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Abstract

An X-ray crystal study of the nickel oxide-siloxanolate complex {[PhSiO]6(P4-O)2(P3-O)4[Nis(p3-
O)2](P3-O)4(P4-O)2[PhSiO]6 }.14n-BuOH.10H20.2MeCO (1 or Ia without noncoordinating solvate
molecules) having a cage structure has been carried out. The complex studied was prepared by the
interaction of NiCI 2 with the product of the reaction of phenylsilsesquioxane (PhSiOl.s)n with NaOH.
The polynuclear cage-like centrosymmetric molecule la has a sandwich-type structure. The inner
two-dimensional nickel oxide fragment NisOz(/t-O)12/2 = NisOs is structurally identical to a fragment of
the NiO crystal layer which is one Ni atom thick and parallel to the (111) plane. All Ni atoms have
oxygen atoms in an octahedral coordination (oxide, silanolate, molecules of water, butanol and acetone).
The O atoms of the nickel oxide layer have both trigonal pyramidal (p3-O) and distorted tetrahedral
(~4-O) coordination. The nickel oxide layer is bonded by Ni-O-Si bridges through silanolate O atoms
with two outer 12-membered hexasiloxane (SiO)6 cycles (sandwich "caps") with an almost ideal crown
conformation. Some of the butanol and H20 crystallosolvate molecules do not coordinate the Ni atoms
being included in the cavities between la molecules. The NiO bond lengths are 2.006-2.159 ~,, while the
average Si-O(Si) and Si-O(Ni) bond lengths are 1.637 and 1.618 ~,, respectively.

Introduction

A t the p r e s e n t t ime h y b r i d ( i n t e r n a l l y b y h e t e r o d e s m i c ) m o l e c u l a r s y s t e m s ,
i n c l u d i n g s i l o x a n e f r a g m e n t s a n d f r a g m e n t s of t r a n s i t i o n m e t a l o x i d e s t r u c t u r e s , viz.

p o l y m e t a l l a o r g a n o s i l o x a n e s ( P M O S ) , are a t t r a c t i n g g r e a t i n t e r e s t o w i n g to t h e i r

c a t a l y t i c p r o p e r t i e s [1] a n d as m o d e l s in s t u d y i n g b o t h the s t r u c t u r a l a n d

p h y s i c o c h e m i c a l p r o p e r t i e s of m e t a l a n d s e m i c o n d u c t o r s u r f a c e s m o d i f i e d wi th

s i l o x a n e c o a t i n g s [2]; the l a t t e r use is i m p o r t a n t fo r the d e v e l o p m e n t of m o d e r n

t e c h n o l o g i e s d e v o t e d to the p r o d u c t i o n of new s o l i d m a t e r i a l s . T h e p e c u l i a r i t i e s of

P M O S , in p a r t i c u l a r the d e p e n d e n c e of t h e i r c o m p l e x f r a m e w o r k o l i g o m e r i c s t r u c -
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ture on synthesis conditions as well as the start ing organosilicon compounds, have
not been studied in any detail. At the same time, according to modern concepts [3]
the PMOS structures (and consequently their physicochemical properties) are
governed by synthesis conditions along with the coordination state of the metal
atoms. Individual oligomeric PMOS, i.e. structural precursors of corresponding
metallasiloxane polymers, should be isolated and their X-ray crystal structure
determined in order to study systematically the structure and properties of poly-
meric PMOS and materials based on them.

The structure of the first individual PMOS (prepared from a trifunctional
organosilicon compound), viz. the trimeric anionic cobaltaphenylsilsesquioxane
Na6[(PhSiOl 5)22C0306] • 7H20 (II) was studied previously [4].

The present p a p e r continues the structural investigation of oligomeric PMOS
prepared from polyfunctional organosilicon monomers. The main procedure for the
preparat ion of oligomeric PMOS is based on the interaction between sodium
silanolates and transition-metal halides (in the present case NiC12).

Discussion

General description of the structure
The studied crystal I is buil t from neutral centrosymmetric cage-like molecules

{[(PhSiO)6]z(/~-O)12[Ni802] } and a great number of solvate molecules (14n-BuOH,
10H20, 2Me2CO), some of which participate in the coordination of Ni a toms (Fig.
1). The main bond lengths and bond angles are given in Tables 1 and 2.

The two-dimensional octanuclear nickel oxide framework Ni802(/~-O)12/2 =
Ni808 is sandwiched between two cyclohexasiloxanolate hexadentate ligands

Fig. 1. General view of molecule Ia (only the O atoms are shown in coordinating butanol and acetone
molecules).



Table 1

Main bond lengths (,~) in the nickel oxide-siloxane framework "
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Ni(1)-001) 2.171(9) Si(1)-O(1) 1.628(9)
Ni(1)-002) 2.176(9) Si(1)-O(8) 1.634(9)
Ni(1)-O(3) 2.084(8) Si(1)-O(11') 1.63(1)
Ni(1)-004) 2.092(8) Si(1)-C(1) 1.89(1)
Ni(1)-O(5) 2.076(8) Si(2)-003) 1.595(9)
Ni(1)-O(5') 2.069(8) Si(2)-008) 1.65(1)
Ni(2)-O(1) 2.159(8) Si(2)-009) 1.652(9)
Ni(2)-O(2') 2.125(8) Si(2)-C(7) 1.89(1)
Ni(2)-O(5' ) 2.063(9) Si(3)-007' ) 1.613(9)
Ni(2)-O(6) 2.065(9) Si(3)-009) 1.644(9)
Ni(2)-O(7) 2.024(8) Si(3)-O(10) 1.65(1)
Ni(2)-O(14) 2.130(9) Si(3)-C(13) 1.85(2)
Ni(3)-O(1) 2.115(8) Si(4)-O(2) 1.623(9)
Ni(3)-004) 2.057(9) Si(4)-O(11) 1.633(9)
Ni(3)-O(6) 2.006(9) Si(4)-O(12) 1.646(9)
Ni(3)-Ow (1) 2.15(1) Si(4)-C(19) 1.89(2)
Ni(3)-Ow(2) 2.088(9) Si(5)-0(4) 1.615(9)
Ni(3)-Ow(3) 2.11(11) Si(5)-O(12) 1.609(9)
Ni(4)-002) 2.103(8) Si(5)-O(13) 1.64(1)
Ni(4)-003) 2.069(9) Si(5)-C(25) 1.86(2)
Ni(4)-O(7' ) 2.029(9) Si(6)-O(6) 1.614(9)
Ni(4)-O(15) 2.12(1) Si(6)-0010') 1.617(9)
Ni(4)-O(16) 2.053(9) Si(6)-0013) 1.64(1)
Ni(4)-Ow(4) 2.091(9) Si(6)-C(31) 1.87(1)

Two atoms with the same number but with and without a prime are related by an inversion centre.

(PhSi(#-O)O)6 linked with the Ni 2+ a toms having octahedral coordination through
the bridging O a toms of deprotonated silanolate groups. Thus , s tructure I differs
fundamentally from that of the trimeric cobahaphenylsilsesquioxane II [4], wherein
the Co a toms replace some of the Si a toms in the silsesquioxane frame, have
tetrahedral coordination and are not l inked by the O bridges.

In addition to 12 /~3" and /x4-bridging silanolate O a toms and two oxide
# 3 - 0 ( 0 ( 5 ) and O(5 ' ) ) * a toms linked only to the Ni atoms, four b u t a n o l molecules
(atoms O(15), O(15 ' ) , O(16) and O(16 ' ) , two acetone molecules (O(14) and O(14 ' ) )
and eight water molecules (Ow(1 ) - - . Ow(4) and O w ( l ' ) - - - O w ( 4 ' ) ) take part in
coordination with the Ni a toms as terminal ligands. The rest of the solvate
molecules (10n-BuOH and 2H20 ) are included in the cavities be tween Ia molecules,
and some a toms of the solvate molecules have high temperature factors (Tab le 3)
which probab ly indicate their statistical disorder.

Four types of the cyclic fragments can be distinguished in the Ni, Si, O
framework of molecule Ia (Fig. 2), viz. relatively rigid four-membered nickel oxide
cycles (NiO)2 (A), six-membered nickel oxide cycles (NiO)3 (B), six-membered

* Atoms derived by the inversion centre are primed.



202

Table 2

Main bond angles (degrees) of the nickel-siloxane framework

001)Ni(1)002) 1 7 9 . 0 ( 3 ) O(1)Ni(3)O(4)
O(1)Ni(1)O(3) 9 3 . 8 ( 3 ) O(1)Ni(3)O(6)
001)Ni(1)O(4) 8 4 . 5 ( 3 ) O(1)Ni(3)Ow(1)
O(1)Ni(1)O(5) 97.5(3) O(1)Ni(3)Ow(2)
O(1)Ni(1)O(5') 83.3(3) O(1)Ni(3)Ow(3)
O(2)Ni(1)O(3) 8 5 . 2 ( 3 ) O(4)Ni(3)O(6)
O(2)Ni(1)O(4) 95.4(3) O(4)Ni(3)Ow(1)
O(2)Ni(1)O05) 82.8(3) O(4)Ni(3)Ow(2)
O(2)Ni(1)005' ) 9 7 . 7 ( 3 ) O(4)Ni(3)Ow(3)
O(3)Ni(1)004) 9 0 . 8 ( 3 ) 006)Ni(3)Ow(1)
003)Ni(1)O(5) 94.8(3) O(6)Ni(3)Ow(2)
O(3)Ni(1)005') 174.3(3) O(6)Ni(3)O w(3)
O(4)Ni(1)005) 1 7 4 . 0 ( 3 ) Ow(1)Ni(3)Ow (2)
O(4)Ni(1)005' ) 93.8(3) Ow(1)Ni(3)Ow(3)
O(5)Ni(1)O(5' ) 80.8(3) Ow(2)Ni(3)Ow(3)
O(1)Ni(2)002') 9 6 . 2 ( 3 ) 002)Ni(4)O(3)
O(1)Ni(2)O(5') 8 3 . 7 ( 3 ) O(2)Ni(4)O(7')
001 )Ni(2)006) 8 3 . 3 ( 3 ) 002)Ni(4)O(15)
O(1)Ni(2)O(7) 1 7 7 . 8 ( 3 ) O(2)Ni(4)O(16)
O(1)Ni(2)0014) 86.6(3) O(2)Ni(4)Ow(4)
002)Ni(2)O(5') 8 4 . 4 ( 3 ) O(3)Ni(4)O(7')
O(2)Ni(2)O(6) 1 7 9 . 3 ( 3 ) O(3)Ni(4)O(15)
O(2)Ni(2)O(7) 8 1 . 6 ( 3 ) O(3)Ni(4)O(16)
O(2)Ni(2)O(14) 95.9(3) O(3)Ni(4)O w(4)
O(5')Ni(2)O(6) 9 5 . 2 ( 3 ) O(7')Ni(4)O(15)
O(5')Ni(2)O(7) 9 6 . 2 ( 3 ) 007')Ni(4)O(16)
O(5' )Ni(2)O(14) 170.3(4) 007' )Ni(4)Ow(4)
O(6)Ni(2)O(7) 9 9 . 0 ( 4 ) O(15)Ni(4)O(16)
006)Ni(2)0014) 8 4 . 5 ( 3 ) 0015)Ni(4)Ow(4)
007)Ni(2)0014) 9 3 . 5 ( 4 ) O(16)Ni(4)Ow(4)
Ni(1)001)Ni(2) 93.5(3) Ni(1)004)Si(5)
Ni(1)O(1)Ni(3) 9 2 . 4 ( 3 ) Ni(3)O(4)Si(5)
Ni(1)O(1)Si(1) 1 1 7 . 5 ( 5 ) Ni(1)O(5)Ni(l')
Ni(2)O(1)Ni(3) 9 2 . 4 ( 3 ) Ni(1)O(5)Ni(2)
Ni(2)O(1)Si(1) 1 2 1 . 9 ( 5 ) Ni(l')O(5)Ni(2)
Ni(3)O(1)Si(1) 1 3 0 . 2 ( 5 ) Ni(2)O(6)Ni(3)
Ni(1)O(2)Ni(2' ) 9 3 . 9 ( 3 ) Ni(2)O(6)Si(6)
Ni(1)002)Ni(4) 9 1 . 8 ( 3 ) Ni(3)O(6)Si(6)
Ni(1)002)Si(4) 1 1 9 . 2 ( 5 ) Ni(2)007)Ni(4')
Ni(2' )O(2)Ni(4) 9 5 . 4 ( 3 ) Ni(2)007)Si(3' )
Ni(2' )002)Si(4) 121.3(5) Ni(4' )O(7)Si(3')
Ni(4)O(2)Si(4) 127.0(5) Si(1)O(8)Si(2)
Ni(1)O(3)Ni(4) 95.5(4) Si(2)009)Si(3)
Ni(1)003)Si(2) 1 2 3 . 0 ( 5 ) Si(3)O(10)Si(6')
Ni(4)O(3)Si(2) 1 1 8 . 9 ( 5 ) Si(l')O(11)Si(4)
Ni(1)O(4)Ni(3) 9 6 . 4 ( 4 ) Si(4)O(12)Si(5)

Si(5)O(13)Si(6)

86.8(3)
85.8(3)
90.1(3)
86.0(3)

176.2(4)
95.2(4)

174.2(4)
84.3(4)
96.3(4)
89.5(4)

171.8(4)
96.1(4)
90.6(4)
86.6(4)
92.1(4)
87.5(3)
82.0(3)
96.5(4)

176.1(4)
88.3¢(3)
94.6(3)

173.0(4)
89.4(4)
86.3(4)
91.7(4)
96.0(4)

170.2(4)
86.8(4)
88.1(4)
93.8(4)

119.6(5)
121.1(5)
99.2(4)
98.8(4)
99.5(4)
98.5(4)

120.6(5)
122.5(5)
100.9(4)
122.7(5)
120.6(5)
139.2(6)
133.0(6)
137.6(7)
141.0(6)
140.5(6)
134.3(7)
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0(13b0{12)0{11b 5,(5)
S * ( 4 1 ~

Fig. 2. Ni,Si,O framework of molecule la.

Sd61

nickelasiloxane cycles NiO(SiO)2 (C) and 12-membered hexasiloxane cycles (SiO)6
(13).

Ni 0

h
O Ni

(A)

O - - S i - - O
N i / O ~ N i s i ~ O ~ s i / \

Si SiI I I I / \
O ~ / 0 O ~ / 0 0 0

Ni Ni \ /
Si Si(n) (C) \ /

O - - S i - - O

(D)

All eight Ni atoms of the nickel oxide layer Ni808 are approximately coplanar
(maximum deviation from the mean-square plane Areax = 0.05A). The nickel oxide
layer is situated between two D siloxane cycles, each linked to the nickel oxide layer
by six silanolate bridges, i.e.

/ N i
four S i - - O ~ Ni (/~3) and two Si--o-~NiiNi (/~4)-

The D cycles (whose mean planes are obviously parallel owing to the inversion
centre in molecule Ia) are shifted by ca. 1.6 A relative to each another parallel to the
nickel oxide layer along the vector Ni(2) - . . Ni(2') (Fig. 2 and 3).

The nickel oxide cycles A are planar (Am~, = 0.03 A). All six six-membered nickel
oxide cycles B have an almost ideal chair conformation (Table 4); conformation
assignment was made according to Zefirov and Palyulin [5]. Four of the six
symmetrically independent six-membered nickelasiloxane cycles C have a distorted
half-boat conformation; the two other have a distorted boat conformation (Table 4).
The 12-membered siloxane cycle D has a crown conformation, which is easily seen
by the values of the torsion angles SiOSiO (Table 5). However, in structure I the
ideal crown symmetry 6m is lowered to m (Fig. 3).
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Ow(31 Ow(2) Ow~4) 0(161

Ow(1) ( 0(41 0131 0(1¢:
Nil31 ~ 0(81e~ Nd41

0(61 0(2) $1{31

0(151 0110(

Fig. 3. Projection of the Ni,Si ,O framework of molecule la onto the mean p lane of the nickel o x i d e layer.
S i -O bonds of the siloxane cycles are shown by dashed lines ( u p p e r cycle by thick lines, l ower cycle by
thin lines).

T a b l e 4

Conformations of the B- and C-type cycles

Type Cycles Fo ld ing parameters [5] Cyc le

0 (deg.) ~b (deg.) Q (~,) conformat ion

B Ni(1 )0(4)Ni(3)O(6)Ni(2)0(5 ' ) 179 188 1.62 cha i r
B Ni(1 )0(5)Ni(2 ' )O(7 ' )Ni(4)O(3) 1 196 1.61 cha i r
B Ni(1)0(5)Ni( l ' )0(2 ' )Ni(2)0(1) 179 333 1.61 cha i r
B N i ( 1 ) O ( 2 ) N i ( 2 ' ) O ( l ' ) N i ( l ' ) 0 ( 5 ' ) 1 38 1.62 cha i r
B Ni(2)O(5 ' )Ni( l ' )0(3 ' )Ni(4 ' )O(7) 1 103 1.61 cha i r

C Ni(2)O(7)Si(3 ' )O(10' )Si(6)0(6) 159 77 0.64 distorted half-boat
C Ni(3)O(4)Si(5)O(13)Si(6)0(6) 157 78 0.74 distorted ha l f -boa t
C N i ( 4 ' )O(7)Si(3')O(9 ')Si(2 ' ) 0 ( 3 ) 146 100 0.75 distorted half-boat
C Ni(1)O(1)Si(1)O(8)Si(2)O(3) 57 267 0.71 distorted boat
C N i ( 2 ) 0 ( 2 ' )Si(4)0(11' )Si(1)O(1) 51 29 1.35 distorted boat
C Ni(1 ' )O(2 ' )Si(4)0(12 ' )Si(5 ' )0(4 ' ) 162 170 1.45 distorted half-boat

T a b l e 5

Torsion angles (deg.) in the D cycle

Si(1 )0(8)Si(2)O(9) - 143 Si(6 ' )O(13' )Si (5 ' )0( 12' ) - 135
0(8)Si(2)0(9)Si(3) 121 0(13 ' )Si(5 ' )O(12 ' )Si(4 ' ) 129
Si(2)0(9)Si(3)O(10) - 128 Si(5 ' )O(12 ' )Si(4 ' ) (9(11 ' ) - 128
O(9)Si(3)O(10)Si(6') 108 0 ( 1 2 ' ) S i ( 4 ' )0 ( 11' )Si(1 ) 101
Si(3)0(10)Si(6' )0 ( 13' ) - 105 Si(4 ' )0 ( 11' )Si(1 )0(18) - 99
0(10)Si(6 ' )0(13 ' )Si (5 ' ) 138 0(11')Si(1)0(8)Si(2) 141
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Coordination of the nickel atoms
All four independent Ni atoms in molecule Ia have octahedral coordination with

O atoms of different types. The Ni(1) atom is coordinated by two #3-oxide atoms
(0(5) and 0 ( 5 ' ) ) and four silanolate oxygens (#3-O(4), #4-0(2) of one and #a-O(3),
#4-O(1) of the other siloxanolate "lid"), the Ni(2) atom by one #3-oxide (O(5')),
four silanolate atoms (#3-0(6), #3-007) and #4-001), #4-002) of the " t o p " and
"bo t tom" lids, respectively) and a butanol O(15) atom, the Ni(3) atom by three
silanolate atoms (#3-O(4), #3-0(6) and #4-O(1) of the top and bo t tom lids, respec-
tively) and three water molecules (Ow(1), Ow(2) and Ow(3)), the Ni(4) atom also by
three silanolate atoms (#4-0(2) and #3-003), #3-0(6) of the top and bottom lids,
respectively), a butanol O(16) atom, an acetone O(14) atom and an H20 molecule
Ow(4).

The Ni -O distances in molecule Ia (Table 1) vary from 2.006 to 2.176(9) .~, being
close to the distance 2.097(1) ,~ in the NiO structure [6] and other nickel compounds
with octahedral coordination (e.g. 2.07-2.10(1),~ [7]. The NiO distances can be
divided into three groups, viz. the shortest 2.006-2.076(9)A to #3-0 atoms, 2.103-
2.176(9) A to #4-0 atoms and 2.088-2.150(10) A to O atoms of the terminal ligands.

The Ni . . - Ni distances in the nickel oxide layer (3.073(3)-3.156(2) :k) are close
to those in the NiO structure (2.98(1) A [6]) and known cage-like structures of nickel
compounds (e.g. 3.164(1)-3.180(2) A [7] and 3.087(2)-3.176(2) A [8]).

The nickel oxide layer NiaOs in structure I, with its own symmetry 2/m, can be
considered as a portion of a "parquet" formed by 6 Ni304 "cubes" fused through
common faces and edges. Each cube is formed by three Ni atoms and four O atoms
alternating in the neighbouring vertices, i.e. the cubes are not completed, as one Ni
vertex is absent (Fig. 4). The Ni304 cubes are of two types, viz. two "inner"
(including Ni(1) and N i ( l ' ) atoms and oxide atoms 0(5) and 0 ( 5 ' ) ) and four
"outer" cubes. The inner cubes have a common face, Ni(1)O(5)Ni(l')O(5'), and
four common vertices Ni(1), N i ( l ' ) , Ni(2) and Ni (2 ' ) with four outer cubes. Each of
the four outer cubes has one common face with one of the inner cubes and two

0.,3.,\ . . o 2 i 4\ 01 04

 /07

07
0114} ~ 0 ( 3 ) 0(4] N~(3~ 0wtl~

0w(31

Fig. 4. Projection of the nickel oxide layer onto its mean plane.
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common vertices with another outer cube. The bond angles (Table 2) at the vertices
of cubes of both types are markedly distored in comparison with the ideal value of
90°: in the inner cubes the NiONi and ONiO angles are 93.5(3)-99.5(4) ° and
82.8(3)-97.7(3) ° , respectively; in the outer cubes these angles are 91.8(3)-100.9(4) °
and 82.0(3)-95.2(3)°, respectively.

The structure of the inner nickel oxide layer in molecule Ia is identical to a
fragment (a portion of the layer one Ni atom thick) of the NiO crystal structure (of
the NaCI structural type, space group Fm3m, a = 4.1946 ,~ [6]) parallel to the (111)
plane, i.e. normal to the 3 axis. A good fulfillment of the symmetry of local 3 axes
passing through the Ni atoms normal to the nickel oxide layer of molecule Ia is clear
from Fig. 4.

Coordination of Si and 0 atoms
The Si atoms have a valence configuration close to ideal tetrahedral, with the

exception of atoms Si(1) and Si(4). The bond angles at these atoms are significantly
distorted: O(1)Si(1)C(1), 117.8(6)°; O(ll)Si(1)C(1), 103.9(6)°; O(2)Si(4)C(19),
116.8(6)°; O(12)Si(4)C(9), 103.9(6) °. This peculiarity of the Si(1) and Si(4) config-
uration is apparently caused by tetrahedral coordination of the/x4-atoms O(1) and
0(2) bonded to them (see below). The average Si-O(Si) bond length of 1.637(9) A is
larger than that of Si-O(Ni), 1.618(7) A. A similar shortening of Si-O(Co) bonds as
compared to Si-0(Si) bonds was observed in the cobaltasiloxane II [4].

Oxygen atoms in structure I are characterized by differences in their coordination
by Ni atoms, with coordination numbers NNi from 0 tO 3. The endocyclic oxygen
atoms of the hexasiloxane cycles and the Ow(5) atom of one H20 molecule to not
coordinate Ni atoms (NNi = 0). For Ow(1), Ow(2), Ow(3) and Ow(4) of the other
H20 molecules NNi = 1. The O(15) and O(16) atoms of two butanol molecules have
NNi = 1, whereas the other butanol molecules are characterized by NN~ = O, while
for acetone molecules NNi = 1. The oxygen atoms of the nickel oxide layer have
NNi = 2 (for 4 silanolate atoms of each hexasiloxanolate cycle) and NNi = 3 (for 2
silanolate atoms of each such cycle and both oxide oxygen atoms).

It is necessary to consider in more detail the coordination of the O atoms of the
nickel oxide layer. Both inner oxide atoms 0(5) and 0 ( 5 ' ) have trigonal pyramidal
/~3-coordination with respect to Ni (bond angles Ni(1)O(5)Ni(l'), 99.2(4)°;
Ni(1)O(5)Ni(2'), 98.4(4) °; Ni(l')O(5)Ni(2'), 99.5(4) °; 0(5) atom displacement
from the Ni(1)Ni(l')Ni(2') plane 0.99(1) A). A similar pyramidal geometry for
oxygen atoms is observed, for instance, in the tetranuclear complex [Ni(OMe)(2,4,6-
C13C6H20)(MeOH)] 4 [9]. The silanolate atoms O(3), O(4), 0(6) and 0(7) also have
a triple (2Ni + Si)-coordination, but with a more flattened (as compared to 0(5))
pyramidal geometry (the maximum O atom displacement from the NiNiSi plane is
0.6 h,). A fourfold (3Ni + Si)-coordination is typical of the silanolate O(1) and 0(2)
atoms only. As was mentioned above, such O atoms bonding with three Ni atoms is
apparently the reason for the distortion of the tetrahedral configuration of the Si(1)
and Si(4) atoms.

Non-coordinating solvate molecules and hydrogen bonds
Two of the five symmetrically independent solvate butanol molecules, not coordi-

nated to Ni atoms, are linked with Ow of the terminal H20 ligands of molecule Ia by
O - H . . . O hydrogen bonds: Ow(1) • • • O(18)B,Ort (1/2 + X, 1/2 --y, 1/2 + Z)
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2.62(1) ,~, Ow(2) • • • O(19)~,OH ( - - x , 1 --y, 1 -- z) 2.70(1) ,~, Ow(3)" " O(19)Buon
( - -X , 1 --y, 1 --Z) 3.02(1) A. Hydrogen b o n d s O - H - - . O also join the rest of the
solvate butanol molecules (three symmetrically independent ones) and a w a t e r
molecule (symmetrically independent): O(17)BuOr~ ".-O(18)BuOH 2.57(1) ~,,
O(20)BuOH "'" O(21)B~OH (- -X , 1 --y, 1 -- Z) 2.91(1) A, O(20)B~OH " " Ow(5) (X, y,
-- 1 + Z) 2.95(1) A.

Thus an extended system of hydrogen b o n d s is observed in structure I. However ,
a detailed analysis of the system is impossible, as the hydrogen a toms were not
located objectively.

Exper imenta l

Preparation of nickel oxide-siloxanolate complex (I)
Sodium phenylsilanolate (0.1 tool), prepared according to the procedure de-

scribed in [10], was dissolved in a mixture of butanol (80 ml) and to luene (20 ml).
Anhydrous nickel chloride (0.5 mol) was a d d e d to the solution obtained. The
reaction mixture was heated to boiling and boiled for 2 h. The hot reaction solution
was filtered to separate sod ium chloride. Light-green crystals were precipi ta ted as
the filtrate cooled. They were separated from the mothe r solution and d r i e d in a
vacuum (20 m m H g ) at 100 o C. 4.4 g (25.4%) of light-green p o w d e r was ob ta ined
(composition: C 40.12; H 4.50; Si 12.56; Ni 16.98%). The p r o d u c t was recrystallized
from aqueous acetone (5% H20) and then from butanol. The crystals of I ob ta ined
were used for an X-ray structural study. The emprical fo rmula of c o m p o u n d I
(according to X- ray crystal s tudy d a t a ) was as follows: C134H232NisOszSi12; calc.
(%): C 47.22, H 6.73, Si 9.68, Ni 13.48.

The difference between the calculated composition and that f o u n d may be
explained by the fact that the analyzed p r o d u c t was d r i e d in a vacuum. Thus it is
naturally characterized by a lower con ten t of coordinating solvents.

X-ray crystal structure study
Light-green crystals I are monoclinic, at - 1 2 0 o C: a = 18.32(1), b = 24.896(15),

c = 2 0 . 5 5 ( 1 ) A; f l = 1 1 6 . 3 0 ( 5 ) ° , V = 8 4 0 3 ( 9 ) ~3, dca~c = 1 . 3 7 g / c m3, Z =
2(C72H60NisSi12026 • 14C4HgOH • 1 0 H 2 0 . 2 ( C H 3 ) 2 C O ), space g roup P21/n.

U n t i l cell parameters and intensities of 8441 reflections were measured with a
Syntex P2~ diffractometer at - 1 2 0 ° C (X(Mo-K~), graphi te monochromator,
0 /20 - scan , 0max = 20 o ). The structure was solved by a direct me thod and refined by
a full-matrix least-squares method. Hydrogen a toms were not located. F i n a l dis-
crepancy factors for 6371 reflections with I > 2 o ( 1 ) are equa l to R = 0.073 and
Rw = 0.097. Atomic coordinates are given in T a b l e 3. All calculations were carr ied
out on an Eclipse S / 2 0 0 compu te r us ing the INEXTL programs [11].
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