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Receied June 15, 1998  Figure 1. Molecular structure of 1-isothiocyanatosilatrane with atomic
numbering (hydrogen atoms are omitted for clarity).

Introduction
orbital (GIAO) methodP with the available experimental NMR

Previous X-ray studiés® on silatranes, RSi(OCICH,)sN, data. Finally, we discuss the characteristics of the transannular
have shown that they have an approxim@tesymmetry and  Sj—N bond of this molecule by population analysis.
the geometry around the silicon atom looks rather pentacoor-
dinate via a transannular dative bond between silicon and Computational Details

njtrogen atoms. The presence of a transannulaﬂ\Sbond in All ab initio and density functional theory calculations are performed
silatranes can be explained by the fact that the nitrogen atomysing the Gaussian 94 prograiThe molecular geometry of 1-isothio-
might donate its lone-pair electrons to the silicon atom. It is a cyanatosilatrane is optimized at both the restricted HarFeek (RHF)
general consensus from accumulated experimental results thatind Becke’s three-parameter-hybrid (B3LYP} levels with 6-34-G*
more electronegative substituents R, such as fluorine andand 6-311G* basis sets. To make a more intensive comparison between
chlorine, usually help to form shorter-SN bond distances. molecular structures of this molecule and its analogues, we have also
In addition, the length of the SiN bond is significantly performed the geometry optimizations for 1-fluorosilatrane and 1-chlo-
dependent on such physical environments of a molecule as the'osilatrane at the B3LYP/6-31G* level.
solid state and the gas phase. It can be generally expectgd thak asults and Discussion
the crystal-packing forces make the molecular geometry in the ) )
solid state to be somewhat different from that in the gas phase. Molecular Structure of 1-Isothiocyanatosilatrane. The
Previous electron diffraction (ED) studfé®on silatranes have ~ molecular structure of 1-isothiocyanatosilatrane is illustrated in
also found that they have generally longer-Si distances in ~ Figure 1 along with the atomic numbering. It can be assumed
the gas phase rather than in the solid state. However, nothat there are two possible isomers, so-called endo and exo
experimental studies for molecules in the gas phase other tharforms, according to whether lone-pair electrons of the trans-
1-methylsilatrane and 1-fluorosilatrane have been performed toannular nitrogen atom Nooint toward the silicon atom or not.
date, so the precise relationship between the electronic natureA few ab initio studie¥>*®have actually reported both exo and
of the substituents and the-SNl distances for silatranes in the ~endo forms in some analogous systems such as azaphospha-
gas phase are not clearly understood yet. tranes. In substituted silatranes, however, there are no experi-
In this paper, ab initio and density functional theory (DFT) mental or ab |n|t|(_) reports_aboqt_ the existence of_ exo forms,
methods are applied to examine the precise molecular structureeven though previous semiempirical studie¥’ predicted the
of the 1-isothiocyanatosilatrane, SCNSi(O&H,):N, in which existence of the exo forms of silatranes. Moreover, recent ab
the nitrogen atom of the ligand NCSs directly connected to —
the Si atom. We compare its computed geometrical parameterst10) ggg'i”s""
wit_h available X-ray crystal structure (_jata and crystal structures (11) Frisch, M. J.; Trucks, G. W.: Schlegel, H. B.; Gill, P. M. W.; Johnson,
of its analogues with different substituents such as F and CI. B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T. A.; Petersson, G. A;

We also compare its computed iSOtrOﬁm 15N, and 29Sj Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
; Lo - oL . . V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B.:
magnetic shielding constants using the gauge-including atomic Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen,

W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R;

K.; Hilton, J. F.; Pulay, PJ. Am. Chem. Sod99Q 112
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Table 1. Geometrical Parameters for 1-Isothiocyanatosilatrane at Table 2. Molecular Parameters Connected with the Si Atom

the RHF and B3LYP Levels (Distances, A; Angles, deg) and NMR Chemical Shifts (ppm) of
RHE B3LYP R-Substituted Silatrane
* * * * R=F R=ClP
parameters 6-3tG* 6-311G* 6-3HG* 6-311G exptt
B3LYP/ B3LYP/
Bond Lengths (A)
r(Si—Ny) 2.454 2.484 2.327 2353 2007(3) Parameter 6-31+G* gas crystal 6-31+G*  crystal
r(Si—0x) 1.634 1.628 1.672 1.665 1.637(2) r(Si—N) 2.358 2.32(1) 2.042(1) 2.452 2.023
r(0:—Cy) 1.399 1.398 1.414 1.413 1.429(4) r(Si—R) 1.620  1.568(6) 1.622(1) 2.082  2.153
r(Ci—Cy) 1.527 1.527 1.535 1.534 1.510(6) Josio 1175  117.8(1) 119.6(2) 1165
r(Cs—Ny) 1.454 1.453 1.471 1.469 1.484(4) ORSIO 99.2 98.7(3) 93.8(2) 100.9 93.4
r(N—Cy) 1.160 1.157 1.189 1.184 1.160(4) 29Sj —100.4 —85.2
r(C;—S) 1.600 1.596 1.596 1.593 1.594(3) 15N¢e —348.3 —348.1
Si—N 1.736 1.731 1.739 1.739 1.800(3 .
r(Si=N2) ® aReference 9? Reference 6¢ Transannular nitrogen.
Bond Angles (deg)
Osioc, 125.0 125.6 122.9 123.4 119.7(2) .
00,SIO, 116.0 115.6 117.8 1175 120.6(1) computed.value of 2.327 A at the B_3LYP/6-B(B* level is
00,C:Ca 109.7 109.7 109.7 109.8 108.2(3) Quite a bit longer than the experimental bond length of
0C1CaNy 108.0 107.8 107.3 107.2 105.6(3) 2.007(3) A measured in the solid state.
UNzSIO, 101.7 102.3 98.7 99.0 92.2(1) At this stage of discussion, it is very meaningful to compare
aReference 5. the experimental molecular parameters among R-substituted

silatranes (R=F, Cl) in order to infer the molecular geometrical

initio vibrational frequency analyses for some silatranes have parameters of 1-isothiocyanatosilatrane in the gas phase. In
revealed that the exo forms are not at local minitha. general, the ligand NCSbehaves chemically very much like

The optimized geometrical parameters of 1-isothiocyanato- halide ions, and its similarities to the halogens appear also in
silatrane at various levels of theory are summarized in Table 1 the basic properties. Although the ligand NGS ambidentate,
along with data of the X-ray crystallographyrom the results NCS™ (N donor) in particular is classified as a borderline base
of the previous X-ray experiment, the bond angI8iN2C7 in as Br. It can behave reasonably as a hard base by coordination
the solid state deviates somewhat from 18this means there  via a hard nitrogen atom. As such, it tends to resemble fluorine
is no principal axis of rotation for the experimental structure of or chlorine considerably more than bromiidn Table 2 are
this molecule. In this theoretical study, however, the bond angle shown experimental molecular parameters and chemical shifts
OSiN2C7 in the gas phase is found to be around °180the of R-substituted silatranes (R= F, CI)8° The computed
RHF/6-31G* level, so this angle is held to be 28@uring Si—N; bond distance 0f2.33 A at the B3LYP/6-31G* level
geometry optimizations so as to keep at le@stmolecular for 1-isothiocyanatosilatrane is very close to the experimental
symmetry of l-isothiocyanatosilatrane. The vibrational fre- value 2.324(14) A of 1-fluorosilatrafiedespite a different
quency calculations at the RHF/6-31G* level show that a final substituted ligand.
optimized geometry is at a real minimum point on the potential  The bond angle around the Si atom, suchCa$,SiO;, is
energy surface. This fact supports tGgtsymmetrical constraint  also an important factor to judge how much the geometry around
is sufficient to understand the bonding nature of this molecule the Si atom deviates from a pentacoordinated trigonal bipyra-
compared with that of other substituted silatranes. midal structure. This bond angle is computed to be abotit 98

Some parameters obtained from this study differ rather at the B3LYP levels, which is compared withFSiO of 98
markedly from those obtained in the X-ray crystallographic for 1-fluorosilatrane in the gas phase, while the X-ray value is
determination. The most drastic difference is the distance about 2 away from 90, corresponding to a regular trigonal
between Si and the transannular nitrogen atom. In théOSi  bipyramid. This means that crystal-packing forces might assist
bond length, the computed values at the RHF levels are closerthis molecule to make some kind of bond between nitrogen and
to the experimental value of 1.637(2) A. However, this bond silicon atoms in the solid state. This effect causes the geometry
length is sensitively affected by adding the electron correlation around the silicon atom to have five rather than four coordina-
effect at the B3LYP levels. The computed value of this bond tions in the solid state. The present study shows that the
length is about 1.67 A at the BLYP/6-3G* level. One can  molecular geometry around the Si atom in the gas phase is
find a slight decrease of the-SD bond length when the triple  somewhat distorted from the ideal trigonal bipyramid toward
split valence basis set is taken into account at the B3LYP/6- the tetrahedron with four coordinations.
311G* level. On the other hand, the computeg—=@Q; bond In contrast with the SiN; distance, the computed axial
lengths at both RHF and B3LYP levels are somewhat shorter Si—N, bond lengths at all levels are shorter than the experi-
than the X-ray value. This unusual result might be because of mental values in the crystal. Because the Sbond length of
either the crystal packing forces in the solid state or an j1-fluorosilatrane in the gas phase is shorter than that in the solid
experimental unreliability. state, it cannot be unreasonable to conclude that thll.Shond

The Si-N; bond length is the most important geometrical |ength of 1-isothiocyanatosilatrane in the gas phase should be
parameter in examining the structures of substituted silatranes.considerably shorter than that in the crystal. Hence, the
In the present study, this computed bond length shows somewhakomputed values at all levels, which are significantly shorter
characteristic behavior. The -SN1 bond distances computed  than the X-ray value, might be close to the bond length in the
at the RHF levels are considerably longer than those at thegas phase. It is very interesting that geometrical parameters
B3LYP levels where the electron correlation effects are around the Siatom are well related to the distortion of the axial
considered, which is contrary to our expectation. Itis also shown N; atom from the trigonal bipyramidal structure. The reason

that the computed bond lengths slightly increase as the basiswhy the axial Si-N, bond length in the gas phase is shorter
size is increased at both the RHF and B3LYP levels. The

(21) Huheey, J. E.; Keiter, E. A.; Keiter, R. Lnorganic Chemistry4th
(20) Csonka, G. I.; Hencsei, B. Comput. Cheml994 15, 385. ed.; Harper Collins: New York, 1993; Chapter 17.
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than that in the solid state is explained by the enlargement of Table 3. Calculated NMR Chemical Shifts (ppm) for
the axial S-N; bond on the opposite side because the bonding 1-Isothiocyanatosilatrane at the RHF and B3LYP Levels Using the
in the silatranes is best described as a dativeNsbond but ~ B3LYP/6-31+G* Optimized Geometry

with sufficient three-center interaction to produce a slight calculational level Si N N> G C G

enlargement of the SiR bond. This means that the lengthening RHF/6-31-G* —84.7 —466.7 —363.9 53.5 50.4 150.8
of one axial bond in a regular trigonal bipyramid might cause RHF/6-311G* —98.3 —487.6 —380.9 54.3 49.4 161.0
the other axial bond to be contracted a little. Hence, the overall RHF/6-31H-G* —98.0 —492.7 —386.2 54.8 49.6 163.5

geometry around the Si atom of 1-isothiocyanatosilatrane is B3LYP/6-31+G*  —857 —341.2 —264.6 60.2 54.3 129.8
somewhere between a trigonal bipyramid and a tetrahedron. Egtig;g:gif@ :igjg :gg%'g :ggg'g g%'g gg'g iii'g

Taking a look at the molecular parameters for the R- gypp —103.0 —34P -—2478 588 525 1338
substituted silatranes in Table 2, we also see discrepancies
between some parameters around the Si atom for both gas an
solid phases. It seems to us that the computed parameters a
the B3LYP/6-31+G* level wou!d be likely to b.e closer to_the withdrawing ability of the NCS group is as large as that of
gas-phase structure of each silatrane. Thus, in 1-f|uor03|latranefluorine or chlorine
and 1-chlorosilatrane, there appears to be a nitregéiton )

dative bond in the crystal, whereas in the gas phase, th&l Si It is quite interesting that the magnitude of the difference in
separation is very large, suggesting a much weaker interaction.the Si—Nj dative bond lengths between these two halosilatranes

Perhaps intermolecular interactions might compress the moleculen e gas phase is reversed in the solid state. As can be seen in
in the crystal to facilitate the formation of an-S\ bond. If ~ 1able 2, the computed SN, bond length of 1-fluorosilatrane
one looks at botfi]OSiO andIJRSIO in the gas phase as well 1S somewhat shorter than that of 1-chlorosilatrane. This means
as in the crystal, the gas-phase geometry may be considered tghat the_electronegatlwyes_ pf these two halogens as it sta_nds
be distorted tetrahedral, while the crystal-phase structure is affect this bond length significantly. Therefore,_one_can surmise
distorted trigonal bipyramidal. The same is true for 1-isothio- ToM these facts that the bond length of the-Bidative bond
cyanatosilatrane. in the gas phase might be rarely affected by the leaving-group
Another important factor is the relation between the I8i ability of the substituent, whereas the length of this bond in the
bond length and the electronic behavior of a substituent, which SClid state is somewhat influenced by the leaving-group ability.
should be examined, in R-substituted silatranes. It is well-known  Isotropic Chemical Shifts and Population Analyses.In
from previous results that the-SN; bond length in a silatrane  studies of substituted silatranes, NMR isotropic shielding tensors
decreases as an electronegative substituent becomes morare very useful parameters in examining molecular structures
strongly bound to the Si atom. Nevertheless, the reason whyas well as the electronic behaviors of substituents in those
the shortest bond between Si and N occurs in 1-chlorosilatranecompounds. Both experimental and theoretical NMR chemical
among several silatranes was explained by the difference ofshifts for 1-isothiocyanatosilatrane are summarized in Table 3.

leaving-group ability between Cl and F atofdsAccording to  As can be seen in this table, the compuAi NMR chemical
the X-ray diffraction results, the bond length between Si and shifts at both B3LYP/6-311G*//B3LYP/6-3@G* and B3LYP/

N; of 1-isothiocyanatosilatrane is somewhat shorter than that 6-311G*//B3LYP/6-31+G* levels are in excellent agreement
of 1-fluorosilatrane and 1-chlorosilatrane, as can be seen inWith the experimental valu&. Because there is no available
Tables 1 and 2. In general, the isothiocyanato group NCS is €xperimental®N NMR chemical shift of the Natom either in
considered to be both electron-withdrawing via an inductive solution or in the solid phase for this molecule, we have
effect and electron-donating via a resonance effect. This dualismpredicted the’®N NMR chemical shift of the transannular
of the isothiocyanato group is caused by the behavior of the hitrogen for 1-isothiocyanatosilatrane in the crystal by using
lone-pair electrons on its nitrogen atom. Actually, it is possible an empirical equatior(Si—N) = —4.30 — [(1.82+ 0.08) x
that these lone-pair electrons can attack both silicon and carbonl0 ~20(**N).223 The predicted chemical shift is aroureB47
atoms. If they attack the silicon atom, the NCS group acts as PPM, which is likely to be very close to the experimental value
the electron-donating group via the resonance effect becausédecause these isotropieN chemical shifts for halosilatranes,
of the p,—d, interaction between the nonbonding pair of including this value, do not show pronounced variation upon
electrons on N and the vacant drbitals on Si. At the same  the change of substituents, as can be seen in Table 2. The
time, because the polarizability of this group can increase computed>N chemical shifts for Nand N> atoms at the B3LYP
remarkably when the lone pair of nitrogen attacks the back side I€vels are in good agreement with the predicted value 347
carbon atom, this group also has electron-donating behavior viaPPm and the measured value-0247.8 ppm, respectively. The
an inductive effect. Thus, comparing the-8l; bond length in results tell us that the electronic environment around the N
this 1-isothiocyanatosilatrane with that of its analogues might atom in the halogen-substituted silatranes is scarcely affected
be a clue to understand how the NCS group functions in this by the transannular SiN1 bond, even though this bond length
molecule. and?°Si are quite sensitive to the change of substituents (see
In this isothiocyanatosilatrane, structural features such as aTable 2). On the other hantfC NMR chemical shifts for carbon
significantly shorter SN, bond may suggest that the NCS nuclei G, Cs, and G are in good agreement with those of
group has only a little predominance of electron withdrawing experiments at the B3LYP levels rather than at the RHF levels.
over electron donation. Therefore, one can infer that the electron- To see the bonding property of the-9\; bond for R-
withdrawing effect of the NSC group can be compared to that substituted silatranes, we have calculated charges and bond
of F or Cl. The computed SiN; distance of 2.327 A at the  orders by using natural population analysis as well as traditional
B3LYP/6-31+G* level is somewhat shorter than that of Mulliken analysis. The computed atomic charges for R-
1-fluorosilatrane or that of 1-chlorosilatrane at the same level
of theory. This also supports the fact that the electron- (23) The dependence 86N NMR chemical shiftsd(*N) on the bond

lengthsr(Si—N) in 1-substituted silatranes in the solid, solution, and
(22) Csonka, G. I.; Hencsei, B. Comput. Cheml996 17, 767. vapor states. See ref 2.

aReference 5° Predicted by the equatiaSi—N) = —4.30— [(1.82
0.08) x 1072]6(**N).?3
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Table 4. Total Atomic Charges for R-Substituted Silatranes at the ~ The computed molecular structures at the B3LYP levels in Table

RHF/6-31G*//B3LYP/6-31G* Level 1, which should reproduce gas-phase experiments, can explain
atom R=F R=CI R=NCS the structural behavior of this molecule in the gas phase. Most
Si 267 245 260 of the computed parameters compare favorably with those
O: -1.01 -1.02 —1.00 obtained for other related molecules in the gas phase. Some of
Cy —0.03 —0.03 —0.03 the computed structural properties are quite different from those
Gy —0.23 —0.23 —0.23 found by experiments in the solid state. In particular, the
N —0.66 —0.65 —0.66

computed transannular-SN bond length at the B3LYP levels

is about 0.3 A longer than the experimental distance by X-ray
diffraction. However, this value can be reasonably compared
with the available electron diffraction value for 1-fluorosilatrane.
On the contrary, the computed-S\; bond length, which is on

substituted silatranes (R F, CI, NCS) by natural population
analysis are summarized in Table 4. Among many atoms in
silatranes, the silicon atom is directly influenced by the

electronic nature of a substituent. As can be seen in Table 4, Lo ) ;

- ) ) . e the opposite side of the transannular8i bond, is somewhat
the silicon atom in 1-fluorosilatrane has a slightly larger positive lonaer than the experimental value in the solid state. This result
charge than silicon atoms in other silatranes. This means that. 9 P )

the electron-withdrawing effect of the fluorine atom is rather |slweII related to the fact that the lengthening of the tran.sannlljlar
strong among these three molecules and/or the strength of thes!_Nl bond would affect the bond length of the opposite axial
Si—N dative bond for this compound is somewhat weaker than Si—N bond.
those of others. According to the Mulliken overlap population  In addition, computed isotropic chemical shifts f88i, N,
analysis, the computed bond order of 1-fluorosilatrane is and3C nuclei in 1-isothiocyanatosilatrane at the B3LYP levels
somewhat smaller than those of others, which is well consistent are in reasonable agreement with experimental values. Consider-
with our justification. ing the?°Si and>N NMR chemical shifts in Tables 2 and 3, it

On the other hand, the charge on thedtbm can provide an  can be said that there are some similarities in the electronic
insight into the nature of the SN bond. The magnitudes of  environments between 1-fluorosilatrane and 1-isothiocyanatosi-
the negative charge of the ltom are much the same for these latrane. This fact convinces us that the computed molecular
three compounds. This means that the ability of electron structures at the B3LYP/6-31G* level of 1-isothiocyanato-
donation from N to Si upon a change of substituents is not silatrane, which are similar to the gas-phase geometry of
crucial to understand the nature of the—8i; bond. The 1-fluorosilatrane, should be close to the true molecular geometry
computed charges for other atoms, such gs@, and G, are in the gas phase.
rarely dependent upon a change of the substituents. This fact is
also consistent with the results of isotropic chemical shifts,
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