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Molecular Design of Neutral Intramolecular Complexes Bearing Two Silicon
Atoms Anchored by a Carbonyl Oxygen Atom:

N,N'-Bis(silylmethyl)propylene Ureas

Valery F. Sidorkin,* Elena F. Belogolova, and Vadim A. Pestunovich!®!

Abstract: B3LYP and MP2 computa-
tions have been performed on a variety
of Si,Si’-substituted N,N'-bis(silylme-
thyl)propylene ureas. According to
electron-density atoms-in-molecules
(AIM) and electron localization func-
tion (ELF) quantum-topological analy-
ses, a transition from the unstable non-
chelate forms of these compounds to
mono- and bis-chelate forms results in
the successive interaction of one and
two tetracoordinate silicon atoms with

functional

Introduction

Although few in number, intramolecular complexes contain-
ing two acceptor silicon atoms anchored by a single donor
(D) center through Si«D —Si coordination bonding are of
chemical interest owing to their unusual structure and ster-
eodynamic behavior.!" In the known examples, a vicinal (as
in 1" and 20) or geminal (as in 3!'") disposition of silicon
atoms in the main molecular framework imposes severe lim-
itations on their internuclear distance (dg;_g). Therefore, the
formation and stability of donor-bridged structures of this
type are, to a large extent, a result of the steric constraints
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Cartesian coordi-
nates of all investigated structures, the absolute and relative values of
the total energies, enthalpies and Gibbs free energies (7=298.15 K,

1 atm) of structures 4-12 calculated at the different theoretical levels
as well as the B3LYP/6-31G* dipole moments of these structures.
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the carbonyl oxygen and the formation,
respectively, of one and two covalent,
polar Si---O bonds. This previously un-
known X—Si+—0O—Si—X type of bond-
ing in isomers possessing an anchor
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structure may be classified as a five-
center, six-electron (5c-6e) bond. The
factors that favor the existence of
Si,Si’-substituted N,N'-bis(silylmethyl)-
propylene ureas exclusively in the form
of stable, bridged complexes (the size
of equatorial ligands and the electrone-
gativity of axial substituents at the sili-
con atom, change in the donor capabil-
ity of the carbonyl group, and effect of
the polar solvent) are discussed.

of the attractive interactions of the two silicon atoms with
the donor atom of an appropriate size and basicity (halide
anion or ether oxygen).

The recently proposed method for the preparation of
N,N'-bis(dimethylhalogensilylmethyl)propylene ureas (halo-
gen=Cl (4), Br (4)) provides a route to another structural
organization of intramolecular donor-bridged silicon com-
plexes.” Indeed, contrary to compounds 1-3, the stability of
the possible anchor (bis-chelate) structure of various Si,Si'-
substituted N,N'-bis(silylmethyl)propylene ureas should
depend only on the nature of the substituents at the silicon
atom. However, it is difficult to establish the nature of this
dependence a priori as there is no theoretically justified
model describing the effects of medium and silicon substitu-
ents on the properties of the Si+—O—Si anchor bonding.”!
This hinders both the targeted synthesis of the anchor-
bonded intramolecular silicon complexes and the interpreta-
tion of the existing experimental information on 4 and 4.
Indeed, the chemical equivalence of the two silicon atoms
observed in the ?Si NMR spectra of these compounds may
be indicative either of a pendulum (degenerate isomeriza-
tion of the two mono-chelate forms being fast on the NMR
timescale) or anchor structure.

We undertook an ab initio and DFT study of the struc-
tures of Si,Si’-substituted N,N’-bis(silylmethyl)propylene
ureas 4-12 to gain an insight into the factors facilitating

WWILEY

lnters_c_ien_ce‘ — 2021




CHEMISTRY=

A EUROPEAN JOURNAL

=/ Mono-chelate structures 4b—
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Si Si< /Su S|\ the mono-chelate an .

F F D D % N 20 /O—\< cl® forms .of 4-12 (A=0), which

\3| s( IIIII N\(?\l Si /S'\ @N may interconvert, have one

/ D—S'fD/ \ ' e) N\‘ ''''' penta- (denoted as Sil) and one

K* - [18]-crown-6 { tetracoordinated (Si2) si.licon

1 (Y=F Ph) 2 (D=F, OMe) 3 atom. They are energetically

X=ClY=Me (4), H (5),

N N F (6), CI(7), Br (8);
Y = H: X = HO (9), F (10),
X8 0 SVX g4y Me (12)
4-12

their existence in the bis-chelate form and the nature of the
previously unknown multicenter X—Si«+0O —Si—X bond.

Results and Discussion

Geometry and energetics of N,N'-bis(silylmethyl)propylene
ureas: The energies and selected geometry of the most sig-
nificant ground- (1=0) and transition-state (1=1) structures
of N,N'-bis(silylmethyl)propylene ureas 4-12 in their non-
chelate (a), mono-chelate (b), and bis-chelate (¢) forms, dis-

3 Y4 5 4
Y o N2 N!
YZXSi\/NYN\/SiXYz Shss Y N
5 o—d
2y \1{1
a b

tinguished by the coordination number of the silicon atoms,
are collected in Table 1, Table 2, and Table 3.

Non-chelate structures 4a-12a: Non-chelate structures
4a-12a correspond to potential energy surface (PES)
minima (4=0) and are characterized by Cs symmetry with a
tetrahedral configuration of bonds at the silicon atoms and
dihedral angles for Si-C-N-C1 of 95-108°. In these structures
(as well as in the b and ¢ isomers) the urea six-membered
CNCCCN cycle adopts an envelope conformation: the C6
atom deviates from the C1-C4-C5 plane in the opposite di-
rection to that of the silicon atoms and the degree of pyra-
midalization of the two nitrogen atoms is insignificant. Judg-
ing by the values of the differences between the total ener-
gies of the non-chelate a and chelate b and ¢ forms (AE,_,
and AE,_.), the existence of the studied compounds in the a
form is practically excluded (see Table 1).
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more favorable (by 1.9-

9.0 kcalmol™') than the non-

chelate a forms. At the same
time, only molecules 4, 7, and 8, with form b (b’) being their
most stable isomer, adopt pendulum structures.

We located two mono-chelate minima (b and b,) on the
PES of 4, which differ in their Si2-C3-N2-C1 angles (96.1
and 40.3°). The latter conformer is more stable by 0.28 kcal
mol .

N _ N

XY, Si p q Si-YoX
2 \/Y7 {Y\/ 2

O—g; YoX XYy si<©
b b'

The calculated internuclear Sil--O distances (ds; o) in 4b—
12b are significantly shorter than the sum of the van der
Waals radii of silicon and oxygen atoms (3.62 A) and are
markedly longer than the sum of their covalent radii

(1.83 A). This points to the for-
mation of an additional Si—O
m coordinate bond, which closes a

N N virtually planar chelate cycle

{ Y 7 and increases the coordination

O~ number of the Sil atom to five.
/SI" »SI\X

\l{ Y | As the value of the parameter

c v 7. (see Table 2 and Table 3) is
between that characteristic of a
tetrahedron (7,=0%) and an
“ideal” trigonal bipyramid (.=

100%), the Sil polyhedron adopts, to a large extent (with

the exception of that of 12), the structure of a distorted

trigonal bipyramid (TBP).

In the series 5b and 9b-12b, which have the same equato-
rial substituents Y=H, a good correlation is obtained be-
tween the changes in dg;_o, 7., and AE,_, caused by the var-
iation of the axial substituent X (see Figure 1) as is expected
for O—Si mono-chelates.! An increase in the nucleofugality
of X (CH;<OH<F<Cl<Br) results in a strengthening of
the Si1-O bond (decreasing dg;-o) and an increase in the
pentacoordination character of Sil (1) and its complex sta-
bility (AE, ). In contrast, by varying the equatorial sub-
stituents Y, no correlation between changes in dg;_q, 7., and
AE, , was observed in the series 4b-8b, which have axial
substituents X = Cl. Nevertheless, an increase in the electro-
negativity of Y (CH;<OH <Br<CIl<F) results in the ex-
pected shortening of both axial X—Sil and Sil—O bonds at

Chem. Eur. J. 2006, 12,2021 -2031
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Table 1. Relative energies with and without ZPE corrections and the number of Hessian eigenvalues (1) for molecules 4-12 calculated at the B3LYP/6-

31G* and MP2/6-31G* (in parentheses) levels of theory.l!

X Y AE [kcalmol™] AE , zpg [kealmol ™ 2

a b c a b c a b c

4 Cl Me 5.0 0.3, 0.0" 0.8 4.5 0.3, 0.0 0.5 0 0,0 1

(6.4) (1.6), (0.0) 1.9)

5 Cl H 14.1 4.6 0.0 132 44 0.0 0 0 0
(14.6) (5.1) (0.0)

6 Cl F 9.7 1.9 0.01, 0.0" 9.3 2.1 0.0, 0.1 0 0 1,0
(11.4) (2.8) (0.03), (0.0)

7 Cl Cl 5.0 0.0 43 4.6 0.0 3.8 0 0 1

8 Cl Br 52 0.0 24 4.6 0.0 1.9 0 0 1

9 OH H 7.8 2.9 0.0 7.2 2.8 0.0 0 0 0

10 F H 13.8 4.8 0.0 13.0 45 0.0 0 0 0
(14.6) (5.6) (0.0)

11 Br H 13.9 4.1 0.0 13.1 4.0 0.0 0 0 0

12 Me H 3.6 1.4 0.0 32 13 0.0 0 0 0

[a] The energies of the most stable isomers were taken to be equal to zero values. [b] Data for the 4b, and 6¢, isomers are given in italics.

Table 2. Selected bond and bridge lengths, angles, and structural characteristics (7.) of the pentacoordinate silicon atom for stable isomers of 5, 6, 10,
and 11 calculated at the B3LYP/6-31G* and MP2/6-31G* (in italics) levels of theory.

dsi-si [A] dsir-o [A] dxisn [A] dero [A] X-Sil-Y [ Y-Sil-Y [°] C1-0-Sil [°] Sil-C2-N1-C1 [°] e [%]
Sa 2.091 1.231 107.8 109.7 —98.8
2.070 1.238 108.1 110.3 -97.3
5b 2129 2.185 1.263 98.1 118.2 111.3 —4.2 86
2133 2.154 1.268 98.6 118.3 110.6 —06.9 85
Sc 4.370 2.311 2.146 1.269 101.4 117.2 109.0 —7.2 72
4.310 2.279 2122 1.276 101.5 117.3 109.0 —9.3 73
6a 2.055 1.231 108.4 106.4 —108.1
2.032 1.238 108.6 106.7 —104.0
6b 2.014 2.150 1.268 97.0 115.4 113.0 2.2 90
2.018 2.119 1.272 97.4 115.4 112.3 -3.0 90
6¢ 4222 2.246 2.110 1.272 100.7 114.6 109.9 —4.5 75
4.141 2.205 2.086 1.280 100.7 114.7 110.1 —6.3 77
10a 1.620 1.231 108.4 109.8 —102.6
1.625 1.237 108.3 110.7 —100.0
10b 2.216 1.649 1.255 101.7 117.4 110.5 —6.1 74
2.191 1.657 1.263 101.2 117.7 110.0 —9.6 77
10¢ 4.440 2.344 1.640 1.264 103.6 116.6 108.7 -84 64
4.346 2.297 1.648 1.272 103.0 117.1 108.9 —11.3 68
11a 2.238 1.231 107.7 109.8 -98.9
11b 2.123 2.339 1.263 97.7 118.3 111.4 -3.7 87
1lc 4.331 2.294 2297 1.269 101.1 117.3 109.2 —6.2 72

[a] The mean value of the X1-Sil-Y1 and X1-Sil-Y2 angles.

the TBP Sil atom. Experimentally a similar effect has been
illustrated by X-ray crystallography of some N—Si and O—Si
chelates.!

Bis-chelate structures 4 c—12 c: Judging by the AE,_, values
(Table 1), molecules 5 and 9-12 exist predominantly in the
symmetric bis-chelate form ¢, which is characterized by the
pentacoordination of both silicon atoms with virtually flat
five-membered SiCNCO heterocycles.

On the PES of 6 we found two isomers very similar in
energy and possessing an anchor structure, the first (¢, 1=1)
has equivalent and the second (¢,, 1 =0) slightly different in-
ternuclear Si—O distances (Adg; <0.05 A). The symmetric
form 6¢ is more favorable (by 0.1 kcalmol ') than the non-
symmetric 6¢, only if the zero-point energy (ZPE) is taken
into account.

Chem. Eur. J. 2006, 12,2021 -2031
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The anchor structures 4¢, 7¢, and 8¢ are unstable and are
related to the transition state (1=1) of the intramolecular
“flip—flop” rearrangement of the degenerate mono-chelate
b=b’ forms of 4, 7, and 8. However, the corresponding bar-
riers are not high (<4 kcalmol™). Therefore, molecules 4b,
7b, and 8b may be considered to be symmetric in a dynamic
sense. This conclusion is consistent with the equivalence of
the silicon nuclei observed experimentally in the *Si NMR
spectra of 4.7

The change in the status of the bridge structure for Se,
6¢, and 9c¢-12¢ from a PES minimum to a transition-state
structure for 4c¢, 7¢, and 8¢ is associated with the potential
function describing the movement of the silicon atoms of 4-
12 relative to the carbonyl group. This function, AE“~=f(q),
where E%— is the total energy of the studied molecules at a
fixed internuclear Si1—Si2 distance and g = (dg;-o—dsp-0)/2,
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Table 3. Selected bond and bridge lengths, angles, and structural characteristics (7.) of the pentacoordinate silicon atom for stable isomers of 4, 7-9, and
12 calculated at the B3LYP/6-31G* and MP2/6-31G* (in italics) levels of theory.

dys[Al  dyolAl  dusilAl  daolAl  XSILY[P  YSIY[]  CLOSIL[]  Si-CZNLCL[]  5.[%]
4a 2.120 1.239 107.2 1129 -95.1
2.093 1.245 107.5 113.0 —96.2
4b 2.246 2.209 1.260 98.7 118.0 110.5 -3.5 88
2219 2.173 1.266 99.5 118.4 110.1 —6.2 86
4b, 5.005 2.441 2.174 1.257 100.8 117.6 107.5 1.4 79
(2.731)" (2.144) (103.6) (115.9) (101.2) (40.3)
4.803 2.338 2.151 1.266 100.4 118.5 108.4 0.5 82
(2.643) (2.118) (103.4) (116.8) (101.2) (44.7)
Ta 2.068 1.230 108.8 108.0 —103.5
7b 2.037 2.164 1.268 97.3 116.5 113.0 -1.7 91
8a 2.073 1.231 109.2 109.4 -99.6
8b 2.025 2172 1.270 97.1 116.9 113.0 —4.4 92
9a 1.677 1.235 110.9 108.3 —105.5
9b 2.339 1.702 1.250 105.6 113.8 108.4 —14.5 60
9¢ 4.688 2.454 1.693 1.254 107.2 1132 106.6 —18.6 50
12a 1.893 1.233 109.3 108.4 -98.0
12b 2.558 1.909 1.239 105.8 113.4 105.2 -21.6 41
12¢ 5.041 2.625 1.905 1.243 106.6 112.8 104.0 -28.0 35
4.958 2.599 1.898 1.250 106.8 113.1 103.1 -36.2 35
[a] Mean value of the X1-Sil-Y1 and X1-Sil-Y2 angles. [b] The structural parameters for the second silicon atom are given in parentheses.
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Figure 1. Relationship between the pentacoordinate character of the Sil 8
atom (7.), the complex stability (AE,_,), and the Sil—O bond length '\ dsisi= 5.6 A /'
(dgi-o) of the mono-chelate forms 5b, and 9b-12b as calculated at the T 6+ \ }
B3LYP/6-31G* level of theory. \ /
AE / keal molT, | ’\ /
\ Bl N /
an antisymmetric coordinate, was determined at the MP2/6- 24 \ /’
31G*//HF/6-31G* level of theory by using molecule § as an | J
example (see Figure 2). 04 .\. f
At relatively large dg g values (>5A) the AE%s=f(q) ‘ . . i .
relationship has a double-hollow character. The minima of -1.0 05 O)OA _0;5 1.0
q

this function correspond to the mono-chelate forms b and
b’, and its transition state is related to a symmetric bridge
structure. The main change in the form of the potential is
observed at dg g <5 A; it becomes a single-hollow with the
isomer ¢ possessing an anchor structure at its minimum.

It is important to emphasize that the sections through the
PES on the coordinate dg; g;=const presented in Figure 2
are similar to those known for the symmetric classic charged
hydrogen-bridged structures of the [A—H—A] type.!

Among the factors that favor a decrease in the internu-
clear Si—Si distance in the ¢ form of the cycloureas 4-12 and
thereby increase the probability of their existence in the
form of stable intramolecular silicon complexes possessing
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Figure 2. MP2/6-31G*//HF/6-31G* sections through the potential energy
surface of molecule 5 on the coordinate dg;_g;=const.

an anchor structure, mention should be made of the follow-
ing points.

Decreasing the size of the equatorial ligands Y: According to
the results of the calculations at the B3LYP/6-31G* level of
theory, the dg g values in the series 4c—8¢ increase in the
following sequence: F (6¢: 422 A)<H (5¢: 437 A)<Br
(8¢: 4.85 A)<Cl (Tc: 492 A)<CH; (4¢: 5.15 A). The struc-

Chem. Eur. J. 2006, 12,2021 -2031
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tures 4¢, 7¢, and 8¢ with the bulky equatorial substituents
CH;, Cl, and Br are character-
ized by relatively large dg g
values and do not correspond
to PES minima. By replacing
N one equatorial methyl group at
each silicon atom of 4 with a
less bulky hydrogen atom we
obtained 13. Its bis-chelate
form is a PES minimum being
13 energetically more advanta-
geous than the mono-chelate
13b by 2.8 kcalmol™'. Sympto-
matically, when the equatorial hydrogen atoms in 5c¢ are re-
placed by fluorine atoms, being more electronegative and
having a larger size, a significant decrease, judging by the
AE,_. values, in the stability of corresponding species 6c¢ is
observed though the dg; g distance is shorter.

The transition from the mono-chelate b to the bis-chelate
¢ forms of 4-12 results (see Table 2 and Table 3) in an ap-
preciable lengthening of the Si<—O bond (Adg o=ds o'~
ds o") and a decrease in the pentacoordinate character of
the silicon atoms. The main reason for this apparently lies in
repulsive interequatorial Y—Y interactions that are typical
of anchor structures. The Adg o values do not exceed 0.2 A
for molecules 5 and 9-12 and exceed 0.4 A for 4,7, and 8.
Molecule 12 with the least stable mono-chelate form experi-
ences the smallest change in dg;_, (Ads_o=0.06 A) of 4-12
upon b—c isomerization.

Increasing the electronegativity of the axial substituents X:
The calculations at the B3LYP/6-31G* level of theory pre-
dict that values of dg;_g; for the bis-chelate forms of the dihy-
drides 5 and 9-12 increase in the order 11¢ (4.33 A)<5c
(437 A)<10c¢ (4.44 A)<9c¢ (469 A)<12¢ (5.04 A), which
suggests a decrease in the bridging Si—O —Si bond distance
with increasing nucleofugality of the axial substituents X
(Me <HO <F < Cl<Br). At the same time, judging by the
AE,. . values (Table 1), the stability of the anchor structures
5c¢ and 9c-12c¢ increases with increasing electronegativity
(Me <HO <Br<CI<F) rather than nucleofugality of X,
meanwhile the stability of mono-chelates 5b and 9b-12b
relative to non-chelates Sa and 9a-12a increases with in-
creasing X nucleofugality.

Increasing the donor capability of the carbonyl group: Re-
placement of one of the hydrogen atoms at each of the C4
and C5 carbon atoms of the urea CNCCCN cycle of bis-che-
late 5¢ with a o-donor SiH; group shortens the internuclear
Si-Si distance by 0.110 A and the Si—O bond by 0.037 A
and markedly increases (by 0.9 kcalmol ™) its stability with
respect to the related b form. The predicted lengthening (by
0.003 A) of the C—O bond in isomer ¢ corresponds to an in-
crease in the donor capability of the oxygen atom. This ex-
ample strongly suggests that variation of the surroundings of
the carbonyl group can efficiently affect the geometry and
stability of the anchor forms of molecules 4-12.

Chem. Eur. J. 2006, 12,2021 -2031
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Transition from the gas phase to polar solution: According
to the calculations at the B3LYP/6-31G*-SCRF level of
theory (Table 4), a polar medium (with dielectric constant
£=45.0) results in a significant increase in the anchor
Si—O—Si bond strength (a decrease in dg g and dg o
values) of bis-chelates 5¢ and 6¢ and their increased stabili-
zation with respect to mono-chelates 5b and 6b.”

The energy differences between the nonequilibrium ¢ and

Table 4. Changes in the Si—Si bridge (Ads;_g) and Si—O (Adg;_o) bond dis-
tances of the bis-chelate species 4c—7¢ and their stability (AAE,_,) upon
transition from the gas phase (B3LYP/6-31G*) to polar solution (B3LYP/
6-31G*-SCREF, £=45.0).

4 (X=Cl, 5(X=Cl, 6(X=0aQ, 7 (X=Cl,
Y =Me) Y=H) Y=F) Y=Cl)
Adg; 5 [A] —0.063 —0.229 —0.219 —0.148
Adg; o [A] —0.030 —0.103 —0.101 —0.070
—0.097
AAE, . —4.340 1.48 1.22 —0.02
[keal 'mol ™

[a] Data for the nonsymmetric bis-chelate form 6c¢, which is
1.9 kcalmol ' more favorable in the polar solution than the symmetric
6c¢. [b] In polar solution the mono-chelate isomer b, is energetically less
favorable (by 2.9 kcalmol ') than isomer b.

equilibrium b forms of compounds 4 and 7 in polar solution
are greater than those in the gas phase. Curiously, in solu-
tion, as opposed to in the gas phase, molecule 6 has predom-
inantly a nonsymmetrical ¢, structure whilst conformer b of
compound 4 is more stable than b,.

Thus, polar media ensure the stabilization of the anchor
structures of Si,Si’-substituted N,N’-bis(silylmethyl)propy-
lene ureas stable in the gas phase and increase the barrier to
the “flip—flop” rearrangement of the pendulum structures.

The X—Si bonds at the pentacoordinated silicon atom in
bis-chelates 5S¢, 6¢, and 9c-11c¢ are markedly longer than
those at the tetracoordinated silicon in non-chelates Sa, 6a,
and 9a-11a, and the shorter the dg; g bridge distance in Se,
6¢, and 9c-1lc, the greater the difference between these
bonds. Such an effect (existence of an inverse correlation
between the axial bonds) is typical of TBP silicon atom
compounds and has been repeatedly observed experimental-
ly.[4a,c,d4,8]

An important consequence of the interaction of the two
electrophilic silicon sites in the ¢ form (or single site in form
b) of compounds 5, 6, and 9-12 with the carbonyl oxygen is
a lengthening by 0.01-0.04 A of the C—O bond."” Relatively
large Adc o [Adc o=dc o*—dc o*™] values occur for struc-
tures S¢, 6¢, and 11¢ which have the strongest O —Si bonds.
In magnitude the increasing Ad._o values compare well with
those known for complexes of Lewis acids (for example,
AICl;, AlH;, BF;, and BH;)!" with carbonyl-containing mol-
ecules and point to a noticeable activation of the C-O bond
in the formation of O—Si chelate forms of the studied cyclo-
ureas. In marked contrast to the situation with intermolecu-
lar complexes,'” a reduction in the stability of 5¢, 6¢, and
9c-12¢ (see Table 1, Table 2, and Table 3) is accompanied
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by a decrease rather than an increase in the Si-O-C bond

angle describing the approach of the acid center to the O—C
fragment.

A maximum Adc_o value (0.15 A according to calcula-

tions at the B3LYP/6-31G* level

of theory) is observed for the

= dication 14, which is character-
N N ized by the shortestOSimSi con-
( Y w tact °(d51—5i:3~503 A;  dg o=
O 1.879 A) of the species studied

He S S\' "H in this work.
H 14 H The results of the computa-

tions on the a—c isomers of mol-
ecules 4-6, 10, and 12 at the
B3LYP/6-31G* and MP2/6-
31G* levels of theory are in good agreement (see Table 1,
Table 2, and Table 3). Differences in the values of the tor-
sion and bond angles do not exceed 5 and 1°, respectively,
and the maximum difference in the bond lengths (< 0.06 A)
is reached when estimating the Si—O and X—Si bond distan-
ces of the hypervalent X—Si<—O fragment. Judging by the
AE, ,, and AE,_. values (without the ZPE correction), the
B3LYP/6-31G* method underestimates (by less than 1 kcal
mol ') the stability of the chelate b and ¢ forms compared
with the MP2/6-31G* method.

By using 10 as an example, we found that extension of the
basis set from 6-31G* to 6-311+G* at the MP2 and B3LYP
levels of theory results in insignificant changes in the esti-
mates of the structural and energetic characteristics of 4-12.
At the B3LYP level of theory, the bond lengths, bond
angles, and AE, . values change by <0.03 A, <2° and
<0.4kcalmol™!, and with MP2 by <0.02A, <2°, and
<0.1 kcalmol™!, respectively. Note that by using the 6-311+
G* rather than the 6-31G* basis set the quantitative discrep-
ancy between the results of the MP2 and B3LYP calcula-
tions for 4-12 may decrease. Indeed, the values of dg; -
(B3LYP)—ds; o(MP2) and AE, (B3LYP)—AE, (MP2) for
10a are equal to 0.046 A and 0.79 kcalmol ' using the 6-
31G* basis set and 0.029 A and 0.50 kcalmol ! using the 6-
3114 G* basis set, respectively.

The nature of the Si<—O bond in the mono-chelate forms
and the Si—O —Si bonds in the bis-chelate forms of Si,Si'-
substituted N,N -bis(silylme-
thyl)propylene ureas: By using
compound S as an example, we
determined that there are three
maxima [(3,—3) critical points]

Table 5. Properties [r,

two correspond to the electron pairs (EP)!"” that can inter-
act with the silicon atoms. The electron properties of these
maxima differ noticeably in forms a—c (Table 5). The EPs of
the oxygen atom in the bridge structure ¢ are more delocal-
ized than the unambiguously nonbonding (lone) EPs (LPs)
of the non-chelate isomer a and are characterized by a
smaller radial curvature u; and electron-density concentra-
tion v/%0(r,) and a greater distance from the oxygen atom 7,.
According to Bader et al.,™*! this reflects their bonding char-
acter. In the mono-chelate form 5b the electron properties
of maximum 1 (see Table 5) are similar to those of 5¢ and
the properties of maximum 2 resemble those of Sa. Both
EPs in the anchor structure and one in the pendulum com-
plex are oriented toward the corresponding silicon atoms.
This is evident from a comparison of the 1-O—2 angle be-
tween the oxygen electron pairs and the Sil—O—-Si2 bond
angle of 5c¢ as well as the 1-O—C1 and Sil—O—C1 angles of
Sbh.

As postulated in the well-known structural model of Gil-
lespie et al.,'**! the bonding EPs should be smaller in size
than the nonbonding ones. A graphic illustration (see
Figure 3) of the shape and size of the carbonyl oxygen EPs
in isomers a-c¢ of molecule 5 was obtained by locating the

HgCISlx\/N Nw_-SiCIH;
o
(a)

N
o e
o b)
'y ()
e°9
\_/ v c— ',H o ?‘\cw
H H (C)

Figure 3. Domains of the electron localization function [ELF=0.86, MP2-
(full)/6-31G* wave functions] in the vicinity of the oxygen atom of the
non-chelate (a), mono- (b), and bis-chelate (c¢) forms of molecule 5.

—%0(r.), u3]® of the two maxima of the negative density Laplacian —</%o(r.) and
bond angles between atoms and LPs in the vicinity of the carbonyl group oxygen atom for species Sa—c deter-
mined at the MP2/6-31G* level of theory.

of the negative Laplacian of the Form  Maximum® 7, —-Vor) 1-0-2  Si1-0-8i2  1-0-C1  si1-0-C1
electron density [—v2o(r.)] in [A] [ea, ] [°] [°] [°] [°]
the vicinity of the carbonyl a 1(2) 0.639 5.629 637.6 147.9 106.1
oxygen atom of the non-, mono-, P 1 0.649  4.862 5493 1456 110.9 110.6
and bis-chelate isomers of 4-12 2 0.640 473 624.9 103.5

[ 1(2) 0.648 4.943 561.4 142.8 142.0 108.6 109.0

as in the formamide molecule.""!

One of them, located in the in-
ternuclear C--O region, is of
little interest to us. The other
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[a] ry is the distance from the respective maximum to the oxygen atom and u; is the radial curvature of /.
[b] The maximum denoted by 1 is the maximum located at the side of Sil and that denoted by 2 is located at
the side of Si2. [c] The bond angle between the LPs of the oxygen atom. [d] The bond angle between the
atoms C1, O, and one LP of the O atom.
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domains of the electron localization function!™ in the vicini-
ty of the oxygen atom. Figure 3 shows clearly that the EPs
in the anchor form are markedly smaller in size than those
in the non-chelate form, whereas in the mono-chelate form
one localization domain (oriented towards the Sil atom) is
reduced in size relative to the another.

Selected results of the topological analysis of the electron
density p of the stable chelate forms of 4-12 by the AIM ap-
proach™! at the B3LYP/6-31G* level of theory are present-
ed in Table 6. They confirm the bis-chelate structures of Se,
6¢, and 9c-12¢ by the detection of two (3,—1) bond critical
points (BCPs) in the O—Sil and O—Si2 internuclear regions
of the Si--O--Si bridge and two (3,+1) ring critical points
(RCP) in the centers of five-membered SiCNCO heterocy-
cles. Mono-chelates 4b-12b are characterized by only one
BCP(Si—O) and one RCP in the SiCNCO fragment. The
molecular graph of the chelate forms of molecule 5
(Figure 4), which follows from the quantum-topological
analysis of the electron distribution, is consistent with their
suggested structures and is typical of the chelate forms of 4-
12.

At the BCP(Si«O) of the pendulum and anchor isomers
of 4-11, the Laplacian of the electron density [vo(r.)] is
positive whilst the electron energy density [E(r.)] is negative
(see Table 6). Analogous AIM characteristics are typical of
all the X—Si bonds known in the literature (X=0, NH, C,
Cl, Br) regardless of the coordination number (4, 5, or 6) of
the silicon atom."*!*) Bonds with such topological character-
istics [v*0(r.) >0 and E(r.)<0] have been assigned™®*'" to
the intermediate type of interatomic interactions (transit
closed shell class): they are ionic as judged by the magnitude
and positive sign of /*o(r,) at the related BCPs, but cova-
lent based on the negative sign and the absolute value of

Table 6. Electron density [o(r.)], Laplacian [/?0(r.)], and electron energy density [E(r,)] at (3,—1) bond criti-
cal points of the Si—O bonds in the mono- and bis-chelate forms of 4-12 calculated at the B3LYP/6-31G* level

FULL PAPER

4
B

Figure 4. Molecular graphs of the mono-chelate b (top) and bis-chelate ¢
(bottom) isomers of molecule 5. The bond critical points are denoted by
solid squares, and the ring critical points are designated by large open
cycles.

E(r.). We used the criteria of Cremer and Kraka"**"! to gain
an insight into the nature of the Si<—O bonds in 4-12, that
is, to determine which component, ionic or covalent, is dom-
inant in these bonds. A corresponding analysis of the topo-
logical properties at BCP(Si<Q) (see Table 6) suggests the
Si—O bonding in chelate struc-
tures 4-11 (excluding species
9¢) has a highly polar, covalent
character. The O--Si interac-

tions in 9¢, 12b, and 12¢ may

of theory.!

X Y o(r) [eA7] vo(r) [e A7) E(r,) [hartree A7) Bond character!
4b Cl Me 0.275 1.137 —0.09 weakly covalent
4b, Cl Me 0.203 1.087 —0.04 weakly covalent

0.132 1.171 0.00
5b Cl H 0.325 2.077 —0.12 weakly covalent
Sc Cl H 0.240 1.222 —0.06 weakly covalent
6b Cl F 0.406 3.326 —0.16 weakly covalent
6¢ Cl F 0.274 1.034 —0.09 weakly covalent
7b Cl Cl 0.407 2.799 —0.17 weakly covalent
8b Cl Br 0.416 3.047 —0.17 weakly covalent
9b OH H 0.234 1.190 —0.06 weakly covalent
9¢ OH H 0.193 1.187 —0.03 ionic
10b F H 0.281 1.455 —0.09 weakly covalent
10¢ F H 0.226 1.243 —0.05 weakly covalent
0.2279 1.389 —0.05 weakly covalent
11b Br H 0.329 2.153 —0.12 weakly covalent
11c Br H 0.247 1.259 —0.07 weakly covalent
12b Me H 0.170 1.096 —0.02 ionic
12¢ Me H 0.154 1.094 —0.02 ionic

be assigned to ionic-type bond-
ing. These species are charac-
ionic terized by the largest dg o
values in the series 4-12.

Species 5S¢, 6¢, and 9c-12¢
are characterized by smaller
p(r.) values and a less negative
E(r.) value at BCP(Si—O) than
5b, 6b, and 9b-12b. This sup-
ports the conclusion made earli-
er (comparing the dg o values)
about the weakening of the Si—
O bonds on going from mono-
to bis-chelates.

The mono-chelate isomer b,
of molecule 4 has two BCPs-

[a]lau of p=1ea,>=6.748cA;

were performed at the B3LYP/6-311 + G(d) level of theory.

Chem. Eur. J. 2006, 12,2021 -2031

lau of ’p=1ea, =24.099 A,
6.748 hartree A, [b] Determined according to the quantitative criteria given by Cremer and Kraka and co-
workers."! [c] Data for the second silicon atom. [d] Geometry optimization and wavefunction computations
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lau of E(r)=1¢a,*=

(Si—O) (see Table 6). However,
the density characteristics of
these BCPs suggest the forma-
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tion of a covalent bond between only the oxygen and Sil
atoms with the O--Si2 interaction being of an ionic nature.

With 10¢ we have demonstrated that the basis-set size
only slightly affects the values of p(r.) and E(r.) used for de-
termining the nature of the bond interaction using the crite-
ria of Cremer and Kraka.['*"]

Taking into account the mechanism of formation (involv-
ing a lone electron pair of the donor center) of the Si—O
bond in the molecules studied, this bond should be de-
scribed as a dative or a donor-acceptor bond.'” A change
in the nature of such bonds from covalent to ionic, depend-
ing on the properties of the donor and acceptor fragments,
has been demonstrated with a wide range of intermolecular
complexes using the AIM approach.” The results presented
in Table 6 show that a similar situation takes place for the
dative Si<—O bonds in the series of chelate structures 4-12
as well, according to the AIM criteria of Cremer and Kraka
and co-workers.!"!

As a rule, the relatively low values of p(r.) and E(r.) at
the (3,—1) critical points of the dative bonds pose major
problems when determining the nature of such
bonds.['%17*21 Tn connection with this it is worthwhile using
the strength of the ELF analysis."" The examples of mole-
cules 5c¢ and 12 demonstrate that the ELF analysis and the
analysis based on the AIM criteria of Cremer and Kraka
and co-workers!™®! (see Table 6) lead to similar conclusions
concerning the character of the Si<—O bonds in chelates 4-
12. Indeed, the valent basin V(Si,0) in 5¢ has a disynaptic
character, that is, according to Silvi and Savin,*' the EPs of
the carbonyl oxygen atom are shared between the cores of
the silicon and oxygen atoms. This is indicative of the cova-
lent nature of the Si«—O bonds in Sec. In contrast, the synap-
tic order of the basins of weaker Si«O dative bonds in 12¢
is equal to unity. In this case the EPs belong only to the
oxygen atom and the Si«O bonds are ionic.

The results of the NBO analysis of 5¢ and 9¢-12¢ pre-
sented in Table 7 give us an insight into the donor-acceptor
interaction between the C—O and XSiY, fragments of the
anchor structures on an orbital level. They are indicative of
the involvement of both LPs (LP1 and LP2) of the carbonyl
oxygen in the formation of the X—Si—0O—Si—X bridge. An

Table 7. NBO characteristics [An(LP), n(0%sx), Eipg: ] of bis-chelates
5c¢ and 9¢-12¢ according to HF/6-31G*//B3LYP/6-31G* calculations.

X Y An(LP1) An(LP2) n(0*g-x) Eipgg o
[e]®™ [e]® [e]® [kcal 'mol ']
LP1 LP2
11¢ Br H 0.091 0.135 0.066 12.8 7.2
5¢c CI H 0.087 0.135 0.063 11.4 6.6
10¢ F H 0.074 0.131 0.061 8.9 5.7
9¢ OH H 0.063 0.129 0.051 7.0 4.6
12¢ CH; H 0.051 0.126 0.034 4.7 3.1

[a] An(LP)=2-n(LP) is a decrease in the population (n) of the orbital
(LP1 or LP2) of the oxygen atom electron pair with respect to the popu-
lation of the unperturbed LP orbital (n=2). [b] Population of the anti-
bonding orbital (0% x) of the Si—X bond. [c] The energy of interaction
between the LP1 (LP2) orbital of the oxygen atom and o*g x (calculated
using second-order perturbation theory).
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increase in the acceptor ability of the Si—X bond (Si—CH; <
Si—OH < Si—F < Si—Cl < Si—Br) in 5¢ and 9¢-12¢ is accom-
panied by a decrease in the dg values and an increase in
the energy of interaction of the oxygen LPs with the anti-
bonding orbitals (0*_x) of the Si—X bonds (Ejps, ) and
low electron-density transfer from LP1 and LP2 to o*g x
(Figure 5). Similar behavior has previously been established
for the O—Si mono-chelates that possess a Si<—O coordina-
tion bond.!'%*"!

14 T T T T
e 10.09
Ek |
. 10.08
Eipo,, | 101 ° An(LP)/
kcal mol-1 o 10.07 e
a 8_ . [ ]
o 10.06
6-
e 1005
4 T T T T
2.3 2.4 2.5 2.6 2.7
dsio/ A —>

Figure 5. Relationship between the energy of interaction of the oxygen
LP1 orbital with 0% x (Erps ), the extent of the charge transfer from
LP1 to o*s_x [An(LP1)], and the Sil—O bond length (ds_o) for the bis-
chelate structures 5¢ and 9¢-12 ¢ according to calculations at the B3LYP/
6-31G* level of theory.

The values of Ejp,: , for LP1 and LP2 differ significantly.
Consequently we have considered a situation in which only
one atomic orbital (AO) of the oxygen atom (LP1) interacts
with the orbitals of two X—Si bonds when performing a
qualitative analysis of the conditions favorable for the elec-
tron stabilization of the bis-chelate forms of Si,Si'-substitut-
ed N,N'-bis(silylmethyl)propylene ureas. Corresponding to
this case, a simple MO diagram (one p-type AO from each
atom) for the formation of ¥,-¥5 MOs of the X—Si—0O—
Si—X moiety is presented in Figure 6.

The formation of the bonding ¥, MO and the lowering
(as a consequence of the interaction between LP1 and o%*g;_
%) of the two-node ¥; MO relative to the LP1 level can pro-

2 -
X ay .- 5
e(0"six) _ o " 0 B0 0 B @D Y
—z 2319 X 5
N ¥ e ®D « C@Coe Y
—ﬂ— "ﬁ" 4
lag, 7w, /8u(lP) C® eo @D oo C@ Y,
v, / &0 ce 0 C@ Y
T et R i * 2
e(osi-x) i _H_
g i e ce @0 ceo &0 ¥,
X-Si Si-X ¥ 0
X-Si X-Si-0-Si-X

Figure 6. Formation of MOs of the X—Si«—O —Si—X bridge fragment of
the stable anchor complexes of Si,Si’-substituted N,N'-bis(silylmethyl)pro-
pylene ureas from the og_x and 0%g_x orbitals of the Si—X bonds and one
p-type carbonyl oxygen LP.
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vide a five-center six-electron (5c-6¢) orbital stabilization of
the anchor structures. Indeed, among the molecular orbitals
of 4c¢-12¢ one can recognize those that correspond, accord-
ing to their amplitudes and node properties, to composite
¥,-¥5 MOs of the X—Si«+—O—Si—X fragment (see Figure 6
and Figure 7). This was demonstrated with 5¢ at the HF/6-
31G*//B3LYP/6-31G* level of theory.

Figure 7. Contour plots of the HF/6-31G*//B3LYP/6-31G* MOs of the
X—Si—0—Si—X fragment of species Sc¢ corresponding to the recon-
structed filled ¥,—%; orbitals. The increment between successive contours
is 0.01 bohr~". For clarity we have shown only the atomic orbitals of the
X, silicon, and oxygen atoms.

The results of this investigation will hopefully enable the
targeted synthesis of the first representatives of neutral in-
tramolecular silicon complexes possessing the previously un-
known multicenter X—Si«+0O —Si—X bond.

Conclusions
B3LYP and MP2 calculations virtually reject the existence

of the studied Si,Si’-substituted N,N'-bis(silylmethyl)propy-
lene ureas in their non-chelate forms. Their bis-chelate iso-

Chem. Eur. J. 2006, 12,2021 -2031
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mers, possessing electronegative axial (X=CIl, F, Br) and
relatively small equatorial (Y=H, F) ligands at the silicon
atom, are energetically more favorable (by more than
2 kcalmol™") than the mono-chelate isomers. Anchor struc-
tures with bulky substituents (Y =CHj, Cl, Br) are the tran-
sition states of the “flip—flop” rearrangement of mono-che-
lates which possess a pendulum structure. The Si—-C—N—C—
O heterocycles in the mono- and bis-chelate forms are
closed, according to the data from AIM and ELF analyses,
by weak covalent Si<O bonds, which are stronger in the
former than in the latter. In terms of MOs, the previously
unknown type of bonding in the X—Si«+O—S8i—X moiety of
the anchor chelates of Si,Si’-substituted N,N'-bis(silylme-
thyl)propylene ureas may be classified as a five-center, six-
electron (5c-6e) bond.

Experimental Section

General methods: The basic computations on species 4-12 were per-
formed with full geometry optimization at the B3LYP and MP2 levels of
theory using the 6-31G* (and also the 6-311+G* for 5) basis set in the
Gaussian 98?2 package of programs. The stationary points on the poten-
tial energy surface (PES) corresponding to the B3LYP-calculated struc-
tures were identified by the number (1) of negative Hessian eigenvalues.
Sections through the PES of molecule 5 for dg;_g;=const were determined
by varying the Si—O bond distances in the range of 1.8-2.7 A and by opti-
mizing all other geometrical parameters. The effect of solvent on the ge-
ometry of 4-12 was determined by using the Onsager reaction field
cavity model (SCRF).*! The Onsager radii of 4-12 were calculated quan-
tum chemically using the procedure described by Wong et al.*!l The sta-
bility of the studied complexes was estimated as the difference in the
total energies (corrected for zero-point vibrations) of the non- and
mono-chelate forms in the case of the pendulum structures (AE,_,) and
as the difference in the total energies of the mono- and bis-chelate forms
for the anchor structures (AE,_.). Because of the insignificant effect of
the correction for temperature on the values of AE, ,, and AE,_, for 4-12
the Gibbs free energies and enthalpies have not been discussed in the
text.””) The pentacoordinate character of the silicon atom was deter-
mined using Equation (1), where 6, are the equatorial angles at the sil-
icon atom.

b= 1210204 3" 0,)/(120-109.5) (1)

Analysis of the electron density in terms of the atoms-in-molecules
(AIM) theory!" was performed using the MORPHY1.0%! program. The
electron localization functions of Bekke and Edgecombe!'**! (ELF) were
calculated using the TopMod® program package and visualized using
the GOpenMol™! package of programs. The molecular orbital (MO) and
NBO! analyses were carried out on the B3LYP/6-31G* geometries and
the HF/6-31G* wavefunctions.*” Two-dimensional plots of the orbital
amplitudes were generated using the PLTORB program of the
GAMESSP! package of programs.

Overview of the atoms-in-molecules (AIM) theory: According to
Bader,"!! the topology of the electronic charge density [o(r)] gives an ac-
curate mapping of the chemical concepts of atom, bond, and structure.
The principal topological properties are summarized in terms of their
critical points (CP). A bond critical point (BCP) is found between each
pair of nuclei, which are considered to be linked by a chemical bond.
BCPs are denoted as (3,—1) CPs, they are characterized by two negative
curvatures (4;, 4,) and one positive curvature (4;). The ring CPs possess a
single negative curvature. Each BCP generates a pair of gradient paths
originating at this CP and terminating at neighboring attractors [which
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behave topologically as local maxima in p(r); usually attractors corre-
spond to the nuclear positions]. This gradient path defines a line through
the charge distribution linking the neighboring nuclei. Such a line is re-
ferred to as an atomic interaction line. The presence of an atomic interac-
tion line in such an equilibrium geometry indicates that the atoms are
bonded together.

The Laplacian of the electronic charge density [v/°o(r)] describes two ex-
treme situations. In the first p(r) is locally concentrated [/?o(r) < 0] and
in the second it is locally depleted [v’o(r)>0]. Thus, a value of
v2o(r.) <0 at a BCP is unambiguously related to a covalent bond, show-
ing that charge has been shared. In closed-shell interactions, a value of
V2o(r.) >0 is expected.

Cremer and Kraka and co-workers pointed out that an analysis of
2o(r.) is not always sufficient to distinguish between covalent and
closed-shell interactions.”®! The chemical bonding can be described suffi-
ciently only when both the electron-density-based criteria and the ener-
getic contributions are taken into account. They therefore proposed an
analysis of the electronic kinetic-energy density G(r.) and the electronic
potential-energy density V(r.) at the bond critical point since the magni-
tudes of both are related to the Laplacian by 2G(r)+V(r.)=
!, 7*0(r.)."Y For covalent bonds it has been shown that the local energy
density E(r.)=G(r)+ V(r.) is less than zero.™®! The sign of E(r.) deter-
mines whether the accumulation of charge at a given point r is stabilizing
[E(r,) < 0] or destabilizing [E(r.) > 0].1%3

Overview of the ELF analysis: The electron localization function (ELF)
was introduced by Becke and Edgecombe as a “simple measure of elec-
tron localization in atomic and molecular systems”, enabling regions of
space associated with different electron pairs to be defined.'>3?! The
original formula is based on the Taylor expansion of the spherically aver-
aged conditional same-spin pair probability density to find an electron
close to a same-spin reference electron. This definition gives ELF values
between 0 and 1, with large values when two antiparallel spin electrons
are paired in space and small ones in regions between electron pairs.
Considering the scalar character of the ELF function, analysis of its gra-
dient field yields its attractors (local maxima) and its corresponding
basins (domains). There are two types of basins: the core basins labeled
by C(atom symbol) and the valence basins V(list of atoms). The valence
basins are characterized by their synaptic order (the number of core
basins with which they share a common boundary). Accordingly, they
can be classified as mono-, di- and polysynaptic, corresponding to the
lone pair, bicentric, and polycentric bonding regions, respectively. Mono-
synaptic basins are nonbonding, whereas di- and polysynaptic ones are
bonding (corresponding to shared-electron interactions). According to
Silvi and Savin,"™ ELF analysis complements and augments the AIM
theory.
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