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ABSTRACT: The kinetics of reaction of substitutedO-benzoylbenzamidoximes with sodium methoxide in methanol
were studied at 25°C. The only reaction products are substituted benzamidoximes and methyl benzoates. The slope of
the dependence of rate constant on sodium methoxide concentration gradually increases, but in the presence of C18

crown ether the dependence becomes linear and the rate constant is lower than in the absence of the crown ether,
which means that the reaction is catalysed by sodium cation. The rate constants of reactions with the ion pair and with
methoxide ion were determined with the presumption that the rate-limited step of the catalysed reaction is the reaction
of substitutedO-benzoylamidoximes with the ion pair of sodium methoxide. The rate constants of the reaction with
the ion pair are about 20 times higher than those of the non-catalysed process. The slopes of the dependence of logk of
the non-catalysed and catalysed reactions on the pKa of substituted benzamidoximes are 1.05 and 0.94, respectively.
These high values indicate the rate-limiting step involving the splitting off of substituted benzamidoxime from the
tetrahedral intermediate. On the basis of the relatively highr constant of methanolysis at the benzoyl group
substituted derivatives (2.17 and 1.98 for the non-catalysed and catalysed reactions, respectively), it can be presumed
that the transition state structure will be close to the tetrahedral intermediate. Copyright 1999 John Wiley & Sons,
Ltd.
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INTRODUCTION

Substituted arylbenzamidoxime carbonates undergo cy-
clization in aqueous hydroxides or in aprotic solvents to
give 3-aryl-1,2,4-oxadiazol-5-ones,1,2 but their reaction
with sodium methoxide in methanol exclusively results in
a two-step methanolysis giving phenolate salts, benza-
midoximes and dimethyl carbonate.3 In addition to the
reaction with methoxide ion there also takes place a
reaction with sodium methoxide ion pair which is one
order of magnitude faster, and the methanolysis proceeds
via a concerted mechanism.3 Also, O-benzoylbenzami-
doximes (1) are cyclized in aqueous alkali metal
hydroxides and aprotic solvents to give 3,5-diaryl-1,2,4-
oxadiazole derivatives.5–8 The aim of this work was to
find out whether compounds1 reacting with sodium
methoxide in methanol only undergo methanolysis as
aryloxime carbonates and whether the reaction is

catalysed by sodium cation, and to suggest a reaction
mechanism.
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Contract/grant sponsor:Grant Agency of the Czech Rebublic;
Contract/grant number:203/97/0545.



EXPERIMENTAL

4,4'-SubstitutedO-benzoylbenzamidoximes1a–g were
obtainedby acylationof thecorrespondingbenzamidox-
imes9,10 preparedby reactionsof therespectivebenzoni-

triles with hydroxylamine in aqueous alcohol.1 O-
Benzoylbenzaldoxime (2) was obtainedby acylationof
benzaldoxime11 obtainedby reaction of benzaldehyde
with hydroxylaminein aqueoussodium acetate.12 The
purity of all the substancessynthesizedwascheckedby

Table 1. Melting-points, yields of syntheses and elemental analyses of substituted O-benzoylbenzamidoximes 1a±g and O-
benzoylbenzaldoxime (2)

Calculated/found(%)a

Compound M.p. (°C) Yield (%) Formula(MW) C H N

1a 145–148 80 C15H14N2O3 66.66 5.22 10.36
(146–148)13 (270.3) 66.99 5.30 10.33

1b 149–151 57 C14H12N2O2 69.99 5.03 11.66
(148)14 (240.3) 69.52 5.00 11.44

1c 172–174 50 C14H11N2O2Cl 61.21 4.04 10.20
(175)14 (274.7) 61.47 3.96 9.96

1d 198–200 51 C14H11N3O4 58.95 3.89 14.73
(164–166)10 (285.3) 58.99 3.85 14.58

1e 149–151 50 C15H14N2O3 66.66 5.22 10.36
(146–148)15 (270.3) 66.67 5.26 10.39

1f 178–180 80 C14H11N2O2Cl 61.21 4.04 10.20
(174)15 (274.7) 61.47 3.96 9.96

1g 199–201 97 C14H11N3O4 58.95 3.89 14.73
(202–203)10 (285.3) 58.60 3.81 14.66

2 101–102 43 C14H11NO2 74.65 4.92 6.22
(101–102)11 (225.3) 74.74 4.91 6.21

a Calculatedvaluesin first row, foundvaluesin secondrow.

Table 2. 1H NMR spectra of substituted O-benzoylbenzamidoximes 1a±g and O-benzoylbenzaldoxime (2)

Compound H-1,5 (m) H-2,(3),4(m) H-6,10(m) H-7,(8),9(m) NH2 (s) Otherpositions

1a 6.90–6.92 7.68–7.71 8.06–8.08 7.44–7.48 5.16 3.82s (OMe)
(7.55–7.59)

1b 7.37–7.47(5H) 8.05–8.07 7.71–7.74 5.26 —
(7.55–7.59)

1c 7.60–7.62 7.84–7.86 8.23–8.25 7.57–7.61 7.10 —
1d 8.24–8.27 7.58–7.63 8.38–8.40 8.09–8.12 7.31 —

(7.71–7.73)
1e 7.79–7.82 7.50–7.57 8.19–8.21 7.09–7.11 6.97 3.82s (OMe)
1f 7.42–7.50(5H) 8.02–8.04 7.74–7.76 5.12 —
1g 7.81–7.84 7.54–7.59 8.48–8.51 8.38–8.41 7.17 —
2 7.44–7.51(5H) 8.11–8.14 7.79–7.81 — —

Table 3. Rate constants kip (sÿ1 molÿ1 dm3), ki and kiC18
(sÿ1 molÿ1 dm3) of the methanolysis of O-benzoylbenzamidoximes 1a±

g measured at 25°C at the wavelengths �anal (nm) in methanolic solutions of sodium methoxide with or without the addition of
C18 crown ether and the pKa values of the respective benzamidoximes in the same medium

Compound ki � 10 kiC18
� 10 kip �anal pKa

a

1a 0.521� 0.071 0.578� 0.012 1.467� 0.069 270 16.83� 0.03
1b 0.802� 0.049 0.787� 0.036 1.599� 0.033 300 16.67� 0.02
1c 1.069� 0.092 1.186� 0.075 2.538� 0.086 264 16.48� 0.03
1d 3.487� 0.352 3.345� 0.055 6.556� 0.346 300 16.10� 0.02
1e 0.156� 0.030 0.144� 0.071 0.384� 0.018 280 —
1f 3.199� 0.374 3.343� 0.097 4.305� 0.360 266 —
1g 35.599� 3.942 34.077� 2.072 57.122� 6.845 300 —

a Ref. 3.
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their melting-pointsand elementalanalyses(Table 1).
Thestructureof thecompoundspreparedwasconfirmed
by 1H NMR spectroscopy(Table2).

The melting-points were measured on a Kofler
apparatusandwerenot corrected.Electronspectrawere
measuredon a Hewlett-Packard8453diode-arrayinstru-
ment at 25°C. 1H NMR spectrawere measuredon a
BrukerAMX 360spectrometerat360.14MHz at25°C in
deuterochloroform. Thechemicalshiftsarereferencedto
the signalsof the non-deuteratedsolvent [� (1H) 7.25,
CHCl3]. The identificationof the reactionproductsand
intermediateswas carried out on a Waters616 liquid
chromatographcombined with a VG-Platform Fison-
ESP-3000Daspectrometer.

Kinetic measurements. A 1 cm quartz cell with a lid
placedin the thermostatedcompartmentof the spectro-
photometerwaschargedwith 2 ml of methanolicsodium
methoxide (5� 10ÿ3 –1.4� 10ÿ1 mol lÿ1). In the ex-
perimentswith C18 crownether,theconcentrationof the
latter was always 2� 10ÿ3 mol lÿ1 higher than that of
sodium methoxide. Then 10–20ml of a methanolic
solution of substrate1 or 2 (1� 10ÿ2 mol lÿ1) was
injected,andafter mixing theabsorbanceof themixture
wasmeasuredat 260nm (2) or at the�anal wavelengths
given in Table3 (1a–g).

RESULTS AND DISCUSSION

Catalytic effect of sodium cation

The reactionof sodiummethoxidewith O-benzoylben-
zamidoximes1a–g in methanol results exclusively in
methanolysis,giving substitutedbenzamidoximesand
methyl estersof substitutedbenzoicacids(Scheme1).

Amidoximescanexist in two configurations,E andZ.
N,N-Dialkylamidoximesexist in bothconfigurationsand
theywerealsoisolatedin somecases.Theequlibriumlies

entirely on the side of the E configuration.16–18

Amidoximeswith a freeaminogroupor onealkyl group
only arein the Z configuration.The E configurationhas
neverbeenisolated.14,19Thestability of theZ form could
arisefrom stericeffectsbut thepresenceof aninternalH-
bond, which hasbeenobservedin crystalline structure
studies,is alsoamajorfactor.19 Attemptsto converttheZ
into the E configurationphotochemicallyfailed, maybe
becausetheE form, onceformed,canconvertrapidly to
theZ form via aprototropicshift, which is notpossiblein
N, N-dialkyl derivatives.18,19In thecaseof substitutedO-
benzoyl-N, N-dialkylbenzamidoximes,only the E iso-
mers were isolated and measuredin solution.18 O-
Benzoyl derivativeswith a free amino group exist in
theZ configuration.14

Thereactionkineticswerestudiedin a largeexcessof
sodium methoxide,hencethe methanolysisproceeded
kinetically asa reactionof pseudo-firstorder.Theslopes
of thedependenceof observedrateconstantskobs(sÿ1) on
sodium methoxideconcentrationshowedan increasing
trend in all cases(Fig. 1), althoughthe transitionstate
doesnot allow the participationof a secondmethoxide
ion.

In the presenceof a small surplusof crown ether,the
dependenceof kobs on methoxide concentrationwas
linear(Fig. 2) andthekobsvaluesalwayswerelower than
the correspondingvaluesobtainedin the absenceof the
crown ether. This can be interpreted by catalytic
participationof sodium ion in the methanolysisof the
substrate,similar to the methanolysisof arylbenzami-
doximecarbonates.3

The gradually increasingslopeof the dependenceof
kobsonsodiummethoxideconcentrationcanbeexplained
by parallel reactionsof the substratewith methoxide
anionandwith the ion pair (which is morereactivethan
theanionalone)(Scheme2).

In Scheme2,ki andkip arerateconstantsof reactionsof
the substratewith the anion and with the ion pair,
respectively,andKip (= 7.5)20 is theequilibriumconstant

Scheme 1.
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Figure 1. Dependence of observed rate constants kobs (sÿ1) of methanolysis of (&) 1a, (&) 1b, (*) 1c and (*) 1d on sodium
methoxide concentration cMeO

ÿ(mol lÿ1) in the absence of C18 crown ether. Experimental points are shown together with
theoretical curves calculated from Eqn. (3)

Figure 2. Dependence of observed rate constants kobs (sÿ1) of methanolysis of (&) 1a, (&) 1b, (*) 1c and (*) 1d on sodium
methoxide concentration cMeO

ÿ (mol lÿ1) in the presence of C18 crown ether
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of associationof Na� cationwith MeOÿ anion:

Kip � �MeONa�
�MeOÿ��Na���
��2

� �MeONa�
�MeOÿ�2�
��2

�1�

Theactivity coefficientof the ion pair is presumedto be
equalto 1, hencetheactivity of theion pair is equalto its
concentration.The activity coefficientsof sodium and
methoxideionswereobtainedfrom theequation21

ÿ log
� � 1:69
��
I
p

1� 2:5
��
I
p �2�

Theobservedrateconstantin theabsenceof crownether
is givenby

kobs� ki �MeOÿ� � kip�MeONa�
� ki �MeOÿ� � kipKip�MeOÿ�2�
��2 �3�

Theactualconcentrationof methoxideion wascalculated
with theequation

�MeOÿ� �
ÿ1�

���������������������������������������
1� 4cMeOÿKip�
��2

q
2Kip�
��2

�4�

The dependenceof kobs/[MeOÿ] on Kip [MeOÿ] (g�)2 is
linearwith slopekip andinterceptki (Fig. 3). Thevalues
of ki andkip (Table3) werecalculatedby multiple non-
linear regressionusingEqn.(3).

The ki valuesobtainedfrom the measurementsin the
presenceof thecrownetherarealsopresentedin Table3.

In the caseof methanolysisof carbonates,3 for the
reactionwith an ion pair the presenceof an NH2 group
wasnecessaryandin orderto provethis in thecaseof the
substratesstudiedhere,we determinedthe rateconstant
of the reactionof 2 with methoxideboth in thepresence
andin the absenceof the crown ether.In both the cases
the dependenceof kobs on methoxideconcentrationwas
linearandthekobsvalueswereequalat equalmethoxide
concentrations(ki = 3.60� 0.17 and kiC18

= 3.53� 0.14

Scheme 2.

Figure 3. Dependence of kobs /[MeOÿ] on Kip [MeOÿ] (g�)2 with slope kip and intercept ki for methanolysis of O-
benzoylbenzamidoximes (&) 1a, (&) 1b, (*) 1c and (*) 1d
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sÿ1 molÿ1 dm3, �anal= 260nm).Wepresumethatfor 1a–
g theretakesplacea complexformation of the sodium
cation of the ion pair with the oxygen atom of the
carbonyl group and the electron pair of the partially
negativelycharged,doubly bondednitrogenatom,asin
thecaseof arylbenzamidoximecarbonates.

According to the transition state theory, the kinetic
datacanbedividedinto acontributionof stabilizationby
sodiumcation in the starting (ground)stateand in the
transition state. The degree of stabilization of the
activated complex can be evaluatedby the method
developedby Kurz22–24(Scheme3).

K‡
ip and K‡

ip are the equilibrium constantsof the
catalysedand non-catalysedformation of the activated

complexesA‡ and A‡M�, respectively,and K'ip is the
associationconstantof formationof the complexof the
sodium ion with the transition state A‡ of the non-
catalysed reaction. On the basis of the respective
thermodynamiccycle, it is possible to calculate this
virtual associationconstant.

Since,accordingto the activatedcomplextheory,the
concentrationsof activatedcomplexesarein equilibrium
with thoseof reactantsand,atthesametime,bothstarting
ionsarein equilibriumwith theion pair,thetwo activated
complexesarealso in equilibrium, althoughthereis no
direct dynamicequilibrium betweenthem.22

For a rateconstantwe canwrite

k � kT
h

e
ÿ�Gz

RT � kT
h

Kz �5�

so that K'ip canbecalculatedfrom

K 0ip �
kipKip

ki
�6�

Thechangein theGibbsenergy,�Gip, of formationof the
ion pair wascalculatedfrom

ÿ�Gip � RT ln Kip �7�

Thecatalysistakesplaceif themetalcationstabilizesthe
activatedcomplexmorethanthegroundstate(Fig. 4). In
the opposite case inhibition occurs. The resulting

Scheme 3.

Figure 4. Relative changes in Gibbs energies (kJ molÿ1) of the species indicated for methanolysis of O-benzoylbenzamidoxime
1b referenced to the zero energy level of starting reactants
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catalyticeffectDGcat is givenby

�Gcat � �Gzcatÿ�Gzu � �Gtsÿ �Gip

� ÿRT ln
kip

ki

� �
� ÿRT ln

K 0ip
Kip

� �
�8�

Reaction mechanism, substituent effect

Until recently, nucleophilic substitution reactions on
carbonyl carbon atoms were presumed to proceed
exclusivelyby the addition–elimination mechanismvia
atetrahedralintermediate.It wassubsequentlyfoundthat
in a numberof casesthe splitting of a bond and the
formationof anewbondcanbesimultaneous(concerted,
one-stepmechanism).25 A transition from a two-step,
addition–elimination mechanismto aone-step,concerted
mechanismis realizedwhenthe tetrahedralintermediate
becomessounstablethatthereis no significantbarrierto
its decomposition(it doesnotexistfor aperiodof several
vibrations)andso it becomesanactivatedcomplex.25

Forinstance,in reactionsof negativelychargedoxygen
nucleophileswith substitutedphenylacetatesin aqueous
solution, the presumedintermediatehas too short a
lifetime to exist for a significantperiod,andthereaction
takesthe concertedpathway.26 If the leaving oxyanion
hasa pKa aboveca 11, the intermediateis stableenough
and the reaction proceedsvia the adition–elimination
mechanism.27,28

The stability of the intermediatealsodependson the
structureof theacylgroup,e.g.replacementof MeCOby
MeOCO decreasesthe stability of the intermediate
considerably, so that in some cases the addition–
elimination mechanismchangesto the concertedme-
chanism.29–32 The concertedmechanismis preferred
when the polarity of the medium (expressed by
quantitativevalues of solvatochromicparameters,e.g.
p* anda or ETN) decreases.33

Oneof thewaysof determininga reactionmechanism
consists in the quantitative evaluation of substituent
effects(LFER). In an addition–elimination mechanism,

theblg values(obtainedfrom thedependenceof log k on
pKa of theconjugatedacidof the leavinggroup34) range
from 0.1to 0.3if theformationof theintermediateis rate-
limiting andfrom 0.8 to 1.3 if the decompositionof the
intermediateinto productsis rate-limiting.For concerted
mechanismsthesevaluesvary in therange0.4–0.6,26,35–

37 exceptionallyreachingup to about0.8.27

The log ki andlog kip valuesof splitting off anionsof
substitutedbenzamidoximeswerecorrelatedwith thepKa

valuesof their conjugatedacidsmeasuredin methanol.
Theslopevaluesblg = 1.05(foundin thecorrelationof ki,
i.e. those found in the presenceof crown ether) and
blg = 0.94(foundin thecorrelationof kip) indicatethatthe
reactiontakesthe addition–elimination mechanismand
the rate-limiting step is splitting off of anions of
substituted benzamidoximes(see Scheme 4 for the
reactionin thepresenceof crownether).

Thevaluesof blg for ki andkip arealmostidentical,in
accordancewith the findings38 concerningalkali metal
ion catalysisin nucleophilic displacementreactionsof
phosphorus-,sulphur-andcarbon-basedestersby lithium
and potassiumethoxides in ethanol, where the rate
constantvaluesof reactionwith the ion pair arealmost
the samewith lithium ethoxide as with ethoxide ion
alone,beingca 10%lower with potassiumethoxidethan
with ethoxidealone;in our casethe situationis similar.
On the basisof this finding, Pregelet al.38 cameto an
importantconclusion,viz. that the alkali metal ions do
not significantlychangetheactivatedcomplexstructure.

The situation is different with substitutedmethyl
benzamidoximecarbonates,3 where blg = 0.85 for the
reactionwith methoxideion but 0.53 for that with the
ion pair, i.e.avaluelowerby almost40%.This relatively
large difference in blg values indicatesa considerably
differentstructureof theactivatedcomplexandsupports
the idea of a changein the reactionmechanismfrom
addition–elimination in thepresenceof thecrownetherto
concertedin the reactionwith the ion pair. Replacement
of a phenyl group (substitutedO-benzoylbenzamidox-
imes) by a methoxygroup (methyl benzamidoximecar-
bonates)causedsuch a decreasein the lifetime of the
tetrahedralintermediatethatit did notexistfor aperiodof

Scheme 4.
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several vibrations, and the mechanismchangedfrom
addition–elimination to concerted.Thesplittingoff of the
benzamidoximeanion from the tetrahedralintermediate
in the rate-limiting step is surprising as both the
nucleophile(MeOÿ) and the leaving group are oxygen
anions,and the pKa of methanol(18.31) is about1.5–2
times higher than thoseof substitutedbenzamidoximes
(Table 1). On the other hand, the nucleophilicity of
benzamidoximeanionsasnucleophileswith ana effectis
substantiallyhigher thanthat of normaloxygennucleo-
phileswith similar pKa values.39 Also, thedelocalization
of the electronpair on oxygen to the carbonyl group,
which would favour the reversiblesplitting off of the
methoxy group in the intermediate,is supportedby
repulsionfrom theelectronpair of theadjacentnitrogen
atom,3,40 which is further strengthenedby the partial
chargeat the nitrogen atom due to delocalizationof
electronsfrom theNH2 group.

The evaluationof substituenteffects in O-benzoyl-
bezamidoximes1a–g is more complex. The reaction
involves both bond formation and bond splitting at
carbonyl carbon atoms, and the reaction product,
substitutedmethylbenzoate,has a zero chargelike the
starting substrate,hence the changeof charge at the
carbonylcarbonis greaterin theactivatedcomplexthan
in the product.The structureof the activatedcomplex
approachesthat of a tetrahedral intermediate, the
hybridization at the carbonyl carbon atom with the
stronglypolarC=O bondbeingpartially changed(from
sp2 to sp3). This changeis considerablyaffected by
substituentsin thebenzenering. Theadditionof waterto
substitutedbenzaldehydes,which producesthe corre-
sponding neutral diol, exhibits41 a constant of the
equilibrium reaction req equal to 1.71, although two
neutralmoleculesform aneutralproduct!Theadditionof
OH to substitutedbenzaldehydesgiving theanionof the
correspondingdiol exhibits42 �eq= 2.76, which means
thatther valueof dissociationof thediol (1.05)is similar
to thatof substitutedbenzoicacids.Ther valuefoundfor
the reactionwith methoxideion is 2.17 andthat for the
reactionwith theion pair is 1.98,i.e.againlowerby about
10%. This lowering is, as in the previous examples,
obviously predominantlydue to the presenceof metal
cationin theactivatedcompex.

An assessmentof the extent to which the activated
complex of a particular reactionapproachesthe tetra-
hedral intermediate was made by comparing the r
constant of the reaction of 4-nitrophenyl esters of
substituted benzoic acids with OH ions going by
concertedmechanism(the most recentvalue found45 in
10%aqueousacetonitrileis � = 2.14)with ther constant
of addition of OHÿ ion to substitutedbenzaldehydes
(�eq= 2.76).From thesevalues,it wasconcluded43 that
the activated complex structure is close to the inter-
mediatestructure.

Comparisonof this valuewith our � = 2.17allowsthe
conclusionthat in our casealso the activatedcomplex

structureis closeto thatof the intermediate,andthat the
bondsplitting betweenthecarbonylcarbonatomandthe
benzamidoximeoxygen has hardly advanced.This is
apparently in contradiction with the high value of
blg = 1.05 found. In substitutedphenylacetates,43,44 the
oxygenatom of the phenoxygroup bearsan ‘effective
charge’of 0.7. In substitutedO-benzoylamidoximes, the
effective charge at the oxygen atom of substituted
benzamidoximesis probably still higher becausethe
negativechargetransferto the carbonyloxygenatomis
supportedby repulsion from the electron pair of the
adjacentnitrogenatombearinga partialnegativecharge.
By forming the tetrahedralintermediate,this effective
chargeatoxygenis cancelled,andblg hasalargenegative
valueevenif theCO bondsplitting hashardlyadvanced.
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