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Ab initio calculations with full geometry optimization were performed to predict the
structure of 1-methylene-5-methyl-5-aza-2,8-dioxa-1-silacyclooctane (MADS), a compound
with an intramolecular Si—N donor—acceptor bond between a sp2-hybridized silicon and a
nitrogen atom. Calculations were carried out at the RHF/6-31G(d)//6-31G(d) and MP2/
6-31G(d)//MP2/6-31G(d) levels of theory. The MADS structure with the shortest intramo-
lecular Si--*N distance (2.105 A) appears to be of Cs symmetry, whereas that with a long
(3.695 A) Si--+N distance belongs to the symmetry group C;. Both structures are represented
by a boat—boat conformation of the eight-membered cycle and correspond to local minima
on the potential energy surface, the former being the global minimum. The energy of the
intramolecular Si—N donor—acceptor bond (19.7 kcal/mol) was calculated as the difference
between the total energies of the two MADS structures with short and long Si---N distances
representing the structures with and without Si~—N bonding, respectively. The NBO indices
and the electron density maps of the HOMOSs support the conclusion that the intramolecular
Si——N donor—acceptor bond is characteristic for MADS with the short Si---N distance. The
results obtained for MADS are compared with data calculated for some model compounds,
such as 1,1-dimethylsilene, 1,1-dimethoxysilene, their hydrogenated derivatives, the corre-
sponding silanes, and Lewis base/acid complexes of the silenes and silanes with ammonia
possessing intermolecular Si——N donor—acceptor bonds. On the basis of the energy of the
dehydrogenation of 1,5-dimethyl-5-aza-2,8-dioxa-1-silacyclooctane into MADS, which was
calculated at the MP2/6-31G(d)//MP2/6-31G(d) level, the stabilization for the Si=C double
bond was estimated to be 18.0 kcal/mol due to the formation of an intramolecular Si—N
bond. For complexes of ammonia with silenes, in which the silicon atom remains in the sp?
valence state, the complex formation energy is considerably higher compared to complexes
of NH3 with the corresponding silanes.

Introduction

The ability to increase the coordination number at
silicon centers from four to five and six by both the inter-
and intramolecular coordination to various base com-
pounds and by electron-donating substituents in the
coordination sphere is well documented for sp2 hybrid-
ized silicon.! Moreover, the ability to stabilize silylium
ions by formation of inter- and intramolecular complexes
and solvates with n- and z-donors was studied by

theory?2—¢ and experimentf2d-h only recently. In con-
trast, much less is known about the increase of the
coordination number at a sp?-hybridized doubly bonded
silicon. Only a few examples of donor complexations are
described, including adducts of silenes and silaneimines
intermolecularly attached to O- and tert-N-donor bases
(Si—0O and Si—N coordination3) and, furthermore, in-
tramolecular complexes of silanediyl, silanethione and
dibenzosilafulvene derivatives of (dimethylaminometh-
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ylarylsilenes (Si—N coordination?3%4), In this paper we
report about ab initio calculations on the molecular
structure of 1-methylene-5-methyl-5-aza-2,8-dioxa-1-
silacyclooctane (MADS), a silene unit containing an
intramolecular Si——N donor bond. According to eq 1, this
compound might be generated by a retro 2+2 process
from 8-methyl-8-aza-5,11-dioxa-4-silaspiro[3,7Jundecane
(MADSU).

HaC\N
retro

I (2+2]
o
L0 SN
-CoHy
MADSU
HsC CH,
3 \N /
O/S‘ 1)
20
MADS

Only recently has MADSU been experimentally pre-
pared, and as expected the transannular Si<—N donor
bond was spectroscopically proved.> One may suggest
that an electrophilic unsaturated sp? silicon atom will
be even more readily involved in donor—acceptor inter-
actions than an sp? silicon center, and as a result, an
even stronger “donor stabilization” effect onto the
Si=C double bond is predictable. To analyze the chelate
and substituent effects on the structure and properties
of MADS, ab initio calculations of the geometrical and
electronic structure of MADS were performed and
compared with intermolecular interacting donor—ac-
ceptor complexes of 1,1-dimethyl- and 1,1-dimethoxy-
silenes (DMS and DMOS) with ammonia as model com-
pounds. These calculations allow an estimation of the
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energies of both the strength of the intramolecular
Si—N donor bond and the donor stabilization of the
Si=C double bond in MADS.

Computational Methods

All calculations were performed with full geometry optimi-
zation using the standard 6-31G(d) basis set® at the RHF and
MP2 levels (preliminary geometry search was performed with
the 3-21G(d) basis set’). Notably, these basis sets are the same
as used only recently for structure calculations on silatranes
and to study the nature of the Si——N donor bonds.®°® The
calculations were carried out using the GAMESS program.918

For all structures, their correspondence to local minima on
the potential energy surface (PES) was confirmed by calcula-
tions of the Hessian eigen values.

1-Methylene-5-methyl-5-aza-2,8-dioxa-1-silacyclooc-
tane (MADS) and 1,5-Dimethyl-5-aza-2,8-dioxa-1-silacy-
clooctane (DADS, the Hydrogenation Product of MADS).
Sufficient physical criteria for the existence of a donor—
acceptor Si---N bond are (i) an interatomic Si---N distance
shorter than the sum of the van der Waals radii (3.5 A) and
longer than a covalent Si—N bond (1.7—1.8 A); (ii) a higher
bond energy than the energy of a nonvalence interaction; and
(iii) a directional character of the interaction. Hence, studying
the ability to form a transannular Si——N bond in MADS
consists of several steps: (i) calculation and conformational
search for the geometry of MADS with the shortest Si—N
distance; (ii) estimation of the Si—N bond energy; and (iii)
calculation of model silene—ammonia complexes to compare
their geometric and energetic features with those of MADS.

The energy of an intermolecular donor—acceptor Si——N bond
is usually calculated from the difference between the total
energies of the complex and the isolated donor and acceptor
subunits. This approach is not valid for MADS, since its donor
and acceptor moieties belong to the same molecule. One may
estimate the energy of the Si~—N bond in MADS as a difference
of the total energies of the two conformations, e.g., 1' and 1",
having a short (1"") and a long Si---N distance (1'), the former
being considered as a structure with a bond but the latter being
a structure without a bond.

The conformational search for the structures 1' and 1" was
preliminary started with the 3-21G calculation of the N-
hydride derivative of MADS. While the structure 1' resembled
a “crown” conformation of the eight-membered cycle, the
pseudo-atrane structure 1" exhibits the required Si~—N donor—

acceptor bond.
/\/O\
N/\/O\Si o
\CHZ

1'

HsC
(H)

H3C\ CH,
H N /
o1
/ 01 "

The geometry optimization of 1' and 1" at the 3-21G level
of theory showed the structure with the short Si--*N distance
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Figure 1. (a) MP2/6-31G(d) geometry of the symmetric
conformer of MADS, boat—boat conformation. (b) Dihedral
angles (deg) in the Cs conformer of MADS (top view).

(r(Si--*N) 2.045 A) to be 22 kcal/mol energetically more
favorable than that with the longer Si-:-N distance (r(Si:-*N)
3.186 A). Thus, a first rough estimation reveals that the
transannular Si—N donor bond interaction exists and its
energy is considerably high. However, the verification of the
preliminary results by use of the more sophisticated quantum-
chemical methods could not be attuned easily.

Surprisingly, the full geometry optimization of both con-
formers at the RHF/6-31G(d)//6-31G(d) and the MP2/6-31G-
(d)/IMP2/6-31G(d) levels of theory results in an equivalent
structure description, both resembling the conformer 1", with
a short intramolecular Si-+*N distance of 2.126 and 2.105 A
(Figure 1a), respectively.’® Thus, conformer la is the most
appropriate structure of MADS with an intramolecular Si—N
donor bond. The molecule belongs to the Cs symmetry group,
and it is the most stable conformer of MADS.

The molecular structure of MADS possessing a long Si-++N
distance, taken as a model for a compound without any Si<—N
donor contact, was found to be asymmetric, belonging to the
C;1 symmetry group. It is best described by a boat—boat
conformation, the Si--+N distance being 3.695 A. According to
the Hessian eigen values, it corresponds to a local minimum
of the PES. The results of the final structure calculations for
the two MADS conformers carried out at the MP2/6-31G(d)//
MP2/6-31G(d) level are shown in Figures la and 2a; the
dihedral angles are depicted in Figures 1b and 2b. The Cs and
C; conformations of 1,5-dimethyl-5-aza-2,8-dioxa-1-silacyclooc-
tane (DADS), the hydrogenation products of the symmetric and
asymmetric conformeres of MADS, were both optimized at the
MP2/6-31G(d) level of theory (Figures 3 and 4).

Model Adducts. For a comparison of the electronic influ-
ences of an intra- or intermolecularly interacting donor atom
on the silene’s electrophilic silicon center or onto the Si=C

(10) Schmidt, M. W.; Baldridge, K. K.; Boatz, J. A.; Elbert, S. T;
Gordon, M. S.; Jensen, J. H.; Matsunaga, N.; Nguen, K. A.; Su, S,;
Windus, T. L.; Dupius, M.; Montgomery, J. A. J. Comput. Chem. 1993,
14, 1347.
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Figure 2. (a) MP2/6-31G(d) geometry of the asymmetric
conformer of MADS, boat—boat conformation. (b) Dihedral
angles (deg) in the C; conformer of MADS (top view).

Symmetry Cs
8(CSiO0) = 70.4

Figure 3. MP2/6-31G(d) geometry of the Cs symmetric
boat—boat conformer of DADS.

r Si..N3.554

Figure 4. MP2/6-31G(d) geometry of the C; symmetric
boat—chair conformer of DADS.

w-bond, respectively, calculations were also carried out for a
pair of model silenes, 1,1-dimethylsilene and 1,1-dimethoxy-
silene, and their complexes with ammonia. Historically, 1,1-
dimethylsilene (DMS) was the first spectroscopically charac-
terized and chemically trapped compound with a silicon—
carbon double bond,* and 1,1-dimethoxysilene (DMOS) might
be a suitable model compound, having an electronic surround-
ing of the silicon atom similar to that in MADS. The hypo-
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Figure 5. MP2/6-31G(d) geometry of dimethylsilene and
dimethoxysilene.

thetical complexes of these silenes with ammonia, DMS-NHs,
and DMOS-NHg3;, respectively, were used to model an inter-
molecular donor—acceptor bond between a sp?-hybridized
silicon atom and the electron-donating nitrogen.?

Hs Ha ~NH3
/SizCHz /Si:CHz
H3C H3C
DMS DMS~NH3
o] -NH3
Hsc/ N\ HaC
/SI—CH 3 Si=CH,
O\CH CHs
3
DMOS DMOS: NH3

The calculated structures for DMS and DMOS are shown
in Figure 5. Other conformers for DMOS were found to be
locally unstable and converged to the geometry of the C;
conformer.

The structures of the DMS-NH;3; and DMOS-NH; complexes
were calculated using the MP2/6-31G(d) basis set, and they
are shown in Figure 6.

The calculated total energies for the molecules, the Si=C
and Si——N bond lengths, the atomic charges on the Si, C(=
CH,), and the N atoms, and the natural bond order (NBO)
indices on the Si=C and Si——N bonds are summarized in Table
1. The ammonia-complexing energies, AEc, of the model silenes
and their hydrogenation products are given in Table 2. The
latter were calculated as the difference between the total
energies of the complex and the sum of Eqa Of silene (silane)
and NHs.

(11) (a) Gusel'nikov L. E.; Flowers, M. C. J. Chem. Soc., Chem.
Commun. 1967, 864. (b) Flowers, M. C.; Gusel'nikov, L. E. 3. Chem.
Soc., B 1968, 419. (c) Gusel'nikov, L. E.; Nametkin, N. S. In Advances
in Organosilicon Chemistry; Voronkov, M. G., Ed.; Mir Publishers:
Moscow, 1985; p 69. (d) Gusel'nikov, L. E.; Avakyan, V. G. Sov. Sci.
Rev., B, Chem. 1989, 13, 39.

(12) Gutowsky, H. S.; Chen, J.; Hayduk, P. J.; Keen J. D.; Emilsson,
T. J. Am. Chem. Soc. 1989, 111, 1901.
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Figure 6. MP2/6-31G(d) geometries of DMSNH; and
DMOS-NH3.

Results and Discussion

Model Silenes and Their Ammonia Complexes.
A comparison of the data obtained for the geometry of
DMS with those data available in the literature proves
the HF/6-31G(d) calculations to be fairly reliable. Thus,
the calculated Si=C double-bond length in DMS (1.696
A) resembles strongly that value determined by micro-
wave spectroscopic methods (1.692 A).12 The Si=C bond
length in the parent silene, H,Si=CH,, was earlier
predicted at the RHF/DZ+d (1.691 A), SDCI/DZ+d
(1.703 A),132 B3LYP/6-311(d,p) (1.704 A),13> and MP2/
6-31G(d) (1.714 A)13 levels of theory. The now calculated
DMS Si=C bond length (1.716 A) is in convincing
agreement with the value determined by X-ray diffrac-
tion for Me,Si=C(SiMe3)SiMe(Bu-t), (1.702 A4, al-
though it looks somewhat overestimated.?!

A comparison of the Si=C bond lengths calculated for
the model silenes with those of the parent silene (1.714
A1) shows that the introduction of two methyl groups
at the silicon atom elongates the Si=C bond by 0.002
A, whereas oxygen-containing substituents shorten it
by 0.016 A (cf. 1.716 A for DMS and 1.698 A for DMOS).
This is in good agreement with earlier theoretical
predictions.15

In agreement with experimental data for adducts of
silenes with N- and O-donor bases,? the computational
calculations of the intermolecular ammonia donor com-
plexes DMS:NH; and DMOS-NH3; predict that the
formation of a Si——N coordination results in a visible
distortion of the planar silicon and an elongation of the
Si=C double-bond length in the silene subunit (Figure
6). The out-of-plane angles are 29.3° and 29.6°, respec-
tively, and correspond to the sum of angles of sp? nodes
at silicon, 352.9° and 353.1°, in DMS-NH3; and DMOS-
NH3, respectively. These data may be compared with
those values obtained from the structure analysis of the
adduct Me,Si=C(SiMe,Ph),-NEtMe; (349° 39). However,



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on October 20, 1999 on http://pubs.acs.org | doi: 10.1021/0m9810089

4696 Organometallics, Vol. 18, No. 23, 1999

Avakyan et al.

Table 1. Total Energies, Atomic Charges, Si=N and Si=C Distances, and NBO Analysis of Molecules and

Complexes
atomic charges, a.u. r (Si++N) r (Si=C)
molecule basis set Erotal, QU Ewmp2, au Si C N A (NBO) A (NBO)
MADS 1" 3-21G(d) —685.255808 1.295 —0.927 —0.852 2.045 1.693
MADS 1 3-21G(d) —685.220347 1.157 —0.848 —0.796 3.186 1.681
Cs, boat—boat 6-31G(d) —727.870256 1.080 —0.731 —0.716 2.126 1.693
Cs, boat—boat MP2/6-31G(d) —729.256152 —1.390223 0.828 —0.648 —0.539 2.104 1.705
(0.330) (1.719)
C31, boat—boat MP2/6-31G(d) —729.224724 —1.383691 0.994 —0.655 —0.559 3.695 1.698
(<0.05) (1.789)
DADS, Cs, boat—boat 6-31G(d) —729.095369
MP2/6-31G(d) —730.479706 —1.390468 2.536 1.874
DADS, Ci, boat—chair MP2/6-31G(d) —730.47797 —1.385576 1.148 —0.740 —0.561 3.554 1.865
- (0.938)
Me,Si=CH; 6-31G(d) —407.131303 0.606 -0.617 - 1.696
MP2/6-31G(d) —407.607953 —0.477348 0.462 —0.523 - 1.7160
(1.823)
(MeO2)Si=CH; 6-31G(d) —556.896418 1.017 —0.706 - 1.680
MP2/6-31G(d) —557.719501 —0.826873 0.798 —0.614 - 1.698
(1.737)
Me,Si=CH,-NH3 6-31G(d) —463.322979 0.724 —0.692 —1.030 2.260 1.708
MP2/6-31G(d) —463.974176 0.523 —0.588 —0.941 2.226 1.720
(0.221) (1.797)
(MeO7)Si=CH>-NH3 6-31G(d) —613.110368 0.976 —0.740 —0.979 1.983 1.703
MP2/6-31G(d) —614.111560 0.723 —0.642 —0.910 1.990 1.711
(0.436) (1.745)
NH3 6-31G(d) —56.184356 —0.996 - -
NH3 MP2/6-31G(d) —56.354212 —0.170392 —0.951 - -

Table 2. Si—N Donor—Acceptor Energy in MADS
and DADS and Complex Formation Energies, AE,
kcal/mol,2 of Silenes and Silanes with Ammonia

complex SCF/6-31G(d) MP2/6-31G(d)
MADS -19.7
DADS -1.7
Me,Si=CH.-NHs —4.59 -75
(Me0),Si=CHyz-NH3 —18.56 -23.8
(MeO),MeSiH-NH; -1.97 -4.1
MesSiH-NH; -1.62 -3.2

a Energy of the complex formation with NH3z, AE; = Eotar-
(sila(e)ne*NHsz) — Z(Eotal(sila(e)ne) + Erwra(NH3)), kecal/mol.

the calculated Si=C bond lengths in DMS-NH3; and
DMOS-NHj3; appear to be smaller (by 0.004 and 0.013
A, correspondingly) than those found for Wiberg's ad-
duct (A = 0.06 A 3d). Presumably, this discrepancy may
result form the comparison of calculated gas-phase
structures of the model complexes with that in the solid
state. As can be stated for silatranes (2),7 the geometry
of the coordination silicon center may depend on the
kind of aggregation. Thus, the Si~—N bond distance (2.45
A) in 1-methylsilatrane (2, X = CHs) in the gas phase
is 0.28 A longer than that determined for the solid
state.l’a

|
O ST|\0>
oY

2

Structure of MADS and the Si—N Coordination
Bond Energy. The present results from ab initio
calculations confirm a significant intramolecular Si<—N
coordination in MADS. The calculated Si—N bond

length of 2.105 A (Figure 1) is shorter than the Si-*N
distances in 1,1-disubstituted silocanes (3) (2.3—2.9 Ald)

in the solid state and shorter than those determined for
1-fluorosilatranes (2, X = F, 2.32 A1) in the gas phase.

Y

The shortest Si=—N bond distance in this series found
for MADS obviously indicates a strong intramolecular
coordination of the donor nitrogen to the sp2-hybridized
silicon. A comparison of the MP2/6-31G(d) total energies
for structures with short (2.105 A) and long (3.695 A)
Si---N distances (Table 1) proves the energy of the
intramolecular Si<—N donor—acceptor bond to be 19.7
kcal/mol. This value is close to that calculated for
DMOS-NHj3 (23.8 kcal/mol), the complex with the stron-
gest complex formation energy (see Tables 1 and 2).
Simultaneously, the difference between the MP2/6-31G-
(d) energies of two DADS conformations (Figures 3 and
4) with a short (2.536 A) and a long (3.554 A) Si--*N
distance is only 1.7 kcal/mol, thus confirming a consid-
erably weaker acceptor ability of the sp3-hybridized
silicon in a similar geometrical surrounding compared
to its sp2-hybridized counterpart.

A comparison of the structures and NBO indices at
the Si——N and Si=C units in both conformers of MADS
is of basic interest. From Figures 1la and 2a it is evident
that shortening of the Si---C distance results in a small
lengthening of the Si=C bond. While MADS with the
short Si---N distance (1a) exhibits a Si=C double-bond
length of 1.705 A, the conformer 2a shows a Si=C
double-bond length of 1.698 A. Not surprisingly, the
latter value is very close to that calculated for DMOS,
because both molecules possess the same substituent
pattern at the silicon atom. Thus, the lengthening of
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Figure 7. Electron density maps of the HOMO in the
MADS conformer with the short Si---N distance (1a; 2.105
A). N is on the left, the Si=C unit is on the right side: (a)
side view; (b) top view. The lone pair of the N atom is
stretched into the direction of the s-orbital of the Si atom.

Figure 8. Electron density map of the HOMO in the
MADS conformer with the long Si---N distance (2a; 3.695
A). N is on the left, the Si=C unit is on the right side, top
view. The HOMO is a nearly pure z-orbital of the Si=C
double bond. The negligible participation of the nitrogen
lone pair indicates the nonbonding interaction between the
N and Si atoms.

the Si=C bond is indicative for a silicon s-orbital
involvement in the bonding interaction with the nitro-
gen lone pair. The electron density maps of the HOMOs
for both MADS conformers are shown in Figures 7 and
8. The MADS conformer 1a (Figure 7) shows a recogniz-
able overlap between the n(N)- and 7z(Si=C)-orbital. The
NBO index of the Si——N donor—acceptor bond is 0.330.

A comparison of the electron density plots with those
of silatranes® shows that in the latter case only the
nitrogen n-orbital contributes to the bonding area.

From Figure 8 it becomes obvious that the HOMO of
the MADS conformer la does not indicate any bond
interaction between the N and Si atoms and both the
nitrogen n- and the Si=C x-orbital are differently
directed, the NBO index being less than 0.05.

In the MADS conformer with Cs symmetry, the Si——N
coordination (1a, dsiy = 2.105 A), the NBO Index (0.33)
and the out-of-plane angle of 26.1° at the Si sp? node
(corresponding to the sum of the trigonal angles around
the silicon atom equal to 354.4°) relate directly to the
strength of the Si——N donor bond. These values are just
intermediate compared to the Si<—N bond distances,
NBO indices, and angles in DMS-NH; (2.227 A, 0.221,
and 29.3° (352.9°)) and DMOS-NH3 (1.990 A, 0.436, and
29.6° (353.1°)). Consequently one may also expect the
energy of a Si~—N coordination in MADS to be interme-
diate between the formation energies of the correspond-
ing complexes, but being somewhat closer to the energy
of DMOS-NHg3;, which was calculated to be —23.8 kcal/
mol [for comparison: DMS-NH3; —7.5 kcal/mol (Table
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2)]. Indeed, the calculated value for the energy of the
transannular Si——N donor bond in MADS (—19.7 kcal/
mol) fits well to this assumption.??

From the comparison of the distances and energies
of the coordinative Si——N bond in model silene—am-
monia complexes and in a trimethylsilylium—ammonia
(+1) complex, which both contain an sp?-hybridized sili-
con atom, a shorter Si—N bond length and a stronger
Si—N bond in the latter complex should be expected due
to the positive charge on silicon. And, in fact, the Si—N
bond length (1.957 A) and the bond energy (56.6 kcal/
mol) in a trimethylsilylium—ammonia (+1) complex?a
differ from those of both DMS and DMOS complexes
(cf. 2.227 and 1.99 A; 4.6 and 18.6 kcal/mol). Both
calculations were performed at the same level of theory
(RHF/6-31G(d)); notably, the calculation at the 6-31G-
(d) level is likely to underestimate the Si~—N donor bond
energy.

The magnitude of the Si~—N bond energy (19.7 kcal/
mol) considerably exceeds usual conformational energies
of cyclic compounds and explains the absence of a stable
symmetric MADS conformer with a long Si---N distance.

Due to the remarkably large difference between the
total energies calculated for the two MADS configura-
tions, one may predict that the conformer with the
transannular (Si---N) bond should be preferred under
conventional conditions. As the thermodynamically less
stable conformer 2a is also characterized by a local
minimum on the PES, its existence may be presumably
suggested at some nonconventional conditions. On the
contrary, due to only a small difference in the energies
of the two conformers of DADS (1.7 kcal/mol), the
existence of two conformers with a short (2.536 A) and
a long (3.554 A) Si-++N distance is assumable; the ratio
is 95:5% according to the Boltzmann factor.

Donor—Acceptor Stabilizing Effect on Si=C
Double Bonds Resulting from Si<—N Coordination.
For an estimation of donor—acceptor stabilizing effects
on Si=C double bonds resulting from Si<—N coordina-
tion, a comparison of the standard reaction heats was
used. In particular, the difference in the total energies,
Ewotal, Of the silanes and the corresponding silenes was
considered. The dehydrogenation energy AEgehydr COY-
responds to Eal(Silane) — Eal(Silene) — Etotai(H2) of
the reactions in eq 2 and eq 3 and seems to be a good

R,SIH—CH; + AEggqr = R,Si=CH, + H, (2)

R,SIH—CHy"NH; + AEggn,qr = R,;SI=CH,"NH; + H,
3)

measure for the relative thermodynamic stability of
noncoordinated simple silenes and their N-donor-
stabilized counterparts. Furthermore, AEgenydr gives the
energy needed to form a silene from the corresponding
silane. Consequently, the higher the amount of dehy-
drogenation energy calculated, a silene of less stability
is predicted and vice versa. From this it is concluded
that the donor—acceptor stabilization of a Si=C double
bond resulting from Si—N coordination in the model
complexes may be calculated from the difference be-
tween the dehydrogenation energies of any particular
silene and its ammonia complex counterparts.

[(AEgtapit = AEgenyar (€0 2) — AEgenyqr (€9 3)]
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Table 3. Total Energy, au, of Hy, Silenes, Silanes,
and Ethene—Ethane Necessary for the Calculation
of the Hydrogenation Energies

molecule? SCF/3-21G MP4/6-311G(d,p)
Hy —1.12296 —1.16770
CoHs —78.85801 —79.61672
CoHg —77.66496 —78.38497
H3Si—CHj3 —328.65049 —330.62054
H,Si=CH, —327.41810 —329.34344
moleculeP SCF/6-31G(d) MP2/6-31G(d)
H, —1.126828 —1.144141
Me;sSiH —408.364587 —408.842341
(MeO),;MeSiH —558.139793 —558.966422
Me;3SiH-NH3 —464.551527 —465.201632
(MeO),MeSiH-NH3 —614.327285 —615.327213

a Data from ref 13d. ® This work.

Table 4. Dehydrogenation Energies to Form
Unsaturated Compounds, Ethene, MADS, and
Silenes, AEgenyar, kcal/mol?

moleculesP SCF/3-21G MP4/6-311G(d,p)
CzHe - C2H4 43.98 40.19
Me3SiH — H,Si=CH> 68.66 68.64
molecules® SCF/6-31G(d) MP2/6-31G(d)

DADS, long R(Si+**N) — MADS; 61.67 67.86
DADS, short R(Si*-*N) — MADSs 49.83
(MeO),SiH—CH3z — (Me0),Si=CH> 73.12 64.49
(Me0O),SiH—CH3z*NH3; — 66.79 44.87

(MeO)ZSi=CH2-NH3
Me3SiH— Me;Si=CH> 63.81 56.63
MESSiH'NHs i MEZSi=CH2'NH3 56.53 52.28

@ AEdehydr = Etotal(Silane) — Eqotai(Silene) — Erorai(H2). P Calculated
from data of ref 13d. ¢ This work.

The dehydrogenation energies of a series of silanes
and their corresponding ammonia complexes such as
trimethylsilane and trimethylsilane-NH3s, dimethoxy-
methylsilane, and dimethoxymethylsilane-NHs, and the
two conformers of DADS (Figures 3 and 4) were esti-
mated at both the MP2/6-31G(d) and the RHF/6-31G-
(d) levels of theory. Dehydrogenation of these silanes
and their complexes formally yields the corresponding
silenes, DMS and DMOS, and their ammonia adducts,
DMS-NH3; and DMOS-NHg3, respectively, as well as the
two conformers of MADS (Figures 1 and 2).

The total energies for H,, the silanes, and the corre-
sponding compounds ethane—ethene and methylsilane—
silene, 3¢ necessary to estimate AEgenydr, are summa-
rized in Table 3, and the dehydrogenation energies are
given in Table 4. From AEgenyqr Obtained for ethane and
methylsilane it is obvious that the energy difference is
about 25 and 28 kcal/mol for the small and the extended
basis set, respectively, indicating the low energetic profit
forming a sp2-hybridized silicon center as compared to
the carbon analogue.

In the series studied, the MADS conformer 2a, e.g.,
the silene without Si<—N coordination, appears to be the
least stable one (AEgenyar 67.9 kcal/mol), whereas the
complex of DMOS with ammonia is the most stable
derivative (AEgenydr 44.9 kcal/mol). The other compounds

(13) (a) Colvin, M. E.; Kobayashi, J.; Bicerano J.; Schaefer, H. F.,
111. 3. Chem. Phys. 1986, 85, 4563. (b) Bailliux, S.; Bogey, M.; Breidung,
J.; Burger, H.; Fajgar, R.; Liu, Y.; Pola, J.; Senzlober M.; Thiel, W.
Angew. Chem., Int. Ed. Engl. 1996, 35, 2513. (c) Gordon M. S.; Truong,
T. N. Chem Phys. Lett. 1987, 142, 110. (d) Schmidt, M. W.; Truong, T.
N.; Gordon, M. S. J. Am. Chem. Soc. 1987, 109, 5217.
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Figure 9. Donor—acceptor stabilization energies, AEgtapil,
kcal/mol, of silene ammonia complexes and of MADS due
to Si——N coordination.

are characterized to have intermediate values of AE,,
(Table 4).

With respect to Si<—N donor—acceptor interactions the
stabilization energy for silenes was determined from the
differences between the dehydrogenation energies of
corresponding compounds with and without Si—N co-
ordination. Thus, from subtraction of AEgenyar (MADS
Cs, 1a) from AEgehyar (MADS Cy, 2a), AEdehyar (DMOS-
NH3) from AEdehydr (DMOS), and AEdehydr (DMS'NH3)
from AEgenyar (DMS), AEstanii Was calculated as Si=C
donor—acceptor stabilization energy. Due to the in-
tramolecular Si—N donor—acceptor interaction, this
energy was calculated to be 18.0 kcal/mol for MADS,
19.6 kcal/mol for DMOS-NHj3, and 4.4 kcal/mol for DMS-
NH3 (Figure 9).

Notably, the energy for the intramolecularly donor
stabilized MADS is very close to that of the most stable
model complex, DMOS-NHs;.

From these calculations it can be concluded that (i)
the formation of the Si—N coordination stabilizes the
Si=C double bond and (ii) the introduction of two oxygen
atoms attached to silicon considerably enhances this
effect, because it still increases the acceptor ability of
the silene’s electrophilic silicon atom. Consequently, the
Si—N coordination and the stabilization energy of the
Si=C double bond in DMOS-NH; are considerably
higher than that in DMS-NHj;. Similar results were
found carrying out the calculations at the RHF/6-31G-
(d) level.

Polarity of the Si=C Double Bonds and Reactiv-
ity of Si~—N Donor—Acceptor Coordinated Silenes.
Silenes are known to be highly reactive compounds, and
the reactivity is mainly dominated by the substitution
pattern at the Si=C moiety. A direct description of the
silene reactivity may be estimated by calculating the
reaction path for cycloaddition reactions including the
formal [2+2] cyclodimerization. However, for silenes
having N-donor atoms in their coordination sphere such
calculations are a rather complex many-body task. In
such cases the polarity of the silicon carbon double bond
might give a rough approximation of the silene reactiv-
ity.’® In general it is suggested that an increase in the



Downloaded by CARLI CONSORTIUM on June 30, 2009
Published on October 20, 1999 on http://pubs.acs.org | doi: 10.1021/0m9810089

Intramolecular N-Donor-Stabilized Silenes

polarity of the Si=C double bond leads to lower reaction
barriers and, consequently, to higher rates for addition
reactions. To estimate the reactivity of the silenes
discussed in this paper, the Si=C charge distributions
before and after formation of Si~—N donor coordination
are compared.

One would expect that the electron donation into the
sw*-orbital of silenes in intramolecular donor complexes
such as MADS will result in a decrease of the positive
charge at silicon and to an overall decrease of the
polarity of the Si=C double-bond moiety. This trend is
evident from MP2/6-31G(d) calculations on MADS con-
formers with long (2a, 3.695 A) and short (1a, 2.105 A)
Si---N distances. On approach of a N-donor atom to
silicon, both the positive charge at the silicon center
(+0.994 vs +0.828 e) and the negative charges at the
nitrogen and carbon atoms (—0.559 vs —0.539 and
—0.655 vs —0.648 e, respectively) are lowered (see Table
1), the overall polarity of the Si=C double bond being
decreased. On going from DMOS to DMOS-NHj3;, the
positive charge at silicon decreases by 0.076 e, while the
negative charge at carbon increases by 0.028 e, the
overall polarity of the Si=C double bond being also
decreased.

(14) Wiberg, N.; Wagner, G.; Muller, G. Angew. Chem., Int. Ed. Engl.
1985, 24, 229.

(15) (a) Apeloig, Y. In The Chemistry of Organic Silicon Compounds;
Patai, S., Rappoport, Z., Eds.; John Wiley & Sons Ltd.: New York,
1989; Chapter 2. (b) Luke, B. T.; Pople, J. A.; Krogh-Jespersen, M.-B.;
Apeloig Y.; Karni, M. J. Am. Chem. Soc. 1986, 108, 270. (c) Apeloig,
Y.; Karni, M. J. Chem. Soc., Chem. Commun. 1984, 768.

(16) Brodskaya, E. 1.; Voronkov, M. G. Bull. Acad. Sci. USSR, Chem
Sci. (Engl. Transl.) 1986, 1546.

(17) (a) Shen, Q.; Hilderbrandt, R. L. J. Mol. Struct. 1980, 64, 257.
(b) Forgacs, G.; Kolonits, M.; Hargittai, 1. J. Struct. Chem. 1990, 1,
245,

(18) Some calculations were made with the PC GAMESS version
by Alex A. Granovsky, Moscow State University.

(19) The structure 1' obtained with the 3-21G(d) basis set appears
to be the artifact of the small basis set and the symmetric path of the
conformation conversions leads to the single structure 1".

(20) In reality the interaction of ammonia with silenes in statu
nascendi leads to the formation of aminosilanes, which undergo
subsequent reactions.t!

(21) The same trend was observed for r(Si=C) (1.714 A) of the parent
silene!3¢ calculated at the MP2/6-31G(d) level. At the MCSCF level this
overestimation may reach to the higher value (1.743 A in H,Si=CHy,).13¢

(22) The calculated formation energy of DMOS-NHj is considerably
higher than that for the SiF,-NH3; complex (10 and 8.6 kcal/mol) but
falls into the range of Si~—N donor bond energies in silatranes (13—22
kcal/mol).16
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In contrast, the electron density at silicon decreases
and the negative charge at carbon increases by 0.061
and 0.065 e for DMS and DMS-NHg3, respectively (Table
1), the overall polarity of the Si=C double bond being
unchanged. Therefore, from the charge distribution in
the series MADS, DMOS, and DMS one may predict the
following order of reactivity of silenes with and without
Si<—N donor coordination:

MADS (r(Si-+-N) 3.695 A) >
MADS (r(Si-++N) 2.105 A)

DMOS > DMOS-NH,
DMS = DMS-NH,
Conclusions

The ab initio calculations on silene ammonia com-
plexes and MADS indicate strong inter- and intramo-
lecular Si—N coordination between the sp2-hybridized
silicon atom and nitrogen in the gas phase. The Si~—N
bond in MADS is found to be shorter than that in the
saturated counterpart of MADS and in silatranes. The
participation of the sp? silicon in the Si—N donor—
acceptor bond is accompanied by an elongation and an
increase of the polarity of the silicon—carbon double
bond, and only a small distortion of the planarity of both
doubly bonded atoms is found. With respect to the
difference in the enthalpies for dehydrogenation reac-
tions, which is smaller for silene donor coordinated
complexes and for MADS with a short Si---N distance,
one may conclude that Si——N coordination stabilizes the
silicon—carbon double bond in silenes.
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