

Dahl and Skancké used HF/3-21G* with full geometry = g éé . g '

optimization to conclude the existence of a weak transannular e B g T

interaction in fluoro-, methyl-, and the parent silatrane. Csonka

and Hencsél*érepeated some of their calculations with various 5 3

basis sets at the SCF, MP2, and DFT levels of theory, o.g . Q 0& cg;
confirming the low energy requirements to shorten the i g , ¥ o go ¥
distance. They also performed self-consistent reaction field ﬂ g ﬁ ' -ﬁ .
(SCRF) calculations using the Onsager métetporting a 6‘%; g g g
shortening of the SiN interaction for the chloro- and fluoro- o . &
silatrane. Chung et &P.studied isothiocyanosilatrane at the SCF

and DFT levels of theory with the 6-31G* and the 6-311G* .
basis sets. They calculated that the-Sibond is shorter when 3 4

calculated with B3LYP as compared to SCF, whereas théSi Figure 1. Computational models used to simulate the crystalline state.
bond is longer. They also looked at the atomic charges calculatedP0sition and geometry of the central molecule is allowed to change.
with natural population analygsand found little difference of Positions of the surrounding molecules are fixed. See text for details.
the charge of the nitrogen atom as a function of substituents. . ) ) i
Finally, in a comprehensive study on the inductive effects in density functional theory (DFT) using the B3LYP functional
pentacoordinated silicon compounds containing-af$idative and the same basis set as above.

bond, Anglada et & performed MP2 and B3LYP calculations A potential energy surface of the isolated molecule was
on fluoro- and methylsilatranes, among many other compounds, calculated with the NSi—C—~O and O-Si—N—C torsion

to conclude that the SiN bond gets shorter as the number of angles as fixed grid variables while optimizing all other internal
electron withdrawing groups linked to the silicon atoms degrees of freedom. It was also assumed that three rings in the

increases. silatrane molecule change their conformation in a concerted

Noticeable differences between the gas phase and solid statd@shion, keeping overallC; symmetry. This restriction is
value of the length of doneracceptor bonds are of course not  féasonable in view of the symmetry observed in the crystal of
limited to silatranes. For example, a large amount of experi- chlorosilatrane, and aIsp in the experimental gas phase structures
mental data is available for complexes containing theNB of methyl- and fluorosilatrane.
dative bond. A review of these and other complexes is given  The crystal environment of chlorosilatrane was simulated by
by Haalanc?® A theoretical explanation of this phenomenon was Surrounding one molecule with several neighbors, as shown in
proposed by Schleyer et #.Using SCRF calculations on  Figure 1. Coordinates for the surrounding molecules were
BHaNHs, they calculated that with hexane as a solvent, thélB ~ generated from the experimental X-ray diffraction data of
bond reduces from 1.689 A for the isolated molecule to 1.62 A Kemme et af® In this paper, the crystal structure was solved
in solution. In water, the value reduces to 1.57 A. On the basis and refined in space grou2;, but the data deviate very little
of these results, they proposed that the crystal field is responsibleffom the higher symmetrical space groRf, the experimental
for the observed shortening. In another ab initio stgkly, unit cell dimension being = 8.176(6) A,b = 8.176(8) A,c =
Frenking et al. used a dimer and tetramer model of the same7-951(5) A, ang8 = 120.01(5). Therefore, mainly to improve
molecule to simulate the solid state and concluded that short-computational efficiency, the unit cell and atom coordinates were
range dipole-dipole interactions are causing this effect. Using Symmetrized to the higher space group. In addition, the positions
clusters of BHNH3 molecules of increasing size, Dillen and Of the hydrogen atoms were readjusted by an energy minimiza-
VerhoeveR® have shown that the addition of molecules to the tion with the UFF force fielé® as provided in the Ceritis
cluster with stabilizing dipole dipole interactions decreases the Modeling systend? while keeping the heavy atoms on their
length of the B-N bond whereas destabilizing interactions have experimental positions. After these modifications, the positions
the opposite influence. It was also shown that the effect is felt and geometries of the surrounding molecules were fixed during
over a large distance between the interacting molecules, thus@ll Gaussian calculations. Both the internal geometry and the
highlighting the long-range and, hence, electrostatic nature of Position of the central molecule in the cluster were allowed to
the interaction. vary under the constraint that the whole cluster had to k&ep

This paper is the second in a series to study the effect of the SYmmetry. Four different clusters were studied. In cluster
crystalline state on the nature of the dative bond by means of {he central molecule is surrounded by six neighbors, all pointing
ab initio calculations. Although no experimental gas phase N the same direction. The SN bond of the central molecule
structure has been reported to make a comparison possible witH$ 8l0ng theCs axis. In2, two additional molecules are placed
the crystal, 1-chlorosilatrane was chosen because of its highalong the symmetry axis, bringing the total number of molecules

symmetry in the solid state and hence its (relative) computational {0 Nine. In terms of dipotedipole interactions, these two
efficiency. In particular, the existence or nonexistence of a molecules add a stabilizing effect to the central molecule. Model

“bonding” interaction between the Si and N atoms is investi- 3 @dds an additional six molecules 2o all placed along the
gated. general direction of the symmetry axis. These add a significant
amount of computational effort to the system, increasing the
number of basis functions from 1908 to 3180. Again, in terms
of classical dipole-dipole interactions, the effect on the central
Calculations were performed with the Gaussian 98 progfam molecule is stabilization. In contrast, modglwhich adds the
at the self-consistent field (SCF) level of theory and the standardsame number of molecules 18, represents destabilization
6-31G* basis set. A few calculations were also performed with because parallel dipoles are added alongside the central mol-

energy function with a single maximum at one-8i distance. & B
X E; !

Computational Details
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CHART 2: Four Lewis Structures Considered as
References for the NBO and NRT Analysis

cr Cl Cl

Sty

a

(o)

ecule. Ideally, an infinitely large cluster of molecules should

be chosen to represent the crystal state. However, because all

the different models above all have relatively close neighboring

molecules, it is possible to test whether the results can be

interpreted in terms of dipotedipole interactions.

Calculation of vibrational frequencies with the 6-31G(d) basis
set proved to be impossible with Gaussian 98 running on 32
bit computer technology even for the smallest cluster
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Figure 2. Conformational potential energy surface of chlorosilatrane

Therefore, the more modest 3-21G* basis set was used, andys a function of the NSi—C—0 (right axis) and @-Si—N—C (left

even then only clustet proved to be within reach. Normal
modes on the isolated molecule and clusterere analyzed
visually using a vibrational animation progré#n.

ONIOM (Our ownn-layeredintegrated molecularbital and
molecularmechanics¥ calculations were done using the Gauss-
ian 98 implementation of the UFF force field, with no charges
on the atoms in the outer molecular mechanics layer which
consisted of all the molecules in the cluster except the central
molecule. The latter formed the inner SCF layer.

Analysis of the electron density in terms of the atoms in
molecules (AIM) theor§? was performed with the AIMPAC
suite of computer programs as supplied by Bader’s research

axis) torsion angles. Energies (kJ/mol, vertical axis) are relative to the
most stable conformation.

calculated as a function of the-N8i—C—0 and G-Si—N—-C
torsion angles, as explained earlier. A diagram of the resulting
two-dimensional energy map, calculated with & §@id size,
is shown in Figure 2.

It can be seen that the chlorosilatrane molecule can adopt
several conformations that are within a-226 kJ/mol reach of

the single most stable form. This “valley” of low energy
corresponds to the pseudorotational motion of the five-

membered rings. A second area of low energy corresponds to

all five-membered rings being inverted and is thus related by
symmetry to the first one. The lowest energy barrier between
the two valleys is about 55 kJ/mol. Although no disorder is

reported for the crystal structure of chlorosilatr@a¢he size

of the temperature factors indicates very high thermal movement
of the carbon atoms adjacent to the nitrogen atom. Structural
disorder is mentioned for both the crystal structures of methyl-

group. The programs were modified to handle larger systems,
but were otherwise used unaltered.

Natural bond orbitdf (NBO) analysis was done with the
NBO 5.0 computer prograit,incorporated as a “link” into the
Gaussian 98 program, as explained in the program manual.

Finally, a natural resonance the®tyNRT) analysis was
performed on the isolated molecule. In a first series of _. . ’

. . silatrané and fluorosilatrané.Hence, it appears reasonable to
calculations, each of the Lewis structur@sd (see Chart 2) . e )
. . . S assume that the conformational flexibility of the silatrane
was used in a single-reference NRT analysis, which implies that . ) .
: ; " molecule is responsible for this phenomenon. Important for the
there is one dominant resonance structure. In a second series . . ) ;
L . . current discussion, however, is the fact that during these
the combinationg+b, b+c, andb+d were used in a multi- ; o
; conformational changes, the value of the-Bi distance can
reference analysis. . . .
vary quite considerably. Hence, before starting a full quantum
mechanical calculation of clustets-4, an ONIOM calculation

was performed to investigate the effect of crystal packing on
Before investigating the effect of the solid state on the nature the conformation of the silatrane molecule and thebond

of the Si—N bonding interaction, it is worthwhile to look at length. Although the details of the results for the four calcula-
any “internal” means to change the-3 distance in the tions differ slightly, they are similar enough to concentrate on
chlorosilatrane molecule. As mentioned before, several com- one set of data, which is given in Table 1. Results for all
putational studies have indicafgd1>171&hat little energy is ONIOM calculations are given in the Supporting Information.
required to shorten the SN distance from its value calculated = Most noticeable is the shortening of the-®l distance in the

for the isolated molecule to the value found in the crystal, and crystal by~0.2 A compared to the isolated molecule. The five-
that the silatrane skeleton is very flexible. The calculations membered rings also change conformation from an envelope
indicate that in the gas phase, the five-membered ring formedto a twist form, as found experimentally. However, the overall
by the atoms StO—C—C—N is considerably more puckered puckering of the ring is calculated to be too high. The change
than in the crystal. There is also a difference in conformation. in conformation also triggers changes in the individual valence
In the isolated molecule, the five-membered rings adopt an angles. The C+Si—O and O-Si—N angles, both indicators of
envelope conformation with the carbon atom adjacent to the a change from a tetrahedral arrangement around Si to a trigonal
oxygen forming the “tip”, whereas in the crystal, a twist bipyramid, change toward the experimental values observed in
conformation is found with the pseudo 2-fold axis passing the crystal. The StO—C angle also increases whereas the
through the silicon atom and the<C bond. Both forms are  opposite is found experimentally. Because no charges were
adjacent conformations on the pseudorotational pathway of theassigned to the atoms in the molecular mechanics layer of the
five-membered ring. To study the already mentioned flexibility ONIOM calculations, only the van der Waals interactions are
of the silatrane skeleton, a potential energy surface was responsible for the observed changes.

Results and Discussion
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TABLE 1: Calculated (HF/6-31G*) and Experimental Data for 1-Chlorosilatrane?
gas Xtal
model 0 1 2 3 4 ONIOM 3 exp (Cy)

Si—N 2.571 2.260 2.130 2.073 2.379 2.370 2.023
Cl-Si 2.058 2.075 2.098 2.129 2.041 2.062 2.153
Si—0 1.633 1.648 1.653 1.654 1.641 1.639 1.649
Oo-C 1.401 1.400 1.401 1.405 1.392 1.392 1.416
c-C 1.527 1.524 1.521 1.521 1.523 1.526 1.435
C—N 1.449 1.457 1.467 1.471 1.452 1.454 1.449
Cl-Si—0 104.4 98.6 95.9 94.5 100.7 100.5 93.3
Si—0-C 124.6 125.6 123.3 121.9 127.0 127.2 120.2
O-C-C 109.8 108.9 108.4 108.3 109.7 109.9 1111
C—C—N 108.8 107.7 107.2 106.9 108.1 108.1 111.6
O—-Si—N 76.0 81.4 84.1 84.5 79.3 79.5 86.7
Si—N-C 98.5 103.0 104.3 104.9 101.2 101.5 105.9
O—-Si—0 114.4 117.8 119.0 119.4 116.6 116.8 119.7
C—N-C 117.9 1151 114.1 113.6 116.3 116.1 112.8
O—Si—N—-C —-0.3 —14.3 —15.8 —16.3 —11.8 —12.0 —9.2
C—0O-Si—N —30.2 —-9.9 -7.1 —6.2 —13.9 —-12.9 —-4.0
Si—O—-C-C 56.1 31.2 27.8 26.7 36.3 34.7 16.7
C—C—N-Si 24.1 31.0 31.7 31.8 29.8 29.2 19.6
O—-C—C—N —47.2 —39.8 —38.2 —-375 —41.9 —40.6 —-235
q(Cl) —0.372 —0.420 —0.495 —0.546 —0.389
q(Si) 1.565 1.720 1.754 1.771 1.717
q(N) —-0.715 —0.754 -0.776 —0.784 -0.741
q(0) —-0.733 —-0.775 —0.776 —-0.781 —0.764
q(C—0) 0.012 —0.003 —0.009 —-0.015 0.004
q(C—N) —0.134 —0.170 —0.180 —0.186 —0.163
Pu(Si—N) 0.185 0.297 0.379 0.426 0.245
V20p(Si—N) 1.231 2.330 3.984 5.013 1.514
ou(C1—Si) 0.661 0.651 0.609 0.564 0.694
V20p(CI—Si) 6.474 5.935 5.555 4.920 7.019
Pu(SI—0) 0.902 0.869 0.863 0.864 0.879
V20p(Si—0) 26.062 24.575 24.139 24.076 25.219
pp(0O—C) 1.697 1.711 1.717 1.698 1.745
V2pp(O—C) 0.038 —0.149 —0.504 —0.431 0.039
pu(C—C) 1.798 1.800 1.808 1.810 1.806
V2pp(C—C) —17.878 —17.940 —18.086 —18.116 —18.034
ou(C —N) 1.847 1.819 1.777 1.756 1.839
V20s(C —N) —19.631 —18.120 —16.963 —16.242 —18.760
AE® n— Ry*(Si) 7 20 46
AE®@ n— s¥(Si—Cl) 24 55 97
AE®@ n— s*(Si—0) 18 48 73

aDistances in A, angles in degrees, Mulliken charggsn e, electron density at the BCP, in e A3, Laplacian of the electron density at the
BCP, V?py, in e A5, donor-acceptor stabilization energhE®, in kJ mol-%. ® Experimental Cs-symmetrized, crystal structure.

The results of the quantum mechanical calculations on the angle, for example, decreases from 104mthe gas phase to
various clusters are summarized in Table 1. As is evident from 94.5 in 3, whereas © Si—N changes from 76200 84.5. Both
this table, the effect of the neighboring molecules on the length these observations indicate that the Si atom changes from a four-
of the Si-N distance is dramatic. Even in the smallest clusters coordinated tetrahedron to a pentacoordinated bipyramid. How-
1, the Si-N is 0.3 A shorter than in the isolated molecule, ever, not all valence angles change in the direction of a better
adding another 0.1 A to the shortening resulting from the steric correspondence with the experimental values. For example, both
effects calculated with the ONIOM method. This trend continues the O—-C—C and C-C—N angles decrease in value whereas
in 2 and3, where the calculated value comes very close to the an increase would improve the situation. The torsion angles also
experimental distance. As mentioned earlier, in terms of classicalchange and the five-membered ring adopts a conformation
dipole—dipole interactions, these two models stabilize the central somewhere between a twist and an envelop form. The isolated
molecule even more than modelModel 4, however, demon- molecule0 and clusterl were also calculated at the B3LYP/
strates the large effect of the relative position of the surrounding DFT level of theory. The SiN length is found to decrease from
molecules on the SiN distance, with the value dropping 2.410 to 2.226 A. The shorter bond calculated for the gas phase
essentially back to the one obtained with the ONIOM method. molecule is consistent with MP2 calculations reported ear-
The Si~Cl bond undergoes the opposite, though less pro- lier.’51718 Although details are different, the trends observed
nounced, transformation. The gas phase value of 2.058 A are the same as for the SCF calculations. More data are given
increases gradually to 2.129 A 8) in reasonable accordance in the Supporting Information.
with the experimental X-ray values. Note that the value obtained  Not unexpectedly, the changes in geometry and the interaction
in 4 is actually shorter than in the isolated molecule. Changes with the surrounding molecules result in a change of the charge
in the other bonds are more subtle. An increase in length is distribution in the central molecule. The Mulliken charge on
also observed for the SO and C-N bonds. These are expected the chlorine atom becomes more negative frer.372 to
to be the most affected by a change in the nature of the dative—0.546 e in3, a change of 47%. The silicon atom becomes
bond. In addition to changes in the bond length, it is instructive more positive, increasing from 1.565 to 1.7714€17%). The
to highlight a few changes in the valence angles. TheSt+O overall change in the charge distribution is compatible with the
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BCP moves with the N atom toward the silicon, both in absolute
and in relative terms, and is situated at about 49% of the\Si
distance measured from Si in the isolated molecule, and 39%
in model 3. The Laplacian at the BCP is positive, which is
typical for a nonsharing bond interaction. Its numerical value
increases more than 4-fold betwe@rand 3, indicative of an
increase in curvature in the electron density, but this is not
surprising considering the shortening of the-Sidistance. For
Si—Cl, pu(r) drops from 0.662 e A2 in the gas phase to 0.564
e A=3in 3, consistent with the observed corresponding bond
lengthening. A similar observation can be made for theC3i
bond, where the value changes from 0.902 to 0.864 % fhe
values ofpyp(r) for the other bonds are much higher and are
typical for covalent bonds, e.g., 1.698 e®in 0—C, 1.810 e
A-3in C—C, and 1.756 e A3 for C—N. Nevertheless, it is
worthy to note that the electron density at the BCP between Si
and N is similar to that for SiCl. A very recent determination
of the deformatioff electron density in crystalline methyl-
silatrane makes a comparison of these results with experiment
possible. Lyssenko et al. confirm the existence of a BCP
between Si and N and determine the electron density at this
point to be 0.42 e A3, in excellent agreement with the value
for the chloro compound calculated with clus@&rThe value
of 0.99 e A3 for the SO bond is higher than found in this
work but still within reasonable agreement, as are the values
for the other bonds, e.g., 1.66 e &for C—C, 1.79 e A3 for
C—O0, and 1.73 e A3 for C—N. The correspondence between

- : : : the values of the Laplaciain/?op(r), is not so good, but it is
Figure 3. Laplacian,v?o(r), of the electron density of chlorosilatrane  not clear what the significance is of this observation.
in the gas phase (top), and modgin the crystalline state (bottom). The chlorosilatrane molecule was also studied within the NBO
Solid lines represent areas of local charge concentration; dotted “nes’framework?3 The NBO atomic charges differ from the Mulliken
areas of charge depletion. , - ;

charges, especially for silicon, but when the isolated molecule

mental picture of negative charge being redistributed from the 1S compared with the crystal, the trend remains the same; i.e.,
silicon and hydrogen atoms toward the other atoms in the the silicon becomes more positive and the chlorine atom more

molecule. The differences of the-SN interaction between the ~ N€dative, as do the O- and N-atoms. The natural atomic orbitals

gas phase and the crystal are also apparent in other propertie§NAO) Wiberg bond index, which gives an indication of the
of the electron distributionp(r). As mentioned by Gordon et ~ Pond order between two atoms, changes from 0.0646r0.220

al.? a bond critical point (BCP) can be found between the Si in 3for Si—N and decreases from 0.795 to 0.675 for the Gi
points between Si and N were found in all moddls4. The the BQPS, suggesting an increase in bond strength between N
second derivative, or Laplacian pfr), V2o(r), gives informa- and Si, and aweakgnl_ng of th_e—SII bond. The real usefu_lness
tion about a local increase or decrease of the electron distributionof the NBO analysis is that it uses the electron density as a
and also allows us to extract more information about the nature cfiterion to allow one to differentiate quantitatively between
of a BCP. possible Lewis structures, and hence to investigate the existence
Figure 3 shows a contour diagram of the Laplacian of the Of @ bond between the Si and N atoms. For the gas phase, the

electron density of chlorosilatrane in the plane defined by the Lewis structure with a lone pair in the N-atomjn Chart 2, is
Si and N atoms, and one O atom, calculated for the isolated calculated to have 0.723 non-Lewis valence electrons, whereas

molecule, and for the clusteB. There are some striking  Structurec, with a dative bond, has 0.832 electrons. Although
differences between the two pictures. First there is the changethis analysis thus favors a model with no Lewis bond, the
in the conformation of the five-membered ring, making all the numerical difference between the two structures is not very
atoms more visible in the bottom picture. The interesting part, large. In addition, the NBO representing the dative bond in
however, is the region between the N atom and silicon. Not structurec is of the form W = 0.121k)(Si) + 0.993p(N),

only is the decrease in the-SN distance very visible, it can meaning that the nitrogen atom contributes more than 98% to
also be seen clearly that there is a large increase in electronthe orbital, and hence thajuantitatiely, within the NBO
density in the transannular region toward the Si atom. Another framework, c is actually similar to, if not the same ds In
noticeable aspect is the “thinner” area of electron density cluster 3, the difference between the two models becomes
accumulation in the SiCl bonding region. These observations insignificant, the amount of non-Lewis valence electrons being
are reflected in the numerical values @f{r) and V2py(r), the 0.792 e forb and 0.813 e for moded. On the other hand, the
electron density and its second derivative at the bond critical bond orbital becomedl = 0.232p(Si) + 0.973p(N), still
points, respectively. At the SiN BCP, py(r) goes from 0.185 overwhelmingly dominated by nitrogen, but with its contribution
e A3 for the isolated molecule to 0.426 e Ain 3, an increase dropping to 95%. Thus the SN “bond” is essentially the lone

of 130%. Even in clusted, which in terms of dipole-dipole pair of the nitrogen interacting weakly with the silicdhand
interactions destabilizes the central molecule, the value of 0.245more strongly so in the crystalline state. The relative high
e A=3is 33% higher than in the gas phase. The position of the number of electrons that cannot be accommodated with either
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Lewis structure, however, indicates that a delocalized model sensible to predict that the SN stretching frequency is
may be more appropriate for chlorosilatrane. A three center somewhere in the region 35600 cntl.

four electron bond has been proposed be##&put the NBO

program did not confirm this as being viable. The NBO analysis Conclusions

also suggests that donation of the nitrogen lone pair to a suitable The ONIOM and full ab initio calculations show that the

antibonding orbital will ;tab|llze t_he molecule. As can b.e S€eN gi N distance in crystalline chlorosilatrane shortens by about
from Taple 1, the major ca_ndlda_ltes are donatlc_)n N0 an 55y, compared to the gas phase as the result of a conformational
antibonding extra-valence orbital situated on the Si atom, and change, with the remainder being due to dipedépole interac-
the antibondingog;c; and g5, orbitals. The latter two are  {ions The progression observed for modeis3 indicates that
compatible with the lengthening of these bonds in the series 404 computational results can be obtained with relatively small
0-3. clusters if stabilizing dipoledipole interactions dominate in
The molecule was also studied in terms of natural resonancethe model. The results f@¥on the other hand demonstrate that
theory?> (NRT), as explained in the computational details. very large clusters are needed if a more realistic computational
Taking the value of the variational functioné(0), and the non-  model is required. Alternatively, the result may be an indication
Lewis electron density as a criterion, the results show that a that the use of the Hartred=ock level of theory is inadequate
single reference NRT calculation is the most effective viith  for this type of calculations.

as a reference, followed closely loy The Lewis structures Analysis of the electron density in terms of the theory of
andd are considerably worse, and can be ignored. The multi- atoms in molecules is in good agreement with existing experi-
reference analysis rules out the combinatetb andb-+d, and mental data for methylsilatrane, and indicates a large increase

strongly favorsb+c, assigning a 79:21% weight to the two in electron density in the transannular-$i region, and a

Lewis structures. However, the NRT expansion with this decrease in the strength of the-8ll bond. NBO analysis shows

combination as a reference, is only able to explain about 59% that theformal Lewis structures with or without a SN bond

of the electron density, assigning the remainder to a large varietyarenumericallyalmost identical to the former, and that both fit

of additional resonance structures. Again, this finding implies the calculated electron density equally well. Departures from

that it is not easy to localize the electron density in this molecule the idealized Lewis structure are highlighted by the relative large

using the Lewis electron pair concept. amount of “non-Lewis” electron density, and the high stabiliza-
The shorter SN bond length of chlorosilatrane in the gas tion energy for several doneicceptor interactions. This result

phase compared to the crystal should translate itself in a higheris essentially confirmed by the NRT calculations.

wavenumber of the corresponding stretching mode. For example, A calculation of the vibration spectrum of chlorosilatrane

a recent computational stutfyon BH;NHs showed that the  could only be performed for clustdrand a smaller basis set.

value of the B-N stretching frequency differs by about 200 As a result, the StN stretching band can only be predicted to

cm! between the gas phase and the solid state. Although nobe in the broad region 35600 cn1?, in fair to reasonable

experimental vibrational spectrum has been published for agreement with existing experimental assignments performed

chlorosilatrane, data are available for a number of other for related silatranes.

1-substituted silatrané8#tImbenotte et at® assigned the SiN .

stretching frequency for a number of silatranes to peaks at Acknowledgment. | thank Dr. Catharine Esterhuysen and

around 350 cmt, except for the fluoro compound, which is Mr. Gerhard Venterfqr stimulating d|scu38|on§. This work was

found at 398 cm!. Ignat’ev et a! studied hydrosilatrane and supported by the National Research Foundation, grant number

a deuterated form of this molecule and determined with the aid 2053646.

of the determination of the force constants a peak at 468 cm . ) . . .

(25% Si-N) and another at 596 crh (37% Si-N) to have a Supportlpg Information Avallab.le: Final coordmateg of

high Si-N stretching component. For the deuterated compound, all calculations, an extended version of Table 1, Laplamgns of

the values are 440 (27%) and 537 Gn{(28%), respectively. the e_Iectron density f(_)r all mo_d(_e_[<)—4, and an animation

Not unexpectedly, the calculated-il stretching mode is highly shOW|_ng f[he co_nformatlonal flexibility c_>f chlorosilatrane. This

coupled with other vibrational modes. For the isolated molecule, Material is available free of charge via the Internet at http://

a mode at 201 crt is a combination of a cage deformation PUPS-acs.org

and Si-N stretch, and another at 450 chis a Si-N/Si—Cl

stretching combination. Because of the way the clusters are

calculated, the spectrum df contains a large number of (1) Voronkov, M. G.Top. Curr. Chem.1979 84, 77.

imaginary wavenumbers, corresponding to normal modes of the ~ (2) Verkade, J. GCoord. Chem. Re 1994 137, 233-295.

fixed surrounding molecules. However, identification of the two 8; élrluirr]f, '(:j.;HHﬁggb(r:;ﬁSIE.g[iS&gtﬁ 38@_?2‘8%83_43537'_262_

normal modes mentioned above proved to be straightforward,  (5) parkanyi, L.; Bihatsi, L.; Hencsei, Bryst. Struct. Commuri978

and these were found at 201 and 465 ¢nThese results suggest 7, 435.

that the Si-N stretching frequency is influenced by the crystal (6) Forgas, G.; Kolonits, M.; Hargittai, IStruct. Chem199Q 1, 245~

environment, as expected, but that the change is considerabl '(7) Pakanyi, L.; Hencsei, P.; Biftai, L.: Miller, T. J. Organomet,

less than found for, e.g., BfNH3.2%5 Assuming a linear Chem.1984 269, 1-9.

dependency between the wavenumber and the bond length as (8) (a) Greenberg, A;; Wu, GStruct. Chem.1989 1, 79-85. (b)

found in the latte?® the value of 450 cmt would only increase %ger‘;s?‘{g'zgﬁigﬁm’ C.; Venanzi, C. A. Mol. Struct. (THEOCHEM)

to about 485 cmt for the experimental bond length of 2.023 A (lg) Gordon, M. S.; Carroll, M. T.: Jensen, J. H.. Davis, L. P.: Burggraf,

in the crystal. After applying a scale factor of 0.9 as is common, L. W.; Guidry, R. M. Organometallics1991, 10, 2657-2660.

the value obtained is 435 crh This is in reasonable agreement (10) Bader, R. F. WAtoms in Molecules. A quantum thep@xford

with one peak identified by Ignat'ev et 4l.for the parent U”é‘ﬁgsné’ssgizs:(;o;‘fogi*ng;;’ ég%or. anomet. Cher993 446 99

hydrogen silatrane. However, in view of the limitations in (12) Csonka, G. I.; Hencsei, B. M%I. Struct. (THEOCHEM)L993

accuracy of this two-point extrapolation, it is probably more 283 251-259.
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