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The Origin of Base Catalysis in the*OH Oxidation of Phenols in Water
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Receied: December 31, 2003

Time-resolved Raman and transient absorption studies on hydr®) (radical reactions with aqueous
4-carboxyphenol{0O.C—PhOH), the substrate j;hydroxybenzoate hydroxylase, have led to the first direct
observation of the basic form of a dihydroxycyclohexadier@H-adduct of phenolate anion) radical and
hydration-induced intramolecular electron transfer in this species. The base-catalyzed phenoxyl radical formation
in this model system has been quantitatively described in term&pbfothe phenolic proton (9.05) of the
*OH-adduct and the rate of Otelimination (2.9x 10 s™%) from its basic form. A small fraction, 12(2)%,

of the phenoxyl radical is formed via water elimination from t@H-adduct at the ipso position of the
hydroxyl group (rate> 10’s ™). About 3%°*OH addition is seen at the carboxylic ipso position in basic
solutions, which produces thp-benzosemiquinone radical anion (rate 10°s ). This work provides
spectroscopic and kinetic evidence of the early chemical steps in the phenoxyl radical format@H by
oxidation and establishes the precise relationship between the formation rate and pH. A relationship between
the rates of OH elimination from theOH adducts of phenolate anions arii,jpf the corresponding phenols

is given.

Introduction solution and the'OH-adduct to a phenolate anion in basic
solutions, have never been observed. Their observation and

oxidation of phenols and reduction of quinones. They have beendecay praperties are crucial to understanding the relationship
identified in a number of biochemical systems, such as proteins betwegn the rate of pher?oxyl radical formation a”‘{' pH.

and enzymes, and are implicated in cancer and dgihghe Durlng_the course of time-resolved Raman studies of phe-
background emission observed with certain peroxyoxalate NOXyl radicals derived from aqueous 4-carboxyphen@hC—
chemiluminescence reagents has been attributed to the phenoxy’NOH), the substrate in oxygen-consuming enzypaksgdroxy-
radical® They are associated with anti-oxidant properties of Penzoate hydroxylasé the vibrational features were found to
phenols that have found medical and industrial applications. The P€ Similar to that of the unsubstituted radical (Ph@howing
mechanism of formation, modes of reaction, and structural Minor effects of~CO," substitution on bond properties. The
properties of phenoxyl radicals have been studied extendively. ~'eduction potential of the' O,C—PhO/"O0,C—PhO" couple
Synthetic models have been developed recently for understand{0-90 €V) is only slightly £-12%) higher than that of PO
ing the copperphenoxyl radical array in galactose oxiddse. PhO™ (0.80 eV). A weak pert.urbatlor) of.charge distribution in
Phenoxyl radicals display CO bonds of various strengths, which PNO” by the —CO,™ group is also indicated by the proton
have been studied recently by time-resolved Raman anddissociation constant k) of “O,C—PhOH (9.35) which is
electronic structure computatiofsi® A wide variation is ~ comparable to that of PhOH (18).Thus, the structure and
seen in the redox potentialE?) of phenoxyl-phenolate couples ~ chemical properties ofO,C—PhOH are close to those of PhOH.
(X-PhO/XPhO") in aqueous solution which have been used to However, the-CO,™ perturbation, although small, slows down
determine the ©H bond energy in phenol. the rate of OH elimination from the’OH-adduct of~O,C—

The oxidation of phenols by th®H radical in water has PO . If the rate of reaction of X-PhOwith *OH can be
remained a topic of extensive research activity because of its accelerated to the extent that it _becomes faster than the rate of
environmental, chemical, and biochemical implications. In the Phenoxyl radical (X-PhQ formation, the adduct precursor of
commonly held reaction mechanism, ttiH radical reacts with ~ the phenoxyl radical (X-PhQOHY)’) can be observed. This
phenols by addition to the ring carbon sites. Phenoxy! radicals condition is achievable forO,C—PhOH due to its very high
are produced by acid/base-catalyzed loss of water from the Selubility in water.

*OH-adducts (dihydroxycyclohexadienyl radicals].A push— We have obtained the transient absorption spectrum of an
pull mechanism has been proposed to explain the catdlysis. *OH-adduct of a phenolate anion for the first time, usi@C—

this mechanism, an aqueous proton attaches to the cyclohexaPhOH as a model system. It is this intermediate that is mainly
dienyt-OH (‘OH-adduct) in acidic solutions and pulls out a responsible for the phenoxyl radicat@C—PhO, Figure 1)
water molecule, with consequent loss of the phenolic proton. formation in neutral and basic aqueous solutions. The observa-
In basic solutions, the hydroxyl ion removes the phenolic proton, tion of X-PhO (OH)" is key to understanding the early chemical
transferring electronic charge to the cyclohexadie@# and steps in theOH oxidation of aqueous phenols in basic solutions.
pushing OH out into solution. However, the key intermediates The acid-base equilibrium between th@H-adducts of phenol

in the mechanism, theOH,™-adduct to a phenol in acidic  and phenolate anion in this model system has been examined
and a relationship between the rate of phenoxyl radical formation
* Corresponding author. E-mail: tripathi@hertz.rad.nd.edu. and pH has been derived. The rate of Gélimination k) from

Phenoxyl radicals represent the intermediate state in the
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Figure 1. UB3PW91structure of O,C—PhO (see text). é 1500
X-PhO™(OH)" decreases withKy, of the phenol (X-PhOH). A §
relationship between thekp of the phenolic proton and the s 1000 |
rate of phenoxyl radical formation has been established. B
The*OH oxidation of 4-carboxyphenol has been investigated S 500 -
previously by transient absorption, but misassignment of the
phenoxyl absorption has occurr&dMore importantly, the
*OH adduct of the phenolate anion, the key intermediate in the 0 . . L
base-catalyzed phenoxyl radical formation, as shown in this 300 35 400 450 500
work, was not observed. Wavelength - nm

Figure 2. Transient absorption spectra obtained on electron pulse
irradiation of NO-saturated aqueous solution containing (A) 1 mM
4-Carboxyphenol (0,C—PhOH) was oxidized to its phe- 'Ol\;C—OPgOEhfgg O-tl MHNlallgat pH 1&-3, Jiustafter thle DUlSCevl(g) l,(\JA

; ; ; Alva mM ~O,C— a .2, s after electron pulse, m
noxyl radical state in aqueous solution by pulse rad|0I¥S|s. On —OZC—;hOH and O.ZpM-BuOH&at oH 11, 5us aftgr elect(ro)n pulse.
electron pulse irradiation of JD-saturated water, th®H radical (D) B—C.
is the main reactive species present in solution on the 100-ns
time scalet> When desired, th#®OH radical was converted into
secondary oxidant &by reaction with 0.1 M Nahlin solution.

Pulse radiolysis-time-resolved optical absorption and resonance

Raman techniques, described in detail in several previous
publications from this Laboratory, were used for transient
detectior£16 Radiolysis by 8 MeV, 5 ns electron pulses from a

linear accelerator facility in the Laboratory, which typically

produces a radical concentration 0&310-6 M per pulse, was

used in optical absorption measurements. In Raman experiments, 1279 1140 935
2 MeV, ~100 ns electron pulses, delivered by a Van de Graaff ' I !
accelerator at variable dose rates, capable of producing 5
10* M and lower radical concentrations, were applied. The
Raman scattering was probed by an excimer (109 mJ)-pumped Raman Shift - cm™

dye Iasgr pulse (10 _ns), tuned in resonance with the optlc_:al Figure 3. (A) Raman spectrum excited at 420 nm, 100 ns after electron
absorption of the radicals. The spectra were recorded by usingpise irradiation of a bD-saturated aqueous solution containing 5 mM
an optical multichannel analyzer (OMA), accompanied with an ~0,C—PhOH and 0.1 M Nablat pH 11. The transient is identified as
intensified gated diode array detector, with the gate pulse ~0,C—PhO. (B) Raman spectrum before irradiation. Spectrum (A) is
synchronized with the Raman signal pulse. Extensive signal displayed after subtraction of contribution by (B) from the raw 100 ns
averaging was performed to improve the S/N ratio in the Raman SPectrum.

spectra, with the accelerator and laser operated at a repetitiory,o species produced bysNoxidation is indeed a phenoxyl

rate of 7.5 Hz. In both experiments, a flow system was used 10  jica| was ascertained by recording its resonance Raman (RR)

refresh the solution between consecutive electron pulses. Raman,q 14 4t several excitation wavelengths between 390 and 435
band positions were measured with reference to the known nm, at different time intervals after the electron pulse. Because
Raman bands of common solvents, such as ethanPlI, and argy oy extinction coefficient, the resonance enhancement (
accurate to withint2 cm for sharp bands ang5 cn for emad) by the radical is relatively weak. Therefore, the spectra
broad and shoulder bands. were recorded at the maximum permissible radiation dose rate.
This is one of the rare chemical transients with, < 2 x 10°
M~1 cm™t for which resonance Raman spectra could be
Spectroscopic and Structural Characterization of the obtained. Figure 3A shows the transient Raman spectrum in
Agqueous~0O,C—PhOr. The transient absorption observed the 800-1700 cnt! region. The spectrum was excited at 420
after electron pulse irradiation of an,®-saturated aqueous nm, 100 ns after the electron pulse. A strongly enhanced 1515

Experimental Section

1600 1400 1200 1000 800

Results and Discussion

solution containing 1 mM O,C—PhOH and 0.1 M Nablat cm~! Raman band dominates the spectrum. The spectral features
pH 11.3 is shown in Figure 2A. The absorption maximuimag are analogous to that of isoelectroni©,C—PhNH,*™.17
is located at 415 nMefyax ~ 1650 M1 cm™1), with a prominent The intensity profiles in the 398440 nm RR spectra of

shoulder band at 398 nnay{ax ~ 1450 Mt cm™1). Oxidation phenoxyl (X-PhQ) radicals show marked dependence on the
in this case is by M radical, which is believed to react by direct nature of the substituent group (X)T'he Raman spectrum in
electron transfer. The reaction period, as determined by temporalFigure 3A is typical of a phenoxyl radical that is very little

evolution of optical absorption in Figure 2A, was 25%1(5) ns affected by the nature of X. It closely resembles the RR spectra
which gave a rate constant of 4404.2) x 10° M~1 s71 for the of X-PhO, with X = H, CHs, and F. The spectral assignment
reaction of N* with ~O,C—PhO". is straightforward, based on comparison wijksubstituted

The absorption spectrum in Figure 2A is different from the phenoxyl radicals. The strong band at 1515 ¢émm Figure 3A
spectrum attributed toO,C—PhO in the literaturet* Whether corresponds to the 1505 chband of Ph@® and represents the
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of this radical and the transient oxidation products GL,C—
PhO in Figure 4D. However, the spectrum in Figure 4D
contains characteristic features of the radicals derived from
biphenyl systems. The inter-ring stretch is observed at a
frequency of~1330 cnt? in these radicals (note the presence
of a band at 1337 cnt in Figure 4D)!"1°21The ortho and

1515

1594

A A - para carbon sites have high spin density in phenoxyl and its
1o0ns @ isoelectronic radicals. In para-substituted radicals, it is the
e .I ortho—ortho coupled product that is obtain&tWe tentatively
B A assign the spectrum in Figure 4D to 2(20,C—PhO) .
55 43 3 . - It should be mentioned thatD,C—PhNH,™ is an exception
f L\ sus 2 & to the radicals derived from para-substituted benzenes in which
p % ST | the tail-tail coupled radical product (benzidine cation radical)
g g ¢ 3 ; 2\/ has been observed in mildly acidic solutidridt is a conse-
% A\ T IS quence of slow decarboxylation 00,C—PhNH,™ on the 100
E | | us time-scale”O,C—PhNH,** is isoelectronic with~O,C—
, PhO. However, no evidence of decarboxylation @,C—PhO
. P-(CH.O), was found.
— .y The Mechanism of the*OH Oxidation of Aqueous ~O,C—
1700 1600 1500 1400 1300 PhOH. Yield of Phenoxyl RadicalFigure 2B depicts the
Raman Shift - cm absorption spectrum obtained on pulse radiolysis of a@-N
Figure 4. 435 nm Raman spectra observed on electron pulse irradiation saturated aqueous solution containing 10 m®C—PhOH at
of a N;O-saturated aqueous solution containing 5 mBC—PhOH pH 11.2, 5us after the electron pulse. Under the chemical
ngja%j ('\D/')ngg:t (E?l\%le Eggr']ngirggl_ (é?ei?g ?ri'@(i)rfﬁ'e E:)Cii:)teS ,  conditions used, this spectrum should mainly contain contribu-
after subtraction of (E) from the raw spectra. (F) Spectrum oftpe tions from the tra.nS|e.nts produced 1§H oxidation. Compared
biphenylsemiquinone anion radical, (OPh-PhQat pH 11. to the spectrum in Figure 2A, produced by the reaction gf N

with ~O,C—PhO~, the spectrum in Figure 2B looks different.
In particular, there is a prominent absorption peak400 nm

in Figure 2B that is not seen in Figure 2A. To determine if the
transient spectrum in Figure 2B is indeed due to t@&l
reaction, 0.2 Mtert-butyl alcohol was added to the solution to
scavenge theOH radical. The spectrum obtained on radiolysis
of this solution, 5us after the electron pulse, is shown in Figure
S'ZC. This spectrum is tentatively attributed to theatbm adduct
(TO,C—PhO (H%)). In N3* oxidation, the Fatom is completely
scavenged by N because of its high concentration in solu#n
and the-O,C— PhO (H)* species is not formed. Figure 2D is
the difference spectrum of Figures 2B and 2C. There is no

Transient ProductsThe resonance Raman spectra (Figure difference in the absorption spectra in Figures 2A and 2D. The

4) recorded at different time intervals after the electron pulse 400 NM transient was attributed previously 10,C—PhO. 4
show the effect of the subsequent chemistry. The 1515tcm Further identification of the transient represented by the
~0,C—PhO Raman band is reduced to about half of its intensity a@bsorption in Figure 2D was done by time-resolved resonance
2 us after the electron pulse and bands at 1594 and 1337 cm Raman. Figure 5 shows the transient Raman spectra in the
appear (Figure 4B). At 100s after the electron pulse the 1515 1300-1800 cnt? region, at different time intervals after the
cm1 band disappears almost completely and the 1594 and 1337€lectron pulse. The RR spectrum in Figure 5A is identical to
cm! bands gain their maximum intensity (Figure 4D). Two the one obtained onNoxidation and given in Figure 4A, except
weaker bands at 1530 and 1509 ¢nalso become apparent.  for an additional very weak Raman peak at 1620 &nThe
Figure 4E shows Raman signals when no radiolysis was applied.Raman signal intensity of O,C—PhQO, produced by*OH
These background signals (Figure 4E) have been alreadyoXidation, was comparable to that of the radical produced by
subtracted from the spectra in Figures4B. It is known that ~ Ns" oxidation of~O;C—PhOH, within experimental uncertainly
phenoxyl radical and anisole and aniline cation radicals decay (:10%)?® suggesting comparable yield of phenoxyl radical in
by tail-tail coupling”1%2! The coupled product (4,4  both reactions.

substituted biphenyl derivative) is oxidized by its radical In near neutral solutions a small amount of phenoxyl radical
precursor to form a radical that has an overlapping absorptionis formed at a fast rate<(100 ns). Figure 6A depicts the
and therefore is seen in resonance Raman as a transient decagsonance Raman spectrum obtained on pulse radiolysis of an
product of the primary species. The mechanism of formation N,O-saturated aqueous solution containing 5 mM»C—PhOH

of the 4,4-substituted biphenyl radicals in the reaction has been at pH 7 (5 mM phosphate buffer),.ds after the electron pulse.
examined in detail in several previous publications from this The signal intensity is only 12% of the intensity seen ot N
Laboratory?”1921 The coupled radical products are generally oxidation (Figure 6B). We attribute this yield to the water loss
not produced when the para-position of the primary radicals is from the*OH adduct at the ipso position to the hydroxyl group,
blocked by a substituent grodpThe RR spectrum of the,p- although it may have some contribution from the hydrogen atom
biphenylsemiquinone anion radical i€40),] —*, produced on abstraction or direct electron transfer. It should be noted that
oxidation of 4,4-dihydroxybiphenyl at pH 11, is displayed in  the yield of the ipso adduct determined here by the Raman
Figure 4F. There is no equivalence between the Raman signalsmethod has considerable uncertainly due to the baseline problem

CO stretching mode. The very weak 1400 énband corre-
sponds to a ring CC stretching vibration with a large CH bending
component. The 1172 crh vibration mainly involves CH
bending motion and the 979 crhvibration ring distortion. It
has been shown previously that th@®80 cnt?! ring distortion
mode is resonance-enhanced parallel to th&500 cnt
mode®® Identification of the observed species was further
supported by comparison of the experimental Raman frequencie
with calculated frequencies using UHF and DFT (UB3PW91)
computational procedures, details of which will be published
elsewhere. The UB3PW91/6-31G** structure of the radical is
furnished in Figure 18
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Figure 7. The growth (A) and decay (B) of the-benzosemiquinone
radical anion signal with time, on electron pulse irradiation gON
saturated aqueous solution of 5 mM 3-PhOH at pH 11. (C) Plot
of In(lo — 1) vs time. | is Raman signal intensity at timeand lo
maximum Raman signal intensity pfbenzosemiquinone radical anion,

E monitored by the 1620 cm peak.
G
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Figure 5. Raman spectra excited at 435 nm and observed (A) 100 ns, ]
(B) 200 ns, (C) 500_ns, (D) is, (E) 2us, (F) 5us, and (G) 10(_)45 & 2000 |2
after electron pulse irradiation of a,8-saturated aqueous solution of 3
5 mM ~O,C—PhOH at pH 10.7. (H) 435 nm Raman spectrum of S:’ 1000
p-benzosemiquinone radical anion produced on electron pulse irradiation S
of N,O-saturated aqueous solution of 5 mM hydroquinone at pH 11. 2
= [ SR s o Yo
@ 300 350 400 450 500

Wavelength - nm

Figure 8. Absorption spectra obtained on electron pulse irradiation
of a N;O-saturated aqueous solution containing 10 mMC—PhOH
and 5 mM phosphate buffer at (A) pH 7, 28 after the pulse, and
(B) pH 11, 100 ns after the pulse.

B The Adduct Precursor3.he absorption spectra of numerous
] L— , L— p L— ] L— 14' . 14'A *OH-adducts of phenols are reported in the literature, Witk
650 GOOR an‘?:?] Sh?fg? Cm.150 00 in the 360 nm regiof:’” These transients decay by reaction

Figure 6. Raman spectrum excited at 420 nm, 100 ns after electron with base to form the phenoxyl radical. On electron pulse
pu%se irradiation of g pD-saturated solution of 5 mMO,C—PhOH radiolysis of NO-saturated Qqueou&‘)gC—_PhOH at pH~ 7
containing (A) 5 mM phosphate buffer at pH 7 and (B). 0.1 M NaN (phosphate buffe_r_), a tra_ns'em absorpt_'on at 36_5 ARk .
at pH 10.8. appears as the initial reaction product which we attribute mainly
to the*OH adduct of O,C—PhOH at the ortho position (Figure
in Figure 6A. The remaining-88% of the*OH addition must 8A). From the rate of formation of this species, the rate constant
occur at ortho, meta, and para ring positions of the hydroxyl for the reaction ofOH with ~O,C—PhOH was determined as
group in~0,C—PhOH. The'OH attack at the meta positions  6(31) x 10° M1 s71, We have estimated that about Z3(0)%
of phenols is generally small. The meta isomer of the adduct of the*OH radicals add to the ortho position. There is a drop in
radical is also relatively long-lived. The yield of the meta isomer the yield of the 365 nm transient with pH (Figure 9), indicating
has been estimated as 12% of the to@H yield by ESR2* that this species is in equilibrium with another species, which
Therefore~76% of the®OH radicals must add at the ortho and is a likely precursor of the phenoxyl radical. This precursor
para positions, combined. species can be readily observed if its rate of formation is faster
Yield of p-Benzosemiquinone Radical Aniothe weak than that of the phenoxyl radical. This condition is satisfied
Raman signal at 1620 crhin Figure 5A, that is not presentin  with a high concentratior®(5 mM) of ~O,C—PhOH in solution.
the spectrum of O,C—PhO in Figure 3A, was identified with A high concentration of O,C—PhOH shortens the reaction
the p-benzosemiquinone radical anion, by comparison with the period with*OH and catalyzes the acidase equilibrium of
435 nm RR spectrum obtained on oxidation of hydroquinone the *OH adduct (this catalysis is briefly discussed below). In
by *OH in basic aqueous solution (Figure 5¥)2> The the pH range 710, OH" concentration in solution is too low
maximum yield of the radical, determined by comparison with to induce equilibrium on the sub-microsecond or a shorter time
the latter spectrum, was estimated~a3%. This signal grows scale. Considering a diffusion-controlled limit for the rate of
at the rate of~10° s”1 and decays on the 1Q@s time scale reaction of theOH adduct with the parent phenol, at least a 10
(Figures 7A,B,C). This is a minor product of the reaction. The mM concentration of O,C—PhOH is required to attain acid
Raman detection of thp-benzosemiquinone radical anion in base equilibrium on the 10 ns time scale. A high substrate
the *OH oxidation of several para-substituted phenols and the concentration is key to observing tt@H adduct of a phenolate
mechanism of formation have been discussed previdudlg. anion and following its decay into the phenoxyl radical.
conclude that about 73% of th&H radicals add to the ortho The absorption spectrum of the transient produced on reaction
position of ~"O,C—PhO . of *OH with 10mM ~0O,C—PhOH at pH 11 is shown in Figure
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Figure 9. Time dependence of the 365 nm absorption at pH 8.21,
8.75, 9.05, 9.55, and 10.74 for,®-saturated aqueous solution of 10
mM ~O,C—PhOH with 5 mM phosphate buffer.
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Figure 10. pH dependence of the percentage initial absorbance of (A)
365 nm transient and (B) 420 nm transient, measured at different
wavelengths, after electron pulse irradiation gONsaturated aqueous
solution containing 10 mMO,C—PhOH and 5 mM phosphate buffer.
pKa of the *OH adduct determined as 9.0%@.05) from the acie

base titration curve.

8B. TheAmaxin this spectrum is similar to that ofO,C—PhCO
(Figure 2A), butemax is about twice as large at 420 nm. The
initial (~30 ns) absorbance of the 420 and 365 nm transients
monitored with pH is shown in Figure 10. It can be seen that
the two species interconvert with change in pH. There is little
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Figure 11. Time dependence of absorption at 420 nm at pH 10.74,
9.55, 9.05, and 8.75 forJD-saturated solution of 10 mMO,C—PhOH

and 5 mM phosphate buffer. There is no change in absorbance with
time at pH 9.05, as decay of absorption due to@id¢ adduct of O.C—

PhO" is compensated by the growth of absorption due to the phenoxy
radical (O,C—PhO). The extinction coefficient of the later radical is
half of its precursor at 420 nm.

11, the OH-adduct of O,C—PhGO™ (420 nm transient, Figure
8B) decays at a rate of 2.9 10° s71 (ty» = 0.24us), and this
rate is independent of pH. As pointed out earlier, time-resolved
Raman positively identifies the species formed on decay of the
*OH-adduct as the phenoxyl radical. The rate of Qbks from
~0,C—PhO (OH) (ke = 2.9 x 10° s1) is an order of
magnitude faster than the rate of Oddlimination from the
*OH adduct of"O,C—PhNH,.1” However, the rate of OH
elimination from the protonated fornmO,C—PhOH(OH), is
much slower (see later sections). The amine group behavior is
intermediate between that of Gand OH in this respect.

The pH-Dependence of Phenoxyl Radical Formatidhe
acid—base equilibria of the parent phenols occurs in the same
pH range as that of th®H adducts. The rate constant for the
reaction of'OH is usually identical for both forms of phenols.

If the rate of phenoxyl radical formation from the basic form
of phenol were faster than that from the acid form, the observed
rate would show pH-dependence, even if ¢ did not add

to phenolate. However, the decay @,C—PhOH(OH) would

not correspond with the growth of the phenoxyl radical that is
commonly observed.

With the observation of O,C—PhO (OH)* and its rate of
conversion into phenoxyl radical, a precise relationship between
the rate of phenoxyl radical formation and pH can be worked

doubt that the 365 and 420 nm transients (Figure 8) represent®Ut: Let us consider the acidase equilibrium of theOH

the acid and basic forms of the same species. TKeop the
species is determined as 9.05 from Figure 10. If the-abake
equilibrium is not established, for which a high substrate
concentration in solution is required, the pH-dependence of the
365 nm absorbance will give a fals&p Also, the rate of
phenoxyl radical formation from the basic form of th@H
adduct cannot be correctly estimated. To our knowledge, no
earlier report on the acitbase equilibrium of theOH adduct

of a phenol, as presented in Figure 10, can be found in the
literature.

Intramolecular Electron Transfer and Phenoxyl Radical
Formation. The mechanism of phenoxyl radical formation
becomes quite clear as one monitors the rate of decay of the
*OH adducts and formation rate of the phenoxyl radical (Figures
9 and 11). As"O,C—PhO and its adduct precursor have

adduct and phenoxyl formation, as shown below:

ke
—
H

ke

~0,C-PhOH(OH)" + B™ ~0,C-PhO (OH)’' + BH

Ik

~0,C-PhO* + OH~

(M

B is the total base concentration in solution. Equilibrium (1)

will be reached only wherk, + ki > k.26 The rate k) of

phenoxyl (O,C—PhO) radical formation is given by

k=k.k /(k. + k) (2)

wherek: /(k: + ki) is the fraction of the basic form of th©H

overlapping and rather similar absorptions (Figures 2B and 8B), adduct at a particular pH of solution which can be estimated

it would be difficult to make a distinction between them,

from Figure 10. The solid line in Figure 10A represents a

particularly if they had comparable absorbance, unless resonancéheoretical expression for the equilibrium fracti§(k: /(k, +

Raman spectroscopy is applied as a diagnostic tool. AtpH

ki)} of “O,C—PhO (OHY, given by 16PH-PKJ/(1 + 10PH-PKY),



Base Catalysis in th®OH Oxidation of Phenols

20~

15+
_zg L +
X 10 — +
& + +

05+

00 L 1 L 1 L 1 L 1 L ]

6 7 8 9 10 11
pH

Figure 12. Comparison between observddy) and calculatedit,)
rates of the phenoxyl radical formation at different pH levels.

and the solid line in Figure 10B that 00,C—PhOH(OH) (k;/
(k- + k), given by 1/(1+ 10PH-PKJ) The observed and
calculated values di for different pH levels are compared in
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TABLE 1: Observed and Estimated Rates of Decay ofOH
Adducts to Phenolate Anions Forming Phenoxyl Radical
(X-PhO~(OH)* — X-PhO*+ OH™) in Basic Aqueous
Solutions

phenol rate of phenoxyl radical formatiorkd)
(XC6H4OH) pKaa kcal kobs
X =CO0O;~ 9.35 2.9x 106 2.9x 10°

(9.05y

X =COCH 8.79 7.7x 10 7x 10
X =CHO ¢ 4x 10
X=CN 8.3 2.5x 1¢¢ 3x 10
X =NO; 7.05 7x 10¢ 7 x 10
X=H 9.9 16 >10

apK, of phenols (XPhOH)P pK, of *OH adduct (XPhOH(OH).
¢ Estimated K= 8.69, assumindica = Kopbs

water (K, ~ 15)28 In other words, the added OH group is not
part of the conjugated system. Therefore, one can safely assume
minimal dependence of the ring-OH bonding in téd adduct
(X-PhO (OHY’) and its transition state (X-Ph@H")) on the
nature of X-PhO. On the other hand the negative charge on O
is delocalized in X-PhO, which amounts to structural stabiliza-

Figure 12. It can be seen that there is an excellent agreemention by @ free energyXG* in eV) difference of 0.059¢< ApK,

between the experimental and theoretical valuds bfa similar

behavior is assumed for all phenols, the only parameters that

with respect to a hypothetical reference systeéxpK, = 0) for
which there is no delocalization of the chaf§eAG° is

are needed for quantitative estimation of the rate of phenoxyl additional energy required to attain the transition state (X-RhO

radical formation K) are the K, of X-PhOH(OHY andk..?”

As pointed out earlier, the equilibrium (1) is catalyzed by
the substrate. At pkk 9 (k < ki), k can be approximated as
(ks /k;) ke. The decay rate of the 365 nm transient, monitored at
pH 8.4, was found to increase almost linearly with tt@C—
PhOH concentration (between 1 mM and 10 mM) in solution,
according to the relationk (s%) = 7.5 x 10* + 2.8 x
10¥["O,C—PhO7]. This dependence suggests that the rate
constant for the reaction ofO,C—PhOH(OH) with ~O,C—
PhO™ is slower than the rate constant for the reaction of
~0O,C—PhO (OH)* with ~O,C—PhOH, which we estimate as
>10°M~tstand> 1.5x 1® M~1s71, respectively. The term
7.5 x 10* s71 in k combines the rates of OHinduced and
spontaneous loss of water fron®,C—PhOH(OH), which we
roughly estimate as 1.5 10* s~ and 6x 10* s™, considering
that OH™ should react at a diffusion-controlled rate.

The decay kinetics of O,C—PhGO (OH)* transient (420 nm)
and its conversion into the phenoxyl radical is shown in Figure

11. It can be seen that the excess absorption at 420 nm decay§
at a slower rate with decrease in pH, determined by the fraction

of adduct to phenolate at30 ns. At pH 9.05, there is no change

in absorbance with time, as the drop in the absorbance of the

adduct radical due to its decay into the phenoxyl radical is

compensated by the growth of absorbance of the phenoxyl For X = NO,

radical. At pH 8.75, there is a slight growth of absorbance at

420 nm, as the O,C—PhO (OH) absorption at-30 ns is less

than the absorption of the phenoxyl radical into which it decays.
Relationship between K, of the *OH Adduct and k.

Trends in the data available in the literature indicate that the

rate of phenoxyl radical formation from th®H adduct of a
phenolate anionkf) depends on g, of its acid form. If K; is
too low, as in nitrophenols, formation of the phenoxyl radical
is not observed. Unfortunately, theKp values of phenolic
protons in theOH adducts are not known. Therefore we assume
that they are comparable to or slightly lower@.3 eV) than
pKa values of the parent phenol, in view of the results obtained
in this work.

The [Kj values of the hydroxycyclohexadienyl radicals are
similar to those of the hydroxyl proton in aliphatic alcohols or

(OH) — X-PhO(OH")), and is expected to lower the rate of
OH-~ elimination by a factor of exp{ AG°/RT). In other words,
ke = ko exp(—AG°/RT), whereky is a constant that relates to
the reference system (e.gKp= 15)2%30 Using ke = 2.9 x
10 s71, pKy = 9.05 andApK, = 5.95 for ~O,C—PhOH(OH},
we estimateky = 2.5 x 1012 s71, Since X, for any otherOH
adduct (X-PhOH(OR) is not yet known, it is useful to relate
ke to pK, of the parent phenol (X-PhOH), which is 0.3 eV higher
than that of theOH adduct for X= ~O,C. Thus, we usé. =
ko' exp(—AG°/RT), whereky = ko exp(—0.3 x 0.059RT) =
1.25 x 10 s1, and AG® (in eV) = 0.059 x ApKj, for the
phenol, for estimation ok in different systems.

The estimated decay rates of th@H adducts forming
phenoxyl radical ((X-PhQ(OH)* — X-PhO + OH™) are given
in Table 1 for a few selected phenolates. Experimental deter-
mination ofke has been made for ¥ CN, CHO, and COCHl
in p-X-PhOH by conductivity methoé.For X = CN (pKy =
8.3), estimated. = 2.5 x 1P s~ and observette = 3 x 10P
1. For X = COCH; (pKa = 8.79), estimatette = 7.7 x 10P
s 1 and observette = 7 x 10° s7L. It can be seen that there is
an excellent agreement between the estimdigdnd the
observedk. for the systems for which experimental data is
available. K5 for X = CHO could not be found in the literature.
pKa = 7.05 and estimatel, = 1.4 x 10* s7L.
This rate is quite low and the formation of phenoxyl radical is
unlikely to be observed due to interference of radigaldical
reactions, unless the experiments are performed at initial radical
concentration of+107% M or less. For unsubstituted phenoxyl
(X = H), pKa = 9.9 and the estimatdd ~ 10® s~1. Therefore,
the*OH adduct to phenolate anion is potentially observable, if
experiments are performed at a substrate concentratied @
mM. To our knowledge, the reaction of hydroxyl radical with
high concentrations of aqueous phenols has not yet been
investigated.

Summary

The structure and functions of phenoxyl radicals in proteins
and enzymes and DNA interactions in biochemical systems are
of current scientific interest. The reaction of hydroxyl radical
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