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Figure 2. SCHAKAL drawings of (a) anion 4 as observed in the solid-state 
X-ray crystallographically and (b) anion 4 in the coordinatively unsatu­
rated configuration proposed as an intermediate during rearrangement 
(see text). Oxygen atoms are represented by large open circles, uranium 
atoms by large filled circles, carbon atoms by large shaded circles, tita­
nium atoms by small open circles, tungsten atoms by small filled circles, 
and hydrogen atoms by small shaded circles. One member of each 
symmetry-equivalent set of oxygen atoms is labeled in (a). Variable-
temperature 33.9-MHz 17O NMR spectra of anion 4 as a («-C4H9)4N

+ 

salt in CH3CN are shown in (c)-(g). Only the 375-875 ppm region is 
included; i.e., the OA resonance is not shown. 

of the U(IV) coordination sphere. The space-filling model of anion 
4 shown in A illustrates the nonbonding interactions contributing 

to this stability. The four C5H5 rings are packed tightly around 
a cubic-close-packed array of 38 oxygens, protecting the uranium 
centers from the anion's environment. Bonding interactions also 
play a key role in stabilizing the U(IV) coordination sphere in 
4. Specifically, the stability of anion 4 relative to [(?;5-
C5Hs)3U(K1O-NbW5O,,)^5- (1) and [(^-C5Hs)3U(K1O-
NbW5O19)]2 (2) can be explained in terms of the chelate effect 
in 4 and the greater basicity of an OTiIV terminal oxygen in 
TiW5O19

4" relative to an ONbv terminal oxygen in NbW5O19
3-. 

The title anion, although relatively inert toward electrophiles 
and weak nucleophiles,5 is rapidly degraded by strong nucleophiles 
such as OH" and (C2H5)2NH. Since TiW5O19

4- is stable toward 
these reagents under the same conditions, the site of attack is most 
likely the uranium center. The avenue of approach to uranium 
in 4 (see A) is too restricted, however, and nucleophilic attack 
must therefore be accompanied by structural rearrangement. A 
plausible mode of rearrangement can be derived from variable-
temperature 17O NMR spectra shown in Figure 2c-g. At low 

temperatures, 17O NMR resonances can be assigned to oxygens 
in 4 by using well-established chemical shift scales," assuming 
that resonances from oxygens bonded to uranium are too broad 
to be observed, as is the case with I2 and 2.3 Spectra measured 
at elevated temperatures are relatively simple and correspond to 
the resonances expected for a C4n TiW5O19

4" ligand. Such effective 
ligand symmetry can be obtained for TiW5O19

4" in 4 by cleaving 
both12 U-OTiW bonds (U-Ogl in Figure la), and symmetrizing 
the entire structure to the Dlh configuration shown in Figure 2b. 
Assuming rapid rotation about the Ti-OU2 bond in this coordi­
natively unsaturated intermediate configuration, the TiW5O19

4" 
ligand achieves effective C4„ symmetry on the NMR time scale. 
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(11) (a) Filowitz, M.; Ho, R. K. C; Shum, W. Inorg. Chem. 1979, 18, 93. 
(b) Che, T. M.; Day, V. W.; Francesconi, L. C; Fredrich, M. F.; Klemperer, 
W. G.; Shum, W. Inorg. Chem., in press. 

(12) Although cleavage of a single U-OWTi bond is a reasonable alter­
native, we consider it less likely than a concerted process since it leads to short 
C5H5-"OTiW contacts. Specifically, the TiW5O]9

4" reorientation accompa­
nying U-Og1 cleavage (see Figure la) implies close C5H5-Oj3 contacts at the 
other uranium center. 
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Ceramic materials have traditionally been prepared from 
structurally simple starting materials. As a result, their structural 
features are relatively difficult to control or modify in a systematic 
fashion. Many polymeric organic and organometallic materials, 
on the other hand, can be designed and synthesized in a more 
controlled fashion by proceeding in a stepwise manner, i.e., by 
first preparing tailor-made molecular building blocks and then 
polymerizing these monomers in a subsequent reaction step. Any 
attempt to extend this building-block approach to the synthesis 
of ceramic materials must begin with the preparation of suitable 

(1) (a) Crystalytics Co. and University of Nebraska, (b) University of 
Illinois. 
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molecular building blocks. We describe here the synthesis, 
structure, and hydrolysis of the poly silicic acid ester [Si8O12](O-
CHj)8 (1). This molecule is designed to serve as a building block 

R 

0 T^ ) 
I 
R 

[Si8O12]R8 

1, R=OCH3 

2,R=O" 
3, R = H 
4, R = Cl 

for the synthesis of silicas based on [Si8O12]O8^2 subunits by 
hydrolysis according to eq 1 followed by condensation according 

Si OCH3 + H2O — - — S i OH + CH3OH (1) 

— Si — OCH3 H S i — O H — — S i — O — S i — + 

CH3OH (2) 

— S i OH+ — S i — O H — - — S i — O — S i — + H2O (3 ) 

to eq 2 and/or 3.2 The rigid cubic [Si8O12] core offers the 
possibility of generating porous yet rigid materials due to geometric 
factors limiting the density with which corner-linked cubes can 
fill space. 

Attempts to prepare the title compound in one step by alkylating 
the known Si8O20

8- ion3 (2) were frustrated by an inability to 
prepare a salt of 2 soluble in an anhydrous, aprotic solvent. This 
difficulty has been avoided by following the two-step reaction 
sequence given in eq 4 and 5. Photochemical chlorination of 

hu, CCl4 

[Si8O1 2]H8 + Cl2 • [Si8O12]Cl8 + 8HCIt (4) 

[Si8O12]Cl8 + C H 3 O N O - ^ * [Si8O1 2](OCHj)8 + 8NOCI j 

(5) 

[Si8O1 2]H8
4 (3) followed by sublimation of the product yields 

[Si8O12]Cl8
5 (4) in > 9 5 % yield. Reaction of 4 with neat methyl 

nitrite in a sealed tube6 followed by sublimation and crystallization 
from toluene yields [Si8O12] ( O C H 3 V (1) in 45% yield. In contrast 

(2) For a review of ceramic oxide preparations from alkoxide precursors, 
see: Sakka, S. Treatise Mater. ScL Techno!. 1982, 22, 129. 

(3) (a) Glixelli, S.; Krokowski, T. Rocz. Chem. 1937,17, 309. (b) Smolin, 
Yu. I.; Shepelev, Yu. F.; Pomes, R.; Hoebbel, D.; Wieker, W. Kristallograflya 
1979, 24, 38. 

(4) (a) Mailer, R.; Kohne, R.; Sliwinski, S. J. Prakt. Chem. 1959, 9, 71. 
(b) Larsson, K. Ark. Kemi 1960, 16, 215. (c) Frye, C. L.; Collins, W. T. / . 
Am. Chem. Soc. 1970, 92, 5586. 

(5) Anal. Calcd for Si8O12Cl8: Si, 32.09; Cl, 40.50. Found: Si, 31.74; 
Cl, 40.75. IR (Nujol, 1400-250 cm'1) 1142 (s), 1090 (sh), 795 (vw), 712 (s), 
515 (s), 450 (m), 335 (m); the very weak band at 795 cm"' is assigned to 
Si80,2H„Cl8_„ impurities (<3%); 29Si NMR (CCl4, Me4Si = O, 49.7 MHz, 
0.015 M Cr(acac)3) 5 -91.16 (s); sublimation temperature 130 0C (0.5 torr); 
MS, m/z 665 (M+ - Cl). 

(6) Caution: Methyl nitrite is toxic (Slovak, A. J. M.; Hill, R. N. JOM, 
J. Occup. Med. 1981, 23, 857) and explosive under pressure (Selle, H. Z. 
Elektrochem. 1957, 61, 672. Shaw, R. Combust. Flame 1973, 21, 127). 

Figure 1. Perspective ORTEP drawing of the centrosymmetric [Si8-
012](OCH3)8 molecule with Si, C, and O atoms represented by thermal 
vibration ellipsoids drawn to encompass 50% of the electron density; 
hydrogen atoms are not labeled in this drawing and are represented by 
arbitrarily-sized spheres for purposes of clarity. Atoms labeled with a 
prime are related to those labeled without a prime by the crystallographic 
inversion center at (0,1,0). Average values10 for structurally equivalent 
bond lengths and angles of interest: Si-Ob, 1.604 (2,2,5,12) A; S-O 
(methoxy), 1.596 (3,2,4,4) A; C-O, 1.399 (5,10,19,4) A; O-Si-0, 109.5 
(1,11,32,24)°; Si-Ob-Si, 148.2 (2,22,37,6)°; and Si-O-C, 126.7 
(2,12,21,4)°. 

(b) 

Figure 2. 29Si(1H) 49.7-MHz FT NMR spectra12 of 0.1 M[Si8O12](O-
CH3J8 in CH3CN measured (a) 7-8 h and (b) 58-59 h after hydrolysis 
with four equivalents H2O. The chemical shift scale shown is externally 
referenced to SiMe4 at 0 ppm. 

with ionic reagents such as CH 3 OLi or C H 3 O N a that attack 4 
with degradation of the [Si8O12] core, CH 3 ONO displaces chloride 
from 4 with retention of stereochemical configuration at silicon. 
The integrity of the [Si8O12] core in 1 was established by a sin­
gle-crystal X-ray diffraction study8 (see Figure 1). Structural 

(7) Anal. Calcd for Si8O20C8H24: C, 14.45; H, 3.64; Si, 33.80. Found: 
C, 14.37; H, 3.61; Si, 34.19. IR (Nujol, 1400-250 cm"1) 1155 (s), 1090 (vs), 
848 (m), 795 (w), 720 (w), 570 (vs), 470 (w), 395 (m), 360 (m), the weak 
band at 720 cm"1 is assigned to Nujol; 29Si[1Hj NMR (CH3CN, Me4Si = 0, 
49.7 MHz, 0.015 M Cr(acac)3) 6 -101.40 (s); 13C[1HI NMR (C6D6, Me4Si 
= 0, 90.5 MHz) 5 51.30 (s); 1H NMR (C6D6, Me4Si = 0, 360 MHz) 6 3.36 
(s); sublimation temperature 135 0C (0.5 torr); MS, m/z 664 (M+); capillary 
GC on a 10-m bonded DB-I column at 190 °C exhibits one component at 3.41 
min. 
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parameters for 1 given in the Figure 1 caption are in good 
agreement with corresponding parameters for related silsesqui-
oxanes (RSiO15)8.n 

Hydrolysis of 1 in CH3CN with 4-20 equiv of water produces 
a clear, colorless gel that dries to a transparent, monolithic glass. 
Solution 29Si(1H) NMR spectra12 measured prior to gelation 
display resonances in the -101 to -102 ppm region arising from 
(^SiO)3SVOCH3 centers13 and resonances in the -99.5 to -100.5 
ppm region arising from (=SiO)3SYOH centers14 but no reso­
nances in the -90 to -95 region arising from (=SiO)2S7(OR)2 

centers, R = CH3 or H.1314 A 29Si NMR spectrum measured 
after partial hydrolysis of 1 is shown in Figure 2a. The five largest 
resonances observed are assigned to [Si8Ol2](OCH3)8 (<5 -101.41) 
and [Si8012](OCH3)7(OH) (^SiOH at 8 -100.17, ortho and meta 
=SiOCH 3 at 5 -101.27 and -101.46, para =SiOCH 3 at 8 
-101.35). The smaller -101.33 ppm resonance is assigned to the 
four equivalent ^S iOCH 3 silicons in 0-[Si8O12](OCH3)6(OH)2 

since its intensity relative to the intensities of the [Si8O12] (OCH3)8 

and [Si8O12] (OCH3)7(OH) resonances is in good agreement with 
the value predicted by a random hydrolysis model where all = 
SiOCH3 groups in the [Si8012](OCH3)8_„(OH)„ system hydrolyze 
at the same rate.15 Spectra measured after further hydrolysis 
(see Figure 2b) are also consistent with this model but are more 
difficult to interpret since several resonances are unresolved and 
additive chemical shift parameters must be invoked to provide 
unambiguous assignments. 

We plan to remeasure 29Si(1H) NMR spectra of hydrolyzed 1 
at higher magnetic field strengths in order to obtain higher spectral 
dispersion and reinforce the conclusion that hydrolysis proceeds 
without degradation of the [Si8O12] core structure and are cur­
rently investigating the course of condensation reactions (2) and 
(3) in solutions, gels, and glasses using 29Si FT NMR and CP 
MAS NMR techniques. 

Note Added in Proof. Preliminary results indicate that 4 can 
be converted into 1 with HC(OCH3)3. 

(8) Large well-shaped colorless single crystals of [Si8O]2](OCH3)S suitable 
for X-ray diffraction studies, obtained by sublimation, are at 20 ± 1 0C, 
triclinic, space group M-C,1 (No. 2), with a = 9.046 (4) A, b = 8.990 (4) A, 
c = 8.546 (4) A, a = 99.93 (3)°, /3 = 101.24 (3)°, y = 99.42 (3)°, and Z = 
1 [̂ a(Mo K0) = 0.5 mm"1, pa]oi = 1.68 g cm"3]. Three-dimensional diffraction 
data (a total of 3010 independent reflections having 29MoKo < 55°) were 
collected on a computer-controlled Nicolet autodiffractometer using gra-
phite-monochromated Mo Ka radiation and full 1.0° wide w scans. The 
structure was solved by "direct methods" techniques (SHELXTI.) and the re­
sulting structural parameters have been refined to convergence9 [i?(un-
weighted, based on F) = 0.038 for 2164 reflections having / > 3<r(/)] using 
counting-statistics weighted cascade block diagonal least-squares techniques 
and a structural model which incorporated anisotropic thermal parameters 
for all Si, C, and O atoms and isotropic thermal parameters for all hydrogen 
atoms. 

(9) See paragraph at end of paper regarding supplementary material. 
(10) The first number in parentheses following an averaged value of a bond 

length or angle is the root-mean-square estimated standard deviation of an 
individual datum. The second and third numbers, when given, are the average 
and maximum deviations from the averaged value, respectively. The fourth 
number represents the number of individual measurements which are included 
in the average value. 

(11) (a) [Si8O12](CH3)J: Larsson, K. Ark. Kemi 1960, 16, 203. (b) 
[Si8Oi2](C6Hs)8: Shklover, V. E.; Struchkov, Yu. T.; Makarova, N. N.; 
Andrianov, K. A. Zh. Strukl. Khim. 1978, 19, 1107. Hossain, M. A.; 
Hursthouse, M. B.; Malik, K. M. A. Acta Cryst., Sect. B 1979, B35, 2258. 
(c) [Si8O12](C2H3J8: Baidina, I. A.; Podbenezskaya, N. V.; Alekseev, V. I.; 
Martynova, T. N.; Borisov, S. V.; Kanev, A. N. Zh. Strukt. Khim. 1979, 20, 
648. (d) [Si8O12] [OSi(CH3)3]8: Smolin, Yu. I.; Shepelev, Yu. F.; Pomes, R. 
Khimiya Silik. Oksidov 1982, 68. 

(12) All 29Si)1H) FT NMR spectra were measured under gated decoupling 
conditions. In order to reduce 7Ys to ca. 2 s, all solutions contained 0.015 
M Cr(acac)3. The Cr(acac)3 did not affect the rate or course of the reactions 
studied. To ensure accurate integrated intensities, three T1 's were allowed 
to elapse between observe pulses. 

(13) Marsmann, H. C; Meyer, E.; Vongehr, M.; Weber, E. F. Makromol. 
Chem. 1983, 184, 1817. 

(14) Klemperer, W. G.; Mainz, V. V.; Millar, D. M., manuscript in 
preparation. 

(15) If a is the overall fraction of methoxy groups hydrolyzed, the relative 
abundance of [Si80,2](OCH3)8_„(OH)„ is |8!/[/i!(8 - n)])a"(l - a)8"". The 
relative abundance of isomers is determined statistically by symmetry num­
bers. 
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Electronic processes in chemisorption and catalytic action on 
a metal surface play fundamental roles in chemistry and chemical 
industry but are still hidden in a veil theoretically. We study 
theoretically the interaction of a hydrogen molecule with palladium 
as a model of chemisorption and catalytic action of a metal surface. 
We use sophisticated ab initio theories explained below. The basic 
assumption is the local nature of the interaction between hydrogen 
and palladium.1"3 We will show that even the Pd2 fragment shows 
chemisorptive and catalytic activities for the hydrogen molecule. 
The H2 molecule is adsorbed and dissociated very smoothly on 
the Pd2 "surface" with almost no barrier and shows an equilibrium 
with the two atomic hydrogen radicals. The Pd-Pd bond is not 
weakened in this process, which is related to the stability of the 
catalytic surface. The mechanism of the catalytic activity is 
different from the one proposed for a nickel surface.4 It is a bond 
alternation mechanism in which the dangling bond of the Pd 
surface plays an essential role. 

We consider first the interaction of a hydrogen molecule with 
a Pd atom.5,6 It was shown that the Pd atom in the 'S(d10) ground 
state shows an affinity to the H2 molecule but does not work to 
cleave the H-H bond. A long equilateral triangle is a stable form 
in which the hydrogen molecule is attached weakly to the Pd atom. 
On the other hand, the excited states of the Pd atom, the u D(dV) 
states, are repulsive. 

(1) Messmer, R. P.; Salahub, D. R.; Johnson.'K. H.; Yang, C. Y. Chem. 
Phys. Lett. 1977, 51, 84. 

(2) (a) Louie, S. G. Phys. Rev. Lett. 1979, 42, 476. (b) Chan, C. T.; Louie, 
S. G. Phys. Rev. B 1983, 27, 3325. (c) Eberhardt, W.; Louie, S. G.; Plummer, 
E. W. Phys. Rev. B 1983, 28, 465. 

(3) Pacchioni, G.; Koutecky, J. Surf. Sci. 1985, 154, 126. 
(4) (a) Melius, C. F. Chem. Phys. Lett. 1976, 39, 287. (b) Melius, C. F.; 

Moskowitz, J. W.; Mortola, A. P.; Baillie, M. B.; Ratner, M. A. Surf. Sci. 
1976, 59, 279. 

(5) Brandemark, U. B.; Blomberg, M. R. A.; Petterson, L. G. M.; Sieg-
bahn, P. E. M. J. Phys. Chem. 1984, 88, 4617. 

(6) (a) Nakatsuji, H.; Hada, M. Croatica Chem. Acta 1984, 57, 1371. (b) 
Nakatsuji, H.; Hada, M. In "Proceeding of the Nobel Laureate Symposium 
on Applied Quantum Chemistry"; Smith, V. H., Jr., Ed.; Reidel: Dordrecht, 
1985, in press, (c) Nakatsuji, H.; Hada, M.; Yonezawa, T., unpublished 
results. 
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