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MOLECULAR STRUCTURE OF HETEROCYCLIC
DERIVATIVES OF HYPERCOORDINATION
SILICON

E. Lukevits and O. A. Pudova

Published data and the authors’ own data on the molecular structures of heterocyclic derivatives of
hyperconjugation silicon are summarized and classified.

In most of the investigated organosilicon derivatives the silicon atom is tetrahedral. Compounds with a coordination
number of less than four are unusual, and study of their structure was commenced in the eighties. On the other hand the silicon
atom is capable of increasing its coordination to five, six, and even seven, particularly in cases where it is attached to electron-
withdrawing substituents. Compounds of silicon with increased coordination can be subdivided into neutral complexes, formed
as a result of intramolecular interactions of the donor —acceptor type, and anionic or cationic complexes. The synthesis and
structural aspects of various hypervalent derivatives of silicon have been widely studied {1-12]. The present review is devoted
to structural investigations of the heterocyclic derivatives of hyperconjugation silicon.

1. COMPOUNDS OF DONOR—ACCEPTOR TYPE

1.1. Increased Coordination Resulting
from the N—Si Bond

The most widely studied in the series of compounds of nentacoordinated silicon are the structures of the organosilicon
derivatives of triethanolamine (silatranes) and diethanolamine (siloxanes). X-ray crystallographic analysis was used in most of
the investigations, and the structural features of methylsilatranes [13], phenylsilatranes [14], and fluorosilatranes [15-17] were
studied by quantum-chemical calculations and conformational analysis. Valuable information on the nature of the N-Si bond
and the structure of the silatrane and siloxane molecules is provided by the 29Si—!5N spin—spin coupling constants [18-21].
Spin—spin coupling through the N-Si bond depends in a complicated manner on the nature of the substituents at the nitrogen
and silicon atoms. On the one hand, lJg;y increases with increase in the strength of the N->Si bond. This is demonstrated by
the increase of !Jgy in the silatranes with a shorter N—Si bond and also with increase in the polarity of the solvent. On the
other hand, data obtained for the siloxanes show that the absolute value of !J sin through the N—Si coordination bond increases
with decrease in the electronegativity of the substituents at the silicon atom. By the analysis of Sy2 substitution a relation
between !Jg;\ and the length of the N—Si bond (r) was obtained for silatranes in solutions:

IN —si = 2,291 - 0,084 (‘Jsin) 3

According to x-ray crystallographic analysis, the silicon atom in systems with a silatrane heterocycle 1 has a trigonal-
bipyramidal environment with the substituent R and the nitrogen atom in the axial positions. The displacement of the silicon
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atom from the equatorial plane toward the substituent R (ASi) amounts to 0.11-0.12 A. The nitrogen atom in the silatranes is
pyramidal, and like ASi its deviation AN from the plane formed by the carbon atoms attached to it correlates with the N-»Si
distance {22]. The three five-membered heterocycles forming the silatrane skeleton are characterized by an envelope
conformation, and the oxygen, nitrogen, silicon, and $-carbon atoms lie in one plane. The carbon atom in the « position in
relation to the nitrogen atom forms the corner of the envelope. The main geometric parameters of the investigated compounds
1 are given in Table 1, la.
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In papers on the structure of silatranes the greatest attention has been paid to the distance between the silicon and the
nitrogen atoms, since this makes it possible to judge the degree of their transannular interaction. In the crystalline state the
length of the N-Si bonds for silatranes is in the range of 1.965-2.24 A, which is significantly less than the sum of the van der
Waals radii of the silicon and nitrogen atoms (3.5 A). A significant increase in the N-Si distance to 2.455 [13] and 2.324 A
[15] is observed for methyl- and fluorosilatranes in the gas phase, and this agrees with the results of ab initio and semiempirical
calculations [77]. Altogether it is possible to detect a decrease in the interatomic N—Si distance in silatranes with strong
electron-donating substituents. The smallest value for the N-Si bond (1.965 A) is observed for the dimethylsilatranyl oxonium
cation [63], and this is followed by chlorosilatrane (2.020 A). In the molecule of trans-bisf(dimethylphenyl)phosphine]-1-
silatranylchloroplatinum the N-Si distance is increased to 2.89 A, and the NC; group has an almost pianar configuration with
the nitrogen atom projecting by only 0.07 A, while the silicon atom is characterized by a tetrahedral configuration. Such a
structure is probably due to the strong positive induction effect and to the large volume of the platinum substituent at the silicon
atom. Moreover, all three Si—O—C—C—N rings are characterized by the conformation of an a-envelope and not a $-envelope
(as in the usual silatranes).

An investigation was carried out into the effect of such factors as the introduction of methyl [54, 78-81], oxo [74-76,
82, 83], and carboxyl groups [71-73], benzo groups condensed at the C—C bond [80, 84, 85], elongation of one of the three
heterocycles by a CH, [34, 86] or SiMe, [87] group, substitution of one {34, 81, 88, 89] or three [90] oxygen atoms by
methylene groups, and metallation of the phenyl substituents in phenylsilatrane [56-59] on the structure of the silatrane
fragment.

The silicon atom in the molecule of 3,7,10-trimethylsilatrane is characterized by the trigonal-bipyramidal coordination
with an N-»Si bond length of 2.146 A normally found in silatranes. However, several special structural features are found: first,
the Si—O bond length (1.594 A) is shorter than in silatranes; second, the five-membered heterocycles have the 3-envelope
conformation; third, on account of the disordering of the molecule there are several different stereoisomers in the crystal {79].
The lengths of the N->Si coordination bond in phenyl- and 1-(4-tolyl)-3,7,10-trimethylsilatranes are 2.167 A (2.182 A for the
second independent molecule) and 2.236 A respectively. As also in 3,7, 10-trimethyisilatrane, the five-membered heterocycles
in the molecules of these compounds have the 3-envelope conformation [54-81].

The presence of the carboxyl group in (3R 4S)-1-chloromethyl-3-methyl-4-carboxysilatrane, (3R ,48)-1-chloropropyl-3-
methyl-4-carboxysilatrane, and (3R,4S)-1-vinyl-3-methyl-4-carboxysilatrane does not give rise to substantial changes in the
structure of the silatrane heterocycle. In the solid state the molecules of (3R,48)-1-chloromethyl- and (3R ,48)-1-chloropropyl-3-
methyl-4-carboxysilatranes are linked by intermolecular hydrogen bonds through the carboxyl group of one molecule and the
oxygen atom in the equatorial position in another molecule [71-73].

According to x-ray crystallographic analysis, the OH group of methylphenyl(silatranylmethyl)silanol {31} also forms
a hydrogen bond with the oxygen atom of the silatrane heterocycle, but in this case as a result of intramolecular interaction.
The six-membered ring formed as a result of this interaction has the chair conformation.

In methylsilatran-3-one [74] (2.134 A) and phenylsilatran-3-one (2.216 and 2.111 A) [75] the N-Si distances are
shorter than in the corresponding silatranes. Substitution of the hydrogen atom at the p position of the phenyl ring of
phenylsilatranone by a fluorine atom (2.129 A) [76] or trifluoromethyl group (2.106 A) at the m position [76) has little effect
on the N-Si bond. The projections of the nitrogen and silicon atoms (ASi and AN) differ little from those in methyl- and
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phenylsilatranes. The length of the N-»Si donor—acceptor bond in methylsilatrane-3,7-dione (2.146 A) [82] is only 0.03 A

shorter than the corresponding length in methylsilatrane. The Si—O bond in the five-membered heterocycles SiOC(O)CH,N

of silatranones and silatranedione ( ~ 1.720 A) is longer than in the heterocycles SIOCH,CH,N (~1.658 A) and in silatranes.
In phenyltribenzosilatrane 2 [84] the N—Si distance is increased (2.344 A) compared with phenylsilatrane.

w-Complexation of the phenyl group in phenylsilatrane with transition metals [(MeO);PMn(CO),+, Cr(CO);, W(CO);]
does not have a significant effect on the geometry of the silatrane heterocycle, It is only possible to detect an extremely small
degree of shortening in the N-Si bond (2.064-2.108 A) and lengthening of the Si—C bond (1.902-1.921 A) [56, 57, 60].

Substitution of one oxygen atom of the silatrane heterocycle in methyl-, phenyl-, and p-tolylsilatranes by the less
electronegative methylene group weakens the electron-withdrawing action of the silicon and increases the length of the N-Si
bond to 2.336 A [88], 2.291 A [89], and 2.290 A [81] respectively. In addition, the five-membered heterocycle of
methylcarbasilatrane, not containing an oxygen atom, is characterized by the (-envelope conformation. Changes in the
heterocycle without change in the environment of the silicon atom, do not lead to such substantial changes in the N-»Si distance;
this distance in methoxy-2-carbasilatrane [34] is 2.22 A. Even greater elongation of the N—Si bond (2.477 A) is observed for
the tricarbasilatrane [N(CH,CH,CH,);5i];0. The silicon atom in this compound has a coordination intermediate between a
trigonal bipyramid and a tetrahedron [90].

In chloromethyl-3-homosilatrane — a silatrane analog with one six-membered heterocycle SiOCH,CH,CH;N — the
five-membered rings have a disordered structure, while the six-membered ring is almost planar. The N-»Si distance is 0.13
A longer than the distance in chloromethylsilatrane as a result of the steric effect of the CH, group [86].

In atrane compounds 3 with two silicon atoms [87] considerable angular disordering is observed at Si(;,, and the
substituents are in a coordination intermediate between tetrahedral and trigonal-bipyramidal. The Sij;,---N distance of 2.768
A is considerably longer than in silatranes.

-

O /(s% SiMoses
o7 11454 1764

.y

According to x-ray crystallographic analysis, the replacement of the three equatorial oxygen atoms by nitrogen atoms,
i.e., the transition from silatranes to 2,8,9-triazasilatranes does not lead to substantial changes in the structure of the atrane
heterocycle. In phenyl-2,3,9-triazasilatrane [91] and 1-fluoro-2,3,9-trimethyltriazasilatrane {92, 93] the silicon atom is almost
trigonal-bipyramidal, and the transannular N-»Si bond is 2.132 and 2.034 A respectively.

The protonation of one of the nitrogen atoms in the equatorial position of the azasilatranes has a strong effect on the
length of the Si—N,,* bond and on the values of the N SiN, angles [94, 95]. In the cations of compounds 4 and 5 the
Si—Neq* bond is 10% longer than the other two Si—N,, bonds; the N, SiN¢, angle (128.4 A), opposite the protonated
nitrogen, is significantly larger than the adjacent Neq*‘SiNeq angles. It should be noted that compound § represents a mixture
of the protonated and the initial unprotonated azasilatrane.
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The insertion of a tetrafluorobenzene group at the Si—N,, bond of 1-pentafluorophenyl-2,8,9-trimethyltriazasilatrane
(6) leads to elongation of the N—S8i bond (2.246 A). The average values of the Si—C and Si—-Neq bonds are 1.960 and 1.733
A respectively [92, 93].

F

F F
F

N /Mc
i/ Me
\N
F N _~Me 12.246
QN\
6

The effect of various substituents at the silicon and nitrogen atoms on the interatomic N-»Si distances was investigated
for a series of cyclic derivatives of diethanolamine 7 (Table 2). The coordination polyhedron of this type of silicon atom
represents a distorted trigonal bipyramid, the base of which is formed by the two oxygen atoms of the 1,3-dioxa-6-aza-2-
silacyclooctane ring and the substituent R, and the vertices are the nitrogen atom and the second substituent R.

F

R
O(T;S;I_R
L
7

The transannular interaction between the nitrogen and silicon atoms, which shows up in broad fluctuations of the N-»Sj
interatomic separations from 2.004 [100] to 3.19 A [97], varies considerably, depending on the electronic and steric nature of
the groups R and R!. In the series of 2,2-diphenyl-1,3-dioxa-6-aza-2-silacyclanes this value increases in the order H < Me
< Ph < t-Bu (R!). Electron-withdrawing cyclic ether groups at the silicon atom increase the positive charge at the silicon and
substantially shorten the N-»Si distance.
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TABLE 2. Geometric Parameters of the Siloxanes 7

R3Si R an—sy Ay ] wsio)d) | o050 | Asi Ay | Ref.
Ph2Si H 2,301 (6) 1,657(5) 121,8(3) 0,25 {961
Ph;Si Me 2,68(1) 1,63(1) 118(1) 0,38 {97]
PhsSi t-Bu 3,16(2) 1,64(2) 1151 0,49 [97]
Ph;Si Ph 3,08(1) 1,64(1) 115(1) [971
MeaSi Ph 3,19 1,63(3) 1D [97)
Me 2,263(6) 1,652(5) 118,9(3 0,16 (98]
Me 2,297(6) 1,639(6) 119,4 {99
H 2,004(3) 1,666(3) 118,9(2) 0,101 [100)
(CFy),c—0.
N Me 2,032(N 1,636(6) 119,4(3) 0,088 [101]
(CF),Cmg’
Me
Me O\
i Me 2,247(5) 1,649(4) 119,9(2) 0,219 (102}
Me
Me

Br
MeN Si Me 2,968 1,64(1) 114,7(5) [103]

EN  Si Me 2,986 1,626(6) | 114,8(3) (103

The Si---C(6) distance in the test molecule of 2,2-diphenyl-1,3-dioxa-2-silacyclooctane (3.576 A) indicates the absence
of any intramolecular interactions between the silicon and the C(6) carbon atom [104].

It was established by x-ray crystallographic analysis that the silicon atom in certain organosilicon derivatives of
nitrogen-containing heterocycles 8-14 is pentacoordinated.

In 2-(dimethylchlorosilylmethylthio)-1-pyrroline 8 [105] the silicon atom has a disordered trigonal-bipyramidal
environment with the nitrogen atom of the heterocycle and the chlorine atom in the axial positions (< N—S8i—Cl = 172.5°).
A special feature of this compound is the strong shortening of the N—Si bond (1.945 A) and the elongation of the Si—Cl bond
(2.423 A) [105].

The analogous effect shows up even more clearly in compound 9 [106]. As a result the N-Si bond (1.852 A)
approximates in value to a covalent bond, while the very long Si—Cl bond (2.679 A) indicates increased ionic character. The
N—Si distances in 2-{[methyl(trifluorosilyl)amino]methyl}pyridine 10 [107] are nonequivalent; the N,—Si coordination bond
is increased significantly compared with the normal N(2)—Si bond. The silicon atom is trigonal-bipyramidal with the nitrogen
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SiMe,
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13 ]

atom of the pyridine ring and the fluorine atom in the axial positions (N;,SiF,, = 178.0°), and the Si—F,, bond (1.621 A)
is longer than Si—~Feq (1.603 A).

The coordination of the silicon atom in 2-[diphenyl(methyldichlorosilyl)methyl]pyridine is close to tetrahedral, whereas
the silicon atom of the dichlorosilyl group in 2-[bis(trimethylsilyl)(dichlorosilylymethyllpyridine 11 [108] is trigonal-
bipyramidal, and the N-»Si bond is 2.066 A. The N-Si distance in the cyclosilazane 12 [109] (2.33 A) with 8-quinolyl
substituents at the nitrogen atoms is greater than the N—Si distance in compounds 8-11.

According to the data from x-ray crystaliographic analysis [110, 111] and neutron diffraction [112], the length of the
N(2y~>Si coordination bond is considerably greater than that of Si—N;, (1.732 and 1.737 A) both in the trifluorosilyl derivative
(1.969 A) and in the trichlorosilyl (1.984 A) derivative of 1,2,3 4-tetrahydro-1, 10-phenanthroline 13. The substitution of one
(2.027 A) or two (2.028 A) chiorine atoms by a methyl group leads to a slight increase in the N;~Si distance [113]. At the
same time, the N—Si bond is significantly longer (2.689 A) for the trimethylsilyl derivative of 1,2,3,4-tetrahydro-1,10-
phenanthroline. In this compound the coordination at the silicon atom can be characterized as a strongly disordered tetrahedron,
in contrast to the compounds with X = F, Cl, where the silicon has a trigonal-bipyramidal configuration [114] (Table 3).

The structure of compounds 14 with Y = S and O is similar in many respects. The silicon atom of both molecules is
trigonal-bipyramidal with a donor—acceptor bond of 1.988 and 1.967 A respectively. Elongation of the axial Si—F bond (1.632
and 1.624 A) compared with the equatorial bond (1.589-1.594 A) was also observed [115].

Expansion of the coordination at the silicon atom is typical of phenylsilanes containing one (compounds 15 and 16)
{116-120] or two (compounds 17-18) [121, 122] dimethylaminomethy! groups and also one trimethylhydrazine substituent
(compounds 19 and 20) [123] at the o positions of the phenyl ring and for 1-silylnaphthalenes 21-25 with the Me,N group [119,
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TABLE 3. Geometric Parameters of N-Silyl-1,2,3,4-tetrahydro-1,10-phenanthro-

lines 13
X3Si rsi-Ngy (R) g —s (A | NysSEX O | NaySieNgy ) Ref.
FaSi 1,732¢(4) 1,969(4) 178,2(1) 83,92 ‘ [110]
ChaSi 1,737¢3) 1,984(2) 179.44(9) 84,3(1) (111}
Chsi? 1,746(2) 1,979(2) 179,71(D) 84,23(5) [112}
MeCl3Si 1,739 2,027(4) [113)
MeaCISi 1,770(6) 2,028(7) 176,8(2) 81,8(3) [113]
MesSi 1,746(8) 2,689(8) 177,0(4) 70,3(3) [114]

*Neutron-diffraction data,

124-129] or Me,NCH, group (compound 26) [124] at position 8 of the naphthalene ring. As a rule, coordination results in the
formation of five-membered 1-sila-2-azapentanes or 1-sila-2,3-diazapentanes and, only in the case of the naphthalene derivative

26, a six-membered heterocycle.

The silicon atom in compound 15 with SiX; = SiMeF, [116], SiH,(e-CpH4) [117], and Si(H)Ph(OSO,CF3) [118]
has various geometric parameters. In the first two molecules the silicon polyhedron can be described as intermediate between
a tetrahedron and a trigonal bipyramid with very long N-»5i distances (2.356 and 2.44 A). For these two compounds, the
lengths of the Si—F,, (1.627 A) and Si—C,, (Np) (1.92 A) bonds are increased compared with Si——Fcq (1.627 A) and Si—C,
(1.86 A). In the triflate the silicon atom is trigonal-bipyramidal with the nitrogen and oxygen atoms in the axial positions. The
N-Si bond (2.052 A) is short, but the Si—O bond (1.951 A) is considerably longer than usual covalent Si—O bonds. The
structure of the triflate can therefore be described as an ion pair between the intramolecularly coordinated silyl cation and the
triflate anion, in which some degree of covalent interaction is retained.

N(l)

Me,
/ —-x
SiX,
15
M
16
(2)M°z
(1)< >
S: (2) (1)
Me, N NMe,
(z) }:,sré—-ﬂ NMe,
Mez
17
Me,zN
Me
N\ 18
NMez
l Mez Mez
..—~Cl

1

i
NMe,
EtO OEt
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The conclusion about the seven-coordinated silicon was reached on the basis of x-ray crystallographic analysis of tris[2-
(dimethylaminomethyl)phenyl]silane 16 (X = H) [120], in which the three weak N—Si interactions lead to the [3 + 4]
tetrahedral configuration of the silicon atom. However, accurate data were not obtained for the hydrosilane 16 on account of
the unsatisfactory quality of the crystals. The main feature of the fluorosilane 16 (X = F) [119] is the presence of three inequal
N-Si interactions (3.004, 3.307, and 3.489 A). On the basis of the minimum value of 3.004 A it could be supposed that the
silicon atom is not seven-coordinated but only five-coordinated. However, the general geometry of the silicon differs from the
trigonal bipyramid characteristic of pentacoordinated silicon on account of the fact that the closest NMe, group is not in the
trans position in relation to the fluorine atom. Together the four o-bonded substituents form a tetrahedron at the silicon atom,
while the three N—Si interactions are weak on account of steric hindrances and are insufficient to increase the coordination
number [119].

In the centrosymmetric molecule of 1,4-bis{2,6-bis[(dimethylaminomethyl)phenyl]silyl}benzene 17 the nitrogen atoms
and the two NMe, groups are coordinated unsymmetrically with the silicon, and the N Me, group is closer to the Si on the
side opposite the Si—H,, bond (N5)—Si—H,, = 169.4°), whereas the N(,,Me, group is in the trans position in relation to
the Si—-C(z) bond (Nm—Si—CQ) = 166.8°). In addition, the N(z)—>Si distance (3.008 A) is greater than N(l)—>Si (2.681 A),
while the silicon atoms in compound 17 remain tetrahedral with [4 + 2) coordination {121].

The introduction of a second 2,6-bis(dimethylaminomethyl)phenyl substituent at the silicon (compound 18) leads to [4
+ 4] coordination of the silicon. The N(l)—Si distance, in the frans position to the Si—H bond, is 3.117 A, and the
N(y—Si—H angle amounts to 177.5°, whereas the N(;—Si bond (trans to the Si—C bond) is shorter (2.895 A) and the
N(y—Si—C angle is smaller (168.5°). All the indicated bond lengths and bond angles in compound 18 exceed the analogous
values in compound 17 [122].

In compound 19 with (2-trimethylhydrazino)phenyl and 2-dimethylaminomethyl substituents, the silicon atom is
pentacoordinated, and the additional coordination arises on account of the terminal nitrogen atom of the hydrazine group (2.564
A). The N-Si distances in dif(2-trimethylhydrazino)phenyl]diethoxysilane 20 amount to 2.689 and 2.772 A [123].

e

s o

o \ ?
NMe, Me

NMe,

2 288f
MeN 2o | F Si—H
Si
\F l ~
Me
Ph

25 26
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For compounds 21 the N-»Si distance and the coordination polyhedron are determined by the substituents X at the
silicon atom. The structures of the two independent molecules of 8-dimethylamino-1-trifluorosilylnaphthalene 21 (X = F) are
similar. In both cases the naphthalene ring, the silicon atom, and the nitrogen atom lie almost in one plane. The geometry of
the silicon atom is trigonal-bipyramidal, and the average length of the N-Si coordination bond is relatively large (2.303 A)
[125] but smaller than in the molecule of 8-dimethylamino-1-phenylsilylnaphthalene 21 (SiXy = SiH,Ph) (2.584 A) [124]. An
even longer N-Si distance is characteristic of the molecule of 8-dimethylamino-1-{methylbis(methyltriphenyl-
silyl)silyljnaphthalene 21 [SiX; = SiMe(SiMePh;),] [129]. On account of the weak interaction it amounts to 3.159 A

According to the data from x-ray crystallographic analysis, the two silicon atoms in compound 22 [129] have geometry
intermediate between tetrahedral and trigonal-bipyramidal, which is confirmed by the long N-Si distances (2.906 and 2.857
A) and the N—Si—C angles (173.49 and 175.50°). It should be mentioned that in this case the nitrogen atom and the carbon
atom of the central 1,3-disila-2-oxacyclopentene heterocycle occupy the axial position, displacing the electronegative oxygen
atom to the equatorial position.

In compound 23 [SiXX! = SiH,, SiHF, Si(C=CH),] the nitrogen atoms of the two 8-dimethylaminomethy! groups
are directed toward the silicon, creating a formal hexacoordinated (4 + 2] configuration at the silicon atom. The molecular
structure of the dihydro- and hydrofluorosilanes is similar. A special feature of the dihydrosilane is the nonequivalence of the
two Si—H bonds (1.44 and 1.54 A) and the two N-Si distances (2.610 and 2.800 A); the shorter N—Si bond is located on the
side opposite the C,, carbon atom, while the longer bond is opposite the hydrogen atom. The N-Si distances in
hydrofluorosilane are almost identical (2.680 and 2.646 A) [127]. The two nitrogen atoms in diethynyl(8-dimethylamino-1-
naphthyl)silane 23 [SiXX! = Si(C=CH),] are in the trans position in relation to the ethynyl groups. At the same time, in
dihydrosilane one nitrogen is in the trans position in relation to one Si—H bond and cis to the other, while the second nitrogen
is in the cis position in relation to both hydrogen atoms. The N—Si distances in the diethynyl derivative 23 are 2.836 and 2.789
A [128].

‘In the molecule of tris[1-(8-dimethylamino)naphthyl]silane 24 [118], in addition to the four o-bonds, the silicon atom
forms three very weak N-»Si donor—acceptor bonds with an average length of 2.895 A, and none of the NMe, groups
approaches the silicon on the side opposite the Si—H bond.

The structure of 8-dimethylamino-1-naphthyl{2-(dimethylaminomethyl)phenyl]difluorosilane 25 was studied in order
to compare the effectiveness of the N-Si interaction of the 8-dimethylamino-1-naphthy! and 2-dimethylaminomethyiphenyl
groups. The N-Si distance for the 8-dimethylaminonaphthyl substituent is longer (2.770 A) than for 2-dimethyl-
aminomethylphenyl (2.594 A). In the molecule of (8-dimethylaminomethyl-1-naphthyl)methylphenylsilane 26 [124] as a result
of N-»Si donor—acceptor interaction, a six-membered heterocycle is formed with an N-S8i distance of 2.66 A, which is longer
than in (8-dimethylamino-1-naphthyl)phenylsilane 21 (SiX; = SiH,Ph). B

A major feature of the silanol 27 [150] is the extremely short bonds of the pentacoordinated silicon atom. Although
the axial Si—N bond is 0.19 A longer than the equatorial bond, it is considerably shorter than the N-»Si bonds in other
pentacoordinated derivatives of silicon.

In the silyl ethers of acetoxime -~ methylchloro(isopropylideneaminoxy)silane [131], tetra(isopropylideneaminoxy)silane
[132], and phenyltri(isopropylideneaminoxy)silane [133] — the coordination at the silicon atom differs significantly from
tetrahedral; the oxygen atoms approach each other so that the O—Si—O angle is 98°. The S§i—O—N==C fragments have a
planar frans configuration; the distances between the silicon and nitrogen atoms of the oxime groups (2.50-2.53 A) are less
than the sum of the van der Waals radii but substantially greater than in silatranes.

Ph Bu-t
Q)OG}CI
1782
F3C—(l:H 1601I \ Cl
CF,4
27
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A series of compounds with a hexacoordinated silicon atom in which the coordination is also increased on account of
N-»Si interaction are known. The two bidentate ligands of compound 28 [134}] are almost perpendicular to each other and are
in the cis position, and the silicon atom is therefore a chiral center. The Si—O bond forms an angle of 168.7°, and the NSiN
angle is nearly a right angle (85.3°). The length of the N-»Si bonds is significantly increased in comparison with the usual
covalent bond but is comparable with the value in the penta- and hexacoordinated complexes. For compounds 28 and 29 [135]
with an identical configuration at the silicon atom, the lengths of the N-Si and Si—O bonds are very close in value. The silicon
in compounds 28-31 [134-137] and also in the phthalocyanine polymer (PcSiO), [138, 139] is octahedral.

17 —NM

BQNIC Ph / 2063/‘26
Cl\

b <"0

9( l ’ \Sx 77

1766 == Bcb

Me T 5
2,01 />\Ph

MeEN\N

29

30 -

Additional coordination appears in the derivatives of 2,2 -bipyridine 32 (Table 4) and 1,10-phenanthroline 33 [144]

on account of the N-»Si coordination bonds of the two nitrogen atoms. The N-»Si distance in compounds 32 varies between
1.955 and 2.029 A.

32 3
1.2. Increased Coordination Resulting from the P—Si Bond

In the dimethylsilyl derivative 34 with two diphosphamethanide ligands, the silicon atom has distorted octahedral
geometry with the two methyl groups and the two Me,P groups forming the equatorial plane and lying in the cis position. The
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length of the S§i—P,, bonds (2.306 and 2.300 A) is only slightly greater than in the tetrahedral derivatives. The equatorial Si—P
bonds are 26.6% longer than the axial bonds. The four-membered chelate heterocycles formed as a result of coordination are
planar, and the carbon atoms in them also have a planar coordination [145].

M% SiMC3

2 306P
Me%, /\@PM&,

N

2,300 PMe7

Me, P

SiMe,
34

1.3. Increased Coordination Resulting from the O—-Si Bond

According to data from x-ray crystallographic analysis, the silicon atom is pentacoordinated in such compounds as
aroyloxymethylfluorosilanes, N-silylmethyllactams, N-trifluorosilylmethylacetamides, and N-methylsilyltri-methylamido-
phosphates, and the additional coordination appears on account of O-—Si interaction of the donor—acceptor type. In
aroyloxymethyltrifiuorosilanes 35 (Table 5) the O-Si distance varies in the range of 1.94-2.08 A, depending on the substituent
R, and this is less than the sum of the van der Waals radii (3.6 A). The substitution of one fluorine atom by a methyl group
leads to substantial elongation of the O-»Si bond, and this distance in methyl(benzoyloxymethyl)difluorosilane is 2.216 A. In
the molecules of the investigated compounds the silicon atom has a slightly distorted trigonal-bipyramidal coordination. The
oxygen and fluorine atoms are at the axial vertices. The dihedral angle between the mean plane of the five-membered
heterocycle and the plane of the benzene ring in (2-chlorobenzoyloxymethyhtrifluorosilane is increased to 17.5° on account
of the repulsion of the chlorine atom and the oxygen, whereas the five-membered ring and the benzene ring in the 4-halogen
derivative are practically coplanar

R! 3 R?
35 36
R4
>§0 (BNpP,
N g?./R _N _Me
R \/‘Il\ 1 t-Bu \M
g2 R |2438 ¢
37 38
Mg EtO
S=0 ==
1916 ‘ 2,729
e e .
F F F
39 40
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TABLE 5. Geometric Parameters of Aroyloxymethylfluorosilanes 35

R R | o—si) (A) | n(Si-Fag) (A) (Si-Eeg) (A) wsi-cy Ay | O-Si-Bye O Ref.
H F 2,006(8) 1,610(7) 1.578(%) 1,855(1% 176,0 [146]
H Me 2,216(3) 1,629(2) 1,588(3) 1,848(4) 171,0(1) [147)
4-F F 2,029(2) 1,606(2) 1,583(2) 1,869(3) [148]
4-Ci F 2,08(2) 1,56(2) 1,60(2) 1,84(3) [148]
4-Br F 1,94(2) 1,61(2) 1,68(2) 1,81(2) 176,5(4) [148, 149]
2-Cl1 F 2,040(9) 1,620(9) 1,578(9) 1,810(13) [150]

TABLE 6. Geometric Parameters of N-Silylmethyllactams 36

X R R} r? {o—siyA)| rsi-R) A | O-siR Ref.
(CH2)3 Me | Me F 2,3958) | 1,652(D (151]
(CH2)3 Me | Me oPh 2,367 1711 {152]
(CH2)3 Me | Me OCOPh | 2,228 1,711 (152]
CHaCHPhCH:2 | Me | Me c 2,050(2) | 2,284(1) [172,2(1) |{153]
CMe20CHMe Me | Me c 2,450(2) | 2,154(2) [170,3(1) |{153]
(CHz2)4 Me | Me a 1,954(1) | 2,307(2) [171,16(5) | [154]
(CHz)4 Me | Me Br 1,800(4) | 3,1222) |162,6(3) |[[155]
(CH)4 Me | Me | 1,749(2) | 3,734(1) [161,90(7) |[15,157]
(CH24 Me | Me 0SO0:CF3| 1,753 2,785 [152]
(CH2) 4 a | a a 1,852(4) | 2,207(2 [175,3(1) |[158]
(CH220CHEt | Me | Me cl 2,021 2,282(1) [170,7¢1) | {159]
-0-Me2COCsHs- | Me | Me a 1,988(2) | 2,312(1) |172,0¢1) [{151,
153]
(CHa)s Me | Me a 1,950(1) | 2,315(1) [171,7(D {151,
160]
(CH2)s Me Me 0OCsFs 2,078 1,787 [152]
(CH2)s Me | CI ol 1,907¢2) | 2,256(1) |173,3¢1) |{158]
(CH)s a | a cl 1,865(2) | 2,21311) [175,3(1) |{158]
(CH2)s a | a OMe 1,885(2) | 2,236(1) |173,8¢1) |{158]
(CH2's Me | 1-CioHs | CI 1,933(2) | 2,327(1) [171,0¢1) |[161]
M\eZCI
O —»Si
) Me | Me al 2,050(1) | 22701y | 170.5¢1)  [162] -
T
GHy CH,
Me,050,CF,
O —e= Si
g_N) Me | Me 0SO:CF3| 1,843(2) | 2,241 | 170,3(1)] (162]
CH, CH,

The effect of various structural changes on the length of the O-Si bond in compounds 36 was investigated (Table 6).
In the transition from the chlorine to the bromine, triflate, and iodine derivatives of N-[dimethyl(R3)silylmethyl]piperid-2-one
36 [X = (CH,)4] the length of the O—Si coordination bond decreases from 1.954 to 1.747 A. Analysis of the Si—R> bonds
showed that the Si—Cl bond is increased by ~0.27 A compared with the normal covalent bond, the Si—Br bond by 0.95 A,
the Si—O bond by 1.12 A, and the Si—I bond by 1.27 A, while the Si—I bond (3.734 A) is only slightly less than the sum
of the van der Waals radii. The obtained data confirm that the ionic character of the Si—R3 bond increases in the order Cl <
Br < NOSO,CF; < I. The coordination at the silicon atom in N-(dimethylhalogenosilylmethyl)piperid-2-ones 36 also varies.
In contrast to 1-(dimethylchlorosilylmethyl)piperid-2-one, in which the silicon is trigonal-bipyramidal, the silicon atom in the
bromine and iodine derivatives has a highly disordered trigonal-bipyramidal coordination. The five-membered heterocycle in
compounds 36 is an envelope; in the chlorine and iodine derivatives the silicon atom projects from the plane of the other four
atoms by 0.15 and 0.058 A respectively, and in N-(dimethylbromosilylmethyl)piperid-2-one the corner of the envelope is
formed by the carbonyl carbon atom, which is deflected by 0.20 A.
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TABLE 7. Geometric Parameters of N-Silylmethylacetamides 37

R r! r? r3 R [ho—siy A nsiRy A) | osiB O Ref.
F F F Me Me 1,879(1) 1,635¢1) 177,4(1) [163)
F F F Me CF3 1,943¢(2) 1,620(2) 172,2(1) [163]
Me F F Me Me 1,985(4) 1,651(4) 172,6(5) [164]
Me Me Cl COMe Me 2,077(6) 2,229(4) 170,0(2) [165]

2,027(6) 2,259(4) 171,6(2)
Me Me Ci CHaSiMex(Cl Me 1,918 2.348 [166]

The substitution of one or two methyl groups at the silicon atom in N-(dimethylchlorosilylmethyl)perhydroazepin-2-one
by chlorine is accompanied by a decrease of 0.043 and 0.085 A in the O-Si distance and 0.059 and 0.102 A in the Si—ClL,
bond. The overall effect of the size of the nitrogen-containing heterocycle shows up in the elongation of the O-Si bond in
compounds with five-memberedrings, e.g., in N-[dimethyl(R3)silylmethyl]pyrrolid-2-ones and particularly in 2,2, 5-trimethyl-N-
(dimethylchlorosilylmethyl)oxazolidin-4-one compared with N-silylmethylpiperid-2-ones and N-silylmethylperhydroazepin-2-
ones.

The five-membered heterocycles of silylmethylacetamides 37 are almost planar. The shortest length of the O-+Si bond
(1.879 A) for compounds of this type is found in N-methyl-N-trifluorosilylmethylacetamide. The substitution of one fluorine
atom by a methyl group and the transition to N-methyl-N-trifluorosilylmethyltrifluoroacetamide is accompanied by an increase
in the O-Si distance to 1.985 and 1.943 A respectively (Table 7).

The silicon atom in the molecule of N,N,N’ N’-tetraethyl-N"-terr-butyl-N"-[(dimethylchloro-silyl)methyl]-
triamidophosphate 38 [167] is trigonal-bipyramidal with short O-Si (1.840 A) and long Si—Cl (2.438 A) bonds. It is also
necessary to note that the P=0 distance (1.528 A) is only slightly shorter (0.05 A) than an ordinary P—O bond in compounds
with a tetracoordinated phosphorus atom.

In contrast to the previously examined aroyloxymethyltrifluorosilanes 35, N-silylmethyllactams 36, N-silylmethyl-
acetamides 37, the amidophosphate 38, and (2-methylsulfinylethyltrifluorosilane 39 [168], in which the O—Si distances lie in
the range of 1.840-2.450 A, the O-Si interaction in ethyl 3-(trifluorosilyl)-2-cyanopropionate 40 [163] is weak, and the O-Si
distances for the two independent molecules amount to 2.729 and 2.668 A.

In the silylmethyl derivatives of hydrazine 41 (R = CF;, 4-MeOCg¢H,) {169-171] the O—Si coordination leads to the
formation of a six-membered heterocycle. As in compounds 36-38 with chlorosilyl substituents, a characteristic feature of the
hydrazines 41 is the elongation of the Si—Cl bond (2.432 and 2.624 A) and shortening of the O-Si bond (1.879 and 1.788
A). The electron density distribution in the trifluoromethyl derivative 41 (R = CF4) v ; investigated by precision x-ray
crystallographic analysis at 163 K [171].

Me 0OSO,CF,4
Me\’,/Cl Mc\ _/Me 1.857| Ph
>s Ph._ _Sil_ —
. ol 1l H
o 2,613 2,033
. 1,670 d

R/LN/NMEQ O—;Sll\O/C\Ph
Me M OMe
e
41 42 43

The O—Si distance in 2,2,4,4-tetramethyl-6-phenyl-3-benzoyl-2,4-disila-1,3,5-oxadiazine 42 [172, 173] is less than the
sum of the van der Waals radii but significantly exceeds (2.613 A) the corresponding values in compounds 35-39 and 41. The
O-Si interaction is also demonstrated by the disordering of the angles at the silicon atom from tetrahedral to trigonal-
bipyramidal (OSiO angle = 161°).

The oxygen atom of the ether group in phenyl[2-(methoxymethyl)phenyl]silyl triflate 43 {174] interacts extremely
effectively with the silicon. As a result the latter becomes trigonal-bipyramidal with the two nitrogen atoms in the axial
positions (O—Si—O angle 174.6°). The O-Si distance (2.033 A) is fairly short, and the Si—0S0,CF; distance (1.857 A)is
significantly longer than the normal covalent Si—O bonds. On the whole the structures of the triflate 43 and phenyl[2-
(dimethylaminomethyl)phenyl]silyl triflate 15 [SiX; = Si(H)Ph(OSO,CF;)] [118] are similar in many respects.
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TABLE 8. Geometric Parameters of Dioxathiasilocins 47

R &! R2 R | s—siy A | nsio) (A S-Si-R () Ref.
Me? Me Me | Me | 3,2800113) | 1,6392) | 166,7814 | [181]
3,2917(14) 1,639(2) 164,07(14)
Me Me Me t-Bu | 3,074(1) 1,644(2) [181]
-CH2CH2CH2CH3- t-Bu | t-Bu | 2,977(4) 1,638(7) 179,7(4) [181]
Ph Me t-Bu | #Bu | 3,061(2) 1,639(5) 169,8(3) [182]
Ph Ph Me Me 3,630(2) 1,634(4) 125,3(2) [182]
Ph Ph t-Bu t-Bu | 2,996(2) 1,637(4) 173,4(2) [182)
Ph CH>»CH Me t-Bu | 3,0737014) 1,640(3) 166,50(14) [182]
R** OCH2CF3 t-Bu t-Bu | 3,04(1) 1,63(2) [183)
3,11(D) 1.61(2)

a) For two independent molecules.

R~ t-Bu Bu-t
; Q
si-0”
/@:0 OCH,CF,
t-Bu Bu-t

In the structural analog of the siloxanes 2,2-diphenyl-1,3,6-trioxa-2-silacyclooctane 44, the eight-membered heterocycle
has a distorted crown conformation. The O, O3, C(s), and C7) atoms lie in one plane, from which all the others are
deflected to one side. The crown conformation is stabilized by very weak additional O-Si interaction (2.976 A) [175, 176].

P\h
Ph\si(z) 4)
O
\O (5) 6)
3)
o~ ®
(1) 7)
“ -

In the neutral complexes 45 [177] and 46 [178] the silicon atom is hexacoordinated with octahedral geometry.
Additional coordination in compound 45 arises as a result of O-Si interaction of the silicon with two oxygen atoms of the
tropolone rings, the planes of which are almost perpendicular to each other (dihedral angle 81.1°). The two phenyl groups are
in the cis position. The length of the Si—O bond lies in the range of 1.793-1.923 A. The coordination number of six in the
complex 46 is achieved on account of the interaction of the silicon with the oxygen atoms of two molecules of tetrahydrofuran.

The Si—O distances are nonequivalent, and the Si—Oryp bond is longer (1.9307 A) than the Si—O bonds of the pyrocatechol
fragments (1.7234 A).

o *1,930%)
5 0
glg SidZy 12Sig®
©;6‘{;3f b (‘)ﬂ/s o

45 46

According to data from electron diffraction [179, 180} and x-ray crystallographic analysis [179], weak interaction is
observed in the silyl esters of formic [180] and acetic [179] acids. In these compounds the O-»Si distance is 2.865 and 2.795
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A respectively, which is substantially longer than in the previously examined organosilicon derivatives. The silicon atom
projects from the plane of the heavy atoms and is turned from the planar cis conformation by 21° in the formate and by 10°
in the acetate. In the crystalline state at 150 K, the skeleton of the silyl acetate molecule is almost planar. It should be noted
that the intramolecular O—Si distance (2.832 A) is greater than the intermolecular O-Si contact (2.721 A).

1.4. Increased Coordination Resulting from the S-+Si Bond

According to the data from x-ray crystaliographic analysis, in compounds 47 (Table 8) with 1,3-dioxa-6-thia-2-silocin
heterocycles the sulfur atom is coordinated with the silicon, and the S—Si distance varies from 2.977 to 3.630 A. In derivatives
with a long S—Si bond of 3.00-3.11 A, the eight-membered heterocycle adopts the boat conformation (the syn conformation).
In the cyclic silane 47 with R = R! = Ph and R? = R3 = Me and with weak S—Si interaction, the heterocycle is in the chair
(anti) conformation.

RZ
R3
S 2 Et,N
R é O/ \32’697
T S .—F
N i
|, > NANE
R R3 F
47 48

Additional coordination of the silicon in N,N-diethyldithiocarbamoylmethylfluorosilane 48 [184] arises as a result of
S-Si interaction. The silicon atom is trigonal-bipyramidal with the sulfur and fluorine atoms in the axial positions (§—Si—F
angle 177.8°). The S—Si bond in compound 48 (2.697 A) is approximately 25% longer than in the compounds of tetrahedral
silicon but shorter than in 1,3-dioxa-6-thia-2-silocins 47.

For the silyl monothioacetate MeC(S)OSiH, the intramolecular S—Si distance in the gas (3.143 A) and the solid (3.185
A) is also less than the sum of the van der Waals radii of silicon and sulfur [185].

2. COMPOUNDS OF IONIC TYPE

Among the compounds with a penta- and hexacoordinated silicon atom the most widely studied are the structures of
the bis(1,2-ethylenedithiolato)silicates 49 (Table 9), bis(glycolato)-, bis(lactato)-, and bis(citrato)-A3Si-silicates 50 (Table 10),
bis(1 ,2-pheny1enediolato)-)\5Si—silicates 51 (Table 11), and bis(2,3-naphmalenediolato)-)\58i-silicates 52 (Table 12). In addition,
the structures of the bis(tartrato)-A3Si,A3Si’ -disilicate 53 [214], monooxalato-\Si-silicate 54 [195], and the zwitterionic silicate
§5 {195], in which the diolate ligand is formed by hydroxamic acid, were also investigated.

.
X R X X R O
X i— + X )\LT»/O
M @Ng 7 @
/5 PN X
O Q QO
X ) (4) X (1) 4 X
49 50
X R X . }Il o
X 0O b _
(Oz)>sli/ 3 M* >>si/ (3 M*
. ~
X Q 9 X 2 %
X (1) (4) X
51 52
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CH,NMe,H H
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)\0466 0 oi
(n 4)
55

In the series of silicates 49-52, the coordination center (the polyhedron of the silicon atom) changes from almost
trigonal-bipyramidal to square-pyramidal. Numerous factors (the structure of the substituent R, the nature of the counterion,
the formation of solvates, etc.) determine the change of the silicon geometry from trigonal-bipyramidal to square-pyramidal.
In the anion of the bis(ethylenediolato)-NSi-silicate 49 [X = H, M* = 0.5 H3N*(CH,)¢N*H;] substitution of the methyl
group at the silicon by phenyl is accompanied by a shift of the coordination toward the square pyramid from 25.7% to 72%.
The silicon atom in the derivatives of pinacone 49 (X = Me, M+ = n-BuN +H3) with R = MeO and EtO has the coordination
of a distorted square pyramid and a trigonal bipyramid respectively. For the zwitterionic 2-(dimethylammonio)phenyisilicates
50 the change from the trigonal-bipyramidal to the square-pyramidal form decreases depending on the substituents X in the
order H > Me > Ph.

The spirosilicate 56 has an extremely unusual structure. Unlike the derivatives of pinacone 49, compound 56 is neutral
and one of the oxygen atoms of the spirocyclic system is attached to a hydrogen atom, which could not be removed by the
action of triethylamine. The silicate 56 is characterized by three short Si—O bonds (1.61-1.66 A) and one very long bond (2.74
A).

In the tetraethylammonium salts [RSi(O,C¢H,),] "[Ety;N]* the fraction of the trigonal-bipyramidal structure decreases
with the substituents in the order Np > F = Bu > ¢-Bu. The structure of the ammonium cation has a significant effect on
the coordination of the substituents at the silicon atom. Cations of the R'3sN*H and CsHsN*H type form hydrogen bonds with
the oxygen atoms of the spirocyclic system and lead to coordination at the silicon atom closer to a square pyramid than in the
analogous compounds with tetraalkylammonium cations R\,N*.

A detailed analysis of the zwitterionic N>Si-organospirosilicates 51 confirms that the structure of this type of compound
is determined by the presence of inter- and intramolecular hydrogen bonds. This becomes particularly clear during comparison
of the pyrrolidinoethylbis(tetrabromo- 1,2-phenylenediolato)-\3Si-silicate 51 [R, M* = CH,CH,N*H(CH,),, X = Br] and
its monohydrate. In contrast to the little-distorted square-pyramidal geometry of the silicon for the two independent molecules
of the hydrate, the coordination polyhedron of the anhydrous compound is a distorted bipyramid.

The effect of a more complex condensed system on the structure of the spirocyclic anionic silicates 52 was investigated.
In the tert-butyl silicate 52 (R = r-Bu, M* = Et4N) the change from the trigonal-bipyramidal coordination to square-pyramidal
(80.3%) is less clearly defined than in the analogous terr-butylbis(1,2-phenylenediolato)-\5Si-silicate 51 (91.4%).

1,8-Dihydroxynaphthalene and 2-hydroxy-3-methylbenzoic acid form anionic spirosilicates 57 [215] and 58 {198] with
six-membered heterocycles, in which the silicon atom has a trigonal-bipyramidal coordination distorted toward a square

pyramid.
Q [
0. | %0
‘{i‘b i{ K*(18-crown-6)
©, &
\;\/S o
O 0

57
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In contrast to compounds 49-54, in the silyl anions of compounds 59 (Table 13), 60 [219], and 61 [220], the
heterocycle only contains one oxygen atom. The silicon in the derivatives 59 and 60 is trigonal-bipyramidal with axial oxygen
atoms, while in the cyanosilicate 61 the corners of the trigonal bipyramid are occupied by an oxygen atom and the carbon of
the cyano group. It should be noted that the average length of the Si—O bonds in the silyl anions 59 and 61 is greater than in
compounds 49-54.

F,C. CF, 1 [ FC_ CF
O O
l l Bu-
- M* N K*(18<crown-6 )
/Sx I1
R l Ph
0—+—CF,
© CF,
L F3C CF3 L p
59 60
[ FiC_ CF,
O
I Et;,N*
Si—Ph
- CN Ph .
61

In addition to the derivatives of diols with a pentacoordinated silicorr atom, the structure of the spirocyclic silicates 62-
63, in which the silicon is hexacoordinated, has also been studied.

Me,
N
O 2157
N S{‘_ .
o), (PhyP),N
62
o 2173 208
@: - . o))
] ot (PhsP),N Si
0/, 07/,
CH,NMe, H,N
63 64

1406



8'z¢ De'68 e'68 (338301
[voz] L'89 (Ot'68 @198 (€)T'991 (1Lt WIE09'1 H JNha ;|
(€)6°'88 (€)L'98 © 16zt
[661] 8°0¢ (€)6°88 (€)9°S8 (©)E'891 @0rL'] 0106061 H Nhg dN-1
Wr'ss (DL€ @8 Ll
[zoz] L'8S (Q)8'LY (2)§'98 (2)0'091 ssL'y (9)6L8'1 H H, NHD dN-1
[eoz] 0'791 8Ll H [H,NB11l2Z -YH9D-
(£)0°68 €)'68 (£)S'0E1
lzozl 7'EE s'Ly @)IS'v8 (©)°'891 (SISPL'Y (3)888°1 H H, NSH®D n,:ou_u-e
(21698 @L'98 €)18°Lz1 H-$'€
1ozl 0'62 (688 (2)6'98 @)6°L91 (IE9L'1 (8)898°1 ng-1-p'y H, NBig ud
(09*L8 (1)9'v8 DL LY
{Lg1} 06 (OR'LY (t41- 8 2] @6'TS1 PIvSL'| SaT2% o} NRg ud
(S68 (L's8 (D98¢l
(tozl v'6S (6)56°L8 (6)95'v8 (D119} OsrL'L (£)1L81 H H,N911 ud
6Lzl
00z} $'67 1)9°LY FI1'LY L1l ©ILYL'L (1)888°1 H NP ud
L'9L O8LY (DIL'ES [rAT 421
(o61] 1'06 @9'Ly (@98 @rest SR wreg'l H IH N . THD
@Q)L'P8 @ Lov1
{661] #'16 (tAT WA De'es 0181 (FIssL'l (9)888'1 H JNRE ng-;
(8)0'6€1
(661} 8'€9 ($)1'88 (SIL'P8 (®)+'651 6IPSL'1 (€)10' H Rk ng
u 01 [ 8 L 9 g b £ T 1
% ‘dS 0 (o) . N (e
‘Joy | dEl woy “meomommmwo no.v?mwm_m m%o AO.VAMWW._?A%O y) (osn {y) Grisk x 2BA[OS LW ¥
agueyy oistlo : ’

IS S31BOI[IS Yl Ul SUOTIY 31} JO SI3aWIRIRg JLUAWOoaN 11 FIGV.L

1407



"SATIBALISP-U 3 Yum 2INIXIN (q

‘sa[noajou Juapuadaput omi 104 (e

(602 7'98 6)9'88 (6)0'S8 (nost
‘Lozl £'96 6)0°'88 6)6'v8 (OPS1 @sL't (€)L8'1 g O%H HNZHOTHD
(e) +
1602 (P06 #)6°L8 (YA ZA HNPHDHD
‘Lozl 6'vE ()8°88 ($)0°¢8 (ST A 6)0vL'1 (6)088'1 i +
()6°88 ()IL'68 e el 7
80z] L (1L'ss (1)8'8% €)0'9L1 €)ZvL'l (918881 ig NDIW :,.m HO
(9)8¢°68 9)1+'68 (L)60'611
[Loz] (9)09'68 9)16'88 (9)09'9L1 [taTATAR () 1681 H o HEPW NCHD
(8)70°68 (R)+5'e8 (8)89'v¥1 )
{90zl 1'69 (D)40°68 (8)9L'98 (8)69'091 @orL'l (D8LR'1 H NDIWE'0
H%WN
+
(SI1'EET
(sozl 1'9¢ (1T 1LY (6)0EL 1 (8)009°1 H 9-umoI-g1 A 4
I ot 6 # L 9 < £ 4 1
% 'dS O %)
. ad, -(Vo ) {vhyg-(2)
32 df1 woy Morsttlo b Feo () (o) (y) (aish o W Nl
d uwﬁmnu (Dol Do ?vu 1~ w Amﬁv._m.y Y Y NEAJOS +

(panunuod) 11 1dV.L

1408



(£)7°68 (€)8'L8 (€)9'671 I
[e1z) £'5¢ (£)2'06 (€)9°L8 [(3ra-dA (RISLY'I LONW 0 N
. « + T
(D0'68 (DE68 (et O HNHD
lgrzl (n1ros (L' (N6'9LT (€)6EL'T ()888"'1 0% S+
(ni'ss (0P8 (1 1'081
fz1z 112} 9'68 (1988 (1)6'S8 (D9'EST QISPL | (€£)6L8'1 NI
2)8'68 2)5'88 (O
o1zl $'0Z (L)9°88 (1)6'98 )8'TLy (£)6EL°1 ($)906'1 ND3N
(1)S'88 (Ds§'s8 (1)6'0S1
lzozl 9'L6 (Nz'ss (1)6'E8 (s (OPpL'1 (©)1L8°] H, NSHD ud
(DELY (2)8'e8 (©0er1
{107} £°08 @T'L8 @E'r8 (QIEEST ($ISSL'1 (L8t Nhd nyg-7
% ‘dS (), (€-15-(2) vh15-(2)
gL o mmmh woiy ium.ﬁ.w © Acwwdmwm_ 5° ~mmu.ﬂ._m © {y) (o1sk ty) (s aleajog o ¥
3duey)n

7§ SIIBJIIS Y1 Ul SUOMUY

ay jo siaeureled dunwosn 71 14vV.L

1409



TABLE 13. Geometric Parameters of the Anions in the Silicates 59

R M* r(si-R) (A) «(si-0) (A) 0-5i=00) Ref.

ph® MeaN® 1,944(9) 1,819(9) 171.1¢4) [216]
1,810(9)

CeHy EtN" 1.889(6) 1,855(4) 170,5(2) [190]
1,823(4)

PhaSi EtN* 2,403(3 1,831(5) 171,8(2) {217)
1,838(5)

F@ (MeaN)aS* 1,631(3) 1,789(4) 176,4(2) (218]
1,784(4)

a) The average values for two independent molecules.

It was shown by x-ray crystallographic analysis that the anions in compounds 62 {221}, 63 [222], and 64 [223, 224]
are octahedral. The N-»Si donor bonds in the derivatives 62 (2.157 A) and 63 (2.173 A) differ little, and in addition it was
found that only one dimethylaminomethyl group in the silicate 63 is coordinated with the silicon atom, whereas the other does
not enter into intramolecular interaction. The N-Si bond in the zwitterionic silicate 64 is shorter (2.085 A), while the hydrogen
atom of the ammonium group forms a strong hydrogen bond with the oxygen atom of the spirosilicate fragment [r(NH---O)
= 1.62 A].

Each of the three cyclic ligands at the silicon in compound 65 is nonplanar, and the largest deviation from the plane
amounts to 0.037 A. The geometry of the anion is almost octahedral. The departures from the ideal D, symmetry are due to
the strong electronic effects in the crystal lattice, and all the O—Si—O angles therefore differ from the ideal angles of 90 and
180° in the octahedron. The strains in the rings affect the values of the OCC angles (113°), which are significantly smaller
than 120° [225, 226]. In compound 65 the Si—O bonds are nonequivalent (1.765-1.813 A), and they differ little from the
values characteristic of the anionic derivatives of pentacoordinated silicon.

2_
0 N
_ | si| -2CgHNH
0

3

65

2_.
o .\
o Si| Li, * 3,5MeOCH,CH,0Me

3
66

The silicon atom in the 1,2-dimethoxyethane solvate 66 [178] is surrounded by the six oxygen atoms of three
pyrocatechol groups and has an octahedral coordination. Each of the lithium cations is also at the center of an octahedron
formed by three oxygen atoms of the SiO¢ octahedra and three oxygen atoms of the dimethoxyethane. The Si—O distances
(1.7723-1.7930 A) lie in the region characteristic of the silicate 65.

The ionic structure of these compounds is confirmed unambiguously by the x-ray crystallographic analysis of bis[2-
(dimethylaminomethyl)phenyl]silyl triflate 67 {118] and the complex of bis[8-(dimethylamino)naphthyl]silane with iodine 68
[227]. Unlike the previously examined [2-(dimethylaminomethyl)phenyl]phenylsilyl triflate 15 [SiXy = Si(H)Ph(OSO,CF;)]
[118] with an Si—O bond of 1.951 A, interaction between the oxygen and silicon atoms is absent in compound 67, and the
shortest Si—O distance amounts to 4.165 A, which is greater than the sum of the van der Waals radii. The coordination at the
silicon atom is a trigonal bipyramid with the nitrogen atoms of the two dimethylaminomethyl groups at the corners and with
N-»Si distances of 2.052 and 2.072 A. These bonds are shorter than in the neutral derivatives of pentacoordinated silicon,
containing 2-(dimethylaminomethyl)pheny! substituents.

In compound 68, the shortest Si—1I distance (5.036 A) is significantly greater than the sum of the van der Waals radii.
In addition, the ions form alternating layers in the crystal. This indicates the absence of covalent interactions between the silicon
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and the iodine. The silicon is trigonal-bipyramidal. The three o-bonded atoms lie in the equatorial plane, and the two nitrogen
atoms are in the axial positions. The N-Si distances (2.08 and 2.06 A) are very close in value to the distances in compound

67.

NMe,
‘2.072 _
it 0SO,CF;

1/2 1%

67 68

In the bistriflate of 1,1,3,3-tetrakis[1-(2-oxopyrrolidinyl)methyl]disiloxane 69 [228], the shortest interionic Si—Op¢
contacts (3.91 and 4.28 A) were only found for one silicon atom of the siloxane fragment, for which they exceed 4.5 A. The
disiloxane fragment is nonlinear (Si—O—Si angle 145.3°), and the silicon atoms have a trigonal-bipyramidal configuration with
the oxygen atoms of the carbonyl groups at the corners of the pyramid.

In reaction with N-methylimidazole, dimethylchloro- and dimethyldichlorosilane form the ionic compounds 70 and 71
[229] with pentacoordinated silicon. The dis: ‘nces from the silicon to the nitrogen atoms in the axial positions in the catimn
70 are equal (2.034 and 2.005 A), while in the cation 71 the equatorial Si—N bond (1.817 A) is shorter than the axial bonds

(1.983 and 2.023 A).

| M )
€ M =
H—si{ cr c\Sli-—-N cl, - Q
Me/l \/N\

I!I\M6
N Me |
o, ) e
N N .
N s
L Me J i Me ]
70 7

The structure of compounds 72 [230], 73 [231], and the complex of tetraiodosilane with dimethylformamide
[(Me,NCHO),Sill, [232] with hexacoordinated octahedral silicon was studied by x-ray crystallographic analysis. In the cation
72, the N-Si bonds in the rrans position to the OH ligands (2.005 A) are longer than the cis bonds (1.953 A). The 0—Si—O
angle approximates to tetrahedral, and the N—Si—N angles of the two 2,2'-bipyridine ligands are small (80.4°) on account
of the steric characteristics.
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The length of the Si—O bonds in the cation with the dimethylformamide ligands (1.754-1.772 A) and in the chelate
complex 73 (1.752-1.779 A) is identical.

r | = 12" r Me 1+
9 T D Pl
\ Sl a 21 \ [HCL}™
/ l OH Me 0 o
l OH
L = ] L Ph J
72 73

*

After analysis of the results of structural investigations of the compounds of hypervalent silicon it should be noted that
additional coordination with nitrogen, oxygen, and sulfur atoms as a rule leads to derivatives with five-membered heterocycles
(silatranes, 2-dimethylaminomethylphenylsilanes, 8-dimethylamino-1-naphthylsilanes, aroyloxymethyltrifluorosilanes, N-
silylmethyllactams, N-silylmethylacetamides, and spirocyclic 1,2-ethylenediolato-, 1,2-phenylenediolato-, and 3,4-
naphthalenediolatosilicates). The formation of four- and six-membered heterocycles is observed much less often.

The data on the molecular structure of the compounds of silicon with increased coordination are extremely useful during
the study of the reactivity (the structure of the intermediate complexes, reaction mechanisms). They are also essential for the
analysis of the results of NMR-spectroscopic investigations and for the production of correlations between the geometric
characteristics of molecules in the crystalline state and the NMR spectral parameters. The structural characteristics of
organosilicon compounds may provide valuable information during the investigation of their biological activity.
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