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ABSTRACT: The oxidation state of the chromium center in the following compounds has been probed using a combination of
chromium K-edge X-ray absorption spectroscopy and density functional theory: [Cr(phen)3][PF6]2 (1), [Cr(phen)3][PF6]3 (2),
[CrCl2(

tbpy)2] (3), [CrCl2(bpy)2]Cl0.38[PF6]0.62 (4), [Cr(TPP)(py)2] (5), [Cr(
tBuNC)6][PF6]2 (6), [CrCl2(dmpe)2] (7), and

[Cr(Cp)2] (8), where phen is 1,10-phenanthroline, tbpy is 4,4′-di-tert-butyl-2,2′-bipyridine, and TPP2− is doubly deprotonated
5,10,15,20-tetraphenylporphyrin. The X-ray crystal structures of complexes 1, [Cr(phen)3][OTf]2 (1′), and 3 are reported. The
X-ray absorption and computational data reveal that complexes 1−5 all contain a central Cr(III) ion (SCr =

3/2), whereas
complexes 6−8 contain a central low-spin (S = 1) Cr(II) ion. Therefore, the electronic structures of 1−8 are best described as
[CrIII(phen•)(phen0)2][PF6]2, [Cr

III(phen0)3][PF6]3, [Cr
IIICl2(

tbpy•)(tbpy0)], [CrIIICl2(bpy
0)2]Cl0.38[PF6]0.62, [Cr

III(TPP3•−)-
(py)2], [Cr

II(tBuNC)6][PF6]2, [Cr
IICl2(dmpe)2], and [CrII(Cp)2], respectively, where (L

0) and (L•)− (L = phen, tbpy, or bpy)
are the diamagnetic neutral and one-electron-reduced radical monoanionic forms of L, and TPP3•− is the one-electron-reduced
doublet form of diamagnetic TPP2−. Following our previous results that have shown [Cr(tbpy)3]

2+ and [Cr(tpy)2]
2+ (tpy =

2,2′:6′,2″-terpyridine) to contain a central Cr(III) ion, the current results further refine the scope of compounds that may be
described as low-spin Cr(II) and reveal that this is a very rare oxidation state accessible only with ligands in the strong-field
extreme of the spectrochemical series.

■ INTRODUCTION
The oxidation-state formalism is pervasive in inorganic and
organometallic chemistry and is a core concept in chemists’
vernacular for classifying compounds and describing their
reactivity.1 A working knowledge of synthetically accessible
oxidation states for each transition metal is critical for
predicting stability of new compounds and the viability of
proposed intermediates. Beyond being a simple formalism,
oxidation states may be scrutinized spectroscopically, although
spectroscopic (physical) and formal oxidation states are not
always congruous.2 If cumulated experimental data reveal
mounting disagreement between formal and spectroscopic
oxidation state for a given formal-oxidation-state/spin-state

combination, the accessibility of such species should be called
into question.
Mounting data published from our laboratory has revealed

that low-spin Cr(II) (d4, S = 1)3 may be a formal oxidation
state that has been invoked incorrectly in many cases, and these
data have caused us to question the stability of low-spin Cr(II)
in general.4 Inorganic texts discussing low-spin Cr(II)
compounds identify up to five examples:5 (1) [Cr(CN)6]

4−,
(2) [Cr(bpy/phen)3]

2+, (3) [Cr(tpy)2]
2+, (4) [CrX2(bpy/

phen)2], and (5) [CrX2(LL)2], where LL is a diphosphine
or diarsine bidentate ligand; other formally low-spin Cr(II)
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compounds have been reported as well.6 In a recent series of
papers,4 we have demonstrated that [Cr(tbpy)3]

2+ and
[Cr(tpy)2]

2+, both S = 1 compounds, have been incorrectly
assigned as containing Cr(II): spectroscopic and theoretical
studies reveal that the chromium ion is in the +III oxidation
state. The electron previously assigned to the metal in these
cases resides in a ligand-centered orbital and is antiferromag-
netically coupled to the high-spin Cr(III) center (SCr =

3/2) to
afford the observed triplet ground spin state. On the other
hand, we demonstrated that K4[Cr(CN)6]

7 is indeed best
described as containing low-spin Cr(II), which is unsurprising
given the π-accepting character of the strong-field cyanide
ligands and the lack of available low-energy ligand-centered
orbitals.8 In fact, comparison of low-valent bpy, phen, tpy, and
cyanide compounds have led some authors to identify bpy,
phen, and tpy as strong-field ligands because of their ability to
stabilize low-valent species analogously to the strong-field
cyanide ligand.5,9 However, spectroscopic studies had already
demonstrated that bpy and phen are only very weak π-acceptor
ligands.10 In fact, Josephsen and Schaff̈er note that, for
homoleptic octahedral Cr(III), bpy and phen are weaker-f ield
ligands than ethylene diamine!10b The confusion arising from
these inconsistencies clearly has its origins in misleading formal
oxidation state assignments.
The observation that low-spin Cr(II) complexes may be rarer

than previously believed led us to undertake a more general
study of compounds described in the literature as containing
low-spin Cr(II), the results of which are presented in this
manuscript. We have identified the following compounds as
representative examples of “low-spin Cr(II)” species: [Cr-
(phen)3][PF6]2 (1), [CrCl2(

tbpy)2] (3), [Cr(TPP)(py)2]
(5),6b,11 [Cr(tBuNC)6][PF6]2 (6),6d [CrCl2(dmpe)2] (7),12

and [Cr(Cp)2] (8)6a,j (Chart 1). We have investigated the

spectroscopic (physical) oxidation state of the chromium center
in each compound using Cr K-edge X-ray absorption
spectroscopy and have examined each compound using
(broken-symmetry) density functional theory. The results of
these studies are summarized as follows:

(1) Of the compounds examined, only 6−8 are correctly
described as containing a low-spin Cr(II) ion.

(2) 1, 3, and 5 all contain a central Cr(III) ion (SCr =
3/2),

where the excess electron is localized in phen-, tbpy-, and

TPP-centered orbitals, respectively, and is antiferromag-
netically coupled to the Cr(III) ion to yield the observed
triplet ground spin state.

(3) 3 contains a ligand-centered radical that is localized on a
single tbpy ligand in the solid state (Robin-Day13 Class I
ligand mixed valency) and is best described as
[CrIIICl2(

tbpy•)(tbpy0)], where (tbpy0) and (tbpy•)− are
the diamagnetic neutral and doublet monoanionic forms
of 4,4′-di-tert-butyl-2,2′-bipyridine, respectively. On the
other hand, the extent of delocalization of the phen-
centered radical in 1 and [Cr(phen)3][OTf]2 (1′) is
somewhat ambiguous, although the data are suggestive of
a more delocalized radical (Class II, II/III,14 or III ligand
mixed valency) in 1 and 1′ than is observed in 3.

Our results allow us to make the following conclusions
concerning low-spin Cr(II):

(1) Low-spin Cr(II) is a very uncommon oxidation state and
is stabilized only by ligands in the strong-field extreme of
the spectrochemical series, including phosphi-
ne,6g,h,m,n,12b−j arsine,12a cyanide,7 isonitrile,6d pentadie-
nide,6l−n allyl,6n aryl,6o and cyclopentadienide.6a,g,h,j−l,o

(2) Chromium compounds bearing ligands with energetically
low-lying lowest unoccupied molecular orbitals
(LUMOs) (e.g., bpy, phen, tpy, and TPP2−) that are
formally low-spin Cr(II) compounds are very likely
better described as Cr(III) species that are antiferro-
magnetically coupled to a ligand-centered radical.

With these studies, we demonstrate that the oxidation-state
formalism may be misleading for compounds formally
described as low-spin Cr(II). This already rare oxidation state
is in fact even rarer than previously believed,5 comprising only
three types of compounds: (1) organometallic species
(containing cyclopentadienide,6a,g,h,j−l,o pentadienide,6l−n al-
lyl,6n and/or aryl6o ligands), (2) [CrIIX2(R3Z)4],

12 and (3)
[CrII(CNR′)6]

q [Z = P, As; X = halide, CN−, amido, or alkyl; R′
= alkyl or aryl (q = 2+)6d or lone pair (q = 4−)7].

■ EXPERIMENTAL SECTION
1.1. General Considerations. The following syntheses were

carried out using standard Schlenk-line procedures or a glovebox in the
absence of dioxygen and water using rigorously dried solvents. The
complexes [CrCl2(bpy)2][PF6]0.62Cl0.38 (4),15 [Cr(TPP)(py)2]
(5),6b,11 [Cr(tBuNC)6][PF6]2 (6),6d and [CrCl2(dmpe)2] (7)12c

were prepared as described in the literature. [Cr(Cp)2] (8)6a,j was
purchased from Strem and used as received.

1.2. Physical Measurements. Electronic spectra of complexes
were recorded with a Perkin-Elmer Lambda 19 double-beam
spectrophotometer (200−2100 nm). Variable temperature (4−300
K) magnetization data were recorded in a 1 T magnetic field on a
SQUID magnetometer (MPMS Quantum Design). The experimental
magnetic susceptibility data were corrected for underlying diamagnet-
ism using tabulated Pascal’s constants. Elemental analyses were
performed by H. Kolbe at the Mikroanalytischen Labor in Mülheim
an der Ruhr, Germany.

1.3. Synthesis of Compounds. [Cr(phen)3][PF6]2 (1). phen·H2O
(2.425 g, 12.2 mmol), CrCl2 (505 mg, 4.1 mmol), and 30 mL of
degassed water were combined under argon in a 50 mL Schlenk flask.
The solution was stirred at room temperature for 20 h, during which
time the color changed from light blue to deep dark green. Five
milliliters of a 1.6 M solution of NH4PF6 (8.0 mmol) in degassed
water was added to the reaction mixture, resulting in the precipitation
of [Cr(phen)3][PF6]2. The suspension was filtered through a Schlenk
frit, and the solid was washed with 50 mL of degassed water. The solid
was dried under vacuum, taken up in dry MeCN, and filtered. Removal
of the MeCN under vacuum afforded 3.01 g of [Cr(phen)3][PF6]2

Chart 1. Complexes and Ligand Abbreviations Used
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(83% yield). X-ray-quality crystals were grown by vapor diffusion of
Et2O onto a concentrated solution of 1 in MeCN. Anal. Calc. for
C36H24N6CrP2F12: C, 48.99; H, 2.74; N, 9.52; Cr, 5.89; P, 7.02.
Found: C, 48.86; H, 2.67; N, 9.49; Cr, 5.79; P, 6.95.
[Cr(phen)3](OTf)2 (1′). Three equivalents of 1,10′-phenanothroline

(0.3 mmol, 55 mg) were dissolved in 0.5 mL of acetonitrile, and were
mixed with a 0.5 mL acetonitrile solution of Cr(OTf)2·2MeCN (0.1
mmol, 43.5 mg).49 The resulting green-brown solution produced dark
green crystals after diffusion of diethyl ether into the mixture for 2 days
(72 mg, 81% yield). M/z+: 560.0 obs., 560.5 calc. {Cr(phen)2(OTf)}

+,
μeff(298 K) = 3.28 μB.
[Cr(phen)3][PF6]3 (2). [Cr(phen)3][PF6]2 (100 mg, 0.11 mmol) was

dissolved in 2 mL of MeCN. Separately, AgPF6 (30 mg, 0.12 mmol)
was dissolved in 1 mL of MeCN, and this solution was added over 30 s
to the stirred [Cr(phen)3][PF6]2 solution, resulting in a brown
suspension. After stirring for 15 min, the MeCN was removed under
vacuum to afford a brown residue. Tetrahydrofuran (THF) was added
to the resulting residue, which was scraped to a powder with a spatula.
The THF was decanted, and the residue was washed again with THF.
Dissolution of the orange residue in MeCN, filtration through Celite,
and solvent removal under vacuum afforded pure, air-stable, yellow-
orange [Cr(phen)3][PF6]3 in 70% yield (82 mg). This material may be
crystallized by vapor diffusion of Et2O onto a concentrated solution in
MeCN. Anal. Calc. for C36H24N6CrP3F18: C, 42.08; H, 2.35; N, 8.18;
Cr, 5.06; P, 9.04. Found: C, 41.95; H, 2.72; N, 8.40; Cr, 5.18; P, 9.20.
[CrCl2(

tbpy)2] (3). Anhydrous CrCl2 (23 mg, 0.19 mmol) and tbpy
(101 mg, 0.38 mmol) were combined in 3 mL of dry THF. Within
seconds, a deep purple color developed. After stirring for 1 h the
mixture was filtered through Celite and the solvent was removed under
vacuum. After scraping the residue to a powder with a spatula and
drying it under high vacuum for 4 h, the powder was redissolved in
toluene to afford a deep blue-green solution. Filtration of this solution
over Celite and removal of the solvent under vacuum afforded 80 mg
of the title compound (65% yield). X-ray-quality crystals were grown
by vapor diffusion of pentane onto a concentrated THF solution of
this compound. This compound is highly air sensitive, and consistent
with what we found with homoleptic tbpy complexes of chromium, we
were unable to obtain reproducible elemental analyses for this species,
even from the same crop of product. The similarity of our absorption
spectrum to that reported for [CrI2(bpy)2]

6c and our X-ray crystal

structure and IR spectrum are taken as evidence for the identity and
sufficient purity of the title compound.

1.4. X-ray Crystallographic Data Collection and Refinement
of the Structures. Black single crystals of complexes 1 and 3 were
coated with perfluoropolyether, picked up with nylon loops, and were
immediately mounted in the nitrogen cold stream of the
diffractometer. Graphite monochromated Mo−Kα radiation (λ =
0.71073 Å) from a Mo-target rotating-anode X-ray source was used
throughout. A dark green crystal of complex 1′ was covered with
Paratone oil for data collection at −173 °C on a Bruker D8 Apex
diffractometer equipped with a sealed tube Mo-target X-ray source.
Final cell constants were obtained from least-squares fits of several
thousand strong reflections. Intensity data were corrected for
absorption using intensities of redundant reflections with the program
SADABS.16 The structures were readily solved by Patterson methods
and subsequent difference Fourier techniques. The Bruker ShelXTL17

software package was used for solution of the structures, and
ShelXL9718 was used for the refinement. All non-hydrogen atoms
were anisotropically refined, and 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.

A split atom model was refined to account for disorder of
acetonitrile molecules in compound 1. A total of 12 restraints were
used to restrain C−N distances and N−C−C angles using DFIX and
DANG instructions of ShelXL97, while thermal displacement
parameters of disordered atoms were restrained with EADP. At least
three severely disordered THF molecules were located in the
asymmetric unit of 3. Even a split atom model refining the THF
molecules on three positions was not satisfactory. The solvent
contribution was therefore removed using Platon/Squeeze.19

1.5. X-ray Absorption Spectroscopy. Chromium K-edge spectra
were recorded at beamline 7-3 at the Stanford Synchrotron Radiation
Lightsource (SSRL) or at the Australian National Beamline Facility
(ANBF, beamline 20B at the Photon Factory, Tsukuba, Japan). The
beam energy was 3.0 GeV (SSRL) or 2.5 GeV (ANBF), and the
maximal beam current was 300 mA (SSRL) or 400 mA (ANBF).
Beamline 7-3 has a double-crystal Si[220] monochromator, and an
upstream Rh-coated collimating mirror that also provided harmonic
rejection in combination with 30% detuning. Harmonic rejection was

Table 1. Crystallographic Data for 1, 1′, and 3

1·2.5CH3CN 1′ 3

chem. formula C41H31.5CrF12N8.5P2 C38H24CrF6N6O6S2 C36H48Cl2CrN4
a

Fw 985.19 890.75 659.68
space group R3̅, No. 148 P1̅, No. 2 P21/c, No. 14
a, Å 14.9676(11) 9.4602(8) 25.027(5)
b, Å 14.9676(11) 13.5845(11) 11.599(2)
c, Å 63.056(4) 14.9225(13) 53.487(9)
α, deg 90 96.019(2) 90
β, deg 90 103.230(2) 90.375(3)
γ, deg 120 102.314(2) 90
V, Å3 12233.8(15) 1799.9(3) 15526(5)
Z 12 2 16
T, K 100(2) 100(2) 100(2)
r calcd, g cm−3 1.605 1.644 1.129a

refl. collected/2Θmax 29308/55.00 21151/60.0 253579/50.00
unique refl./I > 2σ(I) 6265/4939 10416/8366 27334/21283
no. of params/restr. 402/12 569/0 1694/102
l, Å /m (Ka), cm−1 0.71073/4.59 0.71073/5.2 0.71073/4.59a

R1b/goodness of fitc 0.1069/1.133 0.054/1.05 0.0648/1.105
wR2d (I > 2σ(I)) 0.2315 0.137 0.1284
residual density, e Å−3 +0.78/−1.47 +1.50/−0.48 +0.65/−0.66
CCDC depository code 878595 878597 878596

aDisordered solvent (thf) has been removed using the program Platon/Squeeze.19 bObservation criterion: I > 2σ(I). R1 =∑||Fo| − |Fc||/∑|Fo|.
cGoF

= [∑[w(Fo
2 − Fc

2)2]/(n − p)]1/2. dwR2 = [∑[w(Fo
2 − Fo

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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achieved at ANBF by detuning the channel-cut Si[111] mono-
chromator by 50%. Complexes diluted with boron nitride were pressed
into 0.5 mm pellets that were supported within an Al spacer between
two 38 μm Kapton tape windows (window size, 2 × 10 mm), and
maintained at 10 K during data collection in a continuous flow liquid
helium cryostat. Spectra were recorded in transmission mode, and
represent 3−8 scan averages. Data analysis, including calibration,
averaging, background subtraction, splining, and normalization of all
spectra were performed using the EXAFSPAK software package.20

1.6. Calculations. All density functional theory (DFT) calculations
were performed with the ORCA program.21 The complexes were
geometry optimized using the B3LYP functional.22 The all-electron
basis sets were those reported by the Ahlrichs group.23 Triple-ζ-quality
basis sets with one set of polarization functions (def2-TZVP) were
used for the Cr metal and the nitrogen atoms coordinated to it. The
remaining atoms were described by slightly smaller polarized split-
valence def2-SVP basis sets that are double-ζ-quality in the valence
region and contain a polarizing set of d functions on the non-hydrogen
atoms.23a,b Auxiliary basis sets used to expand the electron density in
the calculations were chosen to match the orbital basis. Electronic
energies and properties were calculated at the optimized geometries
using the B3LYP functional.22 In this case the same basis sets were
used. The self-consistent-field calculations were tightly converged (1 ×
10−8 Eh in energy, 1 × 10−7 Eh in the density charge, and 1 × 10−7 in
the maximum element of the DIIS24 error vector). The geometry
search for all complexes was carried out in redundant internal
coordinates without imposing geometry constraints. Geometry
optimization was considered converged after the energy change was
less than 1 × 10−6 Eh, the gradient norm and maximum gradient
element were smaller than 3 × 10−5 Eh Bohr−1, and 1 × 10−4 Eh
Bohr−1, respectively, and the root-mean-square and maximum
displacements of all atoms were smaller than 6 × 10−4 Bohr and 1
× 10−3 Bohr, respectively. For charged species, geometry optimizations
were carried out normally as well as by applying the conductor-like
screening model (COSMO)25 to model solvation in water (dielectric
constant (ε) = 80.4, refractive index = 1.33). Corresponding26 and
quasi-restricted orbitals27 and density plots were obtained using
Molekel.28

We used the broken symmetry (BS) approach to describe our
computation results.29 We adopt the following notation: the given
system was divided into two fragments. The notation BS(m,n) refers
then to a broken symmetry state with m unpaired α-spin electrons
essentially on fragment 1 and n unpaired β-spin electrons localized on
fragment 2. In each case, fragments 1 and 2 correspond to the metal
and the ligands, respectively. In this notation the standard high-spin,
open-shell solution is written as BS(m + n,0). The BS(m,n) notation
refers to the initial guess to the wave function. The variational process
does, however, have the freedom to converge to a solution of the form
BS(m − n,0) in which effectively the n β-spin electrons pair up with n
< m α-spin electrons on the partner fragment. Such a solution is then a
standard Ms ≈ (m − n)/2 spin-unrestricted Kohn−Sham solution. As
explained elsewhere,26 the nature of the solution is investigated from
the corresponding orbital transformation (COT), which, from the
corresponding orbital overlaps, displays whether the system should be
described as a spin-coupled or a closed-shell solution.
Time-dependent DFT (TD-DFT) calculations of the Cr metal K-

pre-edges were conducted as previously described.30 For all complexes,
the B3LYP functional was used in conjunction with the fully
uncontracted CP(PPP) basis set for the metal,31 def2-TZVP for the
nitrogen atoms, and def2-SVP for the remaining atoms for a single-
point, spin unrestricted ground state DFT calculation using the
optimized coordinates. TD-DFT calculations32 were then performed
allowing only for transitions from the metal 1s orbital.30b,32 The
absolute calculated transition energies are consistently underestimated
because of the shortcomings in the ability of DFT to model potentials
near the nucleus. This results in the deep 1s core orbitals being too
high in energy relative to the valence, thus requiring a constant shift
for a given absorber. It was established that a shift of 126.10 eV for Cr
K-edge is required for this regime of functional and basis sets and was
applied to the transition energies. Plots were obtained using

“orca_mapspc” with a line broadening of 1.0 eV for Cr K-edges.
Despite the inherent restrictions in describing open-shell systems with
a single determinantal reference wave function, we have found that this
method is quite effective at predicting the energy and relative
intensities originating from the Cr 1s orbital for these complexes.

■ RESULTS AND DISCUSSION
2.1. Synthesis and Characterization of New Com-

pounds. Compound 1 has been prepared analogously to
[Cr(tbpy)3][PF6]2 and [Cr(tpy)2][PF6]2.

4 Combining anhy-
drous CrCl2 and phen in degassed water generates the water-
soluble species [Cr(phen)3]Cl2, and addition of aqueous
degassed NH4PF6 results in precipitation of 1, which is
collected by filtration. The dication in 1 has been shown to
possess an S = 1 ground spin state (see Supporting
Information, Figure S1),33 and it has been described as a
low-spin Cr(II) species,33,34 an assignment that has made its
way into a variety of textbooks.5 The electronic absorption
spectrum of 1 is shown in Figure 1. Consistent with our

analysis of the closely related complexes [Cr(tbpy)3]
2+ and

[Cr(tpy)2]
2+, which show similar absorption profiles from

10,000−25,000 cm−1 as the corresponding alkali-metal salt of
the π-radical monoanionic ligands,4 we assign the transitions
from 7,000−25,000 cm−1 as intraligand transitions, requiring a
description of this species as containing a central high-spin
Cr(III) (d3) ion antiferromagnetically coupled to a [phen]3-
centered radical monoanion. The absorption bands in this
region of the spectrum are very similar to those of
[CrIII(tbpy•)(tbpy0)2]

2+ and are too intense (ε ∼ 103−104
M−1 cm−1) to be classified as d-d transitions, although they
could be interpreted as MLCT transitions if low-spin Cr(II) is
invoked. However, as we will show below, this complex is
indeed best described as containing a central Cr(III) ion.
Given our electronic structure assignment of 1, ligand mixed

valency should give rise to one or two low-energy intervalence
charge transfer bands.35 We have explored the absorption
spectrum at lower energy (<5,000 cm−1) by infrared spectros-
copy (KBr pellet). As shown in the top inset of Figure 1, we do
in fact observe a narrow transition centered around 4,300 cm−1,
the broadness of which is consistent with its assignment as an
electronic transition (fwhm ∼700 cm−1). Unfortunately, we
cannot assess the molar absorptivity of this transition using this

Figure 1. Electronic absorption spectra of 1 in acetonitrile (top) and 3
in THF (bottom). Insets show IR spectra taken of KBr pellets
(absorption in arbitrary units).
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technique. [CrIII(tpy•)(tpy0)]2+ (localized tpy-centered radical)
produces a similar transition (absorption maximum at ∼2,500
cm−1);4b however, the low-energy band is much narrower in 1
than in [CrIII(tpy•)(tpy0)]2+ (fwhm ∼700 and ∼2,200 cm−1,
respectively). Although not conclusive, we postulate that the
relatively narrow bandwidth of this transition in 1 results from a
more delocalized ligand-centered radical (Class II, II/II, or III
ligand mixed valency) than was observed in [CrIII(tpy•)-
(tpy0)]2+.
We have obtained the first X-ray crystal structure of 1

(Figure 2). Unlike the crystal structures of [Cr(tbpy)3]
2+ and

[Cr(tpy)2]
2+ that we recently reported,4 the crystal structure of

1 is not of sufficient quality to discern between a (localized or
delocalized) ligand-centered radical or a low-spin Cr(II)
species. In fact, the CrN2C2 metallocycle bond lengths in 1
are crystallographically indistinguishable from the same values
reported for [CrIII(phen0)3][ClO4]3·H2O (Table 2).36

Although there are two molecules of 1 in the unit cell, the
three phen ligands are averaged as a consequence of the R3 ̅
space group, wherein a crystallographic C3-axis passes through
the chromium centers. The same averaging was observed in the
crystal structures of [Cr(bpy)3]

2+ and [Cr(bpy)3]
+,37 preclud-

ing differentiation between a (localized or delocalized) ligand-
centered radical or a low-spin Cr(II) species based on the
structures alone. We recently reported that the corresponding
crystal structures with tert-butyl groups in the 4 and 4′ positions

of the bipyridine ligands did not suffer from this averaging, and
we were able to identify one and two localized (bpy•)− π-radical
an ion i c l i gands in [Cr I I I ( tbpy •)( tbpy0) 2 ]

2 + and
[CrIII(tbpy•)2(

tbpy0)]+, respectively.
To further probe the extent of localization of the [phen3]-

centered radical in 1, we sought a derivative that crystallizes in a
space group that differentiates each of the three phen ligands.
We have prepared the related dicationic salt of 1 with triflate
counterions (1′) in place of hexafluorophosphate counterions.
Fortunately, 1′ crystallized in the P1 ̅ space group, in which all
three phen ligands are crystallographically unique. The bond
lengths given in Table 2 reveal that one CrN2C2 metallocycle is
modestly distorted compared to the other two, suggesting at
least partial localization of the [phen3]-centered radical in 1′. In
the case of [Cr(tbpy)3]

2+, the metallocycle C−C and Cr−N
bond lengths are most diagnostic for assigning the ligand
oxidation level.4a,9e In 1′, only the differences in Cr−N bond
lengths of the three metallocycles are outside of the 3σ limit.
Interestingly, the difference of the sum of the two Cr−N bond
lengths in each metallocycle of 1′ (4.152, 4.113, and 4.027 Å)
are much smaller than the differences in the same values in
[Cr(tbpy)3]

2+ (4.130, 4.126, and 3.983 Å). This can be
interpreted as arising either (1) from a greater extent of
delocalization of a phen-centered radical compared to a tbpy-
centered radical because of the larger π-system of phen or (2)
from a more delocalized [phen3]-centered radical in 1′ (Class

Figure 2. (a) Structure of one of the two independent dications in crystals of 1 as viewed down the crystallographic C3 axis, which averages each of
the three phen ligands. (b) Structure of the dication in 1′, in which each of the three phen ligands are crystallographically unique.

Table 2. Crystallographically Determined Bond Lengths (Å) of the CrN2C2 Metallocyclesa

1b 1′c [Cr(phen)3]
3+c 3b,c 4d

C−C [1.421(8)] 1.432(3); 1.430(5); [1.470(5); 1.425(5)] [1.474(5); 1.431(5)] 1.470(5)
[1.432(8)] 1.422(2); 1.409(8); [1.467(5); 1.427(5)] [1.479(5); 1.433(5)]

1.415(2) 1.421(7)
C−N [1.362(6), 1.361(6)] 1.369(3), 1.373(3); 1.364(5), 1.390(5); [1.347(4), 1.355(4); 1.384(4), 1.373(4)] 1.352(3), 1.351(4)

[1.365(6), 1.359(6)] 1.375(3), 1.375(3); 1.390(6), 1.365(6); [1.363(4), 1.361(4); 1.378(4), 1.376(4)]
1.369(3), 1.380(2) 1.367(7), 1.358(6) [1.348(5), 1.363(4); 1.380(4), 1.367(5)]

[1.361(5), 1.355(5); 1.388(5), 1.368(5)]
Cr−N [2.049(4), 2.046(4)] 2.064(2), 2.087(2); 2.050(4), 2.040(4); [2.069(3), 2.084(3); 2.007(3), 2.002(3)] 2.061(2), 2.062(2)

[2.047(4), 2.045(4)] 2.065(2), 2.048(2); 2.039(4), 2.055(4); [2.047(3), 2.060(3); 2.002(3), 2.003(3)]
2.024(2), 2.003(2) 2.049(4), 2.040(4) [2.059(3), 2.077(3); 2.023(3), 2.015(3)]

[2.065(3), 2.054(3); 2.005(4), 2.007(4)]
aValues for [CrIII(phen0)3]

3+ and 4 are from references 36 and 15, respectively. bBracketed numbers correspond to a single molecule in the unit cell.
cA semicolon separates each metallocycle within a single molecule in the unit cell. dBpy ligands are crystallographically indistinguishable.
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II, II/III, or III ligand mixed valency) than the [tbpy3]-centered
radical in [Cr(tbpy)3]

2+ (Class I ligand mixed valency). In light
of the narrowness of the absorption band of 1 at 4,300 cm−1,
we feel that the latter description may be operative, although
both descriptions may contribute to the small bond-length
differences of the three phen ligands in 1′. It is also worth
pointing out that the intraligand and CrN2C2 metallocycle
bond lengths of the (tpy•)− and (tpy0) ligands in [CrIII(tpy•)-
(tpy0)]2+ are pronounced enough to differentiate them in the
crystal structure of this complex despite the large size of the tpy
π-system.4b

[Cr(Ar)2(bpy)2] (Ar is 2-methoxyphenyl) was reported by
Zeiss in 1973,6p and [CrI2(bpy)2] and [Cr(NCS)2(bpy)2] were
reported by Earnshaw and Larkworthy in 1977.6c X-ray crystal
structures of these species have not been reported. The
effective magnetic moments of these complexes are 2.58, 3.35
(3.32), and 2.91 (2.86) μB at 295 K (90 K), respectively, which
led the authors to describe these species as low-spin Cr(II)
compounds. The electronic absorption spectra of the latter
compounds were reported by Earnshaw and Larkworthy but
not discussed in detail, although the authors note that the
absorption spectra are very similar to that of [Cr(bpy)3]

2+,
which we have shown possesses a central Cr(III) ion.4a Given
our success in obtaining high-quality X-ray crystal structures
with tbpy, we sought to synthesize [CrCl2(

tbpy)2] (3). We were
pleased to find that 3 is easily prepared by the addition of 2
equiv of tbpy to anhydrous CrCl2 in THF. We note that this
reaction failed with bpy, 4,4′-dimethyl-2,2′-bipyridine, and phen.
As shown in Supporting Information, Figure S1, compound 3 is
a ground-state triplet, analogous to [Cr(Ar)2(bpy)2],
[CrI2(bpy)2], and [Cr(NCS)2(bpy)2].
We were able to access X-ray-quality crystals of compound 3

by vapor diffusion of diethyl ether onto a THF solution of 3.
There are four independent molecules of 3 in the unit cell, each
of which reveals the presence of one neutral (tbpy0) and one
radical monoanionic (tbpy•)− ligand (Table 2 and Figure 3);

importantly, the structural differences between the neutral and
monoanionic forms of the ligand were outside the 3σ limit in
each case. As we have described previously, the difference
between the bpy oxidation levels is easily discerned from the
Cpy−Cpy bond lengths if the crystals are of sufficient quality:
∼1.49 Å for (bpy0), ∼1.43 Å for (bpy•)−, and ∼1.38 Å for
(bpy2−)2−.9e In crystals of 3, the Cpy−Cpy bonds average to 1.43
Å for the (tbpy•)− ligand and 1.47 Å for the (tbpy0) ligand.
Also, the Cpy−Cpy bond length in the related species
[CrIIICl2(bpy

0)2][PF6]0.62Cl0.38 (4)15 (1.470(5) Å, Table 2)
matches with the neutral tbpy ligand in 3. The (tbpy•)− ligand
in crystals of 3 is ruffled from planarity, reflecting a degree of
dearomatization associated with occupation of the tbpy π*
orbital. These X-ray data are strong evidence for an electronic-
structure description of 3 as [CrIIICl2(

tbpy•)(tbpy0)], Class I
(localized) ligand mixed valency. These data point to a similar
electronic-structure description of the compounds reported by
Ze i s s , 6 p Ea rn shaw , and La rkwor thy , 6 c n ame ly ,
[CrIII(Ar)2(bpy

•)(bpy0)], [CrIIII2(bpy
•)(bpy0)], and

[CrIII(NCS)2(bpy
•)(bpy0)].

The electronic absorption spectrum of 3 is very similar to
that of [CrI2(bpy)2]

6c and is shown in Figure 1. The spectrum
is also very similar to that of [Cr(tbpy)3][PF6]2, consistent with
the report that [CrI2(bpy)2] and [Cr(bpy)3]

2+ have nearly
identical electronic absorption spectra.6c An important differ-
ence between the spectra of 3 and [Cr(tbpy)3]

2+ is the presence
of an absorption band centered at ∼4,800 cm−1 in THF (4,500
cm−1 in KBr, Figure 1) in compound 3 with ε ∼ 103 M−1 cm−1

in THF solution. The molar absorptivity of this transition is
inconsistent with an assignment as a d−d transition,38 and we
therefore assign it as an intervalence charge-transfer (IVCT)
transition arising from Class I (localized) ligand mixed valency.
This band is much broader than the corresponding band
observed in the IR spectrum of 1 (fwhm ∼1,800 cm−1 for 3 vs
∼700 cm−1 for 1 in KBr), consistent with a localized ligand-
centered radical in 3, a conclusion that is nicely corroborated by
the X-ray crystal structure.

2.2. Chromium K-Edge X-ray Absorption Spectrosco-
py of Compounds 1−8. The crystallographic and spectro-
scopic results for complexes 1 and 3 described above suggest
that such compounds may have been incorrectly described in
the literature.6c,33,34 We have recently reported that the
corresponding compounds [Cr(tbpy)3]

2+ and [Cr(tpy)2]
2+

have also been incorrectly assigned as low spin Cr(II)
compounds; they are, in fact, Cr(III) compounds that are
antiferromagnetically coupled to a ligand-centered radical.4 In
multiple inorganic chemistry textbooks, [Cr(CN)6]

4−, [Cr-
(bpy)3]

2+, [Cr(phen)3]
2+, [Cr(tpy)2]

2+, and [CrX2(bpy)2] are
listed as the only members of a small class of low-spin Cr(II)
compounds,5 although other formally low-spin Cr(II) com-
pounds have been reported as well.6 To the best of our
knowledge, there are only four additional classes of compounds
that have been described as containing a central low-spin Cr(II)
ion, representative examples of which include [Cr(TPP)(py)2]
(5),6b,11 [Cr(tBuNC)6]

2+ (6),6d [CrCl2(dmpe)2] (7),12 and
[Cr(Cp)2] (8).

6a,j Members of the last three categories seem to
be legitimate examples of low-spin Cr(II) because none of the
ligands in these complexes possess low-lying LUMOs that
might be easily reduced. Consistent with this notion, we have
already demonstrated that [CrII(CN)6]

4− is a legitimate low-
spin Cr(II) complex. On the other hand, 5 may be an
exception, as the radical trianion of porphyrin ligands is
known.39

Figure 3. Structure of one of the four independent molecules in
crystals of 3.
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A useful tool for comparing the oxidation state (through Zeff)
of a given transition-metal ion across a series of compounds is
X-ray absorption spectroscopy (XAS). As we have described
previously, Cr K-edge XAS has provided definitive evidence
that all members of the electron transfer series [Cr-
(tbpy)3]

3+/2+/1+/0 and [Cr(tpy)2]
3+/2+/1+/0 contain a high-spin

Cr(III) (d3) center, where added electrons occupy ligand-
centered orbitals in each case.4 These results were compared
against standards for high-spin Cr(II) ([Cr(tacn)2]Br2) and
low-spin Cr(II) (K4[Cr(CN)6]), and a clear difference in the
position of the first transition in the pre-edge region of the
chromium K-edge X-ray absorption spectra was observed for
compounds containing a central Cr(II) or Cr(III) ion (see
Table 3). Importantly, the position of the first pre-edge

transition for octahedral Cr(III) complexes is largely invariant
with respect to the ligand environment (C6, N6, O6, O4Cl2, and
S6) and overall charge (from 3− to 3+), falling between 5989.9
and 5990.7 eV in each case. While differences in position of the
rising edge were discernible in some cases, the edge positions
are not well-defined in these species because of the large
number of transitions to 4p states and higher-energy Rydberg
states that occur in the rising-edge region, and we have
accordingly relied on the position of the first pre-edge
transition in assigning spectroscopic oxidation states.
We felt that a full XAS study of representative members of

each class of low-spin Cr(II) compounds was in order to

ascertain which members had been correctly identified as low-
spin Cr(II) and which had not. Here, we have measured the
chromium K-edge X-ray absorption spectra of [Cr(phen)3]-
[PF6]2 (1), [CrCl2(

tbpy)2] (3), [Cr(TPP)(py)2] (5), [Cr-
(tBuNC)6][PF6]2 (6), [CrCl2(dmpe)2] (7), and [Cr(Cp)2]
(8), as well as the Cr(III) reference compounds [Cr(phen)3]-
[PF6]3 (2) and [CrCl2(bpy)2][PF6]0.62Cl0.38 (4). These data are
reported in Figure 4 and Table 3.

The position of the first pre-edge feature of octahedral
Cr(III) complexes occurs at 5989.9−5990.7 eV, depending on
the ligand environment (Table 3). As shown in Table 3 and
Figure 4, the position of the first pre-edge feature of genuine
low-spin Cr(II) complexes (K4[Cr

II(CN)6] and 6−8) occurs at
5989.0−5989.5 eV, depending on the ligand environment. This
is consistent with the observation that a one-electron reduction
of the metal center is generally accompanied by an
approximately 1 eV shift to lower energy of the first pre-edge
feature.41 Complexes 1−5 show lowest-energy pre-edge
features at 5990.4−5990.6 eV, revealing that all of these
complexes contain a central Cr(III) ion. Therefore,
[CrCl2(

tbpy)2] and [Cr(phen)3]
2+ cannot be described as

low-spin Cr(II) species, but instead are best described as
[CrIIICl2(

tbpy•)(tbpy0)] (Class I (localized) ligand mixed
valency) and [CrIII(phen•)(phen0)2]

2+ (Class II, II/III, or III
ligand mixed valency), respectively. Interestingly, the first Cr K-
pre-edge feature of 5 lies directly in the region expected for
Cr(III) compounds (5990.6 eV), suggesting that this species
was incorrectly assigned as containing a central low-spin Cr(II)
ion: these XAS data reveal that the TPP2− ligand, the pyridine
ligands, or some combination of the TPP2− and pyridine
ligands must be reduced by one electron. These results provide
strong evidence that low-spin Cr(II) is a legitimate description
only for the following three classes of compounds: (1) organo-
metallic species (containing cyclopentadienide,6a,g,h,j−l,o penta-
d ienide ,6 l−n a l ly l , 6n and/or ary l 6o l igands) , (2)
[CrIIX2(R3Z)4],

12 and (3) [CrII(CNR′)6]
q [Z = P, As; X =

Table 3. Comparison of Calculated and Experimentally
Determined Cr K-Pre-Edge Energies (eV) of Octahedral
Chromium Complexes

compound exp calca ref

trans-[CrIIICl2(OH2)4]Cl 5990.6 40
[CrIII(tacn)2]

3+b 5990.4 4a
[CrIII(CN)6]

3− 5990.2 4a
[CrIII(3,6Lsq

•)3]
0c 5990.7 40

[CrIII(3,6Lsq
•)2(

3,6Lcat)]
−d 5990.7 40

[CrIII(mnt)3]
3−e 5990.3 41

[CrIII(tbpy0)3]
3+ 5990.4 4a

[CrIII(tbpy•)(tbpy0)2]
2+ ∼5990.4 4a

[CrIII(tbpy•)2(
tbpy0)]+ 5990.4 4a

[CrIII(tbpy•)3]
0 5990.4 4a

[CrIII(tpy0)2]
3+ 5990.3 4b

[CrIII(tpy•)(tpy0)]2+ 5989.9 4b
[CrIII(tpy•)2]

+ 5990.4 4b
[CrIII(tpy••)(tpy•)]0 5990.7 4b
[CrIII(phen•)(phen0)2]

2+ (1) ∼5990.4 5990.6 this work
[CrIII(phen0)3]

3+ (2) 5990.4 5990.4 this work
[CrIIICl2(

tbpy•)(tbpy0)]0 (3) ∼5990.4 5990.6 this work
[CrIIICl2(bpy

0)2]
+ (4) 5990.4 5990.5 this work

[CrIII(TPP3•−)(py)2]
0 (5) 5990.6 5990.4 this work

[CrII(tBuNC)6]
2+ (6) ∼5989.0 5989.3 this work

[CrIICl2(dmpe)2]
0 (7) ∼5989.5 5989.9 this work

[CrII(Cp)2]
0 (8) ∼5989.5f ∼5989.2 this work

[CrII(CN)6]
4− 5989.1 4a

aAll calculated transitions have been increased by 126.1 eV. btacn is
1,4,7-triazacyclononane. c(3,6Lsq

•)− represents 3,6-di-tert-butylbenzose-
miquinonate (1−). d3,6Lcat is the closed-shell one-electron-reduced
form (2−) of (3,6Lsq

•)−. eemnt is maleonitrile dithiolate (2−). fThe
position of the first pre-edge transition is difficult to discern in this case
because of the more intense transition at slightly higher energy (see
section 2.4 for further discussion).

Figure 4. Normalized chromium K-edge X-ray absorption spectra of
complexes 1−8. The insets show expansions of the lowest-energy
transitions in the pre-edge region. The top inset contains compounds
that we have assigned as containing a central Cr(III) ion and the
bottom inset contains compounds that we assign as true low-spin
Cr(II) compounds. The dashed gray line in the insets at 5990.4 eV is
meant to guide the eye to the position where octahedral Cr(III)
compounds generally show their first pre-edge feature.
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halide, CN−, amido, or alkyl; R′ = alkyl or aryl (q = 2+)6d or
lone pair (q = 4−)7].
2.3. Density Functional Theoretical Calculations. We

have calculated the electronic structures of complexes 1−8
using (broken-symmetry) density functional theory (DFT)
with the B3LYP functional. All calculations have been
performed both as single-point calculations on crystal structure
geometries and by geometry optimization using the crystal-
structure geometry as a starting point. In each case, the
qualitative electronic-structure descriptions of the single-point
and geometry-optimized calculations are the same. As expected
for the B3LYP functional, the chromium−ligand bond lengths
are slightly overestimated following geometry optimization. As
with the members of the electron transfer series [Cr(tbpy)3]

l,
[Cr(tpy)2]

l, [Cr(tacn)2]
m, and [Cr(CN)6]

n (l = 3+, 2+, 1+, 0;
m = 3+, 2+; n = 3−, 4−),4 we have calculated the Cr K-pre-
edge X-ray absorption transitions to validate our calculated
electronic structure assignments by comparison to experiment.
The calculated and experimental pre-edge energies are in good
agreement (Table 3 and Figure 9), giving us confidence in the
electronic structure assignments made from these calculations.
Figure 5 shows the calculated FMOs of compounds 1 and 2.

A Kohn−Sham spin-unrestricted (UKS) S = 3/2 calculation of
compound 2 provides the expected electronic structure of a
high-spin Cr(III) (d3) species with three half-filled singly
occupied molecular orbitals (SOMOs) each of >90% Cr
character. One-electron reduction of 2 provides 1, which was
investigated both by a UKS S = 1 and a broken-symmetry
BS(3,1) calculation. Both calculations converged to the same
solution, where the extra electron is added to an orbital of
largely phenanthroline parentage, leaving the chromium center
in the +III oxidation state. This ligand-centered radical is
strongly antiferromagnetically coupled to the Cr(III) center
yielding the observed S = 1 ground state. As with the related
species [CrIII(tbpy•)(tbpy0)2]

2+,4a the chromium character of
the beta-spin SOMO in the antiferromagnetically coupled pair

is somewhat high and could be interpreted as arising from a
small contribution of Cr(II) character. We optimized the
geometry of this species starting from the crystal-structure
geometry with and without the conductor-like screening model
(COSMO) to mimic solvation in water,42 as well as by
perturbing the starting geometry in various ways to enforce a
shortening of one of the CrN2C2 metallocycle C−C bond
lengths in an attempt to favor convergence to a solution with a
localized (phen•)− ligand. Regardless of the starting geometry,
each calculation converged to the same solution, with a partially
localized phen-centered π radical anion, where the radical was
mostly distributed over two of the three phen ligands. This
solution may result from the preference of such calculations to
converge on delocalized solutions (as we will show below for
3),48 although the result is consistent with our X-ray crystal
structure and electronic absorption spectrum of 1 as well as the
crystal structure of 1′, all of which point to a more delocalized
ligand-centered radical than is observed in 3, [CrIII(tbpy•)-
(tbpy0)2]

2+, and [CrIII(tpy•)(tpy0)]2+. Although the extent of
localization of the [phen3]-centered radical in 1 and 1′ remains
somewhat ambiguous, the data are most consistent with either
Class II, II/III, or III ligand mixed valency. At the present time,
it is unclear why this species delocalizes its ligand-centered
radical more than the corresponding tbpy and tpy compounds
and 3. Regardless of the extent of delocalization, our
experimental and theoretical results all point toward the
presence of a central Cr(III) ion in 1, revealing that this
compound has been incorrectly assigned as a low-spin Cr(II)
compound.
We have also calculated the electronic structure of a

truncated form of 3 where we have replaced the tert-butyl
groups with hydrogens (namely [CrCl2(bpy)2]) using a UKS S
= 1 and a broken-symmetry BS(3,1) calculation. Both
calculations converged to the same solution, with a central
Cr(III) ion antiferromagnetically coupled to a ligand-centered
radical (Figure 6b). However, the calculations converged to a

Figure 5. Qualitative MO scheme (top) and calculated Mulliken spin density (bottom) of (a) the trication in 2 and (b) the dication in 1.
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solution where the (bpy)2-centered radical is fully delocalized
across both ligands.48 The calculations were repeated using the
conductor-like screening model (COSMO) to model solvation
in water, but these also converged on a delocalized geometry.42

On the basis of the X-ray crystal structure and electronic
absorption spectrum of 3, we have assigned this species as Class
I (localized) ligand mixed valent: [CrIIICl2(

tbpy•)(tbpy0)].
Although we cannot reproduce the localized ligand mixed
valency in our calculation, our DFT and experimental results all
reveal that this complex cannot be described as a low-spin
Cr(II) species.
For comparison with 3, we have investigated the electronic

structure of the cation in 4 by a spin-unrestricted (UKS) S = 3/2
calculation. The relevant orbitals derived from these calcu-
lations are given in Figure 6a, which shows that this compound
is a normal high-spin Cr(III) species (all three SOMOs are
>90% chromium centered). Therefore, the electron added
upon reduction of 4 to 3 resides in a ligand-centered orbital and
couples antiferromagnetically to the central Cr(III) ion.
The electronic structure of 5 was calculated using the crystal-

structure atom coordinates as an unrestricted triplet (UKS) and
a broken-symmetry BS(3,1) triplet. In both the single-point and
geometry-optimized solutions, the UKS and BS(3,1) calcu-
lations converged to the same solution, with a high-spin Cr(III)
(SCr =

3/2) ion antiferromagnetically coupled to a TPP-centered
radical trianion (STPP =

1/2) (Figure 7). This corroborates our
experimental Cr K-edge X-ray absorption spectrum and
additionally addresses the question of where the ligand-
centered radical resides, namely, in a TPP-centered orbital. It
is noteworthy that the TPP2− ligand is preferentially reduced to
the neutral pyridine ligands. We therefore demonstrate that this
compound was incorrectly described as a low-spin Cr(II)
species, although the experimental evidence available at the
time of this assignment was not sufficient to distinguish
between a low-spin Cr(II) species and a Cr(III) species
antiferromagnetically coupled to a TPP-centered radical

trianion.39 In their original report on 5, Reed and co-
workers6b,11 suggested that the electronic absorption spectrum
of compound 5 was inconsistent with current data on
complexes containing porphyrin radical trianions.39 Reed and
co-workers also isolated and fully characterized the related
compound [CrII(TPP)], which was shown to have a quintet
ground state, as expected for square-planar Cr(II). It was
suggested that coordination of two pyridine ligands to
[CrII(TPP)] resulted in a spin-state change from high-spin (S

Figure 6. Qualitative MO scheme (top) and calculated Mulliken spin density (bottom) of (a) the monocation in 4 and (b) [CrCl2(bpy)2].

Figure 7. Qualitative MO scheme (top) and calculated Mulliken spin
density (bottom) of 5.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic300882r | Inorg. Chem. 2012, 51, 6969−69826977



= 2) to low-spin (S = 1) Cr(II). Our present results reveal a
more dramatic change in electronic structure upon coordina-
tion of two pyridine ligands to [CrII(TPP)], wherein pyridine
coordination induces TPP-centered reduction by the Cr(II)
ion, and the observed S = 1 spin state of 5 must, therefore,
result from antiferromagnetic exchange coupling of doublet
TPP3•− with the Cr(III) center (SCr =

3/2). Theopold recently
reported a similar coordination-induced electron transfer:
addition of methyl ligands (from MeLi) to a Cr(II) complex
bearing an α-diimine radical monoanion induced a chromium-
to-ligand electron transfer, providing a Cr(III) species
coordinated to an α-diimine singlet dianion.44a

To qualitatively verify our electronic structure assignments of
complexes 6−8 as true low-spin Cr(II) species, we have
calculated the electronic structure of geometry-optimized
[Cr(MeNC)6]

2+ (as a model for 6 where the tert-butyl groups
have been replaced by methyl groups), 7, and 8. Our electronic-
structure calculations reveal that these are indeed well described
as true low-spin Cr(II) species (the two SOMOs and the
HOMO are of ≥70% Cr character), in agreement with our Cr
K-edge X-ray absorption spectra. Relevant frontier molecular
orbitals are shown in Figure 8. These calculations are consistent
with the notion that isonitrile, phosphine, and cyclopentadie-
nide ligand are strong-field ligands capable of stabilizing low-
valent transition metals in low-spin electron configurations;
these ligands do not have the energetically low-lying
unoccupied orbitals that can accept a single electron as do
bpy, phen, tpy, and TPP2−.
2.4. Calculated Cr K-Pre-Edge X-ray Absorption

Spectra. In an effort to assess the quality and reliability of
our electronic structure calculations, we have calculated the Cr
K-pre-edge X-ray absorption spectra of these complexes using
time-dependent DFT (TD-DFT) for comparison with the
experimental data described above. Following an empirical
126.10 eV adjustment of the calculated spectra, good
agreement of the position of the first pre-edge feature is
achieved, as shown in Figure 9. We have relied most heavily on

the position of the lowest-energy pre-edge feature for
oxidation-state assignments of such octahedral chromium
compounds because the energy of this transition, which
involves 1s(β) → t2g(β) excitation, is very oxidation-state
dependent and is largely insensitive to ligand identity and
overall charge (Table 3).4,40,41 It is established that this TD-
DFT methodology does not accurately predict X-ray absorption
features involving high charge-transfer character (e.g.,
MLCT),43 and we accordingly are not concerned with
computationally reproducing the higher-energy pre-edge
features observed in our experimental spectra. The agreement
between calculated and experimental Cr K-pre-edge X-ray
absorption spectra shown in Figure 9 demonstrates that the

Figure 8. Qualitative MO scheme (top) and calculated Mulliken spin density (bottom) of (a) [Cr(CNMe)6]
2+, (b) 7, and (c) 8.

Figure 9. Comparison of calculated (gray) and experimental
chromium K-pre-edge X-ray absorption spectra of complexes 1−8.
Columns depict the calculated transitions; calculated intensities are
given in arbitrary units.
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computationally derived electronic structures of complexes 1−8
are reliable.
It is worth pointing out that the pre-edge X-ray absorption

profile of 8 is well reproduced by TD-DFT, and the calculated
spectrum highlights that the first pre-edge transition occurs at
lower energy than the first-peak maximum near 5990.2 eV.
Therefore, while it appears from the X-ray absorption spectrum
of 8 that this species might be classified as a Cr(III) complex,
this is likely due to a masking of the lowest-energy transition by
more-intense, slightly higher-energy transitions around 5990.2
eV. Importantly, the lowest-energy transition calculated for
complexes 1−5, which contain Cr(III) centers, are all at higher
energy than the corresponding transitions for complexes 6−8,
which all contain genuine low-spin Cr(II) centers.
2.5. Low-Spin Chromium(II) Compounds. As described

above, a variety of compounds have been described as low-spin
Cr(II) species. However, when such species possess ligands
with energetically low-lying LUMOs (e.g., bpy, tpy, phen,
TPP2−, and alpha-diimines44), a description involving Cr(III)
antiferromagnetically coupled to a one-electron-reduced ligand
set is more appropriate. There are, to our knowledge, five other
complexes that have been incorrectly described as containing a
central low-spin Cr(II) ion (Figure 10). The first three
complexes are homoleptic dicationic chromium complexes
bearing 2,2′-pyridineimidazole, 2,2′-pyridinebenzimidazole, and
2,2′-pyridineimidazoline ligands.6f None of these complexes
have been characterized by crystallography; however, their
reported absorption spectra match very closely with that of the
dication [CrIII(bpy•)(bpy0)2]

2+, suggesting that all four
complexes have a similar electronic structure involving a central
Cr(III) ion. The fourth compound that has been incorrectly
described as containing a central low-spin Cr(II) ion is
[CrCl2(pap)2], where pap is 2-(phenylazo)pyridine.6e,i,k This
compound and its derivatives have been characterized by X-ray
crystallography. The bidentate pap ligand binds through the
pyridine nitrogen and the phenyl-bearing azo nitrogen. The
crystal structure of [CrCl2(pap)2] reveals one long and one
short N−N bond (1.314(2) and 1.282(2) Å).6e The crystal
structure of a closely related compound, in which the phenyl
group on one pap ligand is replaced with a 4-(phenylamino)-
pheny group, also reveals one long and one short N−N bond
(1.326(5) Å for the pap azo bond and 1.288(5) Å for the
substituted-pap azo bond).6k The ability of azo-pyridine ligands
to stabilize “low-spin Cr(II)” has been attributed to the high π-
acidity of this ligand.6e,45 However, the localized reduction of
one of the two pap ligands in [CrCl2(pap)2] is analogous to
what we have observed in 3, [CrIII(tbpy•)(tbpy0)2]

2+, and
[CrIII(tpy•)(tpy0)]2+, which points to a similar electronic
structure involving a central Cr(III) ion in each case. Also,
Goswami and co-workers have clearly demonstrated that pap is
a redox noninnocent ligand and that the electronic structure of
the homoleptic neutral species [Cr(pap)3]

0 is best described as

[CrIII(pap•)3]
0.46 Therefore, [CrCl2(pap)2] should not be

described as a low-spin Cr(II) species, but instead as a Cr(III)
species antiferromagnetically coupled to a localized (Class I
ligand mixed valency) pap-centered radical monoanion. Finally,
the fifth compound that has been incorrectly identified as a low-
spin Cr(II) species is [Cp*Cr(Bn)(bpy)] (Bn is benzyl).6q The
X-ray crystal structure of this species revealed that the Cpy−Cpy
bond is short, at 1.40(1) Å, directly in the region expected for a
bpy-centered radical monoanion.4a,9e Therefore, the electronic
structure of this compound is best described as [Cp*CrIII(Bn)-
(bpy•)].
Finally, after refining the scope of low-spin Cr(II), there

remains a number of species that are legitimate low-spin Cr(II)
species (Figure 11). A unifying feature of each species is the

presence of ligands in the strong-field extreme of the
spectrochemical series (phosphine,6g,h,m,n,12b−j arsine,12a cya-
nide,7 isonitrile,6d pentadienide,6l−n allyl,6n aryl,6o and cyclo-
pentadienide6a,g,h,j−l,o). It is noteworthy that [CrI2(depe)2]
(depe is 1,2-bis(diethylphosphino)ethane)12e and certain
derivatives of chromocene47 have been shown to undergo
spin crossover to high-spin Cr(II) at temperatures above 100 K.
In the case of [CrX2(R2PCH2CH2PR2)2], only the diiodide
species has been observed to undergo spin crossover, where the
inflection point in effective magnetic moment occurs near 170
K. It is noteworthy that, even in the presence of strong-field
ligands such as phosphines and cyclopentadienide derivatives,
Cr(II) species can still adopt a high-spin configuration at
elevated temperatures, revealing how difficult true low-spin
Cr(II) species are to stabilize.

Figure 10. Other literature compounds incorrectly assigned as containing a central low-spin Cr(II) ion. The left three complexes have not been
crystallized, and one isomer of each species is shown, although the actual structures are unknown. These species are from refs 6e, 6f, and 6q.

Figure 11. Legitimate low-spin Cr(II) complexes in the literature.
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■ CONCLUSIONS
The studies presented in this Article reveal that low-spin Cr(II)
complexes are more rare than previously believed. The present
results and recent papers from our research group4 have firmly
demonstrated that, if ligands with low-lying LUMOs are
coordinated to a chromium center, a central low-spin Cr(II)
ion should not be invoked, as an electron most certainly resides
in a ligand-centered LUMO. However, the strong-field ligands
CN−, isonitriles, phosphines, arsines, pentadienide, allyl, aryl,
and cyclopentadienide derivatives are able to stabilize a low-
spin (S = 1) Cr(II) center. We therefore demonstrate that, to
our knowledge, only three classes of legitimate low-spin Cr(II)
species have been synthesized: (1) organometallic species
(containing cyclopentadienide,6a,g,h,j−l,o pentadienide,6l−n al-
lyl,6n and/or aryl6o ligands), (2) [CrIIX2(R3Z)4],

12 and (3)
[CrII(CNR′)6]

q [Z = P, As; X = halide, CN−, amido, or alkyl; R′
= alkyl or aryl (q = 2+)6d or lone pair (q = 4−)7].
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