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Abstract 

Silanols containing one or more Si-OH groups are useful synthons for the preparation of metallasiloxanes with novel S i -O-M 
frameworks. Recent reports from our laboratory in this area were centred on the synthesis of stable organosiianetriols and their use as 
building-blocks for the preparation of a wide range of metallasiloxanes soluble in ot'~anic solvents and incorporating various transition 
metals and main group elements in the siloxane framework. In addition to single crystal X-ray structural investigations, infrared and 29Si 
NMR spectral techniques provide useful infommtion for elucidating the structures and type of metallasiloxanes formed in these reactions. 
This article summarizes the results of studies of the IR and 29Si NMR spectra of these compounds. 
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| .  Introduction 

In recent years there has been considerable activity in 
the chemistry of silanols because of the possible appli- 
cations of metallasiloxanes in many areas of chemistry 
and materials science [I ~8]. Mctallasiloxanes are com- 
pounds with MoO-Si frameworks which are formally 
derived ti'om silanolates with R:~SiO, R2SiO 2 or RSiOa 
functionalities. The presence of a metal in the siloxane 
framework improves the thermal and conducting proper- 
ties of these compounds. Metallasiloxanes can, more- 
over, be considered as precursors for silicone polymers 
with metals in the polymer backbone [9,10]. The transi- 
tion metal complexes immobilized on silica surfaces are 
known to catalyze a variety of organic transformations 
[11,12]. However, the exact reactions occurring at such 
surfaces are poorly understood owing to difficulties in 
detection and analysis of the transient surface species. 
Metallasiloxanes are structurally similar to the modified 
silica surfaces and have been found to mimic the role of 
these catalysts, hence they are usefid in unravelling the 
reaction mechanisms of such catalytic conversions. To 
gain an insight into the mechanisms involved in these 
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processes, a thorough systematic study of metallasilox- 
ane chemistry is essential. 

We have recently initiated research in the area of 
organosilanetriols aimed at obtaining soluble analogues 
of many naturally occurring minerals and modified 
silica surfaces [3]. Earlier research in this area involved 
tile use of silanols containing one or two SioOH groups 
Ibr building metallasiloxanes [7,8]. This route normally 
results in metallasiloxanes with acyclic or cyclic struCo 
tures. However, the naturally occurring metallasilicates 
contain three-dimensional cage structures [i 3]. Suitable 
soluble model compounds for these cage structures can 
be prepared by using silanols possessing three ~OH 
groups which are nearly perpendicular to each other. 
Towards this end, we synthesized a series of silanetriols 
in which the silicon atom is bonded to an alkyl, amino 
or aryloxy group (Scheme 1) [14-17]. In recent years, 
there have also been several reports on the synthesis of 
a variety of other types of silanetrioi [18-26]. All the 
silanetriols depicted in Scheme I are obtained in good 
yields from readily available starting materials under 
carefully chosen experimental conditions. "Fhcse silano 
etriols do not undergo self-condensation under normal 
conditions, and are also freely soluble in a variety ot" 
organic solvents. Reactions of these silanetriols with 
suitable precursors, such as metal alkyls, metal alkoxo 
ides or metal chlorides, under appropriate reaction con- 
ditions, yield organometallasiloxanes with novel three- 
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dimensional structural frameworks. A few representa- 
tive reaction pathways, such as alkane/alcohol elimina- 
tion and hydrogen chloride elimination, are shown in 
Scheme 2. A schematic structural representation of each 
type of compound obtained in these reactions is shown 
in Scheme 3. The detailed synthetic methodologies and 
reaction conditions used to produce these metallasilox- 
anes have been reported elsewhere, along with their 
characterization data [14-17,27-34]. 

All the metallasiloxanes thus prepared are highly 
soluble in common organic solvents such as aliphatic 
hydrocarbons, ether, toluene and tetrahydrofuran. Single 
crystal X-ray diffraction studies have been most useful 
in unravelling the three-dimensional structures of these 
complex molecules. However, obtaining suitable single 
crystals of these compounds for X-ray diffraction stud- 
ies in all the cases is often difficult due to (1) their high 
solubility even in solvents such as pentane, and (2) the 
amorphous nature of the resultant products. Hence, it 
becomes necessary to use spectral techniques for eluci- 
dating the rather complex structures. Our extensive 
S~sCtroscopic investigations have shown that IR and 

i NMR spectroscopy are valuable tools for this pur- 
pose. In particular, on the basis of extensive Z9Si chemi- 
cal shift data obtained for a variety of these structures, it 
is now possible to predict the structures of the products 
in many of these reactions. In this article we summarize 
the u~  of these techniques in the structural elucidation 
of the metallasiloxanes. 

2, IR spectral studies 

2.1. Silanetriols 

Two characteristic =OH absorptions are observed for 
most of the silanetriols in the region between 3400 and 
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3700 cm-t  (see Table 1). The strong and broad absorp- 
tion appearing around 336(3 ,:~l ' l~ a~t;~butable to the 
OH groups involved in hydrogen bonding. Another, 
somewhat less intense but sharp, absorption is observed 
at around 3600 cm-t (Table I), and comes from the 
free hydroxy groups [35]. The relative intensity of these 
two absorptions is an easy indication of the extent of the 
hydrogen bonding present in these molecules. Thus it is 
consistent with the O-H . . .  O hydrogen bonding inter- 
actions found in the X-ray crystal structure of the 
silanetriol (2,4,6-Me=~C6Hz)N(SiMe3)Si(OH)~ (I), 
where the molecules are arranged in a tubular form 
resulting from extensive intermolecular hydrogen bonds 
with a hydrophilic interior and a hydrophobic exterior 
[16]. In the case of a related silanetriol Os(Si(OH)~)° 
CI(COXPPh:~),, only one band is observed, at 3616 
cm °~, due to the OH groups, suggesting the absence of 
O = H . . .  O interactions in this compound. The single 
crystal X-ray study of this compound revealed that it is 
indeed devoid of any intra- or intermolecular hydrogen 
bonds [ i 8]. 

Moreover, the observed spectral pattern for the 
(arylamino)silanetriols 1-4 does not vary significantly 
on changing the medium of the spectral measurement. 
For example, the relative intensity of these two absorp- 
tions in the OH region of the silanetriol (2,4,6- 
Me~C6H2)N(SiMe~)Si(OH)a (1) obtained as a KBr pel- 
let, Nujol mull, or as a carbon tetrachloride solution 
(I.8 X 10 -4 tool L-I )  (Fig. !) remains almost un- 
changed. This observation testifies to the fact that the 
solid-state structural arrangement is more or less re- 
tained even in solution. In order to provide a further 
assessment of the concentration effects, the IR spectra 
of this triol were t~corded at two different concentra- 
tions in CCi,=. Thus, even in a very dilute CCi 4 solution 
(3.5 × 10 -5 mol L-~), there is no significant change in 
the relative intensity of these two peaks. In contrast, in 
the case of oligomeric diorganosiloxy-a, ~diols, effects 
of dilution are clearly seen. 
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2.2. Metailasiloxanes 

The course of the reaction of silanetriols with various 
metal precursors can ~ monitored by IR spectroscopy. 
As the reaction proceeds, the intensity of the bands due 

to OH absorption falls, with new band(s) appearing 
between 950 and 1050 c m - ' .  This  new absorption is 
assignable to an S i = O - M  vibration, and this is the most 
intense absorption observed in the infrared spectra of all 
the metailasi loxanes synthesized during this study (Ta- 

Table I 
mSi NMR dam for silanetriols 

No. Compound v(OH) 
(cm- l) 

8(Si(OH) 3) 8(SiMe3) Ref. 

(ppm) (ppm) 

1 (2,4,6-Me ~C 6 H 2)N(SiMe3)Si(OH)3 3592, 3400 
2 (2,6"Me2C6H 3 )N(SiMo~)Si(OH)~ 3628, 3339 
3 (2,67Pr2CoH 0N(SiMe~)Si(OH)~ 3574, 3344 
4 (2-'Pr-6-MeC6H 3)N(SiMe3)Si(0H)3 3590, 3361 
5 (2,4,6 -I Bu 3C6 H 2)OSi(OH)3 3500 
6 tBuSi(OH)3 3100 
7 Co3(CO)gCSi(OH) 3 3640, 3390 

- 65.8 a 7.3 [16] 
-66.2 " 7.7 [16] 
- 67.3 b 3.8 [16] 
-65.3 a 7.5 [16] 
- 8 3 . 7  b _ _  [17] 

- 36.8 b __ [14] 
- 56.0 ' - -  [15a] 

a Recorded in CDCI 3. 
b Recorded in DMSO-d 6. 
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Table 2 
IR and 29Si NMR data for cubic neutral and ionic metailasiloxanes 

N~o. Compound Structure v(SiOM) 8(SiO~) 8(SiMe~) 
(type) (cm- ~) (ppm) (ppm) 

AS(SiO3) Ref. 
(ppm) 

8 ['BuSiO3Ti(CsH4Me)]4 cube ( 
9 [R' SiO~,Ti(O-'Pr)]4 cube ( 

10 [RtSiO~Ti(OEt)]4 cube~ 
11 [R 2 SiO3Ti(OJ Pr)]4 cube ( 
12 [RZSiO3Ti(OEt)]4 cube ( 
13 [R3SiO3Ti(O-'Pr)]4 cube ( 
14 [R~SiO~Ti(OEt)]~ cube 
I $  [R~SiO~Ti (O- 'Pr ) ]~  cube ( 
16 [R ~SiO~ AI. dioxane]4 cube ( 
17 [RZSiO~ Ai. dioxane]4 cube ( 
18 [R-~SiO3 AI. dioxane]4 cube ( 
19 [R~SiO3 AI THF]4 cube( 
20  [R~SiO~ AI. THF]~ cube ( 
21 [R: SiO~Ga. dioxane], cube 
2 2  [R~SiO~Ga • dioxane]4 cube ( 
23 [R I SiO~ In. dioxane]4 cube ( 
24 [R~SiO~ In. dioxane]~ cube 
25 [R'~SiO~ AIEt]4[Na. THF],, cube ( 

A) 974 - 68.6 a 
A) 968 - 96.9 b 6.3 
A) 969 - 97.9 b 5.2 
A) 970 - 97.4 b 6.6 
A) 970 - 98.4 b 5.7 
A )  9 6 8  - %.5 b 6.0 
A) 968 - 96.6 b 6.4 
A) 973 - 116.4 b 
A) 1049 - 79.7 a 0.8 
A) 1046 - 798 a 0.8 
A) ~ - 80.3 a 2.0 
A )  1 0 4 9  - 80.4 a 0.9 
A) 1018 - 73.6 ~ 
A) 1040 - 76.8 a 5.0 
A) 1052 - 77.9 " 3,5 
A) 1010 - 77.5 ~ 4.7 
A) 1046 - 77.9 b 6.4 
B) ~ - I 12 .0  c - ! . 0  

31.8 [171 
31.1 [27] 
32.1 [27] 
31.2 [27] 
32.2 [27] 
29.2 [27] 
29.3 [27] 
32.7 [17] 
13.9 [281 
13.6 [29] 
13.0 [291 
13.1 [28] 
17.6 [15b] 
ll.O [31] 
10.6 [311 
11.7 [32] 
10.6 [32] 
44.7 [28] 

R t ,= (2,4,6.Me3C6H 2)N(SiMe3); R 2 ~ (2,6.Me2C6H ~)N(SiMe3); R ~ =~ (2,6-'Pr2C6 H 
Recorded in C6D6. 
Recorded in CDCI ~. 

¢ Recorded in THF-d s. 

)N(SiMe 3); R4 = (2,4,6' Bu 3 C6 H 2)O; R s = Co 3(CO) 9C. 

Table 3 
IR and ~Si NMR data for metallasiloxanes with drum structures 

No. Compound Structure v(SiOM) 8(SiO~) ~(SiMe3) dB(SiO0 Ref. 
(type) (cm = s) (ppm) (ppm) (ppm) 

26 [Rt SIO(OAI? Bu ~ XOAIo* Bu)]~ drum (C) 1066 
:2"/ [R ~ SiO(OAIJ Bu ~ XOAI-I Bu)]a drum (C) 1047 

[R~SIO(OAIJ Bu ~ XOAI='Bu)]~ drum (C) 1053 
:29 [R ~ SiO(OGaMe~ XOG~Me)]~ drum (C) 1014 
30 [R~StO(OOaMe~ XOG~Me)]~ drum (C) 1025 
31 [R' SiO(OinMe~ XOInMe)]~ drum (C) 101 I 
3~ [R~SiO(OlnMe~ XOlnMe)]~ dftlilt (C) 1014 

- 65.5 ' 1 !.5 = 0.3 [29] 
= 65.6 ' I 1.8 = 0.6 [29] 

65,3 * 12,5 = 2,0 [30] 
=60,9 ~ 8,7 t.t [3t] 
=65.4 '~ 6,7 = 1.9 [31] 

. . . . . . . . . . . .  [321 

= 65,9 ~ 6,4 - 1,4 [32] 

R ~ ~ (2,4,6°Me~CoH ~)N(SiMe0; R ~ - (2,6°Me~CoH ~)N(SIMe~): R "~ - (2,6-*Pr~CoH ON(SiMe 0. 
Recorded in Co~ .  

b R ~ o ~  in CDC'I ~, 

Table 4 
IR and ~Si  NMR data for metallasiloxanes with other structures 

No. Compound Structure v(SiOM) 6(SiO~) 
(type) (cm-==) (ppm) 

8(SiMeO 
(ppm) 

A6(SiO0 
(ppm) 

Ref, 

33 [R2 Si(OSnMe20)~SiR ~ ] bicyclic (D) % 4  
34 [R~Si(OSnPh20)~SiR ~ ] bicyclic (D) 960 
35 [R'~Si(OHK)(OAi -~ Bu. THF)] 2 cyclic (E) 963 
36 [R~Si(OH)O(OZrCpz)]z cyclic (E) 968 
37 R~Si(OH)2(OTiCp~Cl) acyclic (F) 973 
38 RIS~(OH)~(OSiMe~) acy¢lic (F) 971 
39 R~SgOH)~(OSiMe~) acyclic (F) 973 
40 R~Si(OH)~(OSiM¢0 acyclic (F) 974 
41 R~Si(OIoIXOGeMe ~)~ ~cyclic (F) 955 
4~ R~S~OSnM%)~ acyclic (F) 
43 R~Si(OSnMe0~ acyclic (F) 965 
44 tBuSi(OSnMe~)~ acyclic ( F )  

-68 ,9  ~ 
- 67,9 ~ 
= 77,0 b 
=71,8 ~ 
=71,8 ~ 
= 72,9 ~ 
- 72.8 ~ 

72,9 * 
- 74,8 ~ 
-71,9 ~ 
-71 ,8  ~ 
-46,4 ~ 

3,6 
4 ,9  

1.3 
5,8 
5,8 
6,5, 10,3 
6,3, 10,2 
6,4, 10,3 
4,1 
2,9 
1,5 

2.7 
0,6 
9.7 
4,5 
4,5 
7.1 
6.6 
5,6 
7,5 
5,7 
4.5 
9,6 

[34] 
[34] 
[301 
[341 
[341 
[33] 
{331 
[33] 
[34] 
[34] 
[34] 
[171 

RI ~ (2,4,6-Me~C6H2)N(SiMe~); R ~ ~ (2,6-Me~C~H 0N(SiM¢~); R -~ = (2,6)Pr2C6H3)N(SiMe~). 
' R~o rd~  in CDCI~, 

Recorded in DMSO~/~, 
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bles 2 to 4). The shift in frequency of this vibration for 
various metallasiloxanes seems to depend on the nature 
of the S i - O - M  unit. Thus, for S i -O-AI  compounds it 
is observed at ca. 1050 c m - ' ,  while it appears at ca. 
960 c m - '  for the compounds containing an S i -O-T i  
unit. Therefore, this absorption is very useful in reveal- 
ing whether an S i - O - M  unit is formed in these reac- 
tions, leading to metallasiloxanes. However, at present 
it is not possible to correlate the frequency of this 
vibration arising from various metallasiloxanes to the 
reduced masses of the corresponding S i - O - M  units. 
The IR spectrum of the aluminosiloxane 20 (in the 
region 900-1200 cm-  ~ ), showing this strong absorption 
at 1049 cm -~, is depicted in Fig. 2. 

While we have not recorded the infrared spectra of 
all the metallasiloxanes in solution, on the basis of ~H 
and 29Si NMR studies we believe that the solid-state 
structures are retained in the solution. 

The knowledge gained from studying the IR spectra 
of the molecular metallasiloxanes can also be used in 
assigning some characteristic vibrations found in syn- 
thetic zeolites. For example, there have been different 
assignments for a vibration appearing around 960 cm-  
in Ti containing silicalites such as TS-1 and TS-2. This 
absorption has been atu'ibuted to the Ti=O stretch by 
some attthors [36-38], but by others to an S i - O -  
species or an S i -O=-Ti  + unit. It has also been sug- 
gested that the intensity of this absorption is directly 
related to the Ti content in the modified silicalites. For 
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Fig. i. The IR spectrum (in the OH region) of the silanetriol 
(2,4,6.MejC6H2)N(SiMe3)Si(OH).~ (1) in CCI4 solution at 1.8x 
10 -4 mol L- ~. 
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Fig. 2. The IR spectrum (in Nujol) of the cubic aluminosiloxane 
[(2,6-iPr2CoH 0N(SiMe~)SiO~ AI. THF]4 (19) showing the Si-O-AI 
vibration at 1049 cm- i. 

all the molecular titanasiloxanes that we have synthe- 
sized there is a very strong absorption in the range 
960-970 cm ° ' .  We assign this absorption to an S i - O -  
Ti stretching vibration, since our compounds do not 
contain a T i=O or an Si=O .... unit. in order to further 
confirm this assignment the labelled titanasiloxane 
[(2,6oMe2C,H~)N(SiMe~)Sitla}O~Ti(OiPr)]4 (11) was 

• ~ IX ~ o 
prepared from a 10% O enriched sample of the si!an° 
etriol (2,6-Me2C6H3)N(SiMe~)Si(OH)~ (2). We obo 
served that the stretching frequency around 960 cm~ 
undergoes considerable broadening on mO enrichment, 
with a new shoulder appearing at a lower frequency 
(Fig. 3). In view of the unambiguous nature of the 
structural assignment of the titanasiloxanes by X-ray 
diffraction studies and mO labelling studies, it is now 
possible to assign this absorption definitively to an 
S i -O-Ti  stretching frequency. The high intensities of 
the 960-970 cm-~ peak in these compounds are cer- 
tainly due to the high Ti to $i ratio of I: I, whereas in 
the modified zeolites this peak is observed with varying 
intensity, depending on the extent of Ti incorporation in 
the silicalite structure. 

3. 29S| NMR studies 

3.1. Silanetriots 

The 293i NMR chemical shifts for the silanetriols 
depicted ill Scheme l are summarized in 'Fable I. As is 
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Fig. 3. The IR spectra (in Nujoi) of the (a) normal and (b) 10% 1So 
enriched samples of the titanasiloxane II  in the region 800-1200 
cm °l. The new shoulder appearing in (b) on tSO enrichment is 
labelled with an arrow, 

evident from Table I. the resonances for the SiO~ unit 
of all the silanetriols are shifted to higher field. This 
observation is consistent with the presence of three 
electron=withdrawing oxygen atoms on silicon. There 
are also significant variations observed for this resoo 
nanee depending upon the nature and magnetic shield- 
ing effect of the fourth substituent on silicon (e.g. Si, C, 
N or O). Thus, for example, the values of 8(SiO~) for 
C - b o n d e d  s i l ane t r io l s  t B u S i ( O H ) ~  and 
Co~(CO)gCSi(OH) ~ are - 36.8 and - 56,0 respectively. 
The same resonance for the N-bonded silanetriols is 
shifted further upfield and appears at ca. - 6 5  ppm. In 
the case of the O-bonded silanetfiol (2,4,6:Bu~C6H2)- 
OSi(OH)~, which contains an SiO4 tetrahedron, this 
resonance is observed at -83,7 ppm, For the enly 
Siobonded silanetriol, (Me3Si)~SiSi(OH) ~, reported in 
the literature, it appears at -25,8 ppm. Thus, the 
high-field shifts for the silanetriols increase in the fol- 
lowing order: Si-SiO~ < C=SiOa < N-SiO~ < O~SiO~, 
It should also be noted that the electronegativities of 
these elements vary in the same order, 

There have been reports on the synthesis and crystal 
structures of the silanetriols of type ML,Si(OH)~ con- 
taining a metal-silicon bond [18-20], However, the 
ab~nce of ~gSi NMR data for these compounds rules 
out a discussion on the effect of a transition metal on 
8sa or a comparison with the systems discussed above. 

3.2. Metallasiloxanes 

The silicon chemical shifts for the metallasiloxanes 
synthesized in the present study seem to depend heavily 
on both the nature of the metal and the structure of the 
product. The structures of the metallasiloxanes can be 
broadly classified into six types (Scheme 2): type A, the 
neutral cubic metallasiloxanes; type B, the ionic cubic 
metallasiloxanes; type C, metallasiloxanes with drum- 
like structures; type D, bicyclic metallasiloxanes; type 
E, cyclic metallasiloxanes; and type F, acyclic metal- 
lasiloxanes. Tile :gSi NMR chemical shifts for these 
types are listed in Tables 2-4, along with the coordina- 
tion shifts observed [ Ag(SiO3)]. A common observation 
in the case of all metallasiloxanes derived from 
(amino)silanetriois is that the resonance due to the 
SiMe~ groups in these molecules remains more or less 
unchanged upon formation of the metal derivatives. 

In the case of all cubic titanasiloxanes of type A, the 
value 8(SiOaTi) is shifted upfield by ca. 30 ppm rela- 
tive to those for the corresponding silanetriols (Table 2). 
For the titanasiloxane [tBuSiO3Ti(CaH 4Me)]4 (8), hav- 
ing a CSiO 3 coordination environment, this resonance is 
observed at -68.6 ppm. For the titanasiloxanes 
[RSiO~Ti(OR')] 4 (9-14), derived from (arylamino)- 
silanetriols containing silicon atoms in an NSiO 3 coor- 
dination geometry, it is observed at ca. - 97  ppm. For 
the titanasiloxane 15. which contains SiO 4 tetrahedra, it 
is shifted further upfield to - 116.4 ppm. Thus, among 
the cubic titanasiloxanes, on going from C-SiO~ -* N- 
SiO~, the resonances are shifted upfield by approxi- 
mutely 30 ppm. Similarly, on going from N-SiO:a to an 
SiO~ tetrahedral arrangement an additional shift of 20 
ppm is obsetwed. 

In contrast, all the cubic metallasiloxanes of type A 
containing Group 13 elements 16-24 (aluminum, gal- 
lium and indium) show very similar chemical shifts. For 
example, in the case of aluminosiloxanes 16-19, de- 
rived from (arylamino)silanetriols, this resonance is ob- 
served at ca. - 80 ppm. In the case of the corresponding 
gallium and indium analogues, it is shifted downfield by 
less than 5 ppm. Furthermore, the coordination shifts 
accompanying the formation of these metallasiloxanes 
are much smaller (approximately 10-13 ppm) than in 
the case of titanasiloxanes. 

The most significant coordination shift of 44.7 ppm 
is observed for the anionic cubic aluminosiloxane 25 of 
type B (Table 2), for which the NSiO~ signal appears at 

~ !12.0 ppm. The crystal structure of this anionic 
aluminosiloxane shows many similarities to the struc- 
ture of sodium zeolite A. It should also be mentioned 
that the silicon chemical shift observed for this com- 
pound is very similar to that of the solid-state NMR 
chemical shifts for a variety of aluminosilicate glasses 
[39]. 
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In the case of the metallasiloxanes 26-32, which 
have a drum-like polyhedral structure, almost no coordi- 
nation shift is observed. The 29Si NMR chemical shifts 
listed in Table 3 for the aluminum-, gallium- and in- 
dium-containing metallasiloxanes of type C indicate that 
the coordination shifts are often close to zero. The 
bicyclic stannasiloxanes 33 and 34 of type D also show 
similar behaviour. Although the exact reason for this 
anomalous behaviour is not readily understood, it can 
be partly attributed to the large ring strain associated 
with the S i - O - M  frameworks in these molecules. 

The 29Si NMR characteristics of the ahminosiloxane 
35 (of type E), which contains an AI2Si204 cyclic 
eight-membered structure, is similar to that of all the 
cubic aluminosiloxanes of type A discussed above. This 
behaviour is easily attributed to the presence of 
AI2Si204 structural units in both types of compound. 
The zirconasiloxane 36 of type E is also no exception to 

this observation. In the case of all acyclic metallasiiox- 
anes 37-44 of type F listed in Table 4, a small coordi- 
nation shift of 5 to 10 ppm is observed. 

As mentioned earlier, the dependence of the 29Si 
NMR chemical shifts on the resulting S i - O - M  frame- 
work is very great. Starting from the same silanetriol 3 
and appropriate aluminum alkyl precursors, by carefully 
altering the stoichiometry and reaction conditions, it has 
been possible to obtain ahminosiloxanes with various 
Si -O-AI  polyhedral structures. The change in the struc- 
ture of the S i -O-AI  framework in these compounds has 
a pronounced effect on their silicon chemical shifts, and 
this observation is depicted in Fig. 4. 

In summary, the observed silicon NMR shifts for a 
metal containing siloxane are very useful in identifying 
the S i - O - M  framework present in these molecules. 
While a coordination shift of around 10 ppm is nor- 
mally associated with the eight-membered cyclic and 
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Fig. 4. The schematic representation of the 29Si NMR spectra of the silanetriol 3 and the derived aluminosiloxanes with different Si-O-AI 
frameworks: (a) cubic aluminosiloxane 19; (b) anionic cubic aluminosiloxane 25; (c) drum-shaped aluminosiloxane 28; (d) cyclic aluminosiloxane 

35; and (e) the silanetriol 3. 



286 A. Voigt er al. / Journal of Organometallic Chemistry 521 (1996) 279-286 

cubic Group 13 siloxanes, the transition metals contain- 
ing cubic siloxanes (e.g. cubic titanasiloxanes) show 
upfield shifts as large as 30 ppm. When anionic silox- 
anes are formed the upfield shifts are as high as 45 
ppm. 

4, Experimental 

The synthesis of the silanetriols 1-7 [14-17] and the 
metaUasiloxanes derived from them 8 - 4 4  have beea 
described previously [14,15,17,27-34]. The 29Si NMR 
spectra were recorded on a Bruker AM 200 or a Bruker 
AS 400 instrument using C6D ~, CDCI3, DMSO-d 6 or 
THF-d~ as solvents [40]. The chemical shifts are re- 
ported in ppm relative to external SiMe4. The IR spec- 
tra were recorded on a Bio-Rad Digilab FTS7 spectrom- 
eter for KBr pellets, Nujol mulls or CCI 4 solutions, The 
solution [R studies were carried out in KBr or NaCI 
cells with a path length of O. 1 cm. 
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