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Abstract—Polyhedral carboranes and metallocarboranes characteristically contain C atoms having
coordination numbers of 5 and 6 within the polyhedral surface. Thermal carbon and metal atom
migration reactions are observed in these species and we here report results obtained with polyhedra
containing 10, 11, 12 and 13 vertices. Thermodynamic activation parameters have been measured for
several representative rearrangement reactions and their mechanistic significance is discussed. Gen-
eral rules which appear to govern carbon and metal atom migration reactions are advanced.

INTRODUCTION

Carboranes, treated here as a family of electron de-
ficient compounds, may be defined as species in
which an isoelectronic substitution of :CH" for :BH
(three atomic orbitals, two electrons) has been con-
ceptually accomplished in an otherwise viable
borane structure. In this paper the resonance stabil-
ized polyhedral borane dianion series, B,H,",
where n = 6 through 12, will be considered to be the
parent borane species in which such :BH substitu-
tions occur to yield the uncharged carborane series
C,B,H..,. Furthermore, isoelectronic substitution
of :BH by other heteroatoms, notably transitian
metals, are now well documented and lead to a
second type of heteroatom borane. Combination of
:CH" and transition metal substitution for :BH ver-
tices yields the polyhedral metallocarboranes. To
generate examples of isoelectronic substitution one
may utilize recently advanced electron counting
schemes' for metal cluster compounds and arrive at
the following representative variety of groups de-
monstrated to replace :BH in polyhedral borane
dianions (Table 1).

Since it is easily shown that an n-vertex polyhed-
ron requires n + | electron pairs'”? for skeletal bond-
ing, appropriate combination of the groups shown
in Table 1 and adjustment of the formal oxidation
state of the transition metal will lead to a variety of
heteroatom polyhedral boranes which satisfy the
n+ 1 electron pair rule. Consequently, polyhedral
CH vertices are found in a profusion of electronic
and steric environments and, even more impor-
tantly, these CH vertices commonly occur in situa-
tions which make them nearest neighbors to four or
five polyhedral vertices. Thus, such carbon atoms
are 5- and 6-coordinate, respectively. Fig 1 illus-
trates the 10, 11, 12 and 13 vertex polyhedral
geometries which will be treated here along with
their polyhedral numbering systems.’

Table 1 illustrates the point that the isoelectronic
substitution of :CH" for :BH formally amounts to
placing a carbonium ion-like C atom in a highly
electron delocalized environment. This is not to say
that such electron deficient C atoms are carbonium
ions in the sense of the physical organic ehemist,
since solvolysis and other processes associated
with ““normal’ carbonium ions are not observed in
carborane chemistry. Nonetheless, physical meas-
urements such as dipole moment determinations’
and IR spectral observations of the high frequency
C-H stretching mode’ are clearly consistent with
the presence of polyhedral C atoms which bear a
net positive charge. A large amount of chemical
reaction data’® has also been amassed to further sup-
port this view. In short, the sequestering of formal
:CH" by a borane framework is unique in chemistry
and no simple analogies exist.

The polyhedral nature of the carboranes and the
associated high coordination number of their resi-
dent C atoms may at first sight appear absurd. How-
ever, the lines connecting neighboring framework
atoms (Fig 1) are not bonds in the Lewis sense, but
simply serve to establish the molecular geometry.
Lipscomb et al. have gone to great lengths to
rationalize the bonding situation present in car-
boranes and related species.” In their studies they
correctly treated polyhedral bonding in terms of de-
localized molecular orbitals and the overall chemi-
cal properties of the C,B,H,.. carboranes were ade-
quately predicted or rationalized by these calcula-
tions. Although “resonance energies” cannot be ex-
perimentally determined, as is possible in the case
of the classical cyclohexatriene-benzene system,
accurate molecular orbital calculations’ do suggest
enhanced stabilization of the carboranes with re-
spect to their constituent elements and it is thus not
surprising to find much of aromatic hydrocarbon
chemistry closely paralleled by carborane chemis-
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Table 1. Polyhedral substitution series

Atomic orbitals

Electrons for  Non-bonding

Vertex for skeletal bonds skeletal bonds electrons
BH 3 2 0
CH" 3 2 0
CH 3 3 0
7-C,H,Fe 3 1 6
w-C,H,Co 3 2 6
w-C;H;Ni 3 3 6
(CO);Mn 3 1 6
(CO)LW 3 0 6

Fig 1. Idealized geometries and numbering systems of 10-
, 11-, 12- and 13-atom closed polyhedra.

try (electrophilic substitution, electron addition and

(C-meatalation reactiong. far examnle)
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One rather general reaction of the polyhedral
heteroatom boranes which dramatizes their inher-
ent kinetic stability with respect to retention of
their gross geometry is polyhedral rearrangement.

S
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In examples of this reaction type, CH or other
heteroatom vertices migrate over the polyhedral
surface and, in so doing, generate a series of
heteroatom positional isomers. The first documen-
tation of this sort of rearrangement was provided®
in 1963 and involved the thermal transformation of
1,2-C2B10H12 to 1,7'C:B|0H|z, the thermodynamically
favored icosahedral isomer, at temperatures near
400°. In the reactant and product, both C atoms are
6-coordinate. The driving force ascribed to this
rearrangement was the mutual coulombic repulsion
of the two nearest neighbor C atoms present in the
1,2-C;B,oH, icosahedral surface. At this point in
time mechanistic considerations were advanced
and Lipscomb proposed’ the ‘diamond-
square—diamond™ mechanism (dsd) depicted in Fig
2. In this mechanism a cuboctahedron was prop-
osed as a transition state geometry. While this
mechanism is extremely attractive and involves
only small atomic motion, it could not explain the
rearrangement of 1,7-C,B,cH; to its 1,12-isomer
near 700°"° since no combination of successive
“dsd” rearrangements was compatible with the ob-
served transformation. Three alternative mechan-
isms were proposed. One involved the mutual rota-
tion of pentagonal pyramid caps (Fig 3a). The sec-

ond mechanism nronased!' involved the suogestion
ongd mecr m

Lo 0d
1anism proposed  involved the suggestion
that triangular faces could rotate without great dis-
ruption of the total polyhedron (Fig 3b). The third
mechanism assumed that the cuboctahedron was a
thermally accessible, high-energy intermediate in

5
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Fig 2. Isomerization of 1,2-C,B,H,. to 1,7-C.B,H.. by the diamond-square-diamond (dsd)
mechanism.
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Fig 3. (a) Isomerization of 1,2-C;B,H.; to 1,12-C;B,.H;, by the rotation of pentagonal pyramid cap
mechanism. (b) Isomerization of 1,2-C.B,H,; to 1,7-C;B,cH:: by the rotation of trianguiar face
mechanism.

which triangular faces could rotate and the normal
“dsd” rearrangement occur as well. As will be
shown below, the true mechanism(s) of these and
many other polyhedral rearrangements has yet to
be established. The problem is such that no simple
series of experiments can distinguish between the
above proposed reaction mechanisms, One fact is
clear, however: regardless of the pathways availa-
ble to these isomerization reactions, the ther-
modynamically preferred isomers of the C;B,H,;
system are those in which the C atoms are as far
removed from one another as possible. Thus the
predicted™' and observed®™® ordering of stability is
1,2- < 1,7- < 1,12-C,B,H,,. Typical enthalpies of ac-
tivation'? for the rearrangements described above
are of the order of 60 kcal/mol with entropies of
activation of the order of 7 e.u.

While coulombic considerations undoubtedly
provide the driving force for icosahedral (and
other) rearrangements, steric repulsion of neighbor-
ing substituted polyhedral C atoms must also be of
importance as shown by Salinger and Frye."” These
authors attached bulky diphenylmethylsilyl groups
to both C atoms of 1,2-C;B,H,, and obtained the
corresponding 1,7-isomer at temperatures as low as
280°. Their estimated AH® and AS*® were 45
kecalfmol and ~1 e.u., respectively.

With these data available, it is apparent that both
coulombic C atom repulsion and steric interactions
will provide driving forces for the rearrangement
when the migrating heteroatoms occupy positions
of identical coordination number in the reactant
and product. A third factor must now be introduced
which often determines the cause of thermal
polyhedral rearrangements in nonicosahedral sys-
tems: C atom coordination number.

The discovery of 1,6-C,BsH,; (Fig 1a) and its ther-

mal rearrangement to the more stable 1,10-C;BsH,,
involves two superimposed contributions to the
driving force for rearrangement. Further C atom
separation occurs, lessening coulombic repudsion,
and perhaps most importantly, the C atom originally
present in the 6-coordinate 6-position moves to the
10-position in which carbon displays a coordination
number of 5. Thus, both the 1- and 10-C atoms have
the lowest possible coordination number commen-
surate with the bicapped Archimedean antiprisma-
tic geometry of the C,B.H,, polyhedron. Later work
by Rietz, et al.” demonstrated that the 1,2-C,B:H,,
isomer readily rearranged to the I,6-isomer, pre-
sumably due to coulombic C atom repulsion. As in
the case of the icosahedral rearrangements de-
scribed above, no mechanistic conclusions can be
drawn from these data.

One reasonable rationale of the apparent prefer-
ence of C atoms for polyhedral positions of low
coordination number is based on the fact that the
highly electronegative C atoms have much less
diffuse s and p atomic orbitals available for
skeletal bonding than do B atoms. Consequently,
any reduction in the number of neighbor atom orbi-
tals which must be shared will enhance the effective
overlap of those neighboring skeletal orbitals which
remain and thus lower the energy of the resulting
bonding molecular orbital.

Whereas only those heteroatom boranes which
contain carbon have been discussed thus far, we
present below additional data encompassing the re-
cently observed rearrangement of C atoms in
polyhedral metallocarboranes.

Polyhedral rearrangements of metallocarboranes
Twelve -atom polyhedra. For the C,BH,, system,
which has two heteroatoms in an icosahedral
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geometry, there are only three possible geometrical
isomers: 1,2-, 1,7- and 1,12- (Fig 1¢); the vertices in
this geometry are all formally 6-coordinate and
equivalent, the isomeric differences resuiting solely
from changes in C atom separations. The replace-
ment of a BH vertex by an isoelectronic transition
metal vertex such as 7-C;H;Co™ complicates mat-
ters; for the #-CsH;CoC,B,H,, series of com-
pounds, which contains three heteroatoms (two C,
one Co) in an icosahedral geometry, there are nine
possible isomers. All of these isomeric complexes
have been prepared, either by direct synthesis or by
thermally induced polyhedral rearrangement of
other isomers, and have been completely character-
ized;" the isomeric structures and details of the
rearrangements are shown in Fig 4.

The thermal isomerization studies on the -
CsHCoC.B;H,, system were performed by passing
the metallocarboranes, in the gas phase, through an
evacuated chamber held at a constant high
(400-700°) temperature. A consequence of these
non-equilibrium conditions is that the product dis-
tribution primarily reflects Kkinetic accessibility
rather than thermodynamic stability of the isomers.

As shown in Fig 4a carbon vertices which were
vicinal in the starting material rearranged to form
isomers in which the C atoms were no longer adja-
cent. Motion of the C atoms away from the Co
atom was also apparent, although higher tempera-
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Fig 4. (a) Isomers produced by the thermal polyhedral
rearrangement of CsHsCo-1,2-C,B,H...
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tures were necessary to produce reasonable quan-
tities of the species so formed. The driving force to
produce isomers having nonvicinal C atoms was
found to be so large that it was necessary to link the
polyhedral C atoms with a trimethylene bridge be-
fore thermal rearrangement in order to produce
isomers which had adjacent C atoms nonvicinal to
the Co atom (Fig 4b). Because of the nonequilib-
rium conditions employed, it was not possible to
determine whether, in a thermodynamic sense, a C
atom prefers to migrate away from a vicinal C atom
or away from an adjacent Co vertex.

Physical studies on the isolated C;H;CoC,B,H,,
isomers indicated that both the formal
Co(III)-Co(II) reduction potentials and the visible
spectra showed direct correlations with the location
of the heteroatoms in the polyhedron. Reduction
potentials were found to vary from —1-03 to
- 1-80'V vs sce (saturated calomel electrode), and
Ama from 430 to 381 nm, depending upon the rela-
tive orientations of the C atoms with respect to the
Co atom. Isomers with two C's adjacent to Co exhi-
bited E,. between —1-0 and —1-:25V and A.. at
430-414 nm, while those isomers with one C adja-
cent to Co showed values of —1-33to - 1-45V and
414-402 nm. The isomers which had only B atoms
vicinal to Co exhibited E,, values between —1-75

500°,

®=H O-=BH

®-C O-=CH

Fig4. (b) Isomers produced by the thermal polyhedral
rearrangement of C,H,Co-1,2-p-(CH,),-1,2-C;B,Hs.
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and —1-80V and A... between 386 and 381 nm.
These data indicate that more electron density is
donated to the metal as the number of vicinal C
vertices is decreased and is in agreement with the
assignment of greater positive charge residing on
the C atoms than on the B atoms.

This first investigation of the rearrangements of
metallocarborane polyhedra indicated that similar
processes occur in both carboranes and metallocar-
boranes: the migration of positive C atoms away
from each other. Further rearrangement of carbons
away from adjacent Co vertices also appears to be
operative in these systems, although the work did
not show such a rearrangement to be ther-
modynamically favored. Recent work in our
laboratory has shown that the monocarbon metal-
locarborane C;Hs;NiCBH., isoelectronic with
C.;BcH,;, may be isolated in three isomeric forms.
The thermally least stable isomer has vicinal C and
Ni atoms, and migration of C away from the metal
vertex occurs during thermal polyhedral isomeriza-
tion." Structures of the three isomers are depicted
in Fig §.

An unusual type of polyhedral rearrangement in
which C atoms migrate away from an adjacent
metal vertex yet remain vicinal to another C was
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observed in the {[C,BsHy(CH,),);Ni}" system (n=
0-2), and is schematically presented in Scheme
1.'*" Three isomeric series, designated A, B, and C,
have been isolated and shown to have different C
atom locations in their polyhedra. Compounds
within each series differ in formal charge on the Ni
and in gross structure but retain the same
polyhedral C atom positioning. The structures of
some of these species are shown in Fig 6. The im-
portant structural feature seen here is the cisoid,
nearly eclipsed C atoms observed in the formal
Ni(IV) complexes. The steric crowding produced
by this arrangement precluded isolation of the
series A isomer of [C.BsH{(CH,).].Ni(IV); instead,
atom migration at 0° to produce the series B isomer
in which one of the C-CH, vertices had moved
away from the metal and away from the C-CH,
groups on the adjacent polyhedron. Similar C atom
migration on the second cage produced the two
series C isomers.

A rough measure of the importance of steric
effects in this rearrangement can be obtained by
comparison of the corresponding C,C-dimethyl and
unsubstituted compounds; isomerization of the
former was rapid at 0°, while (1,2-C,BsH/;).Ni(IV)

OcCH @s8H

Fig 5. Thermal rearrangement of #-C,H;NiCB,.H,,.

SCHEME 1. Reaction sequence and electrochemistry of the bis(1,2-dimethyl-
1,2-dicarbollylnickel system

Ni(acac), + Me;,” ———8 —»

Series A: [(Me:):Ni"-A]" =——=2 [(Me:):Ni""-A]" ——==[(Me,).Ni"*-A]

mj\,\ |o

Series B: [(Me.).Ni"-B]~ =——=2[(Me.).Ni""-B]" F==—=2[(Me,),Ni"-B]

o v3v

luo‘

Series C: {(Me.).Ni"-C]” == [(Me,);Ni""-CJ th [(Me.):Ni""—C}

Me,™ = C,B;H,(CH,),"; acac = (CH,COCHCOCH,)"

TETRA Vol. 30. No. 13—G
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Fig 6. Structures observed in the [1,2-(CH;).-1,2-C;Bs-
H,):Ni system.

was found to rearrange only when heated to 300° in
vacuo. Further evidence was found in the rear-
rangement of the anionic Ni(III) complex, in which
the two pairs of C atoms are trans ;'* C atom migra-
tion corresponding to isomerization from series A
to series B occurred at a reasonable rate only at
200°. These data indicate that steric acceleration is
the causative factor in the low-energy polyhedral
rearrangements observed in the C,C-dimethyl com-
pounds.

The presence of four heteroatoms in a 12-vertex
(icosahedral) borane allows the existence of 37
isomeric species. Metallocarboranes of this type,
such as [(7-CsHs),Co},C,BsH), have recently been
synthesized” and a preliminary examination of
thermal rearrangements was undertaken; the re-
sults are depicted in Fig 7. Two distinct types of
rearrangements were detected in this system. The
metal-metal bonded isomer was found to isomerize
at 250° to produce an isomer with nonadjacent
metal vertices. The identical product was formed
upon heating a different [CsH;Co].C.BsH,, isomer
with nonvicinal metals and adjacent C atoms. The
latter rearrangement is another example of migra-
tion of polyhedral carbons to nonvicinal positions.
The former isomerization is of a type not previ-
ously encountered and involves thermal migration
of a metal vertex. Because no change in coordina-
tion number is attained in icosahedral rearrange-
ments, the driving force for this isomerization is
probably coulombic repulsion between the two
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metal atoms.” Relief from strain caused by the adj-
acent metal vertices in the starting material can be
ruled out as a causative factor, for no unusual dis-
tortions were observed in the crystal structure of
this material.”

Thirteen-atom polyhedra. The first 13-vertex
closed polyhedral compound to be synthesized was
(m-CsH;)CoC:BcH,®”; the isoelectronic species
B.:H};, CB;Hy; and C,B, H,; are as yet unreported.

The red species 4-(w-C;Hs)-4-Co-1,6-C;BioH,;
was found to be fluxional in solution at room temp-
erature; the compound exhibits an "B NMR spec-
trum showing more molecular symmetry than that
determined crystallographically,” but at low temp-
eratures (—80°) it was found possible to slow the
interconversion sufficiently to obtain the "B NMR
spectrum of the “‘frozen” molecule. The rearrange-
ment which occurs is an interconversion between
optical isomers (C atoms at positions 1 and 6 or 1
and 7), and may proceed through a dsd-type inter-
mediate, as shown in Fig 8.

This 13-vertex cobaltacarborane also undergoes
a series of smooth C atom migrations in a tempera-
ture range which allowed their kinetic and ther-
modynamic parameters to be determined.” This in-
formation, along with the structures of the rear-
rangement products, are presented in Fig 9.

The gross geometry observed” for the first
member of this series (and assumed for the other
members) presents some new variables for consid-
eration in the polyhedral rearrangements of
icosahedral carboranes or metallocarboranes: ver-
tices of different coordination number in a low sym-
metry structure apparently result in a lower reso-
nance energy and a decreased barrier to polyhedral
rearrangement.

As indicated in Fig 9, vertices of different coordi-
nation number occur in this closed 13-particle
polyhedron; position 1 is formally S-coordinate,
while vertices 4 and § are formally 7-coordinate. A
crystallographic study” has shown that the least
stable isomer has C atoms at positions 1 and 6 (or 7)
(5- and 6-coordinate positions, respectively, which
are also adjacent to the Co atom at high-coordinate
position 4) but the C atoms are nonvicinal. During
the polyhedral rearrangements in this system (Fig
9), the C atom at the low-coordinate position 1
remains in place, while the second C atom, at a
6-coordinate position, migrates over the polyhedral
surface to other 6-coordinate positions more re-
mote from the other C atom and the Co atom as
well. These observations indicate that C atoms pre-
fer sites of lower coordination number and suggest
that, in instances in which C atoms are in sites of
different coordination number, the C atom at the
higher coordinate vertex will preferentially migrate.

The first step in this 13-vertex polyhedral rear-
rangement may also be significant in the determina-
tion of preferential atomic motion; little change in
C-C distance is effected in this first rearrangement,
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Fig 8. Schematic representation of racemization of 4-(#-CsH,)-4-Co-1,6-C,B,oH,; through a dsd inter-
mediate.
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Fig 9. Thermal polyhedral rearrangements of the w-CsH,CoC,B,oH,, system.
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while the migration of the C to position 8 gives
greater separation from the Co. The second step in-
creases both C-C and Co—Co distances.

In the case of icosahedral geometry it was ob-
served that replacement of a BH vertex by a
C;H:Co vertex lowered the barrier to polyhedral
rearrangement; CsH;CoC,B:H,, was found to rear-
range at temperatures lower than those necessary
to produce similar isomerization in 1,2-C,BiH,..
However, both these rearrangements occur at
temperatures at which the collection of kinetic data
is inconvenient, and no precise measurement of the
effect of this type of replacement on Kkinetic and
thermodynamic properties has been available in the
past. In the case of the 13-atom polyhedron, how-
ever, such a comparison has recently become avail-
able.

The synthesis of compounds of the formula
(CsH;Co).C.:BsH,, has recently been reported,” and
three isomeric complexes have been detected, one
of which thermally rearranges to the other. The
structures of these species proposed on the basis of
the known structure” of the monometallic analog
and on spectral data are shown in Fig 10, along with
the relevant thermodynamic parameters of the
polyhedral rearrangement.” It can be seen by com-
parison with Fig 9 that the replacement of a BH
vertex by a CsH;Co in this 13-atom geometry has
slightly increased the activation energy for rear-
rangement. Comparing these results with those ob-
served in the icosahedral compounds, it appears
that the replacement of one BH vertex by CsH;Co
lowers the activation energy for rearrangement
(compare CzBmH]: with CsHsCOCzB()HH)y but the in-
corporation of a second metal vertex has a small
effect in the opposite direction. Geometrical differ-
ences in the compounds compared could, however,
have an influence on this behavior, and only a study
of the rearrangements of icosahedral bimetallic
complexes can definitively indicate the effect of a
second metal vertex. Such work is currently in
progress.

. .
AHY =+ 39 ked /mol
ASt:+ Beu
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Eleven-atom polyhedra. Closed polyhedra with
eleven vertices are represented in the borane and
carborane series by BIIH%I_, CB\H:, and C.BsH.,.
The structure of the latter has been shown® to have
octadecahedral C,, symmetry and a unique 7-
coordinate B atom, and the structures of the
isoelectronic anions are presumed to be similar. Re-
cent work has indicated that the anionic species un-
dergo facile molecular rearrangements”” and these
systems are currently under intensive examination.
The C,BsH;, species has been found to exist in only

in mhi(‘l\ the (" atome accunvu §.
~ a o

one isomeric form
[ cn e oms occupy

110 15VRVEIL 1ULIT, 251 W

coordinate positions. In view of the results pre-
sented in this paper, it is probable that the prefer-
ence of C atoms for low-coordinate positions pre-
cludes thermal isomerization of this compound.
An ll-vertex cobaltacarborane in which one of
the C atoms is at a 6-coordinate vertex has been
synthesized, however,” and found to rearrange to
an isomeric species®™ in which the C atoms occupy
low-coordinate vertices. This isomerization and its
thermodynamic parameters™ are shown in Fig 11.
The C atoms are adjacent in the 2,4-isomer, 1-
C;H;-1-Co-2, 4-C,BsH s, and in the polyhedral rear-
rangement shown in Fig 11 they move apart. This
motion is consistent with the previously described
results on carboranes and metallocarboranes, in
that coulombic repulsions between the two positive
carbon centers are thought to provide a driving
force for isomerization. The desire of polyhedral C
to occupy a low-coordinate position is also indi-
cated in this rearrangement, however; the C atom at
the 5-coordinate position 2 of the polyhedron does
not thermally migrate, while the 6-coordinate car-
bon originally at position 4 rearranges to the low-
coordinate position 3. It also appears that the C
atoms prefer low-coordinate positions even if these
sites are adjacent to the metal vertex. The
polyhedral rearrangement shown in Fig 11 may also
be effected photochemically;” details of this un-
usual transformation will be presented elsewhere.
Thermal rearrangements of bimetallic 11-vertex

Fig 10. Thermal polyhedral rearrangement of the (7-C;H;).Co0,C,B,H,, system.
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Fig 11. Polyhedral rearrangement of the #-C,H,CoC,B.H,, system.

metallocarboranes have recently been reported,”
and are depicted in Fig 12. The first isomerization is
similar to that shown in Fig 11 and discussed above,
and involves migration of a C atom to a site of
lower coordination number. The second rearrange-
ment is another example of migration of a
polyhedral Co vertex from a position adjacent to
Co to a position in which the metals are nonvicinal.
Ten-atom polyhedra. Examples of 10-atom
polyhedra having bicapped Archimedean antipris-
matic geometries are known in boranes, carboranes
and metallocarboranes. Thermodynamic parame-
ters for the rearrangements of a exopolyhedrally
substituted 10-vertex borane and of a carborane
have been determined and are shown in Fig 13. The
rearrangement of the polyhedral borane 2,3-
B cHs[N(CH.);},, specifically to the 1,6-isomer, indi-
cates that it is possible to proceed through a dsd
intermediate. This facile rearrangement has been
rationalized by the invocation of nonbonding repul-
sions of the vicinal substituents." The rearrange-
ments of the C,BsH,'™" carboranes once again
shows the effect of repulsive forces between the
two positive C centers and also the preference of C
to achieve a lower coordination number.
Polyhedral rearrangements of Cs;H,CoC,B-H,
metallocarboranes have recently been investi-
gated,” and the isomerizations studied kinetically.

These results are shown in Fig 14. Carbon atom
migration was observed to result in preferential
movement to low-coordinate positions; isomeriza-
tion to a higher-coordinate location more distant
from the metal was not seen in this system. A
lowering of the activation energy to polyhedral
rearrangement by the replacement of a BH vertex
by a CsHsCo vertex becomes evident when one
compares the thermodynamic parameters in Figs 13
and 14.

Two isomeric 10-vertex metallocarboranes of the
general formula [(7w-CsHs)Co}.C.BsHs have been
prepared to date. One isomer, prepared by the
polyhedral expansion of C,BHs,'™ was found to
have a Co-Co bond.” Polyhedral rearrangement of
this compound occurred at 280° to afford the sec-
ond isomer in which the metals are nonadjacent.”
This reaction sequence is depicted in Fig 15, and is
another example of migration of metals in bimetal-
lic metallocarboranes to nonvicinal apices.

CONCLUSIONS
Carbon atoms which are incorporated into
polyhedral borane geometries exhibit properties
consistent with their description as sequestered
carbonium ions. In many carboranes and metal-
locarborane compounds, two of these positive C

Fig 12. Thermal rearrangements in the (7w-C,H,),CoC,B,H, system.
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Fig 13. Rearrangements of 10-atom polyhedra. (a) 2,3-[(CH,);N]-B,cH, to 1,6-[(CH,),N];-B,cH,. (b)
1,2-C,BsH o to 1,6-C,BsH,, to 1,10-C,B.H,,.
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Fig 15. Thermal metal migration in the polyhedral rearrangement of 2,9-(w-C,H,),-2,9-Co,-1,10-
C,B:sH,,.



Polyhedral rearrangements involving five- and six-coordinate carbon

atoms occupy adjacent polyhedral vertices, and the
large coulombic repuisive force generated by such
positioning results in a tendency for the C atoms to
migrate away from each other in a polyhedral rear-
rangement.

Such intramolecular isomerizations are charac-
terized by a large enthalpy term (AH* =
2065 kcal/mol) and a generally small entropy of ac-
tivation, as seen in the examples presented. The
large enthalpy term implies significant changes in
bonding in the transition state, and all of the pro-
posed polyhedral rearrangement mechanisms re-
flect this requirement in distortions from low-
energy triangulated faces to square or rectangular-
faced high-energy intermediates or transition states
in the isomerization. Because there exist no conclu-
sive data which support any one of the proposed
mechanisms over the others, the available data
must be examined for details of polyhedral rear-
rangements not related to mechanistic interpreta-
tions.

Our approach to the study of polyhedral
heteroatom migrations has been to characterize the
chemical consequences in terms of preferred
heteroatom coordination, the various heteroatom
effects on the activation energies for isomerization,
and the effects of heteroatom positions on the phys-
ical properties of metallocarboranes.

The following general rules of heteroatom migra-
tion have thus been developed for carboranes and
metallocarboranes:

(1) In polyhedra in which all vertices have equal
coordination numbers, the heteroatoms will ther-
mally migrate away from each other to minimize
any electrostatic repulsions between them;*

(2) In polyhedra which possess vertices of differ-
ent coordination numbers, carbon atoms will ther-
mally migrate to low-coordinate positions and
transition metals will prefer to occupy high-
coordinate vertices.} The preferred low coordina-
tion number of carbon atoms and the preferred high
coordination number of metal atoms takes prece-
dence over heteroatom separation.

(3) In general, the reduction potential of a metal
in a metallocarborane will become more negative as
the number of C atoms vicinal to the metal de-
creases; there is a concomitant increase in the
energy of the long-wavelength electronic absorp-
tion.

(4) Steric effects, such as large substituents on
polyhedral C atoms, decrease the activation energy
to rearrangement, but do not appear to affect the
preceding rules.

*The reverse of thermal heteroatom migration has been
observed upon chemical reduction.”

To our knowledge, only one known metallocarborane
has a metal atom in low-coordinate vertex: 4-(=w-CsH,)4-
Fe-1, 8-C,B,H,."” The thermal behavior of this novel
species is under investigation.

1805

Acknowledgment —This work was supported, in part, by
the Office of Naval Research, the Army Research Office
(Durham), and the National Science Foundation, to whom
we express our appreciation.

REFERENCES

'K. Wade, J. C. 8., Chem. Commun. 792 (1971); C. J.
Jones, W. J. Evans and M. F. Hawthorne, Ibid., 543
(1973); D. M. P. Mingos, Nature Phys. Sci. 253,99 (1972)

*R. W. Rudolph and W. R. Pretzer, Inorg. Chem. 11, 1974
(1972); K. Wade, Inorg. Nucl. Chem. Letters, 8, 559, 563,
823 (1972)

*Pure Appl. Chem. 30, 683 (1972)

‘A. W. Laubengayer and W. R. Rysz, Inorg. Chem. 4,
1513 (1965); R. Maruca, H. Schroeder and A. W.
Laubengayer, Ibid., 6, 572 (1967)

*H. Schroeder, T. L. Heying and J. R. Reiner, Ibid. 2,
1092 (1963)

*R. N. Grimes, Carboranes. Academic Press, New York,
(1970)

"W. N. Lipscomb, Accounts Chem. Res. 6, 257 (1973),
and refs therein

"D. Grafstein and J. Dvorak, Inorg. Chem. 2, 1128 (1963)
*W. N. Lipscomb, Science 153, 373 (1966)

'S. Papetti and T. L. Heying, J. Am. Chem. Soc. 86, 2295
(1964)

"E. L. Muetterties and W. H. Knoth, Polyhedral Boranes.
Marcel Dekker, New York, (1968)

“R. M. Salinger and C. L. Frye, Inorg. Chem. 4, 1815
(1965)

“R. R. Rietz, R. Schaeffer and E. Walter, J. Organometal.
Chem. 63, 1 (1974)

*M. K. Kaloustian, R. J. Wiersema and M. F. Hawthorne,
J. Am. Chem. Soc. 94, 6679 (1972)

“R. R. Rietz, D. F. Dustin and M. F. Hawthorne, Inorg.
Chem. submitted

"*L. F. Warren and M. F. Hawthorne, J. Am. Chem. Soc.
92, 1157 (1970)

"T. E. Paxson, M. K. Kaloustian, G. M. Tom, R, J.
Wiersema and M. F. Hawthorne, Ibid. 94, 4882 (1972)

"*F. V. Hansen, R. G. Hazell, C. Hyatt, and G. D. Stucky,
Acta Chem. Scand. 27, 1210 (1973)

**W._J. Evans, G. B. Dunks and M. F. Hawthorne, J. Am.
Chem. Soc. 95, 4565 (1973); *C. J. Jones and M. F.
Hawthorne, Inorg. Chem. 12, 608 (1973)

W._J. Evans, C. J. Jones, B. Stibr and M. F. Hawthorne,
J. Organometal. Chem. 60, C27 (1973)

K. P. Callahan, C. E. Strouse, A. L. Sims and M. F.
Hawthorne, Inorg. Chem. in press

*D. F. Dustin, G. B. Dunks and M. F. Hawthorne, J. Am.
Chem. Soc. 95, 1109 (1973)

M. R. Churchill and B. G. DeBoer, J. C. S., Chem. Com-
mun. 1326 (1972); M. R. Churchill, private communica-
tion

*D. F. Dustin, W. J. Evans, C. J. Jones, R. J. Wiersema,
H. Gong, S. Chan, and M. F. Hawthorne, submitted to J.
Am. Chem. Soc.

*D. F. Dustin and M. F. Hawthorne, submitted to Ibid.;
W. J. Evans and M. F. Hawthorne, Inorg. Chem., in
press

*C. D. Tsai and W. E. Streib, J. Amer. Chem. Soc., 88,
4513 (1966)

¥E. L. Tolpin and W. N. Lipscomb, Ibid., 95, 2384 (1973)

*R. J. Wiersema and M. F. Hawthorne, Inorg. Chem. 12,
785 (1973)

®2C. J. Jones, J. N. Francis and M. F. Hawthorne, J.



1806 M. F. HAWTHORNE, K. P. CALLAHAN and R. J. WIERSEMA

Amer. Chem. Soc., 94, 8391 (1972); "W. J. Evans and M. S. Ditta, and M. F. Hawthorne, Inorg. Chem. 8, 1907

F. Hawthorne, Ibid., 93, 3063 (1971) (1969)
*B. P. Sullivan, C. J. Jones and M. F. Hawthorne, man-  *E, L. Hoel, C. E. Strouse and M. F. Hawthorne, Ibid., in
uscript in preparation press

*F. N. Tebbe, P. M. Garrett and M. F. Hawthorne, J. Am.  G. B. Dunks, R. J. Wiersema and M. F. Hawthorne, J.
Chem. Soc. 90, 869 (1968); P. M. Garrett, J. C. Smart, G. Am. Chem. Soc. 95, 3174 (1973), and refs therein



