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The preparation and electronic structure of dinuclear metal
complexes with a metal-metal bond have been long-standing areas
of interest.1 Recent work has provided synthetic access to and/or
elucidated the electronic structure of M2

6+ complexes (M )
transition metal).2 Despite the body of work, structurally well-
defined Rh26+ complexes have remained an elusive target.1 This
manuscript reports the first unambiguous and fully characterized
dirhodium(III) paddle-wheel complex, bis(phenyl)dirhodium(III)
caprolactamate (1), and its synthesis by a novel oxidation of
dirhodium(II) caprolactamate (2) (Scheme 1).3 Isolating1 allows
a comparative analysis of the Rh2

n+ complexes (n ) 4, 5, and 6)
of dirhodium caprolactamate. This analysis demonstrates that1 is
a dinuclear paddlewheel complex without a formal metal-metal
bond because of a ligand induced change in its electronic structure.4

The formation of1 under such mild oxidation conditions implies
that similar species could play a role in the redox chemistry of
dirhodium complexes.5

The aerobic oxidation of2 with Cu(I)OTf (10 mol %) in the
presence of NaBPh4 (5 equiv) provided1 in 77% yield after
purification (Scheme 1b). The structure of1 was first indicated by
signals corresponding to two equivalent phenyl ligands in addition
to the caprolactamate ligands observed in both the1H and13C NMR
spectra. Aryl ring vibrations at 1583 and 1550 cm-1, and the parent
ion corresponding to1 (M+H) by high-resolution mass spectros-
copy (ESI) provided further evidence. The visible spectrum of1
with λmax (ε M-1 cm-1) at 430 (4540) nm was consistent with
previous reports of electrochemically generated Rh2

6+ complexes
that were not isolated.6 X-ray diffraction of a single-crystal grown
in CH2Cl2 confirmed that1 was indeed [Rh2(cap)4](C6H5)2 (Figure
1). To complete the Rh2n+ series, the Rh25+ complex, [Rh2(cap)4]-
(OTf)‚2H2O (3), was prepared by treating2 with Cu(II)[OTf] 2 in
wet ethyl acetate (Scheme 1a).7 The visible spectrum of3 in
CH2Cl2 was typical of Rh25+ structures withλmax (ε M-1 cm-1) at
505 (4502) and 970 (1086) nm.6 As an odd electron species,3
exhibited severe line broadening in the1H NMR, but its structure
was confirmed crystallographically to have the typical dirhodium
core with axial aquo ligands and an outersphere triflate ion.8

In terms of the molecular geometry,1 does not deviate from the
general dirhodium(II) carboxamidate structure. The coordination
sphere of1, however, is completed by two axial C6H5 anionic
ligands with notable structural distortions. The Rh-Rh-C angles
(155.4°, 156.2°) are significantly distorted from linearity toward
the Rh-O bonds, and the Rh-Rh bond of1 (2.519 Å) is lengthened
compared to2 (2.422 Å). Considering the generalσ2π4δ2π*4σ*n

electronic structure of dinuclear paddlewheel complexes,9 a shorter
Rh-Rh bond is expected with increasing bond order upon oxidation
from a Rh24+ (n ) 2) to a Rh26+ complex (n ) 0).10 Consistent
with this electronic structure, the Rh-Rh bond length shortens

modestly as oxidation occurs from2 (n ) 2) to 3 (n ) 1), 2.422 to
2.384 Å, respectively. However, the Rh-Rh bond length in1 (n
) 0) is approximately 0.1 Ålonger than the corresponding bond
length in2. The lengthening of the bond is an indication of a change
in the electronic structure of the dirhodium core.6,11

The formation of two new Rh-C bonds can be expected to
change the hybridization of the Rh-centered orbitals from2 (dsp2)
to 1 (d2sp3).12 An alternative electronic configuration of1 would
then beπ4δ2π*4δ*2 for a d2sp3 dimer resulting in the formal cleavage
of the Rh-Rh bond.13 X-ray photoelectron spectroscopy (XPS) of
compounds1-3 indicates that a fundamental change in the metal-
centered orbitals indeed occurs when2 is oxidized to1. The elec-
tron binding energy (Eb) for the rhodium 3d-orbitals (Rh 3d5/2)
increased from 308.08 to 309.09 eV upon oxidation from2 to 3.
The∼1 eV increase inEb from Rh2

4+ to Rh2
5+ is consistent with

other dirhodium(II) complexes.14 However, upon oxidation from
Rh2

5+ to Rh2
6+ (3 to 1), Eb(Rh 3d5/2) remained virtually unchanged
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Scheme 1. Oxidation of Rh2L4 ) Dirhodium Caprolactamatea

a Conditions: (a) Cu(II)[OTf]2 (1 equiv) in EtOAc; (b) Cu(I)OTf (10
mol %), NaBPh4 (5 equiv), and O2 in CH2Cl2/MeOH (9:1); (c) same as b.

Figure 1. ORTEP drawing of one of two crystallographically independent
molecules of1, C36H50N4O4Rh2, R1 ) 3.00%. Selected bondlengths (Å)
and angles (deg): Rh2-Rh2′ (2.519); Rh2-C60 (2.000), Rh2′-O40′
(2.085); Rh2′-O50 (2.083); Rh2-N40 (2.011); Rh2-N50 (2.014); Rh2-
Rh2′-C60 (155.4); Rh2′-Rh2-N40 (96.4); Rh2′-Rh2-N50 (94.0); Rh2-
Rh2′-O40 (77.4); Rh2-Rh2′-O50 (79.8). Ellipsoids are shown at a 30%
probability level. Solvent and hydrogens are omitted for clarity.
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at 309.11 eV. The binding energy of1 suggests that the complex
does not retain theσ2π4δ2π*4δ*n electronic structure withn ) 0.
However,Eb(Rh 3d5/2) is consistent with monomeric d2sp3 hybrid-
ized Rh(III) complexes and aπ4δ2π*4δ*2 electron configuration.15

The presence of1H and13C NMR signals, the lack of a measurable
magnetic susceptibility for1, and the disappearance of theδ-δ*
transition at 970 nm in the visible spectrum of1 indicate that the
δ* orbital is occupied and1 is diamagnetic, consistent with the
configuration assignment.

In addition to the structural features of1, its formation from2
was surprising. How does the oxidation of2 occur in the presence
of Cu(II) and NaBPh4? The instability of NaBPh4 toward metal
cations has been well documented, including aryl transfer pro-
cesses,16 but the oxidation of a metal center by a tetraarylborate
salt is unlikely.17 The more likely oxidant is a Cu(II) salt cata-
lytically regenerated in the presence of oxygen. The preparation of
3 from 2 with Cu(II)[OTf] 2 demonstrated clearly that the first
oxidation was possible. Submitting3 to the original reaction condi-
tions gave1 in 73% yield after purification (Scheme 1c). This indi-
cated that the key transformation occurs from the Rh2

5+ redox state.
A series of experiments helped determine the role of copper salts

and NaBPh4 in the reaction. Complex3 was diluted in ethyl acetate,
washed repeatedly with water, and concentrated to dryness to
minimize the amount of residual copper salts from its preparation.
The oxidation of3 to 1 was observed over 60 min via spectral
changes at theλmax of 1 (430 nm). Under the reaction conditions,
there was no reaction between3 and NaBPh4 (5 equiv) or3 and
excess Cu(II)[OTf]2. Very little conversion of3 to 1 occurred under
nitrogen while the aerobic reaction in the presence of a catalytic
amount of Cu(I)OTf (10 mol %) rapidly generated1 in almost
complete conversion. A simple model can be proposed for the
oxidation of 2 to 1 on the basis of these data (Scheme 2). A
Cu(II)/Cu(I) couple with oxygen as a terminal oxidant oxidizes2
to 3. An aryl-transfer from NaBPh4 to 3 gives a transient3-Ph
species whose oxidation potential is low enough18 for Cu(II)/Cu(I)
couple to oxidize it to3-Ph+.19 Phenyl transfer from an additional
equivalent of NaBPh4 completes the process and generates1.

The isolation of1 provides the first unequivocal example of a
dirhodium(III) complex. A copper catalyzed aerobic oxidation with
NaBPh4 as a phenyl transfer agent provides entry into this novel
Rh2

6+ species. Structural and spectroscopic data indicate a cleavage
of the Rh-Rh bond resulting from a change in the electronic
structure of the complex. Preliminary data suggest that this synthetic
approach can be employed with other dirhodium(II) carboxamidates,
and work is underway to explore the structural scope and applica-
tions of dirhodium(III) complexes.

Acknowledgment. We are grateful to the National Science
Foundation for their generous support. We also thank the Fond
Social Europe´en for funding Joffrey Wolf and Bristol-Meyers-
Squibb for funding Jason Nichols with an ACS Organic Division
Fellowship.

Supporting Information Available: Experimental procedures, CIF
files, XPS data, and characterizations. This material is available free
of charge via the Internet at http://pubs.acs.org.

References

(1) Cotton, F. A., Murillo, C. A., Walton, R. A., Eds.Multiple Bonds Between
Metal Atoms,3rd ed.; Springer Science: New York, 2005.

(2) (a) Shi, Y.-H.; Chen, W.-Z.; John, K. D.; Da Re, R. E.; Cohn, J. L.; Xu,
G.-L.; Eglin, J. L.; Sattelberger, A. P.; Hare, C. R.; Ren, T.Inorg. Chem.
2005, 44, 5719. (b) Xu, G. L.; Crutchley, R. J.; DeRosa, M. C.; Pan, Q.
J.; Zhang, H. X.; Wang, X.; Ren, T.J. Am. Chem. Soc.2005, 127, 13354.
(c) Barral, M. C.; Gallo, T.; Herrero, S.; Jimenez-Aparicio, R.; Torres,
M. R.; Urbanos, F. A.Inorg. Chem.2006, 45, 3639. (d) Cotton, F. A.;
Murillo, C. A.; Villagran, D.; Yu, R.J. Am. Chem. Soc.2006, 128, 3281.
(e) Mendiratta, A.; Cummins, C. C.; Cotton, F. A.; Ibragimov, S. A.;
Murillo, C. A.; Villagran, D. Inorg. Chem.2006, 45, 4328.

(3) A referee has pointed out that the bent dinitrosyl complexes of dirhodium
tetracarboxylates could be formally dirhodium(III) complexes with longer
Rh-Rh bondlengths than the parent compounds, as with1, but unambigu-
ous electronic assignment was not made and these complexes are nitric
oxide rather than nitroxyl donors. Hilderbrand, S. A.; Lim, M. H.; Lippard,
S. J.J. Am. Chem. Soc.2004, 126, 4972.

(4) (a) In contrast to the many d8-d8 dimers that lack a metal bond with the
standard electronic configuration. Cotton, F. A.; Gu, J.; Murillo, C. A.;
Timmons, D. J.J. Am. Chem. Soc.1998, 120, 13280. (b) Berry, J. F.;
Bothe, E.; Cotton, F. A.; Ibragimov, S. A.; Murillo, C. A.; Villagran, D.;
Wang, X. Inorg. Chem.2006, 45, 4396.

(5) (a) Catino, A. J.; Forslund, R. E.; Doyle, M. P.J. Am. Chem. Soc.2004,
126, 13622. (b) Espino, C. G.; Fiori, K. W.; Kim, M.; DuBois, J.J. Am.
Chem. Soc.2004, 126, 15378. (c) Chifotides, H. T.; Dunbar, K. R.Acc.
Chem. Res.2005, 38, 146. (d) Catino, A. J.; Nichols, J. M.; Nettles, B. J.;
Doyle, M. P.J. Am. Chem. Soc.2006, 128, 5648.

(6) Kadish, K. M.; Phan, T. D.; Giribabu, L.; Van Caemelbecke, E.; Bear, J.
L. Inorg. Chem.2003, 42, 8663.

(7) The redox potential of the CuII-CuI couple (1.2 eV vs SCE in CH3CN)
suggested its ability to oxidize2. Sumalekshmy, S.; Gopidas, K. R.Chem.
Phys. Lett.2005, 413, 294.

(8) See Supporting Information for the XRD data of2 and3.
(9) Berry, J. F.; Cotton, F. A.; Ibragimov, S. A.; Murillo, C. A.; Wang, X.

Inorg. Chem.2005, 44, 6129.
(10) Chifotides, H. T.; Dunbar, K. R. InMultiple Bonds between Metal Atoms,

3rd ed.; Springer Scientific: New York, 2005; p 465.
(11) Axial ligand donor strength has been shown to have little effect on the

Rh-Rh bond length for complexes with standard electronic configurations.
Cotton, F. A.; Hillard, E. A.; Murillo, C. A.J. Am. Chem. Soc.2002,
124, 5658.

(12) An analogous phenomenon was observed for Ru2
6+ complexes with a

similar lengthening of the metal bond. Bear, J., L.; Chen, W. Z.; Han, B.;
Huang, S.; Wang, L. L.; Thuriere, A.; Van Caemelbecke, E.; Kadish Karl,
M.; Ren, T.Inorg. Chem.2003, 42, 6230.

(13) The full extent of Rh-Rh bond cleavage is unclear at this time as the Rh
atoms are still within the covalent radius for Rh (136 pm) by 10 pm.
Pauling, L.Acta Crystallogr., Sect. B: Struct. Crystallogr. Cryst. Chem.
1978, 34, 746.

(14) Dennis, A. M.; Howard, R. A.; Kadish, K. M.; Bear, J. L.; Brace, J.;
Winograd, N.Inorg. Chim. Acta1980, 44, L139.

(15) Gassman, P. G.; Macomber, D. W.; Willging, S. M.J. Am. Chem. Soc.
1985, 107, 2380.

(16) (a) Strauss, S. H.Chem. ReV. 1993, 93, 927. (b) Fagnou, K.; Lautens, M.
Chem. ReV. 2003, 103, 169.

(17) In most cases NaBAr4 is a reductant. Murphy, S.; Schuster, G. B.J. Phys.
Chem.1995, 99, 511.

(18) Axial ligands can dramatically effect oxidation potentials. Bear, J. L.;
Han, B.; Huang, S.; Kadish, K. M.Inorg. Chem.1996, 35, 3012.

(19) The 5+/6+ redox couple for Rh2(cap)4 is estimated to be∼1300 mV versus
SCE in CH3CN. Doyle, M. P.; Ren, T. InProgress in Inorganic Chemistry;
Karlin, K. Ed.; Wiley: New York, 2001; Vol. 49, p 113.

JA070122S

Scheme 2. Proposed Mechanism of Formation of 1 from 2.
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