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ABSTRACT: Rate constants have been determined in aqueous Me2SO mixtures for the reaction of super-electrophilic
4,6-dinitrobenzofuroxan (DNBF) with a series of hydroxy- and methoxy-substituted benzenes whose pKa values
range between -3 and -9. The study extends the reactivity range of weakly basic aromatics with DNBF, from the
family of indoles previously studied with pKa values ranging from -1 to -6. The overall rate constants for the reactions
of DNBF as the electrophile are at least one order of magnitude greater than for the reactions of H3O

� with the same
series of aromatics. This lends further credence to the notion that DNBF possesses super-electrophilic properties. An
LFER is observed between logkDNBF

50%Me2SO and pK H2O
a with slope 0.54. In the case of 1,3,5-trimethoxybenzene a

significant kinetic isotope effect (KIE) is observed (kH/kD = 3.71 in 50% Me2SO). This system hence affords one of
the few instances in which a KIE has been observed in SEAr reactions. It follows from the observed KIE that the
addition of DNBF to the aromatic is not rate-limiting and that reversion to reactants and proton loss from the
arenonium intermediate occur at comparable rates. Structures of the products of electrophilic substitution have been
confirmed by1H NMR. In all cases the regiochemistry of the reactions was identical to that observed in protonation
studies of the starting aromatics. 1998 John Wiley & Sons, Ltd.

KEYWORDS: electrophilic aromatic substitutions; 4,6-dinitrobenzofuroxan;s-complexation; superelectrophile;
nitrobenzofuroxan; kinetics of SEAr reaction

INTRODUCTION

Electrophilic aromatic substitution has remained one of
the major reaction types in organic chemistry because of
both its synthetic utility and mechanistic significance.1–10

Studies of benzenoid compounds continue to provide
insight, while reactions of activatedp-excessive hetero-
aromatic compounds such as pyrroles or indoles have
afforded access into wide varieties of pharmacologically
useful products.11,12 Nitration,3,4 nitrosation4 and halo-
genation5,6have provided the common reaction types, but
studies with other electrophiles such as benzenediazo-
nium ions7–10,13–16have enabled much valuable informa-
tion to be derived, e.g. concerning the nature of the rate-
determining step in SEAr reactions.

In recent years a body of evidence has been
accumulated showing that 4,6-dinitrobenzofuroxan
(DNBF) is a neutral 10-p-electron heteroaromatic sub-
strate which in many processes exhibits an extremely
high electrophilic character.17–29 In fact, recent studies
have shown that DNBF is a stronger electrophile than

both the p-nitrobenzenediazonium ion and the H�

cation.30,31

In the present study we have investigated the reactions
of DNBF with a series of hydroxy- and methoxy-
substituted benzenes1a–1e(Scheme 1). The basicities
of most of these derivatives are considerably lower,
falling in the range fromÿ3 to ÿ9,32,33 compared e.g.
with indoles for which the pKa values for protonation
range betweenÿ1 and ÿ6.34–36 Our results further
demonstrate that DNBF is a remarkable probe to assess
the reactivity of extremely weak nucleophilic carbon
centres17,18,37,38and enable comparison to be made with
previous studies by Kresge and co-workers32,33,39,40of
the protonation of these compounds. Interestingly, the
1,3,5-trimethoxybenzene (TMB)–DNBF system has pro-
vided a rare instance for the observation of a kinetic
isotope effect in an SEAr reaction.

RESULTS

Structural studies

The course of the reactions of DNBF with1a–1e, as
shown in Scheme 1, was first studied in Me2SO, where,
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on mixing the two reagentsin equimolar quantities,
completes-complexformationresulted.Structuresof the
resulting s-adducts 3 were identified by 1H NMR
spectroscopyin [2H6]-Me2SO.Parametersgivenin Table
1 aretypical of C-adductformationby DNBF. First, all
H7' resonancesarein the range5.30–5.83,aspreviously
observedin manycouplingsof this heteroaromaticwith
variouscarbonbases.17,18,23–26,30,31Also in accordwith
previousobservationsis thefact thatthechemicalshift of
theH5' protonlocatedbetweenthetwo nitro groupsof the

negativelychargedDNBF moiety is essentiallyindepen-
dentof thenatureof thebondedaromaticdonor.17,18To
benotedis that thereactionsof thetwo 1,3-disubstituted
aromatics1d and1e leadregioselectivelyto theadducts
3d and 3e. In contrast,the coupling of 3,5-dimethoxy-
phenol.(1c) affordsthe two isomericadducts3c and3c'
in a 3:2 ratio (seeDiscussion).

Followingaprocedurepreviouslydescribed,30,31some
of theadducts3, namely3b, 3d and3e, couldbeisolated
asthe sodiumor potassiumsalts.UV–visible spectraof

Scheme 1

Table 1. 1H NMR data for hydroxy- and methoxy-substituted benzenes 1a±1e, DNBF and related s-adducts 3 in [2H6]-Me2SOa,b

R1 R3 R5 Compound �H5' �H7' �H2 �H4 �H5 �H6

DNBF 9.26 8.94 – – – –
OH OH OH 1a – – 5.66 5.66 – 5.66 �OH = 8.97

3a 8.58 5.69 5.66 – – 5.66 RapidH�/H2O exchangec

OMe OMe OMe 1b – – 6.09 6.09 – 6.09 �OMe = 3.71
3b 8.65 5.83 6.19 – – 6.19 �OMe(1)= 3.74;�OMe(3,5)= 3.68

OH OMe OMe 1c – – 5.95d 5.95d – 5.95d �OH = 9.41;�OMe(3,5)= 3.67
3c 8.60 5.76 6.00 – – 6.00 �OMe(3,5)� 3.6 (br); rapidH�/H2O exchangec

3c'e 8.60 5.76 – 5.90or 6.00 – 6.00or 5.90 �OMe(3)= 3.66;�OMe(5)� 3.6 (br); rapidH�/H2O
exchangec

OH OH H 1d – – f f 6.93 f �OH = 9.15
3d 8.60 5.27 g – 6.96 g RapidH�/H2O exchangec

OMe OMe H 1e – – h h 7.18 h �OMe = 3.73
3e 8.64 5.42 6.49i – 7.11i 6.46i �OMe(1)= 3.72;�OMe(3)= 3.63;JH3,5= 2.4;

JH5,6= 8.5

a � in ppmrelativeto internalSiMe4; J in hertz.
b SeeScheme1 for thenumberingof ring positions.
c Owing to the presenceof someadventitiouswaterin theMe2SOsolvent,rapid exchangeof thephenolicprotonoccurs.
d Apparentsinglet.
e Seetext for structure3c'.
f Second-orderspectrum;� valuesin the range6.16–6.19.
g Second-orderspectrum;� valuesin the range6.11–6.16.
h Second-orderspectrum;� valuesin the range6.47–6.53.
i Valuesdeducedfrom a second-orderanalysis.
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these salts dissolved in various media, e.g. in H2O–
Me2SO mixturesof variouscompositionsas well as in
methanol,exhibited the samestrong absorptionmax-
imumat� = 490nm,awavelengthknownto betypicalof
all C-bondeds-adductsof DNBF23–26,30,31,41. Solutions
of theadducts3a and3c (3c') showedsimilarly a strong
visible absorptionat 490nm.Equallyconsistentwith the
C-bondedcharacterof 3a–3ewastheir stability in dilute
HCl solutions.

Kinetic studies

Kinetic studieswerecarriedout in aqueousMe2SO and
methanolicsolutionsbecauseof theverylow solubility of
some of the substratesin purely aqueoussolution.
Experimentswere conductedat 25°C under pseudo-
first-orderconditionswith respectto thebenzenoiddonor
astheexcesscomponent.

As previously reported,20–22 DNBF has a strong
tendencyto react accordingto eqn (1) in aqueousor
methanolicsolution.The pKas at 25°C for formationof
thehydroxyadduct4aareequalto 3, 2.7and1.75in 70–
30, 50–50 and 30–70 (v/v) H2O–Me2SO respectively,
while thepKa for formationof themethoxyadduct4b is
equal to 6.46 at 20°C in methanol. To avoid any
interference between Scheme 1 and eqn (1), our
experimentswereconductedat low pH in thesesolvents.
In 70%, 50% and30% aqueousMe2SO, 0.2 or 0.1 mol
dmÿ3 HCl solutionsof DNBF (�5� 10ÿ5 mol dmÿ3)
were mixed with equal volumes of 1a–1e (10ÿ3–
1.5� 10ÿ2 mol dmÿ3) in a stopped-flowapparatus;the
final ionic strengthwasmaintainedat 0.1 mol dmÿ3 by
additionof KCl asneeded.Similarly, 2� 10ÿ3 or 10ÿ3

mol dmÿ3 methanesulphonicacid solutions of DNBF

weremixed with the appropriatesolutionsof 1b (10ÿ3–
10ÿ2 mol dmÿ3) in methanol,not correcting,however,
for changesin the final ionic strength.Interestingly,we
could detectonly one relaxationtime pertainingto the
complexationof DNBF in all experimentsconducted
undertheexperimentalconditionsindicatedabove.This
wasin particularthecasefor theDNBF–3,5-dimethoxy-
phenol(1c) system,suggestingthat only oneof the two
isomeric adducts, 3c or 3c', is formed in aqueous
solutions. It was not possibleto differentiate between
thesetwo structures,becausesolubility problemspre-
cludedproperNMR experimentsin H2O–Me2SO mix-
tures. At this stage the important point is that this
structural uncertainty is of minor importancefor our
discussion.Possiblereasonsfavouring the predominant
formationof 3c ratherthan3c' will be consideredat the
endof this paper.

Basedon Scheme1, the generalexpressionfor the
observedfirst-orderrateconstantkobsfor formationof the
adducts3a–3e, asderivedunderthe assumptionthat the
zwitterions 2 are low-concentration (‘steady state’)
intermediates,30,31 is givenby

kobs� k1k2

kÿ1� k2
�1aÿ 1e� � k�1aÿ 1e� �2�

In accordancewith eqn (2), excellent straight lines
with zerointerceptswereobtainedin all caseswhenthe
kobs valueswere plotted vs the aromaticdonor (1a–1e)
concentration,with no evidenceof a pH dependenceof
therates(Fig. 1). Determinationof thesecond-orderrate
constantk from theslopesof thekobsvs[1a–1e] plotswas
straightforward in the different systemsstudied. The
results are summarizedin Tables 2 and 3, the latter
including rate constants obtained from experiments
conductedunder similar experimentalconditions with
1,3,5-trimethoxybenzene-2,4,6-d3 as the benzenoid
donor. The correspondingkH/kD ratios are also given
in Table3.

DISCUSSION

In our previousstudiesit was shownthat DNBF is an
extremelypowerfulelectrophile—asuper-electrophile—
in its reactions with various heteroaromaticcom-
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pounds.30,31,37,38,41In fact, DNBF was found to react
readily with very weakly basicindoleswith pKa values
rangingbetweenÿ1 andÿ6.30,31In thepresentstudywe
showthattheelectrophilicnatureof DNBF canbefurther
manifestedvia reactionswith theevenmoreweaklybasic
benzenoidaromatics,i.e. the hydroxy- and methoxy-
substitutedbenzenes1a–1e, which have pKa valuesas
low asÿ9.32,33

In Fig. 2 we comparethereactivityof relatedfamilies
of aromaticstowardstheprotonandtowardsDNBF. It is
seenthattheDNBF reactivity is verymuchgreater,by at
least two orders of magnitude,although the data for
DNBF havenot beendissectedto takeinto accountKIE
resultswhich suggestthat the first stepis not fully rate-
determining,asis thecasefor protonation.In this regard
onemay recall that rate constantsfor protonationat an
aromatic CH position can be safely estimatedfrom
reported protiodetritiation or protiodedeuterationex-
changerate data by assumingreasonablevaluesof 18
and7.8 for thek-1

H/k-1
T andk-1

H/k-1
D ratiosrespectively

(eqns(3) and(4)).13,30,31,39,40,42–46Using exchangerate
data(kexch) reportedby Kresgeandco-workers,39,40,44,46

the kH3O�
1 valuesfor protonationof 1b, 1e and related

aromatics,i.e. 1f–1h (seeFig. 2 caption),havethusbeen
derivedandusedto drawthecorrespondingline in Fig.2.

Ar ÿ L � H3O
� � kL

1 kH
ÿ1�Hÿ Ar ÿ L�� � H2O

!kL
ÿ1 Hÿ Ar � LH2O

� �3�

kobs� kL
1 �H3O

��
1� kH

ÿ1=k
L
ÿ1 � k�H3O

�� �4�

Figure 2 further demonstratesa direct relationship
(LFER) betweenthe logarithm of the overall second-
orderrateconstants(k) andthebasicityof thearomatics.
However,the meaningof the slopevalue(�0.54) is not
readily interpretablefor at least three reasons:(i) the
relationshipusesrateconstantsmeasuredin 50% H2O–
50%Me2SOwhile thepKa valuesreferto H2O; (ii) these
pKa valuesare subject to someuncertaintysince they
have been derived from equilibrium measurements
carriedout in stronglyacidicmedia;32,33(iii) asdiscussed

Figure 1. Effect of pH and of concentration of 1,3,5-trimethoxybenzene (1b) on rates of s-complexation of DNBF in 50% H2O±
50 % Me2SO (v/v) at 25°C: *, [H�] = 0.05 mol dmÿ3;� , [H�] = 0.1 mol dmÿ3

Table 2. Second-order rate constants kDNBF for DNBF
addition to hydroxy- and methoxy-substituted benzenes
1a±1e in 50% H2O±50% Me2SO (v/v) at 25°Ca

Aromatic pK H2O
a

kDNBF

(molÿ1 dm3 sÿ1)

1,3,5-Trihydroxybenzene(1a) ÿ3.13 790
1,3,5-Trimethoxybenzene(1b) ÿ5.72 20.5
3,5-Dimethoxyphenol(1c) ÿ4.35 123
1,3-Dihydroxybenzene(1d) ÿ7.83 1.6
1,3-Dimethoxybenzene(1e) ÿ9 0.52

a pK H2O
a valuestakenfrom Refs32 and33.

Table 3. Solvent effects and kinetic isotope effects on rates
of coupling of DNBF with 1,3,5-trimethoxybenzene (1b) at
25°C

kDNBF (molÿ1 dm3 sÿ1)

Solvent 1b 1b-d3 kH/kD

CH3OH 0.13 –
70–30H2O–Me2SO 30.66(56.7)a 7.43 4.13
50–50H2O–Me2SO 20.46(34.2)a 5.45 3.75
30–70H2O–Me2SO 6.11(8.1)a 2.23 2.74

a k1
DNBF valuesfor DNBF additionto 1b calculatedasdiscussedin the

text.
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below, the rate constantsk involve contributionsof the
individual rate constantspertaining to formation and
decompositionof thearenoniumion intermediate(k1, k-1,
k2). Nevertheless,the relationshipof Fig. 2 is important
becauseit emphasizesthat the rateof DNBF additionis
clearly a function of thebasicityof thearomaticdonor.

Theeffectof solventcompositionon therateconstants
for complexationof DNBF hasbeenstudied,selecting
1,3,5-trimethoxybenzene (1b), whose pKa lies in the
middle rangeof the seriesexamined,as representative
substrate.Data pertaining to various H2O–Me2SO and
methanol solutions are summarizedin Table 3. The
results show overall that the rate of complexationis
favoured by increasing the polarity and hydrogen-
bondingcapabilityof thesolvent,in accordwith thefact
thatthereactionsmustproceedthroughastronglydipolar
transitionstatelike 5.30,31,47Of particularinterestarethe
resultsin H2O–Me2SO mixtures,which reveal that the
reactivityof DNBF towards1b increasessignificantlyon

increasingthewatercontent.On this basisit is clearthat
one would have observed(Table 3) greater rates of
complexationin aqueoussolution,wheredirectmeasure-
mentswereprecludedowing to solubility problems.

Table3 alsoshowsthat the rateof couplingof DNBF
with 1b is subjectto a significantisotopeeffectwhich is
markedlydependenton thesolvent.ThusthekH/kD ratio
increasesfrom 2.74in 30%H2O–70%Me2SOto 4.13in
70% H2O–30%Me2SO, indicating that the decomposi-
tion of the arenoniumintermediatebecomesmore and
morerate-limiting with increasingwaterconcentration.

Thefollowing factorscomeinto playon increasingthe
water contentand concomitantlychangingthe solvent
propertiessuch as hydrogen bonding, polarity, etc.47

First, one can anticipatethat both the transitionstate5
and the intermediate2b will be subjectto a moderate
stabilization owing to the development of (partial)
positive and negative charges in the two moieties.
However,dispersionof positivechargeoccurson going

Figure 2. Effect of basicity (pK H2O
a ) on rates of protonation and DNBF substitution of hydroxy- and methoxy-substituted

benzenes in aqueous solution (k H3O� ) or 50% H2O±50% Me2SO (kDNBF): 1a±1e, as given in Scheme 1; 1f, 1,3-dimethoxy-2-
methyl benzene; 1g, 1,3-dihydroxy-2-methyl benzene; 1h, 1,3,5-triethoxybenzene (p and q are the classical statistical factors)
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from intermediate2b to transition state 6, leading to
formationof product3b, andthiscanbeexpectedto raise
theenergyof 6 relativeto thatof 5 and2b. Nevertheless,
the overall effect of increasingsolvent polarity is to
increasethe reaction rate, implying that the overall
energy barrier for the complexation process must
decreasein the more aqueousmedium. Overall, the
increasein KIE with increasingwater content of the
reactionmediumfollows reasonablyin accordwith the
qualitativediscussiongivenabove.

As discussedabove and indicated in Table 3, the
DNBF–TMB system has provided one of the few
instancesin which a KIE hasbeenobservedin an SEAr
process.As to the origin of the KIE, from the first
observationby Zollinger andco-workers8,9,10 of sucha
finding, steric hindrance in the arenoniumion inter-
mediatehasbeenconsideredto be the primary source,
althoughelectroniceffectsgoverningtheintrinsicacidity
of the departing proton may also be contribut-
ing.2,5,30,31,48Here it is noteworthy that the situation
contrastswith that previouslyobservedin theanalogous
coupling of DNBF at the unsubstituted3-carbon of
various indoles, which doesnot exhibit a KIE.30,31 A
reasonableexplanationfor this wasprovidedby Illumi-
nati and co-workers,49,50 who noted that addition
reactionsatasubstitutedor unsubstituteda- or b-position
of a pyrrole or thiophene ring are not subject to
significant steric hindrance, even when there is a
substituentin the adjacentposition.On the other hand,
stericfactorswould belargelypredominantin governing
the feasibility of s-complex formation at a di-ortho-
substitutedbenzenering position.17,18Clearly,theDNBF
moiety is highly stericallydemanding48 andit is reason-
ableto assignthis factor to theobservationof theKIE in
theDNBF–TMB system.

Using the observedKIE values in the DNBF–TMB
system(Table 3) one can return to the possibility of
dissectingthe observed(composite)rateconstantk into
the constituent rate coefficients k1

DNBF, k-1 and k2

according to Scheme 1. If one neglects as a first
approximationsecondaryisotopeeffectson k1

DNBF and
k-1 andassumesthatthevalueof 7.8for theratio k2

H/k2
D

is not markedly affected on going from water to our
aqueousMe2SO solvents51 (70% Me2SO by volume
correspondsto amolarfractionof only 0.36at25°C), the

following estimatesof the k-1/k2
H ratio and the actual

k1
DNBF rateconstantcanbeobtainedfrom themeasured

kH/kD ratio in the three solvents: k-1/k2
H = 0.34,

k1
DNBF = 8.1 in 30% H2O; k-1/k2

H = 0.67,k1
DNBF = 34.2

in 50% H2O; k-1/k2
H = 0.85,k1

DNBF = 56.7 in 70% H2O.
While these k1

DNBF values better reflect the actual
reactivity of DNBF towards TMB, they are not
profoundly changedfrom the compositerate constants.
Hencethe overall picturethat emergesfrom our results,
namely that the tendency of the present family of
aromatics to electrophilic substitution by DNBF is
considerably lower than that of previously studied
pyrroles and indoles, is in accord with established
reactivity sequencesin SEAr reactions.

The last point that remains for discussion is the
regiochemistryof the couplingof DNBF with 1a–1e.In
the caseof the 1,3,5-trihydroxy-and 1,3,5-trimethoxy-
benzenederivatives,only onecouplingmodeis possible.
An intriguing result,however,is theobservationthat the
SEAr substitutionof 3,5-dimethoxyphenol (1c) occurs
preferentiallyat the 4-positionin pureMe2SO, i.e. para
to the hydroxy group, even though this position is
sterically and statistically disfavoured.A similar beha-
viour wasin fact observedby Kresgeet al.52 in 1H NMR
studiesof theprotonationof 1a–1eandthis is explicable
in terms of the more negatives� value for -OH as
comparedwith -OCH3. On the otherhand,the coupling
of DNBF with 1,3-dihydroxybenzene againoccursat a
positionpara to OH anda correspondingresultis found
in the1,3-dimethoxybenzenecase.Theseresultsarealso
analogousto the observationsof Kresge et al.52 on
protonationof thesecompounds.Interestingly,in nocase
havewe observedthe hydroxy groupin thesesubstrates
acting as the nucleophilic centre towards DNBF. In
contrast,previousstudiesin our laboratorieshaveshown
thataryloxidescanactasambidentnucleophilestowards
DNBF or related substrates.23,24,53,54 However, this
requiresthat the reactionsbecarriedout in basicmedia,
a situation that we have deliberately avoided in the
presentstudy.

At this stageof our work it is difficult to suggesta
definitiveexplanationfor ourfinding thatonly oneof the
isomericadducts3c and3c' is apparentlyformedunder
the experimentalconditionsusedfor our kinetic experi-
ments.A noteworthyresult, however,is that Kresgeet
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al.32,33,52 have found that the relative stabilizing
influenceof para -OH and -OMe groupson arenonium
-adductsis stronglysolvent-dependent.Thusit hasbeen
suggestedthat the stabilizing contribution of the OH
groupon theadduct7c is markedlyenhancedin aqueous
solutionowing to an increaseddispersionof its positive
charge through hydrogen-bondingsolvation.52 Should
this phenomenonoperate in the stabilization of the
arenoniumintermediatesinvolvedin theformationof our
-adductsaccordingto Scheme1, this shouldenhancethe
stability of the intermediate2c ascomparedwith that of
2c', supportingthe idea that the only observedDNBF–
3,5-dimethoxyphenol s-adductin H2O–Me2SOmixtures
is 3c and not 3c'. However,the reasonwhy hydrogen-
bondingsolvationof thetypeshownin 7cwouldbemore
efficient thanthat which canoccur in Me2SO (structure
8c) is not fully understoodat present.55,56

EXPERIMENTAL

Materials

4,6-Dinitrobenzofuroxan was prepared according to
the procedure of Drost,57 m.p. 172°C (lit. 172–
174.5°C20–31,48,58). All the hydroxy- and methoxy-
substitutedbenzenes(1a–1e) werecommercialproducts
(Aldrich or Acros) which were purified prior to use.
1,3,5-Trimethoxy-2,4,6-trideuteriobenzene(1b–d3) was
prepared according to the H�-catalysed exchange
procedurepreviouslydescribedby KresgeandChiang.39

Reactionsdepictedin Scheme1 affordedtheadducts3
in their acid form, which is not very stablein air. Based
on previous observations that exchanging the H�

counterionfor a K� or Na� cationoften allows a facile
isolation of DNBF s-adducts as crystalline alkali
salts,30,31,41,48,58the sameprocedureas that usedin the
pyrroleor indoleserieswasemployedhereto isolate3a–
3e as alkali salts.Using potassiumfluoride or sodium
acetate as the added salt, the method was actually
successfulin the caseof the 1,3,5-trimethoxybenzene
adduct3b, the 1,3-dihydroxybenzeneadduct3d andthe
1,3-dimethoxybenzeneadduct3e. In contrast,we failed
to saltoutthe1,3,5-trihydroxy-and3,5-dimethoxyphenol
adducts3a and3c.

As with mostalkali saltsof DNBF s-adductsisolated
sofar, thecrystalsobtainedfor 3b,d,e,K� (or Na�) were
not foundto melt without decomposition.Also, attempts
to obtainsatisfactoryelementalanalyseshavefailed. In
contrast,confirmationof thestructureof thesecomplexes
could be obtained from mass spectral experiments
performedwith the FAB technique.37,38,48For instance,
we obtain for the parent peaksof 3b,Na�: m/z= 393
(negativeion) andm/z= 439(negativeion, 2Na�).

Kinetic Measurements

Kinetic measurementswere performed on either a
Durrum-Gibson stopped-flow spectrophotometeror a
conventionalKontron-Uvikonspectrophotometer whose
cell compartmentswere maintainedat 25� 0.2°C. All
kinetic runswerecarriedout in triplicate underpseudo-
first-order conditions with a DNBF concentrationof
about3� 10ÿ5 mol dmÿ3 and 1a–1econcentrationsin
the range 10ÿ3–1.5� 10ÿ2 mol dmÿ3. In a given
experimentthe rate constantswere found to be nicely
reproducibleto� 2%–3%andto bethesamewhetherthe
processwas followed by monitoring the increasein
absorbanceat�max= 490nm of theresultingadduct3 or
thedecreasein absorbanceat�max= 415nmof theparent
DNBF substrateasa functionof time.
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