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’ INTRODUCTION

The vast majority of commercial chemicals originate from crude
oil.1�3 An important step in chemical refinement involves selective
oxidation to transform the raw materials into useful reagents for
further upstream derivation and application.3�5 Oxygen (O2) is the
most benign and economical oxidant, especially if water is the
solvent medium,6 but autoxidation is inherently unselective. One
method of selective oxidation involves the use of transition metal
complexes7�9 to mediate redox equivalents (oxidase)10�21 or to
cleave dioxygen and deliver one (monooxygenase)9,22�27 or both
oxygen atoms (dioxygenase)9,23,28 to the substrate. Oxygen atom
transfer (OAT)29�33 catalysis presents some unique challenges.34

A metal catalyst must be reducing enough to bind and cleave
O2 without overoxidation yet the resulting M�oxo complex
sufficiently oxidizing enough to transfer the O-atom to sub-
strate.35,36 For practical applications, maximizing the rate of O2

cleavage is important but not at the cost of creating inert M�oxo
intermediates.37

During oxidation catalysis, comproportionation of Mn+ and
M(n+2)+dOspecies can result in thermodynamically stable μ-oxo
complexes that do not partipate in catalytic turnover.33,35,38�40

M�O�M species are known for iron,41�52 chromium,39,53�59

and manganese40,60�74 oxidation catalysts. Of that group, forma-
tion of (P)FeIII�O�FeIII(P) (P = porphyrin)75 can be fatal,41�44

whereas Cr�O�Cr and Mn�O�Mn complexes form reversibly
during catalytic turnover. Although experimental data characteriz-
ing such postulated Cr and Mn intermediates exist, structural data
are decidedly absent. For [(salen)MnIV]2(μ-O) intermediates that
form during epoxidation of alkenes, characterization relies mainly
on mass spectrometry data,62,65�67 although 1H NMR63,64 and
UV�vis74 data have been obtained. Few structural details of
relevant species are available; [(N3)(P)MnIV]2(μ-O)

72,73 is the
lone example derived from a knownoxidation catalyst. Noncatalytic
linearMn�O�Mn complexes have been structurally characterized

Received: June 8, 2011

ABSTRACT: Synthetic and kinetic experiments designed to
probe the mechanism of O2 activation by the trianionic pincer
chromium(III) complex [tBuOCO]CrIII(THF)3 (1) (where
tBuOCO= [2,6-(tBuC6H3O)2C6H3]

3�, THF = tetrahydrofuran)
are described.Whereas analogous porphyrin and corrole oxidation
catalysts can become inactive toward O2 activation upon dimer-
ization (forming a μ-oxo species) or product inhibition, complex 1
becomes more active toward O2 activation when dimerized. The
product from O2 activation, [

tBuOCO]CrV(O)(THF) (2), cat-
alyzes the oxidation of 1 via formation of the μ-O dimer
{[tBuOCO]CrIV(THF)}2(μ-O) (3). Complex 3 exists in equilibrium with 1 and 2 and thus could not be isolated in pure form.
However, single crystals of 3 and 1 co-deposit, and the molecular stucture of 3 was determined using single-crystal X-ray crystallography
methods. Variable (9.5, 35, and 240GHz) frequency electron paramagnetic resonance spectroscopy supports the assignment of complex
3 as a CrIV�O�CrIV dimer, with a high (S = 2) spin ground state, based on detailed computer simulations. Complex 3 is the first
conclusively assigned example of a complex containing a Cr(IV) dimer; its spinHamiltonian parameters are giso = 1.976,D = 2400G, and
E = 750 G. The reaction of 1 with O2 was monitored by UV�visible spectrophotometry, and the kinetic orders of the reagents were
determined. The reaction does not exhibit first-order behavior with respect to the concentrations of complex 1 andO2. Altering the THF
concentration reveals an inverse order behavior in THF. A proposed autocatalytic mechanism, with 3 as the key intermediate, was
employed in numerical simulations of concentration versus time decay plots, and the individual rate constants were calculated. The
simulations agree well with the experimental observations. The acceleration is not unique to 2; for example, the presence of OPPh3
accelerates O2 activation by forming the five-coordinate complex trans-[

tBuOCO]CrIII(OPPh3)2 (4).
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withMn in the+2/+2,76 +3/+3,77�82 +3/+4,77 and+4/+472,73,80,83,84

oxidation states. Similarly for (L)Cr�O�Cr(L) (L = salen or por)
intermediates that form during catalysis, the primary characteriza-
tion data are mass spectrometric.56,58 A defining characteristic of
most linear Cr�O�Cr and Mn�O�Mn units is a strong Soret
band (ε = 1000�4000 M�1 cm�1).72,74,77,80,82,83,85�87 X-ray
characterization of linear Cr�O�Cr complexes is known
for Cr in the +2/+3,88 +3/+3,85,86 +3/+4,89 and +5/+590,91

oxidation states, but none of these compounds are oxidation
catalysts. Characterization data for a catalytically competent
Cr�O�Cr species come from Talsi and co-workers for the
dinuclear complex (salen)CrIIIOCrV(salen),57 which forms
upon oxidation of (salen)CrIII with 0.5 equiv of iodosoben-
zene (PhIO). The electron paramagnetic resonance (EPR)
spectrum of (salen)CrIIIOCrV(salen) exhibits a typical d1

absorption at g = 1.976.
Scheme 1 depicts a typical catalytic cycle for substrate oxida-

tion that includes a M�O�M intermediate. Comproportiona-
tion of (L)M and (L)MdO during the initial oxidation stage
provides the M�O�M intermediate that inhibits but does not
prevent OAT and further oxidation. Excess oxidant54 converts
M�O�M to the mononuclear MdO complex, which oxidizes
substrate. Strong σ-donor ligands tend to promote dissociation
of such μ-O dimers—notable examples include [(L)MnIV]2-
(μ-O) and [(L)CrIV]2(μ-O)

38,57,68,87—but in certain cases
donor ligands can actually favor formation of the dimer, as in
the case of [(P)FeIII]2(μ-O).

58,62,65 Although addition of donor
ligands may seem to be a viable option to prevent μ-O
formation, excess donor ligand will ultimately impede reox-
idation by blocking access of the terminal oxidant to the metal
center.53,87

Catalyst deactivation of tetradentate catalysts (e.g., porphyrin,
corrole, and salen) by product inhibition is common. The
inhibition may appear in the form of oxidized substrate binding
to the catalyst, or as in the case of M�O�M formation, the
oxidized catalyst itself can inhibit. In either case, a product from
oxidation inhibits catalysis. Trianionic pincer ligands92�103 have
applications in metal-catalyzed aerobic oxidation,95 polyolefin
synthesis,97 and N-atom transfer.100 One potential advatage
of trianionic pincer ligands is the presence of a strong metal
carbon bond, which is fixed relative to the other anionic
pendant donors. As a consequence, substrate or other ligands
opposite the M�C bond will experience a strong trans influ-
ence, which can be exploited to enhance reactivity. In this study,
we present evidence for an unprecedented metal-mediated
autocatalytic O2 cleavage. In other words, the oxidized product

accelerates O2 cleavage, in contrast to M�O�M species that
traditionally inhibit.

For decades, researchers proposed thatCr�O�Crdimer species
form during the epoxidation of olefins; however, no complexes were
isolable, and solution characterization is weak. We present the first
crystallographically characterized CrIV�O�CrIV intermediate from
a catalytically relevant system. Specifically, [tBuOCO]CrV(O)-
(THF) (2) autocatalyzes the oxidation of [tBuOCO]CrIII(THF)3
(1) via formation of the highly reactive hitherto unknown CrIVCrIV

dimer {[tBuOCO]CrIV(THF)}2(μ-O) (3). In addition, we present
the first EPR spectrum of a d2�d2, CrIV�O�CrIV complex, thus
providing a definitive spectral signature for these illusive catalytic
intermediates.

’RESULTS AND DISCUSSION

O2 Activation by [tBuOCO]CrIII(THF)3 (1). UV�visible spec-
trophotometry is a suitable method for studying the reaction of
[tBuOCO]CrIII(THF)3 (1) with O2. Figure 1 depicts the time-
dependent changes in absorption upon exposure of a 1� 10�4M
solution of 1 to 1.66 � 10�3 M O2. Control of the O2 con-
centration requires injection of a known quantity of an O2-
saturated THF solution (9.90 � 10�3 M at 25 �C).104 A color
change from green to reddish brown occurs when 1 reacts with
O2 to form the CrV(O) complex [tBuOCO]CrV(O)(THF)
(2; Scheme 2).95,105�114 Changes in the UV�vis spectrum
display isosbestic points at 318 and 385 nm, and measuring the
changes in the absorption at 341 nm generates a plot of the
concentration of 1 vs time (Figure 2).

Scheme 1. General Mechanism for Substrate Oxidation that
Includes Reversible Formation of a M�O�M Intermediate

Figure 1. UV�vis spectral change of 1 in THF upon addition of O2

(25 �C).

Scheme 2. Oxidation of 1 by O2 to Form 2
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The complete oxidation of 1 occurs within approximately three
minutes. Plots of concentration vs time reveal a linear segment within
the first∼80% of the reaction, followed by a gradual curvature in the
remainder of the reaction until completion (Figure 2). The plot of
[1] vs time does not fit first-order or second-order kinetics.
O2 Cleavage Rate Dependence on [1], [O2], [THF], and

Temperature. Solutions of 1, between 0.55 and 1.65 (�10�4)
M, were allowed to react with O2 and result in the concentration
versus time plots in Figure 3.
The initial rates can be determined from the initial values of

Δ[1]/Δt. Figure 4 shows the linear dependence of the average
rate, Δ[1]/Δt, on the [1]. The linear plot indicates a first-order
dependence on [1].
Determination of the order in O2 requires addition of known

quantities of O2-saturated THF solutions to 1. The concentra-
tion of O2 in a saturated THF solution is 9.90� 10�3 M.104 Four
independent reactions that vary in O2 concentration from 1.66 to
6.66 mM (Figure 5) result in a linear plot of initial rate Δ[1]/Δt
versus [O2] (Figure 6). The linear dependence indicates a first-
order O2 relationship.

Figure 2. Concentration vs time (s) for the oxidation of 1 by O2 in
THF; within 1st 80% (blue), after 80% (red) (25 �C).

Figure 3. Concentration (1) vs time (s) for the oxidation of 1
(0.55�1.65 (�10�4) M) with O2 (1.66 � 10�3 M) in THF (25 �C).

Figure 4. Plot of�Δ[1]/Δt vs [1] ([1] = 0.55�1.65 (�10�4)M; [O2] =
1.66 � 10�3 M (THF, 25 �C)).

Figure 5. Concentration (1) vs time (s) for the oxidation of 1 (1.10�
10�4 M) with O2 (1.66�6.66 (�10�3) M) in THF (25 �C).

Figure 6. Plot of rate�Δ[1]/Δt vs [O2] ([1] = 1.10� 10�4M; [O2] =
1.66�6.66 (�10�4) M) in THF (25 �C).
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The oxidation of 1 with O2 in noncoordinating solvents
proceeds rapidly. The complete oxidation of 1 in hexanes occurs
within ∼3 s, thus preventing the measurement of a reliable
reaction rate. Introduction of THF between 50% and 100%
(v/v) into a hexanes solution of 1 slows the reaction enough to
permit the determination ofΔ[1]/Δt and thus the solvent's role.
Plotting �Δ[1]/Δt vs XTHF yields a parabolic curve (Figure 7)
consistent with an inverse order in [THF]. However, changes in
the dielectric constant of the different solvent mixture can also
produce a similar effect, thus assigning a specific order to the
inverse relation in THF is not possible.
Lowering the temperature of the reaction provides more

insight into the unusual nonfirst-order kinetic profile by resolving
the shape of the decay plot of [1] vs time. Figure 8 depicts the [1]
vs time plot at 40, 20, 10, and 0 �C. The kinetic trial at 0 �C yields
a sigmoidal plot of [1] vs time, which is consistent with an
autocatalytic mechanism.
If the oxidation of 1 is catalyzed by 2, then increasing the initial

[2] should accelerate O2 activation. Figures 9 and 10 depict an
increasing rate of oxidation of 1 with an increasing initial [2] and
confirm the product-catalyzed oxidation of 1.
We propose that the oxidation of 1 by O2 occurs via an

autocatalytic mechanism. Initially, the oxidation of 1 to 2 is slow.
However, upon accumulation of 2 in solution, a faster autocatalytic

pathway, in which the product 2 catalyzes the oxidation of 1 to 2,
becomes predominant (vide infra).
Characterization of the Autocatalytic Intermediate: The

Chromium(IV) μ-oxo Dimer {[tBuOCO]CrIV(THF)}2(μ-O) (3).
Howdoes [tBuOCO]Cr(O)(THF) (2) catalyzeO2 activation by
1? One possibility is the formation of a CrIV�O�CrIV adduct
that reacts more rapidly than 1 with O2. An attempt to form the
adduct by stoichiometric addition of 2 to 1 in THF failed. Adding
a green solution of 1 and a red solution of 2 in THF yields a
brown solution. The 1H NMR spectrum of the reaction mixture
reveals only signals attributable to 1 and 2, and at �35 �C, only
green crystals of 1 precipitate. When 1 is oxidized to 2 in toluene,
however, a bright purple intermediate species forms and then
converts to the deep red color of 2. Considering this observation,
stoichiometric addition of 1 to 2 in toluene indeed yields a bright
purple solution consisting of a small concentration of starting
reagents and the major product, postulated to be the dimer
{[tBuOCO]CrIV(THF)}2(μ-O) (3) (Scheme 3). The 1H NMR
spectrum of the reactionmixture (C6D6) contains new paramagnetic

Figure 7. Plot of rate�Δ[1]/Δt vsXTHF ([1] = 1.10� 10�4M; [O2] =
1.66 � 10�3 M; THF/hexane (mL:mL) = 2.5:0.5, 2.0:1.0, 1.5:1.5)
at 25 �C.

Figure 8. Concentration of 1 (1.84 � 10�4 M) vs time in THF upon
addition of O2 (1.66 � 10�3 M) at 40 �C (red), 20 �C (yellow), 10 �C
(light blue), and 0 �C (dark blue).

Figure 9. Concentration of 1 vs time (s) for the oxidation of 1 (1.10�
10�4M) byO2 (1.66� 10�3M) with increasing [2] (0, 5.5� 10�5, and
1.10 � 10�5 M) in THF (25 �C).

Figure 10. Plot of Δ[1]/Δt for the oxidation of 1 (1.10� 10�4 M) by
O2 (1.66 � 10�3 M) with increasing [2] (0, 0.55 � 10�4, and 1.10 �
10�4 M) in THF (25 �C).
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resonances distinct from 1 and 2 at 28.70 (ν1/2 = 570 Hz), 16.89
(ν1/2 = 675 Hz), and �30.57 (ν1/2 = 540 Hz) ppm. The charac-
teristic 1H NMR signals for 3 disappear upon addition of THF,
indicating that an equilibrium exists between CrIII (1) and CrV(O)
(2) and 3. The formation of 3 evidently requires a noncoordinating
solvent.
Purple hexagonal-plate single crystals of 3 form at �35 �C

from concentrated diethyl ether solutions of the mixture. Since 1
is present in the equilibrium mixture, several crystals of 1 also
deposit, and as a result, isolation of pure 3, except as a single
crystal, is not possible. Subjecting the purple crystals to a single-
crystal X-ray analysis experiment provides the molecular struc-
ture of 3. In the solid state, complex 3 is C2 symmetric and
contains two [tBuOCO]Cr fragments bridged by oxygen
(Figure 11). The asymmetric unit consists of one-half of the
molecule, and the O atom resides on a C2 axis that generates the
second half of the molecule, thus rendering the Cr ions equidi-
stant from the μ-oxo by 1.7497(6) Å and creating a 158.69(14)�
Cr�O�Cr angle across the bridge. As a consequence, the Cr�O
bond lengths do not provide insight to ascertain the Cr oxidation
state. The geometry of the CrIV ion is distorted trigonal
bipyramidal (tbp) with an Addison parameter of τ = 0.77.115

Bound to each Cr ion is a trianionic OCO3� pincer, the μ-oxo
bridge, and a THF molecule. The equatorial sites consist of the
alkoxide attachments and the μ-oxo bridge, whereas the Cr�Cipso

bond and THF occupy axial positions. Consistent with a higher
oxidation state CrIV ion, the Cr�Oalkoxide (d(Cr1�Oalkoxide)avg =
1.8046(2) Å) bonds are shorter than in 1 by 0.113(3) Å, and the
Cr�Cipso (d(Cr1�C1) = 1.983(2) Å) is shorter by 0.028(4) Å.
An interesting feature of the structure is the∼82� twist between

the two Cr ion coordination environments. Figure 12 provides an
electronic argument for the approximate 90� twist and the near
linearity of the Cr�O�Cr bonds. The sp-hybridized oxygen forms
two σ bonds between the Cr ions. The additional four electrons on
oxygen π-donate into Cr d-orbitals. From Figure 12, assigning the
Cipso�Cr�THF as the z-axis and Cr�O�Cr as the x-axis, the dxz
and dxy are two available d-orbitals with appropriate symmetry for
acceptingπ-electrons from oxygen. Since the dxy orbital participates
in bonding with the two alkoxide ligands, it is high in energy and
relatively inaccessible. In contrast, the dxz orbital is a low-lying
energy orbital available for π-bonding with oxygen. The most
favorable π-donating interaction is into the dxz of each respective
Cr ion, thus adopting a ∼90� twist to accommodate the two
orthogonal lone pairs on the oxygen. Figure 12 also depicts a ligand
field splitting diagram that corresponds to this bonding and
electronic interaction. Assigning two d-electrons to the dxz and dyz
orbitals of each Cr center allows for the maximum number of
unpaired electrons. A similar assignment was made for an isoelec-
tronic VIII�O�VIII dimer.116 The resulting d2 configuration for
each Cr ion supports an oxidation state of +4 for each ion. Despite
the smaller CrIV ion, the Cr�THF distance is 0.043(2) Å longer
than that in 1, due to the stronger trans influence of the Cr�Cipso

bond in 3 and a more congested coordination sphere due to the
mutually adjacent [tBuOCO]CrIV fragment.

Scheme 3. Equilibrium between Starting Materials 1 and 2 and the Dimer Adduct 3

Figure 11. Molecular structure of {[tBuOCO]CrIV(THF)}2O (3) with
ellipsoids drawn at the 50% probability level and hydrogen atoms and an
ether lattice molecule removed for clarity.

Figure 12. π-BondingMO and ligand field splitting diagram of the CrIV

ion in 3.
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Electron Paramagnetic Resonance Measurements. Though
the above X-ray and NMR results indicated that 3 is a new
paramagnetic Cr�O�Cr dimer, additional data were needed
to characterize its electronic structure. Figure 13 depicts the
240 GHz EPR spectra of a powder sample of 3. The resonances
indicate the presence of Cr(III) (weak signals) and a S = 2 dimer
(3). Reducing the temperature lowers the thermal Boltzmann
population of electronic states, and the resonances intensify
(Figure 13). The program SPIN117 simulates the EPR spectrum
at 4.5 K, and for comparison, Figure 14 depicts both the simulated
spectrum and experimental data. Simulating the CrIV�O�CrIV

species alone did not reproduce all the resonances. Considering
that 3 is in equilibrium with the mononuclear complexes 1 and 2
(Scheme 3), complex 1 was included in the simulation. However,
complex 2 is difficult to distinguish among resonances 5, 6, and 7 of
Figure 14 and is present in less than 10%. Thus, it was not included
in the simulation. The resonances arise from the predominant
(∼70%) S = 2 (CrIV�O�CrIV, 3) and the minor component
S = 1.5 (CrIII, 2). For the dinuclear complex 3, the two para-
magnetic fragments, with spins S1 and S2, can be described by the
following standard spin Hamiltonian,118�120 where

H ¼ JS1 3 S2 þ βH 3 g̅ 3 S þ D S2z �
SðS þ 1Þ

3

� �

þ EðS2x � S2yÞ þ Hhyp ð1Þ

J is the spin-exchange coupling constant; β is the Bohr magneton;
g is the Lande g-tensor; S is the total spin = S1 + S2, with
components Sx, Sy, and Sz, with z being taken to be the direction
along which the Zeeman field H is applied. Hhyp is the electro-
n�nuclear hyperfine interaction. The EPR spectrum reveals no
hyperfine splitting from the 53Cr isotope (9.5% abundant) with
I = 3/2, soHhyp can be omitted. The spin Hamiltonian parameters
for S = 2 (CrIV�O�CrIV) giso = 1.976, D = 2400 G (Gauss), and
E = 750 G and for S = 1.5 (CrIII) are giso = 1.976, D = 10 500 G
(Gauss), and E = 3000 G (Figure 14). The good fit of the
simulation to the experimental spectrum permits conclusive
assignment of a +4 (d2) oxidation state for each Cr ion in 3.

The individual simulations for the CrIV�O�CrIV dimer and CrIII

species are in the Supporting Information.
Figure 15 depicts a simulated 240 GHz energy level diagram of

1 (top panel) and 3 (bottom panel) at 4.5 K. The vertical red bars
mark the possible spin transitions, while the dotted lines point
to the relevant peaks corresponding to molecular z-orientation
(z1 and z10; z2 and z20) in the simulated spectrum (center panel).
The asterisks denote the spin forbidden transitions.
ProposedMechanism for O2 Activation.The reaction orders

in [1], [O2], [2], and [THF] are consistent with the proposed

Figure 13. Variable-temperature high-frequency (240 GHz) powder
EPR spectra of major 3 and minor 1. The boxed part of the spectrum at
300 K is due to the noise from the spectrometer electronics.

Figure 14. Simulated (a) and experimental (b) powder EPR spectra of
3 and 1 at 240 GHz and 4.5 K. The simulated spectrum (b) is the sum of
the individually simulated spectra of 3 and 1. Peak assignments.
Complex 1 (S = 1.5): allowed transitions = 3, 5, 6, 7 and 9; forbidden
transition =1. Complex 3 (S = 2): allowed transitions = 4, 5, 6, 7, and 8;
forbidden transition = 2. The resonances 5, 6, and 7 are overlapping
signals from both 1 and 3 (present in a ratio 1:2.5).

Figure 15. Simulated 240 GHz energy level diagram and EPR spectrum
of 3 + 1 (2.5:1 ratio), at 4.5 K. Middle panel: simulated spectrum
corresponding to the sum of individual simulated spectra of 1 and 3;
forbidden transitions (below 5 T) are shown by asterisks. Top and
bottom panels: simulated energy levels of the (S = 1.5) Cr3+ monomer
(1) and (S = 2) Cr4+�O�Cr4+ dimer (3), respectively, when the field is
parallel to the z-axis. In both the top and bottom panels, the energy levels
are labeled by their corresponding spin quantum numbers (MS). All
transitions are shown by vertical red bars, and the dotted lines point to
the relevant peaks in the simulated spectrum. For clarity, only the peaks
corresponding to molecular z-orientation are shown by dotted lines: z1
and z10 are from 1, and z2 and z20 are from 3.
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mechanism in Scheme 4. During the initial stages of the reaction,
the oxidation of 1 follows pathway A. The first step involves the
dissociation of THF followed by O2 coordination to generate an
intermediate species 1b. A single-crystal X-ray structural analysis
of 1 suggests preferential dissociation of the THF trans to the
Cr�Cipso bond. Inspection of the three Cr�THF bond lengths in
1 reveals the Cr�THFtrans (Cr1�O3 = 2.1939(18) Å) is∼0.14 Å
longer than the two Cr�THFcis bonds (Cr1�O4 = 2.0624(18) Å
and Cr1�O5 = 2.0566(18) Å).95

It is proposed that intermediate species 1b then reacts with 1
to generate a second intermediate 1c before the O�O bond
cleaves in the final step to yield 2. The first-order dependence on
[1] suggests that the formation of 1b is the rate-determining step.
The high rate of oxidation precludes definitive assignment for the
structure of intermediates 1b and 1c. There are precedents for
both end-on and side-on dioxygen�chromium complexes.121�134

To be autocatalytic, a product-catalyzed pathway has to accel-
erate the formation of 1b to increase the overall rate of the
oxidation. Pathway B in Scheme 4 illustrates the product-catalyzed
oxidation of 1. The formation of dimer 3 from 2 and 1 provides a
low-coordinate species that allows O2 access to the metal. The
coordination of O2 to 3 results in the cleavage of the dimer to yield
1b and regenerates 2, which can re-enter pathway B. Pathway B is
faster than pathway A because pathway A requires the slow
dissociation of THF prior to O2 coordination, and thus auto-
catalytic conditions establish as the concentration of 2 increases.
Few of the previous studies that propose competent μ-oxo Cr

and Mn dimer species in oxidation catalysis were able to assess
whether the dimers participate in OAT to substrate.55,57,60

Offering a chance to examine this directly, complex 3 was tested
as an OAT transfer agent. Figure 16 depicts the time-dependent
decay of complex 3 in the presence of PPh3 (1.10, 2.21, and 4.42
(�10�3) M). The data clearly indicate a zero-order dependence

on the concentration of PPh3, suggesting complex 3 must first
break apart into mononuclear CrIII (1) and CrV(O) (2) prior
to OAT.
Kinetic Simulations. Strong evidence exists for the autocata-

lytic pathway B, for example, the shape of the decay plots for the
oxidation of 1 and, foremost, the isolation and characterization of
dimer 3. However, during the oxidation of 1, dimer 3 is a steady
state intermediate, and no experiment directly probes its forma-
tion. To complement the kinetic studies and to support the
proposed mechanism, numerical simulations were performed
using the computer program Kinetica. Equation 2 describes the
stoichiometric reaction between 1 and O2 to provide 2, and
eqs 3�7 show the elementary reaction steps from the proposed
mechanism used in the simulations.

1sf
k1½O2�

1b ð2Þ

1b þ 1 sf
k2

1c ð3Þ

1c sf
k3

2 ð4Þ

2 þ 1 sf
k4

3 ð5Þ

3sf
k�4

2 þ 1 ð6Þ

3sf
k5½O2�

2 þ 1b ð7Þ
The elementary steps involving the addition or dissociation of
THF are excluded from the simulation. Since [O2] is in 10-fold
excess, k1[O2] and k5[O2] are pseudo-first-order rate constants.

Scheme 4. Proposed Mechanism for O2 Activation by 1
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Equation 8 is the derived rate law for the set of eqs 3�7 and the
proposed mechanism in Scheme 4 (see Supporting Information
for details).

�d½1�
dt

¼ 2k1½1�½O2� þ 2k4k5½O2�½1�½2�
k�4 þ k5½O2� ð8Þ

At each concentration of 1 (0.55, 1.10, and 1.65 (�10�4)M) and
O2 (1.66, 3.33, 4.99, and 6.66 (�10�3) M), three independent
concentration versus time profiles were recorded. Using average
concentration versus time data from the kinetic trials at each
initial [1] and [O2], the conjugate gradient optimization (see
Supporting Information) provides the best fit rate constants. The
rate constants k2 and k3 are indeterminable since they occur after
the rate-determining step, and their values were fixed >1.00 �
106. The averaged estimated rate constants (k1, k4, k�4/k5) are
2.6((0.6) s�1, 396.8((0.7) M�1 s�1, and 6.0((2.3) � 10�3,
respectively (THF, 25 �C). Data fitting only permits the calcula-
tion of k�4/k5 as a ratio for the proposed mechanism. The rate
constants were used to simulate individual concentration versus
time profiles for kinetic runs that vary in the initial concentration
of 1 and O2. Figures 17 and 18 illustrate the simulated kinetic

profile, and the experimental data, for concentration versus time
profiles of 1 at different initial concentrations of 1 and O2. The
simulated kinetic profiles match the profiles obtained experimentally.
For the kinetic profiles varying in temperature, new rate constants

were calculated for each temperature and are presented in Table 1.
Figure 19 depicts the simulated and experimental concentration
versus time profile for the oxidation of 1 with O2 at different
temperatures. An important feature exhibited in this set of data is the
curvature of the profile at early reaction times. In particular, at 0 �C
the reaction slows enough to detect the onset of the autocatalytic
pathway B. The simulated data fit the experimental data well during

Figure 17. Simulated [1] (0.55�1.65� 10�4 M) vs time (s) at [O2] =
1.66 � 10�3 M. Correlation (R2) values of simulated and experimental
trials at 0.55� 10�4 M 1 (0.999), 1.10� 10�4 M 1 (0.999), and 1.65�
10�4 M 1 (0.999) (THF, 25 �C).

Figure 18. Simulated [1] (1.10 � 10�4 M) vs time (s) at different
concentrations of [O2] (1.66�6.66� 10�3 M). Correlation (R2) values
of simulated and averaged experimental trials at 1.66 � 10�3 M O2

(0.999), 3.33 � 10�3 M O2 (0.998), 4.99 � 10�3 M O2 (0.999), and
6.66 � 10�3 M O2 (0.995) (THF, 25 �C).

Figure 16. Left: Reaction sequence for dissociation of 3 (1.56� 10�4 M) into 1 and 2 and the subsequent oxidation of PPh3 (1.10�4.42� 10�3 M) in
CH2Cl2 (25 �C). Right: corresponding concentration (3) vs time (s) profile.

Table 1. Average Calculated Rate Constants for the Oxida-
tion of 1 (1.84� 10�4M) with O2 (1.66� 10�3 M) in THF at
25, 20, and 0 �C

T (�C) 25 10 0

k1 (s
�1) 2.6((0.6) 1.2((0.1) 0.5((0.3)

k4 (M
�1s�1) 396.8((0.7) 179((8) 50((9)

k�4/k5 6.1((2.3) � 10�3 2.9((0.4) � 10�3 1.8((0.6) � 10�3
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this stage of the reaction. At 40 �C, the reaction is too fast (only three
data points within 10 s, >90% conversion) to obtain reliable data.
Inhibition Studies. Product inhibition occurs when a strong

coordinating ligand/product binds to the metal center prevent-
ing further O2 activation. The pincer architecture provides
a labile coordination site via the strong trans-effect of the
chromium�carbon bond and obviates catalyst deactivation by
product inhibition. Complex 1 catalyzes the oxidation of PPh3
to OPPh3 with O2 as the terminal oxidant.95 In the case of Cr-
corroles, the product OPPh3 binds to the two axial positions thus
inhibiting further oxidation.135 Uniquely for the trianionic pincer
complex 1, the opposite occurs: an increasing concentration of
OPPh3 accelerates O2 activation. Figure 20 contains a plot of the
change in concentration of 1 versus time during the O2 oxidation
in the presence varying [OPPh3] (0�0.10M).The rate of oxidation
of 1 accelerates upon addition of OPPh3, and at 1000 equiv of
OPPh3 (0.10 M) the rate cannot be measured within our exper-
imental setup.
The role of OPPh3 in facilitating O2 activation by 1 is similar

to the role of complex 2 in the formation of the dimer 3.
Excess OPPh3 provides the coordinatively unsaturated complex
[tBuOCO]CrIII(OPPh3)2 (4) (Scheme 5). The solid state

structure95 indicates only two OPPh3 ligands coordinate to the
CrIII ion despite excessOPPh3 being present in solution. Complex 4
provides an unobstructed coordination site for O2 coordination
allowing for faster oxidation.
The increased rate of O2 activation by adding OPPh3 suggests

an equilibrium between 1 and 4 exists in THF. As more OPPh3 is
added, the equilibrium shifts toward 4 until it is the dominant
species. Attempts to directly monitor the rate of O2 activation
with 4 failed because the reaction is too fast.
Cyclic Voltammetry of 1, 3, and4.Both dimer 3 and complex

4 have an open coordination site compared to 1. As a conse-
quence, the rate of O2 activation is faster for 3 and 4. However,
the increased oxidation rate may be a consequence of a more
reducing metal ion caused by the coordination of 2 in the dimer 3
and OPPh3 in complex 4. To examine this possibility, complexes
1, 3, and 4 were subjected to cyclic voltammetry experiments to
determine their electrode potentials. Complexes 1, 3, and 4
display irreversible first oxidation peaks at 0.732, 0.298, and
0.012 V, respectively (see Supporting Information). Though the
lower oxidation potentials appear to correlate with the faster rate
of O2 activation, the irreversibility of the CV spectra prevents a
definitive conclusion from being drawn.

’CONCLUSION

Trianionic pincer ligands offer an advantage over traditional
meridional-tetradentate ligands for oxidation catalysis. One limi-
tation of meridional-tetradentate ligands is catalyst deactivation
by product inhibition or μ-O dimerization. Here, we describe the
chromium(III) complex, [tBuOCO]CrIII(THF)3 (1), that is not
susceptible to these deactivation pathways. The kinetic results for

Figure 20. Plot of [1] vs time with increasing [OPPh3] (0�0.1 M).
[O2] = 1.66 � 10�3 M and [1] = 1.10 � 10�4 M (THF, 25 �C).

Scheme 5

Figure 19. Simulated [1] vs time for the oxidation of 1 (1.65� 10�4 M and 1.84� 10�4 M) with O2 (1.66� 10�3M) using the average calculated rate
constants from Table 1.
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the oxidation of 1 reveal a first-order dependence in the initial
concentration of 1 and O2 and inverse order dependence in
THF. However, plots of [1] and [O2] vs time do not conform to
standard first-order decay. The decay of 1 vs time remains linear
for the first 80% of the reaction before tapering off. Lowering the
temperature of the reaction for the oxidation of 1 yields a
sigmoidal curve, indicative of an autocatalytic mechanism.

We establish conclusively the role product 2 plays in accel-
erating the O2 activation. Adding equimolar amounts of 1 and
2 in toluene yields the μ-O dimer 3. The single-crystal X-ray
structure of 3 contains two tbp CrIV ions bridged by a μ-oxo.
Each CrIV ion is coordinatively unsaturated and is partly respon-
sible for the increased reactvity toward O2, by providing an
available coordination site for O2 attack. Kinetic simulations
support the proposed autocatalytic mechanism, in which com-
plex 3 reacts directly with O2 to form intermediate 1b and
reforms 2. In contrast to iron(II) porphyrin catalysts that can
deactivate by dimerization, the dimerization of 1 and 2 results in
the formation of the more reactive complex 3, thus establishing
autocatalytic conditions.

In an attempt to simulate other product acceleration condi-
tions, OPPh3 was added to the kinetic oxidation trials and was
found to increases the rate of O2 activation by 1. To further
understand the role of OPPh3 in facilitating O2 activation by 1,
excess OPPh3 was added to 1, which yielded 4. The single-crystal
X-ray structure of 4 reveals a square pyramidal geometry con-
sisting of two OPPh3 ligands, one above and one below the plane
of the tBuOCO�3 pincer ligand.95 Similar to 3, complex 4 is more
reactive toward O2 than complex 1 due to the open coordination
site trans to the Cr�Cipso bond, which affords O2 easier access to
the metal center. This result implies trianionic pincer ligands, by
virtue of only binding to three coordination sites, create inher-
ently kinetically reactive complexes.

Finally, dimer 3 adds suppport to the longstanding contention
that within Cr and Mn oxidation catalysts M�O�M species are
involved but do not completely surpress reactivity. Complex 3 is
the first crystallographically characterized dinuclear CrIV�O�CrIV

complex. Perhaps more importantly, EPR data (peak positions and
the g, D, and E parameters) establish a characteristic fingerprint for
d2�d2, CrIV�O�CrIV species that can form in situ during catalysis.
The EPR data may greatly enhance other research seeking to
understand the acitivty of Cr oxidation catalysts where such species
are viable but not isolable. For example, Theopold and co-workers
report one other μ-O[CrIV]2 dimer,

108 but only paramagnetically
broadened 1H NMR and IR data support the assignment. Kinetic

analysis of OAT reactions employingMn�O�Mn andCr�O�Cr
species indicates the dimers do not transfer an oxygen atom directly
to the substrate. Instead, the dimer must break apart, and then the
OAT occurs. Our study provides additional evidence that O-atom
transfer indeed occurs post dimer cleavage. For the first time, we
were able to directlymonitor the decay of an isolableCrIV�O�CrIV

species during O-atom tranfer to substrate (PPh3). Kinetic data
reveal zero-order dependence in [PPh3], implying the dimer cleaves
prior toOAT.Amore detailedmechanism for catalyst oxidation and
OAT than the one depicted in Scheme 1 can be described for this
system. We now include that M�O�M species can directly react
with oxidant,87,136 and we provide additional support that the direct
OAT from aμ-Odimer is not plausible (Scheme 6). Current studies
focus on generating more reactive MdO species using modified
trianionic pincer ligands to increase the substrate scope of aerobic
oxidation.

’EXPERIMENTAL SECTION

General Procedure. Unless specified otherwise, all manipulations
were performed under an inert atmosphere using standard Schlenk or
glovebox techniques. Pentane, hexanes, toluene, dichloromethane,
tetrahydrofuran (THF), and 1,2-dimethoxyethane (DME) were dried
using aGlassContour drying column. Benzene-d6 (Cambridge Isotopes)
was dried over sodium-benzophenone ketyl, distilled or vacuum trans-
ferred, and stored over 4 Å molecular sieves. [tBuOCO]CrIII(THF)3
(1), [tBuOCO]CrV(O)(THF)3 (2), and [

tBuOCO]CrIII(OPPh3)2 (4)
were prepared according to published procedures.95 All other reagents
were purchased from commercial vendors and used without further
purification. NMR spectra were obtained on Varian Gemini 300 MHz,
Varian Mercury Broad Band 300 MHz, or Varian Mercury 300 MHz
spectrometers. Chemical shifts are reported in δ (ppm). For 1H and
13C{1H} NMR spectra, the solvent peak was referenced as an internal
reference. Infrared spectra were obtained on a Thermo Scientific Nicolet
6700 FT-IR.

UV�vis spectra were acquired on a Hewlett-Packard 8453 spectro-
meter, and variable temperature was maintained using Fisher Scientific
Isotemp 10065. Oxygenated solvents were prepared by bubbling O2

through the solvent for 30min and stored under an atmosphere of O2 for
6 h before use. The concentration of O2 was taken to be the accepted
literature value.104 The reference absorbance was used as the initial
concentration absorbance prior to reagent injection. A trend line was
fitted to the first 80% of the reaction progress and then used to
extrapolate the observed rate. Spectra were acquired in quartz cuvettes
with septum caps.

Electrochemical experiments were performed at ambient tempera-
ture in a glovebox using an EG&G PAR model 263A potentiostat/
galvanostat and a three-compartment H-cell separated by a medium
porosity sintered glass frit. Electrolytic solutions consisted of 0.1 M
tetrabutylammonium hexafluorophosphate (TBAH) dissolved in either
CH2Cl2 or THF. Cyclic voltammograms (CV)were recorded at 100mV
s�1 in 4 mL of electrolytic solution with 5 � 10�3 M complex
concentration. A glassy carbon electrode (3 mm diameter) was used
as the working electrode and a platinum flag as the counter electrode.
All potentials are reported versus SCE and referenced to Ag/Ag+. The
reference electrode consisted of a silver wire immersed in a freshly
prepared acetonitrile solution of 0.01 M AgNO3 and 0.1 M TBAH
encased in a 75 mm glass tube with a fitted Vycor tip. The E� values for
the Fc+/Fc couple in CH2Cl2 and THFwere +0.47 V and +0.58 V versus
SCE, respectively.137

Kinetic Simulations.Kinetic simulations were fitted using Kinetica
version 1.0.17. The simulated rate constants were obtained by fitting the

Scheme 6. New General Mechanism for Substrate Oxidation
That Includes Reversible Formation of a M�O�M
Intermediate
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experimental trials using a conjugate gradient optimization with default
convergence criterion of 0.01 and a dampening factor for simplex of 0.9.
Formation of {[tBuOCO]CrIV(THF)}2(μ-O) (3). Complex 1

(0.210 g, 3.28 � 10�4 mol) was dissolved in 5 mL of toluene. One-
half of the solution (2.5 mL) was placed in a separate Schlenk flask
and stirred under an atmosphere of anhydrous O2 for 1 h to form 2 as
a red solution. The solution of 2 was evaporated to provide a red
powder, which was brought into a glovebox. The toluene solutions of
1 and 2 were combined yielding a deep purple color, and then the
solvent was evaporated to yield a purple powder. 1HNMR (300MHz,
C6D6): δ = 28.70 (ν1/2 = 570 Hz), 16.89 (ν1/2 = 675 Hz), 13.38, 1.79,
and �30.57 (ν1/2 = 540 Hz) ppm. The powder was dissolved in
minimal Et2O and cooled to�35 �C, yielding purple crystals of 3 and
a few green crystals of 1.
[1] vs Time: Oxidation of 1 with O2 in THF. A 50 mL stock

solution of 1 (21.2 mg, 3.31 � 10�5 mol) in THF was prepared. [1]
variation: in the sample cells, 0.25, 0.5, and 0.75mL of stock solution of 1
was diluted with 2.25, 2.0, and 1.75 mL of THF, respectively. Oxyge-
nated THF (0.5 mL) was added to the sample cell via syringe, and the
absorbance was monitored at 341 nm for 400 s. [O2] variation: similarly,
0.5 mL of stock solution of 1 was diluted with 1.5, 1.0, and 0.5 mL of
THF, and 1.0, 1.5, and 2.0 mL of oxygenated THF was added,
respectively. [THF] variation: 0.5 mL of stock solution of 1 was diluted
with 1.5, 1.0, and 0.5 mL of THF and 0.5, 1.0, and 1.5 mL of hexanes,
respectively, and then 0.5 mL of oxygenated THF was added. [OPPh3]
variation: 20mL of stock solution of OPPh3 (73.3 mg, 2.63� 10�4 mol)
in THF was prepared. A stock solution (0.5 mL) of 1 was diluted with
0.5, 1.0, and 1.5 mL of THF and 1.5, 1.0, and 0.5 mL of OPPh3 solution,
and then 0.5 mL of oxygenated THF was added to the samples. [2]
variation: 10 mL of stock solution of 1 was exposed to an atmosphere of
O2 for 0.5 h. The solution was dried under vacuum and redissolved in
10mL of THF under an inert atmosphere. Samples containing 0.5 mL of
stock solution of 1 were prepared using 0.25 and 0.5 mL of a stock
solution of 2with 1.75 and 1.5mL of THF, respectively, and then 0.5 mL
of oxygenated THF was inserted into the samples.
Variable Temperature: Oxidation of 1 with O2 in THF. A

25 mL stock solution of 1 (22.3 mg, 3.48 � 10�5 mol) in THF was
prepared. In the sample cell, 0.4 mL of the stock solution of 1was diluted
with 2.1 mL of oxygen-free THF. Oxygenated THF (0.5 mL) was then
added to the reaction cell via syringe, and the absorbance was monitored
at 341 nm for 300 s. The temperatures for the sample cells were set to 42,
25, 9, and �2 �C, and then 0.5 mL of ambient temperature oxygenated
THF was added, resulting in a temperature change of 1�2 �C. As a
result, the temperatures were taken to be 40, 20, 10, and 0 �C. Between
kinetic trials, the temperature was re-equilibrated to the initial thermal
value. Special considerations were taken for 0 �C trials in which a
nitrogen-filled atmosphere was used to prevent ice formation on the
cuvette. Also for 10 �C trials, the cuvette was periodically wiped to avoid
water condensation.
[PPh3] vs kobs: OAT from {[tBuOCO]CrIV(THF)}2(μ-O) to

PPh3 in CH2Cl2. Stock solutions (25 mL) of 3 (47.0 mg, 4.68� 10�5

mol) and PPh3 (43.5 mg, 1.66 � 10�4 mol) in CH2Cl2 were prepared.
Sample solutions were prepared using 0.25mL of 3 by diluting with 2.25,
1.75, and 0.75 mL of CH2Cl2. These solutions were treated with 0.5, 1.0,
and 2.0 mL of PPh3, respectively, via syringe, and the absorbance was
monitored at 850 nm for 6 h.
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