CHINESE
CHEMICAL
SOCIETY

CCS

PELFR

INORGANIC CHEMISTRY
FRONTIERS

RESEARCH ARTICLE

Nonclassical oxygen atom transfer reactions of an
eight-coordinate dioxomolybdenum(vi) complex+

Cite this: /norg. Chem. Front., 2021,
8, 2865
and Seth N. Brown (2 *

Leila G. Ranis, Jacqueline Gianino, Justin M. Hoffman
The dioxomolybdenum(vi) complex MoO,Cl,(dmf), reacts with Pb(DOPO), (DOPO = 2,4,6,8-tetra-tert-
butyl-1,9-dioxophenoxazinate) to give MoO,(DOPO®),, which has an eight-coordinate structure with
normal molybdenum-oxo bond distances and angles but elongated distances to the dioxophenoxazine
ligand. The dioxo complex is deoxygenated by phosphines to produce octahedral Mo(DOPO),, in
which reduction has taken place at the ancillary ligands. This compound in turn reacts with trimethyl-
amine-N-oxide to regenerate MoO,(DOPO),, allowing a catalytic cycle for phosphine oxidation. This
represents an example of four-electron nonclassical oxygen atom transfer in which both the oxidized and
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Introduction

Redox-active ligands are of interest for their ability to act as
electron reservoirs in metal-mediated inner-sphere oxidation
reactions." Because such ligands can generally gain or lose up
to two electrons, it becomes possible to gather four or more
electrons worth of oxidizing or reducing equivalents around a
single metal center, as for example in the formation of a bis
(peroxo)zirconium(v) complex from dioxygen and a zirconium
(iv) bis(enediamide).?

One possible inner-sphere redox reaction is that of oxygen
atom transfer (OAT).> We have described the reaction of oxo-
molybdenum bis(catecholate)* and molybdenum tris(catecho-
late)’ complexes with pyridine-N-oxide to give, ultimately,
MoO;(Opy). In these reactions, the metal forms new bonds to
oxygen but remains in the +6 oxidation state, with all electrons
for the reduction of pyridine-N-oxide to pyridine coming from
the oxidation of the ligands from catecholate to o-benzo-
quinone. This division of labor results in a process that has
been called a “nonclassical” oxygen atom transfer.*
Unfortunately, these systems are not attractive candidates for
catalytic oxygen atom transfer due to the instability of the oxi-
dized species with respect to dissociation of o-benzoquinone.
Indeed, even in cases where nonclassical catalytic nitrene
transfer has been achieved, the active metal imido intermedi-
ate has not been isolated.®®
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reduced forms of the metal complexes can be observed.

An appealing strategy for stabilizing the oxidized forms of
redox-active ligands against dissociation is to incorporate
additional chelating groups in the ligand that maintain a nega-
tive charge even in their oxidized forms. Here we report the
successful use of this strategy to enable the isolation of a diox-
omolybdenum complex containing oxidized ligands and its
use in stoichiometric and catalytic oxygen atom transfer
reactions.

Results and discussion

Preparation of dioxomolybdenum bis(2,4,6,8-tetra-tert-butyl-
1,9-dioxophenoxazinate), MoO,(DOPOR),

In the hopes of stabilizing the metal complex against dis-
sociation of the ligand in its oxidized form, we turned to mol-
ybdenum and tungsten complexes of the ONO ligand
(Chart 1). Despite its octahedral structure, W(ONO®),°
rapidly deoxygenates two equivalents of N-methylmorpholine-
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Chart 1 Structures and oxidation states of the (a) ONO and (b) DOPO
ligands.
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N-oxide (NMO), forming one equivalent of H(ONO®),"* which
is slowly oxidized to 2,4,6,8-tetra-tert-butylphenoxazin-1-one."*
The metal-containing products are NMR-silent and could not
be isolated or further characterized. Mo(ONO“*), " reacted
with NMO or Me;NO analogously, but over the course of
hours. Attempts to prepare an oxomolybdenum product by
reacting MoO,Cl,(dmf), ** with sources of [ONO?]|™ such as Zn
(ONOR), ™ or Pb(ONOR),"* also resulted in production of
paramagnetic metal complexes as well as small amounts of
the reduced complex Mo(ONO“®), and 2,4,6,8-tetra-tert-butyl-
phenoxazin-1-one.

Attempts to prepare an oxidized complex with the more
robust oxygen-bridged DOPO (2,4,6,8-tetra-tert-butyl-1,9-dioxo-
phenoxazinate, Chart 1) ligand'® proved more fruitful.
Reaction of Pb(DOPO®), ** with M0O,Cl,(dmf), in chlorinated
solvents gives good yields of deep blue, highly moisture-sensi-
tive MoO,(DOPO®), (eqn (1)). 'H and **C NMR spectra of this
diamagnetic material show, unusually, two different arene
environments of equal intensity for the DOPO ligands,
suggesting a nonfluxional C,-symmetric structure. This is
borne out by the solid-state structure, which shows an eight-
coordinate geometry (Fig. 1 and Table S17).

MoO,Cl,(DMF), + Pb(DOPOR), — MoO,(DOPOR), (1)

—PbCl, o
—2DMF 81%

Previously characterized dioxomolybdenum(vi) complexes

are almost all six- or lower-coordinate, as expected due to the
cis-dioxo fragment’s ability to form three = bonds and thus

Fig.1 Thermal ellipsoid plot (50% thermal ellipsoids) of one of the
crystallographically inequivalent molecules of MoO,(DOPO®),.
Hydrogen atoms are omitted for clarity. Selected distances and angles,
averaged over the chemically equivalent values in the crystal: Mo-0O11,
1.688(4) A; Mo-01, 2.26(2) A; Mo-N1, 2.350(13) A; Mo-02, 2.312(16) A;
011-Mo-012, 105.0(7)°.
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donate ten electrons. One nominally seven-coordinate
complex, [(tacn)MoO,(n*MeNHO)]CIO, (tacn = 1,4,7-triaza-
cyclononane), containing an n’*hydroxylamine ligand, has
been prepared.'”” Only one example of an eight-coordinate
dioxomolybdenum(vi) complex has been observed previously.'®
This complex, which contains two tridentate 2,4-di-tert-butyl-6-
(pyridin-2-ylazo)phenolate ligands and has a geometry very
similar to that of MoO,(DOPO®),, was assigned as a distorted
square antiprism despite the fact that the two trapezoids
formed by the ligating atoms of the chelate plus an oxo group
lie in nearly perpendicular planes (6 = 89.1°; compare 6 =
87.9°, 88.2° for the two crystallographically inequivalent mole-
cules of MoO,(DOPOR),). As noted by Lippard and Russ,"® this
feature in eight-coordinate complexes is diagnostic of dodeca-
hedral geometry (0igear = 90°, compared to G;qeq = 77.4° for a
square antiprism). The eight-coordinate geometry is thus
better described as dodecahedral. A uranium complex
UO,(DOPOY), shares a similar formula with MoO,(DOPO?),
and is also eight-coordinate, but is structurally quite different,
with a trans-dioxo (uranyl) moiety and a hexagonal bipyramidal
geometry.*’

Remarkably, the dioxomolybdenum moiety  in
MoO,(DOPOR), is essentially unperturbed structurally (dyoo =
1.688(4) A avg, OMoO = 105.0(7)° avg)*' and spectroscopically
(Umoo2 = 911, 951 cm™)** from typical octahedral dioxomolyb-
denum complexes. Instead, the supersaturation of the molyb-
denum center is reflected in the extremely long bonds to the
DOPO ligand, which show 0.26-0.31 A longer Mo-O bonds
and 0.38 A longer Mo-N bonds than in Mo(DOPO®™),.** Some
of this elongation is due to the oxidation of the ligand to the
quinonoid oxidation state, but a similar ligand oxidation from
(ONO“*YZrCI(THF), to  (ONOW),Zr,Cl,(p-OH),  induces
elongations of only 0.12 A in the Zr-O and 0.21 A in the Zr-N
bonds,>® suggesting a ~0.17 A elongation induced by the high
coordination number of the dioxomolybdenum(vi) fragment.
Eight-coordination is retained in solution, as judged by NMR.
Specifically, partial dissociation of a ligand to form a six-coor-
dinate structure containing a k'-DOPO ligand would generate
a molecular mirror plane, and thus does not appear to be
facile, given the nonfluxional, C,-symmetric NMR spectra
(Fig. S2 and S37).

While the DOPO ligand is redox-active, there can be no
doubt that it adopts the quinonoid, monoanionic oxidation
state in MoO,(DOPO®),, as any more reduced state would
require molybdenum to adopt a physically impossible oxi-
dation state greater than +6. This oxidation state is consistent
with the intraligand distances observed crystallographically,
for which established correlations'? give an average “metrical
oxidation state” (MOS)** of —1.30(18), equal to —1 within
experimental error. Density functional theory (DFT) calcu-
lations confirm this oxidation state assignment, giving equi-
valent structural data (DFT MOS = —1.17(19) avg.) and showing
that the DOPO redox-active orbitals (the HOMO of the catecho-
late form or the LUMO of the quinone form®?) appear as the
LUMO and LUMO+1 of the complex, and are almost comple-
tely ligand-centered (Fig. 2).
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Fig. 2 Kohn-Sham orbitals of MoO,(DOPO®), (B3LYP, 6-31G*/SDD for
Mo). (a) LUMO (A symmetry). (b) LUMO+1 (B symmetry).

Stoichiometric and catalytic oxygen atom transfer reactions of
MoO,(DOPOY),

Mo(DOPO“™), and MoO,(DOPOR), comprise a four-electron,
two oxygen atom redox couple. Interconversions between the
species have been realized with appropriate oxygen atom
donors and acceptors (Scheme 1). In particular, phosphines
such as PPh; and PMe,Ph quantitatively deoxygenate
Mo0,(DOPO®), over the course of 24 h and 20 min, respect-
ively, to form two equivalents of OPR; and Mo(DOPO),.
Triphenylarsine reacts similarly, but much more slowly (6 d at
RT). Other substrates such as norbornene, diphenylacetylene,
and tetrahydrothiophene are not oxidized by MoO,(DOPO®),
even over days at 70 °C. In the oxidative direction, Me;NO
reacts immediately with Mo(DOPO®™), to give MoO,(DOPO®),
in ~70% yield (by "H NMR integration against an internal
standard). W(DOPO“Y), reacts analogously to give
WO,(DOPOR),, as judged by NMR, though this compound has
not been isolated. N-Methylmorpholine-N-oxide also reacts
rapidly with Mo(DOPO“*),, but generates mostly HDOPO? and
paramagnetic Mo-containing materials, with only about 5% of
MoO,(DOPOR), being formed. Dioxygen reacts slowly (1 d at
70 °C) with Mo(DOPO®™),, but only traces of MoO,(DOPOY),
are formed. Pyridine-N-oxide is not deoxygenated even at elev-
ated temperatures. Presumably the oxygen atom transfer reac-

E=P;R=Ph (24 h)

2R4E 2R3EO E=p; R, = Me,Ph (20 min)
E=As;R=Ph (6 d)
MoO,(DOPOQ), Mo(DOPOCat),
2 MegN 2 MegNO

Scheme 1 Oxygen atom transfer reactions of the Mo(DOPO™),/
MoO,(DOPO®), couple.

This journal is © the Partner Organisations 2021

Research Article

tions proceed through the intermediacy of a monooxo
complex, but this has not been observed in either oxidation or
reduction reactions.

The accessibility of both oxidative and reductive OAT reac-
tions opens the possibility of catalysis, which has been realized
in oxidations of phosphines with trimethylamine-N-oxide,
although the low yield of reoxidation to MoO,(DOPO®), limits
the number of turnovers. For example, only 1.5 turnovers are
achieved in 24 h in the Mo(DOPO“*"),-catalyzed oxidation of
PPh; by Me;NO. Dimethylphenylphosphine is oxidized more
efficiently, with 20 turnovers achieved in 2 h at 23 °C.

The electronic structure of Mo(DOPO*), appears to be well
described as a Mo(vi) complex of a fully reduced DOPO?~
ligand (MOS = —2.83(23))."* Since the oxidation states of the
ligands, but not the metal, change when Mo(DOPO“*), and
MoO,(DOPOR), interconvert, these are examples of nonclassi-
cal oxygen atom transfer. There are a number of unusual fea-
tures of this redox couple. First, this is an example where both
the oxidized and reduced forms of such a couple can be
observed. In many cases, the oxidized form of the ligand dis-
sociates rapidly (for example, as a neutral o-benzoquinone®”
or 2,2"-bipyridine®®), rendering the oxidized complex unobser-
vable. In other cases, the oxidized form of the complex is so
reactive that it can only be inferred as a transient species.””
The Mo(DOPO“*),/M00,(DOPOR), pair is also unusual in
being a four-electron redox couple. Examples of dioxometal
complexes that undergo classical four-electron oxygen atom
transfer reactions are known,*® but this appears to be the first
example where ligand-centered redox changes provide the
impetus for such a reaction.

A limitation of the present system is its relatively low reac-
tivity. A possible reason for this is the poor coupling between
the ligand-centered redox system and the n* orbitals of the
dioxomolybdenum unit, which are well separated in energy
(calculated to be 1.45 eV apart) and interact only minimally
(Fig. 2). Explorations of later transition metal complexes,
where the metal d orbitals are closer in energy to the redox-
active ligand frontier orbitals, are underway to see if these elec-
tronic changes can induce greater coupling between the oxo-
metal and ligand orbitals and foster enhanced reactivity.>**°

Conclusions

Despite its apparent coordinative saturation, six-coordinate Mo
(DOPO“™), readily deoxygenates trimethylamine-N-oxide to
form eight-coordinate MoQ,(DOPOR),. The eight-coordinate
geometry is dodecahedral, containing a typical dioxomolybde-
num(vi) fragment ligated by two k*>-DOPO ligands with highly
elongated Mo-O and Mo-N bonds. Since Mo(DOPO“*"), has
been characterized as containing Mo(vi) and fully reduced, tri-
anionic DOPO ligands, and since MoOz(DOPOQ)Z must
contain Mo(vi) and fully oxidized, monoanionic DOPO ligands,
this reaction constitutes a double oxygen atom transfer reac-
tion where all four electrons come from the ligand rather than
the metal (a nonclassical redox reaction). Phosphines and
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arsines can deoxygenate MoO,(DOPO®),, allowing oxygen
atom transfer catalysis between phosphines and Me;NO,
though turnover numbers are limited by catalyst decompo-
sition during oxidation.

Experimental section
General procedures

All procedures were carried out under an inert atmosphere in a
nitrogen-filled glovebox or on a vacuum line. Chlorinated sol-
vents and acetonitrile were dried over 4 A molecular sieves, fol-
lowed by CaH,. M0O,Cl,(dmf), ** and Pb(DOPO®), ** were pre-
pared by literature methods. NMR spectra were measured on a
Bruker Avance DPX 400 MHz or 500 MHz spectrometer.
Chemical shifts for "H and "*C{'H} spectra are reported in
ppm downfield of TMS, with spectra referenced using the
known chemical shifts of the solvent residuals. Infrared
spectra were recorded as nujol mulls on a JASCO FT/IR-6300
spectrometer. Elemental analyses were performed by Midwest
Microanalytical Laboratories (Indianapolis, IN).

Synthesis of dioxobis(2,4,6,8-tetra-tert-butyl-9-oxyphenoxazin-
1-onato)molybdenum(vi), MoO,(DOPOR),

In the drybox, 131.4 mg of MoO,Cl,(dmf), (0.381 mmol) and
324.4 mg of Pb(DOPO®), (0.79 equiv.) were weighed into a
20 mL scintillation vial and dissolved in 5 mL chloroform. The
vial was capped and the solution stirred 24 h. The reaction
mixture was filtered through a fine porosity glass frit to remove
PbCl,. The solvent was evaporated on the vacuum line, leaving
an oily dark blue residue that hardened into a glass. The
product was triturated with acetonitrile, then filtered through
a fine porosity glass frit. The crude product was dissolved in
2 mL dichloromethane and layered with 8 mL acetonitrile.
After 3 d at —20 °C, the crystals were filtered and washed with
minimal acetonitrile to recover 244.5 mg (81%)
MoO,(DOPOR),. 'H NMR (CD,Cl,): § 0.91, 1.40, 1.41, 1.49 (s,
18H each, ‘Bu), 7.39, 7.62 (s, 2H each, ArH). *C{"H} NMR
(CD,Cl,): § 29.0, 29.5, 30.26, 30.31 (C(CH,),); 34.5, 34.8, 34.9,
35.4 (C(CH3);); 123.2, 124.6, 132.6, 135.1, 135.9, 137.4, 137.6,
137.7, 142.5, 143.2 (aromatics); 172.6, 173.0 (COMo). IR
(em™): 3158 (w), 1587 (s), 1540 (m), 1366 (s), 1289 (w), 1230
(s), 1165 (m), 1074 (m), 1042 (m), 1021 (m), 1012 (m), 974 (w),
951 (W, Umo0), 928 (W), 911 (W, vmo0), 878 (W), 814 (w), 770 (W),
697 (w). Anal. Caled for Cs6H,6MON,Og: C, 67.18; H, 7.65; N,
2.80. Found: C, 65.35; H, 7.48; N, 2.87.

Catalytic oxidation of phosphines by trimethylamine-N-oxide

Catalytic studies were carried out in CD,Cl, at ambient temp-
erature (23 °C) using Mo(DOPO®™), as precatalyst. Reactions
were monitored by 'H NMR and reaction progress was
measured by integration of the signals due to unreacted phos-
phine and to phosphine oxide; no other phosphine-derived
signals were apparent by NMR. Trimethylamine was observed
as the sole reduction product of the N-oxide, but was not used
in quantitation because of its possible partitioning into the
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gas phase. In a typical reaction, Mo(DOPO®™), (4.1 mg,
4.2 pmol), Me;NO (21.2 mg, 282 pmol, 67 equiv.), and PMe,Ph
(20.0 pL, 141 pmol, 33 equiv.) were loaded into a sealable NMR
tube in the glovebox. Dichloromethane-d, (0.7 mL) was added
and the tube was sealed and taken out of the glovebox to be
monitored by 'H NMR spectroscopy. Control experiments
establish that neither PPh; nor PMe,Ph reacts appreciably
with Me;NO in CD,Cl, at 23 °C over the timespan of the reac-
tion (2 h for PMe,Ph, 24 h for PPh;) in the absence of a
catalyst.

X-ray crystallography

Vapor diffusion of acetonitrile into a dichloromethane solu-
tion of MoO,(DOPO), in the drybox yielded small crystals. One
0.11 x 0.09 x 0.07 specimen was placed in Paratone oil before
being transferred to the cold N, stream of a Bruker Apex II
CCD diffractometer in a nylon loop. The crystal diffracted
weakly; reflections were observable only to 0.8 A resolution,
and upon data processing and refinement, reflections below
1.0 A resolution were omitted. Data were reduced, correcting
for absorption, using the program SADABS. The structure was
solved using direct methods. All nonhydrogen atoms were
refined anisotropically. One atom, C45, could not be refined
anisotropically in an unconstrained refinement, so its thermal
parameters were restrained to be approximately isotropic with
an esd of 0.002 using the ISOR command in SHELXL. All
hydrogen atoms were placed in calculated positions.
Calculations used SHELXTL (Bruker AXS),*' with scattering
factors and anomalous dispersion terms taken from the litera-
ture.*” Further details about the structure are given in
Table S1f and selected distances and angles are listed in
Tables S2 and S3.}

Computational methods

Geometry optimizations were performed on (DOPO),Mo0O, in
the singlet state using density functional theory (B3LYP, SDD
basis set for Mo, 6-31G* for other atoms) as implemented in
the Gaussian16 suite of programs.®* The X-ray structure, ren-
dered strictly C,-symmetric, was used as an initial geometry,
with tert-butyl groups replaced by hydrogen. The optimized
geometry was confirmed as a minimum by calculation of
vibrational frequencies. Plots of calculated Kohn-Sham orbi-
tals were generated using Gaussview (v. 6.0.16) with an isova-
lue of 0.04.
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