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Mechanistic studies indicate that the oxomolybdenum(VI)

bis(3,5-di-tert-butylcatecholate) fragment deoxygenates pyridine-

N-oxides in a reaction where the oxygen is delivered to molyb-

denum but the electrons for substrate reduction are drawn from

the bound catecholate ligands, forming 3,5-di-tert-butyl-1,2-

benzoquinone.

Inner-sphere redox reactions involve both changes in oxida-

tion state and changes in bonding. Classically, in reactions

such as the oxygen atom transfer (OAT)1 reaction depicted in

eqn (1a), the changes in oxidation state and those in bonding

are co-localized: molybdenum is both oxidized and forms a

new bond to oxygen, while nitrogen is reduced and the N–O

bond is broken. Co-localization is not, however, obligatory.

For example, in complexes with redox-active ligands, bonding

changes may take place at a redox-inert metal center while the

corresponding changes in oxidation state take place at the

coordinated ligand (eqn (1b)). The most thoroughly studied

example of such a ‘‘non-classical’’ inner-sphere redox reaction

is proton-coupled electron transfer (PCET), where the motion

of the hydrogen nucleus may be quite separated from the

motion of the electron.2 In contrast to PCET, nonclassical

OAT (eqn (1b)) would be a two-electron redox process.

ð1aÞ

ð1bÞ

Nonclassical OAT has been postulated for simple oxygen

atom donors3 but only observed using dioxygen as oxidant,4

though nonclassical transfer reactions of the isoelectronic

nitrene group from aryl azides to early metal complexes have

been described.5 Redox participation of catecholate in oxygen

atom transfer to rhenium(V) has been proposed, but net oxida-

tion takes place at the metal, not the ligands.6 Reduced bipyr-

idine complexes of uranium7 and thorium8 have been shown to

abstract oxygen from pyridine-N-oxides, but it has not been

established whether the electrons flow directly from the reduced

bipyridine to the N–O bond while both ligands are coordinated,

or whether neutral bipyridine dissociates from a reduced metal

center prior to OAT. Here we describe the deoxygenation of

pyridine-N-oxides by the bis(3,5-di-tert-butylcatecholato)oxomolyb-

denum(VI) fragment. Mechanistic data indicate that this reaction

takes place by nonclassical oxygen atom transfer.

Air- and moisture-stable dark purple six-coordinate adducts

MoO(3,5-DBCat)2(L) containing pyridine- or 4-picoline-N-oxide

are readily prepared by mixing 2 equiv. of 3,5-di-tert-butyl-

catechol with MoO2(acac)2 in the presence of the appropriate

N-oxide. The same adducts also form immediately on addi-

tion of pyridine-N-oxide to the catecholate-bridged dimer

Mo2O2(3,5-DBCat)4,
9 as judged by NMR spectroscopy. The

molecular structure of MoO(3,5-DBCat)2(Opic) (Fig. 1)

confirms that the molecule adopts a cis geometry, like its 3,6-

di-tert-butylcatecholate analogue3 and the bis(amidophenoxide)

complex (tBuClip)MoO(3,5-lutidine).10 This geometry has

been rationalized on the basis of maximizing p-donation by

allowing the catecholate trans to the oxo to donate into the lone

dp orbital not involved in p bonding to the oxo group. The

importance of p bonding is confirmed by structural features in

the trans catecholate that show significant transfer of electron

density to Mo (metrical oxidation state (MOS)11 = �1.56(9)),
which is not observed in the cis catecholate (MOS= �2.16(17)).
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While only one of four possible stereoisomers (differing in the

placement of the tert-butyl groups) is observed in the solid state,

variable-temperature NMR studies of MoO(3,5-DBCat)2(Opic)

confirm the presence of at least three stereoisomers. The isomers

interconvert by Bailar (DGz E 9 kcal mol�1) and Ray-Dutt

(DGzE 13 kcal mol�1) twists (Fig. S1, ESIw), with all isomers in

rapid equilibrium at room temperature. Interchange of free and

bound picoline-N-oxide can also be observed by dynamic NMR

spectroscopy in C6D5CD3 solution, with exchange taking place

by an associative mechanism (DHz = 7.8 � 0.2 kcal mol�1,

DSz=�19.1� 0.5 cal mol�1 K�1, Fig. S2–S4, ESIw), contrasting
with the dissociative mechanism observed for pyridine exchange in

the bis(amidophenoxide) complex (tBuClip)MoO(py).10

The picoline-N-oxide complex MoO(3,5-DBCat)2(Opic) is

stable for extended periods at room temperature. However,

upon heating to B70 1C in toluene in the presence of excess

picoline-N-oxide, the dark purple color due to the complex

slowly fades and is replaced by the green color of 3,5-di-tert-

butyl-1,2-benzoquinone according to eqn (2). In situ NMR

spectroscopy using an internal standard confirms the production

of quinone (2.07 � 0.12 equiv.) and free 4-picoline (2.03 �
0.09 equiv.). A total of 2.06 � 0.06 equiv. of free 4-picoline-

N-oxide is consumed, with 1 equiv. being deoxygenated and

the second incorporated into a white solid, apparently MoO3�
Opic,12 which precipitates from the reaction in 81% yield.

ð2Þ

The kinetics of reaction ofMoO(3,5-DBCat)2(Opy) (in toluene

in the presence of excess pyridine-N-oxide) have been measured

by UV-visible spectroscopy, monitoring the disappearance

of ligand-to-metal charge transfer bands at 500 and 800 nm.

(At the low concentrations suitable for this measurement, [Mo]E
1 � 10�4 mol L�1, any adducts of MoO3 remain dissolved in

solution and do not scatter light appreciably.) Reactions are

observed to be first-order in molybdenum, and identical results

are obtained using isolated MoO(3,5-DBCat)2(Opy) or by

generating the complex in situ from Mo2O2(3,5-DBCat)4.

Reaction rates identical within experimental uncertainty are

also observed if the disappearance of MoO(3,5-DBCat)2(Opy)

is monitored by 1H NMR spectroscopy in toluene-d8; the only

3,5-di-tert-butycatechol-containing species observed in signifi-

cant concentration by 1H NMR are MoO(3,5-DBCat)2(Opy)

and free 3,5-di-tert-butyl-1,2-benzoquinone.

The observation of first-order decay indicates that the

reaction is not significantly inhibited by 3,5-di-tert-butyl-1,2-

benzoquinone or by pyridine. The lack of pyridine inhibition

has been confirmed up to [py] = 0.083 mol L�1 (at [Opy] =

0.050 mol L�1, Fig. S5, ESIw). The observed rate constant for

disappearance of MoO(3,5-DBCat)2(Opy) is found to be inde-

pendent of the concentration of excess Opy (0.01–0.05 mol L�1),

indicating that the rate-limiting step takes place from the

intact pyridine-N-oxide adduct, which is the predominant

form of the complex. Activation parameters of the reaction

in toluene (62–92 1C) show a substantial activation enthalpy

and a small entropy of activation (DHz= 27.0 � 1.3 kcal mol�1,

DSz = +0.4 � 3.8 cal mol�1 K�1, Fig. S6, ESIw).
In order to gauge the electronic effects of the oxidant on

the rate of reaction, the rates of reaction of a series of

4-substituted pyridine-N-oxides were compared (Fig. 2). There

is a clear trend that electron-poor pyridine-N-oxides react

faster than electron-rich ones, with a satisfactory correlation

with Hammett substituent constants13 (r = +0.56). This is

qualitatively consistent with the trend seen in classical OAT

from pyridine-N-oxides to ReO(hoz)2
+ (hozH = 2-(20-hydroxy-

phenyl)-2-oxazoline), though the cationic rhenium fragment is

much more sensitive to N-oxide electronics (r E +2.8).14 The

enhanced rate of reaction of electron-poor pyridine-N-oxides

is consistent with the pyridine acting as a leaving group in the

rate-determining step of the reaction. A small rate acceleration

is also observed on increasing the steric bulk of the pyridine,

with 2,6-lutidine-N-oxide reacting 1.9 times faster than 4-picoline-

N-oxide despite the greater basicity of 2,6-lutidine.15

Taken together, the kinetics, substituent effects, and activa-

tion parameters strongly suggest that the rate-limiting step in

pyridine-N-oxide deoxygenation is expulsion of pyridine from

the MoO(3,5-DBCat)2(Opy) complex (eqn (3)). Simultaneous

expulsion of quinone and pyridine is unlikely given the modest

DSz, pre-equilibrium loss of quinone is inconsistent with the

lack of inhibition by quinone, and rate-limiting loss of quinone

prior to N–O bond cleavage is difficult to reconcile with the

observed substituent effects. This key step would produce, at

least transiently, a dioxomolybdenum complex 1 containing

two 3,5-DBCat ligands with a net 2� charge, either a pair of

semiquinonates or a quinone and a catecholate ligand. (The

species is depicted as the former, based on the electronic

structure observed for the isoelectronic iminosemiquinonato

Fig. 1 Thermal ellipsoid plot of one of the two inequivalent

complexes in MoO(3,5-DBCat)2(Opic)�1.5 C6H12. Selected distances (Å)

and angles (1) [corresponding values for other molecule in brackets]:

Mo1–O1 1.696(4) [1.689(4)], Mo1–O11 2.073(4) [2.074(5)], Mo1–

O12 1.992(4) [1.994(4)], Mo1–O21 1.973(5) [1.970(5)], Mo1–

O22 1.965(5) [1.950(4)], Mo1–O3 2.052(4) [2.059(4)], N3–O3 1.353(7)

[1.371(7)], Mo1–O3–N3 120.7(4) [118.9(3)].
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complex ZrCl2(2-(
tBuN)-3,5-tBu2C6H2O)2,

16 but this is spec-

ulative.) Presumably 1, once formed, rapidly dissociates quinone,

and the monocatecholate species formed reacts either by

disproportionation or by further oxidation by pyridine-N-

oxide to produce MoO3 in a kinetically invisible process.

ð3Þ

These results indicate that a formally molybdenum(VI)

species is capable of deoxygenating pyridine-N-oxide by a

two-electron redox process where the electrons are drawn

from catecholate co-ligands prior to their dissociation as

quinone—in other words, a nonclassical oxygen atom transfer

reaction. Given the covalency of the bonding between the trans

catecholate and molybdenum, it can be argued that the

electrons lost in the oxidation come to some extent from the

molybdenum, and that the degree to which these electrons are

localized on the molybdenum might well increase over the

course of the reaction. Since all bonding is at least partially

covalent, such arguments necessarily blur the distinction

between formally ‘‘classical’’ and formally ‘‘nonclassical’’

reactions. Nevertheless, classifying this reaction as nonclassical

is useful, as there can be little doubt that the electrons for the

reaction are drawn substantially from the ligands, since the

product 1 must have oxidized co-ligands lest the molybdenum

be assigned an unreasonable oxidation state greater than +6.

Finding which catecholate is more strongly engaged in the

oxygen atom transfer—the cis catecholate, with its higher-

energy filled orbital but less interaction with the molybdenum,

or the less electron-rich but more delocalized trans catecholate—

is a key question in learning what factors (redox potential or

orbital overlap) are central in facilitating rapid nonclassical

oxygen atom transfer. Experiments aimed at addressing this

distinction, as well as those directed at producing stabilized

analogues of the oxidized intermediate 1 to allow it to

participate in catalytic OAT cycles, are currently in progress.

This work was supported by the US National Science

Foundation (CHE-1112356). K.R. acknowledges summer

fellowship support from the Notre Dame RESACC program.
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Fig. 2 Substituent effects on kinetics of reaction of MoO(3,5-DBCat)2-

(ONC5H4-4-X) in the presence of excess 4-X-C5H4NO (toluene, 79 1C).
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