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X'= 2,2-diphenyl-1-picrylhydrazyl radical
R = phytyl chain, -C4gHag

Rate constants for reaction of  o-tocopherol, 2,2,5,7,8-pentamethyl-6-hydroxychroman, and 2,6-di-  tert-butyl-4-methylphenol with 2,2-diphenyl-
1-picrylhydrazyl radical were measured in solvents of different polarity and H-bond basicity. In ionization supporting solvents besides hydrogen

atom transfer (HAT), the kinetics of the process is partially governed by sequential proton loss electron transfer (SPLET). Addition of acetic

acid reduces the rate by eliminating SPLET to leave only HAT, while addition of water increases the rate by enhancing phenol deprotonation.

Lipid peroxidation is a free-radical chain process that
damages living organisms and can lead to diseases such as
artherosclerosis and cancer. In living organisms, “front

line” protection against peroxidation is provided by vita- HO
min E. This is a mixture of lipophilic, radical-trapping

antioxidants, its most active component bein¢pcopherol 0

(TOH, see Figure 1). There is voluminous literature concern- TOH

ing hydrogen atom transfer (HAT) from TOH to carbon-, OH
sulfur-, oxygen-, and nitrogen-centered radicals, XOH Ho

+ X*— TO* + X—H. The high radical-trapping activity of

TOH is due to favorable stereoelectronic factors that pro- 0

vide exceptional stabilization to the T@adical® Actual PMHC BHT

radical-trapping rates are also influenced by TOH’s environ- Figure 1. Chemical structures af-tocopherol (TOH), 2,2,5,7,8-
ment including the accessibility of TOH molecule to lipid- pentamethyl-6-hydroxychroman (PMHC), and 2,6-di-tert-butyl-4-
methylphenol.
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accessibility of the OH group (which gives rise to kinetic E model compound, PMHC (Figure 1), has been shown to
solvent effects, KSES). react with adpph* more rapidly than its parent phen@l.

In general, the rates of HAT from phenols to a radical are Whether the SPLET mechanism will be significant compared
subject to large KSEs® because, in hydrogen bond accepting with the HAT mechanism will depend on the phenol’'s
solvents (HBASs), the phenolic hydroxyl group is not acces- acidity, the radical’'s electron affinity, the ability of the
sible to radicals. The measured HAT rate constant in HBAS, solvent to support phenol ionization, and the ability of the
KHAT, therefore involves only nonintermolecularly-H-bonded phenol to be a HB donor. SPLET may be supressed by the
molecules and will be smaller than the rate constihtin addition of acetic acid and, with sufficient acetic acid, phenol
non-HBA solvents (e.g., saturated hydrocarbons). An empiri- ionization, and hence SPLET, can be eliminated leaving only
cal equatioh connectskHAT with k° by the means of the HAT mechanism operative.

Abraham’s parametersi” and g2 (characterizing the Some recent theoretiddland experimentat papers con-
relative ability of a phenol to be a hydrogen bond dohor, tain misleading statements that HAT and electron transfer
and the relative ability of a solvent to be a hydrogen bond followedby proton transfer (ET-PT, Scheme 2) are the only

acceptor, respectively)

log K**T =log k* — 8.3a,"," 1) Scheme 2

, i ArOH + R"—» ArOH™+ R™—»Ar0* + RH
where the rate constants are expressed i #* units. For
any HAT reaction, provided & or ak™AT value is available,
this equation can be used to predict the HAT rate constants
in several hundred solventSincea,™ andf," are positive
numbers (range for both, 0 to 1) eq 1 requires Al is

two mechanisms involved in the reactions of radicals with
phenols, including PMH& and, hence, are the only two
mechanisms responsible for phenols’ antioxidant activities.
always= K. . AT Since both theo®} and the interpretation of the experimental
Apparent exceptions to the*" < Kk’ rule have been resultd* contradict our own work with its well supported

olbsehrvled fm solvints tga:([ supporkt‘ lonllzatlog,lplazjt.larjllarlyl conclusion that HAT and SPLET are the two mechanisms
aiconals, for reactions between phenols and 2, 1-dip eny'impor'[ant in radical- phenol reactions, some new experi-

2-picrylhydrazyl dpph) radicals. These reactions are faster ments were undertaken to check, in particular, whether the
(sometimes much faster) than would be predicted from eq reported enhanced rate of ttipph,' + PMHC réaction in

1. These anomalies were explained by the mechanism name%ethanol compared with acetonitrile is due to ET-PT, as
sequential proton loss electron transfer (SPLETYyhich claimed* or to SPLET, as we would predict. '
occurs in parallel with HAT. In a solvent, S, that supports Bimolecular rate cc;nstantsks were measured for the

ionization the measured rate is the sum of the rates for the
reactions ofipph* with TOC, PMHC, and 2,6-diert-butyl-
HAT (Scheme 1, black) and SPLET (Scheme 1, red) 4-methylphenol (BHT), see Figure 1, and are given in Table

I 1. Considering the BHT data first, it can be seen that the
reaction is faster in methanol than in the non-HBA solvent,

Scheme 1
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i 11 ; ; ; 314,
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s two phenols must be attributed to their different HB donating

Table 1. Measured Rate Constant§/M~1s1, for the abilities. For TOHOLZH = 0'37:5. and for PMHCo." = 0.39;
Reactions oflpph* with TOH, PMHC and BHT in Five see the Supporting Information. Both" values are con-
Solvents and in Acidified Metharlnd (in parentheses) in the  Siderably larger thamo,” = 0.18—0.25° (mean 0.21)
Four HBA Solvents the Rate Constants Predicted by eq 1 determined previousl§These parametrs have been combined
o . S with the heptane rate constankS, and theg," values for
solvent (B2M) € k .
the HBA solvents to predick'T values; see the rate
; BHT ToC PMHC constants in parentheses in Table 1. These calculated values
o 0.21 0.37 0.39 of K"AT are generally slightly greater than the experimental
n-heptane (0.00) 1.9 1.1¢ 8500 7600 rate constants in acidified methanol and in solvents not
MeCOOEt (0.45) 6.0 0.16(0.18)  190(320) 170 (270) supporting ionization but, nevertheless, the calculated and
i}o’éﬁ‘zé(ﬁ;y 3;-3 gg‘i‘téol';z) 224(2(;22)) 25150(2(232)) experimental rate constants are in very satisfying agreement.
(S . . . . - H
MeOH (0.41) 327 2497021) 390 (420) 350 (360) All of our new results serve to confirm that HAT and, in
MeOH/10 mM 0134 950 9280 swtqble solventg, SPLET are the onIy. two mechanisms of
CH;CO,H# any importance in the reaction dpph* with phenols.There
MeOH/100 mM 0.194 250 230 is absolutely no solid experimental evidence for the claithed
CH;3CO.H ET-PT mechanism. This claithwas largely® based on the

ay S . . o measured rate constants for the reactiodpgfh* with PMHC
alues kS are given with errors usually less than 10%; see the | . .. -
Supporting Information for experimental details and errBigalues off," in methanol® and in methanol containing millimolar con-
from ref 7.¢ Permittivity (dielectric constant), from ref 2¢ Values from centrations of pyridine and 2,4-lutidine. These two bases
ref 8.¢Reference 9. This value has not been statistically corrected. . . . .
" Measurements in ref 8 gakd'OH =3.7 M1 s-1, 9 8,1 is not available increased the measured rate constants. Peculiarly, in view
for acetic acid; for propionic and butyric acids it is 0.42. of the earlier demontratidhby many of the same authors
that the PMHC anion is more reactive towatdph* than
PMHC, these increased rates were interpreted as being due
heptane. This result indicates that the HAT mechanism in to electron transfer to thépph* from PMHC (Scheme 29
methanol (a fairly strong HBAS,' = 0.41) has become rather than to the increased abilities of the mixed solvents
rather unimportant in comparison with some other mecha- to support ionization. However, SPLET provides a much
nism (see eq 1). In principle, this other mechanism could be simpler explanation for Nakanishi et ak*®bservations and
SPLET or the claimed!*ET-PT process. The addition of is further supported by our experiments in acidified methanol
acetic acid to the methanol-containing BHT will reduce the and ethanol.
extent of ionization of this phenol and the measured rate  We thought that the importance of the SPLET mechanism
constant might therefore be expected to increase (or remainrelative to the HAT mechanism should be increased, with a
the same) if the ET-PT mechanism is operative in methanol. consequent increase in the measured rate constants, by
In fact, the addition of acetic acid (to obtain 10 and 100 increasing the dielectric constart)(of the medium. Rate
mM concentrations) reduces the rate constant by more thanconstants were therefore measured for the reaction of BHT
an order of magnitude. This result is fully consistent with and PMHC withdpph* in two aprotic solvents, acetonitrile
the occurrence of SPLET in nonacidified methanol. and dioxane, containing increasing amount of water (which
Moreover, the rate constants in acidified methanol are theis a Lewis base if the PhOH /@ acid—base pair is
same order of magnitude as those in acetonitrile and ethylconsidered). The results are presented in Figures 2 and 3.
acetate, solvents having similar HBA activitigs{ param- The different profiles ok® dependency on [ID] correlate
eters) to methanol, but little or no ability to ionize phenols.

More importantly, the rate constants for BHT in acidified _

methanol are close to the values predicted by eq 1 which

yields 0.03< kMAT < 0.27 using the limitinga,™ values 0T PR 120 ¢ 03 01+ 00% 55
determined earlier for BHT, vi#!® 0.18 < o2" < 0.25. 120L R=0s885 10.01 &%= 0.9980 R 450§
Similar results were obtained in ethanol, see Table S19 in % . 1458
the Supporting Information. & 80r 40_;:

Although the rate constants for TOH and PMHC in 2,/ s
methanol are lower that those in heptane, they are further 1 (a) 1%
reduced by acidifying the methanol with acetic acid, indicat-  005—————. 2:30
ing a small extent of ionization in nonacidified methanol. [H,01 /M [H0] M

Because the acidity of TOC (pk= 11.92}6 is similar to _ _

that of BHT (K. = 12.2)" the different behavior of these ~ Figure 2. Plot of the rate constants? (black triangles), fodpph*

reaction with PMHC (panel a) and BHT (panel b) vs water

- y concentration in acetonitrile. The straight line fSrvs [HO] for

o c(#g);?rbggg'gé’eh't’;?irseg dp;se?r?gefgfgfc’;dzaosg tggespgpg of the  BHT was constructed without the last point. Panel b contains the

y(leg); Stoanker S.'pNeta B. Phys. Chem1982.86, 36613667, values for dielectric constants of acetonitrilé,O mixtures (open
(17) lonisation constants of organic acids in aqueous soluti@erjeant, circles). Values of, andk® for these mixtures are also listed in

E. P., Dempsey, B., Eds.; IUPAC Chemical Data Series, No. 23; Pergamon Tables S1 and S2 (Supporting Information).
Press: Oxford, UK, 1979.
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Figure 3. Rate constantk® (black triangles), fodpph* reaction
with PMHC (a) and BHT (b) in dioxaneH,O plotted against water
concentration. Open circles in panel b are the values for dielectric
constants of dioxanewater mixtures. Values af andkS for these
mixtures are also listed in Tables S1 and S2 (Supporting Informa-
tion).

with the changes i, of the two water-containing solvents.
In acetonitrile-H,O mixtures the plot&S vs [H,O] are linear,

as is the plot of; vs [HQ]. In dioxane—HO both thekS
and dielectric constant plots curve upward to similar extents.
Since water strongly supports ionization £ 80.4)?! the
increase ink® that water induces in acetonitritdd,0 and
dioxane—HO mixtures is most simply explained by in-
creased ionization of the two phenols. An alternative
explanation, kindly suggested by a reviewer, is #¥ahight

of the ion-couple, and thus retard the back reaction. We
cannot rule out this explanation but consider ET-PT less
likely than the SPLET mechanism for three reasons: (i)
acetic acid ¢ = 6.2) strongly retards the reactions in
methanol at concentrations as low as 10 mM (Table 1) where
any effect of the added acid on the dielectric constant would
be very modest, (ii) the reactions in methanol are very
strongly accelerated by small amounts of baaad (iii) the
reactions in solvents that can support the ionization of
phenols frequently have extremely fast initial reactions that
reflect the reactions of thepph® with the preionized
phenols? Our results in the water-containing solvents are
therefore attributed to a water-induced SPLET which quickly
dominates the always underlying HAT process, rather than
to the operation of an ET-PT mechanism.

In conclusion, vitamin E and other phenols can react with
dpph* (and other electron deficient radicals such as ROO
by two different and nonexclusive mechanisms, HAT and
SPLET. lonization of even small fraction of the phenol makes
the measured rate constants for the combined HAT and
SPLET reaction larger (often much larger) than that for the
HAT-only reaction. The relative importance of SPLET can
be reduced, or even eliminated, by the addition of acetic acid
and can be enhanced by the addition of base. Recent
claimg?® that these (and similar) reactions occur by a
combination of the HAT mechanism and a mechanism
involving electron transfer from the phenol to tthgph* (the

increase because an increase in the dielectric constant of thgT-pT mechanism) are completely unfounded. Quite simply,
solvent would increase the ease of separation of the ion pairthere is no solid experimental evidence in favor of this “third”

formed in the initial step of the ET-PT mechanism, ArOH
+ Y* = [(ArOH)--+Y]* == [(ArOH**)---Y-] — dissociation

(18) The presence of large amounts (0.3 M) of Mda Lewis acid)
increased the rate of tlipph*/PMHC reaction by a factor of 2 Because
metal ions are known to accelerate certain ET reactions this small rate
acceleration was used to support the ET-PT mechaHism.

(19) The rate constant measured by Nakanishi &t ial methanol (1x
10° M~1 s7Y) is three times as large as our value of 35011
Commercially available hydroxylic solvents, even of the highest purity

available, often contain traces of base that dramatically accelerate the

reaction raté:® In the present experiments we used MeOH, EtOH, and
MeCN freshy distilled over a few beads of ion exchanging resin to remove
any traces of base. Our rate constant in methanol is similar to that in
acetonitrile, a solvent with a similar HBA activity (Table 1). In contrast,

the rate constants measured by Nakanishi et al. are not self-consistent: for,

the PMHC/dpph reactionkMeOH is three times as large &¥¢CN while for
the reactions of PMHC witlgavinoxyl* (a radical that, unlikedpphe, is
not electron deficient and is therefore unlikely to support the SPLET
mechanismkMeOH js only half as large akMeCN,

(20) It was found* thatkS in MeOH/1.5 mM lutidine, the stronger base,
was 30% larger thak® in MeOH/1.5 mM pyridine. These data show (not

unexpectedly) that PMHC does not reach the same degree of ionization in

reaction mechanism. In contrast, there is a great deal of very
solid experimental evidence in favor of the “second” mech-
anism, SPLET.
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Supporting Information Available: The rate constants,
kS, used for Figures 1 and 2 (Table S1 and S2); IR spectra
(Figure S1) and other data used for calculation of the
equilibrium constant of HB formation between PMHC and
DMSO (Figure S2, Table S3); experimentally measured
pseudo-first-order rate constarks, used for the calculation
of the bimolecular rate constants for ttigph*/o-tocopherol,
dpph*/PMHC anddpph*/BHT reactions in heptane, ethyl
acetate, acetonitrile, dioxane, methanol, methanol containing

the presence of these two bases. The experiments actually provide additionaCH3CO2H, ethanol, ethanol containing GEOH, and

evidence for the SPLET mechanism, once it is recognized that rate is:
-d[dpph]/dt = KHAT[PhOH] + kSPLETPhO™]. Therefore, becaudéPET >
kHAT even minute amounts of phenol reacting via SPLET can significantly
accelerate the overall rate.

(21) Reichardt, CSolvents and Seént Effects in Organic Chemistry,
3rd ed.; Wiley: Weinheim, Germany, 2003.
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in acetonitrile-H,O and dioxaneH,O systems (Tables
S4-S18); and experimental procedures. This material is
available free of charge via the Internet at http://pubs.acs.org.
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