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ABSTRACT: The decatungstate anion, [W;,0;,]*" or DT, is a useful
photocatalyst for organic transformations involving C—H functionalization.
Herein, we leverage the unique photoredox properties of DT to generate a
chlorine radical from chloride ion for the photochemical partial oxidation
of methane. Under optimized conditions, the DT—chloride—iodine
ensemble achieves methane to methyl trifluoroacetate conversion with
>350 photocatalyst turnovers at ~60% vyield based on methane in
trifluoroacetic acid solvent. Methyl trifluoroacetate exhibits excellent
stability under reaction conditions with minimal amounts of degradation
(<6%) detected after 41 h. Based on density functional theory calculations,
we propose a mechanism that involves synergistic relationships among the
DT, chloride, and iodine species with the following key features: (1)
photoredox electron transfer reaction of DT with Cl~ to generate Cle, (2) reaction of photoexcited DT with methane to generate
methyl radicals via net hydrogen atom abstraction, (3) a Cl/I radical-based pathway in which methane is converted to MeTFA, and
(4) reoxidation of reduced DT species by dioxygen. This mechanism takes advantage of the unique redox potential of DT and the
ability of DT to mediate both electron transfer and hydrogen atom transfer reactions, ultimately generating an efficient pathway for
aerobic methane partial oxidation.

KEYWORDS: methane partial oxidation, photocatalysis, C—H activation, hydrocarbon, decatungstate, DFT

Bl INTRODUCTION is thermodynamically favorable, challenges include (1) over-
coming the large activation barrier required to break a non-
polar C—H bond of methane (bond dissociation energy ~ 105

kecal/mol) and (2) evading the over-oxidation of methanol due

development of new catalytic processes for the direct to the weaker C—H bond of methanol (96 kcal/mol)
conversion of methane (and other light alkanes) to higher- compared to methane.””®

value liquid products is important for the increased use of Radical-based chemistry, such as catalytic oxychlorination,

Conversion of light alkanes from natural gas into value-added
chemicals is a cornerstone of the chemical industry. The

stranded natural gas and for other sources (e.g, biogas) of offers a route for C—H functionalization of light alkanes to
methane and light alkanes.' > Highly desired processes include produce functionalized products (eq 1)1 Unfortunately,
the direct partial oxidation of methane, ethane, and propane to such processes often suffer from the over-oxidation dilemma,
liquid products, so called direct gas-to-liquid (GTL) again due to weaker C—H bonds in the product (e.g, ~100
conversions, with a particular focus on methane-to-methanol. kcal/mol for CH;Cl).""" In fact, methane conversion using
Given the substantial global natural gas reserves,” which catalytic oxychlorination is often limited to <10% in order to
account for ~25% of global energy, there is enormous potential achieve adequately high SelbetiVitY-l6
for direct GTL technologies. Additionally, these reserves are catalyst
often in stranded locations, where at-wellhead GTL conversion CHy +HX +1/20, " heat CHgX + H,0 (1)
is most desirable.

Current commercial methods for indirect methane-to-
methanol conversion involve the highly energy- and capital- Received: February 16, 2023
intensive methane-reforming reaction (H,0 + CH, — CO + 3 Revised: ~ March 29, 2023
H,) followed by Fischer—Tropsch chemistry to produce Published: April 24, 2023

methanol or longer chain hydrocarbons.”® A more desirable
alternative is the direct mono-oxygenation of methane by O, to

produce methanol. While methane partial oxidation using% 0,
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Electrophilic Pt(II) catalysis introduced by Shilov and
coworkers was an early example of catalytic methane mono-
functionalization, but this process suffered from the require-
ment of a stoichiometric Pt(IV) oxidant.'” The Catalytica
process pioneered by Periana and coworkers achieved
methane-to-methyl bisulfate conversion with >70% yield and
>90% selectivity using the key strategy of protecting the mono-
functionalized product from over-oxidation by the electron-
withdrawing bisulfate group. However, the energy require-
ments for the separation of product from oleum and
reconcentration of sulfuric acid were a challenge for potential
commercialization."®'” Molecular iodine has been shown to
functionalize light alkanes in oleum, but thlS approach could
not be extended to non-superacidic media.”””" Main group
compounds, such as TI(TFA); and Pb(TFA),, and hypervalent
iodine, namely, (C4F;)I'"'(TFA), have been shown to
functionalize hght alkanes in non-superacidic solvent, albeit

, copper) are capable of

stoichiometrically.”

Metal-exchanged zeolites (e§
methane oxidation to methanol.””~*° However, these catalysts
typically do not yield high methane conversion with high
selectivity. Also, methanol extraction requires significant
dilution for separation, which typically destroys the active
site, requiring subsequent high-temperature oxidation for
catalyst restoration.”

To improve product yields, we and other groups have
pursued a strategy to circumvent over-oxidation through the
1nsta11at10n of a protecting group in the functionalized alkyl
product.””** For example, we reported the thermal (100—235
°C) partial oxidation of light alkanes (methane, ethane, and
propane) in trifluoroacetic acid (HTFA) by chloride—iodate
and chloride—periodate systems via a method termed oxy-
esterification (OxE). OxE produced the corresponding alkyl
esters (RTFA) with >20% yield relative to the alkanes and
>80% selectivity toward mono-oxidized products.**** We
discovered that the ester moiety protects the products from
subsequent oxidation, thus permitting the production of the
corresponding alcohol along with regeneration of HTFA
through hydrolysis.”**” Oxygen-recyclable cobalt and man-
ganese catalysts have also been shown to effectively oxidize
methane in HTFA.>®™* Recently, we reported the use of
molecular Mn oxides and Mn salts for methane partial
oxidation along with a mechanistic study.*'

Several groups have reported photodriven C—H function-
alization for which the generation of a chlorine radical from
chloride appears to be a key step. Several examples of such
reactions that are successful for unactivated hydrocarbons (e.g.,
cyclohexane) have been reported.””~*® Using the strategy of
generating chlorine from chloride, we recently pursued
photodriven light alkane functionalization.””** Higher yields
were obtained for the chloride—iodate OxE process under
photocatalytic conditions (~50% yield was achieved for
methane) compared to yields for the analogous thermally
driven reaction.*® We also reported that Fe(TFA)3 mediates
photodriven hydrocarbon functionalization.*’” Similarly, FeCl,
has been shown to functionalize methane and heavier alkanes
to a variety of products.”” The Schelter and Goldberg groups
recently reported photodriven, aerobic alkane iodination in
acetonitrile using catalytic ["Bu,N] cL>’

Polyoxometalates (POMs) have emerged as a widely
successful class of photocatalysts for organic transformations
due to their ability to perform both electron transfer (ET) and
hydrogen atom transfer (HAT) reactions.”’ > The decatung-
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state anion ([W,40;,]*" or DT) is currently employed as a
HAT photocatalyst because of its ready availability and the
array of C—H bonds it can cleave.””~®* Furthermore, DT has
been used for a variety of C(sp’)—H functionalizations,
including C—C bond formations and oxidation reactions.®>~"
Laudadio and coworkers reported the functionalization of light
alkanes (e.g., methane, ethane, propane, and isobutane) to C—
C coupled products using DT in a photocatalytic flow
system.”® In a separate report, Laudadio and coworkers
reported DT-mediated selective ox1dat10n of aliphatic sub-
strates to ketone-containing products.”” Figure 1 depicts the

7] (n-BugN)y

TBADT = (n-BugN)4[W1¢035]

o

RH;_A»R _>RX

Figure 1. Simplified scheme showing capability of photoexcited
decatungstate (DTee) for hydrogen atom abstraction from a generic
alkane (RH). HDTe denotes the reduced radical species following
hydrogen atom abstraction.

structure of the DT salt, TBADT [TBA = ("Bu,N),], and its
ability to perform HAT in its photoexcited state; here, DTe®
denotes the suspected excited triplet state (referred to in
previous publications as wO or DT*)” 76 and HDTe denotes
the reduced species after HAT.

Because our previously reported thermal and photoinitiated
OxE processes for li _ght alkane functionalization are proposed
to rely on HAT,**”** we hypothesized that the addition of
DT as a photodriven HAT reagent may accelerate the mono-
oxidation of light alkanes to alkyl esters in a chloride—iodine
system.

Of particular interest was the possibility that photoexcited
DT could also generate chlorine atoms, Cle, under these
reactlon conditions due to the very high reduction potential of
DTee.” There have been a number of recent advances in the
photogeneration of Cle, including photoreduction of metal
chlorides******”%97% and photoredox oxidation of chloride
ion (CI7).***7%¢ As noted above, the generation of chlorine
has been used to functionalize unactivated hydrocar-
bons.”>™***” DT is robust under acidic conditions and has a
high quantum vyield for photoexcitation, but it has not been
employed for the generation of Cle as a C—H activation
mediator. Herein, we report experimentally and validate
computationally the use of DT as a photocatalyst for methane
partial oxidation in the presence of chloride and iodine to form
methyl trifluoroacetate (MeTFA) and methyl chloride (MeCl
or CH;Cl). In our best case, this DT—chloride—iodine aerobic
process achieved methane to MeTFA conversion with >350
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Figure 2. Initial screening for the photochemical functionalization of methane by TBADT (0.014 mmol) and KCI (0.67 mmol) in HTFA after 24 h
of mercury arc lamp irradiation. TBADT was either used directly or ground before addition to the reactor. MeX (X = TFA, Cl) is plotted as
methane conversion (A) and catalytic turnovers based on TBADT (B). Each bar graph represents the average of a minimum of three independent
experiments with error bars depicting the standard deviation of the three experiments.

photocatalyst turnovers (TOs) and ~60% yield based on
methane.

B RESULTS AND DISCUSSION

Reagent Screening and Optimization. An initial
screening of the photochemical reactivity of an aerobic mixture
of TBADT (0.014 mmol) and KCl (0.67 mmol) in HTFA (8
mL) pressurized with 100 psig of methane (~24 mmol)
resulted in the formation of 0.043 + 0.015 mmol of MeX (X =
TFA, Cl) after 24 h of mercury arc lamp irradiation. This
corresponds to a yield of 0.18 + 0.071% and a 42:1 ratio of
MeTFA to MeCl. Herein, percent yields are reported with
respect to methane, and all data are the result of a minimum of
three separate experiments with standard deviations. Product
formation was determined by 'H NMR spectroscopy and
referenced against a known amount of either HOAc or
CH;NO, as an internal standard. When TBADT was ground
using a mortar and pestle before addition to the reactor (with
all other conditions unchanged), 0.10 + 0.008 mmol of MeX
was produced in 0.43 + 0.027% yield with a 33:1 ratio of
MeTFA to MeCl (Figure 2). The corresponding TOs of
TBADT were 3.1 + 1.1 and 7.3 + 0.58 when TBADT was
unground and ground, respectively. The increased product
formation and the decreased standard deviation using the
ground TBADT suggest that the smaller particle size increased
TBADT’s solubility in HTFA. Under reaction conditions, the
TBADT is not fully soluble, which provides a likely explanation
for the observed effect of grinding the TBADT.

The analogous reaction to that shown in Figure 1 but in the
absence of KCI produced no MeTFA; this is likely because no
radical traps are present to quench CHje (see below for
mechanism discussion). Various loadings of KCI were tested,
and it was observed that doubling the KCI loading from 0.67
mmol to 1.34 mmol had a positive effect on the MeX yield;
however, increasing the KCl loading to 2.68 mmol had
minimal effect, within deviation, on the MeX yield (Figure
3A). Using 1.34 mmol of KCl, various loadings of TBADT
were tested, with the optimal amount of TBADT being 0.007
mmol as this maximized the MeX yield (Figure 3B).

In our previous reports of light alkane partial oxidation using
iodate as the oxidant, mechanistic studies indicated that I, is
likely generated in situ from iodate and serves to trap alkyl
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Figure 3. MeX (X = TFA, Cl) yield at various loadings of KCI (A),
TBADT (B), and I, (C). Red boxes indicate optimal reagent loadings
in standard aerobic reaction conditions. Each bar graph represents the
average of at least three independent experiments with error bars
depicting the standard deviations.

radicals in solution.”® Thus, I, was explored as a reaction
additive in our TBADT photochemistry. We found 0.025
mmol of I, to be optimal as this loading maximized the MeX
yield (Figure 3C). The addition of TBADT, KCl, and I, in
their optimized loadings in 8 mL of HTFA led to the
formation of 0.45 = 0.030 mmol of MeX in 1.9 + 0.078% yield
with a 4.2:1 ratio of MeTFA to MeCl after 24 h of mercury arc
lamp irradiation. This MeX formation as a function of TBADT
corresponds to 64 + 4.3 TOs. These optimized reagent
loadings in 8 mL of HTFA and 100 psig of CH, will be
referred to as the standard aerobic reaction conditions
throughout the remainder of this contribution.
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Other combinations of TBADT, KCI, and/or I, in HTFA
led to decreased CH, functionalization (Table 1). For the

Table 1. MeX (X = TFA, Cl) Yields for the Control
Reactions of Remaining Combinations of Reagents”

% yield of
MeTFA % yield of MeCl

0.13 £+ 0.069 0

entry

1 TBADT (0.007 mmol), I,
(0.025 mmol)

2 KCI (1.34 mmol)
3 1, (0.025 mmol)
KCI (1.34 mmol), I, (0.050
mmol)
S KCl (1.34 mmol), I, (0.025
mmol)
“The reagents were added to 8 mL of HTFA, pressurized with 100
psig of CH,, and irradiated with a mercury arc lamp for 24 h. Each
entry line represents the average of at least three independent
experiments reported with their standard deviations.

reagents

0.36 + 0.069 0.010 + 0.0088
0.50 + 0.16 0
0.010 + 0.010 0

1.7 £ 0.26 0.42 + 0.063

reaction of KCl and I,, it was found that iodine loading is
crucial for MeX production. Specifically, increasing the loading
of I, to 0.050 mmol with 1.34 mmol of KClI led to no MeX
production within standard deviation (Table 1, entry 4).
However, halving the amount of I, to 0.025 mmol with 1.34 of
mmol KCl (corresponding to standard aerobic reaction
conditions) led to substantial MeX formation (Table 1, entry
S). The investigation of the background reaction of 1.34 mmol
of KCI and 0.025 mmol of I, for methane functionalization in
HTFA is described in the Supporting Information. The
bimodal nature of MeX production as a function of time for
this background reaction can be seen in Figure SS. The
bifurcated results hint that radical chain processes for MeX
formation are possible, but the initiation of such reactions is
highly dependent on factors that we could not identify nor
control.

Additional control reactions were performed. When heated
(180 °C for 3 h) without irradiation, TBADT (0.014 mmol)
and KCl (1.34 mmol) in HTFA (8 mL) with 100 psig of CH,
resulted in no MeX formation. When the standard aerobic
reaction conditions were pressurized with 100 psig of Ar
instead of CH, and subjected to a mercury arc lamp for 24 h,
MeX production was not observed. Minimal methane

functionalization (<0.03% yield) occurred when KBr was
used in place of KCl under the standard aerobic reaction
conditions. When the standard aerobic reaction conditions
were instead subjected to fume hood LED lighting or a 370 nm
LED lamp, CH, functionalization occurred, albeit at much
slower rates and with lower yields. Acetic acid (HOAc) was
explored as a solvent alternative to HTFA. With pure HOAc as
solvent, MeX formation was not observed. Using HOAc and
HTFA solvent mixtures, the chemistry was not clean enough to
extract meaningful results.

Using standard aerobic reaction conditions, CH, pressure
was varied (Figure 4). At lower methane pressures, MeX yield
based on methane was improved in the TBADT-KCI-I,
system. For example, reacting TBADT (0.007 mmol), KCI
(1.34 mmol), and I, (0.025 mmol) with 1S psig of methane
(~4 mmol) afforded 0.35 + 0.0057 mmol of MeX in 8.9 +
0.58% yield with a 6.4:1 ratio of MeTFA to MeCl after 24 h of
reaction. This MeX formation corresponds to 50 + 0.82 TOs
of TBADT. This is the highest conversion achieved with this
system under aerobic conditions (i.e., without the inclusion of
additional dioxygen).

MeTFA Stability, Kinetics of Methane Functionaliza-
tion, and Photocatalyst Reoxidation with Dioxygen.
Product stability was explored under standard aerobic reaction
conditions with the addition of 0.35 mmol of MeTFA at time ¢
= 0 h and pressurization with 100 psig of Ar in place of CH,.
MeTFA was found to be stable under these conditions with
>94% MeTFA remaining after 41 h (Figure ).

Using standard aerobic reaction conditions, the time of
mercury arc lamp irradiation was varied to explore CH,
oxidation as a function of time (Figure S). According to
product formation versus time, it appears that MeX formation
halts at t = 21 h. However, the exact time is difficult to discern
due to the large deviations inherent to the photoreactions. The
lack of further product formation after ¢ = 21 h could indicate
depletion of the limiting reagent. At t = 21 h, 0.44 + 0.010
mmol of MeX was present. This corresponds to 62 + 1.5 TOs
of TBADT and consumption of ~32% of starting KCI.

Using the standard aerobic reaction conditions, the reagents
were added to the reactor in air and then sealed. It was
speculated that the dioxygen present in the headspace of the
reactor was fully consumed at t = 21 h, thus preventing
photocatalyst reoxidation. The amount of dioxygen estimated

TBADT (0.007 mmol)
KCI (1.34 mmol)

cH 15 (0.025 mmol) MeX
¢ HTFA (8 mL) ©
hv, 24 h X=TFA, Cl
A) : u MeCl B) = MeCl
MeX Yield u MeTFA Turnovers a MeTFA

~ 10 '<5( 70
T
S g & E° [
3 ° 340
2 =30
5 4 s
he] [ » 20
2 2 g
>; 8 10
X =

0 2 0

100 50 25 15 10
Methane Pressure (psig)

100 50 25 15 10
Methane Pressure (psig)

Figure 4. Effect of methane pressure on MeX (X = TFA, Cl) yield (A) and the corresponding catalyst TOs (B). Each bar graph represents the
average of at least three independent experiments with error bars depicting the standard deviations.
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MeX Formation

TBADT (0.007 mmol)
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I, (0.025 mmol)

HTFA (8 mL)
hv

CH,
(100 psig)

MeX
X=TFA, Cl
0.45 —e— MeTFA formation
0.4

0.35

MeTFA Decay
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—&— MeTFA decay
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Figure 5. Methane functionalization and MeTFA decay under standard aerobic reaction conditions with TBADT, KCl, and I, as a function of time.

Each data point represents the average of at least three independent

experiments with error bars depicting the standard deviations.

Scheme 1. Effect of Differing Concentrations of Dioxygen on MeX (X = TFA, Cl) Production Reported as mmol of Product,

Catalyst Turnovers, and Percent Yield”

TBADT (0.007 mmol)
KCI (1.34 mmol)
I, (0.025 mmol)

HTFA (8 mL)
hv, 24 h

A)

CH,
(100 psig)

TBADT (0.007 mmol)
KCI (1.34 mmol)
I, (0.025 mmol)

HTFA (8 mL)
dinitrogen purge
hv, 24 h

B)

CHy
(100 psig)

TBADT (0.007 mmol)
KCI (1.34 mmol)
I, (0.025 mmol)

HTFA (8 mL)
dioxygen purge
hv, 24 h

C)

CHy
(100 psig)

0.36 + 0.027 mmol MeTFA + 0.087 + 0.012 mmol MeCl
52 +3.9 TOs MeTFA + 12 + 1.7 TOs MeCl
1.5 +0.067% yield MeTFA + 0.36 + 0.039% yield MeCl

0 mmol MeTFA + 0 mmol MeCl

0.82 + 0.30 mmol MeTFA + 0.076 + 0.014 mmol MeCl
120 + 43 TOs MeTFA + 11 £ 2.0 TOs MeCl
3.4 +1.2% yield MeTFA + 0.31 + 0.055% yield MeCl

“A = standard aerobic reaction conditions; B = dinitrogen-purged reaction solution; C = dioxygen-purged reaction solution. Each reaction scheme
represents the average of at least three independent experiments reported with their standard deviation.

to be in the headspace was calculated to be ~0.75 mmol. Thus,
at t = 21 h, the concentration of dioxygen likely becomes too
low to reoxidize TBADT. This speculation is further supported
by the blue color of the post-reaction solutions, indicative of
spent decatungstate in its reduced form.

We began our studies on dioxygen dependence by varying
the amount of dioxygen present in the reactor headspace
before the start of the reaction. It has been shown that
dioxygen is incapable of quenching DTee such that catalyst
deactivation by dioxygen is very unlikely.*® We studied the
impact of dioxygen by purging the reaction solution with either
dinitrogen or dioxygen. Purging was performed by bubbling
the respective gas into the reaction solution for 1 min after
charging the reactor with TBADT, KCl, I,, and HTFA and
before pressurizing with CH,. When the solution was purged
with dinitrogen, no MeX was produced (Scheme 1B). When
the solution was purged with dioxygen, 0.90 + 0.30 mmol of
MeX was produced after 24 h of irradiation (Scheme 1C).

Scheme 1 details a comparison of these solution-purged
reactions to the standard aerobic reaction. These results
provide support for dioxygen as the limiting reagent in which
dioxygen reoxidizes spent TBADT back to its active form.
Additional experiments were performed to further probe the
reoxidation of TBADT by dioxygen. After irradiation of the
high methane conversion aerobic reaction conditions (15 psig
of CH,) for 24 h, dioxygen top pressure was added to the
reactors followed by further irradiation. A series of experiments
were performed in which we modulated the amount of
dioxygen added, the number of dioxygen pressurizations, and
the amount of irradiation time between dioxygen top pressure
additions. In many of these experiments, the formation of
MeCl could not be accurately quantified due to signal
broadening in the 'H NMR spectra (see Figure S3 for the
representative 'H NMR spectrum). A preliminary reoxidation
reaction as well as the optimal reoxidation reaction are
displayed in Scheme 2, along with the high-methane
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Scheme 2. Comparison of High-Yield Aerobic Methane Oxidation to MeX (X = TFA, Cl) Reaction with Standard Reagent
Loadings (A) to Preliminary Reoxidation Reaction with Standard Reagent Loadings (B) and Optimal Reoxidation Reaction

with Standard Reagent Loadings (C)“

A) High Yield Aerobic Reaction

TBADT (0.007 mmol)
KCI (1.34 mmol)

I, (0.025 mmol)
CHa HTFA (8 mL)

15 psi m

(15 psig) hv, 24 h

B) Preliminary Re-oxidation Reaction

TBADT (0.007 mmol)

43 +0.76 TOs MeTFA + 6.7 + 0.29 TOs MeCl
7.7 +0.58% yield MeTFA + 1.2 + 0.054% yield MeCl

100 + 35 TOs MeTFA + 6.8 + 1.3 TOs MeCl

KCI (1.34 mmol) )
I, (0.025 mmol) 25 psig Oy
CH,
: HTFA (8 mL) hv, 24 h
(20 psig) hv, 24 h

C) Optimal Re-oxidation Reaction
TBADT (0.007 mmol)

13 + 4.3% yield MeTFA + 0.89 + 0.22% yield MeCl

370 + 85 TOs MeTFA

KCI (1.34 mmol) o
15 psi
CH, 1, (0.025 mmol) psig O2 6
O, purge
hv, 24 h

“Results are reported as catalyst TOs and percent yields based on

independent experiments reported with their standard deviation.

59 + 14% yield MeTFA
*Cannot detect MeCl due to line broadening

methane. Each reaction scheme represents the average of at least three

conversion aerobic reaction for comparison. We note that the
optimal reoxidation experiment reached the pressure limi-
tations of the reaction vessel. Because dioxygen is our limiting
reagent under these conditions, it is feasible that MeX
formation will continue with additional dioxygen if a reactor
with a higher pressure limit or continuous flow of dioxygen is
used.

In an effort to circumvent the pressure limitations of the
reactors described above with dioxygen, non-gaseous additives
were explored as potential co-oxidants, such as copper salts and
peroxides. None of the copper salts explored (CuCl,-xH,0,
Cu(OAc),xH,0 [OAc = C,H;0,7], or Cu(TFA),xH,0) nor
K,S,0; had any beneficial effect on product formation (Figure
S4). Alkyl peroxides (tert-butyl hydroperoxide and di-tert-butyl
peroxide) were then explored as potential co-oxidants,
resulting in >100% yield of MeX (Table S1). However, this
>100% MeX vyield was due to peroxide decomposition for
which photoinduced cleavage of the peroxide O—O bond
followed by decomposition leads to the production of methyl
radicals and acetone (see the Supporting Information for
details).”””® When hydrogen peroxide (which is unable to
generate methyl radicals) was used, no improvement of MeX
yield (within deviation) was observed relative to the high yield
aerobic reaction. The large deviations for these reactions can
be explained by photodecomposition. UV irradiation initiates
O—0 bond cleavage to hydroxyl radicals, which form water
and dioxygen through a radical chain mechanism, leading to
differing concentrations of these three compounds in reaction
solution.”’ Overall, no solids or liquids were identified as
effective co-oxidants.

Mechanistic Studies Based on Density Functional
Theory. DT’s involvement in the chemistry is not trivial. DT
is primarily known for its ability to perform HAT on alkanes to
generate alkyl radicals. In the present case, this could be HAT
to convert methane to CHje, which has been previously
observed.”® We initially considered that DT also abstracts H
from HTFA to form TFAe. However, HTFA’s polarity
mismatch with DT®' and strong O—H BDE (113.7 kcal/

6387

mol) would make HAT of the HTFA O—H bond by DT
unlikely.”” If we assume that HCI is generated through HAT
from methane by Cle, it is plausible that DT undergoes a HAT
with HCI to regenerate the Cle. However, the difference in pK,
between H-TFA and H—Cl is >6 units, such that HCI would
likely deprotonate to form Cl™. An alternative path for CI™
would be to undergo electron transfer (ET) with DTee to
again form Cle and reduce DTee to DTe™.*>”> We propose a
two-fold involvement of DT in the methane oxidation
chemistry. First, active DTee abstracts hydrogen from CH,
to form CHse. Second, DTee oxidizes Cl~ to Cle; Cle can
either directly react with CH, via HAT or associate with a CI~
to form a Cl,®” radical trap. With these considerations in
mind, we propose the mechanism depicted in Figure 6.

We probed the mechanism for CH, conversion to MeTFA
hypothesized in Figure 6 using quantum mechanics (QM)
calculations at the DFT level. We begin with the first sub-
mechanism, which involves the actual conversion of CH, to

- o, O 9
cr HCI o or 0”7 OH
Cl HCI
p 4s CH4CI CFs
o ><CH'3 A
1 CHal HI
DT"  HDT* o CF4
(N o™ on
\ hv DT

\ Hoz/

Figure 6. Global mechanism for methane oxidation toward MeX. The
mechanism can be partitioned into three sub-mechanisms working
synergistically. The first sub-mechanism (green, labeled CH, to MeX)
is the Cl/I radical-based pathway in which methane (or CH;e after
HAT) is converted to MeTFA and MeCl (CH;Cl in figure). The
second sub-mechanism (blue, labeled CI~ ET Cycle) is DTee + CI~
ET to generate Cle. The third sub-mechanism (purple, labeled CH,
HAT Cycle) is the HAT of CH, with DTee or Cle to generate
CH;e.
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MeTFA. With Cle as the HAT agent and I, as the radical trap,
the sub-mechanism occurs as:
CH, reacts with Cle to generate CHze and HCI
CH;e is then trapped by I, to form CH;I and Ie
CH,I reacts with HTFA to form MeTFA and leave HI

The free energy surface for this pathway is detailed in
Scheme 3.

Scheme 3. DFT Free Energies at 298 K for the Conversion
of Methane to MeTFA within the CI/I System

G (kcal/mol)

[ Cl--H--CHs ]i
1.5

cr

CHyl

Cl-Based Radical Mechanism. The barrier required for
HAT between CH, and Cle to produce CHze and HCI is
calculated to be 1.5 kcal/mol above the methane starting state,
while the reaction step is overall downhill by —1.3 kcal/mol.
Following formation of CHje, molecular I, reacts to form
CH,lI and Ie. DFT predicts this step to be barrierless and
exergonic by —35.6 kcal/mol, which places CH,I at —36.9
kcal/mol below the methane starting state. Following the
formation of CH;I, MeTFA can now form by a Sy2 solvolysis
reaction with HTFA. In this reaction step, the protonated O of
HTFA acts as a nucleophile to attack the C of CH;l, forming
HTFA"—CH; and I". The now trivalent O of HTFA*—CH,
gives up H' to I”, forming HI and the desired MeTFA product.
DFT predicts that this conversion of HTFA and Mel to
MeTFA and HI is uphill by 8.9 kcal/mol. The acidity of HI,
which should protonate water, would drive the conversion of
Mel and HTFA to MeTFA and HI to completion. In this sub-
mechanism, the overall conversion of CH, to MeTFA is —28.0
kcal/mol when Cle is the HAT agent with I, as the radical
trap.

We note that although Cle is recycled in our proposed
mechanism, excess KCl optimizes catalyst performance (1.34
mmol of KCI to 0.007 mmol of TBADT at standard aerobic
reaction conditions). Likely reasons for this effect are that a
higher concentration of ClI” provides more efficient generation
of Cle via reaction with DTee and access to other reactive
species such as CL,e~ and Cl;~.”* In this scenario, excess CI~
would both increase the production rate of Cle and increase
the pool of these reactive intermediates, which in turn
contributes to methane oxidation.

lodine-Free Radical Mechanism. It is important that we
also consider the chemistry in the absence of iodine, since this
is the condition of some experiments. In the absence of iodine,
we observe that oxidation of CH, to MeTFA still occurs,
however with decreased turnovers. This is likely because
without iodine, Cl, or Cl,@~ (which forms when Cle and CI~
associate)”® serve as the radical trapping agent in which CH,Cl
is formed instead of CH,L*® Because Cl~ is a poorer leaving
group than I, CH;Cl + HTFA solvolysis to form HCI and
MeTFA is likely retarded. However, HAT between CH, and
Cle is not affected by the absence of iodine. The free-energy
pathway is depicted in Scheme 4. As noted, HAT between
CH, and Cle remains unchanged with a barrier of 1.5 kcal/
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Scheme 4. DFT Free Energies at 298 K for the Conversion
of Methane to MeTFA in the Absence of I,

G (kcal/mol)

mol, resulting in the alkyl radical and HCI at —1.3 kcal/mol.
Trapping of the alkyl radical with Cl, is downhill by —34.0
kcal/mol, resulting in the formation of CH,CI at —35.3 kcal/
mol. With Cl,e7, radical trapping is downhill by —46.3 kcal/
mol, resulting in CH;Cl and CI™ at —47.6 kcal/mol. Like the
case with CH,I, we propose CH;Cl follows a Sy2 solvolysis
pathway with HTFA to generate MeTFA and HCI. Solvolysis
between CH;Cl and HTFA is uphill 4.7 kcal/mol, resulting in
HCI and the desired MeTFA at —30.6 kcal/mol (—42.8 when
Cle~ is the radical trap). While solvolysis with MeCl (4.7
kcal/mol) is thermodynamically more accessible than Mel (8.9
kcal/mol), the actual kinetics for MeCl solvolysis will be slower
because the HTFA*—CHj; + Cl ion pair is less stable than the
iodine analogue on account of CI™ being a worse leaving group
than I".

Decatungstate Integration. Previous reports have shown
that ground-state DT, specifically NaDT and TBADT, can be
photoexcited by 365—390 nm light to a highly active HAT
reagent.”””>**"” The absorption spectrum for DT anion shows
a large peak at 324 nm, corresponding to a HOMO—-LUMO
transition, also marked by ligand-to-metal charge transfer
(LMCT).”®” This photoexcitation is likely a closed-shell
singlet-to-open-shell singlet transition of DT in which the
SOMOs reside on the oxygens. The open-shell singlet relaxes
from the Franck—Condon point to the open-shell singlet
minima in <1 ps.”” This excited singlet reportedly decays via
an intersystem crossing to the active triplet state, which is
stabilized by the exchange interaction. This active triplet state
is formed with a quantum yield of 0.5—0.6 and exists for 55 +
20 ns in acetonitrile.*”'%°~'%° The triplet state (DTee) has a
radical character on the electrophilic oxygens, such that it can
readily pull H atoms off neighboring molecules (like CH, and
HCl) to generate radicals when the substrate oxidation
potential is above +2.44 V vs saturated calomel electrode
(SCE).®> When the oxidation potential is below +2.44 V vs
SCE, the complex is expected to perform ET; this is the regime
in which DT oxidizes Cl” to Cle.” Following ET, protonation
of DTe™ from the medium would result in HDTe with an
overall doublet spin. Previously published experimental
evidence shows that after reacting, the solution containing
DT turns dark blue with strong absorption bands in the 600—
800 nm range, which we interpret as the formal reduction of W
in DT.3$937799106-108 The species responsible for the blue
color occurs after relatively long periods of time and is not
active in catalysis. For our purposes, we focus on the singlet
ground-state DT, the lowest-lying triplet DTee, and the
reduced HDTe.

We calculate that the initial excitation of DT to the lowest-
lying triplet DT ®® requires 43.5 kcal/mol; experimentally, this
excitation arises through irradiation by 365—390 nm light. For
simplicity, we set DT ®e as the reference state of 0.0 kcal/mol
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in Scheme S. Spin density analysis reveals significant unpaired
spin on the bridging oxygens in DT ee. Oddly, the terminal oxo

Scheme 5. DFT Free Energies at 298 K for (a) the
Generation of Cle through ET of Cl~ with DTee and (b)
for the Generation of CH;e through HAT of CH, with
DTee

(@)
G (kcal/mol)

0.0

CF ¢l

DT

ligands exhibit little spin density, contrary to previous beliefs
that the terminal oxos are responsible for HAT.*> To confirm
this finding, we analyzed the hydrogen binding (HB) energies
for the five unique oxygens of DTee (Figure 7).

DT Site H-binding Energy
(kcal/mol)

-29.0

-47.3

-35.0

-47.7

-41.4

AW N =

Figure 7. Spin-density diagram for the lowest-lying triplet
decatungstate (purple = @, green = f8) and hydrogen-binding energies
(kcal/mol) for the five unique oxygen sites. The oxygen and tungsten
atoms are red and gray, respectively.

We define the HB energy as the free energy of the reaction
He + DTee — HDTe. Sites 2, 4, and 5 are bridging oxygens,
and sites 1 and 3 are terminal oxo ligands. As the spin density
analysis suggests, binding He to the bridging oxygen sites was
most favorable. The HB energy to sites 2, 4, and 5 are —47.3,
—47.7, and — 41.4 kcal/mol, respectively. In contrast, the HB

energy to sites 1 and 3 are —29.0 and —35.0 kcal/mo],
respectively, indicating that binding H to the terminal oxo
ligands is significantly less favorable. Overall, site 4 provides
the best HB energy, while site 1 is the worst. Thus, site 4
would appear responsible for the HAT since it binds H the
strongest, but we note that site 4 is not easily accessible due to
the two adjacent oxo groups. For example, CH, does not
readily undergo HAT with site 4 because the adjacent oxo
ligands would repel the CH, due to Pauli repulsion. Instead,
we propose that HAT occurs through site 2. Site 2 is easily
accessible for HAT and provides the second-best HB energy,
only 0.4 kcal/mol less than site 4. Ravelli and coworkers also
proposed that site 4 is shielded and therefore not active for
HAT.®* Site 1 was previously believed to be the active HAT
site because it contributes more to the shape of the HOMO-1
orbital compared to site 2 (HOMO-1 is where the unpaired
spin resides) and because its geometric parameters match that
of HAT with a triplet carbonyl in which the process occurs in-
plane with the C=O bond. We claim that the difference
between sites 1 and 2 for the HOMO-1 contribution is small
and that both sites provide geometric parameters suitable for
HAT with a carbonyl. This, combined with site 2’s more
favorable HB energy, leads us to propose that site 2 is
responsible for HAT.

Scheme 5 shows ET to DTee from CI™ to form Cle and
HAT to DTee from CH, to form CH;e; preceding these steps
is the photoexcitation of DT to DTee, which DFT predicts
requires 43.5 kcal/mol. For simplicity, we choose DTee to be
the reference state at 0.0 kcal/mol. DFT predicts ET to DTee
from CI™ is downhill by —4.3 kcal/mol.”>'*” Following ET,
DTe~ would protonate to form HDTe (not shown). We find
that HAT from CH, to DTee is —1.6 kcal/mol downhill with
a transition state barrier of 6.1 kcal/mol above the DTee
reference state. Subsequent regeneration of DT from HDTe is
achieved through oxidation by dioxygen.

Decatungstate Regeneration by Dioxygen. HAT leads
to the HDTe species, which can undergo further reoxidation
to regenerate the DT catalyst and funnel H toward H,O. Given
the presence of dioxygen (O,) in the reaction vessel, the first
step is likely a HAT in which triplet O, pulls H off HDTe to
generate HO,® and a ground-state singlet DT. The HO,® can
then pull another H off an additional equivalent of HDTe to
generate HOOH. We envision that during catalysis, there
exists a pool of O—H-containing species such as OHoe,
HOOH, HO,e, etc. These species can react in numerous ways,
making it difficult to predict exactly how O, and HOOH may
funnel toward a thermodynamic sink. However, our previous

Scheme 6. DFT Free Energies at 298 K for the Conversion of Dioxygen to H,O and Regeneration of the DT Ground State
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study on peroxide radical chemistry revealed that in a large
ensemble of O—H-containing species, the reactions that occur
most are (1) HOOH + OHe — HO,e + H,0 and (2) HOOH
+ HO,e - OHe + O, + HZO.110 Both reactions consume
HOOH and produce H,0. We hypothesize that upon
formation of HOOH from HO,e, either of these two reactions
can consume the HOOH to form H,0. This H,O formation
mechanism is depicted in Scheme 6.

Starting with triplet O,, HAT to pull H off the doublet
HDTe to regenerate ground-state singlet DT while forming
HO,e is uphill by 8.1 kcal/mol. HO,® can now perform a
secondary HAT on an additional HDTe to form HOOH plus
another singlet DT; this step is downhill by —15.5 kcal/mol.
Formation of HOOH opens numerous avenues for a plethora
of possible reaction steps. However, we believe the most likely
reactions that can occur are either (1) HOOH + OHe —
HO,e + H,0 or (2) HOOH + HO,e — OHe + O, + H,0.
Reaction 1 is barrierless to form HO, e and H,O at —48.7 kcal/
mol. Reaction 2 requires a barrier of —1.5 kcal/mol (or 14.0
kcal/mol relative to preceding HOOH intermediate) and is
downhill to form OHe, O, and H,0O at —44.2 kcal/mol.
Overall, this sub-mechanism converts O, to H,0O and
regenerates two ground-state DT from two HDTe. We note
that this mechanism does not account for DT’s reduced —5 or
—6 states that are observed in experiment. We believe these
states are formed via non-catalytic electron transfer side
reactions that do not contribute to the catalytic methane
oxidation chemistry. Indeed, previous experimental studies
claim that these —5 and —6 states are formed over long time
periods and are not catalytic.’”

Reaction Tolerance to Water. The DFT-predicted
reaction mechanism suggests HO,® formation from the
reoxidation of HDTe by O,, which eventually funnels to the
formation of H,0. Thus, we experimentally probed the
reaction tolerance to water. Varying equivalents of water
were added at the start of the reaction under our standard
aerobic reaction conditions to quantify the effect on the
amount of MeX produced. The formation of MeX is plotted
against equivalents of added water relative to TBADT in
Figure 8. At 1000 equivalents of water relative to TBADT (7.0
mmol of H,0), there is no effect on MeX production. At
10,000 equivalents of water relative to TBADT (70 mmol of
H,0), MeX production is shut down. At this concentration of
water, the impact on reaction rate is likely due to a solvent
effect (e.g, reduced acidity) rather than a specific kinetic
impact (Figure 8).

B SUMMARY AND CONCLUSIONS

We have demonstrated the partial oxidation of methane using a
photochemically driven process comprising catalytic TBADT,
chloride, and iodine in HTFA. Under aerobic conditions, the
MeX vyield reached ~9%. Our kinetic studies revealed a
dependence on dioxygen concentration. Reoxidation experi-
ments with dioxygen led us to achieve methane-to-MeTFA
conversion with >350 TOs based on TBADT and ~60% yield
based on methane when optimized. MeTFA was shown to be
stable under standard reaction conditions, with >94%
remaining after 41 h.

Density functional theory calculations were used to
determine the reaction mechanism, which validates our
proposal that photo and radical chemistry synergistically
perform methane functionalization. Based on the DFT
calculations and experiments, we propose a radical pathway
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Figure 8. Amount of MeX (X = TFA, Cl) produced under standard
aerobic reaction conditions in which varying amounts of water were
added to the start of the reaction. Equivalents of water are reported
with respect to TBADT. Each bar graph represents the average of at
least three independent experiments with error bars depicting the
standard deviation of the three experiments.

in which a hydrogen atom is abstracted from methane by a
chlorine atom or by triplet DT ®e to generate a methyl radical,
which is then trapped by some chlorine or iodine species (Cl,,
ClLe™, and I,) to generate a methyl halide.*® From there,
HTFA undergoes Sy2 solvolysis with the methyl halide to form
the desired ester product, MeTFA. The chlorine radicals in this
mechanism are generated through electron transfer from
chloride anion to DTee. We propose that after ET by DTee
and subsequent protonation, dioxygen reoxidizes HDTe and
subsequently forms water.

The addition of DT to the chloride—iodine system presents
a novel strategy for the photodriven partial oxidation of
methane toward MeTFA. DT’s remarkable quantum efliciency
and HAT reactivity provides synergy with the free radical
chemistry of chloride and iodine, affording the desired MeTFA
product which maintains excellent stability.

B EXPERIMENTAL SECTION

Caution. Many of the reagents and conditions described
herein are particularly hazardous. Appropriate safety measures
should be taken and appropriate personal protective equip-
ment should be worn when handling strong acids, especially in
large volumes. Broadband mercury arc lamps are dangerous to
the skin and eyes, and even a brief exposure can result in
permanent damage. The lamps must only be turned on while
encased in an enclosure that precludes exposure to the naked
eye. Cool to room-temperature water must always be
recirculated around the lamp to prevent uncontrolled over-
heating; this is especially important when conducting reactions
containing mixtures of methane and air or dioxygen. NOTE:
Mixtures of methane and dioxygen are potentially explosive.'"!

General Comments and Materials. All reactions were
carried out under an ambient atmosphere unless indicated
otherwise. Methane, oxygen, nitrogen, and argon were
purchased from GTS-Welco and used as received. Potassium
chloride, potassium bromide, iodine, trifluoroacetic acid (>
99.9%), glacial acetic acid, nitromethane, copper(Il) acetate
hydrate, copper(II) chloride hydrate, copper(Il) trifluoroace-
tate hydrate, potassium persulfate, di-tert-butyl peroxide, tert-
butyl hydroperoxide, hydrogen peroxide, and trifluoroacetic
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anhydride were purchased commercially and used as received.
Tetrabutylammonium decatungstate (TBADT) was synthe-
sized and characterized according to a literature procedure, for
which the reagents were purchased commercially and used as
received.''” High-pressure reaction vessels were constructed
from Fisher—Porter tubes purchased from Andrews Glass, and
custom-built reactor tops were constructed from Swagelok
stainless steel fittings (see Figure S2). These reaction vessels
can be safely pressurized to 250 psig at room temperature. The
photolysis enclosure was constructed with a power supply
feeding a broadband mercury arc lamp. The mercury arc lamp
was nested in a quartz immersion well in which cool to room-
temperature DI water (15—40 °C) was recirculated through at
all times the lamp was powered on. The power supply (450
watts, product #7830-60), Hanovia mercury arc lamp (medium
pressure, 450 watt, 121.92 mm arc length, 244.35 mm overall
length, product #7825-34), and quartz immersion well
(product #7854-27) were purchased from Ace Glass. The
mercury arc lamp is quoted to irradiate ~40—48% in the
ultraviolet spectral range, ~40—43% in the visible spectral
range, and the remainder in the infrared spectral range.
Mercury arc lamps were replaced every 1000 h. NMR analysis
was performed using a Varian Inova 500 or 600 MHz
spectrometer. '"H NMR data of reaction mixtures were
obtained with a capillary of C4Dy as the internal lock reference.
Chemical shifts are reported relative to the internal standards
of either CH;NO, (6 4.18) or HOAc (§ 2.04). UV—vis
spectral measurements of TBADT were collected on a Cary 60
UV—vis spectrometer. Samples were prepared in 1 cm square
quartz cuvettes.

General Procedure for Photochemical Methane
Functionalization. Reactions were performed in triplicate
and at room temperature. Each Fisher—Porter reactor was
charged with a stir bar and solid reagents (TBADT, KCl, and
I,) followed by 8 mL of HTFA. Unless specified otherwise,
TBADT was ground with a mortar and pestle prior to addition
to the reactor. The reactors were sealed under air and weighed.
The reactors were then pressurized with methane and weighed
again. The amount of methane added was quantified by the
difference in mass before and after methane addition. The
reactors were then added to a photolysis enclosure, each
positioned 16 cm from the mercury arc lamp with uniform
stirring. Reaction time was started 15 min following lamp turn-
on to account for lamp warm-up time to reach full intensity.
After the reaction, the lamp was turned off and the photolysis
chamber was kept closed for at least 1 min to ensure that the
lamp was safely powered off. The reactors were removed,
weighed to probe for leaks, and cooled in front of a fan for at
least 15 min. The reactors were then vented in a fume hood, 20
uL of internal standard (either CH;NO, or HOAc) was added
to each reaction, and the reaction mixtures were thoroughly
stirred. An aliquot from each reaction mixture was removed
and centrifuged, from which the supernatant of each was added
to an NMR tube containing a sealed capillary containing C¢D.
The products were analyzed by 'H NMR spectroscopy. See
Figure S1 for a sample '"H NMR spectrum.

MeTFA Stability under Photochemical Conditions.
Reactions were performed in triplicate and at room temper-
ature. Each Fisher—Porter reactor was charged with 0.007
mmol of TBADT, 1.34 mmol of KCl, 0.025 mmol of I,, and a
stir bar followed by 8 mL of HTFA and 0.35 mmol of MeTFA.
The reactors were sealed under air, pressurized with 100 psig
of Ar, and weighed. The reactors were then added to a
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photolysis enclosure, each positioned 16 cm from the mercury
arc lamp, with uniform stirring. Reaction time was started 15
min following lamp turn-on to account for lamp warm-up time
to reach full intensity. After the reaction, the lamp was turned
off and the photolysis chamber was kept closed for at least 1
min to ensure that the lamp was safely powered off. The
reactors were removed, weighed to probe for leaks, and cooled
in front of a fan for at least 15 min. The reactors were then
vented in a fume hood, 20 uL of internal standard (either
CH,NO, or HOAc) was added to each reaction, and the
reaction mixtures were thoroughly stirred. An aliquot from
each reaction mixture was removed and centrifuged, from
which the supernatant of each was added to an NMR tube
containing a sealed capillary containing C¢Dg. The products
were analyzed by "H NMR spectroscopy.

Experiments Involving Dinitrogen/Dioxygen Purges.
Reactions were performed in triplicate and at room temper-
ature. Each Fisher—Porter reactor was charged with 0.007
mmol of TBADT, 1.34 mmol of KCI, 0.025 mmol of I,, and a
stir bar followed by 8 mL of HTFA. The reactor tops were
fitted to the reactors but not sealed. Using a long needle, the
respective gas was bubbled through each reaction solution one
at a time. Following 1 min of bubbling, the needle was
removed and the reactor valve was quickly sealed. The reactors
were weighed, pressurized with 100 psig of methane, and
weighed again. The amount of methane added was quantified
by the difference in mass before and after methane addition.
The reactors were then added to a photolysis enclosure, each
positioned 16 cm from the mercury arc lamp, with uniform
stirring. Reaction time was started 15 min following lamp turn-
on to account for lamp warm-up time to reach full intensity.
After 24 h of reaction, the lamp was turned off and the
photolysis chamber was kept closed for at least 1 min to ensure
that the lamp was safely powered off. The reactors were
removed, weighed to probe for leaks, and cooled in front of a
fan for at least 15 min. The reactors were then vented in a
fume hood, 20 uL of internal standard (either CH;NO, or
HOAC) was added to each reaction, and the reaction mixtures
were thoroughly stirred. An aliquot from each reaction mixture
was removed and centrifuged, from which the supernatant of
each was added to an NMR tube containing a sealed capillary
containing C¢Dg. The products were analyzed by 'H NMR
spectroscopy.

Reoxidation Experiments with Dioxygen. Reactions
were performed in triplicate and at room temperature. Each
Fisher—Porter reactor was charged with 0.007 mmol of
TBADT, 1.34 mmol of KCl, 0.025 mmol of I,, and a stir bar
followed by 8 mL of HTFA. Reactors were either sealed under
air or purged with dioxygen. The reactors were weighed,
pressurized with methane, and weighed again. The amount of
methane added was quantified by the difference in mass before
and after methane addition. The reactors were then added to a
photolysis enclosure, each positioned 16 cm from the mercury
arc lamp, with uniform stirring. Reaction time was started 15
min following lamp turn-on to account for lamp warm-up time
to reach full intensity. After the reaction, the lamp was turned
off and the photolysis chamber was kept closed for at least 1
min to ensure that the lamp was safely powered off. The
reactors were removed, weighed to probe for leaks, and cooled
in front of a fan for at least 15 min. The reactors were then
pressurized with dioxygen top pressure and weighed again. The
amount of dioxygen added was quantified by the difference in
mass before and after dioxygen addition. The reactors were
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then subjected again to the mercury arc lamp. This process of
adding additional dioxygen top pressure and re-subjecting to
the mercury arc lamp was repeated as detailed in each set of
reaction conditions. Following the last dioxygen addition and
irradiation, the reactors were removed, weighed to probe for
leaks, and cooled in front of a fan for at least 15 min. The
reactors were then vented in a fume hood, 20 yL of internal
standard (either CH;NO, or HOAc) was added to each
reaction, and the reaction mixtures were thoroughly stirred. An
aliquot from each reaction mixture was removed and
centrifuged, from which the supernatant of each was added
to an NMR tube containing a sealed capillary containing C¢D.
The products were analyzed by 'H NMR spectroscopy.

Computational Details. All density functional theory
calculations were performed within the Jaguar software
package version 10.9 from Schrodinger Inc. Structures were
first optimized using the PBE flavor of DFT including the
Grimme—Becke—Johnson (GBJ) D3 correction for London
dispersion. W and I atoms were treated with the Los Alamos
large-core triple-zeta pseudopotential augmented with polar-
ization and diffuse functions (LAV3P* + in Jaguar). All other
atoms were treated with the 6-31 + G(d) basis set. PBE-D3
geometry optimizations were followed by additional single-
point energy (SPE) calculations with implicit solvent. SPEs
were calculated with the M06-2X functional using GBJ D3
dispersion correction. For the SPE, W and I were described
with the Los Alamos small-core triple-zeta potential augmented
with polarization and diffuse functions (LACV3P**++ in
Jaguar); all other atoms were described with the 6-311+
+G(d,p) basis set. Solvent effects were included through the
PBF Poisson Boltzmann continuum model with parameters
matching trifluoroacetic acid. Frequency calculations were
performed at the M06-2X-D3/LACV3P**++ level to predict
thermochemical properties (zero-point energy, entropy, and
temperature correction to enthalpy). Frequency calculations
also served to confirm intermediates (0 imaginary frequencies)
and transition states (single imaginary frequency).
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