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Abstract: The kinetics and mechanism of proton-coupled electron transfer (PCET) from a series of phenols
to a laser flash generated [Ru(bpy)s]*" oxidant in aqueous solution was investigated. The reaction followed
a concerted electron—proton transfer mechanism (CEP), both for the substituted phenols with an
intramolecular hydrogen bond to a carboxylate group and for those where the proton was directly transferred
to water. Without internal hydrogen bonds the concerted mechanism gave a characteristic pH-dependent
rate for the phenol form that followed a Marcus free energy dependence, first reported for an intramolecular
PCET in Sjodin, M. et al. J. Am. Chem. Soc. 2000, 122, 3932—3962 and now demonstrated also for a
bimolecular oxidation of unsubstituted phenol. With internal hydrogen bonds instead, the rate was no longer
pH-dependent, because the proton was transferred to the carboxylate base. The results suggest that while
a concerted reaction has a relatively high reorganization energy (1), this may be significantly reduced by
the hydrogen bonds, allowing for a lower barrier reaction path. It is further suggested that this is a general
mechanism by which proton-coupled electron transfer in radical enzymes and model complexes may be
promoted by hydrogen bonding. This is different from, and possibly in addition to, the generally suggested
effect of hydrogen bonds on PCET in enhancing the proton vibrational wave function overlap between the
reactant and donor states. In addition we demonstrate how the mechanism for phenol oxidation changes
from a stepwise electron transfer—proton transfer with a stronger oxidant to a CEP with a weaker oxidant,
for the same series of phenols. The hydrogen bonded CEP reaction may thus allow for a low energy barrier
path that can operate efficiently at low driving forces, which is ideal for PCET reactions in biological systems.

Introduction ganese cluster in a chain of PCET reactidbe Tyt transfers

an electron to the oxidized chlorophyll pigmentd®, regenerat-

ing the chlorophylls, and the resulting tyrosine radical subse-
qguently oxidizes the manganese cluster. The potential for
tyrosine oxidation is high£° = 1.4—1.5 V vs NHE in water

for the TyrOH*/TyrOH couple. The concomitant shift irkg

from 10 to —2 typically results in deprotonation, however,
giving a lower proton-coupled Tyrd'yrOH potential and an
overall downhill reaction. The PCET from Tyis presumably
facilitated by hydrogen bonding to a base that accepts the proton,

The importance of proton-coupled electron transfer (PCET)
from amino acids in the function of many redox proteins is being
increasingly recognizeti® Because enzymes usually operate
with small reaction free energies, a coupled deprotonation is
often required to turn oxidation of a high-potential amino acid
into an overall exergonic process. An important example is the
water-oxidizing Photosystem I, where a tyrosine residueAJTyr
interfaces the o chlorophylls and the water-oxidizing man-

t Uppsala University. most likely a histidine and possibly also aspartate or glutafate.
gStOCkhOlm_ University. The electron is not transferred through the hydrogen bond in
. Eroegn't”;gg%esg g‘;fmg'gg%eeg,eique DBJC. CNRS URA 2096 this system, but the electron and proton are transferred in
CEA Saclay, 91191 Gif-sur-Yvette, France. ’ " different directions. The mechanism by which hydrogen bonds

(1) We use the term PCET to denote all regimes of coupling, from sequential promote such bidirectional PCET is not clear. Mechanistic
electron-proton transfer or vice versa to a concerted reaction. The latter . heti | h ical Kk h
is denoted CEP and is defined as a reaction with a single transition state Studies in synthetic model systems, and theoretical work, have

for the transfer of both the electron and proton. iven insight in ifferen f PCETLh have in
(2) (a) Stubbe, J.; van der Donk, W. &hem. Re. 1998 98, 705-762. (b) give sight into different aspects of PC ese have

Stubbe, J.; Nocera, D. G.; Yee, C. S.; Chang, CCfem. Re. 2003 103

2167—-2202. (c) Babcock, G. TProc. Natl. Acad. Sci. U.S.A.999 96, (4) In ref 4a,E°(TyrO*/TyrO™) = 0.72 V vs NHE was reported, and from ref
12971. (d) Aubert, C.; Vos, M. H.; Mathis, P.; Eker, A. P. M.; Brettel, K. 4b, a K, value for the tyrosine radical cation of ca2 can be estimated.
Nature 200Q 405, 586. Coupled with the assumption of the amino-grouli; pvalues being

(3) (a) Hoganson, C. W.; Babcock, G. $ciencel997, 277, 1953-1956. (b) essentially equal for the radical and the parent, we pregfi€fyrOH"*/
Tommos, C.; Babcock, G. Biochim. Biophys. Act200Q 1458 199— TyrOH) ~ 1.44 V. (a) Lind, J.; Shen, X.; Eriksen, T. E.; Mesg, G. J.
219. (c) Rappaport, F.; Lavergne,Biochim. Biophys. Act2001, 1503 Am. Chem. Sod99Q 112 479. (b) Dixon, W. T.; Murphy, DJ. Chem.
246-259. (d) Renger, GBiochim. Biophys. Act2004 1655 195-204. Soc., Faraday Trans. 2976 72, 1221.
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general not included bidirectional PCET, however, or been Scheme 1. Structure of the Substituted Phenols in Their

concerned with different aspects other than explicit effects of Carboxylate Forms o
“H
O

0

hydrogen bonds. O—y
2y
0
la 2a

We have shown that the intramolecular PCET from tyrosine

to RU" in a covalently linked Ru(bpyy*—tyrosine complex

follows a concerted electrerproton transfer mechanism (CEP).

We defined “concerted” as a reaction with a single transition

state for the transfer of both particles. Because of the kinetic

similarities to Typ oxidation in Mn-depleted PSII, we sug-

gested that also this reaction follows a CEP mechanism. For O—g O«
Ru(bpy)®t—tyrosine, we found that the rate constant for

oxidation of the phenolic form increased with pH at pH10, 0
while oxidation of the phenolate form at pet 10 was

independent of pH. At a pH around th&pvalue, we observed 0~ 0

biexponential kinetics, where the component representing a pure 1b

electron transfer (ET) oxidation of tyrosinate was 2 orders of

magnitude larger than that for the PCET from tyrosine. Note oxidation. Recent model studies have typically concerned only
that the pH-dependence for CEP from the phenol form could structure and static properti€swhile the dynamic and kinetic
not be explained by a deprotonation followed by electron transfer effects of hydrogen bonds have not been explored, with a few
(a stepwise PTET mechanisfinstead, the pH-dependence for notable exception&

the CEP tyrosine oxidation rate could, unexpectedly, be |n the present paper we examined the PCET kinetics for
described by a Marcus equation, derived for pure ET (€Y 1). oxidation of phenols with and without internal hydrogen bonds,
We used the pH-dependence of the tyrosine potential, wherein aqueous solution. From our results we suggest that internal
E*'ryromyron decreases by 59 meV per pH unit, to calculate the hydrogen bonds may promote PCET by reducing the reorga-
pH-dependence of the driving force for the overall reaction: njzation energy for CEP. We also report that the oxidation
—AG” = E”re*2t — E”'1yrormyron (primed symbols denote  kinetics for unsubstituted phenol in a bimolecular reaction is
standard states but with the proton activity at the given pH). pH-dependent, just like in our previously reported intramolecular
This relation betweeAG*" and pH we then used in afitto eq  reactiont7 in a way that cannot be described only by a simple
1 of the observed rate constant as a function of pH and pH-dependent ratio of the phenol and phenolate forms. Despite
temperature. In our analysis, we found that the reorganization numerous reports on phenol oxidation kinetics, this behavior
energy was significantly larger for CEP from the phenol form has, to the best of our knowledge, not been reported before for
(A = 1.4 eV) than for a pure ET from the phenolate forin< bimolecular reactions. Our data show that phenol oxidation in
0.9 eV)%71%presumably due to the extra internal and solvent the present case follows a concerted PCET mechanism (CEP),
reorganization associated with the proton transfer. which we suggest is far more common that generally believed.

27H,)? F{— (AG® + ;L)Z] Results and Discussion

h/amiksT ex 42keT (1) The different phenols were oxidized by laser flagtuench
generated [Ru(bpy)** 12 (see Experimental Section for details).
For further modeling of enzymatic redox reactions, it is Each laser flash generated c.auM [Ru(bpy)s]** that reacted
important to study the effect of hydrogen bonds on phenol with a large excess of phenol. The kinetics of the PCET from
phenol to [Ru(bpyj3* was followed by the transient absorption
changes on a nanosecendicrosecond time scale. The hydrogen-
bonded phenolda and 2a, and the corresponding reference
compoundslb and 2b, were examined, as well as the unsub-

2b

=

(5) (a) Cukier, R. I.; Nocera, D. GAnnu. Re. Phys. Chem199§ 49, 337—
369. (b) Chang, C. J.;; Chang, M. C. Y.; Damrauer, N. H.; Nocera, D. G.;
Biochim. Biophys. Act2004 1655 13—28. (c) Mayer, J. MAnnu. Re.
Phys. Chen2004 55, 363. (d) Hammes-Schiffer, 8cc. Chem. Re2001,

34, 273-281. (e) Hammes-Schiffer, S.; lordanova, Blochim. Biophys.
Acta 2004 1655 29-36. (f) Carra, C.; lordanova, N.; Hammes-Schiffer,
S.J. Am. Chem. So@003 125 10429. (g) Costentin, C.; Robert, M,;
Saveant, J.-MJ. Electroanal. Chen006 588 197—206. (h) Haddox, R.
M.; Finklea, H. O.J. Electrganal. Chem2003 550-551, 351—358.

(6) (a) Sjalin, M.; Styring, S.; Aermark, B.; Sun, L.; Hammarsimg L. J.
Am. Chem. Soc2000 122 3932-3936. (b) Sjdin, M.; Styring, S.;
Akermark, B.; Sun, L.; Hammarstm L. Philos. Trans. R. Soc. London,
Ser. B2002 357, 1471-1479.

(7) Sjadin, M.; Ghanem, R.; Polivka, T.; Pan, J.; Styring, S.; Sun, L
Sundstio, V.; Hammarstim, L. Phys. Chem. Chem. Phy)04 6, 4851~

(11) For example, see: (a) Thomas, F.; Jarjayes, O.; Jamet, H.; Hamman, S.;
Saint-Aman, E.; Duboc, C.; Pierre, JAngew. Chem., Int. EQ004 43,
594-597. (b) Maki, T.; Araki, Y.; Ishida, Y.; Onomura, O.; Matsumura,
Y. J. Am. Chem. So®001, 123 3371-3372. (c) Benisvy, L.; Bittl, R.;
Bothe, E.; Garner, C. D.; McMaster, J.; Ross, S.; Teutloff, C.; Neese, F.
Angew. Chem., Int. E@005 44, 5314-5317. (d) Lachuad, F.; Quaranta,
A.; Pellegrin, Y.; Dorlet, P.; Charlot, M.-F.; Un, S.; Leibl, W.; Aukauloo,
A. Angew. Chem., Int. EQO05 44, 1536-1540. (e) Dai, Q.-H.; Tommos,
C.; Fuentes, E. J.; Blomberg, M. R. A,; Dutton, P. L.; Wand, Al.JAm.

4858. Chem. So2002 124, 10952-10953. (f) Hay, S.; Westerlund, K.; Tommaos,

In ref 7 we showed, for the intramolecular CEP reaction in the figrosine C. Biochemistry2005 44, 11891+-11902.

complex, that the rate constant was insensitive to the concentration and (12) (a) Biczok, L.; Gupta, N.; Linschitz, HI. Am. Chem. Socd997 119

identity of the buffer over the range examined-(M mM). Moreover, 12601-12609. (b) Sun, L.; Burkitt, M.; Tamm, M.; Raymond, M. K;

tyrosine deprotonation K, = 10) by HO is too slow k ~ 10 s?) to Abrahamsson, M.; LeGoufriec, D.; Frapart, Y.; Magnuson, A.; Brandt,

explain the data and so is diffusion controlled deprotonation by Q¢4 P.; Tran, A.; Hammarstro, L.; Styring, S.; Aermark, B.J. Am. Chem.

10° s at pH = 7). Finally, the rate of deprotonation by Otbr base So0c.1999 121, 6834-6842. (c) Biczok, L.; Linschitz, HJ. Phys. Chem.

forms of the buffer would increase 10-fold for each pH unit, in contrast to A 2001, 105, 11051-11056. (d) Rhile, I. J.; Mayer, J. Ml. Am. Chem.

the much weaker dependence observed. So0c.2004 126, 12718-12719. (e) Rhile, I. J.; Markle, T. F.; Nagao, H.;

(9) Marcus, R. A.; Sutin, NBiochim. Biophys. Actd985 811, 265-322. DiPasquale, A. G.; Lam, O. P.; Lockwood, M. A.; Rotter, K.; Mayer, J.

(10) As we noted in ref 6 the temperature-dependenc&@f, which arises M. J. Am. Chem. So2006 128 6075-6088. (f) Costentin, C.; Robert,

8

~

due to the reaction entropy involved with proton release to the bulk, was
not considered in the evaluation bf This resulted in a larger (apparent)
value,A = 2.0 eV, as compared to the value later reported in réf=,1.4

eV when the temperature-dependence\@&®' had been estimated.

M.; Savant, J.-M.J. Am. Chem. So@006§ 128 4552-4553.,

(13) (a) Magnuson, A.; Berglund, H.; Korall, P.; Hammaistrd_.; Akermark,

B.; Styring, S.; Sun, LJ. Am. Chem. Sod.997 119, 10720. (b) Chang, I.
J.; Gray, H. B.; Winkler, J. RJ. Am. Chem. So0d.991 113 7056.
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10" - low enough pH, the ETPT mechanism may dominate over the
concerted oné&! The rate of ETPT is independent of pH, because

the initial ET step is rate determining. The oxidation rate of

the phenol form itself is given by a sum of the rates for the two

mechanisms. Thus, we obtain the following expression for the
observed oxidation of phenol:

k= o(Kerpr + kOCEP]'prH) +(1- a)kphenolate ©))

where the fractions of phenotf and phenolate (- o) are
given by eq 2b. The fit of our data to eq 3, with fixed
according to , = 10.01° shows an excellent agreement (solid
line in Figure 1). Thus, at very low pH values, oxidation
5 proceeds predominantly via the ETPT from the phenol form,
T T T T T T T T T ] which generates the protonated phenoxy radical in an initial,
2 4 6 8 10 12 rate-determining and pH-independent step. The rate is therefore
pH almost constant at pH-24 in this particular case. At intermedi-
Figure 1. The pH-dependence of the rate constant for oxidation of the ate pH values, the pH-dependent CEP mechanism dominates
unsubstituted phenol. The dashed line is a fit to eq 2, while the solid line jnstead. Finally, at even higher pH values the increasing frac-
isafitto eq 3. tion of the phenolate form becomes more important as this
is an intrinsically more rapid electron donor. The observed
pH-dependence is analogous to the one we reported previously

stituted phenol (Scheme 1). As the latter has only one pH-

tltra_table group a_nd shows the least complicated behavior, We 1 the covalently linked Ru(bpy)tyrosine system, except that
begin by discussing those results. : S
we of course do not observe biphasic kinetics around #e p

Oxidation of Phenol: Figure 1 shows the observed pH- . . . S
. value for the bimolecular reaction of Figure 1. This is because
dependence of the second-order rate constant for phenol oxi- \ . . .
the rate of Rl reaction with a large excess of phenol is given

: o i o
dation by [Ru(bpy? - The pH dependgnce Of phgnol QX|dat|on by the sum of the contributions from the phenol and phenolate
rates, with chemical or electrochemical oxidation, is usually G . . I

forms, while in the intramolecular reaction each'"Rreacted

mterpr.eted as a simple sum of two pH-independent rate CON" yith its linked partner that is in either the phenol or the phenolate
stants: one for the phenol fornkpgeno) and a larger one for form

:jheief)n?ﬁ:;%l?e t;c:mhlj’;g‘lf";‘g_i’db;\lslg] i trgfilg\rf contributions The pH-dependence of the oxidation rate for the phenol form
Y P ) is represented by the terkicepl0’PH in eq 3. This behavior
has, to the best of our knowledge, not been reported before for

k= & konenoi ™ (1 = @)kpnenolate (22) bimolecular phenol oxidation, but is analogous to the behavior
HepKa—1 of our previously reported intramolecular tyrosine oxidafidn.
a=(1+10 (2b) Frequently, this pH-dependence has been masked by the pH-

dependence due to the increasing fraction of phenolate, and in
a more limited range of pH values and with more data scatter,
the difference between the behaviors of egs 2 and 3 has not
always been obvious.

where the fraction of phenol and phenolate formsagd 1—
o, respectively) is given by the HendersoHasselbalch equa-
tion. A fit of our data to this simple equation, with the phenol

PKa value fixeq tq 10'.0 as indepen.dently de.termined, is shown We emphasize that the pH-dependence for the rate of phenol
asa d?]she(:]h'ne n Flglqlure %j The fit to q 215 crl]early not good, oxidation cannot be explained by an initial deprotonation to OH
]?verl;t 0#9 :t wa:cs a ov:ge to overestimate the rate constant, y,qe forms of the buffers, followed by electron transfer from
orlt N pdeno ite orm (the ratef at EH.lO)' ic oH-d q the phenolate (PTET). First, the rate would have increased in
nstea , We have to account for the mtrmsm pri-depen enCeproportion to the base concentration, i.e., by a factor of 10 per
of the oxidation rate for the phenol form itself. For intramo- pH unit ( = 1.0 in eq 3) in contrast to the much weaker
lecular oxidation of the phenol form in Ru(b@y)tyrosine dependence observed £ 0.5). Second, the experiments were
complexes_, we four_1d a pH-dependence following €q 1 (see repeated replacing the mixed phosphate/borate buffer with pure
above) which is a signature of a concerted PCET with proton phosphate, borate, or MES buffer (MES2-[N-morpholine]-
release to the bulk. In the limited range of pH values (i.e., a ethanesulfonic acid;Hu = 6.1), in the range pH= 6.0-8.5
I|m|teq range of AG™ valqes) this pH-depenQence can b,e where the CEP reaction of the phenol form dominates the rate.
described by an exponential term (see Experimental SeCtlon’The resulting rates showed no significant difference between

. j— 0 H H
eq 11): kCEPf_h K CEP(le/p : (\;vhere thz _con_stan;tb gl\;]es the the buffers. Most importantly, the rate showed the same
steepness of the pH-dependence and is given by the fitas monotonic increase with pH as in Figure 1 also above tg p

0.5. With this modification of eq 2 the fit to the data is much of the relevant buffer species (6.1 for MES, 7.2 foffi@y"),

improved, but before showing that, we also need to account although the concentration of the base form of the buffer is then
for the pH-dependence at very low pH, where t[1e [ate cqnstantconstant_ Third, PTET via OHor PQ2- would give diffusion-
seems to reach a constant value of c.& 40° M1 s7L, This
can be explained by a switch to a stepwise mechanism in which (14) Sjalin, M.; Styring, S.; Wolpher, H.; Xu, Y.; Sun, L.; HammaratroL. J.
electron transfer is followed by deprotonation (ETPT). We have ., Am. Chem. So@005 127, 3855-3863.

. b . (15) Serjeant, E. P.; Dempsey, Bnisation Constants of Organic Acids in
recently shown that with a sufficiently strong oxidant and/or Aqueous SolutigrPergamon Press: Oxford, 1970.
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Figure 2. The pH-dependence of the rate constant for oxidation of the substituted phenbls 2a, and2b. The solid lines are fits to ed 8ower panels)
or 4 (upper panels). The dashed vertical lines indicate Kyevplues for the carboxylic and phenolic groups (the phendfigfpr 2a is out of range).

Table 1. Thermodynamic and Kinetic Data for the Phenols Studied

compound la 1b 2a 2b phenol
PKaphenoH 10.¢ 10.3 13.8 9.9 10.00
pKaCOoH 4.3 4.3 3.1p 4.9 —
E°phenarhenc® (V) 0.71 0.75 0.77 0.90 0.78
E°phenotrphenot (V) 1.42 1.46 1.48 1.61 1.49
Kphenolat§ (M1 s7%) 3.6x 1(° 3.2x 10° 3.0x 1¢° 3.0x 1(° 3.5x 1(°
kag® (M~1s7h) 4.8 x 107 - 9.3x 108 - -

aDetermined by pH titration? From ref 15.¢ Determined by pulse radiolysis (see Experimental Sectfb@alculated from th&®phenaiphenc Value and
eq 8 (Experimental SectionjRate constants from oxidation by [Ru(bglf); see text.

limited pseudo-first-order rate constants below 1L0* s™1 at portant in the experimental range examined (Figure 2). Other-
pH = 7, which is by far too slow to explain the observed values. wise, the pH-dependence fiib and2b is very similar to that
Oxidation of Substituted Phenols: The corresponding  for the unsubstituted phenol above.
kinetic data for oxidation of the carboxylic-acid-substituted The pH-dependence for the hydrogen-bonded pheradsd
phenols by [Ru(bpy]3* are shown in Figure 2, and t and 2ainstead is markedly different. In the region between tkg p
pKa values are given in Table 1. Starting with data for the values of the carboxylic acid and the phenolic group a hydrogen
phenols without hydrogen bond&p and 2b, these show a  bond can be formed between these groups. For salicy2aje (
behavior much like that of the unsubstituted phenol, with a pH- this is known to result in a strong hydrogen bdfidn a pH
dependent rate over the entire pH interval below the phenolic interval above the carboxylick value, the rate constant for
pKa The solid lines are fits to eq 3, which is a modification of oxidation of the phenol was essentially independent of pH. This
eq 3 due to the titration of the carboxylic acid group. Depro- can be attributed to the effect of the hydrogen bond on the
tonation of this group makes the phenol negatively charged andCEP reaction (see below). At even higher pH, the reaction of
gives a small increase in bimolecular oxidation rate with the [Ru(bpy)]®" with the phenolate form becomes dominating, as
positively charged [Ru(bpy)?*. Thus, the ternk®cepl 0°PH was was the case for the other phenols. The solid lines show fits to
replaced by f(ak°cep@ + f)k°cepwp)10PH, wheref,y and iy, the data according to eq 4, which is a modification of eq 3 that
are the pH-dependent fractions of carboxylic acid and carboxy- includes one termo( fugkys) for the hydrogen-bonded phenol
late forms, respectively. (the ETPT term could be neglected):

k= o (kerpr + (Ffa)k°cep@) ™ f(b)kOCEP(b)ld/pH) + k= (X(f(a)koceploypH + fugku) + (1 — 0OKonenolate (4)

(1= @onencire (3) The pH-dependent fractions of hydrogen-bondfg)(and
The effect s hardly noticeable in Figure 2 because the difference "on-nydrogen-bonded) phenol are determined by the titration
betweenkcep@and Kcep(y is small. However, together with  ©f the carboxylic acid group and were fixed in the fit according
the somewnhat different energetics due to chang& and K, to the (K values (Table 1). A small fraction of non-hydrogen-
values for the substituted phenols (see Table 1), the titration of Ponded phenols remained also at higher pH due to limited
the carboxylic acid makes the contribution of the PH- gy . L; Morsch, L. A Tetrahedron2001, 57, 29572964 and
independent ETPT mechanism at the lowest pH values unim- references therein.

J. AM. CHEM. SOC. = VOL. 128, NO. 40, 2006 13079
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Scheme 2. Possible Mechanisms of PCET for 1a and 2a
ET  PhenOH**-COO-_pT

& N
PhenOH-CO0” —_ CEP » PhenO*-COOH
'\‘ el

PhenO-COOH ~ ET

thermodynamic stability of the hydrogen bond. This fraction
amounted to only 0.2 fota and 0.1 for2a and gave a weak
pH-dependence also in this regidig(= 0.2 and 0.1, respec-
tively, also at a pH above the carboxylic acilpthe small
difference betweerk®cep@)and k°ceppy as in eq 3 for this

fraction was neglected). The pH-dependence for the non-

hydrogen-bonded phenols, i.e., the valuerpivas fixed to the
same value foltb and2b. The fractionsx and 1— o are phenol
and phenolate forms, as before.

Oxidation Mechanism of the Hydrogen Bonded Phenols.

The fits of the data in Figure 2 (upper panel) to eq 4 are good,

Sjadin et al.
[ ]

o
0 1x10' la °
=
N

[

o

=
x"“ 6

1x10°4
phenol }

15

E% (V)
Figure 3. (O) Observed rate constant for phenol oxidation with*Bas
oxidant vs phenol potentiaECphenott/phenon)- (@) Limiting rate constants
for ETPT for phenolslb and 2b and observed rate constants for the
hydrogen-bonded phendlsiand2a, with Ru'" (bpy); as oxidant, vs phenol
potential (see text).

1.4

PhenOH*, the PhenOr/PhenOH potentials are difficult to
measure. Instead these were calculated from the PHamnO

with four variable parameters: the three rate constants and thepotentials under the reasonable assumption that the difference

fractionf(s) remaining non-hydrogen bonding at pHpKacoon
It is obvious to the eye, in particular f@a, that the hydrogen-

in potentials for the protonated and unprotonated redox couples
is very similar for this series of phenols (see Experimental

bonded phenols give (near) pH-independent rates in the regionSection). In Figure 3, we plot the pH-independent rate constants
of intermediate pH values, where the hydrogen-bonded phenolaround pH= 6 for 1a and2a (solid symbols), the mechanism
species dominate the observed kinetics. As the main aim of theof which we are discussing. Fdb, 2b, and the unsubstituted
present paper is to investigate the effect of hydrogen bonds onphenol, we plot the observed rate constants at=pi (solid

the kinetics of PCET from phenols, we will continue by

symbols), which is due to ETPT for the unsubstituted phenol

discussing the reason for the pH-independence of the hydrogenawhile it is an upper limit of ETPT forlb and 2b that do not

bonded phenols in this pH-region, where the non-hydrogen-

bonded phenols instead show a strong pH-dependence.

Three mechanisms were considered to explain the pH-

reach the ETPT region in the examined pH range. It is clear
from Figure 3 that the plotted rate constants do not correlate
with the PhenOr/PhenOH potentials. This strongly suggests

independence of the hydrogen-bonded phenols (Scheme 2): (1}hat the phenol oxidation ihaand2adoes not follow an ETPT

deprotonation to give the phenolate form, followed by electron

mechanism.

transfer (PTET); (2) electron transfer generating the protonated We also tested the predicted rate vs potential correlation for

phenoxy radical, followed by deprotonation (ETPT); or (3) a
concerted reaction (CEP). As we show in the following

ETPT in pulse-radiolysis experiments. As we have previously
shown and explainet, the use of a stronger oxidant favors

paragraphs, however, the stepwise mechanisms can be exclude®&TPT over CEP. Bf~ is a stronger oxidant than [Ru(bpj3"

(1) In a PTET mechanism with a rapid proton pre-equlibrium

by about 0.35 VE°(Bry""/2Br7) = 1.6 V, E°([Ru(bpy)]3+/?)

the observed rate constant is given by the ET rate constant times= 1.26 V, vs NHE). With the Br~ oxidant, the rate of oxidation
the fraction of phenolate, and the latter is given by the difference of the phenol form was pH-independent for all the phenols in

in pKy values of the phenol and the carboxylic acid:=

ket10~2PKa, As the K, values of the carboxylic groups are much

lower than those for the phenols, this fraction is only 3077

and 3x 107! for 1a and2a, respectively. To account for the

observed rate constantsr would have to be at least 4 orders

of magnitude larger than a diffusion controlled rate constant.
In the other limit of PTET, the initial deprotonation is instead

the range examined (pH 5—8), as expected for an ETPT
mechanism. Moreover, the relative rates of phenol oxidation
for the five compounds correlated well with the Phen@H
PhenOH potential (Figure 3, open circles). These results are
consistent with an ETPT mechanism for all compounds with
the Br*~ oxidant, and they suggest that the hydrogen bonds do
not significantly affect the ETPT rate. This is in contrast to the

the slower rate-determining step. The deprotonation rate constantesults with the [Ru(bpyg)®™ oxidant, where the effect of

cannot be faster than approximatépt = 6 x 102 10°PKa s~
where the frequency factor & 1012 s71 is given by absolute
rate theory and the factor 4¥a gives the correct ratio of
forward and reverse PT. This would giter ~ 2 x 1(f and 2
x 1% s71 for 1a and 2a, respectively, which is too slow to

hydrogen bonds is strong and the rate does not correlate with
the PhenOR/PhenOH potential. Note that comparisons should
be made only within each series with the same oxidant, because
of different intrinsic reactivities of Bf~ and [Ru(bpy3]®*. The

large qualitative difference observed between the series therefore

allow for the observed oxidation rates. These estimates showstrongly suggests that the pH-independence observed for oxida-

that a PTET mechanism is not consistent with the data.
(2) In an ETPT mechanism the initial, endergonic ET step to

form PhenOHm" will be rate determining, because the subsequent

deprotonation of this speciesKp~ —2Y) is very rapid. The

tion of 1a and 2a by [Ru(bpy}]®" is not due to an ETPT
mechanism.

(3) The stepwise mechanisms are inconsistent with our data,
and we have to conclude that ET from the phenol form is

relative rates for the phenols studied should then correlate with concerted with proton transfer (CEP) alsolia and 2a, but

the PhenOrt/PhenOH potentials. A comparison with the ETPT

with an initial proton transfer to the base instead of directly to

rate constants for the non-hydrogen-bonded phenols would therwater. Thus, the CEP driving force depends on tKg @f the

reveal if such a correlation exists. Due to the lo,palue for
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base (see Experimental Section) and not on pH dbiand2b
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where the proton is directly transferred to bulk water in a instead, we have argued, from an analysis of experimental data,
concerted reaction. The presence of an intramolecular base ashat the reorganization energy for a CEP reaction of phenols is
proton acceptor makes the driving force pH-independent and higher than that for a pure ET reaction in an agueous solu-
is thus the reason for the pH-independence of the rate observedion.8714 Our conclusions were based on the temperature-
in laand2a. The proton is presumably released to the bulk in dependence of the rate, and also on the fact that the CEP rate

a secondary reaction step, as the pH is above EKxeop the was less dependent on the strength of the oxidant than was the
protonated base, but without affecting the rate limiting, initial ETPT. The steeper driving-force-dependence for ETPT is
CEP reactiort” expected for a reaction with lower reorganization energy (in

Having established that the PCET from the phenols to the Marcus normal region; AG® < 4). This effect allowed us
[Ru(bpy)]3* follows a CEP mechanism, we also investigated to switch reaction mechanisms by altering the oxidant, as was
the kinetic isotope effect of exchanging the phenolic proton for also done in the present study. It has not been shown that this
a deuteron. For solutions prepared iBHand DO at pH or effect can be explained without assuming a larger reorganization
pD = 6, the following rate constant ratios were obtained: energy for CEP. Moreover, a bidirectional CEP reaction, in
ku/kp = 2.1 for 1b and2b, butky/kp = 1.6 and 1.2 forla and which the electron and proton are transferred in different
2a, respectively. Thus the effect is small, but there is still a directions, has a greater solvent reorganization energy due to
significant difference between the phenols with and without the larger separation of charges (as accounted for in refhd
internal hydrogen bonds. However, the inner reorganization energy of the phenol group

Effect of the Hydrogen Bond on the CEP Rate:The is also significant and can be estimated to several tenths of an
presence of an internal hydrogen bond not only makes the rateeV!4 (0.35 eV in a recent calculatio#}¢ which is similar to
pH-independent but also increases the rate, as compared to théhe difference in reorganization energy we reported between
case of a non-hydrogen-bonded phenol with the same driving oxidation of the tyrosine in a CEP reactioh £ 1.4 eVy-10
force. The CEP driving force at pe 7 is much higher for the and that of tyrosinate (pure ET, = 0.9 eV)%7 From these
compounds without hydrogen bonds, because proton release atesults and discussion it is clear that the additional reorganization
pH = 7 is energetically more favorable than proton transfer to energy for a CEP reaction gives significant effects and cannot
a base with go = 3—4. Thus,AG* = —0.31 eV forlb and be neglected.

—0.22 eV for2b, while it is —0.16 eV forla and+0.13 eV To estimate how much the reorganization energy may
for 2a. The somewhat endergonic CEP reactiodis driven possibly be reduced by the hydrogen bonds, we will first assume
by the subsequent, rapid deprotonation of the carboxylic acid that the pre-exponential factor (eq 1) is the same within this
(see Experimental Section). Despite the much lower driving series of compounds (i.e., neglecting possible variations in
force, the oxidation rates of the phenol form at pH7 are vibrational overlap factors). Then we assume that 1.4 eV

very similar for all compounds: (6) x 10’ M~ s~ 1 with 1a in 1b and 2b, as for the intramolecular reaction in the
giving the highest value. If all other parameters exca@’’ Ru—tyrosine compleX. For 1a and 2a the reorganization
would be the same, eq 1 predicts instead that the rate constantenergies then have to be smaller, because the driving force is
e.g., for2a, would be 3 orders of magnitude higher than that also smaller, to obtain the observed rate constants. From eq 1
for 2b.18 This estimate clearly shows that some other parameter we obtainl = 1.2 and 0.9 eV fola and2a, respectively. The
changes to promote CEP in the hydrogen-bonded complexesyalues follow the same trend as that of the hydrogen bond
which compensates for the lower driving force. In our analysis strengths. Although these values are approximate, they would
of temperature-dependent data for Ru(kpytyrosine com- suggest that the reorganization energy may be reduced in the
plexes, we have shown that the pre-exponential factor of eq 1 hydrogen-bonded system to values between those for CEP with
is not significantly different for a CEP, a pure ET from a deprotonation to bulk water and for pure ET from the phenolate
phenol4and for an ET from the phenolatenaking significant form. A possible explanation for a smaller CEP reorganization
effects of a hydrogen bond on the pre-exponential factor of eq energy in the hydrogen-bonded system is a smaller proton
1 unlikely. Neither are the diffusion constants of the present transfer distance, which may reduce both the internal and the
bimolecular reactions expected to be sensitive to the hydrogensolvent reorganization energy. Nevertheless, further experimental
bonds. This leaves two alternatives to explain the increase inand theoretical work is needed to clearly establish the importance
rate at a given driving force: either a lower reorganization of variations in reorganization energy and proton vibrational
energy {) or an increase in the proton vibrational wave function overlap, respectively, in systems exhibiting CEP reactions.
overlap between the reactant and donor states. The latter factoAlthough the trend of the kinetic isotope effects at g6 (see

may be temperature-dependent but appears explicitly in the pre-above) follows the hydrogen bond strengths, the isotope effects
exponential factor in the rate expression in some treatments ofare small and cannot conclusively distinguish which parameters
CEP reactions (corresponding to eq°%)¢ An increase in are responsible for the much larger effects on the rate induced
vibrational wavefuntion overlap is expected if the hydrogen bond by the internal hydrogen bonds.

results in a shorter proton transfer distance than when water is Note that Mayer and co-workers recently studied the bimo-
the proton acceptor. The effect of this can be diminished by lecular oxidation kinetics for phenols with an internal hydrogen
fluctuations in the proton transfer distance, which can strongly bond in acetonitrilé2d€ By varying the driving force, using
enhance the effective overlapFor the reorganization energy  different oxidants and a fit to eq 1, they obtained a reorganiza-

tion energy of 1.4 e¥2dand even higher valu&sfor CEP th
(17) As a control, in response to a reviewers’ request, we compared the reaction. on energy o eV and eve gne aluésfor C that

rates of the hydrogen-bonded systetasand2aat pH= 7 in both 10 and is significantly larger than expected for a pure ET reaction, in
100 mM buffer and observed no significant difference.

(18) From eq 1, { In Aker/dAG®) = (1/2RT)[1 + (AG°/A)] ~ 1/2RT around (19) Compare with the proton transfer theory of Hynes and co-workers in: (a)
AG°® = 0. The difference ilAG° of 0.35 eV would then give a predicted Kiefer, P. M.; Hynes, J. TSolid State lonic004 168 219-224 and
rate difference of a factor of ¥ 10°. references therein.
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line with our previous results for the intramolecular-Ryrosine
reaction. They did not directly compare with results for phenols
lacking internal hydrogen bonds, however. Linschitz and co-

workerg?a.con the other hand reported in a series of papers the
bimolecular CEP kinetics of phenols in nonaqueous media, in
the presence and absence of hydrogen bonding bases (pyridine
etc.). They observed an increase in rate for the hydrogen-bonde

S

second-order rate constant was extracted from the pseudo-first-order
rate constant by division of the phenol concentration. In all measure-
ments the temperature was kept at 298 K using a Hetrofrig thermostat.
Pulse Radiolysis.The pulse radiolysis equipment consists of a linear

accelerator delivering 3 MeV electrons and a computerized optical
detection system. For dosimetry air-saturated® KSCN solutions

ere employed. The &value of the (SCN)~ radical was taken to be

.2 x 1074 m#J at 500 nm. All experiments were performed isON

phenols but concluded that this was entirely caused by the satyrated aqueous solutions where the primary radiation chemical yield
increase in driving force due to the presence of the proton- of OH* radicals, Goy, was set to 5.6x 107 mol/J. Equilibrium

accepting base in the nonaqueous solution. By comparing with measurements were run i M NaOH, to keep the phenols in their

results for more easily oxidized, non-hydrogen-bonded hydro-

fully deprotonated form, according to the procedure in ref 1 with 4-1-

quinones they reported that there was no effect on the rate byphenolate as the redox partner for the phenolates. The primary oxidation

the hydrogen bond itself, except that of the driving force. Our

of the phenolates was achieved by produced in the reaction of OH

present results, in an aqueous solution, are different and showadicals with N°, the latter being added (NaMerck)) in sufficient

new aspects of the effect of hydrogen bonds on CEP reactions.
In conclusion we have shown that hydrogen bonds can pro-

mote PCET through the concerted electron transfieproto-

excess to scavenge at least 99% of the @idicals. Kinetic measure-
ments were performed in buffered water solution (0.1 M phosphate
buffer) at various phenol concentrations in the pH range-6.6 and
with Br2~, produced in the reaction of Otadicals with 2Br, as the

nation (CEP) mechanism, resulting in much higher rates than gyjgant. The reaction was followed by light absorption measurements
those for the corresponding reaction with the same driving force ysing a halogen lamp as the light source. Pulses employed were 5

but in the absence of an internal hydrogen bond. We suggestio—* s long, generating total radical concentrations on the ordersof 5

that the effect of the internal hydrogen bond is at least partly

10°¢ M. The different phenols, KSCN, KBr, and NaOH (Aldrich,

due to a decrease of the reorganization energy associated wittsemiconductor grade) were employed without purification. Deionized
the proton reaction coordinate. The hydrogen-bonded CEP Water was further purified in a Millipore setup.

reaction may thus allow for a low energy barrier path that can
operate efficiently at low driving forces, even for endergonic
reactions as in the case 24, which is ideal for PCET reactions
in biological systems. This is illustrated by the data of Figure
3, where the stronger oxidant 8t oxidizes the phenols in a

This choice of 4-I-phenolate as the redox partner in the equilibrium
determinations was contingent on the strong absorption of the 4-1-PhO
radical at 510 nm. At this wavelength the phenoxyl radicals studied in
this work are transparent. The reduction potential for the phenolates
could be determined from the measured equilibrium constant and the
4-1-PhO reduction potentialE° (4-1-PhO/4-1-PhO") = 0.82 2 vs

stepwise ETPT mechanism, with a rate that correlates with the NHE, using eq 5 (Table 1).

phenol (PhenOH/PhenOH) potential, while with the weaker
oxidant Ru(bpyy** oxidizes the same phenols via a CEP

mechanism that utilizes all the available free energy in a single

reaction step?

Experimental Section

Laser Flash Photolysis with Transient Absorption DetectionThe
solution was buffered with 0.1 M NBIPO, (SigmaUltra 99%) and 0.1
M H3BO; (SigmaUltra 99.5%), and the pH was adjusted with con-
centrated NaOH (Elektrokemiska Aktiebolaget, Pro Analysis) or HCI
(P-H TAMM). 2-Hydroxy-benzoic acid (Aldrich), 4-hydroxy-benzoic
acid (Aldrich), 2-hydroxy-phenyl-acetic acid (Aldrich), or 4-hydroxy-
phenyl-acetic acid (Lancaster) was dissolved in the buffer solution to
a concentration of 0.1 to 20 mM, and the pH was measured. [Rufbpy)
Cl, (Molecular probes, Inc.) and methyl viologen (Sigma, highest grade
commercially available) were added to the analyte solution to a
concentration of 4660 uM and 50 mM, respectively.

The bimolecular electron transfer from the phenol to [Ru(Egy)
was investigated using a flaslquench methdd® described earliet®2
[Ru(bpy)]?" was excited with a<10 ns 460 nm laser pulse, and the
excited state was oxidatively quenched by the methyl viologer¥MV
giving [Ru(bpy}]®" and MV**. The concomitant bimolecular electron
transfer from the phenol to [Ru(bpyj" was followed by the recovery
of the [Ru(bpy)]?* signal at 450 nm. Recombination between WMV
and [Ru(bpyj]®" or the oxidized phenol was controlled by monitoring
the disappearance of the MVabsorption at 600 nm. The analyzing

E°'(PhenO/PhenO) = E° (4-1-PhO/4-I-PhO") — RTIn(K)/zF
(%)

Energetics for Proton Coupled Electron Transfer ReactionsThe
driving force for the electron transfer reactionsXG°) can be
determined from eq 6, assuming that the coloumbic interaction between
the involved species is insignificant.

ZF(Eored - Eoox) (6)

E°eq and E°y« are the reduction potentials for the species being
reduced and oxidized in the reaction, i.e., the [Ru(Egy)and the
phenol, respectively. The potential for the [Ru(b@$y?" couple in
an aqueous solution is 1.26"s NHE, independent of pH. Phenol
oxidation on the other hand is coupled to deprotonation in the wide
pH range between theKp for the oxidized phenol (PhenOH and
the K, of the reduced form (PhenOH); see Table 1. Thus the phenol
reduction potential decreases with pH according to eq 7 (primed
symbolsE® andAG®' denote standard states but with the proton activity
at the given pH).

—AG°

E” phenaphenor™ E phenaipheno — RTIN 10/zF x (pH — pKaPheno,)

™

This pH-dependent potential is only relevant for a concerted electron
transfer-deprotonation (CEP) reaction with proton release to bulk

light was produced by a pulsed xenon lamp, and after passing the samplevater. For an ETPT mechanism instead the phenol potential for the
the light was detected as a function of time with a Hamamatsu R928 pure electron transfer step that is to be used in eq 6 is that for the
photomultiplier. Electron transfer from the phenol was kept rapid, by PhenOH"/PhenOH couple. As the phenoxy radical is only protonated

the use of a high phenol concentration, compared to the recombinationat pH < —2, we could not determine these potentials or the values of

reaction with MVV*, making M\** recombination insignificant for the
recovery of [Ru(bpy)?". The pseudo-first-order rate constant for the
electron transfer between [Ru(bg)) and phenol was determined by
fitting the 450 nm transients to a single-exponential function, and the
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pKarnenorr. INstead we have to rely on the assumption that the difference
in pK, for the oxidized and reduced forms is equal and, thus, that the
difference E® phenor*/phenon — E°'phenaphenc 1S €qual to that for the
unsubstituted phenol. The latter showska, phift from 10.0°to —24°
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when oxidized, i.e., 12 units. In that case the potential for the oxidized pK, value of 3.1 gives a rate constantlaf~ 10° s™%, independent of

phenol can be calculated from eq 8. pH.2%In the limit wherek_cep < kq, thenkcep= kops= 1 x 1P s as
. s reported. Because-efk_cep = exp(—AG°/RT) ~ 0.01,k_cep may be
E°phenom+phenor™ Ephenapheno T 12 x RTIn 10/zF  (8) similar to kg, which then implies thakcep is in fact somewhat larger

that the observe#,s for 2a. This would enhance the reported effect
In a hydrogen-bonded system the situation is slightly different. For of the hydrogen bond somewhat but does not affect the present,
the ETPT mechanism, where no proton is involved in the electron gemjquantitative discussion.
transfer step, the energetics is not expected to be significantly altered  perivation of the Linear pH-Dependence of the Logarithm of
by the hydrogen bond. This is confirmed by the pulse-radiolysis results he CEP Rate Constant.For small differences ilAG® a Taylor
of Figure 3, which shows a good correlation including phenols both expansion of eq 1 (the semiclassical Marcus equation in the high-
with and without internal hydrogen bonds. For the CEP mechanism temperature limit) aroundG°, with respect toAG® gives a linear
on the other hand a hydrogen bond alters the energetics markedly. Thejependence of lker on AG®:
proton is no longer released to the bulk in the CEP step but instead to

the carboxylate base. Thus the free energy gain upon release of theIn ke =1 ZJTHrp2

proton from TyrOH" is given by the difference inky, of the oxidized T A AT -

phenol and the base (8 and the phenol potential can be estimated wiky e .

b 9 (Table 1). AG,° + AG +
y eq 9 (Table 1) (AGS +4)°  (AG, )(AGa"—AG") 11)
o 47k T 2Kk T

E®phene-HBiPhenoH-8- = _ ., '

Eprenaphene — RTIN 10/2F x (pKaHB ; pKapheno.) ) And since AG®' ceddpH = —0.059 meV/pH we expect a linear

dependence of lker on pH with a sloper = 0.059AG* 5 + 4)/(2ksTA)

For 2a the initial CEP reaction is somewhat endergonic and is for the CEP reaction with proton release to bulk.

followed by the exergonic proton release from the carboxylic acid (eq ~ Acknowledgment. This work was supported by the Swedish
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