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ABSTRACT: Chromium species are the active sites in a
variety of heterogeneous catalysts, such as the Phillips catalyst,
which is composed of Cr ions supported by SiO2 and is used
to produce polyethylene. Among the catalytically relevant
oxidation states of chromium is CrIV. Families of neutral,
homoleptic, four-coordinate complexes, CrL4, with a variety of
monoanionic, monodentate ligands, such as L = alkyls, aryls,
amides, ketimides (R2C = N−), alkoxides, and siloxides, are
available and can provide information regarding Cr sites in
heterogeneous materials. For example, the previously reported
siloxide, Cr(DTBMS)4, where DTBMS = −OSiMetBu2 (di-
tert-butylmethylsiloxide), may be considered a molecular analogue of CrIV supported by SiO2. Such CrL4 complexes can have
either a singlet (S = 0) or triplet (S = 1) spin ground state, and the spin state preferences of such complexes are not fully
understood. A truly tetrahedral d2 S = 1 complex would exhibit no zero-field splitting (zfs), and the zfs is indeed small and
observable by X-band EPR for several CrR4 and Cr(OR)4 complexes. In contrast, Cr(DTBMS)4 has zfs beyond the range
amenable to X-band EPR so that high-frequency and high-field EPR (HFEPR) is appropriate. HFEPR of Cr(DTBMS)4 in the
solid state shows the presence of three very similar triplet species with the major component having D = +0.556 cm−1. Classical
ligand-field theory (LFT) and quantum chemical theory (QCT), including ab initio methods, use EPR and electronic
absorption spectra to give a complete picture of the electronic structure of Cr(DTBMS)4, and other complexes of formula
Cr(ERn)4, E = C, n = 3; E = N, n = 2; E = O, n = 1; E = F, n = 0. Computations show the importance of ligand steric bulk and of
π-bonding in controlling the subtleties of electronic structure of CrL4 species. These electronic structure results, including zfs,
which is a measure of excited state accessibility, for both triplet and singlet excited states, might be related to the catalytic
activity of paramagnetic Cr species.

■ INTRODUCTION

The Phillips catalyst, based on silica-supported chromium, is
used commercially to produce millions of tons of high-density
polyethylene (HDPE) annually.1−5 The mechanism for this
heterogeneous catalyst is still not fully understood and, indeed,
has been the source of some controversy in the literature.6−8

Thus, insight into the nature of simple, molecular complexes of
Cr in various oxidation states and with catalytically relevant
ligands is of fundamental importance.3 In particular, chromium
alkyls are important as models for species involved in
homogeneous catalytic reactions of saturated and unsaturated
hydrocarbons,9−11 and chromium alkoxides and siloxides have

been investigated as models of heterogeneous, oxide-
supported, chromium catalysts.1−4,12,13

Among the various chromium complexes that can serve as
models for catalytically relevant species are [CrIV(ERn)4] (E =
C, N, O) complexes, which are of interest for several reasons.
Among the many oxidation states available to chromium, CrIV

(3d2) is relatively uncommon, lacking the traditional (d block)
coordination chemistry of CrII and CrIII, but also lacking the p
block-like stability/chemistry of CrVI. Homoleptic CrL4
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complexes can exhibit either diamagnetic (spin singlet, S = 0)
or paramagnetic (spin triplet, S = 1) ground states. The
importance of multiple spin ground states and the accessibility
of the corresponding excited states of different spin (e.g.,
ground S = 1, excited S = 2, or vice versa, for d4,6; ground S =
1, excited S = 0, or vice versa, for d2,8) has been shown to be
important in catalytic activity.14,15

Homoleptic complexes of chromium(IV), CrL4, where L =
alkyl, amide, and alkoxide ligands that feature carbon, nitrogen,
and oxygen donor atoms, respectively, were intensively studied
beginning in the 1970s by the groups of Wilkinson,16−19

Chisholm and Bradley,20,21 and others.9,22−25 Homoleptic
tetraarylchromium(IV) complexes have been studied much
more recent ly ,26 , 27 as have several heterolept ic
tetraalkoxidochromium(IV) complexes, reported by Groys-
man, Villagrań, and Nocera.28 Nocera and Marshak reported
an isolable homoleptic tetrasiloxidochromium(IV) complex,
[Cr(OR)4], RO− = tBu2MeSiO− (DTBMS29), in 2013.30

Ketimide ligands (i.e., tBu2CN−) have also been demon-
strated to support homoleptic CrIV complexes.31 CrL4
complexes with ketimide ligands display singlet ground
states,31 but most others are triplets.
In a series of homoleptic complexes, one can use the metal

ion as a reporter to understand quantitatively the nature of the
ligand as was done historically in the spectrochemical series of
MII and MIII ions in particular.32,33 A siloxide (R3SiO

−) such as
in Cr(DTBMS)4 is of particular interest compared to an
alkoxide (R3CO

−) because the former has been suggested to
participate in more ionic bonding with transition metal ions
than the latter.34

As part of our interest in the electronic structure of nd
complexes in high formal oxidation states,35−38 and in the
application of high-frequency and -field electron paramagnetic
resonance (HFEPR) spectroscopy to 3d complexes in less
common oxidation states,39,40 we have combined a compre-
hensive computational study of the electronic structure of
homoleptic tetracoordinate complexes of CrIV with HFEPR
studies on one member of the series, Cr(DTBMS)4. Here, we
examine alkyl-substituted group 14−16 donors of the types
R3C

−, R2N
−, RO−, and, for completeness, CrF4.

41−45 CrF4 is
not an isolable complex, but it does exist in rare gas matrices.46

However, it is useful as a benchmark for a truly tetrahedral
CrL4 species, absent steric effects of the ligands and with
cylindrical π interactions from them. The series of CrL4 species
of interest, given more specifically as Cr(ERn)4, E = C, N, O, F,
n = 3, 2, 1, 0, is shown in Scheme 1, which also roughly
describes the σ- and π donor properties of each ligand type.
Despite their triplet ground states, many CrL4 (L = R, OR)

complexes exhibit EPR spectra at conventional frequencies and
fields (i.e., X-band: ν ≈ 9 GHz, B0 ≈ 300 mT),16,17,21,24,25 as is
the case for many organic triplets,47,48 as a result of a zero-field
splitting (zfs, given by the axial parameter, D) that is of small
magnitude relative to the microwave energy quantum, |D| < hυ.
In contrast, the D value for Cr(DTBMS)4 is roughly twice the
magnitude of the X-band microwave quantum, making use of
correspondingly larger frequencies and resonant magnetic
fields imperative. We find that the CrIV amido complexes may
have similar, or even larger, zfs, which was the cause of their
EPR “silence” at X-band,20 in contrast to the alkyl and alkoxido
complexes. It is possible that zfs parameters, which are a
measure of excited state accessibility, may be relevant among
the multitude of oxidation and spin states available to Cr in

supported catalysts,1,4,5 as has been shown in other
catalysts.14,15,49

■ EXPERIMENTAL SECTION
Synthesis and Spectroscopy. Cr(DTBMS)4 was prepared

according to literature methods.30 For HFEPR experiments,
crystalline Cr(DTBMS)4 was ground in an agate mortar and pestle
in an Ar-filled glovebag and loaded into a Fisher vial sample holder.
Upon grinding, the dark purple-brown crystals turned into a lighter
purple-brown powder. Alternatively, the sample was dissolved in
degassed toluene in the same glovebag and the purple-brown solution
transferred to a Teflon container. HFEPR experiments were
performed using the previously described spectrometer,50 which was
modified with a Virginia Diodes (Charlottesville, VA) source
operating at 13 ± 1 GHz and generating frequencies between 48
and 336 GHz by a cascade of multipliers, at temperatures from liquid
helium to ambient.

HFEPR spectra were simulated using the program SPIN (by A.
Ozarowski), which employs a standard spin Hamiltonian for spin
triplets:48

β= ̂ + ̂ − + + ̂ − ̂i
k
jjj

y
{
zzzB S D S S S E S Sg

1
3

( 1) ( )z x ye
2 2 2

(1)

Computational Details. Ligand-field theory (LFT) calculations
were performed using the Ligfield program,51 and the locally written
programs DDN and DDNFIT, the latter of which allows fitting of
LFT parameters to experimental d−d electronic absorption bands.
These programs all use the full d2 basis set. Free-ion values for the
spin−orbit coupling (SOC) parameter, ζ, and Racah interelectronic
repulsion parameters, B and C, were taken from those reported by
Brorson, Bendix, and co-workers.52,53

Quantum Chemical Calculations. Geometry optimizations were
performed using the Gaussian G09 program suite54 employing the
B3LYP/6-311G* level of theory.55−61 The initial geometry for
Cr(DTBMS)4 optimization was based on the reported crystal
structure.30 The structure of Cr(DTBMS)4 was also used as a starting
point for Cr(OSiMe3)4 and Cr(CH2SiMe3)4 following appropriate
substituent truncations and replacement of −O− by −CH2− in the
latter case. For Cr(tBu)4 and Cr(OtBu)4, the reported structures of
Cr(cHx)4 (cHx = cyclohexyl19) and of Cr(OtBu)(OCMetBu2)3

28

were used as initial structures for geometry optimization after the
appropriate substituent modifications. The available crystal structure
of Cr(OCHtBu2)4

18 was used as an initial geometry for optimization

Scheme 1. Overview of CrL4 = Cr(ERn)4 Complexes, E = C,
N, O, F; n = 3, 2, 1, 0
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of this complex as well as for optimization of Cr(N(Me)(CHtBu2))4
following replacement of −O− by −N(CH3)−. The complexes
Cr(OMe)4 and Cr(NMe2)4 were generated with a further structure
truncation and visualization using Moldraw software.62 The stability
of all optimized structures in singlet and triplet ground states was
evaluated by vibrational analysis. Stable structures obtained by closed-
shell singlet state geometry optimizations were used for subsequent
“broken symmetry” (BS) geometry reoptimizations using an
unrestricted open-shell formalism. The BS method has been widely
used, in particular by Neese and co-workers,63−67 to investigate
transition metal complexes with “noninnocent” ligands having
(potential) radical character, such as semiquinones63,64,66 and
thiosemicarbazones.65,67

The energy difference between singlet (ES) and triplet (ET) state is
evaluated as given in eq 2:

= =
−

− ⟨ ⟩
E E

E E
S

( )
(1 0.5 )S T

BS uT
2

BS (2)

where EuT is an unrestricted open-shell energy of the triplet state, and
EBS and ⟨S2⟩BS are the energy and spin expectation values of the
broken symmetry (BS) singlet state, respectively.63,68

The zfs parameters69 and g tensors70,71 were evaluated using the
ORCA software package (version 4.0.1.2).72,73 The UBLYP55,56/
TZVP74 zfs parameters were calculated with the quasirestricted orbital
(QRO) method.69 The complete active space self-consistent field
(CASSCF)69,75−77 results were based on an active space of 2 electrons
in 5 orbitals (2,5), to account for the d electrons of chromium, using
10 state averaged triplet states (15 singlet states were determined in
the CI expansion of the state averaged triplet solutions).
The D and E contributions shown are based upon the state

averaged formalism, using 10 triplet and 15 singlet states. The spin−
spin coupling (SSC) contribution to the CASSCF(2,5) D and E
parameters was evaluated from a minimal multireference config-
uration interaction calculation (denoted here as MRCIMIN)

69,75 in the
state averaged active space of 2 electrons in 5 orbitals. Dynamic
electron correlation effects were accounted for via the N-Electron
Valence State Perturbation Theory to second order (NEVPT2)78−81

in the case of smaller sized systems.
The electronic structure of the complexes under study has been

explored at the BLYP, B3LYP, and state averaged CASSCF levels of
theory. Nevertheless, the DFT level of theory is taken as the reference,
treating dynamic electron correlation effects via the DFT correlation
potential. Two functionals (B3LYP and BLYP), which treat the
exchange contributions in a slightly different manner having an impact
on the spin state preference, have been chosen. Although the
CASSCF/NEVPT2 level of theory is the more rigorous one
(compared to DFT), the treatment of d orbitals as active is capable
of assessing the electronic configuration of the central atom in a
manner well-suited for the evaluation of (HF)EPR parameters, rather
than for the characterization of ligand-field interactions in the
CASSCF wave function. The electronic structure at the DFT level of
theory was elucidated via BLYP localized orbitals,82 unrestricted
natural orbitals (UNOs), and Mulliken population analysis of atomic
d orbitals, as well as B3LYP Quantum Theory of Atoms in Molecules
(QTAIM) analysis.83 A brief description of the QTAIM analysis
method with respect to electron density topology is given in
Supporting Information, Section III.
QTAIM analysis at the B3LYP/6-311G* level of theory was

performed in the AIMAll package84 using the wave functions from the
G09 wfn file. Localized BLYP/6-311G* orbitals (see Figures S8 and
S9) and unrestricted natural orbitals, UNOs (see Figures 6, 7, and
S10), were visualized in the IQmol software package.85

The program SHAPE was used to provide a measure as to the
overall deviation of selected CrL4 complexes, whether in crystallo-
graphic or optimized geometries, from ideal tetrahedral symme-
try.86,87

■ RESULTS AND DISCUSSION

EPR Spectroscopy. Conventional (e.g., X-band) EPR is
observable for spin triplets only if the zero-field splitting (zfs)
is comparable, or preferably smaller, than the available
microwave energy quantum (|D| ≤ hυ). This is the case for
a number of CrL4 complexes: where L = R = 1-norbornyl
(Nor),25 CH2CMenPh3−n (n = 0−3);16,17,24 L = ArnCl =
pentachlorophenyl, 2,4,6-trichlorophenyl, and 2,6-dichloro-
phenyl;26,27 and L = OR = OtBu anions.21 In certain cases,17

X-band EPR spectra exhibited a triplet pattern,47,48 with
resolved fine structure, so that zfs parameters could be directly
extracted. A detailed discussion of conventional EPR spectra of
ML4 (M = d2 ion) complexes is given in Supporting
Information, Section I.
In contrast, Cr(DTBMS)4 has substantial zfs (at X-band, |D|

> hυ) and is thus a case where HFEPR can be fruitfully
employed. HFEPR has been applied to a number of octahedral
d8 complexes (chiefly of NiII),88−92 but not to the
corresponding electron/hole system of tetrahedral d2, with
the exception of an oxide material doped with MnV ions
(Ba2In2−xMnxO5+x).

93 The present study is thus the first
application of HFEPR to a tetrahedral d2 ion in a molecular
system.
HFEPR spectra of Cr(DTBMS)4 exhibited powder patterns

characteristic for a triplet (S = 1) spin state at all frequencies
and temperatures employed in this study. Such spectra consist
of a single “half-field” turning point of ΔMS = ± 2 transition
(also called Bmin) accompanied by the turning points of the
allowed ΔMS = ±1 resonances at higher fields. We have
observed only the perpendicular turning points, which is a
frequent phenomenon because in a powder pattern the parallel
features are much weaker and are easily lost in the noise.
Figure 1 shows the spectra recorded at 10 K and five different
frequencies.

The ΔMS = ±1 turning points are structured at all
frequencies employed. This structure at multiple frequencies
could be simulated only by assuming the presence of three
different triplet species, which we name here A, B, and C, with
species B being the dominant one. Each of the observed
species possesses a unique set of spin Hamiltonian parameters
representing an axial zfs tensor. The simulated combination of
these three axial species at a single frequency is shown in
Figure 2. The axial nature of zfs in Cr(DTBMS)4 is

Figure 1. EPR spectra of Cr(DTBMS)4 recorded at 10 K and at
different frequencies (indicated on the plot).
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corroborated by the theoretical results (vide infra), and by the
structure: crystallographic 2-fold and improper 4-fold (S4)
symmetry. Interestingly, a very similar situation, i.e., three
different S = 1 species, each of them characterized by an axial
zfs tensor, was found in a high-spin cobalt(I) system.94

In addition to the magnitude, the sign of zfs is also of
interest. Figure 3 shows a spectrum at 10 K and 112 GHz

accompanied by simulations using spin Hamiltonian parame-
ters for the major species B only. It is apparent that the axial zfs
parameter D is positive for this species. Similar simulations
were performed for the other two species, and the spin
Hamiltonian parameters are collected in Table 1. In each case,
D > 0, the significance of which will be discussed in the LFT
section below.
HFEPR spectra obtained from low-temperature toluene

solutions confirmed the order of magnitude of the zfs.
Unfortunately, additional information could not be extracted
from these spectra because instead of three discrete triplet
states, as observed in the solid, the solution spectra showed a
continuum of spin species characterized by D values contained
between species A and C.

It should be noted that although there are multiple, similar
spin triplet (i.e., CrIV) species present, there are no signals from
other paramagnetic chromium spin states, such as CrII (spin
quintet), CrIII (spin quartet), or CrV (spin doublet). Similar
heterogeneity was observed by Mowat et al. for the complexes
CrR4 (R = CH2CMe3, CH2SiMe3, and CH2CMe2Ph), even in
frozen petroleum ether solution,17 and by Ward et al. for
Cr(Nor)4 in frozen isooctane.25 The resonances are visible at
all temperatures examined, up to and including ambient
temperature. There are many temperature-dependent spectral
changes occurring between low and room temperature,
particularly in the 50−150 K range, Figure 4. We have not

tried to interpret these features absent detailed XRD data at
variable temperatures. We note again that similar temperature-
dependent changes were observed by Mowat et al. in frozen
solution for the tetraalkyl complexes listed above.17 For
example, the parallel (z) fine structure splitting (zfs) of
Cr(CH2SiMe3)4 ranged from 0.12 cm−1 (∼130 mT) at 140 K
to 0.15 cm−1 (∼160 mT) at 125 K (∼20% change), at which
point two species developed, the larger of which reaches nearly
0.19 cm−1 (200 mT).95

Ligand-Field Theory (LFT). Electronic Absorption
Spectra. As is the case for essentially all 3d2 ML4 complexes,96

all of the CrL4 complexes of interest are very close to ideal
tetrahedral symmetry as quantified by the continuous shape
measures protocol as implemented by Alemany, Alvarez, and
co-workers.86,87 The results are summarized in Table S2 and
confirm that Td symmetry is a good approximation for the
application of ligand-field theory (LFT). In Td symmetry there
are three spin-allowed transitions: 3A2 (e2t2

0 in strong field
notation) → 3T2 (e1t2

1), 3A2 → 3T1(F) (e1t2
1), and 3A2 →

3T1(P) (e0t2
2).17 The first of these is symmetry (dipole)

Figure 2. Experimental (black trace) and simulated (colored traces)
HFEPR spectra (at 112 GHz) for Cr(DTBMS)4 showing the
experimental spectrum being composed of three species (A (blue),
B (red; major component), and C (green)), with their sum in
magenta. The simulation parameters are given in Table 1.

Figure 3. EPR spectrum of 1 at 10 K and 112 GHz (black trace)
accompanied by simulations using spin Hamiltonian parameters for
the dominant species (B) as in Table 1. Blue trace; negative D; red
trace, positive D.

Table 1. Spin Hamiltonian Parameters for Three Spin
Triplet Species Observed in Solid Cr(DTBMS)4

species D (cm−1) g⊥ g||
a gavg

b

A +0.757 1.930 1.8 1.89
B (majority) +0.556 1.935 1.9 1.92
C +0.416 1.935 1.9 1.92

aNo parallel ΔMS = ±1 turning points were observed in the spectra.
The g|| value was deducted so as to bring the Bmin transition to the
right field. bThis value is provided for comparison with calculated
values discussed below.

Figure 4. EPR spectra of Cr(DTBMS)4 at 112 GHz and varying
temperature (as indicated on the plot).
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forbidden in Td symmetry (and might be well into the NIR
region), and the last is a two-electron transition (and might be
in the UV region), so oftentimes only a single d−d transition is
observed.
The electronic absorption data for relevant CrL4 complexes

are summarized in Table 2, along with tetrahedral crystal-field
parameters. Further discussion on these complexes is given in
Supporting Information, section VI. Due to its dominant
position in this study, we review here the electronic absorption
data for Cr(DTBMS)4, which exhibits an informative
electronic absorption spectrum that was thoroughly analyzed
by Marshak and Nocera.30 There is a UV band at 278 nm,
assigned to CT (its extinction coefficient is more than 4-fold
that of the strongest vis band), and four vis−NIR features that
were assigned to d−d transitions (in Td symmetry), two spin-
allowed and two spin-forbidden, as follows: 540 nm (18 520
cm−1, ε = 140), assigned to 3A2(F) → 1T1(G); 800 nm
(12 500 cm−1, ε = 900), assigned to 3A2 →

3T1(F); 1042 nm
(9600 cm−1, sh), assigned to 3A2 → 1E(D); and 1240 nm
(8070 cm−1, ε = 60), assigned to 3A2 → 3T2(F). Use of a
general Tanabe−Sugano diagram yielded B = 530 cm−1 (only
∼50% of the free-ion value52) and Dq = 794 cm−1, which is less
than that derived for Cr(OtBu)4 (see Table 2), but not
unreasonable given the expected poorer donor ability of a
siloxide relative to an alkoxide ion. We have reanalyzed the
electronic absorption spectra for Cr(DTBMS)4, first using a
tetrahedral crystal field. The spin-allowed transitions at 800
and 1240 nm are fitted exactly with B = 530 cm−1 and Dq =
807 cm−1, essentially identical to Marshak and Nocera.30 It is
then possible, by varying the Racah C parameter, to fit exactly
the spin-forbidden transition at 540 nm (18 520 cm−1; see
Tables S3 and S4e). For illustration, particularly of the singlet
excited states, an energy level diagram using these Racah
parameters and a range of crystal-field spitting is shown in
Figure 5.98

We next applied the angular overlap model (AOM)99 to the
geometry of Cr(DTBMS)4 derived from crystallography.
Without the need for π-bonding, it is possible to match the
spin-allowed transitions exactly and come close to fitting the
spin-forbidden ones. The resulting parameters are B = 486.6
cm−1, ε0 = 6294.4 cm−1, i.e., slightly weaker π-bonding than in
Cr(OtBu)4, as would be expected for the siloxide. The Racah B
parameter is quite low, which is consistent with the analogous
alkyl complexes (see Table 2). Inclusion of a small degree of π-

bonding (επ‑c = 230.0 cm−1) allows all of the spin-allowed and
-forbidden bands to be matched exactly (see Table S3), with
only modest changes in the other parameters. The resulting
ligand-field energy levels, with free-ion parentage, are given in
Table S4.

EPR Spectra and Spin Hamiltonian Parameters. Concern-
ing the nearly tetrahedral complexes that yield conventional
EPR spectra, there is a perturbation theory expression for the g
value (as observed for the ΔMS = 1 (“ordinary”)
transition):21,100

λ λ= − = − ′
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

Ä
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ÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
g g

k
Dq

g
k
Dq

1
4
10

1
4

10e

2
0

e
(3)

where ge is the free electron g value (2.0023), λ0 is the
multielectron spin−orbit coupling (SOC) constant (λ0 = ζ/2S;
ζ = 319 cm−1 for free-ion Cr4+),53 k is the Stevens orbital
reduction factor (0 < k ≤ 1, which reduces SOC: λ′ = kλ0), and
10Dq is the tetrahedral ligand-field splitting.101 Alyea et al.
observed g = 1.962 for Cr(OtBu)4, which they attributed to k ≈
0.6, indicating significant covalency.102 For Cr(Nor)4, 1.986 ≤
g ≤ 1.990,25 so use of 10Dq = 16 130 cm−1, determined above,

Table 2. Electronic Absorption Bands of CrL4 Complexes of Interest with All Energies in cm−1

band assignment in Td symmetry from 3A2(F) ground state crystal-field parametersb

complex →3T2(F) →3T1(F)
a →3T1(P)

a →singlets B C Dq

Cr(Nor)4
c 16 130 20 580 − (CT at 29 850, 34 010) 18 730, 18 080 410 1685 1613

Cr(NEt2)4
d 13 700 − − (CT at 25 000−50 000) − 500 2055 1370

Cr(OtBu)4
e 9100 (8700, 9500) 15 200 25 000 (CT at 37 000, 45 000) − 816.4 3355 927.7

Cr(DTBMS)4
f 8070 12 500 − (CT at 36 000) 9600, 18 520 530.7 2040.8 807.0

aThe free-ion parentage of these terms is very mixed, and the lower-energy term can in some cases have a higher 3P parentage, while the higher-
energy term correspondingly has a higher 3F parentage, but we label all of these, respectively, as from 3F and 3P to correspond with the traditional
Tanabe−Sugano diagram (see Figure 5 and Figure S1). bThis model uses only tetrahedral crystal field splitting (Dq parameter) with Racah
interelectronic repulsion parameters B and C (the latter not independently determined, but set at 4.11B, except for Cr(DTBMS)4). Analysis using
the AOM is given in SI (see Tables S3−S5). cData taken from Abrahamson et al.97 dData taken from Basi et al.20 Only one vis band was observed
(at 730 nm). eData taken from Alyea et al.21 For the lowest-energy band, the center of gravity (9100) is used for crystal-field fitting, but two bands
(given in parentheses) were observed, due to tetragonal distortion from tetrahedral symmetry. The table gives results of a consensus fit for all three
bands, while the following parameter set matches the two higher-energy bands exactly but the lowest less well (see Table S3): Racah B = 794, C =
3260, Dq = 943. fData taken from Marshak and Nocera.30 An alternate analysis with an assumption as to the 3A2 →

3T1(P) transition is discussed in
SI (see Table S3 and Figure S1).

Figure 5. Energy level diagram for Cr(DTBMS)4 generated using
Racah parameters B = 530 cm−1, C = 2050 cm−1, and the tetrahedral
crystal field splitting range as indicated on the abscissa. The three
vertical arrows represent possible assignments using Dq ≈ 800 cm−1

of the three transitions observed at (left to right) 18 520 cm−1 (540
nm), 12 500 cm−1 (800 nm), and 8070 cm−1 (1240 nm).30 Ligand-
field energy levels corresponding to this Dq value are given in Table
S4e.
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gives k = 0.424. These suggest higher covalency in the
tetraalkyl versus tetraalkoxy complex. The remaining complex
for which g values are available, and in this case well-
determined by HFEPR, is Cr(DTBMS)4. The above crystal-
field analysis suggests that the tetrahedral splitting in this
complex is roughly 8000 cm−1, and the three species identified
gave gavg = 1.89 (A) or 1.92 (B (major species) and C; see
Table 1). These values, respectively, yield k = 0.84 and 0.72,

which are not as reduced from free-ion values as the Racah
parameters used for the above LFT analysis of the electronic
absorption spectrum of Cr(OtBu)4,

103,104 but still indicative of
covalency.
Mowat et al. have also provided a perturbation theory

expression for the D value in distorted tetrahedral complexes,17

based on spin−orbit coupling (SOC) between the ground state
and low-lying triplet and singlet excited states (eq 4):105

ζ

=

+
Δ [ { }]

−
Δ [ { }]

−
Δ [ { }]

+
Δ [ { }]

+
Δ [ { }]

−
Δ [ { }]

l

m

ooooooo

n

ooooooo

|

}

ooooooo

~

ooooooo

D

E E

E E E E

1
E T (F)

1
B T (F)

1
E T (D)

1
B T (D)

1
B T (G)

1
E T (G)

2
3

2
3

2
3

2
3

1
2

1
2

1
2

1
2

1
2

1 1
2

1
(4)

The ΔE denominators represent the energy of the respective
excited state above the 3B1(

3A2(F)) ground state. For truly
tetrahedral symmetry, there is no splitting within the 3,1T2(F,
D, G) terms so the denominators of each T2-derived pair
become equal, canceling out so that D becomes zero. What is
clear from eq 4 is that the sign of D depends on the relative
energies of the two components of the split 3,1T2(F, D, G)
terms, with the 3T2(F)-derived pair being by far dominant as it
is much lower in energy than those from the two singlet terms
(see Figure 5). The AOM used for Cr(DTBMS)4, namely, the
slightly distorted tetrahedron, indeed has 3E (3T2(F)) lower in
energy than 3B2(

3T2(F)) so the calculated D value is positive,
as seen by HFEPR. The specific contributions of each excited
state were determined by QCT (Supporting Information,
Section V and Table S15), and are fully consistent with LFT.
Use of the AOM described above with inclusion of SOC

then reproduces the zfs observed by HFEPR for Cr(DTBMS)4
(see Table S5). The ζ value needed for this successful
calculation is ∼60% of the free-ion value (i.e., k ≈ 0.6),
consistent with the above perturbation theory. Further
application of the AOM is described in Supporting
Information, Section V, wherein it is shown that very slight
angular changes (Δ(θ, ϕ) < 1°) can potentially lead to the
differing zfs values of the several components seen by HFEPR.
Quantum Chemical Theory (QCT). We first address the

energetically favored geometries and spin states, followed by a
discussion of the EPR-derived spin Hamiltonian parameters
and conclude with a brief comparison of the electronic
structure of the CrL4 complexes, particularly with respect to
their ground state spin preferences.
Optimized Geometries. We have performed B3LYP/6-

311G* geometry optimization of a wide range of neutral
molecules of general structure CrL4, where L = alkyl, amide,
alkoxide, and siloxide, and B3LYP/6-311+G* geometry
optimization of CrF4, in both singlet and triplet ground states.
The results of the geometry optimizations as reflected by the
metrical parameters of the Cr inner coordination sphere,
together with experimental data, where available, are
summarized in Table S1. The results of the ground state
B3LYP/6-311+G* energy calculations of singlets and triplets
are summarized in Table S8 (additional comparisons of triplet
versus singlet total BLYP, CASSCF, and NEVPT2 energies are
given in Tables S10 and S11).
For both CrF4, in agreement with previous work,44 and the

tetraalkyl complexes, the calculations show essentially tetrahe-

dral geometry as expected for a cylindrical π donor in the
former and pure σ donors in the latter complexes. Geometrical
differences between the experimentally found triplet and
putative singlet states are relatively minor. Steric effects clearly
play a role as seen in the sole structurally characterized CrR4
complex, Cr(cHx)4,

19 which has bulkier R groups than the
calculated complexes, which were chosen because of their
relationship to spectroscopically characterized complexes. In
the case of Cr(CH2SiMe3)4, the tetraalkyl analogue of
Cr(OSiMe3)4, itself the simplified variant of Cr(DTBMS)4,
one can infer some steric effects in the deviation of two of the
C−Cr−C bond angles by roughly ±2° from ideal tetrahedral
geometry.
In contrast, the amido and alkoxide/siloxide complexes show

greater calculated distortions from tetrahedral geometry, with
deviations of as much as roughly ±7° in certain cases.
Interestingly, the triplet ground state calculations generally
appear to be slightly more tetragonally distorted than the
singlets, although such a distortion would be necessary to favor
a singlet ground state (compression raising dz2 relative to
dx2−y2). In no case, however, is the distortion very large, in
contrast to the ketimide complex, Cr(NCtBu2)4, for which
the large pair of N−Cr−N bond angles equals 136.8° (27.3°
deviation from ideal Td) and the complex indeed has a singlet
ground state.31 The π interactions in such tetrakisketimide
complexes, M(NCR2)4, in contrast to those of the
unconjugated π donors studied here, are very significant,31,38

and will be the subject of a separate computational study. As
can be seen in Table 3, the calculated B3LYP/6-311G* energy
difference between the singlet and triplet states is substantial;
e.g., the reaction 3[Cr(ERn)4](g) →

1[Cr(ERn)4](g) (n = 3, 2,
1; R = Me) has ΔG298 ≈ +163, +81, +41 kJ/mol, respectively,
for E = C, O, N. This trend arises from an increase in π
interactions as the pure σ donor alkyl, which is unable to effect
anisotropy in the e orbitals, is replaced by the weak 2e (or even
4e) π donor alkoxide, with the amide being the strongest 2e π
donor, increasing the energy of the dz2 orbital via επ‑c, as
proposed to occur in V(NCtBu2)4.

38,106 The spin state
preferences at the BLYP and CASSCF/NEVPT2 levels of
theory are suggesting singlet state preference in the case of
amido complexes,107 while the triplet ground state is confirmed
for the remaining classes of complexes (see Tables S10 and
S11).108

Electronic Structures. We begin with the Quantum Theory
of Atoms in Molecules (QTAIM) analysis. For simplicity, we
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restrict discussion of our QTAIM B3LYP/6-311G* study to
the most preferred spin states of these complexes (see Table
3). The QTAIM BCP analysis results are summarized in
Tables S6 and S7. On the basis of ρBCP data, the bond
strengths decrease in the sequence Cr−F > Cr−O > Cr−C as

do the particular bond lengths (compare Tables S6 and S1,
respectively). Excepting Cr(NMeCHtBu2)4, the remaining Cr−
N bond strengths are comparable with the Cr−O ones. The
dative character of the bonds, as indicated by ∇2ρBCP data,
exhibit a similar trend: Cr−F > Cr−O > Cr−N > Cr−C. BCP
ellipticities, εBCP, indicate pure σ-bonding only in CrF4 and
CrtBu4. Nevertheless, low εBCP, high BCP electron densities,
ρBCP, as well as the presence of π-bonding localized orbitals
and the structure of UNOs (see Tables S9 and S13a,
respectively) indicate symmetric π-bonding Cr−F interactions
(analogous to a weak triple bond as in ethyne).
Very high εBCP values for amidos indicate π-bonding

interactions (probably the interaction with a lone electron
pair at N). Note that the continuous shape measures analysis
shows that the deviation from ideal Td symmetry is largest,
albeit still very small, for the optimized tetraamido complexes
(see Table S2). Relatively small values of the delocalization
indices, DI, for the amido Cr(NMeCHtBu2)4 compound are in
agreement with ρBCP indicating weaker Cr−N bonding, while
the Cr(NMe2)4 amido compound has comparable ρBCP and DI
as in the alkoxides and siloxides, although the εBCP is
considerably larger and Cr−O bonding with respect to their
π-character (εBCP values) indicates that π interactions need not
be stronger than the σ ones. The main point to mention with
respect to the QTAIM bond characteristics compiled in Table
S6 is that the bulkiness of the ligands (except alkyls) seems to

Table 3. Singlet (S)−Triplet (T) Energy Separation
Evaluated According to Equation 2 at B3LYP/6-311G*
Level of Theory

compd (ES − ET)DFT [kJ/mol] (GS − GT)298 [kJ/mol]

CrF4
a 328.7 335.2

Alkyl Complexes
Cr(CH2SiMe3)4 134.9 152.0
CrtBu4 149.7 163.4

Amido Complexes
Cr(NMeCHtBu2)4 64.6 83.6
Cr(NtBu2)4 − −
Cr(NMe2)4 26.8 40.6

Alkoxide Complexes
Cr(OCHtBu2)4 102.4 123.1
Cr(OtBu)4 89.2 75.3
Cr(OMe)4 69.7 81.7

Siloxide Complexes
Cr(OSiMe3)4 103.0 128.1
Cr(DTBMS)4 102.7 103.7

a6-311+G* basis set.

Figure 6. BLYP/6-311G* UNOs of essentially Cr(3d, 4s)−E(2s, 2p) hybridization for Cr(ERn)4 (R = Me, E = C, N, O, F; n = 3, 2, 1, 0)
complexes. Lower left: CrtBu4. Upper left: Cr(NMe2)4. Upper right: Cr(OMe)4. Lower right: CrF4. HOMO and LUMO orbitals have respective α
eigenvalues (in hartree) of −0.1659 and −0.0737 (CrtBu4); −0.1209 and −0.0561 (triplet ground state Cr(NMe2)4); −0.1439 and −0.0801
(Cr(OMe)4); −0.2417 and −0.1692 (CrF4). The red boxes highlight the orbitals with significant Cr 3d character.
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closely correlate with weakening of the dative Cr−L bonds.
Results on the localized BLYP/6-311G* orbitals and Mulliken
d orbital populations on the central Cr atom are compiled in
Table S9, and the particular localized orbitals of CrtBu4,
Cr(NMe2)4, and Cr(OMe)4 are shown in Figure S8.
Populations of the BLYP/6-311G* localized orbitals agree
qualitatively well with the QTAIM bond characteristics for the
B3LYP/6-311G* electron density. In particular, the population
of the localized orbitals has both of the largest π contributions
in the case of amidos in comparison to alkoxides and siloxides.
Still, the bonding populations on Cr in the localized orbitals
representation (see Table S9) are overall nearly the same, and
only the weight of the dative σ or π contributions changes.
Unrestricted Natural Orbitals (UNOs), calculated using the

BLYP/6-311G* basis set, have been utilized to analyze the
Cr−ERn bonding interactions in a pictorial way. UNOs allow
one to obtain a qualitative picture of the Cr−L bonding
character and the orbital ordering using a relatively small
number of orbitals. We present here UNO diagrams for the
representative simplest systems of each Cr(ERn)4 type, R =
Me; E = C, N, O, F; n = 3, 2, 1, 0 (Figure 6), with their relative
position the same as in Scheme 1, plus the main complex of
interest, Cr(DTBMS)4 (Figure 7). The (Mulliken-like)
compositions of UNOs shown in Figures 6 and 7 are compiled
in Table S13. For CrtBu4 (Figure 6, lower left), it is relatively
easy to see that the highest occupied UNO corresponds to the
degenerate dx2−y2 (α) and dz2 (α)orbitals. For Cr(OMe)4
(Figure 6, upper right), the highest occupied UNO is clearly

of a dz2 (α)-like character. The simple structure of CrF4
(Figure 6, lower right) does not allow us to show all the
UNOs of the Cr−F interactions using the same energy scale as
for the other such figures; see Table S13a for further details.
For Cr(DTBMS)4, the first six lowest doubly occupied

UNOs are σ and mixed σ/π bonding Cr−O orbitals (the
lowest three have a Cr population below 20%; the other three
slightly above 25%). The two open shells are essentially of
3d(Cr) character (around 81%). Above these in energy are
three non-bonding orbitals of 3d(Cr) character (72%). Finally,
there are three π- and σ-antibonding Cr−O orbitals
(population on Cr atom around 50%). The situation is far
more complex in the case of canonical Kohn−Sham orbitals
(not shown), while the σ and π interactions are presented via
localized orbitals in Figure S9.

Spin Hamiltonian Parameters. The calculated spin
Hamiltonian parameters (zfs and g values) are compiled in
Table 4. It can be seen that, in agreement with experi-
ment,17,24,25 the calculated zfs for the tetraalkyl complexes is
very small in magnitude, with nearly isotropic g values slightly
below ge, also as expected and found experimentally. The
complex with the β-Si (i.e., Cr(CH2SiMe3)4) shows a slightly
larger calculated zfs and deviation in g from ge relative to that
with only light atom ligands, which might be a consequence of
the larger SOC for a 3p versus 2p atom.109,110 For the amido
compounds, the zfs is considerably affected by the coordina-
tion geometry. The large magnitude of the CASSCF D value is
caused by the presence of a low-lying excited state which

Figure 7. BLYP/6-311G* UNOs for Cr(DTBMS)4 of essentially Cr(3d, 4s)−O(2s, 2p) hybridization. HOMO and LUMO orbitals have α
eigenvalues of −0.1656 and −0.1092 hartree, respectively. The red box highlights the orbitals with significant Cr 3d character.
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becomes corrected by the NEVPT2 treatment.111,112 In
particular, the CASSCF and/or NEVPT2 calculations for
Cr(NMeCHtBu2)4 and a C2 symmetry geometry of Cr-
(NMe2)4 are consistent with previous experimental results.
Basi et al. measured the magnetic susceptibility of Cr(NEt2)4
over the temperature range 298−98 K and observed μeff =
2.87(1) between 98 and 223 K,20 i.e., the spin-only value for S
= 1. However, even if |D| were as large as 10 cm−1, μeff would
be unchanged over this temperature range and not show a
notable decrease until ∼10 K, reaching ∼2.06 at 4 K (for D >
0). These workers would have also had little chance of
observing conventional EPR spectra from such triplet species
with |D| ≫ hυ.113 Cr(OtBu)4 does give an EPR signal near g =
2,21 so the D values calculated here may be overestimated;
however, it is possible that, with multiple conformations, there
may be one that has a small magnitude for D. Finally, for
Cr(DTBMS)4, the only complex with non-negligible zfs for

which the spin Hamiltonian parameters are well-determined,
the calculations for the experimental geometry agree
reasonably well with experiment.114−116 The orientation of
the calculated D tensor for Cr(DTBMS)4 is shown in Figure 8
and clearly shows that the principal zfs axis coincides with the
molecular S4 axis, in agreement with LFT.
We also wished to probe computationally the effect that

geometrical structure has on the zfs parameters, which is
related to the heterogeneity seen in (HF)EPR for both
tetraalkyl complexes with small magnitude zfs24,25 and our
siloxide complex with relatively larger zfs. This was done in two
ways, the first being to take the two more sterically bulky
alkoxides, Cr(OCHtBu2)4 and Cr(OtBu)4, and “strip” each
down to Cr(OMe)4 (i.e., tBu2 to H2 and Me3 to H3,
respectively), without changing their optimized geometries.
Alkoxides rather than alkyls were chosen because the latter
have such small magnitude zfs in the first place. This

Table 4. Calculated Spin Hamiltonian (zfs and g Tensor) Parameters in the 6-311G* Basis Seta

compd method D (cm−1) E (cm−1) gxx gyy gzz giso

CrF4 BLYP −0.011 −0.003 1.977 1.977 1.977 1.977
CASSCF −0.016 (−0.019) −0.004 (−0.005) 1.926 1.926 1.926 1.926
NEVPT2 −0.022 −0.001 1.936 1.936 1.937 1.936

Alkyl Complexes
Cr(Nor)4

b expt I−IV 0.027a,I 0.023a,II 0.0041a,I 0.0027a,II (1.9905)b

0.013 a,III 0.012 a,IV 0.0032a,III 0.0029a,IV

Cr(CH2SiMe3)4 BLYP −0.058 −0.014 1.991 1.992 1.992 1.992
CASSCF +0.092 (+0.097) +0.026 (+0.081) 1.950 1.951 1.952 1.951

CrtBu4 BLYP +0.001 0.000 1.993 1.993 1.993 1.993
CASSCF +0.005 (+0.005) +0.001 (+0.001) 1.947 1.948 1.948 1.948

Amido Complexes
Cr(NMeCHtBu2)4 BLYP +1.459 +0.143 1.975 1.982 1.987 1.981

CASSCF −62.730 (−63.321) −0.663 (−0.777) 1.191 1.862 1.882 1.645
NEVPT2 −9.776 −0.420 1.802 1.953 1.963 1.906

Cr(NMe2)4 BLYP −0.042 +0.000 1.985 1.987 1.987 1.987
CASSCF −0.935 (−0.992) +0.002 (+0.002) 1.938 1.954 1.954 1.949

Cr(NMe2)4 BLYP −1.827 −0.204 1.971 1.985 1.994 1.983
C2 symm CASSCF −154.369 (−155.346) −0.882 (−0.877) 0.625 1.604 1.619 1.283

NEVPT2 −1.953 −0.356 1.820 1.953 1.973 1.915
Alkoxide Complexes

Cr(OCHtBu2)4 BLYP −0.564 0.000 1.968 1.978 1.978 1.975
CASSCF −2.045 (−2.087) −0.001 (−0.001) 1.896 1.927 1.927 1.917

Cr(OtBu)4 BLYP +0.868 0.000 1.974 1.974 1.984 1.977
CASSCF +1.772 (+1.780) 0.000 (0.000) 1.920 1.920 1.947 1.929
exptc <0.3 1.962

Cr(OMe)4 BLYP +1.249 +0.172 1.980 1.982 1.985 1.982
CASSCF +1.173 (+1.492) +0.084 (+0.084) 1.931 1.935 1.952 1.939
NEVPT2 +0.905 +0.046 1.943 1.948 1.961 1.951

Siloxide Complexes
Cr(OSiMe3)4 BLYP 0.352 0.000 1.972 1.972 1.976 1.974

CASSCF +0.789 (+0.804) 0.000 (0.000) 1.920 1.920 1.931 1.923
NEVPT2 +0.748 0.000 1.929 1.929 1.941 1.933

Cr(DTBMS)4 BLYP +0.287 +0.028 1.972 1.972 1.975 1.973
expt geom CASSCF +0.704 (+0.719) +0.072 (+0.080) 1.915 1.918 1.927 1.920
Cr(DTBMS)4 BLYP +0.098 +0.002 1.9702 1.9702 1.9721 1.9708
opt geom CASSCF +0.425 +0.006 1.9127 1.9128 1.9185 1.9146

exptd +0.556 0.0 1.935 1.935 1.9 1.92
aIn parentheses are shown the results of the MRCIMIN calculations. Relevant experimental data are also given. bTaken from Ward et al.25 Four
conformations were identified (denoted I−IV) for Cr(Nor)4 in frozen isooctane solution at 93 K, and the zfs parameters for each are given (no sign
determination was possible, hence no sign is provided). The g value given is from a single crystal measurement at room temperature and thus does
not directly correspond to the frozen solution data. cTaken from Alyea et al.21 There was evidence for small magnitude zfs, but its value was not
determined. The upper limit given is based on the X-band microwave quantum energy. dThe experimental value for only species B (the major one)
is given here; see Table 1 for the full data set.

Inorganic Chemistry Article

DOI: 10.1021/acs.inorgchem.8b03512
Inorg. Chem. 2019, 58, 4907−4920

4915

http://dx.doi.org/10.1021/acs.inorgchem.8b03512


truncation has little effect on the calculated zfs parameters for
the “new” Cr(OMe)4 species, which thus remain different in
their zfs parameters from those of the original Cr(OMe)4, see
Table S14. Thus, geometry has a greater effect than the
electronic effects of different R groups. The second approach
was a more “brute force” one, namely, to take Cr(OMe)4 in
ideal tetrahedral geometry and distort it systematically to each
of the C2v, C3v, and D2d geometries by, respectively,
shortening/elongating two (C2v) or one (C3v) Cr−O bond
distance(s) or changing a pair of opposite O−Cr−O bond
angles (D2d), each changing in a stepwise fashion with the zfs
calculated for each structure. For comparison, the same process
is applied to CrF4.

117 The results are summarized in Figures
S11 and S12 and clearly show the extreme sensitivity of the D
value.118 As also seen using the AOM (see Supporting
Information, Section II), angular (i.e., D2d) distortions lead
to huge changes in D, but still with the sign tracking with
compression (positive) or elongation (negative). In the former
case, D becomes very large (e.g., ∼10 cm−1 for ∼140° ≤ ∠O−
Cr−O ≤ ∼160°), until it decreases in the hypothetical square
planar (D4h) case. The effects of bond length changes are much
harder to generalize, but, qualitatively, show that the sign and
magnitude of D can fluctuate widely, especially in the trigonal
distortion case.
Electronic Absorption Spectra. Calculated electronic

absorption spectra of selected CrL4 complexes in both singlet
and triplet ground states are discussed and presented in
Supporting Information, Section VI (Table S12 and Figures
S13−S28). The CASSCF(2,5) d−d transitions are usually red-
shifted (up to 400 nm in the case of Cr(DTBMS)4 compared
to NEVPT2 and TD-DFT results). All of the complexes show
calculated electronic transitions in the UV region (≥∼30 000
cm−1) with substantial oscillator strengths ( f > 0.1) that are
due to CT transitions and are consistent with experiment.
Calculated vibrational spectra are also presented in tandem
with the electronic spectra (Figures S13−S28).
Relevance to Catalysis. In contrast, for example, to the

studies in parallel by the Copeŕet2,6,8,13 and Scott1,4,5,7,11

groups, we do not claim to provide direct insight into the
mechanism of Cr-based heterogeneous, or even homogeneous,
catalysis. Nevertheless, there are several qualitative lessons that
can be drawn from our and from previous experimental work
and from the present extensive computational studies on
Cr(ERn)4 species. The first is that even relatively simple
tetraalkyl complexes (E = C, n = 3), while unequivocally

exhibiting spin triplet ground states, can show substantial
conformational flexibility and that there can be electronic or
steric effects from heavier atoms (i.e., Si) that are not directly
coordinated. The optimized geometry of Cr(CH2SiMe3)4 has
shorter Cr−C bond lengths than CrtBu4 (see Table S1).
Moreover, the axial distortion that can lead to either
compression along the S4 axis, which manifests in positive D,
or elongation, which manifests in negative D, can lead to
effectively more singlet-like (MS = 0 lowest energy) behavior in
the former case, or still triplet-like behavior in the latter (MS =
±1 lowest), which could affect reactivity. This point is
obviously more relevant in the E = N and O cases where the
magnitude of D can be much larger. The Cr(NR2)4 species are
especially interesting, with the strong and anisotropic π donor
ability of the amido ligands. Our computational studies show,
as experimental data are scant but intriguing, that Cr(NR2)4
might have very relatively low-lying singlet excited states,
which could make CrIV amidos potentially useful for
homogeneous catalysis as postulated for other, chiefly Fe-
containing, systems.14,15,49 Sadly, there is less analogy to
heterogeneous catalysts than for the alkoxide/siloxide systems.
Our results on Cr(OR)4 further support the conformational
flexibility of this type of complex, which even oxide-supported
CrIV might exhibit. This flexibility and the zfs effect mentioned
above, arising from modest, but still significant, π-donation by
the oxido ligands, are clearly greater for siloxides than
alkoxides; e.g., see BCP ellipticities in Table S6. Although
the singlet excited states in Cr(OR)4 are less accessible than in
Cr(NR2)4, they may still play a role, especially in higher-energy
catalytic intermediates.

■ CONCLUSIONS
A comprehensive computational investigation, supported by
EPR spectra of selected examples, of the electronic structure of
homoleptic, tetracoordinate chromium(IV) complexes has
been performed. These CrL4 complexes comprise a variety of
donor atoms in their simplest forms, C as alkyl (L = R3C

−), N
as amide (L = R2N

−), and O as alkoxide (L = RO−), with L =
F included for completeness, although no thermally stable
molecular complex of formula CrF4 exists, only a low-
temperature, matrix isolated species.44,46 These complexes
have spin triplet ground states with very small magnitude zfs so
that conventional (e.g., X-band) EPR was sufficient to observe
readily interpretable spectra, as reported many years ago. In
contrast, the CrIV siloxido complex, Cr(DTBMS)4, is not
amenable to conventional EPR field/frequency conditions. We
have therefore performed HFEPR studies on this complex,
which to our knowledge is the first such application to a
molecular complex of CrIV, and found it to have D ≈ +0.5
cm−1 (there are several species present, even in frozen solution,
due to slightly varying conformations, as found earlier even for
CrR4 complexes25). In parallel with analysis of current and
previous EPR studies, we have also the electronic absorption
spectra of CrL4 complexes, using both classical LFT, as was
done originally,17,20,97 and using the latest ab initio methods.
These methods each provide a general picture of the extensive
Cr−L σ-bonding throughout and, in the Cr(OR)4 complexes,
relatively little π-bonding. The difference in electronic
structure between Cr(DTBMS)4 and the alkyl and alkoxide
complexes with only light atoms may be due not only to the
steric bulk of the DTBMS ligand, which imparts a tetragonal
distortion slightly larger than in less encumbered complexes,
but perhaps also to the effect of a heavier atom, Si as opposed

Figure 8. Structure of Cr(DTBMS)4 (H atoms omitted; Cr, blue; C,
gray; O, red; Si, light gray) with superimposed zfs (D) tensor
directions: z-axis, light green; x-axis, dark blue (out of page); y-axis
(pink). The Euler angles of this tensor with respect to the molecular
frame (deg) are −13.1629 (α), 90.0041 (β), −179.9995 (γ).
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to ligands containing only period 2 atoms. Nevertheless, the
CrIV complexes with anionic O donor ligands are similar, not
only to each other, but also to the tetraalkyl complexes in that
π-donation by the O atoms is relatively insignificant. Amido
complexes of formula Cr(NR2)4 are a different story. These
were reported many years ago, but none was structurally
characterized and no EPR spectra were recorded, despite
attempts to do so. Our computational studies suggest that
these simple amido complexes are also potentially very
interesting, and it may be worth revisiting them synthetically
to probe experimentally the possibility of their preference for a
singlet ground state, as has been found experimentally for the
CrIV tetraketimide complex, or at least their potentially large
zfs, which may stem from the substantial and anisotropic π-
donation by the amido ligands. The present experimental and
theoretical results on CrIV in simple small molecules may also
be helpful in providing a foundation for understanding (and
distinguishing) multiple Cr sites in complicated, heterogeneous
catalytic systems.
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known.
(115) Treating the alkoxide and siloxide complexes together, we find
that the results for Cr(DTBMS)4 fit better with experiment when
considering the experimental geometry rather than the optimized one
(see Table 4). In particular, the CAS and MRCIMIN magnetic
parameters are to be highlighted with respect to the experimentally
determined values. On the other hand, the optimized structure of
Cr(DTBMS)4 yields an overestimated D value (by almost 2 times) at
the CAS or MRCIMIN level, although the g values remain reasonable.
This difficulty is reminiscent of the problems of applying LFT to
calculating zfs for Cr(DTBMS)4.
(116) Furthermore, the bulky DTBMS and/or −OSiMe(tBu)2 ligand
can be more sensitive to geometry optimization with respect to the
orientation of the ligand itself and with respect to geometry of the
coordination polyhedron compared to a crystal phase or frozen
solution. Qualitatively, this sensitivity is also manifest in the multiple
species found by HFEPR as well as the disorder in the crystal
structure. Even though the differences are not dramatic, the four equal
bonds in the optimized geometry of Cr(DTBMS)4 (1.772 Å) are
longer than those found in the crystal structure (1.764 Å; see Table
S1). Although the asymmetry in the experimental geometry is small,
this can make an important contribution to the final sign and/or
magnitude of the D parameter of the complex.
(117) Cr(OMe)4 in an ideal tetrahedral geometry with d(CrO) =
1.766 Å was distorted systematically to (i) C2v geometry by
maintaining the ideal tetrahedral ∠O−Cr−O = 109.47°, but
shortening/elongating two Cr−O bond distances; (ii) C3v geometry
by maintaining the ideal tetrahedral ∠O−Cr−O, but shortening/
elongating one Cr−O bond distance; and (iii) D2d geometry by
maintaining d(CrO) = 1.766 Å, but increasing a pair of ∠O−Cr−O
that are related by the S4 axis in D2d symmetry. Each geometrical
change was made in a stepwise fashion with the zfs calculated for each
structure. For comparison, the same process was applied to CrF4 with
d(CrF) = 1.714 Å.
(118) Note that, for ideal C3v and D2d symmetry, the x and y
directions are equivalent so E = 0; we ignore the calculated E value for
C2v for ease of comparison among the three cases.
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