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ABSTRACT: The hydrolysis reactions of 4-amino-2-phenethyl- and 4-amino-2-cyclohexyl-2,3-dihydro-3-oxo-1,2,5-
thiadiazole 1,1-dioxide (Ia and Ib ) were investigated in the range 24–73°C in buffered aqueous solutions. The
observed rate constants (kobs) are independent of pH in the rangeca1–4 pH, but increase with increase in pH aboveca
4. A linear logkobsvs pH profile with unit slope is observed from pHca4 up to the highest experimental pH (ca10).
The products are the corresponding new compounds: 2-amino-2-[(N-substituted-sulfamoyl)imino]acetic acid salts.
The C=N bond of these compounds hydrolyses further, in a slow reaction, to the sulfamide and oxalic acid
derivatives. The substrates decompose to the final products without accumulation of the acetic acid derivatives under
these experimental conditions. A mechanism is proposed. Rate constants and activation parameters are given for the
first reaction step. Owing to steric effects, the reaction rate is higher for theN-phenethyl-substituted derivative than
for the 2-cyclohexyl-substituted derivative. 1998 John Wiley & Sons, Ltd.
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INTRODUCTION

Thiadiazoles are molecules of interest owing to their
actual or potential value as intermediates in fine
chemistry and to their pharmacological properties.1

Recent examples of 1,1-dioxide derivatives of thiadia-
zoles are related to their useb-lactam synthesis2 or as
potassium channel openers.3 4-Amino-3-oxo-1,2,5-thia-
diazole 1,1-dioxides have been proposed as urea-
equivalent fragments in the development of new
antagonists of histamine H2 receptors.1

CompoundIc was synthesized in connection with a
search for gastric acid antisecretory drugs by Alkortaet
al.4 The same group also reported thatIc hydrolyzes to
form the salt of 2- amino-2-[(N-benzylsulfamoyl)imi-
no]acetic acid (IIcH ) in basic ([OHÿ] = 2 M) solution.5

In relation to our interest in homogeneous reactions of
thiadiazole derivatives,6–9 in this work we studied the
kinetics and mechanism of the hydrolysis ofIa and Ib

over a wide pH range (ca 1–10) in buffered aqueous
solutions at 24.0, 50.0 and 73.0°C.

Since the activity of gastric antisecretory drugs,
including 1,2,5-thiadiazole 1,1-dioxide derivatives, have
been related to the excellent electron-withdrawing
properties of the heterocycle,10 the stability of these
compounds in aqueous media and the nature of their
hydrolysis products are relevant for the understanding of
the behaviour of the drugs in biological systems.

Kinetic rate constants and activation energies are
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given, togetherwith spectroscopicandphysicaldatafor
thenewcompounds(alkalinesaltsof IIaH andIIbH ) and
unreported13C NMR andUV spectroscopicdatafor the
substratesIa andIb.

EXPERIMENTAL

Reactants, solvents and products. Reagent-gradeacet-
onitrile (ACN), absolute ethanol (EtOH) and other
solvents were purified by standard methods. Water
obtainedusinga Milli-Q purificationsystem(Millipore)
wasused.

4-Amino-2-phenethyl-2,3-dihydro-3-oxo-1,2,5-thia-
diazole 1,1-dioxide (Ia). This was synthesized4 from a
sample of 3,4-diamino-1,2,5-thiadiazole 1,1-dioxide
kindly supplied by ProfessorV. J. Arán (Instituto de
Quı́mica Médica, CSIC, Madrid, Spain).Its purity was
checkedby TLC andm.p.determination.Its IR spectrum
(KBr disk) and 1H NMR spectrum(DMSO-d6) were
coincidentwith thosereported.4 The13C NMR spectrum
in acetone-d6 showsweaksignalsat� (TMS) 158.4(s,C-
4) and 155.2(s, C-3) and strongersignalsat 138.6(s),
129.6(s)129.3(s)and127.5(s)(phenyl)and43.2(s)and
34.3(s) (aliphaticcarbonatoms).

TheUV spectrumin EtOH, ACN or aqueoussolution
presentstwo moderately intense absorptionbands at
�max= 208nm[e = (11.9� 0.6)� 103 l molÿ1 cmÿ1] and
�max 230nm [e = (9.1� 0.4)� 103 l molÿ1 cmÿ1]. The
spectrain EtOH or ACN solution do not changewith
time. The initial spectrumin aqueoussolutiondoesnot
dependon thepH of thesolution.

4-Amino-2-cyclohexyl-2,3-dihydro-3-oxo-1,2,5-thia-
diazole 1,1-dioxide (Ib). The pure reagent(TLC, m.p.,
IR, 1H NMR) was providedby professorVJ Arán. Its
synthesishasbeendescribed.4,11The13C NMR spectrum
in DMSO-d6 presentsweaksignalsat � (TMS) 157.1(s,
C-4) and154.4(s, C-3) andstrongersignalsat 55.1 (s),
29.6(s),25.2(s)and24.8(s) (C-1, C-2 andC-6, C-3 and
C-5 and C-4 from the cyclohexyl substituent).The fast
atom bombardment(FAB) massspectrumof Ib in a
thioglycerol matrix presentsintensesignalsfor positive
ionsat m/z149(Ib ÿ cyclohexyl� H�) and232(IbH�).
When KCl is addedto the thioglycerol matrix a new
intensesignal at m/z270 (IbK �) is observed.The UV
spectrumin aqueous,EtOH or ACN solutionpresentsa
moderately intense absorptionbands at �max 230nm
[e = (9.9� 0.5)� 103 l molÿ1 cmÿ1]. The spectra in
EtOH or ACN solution do not changewith time. The
initial spectrumin aqueoussolutiondoesnot dependon
thepH of thesolution.

2-Amino-2-[(N-phenethylsulfamoyl)imino]acetic acid
(IIaH) and 2-amino-2-[(N-cyclohexylsulfamoyl)imino]
acetic acid (IIbH). The alkalinesalts(Na or K) of IIaH

or IIbH were obtainedby a different procedureto that
reportedfor IIcÿ Ref. 5 owing to thefastdecomposition
reactionof IIaÿ observedin stronglyalkaline solutions
(seeResults).Equimolarquantitiesof Ia or Ib andNaOH
or KOH (0.02M aqueoussolution)werestirredat 25°C
(Ia or Ib do not dissolve completely) for 2.5h. A
homogeneoussolution was obtained. The reaction
mixture was vacuumevaporatedand the solid residue
waswashedwith acetoneanddriedto constantmass.The
products were pure (TLC) and the yield was nearly
quantitative. IIaNa : white solid, m.p. 209–210°C
(decomp.). The pKa of the correspondingacid was
measuredin aqueoussolutionby potentiometrictitration
asca 2. IIbK : white solid, m.p. 226–228°C (decomp.).
The compositions of the two new compounds by
quantitative elemental analysis and atomic emission
spectrometryareasfollows. IIaNa : C 40.00,H 4.28,N
13.20,O 22.31,S 7.67,Na 7.85; calculatedC 40.96,H
4.12, N 14.33, O 21.82, S 10.93, Na 7.84%. IIbK : C
33.85, H 4.96, N 14.21, O 23.52, S 8.59, K: 12.7;
calculated,C 33.44,H 4.91,N 14.62,O 22.27,S11.16,K
13.61%.Ash formation was observedin both casesin
combustionanalysis.This canaccountfor thelower than
expectedsulfur content.IIaNa : IR spectrum[KBr disks,
� (cmÿ1)]: 3450,3340and3300(H—N); 3020(H—Car);
2950and2860(H—Caliph); 1670(C=N); 1630and1425
(CO2

ÿ); 1600 (phenyl, superimposedwith 1630); 1320
and1120(SO2). IIbK : 3410,3300,3080(H—N); 2910
and2850(H—C of cyclohexyl);1620and1430(CO2

ÿ);
1310 and 1130 (SO2). The most important differences
from therespectivereactantsarethedisappearanceof the
carbonylbandand the presenceof carboxylateabsorp-
tion.

The1H NMR spectrumof IIaNa (D2O andDMSO-d6)
presentsonly thesignalscorrespondingto thephenethyl
substituent:two signalsof similar intensity at � (TMS)
7.31and7.26 (5H, d, phenyl);2.80 (2H, s, methylenes)
and3.28(2H, s, methylenes).

Its 13C NMR spectrum(D2O) shows� (TMS) 129.8(s),
129.6(s) and127.5(s) correspondingto phenyl carbon
atoms,and45.0(s)and35.7(s),dueto methyleniccarbon
atoms.

The IIbK 13C NMR spectrum(DMSO-d6) presents
four � (TMS) signalsbetween24.61 and 52.07 (C of
cyclohexyl) (see13C NMR of Ib), and only one weak
signalat� 162.2,assignedto thecarboxylateC atom.The
N-bondedcarbonatom signal is not observedin either
compound.Theabsenceof thecarboxylatecarbonsignal
in IIaNa is probablydueto the limited solubility of the
compoundin waterandDMSO.

The UV spectrumof aqueoussolutionsof IIaNa [pH
3.62–8.01;ionic strength(m) 0.05–0.8]showsan intense
band at �max 208nm [e = (15.2� 0.7)� 103 l
molÿ1 cmÿ1]. The extinction coefficient at 230nm is
(6.4� 0.3)� 103 l molÿ1 cmÿ1. TheUV–visible spectra
of IIbK (pH 4.00–9.64;m = 0.0–0.4) presenta wide,
broadbandwith an ill-defined maximumat ca 210nm.
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Theextinctioncoefficientat230nmis (6.4� 0.3)� 103 l
molÿ1 cmÿ1. A slighttendencyfor e (230nm)to decrease
with decreasein pH is observedfor bothcompounds,but
it is within thelimits of thereportederrorfor therangeof
theseparametersused.

Experimental measurements and procedures. UV
spectralmeasurementswere madewith a Zeiss-PMQ3
or a Varian Cary 3 spectrophotometerequippedwith
thermostatedcell holders.

1H and13C NMR spectraweremeasuredwith aBruker
200MHz instrumentandIR spectrawith aShimadzuIR-
435 IR spectrophotometer.A ZAB-SEQinstrumentwas
used for FAB mass spectrometry.Atomic emission
spectrometricmeasurementswere carried out with a
Metrolab4200instrument.

pH was measuredwith a ParsecVega VI apparatus.
The pH cell was standardizedimmediatelybeforeeach
measurementusing certified buffers at the sametem-
peratureastheunknown.

Kinetic measurements. The hydrolysis reactionsof Ia
andb werestudiedat threetemperatures(24.0,50.0and
73.0°C) by following thetimedecayof theabsorbanceat
230nm (parallel measurementsat 208nm for Ia and
240nmfor Ib gavethesamekinetic results).ThepH was
changedfrom ca 1 to ca 10. The buffers used were
Na2HPO4–KH2PO4, NaOAc–HOAc and Na2CO3–
NaHCO3. HCl was usedin the highly acid range.The
total buffer concentrationwaschangedby oneorder of
magnitudeto investigatespecific catalysis.The ionic

strengthwas changedfrom 0.05 to 0.8 (obtainedwith
differentconcentrationsof thestandardsolutionsusedfor
thepreparationof thebuffersor by additionof NaClO4).

Thereactionwascarriedin quartzcellsof 1 cmoptical
path,providedwith Teflonstoppers.Two cellscontaining
measuredequalvolumes(ca 3 ml) of aqueousbuffer of
knownconcentration,pH andionic strengthwereplaced
in athermostatedcell holder(� 0.1°C).Thereactionwas
initiated by adding (by meansof a microsyringe) a
measuredvolume of the stock solutionsof Ia or Ib in
ACN to the samplecell and shaking to homogenize.
Theseinitial mixing procedurestypically took 5–10s.
The reactionwasconsideredto initiate whenhalf of the
initial mixing time hadelapsed.

The initial concentrationof the reactantswas varied
experimentallyin the range(2.66–15.0)� 10ÿ5 M for Ia
and(1.00–10.0)� 10ÿ5 M for Ib .

Somekinetic runs were conductedin a thermostated
stopperedflask from which samplesof the reaction
mixturesweretakenat measuredtimesandanalyzedby
TLC.

RESULTS AND DISCUSSION

We will representthesubstratesor theproductsasI or II
when describing common properties and behaviors.
Detailedsymbols(Ia, IIbK, IIaÿ or IIbH , for example)
will be usedwhen referenceto a specificmolecularor
ionic speciesis required.

The absorbanceof bufferedaqueoussolutionsof I at

Figure 1. Time decay of the solution absorbance at 230 nm for Ia and Ib for several representative experimental conditions. A
dimensionless (kobs� t) abscissa is used to facilitate comparisons. Filled symbols correspond to Ia and open symbols to Ib. Curve
1a: (*) T = 73.0°C; kobs = 6.06� 10ÿ4 minÿ1, pH = 2.02, m = 0.05; [Ia]0 = 11.7� 10ÿ5

M. Curve 1b: (&) T = 50.0°C;
kobs = 1.97� 10ÿ3 minÿ1, pH = 5.34, m = 0.01; [Ia]0 = 13.4� 10ÿ5

M. Curve 1c: (&) T = 24.0°C; kobs = 5.05� 10ÿ3 minÿ1,
pH = 7.66, m = 0.1; [Ib]0 = 6.32� 10ÿ5

M. Curve 1d: (~) T = 73.0°C; kobs = 1.09 minÿ1, pH = 7.90, m = 0.4;
[Ib]0 = 3.54� 10ÿ5

M. Curve 1e: (*) T = 73.0°C; kobs = 4.15� 10ÿ4 minÿ1, pH = 0.59, m = 0.45; [Ib]0 = 3.55� 10ÿ5
M. Full

and broken lines are least-squares ®ts to the exponential decays. The Alim1
230 absorbance (see text) is indicated
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230nm(A230) decreasedwith timefollowing afirst-order
rate law. The initial extrapolatedabsorbancevalue
(A0

230) agreedwith the calculatedabsorbancefor the
initial concentrationof I (I0).

Typical absorbance–timecurves are shown in Fig.
1(a)–(e).An adimensionaltime scale(kobs� t) is usedto
facilitate the comparison,kobs valuesarereportedin the
figurecaptionsfor eachcurve.

The curves presenteddifferent characteristicsthat
dependedmainly on the experimentalpH. In the lower
pH range(ca< 4), the absorbancedecayedfollowing a
singleexponentiallaw to a nearlyzerovalue[Fig. 1(a),
Ia, *; Fig. 1(e), Ib , *]. Completespectrarecorded
during theseruns showedthat the absorbancedecayed
homogeneouslyin the range200–300nm. The solution
did notabsorbat longerwavelengths.No isosbesticpoint
wasobserved.

At higherexperimentalpHs,theabsorbancedecayedto
a practicallyconstantvalue(Alim1

230) in the kinetic runsat
thelower temperatures[Fig. 1(b), Ia,&; Fig. 1c, Ib ,&;
Fig.1d,Ib ,D). Alim1

230 agreedwith theabsorbanceexpected
for completeconversionof I to II, as calculatedfrom
their (independentlymeasured)extinctioncoefficients.A
well definedisosbesticpoint wasobserved(ca 216 nm)
when completespectrawere recordedat selectedtimes
during thekinetic run.

A subsequentand slower decay of the absorbance
belowAlim1

230 wasobserved[Fig. 1(b), Ia,&; Fig. 1(d), Ib ,
D) when absorbance–timedatawere recordedfor more
thanca 10 half-lives of thefirst exponentialdecay.

The practicalabsorbanceplateauAlim1
230 wasprolonged

and very clearly defined for Ia at all experimental
temperaturesand for Ib in all runsat 24.0°C andmost
runsat50.0°C in theabove-indicatedpH range.Theslow
subsequentdecaywas,in fact, difficult to observeunder
theseconditionsowing to the long time required.

The transitionfrom the first to the secondabsorbance
decaywaslessclear in very fast runs(at high pH) at 50
and 73°C with the substrateIb . However, the absor-
bance–timedatacould be accuratelyfitted with a non-
linearleast-squaresroutineto adoubleexponentialdecay
law. The fitted limiting value for the first exponential
decaymatchedtheexpectedAlim1

230 .
CompoundI was almost instantly convertedinto II

whenpHs higher than thoseshownin Fig. 1 wereused
(Ia: T = 50°C, pH� 9.5, for example). The initial
extrapolatedabsorbanceagreedwith that expectedfor
II , at a concentrationequal to I0, and the absorbance
decreasedthereafterto a limit of nearlyzero.

To minimizetheextentof thisdecompositionreaction,
we modifiedtheprocedurefor thesynthesisof II from I ,
as indicated in the Experimentalsection.This second
decompositionreaction is slower than the hydrolysis
reactionof I , as mentionedabove.For example,at pH
11.06and50.0°C, Ia wasconvertedinto IIaÿ in a few
seconds, whereas under in the same experimental
conditions,IIaNa requiredmorethan20h to decompose.

Thedecompositionreactionof II wasnot investigated
further. It must involve the hydrolysisof the remaining
C=N bond to give oxalamideand N-substitutedsulfa-
midesandtheir furtherreactionsto form oxalic acidsalts
and sulfamates.12 Bands assignable to —SO3

ÿ and

—C(O)N
"
! were observedin the IR spectrumof the

reaction mixture after prolonged reaction times at
alkaline pH. Oxalatesalts were isolatedand identified
(IR) from thesamereactionmixture.

TLC analysesof thereactingmixturewerecarriedout
for some slow kinetic runs. A gradual and steady
replacementof I by II was observedduring the first
processandonly II waspresentat the plateau.Beyond
theendof the plateau,the concentrationof II decreased
slowly.

Whenthehydrolysisof I wasattemptedin unbuffered
aqueous solution, the pH of an initially neutral
3.6� 10ÿ3 M unbufferedaqueoussolutionof I decreased
to ca 4 in approximately24h, probably owing to the
formationof asmallamountof theacidsIIH . Thereafter,
thereactioncontinuedasdescribedabovefor thelow pH
limit (ca< 4.5) in bufferedsolutions.

Hydrolysisexperimentswith thealkalinesaltsof II as
reactants did not produce I , but decomposedas
mentionedabove.However,II revertedto I in nominally
anhydrous solvents. Thus, when a ca. 3� 10ÿ3 M

solution of II in propanone(0.1% H2O, Karl Fisher)
was maintained at room temperature,TLC analysis
showed the presence of I (IIaNa reverted nearly
quantitativelyin 2 dayswhereasIIbK revertedpartially
in a week). The attack of the amide nitrogen on the
carboxylic carbon atom has been observedin similar
systems.13,14

The observedpseudo-first-orderrate constants(kobs)
for thehydrolysisof Ia andIb, obtainedfrom linearplots
of ln(At

230ÿ Alim1
230) vs t, as a function of pH and tem-

peratureareshownin Fig. 2(a)(Ia) and(b) (Ib ). Therate
constantdid not depend,within the experimentalerror,
on the ionic strengthof the solution or on the type or
concentrationof thebuffers.

At all temperaturesand for the higher experimental
pHs, the log(kobs)–pH profilesare linear with a slopeof
practicallyunity (Fig.2).A pH-independentrateconstant
limit wasreachedexperimentallyat the lower pHs.This
limit wasobservedat all temperaturesfor Ia andat 73°C
for Ib .

Theresultswereinterpretedasanucleophilicattackon
theacylic carbonatomby wateror OHÿ ions:

I � H2O� II k0
1; k0
ÿ1 �1�

I �OHÿÿ! II ÿ kOH
2 �2�

II ÿ! Decompositionproductsk3 �3�
The high pH zone of the log kobs vs pH profile

correspondsto the preponderanceof OHÿ nucleophilic
attack,which is practicallyirreversiblein aqueousmedia.
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In the pH-independentregion, the slow (equilibrium)
water addition reaction forms the amino acid, which
reactsfurtherasmentioned.Hence

kobs� k0
1 k3

k0
ÿ1 � k3

�H2O� � kOH
2 �OH-�

SinceII wasnot observedeitherspectroscopicallyor by
TLC in thekinetic runsat low pH and,aswasnoted,the
absorbancedecreasedat all recordedwavelengthsunder
theseexperimentalconditions,it mustbeconcludedthat
k3� k0

ÿ1 and,consequentlyk1
0k3/(kÿ1

0 � k3) = k1
0.k1

0 can
beobtainedfrom therateat low pH valuesandk2

OH from
thedataat high pH values.Thecalculatedrateconstants
aregivenin Table1. Thesevalueswereusedto drawthe
solid lines in the log kobs vs pH profilesin Fig. 2(a) and
(b). The dependenceof the rateconstantswith tempera-
ture is ln[k1

0 (Ia) (l molÿ1 minÿ1)] = 5.6� 0.7ÿ (48�
2 kJmolÿ1)/RT, r = 0.999; ln[k2

OH(Ia) (l molÿ1

minÿ1)] = 28� 1ÿ (43� 4 kJmolÿ1)/RT, r = 0.995;
ln[k2

OH(Ib) (l molÿ1 minÿ1)] = 28� 0.6ÿ (46� 3 kJ
molÿ1)/RT, r = 0.996.

The rateconstantdifferencesbetweenIa andIb must

be causedby differences in steric effects of the N-
substituent.Thesterichindranceis smallerfor Ia thanfor
Ib owing to the longeraveragedistancefrom the bulky
phenyl group to the acylic carbon and to the larger
rotationalfreedomprovidedby theethyl linkagebetween
thephenylgroupandtheheterocycle.
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Table 1. Calculated rate constants for the hydrolysis reaction of Ia and Ib

Compound T (°C) k1
0 (l molÿ1 minÿ1)� 106 k2

OH (l molÿ1 minÿ1)� 10ÿ4

Ia 24.0 1.05 7.3� 0.3
50.0 5.48 24.0� 0.1
73.0 16.1 86.0� 0.3

Ib 24.0 — 1.7
50.0 — 7.5
73.0 7.4 22.6
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