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Abstract

Photo-driven oxidations of alkanes in trifluoroacetic acid using commercial and synthesized Fe!!
sources as catalyst precursors and dioxygen as the terminal oxidant are reported. The reactions
produce alkyl esters, occur at ambient temperature in the presence of air, and catalytic turnover is
observed for the oxidation of methane in a pure dioxygen atmosphere. Under optimized conditions,
approximately 17% conversion of methane to methyl trifluoroacetate at more than 50% selectivity
is observed. It is demonstrated that methyl trifluoroacetate is stable under catalytic conditions, and,
thus, over-oxidized products are not formed through secondary oxidation of methyl
trifluoroacetate.



Introduction

There is great interest in the fundamental chemistry of hydrocarbon partial oxidation via C—-H
bond activation using dioxygen as the terminal oxidant. However, despite extensive research, the
selective partial oxidation of alkanes stands among the most challenging chemical reactions.! The
high bond dissociation energy of alkane C—H bonds (typically > 96 kcal/mol) combined with the
often weaker C—H bonds of functionalized products frequently leads to cascading oxidation
reactions and undesirable overoxidation, including the production of carbon dioxide.? As a result,
current industrial processes for the production of methanol from methane rely on an indirect route
involving the conversion of methane to synthesis gas (i.e., syngas, CO/Hz), which is energy and
capital intensive.> Hence, there is motivation for new processes for the direct partial oxidation of
alkanes under ambient conditions.* While examples of thermal alkane partial oxidation using
transition metals have been reported, many of them either have not been tested for light alkanes,’
yield over-oxidized products,® require complex catalysts and/or multi-step and energy-intense
extraction procedures,’® 7 or make use of terminal oxidants not recycled by dioxygen, preventing
industrial viability.®

The Catalytica process, which uses a Pt(II) catalyst in oleum, stands out as it provides high
selectivity and conversion of methane to methylbisulfate, which can be hydrolyzed to form
methanol.” Catalytic conversion of methane to methylbisulfate has been demonstrated for other
electrophilic catalysts [i.e., in addition to Pt(II)] in superacidic media.'® However, drawbacks of
such processes include the susceptibility of the electrophilic metal center to poisoning by even
strong acids and the energy intensive process required to separate methyl bisulfate from oleum.

Recently, there has been growing interest in photo-driven C-H functionalization with some
advancements on strategies for C—C coupling.!! Photochemistry can allow the selective formation
of high-energy intermediates that cannot be obtained thermally. However, there is little precedent
regarding photolytic conversion of light alkanes, and only a few publications report the oxidation
of non-functionalized alkanes using photocatalysis. Turnovers are attained for conversion of light
alkanes to tert-butoxycarbonyl-protected hydrazines using cerium chloride photocatalysts.'?
Selective conversion of methane to methanol using a TiO2 supported Fe catalyst and H>O> as a
terminal oxidant was reported,'? as well as aqueous photo-oxidation of methane to methanol with
perrhenate salts.!* Previously, our groups have reported oxy-esterification of light alkanes in
trifluoroacetic acid (HTFA), in both thermal and photolytic processes,'>*¢ and the groups of
Goldberg and Schelter have reported an aerobic photocatalytic process for alkane iodination.!>

Results and discussion

We screened a series of commercial, air-stable Fe™" compounds for alkane photo-oxidation.
For these initial screens, we used reactions that are stoichiometric in Fe!. Iron 1,3,5-
benzenetricarboxylate (Fe-BTC) and [EtsN]FeCls previously have been shown to functionalize C—
H bonds of cyclohexane and toluene in organic solvents under photochemical conditions in the
presence of an external oxidant (air/O>).!° For our initial screening, Fe'! compounds (0.25 mmol)
were combined with HTFA and cyclohexane (1.25 mmol), and the mixture was irradiated with a
370 nm LED for 24 h (Table 1). Of the Fe compounds we examined, commercial Fe'!
trifluoromethanesulfonate (Fe(OTf)s) performed the best, giving a quantitative yield of
cyclohexyl-trifluoroacetate (Cy-TFA), based on amount of Fe''', with no detectable overoxidation
(e.g., cyclohexanone or difunctionalized products). The quantitative yield based on Fe'! is the
theoretical maximum for a two-electron reaction, assuming that two Fe'l' centers are required for
conversion of cyclohexane and HTFA to Cy-TFA (note: these initial screening reactions were
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stoichiometric in Fe!). The quantum yield for this process was determined to be ~1% using
standard iron oxalate actinometry, although this value is certainly an underestimate due to the
turbidity of the reaction mixture (see Supporting Information). Fe(acac)s (acac = acetylacetonate),
which contains three bidentate k*-O,0 acac ligands, gave moderate functionalization with only
26% yield over the same time period. We hypothesize that the bidentate acac ligands are bound
too strongly to allow full conversion to the proposed active Fe species that is responsible for C—H
functionalization over the time allowed for the reaction (24 hours, vide infra). LEDs can generate
heat, resulting in the reactors reaching temperatures of 40-50 °C. In a control experiment
performed in the dark for 24 h at 60 °C, no cyclohexane functionalization was detected,
demonstrating the photochemical nature of the reaction.

1T

Table 1. Screening of Fe™ compounds for photochemical cyclohexane functionalization.”

Fe' (0.25 mmol) X
HTFA (1 mL)

370 nm LED, 24 h

(1.25mmol)  ympient atmosphere X(o=r'g|:)A
Entry Fe!' Source Yield f(nre)

1 None ND

2 None (0.75 mmol HOTY) ND

3 Fe203 trace
4b Fe304 <1%
5¢ Fe(acac)s 26%
6 [EtsN]FeCls 100% ¢
7° Fe-BTC 96%
8 Fe(OTf)s 100%
o Fe(OTf)s 18%

2 Yields based on the amount of iron, abbreviated yield f(nre), are determined by GC-MS vs. tetradecane
as an internal standard and are the average of two experiments. ® Both Fe203 and FesOs are only partially
soluble in TFA, affording inactive Fes-usO upon dissolution (see below). For FesO4 0.26 mmol was used.
Yield based on equiv of FesOs4 and does not account for reaction stoichiometry in (a). ¢ Detected < 5%
cyclohexyl-1,2-TFA. Cyclohexyl-TFA 18%, cyclohexyl-Cl 82%. ¢ Trace cyclohexanone detected. 'Blue LED
(400-500 nm) used instead of 370 nm. ND = not detected.

With these promising results selectively activating a single C—H bond in cyclohexane, the
scope of substrates was expanded to other alkanes. C—H functionalization was observed using
Fe(OTf)s for methane, ethane, propane, cyclopentane and n-pentane (Table 2). Yields against nre
are 60% for MeTFA, 36% for EtTFA and the combined yield for propane oxidation products
reached ~2 turnovers (TOs). For all substrates, the TFA mono-ester was the major product. In the
case of propane, preference for the 2-propyl trifluoroacetate over the 1-propyl trifluoroacetate in
an approximate 2:1 ratio is consistent with a process involving net homolytic H atom abstraction,
selecting for the weaker internal C—H bond over the stronger terminal C—H bond.!>® !5¢ While the



difference in yields between methane, ethane and propane cannot be directly correlated to the
strength of the C—H bonds, similar observations were reported for the photo-amination of light
alkanes by cerium salts, with the solubility of different alkanes impacting reaction yields.!? The
observation of CHF; and CHF,TFA for some reactions is discussed below.

Table 2. Screening substrates for photo-oxidation using Fe(OTf); in HTFA.

Fe(OTf)3 (0.25 mmol)
alkane ¥ product(s)
HTFA
370 nm LED, 24 h
ambient atmosphere

Entry Alkane Product(s) Yield f(nre)
1@ CHa CHsTFA 60 + 4%
\_TFA 36 2%
22 C2He
TFA
\_7rA ND
TFA 140 + 24%
3? CsHs ~TFA 64 £ 14%
TFA ND
TFA
4° E> O—TFA 50%
56 NN
M 30%
TFA
" O e oo
)TiA/\/ 0%
7° NN
TFA

\)\/\ 4%

@ Alkane (gaseous, 100 psig), HTFA (8 mL), 90 mL Fisher-Porter pressure reaction vessel. ® Alkane (liquid,
1.25 mmol), HTFA (1 mL), 8 mL microwave vial with crimp cap. Yields averaged from @ three or ® two
experiments, measured by ?NMR or » GC-MS. ND = not detected. Typical NMR or GC-MS spectra for the
characterization of products for each of the above reactions can be found in the Supporting Information for
all substrates: methane (Figure S9), ethane (Figure S10), propane (Figure S11), and liquid alkanes (Figures
S15 through S18). The observation of CHF3 and CHF2TFA is discussed below.
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Combining each of the active Fe compounds in Table 1 with alkanes in HTFA results in
heterogeneous mixtures. After removal of the solids by filtration, the soluble fractions gave the
same absorbance feature in UV-Vis spectra at ~340 nm (Figure S1). This common feature suggests
in situ formation of the same soluble Fe species. In separate experiments, we monitored the
formation of Cy-TFA over time using Fe(OTf); and Fe(TFA)s as Fe!"! sources (Figure 1). Both
reactions give near-quantitative formation of Cy-TFA after 24 h of photolysis. When using
Fe(OTf)3, an induction period followed by rapid formation of Cy-TFA was observed, while the
Fe(TFA);s plot appears approximately linear, suggesting that Fe'!! salts initially undergo a reaction
with the HTFA solvent to form an Fe!'' complex that mediates alkane oxidation. The relatively
poor activity of Fe(acac); compared to complexes (see above) with more labile ligands is
consistent with the strong coordination of acetylacetonate.
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Figure 1. Cy-TFA production by photolysis of Fe'/HTFA mixtures with a 370 nm LED. Each
point on the plot resulted from a separate reaction. The lines are added to guide the eye. 0.25 mmol
Fe'', 1.25 mmol cyclohexane, 1 mL HTFA, 8 mL microwave vial with crimp cap. The
photoreduction of Fe! to Fe!! followed a similar time course (Figure S19).

In excess HTFA, the Fe''! salts react to form Fe'''y(TFA)y clusters.!” A previous report showed
that refluxing anhydrous Fe!'Cl3 in HTFA leads to formation of a hygroscopic white solid
described as "Fe(TFA)s."!® Upon exposure to moisture, this white solid changes color to form a
red material, the structure of which was later reported.!”” We were able to crystallize a similar
structure  (CCDC 2096583,  Figure @S2,  Tables S1 through  S9)  as
[Fe'3(13-O)(H20)2( u—TFA)s(TFA)(HTFA), termed "Fes-u30” herein. The structure shows three
Fe(IIT) ions are arranged around a central p3 bridging oxo coplanar with three Fe'! atoms. Two of
the Fe atoms have water molecules coordinated trans to the u3-oxo bridge and have short Fe-oxo
bond distances (1.912(2) A). The third iron-oxo bond distance is longer (1.955 A), reflecting the
trans-trifluoroacetate ion on that Fe. Although the structure we determined for



[Fe'3(13-O)(H20)2( u—TFA)s(TFA)(HTFA) is similar to the previously reported structure,!® one
of the protons in the aqua ligands in the structure is resolved and involved in a hydrogen bond with
a disorganized solvent molecule rather than with the fluorine of a clearly defined TFA ligand.
Fe3-u30 was further characterized using Mossbauer and EPR spectroscopy (Figures S13 and S14),
which show characteristics typical of high-spin ferric iron.

We studied the effect of dioxygen and water on methane oxidation using freshly prepared
anhydrous Fe(TFA); handled in an anaerobic environment (Table 3). While dioxygen was required
to oxidize methane to MeTFA using Fe(TFA)s, the presence of water was detrimental to activity.
For example, adding 2 equiv (relative to the amount of Fe(TFA)3) of H>O under 1 atm of dry
dioxygen reduced the MeTFA yield from ~200% (i.e., two catalytic turnovers) to 34% (Entries 2
and 3, Table 3). Adding 22 equiv of water rendered Fe(TFA); entirely inactive (Entry 6, Table 3).
These results indicate that the active species for alkane oxidation is not the Fes-u30 complex. Thus,
we propose that Fe(TFA)3 is the active species for hydrocarbon oxidation, but can react with water
to form the inactive Fes-u30 complex. Thus, under aerobic conditions, as the hydrocarbon is
oxidized and water is formed, inhibition of catalysis is anticipated (Scheme 1).

Table 3. Screen of conditions for methane oxidation with Fe(TFA)3.“

"Fe(TFA)3" (0.25 mmol)
+ H,0 (0.5 or 5.5 mmol)
1+ O, (1 atm)
CHy4 > MeTFA
(100 psig) HTFA (8 mL)
370 nm LED, 24 h

Entry 02 H20 Yield f(nre)
1 Reaction carried in air 33+£2%
2° + + 34 £5%
3¢ + - 196 £ 13%
4b - + trace
5¢ - - ND
6¢° + ++ ND

@ Standard reaction conditions: 0.25 mmol Fe(TFA)z, 100 psig CH4, 8 mL HTFA, 370 nm LED, 90 mL Fisher-
Porter pressure reaction vessel. Yields were determined by 'H NMR spectroscopy with CHsNO2 as internal
standard. HTFA and H20 were degassed with N2. Yields are averaged from triplicate experiments. ND =
not detected, trace = yield < 1%. ?0.5 mmol H20 added ¢ To remove all water, reaction carried in 8 mL of
HTFA:TFAA in 4:1 vol. ratio. TFAA is trifluoroacetic anhydride. 5.5 mmol H20 added.

1 cat. Fe(TFA)3
CH4 + '/, O, + HTFA CH,TFA + H,O

- HTFA

3 Fe(TFA); + 3 H,O [Fe'3(u3-0)(H,0),(u-TFA)s(TFA)(HTFA)

Scheme 1. Oxidation of methane by dioxygen in HTFA, followed by formation of the inactive
[Fe'3(13-O)(H20)2( u—TFA)s(TFA)(HTFA), through reaction of Fe(TFA)s with H,O.

The hypothesis that an inactive species is formed in the presence of water is supported by
UV-Vis characterization of Fe(TFA); in different solvent mixtures (Figure 2). Fe(TFA); is
insoluble in rigorously dry HTFA and gives no discernible features in the UV-Vis spectrum. Upon
addition of water, red Fes3-u30 is formed, characterized by an absorption at 338 nm. Fe(TFA); is



soluble in dry acetonitrile with characteristic absorption features at 313 and 359 nm. The addition
of water makes these features disappear with the concomitant appearance of the characteristic
Fes-u30 feature at 338 nm.
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Figure 2. UV-Vis spectra of Fe(TFA); in dry HTFA, HTFA:H>O mixture (20:1 ratio by volume),
dry CH3CN and CH3CN:H20 mixture (20:1 ratio by volume).

Since water is an expected by-product of methane oxidation using O», we added trifluoroacetic
anhydride (TFAA) to a methane photo-oxidation reaction to trap by-produced water before it could
poison the catalyst. Under these conditions, the amount of MeTFA formed is a direct function of
no2 (nmetra = 0.14 £+ 0.01 no2), supporting the role of dioxygen as the terminal oxidant (Figure S3).
With a large excess of dioxygen, up to 24 TOs of MeTFA and ~17% conversion of methane could
be obtained (Scheme 2). High methane conversion could not be reached at high turnover, which
we attribute to the degradation of Fe(TFA)s as it likely oxidizes the solvent at lower methane
concentrations.

Fe(TFA); (0.025 mmol)

O, (15 mmol)
CHy (11 mmol) >  MeTFA (0.31 £ 0.02 mmol)
HTFA:TFAA 4:1 (8 mL)
370 nm LED, 24 h 24+2TOs

Fe(TFA); (0.75 mmol)

0O, (20 mmol)
CHy (5 mmol) > MeTFA (0.83 + 0.02 mmol)
HTFA:TFAA 4:1 (8 mL)
370 nm LED, 48 h 16.8 * 0.4 % methane conversion

Scheme 2. Photo-oxidation of methane by Fe(TFA)3; in excess dioxygen. In the absence of
Fe(TFA)3;, MeTFA is not observed. Where TOs are measured, we assume two equiv of Fe!'! are
required for each conversion of methane and HTFA to MeTFA. Standard deviations based on a
minimum of three independent experiments.



A key challenge for the selective partial oxidation of light alkanes is over oxidation, which is
often a result of the intrinsically high reactivity of functionalized alkyl products compared with
starting alkanes. To determine the potential efficacy of Fe-catalyzed photo-driven hydrocarbon
partial oxidation, we compared the rate of MeTFA formation from methane to the rate of MeTFA
consumption under reaction conditions. The degradation rate of MeTFA under reaction conditions
was assessed and shown to be much slower than the rate of its formation, with > 90% MeTFA
remaining after 24 h (Figure 3). Regardless of the mechanism for the formation of MeTFA, the
mono oxidized product is stable under reaction conditions, indicating a protective effect of the
ester moiety.!> Under the conditions in Figure 3, the different solubilities of methane and MeTFA
play a role. While methane oxidation proceeds under ideal conditions (before substrate depletion
or catalyst decomposition), the rate of MeTFA formation is ~ 16 times faster than the rate of
MeTFA degradation. Hence, any significant CO> production does not likely originate from
overoxidation of MeTFA, demonstrating the viability of high selectivity at high conversion of
methane.

Fe(TFA); (0.25 mmol)
0O, (1 atm, 3.6 mmol)
CH, (100 psi) > nyerra formed
HTFA:TFAA 4:1 (8 mL)
370 nm LED, th

Fe(TFA)3 (0.25 mmol)
O, (1 atm, 3.6 mmol)
MeTFA (0.5 mmol) »NyeTFA F€Maining

HTFA:TFAA 4:1 (8 mL)
370 nm LED, th

1.0
B MeTFA formation Equation y=a+b*x
® MeTFA degradation Plot MeTFA degradation |
Linear fit of MeTFA formation Weight Instrumental
- - - - Linear fit of MeTFA degradation| |Intercept 0.50 + 0.0034
Slope -0.0019 + 1.4E-04
Residual Sum of Squares 0.15
Pearson's r -0.99
R-Square (COD) 0.98
= Adj. R-Square 0.97
g =
Eos{e-- 4.0 4 .
E ... :
F . *
: !
c Equation y=a+b'x
Plot MeTFA formation
Weight Instrumental
Intercept 0.0079 £ 0.016
Slope 0.031 £0.0017
Residual Sum of Squares 0.29
Pearson's r 1.00
R-Square (COD) 0.99
0.0 Adj. R-Square 0.99
[ pE e P e e e ) T e P e e )

0 5 10 15 20 25 30 35 40 45 50
t(h)
Figure 3. Rate of formation (black squares) and degradation (red dots) of MeTF A under photolytic

conditions (see equations above plot for conditions). Data for MeTFA degradation are fitted
linearly between 0 h and 48 h, data for MeTFA formation are fitted between 0 h and 12 h.



A pressurized J-Young NMR tube was used to observe gaseous, proton-containing
by-products. Upon photolysis of Fe(TFA); in HTFA with 50 psig of methane, we detected
difluoromethyl trifluoroacetate (CHF.COCF3, § = 6.91 ppm, triplet, 2/ur= 70 Hz) and trace
trifluoromethane (CHF3, & = 6.18 ppm, quartet, 2Jur = 80 Hz),?’ both of which are known HTFA
degradation products (Figure 4).2! Replacing the methane with Ar, both CHF2CO,CF3 and CHF3
were observed, but formation of MeTFA was not detected (Figure 4). Furthermore, upon replacing
HTFA with deuterated trifluoroacetic acid (DTFA), only trace CHF2CO>CF3; and CHF3 were
observed under either Ar or CH4 atmosphere. Under these conditions, the formation of small
amounts of CHF2CO,CF; and CHF3 likely arise from trace protio-HTFA remaining in DTFA.
These observations point to HTFA degradation, and not that of methane, as the origin of these
by-products. This was also observed for the oxidation of substrates with weaker C—H bonds than
that of methane, such as propane (Figure S4) and cyclohexane (Figure S12) in DTFA/TFAA.
However, CHF3 formation during the oxidation of cyclohexane was observed even in
DTFA/TFAA, pointing to the more reactive nature of the cyclohexane C—H bond compared to that
of lighter alkanes, and the consequent ability of a CF3 radical to abstract this hydrogen atom.

Fe(TFA)3 (~0.025 mmol) . . .
v & & &
CH, or Ar ©2 (1 otm) > | S S oS¢
i 3 ’ \ \ ! ’
(50PSig) 4 or DTFA:TFAA 4:1 (400 L) A @
370 nm LED, 24 h &Y
o
DTFA, Ar
DTFA, CH,
J K\ L L L
HTFA, CH, * CsDsH

(s, varying ppm)

f1 (ppm)
Figure 4. 500 MHz 'H NMR spectra resulting from the illumination of Fe(TFA)3 with a 370 nm
LED light under different conditions of solvent and headspace. A CsDs capillary was used as a
locking solvent for the NMR. The signal of the residual C¢DsH signal for the lock solvent is
observed at unpredictable shift values due to paramagnetic shifts of the reaction media, which does
not shift the CsDsH signal in the sealed capillary. Use of a coaxial NMR tube insert did not fix this
variability. The addition of tetramethylsilane (TMS) to the capillary tube showed consistent
separation of C¢sDsH and TMS peaks, with both signals shifted from peaks arising from the reaction
mixture (Figure S12). Spectra are hence referenced using either CHs (s, -0.07 ppm) or CHF,TFA

(t, 6.91 ppm).

Gaseous by-products were quantified at 17% conversion of methane to MeTFA through
headspace analysis using a GC-TCD. Trace CO (< 0.1% yield) was observed, however no ethane
or ethylene was detected. Evidence of CO> formation was obtained in the headspace of reactions
with either CHy or Ar (without CHa), leading to the conclusion that part of the CO; was a product



of solvent oxidation (HTFA) rather than methane overoxidation (Figures S5, S7). Labelled '*CH4
allowed us to assess the quantity of CO» arising from methane overoxidation through GC-MS
(Figure S8). At 14% conversion of 3CH4 to 3MeTFA, selectivity for ''MeTFA was 56%, the
remainder being 44% '*CO, and trace (<0.1%) CO. Because of the stability of MeTFA under
reaction conditions (Figure 3), we believe that CO, does not come from the oxidation of MeTFA
but is rather formed by a different, and unknown, reaction pathway, possibly degradation of a
reactive intermediate species. This is encouraging when considering the possible use of differently
coordinated Fe'' or other transition metal photo-catalysts to improve selectivity.

Summary and Conclusions

We report here new reactivity for several commercial Fe'™" salts for the photo-oxidation of a
variety of linear and cyclic alkanes, C1 to C6. From our initial observations, we concluded that a
range of Fe'' sources soluble in HTFA converged toward a common pathway, leading us to
investigate a likely formed complex, Fe(TFA)3, as the active species. We found this complex active
for the oxidation of methane, and we characterized a poisoned state of the catalyst that arose from
reaction of the active species with water. As water is an expected by-product of alkane oxidation,
we developed conditions that remove the water as the reaction proceeded and observed catalytic
turnover for the oxidation of methane to MeTFA. Notably dioxygen was determined to be the
terminal oxidant, and 17% conversion of methane to the mono-ester product was attained at more
than 50% selectivity.
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Experimental Methods

Caution! Many of the reagents and conditions described herein are hazardous. Trifluoroacetic
acid (HTFA) is highly corrosive and should be handled inside a fume hood with long nitrile gloves
covering up to the elbow. LED lamps produce high intensity UV light and direct eye or skin contact
should be avoided. Appropriate safety procedures should be consulted prior to handling
concentrated acids, strong oxidants, and mixtures of hydrocarbon substrates and O:.

General considerations. All reactions were carried out under ambient atmosphere unless
otherwise stated. HTFA, cyclohexane, chlorocyclohexane, anhydrous FeCls, Fe;Os;, Fe3Oa,
Fe(acac)s, [EtsN]FeCls, Fe-BTC, and Fe(OTf)3, tetradecane, fert-butanol, were purchased from
commercial sources and used as received. PTFE filters (0.45um) were purchased from Fisher.
Dioxygen (99.6% purity) was purchased from Sigma Aldrich and used as received. Authentic
cyclohexyl-trifluoroacetate (Cy-TFA) and 1,2-bis(trifluoroacetoxy)-cyclohexane were prepared
according to a published procedure.?? Fe(TFA); and Fe(TFA);*xH>O were prepared according to
published procedures with a slight modification to include Apiezon PFPE 501 as the grease used
to connect the round bottom flask to the reflux condenser.'® Microwave vials were purchased from
Biotage and used as received. Teflon stoppered flasks (10 mL) were purchased from Chemglass
and used as received. The 370 nm LED is a Kessil PR160-370 40 W LED and was used as received.
The blue LED (400-500 nm) is a Kessil H150-blue 30 W High Luminous DEX 2100 LED and
was used as received. GC-MS analysis was performed using an Agilent Technologies 7890A gas
chromatograph equipped with a fused silica column (crossbond 35% diphenyl-65% dimethyl
polysiloxane; 30 m x 0.32 mm; 0.5 um thickness) and electron impact mass analyzer. GC-TCD
analysis was conducted in a Shimadzu GC-2014. UV-Vis spectral measurements were recorded
on an Agilent 8453 diode array spectrophotometer at room temperature, with a 1 cm path length
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quartz cuvette. Zero-field ’Fe Mdossbauer spectra were recorded on a SEE Co. Mdssbauer
spectrometer (MS4) at 80 K in constant acceleration mode. 3’Co/Rh was used as the radiation
source. WMOSS software was used for the quantitative evaluation of the spectral parameters
(least-squares fitting to Lorentzian peaks). The temperature of the sample was controlled by a Janis
Research Co. CCS-850 He/N2 cryostat within an accuracy of 0.3 K. Isomer shifts were determined
relative to a-iron at 298 K. EPR was recorded on a Bruker EPR EMX Plus. NMR spectra were
recorded on a Varian Inova 500 MHz spectrometer.

Photochemical functionalization of gaseous light alkanes by Fe(IIT) compounds. A 90 mL
glass Fisher-Porter reactor was charged with a stir bar, 0.25 mmol of an Fe(IlI) source and HTFA
(8 mL, 104.5 mmol). The reactor was then sealed and pressurized with alkane (methane, ethane or
propane) at 100 psig. The reactors were placed on a stir plate and irradiated with either a mercury
lamp (Hanovia medium pressure UV lamp, 450 W, Ace Glass) or two 370 nm LED lamps (Kessil
PR-370). Following the reaction, the lamp(s) was turned off, and the reactor was vented in a Tedlar
sampling bag to keep for headspace analysis. For analyzing the liquid phase, internal standard,
either CH3NO, or HOACc, was added to the reaction mixture in a known concentration to allow for
quantification of products. An aliquot was removed for centrifugation, and the supernatant was
used for 'H NMR analysis, following a previously published procedure from our laboratory. '3 15
Unless otherwise mentioned, reactions were carried out in air. When air was excluded, the reactors
were charged using a N> glove box and Schlenk line using N> degassed HTFA. When needed, dry
O> was added by bubbling the vessel for 10 minutes. When needed, N>-degassed H>O was added
through cannula transfer from a Nj-purged Schlenk flask. Representative 'H NMR spectra
resultant from the oxidation of methane, ethane and propane are shown in Figures S9, S10 and S11
respectively.

Photochemical functionalization of liquid alkanes by Fe(IlI) compounds. Under ambient
atmosphere, an 8 mL microwave vial was charged with an Fe(IIl) source (0.25 mmol) and a stir
bar. HTFA (1 mL) and liquid alkane (1.25 mmol) were added to the vial. The vial was sealed with
a crimp cap containing a septum. The vial was placed ~5 cm in front of a 370 nm LED (unless
otherwise stated) and allowed to stir for 24 h. The reaction mixture was removed from the vial and
filtered through a PTFE filter into a vial containing tetradecane (0.13 mmol). The reaction vial was
rinsed with dichloromethane (5 mL) and filtered. The solutions were combined and washed two
times with 10 mL H2O. The organic layer was eluted through a small silica plug to remove any
trace Fe and then dried over MgSOa. An aliquot was taken from the dichloromethane solution and
analyzed by GC-MS to quantify cyclohexyl-trifluoroacetate. Representative GC-MS data resultant
from the oxidation of cyclohexane, cyclopentane, n-pentane, and n-hexane are shown in Figures
S15, S16, S17 and S18 respectively.

High conversion and high turnover oxidation of methane. To demonstrate possible catalytic
turnover, the amount of Fe(TFA); was lowered to 0.025 mmol and a 4:1 mixture of HTFA:TFAA
(8 mL) was used as the solvent. Then, 20 mmol of Oz and 50 psig of methane were added and the
reaction was performed for 24 hours. To reach higher conversion, the amount of Fe(TFA); was
increased to 0.75 mmol and the solvent was a 4:1 mixture of HTFA:TFAA (8 mL). Then, 15 mmol
of Oz and 50 psig of methane were added and the reaction time was extended to 48 hours.

Photochemical functionalization of alkanes in J-Young NMR tubes. A J-Young NMR tube
was charged with a capillary tube containing C¢Ds, 10 mg of Fe(TFA); and a 4:1 mixture of H-
or D-TFA:TFAA (400 uL). The tube was then purged with pure O, sealed and pressurized with
50 psig of either Ar, CH4 or C3Hg or 1.25 mmol of cyclohexane. The tubes were irradiated with
two 370 nm LED lamps (Kessil PR-370). Following the reaction, the lamp was turned off and
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NMR spectra were collected without opening the tubes to preserve the headspace pressure of side-
products.

Preparation of UV-Vis samples. An Fe(Ill) salt (0.25 mmol Fe) was combined with HTFA
(1 mL) and cyclohexane (135 pL, 1.25 mmol), unless otherwise stated, to give a yellow/red
mixture. The mixture was filtered through a PTFE filter and diluted to optical density < 2. For
samples in MeCN, a corresponding Fe(III) salt was combined with MeCN (1 mL), filtered through
a PTFE filter and diluted to OD < 2.

Headspace analysis. After a reaction reached completion, the headspace of the reactors was
depressurized in a Tedlar sampling bag, which was kept at -36 °C in a freezer until analysis of the
sample. Analysis was conducted in a Shimadzu GC-2014 equipped with a TCD detector by
flushing a 500 pL injection loop with 1 mL of the gas headspace. The sample is first passed through
a 1.0 m Hayesep T 80/100 column to trap solvent residue and moisture, then through a 1.5 m
Hayesep Q 80/100 and 2.0 m MS5A 60/80 molecular sieve column using a custom dual valve
setup. The detector temperature was 200 °C, the current was 100 mA and the column temperature
was 75 °C. Injector temperature was 68 °C. A typical GC-TCD trace for the oxidation of methane
with Fe(TFA); is shown in Figure S7. The resulting integration yielded an amount of CO: as a
volumetric fraction of total headspace, using independently measured calibration curves
established from standards prepared with known volumetric fractions of CO; in CH4 (Figure S6).
Consistent detector response was seen when using CO2/CH4 mixtures or CO2/N2 mixtures or
CO2/O2 mixtures, with a given % vol. of CO> yielding statistically identical peak integration. These
volumetric fractions were then converted to an amount of substance using total headspace volume,
measured by submitting the sampling bag to Archimedes’ principle. To assess the isotopic ratio of
12CO; to *CO», a portion (1 pL) of the headspace was injected in a GC/MS (Shimadzu GCMS-
QP2010 Plus system with a Restek RT-Qbond 30 m % 8§ mm fused silica PLOT column with 8 um
thickness using electron impact ionization). GC-MS Parameters: starting temperature: 40 °C; time
at starting temp: 3 min; ramp: 20 °C/min up to 200 °C; flow rate (carrier): 3.01 mL/min (He); split
ratio: 10:1; inlet temperature: 200 °C; detector ion source temperature: 200 °C, interface
temperature: 230 °C. The CO; peak eluted at 2.97 min.

Sample preparation for Low Temp EPR Analysis. EPR spectra were recorded on a Bruker
EMX Plus spectrometer. Crystalline powders of [Fe''s(13-O)(H20)2(u~TFA)o(TFA)](HTFA)
were prepared as a mixture with CH3CN or HTFA in quartz tubes (Wilmad-LabGlass, Quartz
(CFQ) EPR Tubes —4mm OD). The temperature-dependent measurements were conducted at 10K
using a continuous-flow cryostat (Oxford, ESR900) with liquid helium.

Sample preparation for zero-field 3’Fe Mossbauer analysis. Solid samples were sealed
inside a nylon washer (0.5 inch inner diameter; 0.06 inch thickness) using two pieces of Kapton®
tape (3/4 inch diameter). The washer was affixed to a copper sample mount. The mount was
inserted into a Janis Research Co. He/N> cryostat at 80 K under a counterflow of helium. The
cryostat chamber was evacuated and refilled after five minutes with one atmosphere of ultra-high
purity grade helium. Data collection began after the sample temperature equilibrated at 80 K.
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TOC Synopsis

The aerobic oxidation of hydrocarbons, including light alkanes, to generate alkyl esters using an
Fe(III) catalyst is described. The reactions produce alkyl esters, occur at ambient temperature in
the presence of air, and catalytic turnover is observed for the oxidation of methane in a pure

dioxygen atmosphere.
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