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[bookmark: _Toc119324167][bookmark: _Toc121236940]ABSTRACT
The chemistry of dioxomolybdenum coordination complexes has been deeply investigated as a model for molybdoenzyme structure and activity, as well as for non-biological chemical applications. In this work, we present investigation into new applications of dioxomolybdenum reactivity and the mechanisms thereof. Chapter 1 gives a brief summary of metal oxo bonding structure, the reactivity of molybdoenzymes and synthetic molybdenum complexes, oxidative kinetic resolutions, metal-dioxygen complexes, and catalytic oxidation of thiols.
	Chapter 2 presents the use of a series of chiral dioxomolybdenum (VI) Schiff-base salen complexes as catalysts for the oxidative kinetic resolution of the P-chiral monophosphine, methylphenyl-tert-butyl phosphine. The studied complexes are shown to yield the chiral phosphine oxide in low to moderate enantiomeric excess (0-35% e.e.) employing pyridine N-oxide as the stoichiometric oxygen atom source. Use of a para-nitro substituent on the ligand salicylimine ring is found to increase catalyst activity, and enantioselectivity of the reaction is found to be controlled by steric bulk at the salen ortho-position. Density Functional Theory (DFT) study of the reaction finds the stereochemically-defining step is the O-transfer transition state involving nucleophilic attack of the phosphine on an oxo-group of the chiral LMoO2 complex. 
	Chapter 3 reports the catalytic oxidation of phosphines by Schiff-base complexes of dioxomolybdenum under aerobic conditions. The activity of the complexes toward aerobic oxidation of phosphines is found to be the same as with pyridine N-oxide, 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 activation 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 regenerated 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 complexes is also reported.
	Chapter 4 extends the reactivity of Schiff-base dioxomolybdenum complexes to include the oxidation of thiols to disulfides under base-free conditions. This reactivity is found to encompass alkyl, benzyl, aryl, and amino acid-derived thiols. Alkyl and benzyl thiols are found to be oxidized to two primary products, of which the disulfide is the major (60-80% yield). The secondary products are found to differ due to substrate effects, with benzyl mercaptan oxidized to benzyl trisulfide and dodecane thiol oxidized to the previously unreported dodecane sulfenic anhydride. The selectivity of this oxidation toward formation of disulfide products is found to increase with addition of base, and variation of catalyst electronics (salen para-substituent = NO2, H, OMe) shows significant rate and product distribution effects. DFT study of possible reaction intermediates suggest this oxidation proceeds initially via a hydrogen atom transfer process forming a thiyl radical and a molybdenum (V) oxo-hydroxyl species. Disproportionation of two molecules of the molybdenum (V) species forms one dioxomolybdenum (VI) complex, one oxomolybdenum (IV) complex, and a molecule of water. Mechanistic pathways are suggested for formation of disulfide, trisulfide, and sulfenic acid products.
1. [bookmark: _Toc119324168][bookmark: ch1title][bookmark: _Toc121236941] 
INTRODUCTION
0. [bookmark: _Toc119324169][bookmark: _Toc121236942] Oxo group transfer and the electronic structure of metal oxo compounds
Oxygen transfer reactions are a class of oxidation/reduction reactions (eq. 1) in which the oxygen donor is reduced and the oxygen acceptor is oxidized. Our work focuses specifically on a class of oxygen transfer reactions, oxygen-atom transfer reactions (OAT) in which the formal gain or loss of an oxygen atom is mediated by a transition metal complex (eq. 2).
 				eq. 1	
			eq. 2	
For these reactions, the transferred oxygen is: i) transferred as an oxygen atom, ii) atom transfer results in a change of oxidation state (n±2) of the metal results, and iii) the transferred oxo group is bound directly to the metal center. [1] These requirements mean that all oxo transfer reactions involve an oxo-metal species, with the number of terminal oxo groups ranging from one to four (Figure 1‑1).


[bookmark: _Ref117779691][bookmark: _Toc118991031][bookmark: _Toc121402523]Figure 1‑1. Geometries of known oxometal functional groups
	Oxo-metal complexes are known to form with transition metals from groups 4-8, with the number of terminal oxo groups controlled by the oxidation state of the metal. Thus, group 4 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 for vacant or half-filled metal d-orbitals to accept π-electrons from the oxo group. Oxo ligands exhibit a strong trans-effect on the opposing ligand due to the electronic character of the M=O bond (Figure 1‑2 b & c); that is, due to the strong M-O bond resulting from mixing of oxygen π-orbitals and metal d-orbitals removing electron density from the opposing metal-ligand bonding interactions. Metal dioxo moieties are stabilized by the same orbital interactions as metal oxos, as shown in (Figure 1‑2 d-h).
[image: a) line structures showing metal-oxo bonding resonance structures
b) orbital alignments for d-zero mono-oxo, d-zero dioxo, and d-two dioxo metal complexes]
[bookmark: _Ref117345777][bookmark: _Toc118991032][bookmark: _Toc121402524]Figure 1‑2. (a) Resonance structures for metal-oxo bonding. Bonding orbital alignments for metal oxo (b & c), d0 metal cis-dioxo (d-f), and d2 metal trans-dioxo (g & h) moieties
Due to the availability of two d-π bonding interactions in d0-monooxo complexes, the strong metal oxo bond is sometimes described as a partial triple bond (Figure 1‑2a). [2,3] For metal dioxo units, d0 metal centers prefer the bent cis-dioxo geometry, while d2 metal centers typically exhibit the linear trans-dioxo geometry. The linear geometry allows the valence electrons from the metal center to occupy a nonbonding d-orbital, which avoids destabilizing the π-bonding interactions between the metal and oxygen atom. Metal centers that are d0 may also exhibit pyramidal geometry for MO3 and cis-octahedral geometry for MO4. 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 less than for the terminal oxo group (for M2[μ2-O]) or the same as the terminal oxo-containing complex (for M2[μ2-O]2). Formation of these bridged species can be prevented by employing bulky ligand moieties, [4] allowing for stable monometallic oxo-metal species with terminal oxo groups that can act as oxygen transfer moieties. 


[bookmark: _Toc119324170][bookmark: _Toc121236943]Molybdoenzymes and OAT reactions of oxomolybdenum complexes
Catalytic oxygen atom transfer reactions can be promoted by both synthetic metal oxo complexes and by enzymatic oxometal centers. Both natural and synthetic oxygen atom transfer catalysts perform a metal-centered oxo transfer reaction (either the forward or reverse reaction given in eq. 2) and a coupled oxidation or reduction step that may or may not involve another oxo transfer reaction. The most prevalent metal oxo group in biological contexts is the iron heme oxo, which is an intermediate in many of the oxidation/reduction processes carried out by Cytochrome P450 and other iron heme enzymes. However, the bulk of experimental metal oxo species are molybdenum dioxo complexes. Molybdenum is the only second-row metal essential for biological function, and appears in more than 50 redox enzymes, including the xanthine oxidase, sulfite oxidase, and DMSO reductase families. [5] All molybdenum containing enzymes contain a conserved organic cofactor known as molybdopterin—or, more generally, pyranopterin—a bidentate, 4-electron dithiolate donor ligand. The structures of the molybdopterin cofactor and the molybdenum centers for each molybdoenzyme family are shown in Figure 1‑3.


[bookmark: _Ref117610317][bookmark: _Toc118991033][bookmark: _Toc121402525]Figure 1‑3. Structures of the molybdopterin cofactor and the coordination environment for each of the molybdoenzyme families. Each molybdenum (VI) center is represented in its most common coordination environment. Common 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 are not mechanistically oxygen atom transfers but 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 (IV) thiolate complex. The product is then formed by elimination and protonation of the substrate, with association of free hydroxide (from water) regenerating the catalytic species (Figure 1‑4).


[bookmark: _Ref117610306][bookmark: _Toc118991034][bookmark: _Toc121402526]Figure 1‑4. Mechanistic pathway for catalytic oxidation of xanthine by xanthine oxidase
Unlike xanthine oxidase, the molybdenum center of sulfite oxidase is a dioxomolybdenum (VI) center. One of the structural properties of this metal dioxo moiety is that only one of the oxo groups can be transferred, with the increase in metal-oxo bond strength leading to formation of a “spectator oxo.” [5,6] The increase in Mo-O bonding character from formation of the molybdenum (IV) monooxo species contributes to the thermodynamic favorability of the oxo group transfer, counterbalancing the thermodynamic cost of cleaving the molybdenum-oxo double bond. The mechanism of oxo transfer with the sulfite oxidase dioxomolybdenum center differs from xanthine oxidase’s oxo-sulfido center: absent the Mo=S moiety to act as a hydride acceptor, the transferred oxo group is electrophilic rather than nucleophilic, leading to the direct oxygen atom transfer (OAT) shown in Figure 1‑5. The transferred oxygen atom again comes from water to regenerate the catalytic dioxomolybdenum species.


[bookmark: _Ref118202167][bookmark: _Toc118991035][bookmark: _Toc121402527]Figure 1‑5. 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 molecule—cycles between Mo (IV) and Mo (VI) by abstracting an oxygen atom from the substrate molecule (Figure 1‑6). The reduction of DMSO to DMS (dimethyl sulfide) is thought to occur through a concerted process, [1] where the cleaving S-O bond stabilizes the S-O π*-orbital, allowing for electron transfer from the metal center to the sulfur. The abstracted oxo group is then reduced to form water, reforming the Mo (VI) center.


[bookmark: _Ref118202239][bookmark: _Toc118991036][bookmark: _Toc121402528]Figure 1‑6. Mechanistic pathway for OAT reduction of DMSO by DMSO reductase
The chemistry of synthetic molybdenum complexes was developed with an eye to modeling the oxygen transfer chemistry of the molybdenum enzyme families. However, a significant amount of research on molybdenum-mediated oxo transfer was carried out prior to the determination of the structures of the molybdoenzyme active sites, so most early investigations focused on the MoIVO/MoVIO2 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 the MoIV/MoVIO redox couple employed by DMSO reductase and presented the synthetic challenges of forming the [MoVIOS]2+ center of xanthine oxidase and stabilizing the five-coordinate dioxomolybdenum (VI) center of sulfite oxidase. However, the early research with dioxomolybdenum complexes has made the atom transfer chemistry of molybdenum the best-understood of any element. [7–15]
Accurate structural synthetic analogues of the molybdoenzyme centers must necessarily employ dithiolene ligands (Figure 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 sphere. [15] The vast majority of molybdenum (VI) complexes adopt the cis-dioxo geometry, with an overall octahedral coordination sphere. As described in Section 1.1, the cis-dioxo moiety is strongly preferred in d0 complexes, and the strong σ- and π-donor influences of the oxo ligands have significant effects on the overall geometry of the complex. With both monodentate and bidentate ligands, where there is flexibility in the position of coordinating atoms, weaker π-bonding donor atoms occupy the coordination site trans to the oxo ligand. These trans position bonds are significantly longer than bonds with equivalent donor atoms in other coordination positions. [17]
	Monodentate ligands of dioxomolybdenum complexes can either be monoanionic (X-type) or neutral (L-type). X-type ligands can be halides (most often chloride), cyano groups, [18] alkyl or aryl groups directly bonded to the metal center, thiolates, [7,10] and -OR oxide groups (R=alkyl, aryl, silyl). L-type monodentate ligands can be donor-type solvent molecules (e.g. THF or DMF) or non-solvent O- or N-donor molecules, such as sulfoxides, phosphine oxides, and pyridine. Imido ligands, [19,20] while monodentate, are formally dianionic ligands, and share more properties with the oxo moiety than with the monoanionic ligands.


[bookmark: _Ref118727897][bookmark: _Toc118991037][bookmark: _Toc121402529]Figure 1‑7. Common ligands of synthetic dioxomolybdenum (VI) complexes
Bidentate ligands can be neutral (generally N,N-donors, such as bis-oxazolines and bipyridine derivatives), [8,21] monoanionic O,O-, N,O-, N,N- or S,S-donor ligands (hydroxy-2-pyridinones, ketiminate Schiff bases, pyrazolates, and dithiocarbamates, respectively). Tridentate ligands can be monoanionic (trispyrazolylborate, [11] O,N,N-donors) or dianionic (O,N,O- or S,N,S-donors), and often have the octahedral molybdenum coordination sphere completed by a monodentate ligand. Finally, neutral complexes with the formula [MoO2L] can be synthesized with tetradentate dianionic ligands, the most common of which are the O,N,N,O-donor Schiff base salen ligands, as well as their reduced salan form. [9,15]
The multidentate ligands are convenient for studies of dioxomolybdenum oxygen atom transfer due to their high formation constants and their steric bulk, which stabilizes the monomeric molybdenum (IV) oxo species by inhibiting dimerization to form μ-oxo molybdenum (V) species. The comproportionation[footnoteRef:2] reactions forming these oxo-bridged dimeric complexes (Figure 1‑8) 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, Schiff-base and related O,N,N,O- and S,N,N,S- ligands [22] have particular utility for mechanistic investigations of dioxomolybdenum complexes due to their easy synthesis (Figure 1‑9) and the ability to easily modify electronic and steric effects of the ligand by changing substituents on the starting materials. The electron-donating and -withdrawing effects of para-substitution in phenolic ligands on oxo transfer processes has been well demonstrated in both molybdenum and tungsten complexes [9,23] and can be used to probe mechanistic details of the OAT process. [2:  A redox reaction where two reactants with different oxidation states react to form a single compound with an intermediate oxidation number. The opposite of a disproportionation reaction.] 



[bookmark: _Ref121058444][bookmark: _Toc118991038][bookmark: _Toc121402530]Figure 1‑8. Comproportionation reaction of molybdenum (VI) dioxo and molybdenum (IV) monooxo to form molybdenum (V) μ-oxo


[bookmark: _Ref118728559][bookmark: _Toc118991039][bookmark: _Toc121402531]Figure 1‑9. Synthesis of salen and salan ligands from diamines and salicylaldehydes
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 synthetic O-atom transfer catalysts employ a large range of oxygen atom donor and acceptor reagents (Figure 1‑10). The enzymatic O-donor/acceptor natural substrates are DMSO, nitrate, sulfite, carbon monoxide, formate and xanthine, while unnatural substrates have included sulfides, phosphines, amine oxides and alkenes (with peroxide oxidants). [5,17,24–26] It should be noted that the alkene/peroxide reactions are widely viewed to involve reactive metal peroxo intermediates, Mo(O-O) [8], whereas the others with non-peroxidic reagents involve reactive oxo-Mo (LMo=O) species. 


[bookmark: _Ref121058259][bookmark: _Toc118991040][bookmark: _Toc121402532]Figure 1‑10. General oxygen atom transfer reaction with molybdenum oxo species
Tertiary phosphines are widely used as model substrates for O-transfer 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. employing para-substituted salan dioxomolybdenum complexes determined that the oxygen atom transfer to phosphorus is accelerated by using strongly electron-withdrawing substituents (e.g. para-nitro), which act to dissipate the negative charge built up during nucleophilic attack by phosphine on the oxo moiety. [9] This effect is consistent with the initial nucleophilic attack being the rate-limiting step for phosphine oxidation, an experimental conclusion that has been supported by computational investigation. [6] Both phosphines and phosphine oxides have important uses in chiral form, particularly to confer chirality to metal complex catalysts for a variety of reactions. [28–33] Phosphine oxides are useful ligands 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 reactions. [28,29,34] 
While phosphines are convenient unnatural substrates for investigating oxygen atom transfer from molybdenum oxo centers, natural sulfur-based substrates are also of significance. Both oxidation (sulfite-oxidase type reactivity) and deoxygenation (DMSO reductase-type reactivity) are of synthetic and industrial interest. Deoxygenation of sulfoxides to sulfides has been reported for a wide range of high oxidation state molybdenum complexes, catalyzing the general reaction shown in Figure 1‑11, which is often coupled with OAT to phosphines in a catalytic setting. [15,35,36] 


[bookmark: _Ref118730009][bookmark: _Toc118991041][bookmark: _Toc121402533]Figure 1‑11. Catalytic deoxygenation of sulfoxides by dioxomolybdenum (VI) complexes
This reaction has been demonstrated with a wide variety of ligand types, including dichloride, dialkyldithiocarbamate, cyano, acetylacetonate, silyl-cyclopentadienyl, aminobisphenol, salan, and salen complexes of dioxomolybdenum. [9,18,24,25,37–41] The reverse (sulfite oxidase-type) reaction is less well-represented for synthetic dioxomolybdenum centers, with all known catalysts transferring not an oxo moiety to the substrate, but instead an oxygen atom from a peroxo or hydroperoxo group via electrophilic oxygen atom transfer. [42,43] These oxidoperoxido complexes, known as Mimoun complexes, [44] are 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 peroxide or H2O2, co-producing an alcohol or water (Figure 1‑12a). The peroxomolybdenum complex then transfers an oxygen atom from the peroxo group to the substrate via outer-shell nucleophilic attack of the substrate on the peroxo moiety. This mechanism, proposed by Sharpless, et al., is shown in Figure 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 peroxo ligand instead. [1]


[bookmark: _Ref118204120][bookmark: _Toc121402534]Figure 1‑12. (a) Reaction of hydrogen peroxide with LMoO2 to form a molybdenum (VI) oxoperoxo complex and (b) Sharpless mechanism for epoxidation of olefins by molybdenum peroxido species
[bookmark: _Toc119324171][bookmark: _Toc121236944]Asymmetric synthesis and resolution processes involving molybdenum complexes
Like phosphine oxidation, sulfoxidation and epoxidation can be used to form valuable chiral products when a chiral oxo-transition metal catalyst is employed (Figure 1‑13). These reactions, in which a prochiral sulfide is oxidized to the chiral sulfoxide or olefins are stereospecifically transformed to the epoxide, are a common application of chiral salen complexes. [47] The inclusion of a chiral diamine in the backbone of the ligand (Figure 1‑9, R1) induces an asymmetric environment around the dioxomolybdenum center and potentially allows for OAT catalysis to proceed stereoselectively. 


[bookmark: _Ref121058765][bookmark: _Toc118991043][bookmark: _Toc121402535]Figure 1‑13. Molybdenum catalyzed enantioselective epoxidation and sulfoxidation
Enantioselective reactions with molybdenum complexes are well-represented in the literature, however most reports of high enantioselectivity are for C-C bond-forming reactions. Molybdenum carbonyl compounds with chiral bis(pyridyl-amide) and bis(oxazalinyl-amide) ligands have been demonstrated to catalyze allylic alkylation reactions with high regio- and 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 palladium-based catalysts. [50] Further studies show that the reaction proceeds via oxidative addition of the allylic substrate to the metal center, followed by nucleophilic attack to yield the substitution product. [51] Molybdenum catalysts have also been employed for asymmetric ring-opening and ring-closing reactions. The study of these reactions has been dominated by the work of Schrock, Hoyveda, and coworkers, using four- and five-coordinate molybdenum imido alkylidine complexes with chiral diolate ligands acting as the chirality-inducing scaffold. [52–55] Asymmetric synthesis with dioxomolybdenum complexes is also well-documented, though the selectivity of these systems towards epoxidation is often moderate-to-low. [56–60] The highest enantioselectivity for these reactions has been obtained with bishydroxamic acid ligands (up to 96% e.e.), [61,62] 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 determining the reaction enantiospecificity. [63] High enantioselectivities have also been reported for the oxidation of sulfides to sulfoxides and sulfones, with the selectivity of the oxidation arising from a kinetic resolution effect for the oxidation of sulfoxide to sulfone. [64] Sulfoxidation of prochiral sulfides that have high selectivity to the sulfoxide product have not been demonstrated with high enantioselectivity. [65–67]
	In the best-case scenario, asymmetric catalysis will result in full conversion of starting material to the desired enantiomeric product. For kinetic resolution reactions, in which a racemic mixture of substrate is enantiomerically enriched by reaction with a chiral reagent or catalyst, this result is possible only when the starting material can be isomerized by either coordination to the catalyst or a photochemical process. [68,69] However, when the interconversion of isomers is impractical or inaccessible, the maximum yield of an asymmetric resolution is 50% of the racemic starting material. That being said, kinetic resolution reactions have several advantages: i) the use of easily-accessible racemic substrates, ii) the option to select the enantiomer of the product by choosing the enantiomer of the chiral reagent or catalyst, and iii) the reduction of waste products typically associated with stoichiometric resolution processes. [70] There 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 and enantio-enriched sources unavailable, the employed catalyst is highly enantioselective, inexpensive, and effective at low loadings, and the product and the unreacted starting material are easily separated.
	Enantioselectivity in kinetic resolutions arises from the difference in rate of reaction between the enantiomers of the racemic substrate, krel, with a homochiral reactant or catalyst. This selectivity is dictated by the difference in the activation energies of the enantiomeric transition state, ΔΔG‡. Because the selectivity is 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 the reaction. 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 relatively low selectivity, simply by allowing the reaction to proceed to higher conversion, which depletes the substrate of the faster-reacting enantiomer. Conversely obtaining highly enantioenriched products requires high selectivity, because after the first turnovers of the reaction, the e.e. of the product begins to decrease.
	Oxidative kinetic resolutions have been established for secondary alcohols, [71–74], sulfoxides, [65,75] alkenes and allenes, [47,76]. There is, however, a scarcity of reports of kinetic resolutions for P-chiral phosphines, [77] and there have been, in fact, no reports of catalytic kinetic resolution of phosphines by oxidation of the phosphine prior to this study. [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 kinetic resolution of chiral phosphines, however, yields both an enantioenriched phosphine oxide product and recovered enantioenriched phosphine substrate, and could be catalyzed by metal oxo complexes rather than the metal peroxo complexes employed for oxidation of sulfoxides. 


[bookmark: _Toc118991044][bookmark: _Toc121402536]Figure 1‑14. Molybdenum-catalyzed oxidative kinetic resolutions of sulfoxides and phosphines

[bookmark: _Toc119324172][bookmark: _Toc121236945]Coordination and reaction of dioxygen with transition metal centers
	As mentioned in the previous section, oxidation of electrophilic substrates by metal oxo complexes is usually carried out with stoichiometric peroxide reagents as an oxygen atom source, which generates a metal peroxo complex as the active catalyst. [8,45] Metal peroxo species can also be formed by reaction with dioxygen (Figure 1‑15). 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 electron-donor properties and the spin-forbidden nature of the interaction. [18,81] Coordination of dioxygen to a metal produces an “activated” dioxygen molecule that can react more readily with singlet organic molecules. [82]


[bookmark: _Ref118731611][bookmark: _Toc118991045][bookmark: _Toc121402537]Figure 1‑15. Stepwise 1-electron reductions of dioxygen to metal superoxo and 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. The initial 1-electron reduction yields a metal superoxo complex, examples of which 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 1-electron steps to catalyze oxidation of phenols and thiols. These complexes can also react with another metal center to form dioxygen-bridged dimers (Figure 1‑16).


[bookmark: _Ref121060202][bookmark: _Toc118991046][bookmark: _Toc121402538]Figure 1‑16. 1-electron reductions of metal superoxo to metal hydroperoxo and μ-O2 dimer
	The dioxygen-bridged dimer is a presumed intermediate in the formation of monooxo species from reactions of metals with dioxygen. The formally 2-electron reduced μ-O2 species is further reduced to form two O2- ligands, cleaving the O-O bond in the process (Figure 1‑17). [82,89] The formed metal oxo species may then react as described in the previous section, with dioxygen coordination and splitting preceding (e.g. FeII) or following (e.g. VIII, MoIV) each substrate oxidation step.


[bookmark: _Ref121060318][bookmark: _Toc121402539]Figure 1‑17. Mars-Van Krevelen mechanism for aerobic oxidation of substrates (A)
	The 4-electron 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 with a large range of available oxidation states, such as ruthenium (Figure 1‑18). [90] 


[bookmark: _Toc118991048][bookmark: _Ref121393641][bookmark: _Toc121402540]Figure 1‑18. 4-electron reduction of dioxygen by ruthenium
	Formation of side-on peroxo complexes is well-documented, but the mechanism of the coordination and reduction is not. Due to the changes in spin state of the dioxygen and of the 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) between the high-spin and low-spin reaction surfaces. Yu and coworkers [91] were able to model the coordination of dioxygen with a series of ruthenium, osmium, cobalt, and iridium complexes. In all cases, they found that the 2-electron reduction of dioxygen to the peroxo ligand occurs in a stepwise fashion, beginning with end-on coordination of 3O2 to the metal center, then forming a partially side-on peroxo before completing the reduction and η2-coordination of the peroxo group, which may be a triplet or singlet, the latter requiring a spin-crossover step (Figure 1‑19).


[bookmark: _Ref118733827][bookmark: _Toc121402541]Figure 1‑19. General scheme for oxygen coordination as described by Yu, et al. M=Ru, Os, Co, Ir
Perhaps the most famous transition metal peroxo-catalyzed 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 from tert-butyl hydroperoxide through the alcohol stabilized transition state shown in Figure 1‑20. [93] The ligation of the substrate alcohol accounts for the substrate specificity of this enantioselective reaction. The Jacobsen-Katsuki epoxidation, by comparison, does not involve a transition state in which the substrate binds to the metal center and instead derives its enantioselectivity from the steric environment of its cyclohexanediamine-derived salen ligand. [47]


[bookmark: _Ref118734624][bookmark: _Toc118991050][bookmark: _Toc121402542]Figure 1‑20. Coordinated intermediate structure for enantioselective epoxidation by Sharpless reagent [93]
Copper is known to form both superoxo and η2-peroxo 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 dioxygen to hydrogen peroxide or water, and mono- or deoxygenation of organic substrates. [95] Natural copper complexes for the transport of dioxygen are known as hemocyanins, and consist of a dinuclear μ-η2,η2-peroxo unit, which is far from the only Cu/O2 binding mode or stoichiometry. Copper dioxygen complexes are known with stoichiometries varying from 1:1 to 4:1. (Figure 1‑21) Synthetic complexes with copper centers have been employed to carry out hydroxylation of aryl and alkyl substrates, oxidation of alcohols to ketones, and oxidation of thiols to disulfides, among other transformations. [95–101]
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[bookmark: _Ref118810025][bookmark: _Toc118991051][bookmark: _Toc121402543]Figure 1‑21. Coordination modes and stoichiometries of copper-dioxygen complexes
Cobalt has reactivity toward dioxygen similar to that of copper, although the majority of cobalt dioxygen complexes occur either as a mononuclear superoxo or as the dinuclear μ-η2,η2-peroxo (Figure 1‑22). [102] Significant work has been reported on aerobic oxidation catalyzed by cobalt (II) salen complexes, including oxidation of alcohols to ketones, epoxidation of alkenes, and OAT to phosphines and amines. These reactions have also been reported with a variety of other ligand systems.


[bookmark: _Ref121061313][bookmark: _Toc118991052][bookmark: _Toc121402544]Figure 1‑22. Coordination modes of cobalt-dioxygen complexes, structure of cobalt-salen complex
While the best-known and most well-studied molybdenum peroxo complexes are the Mimoun-type oxoperoxo complexes, which are usually generated using H2O2 or ROOH oxidation of an oxo moiety, [42,44,45,69,103–113] advances have recently been made in employing dioxygen as a source of oxygen atoms in molybdenum-catalyzed OAT. [19,114–121] This 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) species (Figure 1‑23a). [122] Investigations of a cyano complex of molybdenum (IV), [(CN)5MoIVO]3-, found it oxidized 3 moles of triphenylphosphine per mole O2 in a reaction proposed to involve 2 moles of the molybdenum complex. This activity was rationalized by the comproportionation of molybdenum (VI) dioxo species, leading to formation of an unreactive μ-oxo species following a final oxygen atom transfer to phosphine (Figure 1‑23b). This differs from the previously reported dithiocarbamate complex, for which the unreactive molybdenum oxo-bridged dimer is in equilibrium with the dioxomolybdenum (VI) and oxomolybdenum (IV) species. More recent investigations by the group of Nadia Mösch-Zanetti have demonstrated the same aerobic phosphine oxidation for a stable monomeric complex, [117] and the authors propose based on 1H and 31P 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 step of the reaction 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 (IV) species (Figure 1‑23c). [121] These ketiminato and Schiff-base complexes are the first reported molybdenum complexes to catalytically oxidize phosphines with dioxygen as the terminal oxidant, and the intermediate species in the oxidation have yet to be studied in-depth either by experiment or in silico. The oxidation of sulfides to sulfoxides and sulfones is well-documented for Mimoun-type complexes formed by reaction with peroxidic reagents, but this activity is not reported for aerobic systems or for oxo-group transfer by dioxomolybdenum centers.


[bookmark: _Ref118739769][bookmark: _Toc118991053][bookmark: _Toc121402545]Figure 1‑23. Catalytic aerobic oxygen atom transfer reported by Barral, et al. (a), aerobic oxygen atom transfer reported by Arzoumanian, et al. (b) and catalytic aerobic oxygen atom transfer reported by Dupé, et al. (c)

[bookmark: _Toc119324173][bookmark: _Toc121236946]Oxidation of, and OAT to, thiols
	Oxidation of thiols is an important reaction in the biological, 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 (Figure 1‑24), [122] and in the non-reducing extracellular environment, cysteine-disulfide bridges are a determining factor of protein structure.


[bookmark: _Ref118750832][bookmark: _Toc118991054][bookmark: _Toc121402546]Figure 1‑24. Oxidative reactions of cysteine with reactive oxygen species (ROS= , •OH, H2O2), reactive nitrogen species (RNS= •NO, +NO, N2O3), and sulfur species
	In industrial and synthetic contexts, the oxidation of thiols to disulfides is useful as a method of petroleum sweetening [123] and as thiolation, reduction, or thiol protection reagents. [124,125] Thiols are aerobically oxidized by a 1-electron process to thiyl radicals, which then homocouple to form disulfides (eq. 3), a process that can also proceed by an ionic pathway (eq. 4).
			          eq. 3
			     eq. 4
	This oxidation is often catalyzed by bases, which is proposed to be facilitated by the easier oxidation of the thiolate anion relative to that of the neutral thiol. [126] Metal oxide promoted coupling of thiols is demonstrated to proceed via the same mechanism as aerobic autooxidation, producing thiyl radicals and water as products of 1-electron oxidation processes. Catalytic systems employing both heterogeneous and homogeneous metal-containing catalysts have also been well-documented, with vanadium, iron, cobalt, copper, molybdenum, rhodium, ruthenium, and gold catalysts represented in the literature. Previous molybdenum systems employed for this oxidation are scarce, with a two reports of thiols being used to stoichiometrically reduce dioxomolybdenum (VI) species to oxomolybdenum (IV), [25,127] a single report of aerobic oxidation by a molybdenum-containing heterogeneous catalyst, [128] 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.



[bookmark: _Ref118809971][bookmark: _Toc118991055][bookmark: _Toc121402547]Figure 1‑25. Oxidation of thiols to disulfides by MoO2Cl2(DMSO)2 with dimethyl sulfoxide as solvent and oxygen atom source

[bookmark: _Toc119324174][bookmark: _Toc121236947]Gaps in knowledge
	The broad investigations of molybdenum-catalyzed oxygen atom transfer to this point have left few stones unturned. However, to the best of our knowledge, oxidative kinetic resolution of phosphines had not been examined, and the structural factors that may lead to the development of a practical catalyst for kinetic resolution of chiral monophosphines via oxygen atom transfer had not been elucidated. Using the easily-derivatized chiral cyclohexyl-salen ligand, we believed that a fast, enantioselective catalytic system could be developed for oxidative kinetic resolution of chiral phosphines. An accompanying computational study could establish whether DFT modeling of the enantioselective step can be used to screen potential catalysts. The recently re-emerged coordination chemistry 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 electrophilic substrates had also not been modeled. Using  dioxomolybdenum (VI) cyclohexylsalen complexes, we hoped to demonstrate the potential for aerobic oxidation of both nucleophilic and electrophilic substrates and to employ DFT methods to model previously unexplored features of the mechanism. Finally, literature reports of molybdenum-promoted oxidation of thiols remain scarce, as do examinations of the pathways and oxidation products of these reactions. The few existing reports suggest that a molybdenum-oxo catalyst should be able to carry out this oxidation under aerobic conditions, but the parameters for the reaction were yet to be established.

[bookmark: _Toc119324175][bookmark: _Toc121236948]This work—Preview
	In this dissertation, we present the results of catalytic investigations using dioxomolybdenum (VI) Schiff-base 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 mechanistic features. Small to moderate enantiomeric excesses of the product phosphine oxide (0-30%) are achieved, and we demonstrate strong correlation (R=0.99) between experimental selectivity and differences in activation energy calculated with DFT methods. Chapter 3 explores the mechanistic details of the aerobic oxidation of phosphines with these dioxomolybdenum species with an experimental and computational study of dioxygen coordination, activation, and transfer. DFT studies reveal spin-crossover processes in keeping with the literature for other transition metals for coordination of dioxygen, as well as a surprising oxygen atom transfer from the oxo group of the oxoperoxo complex and an unusual cleavage of the peroxo moiety to re-form the dioxomolybdenum complex. Finally, Chapter 4 reports the outcome of aerobic oxidation studies of thiols catalyzed by these oxo-molybdenum complexes. Oxidative homocoupling of thiols to disulfides is found to be general, with the catalytic reaction observed for alkyl, aryl, and amino acid-derived thiols. The oxidation of benzyl mercaptan to benzyl disulfide is found to be accompanied by C-S 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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[bookmark: _Hlk119324398][bookmark: _Hlk121237024]KINETIC RESOLUTION OF CHIRAL PHOSPHINES VIA OXYGEN ATOM TRANSFER FROM DIOXOMOLYBDENUM (VI) SALEN COMPLEXES
[bookmark: _Toc121236951]Introduction
A domain in which O-atom transfer reactions of dioxo-molybdenum complexes has received little attention is in their use for stereoselective reactions. P-Chiral phosphines are valuable for chiral catalysis, as they introduce a chiral environment in close proximity to the active site metal center [1,2]. The chemical resolution of chiral, racemic monophosphines, including P-stereogenic phosphines, typically involves the use of stoichiometric chiral resolving agents or chiral auxiliaries in a multistep reaction process. [3–13] More directly, the catalytic asymmetric synthesis of P-chiral phosphines from sec-phosphines via alkylation or hydrophosphination of alkenes with precious metal complexes has been achieved recently. [12,14,15] These asymmetric synthetic methods generally have limited scope and their enantioselectivities often vary according to the steric bulk of the phosphine. An approach to the enantiomeric enrichment of P-chiral phosphines and phosphine oxides that is unexplored is catalytic kinetic resolution (Figure 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 the forming product. [17,18] In a highly stereoselective transformation by kinetic resolution, the maximum enantiomeric enrichment (ee) of both substrate and product is obtained at 50 % conversion; higher ee’s of reactant or product may be obtained at the sacrifice of conversion or yield. [18] A single investigation of a stoichiometric kinetic resolution of phosphines by Le Maux, et al. [19] employed a dioxoruthenium complex with a difficult to synthesize chiral porphyrin ligand. At 1:1 LRuO2/phosphine, a 41% enantiomeric excess (ee) of the phosphine oxide product was obtained; at 1:10 LRuO2/phosphine the ee fell to 12%. While demonstrating that a chiral oxo-metal species could show enantioselectivity in the oxidation of a racemic phosphine, the modest stereoselectivity and the stoichiometric use of this precious chiral reagent is impractical for the preparation of chiral phosphines or phosphine oxides.
[image: kinetic resolution of chiral phosphines by a chiral dioxomolybdenum complex]
[bookmark: _Toc121402548][bookmark: _Ref99547538]Figure 2‑1. Concept of kinetic resolution of P-stereogenic phosphines by catalytic oxidation
[bookmark: _Hlk98173322]An effective system for catalytic kinetic 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 inexpensive. [18] Complexes of Schiff-base (imine) ligands offer a versatile and convenient platform for testing structure/activity and selectivity effects, but (imine)MoO2 complexes have received relatively little attention as catalysts for O-transfer reactions. [20–22] In this study we report the first examples of the catalytic kinetic resolution of a P-chiral monophosphine/phosphine oxide, which employ economical and customizable salen-type dioxo-molybdenum 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 in Molecular Catalysis in August 2021 [23], primarily written by Theo Rusmore.

[bookmark: _Toc119324178][bookmark: _Toc121236952]Results and Discussion
[bookmark: _Toc119324179][bookmark: _Toc121236953]Preparation and characterization of L*MoO2 catalysts
The diimine-type salen-ligands 1-5 required for complexation were prepared by condensation of a salicylaldehyde derivative with an enantiopure (> 98%) chiral diamine, either trans-(R,R)-1,2-diaminocyclohexane (in alcoholic solution) or (S)-1,1’-diamino-binaphthylene (in toluene) (Figure 2‑2, Figure 2‑3). The ligands were isolated as yellow powders and characterized spectroscopically. The corresponding LMoO2 complexes 7-10 (L=CHD-salen) were prepared by refluxing a solution of the Schiff base ligand 1-5 with MoO2(acac)2 in a chlorinated solvent, 1,2-dichloroethane or chlorobenzene. Isolation by precipitation with a nonpolar solvent afforded the complexes as yellow/orange/brown powders. The BINAM-derived complex 12 was prepared similarly from ligand 11 and (DMF)2MoO2Cl2 (Figure 2‑3). The measured optical rotations showed the complexes 7-10 to be optically active. It is assumed that configurational integrity is retained during preparation of the chiral ligand and its Mo-complex. 

[bookmark: _Toc121402549][bookmark: _Ref119346316]Figure 2‑2. Reaction scheme for the preparation of CHD-salen complexes 6-10; (S,S)-configuration shown.

[bookmark: _Toc121402550][bookmark: _Ref119346324]Figure 2‑3. Reaction scheme for the synthesis of complex 12; S configuration drawn
IR spectra of the ligands (LH2, 1-5) display characteristic imine stretching absorptions at 1582-1610 cm-1, along with nearby aromatic C=C stretching absorptions (Figure A‑1-Figure A‑4). Ligation of the imine nitrogen to the MoO2-center in complexes 7-10, 12 lowers the imine C=N stretching frequency noticeably (30-50 cm-1). Two MoO2 stretching absorptions are observed for all complexes in the range of 914-925 cm-1 and 877-898 cm-1, typical of similar LMoO2 complexes, [20,24,25] 1H-NMR spectra for the cyclohexyldiimine (CHD) ligands show characteristic splitting patterns for the aromatic ring and imine protons in the 7-10 ppm region. Dioxo-molybdenum coordination of these ligands causes an upfield shift of the aromatic and imine signals and a separation of the resonances for the aromatic protons, leading to a characteristic “doubled” 1H-NMR pattern for the complexes 6-10. This pattern points to a breaking of the symmetry of the ligand upon introduction of the oxo-molybdenum center, creating different electronic environments on the salicylimine rings and the oxo-Mo groups, indicative of a single compound with an unsymmetrical coordination geometry. These features may be compared to NMR data for a series of 1,2-diaminopropane-based salen-MoO2 reported by Gullotti, et al. [24] and has also been noted by Schachner and coworkers. [26]
[bookmark: _Ref54192876]To further clarify what the preferred geometry is for the CHD-derived salen complexes, the structures of 6-10 were optimized using the B3LYP hybrid functional. Solvent phase free energies were obtained by single point energy calculation with the M06 functional and the SMD solvent model for 1,2-dichloroethane; with addition of entropy and temperature corrections from the corresponding B3LYP optimization. Two isomeric geometries were evaluated, a C1 geometry that places two N’s and one phenolate O in the equatorial plane, rendering the two oxo O’s inequivalent, one trans to N and one trans to the phenolate-O. A second, C2 geometry was also evaluated that places the two N’s and two oxo groups in a plane and the two phenolate oxygen atoms in the trans diaxial positions (Figure 2‑4). The respective C1 and C2 isomers, alternatively designated as cis-β and cis-α [26], both optimized to minima, but with different energies as listed in Table 1. For all of the CHD-salen derivatives, the unsymmetrical C1 isomer was calculated to be significantly more stable than the C2 symmetric isomer, both under B3LYP and with the M06/solvent functional. Among 6-10 the unsymmetrical (C1) isomer was favored by 6.2-8.2 kcal/mol over the symmetric (C2) isomers, consistent with the presence of two sets of salicylimine peaks in their 1H NMR spectra. For these compounds the C1 isomer is likely to be the exclusive form present under the catalytic reaction conditions used in this study.  
[image: bent coordination of dioxomolybdenum cyclohexylsalen, left, and symmetric coordination of dioxomolybdenum cyclohexylsalen, right]
[bookmark: _Ref119346384][bookmark: _Toc121402551]Figure 2‑4. Calculated structures of the C1 (left) and C2 (right) coordination isomers of (S,S)-CHD-NO2-salen)MoO2 (7) [Mo- green, C- grey, H- white, O- red, N- blue)

[bookmark: _Toc121403591]Table 2‑1. Energy differences for C1 vs C2 coordination isomers of modeled complexes
	[bookmark: _Hlk98085726]Complex
	ΔG (B3LYP) from C2 isomer, kcal/mola
	ΔG (M06) from C2 isomer, solvent phase, kcal/mola

	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


a C2 isomer is set at 0 kcal/mol to show favorability of C1 isomer for (CHD-salen)MoO2
As for the (BINAM-salen)MoO2 complex 12, the 1H NMR spectrum of the reaction product was more complex (vide infra) than the distinctive pattern of inequivalent pairs of resonances found for the CHD derivatives 6-10, suggesting that it did not have the same C1 geometry. To clarify this issue definitively X-ray quality crystals of the 12 were obtained by vapor diffusion. The solved structure of 12 is shown in Figure 2‑5; key bond lengths and angles are listed in Table 2 of the Experimental section. 
[image: A picture containing jewelled headdress, chain
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[bookmark: _Ref99547542][bookmark: _Ref47186962][bookmark: _Ref47186947][bookmark: _Toc121402552]Figure 2‑5. X-ray crystal structure of 12
	The X-ray-determined molecular structure of 12 (Figure 2‑5) exhibits approximate C2 symmetry with a distorted octahedral coordination sphere geometry. The two oxo groups occupy cis-positions, both trans to the imine N’s and the two phenolate O-atoms are trans to each other. The O=Mo=O bond angle is nearly 110o, comparable to other cis-dioxomolybdenum complexes. [26,27] The trans-phenolate O-Mo-O angle is significantly non-linear at 158o, probably resulting from the constraints of the binaphthyl-diimine coordinating atoms (see Table 2 in Experimental). The dihedral “twist” angle as defined by the N-C-C-N atoms is 74o for 12 compared to 43o calculated for 7. 
[bookmark: _Ref53858902]	We calculated optimized structures for the (BINAM-salen)MoO2 12 with the B3LYP hybrid functional (in vacuo) and solvated energies with the M06 functional (in 1,2-dichloroethane) (Figure 2‑6). In this case it was found that the free energy difference between the C1 unsymmetrical and C2 symmetric structures was rather small, approximately 1.0 kcal/mole in favor of the C2 geometry found in the X-ray structure of 12. Careful re-analysis of the 1H NMR spectrum of 12 prepared without purification showed partially overlapping patterns derived from the major symmetrical C2 isomer and the minor unsymmetrical C1 isomer (3:1 ratio; Figure A‑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 in the O-transfer phosphine oxidation and its stereoselectivity.
[image: bent coordination of dioxomolybdenum cyclohexylsalen, left, and symmetric coordination of dioxomolybdenum binaphthylsalen, right]
[bookmark: _Ref119346521][bookmark: _Toc121402553]Figure 2‑6. B3LYP-optimized structures of (S,S-CHD-NO2-salen)MoO2 7 (left) and (S-BINAM-salen)MoO2 12 (right) 

[bookmark: _Toc119324180][bookmark: _Toc121236954]Experimental Reaction Studies
Stoichiometric oxygen atom transfer studies were carried out initially with the unsubstituted complex 6 in a 1:1 molar ratio with triphenylphosphine to establish reactivity and appropriate experimental conditions (Figure 2‑7). The reaction was found to occur slowly at 70°C (92 h) in acetonitrile but resulted in complete oxidation of the phosphine. A comparative study of the stoichiometric reaction of triphenylphosphine with (CHD-NO2-salen)MoO2 (7) conducted at 25˚C in CDCl3 showed a considerably faster conversion; the conversion rate for 7 at room temperature is comparable to that for 6 at 70°C. This result demonstrates acceleration of the O-atom transfer (OAT) reaction through the introduction of the para-NO2 group on the salicylimine moiety, as observed in salan-type dioxomolybdenum complexes. [22,28]
[image: oxygen atom transfer reaction of triphenylphosphine with dioxomolybdenum cyclohexylsalen complex]
[bookmark: _Ref118994396][bookmark: _Toc121402554]Figure 2‑7. Reaction of (salen)MoO2 with PPh3
Both DMSO and pyridine N-oxide were tested as possible oxygen donors for the catalytic oxidation reaction. Neither reagent was observed to oxidize phenylmethyl-tert-butylphosphine substrate in blank reactions (without catalyst). When triphenylphosphine and complex 12 (10 mol %) were heated in excess DMSO (solvent) at 65°C for 24-72 h, 31P NMR monitoring showed gradual oxidation of the phosphine to OPPh3. The corresponding reaction of an unsubstituted (2-H) analog of BINAM-derived complex 12 with pyridine N-oxide/PPh3 (1:1; 40-65 oC) was considerably more rapid (ca. 30% conversion in 3 h). Accordingly, subsequent kinetic resolution experiments with the catalysts 7-10 and 12 employed pyridine N-oxide as the stoichiometric oxidant (Figure 2‑8).
[image: kinetic resolution of methylphenyltertbutylphosphine by chiral cyclohexylsalen dioxomolybdenum complex with pyridine N oxide as the stoichiometric oxygen atom source]
[bookmark: _Ref119346547][bookmark: _Toc121402555]Figure 2‑8. Scheme for catalytic oxidative kinetic resolution 
The kinetic resolution studies were carried out using 0.5 equiv. of pyridine N-oxide relative to the racemic chiral phosphine PMePhtBu to control the conversion and with 0.3 - 2.0 mol % catalyst relative to the phosphine. Reactions were carried out under argon to prevent potential complications from aerobic oxidation. Reactions with the p-NO2-substituted catalysts 7-9 were conducted at 50 oC in 1,1,2,2-tetrachloroethane, while reactions with the less activate non-nitrated catalysts 10 and 12 were run at 80 oC. Each reaction mixture started out as a yellow solution, turned brown-red after addition of phosphine and heating, and then turned to pale green after consumption of the pyridine N-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 resolution results with the various catalysts are tabulated in Table 2‑2. Among the set of (CHD-salen)MoO2 complexes 7-10 the enantioselectivities range from negligible for the unsubstituted –NO2 catalyst 7, to 7% for the bromo-nitro compound 8, to 16% for the tBu-substituted derivative 9. Thus, there is a trend of increasing selectivity with increasing size of the 2-substituent. A reaction employing the less active di-t-Bu catalyst 10 (lacking the para-NO2 group), required higher temperature and longer reaction time, and afforded a lower (8%) ee. The binaphthyl-derived salen complex 12 gave a significant increase in the ee of the product but needed an 8 day reaction time at 80 oC with 10% catalyst loading to obtain a moderate yield of product (40% conversion). We note that the reactions could not be conducted under strictly identical conditions because of the differing catalyst solubilities and activities. Nonetheless, presuming that the stereo-defining step is first order in catalyst (supported by the calculations and prior experimental studies), then the stereoselectivity (% ee) should be independent of the catalyst concentration. Therefore, the observed effects of substituents on activity and stereoselectivity are deemed valid.
[bookmark: _Ref118994122][bookmark: _Toc121403592]Table 2‑2. Experimentally determined enantioselectivities (ee) of the phosphine oxide
	catalyst
	catalyst loading
(mol %)
	ee
	conversion
	trxn
	Trxn

	7
	1.8
	0 %a
	42 %
	6 h
	50 °C

	8
	0.5
	7 %a
	42 %
	6 h
	50 °C

	9
	1.7
	16 %b
	40 %
	74 h
	50 °C

	10
	1.7
	8 %b
	18 %
	16 d
	80 °C

	12
	10
	30 %c
	40 %
	8 d
	80 °C


a repeated 2-3 times and give the same results, by HPLC and optical rotation. b obtained by multiple optical rotation measurements from the same experimental sample. c HPLC result

[bookmark: _Toc119324181][bookmark: _Toc121236955]Computational analysis of the phosphine oxidation reaction
To map out the entire energy profile for the oxo-Mo catalyzed phosphine oxidation we employed the 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 functional. All energies for solvated species were calculated using the M06 functional as single point energy calculations. The overall mechanistic pathway in Figure 2‑9 was conceived to begin with attack by the phosphine on the electrophilic oxo-Mo center of LMo(VI)O2 to produce the phosphine oxide adduct B in the stereo-defining step. Next the phosphine oxide dissociates to produce the reduced LMo(IV)O species C. To recycle the Mo-catalyst pyridine N-oxide coordinates with C to form the amine oxide adduct LMoO(OPyr) (D), which then dissociatively cleaves off pyridine to reform the original LMoO2 species A. 


[bookmark: _Ref99223699][bookmark: _Toc121402556]Figure 2‑9. Putative pathway for Mo-catalyzed, N-oxide driven phosphine oxidation
	We next analyzed each step of the suggested pathway, beginning with the interaction of the (CHD-NO2-salen)MoO2 complex 7 with the chiral phosphine PMePhtBu. 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*MoO2 complex 7-A the diastereomeric phosphine oxide adducts 7-B were first optimized to provide a starting point for the transition state searches (Figure 2‑10). Note that since the two oxo-atoms are inequivalent, one (axial) being trans to the phenolate-O, the other (equatorial) trans to the imine-N, four isomeric adducts 7-B (and transition states) are possible. While all four isomers could be optimized computationally, we found later that the activation energies for phosphine attack on the axial oxo-O of all the CHD-derived complexes are uniformly lower, e.g. ΔΔG‡ax/eq, 0.6 kcal/mol (7-A/B) < 0.8 kcal/mol (8-A/B) < 4 kcal/mol (9-A/B) < 10 kcal/mol (10-A/B). Therefore, we conclude that the stereoselectivity of the phosphine O-atom transfer for 7-10 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 appear to result from the small differences in Mo=O atomic charges (Mulliken: ax -0.47, eq -0.45; APT: ax -0.78, eq -0.72) and Mo=O bond lengths (ax 1.73 Å, eq 1.72 Å for 7), but instead from FMO populations and amplified by a steric effect as suggested by the trend in ΔΔG‡ax/eq noted above. For the dioxo catalyst species, the LUMO is an orbital on the axial oxo group, while all unoccupied orbitals with contribution on the equatorial oxo group also have contributions on the axial oxo group (LUMO+1 and above).
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[bookmark: _Ref119346574][bookmark: _Toc121402557]Figure 2‑10. Optimized structures of (S,S-CHD-NO2-salen)MoO(O-PMePhtBu) 7-B diastereomers from attack on the axial oxo-O. The S-OPR3 ternary complex (left) is more stable.	
Transition states (TS) for phosphine attack on LMoO2 were then located from the ternary phosphine oxide complex 7-B using a relaxed coordinate scan (mod-redundant) along the P-O bond and then optimized via a Berny transition state calculation. In the diastereomeric transition states (Figure 2‑11), one can see that the phosphine preferentially approaches the axial oxo-group from the more open (less hindered) quadrant away from the upward-projecting CHD ring. As the phosphine attacks the electrophilic oxo group, the Mo-O bond is lengthened (1.73 to 1.84 Å) from 7-A and the forming P-O bond is much longer than in the ternary complex 7-B (2.13 vs 1.52 Å). The calculated energy difference ΔΔG‡diast for the stereoisomeric TSs is only 0.15 kcal/mol (Table 2‑3), predicting a very low enantioselectivity in accordance with the undetectable experimental selectivity for this complex (Table 2‑2).
[image: A picture containing text
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[bookmark: _Ref99550707][bookmark: _Toc121402558]Figure 2‑11. Representative structures for the associative P*R3/L*MoO2 transition states.
left: TSA-B 7-A/B (pro-S OPR3, favored TS); right: TSA-B 7-A/B (pro-R OPR3)
[bookmark: _Ref119346244][bookmark: _Toc121403593][bookmark: _Ref99548394]Table 2‑3. ΔG‡ and ΔΔG‡diast for diastereomeric transition states for L*MoO2 
	
	[bookmark: _Hlk62067276]ΔG‡ (kcal/mol)
	[bookmark: _Hlk54258435]∆ΔG‡ of diastereomeric transition states (kcal/mol)

	complex
	M06/solvent
	calculated
	experimental
from % ee c

	6a
	24.4
	0.9
	- d

	7a
	20.9
	0.15
	0.00

	8a
	19.6
	0.6
	0.12

	9a
	23.0
	1.4
	0.26

	10b
	26.8
	0.7
	0.11

	12b
	27.5
	3.5
	0.59


a listed ΔG‡ is calculated at 323.15 K; b listed ΔG‡ is calculated at 353.15 K;
c see eqn 1 (vide infra); d not determined
	Diastereomeric transition states for phosphine attack on the various 2/4-substituted CHD-salen complexes 8-10 were similarly located and the energy differences between the diastereomeric transition states, ΔΔG‡diast, are listed in Table 3. An increase in calculated ΔΔG‡diast can be seen as the 2-substituent increases in size from -H (7) to -Br (8) to –t-Bu (9). Among these, the diastereomeric transition states and activation energies for reaction of the phosphine enantiomers with the 2-t-Bu complex 9 (Figure 2‑12) are the most differentiated energetically at 1.4 kcal/mol. Here, the lower activation energy transition state is the one that appears to minimize the steric interactions of the larger P-groups with the projecting cyclohexyl ring and left side salicyl aromatic ring. In considering the reaction of the enantiomeric phosphines with the C2-symmetric, BINAM-derived 12-B only one pair of diastereomeric phosphine oxide adducts and transition states are expected because of the geometrical and electronic equivalence of the two oxo-oxygens.


[bookmark: _Toc121402559][bookmark: _Ref119325285]Figure 2‑12. Diastereomeric transition states for reaction of enantiomeric PMePhtBu with 9; left: TSA-B  9-PR3 (pro-S-OPR3, favored TS); right: TSA-B  9-PR3 (pro-R-OPR3)
The energy difference between the diastereomeric transition states leading to 12-B (Figure 2‑13) was calculated to be the largest among all the catalysts studied here at 3.5 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 upward-projecting t-Bu group (with P-Me nearby), while the other (left) avoids the up t-Bu, but orients the larger P-substituents (Ph, t-Bu) in that direction. The increase in enantioselectivity with the BINAM-based complex 12 may arise from these interactions. 

[bookmark: _Ref118994677][bookmark: _Toc121402560]Figure 2‑13. Diastereomeric transition states TSA-B for 12-PR3. The pro-S-L*Mo(O)OPR3 TS (left) is favored
 	Comparative ‘experimental’ ∆ΔG‡diast values can be calculated from the selectivity number, s, which is related to both the measured enantiomeric excess of the product and the conversion, c, using equation 1 [29]. The calculated values are thus independent of the changing enantiomeric excess of product as the reaction progresses. In comparing the experimental and calculated enantioselectivities we first point out that the calculations predict that reactions of the R-phosphine enantiomer with 8-10, 12 uniformly have lower activation energies, which would lead to faster formation of the S-phosphine oxide. However, in the computational modeling the enantiomeric (S,S)-configuration of the catalysts 6-10 was used, while the experimental structures were (R,R). Hence the R-phosphine oxide should be favored from the (R,R)-isomers, as observed experimentally. The computed values of ΔΔG‡diast are consistently higher than those derived from the experimental results. However, the computational trend in ΔΔG‡ for the studied complexes is roughly linear with respect to the experimental data (Figure 2‑14). The linear relationship suggests a systematic 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.  
  	(eq. 1)
s = selectivity, c = conversion, and ee = enantiomeric excess of the product
In Table 2‑3 we also include the calculated activation free energies for the phosphine reaction with L*MoO2 6-10 and 12, which range from 19.6 to 26.8 kcal/mol. Among the –NO2 substituted complexes 7-9, the activation barriers reflect composite electronic and steric effects of the 2-substituent, e.g. H/Br (7/8) and a steric effect H/t-Bu (7/9). Comparing the 4-NO2-substituted catalysts (7-9) to those with or a 4-H (6, 12) or a 4-t-Bu (10) group, one sees lower activation barriers of approximately 5 kcal/mol for the -NO2 derivatives. The lower barriers for the more electron deficient (–NO2 substituted) and the less hindered (2-substituted) complexes parallels what is observed experimentally in the relative reaction rates and suggests that the turnover-limiting step in the catalytic cycle is a nucleophilic phosphine-attack on the electrophile L*MoO2. This conclusion is further supported by our analysis of the energetics for the remainder of the catalytic cycle.

[bookmark: _Ref119346746][bookmark: _Toc121402561]Figure 2‑14. Comparison of DFT-computed and experimental ΔΔG‡ (R=0.99, x-intercept=0.01)
The next step of the catalytic O-transfer oxidation would involve dissociation of the phosphine oxide adduct to form LMo(IV)O + OPR3. The release of the product phosphine oxide molecule appears to be a purely dissociative step, in contrast to the dissociative interchange (Id) 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 the (S)-phosphine oxide and a +6.3 kcal/mol barrier for dissociation of the (R)-phosphine oxide. The transition state geometry for this dissociative step, TSB-C, is shown in Figure 2‑15. 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 for 7-C. The overall free energy change for this dissociation step is practically thermoneutral for formation of the parent (CHD-sal)Mo(IV)O (7-C), with a ΔG of +0.3 kcal/mol for the (S)-phosphine oxide and +0.9 kcal/mol for the (R)-phosphine oxide.
[image: transition state for product release from oxygen atom transfer ternary complex]
[bookmark: _Ref118994752][bookmark: _Toc121402562]Figure 2‑15. Transition state structure for the dissociation of the product phosphine oxide (S-OPR3, left; R-OPR3, right)
The optimized structure of 7-C is square pyramidal and is calculated to be a ground state singlet (Figure 2‑16). 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.
[image: oxomolybdenum complex square pyramidal geometry]
[bookmark: _Ref99224052][bookmark: _Toc121402563]Figure 2‑16. Optimized structure of (CHD-sal)Mo(IV)O (7-C)
Attack of pyridine N-oxide on five-coordinate LMo(IV)O (7-C) would produce the amine oxide adduct 7-D (Figure 2‑18) via an associative transition state TSC-D (Figure 2‑17). 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, suggesting that neither approach is favored over the other. The Mo-O 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 pyridine N-O bond (1.30 Å, axial approach, 1.28 Å, equatorial approach, 1.27 Å, free pyridine N-oxide). As shown in Figure 2‑17, both approaches lead to reorganization of the ligand from square pyramidal 7C to a distorted octahedral geometry more comparable to 7 and 7B.

[bookmark: _Ref100045316][bookmark: _Toc121402564]Figure 2‑17. Transition states for TSC-D, ax, left, and TSC-D, eq, right
The geometry of the 6-coordinate amine oxide adduct (7-D, Figure 2‑18) is slightly distorted octahedral with the Pyr-O ligand cis to Mo=O and the complex 7-D may be compared to the structurally similar Mo(VI)-OPR3 adduct 7-B. In contrast to the transition states TSC-D, ax/eq, 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 coordination site. Although amine oxides are known as ligands and reagents for TM-mediated oxidations [30–33], few structurally characterized metal complexes of amine oxides have been reported and, to the best of our knowledge, only one of Mo [34].
[image: ternary complexes of oxomolybdenum complex 7 and pyridine N oxide]
[bookmark: _Ref100045510][bookmark: _Toc121402565]Figure 2‑18. Optimized structures of (CHD-sal)Mo(IV)O(O-Pyr) (7-Dax, left; 7-Deq, right)
The final step of the catalytic cycle is proposed to involve N-O cleavage and pyridine dissociation from the adduct LMo(IV)O(O-Pyr) (7-D). The thermodynamics for this step (-47 kcal/mol) are highly favorable. A TS for pyridine loss from 7-D was also located (Figure 2‑19). It has a modest ΔG‡ of 11.4 kcal/mol (axial; 12.6 kcal/mol equatorial), resulting from compensating N-O bond-breaking with Mo-O bond-making and a favorable dissociative entropy gain. Inspecting the bonding changes in the TS relative to the reactant 7-D, one can see a considerably elongated N-O distance of 1.65 Å (vs 1.31 Å in 7D) and a shortened Mo-O of 1.93 Å (vs 2.26 Å for 7-D). It doesn’t appear that such a TS has been modeled in other amine-oxide O-transfer reactions to metal centers.
[image: transition states for OAT from pyridine N oxide to molybdenum complex 7]
[bookmark: _Ref100043660][bookmark: _Toc121402566]Figure 2‑19. Optimized TS structures (axial, left; equatorial, right) for pyridine cleavage from 7-D/A
	A reaction coordinate energy profile based on the postulated mechanistic pathway is shown in Figure 2‑20. Here it can be seen that the overall reaction PR3 + Pyr-O  OPR3 + Pyr is highly exergonic, -59 kcal/mol, and thus has a strong driving force. The turnover-limiting step for the catalytic reaction, with an activation energy of 22.2 kcal/mol, is phosphine attack on the catalyst L*MoO2. This conclusion is also supported by the faster observed reactions of the nitro-substituted catalysts 7-9 relative to 10 and 12 and is consistent with prior experimental studies of other LMoO2-promoted reactions with O-acceptors. [11,35] The energetic profile for the initial phosphine reaction with 7 (A-C) is quantitatively similar to that found by Thomson and Hall for PMe3/(SCH2CHNH)2-MoO2 [36] and by Kail and Basu for PEt3/[hydrotris(3-isopropylpyrazol-1-yl)borate]MoO2 [37]. 
[image: reaction profile for first oxidation of phosphine by dioxomolybdenum 21 kcal per mol barrier then reoxidation of molybdenum by pyridine n oxide 11 kcal per mol barrier overall 62 kcal per mol downhill]
[bookmark: _Ref118995419][bookmark: _Toc121402567]Figure 2‑20. Free energy profile for the O-transfer reaction of 7 (L=NO2-CHD-salen) with PMePhtBu

[bookmark: _Toc119324182][bookmark: _Toc121236956]Conclusions
	A set of modular, chiral (salen)MoO2 complexes derived from cyclohexyldiamine (CHD) and binapthyldiamine (BINAM) has been prepared and characterized. These compounds catalyze the efficient oxidation of a representative P-chiral tert-phosphine by pyridine N-oxide. The reactions proceed with low to moderate enantioselectivities, depending on the electronic and steric properties of the chiral ligand. The inclusion of an electron-withdrawing nitro group on the salicyl unit of the complexes is found to increase catalytic activity, while the presence of substituents at the 2-position increases enantioselectivity. The reaction pathway, including the stereo-defining phosphine/LMoO2 reaction step, has been modeled by DFT methods, showing the energetic viability of various intermediates and features of the stereo-defining transition state. The DFT-calculated 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 strong correlation between experimental and computational trends indicates that computational methods could be used to design and pre-screen 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 stereoselective O-atom transfer reactions. 

[bookmark: _Toc119324183][bookmark: _Toc121236957]Future and expanded research directions
In addition to the use of calculated ΔΔG‡ for diastereomeric catalyst systems such as this, it may be possible to improve the efficiency of the search by using an approach similar to the design of transition state analogues for enzymatic catalysis. [38] For the purposes of this investigation and ones like it that may be conducted in future, we suggest using phosphine sulfides or selenides, as the larger atomic radius of the S atom will lead to increased M-E and E-P bond lengths. The crystallographically determined E-P bond lengths in tris(2-pyridyl)phosphine sulfide [39] is 1.93 Å, significantly longer than the analogous O=P bond length (1.48 Å [40]), and more similar to the O-P bond length in our calculated transition states, 2.13 Å. When ligated, it seems likely that the S-P bond will lengthen slightly, further approaching the calculated transition state geometry. The corresponding phosphine selenide has a Se=P bond length of 2.10 Å, making it another possible candidate for this transition state analogue. This transition state analogue approach may be useful for screening large libraries of catalyst structures via a single pair of calculations (pro-S and pro-R ternary complexes) for each possible catalyst, then following up encouraging results with transition state optimizations to determine the ΔΔG‡ for the chiral phosphine oxidation step.
If pursuing ligand modification to improve the enantioselectivity of stereoselective O-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 salicylimine 3-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 of this study, however, this modification would be expected to have limited impact on the enantioselectivity due to the moderate increase in steric bulk on the reactive (axial) oxo group. Moving away from the CHD-salen, there are more options to be explored. One route to a more efficient kinetic resolution would be to increase the rate for OAT from the BINAM-salen complex by using the 4-NO2 salicylaldehyde derivative. However, to improve the selectivity of the (BINAM-salen)MoO2 catalyzed OAT reaction, one must first address 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)ethanone or 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 C2 coordination isomer. The added bulk at the α-imine position will not increase steric confinement of the transferred oxygen moiety, so if one were attempting to accomplish locking of the complex conformation and adding steric bulk to the active site with one modification, a 3,3’-modified binaphthyldiamine backbone would be a good starting point. A quick calculation of the structures of the C1 and C2 coordination isomers of the 3,3’-dimethylbinaphthyldiamine-derived salen complex (Figure 2‑21) 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 favorable approach for the synthesis of an exclusively C2 BINAM-based OAT catalyst.
[image: bent coordination of a modified binaphthylsalen ligand left, symmetric coordination right]
[bookmark: _Ref103951382][bookmark: _Toc121402568]Figure 2‑21. (3,3'-dimethyl-BINAM-salen)MoO2, C1 (left) and C2 (right) coordination isomers


[bookmark: _Toc119324184][bookmark: _Toc121236958]Experimental
[bookmark: experimentalstart][bookmark: _Toc119324185][bookmark: _Toc121236959]General methods. 
NMR spectra were obtained using Varian OXFORD 300, 400, and 500 MHz NMR spectrometers; IR spectra were obtained on a Shimadzu IRAffinity-1 FTIR; and optical rotations were measured using a Rudolph Research AUTOPOL III 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/min. Compounds 1, 2, 4, 5, 6, 11, PMePht-Bu and 3-t-Bu-5-nitro-salicylaldehyde were prepared as reported previously. [3,24,41–48] Complex 8 was prepared via a modification of the literature procedure [20].

[bookmark: _Toc119324186][bookmark: _Toc121236960]Preparation of racemic phosphine and p-NO2 salicylaldehydes
Preparation of racemic Phenylmethyl-tert-butylphosphine [3]
[image: ]To a 50 mL round bottom flask under nitrogen flow was added 25 mL of newly opened anhydrous diethyl ether. The flask was placed in a -72oC bath, and 2.5 g (12 mmol) of chlorophenyl-tert-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 stopped to allow salts to settle. The reaction was transferred to another 50 mL round bottom flask via 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 transferred to the second flask by cannula filter. The impure product was an orange-brown semisolid and was distilled under vacuum (160-180 oC, 80 mtorr) to isolate the pure phosphine as a clear, viscous liquid (1.9 g, 87% yield). The phosphine was determined to be >95% pure by 31P NMR. NMR: 1H NMR (300 MHz, CDCl3) δ 7.48 (td, J = 6.7, 2.9 Hz, 2H), 7.38 – 7.31 (m, 3H), 1.32 (d, J = 3.7 Hz, 3H), 0.97 (d, J = 12.0 Hz, 9H). 31P NMR (122 MHz, CDCl3) δ -10.12.



Preparation of 3-tert-butyl-5-nitrosalicylaldehyde [41] 
[image: ]Into a 100 mL round bottom flask was placed 6.9 mmol (1.2 g) 3-tert-butyl-2-hydroxybenzaldehyde in 19 mL of glacial acetic acid. The flask was placed in a 0oC ice bath. Nitric acid (70%, 24 eq, 10.5 mL, 166 mmol) was added dropwise. The reaction was allowed to come to room temperature over 1 hour. The reaction was quenched by pouring the reaction mixture over ice in a 1 L beaker, and the product was isolated by filtration in 65% yield as a yellow powder, which was determined to be 90% pure by NMR. The nitrated salicylaldehyde was used for the ligand synthesis without purification. NMR: 1H NMR (300 MHz, CDCl3) δ 12.44 (s, 1H), 9.97 (s, 1H), 8.41 (s, 2H), 1.46 (s, 9H).

[bookmark: _Toc119324187][bookmark: _Toc121236961]Preparation of ligands and dioxomolybdenum (VI) complexes
Preparation of diimine ligands. For 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. Conditions for each prepared ligand are reported below. 

Preparation of (±)-trans-cyclohexylsalen ligand (1)[42]
[image: ]Salicylaldehyde (1.02 g, 8.33 mmol) was placed in a round-bottom flask with a stir bar. The aldehyde was dissolved in 5 mL distilled water, and (±)-trans-1,2-diaminocyclohexane (0.464 g, 3.90 mmol) in 5 ml water, dropwise with stirring. A yellow precipitate was visible immediately. The reaction mixture was refluxed for a few hours, extracted with CH2Cl2, and dried with sodium sulfate. The solvent was removed under vacuum, yielding 1.09 g (87%) of a yellow powder. NMR analysis confirmed that the aldehyde was consumed.1H NMR (300 MHz, CDCl3, δ) 13.32 (br s, 1H, -OH), 8.26 (s, 2H, N=CH), 7.24 (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, 2H, CH-N), 1.91 (m, 4H, CH2), 1.72 (m, 2H, CH2), 1.47 (m, 2H, CH2). IR (KBr) : 1630cm-1 (C=N).

Preparation of (-)-trans-5-nitrocyclohexylsalen ligand (2)[46]
[image: ]To a round bottom flask was added 20.0 mmol (3.34 g) of 5-nitrosalicylaldehyde and dissolved in 10 mL ethanol. The solution was stirred with a magnetic stir bar and (1R,2R)-(-)-cyclohexyl diamine (10.0 mmol, 1.14 g)) was added as an ethanolic solution (5 mL abs. ethanol). The reaction flask was attached to a Soxhlet extractor with a thimble of MgSO4 as a drying agent and topped with a water condenser. The 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% yield (9.35 mmol). NMR: 1H NMR (400 MHz, DMSO-d6) δ 8.74 (s, 2H, HC=N), 8.40 (d, J = 3.0 Hz, 2H), 8.06 (dd, J = 9.5, 3.0 Hz, 2H), 6.77 (d, J = 9.4 Hz, 2H), 3.71 (d, J = 9.1 Hz, 2H, HC-N), 2.00 (d, J = 12.7 Hz, 2H), 1.80 (d, J = 8.7 Hz, 2H), 1.68 (d, J = 11.3 Hz, 2H), 1.43 (m, 2H). lit[46]: 1H NMR (400 MHz, CDCL3) δ 14.29 (OH), 8.35 (HC=N), 8.17, 8.14, 6.96, 3.46 (HC-N), 1.96, 1.75, 1.55. IR (KBr, cm-1): 3097, 3064, 2960, 2933, 2860, 1635 (C=N), 1616 (C=C), 1483 (NO2), 1332 (NO2), 1298, 1095, 941, 916, 835, 754, 634

Preparation of (-)-trans-3-bromo-5-nitrocyclohexylsalen ligand 3 
To a 200 mL round bottom flask was added 2.00 mmol (0.492 g) of 3-bromo-5-nitrosalicylaldehyde and 1.00 mmol (0.114 g) of (1R,2R)-(-)-cyclohexyldiamine under nitrogen. The reactants were dissolved in 80 mL of absolute ethanol, a magnetic stir bar was added, and the flask was connected to a Soxhlet extractor with a thimble containing MgSO4 and topped 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 mmol, 82.5% yield). NMR: 1H NMR (300 MHz, Chloroform-d) δ 8.49 (d, J = 2.6 Hz, 1H, aryl), 8.30 (d, J = 3.2 Hz, 2H, HC=N), 8.16 (d, J = 2.7 Hz, 2H, aryl), 3.54 (dd, J = 6.7, 2.8 Hz, 2H, CH2), 2.10 (d, J = 14.1 Hz, 1H, CH2), 1.99 (d, J = 8.0 Hz, 1H, CH2), 1.76 (m, 2H, CH2), 1.53 (m, 2H, CH2). 13C NMR (126 MHz, CDCl4) δ 167.0, 164.4, 138.4, 131.7, 127.8, 115.2, 114.0, 70.0, 32.6, 23.7. IR (KBr, cm-1): 3080, 2935, 2864, 1637, 1602, 1541, 1338, 1220, 1093, 962, 904. MS (DCM, ESI+): 568.97 (50%), 570.96 (100%), 572.96 (50%); MS (calculated) 569 (50.3 %), 571 (100%), 573 (51.6%).
[image: ]Preparation of (-)-trans-3-tert-butyl-5-nitrocyclohexylsalen ligand (4)[47]
To a 100 mL round bottom flask was added crude 3-tert-butyl-5-nitrosalicylaldehyde (4.50 mmol) in 15 mL absolute ethanol and (-)-trans-cyclohexyldiamine (2.25 mmol) dissolved in 25 mL absolute ethanol. The reaction solution turn orange upon combining the two solutions. The reaction flask was attached to a Soxhlet extractor containing a thimble of MgSO4 as 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 crude product was 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 hexane/ethyl 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 NMR. NMR: 1H NMR (300 MHz, CDCl3) δ 15.02 (s, 2H, OH), 8.35 (s, 2H, HC=N), 8.15 (d, J = 2.6 Hz, 2H), 7.99 (d, J = 2.6 Hz, 2H), 3.59 – 3.33 (m, 2H, HC-N), 2.06 (m, 2H), 1.97 (d, J = 8.0 Hz, 2H), 1.89 – 1.70 (m, 2H), 1.52 (m, 1H), 1.40 (s, 18H). lit[47]: δH (1H 300 MHz, CDCl3) 8.35 (2H, s), 8.15 (2H, d J 2.7 Hz), 8.00 (2H, d J 2.7 Hz), 3.5–3.4 (2H, m), 2.1–2.0 (2H, m), 2.0–1.9 (2H, m), 1.9–1.7 (2H, m), 1.40 (18H, s) 1.3–1.2 (2H, m). IR (KBr, cm-1): 2949, 2864, 1610 (C=N), 1477 (NO2), 1327 (NO2), 1184, 1201, 1109 (C-O), 979, 927, 910, 746, 715.





Preparation of (-)-trans-3,5-tert-butylcyclohexylsalen ligand (5) [44]
(1R,2R)-(-)-1,2-Diaminocyclohexane (0.253 g, 2.22 mmol) and 3,5-di-(tert-butyl)-salicylaldehyde (1.03 g, 4.44 mmol) were placed in a round-bottom flask with a stir bar and dissolved in 50 mL ethanol. A yellow precipitate was visible immediately. The flask was fitted with a condenser and heated to reflux for 18 h [image: ]with stirring. The reaction mixture was allowed to cool. The resulting precipitate was isolated by filtration 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. Lit[45]: 1 H NMR (CDCl3, 300 MHz): δ 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), 6.90–7.50 (m, 10 H, aryl H), 6.67 (t, 2 H, J = 7.62 Hz, aryl H), 1.2 (s, 18 H, But ).

Preparation of dioxomolybdenum (±)-trans-cyclohexylsalen complex 6. 
[image: ]Complex 6 was prepared according to the literature.[24]. Bis-(acetylacetonato)-dioxomolybdenum (0.510 g, 1.56 mmol) was placed in a round-bottom flask with a stir bar and dissolved in 15mL anhydrous methanol, forming a suspension. Ligand 1 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 flask; the supernatant was clear and colorless. This precipitate was removed by filtration, yielding 0.56 g (80%) of a yellow powder. 1H NMR (300MHz, CDCl3, δ) 8.41 (s, 1H, N=CH), 8.40 (s, 1H, N=CH), 7.54 (dt, J=1.8Hz, 1H, Ar H), 7.40-7.49 (m, 3H, Ar H), 7.14 (d, J=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=10.5Hz, 1H, CH-N), 2.83 (t, 1H, CH-N), 2.57 (d, J=12.3Hz, 1H, CH2), 2.40 (d, 1H, CH2), 2.07 (d, J=12.3Hz, 2H, CH2), 1.65-1.75 (m, 2H, CH2), 1.37-1.53 (m, 2H, CH2). IR (KBr, cm-1): 1614cm-1 (C=N), 914cm-1 (Mo=O), 883cm-1 (Mo=O). (lit[24]: Nujol mull, ν(Mo=O), 911 cm-1, 884 cm-1)

Preparation of dioxomolybdenum trans-5-nitrocyclohexylsalen complex 7 [20] 
[image: ]A 100 mL round bottom flask was charged with MoO2(acac)2 (1.85 mmol) and L3H (1.85 mmol), along with a stir bar. 1,2-dichloroethane (40 mL) was added to the flask and the flask was attached to a Hickman still loaded with 4Å molecular 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 yellow-brown precipitate isolated by filtration. After drying in vacuo, 0.23 g (0.43 mmol, 22% yield) of the complex was obtained. NMR: 1H NMR (500 MHz, CDCl3) δ 8.49 (d, J = 2.8 Hz, 1H), 8.48 (d, J = 2.9 Hz, 1H), 8.45 (dd, J = 9.1, 2.8 Hz, 1H), 8.31 (dd, J = 9.4, 2.9 Hz, 1H), 4.35 (t, J = 10.3 Hz, 1H), 2.99 (t, J = 11.3 Hz, 1H), 2.63 (d, J = 12.5 Hz, 1H), 2.49 (d, J = 11.6 Hz, 1H), 1.92 – 1.70 (m, 2H), 1.63 (t, J = 13.3 Hz, 1H), 1.53 – 1.42 (m, 1H). IR (KBr, cm-1): 3066 (C-H), 2937 (C-H), 2862 (N=C-H), 1606 (C=N/C=C), 1512 (NO2), 1338, 1323, 1301 (C-O), 1280, 1097 (C-O), 943 (C=N bend), 923 (MoO2), 912 (C=N bend), 893 (MoO2), 752, 719, 699, 650, 500 (MoO/MoN), 451 (MoO/MoN). [α]D25 = +164o (PhCl, c=0.022).
Preparation of dioxomolybdenum trans-3-bromo-5-nitrocyclohexylsalen complex 8 
To a round bottom flask was added MoO2(acac)2 (0.35 mmol, 0.114g), diimine 3 (1 eq, 0.200 g), 20 mL 1,2-dichloroethane, and a stir bar. The reaction flask was attached to a Hickman still loaded with 4Å molecular 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. NMR: 1H NMR (500 MHz, DMF-d7) δ 9.04 (s, 1H, HC=N), 9.01 (s, 1H, HC=N), 8.51 (d, J = 3.0 Hz, 1H, aryl), 8.49 (d, J = 3.0 Hz, 1H, aryl), 8.47 (d, J = 2.9 Hz, 1H, aryl), 8.42 (d, J = 3.0 Hz, 1H, aryl), 4.05 (td, J = 10.9, 4.4 Hz, 1H, N-CH), 3.88 (td, J = 11.1, 4.2 Hz, 1H, N-CH), 2.32 (d, J = 12.7 Hz, 1H, chxn), 2.17 (d, J = 13.0 Hz, 1H, chxn), 1.92 (d, J = 10.8 Hz, 1H, chxn), 1.86 (d, J = 10.5 Hz, 2H, chxn), 1.69 (d, J = 10.8 Hz, 1H, chxn), 1.49 (dd, J = 9.2, 2.8 Hz, 2H, chxn). 13C NMR (126 MHz, dmf) δ 173.9, 173.79, 172.99, 169.3, 168.9, 133.1, 132.5, 132.4, 118.2, 117.9, 114.1, 113.6, 66.4, 65.9, 54.5, 33.2, 32.4, 24.9, 24.8, 24.6. IR (KBr, cm-1): 3078, 2935, 2864, 1641 (C=N), 1597, 1544, 1521, 1338, 1327, 1303, 1219, 1097, 950, 925 (MoO2 sym), 898 (MoO2 asym), 871, 744, 731, 709, 526, 472, 455. The low solubility of 8 prevented determination of its specific rotation.
Preparation of dioxomolybdenum trans-3-tert-butyl-5-nitrocyclohexylsalen 9
To a 25 mL round bottom flask was added L3tBu 4 (0.337 mmol), 10 mL chlorobenzene, and 0.25 eq (0.084 mmol) of MoO2(acac)2. The reaction flask was attached to a Hickman still loaded with 4Å molecular sieves and set to reflux for 1 hour. Another 0.25 eq MoO2(acac)2 was added, and the mixture was again set to reflux for 1 hour. This process was repeated twice more, bringing the total equivalents of MoO2(acac)2 to 1 eq. The reaction solution was transferred to a centrifuge tube and concentrated to approximately 5 mL. n-Heptane was added dropwise to precipitate the complex as a bright yellow powder, and the solution was centrifuged to pellet the precipitate. After removing the supernatant by pipette and drying the solid under vacuum, the product was isolated in high purity (>95%) in 50% yield. NMR: 1H NMR (500 MHz, Chloroform-d) δ 8.51 (m, 3H, HC=N, aryl), 8.37 – 8.33 (m, 2H, aryl), 8.29 (d, J = 2.8 Hz, 1H, aryl), 4.44 (ddd, J = 12.6, 10.5, 2.9 Hz, 1H, N-CH), 3.01 (tt, J = 11.0, 2.1 Hz, 1H, N-CH), 2.56 (dd, J = 12.6, 3.8 Hz, 2H, CH2), 2.52 – 2.44 (m, 2H, CH2), 1.81 (m, 4H, CH2-CH2), 1.50 (s, 9H, C(CH3)3), 1.25 (s, 9H, C(CH3)3). 13C NMR (126 MHz, CDCl3) δ 171.3, 162.23, 162.1, 142.8, 142.4, 140.6, 137.6, 128.9, 128.4, 127.9, 127.8, 121.5, 121.1, 73.6, 71.9, 35.9, 35.6, 30.8, 29.7, 29.2, 28.4, 24.5, 23.7. IR (KBr, cm-1): 2954, 2988, 1597 (C=N), 1508, 1327, 1284, 1200, 1111, 950, 920 (MoO2), 893 (MoO2), 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%), 655 (39.8%). [α]D25 = -245o (PhCl, extrapolated to infinite dilution). 

Preparation of dioxomolybdenum trans-3,5-tert-butylcyclohexylsalen complex 10 
Compound 5 (1.18 g, 2.16 mmol) and bis-(acetylacetonato)-dioxomolybdenum (0.700 g, 2.15 mmol) were placed in a round-bottom 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 reaction, yielding a clear, orange solution. After cooling, the solvent was removed by vacuum, yielding a viscous orange material. The crude product was chromatographed over silica using CH2Cl2 as the eluent. Solvent was removed under vacuum and the resulting solid was washed with ether, yielding a spectroscopically pure microcrystalline orange product.
1H NMR (300 MHz, CDCl3, δ) 8.38 (s, 1H, -N=CH), 8.34 (d, J=1.2 Hz, 1H, -N=CH), 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, Ar H), 7.20 (d, J=2.4 Hz, 1H, Ar H), 4.33 (td, J=10.8, 3.1 Hz, 1H, CH-N), 2.74 (t, J=10.5 Hz, 1H, CH-N), 2.50 (d, J=11.1 Hz, 1H, CH2), 2.37 (d, J=9.3 Hz, 1H, CH2), 2.05 (d, J=11.4 Hz, 2H, CH2), 1.70 (br s, 2H, CH2), 1.47 (s, 9H, C(CH3)3), 1.34 (s, 9H, C(CH3)3), 1.28 (s, 9H, C(CH3)3), 1.25 (s, 9H, C(CH3)3). 13C NMR (126 MHz, CDCl3) δ 165.5, 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, 24.7, 23.9. IR (KBr, cm-1): 2954, 2906, 2866, 1627, 1612, 1597, 1529, 1251, 921 (MoO2 sym), 877 (MoO2 asym), 561, 530. MS (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%), 671 (35.6%), 672 (66.9%), 673 (80.8%), 674 (60.1%), 675 (100%), 677 (40.1%). [α]D25 = -265˚ (PhCl, c=0.095)

Preparation of 3-tertbutylbinaphthylsalen ligand (11)[48]
[image: ]Optically pure S-(-)-2,2’-diaminobinapthyl camphorsulfonate (>95% ee, 3.07 g, 5.83 mmol) was placed in a round-bottom flask with a stir bar and dissolved in a biphasic water/DCM system with stirring. One gram of sodium carbonate was added to the system, and the mixture was left to stir for a few hours. The organic phase was separated, back-extracted with water two times, and dried, yielding 1.41g (85%) of the free diamine as a sticky tan powder. S-(-)-2,2’-Diaminobinapthyl (1.40 g, 4.93 mmol) was placed in a three-neck round-bottom flask with a stir bar. The flask is fitted with a dean-stark 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 mL) and 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 Dean-Stark trap. The system was allowed to cool, and was stripped of solvent under vacuum, yielding about 3 g of a hygroscopic, sticky, golden-yellow solid that was difficult to dry completely, complicating the yield calculation. This solid was not isolated and was sufficiently pure for use in the complexation reaction without isolation or purification. 1H NMR (400 MHz, Benzene-d6) δ 13.26 (s, 2H), 8.21 (s, 2H), 7.82 (d, J = 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 = 1.4 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). Lit[48]: H NMR (CDCl3, 300 MHz): δ 12.9 (s, 2 H, OH), 8.6 (s, 2 H, CH=N), 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), 6.90–7.5 (m, 10 H, aryl H), 6.67 (t, 2 H, J = 7.62 Hz, aryl H) and 1.2 (s, 18 H, But ). 

Preparation of dioxomolybdenum 3-tertbutylbinaphthylsalen complex 12
[bookmark: endofpreps]S-(-)-Ligand 11 (2.40 g, 3.98 mmol) was placed in a round-bottom side-arm flask with a stir bar followed by dioxo-molybdenum dichloride bis-dimethylformamide (1.52 g, 4.40 mmol). The flask was fitted with a reflux condenser, and the system was sealed, evacuated, and flushed with dry nitrogen several times. With the reaction apparatus under positive nitrogen pressure, dry CH2Cl2 was introduced via the side-arm 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 through a filter cannula. 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 to be pure by 1H NMR and HRMS. Crystallization by vapor diffusion from DCM to ether yielded crystals suitable for XRD structure determination. IR (KBr) : 2953, 2906, 1612 (C=N), 1587, 1558, 1419, 1259, 1190, 929 (MoO2 sym), 910, 867 (MoO2 asym), 831, 748, 669, 628, 489. 1H NMR of C2 coordination isomer in mixtures (500 MHz, CDCl3) δ 8.06 (s, 2H, HC=N), 7.82 (dd, J = 8.7, 2.2 Hz, 4H, aryl), 7.66 (d, J = 8.6 Hz, 2H, aryl), 7.39 (ddd, J = 8.2, 6.7, 1.2 Hz, 2H, aryl), 7.36 (dd, J = 7.7, 1.7 Hz, 2H, aryl), 7.25 (dt, J = 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(CH3)3). 1H NMR of C1 coordination isomer (500 MHz, Benzene-d6) δ 7.89 (s, 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, aryl), 7.16 (dd, J = 7.4, 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 Hz, 1H, aryl), 6.12 (t, J = 7.6 Hz, 1H, aryl), 1.63 (s, 9H, C(CH3)3), 1.55 (s, 9H, C(CH3)3). MS (DCM, ESI+): 727.20 (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%), 730 (66.6%), 731 (81.8%), 732 (62.8%), 733 (100%), 735 (41%). 

[bookmark: _Toc119324188][bookmark: _Toc121236962]Kinetic resolution procedure
	For each run of the kinetic resolution reaction, a Schlenk tube was charged with catalyst (~1% loading, see Table 2‑4), 15.4 mg of pyridine N-oxide (0.162 mmol), and 5 mL of 1,1,2,2-tetrachloroethane. The reaction solution was deoxygenated by performing three freeze-pump-thaw cycles under vacuum, followed by backfilling the Schlenk tube with argon. Methylphenyl-tert-butylphosphine (70 mg, 0.39 mmol) was then added by pipette, the Schlenk tube was again evacuated, and two additional freeze-pump-thaw cycles were performed. The reaction tube was backfilled with argon and placed in a 50°C oil bath overnight. The reaction mixtures were observed to darken from the initial yellow to a brown or red-brown color; the reactions involving 7 and 8 were observed to further change color until they were a nearly pale green. The phosphine oxide was isolated from the reaction solution in a nitrogen-filled glove bag by preparative TLC. The plate was developed using 90:10 CH2Cl2/MeOH, and the phosphine oxide band at Rf=0.3 was scraped off the plate, and washed with several portions of iPrOH, followed by solvent evaporation from the washings. Optical rotation measurements of the phosphine oxide were recorded in CHCl3 solution and calculated % ee was confirmed using chiral HPLC.

[bookmark: _Toc119324189][bookmark: _Toc121236963]Computational methods 
	All calculations were carried out using Gaussian 09. Structures were optimized using the B3LYP hybrid functional and the basis sets: Mo, LANL2DZ; P, Br, 6-311++ G(d,p); C, H, O, N, 6-311 G(d) using Gaussian 09’s ultrafine integration grid. Solvent phase energies were obtained as a single point energy calculation using the M06 functional (basis sets: Mo, SDD; P, Br, C, H, O, N, 6-311++G(d,p) in conjunction with the SMD solvent model for 1,2-dichloroethane. The free energy correction to the energy was taken from the B3LYP frequency calculation. Relaxed coordinate scans were employed to focus Berny saddle point searches. For transition states TSB-C and TSC-D, starting points for the Berny optimizations were located by running a series of single-point optimizations with the M-OA bond length frozen. Transition states were verified by the existence of a single imaginary frequency along the reaction coordinate involving bond making/breaking. Reaction profiles were generated using the mechaSVG program. [49]

[bookmark: _Toc119324190][bookmark: _Toc121236964]Supplemental Data 
Spectral data for characterization of reported compounds can be found in Appendix A (pg 168).
[bookmark: _Ref121064231][bookmark: _Toc121403594]Table 2‑4: Reaction conditions for kinetic resolution studies
	[bookmark: table1]catalyst
	Catalyst loading (mol %)
	Loading of pyr-O (mol %)
	trxn
	Trxn

	7
	1.8%
	42 %
	6 h
	50 °C

	8
	0.5%
	42 %
	6 h
	50 °C

	9
	1.7%
	40 %
	74 h
	50 °C

	10
	1.7%
	40%
	16 d
	80 °C

	12
	10%
	40 %
	8 d
	80 °C



[bookmark: _Toc121403595]Table 2‑5: Tabulated bond parameters for Mo-coordination sphere from X-ray structure of complex 12*
	[bookmark: table2]Bond
	Length (Å)
	Bond Angle
	angle (°)

	Mo(1)-O(4)
	1.7050(14)
	O(3)-Mo(1)-O(1)
	96.74(6)

	Mo(1)-O(3)
	1.7106(13)
	O(2)-Mo(1)-O(1)
	158.31(6)

	Mo(1)-O(2)
	1.9539(13)
	O(4)-Mo(1)-N(1)
	88.12(6)

	Mo(1)-O(1)
	1.9594(13)
	O(3)-Mo(1)-N(1)
	163.94(6)

	Mo(1)-N(1)
	2.3226(15)
	O(2)-Mo(1)-N(1)
	84.59(6)

	Mo(1)-N(2)
	2.3600(17)
	O(1)-Mo(1)-N(1)
	78.72(5)

	Bond Angle
	angle (°)
	O(4)-Mo(1)-N(2)
	160.06(6)

	O(4)-Mo(1)-O(3)
	107.79(7)
	O(3)-Mo(1)-N(2)
	91.82(6)

	O(4)-Mo(1)-O(2)
	96.39(6)
	O(2)-Mo(1)-N(2)
	77.68(6)

	O(3)-Mo(1)-O(2)
	95.52(6)
	O(1)-Mo(1)-N(2)
	84.09(6)

	O(4)-Mo(1)-O(1)
	96.81(6)
	N(1)-Mo(1)-N(2)
	72.47(5)


*complete X-ray data for 12 can be obtained from the corresponding cif file in the Cambridge database
[bookmark: compSI]Computational SI 
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.; 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.; Rendell, A.; Burant, J. C.; Iyengar, 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.; Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, Ö.; Foresman, J. B.; Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 2009.
[bookmark: _Toc121403596]Table 2‑6: M06 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of C1 and C2 isomers of complexes 7-10, 12
	[bookmark: table3]Species
	G

	6
	-1252.09849

	6-C2
	-1252.08671

	7
	-1661.05061

	7-C2
	-1661.03287

	8
	-6807.91045

	8-C2
	-6807.89244

	9
	-1975.17748

	9-C2
	-1975.16346

	10
	-1880.35343

	10-C2
	-1880.34271

	12-C1
	-2100.56528

	12
	-2101.18883





[bookmark: _Toc121403597]Table 2‑7: M06 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of species in Figure 2‑20
	[bookmark: table4]7-A
	-1661.36670

	PPhtBuMe
	-770.53182

	7-B (pro-S-OPR3)
	-2431.96280

	TSA-B 7-A/B (pro-S-OPR3)
	-2431.88635

	7-B (pro-R-OPR3)
	-2431.96196

	TSA-B 7-A/B (pro-R-OPR3)
	-2431.88598

	TSB-C 7-B/C (pro-S-OPR3)
	-2432.53951

	TSB-C 7-B/C (pro-R-OPR3)
	-2432.54013

	7-C
	-1585.40510

	OPPhtBuMe
	-845.79032

	pyridine N-oxide
	-323.32243

	TSC-D 7-C/Deq
	-1909.90180

	TSC-D 7-C/Dax
	-1909.90566

	7-Deq
	-1909.49459

	7-Dax
	-1909.91043

	TSD-E 7-D/Eeq
	-1909.47199

	TSD-E 7-D/Eax
	-1909.89042

	Pyridine
	-248.16349


[bookmark: _Toc119324191][bookmark: _Toc121236965]
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 DIOXYGEN ACTIVATION AND SUBSTRATE OXIDATION BY OXOMOLYBDENUM SALEN SPECIES
[bookmark: _Toc121236967]Introduction
In the laboratory and industrially, molybdenum catalysts are applied for production of epoxides from alkenes, using either hydrogen peroxide or tert-butyl hydrogen peroxide, [1] reactions which are believed to proceed through metal peroxo intermediates [2]. The existence of these metal peroxo intermediates has led to interest in using dioxygen to form the molybdenum peroxo species directly in an atom-economical fashion. [3] Oxygen coordination and reactivity has been well explored for other metals, including iron [4,5], copper [5–9], chromium [10], manganese [11], rhenium [12], and rhodium [10], for which formation of metal superoxo and metal hydroperoxo species are observed and hydrogen atom transfer (HAT) reactivity through the radical pathway is favored [10]. Reactivity involving presumed coordination of dioxygen to a molybdenum center and oxygen transfer from the formed peroxo unit was first reported in 1988 by Arzoumanian, et al. [13] and has been further explored by other groups in the following decades. [11,14–19] While the existence of these compounds and their reactivity for oxygen atom transfer (OAT) reactions has been well established, we are not aware of any work exploring the mechanism of dioxygen coordination, activation, and O-transfer reactivity for the intermediate Mo(IV) complexes. Reports exist that demonstrate the necessity of increased ligand steric bulk to prevent the disproportionation of molybdenum (VI) peroxo species to molybdenum (VI) oxo species via the Mars-Van Krevelen mechanism (Figure 3‑1). [13,20,21]


[bookmark: _Ref110869143][bookmark: _Toc121402569]Figure 3‑1. Mars-Van Krevelen mechanism for transition metal splitting of dioxygen
The literature for production and reactions of molybdenum peroxo complexes includes reports of epoxidation reactions, [22] oxidations to alcohols and ketones, [23] and sulfoxidation reactions. [24] Many of these catalysts are formed by reaction of MoO3 with their chosen ligand and aqueous peroxides (commonly tert-butylhydroperoxide) and employ hydrogen peroxide as the oxygen atom source for catalytic oxidations. As a consequence of this synthetic approach, much of the literature on molybdenum peroxo catalysis is based on oxobisperoxo molybdenum (VI) species. Epoxidations by these species are found to proceed via direct transfer of a peroxo group oxygen to the olefin double bond, rather than via olefin coordination to the metal center. [25] Under basic conditions, this single-atom transfer mechanism can break down and triperoxomolybdate species can lead to peroxidation of olefins by evolution and transfer of singlet dioxygen, 1O2. [26] Computational studies 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 catalyst. [27–29] This observation notably rules out the molybdenum (VI) oxoperoxo species as an intermediate in olefin epoxidation reactions with organic hydroperoxides. Oxidation of alcohols to ketones has been reported for molybdenum oxoperoxo complexes with various ligands, including picolinate and cyclopentadienyl complexes, [1] each of which employs an organic peroxide or hydrogen peroxide as the stoichiometric oxidant for catalytic oxidation, although there is a report of dioxygen being used as a co-oxidant. [30] Molybdenum (VI) oxoperoxo species are also reported for the oxidation of alkanes to alcohols and ketones, especially at benzylic positions. [23] Activity for this oxidation is seemingly dependent on the strength of the C-H 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 capable of catalyzing the oxidation of sulfides to sulfoxides and sulfones, again using organic peroxides as the oxygen atom source. [31–34] Selectivity of the reaction for sulfoxide or sulfone products seemingly depends on electronic characteristics of the substrate. [31]
Reports from the group of Nadia Mösch-Zanetti [3,14,35,36] give evidence for the presence of an Mo(η2-peroxo) complex generated from reaction with dioxygen (including an XRD structure of an imido-peroxo complex [35]) and OAT reactivity with triphenylphosphine for the oxoperoxo complex [14,36]). Based on these studies, the best comparison for the dioxygen coordination activity of the molybdenum (IV) monooxo sal-CHXD complex comes 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 coordination of dioxygen, producing detailed reaction surfaces and examining the spin-crossover processes involved. The study by Yu, et al. does not, however, examine the oxygen atom transfer properties of the resulting metal peroxo complexes, and to the best of our knowledge, computational studies have not been carried out on metal oxoperoxo complexes for OAT to phosphines or any other substrate.

[bookmark: _Results_1][bookmark: _Ref111553133][bookmark: _Toc119324193][bookmark: _Toc121236968]Results
[bookmark: _Toc119324194][bookmark: _Ref110694331][bookmark: _Toc121236969]Observation of oxygen coordination activity
While optimizing the conditions for the molybdenum-catalyzed kinetic resolution 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 pyridine N-oxide (Scheme 3‑1), 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 phosphine oxidation process.


[bookmark: _Ref105767642][bookmark: _Toc121403410]Scheme 3‑1: Conditions for observed overconversion (by o-bromo-p-nitro-salCHXD MoO2 complex 2) of phosphine substrate with respect to available organic oxygen 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 added (Scheme 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. 


[bookmark: _Ref104205269][bookmark: _Toc121403411]Scheme 3‑2. Catalytic phosphine oxidation under dioxygen atmosphere
[image: time-resolved NMR sequence showing production of triphenylphosphine oxide from oxidation of triphenylphosphine]
[bookmark: _Ref121397556][bookmark: _Toc121402570]Figure 3‑2. NMR study of phosphine oxidation by complex 2 under dioxygen (Scheme 3‑2)
Monitoring of this reaction by 31P NMR (Figure 3‑2) appears to show the formation of two phosphorus-containing products, which are assigned as triphenylphosphine oxide (δ=29.7 ppm) and the molybdenum-bound triphenylphosphine oxide ternary complex, L*MoO(OPPh3) (δ=20.3 ppm). An intermediate species (δ=48.1 ppm) is tentatively assigned as the triphenylphosphine monooxo complex, L*MoIVO(PPh3). Catalytic phosphine oxidation under air was further studied, revealing that complex 2 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. 
To determine the scope of the dioxygen coordination and activation, further studies were carried out with other molybdenum dioxo catalysts, including the molybdenum dioxo bis-acetylacetonate metal precursor 3, and a series of para- or ortho-substituted dioxomolybdenum sal-CHXD complexes (p-nitro sal-CHXD 1, sal-CHXD 4, o-ethyl sal-CHXD 5, 3,5-tert-butyl sal-CHXD 6, and p-chloro sal-CHXD 7).




[bookmark: _Ref121139697][bookmark: _Toc121403412]Scheme 3‑3. Studies of phosphine oxidation by dioxomolybdenum complexes with dioxygen as the oxygen atom source
The oxidation reaction for triphenyl phosphine is found to proceed with all studied dioxomolybdenum complexes (Scheme 3‑3), with all sal-CHXD complexes (1, 4-7) showing catalytic activity at 1 mol % loading. MoO2(acac)2 (3), was found to have lower activity, but the oxygen atom transfer from dioxygen at atmospheric pressure was found to proceed at 60°C.

[bookmark: _Toc121402571]Figure 3‑3. Relative rate constants log kX/kH versus Hammett parameter σp for the OAT reaction between dioxygen and PPh3, catalyzed by sal-CHXD Mo complexes
Examination of relative rates for the salCHXD-based catalysts 1, 4-7 shows that there is a linear Hammett relationship for rate of oxidation by these catalysts. Para-substitution of the salicylimine ring has significant effect on the rate of conversion, with addition of electron-withdrawing groups (σp>0) significantly accelerating the reaction. By comparison with the Hammett relationship established by Whiteoak et al. for the analogous salan-type dioxomolybdenum series with OAT from DMSO, [38] the presence of a para-position electron 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 the rate-limiting step or a decrease in the rate of reoxidation of the molybdenum (IV) monooxo species. The Hammett correlation (R=0.98) for this reaction suggests that the rate-limiting step is again the oxygen atom transfer step from the molybdenum (IV) center to the phosphine.


  



[bookmark: _Ref111548578][bookmark: _Ref110772778][bookmark: _Toc121402572]Figure 3‑4. Comparison of conversion for catalyzed (solid bar) and blank (empty bar) phosphine oxidation reactions with complex 1
	The effects of pO2 were also studied (Figure 3‑4), and it was found that an increase of dioxygen concentration in solution does increase the rate of reaction, with a small effect observed by maintaining a steady partial pressure of air (pO2 = 0.21 atm) over the course of the reaction, and a large (approximately 3x) increase in rate observed when running the reaction under dioxygen only (pO2=1 atm). Under both conditions, there is autooxidation of triphenylphosphine (conversion for blank reactions can be seen in Figure 3‑4), but the catalyzed reaction is observed to be approximately five times faster than that that of the uncatalyzed reaction.

[bookmark: _Toc119324195][bookmark: _Toc121236970]Effect on enantioselectivity of chiral phosphine oxidation with chiral salicylimine 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. The oxoperoxo complex is reported to have different steric and chiral character from the dioxomolybdenum complex, [3] 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 enantioselectivity (8, MoO2(5-NO2-3-tBu-sal-CHXD) and repeated the kinetic resolution reaction under aerobic conditions (Scheme 3‑4). 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 N-oxide as the oxygen atom source. The reduction of enantiomeric excess by approximately one half represents a decrease in selectivity from s=1.49 to s=1.17, suggesting that the oxidation does not proceed exclusively through the dioxomolybdenum complex. The oxidation may instead proceed via two catalytic oxygen atom transfers from the molybdenum complex, the initial from the dioxo complex and the second from a complex with coordinated dioxygen having different steric parameters for the oxygen atom transfer step.


[bookmark: _Ref104980653][bookmark: _Toc121403413]Scheme 3‑4: Reaction scheme and enantioselectivity of kinetic resolution under aerobic oxidation conditions
This result may rule out a Mars-Van Krevelen mechanism for reoxidation, because if the activated dioxygen were being split between 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. 

[bookmark: _Toc119324196][bookmark: _Toc121236971]Modeling of LMo(O2)O Oxygen Atom Transfer
To the best of our knowledge, computational studies of Mo-catalyzed OAT have not been expanded to include dioxygen as an OA donor, possibly due to the small body of literature reporting molybdenum oxo-monoperoxo complexes. [14,16,17,31,35,36,39–41] This leads to a similar absence in the literature of computational studies of OAT from oxoperoxo complexes. Because we have an experimental system shown to demonstrate good activity for this reaction, it seemed pertinent to expand the computational study of this OAT reaction cycle to account for generation of a peroxo moiety via activation of dioxygen, rather than the previously investigated disproportionation of organic peroxide species. [34]
To determine the likely pathway of this reaction series, potential stationary state species were optimized using the B3LYP hybrid functional 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 using the sobMECP program. All energies for solvated species were calculated using the M06 functional. In the following text, reported ΔEs are B3LYP electronic energies in the gas phase, and ΔGs are solvent-phase M06 free energies.


[bookmark: _Ref121143280][bookmark: _Toc121402573]Figure 3‑5: Overall putative catalytic process for trimethylphosphine oxidation by the Mo(NO2-CHD-salen) complex under O2
Based on the experimental study carried out in section 3.2, we propose that the catalytic cycle involves OAT from the dioxo species (as studied in chapter 2), reoxidation of the monooxo Mo(IV) complex by dioxygen, and finally OAT from the Mo(VI)O(O2) species to regenerate the dioxo catalyst (Figure 3‑5). The coordination of dioxygen to the metal center could form either the molybdenum (V) oxo-superoxo species (Figure 3‑6a) or the molybdenum (VI) oxoperoxo species (Figure 3‑6b), both of which are potential candidates for oxygen atom transfer to the substrate molecule. 


[bookmark: _Ref110773864][bookmark: _Toc121402574]Figure 3‑6. Molybdenum oxo-dioxygen cores, molybdenum (V) oxo-superoxo (a), molybdenum (VI) oxoperoxo (b)
Of greatest interest for this study are the species involved in the dioxygen coordination and those involved in subsequent oxygen atom transfer reactions. Available crystal structures of molybdenum peroxo complexes exclusively show the η2-coordinated molybdenum peroxo, [13,14,39], rather than the η1-superoxo structure commonly observed in other metal complexes. [6] The coordination of dioxygen, however, presumably proceeds though an η1-superoxo intermediate which transitions to the oxo-η2-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 Mösch-Zanetti’s group [3], it is reported that 2 equivalents of phosphine are oxidized per equivalent of dioxygen, but the pathway of this OAT has not been determined. While the oxo-η2-peroxo species is presumed to be the stable structure of the MoO(O2)salen complex, literature on oxidations involving metal-dioxygen complexes suggest that the radical-involving oxidation pathway from the metal superoxo species is a concern for the selectivity of the reaction, and necessary to investigate. [42] To fully characterize the catalytic mechanism, we need to model oxygen transfer pathways starting from both oxo-superoxo and oxoperoxo molybdenum species, and model the transfer of oxygen atoms from both the molybdenum oxo and dioxygen moieties.


[bookmark: _Ref105929018][bookmark: _Toc119324197][bookmark: _Toc121236972]Modeling phosphine oxidation of PMe3 by dioxo complex 1
[image: bent coordination cyclohexylsalen dioxomolybdenum complex]
[bookmark: _Ref121144175][bookmark: _Toc121402575]Figure 3‑7. Dioxomolybdenum sal-CHXD complex 1A
The optimized geometry of the dioxomolybdenum complex is the same as that described in Chapter 1. The C1 cis-dioxo species (Figure 3‑7) has inequivalent oxo groups, one trans to one of the imine N-donor ligand atoms, and the axial oxo group trans to the phenolate moiety. Examining the reactive axial oxo group, the FMOs involved in the reaction are the HOMO-1, which contains the oxo-group lone pair and the LUMO, which contains the π* orbital for the Mo-O moiety (Figure 3‑8). 
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[bookmark: _Ref121144206][bookmark: _Toc121402576]Figure 3‑8. HOMO-1 (left) and LUMO (right) for the dioxo complex
[image: OAT transition state to phosphine]
[bookmark: _Ref121144237][bookmark: _Toc121402577]Figure 3‑9. TSA-B for phosphine oxidation by dioxomolybdenum catalyst 1
Based on the computational study discussed in Chapter 2, only the axial approach of phosphine was considered. In this transition state (Figure 3‑9), which is 20.1 kcal/mol uphill from the starting materials, we observe a slight decrease in the O-Mo-O bond angle from the dioxo species (101.3° from 103.0°). This approach is supported by the orbital analysis of complex 1A, which shows that any orbitals with contribution on the equatorial oxygen are either significantly stabilized (oxo lone pair) or higher in energy (Mo-O π* orbital). As the phosphine substrate approaches, we see a reduction in the bond order of the axial Mo-oxo moiety, with the Mo-O bond length increasing from 1.72 Å to 1.85 Å. The HOMO is observed to have an orbital contribution in the forming O-P σ-bond, whose bond distance is 2.06 Å, representing a bond order much lower than that in the product ternary complex 1B and the free phosphine oxide.
[image: ternary complex phosphine oxide]
[bookmark: _Ref121144309][bookmark: _Toc121402578]Figure 3‑10. Ternary complex 1B, with Mo-ligated OPMe3
The energetic driving force of the oxygen atom transfer reaction is the formation of the ternary complex 1B (Figure 3‑10), 27.6 kcal/mol downhill from the starting materials. The P-O bond order has increased to nearly the full double bond (1.53 Å) of the free phosphine oxide (1.50 Å), while the Mo-O bond has reduced to a weak dative bond (2.35 Å). The molybdenum complex has begun reorganizing to the square pyramidal coordination environment of the monooxo complex 1C, with the dissociation of the phosphine oxide allowing the O-Mo-O angle to decrease to 83.9°.
[image: phosphine oxide dissociative transition state]
[bookmark: _Ref121144354][bookmark: _Toc121402579]Figure 3‑11. TSB-C, dissociation of OPMe3 from ternary complex 1B
As the phosphine oxide dissociates from the metal center (Figure 3‑11, ΔG‡=6.7 kcal/mol), the complex continues to reorganize to square pyramidal 1C (Figure 3‑12), with the Mo-O bond nearly cleaved at 2.97 Å. The P-O bond continues to increase as the back-bonding contribution from the molybdenum center decreases. The weak back-bonding interaction between the metal center and product leads to the P-O bond remaining slightly lengthened compared to the free phosphine oxide.
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[bookmark: _Ref121144449][bookmark: _Toc121402580]Figure 3‑12. Monooxo molybdenumIV complex 1C 
Following dissociation of the product phosphine oxide, reorganization of the coordinated salen ligand has completed, and the bond order for the remaining Mo-oxo moiety has increased, with the bond length contracting to 1.69 Å (from 1.72 Å 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 nearly thermoneutral (+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.
[image: reaction profile for oat from dioxomolybdenum to trimethyl phosphine]
[bookmark: _Ref121144492][bookmark: _Toc121402581]Figure 3‑13: reaction profile for OAT from complex 1 to trimethylphosphine
The reaction profile for oxidation of trimethyl phosphine (Figure 3‑13) is very similar to the profile determined for the phosphine oxidation of PMePhtBu (Ch 1). We see that the activation energy for the oxygen atom transfer step is slightly lower (PMePhtBu: +22.9 kcal/mol) due to the decrease in steric interactions and increased nucleophilicity of the smaller trimethyl phosphine modeled in this profile. The ternary complex, dissociative transition state, and products all have relative energies nearly identical to the PMePhtBu derivative once adjusted for the difference in activation energy for the OAT step. The formation of the strong P-O bond is once again found to be the driving force of the reaction.

[bookmark: _Toc119324198][bookmark: _Toc121236973]Coordination of triplet dioxygen (3O2) 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 resulting oxoperoxo molybdenum (VI) has not been explored via detailed computational study. Based on the experimental results presented in section 3.2, the reoxidation of the complex to a molybdenum (VI) oxoperoxo species is presumed to occur in a single-centered process (Scheme 3‑5), analogous to the coordination of dioxygen to a ruthenium center examined by Yu, et al. [37], rather than a biomolecular process, as in the Mars-Van Krevelen mechanism, bis-metallic, or other disproportionation processes. [13,21,43]



[bookmark: _Ref121144712][bookmark: _Toc121403414]Scheme 3‑5. Reoxidation of 1C by dioxygen
[image: structures for coordination transition state of dioxygen to oxomolybdenum center]
[bookmark: _Ref121144759][bookmark: _Toc121402582] Figure 3‑14: Calculated structures for ligation of dioxygen, TSC-D ax (left) and TSC-D eq (right)
Reoxidation of the metal complex is shown to begin with an interaction of triplet dioxygen (3O2) with the ground state singlet molybdenum (IV) species. Two possible coordinative approaches were considered, with the equatorial approach being preferred (ΔG‡ = 5.8 kcal/mol) versus the axial (ΔG‡ = 7.1 kcal/mol). The structures for these transition states (Figure 3‑14) were located by scanning the distance between the molybdenum center and the O-O bond centroid, starting from the superoxo complexes 31D (Figure 3‑16). 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 O-O bond order (O-O bond length increases from 1.21 Å to 1.23 Å), representing a contribution to the side-on bonding interaction of the metal  orbital with the dioxygen π* orbital. This interaction is observed in the HOMO-2 orbital, which is the highest energy doubly occupied molecular orbital, while the SOMO orbitals are the dioxygen π* (HOMO-1) and a delocalized molecular orbital with mostly ligand character (HOMO).
[image: spin density surfaces for superoxo species]
[bookmark: _Ref121144813][bookmark: _Toc121402583]Figure 3‑15. Spin density surfaces for TSC-D ax (left) and TSC-D 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 state (Figure 3‑15), with spin density largely concentrated in the occupied orbitals with dioxygen π* character (SOMO 2), showing this transition state to maintain the spin state of unbound triplet dioxygen with a minor delocalization of radical character over the forming O-Mo bond.
[image: oxo superoxo molybdenum species]
[bookmark: _Ref107342630][bookmark: _Ref107342623][bookmark: _Toc121402584]Figure 3‑16: calculated structures for 31Dax (left) and 31Deq (right)
	Following the associative transition state, a stable structure for the triplet oxo-superoxo species is located for both coordination isomers (Figure 3‑16, ΔGax = -4.5 kcal/mol. ΔGeq = -4.6 kcal/mol). Bonding to the metal center leads to a small increase in the O-O bond length, and the Mo-O1 bond is observed in the SOMO orbitals as interactions between the  orbital (axial) and  orbital (equatorial). η2-bonding interactions are observed in the HOMO-2 doubly occupied orbital, involving alignment between the molybdenum d-orbitals ( axial,  equatorial) and the dioxygen π* orbital. The spin densities for the superoxo complex (Figure 3‑17) indicate that coordination of dioxygen has led to a partially oxidized metal species (formally MoV), with spin densities concentrated on Mo and O2, though the molybdenum radical remains delocalized through the bond with O1.
[image: spin densities for oxo superoxo molybdenum species]
[bookmark: _Ref121144921][bookmark: _Toc121402585]Figure 3‑17. Spin density maps for 31Dax (left) and 31Deq (right). Labels in italics are spin densities.
The next step in the reoxidation process involves a spin-crossover process. Spin crossover events occur when a reaction proceeds across more than one potential energy surface, [44] in 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 potential energy surfaces, and can be located using gradient-based 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.
[image: spin crossover transition states]
[bookmark: _Ref121145400][bookmark: _Toc121402586]Figure 3‑18. Calculated structures for oxo-superoxo triplet to singlet oxoperoxo MECP 1D (axial, left; equatorial, right)
The calculated structures for the triplet-to-singlet MECP in the dioxygen coordination process (Figure 3‑18) display some notable differences between the axial and equatorial 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 significantly more η2-like binding (Mo-O1 = 2.11 Å, Mo-O2 = 2.35 Å, Mo-O1-O2 = 83.3°) and a related decrease in O-O bond order, with the O-O bond length increasing to 1.31 Å. Meanwhile, the Mo-O distances for the axial coordination isomer display a decrease in symmetry, making the binding mode of the dioxygen unit more end-bound in character (Mo-O1 = 2.02 Å, Mo-O2 = 3.01 Å, Mo-O1-O2 = 131°) and resulting in a slight increase in bond order, from 1.29 Å to 1.28 Å. The activation barrier to this crossover is also quite different between the two isomers, with ΔG‡ for the equatorial peroxo only 0.1 kcal/mol and ΔG‡ for the axial +6.2 kcal/mol. This difference in activation energies may indicate that the dioxygen coordination process contains two triplet minima, as observed by Yu et al. [37], 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 activation arises from the increased distance on the energy surface from the crossing point.
[image: spin crossover spin density surfaces]
[bookmark: _Ref121145705][bookmark: _Toc121402587]Figure 3‑19. Spin density surfaces for triplet-calculated MECP 1D. Atomic spin densities are labeled in italics.
Spin densities for the MECP were calculated for the triplet spin state (Figure 3‑19). The change in atomic spin density from the superoxo complex is consistent with the differences in symmetry between the two isomers, with the axial dioxygen moiety showing a greater free radical character on O2 than the triplet and the equatorial showing a decrease in free radical character. Both isomers demonstrate a delocalization of an unpaired electron between the Mo center and O1, presumably through the Mo-O σ-bonding interaction.
[image: oxoperoxo molybdenum]
[bookmark: _Ref121145861][bookmark: _Toc121402588]Figure 3‑20. Singlet oxoperoxo Mo(VI) complexes 1Dax and 1Deq 
The singlet oxoperoxo species (Figure 3‑20) 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 symmetrically bound η2-dioxygen moiety, and the side-on binding mode leads to significant decrease in the O-O bond order. Interestingly, the O-Mo-(O2) bond angles are nearly equivalent to the O-Mo-O bond angle in the dioxo species. 
[bookmark: _Ref111366984][image: dioxygen coordination reaction profile]
[bookmark: _Toc121402589][bookmark: _Ref111548538]Figure 3‑21: Reaction profile for dioxygen activation by monooxo Mo(IV) complex 1C
The reaction profile for coordination of dioxygen to the molybdenum (IV) complex 1C (Figure 3‑21) is shown to be overall exergonic, with the formation of the singlet, η2-peroxo species 11D serving as the driving force for the oxygen coordination steps. The located transition state for initial coordination of triplet dioxygen, TSC-D, has a moderate energetic barrier, as does the spin-crossover step for the axial complex, MECP 1Dax. The triplet superoxo complexes, 31D, are moderately destabilized relative to the starting materials, but the modest (+8.7 kcal/mol) barrier for spin-crossover from the axial complex and near barrier-less (+0.09 kcal/mol) crossover from the equatorial complex indicates a facile conversion to the greatly stabilized singlet oxoperoxo molybdenum (VI) species 11D.
Computed structures resemble those studied for the comparable coordination of dioxygen to other metal complexes [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 event 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 qualitative agreement between the two profiles, with similar structures for calculated 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 structures of 31Dax and 31Deq, specifically the differences between the Mo-O2 bond lengths, may suggest that similar structures may be located. This difference may also account for the difference in ΔG‡ for the axial and equatorial spin-crossover 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 changing pO2 (Figure 3‑4). It is still possible that the overall rate of reoxidation for the molybdenum (IV) monooxo complex is limited by the concentration of dioxygen in the solvent, but the initial association of dioxygen to form the molybdenum (V) oxo-superoxo complex has a low reverse barrier (+4.4 kcal/mol), indicating that an equilibrium between the monooxo and oxo-superoxo species may precede the formation of the active molybdenum (VI) oxoperoxo complex.
[bookmark: _Ref110694525][bookmark: _Toc119324199][bookmark: _Toc121236974]Oxygen Atom Transfer from molybdenum oxo-dioxygen (peroxo) complexes
The next step of the catalytic cycle is presumed to be an oxygen atom transfer reaction involving either the triplet oxo-superoxo molybdenum (V) species, 31D, or the oxoperoxo molybdenum (VI) species, 11D. The superoxo and peroxo moieties are typically thought to be more reactive than an oxo moiety, [25] leading to the reaction shown in Scheme 3‑6, with regeneration of the dioxomolybdenum catalyst by transfer of one of the dioxygen moiety oxygen atoms. 


[bookmark: _Toc121403415][bookmark: _Ref105444243]Scheme 3‑6. Oxidation of trimethyl phosphine by Mo(VI) oxoperoxo 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 itself [21]. For triphenylphosphine oxidation under our experimental conditions, auto-oxidation is of low concern. [46] However, studies with other metal-dioxygen systems have posited selective formation of the phosphine oxide from reaction with a metal-superoxide moiety, [42] so investigation of this possible pathway is necessary despite the oxo-superoxo species (31D) being more than 15 kcal/mol destabilized relative to the singlet oxoperoxo species 11D.
[image: superoxomolybdenum OAT transition state to trimethylphosphine]
[bookmark: _Ref105931839][bookmark: _Toc121402590]Figure 3‑22. Oxygen atom transfer transition states for LMo(V)oxo-superoxo complexes 3TSD-F ax (left) and 3TSD-F eq (right)
Starting from the oxo-superoxo complex 31D (Figure 3‑16), the oxygen atom transfer reaction is found to occur via a single transition state involving concerted formation of the O-P bond and cleavage of the O-O bond (Figure 3‑22). OAT from the equatorial superoxo group is 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 than that for OAT from the dioxomolybdenum complex 1A (+20.1 kcal/mol), perhaps due the higher reactivities associated with radical reaction pathways. The forming O-P bond has similar character to that found for the oxo group OAT transition state (TSA-B, O-P 2.06 Å), and the O-O bond length increases as the phosphorus lone pair electron density is added to the O-O π* antibonding orbital.
[image: spin density surfaces]
[bookmark: _Ref121147401][bookmark: _Toc121402591]Figure 3‑23. Spin densities for 3TSD-F ax (left) and 3TSD-F eq (right)
The atomic spin densities are noted to change significantly from the complex 31D following the phosphine attack on the superoxo oxygen (Figure 3‑23). Spin density for the 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 is not present in the O-P σ-bonding interaction, which has a plane of opposite spin density along the forming axis, but is instead shared via π-bonding interactions, analogous to those observed for forming O-P bonds via oxo group transfer [47].
[bookmark: _Ref105513517]Further examination of atomic spin densities (given in Table 3‑1), shows that the unpaired electron character in this oxygen atom transfer step is further delocalized over the P-C bond interacting with the oxygen SOMO via interaction of the oxygen orbital with the P-C σ* orbital. 

[bookmark: _Toc121403598][bookmark: _Ref105513524]Table 3‑1. Spin density values for OAT-involved atoms
	Atom
	Spin densities

	O44=Mo-O51/45-O52-P53-C56
	Axial superoxo TSD-G
	Equatorial superoxo TSD-G

	Mo
	0.9223
	0.9581

	O44
	-0.0453
	-0.0453

	M-O-
	O51: 0.0908
	O45: 0.0660

	O52
	0.2891
	0.2956

	P53
	0.5298
	0.5468

	C56
	0.0865
	0.1020



[image: singlet OAT from peroxo group to trimethylphosphine]
[bookmark: _Ref111367754][bookmark: _Ref115977486][bookmark: _Toc121402592]Figure 3‑24. Geometries of singlet OAT transitions states for 1TSD-A ax (left) and 1TSD-A eq (right) 
A second option for OAT from the MoO(O2)salen complexes proceeds through the molybdenum (VI) oxoperoxo complex via transfer of an oxygen atom from the peroxo moiety (Figure 3‑24). These singlet transition states (ΔG‡ax = 34.0 kcal/mol, ΔG‡eq = 35.2 kcal/mol) were located by a two-dimensional scan along the forming P-O bond and the dissociating O-O bond. As compared to the superoxo OAT step, this atom transfer occurs with a significant change in the coordination geometry of the peroxo group, with the Mo-O2 bond length increasing dramatically and leading to an η1-end-on coordination of the dioxygen moiety. This change in hapticity of the peroxo group leads to an increase in the O-O bond character despite the formation of the O-P bond in this transition state. The forming O-P bond is reduced in bonding character relative to that of the transition state for the dioxo atom transfer transition state (TSA-B, 2.06 Å) and the superoxo atom transfer transition states (3TSD-G, 2.01 Å axial, 2.04 Å equatorial). Even taking the decreased bond character into consideration, this is a relatively late transition state, with concerted formation of the O-P bond and dissociation of the O-O bond resulting in product phosphine oxide and regenerated dioxomolybdenum (VI) complex (ΔG=-103.7 kcal/mol, Figure 3‑32).
The imaginary frequencies for these OAT transition states show only O-P and O-O bond stretching and are absent of any Mo-O2 bonding character. This suggests that there may be a transition state for the cleavage of the Mo-O2 bond and a metastable η1-peroxo intermediate prior to the transfer of the oxygen atom to the phosphine substrate. However, neither the Mo-O bond cleavage transition state nor the metastable intermediate has been located computationally. 
[image: OAT from oxo group of oxoperoxo TS]
[bookmark: _Ref121147953][bookmark: _Toc121402593]Figure 3‑25. OAT transition state geometries for oxo moiety OAT TSD-E
The final possible pathway for OAT from the oxoperoxo complex is for the oxygen atom of the oxo group to be transferred (Figure 3‑25), in a process analogous to the transfer from the oxo moiety in the dioxo complex. Compared to the other studied OAT reactions, this is the earliest transition state, with increased bond order for the Mo=O and decreased P-O bonding character. Despite the earlier transition state, the ΔG‡ for this OAT reaction (+20.2 kcal/mol axial 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 forming O-P bond additionally leads to an increase in the back-bonding interaction with the peroxo moiety, leading to a slight increase in the O-O bond distance.
[image: OAT TS from triplet oxo superoxo]
[bookmark: _Ref114402973][bookmark: _Toc121402594]Figure 3‑26. OAT transition state geometry for triplet-surface oxo moiety OAT 3TSD-E. Atomic spin densities are labeled in italics.
The transition state for the triplet oxygen atom transfer from the axial oxo group was also located (Figure 3‑26). The triplet oxygen atom transfer transition state is significantly higher in energy than the singlet and is 16.8 kcal/mol uphill from the triplet oxo-superoxo molybdenum (V) species that would ostensibly be the active complex for this atom transfer process. Consequently, there are significant differences between 1TSD-E and 3TSD-E, and a few notable structural and electronic changes from 31D. The peroxo group has greater O-O bonding 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 in 31D, instead bearing more resemblance to the peroxo moiety in the monoperoxo species 31G (Figure 3‑30). This transition state is also seemingly more reactant-like than observed on the singlet profile, with a greatly increased O-P bond length. However, there is also a small increase in the length of the Mo-O bond for the transferred oxygen atom, though this may be attributed to the species having a molybdenum (V) oxyl character rather than the transferred atom behaving 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 Mo-O moiety, though for this pathway, that is apparently through the higher-energy oxyl structure rather than the superoxo structure shown in Figure 3‑22.
[image: oxoperoxo phosphine oxide ternary complexes]
[bookmark: _Ref121148209][bookmark: _Toc121402595]Figure 3‑27. ternary complexes for singlet oxo moiety OAT, 11Eeq (left) and 11Eax (right)
Unlike the superoxo and peroxo OAT reactions, oxygen atom transfer from the oxo group proceeds through a ternary complex (Figure 3‑27, ΔGeq = -39.3 kcal/mol, ΔGax = -38.9 kcal/mol). Similar to the transition state, the Mo-O bond for this complex is shorter than observed in the dioxo complex (2.35 Å), while the O-P bond is not affected much by the change in electronic character. The peroxo group begins to shift from the symmetric coordination observed in the oxoperoxo complex toward the distorted η2-ligation present in the singlet monoperoxo complex 1G (Figure 3‑30).
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[bookmark: _Ref121148289][bookmark: _Toc121402596]Figure 3‑28. Ternary complex for triplet oxo moiety OAT, 31Eax. Atomic spin densities are labeled in italics.
The ternary complex for the triplet surface (Figure 3‑28) is stabilized by 11.0 kcal/mol compared to the singlet structure, indicating that there is possibly a spin-crossover event on the reaction profile between the atom-transfer transition state and the ternary complex (-67.3 kcal/mol). The structure of the MECP 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 complexes. 31Eax shows little difference in the geometry around the transferred oxo/oxyl group from 11Eax, but the peroxo group displays an increase in symmetry and back-bonding interaction with the metal, as indicated by the increase in the O-O bond length. Interestingly, the spin density of 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 complex 31G.
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[bookmark: _Ref121148423][bookmark: _Toc121402597]Figure 3‑29. Dissociation of OPMe3 from 11Eax, 1TSE-G ax (left) and from 31Eax, 3TSE-G ax (right). Atomic spin densities are labeled in italics.
The release of phosphine oxide from the ternary complex was studied for the favored transfer of an oxygen atom from the axial oxo group (Figure 3‑29, singlet ΔG‡ = 16.8 kcal/mol, triplet ΔG‡ = 22.7 kcal/mol). The changes in geometry for the complex as the product molecule dissociates are quite similar to those observed for TSB-C, with the peroxo ligand shifting toward the axial position and the axially ligated salicylimine ligand unit relaxing toward a square pyramidal geometry. The reduction of the molybdenum center leads to increased back-bonding from the metal to the peroxo unit and a significant increase in the O-O bond length for the singlet species (1.47 Å), and a small increase in the triplet species. The peroxo moiety is also 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 molybdenum (IV) center, with little contribution from ligand atomic spin densities.
Dissociation of phosphine oxide from the molybdenum center yields a distorted square pyramidal monoperoxo molybdenum (IV) complex (Figure 3‑30, singlet ΔG=-3.2 kcal/mol, triplet ΔG=-7.5 kcal/mol). These complexes have reduced symmetry compared to the monooxo molybdenum (IV) complex 1C, with the ligand not quite achieving the planar coordination observed in 1C, 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 the monoperoxo species reveals that it is stabilized relative to the singlet by 8.8 kcal/mol. The triplet species (Figure 3‑30) further assumes the square pyramidal coordination observed in 1C. The peroxo group is less tightly bound than the oxoperoxo species 11D, with a more symmetrical μ2-coordination mode as compared to the singlet species.
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[bookmark: _Ref111368157][bookmark: _Toc121402598]Figure 3‑30. B3LYP-optimized structures of the singlet (left) and triplet (right) monoperoxo Mo (IV) complex 1G.
[image: monoperoxo spin density surface]
[bookmark: _Ref121149549][bookmark: _Toc121402599]Figure 3‑31. Spin density on the triplet monoperoxo 1G. surface at density = 0.0009
Radical character in the triplet monoperoxo is concentrated on the molybdenum center (Figure 3‑31, spin density = 1.68). Among the ligated O atoms, the axially oriented 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 more z-oriented salicylimine phenol.
[image: OAT reaction profiles]
[bookmark: _Ref114516899][bookmark: _Toc121402600]Figure 3‑32. Relative reaction pathways for OAT from superoxo (blue), peroxo (black), oxoperoxo oxo (dark red), and oxosuperoxo oxo (green) groups. Free energies are relative to the starting materials for the superoxo OAT pathway. 
For each of the possible pathways for OAT (Figure 3‑32), the axial and equatorial coordination isomers have very similar activation barriers (superoxo ΔΔG‡ = 0.75 kcal/mol, peroxo ΔΔG‡ = 1.1 kcal/mol, oxo ΔΔG‡ = 0.8 kcal/mol). The lowest energy barriers are for OAT from the superoxo species 31D, 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 steps have a much higher free energy barrier than the spin crossover from the superoxo to peroxo complex (MECP 1Dax: +8.7 kcal/mol, MECP 1Deq: +1.44 kcal/mol), suggesting that the oxygen atom transfer step occurs by reaction with the oxoperoxo Mo(VI) complex 11D rather than the superoxo Mo(V) complex 31D. Between the peroxo- and oxo-group transfer pathways, atom transfer from the oxo-group is, unexpectedly, the more favorable pathway, with an activation barrier 13.7 kcal/mol lower than atom transfer from the peroxo group. The peroxo groups are typically considered to be a more reactive moiety for OAT reactions, [3,25] but for this phosphine oxidation, it appears that the electron demand favors OAT from the oxo group over OAT from the peroxo group, an observation that may be in line with previous reactivity studies. [2,38]

[bookmark: _Toc119324200][bookmark: _Toc121236975]Regeneration of LMo(VI)dioxo complex from LMoO(O2) OAT products
The favorability of the oxo-group transfer from the oxoperoxo complex leads to the consideration of an unexpected reaction process—the 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 (Herndon, Lander, Shao, Nicholas, unpublished work), which has revealed a stepwise process involving multiple spin-crossover events involved in the conversion of the molybdenum-bound peroxo unit into a cis-dioxo moiety.


[bookmark: _Ref105767647][bookmark: _Toc121403416]Scheme 3‑7. (top) Singlet reaction surface for regeneration of LMo(VI)O2 		(bottom) Triplet pathway for regeneration of Mo(VI)O2
To explore the full profile (Scheme 3‑7) for regeneration of the dioxo complex from the monoperoxo species, both singlet and triplet surfaces need to be modeled. The porphyrin molybdenum peroxo splitting process examined by Herndon, et al. suggest that the singlet surface for peroxo cleavage proceeds via an oxo-oxyl transition state (Scheme 3‑7, top middle), while the triplet transition state (Scheme 3‑7, bottom middle) has not been located.
[image: peroxo splitting transition states]
[bookmark: _Ref110524552][bookmark: _Toc121402601]Figure 3‑33. Peroxo splitting transition states 1TSG-A (left) and 3TSG-F (right)
Transition states for peroxo splitting by the salen-molybdenum complex (Figure 3‑33) were located by scanning along the dissociating O-O bond on the singlet surface, then optimizing to a Berny transition state for both singlet and triplet spin states. 1TSG-A exhibits a pronounced difference in Mulliken charges between the peroxo group atoms, with the axial oxygen atom δ+ and essentially a moly-oxo moiety (Mo-O 1.75 Å, only slightly longer than in the dioxomolybdenum(VI) species, 1.72 Å) while the oxygen approaching the equatorial position carries a significant δ- charge and has a Mo-O bond length of 2.01 Å. This singlet transition state exhibits a solvent stabilization effect (ΔE‡ = 17.5 kcal/mol, ΔG‡ = 10.5 kcal/mol), which is explained by the difference in Mulliken atomic charges between the oxo groups. This difference, along with the difference in Mo-O bond lengths suggests the development of an oxo-oxido structure as the O-Mo-O bond angle increases to 60°, with the O-O bond length having much lower bonding character than the singlet monoperoxo (O-O bond length 1.88 Å).
The triplet transition state 3TSG-F, like the singlet transition state, has the bis-salicylimine ligand adopting the geometry seen in the octahedral dioxo complex. The peroxo group, however, occupies a position between axial and equatorial, splitting the difference between the two planes of the ligand salicylimine rings. Interestingly, and unlike the singlet transition state, the imaginary frequency displays a “rocking” motion, where the outer O atom pivots around the mostly stationary inner O atom. The triplet transition state does not exhibit the polarization of oxo groups or difference in Mo-O bond lengths observed in the singlet transition state, indicating that this transition state maintains peroxo character rather than oxo-oxyl. As the ΔG‡ for this triplet 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 becomes a process of interest.
[image: monoperoxo spin crossover structure and spin density surface]
[bookmark: _Ref121398726][bookmark: _Toc121402602]Figure 3‑34. Monoperoxo singlet-triplet MECP 1F. Atomic spin densities are labeled in italics.
The minimum energy crossing point for spin-crossover between singlet and triplet monoperoxo species (Figure 3‑34) has a ΔG‡ of only 1.2 kcal/mol from the singlet monoperoxo and is strikingly similar to the singlet species. The peroxo group exhibits a slight decrease in O-O bond character which does not have significant associated change in the Mo-O bond lengths. As in the triplet monoperoxo, the atomic spin density is concentrated on the molybdenum center, representing the spin-unpaired Mo (IV) oxidation state.

[image: Diagram
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[bookmark: _Ref109046118][bookmark: _Ref109046110][bookmark: _Toc121402603]Figure 3‑35: Computed structures of MoO2sal-CHXD singlet 1A (a), triplet 1F (b), and MECP (c). Atomic spin densities for 1F and the MECP are given in italics.
	To reform the singlet dioxo complex (Figure 3‑35a) and complete the catalytic cycle, there needs to be another spin crossover event, occurring either between the triplet MoV oxo-oxyl complex (Figure 3‑35b) and the singlet dioxo or between the peroxo cleavage transition state (3TSG-F, Figure 3‑33) and the singlet dioxo. The structural parameters of this MECP (Figure 3‑35c) indicate that it is at an earlier reaction coordinate than the triplet oxo-oxyl complex, making it likely that the crossover event occurs prior to the formation of the triplet oxo-oxyl species. 
[image: reaction profile for peroxo splitting]
[bookmark: _Ref121399430][bookmark: _Toc121402604]Figure 3‑36. Reaction profile for peroxo splitting reaction 
[bookmark: _Ref114408795]The higher activation energy for the spin crossover step between singlet and triplet peroxo complexes as compared to the triplet peroxo splitting step (ΔG‡ = +10.6 kcal/mol vs ΔG‡ = +6.0 kcal/mol) suggests that the triplet reaction profile is dominant in the splitting of the peroxo group to the dioxo species (Figure 3‑36). The triplet transition state for cleavage of the peroxo group, 3TSG-F, is at an earlier reaction coordinate than the singlet transition state 1TSG-A, with greater peroxo character present in the dioxo moiety, while the singlet transition state is more indicative of an oxo-oxyl structure. While the spin crossover structure (MECPG-A) is shown on the free energy diagram to be stabilized relative to the triplet oxo-oxyl 31F, this is due to the sobMECP optimization algorithm working based on electronic energies rather than free energies, which can result in a change in apparent energetic ordering of species when calculated free energy corrections are added. The reformation of the dioxo species 1A and relaxation of the triplet to singlet dioxo are the thermodynamic driving forces for this step. While many oxo-metal systems reoxidized by dioxygen undergo a two-centered Mars-Van Krevelen type reoxidation, leading to one atom of oxygen added to each participating metal center, [48] there are also several experimentally reported and computationally suggested systems for which dioxygen cleavage occurs at a single metal center. Monometallic peroxo-group splitting has been considered for both chromium [49] and molybdenum complexes [50,51], and photochemical dioxygen evolution has been studied for the permanganate ion. [52] The cleavage of the peroxo group to two oxo groups on a single center is a spin-forbidden process, but spin-crossover processes may be favorable enough to counterbalance the spin-conservation “rules” often invoked to rule out spin-forbidden processes. The splitting of the peroxo moiety by a chromium trispyrazolylborate is fast and found to be quite favorable by computational study, with a product-like 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 the molybdo-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 profile (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 substrate, which is in line with the experimental result reported in Section 3.1.1. The driving thermodynamic force for each regime of the reaction is the formation of oxygen-containing double-bonded moieties, including both phosphine oxide and the regenerated dioxomolybdenum complex. The intermediate regimes are fairly thermoneutral, with the spin crossovers to stabilized triplet species as the next largest thermodynamic sinks.
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[image: overall phosphine oxidation profile]
[bookmark: _Ref118996785][bookmark: _Toc121402605]Figure 3‑37. Overall reaction profile for phosphine oxidation



[bookmark: _Toc121402606]Figure 3‑38. Overall catalytic cycle for phosphine oxidation by LMo(VI)O2 complex under air 
Our computational study reveals that the second oxidation step does not proceed via OAT from the peroxo group, as reported by Sharpless, et al. for oxidation of phosphines by oxodiperoxo molybdenum complexes, [25] but through oxygen atom transfer from the oxo group in the oxoperoxo species. This means that the overall reaction proceeds through OAT from a dioxomolybdenum species, followed by coordination of dioxygen to form an oxo-superoxo species and its crossover-stabilized singlet oxoperoxo sibling. The second oxygen atom transfer of the catalytic cycle proceeds via phosphine attack on the remaining oxo group, and the product monoperoxo molybdenum (IV) complex then splits the peroxo moiety, rearranging to form the dioxo catalyst.

[bookmark: _Toc119324201][bookmark: _Toc121236976]Sulfoxidation
Due to the possibility of using the chiral MoO2sal-CHXD platform for other enantioselective OAT reactions, we chose to investigate their potential for catalytic oxidation of sulfoxides to sulfones. Oxidation could theoretically occur either via a disproportionation of the sulfoxide to sulfide and sulfone (Table 3‑2) or through OAT from an external oxygen atom donor, for which we wished to investigate the use of dioxygen as an oxygen atom source (Table 3‑3). 

[bookmark: _Ref119339102]
[bookmark: _Toc121403599][bookmark: _Ref115976615]Table 3‑2: DFT-calculated thermodynamic values for catalyzed disproportionation of DMSO to DMS and dimethyl sulfone
	Reaction
	ΔG° (kcal/mol)

	

	+2.8

	

	-23.3

	

	-20.5



[bookmark: _Ref115976619][bookmark: _Toc121403600]Table 3‑3. DFT-calculated thermodynamic values for catalyzed oxidation of DMSO to dimethyl sulfone with dioxygen as the oxygen atom source
	Reaction
	ΔG° (kcal/mol)

	

	+2.8

	

	-39.5

	

	-50.2

	

	-86.9



For oxygen atom transfer from the dioxomolybdenum species, the formation of the sulfone product is an endergonic process (+2.8 kcal/mol), with reoxidation to Mo(VI) species is the thermodynamic driving force for the overall exergonic reaction (oxidation by OAT from sulfoxide, Table 3‑2, -23.3 kcal/mol; oxidation by reaction with dioxygen, Table 3‑3, -39.5 kcal/mol). In comparison, the oxidation of dimethyl sulfide to dimethyl sulfoxide by the dioxomolybdenum catalyst is calculated to have ΔG° = +23.3 kcal/mol.

[image: sulfoxidation transition state]
[bookmark: _Ref121152975][bookmark: _Toc121402607]Figure 3‑39. OAT transition state for sulfoxidation TSA-B
The sulfoxidation OAT transition state (Figure 3‑39) was located by scanning along the reaction coordinate for the forming O-S bond, starting from the optimized ternary complex geometry. Compared to the oxygen atom transfer transition state modeled for the phosphine oxidation, the sulfoxidation TSA-B is a much later transition state, with significantly reduced Mo-O bonding character in the transferred oxo group. The forming S-O bond also has reduced bond character compared to the product S-O double bond, having a bond length nearly equal to that of the Mo-O bond. One of the other notable changes in geometry occurs in the existing S-O double bond, which contracts from the sulfoxide reactant to 1.48 Å.
For this atom-transfer step, only the transition state for equatorial approach of substrate was located. The dramatic increase in activation energy (ΔG‡ = 39.4 kcal/mol, 19.3 kcal/mol increase over phosphine oxidation), suggests that the sulfoxide substrate is much more resistant to oxidation by the MoVI complex than the phosphine substrate.
[image: sulfone ternary complex]
[bookmark: _Ref105928513][bookmark: _Toc121402608]Figure 3‑40. Ternary complex 1B with Mo-bound molecule of dimethyl sulfone
The ternary complex for the sulfoxidation (Figure 3‑40) is structurally very similar to that determined for the dioxo phosphine oxidation. The datively bound product molecule has a slightly elongated S-O bond for the ligated oxygen atom, and the Mo-O bond has only partial bonding character (2.37 Å). The ternary complex 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=O bond formation examined in Section 3.2.1, despite the similarities in electronic structure of the substrate. The products (following sulfone dissociation) are also destabilized relative to the reactants (ΔG = +7.4 kcal/mol).
[image: sulfoxidation transition states from peroxomolybdenum]
[bookmark: _Ref121153050][bookmark: _Toc121402609]Figure 3‑41. OAT from peroxo moiety of the oxoperoxo Mo(VI) species, 1TSD-A ax (left) and 1TSD-A eq (right)
Unlike the dioxo atom transfer step, transition states for atom transfer from the oxoperoxo complex were located for both the axial peroxo and equatorial complexes. These transition states (Figure 3‑41) are much later than those observed in the phosphine oxidation transition states (1TSD-A, Figure 3‑24), with their imaginary frequencies demonstrating a concerted breaking of Mo-O and O-O bonds as the O-S bond is forming. The alignment of substrate with the peroxo group also contrasts the phosphine oxidation reaction, [47] exhibiting a near-linear relationship of the donating sulfur lone pair with the dissociating O-O bond. This step is significantly more favorable than the dioxo-catalyzed OAT step, with a ΔG‡ of +28.9 kcal/mol (equatorial, +29.6 kcal/mol axial), comparable to the para-hydro complexes discussed in Chapter 2.
[image: sulfoxidation from superoxomolybdenum]
[bookmark: _Ref114500789][bookmark: _Toc121402610]Figure 3‑42. OAT TS for the oxo-superoxo Mo(V) species, 3TSD-F
For the OAT transition state from the triplet superoxo complex, only the axial isomer was located (Figure 3‑42). The geometry of this transition state is very similar to that of the phosphine oxidation 3TSD-F (Figure 3‑22), with side-on interaction of the superoxo unit and sulfur center. This transition state (ΔG‡ = +35.4 kcal/mol) is later than that observed for the singlet OAT step, with a greatly reduced S-O bond distance and the O-O bond in the superoxo unit much longer than for the singlet transition state (S-O: 2.08 Å, O-O: 1.79 Å). 
[image: oxo group transfer to sulfoxide by oxoperoxo molybdenum]
[bookmark: _Ref121153147][bookmark: _Toc121402611]Figure 3‑43. Transition state for Mo=O OAT from Mo(IV) oxoperoxo complex, TSD-E
The oxo-group atom transfer from the oxoperoxo complex (Figure 3‑43) is very similar to that observed in the OAT transfer from the dioxo complex, with an apparent late transition state. The Mo-O bond has single bond character, and the forming O-S bond has increased 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 possible pathways, with a ΔG‡ of +46 kcal/mol.
[image: sulfone ternary complex]
[bookmark: _Ref121153211][bookmark: _Toc121402612]Figure 3‑44. Ternary complex for OAT from oxo moiety of singlet oxoperoxo molybdenum (VI) species
The ternary complex (Figure 3‑44) 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 octahedral geometry. The peroxo group/phenolate 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 sulfoxidation (Figure 3‑45). 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 triplet oxo-superoxo Mo(V) to singlet oxoperoxo Mo(VI) is much smaller than the activation barrier for the OAT step associated with the oxo-superoxo species, it is likely that OAT from the peroxo group of the oxoperoxo species is the exclusive pathway for this oxidation step, consistent with the Sharpless mechanism. [25,34]
[image: OAT reaction profiles]
[bookmark: _Ref121153416][bookmark: _Toc121402613]Figure 3‑45. Comparison of reaction profiles for sulfoxidation by the LMoO(O2) complexes; superoxo OAT (black), oxoperoxo oxo OAT (dark red), and peroxo (blue)
Out of curiosity regarding the electron demand of the oxygen atom transfer reactions for sulfoxidation, the para-methoxy MoO2 sal-CHXD complex 9 was also modeled (Figure 3‑46). Analysis of the differences between dioxo OAT and peroxo OAT with complex 1 suggested that an increase in electron density of the transferred oxygen would favor oxidation of the sulfoxide species, in a reversal of the electronic character favoring phosphine oxidation [38].
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[bookmark: _Ref121153445][bookmark: _Toc121402614]Figure 3‑46. p-OMe-salCHXD complex 9 (left) and oxygen atom transfer transition state 9 TSA-B (right)
The oxygen atom transfer step from complex 9 is found to have a ΔG‡ of 44.2 kcal/mol, 5 kcal/mol higher than the calculated barrier for complex 1. The transition state structure for this sulfoxidation step shows that it is a slightly later transition state than occurs with complex 1, with the Mo-O2 and O2-S bonds equal in length, displaying a slight decrease in the Mo-O bond order and increase in S-O bond order compared to the phosphine oxidation. 
[image: sulfoxidation reaction profile]
[bookmark: _Ref114572263][bookmark: _Toc121402615]Figure 3‑47. Overall reaction profile for sulfoxidation reaction 
The overall catalytic cycle for sulfoxidation by complex 1 (Figure 3‑47) 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 catalyst via OAT from the oxoperoxo complex goes some way to making up for this decreased thermodynamic favorability. Both catalytic cycles have the initial OAT as their rate-limiting step, though the sulfoxidation reaction is tremendously less favorable. This increase in free energy of activation between substrates is perhaps unsurprising, as the sulfoxide is less oxidizable than the phosphine. 


[bookmark: _Ref114572378][bookmark: _Toc121402616]Figure 3‑48. Mulliken charges for transferable oxygen atoms
Differences in electrostatic interactions could be invoked to explain the difference in reactivity, but examination of calculated atomic Mulliken charges on the oxygen atoms (Figure 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 electron-rich (more negative) in character than the peroxo groups. However, Mulliken charges are well-known to be unreliable as representatives of physical charge distributions, especially as the size of the basis set increases. [53] For the studied reactions, the phosphine behaves as a nucleophilic substrate, with increases in reactivity correlated with decreased electron-density on the oxo group, while the sulfoxide behaves as an electrophilic substrate, favoring reaction with electron-rich 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 atom. This reversal suggests that an electrostatic explanation, as modeled by Mulliken atomic populations, cannot be satisfactorily linked to the reactivity of the catalyst. What is more likely is that orbital energy matching is responsible for discrimination between the possible pathways. Both phosphine and sulfoxide substrates have frontier orbitals consisting of a lone pair and X-C σ-bonding orbitals (HOMO) and π non-bonding orbitals, which react via the former donating density into the antibonding orbitals of the transferred oxygen atom and the latter accepting density from the oxygen atom lone pair.

[bookmark: _Toc119324202][bookmark: _Toc121236977]Experimental study of sulfoxidation
Despite the large activation barrier calculated for the sulfoxidation, we wanted to experimentally determine whether the reaction (Scheme 3‑8) could occur. 


[bookmark: _Ref119072430][bookmark: _Toc121403417]Scheme 3‑8. Experimental study of sulfoxidation by complex 1
Benzylphenyl sulfoxide was selected as a substrate for the oxidation due to the presence of an easily-observable methylene group for 1H NMR monitoring of the reaction. The experimental investigation revealed that even under more severe 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 the initial oxygen atom transfer step from the dioxo complex. The reaction in question has been demonstrated with a molybdenum (IV) oxoperoxo bis-hydroxyphenyloxazaline, with urea hydrogen peroxide as the oxidant, producing methylphenyl sulfone as a double-oxidation product of methylphenyl sulfide, [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) oxoperoxo catalysts.

[bookmark: _Toc119324203][bookmark: _Toc121236978]Future work
Further computational work on this study will involve locating all triplet and open-shell singlet species to elucidate what reaction coordinates are involved in the minimum energy crossing events. As there appear to be many crossover events throughout the catalytic profile, this system is a promising one for examining spin-crossing reactions in molybdenum. Similarly, as the dioxygen coordination activity appears to be conserved within the broader molybdenum salen family, computational study of other derivatives than complex 1 could reveal further information about the electronic properties and mechanistic demands of the dioxygen coordination process. Experimentally, there is a significant body of work that could be done to show whether our computational analysis 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 exclusively via 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 complex 8. Proceeding through the studied mechanism, the next opportunity for experimental confirmation is to conduct trapping or spectroscopic detection experiments for the metal oxo-superoxo and oxoperoxo catalytic intermediates. In-situ IR detection of the molybdenum peroxo moiety may be possible (O-O stretching frequency expected at ~860 cm-1 [17]), and studies on thiooxidase model complexes have employed nitrone spin traps to study the iron superoxo intermediate, [54] suggest that this may be a possibility for study of the unstable molybdenum (V) intermediates. It is also possible that the triplet species involved in peroxo group splitting could be detected by EPR experiments. Finally, isotopic labeling studies could be carried out to determine which oxygen atoms are transferred during the catalytic process. This labeling study could be conducted by running a two-turnover catalytic oxidation with labeled dioxygen, which would produce solely unlabeled phosphine oxide and a doubly-labeled dioxomolybdenum center if the catalytic cycle proceeds via the peroxo group splitting pathway described in Section 3.2.4. 






[bookmark: _Toc119324204][bookmark: _Toc121236979]Experimental Section
[bookmark: _Toc121236980]General methods. 
NMR spectra were obtained using Varian OXFORD 300, 400, and 500 MHz NMR spectrometers; IR spectra were obtained on a Shimadzu IRAffinity-1 FTIR; and optical rotations were measured using a Rudolph Research AUTOPOL III polarimeter. Reagent grade solvents were used as obtained. Dioxomolybdenum compounds and PMePhtBu were prepared as reported in Chapter 1. 

[bookmark: _Toc119324205][bookmark: _Toc121236981]Reactions under O2
Kinetic Resolution under dioxygen atmosphere
To a 25 mL round bottom flask was added a stir bar, 10 mL 1,1,2,2-tetrachloroethane, 10.8 mg catalyst 8 (0.02 mmol), and 79 mg methylphenyl-tert-butylphosphine (0.4 mmol). The reaction vessel was fitted with a water-cooled condenser and placed in an oil bath at 50°C. Conversion was monitored by NMR, and the reaction vessel was 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 90:10 CH2Cl2/MeOH, and the phosphine oxide band at Rf=0.3 was scraped off the plate and washed with several portions of iPrOH, followed by solvent evaporation from the washings. Optical rotation measurements on the phosphine oxide were recorded in CHCl3 solution. 
Catalyst Variation study
To a vial was added MoO2(acac)2 (3.26 mg, 0.01 mmol), triphenylphosphine (12.0 mg, (0.05 mmol), and 1 mL 1,1,2,2-tetrachloroethane. The reaction mixture was observed to turn blue-purple upon addition of triphenylphosphine. The reaction vial was fitted with a condenser and placed in a 60°C oil bath for 5 hours while open to the air. Conversion of triphenylphosphine to triphenylphosphine oxide was determined by 31P NMR.
To a round bottom flask was added 183.2 mg (0.7 mmol) triphenylphosphine, 10 mL chlorobenzene, and approximately 1 mol% catalyst (5.3 mg 1, 98 μmol; 3.1 mg 4, 69 μmol; 3.8 mg 5, 70 μmol; 4.7 mg 6, 70 μmol; or 3.6 mg 7, 70 μmol), along with a stir bar. The reaction flasks were then purged with O2 before being sealed and placed in a 50°C oil bath for 4 hours. Aliquots were taken of each reaction mixture and conversion was assessed by 31P NMR.

Turnover study under dioxygen atmosphere
To a round bottom flask was added chlorobenzene (20 mL), 2.5 mg complex 2 (3.5 μmol), and triphenylphosphine (671.5 mg, 2.5 mmol). The flask was evacuated and backfilled with O2 before being placed in an oil bath at 50°C. Aliquots were taken for NMR analysis and progress of the reaction was determined by 31P NMR.

Dioxygen concentration study
To each of eight 13 mm culture tubes was added 12.0 mg triphenylphosphine (0.05 mmol) and 0.7 mL chlorobenzene. Half the tubes were then charged with a small portion (~0.2 mg, 0.5 μmol) of complex 1, the other tubes serving as blank reactions. The catalyzed and blank reactions were then capped with a septum and assigned pairwise to one 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 of O2 maintained by balloon. For condition 4, the culture tube was sparged with oxygen gas prior to capping with a septum. All reactions were then placed in a 60°C oil bath and incubated overnight. Conversion was determined by 31P NMR.

Sulfoxidation study
To a pressure tube was added 172.5 mg methylphenylsulfoxide (1.2 mmol), 5 mL chlorobenzene, and 5 mg catalyst (complex 1 or 5). The reaction vessel was then purged with O2, capped, and placed in an oil bath (T = 150-220°C). After 24 hours, the reaction vessel was removed from the oil bath, and allowed to cool to room temperature. Aliquots were taken for 1H NMR analysis.
[bookmark: _Toc119324206][bookmark: _Toc121236982]Computational methods 
All calculations were carried out using Gaussian 09. Structures were optimized using the B3LYP hybrid functional and the basis sets: Mo, LANL2DZ; P, S, 6-311++ G(d,p); C, H, O, N, 6-311 G(d) using Gaussian 09’s ultrafine integration grid. Solvent phase energies were obtained as a single point energy calculation using the M06 functional (basis sets: Mo, SDD; P, S, C, H, O, N, 6-311++G(d,p) in conjunction with the SMD solvent model for 1,2-dichloroethane. The free energy correction to the energy was taken from the B3LYP frequency calculation. Relaxed coordinate scans were employed to focus Berny saddle point searches. For transition states TSB-C and TSC-D, starting points for the Berny optimizations were located by running a series of single-point optimizations with the M-OA bond length frozen. Transition states were verified by the existence of a single imaginary frequency along the reaction coordinate involving bond making/breaking. Minimum-Energy Crossing Point structures were calculated using the B3LYP optimized singlet and triplet structures as inputs for the sobMECP optimization algorithm and free energies for these structures were computed from Gaussian frequency calculation outputs. Reaction profiles were generated using the mechaSVG program. [55]

[bookmark: _Toc119324207][bookmark: _Toc121236983]Computational SI 
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[bookmark: _Toc121403601]Table 3‑4. M06 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of phosphine oxidation pathway complexes
	Species
	G

	1A
	-1661.05061

	PMe3
	-460.93676

	TSA-B
	-2121.95532

	1B
	-2122.03133

	TSB-C
	-2122.02065

	1C
	-1585.83666

	OPMe3
	-536.19404

	3O2
	-150.30816

	TSC-D ax
	-1736.13345

	TSC-D eq
	-1736.13549

	31Dax
	-1736.14079

	31Deq
	-1736.14266

	MECP 1Dax
	-1736.13091

	MECP 1Deq
	-1736.14252

	11Dax
	-1736.16937

	11Deq
	-1736.17319

	3TSD-F ax
	-2197.05563

	3TSD-F eq
	-2197.05384

	1TSD-A ax
	-2197.05009

	1TSD-A eq
	-2197.05576

	1TSD-E ax
	-2197.07775

	1TSD-E eq
	-2197.07265

	3TSD-E ax
	-2197.05020

	11Eax
	-2197.13988

	11Eeq
	-2197.13448

	31Eax
	-2197.15748

	1TSE-G ax
	-2197.11309

	3TSE-G ax
	-2197.12135

	11G
	-1660.92418

	MECP 1G
	-1660.92231

	31G
	-1660.93921

	1TSG-A
	-1660.90739

	3TSG-F
	-1660.92967

	MECP 1F
	-1660.98515

	31F
	-1660.97937




[bookmark: _Toc121403602]Table 3‑5. M06 calculated energies (solvent phase, Hartrees) for B3LYP optimized structures of species in sulfoxidation pathway
	Species 
	G

	1A
	-1661.05061

	SOMe2
	-553.08277

	TSA-B
	-2214.07053

	1B
	-2214.12008

	1C
	-1585.83666

	SO2Me2
	-628.28485

	11Dax
	-1736.16937

	11Deq
	-1736.17319

	31Deq
	-1736.14079

	3O2
	-150.30816

	1TSD-A ax
	-2289.20503

	1TSD-A eq
	-2289.20990

	3TSD-F
	-2289.16707

	1TSD-E
	-2289.17891

	11Eax
	-2289.20342

	11G
	-1660.92418

	31F
	-1660.97937

	9
	-1481.20750

	9 TSA-B
	-2034.34669
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[bookmark: _Hlk121237081]CATALYTIC AEROBIC OXIDATION OF THIOLS CATALYZED BY SCHIFF-BASE OXOMOLYBDENUM COMPOUNDS
Although our prior experimental work did not provide evidence for molybdenum-promoted oxygen atom transfer reactivity with sulfides and sulfoxides, we wished to explore the potential for other sulfur oxidase-type reactivity of the dioxomolybdenum (IV) sal-CHXD complexes. As the results described in Chapter 3 demonstrate, the activity of the dioxomolybdenum (IV) para-nitro-salen complex 1 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 oxidation reaction was chosen as a more likely target for this reaction due to the possibility of a lower barrier to oxidation of thiol compounds as compared to sulfides and sulfoxides. [1] 
Disulfides can be formed from thiols by either 1-electron reduction or 2-electron reduction pathways, by reaction with various oxidants. For the purposes of this chapter, we will focus on dioxygen, oxo-metal complexes, [2–4] and hydroperoxides as the oxidizing species, with generalized pathways for each of these under aqueous conditions shown in Figure 4‑1. [2] All reactions of thiols are shown to start from the deprotonated thiolate (formed under basic conditions), with the oxidizing agent A acting to convert thiolate to thiyl radical. In the cellular environment, the common metal oxo oxidants are hemeperoxidases, which employ H2O2 as the stoichiometric oxidant for this reaction. [5] The generated thiyl radical can react with available thiolate to form the disulfide radical anion, which can be oxidized to the neutral disulfide by dioxygen. [2,6,7] The two-electron pathway generates sulfenate/sulfenic acids via a pseudo-SN2 mechanism involving a proton migration following the oxygen atom transfer transition state, [8] 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.
[image: disulfide formation pathways]
[bookmark: _Ref119689145][bookmark: _Ref119689138][bookmark: _Ref119689140][bookmark: _Toc121402617]Figure 4‑1. One- and two-electron reduction pathways of thiols to form disulfides
Catalytic thiol oxidations have been reported by molecular oxygen with a large variety of species as catalysts, [9] including bases, [10,11] metal ions, [12,13] transition metal species, [11,14–18] and even basic alumina. [3] The most relevant of these are metal oxo and metal oxide species, which are believed to react with thiols via similar pathways to produce disulfides. Metal oxides (MnO2, Fe2O3, Co2O3, CuO [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 diffusion-controlled 1-electron process, leading to the formation a reduced metal species, two molecules of the thiyl radical, and water through a two-step oxidation process in which the acidity of the thiol has no influence. Later investigations with a heterogenous gold catalyst [17] also demonstrated that oxidation of the thiol proceeded via a thiyl radical intermediate, and that for the studied system, addition of base inhibits the oxidation, excluding the 1-electron reduction of a thiolate species as part of the reaction mechanism. A heterogenous iron-catalyzed system has also been reported, employing a metal-organic framework [14] to form the disulfide product via self-coupling of the reduced thiol substrate, followed by reoxidation of the metal center with molecular oxygen. Complexes of vanadium (V), [19] iron (III), [20], cobalt (II), [21] copper (II), [22,23], rhodium (I), [24] and ruthenium (II) [11] have been reported as 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 (II) phthalocyanine catalyzed oxidation [21] was carried out in ionic liquid solvent, leading to a 1-electron oxidation of the thiolate anion to thiyl radical rather than hydrogen atom transfer (HAT) from the thiol. The iron and copper-catalyzed 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 proceed by dehydrogenation of the substrate, allowing these reactions to proceed without added oxidant by coupling the oxidation of thiol with formation of hydrogen gas [24] or by employing a base to regenerate the active catalyst. [11] 
There are a few literature reports of thiol oxidation by molybdenum species [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 molybdenum (IV), generating water as a byproduct of the reaction. Stoichiometric reaction of aryl thiols with a dioxomolybdenum (IV) S-N-S pincer complex was reported to form disulfide, water, and the reduced monooxomolybdenum (IV) complex as products. [25] Catalytic oxidation of thiols to disulfides has been reported using a MoO2Cl2(DMSO)2 catalyst, run in DMSO solvent [26], which also acts as the oxygen atom donor for reoxidation of the molybdenum center to the active dioxomolybdenum (VI) species (Figure 4‑2).



[bookmark: _Ref119001936][bookmark: _Ref119001930][bookmark: _Toc121402618][bookmark: _Hlk118809938]Figure 4‑2. Oxidation of thiols to disulfides by MoO2Cl2(DMSO)2 with dimethyl sulfoxide as solvent and oxygen atom source
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[bookmark: _Toc119324211][bookmark: _Toc121236987]Synthesis of alkyl disulfides by aerobic oxidation with p-nitro-salCHXD MoO2 (1) complex
The initial exploration of this reaction used dodecane thiol as a substrate due to its low volatility, less intense odor, and ease of handling relative to lower-molecular weight mercaptans. Additionally, this substrate had previously been found to react in good (86%) yield at a relatively slow rate using the MoO2Cl2(DMSO)2 catalyst and dimethyl sulfoxide oxidant reported by Sanz, et al [26]. We hoped to not only replicate the previously reported reactivity, but also determine the viability of dioxygen as the oxidant, to observe ligand effects on the reaction efficiency and to identify mechanistic features in the generation of the disulfide product.


[bookmark: _Ref106622604][bookmark: _Toc121403418]Scheme 4‑1. Targeted oxidation of dodecane thiol to dodecyl disulfide by complex 1
The catalyzed aerobic oxidation of dodecane thiol (Scheme 4‑1) was found to proceed at an average rate of 1 mol/molcat h-1 (~100 eq of thiol over the course of 96h) when the reaction was conducted at 130°C in chlorobenzene under air in the presence of 1 mol% of 1. The disulfide product 2a was formed in 80% yield, as determined by 1H NMR integration of the α-methylene protons (CDCl3, δ = 2.69 ppm, t, 4H), and was isolated by preparatory-scale TLC. The remainder of the product mixture was determined to be composed of dodecanal (2b, ~1% yield, α-CH δ = 9.32 ppm) and ~15% of an unknown secondary product, 2c. This secondary product was 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 mixture using chromatography (3% EtOAc/hexane on silica, Rf=0.80, disulfide Rf=0.75). A blank (0 mol% catalyst 1) 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 in the proton NMR spectrum (PhCl, δ = 2.16 ppm, t, Figure 4‑3), strongly suggesting that it is a symmetric species likely with a stronger electron-withdrawing group than dodecane disulfide (α-methylene, δ = 2.0 ppm) with equivalent, non-chiral α-methylene positions on either side of the sulfur-containing linkage. Further characterization and study showed that this species is distinct from any thiol oxidation product described in the literature. ESI-MS 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 16 m/z lower than the trisulfide [29], which has nearly identical 1H and 13C NMR spectra to those of the putative sulfenic anhydride. Based on this molecular mass, the product is identified as an oxygen atom transfer product of the thiol oxidation with the formula (C12H25)S2O. The IR spectrum of the isolated compound lacks a vibrational absorption near 1100 cm-1, which would represent an S=O stretching frequency, ruling out didodecyl thiolsulfinate [C12H25S(S=O)C12H25] as its identity. Based on this data, we have tentatively identified the product as dodecyl sulfenic anhydride (Scheme 4‑2, 2c). Compounds containing the sulfenic anhydride functional group have not been previously isolated. Previous literature suggesting formation of sulfenic anhydrides, along with a suggested mechanism for forming them from reaction with molybdenum (VI) oxoperoxo complexes, is discussed in Section 4.2.1.



[bookmark: _Ref111891845][bookmark: _Toc121403419]Scheme 4‑2. Oxidation of dodecane thiol to product mixture 
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[bookmark: _Ref111894687][bookmark: _Toc121402619]Figure 4‑3. 1H NMR spectrum of the reaction mixture for the dodecane thiol reaction shown in Scheme 4‑2, shown at 85% conversion. The α-CH2 signals are labeled for each species present.
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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 was reported by Sanz, et al. [26] Para-nitrothiophenol and para-chlorothiophenol were selected as appropriate aryl substrates (Scheme 4‑3) for study of the reaction with complex 1.


[bookmark: _Ref113461675][bookmark: _Toc121403420]Scheme 4‑3. Catalytic oxidation of para-substituted thiophenols by complex 1
In the experimental test, oxidation of p-chlorothiophenol (Scheme 4‑3) was observed to proceed much faster than the dodecanethiol substrate, with a rate of 4 mol/molcat h-1 under aerobic conditions at 130°C. The product of the para-chlorothiophenol oxidation appears to be a mixture based on analytical HPLC analysis—with two distinct peaks eluting at 28.25 and 28.96 minutes, having a 2:1 ratio of peak area—and a decrease in melting point relative to literature values for bis-para-chlorophenyl disulfide (product mixture 67-70°C, lit 73°C), but the components of the mixture are not easily differentiated by 1H NMR or 13C NMR, and only the para-chlorophenyl disulfide was observed by GCMS ([M]+ = 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 dodecane sulfenic anhydride. The product(s) of the para-nitrothiophenol oxidation was characterized only by melting point, which was recorded as 165-170°C (lit 188-189°C [30]). The low solubility and similarity of starting material and product 1H NMR (CDCl3, δ 8.20, d, J = 9.0 Hz, 7.63, d, J = 8.9 Hz for both starting material and product) prevented monitoring and quantitation of the reaction rate for the oxidation of para-nitrothiophenol. Formation of product in the oxidation of para-chlorothiophenol was possible to measure by 1H NMR due to the disappearance of the single aromatic resonance for the thiol at 7.21 ppm (400 MHz, CDCl3) and appearance of product doublets at 7.40 ppm (400 MHz, CDCl3, J = 8.9 Hz) and 7.28 ppm (400 MHz, CDCl3, J = 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 lack of significant yield of the secondary product.
	To better monitor reaction conversion and product distribution and to further evaluate the reaction scope, another alkyl substrate was selected, benzyl mercaptan, this time with the added goal of producing crystallizable product(s) (Scheme 4‑4).


[bookmark: _Ref111980233][bookmark: _Ref111980224][bookmark: _Toc121403421]Scheme 4‑4. Oxidation of benzyl mercaptan by 1, percent yield at >95% conversion
Benzyl mercaptan was found to have an average catalyzed reaction rate nearly identical to that of dodecane thiol, at 1.03 mol/molcat h-1 (Scheme 4‑4) under the standard reaction conditions. Conversion of the mercaptan was monitored by integration of its α-CH2 peaks for the mercaptan and each product species. A secondary product (30% yield by NMR) is formed in a 1:2.25 ratio with the expected disulfide. A blank reaction (0 mol% 1) run under the same condition resulted in no conversion of thiol after 48 hours.


[bookmark: _Ref112937281][bookmark: _Ref112937276][bookmark: _Toc121403422]Scheme 4‑5. Oxidation of benzyl mercaptan with 0.2 mol % loading of 1, percent yield at >95% conversion
	This increase in relative yield (selectivity) toward the secondary product led to further studies with benzyl mercaptan as a substrate, 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 reaction (Scheme 4‑5) proceeded at the same rate observed for the reactions with 1 mol % catalyst, demonstrating that the overall reaction is zero-order in the mercaptan. This increase in thiol concentration leads to a decrease in the selectivity for the benzyl secondary product from 30% to 13% (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 instead. This product was initially identified as benzyl sulfenic anhydride, in keeping with the logic used to assign the secondary product of the dodecane thiol oxidation, but was later confirmed to be benzyl trisulfide (vide infra, Section 4.1.3)
To further examine the substrate scope of disulfide formation, derivatives of cysteine were tested for reactivity (Scheme 4‑6). Cysteine (6) was found to have limited solubility in chlorobenzene, preventing NMR monitoring of the reaction. N-acetyl-cysteine (7) was also found to have limited solubility in chlorobenzene at 130°C, but determination of conversion was possible by NMR measurement of the cysteine S-S dimer, 7a (N,N’-diacetylcystine, Scheme 4‑6) peaks. The conversion rate was 15.4 mol/molcat h-1 —at least twice as fast as the uncatalyzed reaction (0 mol % 1)—and seemed to form a single product by 1H NMR analysis. Conversion of the substrate was tracked using the acetyl methyl resonance (PhCl, δ=1.31 ppm), which shifts downfield upon oxidation to the N-acetyl cystine (PhCl, δ = 1.53 ppm). Conversion can also be observed by changes to the splitting patterns and chemical shift of the α-methylene signals (500 MHz, PhCl, 2.47, dd J= 45.7 Hz, 13.5 Hz). Contrary to our other studied substrates, N-acetyl cysteine is observed by NMR to be converted solely to the cystine product. 


6 (cysteine): 	 R=H					6a: R=H
		7 (NAC): 	 R=Ac					7a: R=Ac 
[bookmark: _Ref115198147][bookmark: _Ref115198139][bookmark: _Toc121403423]Scheme 4‑6. Catalyzed oxidation of cysteine derivatives 6 and 7

[bookmark: _Ref113543382][bookmark: _Toc121402620]Figure 4‑4. Rate of thiol substrate conversion versus pKa of the thiol species
The reactivity trends of the substrates seem not to reflect a relationship between conversion rate and the acidity of the thiol (Figure 4‑4). 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), but the cysteine derivative (pKa = 9.52) converts at a much higher rate than the more acidic thiophenol. These results support the idea that Mo-catalyzed disulfide formation proceeds though a hydrogen atom transfer (HAT) pathway. This increase in reactivity of the cysteine substrate is suggested to be due to intramolecular charge-assisted hydrogen bonding (CAHB), [31] in which the carboxyl group acts to polarize the thiol moiety, making the thiol moiety more reactive to HAT. 


[bookmark: _Toc121402621]Figure 4‑5. Intermolecular hydrogen bonding interaction responsible for activation of cysteine thiols toward oxidation

[bookmark: _Toc119324213][bookmark: _Toc121236989]Identification and characterization of the secondary product from benzyl thiol
	Formation of secondary products from the oxidation of the thiol substrate were easily identified from 1H NMRs of the crude mixture for the oxidation of dodecane thiol and benzyl mercaptan and was suggested for other substrates (p-nitrothiophenol, p-chlorothiophenol) based on melting point data or 1H NMR data. Additionally, analytical HPLC of the p-chlorothiophenol oxidation product shows two distinct peaks with similar elution times. The higher selectivity for a secondary product in the oxidation of benzyl mercaptan led to this reaction being used for preparation and purification studies of the secondary product. 
The products of the catalytic aerobic oxidation of benzyl mercaptan (Scheme 4‑4) were purified using reverse-phase HPLC (C18, MeCN/water). The secondary product species is observed to be reasonably stable in chloroform and acetonitrile solution, with a sample contained in an NMR tube decaying from >98% purity to approximately 80% purity over the course of 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 reaction (1H NMR, α-CH2, δ 4.15 ppm, 8.7%), and a third species that appears as a very minor product in the initial reaction but cannot be definitively assigned (apparently 3 peaks, at 4.16, 4.19 and 4.23 ppm); we tentatively assign this compound to be benzyl thiosulfinate, PhCH2S(O)-SCH2Ph. 
After isolating approximately 20 mg of the secondary product from the benzyl mercaptan oxidation, the product was compared to authentic commercial benzyl trisulfide, fortuitously located in the lab inventory. It was found to be identical by 1H and 13C NMR using a sample spiking experiment and to have the same melting point (45-47°C) as the commercial sample, and C,H elemental analysis gives composition 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, PhCH2S-S-SCH2Ph (Figure 4‑6). Confirmation of this assignment was attempted though ESI-MS, but the molecular ion was observed for neither the experimental nor the commercial sample.


[bookmark: _Ref118208455][bookmark: _Toc121402622]Figure 4‑6. Secondary product of benzyl mercaptan oxidation, benzyl trisulfide


[bookmark: _Ref112180595][bookmark: _Toc121403424]Scheme 4‑7. Oxidation study of benzyl disulfide
To determine the origin of the trisulfide product and demonstrate that the disulfide product is stable to further reaction or reduction, we attempted to oxidize benzyl disulfide under the same conditions used for the thiol oxidation (Scheme 4‑7). Under these conditions, no reaction was observed for the disulfide, indicating that the disulfide is stable to both oxidation and reduction by catalyst 1, and that the trisulfide is not produced from the disulfide.
[bookmark: _Toc119324214][bookmark: _Toc121236990]Effects of added base
	Taking a cue from the literature for increasing rate of disulfide by formation of the more-easily oxidized thiolate ion, [9–11] we looked to determine if addition of base would have an effect on the rate and selectivity of the molybdenum-catalyzed oxidation reaction (Scheme 4‑8). For a blank reaction under base-promoted conditions (5 mol% iPr2Net, 0 mol% 1), disulfide was formed in only 5% yield over 48 hours.


[bookmark: _Ref106974622][bookmark: _Ref116302590][bookmark: _Toc121403425]Scheme 4‑8: Base-inclusive oxidation of benzyl mercaptan by complex 1
[bookmark: _Ref118123463][bookmark: _Toc121403603]Table 4‑1. Effects of addition of base on rate of conversion and product ratio for oxidation of benzyl mercaptan
	mol% of N(iPr)2Et
	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




[bookmark: _Ref118122431][bookmark: _Toc121402623]Figure 4‑7. Effects of base addition on overall rate of reaction (left) and on product distribution (right)
	Addition of diisopropylethylamine to the 1-catalyzed oxidation reaction of benzyl mercaptan under standard conditions (Scheme 4‑8, results reported in Table 4‑1) initially causes a large effect on the rate of reaction, with 1 mol % added base leading to nearly four times greater conversion over the observed 22-hour period. Conversion over the same period increases with 5 mol% added base, but then decreases to approximately 2.5 times the conversion of the base-free reaction as added base is increased to 25 mol% and 100 mol% relative to the thiol substrate (Figure 4‑7, left). Addition of base to the reaction mix also has the effect of increasing selectivity of the reaction toward the disulfide product, (Figure 4‑7, 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 conversion means 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 rate and selectivity toward the product. A mechanistic interpretation of these results is presented in Section 4.2.3.

[bookmark: _Toc119324215][bookmark: _Toc121236991]Stoichiometric and oxygen-free reactions
To elucidate 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 24h to monitor for stoichiometric reaction or non-oxidative reactivity. Under nitrogen gas with dodecane thiol, only a single turnover of the oxidation catalyst was observed, resulting in 1 evolved equivalent of dodecyl disulfide (1% yield) and no apparent formation of the secondary product. However, upon heating and air exposure, the reaction resumed and eventually proceeded to the 20% yield of the secondary product and 75% yield of the disulfide observed for the reaction as carried out under air. This result was replicated under both standard (1 mol% catalyst) and low-equivalency (25 mol% catalyst) conditions. A room temperature reaction study with benzyl mercaptan as the substrate and 1 mol% catalyst loading resulted in no observed conversion of substrate, and the catalyst was observed to dissociate, with the only free ligand and substrate peaks observed in the NMR. No peaks associated with ligation of the thiol substrate to the metal center appeared. After being heated to 130°C, complex 1 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 (Scheme 4‑4). In the absence of dioxygen, complex 1 reacts stoichiometrically with dodecane thiol to form disulfide at room temperature, while oxidation of benzyl mercaptan is only accessible at elevated temperature.


[bookmark: _Toc121403426]Scheme 4‑9. Reactions of dodecane thiol and benzyl mercaptan with complex 1 under inert (N2) atmosphere

[bookmark: _Toc119324216][bookmark: _Toc121236992]Effects of the oxygen atom source on the benzyl mercaptan oxidation


[bookmark: _Ref112178066][bookmark: _Toc121403427]Scheme 4‑10. Oxidation of benzyl mercaptan by catalyst 1 with variation of atmosphere/gaseous oxygen atom source
[bookmark: _Ref118126430][bookmark: _Toc121403604]Table 4‑2. Effects of oxygen atom source/atmosphere on conversion and product ratio for oxidation of benzyl mercaptan (Scheme 4‑10)
	O atom source
	[thiol]
	conversion at 22h
	disulfide/trisulfide ratio

	N2
	58 mM
	1%
	1/0

	Air (21% O2)
	58 mM
	20%
	2.25

	O2 (1 atm)
	58 mM
	14%
	3.75

	N2O (1 atm)
	58 mM
	31%
	5.4


With an interest 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 reaction (Scheme 4‑10). The results of the reactions under inert atmosphere (N2) are discussed in Section 4.2.5, and the results for these variations are reported in Table 4‑2. The standard reaction conditions referenced so far in this chapter employ air as the dioxygen source (= 0.21 atm), so pure O2 was used with the aim of increasing the concentration of dissolved dioxygen in the reaction mixture. N2O was employed as a convenient gaseous single-atom oxygen donor. Switching to an oxygen atmosphere had an unexpected effect on both rate of conversion and the yield of the benzyl trisulfide. The formation of the secondary product species had, to this point, been considered to proceed by 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 was observed to decrease, suggesting that the pathway leading 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 of disulfide 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 oxide was established as an oxygen atom source for molybdenum-catalyzed oxygen atom transfer reactions in 1991, when Arzoumanian, et al. reported oxidation of triphenyl phosphine by [MoIVO(CN)5][PPh4] under a N2O atmosphere. [32] Our own experiments confirm this activity for MoO2sal-CHXD catalyst 1. However, there are fewer examples in the literature than one might expect using this oxygen atom source. A limited number of catalytic oxygen atom transfer reactions have been reported with N2O for complexes of first- (Fe, Co, Ni) and second-row (Mo, Ru) metals, despite several reports of other transition metal complexes forming terminal oxo groups by reaction with N2O. [33] Using N2O as an oxidant in a catalytic system has several potential benefits over using dioxygen: first, there is no need for a spin-crossover process, as observed in dioxygen-coordination systems (Chapter 3), second, that N2O transfers 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 potential for creating a radical mechanism in competition with the target mechanistic pathway. [23] In the case of our system, switching the atmosphere to N2O should restrict the catalytic cycle to the dioxo Mo(VI) form of the catalyst. In the experiment, reaction of benzyl mercaptan under an N2O atmosphere (Scheme 4‑10) and catalyst 1 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 molybdenum oxoperoxo or by interaction of the thiol substrate with the Mo(IV) monooxo species. The increase in selectivity for the disulfide from an increase in  suggests that the trisulfide may form from a catalytic cycle involving the molybdenum (IV) monooxo complex. 

[bookmark: _Toc119324217][bookmark: _Toc121236993]Catalyst Variation


[bookmark: _Ref115280449][bookmark: _Ref121401414][bookmark: _Toc121403428]Scheme 4‑11. Catalyst variation study for oxidation of benzyl mercaptan
Given the unexpected formation of trisulfide by reaction with complex 1 as a catalyst, we wished to investigate whether changes to the electronic character of the catalyst 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 chlorobenzene (Scheme 4‑11). Previous studies with triphenyl phosphine (Chapter 3, Section 3.1.1) had established that dioxygen coordination and transfer activity was exhibited by the o-OMe sal-CHXN (8) and sal-CHXD (9) derivatives of catalyst 1, as well as the molybdenum-containing precursor, MoO2(acac)2, 10. The reactivity of the o-OMe catalyst was presumed to be transferrable to the p-OMe catalyst 8, which was selected for the more direct electronic effect and absence of possible steric interference of the para-located electron donating group. 
[bookmark: _Ref116909438][bookmark: _Toc121403605]Table 4‑3. Effects of catalyst variation on rate of conversion and product ratio for oxidation of benzyl mercaptan (Scheme 4‑11). 
	catalyst
	conversion at 22h
	disulfide/trisulfide ratio

	1
	20%
	2.25

	8
	63%
	5.67

	9
	35%
	22.00

	10
	46%
	33.33


1 = MoO2-p-NO2-salCHXD, 8 = MoO2-p-OMe-salCHXD, 9 = MoO2-salCHXD, 10 = MoO2(acac)2
The variation in catalyst structure has a dramatic effect on conversion and product distribution of the thiol oxidation (Table 4‑3). In the studied series of catalysts, the electron-poor catalyst 1 has the lowest activity for the oxidation of thiols, with increases in ligand electron-donating character giving greater conversion. The reaction with catalyst 8 was observed to have the highest conversion and an increased selectivity for the disulfide product (5.67:1 over the trisulfide) as compared to the para-nitro catalyst 1, though the less active 9 shows much greater selectivity for the disulfide, and MoO2(acac)2 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 the side products formed in the reaction with 10 are also produced by the Schiff-base complexes, but 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 electron-withdrawing para-nitro groups (1) compared to the other molybdenum Schiff-base complexes (8 & 9), leading to a relative increase in yield for the trisulfide product.

[bookmark: _Toc119324218][bookmark: _Toc121236994]Discussion
[bookmark: _Toc119324219][bookmark: _Toc121236995]Sulfenic anhydride formation
We have assigned the structure of the secondary product of the oxidation of dodecane thiol as a sulfenic anhydride based on spectroscopic and mass data. This oxygen atom transfer 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 for non-benzylic aliphatic carbon 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 potential intermediate in the formation of disulfides from thionyl chloride in 1915 and first reported in 1918 as an oxidation product of sulfinyl chlorides (Figure 4‑8) [34].


[bookmark: _Ref115791078][bookmark: _Ref115791072][bookmark: _Toc121402624]Figure 4‑8. Synthesis of 'sulfenic anhydrides' reported by Zincke and Baemer, 1918 [34]
	Later evidence published by E. Vinkler [35] established that the previous synthetic routes to the “sulfenic anhydrides” produced only the isomeric thiosulfinate RS(S=O)R species. In concurrence with the observation that the thiolsulfinate species can be formed by oxidation of the corresponding disulfide [35,36]—and that the formation of a symmetric species by oxygen atom insertion into the S-S bond is not observed experimentally—we suggest that the sulfenic anhydride product is formed by a two-step HAT process from the thiol substrate to the oxoperoxo molybdenum (VI) catalyst. The HAT process generates a hydro- or hydroperoxo- molybdenum (IV) sulfenyl complex (Figure 4‑9) followed by reaction with another molecule of thiol to produce the sulfenic anhydride, water, and the molybdenum (IV) monooxo species. We consider forming the sulfenic anhydride via a radical pathway (Figure 4‑10) to be less likely based on the expected low concentration of the reactive radical intermediates. 


[bookmark: _Ref116660577][bookmark: _Toc121402625]Figure 4‑9. Possible reaction and intermediates for formation of sulfenic anhydride product 


[bookmark: _Ref118061151][bookmark: _Toc121402626]Figure 4‑10. Possible radical-involved pathway for formation of sulfenic anhydride product
[bookmark: _Toc119324220][bookmark: _Toc121236996]Computational investigation of initial reaction steps of thiol oxidation by LMoO2
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[bookmark: _Ref116254437][bookmark: _Ref116254430][bookmark: _Toc121402627]Figure 4‑11. Optimized structures for suggested reaction intermediates for 1-electron oxidation of thiol by complex 1. ΔG is given in kcal/mol relative to the starting materials (ethane thiol and complex 1)
The structures represented in Figure 4‑11 and Figure 4‑12 were obtained by optimization of isomeric products of ethyl mercaptan interacting with complex 1, using both the semi-empirical pm6 method and the DFT b3lyp functional as necessary to generate the target isomeric species (A-D, G, H). The structures for complexes E and F were obtained by optimization of the dioxomolybdenum (VI) complex with one (E) and two (F) added hydrogen atoms, using the b3lyp functional. The reaction mechanism is proposed to begin with structure A (+4.5 kcal/mol uphill from starting materials), having a hydrogen-bonding 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 structure B +35.5 kcal/mol uphill from the starting materials, suggesting that a HAT pathway would be preferred (structures C and D). These structures both contain a formally 1-electron reduced sulfur center, though 7-coordinate structure C, 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 structure D, in which the thiyl radical is bonded to the equatorial oxo moiety. Homolytic cleavage of the O-S bond present in D generates the molybdenum (V) hydroxy-monooxo species E and a thiyl radical (ΔG = -0.3 kcal/mol from D). A second hydrogen atom transfer from another molecule of thiol gives the hydrated molybdenum (IV) monooxo complex F, in which a water molecule occupies the axial coordination site of the molybdenum center, and a second thiol radical (ΔG = +24.4 kcal/mol from E), from which homo-coupling of the thiyl radicals and dissociation of water from the molybdneum center yield the molybdenum (IV) monooxo species, water, and product disulfide (ΔG = -36.3 kcal/mol). This overall process for formation and homo-coupling of two thiyl radicals from the thiol and oxo-Mo complex 1 has a ΔG of +4.0 kcal/mol. 
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[bookmark: _Ref112770279][bookmark: _Ref112770273][bookmark: _Toc121402628]Figure 4‑12. Optimized structures of intermediates for 2-electron reduction of ethane thiol with complex 1. ΔG is given in kcal/mol relative to the starting materials (ethanethiol and complex 1)
Modeling an attack of thiyl radical on the molybdenum hydroxyl group yields complex G, an S-ligated sulfenic acid molybdenum (IV) species (ΔG = +15.6 kcal/mol versus A), which could then dissociate to yield complex H (ΔG = -8.1 kcal/mol versus G), in which the sulfenic acid is hydrogen-bonded to the oxo moiety of the molybdenum (IV) monooxo complex. This pathway approximates the 2-electron reduction pathway of thiol to sulfenic acid. Comparison of the two modeled pathways shows that the 1-electron oxidation intermediate D is stabilized by 4.0 kcal/mol compared to the isomeric 2-electron reduction intermediate G, suggesting that the 1-electron pathway may be favored over the 2-electron pathway. Although complex H is stabilized relative the radical products (E + EtS●), the radical-forming pathway is the most favorable of the three modeled reaction pathways. That being said, the high energy of the products of the second HAT products (F + EtS●) indicates that this pathway may not proceed as modeled here. The formation of disulfide from oxidation of dodecane 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 dioxomolybdenum moiety. Instead, we suggest the possibility that the two thiyl radicals form by HAT reactions involving two dioxomolybdenum (VI) complexes 1, and that the hydroxy-oxo molybdenum (V) complex E then disproportionates to form one dioxomolybdenum (VI) complex and one oxomolybdenum (IV) aquo complex. The intermediate species for all reaction pathways are all higher in energy than the starting materials, but the formation of water and disulfide—along with the disproportionation of the molybdenum (V) species—are sufficient as thermodynamic driving forces for the reaction (ΔGoverall = -9.0 kcal/mol, Figure 4‑13). Transition states and activation energies were not calculated for the oxidation pathways, so discussion of rate differences between the pathways is not possible.
[image: reaction profile for disulfide formation]
[bookmark: _Ref121401677][bookmark: _Ref121401682][bookmark: _Toc121402629]Figure 4‑13. Reaction profile for modeled intermediate species for oxidation of thiols to disulfides by 1. 

[bookmark: _Toc119324221][bookmark: _Toc121236997]Catalytic mechanism for formation of disulfide products


[bookmark: _Ref113361647][bookmark: _Toc121402630]Figure 4‑14. Possible catalytic cycle for generation of disulfides by dioxomolybdenum catalyst 1 under base-free conditions 
Our experimental results suggest that the disulfide products are formed from both the dioxo- and oxoperoxo- molybdenum (VI) species, a process that may follow the catalytic cycle given in Figure 4‑14. The first step of the oxidation proceeds by an atom-transfer process leading to the evolution of a sulfenic acid or thiyl radical intermediate [2,8], 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 to the oxoperoxo species, which reacts with a molecule of thiol to produce another equivalent of thiyl radical intermediate through atom transfer from a peroxo moiety, regenerating the dioxomolybdenum species 1.
The change in rate of conversion caused by addition of base is likely due to deprotonation of the thiol species (Figure 4‑15). The thiolate ion is generally regarded to be a more reactive substrate towards 1-electron oxidation than the thiol, [37] reducing the thermodynamic barrier for the initial oxidation step. The 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 (V) 1-electron reduction product or a molybdenum (IV) 2-electron reduction product. The presence of thiolate in solution also gives another pathway for formation of disulfide bonds from the coupling of thiyl radical and thiolate to form a disulfide radical anion (RSSR●−), [2,38] a strong reductant that could then be oxidized either by dioxygen or an oxomolybdenum species.


[bookmark: _Ref121401784][bookmark: _Toc121402631]Figure 4‑15. Possible oxidation pathways for base-promoted (left) and base-free (right) oxidation of thiol/thiolate to thiyl radical

[bookmark: _Toc119324222][bookmark: _Toc121236998]Catalytic mechanism for formation of secondary products
	The trisulfide product from benzyl thiol is suggested to form via a catalytic cycle (Figure 4‑16) in which the molybdenum (VI) oxoperoxo species 11 carries out a multistep atom exchange and oxidation process with a molecule of the thiol substrate, yielding an aldehyde and the proposed oxo-sulfido species 1S. Complex 1S then reacts following the same pathway as complex 1, forming disulfide, water, and a molybdenum (IV) monosulfido complex, which can react with dioxygen to form the molybdenum (VI) sulfidoperoxo complex 12. This complex then reacts with a second molecule of thiol to produce the sulfenothiolate species 12b, from which the trisulfide may be evolved by reaction with a molecule of thiol, yielding the trisulfide and water. The evolved oxomolybdenum (IV) species may then be oxidized to the oxoperoxo molybdenum (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.


[bookmark: _Ref116399317][bookmark: _Toc121402632]Figure 4‑16. Possible catalytic cycle for formation of trisulfide by reaction with catalyst 1 
 Molybdenum oxo-sulfido (or thio-oxo) 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 triphenylphosphine. [43] While the formation of trisulfides by reaction with molybdenum (VI) sulfido complexes is not reported, the reverse reaction—abstraction of a sulfur atom from benzyl trisulfide by molybdenum species—is known for forming disulfido complexes. [43] Molybdenum (IV) oxo-sulfido intermediates are also invoked for the formation of thiiranes from olefin substrates. [44] Exchange reactions of oxo and sulfido groups have also been reported for strong sulfur donors, including hexamethyldisilathane, boron trisulfide, and Laweson’s reagent (2,4-bis(p-methoxyphenyl)-1,3-dithiaphosphetane-2,4-disulfide). [43] As discussed in Chapter 3, molybdenum peroxo species are reported to oxidize benzylic alcohols to aldehydes, ketones and carboxylic acids, [45,46] though this has not been demonstrated to occur for aliphatic thiols until 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 species, [47–49] using photocatalytic methods, as well as by atomic oxygen generated by photoexcitation of dibenzothiophene S-oxide. [50] 
	We suggest that the sulfenic anhydride product forms by a similar metal-centered mechanism to the trisulfide formation. There is no evidence in the literature for formation of the sulfenic anhydride by a condensation reaction of sulfenic acid species, as most small-molecule sulfenic acid species are reported to undergo self-condensation to form thiosulfinates unless the sulfenic acid is made sterically or electronically stable. [2,51,52] Alternatively, we suggest radical coupling of thiyl and sulfenyl radicals could 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 complex 12b. Delocalization of the odd electron over the Mo-O bond 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 product from the two different thiols is suggested to be due to the reduced ease of oxidation for the α-methylene carbon in the dodecyl substrate, which prevents the oxo/sulfido exchange reaction described above for oxidation of benzyl mercaptan (Figure 4‑16), 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-catalyzed C-S 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 thiophenes by hydrodesulfurization. [56] The analogous molybdenum complex [57] is not capable of carrying out hydrodesulfurization of thiophene, though it is able to abstract selenium from selenophenes under the same conditions. There are, to the best of our knowledge, no reports of oxo-molybdenum or oxo-tungsten complexes performing oxidative desulfurization to either alcohol or aldehyde products.


[bookmark: _Toc121402633]Figure 4‑17. Possible molybdenum-bound sulfenate complexes leading to the formation of sulfenic anhydride
The lack of secondary products from the oxidation of N-acetyl cysteine may be explained by an increase in the ease of formation of the thiyl radical due to intramolecular hydrogen-bonding interactions, as mentioned in Section 4.1.2, [2,31] with the high availability of cysteine thiyl species precluding the formation of either trisulfide or sulfenic anhydride secondary products via thiol-involved mechanisms.

[bookmark: _Toc119324223][bookmark: _Toc121236999]Chapter Conclusions and Significance
	To the best of our knowledge, this is the first report of molybdenum-catalyzed oxidation of thiols to disulfides using dioxygen as the stoichiometric oxidant. Further, this oxidation occurs catalytically in the absence of a base, and presumably produces only water as a byproduct, making it a greener option than the previously-reported molybdenum oxidations. We also report, to the best of our knowledge, the first formation of trisulfides from mercaptans without an additional source of sulfur. Finally, we report, with some caution, the first isolated sulfenic anhydride species.
	Investigations of the molybdenum-catalyzed 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 on the rate and product distribution, with more electron-rich complexes both accelerating the formation of disulfide and decreasing the relative yield of secondary products. Selectivity for disulfide and the rate of disulfide formation can be further increased by addition of sub-stoichiometric base, in keeping with other reports of oxo-metal catalyzed coupling of thiols to disulfides. Finally, our results with stoichiometric reactions and single-atom 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 selectivity and rate of the catalytic oxidation can be optimized by using an electron-rich dioxomolybdenum catalyst (e.g. the para-methoxysalen complex 8) with 5-10% added base and using N2O. Similarly, the reaction conditions could be made to favor the secondary products by using an electron-poor dioxomolybdenum catalyst, such as complex 1 under reduced pressure of dioxygen without added base would favor the formation of benzyl trisulfide. Increasing 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,para-CF3-functionalized salen ligand. We lack experimental evidence to make the 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 increase yield 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 proceeds by 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 in the 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 water in the reaction could be assessed simply by running the reaction in a sealed system to allow for measuring of the stoichiometric relationship for the oxidized sulfur products and water. It would also be of interest to confirm that the disulfide formation reaction occurs via homo-coupling of thiyl radicals, which could 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 carried out using a sub-stoichiometric labeling experiment with 18O-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 under the studied reaction conditions. Beyond these primary mechanistic questions, there are several unresolved results relating to the oxidation products. The oxidation of p-chlorothiophenol is noted to form a mixture of products, of which the disulfide product is expected to be the major product, but trisulfides are not expected to be formed due to the difficulty of breaking a strong aromatic C-S bond. Determining the secondary product(s) for these substrates would contribute significant mechanistic knowledge for this oxidation process. Similarly, verification of the identity of the secondary product for oxidation of dodecane thiol, which we assign as the sulfenic anhydride, is important. As the formation of this product is proposed to be a result of the reduced ease of oxidation of the α-methylene carbon, a substrate survey could be carried out to determine which aliphatic thiols are oxidized to trisulfides and which to sulfenic anhydrides. The 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 acids. [51]
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[bookmark: _Toc119324225][bookmark: _Toc121237001]Catalytic reactions for disulfide/sulfenic anhydride/trisulfide formation
Typical reaction conditions:
To a round bottom flask was added 5.0 mg 1 (9.3 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 reaction mixture were taken between 20 and 24 hours of reaction time for analysis by No-D NMR and conversion was determined based on integration of the S-α-CH2 peak.
Slow-addition reactions
To a 2-necked round bottom flask was added 32 mL chlorobenzene, 10 mg catalyst, and a stir bar. An equimolar mixture of thiol and 1,1,2,2-tetrachloroethane (as an internal NMR standard) was added by syringe pump at a rate of ~1 eq/h. 

[bookmark: _Toc119324226][bookmark: _Toc121237002]Purification of disulfides and sulfenic anhydrides
The reaction mixture from aerobic oxidation of thiol was concentrated under N2 flow. The residue was redissolved in a small amount 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. 
Dodecane thiol: The product mixture was purified using preparatory TLC with 3%EtOAc/hexane as the solvent. The disulfide was isolated from the band at Rf=0.7 and the putative sulfenic anhydride from the band at Rf=0.75. A later reaction was purified using High Performance Liquid Chromatography (HPLC) with a coupled Mass Spectrometer (MS) on a Shimadzu LCMS-2020 Single Quad/ESI ionization with a Luna C8(2) (5 μm, 100 Å, 250 mm x 10 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]. 
Dodecane disulfide: 1H NMR (500 MHz, CDCl3) δ 2.74 – 2.62 (m, 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), 1.35 – 1.22 (m, 32H), 0.89 (t, J = 6.9, 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 39.24, 31.92, 29.65, 29.60, 29.52, 29.35, 29.24, 28.54, 22.69, 14.12. (lit [30])
Bis-dodecyl sulfenic anhydride 1H NMR (400 MHz, CDCl3) δ 2.86 (t, J = 7.3, 7.3 Hz, 4H), 1.73 (p, J = 7.7, 7.7, 7.3, 7.3 Hz, 4H), 1.39 (p, J = 7.6, 7.5, 6.3, 6.2 Hz, 4H), 1.34 – 1.23 (m, 32H), 0.88 (t, J = 6.7, 6.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 38.88, 31.92, 29.66, 29.64, 29.59, 29.50, 29.36, 29.19, 28.82, 28.54, 22.70, 14.14. IR (KBr, cm-1) UV-Vis (λ, nm) MS (DCM, ESI+) 419.34 (100%), 420.34 (22%), 421.34 (12%)
para-chlorophenyl disulfide: The product mixture from oxidation of p-chlorothiophenol was passed through a silica plug with hexane as the eluent. Solvent was removed under reduced pressure, yielding a light yellow powder (MP=67-70°C). Purity of the product was assessed by reverse phase HPLC on an Agilent series 1220 using a Gemini-NX C-18 (5 μm, 4.6 mm x 250 mm) column with H2O (A) /acetonitrile (B) as the eluent system [flow rate of 1.0 mL/ min, gradient of 50% B to 65% B over 5 min, hold 65% B for 20 min, hold 100% B for 5 min]. Compounds elute at 28.26 and 28.96 min. 1H NMR (500 MHz, CDCl3) δ 7.49 – 7.37 (m, 1H), 7.36 – 7.27 (m, 1H). 13C NMR (126 MHz, CDCl3) δ 135.21, 133.73, 129.45, 129.29.
Benzyl thiol: The product mixture was passed 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 HPLC using a Bakerbond C-18 (10 μm, 150 Å, 21.2 mm x 250 mm) column with H2O (A) /acetonitrile (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 needle-like crystals [monoclinic, C2 (5), a=24.352(3), b=8.1284(12), c=13.4880(19) Å, α=γ=90°, β=114.255(5)°. U=2434.2(6) Å3.] 1H NMR (400 MHz, CDCl3) δ 7.38 – 7.20 (m, 10H), 3.60 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 137.35, 129.43, 128.50, 127.45, 43.23. IR (KBr, cm-1)  = 1402 cm-1. 
	Benzyl trisulfide was isolated as a white powder with no noticeable odor. 1H NMR (500 MHz, CDCl3) δ 7.35-7.26 (m, 10H), 4.03 (s, 4H). 13C NMR (101 MHz, CDCl3) δ 136.51, 129.46, 128.62, 127.59, 43.11. IR (KBr, cm-1)  = 1494 cm-1. 
N-acetyl cystine: Oxidation yielded a single product (>95% NMR yield), which was not isolated from the reaction mixture. 1H NMR (500 MHz, PhCl) δ= 11.94 (s, 1H), 4.39 (tt, J = 8.4, 8.4, 1.7, 1.7 Hz, 2H), 3.02 (dd, J = 11.2, 8.4 Hz, 2H), 2.60 (dd, J = 11.2, 9.9 Hz, 2H), 1.46 (d, J = 1.6 Hz, 6H). lit [58] (400 MHz, D2O) δ = 4.65 (dd, J = 4.4, 8.7 Hz, 2H), 3.24 (dd, J = 14.3, 4.4 Hz, 2H), 2.96 (dd, J = 14.3, 8.7 Hz, 2H), 1.98 (s, 6H) 

[bookmark: _Toc119324227][bookmark: _Toc121237003]Reaction condition variation studies
Reaction study for potential overoxidation of disulfides
To a round bottom flask was added 5.4 mg (10.0 μmol) of p-nitrosalCHXD dioxomolybdenum complex, 22.9 mg (93.0 μmol, 9 eq) of bisbenzyldisulfide, 15 mL 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 No-D NMR of reaction aliquots.

Base-inclusive reaction conditions:
To a round bottom flask was added 5.0 mg MoO2L5NO2 (9.3 umol), 100 eq of thiol substrate (930 μmol), 16 mL chlorobenzene, and diisopropylethylamine (1, 5, 25, and 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 by No-D NMR and conversion was determined based on integration of the S-α-CH2 peak.
General procedure for atmospheric variation studies of benzyl mercaptan oxidation
	To a 50 mL round bottom flask was added 5 mg (9.29 μmol) of catalyst 1, a stir bar, 16 mL chlorobenzene, and 9.8 μL of 1,1,2,2-tetrachloroethane (92.9 μmol) as an internal standard. The flask was sonicated to dissolve the catalyst and benzyl mercaptan (109 μL, 929 μmol) was added by Eppendorf pipette. The reaction flask was then attached to a manometer apparatus, which was evacuated and backfilled with 1 atmosphere of the target gas (N2, air, O2, or N2O). 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 measured by 1H NMR based on integration of the α-methylene 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 benzyl mercaptan 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 1H NMR based on integration of the α-methylene protons.
[bookmark: _Toc121403606]Table 4‑4. reaction conditions for catalyst variation study
	catalyst
	μmol catalyst
	mmol BnSH 
	Volume PhCl

	MoO2L5NO2
	9.29
	0.929
	16.0 mL

	MoO2L5OMe
	9.83
	0.983
	16.9 mL

	MoO2L5H
	11.2
	1.12
	19.2 mL

	MoO2(acac)2
	15.3
	1.53 
	26.4 mL
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Synthesis of authentic dodecyl disulfide by organic methodology
To a round bottom flask was added 5 mmol dodecane thiol and one equivalent sodium methoxide as 30% NaOMe in MeOH. The reaction mixture was stirred open to the atmosphere at RT for 20h. Once 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 mixture 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 solid, MP=29-30°C.
1H NMR (500 MHz, CDCl3) δ 2.74 – 2.62 (m, 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), 1.28 (d, J = 7.0 Hz, 32H), 0.89 (t, J = 6.9, 6.9 Hz, 6H). 13C NMR (126 MHz, CDCl3) δ 39.24, 31.92, 29.65, 29.60, 29.52, 29.35, 29.24, 28.54, 22.69, 14.12. (lit [30])
Preparation of (±)-trans-5-methoxycyclohexylsalen ligand
The p-OMe salen ligand was synthesized by a modification to literature procedure. [59] To a pear-shaped flask was added 5 mmol salicylaldehyde (0.758 g, 5.0 mmol), (±)-trans-cyclohexanediamine (0.299 g, 2.5 mmol), and 50 ml of ethanol. A magnetic stir bar was added and the flask was connected to a Soxhlet extractor containing a thimble of sodium sulfate and a condenser. The flask was heated to reflux for 6 hours. The product was isolated via vacuum filtration (718.6 mg) and recrystallized from methanol (487.4 mg, 1.3 mmol, 99% pure by NMR), yielding yellow-green rod-shaped crystals. Concentration of the supernatant provided a further 157.6 mg, 0.4 mmol, >95% pure by NMR). Total yield was 675 mg with 93% recovery and 70% yield.
1H NMR (300 MHz, CDCl3) δ 13.76 (s, 2H), 8.09 (s, 2H), 7.00 (d, J = 8.6 Hz, 2H), 6.37 (d, J = 2.5 Hz, 2H), 6.31 (dd, J = 8.5, 2.3 Hz, 2H), 3.77 (s, 6H), 3.28 – 3.16 (m, 2H), 1.96 (d, J = 13.4 Hz, 2H), 1.91 – 1.82 (m, 2H), 1.68 (d, J = 10.9 Hz, 2H), 1.46 (q, J = 10.8, 10.8, 10.5 Hz, 2H).

Preparation of (±)-p-methoxycyclohexylsalen dioxomolybdenum (9)
The dioxomolybdenum p-methoxycyclohexylsalen complex was synthesized by modification of a literature procedure [60] by placing 200 mg of p-OMe ligand (0.5 mmol) and 170.6 mg (0.5 mmol) of bis(acetylacetonato)-dioxomolybdenum 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 becoming rust-colored, 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 reduced in vacuo to 50 ml. The product was isolated by vacuum filtration as a yellow solid with total yield of 132.5 mg (0.3 mmol, 55% yield) and >95% pure by NMR.
1H NMR (500 MHz, CDCl3) δ 8.31 (s, 1H), 8.31 (s, 1H), 7.33 (d, J = 8.6 Hz, 1H), 7.29 (d, J = 9.0 Hz, 1H), 6.68 (d, J = 2.4 Hz, 1H), 6.63 (dd, J = 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, J = 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, 1H), 2.52 (dtd, J = 11.9, 6.9, 2.9 Hz, 1H), 2.38 (dtd, J = 10.7, 5.5, 2.1 Hz, 1H), 2.07 (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, CDCl3) δ 170.68, 167.58, 165.24, 161.84, 159.93, 159.84, 135.60, 134.30, 117.54, 114.93, 109.63, 109.53, 103.21, 101.99, 72.61, 70.94, 55.66, 55.48, 30.04, 28.72, 24.64, 23.92. IR (KBr, cm-1): 2929, 2854, 1608, 1612, 1541, 1521, 1384, 1224, 910 (MoO2 sym), 873 (MoO2 asym), 590, 518.

[bookmark: _Toc119324229][bookmark: _Toc121237005]Computational methods 
	All calculations were carried out using Gaussian 09. Structures were optimized using the B3LYP hybrid functional and the basis sets: Mo, LANL2DZ; S, 6-311++G(d,p); C, H, O, N, 6-311G(d) using Gaussian 09’s ultrafine integration grid. The free energy correction to the energy was taken from the B3LYP frequency calculation. Reaction profiles were generated using the mechaSVG program. [61]
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[bookmark: _Toc121403607]Table 4‑5. B3LYP calculated free energies (gas phase, Hartrees) for initial species involved in oxidation of thiols by complex 1
	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

	LMoIVO
	-1586.05986

	EtSSEt
	-954.81483

	H2O
	-76.43026
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[bookmark: _Toc119324231][bookmark: _Toc121237007]CONCLUSIONS
The robust atom transfer activity of molybdenum complexes has been long-established, but the work presented here shows that there are avenues of exploration and details of molybdenum-catalyzed 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 transfer. The development 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 Schiff-base systems, focus on the level of steric control enforced by the 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 dioxomolybdenum and Mimoun-type 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 capable 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 oxidation of thiols to disulfides under base-free conditions is reported for the first time with a homogeneous molybdenum catalyst, and this reaction is found to be promoted by electron-donating para-substituents on the salen ligand. The oxidation is discovered to produce unexpected additional oxidation products for aliphatic thiol substrates (with aryl substrates suggested but not confirmed to also result in a mixture of products). The more-easily oxidized benzyl mercaptan is discovered to undergo C-S bond cleavage, 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 (R-S-O-S-R), which is also the secondary product suggested for oxidation of thiophenol substrates. The substrate 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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