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carboxylic Acid-catalyzed cleavage of o-carboxybenzo-
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M. Niyaz Khan*

Department of Chemistry, Faculty of Science, University of Malaya, 50603 Kuala Lumpur, Malaysia

Received 22 June 1997; revised 27 July 1997; accepted 4 September 1997

ABSTRACT: Phthalic anhydride was detected spectrophotometrically in the hydrolysiscafboxybenzo-
hydroxamic acid (OCBA) in CECN—-H,O solvent containing 0.03 mol dm HCI. Pseudo-first-order rate constants

(ky) for hydrolysis of OCBA are almost independent of the change ig@Hcontent from 10 to 80% (v/v) in mixed
agueous solvents. The rate constatsare more than 10-fold larger than the corresponding rate constants for
hydrolysis of phthalamic acid. These observations are explained in terms of a mechanism slightly different from the
mechanism for hydrolysis of phthalamic acid. The activation parametél'sand AS*, are not affected appreciably

by an increase in CKCN content from 10 to 80% in mixed aqueous solvehntsl998 John Wiley & Sons, Ltd.

KEYWORDS: o-carboxybenzohydroxamic acid; phthalic anhydride; phthalic acid; hydrolysis; intramolecular acid
catalysis; kinetics; activation parameters

INTRODUCTION phthalic anhydridé? The present study was initiated
with the aim of exploring the effect of the OH group (in

The mechanistic details of intramolecular carboxylic acid the leaving group) on the rate of uncatalyzed hydrolysis

participation in amide hydrolysis have been explored by of o-carboxybenzohydroxamic acid.

several worker$-*! Most of these intramolecular reac-

tions involve uncatalyzed, external general acid (GA)-

and external general base (GB)-catalyzed hydrolysis. The

general mechanism suggested and supported in these o}

reactions is shown in Scheme 1, where B and‘BH E_OH

I
represent GB catalyst and GA catalyst, respectively. In K, C\
almost all of these studiés? the rate constant) for —_— o)
uncatalyzed hydrolysis showed negative reaction con- C—NHR C/
stants p or p*). It is interesting that the leaving groups I ST
(—NHR) in all these mechanistically well studied 0 OH
reactions contain only one basic site (i.e. the nitrogen
atom) where internal proton transfer can occur. 1
o-Carboxybenzohydroxamic acid contains two basic
sites (N and O) in the leaving group (—NHOH), although k
these two basic sites are not of equal basicity, where K B)
internal proton transfer can occur. Hydrolysis of K (BH')
carboxybenzohydroxamic acid has been shown to
o
I
c\
g
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involve nucleophilic catalysis by the neighboring car-
Contract/grantsponsor:IRPA; contractgrant number:09-02-03-003. Scheme 1

boxylate group ¢-CO, ") and intermediate formation of

*Correspondencéeo: M. N. Khan, Departmenbf Chemistry,Faculty
of Science University of Malaya, 50603Kuala Lumpur, Malaysia.

00 1998JohnWiley & Sons,Ltd. CCC0894-3230/98/030216—-0F17.50



ACID-CATALYZED CLEAVAGE OF 0-CARBOXYBENZOHYDROXAMIC ACID

50.5
<
8
8 04
] 1
2
-]
<

0.2

0.1

s
H
H
031}«
.
L]
.
jo
.

217

-

-

—
2000

e B—
4000

N T T T
6000 Time(s)

Figure 1. Plot of absorbance at 310 nm against time for a mixed agueous solution
of o-carboxybenzohydroxamic acid (2 x 10™2 mol dm~3) in 80% CHsCN and

0.037 mol dm~3 HCl at 35°C

EXPERIMENTAL

Materials. All chemicalswereof reagengradeandwere
obtainedfrom Fluka, Aldrich andMerck. Distilled water
was usedthroughoutand stock solutionsof N-hydroxy-
phthalimidewere preparedrequentlyin acetonitrile.

Kinetic measurements. The formation of phthalic
anhydride(PAn) asan intermediatein the hydrolysisof
phthalamic acid and its N-substitutedderivatives has
beenunequivocallyascertained:®** Phthalicanhydride
absorbssignificantly whereasphthalamicand N-substi-
tuted phthalamic acids do not absorbto a detectable
extentat 310nm. If the rate of hydrolysis of PAn is
slower than that of phthalamic acid or N-substituted
phthalamicacid,thentherateof hydrolysisof phthalamic
acid or N-substituted phthalamic acid can easily be
studiedspectrophotometricallat 310nm. Blackburnet
al.® studiedthe rateof hydrolysisof phthalamicacidand
a few N-arylphthalamicacidsby monitoring the change
in [PAn] spectrophotometricallyat 310nm in the
presenceof high concentrationof sodiumperchlorate,
where the rate of hydrolysis of PAn was greatly
retarded"® Therateof hydrolysisof N,N-dimethylphthal-
amic acid in acidic medium was found to be almost
independentf increasingacetonitrilecontentfrom 10to
80% (v/v) (all percentageoncentrationsre by volume
in this paper)Jin mixedaqueousolvents-* However the
rate of hydrolysis of PAn in acidic medium decreased
nearly200-foldwith increasen acetonitrilecontentfrom
2 to 80% in mixed aqueoussolvents:* Theseresults
show that the presenceof PAn in the hydrolysis of
phthalamicacid or its N-substitutedderivativescan be
easily detectedspectrophotometricallypy using water—
acetonitrileor water—aproti@rganicsolventsHence the

0 1998JohnWiley & Sons,Ltd.

ratesof formationanddecayof PAnin the hydrolysisof
o-carboxybenzohydroxamiecid in an acidic medium
werestudiedspectrophotometricallgt 310nmin water—
acetonitrilesolvents.

In atypical kinetic run with a total volumeof 4.8cm?®
of the reactionmixture containing0.5cm?® of 0.02 mol
dm~3 N-hydroxyphthalimide (in acetonitrile solvent),
0.2cm?® of 0.25mol dm™ 2 NaOH,3.5cm® of CH;CN and
0.6cm?® of H,0, the reactionwasallowedto completea
period of more than 30 half-lives (i.e. nearly 900 s) at
35°C. The hydrolysis of the hydrolytic product of N-
hydroxyphthalimide(NHPH), i.e. hydrolysis of o-car-
boxybenzohydroxamiacid (OCBA), wastheninitiated
by adding0.2cm® of 1.18mol dm 2 HClI to the reaction
mixture. The resulting reactionmixture, having a total
volume of 5.0cm®, contained 2 x 107* mol dm™3
OCBA, 0.037 mol dm 2 HCI and 80% CHsCN. The
changen absorbancéAU) at 310nmwasmonitoredasa
function of time (t) using a diode-arrayspectrophoto-
meter. The observeddata (for a typical kinetic run) are
shownin Fig. 1.

In an earlierreport!® productanalysisof the alkaline
hydrolysisof N-hydroxyphthalimidein an aqueoussol-
ventcontaining2% CHsCN revealeda 100%conversion
of reactant(N-hydroxyphthalimide)into the expected
product,OCBA. An extremelyslow rateof hydrolysisof
the product(OCBA) was observedat pH 11.4 (only ca
<20% hydrolysisoccurredwithin a period of 7 daysat
ambienttemperatur®).

Kinetic data analysis. A monotonicincreasean AU in the
initial phase of the reaction (hydrolysis of OCBA)
followed by a monotonicdecreasan AU in the final
phaseof thereaction(Fig. 1) indicategheinvolvementof
a stableintermediatein the hydrolysis of OCBA. The
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Table 1. Values of ki, k3, e5pp and AU calculated from equations (2) and (3) for hydrolysis of o-carboxybenzohydroxamic acid and phthalic anhydride in an acidic medium?®

[MeCN] Temperature
(%: V/V) (OC) 103k1 (Sil) 103klcaledb (Sil) 1O4k2 (Sil) 104k20aledb (371) Cappc AUO Aumaxd te (S) 104k0bsf (571)
10 35 1.47+0.1¢ 1.88 103+ 1¢° 118 720+ Z;.jOlg 0.055 0.208 1800 103
(688
40 2.92+0.16 2.86 157+1 145 754+ 62 0.090 0.286 1260
45 4.75+0.34 4.28 187+ 15 177 729+ 72 0.050 0.290 900
50 6.12+ 0.60 6.34 206+ 24 214 787+ 106 0.035 0.331 600
20 35 2.26+0.10 2.39 70.2+ 3.1 64.7 631+ 35 0.065 0.307 2403 63.7
(606)
40 3.50+ 0.22 3.85 949+ 6.8 88.7 741+ 62 0.060 0.372 1563
45 6.71+0.73 6.11 102+ 12 120 621+ 78 0.065 0.436 1038
50 9.37+0.54 9.58 170+ 11 162 779+ 56 0.090 0.500 738
30 35 2.31+0.18 2.70 445+ 3.5 39.1 688+ 63 0.050 0.409 2223 32.8
(514)
40 3.70+0.54 4.10 55.44+8.4 56.0 697+ 115 0.060 0.489 2363
45 7.21+0.09 6.31 72.1+0.9 79.4 613+ 12 0.046+ 0.006 0.509 1142
50 8.63+1.83 9.06 1154+ 25 111 812+ 188 0.052 0.582 690
40 35 2.68+0.59 2.85 20.1+ 4.4 221 489+ 100 0.018 0.445 3200 16.2
(379)
40 4.00+ 1.07 4.33 31.9+ 8.6 28.9 577+ 146 0.040 0.526 2200
45 7.18+0.54 6.50 36.4+ 2.6 37.4 595+ 36 0.045 0.648 1338
50 9.38+0.83 9.64 48.0+ 4.0 48.1 650+ 46 0.050 0.716 903
50 35 2.41+0.11 2.28 11.8+ 0.5 13.1 506+ 19 0.035 0.554 3147 9.05
(308)
40 3.32+0.25 3.71 185+1.4 17.5 535+ 35 0.040 0.569 4383
45 6.284+0.43 5.94 24.0+ 1.6 23.2 507+ 26 0.030 0.605 1980
50 9.29+4+ 0.69 9.38 29.8+ 2.4 304 518+ 28 0.050 0.672 1460
60 35 2.45+0.41 2.65 5.96+ 0.09 6.33 398+4 0.030 0.540 3663 3.88
(254)
40 4.12+0.12 3.85 8.59+ 0.29 8.25 378+ 8 0.040 0.542 5400
45 5.454+0.20 5.53 10.8+ 0.4 10.7 465+ 11 0.020 0.666 2223
_ 50 7.86+ 0.30 7.86 13.5£0.5 13.6 476+ 11 0.050 0.735 2058
67.3 35 2.84+0.02 3.59+0.03 329+1 0.020 0.486 3600
70 35 2.29+0.09 2.60 2.86+0.17 2.67 320+ 8 0.000 0.475 3200 1.63
(217)
40 3.85+0.07 3.83 3.30+0.05 3.60 357+ 3 0.020 0.592 6463
45 6.00+ 0.05 5.57 4.93+0.04 4.80 363+ 2 0.070 0.654 5373
50 7.81+0.16 8.01 6.35+0.20 6.36 383+ 5 0.070 0.691 1218
80 35 2.27+0.02 0.954+ 0.010 296+ 1 0.050 0.563 8943 0.61
(171)
40 4.40+0.03 1.22+0.01 261+1 0.040 0.507 7200

3[OCBA]o. =2 x 10~ mad dm3, [HCI] = 0.027mol dm~3, mixed H,O-MeN solvent A = 310nm.

b Calcuktedfrom the Eyring equaton [equatbn (4)] usingthe activation paramegrslistedin Table 2.

€ Unitsaredm® mol ~tcm ™™,
Observednaxmum absorbaoe at 310 nm.

¢ Maximum reacton time attainedin the kinetic run.

f Pseulo-firg-orderrateconstnts ks for hydrolyss of phthalic anhydide at0.006 mol dm™3 HCI, and30°C (it shoud benotedthatpseuddirst-orderrateconstantsk,,s Werefoundto bealmostunchamedwith

changein [HCI] from 0.006 to 1.0 mol dm™2 in aqueoss solventscontaining 2% CHsCN%).

9 Error limits arestandrd deviaions.

" Valuesin parentlesesvere obtainedfrom the hydrdysis of phthalicanhydide at 0.005mol dm~ HCI and30°C *#

f kl = k2.

1 TOCBA]p=1.92x 102 mol dm™3; [HCI] =0.072 md dm™3.

K[OCBAJo=2 x 10> mad dm™3; [HCI] = 0.037 mol dm™3,
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reaction scheme for hydrolysis of OCBA may be
expresse@s

OCBA H,0, PAn o phthalicacid (1)
~-NH,OH

wherek; and k, representpseudofirst-order rate con-
stantsfor hydrolysisof OCBA andPAnN, respectively.

The changein AU dueto the changein [PAn] during
the courseof reactionis given by

pu = Klofanda oo L exp—kot)] + AUy (2)
ke — ki

where[X] o is theconcentratiorof OCBA atreactiontime
t=0. Thevalueof [X], is takenasthe nitial concentra-
tion of N-hydroxyphthalimide ([NHPH]y). It may be
notedthatany errorin [X] ¢ introducedby assuminghat
[X]o=[NHPH], will affect only the magnitudeof ¢,pp
(apparentmolar absorptivity) and it will not affect the
magnitudesof k; andk,. In equation(2), eapp= epan—é,
and AUO = S[X] 0 with ¢= EOCBA = €pay where EOCBA
epan aNdepa arethe molarabsorptivitiesof OCBA, PAn
and phthalic acid, respectively. The assumptionthat
gocea ~ epa at 310nm is supportedby the spectraof
phthalamicacid and phthalic acid®

Thevaluesof ki, ky, e5ppand AU, weredeterminecas
follows. Thevaluesof kj, ks, eappandleastsquareiEdiz,
whered, = AU; — AUcqicai With AU; and AU¢acqi repre-
sentingthe ith observedand calculatedabsorbancén a
singlekinetic run) werecalculatedrom equation(2) ata
presumedalueof AUy usingthenon-lineareast-squares
technique. Similar calculations were carried out at
severalpresumedraluesof AUg. The bestvalue of AUg
wasconsideredo bethatfor which Xd.? turnedoutto be
minimum. The calculatedvaluesof k, k, ande,pp at the
statistically best valuesof AU, under different experi-
mentalconditionsare summarizedn Table 1.

It was found that under certain experimentalcondi-
tions,k; = k,. Equation(2) is valid only whenk; # k.. The

changein AU with reactiontime (t), underthe reaction
conditionswhenk; =k, =k, is given by

The non-linear least-squaresechniquewas usedto
calculatek, 4pp and AUy, which aregivenin Table1.

RESULTS AND DISCUSSION

Several kinetic runs were carried out within the

temperaturerange 35-50°C at 0.027 mol dm~3 HCI

and 10% CHsCN in mixed aqueoussolvents. Similar

observationsveremadewith 20, 30, 40,50, 60 and70%

CH3CN. Thesekinetic datawereusedto calculateky, ko,

eapp @aNdAUy from equationg2) and(3), assummarized
in Table1. The valuesof ki, k, e5ppand AUy werealso
obtainedat 35 and40°C in mixed H,O—CH;CN solvents
containing80% CH5CN (Table1).

The rate constantsk;, and k,, obtainedwithin the
temperaturerange 35-50°C at a constantcontent of
CHsCN in mixed aqueoussolvent, obeyedthe Eyring
equation:

k = (KgT/h) exp(AS'/R) exp(—AH*/RT)  (4)

wherek = k; or k, andall othersymbolshavetheir usual
meaningsTheactivationparametersAH* andAS*, were
calculatedfrom equation(4) usingthe non-linearleast-
squaresnethod.Thecalculatedvaluesof AH* andAS* at
differentcontentsof CH3;CN aresummarizedn Table2.
Thefitting of the observediatato equation(4) is evident
from the calculatedvaluesof therateconstantsasshown
in Table 1 and from the standarddeviationsassociated
with AH* andAS* (Table2).

The detailed kinetic studies on phthalamic, N-sub-
stituted phthalamié® and relatedcompound$® support
themechanisnmshownasrouteA in Scheme2. A similar
mechanism(route A) was also proposedby Benderet
al.'® in their classical paper on the hydrolysis of
phthalamicacid. An alternative mechanismshown as

Table 2. Values of AH* and AS* for hydrolysis of o-carboxybenzohydroxamic acid (OCBA) and phthalic anhydride (PAn) in acidic
medium at different contents of MeCN in mixed aqueous solvents®

OCBAP PAN®
[MeCN] (%, v/v) AH* (kcalmol™2) —AS* (cal K™t mol™?) AH* (kcalmol™%) —AS* (cal K™t mol™})
10 15.40+ 2.56 21.0+8.0° 7.27+1.8¢8 43.8+ 5.9
20 17.684 2.06 13.1+6.4 11.4542.77 31.4+8.7
30 15.30+ 3.47 20.6+10.8 13.16+ 1.96 26.9+6.1
40 15.434+2.07 20.1+ 6.5 9.60+ 1.49 39.5+ 4.7
50 18.01+ 1.57 12.2+ 4.9 10.444+ 1.26 37.8+3.9
60 13.714 1.00 25.9+3.1 9.49+ 0.76 42.442.4
70 14.19+ 1.64 24.3+5.1 10.80+1.18 39.9+ 3.7

& Conditionsasgivenin Table 1.

b The activation parameterseferto k;.

¢ The activationparameterseferto k.
Error limits are standarddeviations.

0 1998JohnWiley & Sons,Ltd.
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routeB in Scheme2, cannotbe completelyruled out. In
Scheme?, the ks? step presumablyinvolves transition
stateTS;. Theintroductionof substituentsn R (Scheme

Do
saP

2) resultedin a negativereactionconstant(p or p*).%™®
Theseresults predict that electron-withdrawingsubsti-
tuents (i.e. substituentswith positive substituentcon-
stantsg or o*) mustdecreasevhereaslectron-donating
substituentg(i.e. substituentswith negative substituent
constantsg or o*) mustincreaseherateof hydrolysis.A
nearly2.5-fold lower rateof hydrolysisof N-(o-carboxy-
benzoyl)glycine(10° k,=7.0 s * at 35°C) compared
with thatof phthalamicacid (10° k; = 20 s at35°C) in
CHLCN-H,0 solvents containing 70% CHs;CN*® re-
vealed a negative p* for the reaction becauseoc*
COOH> o*,. "’

The rate constantsk;, for the hydrolysisof OCBA at
different contentsof CH;CN andtemperature¢Table 1)
aremorethan10-fold largerthanthe correspondingate
constantsfor the hydrolysis of phthalamic acid (10°

ky=18s ' at 35°C and 60% CH;CN'® and 10° k; = 24

s ' at 47°C and within the pH range1.3-1.8in pure

waterassolvent). Theseobservationsire consideredo

be unusualor unexpectececausdn termsof reported
negativep andp* valuesfor the relatedreactions;® the

k; valuesfor OCBA mustbesmallerthanthecorrespond-
ing valuesfor phthalamicacid becauser* oy > o* 4.2’

The strongelectron-withdrawig effectof OH compared
with H is evidentfrom the ionization constantgK,) of

+NH, (pKa=9.21)*8 and *NH;0H (pK,=5.97)* The

valuesof k; shownin Tablel predicta positive p* value

for the hydrolysisof OCBA. Theseobservationsannot
be explainedin termsof thereactionmechanismshown

in Scheme?2. The most probable mechanismfor the

hydrolysisof OCBA is shownin Scheme3, wherethe

formationof 1 involvesthe transitionstateTS,.

Scheme 3

0 1998JohnWiley & Sons,Ltd.
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unlikely to be at lower energythanthatinvolving prior

protonationon the carbonyloxygen(i.e. Scheme2, route
A). Perhapsthe speciesinvolving protonationon the

carbonyloxygenis presentin greaterconcentratiorthan

otherwisedueto stabilizationby hydrogenbondforma-

tion betweenthe hydrogenon the carbonyloxygenand
the oxygenof the OH groupinvolving a five-membered
ring. If this suggestednechanisticexplanationfor the

unusual rate enhancemenis consideredto be more
plausible, then it is difficult to explain the observed
nearly 2.5-fold lower rate of acid hydrolysis of N-(o-

carboxybenzoyblycine (NCG) comparedwith that of

phthalamicacid undersimilar experimentatonditions™®

In the acid hydrolysis of NCG, the speciesinvolving

protonationon the carbonyl oxygenis expectedto be

stabilized by hydrogen bond formation between the

hydrogen on the carbonyl oxygen and the carbonyl
oxygen of carboxyl group of the glycine moiety

involving a seven-membereding. Furthermore, the

strengthof suchinternal hydrogenbondingis expected
to increasewith decreasén thedielectricconstanof the

mediumand consequentlythe rate constantsk;, should
showanincreasewith decreasén the dielectricconstant
of the reactionmedium. The rate constantsk;, for acid

hydrolysisof N,N-dimethylphth#&amic acid were almost
unaffectedby anincreasen the contentof CHsCN from

10 to 80% in mixed aqueoussolventst® Similarly, a

changein CH;CN contentfrom 60 to 70% produced
essentially no effect on k; for acid hydrolysis of

phthalamicacid*®

The rate constants ks, for hydrolysis of OCBA are
almostindependentf CH3CN contentwithin the range
10-80%(Table 1). The rate constantsk; for hydrolysis
of N,N-dimethylphthalamicacid showedan increaseof
nearlytwofold with increasean the contentof CH;CN up
to ca 60%, after which they showeda decreaseof ca
twofold with increasein CHsCN contentfrom 60 to
90%2M It is interestingthat changesin the dielectric
constantandin the solvating propertiesof the reaction
mediumdo not affect greatly the rate of intramolecular
reactiongnvolving neutralreactingsites.Henceit seems
thatthebeliefthatoneof the mainfactorsresponsibldor
the unusuallyhigh catalytic efficiency of enzymess the
changesin the dielectric constantand in the solvating
propertiesof the micro reactionenvironmentof active
sites of enzymescomparedwith the macro solvent
environmenieedscarefulreview.

The rate constantsk,, shownin Table 1 are com-
parable to the pseudo first-order rate constantsfor
hydrolysis of authentic PAn obtained under similar
experimentatonditiong* (Tablel). Similarly, thevalues
of eappat differentcontentsof CH;CN in mixed aqueous
solventsare not significantly different from the corre-
spondinge,pp, Obtainedfor hydrolysisof authenticPAn
underessentiallysimilar experimentaktonditions(Table
1).1* Similar comparableesultswereobtainedn theacid
hydrolysis of N-(o-carboxybenzoyl)glyeie® phthal-

0 1998JohnWiley & Sons,Ltd.

amic acid™® and N,N-dimethylphthalamicacid** These
results and the results reported by Blackburn et al.®
demonstratethat the intermediate which absorbs at
310nm in thesereactionsis phthalic anhydride. An
increasdn CH3CN contentfrom 10 to 80%decreased,
from 103x 10 % t0 0.95x 10 % s * at 35°C (Table 1).
The mechanisticexplanationsof the effects of mixed
agueous—organicsolvents on k, are described else-
where®*

A changein the CH3CN contentfrom 10 to 70% in
mixed aqueoussolventsappearso haveno appreciable
effectontheactivationparametersAH* andAS¥, for the
hydrolysis of OCBA (Table 2). Theseactivation par-
ametersare comparableto those obtainedin various
intramolecularnucleophilic reactions'®*° It seemsthat
anincreasan CH;CN contentfrom 10to 30%increases
both AH* andAS* for the hydrolysisof PAn. A further
increasen CH;CN contentbeyond30% doesnot affect
appreciablyeither AH* or AS* (Table 2). The signifi-
cantly largenegativevaluesof AS* for the hydrolysisof
PAnN(Table2) indicatetheinvolvementof severakolvent
moleculesin the transition state. This is in agreement
with the proposedmechanismfor the hydrolysis of
PAn!
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