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ABSTRACT: Hydride abstraction represents a promising yet underexplored approach in the functionalization of C—H bonds. In this
work, we report the oxidation of a-C—H bonds of ethers via oxoammonium catalysis using 3-chloroperbenzoic acid (mCPBA) as the
terminal chemical oxidant or by means of electrochemistry. Mechanistic studies revealed intricate equilibria and interconversion
events between various catalytic intermediates in the presence of mCPBA, which alone however was incompetent to drive catalytic
turnover. The addition of a small amount of strong acid HNTT, or weakly coordinating salt NaSbFg turned on catalytic turnover and
promoted ether oxidation with excellent efficiency. NMR experiments leveraging paramagnetic relaxation enhancement effect al-
lowed for quantification of open-shell catalytic intermediates in real time during the reaction course, which aided the identification

of catalyst resting states and elucidation of reaction mechanisms.

INTRODUCTION

The direct functionalization of C—H bonds has now been
widely recognized as an enabling tool in organic synthesis, me-
dicinal chemistry, and materials science.' In addition to power-
ful strategies made possible by transition metal catalysis,” the
use of small organic molecules as catalysts or promoters for C—
H functionalization has attracted broad interest from the syn-
thetic community in recent years. In this context, the mecha-
nism of C—H cleavage can be generally categorized into three
classes via protic,’ radical,* and hydridic® pathways (Scheme
1A). The radical and hydridic pathways are both effective for
activating non-acidic C—H bonds, but they often exhibit distinct
selectivity, largely influenced by the stability of the resulting
radical and carbocation intermediates, respectively, which are
often quantified by bond dissociation energy (AHhomolytic) and
hydricity (AHhydrigic).>>® While the former approach via hydro-
gen atom transfer (HAT) has been extensively explored in C—-H
functionalization,” hydride abstraction has been less commonly
employed in organic synthesis, aside from intramolecular hy-
dride shifts.>® A few strong Lewis acids have been shown to be
potent stoichiometric hydride acceptors, including perfluori-
nated boranes, trityl cations, and benzoquinones (Scheme
1B).> In addition, catalytic systems have been developed but
are primarily limited to the activation of highly hydridic C-H
bonds in electron-rich amines'® and alcohols."!

Recently, progress has been made towards identifying or-
ganic hydride acceptors for activating C—H bonds with rela-
tively poor hydricity (i.e., higher AEhygridgic, more inert C—H
bonds). For example, Stahl explored the electrochemical oxida-
tion of carbamates with sub-stoichiometric amounts of unhin-
dered oxoammonium catalysts (Scheme 1C, top).'? In an ongo-
ing work carried out in our laboratory, we discovered a catalytic
variant of this transformation using mCPBA as the terminal ox-
idant, and expanded the reaction scope to the oxidative func-
tionalization of sulfonamides and amides (Scheme 1C,

bottom).'? In this reaction, an inert catalyst-substrate adduct ITI
was formed upon hydride transfer, which could be activated to
achieve product formation and oxoammonium turnover via a
Cope-type elimination in the presence of mCPBA.

We envisioned the reactivity of oxoammonium-mediated hy-
dride transfer may be expanded to C—H bonds with even lower
hydricity by employing a more potent catalyst. To investigate
this hypothesis, we chose to study the oxidation of ethers
(Scheme 1D), which are common groups in functional small
molecules and polymers.'* However, their robust chemical sta-
bility under a wide range of reaction conditions (e.g., basic,
mildly acidic, oxidative, and reductive) limits the utility of
ethers as common functional handles in organic synthesis. His-
torically, the oxidation of ethers to esters relies on the use of
strongly oxidizing, high-valent transition metal species such as
Cr"® and Ru'¢ oxide complexes, which are often toxic and may
limit functional group tolerance. More recently, HAT-based
methods have been invented to promote this transformation un-
der milder conditions, but as discussed above, they often dis-
play different selectivity profiles vs hydride transfer pathways
(Scheme 1B).”™!7 The oxocarbenium ions resulting from hy-
dride abstraction of ethers are versatile synthons and may be
further elaborated into myriad functional groups.'® Therefore,
the development of a mild and selective method via oxoammo-
nium catalysis may both further enhance the synthetic utility of
ether oxidation and advance reaction strategies for C—H func-
tionalization via hydride transfer.

Herein, we present an oxoammonium-catalyzed a-C—H oxi-
dation that converts unactivated ethers to esters via hydride ab-
straction. An intricate set of equilibria between various catalytic
intermediates was identified, which could be modulated using
catalytic additives towards optimized oxidation activity. During
this study, we also demonstrated NMR relaxometry as a practi-
cal tool for in-situ monitoring of organic reactions with radical
intermediates.
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Scheme 1. Introduction and Background
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RESULTS AND DISCUSSION

Discovery and Optimization. We began our study with sur-
veying a panel of aminoxyl pre-catalysts for the oxidation of
ambroxide (1) and observed small quantities of lactone for-
mation in most cases using mCPBA as the oxidant in DCM (Ta-
ble 1, entries 2-6). In addition to known catalysts, we also syn-
thesized a panel of novel aminoxyls including AzcF," a 2-
azaadamantane-based molecule with a sterically accessible N-
oxyl unit. AzcF also exhibits the highest oxidizing potential
among the series that we investigated. Indeed, AzcF provided
the most promising result, giving desired sclareolide (2) in mod-
est 14% yield in 16 h and improved 58% yield after an extended
90 h. We attributed the sluggish reactivity to the presence of 3-
chlorobenzoate (mCBA, a byproduct derived from mCPBA), a

coordinating counter anion that inhibits the catalytic oxoammo-
nium ion. To address this issue, we introduced tetrakis(3,5-
bis(trifluoromethyl)phenyl)urea, a dual hydrogen-bond donor
known to strongly bind benzoate, and observed a four-fold yield
improvement (entry 7)." In addition, alkali metal salts bearing
weakly coordinating anions were effective additives, which pre-
sumably freed the oxoammonium via salt metathesis (see Table
S3 for details).? In particular, 20 mol% NaSbFs promoted the
reaction to achieve 94% yield (entry 8). Lastly, we explored
acid additives to sequester benzoate by protonation (entries 9—
11) and found that strong protic acids such as TFA (4 equiv)
and HNTf, (5 mol%) led to substantially improved reaction
yield. Interestingly, an excessive amount of HNTf, (20 mol%
or more) proved to be detrimental to the reaction (48% yield,
Table S2; see discussion below). Oxidation of 1 was demon-
strated to be efficient with as low as 1 mol% AzcF catalyst em-
ploying NaSbFs or HNTT; as additives (entries 14, 15). Finally,
alternative oxidants such as magnesium monoperoxyphthalate
(MMPP), trichloroisocyanuric acid (TCCA), and ceric ammo-
nium nitrate (CAN) also promoted the oxidation of 1 but were
found to display poorer substrate generality than mCPBA (entry
16, Table S8 and Table S9).

Table 1. Reaction Discovery

10 mol% aminoxyl

additive
Me ——0M8M 89
mCPBA (4 equiv)
Mé Me DCM, 22°C, 16 h
Oy _OMe

e et 3, @ @

TEMPO TEMPQCOOMe ABNO ketoABNO AzcF
Eqp=+239 mV Eq/p = +605 mV Eip=+200mV  Ejp=+416mV  Eqp=+646 mV
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active catalytic intermediate Ar = 3-chlorophenyl!

Entry Conditions® Yield” (%)
1 no catalyst 4
2 TEMPO 10 (10)°
3 TEMPQCOOMe 8
4 ABNO 5
5 ketoABNO 5(5)
6 AzcF 14 (58)°
7¢ AzcF/urea' 56
8¢ AzcF/NaSbFg 94
9 AzcF/AcOH 11
100 AzcF/TFA 84
118 AzcF/HNTHf; 98
128 TEMPO/HNTT, 8
138 ketoABNO/HNTT, 64
14¢h AzcF/NaSbFg 95
15k AzcF/HNTT, 98
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16 AzcF/MMPP, TCCA, CAN 82-90

“All potentials vs. Fc*/Fc; all buried volumes (% V) were cal-
culated for the oxoammoniums of the corresponding aminoxys
at 3.0 A radius;'? *determined by GC; “time = 90 h; 410 mol%
tetrakis(3,5-bis(trifluoromethyl)phenyl)urea; €20 mol% addi-
tive; /4 equiv additive; €5 mol% additive; "1 mol% aminoxyl,
time = 20 h; 0.5 mol% additive;‘conditions in supporting infor-
mation.

Reactivity and Scope. Under the optimal conditions (Table
1, entry 11), a suite of cyclic ethers with different ring sizes
were converted to the corresponding lactones (3-20, Figure 2).
Arenes with various electron-donating and electron-withdraw-
ing groups (3) were compatible with the corresponding desired
products formed in high yields. Electronically deactivated al-
kenes such as acrylate (4-H) and cinnamate (4-Ph) were toler-
ated without the observation of competing epoxidation. For
substrates that bear benzylic C—H bonds (5), we found ether ox-
idation to be the predominant pathway with minor quantities of
dual oxidation products at both a-ether and benzylic sites (prod-
ucts arising from only benzylic oxidation were not formed). Ad-
ditional functional groups including electron-rich heteroarenes
(6, 7; prone to m-oxidation), alkyl halides (8-Cl, 8-Br), amide
(8-NHTFA), esters (9, 12), epoxide (11), and cyclopropane
(12) proved to be compatible. In particular, radical-mediated
cyclopropane ring opening was not observed, supporting the
proposed hydride transfer mechanism rather than consecutive
HAT-oxidation for C-H activation. Indeed, using a radical-
based method that was previously reported for the oxidation of
THF to y-butyrolactone,”™ we did not observe any desired prod-
uct 12.

For substrates that are sensitive to strong acids, using NaSbFg
as an additive instead of HNTf, suppressed undesired side reac-
tions and furnished the products in higher yields, such as 10
(prone to desilylation), 17 (prone to Baeyer-Villiger oxidation),
and 18 (prone to hydrolysis). In addition to tetrahydrofurans and
tetrahydropyrans, oxetane (19) and oxepane (20) were also ox-
idzed to afford f- and e-lactones in moderate yield with com-
peting lactone ring opening observed. Finally, we applied this
method in the functionalization of synthetic precursors of phar-
maceuticals, obtaining lactones 21 (from darunavir intermedi-
ate) and 22 (from a fragment of terazosin) in synthetically use-
ful yields.

Scheme 2. Scope of Ether a-C-H Oxidation
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h; Yield determined by '"H NMR.

During scope exploration, we also observed dearylative oxi-
dation when a-arylethers were subjected to the optimal C—-H
functionalization conditions (Scheme 3A). For instance, 2-phe-
nyltetrahydrofuran was transformed into y-butyrolactone 23 in
41% yield without forming any appreciable amount of a-ether
oxidation products. We posit that a quinone methide type inter-
mediate was formed following abstraction of the doubly acti-
vated C—H bond, as benzoquinone was observed as a byproduct
(Scheme 3A, bottom). Under a similar mechanism, natural
product sesamin underwent the same transformation to afford
pluviatide (24) in 39% yield.
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Scheme 3. Diverse Transformations from Ether Oxidation
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Acyclic ethers were also suitable substrates for AzcF-cata-
lyzed oxidation but chain fragmentation was observed (Scheme
3B). Primary and secondary ethers were converted to the corre-
sponding carboxylic acids and ketones, respectively (25, 26).
This reaction could potentially be used for the modification or
degradation of ether-containing polymers.

To eliminate the use of a traditional stoichiometric oxidant,
we investigated the possibility of an electrocatalytic variant,
which was encouraged by promising reactivity observed with
single-electron oxidant CAN (Table 1, entry 16). Using 10
mol% AzcF, we identified two sets of electrolysis conditions
(Scheme 3C). In Condition A, water was used both as a nucle-
ophile for the desired anodic reaction but also as a sacrificial
oxidant for the cathodic hydrogen evolution reaction. Anhy-
drous conditions (Condition B) were also developed employing
trimethylsilanol as a water alternative. These systems show
complementary reactivity for a set of three substrates, giving
products 2, 3-CF3, and 6 in good yield.

Proposed Mechanism. Based on knowledge gained from
prior literature and our own experimental findings, we proposed
a plausible catalytic cycle for the model reaction using mCPBA
as the oxidant and HNTf, as a catalytic additive (Scheme 4).
AzcF pre-catalyst (VI) was first converted to the active oxoam-
monium VIII to enter the catalytic cycle. Hydride transfer from

ambroxide 1 to VIII led to the formation of highly electrophilic
oxocarbenium intermediate V along with hydroxylamine II.
Rebound of V and II followed by deprotonation gave rise to
aminoacetal XI. This substrate-catalyst adduct then underwent
further oxidation by mCPBA to form tetrahedral N-oxide inter-
mediate XII, which then decomposed via Cope-type elimina-
tion to furnish the desired lactone 2 and hydroxylamine II. Fi-
nally, oxoammonium VIII was regenerated from hydroxyla-
mine II and a second equivalent of mCPBA to close the cycle.
We then carried out a series of experiments to gain further in-
sights into the reaction mechanism. In particular, we aimed to
understand the mechanism of formation of oxoammonium VIII
from either the aminoxyl pre-catalyst (initiation step) or hy-
droxylamine II (turnover step), as well as the mechanism of
product formation from aminoacetal XI.

Scheme 4. Proposed Mechanism
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Mechanistic Investigation of Catalytic Turnover. The
yield enhancement by shifting the oxoammonium-benzoate as-
sociation equilibrium is indicative of the presence of multiple
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possible catalyst resting states, depending on reaction condi-
tions. This observation prompted us to elucidate and quantify
catalytic intermediates during the reaction course. We first per-
formed in-situ UV-vis analysis (Scheme 5A) and found that re-
action without an additive (Table 1, entry 6) exhibited spectro-
scopic features closely matching AzcF radical with an absorb-
ance peak observed at 470 nm. The introduction of HNTH,
however, significantly attenuated this peak. Aminoxyls such as
TEMPO are known to undergo disproportionation under acidic
conditions.!'*® This equilibrium depends on the oxidation po-
tential of the aminoxyl and the acidity of the medium, and has
been found to be relevant in oxidative turnover in some catalytic
systems.”! We hypothesize that AzcF shows similar activities.
In this case, VI would be protonated and then oxidize another
equivalent of VI to form the corresponding hydroxylamine (IT)
and oxoammonium (VIII) (Scheme 4, Box A). The weak basic-
ity of VI (vs. TEMPO) and the strongly oxidizing ability of the
corresponding oxoammonium ion both favor the compropor-
tionation, making VI the resting state under neutral conditions.
However, in the catalytic reaction, the low hydricity of ethers
necessitates a relatively high concentration of the oxoammo-
nium ion for hydride transfer to take place. Thus, we posit that
the addition of super acid HNTf, plays two roles in enhancing
the reactivity of the catalyst; in addition to providing a weakly
coordinating counter anion as previously hypothesized, it also
aids in shifting the disproportionation equilibrium towards the
catalytically active oxoammonium.

To further probe the disproportionation equilibrium of AzcF
and understand how it affects the ether oxidation, we carried out
reaction monitoring using NMR. 'H NMR is commonly em-
ployed to quantify closed-shell species in the kinetic analysis of
organic reactions. Direct quantification of open-shell species
via 'H NMR suffers from limited signal-to-concentration line-
arity due to fast relaxation. The Evans method is a state-of-the-
art NMR technique for interrogating paramagnetic species and
can be used for quantification. In this method, the analyte con-
centration was calculated from the '"H NMR chemical shift of a
reference compound. This renders it unfit for progress monitor-
ing of reaction systems with dynamic chemical environment, as

chemical shifts are influenced by factors irrelevant to paramag-
netism, such as acidity, solvation effect, and the concentration
of the reference compound. While electron paramagnetic reso-
nance (EPR) spectroscopy can be used to identify and quantify
open-shell species,? it cannot detect closed-shell intermediates
simultaneously and is thus inapplicable to wholistic reaction
progress analysis.

Indirect quantification approach via paramagnetic relaxation
NMR has been established as a practical analytical method.
While its main application focuses on applying open-shell spe-
cies as relaxation enhancing agents for diamagnetic analytes,*
paramagnetic analytes can also be quantified in reverse with a
diamagnetic referencing standard.?* For instance, Dupree et al.
have demonstrated the linear relationship between the concen-
tration of 4-hydroxy-TEMPO and the reciprocal of longitudinal
relaxation time (7}) of water, the solvent in this study.” We an-
ticipated that a quantification method based on transverse relax-
ation time (7>) would share a similar relationship while opera-
tionally better-suited for in situ reaction monitoring due to the
shorter measurement time. To validate this method, spectro-
scopic titration was performed on TEMPO with 1,1,2,2-tetra-
chloroethane (TCE) as the diamagnetic reference, exhibiting a
linear correlation between concentration of TEMPO and 1/75 of
TCE. The same was also found for AzcF within catalytically
relevant concentration range, providing a calibration curve for
the quantification of AzcF (Scheme 5B).*® As a proof of con-
cept, we titrated a solution of AzcF with three Bronsted acids
with varying acidity and were able to quantitatively assess the
disproportionation equilibrium by following the decrease of
AzcF. While weak AcOH was ineffective in promoting the dis-
proportionation, both HNT, and TFA triggered the recovery of
T, with the former being particularly efficient (Scheme 5C).
Upon addition of 2 equiv of this super acid, we attained com-
plete conversion of AzcF to its oxoammonium form VIII and
hydroxylammonium IX. This trend is consistent with the ob-
served disparate ability of these three acids to facilitate the ether
oxidation reaction (Table 1, entries 9-11).
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Scheme 5. In Situ Observation and Quantification of Catalytic Intermediates

A. UV-vis analysis B. Linear correlations of concentration vs. 1/T,

CDClg, with 100 mM TC

0.2 7
—AzcF 6 o AzcF
0.15 —Table 1 Entry 6 . y = 0.4742x + 0.1859
——Table 1 Entry 11 D 0 R? = 0.9997 ./
~ e
: o 4 4
2 0.1 o VAP
S E 3 LAt ¢
S a7
0.05 =2 "'%e’ ©TEMPO
o
1 < y = 0.3228x + 0.1263
5";;’ R? = 0.9983
0 0 &
350 450 550 650 750 0 3 6 9 12
Wavelength (nm) Concentration (mM)
E. Reaction monitoring: low acid condition

%ZX(catobs) = 2.4 mol%

VI [M]+IX]+XT] o HNTE o O
% — ~N" addition  O~p~ M<___

[AzcF]y \ l b

F. Reaction monitoring: high acid condition

C. Titration of additives to AzcF D. Monitoring experiment design

5 CDCl, with 100 mM TC AZcF, additive
5 100% s mCPBA
2 o° o HNTf, {1 — 2
e ety
s o0 o AcOH 3,
=1
2 on ° 4NaSbFg 1H NMR
'g o o diamagnetic
9] ° .
g P ting quantification
g_ 2% | & o .
@ o6 paramagnetic
o Po 5 5 o T, measurement

0%
0 0 1 2 3 4 5 in situ monitoring of
Additive (equiv) open- & closed-shell species

G. Reaction monitoring: NaSbFg condition
70 11

9.5 mol% .
HNTf, h O-. Current Major

addition &H'OH O‘N'OMQ_-' Catalytl_c
l + (\3 b Intermediate

Observable Catalyst
Mass Balance

Catalytic Intermediates

Reactant and Product

Time (min)

We then employed this NMR relaxometry method in con-
junction with standard '"H NMR spectroscopy to determine the
catalyst resting states. Through alternatingly performing 7>
measurement and 'H acquisition, both closed-shell and persis-
tent radical species including reactants, products, and catalyti-
cally relevant intermediates could be quantitatively observed in
real time, and reaction progress could be monitored uninterrupt-
edly in a single NMR experiment (Scheme 5D). CDCl; was
chosen as the solvent for its relatively low vapor pressure and
favorable accessibility, and it was shown to be a viable solvent
for the model reaction (87% yield under otherwise same condi-
tions as Table 1, entry 11).

We began the experiment under conditions without an acid
additive (Scheme SE-F, left). Using the approach described
above, catalytic intermediates including aminoxyl radical VI
and aminoacetal XI were quantified. Hydroxylamine II and hy-
droxylammonium IX were observed as a single set of reso-
nances due to rapid proton exchange. Oxoammonium VIII was
not observable but only accounted for minimal mass balance
until upon depletion of 1 at the end of the experiment. The re-
action was found to be highly sensitive to traces of strong acids,
as DCI from the decomposition of CDCI; within minutes during
sample preparation led to an observable decrease of the concen-
tration of aminoxyl radical VI. This promoted the ether

120 140

Time (min) Time (min)

oxidation at a slow rate. Nonetheless, the majority of the cata-
lyst stayed as VI in the absent of an additive due to the unfa-
vored disproportionation equilibrium.

The addition of catalytic quantities of HNTf, immediately
turned on the ether oxidation reaction. In the presence of a low
loading (2.4 mol%) of HNTf, radical VI was first rapidly con-
sumed and then began to slowly build back up as the reaction
continued to proceed (black trace, Scheme 5E, right). Amino-
acetal XI emerged as the predominant form of the catalyst
(green trace). A small amount of protonated hydroxylammo-
nium IX was also observed. Thus, the resting state of the cata-
lyst in this case was the in-cycle species XI. Under these condi-
tions, substrate 1 was efficiently consumed and product 2
formed within ca. 50 min.

Interestingly, a higher loading of HNTT, (9.5 mol%) changed
the catalyst resting state (Scheme 5F, right). The rapid dispro-
portationation of VI was again observed as evidenced by the
immediate consumption of VI and formation of hydrox-
ylammonium IX as the predominant form of the catalyst, yield-
ing a high concentration of this off-cycle resting state. In con-
trary to conditions with a low acid loading, we did not observe
the accumulation of substrate-catalyst adduct XI, and the small
amount of XI formed due to solvent decomposition into DCI
was gradually depleted. Despite the change of catalyst resting
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state, the reactivity of ether oxidation was not affected, as the
rate of conversion increased significantly upon addition of
HNTf, and reached completion within 50 min (Scheme 5F,
right). The change of catalyst resting state to an off-cycle spe-
cies, however, explains why in the presence of further increased
HNT loading (20 mol%), the reaction rate was hampered with
decreased yield (48%, Table S2). An increasing proportion of
catalyst was unaccounted for as the reaction progressed, which
was attributed to the accumulation of oxoammonium VIII as
supported by the appearance of its characteristic yellow color.

The reaction was also monitored in the presence of 20 mol%
NaSbFs as an additive, which was slower than with HNTf, but
substantially faster than without an additive (Scheme 5G). Ad-
duct XI was the dominant aminoxyl species until the end the
reaction (>95% conversion). The concentration of IX remained
insignificant throughout the reaction course. Ex-situ titration
experiments showed that NaSbF did not significantly alter the
direction of the AzcF disproportionation equilibrium (Scheme
5C). As we originally posited, this salt likely promoted the re-
action by introducing a non-coordinating anion to render the
oxoammonium (VIII) more available for hydride abstraction.
The mechanism of activation by NaSbFg and other effective ad-
ditives in oxoammonium catalysis is a subject of ongoing in-
vestigation.

Preparation and Reactivity Study of Catalytic Intermedi-
ates. We noted that under all three conditions studied above, at
the end of the reaction upon substrate depletion, a significant
proportion of the catalyst was present as aminoxyl radical VI
instead of being fully converted to oxoammonium VIII, despite
the presence of excessive oxidant mCPBA. To further investi-
gate the mechanism of catalytic turnover, an authentic sample
of hydroxylamine AzcF-H (II) was synthesized via hydrogena-
tion of AzcF (I) (Scheme 6A). Oxidation of II with excess
mCPBA gave radical VI in high yield (Scheme 6B). This trans-
formation is hypothesized to undergo first O-atom transfer from
mCPBA to II followed by elimination of OH™ to furnish oxo-
ammonium VIII, which then reacted with hydroxylamine II via
comproportionating to afford radical VI (Scheme 4, Box A).
Thus, mCPBA—typically considered as a two-electron oxidant
and O-atom donor—can readily oxidize hydroxylamine II yet
cannot effect the one-electron oxidation of aminoxyl VL.?” This
characteristic necessitates the use of a strong acid to turn over
the catalyst and regenerate the active oxoammonium ion by pro-
moting aminoxyl disproportionation. On the contrary, when a
strong one-electron oxidant NOSbFs (+870 mV vs. Fc¢'/Fc) was
used, AzcF VI was oxidized to VIII, a benchtop stable crystal-
line solid, in 79% yield (Scheme 6C).

We also found that aminoacetal XI could be synthesized in-
dependently by reacting ambroxide 1 with VIII, which was iso-
lated as a mixture with 1 and sclareolide 2. Attempts to obtain
pure 27 failed as it decomposed into 2 during purification. We
hypothesize that four pathways could account for the conver-
sion of XI to product 2 in the model catalytic reaction, all of
which could contribute to the observed reactivity (Scheme 4,
box B). In addition to the originally hypothesized Cope-type
elimination process promoted by mCPBA, XI could also un-
dergo acid-promoted hydrolysis (the reaction generated H,O as
a byproduct) followed by oxidation of the resultant hemiacetal
(XIII), or alternatively a second hydride transfer from adduct
XI to oxoammonium VIII followed by hydrolysis and further
oxidation.”® Finally, a single-electron oxidation of XI by oxo-
ammonium VIII would generate radical cation XV, which

would undergo mesolytic cleavage® to form oxocarbenium V
followed by water trapping and subsequent oxidation to the lac-
tone.

The poor hydrolytic stability of XI we observed during its
isolation supports the possibility of alternative pathway A. In
support of alternative pathways B and C, we subjected ether 1
to VIII, either directly added as a reagent or generated in situ
from acid-promoted disproportionation of AzcF, and observed
formation of product 2 (Scheme 6E). These results showed that
the presence of mCPBA or HNTf;, while important for catalytic
turnover, was not strictly necessary for the decomposition of
intermediate XI into product 2. However, mCPBA was the most
effective oxidant for the oxidation of a broad range of substrates
and the only one that provided satisfactory catalytic turnover for
challenging tetrahydropyran-type substrates (see Tables S8, S9
and Scheme S1), which lends support to the proposed Cope-
elimination mechanism being the predominant pathway for
product formation.

Scheme 6. Syntheses and Reactivity Study of Catalytic In-
termediates

A. Synthesis of hydroxylamine
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CONCLUSION

In conclusion, we developed an oxoammonium-catalyzed ox-
idation of ethers to lactones via a hydride abstraction mecha-
nism. The disproportionation equilibrium of the aminoxyl cata-
lyst precursor, which could be tuned using catalytic acid or salt
additives, alters the resting state of the catalyst and strongly in-
fluences the reactivity. We employed paramagnetic relaxation
enhancement NMR to quantify the aminoxyl radical, which en-
abled in situ monitoring of various catalytic intermediates when
used together with standard 'H NMR acquisition. Ongoing
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efforts are directed towards furthering understanding and apply-
ing oxoammonium catalysis in the functionalization of other
types of C—H bonds via hydride transfer.
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