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ABSTRACT
The chemistry of dioxomolybdenum coordination complexes has been deeply
investigated as modelfor molybdoenzyme structure and activity, as well as for 4baslogical
chemical applications. In this work, we present investigation intw applicatiors of
dioxomolybdenum reactivity and the mechanisms thereof. Chapter 1 gives a brief summary of
metal oxobonding structure, the reactivity of molybdoenzymes and synthetic molybdenum
complexes, oxidative kinetic resolutions, metiabxygen complexes, and catatybxidation of

thiols.

Chapter 2 presents the use of a series of chiral dioxomolybdenum (VI)}-lsxdefsalen
complexes as catalysts for the oxidative kinetic resolution of Baehiral monophosphine,
methylphenyitert-butyl phosphine. The studied coneples are shown to yield the chiral
phosphine oxide in low to moderate enantiomeric exces83% e.e.employing pyridineN-
oxide as the stoichiometric oxygen atom source. Use pdra-nitro substituenton the ligand
salicylimine rings found to increas catalyst activity, and enantioselectivity of the reaction is
found to be controlled by steric bulk at the salertho-position.Density Functional Theory (DFT)
study of the reaction finds the stereochemicatlgfining step is thé-transfer transition tate

involving nucleophilic attack of the phosphine @am oxegroup ofthe chiral LMo@complex.

Chapter 3 reports the catalytic oxidation of phosphines by Sbhadge complexes of
dioxomolybdenum under aerobic conditions. The activity of the complégesrd aerobic
oxidation of phosphines is found to be the same as with pyritlihoxide, with the presence of a
para-nitro substituent greatly increasing the rate of oxidation. DFT studies are carried out to
determine the mechanism of coordination and aetiion of dioxygen towards oxygen atom
transfer, and to determine which of the available oxygen atom transfer pathways is most
favorable for the oxidation of phosphines. Transfer of the oxo moiety is found to be most
favorable, and the dioxo complex is sggerated through an unusual cleavage of the peroxo
group. A computational investigation of oxygen atom transfer to sulfoxides and their lack of

reactivity towards oxidation by dioxomolybdenum compleigealso reported

Chapter 4 extends the reactivity of Schofise dioxomolybdenum complexes to include
the oxidation of thiols to disulfides under ba$ee conditions. This reactivity is found to

XViii



encompass alkyl, benzyl, aryl, and amino a@dved thiols. Alkyl and benizthiols are found to

be oxidized to two primary products, of which the disulfide is the major8@% yield). The
secondary products are found to differ due to substrate effects, with benzyl mercaptan oxidized
to benzyl trisulfide and dodecane thiol oxdd to the previously unreported dodecane sulfenic
anhydride. The selectivity of this oxidation toward formation of disulfide products is found to
increase with addition of basand variation of catalyst electronics (sajgra-substituent = NQ

H, OMe)showssignificant rate and product distribution effect®FT study of possible reaction
intermediates suggest this oxidation proceeiddially via a hydrogen atom transfer process
forming a thiyl radical and a molybdenum (V) dxalroxyl species. Disprogaynation of two
molecules of the molybdenum (V) species forms one dioxomolybdenum (VI) complex, one
oxomolybdenum (IV) complex, and a molecule of wai#gchanistic pathways are suggested for

formation of disulfide, trisulfide, and sulfenic acid products.
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CHAPTER 1
INTRODUCTION

1.1 Oxo group transfer and the electronic structurenoétal oxocompounds

Oxygen transfer reactions are a class of oxidation/reduction reactieqs in which the
oxygen donor is reduced and the oxygen acceptor is oxidized. Ourfeauies specifically on a
class of oxygen transfer reactions, oxyggom transfer reactions (OAT) in which the formal gain

or loss of an oxygen atom is mediated by a transition metal compbpx2(
@ 0UVO WO o eq.1
000 wz 0 0 0 O eq.2
For these reactions, the transferred oxygenijgransferred as an oxygen atori) atom
transfer results in &hange of oxidation staten£2) of the metal results, andl) the transferred
oxo group is bound directly to the metal centgl] These requirements mean that all oxo transfer

reactions involve an oxmetal species, with the number of terminak@ groups ranging from

one to four Figurel-1).

o
4 i
M=0 0 o7 |0 V<
0 | So
0

Figurel-1. Geometries of known oxoetal functional groups

Oxometal complexes are known to form with transition metals from grows with the
number of terminal oxo groups controlled by the oxidation state of the metal. Thuspgto
titanium may only have one oxo ligand, while group 5 vanadium may have two, group 6 metals
may have up to three, and rhenium and osmium complexes have up to four oxo ligands. The
limitations on the number of oxo moieties comes down to the need foambor haltfilled metal
d2 ND A G| f &-elackond fromdiBe dio group. Oxo ligands exhibit a strvags-effect on
the opposing ligand due to the electronic character of the M=0O béinglfel-2 b & c) that is,
due to the strong MO bond resulting from mixing of oxygénrorbitals and metald-orbitals

removing electron density from the opposing meligland bonding interactions. Metal dioxo



moieties are stabilized by the same orbital interactions as metal oxos, as showigumel-2 d-
h).
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Figurel-2. (a) Resonance structures for metado bonding. Bonding orbital alignments for
metal oxo(b & c),d® metal cisdioxo (df), andd? metaltrans-dioxo (g & h) moieties
Due to the availability of twal-~ bonding interactionsn d°®-monooxo complexes, the

strong metal oxobond is sometimes described as a partial triple boRidjfrel-2a).[2,3] For
metal dioxo unitsd® metal centers prefer the bentisdioxo geometry, whilal? metal centers
typically exhibit the lineartrans-dioxo geometry. The linear geometry allows the valence
electrons from the metal center to occupy a nonbonddhgrbital, which avoids destabilizing the
" -bonding interactions between the metal and oxygen atdetal centers that arel® may also
exhibit pyramdal geometry for M@andcis-octahedral geometry for M@ These stoichiometries
also exist as metal oxide ions, which will not be discussed here. The oxo group can also act as a
bridging ligand, which results in metal center oxidation states one lessftinahe terminal oxo
group (for M®20]) or the same as the terminal oxontaining complex (for MoZOL).
Formation of these bridged species can be prevented by employing bulky ligand mdities,
allowing for stablemonometallic oxemetal species with terminal oxo grouplsat canact as

oxygen transfemoieties



1.2 Molybdoenzymes and OAT reactions of oxomolybdenum complexes

Catalytic oxygen atom transfer reactions can be promoted by both synthegtal oxo
complexes ad by enzymatic oxometal centers. Both natural and synthetic oxygen atom transfer
catalystsperform a metalcentered oxo transfer reaction (either the forward or reverse reaction
given in eg. 2) and a coupled oxidation or reduction step that may or may not involve another
oxo transfer reaction. The most prevalenetal oxogroup in biological contexts the iron heme
oxo, which is an intermediate in many of the oxidation/reduction processesied out by
Cytochrome P450 and other iron heme enzymes. However, the bulk of experimestall oxo
species are molybdenum dioxo complexes. Molybdenum is the sedonarow metal essential
for biological function, and appears in more than 50 redox enzymnefjdingthe xanthine
oxidase, sulfite oxidase, and DMSO reductase famjb¢#Ill molybdenum containing enzymes
contan a conserved organic cofactor known as molybdopten, more generally,
pyranopterit a bidentate 4-electron dithiolate donor ligand. The structures of the
molybdopterin cofactor and the molybdenum centers for each molybdoenzyme family are shown

in Figurel-3.

o (S, Se) _Ser
S 0s S, QAL
C / S/Mo‘/'zs( ® (S—/'luo"bo Sum......\.\Méw ..... s
>,
\ 4 OH S—Cys Q_'S
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molybdopterin xanthine oxidase sulfite oxidase DMSO reductase

T

Figurel-3. Structures of the molybdopterin cofactor and the coordination environment for
each of the molybdoenzyme families. Each molybdenum (VI) center is represeriteohost
common coordination environmen€ommon ligand variations are given in parentheses.

The xanthine oxidase family of enzymes catalyzes the oxidative hydroxylation of their
substrates, producing a carbonyl product from aromatic heterocyclic substrates (e.g. xanthine)
and carboxylic acids from aldehydes. These reactions aremamhanisticallyoxygen atom
transfersbut involve instead a nucleophilic oxido moiety (generated by deprotonation of the
hydroxyl group) attacking an electrophilic carbon on the substrate while the sulfide moiety acts
as a hydride acceptor, generating a molybdenum (hQlate complex. The product is then
formed by elimination and protonation of the substrate, with association of free hydroxide (from
water) regenerating the catalytic speciésgurel-4).
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Figurel-4. Mechanistic pathway for catalytic oxidation of xanthine by xanthine oxidase

Unlike xanthine oxidase, the molybdenum certésulfite oxidase is a dioxomolybdenum
(V1) center. One of the structural properties of this meli@ixo moiety is that only one of the oxo
groups can be transferred, with thecrease irmetal-oxobond strengthleading to formation of
I & a LIS O I[5(bpTHE in2réagedis MeO bonding character from formation of the
molybdenum (IVV) monooxo species contributes to the thermodynamic favorability of the oxo
group transfer, counterbalancing the thermodynamic cost of cleaving the molybdemam
double bond. The mech#@m of oxo transfer with the sulfite oxidase dioxomolybdenum center
RAFTFSNE FTNRY E |-glfidg depted abgeht th& MaeS faiety B la@ as a hydride
acceptor, the transferred oxo group is electrophilic rather than nucleophilic, leading thiraet
oxygen atom transfer (OAT) showrFigurel-5. The transferred oxygen atom again comes from

water to regenerate the catalytic dioxomolybdenwspecies.
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Figurel-5. Mechanistic pathway for catalytic oxidation of sulfite by sulfite oxidase

The DMSO (dimethyl sulfoxide) reductase family, by contrast with the other
molybdoenzyme families which cycle between Mo (VI) and Mo (IV) by transferring a bound oxo
moiety to the substrate molecutecycles between Mo (V) and Mo (V1) by abstracting an oxygen
atom from the substrate moleculé&igurel-6). The reduction of DMSO to DMS (dimethyl sulfide)
is thought tooccur through a concerted procegs] where the cleaving-® bond stabilizes the
Sh  -ompital, allowing for electron transfer from the metal center to the sulfur. The abstracted

oxo group is then reduced to form water, reforming the M) @&énter.
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Figurel-6. Mechanistic pathway for OAT reduction of DMSO by DMSO reductase

The chemistry of synthetic molybdenum complexes was developed with an eye to
modeling he oxygen transfer chemistry of the molybdenum enzyme families. However, a
significant amount of research on molybdenumediated oxo transfer was carried out prior to
the determination of the structures of the molybdoenzyme active sites, so most early
investigations focused on the M/MoV'O, redox couple due to its prevalence in conventional
molybdenum chemistry. The eventual determination of the enzymatic coordination
environments revealed that further investigation was needed to explore th&/Mo V'O redox
couple employed by DMSO reductase and presented the synthetic challenges of forming the
[MoV'IOSt center of xanthine oxidase and stabilizing the foo®rdinate dioxomolybdenum (VI)
center of sulfite oxidase. However, the early research with dioghuenum complexes has

made the atom transfer chemistry of molybdenum the bastlerstood of any elemen{7¢15]

Accurate structurasynthetic analogues of the molybdoenzyme centers must necessarily
employ dithiolene ligandsF{gure 1-7). [16] However, a large range of ligands have been
employed to make complexes that model the reactivity of the enzyme centers without regard to
the specific atoms in the coordination sphefd5] The vast majority of molybdenum (VI)
complexes adopt theisdioxo geometry, with an overall octahedral coordination sphere. As
described in Section 1.1, theisdioxo moiety is strongly preferred id® complexes, and the
strong " - and " -donor influences of the oxo ligands have significant effects on the overall
geometry of the complex. Witlboth monodentate and bidentate ligands, where there is
flexibility in the position of coordinating atoms, weakerbonding donor atoms occupy the
coordination siteransto the oxo ligand. Thedeansposition bonds are significantly longer than

bonds with equivalent donor atoms in other coordination positidi3]

Monodentate ligands of dioxomolybdenum complexes can eithe monoanionic (X

type) or neutral (kype). Xtype ligands can be halides (most often chloride), cyano grqaps,
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alkyl or aryl groups directly bonded toghmetal center, thiolated,7,10] and -OR oxide groups
(R=alkyl, aryl, silyl).-type monodentate ligands can be dortype solvent molecules (e.g. THF
or DMF) or norsolvent Q or N-donor molecules, such as sulfoxides, phosphine oxides, and
pyridine. Imido ligandg19,20] while monodentate, are formally dianionic ligands, ancurgh

more properties with the oxo moiety than with the monoanionic ligands.
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Figurel-7. Common ligands of synthetic dioxomatignum (VI) complexes

Bidentate ligands can be neutral (generally M@hors, such as bigxazolines and
bipyridine derivatives)[8,21] monoanionic O, N,G, N,N- or S,&donor ligands (hydroxg-
pyridinones, ketiminate Schiff bases, pyrazolates, and dithiocarbamates, respectively).
Tridentate ligands can be monoanionic (trispyrazolylborgtd] O,N,Ndonors) or dianionic
(O,N,Q or S,N,&lonors), and often have the octahedral molybdenum coordination sphere

completed by a monodentate ligand. Finally, neutral complexes with the flarfiMoQ,L] can be



synthesized with tetradentate dianionic ligands, the most common of which are the O;N,N,O
donor Schiff basealenligands, as well as their reducedlanform. [9,15
The multidentate ligands are convenient for studies of dioxomolybdenum oxygen atom
transfer due to theirhigh formation constants and theisteric bulk, which stabilizes the
Y2Y2YSNAO Y2t &806RSydzy 0L+0 2E2 &L¥Omo§Bdenand Ay KA
(V) species. The comproportionatioreactions forming these oxbridged dimeric complexes
(Figurel-8) may or may not be reversible, and the molybdenum (V) dimer is usually unreactive
to OAT, meaning that irreversible dimerization will prevent catalytic activity. Of these
multidentate ligands Schiffbase and related O,N,N;@nd S,N,N;Sigands[22] have particular
utility for mechanistic investigations of dioxomolybdenum complekas to their easy synthesis
(Figurel-9) and the ability to easily modify electronic and steric effects of the ligand by changing
substituents on the starting materials. The electdonating andwithdrawing effects opara-
substitution in pkenolic ligands on oxo transfer processes has been well demonstrated in both
molybdenum and tungsten complexf23]andcan be used tprobe mechanistic details of the
OAT process.
0 0 0
L1.4Mo=0 ’ ||\/|IoL1_4 - L1_4M|c!—O—IUIoL1_4

Figurel-8. Comproportionation reaction of molybdenum (VI) dioxo and molybdenum (IV)
monooxo to form molybdenum (WWoxo

_O
R, R
1 1 + 2 OH MeOH NaBH4 NH HN
HoN- NH; OH HO OH HO
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Figurel-9. Synthesis of salen and salan ligands from diamanessalicylaldehydes

While the original source of the transferred oxygen atom for the oxidase enzymes and the
product of molybdenum reductases is water, model molybdenum complexes and synihetic
atom transfer catalysts employ a large range of oxygen atonor and acceptor reagen(sigure

1-10). The enzymati€>-donor/acceptor natural substrates are DMSO, nitrate, sulfite, carbon

L A redox reaction where two reactants with different oxidation states react to form a single
compound with an intermediate oxidation numbérhe @posite ofa disproportionation
reaction



monoxide, formate and xanthine, while unnatural substrates have included sulfides, phosphines,
amine oxdes and alkenes (with peroxide oxidant§,17,24¢26] It should be noted that the
alkene/peroxide reactions are widely viewed to involve reactivetal peroxointermediates,
Mo(O-0)[8], whereas the others ith non-peroxidic reagents involve reactive ckto (LMo=0)

species.

(0]
L ————— ” + AO
LMo"'=0 LMoV

Figurel-10. General oxygen atom transfer reaction with molybdenum oxo species

Tertiary phosphines are widely used as model substratesCitransfer mechanistic
studies.[27] Phosphines are nucleophilic substrates, with the reactivity of the phosphine to
oxidation dependent on its substituents (alkyl > aryl). A Hammett parameter study carried out by
Whiteoak, et al. employingara-substituted salan dioxomolybdenum complexdetermined
that the oxygen atom transfer to phosphorus accelerated by using strongly electron
withdrawing substituents (e.gopara-nitro), which act todissipate the negative charge built up
during nucleophilic attack by phosphine on the oxo moigy This effect is consistent with the
initial nucleophilic attack being the rafaniting step for phosphine oxidation, an experimental
conclusion that has been supported by computational investigafiehBoth phosphines and
phosphine oxides have important uses in chiral form, particularly to confer chirality to metal
complex catalysts for a variety of reactiori28¢33] Phosphine oxides are usgfligands for
harder, higher oxidation state metal ions and chiral members can serve as ligands for metallic

catalysts or as chiral organocatalysts for several classes of read8820,34]

While phosphines are convenient unnatural substrates for investigating oxygen atom
transfer from molybdenum oxo centers, natural suthased substrates are also sifjnificance
Both oxidation (sulfiteoxidase type reactivity) and deoxygenation (DMSO reduetgse
reactivity) are of synthetic and industrial interest. Deoxygenation of sulfoxides to sulfides has
been reported for a wide range of high oxidation state molybdenum comp|esgalyzing the
general reaction shown ifigurel-11, which is often coupled with OAT to phosphines in a

catalytic setting[15,35,36]



Figurel-11. Catalytic deoxygenation of sulfoxides by dioxomolybdenum (VI) complexes

This reaction has been demonstrated with a wide variety of ligand types, including
dichloride,  dialkidithiocarbamate, @ cyano, acetylacetonate, styclopentadienyl,
aminobisphenol, salan, and salen complexes of dioxomolybden@rh8,24,25,3¢41] The
reverse (sulfite oxidasgype) reaction is less walepresented for synthetic dioxomolybdenum
centers, with all known catalysts transferring not an oxo moiety to the substrate, but instead an
oxygen atom from @eroxo or hydroperoxo grougiaelectrophilic oxygen atom transfde2,43]
These oxidoperoxido complexes, known as Mimoun complégddkare also known to catalyze
the epoxidation of olefins by an equivalent mechanism. In the presence of peroxidic reagents,
peroxomolybdenum complexes can be formed from reduction of an organic peroxidglar H
co-producing an alcohol or wateFigurel-12a). The peroxomolybdenum complex then transfers
an oxygen atom from the peroxo group to the substraiouter-shell nucleophilic attack of the
substrate on the peroxo moiety. This mechanipnoposed by Sharpless, et al., is showRigure
1-12b.[45,46]It should be noted that the transfer of an oxygen atom to or from the molybdenum
peroxo group is not a formal oxo transfer reaction, as the molybdenum remains in the +6

oxidation state throughout the process, and oxidation/reduction occurs at the peligand

instead.[1]
ﬁ 0
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Figurel-12. (a)Reactionof hydrogen peroxidevith LMoQ to form a molybdenum (V1)
oxoperoxo complerand (b) Sharpless mechanism &poxidation of olefins by molybdenum
peroxido species



1.2.1Asymmetric synthesis and resolution processes involving molybdenum complexes

Like phosphine oxidation, sulfoxidation and epoxidation can be used to form valuable
chiral products when a chiral oxtcansition metal catalyst is employe(Figure1-13). These
reactions, in which a prochiral sulfide is oxidized to the chiral sulfoxide or olefins are
stereospecifically tnasformed to the epoxide, are a common application of chiral salen
complexes[47] Theinclusionof a chiral diaminen the backbone of the ligand={gurel-9, R)
induces an asymmetric environment around the dioxomolybdenum centepatehtiallyallows

for OAT catalysis to proceed stereoselectively.

L*MOOQ °
— —
/ ROOH

L*MoO 2
(o]
R /S\R ROOH : S//*
1 2 il
R1/ ll/Rz

Figurel-13. Molybdenum catalyzed enantioselective epoxidation and sulfoxidation

Enantioselective reactions with molybdenum complexes are-rgpllesented in the
literature, however mostreports ofhigh enantioselectiity are for GC bondforming reactions.
Molybdenum carbonyl compounds with chiral bis(pyridgide) and bis(oxazalirgimide)
ligands have been demonstrated to catalyze allylic alkylation reactions with high segi
enantioselectivities[48,49] Investigations into this reactivity by Trost and coworkers reveal that
molybdenum catalysts select for the more substituted allylic position, making these complexes
more enantioselective than palladivivased catlysts. [50] Further studies show that the
reaction proceedywia oxidative addition of the allylic substrate to the metahter, followed by
nucleophilic attack to yield the substitution produf®1] Molybdenum catalysts have also been
employed for asymmetric rinrgpening and ringlosing reactions. The study of these reactions
has been dominated by the work of Schrock, Hoyveda, and coworkergy fmir and five
coordinate molybdenum imido alkylidine complexes with chiral diolate ligands acting as the
chirality-inducingscaffold [52¢55] Asymmetric synthesis with dioxomolybdenum complexes is
also welldocumented, though the selectivity of these systems towards epoxidation is often

moderateto-low. [56¢60] The highest enantioselectivity for these reactions has been obtained
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with bishydroxamic acid ligands (up to 96% e[6),62]as well as with phenoloxazaline ligands,
for which the lability of the ligand and coordination of the olefin to the molybdenum center is
involved in determinig thereaction enantiospecificity{63] High enantioselectivities have also
been reported for the oxidation of sulfides to sulfoxides and sulfones, with the setgaif the
oxidation arising froma kinetic resolution effect for the oxidation of sulfoxide to sulfof@4]
Sulfoxidation of prochiral sulfides that have high selectivity to the sulfoxide product have not

been demonstated with high enantioselectivity65¢67]

In the bestcase scenario, asymmetric catalysis will result in full conversion of starting
material to the desired enantiomeric product. For kinetic resolution tieas, in which a racemic
mixture of substrate is enantiomerically enrichby reaction with a chiral reagent or catalyst,
thisresult is possiblenlywhen the starting material can be isomerized by either coordination to
the catalyst or a photochemical procef8,69]However, when the interconversion of isomers
is impractical or inaccessible, the maximum yield of an asymmetric resolugi60% of the
racemic starting materiallhat being said, kinetic resolution reactions have several advantages:
i) the use of easihaccessible racemic substrate} the option to select the enantiomer of the
product by choosing the enantiomer of the chiral reagent or catalyst,i@nthe reduction of
waste products typically associated with stoichiometric resolution procegggkTl here is a long
list of criteria an ideal kinetic resolution process would meet, but the criteria for a practical kinetic
resolution are simple: the racemate should be cheap enantieenriched sources unavailable,
the employed catalyst is highly enantioselective, inexpensive, and effective at low loadings, and

the product andthe unreacted starting material are easily separated.

Enantioselectivity in kinetic resolutionsisgs from the difference in rate of reaction
between the enantiomers of the racemic substrakey, with a homochiral reactant or catalyst.
This selectivity is dictated by the difference in the activation energies of the enantiomeric
0 NJ¥ yaAaidA 27yBedause theSelectjvity B a result of rate differences, the enantiomeric
excess obtained changes over the course of the reaction, as opposed to enantioselective
reactions of prochiral substrates, which yield products of constant e.e. throughout Hutioe.
This effect leads to differences in approach depending on whether the aim is to recover

enantioenriched substrate or product. Obtaining highly enriched substrate is possible even with
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relatively low selectivity, simply by allowing the reaction togeed to higher conversion, which
depletes the substrate of the fasteeacting enantiomer. Conversely obtaining highly
enantioenriched products requires high selectivity, because after the first turnovers of the

reaction, the e.e. of the product begins tlecrease.

Oxidative kinetic resolutions have been established for secondary alcdiats;4],
sulfoxides[65,75]alkenes and allene§}7,76] There is, however, a scarcity of reports of kinetic
resolutions forP-chiral phosphines|77] and there have been, in fact, neports of catalytic
kinetic resolution of phosphines by oxidation of the phosptprier to thisstudy. [24,78;80] The
oxidative catalytic resolution of phosphines is most comparable to that of sulfoxides, in which
the chiral sulfur center is enantioselectively oxidized to the sulfone, leaving enantioenriched
sulfoxide to be recovered from the reaction. Oxidative kineesolution of chiral phosphines,
however, yields both an enantioenriched phosphine oxide product and recovered
enantioenriched phosphine substrate, and could be catalyzechétal oxo complexes rather

than themetal peroxocomplexes employed for oxidah of sulfoxides.

(0] . O (0] (0]
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Figurel-14. Molybdenumcatalyzed oxidative kinetic resolutions of sulfoxides and phosphines

1.3 Coordination and reaction of dioxygen with transition metahters

As mentioned in the previous section, oxidation of electrophilic substrateadigl oxo
complexes is usually carried out with stoichiometric peroxide reagents as an oxygen atom source,
which generates aetal peroxocomplex as the active cataly$8,45] Metal peroxo species can
also be formed by reaction with dioxygeligurel-15). The reaction/coordination of dioxygen
to a metal center is very important for reactions that use dioxygen as a terminal oxidant. Ground

state(triplet) dioxygen is very slow to react with singlet substrates due to its weak eledtyoar
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properties and the spfiorbidden nature of the interaction18,81]Coordination of dioxygen to
I YSdlt LINRPRdzOSa +y a4l OGAGF(GSRé RA2E&@3ISy Y2t

organic moleculeg82]
o) o
w0, — S e "]
M—O \O

Figurel-15. Stepwise Zlectron reductions of dioxygen toetal superoxand metal peroxo

The stepwise reduction of dioxygen to form a peroxo ligand, however, is not the only
possible fate for metal/dioxygen reactions, and the actual species formed can vary. The4nitial 1
electron reduction yields a metaliperoxo complex, examples ohigh are known with copper,
[83¢85] cobalt,[86,87]and rhodium.[86,88] These complexes are paramagnetic and behave as
free-radical initiators, reacting by-électron steps to catafe oxidation of phenols and thiols.
These complexes can alseact with another metal center to form dioxygdmidged dimers
(Figurel-16).

n+1

M
M

OH .. o’ o—
n+1 / M n+1 / ;M> n+1 /
0] M—O M—O0

Figurel-16. 1-electron reductions ofmetal superoxdo metal hydroperoxand>-O, dimer

The dioxygefbridged dimer is a presumed intermediate in the formation of monooxo
species from reactions of metals with dioxygen. The formaflyf2S O (i N2 y-ONgeSledz®@ SR >
further reduced to form two @ ligands, cleaving the -O bond in the procesfFigure1-17).

[82,89] The formedmetal oxospecies may then react as described in the previous section, with
dioxygen coordination and splitting preceding (e.g."Fer following (e.g. ¥, MdV) each

substrate oxidation step.

Nl
2Fe+0,— | O7Fe s ordip 2vE0 +A —» 2VI"'+ A0
Fe=0O
OR "
2FEX0 + A — 2 Fe! + AO 2 V+ 0p— v'Vo’O_V — 2Vvto

Figurel-17. MarsVan Krevelen mechanism for aerobiidation of substrates (A)
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The 4electron reduction of dioxygen to two oxo ligands rarely occurs at a single metal,
as it involves increase the oxidation state of the metal by 4 in one reaction, though this
transformation is accessible by metals withaage range ofvailableoxidation states, such as
ruthenium (Figurel-18). [90]

0
I

LRu" + 0 ——
. 2 LRuV'=0

Figurel-18. 4-electron reduction of dioxygen by ruthenium

Formation of sideon peroxo complexes is walbcumented, but the mechanism of the
coordination and reduction is not. Due the changes in spin state of the dioxygen arfidhe
reacting complex as the reaction proceeds, DFT investigations were unable to fully model the
process prior to the development of methods for calculating the minimum energy crossing points
(MECPs) beteen the highspin and lowspin reaction surfaces. Yu and coworki®s] were able
to model the coordination of dioxygen with a series of ruthenium, osmium, cobalt, and iridium
complexes. In all cases, they found that thel@ctron reduction of dioxygen to the peroxo ligand
occurs in a stepwise fashion, beginning with @mdcoordination 0O, to the metal center, then
forming a partially sid®n peroxo before completing the reduction ahécoordination of the
peroxo group, which may be a triplet or singlet, the latter requiring a-spissover stepHigure
1-19).

T o T o ?
— M"

o) ™o

\

N

Figurel-19. General scheme for oxygen coordination as described by Yu, et al. M=Ru, Os, Co, Ir

Perhaps the most famous transition metal peresatalyzed reaction is the Sharpless
epoxidation,[92] which represented the first practical method of asymmetric epoxidation. The
titanium tartrate complex reacts selectively with secondary allylic alcohols, transferring an
oxygen atom frontert-butyl hydroperoxidehroughthe alcohol stabilized transition state shown
in Figurel-20. [93] The ligation of the substrate alcohol accounts for the substrate specificity of
this enantioseéctive reaction The JacobserKatsukiepoxidation, by comparison, does not
involve a transition state in which the substrate binds to the metal center and instead derives its
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enantioselectivity from the steric environment of its cyclohexanediantiegvedsalen ligand.

[47]

R1
RO,C o R2
o /‘h
RO\'II'i/O\Ti/CS R I
O/' \ / \ 2
' O /O
,0 O R
/,
RO CO,R

Figurel-20. Coordinated intermediate structure for enantioselective epoxidation by Sharpless
reagent[93]

Copper is known to form both superoxo ahéperoxo complexes, and is involved in
enzymatic chemistry, including as a cofactor with molybdenum in CO dehydrogenase (a member
of the xanthine oxidase family]5,83,94] Copper is also involved in reversible binding of
dioxygen, reduction of dioxym to hydrogen peroxide or water, and morar deoxygenation of
organic substrateqd95] Natural copper complexes for the transport of dioxygen are known as
hemocyanins, and consist of a dinuclear?Z 2-peroxo unit, which is far from the only Cuw/O
binding modeor stoichiometry. Copper dioxygen complexes are known with stoichiometries
varying from 1.1 to 4:1.Higure 1-21) Synthetic complexes with copper cerd have been
employed tocarry out hydroxylation of aryl and alkyl substrgtexidation of alcohols to ketones,

and oxidation of thiols to disulfides, among other transformatid85¢101]

ol™ OH | Lo 0----cy ¥
/ / cull | /
cu'--0 cu'--0 \‘O cu''--0

Cu
“,O‘\ 2+ "‘O,“ 2+ CU-—._._VCU 3+ \o/
cu! | el == |cu" el \O\l |
o o Cu o
Cu/ \Cu

Cu |8+

Figurel-21. Coordination modes and stoichiometriesamipperdioxygen complexes

Cobalt has reactivity toward dioxygemilar to that ofcopper,although the majority of

cobalt dioxygen complexes occur either as a mononuclear superoxo or as the dinuckesk
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peroxo(Figurel-22). [102] Significant work has been reported on aerobic oxidation catalyzed by
cobalt (Il) salen complexes, including oxidation of alcohols to ketones, epoxidation of alkenes,
and OAT to phosphines and amines. These reactions have also been reported with ao¥ariety

other ligand systems.

co—o o —N,  N—
O— / \ ~, ’
\ Co\cl)/Co

N\,
N ’

N /Co'\
o) o)

Figurel-22. Coordination modes of cobadtioxygen complexes, structure of cobalilen
complex
While the bestknown and most welstudied molybdenum peroxo complexes are the
Mimoun-type oxoperoxo complexes, which are usually generatgdgH.O, or ROOH oxidation
of an oxo moiety,[42,44,45,69,108113] advances have recently been made in employing
dioxygen as a source of oxygen atoms in molybdewatalyzed OAT[19,114121] Ths
reactivity was first reported with a dithiocarbamate complex of oxomolybdenum (IV), which is
suggested to form a molybdenum (V) binuclear species on reaction with molecular oxygen prior
to generating the dioxomolybdenum (VI) spedEgurel-23a). [122] Investigations of &yano
complex of molybdenum (1V), [(GNIo'VOF,, foundit oxidized 3 moles of triphenylphosphine
per mole Qin a reaction proposed to involve 2 moles of the molybdenum complex. This activity
was rationalized by the copmoportionation of molybdenum (VI) dioxo species, leading to
F2NXIFGA2Y 2 7F-odo¢peciey NIBWING & findl 8xygen atom transfer to phosphine
(Figurel-23b). This differs from the previously reported dithiocarbamate complex, for which the
unreactive molybdenum oxbridged dimer isn equilibriumwith the dioxomolybdenum (VI) and
oxomolybdenum (IV) speciellore recent investigations by the group of Nadia M@&Z@netti
have demonstrated the same aerobic phosphine oxidation for a stable monomeric complex,
[117] and the authors propose based éH and3'P NMR data that both atoms of the peroxo
group are transferred to phosphine. Later mechanistic investigations involving a related Schiff
base molybdenum (VI) complex suggest that the rate limiting stepeoféaction is transfer of
the first oxygen of the peroxo group, with transfer of the second oxygen atom quickly leading to

formation of the monooxo molybdenum (V) speciegy(rel-23c). [121] These ketiminato and
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Schiftbase complexes are the first reported molybdenum complexes to catalytically oxidize
phosphines with dioxygen as the terminal oxidamgd the intermediate species in the oxidation
have yet to be studied wlepth either by experiment om silico The oxidation of sulfides to
sulfoxides and sulfones is welbcumented for Mimourtype complexes formed by reaction with
peroxidic reagents, Uit this activity is not reported for aerobic systems or for @toup transfer

by dioxomolybdenum centers.

o PPh; OPPh, 5
I

2 || 2 + 02
L,Mo=—=0 MoL,

3PPh; 3 OPPhj,

o)
-2 CN- o) o)
R
Mo(CN NC)4Mo
(CN)s (NC)aMo=_ [ (NC);Mo—O0——Mo(CN),
o) (o) 2PM63 ZOPMe3
- PM
MeP( || 4 0, ——PMes || o
MoL, LMo |
0 (c)
+PMe3

Figurel-23. Catalytic aerobic oxygen atom transfeported by Barral, et al. (a)geobic oxygen
atom transfer reported by Arzoumanian, et &) &nd catalytic aerobic oxygen atom transfer
reported by Dupé, et alc)

1.4 Oxidation ofand OAT tothiols

Oxidation of thiols is an important reaction in thrological, synthetic, and industrial
contexts. In cellular environments, cysteine thiol side chains are known to act as metabolic
signaling switches, with their large variety of available reactions being selected for by their local
environment Figurel-24), [122] and in the noAreducing extracellular environment, cysteine

disulfide bridges are a determining factor of protein structure.
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Figurel-24. Oxidative reactions of cysteine with reactive oxygen species (RDS®OH, HO,),
reactive nitrogen species (RN®O,"NO, NGs), and sulfur species

In industrial and synthetic contexts, the oxidation of thiols to disulfides is useful as a
method ofpetroleum sweeteningl23]and as thiolathn, reduction, or thiol protection reagents.
[124,125] Thiols are aerobically oxidizdsy a telectron process to thiyl radicals, which then
homocouple to form disulfides (e®), a process that can also proceed by an ionic pathway (eq
4).

YYOP .0 © CY¥E 00 O YUY'Y'Y eq.3
YY'O P c 0 O°YY YYO YYYYOO eq.4

This oxidation isften catalyzed by bases, which is proposed to be facilitated by the easier
oxidation of the thiolate anion relative to that of the neutitaiol. [126] Metal oxide promoted
coupling of thiols is demonstrated to proceeithe same mechanism as aerobic autooxidation,
producing thiyl radicals and water as products eéléctron oxidéion processes. Catalytic

systems employing both heterogeneous and homogeneous Roetatiaining catalysts have also
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been welldocumented, with vanadium, iron, cobalt, copper, molybdenum, rhodium, ruthenium,
and gold catalysts represented in the literatuRrevious molybdenum systems employed for this
oxidation are scarce, with a two reports of thiols being used to stoichiometrically reduce
dioxomolybdenum (VI) species to oxomolybdenum ([2%,127]a singé report of aerobic
oxidation by a molybdenurontaining heterogeneous cataly$1,28] and a report of catalytic
oxidation employing a dimolybdenum (VI) DMSO complex (using DMSO as solvent and oxygen
atom source,Figure 1-25). These few reports seem to suggest that, with an appropriate
molybdenum complex, aerobic coupling of thiols to disulfides could be carried out under

homogenous catalytic conditions.

ﬁ 1-5 mol% MoO,Cl,(DMSO), R s
R—SH  + > N TN
S DMSO, r.t. or 700C, 10 min-24 h S R

PN

R: Ar, alkyl, benzyl

Figurel-25. Oxidation of thiols to disulfides by MeCk(DMSO) with dimethyl sulfoxide as
solvent and oxygen atom source

1.5 Gaps in knowledge

The broadinvestigations of molybdenuroatalyzed oxygen atom transfer to this point
have left few stones unturned. However, to the best of our knowledge, oxidative kinetic
resolution of phosphines ltenot been examinedandthe structural factors that may lead to¢h
development of a practical catalyst for kinetic resolution of chiral monophosphiiaesxygen
atom transferhad not been elucidatedUsing the easitgerivatized chiral cyclohexghlen
ligand, we believethat a fast, enantioselective catalytic systeouldbe developed for oxidative
kinetic resolution of chiral phosphines. An accompanying computational stadlg establish
whether DFT modeling of the enantioselective stepbe used to screen potential catalysts. The
recently reemerged coordinationchemistry of molybdenum dioxygen complexes is little
developed, as is the possibility of catalytic oxygen atom transfer with dioxygen as the terminal
oxygen atom source. The structural influences on differences in reactivity between nucleophilic

and electophilic substrates hé also not been modeledUsing dioxomolybdenum (VI)
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cyclohexylsalen complexes, we halde demonstrate the potential for aerobic oxidation of both
nucleophilic and electrophilic substratesd to employ DFT methods to model previously
unexplored features of the mechanisrkinally,literature reports of molybdenurpromoted
oxidation of thiols remain scarce, as do examinations of the pathways and oxigabducts of
these reactions. The few existing reports suggest that a molybdemxorcatalyst should be able
to carry out this oxidation under aerobic conditions, but the parameterghe reactionwere

yet to be established.

1.6 This work Preview

In this dissertation, we present the results of catalytic investigationsing
dioxomolybdenum (VI) Schifiase complexes for reactions and applications not previously
examined for the system. Chapter 2 details the use of a chiral dioxomolybdenum catalyst for the
enantiomeric enrichment of chiral phosphines and phosphine oxides by kinetic resolution, along
with a computational investigation of the selectivity and mechanfstitures Small to moderate
enantiomeric excesses of the product phosphine oxide3Q%) @ achieved, and we
demonstrate strong correlation (R=0.99) between experimental selectivity and differences in
activation energy calculated with DFT metho@kapter 3 explores the mechanistic details of the
aerobic oxidation of phosphines with these dioxolybdenum species with an experimental and
computational study of dioxygen coordination, activation, and trand€d&T studies reveal spin
crossover processes in keeping with the literature for other transition metals for coordination of
dioxygen, as welas a surprisingxygen atomtransfer from the oxo groupof the oxoperoxo
complex and an unusual cleavage of the peroxo moiety tfomm the dioxomolybdenum
complex.Finally, Chapter 4 reports the outcome of aerobic oxidation studies of thiols catalyzed
by these oxemolybdenum complexe®xidative homocoupling of thiols to disulfides is found to
be genera) with the catalytic reaction observed for alkyl, aryl, and amino-deiived thiols. The
oxidation of benzyl mercaptan to benzyl disulfide is found to be accompdaby GS bond
cleavage, resulting in the formation of benzyl trisulfide, and oxidation of dodecane thiol results
in formation of a previously unreported oxidation product, the sulfenic anhydride, as a secondary

product alongside the disulfide.
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CHAPTER 2
KINETIC RESOLUTION OF CHIRAL PHOSIINESEN ATOM TRANSFER FROM
DIOXOMOLYBDENUM (VI) SALEN COMPLEXES

2.1 Introduction

A domain in whichO-atom transfer reactions of dioxmolybdenum complexes has
received littleattention is in their use for stereoselective reactiomsChiral phosphines are
valuable for chiral catalysis, as they introduce a chiral environment in close proximity to the active
site metal centef1,2]. The chemical resolutioof chiral, racemic monophosphines, includirg
stereogenic phosphinegypically involves the use of stoichiometric chiral resolving agents or
chiral auxiliaries in a multistep reaction procel$s,13] More directly, the catalytic asymmetric
synthesis ofP-chiral phosphines fronsecphosphinesvia alkylationor hydrophosphination of
alkenes with precious metal complexes has been achieved recgi|{4,15]These asymmetric
synthetic methods generally have limited scope and their enantioselectivities often vary
according to the steric bullf the phosphine. An approach to the enantiomeric enrichmeri-of
chiral phosphines and phosphine oxides that is unexplored is catalytic kinetic resokiione(
2-1).[16] Kinetic resolution exploits the differential reactivity of a pair of enantiomers towards a
homochiral reagent or catalyst, leading to enantiomeric enrichment of both the remaining
substrate and thdorming product.[17,18]In a highly stereoselective transformation by diic

resolution, the maximum enantiomeric enrichment (ee) of both substrate and product is

4

Eh)
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of conversion or yield[18] A single investigation of atoichiometrickinetic resolution of
phosphines by Le Maux, et 4L9] employed a dioxoruthenium complex with a difficult to
synthesize chiral porphyrin ligand. At 1:1 LRpBosphine, a 41% enantiomeric excess (ee) of
the phosphine oxide product was obtained; a0 LRu@phosphine the ee fell to 12%. While
demonstrating that a chiral oxmetal species could show enantioselectivity in the oxidation of a
racemic phosphine, the modest stereoselectivity and the stoichiometric use of this precious chiral

reagent igmpractical for the preparation of chiral phosphines or phosphine oxides.
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5 R\RZ + L*MOOZ F|)+ P. 3

- Z-0 D2 “\ "R +

1 + z
R Rre RY \RSR R \RZ

Z-O = R3NO, R,S0O, ArlO; L* = chiral ligand
Figure2-1. Concept of kinetic resolution offtereogenic phosphines by catalytic oxidation

An effective system fatatalytickinetic resolution should meet several conditions, most
importantly: the chiral catalyst is economical, is easily prepared and its active site chirality is
readily tuned structurally and electronically; the reactions are highly enantioselective, even at
high substrate loading; and the stoichiometric reagent(s) is effective and inexpendigé.
Complexes of Schiffase (imine) ligands offer a versatile and convenient platform for testing
structure/activity and selctivity effects, but (imine)Mo®©complexes have received relatively
little attention as catalysts foO-transfer reactions[20¢22] In this study we report the first
examples of theatalytickinetic resolution of &-chiral monophosphine/phosphine oxide, which
employ economicalrad customizable saletype dioxemolybdenum complexes. Also presented
are the results of a DFT computational analysis of the catalytic mechanism and the origin of the
reaction enantioselectivity.

This chapter largely consists of an article published itebdar Catalysis in August 2021

[23], primarily written by Theo Rusmore.

2.2 Results and Discussion

2.2.1Preparation and characterization of L*MgCatalysts

The diiminetype salenligands 1-5 required for complexation were prepared by
condensation of a salicylaldehyde derivative with an enantiopu@806) chiral diamine, either
trans-(R,R-1,2-diaminocyclohexane (in alcoholic solution) -1 Z-dia@ino-binaphthylene (in
toluene) Figure2-2, Figure2-3). The ligands were isolated gellow powders and characterized
spectroscopically. The corresponding LMa®mplexes7-10 (L=CHEsalen) were prepared by
refluxing a solution of the Schiff base ligah8 with MoOz(acac) in a chlorinated solvent, 152
dichloroethane or chlorobenzenesdlation by precipitation with a nonpolar solvent afforded the

complexes as yellow/orange/brown powders. The BINddvived complexl2 was prepared
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similarly from ligand.1and (DMPEMoOCh (Figure2-3). The measured optical rotations showed
the complexes-10to be optically active. It is assumed that configurational integrity is retained

during preparation of the chiral ligand and its Momplex.

Q _ROH Ligand Complex Rq R»
h t, 4h
e 1 6 H H
2 7 H NO,
5 R .
Q N7 2 Q"N/ Rz 8 Br  NO,
N MoO,(acac), N /
= HO - > 72 \MO\O
NS
OH R, reflux, 4h /\\\ R, 4 9 t-Bu  NO;
10 - -
R2 Rl RZ Rl 5 t Bu t BU

Figure2-2. Reaction scheme for the preparation of Gkiiden complexe§-10; (S,$

w

configuration shown.

HaN + 2 OH toluene N
NH /

2 " heat, 45h

‘Bu

MoO,Cl,(DME),
DCM, reflux, 72h

Figure2-3. Reaction scheme for the synthesis of com@d&xSconfiguration drawn

IR spectra of the ligands (3.B-5) display characteristic imine stretching absorptions at
15821610 cmt, along with nearby aromatic C=C stretching absorpt{@igureA-1-FigureA-4).
Ligation of the imine nitrogen to the Matgenter in complexe§-10, 12lowers the imineC=N
stretching frequency noticeably (FD cm?'). Two MoQ stretching absorptions are observed for

all complexes in the range of 9B25 cm! and 877898 cmt, typical of similar LMofomplexes,
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[20,24,25]'"H-NMR spectra for the cyclohexyldiimine (CHD) ligands show characteristic splitting
patterns for the aromatic ring and imine protons in thel@ ppm region. Dioxonolybdenum
coordination of these ligands causes an upfield shift of the araratd imine signaland a
ASLI N GAz2y 2F (KS NBaz2ylryoOoSa F2NJ 0KS IIINRBYIFGAO
NMR pattern for the complexe®&10. This pattern points to a breaking of the symmetry of the
ligand upon introduction of the oxmolybdenum center, creating different electronic
environments on the salicylimine rings and the é4o groups, indicative of a single compound
with an unsymmetrical coordination geometry. These features may be compared to NMR data
for a series of 1;2liaminoprgpanebased saleMoO; reported by Gullotti, et al[24] and has
also been noted by Schachner and coworkg§]

To further clarify what the preferred geometry is for the Gétdived salen complexes,
the structures of6-10 were optimized using the B3LYP hybrid functional. Solvent phase free
energies were obtaied by single point energy calculation with the M0O6 functional and the SMD
solvent model for 1,2lichloroethane; with addition of entropy and temperature corrections
from the corresponding B3LYP optimization. Two isomeric geometries were evaluated, a C
3S2YSGNR GKIFG LI OS&a G662 bQa YR 2yS LKSy2ftl
2E2 hQa AySlidAgltSyis 2yS ( NIOyAseddrdl QeonletyR 2y S
glra taz S@Fftdza SR GKI G LI I OSnéand keStwopbeolate Qa |y
oxygen atoms in thdrans diaxial positions Kigure 2-4). The respective 1Cand G isomers,
alternatively designated asisb and cish [26], both optimized to minima, but with different
energies as listed in Table 1. For all of the GBIBn derivatives, the unsymmetrical iSomer
was calculated to be significantly maostable than the €symmetric isomer, both under B3LYP
and with the M06/solvent functional. Amor@y10the unsymmetrical (§ isomer was favored by
6.2-8.2 kcal/mol over the symmetric {Cisomers, consistent with thpresence of two sets of
salicylimine peks in theitH NMR spectra. For these compounds thés@mer is likely to be the

exclusive form present under the catalytic reaction conditions used in this study.
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Figure2-4. Calculatedstructures of theG (left) andG (right) coordination isomers o5($CHD
NQO-salen)MoQ (7) [Mo- green, Cgrey, Hwhite, O red, N blue)

Table2-1. Energy differences fati vs G coordination isomer®f modeled complexes

nNnD 6. o[ ,2t| nD 0 an c disorfeNE
Complex .
isomer, kcal/mal solvent phase, kcal/m®l
7 -9.6 -11.1
8 9.9 -11.3
9 -7.5 -8.8
10 -7.1 -6.7
12 +0.9 +1.0

aGisomer is set at 0 kcal/mol to show favorability@fisomer for (CHBalen)MoQ

As for the (BINAMsalen)MoQ complex12, the'H NMR spectrum of the reaction product
was more complexv(deinfra) than the distinctive pattern of inequivalent pairs of reances
found for the CHD derivative&10, suggesting that it did not have the samegeéometry.To
clarify this issue definitively-pay quality crystals of th&2were obtained by vapor diffusion. The
solved structure olL2is shown irFigure2-5; key bond lengths and angles are listed able 2 of

the Experimental sectian
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Figure2-5. X-ray crystal structure 012

The Xray-determined molecular structure o2 (Figure2-5) exhibits approximate C
symmetry with a distorted octahedrabordination sphere geometry. The two oxo groups occupy
cisLl2aAtAz2yas 020K GNIXya (2 GatoBsakeYranyts eabh@ther.l y R
The O=Mo=0 bond angle is nearly 4 dbmparable to other cidioxomolybdenum complexes.
[26,27] The transphenolate GMo-O angle is significantly ndimear at 158, probably resulting
from the constraints of the binaphthydliimine coordinating atoms (see Table 2 in Experimental).
¢tKS RAKSRNIt adGgAailé-CENadmsis rador 1R Sompared e 430 & (1 KS
calculated for7.
We calculated optimized structures for the (BINA&en)MoQ 12 with the B3LYP hybrid
functional {n vacug and solvated energies with the MO06 functional (in-diéhloroethane)
(Figure 2-6). In this case it was found that éhfree energy difference between the; C
unsymmetrical and £symmetric structures was rather small, approximately 1.0 kcal/mole in
favor of the G geometry found in the Xay structure ofl2. Careful reanalysis of théH NMR
spectrum ofl2 prepared withou purification showed partially overlapping patterns derived from
the major symmetrical 4somer and the minor unsymmetrical iSomer (3:1 ratioFigureA-23).
Given the presence of both isomers and the small calculated energy difference between them it
is possible that both isomers could play an active role inGieansfer phosphine oxidationral

its stereoselectivity.
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Figure2-6. B3LYPptimized structures of§,SCHDNOG-salen)MoQ 7 (left) and GBINAM
salen)MoQ 12 (right)

2.2.2Experimental Reaction Studies

Stoichiometric oxygen atom transfer studies were carried out initially with the
unsubstituted compleX in a 1:1 molar ratio with triphenylphosphine to establish reactivity and
appropriate experimental conditiongigure2-7). The reaction was found to occur slowly at 70°C
(92 h) in acetonitrildut resulted in complete oxidation of the phosphine. A comparative study
of the stoichiometric reaction of iphenylphosphine with (CHNOG:-salen)MoQ (7) conducted
I 0 Hp e /3shdwgd a/censiderably faster conversion; the conversion rate7 far room
temperature is comparable to that f@at 70°C. This result demonstrates acceleration of@he
atom transfe (OAT) reaction through the introduction of tipara-NC; group on the salicylimine

moiety, as observed in saldappe dioxomolybdenum complexe2,28]
PPh3 + I—*MOOZ —_— OPPh3 + L*MoO
Figure2-7. Reaction of (salen)MoQvith PPh

Both DMSO and pyriding-oxide were tested as possible oxygen donors for the catalytic
oxidation reaction. Neither reagent was observed to oxidize phenylmagnbutylphosphine
substrate in kAnk reactions (without catalyst). When triphenylphosphine and comfp2i10
mol %) were heated in excess DMSO (solvent) at 65°C 62 24P NMR monitoring showed
gradual oxidation of the phosphine to ORPThe corresponding reaction of an unsubstituted (2
H) analog of BINAMerived complex12 with pyridine N-oxide/PPh (1:1; 4065 °C) was
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considerably more rapid (ca. 30% conversion in Abgordingly, subsequent kinetic resolution
experiments with the dalysts 7-10 and 12 employed pyridineN-oxide as the stoichiometric

oxidant Figure2-8).

b Sn© Moo 7. -
P— N 2 + X

2 me” NP TCE, 50 °C ARph * ANeBe + ]
t-Bu % , Me BU Me oh

~N
%

Figure2-8. Scheme for catalytic oxidative kinetic resolution

The kinetic resolution studies were carried out using 0.5 equiv. of pyriNHogide
relative to the racemic chiral phosphine PMé&Bnto control the conversion and with3- 2.0
mol % catalyst relative to the phosphine. Reactions were carried out under argon to prevent
potential complications from aerobic oxidation. Reactions with pHEO-substituted catalysts
7-9 were conducted at 50C in 1,1,2,2etrachloroethane, wHe reactions with the less activate
non-nitrated catalystsdlOand12were run at 8°C. Each reaction mixture started out as a yellow
solution, turned brownred after addition of phosphine and heating, and then turned to pale
green after consumption of thpyridineN-oxide oxidant. The phosphine oxide was isolated from
the reaction mixture after solvent evaporation and preparative TLC. The enantiomeric excess of

the isolated phosphine oxide was determined by chiral HPLC and optical rotation.

The kinetic esolution results with the various catalysts are tabulated@able2-2. Among
the set of (CHBalen)MoQ complexes/-10the enantioselectivities range from negligible for the
unsubstituted NG, catalyst7, to 7% for the bromenitro compound8, to 16% for the'Bu
substituted derivatived. Thus, there is a trend of increasing selectivity with increasing size of the
2-substituent. A reaction employing the less activet-&u catalystl0 (lacking theparaNG
group), required higher temperature and longer reactianei and afforded a lower (8%) ee. The
binaphthylderived salen complet2 gave a significant increase in the ee of the product but
needed an 8 day reaction time at 8C with 10% catalyst loading to obtain a moderate yield of
product (40% conversion). Weote that the reactions could not be conducted under strictly
identical conditions because of the differing catalyst solubilities and activities. Nonetheless,
presuming that the sterealefining step is first order in catalyst (supported by the calculations

and prior experimental studies), then the stereoselectivity (% ee) should be independent of the
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catalyst concentration. Therefore, the observed effects of substituents on activity and

stereoselectivity are deemed valid.

Table2-2. Experimentally determined enantioselectivities (ee) of gisphine oxide

catalyst
catalyst | loading | ee [ conversion| tmn Trxn
(mol %)
7 1.8 0 9% 42 % 6h | 50°C
8 0.5 79% 42 % 6h | 50°C
9 1.7 16 9% 40 % 74h| 50°C
10 1.7 8 % 18 % 16d| 80°C
12 10 30 % 40 % 8d | 80°C

arepeated 23 times and give the same results, by HPLC and optical rotatdmained by

multiple optical rotation measurements from the same experimental sanipLC result

2.2.3Computational analysis of the phosphine oxidation reaction

To map out the entire energy profile for the okéo catalyzed phosphine oxidation we
employed he B3LYP hybrid functional for optimizations of stationary state species. Transition
states were located using modredundant calculations to scan along the forming/dissociating
bond and optimized to a Berny transition state using the B3LYP functionalneklies for
solvated species were calculated using the M06 functional as single point energy calculations.
The overall mechanistic pathway Figure 2-9 was conceived to begin with attack by the
phosphine on the electrophilic oxdo center of LMo(VI)9to produce the phosphine oxide
adduct B in the stereedefining step. Next the phosphine oxide dissociates to produce the
reduced LMo(IV)O speci€s To regcle the Macatalyst pyridineN-oxide coordinates witlCto
form the amine oxide adduct LMoO(OPyD),(which then dissociatively cleaves off pyridine to

reform the original LMo®speciesA.
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PMePh'Bu

/\

L*MoO, L*MoO(OPMePh'Bu)
A B
Pyr
OPMePh'Bu
L*MoO(OPyr) L*MoO
D c
Pyr-O

Figure2-9. Putative pathway for MecatalyzedN-oxide driven phosphine oxidation

We next analyzed each step of the suggested pathway, beginning with the interaction of
the (CHENOx-salen)MoQ complex7 with the chiral phosphine PMeMu. For this and each
subsequent step the reactant, product and, where possible, the transition state structures were
optimized and the free energies were calculated. To address the stereoselectivity issue that arises
in the phosphine reaction with L*Mofzomplex7-Athe diastereomeric phosphine oxide adducts
7-Bwere first optimized to provide a starting point for the transition state searckhagife2-10).

Note that since the two oxatoms are inequivalent, one (axial) beitngnsto the phenolateO,
the other (equatorialYransto the imineN, four isomeric adduct$-B (and transition states) are
possible. While all four isomers coub@ optimized computationally, we found later that the
activation energies for phosphine attack on the axial-&af all the CHRlerived complexes are
dzy A F2 NI & &2 GO\NEal/nSotl{2B) <0.8 kcal/mol 8-A/B) < 4 kcal/molg-A/B)

< 10kcal/mol @0-A/B). Therefore, we conclude that the stereoselectivity of the phosptire
atom transfer for7-10 is largely or exclusively the result of phosphine attack on the axial oxo
group. As to why axial oxo attack is favored, this does not appeaedoltrfrom the small
differences in Mo© atomic charges (Mulliken: a0.47, eq-0.45; APT: @0.78, eg-0.72) and
Mo=0 bond lengths (ax 1.73 A, eq 1.72 Afjobut instead from FMO populations and amplified
by a steric effect as suggested bySth (1 NB yQueqnoted plgove.For the dioxo catalyst

species, the LUMO is an orbital on the axial oxo group, while all unoccupied orbitals with
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contribution on the equatorial oxo group also have contributions on the axial oxo group (LUMO+1

and above).

"‘f"
, "

"

,r

>

~Y

Figure2-10. Optimized structures of§,SCHBDNG-salen)MoO(EPMePFBu)7-B diastereomers
from attack on the axial ox®. TheSOPR ternary complex (left) is more stable.
Transition states (TS) for phosphine attack on LbMw€re then located from the ternary

phosphine oxide compleX-B using a relaxed coordinate scan (matlundant) along the ©

bond and then optimizediaa Berny tansition state calculation. In the diastereomeric transition
states Figure2-11), one can see that the phosphine preferentially approaches the axial oxo
group from the more open (less hindered) quadrant away from the upvpaogecting CHD ring.

As the phosphine attacks the electrophilic oxo group, the®bond is lengthened (1.73 1084

A) from7-A and the forming FO bond is much longer than in the ternary compfeR (2.13 vs

MOpH )ODd ¢KS OI t OdfBdsifoBtRe stBrgodnidic TS As Brify 8.0 kgaldrel n n

(Table 2-3), predicting a very low enantioselectivity in accordance with the undetectable

experimental selectivity for this compleXdble2-2).

&

:::3:‘ :(It’,
ALOEE
s

r»

o

Figure2-11. Representative structures for the associative #ERM0O; transition states.
left: TS.s 7-A/B (pro-S OPR favored TS); rightS.g 7-A/B (pro-R OPER
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Table2-3. n Dandn n “Basifor diastereomeric transition states for L*M@O

kn Dof diastereomeric
N Dikeal/mol) transition states (kcal/mol)
experimental
complex MO6/solvent calculated from % ees
62 24.4 0.9 -d
72 20.9 0.15 0.00
8 19.6 0.6 0.12
92 23.0 1.4 0.26
10° 26.8 0.7 0.11
120 27.5 3.5 0.59

af A & ("& Ralcpldled at 323.15 Kf A & (“&Ralcpldded at 353.15 K;
¢see egn 1\ide infrd; ¢ not determined
Diastereomeric transition states for phosphine attack on the varioussBbktituted CHD
salen complexes8-10 were similarly located and the energy differences between the
RALF&0G§SNB2YSNRO GulNdang Bistediid Tahle 324y OB IZa § nA Gaa® £ Odzf |
can be seen as thegubstituent increases in size fro#d (7) to-Br @) to ¢t-Bu ©). Among these,
the diastereomeric transition states and activation energies for reaction of the phosphine
enantiomers with the 2-Bu conplex9 (Figure2-12) are the most differentiated energetically at
1.4 kcal/mol. Here, the lower activation energy transition state is the one that asp®
minimize the steric interactions of the largegroups with the projecting cyclohexyl ring and left
side salicyl aromatic ring. In considering the reaction of the enantiomeric phosphines with the
G-symmetric, BINAMiIerived12-Bonly one pair of distereomeric phosphine oxide adducts and
transition states are expected because of the geometrical and electronic equivalence of the two

0X0-0Xygens.
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Figure2-12. Diastereomeric transition states foeaction of enantiomeric PMeMBu with9;
left: TS.s 9-PR (pro-SOPR, favored TS); rightS.s 9-PR (pro-R-OPR)

The energy difference between the diastereomeric transition states leading24B
(Figure2-13) was calculated to be the largest among all the catalstidied here aB.5 kcal/mol.
Curiously, the two TSs differ in the approach of the enantiomeric phosphines to the axial oxo
unit. One (right) has the phosphine approaching the seemingly more hindered wpn@jetting
t-Bu group (with IMe nearby), whi the other (left) avoids the upBu, but orients the largep-
substituents (Ph,-Bu) in that direction. The increase in enantioselectivity with the BINvased

complex12 may arise from these interactions.

Figure2-13. Diastereomeric transition stateébS.g for 12-PR. Thepro-SL*Mo(O)OPRTS (left)
is favored

I 2YLI NF GA DS WSELIBING Xdhybé Icdlchated from the selectivity
number,s, which is related to both the maared enantiomeric excess of the product and the
conversiong, using equation 129]. The calculated values are thus independent of the changing

enantiomeric excess of product as the reaction progresses. In comparing the experimental and
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calculated enantioselectivities we first point out that the calculations predict that reactions of

the Rphosphine enantiomer witl8-10, 12 uniformly have loweractivation energies, which

would lead to faster formation of the&sphosphine oxideHowever, in the computational

modeling the enantiomeric §,$-configuration of the catalyst$-10 was used,while the
experimental structures wereR(R. Hence theRphosphine oxide should be favored from the
(R,B-isomers, as observed experimentally.K S 02 Y LJdz(i S R "4 bré cdaSsistenfyT np D
higher than those derived from the experimental results. HoweJss, computational trend in

n n‘Dor the studied complexes is roughly linear with respect to the experimental drdaire

2-14). The linear relationship suggests a systic origin of the discrepancy between calculation

and experiment. It may arise in part from the limited ability of the DFT methods to determine

very small differences in the TS energies, basis set selection and/or the solvent model.
, . d:r c
i Q — (eq. 1)
s= selectivityc = conversion, ande= enantiomeric excess of the product

In Table2-3 we also ilude the calculated activation free energies for the phosphine
reaction with L*MoQ 6-10 and 12, which range from 19.6 to 26.8 kcal/mol. Among tO;
substituted complexeg-9, the activation barriers reflect composite electronic and steffects
of the 2substituent, e.g. H/Br7(8) and a steric effect H/Bu (//9). Comparing the -MNOy-
substituted catalysts79) to those with ora 4-H (6, 12) or a 4t-Bu (LO) group, one sees lower
activation barriers of approximately 5 kcal/mol for tHeO; derivatives. The lower barriers for
the more electron deficientqNG substituted) and the less hindered-gRbstituted) complexes
parallels what is observed experimentally in the relative reaction rates and suggests that the
turnover-limiting step in he catalytic cycle is a nucleophilic phosphattack on the electrophile
L*MoGC,. This conclusion is further supported by our analysis of the energetics for the remainder

of the catalytic cycle.
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Figure2-14. Comparison of DFD 2 Y LJdzii SR | Yy R & EREIBONANeReHtr0.G1) nn D

The next step of the catalyti©-transfer oxidation would involve dissociation of the
phosphine oxide adduct to form LMo(IV)O + @PFRe release of the produghosphine oxide
molecule appears to be a purely dissociative step, in contrast to the dissociative interchgnge (I
process described by Kail et al. This step is found to have a small activation barrier of +6.5
kcal/mol for the dissociation of theStphoghine oxide and a +6.3 kcal/mol barrier for
dissociation of theR)-phosphine oxide. The transition state geometry for this dissociative step,
TS, is shown inFigure2-15. Dissociation of the product phosphine oxide molecule lowers the
coordination number of the metal, allowing the ligand to relax from the octahedral geometry
toward the square pyramidal geometry observed T7e€. The overall free energy change foigh
dissociation step is practically thermoneutral for formation of the parent (SalMo(IV)O1-

QX gAGK | nD 27T -phosphine 4xi@d ahdit+¥.2ktal/rfoRfoddnaxiRSphing 0

oxide.
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Figure2-15. Transition state structure for the dissociation of the product phosphine ox8de (
OPR, left; ROPR, right)
The optimized structure of-Cis square pyramidal and is calculated to be a ground state
singlet Figure2-16). This geometry and spin state has been identified in other LMo(IV)O species

[27], and is found to be stabilized by 11.3 kcal/mol versus the triplet state in our calculations.

Figure2-16. Optimized structure of (CHBal)Mo(IV)O1-O

Attack of pyridineN-oxide onfive-coordinate LMo(1V)O7¢C) would produce the amine
oxide adduct-D (Figure2-18) viaan associative transition stalesp(Figure2-17). The reaction
free energy for this association is +8.4 kcal/mol for the axial approach versus +8.5 kcal/mol for
the equatorial approach,ugygesting that neither approach is favored over the other. TheMo
interaction in this transition state is such that the major geometry change occurs in the ligand
coordination arrangement, with only a slight lengthening on the pyridis@ bbnd (1.30 Aaxial
approach, 1.28 A, equatorial approach, 1.27 A, free pyridioile). As shown iRigure2-17,
both approaches lead to reorganization of thgalnd from square pyramid&ICto a distorted

octahedral geometry more comparable Tand 7B.
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Figure2-17. Transition states fol $p, ax left, andTSp, eq right

The geometry of thes-coordinate amine oxide addud{7-D, Figure 2-18) is slightly
distorted octahedral with the Py® ligandcisto Mo=0O and the comple¥-D may be compared
to the strucurally similar Mo(VHOPR adduct7-B. In contrast to the transition stat€éB&p, axeq
the equatorial amine oxide adduct is stabilized by 2 kcal/mol relative to the axial adduct, likely
due to the difference in steric confinement of the coordinatiote sAlthough amine oxides are
known as ligands and reagents for -Rvkdiated oxidations[30¢33], few structurally
characterized metal complexes of amine oxides have been reported and, to the best of our

knowledge, only oa of Mo[34].

Figure2-18. Optimized structures of (CHEl)Mo(IV)O(ePyr) {-Dax, left; 7-Deg, right)

The final step of the catalytic cycle is proposed to involv® Wleavage and pyridine
dissociation from the adduct LM)O(GPyr) {-D). The thermodynamics for this stepA{
kcal/mol) are highly favorable. A TS for pyridine loss freihwas also locatedRigure2-19). It
KFa I Y®9RSE4kéal/moDaxial; 12.6 kcal/mol equatorial), resulting from compensating
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N-O bondbreaking with MeO bondmaking and a favorable dissociative entropy gain. Inspecting

the bonding changes in the TS relative to the reac?@bt one can see a considerably elongated

N-O distance of 1.6% (vs 1.31 A irrD)and a shortened M& 0f1.93 A (vs 2.26 A fatD). It

R2Say Qi I LIJISI N GKFG &dzOK | -oxifle Okansfer @astidns toY 2 RS f ¢

metal centers.

Figure2-19. Optimized TS structures (axial, left; equatorial, ryght pyridine cleavage from
D/IA
A reaction coordinate energy profile based on the postulated mechanistic pathway is

shown inFigure2-20. Here it can be seen that the overall reactionsRPRPyrO A OPR + Pyr is
highly exergonic;59 kcal/mol, and thus has a strong driving force. The turndivating step for
the catalytic eaction, with an activation energy of 22.2 kcal/mol, is phosphine attack on the
catalyst L*MoQ. This conclusion is also supported by the faster observed reactions of the nitro
substituted catalyst3-9 relative to10and 12 and is consistent with prior @erimental studies
of other LMoQ-promoted reactions wittD-acceptors[11,35]The energetic profile for the initial
phosphine reaction witty (A-OQ is quantitatively similar to that found by Thomson and Hall f
PMes/(SCHCHNH}XMoGO; [36] and by Kail and Basu for Rftydrotris(3-isopropylpyrazetl-
yl)borate]MoQ [37].
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Figure2-20. Free energy profile for th®&-transfer reaction off (L=NG-CHDsalen) with
PMePHBu

2.3 Conclusions

A set of modular, chiral (salen)Me@omplexes derived fronsyclohexyldiamine (CHD)
and binapthyldiamine (BINAM) has been prepared and characterized. These compounds catalyze
the efficient oxidation of a representativB-chiral tert-phosphine by pyridineN-oxide. The
reactions proceed with low to moderatenantioselectivities, depending on the electronic and
steric properties of the chiral ligand. The inclusion of an eleetvghdrawing nitro group on the
salicyl unit of the complexes is found to increase catalytic activity, while the presence of
substituents at the 2position increases enantioselectivitfhe reaction pathway, including the
stereodefining phosphine/LMo@reaction step, has been modeled by DFT methods, showing
the energetic viability of various intermediates and features of the stateining transition

state. The DFEalculated enantioselectivities with this set of catalysts linearly correlate with the
experimental results.

Although modest enantioselectivities have been obtained in the kinetic resolution system

studied here, the strongorrelation between experimental and computational trends indicates
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that computational methods could be used to design and-goesen catalysts, reducing

laboratory effort, and allowing for effective catalysts to be selected for specific substrates. By
combining the lessons learned here from the steric and electronic effects of ligand substituents
and conformation on the reaction stereoselectivity, we believe that dioxomolybdenum(VI)

complexes are good catalyst candidates for other stereoseleChamm transfer reactions.

2.4 Future and expanded research directions

LY RRAGAZ2Y (2 (K& diastrSomariE ca@llyst sgstaing: siicB & thjs,n D
it may be possible to improve the efficiency of the search by using an approach similar to the
design @ transition state analogues for enzymatic cataly$&8] For the purposes of this
investigation and ones like it that may be conducted in future, we suggest using phosphine
sulfides or selenidess the larger atomic radius of the S atom will lead to increasedsl and E?
bond lengths.The crystallographically determinedFEbond lengths in tris@yridyl)phosphine
sulfide[39]is 1.93 A, significantly longer than the analogous O=P bond length ({448) Aand
more similar to the @ bond length in our calculated transition states, 2.13 A. When ligated, it
seems likely that the-B bond will lengthen slightly, further approaching the calculated transition
state geometry. Theorresponding phosphine selenide has a Se=P bond length of 2.10 A, making
it another possible candidate for this transition state analogue. This transition state analogue
approach may be useful for screening large libraries of catalyst structigies shgle pair of
calculations (pre5 and preR ternary complexes) for each possible catalyst, then following up
SyO2dzN» A3Ay3 NBadzZ Ga A0GK OGN yaAldNdythezhirdl 0 S 2 LJ

phosphire oxidation step.

If pursuing ligand modificain to improve the enantioselectivity of stereoselecti@e
atom transfer, there are several approaches that could be taken. Staying within the
cyclohexylsalen ligand framework, the selectivity could be improved by increasing steric bulk at
the salicylimine3-position, such as substituting an adamantyl group. This substitution would be
expected to be accompanied by a decrease in reaction rate, though the option to increase
catalyst loading could likely be used to make up for this. Based on the results stutis
however, this modification would be expected to have limited impact on the enantioselectivity
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due to the moderate increase in steric bulk on the reactive (axial) oxo group. Moving away from
the CHDBsalen, there are more options to be explored. Qwoate to a more efficient kinetic
resolution would be to increase the rate for OAT from the BINgsn complex by using the 4

NO salicylaldehyde derivative. However, to improve the selectivity of the (BHS&®h)MoQ

catalyzed OAT reaction, one mussfiaddress the issue of coordination isomerism. One way to
address this would be to add a steric element to the imine functionality by synthesizing the ligand
from the 1-(2-hydroxyphenyl)ethanoner 1-(2-hydroxyphenyl)propanone derivatives. The steric
encumbrance of the added methyl or ethyl groups may be enough to restrict the
dioxomolybdenum complex to exclusively the@2 2 NRAY | GA2Y Aa2YSND ¢KS
imine position will not increase steric confinement of the transferred oxygen moietif, e

were attempting to accomplish locking of the complex conformation and adding steric bulk to
GKS I OGA@S &aArdsS ¢ A-medifid] yiSaphi@damifieAb@dkbiore vgull bd'a 0 = 0 C
good starting point. A quick calculation of the structuresh&f G and G coordination isomers of

0 K S -dimEtlylBinaphthyldiaminederived salen complexF{gure2-21) shows that the free

energy difference for the two isomers is 3.5 kcal/mol, significantly larger than for the BINAM
complex (1.0 kcal/mol), suggesting that this would indeed be a favoralpeoaph for the
synthesis of an exclusively BINAMbased OAT catalyst.

Figure2-21. (3,3-dimethytBINAMsalen)MoQ, G (left) andG (right) coordination isomers
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2.5 Experimental

2.5.1General methods

NMR spectra were obtained using Varian OXFORD 300, 400, and 500 MHz NMR
spectrometers; IR spectra were obtained on a Shimadzu IRAffiklIR; and optical rotations
were measured using a Rudolph Research AUTOPOL Il polarimeter. Reagent grade solvents were
used as obtained. Chiral HPLC was carried out using a ChiraCel column with 3% isopropanol in
hexanes as eluent at a flow rate of 1.0 mL/m@mmpoundsl, 2, 4, 5, 6, 11, PMePhBuU and -
Bu-5-nitro-salicylaldehyde were prepared as reported previoug3y24,4%48] Complex8 was

preparedviaa modification of the literature procedurO].

2.5.2Preparation of acemic phosphine anptNQ; salicylaldehydes
Preparation of racemic Phenylmethgtt-butylphosphing3]

_~~._  To a50 mL round bottom flask under nitrogen flow was added 25 mL of newly

Me“‘P"' S j opened anhydrous diethyl ether. The flask was placed-#2& bath, and 2.5

JP g (12 mmol) of chlorophenyert-butylphosphine was added by syringe. The

’ ) flask was stoppered using a rubber septum and 12 mL of 1.6 M MeLi in diethyl
ether was added by syringe. The reaction vessel was allowed to come to room temperature and
stirred for 1.5 hours before stirring was stogd to allow salts to settle. The reaction was
transferred to another 50 mL round bottom flaska cannula filter and concentrated under
nitrogen flow. The first flask was rinsed with another 50 mL (2 x 25 mL) anhydrous diethyl ether,
which was again trarisrred to the second flask by cannula filter. The impure product was an
orangebrown semisolid and was distilled under vacuum (180 °C, 80 mtorr) to isolate the
pure phosphine as a clear, viscous liquid (1.9 g, 87% yield). The phosphine was deteorbmed t
>95% pure by!P NMR. NMRtH NMR (300 MHz, CBR&I + T dny O00GRZI W¢l ¢ ®T13
7.31 (m, 3H), 1.32 (d, J = 3.7 Hz, 3H), 0.97 (d, J = 12.0 HR MYR (122 MHz, CREI-10.12.
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Preparation of &ert-butyl-5-nitrosalicylaldehydé41]

O Into a 100 mL round bottom flask was placed 6.9 mmol (1.2ejt3utyl-
2-hydroxybenzaldehyde in 19 mL of glacial acetic acid. The flask was
| ' placed in a €C ice bath. Nitric acid (70%, 2¢4,6.0.5 mL, 166 mmol) was

O,N” ™ < added dropwise. The reaction was allowed to come to room temperature

over 1 hour. The reaction was quenched by pouring the reaction mixture
overice in a1l L beaker, and the product was isolated by filtration in 65% yield &snap@hder,
which was determined to be 90% pure by NMR. The nitrated salicylaldehyde was used for the
ligand synthesis without purification. NM#4{ NMR (300 MHz, CB&l ¢+ MH®nn 06aX wml 0Z
8.41 (s, 2H), 1.46 (s, 9H).

2.5.3Preparation of ligands ardioxomolybdenum (VI) complexes
Preparation of diimine ligand$-or the cyclohexylsalen ligand series, the ligands were prepared
by combining 2 equivalents of the respective salicylaldehyde with the diamine in alcoholic

solution and heating at reflux. Comidns for each prepared ligand are reported below.

- Salicylaldehyde (1.02 g, 8.33 mmol) was placed in a rbotidm flask

with a stir bar. The aldehyde was dissolved in 5 mL distilled water, and

Preparation of (xjrans-cyclohexylsalen ligand){42]
T.--"“"'w-l.\‘l e .-"T::

g

_N HO,:HHHJ;; (xHrans1,2-diaminocyclohexane (0.464 g, 3.90 mmol) in 5Swaler,
=~._-OH dropwise with stirring. A yellow precipitate was visible immediately. The
S reaction mixture was refluxed for a few hours, extracted withCiand
dried with sodium sulfate. The solvent was removed under vacuum, yielding 1.09 g (87%) of a
yellow povder. NMR analysis confirmed that the aldehyde was consutieNMR (300 MHz,
CDGE 1 0 ™Mo ®©®H), 8026 (NJ2H, N=CM)| 7224 (dt, 2H, Ar H), 7.15 (dd, 2H, Ar H), 6.88 (d,
J=8.4Hz, 2H, Ar H), 6.79 (dt, J=7.5Hz, 2H, Ar H), 3.32 (m,-B}, C#L(m, 4H, Ch), 1.72 (m,

2H, CH), 1.47 (m, 2H, GH IR (KB[ : 1630cmt (C=N).
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Preparation of {)-trans-5-nitrocyclohexylsalen ligan@)46]

Py To a round bottom flask was added 20.0 mmol (3.34 g)of 5

Sy e~ MOz pitrosalicylaldehyde and dissolved in 10 mL ethanol. The

= Ho™ solution was stirred with a magnietstir bar and (1R,2R)-
2~ O cyclohexyl diamine (10.0 mmol, 1.14 g)) was added as an
0N S ethanolic solution (5 mL abs. ethanol). The reaction flask was

attached to a Soxhlet extractor with a thimble of Mg2@ a drying agent and topped with a
water condenserThe reaction flask was then heated to reflux for 6 hours. After cooling to room
temperature, the precipitate was isolated by filtration and washed with cold absolute ethanol.
The ligand was isolated as a bright yellow powder in 93% vyield (9.35 mmol).:NMRIR (400
MHz, DMS@Rc 0 1 y ®dTn 0 & >J=8.0 Hz, 2H), §.06 (dFE 9.5, ®.0 Hz, 2HR & 77
(d,J= 9.4 Hz, 2H), 3.71 (@ 9.1 Hz, 2H, HR), 2.00 (dJ= 12.7 Hz, 2H), 1.80 (@ 8.7 Hz, 2H),
1.68 (dJ=11.3 Hz, 2H), 1.43 (m, 2KJ46]: 'H NMR (400 MHz, CRGL14.29 (OH), 8.35 (HC=N),
8.17, 8.14, 6.96, 3.46 (HD, 1.96, 1.75, 1.55. IR (KBr, Y8097, 3064, 2960, 2933, 2860, 1635
(C=N), 1616 (C=C), 1483 ¢N@332 (N@), 1298, 1095, 941, 916, 835, 754, 634

Preparation of {)-trans-3-bromo-5-nitrocyclohexylalen ligand3

To a 200 mL round bottom flask was added 2.00 mmol (0.492 Q) -lmfor80-5-
nitrosalicylaldehyde and 1.00 mmol (0.114 g) 4R 2R-(-)-cyclohexyldiamine under nitrogen.
The reactants were dissolved in 80 mL of absolute ethanol, a magnetiastivas added, and
the flask was connected to a Soxhlet extractor with a thimble containing Ma8Ctopped with

a water condenser. After 10 hours at reflux and cooling to room temperature, the precipitate
was isolated by filtration (0.471 g, 0.825 mm@&2.5% vyield). NMR*H NMR (300 MHz,
Chloroformd0d {  yJ®R.6fHz AR, Aryl), 8.30 (&; 3.2 Hz, 2H, HC=N), 8.16Jd2.7 Hz, 2H,
aryl), 3.54 (ddJ= 6.7, 2.8 Hz, 2H, ©H2.10 (d,)= 14.1 Hz, 1H, GH1.99 (d,)= 8.0 Hz, 1H, GH

1.76 M, 2H, Ch, 1.53 (m, 2H, GH 13C NMR (126 MHz, CRCI + McT®nsX wmMcn®ns |
127.8, 115.2, 114.0, 70.0, 32.6, 23.7. IR (KB®):cB080, 2935, 2864, 1637, 1602, 1541, 1338,
1220, 1093, 962, 904MS (DCM, ESI+): 568.97 (50%), 57qHE%), 572.96 (50%); MS
(calculated) 569 (50.3 %), 571 (100%), 573 (51.6%).
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Preparation of {)-trans-3-tert-butyl-5-nitrocyclohexylsalen ligand){47]

N To a 100 mL round bottom flask was added cruder8butyl-

“~ o *’:'“‘T ::T NO, 5-nitrosalicylaldehyde (4.50 mmol) in 15 mL absolute ethanol

N HO™ ™~ and ¢)-trans-cyclohexyldiamine (2.25 mmol) dissolved in 25 mL
’;‘"“ OH 4‘ absolute ethanol. The reaction solution turn age upon

O,N” “ } “_ e - combining the two solutions. The reaction flask was attached
to a Soxhlét extractor containing a thimble of Mg3® a drying agent and the apparatus was
topped with a water condenser. The reaction mixture was heated to reflux for 10 hours and
allowed to cool to room temperature overnight. The product was precipitated by adding water
dropwise and isolated by filtration. The isolated solid was found to be a mixture of products,
approximately 95% pure target compound (0.99 g, 84% yield). The cradagirwas dissolved

in a minimum of methanol and adsorbed onto celite. A dry column was prepared according to
dry column vacuum chromatography procedures and neutralized with 4% triethylamine in
hexane. Pure ligand was eluted with gradient mixtures of hekthyl acetate and isolated from
fractions with solvent mixtures between 91:9 hexane/ethyl acetate and 72:28 hexane/ethyl
acetate. The product was recovered in 86% yield and was >99% pure by NMRH\WARR (300
MHz, CD@ + wMp ®nH 0 & 2H, HG=R), 8m5 @=2.6yHD @HY), 70 (d= 2.6 Hz,

2H), 3.5% 3.33 (m, 2H, HBl), 2.06 (M, 2H), 1.97 (@ 8.0 Hz, 2H), 1.891.70 (m, 2H), 1.52 (m,
1H), 1.40 (s, 18H).[M7]Y 1(3H 300 MHz, CD{B.35 (2H, s), 8.15 (2#1J2.7 Hz), 8.00 (2H,dR.7

Hz), 3.§3.4 (2H, m), 242.0 (2H, m), 2€1.9 (2H, m), 1€L.7 (2H, m), 1.40 (18H, s) €132 (2H,

m). IR (KBr, cr): 2949, 2864, 1610 (C=N), 1477 ¢NQ327 (NG@), 1184, 1201, 1109 {O), 979,
927,910, 746, 715.
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Preparation of {)-trans-3,5tert-butylcyclohexylsalen ligan8)(44]

L~ (1R,2R)-)-1,2-Diaminocyclohexane (0.253 g, 2.22 mmol) and
xT.]-.,Ne:ﬁn ;%T\}ﬁ:# 3,5-di-(tert-butyl)-salicylaldehyde (1.03 g, 4.44 mmol) were
M HO™ placed in a roundottom flask with a 8r bar and dissolved in
=~ -OH 4‘ 50 mL ethanol. A yellow precipitate was visible immediately.
N ‘a»,,el "/ The flask was fitted with a condenser and heated to reflux for

18 hwith stirring. The reaction mixture was allowed to cool.
The resulting precipitate was isolated bijtréition and washed sparingly with cold ethanol,
yielding 1.18 g (92%) of yellow product. This product was judged to be sufficiently pure to be
used in the complexation reaction without purification.[#8: 1 H NMR (CD&l onn al l0Y
12.90 (s, 2 H, OH), 8.60 (s, 2 H, CHN), 8.05 (d, 2 H, J = 8.80, Ph), 7.95 (d, 2 H, J = 8.15, aryl H), 7.58
(d, 2 H, J = 8.80, aryl H), 66360 (m, 10 H, aryl H), 6.67 (t, 2 H, J = 7.62 Hz, aryl H), 1.2 (s, 18 H,
Bu).

Preparation oflioxomolybdenungt)trans-cyclohexylsalenomplex6.

" Complex 6 was prepared according to the literatuf24]. Bis

HT; N = H\E* H] (acetylacetonatodioxomolybdenum (0.510 g, 1.56 mmol) was placed in

F-”"'jlll?\;; o~ ™~ a roundbottom flask with a stir bar and dissolvéd 15mL anhydrous
= “*H/ O methanol, forming a suspensiobigandl was added. The flask was fitted
- with a water condenser and heated to reflux for 90 minutes. The reaction
mixture was allowed to cool. A yellow precipitate was visible at the bottom of the fthsk;
supernatant was clear and colorless. This precipitate was removed by filtration, yielding 0.56 g
(80%) of a yellow powdetH NMR (300MHz, CBEI + 0 y dnm 6aX MI X bl/10:
7.54 (dt, J=1.8Hz, 1H, Ar H), 7409 (m, 3H, Ar H), 7.14 (@#8.4Hz, 1H, Ar H), 7.05 (dt, J=15,
1H, Ar H), 6.97 (d, J=8.4Hz, 1H, Ar H), 6.77 (dt, J=15Hz, 1H, Ar H), 4.25 (dt, J=10.5#9), 1H, CH
2.83 (t, 1H, CHN), 2.57 (d, J=12.3Hz, 1H2H.40 (d, 1H, G} 2.07 (d, J=12.3Hz, 2H, CH2), 1.65
1.75 (m, 2H, G 1.371.53 (m, 2H, G IR (KB, ci): 1614cmi (C=N), 914crh(Mo=0), 883cm
1(Mo=0). (lif24]Yy bdz22f YdzZf f &,8Mémd#)2IT ho X dmm OY
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Preparation oflioxomolybdenum tran§-nitrocyclohexylsalenomplex7 [20]

N A 100 mL round bottom flask was charged with M@®0ac)
T"N ’;*”““*I”“*ﬁT’ND? (1.85 mmol) and ¥ (1.85 mmol), along with a stir bar. 1,2
N "':;.’E‘,I’;g}’ ~F dichloroethane (40 mL) was added to thask and the flask
E"?‘“]r‘{}o was attached to a Hickman still loaded with 4A molecular
ONT = sieves. The reaction mixture was heated to reflux for 10 hours,

then allowed to cool to room temperature. The reaction solution was concentrated to 20 mL,
and the yellowbrown precipitate isolated by filtration. After drying vacug 0.23 g (0.43 mmol,
22% yield) of the complex was obtained. NMIR:NMR (500 MHz, CREI + yJXerR&Hz R
1H), 8.48 (dJ= 2.9 Hz, 1H), 8.45 (d# 9.1, 2.8 Hz, 1H), 8.31 (dd; 9.4, 2.9 HzLH), 4.35 (t)=

10.3 Hz, 1H), 2.99 (= 11.3 Hz, 1H), 2.63 (@ 12.5 Hz, 1H), 2.49 (@ 11.6 Hz, 1H), 1.921.70

(m, 2H), 1.63 (t)= 13.3 Hz, 1H), 1.531.42 (m, 1H)IR (KBr, cri: 3066 (CH), 2937 (&), 2862
(N=GH), 1606 (C=N/C=ap12 (NQ), 1338, 1323, 1301 {G), 1280, 1097 ¢O), 943 (C=N bend),
923 (MoQ), 912 (C=N bend), 893 (Mg}0752, 719, 699, 650, 500 (MoO/MoN), 451 (MoO/MoN).
¢ P,8=+164£ (PhCl, c=0.022).

Preparation otdioxomolybdenuntrans-3-bromo-5-nitrocyclohexylsalen compl@&x

To a round bottom flask was added Mg@cac) (0.35 mmol, 0.114gdiimine 3 (1 eq,
0.200 g), 20 mL 1;@ichloroethane, and a stir bar. The reaction flask was attached to a Hickman
still loaded with 4A moledar sieves and set to reflux for 5 hours. After cooling to room
temperature,the bright yellow precipitate was isolated by filtration in 15.9 % yield. NMRIMR
(500 MHz, DME0 + ®dnn 045 mI S |/ ' IOZ0 Hh o ery)g8R@E ™1 = |
J=3.0 Hz, 1H, aryl), 8.47 (& 2.9 Hz, 1H, aryl), 8.42 (& 3.0 Hz, 1H, aryl), 4.05 (ttk 10.9, 4.4
Hz, 1H, NCH), 3.88 (td)= 11.1, 4.2 Hz, 1H;GH), 2.32 (d]= 12.7 Hz, 1H, chxn), 2.17 J&, 13.0
Hz, 1H, chxn), 1.92 (d= 10.8 Hz, 1H, chxn), 1.86 {& 10.5 Hz, 2H, chxn), 1.69 {J&; 10.8 Hz,
1H, chxn), 1.49 (dd=9.2, 2.8 Hz, 2H,chxA)) baw oOomMHc al Tl X RYFU0O 1 MTQ
169.3, 168.9, 133.1, 132.5, 132.4, 118.2, 117191, 113.6, 66.4, 65.9, 54.5, 33.2, 32.4, 24.9,
24.8, 24.6IR (KBr, cri): 3078, 2935, 2864, 1641 (C=N), 1597, 1544, 1521, 1338, 1327, 1303,
1219, 1097, 950, 925 (Me@n), 898 (MoQ asyn), 871, 744, 731, 709, 526, 472, 455. The low
solubility of8 prevented determination of its specific rotation.
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Preparation oflioxomolybdenum tran8-tert-butyl-5-nitrocyclohexylsalef

To a 25 mL round bottom flask was addé844 (0.337 mmol), 10 mL chlorobenzene, and
0.25 eq (0.084 mmol) of Maacac). Thereaction flask was attached to a Hickman still loaded
with 4A molecular sieves and set to reflux for 1 hour. Another 0.25 eqg2facéx) wasadded,
and the mixture was again set to reflux for 1 hour. This process was repeated twice more, bringing
the totalequivalents of Mo@acac)to 1 eq. The reaction solution was transferred to a centrifuge
tube and concentrated to approximately 5 mkHeptane was added dropwise to precipitate the
complex as a bright yellow powder, and the solution was centrifugecetietpthe precipitate.
After removing the supernatant by pipette and drying the solid under vacuum, the product was
isolated in high purity (>95%) in 50% yield. NMHRNMR (500 MHz, Chlorofordd {+ y ®dp M 06Y
3H, HC=N, aryl), 8.378.33 (m, 2H, aryl), 8.2@,J= 2.8 Hz, 1H, aryl), 4.44 (ddik 12.6, 10.5,
2.9 Hz, 1H, XCH), 3.01 (ttJ=11.0, 2.1 Hz, 1H-BGH), 2.56 (dd]= 12.6, 3.8 Hz, 2H, @H2.52¢
2.44 (m, 2H, Gi| 1.81 (m, 4H, GFCHY), 1.50 (s, 9H, C(&)), 1.25 (s, 9H, C(6)). 13C NMR126
MHz,CD@ {+ MTM®POZ MCH®PHOZ MCHPMI MNHDPYZ MAHPNZI W
121.1, 73.6, 71.9, 35.9, 35.6, 30.8, 29.7, 29.2, 28.4, 24.5,IR3(KBr, crt): 2954, 2988, 1597
(C=N), 1508, 1327, 1284, 1200, 1111, 950, 920 ¢M893 (MoQ), 740, 721, 560, 520, 460, 420
MS (DCM, ESI+): 647.15 (49%), 649.12 (34%), 650.15 (64%), 651.315 (77%), 652.12 (55%), 653.15
(100%), 655.15 (39%); MS, calculated: 647 (52.1%), 649 (35.9%), 650 (66.9%), 651 (78.9%), 652
(56.6%), 653 (100%), 6650 b P y:P356 -@A5¢FhE@l, extrapolated to infinite dilution).

Preparation oflioxomolybdenum tran8,5tert-butylcyclohexylsalen complég

Compounds (1.18 g, 2.16 mmol) anbis-(acetylacetonatodioxomolybdenum (0.700 g,
2.15 mmol) wereplaced in a rounébottom flask with a stir bar and dissolved in 40 mL
acetonitrile. The flask was fitted with a condenser, and the reaction mixture was heated at reflux
for 18 h. The reactants gradually went into solution over the course of the reacigding a
clear, orange solution. After cooling, the solvent was removed by vacuum, yielding a viscous
orange material. The crude product was chromatographed over silica usp@p &3ithe eluent.
Solvent was removed under vacuum and the resulting soid washed with ether, yielding a

spectroscopically pure microcrystalline orange product.
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1H NMR (300 MHz, CBEl 1 0y ®N=CH),B34(d, #=1.7 Hz, ECH), 7.63 (d, J=2.4Hz,

1H, Ar H), 7.51 (d, J=2.4 Hz, 1H, Ar H), 7.24 (d, J=2.4 Hz, 1H[.20 &), J=2.4 Hz, 1H, Ar H),

4.33 (td, J=10.8, 3.1 Hz, 1H-RH2.74 (t, J=10.5 Hz, 1H,-8}4 2.50 (d, J=11.1 Hz, 1H CR.37

(d, J=9.3 Hz, 1H, §H2.05 (d, J=11.4 Hz, 2HCH.70 (br s, 2H, GH1.47 (s, 9H, C(6)), 1.34

(s, 9H, C(GHt), 1.28 (s, 9H, C(GH), 1.25 (s, 9H, C(GH). 3C NMR (126 MHz, CRCl ¢ mc p ®p =
162.2, 161.2, 157.3, 142.7, 140.3, 139.1, 138.5, 132.1, 130.1, 129.1, 126.2, 122.3, 121.1, 72.1,
71.2,35.5,35.4,34.3,34.1,31.4, 31.2, 30.5, 30.2, 29.6, 28.5, 24.TR&8r, cnt): 2954, 2906,

2866, 1627, 1612, 1597, 1529, 1251, 921 (M@, 877 (MoQasyn), 561, 530MS (DCM, ESI+):

669.31 (48%), 671.31 (34%), 672.31 (64%), 673.31 (79%), 674.31 (58%), 675.31 (100%), 677.31
(38%). MS, calculated: 669 (50%), G25.6%), 672 (66.9%), 673 (80.8%), 674 (60.1%), 675
OMNE>OY CcTRs=GImpOMHD &/ OE6 OF ndnhp O

Preparation of &ertbutylbinaphthylsalen ligandL()[48]

Optically pure S(-)-H Z-@iafinobinapthyl camphorsulfonate
(>95% ee, 3.07 g, 5.83 mmol) was placed in a rdagttbm flask
with a stir bar and dissolved in a biphasic water/DCM system
with stirring. One gram of sodium carbonate was added to the
sysem, and the mixture was left to stir for a few hours. The
organic phase was separated, baoktracted with water two

times, and dried, yielding 1.41g (85%) of the free diamine as a

sticky tan powderS(-)-H Z-Bidinobinapthyl (1.40 g, 4.93 mmol) was glddn a threeneck
round-bottom flask with a stir bar. The flask is fitted with a destark apparatus and flushed
with nitrogen. 3(tert-Butyl}salicylaldehyde (1.55 g, 8.70 mmol) was added to the flask, the
reactants were dissolved in dry toluene (50 rahjl the system was brought to reflux. Over the
course of a few hours, the diamine dissolved, and the reaction mixture turned dark orange. After
45 hours at reflux, ~0.1 mL of water was evident in the B®tank trap. The system was allowed

to cool, and wa stripped of solvent under vacuum, yielding about 3 g of a hygroscopic, sticky,
goldenyellow solid that was difficult to dry completely, complicating the yield calculation. This

solid was not isolated and was sufficiently pure for use in the complexatiaction without
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isolation or purification'H NMR (400 MHz, Benzefec 0 + MO ®PHC O&AX HI UI vy Pt
8.8 Hz, 2H), 7.76 (d, J = 8.2 Hz, 2H), 7.46 (dd, J = 8.4, 1.1 Hz, 2H), 7.18 (d, J = 0.7 Hz, 1H), 7.17 (d, J
= 1.3 Hz, 1H), 7.16 (d, J 4 Hz, 1H), 7.15 (d, J = 1.2 Hz, 1H), 7.09 (dd, J = 7.8, 1.6 Hz, 2H), 6.98
(ddd, J = 8.3, 6.8, 1.3 Hz, 2H), 6.70 (dd, J = 7.6, 1.6 Hz, 2H), 6.53 (t, J = 7.6 Hz, 2H), 1.30 (s, 18H).
Lif48ly | baw 6/5/foX onn alloY + 05wd DlhJ o880, P, | = h
7.95(d, 2 H, J = 8.15, aryl H), 7.58 (d, 2 H, J = 8.80, aryl KJ,5.00, 10 H, aryl H), 6.67 (t, 2 H,

J=7.62 Hz, aryl H) and 1.2 (s, 18 H).Bu

Preparation otlioxomolybdenum -8ertbutylbinaphthylsalen compleb2

S(-)-Ligand11 (2.40 g, 3.98 mmol) was placed in a rotbwttom sidearm flask with a
stir bar followed by dioxanolybdenum dichloride bigimethylformamide (1.52 g, 4.40 mmol).
The flask was fitted with a reflux condensand the system was sealed, evacuated, and flushed
with dry nitrogen several times. With the reaction apparatus under positive nitrogen pressure,
dry CHCbwas introducedviathe sidearm port. The reaction was refluxed under nitrogen for 72
h. Initially,the reaction mixture was a clear, orange solution, which turned darker over the first
few hours. The mixture was allowed to cool and stripped of solvent under vacuum. The crude
product was dissolved in a small quantity of benzene and filtered throudteadannula. The
residual green solid was washed once with benzene and filtered. The filtrate was then
concentrated under vacuum. The resulting gold solid was recrystallized from boiling ether to yield
a gold, microcrystalline solid that was judged togaee by'H NMR and HRMS. Crystallization by
vapor diffusion from DCM to ether yielded crystals suitable for XRD structure determination. IR
(KBr)U[ : 2953, 2906, 1612 (C=N), 1587, 1558, 1419, 1259, 1190, 92% (Mp®10, 867
(MoQ; asyn), 831, 748669, 628, 489'H NMR of gcoordination isomer in mixtures (500 MHz,
CDGb + ydnc 064z HIX I /Tb0OX TdAdYyH O6RRI W I yodrT3
(ddd, J = 8.2, 6.7, 1.2 Hz, 2H, aryl), 7.36 (dd, J = 7.7, 1.7 Hz, 2H, &ry, 2.2 6.7, 1.6 Hz, 2H,
aryl), 7.20 (dd, J = 8.6, 1.2 Hz, 2H, aryl), 6.97 (dd, J = 7.7, 1.7 Hz, 2H, aryl), 6.70 (t, J = 7.6 Hz, 2H,
aryl), 1.43 (s, 18H, C(&#). *H NMR of Ccoordination isomer (500 MHz, BenzeRec 0 1 T ®y b ¢
1H, HC=N), 7.60 (d, J = 8.7 Hz, 1H, aryl), 7.60 (s, 1H, HC=N), 7.55 (d, J = 8.6 Hz, 1H, aryl), 7.36 (d, J
= 8.6 Hz, 1H, aryl), 7.29 (d, J = 8.1 Hz, 1H, aryl), 7.26 (dd, J = 7.8, 1.7 Hz, 2H, @isl|),) =164,
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1.8 Hz, 2H, aryl), 7.11 (t, J = 7.5 Hz, 2H, aryl), 7.07 (d, J = 7.5 Hz, 1H, aryl), 7.00 (d, J = 7.6 Hz, 2H,
aryl), 6.73 (d, J = 8.6 Hz, 1H, aryl), 6.46 (t, J = 7.7 Hz, 1H, aryl), 6.37 (dd, J = 7.8, 1.6 Hz, 1H, aryl),
6.18 (dd, J = 7.9, 1.7 HeH, aryl), 6.12 (t, J = 7.6 Hz, 1H, aryl), 1.63 (s, 9H)E(TH5 (s, 9H,

C(CH)3). MS (DCM, ESIH27.20 (46%), 729.20 (34%), 730.20 (65%), 731.20 (81%), 732.20 (61%),
733.20 (100%), 735.20 (40%). MS (calculated): 727 (48.1%), 729 (35.5%), .%36), (881

(81.8%), 732 (62.8%), 733 (100%), 735 (41%).

2.5.4Kinetic resolution procedure

For each run of the kinetic resolution reaction, a Schlenk tube was charged with catalyst
(~1% loading, se®able2-4), 15.4 mg of pyridin&-oxide (0.162 mmol), and 5 mL of 1,1;2,2
tetrachloroethane. The reaction solution was deoxygenated by performing three faeng-
thaw cycles under vacuum, followed by backfilling the Schlahk twith argon. Methylphenyl
tert-butylphosphine (70 mg, 0.39 mmol) was then added by pipette, the Schlenk tube was again
evacuated, and two additional freegrimp-thaw cycles were performed. The reaction tube was
backfilled with argon and placed in a 5008C bath overnight. The reaction mixtures were
observed to darken from the initial yellow to a brown or #ewn color; the reactions involving
7 and8were observed to further change color until they were a nearly pale green. The phosphine
oxide was islated from the reaction solution in a nitrogdilled glove bag by preparative TLC.
The plate was developed using 90:1GCkHMeOH, and the phosphine oxide band at®3 was
scraped off the plate, and washed with several portions of iPrOH, followed enso
evaporation from the washings. Optical rotation measurements of the phosphine oxide were

recorded in CHgbolution and calculated % ee was confirmed using chiral HPLC.

2.5.5Computational methods

All calculations were carried out usi@aussian 09. Structures were optimized using the
B3LYP hybrid functional and the basis sets: Mo, LANL2DZ; B1Rr-6G(d,p); C, H, O, N3B1
DORUO dzaAy3d DldzaaAiAly ndpQa dzf GNFI FAYS AyGSaINFGAZ2
single point @ergy calculation using the M06 functional (basis sets: Mo, SDD; P, Br, C, H, O, N, 6
311++G(d,p) in conjunction with the SMD solvent model foidicBloroethane. The free energy

63



correction to the energy was taken from the B3LYP frequency calculaticaxd®etoordinate
scans were employed to focus Berny saddle point seardfardransition states Egand TSp,
starting points for the Berny optimizations were located by running a series of giogle
optimizations with the MOA bond length frozenransition states were verified by the existence

of a single imaginary frequency along the reaction coordinate involving bond making/breaking.

Reaction profiles were generated using the mechaSVG prod#&in.

2.5.6Supplemental Data
Srectral data for characterization of reported compounds can be found in Appén(ig168).

Table2-4: Reaction conditions for kinetic resolution studies

catalyst Catalyst loading| Loading of fon T
(mol %) pyr-O (mol %)
7 1.8% 42 % 6h | 50°C
8 0.5% 42 % 6h | 50°C
9 1.7% 40 % 74h| 50°C
10 1.7% 40% 16d| 80°C
12 10% 40 % 8d | 80°C

Table2-5: Tabulated bond parameters for Mmordination sphere from-Xay structure of

complex12*
Bond Length (A)| Bond Angle angle (°)
Mo(1)O(4) 1.7050(14) O(3YMo(1)}0O(1) | 96.74(6)
Mo(1)}O(3) 1.7106(13)| O(2yMo(1)}0O(1) | 158.31(6)
Mo(1)O(2) 1.9539(13)| O(4YMo(1)}N(1) | 88.12(6)
Mo(1)O(1) 1.9594(13)| O(3YMo(1}N(1) | 163.94(6)
Mo(1)>N(1) 2.3226(15)| O(2yMo(1}FN(1) | 84.59(6)
Mo(1)>N(2) 2.3600(17)[ O(1}Mo(1}FN(1) | 78.72(5)
Bond Angle angle (°) | O(4)Mo(1)}N(2) | 160.06(6)
O(4YMo(1)}0O(3) | 107.79(7) | O(3yMo(1}N(2) | 91.82(6)
O(4yMo(1)0(2) |96.39(6) | O(2yMo(1}N(2) | 77.68(6)
O(3YMo(1)}0(2) |95.52(6) | O(1}Mo(1)}N(2) | 84.09(6)
O(4yMo(1)}0(1) |96.81(6) | N(1XMo(1}N(2) | 72.47(5)

*complete Xray data forl2 can be obtained from the corresponding cif file in the Cambridge
database
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Computational SI
CITATION FOR GAUSSIAN 09

Gaussian 09, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scusefalb, El; A.; Cheeseman,

J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuiji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegada Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.;
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K. ARdBdeint,

J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; OchtergkiW.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G.

A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J.
V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2009.

Table2-6: MO6 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of

G and Gisomers of complexes-10, 12

Species G
6 -1252.09849
6-CG -1252.08671
7 -1661.05061
7-G -1661.03287
8 -6807.91045
8-G -6807.89244
9 -1975.17748
9-G -1975.16346
10 -1880.35343

10-G -1880.34271
12-G -2100.56528
12 -2101.18883
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Table2-7: MO6 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of

species irFigure2-20

7-A -1661.36670
PPhtBuMe -770.53182
7-B(pro-SOPR3)  -2431.96280
TSws 7-A/B (pro-SOPR3) -2431.88635
7-B(pro-ROPR3)  -2431.96196
TSws 7-A/B (pro-ROPR3) -2431.88598
TSc7-B/C(pro-SOPR3) -2432.53951
TS.c7-B/C(pro-ROPR3) -2432.54013

7-C -1585.40510
OPPhtBuMe -845.79032
pyridine Noxide -323.32243
TSp 7-C/Deq -1909.90180
TSp 7-C/Dax -1909.90566
7-Deg -1909.49459
7-Dax -1909.91043

TS Ee7-D/Eeq -1909.47199
TSEe7-D/Eax -1909.89042
Pyridine -248.16349
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CHAPTER 3
DIOXYGEN ACTIVATION BNBSTRATEXIDATION BYXOMOLYBDENUM SAISRECIES

3.1Introduction

In the laboratory andndustrially, molybdenum catalysts are applied for production of
epoxides from alkenes, using either hydrogen peroxiddeot-butyl hydrogen peroxide|l]
reactions which are believed to proceed througietal peroxointermediates[2]. The existence
of these metal peroxointermediates has led to interest imsing dioxygen to form the
molybdenum peroxaspecies directly in an atomconomical fashion[3] Oxygen coordination
and reactivity has been well explored for other metals, including [#B], copper[5¢9],
chromium[10], manganes¢l1], rhenium[12], andrhodium[10], for which formation oimetal
superoxoand metal hydroperoxo species arebserved andhydrogen atom transfer (HAT)
reactivity through the radical pathway is favored0]. Reactivity involving presumed
coordination of dioxygen to a molybdenum center amd/gentransferfrom the formed peroxo
unit was first reported in 1988 by Arzoumanian, e{BB] and has been further explored by other
groups in the following decadefl.1,14c19] While the existence of these compounds and their
reactivity for oxygen atom transfer (OAEactions has been well established, we are not aware
of any work exploring the mechanism of dioxygen coordination, activation, atrdnSfer
reactivity for the intermediate Mo(IV) complexes. Reports exist that demonstrate the necessity
of increased ligad steric bulk to prevent the disproportionation of molybdenum (VI) peroxo
species to molybdenum (VI) oxo speciea the MarsVan Krevelen mechanisnfrigure 3-1).
[13,20,21]

LM™1—Q

LM™2 + Oy ———> a1

—> 2LM"=0

Figure3-1. MarsVan Krevelen mechanism for transition metal splitting of dioxygen

The literature for production andeactions of molybdenum peroxo complexes includes
reports of epoxidation reactias) [22] oxidations to alcohols and ketone®3] and sulfoxidation
reactions.[24] Many of these catalystare formed by reaction of Maith their chosen ligand
and aqueous peroxides (commondrt-butylhydroperoxide) and employ hydrogen peroxide as
the oxygen atom source for catalytic oxidations. As a consequence of this synthetic approach,
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much of the lierature on molybdenum peroxo catalysis is based on oxobisperoxo molybdenum
(V1) species. Epoxidatioby these species are found to procegth direct transfer of a peroxo
group oxygen to the olefin double bond, rather thaia olefin coordination to the ratal center.

[25] Under basic conditions, this singdom transfer mechanism can break down and
triperoxomolybdate species can lead peroxidation of olefis by evolution and transfer of
singlet dioxygen!O,. [26] Canputational studes of these epoxidation reactions show that the

bis- and tris peroxo complexes are more active for the epoxidation of olefins than the oxo
monoperoxo counterparts, which can sometimes be inactive as epoxidation catalysts even when
the respective dioxomolybdenum species is an effective oxygen atom transfer cat@ys29]

This observatiomotablyrules out the molybdenum (VI) ogeroxo species as an intermediate in
olefin epoxdation reactions with organic hydroperoxides. Oxidation of alcohols to ketones has
been reported for molybdenum oxoperoxo complexes with various ligands, including picolinate
and cyclopentadienyl complexeld] each of which employs an organic pgide or hydrogen
peroxide as the stoichiometric oxidant for catalytic oxidatiaithough there is a report of
dioxygen being used as a-ogidant.[30] Molybdenum (VI) oxoperoxo species are also reported
for the oxidation of alkanes to alcohols and ketones, especially at benzylic poq@8Activity

for this oxidation is seemingly depgant on the strength of the €l bond to be oxidized rather
than on the catalyst, and the catalytic cycle may depend partially on the presence of dioxygen.
Further investigations of these complexes revealed that molybdenum (VI) peroxo complexes are
capableof catalyzing the oxidation of sulfides to sulfoxides and sulfones, again using organic
peroxides as the oxygen atom sourf#l¢34] Selectivity of the reaction for sulfoxide or sulfone

products seemingly depends on electronic characteristics of the subs|gdie.

Reports from the group of Nadia Mosdanetti [3,14,35,36]give evidence for he
presence of an Mo@-peroxo) complex generated from reaction with dioxygen (including an XRD
structure of an imideperoxo complexX35]) and OAT reactivitwith triphenylphosphine for the
oxoperoxo comple [14,36). Based on these studies, the best comparison for the dioxygen
coordination activity of the molybdenum (IV) monooxo -€&XD complex cas from a
computational study of the coordination of dioxygen to a series of transition metal complexes,

including ruthenium and iridium{37] This DFT study closely examines the reaction profile for
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coordination of dioxygen, proding detailed reaction surfaces and examining the-gpassover
processes involved. The study by Yu, et al. does not, however, examine the oxygen atom transfer
properties of the resultingmetal peroxocomplexes, and to the best of our knowledge,
computatonal studes have not been carried out on metabxoperoxocomplexes for OAT to

phosphines or any other substrate.

3.2Results
3.2.10Observation of oxygen coordination activity

While optimizing the conditions for the molybdenuratalyzed kinetiaesolution of
phosphine (Chapter 2), we found that, if exposed to air, the reaction would proceed beyond the
conversion of the phosphine expected based on the loading of pyridiaridé (Scheme3-1),
suggesting that oxygen in the air could be acting as an oxidation reagent for the reaction. This
prompted us to investigate the use of air/dioxygen as the oxygen atom donor for the phesphin

oxidation process.

©
® _O
Xxn L*MoO5 (2), 1 mol% XN
PPh;  + | »>  O=PPh;  «
CHClj, air
Z 60°C Z
40 mol% >70% yield 40 mol%

Scheme8-1: Conditions for observed overconversion (Blgromo-p-nitro-salCHXD MoO
complex2) of phosphine substrate with respect to available orgamiggen donor
To explore the use of dioxygen as an oxygen atom donor, a phosphine oxidation reaction
was set up under air with no organic oxygen donor add&zhéne 3-2). The overall conversion
of the reaction proceeded at roughly the same rate observed for reactions involving pyridine N

oxide as the oxygen atom donor

L*MoO;, (2), 1 mol%

PPh; > O==PPhg
TCE, O3 (g)
50°C

Schene 3-2. Catalytic phosphine oxidation under dioxygen atmosphere
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Figure3-2. NMR study of phosphine oxidation by compkaxnder dioxygen$chene 3-2)

Monitoring of this reaction by'P NMRFigure3-2) appears to show the formation of two
phosphoruscontaining products, which are assignesl triphenylphosphine oxid@ 4+ I' H P T  LILIY U
and the molybdenurbound triphenylphosphine oxide ternary complex, L*MoO(Q®Pho + T H 1 d o
LIWIYOd 'y AYGSNXYSRAIFIGS aLISOASA o6+ Tnyodm LILIYO A3
monooxo complex, L*MYO(PPB). Catalytic phosphine oxidatiamder air was further studied,
revealing that comple® has a TON in excess of 950, with a TOF of 1 eq/3.9 min up to 50%

conversion and an average TOF of 1 eq/10 min over the full course of the reaction.

Todetermine the scope of the dioxygen coordinatiand activation, further studies were
carried out with other molybdenum dioxo catalysts, including the molybdenum dioxo bis
acetylacetonate metal precurs@; and a series gbara- or ortho-substituted dioxomolybdenum
saltCHXD complexep-(itro satCHXOL, salCHXDY, o-ethyl salCHXD®, 3,5tert-butyl safCHXD
6, andp-chloro salCHXLDY).
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cat, X mol %
PPh;

solvent, O, (g) or air

>
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Scheme3-3. Studies of phosphine oxidation by dioxomolybdenum complexesdigtkygen as
the oxygen atom source

The oxidation reaction for triphenyl phosphine is found to proceed with all studied
dioxomolybdenum complexe§Scheme3-3), with al salCHXD complexesl,(47) showing
catalytic activity at 1 mol % loading. Mg@cac) (3), was found to have lower activity, but the

oxygen atom transfer from dioxygen at atmospheric pressure was found to proceed at 60°C.

0.4 4
0.3 -

0.2 1

logky/ ki

0.3 0.5 0.7

O .

-0.3 -0,1~ 4
~

0.2 - .

Figure3-3. Relative rate constants log/kn @S NB dza | | Y Y S jifor thé DANFedcton S NJ
between dioxygen and PBltatalyzed by saCTHXD Mo complexes
Examination of relative rates for the salCHAd3ed catalgts 1, 4-7 shows that there is a
linear Hammett relationship for rate of oxidation by these catalyB@rasubstitution of the
salicylimine ring has significant effect on the rate of conversion, with addition of electron
withdrawing groups( p >0) significantly accelerating the reaction. By comparison with the

for the analogous -$gten

dioxomolybdenum series with OAT from DM$&B] the presence of gara-position electron

Hammett relationship established by Whiteoak et al.
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withdrawing group has a lesser effect on the rate of reaction, though this study does not make
clear whether this decrease in effect is due to a change in thelraigng step or a decrease in

the rate of reoxidation of the molybdenum (IV) mon@ospecies. The Hammett correlation
(R=0.98Jor this reaction suggests that the rabeniting step is again the oxygen atom transfer

step from the molybdenum (1V) center to the phosphine.

35%

31%
30% A
L*MoO, (1), 1 mol%
PPhy > O=—PPh; 2504
PhCl, air or Oy () c
60°C, 27h 'g 20% A
§ 16%
0,
£ 15% 14%
o
10% -
0 mol% cat (blank) 5%
PPh; > O=—=PPh; 5% - 3% 3%
PhCl, air or O, (@)
60°C, 27h 0% -
air air, stirring 02

Figure3-4. Comparison of conversion foatalyzed (solid bar) and blank (empty bar) phosphine
oxidation reactions with complek
The effects opO, were also studiedFigure3-4), and it was found that an arease of

dioxygen concentration in solution does increase the rate of reaction, with a small effect
observed by maintaining a steady partial pressure ofy € 0.21 atmpver the course of the
reaction, and a large (approximately 3x) increase in mdiserved when running the reaction
under dioxygen only pO,=1 atm). Under both conditions, there is autooxidation of
triphenylphosphine (conversion for blank reactions can be seéigare3-4), but the catalyzed
reaction is observed to be approximately five times faster than that that of the uncatalyzed

reaction.

3.2.2Hfect on enantioselectivity of chiral phosphine oxidation with chirakcgéthine catalysts
One of the opportunities presented by this dioxygen coordination and activation
capability is the possibility of carrying out kinetic resolution reactions without the use of an

organic oxygen atom donor. Tlexoperoxocomplex is reported to havdifferent steric and
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chiral character from the dioxomolybdenum complé}, suggesting that use of dioxygen as an
oxygen atom source may alter the enantioselectivity of the reaction. To explore this effect, we
took the complex with the best enantioselectivi; MoO(5-NO-3-'Bu-satCHXD) and repeated

the kinetic resolution reaction under aerobic conditioi®clieme3-4). The enantiomeric excess

of the product phosphine oxide was found to decrease to 6% e.e. from the 16% e.e. for the
reaction involving pyridine fdxide as the oxygen atom source. The reduction of enantiomeric
excess by approximately one hadipresents a decrease in selectivity frenl.49 tos=1.17,
suggesting that the oxidation does not proceed exclusively through the dioxomolybdenum
complex. The oxidation may instead proceedtwo catalytic oxygen atom transfers from the
molybdenum complexthe initial from the dioxo complex and the second from a complex with

coordinated dioxygen having different steric parameters for the oxygen atom transfer step.

M * 0, Q
_~Me L*MoO, (8), 1 mol% ”
P P
| PhCl, air " Me
Ph 50°C Ph

R:S, 53:47 (6% e.e.)

Schemed-4: Reaction scheme and enantioselectivity of kinetic resolution under aerobic
oxidation conditions
This result may rule out a Mak&n Krevelen mechanism for reoxidaticecausef the
activated dioxygen were being split beten two molecules of catalyst, the kinetic resolution
process would result in the same enantioselectivity as with an organic oxygen donor, as the dioxo

pathway is the only one available.

3.3 Modeling of LM0o(02)O Oxygen Atom Transfer

To the best of our knowtige, computational stuédsof Mo-catalyzed OAT & not been
expanded to include dioxygen as an OA donor, possibly due to the small body of literature
reporting molybdenum oxanonoperoxo complexeg14,16,17,31,35,36,391] This leads to a
similar absence in the literature of computational studies of OAT foxmperoxocomplexes

Becausave have an experimental system shown to demonstrate good activity for this reaction,
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it seemed pertinent to expand the computational study of this OAT reactycle to account for
generation of a peroxo moietyia activation of dioxygejrather than the previously investigated

disproportionation of organic peroxide speci¢34]

To determine the likely pathway of this reaction series, potential stationary state species
were optimized using the B3LYP hylftdctional in the gas phase. Transition states were located
using loose modredundant scans along the forming/breaking bond and optimized to a Berny
transition state using the B3LYP functional. Minimum energy crossing points were located by
Chance Lander ugy the sooMECP program. All energies for solvated species were calculated
dzZaAy3a GKS anc FdzyOluA2ylftd Ly GKS F2tft2gAy3 (S|
3 & LKFaSsz | y-phasp 06 frde Bidergids2 t gSy

OPMe, LMoY'0, PMes
PMe3 OPM63
VIVI
LMo*"'0(03) LMoVo
302

Figure3-5: Overall putative catalytic process fiobmethylphosphine oxidation by the Mo(NO
CHDBsalen) complex underO

Based on the experimental study carried out in secB8d?) we propose that the catalytic
cycle involves OAT from the dioxo species (as studieldapter 2), reoxidation of the monooxo
Mo(IV) complex by dioxygen, and finally OAT from the Mo(VEy@&cies to regenerate the
dioxo catalysi{Figure3-5). Thecoordination of dioxygen to the metal center could form either
the molybdenum (V) oxsuperoxo speciesF{gure3-6a) or the molybdenum (Vigxoperoxo
species Figure3-6b), both of which are potential candidates for oxygen atom transfer to the

substrate molecule.
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(I)' o\—/o
LMoV=0 LMov'=0
(a) (b)

Figure3-6. Molybdenum oxedioxygen cores, molybdenum (V) egoperoxo (a), molybdenum
(VI)oxoperoxo(b)

Of greatest interest for this study are the species involved indib&ygen coordination
and those involved in subsequent oxygen atom transfer reactions. Available crystal structures of
molybdenum peroxo complexes exclusively show tRecoordinated molybdenum peroxo,
[13,14,39] rather than tle' -superoxo structure commonly observed in other metal complexes.
[6] The coordination of dioxygen, however, presumably proceeds though 'asuperoxo
intermediate which transitions to the oxo' ?-peroxo species.[37] The intermediates,
coordination transition states, and spin crossover events involved in this process are all of

interest.

In the similar catalytic system reported by Mésght v S (i G 3D & is rBped@edzhat 2
equivalents of phosphine are oxidized per equivalent of dioxygen, but the pathway of this OAT
has not been determined. While thexo-' 2-peroxo species is presumed to be the stable structure
of the MoO(Q)salen complex, literature on oxidations involving meteixygen complexes
suggest that the radicahvolving oxidation pathway from thenetal superoxospecies is a
concern for the selectivity of the reaction, and necessary to investif@2éTo fully characterize
the catalytic mehanism, we need to model oxygen transfer pathways starting from both oxo
superoxo andxoperoxomolybdenum species, and model the transfer of oxygen atoms from

both the molybdenum oxo and dioxygen moieties.
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3.3.1Modeling phosphine oxidation of PNIby dioxocomplexl

| ) | =
"{. N\
)\ if,ﬁ"“

Figure3-7. Dioxomolybdenum salHXD complekA

The optimized geometry of the dioxomolybdenum complex is the same as that described
in Chapter 1. Thei@isdioxo speciegFigure3-7) has inequivalent oxo groups, one trans to one
of the imine Ndonor ligand atoms, and the axial oxo group trans to the phenolate moiety.
Examining the redive axial oxo group, the FMOs involved in the reaction are the HQM@ich
contains the oxed NR dzLJ £ 2y S LI ANJ F'yR GKS [!ahX @KAOK
moiety (Figure3-8).

Figure3-9. TS.sfor phosphine oxidation by dioxomolybdenum catal¥st
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Based on the computational study discussed in Chapter 2, only the axial approach of
phosphine was considered. In this transition sté@&eure3-9), which is 20.1 kcal/mol uphill from
the starting materials, we observe a slight decrease in tHdd20 bond angle from the dioxo
species (101.3° from 103.0°). This approach is supported by the orbital analysis of cbAplex
which shows that any orbitals with contribution on the equatorial oxygen are either significantly
stabilized (oxo lone pair) or higher in energy thlo ~ f 2N AGIf O ' &4 GKS
approaches, we see a reduction in the bond order of theld@oxo moiety, with the MeO
bond length increasing from 1.72 A to 1.85 A. The HOMO is observed to have an orbital
contribution in the forming @ -bond, whose bond distance is 2.06 A, representing a bond

order much lower than that in the product ternacomplexiBand the free phosphine oxide.

:rgl'( 5
. PM
| "-‘ / €3

-
,,_ ) 2.35——‘

\839

,.- ' L-M
o —
(f ) 17192
Ar%

Figure3-10. Ternary complegB, with Mo-ligated OPMe

The energetic driving force of the oxygen atom transfer reaction is the formation of the
ternary complexB (Figure3-10), 27.6 kcal/mol downhill from the starting rexials. The RO
bond order has increased to nearly the full double bond (1.53 A) of the free phosphine oxide
(1.50 A), while the M® bond has reduced to a weak dative bond (2.35 A). The molybdenum
complex has begun reorganizing to the square pyramidakdination environment of the
monooxo compled C with the dissociation of the phosphine oxide allowing thd16@-O angle

to decrease to 83.9°.
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Figure3-11. TS, dissociation of OPMdrom ternary complexiB

As the phosphine oxide dissociates from the metal cenfégure 3-11> ¥ B.7
kcal/mol), the complex continues to reorganize to square pyranii@qFigure3-12), with the
Mo-O bond nearly cleaved at 2.97 A. TR®®ond continues to increa as the backonding
contribution from the molybdenum center decreases. The weak {mariding interaction
between the metal center and product leads to theOPbond remaining slightly lengthened

compared to the free phosphine oxide.

Figure3-12. Monooxo molybdenunf complex1C

Following dissociation of the product phosphine oxide, reorganization of the coordinated
salen ligand has completed, and the bond order for the remainingpkomoiety hasncreased,
with the bond length contracting to 1.69 A (from 1.72 A in the dioxo species). The molybdenum
(IV) monooxo complex and product phosphine oxide are stabilized by 27.3 kcal/mol versus the
reactant dioxomolybdenum and trimethylphosphine, and ne#ngrmoneutral (+0.3 kcal/mol)
with the ternary complex. The triplet state is predicted not to be involved in the catalytic

pathway, as it is destabilized by 11.3 kcal/mol versus the singlet.
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Figure3-13: reaction profile for OAT from compléxo trimethylphosphine

The reaction profile for oxidation of trimethyl phosphiff@gure3-13) is very similar to
the profile deermined for the phosphine oxidation of PMeBh (Ch 1). We see that the
activation energy for the oxygen atom transfer step is slightly lower (PN8ePkh22.9 kcal/mol)
due to the decrease in steric interactions and increased nucleophilicity of the srratiethyl
phosphine modeled in this profile. The ternary complex, dissociative transition state, and
products all have relative energies nearly identical to the PN@®PHerivative once adjusted for
the difference in activation energy for the OAT stepe Tdrmation of the strong  bond is once

again found to be the driving force of the reaction.

3.3.2Coordination of triplet dioxygerf@.) by monooxo Mo(IV) complex

The coordination of dioxygen to molybdenum centers has been reasonably well described
in the literature[3,13,14,21] but the mechanism of dioxygen coordination and reactivity to OAT
of the resultingoxoperoxomolybdenum (VI) has not been explorei detailed computational

study. Based on the experimental results presented in se@idrthe reoxidtion of the complex
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to a molybdenum (VIpxoperoxospecies is presumed to occur in a singgaitered process
(Schemes-5), analogous to the coordination of dioxygena ruthenium center examined by Yu,
et al. [37], rather than a biomolecular process, as in the Mdas Krevelen mechanism, bis

metallic, or other disproportionation processg$3,21,43]

spin crossover

LMoVO + 30, —————> 3LMoY0(0,) ————> LM0"'0(0,) AG° = -15.4 kcal/mol

Schemes-5. Reoxidation ol Cby dioxygen

1.24
‘\4,02
Mo-02 = 3.11 o1

\
Mo-01-02 =97.1 270—\ __03
01-Mo-03 = 72.8 L-Mo™7 g9

Figure3-14: Calculated structures for ligation of dioxyg@i&p ax (left) and TS p eq (right)

Reoxidation of the metal complex is shown to begin with an interaction of triplet dioxygen
(30,) with the ground state singlet molybdenum (IV) species. Two possibtedinative
F LILINR F OKS&a 6SNB O2yaARSNBRI gA0K “aKskcabjolizl ( 2 NRA
FSNA dz&a  ( %=F.1 kcal/inbl)The étmdiures for these transition statéSigure3-14) were
located by scanning the distance between the molybdenum center and #®ebOnd centroid,
starting from the superoxo complexésD Figure3-16). The ligand is seen to begin reorganizing
to an octahedral geometry as the dioxygen molecule approaches the metal center, which is
accompanied by a reduction of the@bond order (@ bond length increases from 1.21td\
1.23 A), representing a contribution to the sida bonding interaction of the metal
2NDAGEE 6AGK GKS RA2E@3ISy ~ F 2 ND-2adibitd, whictiK A & Ay
the highest energy doubly occupied molecular orbital, while the SOMO orbitals are the dioxygen

F 0O |I-1) and a delocalized molecular orbital with mostly ligand character (HOMO).
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Figure3-15. Spin density surfaces fordx(left) andTS b eq (right). Labels in italics are spin
densities.

Each of the approaches results in a triplet species, with the activation barrier for the
equatorial approach 1.3 kcal/mol lower than the axial. The dioxygen moiety has a diradical
character in this transition staté~igure3-15), with spin density largely concentrated in the
200dzLIA SR 2NDbAGIt A 6AGK RA2E@3ISY ~ FetOfaintdih OG SNI
the spin state of unbound triplet dioxygen with a minor delocalization of radical character over

the forming GMo bond.

03
1.70—~ ” o2

L'Mo\o4\— 1.28
2.18
Mo-02 = 2.59

Mo-01-02 = 93.0
01-Mo-03 = 89.8

Figure3-16: calculated structures foll Dax (left) and®1Dyq (right)

Following the associative transition state, a stable structure for the tripletsuaeroxo
species is located for both coordination isomefgy(ire3-16, n x=-4.5 kcal/mol n Iy =-4.6
kcal/mol). Bonding to the metal center leads to a small increase in #2ebond length, and the
Mo-O1 bond is observed in the SOMO orbitals as interactions betwe€eq therbital (axial) and
‘Q orbital (equatorial).' >-bonding interactions are observed in the HOMG@loubly occupied

orbital, involving alignment between the molybdenunmodbitals © axial,Q equatorial)
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that coordination of dioxygen has led to a partially oxidized metal species (formaHy iith
spin densities concentrated on Mo and O2, though the molybdenum radical remaircatizdol

through the bond with O1.

0.76
02
0.52 Cfl 0

Figure3-17. Spin density maps fé.Dux (left) and®1Deq (right). Labels in italics are spin
densities.

The next step in the reoxidation process involves a-spiigsoveiprocess. Spin crossover
events occur when a reaction proceeds across more than one potential energy s(4#de,
this case a triplet surface and a singlet surface. The minimum energy crossing point (MECP) is the
lowest energy point along the intersection of the two involved pat&renergy surfaces, and can
be located using gradiefitased optimizations, for which we employed the sobMECP algorithm.
[45] MECPs were calculated by Chance Lander and were located from either reactant/product

pairs or points from the internal reaction coordinate calculations.

03
1.71— ||

02
L'Mo\o4\— 1.31

1.28'\ 02 2.11
7/
Mo-02 = 3.01 o1 Mo-02 = 2.35
Mo-01-02 = 131.0 2:02—=\ 03 Mo-01-02 = 83.3
01-Mo-03 = 90.0 L-Mo™7 70 O1-Mo-03 = 96.6

Figure3-18. Calculated structures farxo-superoxatriplet to singletoxoperoxoMECP 1D (axial,
left; equatorial, right)
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The calculated structures for the tripkb-singlet MECP in the dioxygen coordination
process (Figure 3-18) display some notable differences between the axial and atopial
coordination isomers. While the overall coordination spheres are very similar, the coordination
mode of the dioxygen moieties are inequivalent. The equatorial coordination isomer shows an
increase in symmetry of the coordination, displaying sigaiftly more' %-like binding (MeO1 =
2.11 A, Me02 = 2.35 A, M®1-02 = 83.3°) and a related decrease i®®ond order, with the
O-O bond length increasing to 1.31 A. Meanwhile, the-®ldistances for the axial coordination
isomer display a decrease imsmetry, making the binding mode of the dioxygen unit more-end
bound in character (M®1 = 2.02 A, M®2 = 3.01 A, M@®1-02 = 131°) and resulting in a slight
increase in bond order, from 1.29 A to 1.28 A. The activation barrier to this crossover is &so qui
RAFTFSNBY(G 0SGsSSy “FRI KD SazaxXSRINA I dA LISNRE2 2
for the axial +6.2 kcal/mol. This difference in activation energies may indicate that the dioxygen
coordination process contains two triplet minima, as obser by Yu et al37], for which our
study located the first, less symmetric species for the axial approach and the second, higher
symmetry species for the equatorial approach, and the difference in energy of actieaisas

from the increased distance on the energy surface from the crossing point.

Figure3-19. Spin density surfaces for tripletlculated MECP 1Btomic spin densities are
labeled in italics.

Spin densies for the MECP were calculated for the triplet spin s{&igure3-19). The
change in atomic spin density from the superoxo complex is consistent with the diffsen

symmetry between the two isomers, with the axial dioxygen moiety showing a greater free

88



radical character on O2 than the triplet and the equatorial showing a decrease in free radical
character. Both isomers demonstrate a delocalization of an ung@atectron between the Mo

center and O1, presumably through the Mo -bonding interaction.

” 1.¢96
L-Mo<_22
1.41 ) O/1
a_oz (&( 1.96 1.41

Mo-01-02 = 70.1 1.97—-\ /«—1.99 P, .

01-Mo-03 = 101.6 L-Mo—0
1.70 >

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

Figure3-20. SingletoxoperoxoMo(VI) complexes 1&and 1Qq

The singletoxoperoxospecies(Figure3-20) is stabilized relative to MECP 1D by 24.1
kcal/mol for the axial species and 19.2 kcal/mol for the equatorial. Each species shows the
expected symmetrichl bound' 2-dioxygen moiety, and the siden binding mode leads to
significant decrease in the-O bond order. Interestingly, the-@o-(Oz) bond angles are nearly

equivalent to the GMo-O bond angle in the dioxo species.
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Reaction coordinate
Figure3-21: Reaction profile for dioxygen activation by monooxo Mo(lIV) complex

89



The reaction profile for coordination of dioxygen to the molybdenum (V) complex
(Figure3-21) is shown to be overall exergonic, with the formatiofithe singlet,' >-peroxo
speciest1Dservingas the driving force for the oxygen coordination steps. The located transition
state for initial coordination of triplet dioxygef &p, has a moderate energetic barrier, as does
the spincrossover step for the axial comp]@ECP 1R. The triplet superoxo complexe¥dD,
are moderately destabilized relative to the starting materials, but the modest (+8.7 kcal/mol)
barrier for spincrosswer from the axial complex and near bardess (+0.09 kcal/mol) crossover
from the equatorial complex indicasea facile conversion to the greatly stabilized singlet

oxoperoxomolybdenum (VI) speciédD.

Computed structures resemble those studied fdretcomparable coordination of
dioxygen to other metal complex§37], however the overall energetics are quite different. None
of the complexes studied by Yu, at al. exhibit the large exothermic step following the spin
crossover egnt to form the peroxo species, and all intermediate species (with the exception of
the iridium complex) are found to be stabilized relative to the reactants. However, we do observe
gualitative agreement between the two profiles, with similar structures dalculated triplet
(superoxo) species and MECP structures, as well as similar activation energy for the MECP. Our
study did not locate secondary stable triplet structures, nor any associated transition states,
however, the difference between the struces of31D.x and 31D.q, specifically the differences
between the MeO2 bond lengths, may suggest that similar structures may be located. This
RATFSNBYOS Yl & | faz2 I Oforzhdzgxial afdzduhtarid Spicrésso¥fer SNBE Y O
steps.

Within the context of the experimental results reported in Section 3.1.1, the low barrier
for dioxygen coordination may provide some explanation for the rate effects observed with
changingpO. (Figure 3-4). It is still possible that the overall rate of reoxidation for the
molybdenum (IVV) monooxo complex is limited by the concentration ofydiex in the solvent,
but the initial association of dioxygen to form the molybdenum (V)-sxperoxo complex has a
low reversebarrier (+4.4 kcal/mol), indicating that an equilibrium between the monooxo and
0Xo-superoxo species may precede the formationtleé active molybdenum (Vigxoperoxo

complex
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3.3.30xygen Atom Transfer from molybdenum edioxygen(peroxo)complexes

The next step of the catalytic cycle is presumed to be an oxygen atom transfer reaction
involving either the triplet oxesuperoxo molybdenm (V) species?lD, or the oxoperoxo
molybdenum (V1) specie$]lD. The superoxo and peroxo moieties are typically thought to be
more reactive than an oxo moiety25] leading to the reactiorshown in Scheme3-6, with
regeneration of the dioxomolybdenum catalyst by transfer of one of the dioxygen moiety oxygen

atoms.

LMoV'0(0,) + PMe;———> LMoOO + OPMe; AG® = -79.6 kcal/mol
D 1

Schemes-6. Oxidation of trimethyl phosphine bylo(VI) oxg@eroxo complex

One of the common concerns with use of dioxygen as an oxygen source is the propensity
for free radical reactions with either the superoxo complex or the dioxygen molecule[R&¢If
For triphenylphosphine oxidation under our experimental conditions, dxidation is of low
concern. [46] However, studies with other metalioxygen systems have posited selective
formation of the phosphine oxide from reaction with a mesaiperoxide moiety,[42] so
investigation of thigpossible pathway is necessary despite th@-superoxo species1D) being

more than 15 kcal/mol destabilized relative to the singlgbperoxospeciestiD.
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Figure3-22. Oxygen atom transfer transition states for LMo(V)sxperoxo complexe¥l $r ax
(left) and3T S eq(right)

Starting from the oxesuperoxo compleX1D igure3-16), the oxygen atom transfer

reaction is found to occwia a single transition state involving concerted formation of th& O
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bond and cleavage of the-O bond(Figure3-22). OAT from he equatorial superoxgroupis

seen to have a slightly higher free energy of activation (+16.0 kcal/mol) than the axial (+13.7
kcal/mol), though both activation barriers are smaller thanatthfor OAT from the
dioxomolybdenum complefA (+20.1 kcal/mol), perhaps dube higher reactivities associated

with radicalreaction pathwaysThe forming € bond has similar character to that found for the

oxo group OAT transition state @S OP 2.06A), and the @ bond length increases as the
phosphorus lone pair electron density is addedtothtO " F | YGAO2Y RAY 3 2NDA

Figure3-23. Sin densities foFTSr aleft) and3T Sk eq(right)

The atomic spin densities are noted to change significantly from the confBx
following the phosphine attack on the superoxo oxydgg@igure 3-23). Spin density fothe
unpaired electron previously shared between Mo and O1 is now concentrated on the
molybdenum center, while the superoxo spin character is shared between the oxygen and
phosphorus atoms. Interestingly, the character of this shared unpaired electron jsesent in
the Ot -bonding interaction, which has a plane of opposite spin density along the forming axis,
but is instead sharedgtia ™ -bonding interactions, analogous to those observed for formirg O

bondsviaoxo group transfef47].

Further examination of atomic spin densities (givemaile3-1), shows that the unpaired
electron character in this oxygen atom transfer step is further delocalized over-thééhd

interacting with the oxygen SOM@a interaction of the oxygen orbitatiththe R/ ~ F 2 NB A G| f
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Table3-1. Soin density values for OAMmvolved atoms

Atom Spin densities
014=M0-0O51/45-O52-P53-Gse Axial superoxo TS Equatorial superoxo £3
Mo 0.9223 0.9581
Ous -0.0453 -0.0453
M-O- Os1: 0.0908 O4s: 0.0660
Os2 0.2891 0.2956
Ps3 0.5298 0.5468
Gss 0.0865 0.1020
2.08
1 34—\ OZ-—PMes
ot
2.01 — u
L-MOQ03
1.70

A second option for OAT from the MoQjf&alen complexes proceeds through the

(Figure3-240 ® ¢ KS &S
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Figure3-24. Geometries of singlet OAT transitions states'T® aax (left) and TS a eq(right)

molybdenum (VIpxoperoxocomplexvia transfer of an oxygen atom from the peroxaoiety

aAy 33t SHr Gold A A (I BE Fx2&RE&IMDISWeR 6 n D
located by a twedimensional scan along the formingdPbond and the dissociating@ bond.

As comparedd the superoxo OAT step, this atom transfer occurs with a significant change in the
coordination geometry of the peroxo group, with the M@ bond length increasing dramatically

and leading to an'-end-on coordination of the dioxygen moiety. This changyéapticity of the

peroxo group leads to an increase in theOCbond character despite the formation of theFO

bond in this transition state. The forming®bond is reduced in bonding character relative to

that of the transition state for the dioxo atormansfer transition state {S.s, 2.06 A) and the




superoxo atom transfer transition state¥&G., 2.01 A axial, 2.04 A equatorial). Even taking the
decreased bond character into consideration, this is a relatively late transition state, with
concerted famation of the GP bond and dissociation of the-@ bond resulting in product
LIK2ALIKAYS 2EARS YR NBISYSNI GS-R3.Rkca/mFigad 8 0 RSy
3-32).

The imaginary frequencies for these OAT transition states show eRla@l GO bond
stretching and are absent of any M2 bonding character. This suggests that there may be a
transition state for the cleavage of the MD2 bond anca metastable -peroxo intermediate
prior to the transfer of the oxygen atom to the phosphine substrate. However, neither th®Mo
bond cleavage transition state nor the metastable intermediate has been located

computationally.

Figure3-25. OAT transition state geometries for oxo moiety OAJeTS

The final possible pathway for OAT from thxperoxocomplex is for theoxygen atom
of the oxo group to be transferre¢Figure3-25), in a process analogous to the transfierm the
oxo moietyin the dioxo complex. Compared to the other studied OAT reactions, this is the
earliest transition state, with increased bond order for the Mo=0O and decreasedbnding
OKIF NI OGSNY 5SaLA0S G KSfoShisNIAT ré&abtioni(-heD. adnfoliatia2 y & G |
oxo, +21.0 kcal/mol equatorial oxo) is nearly the same as for the dioxo OAT step (+20.1 kcal/mol
axial). The transfer of electron density into the formingg®@ond additionally leads to an increase
in the backbonding interaction with the perxo moiety, leading to a slight increase in the€dO

bond distance.
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Figure3-26. OAT transition state geometry for triplstirfface oxo moiety OATT Se Atomic
spin densities are labeled in italics.

The transition state for the triplet oxygen atom transfer from the axial oxo group was also
located Figure3-26). The triplet oxygen atom transfer transiti@tate is significantly higher in
energy than the singlet and is 16.8 kcal/mol uphill from the triplet-experoxo molybdenum
(V) species that would ostensibly be the active complex for this atom transfer process.
Consequently, there are significant difeaces between'TSe and 3TSe and a few notable
structural and electronic changes frottD. The peroxo group has greatefbonding character
in this triplet species than in the singlet OAT transition state but is also much more symmetrical
than is observed for the superoxo moiety?irD, instead bearing more resemblance to the peroxo
moietyin the monoperoxo specied G Figure3-30). This transition state is also seemingly more
reactantlike than observed on the singlet profile, with eegtly increased @& bond length.
However, there is also a small increase in the length of theMimnd for the transferred oxygen
atom, though this may be attributed to the species having a molybdenum (V) oxyl character
rather than the transferred atomdhaving as an oxo group. This comparison is supported also
by the atomic spin densities, which show that the radical character is again concentrated in the
reacting MeO moiety, though for this pathway, that is apparently through the higtrergy

oxyl stucture rather than the superoxo structure shownRigure3-22.
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Figure3-27. ternary complexes forisglet oxo moiety OAT1Eq(left) and'1Ex (right)

Unlike the superoxo and peroxo OAT reactiang/gen atom transfer from the oxo group
proceeds through a ternary complekigure3-27, n y=-0 p®o | O lxE B889%kEalmolp D
Similar to the transition state, the M@ bond for this complex is shorter than observed in the
dioxo complex (2.35 A), while the®bond is ot affected much by the change in electronic
character. The peroxo group begins to shift from the symmetric coordination observed in the
oxoperoxocomplex toward the distorted >ligation present in the singlet monoperoxo complex

1G(Figure3-30).

Figure3-28. Ternary complex fotriplet oxo moiety OAT31E.. Atomic spin densities are
labeled initalics.

The ternary complex for the triplet surfaq€igure3-28) is stabilized by 11.0 kcal/mol
compared to the singlet structure, indicating that there is possibly asmssover event on the
reaction profile between the atorransfer transition state and the ternary complex67.3
kcal/mol). The structure of the MEP for this process has not been located, but one might expect
to observe changes in the coordination of the peroxo group, as that moiety has the most

pronounced differences in the transition state structures and ternary complédés, shows
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little difference in the geometry around the transferred oxo/oxyl group fréhiy but the
peroxo group displays an increase in symmetry and {baciding interaction with the metal, as
indicated by the increase in the-O bond length. Interestingly, the spin densiti/the triplet
ternary complex is nearly entirely on the molybdenum center, indicating that the datively bound
product molecule has little influence on the electronic configuration of the high spin monoperoxo

complex31G.

Figure3-29. Dissociation of OPM&om '1Ey, 'TScax(left) and from*1Ey, 3TSc ax(right).
Atomic spin densities are labeled in italics.

The elease of phosphine oxideom the ternary complexvas studied for the favored
transfer ofan oxygen atom from thaxial oxo groupRigure3-29, & A y 3  516.8 kc&l/mol,
0 N LJf =228.7 kedlmol). The changesgeometry for the complex as the product molecule
dissociates are quite similar to those observed fasd ®ith the peroxo ligand shifting toward
the axial position and the axially ligated salicylimine ligand unit relaxing toward a square
pyramidal gemetry. The reduction of the molybdenum center leads to increased-baokling
from the metal to the peroxo unit and a significant increase in tH® Bond length for the singlet
species (1.47 A), and a small increase in the triplet species. The peroxy isaitso observed
to have decreased symmetry in the triplet species, perhaps due to differences in orbital
alignment based on the different orientation of the peroxo moiety. The spin density of the triplet
complex is again concentrated on the molybdengiv) center, with little contribution from
ligand atomic spin densities.

Dissociation of phosphine oxide from the molybdenum center yields a distorted square
pyramidal monoperoxo molybdenum (V) complEig(re3-30, 4 A Yy 33=3.# kcgi/mol, triplet

NnG=7.5 kcal/mol). Tase complexs have reduced symmetry compared to the monooxo
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molybdenum (IV) completG with the ligand not quite achieving the planar coordination
observed in1C perhaps due to the increased coordinative space occupied by the peroxo group.
The bonding character of the peroxo unit increases again as its alignment with occupied metal
orbitals decreases.

Examination of the triplet spin state for theonoperoxo species reveals that it is
stabilized relative to the singlet by 8.8 kcal/mol. The triplet spe@tagire3-30) further assumes
the squarepyramidal coordination observed {C The peroxo group is less tightly bound than
the oxoperoxospeciest1D, with a more symmetricat’>-coordination mode as compared to the

singlet species.

L 1.43
S 3 ' 1.96
¥ 3 01\\02 1.92 1'452)\1*\02
@y 2.05—~\ 92/ 1.98—\ /
) L-Mo L-Mo

<

Rt e

Figure3-30. B3LY@ptimized structures of the singlet (left) and triplet (right) monoperoxo Mo
(IV) compled G

0.09 0.06

Figure3-31. Spin density on the triplet monoperoxXds. surface at densy = 0.0009

Radical character in the triplet monoperoxo is concentrated on the molybdenum center
(Figure3-31, spin density = 1.68). Among the ligated O atoms, thellgxoriented atom of the
peroxo group has the highest spin density (0.09), while the other oxygen in the peroxo group has
a spin density of 0.06, comparable to the imine carbons and the moreated salicylimine
phenol.
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Figure3-32. Relative reaction pathways for OAT from superoxo (blue), peroxo (black),
oxoperoxooxo (dark red), andxasuperoxo oxdgreen)groups Free energies are relative to
the starting materialdor the superoxoOATpathway:

For each of te possible pathways for OA{Figure 3-32), the axial and equatorial
O22NRAY I GA2Yy Aa2YSNER KI @S OGSNE “EX0Y5 Kedl/lNdl, I OG A &
LIS NR B2 pypbm 1 O f k=YOB kcal/méal)EThe lpwedd energy barriers are for OAT
from the superoxo specied D, both for transfer of an oxygen atom from the superoxo moiety
(+16.1 kcal/mol) and from the oxyl moiety (+18.3 kcal/mol), but the OAT steys danuch
higher free energy barrier than the spin crossover from the superoxo to peroxo complex (MECP
1Dax +8.7 kcal/mol, MECP {+1.44 kcal/mol), suggesting that the oxygen atom transfer step
occursby reaction withthe oxoperoxoMo(VI) complex'1D rather than he superoxo Mo(V)
complex31D. Between the peroxoand oxegroup transfer pathwaysatom transfer from the
oxo-group is, unexpectedly, the more favorable pathway, with an activation barrier 13.7 kcal/mol
lower thanatom transfer fromthe peroxogroup. Theperoxo grou are typically considered to

be a more reactive moiety for OAT reactiof&25] but for this phosphine oxidation, it appears
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that the electron demand favor®AT fromthe oxo group ove©OAT fromthe peroxo group, an

observation that may be in line with previous reactivity studj2s38]

3.3.4Regeneration of LMo(VI)dioxo complex from LMof)@AT products

The favorability of the oxgroup transfer from theoxoperoxocomplexleads to the
consideration of an unexpected reaction proceske splitting of the peroxo group to
regenerate the dioxomolybdenum (VI) complex, completing the catalytic cycle. A similar process
has been examined by the Nicholas lab in recent years (Herrndamger, Shao,Nicholas,
unpublished work), which has revealedstepwise process involving multiple spitrossover

events involved in theonversiorof the molybdenumbound peroxo unit into a cidioxo moiety.

1
(o o © Q
|0 — \° — |
LMo LMo LMOQO
®
l spin crossover 1-3 spin crossover 3-1 T
3
O\O O\‘ || .
\/ — [ 2o — Mo
LMo LM L

Schemes-7. (top) Singlet reaction surface for regeneration of LMo(¥1)O
(bottom) Triplet pathway for regeneration of Mo(VHO
To explore the full profileScheme3-7) for regeneration of the dioxo complex from the
monoperoxo species, both singlet and triplet surfaces need to be modeled. The porphyrin
molybdenum peroxosplitting process examined by Herndoet al. suggest that the singlet
surface for peroxo cleavage proceada an oxceoxyl transition state $cheme3-7, top middle),

while the triplet transition state Schemes-7, bottom middle) has not been located.
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Figure3-33. Peroxo splitting transibn states'TSa (left) and®T S (right)

Transition states for peroxo splittinigy the saleamolybdenum compleXFigure3-33)
were located by scanning along the dissociatir@ Gondon the singlet surface, then optimizing
to a Berny transition state for both singlet and triplet spin statds A exhibits a pronanced
RATFSNBYOS Ay adzZ tA1Sy OKIFINBS&a 6S0G6SSy (KS LIS
and essentially a molgxo moiety (MeO 1.75 A, only slightly longer than in the
dioxomolybdenum(VI1) species, 1.72 A) while the oxygen approaching the eiqligtosition
OF NN&X S & I-charjehydihasia ®® poid length of 2.01 A. This singlet transition state
SEKAOAGA | a2t @Syid adl oAt Al k=doRkfal/n®F, Whiddis o6n 94
explained by the difference in Mulliken atomicactbes between the oxo groups. This difference,
along with the difference in M® bond lengths suggests the development of an-oxdo
structure as the eMo-O bond angle increases to 60°, with theOCbond length having much

lower bonding character than thsinglet monoperoxo (@ bond length 1.88 A).

The triplet transition statéTSr, like the singlet transition state, has the 4siglicylimine
ligand adopting the geometry seen in the octahedral dioxo complex. The peroxo group, however,
occupies a positiobetween axial and equatorial, splitting the difference between the two planes
of the ligand salicylimine rings. Interestingly, and unlike the singlet transition state, the imaginary
FNBIljdzSyOe RAaLIF&@ad F aNROlAY3IE¢ Yundithe2rnyolstly ¢ K S NB
stationary inner O atom. The triplet transition state does not exhibit the polarization of oxo
groups or difference in M® bond lengths observed in the singlet transition state, indicating that

this transition state maintains peroxo charactrather than oxe2 E & f ® 1" far this Kiflet p D
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step (+6.0 kcal/mol) is lower than that for the singlet profile and the triplet monoperoxo is

stabilized relative to the singlet, the spin crossover step beconpre@esf interest.

Figure3-34. Monoperoxo singletriplet MECP 1FAtomic spin densities are labeled in italics.

The minimum energy crossing point for sgiossover between singlet and triplet
monoperoxo speciefFigure3-34) K | a “lof omyDL.2 kcal/mofrom the singlet monoperoxo
and is strikingly similar to the singlet species. The peroxo group exhibits a slight decrea®e in O
bond charaatr which does not have significant associated change in th@Nond lengths. As
in the triplet monoperoxo, the atomic spin density is concentrated on the molybdenum center,

representing the spiunpaired Mo (V) oxidation state.

\ S
e
N

(T'I
1.72—% 103.8
e

1.72

Figure3-35. Computed structures of Mo®alCHXD singlet 1A (a), triplet 1F (b), and MECP (c).
Atomic spin densities for 1F and the MECP are given in italics.

2.01

To reform the singlet dioxo complekigure3-35a) and complete the catalytic cycle, there
needs to be another spin crossover event, occurring either between the triplet do-oxyl
compkx Figure3-35b) and the singlet dioxo or between the peroxo cleavage transition state

(TS Figure3-33) and the singlet dioxo. The structural parameters of this ME@RIEe3-35¢)
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indicate that it is at an earlier reaction coordinate than the triplet -@xyl complex, making it

likely that the crossover event occurs prior to the formation of the triplet-oxgl species.
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Figure3-36. Reaction profile for peroxo splitting reaction

The higher activation energy for the spin crossover step between singlet and triplet
LISNRPE2 O2YLX SESa Ia O2YLI NBR ‘2 bimkk3ci NIOWIE & & 2 I
= +6.0 kcal/mol) suggedtsat the triplet reaction profile is dominant in the splitting of the peroxo
group to the dioxo specie@igure3-36). The triplet transition state for cleavage of the peroxo
group, TS, is at an earlier reaction coordinate than the singletnsition state'TSa, with
greater peroxo character present in the dioxo moiety, while the singlet transition state is more
indicative of an oxaxyl structure. While the spin crossover structuk#gCR ») is shown on the
free energy diagram to be stabilized relative to thelet oxo-oxyl31F this is due to theobMECP
optimization algorithm working based on electronic energies rather than free energrash
can result ina change in apparent energetwdering of speieswhen calculated free energy
corrections are addedThe reformation oftie dioxo speciegAand relaxation of the triplet to

singlet dioxo are the thermodynamic driving forces for this step. While manyr®tal systems
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reoxidized by dioxygen undergo a twentered MarsVan Krevelen type reoxidation, leading to
one atom of oxgen added to each participating metal cent¢43] there are also several
experimentally reported and computationally suggested systems for which dioxgigamage
occurs at a single metal centdvlonometallic peroxo-group splitting has beewronsideredfor

both chromium[49] and molybdenuntomplexes[50,51] and photochemical dioxygen evolution
has been tidied for the permanganate ioj52] The cleavage of the peroxo group to two oxo
groups on a singl center is a spHiorbidden process, but spiorossover processes may be
favorable enough to counterbalance thesfii2 y & SNIZF G A2y G NXzt Sa¢ -2F0Sy
forbidden processes. The splitting of the peroxo moiety by a chromium trispyraza@jghisrfast

and found to be quite favorable by computational study, with a prodiket MECP, and
experimental reports of dioxygen/peroxo group splitting show this to be a favorable process
despite as well. Computational study by Herndon, et al. of theybuw-porphyrin system
(unpublished work) reveal a reaction profile for the peroxo splitting process that is very similar

to the profile reported in this section.

Looking at the overall reaction prdil(Figure 3-37), it becomes apparent that the
turnover limiting steps for phosphine oxidation are the OAT steps for transfer of oxo group to the
phosphine substratewhich is in line with the experimentadsult reported in Section 3.1.The
driving thermodynamic force for each regime of the reaction is the formation of oxygen
containing doublebonded moieties, including both phosphine oxide and the regenerated
dioxomolybdenum complex. The intermediate magss are fairly thermoneutral, with the spin

crossovers to stabilized triplet species as the next largest thermodynamic sinks.
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Figure3-37. Overall reactiomrofile for phosphine oxidation
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Figure3-38. Overall catalytic cycle for phosphine oxidation by LMo@&yplex under air

Our computational study reveals thtite second oxidation step does not procegd OAT
from the peroxo group, as reported by Sharpless, etfat. oxidation of phosphines by
oxodiperoxo molybdenum complexd&5] but throughoxygen atontransferfrom the oxo group
in the oxoperoxospecies. This means that the overall reaction proceeds through OAT from a
dioxomolybdenum species, followed by coordination of dioxygen to farmoxesuperoxo
species and its crossovetabilized singlebxoperoxosibling. The second oxygen atom transfer
of the catalytic cycle proceedsaphosphine attack on the remaining oxo group, and the product
monoperoxo molybdenum (IV) complex then splihe peroxomoiety, rearranging to form the

dioxo catalyst.

3.3.5Sulfoxidation

Due to the possibility of using the chiral Mg@tCHXD platform for other
enantioselective OAT reactions, we chose to investigate fiaential for catalytic oxidation of
sulfoxides to sulfones. Oxidation could theoretically occur eithi@a disproportionation of the
sulfoxide to sulfide and sulfor@able3-2) or throughOAT from an external oxygen atom donor,

for which we wished to investigate the use of dioxygen as an oxygen atom q0afue3-3).
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Table3-2: DFFcalculated hermodynamic values for catalyzed disproportionation of DMSO to
DMS and dimethyl sulfone

. nbDc
Reaction (kcal/mol)
LMoV'0, + SOMe,— LMo'VO + SO,Me, +2.8
LMoVO + SOMe, —> LMo"'0, + SMe, -23.3
LMoV'0 _
2 SOMe, 2 »  SO,Me, + SMe, 205

Table3-3. DFFcalculated hermodynamic values for catalyzed oxidation of DMSO to dimethyl
sulfone with dioxygen as thexygen atom source

. nbDc
Reaction (kcal/mol)
LMov'0, + SOMe,— > LMo'VO + SO,Me, +2.8
LMoVO + 0, — >  LMo"'0(0,) -39.5
LMoV'0(0,) + SOMe, ———— LMoV'0, + SO,Me, -50.2
LMov'0 _
2 SOMe, + O, 2 > 2550,Me, 86.9

For oxygen atom transfeirom the dioxomolybdenum species, the formation of the
sulfone product is an endergonic procgs2.8 kcal/mol) with reoxidation toMo(VI) speciess
the thermodynamic driving force for the overall exergonic reactioridation by OAT from
sulfoxide, Table 3-2, -23.3 kcal/mol;oxidation by reaction with dioxygerilable 3-3, -39.5
kcal/mol). In comparison, the oxidation of dimethyl sulfide to dimethyl sulfoxide by the

RA2E2Y2ft @0RSydzy OFGlrtead Aa OFfOdZIGSR (2 KI @
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Figure3-39. OAT transition state for sulfoxidationalgS

The sulfoxidation OAT transition stafeigure3-39) was located by scanning along the
reaction coordinate for the forming -8 bond, starting from the optimized ternary complex
geometry. Compared to the oxygen atom transfer transition state modeled for the phosphine
oxidation, the sulfoxidation =3 is a much later transition state, withggiificantly reduced Mo
O bonding character in the transferred oxo group. The formi®nd also has reduced bond
character compared to the product@ double bond, having a bond length nearly equal to that
of the Mo-O bond. One of the other notable chges in geometry occurs in the existingdS

double bond, which contracts from the sulfoxideactantto 1.48 A.

For this atoratransfer step, only the transition state for equatorial approach of substrate
was located. The dramatic increase in activation énhér “6=f8®4 kcal/mol, 19.3 kcal/mol
increase over phosphine oxidation), suggests that the sulfoxide substrate is much more resistant

to oxidation by the M¥'complex than the phosphine substrate.

Figure3-40. Ternary complex 1B with Moound molecule oflimethyl sulfone
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The ternary complex for the sulfoxidatioRigure3-40) is structurally very similar to that
determined for the dioxo phosphine oxidation. The datively bound product molecule has a
slightly elongated -® bond for the ligated oxygen atom, and the ¥@obond has only partial
bonding character (2.37 A). The tergacomplex is destabilized relative to the reactants by 8.3
kcal/mol, showing that the forming S=O bond is not as strong of a thermodynamic sink as the
P=0 bond formation examined in Section 3.2.1, despite the similarities in electronic structure of
the swbstrate. The products (following sulfone dissociation) are also destabilized relative to the
NBI OGFyida o6nD I' brodn (OFfkY2Ff0D

2.08 Me
1797~} _S—
01:-02°7" =03
1.84 ——\ /<—2.10
L-Mo=—0

Figure3-41. OAT from peroxo moiety of thexoperoxoMo(VI1) species.T S ax(left) and TS a
eq (right)

Unlike the dioxo atom transfer step, transition states for atom transfer from the
oxoperoxocomplex were located for both the axial peroxo and equatorial complexes. These
transition states(Figure3-41) are muchlater than those observed in the phosphine oxidation
transition states TS, Figure 3-24), with their imaginary frequencies demonstrating a
concerted breaking of M@ and GO bonds as the & bond is forming. The alignment of
substrate with the peroxo group also contrasts the ppbine oxidation reactiorj47] exhibiting
a nearlinear relationship of the donating sulfur lone paiithvthe dissociating € bond. This
step is significantly more favorable than the die®d G £ T SR h! ¢“oB#2&9JIx 4 A i
kcal/mol (equatorial, +29.6 kcal/mol axial), comparable to plaea-hydro complexes discussed

in Chapter 2.
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Figure3-42. OAT TS for the oxsuperoxoMo(V) specieSSTS

For the OAT transition state from the triplet superoxo complex, only the axial isomer was
located Figure3-42). The geometry of this transition state is very similar to that of the phosphine
oxidation®*T $r(Figure3-22), with sideon interaction of the superoxo unit and sulfur center. This
0 N y aA A 2o4353kdalimsl) ilateDthan that observed for the singlet OAT step, with
a greaty reduced S bond distance and the-O bond in the superoxo unit much longer than for
the singlet transition state (8: 2.08 A, @D: 1.79 A).

1.42 1.97
oro2 (3/ Ve,
2t 06—> . \04
L- Mo-—-O3
1ol 1 82

‘ Mo-03-S = 127.7

Figure3-43. Transition state for Mo=0O OAT from Mo(BXpperoxocomplex, TSe

The oxegroup atomtransfer from theoxoperoxocomplex(Figure3-43) is very similar to
that observed in the OAT transfer from the dioxo complex, with an apparent late transition state.
The McO bond has single bond character, and the formin§ Gond has imeased bonding
character compared to the dioxo transition state. Supporting the discussion of reversed
favorability for OAT from the dioxo complex, this OAT step is the least favorable of the three
Ll2aaArot S LI (wobHekéaEmob A G K | nD
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Figure3-44. Ternary complex for OAT from oxo moiety of singirbperoxomolybdenum (VI)
species
The ternary complefFigure3-44) formed by this process is also very similar to that in the
dioxo OAT step, with a datively bound sulfone having only a small effect on the bonding
interactions around the metal center, but largely maintaining the octahedemimetry The
peroxo group/phentate coordination angle has begun to collapse, and the peroxo group has

reduced symmetry.

In contrast to the phosphine oxidation, transfer of an oxygen atom from the peroxo
moiety is the most favorable pathway for sulfoxidati(ffigure3-45). This peroxo OAT barrier is
nearly 7 kcal/mol less than that for the superoxo OAT and 16 kcal/mol less than that of the oxo
group transfer. As the spin crossover barrier from #&ipbxosuperoxo Mo(V) to singlet
oxoperoxoMo(VI) ismuch smaller than the activation barrier for the OAT stgsociated with
the oxosuperoxaospeciesit is likely thatOAT from thgperoxogroup of theoxoperoxospeciess

the exclusive pathway for thioxidation step, consistent withe Sharpless mechanisfi25,34]
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Figure3-45. Comparison of reaction profiles feulfoxidation by the LMO(Q) complexes;
superoxo OAT (blaclgxoperoxooxo OAT (dark red), and peroxo (blue)

Out of curiosity regarding the electron demand of the oxygen atom transfer reactions for
sulfoxidation, theparamethoxy MoQ salCHXD comple? was also modeledFigure 3-46).
Analysis of the differences between dioxo OAT and peroxo OAT with cofnpleygested that
an increase in electron density of the misferred oxygen would favor oxidation of the sulfoxide

species, in a reversal of the electronic character favoring phosphine oxidagpn
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Figure3-46. p-OMe-salCHXD compléx(left) and oxygen atom transfer transition state hgS
(right)
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The oxygen atom transfer step from compik a

¥ 2 dzy R “iof44. Kkcalthsol, 5

kcal/mol higher than the calculated barrier for complexThe transition statetructure for this

sulfoxidation step shows that it is a slightly later transition state than occurs with corhpiath

the Mo-O2 and OZ5 bonds equal in length, displaying a slight decrease in th®&Nond order
and increase in-® bond order comparetb the phosphine oxidation.

o
Nj‘H§¥ _-SOMez
Moz¥=0
CO/ };N

.S0Me:
4 oo~
40.0 | TSes 0 Ry,
7394, d =0 CO/"’L\NO
T N
30.0 ‘ \ CON}"“ o C{;@;o
1 \ })\N ‘lj N
1 \ \J \J TSt
20.0 ' '
h \ TSt MECP 1D, g +21.6)
I A - —
—_ 1C + . ~ “+16.2 [
o 10.0 N Y 18 SOMe, -7 T146 T~ 10y . \
= 1A+ B3 T e--- +10.0 v \
SOMe, 1 +E +7.4 o v H
= 0.0 o ' \
© 0.0 thtl\ 7 SO 0 . )
v} 0 CC( R I CCN{‘Mo o \U10a ! '
N ~pp <
N o100f T L\) O/MKOD L -8.0 !
c C o 1 N 00 \
— | 1B 3
— -20.0 1D,, M. ]
g CO,V%NO '
(G] 1A ) '
& -30.0} . \) \
-40.0 B
1 o
1
50.0| TN Q\N Né;(j,m . CW:‘.‘_W
= = ] 0
< 2 o \ = |
60.0L v 1A
OzN 60.2
- - >
Reaction coordinate

Figure3-47. Overall reaction profile for sulfoxidation reaction

The overall catalytic cycle for sulfoxidation by comdkigure3-47) is exergonic, with

the formation of bonds with oxygen serving as the primary thermodynamic sinks. The formation

of the sulfone product is not as strong a driving forces as the formation of phosphine oxide, but

the reformation of the dioxo catalystia OAT from theoxoperoxocomplex goes some way to

making up for this decreased thermodynamic favorability. Both catalytic cycles have the initial

OAT as their ratéimiting step, though the sulfoxidation reaction is tremendously less favorable.

This increasen free energy of activation between substrates is perhaps unsurprising, as the
sulfoxide is less oxidizable than the phosphine.
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Figure3-48. Mulliken charges for transferéboxygen atoms

Differences in electrostatic interactions could be invoked to explain the difference in
reactivity, but examination of calculated atomic Mulliken charges on the oxygen ateigwsé¢
3-48) reveals that this analysis would suggest reactivity trends opposite of that revealed by the
computational study. Mulliken charges for the studied species show that the oxo moieties are
more electronrich (more negative) in character than the peroxo groudswever, Mulliken
charges are weknown to be unreliable as representatives of physical charge distributions,
especially as the size of the basis set increg&3.For the studied reactions, the phosphine
behaves as a nucleophilic substrate, with increases in reactivity correlated with decreased
electrondensity on the oxo group, while the sulfoxide behaves a®lantrophilic substrate,
favoring reaction with electromich oxygen moieties. The Mulliken charges show that the
phosphine reacts most favorably with the most electronegative oxygen, while OAT to sulfoxide
is favored by a more electropositive oxygen atorhis reversal suggests that an electrostatic
explanation as modeled by Mulliken atomic populatiomsnnot be satisfactorily linked to the
reactivity of the catalyst. What is more likely is that orbital energy matching is responsible for
discriminationbetween the possible pathways. Both phosphine and sulfoxide substrates have
frontier orbitals consisting of a lone pairand X-0 2 Y RAYy 3 2NDB A G t-Bondingg hah o |
orbitals, which reactvia the former donating density into the antibonding orbitats the

transferred oxygen atom and the latter accepting density from the oxygen atom lone pair.
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3.3.6Experimental study of sulfoxidation
Despite the large activation barrier calculated for the sulfoxidation, we wanted to

experimentally determine whether theeaction Scheme3-8) could occur

0
0 LMoO, (1 or 5), 1 mol% O\s//
Ph Q A > $ Yen
N~ "Npp  PhCl, air \
100-200°C -

Schemes-8. Experimental study agulfoxidation by complex 1

Benzylphenyl sulfoxide was selected as a substrate for the oxidation due to the presence
of an easilyobservable methylene group fotH NMR monitoring of the reaction. The
experimental investigation revealed that even under msesere conditions (up to 220°C, 1 mol
% catalyst in chlorobenzene under air atmosphere), no formation of the sulfoxide was observed.
This lack of reactivity aligns well with the high activation barrier and the lack of a thermodynamic
driving force for thenitial oxygen atom transfer step from the dioxo complex. The reaction in
qguestion has been demonstrated with a molybdenum (I\@xoperoxo bis
hydroxyphenyloxazaline, with urea hydrogen peroxide as the oxidant, producing methylphenyl
sulfone as a doublexidation product of methylphenyl sulfid¢31] suggesting that this lack of
reactivity is due to a difference in the catalyst properties or a change in mechanism as a
consequence of the hydroperoxide oxidant, rather than an intrinsic limitation of molybdenum

(VI)oxoperoxocatalysts.

3.3.7Future wak

Further computational work on this study will involve locating all triplet and egfezll
singlet speciedo elucidate what reaction coordinates are involved in the minimum energy
crossing events. As there appear to be many crossover events throudmogttalytic profile,
this system is a promising one for examining spwssing reactions in molybdenum. Similarly, as
the dioxygen coordination activity appears to be conserved within the broader molybdenum
salen family, computational study of other deatives than complex could reveal further

information about the electronic properties and mechanistic demands of the dioxygen
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coordination process. Experimentally, there is a significant body of work that could be done to
show whether our computational realysis of the system is possible to validate. The initial
experimental result reported in Section 3.1.1 seemingly contradicts the computational results
outlined in Section 3.2.3, as computational study shows that the oxygen atom transfer steps
occur exclsivelyvia the molybdenum oxo moiety, which would maintain the selectivity of the
dioxo complex toward the chiral phosphine. Further investigation of this reaction could
determine whether the change in selectivity of the kinetic resolution arises from an
autooxidation process or from a change in reaction mechanism due to steric or electronic effects
of the tert-butyl groups present on compleék Proceeding through the studied mechanism, the
next opportunity for experimental confirmation is to condui@pping or spectroscopic detection
experiments for themetal oxesuperoxo andoxoperoxo catalytic intermediates.n-situ IR
detection of the molybdenum peroxo moiety may be possibleQGtretching frequency
expected at ~860 cm[17]), and studies on thiooxidase model complexes have employed nitrone
spin traps to study the iron superoxo intermedial®4] suggest that this may be a possibility for
study of the unstable molybdenum (V) intermediatéisis also possible that the triplet species
involved in peroxo group splitting could be detectsEPR experiments. Finally, isotopic labeling
studies couldbe carried out to determine which oxygen atoms are transferred during the
catalytic process. This labeling study could be conducted by running -tuthaver catalytic
oxidation with labeled dioxygen, which would produce solely unlabeled phosphine axila a
doublylabeled dioxomolybdenum center if the catalytic cycle proce@dshe peroxo group

splitting pathway described in Section 3.2.4.
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3.4 Experimental Section
3.4.1General methods

NMR spectra were obtained using Varian OXFORD 300, 400, and 5S0MNMRiz
spectrometers; IR spectra were obtained on a Shimadzu IRAffiklIR; and optical rotations
were measured using a Rudolph Research AUTOPOL Il polarimeter. Reagent grade solvents were
used as obtainedDioxomolybdenum compounds arRMePlBu were pepared as reportedn

Chapter 1

3.4.2Reactions under ©

Kinetic Resolution under dioxygen atmosphere

To a 25 mL round bottom flask was added a stir bar, 10 mL 1LtefPa2hloroethane,
10.8 mg catalysB (0.02 mmol), and 79 mg methylphentért-butylphosphine (0.4 mmol). The
reaction vessel wafitted with a watercooled condenser and placed in an oil bath at 50°C.
Conversion was monitored by NMR, and the reactiesselvas removed from heat after 4 hours
(40%conversion). The phosphine oxide was isolated from the reaction solution in a nitrogen
filled glove bag by preparative TLC. The plate was developed using 90QBNI#OH, and the
phosphine oxide band atF0.3 was scraped off the plate and washed wihesal portions of
iPrOH, followed by solvent evaporation from the washings. Optical rotation measurements

the phosphine oxide were recorded in Ckollution
Catalyst Variation study

To a vial was added Me(cac) (3.26 mg, 0.01 mmol), triphenylphplsine (12.0 mg,
(0.05 mmol), and 1 mL 1,1,2@&rachloroethane. The reaction mixture was observed to turn
blue-purple upon addition of triphenylphosphine. The reaction vial Vithsd with a condenser
andplaced in a 60°C oil bath for 5 howvkile open b the air Conversion of triphenylphosphine

to triphenylphosphine oxide was determined ¥ NMR.

To a round bottom flask was added 183.2 mg (@mol) triphenylphosphine, 10 mL
chlorobenzene, and approximately 1 mol% catalyst (5.3llng oy >Y24E Tc pPmYXHT o0
mgsx Tn >SYBI TrmoexYXET MmN ewz2f Y3 f2y3 gA0GK | ad
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were then purged with @beforebeingseded and placed in a 50°C oil bath for 4 hours. Aliquots

were taken of each reaction mixture and conversion was assess&® INMR.

Turnover study under dioxygen atmosphere

To a round bottom flask was added chlorobenzene (20 mL), 2.5 mg coBplexdp > Y 2 f 0 2
and triphenylphosphine (671.5 mg, 2.5 mmol). The flask was evacuated and backfillecb with O
before being placed in an oil bath at 50°C. Aliquots were taken for NMR analysis and progress of
the reaction was determined b{}P NMR.

Dioxygen conadration study

To each of eight 13 mm culture tubes was added 12.0 mg triphenylphosphige{thol)
and 0.7 mL chlorobenzene. Half the tubes were then charged with a small portion (~0.5mg, 0.
>Y2f 0 2 1, the atheLtib&iserving as blank reactions. The catalyzed and blank reactions
were then capped with a septum and assigned pairwisen® of four conditions: 1) no added
atmosphere, 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 wfatained by
balloon. For condition 4, the culte 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. Conversion
was determined by'P NMR.

Sulfoxidation study

To a pressure tube was added 172.5 mg methylphenyltsidéo (1.2 mmol), 5 mL
chlorobenzene, and 5 mg catalyst (compleot 5). The reaction vessel was then purged with O
capped, and placed in an oil bath (T = -220°C). After 24 hours, the reaction vessel was
removed from the oil bath, and allowed to cdolroom temperature. Aliquots were taken féir

NMR analysis.
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3.4.3Computational methods

All calculations were carried out using Gaussian 09. Structures were optimized using the
B3LYP hybrid functional and the basis sets: Mo, LANL2DZ-®115;46G(d,p)C, H, O, N,-811
D6ORUO dzaAy3d DldzaaAly npQa dzZ GNIFTAYS AydiS3aINI (GA2
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 swivmodel for 1,2dichloroethane. The free energy
correction to the energy was taken from the B3LYP frequency calculation. Relaxed coordinate
scans were employed to focus Berny saddle point seardfardransition states Egand TSp,
starting pointsfor the Berny optimizations were located by running a series of singjiet
optimizations with the MOA bond length frozen. Transition states were verified by the existence
of a single imaginary frequency along the reaction coordinate involving bond giafeaking.
Minimum-Energy Crossing Point structures were calculated using the B3LYP optimized singlet
and triplet structures as inputs for the sooMECP optimization algorithm and free energies for
these structures were computed from Gaussian frequencyutation outputs.Reaction profiles

were generated using the mechaSVG progrga8]

3.5 Computational Sl
CITATION FOR GAUSSIAN 09

Gaussian 09, Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman,
J.R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.;
Toyota, K.; Fukuda, R.; Hasegawa, J.; Ishida, M.; Nakdjimdonda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.;
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A.; Burant,
J. C.; lyegiar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.;
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L..kMoiy K.; Zakrzewski, V. G.; Voth, G.
A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J.
V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2009.
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Table3-4. M06 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of
phosphine oxidation pathway complexes

Species G
1A -1661.05061
PMes -460.93676
TSe -2121.95532
1B -2122.03133
TSc -2122.02065
1C -1585.83666
OPMe -536.19404
3O, -150.30816

TS0 ax -1736.13345
TSDeq -1736.13549
31Dax -1736.14079
31Dyq -1736.14266
MECP 1R -1736.13091
MECP 1B, -1736.14252
11Dux -1736.16937
11Dyq -1736.17319
TSrFax  -2197.05563
STSFeq  -2197.05384
TSaax  -2197.05009
TSaeq -2197.05576
TSeax  -2197.07775
TSeeq -2197.07265
TSeax  -2197.05020

11 By -2197.13988
11Eq -2197.13448
31 By -2197.15748

TS6 ax -2197.11309
TSeax  -2197.12135

1G -1660.92418
MECP 1G -1660.92231
3G -1660.93921

TSa -1660.90739
TS -1660.92967
MECP 1F -1660.98515
31F -1660.97937
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Table3-5. M06 calculated energies (solvent phasartrees) for B3LYP optimized structures of
species in sulfoxidation pathway

Species G
1A -1661.05061
SOMe -553.08277
TSe -2214.07053
1B -2214.12008
1C  -1585.83666
SOMe, -628.28485
1D« -1736.16937
1Dyq -1736.17319
31Dyq -1736.14079
%0,  -150.30816
TSaax -2289.20503
TSaeq -2289.20990
STSF -2289.16707
TS$e -2289.17891
Ex -2289.20342
11G  -1660.92418
31F  -1660.97937
9 -1481.20750
9TSe -2034.34669
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CHAPTER 4
CATALYTIKEROBIOXIDATION OF THIOLS CATALYZKIHEHYBASE OXMWOLYBDENUM
COMPOUNDS

Although our prior experimental workdid not provide evidence for molybdenum
promotedoxygen atom transfer reactivity with sulfides and sulfoxides, we wished to explore the
potential for other sulfur oxidaseype reactivity of the dioxomolybdenum (IV) saHXD
complexes. As the results described in Chapter 3 demonstrate, the activity of the
dioxomolybdenum (IVparanitro-salen complexl as a thioether/sulfide oxidation catalyst is
limited and seemingly not experimentally accessible, so we chose to explore whether it could be
applied to catalyze the oxidation of thiols to disulfides. This oxidagaetionwas chosen as a
more likely target for this reaction due to the possibility of wéw barrier to oxidation of thiol

compounds as compared to sulfides and sulfoxifHs.

Disulfides can be formed from thiols by eitherelectron reduction or zlectron
reduction pathwaysby reaction with various oxidants. For the purposes of this chapter, we will
focus on dioxygen, oxmetal complexed2¢4] and hydroperoxides as the oxidizing species, with
generalized pathways for each of these under aqueous conditions showigune4-1. [2] All
reactionsof thiols are shown to start from # deprotonated thiolate(formed under basic
conditions) with the oxidizing agenA acting to convert thiate to thiyl radical. In the cellular
environment, the commometal oxooxidantsare hemeperoxidases, which employddas the
stoichiometric oxidanhfor this reaction.[5] The generated thiyladicalcanreact with availale
thiolate to form the disulfide radical anion, which can be oxidized to the neutral disulfide by
dioxygen[2,6,7] The twoelectron pathway generates sulfenate/sulfenic aciisa pseudeS2
mechanism involving a proton migration following the oxygen atom transfer transition $&te,
generating water or the protonated alcohol as side products of the reaction. Reaction with a
molecule of thiolate produces disulfide by elimination of hydroxide ion to form the disulfide

product.
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Figure4-1. One and two-electron reduction pathways of thiols to form disulfides

Catalytic thiol oxidations have been reportegmolecular oxygen with a large variety of
species as catalystf9] including bases|10,11] metal ions,[12,13] transition metal species,
[11,14c18]and even basic aluminf8] The most relevant of these amaetal oxoand metal oxide
species, which are believed to react with thigia similar pathways to produce disulfides. Metal
oxides (MnQ,, FeOs, Ce0s, CuQ[15]) have been employed as stoichiometric oxidants for the
coupling of thiols to disulfides. The oxidation of the thiol substrate is demonstrated to proceed
by a diffusiorrcontrolled telectron process, leading to the formation a reduced metal species,
two molecules of the thiyl radical, and wat#rougha two-step oxidation process in which the
acidity of the thiol has no influence. Later investigations with sef@enous gold cataly$17]
also eemonstrated that oxidation of the thiol proceedeth a thiyl radical intermediate, and that
for the studied system, addition of base inhibits the oxidation, excluding-ledtron reduction
of a thiolate species as part of the reaction mechanism. Arbgenous irorcatalyzed system
has also been reported, employing a medatjanic framework14] to form the disulfide product
viaselfcoupling of the reduced thiol substrate, followed by reoxidation of the metal center with
molecular oxygenComplexes ofianadium (V)[19] iron (II),[20], cobalt (I1),[21] copper (II),
[22,23] rhodium (1),[24] and ruthenium (I1J11] have been reportechs homogenous catalysts
for thiol oxidation. Each of these systems couples thiols to disulfides by generating the thiyl
radical, though the mechanism of the reduction step changes depending on solvent. The cobalt
(I1) phthalocyanine catalyzed oxidatifitil] was carried out in ionic liquid solvent, leading to-a 1

electronoxidationof the thiolate anion to thiyl radical rather than hydrogen atom transfekTH
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from the thiol. The iron and copperatalyzed systems, by comparison, generate the thiyl radical
from the protonated thiol, as observed for the heterogeneous catalysts. The rhodium and
ruthenium catalysts, however, are demonstrated to proceleg dehydiogenation of the
substrate, allowing these reactions to proceed without added oxidant by couplingxidation

of thiol with formation of hydrogen ga®4] or by employing a base to regerate the active

catalyst.[11]

There are a few literature reports a@hiol oxidation by molybdenum specig¢25¢28],
though there has not been a detailed examination of the mechanism for formation of disulfides
by these species. In each case, the formation of disulfide is demonstrated to be accompanied by
reduction of the molybdenum center from molybdenum (VI) to mdigbum (1V), generating
water as a byproduct of the reaction. Stoichiometric reaction of aryl thiols with a
dioxomolybdenum (1V)-8-S pincer complex was reported to form disulfide, water, and the
reduced monooxomolybdenum (IVV) complex as produf@S] Catalytic oxidation of thiols to
disulfides has been reported using a MEBDMSO) catalyst, run in DMSO solvej6], which
also acts as the oxygen atom donor for reoxidation of the molybdenum center to the active

dioxomolybdenum (VI) specieSigure4-2).

1-5 mol% MoO,Cl,(DMSO), R S
r N TN +
DMSO, r.t. or 700C, 10 min-24 h S R VR

o
R—SH  + S|
P

R: Ar, alkyl, benzyl

Figure4-2. Oxidation of thiols to disulfides by MeCh(DMSO)with dimethyl sulfoxide as
solvent and oxygen atom source
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4.1 Results

4.1.1Synthesis of alkyl disulfides by aerobic oxidation \pittitro-salCHXD MogJ1) complex

The initial exploration of this reaction used dodecane thiol as a substrate due to its low
voldility, less intense odor, and ease of handling relative to lemetecular weight mercaptans.
Additionally, ths substrate had previously been found to react in good (86%) yield at a relatively
slow rate using the Mo&Zb(DMSO) catalystand dimethyl sulixide oxidantreported by Sanz,
et al[26]. We hoped to not only replicate the previously reported reactivity, but dis@ermine
the viability of dioxygen as the oxidand, observe ligand effects on the reaction efficiency and

to identify mechanistic features in the generation of the disulfideduct.

10 LMoO, (1), 1 mol% 11
/@\)\/SH - /(’\)\S/S\M/
1

PhCl, air
130°C

Schemed-1. Targeed oxidation of dodecane thiol to dodecyl disulfide by comdex

The catalyzed aerobic oxidation of dodecane thadHemet-1) was found to proceed at
an average rate of 1 mol/mgth (~100 eq of thiol over the course of 96h) when the reaction
was conducted at 130°C in chlorobenzene undeindine presence of 1 mol% af The disulfide
product 2awas formed in 80% vyield, as determined®ib aw A y (i S 3 Nl-nieth@efie 2 ¥ 0 K
protons(CDGE  + I H ®c,dndwihsYsalated By prepariatesgale TLCThe remainder
of the product mixture was determined to be composed of dodeca®af ( 9 v’ -I1A S RE h
9.32 ppm) and ~15% of an unknown secondary prodeiThis secondary prodtieras assumed
to also be an oxidation product of the dodecane thiol, but the product is spectroscopically distinct
from the disulfide and could be isolated from the product mixtusengchromatography (3%
EtOAc/hexane on silica;#.80, disulfide R0.75). A blank (0 mol%atalyst1) reaction was
conducted on the same scale and with the same concentration of dodecane thiol at 130°C for 48

hours, for which no conversion of thiol was observed.

The secondary product has a single methylene resonance iprtiten NMR spectrum
0t K/ £ + [Figuied3), strondlydsuggediirk that it is a symmetric species likely with a
stronger electrorg A G KRNJ g Ay 3 INRdzL) i KISyl KRR BYGSIEy § RA &dpind
equivalent, norO K A Nitethylehe positions on either side of the sultmntaining linkage.
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Futher characterizatiorand studyshowed thatthis speciess distinct from any thiol oxidation
product describedn the literature ESIMS gives the molecular weight of the compound to be
418 g/mol ([M+H]=419 m/z, 16 m/z higher than the disulfide and 1@znhower than the
trisulfide[29], which has nearly identic&H and'3C NMR spectr those of the putative sulfenic
anhydride Based on thisnolecularmass, the product is identified as an oxygen atom transfer
produad of the thiol oxidation with the formula (@H5)SO. The IR spectrum of the isolated
compound lacks a vibrationabsorption near 1100 cm, which would represent ra S=O
stretching frequency, ruling out didodecyl thiolsulfinate;J&sS(S=0)2Hs] as itsidentity.
Based on this data, we have tentatively identified the product as dodecyl sulfenic anhydride
(Schemed-2, 2¢). Compounds containing the sulfenic anhydride functional group have not been
previously isolatedPreviousliterature suggesting formation of sulfenic anhydridakng with a
suggested rachanism for formingthem from reaction with molybdenum (VI) oxoperoxo

complexesis discusseth Section £.1.

S Ci1H O
_ mHas =
C11H23/\S ~ C10H21/\/

LMoO, (1) 1 mol%

A~ > 2a, 80% 2b, 1%
CqioH -
1o PhCl, air
1300C, 96h
2 ' . 0
C11H23/\S/ \S/\C11H23

2c, 15%

Schemet-2. Oxidation of dodecane thiol to product mixture
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Figure4-3. 'H NMR spectrum of the reaction mixture for tdedecane thioreaction shown in
Schemet-2> &aK2gy |G vy p:-CHsigyald SrallEbkledyfobeadh Kdecies present.

4.1.2 Substratescope

Of immediate interest was whether formation of the putative sulfenic anhydride was an
exclusive property of the dodecane thiol, or whether the secondary product would be observed
with other thiols. Harlan, et al[25] established that dioxomolybdenum complexes could be
reduced to molybdenum (IV) oxo complexes by thiophenol species, and the oxidation of
thiophenols to disulfides by a dioxomolybdenum complex reported by Sanz, et aJ26] Para
nitrothiophenol and para-chlorothiophenol were selected as appropriate aryl substrates

(Schemet-3) for studyof the reaction with comples.

LMoOZ ) 1 mol%
X SH + O,
PhCI air

1300C

X =NO,, Cl
Schemed-3. Catalytic oxidation gbara-substituted thiophenols by complex

In the experimental test, oxidation @Fchlorathiophenol Schemed-3) was observed to

proceed much faster than the dodecanethiol substrate, with a ratd efiol/moka: h' under
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aerobic conditions at 130°Che product of thgara-chlorothiophenol oxidation appears to be a
mixture based on analytical HPLC anatysvith two distinct peaks eluting at 28.25 and 28.96
minutes having a 2:1 ratio of peak areand a decrease in melting point relative to literature
values for bigarachlorophenyl disulfide groduct mixture 67-70°C, lit 73°C), but the
components of the mixture are not easily differentiated %y NMR ort3C NMR, and only the
para-chlorophenyl diglfide was observed by GCMS (fM]286 m/z) As the secondary product
again appears to be a symmetric species with properties very similar to the disulfide, we propose
that this product is a sulfenic anhydride, employing the same reasoning as for dodadéerec
anhydride. The products) of the paranitrothiophenol oxidation was characterized only by
melting point, which was recorded as 1&30°C (lit 188.89°C[30]). The low solubility and
similarity of starting material and produéi NMR (CD&l  +  yJ®9.01Hz, 783, d=8.9 Hz

for both starting material and product) preventedonitoring andquantitation of the reaction

rate for the oxidation ofpara-nitrothiophenol. Formation of producin the oxidation ofpara-
chlorothiophenolwas possible to measure Bi# NMR due to the disappearance of the single
aromatic resonance for the thiol at 7.21 ppm (400 MHz, ¢)Dxtid appearance of product
doublets at 7.40 ppm (400 MKEICDGJ J= 8.9 Hz) and 7.28 ppm (400 MHz, GDIA 8.9 Hz).
Preparative separation of the product(s) of these thiophenol oxidations was not performed due

to lack of separation on silica and a laclsigiificant yield of the secondary product.

To better monitorreactionconversion and product distrilion and to further evaluate
the reaction scope, another alkyl substrate was selecbeshzyl mercaptanthis time with the

added goal of producingrystallizable producs) (Schemed-4).

/S\/© +
s o
/
LMoO,, 1 mol%
_—_—m
SH PhCI, air 51% 7%
1300C, 104h

P 4

-
30%

Schemed-4. Oxidation of benzyl mercaptan Ay percent yield at >95% conversion
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Benzyl mercaptan was found to have an averegglyzed reaction rate nearly identical
to that of dodecane thiol, at 1.03 mol/mg@l h! (Scheme4-4) under the standard reaction
conditions. Convesion of the mercaptan was monitored by integrationitsf -CH peaks for the
mercaptan and each product species. A secondary pro(89% yield by NMRis formed in a
1:2.25 ratio with the expected disulfidéd blank reaction (0 mol%) run under the same

condition resulted in no conversion of thiol after 48 hours.

/S\/O +
S /O
LMoO,, 0.2 mol%
—»
SH PhCI, air 80% 2%
130°C, 408h

+ ?

13%
Schemetd-5. Oxidation of benzyl mercaptan with 0.2 mol % loadin, grercent yield at >95%
conversion

This increase in relative yield (selectivity) toward the secondary product led to further
studies with benzyl mercaptan as a subsg, the first of which involved approximately doubling
the substrate concentration (from 0.062 M to 0.155 M) while maintaining the same
concentration of the catalyst. This reactidBchemed-5) proceeded at the same rate observed
for the reactions with 1 mol % catalyst, demonstrating that the overall reaction isaréier in
the mercaptan. This increase in thiol concentration leads to a decrease in the selectivity for the
benzyl secondary pragt from 30% to 3% (from 3:1 to 5:1), perhaps due to the increased
concentration of thiol substrate scavenging an intermediate in the secondary product forming
mechanism to form the disulfide insteadhis product was initially identified as benzyl suiéen
anhydride, in keeping with the logic used to assign the secondary product of the dodecane thiol

oxidation, but was later confirmed tioe benzyl trisulfideyide infrg Section 41.3)

To further examine the substrate scope of disulfide formation, denss of cysteine
were tested for reactivity Scheme4-6). Cysteine € was found to have limited solubility in

chlorobenzene, preventing NMR monitogi of the reaction. Mcetylcysteine 7) was also found
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to have limited solubilityin chlorobenzene at 130°C, but determination of conversion was
possibleby NMRmeasurement of the cysteineS dimer,7ao b diad@tylcystine Schemed-6)

peaks. The conversiamte was 15.4 mol/mala hl T at least twice as fast as the uncatalyzed

reaction (0 mol %4)t and seemed to form a single product Hy NMR analysi€onversion of
thed dzo a0 NF GS ¢l & GNI OTSR dzaAy3a (KS ,wikxBshitd YSGK
downfield upon oxidation tothe M OSG et OeaidAyS o0tK/ X + T mMdpo
203SNWSR o0& OKlFy3dSa (2 G§KS & Li-methyiehe/sgnalsi5i0oi S Ny a
MHz, PhCl, 2.47, d& 45.7 Hz, 13.5 Hz). Contrary to our other studied substries;ety!

cysteineisobserved by NMR to be converted solely to the cystine product.

SH HO o
N o
LMoO,, 1 mol% H
AN on > R NN /\H‘\
N PhCl, air N S OH
H 1300C H
o HN
SR
6 (cysteine): R=H 6a R=H
7 (NAC): R=Ac 7a R=Ac

Schemed-6. Catalyzed oxidation of cysteine derivativesnd 7

14
10
® Bn ® NAC

Y 8
S
°
S 6 ® Ar

4

2

0

0 5 10 15 20

rate of conversiony( mol product mol,;* h'%)

Figure4-4. Rate of thiol substrate conversion versus pKa otli@ species
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The reactivity trends of the substrates seem not to reflect a relationship between
conversion rate and the acidity of the thidtigure4-4). For the studied substrates the rate of
conversion is not linearly related to pKa, with no observed increase in rate between
dodecanethiol (pKa = 11.72) and benzyl mercaptan (pKa = 9.4). Rate of conversion increases for
chlorothiophenol (pKa = 5.9), bthe cysteine derivative (pKa = 9.52) converts at a much higher
rate than the more acidic thiophendlhese results support the idea that Matalyzed disulfide
formation proceeds though a hydrogen atom transfer (HAT) pathWiis increase in reactivity
of the cysteine substrate is suggested to be due to intramolecular ckasgisted hydrogen
bonding (CAHB)31] in which the carboxyl group acts to polarize the thiol moiety, making the
thiol moiety more reactive to HAT.

6+
H 5
O S/HI/,O

NH; NH,

Figure4-5. Intermolecular hydrogebonding interaction responsible for activation of cysteine
thiols toward oxidation

4.1.3ldentification and characterization of the secondary prodwci benzyl thiol

Formation of econdary products from the oxidation of the thiol substratere easily
identified from 'H NMRs of the crude mixturer the oxidation of dodecane thiol and benzyl
mercaptan and was suggested for other substratpshifrothiophenol, p-chlorothiophenol)
based on melting point data otH NMR data. Additionally, analytical HPLC of the
chlorothiophenol oxidation product shows two distinct peaks with similar elution times. The
higher selectivity fora secondary product in the oxidation of benzyl mercaptan led to this

reaction being used for preparation and purification studies of thebadary product.

The products of the catalytic aerobic oxidation of benzyl mercap&hémes-4) were
purified using reversephase HPLC (C18, MeCN/watefhe secondary product species is

observed to be reasonably stable in chloroform and acetonitrile solution, with a sample
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contained in an NMR tube decaying from >98% purity to approximately 80% purity over the
course d a month. Decay of the sample results in formation of disulfide (10%), an unidentified
species that was also observed as an oxidation product of the catalyzed redttiorb( a v, b

I nodmMp LILIYE yor20X | yR I (KA Ndctié thiSiitial Seactioin K I (
but cannot be definitively assigned (apparently 3 peaks, at 4.16, 4.19 and 4.28 pem
tentatively assigrhis compoundto be benzylthiosulfinate PhCHS(O)SCHPh

After isolating approximately 20 mg of the secondary prduom the benzyl mercaptan
oxidation, the product was compared to authentommercialbenzyl trisulfide, fortuitously
located in the lab inventory. It was found to be identicatyand**C NMRusinga sample spiking
experiment and to have the same itiag point (4547°C) as the commercial sampéndC,H
elemental analysis give®mposition of the sample as 60.39% C, 5.03 % H (calculated 60.39% C,
5.07% H)Thus, we concluded that the secondary product from the benzyl thiol oxidation is in
fact benzyl trisulfide PhCHSSSCHPh Eigure 4-6). Confirmation of this assignment was

attempted though ESMIS, but the molecular ion was observed faither the experimentahor

Figure4-6. Secondary product of benzyl mercaptan oxidation, benzyl trisulfide

the commercial sample.

) LMoO,, 10 mol%
PhCl, air
130°C, 192h

Schemed-7. Oxidation study of benzglisulfide

Todetermine the origin of the trisulfide product and demonstrate that the disulfide product
is stable to further reaction or reductiorwe attempted to oxidize benzyl disulfide under the
same conditions used for the thiol oxidatioBghemed-7). Under these conditions, no reaction
was observed for the disulfide, indicating that thiesulfide is stable to both oxidation and

reduction by catalyst, and that the trisulfide is not produced from the disulfide.
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4.1.4Effects of added base

Taking a cue from the literatufer increasing rate of disulfide by formation of the mere
easily oxidized thiolate igf9¢11] we looked to determine if addition of base would have an
effect on the rate and selectivity of theolybdenumcatalyzedoxidation reaction $chemet-8).

For ablank reaction nder basepromoted conditions(5 mol% iPiMNet, 0 mol%]1), disulfide was

S\/@
S/

Schemet-8: Baseinclusive oxidation of benzyl mercaptan by compex

formed in only 5% yield over 48 hours.

. N LMoO,, 1 mol%
SH \/ ’ o
PhCl, air
130°C, 22h

1, 5, 25, or 100 mol%

Table4-1. Effects of addition of base on rate of conversion and product ratio for oxidation of
benzyl mercaptan

mol% of NPrkEt | conversion at 22h| disulfide/trisulfide ratio
0% 20% 2.25
1% 76% 3.52
5% 81% 4.33
25% 52% 5.89
100% 47% 28.50
100% o 100%
5 2 '
D 80% > 90%
o 2
> ©
S 60% \ ‘5 80%
°© fe)
S 40% T 70%
= =
S 20% ¢ 8 60% |
S
0% 50%
0%  20% 40% _ 60% 80% 100% 0%  20% 40% 60% 80% 100%
mol % iPr2NEt mol %i-Pr,NEt

Figure4-7. Effects of base addition on overall rate of reaction (left) and on prodigttibution
(right)
Addition of diisopropylethylamine tahe 1-catalyzed oxidation reaction of benzyl
mercaptan under standard conditionS¢hemet-8, results reported inrable4-1) initially causes
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a large effect on the rate of reaction, with 1 mol % added base leading to nearly four times greater
conversion over the observed 2ur period. Conversion over the same period increases with 5
mol% added base, but then decreases ppmximately 2.3imes the conversion of the badece
reaction as added base is increased to 25 mol% and 100 mol% ediatttre thiol substrate
(Figure4-7, left). Addition of base to the reaction mix also has the effect of increasing selectivity
of the reaction toward the disulfide producfi-igure4-7, right) with 1% added base increasing
disulfide from 64% to 75% of the product mixture. With 100 mol% added base, disulfide makes
up 96% of the product, however the decrease in rate of conearsieans that 5 mol% added
base has the highest yield of disulfide product, with a 68% yield of disulfide over the observed 22
hour period.Overall, addition of base favors the formation of benzyl disulfide as the product of
the oxidation, improving both ate and selectivity toward the productA mechanistic

interpretation of these results is presented in Sectio®. 3.

4.1.5Stoichiometric anaxygenfree reactions

Toelucidate some of the mechanistic details of this oxidation process, oxidation reactions of
dodecane thiol and benzyl mercaptan were carried out under several different atmospheric
conditions.Each reaction was initially held at R.T. for 2dimonitor for stoichiometric reaction
or nonoxidative reactivityUnder nitrogen gas with dodecane thiohly a single turnover of the
oxidation catalyst was observed, resulting in 1 evolved equivalent of dodecyl disulfide (1% yield)
and no apparentormation of the secondary product. However, upon heating antexposure,
the reaction resumed and eventualbyoceeded to the 20% yield of the secondary product and
75% vyield of the disulfide observed for the reaction as carried out undeiflis. result was
replicated under both standard (1 mol% catalyst) and -tmwivalency (25 mol% catalyst)
conditions.A room temperaturereaction study with benzyl mercaptan as the substratel 1
mol% catalyst loadingesulted in no observed conversion of substrate, and the catalyst was
observed to dissociate, with the only free ligand and substrate peaks observed in theNMMR
peaks associated with ligation of the thiol substrate to the metal ceapgreaed. After being
heated to 130°C, complek was observed to reform and, the reaction already having been

exposed to air, oxidation of benzyl thiol proceeded as previously reported in Section 4.2.2
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(Scheme4-4). Inthe absence of dioxygen, compléxreacts stoichiometrically with dodecane
thiol to form disulfide at room temperature, while oxidation of benzyl mercaptan is only

accessible at elevated temperature.

10 LM002 (1) 1 mol% 11
/é\)\/SH > /(/\)\ /S\M/
S 1"

PhCI, N,
RT or 130°C 1%

LMoO,, 1 mol%

> N. R.
SH  pncl, N,
RT

Schemet-9. Reactions of dodecane thiol and benzyl mercaptan with contplender inert ()
atmosphere

4.1.6Effects othe oxygen atom source ative benzyl mercaptan oxidation
-~ S\Q ' @\/
S 0
LMoO,, 1 mol% O/\ S
O\/SH PhCI, OA source (Table 3)
S
©/\S/ \S/\©

130°C, 22h
Schemet-10. Oxidation of benzyl mercaptan by catal§stith variation of
atmosphere/gaseous oxygen atom source

Table4-2. Effects of oxygen atom source/atmosphere on conversion and product ratio for
oxidation of benzyl mercaptars¢hemed-10)

) conversion at disulfide/trisulfide
O atom source [thiol] .
22h ratio
N2 58 mM 1% 1/0
Air (21% ©) 58 mM 20% 2.25
Oz (1 atm) 58 mM 14% 3.75
N2O (1 atm) 58 mM 31% 54
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With aninterest in the possible effects of different oxygen atom donors on the oxidation
reaction, we carried out a series of experiments varying the atmosphere of the reaStberfie
4-10). The results of the reactions under inert atmospherg) @\e discussed in Section 4.2.5, and
the results for these variations are reported Trable4-2. The standard reaction conditions
referenced so far in this chapter employ air as the dioxygen sotrce .21 atm), so pure O
was used with the aim of increasing the concentration a&fsdived dioxygen in the reaction
mixture. NoO was employed as a convenient gaseous siatfien oxygen donorSwitching to an
oxygen atmosphere had an unexpected effect on both rate of conversion and the yield of the
benzyl trisulfide. The formation of theecondary product species had, to this point, been
considered to proceebly oxidation by the activated oxoperoxo Mo(VI) species, which would be
expected to increase in concentration due to the increase in Instead, the yield of secondary
product wasobserved to decrease, suggesting that gathwayleading to the secondary product
is inhibited by the coordination of dioxygen to the Mo(IV) center. This experiment does not clarify
the relationship between the overall rate and the individual rates culfide and trisulfide
formation, so the decrease in rate (14% conversion over 22h) could arise either from inhibition
of the secondary product evolution or from quenching of a radical species involved in the

formation of the disulfide.

Nitrous oxidewas established as an oxygen atom source for molybdeatalyzed
oxygen atom transfer reactions 1991, when Arzoumanian, et al. reported oxidation of triphenyl
phosphine by [M&YO(CNg][PPh] under a NO atmosphere[32] Our own experiments confirm
this activity for MoGsatCHXD catalyst. However, there are fewer examples in the literature
than one might expeatsingthis oxygen atom source. A limited number of catalytic oxygen atom
transfer reactions have been reported with®lfor complexes of firs{Fe, Co, Ni) and second
row (Mo, Ru) metals, despite several reports of other transition metal complexes forming
terminal axo groups by reaction withJ®.[33] Using NO as an oxidant in a catalytic system has
severabpotential benefits over using dioxygen: first, there is no need for a-spmgsover process,
as obseved in dioxygercoordination systems (Chapter 3), second, tha®Nransfers only one
oxygen atom, generating an oxo group directly rather than forming superoxo or peroxo species,

and third, that the oxidant and reoxidized species do not have the potdotizreating a radical
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mechanism in competition with the target mechanistic pathw@g] In the case of our system,
switching the atmosphere to J0 shouldrestrict the catalytic cycle to the dioxo Mo(VI) form of
the catalystln the experiment, reactioof benzyl mercaptan under an® atmosphere$cheme
4-10) and catalystl results in an increase of both conversion (31% over 22h) and selectivity for
the disulfide product (5.4:1).

Since the dioxomolybdenum species catalyzes formation of the disulfide product, the
trisulfide must be formed by either the molybdenuoxoperoxoor by interaction of the thiol
substrate with the Mo(IV) monooxo specif$ie increase in selectivity for thtksulfide from an
increase in0  suggests that the trisulfidenay form from a catalytic cycle involving the

molybdenum (IV) monooxo complex.

4.1.7 Catalyst Variation

cat 1 mol%
SH PhCI air
130°C

s
Q\N/j@/x
MoO,L, L =
2 N

©/\ /\© MoOy(acac), , (acac) =

Schemed-11. Catalyst variation study for oxidation of benzyl mercaptan

Given the unexpected formation of trisulfide by reaction with comdles a catalyst, we
wished to investigate whether changes to the electronic character ot#talyst would change
the reaction rate or the product distribution of the oxidation. All reactions for this study were
carried at 1 mol % catalyst (0.58 mM), 58 mM benzyl mercaptan, and heated to 130°C in
chlorobenzeng(Scheme4-11). Previous studies with triphenyl pephine (Chapter 3, Section
3.1.1) had established that dioxygen coordination and transfer activity was exhibited oy the
OMe salCHXN &) and salCHXD 9) derivatives of catalysi, as well as the molybdenum

containing precursor, Mogfacac), 10. The reatvity of the 0-OMe catalyst was presumed to be
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transferrable to thep-OMe catalys8, which was selected for the more direct electronic effect

and absence of possible steric interference of plaea-located electron donating group.

Table4-3. Effects of catalyst variation on rate of conversion and product ratio for oxidation of
benzyl mercaptanchemet-11).

conversion at | disulfidetrisulfide
catalyst 22h ratio
1 20% 2.25
8 63% 5.67
9 35% 22.00
10 46% 33.33

1 = MoQ-p-NO-salCHXD8 = MoQ-p-OMe-salCHXD) = MoQ-salCHXDL0= MoG(acac)

The variation in catalyst structure haa dramatic effect on conversion and product
distribution of the thiol oxidationTable4-3). In the studiedseriesof catalyststhe electrorpoor
catalystl has the lowest activity for the oxidation of thiols, with increases in ligand electron
donating character giving greater conversion. The reaction with cat@lysis observed to have
the highest conversion and an increased selectivity for the disulfide product (5.67:1 over the
trisulfide) as compared to thpara-nitro catalystl, though the less activé@ shows much greater
selectivity for the disulfide, and Ma(aac) 10 forms the disulfide in much higher proportion,
though a large number of side products are observed, amounting to nearly 20% of formed
product. Many of theside products formed in the reaction with0 are also produced by the
Schiftbase complexefut these catalysts seem to select for disulfide and trisulfide over all other
possible oxidation products. Overall, formation of disulfide is disfavored by the presence of the
strongly electrorwithdrawingpara-nitro groups 1) compared to the other molydenum Schiff

base complexes8(& 9), leading to a relative increase in yield for the trisulfide product.

4.2 Discussion
4.2.1lfenic anhydriddormation
We haveassigned the structure dhe secondary product of the oxidation of dodecane

thiol as a sulfenic anlayide based on spectroscopic and mass dakhis oxygen atom transfer
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product stands in contrast to the formation of trisulfide from the benzylic substrate, which we
suggest is a consequence of the reduced ease of oxidation fobeozrylic aliphatic carbo
positions.In comparison with the benzyl disulfide reactions, the formation of stoichiometric

dodecanal is not observed, nor is the formation of dodecane trisulfide.

Sulfenic anhydrides were first discussed in the literature as a potant&imediate in
the formation of disulfides from thionyl chloride in 1915 and first reported in 1918 as an oxidation

product of sulfinyl chloridesH{gure4-8) [34].

H ArSCl
ArSCI —— > ArSOH —— > ArSOSAr

Figure4-8. Synthesis of 'sulfenic anhydrides' reported by Zincke and Badr&8[34]

Later evidence published H.Vinkler[35] established that the previous synthetic routes
G2 0GKS GadzZ FSyAO FyKe@RNARS&a¢ LINRPRdAdzOSR 2yfteé
concurrence withthe observation that the thiolsulfinate species can be formed by oxidation of
the corresponding disulfidg85,36t and that the formation of a symmetric specibg oxygen
atom insertion into the $ bond is not observed experimentallywe suggest that ta sulfenic
anhydrideproduct is fomed by a twestep HAT process from the thiol substrate to theperoxo
molybdenum (VI) catalyst. The HAT process generates a-hydiydroperoxe molybdenum
(IV) sulfenyl complexX{gure4-9) followed by reaction with another molecule of thiol to produce
the sulfenic anhydride, water, and the molybdenum (V) monooxo spatlesonsiderdrming
the sulfenic anhydrideia a radical pathwayFigure4-10) to be less likely based on the expected

low concentration of the reactive radical intermediates.

SR

ﬁ O/ OH
RSH e}
+ RSH - + + H
LMoY'-© S —> I V=0 OR LMo=4 - | v RS/ \SR 20
~ ! LMo \ LMo
(o} \OH O—SsSR

Figure4-9. Possible reaction and intermediates for formation of sulfenic anhydride product

SR
0 O/ ﬁ
. RS o0—o0 o
lellloV"O * RS 3 |'/o OR | MoV=Q, N/, * rs” Nsr " HO
N LMoY | \ LMo
0 ~o 0—sSR

Figure4-10. Possible adicatlinvolved @thway for formation of sulfenic anhydride product
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4.2.2 Computational investigation of initial reaction steps of thiol oxidation by LMoO

Ny S
\ g \),‘
Nk wile
- N \:
R op=iSil 1
{ o8
= §
& ! N
A B
AG =+4.5 AG =+35.5 AG =+28.6
‘.—' ? _ﬂ & ! | 2
= N - A —q -
O - ¥ <
53 'S ’ ~3
) 1 ‘(.\
"-’~.‘ PPNt %"5
\ {3 \
D E + EtS* F + 2 EtS’
AG=+16.2 AG=+15.9 AG =+40.3

Figured-11. Optimized structures for suggested reaction intermediates felettron oxidation
of thiolby compled® npD A& 3IABSY Ay 10FtkY2f NBEFGAGBS 1+
complex1)

The structures represented Figure4-11andFigure4-12 were obtained by optimization
of isomeric prodats of ethyl mercaptarinteracting with complex 1, using boththe semi
empiricalpm6émethodandthe DFTb3lyp functional as necessary to generate the target isomeric
species A-D, G, H). The structures for complex&sand Fwere obtained by optimization of the
dioxomolybdenum (VI) complex with on® @nd two ) added hydrogen atoms, using the b3lyp
functional. The eaction mechanism is proposed to begin with structdré+4.5 kcal/mol uphill
from starting materials)having a hydrogerbonding interaction between the axial oxo moiety
and thiol. Nucleophilic attack on the oxo moiety by the thiol sulfur lone pair, producing-an O
bonded zwitterionic moiety with an anionic oxygen and cationic, protonated sulfur, is disfavored,
with the intermediate structureB +35.5 kcal/mol uphill from the starting materials, suggesting
that a HAT pathway would be preferred (structu@and D). These structures both contain a
formally Lelectron reduced sulfur center, thoughcbordinate structire G with an axial hydroxy
ligand and the thiyl/thiolate bound to the Mo center, is 12.5 kcal/mol less stable than the

diradical triplet structureD, in which the thiyl radical is bonded to the equatorial oxo moiety.
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Homolytic cleavage of the -© bond pesent inD generates the molybdenum (V) hydrexy

monooxo specieEl YR | { KA & {-0.3NdalRnbl@rbniD). & ge@ndrhydrogen atom

transfer from another molecule of thiol gives the hydrated molybdenum (IVV) monooxo complex

F, in which a water molecaloccupies the axial coordination site of the molybdenum center, and

I aS02yR (GKA2ft NI RAOI B, frammwbichThomiecauplitgiof theCthii k Y 2 £
radicals and dissociation of water from the molybdneum center yield the molybdenum (IV)
monooxod LISOA S&as> 4 0 SNE | y R6.3 k@ Rotz0lkis okekah pizicesd\ ferS o p |
formation and homecoupling of two thiyl radicalffom the thiol and oxeMo complexl has a

nD 2F bnodn (1 OlftkY2f®

AG =+20.1 AG =+12.0

Figure4-12. Optimized structures of intermediates fore?ectron reduction of ethane thiol with

complexl.nD Aa 3AAGSYy Ay 10FfkY2f NBEIFIGAGBS Wp GKS :
Modeling an attack of thiyl radical onhte molybdenum hydroxyl group yields comp@&x

anSt A3l SR adz FSYAO | OAR Y2t &80RSydzy oL+x0 &LISOA

then dissociate to yield comples 6 n D-8.1 kcal/mol versuss), in which the sulfenic acid is

hydrogenbonded tothe oxo moiety of the molybdenum (IV) monooxo complex. This pathway

approximates the 2lectron reduction pathway of thiol to sulfenic acid. Comparison of the two

modeled pathways shows that the-electron oxidation intermediateD is stabilized by 4.0

kcd/mol compared to the isomeric-2lectron reduction intermediatés, suggesting that the-1

electron pathway may be favored over theeectron pathway. AlthougbhomplexH is stabilized

relative the radical productE+ EtS), the radicafforming pathways the most favorable of the

three modeled reaction pathways. That being said, the high energy of the products of the second

HAT productsK + EtS) indicates that this pathway may not proceed as modeled h&éte
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formation of disulfide from oxidation of @kecane thiol at room temperature reported in Section
4.1.5 shows that this reaction is not prohibitively endergonic, which suggests that the actual
pathway for formation of a second molecule of thiyl radical does not occur by reaction with a
single dioxomtybdenum moiety. Instead, we suggest the possibility that the two thiyl radicals
form by HAT reactions involving two dioxomolybdenum (VI) compléxasdthat the hydroxy

oxo molybdenum (V) complei then disproportionats to form one dioxomolybdenum (VI)
complex and one oxomolybdenum (IV) aquo complée intermediate species for all reaction
pathways are alhigher in energy than the starting materialsyt the formation of water and
disulfider along with the disproportination of the molybdenum (V) speciesre sufficientas
thermodynamic driving force® 2 NJ (1 KS  bl&ul= Q. kcalihol Bigurd4-13). Transiion
states and activation energies were not calculated for the oxidation pathways, so discussion of

rate differences between the pathways is not possible.
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Figure4-13. Reaction profile for modeled intermediate species for oxidation of thiols to
disulfides byl.
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4.2.3Catalytic mechanism for formation of disulfide products

R-SS-R 0
+H,0 2 ” " 2 R-SH
LMo"'=0
R-SS-R
2 R-SH +H,0
ﬁ 0
2
LMoﬂ‘P 30, 2 |_N|||0|v

Figure4-14. Possiblecatalytic cycle for generation of disulfides by dioxomolybdenum catalyst
under basefree conditions

Our experimental results suggest that the disulfide products are forfrmd both the
dioxo- and oxoperoxe molybdenum (VI) species, a process that may follow the catalytic cycle
given inFigured-14. The first step of the oxidation proceelgan atomtransfer process leading
to the evolution of a sulfenic acid or thiyl radical intermedig2e8], which is then able to form
product disulfide and water by reaction with a free molecule of substrate thiol. The molybdenum
(IV) monooxo species is then oxidized by dioxygen t@ioperoxospecies, which reacts with a
molecule of thiol toproduce another equivalent athiyl radicalintermediate through atom

transferfrom a peroxo moiety, regenerating the dioxomolybdenum spedies

Thechangein rate of conversion caused by addition of baskkely due to deprotonation
of the thiol speciegFigure4-15). The thiolate ion is generally regarded to be a more reactive
substrate towards Zlectron oxidation than the thiol37] reducing the thermodynamic barrier
for the initial oxidation stepThe decrease in conversion as the mol % of base increases may arise
from a reaction step involving one thiol and one thiyl radical, or from a change in the pathway
for regeneration of the dioxomolybdenum (VI) catalyst from either a molybdenum-@i@dtron
reductionproductor a molybdenum (IV)-2lectronreductionprodud. The presence of thiolate
in solution also gives another pathway for formation of disulfide bondsfilee coupling of thiyl
radical and thiolate to form a disulfide radical anion (R$9R,38]a strong reductant that could

then be oxidized either bglioxygen or an oxomolybdenum species.
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Figure4-15. Possiblexidation pathways for baspromoted (left) and baséree (right)
oxidation of thiol/thiolate to thiylradical

4.2.4Catalytic mechanism for formation of secondary products

The trisulfide product from benzyl thitd suggested to fornvia a catalytic cycleRigure
4-16) in which the molybdenum (VI) oxoperoxo spedigsarries out anultistepatom exchange
and oxidation process with a molecule of the thiol substrate, yielding an aldehyde and the
proposed oxesulfido specie4S CompleXi Sthen reacts folloving the same pathway as complex
1, forming disulfide, water, and a molybdenum (V) monosulfido complex, which can react with
dioxygen to form the molybdenum (VI) sulfidoperoxo com@dl2xThis complex then reacts with
a second molecule of thiol to produce the sulfenothiolate spet®s from which the trisulfide
may be evolvetby reaction with a molecule of thiol, yielding the trisulfide and water. The evolved
oxomolybdenum (IV) speciesay then be oxidized to th@xoperoxomolybdenum (VI) by
dioxygen.The increase in selectivity for the disulfide product as mol % of base increases
demonstrates a change in the rate limiting step for formation of the trisulfide product, indicating
that this step likely involves the protonated thiol substrate and the catalyst rather than the

thiolate or thiyl radical.
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Figure4-16. Possible catalytic cycle for formation of tifgle by reaction with catalysf.

Molybdenum oxesulfido (or thicoxo) molybdenum (VI) complexes are documented
[39¢42] as model complexes for reaction intermediates for xanthine oxidase and xanthine
dehydrogenase, and can carry out sulfur atom transfer reactions with strong sulfur acceptors,
such as triphenylphosphingt3] While the formation of trisulfides by reactiomith molybdenum
(VI) sulfido complexes is na¢ported, the reverse reactiom abstraction of a sulfur atom from
benzyl trisulfide by molybdenum speciess known for forming disulfido complexeq43]
Molybdenum (1V) oxeulfido intermediates are also invoked for the formation of thiiranes from
olefin substrates[44] Exchange reactions of oxo and sulfido groups have also been rdgorte
aUNRY3 &dzZ FdzNJ R2y2NRYX Ay Of dzZRAy3a KSEFYSGKetf RAA
(2,4bis(pmethoxyphenyhl,3-dithiaphosphetane2,4-disulfide) [43] As discussed in Chapter 3,
molybdenum peroxo species areported to oxidize benzylalcoholsto aldehydesketones and
carboxylic acidg45,46]though this has not been demonstrated to occur &iphatic thiolsuntil
the current study. Outside of molybdenum catalysts, the oxidation of benzyl mercaptan to
benzaldehyde has been demonstrated to occur with singlet oxygen as the oxidizing Jg&cies,
49] using photocatalytic methods, as well as by atomic oxygen generated by photoexcitation of

dibenzothiophenesoxide.[50]

We suggest that the sulfenic anhydride product forms by a similar roetatered
mechanism to the trisulfide formatioThere is no evidence in the literature for formation of the

sulfenic anhydriddy a condensation reaction of sulfenic acid specasmost smalinolecule
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sulfenic acid species are reported to undergo-selidensation to form thiosulfinates unless the
sulfenic acids made sterically or electronically stab[@,51,52]Alternatively,we suggest radical
coupling of thiyl and sulfenyl radisatould be the source of this product. The reactive
intermediate species leading to formation of the sulfenic anhydride is proposed to be a metal
bound radical species analogous to the sulfenothiolate compix Delocalization of thedd
electron over the MaO bord serves to stabilize the forming sulfenyl moiety long enough for
reaction with a molecule of thiol to occur, forming the sulfenic anhydride product and the
molybdenum monooxo species.

This difference in reactivity and produitom the two different thiokis suggested to be
RdzS (2 GKS NBRdAzOSR -&édthyléhe @aboninkhk dodedyhsBbgtrate, avNdh (i K S
prevents the oxo/sulfido exchange reaction described above for oxidation of benzyl mercaptan
(Figure4-16), thus preventing formation of aldehyde and trisulfide products with the dodecane
substrate.The oxidative desulfurization of benzyl mercaptan has been previously investigated
with reports of formation of benzaldehyde by reaction with bases or peroxidic intermediates
[53] Metal-catalyzd GS bond cleavage yielding alcohols has been reported for bimetallic cobalt
and iron catalysts[54,55] and a tungsten complex has been reported that is capable of
completely cleaving sulfur from thiophendsy hydrodesulfurization.[56] The analogous
molybdenum compleX57] is not capable of carrying out hydrodesulfurization of thiophene,
though it isable toabstract selenium from selenophenes under the same conditions. There are,
to the best of our knovedge, no reports of oxonolybdenum or oxegungsten complexes

performing oxidative desulfurization to either alcohol or aldehyde products.

SR
/ OH
i |
| o OR | Mo—0
LMo— Y S
OH R

Figure4-17. Possiblenolybdenumbound sulfenate complexes leading to the formation of
sulfenic anhydride

The lack of secondary products from the oxidation eddgtyl cysteine may be explained
by an increase in the ease of formation of the thiyl radical due to intramolecutdrdgen

bonding interactions, as mentioned in Sectiod.2, [2,31] with the high availability of cysteine
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thiyl species precluding ¢ formation of either trisulfide or sulfenic anhydride secondary

productsviathiol-involved mechanisms.

4.3 Chapter Conclusions aridifjnificance

To the best of our knowledge, this is the first report of molybdertatalyzed oxidation
of thiols to disulfides using dioxygen as the stoichiometric oxidant. Further, this oxidation occurs
catalytically in the absence of a base, gm@sumablyproduces oty water as a byproduct,
making it a greener option than the previousgported molybdenum oxidations. We also report,
to the best of our knowledge, the first formation of trisulfides from mercaptans without an
additional source of sulfurkinally, we reprt, with some caution, the first isolated sulfenic

anhydride species.

Investigations of the molybdenwmatalyzed oxidative reaction forming disulfides from
their respective thiols revealed several ways the reaction could be optimized towards formation
of the target product. We find that the electronic character of the oxomolybdenum center has a
key influence orthe rate and product distribution, with more electremch complexes both
accelerating the formation of disulfide and decreasing the relativel yoélsecondary products.
Selectivity fodisulfideandthe rate of disulfide formation can be further increased by addition
of substoichiometric base, in keeping with other reports of exetal catalyzed coupling of
thiols to disulfides. Finally, our ressi with stoichiometric reactions and singdédom oxygen
donors suggest that dioxomolybdenum complexes favor the formation of disulfide over the
trisulfide and sulfenic anhydride secondary products. Taken together, these results indicate that
the selectiviy and rate of the catalytic oxidation can be optimized by using an electcbn
dioxomolybdenum catalyse(g.the paramethoxysalen comple®) with 510% added base and
using NO. Similarly, the reaction conditions could be made to favor the secondary products by
using an electrospoor dioxomolybdenum catalyst, such as comgdexder reduced pressure of
dioxygen without added base would favor the formation of benzyl trisulfidereasing catalyst
loading beyond 1 mol% may also favor formation of trisulfide, though for this to be carried out
on a practical scale, a more soluble catalyst would need to be developed, for which we suggest a
para or ortho,paraCR-functionalized sale ligand. We lack experimental evidence to make the
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same proposal with regards to the sulfenic anhydride formed by oxidation of dodecane thiol,
though the reaction pathway we suggest may imply that increasing the partial pressure of

dioxygen could increasgeld of the secondary product.

While we have clearly demonstrated the efficacy of the aerobic reaction for production
of disulfides and the secondary oxidation products, and our computational results strongly
suggest the reaction proceedsy a two-step HAT process, our experimental results do not
directly illuminate the experimental pathway for either disulfide or secondary product formation.
One of the key assumptions for the suggested mechanisms is that the ultimate fate of transferred
oxygen atoms infte reaction is formation of water, which is also used to justify the otherwise
endergonic pathway for formation of disulfide by reaction with the dioxomolybdenum species.
The formation of watein the reaction could be assessed simply by running the readti a
sealed system to allow for measuring of the stoichiometric relationship for the oxidized sulfur
products and waterlt would also beof interestto confirm that the disulfide formation reaction
occurs via homo-coupling of thiyl radicals, whiclktould be done using radical trapping
experiments, and confirming which oxygen atoms are involved in the proposed hydrogen atom
transfer steps of the catalytic oxidation. The latter study could be carriedusitga sub
stoichiometric labeling experiment witkO-dioxygen as oxidant, with the ratio of labeled water
yielding information about the oxidation pathway. Studies involving a radical trapping species
could also be used to examine the possibility of radical quenching behavior for ground state
oxygen unde the studied reaction conditions. Beyond these primary mechanistic questions,
there are several unresolved results relating to the oxidation products. The oxidatipa of
chlorothiophenol is noted to form a mixture of products, of which the disulfide pcbds
expected to be the major product, but trisulfides are not expected to be formed due to the
difficulty ofbreaking a strong aromatic&bond Determining the secondary product(s) for these
substrates would contribute significant mechanistic knowledge this oxidation process.
Similarly,verification of the identity of the secondary product for oxidation of dodecane thiol,
which weassignas the sulfenic anhydride, is important. As the formation of this product is
proposed to be aresultofthered8cR S &S 2 F 2-mdthylend datboh, azdbstrat& S h

survey could be carried out to determine which aliphatic thiols are oxidized to trisulfides and
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which to sulfenic anhydride3he involvement of sulfenic acid species in the formation of sulfenic
anhydride products could be studied by using a reactive probe such as dimedone, which has been

used to study cysteine sulfenic acifsl]
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4.4 Experimental

4.4.1Catalytic reactions for disulfidsdlifenic anhydride/trisulfidéormation

Typical reaction conditions:

To a round bottom flask was added 5.0 n¢p.3 umol), 100 eq of thiol substrate (928.8
umol), and 16 mL chlorobenzene. The reaction flask was attached to an air condenser and heated
to 130°C. Aliquots of the reactionixture were taken between 20 and 24 hours of reaction time
for analysis by N® NMR and conversion was determined based on integration of theCEp

peak.
Slowaddition reactions

To a 2necked round bottom flask was added 32 mL chlorobenzenend @atalyst, and
a stir bar. An equimolar mixture of thiol and 1,1 2¢2rachloroethane(as an internal NMR

standard) was added by syringe pump at a rate of ~1 eq/h.

4.4.2Purification of disulfides and sulfenic anhydrides

The reaction mixture from aerobic oxidation of thiol was concentrated undéoW. The
residue was redissolved in a smathount of DCM and adsorbed onto silica, then added to the
top of a silica plug. The silica plug was washed with hexanes to isolate the oxidation products

from the catalyst residue.

Dode@ne thiol: The product mixture was purified using preparatory TLCh wit
3%EtOAc/hexane as the solvent. The disulfide was isolated from the bandGaf Rnd the
putative sulfenic anhydride from the band at=B.75. A later reaction was purified using High
Performance Liquid Chromatography (HPLC) with a coupled Mass Speigrof@S) on a
Shimadzu LCM$nun {Ay3fS vdzZad Rk9{L A2yAlTLF{iA2Yy 6A0GK
mm) with MeOH (A)/water (0.1% formic acid) (B) as the eluent system [flow rate = 2.0 mL/min,
90% to 95% A over initial 20 min, 95% A for 60 min].
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Dodecane disulfide!H NMR (500 MHLDE o 0 ¢ 2.62 (b 4H), 1.68 (p, J=7.5, 7.5,
7.4,7.4 Hz, 4H), 1.39 (p, J = 6.8, 6.8, 6.5, 6.5 Hz, 4H}, L&B(m, 32H), 0.89 (t, J = 6.9, 6.9 Hz,
6H).°C NMR (126 MHEDGUOL 1+ o pPH N T o0 M OFRH2E.35H2@. D¢ 28.024, 22GOPCc n T
14.12.(lit [30])

Bis-dodecyl sulfenic anhydridtH NMR (400 MHLGDGO + HI® V.8, 7.8 KizZ4H),
1.73 (p,d= 7.7, 7.7, 7.3, 7.3 Hz, 4H), 1.39Xp,7.6, 7.5, 6.3, 6.2 Hz, 4H), 134.23 (m, 32H),
0.88 (t,J=16.7, 6.7 Hz, 6H)C NMR (101 MHEZDGO { oy dPyy I oMPPHI HPpPcc X
29.36, 29.19, 28.82, 28.54, 22.70, 14.14. IR (KBH Rt A a 0O0<ZX VY YO a{ 05/ az
(100%), 20.34 (22%), 421.34 (12%)

para-chlorophenyl disulfideThe poduct mixturefrom oxidation of pchlorothiophenol
was passed through a silica plug with hexane as the eluent. Solvent was removed under reduced
pressure, yielding a light yellow powder (MP=BFC). Purity of the product was assessed by
reverse phase HPldB an Agilent series 122singa GeminiNXGuy 6p >YX ndc YY E
column with HO (A) /acetonitrile (B) as the eluent system [flow rate of 1.0 mL/ min, gradient of
50% B to 65% B over Smhold 65% B for 20 min, hold 100% B for 5 min]. Compounds elute at
28.26 and 28.96 mirtH NMR (500 MHz, CREI { ¢7.87n(my 1H), 7.3 7.27 (m, 1H)13C
NMR (126 MHz,CRGl 4+ MOpPp PHMZI MOODPTOZEZ MHPPNPZEZ MHPDPH PO

Benzyl thiol: The product mixture wasssed through a silica plug with hexane as the
eluent. Solvent was removed under reduced pressure, yielding a clear oil. The products were
purified by reverse phase HPu€inga Bakerbondcmy owmMn >YZX wMpn )X HMO®H
columnwith HO (A) /acetortrile (B) as the eluent system [flow rate = 4 mL/min, 10 min at 76%
B, gradient of 76% B to 92% B over 10 min, flow rate changed to 3.5 mL/min, hold 92% B for 15

min].

Benzyl disulfide was isolated as white neelite crystals [monoclinic, C2 (5),
a=24.352(3)p=8.1284(12)¢=13.4880(19) A1=1=90°,6=114.255(5)°U=2434.2(6)23.] 'H NMR
(400 MHz, CDCI8)7.38¢ 7.20 (m, 10H), 3.60 (s, 4MC NMR (101 MHz, CRCl ¢+ MO T ®Pop E MH
128.50, 127.45, 43.23. IR (KBr,9rh = 1402 cnit.
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Benzyl trisulfide was isolated as a white powder with no noticeable débNMR (500
MHz,CDGO { -728b(mplO0H), 4.03 (s, 4HJC NMR (101 MHz, CRCl { mMoc ®pMZ MH
128.62, 127.59, 43.11. IR (KBr,9rh = 1494 crt.

N-acetyl cystine Oxidation yielded a single produ€t95% NMR yieldwhich was not isolated

from the reaction nixture.!l baw 6 pnn =al.94 (5, 11)K/39 (= 8i4,8.4,1.7,1.7
Hz,2H), 3.02 (ddJ= 11.2, 8.4 HZH), 2.60 (ddJ= 11.2, 9.9 Hz, 2H), 1.46 (& 1.6 HzEH). lit

[58] (400 MHz, BO)t I n ®c p4, 867 RIR ZH), B/24I(dd,J) = 14.3, 4.4 Hz, 2H), 2.96 (dd, J =
14.3, 8.7 Hz, 2H), 1.98 (s, 6H)

4.4.3Reaction condition variation studies
Reaction study fopotential overoxidation of disulfides

¢2 I NRdzy R o6200G2Y FftlI aj g1 & pnitrésRGHXD p & n
RA2E2Y2f 80 RSydzy O2YLX SEZ HHODD YI oOdhodn >Y2f
chlorobenzene, and a stir bar. The flask was attached to a reflux condenser and placed in a 130°C

oil bath. The reaction was monitored by NDNMR of reaction aliquots.

Baseinclusive reaction conditions:

To a round bottom flask was added 5.0 mg MI&®°2(9.3 umol), 100 eq of thiol substrate
(930>mol), 16 mL chlorobenzene, and diisopropylethylamine (255and 100 eq, respectively).
The reaction flask was attached to a jacketed condenser and heated to to 130°C. Aliquots of the
reaction were taken between 20 and 24 hours of reaction time for analysis Hy NMR and

conversion was determined based on igtation of the & -CH peak.
General procedure for atmospheric variation studies of benzyl mercaptan oxidation

¢2 | pn Y[ NRdzyR o620G0G2Y ¥Ff I &1, astirbar, ILRMSR p
OKf 2NRPOSYIT SyS3> <teakhlothethare & pH @ dbasaridenal Ztandard. The
Ftlral o6la az2yAO0FGSR (2 RAaaztgsS GKS OFdalfead
by Eppendorf pipette. The reaction flask was then attached to a manometer apparatus, which
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was evacuated and backfilewith 1 atmosphere of the target gasAMNair, Q, or NO). The
reaction flask was placed in an oil bath at 130°C for 22 hours, at which point the reaction was
removed from heat and conversion of substrate was measuretHoyMR based on integration

of i K Smethylene protons.
General procedure for catalyst variation studies of benzyl mercaptan oxidation

To a 50 mL round bottom flask was added catalyst, chlorobenzene, and a stir bar. The
reaction mixture was sonicated to dissolve the catalyst and bemeytaptan was added by
pipette. The flask was attached to a reflux condenser and placed in an oil bath at 130°C for 22h,
at which point the reaction was removed from heat and conversion of substrate was measured

by 'H NMR based on integration of themethylene protons.

Table4-4. reaction conditions for catalyst variation study

catalyst >Y2ft Ol mmol BnSH Volume PhCI
MoQO,L5NO2 9.29 0.929 16.0 mL
MoQ,L50Me 9.83 0.983 16.9 mL
MoQ,LH 11.2 1.12 19.2 mL
MoOy(acac) 15.3 1.53 26.4 mL

4.4.4Preparativereactions

Synthesis ohuthenticdodecyl disulfiddy organic methodology

To a round bottom flask was added 5 mmol dodecane thiol and one equivalent sodium
methoxide as 30% NaOMe in MeOHhereaction mixture wasstirred open to the atmosphere
at RT for 20hOnce complete by TLC, the reaction mixture was concentrated under vacuum and
the residue was redissolved in THF. To the solution was added saturated sodium thiosulfate (10
mL) and the mixtte was agitated. The organic layer was removed and the aqueous layer
extracted three times with EtOAc (10 mL). The combined organic layers were dried with sodium

sulfate and concentrated under vacuum to isolate product as a waxy, M#ie29-30°C
'H NMR %00 MHz, CDgll  + c¢R.@21m4H), 1.68 (pJ=7.5, 7.5, 7.4, 7.4 Hz, 4H), 1.39)p,

6.8, 6.8, 6.5, 6.5 Hz, 4H), 1.281d,7.0 Hz, 2H), 0.89 (t)= 6.9, 6.9 H6H).13C NMR (126 MHz,

CD@ {1+ odpPHNZ OMDPPHZI H DPD8.p4x22.690N.aAMtIB0H pPpHZ HDDO
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Preparationof (£)}trans-5-methoxycyclohexylsaleliigand

The pOMe salen ligand was synthesized by a modification to literature procefhfe.
To a peasshaped flask was added 5 mmol salicylaldehyde (0.758.@) mmo), &)-trans
cyclohexanediamine (0.299 8.5 mmo), and 50 ml of ethanol. A magnetic stir bar was add
and the flask was connected to a Soxtgtractor containing a thimble of sodium sulfaaeda
condenser. The flask was heated to reflux for 6 hours. The product was iseiatgdcuum
filtration (718.6 mg) and recrystallized from methanol (487.4 in§,mmol, 99% pure by NMR),
yielding yellowgreen rodshaped crystals. Concentration of the supernatant provided a further
157.6 mg, 0.4 mmol, >95% pure by NMR). Total yield wasmgjrvith 93% recovery and 70%
yield.

IHNMR (300 MHz, CBEl + Mo ®Tc 06a3 HIJOE6Hy, @H)B.30@ER5HZ 0 T @
2H), 6.31 (ddJ= 8.5, 2.3 Hz, 2H), 3.77 (s, 6H), 3,3816 (m, 2H), 1.96 (d= 13.4 Hz, 2H), 1.91
¢ 1.82 (m, 2H), 1.68 (d= 10.9 Hz, 2H), 1.46 (@ 10.8, 10.8, 10.5 Hz, 2H).

Preparationof (x)}p-methoxycyclohexylsalen dioxomolybdenu®) (

The dioxomolybdenum p-methoxycyclohexydalen complex was synthesized by
modification of a literature procedurfs0] by placing 200 mg of-@Me ligand @.5 mmol) and
170.6 mg @.5mmol) of bis(aetylacetonatojdioxomolybdenum in a 250 ml round bottom flask.
A stir bar and 100 ml of ethanol was added to the flask. The flask was then connected to an air
cooled condenser and placed in a heating bath. The solution was heated to reflux, initially
becaming rustcolored, and changing to yellow as the reaction progressed. Reaction progress
monitored by TLC. After a total of 13 hours of reaction time, the solution was redoagtuo
to 50 ml. The product was isolated by vacuum filtration as a yellow watih total yield of 132.5
mg 0.3 mmol, 5% yield) and >95% pure by NMR.
IH NMR (500 MHz, CR)I 8.31 (s, 1H), 8.31 (s, 1H), 7.33Jd,8.6 Hz, 1H), 7.29 (d= 9.0 Hz,
1H), 6.68 (dJ= 2.4 Hz, 1H), 6.63 (dik 8.6, 2.5 Hz, 1H), 6.43 (d, J = 2.4 Hz, 1H), 6.40 (dd, J = 8.8,
2.4 Hz, 1H), 4.15 (td= 10.8, 3.2 Hz, 1H), 3.88 (s, 3H), 3.81 (s, 3H), 2.79 (tdd, J = 10.8, 4.1, 2.0 Hz,
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1H), 2.52 (dtd, J = 11.9, 6.9, 2.9 Hz, 1H), 2.38 (dtd, J = 10.7, 5.5, 2.1 P1B71¢d)J= 13.0 Hz,
2H), 1.71 (qt, J = 11.9, 3.2 Hz, 2H), 1.55 (qt, J = 12.9, 3.2 Hz, 1H), 1.40 (qt, J = 13.5, 3.3 Hz, 1H).

13C NMR (126 MHz, CBRCI + MTndcy X McT®dPpyZ McpdPHNIZ mMcmdbyn
117.54, 114.93, 109.63, 109.53, 103.201.99, 72.61, 70.94, 55.66, 55.48, 30.04, 28.72, 24.64,
23.92.IR (KBr, cm): 2929, 2854, 1608, 1612, 1541, 1521, 1384, 1224, 910 {0873 (MoQ

asym), 590, 518

4.4.5Computational methods

All calculations were carried out using Gaussian 09. Structures were optimized using the
B3LYP hybrid functional and the basis sets: Mo, LANL2D215+6G(d,p); C, H, O,8N311G(d)
dzaZ Ay 3 DI dzaaAly ndpQa dzf G Rykdrgcson fo jhe edadydvas faley 3 N |
from the B3LYP frequency calculatidgteaction profiles were generated using the mechaSVvVG

program.[61]

CITATION FOR GAUSSIAN 09

Gaussian 09, Frisch, M. J.; Trucks, G. W.; Schlegel, ¢uderi& G. E.; Robb, M. A.; Cheeseman,

J. R.; Scalmani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; Caricato, M.; Li, X.;
Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.;
Toyota, K.; Fulda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.;
Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, F.; Bearpark, M.; Heyd, J. J.; Brothers, E.;
Kudin, K. N.; Staroverov, V. N.; Kobayashi, R.; Normand, J.; Raghiawkac Rendell, A.; Burant,

J. C.; lyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.
Bakken, V.; Adamo, C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
Cammi, R.; Pomellg.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Zakrzewski, V. G.; Voth, G.

A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; Ortiz, J.
V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 20009.
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Table4-5. B3LYP calculated free energies (gas phase, Hartrees) for initial species involved in
oxidation of thiols by complek

Species G

1 -1661.05061

EtSH -478.00941
A -2139.29474
B -2139.24526
C -2139.25623
D -2139.27612
E -1661.89453

EtS -477.38203
F -1662.48304
G -2139.26983
H -2139.28275

LMdVO  -1586.05986
EtSSEt  -954.81483
H.O -76.43026
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CONCLUSIONS

The robust som transfer activity of molybdenum complexes has been lesblished,
but the work presentedhere shows that there are avenues of exploration and details of
molybdenumcatalyzed OAT to be investigated. Our study of kinetic resolutions of phosphines
reveals that catalytic oxygen atom transfer is a potential practical method for resolution of
racemic chiral monophosphines and that standard DFT methods are robust enough to predict
trends in selectivity for enantioselective oxygen atom transfBne developrant of more
selective catalyst for this resolution will need to focus on the steric environment of the
transferred oxo group, with special attention paid to coordination geometries and, in-Belsif
systems, focus on the level of steric control enforbgdhe diimine backbone. Our investigation
of dioxygen coordination to and transfer from molybdenum (IV/VI) centers reveals significant
mechanistic detail and answers previously unaddressed questions about the differences in
substrate scope for dioxomolyedum and Mimourype catalysts (or reactions involving
dioxomolybdenum complexes with peroxidic reagents). This work demonstrates that in order for
catalytic aerobic oxidation of electrophilic substrates to become accessible, dioxomolybdenum
complexes cagale of oxidizing these compounds in absence of peroxidic oxygen atom donors
must be developed. The unusual cleavage of a peroxo group by a molybdenum center following
oxo group transfer to nucleophilic phosphine substrate is also reported. Aerobic oxidatio
thiols to disulfides undebasefree conditions is reported for the first time with a homogeneous
molybdenum catalyst, and this reaction is found to be promoted by eleati@mmating para-
substituents on the salen ligand. The oxidation is discovergatdduce unexpected additional
oxidation products for aliphatic thiol substrates (with aryl substrates suggested but not
confirmed to also result in a mixture of products). The measily oxidized benzyl mercaptan is
discovered to undergo-S bond cleavag followed by an unusual sulfur atom transfer reaction,
resulting in formation benzyl trisulfide. Oxidation of dodecane thiol is found to form the hitherto
unreported sulfenic acid compound-&0O-SR), which is also the secondary product suggested
for oxidation of thiophenol substrates. Tteibstrate scope for formation of this new functional

group is in need of further exploration, as is the chemistry of the sulfenic anhydrides themselves.
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FigureA-1: IR spectrum o2, KBr pellet, cnt
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FigureA-2: IR spectrun8, KBr pellet, 1/cm
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