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Aerobic oxidation that incorporates both O atoms into a substrate
(PPhy) is achieved by employing a Cr"'/Cr'=0 catalytic couple.
A terphenyl trianionic pincer ligand stabilizes a high oxidation state
Cr'=0 complex, and both the reduced (Cr"", IR/X-ray) and oxi-
dized (Cr'=0, electron paramagnetic resonance/IR/X-ray) parti-
cipants in the catalytic cycle are characterized.

Aecrobic oxidation of organic substrates, especially cata-
lyzed reactions incorporating both oxygen atoms of O,, is
advantageous for atom-economy, selectivity, environmental,
and monetary considerations.! Homogeneous transition me-
tal complexes excel at catalyzing oxo transfers, but relatively
few assimilate molecular oxygen.*> The metal complex must
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be capable of reducing dioxygen, yet the M—O bond must be
weak enough to be spontaneously cleaved by substrate, a
particularly difficult recipe to balance.*

Considering the propensity of Cr" to be reduced to Cr' by
biological reductants,” Cr¥O is a reasonable fragment as an
oxygen-atom-transfer catalyst. An exemplary system is the
corrole-ligated” Cr™/Cr¥YO cycle developed by Gray and
co-workers.*’ During triphenylphosphine (PPhs) oxidation,
product inhibition and catalyst decomposition limit the turn-
over number (TON; mol product/mol catalyst) to 33. A per-
brominated corrole Brg—Cr¥O delivers its oxygen atom to
PPh; at a rate of 8200 M~ ! s™!, but the reduced Cr'"" reacts
slowly with O,, epitomizing the delicate balance required.
Oxidation of thiophenol to diphenylsulfide is quantitative,
but the TON (55) and the turnover freq]uency (TOF; mol
product/mol catalyst-h) were low (~3 h™ ).

Corroles naturally occupy four equatorial coordination
sites. Improved catalytic properties may be envisioned with a
catalyst containing more open or labile sites. Trianionic
pincer ligands offer the same opportunities to stabilize high
oxidation states,’® yet only bind three sites.” This report
details the use of a trianionic OCO®~ pincer ligand to stabilize
Cr'™ and Cr" complexes capable of aerobic oxidation of
PPh;. We mark the first catalytic event for a complex sup-
ported by a trianionic pincer li%and. Included within, we
characterize both the reduced Cr'™" (IR/X-ray) and the oxi-
dized Cr¥O (IR/electron paramagnetic resonance (EPR)/
X-ray) species in the Cr'™V catalytic cycle. Moreover, we
conclusively demonstrate that the trianionic pincer ligand
enables remarkably swift O, activation by creating an open
coordination site.
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Figure 1. Molecular structure of [[BuOCO]Cr'"(THF); (3).

We sought a mild metalation strategy that combines double
salt metathesis with C—H bond activation. Thus, we synthe-
sized the dipotassium derivative (‘BuOCO)HK,(THF) (2) by
treating (‘BuOCO)H; (1) with potassium hydride (KH) in
THF (see the Supporting Information for X-ray details). Upon
the addition of 2 to MeCrCly(THF); in THF, the solution
instantly darkens from lime green to dark green (eq 11). After 5
h, solvent removal provides a green solid. This is extracted into
toluene, and KCl is removed by filtration. After removing the
toluene in vacuo, the solids remaining are dissolved in minimal
THF and cooled to —35 °C to induce crystallization and
produce analytically pure 3 in 44% yield.
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A "H NMR spectrum of 3 reveals paramagnetically shifted
and broadened resonances. The signals appear at 8.20 (v, =
518), 145 (v1, = 1035; 'Bu), —7.44 (v, = 645), —=13.23 (v;p =
750), and —22.71 (vi» = 2520) ppm. No resonances are
observed in the "*C{'"H} NMR spectrum of 3. Although the
"H NMR spectrum is not useful for confirming the identity
of 3, there is enough information available (location of
resonances and v;) to determine if subsequent reactions
lead to new chromium-containing products.

Single crystals grow by cooling a concentrated solution of
3in THF to —35 °C. Exemplifying the reactivity of 3 toward
O,, crystals of 3 immersed in Paratone 8277 oil (Exxon)
darken within minutes and must be cooled with dry ice prior
to crystal selection for X-ray analysis. Figure 1 depicts the
molecular structure of 3, which consists of a distorted
octahedral Cr'™ ion coordinated by the OCO®~ pincer and
three THF ligands. The mutually trans-THF ligands and two
lattice THF molecules (not shown) are disordered. The OCO
pincer ligand adopts a pseudo C,-symmetric orientation. A
strong trans influence from the Cr—C1 bond (d(Cr1—C1) =
2.011(3) A) causes a 0.14 A elongation in_the Cr1—03
bond length (d(Cr1—03) = 2.1939(18) A) compared
to Cr1—04 (d(Cr1—04) = 2.0624(18) A) and Cr1—05
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Figure 2. Molecular structure of [[BuOCO]CrY=0(THF) (4).

(d(Cr1—05) = 2.0566(18) A). As expected, shorter bonds
form between the Cr'" ion and the alkoxide attachments
(d(Cr1—01) = 1.9227(17) A and d(Cr1—02) = 1.9248(17) A).

When treating 3 with an excess of O, (1 atm) in toluene, the
Cr¥0 complex ['BuOCO]CrY=0(THF) (4) forms immedi-
ately (eq 22), and the solution color changes from bright
green to red-brown. The '"H NMR spectrum of 4 exhibits
several broad paramagnetically shifted resonances at 11.4,
9.0,4.3,2.4,and 1.2 ppm. The addition of THF to the NMR
tube causes the signal at 1.2 ppm to grow and is attributable
toa bound THF capable of rapid exchange with free THF. In
the solid state, 4 is brown, and the CrY=O0 stretch appears as
a strong absorption at 988 cm™ ' and shifts to 943 cm ™' for the
Cr¥="%0 derivative.®

@]

An EPR spectrum (see the Supporting Information) of a
10 mmol solution of 4 in toluene exhibits a strong resonance
at giso = 1.9770. The central line corresponds to the allowed
gAMS = +1)electron spin transition from the (S = 1/2, I = 0)

’Cr isotope. The four weak satellites represent the >>Cr
(I = 3/2) hyperfine structure, yielding a hyperfine constant
of 19 G (1.9 mT), consistent with a Cr" ion.” The UV—vis
spectrum of 4 reveals ligand-to-metal charge transfer absorp-
tions in the UV region at 250 nm and at 285 nm and a weak
d—d transition at 500 nm.

Figure 2 shows the molecular structure of the Cr'=0
complex 4 obtained by single-crystal X-ray analysis and
confirms the presence of an oxo ligand. Complex 4 consists
of a Cr¥ ion in a distorted trigonal bypyramidal (tbp)
geometry that consists of the OCO trianionic pincer, the
oxo, and a THF molecule in one of the axial positions. The
oxo ligand occupies an equatorial position with a typical
Cr—0 bond length of 1.5683(18) A.®> The ~Cl1—Cr—03
angle of 165.27(8)° is significantly distorted from linearity,
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caused in part by the strain of the terphenyl ligand and the
short Cr=0 bond. The equatorial atoms create angles of
116.73(9)°, 115.82(9)°, and 126.89(8)°, signifying a coordina-
tion geometry closer to tbp than to square pyramidal. This is
the first example of a tbp Cr(V)—oxo complex.®

Spin-unrestricted density-functional theory calculations
were performed on 4, an analogue of 4 having methyl groups
in place of t-butyl. Computational details appear in the
Supporting Information. Full geometry optimization con-
verged on a potential-energy minimum, as confirmed by a
harmonic vibrational frequency calculation. The optimized
structure captures the trigonal bipyramidal geometry about
chromium. The computed bond distances agree well with
crystallographlc values: the calculated (experimental) chro-
mium—oxo oxygen bond lengthis 1.569 A (1.5683(18) A); the
Cr—Opjncer distances are 1.819 A (1.8166(17) A) and 1.815 A
(1.8098(17) A) and that to the THF oxygen atom is 2.243 A
(2.1781(17) A) The calculated Cr—Cjneer bond length is
1.992 A (2.009(2) A, experimental). The calculated g factor
agrees well with the experimental data (1.9970¢xp/1.969ca1cq)-
The short distance between chromium and the oxo ligand
suggests multiple-bond character, and the Wiberg bond order
is 2.15.'" Corresponding Cr—O bond orders to the plncer
ligand oxygen atoms are 1.00 and 1.04. The THF ligand is
weakly held, with a Cr—O bond order of 0.27.

The unpaired electron (S = 1/2) resides in an orbital of mixed
Cr—pincer ligand parentage. The highest occupied and lowest
unoccupied Kohn—Sham orbitals are majority-spin (o) func-
tions. A Mulliken population analysis' assigns 21% of the
o-HOMO (HOMO = highest occupied molecular orbital)
density to Cr and 79% to the anionic pincer. The a-LUMO
(LUMO = lowest unoccupied molecular orbital) is primarily a
Cr—O a* combination, with 62% Cr, 26% oxo, 2.6% pincer
ligand, and 9.4% THF character. The Cr—O z* orbital is a
reasonable point of attack by external nucleophiles such as PPhs.

Indeed, in the presence of 1 atm of O,, the reduced Cr'"
complex 3 catalytically oxidizes PPh; to O=PPh; with a TON
of 195. The catalysis works on a bulk scale. Within 3 h,
0.68 g of O=PPh; (2.44 mmol) forms with only 8 mg (0.0125
mmol) of the catalyst. In an NMR tube reaction, consumption
of 10 equiv of PPh; occurs before obtaining the first spectrum
(~5 min), which correlates to a minimum turnover frequency
of 100 h™". In the presence of excess O,, after consumption of
all of the PPhs, the red-brown color of the CrVO persists, but
upon reintroduction of more substrate, the catalysis resumes.
Catalytic turnover with 4 also occurs when air is the source of
0,. Complex 4 is unable to oxidize styrene, dimethylsulfide,
dimethylsulfoxide, or triethylamine.

The reaction of O, with 3 is fast; no isolable or detectable
intermediate appears in sufficient quantity. In the absence of
PPhs, a Cr'Y—0—0—Cr" intermediate may precede O—O
bond cleavage to provide 2 equiv of Cr'=0. To confirm this
dioxygenase model, treating 3 with a stoichiometric amount of
180, and PPh; provides >98% '®0O=PPh; quantitatively.

Durmg the catalytic reaction, a broad resonance appears in

e *'P{'"H} NMR spectrum at 26.18 ppm, and as more
product builds, the resonance migrates to the position of free
O=PPh; at 30.11 ppm, This is attributable to a phosphine—
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Figure 3. Molecular structure of ['BuOCO]Cr"™(OPPh;), (5).

oxide bound Cr'"" complex in exchange with free O=PPh;.

Variable-temperature experiments did not resolve the dyna-
mic interaction, indicating a r: rrl)ld exchange. An authentic
sample of the bisphospine Cr'™ complex [‘BuOCO]Cr™-
(OPPh;), (5) forms upon treating ['BuOCO]Cr"(THF); (3)
with 2 equiv of O=PPh;. The *'P{'"H} NMR spectrum of 5
does not exhibit a signal due to the paramagnetic d* Cr'" jon,
but when 5 equiv of O=PPh; are added to the sample, the
same signal appears at 26.18 ppm. Notably, 5 will also
catalyze the oxidation of PPhs within 1 atm of O, and air.
Single crystals form in supersaturated CH,Cl, solutions, and
an X-ray analysis provides the molecular structure (Figure 3).

Complex [ BuOCO]Cr(OPPhs), (5) is square-pyramidal
with C,, symmetry in which the pincer-carbon atom is apical
and the two Cr—O alkoxides and O=PPh; fulfill the basal
positions. The pyramidal base is distorted along the frans-
O=PPh; ligands (£LO3—Cr—04 = 157.38(5)°) but nearly
linear across the trans-alkoxides (£ O1—Cr—02 = 175.28(5)°).
The defining feature of 5 is the open coordination site
opposite the Cr—C1 bond. Consequently, of the three com-
pounds within this study, 5 presents the shortest Cr—Cpincer
bond of 1.9761(17) A. Complex 5 provides an accessible
binding site for O, to facilitate activation that offers a
plausible explanation for the rapid oxidation.

In summary, a trianionic Bmcer ligand is capable of stabiliz-
1ng a high oxidation state Cr'=0, d' complex that participates
in catalytic aerobic oxidation of PPhs. The TON (195), relative
to the corrole system (33), suggests that the additional labile/
open coordination site is advantageous, and a broad scope of
catalysis featuring tetradentate ligands may be significantly
improved by switching to a trianionic pincer ligand.
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