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ABSTRACT: The equilibrium acidities in DMSO of ning andm-substituted benzaldoximes and eigkgubstituted

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 thgjx palues with the oxidation potentials of

their conjugate baseBgy(A ), using the equation BDE = 1.3Kpa + 23.0&q«(A ) + 73.3 kcal (1 kcal = 4.184 KJ).

Plots of Eqx(A™) vs pKya for p-substituted benzaldoximes apesubstituted 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 88.8.3 and 89.2+ 0.4 kcal, respectivelyld 1998 John Wiley & Sons, Ltd.

KEYWORDS: equilibrium acidities; homolytic bond dissociation enthalpies; benzaldoximes; phenyl methyl
ketoximes

INTRODUCTION the period from 1988 to data, using an empirically based
C =56 kcal vs NHE or latter its equivale@=73.3 vs
Our earlier acidity measurements on aliphatic oximes in Fc'/Fc, hundreds of BDEs have been estimated from
DMSO revealed that thelfy4 values in aqueous solution  equation (1) in our laboratory. The BDEs generally agree
are merely lower limits and that the real values in water with literature values to withie: 3 kcal or bettef. In
must be 3-6.5 I§4a units higher. For example, the 1991, Parkeet al® obtainedC values of 73.5 and 75.8
acidity of acetaldoxime in DMSO is 8.5Kpa units and independently derived BDEs.
higher than that of benzaldoxime, whereas that reported The BDESs of only a few oximes had been determined
in water is only 1 Ky unit highert prior to our studies. A direct calorimetric method has
The homolytic bond dissociation energies (BDEs) for been devised, however, that can be used if the radicals
the O—H bonds in oximes in DMSO estimated by the formed from the oximes are stable for many hours in
equation concentrated solution at room temperature and undergo
B clean, rapid, exothermic and reversible reactions with a
BDE = 1.37fKia + 23.0&E0(A ") + 73.3 keal (1) suitable hydrogen donor. These stringent requirements
were found to be met for the iminoxy radicals derived
from three oximest-Bu(i-Pr)C=NOH,t-Bu,C=NOH, t-
Bu(1-Ad)C=NOH, for which BDEs of the O—H bonds
were found to be 84.% 3, 80.9+ 3 and 80.06t 3 kcal
mol %, respectively’ These values are smaller than the
BDE values for the O—H bonds in ME=NOH, or
Et,C=NOH estimated by equation (1) by as much as 18
kcal mol~* * (henceforth kcal mol* will be abbreviated
as kcal). This cast serious doubt on our method, but a
check of the BDEs of the O—H bonds #Bu,C=NOH
andt-Bu(1-Ad)C=NOH by estimates using equation (1)
*Correspondence to:F. G. Bordwell, Department of Chemistry, ~9ave 82.6 and 81.7 kcal, respectively, in good agreement
Northwestern University, 2145 Sheridan Road, Evanston, lllinois with the values obtained Calorimetricaﬁy'.l'his result
60208-3113, USA. . . . showed that the O—H bond energies in oximes were
Contract/grant sponsoNational Science Foundation. . . .
C(r)]ntract/grant sponsor:National Natural Science Foundation of h'QE'Y sensitive to the bulk of the substituents attached to
China. carbon.

Where E,, (A7) are the oxidation potentials of their
conjugate bases. Equation (1) is based on a thermo
dynamic cycle originally devised by Brauman and co-
workers$ to estimate BDEs from gas-phase acidities,
electron affinities and ionization potentials. In 1983,
Friedrict® 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 ter@) (in
equation (1) of 56.8 kcal (1 kcal = 4.184 kJ) was udél.
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The estimatesof the BDEs of the O—H bondsin
oximesby equation(1) werenextextendedo substituted
benzaldoximesand phenyl methyl ketoximesin our
laboratoryand (independentlyat Nankai University. In
the meantime an extensivestudyof the BDE of the O—
H bond in phenol was carried out by photoacoustic
calorimetry (PAC), which showedthat it was solvent
dependent.In both ethyl acetateandacetonitrile,which
aredipolarhydrogerbondacceptoisolventdike 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
agreesvell with literaturevaluesfor phenol:(a) 88.3kcal
[from E4(PhCP)] and pKya in aqueousmedium? (b)
88.3+ 2 kcal from rateconstantgor PhO® radical® (c)
84+ 1 kcal from PAC measurementssolvent not
specified}* and (d) 85.6 kcal from gas-phaseneasure-
mentst? [Our averagevaluefor the O—H bondin PhOH
estimatedrom 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) *® The authorsassumedhat the PAC BDE
valuefor PhO—Hin DMSOwould alsobeabout95kcal,
and would needto be correctedfor solvation. They
concludedhatthe BDE estimatedor the O—H bondin
phenolby equation(1) is seriouslyin error becauseno
correctionwasmadefor solventeffectsandthat’ Similar
errors must be presentin many other electrochemical
bond energies that also were determinedin polar
solvents. This would presumablyapply to our estimates
by equation(1) for PhCH=NOHandPhC(Me)=NOHand
their derivativesin DMSO sincethe BDEs of the O—H
bondsfor the parentsare estimatedrom equation(1) to
be close to that of PhOH, i.e. 88.1 and 88.4 kcal,
respectively.

RESULTS AND DISCUSSION

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

Equilibrium acidities (pKya) in DMSO for m- and p-
substitutedbenzaldoximestogetherwith the oxidation
potentialsof their conjugateanionsand estimatesof the
BDEs of their O—H bondsby using equation(1), are
summarizedn Table1.

Consideringthat (a) there are appreciablesubstituent
effectson both pK,» and BDE valueswhenthe methyl
group in acetaldoxime(CH;CH=NOH) is replacedby
a phenylgroup(11.6and8.0 kcal, respectively)and (b)
the pKya and BDE valuesof PhCH=NOHare closeto
those of phenol, one might expect that p-acceptor
substituentswould causeappreciableincreasesin the

0 1998JohnWiley & Sons,Ltd.

Table 1. Equilibrium acidities and homolytic bond dissocia-
tion energies of the acidic O—H bonds in p-substituted
benzaldoximes p-GCgH4CH=NOH in DMSO

No. G PKua®®  Eox(A7)*® BDEY ABDE
1 4MeO 208 —0.608 878 -0.3
2  4-Me 20.6 —0.585 88.0 -0.1
3 H 20.2 —0.559 88.1 (0.0
4  4Cl 19.3 —0.520 87.8 -0.3
5  4-Br 19.2 —0.520 876  —05
6 4-Ch 18.6 -0.471 87.9 -0.2
7  4CN 18.0 —0.440 878  -0.3
8  3-NO, 17.7 —0.390 88.6 0.5
9  4-NO, 17.3 -0.371 88.4 0.3

& In pKya units; equilibrium acidities were measuredin DMSO
solution by the overlappingindicator method or the standardacid
method** The valuesfor benzaldoximeandits 4-MeO, 4-Me and 4-
NO, derivativesagreeto within +0.3 unit with thosein Ref. 1.

b Measurecat NankaiUniversity.

¢ In volts; irreversibleoxidationpotentialsof the conjugatebasesvere
measuredy CV in DMSO solution,andreferencedo theferrocenium
| ferrocenecouple.

9 n kcal mol™?, estimatedby usingequation(1).

¢ Measuredat Northwesterrlniversity.

acidities of the acidic O—H bondsby stabilizing the
anions(la < 1lb™ < 1c¢), andthatp-donorsubstituents
would causeappreciabledecreasesn the BDEs of the
O—H bond becauseof their stabilizing effects on the

correspondingadicals.
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Examinationof Table 1 shows,however,that all the
aciditiesof the benzaldoximegall within a narrowrange
of 3.5pKya units,from a pKya of 17.3for p-NO, t0 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
effectsobservedn p-substitutegohenolswherea p-NO,
group enhancesthe acidity by 7.2 pKya units and
increasesthe BDE by 4.8 kcal and a p-MeO group
decreasetheacidity by 1.1 pKya unitsanddecreasethe
BDE by 5.3kcal*® Thesedifferencesareunderstandable
whenoneconsidetthattheappreciablesubstitueneffects
on both pKya and BDE values causedby the phenyl
substitutionfor the methyl groupin CHsCH=NOH take
place as the result of proximate substitution effects,
whereaghe negligiblesubstitueneffectson BDEsin the
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p-GCsH4,CH=NOH seriesare dueto remotesubstituent
effects,and(b) therelatively large substitueneffectson
BDEsin the p-GCsH4OH seriesare probablydueto the
ground-stateenergy effects involving the neutral com-
pounds,which are causedby the dipole—dipoleinterac-
tions betweenthe para substituenteandthe polar O—H
bondin the p-substitutedphenolst® whereasin the p-
GCsH,CH=NOHserieshis kind of interactionshouldbe
greatly attenuatedwing to the longer distancebetween
theparasubstituentandthe polarO—H bond.Notealso
that even thoughthe single electronon oxygenin the
correspondingadicalsderivedfrom p-GCsH4,CH=NOH
canbedelocalizedo the a-carbonatom,the effect of the
p-G groupis attenuatedwingto therelativelylower spin
densityon the a-carbonatomcomparedwith that on the
a-0xygenatomin the p-substituteghenolsFurthermore,
the small substituenteffect on BDESs finds precedenin
the resultsobtainedfor a substantiaihumberof carbon
acid families wherethe effectsof remotesubstituent®n
BDEsof theacidicC—H bondsaresmall,andthe BDEs
of theacidicH—A bondsareoftenconstanto within + 2
kcal or less®

Examinationof the pKya, Eox(A ™) andBDE valuesfor
p-GCsH4C(Me)=NOH ketoximes revealed strikingly
similar behavior (Table 2) and the substituenteffects
canbeinterpretedsimilarly.

A Hammett plot of the pKya values of eight p-
substitutedoenzaldoximess linear with a slopeof 3.2,
with o, valuesratherthano,— valuesfor p-NO, andp-
CN points(Figure1).1®

Theseresultsindicatethat the negativechargein the
anion remains primarily on oxygen with little or no
delocalizationto the benzenering or carbonatom, as
would be expectedrom contributorslb™ and1c . Also,
the effectsof substituenton the oxidation potentialsof
the conjugateanionsaresmallandmirror almostexactly
the changesn pKya. In other words, thereis a linear
relationshipbetweerE,y (A ) andpKya with aslopenear
unity (0.93)whenbothaxesareexpresseth kcal (Figure
2).

Linear relationshipwith slopesnearunity have been
observedpreviouslyfor plots of Eg(A™) vs pKya in a
variety of weakacid families. For example the BDEs of
theacidicC—H bondsin 12 m-substitutedluoreneg2-G
and2,7-diG substituentspre estimatedo be 79.5+ 0.3
kcal'” and those of the benzylic C—H bondsin 14
GGCgH4CHLCN acetonitriles (omitting 4-Me,N) are
estimatedo be 8 + 1.18 This behavioris consistentwith
anintrinsic 1:1 linearrelationshipbetweeranionbasicity
and anion oxidation potentials:® It requiresthat the
BDEs of the acidic C—H bonds in the series be
essentiallyconstantThelinear plot for Eq (A7) vs pKna
for p-substitutedphenyl methyl ketoximes provides a
striking example(Figure 3).

Tablesl and 2 showthatthe BDESs of the ketoximes
averagedabout 1.5 kcal greater than those of the
benzaldehydeximes.In the benzaldoximesherewasa

0 1998JohnWiley & Sons,Ltd.

Table 2. Equilibrium acidities and homolytic bond dissocia-
tion energies of the acidic O—H bonds in methyl p-
substituted ketoximes p-GCgH4C(Me)=NOH in DMSO

No. G PKua®®  Ex(A)P  BDEY  ABDE
1 4MeO 220 —0.629 88.9 0.5
2  4-Me 21.7 —0.609 89.0 0.6
3 H 21.1° —0.598 88.4 (0.0)
4 4Cl 20.5 —0.539 89.0 0.6
5  4-Br 20.5 —0.537 89.0 0.6
6 4-Ch 19.5 —0.483 88.9 0.5
7  4CN 18.9 —0.450 88.8 0.4
8  4-NO, 18.2 —0.407 88.8 0.

2 In pKua units; equilibrium acidities were measuredin DMSO
solution by the overlappingindicator methodor the standardacid
method**

b Measurecat NankaiUniversity.

¢ In volts; irreversibleoxidationpotentialsof the conjugatebasesvere
measuredby CV in DMSO solution, and referenced to the
ferrocenium/ferroceneouple.

9 1n kacl mol~?, estimatecby usingequation(1).

¢ Measuredat Northwesterrlniversity.

slight increasein the BDEs as the substituentsbecame
more electron withdrawing. The BDEs of the O—H
bondsin the parents PhCH=NOHand PhC(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
effectontheseBDEsbecausef theabsencef literature
valuesto beusedfor comparisonThe BDE valuesof the
benzaldoximesand methyl phenyl ketoximesarein the
sameregion (69-85kcal) as thosefor four hydroxyla-
mines, two hydroxamicacids, three phenols,and three
oximes estimatedby equation (1) that were found to
agreeto within +2 kcal with the bestliterature values.

pKua =20.05- 3216, r=0991

20.5 1
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T 1954
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0.3 -0.1 0.1 0.3 0.5 0.7 0.9
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Figure 1. Hammett plot of the pKya values for p-
GCgH4CH=NOH versus o, constants
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pKiza = 16.05 - 1.05 Egx(A) 1 =0.991

Eox(A”) in kcal

-15 T T T T T T T T
23 24 25 26 27 28 29

pKua in kcal for 4-GCgH4 CH=NOH

Figure 2. Plot of £,,(A7) versus pKya for p-GCgH4CH=NOH

TheseBDE valuestend to be slightly higher than the
literature values,however,which may be due to small
solventeffects.

EXPERIMENTAL

p-Substitutedbenzaldoximesand p-substitutedphenyl
methylketoximeswerepreparediccordingo themethod
of Vogel 2° Theywere purified by distillation for liquids

PKia = 15.44 - 1.00 Eox(A) r=0.994

Eox(A") in keal

24 25 26 27 28 29 30 31
pKua in keal for 4-GC¢H4C(Me)=NOH

Figure 3. Plot of £y (A7) versus pKya for p-GCgH4CH(Me)=
NOH

0 1998JohnWiley & Sons,Ltd.

Table 3. Equilibrium acidities of p-substituted benzaldox-
imes p-GCgH4CH=NOH and methyl p-substituted ketoximes
p-GCeH4C(Me)=NOH in DMSO

Weakacid HIn2P PKin pKya + SO°

p-GCsH,CH=NOH:
4-MeO 2NPANH 20.66 20.804+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-CR; CNAH 18.9 18.61+ 0.03
4-CN PFH 17.9 18.07+ 0.05
3-NG, DPANH 17.5 17.73+£0.02
4-NO, DPANH 17.5 17.30+ 0.05

p-GCeH,CH(Me)=NOH:
4-MeO FH 22.6 21.98+0.01
4-Me FH 22.6 21.714+ 0.06
H 2NPANH 20.66 21.054+ 0.04
4-Cl 2NPANH 20.66 20.484+ 0.02
4-Br 2NPANH 20.66 20.48+0.01
4-CR; CNAH 18.9 19.50+ 0.05
4-CN CNAH 18.9 18.88+ 0.00
4-NO, DPANH 17.5 18.18+ 0.07

& HIn (indicator).

b 2NPANH=2-naphthylacetonitrile; CNAH=4-chloro-2-nitroaiiine;
PFH=9-phenylfluorene,DPANH=diphenylacetonitrilepKya meas-
ured by standardacid methodand dimsyl was quenchedy dibenzyl
sulfone;FH=fluorene.

¢ Two runswere madefor the pKya measurement.

andrecrystallizatiorfor solids,andcheckedor purity by
'H NMR spectroscopywndtheir physicalproperties.

The equilibrium aciditiesweremeasuredn DMSO by
either the overlappingindicator methodor the standard
acid method as reported previously** The results,
togetherwith the indicatorsor standardacidsused,are
summarizedn Table3.

The oxidation potentialsof the conjugatebaseswere
measuredby cyclic voltammetry (CV) in DMSO. The
working electrode(BAS) consistsof a 1.5 mm diameter
platinum disk embeddedn a cobalt glassseal. It was
polishedwith a 0.05mm Fischerpolishingaluminumor
cleaned with an ultrasonic instrument, rinsed with
ethanolanddried beforeeachrun. The counterelectrode
wasa platinumwire (BAS). Thereferenceelectrodevas
Ag/Agl andthereportedpotentialswverereferencedo the
ferrocenium/ferrocem (Fc'/Fc) couple. Tetraethylam-
monium tetrafluoroboratewas used as the supporting
electrolyte All electrochemica¢xperimentsverecarried
outunderanargonatmosphere.
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