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SI Text.

k Versus 3, Plots for ‘Bu,PhOH and TEMPOH Pseudo-Self-Exchange
Reactions. Plots of log(kxy,x- ) versus 8, for (a) ‘Bu;PhO(* /H)
and (b) TEMPO(" /H) are shown in Fig. S1 (1).

Pseudo-self-exchange reaction of ‘Bu,PhO° -+ 2, 6-di-tert-butyl-4-
methylphenol As mentioned in the main text, the self-exchange
rate constant for ‘Bu;PhOH was determined by studying the
pseudo-self-exchange reaction of ‘Bu;PhO° + 2, 6-di-tert-butyl-
4-methylphenol (BHT) (Eq. S1). This reaction proceeds by initial
HAT from BHT to ‘Bu;PhO° (Eq. S1), with subsequent reaction
of the Me'Bu,PhO radicals with another phenoxyl radical (or
‘Bu,PhO") and elimination (Eq. S2) (2, 3). '"H NMR spectra
of reaction mixtures in all solvents show the formation of
‘Bu,PhOH and the quinone methide in a 2:1 ratio [the stoichio-
metry of the net reaction of Me'Bu,PhO* (Eq. S1 + Eq. S2)].

The kinetics of reaction S1 have been measured under pseudo-
first-order conditions of excess BHT (5-70 equiv) by using UV-
visible (UV-vis) stopped-flow spectrophotometry, following the
decay of ‘Bu;PhO° (A,,x = 630 nm). By using d['Bu,PhO°]/
dt = 2kg;['Bu,PhO°][BHT] to account for the stoichiometry,
ks /M~1s71 = 158 & 10 (CCl), 113 + 8 (CgHg), 24 + 2 (MeCN),
and 10 £ 1 (DMSO). The same values are obtained from fitting
the spectral data to a more complete kinetic model by using the
known dimerization and elimination rate constants (2, 3). The
self-exchange rate constants are then derived from the kg, values
by using Eq. S1 (see main text) and Kg; = 1.45 £ 0.13 (data sum-
marized in Table 2, main text). The same method is used to cor-
rect kg; in hexane, originally reported by Prokof’ev et al. (4). Our
value of kxy/x.('BusPhOH) in CCl, (130 +20 M~'s™') is
smaller than the previously reported value, 220 + 20 M 's
measured by EPR for ‘Bu;PhO" + 2,4, 6-Bu,-3, 5-d,- PhOH
(5). The EPR value is not used here.
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'Bu,PhO" + a-tocopherol (TocOH) Kinetics. The rate constant kg3 was
determined by using stopped-flow spectrophotometry under
pseudo-first-order conditions of excess TocOH. The kinetic
experiments were carried out as described in the main text.
The disappearance of the UV bands of ‘Bu;PhO* are accompa-
nied by the growth of the optical spectrum of the a-tocopheroxyl
radical (TocO") (Fig. S2a) (6). The spectra were fit to a first-
order kinetic model by using SPECFIT software (7). A plot of
the derived first-order rate constants plotted as a function of
[TocOH] is linear with a zero intercept (Fig. S2b), yielding
ks3 = 8,100 £ 600 M~!s7!.
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‘Bu,PhO" + 9, 10-Dihydroanthracene (DHA) Kinetics. The disappear-
ance of the optical bands (blue) of ‘Bu,PhO" are accompanied by
the growth of the optical spectrum of anthracene (Fig. S3). The
rate constant ks, was determined by using UV-visible (UV-vis)
spectrophotometry under pseudo-first-order conditions of excess
DHA by using the following procedure. In an inert atmosphere
glovebox, 2-mL aliquots of a 5x 107> M stock solution of
‘Buy,PhO° in MeCN were placed in five quartz cuvettes with
Kontes Teflon stoppers. Above each Teflon stopper 9,10-Dihy-
droanthracene (10-500 eq) and 1 mL MeCN were placed, and
the apparatus was capped with a rubber septum. Initial UV-vis
spectra were taken for each cuvette, and then reactions were
initiated by opening the Teflon stopper and mixing the two solu-
tions. The spectra were fit to a first-order kinetic model by using
SPECFIT software. A plot of the derived first-order rate con-
stants plotted as a function of [DHA] is linear, with a zero inter-
cept yielding k = (8.8 +0.8) x 107> M~!s~!. With kg, defined
as d['BuyPhO’]/dt = 2ks,['Bu,PhO°|[DHA]|, ks; = 4.4 +0.4%
10~ M~!s7!. Because there are four equivalent hydrogens in
DHA, the rate constant for hydrogen atom transfer per hydrogen
is lower than this value by the statistical factor of 4:

kxpyy-(S4) = 1.1 £0.1 x 1073 M1sl,

CO0- (e
[S4]

General Considerations for Determination of Bond Dissociation Free
Energies (BDFEs) and kyy x- . Determination of BDFEs. The homolytic
bond strengths discussed below were derived from either gas
phase bond dissociation enthalpies (BDEs) or redox potential
(Ey),) and pK, data. BDFEs were derived from gas phase BDEs
by using Eqs. 4 and 5 of the main text, as discussed there. Unless
otherwise noted, a, values were taken from ref. 8, and g, va-
lues were taken from ref. 9. Free energies of solvation of H, in
water and organic solvents are from ref. 10 and 11, respectively.
Abraham’s model also allows conversion of BDFEs between two
solvents, by using a modification of Eq. 6 (see main text), as
shown by Eq. S5. BDFEs derived from E,/, and pK, data used
Eq. S6 (12, 13). The constants C; = 54.9 kcal mol™! (MeCN
Cp,Fe*/° electrochemical reference) and Cg = 57.6 kcal mol~!
(water, NHE electrochemical reference) are discussed in detail
in refs. 12 and 13.

BDFE,,,; - BDFEy,, = AAG?,, (H) + AAG:,, (X")
—AAG,,(XH) [S5]
BDFE = 1.37pK, = 23.1E, ; + Cg [S6]

Determination of self-exchange rate constants (kxy,x- ). All self-ex-
change rate constants or pseudo-self-exchange rate constants
were taken from the literature as noted below. Pseudo-
self-exchange rate constants were corrected for driving force,
where necessary, by using Eq. 8 in the main text. When necessary,
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self-exchange rate constants were corrected for solvent effects by
using Ingold’s kinetic solvent effect (KSE) model (Eq. 7, main
text). The relevant a," and 8, values were taken from the
sources mentioned above, unless otherwise noted. The KSE mod-
el can also be rearranged to convert self-exchange rate constants
between two solvents, as shown in

1Og(ksolvl ) - log(ksolv2) = _8'3a2H (XH) [ﬂzH (SOIVI ) - ﬁZH (SOIVZ)]
[S7]

Bond Strengths for Bulky Phenols. Gas phase BDE:s for all phenols
used in this study can be found in ref. 14. These were converted to
solution BDFE:s in the appropriate solvent by using the two-step
method described in the main text. 8,7 for bulky phenols is ap-
proximated as ~0.15. Following Ingold (15), the phenoxyl radical
is expected to be somewhat H-bond accepting because of the
quinoid-like resonance form. However, because of the steric bulk
of the 2,6-di-tert-butyl substitution we cannot simply approximate
B, as a ketone (~0.48). Instead, we linearly extrapolate 8, for
bulky phenols from benzoquinone (3, = 0.48), because 2.4,
6-tri-fert-butyl phenol has @, =0.22, about one-third of
a,"(PhOH) = 0.6. This is reasonable because a similar (factor
of 3) decrease in B, is observed going from pyridine to 2,
6-di-tert-butyl pyridine (9). For 2,6-dimethyl substitution (e.g., to-
copherols) there is no dramatic shift in 8, from the unsubsti-
tuted derivative.

The bond strengths differ slightly from previous reports from
our group (12). For example, from a variety of literature data Ma-
der et al. derived BDFEpcn('Bu;PhOH) = 77 £ 1 kcal mol .
Starting from BDE,(‘Bu;PhOH) = 79.9 kcalmol™! we derive
BDFE).cn(‘Bu,PhOH) = 77.8 + 1.0 kcalmol~!, slightly larger
but within error of our previously reported value. For other
solvents (e.g., C4Hg, DMSO, and CCl,) the Abraham model
predicts BDFEs within <0.5 kcal mol~! of those derived by other
methods, like thermochemical cycles. Because the Abraham
model is so accurate for most phenols, and for consistency in this
study, the BDFEs for bulky phenols are all derived from the
respective gas phase values by using the Abraham model.

Trolox C Bond Strength and Self-Exchange Rate Constant. Trolox C,
(£)-6-Hydroxy-2,5,7,8-tetramethylchromae-2-carboxylic-acid, is
a water soluble tocopherol analogue. The pK, of Trolox C is
12.1, and the one electron reduction potential of the phenoxide
is 0.192 V versus NHE (16, 17). Using these data in Eq. S6 gives
BDFE(Trolox) = 78.5 4 1.0 kcal mol~! in water.

The self-exchange rate constant for Trolox C in water can cal-
culated from the self-exchange rate constant for a-tocopherol in
MeCN (see below), assuming the properties of Trolox and toco-
pherol are about the same. This is a reasonable assumption based
on their very similar structures. By using a,"(TocOH) = 0.37
(18), p,"{(MeCN) = 0.44 £ 0.03, and £,"(H,0) = 0.38 £0.04,
log kxiy/x- (Trolox C) = 4.53 £ 0.55 or kxjy/x- ~ 3.4 % 10* M~!'s7!.

Phenol Bond Strength and Self-Exchange Rate Constant. The gas
phase BDE of phenol has recently been critically reviewed to be
88.7 £ 0.5 kcalmol™! (19), corresponding to BDFE(PhOH),) =
80.6 + 0.5 kcalmol™' at 298 K. For the BDFE in di-tert-butyl
peroxide (DTBP) solution AG?,(PhOH) — AG;,,,(PhO") is cal-
culated by using «,”(PhOH) = 0.596 4 0.015, B,"(DTBP) =
0.3540.1 (20), and a,"'(DTBP) = 0. Ingold and coworkers
have previously approximated B,"(PhO*) ~ ,H(RC(O)R) =
0.48 + 0.04, which is reasonable upon the basis of the primary
quinoid-like resonance structure of the phenoxyl radical (15).
We approximate AG? , (H*)~AG:  (H,), following Roduner

solv solv

(21). We will also assume that AGy,(H,) in DTBP is approxi-

mately that of MeCN (5.12 kcalmol™'), because the free
energy of solvation of H, does not vary widely in polar, aprotic
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media (11). Substitution of these values into Eq. S6 gives
BDFEprgp(PhOH) = 87.8 & 1.1 kcalmol~'. The same type of
analysis in water (a,f1 = 0.35£0.02, 8,7 =0.38 £ 0.02) gives
BDFE,,.;(PhOH) = 90.1 & 1.0 kcalmol ™.

Alternatively, BDFE,,...(PhOH) can be derived from aqueous
thermochemical data. Lind and coworkers reported the reduction
potential for the phenoxyl radical in water as 0.79 £0.01 V
versus NHE and pK, (PhOH) = 10.0 (22). Application of Eq. S6
gives BDFE, ., (PhOH) = 89.4 4+ 1.0 kcal mol~!, in quantitative
agreement with the above derivation from gas phase data.

The self-exchange rate constant for phenol is estimated from
the pseudo-self-exchange reaction of phenoxyl with 2-naphthol.
Foti and coworkers have determined that the rate constant for
this reaction in 3:1 (vol/vol) in DTBP:benzene is (4.5 & 0.6) x
105 M~!s7! (23). Given the difference in the 8, value of DTBP
(8, = 0.35) and benzene (B, = 0.14), the phenols predomi-
nantly hydrogen bond with DTBP. Thus, we will make the simpli-
fying approximation that this reaction was measured in a solvent
with 8, ~ 0.35. By using the BDFEs for PhOH and 2-naphthol
(see below), AG® = -1.9 £ 1.5 kcalmol™' corresponding to
logK = 1.4 £+ 1.1. Using Eq. 8, as outlined in the main text, gives
kxp/x-(PhOH) = 9.4 x 10° M~'s™!. Because of the uncertainty
in the bond strengths, and therefore K4, the error bars on this
value are ca. one order of magnitude. For the purposes of our
analysis we use the value kxpy/x-(PhOH) =9 x10° M~'s™,
which assumes that the HAT self-exchange rate constants for
phenol and 2-naphthol are similar, which is reasonable within
the factor-of-ten error bars (the naphthol may have a slightly
smaller inner-sphere reorganization energy because of the larger
aromatic ring).

1-Naphthol and 2-Naphthol Bond Strengths and Self-Exchange Rate
Constants. The gas phase BDE for 1-naphthol (1-NapOH) is
83.5 kcal mol~!, from Borges dos Santos et al.’s compilation of
gas phase BDEs derived from reported experimental and compu-
tational values (14). Conversion to gas phase BDFE gives BDFE,
(1-NapOH) = 75.4 kcal mol~!. For the BDFE in DTBP solution,
the same method as for PhOH is followed, with a,(1-NapOH) =
0.608 + 0.013 and 4,5 (1-NapO*) ~ ,H(RC(O)R) = 0.48 = 0.04.
This yields BDFEpgp(1-NapOH) = 82.6 + 1.1 kcal mol~!. A si-
milar analysis in water (o, =0.38£0.02, 8,5 =0.35+0.02)
gives BDFE,,r(1-NapOH) = 85.0 4 1.2 kcal mol~".

Similarly, the gas phase BDE(2-NapOH) = 86.8 kcal mol~!
corresponding to BDFE,(2-NapOH) = 78.7 kcalmol™'. For the
BDFE in DTBP solution the same method as for PhOH is fol-
lowed, with o, (2-NapOH) = 0.612 4+ 0.013 and 3, (2-NapO*)~
£, (RC(O)R) = 0.48 + 0.04. This yields BDFEppp
(2-NapOH) = 85.9 4 1.1 kcalmol~!. A similar analysis in water
gives BDFE, ., (2-NapOH) = 88.3 4- 1.2 kcal mol~".

Das and Neta have reported the aqueous pK, and £, /, values
necessary for derivation of aqueous BDFEs (24). From these data,
BDFE, . (1-NapOH) = 83.9 + 1.0 kcalmol™!  and BDFE, .
(2-NapOH) = 86.7 £ 1.0 kcal mol~!. These values are not used
in the main text but serve to benchmark our use of the Abraham
model to determine solution BDFEs from gas phase BDE data.
For PhOH, 1-NapOH, and 2-NapOH the two independent
BDFE derivations are within error of each other, which indicates
that the Abraham model (and associated approximations) is a
reasonable method by which to estimate solution BDFEs.

The self-exchange rate constants for 1-NapOH and 2-NapOH
are approximated to be the same as that for PhOH within the
factor-of-ten error bars, as noted above. For 1-NapOH, the
likely smaller reorganization energy is probably balanced by
the greater steric hindrance to HAT. Thus, for further analysis
we approximate kxy,x- (PhOH) = kxy/x- (2-NapOH) ~ kxyy/x-
(1-NapOH) ~ kXH/X. (PhOH) ~9x 105 M_1 S_l .
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Tyrosine Bond Strength and Self-Exchange Rate Constant. The one
electron reduction potential of the tyrosyl radical was determined
by Lind and coworkers, as E° = 0.71 & 0.02 V versus NHE (25).
The pK, of the phenolic proton in tyrosine is 10.1 (26). Applica-
tion of Eq. S6 gives BDFE(tyrosine) = 87.8 4- 1.0 kcal mol ™.

The H-atom self-exchange rate constant for tyrosine is not ex-
pected to be significantly different than that of phenol, because of
the structural similarities of the compounds. For example, the
rate constant for H-abstraction from Trolox C is about the same
for both phenoxyl and tyrosyl radicals (27). Thus, for further dis-
cussion, kxy/x- (tyrosine)~kxy,x- (phenol). The B, values of
water (8,71 = 0.38 £0.02) and DTBP (8,71 =0.35+0.1) are
the same within error, so no correction for H bonding is necessary
yielding kx/x- (tyrosine) = 9 x 10> M~'s™1.

tert-Butyl Hydroperoxide Bond Strength and Self-Exchange Rate
Constant. Previous work from our group (28) has used
BDE, (‘BuOOH) = 89 kcalmol™', as reported by Benson (29).
More recent data indicate that this value is too high. Simmie
et al. recently gave AH;('BuOO*) = —24.69 kcalmol~' (30),
which, together with AHf(f{) = 52.103 kcal mol~! (31) and AH;
(‘BuOOH) = —56.14 kcalmol~" (32), gives BDE,('BuOOH) =
83.6 kcal mol~'. Another recent measurement of AH;(‘BuOO")
gives a similar result (33). A BDEg(’BuOO}f) =85+2
kcal mol~! was derived by Clifford et al. by using gas phase mea-
surements of the ionization energy and gas phase acidity
(34). Finally, recent density functional theory calculations using
CBS-QB3 or CBS-APNO basis sets gave BDE,('BuOOH) =
84.85 kcalmol™' and BDE,(‘BuOOH) = 83.89 kcalmol™!, re-
spectively (30). These values are all in reasonable agreement
and give a consensus BDE,(‘BuOOH) = 84.3 & 1.0 kcal mol™
(almost 5 kcal mol ™! less than that given by Benson), which corre-
sponds to BDFE, (‘BuOOH) = 76.1 kcal mol~".

In a non-hydrogen bonding solvent (e.g., isopentane)
B,H(solvent) = a,H(solvent) = 0.  Using  AGy(Hy)hexane =
4.30 kcalmol™  gives BDFE,j,n. (‘BuOOH) = 80.4 4 1.0 kcal
mol~!. To determine BDFEs in polar solvents a,”('BuOOH)
and B,H("BuO0O") are needed. Ingold et al. have reported a,"
("BuOOH) = 0.442 (errors not given; we estimate +0.04) (18).
BuOO" is a reasonably good H-bond acceptor (8, = 0.19),
as measured by Mugnaini et al. (35). These data, using Abraham’s
model, allow determination of BDFEs in ethanol (oczH = 0.33,
B, = 0.44), BDFE, .10 ('BuOOH) = 82.6 £ 1.1 and styrene
(%" =0, p,"=018), BDFEyen('BuOOH) = 81.7+ 1.1
kcal mol~'.

The self-exchange reaction of ‘BuOOH/'BuOO" has not been
directly measured, to our knowledge. Chenier and Howard have
measured the HAT reaction of ‘BuOO" and sec-butyl hydroper-
oxide in isopentane, k = 485 M~! s7! at 294 K (36). This pseudo-
self-exchange reaction is expected to be roughly isoergic (30) and
can be taken as kxy,x- Wwithout correction for driving force.
Errors are taken to be ca. 20%, giving kxy/x- ((BuOOH) = 500 £
100 M~!s7! in alkane solvents. Using Ingold’s KSE model (Eq. 7)
gives kxp x- (‘BuOOH) = 12 M~'s™! in ethanol and kxy,x-
(‘BuOOH) = 110 M~'s7! in styrene.

tert-Butanol Bond Strength and Self-Exchange Rate Constant. The gas
phase BDE of ¢-butanol has recently been reported as
106.3 kcalmol™'  (37) corresponding to BDFE,(‘BuOH) =
98.1 kcalmol~!. fert-butanol has a, =0.32 £0.04 (8). Again
approximating  AGy(Ha)prgp s AGg(Ha)peon = 5-12
kcal mol~! gives BDFEpgp({BuOH) = 104.4 4 1.5 kcal mol~!.

The hydrogen transfer pseudo-self-exchange rate constant for
‘BuO° + '‘Bu;COH in DTBP has been reported by Griller and
Ingold as kxy/x+ =3 x10* M~!'s~! (38). We will approximate
this as the true self-exchange rate constants because ‘BuOH
and ‘BuyCOH are structurally similar.
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L-Ascorbate Bond Strength, Self-Exchange Rate Constant, and a,".
The BDFE of AscH~ in acetonitrile solvent has been reported
from equilibrium studies with TEMPO (BDFE = 66.5
kcalmol~'), BDFE(AscH™) = 67.8 + 1.0 kcalmol™! (39). By
using available aqueous thermochemical data BDFE,,,
(AscH™) = 73.6 & 1.1 kcalmol~! (40).

To our knowledge no direct measurement of the ascorbate/
ascorbyl radical H-atom self-exchange rate constant has been
reported. As with the tocopherol/tocopheroxyl radical HAT self-
exchange rate constant (see above), we turn to the Marcus cross
relation in order to estimate kxyy/x- (AscH™), by using the roughly
isoergic cross reaction between TEMPO and 5,6-isopropylidene
ascorbate (AscH™). The rate and equilibrium constants for this
reaction (Eq. S8) are 1,720 + 150 M~!s™! and 1.2 £ 0.2, respec-
tively (39). The self-exchange rate constant for TEMPOH has
kxu/x- =4.7+1.0 M~'s7! (41). Application of Eq. 2 and taking
f=1 gives kxu/x (AscH )yeen = (5.4 +1.2)x10° M~!s7!,
Using the a,"(AscH™) =0.3 (see below) gives kxp/x-
(AscH ™ )yer = 3 x 10* M1s71,

An a," value for AscH™ has not been reported to our
knowledge. By using kinetic data for iAscH™ + TEMPO and
AscH™ + TEMPO (42) in MeCN and DMSO, we can make a
crude estimate of a,"(AscH™) (Fig. S5). Using the KSE model
requires that the slope of the fit lines equals —8.3a,(AscH™).
The average of the slopes for iAscH™ and AscH™ is —2.25, cor-
responding to a,"(AscH™) = 0.3. Whereas this is only an esti-
mate, it is consistent with (12H values for other secondary
alcohols (~0.32) (8).

Toluene Bond Strength and Self-Exchange Rate Constant. The gas
phase BDE of toluene is reported as 89.8 4 0.6 kcalmol~!
(43). Toluene and the benzyl radical are not expected to interact
strongly with solvent, and thus their free energies of solvation will
be roughly equivalent. The gas phase BDE needs only to be
corrected for 752 (H") and AGy, (H,). For toluene in DTBP this
yields BDFEpgp = 86.8 + 1.0 kcalmol~'. The H-atom self-
exchange reaction has been briefly described by Jackson and
O'Neil as kxy/x-(PhCH;) =8x 107 M~'s™! (44). As above,
both toluene and the benzyl radical are expected to interact
(hydrogen bond) only weakly with solvent, so the self-exchange
rate constant should be roughly independent of solvent.

9,10-Dihydroanthracene Bond Strength and Self-Exchange Rate Con-
stant. The BDFE of DHA can be calculated from thermochemi-
cal data reported by Bordwell and coworkers in DMSO (45).
DHA has pK, = 30.1, and the conjugate base of DHA has E, ;, =
—-1.575 V versus Cp,Fe*/°. Application of Eq. S6 with
Ci = 71.1 kcalmol™"  gives BDFEpyso(DHA) = 76.1 4 1.0
kcalmol~!. Because the neutral and radical are not expected
to strongly interact with the solvent, the BDFE only needs to
be corrected for AG,, (H,) to interconvert the BDFE in DMSO
to BDFEs in other solvents.

The H-atom self-exchange rate constant for DHA has been be
estimated to be kxy/x- = 5% 107> M~'s™! in MeCN by using the
Marcus cross relation for the oxidation of DHA by 2,2’-biimida-
zoline complexes of Fe'' (46). As for the case with toluene, this
self-exchange rate constant is not expected to vary with solvent.

Derivation of the Solvent Correction (Cs) Term. As noted in the main

text, the Marcus theory of electron transfer (ET), from which the
CR is derived, applies to unimolecular reactions of weakly bound
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precursor and successor complexes. In the case of ET reactions,
precursor/successor complex formation is often simply estimated
as the electrostatic work to bring together the ionic charges. In
contrast, HAT reactions involve no net change in charge, so the
electrostatic term is not needed. However, HAT reactions have
distinct configurations because H transfer occurs over very short
distances.

In this light, a more complete analysis of an HAT reaction is
given in Scheme S1, for reactants and products that are H-bond
donors and a H-bond-accepting solvent (S). It should be noted
that Scheme S1 does not describe reactions whose rates approach
the diffusion limit, so that the preequilibria in Ky and Kp can no
longer be considered rapid relative to k9 . Starting with the
assumption that the CR holds for the unimolecular HAT step,
kg’(H y.» a more complete kinetic expression can be derived using
the KSE model to relate the k° values to the measured &° values
and with Ky ,v.0 = KXH v (K3uKs/KuKp). Ks and Kp are
the equilibrium constants for precursor and successor complex
formation, respectively, and Kx and K+ are the equilibrium con-
stants for 1:1 complex formation of solvent (S) with XH or YH,
respectively. The result can be written in the form of the CR with
a correction term Cjg that includes the various equilibrium con-
stants (below).

Scheme S1 is a more complete treatment and more concep-
tually correct, but it is more complex in its application and typi-
cally not needed. The accuracy of the CR with the Cg correction,
for the 30 reactions in aprotic solvents in Table 4 (main text) for
which the Abraham model can be used to estimate the equili-
brium constants, is comparable to the simpler treatment above,
with an average deviation of 4.0. The Cg correction is typically
small, usually within the error bars of each individual rate con-
stant (Table S3). For HAT from O—H bonds, the average
log(Cs) = 0.3 £0.1, a factor of 2 in k... The effect is more sig-
nificant for abstractions from C—H bonds, log(Cs) = 0.9 £ 0.1, a
factor of 8, due to the large difference in H bonding for R—H
(i = 0) and ROH. Reactions in protic media are more complex,
as noted above, because hydrogen bonds from solvent to the oxyl
radical can be important. For example, based on the
aS{(TEMPO) = 0.46, the H bonding from water to TEMPO is
nearly as large as that from TEMPOH to water. In sum, the
CR with Cg is a more complete treatment that may be preferred
when there is a large variation in &' values and in protic solvents,
but the simpler CR/KSE model gives excellent agreement in
most cases.

We start from the Marcus cross relation without solvent cor-
rections:

kXH/Y' 0= \/kXH/X'OkYH/Y'OKXH/Y'Of

and use an equivalent form of Ingold’s KSE model:

kXH/Y'S :kXH/Y'O(KXS)_l

where K5 describes the equilibrium of H-bond formation be-
tween substrate and solvent (see Scheme S1 below).
Substitution gives

s \/ kXH/X' OkYH/Y' OKXH/Y' °f
kXH/Y' = KXS

The Ingold KSE model for self-exchange reactions gives

0_ Sgr S 0_ Sgr S
kXH/X' _kXH/X' Ky® and kYH/Y' _kYH/Y' Ky
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where Ky and K® describe the equilibrium of H-bond forma-
tion between substrate and solvent.
Again, substitution gives

K S
kXH/Y \/kXH/X kYH/YS XH/Y* f\l

To convert Ky v 0

into Ky /Y.S, Scheme S1 is used:

Koo 0Ky KSK

XH/Y' — Ky K XH/Y

Substitution gives

Ks

kXH/Y \/ kXH/X kYH/Y K XH/Y* f K KP

giving

Ky

. K
kv = \/ /xRy v Ky °fCs with Cs :K—zs Kp

logCs =logKyS —logKyS +%10gKS —%long
From Ingold’s model:

logKy® = 8.3, (XH)3,1(S)

and

logK S = 8.3a,H(YH)B,H(S)

From Abraham’s model:
logKp =735, (XH)B,H(Y*)] — 1.094
and
logK g =7.35[a, " (YH)5,H(X")] - 1.094
Substitution gives
logCs = 8.3,/ (XH),1(S) - 8.3a, 1 (YH) 3,11(S)
+3.68(a, 1 (XH)B,H(Y")) - 0.55
—-3.68(a, 1 (YH)B,H(X")) +0.55

and

logCs =8.38,1(S) [, (XH) -, (YH)]
+3.68[a, " (XH)B," (Y") =, (YH) 8,7 (X")]

Summary of BDFE and Self-Exchange Rate Constants as a Function of
Solvent. A summary of BDFE and self-exchange rate constants as
a function of a solvent can be found in Table S1.
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Evidence for a Concerted Mechanism for Reaction 11. Thermochemi-

cal

data in MeCN (Cp,Fe*/? electrochemical reference) (47).

See also Fig. S6, below.
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Fig. S1. Plots of log(kxu/x-) versus g," for (a) tBu;PhO("/H) and (b) TEMPO("/H). Agreement with the KSE model requires the slopes to be —8.3a,"(XH). For
'Bu;PhOH, for which aZH =0.22+0.04 (1), the predicted slope is —1.83 + 0.33—within error of the observed slope of —1.69 4+ 0.26. For TEMPOH
[, = 0.39£0.05 (1)], the predicted slope is —3.24 & 0.41, again within error of the observed slope, —3.15 £ 0.34. Thus this dataset agrees very well with
the predictions of the KSE model. (All errors are reported to 2c.)
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Fig. S2. (a) Selected stopped-flow UV-vis spectra for reaction of TocOH (2.5 mM) with ‘Bu3 PhO*® (0.1 mM) over the course of 0.3 s. (b) Plot of pseudo-first-order
kops as a function of [TocOH]. The slope of the line is the second-order rate constant for reaction S3.
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Fig. $3. (a) Selected stopped-flow UV-vis spectra for reaction of ‘Bu;PhO* (0.6 mM) with 85.4 mM DHA over 10,500 s. (b) Kinetic trace at 632 nm (Blue Circles)
and resulting fit from an AB kinetic model (Solid Red Line).
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Fig. S4. Chemical structures of 1-naphthol and 2-naphthol.
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Fig. S5. Plots of log(k) versus g, for iAscH~ + TEMPO (Red, Top Line) and AscH~ (Blue, Bottom Line). Agreement with the KSE model requires the slopes to be
to —8.3a,"(XH).
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‘Bu;PhOH™ + TEMPO
AG®pr = 56 keal mol™!
‘Bu;PhO" + TEMPOH™
AG® gy = 33 keal mol”!

AG*,, = 11.9 keal mol-!

‘Bu,PhO + TEMPOH

‘Bu,PhOH + TEMPO*
AG® = -10.5 kcal mol-'

Fig. S6. Thermochemical landscape for stepwise ET-PT, PT-ET, and concerted H* transfer reactions. The free energies of the stepwise PT-first or ET-first inter-
mediates (AGy; and AGy;, respectively) are calculated from the differences in pK,s or Ey s of 'Bu;PhO* and TEMPOH in MeCN solvent, respectively. The barrier
(AG?, ) is calculated from the experimentally measured forward rate constant by using the Eyring equation. Because the free energy to reach the intermediates
is much higher than the observed barrier, these reactions proceed via the concerted transfer of H*. This same type of scheme can be applied to the degenerate
self-exchange reactions as well, showing that they also must proceed by a concerted mechanism.
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Fig. S7. (a) Comparison between experimentally determined HAT rate constants and those determined by using the CR/KSE model with the addition of the
solvent correction (Cs) term. All reactions from Table 4 are included: ¢ = RO* + R'O-H cross reactions in aprotic solvents, [ ] = RO® + R'C-H cross reactions in
aprotic solvents, and «= RO* + R'O-H cross reactions in protic solvents, uncorrected for Cs. The black line indicates perfect agreement. The correlation coeffi-
cient (R?) for all data is 0.97. (b) Comparison between CR/KSE calculated self-exchange rate constants corrected for Cs ((]) and uncorrected for Cs (). The black
line indicates perfect agreement. For clarity, the error bars are not shown.
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Scheme S1. Equilibria involved in HAT reactions in H-bond accepting solvent S.
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Table S1. Summary of BDFE and self-exchange rate constants as a function of solvent

Compound Solvent BDFE* Khiyxe*
'Bu,PhOH Alkane 76.0 140'*
tBu3PhOH CCly 76.7 130*8
tBuaPhOH PhCI 76.7 93*
tBu,PhOH CeHs 76.9 95+s
tBu3 PhOH MeCN 77.8 20%8
fBu3PhOH DMSO 79.2 8*s
BHT Alkane 75.8 140"
BHT Styrene 76.7 60*
2, 6-'Bu,PhOH Styrene 78.5 60*
2, 6-{Bu,-4-OMePhOH CeHe 73.9 95+
2, 6-fBuz-4-OMePhOH MeCN 74.9 20%5
2, 6—‘Bu2—4—OMePhOH DMSO 76.3 8*s
TEMPOH CCl, 65.1 110*
TEMPOH CeHs 65.4 60°
TEMPOH MeCN 66.5 47"
TEMPOH DMSO 68.8 0.6°
iAscH~ MeCN 67.6 5.4 x 105"
AscH- Water 73.6 3x10°
Trolox C Water 78.5 3.4x 104
Tyrosine Water 87.8 6.4 x 10*
tBuOOH Alkane 80.4 500"
tBuOOH Styrene 81.7 110
tBuOOH Toluene 81.5 150
tBUOOH PhCI 81.3 230
tBuOOH Ethanol 82.6 12
PhOH Alkane 84.9 5x 107
PhOH PhCl 85.9 1.7 x 107
PhOH DTBP 87.8 9.0x 10°
PhOH Water 90.1 6.4x10°
TocOH Styrene 74.0 1.5x 10°
TocOH Ethanol 74.1 2.2x 104
TocOH DTBP 75.0 4.2 x10%
tBuOH DTBP 104.4 3x 104"
9,10-dihydroanthracene PhCl 74.6 5x 10~
9,10-dihydroanthracene MeCN 75.0 5x 10~
9,10-dihydroanthracene DTBP 75.0 5x 10"
Toluene Toluene 86.4 8x 107°F
Toluene DTBP 86.8 8x 107>

*kyn/xe in M~1s7! at 298 K and BDFE in kcal mol~'. BDFEs are from solution E;,, and pK, data or have been

corrected by using the Abraham model as outlined for each compound as described above.

"Directly measured [see above for references].
*Self-exchange rate constants for 2,6-tert-butyl substituted phenols are not expected to change drastically with

the 4-substituent.

SDirectly measured (this work).
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Table S2. Summary of observed and calculated (Eq. 2) hydrogen transfer rate constants

Entry Reaction (XH +Y*) Solvent (,")* Kxmpv " Kobs* Kearc Ref.
18 TEMPOH + tBu3PhO' MeCN (0.44) 5.0 x 107 1.25x 104 2.9x 104 1
25 TEMPOH + tBu3PhO' DMSO (0.78) 4.7 x 107 2.7 %103 7.2x 103 q
35 TEMPOH + fBu3PhO' CgHg (0.14) 2.4x% 108 9.5 x 104 2.2x10° 1
45 TEMPOH + fBu3PhO° CCl, (0.05) 2.7 %108 9.5 x 104 2.2x10° 1
58 TEMPOH + tBuzMeOPhO' MeCN (0.44) 3.2x10° 2.67 x 103 3.5x 103 1
6° TEMPOH + tBuzMeOPhO' DMSO (0.78) 3.4x 104 6.2 x 102 8.3 x 102 1
75 TEMPOH + fBuzMeOPhO' CgHg (0.14) 1.8 x 10° 1.85x 104 2.7 x 104 q
8s iAscH™ + tBu3PhO' MeCN (0.44) 2.3x 108 3.4 x 10° 1.3x 107 42
95 iAscH™ + ‘BuzMeOPhO' MeCN (0.44) 1.5 % 10° 5.3x 10° 1.9 x 10 42
10 tBu,MeOPhOH + ROO"! Styrene (0.18) 4.5x%x10° 1.1x10° 4.1x10% 48
11 BHT -+ ROO"! Styrene (0.18) 4.7 x 103 1.4x10% 5.6 x 103 48
12 2, 6-tBu,PhOH + ROO"! Styrene (0.18) 2.3x 10?2 3.1x 103 1.4x 103 48
13 TocOH + ROO*! Styrene (0.18) 4.8x10° 3.2 x 108 1.8x 10 48
148 tBuzMeOPhOH + ROO* Alkane** (0) 2.4x10° 1.1x10° 8.8 x 104 48
158 BHT + tBuOO* Alkane** (0) 2.5x% 103 2.4 x 104 1.2x10% 48
16 TocOH + tBuOO* Alkane** (0) 4.0x 10° 2.6 x 10° 3.8 x 10° 48
17 {BUOOH + TocO* Ethanol (0.44) 1.5x 106 4.1%x107" 3.8x 107" 49
18 Tetralin hydroperoxide + tBu;PhO* PhCl (0.11) 42x 10 3.4x 107" 2 50
19 PhOH + tBu3PhO' Hexane (0) 3.1x 1077 5.7 19 4
20 1-NapOH + {BuOO* Isopentane (0) 3.5x 10° 1.5x 10° 5.3x%x10% 51
21 2-NapOH + BuOO* Isopentane (0) 1.4%x 102 3.1x 104 1.7x10% 52
22 PhOH + tBuOO* Heptane (0) 5.5x 1074 3x 103 2.8x 103 53
238 PhOH + tBuO* DTBP:CgHg 1.6 x 10"2 3.3 x 108 5.9 x 10° 54
245 TocOH + PhO* 2:1 DTBP:MeCN 2.6 x 10° 3.2 x 108 1.2x10° 23
258 TocOH + PhO* 3:1 DTBP:CgHg 2.6 x10° 1.1x10° 1.2x10° 23
26 Trolox C+ PhO* Water (0.38) 1.0 x 108 4.1%x 108 9.7 x 108 55
27 PhOH + tBu3PhO' PhCl (0.09) 1.8x 1077 <8 6.6 56
28 AscH~ + Trolox C radical Water (0.38) 4.7 x 103 1.4x 107 2.5x 107 57
29 AscH~ 4 Trolox C radical Water (0.38) 4.7 x 103 8.3 x 108 2.5x 107 55
30 AscH~ + tyrosyl radical Water (0.38) 4.0x 10 4.4 x 108 7.0 x 10° 58
31 Trolox C + tyrosyl radical Water (0.38) 9.3x 108 3.1x 108 4.5x 108 58
32 DHA + PhO* PhCl (0.09) 1.9 x 108 <1.1x 102" 2.1x 102 56
338 DHA + tBu3PhO' MeCN (0.44) 1.2 x 102 1.8x 1073 3.3x 104 1
348 DHA + tBuO*® DTBP:CgHg 9x 102! 9.5x 108 7.9%x10° 54
358 Toluene + tBuO* DTBP:CgHg 8.9x 10" 2.3x10° 3.4x10° 54
36 Toluene + tBuOO* Toluene (0.14) 2.6x10* 1x 1072 1.5x 1073 53

*/)‘2” values from ref. 9 (above).
"Kxwy- in organic solvents corrected by using the Abraham model. Kyy- in water from thermochemical cycles.
*This table corresponds to Table 4 in the main text. k in M~'s~! at 298 K unless otherwise noted.
SIndicates both kyy/x- and kyyy- are known in the given solvent.
"This work.

IROO* = polyperoxystyryl.
**Alkane = decane or cyclohexane.
"Rate constant measured at 333 K.
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Table S3. Summary of Cs values and Cs-corrected rate constants

Entry Reaction (XH +Y*) Solvent (ﬂz”) log(Cs) Kobs* Kealc corrected ™
1" TEMPOH + tBu3 PhO*® MeCN (0.44) -0.29 1.25x 10* 1.5x10*
2" TEMPOH + tBu3PhO' DMSO (0.78) -0.71 2.7x103 1.4x%x 103
3" TEMPOH + tBu3PhO‘ CgHg (0.14) 8.8x 1072 9.5 x 104 4.9x10°
4! TEMPOH + tBu3 PhO* CCl, (0.05) 0.20 9.8 x 104 9.9 % 10°
5 TEMPOH + tBuzMeOPhO' MeCN (0.44) -0.29 2.67 x 103 1.8x 103
6' TEMPOH + fBuzMeOPhO' DMSO (0.78) -0.71 6.2 x 102 1.7 x 102
7' TEMPOH + fBuzMeOPhO' CgHg (0.14) 8.8x 1072 1.85x 104 6.9 x 104
8' iAscH™ + tBu3PhO' MeCN (0.44) - 3.4x 108 -+
9' iAscH™ + 7fBuzMeOPhO' MeCN (0.44) - 5.3x 10° -+
10 tBu,MeOPhOH + ROO* Styrene (0.18) 0.29 1.1x10° 7.2 x 104
11 BHT + ROO* Styrene (0.18) 0.29 1.4x10% 9.8 x 103
12 2, 6—fBu2PhOH + ROO* Styrene (0.18) 0.29 3.1x 103 2.5x% 103
13 TocOH + ROO* Styrene (0.18) 0.15 3.2x 108 2.1x 108
141 tBuzMeOPhOH + ROO* Alkane (0) -59x%x1073 1.1x10° 8.7 x 104
15t BHT + tBuOO* Alkane (0) -59x%x1073 2.4x 104 1.2x 104
16 TocOH + tBuOO* Alkane (0) 5.8 x 1072 2.6 x 108 4.4 x 108
17 {BUOOH + TocO* Ethanol (0.44) - 4.1x 10" -*
18 Tetralin hydroperoxide + {Bu;PhO* PhCl (0.11) 0.14 3.4x107" 35
19 PhOH + tBu3PhO' Hexane (0) 0.20 5.7 27
20 1-NapOH + {BuOO* Isopentane (0) -0.14 1.5x 10° 2.1x10°
21 2-NapOH + ‘BuOO* Isopentane (0) -0.14 3.1x 104 1.2x10%
22 PhOH + tBuOO* Heptane (0) 0.36 3x103 6.5x 103
23" PhOH + tBuO* DTBP:CgHg -0.24 3.3x 108 3.0x 10°
241 TocOH + PhO* 2:1 DTBP:MeCN 0.39 3.2x 108 2.6 x 10°
25" TocOH + PhO* 3:1 DTBP:CgHg 0.39 1.1x10° 2.6 x 10°
26 Trolox C+ PhO* Water (0.38) ¥ 4.1 %108 -
27 PhOH + tBu3PhO' PhCl (0.09) —6.1%x 1072 <8 5.3
28 AscH™ + Trolox C radical Water (0.38) R 1.4x 107 -+
29 AscH~ + Trolox C radical Water (0.38) * 8.3x 108 *
30 AscH~ + tyrosyl radical Water (0.38) - 4.4 x 108 *
31 Trolox C + tyrosyl radical Water (0.38) - 3.1x 108 -+
32 DHA + PhO* PhCl (0.09) 0.45 <1.1x 102 5.1x 102
33" DHA + tBu3 PhO* MeCN (0.44) 0.88 1.0x 1073 2.5%x 1073
341 DHA + tBuO® DTBP:CgHg 0.93 9.5x 10° 5.3 x 10°
35t Toluene + tBuO* DTBP:CgHg 0.93 2% 10° 4.2 x 108
36 Toluene + tBuOO* Toluene (0.14) 1.3 1% 1072 2.0x 1072

*This table corresponds to Table 4 (main text) and Table S2 (above). Cs values were calculated as described above. Rate
constants are in M~"s~'. Data in protic solvents are not included.

"Indicates both kyjyx- and kyyy- are known in the given solvent.

Not calculated. 8,"(RO®) is unknown and cannot be estimated by analogy to other compounds.
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