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The reactions ofOH, O~ and SQ~ with 2-, 3-, and 4-cresols were studied by pulse radiolysis, laser flash
photolysis, and product analysis techniques. The rates of OH reaction with cresols are vekyAidghx(

10°° M1 s1), whereas © was found to be less reactivk & 2.4 x 10° M~1 s1). The second-order rate
constants for S@ reaction with cresols are in the range® x 10°® M~! s™%. The transient absorption
spectra measured in OH reaction exhibited peaks in the range32%bnm with a red shift for the meta
isomer. The absorption spectra obtained for @action with 2-cresol has a peak at 360 nm, which is
different from those measured with theandp isomers £ max = 310 and 380 nm). The absorption spectra

of the transient species in 0 reaction obtained by pulse radiolysis and flash photolysis techniques are
similar, with absorption maxima centered around 290 and 390 nm in all three isomers. The intermediates
formed in*"OH, O, and SQ@ reactions are assigned to OH adducts, substituted benzyl radicals, and radical
cations, respectively. The rates for oxygen addition to OH adducts of 2-, 3-, and 4-chlorotoluenes and cresols
are high, withk values lying in the range (12.7) x 168 M~ s%. The relatively higher stability constants

of peroxyl radicals formed with cresol& & ki/k. = (2—5) x 10* M~1) than with chlorotoluenes suggest that

the product-forming reaction competes effectively with the reverse reaction in cresols. Dihydroxytoluenes
with OH groups ortho to each other were only formed in oxygenated solutions of cresols, and the mechanism
involves the addition of oxygen to 1,3-type OH adducts at the carbon carrying the hydroxyl function.

1. Introduction of organic peroxyl radicals.

Peroxyl radical chemistry of organic and biologically impor-
tant molecules in aqueous solution has been the subject of
current interest (see ref 1 for recent reviews) because of the
importance of its role in a variety of processes (e.g. processes eaq_ +N,O0—"OH+ N,+OH" (2)
occurring in living systems and in the environment). An
important aspect that has been well addressed in the recent past

H,0~>"OH, g, , H, H,0, H, 1)

is the radiation-induced oxidative degradation of benz&fies RH+'OH—R + H,0 ()
in aqueous solution. The advanced oxidation processes (e.g.
0O3—H20,, H,0,—UV, electron beam) make use of the high R+ 0,—~ RO, 4

reactivity’ of the OH radical in the degradation of water
pollutants. Radiation chemical methods have proved very useful
in the generation of peroxyl radicals because they are superior
to other methods (Fenton reaction or photolysis). For example,
the product analysis in the Fenton’s reaction, even if it proceeds
by the OH radical, is complicated due to competing reactions
with Fet, Feét, and HO,. Similarly, high concentrations of
H,O, are required in the photolytic method, rendering the
evaluation of the kinetics more difficult.

In contrast, the yields of the primary radiolytic products of
water have been precisely determined, and solute concentration

3 nn AR .
of <10 dM . the normal bSOIUb'“tly Im't ?’fh m?r}ly organic  peen necessary in quantifying the activation effects oftféi;
compounds In watercan be employed. € Tollowing S€- 434 —Cl substituents in chlorotoluenes. The determination of
guence (reactions-14) depicts the radiation chemical generation the yields of the radiation products by HPLC is rendered easier
if all or most of the standard compounds are commercially

T Also associated as Honorary Professor with Jawaharlal Nehru Centre available. Studies with several monosubstituted benzenes have
for Advanced Scientific Research, Jakkur Campus, Bangalore-560 064, ) . T . !
India. thus, been reported. However, the choice is limited in the

€ Abstract published irAdvance ACS Abstractdjovember 15, 1997. case of disubstituted benzenes due to lack of the availability of

Our work on peroxyl radical chemistry of the model system
chlorobenzene has recently been publisheeurther, we have
also been interested in the recent past in radiation chemical
studied19of OH reaction with substituted benzenes of the type
CsHs—n XnY, where X= halogen, and Y= —Cl, —Br, —CHjs
—CH,CIl, —CHCl, —CF;, or —OCHs. These formed an
interesting class of compounds to obtain information on
structure-reactivity relationships as they contain electron-
withdrawing as well as electron-donating substituents. The use
®f both pulse radiolysis and product analysis techniques has

S1089-5639(97)01986-5 CCC: $14.00 © 1997 American Chemical Society
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standards, and two examples that fulfill this requirement are TABLE 1: Second-Order Rate Constants k/10° M1 s71),

isomers of monochlorotoluenes and cresols.
In our previous study, we have reportéthe directing effects
of both —CH3; and—Cl groups for—OH attack with monochlo-

rotoluenes in deoxygenated solutions. We now extend our work
to oxygenated solutions of monochlorotoluenes and cresols with

a view to compare the directing effects of substituents for
oxygen addition. Further, reactions WH, O, and SQ~

with cresols in deoxygenated solutions were also investigated, 4-cresol

as the published wotk!3on these compounds has been limited.
Roder et al* have presented their data on kinetics for OH

addition to cresols in acidic and basic media at the recent 20th 2-bromotoluene

Miller Conference on Radiation Chemistry. Studies on reaction
of SO~ with substituted benzent¥8 and nucleobasésusing
pulse and steady-state radiolysis techniques have been helpf
in the elucidation of theOH reaction mechanism. SO is a
one-electron oxidant reactive speci€s & 2.5 V) commonly
employed by radiation chemists to mimic the direct effect of

Absorption Maxima (Amax/nm) and Molar Absorptivities
(e/M~1 cm™1) Obtained in the Reactions of'OH, O, and
SO~ with Cresols and Halotoluenes

*‘OH SO~ o
compound K Amax € k Amax k Amax
2-cresol 12.0 295 3060 24290,3806-400 2.3 360
3-cresol 10.0 325 4970 3.8 290,390 2.4 315,390
9.20 305 4210 6.1 290,390 2.1 315,390
2-chlorotolueng 6.50 325 3600 1.7 320 rf.d
3-chlorotoluene  3.50 330 4200 0.9 325 nd
4-chlorotoluene  5.50 310 4000 1.1 270,315 n.d
1.70 330 3450 2.3 315,435 n.d
3-bromotoluene  4.90 330 5200 1.7 320 n.d
4-bromotoluene  2.90 315 3700 1.0 275,325 n.d

ul 2The values for halotoluenes are taken from refs 9a and 10a.
b Determined by laser flash photolysis technigueNot determined.

dose per pulse was maintained at 6000 rad to minimize

radiolysis in dilute aqueous solution. There have been severalthe contribution from the bimolecular decay of the intermediates.

reportd®17 on photochemical generation of $O and the
determination of its self-reaction rates. However, the earlier
work in aqueous solutions with this method is limited to its
reactions with cyclic este¥® and purined’ Also included,
therefore, is the study of SO reaction with cresols by laser
flash photolysis.

2. Experimental Section

(A) Preparation of Solutions. All chemicals used in the
present study were of high purity=08%) and were com-
mercially obtained either from Fluka or Sisco (India). Cresols
were freshly distilled prior to their use. High-purity,NN,O,
and NO/O; (4:1 viv) gases of Indian Oxygen Ltd. were used
for saturation. The solutions were prepared in Millipore-MilliQ
filtered water and were saturated with appropriate gases befor
dissolution of the solute to avoid its volatilization. All the
experiments were carried out at ambient temperatur€ 5

The*OH reaction was carried out in®-saturated solutions
where g4 are quantitatively converted inttOH radicals
(reaction 2). The peroxyl radicals were generated using
solutions saturated with40/O, (4:1 v/iv) commercially available
mixtures (reactions 3 and 4). Mixtures of othesOMO; ratios

Otherwise, the dose rate was kept atl15 krad per pulse. The
transient absorption with time was recorded on a storage
oscilloscope interfaced to a computer for kinetic analisEhe
steady-state experiments were performed usit¥¢ay-source
and its dose rate, determined by the Fricke dosimeter, was 2.8
krad mirrL,
The laser flash photolysis experiments were carried out using
a home-built setup at the Tata Institute of Fundamental Research,
Mumbai. This setup consisted of an excimer laser with a KrF
fill (A = 248 nm) as the excitation and a xenon lamp with a
monochromator as the monitoring light sources. The transient
signal, detected by a photomultiplier, was digitized by a
Biomation waveform recorder (Model 8100 Gould Inc.) and
then transferred to a minicomputer. Signal averaging of
elypically 5-10 traces was done to improve the signal-to-noise
ratio. The aqueous solution of the reactants, deoxygenated by
bubbling with nitrogen gas, was flowed through a quartz cuvette
of 1 cm path length using a peristaltic pump in order to avoid
accumulation of reaction products during the run.
(C) Estimation of Reaction Products. The HPLC system
(Series 10 Liquid Chromatograph) from Perkin-Elmer coupled
to a LC-235 photodiode array detector and a reverse phase

were prepared by using a gas mixing device supplied by EurekaNucleosil C-18 column (250 mm, am) or a Lichrosphere

(Pune). The study of O reaction was carried out in J9-
saturated solutions at pH 13 using 0.1 M NaOH. Under these
basic conditions, the OH radical essentially exists as O
(OH — Ht + O, pK = 11.9).

The reactions of S©" in pulse radiolysis were studied in
Nz-saturated solutions containing,$0s (15 mM) andtert-
butyl alcohol (0.2 M). Under these conditions, tiH radicals
are scavenged bytert-butyl alcohol ((CH);COH +
*OH — (CHg3)"CH,COH + H;0), and g (k=1 x 10*°M~1
s1) and H k = 2.5 x 10"/ M~1 s71) react quantitatively with
S,0¢? to give the S@~ radicals.

&, (H) + S0 — S0~ +SO/ (HSO,)  (5)

(B) Irradiations. The pulse radiolysis experiments were
carried out using high-energy electron pulses (7 MeV, 50 ns)
from the LINAC facility at the Bhabha Atomic Research Centre,
Mumbai, and the details of this facility have been described
elsewheré® Thiocyanate dosimetry was used for determining

column (125 mm, 5um) were used for the determination of
the product yields. The column effluent was monitored at 260
nm in the case of cresols and 280 nm in chlorotoluenes. The
solvent employed was 40% acetonitrile in water with a flow
rate of 1 mL mim!. The standards: 2,3-, 2,6-, 3,4-, and 3,5-
dihydroxytoluenes were obtained from Fluka. The products
obtained from irradiation were identified from their retention
times and UV spectra. The yields were determined by compar-
ing the peak areas of the products with those obtained for the
standards under identical experimental conditions andGhe
values were estimated from the yield versus dose plots.

3. Results and Discussion

(A) Kinetics. (i) Reactions ofOH and O~ with Cresols.
The rates of reactions 0OH with 2-, 3-, and 4-cresols were
studied by measuring the transient absorption at the correspond-
iNg Amax Values (295-325 nm) from pulse radiolysis of JD-
saturated solutions. The rates were found to depend linearly
on solute concentration, and the second-order rate constants

the dose rate. An aerated aqueous solution of KSCN (10 mM) evaluated from the plots df,ns versus [solute] (0.21 mM)
was used for monitoring the dose delivered per pulse assumingare given in Table 1. Also listed in this table are the

Gesgo= 2152 M1 cm~ per 100 eV for the transient (SC}).
In the reaction of OH radicals in the presence of oxygen, the

corresponding rate constants repofted for bromo- and
chlorotoluenes by us earlier. The observed rates for cresols are
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the highestK ~ 1 x 10 M~1 s71) among those found for 4
disubstituted benzenes (compare these with those found for Azx‘z’ci B
halotoluenes (151.7 x 1®® M~1s71) shown in Table 1). Since k"
the OH radical is electrophilic in nature, its high reactivity
toward cresols can be attributed to the electron-donating nature
of the —OH and—CHjs groups as compared toBr or —Cl in
halotoluenes. The rates with cresols represent the upper limit
of diffusion-controlled reaction. This is also in accord with our
earlier finding of the additive nature of activation effects of ¢ D
—CHjs and —ClI groups of chlorotoluenes. 2 oS 8

The rate constantk(x 2.4 x 1® M~1 s1) measured by X 6
monitoring the absorption of the transients formedak (390— L .
410 nm) for the reaction of O with cresols are lower by a A
factor of 4 than those found i"OH reaction (Table 1). This A \ ? A%m
reduct_ion in reactivity of O is due to the electrostatic repulsion quﬁ-mﬁoc 0 0 o0 MZ%O
following the deprotonation of cresols at the pH 13 employed
in our experiments. (f(2-cresol)= 10.28 and x(4-cresol) Wavelength /nm
= loa7y e e e e o OB b5 6 a0

" . _ . ulse o - -

.(") Reaction of S@~. The rate .Cons.tants for 3O regctlon E)l cresols. Time-resolved transient spectra obtained in the reaction of
with 3- and 4cresols by pulse radiolysis were determined from .- \ith (B) 2-, (C) 3-, and (D) 4-cresols at 2:5 (») and 18us (O)
the transient absorption maxima at 295 and 410 nm, respectively after the pu|se Dose per pulsel.5 krad; pH= 13, [solute]= 1073
rather than from the decay of 30 at 460 nm é = 1100 M1 M.

cm™b). This enabled us to obtain traces with high signal-to- . . .
noise ratios. The rate constants determined figpg versus The transient ahsorption spectra measuredJ@-Saturated

[solute] for 3- and 4-cresols are 3:810° and 6.2x 10° M1 basic solutions (pH= 13) of cresols after completion of reaction
s1, respectively ’ (2.5 us) are different for the three isomers. The spectrum

SQ¢ was also produced using the 248 nm excimer laser by obtained with 2-cresol has a single intense peak around 360

. il : nm and a very weak absorption above 500 nm (Figure DB
Eh;)éo:]);s)ls 8;%8?& S(aetzig?g dzﬂlua?;f\zco?gomrﬂw&iev\\//vé(:;h The spectra in the case of 3- and 4-cresols have, however, two

photolyzed. This spectrum is in accord with that reported earlier .dIStht peaks around 3315 and 386:390 nm. While the

o . . intensity of the 390 nm peak in 4-cresol is comparable to the
e fonCOTeSondg pesk observed with somer. the iy
. y . . of the former (315 nm) was enhanced 5-fold. The time-resolved
(reaction 6) was complete in less than 48

absorption spectra have shown the usual bimolecular decay of
the transients formed in 3- and 4-cresols (not shown in figure),

~

Absorbance / 10°2
>
>

%\D\DD Do

280, — 520827 (6) whereas a clear increase in absorption in the region of-410
440 nm for 2cresol was observed. The rate of this increase at
The first half-life for its decay was found to be about 3% 410 nm estimated from the time-resolved spectrum (Figure 1B)

Assuming aeseo value of 1100 Mt cmL, the estimated rate IS about 7x 1P s™%.
constant for reaction 6 is at least twice as high as those (i) Oxygenated SolutionsAs pointed out in the Introduction
reported®17by photochemical methods; but is close to the value Section, the addition of molecular oxygen to carbon-centered
determined by Jiang et &!. radicals in aqueous solutions is usually fast, with rates close to
To reduce the contribution of the bimolecular decay of'sO diffusion-controlled. The cyclohexadienyl radical, for example,
and to have pseudounimolecular reaction conditions with the reacts very rapidly k= 3.1 x 10° M~*s™), which is followed
solute, the concentration 0§Gs?~ was maintained at 5 mM in Dy rapid elimination of H@ with other competing processes.
further experiments where [SO] generated was 7.5 105 On the other hand, its addition to OH adducts of benzene and
M. For kinetic studies, this concentration gf3%2~ and [cresol] its derivatives was reportétito be slower and reversible
in the range 0.£0.3 mM was found to be optimum. The rate (reaction 7).
constant for photochemical reaction of SOwith 2-cresol was
determined to be 3.4 10° M~1s™1from the linear dependence
of the rate with [2-cresol]. Thd& values for S@~ reaction
with isomers of cresols (36) x 10° M~ s71) are lower than -HO,'
i OM-—1c 1) i i
:ng gg,)g?sd r];? orrg]ge:z)lscﬁ/?tlgz ((:hlxals(éll e'g:ivit; in)ggj;ittlg% By monitoring the decay of absorption of OH adducts_ in the
was also seen by Neta etZlin monosubstituted benzengs"( presence of oxygen at lower doses, Fang &halve determined

= —2.5) and by u¥ in di- and trisubstituted benzenes"(= the rate constants using eq 8.

% Other Products
)02" — ()]
ROH

(ROH)"

~18) = K[0d +k ®)
(B) Transient Absorption Spectra. (i) Reaction ofOH and Fobs
O~ Deoxygenated Solutions of Cresolshe transient absorp- They have shown that the forwarkf)(and backwardi¢) rates

tion spectra obtained on pulsing ;GFsaturated solutions  depend on the nature of the substituent, witlhvalues lying
containing 1 mM 2-, 3-, or 4-cresol are given in Figure 1A. between 8x 10° M~* s72 for anisole and 1.6< 10/ M~1 s!
These spectra exhibited peaks at 295 nm in the case of 2-cresofor terephthalate ion and the corresponding valuds loétween
and at 325 and 305 nm for meta and para-isomers, respectively.7.5 x 10* and 0.35x 10* s™%

The time-resolved spectra revealed no further spectral changes In Figure 2 is given the spectrum recorded in oxygenated
(not shown in figure) except the bimolecular decay of the solutions of 3-chlorotoluene. The time-resolved spectra shown
intermediates on longer time scale. in this figure clearly indicate the formation of peroxyl radical,
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Figure 2. (A) Time-resolved absorption spectra obtained from pulse Mﬁé 0\ W
radiolysis of NO/O, (4:1 v/v) saturated solutions of 3-chlorotoluene \2‘ &
at 3 (0), 40 (V), and 90us (). Dose per pulse= 600-700 rad. (B) o o =

Decay trace at 325 nm in the presence gfi®3-cresol. (C) Plot of
kobs @s a function of [@ in (O) 2- and () 3-chlorotoluenes andX) ——— Wavelength/ nn

3-cresol. Figure 3. (A) Time-resolved transient absorption spectra obtained in
SOy~ reaction with (A) 2-, (B) 3-, and (C) 4-cresols at pH 7. (D)
4-cresol at pH= 9 at 2us (2) and 40us (O) after the pulse. Dose per
pulse= 1.4 krad, [solute}x 1072 M.

TABLE 2: Rate Constants for Forward (k#10° M~ s1) and
Reverse k;/10* s71) Reactions and Stability Constants K/10*

M ~1) Obtained in the Reactions of Oxygen with OH Adducts
of Some Substituted Benzenés

substrate ki ke K N A \ A = 450 nm B
A
toluene 4.80 7.50 0.64 101 Z
chlorobenzene 2.60 5.50 0.47 I f \ v
2-chlorotoluene 1.00 0.25 4.00 o A\
3-chlorotoluene 2.70 5.00 0.53 z Q A/ &
2-cresol 2.70 0.50 5.44 8 Lo
3-cresol 2.00 1.20 173 £33 1 Yond o
4-cresol 2.10 0.30 3.50 g L% O-\OA A= 340 nm
aThe values for toluene and chlorobenzene are taken from ref 3. \ A/ \
& O\SAA“"‘A"A~—A~A\ b
as can be seen from the increase in absorption at 275 nm with ¢ Q00700 -

. . e ; 300 400 500 20 40
a corresponding decrease in absorption intensity at 330 nm. The Wavelength / nm Time / us

decay of absorption in the case of 3-cresol in the presence OfFigure 4. (A) Time-resolved absorption spectra obtained ins/SO

20% oxygen is depicted in the inset of Figure 2. The decay of reaction of with 4-cresol by laser flash photolysis at2(a) and 40
the OH adducts of 3-cresol was found to be faster than that us (O) after the flash. Excitation 248 nm; energy per puis&0 mJ;
observed for 3-chlorotoluene. pH = 7, [solute]= 2 x 104 M. (B) Traces of buildup at 340 nm and

The plots ofkoss determined from such traces as a function decay at 450 nm measured by laser flash photolysis in 4-cresol.

of [O7] in the range (0.83.5) x 10* M for chlorotoluenes and  reduced with a corresponding increase in the intensity of the
cresols are shown in Figure 2C. Tkek;, andK(kik,) values peak at the higher wavelength. For instance, the corresponding
obtained from these plots are listed in Table 2. In this table ratios are 2.53 for 2- and 4-cresols, whereas it is only 1.2 in
are also included the values repoRddr toluene and chlo-  the case of 3-cresol. Furthermore, a slow rate of increase in
robenzene. Since the variation measured irkilaadk; values absorption was observed in the region 3330 nm, as can be
is large with 4-chlorotoluene, they are not included in this table. seen from the time-resolved spectra (Figure-33, obtained
The rates of oxygen additiork(= (1—4.8) x 1 M1 s7?) at 40us after the pulse in all three isomers.
with toluene, chlorobenzene, chlorotoluene, and cresols are in - The spectrum recorded in $O reaction with 4-cresol by
general higher. However, the rates for the reverse readtipn ( flash photolysis in the range 3300 nm is shown in Figure
in cresols are lower by-34 times than those observed for the 4. Due to the low intensity of the analyzing Xe lamp and poor
rest, the exception being 2-chlorotoluene. Thus, the stability response of PMT, measurements could not be carried out below
constantsK) for 2-chlorotoluene and 2- and 4 cresols are higher, 310 nm. Hence, the peak at 290 nm in the spectrum measured
suggesting that the product formation seems to compete withpy pulse radiolysis was not seen. Otherwise, the spectrum is
the reverse reaction 7. As a consequence, the estirkaaed! identical with that observed in pulse radiolysis (Figure 3C),
k- values based on eq 8 may be somewnhat higher by abeut 10 indicating that the same transient species were formed in both
15% than the actual values. Nevertheless, they still provide usthe methods. As in the case of pulse radiolysis measurements,
with a guideline to compare the relative reactivities of oxygen the formation of another species absorbing in the range-325
with these isomers. 340 nm with an isosbestic point 355 nm was noticed. The

(i) Reaction of S@~. The absorption spectra of the first-order rate constant for the formation of this species (inset
intermediates formed in the reaction of £Owith 2-, 3-, and of Figure 4) was estimated to be 12 10° s™1. This rate,
4-cresols were also recorded in the wavelength region-250 however, could not be evaluated from the pulse radiolysis
500 nm, and the fully developed spectra obtained @$ 2fter spectrum due to low absorption values.
the pulse are shown in Figure 3. It can be clearly seen (C) Product Analysis of Chlorotoluenes and Cresols.The
that all the three spectra are more or less similar, with peaks products formed fromOH reaction with 2-, 3-, and 4-chloro-
centered around 290 and 39800 nm. While the intensities  toluenes in the presence of oxygen MO, [4:1]) were
of the peaks at 290 nm observed in the spectra with 2- and separated by HPLC, and the chromatograms obtained for a dose
4-cresols are nearly the same, its intensity in 3-cresol was of 16.8 krad are shown in Figure 5AC. This figure also
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TABLE 3: Product Distribution Obtained in y-Radiolysis of
A 8 nl | ¢ Deoxygenated and Oxygenated Solutions of Chlorotoluenes
and Cresol¢
a j Total Yield :
Isomer Products %OH
b¢ 3 b ; ¢ 3 cH; d
' X X X H X
(4 g Ortho
4 OH H
d 0.20 0.70 0.14 1.04: 18%
x=cl " g60
(11) (24) (13) (4.80: 86%)
o
(8]
5 k X=0H L4 of nf 1.40: 25%
2 (14) (14) (2.80: 50% )
3 H
2 1 TR | L L L — ! 3@ 5 f &
H
E F Meta
X X X
h OH
X=Cl 0.60:11%
. 0.4 0.2 nf (5.30:95%)
) (2.1) (23) (0.9)
e X=0CH 1.2 11 23:41%
g (12) of (11) (23:41%)
i, Y
N PR T | PO TR S NN WU N S | OH
8 12 8 12 16 20 24 Para
H
Elution time / (min) ——> X 0.64: 11%
Figure 5. HPLC chromatograms obtained for the products formed in x-a (‘;35 (20‘22) (47:84%)
the reaction of OH radicals in the presence of oxidagF&(CN)] ) ’
(A—C) and oxygen (B-F) with 2-, 3-, and 4-chlorotoluene. (dose X = OH 2.0 of 2.0:36 %
16.8 krad). Peaks a: ferricyanide, b-i: isomers of hydroxychlorotolu- (3.6 (13) (49:87%)
enes, j: solute. See Table 3 for the structures of phenolic products.

@ The numbers are th® values of the individual phenolic products

. . . . formed in deoxygenated (given in parantheses) and oxygenated solutions
contains the chromatograms obtained in deoxygenated solutiongyt chiorotoluenes (= CI) and cresols (¥= OH). The total yields are

in the presence of the oxidant, 1 mM Fe(GN) (Figure 5D- based orG(OH) = 5.6 per 100 eV. See HPLC chromatograms (Figures
F). The yields of the phenolic products formed in the presence 5 and 6) for the separation of the phenolic products=nifot formed.

of oxygen were calculated based on tRevalues reportefd®

by us earlier in deoxygenated solutions which are listed in Table
3. While the formation of only phenolic products was observed
under deoxygenated conditions, some additional products were a
seen in oxygenated solutions. However, the individual phenolic
yields were reduced by more than 80% in the presence of
oxygen.

The yields of radiation products formed hyradiolysis of
chlorobenzene with and without oxygen have already been
reported.® For a comparison, we also carried out experiments
with toluene under both oxygenated and deoxygenated condi-
tions. The formation of only two products was noticed in
y-radiolysis of NO-saturated solutions of toluene containing
Fe(CN)®~ which were identified as 2- and 4-cresols with
values of 1.7 and 0.6, respectively. Our value for the total yield
of cresols G(cresols)= 2.3) is less than that report&darlier
in y-radiolysis of argon-saturated solutions of toluene containing \/\M
0.5 mM Fe(CN}®~. What is, however, relevant for our present NNV AU
discussion is the lack of formation of cresa&(¢resols)< 0.2) 02 46 4 4 680 2 4 6 B
in the presence of oxygen.

In contrast, the behavior with cresols is different from that Figure 6. HPLC chromatograms obtained for the products formed in
observed for toluene and chlorotoluenes. The HPLC chromato- the reaction of OH radicals in the presence of oxidagfEE(CN) (A—
grams obtained with 2-, 3-, and 4-cresols under both solution C) and oxygen (B-F) with 2-, 3-, and 4-cresols. (G) Chromatogram
conditons are depcted i Fiure 6. As canbe seen rom SNSRI SO, 12eien iR Deres e 160 ke PeaC
the chromatqgrams recorded in Qeoxygenated solutions Ofpersulfate, a’md I: quinone type products. See Table 3 %or the struétures
cr_esols containing Fe (CH¥r, two major products were formed ¢ phenolic products.
with each isomer. In the meta isomer, the two products were
identified as 2,3- and 3,4-dihydroxytoluenes (DHT) (peaks g spectra of the other two unidentified peaks did not match with
and e in Figure 5B, respectively) from a comparison of their 3,5- or 2,6-DHT. Based on the probable site of attack, the two
retention times and UV spectra with those of the standards. unidentified peaks in 2-cresol were assigned to 2,4- and 2,5-
However, only one of the products, 2,3-DHT (peak b in Figure DHT (peak c in Figure 5A); similarly, the unidentified peak in
5A) in 2-cresol and 3,4-DHT (peak h in Figure 5C) in the case 4-cresol was assigned to 2,4-DHT (peak i in Figure 5C). The
of 4-cresol, could be identified. The retention times and the G values of these products were calculated by assuming that

Absorbance ——>
(o}
o
=

Elution time / (min)
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SCHEME 1: Mechanism for Reactions of OH, O~, and SOy~ with Cresols

3 CHz CHy
+OH +ox

B ——
(k~1x1010 M1s1y OH OH

—> o + OH ™

+ 0~

(k~2x10° M1¢1) CHy

& o
OH
(k~3-61x10° M1g1y 41504—

5 6 .
> OH —> o

—804~

k~2x105s71
7 l +0x
Quinone type product

their molar absorptivities are equal to that of the identified (a) (b)
isomer. Our efforts to synthesize these two isomers (2,4- and
2,5-DHT) by the Fenton’s reaction have not been successful, CH3 CH;
as a brownish black substance as repdttiecthe literature was 1.08
precipitated when 6« 10-3 M FeSQ:7H,0O was reacted with
these isomers of cresol (2 10-3 M) in the presence of pD;. 1.23 1.34

The G values of the phenolic products formed from cresols a
under different conditions are given in Table 3. The yields of
2,3- and 2,4-+ 2,5-DHT formed in NO-saturated solutions of
2-cresol containing 0.5 mM Fe (CMJ were estimated to be (H3
1.4 each per 100 eV. Thé& values for 3,4- and 2,3-DHT 115 0.88
formed in they-radiolysis of 3-cresol under identical conditions
are 1.2 and 1.1, respectively, amounting to about 41% OH. In 3.05 23
contrast, the yields of 2,4- and 3,4-DHG(Q,4-DHT) = 1.3 OH OH
and G(3,4-DHT) = 3.6) could account for near complete Figure 7. (a) The partial (18 M~ s°Y) and (b) the relative rate
material balance (87% OH) in the case of 4-cresol. In constants with respect to benzene for 4-chlorotoluene and 4-cresol.
oxygenated solutions of 2- and 4-cresols some dihydroxytolu-
enes were not at all formed or their yields reduced, while they values of 1.3 and 1.18 in 4-chlorotoluene. This result is in
remained unaffected in the case of the meta isomer. Foraccord with the stronger activation of ortho and deactivation of
instance, the formation of 2,4- and 2,5-DHT in 2-cresol and meta positions by the-OH group.
2,4-DHT in the para isomer was not observed. (D) Reaction Mechanism.(i) Deoxygenated Solutions of

To evaluate the directing effects 6fOH and—CHs; groups Cresols.Since the extent of OH attack at different positions is
for OH attack, we employed the procedure developed by Chendetermined by the nature of the substituent on the benzene ring,
and Schuléidin the case of biphenyl and later used by%s  the observed spectra represent the weighted average of isomeric
for chlorotoluenes. Due to lack of material balance of products OH adducts of cresols formed from the addition of the OH
in the case of 2- and 3-cresols, the analysis was limited to theradical to the benzene ring (reaction 1, Scheme 1). A
para isomer and the partial and relative rates with respect tocomparison of the transient absorption spectra measured with
benzene are given in Figure 7 along with that for 4-chlorotolu- cresols shows a red shift in the case of the meta isomer by about
ene. The relative rates in 4-cresol at the ortho and meta20—30 nm from itso andp isomers. This is also reflected in
positions to—OH are 2.3 and 0.8 compared to the corresponding the more intense absorption measured for 3-cresol and the order

w
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SCHEME 2: Different Mesomeric Structures of OH
Adducts of 3-Cresol Formed from*OH Attack at the
ortho and para Positions to —CHs.

@@ 3'5,:
oo lie
QL 1AL O,

found for the molar absorptlvmem > p > 0. Such a shift
was also observed for tha isomers of chlorotoluené&® and

OH
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xylenes withAmax at 325-330 nm compared to thefrisomers
(Amax= 310 nm). This behavior was attributed to the stabiliza-
tion of the excited states of mesabstituted isomeric hydroxy-
cyclohexadienyl radical. The gener&H, O~, and SQ~
reaction mechanism with creosls is depicted in Scheme 1.

For example, the possible resonance structures of the hy-
droxycyclohexadienyl radicals (structures-9) formed from
addition of *OH to 3-cresol are given in Scheme 2. The
structures from the attack &DH at the ortho and para positions
to —CHs only are shown. The unpaired electron spin in the
OH adducts of thenisomer are delocalized on bothOH and
—CHs substituents unlike in the case of ibsand p isomers.
This results in the better stabilization of the meta OH adducts
relative to the corresponding adducts formed andp isomers.

Under the basic conditions (pH 13) employed in the
reaction of O, cresols exist as monoanionK{p—= 10—-11).
O~ being a nucleophile, its addition to the ring is not likely.
The probable reaction channel is, therefore, the abstraction of
H from the—CHjs group, leading to the formation of substituted
benzyl radicals (reaction 2, Scheme 1).

From the p™ value of —2.4 found with some substituted
benzenes, Neta et #ll.suggested that the SO reaction

SCHEME 3: Reaction Sequence of Oxygen Addition to Different OH Adducts of 2-Cresol

CH3 CH3 CH3
OH | o, OH OH
— 00" ——
H 3
H  -Ho, oH
) OH OH
1 3
CHz CH3
OH +0, *O- OH
L H H —>  Other Products
OH OH
2 4
CHy
Q/ OH +0y
—
] 2%
CH3
H OH
OH T-)
5
+'OH I
CHy H;C__0-0°
oH o OH
pa— 2
L < — Other Products
H OH H OH
6
CH3
OH
+ 02
_ —
H N
7
!
CH3 CHy
OH +0 OH
L H —\ﬁz_ H 0-0° — 3  OtherProducts



9844 J. Phys. Chem. A, Vol. 101, No. 51, 1997 Choure et al.

mechanism proceeds by a direct electron transfer from the group. Scheme 3 depicts the sequence of oxygen addition
benzene ring to S£". It has been shown by us in our earlier reactions with 2-cresol, as an example, wherein the formation
work®10with halobenzenesot = —1.2) and halotolueneg{ of 2,3-DHT occurs from the peroxyl radicd. The other

= —1.6) that the reaction may occur both by addition/elimination peroxyl radical4 formed from the OH addua is of 1,4-type,
(reaction 4) and by outersphere electron-transfer (reaction 5).resulting in other products. The lack of formation of 2,4- and
The lifetime of SQ~ adduct to benzenes is kno%fo be <100 2,5-DHT in 2-cresol is because of the fact that the radical sites
ns. With the electron-donating substituert€H; and —OH, in 1,3-type OH adducts (structures-8) are not located at the
the hydrolysis rate of the S© adducts should be still higher, tertiary center.

and the reaction must be complete within the pulse width (50
ns) of our experiment.

The transients absorbing at 290 and around 400 nm in the
reaction of S@~ with cresols are assigned to the radical cation

based on the similarity of the spectra repottelny us in the with cresols are formed from addition, H-abstraction, and

;% - rga:éign in thﬁ casr(]e ?}f 3- and;'ChlirpanASOLG%(: . electron transfer. Oxygen is relatively more reactive with OH

an nm), though the second peak in t ese systems 'dducts of cresols than those of chlorotoluenes. The addition
at a higher wavelength (450 nm). This assignment is substantl-Of oxygen to 1,3-type OH adducts of cresols occur at the carbon
ated by the observed faster decay of the transient absorption af ,,,«tit ted by the OH group. This study demonstrates the
290 and 390 nm in 4-cresol when $Oreaction was carried sofiness of radiation chemical methods in obtaining informa-

O..l.Jt at p':': 9 (Eigure ".SD)' As pointed egrlier (cf. sgction SB, tion on peroxyl radical chemistry of chlorotoluenes and cresols.
(iii) SO4~ reaction), this decay was manifest by an increase in

absorption in the region 32840 nm whose rate was estimated

as 1.2x 10 s™* from laser flash photolysis of 4-cresol in neutral Acknowledgment. The authors wish to thank Prof. M. S.
solutions. This transformation reaction must, then, be due to Wadia and Dr. M. G. Kulkarni, Department of Chemistry,
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is evident from the HPLC chromatogram depicted in Figure gratefully acknowledged. One of us (M.M.M.B) is thankful to
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(peaks | in Figure 5G) eluting after the phenolic products should the course of this work.

result from the oxidation of phenoxyl radical (reaction 7).

The phenolic yields formed in the isomers of chlorotoluenes
and cresols are in accord with the usual activation and
deactivation effects of-Cl and —OH groups. For instance, (1) (a) von Sonntag C.; Schuchmann, H.-Ragew. Chem., Int. Ed.
the lack of formation of 2,6-DHT and reduction in the yield of Engl 1991, 30, 1229. (b) von Sonntag, C.; Schuchmann, H.-PRémoxy!
2,4-DHT in the case of 2-cresol relative to the corresponding Radicals Ed.; Alfassi, Z. B.; Wiley: Chicester, 1997; p 173. (c) Schuch-
phenols formed in chlorotoluene is due to the deactivation of mang' H"PF',; VOQ fﬂof‘gaﬁ' “g’dem ‘I’\A“?\?; Sonntad.TChem. S
meta position of the-OH group. Similar deactivation of the Perlgir?. @anir.‘ 21993 ES;F(kT)alggn, .X.;i\X?nScﬁﬂghﬁénn, GTN.;OSSn
meta and activation of the para positions was responsible for Sonntag, CJ. Chem. Soc., Perkin. Trans.1893 1021.
reduction in the yield of 2,4- and enhancement in 3,4-DHT (3) Fang, X,; Pan, X.; Rahmann, A.; Schuchmann, H.-P.; von Sonntag,

; ; ; . C, Chem. EurJ. 1995 1, 423.
yields in the case of 4-cresol. An exception to this is the (4) Nickelson. M. G.: Cooper, W. J.: Lin, K.: Kurucz, C. N.: Waite
behavior of 3-cresol, where a lower yield of 3,6-DHT and lack T p ‘\wat. Res1994 28, 1227. T '
of formation of phenols formed from the attack-eOH at the (5) Legrini, O.; Oliveros, E.; Braun, A. MGhem. Re. 1993 93, 671.

para position were noticed. h(G)h(a) von Sonntag, C.; Marlk, G.; Mert(re]ns,I R.; Schuchmann,(m. N.;
" . Schuchmann, H.-R.. Water Supply Res. Technol.-AdL203 42, 201.
(if) Oxygenated Solutions of Chlorotoluenes and Cresdfls. o, Sonntag, CJ. Water Supply Res. Technol.-AqL@96 45, 84.

is knowr—2 that the phenolic products can be formed byHO (7) (a) Buxton, G. V.; Greenstock, C. L.; Helman, W. P_; Ross, A. B,
elimination from only 1,3-cyclohexadienyl peroxyl radicals, J. Phys. Chem. Ref. Datd988 17. (b) Jiang, P. Y.; Katsumura, Y.;

_ ; ; i Nagaishi, R.; Domae, M.; Ishikawa, K.; Yoshida, ¥.Chem. Soc., Faraday
whereas 1,4-type radicals result in endoperoxidic products. TheTrans 1092 88, 1653-1658.

relatively larger phenolic yields observed in the case of cresols (g) werga, G.: Schuchmann, H.-P.; Rao B. S. M.; von Sonntag, C.
suggest that the rates of HCelimination and other product  Chem. Soc., Perkin. Trans.1896 1097.
forming reactions are higher than in the case of 3- and (9) (a) Mohan, H.; Mudaliar, M.; Aravindakumar, C. T.; Rao, B. S.

_ i findi ; ; M.; Mittal, J. P.,J. Chem. Soc. Perkin. Trans.1991 1387. (b) Mohan,
4-chlorotoluenes. This finding is further substantiated by the H.: Mudaliar, M- Arvindakumar, G. T.. Rao B. S. M.. Mittal J. Radiat.

larger values of the stability constants,(Table 2), observed  phys. chem1992 40, 513.
in the case of cresols. The lower yields of phenolic products  (10) (a) Merga, G.; Aravindakumar, C. T.; Mohan, H.; Rao, B. S. M.;

in 3- and 4-chlorotoluenes are possibly due to relatively higher gittaléJ-SP-d- Clvr:err]n' SOHCwN'T_?tfﬁd?YFgf%nrfg9‘t: ?10 n?l%g 4(%)8"/'9‘91Ir 592’ (G)
: ao, b. 5. M.; Monhan, H.; Mittal, J. K. yS. e y . (C
k- and lowerk, values. In other words, the reverse reaction of Merga, G.. Ph.D. Thesis, University of Pune, 1995,

the equilibrium probably predominates over the product forma-  (11) (a) Schuler, R. H.; Patterson, L. K.; Janata) E2hys. Chen98q
tion in these compounds. This means that a major fraction of 84, 2088. (b) Janata, E.; Schuler, R. H.Phys. Cheml982 86, 2078. (c)

- i i - _ Schuler, R. HRadiat. Phys. Chen1992 39, 105. (d) Chen, X.; Schuler,
1,3-type structures are ultimately converted into 1,4-cyclohexa R. H. 3. Phys. Cheml093 97, 421,

dienyl type structures. (12) Feitelson, J.: Hayon, B. Phys. Cheml973 77, 10.
An interesting observation is that only those dihydroxytolu- (13) Saveleva, O. S.; Shevchuk, L. G.; Vysotskaya, NZA. Organ.
enes with—OH groups ortho to each other were formed in Khim. 1972 8, 283.

: : f (14) Roder, M.; Emmi, S. S.; Wojnorovits, L.; Foldiak, @th Miller
oxygenated solutions of cresols. The formation of such isomers - = -0 o (o vion Chemistry, WindermeJe<., 1997, Abs, 12.

of cresols is possible only from 1,3-type peroxyl radicals when  (15) vinchurkar, M. S.; Rao, B. S M.; Mohan, H.; Mittal, J. P.; Schmid,
the radical site is localized at the carbon carrying th@H K. H.; Jonah, C. DJ. Phys. Chem1997, 101, 2953.

Conclusions

The intermediates in the reactions*6fH, O, and SQ~
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