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Abstract We have demonstrated that the variation in the
experimentally-determined Si-O-N angles in XYZSi-O-N
(CH3), molecules, which depends upon the positions and
natures of the substituents X, Y and Z, can be explained in
terms of computed electrostatic potentials on the molecular
surfaces of the corresponding XYZSi-H molecules. The
latter framework has been used as a model for what the
nitrogen lone pair in the XYZSi-O-N(CH3), molecules
sees. Both optimized geometries and electrostatic potentials
of our model XYZSi-H systems have been obtained at the
B3PW91/6-31G(d,p) level. We propose that the driving
force for the observed Si-O-N angle contraction in XYZSi-
O-N(CHj3), molecules is largely the electrostatic attraction
between a positive o-hole on the silicon and the lone pair of
the nitrogen. Negative regions that may be near the silicon
o-hole, arising from substituents with negative potentials,
also play an important role, as they impede the approach of
the nitrogen lone pair. These two factors work in synergy
and attest to the electrostatically-driven nature of the Si—N
intramolecular interactions, highlighting their tunability.
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Introduction

Mitzel et al. have synthesized and characterized, both
experimentally and computationally, an interesting series
of molecules containing the Si-O-N(CHj3), linkage [1-7]. A
prototypical XYZSi-O-N(CH3), molecule, 1, is shown
below. Note that in 1a, X is anti to the nitrogen (X, Si, O
and N are essentially coplanar), and Y and Z are gauche to
it, while in 1b, Y is anti to the nitrogen, and X and Z are
gauche. These molecules exhibit relatively small Si-O-N

X O Y (0)
\S'/ \N(CH) \S/ N(CH,)
01 3 =1 32
A X7
Y Z
1a 1b

angles, in the range 75° to 110° [1-7], compared to the
isoelectronic Si-O-CH(CHj;), linkage [1, 8], approximately
125°. The extent of the Si-O-N angle contraction has
been found to be dependent upon the natures of the X, Y
and Z substituents and their orientations relative to the
nitrogen [1-7]. The reason for this angle contraction has
been a matter of some controversy, as has the nature of the
interaction between the nitrogen and the silicon in these
molecules [1-7, 9-11]. For example, Kostyanovskii and
Prokov’ev suggested the presence of a dative bond
between silicon and nitrogen [9], while Mitzel et al.
concluded more recently that both computational and
experimental evidence point to electrostatics and dipole
forces as being key factors [3, 5].

Table 1 lists experimentally-determined Si-O-N bond
angles and S—N internuclear distances for a series of these
molecules. Note that the solid state Si-O-N angles and
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Table 1 Experimentally-determined Si-O-N bond angles and Si—N internuclear distances for a series of XYZSi-O-N(CH;), molecules

Molecule X-Ray diffraction Gas phase electron diffraction Reference
Si-O-N angle (degrees) Si—N (A) Si-O-N angle Si—N
4b, C1,HSi-O-N(CHj3), (2 CI's gauche) 111.1(20) 6
5, C15Si-O-N(CH3), 103.4(1) 2.441(12) 105.6(8) 2.473(12) 4
102.6(1) 2.432(2) 4
2, H3Si-O-N(CHs), 102.63(5) 2.453(1) 2
3b, CIH,Si-O-N(CH3), (Cl gauche) 104.7(11) 2.468(25) 3
4a, CLHSi-O-N(CHs), (1 Cl anti, 1 Cl gauche) 98.8(12) 6
3a, CIH,Si-O-N(CHs;); (Cl anti) 79.7(1) 2.028(1) 87.1(9) 2.160(7) 3
6, F3Si-O-N(CHs), 77.1(1) 1.963(1) 94.3(9) 2.273(17) 5
7b, (F3C)F,Si-O-N(CH;), (CF5 gauche) 87.8(20) 2.174 7
7a, (F;C)F,Si-O-N(CH3), (CF3 anti) 74.1(1) 1.904(1) 84.4(32) 2.112 7
Si—N distances are in every case smaller than the gas  Eq. 1:

phase (for the molecules for which both are available).
When X, Y and Z are the same, as in H3Si-O-N(CHs),,
F3Si-O-N(CH3), and Cl3Si-O-N(CHs),, there is no possi-
bility for anti and gauche conformers. However, for
CleSi-O-N(CHg)g, HClel-O-N(CHg)z and (FgC)Fle-
O-N(CHs),, two conformers of each are possible. The
angle contraction is greater in these when Cl or CF; is in
the anti position relative to the nitrogen rather than the
gauche [3, 6, 7].

Our purpose in this paper is to demonstrate that the
degree of angle contraction in XYZSi-O-N(CH3), systems
can be related to the electrostatic potentials on the surfaces
of the corresponding XYZSi-H molecules. A key factor is
the presence of positive o-holes, on the covalently-bonded
tetravalent silicon atoms [12—14].

A o-hole is simply the electron deficiency that is associated
with the formation of a o-bond; this deficiency is on the side
of the atom away from the bond, along its extension. This is
usually accompanied by a region of positive electrostatic
potential through which the atom can interact, in a highly
directional manner, with negative sites. The presence of
positive o-holes was used by Clark et al. [15] initially to
explain the occurrence of halogen bonding [15-19], but
they can be found as well on covalently-bonded atoms of
Groups IV-VI [12-14, 20-23], and even, we suggest,
hydrogen [19, 24]. o-Holes are most easily identified by
the molecular electrostatic potential [12-25], as will be
discussed in the next section. For an overview of o-hole
bonding, see Politzer and Murray [25].

Molecular electrostatic potentials

The electrostatic potential V(r) created at the point r by the
nuclei and electrons of an atom or molecule is given by
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V(r):Z|RA_r| /|r, , (1)

Za is the charge on nucleus A, located at R,, and p(r) is
the electronic density function. The first term on the right
side of Eq. 1 is due to the nuclei and is positive; the second
reflects the contribution of the dispersed electrons and is
negative. The sign of V(r) in any particular region of space
is dependent upon which term on the right side of Eq. 1 is
dominant there.

The electrostatic potential was introduced into chemistry
in the 1970s [26] to provide a nonarbitrary means of
assessing which regions of space around a molecule are
more positive or more negative. V(r) is a local property and
is a physical observable, which can be determined
experimentally as well as computationally [27, 28]. An
important feature of the electrostatic potential is that it
shows very clearly that atoms in molecules sometimes have
regions of both positive and negative V(r) [29], and thus
can interact electrostatically with both negative and positive
sites. This highlights one of the problems associated with
assigning a single positive or negative charge to an atom in
a molecule [19, 29, 30].

The electrostatic potential V(r) has been shown to be
extremely effective in analyzing noncovalent interactions
[30]. For such applications, it is useful to plot V(r) on an
appropriate outer surface of the molecule [31]. Following
Bader et al. [32], we choose this to be the 0.001 au
(electrons/bohr®) contour of the electronic density; V(r)
computed on this surface is labeled Vg(r). The most positive
and the most negative sites on the molecular surface are
designated Vg max and Vg min, respectively; there may be
several local Vg max and Vg min On a given molecular surface.
It has been shown that hydrogen Vg iax and basic site Vg min
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correlate well with empirical measures of hydrogen-bond-
donating and -accepting tendencies [33]. It has further been
demonstrated that a number of condensed phase physical
properties that depend upon noncovalent interactions can
be related analytically to statistically-defined features of
Vs(r), such as its average deviation, positive and negative
variances, etc. [34]. These properties include enthalpies of
phase transitions, solubilities and solvation energies,
boiling temperatures and critical constants, etc.

An important type of noncovalent interaction is o-hole
bonding [25], mentioned in the Introduction. This involves
regions of positive potential on covalently-bonded Group IV
— VII atoms interacting attractively, in a highly directional
manner, with negative sites on other molecules (or even
within the same one) [12-25]. We and others have shown
that such positive regions are often found on the extensions
of the covalent bonds to these atoms; they typically result
from the electron deficiency in the outer lobe of a half-filled
p-type bonding orbital that is participating in a o bond. A o-
hole is more positive as the partner in the covalent bond is
more electron-withdrawing. Thus, as shall be seen, the
silicon o-hole on the extension of a CI-Si bond is more
positive than that on the extension of an H-Si bond [12].

Riley et al. [18] have shown that the Vg .« associated
with the o-holes in a series of brominated benzenes and
pyrimidines correlate with their interaction energies with
acetone. The electrostatic nature of o-hole interactions is
further demonstrated by the work of Shields et al. [24].

Computational approach

In using molecular surface electrostatic potentials to analyze
and predict noncovalent interactions, e.g., A—-B, it is necessary
to look at the Vg(r) of A and B separately, prior to interaction.
This will reveal the regions of positive and negative Vg(r) on

A and on B through which attraction can occur. These will
not be evident in the Vg(r) of the complex A—-B, because
they will have been neutralized by the interaction [35-37].

In the present project, the grouping O-N(CHj), is
common to all of the molecules being considered (Table 1).
We shall therefore focus upon the Vg(r) of the XYZSi
portions, as modeled by XYZSi-H molecules. We will look
specifically at the Vg(r) of the silicon atoms and their
immediate environments, since these are in closest proximity
to the nitrogens of the O-N(CHj3), groupings.

We have obtained optimized structures for a series of
XYZSi-H molecules at the B3PW91/6-31G(d,p) level using
Gaussian 09 [38]. We then computed the 0.001 au surface
electrostatic potentials using the WFA-Surface Analysis
Suite [31]. The latter allows us to identify the Vg . and
Vs min associated with these molecules, as well as to create
graphical visualizations of Vg(r).

The XYZSi-H molecules for which we have deter-
mined Vg(r) are listed in Table 2. These were chosen to
mimic the XYZSi portions of the XYZSi-O-N(CHj),
molecules in Table 1, for which experimental X-ray
diffraction and/or gas phase electron diffraction structural
data are tabulated.

Results and discussion

Figures 1 and 2 show Vg(r) for H3Si-H and CIH,Si-H.
Striking features of each are the regions of positive
electrostatic potential on the silicons along the extensions
of the H-Si and CI-Si bonds. These regions reflect the
deficiencies of electron density that have been labeled o-
holes, through which highly-directional interactions with
negative sites can take place. For example, such positive
regions on silicon have been identified as the driving force
for the formation of SiF, complexes with amines [13].

Table 2 Computed surface

clectrostatic potential maxima Molecule Bond producing o-hole Vs max on Si* VS min
(Vs,max) and minima (Vg min) for - ] N N
a series of XYZSi-H molecules, H;Si-H H-Si 13.0 (4) none
where X, Yand Zare H, F, Clor  CI;3Si-H CI-Si 26.2 (3) Cl: -5.3
CF3. Only Vg max on the silicons H-Si 17.4 (1)
are listed; these correspond to . ) ' )
their respective o-holes. Elec- HCLSi-H Cl-Si 29.6 (2) Cl: 9.7
trostatic potentials are in units of H-Si 19.5 (2)
-1

keal mol H,CISi-H Cl-Si 31.0 (1)P Cl: —12.9°

H-Si 17.7 3)°

F;Si-H F-Si 36.3 (3)

H-Si 31.1 (1) F:.-12.4
" The number of Vs max on the (F5C)F,Si-H F5C-Si 38.4 (1) F(Si): —10.2
31.hcon. with the same value are F.Si 358 (2) F(CF5): 7.5, ~7.0, ~7.0
given in parentheses

H-Si 30.3 (1)

® This value is from reference [12]
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Fig. 1 Computed electrostatic potential on the 0.001 au molecular
surface of H3Si-H. The black hemisphere indicates the location of the
o-hole Vg on the extension of one of the H-Si bonds. Color
ranges, in kcal mol !, are: red, greater than 20.0; yellow, between 20
and 10; green, between 10 and 0; blue, less than zero (negative)

Compare the Vg(r) of H3Si-H shown in Fig. 1 with that of
CIH,Si-H in Fig. 2a. In the former, we are looking at the o-
hole Vg max on the extension of one of the four H-Si bonds;
its value is 13.0 kcal mol ' (Table 2). In Fig. 2a, we are
looking at the Vg max on the extension of the CI-Si bond in

CIH,Si-H, which has a value of 31.0 kcal mol . Apart from
the difference in magnitudes of the Vg .y, the views are
similar in that they display regions of the molecules that are
totally dominated by positive electrostatic potentials. In
proceeding to Fig. 2b, in which the view is along the
extension of one of the H-Si bonds, this picture changes.
There is again a positive region with a 0-hole Vg ax on the
extension of the H-Si bond, with a magnitude of
17.7 kecal mol ™, but there is also visible a region of negative
Vs(r) associated with the lateral sides of the chlorine.

It was pointed out in the Introduction that the Si-O-N
angles in XYZ-Si-O-N(CH3), molecules (Table 1) are
significantly less than the Si-O-C angles in isoelectronic
XYZ-Si-O-CH(CHj3), systems, which are approximately
125°. We propose that the driving force for the Si-O-N
contraction is largely the electrostatic interaction between a
positive o-hole on the silicon and the lone pair of the
nitrogen. It is particularly the o-hole corresponding to the
bond that is anti to the nitrogen that is significant, since this
is the one that faces the nitrogen lone pair.

Let’s consider Figs. 1 and 2 in relation to the Si-O-N
angles found experimentally in H3Si-O-N(CH3), (2) and
the anti and gauche conformers of CIH,Si-O-N(CHj3), (3a
and 3b). In the solid state, the Si-O-N angles in 2 and 3a
are 102.63(5)° [2] and 79.7(1)° [3], respectively.

H O 1 H (0]

NN ‘N N\ NN
H7sl N(CH;), H?S‘ N(CH3), H7SI N(CHz),

H 2 H a 3b

This suggests a stronger attraction between the nitrogen
and silicon atoms in 3a than in 2, and this is confirmed by
the computed Vg(r). The nitrogen lone pair in 3a is facing a
positive region similar to that seen in Fig. 2a, which has a

Fig. 2 Computed electrostatic
potential on the 0.001 au mo-
lecular surface of CIH,Si-H.
Two views are shown: (a) chlo-
rine is behind the plane of the
paper; (b) chlorine is to the left.
The black hemispheres indicate
the locations of the o-hole
Vg,max corresponding to (a) the
CI-Si bond, and (b) an H-Si
bond. Color ranges, in kcal
mol !, are: red, greater than
20.0; yellow, between 20 and
10; green, between 10 and 0;
blue, less than zero (negative)

@ Springer

Vs max of 31.0 kcal mol !, whereas the nitrogen in 2 is
interacting with a Vg(r) like that in Fig. 1, which has Vg,
max=13.0 kcal mol . The attractive interaction in 3a is
consequently stronger.

b
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Table 3 Computed surface electrostatic potential maxima (Vg may) and minima (Vg yin) for mono-, di- and tricyanosilane. Only Vg . on the
silicons are listed; these correspond to their respective o-holes. Electrostatic potentials are in units of kcal mol !

Molecule Bond producing o-hole Vs max on Si* VS min
(NC)H,Si-H NC-Si 34.1 (1) N: —=35.1
H-Si 25.0 3)
z(NC),HSi-H NC-Si 429 (2) N: —28.4
H-Si 349 (2)

(NC)3Si-H NC-Si 49.7 (3) N: —22.9
H-Si 42.2 (1)

* The number of Vg max on the silicon with the same value are given in parentheses

What about the anti and gauche conformers of CIH,Si-O-
N(CHs),, 3a and 3b? For these, we can compare the gas
phase electron diffraction data that are available (Table 1).
The Si-O-N angles for the anti and gauche conformers are
87.1(9)° and 104.7(11)°, respectively [3]. The degrees of
angle contraction in these two conformers are consistent with
the views of Vg(r) shown in Fig. 2a and b. In 3a, the
nitrogen sees the Vg(r) in Fig. 2a, with its Vgumax of
31.0 kcal mol!. In 3b, however, the nitrogen faces the
potential in Fig. 2b, which has a weaker Vg . of
17.7 keal mol™'. In addition, in 3b, the nitrogen lone pair
will feel some repulsion due to the negative lateral side of the
chlorine, Fig. 2b; this repulsion does not occur when the
nitrogen lone pair interacts with the Vg(r) shown in Fig. 2a.

The cases of H3Si-O-N(CH3), (2) and the two conformers
of CIH,Si-O-N(CH3),, 3a and 3b, illustrate two factors that
help to determine the degree of Si-O-N angle contraction in
XYZSi-O-N(CH3), molecules: (1) the strength of the
positive o-hole that faces the nitrogen, which is the one on

(@] O H

NN _
H?Sl N(CHz), c1751
Cl 4a Cl

the extension of the bond to the anti substituent, and (2) the
presence or absence of negative regions adjacent to this
positive region. In Figs. 1 and 2a, we see that the positive o-
hole is stronger in the latter, and that in neither case is there
visible a negative region. Thus, the relative Si-O-N angle
contractions in 2 and 3a can be predicted from the strengths
of the o-holes alone. However, in Fig. 2b, both the positive
o-hole and the negative region on the chlorine are facing the
nitrogen. So in 3b, the Si-O-N angle contraction represents a
balance between the attraction of the nitrogen lone pair for
the positive o-hole and the repulsion between the lone pair
and the negative side of the chlorine.

We proceed now to the two conformers of Cl,HSi-O-N
(CH3),, 4a and 4b. In 4a, one chlorine is anti to the
nitrogen and the other is gauche, while in 4b both chlorines
are gauche to the nitrogen. The gas phase Si-O-N angles in
4a and 4b were reported to be 98.8(12)° and 111.1(20)°,
respectively [6] (Table 1). To understand these angles, we
look at the surface electrostatic potential of Cl,HSi-H.

A A A

N(CHs), Cl?Si N(CHj3),

4b Cl 5

Figure 3a and b show what the nitrogen lone pair “sees”
in 4a and 4b. The positive region of electrostatic potential
in Fig. 3a, corresponding to the o-hole along the extension
of a CI-Si bond, is stronger than that in Fig. 3b, which is
due to the o-hole along the extension of an H-Si bond, 29.6
vs. 19.5 kcal mol™' (Table 2). In addition, the lone pair
encounters more negative potential in Fig. 3b, which has a
repulsive effect. The net result of these two factors, the
strength of the positive c-hole on the silicon and the
existence of regions of negative potential, yields a more
contracted angle for 4a than for 4b.

That the Si-O-N angle of 4a is greater than that of 3a can
also be rationalized on this basis. A nitrogen interacting with

the face of CIH,Si-H shown in Fig. 2a “sees” a region of space
devoid of negative electrostatic potential; however on the side
of CLLHSI-H shown in Fig. 3a, the nitrogen encounters both a
positive o-hole and a negative region due to a chlorine.
What about the angle contraction in Cl3Si-O-N(CHj3),, 5?
In the solid state, the Si-O-N angle of 5 is very similar to that
of H3Si-O-N(CHs),, 2. This may seem surprising, since the
o-holes due to the CI-Si bonds in Cl3Si-H are twice as strong
as those from the H-Si bonds in H;Si-H, 26.2 vs.
13.0 kcal mol™' (Table 2). However the nitrogen lone pair
in 5 must also contend with the repulsive effects of the
negative regions on the chlorines. The net result is that 2 and
5 have similar Si-O-N angles. The fact that the Si-O-N angle
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Fig. 3 Computed electrostatic
potential on the 0.001 au
molecular surface of Cl,HSi-H.
Two views are shown: (a) one
chlorine is behind the plane of
the paper, one is to the left; (b)
one chlorine is to the left, one is
to the right. The black hemi-
spheres indicate the locations of
the 0-hole Vg max corresponding
to (a) a CI-Si bond, and (b) an
H-Si bond. Color ranges, in kcal
mol !, are: red, greater than
20.0; yellow, between 20 and
10; green, between 10 and 0;
blue, less than zero (negative)

in 5, which has two gauche chlorines and one anti chlorine,
is smaller than that of 4b , which has two gauche chlorines
and one anti hydrogen, can be explained by noting in Table 2
that the Vg .« associated with the o-holes on the extensions
of the CI-Si bonds in CI;Si-H are greater than those of the H-
Si bonds in CI,HSi-H.

We look finally at the molecules in Table 1 with the
smallest Si-O-N angles, F3Si-O-N(CH3), (6) and the two
conformers of (F;C)F,Si-O-N(CHs),, 7a and 7b. In 7a the
CF; group is anti in relation to the nitrogen and in 7b it is
gauche. The ordering of their Si-O-N angles from

F (0] F;C O F (0]

NN NN NN
F?Sl N(CH;), FZSl N(CHj), F?Sl N(CHs;),
F 6 F 7a F3C 7b

highest to lowest can again be explained by the synergy
between (a) the strengths of the c-hole Vg .« on the
extensions of the F-Si and F;C-Si bonds, and (b) the
strengths of the negative potentials near these o-holes
(Table 2). Figure 4a and b display the slightly more positive
o-hole potential along the extension of the F;C-Si bond in
(F5C)F,Si-H compared to the F-Si.

We introduce Table 3 to encourage the synthesis of
derivatives of XYZSi-O-N(CH3),, where X and/or Y and/or
Z are cyano groups. These have the advantage of creating

Fig. 4 Computed electrostatic
potential on the 0.001 au mo-
lecular surface of (F3C)F,Si-H.
Two views are shown: (a) CF; is
behind the plane of the paper;
(b) CF; is to left. The black
hemispheres indicate the loca-
tions of the o-hole Vg max
corresponding to (a) the F5C-Si
bond, and (b) an F-Si bond.
Color ranges, in kcal mol™, are:
red, greater than 20.0; yellow,
between 20 and 10; green, be-
tween 10 and 0; blue, less than
zero (negative)

a P
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quite positive o-holes on silicon, along the extensions of
the NC-Si bonds, but not having competing negative
regions in the immediate proximities of the o-holes, to
impede the approach of the nitrogens toward the silicons.

Summary and perspectives

In this paper, we have demonstrated that the trends in the
experimentally-determined Si-O-N angles in XYZSi-O-N

b
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(CH3), molecules can be explained by looking at the
electrostatic potentials of the corresponding XYZSi-H
molecules, which serve as models of what the nitrogen lone
pairs are facing. The positions and natures of the substituents
X, Y and Z have been shown to be of paramount importance
in determining the strengths of the positive o-hole electrostatic
potentials on the silicon. In addition, negative regions near the
o-hole play a role in impeding the approach of the nitrogen
lone pair. These two factors work in synergy, resulting in a
range of contracted Si-O-N angles in the XYZSi-O-N(CHz),
molecules listed in Table 1. Our results attest to the
electrostatically-driven nature of the intramolecular interac-
tions between the nitrogen lone pairs and the silicons.

We encourage syntheses that exploit the tunability
inherent in systems such as these silicon-containing mole-
cules. This can and should also be utilized in other molecular
frameworks having more than one o-hole on an atom, such
as in covalently-bonded atoms of Groups V and VL
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