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We recently discovered that reductive dimerization of [Mn-
(η6-C6H6)(CO)3]+ (1+) gives [{Mn(CO)3}2{µ(η4-C6H6-η4-
C6H6)}]2- (22-), in which the Mn centers are connected by a
bridging tetrahydrobiphenylene ligand.1 This unprecedented
transition metal promoted dimerization is an interesting addition
to the known reactions of benzene, and our interest in potential
applications has led to a mechanistic study which has now
established (Scheme 1) that the reaction proceeds through the
dimer [{Mn(CO)3}2{µ(η5-C6H6-η5-C6H6)}] (3), which is itself
formed by addition of [Mn(η4-C6H6)(CO)3]- (4-) to 1+ to give
the key C-C bond. An ionic coupling step is in surprising
contrast with the radical coupling mechanism established for
reductive dimerization of [Fe(η5-C5H5)(η6-C6H6)]+ to [{Fe(η5-
C5H5)}2{µ(η5-C6H6-η5-C6H6)}]2,3 and raises the intriguing pos-
sibility of using the reaction to cross couple arenes since there
is a clear distinction between the arenes in4- and1+ prior to
coupling.
Although dinuclear22- is formally a [2+ 2] dimer of the

η4-benzene complex [Mn(η4-C6H6)(CO)3]- (4-),4 it is not
formed by direct dimerization of4- since the dimer cannot be
isolated from reactions in which4- has been preformed. These
conditions involve rapid addition of 2 equiv of potassium
naphthalenide (KC10H8; KNap) to a stirred slurry of1PF6 in
THF at-78 °C and were established to favor formation of4-

by comparison of the 62% yield of [Mn(η5-C6H7)(CO)3] (5)
formed by CF3CO2H protonation4 with the lower yields of5
obtained after reduction under other conditions.
Slowreduction of1+ by dropwise addition (2 h) of 2 equiv

of KNap to a slurry of1PF6 in THF at-78 °C gives negligible
4- (since protonation gives negligible5), but gives22- in much
better yield (49% as [PPN]22; PPN+ ) [Ph3PNPPh3]+) than we
reported previously.1 This suggests that slow reduction opti-
mizes formation of the bis-cyclohexadienyl dimer3, which we
have shown1 is a competent intermediate for formation of22-.
Consistent with this we have determined that slowone-electron
reduction of1+ gives an optimal 83% one-pot yield of3 (with
the molecular structure5 in Figure 16),7,8 which can be further
reduced to [PPN]22 in 43% isolated yield. The pivotal role of

3 in interconversions of1+ and22- is further emphasized by
reoxidation of22- to 3 in 69% yield by O2.
Formation of3 is central to formation of22- because it gives

the first of the two new C-C bonds and locks in the exo
stereochemistry, and we initially assumed that the sequence was
similar to the established reduction of [Fe(η5-C5H5)(η6-C6H6)]+

to [Fe(η5-C5H5)(η6-C6H6)] followed by dimerization to [{Fe-
(η5-C5H5)}2{µ(η5-C6H6-η5-C6H6)}].2,3 We were unable, how-
ever, to obtain IR or EPR evidence for the intermediacy of the
corresponding [Mn(C6H6)(CO)3] radical (6), and this led to an
electrochemical examination of the reduction of1+.
Cation1+ gives reproducible cyclic voltammograms in CH3-

CN on hanging mercury drop electrodes. At-15°C a reduction
is observed at-1.04 V (Figure 2) which approaches chemical
reversibility (ia/ic ca. 0.85 at scan rates>2 V/s). The reduction
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Figure 1. Molecular structure of [{Mn(CO)3}2{µ(η5-C6H6-η5-C6H6)}]
(50% probability ellipsoids). Selected bond lengths (Å): Mn-C(4)
) 2.223(2), Mn-C(5) ) 2.142(2), Mn-C(6) ) 2.131(2), Mn-C(7)
) 2.135(2), Mn-C(8)) 2.224(2), C(4)-C(5)) 1.387(3), C(4)-C(9)
) 1.509(3), C(5)-C(6) ) 1.416(3), C(6)-C(7) ) 1.417(3), C(7)-
C(8) ) 1.395(3), C(8)-C(9) ) 1.511(3), C(9)-C(9a) ) 1.547(4).
Dihedral angle between C(4), C(5), C(6), C(7), C(8) plane and C(4),
C(9), C(8) plane) 41.8(1)°.

Scheme 1
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current ic can be used to calculate9 that this is a two-electron
reduction (as confirmed by chronocoulometry:9 n) 1.8) on the
assumption that1+ has a diffusion constant similar to that of
ferrocenium under the same conditions. As in related examples
in the literature of two-electron reduction ofη6-arene com-
plexes,10 two-electron reduction implies that1+ is reduced
directly to 4- and that the radical6 is thermodynamically
unstable with respect to disproportionation to1+ and4-.
With a switching potential of-2.5 V, a second, smaller (ic2/

ic1 of ca. 0.25) reduction becomes visible with an onset at ca.
-2.1 V. At room temperature this is more pronounced (ic2/ic1
ca. 0.35), andia/ic1 for the first reduction decreases to ca. 0.4.
This behavior suggests that the second reduction involves a
species formed from4- in a secondary reaction such as addition
of 4- to 1+ to give 3, a reaction with precedent in the many
reports of the addition of nucleophiles to1+.11 Consistent with
this interpretation,n for the first reduction drops to 1.6
(chronocoulometry) at 29.5°C as the1+ near the electrode
surface is depleted. The second reduction is at the same
potential as an irreversible reduction (n ) 2 from ic), which is
the sole feature in CVs of3, and is assigned to a two-electron
reduction of3, which initiates formation of22- (Scheme 1).
We have confirmed that3 can be formed by addition of4-

to 1+ using a reaction vessel with two bulbs connected by a
short port. Both sides were loaded with1PF6 (0.2 g) suspended
in THF (5 mL), and one bulb was maintained at-78 °C while
2 equiv of KNap in THF (5.25 mL of a 0.2 mol L-1 solution)
were added by syringe. Mixing the reduced solution with the
1PF6 suspension gave3 in 42% isolated yield.

The CV data establish that [Mn(C6H6)(CO)3] (6) is thermo-
dynamically unstable with respect to1+ and4-, but they do
not rule out a kinetic role for the monomeric radical6 in the
addition of4- to 1+. To probe this we carried out crossover
experiments usingd6-1+ andd6-4-.
Addition of d6-4- to d0-1+ gave a 17:81:2 mixture ofd0-,

d6-, andd12-3 which was predominantly the heterodimerd6-
3.12 The highd0 to d12 ratio is ascribed to loss of some reactive
4- during the reaction, as confirmed by ad0-4- to d6-1+ addition
which yielded a 9:72:19 mixture.13 Formation ofd0 and d12
homodimers in these cross additions is indicative of some
scrambling, but the predominance of the heterodimer rules out
electron transfer to form6 radicals which are free to exchange
before they couple.If 6 is on the main reaction pathway, it
can only be as radical pairs, which only sometimes live long
enough to escape the solvent cage. More probably, some
approaches of4- anions to1+ cations result in additions, while
others result in two-electron transfers within anion/cation pairs
(e.g., to convert ad6-4-, d0-1+ pair to ad6-1+, d0-4- pair) which
can separate and exchange before coupling.14 Electron pair
exchange is consistent with the fact that1+ undergoes a two-
electron reduction to4-, and the simultaneous operation of
nucleophilic addition and electron transfer pathways is consis-
tent with Kochi’s reports that there is a fine balance between
addition and electron transfer manifolds in ion-pair annihilation
reactions of [Mo(η5-C5H5)(CO)3]- with [Fe(dienyl)(CO)3]+

complexes.15

We conclude that theη4-benzene complex4- is a key
intermediate in the formation of its [2+ 2] dimer22-, but that
its role is to add to the cationic precursor1+ and provide an
anion/cation addition route to the intermediate dimer3. The
contrast between this and the radical route to related dimers of
Fe(II)2,3 reflects the contrast between the tendency of [Mn-
(C6H6)(CO)3] to disproportionate and the stability to dispro-
portionation of [Fe(η6-C6H6)(η5-C5H5)].
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Figure 2. Cyclic voltammogram of [Mn(η6-C6H6)(CO)3]+ on a hanging
mercury drop electrode in CH3CN (0.1 mol L-1 [NEt4][ClO4]) at -15
°C and 0.5 V s-1. Potentials are reported relative to Ag/AgCl.
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