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Hexamethylenediammonium bis[bis(1,2-ethylenediolato)phenylsilicate(IV)], [HzN(CH,)¢NH;], s-
[(C;H,0,),SiPh], 4, and tetraethylammonium bis(3,4,5,6-tetrachloro-1,2-benzenediolato)phenylsilicate(IV),
[Et,N][(CsCl,0,),SiPh], 5, were synthesized and their X-ray structures established. 4 has a structure
displaced 72% from a trigonal bipyramid (TBP) to a rectangular pyramid (RP). 5 is nearly a rectangular
pyramid (RP) being 90% so displaced. A quantitative assessment of structural distortion for 4 and 5 and
related anionic silicates shows that these pentacoordinated compounds form a continuous series of structures,
similar to phosphoranes, between the trigonal bipyramid and square or rectangular pyramid along the Berry
pesudorotational pathway. It is shown that the idealized RP geometry is approached when two five-
membered unsaturated rings are present with like ligands in any one ring attached directly to silicon. The
existence of this low-energy coordinate indicates the presence of nonrigid character comparable to that
found for phosphoranes. 4 crystallizes in the monoclinic space group P2,/n with a = 10.266 (2) A, b =
12.344 (3) A, ¢ = 12.525 (2) A, 8 = 105.48 (1)°, and Z = 4, with each half cation taken into the other half
by an inversion operation. There is extensive hydrogen bonding between the amino hydrogen atoms of
the cations and the oxygen atoms of the anions. 5 also crystallizes in the monoclinic space group P2,/n
with a = 8.502 (3) A, b = 21.141 (7) A, ¢ = 17.406 (5) A, 8 = 90.29 (3)°, and Z = 4.
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Introduction

We recently reported the first examples of the square-
pyramidal geometry existing in a discrete form for the
main-group 4 elements, silicon,* germanium,® and tin.®

The structures were obtained by X-ray diffraction. These M R X Y
five-coordinated derivatives all contained cyclic anionic .

. p . . . 1 S§i F O H
species 1-3 that are isoelectronic with corresponding 2 Ge C1 O H
members of the main-group 5 elements, phosphorus, ar- 3 Sn Cl S CH,

senic, and antimony.’
Although discrete anionic forms are quite rare for sili-
con,**13 germanium,>*1® and tin,%'*?2 the few examples
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of these elements, which have been structurally charac-
terized in the solid state, are trigonal bipyramidal or some
distortion thereof.

It is of interest to learn if a series of such derivatives
follows a distortion coordinate similar to that established
for phosphoranes.’®?3% In the case of pentacoordinated
phosphorus compounds, this is the Berry pseudorotational
coordinate,® which is the one commonly cited to interpret
intramolecular ligand exchange behavior from NMR
studies of nonrigid members.?® The latter coordinate has
had extensive application to problems in reaction mech-
anisms in phosphorus chemistry.?”

It is reasonable to feel that the establishment of a sol-
id-state coordinate between five-coordinated geometries
for group 4 members would imply a low energy for a similar
solution-phase process and have a high degree of appli-
cability to mechanistic considerations of group 4 com-
pounds that might react by way of a five-coordinated state.

Specializing to silicon, there exists a wide variety of
reactions that are thought to proceed via the latter state.®
Extensive kinetic and stereochemical studies have been
carried out in this area recently by Corriu and co-work-
ers.?%2  Ag an aid to this interpretation and to applicable
ligand exchange behavior found in solution for nonrigid
members,'%%¢ we have embarked on a program to charac-
terize the solid-state distortion coordinate peculiar to
five-coordinated silicon compounds. Further, such a study
will allow comparisons with the isoelectronic phosphoranes
that should indicate the relative degree of agreement
among structural principles between these two clases of
pentacoordinated substances. Toward this goal, we report
the synthesis and molecular structure of the spiro phenyl
silicates 4 and 5.
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Experimental Section .
Preparation of Hexamethylenediammonium Bis[bis(1,2-
ethylenediolato) phenylsilicate(IV)], [(C,H,0,),SiPh],[H;N-
(CH,)¢NH;], 4. The procedure reported here is a modification
of one reported by Frye.?!
To 0.73 g (6.2 mmol) of melted 1,6-diaminohexane in a 25-mL
round-bottom flask, under a dry nitrogen atmosphere, were added
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1.56 g (2.5 mmol) of 1,2-dihydroxyethane and 2.47 g (12.56 mmol)
of phenyltrimethoxysilane. The resulting immiscible mixture
exothermically reacts, becoming miscible. At this point 3 mL of
methanol was added and the solution slowly cooled to 0 °C. The
resulting crystals were filtered, washed with diethyl ether, and
dried under vacuum. Care was taken in protecting the product
from atmospheric moisture since rapid degradation occurs. In
the course of mounting crystals for the X-ray study, they de-
composed in about a minute or so in the atmosphere. The melting
range of 4 was 128-137 °C (lit.*! 130-140 °C) (yield 2.6 g, 75%).

Preparation of Tetraethylammonium Bis(3,4,5,6-tetra-
chloro-1,2-benzenediolato)phenylsilicate(IV),
[(CeC1,0,),SiPh][Et,N], 5. To a solution of the 1:1 adduct of
triphenylphosphine oxide and tetrachlorocatechol, PhyP=0-.
C¢C1,(OH),, (2.1 g, 4 mmol), in acetonitrile (70 mL) were added
triethylamine (0.202 g, 2 mmol) and phenyltrimethoxysilane
(Pfaltz and Bauer) (0.396 g, 2 mmol). The resulting mixture was
stirred at room temperature for 10 min and then heated under
reflux for 0.5 h to obtain a pink solution. Evaporation of solvent
from the reaction mixture afforded a pinkish viscous mass that
was treated with benzene (20 mL), and the mixture was heated
under reflux for 10 min to selectively dissolve the triphenyl-
phosphine oxide byproduct in the reaction. The benzene layer
was separated by decantation from the insoluble viscous mass
and evaporated to dryness to obtain triphenylphosphine oxide
(1:1 g), mp 153 °C.

The pink viscous residue was dissolved in acetonitrile (30 mL),
and to the solution was added tetraethylammonium chloride (0.33
g, 2 mmol) to bring about exchange of the triethylammonium
cation from the complex [(CgCl,0,),SiPh][Et;NH] by tetra-
ethylammonium cation. When the reaction mixture was stirred,
a metathesis reaction occurred and a silky white precipitate of
Et;NH*Cl was thrown out of the solution. Removal of acetonitrile
from the reaction mixture in vacuo gave a pinkish white solid that
was further dried under oil pump vacuum at room temperature.
The dried solid was suspended in water (50 mL), and the sus-
pension was magnetically stirred for 5 min to dissolve Et;NH*Cl
present along with the desired complex. The water-insoluble solid
was filtered under suction, dried, and recrystallized from aceto-
nitrile to obtain colorless crystals of [(C4Cl,0,),SiPh][Et,N], 5
(yield 1.34 g, 92%): mp >260 °C; 'H NMR data in Me,SO-dg/
Me,Si (60 MHz, 10% solution) 7.55 (m, 2 H, ortho protons of
SiPh), 7.35 (m, 3 H, meta and para protons of SiPh), 3.2 (q, 8
H, CH, protons of Et,N*), 1.15 (m, 12 H, CHj; protons of Et,N*)
ppm. Anal. Caled for CogHosNO,ClgSi: C, 42.94; H, 3.465; N,
1.93. Found: C, 42.85; H, 3.26; N, 1.89.

Crystallography. All X-ray crystallographic studies were done
by using an Enraf-Nonius CAD4 diffractometer and graphite-
monochromated molybdenum radiation (A\(Ka;) = 0.70930 A,
AMKas) = 0.71359 A) at an ambient temperature of 23 £ 2 °C.
Details of the experimental and computational procedures have
been described previously.??

X-ray Crystallographic Studies for 4. Colorless crystals
of 4, grown from methanol, are very unstable and apparently
hydroscopic large rods. The crystal used for the X-ray studies,
an approximately equidimensional fragment having a diameter
of about 0.5 mm, was cut from a larger crystal and mounted inside
of a sealed, thin-walled glass capillary. Although the surface of
the mounted crystal was badly frosted, there were no signs of
crystal degradation during the data collection process.

Crystal data: [(C;H,0,),SiPh][NH3(CH,)¢NH;g], s, uniquely
determined space group P2;/n (alternate setting of P2,/c,
[C5,—No. 14]%), a = 10.266 (2) A, b = 12.344 (3) A, ¢ = 12.525
(2) A, B=105.48 (1)°, Z = 4, piaoxca = 0.167 mm™. A total of 2659
independent reflections (+h,+k,%1) was measured by using the
6-26 scan mode for 2° < 20y < 50°. No corrections were made
for absorption. The structure was solved by using direct methods
(MULTAN) and refined by full-matrix least squares.’* The 19
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Vol. IV, pp 72-98. Real and imaginary dispersion corrections for Cl, Si
and O were taken from the same source, pp 149-150.
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independent non-hydrogen atoms were refined anisotropically,
while the 22 independent hydrogen atoms were included in the
refinement as fixed isotropic scatterers. Coordinates for all but
the amino hydrogen atoms were calculated and updated as re-
finement converged so that the final C-H bond lengths were 0.98
A. Coordinates for the three amino hydrogen atoms were taken
from a difference Fourier synthesis. The final agreement factors®
}vere R = 0.048 and R, = 0.073 for the 2225 reflections having
= 20’ Ie

X-ray Crystallographic Studies for 5. Experimental and
computational techniques were the same as described for 4 unless
otherwise noted. ‘

Crystals suitable for X-ray crystallography were obtained by
recrystallization of a sample of [(CgCl,0,),SiPh][Et,N] from
acetonitrile. A colorless crystal of 5 (0.30 X 0.38 X 0.38 mm), cut
from a larger rodlike crystal and mounted inside of a sealed,
thin-walled glass capillary as a precaution against moisture sen-
sitivity, was used for the X-ray studies.

Crystal data: [(C1,C40,),SiPh][NEt,], monoclinic space group
P2,/n,a = 8.502 (3) Ab=21141(MA c=17406 5 A, 8=
90.29 (3)°, Z = 4, ptpoxa = 0.786 mm. A total of 5474 independent
reflections was measured. The 40 independent non-hydrogen
atoms were refined anisotropically, while the 25 independent
hydrogen atoms were included in the refinement as fixed isotropic
scatterers. Coordinates for the 12 methyl hydrogen atoms were
taken from a difference Fourier synthesis, while coordinates for
the remaining hydrogen atoms were calculated and updated. The
final agreement factors were R = 0.051 and R,, = 0.073 for the
3542 reflections having I = 2.

Results and Discussion

Synthesis. Although the diammonium containing
phenylsilicate 4 has been prepared earlier, the chlorinated
anionic silicate 5 represents a new substance. The for-
mation of 4 and 5 are summarized in eq 1 and 2, respec-
tively.

40HCH,CH,OH + 2C¢H,Si(OCH;), + H,N(CH,);NH,
— [(C2H402)2SiPh]i[HaN(CHQGNHS] + 3CH,0H (1)

CH,CN

PhSi(OMe); + 2PhyP—0-C,Cl,(OH), + Et;N ——
2Ph,P=0 + 3MeOH + [(C,CL,0,),SiPh][Et,NH]
CH,CN

[(C4C1,0,),SiPh][Et,NH] + Et,N*CI-
[(C4C1,0,),SiPh](Et,N] + Et;NH*CI- (2)
5

In view of the commercial nonavailability of tetra-
chlorocatechol and its preparation involving a tedious
procedure of chlorination of catechol,® the 1:1 adduct of
triphenylphosphine oxide and tetrachlorocatechol,
Ph,P=0-C,Cl,(OH),, was used as an alternative source to
carry out the preparation of 5. The 1:1 adduct was pre-
pared by the reaction of PhyP==0 with o-chloranil in moist
ether. The triphenylphosphine oxide byproduct resulting
in the reaction sequence (2) could be easily separated from
the desired reaction product by a selective extraction with
benzene. The second step in the preparation of 5 involved
a metathesis reaction (eq 2) to bring about cation exchange
to replace the Et;NH"* ion with Et;N*.

Basic Structures. The atom labeling scheme and the
molecular geometry for 4 are shown in Figure 1, while
atomic coordinates for non-hydrogen atoms are given in
Table I. The corresponding information for 5 is given in
Figure 2 and in Table II. Bond lengths and angles about
silicon for both 4 and 5 are given in Table III along with
those for the related compound 14 which are given for

(35) R = T|IFy| — |FJl/ |\F,| and Ry = {Tw(|F,| ~ |F|)?/ Tw|F |32
(36) Jackson, C. L.; MacLaurin, R. D. Am. Chem. J. 1907, 37, 1.
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Figure 1. ORTEP plot of [(CgH‘Og)zSiPh][NH3(CH2)6NH3]05, 4,
with thermal ellipsoids at the 50% probability level. The numbers
in parentheses refer to those used in Table III. Three extra
half-cations are shown to illustrate the hydrogen bonding (dashed
lines) and to depict the cation geometry. The coordinates of the
atoms of these half-cations are generated from those in the co-
ordinate list by the following: e,1-x,1-y, -2 f,—x,1 -y, —2;
g '/a—x,y- /5 1/s—2. All but the amino hydrogen atoms, shown
as spheres of arbitrary radius, have been omitted for purposes
of clarity. N

Figure 2. ORTEP plot of [(C1,C¢0,),SiPh][NEt,], 5, with thermal
ellipsoid at the 50% probability level. Hydrogen atoms have been
omitted for purposes of clarity. . The numbers in parentheses refer
to those used in Table ITI.

Table I. Atomic Coordinates in Crystalline
{(C,H,0,),8iPh][H,N(CH,),NH,], ;, 4°

coordinates
atom

type? 10%x 10%y 10%z
Si 928.3 (8) 2643.3 (6) 1828.5 (6)
o1 1855 (2) 2369 (2) 3179'(2)
02 934 (2) 3985 (1) 2192 (2)
or 555 (2) 3129 (1) 461 (1)
02 1865 (3) 1660 (2) 1464 (2)
c1 1649 (5) 3148 (3) 3939 (3)
C2 1495 (5) 4194 (3) 3346 (3)
C1’ 844 (5) 2352 (3) ~-270(3)
c2 1784 (6) 1588 (4) 338 (4)
CP1 -760 (4) 2075 (2) 1869 (2)
CP2  -1075 (4) 971 (3) 1688 (2)
CP3  -2317 (5) 568 (3) 1748 (3)
CP4 -3265 (5) 1235 (5) 1984 (3)
CP5 -2993 (4) 2328 (4) 2158 (3)
CP6  -1761 (3) 2729 (3) 2104 (2)
c3 4657 (3) 4491 (3) 133 (3)
C4 3658 (3) 4726 (3) 828 (3)
C5 2401 (3) 5288 (3) 162 (2)
N 15652 (2) 5661 (2) 881 (2)

¢ Numbers in parentheses are estimated standard
deviations. ? Atoms are labeled to agree with Figure 1.
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Table II.  Atomic Coordinates in Crystalline
[(CLC,0.),SiPh][Et,N], 5°

coordinates

type? 10%x 10%y 10z

Si 2996 (2) 2317 (1) 2430 (1)
01 3162 (5) 1731 (2) 1727 (2)
02 3868 (4) 1784 (2) 3081 (2)
ot 3944 (4) 2902 (2) 2979 (2)
02 3055 (4) 2843 (2) 1652 (2)
cl2 3138 (3) 571 (1) 672 (1)
Cl3 4573 (3) -627 (1) 1493 (1)
Cl4 5620 (2) -540 (1) 3210 (1)
Cl5 5247 (2) 739 (1) 4103 (1)
C12' 5471 (2) 4028 (1) 3816 (1)
Cl8’ 5627 (2) 5229 (1) 2762 (1)
cl4’ 4400 (2) 5160 (1) 1071 (1)
c15' 2944 (2) 3892 (1) 450 (1)
C1 3653 (6) 1174 (2) 2008 (3)
Cc2 3761 (8) 614 (3) 1615 (3)
C3 4377 (1) 78 (3) 1991 (4)
C4 4842 (7) 117 (3) 2747 (4)
C5 4690 (8) 688 (3) 3158 (3)
C6 4081 (6) 1203 (2) 2778 (3)
c1 4107 (6) 3448 (2) 2605 (3)
c2 4740 (7) 4001 (3) 2887 (3)
cs' 4833 (7) 4532 (2) 2412 (3)
c4 4293 (7) 4504 (2) 1669 (3)
C5' 3652 (8) 3938 (2) 1385 (3)
ol 3576 (6) 3419 (2) 1853 (3)
C7 892 (6) 2312 (2) 2705 (3)
C8 -84 (7) 2848 (3) 2622 (3)
Cc9 ~-1632 (7) 2836 (3) 2814 (4)
C10 2307 (7) 2299 (3) 3109 (4)
C11 ~1402 (7) 1768 (3) 3186 (4)
C12 170 (7) 1778 (3) 2994 (4)
N -2612 (6) 2294 (3) 315 (3)
C13 ~2989 (9) 2914 (4) 720 (5)
Cl4 -2918 (12) 3497 (4) 219 (6)
C15 ~3795 (8) 2178 (3) —338 (4)
C16 -1501 (8) 2148 (4) -108 (4)
C17 -2748 (9) 1780 (5) 913 (4)
C18 —2358 (12) 1128 (5) 619 (8)
C19 ~-9897 (8) 2319 (4) —45 (4)
C20 370 (10) 2416 (6) 513 (6)

¢ Numbers in parentheses are estimated standard
deviations. Atoms are labeled to agree with Figure 2.

purposes of comparison. Anisotropic thermal parameters,
hydrogen atom parameters, additional bond lengths and
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angles, and selected deviations from least-squares mean
planes for both 4 and 5 are provided as supplementary
material.

The basic structural form assumed by both the phe-
nylsilicates 4 and 5 is a rectangular pyramid, although 5
is considerably closer to this geometrical representation.
This is most in evidence from the trans basal angles 1-Si-5
and 2-Si-4 which for 5 are closer to one another than for
4 (Table III). The corresponding Si-O bond lengths also
reflect the greater RP character for 5. The bond lengths
for 4 show what would be Si—O axial bond lengths in a
trigondl bipyramid that average 1.748 (3) A and Si-O
equatorial bond lengths that average 1.701 (3) A. The more
rectangular pyramidal spirosilicate 5 has values of these
lengths of 1.756 (6) and 1.752 (6) A, which are equal within
the limits of the error. For 5, the four atoms comprising
the basal plane of the RP are coplanar to within £0.05 A
with the Si atom displaced 0.452 A out of this plane in the
direction of the apical carbon atom. A similar comparison
of bond parameters for the two independent molecules of
14 suggests it is less RP than either 4 or 5.

The plane of the phenyl group for 4 is close to allignhment
with the “equatorial” plane containing the atoms Si, 02,
02/, and CP1 (Figure 1); whereas for 5, the phenyl plane
is closer to bisecting the ring angles 02'~-Si-O1’ and O1-
Si-02 (Figure 2). For 4, the dihedral angle between the
planes mentioned is 3.9° (planes 2 and 7, Table G), while
for 5, the dihedral angle for the phenyl plane and the
corresponding “equatorial” plane; i.e., the one containing
the atoms Si, 01, O1’, and C7 is 59.2° (plane 2 and 8, Table
H).

In 4, the distances between amino hydrogen atoms and
oxygen atoms of the cations all range from 1.83 to 1.91 A,
which indicates hydrogen bonding. Each of the three
independent amino hydrogen atoms is hydrogen bonded
to a different oxygen atom each of which is from a different
cation (see Figure 1), forming a three-dimensional hydro-
gen-bonded network. The only non-hydrogen bonded
oxygen atom of 4, 02/, has the shortest Si—-O bond distance,
1.685 (2) A. This is to be expected, since hydrogen bonding
removes some electron density in its formation leaving less
for the bond to the attached atoms. An entirely analogous
hydrogen bonding system is found in the structure of
[(CzH402)ZSiMe] [H3N(CH2)6NH5]0.5, 12,12 which has an
acyclic methyl group attached to silicon in place of the

Table III. Bond Lengths (A) and Bond Angles (deg) about Silicon for 4, 5, and 1¢

5 1(A)° 1(B)°¢

Si-1 1.759 (4) 1.738 (2) 1.742 (5) 1.741 (5)
Si-5 1.753 (4) 1.757 (2) 1.736 (5) 1.738 (5)
Si-2 1.746 (4) 1.717 (2) 1.704 (5) 1.699 (5)
Si-4 1.757 (4) 1.685 (2) 1.706 (5) 1.701 (5)
Si-3 1.854 (4) 1.883 (3) 1.607 (4) 1.599 (4)
1-Si-5 152.9 (2) 159.2 (1) 164.0 (2) 168.4 (3)
2-Si-4 147.3 (2) 143.6 (1) 145.5 (3) 140.7 (3)
3-Si-1 103.7 (2) 99.8 (1) 97.8 (2) 95.3 (2)
3-8i-5 103.5 (2) 101.0 (1) 98.3 (2) 96.3 (2)
3-Si-2 105.0 (2) 106.9 (1) 107.0 (2) 109.7 (2)
3-Si-4 107.7 (2) 109.6 (1) 107.5 (2) 109.6 (2)
1-Si-2 87.8 (2) 88.2 (1) 89.0 (2) 89.8 (2)
4-Si-5 87.6 (2) 88.5 (1) 89.3 (2) 89.4 (2)
1-Si-4 84.8 (2) 85.4 (1) 85.9 (2) 86.4 (2)
2-Si-5 84.6 (2) 85.1 (1) 86.3 (2) 86.6 (2)
% TPB — RP® 87.9 (89.8) 68.6 (72.1) 70.5 (68.7) 54.6 (52.8)
§ .. (unit) 5.5 15.3 18.0 26.6

¢ The identities of the atoms 1 through 5 are given as parenthesized numbers in the ORTEP plot of Figure 1 for 4 and in
the ORTEP plot of Figure 2 for 5. Ligand 3 is in the apical position of the rectangular pyramid in all of these structures
while the ligand pairs 1 and 5 and 2 and 4 occupy trans basal positions. ? The first entries are for calculations based on
actual atomic coordinates. The entries in parentheses are derived by using unit vectors in place of actual bond lengths.

¢ Two independent molecules per asymmetric unit.*
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Table IV. Axial and Equatorial Angles (¢) and Dihedral Angle (6) Sums for Pentacoordinated Anionic Silicates (deg)

£i164C) - R-2£18,(C)~ %(TBP -

compd no. 8 5 815 8, 5 ;(TBP)1° 8 (RP)I" RP)? ref¢

1(A) 18.0 164.0 145.5 149.6 149.6 68.7 4
1(B) 26.6 168.4 140.7 114.9 114.9 52.8 4
4 15.3 159.2 143.6 157.0 157.0 72.1 this work
5 5.5 152.9 147.3 195.4 195.4 89.8 this work
64 57.6 181.3 114.8 13
7 47.8 174.6 121.4 19.6 19.6 9.0 11
gd 59.8 187.5 118.9 13
9(A) 39.6 176.2 133.7 62.5 62.5 28.7 10
9(B) 41.2 176.6 132.2 55.3 . 55.3 25.4 10

10 37.0 167.7 127.9 64.3 64.3 29.5 8

11 35.5 168.4 130.5 72.2 72.2 33.2 9

12 24.7 161.7 136.0 116.1 116.1 53.3 12

13 21.9 160.4 137.8 127.7 127.8 58.7 9

14 1.2 152.1 150.9 214.2 210.9 97.6 9

@ Based on unit bond distances. ? R=z;ls; (’I‘BP) —6;(RP)I= 217.7°for ¢ = 150°. ¢ These are references to the X-ray
studies. ¢ The directions of angular dlsplacement in6 and 8 are opposite those for the Berry coordinate for both the axial

and equatorial angles.
structures are close to TBP.

phenyl group of 4. The same effects of hydrogen bonding
are apparent in the silicon—oxygen bond lengths. The fact
that an equatorial type Si—O bond in each case is the one
not hydrogen bonded is consistent with the greater charge
buildup at axial sites. The latter would be expected to
preferentially form hydrogen bonds.

Distortion Coordinate. To express the structural
distortions in a more quantitative fashion, which will allow
comparisons with related compounds, it is useful to plot
the values of the trans basal angles 6,5 and 6,, of the RP
(which are axial and equatorial angles with reference to
the trigonal bipyramid, TBP) vs. the dihedral angle 8,,.%
The latter angle is the dihedral angle formed between
normals to the TBP faces 124 and 245 that have the
common equatorial edge 24 and is the one most intimately
associated with the Berry exchange coordinate.?’ This
dihedral angle has a value of 53.1° for an idealized TBP
but becomes 0° as edge 24 disappears on forming the RP.

Figure 3 represents a 8 vs. 854 plot for most of the known
pentacoordinate silicon compounds which have been
structurally characterized by X-ray analysis.**'3 The data
are given in Table IV. The points correspond to the
formulas 1 and 4-14. It is seen that the Berry coordinate

@[\l/]@ )ﬁ;{\l/f;(l

is well followed and leads to a “limiting” RP structure, i.e.,
as 8y, goes to zero, with a 6 angle of 152°. Comparison with
a similar plot for the more extensively studied phospho-
ranes’»22 ghows approximately the same scatter from the
Berry coordinate and the same value of 152° for the trans
basal angle of the RP. The latter angle for the RP is in
agreement with a calculation by Zemann3 and later by
Kepert® on the closely related square pyramid using a
simple repulsion model.

As with phosphoranes,”? reduced ring strain achieved
by axial-equatorial placement in a TBP takes preference
to the location of the most electronegative element in the

(37) Muetterties, E. L.; Guggenberger, L. J. J. Am. Chem. Soc. 1974,
96, 1748.

(38) Zemann, J. Z. Anorg. Allg. Chem. 1963, 324, 241.

(39) Kepert, D. L. Inorg. Chem. 1973, 12, 1938, 1942,

This is sometimes referred to as an anti Berry displacement and is observed occasionally when the
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Figure 3. Variations of the axial angle 6,5 (open circles) and
equatorial angle 6,4 (filled circles) vs. the dihedral angle 4, as
structural distortion for pentacoordinated silicon(IV) compounds
listed in Table IV proceeds along the Berry coordinate from a
rectangular pyramid toward a trigonal bipyramid.

axial position, cf. 1 and 9. Also, as observed with phos-
phoranes,” the RP geometry is approached when unsatu-
rated five-membered rings contain like atoms in any one
ring directly bonded to the central atom and two such rings
are present.

. A more elaborate means of expressing geometrical dis-
tortion is to use the sum of dihedral angle method which
has been adequately described.2? Comparison of the di-
hedral angle sum for a compound of interest 3_;j5;(C) -
5;(TBP)| with a similar sum, R = 3 ;|6,(TBP) - §,(RP)|
(which is equal to 217.7° when 6 = 150°), for the two
“idealized” geometries for pentacoordinated derivatives
allows the calculation of a percent displacement between
these two geometries from the TBP to the RP. These
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Figure 4. The sum of dihedral angles for pentacoordinated
silicon(IV) compounds listed in Table IV from a rectangular-
pyramidal geometry vs. the sum from a trigonal bipyramid on
a common reference scale.

values are expressed in Table IV for the silicon compounds
of interest here. A dihedral angle plot obtained from ap-
plication of this method on a common reference scale® is
given in Figure 4. Again, the Berry coordinate is seen to
be followed closely.

Ligand Influences. Silicate 4 is displaced 72.1% based
on unit vectors from the TBP toward the RP while 5 is
displaced 89.8%. The high displacement toward the RP
for 4 is unusual compared to that for phosphoranes in that
saturated five-membered spirocyclic rings containing like
atoms have not been observed to be displaced more than
about 50%.7»?¢ However, the presence of hydrogen
bonding in 4 may exert a structural influence or silicon may
more readily shift along this coordinate with ligand
changes. The latter has yet to be established.

The related anionic silicate 12 containing a methyl group
in place of the phenyl group of 4 is considerably less dis-
placed toward the RP, 53.3% (Table IV). The Si-O bonds
are all longer in 12. Following VSEPR theory,? this is
consistent with enhanced electron pair repulson between
electron pairs in these bonds and that in the less electro-
negative Si—C bond of the methyl group compared to
similar repulsions in phenyl related silicate 4. However,
the reason 4 is further displaced toward the RP than 12
is not revealed at present.

The close approach to the RP for 5 (83.8%) is consistent
with the presence of the unsaturated ring system con-
taining electron-withdrawing substituents. The resulting
delocalization would tend to reduce bond electron pair
repulsions at silicon and lower the energy of the RP relative
to the TBP. This same structural feature was observed
with the phosphoranes 154 and 1642 (% TBP —> RP 72 and
94, respectively).

We maintained? that depending on the ligand con-
struction, the point reached along the Berry coordinate for
cyclic phosphoranes will be determined largely by the

(40) Gillespie, R. J. “Molecular Geometry”; Van Nostrand-Reinhold:
New York, 1972,

(41) Brown, R. K.; Holmes, R. R. JJ. Am. Chem. Soc. 1977, 99, 3326.

(42) Clark, T. E; Day, R. O.; Holmes, R. R. Inorg. Chem. 1979, 18,
1668.
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position that proves most satisfactory in relieving elec-
tronic, steric, and ring strain terms. Lattice effects, in
general, are minimal with phosphoranes. For five-coor-
dinated anionic silicon derivatives, a similar statement
appears to hold, except that lattice effects probably assume
a greater but as yet undetermined role.

Nonrigid Character. The fact that the present series
of pentacoordinated silicon compounds provides a more
or less uniform distribution of solid-state structures be-
tween the TBP and RP indicates that the energy differ-
ence between those two geometries is relatively small and
comparable to that established for phosphoranes.344
Most nonrigid phosphorances have activation energies*#
for ligand exchange obtained from NMR studies ranging
from 5 kcal/mol for acyclic derivatives to 25 kcal /mol for
derivatives containing cyclic ligands exhibiting steric ef-
fects. These values most likely reflect the energy differ-
ences between the two five-coordinated geometries. Al-
though similar NMR studies on nonrigid five-coordinated
anionic silicon compounds have not appeared to any ex-
tent, those that have given some indication of the operation
of a Berry type intramolecular ligand exchange, e.g., in the
SiFy~ and RSiF,~ (R = CHj, Ph) ions ¥ at low temperature
and for the anion 9'° as the dynamic process equilibrating
the CF; groups. A AG* value for the latter process of 16.6
kcal/mol was obtained, which is in the range for related
cyclic phosphoranes.

From 3P NMR measurements on phosphoranes, it was
concluded*® that the structures observed in the solid state
were retained in solution. Given the closely related low-
energy coordinate for anionic silicates (Figure 3), it is likely
that future studies will reveal analogous ligand exchange
processes to that observed with phosphoranes which ex-
press a similar range of nonrigid character.
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The new five-coordinated silicon compounds, pyridinium bis(2,3-naphthalenediolato)phenylsilicate(IV),
[(C1oHg05)oSiPh}[CsHgN], 11, pyridinium bis(1,2-benzenediolato)-1-naphthylsilicate(IV), [(C¢H,0,),Si- -
CioH71[CsHgN], 12, and pyridinium bis(1,2-benzenediolato)(2- and 4-chlorophenyl)silicate(IV) (2-Cl, 0.85;
5-Cl, 0.15), [(C¢H 04),SiCeH,Cl][CsHgN], 13, were synthesized and their X-ray structures determined. The
structure of 11 is nearly an ideal rectangular pyramid (RP) and 12 is displaced about halfway between
the RP and trigonal bipyramid (TBP), while 13 is closer to a TBP. A quantitative assessment of these
and related pentacoordinated cyclic anionic silicate structures reveals a continuous change in ring Si-O
bond lengths that vary from 1.78 (axial) and 1.68 A (equatorial) for the idealized TBP to 1.73 A (basal)
for the RP. The results for these compounds, all of which follow the Berry pseudorotational coordinate,
suggest a structural nonrigidity at least as great as found for phosphoranes. The structures attained for
11-13, which exhibit different degrees of hydrogen bonding with the pyridinium cation, are discussed in
terms of electron delocalization of the ring system in 11 and the implication of steric effects of the unique
ligand in 12 and 13. Both 11 and 13 crystallize in the monoclinic space group P2, /n with a = 10.959 (4)
A b=20.332(T A, c=11.448 (3) A, 8= 99.07 (2)°, and Z = 4 for 11 and a = 9.397 (3) A, b = 20.335 (8)
A, ¢ =11.067 (5) A, 8 = 102.82 (3)°, and Z = 4 for 13. 12 crystallizes in the monoclinic space group Cc

with a = 16.529 (3) &, b = 17.603 (5) &, c = 8.293 (3) A, 3 = 111.63 (3)°, and Z = 4.

Introduction

As evident in the preceding article,* pentacoordinated
bicyclic silicates isoelectronic with phosphoranes form a
range of solid-state structures extending from the trigonal
bipyramid (TBP) to the square or rectangular pyramid
(RP) along the Berry pseudorotational coordinate.” In
establishing this coordinate, structural principles®® learned
from studies on phosphoranes!? were utilized as a guide
in synthesizing five-coordinated anionic silicates whose
structures would exist between the two principal geome-
tries, particularly those toward the square pyramid. The
latter geometry is one which we characterized for silicon
only recently.! Schomburg!?4 has concentrated attention

(1) Pentacoordinated Molecules. 51. Previous paper in the series, ref

(2) Presented in part at the: 185th National Meeting of the American
Chemical Society, Seattle, WA, March 1983; American Chemical Society:
Washington, DC, 1983; INOR 113; 186th National Meeting of the Am-
erican Chemical Society, Washington, DC, Aug 1983, American Chemical
Society: Washington, DC, 1983; INOR 200.

(3) This work represents in part a portion of the M.S. and Ph.D.
Theses of John J. Harland, University of Massachusetts, Amherst, MA.

(4) Holmes, R. R.; Day, R. O.; Harland, J. J.; Sau, A. C.; Holmes, J.
M., preceding paper in this issue.

(5) Berry, R. S. J. Chem. Phys. 1960, 32, 933.

(6) Holmes, R. R. Acc. Chem. Res. 1979, 12, 257.

(7) Holmes, R. R. ACS Monogr. 1980, No. 176, Chapter 2.

(8) Reference 7, pp 32-50.

(9) Holmes, R. R. J. Am. Chem. Soc. 1978, 100, 433.

(10) Holmes, R. R. ACS Monogr. 1980, No. 175.

on five-coordinated anionic silicates having structures
nearer the TBP. Considering the meagerness of the
structures elucidated thus far, it is somewhat surprising
to see* a rather uniform distribution of structural distor-
tions between the two representative pentacoordinated
geometries.

The most important principle®'%:¢ in forming the square
pyramid for phosphoranes concerns the presence of two
unsaturated five-membered rings containing like atoms in
any one ring directly bonded to the central atom. This is
illustrated in 1 where X and Y may be the same or dif-

ferent.
R
KK
Y/ N X
1

We have found this same principle applicable to silicon.4
In fact, present data indicate that it is a general principle

(11) Harland, J. J.; Day, R. O.; Vollano, J. F.; Sau, A. C.; Holmes, R.
R. J. Am. Chem. Soc. 1981, 103, 5269.

(12) Schomburg, D. J. Organomet. Chem. 1981, 221, 137.
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