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ABSTRACT

Energy, geometry, dipole moment, electron density distribution and associated Laplace distri-
bution of trisilacyclopropane (7), disilacyclopropane (8), disilaaziridine (9), disilaoxirane (10),
disilaphosphirane (11), and disilathiirane (12) have been calculated at the HF/6-31G(d) and
MP2/6-31G(d) level using HF/6-31G (d) geometries. The three-membered ring molecules have
been compared with the acyclic reference compounds SiH;XSiH,;, SiH;XH and Si;H,XH
(X=YH, =SiH,, CH,, NH, O, PH, S) and with the analogous carbon systems CH,XCH,
(X=CH,(1), NH(2), 0(3)). The strain energy (SE) of 7 is 11 kcal mol~! larger than that of
1, which is primarily due to weakening of ring bonds upon bending. Since Si has a lower tendency
to hybridize, it does not form sp™ hybrid orbitals with high p character needed for optimal bent
bonds. The SEs of 7-12 increase (decrease) with increasing electronegativity of Y provided Y is
a first (second) row atom. These trends are due to changes in bond angle (Baeyer) strain, which
in turn depends on the size of Y and the electronegativity difference between Si and Y. For each
disila compound investigated, the SE is at least 10 kcal mol ~* larger than that of the corresponding
C compound. Nevertheless, 7-12 should be stable in the absence of electrophilic or nucleophilic
agents.

INTRODUCTION

The concept of hybridization introduced by Linus Pauling [1] has proved
to be most useful in understanding chemical bonding in highly strained ring
compounds. In a small ring with geometrical angles considerably smaller than
those of a strain-free acyclic reference compound, hybrid orbitals with high p
character are formed that allow bond bending and interbond angles larger than
the geometrical ones [2,3]. The strength of the bent bonds and, hence, the
magnitude of the ring strain depends on the degree of hybridization at the ring
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atoms and the resultant overlap [1]. Estimates on the strain energy (SE) of a
ring molecule can be made by establishing a quantitative relationship between
the overlap of the hybrid orbitals and the bond energy [1,2].

An alternative approach for determining the SE of a strained ring is based
on a dissection of the molecular energy into contributions associated with the
various atomic groups of the ring molecule. In this case the SE is equal to the
sum of distortion energies which arise when transferring the atomic groups
from a strain-free environment into the strained molecule. In this connection
one speaks of bond angle strain (Baeyer strain), bond eclipsing strain (Pitzer
strain), stretching strain and nonbonded repulsion [2,3].

Although the two descriptions of ring strain are equivalent, it is advisable to
utilize both approaches in order to get a detailed insight into the various effects
influencing the stability of a strained system. In addition, the second approach
can be used to relate strain effects to features of the electron density distribu-
tion p(r) and to make predictions with regard to their energetic consequences
[2]. Such an analysis has been carried out for cyclopropane (1) [2]. It re-
vealed that three-membered ring possess peculiar bonding features, which evade
classical descriptions and thereby complicate the analysis of ring strain. The
peculiarity of 1 had been noted before by Dewar [4]. He pointed out that the
chemical and physical properties of 1 were best understood if the six g-elec-
trons forming the CC bonds are considered to be delocalized in the three-mem-
bered ring similar to the six n-electrons in benzene. Hence, he speaks of o-
delocalization and an aromatic stabilization of 1.

Cremer and Kraka [5,6] added support to the idea of o-delocalization by
analyzing the electron density distribution p(r) of 1 and showing that electron
density is smeared out over the whole ring surface of the three-membered ring.
According to these authors, surface delocalization of g-electrons increases the
stability of 1 by compensating part of its Baeyer and Pitzer strain. Cremer and
Gauss [7] showed that o-electron delocalization in 1 has to do with the exis-
tence of a surface orbital. Occupation of this orbital leads to a 2-electron-3-
center bond connecting the three C atoms and increasing the electron density
in the center of the three-membered ring. The energetic consequences of sur-
face delocalization in 1 were estimated to be stabilizing by 16 kcal mol~! [7].

If one CH,, group of 1 is replaced by NH or O as in aziridine (2) or oxirane
(3), then the energy of the surface orbital will be lowered and, as a conse-
quence, stabilization of the three-membered ring by surface delocalization
should be increased. On the other hand, angle strain increases when going from
1 to 3 due to an increase in the k(CYC) bending constant for X=YH, =CH.,,
NH, O. The latter effect can be verified by theoretical calculations or an in-
vestigation of the acyclic reference compounds 4, 5, and 6 shown in Scheme
1. It seems that the energetic changes in ¢-delocalization and Baeyer strain
just cancel yielding strain energies for 2 and 3 almost identical with those of
1[2,5].
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If bonding in a three-membered ring becomes dominated by the surface or-
bital, the shape of the bent bonds will change. For example, an investigation
of the electron density distribution p(r) for compounds CH,XCH,
(X=CH,(1),NH(2),0(3), OH*, F*) revealed that the bending of the CX
bonds changes from a convex (outwardly curved) to a concave (inwardly
curved) form indicating a continuous transition from a three-membered ring
structure to the “T form” of a 7-complex for increasing electronegativity of X
[5]. Three-membered rings and 7z-complexes are structurally related [2,5,8].
Systems with concave-shaped bonds are closer to a 7-complex than a true ring.
A discussion of stability in terms of classical strain theory is no longer valid
for these molecules [2]. Nevertheless, it is possible to assess information on
bond features, g-delocalization, and the degree of n-complex character by ana-
lyzing p(r). An investigation of the electron density in conjunction with a
discussion of calculated energies and geometries allows a unified description
of structure and stability of three-membered rings and n-complexes [2,5-7].

It is interesting to apply the analysis of p(r) to other than carbon rings.
Cremer and Gauss [7] have made predictions with regard to the stability of
the Si and Ge analogues of 1. According to these authors, o-delocalization
should be reduced and, hence, the strain energy (SE) of these rings increased.
Ab initio calculations on cyclotrisilane (7) confirm these predictions [9-12].
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Both Sax [9], Schleyer [10], and Nagase and coworkers [12] predict the SE
of 7 to be about 10 kcal mol~! larger than that of 1. Attempts have been made
to attribute this increase in SE to a weakening of the SiSi bonds [9] and a
concomitant increase in bond angle strain [10]. However, in none of these
investigations has a detailed analysis of ring strain considering all possible
electronic effects, in particular o-delocalization, been given. Also, the bent bond
character of the SiSi bonds in 7 has not been determined in order to get a
detailed account on the structure and stability of 7.

Another interesting question concerns the degree of z-complex character a
three-membered ring containing Si can obtain. How do structure and stability
change if one SiH, group of 7 is replaced by an atom or group X=YH,, (n=0,
1, 2; see Scheme 1, type I compounds 7-12)? Is there a significant decrease of
the bend of the SiY bonds when increasing the electronegativity of Y? An
answer to these and related questions is desirable in view of increased efforts
to synthesize three-membered rings with two or three Si atoms. So far only
highly substituted derivatives of 7 [13-17], disilacyclopropane (8) [18-21],
disilaoxirane (10) [22], and disilathiirane (12) [23] are known. However, it
is reasonable to also expect stable derivatives of disilaaziridine (9) and disi-
laphosphirane (11) [24].

In view of the great interest in three-membered rings containing Si atoms,
this work has been carried out to achieve the following goals. First, it is aimed
at presenting ab initio energies and geometries of compounds 7-12 (type I,
Scheme 1) and to compare these with the acyclic reference compounds Si-
H,;XSiH; (type II), SiH;XH (type I11), and Si;H;XH (type IV). For some of
these molecules, ab initio investigations have been published [25-30]. But so
far no complete set of theoretical data obtained with a basis set of near DZ+P
quality has appeared in the literature.

The second aim of this work is to calculate the SEs of 7-12 and to compare
them with the SEs of the corresponding C rings, e.g. with those of 1-3. The
comparison is guided by an analysis of the bent bonds, surface delocalization,
and the degree of n-complex character of type I compounds. For this purpose
the properties of p(r) and of its associated Laplace field, —V*p(r) are calcu-
lated. On the basis of these calculations predictions with regard to the chemical
properties of three-membered rings containing Si are made.

The third and final goal of this work is to trace differences in the stabilities
of 7-12 and their C analogues back to the different abilities of Si and C to
form flexible hybrid orbitals. We want to test whether the concept of hybridi-
zation [1] is sufficient to understand and to predict the thermodynamic and
kinetic stabilities of strained ring molecules containing silicon.

METHODS

Calculations have been carried out at the Hartree-Fock (HF) level using
the 6-31G (d) basis [31], which contains one set of d-type polarization func-
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tions for the heavy atoms. The d functions are essential to the description of
the bending of the three-membered ring bonds. It is known that HF/6-31G (d)
leads to reasonable geometries and energies in the case of second row atoms
[32]. In order to improve the latter, correlation effects have been considered
employing second order Mgller-Plesset (MP2) perturbation theory [33]. This
level of theory is denoted MP2/6-31G (d) //HF/6-31G (d), which indicates that
MP2 calculations with the 6-31G(d) basis have been carried out at HF/6-
31G(d) geometries.

For type II, III, and IV compounds, the most stable conformation is the one
in which adjacent SiH and YH bonds are all staggered (see Fig. 1). In the case
of IV with X =NH or PH, it was, a priori, not clear whether the C,-symmetrical
form with XH=YH_H, or the C,-symmetrical form with XH=YH,H, is more
stable. Therefore, both forms have been optimized and the calculated proper-
ties of the more stable one (C,; for X=NH (26) and C, for X=PH (28)) have
been considered in the discussion.

Ab initio energies have been used to calculate SE for 7-12. A first estimate

Hyo Ho H;
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HcHt )-(‘ Si
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Fig. 1. Conformations of compounds I-IV. H; and H, (H,’) denote H atoms in and out of the
heavy atom plane. H, (H,) is cis (trans) to H,. YH H,’ =SiH, (7, 13, 19); CH, (8, 14, 20,
25); YH;=NH (9, 15); YH,=NH (21,26); PH (11, 17, 23,28); Y=0 (10, 16, 22,27); S
(12, 18, 24, 29).
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of SE has been obtained from the reaction energy AE (1) of the formal reaction
(1)
¥

L\, +38i,Hs»H;SiXSiH, +2 SiH,SiH,SiH, (1)

The homodesmotic SE [34], which is close to the conventional SE (CSE)
defined in thermochemistry, is given by AE(2) of reaction (2)

X
s{ —-\s i + Siy Hg +2 SiH; XH - H; SiXSiH; +2 SiH;SiH, XH (2)

By using reaction (1) to get an estimate of SE, energy contributions result-
ing from bond-bond interactions in SiH3SiH,SiH; (13 ) and SiH ;SiH,XH are
also counted. The latter are measured by the bond separation reactions (3)
and (4)

SiH,SiH, XH + SiH, - SiH;3SiH; + SiH; XH (4)

If AE(3) and AE(4) are called the bond separation energies (BSE) [35] of
13 and SiH,;SiH,XH, then the reaction energy of (1) is given by

AE(1)=SE(SiH;XSiH,) +2 {BSE(SiH,;SiH,XH) -BSE(13)}
=SE(SiH,XSiH;)+2 A

AE (1) only provides a reasonable estimate for the homodesmotic SE of three-
membered rings 7-12 if the BSE of 13 and SiH;SiH,XH are similar. In view
of the results obtained for the corresponding C compounds [5,35], this should
be true for non-polar SiX bonds. In order to test this assumption both sets of
reaction energies have been evaluated and compared.

The nature of the ring bonds in 7-12 has been analyzed with the aid of the
total electron density distribution p(r) and its associated Laplace field
—V?2p(r). The analysis turned out to be difficult when using the 6-31G(d) or
a smaller basis set. It became obvious that one set of d functions is not suffi-
cient to describe the electron density distribution along the bent bonds of three-
membered rings containing Si or other second row elements, although com-
puted energies and geometries are reasonable. Therefore, we have used two
sets of d functions (6-31G(2d) [36]), one with a larger exponent in order to
describe regions closer to the nuclei and one with a smaller exponent (yielding
diffuse d functions) in order to describe the region at the center of the bent
bonds.

At the HF/6-31G (2d)//HF/6-31G (d) level a reasonable p(r) was obtained
that could be analyzed along the following lines [5]. First, the paths of maxi-
mum electron density (MED paths) between bonded atoms have been deter-
mined. Previous investigations have shown that the MED paths are images of
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the chemical bonds of a molecule and, therefore, can be used to characterize
chemical bonds [37]. Each MED path leads through a critical (stationary)
point ry, which is a minimum of p(r) along the internuclear connection line
and a maximum in all directions perpendicular to this line. Hence, p(r,) =p,
is a saddle point in three dimensions.

A model has been developed to distinguish and characterize covalent, ionic,
hydrogen and van der Waals’ bonds [38-40]. For this purpose, the energy den-
sity H(r) at the saddle point r, is analyzed. A value of H(r,)=H, smaller
(larger) than zero indicates that electron density at the saddle point ry is
(de)stabilizing. It has been suggested to consider the existence of a MED path
as a necessary and H,, <0 as a sufficient condition for the existence of a cova-
lent bond. If both conditions are fulfilled, we call the MED path “bond path”
and the saddle point r,, “bond critical point” [41].

Bond strength, z-bond character, bond polarity, and bent bond character of
covalent bonds can be elucidated from the properties of p(r) in the bond, in
particular at the bond critical point r, [37-40]. The value of p, reflects the
strength of the bond. The n-character of a covalent bond can be related to the
anisotropy of p,. The latter is measured by the principal curvatures of p(r),
which in turn are given by the eigenvalues 4, 15, and 1; (1, <1,<1;) of the
Hessian matrix of p(r). In the case of a bond critical point, 4, (strong curva-
ture) and A, (soft curvature) are smaller than 0. The corresponding eigenvec-
tors v,, which give the direction of the curvature, are perpendicular to the bond
path. The curvatures A, and A, are identical for single (¢) bonds with a con-
centric electron distribution. However, for double bonds the electron distri-
bution is elliptic as reflected by the bond ellipticity €,=A4,/4,—1. The value of
¢ describes the #-bond character of the bond, the direction of the soft curvature
v, defines the & direction [37].

The bond path does not necessarily coincide with the internuclear axis.
Hence, the bond path length R, can be larger or equal to the calculated inter-
nuclear distance R,. If one considers the bond paths as a result of atom-atom
interactions and their geometrical location as the best energetic compromise
between stabilizing and destabilizing forces exerted on the electrons, then it
seems reasonable to discuss bond lengths in terms of R, rather than in terms
of R,. The same holds for the bond angles. The geometrical angle « is in a
chemical sense less meaningful than the interpath angle . In the case of strained
molecules 8 can differ considerably from «. This is important when estimating
Baeyer strain by Hooke’s law [2,5-7]. The bent bond character is quantita-
tively assessed by the ratio @ = (R,/R.—1)1000, by the perpendicular distance
d between r,, and the internuclear connection line, and by the interpath angle

Surface delocalization of electrons in three-membered rings is reflected by
the properties of p(r) at the ring critical point r,. There, p(r) is a minimum
in the ring plane, but a maximum in the direction perpendicular to the ring
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plane [37]. The ratio n= (p,/p,)100, where p,=p(r.) and p,, is the average of
the three p, values, gives the extent of electron density in the ring plane [5].
Useful insights into the distribution of electrons in the ring plane are also given
by the ellipticity €(r;,) =¢, and the Laplace distribution V2p(r). The latter is
given by the sum of the eigenvalues 4; of the Hessian matrix at a point r. A
negative (positive) value of 2p(r) is indicative of local charge concentration
(depletion) [42,43]. Contour line diagrams of the Laplace concentration
—V?p(r) reveal where electrons concentrate in the internuclear regions. Re-
gions of concentration of p(r) can be assigned to electron bonding and electron
lone pairs. They can also be related to the shape of the frontier orbitals [44].

RESULTS

Since energies and geometries for 1-6 have been published recently [5],
only results for Si-containing molecules are tabulated in this work. In Table 1
calculated HF /6-31G(d) and MP2/6-31G(d) energies for compounds 7-32
are listed. The corresponding HF /6-31G (d) geometries are given in Tables 2
(type I compounds), 3 (II), 4 (IIT), and 5 (IV). Figure 1 explains the notation
used for the geometrical parameters. It also displays the most stable confor-
mations of II, III, and IV. In Table 6, computed geometries of I-IV are com-
pared. Experimental geometries of compounds related to 7-12 are shown in
Table 7. Features of the computed electron density distribution in 7-12 are
summarized in Tables 8 and 9. Finally, in Table 10 computed SEs are listed
and analyzed.

Geometries

A comparison of computed geometries for 7-12 with experimental data is
difficult since only the geometries of some highly substituted derivatives of 7,
8, and 12 are known (see Table 7). Si§i bond distances in alkyl substituted
cyclotrisilanes vary from 2.38 to 2.51 A where a distinct dependence on the
bulk of the substituents and, hence, on the degree of steric repulsion can be
observed [45]. Extrapolating the data summarized in Table 7, an experimental
R(SiSi) of 2.34 A for 7 (Table 2) seems to be reasonable. The same holds for
the experimental and computed R (SiSi) values of 8, 12 and their derivatives
(Table 2 and 7). The corresponding R(SiX) values, which should only indi-
rectly depend on steric interactions between the substituents at the Si atoms,
agree within 0.004 A. We conclude that the ab initio geometries presented in
Table 2 are reasonable. In the following we concentrate on a comparison of
geometries obtained for I and reference compounds II-IV (Scheme 1).

Calculated SiSi distances in three-membered rings 7-12 are smaller than
those of their acyclic counterparts III while the SiY (Si#Y) distances are
similar or slightly longer than that of either II, III or IV. The SiSi distance



TABLE 1

Calculated energies for three-membered rings 7-12, bissilyl compounds 13-18, silyl compounds

19-24, and disylyl compounds 25-29, silene (31), and silane (32)*

Molecule HF/6-31G(d)//HF/6- MP2/6-31G(d)//HF/6-
31G(d) 31G(d)
%
)

HySi—SiH,

7 X=SiH, —870.18218 —870.45481

8 X=CH, —-619.13561 —619.45458

9 X=NH —635.16696 - 635.51686
10 X=0 —655.02245 —655.38732
11 X=PH —921.42986 —921.72599
12X=S —977.68446 —977.99458

/ K\ an
HaSi  SiHy
13 X=SiH, —871.38646 —871.65628
14 X=CH, —620.35166 —620.66825
15 X=NH -636.38767 —636.73334
16X=0 —656.25902 —656.61531
17 X=PH —-922.62373 —922.91633
18 X=S —978.87537 —979.18194
SiH,XH (III)
19 X=SiH, —581.30509 —681.48489
20 X=CH, —330.27241 —330.50022
21 X=NH —~346.28394 —346.54213
22X=0 —366.13040 - 366.40286
23 X=PH —632.53497 —632.73731
24X =S8 —688.77072 —688.98857
SiH,SiH,XH (IV)
25 X=CH, —620.35098 —620.66806
26 X=NH,C, —636.36042 —636.70777
C, -636.36175 —636.70905
27X=0 —656.20828 —656.56933
28 X=PH, C, —922,61550 —922.90806
C, —922.61514 —922.90754

29X =S8 —978.85018 —979.15758
31 Si,H, —580.07664 —580.25863
32 SiH, —291.22513 -291.30703

2Absolute energies in hartree.



540

TABLE 2

HF/6-31G(d) geometries of three-membered rings 7-12 and silene (31)°

/x Symm. R(SiSi) R(SiY) R(SiH} R(YH) HSiH (SiSi)YH (HH)SiSi
s i-——\i
7X=SiH, Dy, 2.341 1.474 1128 123.6 150.0
8X=CH, C, 2.255 1.910 1471 1.082 1124 1245 162.7
9X=NH C,, 2.233 1.731 1.475 0996 1086 180.0 167.1
10X=0 Cs, 2.196 1.687 1.470 110.0 173.1
11X=PH"> C, 2.277 2.285 1.470 1.406 113.1 97.1 154.6
1.469 160.6
12X=S C,, 2.254 2.157 1.469 111.8 161.5
31 Si;H, Dy 2.126 1.467 115.4 180.0

*Bond lengths are given in A, angles in degree. (AA) defines the midpoint of the line AA. For C,
symmetry (AA) is given by the projection of A into the SiYSi plane. *For 11 the first entry
corresponds to the H atom cis to PH, the second to the H atom trans to PH. Calculated angles
are: SiSiH (cis) 119.8; SiSiH (trans) 121.4; PSiH (cis) 116.9; PSiH (trans) 114.7; HPSiH (cis)
17.0; HPSiH (trans) 153.1°.

TABLE 3

HF/6-31G(d) geometries of X (SiH;), compounds 13-18°

H,SiXSiH,; Symm. R(8iY) R(SiH;) R(SiH,) R(YH) SiYSi (SiSi)YH H;SiY (H,H,)SiY H,SiH,
X=YH,

13 X=8iH, C,, 2.357 1478 1.478 1.481 1128 126.2 110.7 1262 108.3

14 X=CH, C,, 1.888 1.478 1.478 1.089 116.4 126.9 1107  126.7 108.4

18 X=NH* C,, 1.733 1473 1.478 1.003 130.9 180.0 108.1 1284 106.9

16 X=0 Cav 1.626 1473 1.474 169.9 1096 1262 1089

17X=PH° C, 2.263 1474 1.476 1.404 101.8 103.1 1086 125.4 1089
1.476 129.7

18 X=8 Coy 2.149 1.469 1.473 104.1 106.2 127.2 108.5

*Bond lengths are given in A, angles in degree. (AA) defines the midpoint of the line AA. For C, symmetry point (AA)
is given by the projection of A into the SiYSi plane. "The SiH bonds are staggered with regard to the NH bond (see
Fig. 1). “For 17 the first entry corresponds to the H atom cis to PH, the second to the H atom trans to PH. H; is not
exactly in the SiPSi plane, but cis with regard to the PH bond. Calculated angles are: PSiH (cis) 113.3; PSiH (trans)
107.5; H;SiPSi 173.9; HPSiH (cis) 52.7; HPSiH (trans) 62.7°.

decreases in the series 7, 11, 12, 8,9, 10 (Table 6), which suggests that the
SiSi distance depends on the electronegativity of Y (see below). For the most
electronegative Y, namely O, the SiSi distance in I is 0.148 A shorter than that
in III and just 0.078 A longer than that of disilene (Table 2).

A short SiSi bond distance may also be caused by geometrical constraints
resulting from the size of the atom Y at the apex of the ring. For example, in
the acyclic reference compounds I1, ITI, and IV the SiY bond distance is always
smaller than the SiSi bond distance (Tables 3-5). In a three-membered ring
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TABLE 4

HF /6-31G (d) geometries of SiH;XH compounds 19-24*

Parameter 19 20 21 22 23 24

X =S8SiH, X=CH, X =NH" X=0 X=PH* X=S8
Symmetry D4 C, C, C, C, C,
R(SiY) 2.352 1.888 1.724 1.648 2.266 2.151
R(SiH;) 1.478 1.478 1.482 1.469 1.476 1.470
R(SiH,) 1475 1.477 1.475 1.472
R(YH,) 1.086 0.946 1.329
R(YH,) 0.998 1.404
YSiH; 110.4 110.6 115.5 106.8 113.4 105.0
YSiH, 108.2 111.5 108.0 111.2
H_SiH, 108.3 110.4 107.6 109.3 108.8
SiYH; 111.1 118.9 98.1
SiYH, 120.6 974
H;SiYH; 180 180 180 180
H;SiYH, 60 60 73.2 48.3

*Bond lengths are given in A, angles in degree. *Calculated angles HYH and (HH)YSi are: 111.0;
154.0 (N); 95.6; 101.0° (P).

this implies (geometrical) angles a(SiSiY ) smaller and angles o (SiYSi) larger
than 60° (see Table 8). In order to avoid a strong increase in Baeyer strain for
small «, the SiY (SiSi) distances are elongated (reduced): the larger this ef-
fect, the smaller the covalent radius of Y and, hence, a(SiSiY). In line with
this interpretation, the smallest «(SiSiY) and the largest increase of the SiY
distance (Table 6) is found for O while deviations A are relatively small for
Y=P or S (Table 6 and Fig. 2(a)).

The only exception is found for X =NH. There, the SiN distance is shorter
and A« larger than expected in view of the 4-values observed for 8 and 10. It
seems that this is a consequence of the geometry at the N atom of 9. Contrary
to aziridine (2), which has the NH bond bent by 65° out of the ring plane [5],
the NH bond of 9 lies in the plane thus leading to a C,, symmetrical molecule.-
Since planarity at the N atom implies sp? hybridization and, accordingly, an
increase of ®{SiYSi) (see Tables 6 and 8), the Baeyer strain of the ring should
be considerably increased. Of course, the geometrical effect caused by the size
of N (vide infra) facilitates a widening of @ (SiYSi). In addition, there seem
to be electronic effects, which enforce the planar geometry. For example, sim-
ilar geometrical arrangements at the N atom have been found for the acyclic
silylamins 15 (planarity at N, see Fig. 1), 21 (angles SIN(HH) =154.0°;
SiNH=120.6°), and 26 (SiN(HH)=153.8°; SINH=120.6°, see Tables 3-5
and refs. 26, 28 and 29). They are related to the SiOSi and SiOH angle wid-
ening found for disiloxane 16 (angle SiOSi=143° [46]), silanol 22
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TABLE 5

HF/6-31G(d) geometries of SiH,;SiH,XH compounds 25-29*

Parameter 25 26 27 28 29
X=CH, X =NH*® X=0 X =PH* X=8

Symmetry C, C, cé C, C, ce C,

R(SiSi) 2.355 2.359 2.350 2.344 2.354 2.355 2.352

R(SiY) 1.895 1.732 1.733 1.656 2.276 2.274 2.161

R(SiH;) 1479 1.481 1.480 1.480 1.478 1.478 1.478

R(SiH,) 1.480 1.482 1.481 1.478 1.478 1.478 1.476

R(SiH,) 1.478 1477

R(SiH,) 1.481 1.478 1.486 1.481 1.478 1.479 1.476

R(SiH,") 1.478 1.478

R(YH)) 1.086 0.999 0.947 1.404 1.329

R(YH,) 1.086 0.998 0.998 1.404 1.404

SiSiY 112.1 115.5 109.4 107.8 114.8 110.5 108.0

SiSiH; 110.8 1111 110.3 109.1 110.8 110.0 108.6

SiSiH, 110.8 111.0 110.6 111.0 110.0 110.2 1104

SiSiH, 1113 110.4

H_SiH, 108.0 107.6 108.1 1089 108.5 108.6 109.3

SiSiH, 108.8 108.3 108.2 110.5 110.1 109.8 110.7

SiSiH,’ 110.7 109.7

YSiH, 109.8 107.7 114.9 110.8 106.8 112.1 109.9

YSiH,’ 107.3 106.7

H,SiH,’ 107.3 109.1 106.4 108.4 108.1 1074 107.6

SiYH;, 110.9 119.6 118.7 97.3 98.2

SiYH, 111.2 120.6 120.3 97.6 97.5

H_ SiSiY 59.9 59.8 57.7 60.6 59.8 60.2 60.5

H,SiSiY —~62.5 —59.9

SiSiYH; 180 167.0 180 - 168.0 180

SiSiYH, —60.1 -73.1 -50.2 —48.3 —-71.2

*Bond lengths are givenin &, angles in degrees. *The following conformations have been calculated
(see IV in Fig. 1): 26: YH.H,H;; 26 (C,), 28 (C,): YHH,; 26 (C,), 28 (C,): YH H; 27, 29:
YH.. °Calculated angles HYH and (HH)YSi are: 111.0; 153.8 (26, C,); 110.4; 151.0 (26, C,); 95.5;
101.4 (28, C,); 95.6; 101.1° (28, C,). 9H; at Si and H; at Y are both not exactly in the heavy atom
plane: YSiSiH; 177.1 (N); 179.9 (P); H, SiSiH; 51.4 (N); 55.8 (P); H,’'SiSiH;: —64.8 (N);
—62.7 (P); H,SiYH;: —71.2 (N); —45.1 (P); H,'SiYH;: 46.8 (N); 72.8° (P).

(SiOH=118.9°), and disilanol 27 (SiOH=118.7°, see Tables 3-5 and ref.
30). These geometrical features have been interpreted in terms of d.—p, con-
jugation and ionic character of the SiY bond (see, e.g. the discussion in ref.
26). Therefore, it will be interesting to investigate angle widening at N and O
in the light of the electron density distribution calculated for molecules 9, 15,
16, 21, 22, 26, and 27.

External ring bonds of 7-12 are slightly shorter than those of the reference
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TABLE 7

Experimentally determined geometries of three-membered ring compounds containing silicon®

Molecule  Substituents Si-Si Si-Y SiYSi  SiSiY  Reference
Ry
5
/ N\
RSi—SiR;  R:t-Butyl 2.511 60 16
AR
si
R,H,,Si_\m. . Rt t-Butyl 2.428*  (cis-cis) 60* 17
R”: Mesityl 2.416* (cis-trans) 60*
R
5t
st{__\i R, R: 2,6-Dimethylphenyl  2.407* 60* 13
R,
/5 ‘\ R: CH,-t-butyl 2.376* 60* 15
R,Si—SiR,
CH, R: 2,6 Dimethylphenyl  2.272 1.887 741 53.0 20
R,J—}smz
2 Z:=C (Phenyl) SiH,
c R’: Phenyl
s/ \s R R”: Mesityl 2.327 1.907* 75.2 52.4* 19
1 ,8i—S5iR" ",
R s/'-:\s-n
23! "2 R: Mesityl 2.289 2.161 64.0 58.0 22

*Bond lengths in A, angles in degree. Asterisks indicate averaged values.

compounds III. This has also been found for the analogue C rings and is of
relevance when assessing the stability of the ring (see discussion in refs. 2 and
7).

Energies

HF/6-31G(d) values of the homodesmotic SEs calculated with the aid of
reaction (2) differ by 1-2 kcal mol~—* from the corresponding MP2 values (Ta-
ble 10). This difference is acceptable considering the fact that for both sets of
calculations HF/6-31G (d) geometries have been used. Reaction energies AE (1)
are, apart from X =PH, 2-6 kcal mol ! larger than energies AE(2) =SE. Since
AE(1) comprises SE and BSEs (vide infra), this is indicative of a difference
in interaction energies between two SiSi bonds on the one side and a SiY and
a SiSi bond on the other side.
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TABLE 8

Properties of energy and electron density of compounds 1-3, 7-12 and compound 31

Molecule Pauling pp 72p, H, R, Q d a B
x2(Y)®
C-Cbond CCY
1X =__CH2 2.55 1.642 -—10.199 -—-1.277 1.507 6.7 0.058 60 78.7
2X=NH 3.04 1720 ~11.873 -—1.404 1.487 109 0.079 595 773
3X=0 3.44 1.779 -—-13.320 -—-1510 1475 151 0.093 588 73.0
C-Y bond cYc
2 X=NH 1.803 —15.098 —1.969 1.454 35 0008 610 753
3X=0 1.789 —-10.436 2,793 1.404 21 0039 624 1756
Si-Si bond SiSiY
7 X=8iH, 1.90 0.598 -3.098 -~-0.279 2368 115 0.150 600 81.7
8 X=CH, 2.55 0.604 —-3.143 -~0.296 2332 34.1 0.243 538 771
9 X=NH 3.04 0.601 —~3146 -0296 2349 519 0299 498 76.2
10X=0 3.44 0.611 -3.194 —-0312 2330 61.0 0316 494 737
11 X=PH 2.19 0.630 -3.436¢ -—-0311 2317 176 0.176 60.1 783
12X=8 2.58 0.643 —3.603 -—0324 2308 239 0203 585 763
SiH,=SiH, 1.90 0.734 —4398 —0.434 2.126
Si-Y bond SiYSi
8 X=CH, 0.750 4571 -—-0470 1915 26 0059 1724 839
9X=NH 0.818 14541 0342 1735 23 0.043 803 96.8
10X=0 0.829 19.339 —-0.240 1.687 0 0.003 81.2 79.2
11 X=PH 0.605 -1.171 —-0.408 2.297 53 0.069 598 782
12X=8 0.613 2.547 -0373 2.163 65 0032 630 773

*ppine A-2 P?p, in e A-5, H, in hartree A-3 R,anddin A, o and 8 in deg, and Q in 1/1000.
b Pauling scale of electronegativity y; values from A.E. Allred, J. Inorg. Nucl. Chem., 17 (1961)
215.

The HF/6-31G(d) BSE of 13 is 0.9 kcal mol~' (Table 10) indicative of
small stabilizing bond-bond interactions. The experimental BSE is 1.1 kcal
mol ! using the experimental AH{ values for 18 (28.9), 19 (19.1), and 32
(8.2 kcal mol—?! [47]). BSE values for type IV compounds are negative for
X =CH,, NH, O, but positive or close to zero for PH and S. The same trends
have been found for the BSEs of SiH;CH,XH [32]. It is probably due to a
destabilization of the SiSi bond by first row substituents, which is not com-
pensated by anomeric interactions typical for the corresponding C compounds
[32]. The BSEs of type II compounds also shown in Table 10 are positive
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TABLE 9

n-character of bonds and degree of surface delocalization for compounds 1-3, and 7-12

Molecule €(8iSi), €(SiY), € Direction  py ] 72py
of Vor
1X=CH, 0.455 0.455 0 1.331 81.1 3.843
2X=NH 0.345 0.411 0.357 II 1.425 80.3 6.253
3X=0 0.265 0.705 0.891 II 1.468 82.2 9.056
7 X=SiH, 0.328 0.328 0 0.427 714 0.669
8 X=CH, 0.359 0.358 2.664 )i 0.540 7170 0.311
9 X=NH 0.185 0.037 8.062 I 0.539 72.3 1.314
10X=0 0.312 0.089 44.403 I 0.567 75.0 0.532
11 C=PH 0.379 0.557 0.700 11 0.483 78.7 0.529
12X=S 0.275 0.384 2.502 II 0.509 81.7 0.877

*p,ine-A-% P 2p, in e-A~5, *Direction v of major axis of ¢, is either parallel (II) or perpendicular
(1) to the basal CC or SiSi axis.

TABLE 10

Isodesmic and homodesmotic reaction energies. Analysis of ring strain in terms of angle
compression®

Parameter 7 8 9 10 11 12
X=8iH, X=CH, X=NH X=0 X=PH X=8

—AE(1)

HF/6-31G(d) 389 463 49.2 59.2 32.3 305

MP2/6-31G (d) 37.3 45.0 46.7 53.9 30.2 28.5
BSE(IV)

HF/6-31G(d) 0.9 —09 -22;-14 —13 0.4; 0.6 -0.3

MP2/6-31G(d)  —4.1 -63 -77;—69 —72 —45,-42 56
BSE(I)

HF/6-31G(d) 0.9 1.3 2.6 5.6 1.1 0.8
SE=—AE(2)

HF/6-31G(d) 38.9 42.7 43.0;41.3 54.7 31.3; 30.7 28.1

MP2/6-31G (d) 37.3 40.5 39.5; 37.9 47.7 29.5; 30.2 25.4
A(SiYSi) 31.1 32.5 34.1 © 0 oe29° 0 236 26.8
2A(SiSiY) 62.2 70.0 78.6; 66.4 68.2 73.0; 64.4 63.4
ZA 93.3 102.5 112.7;1005  131.1 96.6; 88.0 90.2

106.6° 92.3°

=Energies of reaction (1) bond separation energies for type IV and II compounds (reaction (3} )
and homodesmotic strain energies (reaction (2)) in kcal mol—!. A(SiYSi)=4(I1) —#(I) and
A(SiSiY)=g(IV) —B(I) in degree. ZA=A(SiYSi) +2A(SiSiY). In case of two entries, the first
corresponds to the C,, the second to the C; conformation of type IV compounds(see text). *For
disiloxane, the experimental SiOSi angle has been used. See ref. 46. “Averaged ZA values.
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Fig. 2. (a) Geometrical distortions of a three-membered ring containing the second row atoms A
and Y upon incorporation of a first row atom Y’ (A=Si; Y=85i, P, §; Y' =C, N, 0). The geo-
metrical angle a(AYA) increases, angles a(AAY) decrease. (b) Analysis of dipole moments u
(heavy arrows) in terms of bond dipoles (light arrows). The arrow head indicates the negative
end of . For >0 (u<0), it points toward Y (the Si,Si midpoint).

indicating that SiY, SiY interactions are stabilizing despite unfavorable elec-
trostatic interactions between the silyl groups.

The SE values of 7, 8,9, and 10 are 11, 15, 11 and 23 kcal mol ' larger than
the calculated SE of 1, 2, and 3, respectively [5]. Obviously, a replacement of
C by Si leads to a significant destabilization of the three-membered ring. While
the SEs of 1, 2, and 3 are all close to 27 kcal mol !, that of 7 increases con-
siderably when going from 7 to 10 (CH,, 3.8; NH, 4.1; O, 15.8 kcal mol %, see
Table 10). This may have to do with the geometrical distortions of the three-
membered ring upon incorporating a much smaller first row atom. For exam-
ple, when replacing one SiH, group by a group with another second row atom,
the SE decreases (X=PH: —7.6; X=S: —10.8 kcal mol~?, Table 10). The
dependence of SE on the nature of X has to be investigated in more detail in
the next chapters.

Dipole moments

HF/6-31G(d) dipole moments u are normally 10-20% too large due to a
tendency of the 6-31G (d) basis to overestimate charge separation in polar bonds
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[32]. This has to be borne in mind when analyzing the calculated u values
listed in Table 11. They increase in magnitude from 7 to 12 (Table 11). The
same holds for type II compounds. The direction of x is parallel to the C, or C,
symmetry element in I and II, pointing with its negative end either toward X
(u>0) or toward (SiSi), the midpoint of the Si, Si connection line (u<0;
X =CH,, NH). Magnitude and direction of 4 can be rationalized by summing
over bond dipole moments as shown schematically in Fig. 2(b). For example,
contributions of bond dipoles Si®*H°~ and N°~H?* are larger than those of
Si°*N°~ bond dipoles thus yielding a small negative u (Table 11). Since the

TABLE 11

HF/6-31G(d) dipole moments and ionization potentials®

Molecule U u(C)e Nature of HOMO I

7 X=8iH, 0 0 o(8SiSi) 9.03

8 X=CH, —-0.26 o(SiSi) 8.92

9 X=NH —0.56 1.90 o(8iSi) 9.45
10X=0 1.82 1.89 o(SiSi) 9.38
11 X=PH 1.72 1.12 o(SiSi) 8.62
12X=8 2.53 1.85 o(SiSi) 9.52
13 X=SiH, —-0.04 0.08 o(SiSi) 10.45
14 X=CH, -0.79 a(SiSi) 11.75
156 X=NH —-0.90 1.03 n(N) 10.62
16 X=0 0.14°¢ 1.30 n(0) 12.11
17 X=PH 1.12 1.23 n(P), a(SiP) 9.51
18 X=8 1.70 1.50 n(S) 10.10
19 X=8SiH, 0 0 o(SiSi) 10.98
20 X=CH, 0.68 a(SiC) 12.34
21 X=NH 1.35 1.31 n(N) 10.70
22X=0 1.53 1.70 n(0) 12.36
23 X=PH 1.03 1.10 n(P), o(SiP) 9.87
24 X=8 1.68 1.52 n(S) 10.25
25 X=CH, 0.79 0.08 o(8iSiC) 10.64
26 X=NH 1.48 1.22 n(N), a(8iSi) 10.32
27X=0 1.53 1.69 n(0), (SiSi) 10.87
28 X=PH 1.04 1.17 n(P), o(SiSi) 9.53
29X =S8 1.53 1.568 n(S) 10.21

“Dipole moments 4 in debye and ionization potentials I in eV are given for the most stable con-
formation. For 7-18, u> 0 implies that the positive end of u points toward the Si, Si midpoint,
its negative end toward X. For 19-29 only absolute values are given. "Experimental values of u
for the corresponding C compounds, HF/6-31G (d) values are in general too large by up to 30%.
°The value of x is too small due to the large HF/6-31G (d) SiOSi angle [46]. Experimental p: 0.24
debye [25].
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SiH bond dipoles are shifted with increasing electronegativity of Y (increasing
(HH)SiSi angle, Table 2) in a position almost perpendicular to the C, or C,
symmetry element, their contribution to u becomes smaller. For X =0 the SiO
bond dipoles dominate thus leading to a relatively large positive value of u.
Similar explanations can be given in the case of £(11) or £(12).

Considering both the magnitude and the direction of the dipole moment in
type I compounds, u for the carbon analogues are more positive for X =NH
(HF/6-31G(d):1.95;exp.1.90D [48]) and X =0 (2.28;1.89 D [48] ) but more
negative for X=PH (exp. 1.12 D [48]) and X=S (exp. 1.85 D). Again, this
can be explained in terms of a vector model using bond dipoles and considering
that (a) CH bond dipoles are much smaller than SiH bond dipoles; (b) the
shape of the three-membered ring is different for 9 and 10 than for 2 and 3
(Fig. 2(a), and (c) the direction of the bond dipoles is reversed when going,
e.g. from SiP to CP (Fig. 2(b)).

For 14-18 u is more negative than for 8-12. This is caused by two addi-
tional SiH bond dipoles pointing away from X. Due to the lower symmetry of
type IIT and type IV compounds, an analysis of calculated dipole moments is
somewhat more difficult but can be done along the same lines described above.

Comparison of cyclopropane (1) and cyclotrisilane (7)

The fact that 7 is 11 kcal mol~! more strained than 1 is astonishing since
both Baeyer and Pitzer strain should be lower in the Si; than the C; ring. If
Baeyer strain is estimated employing Hooke’s law

SE(Baeyer) =1.5 k(AAA) {#(AAA) —pB (Reference)}?

three pieces of information are needed to compare 1 and 7: the AAA angle
(A=C, Si) in the ring, the value of a suitable AAA reference angle, and the
AAA bending force constant. The geometrical angle « is of no relevance when
discussing Baeyer strain [2,5,7]. Instead the interpath angle 8 has to be deter-
mined and its deviation from the interpath angle of an unstrained reference
system has to be considered. For 7, #(SiSiSi) is calculated to be 81.7° (Table
8),just 3° largerthanin 1 (78.7°, Table 8). No matter whether the tetrahedral
angle of AH, is chosen as a reference angle or the AAA angle of 4 (111.6° [5])
and 13 (112.8°, Table 3), respectively, the difference S(AAA) — B(Reference)
is the same for 1 and 7. The bending force constant, however, is 50% lower for
Si (0.55 mdyn A rad~2 [49]) than for C (1.071 mdyn A rad—2 [50]) and re-
sembles that found for CCC bending in the absence of repulsive 1,3 C, C inter-
actions (Dunitz-Shomaker strain, see ref. 7). 1,3 Si, Si interactions seem to
be of minor importance as the relatively low SE of cyclotetrasilane (18 kcal
mol~?! [10]) suggests, i.e. the bending force constant k(SiSiSi) has not to be
corrected for Dunitz-Shomaker strain [7]. Inserting S(SiSiSi) of 7, (Refer-
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Fig. 3. Bond paths (heavy solid lines), bond critical points (dots) and Laplace concentration
~FP2p(r) of (a) cyclopropane (1), (b) oxirane (3), (c) cyclotrisilane (7}, and (d) disilacxirane
(10). The Laplace concentration is given in form of a contourline diagram calculated for the
heavy atom plane. Dashed contour lines are in regions with charge concentration (¥F?p(r) <0),
and solid lines in regions where negative charge is depleted (FZp(r)>0). HF/6-31G(2d)
calculations.
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ence) =109.5°, and k(SiSiSi), angle strain for 7 is calculated to be 28 kcal
mol %,

This value is increased by contributions resulting from SiSiH and HSiH
bending. Appropriate bending force constants are 0.61 and 0.41 mdyn A rad 2,
which have been obtained by averaging bending force constants published for
19 [51]. With A(SiSiH)=114.7 (a=118.7°) and pF(HSiH)=113.0
(a=112.7°), angle strain energies of 4.4 and 0.3 kcal mol ~* are calculated thus
leading to a total Baeyer SE of 32.7 kcal mol~! for 7 (Baeyer SE(1)=41.3
kecal mol—* [7]).

Bond eclipsing in Si;Hg leads to an energy increase of 0.9 kcal mol~! [26]
(exp. 1.2 kecal mol—?! [52]), which is about one third of the energy increase
observed for CoHg (exp.: 2.9 kcal mol—! [53]). Accordingly, Pitzer strain of 7
should be one third of that determined for 1 (4 kcal mol~' [7]). Together with
the energy for Baeyer strain, a SE of ca. 34 kcal mol~?, 5 kcal mol~! lower than
the homodesmotic SE, results.

In a three-membered ring, there are additional factors, which may influence
its stability, namely weakening of the ring bonds due to stretching or bending,
strengthening of the external ring bonds due to a favorable hybridization at
the ring atoms, and a possible stabilization of the ring by an internal 2-elec-
tron-3-center bond [2,5,7]. We will discuss the latter factors first.

It is well known that Si has less of a tendency to form sp” hybrid orbitals
than C [54]. As a consequence, Si-Si and Si~H bonds possess more s (less p)
character. For example sp?! hybrids have been found for the SiH bonds of
SiH,, sp'? hybrids for those in 7 [10]. Hence, strengthening of the external
bonds of a three-membered ring compared to its acyclic counterpart should be
less in 7 than in 1. This is in line with the trends in the calculated CH and SiH
bond lengths. The former decrease by 0.012 A, the latter by 0.007 A (Table 6)
when going from 4 or 13 to the corresponding three-membered ring. With
regard to the actual CH and SiH bond lengths, this is a decrease of 1.1 and
0.4% suggesting that SiH bond strengthening stabilizes 7 by just 1-2 kcal mol—'.

Even if the orbitals forming the surface orbital of 7 are sp? hybrid orbitals,
overlap in the center of the ring should be smaller than in 1 due to the larger
size of the Si, ring. Accordingly, the internal 2-electron-3-center bond should
be less stabilizing and the delocalization of o-electrons in the ring surface should
be reduced. In addition, electrons are withdrawn from the surface orbital in 7
due to the electronegativity difference between H and Si (y(H)=2.20;
x(8i) =1.90). The same effect has been discussed for hexafluoro-1, which is
26 kcal mol ~* more strained than 1 as a result of the strong g-acceptor capacity
of fluorine [7].

The calculated electron density at the ring critical point (p,=0.427 for 7,
1.331 e A2 for 1, Table 9), the value of 7 (71 vs. 81%, Table 9), and the bond
ellipticities €, (0.328 vs. 0.455, Table 9), which all reveal that less electron
density is smeared out over the ring surface of 7 as compared to 1, are in line
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with the predicted reduction of surface delocalization in 7 [7]. This can be
visualized when comparing the contour line diagrams of the Laplace concen-
tration calculated for 1 and 7 with regard to the ring plane (see Fig. 3).

Analysis of the bond paths indicates that the ring bonds are different in 1
and 7. The calculated parameters @=11.5 and d=0.15 A suggest that the
bending of the SiSi bond is much stronger than that of the CC bond (6.7 and
0.06, Table 8). Even if one considers that the SiSi bond is almost 60% longer
than the CC bond, the computed d value of 7 indicates a strong increase in
bending when going from C; to Si;. This is remarkable since the corresponding
increase in fisjust 3° (Table 8). In the following, we have to investigate whether
this is indicative of a qualitative difference between the CC and SiSi bond
pathsin 1 and 7.

Optimal bent bonds imply two basic requirements. First, the bond orbitals
have to be arranged in such a way that an interpath (interorbital) angle close
to that of a strainfree system can be adopted. Secondly, orbitals must support
a build-up of density in a region not too far from the internuclear connection
line in order to enlarge stabilizing nucleus—-electron attraction and to avoid
large nucleus—nucleus repulsion.

For 1, s,p hybridization at C leads to sp® orbitals [55], which seem to fulfill
the two requirements satisfactorily. The local properties of p (r) at the CC bond
critical points suggest that the CC bonds in 1 are only marginally weaker than
those of the acylic reference 4 [5]. For Si, however, hybrid orbitals with high
p character are not possible (vide infra) and, accordingly, the bond orbitals
are too rigid. They support a reasonable interpath angle ($=81.7, Table 8),
but do not allow a build-up of electron density close to the internuclear con-
nection line (d is too large, py, too small, Table 8). According to p, (SiSi), which
is 6% lower in 7 than in 13, the SiSi bonds are weakened in the three-mem-
bered ring. Also, they possess less n-character than the corresponding CC bonds
(see ¢, in Table 9). We conclude that upon bending the strength of the SiSi
bond is considerably decreased.

The bond energy of a SiSi single bond has been estimated to be 49 kcal mol —!
[56]. Assuming that the decrease in p(r) at the SiSibond critical point reflects
a decrease in the bond energy by 6%, a loss of 3 x3=9 kcal mol~! due to SiSi
bond bending can be predicted for 7. When bond bending strain is added to
Baeyer strain (32.7 kcal mol~?), Pitzer strain (1.3 kcal mol~!), and CH bond
strengthening ( —1 kcal mol—!), a total SE of 42 kcal mol~" is obtained. The
difference between this value and the homodesmotic SE of 39 kcal mol~* (Ta-
ble 10) may be attributed to the stabilizing effect of o-delocalization in the
ring. In this respect, however, a caveat is necessary. If the SiSiSi bending force
constant used above is just 15% lower, which is still within the limits of exper-
imental uncertainties, then there will be no need to invoke stabilizing effects
by either SiH bond strengthening or g-delocalization in order to explain the
homodesmotic SE of 7.
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We conclude that the change in SE when going from 1 to 7 is caused by an
interplay of three, maximally five different effects: (i) SiSi bond weakening
due to bending, (ii) a decrease of Baeyer strain, (iii) a decrease of Pitzer strain,
(iv) reduced SiH bond strengthening, and (v) reduced o-delocalization in 7.
Most important is that Si is not able to form sp” hybrid orbitals with high p
character that are needed for the SiSi bent bonds in 7.

Bent bonds, m-complex character, surface delocalization and ring strain in
dependence of X

For II, ITI, and IV, the ionic character of SiY bonds increases with the elec-
tronegativity of Y. Calculated H,, values close to 0 suggest high ionic character
for Y=0. In the three-membered rings 7-12 the ionic character of SiY bonds
is considerably reduced (Table 8). According to computed values Hy, <0, all
ring bonds are covalent bonds.

Bending of the SiSi bond increases in series A: X =YH, =SiH,, PH, S, CH,,
NH, O, i.e. with increasing electronegativity of Y provided elements Y of the
same row of the periodic system are compared. This is reflected by the calcu-
lated @, d, and f values and the Pauling electronegativities y listed in Table 8.
As has been noted above, SiSi distances decrease with x(Y) as do SiSi bond
path lengths. At the same time angles (HH ) SiSi approach 180° (see Table 2),
i.e. the geometrical situation adopted in disilene. _

Changes in the SiH,SiH, entity of the three-membered ring are coupled with
a reduction of the bend of the SiY bonds. For example, both @ and d approach
‘0 for a large y(X) (Table 8). These trends are indicative of a change from
convex (outwardly curved) SiY bent bonds to concave (inwardly curved) SiY
bent bonds with increasing x(Y) [5]. The form of the bent bonds and their
dependence on y(Y) can be rationalized by donor-acceptor interactions be-
tween the group X and the basal group SiH,SiH, [5,8]. The latter donates
negative charge from the 7 MO into a suitable low lying a; MO (C,, symmetry
assumed) thus establishing a build-up of electron density in the center of the
ring. Back donation from a high-lying b, MO into the 7* MO of SiH,SiH, leads
to a peripheral build-up of electron density, mainly responsible for the curva-
ture of the bond paths (Fig. 4).

Since the 7* MO of disilene is much lower in energy than the 7* MO of
ethylene, back donation from X is facilitated in disila rings 7-12. It leads to a
strengthening of the SiX bonds, but a weakening of the SiSi bond.

Actually, when analyzing the electronic structure of a three-membered ring
in terms of donor-acceptor interactions between basal and apex group, three
rather than one donor-acceptor pairs have to be considered (see Fig. 5). If the
basal group is A=X and y(X) > x(A), then n* of A=X adopts the form shown
in Fig. 5. Overlap between the pr orbital of the apex group A and n* (A=X)
is larger in the region AA than the region AX. As a consequence, the bend of
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Fig. 4, MO description of donor-acceptor interactions between the basal group A, H, (A=8i) and
the apex group X =YH,,. The relevant orbitals (a, and b, symmetry) are shown on the left-hand
side and the corresponding molecular graphs (bond paths) on the right hand side of each diagram.
The direction of charge transfer is indicated by arrows (dashed arrows indicate reduced charge
transfer ). The Pauling electronegativity y(Y) increases from (a) to (c). (a) convex-shaped three-
membered ring; (b) concave-shaped three-membered ring; (¢) T structure of n-complex.
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Fig. 5. n-Complex description of a three-membered ring. MOs involved in back-donation are qual-
itatively shown for the three possible 7-complexes. For x(Y) > x(A), the coefficient of pr(A) is
larger than that of p(Y) in the z*(A=Y) MO.

the AA bond is more pronounced. Superimposing the three donor-acceptor
interactions leads to a strongly bent AA bond and two less strongly bent AX
bonds. With increasing electronegativity of X the #* (A =X) MO is more dom-
inated by pm(A) and the overlap in the AA region increases as does the bend
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of the AA bond. This is in line with the observations made when analyzing
p(r) of 7-12.

If back donation is reduced in the case of an electronegative X (Y), then the
electronic structure of the three-membered ring will approach that of a 7-com-
plex, which possesses two coinciding concave “bent bonds” yielding a T struc-
ture (Fig. 4). The degree of 7-complex character is also revealed by the ellipticity
at the ring critical point, €, (Table 9). The latter increases with y(Y) where
the direction of the soft curvature given by vZ is always parallel to the SiSi
bond as observed for the C analogues [5].

Although the n-complex character increases in series A, none of the three-
membered rings considered possesses concave bent bonds (d<0), i.e. 7-12
are true rings and, hence, their stability should be analyzed in terms of ring
strain, bond (de)stabilization, and surface delocalization [2]. From the dis-
cussion of 7 it is clear that both Pitzer strain and SiH bond strengthening
make only marginal contributions to the total strain. As for a possible weak-
ening of ring bonds, calculated p,, (SiY) values indicate an adjustment of SiY
bonds to those of type II compounds in line with their reduced bend (Table 8).
For X=PH and S, p,,(SiY) is even larger for I than for II. Thus, it seems that
upon replacing one SiH, group in 7 by X, ring bond weakening is less
pronounced.

We conclude that the relative magnitude of the SEs of 7-12 is dominated
by changes in Baeyer SEs. Unfortunately, the latter cannot be determined
quantitatively since bending force constants k(SiYSi) and k(SiSiY) are not
known for most of the hetero atoms Y considered in this work. However, qual-
itative estimates with regard to the magnitude of Baeyer SEs of type I com-
pounds can be obtained by considering differences A=g(II)-—-p(I)
(A=pB(IV)—B(I)) for angles SiYSi (SiSiY) listed in Table 10. Widening of
the angle B(II) ~ o (II) is indicative of electrostatic repulsion, possibly d,~p,
conjugation or other electronic forces, which, of course, are also active in I.
High polar (ionic) character of the SiY bonds leads to positive charges at the
Si atoms in I and II, a large £(SiYSi) and, hence, relatively large angle and
total strain. '

The homodesmotic SEs increase in series B from 28-55 kcal mol—* (Table
10): X=8, PH, SiH,, CH,, NH, O. If one forms the sum of the A values and
assumes that Baeyer SE is parallel to this sum, then an ordering similar to
series B is obtained (Table 10).

The analysis of computed interpath angles confirms that the homodesmotic
SEs are dominated by Baeyer strain. P and S prefer small angles (Table 3)
thus leading to total SEs in 11 and 12 lower than that of 7. For C, N, and O,
a compression of angles SiYSi and SiSiY to the values enforced in the three-
membered rings is more difficult than in 7 and, therefore, entails large SEs.
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CHEMICAL RELEVANCE OF AB INITIO RESULTS

Three-membered rings containing Si are at least 10 kcal mol~! more strained
than their C analogues. The energies of the SiY bonds with x(Y) > x(Si) are
larger than calculated SE values. Values of 72 and 100 kcal mol~! have been
reported for the SiC and the SiO bond respectively [54]. As for the SiSi single
bond energy (49 kcal mol~! [56]) the situation is different. Calculated SE
values are of comparable magnitude or, as in the case of disilaoxirane (10),
even larger (by 6 kcal mol~!) than the average SiSi bond energy. This does
not imply that 10 is unstable with regard to SiSi bond rupture since the kinetic
stability of SiSi bonds is possibly much higher than their thermodynamic sta-
bility. For example, the SiSi bond dissociation energy of disilane is known to
be 81 kcal mol~! [25], just 7 kcal mol~ lower than the CC bond dissociation
energy. Despite the large inherent SEs 7-12 should be sufficiently stable to
be observed experimentally.

Owing to the strong bend of the SiSi bond, 7-12 are prone to electrophilic
attack, which should be corner-oriented in the first stage of the reaction. An
attack at the SiY bond is less likely to lead to a reaction since the SiY bond
paths extend less into space (small d, Table 8). Also, the corresponding SiY
bond are far stronger than the SiSi bond. An attack at an electron lone pair of
the group X (X=NH, O, PH, S) is energetically less favorable than attack at
the SiSi bond. At least, this is suggested by the calculated ionization potentials
listed in Table 11. Contrary to the C analogues, the HOMO in type I com-
pounds is always a SiSi bonding MO even if X possesses a high-lying lone pair
orbital. Interaction with an electrophile leads to a charge transfer from the
SiSi bonding MO to the LUMO of the electrophile and to a concomitant weak-
ening of the SiSibond. The first ionization potential of I is 1-2 eV smaller than
that of II, III or IV (Table 11) indicating that HOMO-LUMO interactions
with an electrophile are facilitated in the three-membered rings 7-12.

All three-membered rings considered possess a low lying LUMO with SiSi
antibonding character. A nucleophilic attack will lead to population of the
LUMO and, as a consequence, to SiSi bond rupture. Bulky substituents at the
Si atoms hinder both an electrophilic and a nucleophilic attack and, therefore,
increase the kinetic stability of type I compounds.

d,-p, conjugation

In order to explain the geometry of silyl compounds, for example the plan-
arity or near planarity at the N atom of 15, 21 or 26, and the large SiOSi and
SiOH angle of 16, 22 or 27, dn-pr conjugation between Si and the first row
atom Y (Y=N, O) has been invoked [57]. However, recent theoretical inves-
tigations have provided convincing evidence that there is no need for dn—pn
‘conjugation [58]. Bonding features of molecules containing second row ele-
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ments such as Si can be explained in other ways. For example, the high polarity
of the SiN bond leads to a large negative charge at N. Thus, the N center should
adopt the geometry of NH; , which according to Walsh’s rules prefers planarity
[28,59]. Also, electrostatic repulsion between the positively charged bonding
partners of N may enforce planarity. A similar explanation can be given for
SiOH and SiOSi angle widening in silanol, disiloxane, and related compounds.

In the case of 9, application of Walsh’s rules for a negatively charged N atom,
electrostatic effects and the distortion of the ring geometry caused by the size
of the N atom (see above) might be considered sufficient to explain planarity
at the N atom. However, the analysis of the electron density reveals some
bonding features, which could be linked to dn-pn conjugation. For example,
the calculated ellipticity of the NSi bonds is close to zero indicating that elec-
tron density is isotropically distributed along the SiN bond path, contrary to
the large ellipticity of the CN bond path in 2. Such an isotropic distribution is
obtained when electron density extends into space both in the molecular plane
and perpendicular to it. The latter could be due to n-type interactions between
the N and the Si atoms. Small ellipticities indicative of an isotropical charge
distribution have also been obtained for the SiN and SiO bonds in 10, 15, 16,
21, 22, 26, and 27, but not for the SiS and the SiP bonds in 11, 12, 17, 18,
etc. Since dn-p7 conjugation in the latter compounds should be more likely
than in the former, the calculated SiN and SiO ellipticities provide no unequi-
vocal proof for this type of conjugation.

CONCLUSIONS

Differences between three-membered rings containing Si and those contain-
ing C can be traced to the different ability of the two elements to form flexible
sp™ hybrid orbitals and to the difference in electronegativities of Si (y=1.90)
and C (y=2.50). The following points have to be stressed in this connection.

(i) Cyclotrisilane (7) is more strained than cyclopropane (1) by 11 kecal
mol~1, i.e., the SE of 7 is 39 kcal mol—!. The increase in strain is due to SiSi
bond bending and the inability of Si to form suitable sp™ hybrid orbitals with
high p character, which would guarantee flexible bent bond orbitals. Baeyer
and Pitzer strain are lower in 7 than in 1. Strengthening of the external SiH
bonds and a-delocalization in the Si; ring is negligible in 7.

(ii) Replacement of a SiH, group by CH,, NH, O leads to an increase in SE
by 3.8, 4.1 and 19.1 kcal mol~?, a replacement by PH or S to a decrease in SE
by 4.8 and 10.8 kcal mol %, respectively. This is due to changes in Baeyer strain
as revealed by a comparison of interpath angles both for the three-membered
rings and the reference compounds shown in Scheme 1.

(iii) The n-complex character of type I compounds increases with increasing
Pauling electronegativity y(Y). This is revealed by the bending of the SiSi
bond and the SiY bonds.
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(iv) The disila rings I are prone to electrophilic attack at the SiSi bond,
which should be easily broken. This is suggested by the calculated density dis-
tribution and the nature of the HOMO, which is a SiSi bonding MO. Breaking
of the SiY bond is less likely since the bond strength increases with x(Y).
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NOTE ADDED IN PROOF

After this paper had been submitted, R. West and co-workers (H.B. Yokel-
son, A.J. Millevolte, G.R. Gillette, and R. West, J. Am. Chem. Soc., 109 (1987)
6865) reported the synthesis and crystal structure of tetramesityldisilaoxi-
rane. The X-ray structural data of this compound (R(SiSi)=2.227;
R(Si0)=1.733 A; SiSi0=50.0; Si0Si==80.0°) confirm predictions made for
the parent disilaoxirane in this paper. Synthesis, structural data, and bonding
features of Si-containing three-membered rings have recently been reviewed
by R. West in Angew. Chem., 99 (1987) 1231. Also, R.S. Grev and H.F. Schae-
fer I11, J. Am. Chem. Soc., 109 (1987) 6569, 6577 published DZ+ P energies,
geometries, and harmonic frequencies for a set of Si containing molecules sim-
ilar to that discussed in this work.
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