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ABSTRACT: The equilibrium acidities in DMSO of ninep- andm-substituted benzaldoximes and eightp-substituted
phenyl methyl ketoximes were measured. Estimates of the homolytic bond dissociation energies (BDEs) of the acidic
O—H bonds in these compounds were made by combination of their pKHA values with the oxidation potentials of
their conjugate bases,Eox(A

ÿ), using the equation BDE = 1.37pKHA � 23.06Eox(A
ÿ)� 73.3 kcal (1 kcal = 4.184 KJ).

Plots ofEox(A
ÿ) vs pKHA for p-substituted benzaldoximes andp-substituted phenyl methyl ketoximes were linear

with slopes near unity. Consequently, as required by the above equation, the BDEs estimated for the O—H bonds in
these oximes were constant, being 88.3� 0.3 and 89.2� 0.4 kcal, respectively. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Our earlier acidity measurements on aliphatic oximes in
DMSO revealed that the pKHA values in aqueous solution
are merely lower limits and that the real values in water
must be 3–6.5 pKHA units higher. For example, the
acidity of acetaldoxime in DMSO is 8.5 pKHA units
higher than that of benzaldoxime, whereas that reported
in water is only 1 pKHA unit higher.1

The homolytic bond dissociation energies (BDEs) for
the O—H bonds in oximes in DMSO estimated by the
equation

BDE = 1.37pKHA � 23.06Eox(A
ÿ)� 73.3 kcal (1)

Where Eox (Aÿ) are the oxidation potentials of their
conjugate bases. Equation (1) is based on a thermo-
dynamic cycle originally devised by Brauman and co-
workers2 to estimate BDEs from gas-phase acidities,
electron affinities and ionization potentials. In 1983,
Friedrich3 showed that equation (1) could be used to
obtain the first and the second BDEs of the O—H bonds
in hydroquinone and a value of the last term (C) in
equation (1) of 56.8 kcal (1 kcal = 4.184 kJ) was used.4 In

the period from 1988 to data, using an empirically based
C = 56 kcal vs NHE or latter its equivalentC = 73.3 vs
Fc�/Fc, hundreds of BDEs have been estimated from
equation (1) in our laboratory. The BDEs generally agree
with literature values to within� 3 kcal or better.4 In
1991, Parkeret al.5 obtainedC values of 73.5 and 75.8
and independently derived BDEs.

The BDEs of only a few oximes had been determined
prior to our studies.1 A direct calorimetric method has
been devised, however, that can be used if the radicals
formed from the oximes are stable for many hours in
concentrated solution at room temperature and undergo
clean, rapid, exothermic and reversible reactions with a
suitable hydrogen donor. These stringent requirements
were found to be met for the iminoxy radicals derived
from three oximes,t-Bu(i-Pr)C=NOH,t-Bu2C=NOH, t-
Bu(1-Ad)C=NOH, for which BDEs of the O—H bonds
were found to be 84.3� 3, 80.9� 3 and 80.0� 3 kcal
molÿ1, respectively.6 These values are smaller than the
BDE values for the O—H bonds in Me2C=NOH, or
Et2C=NOH estimated by equation (1) by as much as 18
kcal molÿ1 1 (henceforth kcal molÿ1 will be abbreviated
as kcal). This cast serious doubt on our method, but a
check of the BDEs of the O—H bonds int-Bu2C=NOH
and t-Bu(1-Ad)C=NOH by estimates using equation (1)
gave 82.6 and 81.7 kcal, respectively, in good agreement
with the values obtained calorimetrically.7 This result
showed that the O—H bond energies in oximes were
highly sensitive to the bulk of the substituents attached to
carbon.
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The estimatesof the BDEs of the O—H bonds in
oximesby equation(1) werenextextendedto substituted
benzaldoximesand phenyl methyl ketoximes in our
laboratoryand(independently)at NankaiUniversity. In
themeantime,anextensivestudyof theBDE of theO—
H bond in phenol was carried out by photoacoustic
calorimetry (PAC), which showedthat it was solvent
dependent.8 In bothethyl acetateandacetonitrile,which
aredipolarhydrogenbondacceptorsolventslike DMSO,
thePACBDEsof PhO—Hwerebothfoundto be95kcal.
The authorscorrectedthis value for solvation of the
hydrogenatom(2 kcal) andhydrogenbondingof phenol
to the solvent(4.7 kcal) to give BDE = 88.3kcal, which
agreeswell with literaturevaluesfor phenol:(a)88.3kcal
[from Erd(PhO*)] and pKHA in aqueousmedium,9 (b)
88.3� 2 kcal from rateconstantsfor PhO* radical,10 (c)
84� 1 kcal from PAC measurements(solvent not
specified)11 and (d) 85.6 kcal from gas-phasemeasure-
ments.12 [Our averagevaluefor theO—H bondin PhOH
estimatedfrom equation(1) is 90.4� 1 kcal, anaverage
of (a) the parentH (90.4 kcal),(b) 3-Me (90.0 kcal),(c)
3.5-diMe(89.7kcal), (d) 3-MeO(90.8kcal) and(e) 4-Cl
(90.0 kcal).13 The authorsassumedthat the PAC BDE
valuefor PhO—Hin DMSOwouldalsobeabout95kcal,
and would need to be correctedfor solvation. They
concludedthat theBDE estimatedfor theO—H bondin
phenolby equation(1) is seriouslyin error becauseno
correctionwasmadefor solventeffectsandthat ‘Similar
errors must be presentin many other electrochemical
bond energies that also were determined in polar
solvents.’ This would presumablyapply to our estimates
by equation(1) for PhCH=NOHandPhC(Me)=NOHand
their derivativesin DMSO sincethe BDEsof the O—H
bondsfor the parentsareestimatedfrom equation(1) to
be close to that of PhOH, i.e. 88.1 and 88.4 kcal,
respectively.

RESULTS AND DISCUSSION

Equilibrium acidities (pKHA) and homolytic bond
dissociation enthalpies (BDEs) of m- and p-
substituted benzaldoximes and phenyl methyl
ketoximes

Equilibrium acidities (pKHA) in DMSO for m- and p-
substitutedbenzaldoximes,togetherwith the oxidation
potentialsof their conjugateanionsandestimatesof the
BDEs of their O—H bondsby using equation(1), are
summarizedin Table1.

Consideringthat (a) thereareappreciablesubstituent
effectson both pKHA andBDE valueswhenthe methyl
group in acetaldoxime(CH3CH=NOH) is replacedby
a phenylgroup(11.6and8.0 kcal, respectively)and(b)
the pKHA and BDE valuesof PhCH=NOHare closeto
those of phenol, one might expect that p-acceptor
substituentswould causeappreciableincreasesin the

acidities of the acidic O—H bondsby stabilizing the
anions(1a–$ 1b–$ 1c–), andthatp-donorsubstituents
would causeappreciabledecreasesin the BDEs of the
O—H bond becauseof their stabilizing effects on the
correspondingradicals.

Examinationof Table 1 shows,however,that all the
aciditiesof thebenzaldoximesfall within a narrowrange
of 3.5pKHA units,from apKHA of 17.3for p-NO2 to 20.8
for p-MeO, and the BDE values remain constant,
averaging88.3� 0.3 kcal for the seriesof benzaldox-
imes. This is in sharpcontrastto the large substituent
effectsobservedin p-substitutedphenols,whereap-NO2

group enhancesthe acidity by 7.2 pKHA units and
increasesthe BDE by 4.8 kcal and a p-MeO group
decreasestheacidityby 1.1pKHA unitsanddecreasesthe
BDE by 5.3kcal.13 Thesedifferencesareunderstandable
whenoneconsiderthattheappreciablesubstituenteffects
on both pKHA and BDE valuescausedby the phenyl
substitutionfor the methyl groupin CH3CH=NOH take
place as the result of proximate substitution effects,
whereasthenegligiblesubstituenteffectsonBDEsin the

Table 1. Equilibrium acidities and homolytic bond dissocia-
tion energies of the acidic OÐH bonds in p-substituted
benzaldoximes p-GC6H4CH=NOH in DMSO

No. G pKHA
a,b EOX(Aÿ)c,b BDEd DBDE

1 4-MeO 20.8 ÿ0.608 87.8 ÿ0.3
2 4-Me 20.6 ÿ0.585 88.0 ÿ0.1
3 H 20.2 ÿ0.559 88.1 (0.0)
4 4-Cl 19.3 ÿ0.520 87.8 ÿ0.3
5 4-Br 19.2 ÿ0.520 87.6 ÿ0.5
6 4-CF3 18.6 ÿ0.471 87.9 ÿ0.2
7 4-CN 18.0 ÿ0.440 87.8 ÿ0.3
8 3-NO2 17.7e ÿ0.390 88.6 0.5
9 4-NO2 17.3 ÿ0.371 88.4 0.3

a In pKHA units; equilibrium acidities were measuredin DMSO
solution by the overlappingindicator method or the standardacid
method.14 The valuesfor benzaldoximeandits 4-MeO,4-Me and4-
NO2 derivativesagreeto within �0.3 unit with thosein Ref. 1.
b Measuredat NankaiUniversity.
c In volts; irreversibleoxidationpotentialsof theconjugatebaseswere
measuredby CV in DMSOsolution,andreferencedto theferrocenium
/ ferrocenecouple.
d In kcal molÿ1, estimatedby usingequation(1).
e Measuredat NorthwesternUniversity.
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p-GC6H4CH=NOH seriesare due to remotesubstituent
effects,and(b) the relatively largesubstituenteffectson
BDEs in the p-GC6H4OH seriesareprobablydueto the
ground-stateenergyeffects involving the neutral com-
pounds,which are causedby the dipole–dipoleinterac-
tions betweenthe para substituentsandthe polar O—H
bond in the p-substitutedphenols,15 whereasin the p-
GC6H4CH=NOHseriesthiskind of interactionshouldbe
greatlyattenuatedowing to the longerdistancebetween
theparasubstituentsandthepolarO—H bond.Notealso
that even though the single electronon oxygen in the
correspondingradicalsderivedfrom p-GC6H4CH=NOH
canbedelocalizedto thea-carbonatom,theeffectof the
p-G groupis attenuatedowingto therelativelylowerspin
densityon thea-carbonatomcomparedwith that on the
a-oxygenatomin thep-substitutedphenols.Furthermore,
the small substituenteffect on BDEs finds precedentin
the resultsobtainedfor a substantialnumberof carbon
acid familieswheretheeffectsof remotesubstituentson
BDEsof theacidicC—H bondsaresmall,andtheBDEs
of theacidicH—A bondsareoftenconstantto within� 2
kcal or less.15

Examinationof thepKHA, Eox(A
ÿ) andBDE valuesfor

p-GC6H4C(Me)=NOH ketoximes revealed strikingly
similar behavior (Table 2) and the substituenteffects
canbe interpretedsimilarly.

A Hammett plot of the pKHA values of eight p-
substitutedbenzaldoximesis linear with a slopeof 3.2,
with �p valuesratherthan�pÿ valuesfor p-NO2 andp-
CN points(Figure1).16

Theseresultsindicatethat the negativechargein the
anion remains primarily on oxygen with little or no
delocalizationto the benzenering or carbonatom, as
would be expectedfrom contributors1b– and1c–. Also,
the effectsof substituentson the oxidationpotentialsof
theconjugateanionsaresmallandmirror almostexactly
the changesin pKHA. In other words, there is a linear
relationshipbetweenEox(A

ÿ) andpKHA with aslopenear
unity (0.93)whenbothaxesareexpressedin kcal (Figure
2).

Linear relationshipwith slopesnearunity havebeen
observedpreviouslyfor plots of Eox(A

ÿ) vs pKHA in a
varietyof weakacid families.For example,theBDEsof
theacidicC—H bondsin 12m-substitutedfluorenes(2-G
and2,7-diGsubstituents)areestimatedto be 79.5� 0.3
kcal,17 and those of the benzylic C—H bonds in 14
GC6H4CH2CN acetonitriles (omitting 4-Me2N) are
estimatedto be8� 1.18 This behavioris consistentwith
anintrinsic1:1 linearrelationshipbetweenanionbasicity
and anion oxidation potentials.19 It requires that the
BDEs of the acidic C—H bonds in the series be
essentiallyconstant.Thelinearplot for Eox(A

ÿ) vspKHA

for p-substitutedphenyl methyl ketoximesprovides a
striking example(Figure3).

Tables1 and2 showthat the BDEs of the ketoximes
averagedabout 1.5 kcal greater than those of the
benzaldehydeoximes.In the benzaldoximestherewasa

slight increasein the BDEs as the substituentsbecame
more electron withdrawing. The BDEs of the O—H
bondsin the parents,PhCH=NOHandPhC(Me)=NOH,
are within experimentalerror of one another(88.1 and
88.4 kcal, respectively)and that of PhOH (90.4 kcal).
Thereis, of course,no evidencefor or againsta solvent
effecton theseBDEsbecauseof theabsenceof literature
valuesto beusedfor comparison.TheBDE valuesof the
benzaldoximesand methyl phenyl ketoximesare in the
sameregion (69–85kcal) as thosefor four hydroxyla-
mines,two hydroxamicacids,threephenols,and three
oximes estimatedby equation(1) that were found to
agreeto within �2 kcal with the best literaturevalues.

Table 2. Equilibrium acidities and homolytic bond dissocia-
tion energies of the acidic OÐH bonds in methyl p-
substituted ketoximes p-GC6H4C(Me)=NOH in DMSO

No. G pKHA
a,b Eox(A

ÿ)c,b BDEd DBDE

1 4-MeO 22.0 ÿ0.629 88.9 0.5
2 4-Me 21.7 ÿ0.609 89.0 0.6
3 H 21.1e ÿ0.598 88.4 (0.0)
4 4-Cl 20.5 ÿ0.539 89.0 0.6
5 4-Br 20.5 ÿ0.537 89.0 0.6
6 4-CF3 19.5 ÿ0.483 88.9 0.5
7 4-CN 18.9 ÿ0.450 88.8 0.4
8 4-NO2 18.2 ÿ0.407 88.8 0.4

a In pKHA units; equilibrium acidities were measuredin DMSO
solution by the overlappingindicator method or the standardacid
method.14

b Measuredat NankaiUniversity.
c In volts; irreversibleoxidationpotentialsof theconjugatebaseswere
measured by CV in DMSO solution, and referenced to the
ferrocenium/ferrocenecouple.
d In kacl molÿ1, estimatedby usingequation(1).
e Measuredat NorthwesternUniversity.

Figure 1. Hammett plot of the pKHA values for p-
GC6H4CH=NOH versus �p constants
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TheseBDE valuestend to be slightly higher than the
literature values,however,which may be due to small
solventeffects.

EXPERIMENTAL

p-Substitutedbenzaldoximesand p-substitutedphenyl
methylketoximeswerepreparedaccordingto themethod
of Vogel.20 Theywerepurifiedby distillation for liquids

andrecrystallizationfor solids,andcheckedfor purity by
1H NMR spectroscopyandtheir physicalproperties.

Theequilibriumaciditiesweremeasuredin DMSOby
either the overlappingindicator methodor the standard
acid method as reported previously.14 The results,
togetherwith the indicatorsor standardacidsused,are
summarizedin Table3.

The oxidation potentialsof the conjugatebaseswere
measuredby cyclic voltammetry(CV) in DMSO. The
working electrode(BAS) consistsof a 1.5 mm diameter
platinum disk embeddedin a cobalt glassseal. It was
polishedwith a 0.05mm Fischerpolishingaluminumor
cleaned with an ultrasonic instrument, rinsed with
ethanolanddriedbeforeeachrun.Thecounterelectrode
wasa platinumwire (BAS). Thereferenceelectrodewas
Ag/AgI andthereportedpotentialswerereferencedto the
ferrocenium/ferrocene (Fc�/Fc) couple. Tetraethylam-
monium tetrafluoroboratewas used as the supporting
electrolyte.All electrochemicalexperimentswerecarried
out underanargonatmosphere.
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Figure 2. Plot of Eox(A
ÿ) versus pKHA for p-GC6H4CH=NOH

Figure 3. Plot of Eox(A
ÿ) versus pKHA for p-GC6H4CH(Me)=

NOH

Table 3. Equilibrium acidities of p-substituted benzaldox-
imes p-GC6H4CH=NOH and methyl p-substituted ketoximes
p-GC6H4C(Me)=NOH in DMSO

Weakacid HIna,b pKHIn pKHA � SDc

p-GC6H4CH=NOH:
4-MeO 2NPANH 20.66 20.80� 0.01
4-Me 2NPANH 20.66 20.62� 0.02
H 2NPANH 20.66 20.21� 0.01
4-Cl CNAH 18.9 19.25� 0.03
4-Br CNAH 18.9 19.20� 0.04
4-CF3 CNAH 18.9 18.61� 0.03
4-CN PFH 17.9 18.07� 0.05
3-NO2 DPANH 17.5 17.73� 0.02
4-NO2 DPANH 17.5 17.30� 0.05

p-GC6H4CH(Me)=NOH:
4-MeO FH 22.6 21.98� 0.01
4-Me FH 22.6 21.71� 0.06
H 2NPANH 20.66 21.05� 0.04
4-Cl 2NPANH 20.66 20.48� 0.02
4-Br 2NPANH 20.66 20.48� 0.01
4-CF3 CNAH 18.9 19.50� 0.05
4-CN CNAH 18.9 18.88� 0.00
4-NO2 DPANH 17.5 18.18� 0.07

a HIn (indicator).
b 2NPANH=2-naphthylacetonitrile; CNAH=4-chloro-2-nitroaniline;
PFH=9-phenylfluorene;DPANH=diphenylacetonitrilepKHA meas-
uredby standardacid methodanddimsyl wasquenchedby dibenzyl
sulfone;FH=fluorene.
c Two runsweremadefor the pKHA measurement.
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