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Synthetic Procedures

Azocumene. Azocumene was synthesized via the procedure reported by Ikeda,' and as had been
previously synthesized by our lab.?

OH _NaNj, TFA N Pd/C, NH,CHO _ NH,
CHCl3, -10°C EtOH, 50°C
||
NH, SOzClp, EtsN_ _SO,Cly, EtzN_ / _NaH, tBuOCI_
CH,Cl,, -78°C CH,Cl,, -78°C

To a solution of cumyl alcohol (10 mmol) and sodium azide (22 mmol) in 10 mL CHCI; cooled to -10 °C
was added TFA (55 mmol) dropwise as a solution in 10 mL CHCIl;. The solution was stirred overnight

and upon reaction completion (by TLC) was quenched with water. Following extraction with CH,Cl,, the
organics were washed with brine, dried over MgSO,, and concentrated. The crude cumylazide was then
dissolved in 50 mL EtOH and ammonium formate (50 mmol) and 10% Pd/C (100 mg) were added. The
reaction was stirred at 50 °C overnight. Upon completion, the solution was diluted with ether and filtered
through a pad of silica to afford cumylamine as a pale yellow oil. Yield: 72%. Spectral data were
consistent with those in the literature.'

To a solution of cumylamine (10 mmol) and dry Et;N (11 mmol) in dry CH,CI, (10 mL) cooled to -78 °C
was added sulfuryl chloride (5.1 mmol) dropwise. The reaction was maintained at -78 °C until
completion, as determined by TLC. The reaction was quenched by addition of water, extracted with
CH,Cl, and the organics were washed with brine, dried over MgSO4, and concentrated. Recrystallization
from EtOH afforded white needles. Yield: 71%. Spectral data were consistent with those in the literature.'

To a suspension of NaH (2.1 mmol) in dry THF cooled to 0 °C was added N,N-bis(1-methyl-1-
phenethyl)-sulfamide (3, 1.0 mmol) as a solution in THF dropwise. After 2 hours, the solution was cooled
to -78 °C and tert-butylhypochlorite (1.1 mmol) was added dropwise. The solution was allowed to warm
to room temperature and then quenched with water and extracted with Et,O. Organics were washed with
brine, dried over MgSO,, and concentrated. Purification by column chromatography (Pet Ether/Et,0)
afforded azocumene which was then further purified by recrystallization from Hexanes/CH,Cl, at -20 °C.
Yield 11%. Spectral data were consistent with those in the literature.'

Azobis(1-phenylethane). The title compounds was synthesized by a modified version of a literature
procedure.m’15 Briefly, acetophenone (12 mL, 100 mmol) and hydrazine hydrate (2.5 mL, 50 mmol) were
dissolved in 50 mL of EtOH, p-toluenesulfonic acid (190 mg, 1.0 mmol) was added and the mixture was
refluxed for 3 hours. Upon cooling to room temperature, a light yellow precipitate had formed. The
precipitate was filtered and dried under vacuum, giving 10.2 g of pure acetophenone azine. Yield 86%.
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Acetophenone azine (7.0 g, 4.2 mmol), Pd/C (350 mg) and EtOH (45 mL) were combined in a high
pressure hydrogenation apparatus, which was then purged with nitrogen, and pressurized to 1500 psi with
hydrogen. The reaction was stirred and heated to 50°C for 2 hours, filtered through Celite and
concentrated to give 6.2 g of crude bis(1-phenethyl)hydrazine. Yield 89%.

The crude bis(1-phenethyl)hydrazine (6.2 g, 26 mmol) was dissolved in n-heptane (100 mL) and oxygen
gas was bubbled through the solution until the reaction was complete by TLC. The solvent was removed
(not heating past 30°C) and the crude product was purified by column chromatography (eluting with 5%
EtOAc/Hexanes) and then recrystallized from MeOH to give 3.0 g of azobis(1-phenylethane). Yield 48%.
Spectral data were consistent with those in the literature."

TEMPO'BF,. TEMPO BF, was synthesized through the procedure of Holan and Jahn.’ Isoamyl nitrite
(1.0 mmol) was added slowly to a solution of BF;-OEt, (1.3 mmol) in dry Et,O (4.5 mL) under argon.
The solution was stirred 5 minutes before a solution of TEMPO (156 mg) in 0.5 mL Et,0 was added
dropwise over 20 minutes. The solution was stirred an additional 10 minutes. The precipitate was filtered,
washed thoroughly with Et,0, and dried under vacuum. Yield 42%.

4,4'-[(1,10-dioxo-1,10-decanediyl)bis(oxy)]bis[2,2,6,6-tetramethyl-1-oxo-piperidinium]
tetrafluoroborate. The oxidation of nitroxide 2 to its corresponding oxoammonium salt was accomplished
by an identical procedure to that shown above for the preparation of TEMPO 'BF,". The yellow oily solid
thus obtained was rinsed thoroughly with diethyl ether, and solidified completely under vacuum
overnight. It was stored under vacuum until immediately before use. Spectral data are consistent with
reported data for the nitrate salt.'”” FT-IR (ATR): 2931, 1463, 1387, 1235, 1167, 1060 (oxoammonium
salt); 1729 (ester), 984 (nitroxide).

Cumyl-TEMPO. Azocumene (1.5 mmol) and TEMPO (3.0 mmol) were dissolved in thoroughly degassed
MeCN (15 mL). The solution was stirred at 50°C, under argon, for 24h. The solvent was removed under
vacuum, and the residue purified by column chromatography with Et,O/hexanes to yield a white solid.
Yield: 69%. Spectral data are consistent with those in the literature.*

1-Phenethyl-TEMPO. The compound was synthesized through the literature procedure. Spectral data are
consistent with those in the literature."
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Model Reaction Data
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Figure S1. Decomposition of azocumene (M) and formation of the TEMPO-cumyl adduct in the reaction
of azocumene (25 mM) and TEMPO'BF, (25 mM) in the presence of Me;N'AcO™ (25 mM) in
acetonitrile at 50°C under argon with no additive (®), 25 mM AcOH (A) or 25 mM TFA (V).
Concentrations were determined by HPLC as described in the Experimental Section.
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Figure S2. Decomposition of azocumene (M) and formation of the TEMPO-cumyl adduct in the reaction
of azocumene (25 mM) and TEMPO'BF, (25 mM) in the presence of Me;N 'AcO™ (25 mM) at 50°C
under argon in acetonitrile (®) or chlorobenzene (A).Concentrations were determined by HPLC as
described in the Experimental Section.
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Figure S3. Decomposition of azocumene (M) and formation of the TEMPO-cumyl adduct in the reaction
of azocumene (25 mM) and TEMPO 'BF; (25 mM) at 50°C under argon in acetonitrile in the presence

(®) or absence (A) of 25 mM Me;N"AcO". Concentrations were determined by HPLC as described in the
Experimental Section.
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Figure S4. Decomposition of azobis(1-phenylethane) (W) and formation of the TEMPO-phenethyl adduct
(®) in the reaction of azobis(1-phenylethane) (25 mM) and TEMPO'BF, (25 mM) at 100°C under
nitrogen in chlorobenzene in the presence of 25 mM Me;N AcO". Concentrations were determined by
HPLC as described in the Experimental Section.
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TEMPO 'BF, Reactions Monitored by UV-Vis Spectroscopy
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Figure S5. UV-Vis spectra in acetonitrile at 20°C of the mixture of TEMPO'BF, (0.2 mM) and fert-butyl
hydroperoxide (3.3 mM) immediately after mixing (green) and after 137 minutes (red). The blue line
shows the spectra of a reference solution of TEMPO (0.2 mM) in acetonitrile.
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Figure S6. Reaction of TEMPO BF, (0.2 mM) with tert-butyl hydroperoxide (3.3 mM) in acetonitrile at
20°C monitored at 337 nm. The first-order signal decay is shown in the insert.
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Figure S7. UV-Vis spectra of 0.4 mM TEMPO (black) and TEMPO BF, (red) in acetonitrile at 50°C.
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Figure S8. Incubation of TEMPO BF, (0.4 mM) in 1% H,0/MeCN with TFA (10 mM) for 200 minutes
(green through pink, indistinguishable).
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Figure S9. UV-Vis spectra of the decomposition of TEMPO 'BF, (20 mM) in 1% H,0/MeCN containing
0.1 M TFA, at 70°C. Spectra were taken every 4 minutes over the course of 40 minutes and yielded a
decomposition rate of R=1.3 x 10° Ms™.

Inhibited Autoxidations
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Figure S10. Oxygen consumption plots measured during the autoxidation of styrene (4.3 M) in MeCN
(+1% H,0) initiated by AIBN (0.05 M) at 30 °C in the presence of TEMPO (13 pM) and 4.3 mM of
various acids.
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Figure S11. Inhibited autoxidation of styrene (4.3 M) initiated by AIBN (0.05 M) in MeCN with 1% H,O
in (a) the absence of inhibitors, and in the presence of 13 uM of either TEMPO BF, (b and c) or TEMPO
(d and e) with added acetic acid (43 mM, solid lines) or trifluoroacetic acid (32 mM, dashed lines).
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Figure S12. Oxygen consumption observed during the autoxidation of styrene (panel A) or of cumene
(panel B) initiated by AIBN (0.05 M) at 30°C using in chlorobenzene. a) without inhibitors; b)
TEMPO'BF, (13 uM) and AcOH (44 mM); ¢) TEMPO (13 uM) and AcOH (44 mM).
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The O, consumption plots were analyzed on the basis of the mechanism reactions 1-8 by using Gepasi

software’ (see Figure S13).

Initiator —— R - rate: R 1
ko2 | o
R-+ 0, —= ROO- 2 autoxidation

k
2RO0* —> non radical products 4

: k
! ROO: +RH —2»> ROOH + R - 3

R+ +N=0 R* + N-O 5
o Kae . L L
! N-O* + AcOH =—— N-O-H ™~ + AcO 6. acid-catalyzed
: K_ac « antioxidant activity of

. : ' nitroxides
N-O-H™* +R0OO- K, Np-O* + ROOH 7!

i Kooy 1 alkyl trapping by
: N-O- + R- ™, N-O-R 8 1 nitroxides

This procedure afforded the value of &y, (reaction 5) and the equilibrium constant k,./k.,. (reaction 6).

The rate constants for reactions 3 and 4 were from the literature (k= 41 M's?, 2k, = 4.2x107 M'ls'l)é,
while the rate of initiation R; was experimentally determined as 6.1x10° Ms™' by using PMC as reference
antioxidant. The reaction of styryl radicals with O, in MeCN was set equal to that of benzyl radicals with
0, (3.42x10° M''s™")’, the backward reaction 6 was fixed at the diffusion controlled limit (k.o = 5x10° M~
's™)®, while reaction 8 was fixed to 4.9x10° M's”, as reported for benzyl radicals and TEMPO’. The
reaction between protonated nitroxide and peroxyl radicals ki, (reaction 7) was set equal to 2x 108 M1
on the basis of our previous results (the highest measured rate constant was 1.8x10° M's™ with 10 mM
TSA)." The concentration of oxygen was calculated from the known solubility at 30 °C as [O,] = 1.8

mM.

The results of the fittings of the autoxidations of styrene inhibited by TEMPO and TEMPOonium in the
presence of different concentrations of acetic acid afforded kopium = (2.4+0.4)x10'° M''s"' and kuo/kae =
(1.310.6)><10'6. The rate constants konum are similar to those reported for the reaction of Ar,CH" and

bromide in MeCN (2x10'° M's™)."!
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Figure S13. Inhibited autoxidation of styrene (4.3 M) initiated by AIBN (0.05 M) in MeCN with 1% of
water and acetic acid (0.043 M), in the absence of inhibitors (0) or in the presence of TEMPO (13 pM, e)
or TEMPO" (13 pM, A). Lines represent the results from numerical fittings, see text.
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Figure S14. Oxygen uptake plots recorded during the autoxidation of styrene (50% v/v) in
chlorobenzene, initiated by AIBN 0.05M at 303K, in the absence of inhibitors or in the presence of 13
uM TEMPO + 44 mM acetic acid or 13 uM TEMPO'BF, + 44 mM acetic acid as indicated in the legend.
Simulated traces impose no regeneration of TEMPO from TEMPO" (black) or allow for regeneration
(green). Best fittings afforded kg (= konium) = 1-2 X 10°M'sh
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EPR Experiments

9.0e-5

8.5e-5 -

8.0e-5 -

7.5e-5

[TEMPO] /M

7.0e-5 -

6.5e-5

0 500 1000

1500

Time/s

2000 2500

3000

Figure S15. TEMPO concentration determined by EPR during the autoxidation (at 303 K initiated by
AIBN 0.05 M) of 40% (v/v) cumene in acetonitrile in the presence of TEMPO BF, (0.66 mM) upon
addition of 26 mM trifluoroacetic acid after ~0.1 mM TEMPO had already been formed.
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Figure S16. TEMPO concentration determined by EPR during the autoxidation of 40% (v/v) cumene in
chlorobenzene at 303 K initiated by AIBN 0.055M in the presence of TEMPO BF, (1.1 mM) in the
presence of 35 mM acetic acid (A) or without acid (B). In the absence of acid, the initial rate is noticeably
slower and nonlinear — increasing with time, perhaps due to depletion of O, over the longer period of
time, improving the competition with alkyl radicals.
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Figure S17. TEMPO concentration determined by EPR during the autoxidation (at 303 K initiated by
AIBN 0.055 M) of 45% (v/v) cumene in chlorobenzene in the presence of TEMPO'BF, (0.67 mM) in the
presence of 35 mM acetic acid (A) or without acid (B).
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Figure S18. TEMPO concentration determined by EPR during the autoxidation of cumene (45 % v/v) in
chlorobenzene initiated by AIBN 0.05M at 303K, in the presence of TEMPO 1.4 x 10” M and acetic acid
52 mM. Simulations show the expected decay in the absence of TEMPO regeneration from TEMPO+,
and the fitted traces allowing regeneration with the indicated kg (= konium)-
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Figure S19. TEMPO concentration determined by EPR during the decomposition of AIBN (0.05 M, R; =
6.3 x 10® Ms™) in the presence of TEMPOBF, (3.5 mM) at 303 K in MeCN.
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High Temperature Autoxidations
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Figure S20. Hydroperoxide formation during the inhibited autoxidation of light paraffin oil at 160°C,
initiated by 5.0 mM tetralin hydroperoxide, uninhibited without additives (M), or with 40 mM 2.4,6-tri-
tert-butylpyridine (®), 40 mM palmitic acid (A) or inhibited with 40 pM bis(nitroxide) 2 (V).
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Figure S21. Carboxylic acid formation during the inhibited autoxidation of light paraffin oil at 160°C,
initiated by 5.0 mM tetralin hydroperoxide, uninhibited without additives (M), or with 40 mM 2.4,6-tri-
tert-butylpyridine (®), or inhibited with 40 uM bis(nitroxide) 2 with no additive (¢), 2 with 4.0 mM 2,4,6-
tri-tert-butylpyridine ('V), or 2 with 40 mM 2,4,6-tri-tert-butylpyridine (A).
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Figure 22. Hydroperoxide formation during the inhibited autoxidation of light paraffin oil at 160°C,
initiated by 5.0 mM tetralin hydroperoxide, uninhibited without additives (M), or inhibited with 40 pM
bis(nitroxide) 2 (V) or with 40 mM of the bis(oxoammonium tetrafluoroborate salt) derived from 2 (@).
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CBS-QB3 Computational Results and Structures

N
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0.00983700
-0.61215200
-0.20032400
-0.61215200
-1.70204400
-0.32786300
-0.70144700
0.87125200
-1.70204400
-0.32786400
-0.11530400
1.52441100
1.97366800
1.61187200
2.07846500
-0.72344100
-0.71565100
-0.23934900
-1.76418900
1.52441100
1.61187100
1.97366900
2.07846500
-0.72344100
-0.23935000
-0.71565200
-1.76418900
-0.29680100

CBS-QB3 Energy=

-482.527850 CBS-QB3 Free Energy=

-482.528794

-482.577353
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CBS-QB3 (0 K)=

CBS-QB3 Enthalpy=

0.00005100
0.00003000
-0.00006000
-0.00011700
-0.00006000
0.00003000
0.00008300
-0.00008600
-0.00021200
-0.00008600
0.00008300
0.00008100
0.00003000
0.00001600
0.87859500
-0.87854800
0.00003000
-0.87854800
0.87859500
0.00001600

0.18619600
-0.56298500
-1.94815000
-2.65646200
-1.94815000
-0.56298500
-0.04321500
-2.48586500
-3.74024300
-2.48586500
-0.04321500

1.61359000
2.38028300

3.45652100
2.14892900

2.14889400
2.38028300

2.14889400
2.14892900
3.45652100

-348.837138

-348.826982 CBS-QB3 Free Energy=

0.00000000
1.21055100
1.20468200
0.00000000

-1.20468200

-1.21055100

2.16025700
2.14687000
0.00000000

-2.14687000

-2.16025700

0.00000000

-1.29293000
-1.11456200
-1.90933800

-1.90931300
1.29293000
1.90931300
1.90933800
1.11456200

CBS-QB3 Energy=

-348.827927

-348.872592
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CBS-QB3 (0 K)=

CBS-QB3 Enthalpy=

-0.00002500
-0.00001400
-0.00001400
-0.00001600
-0.00001400
-0.00001400
-0.00001100
-0.00001200
-0.00001400
-0.00001200
-0.00001100
-0.00003000
0.00004000

0.00009300

0.87659000
-0.87651200
0.00004000
-0.87651200

0.87659000

0.00009300

0.17759900
-0.55691800
-1.93538000
-2.62579200
-1.93538000
-0.55691800
-0.03416800
-2.48409900
-3.71002300
-2.48409900
-0.03416800

1.59279100
2.36967100
3.44185100
2.11665400

2.11674400
2.36967100

2.11674400
2.11665400
3.44185100

-348.591896

-348.583450 CBS-QB3 Free Energy=

0.00000000
1.22452700
1.21932300
0.00000000
-1.21932300
-1.22452700
2.17143400
2.15251500
0.00000000
-2.15251500
-2.17143400
0.00000000
-1.27175200
-1.09400600
-1.87916200
-1.87919500
1.27175200
1.87919500
1.87916200
1.09400600

CBS-QB3 Energy=

-348.584395

-348.624080
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