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The electronic structures of nickel and cobalt centers coordinated by two R-iminoketone ligands have been elucidated
using density functional theory calculations and a host of physical methods such as X-ray crystallography, cyclic
voltammetry, UV−vis spectroscopy, electron paramagnetic resonance spectroscopy, and magnetic susceptibility
measurements. In principle, R-iminoketone ligands can exist in three oxidation levels: the closed-shell neutral form
(L)0, the closed-shell dianion (Lred)2-, and the open-shell monoanion (L•)-. Herein, the monoanionic π-radical form
(L•)- of R-iminoketones is characterized in the compounds [(L•)2Ni] (1) and [(L•)2Co] (3), where (L•)- is the one-
electron-reduced form of the neutral ligand (t-Bu)NdCHsC(Ph)dO. The metal centers in 1 and 3 are divalent,
high-spin, and coupled antiferromagnetically to two ligand π radicals. These bis(ligand)metal complexes can be
chemically oxidized by two electrons to give the dications [trans-(L)2Ni(CH3CN)2](PF6)2 (2) and [trans-(L)2Co(CH3-
CN)2](PF6)2 (4), wherein the ligands are in the neutral form.

I. Introduction

The coordination chemistry ofR-iminoketone ligands is
quite undeveloped relative to theirR-diimine congeners.1-5

One possible reason for this lack is thatR-iminoketones, in
general, are weaker donors.6 A search through the Cambridge
Structural Database for transition-metal complexes featuring
bidentateR-iminoketone ligands7 and their reduced equiva-
lents (generally abbreviated as (N∧-O∧)) revealed a mere
total of seven structures.2,3,8-11 Interestingly, only three of

these complexes were derived from direct metalations of an
intactR-iminoketone.2,3 In the remaining four structures, the
R-iminoketone ligand was assembled at the metal center from
smaller components such as CO and isocyanide.8-11

Histograms of the bond distances in the ligand backbone
(Figure 1) show that these structures fall into two distinct
groups.12,13 One group, consisting of [(N∧-O∧)Pd(η2-1-
methoxycycloocten-5-yl)](BF4),3 [(N∧-O∧)Pd(η2-1-methox-
ycycloocten-6-yl)](BF4),3 and [(N∧-O∧)2MnCl2],11 lies at the
left side of the stacked histograms. Collectively, they are
mid-to-late transition metals coordinated to neutralR-imi-
noketones with a single C-C bond and double CdN/CdO
bonds.14 The second group, comprising [(N∧-O∧)Ti(OAr)2],9

[(N∧-O∧)Zr(OAr)2],10 and [(N∧-O∧)Hf(diamido-N-hetero-
cyclic-carbene)],8 lies at the right side of the histograms. They
can generally be described as early transition metals coor-
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dinated to dianionic enamidolates with a CdC double bond
and C-N/C-O single bonds.

In principle, R-iminoketones exist in three different
oxidation levels as follows: (a) the neutralR-iminoketone,
(L)0; (b) theπ-radical monoanion, (L•)-; and (c) the closed-
shell dianion, (Lred)2-. Scheme 1 shows these different redox
states along with their characteristic bond distances.15 The
radical anion form of R-iminoketones (L•)- has been
established by electron paramagnetic resonance (EPR)
spectroscopy.16,17However, structural characterization is still
lacking. For the relatedR-diimine ligands, the monoanionic
π-radical state has been described in detail for homoleptic
transition-metal complexes featuring nickel18,19cobalt,19 and

zinc centers.20,21 Thus, we set out to study this redox state
of R-iminoketone ligands. In this paper, bis(R-iminoketone)
complexes of nickel and cobalt are presented (Chart 1). We
also report our interrogations into their electronic structures
using spectroscopic methods and density functional theoreti-
cal (DFT) calculations.

II. Experimental Section

All syntheses were carried out using standard glovebox and
Schlenk techniques in the absence of water and dioxygen, unless
otherwise noted. Dry solvents were purchased from Fluka and used
without further purification. Benzene-d6 and CD3CN were purchased
from Cambridge Isotope Laboratories, Inc., degassed via repeated
freeze-pump-thaw cycles, and dried over 3 Å molecular sieves.
Sodium metal was purchased from Aldrich and washed with
hexanes prior to use. The reagents Ni(COD)2, CoCl2, and [Cp2Fe]-
(PF6) were purchased from Strem and used without further
purification (COD) 1,5-cycloctadiene). The neutralR-iminoketone
ligand (t-Bu)NdCHsC(Ph)dO was prepared as described in the
literature.22,23

[(L •)2Ni] (1). The neutralR-iminoketone ligand (t-Bu)NdCHs
C(Ph)dO (0.483 g, 2.55 mmol) was dissolved inn-pentane (5 mL).
This solution was then added dropwise to a stirring suspension of
Ni(COD)2 (0.358 g, 1.28 mmol) inn-pentane (5 mL). After it was
stirred for 24 h, the dark-purple solution was filtered to obtain a
black-purple powder, which was washed withn-pentane. More
powder was obtained by evaporating the filtrate under reduced
pressure and washing the resultant residue with minimal CH3CN.
Single crystals of X-ray quality were grown from the CH3CN filtrate
at 22 °C. Yield: 0.502 g (90%). Anal. Calcd for C24H30N2NiO2:
C, 65.93; H, 6.92; N, 6.41. Found: C, 65.54; H, 6.82; N, 6.30.1H
NMR (400 MHz, C6D6, 300 K): δ ) 2.38 (9H,t-Bu), 6.32 (dd,
2H, J ) 7.5 and 8.3 Hz,m-Ph), 9.32 (tt, 1H,J ) 7.5 and 1.0 Hz,
p-Ph), 9.52 (dd, 2H,J ) 8.3 and 1.0 Hz,o-Ph), 9.99 (1H, NH).
13C NMR (100 MHz, C6D6, 300 K): δ ) 22.6, 75.2, 109.6, 114.4,
121.5, 139.6, 142.6, 171.4.

[trans-(L)2Ni(CH3CN)2](PF6)2 (2). The complex [(L•)2Ni] (72.0
mg, 0.165 mmol) was mixed with 2 equiv of [Cp2Fe](PF6) (109
mg, 0.329 mmol) as solids. Acetonitrile (8 mL) was added, and
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(15) The bond distances for theπ-radical oxidation state of the ligand were
taken from this work.
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Figure 1. Histogram of the bond distances (Å) within the N-C-C-O
backbone of structurally characterized transition-metal complexes containing
a bidentateR-iminoketone ligand (N∧-O∧). Color key: [(N∧-O∧)Pd(η2-
1-methoxycycloocten-5-yl)]+ is in red; [(N∧-O∧)Pd(η2-5-methoxycy-
cloocten-6-yl)]+ is in orange; [(N∧-O∧)2MnCl2] is in yellow; [(N∧-
O∧)Fe(CO)3] is in cyan; [(N∧-O∧)Ti(OAr)2] is in green; [(N∧-O∧)Zr(OAr)2]
is in dark blue; and [(N∧-O∧)Hf(diamido-N-heterocyclic-carbene)] is in
purple.

Scheme 1. Different Redox States for theR-Iminoketone Ligand with
Their Characteristic Bond Distances (Å)

Chart 1
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the solution rapidly changed color from dark purple to yellow. After
it was stirred for 30 min, the solution was evaporated under reduced
pressure. The resultant residue was washed liberally with THF,
followed by extraction with CH3CN and filtration through Celite.
The solvent was removed completely under reduced pressure to
give a pale-yellow powder. Single crystals of X-ray quality were
grown from the vapor diffusion of Et2O into a concentrated CH3-
CN solution of 2. Yield: 115 mg (85%). Anal. Calcd for
C28H36F12N4NiO2P2: C, 41.56; H, 4.48; N, 6.92. Found: C, 41.65;
H, 4.50; N, 7.08. In CD3CN solution, compound2 is in equilibrium
with a diamagnetic species, presumably square-planar [(L)2Ni] 2+

in ∼3:2 ratio at 22°C. 1H NMR (400 MHz, CD3CN, 300 K): δ )
5 (v. br.), 9.11, 9.45, 11.0, 11.1. For the diamagnetic species,δ )
1.30 (9H,t-Bu), 7.50 (t, 2H,J ) 7.6 Hz,m-Ph), 7.63 (t, 1H,J )
7.5 Hz,p-Ph), 8.02 (1H, NH), 8.09 (d, 2H,J ) 7.4 Hz,o-Ph).

[(L •)2Co] (3). TheR-iminoketone ligand L (450 mg, 2.38 mmol),
CoCl2 (154 mg, 1.19 mmol), and Na metal (56.0 mg, 2.44 mmol)
were added to a glass vessel. Dimethoxyether (DME, 15 mL) was
added, and the reaction mixture was vigorously stirred for 16 h.
The solvent was completely removed under reduced pressure.
Pentane (2 mL) was added to the crude residue, which was then
further dried under reduced pressure. The residue was extracted
with C6H6, followed by filtration through Celite and evaporation
of the solvent under reduced pressure. A dark-brown powder was
thus obtained, and it was washed liberally with pentane. Single
crystals of X-ray quality were grown from the vapor diffusion of
pentane into a concentrated C6H6 solution of 3.Yield: 250 mg
(50%). Anal. Calcd for C24H30CoN2O2: C, 65.90; H, 6.91; N, 6.40.
Found: C, 65.63; H, 6.79; N, 6.28.1H NMR (400 MHz, C6D6,
300 K): δ ) -17.8,-7.4, 69.8, 74.7.

[trans-(L)2Co(CH3CN)2](PF6)2 (4). The complex [(L•)2Co] (62.0
mg, 0.142 mmol) was mixed with 2 equiv of [Cp2Fe](PF6) (94.0
mg, 0.284 mmol) as solids. Acetonitrile (8 mL) was added, and
the resultant solution rapidly changed color from dark brown to
yellow. After it was stirred for 30 min, the solution was evaporated
under reduced pressure. The resultant residue was washed liberally
with THF, followed by extraction with CH3CN and filtration
through Celite. The solvent was removed completely under reduced
pressure to give a yellow powder. Single orange-yellow crystals
of X-ray quality were grown from the vapor diffusion of Et2O into

a concentrated CH3CN solution of4. Yield: 92.0 mg (80%). Anal.
Calcd for C28CoH36F12N4O2P2: C, 41.55; H, 4.48; N, 6.92. Found:
C, 41.42; H, 4.66; N, 7.12.1H NMR (400 MHz, CD3CN, 300 K):
δ ) -35.4, 7.53, 8.06, 17.74, 18.48, 29.93.

X-ray Crystallographic Data Collection and Refinement of
the Structures.A single dark-purple crystal of1, a yellow crystal
of 2, a dark-orange-brown crystal of3, and an orange crystal of4
were coated with perfluoropolyether, picked up with nylon loops,
and mounted in the nitrogen cold stream of the diffractometer. A
Bruker-Nonius Kappa-CCD diffractometer equipped with a Mo-
target rotating-anode X-ray source and a graphite monochromator
(Mo KR, λ ) 0.71073 Å) was used. Final cell constants were
obtained from least-squares fits of all measured reflections. The
structures were readily solved by direct methods and subsequent
difference Fourier techniques. The SiemensSHELXTL24 software
package was used for the solution and creation of the artwork of
the structure, andSHELXL9725 was used for the refinement. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were placed at calculated positions and refined as riding atoms with
isotropic displacement parameters. Crystallographic data of the
compounds are listed in Table 1.

Physical Measurements.Electronic spectra of complexes were
recorded with a Perkin-Elmer double-beam photometer (300-2000
nm). Cyclic voltammograms were recorded with an EG&G poten-
tiostat/galvanostat. Variable-field (0.01 or 1 T) and variable
temperature (4-300 K) magnetization data were recorded on a
SQUID magnetometer (MPMS Quantum Design). The experimental
magnetic susceptibility data were corrected for underlying dia-
magnetism using tabulated Pascal’s constants. X-band EPR spectra
were recorded on a Bruker ESP 300 spectrometer and simulated
with the XSopheprogram, which was written by Hanson et al.26

and distributed by Bruker Biospin GmbH. NMR spectra were
recorded on Varian Mercury 400 MHz instruments at ambient
temperature.

(24) In SHELXTL, version 5; Siemens Analytical X-ray Instruments, Inc.:
Madison, WI, 1994.

(25) Sheldrick, G. M. InSHELXL97; University of Göttingen: Göttingen,
Germany, 1997.

(26) Hanson, G. R.; Gates, K. E.; Noble, C. J.; Griffin, M.; Mitchell, A.;
Benson, S.J. Inorg. Biochem.2004, 98, 903.

Table 1. Crystallographic Data for1, 2‚CH3CN, 3, and4‚CH3CN

1 2‚CH3CN 3 4‚CH3CN

chemical formula C24H30N2NiO2 C30H39F12N5NiO2P2 C24H30CoN2O2 C30H39CoF12N5O2P2

cryst size, mm3 0.43× 0.32× 0.06 0.40× 0.30× 0.24 0.06× 0.06× 0.03 0.24× 0.24× 0.06
fw 437.21 850.31 437.43 850.53
space group Pbcn,No. 60 P21/c, No. 14 Pbcn, No. 60 P21/c, No. 14
a, Å 10.2304(3) 11.237(3) 10.3003(5) 11.2058(2)
b, Å 11.0782(3) 15.009(4) 11.1678(5) 14.8769(3)
c, Å 18.7722(5) 22.035(6) 18.7003(7) 21.9353(5)
R, deg 90 90 90 90
â, deg 90 90.186(5) 90 90.300(3)
γ, deg 90 90 90 90
V, Å 2127.5(1) 3716.3(17) 2151.13(16) 3656.73(13)
Z 4 4 4 4
T, K 100(2) 100(2) 100(2) 100(2)
F calculated, g cm-3 1.365 1.520 1.351 1.545
reflns collected/2Θmax 73884/80.0 124485/ 70.0 39989/65.0 61550/55.0
unique reflns/I > 2σ(I) 6587/5666 16332/14975 3895/3057 8390/6313
no. params/restraints 135/0 472/0 135/0 478/0
λ, Å/µ(KR), cm-1 0.71073/9.34 0.71073/7.04 0.71073/8.20 0.71073/6.54
R1a/GOFb 0.0350/1.084 0.0338/1.084 0.0372/1.061 0.0420/1.016
wR2c (I > 2σ(I)) 0.0784 0.0830 0.0805 0.0897
residual density/e Å-3 +0.556/-0.466 +0.932/-0.733 +0.520/-0.404 +0.475/-0.353

a Observation criterion:I > 2σ(I). R1 ) ∑||Fo| - |Fc||/∑|Fo|. b GOF ) [∑[w(Fo
2 - Fc

2)2]/(n - p)]1/2. c wR2 ) [∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]] 1/2 where

w ) 1/σ2(Fo
2) + (aP)2 + bP, P ) (Fo

2 + 2Fc
2)/3.
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Calculations. All calculations were done with theORCA
program package.27 The geometry optimizations were carried out
at the B3LYP level28-30 of DFT. The all-electron Gaussian basis
sets used were those reported by the Ahlrichs group.31,32For nickel,
cobalt, nitrogen, and oxygen atoms, the triple-ú-quality basis sets
with one set of polarization functions were used (TZVP).31 The
carbon and hydrogen atoms were described by smaller polarized
split-valence SV(P) basis sets (double-ú-quality in the valence
region with a polarizing set of d functions on the non-hydrogen
atoms).32 The self-consistent field calculations were tightly con-
verged (1× 10-8 Eh in energy, 1× 10-7 Eh in the density change,
and 1× 10-7 Eh in the maximum element of the DIIS error vector).
The geometries were considered converged after the energy change
was less than 5× 10-6 Eh, the gradient norm and maximum gradient
element were smaller than 1× 10-4 and 3 × 10-4 Eh/bohr,
respectively, and the root-mean-square and maximum displace-
ments of the atoms were smaller than 2× 10-3 and 4× 10-3 bohr,
respectively. The energies of the excited high-spin states were
approximately calculated using geometries obtained from the
broken-symmetry calculations with the appropriate total spin.

III. Results and Discussion

Syntheses and Characterization of Complexes.To install
theR-iminoketone ligand (t-Bu)NdCHsC(Ph)dO (abbrevi-
ated as L), synthetic routes were employed that have been
used by the groups of Holm,33 tom Dieck,34-37 and Walth-
er38,39 for preparing bis(R-diimine)metal complexes.

The neutral bis(ligand)nickel complex [(L•)2Ni] (1) was
obtained as a dark-black-purple powder in good yield (90%)
from mixing Ni(COD)2 with 2 equiv of ligand inn-pentane.
Complex1 is diamagnetic (S) 0) based on its NMR spectra.
Notably, the 1H NMR spectrum contains significantly
deshielded peaks for thep-Ph (δ 9.32),o-Ph (δ 9.52), and
iminoformyl (δ 9.99) protons (Supporting Information). A
VT-NMR study of1 from -60 to 60°C revealed no changes
in the 1H NMR spectrum.

The cyclic voltammogram for1 is shown in Figure 2. A
quasi-reversible electron-transfer wave is observed at-0.84
V (200 mV/s, 0.1 M [N(n-Bu)4](PF6) in THF, vs Fc+/Fc).
This feature corresponds to a two-electron oxidation based
on the following experiments. The addition of 1 equiv of
the oxidant [Cp2Fe](PF6) to 1 in CH3CN resulted in a mixture
of starting material and a new product, later identified as

[trans-(L)2Ni(CH3CN)2](PF6)2 (2) (by UV-vis and1H NMR
spectroscopy). The addition of 2 equiv of [Cp2Fe](PF6)
resulted in the clean conversion to2. Interestingly, a solution
of 2 contains two distinct species, as elucidated by1H NMR
spectroscopy. One of the species, identified by its solid-state
structure as the solvento species [trans-(L)2Ni(CH3CN)2]2+,
is paramagnetic, which is characteristic of an octahedral Ni-
(II) S) 1 complex. The other one is diamagnetic, which is
believed to arise from the square-planar Ni(II) complex
without any coordinated solvent, [(L)2Ni] 2+.

The bis(ligand)cobalt complex [(L•)2Co] (3) was synthe-
sized by stirring 2 equiv of sodium metal, 2 equiv of ligand,
and CoCl2 in DME. Complex3 is obtained in moderate yield
(50%) as a dark-brown powder. Unlike1, no reversible
features are observed in the cyclic voltammogram of3. An
irreversible wave at-0.6 V is observed that may be
analogous to the quasi-reversible wave measured for1 (200
to 1000 mV/s, 0.1 M [N(n-Bu)4](PF6) in THF, vs Fc+/Fc).
The cobalt complex3 can also be oxidized by two electrons
with 2 equiv of [Cp2Fe](PF6) in CH3CN to provide the
octahedral compound [trans-(L)2Co(CH3CN)2](PF6)2 (4).

The electronic spectra for complexes1 and3 are shown
in Figure 3, and the absorption maxima for1-4 are listed
in Table 2. Complexes1 and 3 display intense absorption
maxima from 300 to 600 nm (ε ∼104 M-1 cm-1). Weaker
absorptions for1 and3 are also observed at 760 (ε ) 2000
M-1 cm-1) and 650 nm (ε ) 500), respectively. Notably
absent are intense ligand-to-ligand charge-transfer (LLCT)
bands in the region from 700 to 800 nm, which are
characteristic of square-planar complexes with twoπ-radical

(27) Neese, F. InORCA, an Ab Initio, Density Functional and Semiem-
pirical Electronic Structure Program Package,version 2.4, revision
36; Max-Planck-Institut fu¨r Bioanorganische Chemie: Mu¨lheim/Ruhr,
Germany, May, 2005.

(28) Becke, A. D.J. Chem. Phys.1993, 98, 5648.
(29) Lee, C. T.; Yang, W. T.; Parr, R. G.Phys. ReView B: At., Mol., Opt.

Phys. 1988, 37, 785.
(30) Becke, A. D.J. Chem. Phys.1986, 84, 4524.
(31) Scha¨fer, A.; Huber, C.; Ahlrichs, R.J. Chem. Phys.1994, 100, 5829.
(32) Scha¨fer, A.; Horn, H.; Ahlrichs, R.J. Chem. Phys.1992, 97, 2571.
(33) Balch, A. L.; Holm, R. H.J. Am. Chem. Soc.1966, 88, 5201.
(34) tom Dieck, H.; Svoboda, M.; Greiser, T.Z. Naturforsch., B: Chem.

Sci.1981, 36, 823.
(35) tom Dieck, H.; Bruder, H.J. Chem. Soc., Chem. Commun.1977, 24.
(36) tom Dieck, H.; Svoboda, M.; Kopf, J.Z. Naturforsch., B: Chem. Sci.

1978, 33, 1381.
(37) tom Dieck, H.; Dietrich, J.Angew. Chem., Int. Ed. Eng.1985, 24,

781.
(38) Walther, D.; Kreisel, G.; Kirmse, R.Z. Anorg. Allg. Chem.1982, 487,

149.
(39) Kirmse, R.; Stach, J.; Walther, D.; Bottcher, R.Z. Chem.1980, 20,

224.

Figure 2. Cyclic voltammetry of1 (0.1 M [N(n-Bu)4](PF6) in THF,
22 °C, glassy-carbon working electrode, 200 mV/s scan rate, and internal
ferrocene (Fc) standard).

Figure 3. Electronic spectra of1 (red) and3 (green) in C6H6.
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ligands.40-43 Therefore, the lack of intense LLCT bands for
1 and 3 suggests nonplanar geometries, which were con-
firmed by X-ray crystallography (vide infra). The electronic
spectra for2 and4 are nearly identical with intense bands
at 255 nm (ε ) 13 000 M-1 cm-1) and the absence of any
significant absorptions from 400 to 2000 nm (Supporting
Information). The latter is consistent with complexes that
do not contain any ligandπ-radical character.

Solid-State Structures.The molecular structures for1-4
have been determined at 100 K by single-crystal X-ray
diffraction studies. Crystallographic details are provided in
Table 1, and important bond parameters are presented in
Table 3.

Figure 4 shows the solid-state structures of1 and3. They
appear isostructural with a metal center in tetrahedral
geometry. The dihedral angle (the angle between the two
five-membered metal-ligand rings) for1 is 83.8° and 86.5°
for 3. The tetrahedral geometry was unexpected for the
neutral nickel and cobalt complexes because there are many
examples of four-coordinate metal complexes with two
o-iminobenzosemiquinonateπ-radical ligands, which are
typically square planar.44-49 A few exceptions exist with
dihedral angles ranging from 32.0° to 72.0°.50-52 However,

these exceptional dihedral angles are attributed to steric
repulsion between the two ligands or to the presence of an
additional weak donor. TheR-iminoketone ligand used here
is relatively unhindered, so a planar arrangement is possible
from pure steric considerations. The observed tetrahedral
geometry may indicate a slight electronic preference over
the square-planar arrangement (vide infra).

A closer inspection of the bond parameters in1 and 3
reveals unusual bond distances within the ligand backbone
(O-C-C-N). Compared with other structurally character-
ized R-iminoketone complexes (including2 and 4),53 the
C-O and C-N bond distances are significantly elongated
while the C-C bond distances are much shorter, indicating
the presence of twoπ-radical ligands (L•)-.

Figure 5 shows the solid-state structures of the dications
2 and 4. Both complexes are octahedral with two trans-
coordinated acetonitriles. TheR-iminoketone ligands occupy
the equatorial plane with a nearly zero dihedral angle between
them. The bond distances in the ligand backbones are quite
similar between the two structures. The average C-O (1.233
( 0.005 Å), C-C (1.496( 0.009 Å), and C-N (1.269(
0.007 Å) bond distances are consistent with a C-C single
bond and CdO/CdN double bonds. Thus for1 and3, the

(40) Blanchard, S.; Neese, F.; Bothe, E.; Bill, E.; Weyhermuller, T.;
Wieghardt, K.Inorg. Chem.2005, 44, 3636.

(41) Chłopek, K.; Bothe, E.; Neese, F.; Weyhermuller, T.; Wieghardt, K.
Inorg. Chem.2006, 45, 6298.

(42) Herebian, D.; Wieghardt, K. E.; Neese, F.J. Am. Chem. Soc.2003,
125, 10997.

(43) Herebian, D.; Bothe, E.; Neese, F.; Weyhermuller, T.; Wieghardt, K.
J. Am. Chem. Soc.2003, 125, 9116.

(44) Abakumov, G. A.; Poddel’sky, A. I.; Bubnov, M. P.; Fukin, G. K.;
Abakumova, L. G.; Ikorskii, V. N.; Cherkasov, V. K.Inorg. Chim.
Acta 2005, 358, 3829.
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K. Inorg. Chem.2005, 44, 3709.
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Eur. J. 2004, 11, 204.
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Abakumova, L. G.; Abakumov, G. A.Inorg. Chim. Acta2004, 357,
3632.

(48) Sun, X. R.; Chun, H.; Hildenbrand, K.; Bothe, E.; Weyhermu¨ller, T.;
Neese, F.; Wieghardt, K.Inorg. Chem.2002, 41, 4295.

(49) Chaudhuri, P.; Verani, C. N.; Bill, E.; Bothe, E.; Weyhermu¨ller, T.;
Wieghardt, K.J. Am. Chem. Soc.2001, 123, 2213.

(50) Ye, S. F.; Sarkar, B.; Lissner, F.; Schleid, T.; van Slageren, J.; Fiedler,
J.; Kaim, W.Angew. Chem., Int. Ed. 2005, 44, 2103.

(51) Speier, G.; Whalen, A. M.; Csihony, J.; Pierpont, C. G.Inorg. Chem.
1995, 34, 1355.

(52) Whalen, A. M.; Bhattacharya, S.; Pierpont, C. G.Inorg. Chem.1994,
33, 347.

(53) We have excluded those complexes with enamidolate ligands. One
exception is again the neutral iron complex LFe(CO)3.

Table 2. Electronic Spectra of Complexes1-4 at 22°C

λmax, nm (ε, 103 M-1 cm-1)

1a 320 (18), 520 (17), 760 (2.0)
2b 255 (13), 310 sh
3a 300 (13), 330 sh (11), 410 (12), 450 (15), 650 (0.5)
4b 255 (13), 360 sh

a In C6H6. b In CH3CN.

Table 3. Selected Angles (deg) and Bond Distances (Å) for1-4

1 2‚CH3CN 3 4‚CH3CN

dihedral angle 83.8 0.9 86.5 1.3
O-M-Nimine 82.99(3) 78.57(3) 83.97(4) 76.98(7)

78.79(3) 77.09(7)
M-O 1.9342(6) 2.0587(8) 1.955(1) 2.080(2)

2.0663(8) 2.083(2)
M-Nimine 1.9210(7) 2.1113(8) 1.954(1) 2.138(2)

2.1139(8) 2.141(2)
M-Nsolvent 2.0472(9) 2.090(2)

2.0518(9) 2.084(2)
O-Cketone 1.2900(9) 1.238(1) 1.302(2) 1.231(3)

1.237(1) 1.228(3)
Cketone-Cimine 1.415(1) 1.501(1) 1.415(2) 1.487(3)

1.500(1) 1.497(3)
Cimine-Nimine 1.3210(9) 1.276(1) 1.326(2) 1.263(3)

1.274(1) 1.264(3)
Figure 4. Structure of the neutral molecules in crystals of1 (top) and3
(bottom).
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average C-O (1.296( 0.006 Å), C-C (1.415( 0.001 Å),
and C-N (1.324 ( 0.003 Å) bond distances are ap-
proximately half a bond order different from those observed
in 2 and 4. These bond parameters indicate that the
R-iminoketone ligands in1 and 3 are reduced to the
monoanionic ligandπ-radical form (L•)-.

Magnetic Susceptibilities and EPR Spectroscopy.The
expectedS) 1 ground state of the octahedral Ni(II) dication
in 2 was confirmed by magnetic susceptibility measurements
on a solid sample of2 (1.0 T, 4-300 K). The magnetic
moment,µeff, is temperature-independent in the range of 10-
300 K at 3.09µB (Supporting Information). The octahedral
Co(II) dication in 4 is expected to have aS ) 3/2 ground
state, which was confirmed by an axial signal with a zero-
field crossing atgeff ∼ 4 in its EPR spectrum at 4 K in frozen
acetonitrile (Supporting Information).54

Of the complexes reported here,3 is perhaps the most
interesting and convenient to study spectroscopically due to
the presence of two ligand radicals in a complex with aS)
1/2 ground state (vide infra). The temperature-dependent plot
of its effective magnetic moment is shown in Figure 6 (0.01
T, 4-300 K). Theµeff value of3 is constant in the range of
60-300 K at 2.36µB, which is slightly above the spin-only
value of 1.73µB for a S) 1/2 system. This data is consistent
with a strong intramolecular antiferromagnetic coupling
between two ligand radicals withS ) 1/2 and a high-spin
Co(II) center withS) 3/2. Assuming an energetically well-
isolated magnetic ground state with total spinStot ) 1/2, the
plot was well simulated by adopting a remarkably large
isotropicg value,gtot ) 2.73. Tetrahedral Co(II) centers are

expected to haveg values that deviate significantly fromge

due to spin-orbit coupling.55 Moreover, the large calculated
g value of 2.73 is reasonably close to the averageg value of
2.62 derived from its EPR spectrum (vide infra).

The X-band EPR spectrum of3 in a frozen toluene glass
at 10.25 K confirms the expectedStot ) 1/2 ground state
(Figure 7). The spectrum shows a huge axial splitting with
the following g values: g1 ) 1.949,g2 ) 1.936, andg3 )
3.620 (gave ) 2.624, wheregave ) ((g1

2 + g2
2 + g3

2)/3)1/2).
Hyperfine coupling to the cobalt center (I ) 7/2) is evident
for all three g signals with magnetic hyperfine coupling

(54) Banci, L.; Bencini, A.; Benelli, C.; Gatteschi, D.; Zanchini, C. InStruct
and Bonding; Springer-Verlag: Berlin, 1982; Vol. 52, p 38.

(55) Girerd, J.-J.; Journaux, Y. InPhysical Methods in Bioinorganic
Chemistry: Spectroscopy and Magnetism; Que, L., Jr., Ed.; University
Science Books: Sausalito, CA, 2000; p 321.

Figure 5. Structure of the dications in crystals of2 (top) and4 (bottom).
Hydrogen atoms, PF6 counteranions, and solvent molecules have been
omitted.

Figure 6. Temperature dependence of the magnetic moment,µeff, of 3
(shown in open circles, 0.01 T, 4-300 K). The solid line represents a spin-
Hamiltonian simulation with total spinStot ) 1/2 and an isotropicg value
of 2.73. The experimental data was corrected for temperature-independent
paramagnetism,øTIP, of 400 × 10-6 cm3 mol-1. Intermolecular coupling
was considered by introducing a Weiss constant,θ, of -2 K to account for
the low-temperature drop ofµeff.

Figure 7. X-band EPR spectrum of3 in toluene glass (1× 10-3 M, 10.25
K, frequency) 9.44 GHz, modulation) 2 mT/100 kHz, power) 252
µW). See text for simulation parameters.
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constants ofA ) (50.00, 52.15, 240.0)× 10-4 cm-1 (with
anisotropic line widthsΓ ) (24.94, 22.76, 32.00)× 10-4

cm-1).
To isolate the metal contribution in the EPR values above,

the total spin vector (Stot ) 1/2) can be split into two spin
components,ŜCo and ŜL, where SCo ) 3/2 and ŜL is the
combined spin vector of the two ligand radicals withSL )
1 (vide infra). Projecting these spin components leads to the
following relationships:56

With the use of eqs 1 and 2, the localg values and
magnetic hyperfine coupling constants are obtained with
respect toŜCo: g(Co) ) 1.969, 1.962, 2.972 (wheregave-
(Co) ) 2.349); andA(Co) ) (30.00, 31.29, 144.0)× 10-4

cm-1. The highg values and large coupling constants support
the notion that the unpaired electron is localized on the metal,

as is the expected net result of a Co(II) high-spin center with
three unpaired electrons coupled strongly to two ligand
radicals.

DFT Calculations. In conjunction with the experimental
studies, DFT calculations were conducted at the B3LYP level
to garner a more complete bonding picture. First, the various
redox states of theR-iminoketone ligand were explored by
using model bis(ligand)zinc complexes [(Lx)2Zn]n (n ) -2,
0, +2). Then, the neutral [(L•)2Ni] and [(L•)2Co] complexes
were calculated to better understand their electronic struc-
tures.

Zinc Reference Compounds.The model species [(Lx)2-
Zn]n (for n ) -2, 0, +2) were chosen because zinc(II)
centers (d10, SZn ) 0) are relatively redox inert, and thus,
any changes in the overall charge of the molecule should be
reflected in the ligand oxidation level. Thus, two neutral
ligands (L)0 for then ) +2 case, twoπ-radical ligands (L•)-

for n ) 0, and two dianionic ligands (Lred)2- for n ) -2 are
expected to be present. For all values ofn, both the square-
planar and the tetrahedral complexes were calculated using
the B3LYP functional and spin-unrestricted methods. In all
cases, the tetrahedral geometry was favored by 7-8 kcal/
mol. Because of this clear trend, only the tetrahedral
calculations are presented. For the calculated dication (S )
0), the bond distances are consistent with neutralR-imi-
noketone ligands, whereas the dianion (S) 0) features two
enamidolate ligands with a CdC double bond and C-O/
C-N single bonds (Table 4). Thus, the proper formulations
for the theoretical dicationic and dianionic bis(ligand)zinc
species are [(L)2Zn]2+ and [(Lred)2Zn]2-, respectively.

The neutral tetrahedral bis(ligand)zinc species was mod-
eled by using the broken-symmetry approach (vide infra).

(56) Bencini, A.; Gatteschi, D.Electron Paramagnetic Resonance of
Exchange-Coupled Systems; Springer: Berlin, 1990.

Table 4. Selected Angles (deg) and Bond Distances (Å) for Calculated Bis(ligand)zinc Complexes

[(L0)2Zn]2+ [(L •)2Zn]0 [(L2-)2Zn]2-

dihedral angle 78.5 77.5 78.3
O-Zn-Nimine 81.18 83.45 84.14
Zn-O 2.017 2.000 2.003
Zn-Nimine 2.068 2.038 2.055
O-Cketone 1.260 1.300 1.350
Cketone-Cimine 1.513 1.432 1.395
Cimine-Nimine 1.277 1.322 1.358

Scheme 2. DFT Models of Three Different Electronic Structures for
1a

a The unpaired electrons are shown as localized on the ligand and/or
nickel.

gtot ) 5
3
(gCo) - 2

3
(gLig) (1)

Atot ) 5
3
(ACo) (2)

Table 5. Selected Angles (deg) and Bond Distances (Å) for1 and Its
Optimized DFT-Calculated Models

1 BS(2,2) BS(1,1) no BS

calcd energya 0 +2.15 +2.17
dihedral angle 83.8 63.75 0.16 0.12
O-M-Nimine 82.99(3) 81.9 84.3 84.4
M-O 1.9342(6) 1.972 1.866 1.846
M-Nimine 1.9210(7) 2.002 1.949 1.920
O-Cketone 1.2900(9) 1.294 1.310 1.308
Cketone-Cimine 1.415(1) 1.432 1.412 1.409
Cimine-Nimine 1.3210(9) 1.320 1.327 1.332

a Relative energies (kcal/mol).
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Two scenarios were considered: a triplet ground state
wherein the ligandπ-radical electrons are parallel and a
singlet ground state wherein these electrons are paired via a
superexchange mechanism42,43through the metal center. Only
a small difference of 0.05 kcal/mol was found between the
energies of the singlet and triplet states. Thus, there is
essentially no preference between these two states; they are
degenerate. Even the bond distances and angles in the
calculated singlet and triplet structures are all identical.
Notably, the bond distances in the ligand backbone are about
halfway between those calculated for the [(L)2Zn]2+ and
[(L red)2Zn]2- models. Hence, the calculated bond distances
for the neutral species are consistent with each ligand being
reduced by one electron. Interestingly, these bond distances
are remarkably similar to those observed in complexes1 and
3. This lends further evidence that the neutral bis(ligand)-
metal compounds are best formulated as [(L•)2M]0, featuring
two ligand radicals and a divalent metal center.

[(L •)2Ni] Calculations. Three models were considered for
the S ) 0 bis(ligand)nickel complex1 (Scheme 2). One
possibility invokes a low-spin Ni(II) center (SNi ) 0)
coordinated to (Lred)2- and (L)0. For this description, a closed-
shell calculation is sufficient. Another hypothesis is a high-
spin Ni(II) center (SNi ) 1) that couples antiferromagnetically
to two ligandπ-radicals. The third model involves a low-
spin Ni(II) center (SNi ) 0) and two ligand radicals that
couple to one another via the metal d orbitals. For the latter
two, open-shell calculations are required with broken-
symmetry techniques. For instance, the label BS(x,y) refers
to a broken-symmetry state withx spin-up electrons andy
spin-down electrons. Thex andy electrons can be localized
on different parts of the molecule, i.e., metal versus ligand,
so that they are not forcibly paired. However, their spins
can couple. The model with theSNi ) 1 Ni(II) center with
two ligand radicals can be described as BS(2,2), while BS-
(1,1) represents theSNi ) 0 Ni(II) center with two ligand
radicals.

All three calculations used the same input geometry, which
was derived from the solid-state structure of1, and converged
successfully. The structural parameters for the calculated
models are given in Table 5. All models reproduce reason-
ably the bond distances in the ligand backbone (within 0.02
Å of the experimental data). This is not surprising, because
all modelsessentiallylocalize one electron on each ligand.
While clearly the case for the open-shell cases, the “one-
electron reduction per ligand” case may not be obvious in
the closed-shell calculation. Recall that in the closed-shell
model, one ligand is doubly reduced while the other ligand
remains neutral. The charges on the two ligands are
exchanged by resonance, so thaton aVerageeach ligand is
reduced by one electron.

Of the three, the BS(2,2) model is the lowest in energy
by only 2 kcal/mol. The most striking difference is the
prediction of the dihedral angles. The BS(2,2) structure is
distorted tetrahedral with a dihedral angle of 63.75° (experi-
mental 83.8°), whereas the other two models gave square-
planar structures. We should stress that a four-coordinate
Ni(II) center withSNi ) 0 can only exist in a square-planar

arrangement. The preference for square-planar geometries
in the closed-shell and BS(1,1) models can be further
rationalized. In the BS(1,1) case, the two ligandπ* orbitals
couple through d orbitals at nickel. However, in a tetrahedral
geometry, theπ* orbitals would interact with d orbitals that
are orthogonal, and thus, long-range ligand-ligand coupling
is impossible.19,50A similar argument applies for the closed-
shell system, where a requirement for resonance would be
at least one molecular orbital (MO) that encompassesπ*
orbitals of both ligands.

Overall, the BS(2,2) model best matches the experimental
data. The MO scheme (Figure 8) reveals three doubly
occupied Ni d orbitals and two metal-based singly occupied
molecular orbitals (SOMOs) in the spin-up manifold. The
latter are coupled to two SOMOs, which are primarly the
lowest ununoccupied molecular orbitalπ* orbitals of the
neutral ligand, in the spin-down manifold with overlaps of
0.51 and 0.34. The MO diagram reflects the high-spin Ni-
(II) center (SNi ) 1) that is antiferromagnetically coupled to
two ligand π-system radicals (SLig1 ) SLig2 ) 1/2). The
strength of this coupling can be calculated with Yamaguchi’s
equation57

which approximates the spin-spin coupling constant (J) in
a two-spin system described by the Hamiltonian,Ĥ ) -2JŜA‚
ŜB. The coupling constant is based on the energies (E) and
spin-expectation values (〈S2〉) of the broken symmetry and
the high-spin states. For [(L•)2Ni], the three-spin Hamiltonian
can be written asĤ ) -2J1‚ŜNi‚ŜLig1 - 2J2‚ŜNi‚ŜLig2 + 2J3‚
ŜLig1‚ŜLig2. Assuming that theJ1 ) J2 and supposing that the

(57) Soda, T.; Kitagawa, Y.; Onishi, T.; Takano, Y.; Shigeta, Y.; Nagao,
H.; Yoshioka, Y.; Yamaguchi, K.Chem. Phys. Lett.2000, 319, 223.

Figure 8. Qualitative MO diagram of the magnetic orbitals derived from
BS(2,2) calculation of [(L•)2Ni]. The spatial overlap (S) of corresponding
alpha and beta orbitals is given. If unspecified,S ) 1.

J ) -
EHS - EBS

〈S2〉HS - 〈S2〉BS

(3)
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ligand-ligand coupling is negligible relative to that of
nickel-ligand coupling, the Hamiltonian is simplified to
-2JŜNi‚(ŜLig1 + ŜLig2). Furthermore, the two ligand spin
vectors can be combined into one total ligand spin vectorŜL

(whereSL ) 1) since they are effectively ferromagnetically
coupled due to their strong antiferromagnetic interaction with
the nickel center (which is reflected in the observed singlet
ground state up to 60°C). With the Hamiltonian thus reduced
to -2JŜNi‚ŜL, Yamaguchi’s equation can be applied, and a
value forJ of -780 cm-1 is obtained.40

A spin-density plot (Figure 9) further reinforces the picture
of a high-spin Ni(II) center antiferromagnetically coupled
to two ligand radicals by showing nearly two unpaired
electrons at nickel and an opposite spin on each ligand that
is approximately equivalent to one unpaired electron. Inter-
estingly, some spin density delocalizes into the phenyl ring
at the ortho and para carbons (about-0.10 per carbon).
Recall that the protons attached to these carbons and the
iminoformyl proton are all significantly deshielded in the
1H NMR spectrum of1. On the basis of the spin-density
plot, one can suggest that the ligand radical delocalizes
significantly into the phenyl ring (∼20%). However, we note
that the calculation predicts a coplanar arrangement of the
phenyl ring and the metal-ligand plane, which maximizes
this delocalization effect. In actuality, the ring is likely
rotating rapidly.

[(L •)2Co] Calculations.For the bis(ligand)cobalt complex
(S ) 1/2), we can envision three possible electronic struc-
tures: (1) a closed-shell molecule with a low-spin Co(II)
center (SCo ) 1/2), one dianionic ligand, and one neutral
ligand; (2) a BS(3,2) model featuring a high-spin Co(II) (SCo

) 3/2) coupled antiferromagnetically to two ligand radicals;
or, (3) a BS(1,2) model featuring a low-spin Co(II) (SCo )
1/2) with two ligand radicals coupled antiferromagnetically
to one another. From what we learned with nickel, only the
BS(3,2) formulation would give rise to the observed tetra-
hedral geometry. Figure 10 shows the optimized geometry
of the BS(3,2) model along with some key structural
parameters. The optimized structure agrees well with the
experimental data, especially regarding the bond distances
in the ligand backbone. The MO scheme (Figure 11) reveals
two doubly occupied d orbitals, two ligand-based SOMOs
that are coupled to two metal-based SOMOs, and one
unpaired electron in the highest occupied SOMO, which is
heavily localized on cobalt (86% d character). Akin to the

nickel case, the antiferromagnetic coupling constant between
the two unpaired electrons on the metal and the two ligand-
based π radicals can be estimated using Yamaguchi’s
equation. A coupling constantJ of -504 cm-1 is calculated.
In addition, the large metal character of the highest occupied
SOMO is in agreement with the highly anisotropic EPR
signal that was obtained experimentally. The spin-density
plot (Figure 12) shows unpaired spins on both the metal and
ligands that are consistent with high-spin Co(II) with three
unpaired electrons and one electron per ligand, respectively.

Figure 9. Spin-density plot shown with values as derived from the BS-
(2,2) calculation for [(L•)2Ni] (based on Mulliken spin population analysis).

Figure 10. Selected angles (deg) and bond distances (Å) for the DFT-
optimized BS(3,2) calculation of [(L•)2Co]. Experimental values are shown
in italics.

Figure 11. Qualitative MO diagram of the magnetic orbitals derived from
BS(3,2) calculation of [(L•)2Co]. The spatial overlap (S) of corresponding
alpha and beta orbitals is given. If unspecified,S ) 1.

Figure 12. Spin-density plot shown with values as derived from the BS-
(3,2) calculation of [(L•)2Co] (based on Mulliken spin population analysis).
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IV. Summary

We have shown that the radical form (L•)- of the
R-iminoketone ligand (t-Bu)NdCHsC(Ph)dO is a viable
redox state. The bis(ligand)metal complexes of nickel and
cobalt have been characterized by physical methods as well
as theoretical calculations. A general electronic description
for these complexes is that of a high-spin divalent metal
center that is strongly coupled antiferromagnetically to two
ligand radicals. In our DFT calculations, we have observed
that even closed-shell electronic descriptions can predict
ligand-backbone bond distances that are consistent with a
ligand π radical. Thus, the assignment of ligand oxidation
states based only on bond distances from solid-state structures
can be misleading. Understanding the redox states of the

ligand and the metal center truly requires the use of several
spectroscopic tools.
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