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Cubic structures had been observed in inorganic 
chemistry before cubane, a hydrocarbon with the 
formula C8H8, was first prepared in 1964 by Eaton and 
Cole;' the simple cubic structure was observed as early 
as 1936.2 Compounds with incomplete cubane struc- 
t u r e ~ ~  and homocubane4 structures have also been 
reported, as have those with integrated cubane struc- 
tures (Figure lh5  These cubane-type clusters have 
attracted much attention:- some are capable of 
multielectron transfer,& and others exhibit interesting 
magnetic' and optical8 properties. Compounds that 
have the cubic Fe4S4 or MQ04 core have been under 
extensive research because of their link to biological 
 system^.^^^^ 

The chemistry of cubane-type clusters has another 
important aspect-its potential relevance to that of 
inorganic solids. Many structures commonly found in 
inorganic solids are derived from a cubic framework, 
such as the rock salt structure (MgO, NiO, MnS), CsCl 
structure (CsSH, TlSb), fluorite structure (ZrO2, CeOz, 
RhOz), corundum structure (Sc203, Mn203, AlzS3), 
pyrite structure (FeS2, RhS2, COS~),  pyrochlore struc- 
ture (NaCaNb208, Na2Sb205(0H)z), perovskite struc- 
ture (CaTiOa, SrFeO3, BaSnOd, Re03 structure (ReO3, 
W03), and so on. Many of these solids are important 
catalysts for organic substrate transformation.1° Most, 
if not all, of these catalytic reactions take place on the 
surface of the catalysts. Hence we need to elucidate 
the geometry and electronic structure of both substrate 
and catalyst if we are to understand and improve these 
catalytic reactions. This is easier said than done. The 
surfaces of inorganic solids are complicated systems 
and are extremely difficult to characterize. Apparently, 
we need a simpler model system which is easier to 
characterize. 
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Cubane-type clusters would make a good model 
system for the study of these solid oxides. As mentioned 
earlier, cubane-type units are the building blocks of 
many oxide structures. In addition, single or integrated 
cubane-type clusters have been successfully used as 
models of inorganic solids in recent theoretial works." 
The present review tries to summarize the recent 
development of cubane-type oxide cluster chemistry 
and displays its relevance to solid oxide catalysts. 

Integrated Cubane-Type Clusters of Group 5 
and 6 Metals 

Many cubane- type oxide clusters including hydroxide 
and alkoxide clusters have been synthesized so 
but few of them were synthesized 'rationally". It is 
important to overcome this lack of control and to 
develop methodology for the rational synthesis of the 
clusters. Some people have approached this problem 
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Figure 1. Schematic drawings of different cubane-type clusters. Organic and carbonyl moieties are omitted for clarity: a, simple 
cube; b, incomplete cube; c, extended cube (homocubane); d, corner-shared cubes; e, cubes connected by a ligand; f, edge-shared cubes; 
g, face-shared cubes. 

through "controlled hydrolysis" of metal alkoxides12a* 
and carboxylates.12d-f We approached the problem 
through the chemistry of polyoxoanions. 

Polyoxoanions form a well-defined class of oxide 
~1usters.l~ Traditionally they are prepared by con- 
densation of monomeric oxometalates (Mo04", wo42-, 
v 0 d 3 - )  in acidic aqueous solution. The reaction is 

0 
I 

0 0 

basically a dehydration process, where protons act as 
oxygen abstractors. Unfortunately, we do not have good 
control of the reaction here, either. It is usually not 
possible to predict the product from the reactant 
because the number of oxygen atoms changes. On the 
other hand, Klemperer and co-workers recently showed 
that many organometallic complexes can be incorpo- 
rated into a polyoxoanion framework by simple addition 
(11) (a) Sawabe, K.; Koga, N.; Morokuma, K.; Iwasawa, Y. J. Chem. 

Phys. 1992,97,6871-6879. (b) Saillard, J.-Y.; Hoffmann,R. J. Am. Chem. 
SOC. 1984,106,2006-2026. (c) Cain, S. R.; Matienzo, L. J. Emmi, F. J. 
Phys. Chem. 1990,94,4985-4990. (d) Khowash, P. K.; Ellis, D. E. Phys. 
Rev. B 1989,39,1908-1913. (e) Khowash, P. K.; Ellis, D. E. Phys. Rev. 
B 1987,36,3394-3399. (f) Kutzler, F. W.; Ellis, D. E. Phys. Rev. B 1984, 
29,6890-6900. (g) Ito, T.; Kuramoto, M.; Yoshioka, M.; Tokuda, T. J. 
Phys. Chem. 1983,87,4411-4416. (h) Kobayashi, H.; Yamaguchi, M.; 
Ito, T. J. Phys. Chem. 1990,94,7206-7213. (i) Fujioka, H.; Yamabe, S.; 
Yanagisawa, Y.; Matsumura, K.; Huzimura, R. Surf. Sci. 1985,149, L53- 
L58. (j) Ito, T.; Tashiro, T.; Kawasaki, M.; Watanabe, T.; Toi, K.; 
Kobayashi, H. J. Phys. Chem. 1991,95,4476-4483. (k) Mehandru, S. P.; 
Anderson, A. B.; Brazdil, J. F. J. Am. Chem. SOC. 1988,110,1715-1719. 
(12) (a) Bradly, D. C. Chem. Rev. 1989,89,1317-1322. (b) Chisholm, 

M. H. In Inorganic Chemistry Towards the 21st Century; American 
Chemical Society: Washington, DC, 1983; Chapter 16, pp 243-268. (c) 
Bradly, D. C.; Mehrotra, R. C.; Gaur, D. P. Metal Alkoxides; Academic 
Press: London, 1978. (d) Holmes, R. R. Acc. Chem. Res. 1989,22,190- 
197. (e) Holmes, R. R.; Kumara Swamy, K. C.; Schmid, C. G.; Day, R. 
0. J. Am. Chem. SOC. 1988,110,7060-7066. (f) Kumara Swamy, K. C.; 
Day, R. 0.; Holmes, R. R. J. Am. Chem. SOC. 1987,109,5546-5548. 
(13) (a) Pope, M. T. Heteropoly and Isopoly Oxometalates; 

Springer-Verlag: Berlin, 1983. (b) Pope, M. T. In Isopolyanions and 
Heteropolyaniom in Comprehensive Coordination Chemistry; Wilkinson, 
G., Gillard, R., McCleverty, J. A., Eds.; Pergamon Press: Oxford, 1987; 
Vol. 3, pp. 1023-1058. 

rea~ti0ns.l~ Here, the polyoxoanion unit is prepared 
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first and then reacted with an organometallic moiety. 
The former behaves as a Lewis base and the latter as 
a Lewis acid: the vacant coordination sites of the 
carbonyl cation are simply filled by the surface oxygen 
atoms of [Nb2W4019I4-. Thus the structure of the 
product can be predicted easily. 

What will happen, then, if we mix these two kinds of 
reactions together? Is it possible to trigger the oligo- 
merization reaction by Lewis acids? If so, we would be 
able to build an oxide cluster framework directly on a 
Lewis acidic coordination compound which has vacant 
coordination sites. In this way we should have some 
control over the reaction through the number of vacant 
sites, the size of the nonlabile ligand, and the metal ion 
charge of the Lewis acidic coordination compound. Also, 
it would be easier to predict the product, since no 
dehydration would take place. Our recent experiments 
show that such reactions are indeed possible. Moreover, 
these reactions yield several new cubane-type oxide 
clusters. 

The complex [RhCp*(pCl)C112 (Cp* = C&fe#5 has 
potentially three vacant sites on each rhodium atom 
because the C1 ligands are readily removed from the 
coordination sphere. We have tried to construct an 
oxide framework on these sites. Treatment of [RhCp*- 
(p-C1)C1]2 with Na2Mo04 in water gave [(RhCp*)a- 
M040161 in ca. 90% yield:5c 
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Figure 2. Part of the infinite layer structure of MOOS. (A) 
Polyhedral model and (B) simplified drawing. 

4[RhCp*(~-Cl)Cl], + 4Na2Mo04 - 
[(RhCp*),Mo4Ol61 + 8NaCl 

Note that formally no dehydration took place. Anal- 
ogous compounds [(Mcp*)4M’4016] (M = Rh, Ir and 
M’ = Mo, W) have also been isolated. X-ray structure 
analyses of these clusters revealed that these crystals 
are isomorphous and contain a triple cubane framework 
(see Figure lg  for [(RhCp*)4Mo4016]: striped circles, 
Rh; filled circles, Mo; open circles, 0). The RhCp* 
groups occupy the vertices of the cubes and are 
coordinated by three oxygen atoms. The cluster has 
three types of Mo-0 bonds: Mo-OW, Mo-O(Rhz), and 
Mo-O(Mo2Rh). The 170 NMR spectrum of the com- 
pound indicated that the charge density is highest on 
the Mo-O(Mo2Rh) oxygens and lowest at  the Mo-O(t) 
oxygens.16 

This triple cubane-type structure represents a part 
of the infinite layer structure of Moo3 (see Figure 2),17 
which has been used as a heterogeneous catalyst in a 
variety of organic substrate transformations.1° One of 
the most important catalytic reactions over the MOOS 
surface is dehydrogenation of MeOH to HCHO with 
02. l8  Two different mechanisms have been proposed 
for the formation of HCHO. One suggests the disso- 
ciative adsorption of methanol across a molybdenum- 
oxygen double bond as the key step (Scheme Ia).lb~b~d 
The other claims that the addition of methanol across 
a molybdenum-oxygen single bond is important 
(Scheme Ib).’” 

The compound [(RhCp*)4Mo4016] reacts with MeOH 
in the presence of p-hydroquinone to give the incom- 
plete double cubane-type cluster [(RhCp*)zMo309- 
(OMe)r], as shown in Figure 3.19 The structure suggests 
that methanol molecules attack the bridging oxygens 
of [(RhCP*)4M04016] toremove the (RhCp*)2MoO, part 
from its framework. This supports the mechanism of 
methanol addition across a molybdenum-oxygen single 
bond in the catalytic reaction. The incomplete double 
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Figure 3. Molecular structure of [ (RhCp*)zMosOe(OMe)J: (A) 
ORTEP diagram and (B) simplified drawing. Reproduced with 
permission from ref 19. Copyright 1991 American Chemical 
Society. 

Scheme I 

0- HO O C H 3  OH 
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1 
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8 b H  d k H  

cubane-type cluster is stable in the solid state in air a t  
room temperature. However, upon dissolution in CH2- 
Cl2 it condenses to yield the quadruple cubane-type 
cluster [(RhCp*)4Moe0221 (Figure 4),19 releasing meth- 
anol. A small amount of formaldehyde is formed at  
the same time. The incomplete double cubane-type 
cluster released organic compounds on heating. A 
typical product composition at  386 “C was MeOH 
(56%), HCOOMe (28%), Me20 (12%), and Me2CO 
(4%).20 A small amount of aromatic compounds was 
also detected. 

Both of the mechanisms depicted in Scheme I assume 
the terminal methoxy group as the key intermediate. 
Our results with the incomplete double cubane cluster 
suggest otherwise. There are several short interactions 
(=3 A) between doubly bridged methoxy carbons and 
terminal Mo=O oxygens in the structure of [(RhCp*)2- 
Mo309(OMe)4], indicating the existence of short 
C-H-0 intramolecular contacts. The proton transfer 
between these methoxy groups and oxygen atoms would 

(20) Isobe, K.; Ozawa, Y.; Do, Y. Abstracts for Seventh International 
Symposium on Relations Between Homogeneous and Heterogeneous 
Catalysis; Tokyo, Japan, May 17-21, 1992; p 360. 
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Figure 4. Molecular structure of [(RhCp*)rMosO22]: (A) 
ORTEP diagram and (B) simplified drawing. Reproduced with 
permission from ref 19. Copyright 1991 American Chemical 
Society . 

Scheme I1 
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lead to the formation of HCHO molecules, which is 
observed on dissolving the cluster in CHZClZ. Short 
contacts are also observed between the oxygen atom of 
a bridging methoxy group and the carbon atom of 
another (3.13-3.21 A). Methyl transfer between these 
methoxy groups would yield Me20 and other organic 
molecules observed on heating the compound. Thus, 
we propose that the bridging methoxy group is the key 
species in the formation of HCHO, Me20, and HCOOMe 
(Scheme II).20 

The series of reactions just mentioned are also 
interesting from a synthetic point of view. As is shown 
in Scheme 111, the cubic framework is maintained 
throughout, and no drastic metal-oxygen bond rear- 
rangement seems to take place. This triple and 
quadruple cubane systems may serve as staring points 
for the rational synthesis of lattice compounds. 

The quadrupole cubane-type cluster mentioned above 
is a linear compound where cubic units fuse together 
by sharing faces. There is another kind of quadruple 
cubane frameworkz1 in which cubic units are fused 
together sharing edges to make a molecule of tetrahedral 
symmetry (Figure 5). The cluster C(MCp*hV60191 (M 

V 
Figure 5. Molecular structure of [(RhCp*)rV6019]: (A) ORTEP 
diagram and (B) interaction between [(RhCp*),VaOlel and 
acetonitrile molecules in [(RhCp*),VeOlg] *3MeCN*H20. One 
of the acetonitrile molecules, H20, and Cp* groups are omitted 
for clarity. Reproduced with permission from ref 21 c. Copyright 
1991 American Chemical Society. 

= Rh, Ir)zla*c is obtained from the reaction of [MCp*- 
(p-C1)C1]215 with NaV03. The compound [(RhCp*),- 
V6Ol9] is amphiphilic, soluble in CH2C12, CeHsMe, and 
H2O. Its 1 7 0  NMR spectrum shows that the oxygen 
exchange with free water molecules occurs selectively 
at the oxygen atoms shared by rhodium and vanadium. 
In acidic solutions (pH < 41, the cluster liberates the 
[RhCp*(H20)3I2+ group sequentially. Reaction of this 
acidic aqueous solution with [IrCp*(Hz0)3I2+ gives a 
mixture of clusters [(RhCp*)~~(IrCp*)~V6O19] (0 I n 
I 4).21C 

These results suggest that the bridging oxygens in 
[(RhCp*)4v6019] are activated and prone to the attack 
of solvent molecules. Even aprotic solvents like ace- 
tonitrile interact with these oxygen atoms. In the [(Rh- 
C P * ) ~ V ~ ~ ~ ~ I . ~ M ~ C N . H Z ~  crystals, acetonitrile mole- 
cules are located very close to the bridging oxygen atoms 
(Figure 5B). The existence of C-H-gO intermolecular 
contacts as short as 1.78 A is anticipated from the 
carbon-oxygen distances. This is interesting in view of 
the fact that acetonitrile is selectively oxygenated by 
0 2  to glycolonitrile, HOCHgCN, over vanadium oxide.% 
Molecular contacts similar to these obtained in the 
model system may be present in the initial step of this 
catalytic reaction prior to proton abstraction from 
acetonitrile on the vanadium oxide surface. 
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The observed dynamic behavior of [(RhCpS)4V6019] 
is interesting in connection with new hydroformylation 
catalysts. The catalysts prepared by supporting a 
RhCp* complex on oxide surfaces have been found to 
have higher reactivity and selectivity than classical 
impregnation catalysts.23 The dynamic behavior of the 
RhCp* groups has been suggested to be responsible for 
the high reactivity and selectivity. Also, the relative 
inertness of [ (IrcpS)4v6019] compared to [ (RhCp*),- 
v&] may have some relevance to the finding that 
IrCp* on zeolites is inactive for C-H bond a~ t iva t ion .~~  

Other Oxide-Related Cubane-Type Clusters 

Surface-modified silicas are another important class 
of oxides. They have been used extensively as sta- 
tionary phases in ~hromatography~~ and as heteroge- 
neous catalysts for the oxidaton,26 oxidative coupling,27 
and polymerization of hydrocarbons.28 Several at- 
tempts have been made to model silica surfaces using 
siloxanes.29 Here again, we can find cubane-like com- 
pounds which have interesting properties. Feher et al. 
have recently reported the synthesis of a silsesquioxane 
[Cy7Si709(OH)3] (Cy = cyclohexyl) which has an 
incomplete cubane-like framework.30 The structure of 
this siloxane has a remarkable similarity to that of 
P-cristobalite (Figure 6).31 More interesting, the si- 
loxane reacts with metal compounds and incorporates 
metal atoms into a cubane-like framework.32 One of 
them, [ Cy$37012(VO)], undergoes dimerization in 
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Figure 6. Molecular structure of [Cy7Si70~(OH)al: (A) simpWied 
drawing and (B) perspective view. Structure (C) is the perspective 
view of the idealized (111) octahedral face of 8-cristobalite. 
Reproduced with permission from ref 30. Copyright 1989 
American Chemical Society. 
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solution (Scheme IV).33 The dimer is capable of 
polymerizing olefins and can be considered a model for 
silica-supported metal catalysts. 

There are several single cubane-type clusters which 
incorporate metal carbonyls. Examples are [ Cr4(CO)12- 
(~.c~-OR)~]&(R = H,34Me35), [Re4(C0)12(p3-OH)4],36and 
[Mo~(CO)~(NO)~(~~-OH)~]  .37 The reaction chemistry 
of these single cubane compounds has not been exam- 
ined in detail yet. Such clusters might, however, serve 
as model compounds for metal carbonyls supported on 
oxide surfaces, which have been drawing increasing 
attention recently.38 Hieber's acid, [w4(c0)12(1.13' 

(33) Feher, F. J.; Walzer, J. F.; Blanski, R. L. J. Am. Chem. SOC. 1991, 
113,3618-3619. 

J.; Delord, T. J. Inorg. Chem. 1985, 24, 3465-3468. 
(34) McNeese, T. J.; Mueller, T. E.; Wierda, D. A.; Darenebourg, D. 
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1984,3,552-556. 
(36) Nuber, B.; Oberdorfer, F.; Ziegler, M. L. Acta Crystallogr. 1981, 

B37,2062-2064. 
(37) Albano, V.; Bellon, P.; Ciani, G.; Manassero, M. J. Chem. SOC., 

Chem. Commun. 1969,1242-1243. - .- . _ _  
(38) (a) Iwasawa, Y. In Catalysis by Metal Complexes: Tailored Metal 

Catalyst; Iwasawa, Y.; Ed.; Reidel: Dordrecht, The Netherlands, 1986; 
pp 1-85. (b) Schwartz, J. Acc. Chem. Res. 1985,18,302-308. (c) Lamb, 
H. H.; Gates, B. C.; Kn&inger, H. Angew. Chem., Int. Ed. Engl. 1988, 
27,1127-1144. 
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OH)4H41 ,39 which is formed by reacting [W2(pu-OH)3- 
(C0)sl3- with protons, is reminiscent of the initial step 
of CO reduction on oxide surfaces in the Fischer- 
Tropsch reaction.40 

The cluster [CrCp(pa-O)lr (Cp = CsMes, C5H5, CsH4- 
Me)7 is magnetically interesting in that the Cr atoms 
are antiferromagnetically coupled. In the cubane-type 
copper complex [Cu(bpy)(OH)l4(PFs)4,8 on the other 
hand, there is ferromagnetic coupling between metal 
atoms. 

A series of compounds that consist of Mod04 cubes 
have been synthesized In these com- 
pounds, the Mod04 cubes are connected together to form 
chain ([NEt41 [M00)4013-0)4(P04)2/z(H~,~O~~*2H20),4~ 
sheet ([N(C3H7)4(NH4)1 [(MoO)~(~~-O)~(PO~)~I),~~ and 
three-dimensional ([(NMe4)l.3(H30)~.~l [(Mo0)4(p3-0)4- 
(P04)21*2H20,43a [NH~I~(MoO)~~L~-O)~(P~O~)I~~~) struc- 
tures. These compound are drawing attention as 
possible shape-selective catalysts. Related molecular 
Mod04 cubane-type compounds have also been isolated 
as [(Mo0)4(p3-0)4(0SiMe3)4(NHMe2)43” and [(MOOh- 
( c L ~ - O ) ~ ( P M ~ ~ O S ) ~ I  .45 

Outlook 
The study of the chemistry of cubane-type clusters 

related to inorganic solid surfaces has just been started 
with the hope of developing a new field in the 
understanding of surface reactions on molecular levels. 
Although the cubane-type clusters described here are 
relatively simple, they offer useful information on the 
precise structural data as well as the nature and 
reactivities of the M-0 bonds. Particularly, integrated 
cubane-type clusters have several kinds of M-0 bonds 
with oxygen atoms of different charge density and 
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Chem. 1972,34, 353-365. 
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Haushalter, R. C. J. Solid State Chem. 1991,92, 154-158. 
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574-577. 

(45) Mattes, R.; M U i e p e n ,  K. 2. Naturforsch. B: Anorg. Chem. Org. 
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basicity. This is important because the surface acidity 
and basicity, which are essential factors in determining 
the behavior of solid surfaces,46 are based on the nature 
of the surface M-0 bonds. 

Recently, integrated cubane-type compounds with 
coordinatively unsaturated metal centers have been 
synthesized (see Figure If for [TeMo80~(OH2)1’: 
striped circle, Te; filled circles, Mo; open circles, 0. 
The top right of the Mo atom is 5-coordinate and has 
a vacant coordination site).5bt471a Also, the chemistry 
of incomplete cubane-type clusters, which show unique 
reactivity, has developed rapidly during the last decade?f 
The behavior of these compounds is of much interest 
in connection with modeling active sites on solid 
surfaces. Inorganic solid surfaces are not homogeneous 
and consist of terraces, kinks, steps, and so on, in which 
there are defects with metal atoms in a variety of 
coordination n~mbers .4~ Particularly, coordinatively 
unsaturated atoms at  defects in the kinks and steps 
often play an important role in activating substrates. 
Incomplete cubane-type clusters will give a much more 
accurate model corresponding to such active sites in 
defects and then enable us to obtain information on 
the dynamic behavior of active centers during catalytic 
reactions. Finally, we hope that synthetic studies of 
cubane-type clusters will make an impact on those 
theoretical studies using cubic models for specific 
surfaces of metal oxides to get new insights into surface 
dynamics. 
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