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The activation and cleavage of C—C bonds by transition-metal
species is an area of intense current interest,’) and, although
they are still relatively rare, a number of systems that afford
the breaking of C—C single bonds are known.”* In contrast,
the cleavage of aromatic C—C bonds is considered to be
extraordinarily difficult. Six-carbon aromatic rings can be
cleaved in the gas phase at high temperatures,”’ whereas
under less extreme conditions such rings are cleaved by
enzymes, an important part of the global carbon cycle.
However, there are very few reports of low-temperature
cleavage reactions of aromatic rings in nonbiological systems.
Of the examples that are known, (biomimetic) oxidative
cleavage is the more common process but is generally
regarded as difficult to control,”! whereas reductive cleavage
is much more rare.’! However, both oxidative and reductive
cleavage reactions typically involve significant initial chem-
ical modification of the aromatic ring. Sattler and Parkin
recently described the cleavage of a C—C bond in an aromatic
heterocycle (a quinoxaline) at 90°C.”) We report herein the
unprecedented cleavage of an aromatic C—C bond in a simple
arene at room temperature by a metallacarborane without
other chemical modification to the arene.

Treatment of 1,1’-bis(o-carborane),™™ 1-(1',2"-closo-
C,B,H,;)-2-closo-C,B,;H;; (Figure 1), with an excess of Li
in THF in the presence of naphthalene and subsequent
reaction with [{Ru(p-cymene)CL},] (p-cymene =1-iPr4-
MeC¢H,), affords the dark red metallacarborane 1-(1',2-
closo-C,B H,,)-4-{C,(H,Ru(p-cymene)}-4,1,6-closo-
RuC,B,H;; as the only isolable product (in ca. 20% yield)

Figure 1. 1,1"-bis(o-carborane).
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after workup (involves TLC methods). The product was
characterized by mass spectroscopy, '"H and "B{'H} NMR
spectroscopy, and ultimately by single-crystal X-ray diffrac-
tion.['”

In the 'H spectrum there are, in addition to broad CeoeeH
resonances at approximately 6 =4.7 and 2.2 ppm, the normal
resonances assigned to the CH;C¢H,CHMe, protons of a n’-p-
cymene ligand in an asymmetric complex (four dd between
0=6.5 and 5.5 ppm with *J and */ couplings of ca. 6 Hz and
1.5 Hz, respectively). However, the signals normally assigned
to the CH;C,H,CHMe,, CH;C,H,CHMe,, and
CH;C¢H,CHMe, protons all appear doubled. In addition
there are two high-frequency doublet resonances (6=9.6,
9.4 ppm) and two additional resonances (6 =4.5, 4.1 ppm)
which appear as apparent triplets. Collectively these data
suggest that there are two different C,,H,, units in the
product; one is a regular n°-p-cymene ligand but the other
appears to have been subjected to a major structural change.
The "B{'H} spectrum is relatively uninformative with nine
resonances between 0 =6 and —25 ppm, including a multiple
signal at 6 =—10.6 ppm that accounts for ten boron atoms.
The mass spectrum confirms the molecular formula as
C,sHs,B,Ru, (envelope centered on m/z 757) which implies
bis(carborane) plus two {RuC,,H,,} units, but, as is evident
from the NMR spectra, the molecule is asymmetric and one of
the p-cymene ligands has been substantially altered. A
crystallographic study resulted in the molecular structure
shown in Figure 2. Figure 3 shows an alternative view of the
central part of the molecule.

The molecule consists of a 13-vertex docosahedral ruth-
enacarborane (cage A) with a 4,1,6-RuC,B,, architecture, the

Figure 2. Perspective view of 1-(1,2-closo-C,B,H11)-4-{C;oH14Ru (p-
cymene)}-4,1,6-closo-RuC,B,oH,,. Thermal ellipsoids drawn at 50%
probability.
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Figure 3. Alternative view of part of 1-(1",2"-closo-C,B,,H1;)-4-{C;oH;4Ru-
(p-cymene)}-4,1,6-closo-RuC,B,oH;,).

normal isomer obtained upon reduction and metallation of o-
carborane.” Carborane cage B has not been expanded and
remains a 1,2-C,B;, icosahedron, connected to cage A at
vertex C1A. A second Ru atom, Rul, is bonded to Ru4 [Ru-
Ru=2.6984(4) A] and to Rul is bound a conventional n’-p-
cymene ligand. Ru4 and Rul are additionally linked by (what
was) the second p-cymene ligand, which has undergone
cleavage of the C44—C45 bond. The C41-C40-C45 unit is
1° bonded to Ru4 and the C42-C43-C44 unit is 1’ bonded to
Rul, complemented by o bonds between C42 and Rul and
between C44 and Ru4.

Therefore, the molecule is an example of a “fly-over
bridge” compound, in which the p-cymene ligand C40-C46
has been converted into a [p-o,7’m’0-Cg]>~ ligand by
reductive cleavage of the C44—C45 bond. Fly-over bridge
compounds are well-established in organometallic chemistry,
but all previously reported examples have been the result of
condensation of three alkyne molecules onto a dimetal center.
Upon heating, or treatment with Br,'™ or trimethylamine-N-
oxide,'! fly-over bridge compounds can afford arenes by
oxidative ring closure, lending support to the view that fly-
over compounds represent intermediates in the metal-pro-
moted cyclotrimerization of alkynes into arenes, at least by
one possible pathway. However, as far as we are aware, the
present species represents the first example of a fly-over
bridge compound formed in the reverse direction, that is,
from an arene.

The mechanism by which this compound is formed is
clearly of great interest and we have investigated this using
density functional theory (DFT) calculations (with the p-
cymene ligand replaced by benzene for computational
expedience).l”l The components of the molecule can be
assembled as depicted in Figure 4. Initial four-electron
reduction of 1,1’-bis(o-carborane)!"¥! gives a bis(nido) species,
one face of which is capped by a {Ru(C¢Hy)}*" fragment to
give intermediate A. The second {Ru(C¢Hg)}*" unit is then
added, resulting in the formally zwitterionic triple-decker
intermediate B. Calculations on plausible model structures of
B, however, led instead to an alternative form, C. The
geometry of C suggests that an internal redox process had
occurred, whereby two electrons have been transferred from
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Figure 4. Proposed mechanism for the formation of intermediate C
(the alkyl groups of the p-cumene ligand were disregarded in the
calculation).

the pendant nido cage in B into the central C¢H, ligand.
Evidence for this transfer is 1) the geometry of the pendant
cage B exhibits a basket-shaped structure, which is the initial
(kinetic) consequence of two-electron oxidation of a nido-
C,B,, cage,” and 2) the boat-like structure of the sandwiched
{CsHg} moiety, consistent with its reduction and the disruption
of its aromaticity (Figure 5).

The central {C;Hy} moiety in C interacts with both Ru
centers, although in different ways (see Figure 5 for a view of
the DFT optimized structure of C and Figure 6 which shows
the central {RuC4HgRu} core). With Rul an n*binding mode
is computed involving the C41-C40-C45-C44 unit, whereas
with Ru4 an 0>’ interaction is seen with the C42—C43 and
C40—C45 bonds. As a result most of the ring C—C bonds
lengthen substantially and lie in the range 1.47-1.52 A (only
C42—C43 is relatively unaffected at 1.41 A). Elongation of
C44—C45 then allowed the location of a C—C bond-cleavage
transition state, TS(C-D) (E=+21.3 kcalmol™!), in which
lengthening of the C44—C45 distance to 2.77 Ais accompa-
nied by rotation about the C41—C42 bond [the C40-C41-C42-
C43 torsion is 46.6° in C; compared to 89.8° in TS(C-D)].
Characterization of this transition state led to intermediate D
(E = —4.0 kcalmol ™) in which both the {u-0,n’:1,0-C¢} bind-
ing mode and a Ru—Ru bond (Rul-Ru4 =2.76 A) have been
established. Electron counting suggests the Ru—Ru interac-
tion is best formulated as a dative bond in which Rul donates
two electrons to Ru4.

The second step in the formation of the product involves
isomerization of the C,B,; group of cage B from a basket to an
icosahedral geometry. This isomerization occurs in an anal-
ogous fashion to that described previously!"”! via TS(D-E)
with a barrier of only 10.7 kcalmol~'. During this process the
{RuC,H¢Ru} core is largely a spectator and the only
significant change is a slight lengthening of the Rul—Ru4
distance to 2.85 A. TS(D-E) leads to the very stable product
species E (E = —42.0 kcalmol ™). E is a simple isomer of the
crystallographically determined structure in which the fly-
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Figure 5. Computed structure of intermediate C. C gray, B yellow,
Ru red, H white.
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Figure 6. Computed reaction profile (kcal mol™") for C—C bond cleav-
age in intermediate C to form a fly-over bridge compound. Geometry
changes within the central {RuCsHgRu} core are shown at the top of
the figure.

over bridging ligand adopts an alternative conformation (the
computed energy of the actual structure is —56.1 kcalmol ),
but nevertheless this computational study identifies the key
features of the probable mechanism of cleavage of the C44—
C45 bond and reveals that the energy barriers for this
mechanism are modest.

In conclusion, we have discovered a unique system in
which an aromatic C—C bond in a simple arene is reductively
cleaved at room temperature with no other chemical modi-
fication, and we have used DFT calculations to elucidate an
accessible reaction pathway by which this could occur.
Central to the cleavage is an internal redox step in which
the pendant reduced carborane is oxidized and transfers two
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electrons to the central arene of a triple decker intermediate.
We are currently exploring the scope and implications of this
reaction.
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