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In 1964 it was reported (1) that 
icosahedral 1,2-dicarba-closo-dodecabo- 
rane- 12 (hereafter referred to as 

1,2-B,,oC2H12) and its carbon-substi- 
tuted derivatives, formed in the reac- 
tion of an acetylene with B,,H14 in the 

presence of a ligand catalyst, could be 

degraded with base to form anions 

having the general formula BCC2.Hl(R2- 

(where R stands for hydrogen, alkyl, 
or aryl). Later work (2) proved that 

the more thermodynamically stable 

1,7-dicarba-closo-dodecaborane-12 (1,7- 

B,(C.,HI), a carbon atom position iso- 

mer of 1,2-BioC,H,2 formed by thermal 

rearrangement (3) of the 1,2- isomer, 
was degraded under similar conditions 

to yield an isomeric B,9C,H1- ion. 

Both reactions proceed by the formal 

extraction of a BH2+ vertex from the 

corresponding isomeric Bo,C,Hl,2 icosa- 

hedral carboranes followed by proton 
addition to the resulting B,C,2Hl,2- 
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addition to the resulting B,C,2Hl,2- 

ion. The removed vertex proved to be 

one of two equivalent 3- or 6-BH ver- 

tices located as nearest neighbors of 

the two CH vertices of both Bl,,C,H12 
isomers (Fig. 1). At the time, it was 

suspected that the twelfth, or one 

"extra," hydrogen atom present in the 

isomeric BC2^H1,- ions was bonded to 

the open pentagonal face of ,the icosa- 

hedral fragment formed by BH24- re- 

moval. The mode of such bonding has 

probably been established (4) by 1H 
and' "B nuclear magnetic resonance 
and selective deuteration experiments. 
Thus, the "extra" hydrogen atom (Fig. 

1) is present in one (1,7- isomer) or 

two equivalent (1,2- isomer) B-H-B 

bridge positions accompanied by rapid 

equilibration in the latter isomer. 

With these results, the stage was set 

for the discovery of an entirely new 

class of extremely stable organometal- 
lic complexes, now known as metallo- 

carboranes. The ligands present in these 

new complexes were formed by the re- 
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drogen atom from the (3)-1,2- and 

(3)-l,7-B9C2H1,- ions as a proton, 
thus producing a new type of ligand, the 
ions (3)-1,2- and (3)-1,7-B,C.,Hl2-, 
respectively [where (3) indicates the 
vacant position in the icosahedron]. 
Each B,)C,H112'- ligand is capable of 

donating six delocalized electrons to a 
transition metal electron acceptor as in 
the well-known case of ferrocene, (-r- 
Cr,H,),Fe, which has two similarly dis- 

posed C,H~,- ligands. The first report 
of this new transition metal bonding 
scheme appeared in 1965 (5), and the 

general scope of metallocarborane 

chemistry is still expanding at a rapid 
rate. The initial research developed 
syntheses of the transition metal com- 

plexes [(B,C,I,Hi1) 2Mnl, -4 (Fig. 2), 
where n-4 denotes the charge of the 

complex and M represents a transition 
metal ion such as formal Fe(II), 
Fe(III), Co(II), or Co(III) complexed 
with a pair of (3)-1,2- or (3)-1,7- 
B,)C.Hl12-- ions (6), hereafter termed 
"dicarbollide ions." 

An early x-ray diffraction study (7) 
proved that the iron atom in [(3)-1,2- 
B,,C.,H1 ](C-H, )Fe11' was symmetri- 
cally located between the open face of 
the (3)-l,2-B,,C.,Hj2- ligand and the 

:r-bonding face of the C,Ha- ligand, 
thus completing the icosahedron. Many 
other structural studies with a variety 
of transition metal dicarbollide ion 

complexes have proved this to be the 
general mode of ligand to metal bond- 

ing. Facial "sandwich" bonding of the 

B,C.,Hll2- ligand with transition metal 
moieties such as M(CO) 3 metal car- 

bonyl and M(;r-C-,H) metal cyclopen- 
tadienide units suggests that the metal 

bonding orbitals of the B9C,H112- 
ligands (6, 8) closely resemble those 
found in the simple metallocenes de- 
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rived solely from C,H-, as in ferro- 
cene, (r-C,H-,).,Fe (9). Thus, the six 
electrons donated to the metal acceptor 
are most likely delocalized in five spa- 
like atomic orbitals (Fig. 3) pointing 
toward the empty icosahedral vertex 
of the BjCoHll12- ions. Such an orbital 
set, if we ignore the reduction of sym- 
metry due to the presence of itwo car- 
bon atoms, would present bonding A, 
El, and antibonding E. molecular or- 
bitals. Whatever the precise details of 
bonding may be, it is fair to say that 
the chemistry of the dicarbollide ions 
closely parallels that of the CH-,H- ion 
in terms of bonding to transition metals 
(6, 10) and both series of metal com- 
plexes exhibit remarkable thermal sta- 
bility, but characteristically different 
chemical reactions. 

A logical extension of the principle 
of incorporating transition metal or 
main group elements in polyhedral sur- 
faces has led to the discovery of icosa- 
hedral complexes containing a transi- 
tion metal complexed with B1,,CH_3-1 
(11), B,CPH,,2- (12), and B,,SHl,2- 
(13) ligands, all of which are approxi- 

6;000C 
to--- 

t ,7-BioCzH 12 

l,7 -B9C2 Hj 12 - B9C2 H1" 

Fig. 1. Schematic conversion of B1,,H1 to 
the isomeric B,CJ,H1 ions. The "extra" 
hydrogen atom of the 1,7-B,CC2Hi2- ion is 
in a static bridge position between B(4) 
and B(8), whereas in the 1,2-B9oCH1, 
ion it is in rapid equilibrium between the 
B(4)-B(8) (as depicted) and the B(7)- 
B(8) positions. Terminal hydrogen atoms 
have been omitted from the carborane 
species for clarity. Filled circles, CH; 
open circles, BH; L, ligand; EtOH, ethyl 
alcohol; KOH, potassium hydroxide; 
HC _ CH, acetylene. 
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Table 1. Bis-(3)-l,2-dicarbollide comtplexes of 
the 3d transition metals. 

Synimletrical sandw'ich 
d:: Cr(III) 
d"- Fe(lI) 
d1t; Fe(l), Co(III), Ni(IV), PdIV)* 
d: Co(ll),' Ni(Ill), Pd(lII) 

Slipped standwich 
l Cu(IlII), Ni(II), Pd(1I), Au(Ill) 
{dt Cu(I1), Au(lI) 

Ni(IV) and Pd(lV) exhibit another type of 
distortion (Fig. 5). t Structure not experi- 
mentally confirmedl. 

mately isomorphous with the dicarboll- 
ide ions. Furthermore, the discovery of 
metallocarboranes, among others, con- 
taining ligands such as B8C2Hlo2- 
(14), B7C.H,)2 (15), and B,C,Hs28 
and B(;C,H,s- -- (16) has further ex- 
tended this area of chemistry. 

The scope of metallocarborane chem- 
istry appears limitless, and it is impos- 
sible to present an exhaustive review of 
the significant contributions made in 
this area by other groups or a prog- 
nostication of future discoveries in the 
allotted space. We have therefore 
chosen to discuss in tthis article as- 
pects of metallocarborane chemistry 
which appear to be unusually novel 
from the viewpoints of synthesis, struc- 
ture, and molecular dynamics which 
were developed in our laboratory. Ex- 
cellent comprehensive reviews of the 
subject of metallocarboranes have re- 
cently appeared (17). 

n-4 

" 
B 

*5 
c 

o H 

Fig. 2. Symmetrical sandwich structure of 
the bis-(3)-l,2-dicarbollyl transition metal 
complexes (30). 

Structural Oddities and 

Molecular Rearrangements 

In this section we describe phenom- 
ena related to molecular structure and 
bonding as well as thermal polyhedral 
rearrangements and a metallocarborane 
system that displays rapid and reversi- 
ble rearrangement at room temperature. 

As pointed out above, the most gen- 
erally observed mode of metal to ligand 
bonding in the transition metal deriva- 
tives of the dicarbollide ions is that 
shown in Fig. 2, with nearly equidistant 
metal-boron and metal-carbon contacts. 
However, this generalization rests on 
the fact that the most widely known 
dicarbollide complexes of all types have 
been formed with transition metals that 
contribute six or fewer d electrons to 
bonding, such as d- Cr(IlI) (18), d} 

Fe(IIl) (6). and dt; Co(III) (6). 
The discovery of the bis-(3)-1,2- 

dicarbollide complexes of nickel, palla- 
dium, copper, and gold (6. 19-21) 
provided examples of d", , d7 , and 
d': (Table I) transition metal electron 

(3) 

a 

b 
Fig. 3. Schematic representation of the 
spY-like bonding orbitals in the (3)-1,2- 
B,.CH,,"' ion (a) compared to the p 
bonding orbitals of the C,Hs- ion (b). 
(Light circles) BH, (heavy circles) CH. 
(3) open position left by the removal of 
a boron atom. 

463 

-m-2 



n-4 

n+ 

O X 

O c 
O H 

Fig. 4 (left). "Slipped" sandwich struc- 
ture of the bis-(3)-1,2-dicarbollyl com- 
plexes of ds and d" transition metals (22, 23). 
structure of the bis-(3)-1,2-dicarbollyl Ni(IV) and 

configurations, the latter three for the the C 
first time. respon 

X-ray diffraction studies of the bis- angstr 
(3)-1,2-dicarbollide complexes of for- deriva 
mal Cu(II) (d9) and Cu(III) (d8) by studies 
Wing (22, 23) revealed that the two spectr, 
coplanar faces of the dicarbollide oratoi 
ligand were parallel in both cases, but port 
the two ligands had "slipped" with presen 
respect ito the copper nucleus. This in Ta 
slippage placed the copper nucleus was e 

closer to the three boron atoms of found 
the pentagonal ligand face than to the respor 
two carbon atoms '(Fig. 4), with Cu-B knowr 
and Cu-C distances of 2.20 and 2.57 (6, 2 
angstroms, respectively, in the case of mode 

Ni (acac)2 + Me benzene-e 

Fig. 5 (right). "Cisoid" 
Pd(IV) complexes (28). 

OB 
*c 

-sOH 

sandwich 

u(1I) derivative, and with cor- 
iding distances of 2.11 and 2.52 
oms in the case of the Cu(III) 
tive. Additional x-ray diffraction 
s by Wing (23), coupled with 
oscopic data gathered in our lab- 
ry (19-21), gave excellent sup- 
for the structural assignments 
nted for the ds and d9 complexes 
ble 1. The d7 Ni(III) complex 
examined by Stucky (24) and 
to be isomorphous with the cor- 

nding d' Co(III) complex of 
n symmetrical sandwich structure 
5). Earlier, this same bonding 
was established for the d.C [(3)- 

;ther 

Series A : [(Me2)2Ni [- A] [(Me2Ni 
- 

. [(Me2)2Ni-A] 

-0.51 volt j +0.50 volt 

2000C [0] 0OC 

Series B e [(Me2)2NiB]2 ---- [(Me) Ni- B] [(Me2)2Ni -B] 

-0.92 volt +0.26 volt I 110OC 

Series C [(Me2)2NiI-c_]2- [(Me2)Ni -C]- [(Me2)2 Ni [(M-C] 

-1.13 volts -0.02 volt 

Fig. 6. Reaction and rearrangement sequence showing the electrochemistry of the 
bis-[1,2-dimethyl-(3)-l,2-dicarbollyl]nickel system. Me', BfH,,C,(CHO,-) acac, (CH 
COCHCOCHa)-. . . . 
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J,2-B.C.iH1J(CsH,,)Fe1l1 complex (7). 
Consequently, it may be assumed that 
the data presented in Table I are es- 
sentially correct. Two explanations have 
been offered to explain "slipped" 
sandwich bonding (20, 22, 23) in the 
d~ and d' complexes. Both explana- 
tions are based on the relatively large 
number of d electrons available from 
the metal for bonding, and differ more 
in language than concept. Warren and 
Hawthorne (20) considered the fact 
that the El-like molecular orbitals of 
each ligand were filled and interacted 
with an empty nd:_(nh + I)s hybrid 
acceptor orbital which, for reasons of 
symmetry, could only interact with one 

El-like orbital and then only in a non- 
centroidal manner. In addition, we sug- 
gested that only one of the empty 
E.,-like ligand orbitals could interact 
with a filled nd,,z metal orbital, and, 
again, this interaction could not be 
centroidal. These two suggested non- 
centroidal orbital interactions are simi- 
lar to those previously proposed (26) 
for noncentroidal bonding of d'" 

Ag(l) in its benzene complex. The 
second explanation of "slipped" sand- 
wich bonding was suggested by Wing 
(22, 23), who drew attention to the 
similarity of the observed bonding in- 
teractions to those seen in 7r-allylic 
complexes, in which only three ligand 
carbon atoms are 7r-bonded to the 
transition metal. In the case at hand, 
the three facial boron atoms of the 
(3)- 1,2-B,C,H 12 - ligand would play 
the role of the 7r-allylic carbon atoms. 

The "slipped" sandwich bonding seen 
in the electron-rich (3)-l,2-dicarbollide 
complexes is unprecedented in the 
known transition metal chemistry of 
the cyclopentadienide ligand to which 
it bears a close formal resemblance. 
Electron-rich derivatives of C-H-, are 
either very unstable or known as a- 
bonded complexes, as in C,H5Cu'P- 
(C.H5)a (27)- The problem posed by 
"slipped" sandwich bonding awaits a 
,thorough theoretical study. 

The formal d' Ni(IV) (6, 19, 20) 
and Pd(IV) (20, 21) (3)-1,2-dicar- 
bollide complexes shown in Table 1 
present an entirely different set of 
structural formulations. An x-ray dif- 
fraction study of the parent Ni(IV) 
derivative (28) proved that the (3)- 
1,2-dicarbollide ligand in this and the 
isomorphous Pd(IV) derivative was 
distorted, not "slipped," and that the 
carbon atoms were eclipsed (Fig. 5). 
The nature of the ligand distortion was 
such as to bring the carbon atoms 
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closer to the center of an imagined 
icosahedron and, at the same time, 
produce Ni-C contacts of 2.07 A and 
Ni-B contacts of 2.10 A. This resulted 
in a dihedral angle of about 6? be- 
tween the B3C2 bonding facial planes 
of the two ligands. These data, when 
combined with the structural observa- 
tions presented in Table 1, provide the 
following relationship between the 
structure and the formal metal d elec- 
tron configuration for Tthe nickel and 
palladium complexes having six, seven, 
and eight d electrons. As indicated, re- 
versible electron transfer reactions were 
observed between the stable oxidation 
states of the nickel and palladium 
complexes. 

Nonslipped, Nonslipped, Slipped, 
eclipsed, centro- centro- 

symmetric, symmetric, 
d6 d7 dB 
NilV NJ Ni Ni" 

Pd'V - Pdll- -- Pd" 

While the d6 dicarbollide derivatives 
of nickel and palladium have many 
unusual properties (21), the most in- 
triguing chemistry of these complexes 
is seen in their derivatives, which bear 
methyl groups at all four available car- 
bon atoms (21). For simplicity, an 
abbreviated designation of these com- 
pounds will be employed (29). 

Reaction of Ni(II) acetylacetonate, 
Ni(acac)., with the 1,2-dimethyl-(3)- 
1,2-dicarbollide ion (21) produces a 
yellow [(Me2)2Ni"]2- complex (29), 
which was reversibly oxidized to a 

LTM2Ni_-AYZ- O BH [TM2Ni-A]- 

* C 
o H |-e- 

1490?C 

d,{ and meso [TM2NitC]I d,f [TM2 NiF-B] 
10 

Fig. 7. Reaction sequence and stereo- 
chemistry of the bis-(t-l1,2-trimethylene- 
1,2-dicarbollyl)nickel system. The [Au-1,2- 
(CH2)3-1,2-BoC2Hno] ligand is represented 
by TM. 
3 NOVEMBER 1972 
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Fig. 8. The "diamond-square-diamond" 
(dsd) polyhedral rearrangement mechan- 
ism proposed by Lipscomb (32). 

[(Me2)2Ni"']- complex. Further oxi- 
dation of this Ni(III) species provided 
a neutral (Me2)2Ni'v derivative. The 
latter oxidation step was irreversible, 
since reduction of the Ni(IV) deriva- 
tive did not regenerate the originally 
formed [(Me2)2NiI']- ion. Evidence 
for other rearrangements was obtained, 
and it became obvious that the struc- 
tural mobility of this system was un- 
precedented in metallocarborane chem- 
istry (21). A subsequent chemical and 
spectroscopic investigation of 'all the 
related derivatives, coupled with an 
x-ray diffraction study (30) of the 
rearranged (Me2)2NiIv complex first 
observed, provided a rational picture 
of the molecular rearrangements that 
occur in the C-tetramethyl derivatives 
of nickel dicarbollide complexes. Three 
isomeric series of 'these nickel com- 
plexes exist, and have been designated 
series A, series B, and series C. Figure 
6 outlines the nature of the rearrange- 

(a) (b) 

(c) (d) 
*=H *=C O=CH C=BH 

Fig. 9. The proposed structures of the p- 
trimethylene isomers, produced from (a) 
[(3)-,- 1,2-(CH ) 3-1 ,2-BnC.oH] (CH5) CoTl, 
are: (b) 1,6; (c) 5,6; and (d) 5,10. 

ments that were observed with the 
nickel derivative, and their correspond- 
ing electrochemistry (31). Spectro- 
scopic and chemical studies carried out 
with the corresponding [(Me2) Pd"']- 
and its oxidation and rearrangement 
products disclosed a series of re- 
arrangements virtually identical to 
those found with the nickel system, 
except that the B-series isomers could 
not 'be isolated in the palladium sys- 
tem. The driving forces for rearrange- 
ment in the sequence (Me2)2Ni'VA-> 
(Me2)2Ni'IB -o (Me2)2Ni'VC are most 
probably -the great steric repulsions 
introduced by the four eclipsed methyl 
groups in (Me2)2Ni'VA and the less 
important steric repulsions introduced 
when d,l-[(Me2)2NiIVB] forms meso or 
d,l-[(Me2) 2Ni'C]. Similarly, the j/- 
trimethylene complex (Fig. 7) (31)- 
which is limited to 1,2- to 1,6- re- 
arrangements since the trimethylene 
bridge between the (3)-1,2-dicarbollyl 
carbon atoms allows only rearrange- 
ments which retain the dicarbollyl car- 
bon atoms as nearest neighbors- 
undergoes a sequence of reversible oxi- 

1,2 < 1,6 5,6 

It 11 
1,7 --- 1 1,11 -- ,1 

1,10i -- 5,10 

1,12 
Fig. 10. Limits of polyhedral rearrange- 
ments available through the dsd mech- 
anism. 

o BH 
' i 

OB @CH 1 

Fig. 11. Structure of Bo[Al(CH)2]CsHi2 
determined by x-ray diffraction (39) and 
nuclear magnetic resonance (37). In the 
enantiomeric form H4 becomes a bridging 
hydrogen. 
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dations and irreversible thermal re- 
arrangements (31). The ease with 
which these two systems rearrange is 
reflected in the measured thermody- 
namic activation parameters and rate 
data (31). Values of the enthalpy and 

entropy of activation, AHt and AS$, 
ranged from 19 kilocalories per mole 
with three entropy units to 35 kilocal- 
ories per mole with 22 entropy units, 
respectively. 

Lipscomb (32) has reviewed known 
and hypothetical polyhedral rearrange- 
ments which do, or conceivably could, 
occur in the polyhedral borane anion 
and carborane series. A general re- 

arrangement mechanism which he pro- 
posed was the "diamond-square-dia- 
mond" (dsd) mechanism, in which 

adjacent atoms lose their nearest neigh- 
bor relationship and a non-nearest 

neighbor atomic pair gain this rela- 

tionship (Fig. 8) during the rearrange- 
ment process. In the case of icosa- 
hedral systems, such as the nickel or 

palladium (3)-1 ,2-dicarbollide com- 

plexes, a cuboctahedral transition state 
or intermediate is suggested (Fig. 8) 
which is fully compatible with the 1,2- 
to 1,6- polyhedral rearrangements ob- 
served in the present instance. An 
alternative polyhedral rearrangement 
process, which invokes rotation of tri- 

angular B,C faces, has been proposed 
by Muetterties and Knoth (33). This 
mechanism is equally compatible with 
the observed rearrangement. Regardless 
of which mechanism one chooses to 

accept, the fact remains that the 

rearrangement of (MeJ) 2NiIVA to 
(Me,) NiV'B is an exceedingly facile, 
sterically accelerated polyhedral re- 

arrangement (31) since the similar 

polyhedral rearrangement of 1,2- 
Bl,C-H12 to 1,7-BloC.H12 is character- 
ized (34) by a high AHt (62 kcal/ 

mole) and a small and positive ASt:. 
The observation of icosahedral re- 

arrangements in the nickel and palla- 
dium dicarbollyl complexes described 
above suggested that a study of the 
thermal isomerization of related di- 

carbollyl complexes would be of inter- 
est if carried to the. extreme limit of 
isomerization in the vapor phase at 

high temperatures. The complexes [(3)- 
1,2-B)C,,HIl] (CH) Co"', [(3 )-1,2- 
(CHa),-I ,2-Bs)C,H](C,H, )CoTI, and 

[(3 )-- 1,2-(CH2) -1,2-B C.H] (C,H r,)- 
CoIII were chosen for this purpose 
(35) tbecause of their high thermal 

stability and ready availability. As in 
the case of the related nickel dicarbollyl 
system (21), the [(3)-1,2- x-(CH.)-1,2- 
B,:C2H,I] (C-,H,)CoT" (Fig. 9), could 
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4 

9 

Fig. 12. Structure of the 7r-bonding 
bidentate (3,6)-1,2-dicarbacanastide ion. 
(Filled circles) CH, (open circles) BH. 

only give 1,2- to 1,6- rearrangements. 
The [(3)-I,2-(CH, ) -BR,C,H,](C,,H-)- 
Co"l and [(3)-I,2-B,,CH1l](C ,H5)- 
CoT' derivatives allow free movement 
of all dicarbollyl carbon atoms to pro- 
duce nine possible isomers, and the 
former derivative was closely related 
to both the unsubstituted and t/-tri- 
methylene derivatives. 

Experiments were performed in 
which each of the three derivatives was 

slowly sublimed in vacuo through a 
hot zone (400? to 500?C) and rapidly 
condensed in a cold zone. Under the 
conditions used in these and subsequent 
experiments it was impossible to strictly 
relate the observed distributions of re- 

arranged products to kinetic or thermo- 

dynamic control. However, this fact 
did not mitigate the ultimate usefulness 
of the study since we were principally 
concerned with the appearance of total- 

ly new isomers of the dicarbollide ligand 
in the complexes, regardless of their 
relative thermodynamic stabilities. Ini- 
tial experiments with the 1,2- unsub- 
stituted and 1,2-dimethyl derivatives 

proved that four isomers were pro- 
duced upon pyrolysis at 400? to 
500?C. The /I-i,2-trimethylene deriva- 
tive was rearranged to a single isomer, 
which was subsequently shown to be 
the /t-1,6-trimethylene isomer (Fig. 9b). 
A comparison of the l1B and IH nuclear 

magnetic resonance spectra of the /J- 
1,6-trimethylene isomer with the spectra 
of the isomers obtained from the re- 

arrangement of the 1,2- unsubstituted 
and 1,2-dimethyl derivatives identified 
the corresponding 1,6- isomers in both 
series. Furthermore, the 1,7- and 1,11- 
isomers of the latter two series were 
identified by direct synthesis (1,7- iso- 

mers) and nuclear magnetic resonance 
coupled with other criteria (1,11- iso- 
mers). 

In the final series of experiments, 
the e-1,6-trimethylene and the 1,11- 
unsubstituted complexes were examined 
at 600? to 700?C by using the same 
experimental method. At these higher 
temperatures two additional isomers of 
the unsubstituted complex (1,12- and 
1,10-) and two additional isomers of 
the /A-trimethylene complex (5,6- and 
5,10-) were obtained (Fig. 9). The 
5,11-, 5,10-, and 5,6- isomers of these 
dicarbollyl complexes are the only ex- 
amples of metallocarboranes that have 
no carbon atoms within bonding dis- 
tance of the metal atom. 

The dsd polyhedral rearrangement 
mechanism (32) in its strictest form 
does not allow the formation of 1,10-, 
5,10-, or 1,12- isomers from the corre- 

sponding 1,2- isomer (32) (Fig. 10). 
On the other hand, rotation of trigonal 
polyhedral faces, alone or coupled with 
a dsd-like rearrangement, allows the 
interconversion of all the observed iso- 
mers. The obvious conclusion is that 
the simplified dsd mechanism is not 

strictly applicable to the case at hand 
or to the known rearrangement of 1,7- 
B1,oCH1, to 1,12-B1,C2H12, (32, 36). 
Further research is required to elucidate 
the true nature of these and related 

polyhedral rearrangements. 
Although most of the research de- 

scribed in this article involves transition 
metal complexes of the dicarbollide 
ions, extremely interesting stereochemi- 

cally nonrigid complexes of aluminum 
and gallium have been discovered (37). 
The reactions leading to these new 

species rest on the fact that the (3)- 
1,2-B9C.,H1- ion is easily protonated 
to yield its conjugate acid, (3)-1,2- 
B,C.,H1 , (I). The latter material is a 

strong monoprotic acid which regen- 
erates the (3)-1,2-B)C,,H12- ion on 
neutralization. The reaction of R3M 

(R is CHI, or C2H, when M is alumi- 
num, or R is C,Hr, when M is gallium) 
with (3)-I,2-B,9C2H,I proceeded in 
two discrete steps (37). 

MR: + B,C.H, -:4 B,(MR.)C.H,_ + RH 

B,(MR,)C,H, - B,(MR)CC2H, + RH 

A determination of the structure of 

B,(AIC H5)C,H11 by x-ray diffraction 

(38) proved this compound to be 

nearly identical to icosahedral 1,2- 
B1,,CH1.,, with an AI(C2,H-) group 
replacing a BH group at the 3-vertex 

(Fig. 1). Polyhedral rearrangement 
(37) of this derivative at 350?C in 
vacuo produced the compound corre- 
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Fig. 13. Structure of the [(B,C2H,1)CoI'- 
(BGCoH,o)Co"(B9C2H11)]2- complex (42). 
(Open circles) BH, (filled circles) CH. 

sponding to the I,7-B1,,C2H,, deriva- 
tive. 

The intermediate containing two 
methyl groups attached to ,aluminum, 
BA[AI(CH3)2]C2HI2, proved to be 
much more novel with respect to 
structural dynamics (37, 39). An 
x-ray diffraction study (39) revealed 
the heavy atom skeleton shown in 
Fig. 11, with the Al(CH.3)2 group at- 
tached to the icosahedral fragment by 
external bonds. However, for this com- 
pound at room temperature, the "B 
nuclear magnetic resonance spectrum 
at 80 megahertz was not in agreement 
with the structure seen in the x-ray 
diffraction study (39), since all nine 
boron atoms were found in unique 
positions in the crystal and the spec- 
trum appeared to be time-averaged 
between enantiomorphic forms (endo 
and exo CH3-AI groups) of the de- 
termined structure. Consequently, the 
"B and 1H nuclear magnetic reso- 
nance spectra of this peculiar species 
were examined at a low ,temperature, 
and characteristic coalescence tempera- 
tures were observed in both types of 
spectra at - 22? and - 75?C, respec- 
tively. The results of these low-temper- 
ature nuclear magnetic resonance stud- 
ies proved that, indeed, enantiomorphic 
forms could be "frozen" 'and observed 
spectroscopically. The free energy of 
activation AFt (10.6 ? 0.5 kcal/mole) 
and first-order rate constant for their 
interconversion were calculated (37) 
from these nuclear magnetic resonance 
data. 

Degradation of 

Transition Metal Complexes 

A 7r-bonding bidentate ligand, B,C2- 
H10o-. The (3)-1,2-B9C2H,12- ligand 
may be generated from (3)-1,2- 
B9C2H12- in hot aqueous base. The 
addition of transition metal halides 
(6) to such solutions provided a useful 
synthesis route to several bis-(3)-1,2- 
dicarbollide complexes. The long re- 
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Fig. 14. Structure of the [(B9C2H11)CoII- 
(B.C2,Hi)CO"' (B.C2Hio)COI.' (BC2.H11)]3- 
complex (44). (Open circles) BH, (filled 
circles) CH. 

action times under these reaction con- 
ditions led to the formation of an 
unexpected product containing the 
7r-bonding bidentate ligand B8C2H1o4- 
(Fig. 12) (40), which was given the 
trivial name (3,6)-1 ,2-dicarbacanastide 
ion (41). The isolated complex was 
formulated as [(B9C2H1l)CoIII(B8C2- 
H,) Co"' (BC.H I ) ]2- (40) and its 
structure (Fig. 13) confirmed by single 
crystal x-ray diffraction studies (42). 
Conceptually, the (3,6)-1,2-dicarba- 
canastide ion may be produced from 
l,2-B,C2H12, by removal of BH2+ 
groups from the 3 and 6 positions of 
the icosahedral carborane. The ac- 
tual reaction sequence that leads to 
the [(B.C2H,, ) CoII (B8C2H10) CoII- 
(B9CH,,1)]2- ion may proceed as 
shown in the 'following equations and 
pass through an unobserved interme- 
diate, [(B9,C,Hl 1) Co"' (BsC2Ho) ]3-. 

The product ion may be formally con- 
sidered 'to contain two 7r-bonded 
Co(III) ions with the (3,6)-1,2- 
dicarbacanastide ligand playing the 
role of a central "double-barreled" 
7r-bonding ligand. 

A detailed examination of the crude 
reaction mixtures which contained 
I ( B,CH2H ) CoT' ( B8C.,Ho) )CoT (BC,- 
H,,)]2- afforded an even more interest- 
ing product (43), [(B,C2H, ) Co1'(B8- 
CGH,o) Co"' (B8C2Ho,) Co"I (BqC2- 
Hl)]3--, whose structure (Fig. 14) was 
confirmed by x-ray diffraction studies 
(44). This product was obtained in 
very low yield and could have arisen 
by the reaction of two [('BC2H,,)- 
Co"' (B8C2H,()]3- ions with Co(II) 
ion, followed by oxidation of the 
initially formed {[(B,C^Hj 1) Co1'- 

*-CH O)B 
('-BH *) N 

Fig. 15. Reaction sequence leading to 
[(BC2oH,o)CoIo "(C.,H.) ]NCHrn (46). 

(B8C2H,,) ]2Co")}4- ion by Co (I) 
ion, to form the observed product and 
cobalt metal. 

The two (3,6)-1,2-dicarbacanastide 
complexes described above 'are char- 
acterized by simple electrochemical 
oxidation-reduction potentials (43). In 
the absence of more complicated elec- 
trochemical reactions, it may 'be in- 
ferred that {the cobalt entities present 
in these complexes extend electron de- 
localization throughout the entire ion 
and do not function 'as independent 
oxidation-reduction sites. 

Polyhedral contraction. Recent stud- 
ies (45) have shown that degradation 
of [(3)-1,2-B9C2H,l](C5H,)Co"' and 
[((3)-1 ,2-B,C2HH,) 2Co]- with aque- 
ous hydroxide ion 'followed by hy- 
drogen peroxide oxidation affords 
(BsCH,,) (CsH.)Co'I and [(B8C2- 
H,lo) ((3)-1,2-BC2H 1 ) CoIn']-, respec- 

tively. These new complexes 'formally 
contain a BsC2H,02- ligand, which 
may arise by oxidation and closure of 
a species containing an open B8C2H1o4- 
ligand. Both of these new complexes 
adduct I mole of pyridine to form 
open complexes with the pyridine mole- 
cule attached to the B8C2Hlo2- ligand. 
The structure of one such pyridine 
adduct has been determined by x-ray 
diffraction studies (46). The reaction 
sequence leading to 'the formation of 
the pyridine adduct of known structure 
is presented in Fig. 15. Additional 
degradation-oxidation reactions have 
been discovered (45) which give step- 
wise removal of BH2+ from metallo- 
carboranes, and this general sequence 
has 'been termed "polyhedral contrac- 
tion." 
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B9C2H,- + OH- = B9C2H.11 + HoO 

4B,,C2H12- + 3Co(OH).2- 2[(BRC2H,1),Co]- + 60H- + Co 

[(BSC2Hl4),Co]- + 20H- + H20 -- [(B9C.2H,)Co(B8C2H1o)]3- + H2 + B(OH). 
[(BoC2HI1)Co(BsC2H1o)]3 + Co(OH)2 + B9C2H1' --* 

[(BoC2Hl)Co(B o)Co(BH)Co(BC2H,1 ) ]' + 20H 

2[(BoC2H,i)Co(B,C,Hj2o)Co(BC.Hi, ) ]- +C Co(OH). -. 

2[(B,.C2HI1)Co(B8C2H,o)Co(B2C2H,, ) ]2- + 20H- + Co 



Polyhedral Expansion 

As illustrated above, reactions are 
known which systematically reduce the 
size of carborane ligands and poly- 
hedral metallocarboranes. We have also 
discovered a general reaction sequence 
which allows us to build up a poly- 
hedral metallocarborane by the step- 
wise addition of transition metal 
vertices, and we have designated this 
process as "polyhedral expansion" (14). 
The Ibasis of polyhedral expansion is 
the fact that polyhedral carboranes and 
metallocarboranes have accessible un- 
filled molecular orbitals, which may 
acquire one or more electrons from a 
reducing agent such as an alkali metal. 
If such reductions are effected, the 
possibility exists that the closed poly- 
hedral structure will become opened by 
Jahn-Teller or other distortions and 
be available for bonding to a transition 
metal as a ligand. The implications of 
this synthesis route are manifold and 
need not be strictly limited to carbo- 
ranes and metallocarboranes as starting 
materials, since polyhedral transition 
metal clusters might be found to under- 
go similar reduction and expansion 
reactions. 

Supraicosahedral cobalt complexes 
derived from 1,2-B,oC2H12. The direct 
reduction of the icosahedral 1,2- 
BlC,,CH12 carborane has been accom- 

plished with alkali metals (3, 47). 

1,2-B,,,C2H12 + 2Na - 2Na+ + BIoCH322- 

The electrons are accepted and the 

resulting B10C 2H122- ion will revert to 
the carborane starting material on oxi- 
dation. The structure of the B1,,Co122- 
ion produced by this means has not 
been described although it may very 
well Ibe an opened or highly distorted 
icosahedron. Nonetheless, the B1,C,- 
H,22- ion serves as an efficient ligand 
in a series of isomeric cobalt com- 

plexes (48) having the composition 
(Bl,oCH,l.) (C,H-,)CoI"' and [(B,,C,- 
H,1)2,CoII] -. The reaction sequence 
employed in the synthesis of these 

complexes involves ,the reaction of 
C,nH,- with Co(II) and the B,,C,- 
H122- ion formed from 1,2-B,,C2HI2 
and sodium metal in tetrahydrofuran. 
The [(BoC.,Hi2),2CoT1]- complex was 
formed as a by-product. 

2Cr,Hn- + 3Co2+ + 2BloC,2H12- - 

2(BioC2H12) (C5H)OCom' + Co 

4B,,,C2H1- . + 3Co2+ - 

2[(BhlC2H,12) 2Co1]- + Co 
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Fig. 16. Proposed structure of (Bi(oCJH12)- 
(CsH5)CoI'. (Filled circles) CH, (open 
circles) BH. 

In addition to ,the B0C,,H,^2- com- 

plexes, a small amount of the known 

[(3)-1,2-B9C.,H11l(C5H5)CoII complex 
was isolated and shown to be a hy- 
drolysis product of (B1,,C2H12) (C,H:,)- 
Co11. 

While the structure of ,the uncom- 

plexed BioC2H 22- ligand is not 
known, "B land 1H nuclear magnetic 
resonance studies have provided a 
rationale for the structure of the com- 
plexed ligand. Figure 16 represents 
the proposed structure of the (Bl,C2- 
H1,) )(Cr,H5)Co'II complex initially iso- 
lated from the reaction mixture. It has 
been experimentally demonstrated that 
the pictured complex thermally re- 
arranges to two other isomers in a 

sequential manner. 
The evidence available, including 

preliminary x-ray diffraction results 
(49), strongly suggest that the formal 
Co(III) ion present in these new com- 

plexes occupies a vertex position in a 
13-vertex polyhedral array (Fig. 16). 
This being the case, the icosahedron 
no longer represents the largest known 

polyhedron possible among the metallo- 
carboranes. 

Polyhedral expansion products from 
1,6-B,C,H,,. The 1,6-BsCoHi, car- 
borane (Fig. 17) (50) reacted with 
two equivalents of sodium naphthalide 
(Np--) to produce a B8CH1,,2- ligand, 
which was subsequently treated with 
Co(II) and C5H,H-. The reaction prod- 
uct, (B8C,H1,) (CsH5,)CoI1 was struc- 
turally characterized by "B and 'H 

Fig. 17. Structure of 1,6-BsCoHIlo car- 
borane. (Filled circles) CH, (open cir- 
cles) BH. 

nuclear magnetic resonance spectra 
(14). The most probable structure is 
shown in Fig. 18. The gross poly- 
hedral configuration of this species is 
the same as that 'found in previously 
described B9C2H,l carborane (51) and 
the B,,Hll2- ion (52). 

1,6-B8C,H1,, + 2Np -- BC2H10o- +- 2Np 
2C,,:r-- + 3Co24 + 2BC2H,H2- -- 

2(BsC2Hio) (C5H5)Co"' + Co 

We have demonstrated (53) that 
the metallocarborane described above, 
(BsC2H,,) (CH5) CoII, reacts with 
two or more Np - ions 'to produce 
metal-containing anions, which will 
function as ligands in a further appli- 
cation of the polyhedral expansion re- 
action. The principal product formed 
when ithese ligands are reacted with 
Co(II) and CrH,- is a bimetallic 
species, [ (C.H5) CoIII]2BC2Hl0. A 
minor product, believed to be a tri- 
metallic species [(C,H5) CoIII]3B8C,- 
Hl,(, was also produced. Figure 19 
presents a proposed structure of the 
bimetallic compound, based on nuclear 
magnetic resonance spectra. The pro- 
posed structure is similar to that of the 
dicarbacanastide complex discussed 
above (Fig. 13). 

This example of the addition of a 
second metal vertex to a metallocar- 
borane lends considerable support to 
the concept of using carborane frame- 
works as templates for the construction 
of clusters which contain several transi- 
tion metal vertices. 
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Polyhedral expansion of 1,6-B6C2H8. 
The first closo-carborane to be ex- 
amined in the polyhedral expansion re- 
action was 1,6-B6C2H8 (54) (Fig. 20). 
Reaction of ithe carborane with sodium 
amalgam followed by the usual addi- 
tion of Co(II) and C5,H,- produced 
two derivatives of the B6C2H82- ligand 
(16, 55) and small amounts of a third 
product derived from another ligand, 
B6C2H8s4-. The first-named species 
were formulated as (B6C2H8) (C5H5)- 
CoT1 and [(B6C,H8)2CoII]-. The 
low symmetry exhibited by both of 
these products in their "B and 1H nu- 
clear magnetic resonance spectra sug- 
gested that the same carborane ligand 
was common to both. Since the known 
(56) [(BoC9H8s) Mn'(CO) ]- ion has 
,been shown to have a tricapped trigonal 
prism as the parent polyhedron, we 
adopted ithat overall geometry in the 
present examples. The complexed 
B6eC2H2- ligand produced by electron 
addition to 1,6-B6C2Hs has the pro- 
posed structure shown in Fig. 21. 

A side product formed in this reac- 
tion, (C.,H5)ConI(BCC2H8)CoII(C.H5), 
contained the 7r-bidentate ligand 
B6C2Hs4- (16). The structure originally 
proposed from "B and 1H nuclear mag- 
netic resonance spectral data (16) has 
been shown to be incorrect (57). The 
structure deduced from x-ray diffraction 
data is presented in Fig. 22 (57). 

Electrophilic Substitution 

of Metallocarboranes 

Electrophilic substitution in polyhe- 
dral carborane systems occurs at the 
boron atom or atoms on which the 
highest ground-state electron density 
resides (58). These are the boron atoms 
located farthest from the polyhedral 
carbon atoms !(59). Electrophilic substi- 
tution reactions carried out on com- 
plexed carborane ligands provide no 
exception and will be discussed in this 
section. 

The reaction of Rb[((3)-1,2- 
B.CC.2H1)2CoIt]- with excess bromine 
in glacial acetic acid produced the 
[(8,9,12-Br,- 1,2-B.,C2Hs)oCo"I]- ion 
(6). 

* [((3 )-1,2-B,.C2H1)Co"1]- + 6Br. - 
[(8,9,12-Br.-1,2-B3fC_Hs)Co' ]-- + 6HBr 

The observed structure, depicted in Fig. 
23 (25), illustrated that indeed com- 
plexed carborane ligands undergo sub- 
stitution at those boron atoms farthest 
from the polyhedral carbon atoms. A 
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polarographic examination of the bromi- 
nated product gave two reversible re- 
duction waves, which suggests that the 
reduction proceeds in two steps to ithe 
corresponding ds formal Co(I) species. 
The resulting high formal charge (3-) 
on the reduced complex is possibly 

stabilized by an electron-withdrawing 
effect of the bromine substituents i(6). 

Treatment 'of K[((3)-1 ,2-B9CH1,)2,- 
Co"'] with carbon disulfide in the 
presence of 'aluminum chloride and hy- 
drogen chloride produced 'the unique 
complex ((3) -1 ,2-Bo9C2H,) 2CoIIS2- 
C'H, in which the opposed dicarbollyl 
ligands are bridged by a -SC?HS- moi- 
ety (Fig. 24) (60). 

[((3) -1,2-B9C2oH, ) Com] t + 

AICL. 
CS? + H" --~- 

[((3)- ,2-BfiC2,H0o)2Co 'S2oC3H] + H, 

Interestingly, this complex contains an 
electron-deficient carbon stabilized by 
the nonbonding electron pairs of its 
neighboring sulfur atoms. A similarly 
bridged complex has been prepared by 
using acetic acid-acetic anhydride as the 

Fig. 18. Proposed structure of (BsC2H1o)- 
(C6H5)Co"'. (Filled circles) CH, (open 
circles) BH. 

Fig. 19. Proposed structure of [(CsHs)- 
CoI"'],BsC2Hlo, which includes the (3,6)- 
8,10-dicarbacanastide ligand. (Filled cir- 
cles) CH, (open circles) BH. 

3 

Fig. 20. Structure of 1,6-BdC2Hs car- 
borane. (Filled circles) CH, (open cir- 
cles) BH. 

Fig. 21. Proposed structure of (BtC2HA)- 
(C,HW )Co"'. (Filled circles) CH, (open 
circles) BH. 

Fig. 22. Structure of (CsHI)Co"'(BeC- 
HI)Co"l(C5H5) (57). (Filled circles) CH, 
(open circles) BH. 
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electrophilic reagent in which -O-CP- 
(CH3)O- is the bridging moiety (61). 
The mechanism of these apparent elec- 
trophilic substitution reactions may in- 
volve a protonated intermediate. A 
proton placed in close proximity to hy- 
dridic hydrogen atoms suggests the pos- 
sibility of the addition of a neutral donor 

ligand (L) with the attendant loss of a 
molecule of hydrogen-thus, the formal 
replacement of : H with neutral :L 
(62). This protonation reaction is dem- 
onstrated when [((3)-1,2-BC2H11) 2- 
FeH"]2- is protonated with strong acid 
to yield ['((3)-1,2-B.C,Hll)2^Fe"IH]- 
(62), which in turn reacts with diethyl 

C' B 

O BH 

0 Br 

Fig. 23. Structure of [(8,9,12-Bra-(3)-1,2- 
B,,C2HR), Co"1]'- (25). 

Fig. 24. Structure of ((3)-l,2-BoC2H1o)r 
Cox'S2CeH (60). 

470. 

sulfide to produce [((3)-1,2-B9CHj13)- 
Fe" ((3)-1,2-B,,C,H, ,S(C.,H,).)]- (Fig. 
25) (62). 

[((3)-l,2-B,C2H,,) Fe"H]- + RS -4 HK! + 
[( (3)-1,2-B,.C,Hn) Fe" 

((3)-1,2-B,,CH~,SR_,) 

where R stands for CH.,, In another 
bridged complex ion, formulated as 

[((3)-1,2-Bg3CHl1,o)Co'IICH4R]- (R is 
H or CH,), the bridging moiety is a 

phenyl ring bound to the opposing car- 
borane ligands through ortho carbon 
atoms (Fig. 26) (63). This compound 
arises from the decomposition of R- 

C,H4N., [((3)-1,2-B)C,Hll)2CoII] (R 
is H or CH3), presumably by a free- 
radical mechanism (63). 

Finally, a series of reactions was car- 
ried out to determine whether the 1,6- 
B7CH,,2- dicarbazapyl ligand or the 

C-,H - cyclopentadienyl ligand was 
more reactive toward electrophilic sub- 
stitution in the mixed complex (1,6- 
B7CJH) (CH. )HCoM" (Fig. 27) (15, 
64). In both Friedel-Crafts acylation 
and bromination it was found that 
reaction occurred at the dicarbazapyl 
ligand (65). 

Summary 

Among the myriad transition metal 
and main group complexes of ligands 
derived from carboranes, some exhibit 

unique structural variations and novel 

dynamic behavior. 
Three structural types are known for 

the bis-dicarbollyl transition metal com- 

plexes, which differ only in d electronic 

configuration. These are typified by the 

bis-dicarbollylnickel system, in which 
the "slipped" sandwich d8, the "sym- 
metrical" sandwich d7, and the "cisoid" 
sandwich d'} complexes are observed. 
These structures can be interconverted 

by using appropriate redox reactions. 
The fluxional behavior of certain car- 

borane species is exemplified by the 

B,)[Al(CH3),]C,H, complex, in which 
the Al(CHa)2 moiety is rapidly equili- 
brating in solution between bridging 
positions on the open face of the 

B(,)CH1, icosahedral fragment. 
Synthetic techniques have been de- 

veloped which facilitate both enlarge- 
ment and reduction of the size of the 

polyhedral starting material, and pro- 
vide unprecedented versatility in the 

preparation of new transition metal 

complexes. Significantly, these reactions 
have produced bimetallic and 13-vertex 

polyhedral species unattainable by other 
means. 

= BH 
* =CH 

: B 

Fig. 25. Proposed structure of [((3)-1,2- 
B,C.H ,) Fe" ((3) - 1,2-B,.CeHi,S (C2H.:) 2)1 
ion. 

LOB 

Fig. 26. Proposed structure of [((3)-1,2- 
B:,CH,4C) ,o CCJI4R] (R is H or CH,). 

c'z:( 

Fig. 27. Proposed structure of (1,6-B7C2- 
H,,)(CsH.,)Co"I1 based on the confirmed 
structure of [( ,6-BC2Ho) Co"'l]- (64). 
(Filled circles) BH, (open circles) CH. 
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