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ABSTRACT: Sulfide oxidation is accomplished by a new class of dioxomolybdenum(VI) catalyst =
(1) that uses the tridentate 2,6-bis[hydroxyl(methyl)amino]-4-morpholino-1,3,5-triazine ligand to \

form a five-coordinate molybdenum(VI) center. Resonance Raman spectra show that the dioxo - ) [)"3

groups on the Mo(VI) oxygens readily exchange with water in an acetonitrile media that allows Mg\?h\ \ANJY

180 labeling of catalyst 1. The model oxidation reaction was the conversion of thioanisole (2) to °;,,M‘°§;’ )
the corresponding sulfoxide with 4% of 1 using an equimolar amount of H,O, in MeCN-d,. o Proton ;g,\m?
Oxygen-18 labeling experiments with either '*0O-labeled 1 or '*O-labeled H,0, are consistent with () st e
a sulfide oxygenation pathway that uses a 7'-Mo(OOH) hydroxoperoxyl species (3). The e ()
hypothesized intermediate 3 is initially formed in a proton transfer reaction between 1 and H,0O,. \(l»( T Ty
Oxidation is hypothesized via nucleophilic attack of the sulfide on 3 that is supported from a O?\Q?a;i: N e .
Hammett linear free-energy relationship for para-derivatives of 2. A Hammett reactivity constant OH/;?; A Acwe"//‘_Eff;\
(p) of —1.2 + 0.2 was obtained, which is consistent with other p values found in prior sulfide ’ H ydronoperoro

species

oxidation reactions by group 6 complexes. An Eyring plot of the 2 oxidation by 1 gives an E, of

63.0 + 5.2 kJ/mol, which is slightly higher than that of a similar oxidation of 2 by the molybdenum(VI) complex, oxodiperoxo
(pyridine-2-carboxylato)molybdate(VI) bis(pyridine-2-carboxylic acid) monohydrate (5). Computational modeling with density
functional theory (DFT) of the complete reaction profile gave enthalpy and entropy of activations (64 kJ/mol and —120 J/mol'K,
respectively) within 1 standard deviation of the experimental values, further supporting the hypothesized mechanism.

Bl INTRODUCTION oxomolybdates of the forms [{MoO(0O,),},(#-0)]*"" and
Fossil fuel combustion, which is the mainstay energy source for lanthanopolyoxo-molybdate” and alkylimidazolium'” octamo-
the immediate future,' inevitably yields SO, emissions.” Such lybdate as well as mononuclear coordination Mo(VI) peroxo
sulfur emissions lead to environmental pollutions such as acid complexes."" In terms of this set of Mo(VI) compounds, we
rain and smog.’ As such, environmental regulations have were interested in using discrete Mo(=0), dioxo complexes
mandated a maximum sulfur content of 10 ppm in fuels,” and as possible sulfide oxidation catalysts. The strategy uses the
this has led to the production of clean fossil fuels with low dioxo form as a stable precatalyst, which, upon activation by
sulfur contents. Hydrodesulfurization (HDS) is the main peroxide, is converted to the active Mo(OO) peroxo complex
method for removing sulfur such as mercaptans, sulfides, and that carries out sulfide oxidation. To that end, we report that
disulfides from fossil fuels.” Among alternate protocols is stabilization of the Mo(=0), dioxo functionality by the ligand
oxidative desulfurization (ODS), which has the advantages of 2,6-bis[hydroxy(methyl)amino]-4-morpholino-1,3,5-triazine
its low cost and mild reaction conditions;® HDS requires high (H,bihyat)'* yields a catalyst that effectively oxidizes model

temperature and high H,(g) pressure. The strategy behind sulfides. This compact pincer ligand was utilized by Kabanos
ODS is the creation of a polar sulfoxide and/or sulfone that and co-workers to chelate a variety of high oxidation, hard

readily separates from the hydrocarbon for sulfur removal (eq metal ions (Mo(VI), V(V), Fe(Ill))" including uranium-
1) (VI)."" Recently, the H,bihyat system was grafted to a
L I S NV
R TR R "R, R R () Received: January 17, 2021
Sulfide Sulfoxide Sulfone Published: May 13, 2021

Hydrogen peroxide’ is still the oxidant of choice for ODS
but activation of H,O, requires an appropriate catalyst. To that
end, a number of molybdenum(VI) complexes have been
developed as ODS catalysts and they include both poly-

© 2021 American Chemical Society https://doi.org/10.1021/acs.inorgchem.1c00145

W ACS PUbl ications 7762 Inorg. Chem. 2021, 60, 77627772


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cayden+X.+Bullock"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cooper+S.+Jamieson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Moe%CC%88nne-Loccoz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Buck+Taylor"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jordan+A.+M.+Gonzalez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ellie+A.+Draves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ellie+A.+Draves"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Louis+Y.+Kuo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.inorgchem.1c00145&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?fig=eq1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.1c00145?fig=eq1&ref=pdf
https://pubs.acs.org/toc/inocaj/60/11?ref=pdf
https://pubs.acs.org/toc/inocaj/60/11?ref=pdf
https://pubs.acs.org/toc/inocaj/60/11?ref=pdf
https://pubs.acs.org/toc/inocaj/60/11?ref=pdf
pubs.acs.org/IC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.inorgchem.1c00145?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/IC?ref=pdf
https://pubs.acs.org/IC?ref=pdf

Inorganic Chemistry

pubs.acs.org/IC

polyethylene support to selectively bind UO?**.'> We report the
first case of utilizing this chelator for the catalytic oxidation of
model alkyl sulfides selectively to the corresponding sulfoxide.
The previously known complex {2,6-bis[hydroxy(methyl)-
amino]-4-morpholino-1,3,5-triazinato-O,N,O}-cis-
dioxidomolybdenum(VI)"* (1) was readily made from the
H,bihyat chelator and MoO,(acac),, and the final product is
air-stable and active toward aerobic sulfide oxidation even after
a year of storage in air. In conjunction with experimental
results supporting the oxidative mechanism, we also modeled
the complete reaction profile wherein there was a close
alignment of calculated and measured thermodynamic
parameters.
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B MATERIALS AND METHODS

All NMR spectra were acquired using a Bruker Avance-300 MHz
spectrometer at 75.478 and 300.130 MHz for “C and 'H,
respectively. Gas chromatography—mass spectrometry (GC/MS)
was acquired on a Varian Saturn 2100T with a Varian 3900 GC;
the column was a Factor Four VF-5 ms capillary column (30 m, 0.25
mm). A single-crystal X-ray diffraction structure was collected on a
Bruker SMART X2S diffractometer (Supporting Information S1).
Cyanuric chloride and N-methylhydroxylamine—HCI for ligand
(H,bihyat) synthesis were purchased from TCI, and morpholine
and urea hydrogen peroxide were from Sigma-Aldrich. '*0 (90 atom
%)-labeled aqueous H,0, (3%) was from Icon Isotopes. Triphe-
nylmethanol for trityl hydroperoxide (Ph;COOH) synthesis was from
MCB chemicals, and bis(acetylacetanato)-molybdenum(VI) dioxide
was from Strem Chemicals. Aqueous 30% H,0O, was from VWR, and
MeCN-d; was from Cambridge Isotopes. All rea%ents were used as
received, and the synthesis of trityl hydroperoxide'® followed standard
literature protocols. Resonance Raman (RR) spectra were recorded
with a McPherson 2061/207 spectrometer equipped with a liquid
nitrogen-cooled CCD camera (LN-1100PB, Princeton Instruments)
with a 407 nm laser excitation from a Kr laser (Innova I-302,
Coherent). A long-pass filter (RazorEdge, Semrock) was used to
attenuate the Rayleigh scattering. Room-temperature RR spectra were
collected on samples in glass capillaries (1.5—-1.8 mm OD, Kimax
products) using a 90° geometry. Frequencies were calibrated relative
to indene and accurate to +1 cm™".

Synthesis of 1. H,bihyat Ligand Synthesis. The synthesis of
catalyst 1 used a modified literature protocol.”® Specifically, 4.6 g of
morpholine (53 mmol) was dissolved in 80 mL of tetrahydrofuran
(THF). This solution was added dropwise to a chilled mixture of 9.2 g
of cyanuric chloride (50 mmol) in 70 mL of EtOAc with vigorous
stirring over ice. Afterward, the white suspension was stirred for
another 15 min and then gravity-filtered. The filtrate was evaporated
in vacuo and recrystallized from isopropanol to yield 3.68 g (16 mmol,
31% yield) of 2,6-dichloro-4-morpholino-1,3,5-triazine; mp: 162—164
°C. This morpholinotriazine (3.68 g, 16 mmol) was dissolved in SO
mL of p-dioxane and chilled on ice. A 10 mL aqueous solution of 5.0 g
of N-methylhydroxylamine—HCl (60 mmol) and 2.7 g of NaOH (54
mmol) was added dropwise to the chilled p-dioxane/morpholino-
triazine solution and refluxed for 18 h. H,O (150 mL) was added to
yield a white precipitate that was subsequently recrystallized from
isopropanol to yield 0.18 g (0.71 mmol, 4.5%) of white H,biyat
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ligand; mp: 200—202 °C. 'H NMR (CDCl,): § 3.37 (6H, CH,),
3.70—-3.81 (m, 8H).

Complex 1 Synthesis. MoO,(acac), (0.25 g, 0.77 mmol) was
dissolved in 10 mL of anhydrous THF at room temperature followed
by a 10 min N,(g) sparge. The H,bihyat ligand (0.20 g, 0.72 mmol)
was added to the THF/MoO,(acac), solution, and the orange
suspension was stirred under N,(g) for S h. Following gravity
filtration, 30 mL of hexane was added to the orange filtrate to yield a
bright orange precipitate that was isolated through filtration and
washed with hexane. Following recrystallization from MeCN, 0.12 g
(0.30 mmol, 39%) of bright orange 1 was recovered.”> 'H NMR
(CDCly): & 3.48 (s, 6H, CH,), 3.76 (t, 4H, -N—CH,—CH,-0),
391 (4H, O—CH,—CH,~N). *C NMR (CDCL): § 364 (CH,),
44.8 (N—CH,—CH,-0), 66.6 (N—CH,—CH,—0), 159.5, 164.1.
Confirmation of the synthesized product was done with diffracto-
metric characterization (Supporting Information S1), in which the
crystals were grown from acetonitrile; these crystals were
subsequently used for kinetics run.

Kinetics Run. In a typical '"H NMR kinetics run, 0.9 mg of 1 (2.3
X 107 mmol) was dissolved in 700 uL of MeCN-d; followed by 5 uL
of thioanisole 2 (5.9 X 1072 mmol) or substituted thioanisole; [1] =
3.3 mM, [2] = 84 mM. The sulfide oxidation was initiated with the
addition of an equimolar amount of 30% H,0,(aq) (6.7 uL, 2.0 mg,
5.9 X 107 mmol) and followed at 30 °C for the Hammett plots. This
concentration of 1 meant that only one scan was necessary to yield a
suitable 'H NMR with typical delays of 1—2 min. Temperature-
dependent studies were done with VT-NMR for the Eyring plots. The
samples were equilibrated outside the magnet on a temperature bath
for 15 min, then initiated with an equimolar amount of 30%
H,0,(aq) (6.7 uL, 2.0 mg, 5.9 X 107> mmol), and quickly placed in
the NMR spectrometer.

'80 Labeling Experiments. For the *O labeling experiments, all
manipulations were done in a glovebox with oven-baked glassware.
The first labeling experiment employed 100% '#O-labeled 1 for GC/
MS analysis of the sulfide (2) oxidation product. This commenced
with dissolving 5 mg of 1 (1.3 X 107> mmol) in 1 mL of dry MeCN-
dy (ampule sealed from vendor) in the glovebox. This was followed by
the addition of 100 uL of '*O water (5.5 mmol) to ensure a large
excess of 0 without exceeding the 50% v/v of water to acetonitrile
for the aqueous dimerization of 1, as documented in prior studies."
This mixture of 1 in dry MeCN-d; with ~10% (v/v) 'SOH, was
stirred in the glovebox for 18 h. The next day, a 100 4L portion of the
reaction was set aside for resonance Raman analysis, while the rest
was subjected to 2 (5 uL, 5.9 X 107> mmol) oxidation by PhCOOH
(15 mg, 54 X 107> mmol) under anhydrous conditions in the
glovebox for 18 h. The sulfide product was subjected to GC/MS
analysis. A similar oxidation of 2 was also done with anhydrous urea
hydrogen peroxide wherein the sulfoxide product was analyzed by
GC/MS.

180 tracking of the trityl hydroperoxide + 1 reaction was done with
BC NMR. In this case, 6 mg (1.6 X 1072 mmol) of 1 was incubated
with a 1:1 mixture of '*O and '®O water (total volume 12 yL) in 600
4L of MeCN to ensure an even mixture of the two oxygen isotopes on
the Mo=0 functionality. After removal of the solvent in vacuo, 700
UL of MeCN-d; was added along with 15 mg (5.4 X 107> mmol) of
trityl hydroperoxide. This binary mixture was heated at 40 °C for 18 h
and then submitted for *C NMR analysis of the trityl alcohol
product.

180 tracking by *C NMR was repeated with t-butyl hydroperoxide
as the oxidizing agent in a ternary reaction of 1 + tBuOOH + 2. Here,
5 mg of compound 1 (1.3 X 107> mmol) was incubated with a 1:1
mixture of 0 and %O water (total volume 100 yL) in 1 mL of
MeCN-d; overnight at room temperature in the glovebox. This '$O-
labeled 1 was then incubated with 7 uL of 70% tBuOOH (5.4 X 1072
mmol) and 5 uL of 2 (5.9 X 1072 mmol) at 40 °C for 18 h.

The second '®O labeling experiment used '*O-labeled aqueous
H,0, (3%) that was 90% isotopically (**0) enriched. Catalyst 1 (1
mg, 2.4 X 107> mmol) was dissolved in 800 uL of MeCN-d; along
with 2.5 uL of thioanisole 2 (3.0 X 1072 mmol). This was followed by
25 uL of *O-labeled H,0,, and the reaction was run for 18 h at 30
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°C; 'H NMR was used to track the progress of the reaction to ensure
production of the sulfoxide. As a control, a parallel was run using
unlabeled 30% H,0,(aq) that was diluted 10-fold with D,O.

Computational Modeling. DFT calculations were performed in
Gaussian 16."7 Structures were built using GaussView,'® and
computed structures were rendered using CYLView." All calculations
used the B3LYP-D3 functional with the def2-SVP basis set and SMD
solvent model for acetonitrile.”>”" This model includes Grimme’s D3
(original damping) dispersion correction.”” Catalyst 1 was assembled
from crystallographic coordinates, and transition states were located
using either coordinate scans or the QST3 algorithm.u Conforma-
tional searches were conducted manually to locate the lowest-energy
conformation of each structure. IRC calculations were performed to
verify that transition states connected to the correct intermediates.

Thermal corrections to enthalpy and Gibbs free energy were
calculated from unscaled vibrational frequencies at room temperature
(298 K). A default pressure of 1 atm was used in Gaussian, and an
empirical correction was applied to correct for the overestimation of
translational entropy in solution.”* This correction was made by
adding 18 kJ/mol (4.3 kcal/mol) to the free energy of all structures,
which has the effect of decreasing the entropic cost of bimolecular
steps by this amount. This treatment, first proposed by Martin et al.,>®
is derived from RTln(csoln/cgas), where ¢, is the standard molar
concentration in the gas phase (1 atm or 0.041 mol/L) and ¢, is the
molar concentration of pure water at room temperature (55.6 mol/L).
This approach has been successfully applied to density functional
theory (DFT) studies of catalytic reactions and shown to give AS
values for bimolecular reactions that more closely align with
experiment.26

For comparison to experimental resonance Raman spectra,
vibrational frequencies were scaled by a factor of 0.97. This value is
intermediate in recommended values for B3LYP with double-zeta
basis sets (typically 0.96—0.98).””*® Moreover, this scaling factor
provides a good agreement between the computed and experimental
values of (Mo=0O0) in catalyst 1.

B RESULTS AND DISCUSSION

The two fundamental questions are the mode of oxygen
transfer to the sulfide and the thermodynamics of sulfide
oxidation. These questions are taken within the context of an
oxidation reaction on a model sulfide thioanisole (2) oxidation
(R, = C¢Hs, R, = CH;) (eq 1). This proof-of-concept
oxidation on sulfide 2 suggests a route that goes through a '-
peroxo pathway. The results are presented in five sections that
look at (a) peroxide activation of catalyst 1, (b) the outcome of
using '®O-labeled 1 in eq 1, (c) sulfide oxidation promoted by
80-labeled-H,0,, (d) key thermodynamic parameters, and
finally (e) computational results that support the hypothesized
oxygen transfer reaction. While the sections (a) and (b)
downplay a hypothesized 1>-peroxo pathway, the results set in
the section (c) provide '*O labeling results consistent with a
n'-peroxo species that is key in the oxygen transfer reaction.
Activation of 1 by Peroxides. Complex 1 by itself is
inactive for sulfide oxidation and requires activation by a
peroxide in a transformation reminiscent of prior oxazine
systems of MoO(OO), complexes.”” The title catalyst 1'% is a
five-coordinate Mo dioxido complex with the central metal in a
pseudo-trigonal bipyramid geometry. This is in contrast to
other dioxomolybdenum(VI) complexes that have a six-
coordinate octahedral metal geometry.”® In terms of the
dioxido ligation, the oxygen atoms undergo facile exchange
with water,”" as shown in the resonance Raman spectrum of 1
(Figure 1) when incubated with '®O-labeled water’” in
acetonitrile. Prior studies on both #*- and #'-peroxo Mo(VI)
complexes indicate a Mo=0 stretch in the 940—960 cm™'
range.11 The v(Mo=0) mode in 1 is identified at 941 cm™" as
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Figure 1. Room-temperature resonance Raman spectra of 1 in
acetonitrile (CH;CN) with 10% 'SOH, (A, top black trace) or '*OH,
(A, top red trace) obtained with a 407 nm laser excitation. Addition of
H,0,(aq) results in the appearance of two new bands at 560 and 640
cm™! (B, in acetonitrile with 10% °OH, (black trace) or *OH, (red
trace)). The asterisk (*) labels the intense Raman band of acetonitrile
at 910 cm™ as well as other solvent bands.

this band downshifts to 895 cm™ after a short (<1 min)
incubation of 1 in a 10:1 mixture of acetonitrile and "*OH,.
This 46 cm™' downshift (95.1%) exactly matches the
calculated shift (Supporting Information S1) from Hooke’s
law for a diatomic harmonic oscillator (Figure 1A). Oxygen
lability in Mo=0 moieties has been reported previously for a
molybdenum dioxido complex’ and serves as a key tool for
oxygen tracking in sulfide oxidation. In addition, Figure 1B also
shows that upon addition of H,0,(aq) two new bands appear
at 560 and 640 cm™'. While these frequencies have been
attributed to the #n’-peroxo functionality (i.e, Mo—O
vibration),"" both #'- and n*-peroxo functionalities have been
implicated in epoxidation®* and sulfide oxidations. This report
addresses both types of peroxo groups with regard to their
validity in sulfide oxidation by catalyst 1. In connection with
Figure 1B, the added bands from the Mo—O vibration (i.e.,
new bands at 560 and 640 cm™) may contribute to the main
Mo=0 vibration (941 cm™!) as delineated later (the '3O-
Labeled H,0,(aq) section) with *O-labeled H,0, addition.
Note that the disappearance of the Mo="%0 895 cm™' band
(Figure 1B) upon the addition of H,0, (aq) is due to the
excess '°0 water exchanging (washing) out the '®O-labeled 1.

Thioanisole (2) serves as a model sulfide to probe the sulfur
oxidation by 1 in the presence of peroxide (eq 2)

(0]
I

N 1
ROOH + ©/ e — S~cr, + ROH
2 MeCN-ds

R =PhyC, 'Bu, H

The most active peroxide was aqueous H,0, (27—30%)
followed by urea hydrogen peroxide(s),”” aqueous t-butyl
hydroperoxide (70%), and finally trityl hydroperoxide(s)'®
—Ph,;COOH. Oxidation of 2 by 1 with either tBuOOH(aq) or
trityl hydroperoxide yielded the corresponding alcohols
tBuOH or trityl alcohol, respectively. Since H,0,(aq) was
the most convenient oxidizing reagent, future sulfide oxidation
reactions were done by an equimolar (relative to 2) amount of
H,0,(aq). Neither compound 1 nor H,0,(aq) alone oxidizes
2; the two in conjunction oxidize sulfide 2, and the oxidations
are initiated with the addition of H,0,(aq). Oxidation of 2 in
CD,CN was followed by 'H NMR (Figure 2), and the
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Figure 2. Aerobic oxidation (30 °C) of thioanisole (2) to methyl
phenyl sulfoxide (eq 2) by 1 in acetonitrile-d; (*) to form the
sulfoxide at 2.7 ppm. The conditions are described in materials, and
singlets represent methyl groups. The inset at a 2 h mark shows the
corresponding sulfone (3.08 ppm).

decrease of 2 was fitted to a first-order decay for two and a half
to three half-lives (2.5-3 7,,) with a 4% catalyst loading (2 to
1 ratio of ~25:1). These kinetics results were essential for
understanding the fundamental thermochemistry of eq 2 set
out in the section (d). The minute amount of the sulfone
formation (Figure 2) is less than 0.5% of the starting 2 and
represents negligible overoxidation.

One of the key concerns is the possibility of the loss of the
ligand from 1."% As such, the downfield region of the ligand for
1 was tracked during the oxidation of 2.

The 'H signals in the 3.4—4.0 ppm range for 1 (Figure 3) do
not exhibit the '"H NMR signal displacements attributed to
ligand loss from 1. Specifically, the methyl singlet of the free
H,bihyat ligand (3.40 ppm) is not evident upon the oxidation
of 2, as seen in the previously reported work of 1 hydrolysis."
Moreover, the previous aqueous hydrolysis investigation ~ was
conducted in the CD;CN solution with >50% (v/v) D,O; all
our oxidation reactions with H,0,(aq) used less than 1% (v/v)
of aqueous H,0,. The broadening of the 'H signals of the
catalyst (3.65—3.9 ppm) may be due to the formation of an
active peroxo intermediate.

'80-Labeled Catalyst 1. In connection with possible
mechanistic pathways, we took advantage of the oxygen

exchangeability of Mo=0 and installed '*O on 1 to track the
fate of these oxo atoms. Our results do not support an active
1-peroxo active species set in Scheme 1, and various attempts
were taken to promote the formation of this hypothetical
complex. Scheme 1 sets out two possible pathways for making
the putative active 17°-peroxo active species. They both start
with 1 reacting with hydrogen peroxide to form 3 through a
proton transfer to the terminal [Mo=0 < M"--O7] oxo
functionality. Compound 3 can form a Mo(VI) #*-peroxo
species through two possible routes. In route A, the hydroxyl of
3 acts as a base/nucleophile and abstracts the Mo—OOH
proton of 3 to form the Mo(VI) n*-peroxo complex 4a. The
alternate route (B) uses the weak O—O peroxo bond of 3 to
form n*-species 4. Such a pathway would install the '*O label
on a n’-peroxo functionality of 4b. A detailed description of
complex 4 (a and b) is provided later in the computational
discussion (the Computational Modeling of Sulfide Oxidation
by 1 and H,0, via Intermediate 3 section).

In connection with route A (Scheme 1), Mimoun’
supported the formation of a Mo(#7*-O0) complex similar to
that of 4a when '®0-labeled MoO,Cl,(Pic)(HMPT), (HMPT
= hexamethylphosphorus triamide; Pic = pyridine-2-carbox-
ylate) was treated with Ph;COOH. The trityl group served to
stabilize a possible carbocation intermediate for the hydroxyl
transfer, and their results revealed '*O incorporation in the
product trityl alcohol (Ph;COH) (eq 3)

3
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Mo (3)
1
180 189 —H 180 H
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\ o \
3 0—0 4a

To this end, an overnight incubation of 1 in a 1:1 mixture of
%0 and 'O water (total volume 12 uL) was followed by
treatment with trityl hydroperoxide. The mixture of labeled
and unlabeled water ensured an equal probability of O and
80 labeling of the trityl (PhyCOH) alcohol product. This
reaction (eq 3) should manifest itself with the a-carbon signal
bearing a 1:1 mixture of C—'80 and C—'°0 in which the *C

—_—— M
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M osh
e o

T T T T T
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Figure 3. '"H NMR (3.4—4.0 ppm range) of ligand portion of 1 while oxidizing 2 under the conditions described in Figure 2. The expanded 3.40—

3.55 ppm region indicates no evidence of the free H,bihyat ligand.
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Scheme 1. Possible Routes for Side-on Peroxo Formation
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Figure 4. GC/MS of the product methyl sulfoxide (MW = 141) when unlabeled 1 is treated with 2 with either unlabeled or '*O-labeled 3%
H,0,(aq) in MeCN-d;. Spectrum (A) controls oxidation when unlabeled 3% H,0,(aq) was used. Spectrum (B) controls the identical oxidation

with '®0-labeled H,0,(aq).

NMR spectrum has two signals (82 ppm) separated by 0.05
ppm.*® A similar oxygen-tracking strategy was employed in
probing the mechanism of parathion hydrolysis by a
molybdenum(IV) metallocene.”” The 3C NMR shows the
formation of the trityl alcohol with the formation of the 82
ppm signal of the methine a-carbon. However, this 82 ppm
signal revealed no isotopic *0/*O mixture due to BOTH
C-"%0 and C-'0O bondings; it was a clear singlet indicative of
no mixed '0/'%0 attachment (Supporting Information S3).

An alternate mode for trityl alcohol formation is proposed in
Scheme 1 (route B) in which the O label is installed on the
n*-peroxo functionality of 4b and not on the product alcohol.
Intermediate 4b would be the active species that oxidizes the
sulfide by the '80-labeled peroxo functionality. This scheme
would then install the 'O oxygen on the sulfoxide product.
Therefore, incubation of an acetonitrile solution-d; of 1 in 'O
water (10% by volume) under rigorously anhydrous conditions
(i.e., glovebox and oven-backed glassware to avoid 'O water
contamination) showed that all of the Mo=0 stretches were
indeed Mo="%0, as demonstrated by resonance Raman (i.e.,
no Mo="°0 stretches were seen at 941 cm™; Supporting
Information S4). This (100%) '®O-labeled 1 was incubated
overnight with 2 in the presence of dry Ph;COOH under
anhydrous conditions and then submitted to GC/MS to
examine the sulfoxide oxidation product. The mass spectrum
(Supporting Information S5) revealed no '*0 incorporation in
the sulfoxide. This negative result is inconsistent with the route
B of Scheme 1 and further diminishes a possible #*-peroxo
intermediate.

As a control, the resonance Raman spectrum of the reaction
of '80-labeled 1 with PhyCOOH showed that '*O incorpo-
ration in the Mo=0 remains intact (Supporting Information
S4), as evidenced by the Mo="%0 895 cm™! stretch; the '*O
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of 1 did not exchange out into the product alcohol or the
sulfoxide product. In addition, a ternary 18 h reaction with a
50:50 '80/*%O-labeled 1 (5 mg, 1.2 X 107> mmol) + 2 (5 pL,
5.9 X 107> mmol) + PhyCOOH (14 mg, 5.0 X 107> mmol)
showed no '*O incorporation into the Ph;COH product
alcohol, as evidenced with '*C NMR; the methine signal at 82
ppm was just a singlet. The absence of '*O incorporation was
also seen in the ternary reaction of '*0/'%O-labeled 1 (5 mg,
1.2 X 1072 mmol) + 2 (5 uL, 5.9 X 107> mmol) + tBuOOH
(5.4 x 107> mmol); the tBuOH products appear as just a
singlet at 68.6 ppm (Supporting information S6).

80-Labeled H,0,(aq). While the aforementioned *O
labeling results (i.e., '*O-labeled 1) do not suggest an active 7-
peroxo active species, we present results consistent with the
notion that the initial 7'-hydroperoxo intermediate 3 (R = H in
eq 3) is the active species in sulfide oxidation
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The pathway hypothesized in eq 4 suggests '*O incorpo-
ration into 2 when catalyst 1 is unlabeled and the H,0, is '*O-
labeled. As such, "*0—3% H,0,(aq) was employed that was
90% atom (*®0)-labeled. First, control experiments with 3%
H,0, alone showed no thioanisole oxidation in the absence of
catalyst 1. In addition, '*O-labeled 3% H,0,(aq) alone shows
no oxygen exchange with the methyl phenyl sulfoxide product,
as evidenced by GC/MS. A parallel control reaction was run,
in which catalyst 1 (no '®O label) was dissolved in MeCN-d,
with 2 along with an equimolar amount of (no '*O label)
H,0,(aq). After an 18 h reaction at 30 °C, '"H NMR of the
reaction showed it to be 50% complete. GC/MS analyses in
Figure 4 show both the control reaction (ie., Figure 4A with
no %0 label) and the key reaction with '*O-labeled H,0,(aq)
(Figure 4B). The mass spectrum clearly shows '80
incorporation in the methyl phenyl sulfoxide product.

In the proposed sulfide oxidation, the hydroperoxide
(HOOH) transfers the proton to one of the terminal
molybdenum dioxo functionalities of 1 to form 3 (eq 3); the
HOO™ group binds as the sixth ligand in a 7'-fashion. In this
regard, the reaction of 1 with '*O-labeled H,0, in MeCN-d,
was probed with resonance Raman spectroscopy. As observed
earlier in Figure 1, when 1 is treated with H,0O,, new Raman
bands appear at 556 and 638 cm™' and the v(Mo=0) shifts
from 940 to 958 cm™" (Figure SB, blue trace). In contrast,

(bihyat)Mo"(=0),
(bihyat)Mo"(="0),
CD.CN

N—_ — - /b/“\ A
(bihyat)Mo"(=0), + H,0,
(bihyat)Mo"'(=0), + H,'*0,
556 638
A |
B

500 700 900

Raman Shift, cm™

1100

Figure S. Resonance Raman of compound 1 in MeCN-d; treated with
either (A) '®0-labeled H,O or (B) 3% H,0,(aq)-hydrogen peroxide.
(A) Compound 1 in black, 1 + '®OH, in red, and MeCN-d, in gray.
(B) Compound 1 treated with H,0,(aq) (blue trace) or with *O-
labeled H,0,(aq) (green trace).

when 1 is exposed to H,'®0,, the new resonance Raman bands
appear at 532 and 636 cm™" and the v(Mo=0) shifts to 956
cm™' (Figure 5B, green trace). The 24 cm™" downshift of the
556 cm™! band with ®0-labeled H,O, identifies this mode as
possibly v(Mo—0,). The calculated Mo—"80, stretch (95.1%
of Mo—"¢0, from Supporting Information S1) would be at 529
cm™ that compares favorably with the observed 532 cm™.
The much smaller 3 and 2 cm™ downshifts of the 638 and 940
cm™' bands, respectively, suggest weak contributions of the
peroxide ligand to these modes that otherwise are dominated
by the (bihyat)Mo=O vibrations.

When the aforementioned result is coupled with the mass
spectral results (Figure 4) of the methyl phenyl sulfoxide (**0
present) product, it suggests that 3 oxygenates the sulfide with
the hydrogen peroxide oxygen. The proposed mechanism (eq
4) has the Mo(VI) in complex 3, which serves as a Lewis acid
to enhance the oxidizing ability of this 7'-peroxo group. In the
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next step, the sulfide approaches the coordinated a-oxygen of 3
followed by sulfur nucleophilic attack on this electrophilic
oxygen to regenerate 1 with the concomitant formation of the
sulfoxide and water. In terms of the steric hindrance of
intermediate 3 toward sulfide oxidation, the proposed sulfide
oxidation in eq 4 is also consistent with the relative reaction
rates by the peroxides where H,0, > tBuOOH > Ph;COOH.

Previous investigations on olefin epoxidation by '*O-labeled
vanadium and molybdenum oxo catalysts interpreted the
absence of '®0 in the products as indicative of an active alkyl
peroxide species (i.e, M(7'-OOR)).*** It should be noted
that dry UHP + '8O-labeled 1 displayed no '®O incorporation
in the sulfoxide product as well. A similar oxidation of 2 by
H,0,(aq) (Supporting Information SS) is problematic because
of the rapid Mo=O oxygen exchange (<1 min) with the
excess 150 water in aqueous H,0,, as shown in Figure 1B. The
proposed oxidative reaction proposed in eq 4 could be general
for other peroxidations. For example, sulfide oxidation by
sugar-based cis-dioxo Mo(VI) complex™ has been reported
and speculated to proceed through a 7’-peroxo intermediate.
Alternatively, both Kiihn and Sharpless have invoked a 7'-
alkylperoxo complex as the key intermediate in olefin
epoxidation reactions with tBuOOH.”**" Furthermore,
Bagherzadeh™ and Kiihn** proposed an oxidative process
identical to eq 4 for olefin epoxidation by cis-
dioxomolybdenum(VI)-oxazoline and MoO,Cl,(DAB),
(DAB; DAB = 1,3-diazabutadiene) complexes, respectively. A
similar mechanism to eq 4 was also proposed for the sulfide
oxidation by CpMoO,Cl in the presence of CH;COOH."' As
a strictly computational work, there was no experimental
evidence to support the fate/source of the oxygen. In this
submission, we show unequivocal oxygen ('*0) incorporation
in the sulfide — sulfoxide oxidation as spelled out in eq 4, and
this is complemented and supported with computational
results.

Kinetics of Sulfide Oxidation by 1. The hypothesized
mechanism in eq 4 treats the sulfide as a nucleophile, which is
supported by the kinetics measurements that further provide
thermochemical parameters to support computational model-
ing. The rates of sulfide oxidation were sufficiently slow
enough that initial rates were easily measured. As such, a
Hammett linear free-energy relationship** was measured for
thioanisole derivatives containing electron-donating and
electron-withdrawing groups in the para position (Figure 6).
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Figure 6. Linear free-energy Hammett plot for the oxidation of para-
substituted thioanisoles by 1. Raw kinetics data are in Supporting
Information S7. The reactivity constant, p, (slope), is —1.2 + 0.2.
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To a first approximation, there is a linear relationship in the
rate of sulfide oxidation with the Hammett constant of the
para-substituent. In addition, the negative slope means the
transition state favors electron-donating groups. This is
consistent with the hypothesis that sulfur acts as a nucleophile
in attacking the electropositive molybdenum-peroxo function-
ality, as seen in prior work.® In terms of comparisons with
similar sulfide oxidations (i.e, 2 + catalyst + H,0O,) by other
metal peroxo complexes, a Hammett reactivity constant ([)) of
—1.2 + 0.2 in Figure 6 falls very close to the corresponding
diperoxo-molybdate dimer [{M0O(0,),},(¢-O)]*" that has a
p of —1.06." The tungstate diperoxo complex” SeO,{WO-
(0,),},> yielded a p of —0.62 for the similar sulfide oxidation.
All three of these group 6 metal complexes yield a Hammett
linear free-energy plot indicative of a sulfide nucleophile
attacking an electrophilic peroxidic oxygen ligand of the metal
catalyst. Prior work by Di Furia®* on 2 showed the same
relationship with para-substituted thioanisole that yielded a
negative p.

The exponential decay rates (Supporting Information S8) in
eq 2 with 4% of 1 loading provided first-order rate constants
for determining key thermodynamic activation parameters
consistent with the proposed oxidation mechanism. Compar-
isons with other metal complexes show similarities and
differences with regard to these activation parameters. In
terms of a 7-Mo(OQ) peroxo complex,” prior investigations
of 2 were carried out with oxodiperoxo (pyridine-2-
carboxylato)-molybdate(VI) bis(pyridine-2-carboxylic acid)
monohydrate (5, Figure 7), and an Eyring plot yielded an E,
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Figure 7. Eyring plots for the oxidation of 2 by the oxodiperoxo (5)
and dioxo (1) molybdenum(VI) complexes. Data for 2 oxidation by §
were taken from ref 44b and have a slope of —6.5 X 103. The slope for
1 oxidation was —7.23 (£0.62) X 10%; uncertainty values were taken
from LINEST, and raw data are in Supporting Information S8.

of 56.5 +1.6 kJ/mol in dichloroethane. The standard
deviations were calculated based on the rate constants (30—
60 °C) reported by Di Furia."* In our oxidation of 2 by 1, an
E, of 63.0 + 5.2 kJ/mol (Figure 7) was obtained, which is
higher (ie., >1 standard deviation) than the activation energy
obtained with complex §.

It is worth noting that differences in the E, values between 2
and § arise from Mo(VI) systems that are distinctively different
with regard to the Mo(OO) peroxo functionality. The Eyring
plot gives an entropy of activation suggestive of an associative
rate-determining step. We calculate a AS* of —124 J/mol-K
from prior kinetics data (Table 1 in ref 44b) in the oxidation of
2 by 5; Di Furia and co-workers attribute the negative AS* to a
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bimolecular rate-determining step.44 As such, we calculate a
AS* of —117 +1.7 J/mol-K for 2 oxidation by 1, which falls
reasonably close to the aforementioned AS* (i.e., 2 oxidation
by 5), especially given the different ligation about the Mo(VI)
center for 1 versus S. These thermochemical results compare
very favorably with the computational modeling of eq 4 and
are summarized in the Computational Modeling of Sulfide
Oxidation by 1 and H,0, via Intermediate 3 section.

Computational Modeling of Sulfide Oxidation by 1
and H?0? via Intermediate 3. DFT calculations were
employed to confirm and further elucidate the proposed sulfide
oxidation mechanism in eq 4. Catalyst 1 was optimized at the
B3LYP-D3/def2-SVP level using the SMD model for
acetonitrile, and the calculated Mo=0 vibrational frequency
of 938 cm™' closely matches experiment (Table 1). As shown
in Figure S, the addition of H,0, leads to new bands at 958,
638, and 556 cm ™', proposed to correspond to Mo=0O and
M-O bands in #'-hydroperoxo complex 3. DFT calculations
indicate that 3 exists in several low-energy conformations
(within about 2 kJ/mol). The lowest free-energy conformation
is shown in Table 1 with computed vibrational frequencies,
and additional conformations are shown in the Supporting
Information. The Mo==0 band shifts to 957 cm ™%, in excellent
agreement with experiment. Calculations show that the band at
634 cm™' (638 cm™ in Figure S and 640 cm™" in Figure 1B)
corresponds to a Mo—O(bihyat) stretch in some cases coupled
with Mo—OH, which is consistent with the fact that this band
does not shift significantly when '8O-labeled H,O, is used
(Figure S). The Mo—OOH stretch is calculated to be at about
498 cm ™!, which is not clearly visible in the RR spectrum. It is
worth noting that these molecules contain many other
vibrational frequencies, but our focus is on explaining the
observed bands, rather than simulating the full resonance
Raman spectrum.

The alternative 77>-peroxo complex 4 was also calculated and
shares some of the same bands. However, the Mo=0 stretch
is calculated to be at a significantly higher frequency (984
cm™"), which is not consistent with the experimental spectrum,
lending further support to the 7'-mechanism in eq 4.

Next, sulfide oxidation via #'-hydroperoxo complex 3 was
modeled to obtain theoretical activation parameters (Figure 8).
Outer-sphere coordination of H,O, with the catalyst to give 1-
H,O0, is slightly exergonic. Proton transfer and coordination of
the hydroperoxo ligand give complex 3 via TS, _;. This and the
subsequent transition state are stabilized by internal hydrogen
bonds between a hydroxyl group and an oxygen in the bihyat
ligand. The rate-determining step of the oxidation is
nucleophilic attack of the sulfide on the hydroperoxo ligand
via TS;_ ¢4, forming the sulfoxide product and displacing a
hydroxyl group to the apical position in complex 6. A proton
transfer via TS4_; liberates H,O and sulfoxide product and
regenerates catalyst 1.

In a minor revision to the mechanism in eq 4, DFT
calculations show that the attack of the sulfide and this final
proton transfer are actually two distinct steps. This two-step
mechanism (sulfide attack followed by proton transfer to
regenerate 1) is also distinct from a previous computational
study of sulfide oxidation by CpMoO,ClL*" which closely
follows eq 4. In the current case, a 14-electron complex 3
features a vacant coordination site for the departing hydroxyl
group in TS; 4 which is not possible for the analogous 16-
electron complex derived from CpMoO,Cl. Migration of the
hydroxyl group to the Mo center likely leads to a more facile
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Table 1. Comparison of Experimental and Calculated Vibrational Frequencies (in cm™)

Experimental frequencies 941 958, 638, 556
DFT frequencies
Mo=0 938 957 984
Mo—O(bihyat) 616 634, 617 631, 645
Mo—OH 563
Mo—-00 498 570

J—

AG
(AH)
kJ/mol

H,0,

1-H,0,
Experiment: Calculated:
AGY = 100 kJ mol!
AH* = 6315 kJ mol” AH = 64 kJ mol'
AS* = -117 £2 J mol'K"! As* = -120 J mor'K-!
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Figure 8. Calculated energy profile for sulfide oxidation via hydroperoxo complex 3. Gibbs free energies and enthalpies (in parentheses) in kJ/mol,
calculated with B3LYP-D3/def2-SVP with SMD (acetonitrile). Experimental activation energies in the red box are derived from the Eyring plot

(Figure 7).

oxidation, as the barrier for TS; 4 is significantly lower than
the sulfide oxidation barrier previously computed for
CpMoO,ClL

According to the DFT calculations, the rate-limiting step is
the nucleophilic attack of sulfide on hydroperoxo complex 3, in
accord with the Hammett study in Figure 6. Because
coordination of H,0, is exergonic, the free-energy barrier
controlling turnover is 100 kJ/mol (1-H,0, to TS;_¢). The
components of this calculated barrier (AH:E = 64 J/mol and
AS* = —120 J/mol-K) are remarkably close to the
experimentally determined E, (63.0 + 5.2 kJ/mol) and AS*
(=117 %1.7 J/mol'K) from the Eyring plot in Figure 7. This
exceptional match between experiment and theory strongly
supports the proposed mechanism in eq 4.
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The alternative mechanism proceeding through #7*-peroxo
complex 4 (Scheme 1) was also modeled. However, the free-
energy barrier is somewhat higher and the computed activation
parameters (AHiE = 92 kJ/mol, ASt = —36 J/mol-K) do not
match experiment (see Supporting Information S9), providing
further evidence against this mechanism.

B CONCLUSIONS

A new application for the pincer-like, triazine Mo(VI) dioxo
complex is reported, where it readily oxidizes sulfides to the
sulfoxide under mild catalytic conditions. This air-stable
Mo(VI) coordination complex is activated with a variety of
peroxides. Oxygen-18 labeling experiments do not point to a
n*-peroxo intermediate. Instead, '*O-labeled H,0, results are
consistent with an activated 7'-hydroperoxo Mo(VI) complex
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initially formed in a proton transfer to the Mo=0 moiety.
This yields an activated and electropositive a-oxygen that is
attacked by the sulfur nucleophile. Further support for this
model of sulfide oxidation comes from DFT calculations that
yield thermochemical activation parameters very close to the
measured AS* and AH* values. Current efforts are devoted
toward the improvement of this chemistry with other group 6
systems similar to complex 5.
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