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REVIEW 

Metal-Carborane Multidecker Sandwich 
Complexes as Building Blocks for New 
Materials 
Russell N. Grimes 
Department of Chemistry, University of Virginia, Charlottesville, VA 22901, USA 

Transition-metal sandwich complexes incorporat- 
ing bifacially coordinated C,B, planar carborane 
rings form a large and varied family of generally 
air-stable, highly robust compounds that feature 
multidecker stacking. As a group, these complexes 
offer a number of advantages that are potentially 
of interest in the development of new electronic, 
magnetic and/or optical materials. They are 
remarkably versatile, accommodating a wide 
range of metals and organic substituents; they are 
soluble in organic solvents and are typically resist- 
ant to air and moisture; they can be reversibly 
oxidized and reduced; in many cases they are 
paramagnetic, exhibiting substantial electron 
delocalization of the unpaired electrons between 
metal centers. Moreover, the small carborane 
starting materials can now be prepared in large 
(ca 100 g) quantities, making the complexes readi- 
ly accessible. A brief overview of this area is 
presented with emphasis on the systematic utiliza- 
tion of metallacarborane sandwich complexes in 
the construction of large multimetallic systems and 
studies of their electronic and molecular struc- 
tures. 
Keywords: metal-carborane complexes; sandwich 
complexes; transition-metal complexes; metalla- 
carboranes; multidecker complexes 

INTRODUCTION 

A prominent theme in current organometallic 
synthesis is the targeting of research toward speci- 
fic goals, including the development of new types 
of ‘smart’ materials that will be required for the 
complex technologies of the 21st century.’ Until 
very recently, breakthroughs in the development 
of new materials were typically achieved through 
serendipitous discovery or repetitive trial-and- 
error efforts; however, it is increasingly clear that 
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more systematic and controlled approaches to 
synthesis are required. As many authors have 
observed recently, the demands of new technolo- 
gies for materials having specified electronic, 
magnetic, optical or other, properties, and 
especially combinations of properties, make the 
traditional ‘heat, beat and hope’ strategyIb obso- 
lete. An idea that is rapidly gathering momentum 
is the application of molecular science, i.e. 
chemistry, to the design and synthesis of materials 
in which one has some control over the compo- 
sition and structure at the atomic/molecular level, 
and hence the physical characteristics, of the 
product. This approach has the powerful advan- 
tage of drawing on many decades of research in 
molecular synthesis, particularly in organic 
chemistry but more recently in inorganic as well. 
Not only does it permit the design and construc- 
tion of large molecular assemblies in a controlled 
manner, but it also allows modification via 
straightforward synthetic techniques. 

In order to be useful for such purposes, mole- 
cular compounds that are air-stable, soluble in 
common solvents, and generally robust are 
required; in addition, it is highly desirable that 
they may be capable of systematic modification so 
that their properties can be adjusted as needed. A 
class of organometallics that fits this prescription 
to a remarkable degree is the metallacarboranes 
or metal-carborane sandwich complexes,* which 
form an extraordinarily diverse field that began 
more than 30 years ago with the original investi- 
gations of Hawthorne et al. on the larger cage 
systems3 Work in our laboratory has led to the 
carborane-bridged multidecker sandwich com- 
plexes such as those shown in Fig. 1 ,  which are 
particularly well-suited as building-block units for 
constructing large multimetallic arrays. 
Compounds of this class incorporate small planar 
or pyramidal carborane ligands of the types 
shown in Fig. 2 or their substituted derivatives, all 
of which utilize six n-electrons in binding to 
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Figure 1 Examples of known and characterized carborane-bridged multidecker sandwich complexes. 

metals and hence are electronic analogs of C,HS- 

In general, the carborane ligands coordinate to 
metals much more tightly, and with greater versa- 
tility, than do hydrocarbon rings. The higher 
negative charge on the carborane units helps to 
stabilize high metal oxidation states [e.g., cobalt- 
(111), cobalt(IV), nickel(IV)] and the lower elec- 
tronegativity of boron in comparison with carbon 
tends to promote electron sharing (covalence) in 
metal-ligand binding. 

and C6H6. 
In contrast to most neutral bis(cyc1openta- 

dienyl) and bis(arene) transition-metal sand- 
wiches (ferrocene being the major exception), 
metallacarborane sandwich complexes are typi- 
cally air-stable, survive a wide range of con- 
ditions, and undergo reversible oxidation and 
reduction at the metal centers. In addition to their 
exceptional stability and tailorability, many of 
these compounds exhibit other qualities, such as 
electron delocalization and paramagnetism, that 
are of interest from a materials per~pect ive.~ 

R/' 

"*! d 

[ R R ' C2 B3 H 3 I4 
R, R '  = H, alkyl, aryl, SiMe3 

Figure 2 Small carborane ligands. Lines indicate connectivities, not electron bond pairs; these are electron-delocalized 
(nonclassical) species, analogous to CSH;, whose electronic structures are best described in molecular orbital (MO) terms. Of the 
ligands shown, only RR'GB,H$- exists as a free species in solution; the others are known only in metal sandwich complexes. 
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Moreover, many of them are now accessible on a 
multigram scale-an important consideration in 
this context. This short review describes a pro- 
gram that has been under way in our laboratory in 
recent years, centered on the systematic exploi- 
tation of small metallacarboranes as synthons, or 
building blocks, for the construction of new mat- 
erials that we believe are capable of being engi- 
neered to have desired combinations of electro- 
nic, magnetic and/or optical properties. This 
work is grounded in small-molecule research but 
increasingly emphasizes the assembly of larger 
systems, with recent characterization of soluble 
multisandwich species with molecular weights of 
several thousand daltons. In this paper the prep- 
aration of small metallacarborane synthon com- 
pounds, their modification via introduction of 
organic or inorganic substituent groups, their use 
in the construction of larger systems including 
multidecker sandwiches and linked-sandwich 
assemblies, and their relevant electronic and 
other physical properties are described, conclud- 
ing with a discussion of future directions and 
possible aplications. 

SYNTHESIS OF SMALL CARBORANES 
AND METALLACARBORANES 

The starting point for this chemistry is the prep- 
aration of RR'GB,H6 nido-carboranes (where 
nido designates an open-cage structure) from 
B,H9 and alkynes, as shown in Eqn 111. Our 
earlier synthetic procedure' has recently been 
modified6 to permit the synthesis of up to 100 g of 
pure EtzCzB4H6 under mild conditions, using 3- 
hexyne and B5H9 drawn from the large 
(ca 100 OOO kg) US Government stockpile of that 
borane. Other carborane derivatives, such as 
(SiMe,),C,B4H6 ,' can be similarly obtained by 
employing commercially available or readily pre- 
pared alkynes. 

R R ' C ~ B ~ H S  
[I1 

R, R'  = H, olkyl. oryl. SiMeJ 

The neutral carboranes are bridge- 

1 .  BuLi 
2. 9 
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"decapitat ion " 

1 2 1 .  BuLi 

2. FeCI2, 7 = CpCoC12, Cp*CoC12, (arene)RuCI, 
C8Ha2' M X n  

Fe 

3 
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Synthesis of LM(RR'CZB4H4) and nido-LM(RR'C2B,HS) metal sandwich complexes. 
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deprotonated via treatment with alkyl-lithium 
reagents in THF solution to form the mono- or di- 
anions, which readily coordinate to transition 
metals to generate the double-decker sandwich 
metallacarborane complexes of types 
LM(RR'C,B,H,) (1, 3, and 4 in Scheme 1) and 
nido-LM(RR'C2B,HS) (2 and 5).&1° 

In general, these compounds are easily pre- 
pared and handled. For example, nido- 
Cp*Co(Et,GB3H5) (2, Cp* = C,Mes) is a yellow 
air-stable crystalline solid, soluble in organic sol- 
vents, routinely prepared in 10-20g lots and 
readily derivatized via introduction of functional 
groups on the carborane ligand. Such complexes, 
in turn, are suitable precursors to multidecker 
sandwiches, linked-sandwich systems and related 
species, as will be described. 

DERlVATlZATlON OF SMALL 
METALLACARBORANE SYNTHONS 

The development of systematic procedures for 
introducing a variety of organic and inorganic 
substituents at designated boron" and carbon'' 
locations on the carborane ligands and on the 
metal centersi3 has considerably broadened the 
scope of synthetic possibilities for these com- 
pounds. Scheme 2 illustrates some routes 
employed for substitution at boron vertices on 
LM(RR'C2B3Hs) double-decker complexes. 

The importance of substituents is twofold: their 
nature and location can markedly influence the 
reactivity of the metallacarborane complex via 
electronic and/or steric effects (e.g. in metal 
stacking reactions, to be discussed); secondly, 

- Co(C5H5). Co(C5Me5). Fe(arane). Ru(arene) & 
R. R'  H, Ma. Et. CH2Ph, SiMe3 

R" - alkyl ,  arylolkyl. CH2-C=C-R, CH2-O-R. CH2-C-R. CH2-CN. CH2CHaCH2, CH2-C-0-R 
f l  R 

Q 
C-R. CN. CH,-C(O)OH, CH2-C(0)-NH,. etc. (prepared by other routes) 

Scheme 2 Introduction of halogens and other substituents to small metal-carborane complexes. 
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many functional groups are useful in achieving 
coupling, linking, polymerization, metal com- 
plexation and other chemistry. Obviously, meth- 
ods for regioselective substitution are crucial in 
controlled synthesis and in the construction of 
molecular systems tailored for specific purposes. 

Although one can derivatize the neutral 
RR'C2B4H6 carborane prior to formation of a 
metal c ~ m p l e x , ' ~  the preferred method is to 
start with unsubstituted double-decker 
LM(RR'GB,H,) or nido-LM(RR'C,B,H,) com- 
plexes and introduce substituents at that stage, as 
shown." With this approach, one can effect sub- 
stitution at one, two or all three boron atoms in 
the G B 3  ring. The substituents on the ring car- 
bons can also be varied, as illustrated in Scheme 
3 ,  by desilylating Cp*Co(SiMe3),CJ3,H, (6),  lith- 
iating the resulting parent (CH) species 8, and 
displacing lithium via electrophilic attack to 
generate mono- or di-C-substituted species such 
as 10 and 11, or decapitating to form the nido 
complex 9." 

ASSEMBLY OF MULTIMETALLIC 
SYSTEMS 

We have pursued two parallel strategies for build- 
ing macromolecules from small metallacarborane 
synthons, namely multidecker stacking and con- 
nection of multiple sandwich units with organic 

linking groups. Both of these approaches, as well 
as combinations of the two, will be described. 

Multidecker stacking 
Carborane-bridged multidecker sandwiches date 
back to our 1973 synthesis of several 
CPCO( RR'C,B,H~)COC~ (R,R' = H, Me) 
complexes-the first stable (and also the first 
neutral) triple-de~kers'~-following the classic 
preparation of the Cp3Ni2+ triple-decker cation, a 
very air- and water-sensitive species, by Werner 
and Salzer.16 Since that time, a few additional 
triple-decker sandwiches bridged by cyclic hydro- 
carbons have been prepared," as have related 
species containing cyclic planar P, or As, rings." 
However, at present the field of multidecker 
sandwich compounds is intensively boron- 
centered: most known and characterized triple- 
decker complexes, and all known true (nonstag- 
gered) tetra- and higher-deckers, incorporate car- 
borane or organoboron (e.g., C3B2, C,B) bridg- 
ing rings. In the latter category, a wide variety of 
organoboron-based multidecker sandwiches has 
been generated in the laboratories of Siebert" 
and Herberich.20 

Carborane-bridged triple- and tetra-decker 
sandwiches are synthesized from 
nido-LM(RR'C2B,H5) complexes (obtained as in 
Scheme 1) by bridge-deprotonation with nucleo- 
philes such as butyl-lithium, followed by complex- 
ation of the CzB3 face with a metal-hydrocarbon 
unit or metal cation, as illustrated in Scheme 4. 

6 7 8 9 

1 )  BuLi 
- 

2) PhCHzBr 

10 1 1  

J 1 )  BuLi 

2) EtI  

Scheme 3 Synthesis of the parent cobaltacarborane 8 and substitution at cage carbon atoms. 
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M = Fe. Co, CoH, Ru, 0s 

M'  = Co. CoH, Ni, Ru. Rh 

B = BH. B-olkyl ,  B-CI. B-Br.  B - I  Tetradecker 
Sandwiches 

Synthetic routes to triple- and tetra-decker metal- Scheme 4 
carborane sandwiches. 

We have employed this approach to generate a 
wide variety of homo- and hetero-bimetallic 
(L)M(C,B,)M'(L) triple-deckers involving first-, 
second- and third-row transition metals, most of 
which are isolable as air-stable crystalline 
solids."" In most cases, the end ligands (L) are 
arenes, Cp or Cp*, or C4X heterocycles such as 
phospholyl and pyrrolyl,21h although carbonyl 
groups can also serve, as in the ruthenium tricar- 
bony1 complex (C0)3Ru(Et,C,B3H,CI)CoCp* 
from which a Fischer carbene was synthesized.12 
Closely related 'hybrid' triple- and tetra-decker 
sandwiches incorporating both carborane (C2B3 
or C2B4) and diborole (C3B2) ring ligands have 
also been prepared.23 

The most extensively studied class of tetra- 
deckers, 12 in Eqn [2], contains Cp*Col" end 
units and Co'", Co"'H, Nilv or Ru" metal centers 
(M)." Their preparation via 'stacking reactions' 
involving the coordination of two 
LM(RR'C2B3H3)2- units (obtained via removal of 
both B-H-B protons from 2) to a central metal 
ion, as shown in Eqn [2], is highly sensitive to the 
electronic character of the open face on the 
double-decker substrate. Tetradecker formation 
is favored when the X substituent [located on the 
middle boron, B5] is strongly electron- 
withdrawing, as in the CI, Br, I, propargyl, and 
acetyl derivatives.24a Empirical observations 
show that the electron density on the open face 

* c o  

2 
, * 

12 M = Co, CoH, Ni, Ru 
X = H, CI, Br ,  I ,  Me, C(O)Me, CH2CECMe 

is correlated with the proton NMR shift 
of the B-H-B hydrogens in neutral 
Cp*Co(Et,C,B,H,X) complexes; those exhibiting 
high-field d,,, values either give no evidence of 
reaction with metal ions (e.g. the ethyl derivative) 
or give unstable products, while complexes show- 
ing relatively deshielded bridging protons, e.g. 
halo- or acyl-substituted derivatives, typically 
form tetradeckers readily.24a 

Other classes of C,B,-bridged tetradeckers 

R = alkyl, SiMeS PI 

Figure 3 Structure of [Cp*Co(2,3-Et,C,B?H,-S- 
C(O)Me)]*Ni. 



215 METAL-CARBORANE MULTIDECKER SANDWICH COMPLEXES 

* co 
I )  BuLi 

2 

co 

2L-%Me * 
13 M = Co 

TMEDA 
__c 

HZO 

paramagnetic diamagnetic 

diamagnetic 
14 M - CoH 

"c-(-B" 
--C 7 

16. 17 M = Co. CoH 
paramagnetic 

18 M = Pt 
diamagnetic 

Scheme 5 Synthesis of hexadecker sandwich complexes. 

have also been characterized, including a recently 
prepared series having p-[(Me,CH)C,H,Me]Ru 
end units.25 Iron-centered tetradecker sandwiches 
are more difficult to isolate, as they undergo 
oxidative fusion (a competing reaction,26 beyond 
the scope of this review, that generates dimers or 
fused clusters) to form M,C,B, cages on  exposure 
to silica in air; however, several C,B,-bridged 
Co-Fe-Co tetradeckers have been prepared." 

The molecular and electronic structures of a 
number of these complexes have been investi- 
gated in detail via X-ray crystallographic, spectro- 
scopic and electrochemical studies.24, 25 For exam- 
ple, the crystal structure of the Co-Ni-Co 
B,B'-diacetyl complex (Fig. 3) reveals a modera- 
tely bent stack with a Co-Ni-Co angle of 171"; the 
corresponding angle in the Co-Ni-Co and 
Co-Co-Co B,B'-dichloro tetradecker complexes 
is 172".24a The electronic properties of these spe- 
cies, clearly relevant to their potential role in 
electronic applications, are discussed below. 

In order to build complexes having more than 
four decks, e.g. pentadecker and hexadecker 
sandwiches, tripie-decker synthons featuring 
open C2B, end rings are required. As outlined in 
Scheme 5 ,  compounds of this type (15) have been 
prepared and subsequently employed to make the 
hexadecker sandwiches 16, 17 and 18.'' This stra- 
tegy requires the attachment of a halogen or 
alkyl group on the C2B, ring in the 

Figure 4 Structure of [Cp*Co(Et&B,H,Me)CoH- Cp*Co(Et2C2B3H4X) starting complex 2 in order 
(Et*C,BP,)J,Co (17). to inhibit fusion (see above) and promote forma- 



R. N. GRIMES 216 * I 
c o  

I 

c o  M 
I 

15' 

tion of the hexadecker products. In addition to 
the paramagnetic species 16 and 17, which have 
respectively two and one unpaired electrons as 
shown by ESR measurements,28 the diamagnetic 
Pt-centered hexadecker 18 has also been 
i~olated.'~ The crystallographically established 
structure of 17, revealing a slightly bent metal 
backbone, is illustrated in Fig. 4. 

Very recently, pentadecker sandwiches (19) 
have been prepared via the process depicted in 
Eqn [3] in which triple- and double-decker units 
are 29 Although this is a mixed-ligand 
reaction and hence is susceptible to competitive 
formation of tetradecker and hexadecker by- 
products, the desired pentadecker is fortuitously 
obtained in highest yield. 

This approach seems likely to lead to still larger 
sandwiches, such as hepta- and octa-decker com- 
plexes (currently unknown genres) via metal 
stacking reactions with tetradecker species having 
open carborane end rings, as suggested in Scheme 
6. At the time of writing, 21 has been prepared 
and characterized as shown2' but octadeckers such 
as 22 have not yet been isolated. 

c o  

19 

Construction of even higher stacks, leading up 
to high-molecular-weight polydecker sandwiches 
can be envisioned. This will require synthons 
containing open carborane rings on both ends, 
e.g. 23, that can be deprotonated and metal- 
complexed to form polymers similar to 24, as 
suggested in Eqn [4]. 

M 
-PI% 
-2- 

.. I 
c o  c o  

1) BuLi 

23 
[41 24 

Current efforts directed at the preparation of 
the precursor triple-decker species 23 have not 
yet succeeded. However, Siebert and co-workers 
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22 
Scheme 6 Synthesis of carborane-endcapped tetradecker complexes 20 and 21 and proposed synthesis of octadecker sandwiches. 

have synthesized and partially characterized a 
nickel-diborolyl sandwich polymer having GB, 
bridging rings that has been shown to be a 
semiconductor. 30 

A point worth emphasizing is the air-, thermal- 
and redox-stability of the known carborane- 
bridged multidecker sandwich systems, which 
represents a significant advantage over 
hydrocarbon-bridged sandwich polymers, many 
of which are air-sensitive and/or have low 
~o lub i l i t y .~~  For example, a recently reported 
pentalene-iron staggered tetradecker sandwich3'" 
and an earlier chromium-naphthalene polymer31b 
manifest these problems. A different (nonsand- 
wich) type of organometallic polymer, consisting 
of Cp(Ph,P)CoC, cobaltacycle units connected by 
alkyne bridges, is reportedly air-~table .~~'  Our 
systems may in fact reflect the general 
observation," supported by recent theoretical 
studies,32 that the incorporation of boron or other 
main-group heteroatoms into organic and organo- 
metallic polymers promotes stability as well as 
metallic behavior. 

Construction of linked-sandwich 
systems 

Scheme 7 outlines the synthesis of multisandwich 
oligomers linked by phenylene groups, via tetra- 

decker stacking of the 'double-ended' bis(coba1ta- 
carborane) complex 25 which has two GB3 open 
faces for coordination to metal ions.24b Complexes 
26 and 27 have been characterized from 'H and 
I'B NMR and mass spectra, supported by an 
X-ray diffraction study on 26 (Fig. 5) .  The 
phenylene-linked systems contain individual par- 
amagnetic Co-M-Co tetradecker sandwich units 
in which there is extensive electron delocalization 
within each stack, but evidently little communica- 
tion between them, as discussed in the following 
section. Consequently, polymers based on such 
units are unlikely to be conductors or semicon- 
ductors, although they may turn out to have 
interesting bulk magnetic properties if unpaired 
electrons are trapped within the individual sand- 
wich units. 

Directly linked complexes that incorporate 
(C5H4)* (fulvalene) units are more promising 
candidates for long-range electron delocalization 
between metal centers, and accordingly the 
fulvalene-linked oligomers 31 have been prepared 
from the dimetallic synthon 28, as shown in 
Scheme 8.24b Preliminary electrochemical data 
(W. E. Geiger, private communication) on com- 
plexes of type 31 are consistent with interstack 
electron delocalization, and hence polymers con- 
structed from such units may be prospects for 
'molecular wire' one-dimensional conductors. 
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Scheme 7 Synthesis of known and characterized phenylene-linked oligomers incorporating tetradecker sandwich units. 
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CI 

Figure 5 Structure of [(Et,C,B,Hs)Co(C,Me,)C,H,(C,Me,)Co(Et,C,B,H-4,5-CI,)],Co (26). 

Metallocenium-metallacarboranide 
salts 

The electronic analogy between carborane anions 
and C5H5- ions discussed earlier is augmented, in 
the case of small carboranes, by an isosteric rela- 
tionship: that is, the two kinds of ligands have 
similar spatial requirements and hence are in 
principle interchangeable in a solid lattice. This 
isoelectronic/isosteric analogy creates possibili- 
ties for preparing mixed charge-transfer salts that 
incorporate both metallocenium and metallacar- 
boranide ions, which may, with the proper choice 
of metals, ligands and substituents, crystallize in 
stacked arrays that allow low-dimensional elec- 
tron delocalization. As a first step, we prepared 

and structurally characterized the cobaltocenium 
salts 32 and 33 (Eqn [5]).33 

The orange-red, air-stable, diamagnetic 
cobaltocenium-cobaltacarboranide salt 32 gives 
evidence of cation-anion pairing in the gas phase 
(FAB mass spectra) and in the solid state (Fig. 6). 
Its iron(II1) counterpart 33 is paramagnetic and 
exhibits an unusual ocrystal structure having a 
large unit cell (>35 A along one axis), that has 
not yet been successfully refined. 

STUDIES OF ELECTRONIC STRUCTURE 
AND PROPERTIES 

Central to research in this area is the develop- 
ment of a detailed understanding of the electronic 

I 4  

32 M = Co(1II) 
+ 33 M = Fe(Il1) 
+ H2 M = Co, Fe 
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c o  

co 

+ higher 
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Seheme 8 Synthesis of fulvalene-bridged tetradecker sandwich oligorners. TMEDA, tetrarnethylethylenediarnine. 

character of the various families of monometallic 
and polymetallic species. The long-range goal of 
tailoring materials to exhibit specific combi- 
nations of electrical/magnetic/optical properties 
requires that we learn how these properties are 
influenced by the choices of metals, metal oxi- 
dation states, ligands, substituents and molecular 
or solid-state architecture. To this end, the main 
investigative tools have been X-ray crystallogra- 
phy, electrochemistry, multinuclear NMR, ESR 
and UV-visible spectroscopy, as well as 
Mossbauer spectroscopy and temperature- 
dependent magnetic measurements, often involv- 

ing collaboration between our own and other 
laboratories, especially those of W. E. Geiger 
(University of Vermont), W. Siebert (University 
of Heidelberg), and U. Zenneck (University of 
Erlangen-Nurnberg) . 

As noted earlier, the question of electron- 
delocalization between metal centers in polyme- 
tallic species is of central interest, and electro- 
chemical studies have been particularly useful. 
A spectroelectrochemical investigation of the 
paramagnetic triple-decker sandwich cations 
CpCo(Et,C2B3H3)Ru(MeC,H,iPr)' (34) and 
(MeC,H,iPr)Ru( EtzC2B3H3)Ru(MeC,H,iPr) + (35) 
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34 

Figure 6 Structure of Cp,Co+ (Et,~B4H4),Co"']- (32). 

35 36 37 
* 

38 

Figure 7 Examples of triple- and tetra-decker sandwich complexes exhibiting complete (34,35), extensive (36,37), and little or 
no electron delocalization (38) between metal centers, based on NMR, ESR, electrochemical and infrared data. 
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(Fig. 7) established that these are Class IT1 (fully 
delocalized) mixed-valence species.34 Similarly, 
cyclic voltammetry and controlled potential elec- 
trolysis on a series of Co-Co-Co and Co-Ni-Co 
tetradecker complexes (36 and 37) give a strong 
indication of extensive delocalization in these 
sy~ tems .*~ ' ,~  On the other hand, ESR and para- 
magnetic correlated NMR (see below) studies on 
the iron-cobalt triple-decker complex 38 are con- 
sistent with highly localized electronic states;*lc 
oxidation and reduction of the paramagnetic 29- 
electron neutral species occur exclusively at the 

R. N. GRIMES 
~~ ~ ~ ~ 

iron center, while reduction of the diamagnetic 
30-electron monoanion takes place on cobalt. The 
range of these findings, encompassing fully delo- 
calized as well as localized systems, implies that it 
should be possible to  synthesize multidecker spe- 
cies having intermediate levels of electron deloca- 
lization, via the proper choice of metal-ligand 
combinations. 

Studies of the linked-sandwich multimetallic 
complexes show varying behavior. The absence of 
electronic communication between the sandwich 
units in phenylene-connected complexes such as 

2- 

e 

I 

b 

1 

Figure 8 Correlation diagram for 'H NMR spectra of the Fe-Co triple-decker complex 38, its cation, and its mono- and dianions. 
The chemical shift 6 is plotted vs. f p ,  the mole fraction of paramagnetic component in each redox process. 
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27, mentioned earlier, is almost certainly a conse- 
quence of the tilt (ca 40") between the phenylene 
ring and the adjacent cyclopentadienyl ringsz4" 
which prevents Jc-conjugation. However, when 
the sandwiches are directly linked, as in the 
fulvalene-based oligomers 31 (Scheme 8), inter- 
sandwich electron delocalization is promoted (W. 
E. Geiger, private communication). In very 
recent work on polymetallic complexes, a new 
technique, spectroelectrochemical infrared spec- 
troscopy, has been added to the arsenal.35 
Collaborative studies with Geiger's laboratory on 
the dicobalt fulvalene complex 28 (Scheme 8) 
have demonstrated that successive one-electron 
reductions of the neutral species to the dianion 
produce a very large (80cm-') total shift in the 
B-H stretching frequency, equally partitioned 
between the two steps and thus establishing a 
delocalized electronic structure. More generally, 
it has been demonstrated that the effect is a 
sensitive diagnostic tool for probing 
delocalization.3s 

t 
M 

In addition to cyclic voltammetry, ESR and 
UV-visible spectroscopy, another technique we 
have used to probe electronic structure is that of 
correlated NMR spectroscopy.z'',36 In this 
method, 'H or 13C NMR spectra of paramagnetic 
species are completely assigned via stepwise 
reduction or oxidation of the initial species, with 
the spectrum recorded at each stage. This pro- 
duces a linear plot for each signal as a function of 
f,, the fraction of paramagnetic species in solu- 
tion, and hence allows correlation with the dia- 
magnetic spectrum (in which the assignment of 
resonances is usually straightforward). Figure 8 
shows changes in the proton chemical shifts (6) 
for the Fe-Co triple-decker complex 38, a 29- 
electron paramagnetic neutral system, as it under- 
goes oxidation to the diamagnetic cation and 
reduction to a diamagnetic monoanion and a 
paramagnetic dianion."' 

Taken together with ESR and other data, the 
wealth of information generated in this way is 
very revealing with respect to electronic struc- 
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Figure 9 A proposed two-dimensional sheet polymer incorporating arene-capped triple-decker sandwich units. 
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ture; in this case, for example, the oxidation and 
reduction of the neutral complex are associated 
with the iron center, while reduction to the dia- 
nion takes place on cobalt. Consistently with 
electrochemical, ESR and Mossbauer obser- 
vations, these data establish that this system has a 
localized structure (no metal-metal communica- 
tion), in sharp contrast to the fully delocaiized 
Co-Ru and Ru-Ru triple-deckers 34 and 35.34 

erials that combine two or more functions, e.g. 
magnetization and second-harmonic generation.Id 
It is likely that the applicability of this chemistry 
will prove more fruitful in some of these areas 
than in others, but clearly a wide range of possibi- 
lities is open for exploration. 
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