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Abstract

The kinetics and the transient absorption spectra from the reactio@8Hi0* ~, e;,and SQ*~ radicals with coumarin, 4-methyl-7-hy-
droxycoumarin, 7-methoxycoumarin and 6,7-dimethoxycoumarin in aqueous solutions were studied by pulse radiolysis with optical
detection. The second-order rate constants for the reaction tdtHeadical with coumarin was found to be46< 10° dm® mol~ s~ and
the introduction of different substituents to coumarin did not have any significant effect on the rates. The rate constants for the reaction
of the hydrated electron, however, decreased with the introduction of the electron donating groups. The transient absorption spectra of
the*OH adducts of coumarin and its derivatives haygy at 360-370 and 425-460 nm. In the case of 4-methyl-7-hydroxycoumarin, the
*OH adduct undergoes dehydration leading to phenoxyl radical. The radical cation of coumarin formed by electron transfegtt the SO
reaction is hydrolysed to yield tft®H adducts. The radical cation is stabilised in methoxy derivatives or undergoes deprotonation to
give phenoxyl radical in 4-methyl-7-hydroxycoumarin. The initially formed radical anion of coumarin and its derivatives formed in the
reaction of the hydrated electron is protonated very fast (L0’ s~1). The neutral electron adduct of coumarimgy = 360 nm) is finally
transformed by 1,2-H shifti(= 2.7 x 10* s~1) into a thermodynamically more stable oxygen centred radical.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction tonates in the case of compounds having ionisable proton, or
undergoes hydrolysis to give the corresponding OH adducts.
Radiation chemical reactions of the primary radicals of ~ We have earlier reportefd 8-23] the radiation chemical
water radiolysis 1OH, e or H*) and secondary radicals oxidation of disubstituted benzenes of the typ#ig_, X, Y,
(N3®, SQs*~, Clo*~ or Bry*~, etc.) derived from them with ~ Where X is a halogen and ¥ NH>, Cl, Br, CHs, CHxCl,
benzenes and its monosubstituted derivatives in aqueous soCF3 or OCHs. These studies have been helpful in establish-

lution have been widely studied—16] and these studies iNg the®OH radical reaction mechanism in terms of the acti-
have contributed significantly to our understanding of their Vation/deactivation effects of the electron donating/electron

reactivity and its correlation with the structure. withdrawing substituents. In combination with the product

The *OH radical has been shown to react with substi- analysis data, the relative reactivities for tH@H radical
tuted benzenes by addition to the aromatic ring forming a  attack at different carbon positions of cresols and chloro-
complex which then rearranges to a Wheland intermediate toluenes were determined from the pulse radiolysis studies
(c complex) leading to the formation of different isomeric [22]. Based on the Hammett analysjs} values of—0.5
*OH adducts. The reactions of oxidising species such asfor the*OH radical reaction ane-1.6 to—1.2 for the reac-
N3®, SO;*~, Cl,*~ or Br,*~ with substituted benzenes re- tion of SQi*~ were obtained indicating the difference in the

sult in the formation of the radical cation. Among them, the reaction mechanism between the two reacting spg¢2iés
SOy*~ radical anion £° = 2.43V versus NHE)17] and The reactivity of the hydrated electron with benzenes and
N3®* (E° = 1.33V versus NHEY17] are commonly used. its derivatives is usually low except in the case of com-
These radicals react with aromatic compounds by an elec-pounds containing COOFE24], NO> [25,26] CHO [27] or
tron transfer mechanism from the benzene ring leading to halogen[26]. In benzoic acid24], the electron adduct tran-

the formation of the radical cation which then either depro- Sient species haveKp values of 5.3 and 12.0. Similarly,
in chlorobenzaldehyd§?6], the initially formed transient

* Corresponding author. Tekt91-20-569083; fax:+91-20-5651728. species exists in the deprotonated form above pH 8.2. In con-
E-mail address: bsmr@chem.unipune.ernet.in (B.S. Madhava Rao). trast, the electron adduct of the purine derivatij28-31]
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Scheme 1. Proposed mechanism of the reaction of @té radical with coumarin.

are protonated very fast and the initial spectrum is assignedHigh purity N, and NbO gases of Indian Oxygen Ltd. were

to the hetero atom protonated carbon centred radical. Thisused for saturation. All experiments were carried out at room

radical is finally gets transformed into a carbon protonated temperature~{25°C). For spectral studies, the [solute] was

hetero atom centred radical. maintained at 5< 10~*moldm2 while it was varied in
Since organic acids like benzoic adig4], acrylic acid the range (1.0-8) x 10~% mol dm2 for the measurement

[32], cinnamic acid32] are in the deprotonated form at nor-  of kinetics. The reaction of th®OH radical was studied in

mal pH, itis not possible to examine whether the protonation N>O saturated aqueous solutions wheJgie quantitatively

of the initially formed mono radical anion occurs in the reac- converted into th@OH radical (reaction (1)):

tion of the g, with these compounds. Since coumarin (struc- Ho

turel, Scheme }Ydoes not have an ionisable hydrogen, this N,O + e;q—z> *OH 4+ OH™ + N> Q)

aspect can be studied without any ambiguity. Furthermore, it

is interesting to examine whether tautomerisation reactionas The study of the @ reaction was carried out in 40

observed in purines occurs in coumarin. Coumarin, the con- saturated solutions at pH13 using 0.1 moldm® NaOH.

densed product of-hydroxycinnamic acid, is an interest-  Under these basic conditions, more than 90% of *tBéi

ing compound to investigate the protonation—deprotonation radical essentially exists as*© (reaction (2)):
equilibrium as observed in purines.

Earlier studies on coumarin were limited to the prod- *OH+OH™ — O°*~ + H,O (pKa=119) (2
uct analysis by gamma radiolys{83] and its reaction
with hydrated electror{34] by pulse radiolysis. In this The reactions of the hydrated electron were studied by
work, the results from the study of the reactions®*GfH, irradiating N> saturated solutions of the substrate contain-

0™, &4 and SQ°*~ with coumarin, 7-methoxycoumarin, ing tert-butyl alcohol (0.2 moldm?3) to scavenge theOH

6,7-dimethoxycoumarin and 4-methyl-7-hydroxycoumarin radical.

are reported to investigate the effect of electron donat- The reaction of S@~ was studied in N saturated aque-

ing/electron withdrawing substituents with a view to gain OuUs solutions containing48,0g (1.5x 102 mol dm™3) and

further insight into the reaction mechanism. 0.2mol dnr2 tert-butyl alcohol. Under these reaction con-
ditions, SQ*~ radical is produced as shown in reaction (3):

S208% + €54(H) — SOs*~ +SOs* (HSQs ") (3)
2. Experimental
Pulse radiolysis experiments were carried out using

Coumarin and its derivatives are a gift from our Organic high-energy 7 MeV electron pulses (pulse width 50 ns)
Chemistry Division and their synthesis was reported ear- from a linear accelerator at the Bhabha Atomic Research
lier [35]. Their purity was found to be >98% and were Centre, Mumbai and the details of the set-up are reported
used without any further purification. Other chemicals used elsewherd36]. The KSCN dosimeter was used assuming
were of analytical grade. The solutions were prepared in G(g500) = 21,500 dnd mol~1cm~1 per 100 eV for the tran-
Millipore—Milli Q filtered water and were saturated with ap- sient (SCN)*~. The dose used during the experiments was
propriate gases before the dissolution of the solute to avoidkept in the range 12-15 Gy/pulse. The transient absorption
its volatilisation during degassing. The pH of the solutions traces were recorded on a storage oscilloscope interfaced to
were adjusted by using analytical grade NaOH or HLCIO — a computer for the analysis of the kinetics.
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Table 1
Second-order rate constants ((° dm® mol~1s1), absorption maximaimax, NM), and molar extinction coefficients, (dn? mol~1 cm1) obtained in
the reactions ofOH, O°~, ;4 and SQ°®~ with coumarin and derivatives

Compound *OH o - SO~ €q
k Amax & k Amax k Amax k Amax €
Coumarin 6.4 345 3600 0.5 370 5.9 350 17.0 360 9800
425 2100 445 2.7
4-Methyl-7-hydroxycoumarin 6.0 365 6700 0.6 465 5.6 360 131 365 11800
490 580 (2.5)
7-Ethoxycoumarin 6.5 370 1600 17 365 5.8 365 14.2 380 10950
460 1300 490 585 (1.2)
625
6,7-Dimethoxycoumarin 6.0 310 3350 n.d. 5.3 390 13.0 380 4050
585 (4.9)

The values in parentheses represent the first-order rate condtdiftset, ¢ 1) for the decay of the absorption maxima; n.d.: not determined.

3. Results and discussion in Table 1and as an example, the plot kf,s against the
concentration of coumarin is shown in the insetrFag. 1

3.1. Kinetics The fit of the rate data is satisfactory with an accuracy of
+5% in the measured rate constant values.

3.1.1. Reactions of *OH and O°*~ The values of the second-order rate constant measured

The rates of the reaction of th€OH radical with for the reaction of the OH radical with coumarin and its
coumarin, 7-methoxycoumarin, 6,7-dimethoxycoumarin derivatives are on average26x 10°dm®mol~1s~1. This
and 4-methyl-7-hydroxycoumarin in neutrap® saturated value is slightly lower than that reported earl[88] (k =
solutions (pH:~7.0) were determined by measuring the 8.2 x 10° dm®mol~1s~1) measured by the competition ki-
rates of the product formation at the respective absorption netics method under steady-state conditions. The rate con-
maxima lying in the range 310-370nm. The absorption stants have not shown any appreciable change due to the
build-up measured at thanax was found to be continuous  introduction of the substituent OGHr OH group. Since
whose rates linearly increased with [solute] in the range the rates are diffusion-controlled, the rate constants are not
(1.0-50) x 10~*mol dnm3. The second-order rate constants expected to be influenced by the substituents. For example,
evaluated from the plots df,ps versus [solute] are given this is evident from the comparison of the rate constants
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Fig. 1. The transient absorption spectra obtained for the reaction diQheradical with coumarin recorded a2 (@) and 40us (O) after the pulse.
Inset: the plot of thekops versus [coumarin]. Dose per pulse5 Gy.
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values[16] of anisole k = 5.4 x 10° dm® mol~1s™1), phe- reported for anisolek( = 4.9 x 10°dm®mol~ts™1) [39]

nol (k = 6.6 x 10°dm®mol~1s™1) with benzene { = but it is slightly higher than that measured for benzene

7.8 x 10°dm® mol~1s71). (k ~ 3 x 10°dm®mol~1s~1) [40]. Thus, the pyranone ring
The second rate constants measured for the @action may have an activating effect on the benzene ring. Similar

with coumarin and its derivatives were found to be slower to the®OH radical, the rate constant values are more or less

(k = (0.5-17) x 10°dm® mol~1s1) as compared to those independent of the substituent.

for the *OH reaction k ~ 6.2 x 10°dm®*mol~1s™1). This

diminished reactivity is attributed to the decreased elec- 3.1.3. Reaction of ey,

trophilicity of the reacting radical and the increased electro-  The rate constants for the,greaction with coumarin,

static repulsion between a negatively charged radical and the7-methoxycoumarin, 6,7-dimethoxycoumarin and 4-methyl-

electron rich aromatic ring. Such lowering of the rate con- 7-hydroxycoumarin by pulse radiolysis were determined

stants in the O~ reaction was reported by us earlier in the from the decay of absorption at 720 nm or the transient ab-

case of other aromat{@d8—23]and heterocyclic compounds  sorption maxima at 360—380 nm. The rate determined from

[37]. The fact that the rate constant for the reaction 8f O both these measurements are identical as is evident in the

with 4-methyl-7-hydroxycoumarin is lower by a factor of case of coumarinkfecay = 1.7 x 1019dm®mol~*s! and

three than that observed with 7-methoxycoumarin must be k¢ mation = 1.6 x 1019dm® mol~1s~1). Furthermore, this

due to the difference in the reaction pathways. The €adi- value is in fair agreement with that reported earflg] (k =
calion is likely to abstract the H atom from the methyl group 1.6x 10'°dm?® mol~1s1). The rate constants obtained from
whereas it reacts via addition with 7-methoxycoumarin. Kobs Versus [solute] with coumarin and its derivatives are
diffusion-controlled withk = (1-2) x 10*9°dm® mol-1s1
3.1.2. Reactions of N3* and SO4°~ (Table J). Because of the high reactivity, the rates do not

The Ns* radical was found to be unreactive with coumarin  seem to be affected by the substituents.
(5 x 10-*dm® mol~1) and its derivatives on the pulse scale
(50ps) implying that the second-order rate constant of the 32, Transient absorption spectra
reaction<10’ dm®mol~1s~1 at the dose rate 15 Gy/pulse
employed in our experiments. This observation is in accord 3.2.1. Reaction of *OH

with the reported38] rate constants of & with benzene The transient absorption spectra observed in the reaction
and derivativeskpenzene< 3x 107 dm® mol~1 571, kanisole < of the *OH radical with coumarin in neutral solutions (pH:
3 x 10" dm®*mol~ts™1). 6.8) was measured in the wavelength range 300-550 nm.

The second-order rate constants obtained for the re-The spectrum exhibited two peaks at 345 and 425 Rig.
action of SQ°*~ with coumarin, 7-methoxycoumarin, 1) and did not show any significant time resolved changes
6,7-dimethoxycoumarin and 4-methyl-7-hydroxycoumarin except the normal radical-radical bimolecular decay as
in neutral solutions (pH: 7.0) are tabulatedTiable 1 This can be seen from the spectra recorded apgi@fter the
value  ~ 5.5 x 10°dm®mol~!s71) is comparable to that  pulse Fig. 1). The transient absorption spectrum with
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Fig. 2. The transient absorption spectra obtained for the reaction dfQhkeradical with (a) 4-methyl-7-hydroxycoumarin and (b) 7-methoxycoumarin
recorded at s (@) and 40us (O) after the pulse. (c) The decay trace at 365 nm obtained in the pulse radiolys>010-2 mol dm3 N,O saturated
aqueous solution of 4-methyl-7-hydroxycoumarin.
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Fig. 3. The transient absorption spectra obtained for the reaction of the r@dical with (a) coumarin, (b) 7-methoxycoumarin and (c)
4-methyl-7-hydroxycoumarin recorded at 46 (O) after the pulse.

4-methyl-7-hydroxycoumarin, shown iRig. 2a has only

The spectra observed for the reaction of tht Qadi-
one peak at 360 nm. This spectrum decayed almost com-cal (pH: 13.0) with coumarin has also two peaks with max-

pletely within 40ps after the pulse with a rate equal to ima at 370 and 445nmF{g. 39. The transient absorp-
1.2x10° s~ L. The trace corresponding to this decay is shown tion spectrum for 7-methoxycoumarinfax = 365 and

in Fig. 2c The time resolved absorption spectra obtained 490 nm) has shown a red shift of the peak at the higher wave-
for the reaction of th@OH radical with 7-methoxycoumarin

length from 445 to 490 nmH{g. 3b) whereas in the case of
(Fig. 2b) is similar to that obtained with coumarin while that

4-methyl-7-hydroxycoumarin a red shift was seen in both
with 6,7-dimethoxycoumarin has a single peak at 310nm. the peaksKig. 30.
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Fig. 4. The transient absorption spectra obtained for the reaction of tht~S@dical with (a) coumarin, (b) 7-methoxycoumarin recorded as 2@)
and 40us (O) after the pulse.
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Fig. 5. The transient absorption spectra obtained for the reactiogquf/ith (a) coumarin, (b) 4-methyl-7-hydroxycoumarin and (c) 7-methoxycoumarin
recorded at 2s (@) and 40us (O) after the pulse.

3.2.2. Reaction of SO4*~ tack, and thus, its addition to the relatively electron deficient
The transient absorption spectra from the reaction of pyranone ring can be ruled out. Considering, for example,
SOy*~ radical with coumarin at pH 7.0 exhibited a peak at coumarin and its C-6 position for the site of attack, the re-
350 nm and a broad shoulder around 420 fig.(49. This action sequence is shown 8theme Xreaction (1)).
is identical to the corresponding spectrum obtained for the The rate constants for the bimolecular decay of the two
*OH reaction. In the case of 4-methyl-7-hydroxycoumarin absorption maxima of the spectrum measured in the case
two peaks (360 and 580 nm) were seen whereas the spectraf coumarin were found to be nearly equalq% 10° and
obtained with mono- and dimethoxycoumarin have three 2.6 x 10°dm®mol~1s™1) confirming that the spectrum
peaks at 365, 585 and 625nrRig. 4b. The additional is composed of a single intermediate. Thus, the observed
peaks in the latter indicate that the reaction pathways in thetransient absorption spectrum with the,ax at 345 and
two systems are different. 425nm is ascribed to the equilibrium mixture of differ-
ent isomeric® OH adducts. The methoxy derivatives also
3.2.3. Reaction of ey, react via the same mechanism to give the corresponding
The transient absorption spectra measured for the re-*OH adducts Xmax = 370, 460 nm). However, in the case
action of the hydrated electron with coumarin in neu- of 4-methyl-7-hydroxycoumarin, the initially formetDH
tral solution (pH: 7.0) at 2 and 40s after the pulse, adduct loses water to give the phenoxyl radical with ab-
shown in Fig. 53 has a broad peak at 350nm which sorption maximum at 365nm (reaction (Hcheme Y as
underwent considerable decay within 4€. The spec- s evident from the first-order fast decay of the spectrum.
trum with 4-methyl-7-hydroxycoumarin has a single peak Similar fast dehydration reaction leading to the formation
at 365nm Fig. 5P which is similar to that obtained of phenoxyl radical has been reported earlier by us in the
for 7-methoxycoumarin Amax = 380nm, Fig. 59 and case of 4-hydroxybenzaldehydél] and 4-aminophenol
6,7-dimethoxycoumarin Mpax = 385nm). Similar to [42]. No significant decay of the absorption, however,
coumarin, the spectra were also observed to undergo a fastiue to methanol elimination was seen in the case of the

first-order decay withk values ranging from 1 x 10* to methoxy derivatives of coumarin on the time scale of
4.9 x 10*s1 and the measured rate constants are given in 50ps.

Table 1 The O~ radical is likely to react by addition to the aro-

matic ring (reaction (1)Scheme P except in the case of
4. Reaction mechanism 4-methyl-7-hydroxycoumarin, where the hydrogen abstrac-
tion from the hydroxyl or the methyl to form a phenoxyl
The *OH radical reacts with coumarin by addition to the or a benzylic radical is a distinct possibility (reaction (2),
electron rich aromatic ring at several sites available for at- Scheme 2
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Scheme 2. Proposed mechanism of the reaction of the r@dical with coumarin.

The SQ°*~ radical reaction can proceed by aninner-sphere  The hydrated electron reacts by adding to the carbonyl
(addition/elimination) or by an outer-sphere (electron trans- group to give initially the radical anion (reaction (1),
fer) processes. The former process involves the formation Scheme % which then gets protonated to yield a neutral
of SO4*~ adducts while the latter leads to the formation adduct radical (reaction (2)) similar to the fast protonation
of the radical cation intermediate. The proposed mecha- processk > 10’ s1) reported43,44]in the case of purine
nism of the reaction of S©~ radical with coumarin and  bases. The hetero atom protonated carbon centred electron
its derivatives is given irscheme 3The formation of the adducts of purines was observed to undergo tautomerisation
*OH adducts occurs via the hydration of the radical cation to carbon protonated hetero atom centred radical. The rate
(reaction (1)) in the case of coumarin. However, when the constants for this spontaneous tautomerisation reaction in
substrate has a methoxy group, the resultant radical cationneutral solutions was reported to be= 1 x 10*s! for
is stabilised (reaction (2)). This is evident from the observed adenine[28] andk = 1.2 x 10°s~! for guanosine[29].
difference in the transient spectra obtained with coumarin The tautomerisation mechanism in the case adenine was
(Amax = 350 nm) and methoxy coumarins{ax = 365 and reported to involve deprotonation/reprotonation processes
585nm). In the case of 4-methyl-7-hydroxycoumarin, the with pK, value of 12.1 leading finally to the formation of
radical cation undergoes deprotonation to yield a phenoxyl thermodynamically more stable carbon protonated hetero
radical (reaction (3)) which is supported by the observed atom centred radical. However, suckKgtype of behaviour
spectrum withimax = 360 and 580 nm. was not seen in the case of guanodi?@).

o O +HO, -H*
@ — > °OH adducts
_— +Ht - H0
1
(R=R,=R =H)

0 5 O +HO, - H+
+ SO, *OH adducts
(Rj=H, R=R = OMe) = *-H 0

3\ ( R]:MC,RZ:H,R3=OH)

Me

Scheme 3. Proposed mechanism of the reaction of* S@nd its derivatives.
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that the agreement between the two values is satisfactory. In
the absence of the competing tautomerisation (reaction (3),
Scheme % the G(MV*T) was found to be 2.7. This result

is consistent with the proposed reaction mechanism shown
in Scheme 4

5. Conclusions

The *OH, €q and SQ°~ react with coumarin and
its derivatives at diffusion-controlled rates with >
10° dm® mol~1s~1. The rates of th&OH and SQ°*~ radical
with coumarin and its derivatives do not differ appreciably
with the introduction of various substituents OH or O£ H
The transient absorption spectra in tH@H reaction with
these coumarins are assigned to t@H adduct radicals.
In the case of 4-methyl-7-hydroxycoumarin, the initially

Scheme 4. Proposed mechanism of the reaction of the hydrated electronformed *OH adduct undergoes dehydration to give phe-

with coumarin.

The observed decay at 360nm in the case of electron
adducts of coumarin was attributed to such tautomerisation

reaction withk = 2.7 x 10*s~1 (reaction (3),Scheme ¥).
Similar to the case of guanosine, nptype of behaviour
was observed in our study.

In order to gain further insight into the nature of the reac-
tion intermediates, the reaction of the hydrated electron with
coumarin was studied with a weak oxidant, methyl viologen
(MV?2%), E° = —0.448 V[17]. The rate for the oxidation of

the transient species was determined by monitoring the ab-

sorption of MV** at 605 nm ¢ = 12,800 drd mol~1 cm™1).
The redox experiments were done by varying [ftY in
the range (0.6—-#) x 10-°moldm3 with the solution of
1 x 103 moldm 3 coumarin saturated with 40. Under

noxyl radical. The S@~ reaction with coumarin leads to
the formation of the radical cation which is stabilised by the
electron donating methoxy groups or deprotonated generat-

ing the phenoxyl radical in 4-methyl-7-hydroxycoumarin.
The hydrated electron reaction mechanism is similar to that

observed in the case of purine bases.
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