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ABSTRACT: New rhodium complexes of bis(3,5-di-tert-butyl-
2-phenol)amine ([ONOcat]H3) were synthesized, and their
electronic properties were investigated. These compounds were
prepared by combining [ONOq]K and [(cod)Rh(μ-Cl)]2 in the
presence of an auxiliary donor ligand to yield complexes of the
type [ONO]RhLn (n = 3, L = py (1); n = 2, L = PMe3 (2a), L = PMe2Ph (2b), PMePh2 (2c), PPh3 (2d)). Single-crystal X-ray
diffraction studies on [ONO]Rh(py)3 (1) revealed a six-coordinate, octahedral rhodium complex. In the case of [ONO]Rh(PMe3)2
(2a), X-ray diffraction showed a five-coordinate, distorted square-pyramidal coordination environment around the rhodium center.
While 1 is static on the NMR time scale, complexes 2a−d are fluxional, displaying both rapid isomerization of the square-pyramidal
structure and exchange of coordinated and free phosphine ligands. UV−vis spectroscopy shows stark electronic differences between 1
and 2a−d. Whereas 1 displays a strong absorbance at 380 nm with a much weaker band at 585 nm in the absorption spectrum,
complexes 2a−d display an intense (ε > 104 M−1 cm−1), low-energy absorption band in the region 580−640 nm; however, in the cases
of 2a and 2b, the addition of excess phosphine resulted in changes to the UV−vis spectrum indicating the formation of six-coordinate
adducts [ONO]Rh(PMe3)3 (3a) and [ONO]Rh(PMe2Ph)3 (3b), respectively. The experimental and DFT computational data for the
six-coordinate complexes 1, 3a, and 3b are consistent with their formulation as classical, d6, pseudo-octahedral, coordination complexes.
In the five-coordinate complexes 2a−2d, π-bonding between the rhodium center and the [ONO] ligand leads to a high degree of
covalency and metal−ligand electron distributions that are not accurately described by formal oxidation state assignments.

■ INTRODUCTION
Ligands capable of adopting more than one stable oxidation
state have earned the designation as redox-active or non-
innocent because of their propensity to complicate the electronic
properties and reactivity of the metal center to which they are
bound.1−3 Installation of these ligands onto independently
redox-active metals further hinders the characterization of
valence-electron distribution in the resultant complexes, while
simultaneously providing access to electronic structures uncom-
mon in more classical metal−ligand complexes.4−8 Perhaps the
most common redox-active ligands are the catecholates and their
ortho-aminophenolate and ortho-diamide analogues, whose metal
complexes are known to exhibit rich redox chemistry independent
of the coordinated metal ion.8−10 Expansion of the catecholate
platform into polydentate, poly-aromatic geometries makes ligand
redox potentials more accessible than in less conjugated sys-
tems while also decreasing the lability of the ligand in its oxidized
form.11−14 These properties, combined with the potential for
ligand modification, make expanded catecholate-type ligands
attractive for a wide range of reaction chemistry.
One redox-active ligand whose reactivity and electronic char-

acteristics have been extensively studied on both transition metals
and main group elements is the tridentate [ONO] ligand
([ONOcat]H3 = bis(3,5-di-tert-butyl-2-phenol)amine).15 While
capable of binding metals in a doubly deprotonated, facially
coordinating form {([ONO]H)2−},16−18 the [ONO] ligand is
most commonly studied in its fully deprotonated form, which

results in a meridional coordination mode. The fully deprotonated
form of the [ONO] ligand can adopt one of three formal
oxidation states: the reduced catecholate form, [ONOcat]3−, the
one-electron oxidized semiquinonate form, [ONOsq•]2−, or the
two-electron oxidized quinonate form, [ONOq]−, as shown in
Scheme 1. Most studies of the [ONO] platform have focused on

the structural and electronic characteristics of coordinatively
saturated M[ONO]2 complexes,15,16,19−24 but more recently,
investigations have turned toward the synthesis and reactivity of
heteroleptic M[ONO]Ln complexes,18,25 which includes alkyl-
migration on tin,26 copper-catalyzed oxidation,27 and stoichiometric
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oxidative addition/reductive elimination transformations on
tantalum.28−30

Research in our group explores the unique electronic
interactions and chemical transformations accessible to metal
complexes with redox-active ligands, especially in cases where
the reactivity can be attributed explicitly to the redox properties
of the ligand.11,13,14,28,29,31−36 Our prior investigations of
[ONO] complexes have focused on early transition metal
ions with d0 electron configurations,28−30 but the possibility of
complementary redox reactivity between the [ONO] ligand
and electron-rich late transition metals prompted an inves-
tigation of the coordination chemistry of the [ONO] ligand
with rhodium. Rhodium complexes display a rich reaction
chemistry and are capable of a wide variety of stoichiometric
and catalytic bond-activation reactions,37,38 including the
activation of classically unreactive small molecules such as H2,
CO2,

39 N2,
40 and even CH4.

41 The coordination chemistry of
rhodium with redox-active ligands remains relatively unex-
plored, although our studies on the rhodium complex
[nacnac]Rh(phdi) (nacnac− = β-diketiminate, phdi = phenan-
threnediimine) indicated a close energetic match between
rhodium and ligand valence orbitals, resulting in significant
noninnocent ligand behavior.40,42−44

This investigation details the first installation of the [ONO]
ligand onto rhodium and the physical and electronic character-
ization of the resultant complexes. Synthesis of [ONO]Rh
complexes was facilitated through the use of the potassium salt
of the oxidized [ONO] ligand, [ONOq]K, which is an as-yet
unreported starting material for [ONO] complexes. Through a
combination of UV−visible spectroscopy, solution titrations,
and density functional theory (DFT) calculations it was deter-
mined that [ONO]Rh complexes exhibit noninnocent electro-
nic behavior that is strongly influenced by the coordination of
ancillary ligands on the rhodium center. In coordinatively
saturated six-coordinate complexes, well-defined [ONOcat]-

RhIIIL3 complexes were obtained (L = pyridine, PR3). In five-
coordinate [ONO]RhL2 complexes (L = PR3), a high-degree of
covalency in metal−ligand π-bonding results in valence electron
distributions that are intermediate between [ONOcat]RhIII and
[ONOsq]RhII electronic configurations.

■ EXPERIMENTAL SECTION
General Considerations. Compounds described herein are

oxygen and moisture sensitive, so manipulations were carried out
under a nitrogen atmosphere using standard Schlenk or glovebox tech-
niques. Solvents were purified by sparging with argon followed by
sequential passage through activated Q5 and alumina columns to remove
oxygen and water, respectively. Reagents were purchased from com-
mercial sources and used as received with the exception of [ONOcat]H3

29

and [(cod)Rh(μ-Cl)]2,
45 which were synthesized following literature

procedures.
Spectroscopic Methods. NMR spectra were collected on a

Bruker DRX 500 MHz (1H 500 MHz, 13C 128 MHz) or a Bruker
DRX400 (1H 400 MHz, 31P 162 MHz) spectrometer at 298 K in C6D6
unless otherwise noted. The NMR solvent was degassed by several
freeze−pump−thaw cycles, dried over sodium benzophenone ketyl
radical, and vacuum-distilled before use. All 1H, 13C{1H}, and 31P{1H}
chemical shifts are reported using the standard δ-scale in ppm. The 1H
and 13C{1H} NMR spectra were referenced to TMS using the proteo-
and natural abundance 13C impurities in C6D6 (7.15 and 128.02 ppm).
31P{1H} NMR spectra were referenced to H3PO4 using the Ξ (Xi)
scale and the residual proton impurities C6D6.

46 FTIR spectra were
recorded with a Perkin−Elmer Spectrum One spectrophotometer as
KBr pellets. UV−visible spectra were recorded with a Perkin-Elmer
Lambda 800 spectrometer in 1-cm quartz cuvettes in dry, degassed

benzene. Electrospray Ionization (ESI) mass spectrometry was
performed on a Waters LCT Premier mass spectrometer.

[ONOq]K. Just-thawed tetrahydrofuran (THF, 35 mL) was added to
a combination of [ONO]H3 (2.00 g, 4.70 mmol, 1 equiv) and KH
(565 mg, 1.41 mmol, 3 equiv) in a 100 mL round-bottom flask. The
mixture was stirred at room temperature overnight while H2 gas was
released. The resulting yellow, turbid solution was frozen, and
PhI(OAc)2 (1.51 g, 4.70 mmol, 1 equiv) was added. The solution
turned purple/black with further evolution of H2 gas. The mixture was
stirred at room temperature for 6 h. Solid KOAc was removed by
filtration and washed with THF until washes were nearly colorless.
The solvent was removed from the combined filtrates under vacuum,
coevaporated with toluene, then twice with pentane, resulting in
1.99 g of product as a black powder (92%). Anal. Calcd. (Found) for
C28H40NO2K (%): C, 72.82 (72.56); H, 8.73 (9.10); N, 3.03 (2.89).
1H NMR (500 MHz) δ/ppm: 1.27 (s, CH3, 18H), 1.48 (s, CH3, 18H),
7.22 (s, br, aryl-H, 2H), 7.31 (s, br, aryl-H, 2H). 13C NMR (125 MHz)
δ/ppm: 30.65 (CH3), 34.58 (CCH3), 35.63 (CCH3), 118.53 (aryl-C),
130.88 (aryl-C), 139.95 (aryl-C), 144.21 (aryl-C), 145.27 (aryl-C),
179.45 (aryl-C). UV−vis (C6H6) λmax/nm (ε/M−1 cm−1): 346 (5,330),
537 (1,930), 810 (16,100). MS (ESI−) m/z: 422.2 (M−), 883.5
(M2K−).

[ONOcat]Rh(py)3, 1. A solution of [ONOq]K (187 mg, 0.406
mmol, 1 equiv) in 18 mL of Et2O was frozen, and then [(cod)Rh
(μ-Cl)]2 (100 mg, 0.203 mmol, 0.5 equiv) and pyridine (131 μL,
1.62 mmol, 4 equiv) were added. The mixture was stirred for 4 h at room
temperature. Solvent was removed under vacuum from the brown
suspension, and the residue was extracted with 35 mL of toluene and
filtered. Removal of solvent from the filtrate under vacuum and
coevaporation with pentane yielded 306 mg (99%) of the product as a
fine brown solid. X-ray quality crystals were grown by diffusion of
pentane into a THF solution at room temperature. Anal. Calcd.
(Found) for C43H55N4O2Rh (%): C, 67.70 (67.47); H, 7.27 (7.17); N,
7.34 (7.12). 1H NMR (500 MHz): δ 1.54 (s, CH3, 18H), 2.13 (s, CH3,
18H), 6.03 (t, py-H, J = 8.5 Hz, 4H), 6.28−6.31 (m, py-H, 4H), 6.53−
6.57 (m, py-H, 1H), 7.05 (s, aryl-H, 2H), 8.16 (s, aryl-H, 2H), 8.76 (d,
py-H, J = 6.5 Hz, 4H), 9.16 (d, py-H, J = 6.0 Hz, 2H). The low
solubility of 1 precluded the acquisition of a 13C{1H} NMR spectrum.
UV−vis (C6H6) λmax/nm (ε/M−1 cm−1): 380 (23,900), 585 (1,300).
MS (ESI+) m/z: 762.6 (M+), 763.6 (MH+).

General Synthesis of [ONO]Rh(PR3)2, 2a−d. A solution of
[ONOq]K (0.20−0.25 mmol, 1 equiv) in 15 mL of Et2O was frozen,
and [(cod)Rh(μ-Cl)]2 (0.5 equiv) and phosphine (2 equiv) were
added. The mixture was stirred at room temperature for at least 4 h.
The teal/blue solution was filtered, and solvent was removed under
vacuum. The residue was in all cases clean enough for subsequent reac-
tion with near-quantitative yields (greater than 95%). Analytical
samples were purified further by recrystallization as described below.

[ONO]Rh(PMe3)2, 2a. Blue/black crystalline solid isolated in
several crops from pentane solutions at −35 °C, 61%. Anal. Calcd.
(Found) for C34H58NO2P2Rh (%): C, 60.26 (60.03); H, 8.63 (8.43);
N, 2.07 (1.98). 1H NMR (500 MHz): δ 0.90 (vt, P−CH3, Japp = 6.0
Hz, 18H), 1.62 (s, CH3, 18H), 1.80 (s, CH3, 18H), 7.49 (d, aryl-H, J =
1.5 Hz, 2H), 8.70 (s, aryl-H, 2H). 13C{1H} NMR (125 MHz): δ 16.37
(vt, P-CH3, Japp = 13.8 Hz), 30.61(CH3), 32.58 (CH3), 34.88 (CCH3),
35.76 (CCH3), 111.74 (aryl-C), 116.26 (vt, aryl-C, Japp = 2.4 Hz),
137.45 (aryl-C), 137.90 (aryl-C), 144.83 (vt, aryl-C, Japp = 6.6 Hz),
166.23 (vt, aryl-C, Japp = 5.5 Hz). 31P{1H} NMR (162 MHz): δ 18.80
(d, PMe3,

1JRh−P = 137.9 Hz). UV−vis (C6H6) λmax/nm (ε/M−1

cm−1): 321 (17,600), 396 (2,970), 587 (10,300). MS (ESI+) m/z:
677.0 (M+), 678.0 (MH+).

[ONO]Rh(PMe2Ph)2, 2b. Blue/black crystalline solid from satu-
rated pentane at −35 °C, 57%. Anal. Calcd. (Found) for
C44H62NO2P2Rh (%): C, 65.91 (66.19); H, 7.79 (8.17); N, 1.75
(1.89). 1H NMR (500 MHz): δ 1.10 (vt, P−CH3, Japp = 6.0 Hz, 12H),
1.63 (s, CH3, 18), 1.86 (s, CH3, 18H), 6.92−6.99 (m, aryl-H, 6H),
7.17−7.19 (m, aryl-H, 4H), 7.56 (d, aryl-H, J = 1.5 Hz, 2H), 8.63 (s,
aryl-H, 2H). 13C{1H} NMR (125 MHz): δ 14.35 (vt, P-CH3, Japp =
14.1 Hz), 30.62 (CH3), 32.57 (CH3), 34.89 (CCH3), 35.78 (CCH3),
112.38 (aryl-C), 116.96 (aryl-C), 129.67 (aryl-C), 130.32 (vt, aryl-C,
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Japp = 4.6 Hz), 136.2−136.6 (vm, aryl-C), 137.76 (aryl-C), 138.45
(aryl-C), 144.97 (vt, aryl-C, Japp = 7.1 Hz), 166.59 (vt, aryl-C, Japp = 5.6
Hz). 31P{1H} NMR (162 MHz): δ 24.44 (d, PMe2Ph,

1JRh−P = 137.7
Hz). UV−vis (C6H6) λmax/nm (ε/M−1 cm−1): 323 (19,400), 416
(3,080), 625 (12,300). MS (ESI+) m/z: 800.9 (M+), 802.0 (MH+).
[ONO]Rh(PMePh2)2, 2c. Teal, amorphous powder from saturated

pentane at −35 °C, 88%. Anal. Calcd. (Found) for C54H66NO2P2Rh
(%): C, 70.04 (69.80); H, 7.18 (7.33); N, 1.51 (1.50). 1H NMR (500
MHz): δ 1.57 (s, CH3, 18H), 1.62 (s, br, P−CH3, 6H), 1.76 (s, CH3,
18H), 6.83−6.89 (m, aryl-H, 12H), 7.27 (m, br, aryl-H, 8H), 7.53 (s,
aryl-H, 2H), 8.37 (s, aryl-H, 2H). 13C{1H} NMR (125 MHz): δ 12.56
(P-CH3), 30.80 (CH3), 32.50 (CH3), 34.70 (CCH3), 35.67 (CCH3),
113.42 (aryl-C), 118.09 (aryl-C), 129.72 (aryl-C), 132.27 (aryl-C),
133.92 (vt, aryl-C, Japp = 5.6 Hz), 135.13 (vt, aryl-C, Japp = 21.0 Hz),
137.62 (aryl-C), 138.77 (aryl-C), 145.39 (aryl-C), 167.86 (aryl-C).
31P{1H} NMR (162 MHz): δ 38.35 (d, PMePh2,

1JRh−P = 137.7 Hz).
UV−vis (C6H6) λmax/nm (ε/M−1 cm−1): 319 (18,100), 626 (11,000).
MS (ESI+) m/z: 924.9 (M+), 925.9 (MH+).
[ONO]Rh(PPh3)2, 2d. Blue/black, microcrystalline hairs of the

hemietherate isolated in several crops by layering a saturated Et2O
solution under pentane at −35 °C, 85%. Anal. Calcd. (Found) for
C64H70NO2P2Rh·1/2(C4H10O) (%): C, 72.92 (71.33); H, 6.95 (6.76);
N, 1.29 (1.15). 1H NMR (500 MHz): δ 1.11 (t, Et2O−CH3, J = 7.0
Hz, 3H), 1.53 (s, CH3, 36 H), 3.26 (q, Et2O−CH2, J = 7.0 Hz, 2H),
6.81 (t, aryl-H, J = 7.5 Hz, 12H), 6.89 (t, aryl-H, J = 7.5 Hz, 6H), 7.36
(q, aryl-H, J = 7.0 Hz, 12H), 7.51 (d, aryl-H, J = 2.0 Hz, 2H), 8.55 (d,
aryl-H, J = 2.0 Hz, 2H). 13C{1H} NMR (125 MHz,): δ 15.58 (Et2O-
CH3), 30.95 (CH3), 32.34 (CH3), 34.74 (CCH3), 35.49 (CCH3),
65.90 (Et2O-CH2), 114.13 (aryl-C), 119.80 (vt, aryl-C, Japp = 4.6 Hz),
128.09 (aryl-C), 129.70 (aryl-C), 134.04 (vt, aryl-C, Japp = 20.3 Hz),
134.76 (vt, aryl-C, Japp = 4.8 Hz), 137.66 (aryl-C), 139.69 (vt, aryl-C,
Japp = 4.5 Hz), 146.67 (aryl-C), 168.98 (vd, aryl-C, Japp = 7.0 Hz).
31P{1H} NMR (162 MHz): δ 57.47 (d, PPh3,

1JRh−P = 139.2 Hz).
UV−vis (C6H6) λmax/nm (ε/M−1 cm−1): 315 (18,100), 446 (4,600),
639 (11,800). MS (ESI+) m/z: 1049.0 (M+), 1050.0 (MH+).
Comproportionation of 2a and 2b. Recrystallized 2a (4.8 mg,

0.0071 mmol) and 2b (5.6 mg, 0.0070 mmol) were dissolved in 0.75
mL of C6D6 and transferred to an NMR tube. NMR analysis indicated
the presence of minor amounts of 2a and 2b with the primary product
being [ONO]Rh(PMe3)(PMe2Ph), the characteristic peaks of which
are listed below. 1H NMR (400 MHz): δ 0.53 (d, P−CH3, Japp = 12.8
Hz, 9H), 1.47 (d, P−CH3, J = 10.4 Hz, 6H), 1.62 (s, CH3, 18H), 1.85
(s, CH3, 18H), 7.05−7.10 (m, arom. H, 2H), 7.53 (s, arom. H, 2H),
7.77−7.81 (m, arom. H, 2H), 8.74 (s, arom. H, 2H). 31P{1H} NMR

(162 MHz): δ 13.70 (dd, PMe3,
1JRh−P = 119.4 Hz, 3JP−P = 65.3 Hz),

29.66 (dd, PMe2Ph,
1JRh−P = 155.8 Hz, 3JP−P = 65.3 Hz). MS (ESI+)

m/z: 739.20 (M+).
Electrochemical Methods. Electrochemical experiments were

performed on a Gamry Series G 300 Potentiostat/Galvanostat/ZRA
(Gamry Instruments, Warminster, PA, U.S.A.) using a 3.0 mm glassy
carbon working electrode, a platinum wire auxiliary electrode, and a
silver wire reference electrode. Electrochemical experiments were
performed at ambient temperature (20−24 °C), in a nitrogen-filled
glovebox. Tetrabutylammonium hexafluorophosphate (Acros) was
recrystallized from ethanol three times and dried under vacuum before
use. Commercially available [CoCp2][PF6] was dried under vacuum
for 1 day before use. Analyte concentrations were 1.0 mM in THF
with 0.10 M [NBu4][PF6] as the supporting electrolyte. All potentials
are referenced to [Cp2Fe]

+/0, using [Cp2Co][PF6] as an internal
standard (−1.34 V vs [Cp2Fe]

+/0).47

X-ray Diffraction. X-ray diffraction data were collected on crystals
mounted on glass fibers using a Bruker CCD platform diffractometer
equipped with a CCD detector. Measurements were carried out using
Mo Kα (λ = 0.71073 Å) radiation, which was wavelength selected with
a single-crystal graphite monochromator. A full sphere of data was
collected for each crystal structure. The APEX2 program package was
used to determine unit-cell parameters and to collect data.48 The raw
frame data were processed sing SAINT49 and SADABS50 to yield the
reflection data files. Subsequent calculations were carried out using the
SHELXTL51 program suite. Structures were solved by direct methods
and refined on F2 by full-matrix least-squares techniques to con-
vergence. Analytical scattering factors for neutral atoms were used
throughout the analyses.52 Hydrogen atoms, though visible in the
difference Fourier map, were generated at calculated positions and
their positions refined using the standard riding models. ORTEP dia-
grams were generated using ORTEP-3 for Windows,53 and all thermal
ellipsoids are drawn at the 50% probability level. Diffraction collection
and refinement data are shown in Table 1.

Titrations. Stock solutions of [ONO]Rh(PR3)2 were prepared by
dissolving a known mass of the complex accurate to 0.1 mg in benzene
in a volumetric flask. A 0.10 M stock solution of PMe3 in toluene was
prepared by diluting 1.00 mL of commercially available 1.0 M PMe3
solution in toluene to 10 mL with toluene in a volumetric flask. These
stock solutions were stored at −35° when not in use. Titrations were
conducted by two different methods, yielding the analogous results.

Method 1. Appropriate aliquots of the [ONO]Rh(PR3)2 and PR3

stock solutions were added to a series of 5 or 10 mL volumentric flasks
to generate solutions that were 40−50 μM in metal complex and with

Table 1. X-ray Data Collection and Refinement Parameters for [ONOcat]Rh(py)3 (1) and [ONO]Rh(PMe3)2 (2a)

[ONOcat]Rh(py)3·4 THF·1/2 C5H12 (1·4 THF·1/2 C5H12) [ONO]Rh(PMe3)2·1/2 C5H12 (2a·1/2 C5H12)

empirical formula C104.5H148N8O8Rh2 C36.5H64NO2P2Rh
formula weight 1850.13 713.74
crystal system orthorhombic monoclinic
space group Pbca P21/c
T, K 83(2) 143(2)
a, Å 22.4517(10) 13.8702(12)
b, Å 28.7074(12) 23.903(2)
c, Å 31.8954(14) 13.4550(12)
α 90° 90°
β 90° 118.0260(10)°
γ 90° 90°
V, Å3 20557.5(15) 3937.7(6)
Z 8 4
reflections collected 217984 42307
data/restraints/parameters 21056/20/1102 8074/0/419
R1 [I > 2σ(I)]a 0.0475 0.0450
wR2 (all data)a 0.1322 0.0830
GOFa 1.042 1.020

aR1 = ∑||Fo| − |Fc||/∑|Fo|; wR2 = [∑w(Fo
2 − Fc

2)2/∑w(Fo
2)2]1/2; GOF = [∑w(|Fo| − |Fc|)

2/(n − m)]1/2.
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the desired concentration of free phosphine upon dilution to the
volume mark. The samples were allowed to equilibrate for at least 30
min before acquisition of the UV−vis spectra.
Method 2. A 50 mL solution of [ONO]Rh(PR3)2 in benzene was

made in a 50 mL volumetric flask and transferred to an Erlenmeyer
flask. Successive 5 mL aliquots of this solution were removed after
each addition of PR3. Samples for both titration methods were allowed
to equilibrate at least 30 min before measurement, although color
change was immediate upon addition of PR3. Titrations were repeated
three times to verify reproducibility.
Titration Data Treatment. Spectrophotometric titration data

were analyzed using the program Hyperquad200354,55 utilizing non-
linear least-squares regression to determine formation constants. The
absorption spectrum of the starting {[ONO]Rh} complex was deter-
mined by the absorption spectrum of the first sample in the titration,
to which no titrant was added. Wavelengths between 290−750 nm
were typically used for data refinement.
Density Functional Theory Calculations. All calculations were

performed using the TURBOMOLE program package.56 The
geometric and electronic structures were optimized without symmetry
constraints using the B3LYP functional57−60 and a polarized triple-ζ
basis set (TZVP).61 All molecules were treated in the gas phase without
accounting for solvent. The energy was converged to 10−7 Hartree.
Natural population analyses62 and plots were also obtained at the B3LYP/
TZVP level; the contour values were 0.045 for the molecular orbital plots.

■ RESULTS

[ONOq]K Synthesis and Metalation. To leverage the
wealth of available rhodium(I) starting materials, a reliable
[ONOq]− synthon was targeted. The proteo species [ONOq]H
has been reported by the condensation of 3,5-di-tert-butyl-o-
quinone and 2-hydroxy-3,5-di-tert-butylaniline,18 but in our
hands this reaction was unreliable and typically gave cyclized
products.63 The Zn[ONOq]2 complex has also been used as a
source for the [ONOq]− ligand,26 but to avoid reliance on me-
tathesis of a tridentate ligand, a scalable synthesis of the potassium
salt [ONOq]K was developed. According to eq 1, deprotonation
of [ONOcat]H3 with KH followed by two-electron oxidation with
PhI(OAc)2, yielded [ONOq]K in yields of greater than 90%.
Three equivalents of KH are added at the beginning of the
reaction; however, removal of the third, nitrogen-bound proton
does not seem to occur until addition of the oxidant in the second
step. The [ONOq]K salt is purple/black, significantly soluble in
most organic solvents, and stable under a nitrogen atmosphere at
room temperature. While nBuLi could be substituted for KH in
the above synthesis, the resultant [ONOq]Li salt exhibits a much
broader 1H NMR signal than the potassium salt, making purity
more difficult to verify. While [ONOcat]H3 is colorless, the absorp-
tion spectrum of [ONOq]K is characterized by a strong, broad
band at 810 nm (Figure 1). This feature is very similar to those
reported for purple [ONOq]H as well as for M[ONOq]2 com-
plexes of transition metal and main group elements.20

Successful transmetalation of [ONOq]K with rhodium(I) start-
ing materials required the inclusion of neutral donor ligands to
saturate the rhodium coordination sphere in the product. As
shown in Scheme 2, the reaction of 2 equiv of [ONOq]K with
[(cod)Rh(μ-Cl)]2 in the presence of pyridine resulted in
quantitative formation of [ONOcat]Rh(py)3 (1) as a brown
solid. Reactions using monodentate phosphine ligands afforded
the blue-green phosphine adducts [ONO]Rh(PR3)2 (PR3 =

PMe3, 2a; PR3 = PMe2Ph, 2b; PR3 = PMePh2, 2c; PR3 = PPh3,
2d) in quantitative yields.

Crystallographic Characterization. To identify the
rhodium coordination environment in complexes 1 and 2,
single-crystal X-ray diffraction studies were performed. With
the exception of 2c, all rhodium complexes could be isolated as
crystalline solids; however, the crystals typically suffered from
rapid desolvation, allowing only 1 and 2a to be structurally
characterized by single-crystal X-ray diffraction. Selected
metrical parameters for 1 and 2a are listed in Table 2, and
the structures of the rhodium complexes are illustrated in
Figure 2. In both structures the [ONO] ligand is coordinated in
the expected meridional fashion. The [ONO]−Rh metal−
ligand bond lengths are similar in the two structures, and these
distances are consistent with Rh−O/N bond lengths reported
for rhodium(III) complexes with polydentate ligands.64−66

The crystal structures in Figure 2 illustrate two different
coordination geometries: 1 adopts a six-coordinate octahedral
geometry while 2a adopts a distorted square-pyramidal geometry.
The rhodium coordination environment and Rh−N(py) bond
distances in 1 are similar to those in mer-RhCl3(py)3,

67 with the
largest deviations from regular octahedral geometry deriving from
the acute (84°) bite angles inherent to the [ONO] ligand. In the
case of 2a, a more relaxed geometry about the metal center is
observed. The rhodium in 2a sits 0.28 Å above the mean-squared

Figure 1. UV−vis absorption spectra of [ONOcat]H3 and [ONOq]K
acquired in C6H6 at 298 K.

Scheme 2
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plane defined by the coordinating atoms of the basal plane.
Complex 2a manifests a short Rh−P bond for the apical

phosphine ligand relative to the Rh−P bond for the phosphine
in the basal plane. The Rh−P bonds in 2a are generally shorter

Table 2. Selected Crystallographic/Computational Bond Distances (Å) for [ONOcat]Rh(py)3 (1), [ONO]Rh(PMe3)2 (2a),
[ONO]Rh(PPh3)2 (2d), and [ONOcat]Rh(PMe3)3 (3a)

aCrystals of 1 had two crystallographically unique but structurally similar molecules in the asymmetric unit. The bond distances shown here are for
one molecule; the second molecule shows similar distances, see Supporting Information. bRh(1)−L = Rh−N(py). cRh(1)−L = Rh−PR3.

Figure 2. ORTEP diagrams of (a) [ONOcat]Rh(py)3 (1) and (b) [ONO]Rh(PMe3)2 (2a). Hydrogen atoms, solvent molecules, disorder, and a
crystallographically unique but structurally analogous molecule of 1 have been omitted for clarity.
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than those in octahedral RhIII complexes containing PMe3
ligands,68−70 but longer than the RhI−P bonds in the square
planar complex (PEt3)3Rh[O-(p-tolyl)].

71

Intraligand distances within the [ONO] platform are often
used as a diagnostic tool for determining the ligand oxidation
state since the π bond order differs slightly for each of the
ligand oxidation states shown in Scheme 1. Both 1 and 2a
exhibited C−O and C−N bond distances 0.03−0.10 Å longer
than in the previously characterized M[ONOq]2 complexes
(M = Zn, Ni, Pb) in which the [ONO] platform is fully
oxidized,21−23 and are more consistent with bond distances in
formally reduced {[ONOcat]MV} complexes.18,28,29 The C(1)−
C(2) and C(15)−C(16) bonds are often the longest aryl C−C
bonds in [ONO] complexes regardless of coordinated metal
and ligand oxidation state;21,22,29 in both 1 and 2a these bonds
measure 1.42−1.44 Å, intermediate between C−C bonds in
fully reduced aryl rings and nonaromatic sp2−sp2 carbon
atoms.72 The other aryl C−C bond distances in 1 and 2a fall in
a narrow range of 1.38−1.40 Å, which is more consistent with
the [ONOcat]3− ligand oxidation state than the oxidized
[ONOsq•]2− or [ONOq]− forms.21,22

NMR Spectroscopy. The NMR spectrum of 1 is
consistent with the solid-state structure described above.
Complex 1 exhibited a symmetric [ONO] ligand environ-
ment with two aromatic and two tert-butyl resonances in the
1H NMR spectrum. The 1H NMR spectrum of 1 shows two
unique pyridine ligands in a 2:1 ratio, consistent with the
inequivalent pyridine environments in the X-ray structure.
The protons of the pyridine trans to the [ONO] nitrogen are
shifted downfield compared to the pyridine molecules cis to
the [ONO] nitrogen. The pyridine resonances for 1 did not
coalesce upon heating to 60 °C; however, the addition of
excess d5-pyridine to the NMR sample resulted in the
immediate (τ < 30 s) loss of the resonances for coordinated
pyridine and the appearance of the resonances associated
with 3 equiv of free h5-pyridine. Attempts to use selective
inversion-pulse NMR experiments showed that the pyridine
exchange rate is slower at 298 K than the relaxation time of
the pyridine protons (about 1 s), precluding exact measure-
ment of the pyridine exchange rate.
In contrast to 1, the 1H NMR spectra of 2a−d indicate a

fluxional coordination environment on the NMR time scale.
The [ONO] ligands of 2a−d are symmetric by 1H NMR
spectroscopy showing two aryl and two tert-butyl resonances
in all cases except 2d, for which there is coincidental overlap
of the [ONO] tert-butyl resonances. The 1H NMR spectra of
2a−d also show equivalent phosphine environments even
upon cooling the samples to −90 °C. These features suggest
a C2v molecular geometry on the NMR time scale, which can
be explained by fast exchange between apical and basal
phosphine positions in solution. Accordingly, the 31P{1H}
NMR spectra of 2a−d all showed a single doublet resonance
with a P−Rh coupling constant of about 138 Hz that was not
affected by temperature. The 31P{1H} resonances for 2a−d
are shifted to higher frequency than those in square-planar
(PR3)3Rh

I(OAr) complexes, suggesting a more electron-
poor rhodium center.71,73,74 Across the series 2a−d, the
31P{1H} resonance shifts downfield with the increasing
number of electron-withdrawing aryl substituents on the
phosphorus atom.
The addition of excess phosphine to solutions of 2a or 2b

resulted in changes to the NMR spectra that are indicative of
the formation of six-coordinate phosphine adducts [ONOcat]-

Rh(PR3)3 (PR3 = PMe3, 3a; PR3 = PMe2Ph, 3b). The
1H NMR

spectrum of 2a in toluene-d8 in the presence of excess PMe3
showed an upfield shift of the aryl [ONO] resonances,
bringing them to within 0.2 ppm of those observed for 1. At
298 K, the 1H NMR spectrum of 2a plus added phosphine
showed a single PMe3 resonance, indicating rapid exchange
of free and coordinated phosphine; however, cooling the
sample to 228 K slowed the exchange process so separate 1H
NMR resonances could be resolved, indicating the presence
of two different coordinated phosphine ligands as well as free
PMe3. A similar phenomenon was observed in the 31P{1H}
NMR spectra of 2a and added PMe3. At 298 K the
phosphorus resonances for 2a and added PMe3 in toluene-
d8 are broadened into the baseline, but at 213 K, sharp
signals for free PMe3 and two different rhodium-bound
phosphine ligand environments were resolved. Both
coordinated phosphine ligands showed Rh−P and P−P
couplings with a doublet of doublets signal at −10.34 ppm
corresponding to two PMe3 ligands cis to the [ONO]
nitrogen and a doublet of triplets signal at 4.29 ppm
corresponding to a single PMe3 ligand trans to the [ONO]
nitrogen. This NMR data is indicative of the formation of
[ONOcat]Rh(PMe3)3 (3a) from association of a third PMe3
ligand to the rhodium center in 2a. Rhodium phosphine
complex 2b behaved similarly to 2a: addition of excess PMe2Ph
to 2a afforded [ONOcat]Rh(PMe2Ph)3 (3b). Derivatives 2c and
2d showed no NMR evidence for the formation of six-coordinate
adducts upon addition of excess PMePh2 and PPh3, respectively.

Electronic Spectroscopy. The UV−visible spectra for 1
and 2a−d showed distinctly different electronic structures for
the six-coordinate pyridine adduct and the five-coordinate
phosphine adducts. Figure 3 shows the electronic absorption

spectra of 1 and 2a−d collected at 298 K in benzene. The
spectrum of 1 is dominated by a strong absorption band in
the near-UV region at 380 nm along with a relatively weak,
broad feature in the visible range. In comparison, the UV
transitions in 2a−d are blue-shifted by 60 nm compared to
the UV transition in 1, and a broad, intense, visible-region
absorption band dominates the spectra between 530 and 630
nm. These visible absorption bands are responsible for the
blue-green colors of 2a−d, and are blue-shifted significantly
from the ligand-based π→π* transition of [ONOq]K
discussed above.15,20,22 Spectral features in the near-IR

Figure 3. UV−vis absorption spectra of [ONOcat]Rh(py)3 (1),
[ONO]Rh(PMe3)2 (2a), [ONO]Rh(PMe2Ph)2 (2b), [ONO]Rh-
(PMePh2)2 (2c), and [ONO]Rh(PPh3)2 (2d), acquired in C6H6 at
298 K.
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portion of the UV−vis spectrum (λmax > 900) are often
observed in metal complexes containing the semiquinonate
form of the ligand, [ONOsq]2−, but were not observed in the
spectra of 1 or 2a−d.16,21,22 The broad visible transitions in
2a−d are similar to the metal-to-ligand charge-transfer
(MLCT) transitions observed in rhodium complexes
containing π-acceptor ligands such as bipyridine, phenan-
throline, and other α-diimines,42,66,75,76 in which the charge
transfer character stems from interactions between filled
metal d orbitals and antibonding ligand π* orbitals.
Phosphine Binding Studies. The conversion of 2a and

2b to 3a and 3b, respectively, by the addition of phosphine is
readily evident in the electronic absorption spectra of these
complexes, providing a reliable method for studying the
thermodynamics associated with coordination of the third
phosphine ligand. The addition of excess PMe3 to 2a or
PMe2Ph to 2b resulted in color changes from blue to brown/
black. The brown/black color of 3a and 3b reverted to the
blue color of 2a and 2b, respectively, upon dilution.
Similarly, concentrating solutions of 3a under vacuum
resulted in reversion to the blue color of 2a, attributable to
the removal of volatile PMe3. These results indicated
coordination of a third phosphine ligand to 2a and 2b is
reversible and concentration dependent. In the case of 2c
and 2d, the addition of excess PMePh2 and PPh3,
respectively, to solutions of the complexes did not result in
an observable color change, consistent with the 1H NMR
behavior reported above.
Equilibrium binding constants for the addition of phosphine

to 2a and 2b were obtained from spectrophotometric titrations.
As shown in Figure 4a, the addition of PMe3 to a benzene
solution of 2a resulted in bleaching of the absorption bands at

321 and 587 nm with concomitant growth of a band at 393 nm.
At concentrations of 40−50 μM of 2a in benzene,
approximately 160 equiv of PMe3 were required to drive the
formation of 3a to completion. Similar results were obtained
for titrations of 2b with PMe2Ph as shown in Figure 4b, though
solutions with a concentration of 40−50 μM in 2b required
approximately 1600 equiv of PMe2Ph to reach the end point.
Analysis of the spectral data shown in Figure 4 using
Hyperquad200354,55 gave log Keq = 3.77(3) for the addi-
tion of PMe3 to 2a (ΔG298K = −5.14(4) kcal mol−1) and log
Keq = 2.01(2) for the addition of PMe2Ph to 2b (ΔG298K =
−2.74(2) kcal mol−1).
Deconvolution of the end-point spectra for the titrations of

2a and 2b with phosphine using Hyperquad200354,55 provided
calculated electronic absorption spectra for the tris(phosphine)
adducts 3a and 3b. Figure 5 shows the calculated absorption

spectra for 3a and 3b, which are strikingly similar to the
absorption spectrum of 1. Specifically, they exhibit a weak,
broad absorbance across most of the visible region, a strong UV
absorbance at about 390 nm, which is only 10 nm red-shifted
from the similar feature in 1. The similarity between the absorp-
tion spectra of 1, 3a, and 3b and the strong differences between
the spectra for these complexes and the spectra for 2a−d indicates
that the electronic structure of these [ONO]Rh complexes is very
sensitive to the number of ligands coordinated to the metal center,
though not necessarily to the type of ligand coordinated to the
metal center.

Ligand Displacement Studies. The relative energies of
pyridine adduct 1 and phosphine adducts 2a−d were probed
by titration experiments. The conversion of solutions of
[ONOcat]Rh(py)3 (1) to solutions of [ONO]Rh(PPh3)2
(2d) could be effected by the addition of PPh3. Similar
conversions were observed for the other phosphines. To
avoid the complications associated with a second equilibrium
between the bis- and tris(phosphine) derivatives, only the
conversion between 1 and 2d was studied in detail since
there is no evidence for the formation of a [ONOcat]Rh-
(PPh3)3 complex. Addition of at least 2 equiv of PPh3 to a
brown sample of 1 in C6D6 resulted in a blue/green solution
whose 1H NMR spectrum was consistent with 2d and free
pyridine. When [ONOcat]Rh(py)3 (1) was titrated with PPh3
using short equilibration times (2−4 h), a green solution was
obtained for the addition of up to 1 equiv of phosphine.

Figure 4. UV−visible absorption spectra for the titrations of (a)
[ONO]Rh(PMe3)2 (2a) with 160 equiv of PMe3 and (b) [ONO]-
Rh(PMe2Ph)2 (2b) with 1,600 equiv of PMe2Ph. Titrations were
conducted in C6H6 at 298 K.

Figure 5. Comparison of the UV−vis absorption spectrum of
[ONOcat]Rh(py)3 (1) with the calculated spectra for [ONOcat]Rh-
(PMe3)3 (3a) and [ONOcat]Rh(PMe2Ph)3 (3b). Spectra are in C6H6
at 298 K.
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As the amount of phosphine increased above 1 equiv, the
solution color became bluer. Figure 6a shows this result

spectrophotometrically: for samples with up to 1 equiv of
phosphine an absorption band grows in at 665 nm, but as the
amount of phosphine increases above 1 equiv, this band
blue-shifts to 640 nm. This result suggests the formation of
an intermediate species, presumably [ONO]Rh(py)(PPh3)
(eq 2), which then converts to 2d upon addition of more
PPh3 (eq 3).
The putative, green, phosphine-pyridine intermediate,

[ONO]Rh(py)(PPh3), is only metastable and dispropor-
tionates to 1 and 2d at longer equilibration times. Figure 6b
shows the UV−vis absorption spectra for a titration of
[ONOcat]Rh(py)3 (1) with PPh3 using a long equilibration
time for each sample (24 h). No intermediate green species is
observed when employing a long equilibration time, indicating
that the putative [ONO]Rh(py)(PPh3) intermediate dispropor-
tionates to 1 and 2d in the presence of pyridine (eq 4). To
observe the intermediate species evident in Figure 6a, the

disproportionation of eq 4 must be slow relative to the ligand
displacement reactions of eq 2 and 3.

The ligand exchange reactions of eqs 2 and 3 are reversible as
the triphenylphosphine ligands of 2d could be replaced by
pyridine to afford 1, provided a large excess of pyridine is
employed. The addition of excess pyridine-d5 (ca. 5000 equiv)
to a solution of 2d in C6D6 gave a 1H NMR spectrum
consistent with the formation of 1 and liberated PPh3. When
this reaction was carried out as a spectrophotometric titration
(low concentrations are required for phosphine dissociation to
go to completion), the UV−vis spectra shown in Figure 6c
were obtained, showing clean conversion of 2d to 1 with no
evidence of a long-lived intermediate. An overall equilibrium
constant, Kdisp = 4.6(7) × 10−4, was extracted from the plot in
Figure 6c corresponding to a free energy change ΔG298 = 4.55
± 0.10 kcal mol−1 for eq 5.

Phosphine Exchange Studies. In addition to the
association of phosphine ligands to five-coordinate complexes
2a and 2b, these complexes undergo a pseudo self-exchange or
comproportionation of the coordinated phosphine ligands.
Complexes 2a and 2b in C6D6 solution at room temperature
reacted to afford the mixed phosphine complex [ONO]Rh-
(PMe3)(PMe2Ph) (4). Complex 4 was identified by a new set
of [ONO] ligand resonances in the 1H NMR spectrum along
with two new phosphine resonances in the 31P{1H} NMR
spectrum (see Supporting Information). ESI mass spectrometry
confirmed the formation of 4 with the parent ion (M+) peak
observed at 739.2 amu. The formation of 4 is an equilibrium
exchange process that proceeds without an observable color
change, but that can be monitored by 31P{1H} NMR
spectroscopy. By NMR integration measurement, the
equilibrium constant (Kcom) at 298 K for eq 6 was determined
to be 12.5(3), corresponding to a free energy change of −1.50(2)
kcal mol−1.

Electrochemistry. Cyclic voltammetric measurements were
conducted on 1 and 2a−d to probe their redox behavior. Figure 7
shows the CV traces for each complex; redox potentials are
summarized in Table 3. All potentials are referenced to the
[Cp2Fe]

+/0 couple. The CVs of 2a−d were insensitive to the
presence of excess phosphine ligand. Each complex shows two
reversible, one-electron oxidation processes. The first oxidation
process is strongly dependent on the nature of the ancillary
ligand. The first oxidation of tris(pyridine) complex 1,
{[ONO]Rh(py)3}

+/0, is observed at −0.91 V whereas the first
oxidation of bis(triphenylphosphine) complex 2d is shifted 640
mV more positive to −0.27 V. The first oxidation events for
2a−c fall in the region −0.60 to −0.69 V, approximately

Figure 6. UV−visible absorption spectra for the titration of (a) 1 (ca.
50 μM) with PPh3 (∼2 equiv at end point) using a 2 h equilibration
time, (b) 1 (ca. 50 μM) with PPh3 (∼2 equiv at end point) using a 4
day equilibration time, and (c) 2d (ca. 50 μM) with pyridine (∼2300
equiv at end point) using a 36 h equilibration time. All titrations were
carried out in benzene at 298 K.
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halfway between those of 1 and 2d. The second oxidation
process, {[ONO]RhLn}

2+/+ is insensitive both to the rhodium
coordination geometry and to the ancillary ligands with the
potentials for 1 and 2a−d falling in the narrow window +0.07
to +0.19 V. Reduction of 1 and 2a−d occurred in an
irreversible two-electron process (as determined by peak
integration) that again was dependent on the ancillary ligand.
Triphenylphosphine derivative 2d was reduced most easily at
−2.11 V while tris(pyridine) complex 1 required −2.87 V to
drive the reduction. As with the first oxidation potential, the
reduction potentials of complexes 2a−c fell in between those
for 1 and 2d. The two-electron reductions of 1 and 2a−c
appear completely irreversible at 200 mV sec−1, and while the
reduction of 2d appears to be at least partially reversible, the
ipc/ipa ratio for this reduction was found to be independent of
scan rate, indicating a partially irreversible process.

DFT Calculations. The electronic structural properties of 1,
2a, 2d, and 3a were examined by DFT computations.
Calculations were carried out without symmetry constraints
at the B3LYP/TZVP level of theory. For complexes 1 and 2a,
the coordinates from the single-crystal X-ray diffraction
structures were used as a starting point for the geometry
optimizations. The starting structure for the optimization of
[ONOcat]Rh(PMe3)3 (3a) was generated by replacing the three
pyridine ligands of 1 with three PMe3 ligands. The ground state
solution for all four complexes proved to be the closed-shell
singlet state (S = 0), consistent with the diamagnetic character
of 1, 2a, 2d, and 3a. Attempts to locate an open-shell singlet
(i.e., a broken-symmetry singlet) resulted in collapse of the
calculation to the closed-shell solution. The triplet (S = 1 spin
system) energies for 1, 2a, and 3a were found to lie several kcal
mol−1 above the S = 0 state. The optimized geometries of both
1 and 2a were similar to the crystal structures, and pertinent
bond distances are listed in Table 2. The largest discrepancies
in the bond lengths between crystallographic and calculated
structures is the 0.06 Å difference in the Rh(1)−P(2) distance,
but most bonds varied by less than 0.03 Å. The structure of 3a
minimized to a distorted octahedral coordination geometry
similar to that of 1; selected bond distances for this solution
are shown in Table 2. The calculated structure of 2d minimized
to a coordination geometry of a slightly distorted trigonal
bipyramid (see Supporting Information). This assignment is
borne out by the calculated equatorial bond angles in the
calculated structure of 2d, in which NONO−Rh−P angles are
138° and 119°, with a P−Rh−P angle of 103°; in comparison,
measured NONO−Rh−P angles in 2a were 155° and 106° with a
P−Rh−P bond angle of 96°. The relaxation of 2d toward
trigonal bipyramidal geometry presumably is driven by the
increased steric bulk of the PPh3 ligands. Notably, the aryl C−C
bond distances within the [ONO] ligands (excepting C(1)−
C(2) and C(15)−C(16)) of 1, 2a, 2d, and 3a, were all cal-
culated to be 1.40 ± 0.02 Å, strongly indicative of a [ONOcat]3−

oxidation state of the redox-active ligand across all four
complexes.
An analysis of the frontier molecular orbitals of 1, 2a, and 3a

provide insight into the electronic differences between the five-
and six-coordinate [ONO]RhLn complexes. Figure 8 shows
calculated frontier molecular orbital diagrams for each complex.
Orbitals of principally d character are labeled accordingly, with
the [ONO] ligand oriented in the xy plane. The relative orbital
energies and overall appearance of the frontier molecular
orbitals in 1 and 3a are similar, and follow the expected pattern
for a d6 octahedral complex. The highest occupied molecular
orbital (HOMO) and HOMO−1 correspond to the Rh(dyz)−
NONO(pz) and Rh(dxz)−OONO(pz) π* orbitals, respectively, and
are localized mainly on the [ONO] ligand. The t2g-like metal
orbitals dxy, dxz, and dyz are lower in energy and filled. As
expected for an octahedral complex, the metal dz2 and dx2−y2
orbitals are σ-antibonding with respect to the ligand set. In the
case of 3a the dz2 orbital is the LUMO of the complex and the
dx2−y2 is the LUMO+1. In the case of 1, the π* orbitals of the
pyridine ligands fall below the metal dz2 and dx2−y2 orbitals;
however, the metal orbitals maintain the same energy ordering
as in 3a.
The relative energies and appearance of the frontier orbitals

in 2a (Figure 8) and 2d (see Supporting Information) are
significantly different from the orbitals of 1 and 3a. Notably, the
HOMO and lowest unoccupied molecular orbital (LUMO) of
2a both contain significant rhodium dz2 character. The distorted

Figure 7. Cyclic voltammograms of 1 and 2a−2d. Spectra were
recorded at 1 mM analyte concentration in 0.1 M [NBu4][PF6] in dry,
degassed THF under a nitrogen atmosphere using a 3 mm glassy
carbon working electrode, Pt counter electrode, and silver wire
reference electrode, at 300 K with a 200 mV/s scan rate.

Table 3. Reduction Potentials vs. [FeCp2]
+/0 of [ONO]RhLn

Complexesa

E°′/V vs [Cp2Fe]
1+/0

{[ONO]RhLn}
2+/1+ {[ONO]RhLn}

1+/0 {[ONO]RhLn}
0/2−

1 0.12(1) [0.98] −0.91(1) [1.03] −2.87(2)b

2a 0.10(1) [1.01] −0.69(1) [1.06] −2.40(3)b

2b 0.10(1) [1.01] −0.60(1) [1.03] −2.32(4)b

2c 0.07(3) [1.02] −0.61(3) [1.09] −2.34(3)b

2d 0.19(2) [1.06]c −0.27(1) [1.06] −2.11(3)b [1.90]c

aConditions are detailed in Figure 7. Bracketed values are ipa/ipc ratios at
200 mV sec−1. bIrreversible, 2e− process (Epc).

cipc/ipa at 200 mV sec−1.
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square pyramidal geometry of 2a places the rhodium atom 0.28
Å above the mean-squared plane defined by the coordinating
atoms of the [ONO] ligand and P(1). Because of this dis-
tortion, the rhodium dz2 has a nonzero overlap with the highest-
energy filled π orbital of the [ONO] ligand, creating a filled
Rh−N π orbital and an empty Rh−N π* orbital. A similar π
bonding interaction exists in 2d, with the caveat that the
d-orbital hybridization changes slightly owing to the change
between square-pyramidal and trigonal bipyramidal geometries.
Natural population analysis was performed on the calculated

structures of 2a, 2d, and 3a to better quantify the localization of
the HOMO and LUMO in these representative structures. The
results of these calculations are listed in Table 4, with a more

detailed table in the Supporting Information. As the molecular
orbitals in Figure 8 suggest, 90% of the HOMO of the octahedral
3a resides on the [ONO] ligand, with only 3% rhodium character
in the HOMO, supporting a formal [ONOcat]RhIIIL3 electronic
configuration. In 2a and 2d, however, the [ONO] contribution to
the HOMO decreases to approximately 60% with the rhodium
contribution to the HOMO increasing to 27%, indicating a more
reduced rhodium metal center in 2a and 2d compared to 3a.

■ DISCUSSION

Electronic Structure. Both the [ONO] ligand and
rhodium metal can exist in multiple oxidation states, allowing
for three plausible electron distributions for [ONO]Rh com-
plexes 1−3: [ONOcat]RhIII, [ONOsq•]RhII, and [ONOq]RhI.

Experimental evidence showed that complexes 1−3 exist as S =
0 complexes with no unpaired electrons. In the case of
[ONOcat]RhIII and [ONOq]RhI electron distributions, closed-
shell electron configurations on both the ligand and the metal
would give rise to an overall S = 0 spin state. For a [ONOsq]RhII

electron configuration, two qualitative descriptions are possible.
The first possibility is an open-shell biradical configuration with
antiferromagnetic coupling between the unpaired metal and ligand
electrons to give an S = 0 spin state as has been observed for other
rhodium complexes with redox-active ligands.38 DFT computa-
tions on 1−3 do not support this open-shell, singlet-diradical
electron configuration. Consistent with these results, all attempts
to calculate a “broken-symmetry” singlet electronic configuration
resulted in collapse of the calculation to a closed-shell, S = 0
solution; furthermore, the absence of low-energy (λmax > 900 nm),
intraligand π→π* transitions typical of the semiquinonate
[ONOsq]2− ligand19−22 further refute the existence of open-shell,
singlet-diradical character in 1−3. The second qualitative
description that would give rise to a [ONOsq]RhII electron
configuration would be to pair up the odd [ONOsq]2− electron
and the odd RhII electron in a shared molecular orbital such as a π
bond to afford an S = 0 spin state, consistent with the
experimental evidence for 1−3.
Structural metrics and spectroscopic properties of the six-

coordinate rhodium complexes are consistent with their
assignment as [ONOcat]RhIII complexes. The six-coordinate,
pseudo-octahedral structure of 1 is completely consistent with
its assignment as a rhodium(III) complex. Bond metrics within
the [ONO] ligand support this contention, specifically with
C−C ring distances in the range of 1.39−1.44 Å and single-
bond C−N and C−O distances. Spectroscopically, complex 1
shows only weak absorptions in the visible region accompanied
by a strong charge-transfer absorption at 380 nm. The 1H NMR
spectrum of 1 shows two distinct pyridine environments, con-
sistent with a meridional arrangement of three pyridine ligands
and slow ligand exchange as expected for a d6 octahedral com-
plex of rhodium. These data indicate that [ONOcat]RhIII(py)3 is
both the best formal and spectroscopic oxidation state assign-
ment for 1, an assignment that is supported by DFT

Figure 8. Calculated frontier molecular orbital diagrams displaying Kohn−Sham orbitals for 1 (left), 2a (center), and 3a (right). For each
compound, the HOMO is designated with an electron pair. For clarity, only the HOMO, HOMO-1, and primarily d-based orbitals are illustrated.

Table 4. Natural Population Analysis Orbital Contributions
in [ONO]RhLn Complexes in Number of Electrons
(percent)

2a 2d 3a

HOMO LUMO HOMO LUMO HOMO LUMO

Rh 0.53
(27%)

0.79
(40%)

0.54
(27%)

0.66
(33%)

0.06
(3%)

1.10
(55%)

[ONO] 1.28
(64%)

0.76
(38%)

1.20
(60%)

0.86
(43%)

1.80
(90%)

0.31
(16%)
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calculations. The strong correlation between the UV−vis
absorption spectra of 1 and 3a−b support the assignment of 3a
and 3b as [ONOcat]RhIII(PMe3)3 and [ONOcat]RhIII(PMe2Ph)3,
respectively, a conclusion that is also supported by DFT results.
The striking UV−vis absorption spectra of 2a−d suggested a

different electronic configuration for these five-coordinate com-
plexes relative to the six-coordinate complexes 1 and 3a−b.
Isolated phosphine adducts of the [ONO]Rh core in the solid
state contained only two phosphine ligands to give five-
coordinate [ONO]RhL2 complexes. There is no direct evidence
for four-coordinate, [ONO]RhL derivatives, which is surprising
given the proclivity for rhodium to adopt a square-planar
geometry and a d8 electron configuration; even with very bulky
phosphines, a stable four-coordinate [ONO]Rh(PR3) complex
was never successfully isolated. Complexes 2a−d show strong
UV−vis absorptions in the visible region of the spectrum with
maxima in the range of 530−630 nm. Such absorptions are
reminiscent of the absorption features of rhodium(I) complexes
such as the [Rh(bpy)2]

+ cation,77,78 which has an MLCT
absorbance at 556 nm, suggesting a possible oxidation state
assignment of [ONOq]RhIL2 for complexes 2a−d. Conversely,
the intraligand bond metrics in the X-ray structure of 2a are not
consistent with an [ONOq]− ligand oxidation state. Specifically,
the C−C ring distances vary by only 0.03 Å, whereas [ONOq]−

ligands typically have C−C bond distances that vary by 0.10
Å,21−23 indicative of a cyclohexadiene ring. Thus, the
experimental data does not support a [ONOq]RhI electronic
configuration in 2a (and by analogy in 2b−2d).
The electronic configuration of 2a−d is further muddled

upon consideration of the electrochemical data for complexes 1
and 2a−d. All five complexes show the same number of redox
processes in the electrochemical window between −3 V and
+1 V. Complex 1 is the easiest to oxidize and the hardest
complex to reduce, while complex 2d, with the bulky PPh3
ligand, is the hardest to oxidize and the easiest to reduce. Both
the oxidations and the reductions of complexes 2a−c lie in
between the extremes represented by 1 and 2d. The consistent
trend in redox properties among the five complexes argues
against an abrupt change in electronic structure between 1 and
2a−d. Furthermore, since the electrochemical data acquired for
2a−d is the same in the absence and in the presence of excess
phosphine, the formation of six-coordinate adducts 3a and 3b
do not perturb the overall electronic structure of these
complexes significantly
The electronic difference between five- and six-coordinate

[ONO]Rh complexes was best illustrated in the DFT cal-
culations. In the case of pseudo-octahedral complexes 1 and 3a,
DFT calculations afforded a frontier orbital picture consistent
with the expected d6 RhIII configuration. The rhodium dxy, dxz,
and dyz orbitals are fully occupied (Figure 8) while the dz2 and
dx2−y2 orbitals are empty and displaced to higher energy owing
to their σ* parentage with respect to the ligand field. The
calculated HOMOs for 1 and 3a are [ONO]-ligand-centered
π* orbitals. In the case of 1, the LUMO is based on the
coordinated pyridine ligands; for 3a, the LUMO is the rhodium
dz2 orbital. In the cases of 1 and 3a−b, the regular octahedral
geometry of these complexes confers classical coordination
complex electronic behavior and these complexes are well
described as [ONOcat]RhIIIL3 species.
The distorted five-coordinate geometry of 2a results in a

different frontier orbital configuration. While the rhodium dxy,
dxz, and dyz orbitals are fully occupied and the dx2−y2 orbital is an
empty σ* orbital, Figure 8 shows that both the calculated

HOMO and LUMO of 2a have significant metal dz2 parentage.
The distorted square-pyramidal geometry of 2a results in an
obtuse angle (100°) between the apical phosphine donor, the
rhodium center, and the [ONO] nitrogen and bestows nonzero
overlap between the rhodium dz2 orbital and the highest energy
[ONO]-ligand π* orbital. These two orbitals interact as
illustrated in Figure 8 to form Rh−[ONO] π and π* com-
binations that constitute the HOMO and LUMO, respectively,
of the complex. Thus, the strong, low-energy absorption
observed in the UV−vis spectrum of 2a can be assigned as a
HOMO−LUMO, π to π* transition. DFT calculations of the
calculated structure for 2d revealed similar Rh−[ONO] π and
π* interactions in the HOMO and LUMO, respectively.
Five-coordinate rhodium complexes 2a−d are best described

as having experimental oxidation states that lie between
[ONOsq]RhII(PR3)2 and [ONOcat]RhIII(PR3)2. As shown in
Figure 8 and in the Supporting Information, the HOMO elec-
tron pair in 2a and 2d (and by analogy, 2b and 2c) is shared
between the rhodium center and the [ONO] ligand in a
π-bonding orbital. The sharing of this electron pair between the
rhodium center and the [ONO] ligand leads to the distinct
electronic character of complexes 2a−d, while the polarization
of the π bond toward the [ONO] ligand suggests an electron
distribution between [ONOsq]RhII(PR3)2 and [ONOcat]-

RhIII(PR3)2. The proclivity for 2a and 2b to add reversibly a
third phosphine ligand is consistent with an experimental
oxidation state between [ONOsq]RhII(PR3)2 and [ONOcat]-

RhIII(PR3)2, since a five-coordinate rhodium(III) complex
would be expected to be Lewis acidic. Incidentally, population
analysis of 2d revealed similar contributions from the [ONO]
ligand and the rhodium center to the HOMO and LUMO,
supporting the argument that association of a third phosphine
ligand ligand to 2c and 2d is inhibited by steric rather than
electronic considerations.

Ligand Exchange Reactions. Ligand exchange studies of
the [ONO]RhLn complexes reveal a complicated energetic
landscape with stable coordination geometries that are
influenced by both the steric and the electronic properties of
the auxiliary ligand. In the case of 1, with pyridine donor ligands,
only the six-coordinate geometry was observed; however, the
pyridine ligands of 1 are labile and can be readily substituted in
solution. Considering that 1 is a d6, pseudo-octahedral complex,
ligand exchange likely occurs through a dissociative pathway; this
suggests that a five-coordinate intermediate, [ONO]Rh(py)2, is
energetically accessible under mild conditions. Consistent with this
proposal, degenerate pyridine exchange occurs on a time scale of
seconds and replacement of the pyridine ligands of 1 with stronger
σ-donor phosphines such as PMe3 or PMe2Ph, rapidly affords
both five and six-coordinate phosphine adducts. Titration experi-
ments indicated an overall thermodynamic stability in which the
tris(phosphine) complexes 3a and 3b are favored over bis-
(phosphine) complexes 2a−d, which are favored over tris-
(pyridine) complex 1a; however, the presence of a large excess of
phosphine is required to push the formation of 3a and 3b to
completion at low concentrations. The favorability of the six-
coordinate phosphine complexes is likely driven by electronic
considerations, with coordination of the sixth ligand quenching the
Lewis acidic behavior of the rhodium dz2 orbital to form a tradi-
tional Werner-type coordination complex. The electronic pre-
ference for a pseudo-octahedral geometry is slight, though, since
five-coordinate complexes are only observed for 2c and 2d,
which employ the sterically demanding phosphine ligands PMePh2
or PPh3, respectively. In these two complexes, the energetic
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penalty for coordinating a third, sterically demanding phosphine
ligand is not fully compensated by the quenching of the Lewis
acidic rhodium dz2 orbital and formation of the third Rh−P bond.
In the five-coordinate complexes 2a−d the rhodium dz2 orbital is
partially stabilized through π bonding with the nitrogen donor of
the [ONOcat]3− ligand.

■ CONCLUDING REMARKS

Care must be taken when describing the electronic structure of
coordination complexes with redox-active or noninnocent
ligands. In the case of complexes 2a−d, a rigid view of formal
metal and ligand oxidation states de-emphasizes the importance
of covalency in the bonding between the rhodium and [ONO]
ligand. This fact is readily apparent in complexes 2a−d, in
which both the [ONO] ligand and the rhodium metal center
make significant contributions to the π-bonding HOMO and
π-antibonding LUMO giving rise to unique spectroscopic
properties. In these complexes, the formal oxidation state is
[ONOcat]RhIII(PR3)2; however, it is better to consider
[ONOcat]RhIII(PR3)2 and [ONOsq]RhII(PR3)2 as limiting
resonance structures for 2a−d to emphasize that the HOMO
electron pair is shared by both metal and ligand centers. It is
important to note that the [ONOsq]RhII(PR3)2 electron con-
figuration proposed here, which arises from a covalent π-bonding
interaction between the [ONO] ligand and the rhodium metal
center, is distinct from an open-shell, singlet-biradical electron
configuration.
The reversible coordination of a sixth ligand to 2a and 2b is

intriguing because it results in a dramatic change to the
spectroscopic properties of the rhodium complexes. That these
spectroscopic changes can be contributed to a change in the
rhodium dz2 orbital energy and a transfer of electron density
from rhodium to the [ONO] ligand is reminiscent of similar
coordination-induced electronic rearrangements in four-coor-
dinate nickel salen and germanium porphyrin complexes.79,80 In
these examples, the four coordinate metal centers readily add
two pyridine ligands to afford six-coordinate complexes which
leads to the transfer of electron density away from the metal
center and to the salen or porphyrin ligand.
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