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Hydrogen atom transfer (HAT) is the mechanism by which the vast majority of radical-trapping antioxidants
(RTAs), such as hindered phenols, inhibit autoxidation. As such, at least one weak O—H bond is the key
structural feature which underlies the reactivity of phenolic RTAs. We recently observed that quinone
methide dimers (QMDs) synthesized from hindered phenols are significantly more reactive RTAs than the
phenols themselves despite lacking O-H bonds. Herein we describe our efforts to elucidate the
mechanism by which they inhibit autoxidation. Four possible reaction paths were considered: (1) HAT
from the C—H bonds on the carbon atoms which link the quinone methide moieties; (2) tautomerization
or hydration of the quinone methide(s) in situ followed by HAT from the resultant phenolic O-H; (3)
direct addition of peroxyl radicals to the quinone methide(s), and (4) homolysis of the weak central C-C
bond in the QMD followed by combination of the resultant persistent phenoxyl radicals with peroxyl
radicals. The insensitivity of the reactivity of the QMDs to substituent effects, solvent effects and a lack of
kinetic isotope effects rule out the HAT reactions (mechanisms 1 and 2). Simple (monomeric) quinone
methides, to which peroxyl radicals add, were found to be ca. 100-fold less reactive than the QMDs,
ruling out mechanism 3. These facts, combined with the poor RTA activity we observe for a QMD with
a stronger central C-C bond, support mechanism 4. The lack of solvent effects on the RTA activity of
QMDs suggests that they may find application as additives to materials which contain H-bonding

accepting moieties that can dramatically suppress the reactivity of conventional RTAs, such as phenols.
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phospholipid bilayer, which suppresses QMD dissociation in favour of recombination. Interestingly, the
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(BHT). BHT and related phenols react with the peroxyl radicals
(ROO’) that propagate the autoxidation chain reaction. The
mechanism is well understood to involve hydrogen atom
transfer (HAT) from the phenolic O-H to a chain-carrying per-
oxyl radical followed by rapid combination of the resultant
phenoxyl radical with a second peroxyl radical (Fig. 1A).> A vast
literature has established that substituents can have a substan-
tial impact on the rate of the initial H-atom transfer, which is
characterized by the inhibition rate constant (k;,y).>* Electron-
donating groups accelerate the rate as they stabilize the
electron-deficient phenoxyl radical® and the transition state
leading to its formation, whereas electron-withdrawing groups

Introduction

The efficient inhibition of autoxidation continues to be a widely-
pursued objective, given the indispensability of hydrocarbon-
based products (either petroleum-derived or plant-derived) in
day-to-day life and their propensity to undergo autoxidation.
Nevertheless, the inhibitors which are commonly added to
these products have remained essentially the same for
decades."”” The most ubiquitous radical-trapping antioxidants
(RTAs) are hindered phenols, such as butylated hydroxytoluene
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have the opposite effect.

As part of ongoing efforts to better understand the antioxi-
dant activity of resveratrol and its oligomers,® we found that the
dimeric quinone methides which we employed as the key
synthetic intermediates en route to resveratrol dimers are
significantly better RTAs than their phenolic precursors or
products (Fig. 1B).® This was entirely unexpected given that the

This journal is © The Royal Society of Chemistry 2020
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C. Mechanistic Possibilities
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(A) Conventional reactivity of RTAs; (B) oxidation of stilbenoid phenols to form quinone methide dimers, followed by their base-mediated

isomerization and Lewis acid-catalyzed Friedel-Crafts cyclization to form quadrangularin A analogues; (C) mechanisms by which QMDs may

trap peroxyls. For clarity, half of the dimer is represented as R.

quinone methide dimers (hereafter QMDs) lack phenolic H-
atoms. In our preliminary report, we suggested four possible
reaction paths that would account for this observation (Fig. 1C):
(1) HAT from the C-H bonds on the carbon atoms which link
the quinone methide moieties; (2) tautomerization or hydration
of the quinone methide(s) followed by HAT from the resultant
phenolic O-H; (3) direct addition of peroxyl radicals to the
quinone methide to form persistent phenoxyl radicals, and (4)
homolysis of the weak central C-C bond in the QMDs followed
by combination of the resultant persistent phenoxyl radicals
with peroxyl radicals. Herein, we offer the details of our efforts
to elucidate the mechanism.

Results
Synthetic procedures

A set of hindered resveratrol analogues (1a—j) were synthesized
wherein the resorcinol ring was replaced with aryl rings bearing
substituents of differing electronics (Chart 1). These phenols
were dimerized via anodic oxidation in the presence of 2,6-
lutidine to produce quinone methide dimers (2a-j).® After base-
mediated isomerization of one quinone methide, Lewis acid
activation and Friedel-Crafts cyclization afforded a series of
substituted quadrangularin (quad) A analogues (3a-e).

Inhibited autoxidations

The reactivities of the QMDs as RTAs were determined by the
classical inhibited autoxidation approach” utilizing a co-

This journal is © The Royal Society of Chemistry 2020

autoxidation of 1-hexadecene and PBD-BODIPY (Fig. 2A).°
Inclusion of the latter enables monitoring of reaction progress
via conventional spectrophotometry by loss of its absorbance at
Amax = 588 nm upon addition of peroxyl radicals to its 1-phe-
nylbutadiene moiety. Rate constants for the reaction of peroxyl
radicals with the 10 QMDs (2), their 10 precursor stilbenoid
phenols (1), and 5 quadrangularin A analogues derived there-
from (3) (kinn) and corresponding reaction stoichiometries (n)
were determined from the initial rate and inhibited period (¢nn)
of the inhibited autoxidations, respectively, according to the
expressions in Fig. 2B. Representative results are shown in
Fig. 2C-E for series of equivalently-substituted 1, 2 and 3,
respectively.

All 10 of the QMDs studied were determined to be excellent
RTAs, with kinn ~ 4 x 10° M™* s™! at 37 °C. The striking
difference in reactivity between the QMDs and the equivalently-
substituted precursor stilbenoid phenols and product quad-
rangularin A analogues is evident simply upon consideration of
the raw inhibited autoxidation reaction progress data (compare
the prominent inhibited periods in Fig. 2D to the retarded
autoxidations in Fig. 2C and E, respectively), which amount to
a difference in ki, of >10-fold. This is even more impressive
given that the stilbenoid phenols from which the QMDs are
derived are already ~10-fold more reactive than the archetype
hindered phenolic RTAs, such as BHT (kinn = 2 X 10°M?! sfl).9
Indeed, the reactivity of the QMDs under these conditions is on
par with that of a-tocopherol, the most potent form of vitamin E
and among the most reactive RTAs .°
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(A) PBD-BODIPY serves as the signal carrier in 1-hexadecene autoxidations; (B) determination of inhibition rate constants (k) and

stoichiometries (n) for reactions of inhibitors with chain-carrying peroxyl radicals from initial rates and inhibition periods (t;,n). Co-autoxidations
of 1-hexadecene (2.9 M) and PBD-BODIPY (10 uM) initiated by AIBN (6 mM) in chlorobenzene at 37 °C (dashed black traces in (C—E)) and inhibited
by 5uM 1 (C), 1 uM 2 (D), and 5 uM 3 (E) (colour traces); (F) linear free energy relationships for 1, 2, and 3 at 37 °C.

The observed inhibition periods correspond to the trapping
of ~2 radicals by the QMDs, which is similar to the precursor
phenols, but roughly half that observed for the quadrangularin
A analogues. The stoichiometries of the phenols are consistent
with precedent (¢f Fig. 1A),° and since the quadrangularin A
analogues contain two phenolic moieties, it follows that they
trap twice as many peroxyl radicals. We also carried out
inhibited autoxidations at 70 °C and found that the superiority
of QMDs compared to their precursor and product phenols is
maintained (see ESI for the raw datat). However, pushing the
temperature to 100 °C reveals a noticeable drop in reactivity.
The stoichiometry exhibited by the QMDs was also found to
attenuate at progressively higher temperatures; see the kinetic
data summarized in Table 1.

Mechanistic studies

Without a labile H-atom, the mechanism by which QMDs act as
RTAs was not immediately obvious. The lack of substituent
effects on the reactivity of the QMDs (p" ~ 0 at 37 °C, Fig. 2F) is
in direct contrast to the sensitivity observed for the precursor
phenols (p* = —0.18 at 37 °C), which is consistent with known
structure-reactivity relationships for phenolic RTAs, in general
(vide supra). The reactivities of the quadrangularin A analogues,
which are also phenols, are lower than the precursor stilbenoid
phenols and essentially independent of their substitution. This
difference can be rationalized based upon the reduced conju-
gation between the substituted phenyl rings and the reactive
hindered phenolic moieties in the quadrangularin A analogues

5678 | Chem. Sci, 2020, N, 5676-5689

relative to the stilbenoid phenols, which are fully conjugated
(see ESI for the calculated minimum energy structurest).'
Upon increasing the temperature, the trends among the two
sets of phenols remain consistent (see ESI for the plotst), but
those for the QMDs change - demonstrating a slight positive
correlation at 70 °C which increases slightly along with the
diminution of reactivity at 100 °C (Fig. 3A).

The first mechanistic possibility we considered involves H-
atom transfer from the benzylic positions adjacent to the
methide carbons of the QMD. Although HAT from a benzylic
carbon to a peroxyl radical is generally a sluggish reaction (k ~ 1
M~ " s7")," in this case HAT restores the aromaticity of one of
the aryl rings, which suggests it may be significantly enhanced.
To probe this mechanism, an analogue of 2d was synthesized
wherein both benzylic H-atoms were replaced with D-atoms
(structure shown in Fig. 3B; for synthetic details see Experi-
mental section), and inhibited autoxidations were carried out as
above.” The results of this experiment (shown in Fig. 3B)
revealed no kinetic isotope effect. Corresponding DFT compu-
tations on a model reaction (HAT from an analogous mono-
meric quinone methide to a methylperoxyl radical, shown in
Fig. 3C) yield kyar = 0.3 M~ ' s from AG* = 20.9 kcal mol !
and ky/kp = 6." Clearly, this mechanism fails to account for the
reactivity of the QMDs.

The second mechanistic possibility we considered involves
in situ tautomerization of the QMD to a stilbenoid phenol that
can react with peroxyl radicals (Fig. 1C). The simple fact that the
kinn values for the QMDs exceed that of the precursor stilbenoid

This journal is © The Royal Society of Chemistry 2020
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Table1 Inhibition rate constants (ki.n) and stoichiometries (n) for substituted QMDs (2), stilbenoid phenols (1) and quadrangularin A analogues (3)
measured from inhibited co-autoxidations of 1-hexadecene (2.9 M) and PBD-BODIPY (10 uM) initiated by AIBN (6 mM) at 37 °C, ‘BuOO'Bu (87
mM) at 70 °C, and dicumyl peroxide (1 mM) at 100 °C

37 °C 70 °C 100 °C
QMDs Kinn (10° M 1571 n kinn (10°M s n kinn (10° M ' s n
3,4—Dioxyl 2a 48 £ 9 1.8 £ 0.1 59 +£ 10 1.6 £ 0.1 9.9 £ 0.6 0.44 £ 0.01
4-OBn 2b 48 + 8 1.7 £ 0.1 44 £ 2 1.6 £ 0.1 ND ND
4-SMe 2¢ 46 £ 6 1.8 £ 0.1 59 +£4 1.4 £0.1 10+1 0.49 £ 0.01
H 2d 45 + 3 1.8 £ 0.1 86 £ 6 1.7 £0.1 17 £ 2 0.52 £ 0.01
3,5-(0Bn)2 2e 40 + 8 2.0 £ 0.1 120 £ 10 1.9 £0.1 22 £ 2 0.61 £ 0.05
3-CF3 2f 41+ 4 1.8 £ 0.1 110 £ 10 1.6 £ 0.1 ND ND
4-CF;3 2g 43 +£9 1.8 £ 0.1 98 + 10 1.6 £ 0.1 14 + 2 0.50 £ 0.02
2-CF3 2h 45 £ 3 1.9 £ 0.1 62+ 8 1.4 £0.1 ND ND
4-NO, 2i 45 + 6 1.3+ 0.1 40 £+ 10 1.2 £0.1 ND ND
2-NO, 2j 42 +9 1.5+ 0.1 47 + 10 1.0 £ 0.1 ND ND
stilbenoid phenols Kinn (10° M1 571 n kinn (10°M ' s7Y) n kinn (10° M1 s n
3,4-Di0xy1 1a 2.1 4+0.2 2.2 0.1 6.2 £ 0.3 1.6 £ 0.1 2.9 £0.1 1.1 £ 0.1
4-OH 1b 3.1 £0.2 2.1 +£0.1 1 +1 1.9 + 0.1 ND ND
4-SMe 1c 1.7 £ 0.1 2.2 £ 0.1 5.9 £0.7 1.5 £0.1 2.8 £0.3 1.1 £ 0.1
H 1d 1.6 +£ 0.1 2.0 £0.3 4.6 + 0.4 1.5 £0.1 2.6 £ 0.2 1.0 £ 0.1
3,5-(0Bn)2 1e 1.4 £ 0.1 2.3 £0.1 19+£5 1.7 £ 0.1 2.5 £0.1 1.3 £0.1
3-CF; 1f 1.1 £ 0.2 2.3 £0.3 3.7 £0.1 1.5 £0.1 ND ND
4-CF;3 1g 1.3 £ 0.1 2.3 £ 0.1 3.5+0.4 1.6 £ 0.2 2.3 £0.2 1.2 £ 0.1
2-CF3 1h 1.0 £ 0.1 2.3 £0.3 3.6 £ 0.4 1.3 +0.1 ND ND
4-NO, 1i 1.0 £ 0.1 2.3 £ 0.1 2.8 £0.3 1.6 £ 0.1 ND ND
2-NO, lj 1.0 + 0.1 2.3 £0.1 2.7 £0.2 1.4 £ 0.1 ND ND
Quad A analogues Kinn (10° M 1571 n kinn (10°M s n kinn (10° M ' s n
3,4-Di0xy1 3a 1.3 £0.1 4.1 £ 0.1 2.8 £0.3 4.2 + 0.4 1.9 £ 0.2 3.6 = 0.1
4-OH 3b 2.6 £0.4 5.5+ 0.5 16 £1 6.3 £0.4 ND ND
4-SMe 3¢ 0.8 = 0.1 3.8 0.1 1.2 £0.1 3.5 + 0.3 1.6 £ 0.1 2.0 £ 0.1
H 3d 1.0 £ 0.1 4.1 £ 0.3 2.2 +0.2 4.0 + 0.3 1.7 £ 0.1 2.9 £0.1
3,5-(0Bn)2 3e 1.1 £ 0.1 3.8 +£0.3 2.7 £0.4 3.5+ 04 1.9 £ 0.1 2.8 £0.1

phenols by more than an order of magnitude strongly suggests
that a phenol is not involved in the mechanism;® however, we
sought corroborating evidence from kinetic solvent effect
(KSE™) and solvent kinetic isotope effect (SKIE) experiments
(see Fig. 3D). Thus, we carried out co-autoxidations of dioxane
and PBD-BODIPY in chlorobenzene (PhCl) and a 2:1
PhCl: DMSO mixture. Previous studies® conducted under
identical conditions have shown a predictable attenuation of
kinn for HAT from X-H groups to peroxyl radicals due to
a combination of the H-bond accepting capacities of the
substrate (1,4-dioxane; 85 = 0.41) and co-solvent (DMSO; 85 =
0.78)."* The results are shown in Fig. 3E, which reveal no
suppression in the reactivity of the QMD in the presence of H-
bond accepting (HBA) solvents. Furthermore, QMD-inhibited
co-autoxidations of dioxane and PBD-BODIPY in PhCl to
which 1% v/v MeOH or 1% v/v MeOD were added were indis-
tinguishable (Fig. 3F), suggesting no exchangeable protons are
involved in the RTA activity.'®

The third mechanistic possibility, addition of a peroxyl
radical to one of the methide carbons of the QMD (Fig. 1C), has
some precedent. Volodkin found quinone methides to be
modest antioxidants (kin, ~ 10° M™' s7%),"7 but since the rate
constants they determined were much lower than those we

This journal is © The Royal Society of Chemistry 2020

found for the QMDs, and they investigated a limited number of
structurally similar compounds, it is possible that quinone
methide reactivity is enhanced when part of a QMD.'®* When we
calculated the TS for addition of a peroxyl radical to a model
QMD (non-tert-butylated 2d, see Fig. 4A), we found a barrier of
AG* = 16.0 keal mol ™, which corresponds to kyqq = 9 x 10>
M ' s ' upon application of transition state theory - close to the
reported values for simple QMs, but about 4500-fold lower than
the k;,,, values derived from the inhibited autoxidations.® Aside
from this discrepancy between theory and experiment, the
addition mechanism is fully consistent with the lack of
substituent effects on the reactivity at ambient temperature and
the absence of kinetic solvent effects and either O-H/O-D or C-
H/C-D kinetic isotope effects.

To provide insight on the origin of the possibility of an
enhancement of quinone methide reactivity when part of
a dimer, we calculated the TS for the addition of a peroxyl
radical to a simple QM for comparison to the calculated data for
the model QMD (Fig. 4A). To our surprise, the reaction was
predicted to be much faster (AG* = 13.0 keal mol ™!, which was
used to derive k,qq = 1 x 10° M~ ' s ). The discrepancy between
the calculated rate constant for the reaction of 4a and the re-
ported experimental values (e.g. 1.4 x 10°and 5.8 x 10°M 's*

Chem. Sci., 2020, 11, 5676-5689 | 5679
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(A) Linear free energy relationships (log(kinn) vs. ¢*) at 37 (M), 70 (), and 100 (@) °C; (B) absence of deuterium kinetic isotope effect

(DKIE) on the reactivity of 2d in hexadecene/PBD-BODIPY co-autoxidations in PhClat 37 °C, [2d] and [2d-d;,] = 1 uM; (C) computed TS structure

for hydrogen atom transfer and corresponding computed DKIE; (D)

scheme depicting the effect of H-bond-accepting solvents (Solv) and

deuterated solvent on activity of phenolic RTAs; (E) absence of kinetic solvent effect (KSE) in PhClvs. 2 : 1 PhCl-DMSO (dioxane/PhCl, 37 °C, [2d]
=1 uM); (F) absence of solvent kinetic isotope effect (SKIE) in 1% MeOH vs. 1% MeOD (dioxane/PhCl, 37 °C, [2d] = 1 uM).

at 60 °C in styrene and cumene, respectively)'” prompted us to
synthesize it to corroborate Volodkin's results using our own
approach and under the same conditions that the reactivity of
the QMDs had been determined. Inhibited co-autoxidations of
PBD-BODIPY in 1-hexadecene and of STY-BODIPY in cumene
(both in chlorobenzene) yielded ki, = 8.2 x 10* and 7.2 x 10°
M~' s7') respectively, at 37 °C (see Fig. 4B for a direct
comparison of the reactivity of 4a and 2d, tabulated in Table
2).2° We believe that these values are slightly higher than those
obtained by Volodkin due to differences in the experimental
conditions employed.** Nevertheless, these results confirm that
simple QMs are much less reactive than the QMDs.**

Given that the observed reactivity of 4a was highly coincident
with the corresponding hindered phenols, we considered that
the simple QMs undergo hydration in situ to produce hindered
phenols that are the active RTAs, and that the QMDs are simply
more resistant to hydration - making them appear more reac-
tive. Thus, we prepared the hydrated form of 4a and evaluated
its reactivity in a 1-hexadecene/PBD-BODIPY co-autoxidation to
find nearly indistinguishable reactivity to that of 4a. To confirm
that 4a and hydrated 4a react via different mechanisms, we
carried out additional experiments wherein DMSO was added as
a co-solvent. While the reactivity of 4a was unchanged,
a significant suppression in the reactivity of the hydrated 4a was
observed, consistent with the sequestration of the phenolic H-
atom as part of an H-bonded complex with DMSO (Fig. 4C).
We were also able to monitor the QM chromophore (A2 ~ 300

5680 | Chem. Sci, 2020, 1, 5676-5689

nm) by UV-vis spectrophotometry and found that it disappeared
steadily during the inhibited period of the autoxidation
(Fig. 6D).

The confirmation of the lackluster - but authentic - RTA
activity of the quinone methide 4a suggests that there is
something special about the QMD structure which confers
greater reactivity compared to monomeric quinone methides.
To provide further insight on this point, we carried out autoxi-
dations inhibited by the tautomerized QMD precursor to
quadrangularin A analogue 5a and an isomer thereof (5b) - both
of which contain one hindered phenol and one quinone
methide moiety. Both compounds exhibited kinetics consistent
with the phenolic moiety (refer to Table 2 and Fig. 4D), in
agreement with the larger k., of the phenols compared to the
quinone methides.

The fourth mechanistic possibility (Fig. 1C) involves trap-
ping of peroxyl radicals by combination with the small amount
of persistent phenoxyl radical that is in equilibrium with the
QMD (Fig. 5A).%*** We had previously shown that QMD 2e does
not possess the weakest C-C bond (with a BDE of 17.0 vs.
6.1 keal mol™*),% it is sufficiently weak that a relevant concen-
tration of phenoxyl radical exists at ambient temperatures.
Based upon the equilibrium constant we previously reported for
2e (Koq = 5.5 x 107'° M at 37 °C),** the phenoxyl radical
concentration at the beginning of an autoxidation inhibited by
1 uM of the QMD is ~23 nM. If establishment of this equilib-
rium is fast relative to propagation of the autoxidation, then

This journal is © The Royal Society of Chemistry 2020
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Fig. 4

PhCl-DMSO for 4a and 4a-H,0 (dioxane/PhCl, 37 °C, [4a] =
for 5a and 5b (dioxane/PhCl, 37 °C, [5a] = [5b] = 50 uM).

kinn[QMD] = kcomp[phenoxyl], such that keomp ~ 43(4.0 x 10°
M s7") ~ 1.7 x 10* M' s, This value is in excellent agree-
ment with findings of Jonsson et al, who determined rate
constants ranging from 1 x 10°M ‘s ' to 5 x 10* M " s~ for
the reactions of various stabilized phenoxyl radicals with per-
oxyl radicals derived from 'PrOH in water (the effects of non-
viscous solvents are generally negligible on radical combina-
tion reactions).*

Since we have no information on how substituents impact
the QMD-phenoxyl radical equilibrium (Fig. 5A), we investi-
gated it by UV-vis spectrophotometry at different temperatures
(representative plot shown in Fig. 5B), enabling determination
of the C-C BDEs (AHcc, tabulated in the ESIf) from the
resultant Van't Hoff plots (e.g. Fig. 5C).” The BDEs of a broader
series of QMDs were also computed using DFT and dispersion-

Table 2
BODIPY (10 uM) or hexadecene (2.9 M) and PBD-BODIPY initiated by Al

constants (k$3S, gas phase, 37 °C) and literature ki values (ki

XX
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(A) Comparison of the transition state structures for addition to QM 4a and QMD 2d (‘Bu groups omitted); (B) experimental evidence for
the enhanced reactivity of QMDs over QMs (hexadecene/PhCl, 37 °C, [2d] =

[4a] = 5 uM); (C) kinetic solvent effect (KSE) data in PhClvs. 2 : 1

[4a-H,0] = 50 uM); (D) kinetic solvent effect (KSE) data in PhClvs. 2 : 1 PhCl-DMSO

corrected DFT (see ESIt), and we find that the trend in the
sensitivity of AHg_¢ to the substituent is similar to that of the
experimental values, with derivatives substituted with electron-
donating groups possessing weaker bonds. These data imply
that electron-donating substituents should enhance RTA
activity, but this is not observed. In fact, the relationship
between log ki, and AH¢ ¢ (Fig. 5D) shows the opposite trend -
at elevated temperatures, at least.

Nevertheless, to probe whether this pre-equilibrium is
relevant, we synthesized a QMD bearing alkyl substituents in
lieu of aryl substituents (6, structure shown in Fig. 5F) in the
anticipation that it would have a stronger central C-C bond.
Indeed, we could find no evidence for phenoxyl radicals in the
UV/vis spectra of the QMD up to 100 °C even though the
predicted spectrum of the radical suggests Aax = 325 nm (see

Inhibition rate constants (ki,n) and stoichiometries (n) of QMs and phenols during inhibited co-autoxidations of cumene (3.6 M) and STY -

BN (6 mM) in chlorobenzene at 37 °C alongside calculated addition rate

cumene or styrene, 60 °C)

Y Z kcalc (10 M~ 1 —1) k}gha (104 M—l S—l) n? kli'xnelfadecene (104 M—l S—l) n kic:l{‘nene (104 M—l S—l) n

4e Me Me 80 1.6 09 ND ND

4a H Me 10 0.058 1.1 8.2 +0.2 2.0£0.1 0.72 £ 0.03 2.2+£0.1
4a-H,0¢ NA ND 8.3+ 0.6 2.0° 0.84 £ 0.09 21401
4b H Ph  0.01 0.018 0.5 Retards 0.34 £ 0.03 1.9 £ 0.1
af Ph  Ph  0.0002 Does not inhibit ND ND

5a° ND 8.1+ 0.2 2.2+0.1 0.75 £ 0.06 2.4 +£0.1
5b° 0.01 6.4 £ 0.1 2.4+01 1.10 £ 0.03 2.4 +0.1

“ Data from ref. 17. ? Stoichiometry set to n = 2.0 to determine ki, [4a-

This journal is © The Royal Society of Chemistry 2020

H,0] = 5 uM. ° The data primarily reflect HAT.
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Fig. 5 (A) Dissociation equilibrium for substituted QMDs (2) and key resonance structures of the resultant radical monomers; (B) UV-visible

absorbance spectra of the phenoxyl radical derived from 2d as a function of temperature; (C) representative Van't Hoff plots used to determine
AHc_c; (D) relationship between log(kinn) and AHc_c at 37 (l), 70 ([1), and 100 (@) °C for meta- and para-substituted QMDs; (E) EPR spectra of
the radicals present in solutions of 2d (1 mM, blue) and 6 (10 mM, red) in benzene at 20 °C; (F) comparison of diaryl (6g_pp, blue) vs. dialkyl (6g_me,
red) QMDs (5 uM) as inhibitiors of the AIBN-initiated autoxidation of cumene in PhCl at 37 °C.

ESIt). Furthermore, we were unable to identify crossover
products when equivalent amounts of 2d and 6 were heated
together (see ESI for spectral dataf). Indeed, only poorly
resolved (low intensity) spectra were obtained when concen-
trated samples of 6 (10 mM) were placed in the cavity of an
EPR spectrometer, in contrast to the strong signals observed
from samples of 2d (1 mM, see Fig. 5E), which can be readily
identified as being fully consistent with the radicals derived
therefrom (see ESIT). Nonetheless, integration of the spectra
observed from samples of 6 yields Koq = 4.2 x 10 "> M at
20 °C. This can be directly compared with a value of K.q = 1.7
x 107'° M at 20 °C that we obtained with 2d, and assuming
AS is similar for C-C bond homolysis in 2d and 6, suggests
that the difference in their C-C BDEs is at least
3.5 kcal mol '. Most importantly, this compound is a very
poor RTA (kinn ~ 2 x 10> M™* s7')?® compared to the other
QMDs (see Fig. 5F) and is even several-fold worse than the
simple QM 4a.

Discussion

We recently prepared QMD 2e as the key intermediate in the
total synthesis of pallidol and quadrangularin A - natural
products resulting from the oxidative dimerization of resvera-
trol.®* We were very surprised to find that 2e and related QMDs
are potent RTAs (kinn ~ 4 x 10° M~ ' s7' at 37 °C); ca. 10-fold
more reactive than the phenols from which they are derived. In
fact, the QMDs were similarly reactive to a-tocopherol - the
most biologically active form of vitamin E and the standard to

5682 | Chem. Sci, 2020, N, 5676-5689

which all other RTAs are compared - despite lacking labile H-
atoms, the key structural feature of canonical RTAs.

The preparation of 2e and its subsequent stereoselective
conversion to pallidol and quadrangularin A was enabled by its
reversible fragmentation to two persistent phenoxyl radicals.>**
The foregoing mechanistic investigations suggest that this
equilibrium is also responsible for the impressive RTA activity
of 2e and related QMDs. Although the persistent phenoxyl
radicals are present in small quantities at equilibrium (ca. 1% of
the QMD under the conditions which were investigated here),
their combination with peroxyl radicals is quite rapid (kinn ~ 2
x 10®° M~ ' s7* at 37 °C). Thus, one molecule of QMD can be
expected to trap two peroxyl radicals - consistent with the
inhibition times observed in the QMD-inhibited autoxidations,
from which n ~ 2 were derived.

It is noteworthy that the resultant peroxidic adducts still
contain QM moieties which can, in principle, react with addi-
tional peroxyl radicals. Indeed, simple QMs such as 4a react
with peroxyl radicals with rate constants similar to those of the
hindered phenols from which they are derived (e.g. 4a-H,0), kinn,
~8x 10" M~ " s at 37 °C. Since the initial addition of a peroxyl
radical forms a phenoxyl that can subsequently combine with
a peroxyl radical (as do the phenoxyl radicals in equilibrium
with the QMDs), the simple QMs were also found to trap 2
peroxyl radicals (see Fig. 6B). Thus, in principle, QMDs should
trap a total of 6 peroxyl radicals, as is shown in the overall
mechanistic scheme in Fig. 6A.

The inhibited autoxidation data for the isomerized QMD
structures 5a and 5b (Fig. 4D) provide some insight to why the

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (A) Proposed mechanism for peroxyl radical-trapping by aryl-containing QMDs; (B) mechanism by which QMs trap peroxyls and the

dependence of stoichiometry on [QM]; (C) spectral changes associated with inhibitors 2d (blue and red) and (D) 4a (green) in the co-autoxi-
dations of 1-hexadecene (2.9 M) and PBD-BODIPY (black traces); (E) co-autoxidations of cumene (3.6 M) and STY-BODIPY (10 uM) initiated by
AIBN (6 mM) in chlorobenzene at 37 °C inhibited by 2d (1-50 uM) with an inset showing the second phase of inhibition translated to the

uninhibited trace (broken line).

QMDs only appear to trap 2 peroxyl radicals in our experiments.
Each of these compounds, which feature one phenolic moiety
and one QM moiety react as if only the phenol were present with
n~ 2 and kipp, = 8.1 x 10° M ' s7! and 6.4 x 10* M~* 57,
respectively, which are subject to the same substantial KSEs.
The lack of retardation of oxidation due to the QM moiety
implies that it is significantly less reactive to peroxyl radicals
than a simple monomeric QM. Indeed, when we monitored the
QMD-inhibited autoxidations by looking at the whole spectrum
rather than simply A,.x of PBD-BODIPY at 588 nm, we noticed
consumption of the characteristic absorbance of the QM moiety
at ~300 nm only after the initial inhibited period, which coin-
cided with consumption of the characteristic absorbance of the
QMD moiety at ~330 nm (Fig. 6C). This slower phase is
consistent with the loss at ~300 nm in autoxidations of the
simple QM 4a (Fig. 6D). In an attempt to quantify the slower
reactivity of the more hindered QM moieties in the peroxyl
adducts derived from