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ABSTRACT: Malonoyl peroxide 7, prepared in a single step from the commercially available diacid, is an effective reagent for the
oxidation of aromatics. Reaction of an arene with peroxide 7 at room temperature leads to the corresponding protected phenol
which can be unmasked by aminolysis. An ionic mechanism consistent with the experimental findings and supported by isotopic
labeling, Hammett analysis, EPR investigations and reactivity profile studies is proposed.

The oxidation and functionalization of hydrocarbons is a cen-
tral facet of the chemical industry for the production of high-
tonnage commodities and the preparation of high-value phar-
maceuticals, agrochemicals and fine chemicals. Therefore,
methods for selective oxidation of C—H bonds are of great
importance.' Phenols represent a key class of oxidized hydro-
carbon.? While there are a small number of reports in which
arenes are oxidized to the respective phenols using peroxides
and strong acids as additives,’ the oxidation of aromatic C—H
bonds still presents a synthetic challenge specifically with
respect to avoiding over oxidation.

Scheme 1. C—H oxidation using phthaloyl peroxide.’
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A recent report from the laboratories of Houk and Siegel de-
scribed a metal-free oxidation of aromatic carbon-hydrogen

bonds which was proposed to proceed through an intriguing
reverse-rebound mechanism (Scheme 1).* Reaction of
mesitylene 2 with 1.3 equiv. of phthaloyl peroxide 1 in
hexafluoroisopropanol (HFIP) followed by basic solvolysis
gave the phenol 3 (97%).

The method outlined in Scheme 1 represents a significant ad-
vance in arene oxidation. The proposed mechanistic pathway
for the transformation suggested homolytic fission of the weak
oxygen—oxygen bond leading to diradical 4. Addition of this
radical to the arene gives 5 which though H-atom abstraction
provides the observed product 6. Ester hydrolysis leads to the
phenol 3 (97%, 2 steps). The procedure has wide functional
group tolerance and arene over oxidation did not prove prob-
lematic. We believed two fundamental opportunities existed
for development of this procedure: Firstly, phthaloyl peroxide
1 is known to be very shock sensitive and explodes violently
when heated, representing a significant hazard.>® Secondly,
the proposed reverse-rebound mechanism leading to 6 was
based upon theoretical studies. Provision of experimental evi-
dence to support this pathway would be of great importance to
the understanding and development of this procedure.

In recent years we have been interested in the chemistry of
cyclic diacylperoxides and have shown that malonoyl peroxide
7,7 and related derivatives,® are effective for the syn-
dihydroxylation of alkenes.’ This reagent provides significant
advantages over phthaloyl peroxide 1 within the syn-
dihydroxylation reaction in terms of yield, selectivity, reaction
rate, substrate scope and operating temperature.'®'' Given our
experience in understanding the mechanism of reactions in-
volving the peroxide 7,'* together with the specific advantages
provided in alkene dihydroxylation we elected to investigate
the reactivity of 7 in the oxidation of arenes. Within this report
we show that 7 reacts with arenes in the presence of a hydro-



gen bond donor to give the corresponding functionalized aro-
matic and present data consistent with the arene and peroxide
reacting through an ionic pathway.

As a starting point to our investigations we reacted mesitylene
2 with malonoyl peroxide 7 under the conditions reported by
Houk and Siegel (0.07M; 40 °C).? Reaction of mesitylene 2
with 1.3 equivalents of peroxide 7 in hexafluoroisopropanol
(HFIP) gave the adduct 8 (94%; 20 h). More conveniently, this
reaction could be performed at room temperature (25 °C) ra-
ther than 40 °C without compromise in yield (8, 98%)
(Scheme 2). Cleavage of the ester (MeNH,, EtOH, 25 °C, 1 h)
gave the corresponding phenol 3 (92% over 2 steps). Delight-
ed by these excellent preliminary results and given the distinct
advantages of malonoyl peroxide 7 over phthaloyl peroxide 1
outlined above we examined this transformation further.

Scheme 2. Malonoyl peroxide mediated oxidation of
mesitylene.
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Brief optimization of the reaction conditions showed that
transformations could be performed at room temperature and
considerably higher concentration (0.5M) than those reported
previously (0.07M) (see Supporting Information).
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Figure 1. Arene oxidation with malonoyl peroxide 1.

Houk and Siegel showed their transformation to have broad
functional group tolerance, describing the oxidation of over 50
substrates.” Direct comparison of the reaction using malonoyl
peroxide 1 to those obtained for phthaloyl peroxide 2 on a
selection of these substrates showed the transformation to
proceed with similar yield and selectivity (Figure 1). Func-
tional group tolerance mirrored that obtained with phthaloyl
peroxide, which bodes well for further reaction development.
We therefore believe that malonoyl peroxide 7 represents an
effective alternative to the explosive phthaloyl peroxide 2 in
the oxidation of arenes.

In order to understand the reaction further a series of experi-
ments were undertaken to probe the mechanistic course of the
process. The reverse-rebound mechanism proposed for the
reaction of phthaloyl peroxide 1 was based upon theoretical
calculations.” We sought to obtain experimental data using
malonoyl peroxide 7 to underpin knowledge of this transfor-
mation. An analogous reverse-rebound mechanism with per-
oxide 7 would involve homolytic cleavage of the peroxide
bond to give the diradical species 17 which on addition to the
arene would give the intermediate 18. Re-aromatization of 18
through H-atom abstraction would lead to the observed prod-
uct 8. In addition to this reverse-rebound mechanism we also
considered an ionic pathway based on the established reactivi-
ty of 7 with alkenes.' Thus, nucleophilic attack of the electron
rich arene 2 on the weak peroxide bond would lead to inter-
mediate 19, which upon re-aromatization would give 8.

Scheme 3. Potential mechanistic course of reaction.
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Based upon reactivity patterns an ionic process appeared plau-
sible: the reaction required electron rich aromatics to proceed,
with electron donating groups directing the addition of the
peroxide to the ortho/para positons. Interestingly, aromatic
substrates containing electron withdrawing groups proved
unreactive  within this transformation. For example,
acetophenone, benzoic acid, methyl benzoate and benzonitrile
all proved to be unreactive to peroxide 7 under the optimized
reaction conditions (7 (2 equiv), HFIP 0.5M, 25 °C). Conduct-
ing the reaction of mesitylene 2 and malonoyl peroxide 7 in
HFIP (i) in the presence of light and air; (ii) exposed to light
under an argon atmosphere; (iii) in the dark in an aerobic envi-
ronment; (iv) in the dark under an inert atmosphere; all
showed no significant differences in outcome with reactions
giving the product 8 (90-92% yield) after 6 h. In addition,
conducting the reaction at 4 °C, in the dark under an argon
atmosphere gave the product (83% yield) after 24 h. Com-
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bined these observations show the reaction to proceed under
very mild conditions and did not rule out an ionic pathway.

Further investigations were carried out using **O isotopically
labelled malonoyl peroxide 20 as a mechanistic probe, which
was prepared from cyclopropane-1,1-dicarboxylic acid (see
Supporting Information for full details). Treatment of
mesitylene 2 with 1 equivalent of malonoyl peroxide 20
(25 °C, 16 h) gave the ester 21 with two labels incorporated in
the structure (Scheme 4). Mass spectrometric analysis was
consistent with incorporation of one label in the carboxylic
acid terminus of the molecule, and a second label in the car-
bonyl oxygen atom of the ester. No labelled oxygen was ob-
served in the newly formed carbon—oxygen bond. To corrob-
orate this finding, a sample of 21 was treated with methyla-
mine and the crude reaction mixture analyzed by GCMS. The
observed products were 2,4,6-trimethylphenol 3, amides 22
and 24 containing either one or two '°0 labels, and amide 23
resulting from decarboxylation. These findings show that no
scrambling of the *°O label from the peroxide 20 is observed
during the course of reaction and are consistent with addition
of an arene nucleophile to the weak O—O peroxide bond.

Scheme 4. Reaction of mesitylene with isotopically labelled

peroxide 20.
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It was possible that reversible formation of the labelled
diradical 25 could proceed without scrambling, if the rate of
peroxide bond formation is quicker than bond rotation (Figure
2).2 This would mean that 26 and 27 would not be present in
solution. However, the observed selectivity in C—O bond
formation would require addition of the diradical 25 to the
aromatic ring to occur specifically through the labelled oxygen
atom to achieve the results observed. It is not clear how this
selectivity would occur within a reverse-rebound process.
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Figure 2. Potential scrambling of labels on formation of diradical.

The data assembled at this stage was consistent with an ionic
interaction between the aromatic substrate and the peroxide 7.
To gain further evidence for the formation of a carbocation
intermediate, a Hammett analysis was conducted on the arene
oxidation. Mono substituted mesitylene derivatives were re-
acted with one equivalent of malonoyl peroxide 7 (Figure 3),
monitoring peroxide consumption against an internal standard
by 'H NMR spectroscopy. Determination of the initial rates
prmﬂded a linear Hammett plot based on literature e, Val-
ues.
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Figure 3. Hammett analysis of arene oxidation with peroxide 7.

The Hammett plot (Figure 2) showed an excellent linear rela-
tionship for both electron withdrawing and donating substitu-
ents in the meta-position indicating that the same mechanism
is in operation with each substrate examined. The gradient of
the line, p, gave a moderate negative value of -2.7 indicating a
considerable build-up of positive charge during the transition
state of the reaction, consistent with an aryl carbocation inter-
mediate (e.g. 19). As expected, reactions of substrates with a
meta-electron donating substituent (e.g. 28) proceeded at a
significantly faster rate than those containing a meta-electron-
withdrawing group (e.g. 14 and 30).

To probe further the possibility of the reaction proceeding
through the diradical intermediate 17 we examined the
homolytic bond cleavage of peroxide 7 through DFT calcula-
tions ((U)B3LYP/6-31+G(d)). Of importance was the use of
trifluoroethanol as the solvent in a CPCM, providing a more
accurate reflection of the reaction medium when compared to
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the previous approaches to modelling this class of transfor-
mation.” A transition state TS1 (29.7 kcalmol™) to form the
diradical species 17 (24.8 kcalmol™) from peroxide 7 was
found (Figure 4), a particularly high barrier for a reaction that
proceeds readily at 4 °C.
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Figure 4. Peroxide homolytic cleavage (kcal mol™).

The potential of 17 being present within the reaction mixture
was also examined using electron paramagnetic resonance
(EPR) spectroscopy experiments using 5,5-dimethyl-1-
pyrroline-N-oxide (DMPO) 31, a spin trap used in EPR spec-
troscopy for the detection of oxygen based radicals.'* DMPO
was inert to the peroxide 7 in HFIP, as shown by control ex-
periments. Mixtures of mesitylene 2 and malonoyl peroxide 7
in both the presence and absence of DMPO were analyzed by
EPR spectroscopy. In each of these experiments no radicals
were detected providing further important evidence in support
of an ionic pathway.

In summary, reaction of an arene with malonoyl peroxide 7 at
room temperature in the presence of a hydrogen bond donor
leads to the corresponding functionalized aromatic. Experi-
mental findings supported by isotopic labeling, Hammett
analysis, EPR studies and reactivity profile studies support an
ionic reaction pathway. The importance of the phenol func-
tional group in imparting unique structural, physical and elec-
tronic properties within molecules suggest this simple, effec-
tive and high yielding method for the oxidation of aromatics
will provide a useful route for the late stage aromatic func-
tionalization. Given the specific advantages of malonoyl per-
oxide 7 over phthaloyl peroxide 1, it is expected that this
methodology will be of great use in the introduction of the
phenol functionality.
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Safety Warning!

Peroxides are particularly dangerous. These procedures should be carried out by knowledgeable
laboratory workers. DSC data for malonoyl peroxide 1 is given in Tomkinson et al., J. Am.
Chem. Soc. 2010, 132, 14409 (page S89, Supporting Information) and shows an onset
temperature of 114.5 °C.
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General Experimental Details

Commercially available solvents and reagents were used without further purification or drying
and all reactions performed under an air atmosphere unless otherwise stated. Flash
chromatography was carried out using Merck Kieselgel 60 H silica. Analytical thin layer
chromatography was carried out using aluminum-backed plates coated with Merck Kieselgel 60
GF254 that were visualized under UV light (at 254 nm) or stained using KMnQO, or p-
anisaldehyde. Nuclear magnetic resonance (NMR) spectra were recorded on a Bruker Avance Il1
or a Bruker Avance spectrometer, operating at 400 MHz (*H) and 101 MHz (*3C), respectively,
or Bruker Avance DRX spectrometer, operating at 500 MHz (*H) and 125 MHz (**C). Chemical
shifts were reported in parts per million (ppm) in the scale relative to CHCls, 7.26 ppm for 'H
NMR and 77.16 for **C NMR; DMSO-ds, 2.50 ppm for *"H NMR and 39.52 for *C NMR;
acetone-ds, 2.05 for *H NMR and 206.26 for *C NMR. Multiplicities are abbreviated as: s,
singlet; d, doublet; t, triplet; g, quartet; dd, doublet of doublets; hept, heptet; m, multiplet; br,
broad. Coupling constants are measured in Hertz (Hz). Low-resolution mass spectra (LRMS)
were recorded on an Agilent 6130 single quadrupole with APCI/ESI dual source, on a
ThermoQuest Finnigan LCQ DUO electrospray, or on an Agilent 7890A GC system, equipped
with a 30 m DB5MS column connected to a 5975C inert XL CI MSD with Triple-Axis Detector.
High-resolution mass spectra (HRMS) were obtained courtesy of the EPSRC National Mass
Spectrometry Facility at Swansea University, UK. Infrared spectra were recorded on a Shimadzu
IRAffinity-1 equipped with ATR (Attenuated Total Reflectance) and were reported in cm™.
Melting points were obtained on a Stuart SMP11 device. In vacuo refers to evaporation under
reduced pressure using a rotary evaporator connected to a diaphragm pump, followed by the
removal of trace volatiles using a high vacuum (oil) pump.
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Experimental Procedures and Analytical Data

Malonoyl peroxide 7 synthesis

To 500 mL 50% ag. NaOH, benzyltriethylammonium chloride (56.5 g, 248 mmol, 1.0 equiv)
was added. The resulting suspension was vigorously stirred using a mechanical stirrer and a
mixture of diethyl malonate (37.5 mL, 248 mmol, 1.0 equiv) and 1,2-dibromoethane (31.9 mL,
334 mmol, 1.35 equiv) was added. The reaction mixture was stirred for 2 h at room temperature
and then the contents of the flask were transferred to a 2 L Erlenmeyer flask with water (3 x 50
mL). The resulting mixture was cooled down to 15 °C in an ice bath after which it was acidified
with 500 mL HCI (37%, (12 M)) over 1.5 h, keeping the temperature below 25 °C. The aqueous
layer was extracted with Et,O (3 x 300 mL). All ether layers were combined and washed with
500 mL brine, and then dried (MgSO,). The solvent was removed under vacuum and the
resulting white-yellow solids were triturated with petroleum ether to afford the title compound
S1 as white solids (24.5 g, 192 mmol, 78%).*

m.p. 133 °C; *H NMR (400 MHz, DMSO-dg) § 1.31 (s, 4H); *C NMR (101 MHz, DMSO-ds)
5 171.8, 27.3, 16.2; LRMS (APCI/ESI) m/z 129.1 [M—HJ; IR (ATR)/cm™* 2988, 2820, 1705.

Dicarboxylic acid S1 (4.0 g, 30.7 mmol, 1.0 equiv) was weighed into a 100 mL round bottom
flask equipped with a stir bar and wrapped in parafilm. The flask was immersed into a water bath
and methanesulfonic acid (31.0 mL, (1.0 M)) was added. Urea hydrogen peroxide (8.7 g, 93
mmol, 3.0 equiv) was added in three portions over one minute and the flask was loosely capped
and allowed to stir over 18-20 h behind a blast shield. Afterward, the reaction was diluted with
EtOAc (40 mL) and ice (40 mL) and stirred for 10 min. The layers were separated and the
aqueous layer was extracted again with EtOAc (2 x 40 mL). The organic layers were combined
and washed with a saturated solution of NaHCO3; (3 x 40 mL), brine (40 mL) and dried
(MgSO0Oy). The solvent was then removed to afford malonoyl peroxide 7 as white solids (3.0-3.2
g, 23-25 mmol, 76-81%).

m.p. 77-78 °C; *H NMR (400 MHz, CDCls) & 2.10 (s, 4H); **C NMR (101 MHz, CDCl3) &
172.3, 23.8,19.9; IR (ATR)/cm™: 3121, 1829, 1788.
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General procedure for the oxidation of arenes (General Procedure 1)

Malonoyl peroxide 7 (77 mg, 0.60 mmol) was weighed directly into the reaction vial. Then,
1,1,1,3,3,3-hexafluoroisopropanol (0.6 mL) was added, followed by the addition of the arene
(0.30 mmol). The vial was sealed with a screw cap and placed in a heating block set to 25 °C
unless noted otherwise and the reaction was allowed to stir for the specified time. Upon
completion, the mixture was diluted with EtOAc (20 mL) and stirred with a saturated solution of
Na,S,0s in water (20 mL) for 2 h. The layers were then separated and the aqueous solution was
extracted with EtOAc (2 x 20 mL). The organic extracts were combined and washed with brine
(20 mL) and dried (MgSO,). The solution was concentrated and, if needed, the crude was
chromatographed on silica gel (EtOAC) to afford the target compound.

Mesitylene ester 8

Ester 8 was prepared according to General Procedure 1 using mesitylene 2 (42 pL, 0.30 mmol).
The title compound was isolated after work-up as a white solid (74 mg, 0.30 mmol, 98%).

Reaction time: 4.5 h.

m.p. 74-75 °C; *H NMR (400 MHz, CDCl3) & 12.35 (s, br, 1H), 6.89 (s, 2H), 2.28 (s, 3H), 2.11—
2.04 (m, 10H); 3C NMR (101 MHz, CDCls) § 174.4, 170.5, 144.8, 136.5, 129.7, 129.3, 25.4,
22.5, 20.8, 16.2; LRMS (ESI) m/z 249.1 [M+H]"; HRMS (FTMS-NSI) calculated for Cy4H1704
[M+H]* 249.1121, found 249.1124; IR (ATR)/cm * 3017, 2922, 1744, 1686.

1,3,5-Triisopropylbenzene ester 9

Owy\m"”

o O

9

Ester 9 was prepared according to General Procedure 1 using 1,3,5-triisopropylbenzene S2
(73 pL, 0.3 mmol). The title compound was isolated after work-up as a yellow solid (99 mg, 0.3
mmol, 98%).

Reaction time: 2 h.

m.p. 121-122 °C; *H NMR (400 MHz, CDCls) & 12.34 (s, br, 1H), 7.01 (s, 2H), 2.90 (hept, J =
6.8 Hz, 1H), 2.69 (hept, J = 6.8 Hz, 2H), 2.07 (s, 4H), 1.25 (d, J = 6.8 Hz, 6H), 1.22 (d, J = 6.8
Hz, 6H), 1.18 (d, J = 6.8 Hz, 6H); **C NMR (101 MHz, CDCls) § 175.5, 170.5, 148.0, 142.4,
139.5, 122.3, 34.3, 27.9, 25.3, 24.2, 24.1, 22.9, 22.6; LRMS (ESI) m/z 333.2 [M+H]"; HRMS
(FTMS-NSI) calculated for CoH2s04 [M+H]" 333.2060, found 333.2063; IR (ATR)/cm * 2961,
1746, 1688.
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Anisole esters 10 and 10°

1:1.6
10:10°

Esters 10 and 10" were prepared according to General Procedure 1 using anisole S3 (107 pL,
1.0 mmol). at 50 °C. A 1:1.6 mixture of the title compounds was obtained after work-up as a
yellow oil (138 mg, 0.60 mmol, 63%).

Reaction time: 72 h.

Temperature: 50 °C.

'H NMR (400 MHz, CDCls3) & 12.17 (br, s, 2H), 7.28-7.22 (m, 1H), 7.05-6.88 (m, 7H), 3.83 (s,
3H), 3.80 (s, 3H), 2.14-2.07 (m, 2H), 2.04-1.97 (m, 6H); *C NMR (101 MHz, CDCls) & 174.9,
174.3, 170.7, 170.6, 148.2, 147.3, 136.8, 131.6, 130.3, 129.7, 127.4, 127.1, 121.4, 120.8, 25.6,
22.7,22.6,21.0, 16.2; LRMS (ESI) m/z 219.1 [M-H]; IR (ATR)/cm: 3119, 2839, 1757, 1694.

wazmo”
(] (0]
11

Ester 11 was prepared according to General Procedure 1 using p-xylene S4 (37 uL, 0.30 mmol).
The title compound was isolated after work-up as a colorless oil (68 mg, 0.29 mmol, 97%).

p-Xylene ester 11

Reaction time: 96 h.

'H NMR (400 MHz, CDCl3) & 11.19 (s, br, 1H), 7.13 (d, J = 7.7 Hz, 1H), 7.01 (d, J = 7.7 Hz,
1H), 6.80 (s, 1H), 2.33 (s, 3H), 2.11 (s, 3H), 2.05-2.00 (m, 4H); **C NMR (101 MHz, CDCl5) &
174.4, 170.6, 148.0, 137.5, 131.3, 127.9, 126.4, 121.8, 25.6, 22.5, 20.9, 15.7; LRMS (ESI)
m/z 233.1 [M-H]; HRMS (FTMS-CI) calculated for Ci3H:30, [M-H]  233.0819, found
233.0821; IR (ATR)/cm * 2955, 2924, 1749, 1694.
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Toluene esters 12 and 12

Esters 12 and 12" were prepared according to General Procedure 1 using toluene S5 (107 L,
1.0 mmol), malonoyl peroxide 7 (256 mg, 2.0 mmol) in HFIP (2.0 mL). A 1:1 mixture of the title
compounds was obtained after work-up as a colorless oil (138 mg, 0.63 mmol, 63%).

Reaction time: 72 h.
Temperature: 50 °C.

'H NMR (400 MHz, CDCls) & 11.67 (s, br, 2H), 7.29-7.18 (m, 5H), 7.01-6.97 (m, 1H), 6.94 (d,
J =85 Hz, 2H), 2.36 (s, 3H), 2.17 (s, 3H), 2.07-1.98 (m, 8H); *C NMR (101 MHz, CDCls) &
174.9, 174.3, 170.7, 170.6, 148.2, 147.3, 136.8, 131.6, 130.3, 129.7, 127.4, 127.1, 121.4, 120.8,
25.6, 22.7, 22.6, 21.0, 16.2; LRMS (ESI) m/z 219.1 [M-H]; IR (ATR)/cm™* 3030, 2096, 1748,
1694.

3-Benzyloxy-4-methoxybenzaldehyde ester 13
O\
O OH
COr
O
-0 KPh
13

Ester 13 was prepared according to General Procedure 1 using
3-benzyloxy-4-methoxybenzaldehyde S6 (73 mg, 0.30 mmol). After work-up, the crude reaction
mixture was passed through a plug of silica gel using EtOAc as eluent. Evaporation of the
solvent provided ester 13 as a colorless oil (43 mg, 0.12 mmol, 40%).

Reaction time: 24 h.

'H NMR (400 MHz, CDCl3) & 11.83 (s, br, 1H), 9.80 (s, 1H), 7.58 (d, J = 8.7 Hz, 1H), 7.41-7.31
(m, 5H), 7.02 (d, J = 8.7 Hz, 1H), 5.04 (s, 2H), 4.02 (s, 3H), 2.02-1.77 (m, 4H): *C NMR (101
MHz, CDCls) & 188.1, 174.0, 170.1, 158.8, 142.8, 140.6, 136.7, 129.7, 128.8, 128.7, 128.4,
122.3, 110.1, 75.8, 56.6, 25.8, 23.0; LRMS (ESI) m/z 393.1 [M+Na]": HRMS (FTMS-NSI)
calculated for CooH1707 [M—H]™ 369.0980, found 369.0976; IR (ATR)/cm * 2925, 1759, 1690,
1597.
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Bromomesitylene ester 14

o O
Br O%OH

14

Ester 14 was prepared according to General Procedure 1 using 2-bromomesitylene S7 (55 L,
0.36 mmol). After work-up, the title compound 14 was isolated as a white solid (107 mg, 0.33
mmol, 91%).

Reaction time: 5 days.

m.p. 157-160 °C; *H NMR (400 MHz, CDCls) & 11.78 (s, br, 1H), 7.01 (s, 1H), 2.38 (s, 3H),
2.20 (s, 3H), 2.09-2.03 (m, 7H); *C NMR (101 MHz, CDCls) & 173.8, 170.3, 144.9, 137.1,
130.3, 129.7, 128.4, 125.4, 25.5, 23.7, 22.5, 17.3, 16.2; LRMS (ESI) m/z 326.9 [M("Br) + H]",
329.0 [M(®'Br) + H]*; HRMS (FTMS-NSI): calculated for C14H16"°BrO4 327.0226 [M+H]", and
for C14H1s° BrO4 329.0206 [M+H]", found 327.0225 [M("Br)+H]", 329.0203 [M(®'Br)+H]"; IR
(ATR)/cm ™ 2900, 1743, 1684, 1130.

Pentamethylbenzene ester 15

15

Ester 15 was prepared according to General Procedure 1 using pentamethylbenzene S8 (100 mg,
0.67 mmol) and malonoyl peroxide 7 (95 mg, 0.74 mmol) in HFIP (1.34 mL). The title
compound 15 was isolated as a dark yellow solid (128 mg, 0.46 mmol, 70%) after work-up.

Reaction time: 24 h.

m.p. 144-147 °C; *H NMR (400 MHz, CDCls) § 11.95 (s, br, 1H), 2.22 (s, 9H), 2.15-2.05 (m,
4H), 2.04 (s, 6H); *C NMR (101 MHz, CDCl3) § 174.5, 170.6, 144.8, 134.0, 133.8, 124.8, 25.4,
22.4, 16.7, 16.5, 13.4; HRMS (FTMS-NSI) calculated for CigH,,04 [M+H]" 277.1434, found
277.1433; IR (ATR)/cm™*: 3022, 2930, 1732, 1705, 1144,

2,4,6-Trimethyl benzoic acid ester 16

o O

ﬁ;ﬁ%"“
CO,H
16

Ester 16 was prepared according to General Procedure 1 using 2,4,6-trimethylbenzoic acid S9
(49 mg, 0.30 mmol). After the standard work-up procedure, the crude was re-dissolved in EtOAc
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(20 mL), and extracted with a saturated solution of NaHCO3; (aq., 3 x 20 mL). The resulting
aqueous solution was slowly acidified with HCI (1.0 M) until cloudy (pH 1), extracted with
EtOAc (3 x 20 mL), and dried (MgSO,). The solvent was removed under reduced pressure to
afford a white oily solid which was triturated with petroleum ether to afford the title
compound 16 as a white solid (75 mg, 0.26 mmol, 86%).

Reaction time: 42 h.
Temperature: 50 °C.

m.p. 179-180 °C (dec); *H NMR (400 MHz, acetone-dg) 5 9.63 (s, br, 2H), 7.01 (s, 1H), 2.30 (s,
3H), 2.17 (s, 3H), 2.15 (s, 3H), 1.72-1.61 (m, 4H); *C NMR (101 MHz, acetone-dg) & 170.4,
170.0, 169.4, 146.6, 134.8, 132.8, 132.0, 130.8, 127.7, 28.0, 19.3, 17.6, 16.2, 13.6; LRMS (ESI)
m/z 290.9 [M-H]; HRMS (FTMS-NSI) calculated for Ci5H150s [M—H]  291.0874, found
291.0872; IR (ATR)/cm* 2967, 1765, 1730, 1684.

Isodurene ester 28

Ester 28 was prepared according to General Procedure 1 using isodurene S10 (15 pL, 0.10
mmol). The title compound was isolated after work-up as a colorless oil (26 mg, 0.10 mmol,
98%).

Reaction time: 30 min.

'H NMR (400 MHz, CDCls) 5 6.90 (s, 1H), 2.24 (s, 3H), 2.16 (s, 3H), 2.11-2.04 (m, 7H), 2.02
(s, 3H): C NMR (101 MHz, CDCl3) & 174.6, 170.5, 145.0, 135.2, 134.6, 129.9, 127.8, 126.0,
25.3, 22.8, 20.5, 16.1, 15.8, 13.2; LRMS (ESI) m/z 261 [M—H]; HRMS (FTMS-NSI) calculated
for C1sH1004 [M+H]* 263.1278, found 263.1278; IR (ATR)/cm™* 2924, 2868, 1748, 1694.

(0] (@)
_0
29

Ester 29 was prepared according to General Procedure 1 using 2,4,6-trimethylanisole S11 (47
ML, 0.30 mmol). The crude product obtained after work-up was passed through an —NH,
cartridge using CH,Cl, (20 mL) to remove all impurities. Then the cartridge was flushed with a
saturated solution of HCI in Et,O (20 mL); the resulting ether solution was removed in vacuo to
afford the title compound 29 as a colorless oil (81 mg, 0.29 mmol, 98%).

2,4,6-Trimethylanisole ester 29
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Reaction time: 6 h.

'H NMR (400 MHz, CDCl3) § 10.19 (s, br, 1H), 6.89 (s, 1H), 3.69 (s, 3H), 2.24 (s, 3H), 2.07—
1.99 (m, 10H); 3C NMR (101 MHz, CDCls) § 173.5, 170.9, 155.6, 145.4, 130.2, 129.5, 124.9,
123.2, 60.2, 25.6, 22.2, 15.9, 15.8, 9.9; LRMS (ESI) m/z 279.1 [M+H]*; HRMS (FTMS-APCI)
calculated for CisH10s [M+H]* 279.1227, found 279.1225; IR (ATR)/cm™* 3015, 2932, 1747,
1697.

2-Fluoromesitylene ester 30

30

Ester 30 was prepared according to General Procedure 1 using 2-fluoromesitylene S12 (43 L,
0.30 mmol). After the standard work-up procedure, the crude was triturated with petroleum ether
to afford the title compound 30 as a white solid (77 mg, 0.29 mmol, 96%).

Reaction time: 8 h.

m.p. 105-180 °C; *H NMR (400 MHz, CDCls3) 5 10.70 (s, 1H), 6.89 (d, *Jue = 8.2 Hz, 1H), 2.22
(s, 3H), 2.09-2.00 (m, 10H); *C NMR (101 MHz, CDCls) 8, 173.8, 170.4, 158.0 (d, *Jcr = 243.4
Hz), 145.0 (d, *Jcr = 6.7 Hz), 130.0 (d, %Jcr = 6.0 Hz), 124.5 (d, *Jcr = 4.0 Hz), 123.2 (d, 2Jcr =
18.3 Hz), 117.4 (d, 2Jcr = 20.6 Hz), 25.5, 22.6, 15.85, 14.5 (d, *Jcr = 3.1 Hz), 8.9 (d, *Jcr = 4.5
Hz); *F NMR (376 MHz, CDCl3) & 120.90 (s, 1F); LRMS (ESI) m/z 264.9 [M—H]; HRMS
(FTMS-NSI) calculated for Ci4H1404F; [M—H]™ 265.0882, found 265.0877; IR (ATR)/cm™
2988, 2887, 1753, 1694.
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General procedure for the aminolysis of ester intermediates (General Procedure 2)

The crude product of the arene oxidation (1.0 equiv) was dissolved in the minimum amount of
EtOH. To this solution, MeNH; in EtOH (33% MeNH, w/v, 20 equiv MeNH,) was added and
the mixture was stirred for 1 h at 25 °C. The solvent was then removed in vacuo and the resulting
crude was chromatographed on silica gel using the specified solvent system for each substrate.

2,4,6-Triisopropylphenol S13

OH

S$13

2,4,6-Triisopropylphenol S13 was prepared according to General Procedure 2 using ester 9 (67
mg, 0.20 mmol). The crude was chromatographed on silica gel (EtOAc:petroleum ether, 1:1) to
afford 2,4,6-triisopropylphenol S13 as a brown oil (41 mg, 0.19 mmol, 93%).

'H NMR (400 MHz, CDCls)  6.93 (s, 2H), 4.63 (s, 1H), 3.16 (hept, J = 6.7 Hz, 2H), 2.86 (hept,
J = 6.9 Hz, 1H), 1.29 (d, J = 6.9 Hz, 12H), 1.25 (d, J = 6.9 Hz, 6H); *C NMR (101 MHz,
CDCl) & 148.1, 140.9, 133.5, 121.5, 34.0, 27.5, 24.5, 22.9; LRMS (EI) m/z 220.11 [M++];
HRMS (FTMS-APCI) calculated for CisHpsO; [M+H]® 221.1900, found 221.1898; IR
(ATR)/cm ™ 2959, 2928, 2868.

2,4,6-Trimethylphenol 3

fou
3
2,4,6-Trimethylphenol 3 was prepared according to General Procedure 2 using ester 8 (50 mg,

0.20 mmol). The crude was chromatographed on silica gel (EtOAc:petroleum ether, 1:1) to
afford 2,4,6-trimethylphenol 3 as a beige solid (25 mg, 0.18 mmol, 92%).

'H NMR (400 MHz, CDCls) & 6.79 (s, 2H), 2.24-2.21 (m, 9H); *C NMR (101 MHz, CDCls) &
150.0, 129.4, 129.3, 122.9, 20.5, 15.9; LRMS (EI) m/z 136.08 [M+]; IR (ATR)/cm* 3389, 2972,
2914.
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Synthesis of isodurene S10

A

$10

To a pre-dried Schlenk flask equipped with a stirrer, under an argon atmosphere at —78 °C, 2.4
mL dry Et;,O were added via syringe. Then 2-bromomesitylene S7 (1.22 mL, 8.0 mmol, 1.0
equiv) was added. A (1.52 M) solution of t-butyllityhium in pentane (10.5 mL, 16.0 mmol, 2.0
equiv) was slowly added to the flask over a period of 10-15 min at —78 °C. The mixture was
allowed to warm up to room temperature over 1.5h and was checked by ‘H NMR for
consumption of 2-bromomesitylene S7. The white mixture was cooled down to —78 °C again and
iodomethane (1.49 mL, 24.0 mmol, 3.0 equiv) was added to it dropwise over 20 min. The
mixture was then stirred overnight, allowing it to warm up to room temperature. Then, CH,Cl,
(20 mL) and water (10 mL) were added to the mixture and the biphasic solution was stirred for
30 min at room temperature. The layers were separated and the aqueous was further extracted
with CH,CI, (2 x 20 mL), after which the organic layers were combined, washed with brine (20
mL), dried (MgSQ,) and the solvent was removed in vacuo. The resulting crude was distilled
under reduced pressure (72 °C, 12 mbar) using a Vigreux column to afford the title
compound S10 as a colorless oil (541 mg, 4.0 mmol, 50%).

'H NMR (400 MHz, CDCls) & 6.85 (s, 2H), 2.29-2.24 (m, 9H), 2.15 (s, 3H); **C NMR (101
MHz, CDCls) & 136.4, 134.7, 132.0, 128.5, 20.9, 20.6, 15.1; LRMS (CI) m/z 135.1 [M+H]"
HRMS (FTMS-APCI) calculated for CyoHys [M+H]" 135.1168, found 135.1168; IR (ATR)/cm™*
2999, 2916, 1485.
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Reaction kinetics

Reaction order in malonoyl peroxide 7

o
X 9 1,4-dinitrobenzene (0.5 equiv) O%OH
o HFIP (0.25 M), 25 °C, 6 h O O
o
2 7

8

(10.0 equiv) (1.0 equiv)

Malonoyl peroxide 7 (32 mg, 0.25 mmol, 1.0 equiv) was weighed into a 7 mL vial. Then, a
standard solution of 1,4-dinitrobenzene in HFIP (0.02 M) (2.5 mL, 0.2 equiv 1,4-dinitrobenzene)
was added and a 40 pL aliquot was diluted in 0.5 mL CDClI; to record the initial ratio (internal
standard vs peroxide). Mesitylene 2 (348 pL, 2.5 mmol, 10.0 equiv) was added and the reaction
was stirred at 25 °C. 40 pL aliquots were sampled at different times and were immediately
diluted in CDCl3 (0.5 mL); this stopped the reaction, providing identical *H NMR spectra after
3 h of standing. The results shown are an average of two runs.

0

-1

In[peroxide]

-6 y =-1.3205x - 2.5329
R?=0.9893

0 0.5 1 1.5 2 2.5 3
t(h)
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Reaction order in mesitylene 2

o}
Q 1,4-dinitrobenzene (0.5 equiv) O%OH
o HFIP (0.25 M), 25 °C, 3 h O O

O

7

8

2

(1.0 equiv) (10.0 equiv)
Malonoyl peroxide 7 (320 mg, 2.5 mmol, 10.0 equiv) was weighed into a 7 mL vial. Then, a
standard solution of 1,4-dinitrobenzene in HFIP (0.02 M) (2.5 mL, 0.2 equiv 1,4-dinitrobenzene)
was added. Mesitylene 2 (35 pL, 0.25 mmol, 1.0 equiv) was added and the reaction was stirred at
25 °C. 40 pL aliquots were sampled at different times and were immediately diluted in CDCl;
(0.5 mL); this stopped the reaction, providing identical ‘H NMR spectra after 3 h of standing.
The results shown are an average of two runs.

In[MesH]
b o U &hH & A L N Bk o

y=-2.3321x-2.1421
R?=0.9898

N
o

0 0.5 1 1.5 2 2.5 3
t(h)
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Overall reaction order

o
o 1,4-dinitrobenzene (0.5 equiv) %
+ i
o HFIP (0.25 M), 25 °C, 6 h
O

(1.0 equiv) (1.0 equiv)

Malonoyl peroxide 7 (32 mg, 0.25 mmol, 1.0 equiv) was weighed into a 7 mL vial. Then, a
standard solution of 1,4-dinitrobenzene in HFIP (0.125 M) (1.0 mL, 0.5 equiv
1,4-dinitrobenzene) was added and a 40 pL aliquot was diluted in 0.5 mL CDCI; to record the
initial ratio (internal standard vs peroxide). Mesitylene 2 (35 pL, 0.25 mmol, 1.0 equiv) was
added and the reaction was stirred at 25 °C. 40 uL aliquots were sampled at different times and
were immediately diluted in CDCls (0.5 mL); this stopped the reaction, providing identical *H
NMR spectra after 3 h of standing. The results are an average of two runs.

0.25

0.2

0.1

0.05

Figure 1: Reaction profile of the malonoyl peroxide 7 (A, (0.25 M)) mediated oxidation of
mesitylene 2 (@, (0.25 M)) leading to single product 8 (¢, (0.25 M)

20 y=2.1337x+4.2534 20 y = 2.4403x + 3.8181
R?=0.9987 R?2=0.9916 .9
_.15 et _ 15
% e A s O
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T | e® . o®
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0 0
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General procedure for the Hammett analysis (General Procedure 3)

To a 7 mL vial, malonoyl peroxide 7 (38 mg, 0.30 mmol, 1.0 equiv) was weighed. A standard
solution of 1,4-dinitrobenzene in HFIP (0.01 M) (3.0 mL, 0.20 equiv 1,4-dinitrobenzene) was
then added. A 100 uL aliquot was taken and diluted in CDCI; (0.5 mL) to record the initial ratio
(internal standard vs peroxide). Afterward, the arene (0.30 mmol, 1.0 equiv) was added and the
reaction was stirred at 25 °C. 100 pL aliquots were taken at the specified times and were
immediately diluted in CDCl; (0.5 mL), providing identical *H NMR spectra after 3 h of
standing. All reactions were performed in duplicate.

Qo

2

General Procedure 3 was applied to mesitylene2 (42 pL, 0.30 mmol, 1.0 equiv). The
consumption of peroxide was monitored against the internal standard at the following time

intervals (min): 1, 3, 5, 7, 10, 15, 20, 25, 30.

_0O
S11

General Procedure 3 was applied to 2,4,6-trimethylanisole S11 (47 uL, 0.30 mmol, 1.0 equiv).
The consumption of peroxide was monitored against the internal standard at the following time
intervals (min): 1, 5, 10, 15, 30, 45, 60, 75, 90.

Tol

F
$12

General Procedure 3 was applied to 2-fluoromesitylene S12 (43 uL, 0.30 mmol, 1.0 equiv). The
consumption of peroxide was monitored against the internal standard at the following time
intervals (min): 1, 5, 10, 15, 30, 45, 60, 75, 90.

S17



Q.

Br
S7

General Procedure 3 was applied to 2-bromomesitylene S7 (45 pL, 0.30 mmol, 1.0 equiv). The
consumption of peroxide was monitored against the internal standard at the following time

intervals (h): 0.5, 1, 2, 3, 4.

$10

To a 7 mL vial, a standard solution of 1,4-dinitrobenzene in HFIP (0.01 M) (2.0 mL, 0.20 equiv
1,4-dinitrobenzene) was added. Isodurene S10 (30 pL, 0.20 mmol, 1.0 equiv) was then added. A
100 pL aliquot was taken and diluted in CDCI3; (0.5 mL) to record the initial ratio (internal
standard vs isodurene). Malonoyl peroxide 7 (26 mg, 0.20 mmol, 1.0 equiv) was then added.
100 pL aliguots were retrieved at the specified time intervals and quenched in vials containing
CDCI; (0.6 mL) and a saturated solution of Na,S,0s in water (0.8 mL). The organic layers were
collected and filtered through a short plug of MgSO, directly into the NMR tube. The data was
recorded at the following time intervals (min): 1, 2, 3, 4, 5, 7, 10.
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80 Labeling experiments

o] 80

18,
oH OH, (2.0 M) 180K
OH 180H
40 °C, 4 weeks
o} 80
S1 s14

Cyclopropyl malonic acid S1 (260 mg, 2.0 mmol, 1.0 equiv) was weighed in a 5 mL round
bottom flask; the flask was sealed under argon and **0OH, (97% *0 incorporation, 1.0 mL, 55
mmol, 26.5 equiv) was added. The mixture was stirred for 14 days at 40 °C and then the **OH,
was carefully removed under reduced pressure, ensuring that no air or moisture from the
atmosphere contaminated the sample. The resulting solid compound was re-dissolved in **OH,
(97% *80 incorporation, 1.0 mL, 55 mmol, 26.5 equiv) and stirred for another 14 days at 40 °C.
Afterward, the '®OH, was removed under reduced pressure to afford the 'O enriched
cyclopropyl malonic acid 19 in quantitative yield (white solid). The desired compound S14 was
stored under Ar at —18 °C.

The spectroscopic data matched that of cyclopropyl malonic acid S1. LRMS (ESI) m/z 137.1
[M—H]", (85% abundance) and 134.9 [M-H]", (15% abundance).

180 180
1804 H,O,eurea (3 equiv) o
180H MeSO4H (1.0 M) o
180 rt,20h 180
S14 20

7%

80 enriched cyclopropyl malonic acid S14 (62 mg, 0.45 mmol, 1.0 equiv) was weighed in a 7
mL vial, then MeSO3zH (0.45 mL, (1.0 M)) was added. H,O,eurea (127 mg, 1.4 mmol, 3.0 equiv)
was then carefully added and the mixture was allowed to react for 20 h at room temperature. The
mixture was then diluted in EtOAc (10 mL) and stirred with ice (10 mL) for 15 min until the ice
melted. The layers were separated and the aqueous layer was further extracted with EtOAc
(2x10mL). The organic extracts were combined and washed with saturated NaHCOj;
(ag., 3 x 10 mL), brine (10 mL), and dried (MgSO,). The solvent was removed under reduced
pressure to afford labeled malonoyl peroxide 20 as a white solid (46 mg, 0.35 mmol, 77%).

The spectroscopic data matches that of malonoyl peroxide 7.
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m/i ZC180160H
HFIP (O 5M) 180
180 25°C,16h

99"/

The 20 labelled peroxide 20 (30 mg, 0.23 mmol, 1.35 equiv) was weighed into a 1.5 mL vial
and then HFIP (0.23 mL, (0.5 M)) was added. Mesitylene 2 (23 uL, 0.17 mmol, 1.0 equiv) was
added via syringe to the mixture. The reaction was stirred for 16 h and the mixture was diluted in
EtOAc (10 mL) and stirred with saturated Na,S,0s (ag., 10 mL) for 2 h at room temperature. The
layers were separated and the aqueous phase was further extracted with EtOAc (2 x 10 mL). The
organic extracts were combined and dried (MgSO,4). Removal of the solvent in vacuo afforded
doubly labelled ester 21 (45 mg, 0.17 mmol, 99%).

The *H and *C NMR spectra matched that of non-labeled ester 8. LRMS (ESI) m/z 252.9, 250.9
[M+H]"; fragmentation of these ions using LRMS and HRMS showed no ‘20 attached to the
aromatic ring.

The ester bond was cleaved using MeNH; and the crude reaction mixture was analyzed using a
GC Agilent 7890A GC system, equipped with a 30 m x 250 um x 0.25 um DB5MS column
connected to a 5975C inert XL CI MSD with Triple-Axis Detector. GC program: 40 °C (4 min),
then 20 °C/min to 320 °C (hold 10 min).

SZ 33% MeNH, in EtOH (80 equiv) OH 80 80
C'®00H M _c'eooH COOH
180 25°C,1h MeHN * MeHN MeHN

180 labeled ester 21 (10 mg, 0.040 mmol, 1.0 equiv) was weighed into a 1.5 mL vial and MeNH,
in EtOH (33 wt%, 0.4 mL, 80.0 equiv) was added. The reaction was stirred for 1 h at 25 °C and
then the solvent was removed under reduced pressure. The resulting crude mixture (10 mg) was
analyzed by GCMS/CI, providing three signals:

1. Retention time (min): 7.918; m/z 102.0 [M+H]": decarboxylated amide 23 with one **0
label.

2. Retention time (min): 9.348; m/z 137.1 [M+H]": 2,4,6-trimethylphenol 3, no *20 label.

3. Retention time (min): 10.671; m/z 147.9 [M+H]": amide 22 with two '®0 labels;
m/z 145.9 [M+H]": amide 24 with one 20 label.
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o 33% MeNH, in EtOH (80 equiv) OH o} O
COOH + COOH  +
o 25°C, 1h MeHN MeHN
8 3 S15

$16

Ester 8 (50 mg, 0.20 mmol, 1.0 equiv) was weighed into a 7 mL vial and MeNH, in EtOH
(33 wt%, 2.0 mL, 80.0 equiv) was added. The reaction was stirred for 1 h at 25 °C and then the
solvent was removed under reduced pressure. The resulting crude mixture (64 mg) was analyzed
by GCMS/CI, providing three signals:

1. Retention time (min): 8.111; m/z 100.0 [M+H]"; decarboxylated amide S16.
2. Retention time (min): 9.398; m/z 137.1 [M+H]"; 2,4,6-trimethylphenol 3.
3. Retention time (min): 10.834; m/z 143.9 [M+H]"; amide S15.

The crude mixture for this reaction was chromatographed on silica gel (EtOAc:petroleum ether,
1:1) to afford 2,4,6-trimethylphenol 3 as a beige solid (15 mg, 0.11 mmol, 56%). Note:
2,4,6-trimethylphenol 3 is volatile (b.p. 220 °C (lit.)?).
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DFT Calculations

DFT calculations were performed using the Gaussian09 pack of programs.®> Optimizations of
ground states and transition states were performed at the (U)B3LYP/6-31G level of theory.*
These optimized structures were then characterized using frequency calculations at the
UB3LYP/6-31+G(d) level of theory and evaluated by a SCRF (self-consistent reaction field)
with 2,2,2-trifluoroethanol CPCM solvation.> Frequency data was analyzed via a classical
approach where fully converged local minima (peroxide 7 and diradical species 17) contain no
imaginary frequencies and transition states (TS1) have one imaginary frequency.

Below, a transition state using identical atom coordinates to our previous dihydroxylation study
is shown.® Transition state TS1 (29.7 kcal mol™) which forms diradical species 17 from peroxide
7 was found.
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EPR experiments

Blank testing

o
0 1,4-dinitrobenzene (0.2 equiv) %
+ |
o HFIP (0.5 M), 25°C, 3 h
o

2 7
(1.0 equiv) (1.0 equiv)

Malonoy! peroxide 7 (26 mg, 0.20 mmol, 1.0 equiv) was weighed into a 1.5 mL vial equipped
with a stir bar. A standard solution of 1,4-dinitrobenzene in HFIP (0.04 M) (0.4 mL, 0.20 equiv
1,4-dinitrobenzene) was then added and a 20 pL aliquot was diluted in CDCl3 to record the
initial ratio (*H NMR) between the internal standard and malonoyl peroxide 7. Mesitylene 2
(28 L, 0.20 mmol, 1.0 equiv) was then added and the reaction was monitored by *H NMR over
3 h. The reaction showed 52% conversion after 1 h and 73% after 3 h with no
byproducts/co-products.

DMPO 31 (1.0 equiv)
1,4- dmntrobenzene (0.2 equiv) %
HFIP (0.5 M), 25 °C, 3 h

(1.0 equw) (1.0 equw)

Malonoyl peroxide 7 (26 mg, 0.20 mmol, 1.0 equiv) was weighed into a 1.5 mL vial equipped
with a stir bar. A standard solution of 1,4-dinitrobenzene in HFIP (0.04 M) (0.4 mL, 0.20 equiv
1,4-dinitrobenzene) was then added and a 20 pL aliquot was diluted in CDCl3 to record the
initial ratio (*H NMR) between the internal standard and malonoyl peroxide 7. DMPO (23 mg,
0.20 mmol) and mesitylene 2 (28 pL, 0.20 mmol, 1.0 equiv) were then added and the reaction
was monitored by *H NMR over 3 h. The reaction showed 48% conversion after 1 h and 68%
after 3 h with no byproducts/co-products.
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Purification of DMPO’

Commercially available (Fluorochem, 5 g, brown solid with a low melting point)
5,5-dimethyl-1-pyrroline-N-oxide (DMPO, 1.6 g) was weighed directly into a 10 mL round
bottom flask which was equipped with a Vigreux column and a short-path condenser with three
10 mL round bottom flasks as fractions. The system was placed under vacuum (4.1 mbar). The
oil bath was heated to 140 °C and the vapor temperature of DMPO was 88 °C at 4.1 mbar. 1.2 g
of DMPO (colorless oil) were distilled in a 10 mL round bottom flask and stored under argon.
The collected DMPO became a crystalline white solid after storing in the freezer (-24 °C).

Sample preparation for EPR studies

(0.5 M) Solutions of DMPO, malonoyl peroxide 7 and mesitylene 2 in 2,2,2-trifluoroethanol
(TFE) were prepared under nitrogen. The EPR spectrometer was calibrated using a (0.05 M)
solution of TEMPO in TFE.

Blank samples of the (0.5 M) solutions of DMPO and malonoyl peroxide 7 in TFE were first
subjected to EPR spectroscopy.

0.1 mL of the (0.5 M) solution of malonoyl peroxide 7 in TFE was mixed with 0.2 mL of the (0.5
M) solution of DMPO in TFE and the resulting sample was monitored by EPR spectroscopy.

To 0.1 mL of the (0.5 M) solution of malonoyl peroxide 7 in TFE, mesitylene 2 (5.6 uL, 0.04
mmol) was added and the resulting mixture was analyzed by EPR spectroscopy. This mixture
was then combined with 0.2 mL of the (0.5 M) solution of DMPO in TFE and the resulting
mixture was analyzed by EPR spectroscopy.

The experiments were repeated using HFIP as a solvent and all of the experiments were
performed in duplicate.

No radicals were observed by EPR spectroscopy in any of the experiments performed.
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Cartesian coordinates

The number of imaginary frequencies relate to structures optimized at the (U)B3LYP/6-31+G(d)
level of theory, using 2,2,2-trifluoroethanol (TFE) CPCM model.

All Gibbs Free Energies were calculated at 298.15 K.

Peroxide 7 o
Gibbs Free Energy (in Hartrees), B3LYP/6-31+G(d) in TFE: —493.676511 >§>°

Number of imaginary frequencies: 0

4.32923300 -1.05445300 0.93896000

I T T T O O O O O O O O O

3.35719900
3.45848100
1.97127900
1.25266500
2.14715000
1.28187900
1.63731100
0.11049500
1.89307000
0.85407500
2.50162600
0.24549900

-1.37479800
-1.51658800
-1.67441000
-2.00472900
-1.90930700
-0.94046000
-2.36080300
-2.31772700
-0.18403000
-3.10924200
-2.61600200
-0.67725800

0.30400400
-1.07120700
0.69314600
-0.54639600
-1.60109500
1.85535700
2.02802000
-0.76574700
2.33666700
1.96653400
2.63236800
1.67085100

Peroxide homolytic cleavage transition state (TS1)

Gibbs Free Energy (in Hartrees), UB3LYP/6-31+G(d) in TFE: —493.629200

Number of imaginary frequencies: 1 (—228.63 cm ™)

-0.00201000 1.58114600 -0.74888200
0.00306800 1.58712400 0.73992400
-0.91029200 1.84513800 -1.27897600
0.92783100 1.79462000 -1.26346300

C

C
H
H
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O OO O O o o T T

-0.90145400
0.93654100
-0.02134600
-1.18607200
1.11709700
-1.22517200
1.28777700
-2.39939000
2.37347100

Diradical species 17

Gibbs Free Energy (in Hartrees), UB3LYP/6-31+G(d) in TFE: —493.637030 D%:

1.85558800
1.80486900
0.22753600
-1.88430000
-1.87858500
-0.61069400
-0.56408900
-0.03033600
0.04569000

Number of imaginary frequencies: 0

O O o O O o 0o T T T T O O

-4.13972000
-2.69503200
-4.79591500
-4.58542600
-2.31947800
-2.10877300
-3.21099700
-3.02774600
-2.78378900
-3.24154300
-2.95229400
-3.48470000
-2.87427400

0.11480700
-0.09702000
0.02556400
-0.10199200
-0.33856900
-0.46419600
1.35656400
3.43715400
3.25854900
2.18866500
2.01418900
1.73404800
1.39379900

1.27418400
1.24608800
0.00109600
0.01210900
0.00140300
0.00846500
0.00004100
0.01090100
-0.00236200

1.05920300
0.87732900
0.19981700
2.02421600
-0.11136500
1.71314700
1.03796800
-0.22507300
2.50683200
-0.18188500
2.33488400
-1.33742500
3.43487500

O,

17
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'H and *C NMR Spectra
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'H NMR (400 MHz, CDCl:)
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1°F NMR (376 MHz, CDCL) b
8
-~
|
O\HZ(OH
O O
F
30
Al(s)
-130.90

1 L 1 " I b 1 L\ 1 v T y T Y T b ] y | Y L] M L v L] Al 1 L{ 1 Y 1 y T J 1 v 1 v 1 v 1 I . I
10 0 -10 -20 -30 -40 -50 -60 -70 -80 -80 -100 -110 -120 -130 -140 -150 -160 -170 -180 -190 -200 -210
ppm

S56



'H NMR (400 MHz, CDCl:)
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15C NMR (101 MEz, CDCl)
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'H NMR (400 MHz, CDCL) @ & &
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C NMR (101 MHz, CDCl:) 2| 5l S in & o
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*HNMR (400 MHz, CDCL)

14

s a4
[0} g4
N/
- (s)
2.15
$10 5 L
6.85 fm
u H
J
* 2%
o 2
Q >l
. o M
) I I T T T N T . : : l | |
13 12 11 10 0 5 T T :
ppm

S61



C NMR (101 MHz, CDCLs) D Solih
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Mass Spectrometry Data
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Reaction of mesitylene 2 with 20 labeled peroxide 20

180
Q.
O
180
20 2

(1.35 eq

uiv.)

HFIP [0.5 M]
25°C, 16 h

Oﬁ(‘ iC1801GOH

180

21
98%

HRMS Analysis of 21 showing [M+H]" ion at 253.1208, showing incorporation of two

80 labels

AD-278 MW=2527
{DCM)/MeOH + 0.1% Formic Acid
C14H1602(18)02

EPSRC UK National Facility Swansea

LTQ Orbitrap XL

Andrei Dragan
11/06/2014 07:49:44

STRTOM330-OC-HNESP-3 #3469-3499 RT: 20.66-20.77 AV: 31 SM: 7G NL: 4.12E7

T: FTMS + p NSI Full ms [65.00-615.00]

Relative Abundance

100+
95—
90|
85
80-
75—
707
65—
60

55—

253.1208

[M+H]*

Chemical Formula:

C14H17,0,°0,

Theoretical Mass:

253.1206

[M-H*0]"

233.1059

135.0420

L

275.1025

[M+Na]*

291.0770

(o} OH
180 180

Chemical Formula: C14H40,'80,
Exact Mass: 252.1134
Molecular Weight: 252.2783

527.2149

505.2333 |

JI\I L

150 200

"
i ol

250

S i R s o
300 350
m/z

400

450

L
500 550 600
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HRMS MS? analysis of [M+H]" ion at 253.1208, showing loss of H,O and H,'®0

AD-278 MW=2527

{DCM)/MeOH + 0.1% Formic Acid

C14H1602(18)02

EPSRC UK National Facility Swansea
LTQ Orbitrap XL

Andrei Dragan

11/06/2014 07:49:44

STRTOM330-OC-HNESP-3 #3326-3440 RT: 20.05-20.54 AV: 105 SM:7G NL: 7.93E4
F: FTMS + p NSI Full ms2 253.00@hcd65.00 [65.00-256.00]

100+
95—
90|
85

Relative Abundance
9
o

235.1102

233.1059

o .
\
180 [e)

Chemical Formula: Cq4H50,'0"
Exact Mass: 233.1064

o%,

180 180

Chemical Formula: C44H;50'80,"
Exact Mass: 235.1106

239.1311

226

228 230 232

T
234
m/z

‘\'JII"‘ .

T
238 240 242

UL
236

244
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HRMS MS? analysis of [M+H]" ion at 253.1208, showing loss of C4Hs0," and C4Hs0*0’

AD-278 MW=2527 EPSRC UK National Facility Swansea Andrei Dragan
{DCM)/MeOH + 0.1% Formic Acid LTQ Orbitrap XL 11/06/2014 07:49:44
C14H1602(18)02

STRTOM330-OC-HNESP-3 #1230-1266 RT: 7.40-7.57 AV: 36 SM:7G NL: 1.99E6
F: FTMS + p NSI w Full ms2 253.00@cid28.00 [65.00-256.00]

100+
95—
90|
85

80— o.. O..
0 .
707 o o}

65— Chemical Formula: C1oH1105" Chemical Formula: C4oH,,0"80"
60; Calculated Mass: 163.0754 Calculated Mass: 165.0796

235.1100

= 165.0793

Relative Abundance
9
o

117.0312

970163 135.1164 191.6322 253.1210
T ] |
L i i L I ' L L L 1 1
T T
1

00 120 140 160 180 200 220 240

AD-278 MW=2527 EPSRC UK National Facility Swansea Andrei Dragan
(DCM)/MeOH + 0.1% Formic Acid LTQ Orbitrap XL 11/06/2014 07:49:44
C14H1602(18)02

STRTOM330-OC-HNESP-3 #1230-1266 RT: 7.40-7.57 AV: 36 SM: 7G NL: 8.15E5

F: FTMS + p NSI w Full ms2 253.00@cid28.00 [65.00-256.00]

100+
95—
90
85

03 o 0
Jou )
707] (6] 180

Chemical Formula: C4gH4105" Chemical Formula: C4gH,,0"%0"
E Calculated Mass: 163.0754 Calculated Mass: 165.0796

165.0793

163.1115

Relative Abundance
0
o

5- 157.2261 169.9898 1751116
l I |

0 LA i Ead Lad R s Al L At A ek RS AL AR T T T T T LAV T
154 156 158 160 162 164 166 168 170 172 174
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HRMS MS? analysis of [M+H]" ion at 253.1208, showing no labeled *20 attached to arene

AD-278 MW=2527 EPSRC UK National Facility Swansea Andrei Dragan
(DCM)/MeOH + 0.1% Formic Acid LTQ Orbitrap XL 11/06/2014 07:49:44
C14H1602(18)02

STRTOM330-OC-HNESP-3 #3326-3440 RT: 20.05-20.54 AV: 105 SM: 7G NL: 1.08E6
F: FTMS + p NSI Full ms2 253.00@hcd65.00 [65.00-256.00]

100
957
90—

165.0794

E 119.0849
855 97.0163

80
75
705 117.0312
657
60

557 99.0205
50% 0.
457

40
355
307
5= 135.0800

Relative Abundance

Chemical Formula: CgH{,O"
Calculated Mass: 135.0804 163.0752

107 87.0320 122.0721 1370957 1 47.0013
5 105.0693 129.0693 144.0931 ‘ 160.0879
0=t ,',‘]““, L‘| T e LB R AR AEARAAAY A A L T \"L AL ma \”I ‘xl'\' e \]w‘"\ AR R MRS B
90 100 110 120 130 140 150 160 170
m/z

Note: The obtained value at 137.0957 did not fit the acceptable tolerance window for HRMS of
+ 10.00 ppm. A theoretical isotope for the labeled species is shown below.

Chemical Formula: CgHy4 80«
Calculated Mass: 137.0852
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HRMS MS? analysis of [M+H]" ion at 253.1208 and ion at 235.17, showing no labeled 20

attached to arene

AD-278 MW=2527
{DCM)/MeOH + 0.1% Formic Acid
C14H1602(18)02

EPSRC UK National Facility Swansea
LTQ Orbitrap XL

Andrei Dragan
11/06/2014 07:49:44

STRTOM330-OC-HNESP-3 #3037-3077 RT: 18.46-18.72 AV: 22 SM: 7G NL: 1.23E2
F: ITMS + p NSI w Full ms3 253.00@cid35.00 235.00@cid35.00 [60.00-256.00]

100+
95-
90

85

807
75—
707

65
60-

Relative Abundance
9
o

155

99.00

5 96.92 H

165.08

o
1 63408\

Chemical Formula: CgH{,O"
Calculated Mass: 135.0804

135.08
|

137.00 157,25 || \ 178.17
b S Lyl IS

s i

119.08 ‘
)
1

A man i T i
120 140 160 180
m/z

200

Note: Sensitivity was poor when using FTMS and a different method (ITMS) was used for MS®
analysis, hence the accuracy of this method is based on only two decimal places.
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Cleavage of ester C—O bond using MeNH, followed by GC/LRMS (CI) analysis of crude
GC spectrum of crude reaction mixture after aminolysis of doubly *20O labeled ester 21

o# 33% MeNH, in EtOH (80 equiv) o 1809 189 180
C'®00H + M _ceooH + COOH
180 25°C,1h MeHN " MeHN MeHN

3 22 23 24

21

Abundance

TIC:AD291.D\data.ms

1.8e+07 9.348
1.6e+07 /d:LOH
1.4e+07
1.2e+07 3
1e+07 180
8000000 MEHN%
7.918
6000000 23 180 180
JL{ :C1BOOH + COOH
4000000
10671 MeHN MeHN
2000000 L
22 24
e e e e e e e
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00

Time-->

GC spectrum of crude reaction mixture after aminolysis of non-labeled ester 8

o 33% MeNH, in EtOH (80 equiv) OH o) o)
COOH + COOH  +
o) 25°C,1h MeHN MeHN
8 3 $15

$16

Abundance

TIC:AD292.D\data.ms

9.398
2.5e+07
OH
2e+07
3
1.5e+07

Q 8.111
le+07 MeHN%
10.834 P
' COOH
S$16 MeHN
5000000

S$15

WY
LA N s L O O B O S ) S S B ) I B B B B

™1
8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00

Time-->
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MS (CI) of GC peak at 7.918 min showing [M+H]" of 0 labeled decarboxylated amide 23
upon cleavage of doubly 20 labeled ester 21

Abundance

Average of7.864to 7.970 min.:AD291.D\data.ms

650000 | 102.0
600000 |
550000 |
Chemical Formula: CgHgN'80
500000 ] Exact Mass: 101.0727
Molecular Weight: 101.1332
4500004 miz: 101.0727 (100.0%), 102.0760 (5.4%)
400000 180
350000 | MeHN%
300000 | 23
250000 |
60.0
200000 |
150000 ]
100000 |
130.0
50000 ]
H 82.0
o bl il vl Wl L asee azeo  zoso paew  zse  esos
60 80 100 120 140 160 180 200 220 240 260 280
milz-->

MS (CI) of GC peak at 8.111 min showing [M+H]" of decarboxylated amide S16 upon cleavage
of non-labeled ester 8

Abundance

Average of 8.012 to 8.180 min.: AD292.D\data.ms

2400000 ] 100.0
2200000 ]
2000000 |
1800000 | Chemical Formula: CsHgNO
Exact Mass: 99.0684
Molecular Weight: 99.1330
1600000 4 m/z: 99.0684 (100.0%), 100.0718 (5.4%)
1400000 | 0o
MeHN)L\:7
1200000 ]
S16
1000000 ]
800000 ]
600000 ]
58.0
400000 ]
200000 ]
128.0
0 i T 8?\]?‘\ M \ 43.9 167.9 183.9 199.0 214.9 250.8
SRR OLVT 11T FRSSRSON ™R VUOBSSS Y HESSSUSO0US 1TNMENESHOULTSVSSRMMSICSS PSS SN Sl SR, . LSt £, A NSNS &1, KL
50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250

mlz-->
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MS (CI) of GC peak at 9.348 min showing [M+H]" of phenol 3 upon cleavage of doubly
180 labeled ester 21

Abundance

Average of 9.274 to 9.443 min.: AD291.D\data.ms

800000 t37a

750000 )
Chemical Formula: CgH1,0

700000 Exact Mass: 136.0888
650000 Molecular Weight: 136.1940
m/z: 136.0888 (100.0%), 137.0922 (9.7%)

600000
550000 OH
500000
450000
400000
350000
300000
250000
200000 168.0
150000
100000

119.0
50000 570 ‘
1l

0 1 MH\‘\ Ly e 1 2y I ul,s H‘ “‘1889 ‘2059 ‘227-1 2550‘ Zfa-o
40 60 80 100 120 140 160 180 200 220 240 260 280

m/z-->

MS (CI) of GC peak at 9.398 min showing [M+H]" of phenol 3 upon cleavage of non-labeled
ester 8

Abundance
4000000 Average of 9.295 to 9.443 min.: AD292.D\data.ms
137.1
3500000 Chemical Formula: CgH4,0
Exact Mass: 136.0888
Molecular Weight: 136.1940
3000000 m/z: 136.0888 (100.0%), 137.0922 (9.7%)
OH
2500000
2000000 3
1500000
1000000
165.0
500000
119.0
0 57.0 910 || Ll 1831 2029 227.1 255.1 283.0
e e e I AL B e e L e e e B e I e e
40 60 80 100 120 140 160 180 200 220 240 260 280
m/z-->
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MS (CI) of GC peak at 10.671 min showing [M+H]" of 20 labeled amides 22 and 24 upon
cleavage of doubly *°0 labeled ester 21

Abundance

120000

110000

100000

miz-->

Abundance

m/z-->

90000

80000

70000

60000

50000

40000

30000

20000

10000

0

150000

140000

130000

120000

110000

100000

90000

80000

70000

60000

50000

40000

30000

20000

10000

0

Average 0f10.453 to 10.842 min..AD291.D\data.ms
128.0 147.9

180 180
)L, :cmoOH + ﬁL _COOH
MeHN MeHN
22 24
57.0
102.0
176.0
M, \1 HWHHH\W\!‘ ‘.u!\l‘w M.H;‘H‘ ol il 2088 2288 2509 2740
40 60 80 100 120 140 160 180 200 220 240 260 280
Average of 10.516 to 10.821 min.: AD291.D\data.ms
128.0 147.9
Chemical Formula: CgHgNO'80,
Exact Mass: 147.0667
1209 Molecular Weight: 147.1423
) m/z: 147.0667 (100.0%), 148.0701 (6.5%)
180
JL{ :C1BOOH
. 18 MeHN
Chemical Formula: CgHgNO, '°O
Exact Mass: 145.0625 22
Molecular Weight: 145.1422
m/z: 145.0625 (100.0%), 146.0658 (6.5%)
80 1459
COOH
MeHN
24
126.0 143.9
141.9
‘ 131“9 ‘131‘;_9 136.9 135‘,9 | ‘ ‘ 149“9 1519 157.9
\ TR T S IR
126 128 130 132 134 136 138 140 142 144 146 148 150 152 154

S72



MS (CI) of GC peak at 10.834 min showing [M+H]" of amide S15 upon cleavage of non-labeled

ester 8

Abundance

m

lz--

800000
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‘ 82.0
H}H\, |
P

Average 0o0f10.516 to 10.947 min.:AD 292.D\data.ms
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100.0

1l MH‘H M‘
T L t

143.9

Chemical Formula: CgHgNO3
Exact Mass: 143.0582
Molecular Weight: 143.1420
m/z: 143.0582 (100.0%), 144.0616 (6.5%)

O

MeHN" KCOOH

S$15

172.0

“ il Ll ‘ 197.9 218.9 250.8 269.0 286.9
pop b b Loy T T

T

80

w\\\
10

I
0

i T
120

i e T B e e e e e e e ) e L o
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