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Abstract. Catalysis of O-atom transfer (OAT) reactions is a characteristic of both natural
(enzymatic) and synthetic molybdenum-oxo and -peroxo complexes. These reactions can employ
a variety of terminal oxidants, e.g. DMSO, N-oxides, and peroxides, etc., but rarely molecular
oxygen. Here we demonstrate the ability of a set of Schiff-base-MoO> complexes (cy-
salen)MoO> (cy-salen= N,N’-cyclohexyl-1,2-bis-salicylimine) to catalyze the aerobic oxidation
of PPhs. We also report the results of a DFT computational investigation of the catalytic
pathway, including the identification of energetically accessible intermediates and transition
states, for the aerobic oxidation of PMes. Starting from the dioxo species, (cy-salen)Mo(VI)O2
(1), key reaction steps include: 1) associative addition of PMes to an oxo-O to give
LMo(IV)(O)(OPMe3) (2); 2) OPMes dissociation from 2 to produce mono-oxo complex (cy-
salen)Mo(IV)O (3); 3) stepwise O> association with 3 via superoxo species (cy-
salen)Mo(V)(0)(n'-02) (4) to form the oxo-peroxo intermediate (cy-salen)Mo(VI)(O)(n*-02)
(5); 4) the O-transfer reaction of PMes with oxo-peroxo species 5 at the oxo-group, rather than
the peroxo unit leading, after OPMes dissociation, to a monoperoxo species, (cy-
salen)Mo(IV)(n2-02) (7); and 5) regeneration of the dioxo complex (cy-salen)Mo(VI)O2 (1)
from the monoperoxo triplet 37 or singlet 7 by a concerted, asynchronous electronic
isomerization. An alternative pathway for recycling of the oxo-peroxo species 5 to the dioxo-Mo
1 via a bimetallic peroxo complex LMo(0O)-O-O-Mo(O)L 8 is determined to be energetically
viable but is unlikely to be competitive with the primary pathway for aerobic phosphine

oxidation catalyzed by 1.
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A. Introduction

Oxygen-atom transfer (OAT) reactions (eq. 1), involving the gain or loss of an oxygen
atom from a substrate, can be mediated by oxo-transition metal complexes, be they synthetic or
natural (i.e. enzymes) (eq. 2). In the biological domain the most prevalent metal-oxo species
involved in OAT are of iron, as in heme- and non-heme enzymes, and of molybdenum. The latter
oxo-metal center appears in more than 50 redox enzymes, making up the xanthine oxidase,

sulfite oxidase, and DMSO reductase families.'

X+A40 - X0+ A eq. 1

M"O,L+X = M"20,_,L+ X0 eq. 2

The Mo-oxotransferases and synthetic oxo-molybdenum complexes can employ a variety
of oxygen atom donor/acceptor substrates, including as donors DMSO, nitrate, and amine oxides
and as acceptors sulfite, carbon monoxide, formate, xanthine, and phosphines.!*™
Structure/reactivity, thermodynamic and mechanistic studies of synthetic oxo-molybdenum
species have provided some insights into the energetics and mechanism of O-transfer to/from
oxo-metal species.”® The OAT oxidation of phosphines, in particular, has served as a convenient
benchmark reaction for oxo-metal reactivity and a useful system for mechanistic study.”!'® With
phosphine substrates the OAT reaction is thought to proceed in a stepwise manner, involving
nucleophilic attack by the phosphine on the electrophilic oxo oxygen of the oxo-Mo(VI) species,
giving an intermediate Mo(IV) phosphine oxide complex, which undergoes dissociation to the

reduced LMo(IV) product and OPR3 (Figure 1).
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Figure 1. General oxygen atom transfer reaction with molybdenum-oxo species

Metal-dioxygen complexes, LM(O-O), isomeric with dioxo-metal species, also feature
prominently in catalytic oxidation reactions. Dioxygen coordination, is typically manifested in
the formation of metal-superoxo (n!-, C) or peroxo (n*-; B, D-F) complexes (Figure 2), and the
reactivity of these species has been extensively studied for many transition metals.!'"! The
oxidative ability of dioxygen (peroxo) complexes, has sparked interest in using dioxygen to form
the molybdenum-peroxo species directly in an atom-economical fashion.?° Prior studies have
documented the ability of (porphyrin)Mo(IV)-oxo complexes to reversibly bind 02.2"2* The
resulting oxo-peroxo complexes (POR)Mo(VI)(0)(n%-02) can release O> photochemically and
have been considered for oxygen transport and storage systems.?>?*?> Additionally, synthetic
molybdenum peroxo compounds have been used as reagents and catalysts in the production of
epoxides from alkenes, the oxidations of alcohols,?® and sulfoxidation reactions,?” with either

hydrogen peroxide or fert-butyl hydrogen peroxide as terminal oxidants.?8 3¢
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Figure 2. Types of coordinated oxygen and related species

In catalytic reactions involving oxo- or peroxo species, these reactive intermediates may
potentially interconvert via bridged peroxo compounds, e.g. D,E, via a Mars-van Krevelen-type
mechanism (Figure 3).3'* This potential equilibrium can obscure the identity of the actual

active oxidizing species.
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Figure 3. Bimetallic Mars-Van Krevelen mechanism for transition metal splitting of dioxygen to
dioxo-M species

Much of the prior work on molybdenum-peroxo (dioxygen) catalysis has focused on oxo-
bis-peroxomolybdenum(VI) species, LMo(O)(n?-02),, employing peroxidic reagents as
stoichiometric oxidants. Epoxidations via these species are typically considered to proceed via
direct transfer of a peroxo oxygen to the olefin double bond,* which is supported by a limited
number of computational and experimental studies, including O-labeling experiments.*>*° O-
transfer reactivity involving presumed coordination of dioxygen to a molybdenum center was
posited by Arzoumanian, et al.*!, who found that MoO(n?-0,)(CN),> reacts with 3 equivalents
of PR3, indicating reaction of all three Mo-bound oxygen atoms.'3*7 Subsequently, the M&sch-

20,42,48,49

Zanetti group reported the formation of LMo(oxo)(n?-peroxo) complexes from the

reaction of (N, O-iminophenolate)>MoZ (Z=NPh, O) with dioxygen.*® The OAT reactivity of this

42,49

oxoperoxo complex with triphenylphosphine was investigated with O as stoichiometric

oxidant; it was presumed that this process involved O-transfer from the peroxo unit.

Further investigation, both experimentally and computationally, of O:-based catalytic
oxidations by oxo- and oxo-peroxo-forming molybdenum complexes would aid in establishing
and understanding the relative reactivity of these metal-centered functional groups and their
potential interconversion. To our knowledge, no computational study has been carried out on the
OAT reactivity of metal oxo-peroxo complexes with substrates other than olefins, e.g. with
phosphines. Experimentally, limited catalyst structure/reactivity and mechanistic information is

21.4042.44.4548-52 Iy the present study we demonstrate the ability of a

available for such reactions.
set of (cy-salen)MoO, complexes to catalyze the aerobic oxidation of phosphines and we
investigate computationally the catalytic pathway, providing evidence for here-to-fore
unexpected selective reactivity of the oxo- vs. the peroxo- units present in key transformations,

as well as evidence for a novel metal-peroxo to metal-dioxo redox isomerization.

B. Results and Discussion



B-1. Oxygen as the terminal oxidant for phosphines catalyzed by (cy-salen)MoO: (1)

We recently reported on the ability of chiral Schiff-base complexes (cy-salen)MoO> (1a-
le, Figure 4) to catalyze the oxidative kinetic resolution of P-chiral tertiary phosphines with
pyridine N-oxide as the terminal oxidant.* Incidentally, we found that, if conducted open to the
air, these reactions would proceed beyond the conversion of phosphine expected based on the
loading of pyridine N-oxide. For example, when a chloroform solution containing 1.0 mmol of
PPhs, 0.40 mmol of pyridine N-oxide and 0.01 mmol of (2-Br-4-NO>-cy-salen)MoO, (1a) was
heated at 60 °C in air, a 70% yield of OPPh3 (0.70 mmol) was produced (Figure 5). This

observation suggested to us that oxygen in the air could be acting as a reagent for the reaction.

1a, R1= H, R2= N02

_N\ (@] ’N_ 1b, R1= Br, R2= N02
L 1c, Ry= H, R,=H
MeZ0 1d, R,= Bu, Ry='Bu
R ) 0] R 1e, Rq= H, Ry=Cl
R, R,

® _O
X N/ air X N
PPhy  + | »  O==PPh, + |
= L*MoO, (1b), 1 mol% =
CHCl, 60°C
40 mol% >70% yield 40 mol%

Figure 5. Observed over-conversion of Ph3P by pyridine N-oxide in air catalyzed by 1b

To explore the broader use of dioxygen as a stoichiometric oxidant, the reaction of
triphenyl phosphine was conducted under air in the absence of an organic oxygen donor, with
complex 1b (Figure 5). The overall conversion rate of the reaction at 60°C in 1,1,2,2-

tetrachloroethane was roughly the same as observed for the reactions involving pyridine N-oxide
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as the oxygen atom donor.* *'P NMR monitoring of this reaction showed the formation of two
phosphorus-containing products, which are assigned as triphenylphosphine oxide (6=29.7 ppm)
and the triphenylphosphine oxide ternary complex, (cy-salen)MoO(OPPh3) (6=20.3 ppm). (see
SI).’ Catalytic phosphine oxidation under air was further studied by 3'P NMR monitoring at
50°C, revealing that complex 1b provides a TON in excess of 950 (70 h), with an average TOF
of 1/10 min. Control reactions with PPhs in the absence of catalyst 1a under the same
conditions showed a small degree of autooxidation to OPPh3, 3-5 % vs. 14-31% with catalyst,
depending on the atmosphere over the reaction, air or pure O (Figure 6). It was also found that
an increase of dioxygen concentration in solution increases the rate of reaction, approximately

threefold when conducting the reaction under pure dioxygen (pO>= 1.0 atm).

35%
31%
30% A
0 mol% cat (blank) 25% A
/ PhCI, air or O 3 20% 1
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\ A g
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Figure 6. (a) (left) Uncatalyzed and catalyzed oxidation of PPh3; (b) (right) comparative
conversions for uncatalyzed (empty bar) and catalyzed (solid bar) aerobic oxidation of PPh3 by
1a (60 °C, PhClI solvent, 27h)

In order to assess the catalyst structure/activity relationship for aerobic PPh3 oxidation,
reactions were carried out with a series of para-substituted cy-salen complexes (p-nitro 1a, p-H
1c, 3,5-tert-butyl 1d, and p-chloro 1e). The aerobic oxidation of triphenylphosphine was
promoted by all of these compounds at 1 mol % loading. Examination of the initial reaction rates
for 1a and 1c-le (Figure 7) shows that there is a linear Hammett relationship> between the rate

of oxidation and the o-value of ligand substituent (Figure 8). Para-substitution of the
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salicylimine ring with electron-withdrawing groups accelerates the reaction, while an electron
donating group slows it, with a rho (p) value of 0.54. In comparison with the results of Whiteoak
et al. for the analogous salan-type dioxomolybdenum series for the oxidation of PPh; by
DMSO,!? the p-substituents had a lesser effect (smaller rho value) on the reaction rate catalyzed
by 1. The Hammett correlation for the present (cy-salen)MoO»-catalyzed reaction is consistent
with, but does not prove, that the turnover-limiting step is one in which the nucleophilic

phosphine attacks an electrophilic molybdenum(VI) center.

catalyst mol% solvent T atm t  conversion

cat. 1 mol % 1c 1 PhCl 50°C O, 13h 4%
PPhs »  O=—PPh; 1d 1 PhCl 50°c O, 13h 4%
solvent, O, (g) or air 1e 1 PhCl s50°Cc O, 13h 6%

1a 1 PhCl 50°C O, 13h 10%

Figure 7. Aerobic oxidation of PPh3 by (cy-salen)dioxomolybdenum complexes 1a, 1c-1e
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Figure 8. Relationship between relative rate constants, log kx/ku, and Hammett parameter o, for
the reaction of dioxygen and PPhj3 catalyzed by (p-Z-cy-salen)MoO: (1).

B-2. Modeling the aerobic (Cy-salen)MoO»-mediated OAT to PMes



Based on the preliminary experimental study and prior reports of OAT from oxo-
molybdenum compounds to phosphines (typically PPh3), we hypothesized that the catalytic cycle
would initially involve OAT from the dioxo species A to PMes, association of dioxygen with the
monooxo Mo(IV) complex LMo(O) (H) to form an oxo-peroxo species, LMo }(0)(O>) (F), and
a second OAT from the oxo-peroxo intermediate F to the phosphine to regenerate the dioxo

catalyst A (Figure 9).

OPMez LMoV0, PMe,
A
PMe3 OPMGS
LMoYMO(0,) LMoVO
F \( H
302

Figure 9. Putative catalytic process for aerobic oxidation of PMes by (cy-salen)MoOs.

We selected trimethyl phosphine (PMes) as the model phosphine for the computational
studies, as is often done, for computational economy. It is acknowledged to be more basic and
less sterically hindered relative to the experimental PPhs, which could quantitatively affect the
energetic profile for various reaction pathways. To gain some perspective on the magnitude of
the difference between PMes and PPhs, we include subsequently a comparison of calculated
activation barriers for the O-transfer reaction of (cy-salen)MoO: (1a) with both PPh3z vs. PMes.
To determine the most likely pathway of this reaction, potential stationary state species were
optimized using the B3LYP hybrid functional in the gas phase. Transition states were located
using relaxed mod-redundant scans along the forming/breaking bond and optimized to a Berny
transition state using the B3LYP functional.>**> All energies for solvated species (SMD 1,1,2,2-
tetrachloroethane) were obtained with a single point calculation with the M06 functional.>® The
hybrid B3LYP and M06 DFT functionals have been the most commonly employed to model the

structures, reactivity and energetics of a diversity of molybdenum complexes.>’



B-2a. Oxidation of PMes by (Cy-salen)MoO: (1a)

The B3LYP-optimized geometry of the starting dioxomolybdenum complex 1a is shown
in Figure 10. The C; cis-dioxo species has inequivalent oxo groups, one trans to one of the imine
N-ligand atoms (equatorial), and one frans to the phenolate moiety (axial) and a distinctly
unsymmetrical octahedral geometry. This unsymmetrical structure is supported by NMR studies
and calculated to be 8-10 kcal/mol more stable than a potential C-isomer.* Based on our
computational study of the kinetic resolution of chiral tertiary phosphines by pyridine N-oxide
catalyzed by (cy-salen)MoO>,* only the lower energy axial approach of phosphine to the dioxo
complex 1a was considered. The transition state for axial attack of 1a by PMes; TSi1a-2 was
located (Figure 11) and optimized to an activation energy that is 20.1 kcal/mol uphill from the
reactants. A frontier orbital analysis of 1a shows that orbitals with contribution on the equatorial
oxygen are either significantly stabilized (oxo lone pair) or higher in energy (Mo-O n* orbitals),
whereas the frontier unoccupied orbitals, e.g. LUMO itself, has a larger contribution from the
axial O (Figure 10b). As the phosphine approaches, there is a reduction in the bond order of the
axial Mo-oxo moiety, with the Mo-O bond length increasing from 1.72 A to 1.85 A. The HOMO
of the TS has an orbital contribution with P-O bonding and Mo-O antibonding character in the
forming O-P o-bond (Figure 11b), and a P-O distance of 2.06 A, indicative of a bond order lower
than that in the product ternary complex 2 and the free phosphine oxide. Calculations of the
oxygen atom transfer transition state and activation energy for 1a to PPhs, by comparison, gave a
slightly higher AG* of 22.5 kcal/mol, consistent with the lower nucleophilicity and greater steric
bulk of the triaryl phosphine substrate.

o

Figure 10. (a) B3LYP-optimized structure of dioxo-Mo complex 1a; Mo=0(ax) 1.73 A,
Mo=0(eq) 1.72 A, Mo-O 1.98 and 2.18 A and Mo-N 2.38 and 2.16 A; (b) LUMO for 1a, H-
atoms omitted for clarity.



Figure 11. (a) (left) TS1-2 for axial oxido attack by PMes on 1a; selected bond lengths (A) and
angles (°) are shown in the inset. (b) (right) HOMO for TS of PMes-attack on the axial oxido-O;
hydrogen atoms are omitted for clarity.

The energetic driving force of the oxygen atom transfer reaction is the formation of the
ternary complex 2, 27.6 kcal/mol downbhill energetically from the starting materials (Figure 12).
The P-O bond order has increased to nearly a full double bond (1.53 A) of the free phosphine
oxide (1.50 A), while the Mo-O bond order has reduced to a weak single bond (2.35 A). The
molybdenum complex has begun reorganizing toward the square pyramidal coordination of the

monooxo complex 3, allowing the O-Mo-O angle to decrease to 83.9°.

Figure 12. Ternary phosphine oxide complex 2; selected bond lengths (A) and angles (°) are
shown in the inset.

The next step in the O-transfer process is OPMes dissociation. As the phosphine oxide
dissociates from the metal center (activation energy 6.7 kcal/mol), the molecule begins

reorganizing toward square pyramidal (cy-salen)MoO (3) (Figure 13) via transition state TS2-3
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(Figure 13) with the Mo-O bond nearly cleaved at 2.97 A. The P-O bond order continues to
increase as the back-bonding contribution from the molybdenum center decreases, leading to a P-

O bond slightly lengthened compared to the free phosphine oxide (1.50 A).

Figure 13. Transition state for dissociation of OPMes from ternary complex 2, TSz2-3; selected
bond lengths (A) and angles (°) are shown in the inset.

Following dissociation of the phosphine oxide, reorganization of the oxo-Mo salen
complex has completed to form the monooxo-Mo compound 3. For the singlet species (Figure
14) the Mo-O bond order for the remaining oxo has increased slightly, with the bond length
contracting to 1.69 A (from 1.72 A in the dioxo species). The singlet Mo(IV) monooxo complex
and product phosphine oxide are stabilized by 27.3 kcal/mol relative to the reactant
dioxomolybdenum 1a and trimethylphosphine and are nearly thermoneutral (+0.3 kcal/mol) with
respect to the ternary phosphine oxide complex 2. The triplet state of the d>-Mo(IV) monooxo
complex *3 was also optimized (see SI), but it was found to be 11.3 kcal/mol higher in energy
than the singlet and hence was not considered to play a significant role in the catalytic oxidation

pathway.
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Figure 14. Monooxo molybdenum(IV) complex '3

The reaction energy profile for oxidation of trimethyl phosphine by LMoO> 1a (Figure
15) is very similar to that determined for the oxidation of PMePh'Bu.* The activation energy for
the oxygen atom transfer step with PMejs is slightly lower, 20.1 kcal/mol, vs. PMePh'Bu +22.9
kcal/mol, likely due to the increased nucleophilicity and decreased steric interactions of the
smaller phosphine. The ternary OPR3 complex, dissociative transition state, and products all
have relative energies nearly identical to the PMePh'Bu derivative with the (cy-salen)MoO»,*
when adjusted for the difference in activation energy for the OAT step. The formation of the

strong P-O bond of the product is the driving force of the reaction.
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Figure 15. Reaction profile for OAT from (cy-salen)MoO:> (1a) to trimethylphosphine
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B-2b. Coordination of dioxygen by (cy-salen)Mo(IV)O (3)

The coordination of dioxygen to molybdenum centers has been known for some time,
20.41:42.58 bt the mechanism of dioxygen association and the OAT reactivity of the resulting oxo-
peroxo molybdenum(V1) species have not been explored appreciably by QM computation. Based
on the experimental results presented in the prior section and the Mo-promoted aerobic
phosphine oxidations reported by Arzoumanian*'-® and Mosch-Zanetti,2%4>4%4% the oxygenation
of the (cy-salen)Mo(IV)-oxo complex 3 to the molybdenum(VI) oxo-peroxo species 5 was first
considered to occur at a single-metal center, analogous to the coordination of dioxygen to

159

ruthenium examined by Yu, et al.”” A bimetallic coordination process, as in the Mars-Van

41,58,60

Krevelen mechanism, is evaluated subsequently.

Oxygenation of the singlet monooxo-Mo(IV) complex 3 would begin with its
coordination to triplet dioxygen O (Figure 16). A transition state structure for this association
was located by scanning the distance between the molybdenum center and the O-O bond
centroid, starting from the #5!-superoxo complex 4 (Figure 17) (vide infra). Two possible
coordinative approaches were evaluated, with the equatorial one (Figure 17) being modestly
preferred (AG* = 5.8 kcal/mol) over the axial (AG* = 7.1 kcal/mol). In TS3eq as the dioxygen
molecule approaches the metal center the molecule is reorganizing toward an octahedral
geometry, accompanied by a small increase of the O-O bond length, from 1.21 A to 1.23 A. The
dioxygen moiety still has diradical character in the transition state, with spin density largely

concentrated in the Mo-O; unit.

To 0

spin crossover
” V/O p—> LI\/II!)V'/CI) AG®° = -39.5 kcal/mol

LMoVO + 30, —— | M
\O

3 4 5

Figure 16. Coordination of dioxygen to LMo(IV)O (3) forming superoxo (4) and peroxo (5)
complexes
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Figure 17. Transition state structure for equatorial ligation of dioxygen TS3-4 eq; selected bond
lengths (A) and angles (°) are shown in the inset, atomic spin densities are underlined/ italicized.

Following the associative transition state, a stable structure for the triplet oxo-superoxo
species 4 was located for both coordination isomers with negligible difference in energies, AGax
= -4.5 kcal/mol, AGeq = -4.6 kcal/mol (Figure 18). The key contribution to n!-bonding is found
in the HOMO-2 orbital, involving a bonding interaction from overlap between a molybdenum d-
orbital and the dioxygen m* orbital (Figure 19b). The spin densities for the superoxo complex 4
indicate that coordination of dioxygen has led to a partially oxidized metal species (formally

Mo"), with the majority of spin density on Mo and O2 and less on O1 (Figure 19a).

\ '\
B ' 03
1.70— || 02
@
2 ”‘ L—Mg\804\_ 1.28

Mo-02 = 2.72 AT 1
Mo-01-02 = 100.3 218—=\ 03 § AR Mo-02 = 2.59
01-Mo-03 = 88.0 L-Mo™ 790 A ¢ o) Mo-01-02 = 93.0

01-Mo-03 = 89.8

Figure 18. Optimized structures for superoxo complexes *4ax (left) and 34¢q (right); selected bond
lengths (A) and angles (°) are shown in the inset.
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Figure 19. (a) Spin density map for 34eq (left); italicized/underlined numbers are spin densities.
(b) HOMO-2 of 34¢q showing Mo d/O-O n* interaction (right); H-atoms are omitted for clarity.

To form the more stable singlet oxo-peroxo intermediate 5 (vide infra) from the triplet
superoxo species 4, the next step would involve a spin-crossover,®! in this case from the triplet to
the singlet. The minimum energy crossing point (MECP), the lowest energy point along the
intersection of the two involved potential energy surfaces, can be located using gradient-based
optimizations, for which we employed the sobMECP algorithm.®> The MECPs were located from
either reactant/product pairs or points from the internal reaction coordinate calculations. The
calculated structures for the triplet-to-singlet MECP in the dioxygen coordination process display
some notable differences between the axial and equatorial coordination isomers, particularly in
the coordination modes of the dioxygen moieties (Figure 20). The equatorial coordination isomer
4¢q shows more symmetrical n’-like binding (Mo-O1 = 2.11 A, Mo-02 = 2.35 A, Mo-01-02 =
83.3°) and a decrease in O-O bond order, with the O-O bond length increasing to 1.31 A.
Meanwhile, the Mo-O distances for the axial coordination isomer are more different, making the
binding coordination mode of the dioxygen unit more end-bound in character (Mo-O1 = 2.02 A,
Mo-02 = 3.01 A, Mo-O1-02 = 131°). The activation barrier to this crossover is also quite
different between the two isomers, with AG* for the equatorial peroxo only 0.1 kcal/mol and AG*

for the axial +6.2 kcal/mol.
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Figure 20. Calculated structures for oxo-peroxo triplet to singlet MECP4-s (axial, left; equatorial,
right); selected bond lengths (A) and angles (°) are shown in the inset.

The singlet oxo-peroxo species 5 is stabilized relative to MECP4.s by 24.1 kcal/mol for
the axial species, 19.2 kcal/mol for the equatorial, and 15-20 kcal relative to triplet oxo-peroxo.
The axial isomer Seq is 4 kcal more stable than the equatorial Sax (Figure 21). Each shows a
symmetrically bound n?-dioxygen moiety, and the side-on binding mode leads to significant
decrease in the O-O bond order. Interestingly, the O-Mo-(O2) bond angles are nearly equivalent
to the O-Mo-O bond angle in the dioxo species. The calculated bond metrics of S¢q compare well
with the X-ray structure of (phenoxy-imino)Mo(O)(n?-02):*> Mo=0 1.69 A, Mo-O 1.94 A, 1.95
A; 0-0 1.43 A; vs. for 5¢¢ Mo=0 1.71 A, Mo-0 1.96, 1.96 A, 0-O 1.41 A.

Mo-01-02 = 70.1  1.97—=\ /~—1.99
01-Mo-03 = 101.6 L-Mo—0
1.70

Mo-01-02 = 68.9
01-Mo-03 = 103.0

Figure 21. Singlet oxo-peroxo Mo(VI) complexes 5ax and Seq; selected bond lengths (A) and
angles (°) are shown in the inset.

The reaction profile for coordination of dioxygen to the oxo-molybdenum(IV) complex 3

(Figure 22) is shown to be overall exergonic, with the formation of the singlet, n2-peroxo species
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5 serving as the driving force for the oxygen coordination steps. The located transition state for
initial coordination of triplet dioxygen, TS3-4, has a moderate energetic barrier, as does the spin-
crossover step for the axial complex, MECP4-5ax. The triplet superoxo complex, 4, is moderately
destabilized relative to the starting materials, but the modest barrier for spin-crossover from the
axial complex (+8.7 kcal/mol) and near barrier-less crossover from the equatorial complex (+0.1
kcal/mol) indicates a facile conversion to the very stable singlet oxo-peroxo molybdenum (VI)
complex 5. Throughout the conversion of mono-oxo 3 to oxo-peroxo 5 the equatorial association

of dioxygen remains favored.
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Figure 22. Reaction profile for axial (blue line) and equatorial (black line) dioxygen coordination
to monooxo Mo(IV) complex 3

B.3. Oxygen atom transfer from molybdenum oxo-peroxo complex 5 to PMes3

The next step of the putative catalytic cycle is an oxygen atom transfer reaction,

involving either the triplet oxo-superoxo molybdenum(V) molecule 4, or the more stable singlet
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oxo-peroxo molybdenum(VI) species, 5 (Figure 23). Since the oxo-superoxo species 4 was found
to lie some 19 kcal above the singlet oxo-peroxo 5, oxo-peroxo 5 is concluded to be the
predominant intermediate and its reactivity with PMes is our focus here. Indeed, OAT to PMes
by the superoxo species 4 was evaluated and found to be a uniformly higher energy process and

1s not discussed further.

LMoVO(n'-0,) (4) + PMe; ——» LMoYO(0)(OPMes) — LMo"'0, (1) + OPMe,
LMOVIO(Y]Z'OQ) (5) + PMe3 E— LMOVIO2(OPM93) —_— LMOV|02 (1) + OPMes

LMoV'O(n2-0,) (5) + PMeg ———» LMo'V(n2-O,)(OPMe;) (6) — LMo'V(n2-02) (7) + OPMe,

Figure 23. Oxidation of trimethyl phosphine by Mo(V) oxo-superoxo (4) or Mo(VI) oxo-peroxo
(5) complexes.

The peroxo moiety often has been assumed, with limited evidence, to be more reactive
toward O-transfer than an oxo moiety.>> From the molybdenum(VI) oxo-peroxo complex 5
transfer of an oxygen atom from the peroxo moiety could produce (cy-salen)MoO; 1 directly.
Isomeric singlet transition states for the approach of PMes; from the axial and equatorial
directions were located by a two-dimensional scan along the forming P-O bond and the
dissociating O-O bond (Figure 24). This atom transfer occurs with a significant change in the
coordination geometry of the peroxo group, with the Mo-O2 bond length increasing
dramatically, approaching »'-binding of the dioxygen moiety, with little change in the O-O bond
distance. The conversion from oxo-peroxo S + PMes to produce dioxo complex 1 and OPMe;
can be described as a concerted attack by PMes with O-P bond formation and Mo-O bond
breaking, but with O-O bond breaking apparently occurring later in the process. Inspection of
FMO'’s for TSs-1ax shows HOMO-2 (Figure 24b) with distinct P-O bonding and O-O antibonding
(m*) character (with no contribution from Mo), with forming P-O bonding and decreasing O-O
bonding. The transfer of electron density to Mo as PMejs is added is indicated by a change in the
APT atomic charges on Mo from the oxo-peroxo reactant 5 (+2.53) to the TS (+2.10).
Importantly, these peroxo-based OAT transition states were found to be associated with rather

high activation energies of AG*sx = 34.0 kcal/mol and AG*q = 35.2 kcal/mol.
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Figure 24. (a) OAT transition state from the peroxo group 'TSs-1ax (left); selected bond lengths
(A) are shown in the inset. (b) (HOMO-2) for 'TSs.1ax (right), hydrogen atoms omitted for
clarity.

An alternative pathway for OAT from the oxo-peroxo complex 5 is for the oxo O-atom to
be transferred. A transition state for the PMes reaction at the oxo group of 5, TSs-, was located
by scanning on the O-P distance and optimized as shown in Figure 25b. This is a relatively early
transition state, with a lengthening Mo-O(oxo) distance (1.81 A vs. 1.71 in oxo-peroxo 5), a
relatively long bond-forming P-O distance and little change in the bond metrics within the
peroxo unit. The AG* for this OAT reaction at the oxo-group of 5 (+20.2 kcal/mol axial oxo,
+21.0 kcal/mol equatorial oxo) is nearly the same as for the dioxo OAT step of 1 (+20.1 kcal/mol
axial). Most significantly, the activation energy for reaction at the oxido group of 5 is
substantially lower, by 12-14 kcal/mol, than for the peroxo O-atom attack. As for the origin of
the preferred oxo-O attack by PMe; on oxo-peroxo 5, we note that the calculated atomic charges
(Mulliken or APT) for 5 are more negative on the 0xo0-O (-0.8) than on the peroxo-O’s (-0.25, -
0.35), inconsistent with the energetically preferred oxo-attack. The preference for oxo-atom
attack by PMes on 5 is suggested by the majority of low-lying acceptor orbitals, which have a
larger coefficient on the oxo O-atom than on the peroxo O’s (e.g. LUMO+1, Figure 25a). This
suggests that the selectivity of phosphine attack on 5 is governed by maximizing orbital overlap

and FMO energy matching between the electron-donor P-center and the electron acceptor 5.
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Figure 25. a) LUMO +1 for singlet (cy-salen)Mo(O)(n?-02) ('5¢q); H-atoms omitted; (b) OAT
transition state structure 'TSs.s for oxo atom transfer from oxo-peroxo complex 5; selected bond
lengths (A) are shown in the inset.

The oxo-centered OAT proceeds through a ternary peroxo-Mo(IV) phosphine oxide
complex, LMo(IV)(n?-02)(OPMe3) (6) (Figure 26). This d*> species may be in a high (S=I,
triplet) or low (S=0, singlet) spin state. The triplet species 36 is calculated to be stabilized by 11.0
kcal/mol relative to the singlet structure. The geometries of 36ax and !6ax are quite similar around
the transferring oxo group, but the equatorial peroxo group in the triplet species displays a
somewhat more unsymmetrical geometry similar to the oxo-attack singlet. Both show an
increase in the O-O bond length (decreased bond order), consistent with increased back bonding
from the reduced Mo(IV) center. From the oxo-peroxo species 5 the conversion to the ternary
complexes 36 and 16 is highly exergonic, AG = -30 kcal/mol to singlet 16 and AG = -41 kcal/mol
to the triplet *6. The spin density of the triplet ternary complex 36 is nearly entirely on the
molybdenum center (1.81 €7, Figure 26). Since 36 is more stable than the singlet, a spin-crossover
is needed to transition to the more stable triplet surface between the atom-transfer transition state
ITSs.6 and the ternary phosphine oxide complex 36. The MECP for this process was located near
the crossing of the singlet and triplet surfaces at approximately -15 kcal and is shown in Figure
27. Its structural features are very similar to the precursor ternary phosphine oxide complexes

136 (Figure 26a,b).
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1.42

Figure 26. Ternary OPMes complexes for OAT to the singlet 0xo moiety, '6ax (left) and triplet,
36ax for oxo OAT (right); selected bond lengths (A) are shown in the inset; atomic spin density is
italicized/underlined.

Figure 27. MECPs.; selected bond lengths (A) are shown in the inset.

The release of phosphine oxide from ternary complex 6 was then studied to complete the
favored transfer of the axial oxo atom. The transition states for this were located for the singlet
and triplet species and are shown in Figure 28. The changes in geometry for the complex as the
product OPMe; dissociates are quite similar to those observed for TSz-3, with the peroxo ligand
shifting toward the axial position and the axially ligated salicylimine ligand unit relaxing toward
a square pyramidal geometry. A significant increase in the O-O bond length for the singlet
species (1.48 A) and a small increase in the triplet species may be the result of increased back-
bonding from the metal to the peroxo unit by reduction of the molybdenum center. The spin
density of the triplet complex is again concentrated on the molybdenum(IV) center, with little
contribution from ligand atomic spin densities (Figure 28b). The activation barrier AG* for the

singlet is 16.8 kcal/mol, while that of the triplet is a somewhat higher 22.7 kcal/mol.
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a)

Figure 28. Transition states for dissociation of OPMes. (a) 'TSe.7ax from 164x; selected bond
lengths (A) are shown in the insets; (b) 3TSe-7ax from 36ax; atomic spin densities are
italicized/underlined.

Dissociation of OPMe; from (cy-salen)Mo(77-O2)(OPMes) 6 is modestly endergonic,
yielding the distorted square pyramidal monoperoxo molybdenum(IV) complex 7 (Figure 29).
The peroxo group of the triplet species 37, exhibits a nearly symmetrical 77°-coordination mode,
while in the singlet the peroxo group is unsymmetrically bound. The O-O bond lengths of 7, 1.43
A, 1.45 A, are significantly longer than in the oxo-peroxo Mo(VI) of 5, an effect probably
derived from the stronger back-bonding to the peroxo group for Mo(IV). Radical character in the
triplet monoperoxo is concentrated on the molybdenum atom (spin density = 1.68) with small
spin densities on the peroxo oxygen atoms, 0.09 and 0.06 (Figure 29¢). Importantly, the triplet of
7 is calculated to be 9.4 kcal/mol more stable than the singlet, identifying it as the predominant

ground state of the monoperoxo complex 7.

'Y “ 1.43
a) Vo o,
Y 2.05—\ /92

o
~{
Figure 29. (a,b) B3LYP-optimized structures of the singlet (left) and the more stable triplet

monoperoxo Mo(IV) complex 7 (center); selected bond lengths (A) are shown in the inset. (c)

(right) electron spin density map for the triplet monoperoxo 7 (spin densities are
italicized/underlined).
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We now consider the overall energetics for the OAT stage of the phosphine oxidation.
For each of the possible OAT pathways (Figure 30), the axial and equatorial coordination
isomers have very similar activation barriers (superoxo AAG* = 0.75 kcal/mol, peroxo AAG* =
1.1 kcal/mol, oxo AAG* = 0.8 kcal/mol), so only the energies for the more stable isomer (usually
the axial) are shown in the energy profile. Between the peroxo- and oxo-group transfer pathways,
the oxo-atom transfer is found, unexpectedly, to be the lower energy process, with an activation
barrier 13.7 kcal/mol lower than the peroxo-atom transfer. The peroxo group has typically been
considered to be the more reactive moiety for OAT reactions,?** supported by studies of
sulfides and olefins with Mimoun-type complexes (Mo-oxo-diperoxo).’*%> However, to our
knowledge, this has been demonstrated to be the case for phosphine oxidation only in one oxo-

diperoxo-Mo/H>0; system.
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Figure 30. Reaction pathways for OAT to PMes from the Mo(VI) oxo-peroxo compound 5.
Singlet pathway shown with black dashed line; triplet pathway shown with blue dashed line.
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B.4. Regeneration of (cy-salen)Mo(V1)O: (1) from (cy-salen)Mo(IV)(17-05) (7)

Note that when the oxo-atom transfer to PMes from the oxo-peroxo complex 5 occurs, a
monoperoxo-Mo(IV) species 7 is produced. The favorability of oxo-atom transfer from the oxo-
peroxo complex 5 to form a peroxo-Mo(IV) species 7 led us to consider a little precedented
transformation — the splitting of the Mo(IV) peroxo group of 7 to regenerate the
dioxomolybdenum(VI) complex 1, to complete the catalytic cycle. How does this species
continue on in the catalytic cycle? One can consider the conversion of a metal-monoperoxo to
metal-dioxo species as a six-electron reorganization — formally a two-electron oxidation of the
metal, Mo(IV) to Mo(VI), accompanied by the breaking of the O-O bond and the making of two
Mo-O bonds. To explore the full profile for regeneration of the dioxo complex from the
monoperoxo species, both singlet and triplet surfaces were modeled to establish the energetic

viability of the possible intermediates and transition states (Figure 31).

O— O-. Q
0 \ ° |
Lk/lo/ LMO/ LMo=—=0
l spin crossover 1-3 spin crossover 3-1 T
3 O Oy o)
\/ — | —— ]
LMo LMo LMo=0
7 TS74 1

Figure 31. (top) Singlet reaction pathway for peroxo-to-dioxo splitting reaction of (cy-
salen)Mo(n?-02) 7 (L=cy-salen); (bottom) triplet pathway for peroxo splitting of 7

Transition states for peroxo splitting of the monoperoxo species 7 were located by
scanning along the dissociating O-O bond, then optimizing to a Berny transition state for both
the singlet and triplet spin states. Proceeding from the singlet monoperoxo '7 leads to 'TS7-1

(Figure 32a), which has a substantially lengthened O-O distance (1.88 A) relative to the
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monoperoxo precursor 7 (1.43 A) and a pronounced difference in the two Mo-O bond lengths,
Mo-O(ax) 1.75 A vs Mo-O(eq) 2.01 A. This is indicative of significant O-O bond-breaking with
compensating Mo-O bond-making largely in one Mo-O moiety (c.f. 1.72 A for oxo-complex
LMo0,).* The Mulliken charges of the two O-atoms in 'TS7.1 are also significantly different,
with the equatorial oxygen carrying greater negative charge (-0.44) than the axial (-0.39).
Consistent with the increased polarity of the singlet transition state is a solvent stabilization
effect (AEf = 17.5 kcal/mol, AG* = 10.5 kcal/mol) revealed by the M06 (tetrachloroethane
solvent) energy. The O-O and Mo-O bonding changes are also visually manifested in the frontier
MOs associated with the TS. For example, the HOMO for 'TS7.1 (Figure 33a) has strong Op -
Op o* and unsymmetrical Mo-O bonding character. The conversion from singlet peroxo
intermediate '7 via 'TS7.1 to the dioxo LMoO; product 1 is best described as a concerted, but
asynchronous electronic process judging from the intrinsic reaction coordinate (IRC) scan (SI).
The activation energy for the peroxo-to-dioxo splitting via the singlet 'TS7.1 is a moderate 19.9

kcal/mol.

Figure 32. Peroxo splitting transition states: (a) 'TS7.1 (left) and (b) 3TS7-1 (right); selected bond
lengths (A) are shown in the inset, spin densities are underlined/italicized.
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a)
Figure 33. (a) HOMO for 'TS7.1 of singlet peroxo-splitting reaction; (b) HOMO for the peroxo-
splitting transition state 3TS7.1; H-atoms omitted for clarity.

The triplet splitting transition state 3TS7.1 (Figure 32b), like the singlet 'TS7.1, displays
substantial O-O bond breaking, O-O 1.74 A (vs 1.45 A in mono-peroxo intermediate 37), and a
somewhat unsymmetrical MoO> unit with Mo-O(51) at 1.81 A, closer to a Mo-O double bond
length, and Mo-O(44) at 1.99 A, near to a Mo-O single bond. The electronic asymmetry of the
MoO; unit is further reflected in the distribution of atomic charges and spin densities: APT
atomic charges: Mo +1.52, O(51) -0.16, O(44) -0.24; spin densities: Mo +1.22, O(51) -0.20,
0O(44) +0.62. The bonding changes occurring in the TS are also manifested in the frontier MOs,
most easily seen in the HOMO (Figure 33b), showing O-O antibonding and Mo-O bonding
character. The IRC for the triplet TS (in SI) is also continuous from the reactant-like triplet
peroxo to product-like triplet dioxo. The peroxo splitting process may then also be described as
concerted, asynchronous with different timing of Mo-O bond formation. The calculated
activation energy for the triplet peroxo splitting is 11.9 kcal/mol, considerably lower than for the
singlet TS, which puts the triplet peroxo and the triplet TS lower in energy than the
corresponding singlet species. Thus, a spin-crossover from the triplet to the singlet surface is

needed subsequently to access the strongly stabilized singlet dioxo product 1 (vide infra).

Formation of the stable singlet dioxo complex 1 from the triplet 3TS7. is hugely
exergonic (Figure 35, vide infra), but requires a spin crossover event. The structural parameters
and energy of the optimized MECP7.1 (Figure 34c) are similar to the high energy triplet dioxo
product 31, both having substantially different Mo-O bond orders than the singlet dioxo complex
1 and may be best described as oxo-oxyl species (Figure 34 b,c). MECP7.1 has more polar
character than 31, resulting in a greater solvent stabilization effect from the MO06/solvent

calculation, which may account for the abnormal ordering of free energies in the reaction profile
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(Figure 35). Reformation of the very stable dioxo species 1 provides the thermodynamic driving

forces for this step.
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Figure 34. Computed structures of (cy-salen)MoQ> singlet 1 (a), triplet *1 (b), and MECP7-1 (¢);
selected bond lengths (A) and angles (°) are shown in the insets, atomic spin densities are
underlined/italicized.

The reaction profile for the peroxo splitting reaction from the Mo(IV) monoperoxo
intermediate 7 to regenerate the dioxo catalyst 1 is presented in Figure 35. Key points are the
preferred lower energy pathway of the triplet species >7 through a concerted asynchronous
opening of the Mo(O-O) unit with a modest activation barrier of 11.9 kcal/mol, followed by spin

crossover via MECP7-1 to dioxo complex 1.
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Figure 35. Reaction profile for the peroxo splitting phase of the reaction, 7 to 1; singlet pathway
shown in blue and triplet pathway in black.

Some complexes of reduced metal ions react with dioxygen to produce oxo-metals by a
bimetallic Mars-Van Krevelen type pathway, leading to one atom of oxygen added to each
participating metal center.’!34%* However, single metal-centered peroxo group splitting as per
Figure 31 has also been suggested and supported computationally by Theopold and coworkers in
the conversion of a putative peroxo intermediate, d°> LCr(IlI)(n?-O2) to the dioxo derivative
LCr(V)02.% Earlier, Mayer and coworkers provided evidence that a putative d> peroxo
intermediate, (TPB)Re(O)(n%02), forms the d° trioxo product (TPB)ReO; by a bimetallic
pathway, rather than the unimolecular process.®* In a yet unpublished study in our group of the
thermal and photodissociation of dioxygen from the diperoxo complex (TPP)Mo(n?-02). (=2
(TPP)Mo0O> and 0O,), we have also found that the splitting of the putative monoperoxo
intermediate (POR)Mo(IV)(n?-02) is viable via a concerted, asynchronous process with a
moderate (19 kcal/mol) energy barrier.%® The reverse transformation, i.e. metal-dioxo to —peroxo
conversion, has been suggested to be operative unimolecularly in the photodecomposition of

permanganate (with dioxygen evolution).%” Based on the computational analysis presented here,
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we suggest that conversion of the intermediate monoperoxo-species (cy-salen)Mo(1>-O2) (7) to

(cy-salen)MoO: (1) can also occur by a low barrier concerted, asynchronous process.

B. 5. Potential Regeneration of (cy-salen)MoO: (1) from (cy-salen)Mo(1-0:) (5).

Finally, we consider an alternative, somewhat more precedented pathway for conversion
of the oxo-superoxo intermediate 4 to the Mo-dioxo 1, i.e. via the bimetallic Mars-van Krevelen
pathway (Figure 36). It would proceed by combining the Mo(V) oxo-superoxo species '5 with
the Mo(IV) monooxo 3 (generated from PMes deoxygenation of dioxo 1) to form the bimetallic
peroxo complex 9. Splitting of the bimetallic peroxo species via O-O bond cleavage would
regenerate the original dioxo-pre-catalyst 1. This process, if operative, would avoid PR3 attack
on the intermediate oxo-peroxo 5 entirely. We first optimized the bimetallic peroxo species 8 as
the triplet; the resulting structure is shown in Figure 37. The bridged peroxo species 8 has an anti
conformation of the Mo-O-O-Mo unit (dihedral angle=178°), as has often been seen for other
bimetallic n',n'-peroxo derivatives and organic peroxides.®®7° It is symmetrical around the
bridging dioxygen moiety, with an O-O bond length (1.42 A), comparable to the peroxo group of
the monometallic oxo-peroxo Mo(VI) species 5 and marginally shorter than in the Mo(IV)
monoperoxo complex 7. A singlet peroxo species '8 appears to be unstable, since attempts to
optimize it lead to O-O bond dissociation. A transition state for the association of the superoxo
and mono-oxo species could be located (Figure 37) by scanning the Mo-O distance; TS34-s,
features an unsymmetrical combination of the two fragments with one long Mo-O (2.92 A), a
short Mo-O (2.16 A) and an O-O length similar to that of superoxo-Mo species 34. TS34-s is thus
best described as an early transition state. The activation energy for the association of 3 and 4 to
form bridged peroxo 8 via TS34s is a moderate 8.0 kcal/mol, while the net energy for the

combination of 3 and 4 to form 8 is -16.7 kcal/mol with formation of the O-O bond.
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Figure 36. Mars-van Krevelen pathway for conversion of oxo-peroxo complex 5 to dioxo
complex 1

Figure 37. Transition state (left) TS3,4-s for formation of the bi-metallic peroxo intermediate 8
(right); selected bond lengths (A) are shown in the insets.

The transition state search for the O-O scission of 8 to afford the dioxo-Mo (1) began
with a O-O distance scan followed by optimization at the energy maximum. The resulting
transition state TSs-1 (Figure 38) retains the anti conformation of the Mo-O-O-Mo unit (dihedral
=178 °), but with a considerably longer O-O distance of 1.76 A relative to the peroxo precursor 8
(1.42 A). An IRC scan (not shown) from TSs-1 shows a smooth (continuous) energy profile for
conversion from the reactant-like peroxo species 8 to two triplet product-like LMoO, fragments.
Interestingly, the spin density and atomic charges in the triplet TSs-1 are unsymmetrically
distributed in the Mo-O-O-Mo unit: APT charges- Mo +2.26, 2.77; O -1.14, +0.25; spin
densities- Mo 0.81, 0.54; O -0.13, +0.67. This suggests a polar character for the O-O bond-
breaking, tending toward a LMo(O)O", LMo(O)O" ion-pair. Comparing the energy of 8 vs the
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transition state gives a moderate activation energy for the O-O cleavage of 13.1 kcal. Since the
transit from this triplet TS would proceed to form two (cy-salen)MoO: species in the triplet state
(®1), a triplet/singlet spin transition to form the stable, singlet dioxo-Mo 1 would be needed. This
MECP was not located but is assumed to have a low barrier given the high exergonicity of the

conversion of 8 to 1 (-73 kcal/mol).

Figure 38. Transition state *TSs.1 for O-O cleavage of peroxo complex 8; selected bond lengths
(A) are shown in the inset.

The total activation barrier of approximately 27 kcal/mol for combining oxo-peroxo
species 5 and mono-oxo complex 3 to give the bimetallic peroxo complex 8 (Figure 39)
surpasses the barriers for PMe; attack on the dioxo and oxo-peroxo species, 1 and 5 respectively
(ca. 20 kcal/mol) and that for OPMe3 dissociation from 6 (23 kcal/mol) (vide infra). Hence the
bimetallic Mars-van Krevelen process is expected to be a minor contributor to the overall
catalytic pathway. Moreover, the combination of Mo-superoxo (3) and Mo-monooxo (4) species
for this Mars-van Krevelen pathway requires the association of two low concentration (high E)
intermediates under steady state catalytic conditions, which would further diminish the rate
through this channel. The energetic barriers for the formation and splitting of the peroxo linkage
by the monometallic pathway via n?-peroxo complex 7 (ca. 20 kcal) vs. the bimetallic pathway
via 8 (27 kcal/mol) show that the monometallic pathway is favored and should constitute the

main path of the catalytic reaction.
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Figure 39. Energy profile for the bimetallic dioxygen cleavage via peroxo complex 8.

B.5. The complete energy profile for the aerobic (cy-salen)MoO»-catalyzed oxidation of PMe3

The complete energy profile for the catalytic pathway that includes the lowest energy
intermediates and transition states is illustrated in Figure 40. The thermodynamic driving force
for each regime of the reaction is the formation of oxygen-containing double-bonded moieties,
namely the phosphine oxide and the regenerated dioxomolybdenum complex 1. The intermediate
regimes are fairly thermoneutral, with the spin crossovers to stabilized triplet species as the next
largest thermodynamic sinks. It can be seen here that the highest kinetic barriers are associated
with three steps: transfer of an oxido-O to PMe; from the dioxo species 1 and from the oxo-
peroxo complex 5 and MesPO dissociation from the monoperoxo complex 7. The activation
barriers for these three steps are quite similar, 20-25 kcal/mol. The experimental consequences of
this feature could result in a complex rate dependency on the phosphine, oxygen and phosphine
oxide concentrations. Additionally, the relatively lower barrier (11.9 kcal/mole) for the Mo(IV)-
monoperoxo to Mo(VI)-dioxo conversion (37 = 1) suggests that this stage of the cycle would be

kinetically and experimentally undetectable under the catalytic reaction conditions. The
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Hammett correlation for the set of para-substituted catalysts observed experimentally, with
increasing rate associated with the more electron deficient complexes, is accounted for by the
electronic character of the nucleophilic phosphine attack on the electrophilic oxo-Mo(VI)
centers. Energetic analysis of the potential Mars-van Krevelen shunt between oxo-peroxo

complex 5, bridged peroxo species 8, and the dioxo complex 1 indicates that this process is

unlikely to contribute significantly to the main catalytic pathway.
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Figure 40. The complete minimum energy reaction profile for aerobic oxidation of PMe3
catalyzed by (cy-salen)MoO: (1).

Our computational study indicates that the second oxidation step does not proceed via
OAT from the peroxo group, as reported by Sharpless, et al. for oxidation of phosphines by oxo-

diperoxo molybdenum complexes,® but rather through transfer of the oxo atom of the oxo-

peroxo species S. This means that the overall reaction proceeds through OAT from the

dioxomolybdenum species 1, followed by coordination of dioxygen to form the oxo-superoxo
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species 4 and its crossover-stabilized singlet oxo-peroxo sibling. The second oxygen atom
transfer of the catalytic cycle proceeds most favorably via phosphine attack on the remaining oxo
group of 5, and the product monoperoxo molybdenum(IV) complex 7 then splits the peroxo

moiety, rearranging to form the initial dioxo complex 1.

Three steps in the overall energy profile of Figure 40 have comparably high energy
barriers (20-23 kcal/mol), which would contribute most to determine the overall reaction rate;
these are: 1 + PMe; 2 2, AG*=20 kcal; 5 + PMe3 2 6, AG*=20 kcal; and 6 - 7 + OPMes,
AG*=23 kcal. Since each of these steps involve the phosphine or its oxide, it is appropriate to
consider the likely differences between the experimental reactions with PPhs vs. the modeled
reaction with PMes. Our calculation for the 1 + PPhs = 2 reaction showed a small increase in
AG* to 22.5 kcal (vs. 20.0 kcal for the PMes reaction). Although it was not calculated, the
similar electronic nature of the 5 + PR3 = 6 step allows us to estimate a comparably small (1-2
kcal) increase in its AG* for PPhs relative to PMes. Finally, for the 6 & 7 + OPR3 conversion,
we estimate a rather small difference in the activation energies for OPPhs vs OPMes;. With the
less basic, more sterically encumbered OPPh; leaving group we predict a slightly smaller
activation energy, e.g. 20-22 kcal, relative to that calculated for OPMes (23.0 kcal/mol). Hence,
we conclude that while the there are likely small changes in the PR3-involved energy barriers
between the experimental reactions with PPhs and those modeled with PMes, the preferred
(lowest energy) catalytic pathway will remain the same regardless of the phosphine. The
essential features of this pathway are summarized in Figure 41: 1) OAT from LMoO: to
phosphine; 2) dioxygen coodination to LMoO to form oxo-peroxo intermediate LMoO(n>-02);
3) selective oxo-atom transfer from the latter to phosphine; and 4) novel peroxo splitting of

LMo(n?-0z) to regenerate LMoOs.
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Figure 41. Simplified, most energetically favorable pathway for (cy-salen)Mo(VI)O»-catalyzed
aerobic oxidation of PMes.

C. Conclusions

The ability of a set of (cy-salen)MoO> complexes to catalyze the aerobic oxidation of
PPh;s has been demonstrated experimentally and the effects of changing the electronic character
of the catalyst on oxidation rate have been established. DFT computational investigation of the
catalytic pathway for the aerobic oxidation of PMes catalyzed by (cy-salen)MoO: (1) supports
the following sequence as the lowest energy process (Figure 41): 1) associative addition of PMe3
to an 0xo-O of LMoO:> to give LMo(IV)(O)(OPMes) (2); 2) OPMes dissociation from 2 to
produce LMo(IV)O; 3) stepwise O2 association with the latter to form the oxo-peroxo species
LMo(VI)(0)(n?-02) 5 via a superoxo LMo(V)(O)(n'-O2) intermediate 4; 4) O-transfer reaction
of PMe; with oxo-peroxo species 5 occurs preferentially at the oxo-group, rather than the peroxo
unit leading, after OPMes dissociation, to the reduced peroxo species LMo(IV)(1*-02) 7; 5)
transformation of the more stable triplet peroxo species 37 to the starting pre-catalyst LMo(VI)O2
(1) via a concerted, asynchronous electronic isomerization and attendant spin-crossover with

moderate barriers.
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D. Experimental Section

D.1. General procedure for preparation of ligands and (cy-salen)MoO2 (1a-e)

The cy-salen ligands were prepared by combining 2 equivalents of the respective
salicylaldehyde with the diamine in alcoholic solution and heating at reflux, as reported
previously.* The ligands were isolated by filtration and combined with an equimolar amount of
dioxomolybdenum bisacetylacetonate, MoOz(acac):, in chlorinated solvent (TCE or
chlorobenzene) and heated at reflux for 4h. The reaction mixture was concentrated and the

product complex isolated by filtration.*

D.2. Phosphine oxidation- catalyst variation study

To a round bottom flask was added 183 mg (0.69 mmol) of triphenylphosphine, 10 mL of
chlorobenzene, and approximately 1 mol% catalyst (5.3 mg 1, 98 umol; 3.1 mg 4, 69 umol; 3.8
mg 5, 70 umol; 4.7 mg 6, 70 umol; or 3.6 mg 7, 70 umol), along with a stir bar. The reaction
flasks were then purged with O2 before being capped and placed in a 50°C oil bath for 4 hours.
Aliquots were taken from each reaction mixture and the conversion was determined by *'P NMR

integration.

D.3. Phosphine oxidation- turnover study under dioxygen atmosphere

To a round bottom flask was added chlorobenzene (20 mL), 2.5 mg complex 2 (3.5
umol), and triphenylphosphine (671.5 mg, 2.5 mmol). The flask was evacuated and backfilled
with Oz before being placed in an oil bath at 50°C. Aliquots were withdrawn periodically to

determine progress of the reaction by *'P NMR spectral integration.

D.4. Phosphine oxidation- dioxygen concentration study

To each of eight 13 mm culture tubes was added 12.0 mg triphenylphosphine (0.045
mmol) and 0.7 mL chlorobenzene. Half of the tubes were then charged with a small portion

(~0.2 mg, 0.4 umol) of complex 1, the other tubes serving as blank reactions. The catalyzed and
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blank reactions were then capped with a septum and assigned pairwise to one of four conditions:
1) capped under ambient pressure, 2) atmospheric pressure of air maintained by way of a
balloon, 3) atmospheric pressure of air maintained by a balloon, with stirring, and 4) 1
atmosphere of O2 maintained by balloon. For condition 4, the culture tube was sparged with
oxygen gas prior to capping with a septum. All reactions were then placed in a 60°C oil bath and

incubated overnight. The percent conversion was determined by >'P NMR integration.

D.5. Computational methods

All calculations were carried out using Gaussian 09. Structures were optimized using the
B3LYP hybrid functional and the basis sets: Mo, LANL2DZ; P, S, 6-311++G(d,p); C, H, O, N,
6-311 G(d) using Gaussian 09’s ultrafine integration grid. Solvent phase energies were obtained
as a single point energy calculation using the M06 functional (basis sets: Mo, SDD; P, S, C, H,
O, N, 6-311++G(d,p)) in conjunction with the SMD solvent model’! for 1,2-dichloroethane. The
free energy correction to the energy was taken from the B3LYP frequency calculation. Relaxed
coordinate scans were employed to guide Berny saddle point searches. For transition states TS2-3
and TSs3.4, starting points for the Berny optimizations were located by running a series of single-
point optimizations with the M-OA bond length frozen. Transition states were verified by the
existence of a single imaginary frequency along the reaction coordinate involving bond
making/breaking and with smooth intrinsic reaction coordinate (IRC) plots. Minimum-Energy
Crossing Point (MECP) structures were calculated using the B3LYP optimized singlet and triplet
structures as inputs for the sobMECP optimization algorithm® and free energies for these
structures were computed from Gaussian frequency calculation outputs. Reaction profiles were

generated using the mechaSVG program.”
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Graphical Abstract

DFT and experimental study of the catalytic

PMes
peroxo splitting 1'—""0\/02& — pathway for aerobic oxidation of phosphines
OAT 1 by LMoO:; (L=cy-salen) identifies four
/ reaction stages: 1) O-atom transfer (OAT 1) to
*LMo™(0) Moo PMe; from the 0x0-O of LMoQ»; 2) stepwise
OAT 2 % O: coordination to LMoO to form oxo-peroxo
OPMe; LMoY 0(0y o, LMo(O)(n?-02); 3) novel OAT 2 from the
PMes dioxygen coordination  oxo-group of the oxo-peroxo complex to

PMe; gives monoperoxo LMo(n?-0:); and 4) rare electronic isomerization (splitting) of the

peroxo unit of LMo(1?-02) to regenerate LMoO».
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