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For discrete mixed-valence complexes, an interesting chemistry
and various practical utilities can be envisaged.1 Particularly those
in which the oxidation states of the metals differ by two-electrons
have emerged as promising tools to manage two- and four-electron
transformations, such as those involved in hydrogen and oxygen
activations.2 Two-electron mixed-valence M(I,III) dinuclear rhod-
ium and iridium complexes prepared by oxidative addition reactions
at one metal center are well-known.3 Some of them are key
intermediates in oxidative addition reactions of halocarbons,4 protic
acids,5 and C-H activation reactions.6 Their two-electron-reduced
analogues, such as mixed-valence dinuclear M(0,II)7 complexes,
are also known. They have been synthesized using special ligands,
capable of stabilizing redox asymmetric environments, as developed
by Nocera et al.,8,2b and show interesting new mechanisms in
hydrogenation reactions9 and are photoactive in hydrogen produc-
tion.10 Relevant to this paper, two-electron mixed-valence species
in even further reduced M(-I,I) oxidation states were so far
unknown in rhodium chemistry. Herein, we report the synthesis
of a unique redox asymmetric dinuclear Rh(-I,I) complex and its
reaction with O2 leading to O atom transfer to a benzylic group of
the N ligand.

While [{Rh(µ-OMe)(nbd)}2] (nbd ) norbornadiene) reacts with
[Rh(bpa)(nbd)]Cl (bpa ) bis(2-picolyl)amine) to give the amido-
bridged dinuclear complex [{Rh(nbd)}2(µ-bpa-H)]Cl [1]Cl, the
reaction of [{Rh(µ-OMe)(nbd)}2] with free bpa in benzene-d6 gave
the unique asymmetric dinuclear complex [{Rh(nbd)}2(µ-bpa-2H)]
(2) and methanol (Scheme 1). Complex 2 was isolated as a deep-
purple solid in high yield by carrying out the reaction in diethyl
ether. Protonation of 2 with NHEt3Cl generates [1]Cl, while the
latter reacts with KOtBu to produce 2. Thus, complexes [1]Cl and
2 are related by acid-base chemistry.

Both the amine and one of the bpa methylene groups are
deprotonated in the formation of 2 from bpa, as evidenced by 1H
NMR. Neutral bpa-like ligands are generally quite robust and are
widely applied in coordination chemistry,11 enzyme modeling, and
catalysis,12 and the “benzylic” methylene protons of (2-picolyl)-
amine-type ligands are not very acidic.13 As such, the formation
of 2 was not expected.

The X-ray structure of 2 is shown in Figure 1 (for the X-ray
structure of [1]Cl, see Supporting Information). The dpa-2H ligand
in 2 hosts the two Rh(nbd) fragments in two distinct compartments.
In the first compartment, a square planar Rh(1) is bound to nbd
and to N(1) and the central amido (N3) atoms, while in the second
compartment, an almost tetrahedral Rh(2) center is bound to nbd,

N(2) and is η2-coordinated to the C(22)-N(3) bond (see Supporting
Information for details).

Particularly remarkable are the trigonal geometries of N(3) and
C(22), suggesting the formation of a π-coordinating imine CdN
fragment. In good agreement, there is a shortening of the C22-N3
distance (1.415(4) Å) when compared to the N-CH2 distances
(mean 1.482(6) Å) in the related complex [{Rh(nbd)}2(µ-bpa-H)]Cl
[1]Cl. Thus, the data strongly suggest that the bpa-2H ligand is
transformed into the neutral PyCHdN-CH2Py (bpi) ligand with
a π-coordinating imine, by reducing one of the RhI(nbd) fragments
to a lower valent Rh-I(nbd) fragment. Rhodate(-I) center Rh(2)
adopts a tetrahedral coordination geometry, typical for a d10-ML4

complex. Therefore, the structure of complex 2 corresponds best
with description 2-A in Scheme 1.

Late transition metals interacting with a κ2-C-N bond are quite
uncommon and are systematically described as metalla-aza-
cyclopropanes (2-B, Scheme 1) in Rh, Ir, and Pd chemistry.14 For
example, the structural parameters of [Rh(trop2NCH2-)PPh3)],14a

the sole precedent for rhodium, fit better in the description indicated
by 2-B (Scheme 1). The 13C{1H} signal of the rhoda-aza-
cyclopropane carbon of [Rh(trop2NCH2-)PPh3)] was found at 62.4
ppm, while the “imine” carbon of 2 is observed at 76.9 ppm.

The abstraction of a proton from 1+ is thus accomplished with
a strong electronic reorganization, best described as a reduction of
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Figure 1. Left: Structure (ORTEP at 50% level) of complex 2 (hydrogen
atoms have been omitted for clarity). Right: structural cores of complex 2
(top) and the cation 1+ (bottom).

Scheme 1. Two Extreme Structures for 2 are Shown on the Right
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RhI to Rh-I with oxidation of the dianionic bpa-2H ligand to a
neutral bpi imine ligand. However, because of the redox ambiguity
of imine containing ligands, a singlet diradical structure with a
monoanionic ligand and Rh0,RhI centers cannot be excluded. To
our best knowledge, the ligand-to-metal electron transfer upon
removing a proton from [1]+ to produce the redox asymmetric
dinuclear rhodium complex 2 is an unprecedented reaction.

The different nature of the two rhodium centers in 2 is also
observed in solution. While the nbd bound to Rh(1) is almost static,
the nbd fragment bound to the tetrahedral Rh(2) undergoes a
turnstile motion (1H NMR). Interestingly, complex 2 undergoes a
slow exchange of one-half of the molecule into the other half, as
detected by EXSY spectroscopy (∆Hq ) 19.6 kcal mol-1, ∆Sq )
8.9 eu). This process involves a 1,3-prototropic shift of one of the
methylene protons to the CHdN group. This is associated with a
change in the bond order of the C-N bonds and of the coordination
geometry of the metals, with the tetrahedral center becoming square
planar and vice versa. Combining the 1,3-prototropic shift with
π-coordination of the new CHdN fragment, the overall process
represents an electronic pump moving electrons from one metal
to the other with exchange of their oxidation states

In line with the electron-rich nature of its rhodate(-I) center,
complex 2 is very air-sensitive and it reacts rapidly with O2 in
benzene (Scheme 2). The reaction proceeds with formation of the
carboxamido complex [Rh(nbd)(bpam-H)] (3) (bpam ) N-(2-
picolyl)picolinamide), along with [{Rh(nbd)(µ-OH)}2] (4) in 77%
yield (according to 1H NMR integrals against an internal standard).
As a reference, neither complex [1]Cl nor 3 react with oxygen
under identical conditions. Complexes 3 and 4 were identified by
comparison of their spectroscopic data with those of pure samples
obtained from straightforward routes (see Supporting Information).

It is quite remarkable that the coordinated diolefins are not
oxygenated with formation of metallaoxetanes or metalla-diox-
olanes in this process.15 Related Cu-mediated oxygenation of
picolyl or imine fragments has been reported in only a few
exceptional cases.12d,16 We propose that the reaction proceeds via
initial oxygenation of the most electron-rich Rh center (Rh(2) in
Figure 1) to form likely a superoxido ligand, which collapses with
the imine carbon atom to form a five-membered ring (Scheme 2).
This is comparable to a five-membered 3-rhoda-dioxolane ring,
known to decompose via hydrogen transfer to its R-oxygen.15b

Similar reactions would explain the formation of the carboxamido
fragment. Dissociation of the fragment [RhI(nbd)(OH)] from the
complex with subsequent formation of [{Rh(nbd)(µ-OH)}2] com-
pletes the reaction.

In conclusion, we demonstrated the formation of the unprec-
edented two-electron mixed-valence Rh(-I,I) complex 2 upon
simple deprotonation of the homovalent Rh(I,I) complex 1+, which
proceeds via an internal ligand-to-metal redox reaction. The thus
formed PyCH2NdCHPy ligand provides two distinct compartments
for the stabilization of the valence-separated states, thus preventing
comproportionation. Complex 2 reacts with O2 to form carboxa-
mido-RhI(nbd) species 3 via O atom transfer to the PyCH2-
NdCHPy ligand. The reported reactions are highly unexpected
and raise questions about the chemical innocence of the frequently
applied bpa-type ligands. Existing and future reactivity studies of
late TM bpa-type complexes may have to be (re)evaluated on the
basis of these new insights.
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Scheme 2. Oxygenation of 2 to the Carboxamido Complex 3
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