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-4BSTRACT 

Part 1: Thc rate and cquilibnum constanrs for formation and h!-dro1~-sis of formanilide. 

acstanilidc. p-nitro formanilide and p-methosyfbrmanilide have bssn dersm~insd under 

dilute aqueous acidic conditions. The reactions uere follou-ed tYom borh directions 

(formation and h>.drol>.sis) undsr identical conditions. The rssults dernonmars that the 

reacrivc spsciss for the formation of anilidcs arc non-ionized acids and rinprotonated 

amines and q u i  li brium position for formanilides shifis more tou-ards hmiatiori n-ith 

incrsasing basicity ofrhs constituent amine. The equilibrium constant. E;';,. based on the 

cuncenrration of non-ionized acid and unprotonated amine. follo~vs the quarion K',, = 

-0.95 - 0.57 pK,. Undcr comparable conditions. the rate of anainmcnr oi'cqiiilibriuni is 

249 rimes slo\\-cr for aceranilidr relative to formanilide. u-hile K',, dècreasss only 3.7 

rimes. .At pH 3.6. (LL = 1 .O). 0.5 hl phosphate increases the attainmsnt of sqriilibria for 

torrnuiilide b!- 1.6 tinies u-itho~it changing the equilibrium position. Addition of cthanol 

ro the sol~.ciiit systern incrcascci chc rare of anainment of equilibrium aiid shi ticd rlie 

èquilibriunl to~vards formation of formanilide. 

Part 2: The reaction ofdistoned amide 1 n-ith thiogl>.colic acid (29) ha5 becn srudicd ar 

25 "C. From high to leu. pH. the pH rate profile increases with decreasing pH until rhe 

second pK, of 29 ( 1  0.22). and then it shows a plateau until pH 7 \vit11 a minor intlsctioii 

at the iïrst pK, of 29 (3.55). Belon- pH 3.5. the reaction rnechanism ini-olves an attack of 

the monoanionic 19 on the protonated amide (1-H-). At pH > 3 3 .  an additional cficicnc 

mechanisi~i in\.ol\-ing attack of 29-S- on neurral 1 is operative. In the lansr iuschanism. 

the rsacriui~ proceeds \-ia an initial attack by 29-S' on 1 to produce an unstable tetrahedrd 



intermediare which is subssquently trappcd by an intramolecular proton rranstir from the 

pendant COOH. thereb>- prevenring reversa1 to the starting materials. 

The synrhssis of 4-nitro benzoate esters of sthy1 2-mercaptoacetats. rhioglycoiic 

auid. 2-(-1:-\--dimeth>-1amino)erhanethiol. and ?-(:Y -1: -l-rnmerh'-Iamrnonium-tmth-oniu)erhanethiol 

iodidt (34-37) have been carried out and their rates of hydro1)-sis at 50 'C srudird as a 

function of pH. Thioi esrcrs 35 and 36 eshibit a plateau in their pH vs log kob, profiles 

duc to the paniciparion of pendant carbosylare and dimerhylamino groups. Thiol esters 

34 and 37 h a x  linear pH ï s  log Lb, profiles \\-hich are indicaril-e of an esclusive spscifiç 

base artack of -OH. 
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Ciaims to originalin.: 

To the bsst of the author's knowlrdge. the original work prescnted in ihis rhcsis 

includes rhe follon-ing: 

Equilibnum snidies of formanilide. acetanilide. p-nitroformanilide and p- 

methos~formanilicie under dilute aqueous acidic conditions. 

Srudies of acid caral>-zed formation of anilides starting n i th  constituent ncid and 

amine u-ithout an' condcnsing agent or tandem reactions. 

Determination of the solvenr deutenurn kinetic isotope effecrs on the formation 

scluilibrium constant of formanilide. 

Determination of second order rate constants for phosphate catalysis on formation 

and hydrolysis of formanilide at pH 3.2 and 3-6. 79 i 1 'C 2nd kt = 1 .O (KCI). 

Detemination of the effect of temperature on the formation equilibrium constant of 

forrnanil ide. 

Determination of the effecrs of addéd ethanol to the solvent systern on borh rate of 

anainnient of cquiiibrium and equilibrium position of formanilide. 

Dctemiiiiatioii of second order rate constants for the attack of thiogl!-colic acid (29) 

on the srrained amide 1 ar pH 2.0 - 2.5 and 9.7 - 10-5- 

Synthesis of 4-nitrobenzoate esters of ethj-l 2-mercaptoacetate. rhiogl-colic ncid. 2- 

dirnethylarninoethanethiol, and 2-(.\-:\~:\ctnmeth~~lammonium)ethanethioI iodide (34 

37). 

Studies of rate of hvdrolvsis of com~ounds 31 - 37 as a fùnction of n H  at 50 OC-'. 
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Part 1 : Studies of Equilibria of Formation and Hydrolysis of Anilides in 

Aqueous Media. 



CHAPTER 1 : INTRODUCTION 

Amide bonds are important because they forrn the backbone of proteins. It is 

generally believed that peptide (amide) bond formation in aqueous solution is an 

unfavourable reaction both fiom a thermodynamic and fiom a kinetic viewpoint. and rhe 

l a a e  excess of water favours the hydrolysisl process, eq 1. 

The formation of amide bonds in aqueous media in the absence of enzymes is also 

. - 
of importance since this formation is implicated in the origin of 1ife.--' Various attsmpts 

have been made ro form peptides from amines and acids, or by coupling of arnino acids, 

under conditions that resemble those of primitive earth. In studies simulating prebiotic 

conditions. linear and cyclic polyphosphates,3  anami mi de.^ metal ions,' silica. alumina, 

and c1ay6 were used as catalysts for amide bond formations. However. it is WH known 

that different catalysts will only increase the rate at which the equilibriurn is anained 

ii-ithout changing the equilibrium position. Unfonunately this aspect has not been 

addressed in prebiotic studies. One should remember that unlike the normal tirne-scale of 

laboratory esperiments. Nature had ample time to attain equilibrium under its prebiotic 

conditions. 

Proceases are important classes of enzymes which hydrolyze amide (peptide) 

bonds. However. proteases can also resynthesize amides from their constituent carboxylic 

ac ids and amines under cenain circumstances. Whi le many mechanisric studies of the 

hydrolytic pathw-ays have been perforrned. fewer investigations conceming the amide 

reformation are available.' These latter studies did. however. highlight the biological 



importance of the equilibrium conditions of amide bond formations. Knowledge of  the 

equilibria involved in hydrolysis and formation of amides (peptides) is fundamental ro 

understanding biochemical processes: however. since these reactions are slow in aqueous 

media, only a few such studies have been reporteda'- 

A. Amide bond formation sirnulating prebiotic conditions. 

Most studies simulating prebiotic conditions for amide bond formation involve 

condensing amino acids into (monly) dipeptides in the presence of a catalyst. othenvise 

knoun as a "condensing agent". at elevated temperatures. Polyphosphate \vas shorvn to 

be one of the most successful catalysts used to form oligopeptides. Rabinowitz showed 

tliat up to 36 percsnt digl>.cine c m  bs  formed starring nith glycine in the presence of 

sodium trimetaphosphate at 70 'C under neutral to basic conditions."~he proposed 

mechanisrn" of phosphate catalysis under alkaline conditions involves a 

phosphoramidate intermediate, Scheme 1, which cyclizes intrarnolecularl y to =ive a five 



carbon of the cyclic ester Ieads to the N-phosphylated dipeptide. 

More recently. condensation of di and tri-glycine w-as carried o d b  to form tetra- 

and hçsa-glycine in the the presence of tri- or tetrameraphosphate at 38 O C  under various 

pH condirions ranging fiom 4 to 9. Trimeraphosphate was found to be a more effective 

catalyst than retrarnetaphosphate. It was suggested that under neutral to acidic pH. 

condensation of di- and tri-glycine to fomi higher oligopeptides in the prescncc of 

polyphosphate proceeds through a phosphate ester intermediate' Scheme 2. 

Scheme 2 

Stairnnian shorved4"- that cyanamide can also act as a condensing agent to t o m  

peptide bonds under probable prebiotic conditions. The possible role of si1 ica. alurnina 

and clays as catalysts in the cliemical evolution of peptide bonds has also been srudied by 

\rarious groups. In a recent report. Bujdak et n t "  have shown that when condensing 



amino acids. up to L percent dimer \vas obtained on alumina silica or clay at 80 OC. 

Similar amounts of rriprptide were obtained when condensing an amino acid and a 

dipeptide under the same esperimental conditions- it was found that silica and alumina 

n-sre better cataiysts than clays. 

In another stuciy. Schwendinger showed that dipeptides can be formed staning 

from arnino acids at high (5M NaCI) salt concentrations in the presence sf Cu(1I) ions.6b 

The formation of diglycine and mised dipeptides of glycine and valine had been observed 

in a reacrion systern containing glycine. vaiine. Cu(I1) ions and high concentration of salt. 

>[ore recently. it has been suggested"hat osidative formation of pyrite from iron 

sultidr and hydrogen sulfide. sq 2. can provide the drivin, force for 

FeS + HS- -* FeS2 + H- + 2 e- ; E O = -620 mV (3 )  

reductive acetylation of arnino acids with mçrcaptoacetic acid (HSCH2COOH). The 

rsactions wsrs carried out at 100 OC and at pH 4.5. In this espsriment. aniline. O-carboq- 

aniline and tyrosine xere acylated by the above process. I t  was suggested that the 

acylation proceeds via thioacetic acid (CHjCOSH). ~vhich was aminolj-zed to get the N- 

acylated compounds. eq 3. Under similar conditions. aniline produced the hishest amount 

of amide cornpared to the other 

O 
\\ 
C-SH + 

CH/ 

two amines. 

O 

B. E n q m e  catalyzed formation of amide bonds: 

The normal biological role of prozeases is to catalyze peptide bond hydrolysis (for 

an account on enzyme catalyzrd hydrolysis. see Part 2 of this thesis). Nevenheless. it lias 



long been k n o ~ m  that in vitro. man. proteases catalyzel the microscopic reverse reaction. 

narnely the resynthesis of peptide bonds. Recently. proteases have been ussd to 

synthssize oligopeptides. In one such esampie human insulin was obtained fiom coupling 

of deoctapeptide-(B23-B30)-insulin with an ocrapeptide using trypsin in a semisynthetic 

process. 1 O 

In the earlier enqmatic studies'. " of amide bond synthesis starting mith amino 

acids. it was realized that at physiological pH values (i.e. pH 7): removal of a proton fiom 

a positivel>. cliarged amine group and the addition of a proton to negatively charged 

carbosylate group (eq 4) \vas considerably endothermic. Pan of the overall frec energ). 

change inuolved in the formation of smide bonds at a given pH may therefore be 

anributed to the neutralization of these groups. For comparison of free energ): (AG*) 

changes involved only in the hydrolysis (or formation) of similar types of bonds in 

various compounds. Carpenter p-oposed' ' the "non ionized compound" convention. This 

convention is espressed as followsi ' :  llaGO refers to the free-energy change involvcd in 

the h>-drolysis of non-ionized reactant at unit activity in water by watrr in the liquid state 

to yield non-ionized products at unit acti~eity in water." 

In 1952. Fruton and CO-workers determined" the chynotrypsin catalyzed 

equilibriurn for the formation and hydrolysis of benzoyl-L-tyrosylglycinamidr. starting 

with bcnzoyl-L-tyrosine. "N-labelled glycine and the dipeptide. To determine the 

equilibriurn constant. a tracer technique and calorimetric procedure were used. The 

authors found that the apparent estent of hydrolysis of benzoyl-L-tyrosylglycinarnide as a 

function of pH followed eq 5 .  



u-here KtA and MtB are the ionizarion constants of RCOOH and H;N-~'respectively, a* is 

the hydrogen ion acti\-il),. Ktapp and K'h\d are the apparen: and [lie correcrsd squilibrium 

constants. This relationship indicates that maximum synthesis or minimum h>-drolysis. 

(Kt,,, = l/Kfhrd) would OCCUT at pH L-alues intermediate betwern the pK&. cspressed as 

a~ = JK'JC~. More recsntly. Lasko\\~ki  ri nl show{-ed" that eq 5 could be applied to the 

resynthssis of peptide bonds in ribonuclease-S by the enzyme sribtilisin. 

Lasko\i.ski and CO-u-orkers also studied the effcct of organic CO-solvents on 

chyrnotrypsiii catalyzed synthesis of a dipeptide.14 Sis differmt pol).h>.dros~- compounds 

wsre used as CO-solvents. Al1 tliesr co-solvents shiftéd ~ h e  equilibrium position towards 

synthesis as the percentage of CO-solvent \vas increased. S o l w x s  such as ethanol. 

aceconitrilz and acetonè xi-ere not ussd because the enzyme acrivity \vas décréased in 

tllese co-sol\.rnts. The best CO-soIvent was found to bs  1.4-butanediol. and at 85% (VIL-) 

Ktjl, increased to 3s M'' fiom 0.45 M' in aqueous mediuni. Co-solvent conssnrration 

could not be increased beyond S i %  because the enzyme activity decrsased. The shiti of 

the equilibrium posirion towards synthesis due ro the addition oforganic CO-solvents kvas 

artribured to thé shifi of the apparent pKas of RCOOK and R'N-H3 of the m i n o  acid 

substrates. 

Using chymotrypsin as the cataiyst. N-benzoyl-~-tyrosyLg1ycyIanilide. a dipeptide. 

\vas synrhesized froni K-benzoyi-L-tyrosine (1) and glycylanilide (9" The rate constants 



s h o w d  a Ilficharlis-Menten dependency (saturation) on the concentration of N-benzoyl- 

L-1:-rosine (amine protected amino acid). On the other hand. u-ith glycylanilide, the rate 

constants varisd linearly uith concentration. These findings suggested that the t)-rosine 

deri\-ative formed a comples ~ i t h  the enzyme and that this comples reacted with the 

amino group of glycylanilide to forrn the dipeptide and regenerated the enzyme as 

depicted in Scheme 3. 

Scherne 3 

RCOOH + EH RCOE + HzO 

RCONHR' - EH 

Hencs. the authors suggested that the process of chyiotrypsin catalyzed synthesis of 

peptide bonds \vas the microscopic reverse of the hydrolysis process. since both the 

formation and hydrolysis of amide bonds proceeded via acyl enzyme intermediates. 

I7 Manu other proteases. such as papain.'' pepsin, and t h e r r n ~ l ~ s i n ' ~  have been 

shoivn to catalyze peptide bond synthesis. Most enzyme mediated amide bond syntheses 

in\-olvs an N-protcctsd amino acid and another amino acid with a protectsd carbosylic 

acid. Orgaiiic CO-solvent is frequently used to incrsase the solubility of the starring 



matsrials. h o t h e r  aspect ofenqmatic synthesis of amide bonds is the specit'icity of 

enzymes in foming the bonds. which is beyond rhc scopr of this thesis. 

C .  Non enzymatic hydrolyis of amide bonds. 

Amide bonds are highly stable towards hydroiysis. which allon-s the constniction 

of robust polypeptides fiom relatively simple amino acids. Non enzymatic acyl transfer 

reactions of unactivated amides are extremely s ~ o n - \ - ' ~  which is generally rationalized 

using resonance theory. whsre canonicai form II is an important conrributor to the 

stability. Most of the properties of amide bonds such as the short N-C(=O) bond length. 

the barrier to N-(C=O) bond rotation. the C=O infrared stretching frequencies. and 

resistance toward nuc lsophil ic attack (and hydrolysis) can br esplained by the above 

resonance forms.lo Due to the inherent stability of the amide linkags. rlevated 

temperatrire and higlily acidic or basic conditions are requircd for liydrolysis. -4s a result. 

noncnz>.rnaric hydrol>-sis processes ~vzre rarhsr i l 1  defined. until recently." Holirvsr. 

7 3  3 
recent esperiments--' have conrributed signif cantly towards the mechanistic 

understanding of amide hydrolysis. As depicted in eq 6 amide bond hydrolysis in water 

or base proceeds through an addition elimination mechanism. in which the nucleophilic 

osygsn (froni HzO or OH-) is bound to the acyl carbon to form one (or more) unstable 

retraliedral intermediates. T. 



T 
Brown er ai have outlined threr key sets of experimenrs used to distinguished 

bst\veen possible amides hydrolysis mechani~rns. '~ The. are: A) measurement of the 

kinetics as a function of [HjO-] or ['OH] to determine the stoichiomctry of the rats 

detrrminins transition states (TS); B) the kinetics of carbonyl 'S~-exchange in unreacted 

amide recovered from partly hydrolyzed reaction mixtures as a fimction of p;O-] or 

['OH]. which provides information about the reversibility of the steps leading to the 

tetrahedral intermediates; and C) solvent deuterium kinetic isotope effects (SKIE) on the 

hydro1:-sis and lS~-eschange.  These provide information about the proton transkrs in the 

respective rate lirnitin; transition states. A brief account on the mechanisms of specific 

acid . specific base and water catalyzed amide hydrolysis is given here. 

Specific acid catalyzed hydroiysis: 

The grnerally excepted mechanism for H30- catalyzed amide hydrolysis is 

detailed in Scheme 4. The rnechanism involves protonation of the carbonyl O in a pre- 

equilibrium step followed by nucleophilic anack on the carbonyl carbon by one HrO 

assisted by a second HzO molecule yielding the tetrahedral intermediate TO and H;O-. 

Genrrally. the plots of log khrd vs pH have siopes of -1 indicating that the rate limiting TS 

for h!-drojysis contains one proton and the amide. At high [&O-1. however. these plois 

Ievel off and then cune  downward. These obsen~ations are consistent with substantial 



Scheme 4 

equilibrium O-protonation ( pK, -O to -3") and a reduction in Hz0 activity in 

concentrated acid media. 

In earlier studies" no significant loss of "0 was observed during acid promoted 

76 amide hydrolysis. However. in later experiments- small, but  significant, loss of ''0 was 

detected. The hydrolysis and exchange rate constants (khvd and Lx) can b e  expressed in 



terms of kl. Li. and k2 (Scheme 4). where k i  and k2 are redefined to incorporate the 

protonations of C=O. and the nitrogen of Y'. 

kh!d = k,li?!(k-, +ki' - J (7a) 

k,, = klkl12jk_l k 2 )  (7b) 

Lskhyd = ki/2ki ( 7c) 

The partitioning of T* cm be obtained from eq 7c. The factor of 2 in the denorninators of 

eq 7b and 7c is due to the fact that only half of reversal of the step leading to TO will give 

"0 cschange in the starting materials since the two osygens are equivalent. 

Broun et al reported2'b significant ''0 exchange in amides like N-2.4-trirnethy l 

aceranilide during acidic hydrolysis. with an obsenred k,/kh,d of about 0.1. They also 

obsen-ed that both sschançe and hydrolysis were tirst order in [H;O'] and the SKIE on 

both were close to unit'.. From these obser\+ations. it foltows that thers must bs an 

intermediate n+hich is panitioned between eschange and hydrolysis. Because the 

eschange \vas smaller than hydrolysis. it \vas suggested that ki was the predominantly 

rate lirniting step. Both the eschange and hydrolysis TS must contain one proton since 

the? were both first order in [H;O-1. hence ruling out a neutral or zwitterionic TS. The 

obsen-ed unit SKIE for hydrol>-sis and eschange ivas esplained by the facr that the 

inverse rqiiilibriuni isotope effsct of  carbon5.l O-protonation \vas being compensarcd for 

by the normal kinetic effect for £ 3 2 0  promoted dslivery of water. Subsequent studies 

showed that the kes/kh,d ratio varied as a funcrion of amine basicity. The amount of O"- 

eschange \vas observed to increase as the basicity of the ammonium ion decreased since 

more reversal from TO takes place as it becomes increasingly dificult to install a proton 

on K to forni T~'. 



Specific base catalyzed hydrolysis: 

Specific base catalyzed hydrolysis of amide bonds procerds as shomn in Schenie 

5 -  The steps in this hydrolytic mechanism involve attack of -OH on the neutrai amide to 

Scheme 5 

torm the ariionic tetrahsdral inrcrmediats To., Lvliich ma- revert back to staning niaterials 

or can break doum to producrs witli (k;) or without (kr - k2.) assistance froni a second 

-OH. Second ordrr depsndence in [-OH] has been observed for the Iiydrolysis of several 

amides." and is esplained by a process where a second *OH dcprotoiiates To- to give the 

dianionic iiitermediate TZ0. which subsequenrly gives carbosylate and amide ions. At 

hi& ['OH]. this process beconies predominant. so as soon as To. is fomied i t  is trapped 

by aiiother -OH ro produce TLO-. thsrsby prevçntiiig the reversal. and niaking the 



formation of To- (kI) the rate lirniting step. Xccordingly, such amides show large "O 

eschange at lowv [OK-1. and linle or none ar high [OH-]. 

There are many arnides18 which do not show a second order term in rOH]. For 

these amides. To. is reactive enough that it can break down to products (k2) u-ith the 

simple assistance of water (solvent). For this process. the dominant factor controlling the 

panitioning of To-. (to reactants (Li) and products (b)) is amine basicity. If the amine is 

liighly basic. N protonation becomes themiodynamically favourable and consequently k2 

becomes faster than ki so that little or no "O-eschange is obsenred for these amides. On 

the other hand. for amides containing less basic amines. the breakdown (b) of the 

tetrahedral intermediate to product will become the rate-limiting step. SKIE smdies 

suggesred that in the water catalyzed breakdolm (kz) step a proton is cornpletely installed 

on N pnor to C-N cleavage which occurs by III or IV. 

Water catalyzed hyd rolysis: 

Water caralyzed hydrolysis of aniide bonds is an estrernely slow process.'O Most 

of the studies involving water cataiysis wvere performed on amides u-hich \vers activated 

in sorne w-\-. In a recent study, Brown and CO-urorkers s t ~ d i e d ' ~  the water catalyzed 

hydroiysis of trifluoroacetanilide (3a) and p-nitrotrifluoroacetanilide (3b). The water 

hydrolysis of both compounds exhibited a large negative entropy of activation. indicating 

an ordrred TS involving more than one water molecule. No "0-eschange was observed 

in the "O- labsllsd p-nitrotrifluoroacetanilide recovered afier partial hydrolysis. From 

these observations. i t  t a s  suggested that the forniation of a di01 (To) in a concerted or 



nearly concerted fashion was the rate lirniting step for the reaction. follo~\-ed bu  rapid 

cleavage of the C-N bond in preference to OH espulsion. Scheme 6. 

Scheme 6 
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D. Non enzyrnatic formation of amide bonds. 

Small molecule mimics of proteases have been extensively studied in this 

laboratory and the reactions of a series of amine alcohols 1 - 6'' with 7 were investigated 

as possible models for serine proteases. The reactions of bicyclic amide 7 with small 



des containing thiols 8-1 I''-'~ ha 

6 

.ve been studi cysteine pro teases, 

whils a scries of dicarbosylic acids 12-14" have been used to mirnic the chernistry 

believed to occur in the active sites of aspanate proteases. For a brief account on amide 

bond hydrolysis using these models. see Part 2 of this thcsis. 

Among the aforementioned small rnolecule protease modcls. 8 has been shown to 

. - 
catalyze the reformarion of amide bonds."' Scheme 7. The catalytic mechanism of 8 

mediated formation and hydrolysis of amide bonds proceeds via a common thiol ester 

intermediate Sa. 



Scheme 7 

HCOOH 

Hcnce. the equilibrium position between the hydrolysed products and the amide xould 

depend on the partitioning of this intermediate between hydrolysis or aminolysis. The 

apparent ecluili brium ~onstant. ' '~ 

for N-formylmorpholine was found to be 1.2 M-' at pD 8.0 and 98 "C. The formation and 

h>-drolysis of  N-fomylmorpholine was also observed to be catalyzed bu phosphate buffer 

undsr the same conditions. 

Kirby er nt showed that cyclic amides (lactams) could bs niade frorii 

intramolecular aminolysis of ester 15"" and from the intramolecular cyclization of 

amino acids 16a-d.jsb 



The effecrs of various buffers on the cyclization of 15 were studied and it was found that 

the cyclization process is susceptible to both general base and grneral acid caralysis. 

ButErs wïth pK, values higher than 6.6 acted as oeneral bases while buffers with pKa - 
values lower than 6.6 acted as general acids. It was also suggested that phosphate and 

carbonate acted as bifunctional catalysts. 

The pH-rate profile for cyclization of 16a-b s h o ~ e d ' ~ ~  a plateau region at lower 

pH (below ca. pH 4) while at higher pH. the log kOb, decreased Iinearly with increasing 

pH. It  \vas concluded frorn this observation that the intrarnolecular condensation of amine 

and carbosylic acid 16a-b proceeded from the protonated form of the compound at iolirr 

pH and from the neutral compound ar higher pH. Scheme 8 (only 16a is shoun). The 

neutral amino group acted as a nuclsophils to attack the protonatcd or undissociated 

carbosylic group in 16a-H-. or 16a to subsequently form the neutral tetrahedral 

intermediate which 

Scheme 8 



breaks donn  in the rate limiting step to the cyclic amide product. The anionic form of the 

compound (16a') \vas not reactive. Buffer catalysis \vas studied for the cyclization of 16a. 

and ir was suggested that the rate enhancement due to the buffers came from the general 

acid catalyzed breakdonn of the neutral terrahedral intermediate. A Bronsted cr value of 

0.49 n-as obtainzd for this process. and h e  log of the second order rate constant due to 

phosphate catalysis was above the Bronsted line. indicating the possible bifunctional role 

of phosphate. 

Fife and cow-orken studiedj9 the intramolecular cyclization of 17 which produces 

a i-ive membered cyclic amide. eq 8. 

Unlike cyclizarion of 15, thcse reactions eshibited spscific base catalysis. Ir \vas 

suggested that intramolecular aminolysis of aliphatic esters proceeded through rnulti-step 

mechanisms wïth various rate-limitin; steps. Three key features controlling these 

aminolysis reactions have been identified: A) the pK, of the amine nucleophile; B) steric 

tït of the nucleophile to the carbonyl carbon; and, C) the ease of C-O bond breakage in 

the decomposition o f a  tetrahedral intermediate to form products. 

Blackburn and Jencks studied4' the mechanism of the aminolysis of methyl 

forniare using morpholine. n-propylamine. rnethosyethylamine. hydrazine. glycinamide 

and glycylglycine as the amine nucleophile. In aqueous media. the rracrion proceedrd 

predominantly by the attack of a free amine on the carbonyl carbon with general base 



assinance fiom a second molecule of amine. Given that the rate decreased nith 

decrsasing pH at a constant free amine concentration, the authors suggested that the rate 

limiting step for the reacrion of morpholine with methyl formate \vas the anack of the 

amine to give a tetrahedral intermediate at high pH. versus the breakdown of the said 

intermediate at iow pH. This argument was furrher strengthened by the finding that when 

Y-(methnsymethylene) morpholinium methosulphate (a compound producing the same 

tetrahedral intermediate as is formed during aminolysis of merhyl formate by morpholine 

but bu a in a different routc) \vas hydrolyzed under basic conditions. the amide resulted. 

Hon-ever. under acidic conditions, the ester was fornisd. Scherne 9. 

Scheme 9 
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In anorher study by Jencks ef cd. the equilibrium constants for the formation of 

hydrosaniic acids from carboxylic acids plus hydrosylamine were ~b ta ined .~ '  



Equilibrium had been obtained from the direction of both formation and hydrolysis. 

starting with hydrosylarnine and the appropriate acid or the h>.drosamic acid. 

respsctively. eq 9. The equilibrium constant of  the acetohydrosamic acid was determined 

RCOOH t HzNOH RCONHOH - H70 ( 9 )  

in dilute. aqueous acidic conditions at 25 O C .  For hydrolysis of hesanohydrosamic and 

octanohydrosamic acids the determination was perforrned using liver esterase whereas 

chymotrypsin was used for the determination of equilibrium constants at neutral pH for 

the hydrolysis of N-acetyi-L-tyr0sir.e hydrosamic acid. The value of the apparent 

equilibrium constants ar pH 7. KpEr~.  eq 10a. taking [H20]  = 1 bl. for al1 the h!-drosamic 

acids w r e  close to 1. escept for that of 3-acetyl-L- -tyrosine hydrosamic acid which 

was 0.042. Ho~vever. when the equilibriurn constants. KI (eq 1 Ob) w r e  correctrd for 

respective acid and amine pK,s to j e t  the uncharged species and taking [HzO] - - 1, the 

values wers very close to each other. at 402.137. 372 and 361  for acetohydrosamic. 

hesanohydrosamic. octanohydrosamic and N-acetyl-L-tyrosine hydrosamic acid. 

The formation of formamide froni ammonia and formic acid, given in eq 1 la, has 

been studied using semiempirical and ab inifio methods.' It was conc~uded '~  that in the 

(.as phase. the stepwise and concerted mechanisms for amide bond formation are = 



equaliy cornpetitive. Nevertheless. the stepwise mechanism, involving a tetrahedral 

intermediate. \vas found to be more favourable than the concerted mechanism in a 

subsequent studulb where two molecules of ammonia rvere considered in the mode1 

reaction (eq 1 1 b). with the second molecule of ammonia acting as a catalyst. It  \vas also 

- 
-4. 

1 'T 

; - J 

found that for the two step mechanism. the first step \vas rate determining. 

Guthrie has previously calculated the them~ochcmical data for equilibrium 

forniarion of fornianilide and acetanilide ti-oni their constituent acids and aniine~. '~ >lors 

reccntly. lie has calculated the corrected equilibrium constants (Kt,,. see Results) and 

lieats of foriuation of XX-diniethyl amides of substituted benzoic acids. sq 12.''' 

X 
Fersht and Requena have reported the equilibriurn constants for a 

forniamide formations using indirect methods for a series of primary and 

To main the equilibrium position the reaction of hydrosylamine and formic acid 

was used to form methanohydrosamic acid. which would subsequently be aminol!*sed to 

ci\-e the amide. Scherne 10.' The equilibriuni constants were calculated based on the - 
concentration of non-ionized reagents and taking the activity of water as unih. The 



authors showved that the log of the equilibrium constant is linearly dependent on the pK, 

of the ammonium ion of rhe amine (eq 13). However. the corrected squilibrium constant 

(K1,,j corresponding to aniline did not fa11 on the Iine. 

log K',, = 0.50 + 0.5 1 log pK,. 

Scherne 10 

HCOOH - H2Y0H t 

H XHOH 

In an earlier study by bforawetz and Otaki. the equilibriurn constants for amide 

formation n-ere determined under aqusous basic conditions for a series of amines and 

carbosylatrs as described in eq 14.' The equilibriurn constants were determined from the 

ratios of the rare constants of formation ( k l )  and hydrolj-sis (k,). It was obssn-ed tliat 

thers \vas ver>- l i t t ls  effect on the rquili briurn constants due to the change in the acyl 

part of the amide. 



E. Purpose of this study. 

-4s pointed outS by Fersht. "the most rigorous method of determining equilibrium 

constants is to approach the equilibrium from both sides and measure the squilibrium 

concentrations of reagents". Amide bond reformation frorn the constituent acid and amine 

itithout the use of condensing agents would be of practical use in large scale (indusrrial) 

s?.nthesis. ou-ing both to the reduction in the number of steps required and due ro its cost 

efkctiveness. AIthough in previous studies Morawetz and Or& have reported7 amide 

reformation taking place in basic media. equilibriurn constants for the non-enzymatic 

formation of amides have not yet been obtained directly starting with the constituent 

acids and aniinss in dilute aqusous acidic media. While acid catalysis accelerarss 

hydrol>.sis of amide bonds. it slioold also incrense tlie rare of amide refomiation. and 

since in acid the concentration of frer amine will decrease. the apparent formation 

equilibriuin constant also decreases. This work is aimed at: A) understanding factors 

important for attaining equilibriuni directly without recourse to tandem reactions like 

thoss used b>- ~srsht: '  B) determining u-ays to catalyze attainrnent of equilibrium b>- 

buft'ers: and C) examining the effect of ethanol as an additive that may alter pKas. thus 

yiélding grsater amounts of the rsquirsd neurral acid aiid amine. whicli in tLirii sliould 

alter the apparent equilibrium constant. 

In the present study. equilibrium constants for fomatiom'hydrol~sis have b e n  

obtained for formanilide. aceranilide. p-nitro formanilide and p-methosyformanilide by 

approaching the equilibrium position from both sides under dilute aqueous acidic (pH 

2.8-4.2) ccnditions. The rate constants for tlie anainment of equilibrium have also been 

detsrminsd. AI1 the reactions were carried out under pseudo-first order conditions. where 



fomic acid or acetic acid \vas used in escess, and the reactions were carried out under 

various conditions of pH and substrate concentration to determine how these affected the 

rate and equilibrium constant. The effect of temperature on the rate and equilibrium 

constants of formanilide formation and h?*drolysis \vas also studied. Since previous 

studies ha\-e shown thar phosphate can act as a bifunctional catalyst for both formation 

and hydrol>-sis of amide bonds. the effect of varying phosphate concentration \vas studicci 

for formation and h>.drolysis of formanilide. Previously. for the enzymatic formation of 

amide bonds. it was obsen-ed that organic CO-solvents increased the estent of amide 

formarion.'" Accordingly. we have studied the effect of added ethanol on the formation 

and hydrolysis of formanilide. To calculate the concentration o f  non-ionized amine and 

acids. the ionization equilibrium constants. K,. were determined or computed under the 

reaction conditions for al1 reactants. Finally to detemiine the solvent deutérium kinetic 

isotope rtt'ects on both the sq~iilibrium position and the rate of tormanilide formation and 

hydrolysis. rsactions w r e  also carried out in DzO. The follon-inp prrsrnts our tïndings. 



CHAPTER 2: EXPERIMENTM, 

-4. %laterials and General Methods. 

Aniline. formic acid and p-nitroaniline were obtained from BDH. Acrtanilide, 

formanilide. acetic anhydride and p-rnethosyaniline were purchased from Aldrich and 

usrd as supplied. Glacial acetic acid was obtained from Fisher Scientitïc. Methano1 

(HPLC grade) was obtained from Eh4 Science. Aniline and acetic acid were distilled 

prior to use. h l 1  HPLC solvents were filtered through a 0.15 prn filter before use. Ali 

melrin; poinrs were obtained using Fisher-Johns melting point apparatus and are 

uncorrected. 

All buffirs were prepared using purified deosygenated water from an Osmonic 

Arics water purification system. The pH \vas measured using a Radiometer Vit 90 video 

titrator equipped witli a GK232 1 C combination electrode. standardized by Fisher 

Certified pH 2.4.7 and 10 buffirs. 

B. Synthesis. 

p-Ni tro formani l ide and p-methosyforn~anilide w r e  synthzsized from p- 

nitroaniline and p-methosyaniline respectively. using formic acetic anhydride. as 

described4' by Krishnamurthj-. p-Nitroformanilide was recrystallized 2 times from ethyl 

acetate before use and had a rnelting point of 196- 197 ' C  (lit." mp, 196- 198 O C ) .  p- 

iL1ethosyformanilids \vas purified by recrystallizing 3 times fiorn chloroform-hexane 

mixture (liesane was added dropwise to chloroform solution until somc cloudiness was 

obsen-ed). The pure product had a rnzlting point of 79-80 O C  (lit.'" mp. 78-80 O C ) .  



C .  HPLC Conditions. 

For HPLC analysis a Hewlett-Packard 1050 seriss HPLC systeni. titted with 

variable \vavelsngth UV-Vis detector and autoinjector. \vas ussd. For separation. an IL- 

Bonda-Pak Cis  (Waters) cartrïdge column was used. A gradient mixture of 0.005 bI 

potassium phosphate buffer (pH 7.2) and methanol was used to separate aniline from 

formanilide. For sach injection the initial solvent composition kvas 20% methanol: 80% 

phosphate buffer which afier 15 min. was modified to 30% methanol: 70% phosphate 

buffer unri12 1 min. whercupon 100% methanol was used 10 wash the column for 9 

minutss be fors nest injection. For separation of aniline and acetanilids. an isocratic 

misrure of 75% methanoi: 75% phosphate buffrr (0.005 M. pH 7.2) \vas used. In both 

cases the tluw rate was 1.2 mL/min. and the detector was set at ib = 23 1 m. Anilirie 

elutsd before the anilides. Figure 1. 

D. Kinetics by HPLC. 

For kinetics studies at 98 2 2 "C. (5.0 - 5.3)  x 10" kl fornianilide or aniline 

solutions Lvsre made in 10-30 rnL of formate buffer (pH 3.2 - 4.2. [ b ~ f f e r ] ~ ~ . ~  = 0.1 - 1 .O 

SI. ;i = 1 .O hl (KCI)) and were degassed by passing Ar tlirougli theni for 30 min. These 

solutions n-sre then dividsd into 10-20 autosampler-vials which n-ers sealrd u-ith te tlon 

lincd scpta. The vials nw-e heated in a boiler containing boiling water. and at certain 

intemals \vers uithdrau-n from the boiler. cooled immediately in ice water and analyzed 

b!- HPLC. The pseudo-first order rate constants for appearance and disappearance of 

aniline and formanilide were obtained by W LLSQ fitting of peak aren vs timc data to a 

standard ssponential mode1 (vide sirpi-CI). The response factor for formanil ide and aniline 





undcr die esperimental conditions w r e  obtained by injecting. and determining the peak 

areas of. a t : l formaniiide and aniiine rnix~nire. For each run two rate constants could bs 

obrained (for esample for hydrolysis of formanilides the pseudo-firs: order rate constants 

of disappearance of the fornianilide as xell as the appearance of aniline were obtained). 

Kinetic data for formation and hydrolysis of acetanilide were obtaincd similarly ar 

the same temperature at pH 1.95 k 0.03 and at pH 3 -72 2 0.03 with (5.2-5.4) s 10" kf 

solutions of acetanilide or aniline. At lower pH. HCI cornprised the buffer and 1 .O M 

acetic acid \vas added to the solutions. At higher pH acetate buffer \vas used wirh the total 

buffer concentration being 1 .O LM. The ionic strength of al1 the runs was maintained at 1 .O 

( K I ) .  

E. Kinetics by UV-\*is spec trophotomet~ .  

Tlie ratcs of forniarion and Iiydrol~~sis of formanilide. p-nitroformanilide and p- 

ii~srhosyforiiianilide n-sre obscrved at 79 f l "C. using n Car>--7 19 UV-i-is 

spsctroplio tomster interfaced with an I BM 4S6 PC equippcd 1i:ith Olis so ftivare ( On1 inc 

Instrument Systems. Jefferson Ga.. 1992). The temperature was kept constant by using a 

Pol>- Science 1 160A circulating water bath. Kinetic data \:ere obtained Dy observing the 

rate of cliangs in absorbante (increase for formation and decrease for hydrolyis) of 

formanilide at 246 nni and p-rnerhosyformanilide at 260 nm. For p-nitroformanilide. 

rates of forniation and hydrolysis ivere obtained by following the rares ofdisappearance 

and appearancè of'p-nitroaniline. respectiirely. at 429 nni. 

Ruiis w r e  initiated by injecting 5 PL of a stock solution in DME (5.0-6.9 s IO'? 

hl) of either (p-H or p-'IO? or p-0CH;)-aniline or @-H or p-NO2 or p-0CH;)- 



formanilide into 3mL of formate buffer (pH 2.50 - 4-20, [b~ffer],,,,~ = 0.00 1 - 1 .O 43. IL = 

!.O (KCL)). which had been thennally equilibrated at 79 k 1 'C in the instrument cd1 

holder for 30 min. The final pH of each of the u s  \vas rneasured and sho~rn  to agree 

mith the initial pH. A typical kinetic trace for hydrolysis and formation of formanilide at 

pH 3.60 at different [buffer],,,, is shown in Figure 2. The pseudo-first order rate 

constants wsre obtained by NLLSQ fitting of absorbance (A) vs time (t) data to a 

standard esponential mode1 (At = A,+ (Ao - &) ssp(-kt)). 

The acid catalysed hydrolysis of fommar,ilide \vas follo\ved at 79 t 1 "C using 9-86 

s 1 O-' hl HCI. p = 1 -0 (KCI). with runs being initiated as above. Al1 the runs \\-ers 

follou-ed for at least 5 half-Iives. 

F. D20 studies. 

The rate of formation and hydrolysis of formanilide at 79 k 1 "C \vas deterrnined 

in formate buffer ([buffer] ,,,, = 0.25-1 .O M) at pD 3.60 + 0.03 where. pD = pH ,,,,,, - 

0.40.'~ The rate of h!-drolysis of formanilide was also obtained in 1.1 O s 10.' 41 DCI. ,u = 

1 .O &Cl). The kinetic data u-ere obtained as above. 

G .  Studies in the presence of phosphate. 

The rate of formation and hydrolysis of formanilide \vas determined similariy at 

79 k 1 OC in the presence of phosphate (0.10-0.50 M) in 1 .OM formate buffer at pH 3-20 

t 0.03 and pH 3.60 I0.03. uith the ionic strengrh again being maintained at 1 .O (KCI). 





H. Studies in aqueous ethanol. 

The rate of formation and hydroIysis of formanilide \vas obtainsd in 1.0 h4 

tomate buffer in 20% ethanol and 80% water. pH 3.59 p = 1 .O(KCl). The kinetic data 

u-ere obtained as above at 60 2 0.3 "C. Kinetic data were also obtained in 80% sthanol 

and 20% u-ater in 1.0 bl forn~ate at pH 3.60 and 4.93 (pH \vas adjusted b>- adding a 

suitable amount of concentrated NaOH or HCI and measured before and after the 

reaction) at the same temperature. The ionic strength in 50% ethanol-20%water u-as not 

corrected. The rate of formation and hydrolysis of formanilide waas also obtained ar 60 "C 

in 1 .O M aqueous formate buffer pH 3.60. p = 1 .O (KCI). 

1. Determination of pK,,. 

The pK,s ofanilinz and fomic acid were determincd b>- titrarion at 24 2 1 "C. For 

each deterinination. 0.048-0.05 1 mm01 of aniline or formic acid \vas uszd in a 5 niL 

solution. I i i  the case of aniline rnough HCI was added to convert ail of ir to anilinium ion. 

The pH kvas measured using a Radiometer Vit 90 video titrator equipped with a 

G K 2 2  1 C combination electrode and interfaced with an IBM pc. The pH was recorded as 

a function of added 0.0 1 O5 ,LI NaOH. which was deli\-ered by a Radiometer ABU 9 1 

auto-burette. The ionic streiigth of al1 the solutions was maintained at 1.0 using K I .  Data 

\vers analyzed by a cornputer version of Simms method." The pK, values reponcd are an 

average of three determinations. 



CHAPTER 3: RESULTS 

A. Rate and equilibrium constants of formanilide formation and hydrolysis at 98 OC. 

The pseudo-first order rate constants rate constants. bbr. for the anainment of 

equilibrium of thz formarion of formanilide were obtained starting with (5.0-5-3) s 10" 

M aniline in formate buffer at various pH and [f~rmate],,,,~ at 98 +_ 2 OC. u = I .O ( K I ) .  

The runs were followed by HPLC. For each run. kbs for appearance of formanilide and 

the disappearance of aniline were obtained and are &en in Appendis 1. Table 1 S 

(various pH) and Table 2s (various [formate]). The conditional equilibrium constant K'. 

detïnsd as the ratio of concentration of formanilide to aniline at equilibrium (eq 15). was 

obtained dirsctfy by HPLC analysis of the products of reaction. and is also g i ~ m  for each 

run in the aforementioned tables. As described in the esperimental section. the response 

factors under the espenmental conditions in the HPLC analysis for formanilide and 

aniline were determined using a 1 : 1 misture of kno~bn concentrations of formanilide and 

aniline. 

Kt = [f~rrnanilidef:~,, / [ani~ine]::~,~ (15) 

Siniilarly. kOb, and K' Lvere obtained from the hydrolysis direction starting u-ith 

(5.0-5.3) s 1 O-' b1 forrnaniiide under identical conditions to thoss described abo\.lr. Hers. 

the rate constants \vers obtained for the appearance of aniline and the disappsarance of 

formanilide, and are also given in Table 1 S and Table 2s. The data in Table 1 S show that 

at low formate concentrations buffer catalysis is small and 10; kobj is h e a r  with pH over 

the in\.estipted range of 3.1 S to 4.17. It can also be seen from the data in Table 1 S rhar 

the value of Kt attains a rna~imurn value at about pH 3.60 and then drops at higher and 

lou-er pH. 



Under pseudo-first order conditions where the total concentration of formate is 

rnuch higher than the concentration of mifine or anilide. Lbs c m  be tirinen as the surn of 

the pseudo-first order rate constants. k, and kt. (eq 16) for the hydrolysis and formation of 

anilides as shoun in Schsms 1 1. and K' can espressed as eq 17. 

Scheme 11 

R =  H X = H  

CH; NO2 
OCH; 

The kr and kf values were calculated from Lbs and K' using eq 16 and 17. and are 

listsd in Table 1. A corrected equili brium constant Ktcq has also been included in Table 1 

which is bascd on the concentration of non-ionized aniline and formic acid (according to 

Scherne 11) ivith the concentration of ivater k i n g  treated as unity, eq 18. ' ' The changes 

in pK,s du r  to change in temperature and ionic strengrh have been considered in 

calculating the concentration of non-ionized speciss (vide si~prcr)- After such correction. 

under rhe ssperirnenral conditions the average Kt,, is 17.6 Ml, while K' (defined in eq 

17) is 0.2 -2.6 depending on the conditions and [formare],,,,i. 

- [ fo rmanilide ] 
- 

' [aniline] [formic acid] 



Table 1. The pseudo-first order rare constantsa for formation (kr ) and hydrolysis (k,) of 

formanilide at 98 f 2 O C  and the equilibrium constantsb (K',,) obtained by HPLC at 

various pH and buffer concentration in aqueous formate buffer. 

"Calculated from the pseudo-first order rate constants fkOb,) for sstablishment of  

equilibrium. using kobs = k, + kfand K' = ktk, .  Errors are deviation from the mean for 

duplicatr values and standard deviations for triplicate values. 

h~alcuiatcd using the non-ionizsd of concrnrrations at equilibrium (eq 1s). rakiny 

concentration of water as unity and accounting for changes in the pK,s due to 

temperature and ionic strength variations. 



Scheme 12 

k'f $,+ . N a .  = 
R k: 

To obtain the rate constants for buffer catalysis of the hydrolysis and the 

formation of formanilide, k,and kf were plotted against [ f ~ r m a t e ] ~ ~ ~ ~  at a constant pH 

(3 -60). The k, values plotted in Figure 3 are fit to a linear equation (eq 19), 

kr = kor + kir [HCOOHItomt (19) 

where ka,, the intercept, is the rate constant for the hydrolysis at pH 3.60 without buffer 

catalysis. The b, represents the combination of acid catalysed hydrolysis, IqHJO-) and 

water catalysed hydrolysis, lqHiO) (if any), br = lqH,o-$H30-] + k<H20). The second order 

rate constant for formic acid catalyzed formanilide hydrolysis (kl,) can be obtained From 

the slope of the line. 

The kf values were fit to a non-linear equation (eq 20), Figure 3.  

kr= k!r [HCOOH]to~i + k x  ~ C O O H ] ~   OUI (20) 

The rate constant kif is the second order rate constant of formation of formanilide at a 

given pH (here 3.6) where one molecule of both formic acid and aniline are involved. For 





kif ru-O molecules of fomic acid/formate and one molecule of aniline are involved. The 

second molecule of formic acid acts as the catalyst so overall kif is a third order rate 

constant. The values of IQ,. ki, kl  fand kli are given in Table 2. 

B. Rate and equilibrium constants of acetanilide formation and hydrolysis at 98 OC. 

The pseudo-first order rate constants (ks) for establishment of squilibrium 

during formation and hydrolysis of acetaniiide at \.arious pH values in the presence of 1 .O 

kl acetate and 98 + 2 'C are given in Appendis 1. Table ;S. Thsse data were obtained 

~ising HPLC. The kr and the kf values have been calculated from using eq 16 and 17. 

and are pro~vided in Table 3. Based on the concentration of non-ionized forn~s of acetic 

acid and aniline a corrected equilibrium constant Ktcq has also bsen included in the table. 

At Ion-sr pH ( 1.95) k, is about 17 times larger than kr. but kt is slightl>- higher rhan k, at 

pH j 7 5  and 1 .O M acetate. The a\-erage Kr,, for acrtanilide is 5.4 Mm'. 

Under the sams conditions of temperature. pH. and [RCOOH],,,,I as described for 

fom~anilide. Lb, for acrtanilidc is 240 times lo~ver at pH 3-75 than that of formanilide at 

pH 560. Honever. K',, under the same conditions is only 3.7 times smalier than that of 

fornianilide. Thus the effect on the equilibrium position due ro the acyl group is small bur 

the effsct on the rate for establishing equilibrium is larger. 



Table 1. Pseudo-first order rate constants for the acid catalysed hydrolysis. ka, (s-')'of 

formanilide at a given pH or pD. second ordsr rate constants. k l ,  (Mi s-:)'of formate 

(buffer) caralysis on h?-drolysis. second and third order rats constants. k i f  (Ml s-l)" and 

kZi (hl-' s-')' of formats (buffer) caralysis on formation of formanilide tiom aniline and 

formic acid at various temperatures and pH or PD. 

Temp 
- "C 

795 1 

"The errors cnlculated t?om the standard deviation of the fit of k,vs [formate],,,,l and kc 

vs [forrt~ate],,,,~ to eq 19 and 20. rcspectively at the given pH or PD. 

b At this pH the acid catalyzsd hydrol -sis. ko, is much highrr than the bufikr catalyzed 

Ii~,drol>-sis. k [, ( less thm 1 1% at highest buffer concentration). 

'HC~ or DCI [vas uscd as buffer: no forniate added, hi = 1.0 (KCI). 



Table 3. The pseudo-fint order rate constants3 for formation (kf ) and hydrolysis (k,) of 

acetanilide at 93 f 7 "C and the equilibrium constantsb (K',) at various pH values in 

aqusous HCl or acetats buffer. 

PH Buffer k, (y1) kf (s-') KIcq ( M l )  

1.9jk0.05 HClC-'- (3.17I 0.04)* 1 O-' (O. 192 0.02)' 1 O-' 3.6 k 0.3 

j .7 j 0.0 j r\cetated- (O.SlI0.02)*10~~ (1.07I0.02)*10-~ 3.3 + 0.3 

"Caicuiatcd from the pseudo-first order rate constants (hbs) for establishment of 

equilibrium. usiiig bbs = kr + b a n d  K' = kf/k,. Enors are deviation from the mean for 

duplicate values and standard deviations for triplicats values. 

b Calcuiatsd using the non-ionized concentrations at equilibrium. taking concentration of 

n-ater as iinity and accounting for changes in the pK,s due ro temperature and ionic 

strength variations. 

'1 .O hi1 acetate added. 

d [b~ffer],,,,~ = 1 .O hl 

'p=I .O (KCL). 



C .  Rate and equilibrium constants of formanilide formation and hydroiysis at 79 1 1  

The Lbi values for formation and hydrolysis of formanilide at 79 I 1 OC were 

obtained using UV-vis spectrophotornetq-. starting with either aniline or fornianilide in 

formate bufier at a given pH. The initial concentration of aniline or formanilide was (8.3- 

8.6) s IO-' M. Hers the conditional equilibrium constants. K'. have been calculated froni 

the ratio ot'change in absorbaficc for formation ( L A i )  and change in absorbante h r  

hydrolj-sis (A.4,) under identical conditions. see Figure 7. Data were obtained at four 

different pHs ranging from 2-8-40 with at Least three different concentrations of formate 

buffer used at cach pH. The kOb, and the Kt values are given in Appendix 1. Table 1s-7s. 

Similar espsriments for formation and li).drolysis of formanilide were studied at the same 

temperature in D 2 0  at pD = 3.60 with \-arying concentrations of forniate bu fk r  (0.00 1 - 

1 .O hl). Tlic Lbr and Kt values are reponed in Appendis 1. Table SS. The values of k, and 

kf were calculated using eq 16 and 17. as dsscribed above and arc reponed in Table 4. 

The cquilibrium constant K',,. calculated as descrihed before has also been includsd in 

the tablz. The average value of Ktcq is 20-0 Mi. The values of ko,. k i ,  kl f  and kzr are given 

in Table 2. As espectsd the kobr at 80 O C  is smallrr than the kobr at 100 OC. Hoivever. there 

is Iittle effect on K' of the tempsrature change when [formate],,,,l is the same ( e g  at pH 

3.6 and 1 M [f~rmate],~,,l. K' is 2.77 at SO O C  and 2.66 at 100 OC. also see Table 2s and 

GS). -4s seen in Tables JS to 7s borh the kobs and the estent of formation of formanilide 

(K') increases u-ith incrcasing concentration of fomiats at each pH. Under comparable 

conditions there is very little (or no) solvent kinetic isotope effect (SKIE) on 
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Lb5. -Uthough rhs apparent equilibrium constant K' appeared to be srnalier in D2O than 

that in H 2 0  under comparable conditions. the Kt,. afrer correcring for the changes in pK, 

dus to the D g  medium was the same as in HIO. 

The buffer caral>-ses on k, and kf for each pH have been obtained using cq 19 and 

20 and the trends c m  be seen from the plots in Figure 4 (k,) and Figure 5 (kd. The 

computed rate constants ka,. Ir,,. k i f  and kZr are givsn in Table 2. It  is observed that the 

hydrolysis at zero formate bufkr. kur. increases Iinsarly wirh increasing concentration of 

HrO-. rhe slope of a log kur YS pH plot k i n g  - 1 (Figure 6) as espected for a spsciiic acid 

caralyzed Iiydrolysis. The Iro, points obtained with HCl (hydrolysis otil!.) also faII on this 

1 ine. Hencr. undsr tlicse esperimsntal condi tioris there is no significan t watsr catal yzed 

Iiydrolyis. Buffer catalysis increases wirh drcreasing pH until pH 3.6. wliicli is the pK, 

of fomic acid. Belou- pH 3.6 rate constant for buffsr catalysis mains a saturation value. 

rernriining constant dsspitr funlier lotvsriiig of the pH. This signifies rliat eitlier the 

~iiidisociatsci acid. or a hydroniiim ion and (i formats ion. are the catalytic species. 

Hou-evcr. these [!\-O processes arc kinstical1)- indistinguisliabls (ses the discussioii for 

possible niechanisiiis). It should be notcd that k i r  = krl.-l u. u-lierc ktl.-, is the niasiiiial rats 

constant for forrnic acid catalysis and u is the fraction of undissociarsd acid. .A plot of k i r  

YS u j h ~ d d  be linear. Hoivever. when plottsd. rhe data in Table 2 showci deviarion f iom 

liiisarity at I o w r  pH. probably bscauss the error in the buffsr catalysis at these pHs is 

large since less than 10% of the total rsactioii is buffer catalyzed at Io\\-er pHs (also see 

tootnote in Table 2). No signilicant SKIE was observsd for acid catalysed hydrolysis. k,,. 

of formanilide. when the data n-ere cornpared at pH/pD 3.60 and 2.0. The SKIE on buffer 

catalysis for hydrolysis at pH!pD 3.G. (kir H2DIk D20 ). is O.C)GkO. 13. i\liile the SKIE for 









formation are (klFo/kiP'O) = 1.16I0.10. and ( k z $ O k z ~ ' O )  = 1.6 120.3 1. The kor and kif 

values each increased by factor of three for forrnanilide when the temperature \vas raised 

from 80 O C  to 100 O C  wïth al1 the other conditions remaining the sarne. The sEect of this 

temperature change on each of kir and kZr \vas one order of magnitude. 

D. Rate and equilibrium constants ofp-nitroformanilide formation and hydrolysis. 

The kinetics of formation and hydrolpis of p-nitro formanilide were obtainod at 

three different pHs ranging from 2.8-3.6 in formate buflèr. 11 = 1.0 (KCl). The staning 

concentration ofp-NO2-aniline or anilide \vas ( 1  -84-1 -86) s IO-' M. To determine the 

buftir catal!-sis. the concentration of forn~atelforrnic acid \vas \-aried from O. 1 O bl to 1.0 

$1 ai pH 3.20. The kobj and K' are reportsd in Appendis 1. Table 9s. The overall k,h, for 

p-nitroforn~anilide is largsr tl-iaii that of formaniiide at ali comparable pH and buffer 

soiicentrahns. howxer. the K' \-ahes at a given [forniate] are considrrably smaller. The 

k, .  Li and K',, valucs are given in Table 5.  One notes that the k, values for p- 

nitro formanilide are Iarger thaii those for formanilide. as p-nitroaniline is a strongcr 

elcctron attractor rlian ani lins. This \vil l encourage more rapid nucleophilic attac k on the 

carbonyl carbon ofp-nitroformanilide compared to formanilide. On the other hand. ki is 

lo\ver becausc p-nitroaniline is the weaksr of rhe two nucleophiles. Accordingly. the 

average Kt,, forp-nitrofornianilide is 0.27 M". which is 75 tinies smaller than the K',, for 

formanilide. To obtain the values of kOr. kl,. kl and k2,: the k, and kl- were plotred against 

total bufkr concentration (ses Figure 7). and the best f i r  ~*aIues for the former constants 

(from eq 19 and 20) are given in Table 6. Both ko,and kir are three-fold largsr forp- 

nitroformaiiilids than fornianilide at pH 3-20. Howevrr. under the same conditions. the 



kirand kZf are 3 urnes and II rimes smaller respectively. It is noted rhat the value of ki is 

\-en. srna11 compared to kif: hence the plot of kf vs [f~rmats],,,~ is almost Lincar (Figure 

7). suggeçting that there is v e -  Little bufkr catalysis on formation of p-nitroformanilide 

fioni formic acid and p-nitroaniline. 

E. Rate and equitibrium constants ofp-rnethoq-formanilide formation and 

hydrolysis. 

Srarting rvirh 2 (1.14- 1.15) s 1 o4 M solution of p-methosyformanilide or p- 

iiisrhosyaniline. the kinetics for hydrolysis and formation were obtaincd at pH 2.8 and 

3 2  in 1 .O bf formate buffer. IL = 1 .O ( K I ) .  The Lobs and I(' values are reported in 

Appendis 1. Table 10s. The kbs values are less than rhose for both p-nitro formanilide 

and fomaiiilide. while the K' value is higher than that ofp-nitroformanilide and slightly 

Ion-cr than that of forinanilide undsr coinparable conditions. The k, .  kl-and Kt,, are givcn 

in Table 7. The k, \..dues are lower for p- methosyformanilide than those of both 

11-nitrofornianilide and fornianilide at borli pHs. However. kf is Iarger at pH 3.10 but 

stuailsr at pH 2.80 tlian rhe respective values for p-nitrofornianilide. At both pHs. kf is 

smaller than thoss obtained for formanilide. The average K',, is 39.9 bl-'. u-hich is twics 

as large as iliat for formanilide and 146 timés larzer than the K',,, of p-nitro formanilide. 



Table 5.  The pseudo-firsr order rate constants' for formation (kt ) and hj-drol>-sis (&,) of p- 

nitroformanilide at 79 k 1 "C and the equilibrium constantsb (Kr,,) at various pH and 

[buffer] in aqueous h a t e  buffcr. 

PH [formate JC~om, k, (Cl) kf (S.') K'.~(M") 
(M) 

2.805 0-03 1 .O0 (2.332 0.05)* 1 O-' ( 5 3 M  0.04)' 1 O-' 0.26 

3.185 0.03 0.10 (9.86k 0.02)* 1 O-' (2.16 Hl.î0)* 10" 0.29 

3-20? 0-03 0.50 (1.12+ o.o;)+lo4 (1.17k 0,05)* 1 o - ~  0 2 7  

3.105 0-03 1 .O0 ( 1 -28k 0.03)* 1 o4 (2.402 0 .06 )~  1 0" 0.26 

3.601 0.03 1 .O0 (7.32k 0.07)* 1 0" (9.33 ?0.60)* 10.~ 0.25 

"Cûlculated from the pseudo-firsr ordsr rate constants (Lbr) for establishment of 

equilibrium. using kobr = kr +- ktand K' = k& Errors are deviarion from the mean for 

duplicate \ dues  and standard deviations for triplicatc values. 

b Calculated using the non-ionized of concentrations at equilibrium and taking 

concentration of water as unity. Changes in the pK,s dur to temperature have been 

considered. For fomiic acid. the change in pK, due to ionic strength variation has also 

besn considered. Ho~vever, the effect of ionic strength on the pK, of p-nitroanilinium ion 

lvas not considcred since at these pHs. a cliangs of 20.35 in pK, unit  n-il1 have lsss than 

2% effect on the K',,. 

'p= 1 .O (KCI). 





Table 6 .  Rare constantsS for the acid catalysed hydrolysis and formate ( b u f k )  caralpis 

of hydolysis and formation of p-nitro formanilide at a given and at 79 i 1 "C. 

"The errors calculated from the standard deviation of rhe tit of k, vs [f~rmatr],,,,~ and kr 

vs [fon~ats],,,,~ to sq 19 and 20 respscti\-sly at the g i ~ n  pH. 

b at pH 3.20 

'kor. pseudo-tirsr order rate constant for the acid catalysed hydrol p i s .  

d kl, second order rate constant for hydrolysis. 

'kl ,- second ordsr rate constant for formation. 

1' kZi third order rate constant for formation. The value of kf is very small compared to k i f  

giving rise to almost linear f i t  of Lcr vs  formate],,,,^ plot (see test). 



Table 7. The pseudo-first order rate constants" for formation (kr ) and hydrolysis (k,) of 

p-rnéthos~~formanilide ar 79 k 1 "C and die equilibrium constantsb (K',,) at pH 2-80 and 

3 -20 in aqusous formate buffer. 

"Calculated frorn the pseudo-first order rate constants (Lbs) for establishment of 

squilibrium. using b b s  = kr f kfand K' = k&,. Errors are deviation from the mean tor  

duplicate values and standard deviarions for triplicate values. 

b Calculated using the non-ionized of concsntrations at equilibrium and taking 

concentration of water as unity and accounring for changes in the pK,s due to 

temperature and ionic strength. 

C[buffer],,,i = l .O. p=1 .O (KCl). 



F. Phosphate catal?zed formation and hydroiysis of formanilide. 

Formation and hydrolysis of formanilide \vas followed at 79 k 1 O C  in 1 .O bf 

formate buffer at pH 3-20 and 3.60 \\<th added KH2POA (0.1-0.5 M). At these pH values 

KH2P04 esists mostly as the monoanionic species. In al1 cases. the total ionic strength 

\vas kept constant by the addition of KCl. The bb, and K' are reported in Appendis 1. 

Table I l  S. -4lthough bb, insreases with increasing KHlPO4 concentration. the value of 

K' rcmains unchanged. The values of kf and k, are plotted against the concentration of 

KH2P04 to obtain a straight lins. Figurs 8. the dope of which reprsssnts the second ordrr 

rate constant for phosphate catalysis kphus* on hydrolysis and ktphu'. on formation. The 

values of k,: k,. krpl,,,. kiphor and Kt,, are given in Table 8. The values of both kland k, 

incrsased u-ith increasing phosphate concentrations at both pHs. 

G .  Formation and hydrolysis of forrnanilide in aqueous ethanol. 

A 1 i\.f formate buffer solution Las made in 30% aqueous ethanol. pH j .59 and u 

=1 .O (KCI). The rate constants for formation and hydrolysis of formanilide w r e  obtained 

using rhis sthanolic buffer at 60.0 t 0.3 "C. Data were also obtained in 1 M formate 

bu& in 80% ethanol-\\rater of rneasured pH 3.60 and 4.92. p uncontrolled. Formation 

and h>-drolysis u-ere also performed in 100% aqueous buffer, pH = 3.60. [formate] = 1 .O 

M. u = 1 .O (KCI) at this temperarure. The Lbs and K' are rrported in Appendis 1. Table 

12s. Cnder coniparabls conditions both kObj and K' incrcasç with increasin; psrcsntage 

of ethanol in the solution. at 80% ethanol the increment being about 3 -5 rimes comparsd 

to the aqueous values. The values of kr. k,and Kr,, are given in Table 9. 





Table 8. The pseudo-first order rare constants of formation (kr ) and hydrol!-sis (k,) of 

formanilide and the equilibrium constants (K',,) in the presence of phosphate ar 79 t 1 'C 

in aqueous formate buffer and the second order rate constant for phosphate caralpis on 

hydrolysis (k,ph*s-)b and f ~ r m a t i o n ( k ~ ~ " ~ ~ .  

' [b~ffer] , ,~~ = 1.00 M. L = 1 .O ( K I )  

b The errors are calculated from the standard deviation of the tït of k, vs [phosphate] ,,,,i 

and kr vs [pli~sphate],,,,~ to a linear equation. k, = k: + k~hos[phosphate],,~ or kf = kto - 

k?hos~hosphate],ol,i where k: and kp are the pseudo-first order rate constants of 

h!-drolysis and fomiation without added phosphate under the esperimental conditions 

(see Figure 8) at the gi\-en pH. The data at zero phosphate concentration werz obtained 

fonn Table 4. 



Table 9. The pseudo-first order rate constantsS of formation (kr ) and hydrolysis (k,) of 

formanilide and the equilibrium constantsb (?Ce,) in aqueous ethanolic . formate buffer. at 

60.0 10 .3  "C. 

"Calculateci from the pseudo-tirst order rate constants for establishment of 

squilibriuni. using kQbj = k, - krand K' = k,Jk,. Errors are deviation froin the nlean for 

duplicate \.ducs and standard dei-iations for triplicats vahies. 

b~alculated using the non-ionized of concentrations at equilibrium and taking 

concentration of water as unity. accounting for the changes in thé pK,s dur to percent 

ethanol pressnt in the solvent and lVariation of temperature. 



H. Changes in pK,s for temperature, ionic strength and solvent polarie change. 

Various pK,s relating to the present s m d  are given in Appendis 1. Table 13s. 

The measured pK,s of formic acid and anilinium ion at 14 + 1 'C and !L = 1 .O ( K I )  are 

3.63 2 0.03 and 4.89 i 0.05. respectively. These values are wry close to the reponedS 

d u e s  of 3 -66 and 4.85 for fomic acid and anilinium ion. respectivsly. under similar 

conditions. The changes in the pK, value of anilinium ion with temperature n-ere 

calculated using knounJs values of AHionktion and /ISi,,izai0,, of ionization (see Appendis 

1). The temperature efkct produces a change of 1.1 1 pK, units frorn 25 'C to 100 "C. The 

pK,s of aliphatic acids are less dependent on temperatureJ9 because the AH values are 

small. Using the reported AHionintion and ASi,nimcion values"s it \vas found that the pl;, of 

formic acid does not change apprrciably from 25 OC to 100 "C. 

The pK, of formic acid in D20.  at SO* C and p = 1 .O \vas taken as 1.09. This value 

u s  calculated afier Bell and ~uhn ' "  .\-ho reporred thar ApK is 0.46 for fom~ic acid 

(whers ApK = pKD - pKIi). Similarly tlis pK, of aniliniuni ion \\-as taken as 4-50 (4.01 7 

0.48 = 4.50: pKD = pKH - ApK) since the reportedg ApK,, was 0.48. 

The pK, of acetic acid is reported ro decrease bl- O. 14 units from O iLL ro 0.2 bl 

4 9 ionic strengrh and at low ionic strength the change in pK, is almost linear with 

increasing ;L. Hou-ever. at higher u the pK, approaches a limiting value. Using these 

assurnptions. the pK, of acetic acid was taken to be 4.60 at 25" C and ki = 1 .O. Howver. 

at the esperimental pHs (3.7 and 1.9) even if the assunied pK, is in en-or by O. 15 pK, 

unit. the rffect on K',, fi-il1 be Iess rhan 1%. bccause niost of the acid \vil1 reninin 



undissociated at these pHs. The pK, of acetic acid at 1OOU C \vas calculated fiom the 

available'lS activation parameters as described above. and sho\cn to be insensitive to 

temperature. 

The pK, ofp-nitroaniliniurn ion is reported5' to be 0.65 at SOU C. For the present 

study this value was used without correcting for ionic strength. since a change of 5 0.30 

pK, units \vil1 have lsss than a 2% effect on K',, because the esperiments were conducted 

at pH 2-82 - 3.60 whrre more than 99% of the aniline will remain un-protonated. For p- 

methos>-anilinium ion. pK, data are availahle" from 10 "C to 40 "C at ;i = 0.10 and the 

pK, 1-5 teniperature plot follows a linear trend: accordingly the pK, at 80' C \vas 

estrapolated to bs 4.35. 

Griiii\\-ald and Bsrkowitz have pro\-ided the pK,s of different carbosylic acids in 

ethanol-\vater s?sremss' at 25 "C. From rhese data pK, values of 3.97 and 4.88 were 

obrained for forrnic acid in 20% and 80% (lV/v) ethanol-water. respectively. at 25 OC. 

Assuming thrre is no effect on the pK, of carbosylic acids due to changes in temperature 

in ethanol water media. these values \vcre usrd to calculate the K ., a t 60 OC. Sirnilarly. 

the pK,s of aniliniuni ion in aqueous ethanol \vers obtained froni reponedS4 data. and 

\\-erc 4-42 and 3-86 in 20% and 80% (\-iv) ethanol-water. rcspecti\.el>-. at 25 OC. 

Assuming the sffect of temperaturs change on pK, in the ethanoiic media is similar to 

that of aqusous media. the respective pK,s can be calculated as 3.89 and 3-32 at 60 O C  for 

anilinium ion in these ethanol/water media. 



CHAPTER 1: DISCUSSION 

The conditional equilibrium constant. K'. which is the simple obsen-ed ratio of 

[anilide],:,,l/[aniline]~fal (eq 15) at equilibrium. provides information in practical tcrms. 

hou- far to the righr (Scheme 11) the equilibnum will go under various conditions of pH. 

temperature and [f~rmate],,,,~. The K' and the comcted equilibrium constant. K',,. as 

detlned b'. sq 1 8 (page 3 3) are listed in Table 10 under various condi tions. Scwral 

features can be noted from this table such as: A) for a given amide. K' increases as 

[f~rmate],,,~ increases: B) for the series of formanilide. the functional group allers Kr,, at 

a cornnion set of conditions; C) for acetanilide K',, is 3.7 times lower than that for 

formanilide. \\+hile the rate at which equilibrium is establislied under a comparable set of 

conditions is 240 tirnes lower for acetanilide: D) for a given amide. as temperature 

incrcases. K',, decreases while K' remains almost unchanged: E) added phosphate 

increases 111s rate of attainment of equilibrium without clianging K' or K',, for 

fornianilide: F) cthanol increases both rate of atminnient of squili briiini and K'. In the 

fol10~-ing sections these features will be discussed in mors detail. 

.A. Mechanisrn for specific acid catalyzed hydrolysis and formation. 

Aniids bond forniation is microscopically the reverse reaction of the hydrolysis 

process (sec page 9- 1 1 ) and follows the same steps in the reverse direction. The 

format ion involves H;O--promoted attack of neutral amine on the non-ionized acid to 

obtain T' via Tu-. Tlir equilibrium position for the processes of formation and hydrolysis 

relates to the partitioning of the tetrahedral intermediates T' and Th-. Irnportantly. the 

rates for amide formation and hl-drolysis under these conditions are first-order in [HjO-1. 

sce Figure 6. 



Table 10. The conditional equilibrium constants (K') and the correctéd equilibrium 

constants (Kr,)" of formanilide. acetanilide. p-nitroformanilide and p- 

methoqformanilide undsr various conditions. 

Compound 

Formadide 
Formanilide 
Formanilide 
Formanilide 
Fonttanilide 
AcstaniIids 
Acetani lide 
Formanilide 
Formanilide 
Formanil ide 
Fornianil ide 
Formanil ide 
Forman i 1 ide 
Formanilide 
Fornianilide 
Formanil ide 
Fornianilide 
Formanilicie 
Formanilide 
Formanil ide 
Fornlanilide 
Formanilide 

p-nirrofomanilide 
p-nitro formanilide 
p-ni tro formani 1 ide 
p-nitro formanilide 
p-ni tro formadide 

p-metl-iosy formanil ide 
p-methosyformanil ide 

Formanil ide 
Formanil ide 
Formaniiide 
Fornlani lide 
Formani lide 
Formanilide 
Forniani lide 
Forrnanilide 

Temp. 
CC) 
9s 
9s 
9s 
9s 
9s  
9s  
9s 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
79 
60 
60 
60 
60 

59 



ForrrnniIids] 
'Obtained using K:, = and taking activity of water as unit>-. 

[&&ne] F o r n i  acid3 

The concentrations of non-ionizsd acid and un-protonatcd amine Lvsre calcuiatcd using 

the corrsctsd pK, under the given conditions. 

5 Acetate 

cpD 

d In presence of 0.10 bl KH2P04. 

i' In presence of 0.50 h4 KH2P04. 

10% aqueous ethanol. 

Il In 80% aqueous ethanol. 



B. Mechanism for formatefformic acid catalyzed hydrolysis and formation. 

As poinred out in the results section (page 35).  the observed rate constant for the 

aitainment of equilibrium. kbr- is the sum of  the pscudo-firsr order rate consrants kr and 

kfi Both thesc rate consrants are dependent upon [RCOOH]. but in different wvays. From 

the concentration dependencies. the kf term must be non-existent at [RCOOH],,al = 0. but 

must increase sharply as [RCOOH],,t,i increases. It is this latter effect that allows an 

equilibrium situation to attained at higher [RCOOH],,,,i. 

Frorii Table 3. i t  c m  be seen that the rate constants for formate catalysis both for 

hj-drol>-sis ( k i r )  and formation (kit-) remain constant wvith incrsasing pH ~intil pH 3.6 

whereupon tlity decrease. Threr possible mechanisms can be proposed for hydrolysis 

from this obsrnration. The  firsi. ,bfeçhunism 1. cc genrrni rrcid rnechcinism. invol\-es the 

non-ionized acid is acting as a general acid to install a proton on the carbonyl osygen. 

wr-hile a water molecule attacks the carbonyl carbon with concomitant general base 

assistance froni another u-ater rnolecuie ).ielding T('. Second. .l/echwwni II. cf specific 

ci~.~d~filloirc.ti bj* geno-d hmc mecl~unisr~~. involi-es a water attack on the protonated 

aniide u-itli formate anion acting as a gensral base to assist ivater attack to once again 

cive T'. Finally the third possibility is :blcchnnism 111. LZ nzrclrophilic mechcztiisrn. u-hue a - 
forniate anion anacks the protonated amide to produce the transient anhydride 

intermediate. 



Mechanism I 

\ 
C-H 

O" 

Mechanism III 

However, these rnechanisms are kinetically equivalent processes, since the stoichiometnc 

composition (HCOOH or HCOO- and H-) of the rate limiting transition States are the 

sarne in al1 three rne~hanisms.'~ As the observed SKIE on kir is close to unity (O.96tO. 12, 

Table 2), Mechatzism I is uniikely, since this mechanism would exhibit a primary SKIE. 

At this point it is not possible to differentiate between Mechlism II and Mechamkn III, 

and data regarding formation and aminolysis of formic anhydride should be useful for 

this purpose. Similarly, the breakdown of 'Ig leading to formanilide, can occur via general 

acid or specific acid catalysis followed by general base catalysis or via artack of amine on 

anhydride which is formed by nucleophilic attack of formate on protonated formic acid. 



C. Effect of pH on the conditional equilibrium constant EC'. 

Ar constant [for~nate],,,,~. the conditional equilibriurn constant K incrrasss 

with pH (up to pH 3.6) attaining a maximum value. and then decreases at hïghèr pH 

(Table 10). This is because non-ionized acid and unprotonated aniline are the reactive 

spscic!s. The conditionai equiIibrium constant K' includes the [f~rmate],,,,~. so eq 15 can 

be espanded as  

and the optimum pH for formation can be calculated using a~ = U' K,-LKB . u-here a~ is the 

hydrogsn ion activit>- and KA and KB are the ionization constants of  formic acid and 

anilinium ion rzspectively." k i n g  this relation between the dissociation constanrs of 

acid:aminr and hydrogen ion concentration. the optimum pHs for formation of 

fornianilide can be computed as 3-83 and 3.71 at SO "C and 100 "C. respecti\-el>-. Undrr 

the espsrinisntal cofiditions used here the pK, of formic acid is 3.63 \\-hile rhat for 

anilinium ion is 3.78 (4.01 at SOU C). Tlius ar pH lower than 3.6. [RCOOH] is ma.imal 

u M e  the imjority of the aniline is protonated. -At higher pH. the situation is rei-srsed. but 

in both cases the concentration of the reacrive species. RCOOH and H2K;\r. dscrenses 

(sez Figure 9). Hence there is an optimum pH at which a maximal value for the 

conditional equilibriurn constant. Kr. c m  be obtained. Laskowski has also reponsdi4 

similar observations for the conditional equilibrium constant of  the protease catalyzed 

hydrol>-sis and formation o f  peptide bonds. 



Fraction of H7NPh - 



There is an apparent SKIE and on K' of formanilide. KH!KD = 1-56 at pH (PD) 

3.60 at SO "C (Table 10). This efkct can be accounted for by the change in pK, of formic 

acid and anilinium ion in DzO. The S U E  becornes unity for Kr,, afier correcting for thcss 

sffects. 

D. Effect of the amine basicie and the structure of the acyl moieties on the amide 

formation equilibrix 

Fsrsht has shown\hat for a numbsr ofaliphatic amines log Kt,, of formaniide 

forniarion at 25 "C and IL = 1 .O follows eq 13. This dsmonstratcs thnt the amide formation 

log KI,, = 0.50 - 0.5 1 pK, (amnionium) (13)  

qu i l i  briuiii is dirsctl! proponional to the ninmoni~ini ion pK,. Han-evcr. Fersht's 

esperinisntal KtecI valiic for fornianilide. \vas S times smallçr than \vouId b s  predicted 

tisiiig eq 13. This is because sq 12 relates to a seriss of alipliatic aniiiiss. III the prssent 

stiid!. i t  is seen 1h3t for foriiianilides. at SO "C and ci= 1 .O. log K',, \.s pK;, of aniliniiini ion 

obsys sq 12. Figure 10. This indicatss that the eqiiilibriuni constants of foniiatioii of 

anilides arc. nlso direct!? proportional to rhr basicit). of the arornatic aiiiinss. 

log K',,, = -0.95 - 0.57 pK, (23)  

Morawtz and Otaki have obssrvcd' that the amide forniation equilibriuni 

constants for a seriss of higlier fart- acids were nsarly the sanie iinder aqueous basic 

conditions. Tliry lia\-e also obsen-ed tliot in base forniate rsacts with methel amine about 

140 tiniss fasrsr than does acsrate at 44.4 "C. In the present stud>- i t is sesn thar in 

aqusous acid iiicdia t1ie rate constant for the attainnient of rquilibria. kCb,. of fornianilide 





is 240 times greater than that of acetaniiide at 100 'C and undcr sirnilar conditions of pH 

and [RCOOHJtot~i. This high reactiviry of formats comparsd to acetate can be ezplained 

in t ems  of steric factors. since the nucleophilic anack on the formate u-ould bs lsss 

O 
II 

- 2 - J32X<->y - "-X<-)s - &O 
H - ~ '  'OH H H  - 
H" \H 

Iiindered cornparcd n-ith acetae. Yevsnhelsss. the eqiiilibri~ini constant. K',,, is o n l ~ .  3.7 

tiniss grsater for fornianilide tlian that ol'aceta~~ilide. undsr siniilar conditions. Table 10. 

Tii~is. the eqiiilibritini positio~is are less sensitive to the acyl îÜnctionn1it~- of tlic amide. 

E. Effect of temperitture on the on the amide formation equilibria. 

Log Kt,, (corrected equiiibriuni consrant) for fornianilide is invcrsely proportional 

to teniperature. incrensing 2.6 tirnss froni 100 "C to 60 "C. Table 10. \\'hm log K',, is 

plorred agriiiist I.'T n straiglit line u-ith positive slope is obtainsd as seen in Figure 1 1 .  

Fsrsht's valus%f K',, for forniamide. obtaitied bj- a different rnctliod at 25 "C. nlso t'rills 

on tlic lins. Froni the dope of the line a AH,, ofG.60i0.35 k~a1,~rnole can bs calcuiatsd. 

This AH,,, valus is \.sr!- close ti, ionizarion AHiL,,,izxiu,, of anilinium ion (7.3s kcn~!rnole).~~ 

The pK, of aniliniuni ion decreases 1.  I 1 pK,, units froni 25 "C to 100 OC. n-hereas the 

cliange in pK, of foriiiic acid o\+er the same range of temperature is negligibls. Thus the 

temperature sfkct  on K',, is niostly dus to the change in pK, of the aniliniuni ion. 





Hou-ex-sr. in practicai ternis- tempcrature has very little effect on the obsen-ed conditional 

equilibriuni constant (K') as the values of K' range from IS2.3.77 and 2-64 3t 60 "C. SO 

"C and 100 "C. respecti\-el?.. (at pH 3.6 and [formate] = 1 .O hl) Table 10. This is bccause. 

at a gi\-en pH (3 .6)  u-hsn the tsmpzrature incrsasss. the pK, of nnilinicim ion decrerises. 

increasinp the concentration o f  non-protonated amine hence. shifiing the tquilibri~im 

niors torr-ards formation. Se\-erthcless. this sffect is opposed b>- the decreasing basicit!. of 

aiiilins (sec. section D). Tlisse opposing factors reducs tlie efi>cts of temperature on K'. 

ho\\-s\-er it should be notrd that this is only true at pHs above the pK.,ofaniliiii~ini ion. 

Belon- rlie pK,. since [H;K'-Ar] \\-ould rsiiiain constant. onl!. the basicitl- is reducsd su K' 

n-oiild drop too. 

F. Effect of  d d e d  phosphiite ion on the üniidc forniation. 

Phosphate catalyses the fornirition and hydrolysis of fornianilide. Ho\\-e\-rr. as 

espected. the eq~!ilibriu~ti position is not changed b!. the addition of KH2P04 .  I t  is knon-n 

56.5' tliat pliospliate ions are able to niediate nq.1 transfer. in this case to amine or \\-ater. 

probribly tlirciugli proton addition and renio\.al in the torrnation and breakdo\ui of 

ietrcrhedral iritsrniediares. 

In sonie cases it is kno~vn tlint phosphate can act as a nucleopliik ton-ard RCOS 

ro give acJ.1 phospliats intsrmsdiates. III n reçent paprr'%o\i-n providcd el-idence that 

pliosplirite caii act r.s a nuclenpliilic caralyst towards ester and tliiolestcr h>.drolysis. This 

niechanisni senerally occurs u-hen tlic conjugate acid of tlis departiiig group. S. Iias a Io\\- 

p K ,  and S caii Icaw readily as an anion. It  is unlikely to bc operative for phospliats 

catalysis o 1-aiiiids eqiiilibriatioii. Nsvctrtheless. for tlie forniation and II!-drol>-sis of 



formanilide. a spsculative possibility esists where phosphate nucleophilically arracks to 

cive the formyl phosphate intermediate. The hypothetical mechanism of nuclsophilic - 

catalysis by phosphate for amide bond formation is pressnted in Schrme 13. 

Scheme 13 

Keillor cr cd have suggesred3' tliat the catalytic mechanism of phosphate assistsd 

fomiation and hydrolj.sis of amides proceeds via either sequenrial genenl base/general 

acid process or a bifunctional concerted general base/general acid processes. Scheme 14. 

Scheme 11 



In earlier work. Kirby obser~ed '~  phosphate catalysis of lactam formation fiom 15 

and 16a. To account for the accelerated rate of ring closure. the authors invoked Sie role 

of phosphate as both a gsneral base and a general acid. Schems 15. Bifunctional catalysis 

by phosphate buffers has also been obsen-ed for amides6 and irnidate este?: h?-drol>-sis 

and suggested to occur by the same sort of mrchanism as depicted in Schemes 14 and 15. 

Scheme 15 

R = H. CH; 

G. Formation and h!-drolysis of formanilide in aqueous ethanol. 

To study the sffict of  the solvent polarity on the equiiibrium constant. the 

forniation and hj-drolysis of formanilide \vas carrisd out in both 20 and 80 percent ( \Y\-)  

ethanoI/u-ater mixtures. Under comparable conditions. both the rate constant for 

attainmsnr of equilibrium (k,,bs) and the conditional equilibrium constant (K') increased 

abour 3.5 tinies in changing from O to 80 percent ethanol (sec Table 10). The pK, of 

forniic acid increases with the addition of ethanol in aqueous media." Under the 

esperimsntal conditions of the present study. the pl;, of formic acid changes to -1.8s in SO 

percent etlianol from 3.G3 in aqueous nisdia. On the other hand the pK, of anilinium ion 

decreases to 3.33 in SO percent ethanol from 4.30 in aqueous media. Tliese changes in 

pK;,s due to the addition of ethanol increass the concentration of the non-ionized fornis of 

both aniline and formic acid at a given pH (here 3.6). Hence. the equilibrium lics more 



ton-ards the formation. However. it should bs noted that if the obserxd change in K' onl?- 

results tiom changes in effective concentration of reactive spccies (ir [HCOOH] and 

[HZNPh]). the change would be higher than 3.5-fold in 80 percent ethanol since the 

effective concentration of both acid and amine increasss. The other factor which reducss 

the overall effect on K' is the basicity of the amine. Although the reduction in amine pK, 

increasss the sffective concentration of amine at a + - e n  pH ir  also reducrs basicity of the 

amine. so the net effsct on K' is sornzwhat dampened. 

Similar obsen-arions for addition of organic solvents to the reaction niedia wers 

1 .  I J  made in studies ofenzymtic  formation of amide bonds. It u-as rsportsd t h .  in the 

enz!.nie catalysed processes. the addition of organic solvents shified the equilibrium more 

towards amide bond fomiation. In a chymotrypsin catalyzed fomiation of 

benzylosycarbony 1-L-tn.ptophanyIg1ycineade a dipeptide. (fiom benzylos~~carbonyl-L- 

tq-ptopliaii. 18 and glycineamide. 19). the addition of 85 percent 1 .l-butancdiol increased 

the formation bu a factor of 8 d 4  The pK, of the carbosylic acid group of 

benz~.los~carbonyl-L-vptophan shified tioni 3.6 in aqueous solution to 5.3 in 85 percent 

1 -4-butanediol. \vithout a signi ficdnt change in the pK, of the amine group of 

cl!.cineaniide (which changed froni 8.2 to 8.1). Hence. in that study tlis enhancement in - 

dipeptide foriiiation in rhe above solvent s>-stem \vas attributrd rnostly ro the change in 



pK, of the carboxylic acid group of benzylo~carbonyl-L-tryptophan. Presumably such 

effect could be operative in the non-ezymatic couplin; of rhese two species as well. 

Althouoh the effects of the addition of ethanol can be explained in terms of the 

change in pKas, another possibility exists wherein ethyl formate is formed as a reactive 

intermediate and amide formation will occur through the aminolysis of ethyl formate, 

Scheme 16. 

Scheme 16 

k1 
&O+- HCOOH + NHZPh H~O-+ IlCONHPh - -0 

k, 

kz 
&O-- HCOOH + ErOH ~ ~ 0 %  HCOOEt - Hz0 

k,2 

X century ago, Kistiakowsky studied5\he equilibriurn formation and hydrolysis 

of ethyl formate in acidic aqueous ethanol, and showed that the acid catalyzed rate of 

attainment of equiiibria ((k2 + k2) in Scheme 16) varied from 2.3 x 1 O" M' s-' to 3 -3 x 

IO-' M L  s-' when rhe solvent composition was varied from 71 to 80 percent ethanol at 25 

"C. The equilibrium position lay 17, 6 1 and 72 percent towards formation of ethyl 

formate in 2 1, 73 and 84 percent ethanol, respectively. The author also reponed an 8- 10 

percent increase in the rate of attainment of equilibria when the temperature \vas 

increased to 30 OC frorn 25 OC, without changing the equilibrium position. The possibility 

of formanilide formation via arninolysis of ethyl formate cannot be ruled out at this point. 

However, with more information from studies involving aminolysis of ethyl formate 

under the experimental conditions reported in this thesis, a definitive picture would Iikely 

ernerge. 



CHAPTER 5: CONCLUSION 

Eqiiilibna can be anained for fornianilide. acetanilide. p-nitro formanilide and p- 

methosyformanilids and their constituenr acids and amines under diluts aqueous acidic 

conditions starting fiom both formation and hydrolysis directions. At moderatsly acidic 

pH. these amides can be fornied in reasonable amounts in reasonable tirnes under 

appropriate conditions. The conditional equilibriurn constant. K'. _rives an indication of 

\vhsre the squilibriurn position lies under a given set of conditions. The equilibrium 

posirion for formanilides shifis more towards formation with the increasing basicity of 

constituenr amine. At 1 .O M [f~rrnate],,,,~ and at pH 3.2. Kr for formanilide. p- 

msthos~~forniariilide and p-nitro formanilide are 2.05. 1 -88 and 0.19 respectively ar SO O C .  

This indicates rhat for rlie first two anilides the equilibrium position Lies niore than 63% 

in tàvour of formation while tlie later compound sits only at about 16% towards 

formation. In the prssenr stiidy the optimum conditions for forrnaniiide formation in 

aqusous nizdia \vas found to be at pH 3.6. 1-0 bl n-hsre more than 73% 

formation u-as obsen-rd. The half life (ti;?) for the rare of attainment of the equilibrium 

under the conditions described above. range from 1.6 hr to 8.6 hr for the different 

anilides, so for practicai purposes. squiIibrium can be reached within S to 42 hr ( ie .5  tl,,). 

The corrected rquilibriuni constant (Krc,) for formanilide is invsrsely proportional to 

temperature. ~vhile a minimal change in K' is obsen-ed. 

Whils ths rats of attainment of equilibriurn decreases by 249 rimes when going 

from forn~anilide to acetaniiide undsr comparable conditions. the efkct  on tlie correctsd 

equilibriuni constant (K',,) is niuch smaller. dscreasing b?; a factor of only 3-7. These 

differcnces are beiieved to be largsIy due to the steric effiscts. 



Phosphate catalyzes the attainment of both formation and hydrolysis of 

h a n i l i d e  nithout changing the equilibrium position. -4t pH 3.6. and constanr ionic 

strength (kt = 1 .O). it waas found that 0.5 -M phosphate increased the rare of anainment of 

equilibrium for formanilide by 1.6 rimes. while K' reniained constant at 2.7. denoting an 

unchanged equilibrium position as espected. In practical terms phosphate accelerates 

ûrtainrnent of equilibria (5 tic) from about 12 hr to 7 hr at pH 3.6. [forn~ate]~,,,~ = I .O X1 

and ar SO OC. a considerable savings in tims. 

Botli the rate of attainrnent of equilibrium and the apparent formation equili brium 

constant for formation increases n-ith increasing arnounts of ethanoi in the medium. In a 

solucion systèni of 80 percent ethanol both the rate of attainnient of equilibrium and the 

K' increase by a factor of 3.5 at pH 3.6. [forn~ate],,,,~ = 1 .O hl and at 60 "C. From n 

pnctical point of w-imv. going from O ;O SO percent ethanol in solution at pH 3.6 and 

= 1 .O M. resulted in an enhancement of the yieid from 73% to 9 1 Oh- lvith 

tlis equilibriuni being attained ~vithin 12 hr instsad of 42 hr. 

So froni a qrnthetic point of vie\\-. simply adjusting pH and changing ths solvent 

in an overnight reaction produces up to 9 1 % formanilide using forniic acid in escèss of 

aniline as the starting niaterials. -4ctually. in aqueous media. using highsr aniline 

concentrations while maintaining the excess formic acid will Isad to formanilide 

precipitating out froni solution. thus driving the reaction more completely towards 

forriiation. 



Future work. 

In the present studj. the equilibrium of formation a d  hydrolysis of formanilide 

and acetanilide have been studisd- However, it wouId be usefiil to obtain such 

equilibrium constants for amides which were previous1'- studied for h>-drolysis such as: 

In an initial study" witli compound 3b more than 10% formation was obsen-ed at 

equilibrium. (.At pH 1.23. [CF3COOH] ,,,, = 0.1 M, p = 1 .O (KCI) at 100 O C ) .  

Previously Ksillor et al s1ioued3' thar compound 8 catalyzed the forniarion and 

h>.drol>-sis squilibria of N-fo9-lrnorpiioline. It would bc interssting to see the effect of 8 

aiid other bihnctional catalysts such as (4-6) and (9-1 1). on the formation and hydrolysis 

quil ibria  of  anilides and othsr amides. It is reported hsre that phosphate catalyses the 

rate at whicii equilibrium is attain for formanilide without effecting the equilibrium 

position. A logical estension of this work would be to study the effect of phosphate on 

the rate and squilibriuni of formation and hydrolysis of other amides. 

The formation and hydrolysis reaction of formanilide in aqueous erlianol 

ma>- procesd via an intermediate ethyl formate (Scheme 16). ICnowledgs of  the rare of 

formation of ethyl formate and the rare of ethyl formate aminolysis under the 

espcrirnental conditions used in this study u-ould be hrlpful to understand the processes 

occurring in aqueous ethanolic media. 
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Part 3: Studies of Acyl Transfer from a Strained Amide to Thioglycolic Acid 

and Intramolecular Catalysis of Thiol Ester Hydrolysis. 



CHAPTER 1: BACKGROUND 

h i d e  bond hydrolysis is very slow under mild conditions of temperature and at 

pH Lalues close to neutrality which resemble physiological conditions. For exmple. in a 

recenr reporc Smith and Hansen studied the hydrolysis of N-@henylacetyi)gIycyl-O-valine 

at 37 "C and at various conditions of p ~ . '  At pH 7. the corresponding half life (tl/?) fOr 

(ph~n~-lacetyl)glyc).I bond hydrolysis has been computed to be 243 years. and that for 

hydrol-sis of the glyc)-1-D-valine bond to be 267 years. Scheme 1. Neïertheless. 

Scheme 1 

d ~ ~ y l -  O-~alii-ie - - D-vahe 
hydrolytic enzymes called proteases are capable of rapid cleavage of amide (peptide) 

bonds under physiological condirions. One such example is the enzyrnatic hydrolysis of 

bsnzo~*l g1yc)-I-L-phenylalanine by carbosypepiidase A with a t ic  of 6 milliseconds.' Ar 

present. proteases are classified into four niain cateçories accordinç to the functional 

groups present in the active site. The categories are Serine. Cysteine. Aspartate and 

Meta110 (2ii'-) proteases. In rlic follmviiig section. the rhree non-metallo proteases are 

discussèd. 



Serine pro teases: 

The senne proteases comprise a large group of enzymes for which the optimum 

pH for activity is close to neutrality3 The active site of most of rhesc enzymes contains a 

catalytic triad of  serine (Ser-OH). histidine (His-lm) and aspartare (kp-COO')." The 

hydrosyl group o f  serine becomes acetylated, giving an acyl enzyme intemediate during 

the course of  amide bond hydrolysis. Chymotrypsin is one of the inost st~died"-j.~.' serinz 

proteases. \\-ith an active site containing Ser-195. His-57 and Asp-102 as the catalytic 

triad. -4lso present in the active site of  chymotrypsin are the backbone NH groups of Gfy- 

193 and Ser-195 fomiinp the so-called "osyanion hole".' The steps i~ivolved in the 

catalytic procsss for amide bond hydrolysis by chymotrypsin are detailsd in Schrme 1. in 

which it is scen that the initial formation of the non-covalent enzynie substrarc comples 

(ES) is foilo\vcd by nucleop11ilic attack froni the Ser- 1% hydrosyl group on the substrat2 

carbonyl carbon, forminç a tetraliedral intermediate (To). The nucleophilic atrack of the 

Ser- 195 hydrosy 1 group is facilirated by general base assistance from the irnidazole of 

His-57. Tlie tetraliedral intermediate (To-) subsequently breaks down to the ac>-1-enzymc 

(EA) interniediate via a proton transfer froni the imidazoliurn of His-57. Ar rhis point. the 

cleavèd amine is espslled fioni the active s i ~ e  and replacrd b>- a water rno iec~k .  

In the deacylarion process. the steps involved are nucisophilic attack of a n-arer n-ioleculz 

on the carbonyl carbon of EA with general base assistance by  the imidazole ro produce 

the second tstrahedral interniediate TVo-. which subsequsnriy breaks down to form 

products, regenerating the enzyme. Througliout the hydrotytic process. the role of the 

carbosylate moiety of Asp-102 is to orient the imidazoyl group of His-57 to enable it  to 



perform its general base/acid role and also to electrostatically stabilize the imidazolium 

ion and increase the basicity of irnidazo~e.~-' 

/ 
Ser 

H'O 



Aspartate proteases: 

Aspartate proceases are also knoun as carboxyl proteases because these enzymes 

have two catalytically essential carbosyl groups of aspartate in the enzyme active site? 

The nvo weII known enzymes of this class are the mammalian enzyme pepsin Y-9.10.1 I and 

the fungal enqrne penicillopepsin.l'-l' However. possibly the most famous aspanate 

protease is the hurnan immunodeficiency virus (HIV) protsasr.14-"-"' Uost of these 

proteases are active at Iow pHs (ranging from pH 1.9 to 4.0). ~vhich is why thcse enzymes 

were fomierly known as acid proteases. The pK,s of the two carbox>-lic acid groups of 

the active site aspartate are 1.4 and 4.5 (for pepsin rhe t~vo  aspanate groups are .Asp-52 

and Asp-7 15. respectively). The former carbosylic acid group. when deprotonated. acts a 

nucleophils or a general base u-hile the other supplies a proton to the nitrogsn of the 

tetrahedral interniediate. Schemes 3 and 4. 

Scheme 3 

'R' 



Scheme 

Tlie catalytic mechanisin of these enzymes is sri11 contïoversial. becarise ïhc initial artack 

of an aspanate carbosylate on the substrate can éither bs nucleopliilic to forni an scyl 

enzyme intermediare. Schenie 3. or genera! base \vithout going \.ia an  acyl enzyme. 

Sclieme 4. Ho~vever. a recent postulated mechanisni of aspartate proteases- depicrcd i n  

Schenie 5.  iiicludes one aspartare residue as a genenl base!acid. \\-hile the second resid~ie 

15.17.13 acts solely to stabilize the developinç charge on the acyl osygen. 

Scheme 



Cysteine proteases: 

Cysteine proteases are n-id+ distributed in nature and contain an essential 

cystcine thiol and a histidine imidazole mithin the active site." The plant protease papain 

was the first enzyme to be recognized as a thiol-containing protease:20" rhis is also the 

best studied c!-steine protsase.'""-2' The pH rate profile of papain follous a bel1 shaped 

cun-e whicli is consistent witli the fact that two ionizable groups are essential for tlir 

catalytic process. It is now generally accepted that the catalytically active enzyme 

conrains the ttiiolate-imidazolium ion pir." Scheme 6. 

Scheme 6 

-1rn 

The nvo apparent pK, values obrained tiom the bel1 shaped pH rate profile are - 4 and 

- S.5. The lou-sr pK, t.alue is considered to be rnostly due to the ionization of the 

cysreine tliiol group. whiic the highsr pK,  valus is attributed rnostly to the ionization of 

the iniidazolium ion. I r  was sugzested tliat." at physiological pH. the ac t ix  site larsely 

contains the catalytically active thiolate imidazolium zwi tterionic pair. 

The basic fearurss involvrd in the caralyt ic mechanisni of cysteine pro teases are 

presentcd in Scheme 7. The first step is the formation of the non covalent enzyme 



substrate (ES) cornples. followed by the acylation of the c>.steinc thiol group to form an 

acyl enzyme intermediate (EA). The latter s e p  is initiated by the ana& of cystrine 

thiolate on the substratr carbonyl carbon to produce a tetrahedral intermsdiate which then 

breaks down to give the ester intermediate and the amine product via a proton 

Scheme 7 

1; + RCONHR' 

transfer froni the imidazoliuni ion. In the following deacylation step. the histidine 

imidazole acts as a general base. delivering a water rnolecule to hydrolyse the thiol ester 



Small molecular models for enzyrnrtic amide bond hydrolysis: 

Enzymes are larse proteins. wirh a major portion of the protrin serving as the 

substrats binding site thereby controlling the spcicificity of the enzyme b!. holding the 

substrate in proper orientation. The catalytically active parts of the enzymes are rslativel~~ 

srnall. To investigate the detailed catal'ic mechanisms. many srnaIl molecular models 

conraining reasonable approximations of the essential func tionalities of enzyme active 

sites have becn s t ~ d i e d . ~ ~ - ' " ~ ~ ' ~ ~  The folloivining section is a summary of some small 

molecular i~iodels of the proteases discusssd above. 

Smali molecular models for serine proteases 

Bro~vri and con-orkers have studied the reaction of a number- ot'bitiinctional 

niolecules with the distorted2' amide 1 as a mode1 for the reactions bslievrd to occur i i i  

1 

tlir acrive sire of proteases. As [lie mode[ for the acylarion steps of the serine proreases. 

the reaction of a series of iniidazolr and arniiio alcohols such as 2-1'" 

with 1 have been studisd. In al1 cases. the initial products were the O-accy lated esters. The 



pH rate profile for acylation showed a plateau above the amine pKa, indicating the basic 

(or zwitrerionic) t o m  was active. suggesting the reaction mechanism s h o w  in Scheme S .  

Scheme 8 

r 4  H 

The reacti\.ity of tlie amines increasrd \\mith increasing ammoniuni ion pK,  and thé plot of 

pK,, vs the second order rats constants for O-acylation of aniino alcoliols producd a 

straiglit lins iiidicatiiiy n Broiisted relationsliip. Tlie rate constant for acj-latioii of tlie 

imidazole alcoliol 4 containing the pendant carbosylate group also f i t  on the same 

Bronsted line as detinçd by other amino alcohols showing tliat rhe reaction rate is 

coiitrolled by amine basicitjr. For compound 4. the role of the carbosylate \vas suggestrd 

to slcctrostatically increase the basicity of the imidazole. The coninion mechanisni for 

tlirse aniino alcohols involves eitlier rlic initial nucleophilic attûck ot'tlir OH wirli geiieral 

base assistatice froni the peiidarir aniino g-oup or attack by 0- of the nvittrrion to fonn 

the zlvitterionic tetraliedral intermediate. T=. This intermediate breaks down to the 

product by an intraniolecular proton transfer from the pendant amnioniuni ion. 



Solvent kinetic isotope effecrs (SKIE) of I to 1 u-ere obsen-ed for the acylation of 

arnino alcohols by 1. For imidazole alcohols. the SKIE decreased with increasing amine 

pK,. This cffsct wvas esplained by the possible involvement of avitterionic ammonium 

alkoside (lon-er pan of Scheme S). 

In an effort to mimic the catalytic triad of serine proteases. and to provide a 

binding pocket for the substnre. Bender and coworkers syntherically modifieci"-" P- 

c)-clodrsrrin ro include an imidazole and a carbosylate fiinctionality in rnolecule ('5). 1t 

\vas shou-II rliat 5. an "anificial enzyme'' 3s remcd by the authors. signiticantl! enhances 

the hydrol>.sis ofp-te,-r-butylphsnyi acerate and the sugyssteci" nieclianisrn is yii-en in 

Scheme 9. 

Scheme 9 



Ho\\nrsr. no amide hydrolyses catalyzed by this 'mificial enzyme' wcre rcponed. Latsr it 

\vas shown" rhat the irnidazolc and carbosylare tunctional groiips incorporared in 5 did 

not participare in the h~.drolysis of ester substrates by cyAodestrin. but in fact rctarded 

the reaction because of steric hindrance. 

. . 
In a reccnt papsr." De CIercq cr ~ r l  have reported the s>+nthesis and reactivit>. of a 

series of -!-amino alcohols (6-9) towards esterification by acetylirnidazole (10) and 

9a = cis 
9 b = rr-ms 

<~nss:sd to occirr as in p-nitrorritluoroacetanilide (1 1 ). The acyl transfer reactions. su,, 

Schsme 10. narre carried out in acetonitrile at 23 O C .  The reaction of 1 -6-hesanediol ivith 

10 and 11 in acetonitrile in tlic presencc of triethyl amine were taken as the base rsactions 

for compaiison. and the liaIf li\-es (.t ,,?) for t11ese reactions uere hund  to be 



Scheme 10 

2240 tir and .C12 hr. respectit.el>.. Considerable rate enhancemsnts were obsen-ed for the 

rsaction of  ainino alcoliols 6-9 with acetyl irnidazole (10) conipared to rlie base rcactioii 

(in the best case as Iiigh as j* IO' tirnrs). On rhr otlier hand. the reaction rates of 6-9 w-ith 

p-nitrotriiluoroacetanilide (1 1) did not slio\v as mucli enhancenient (only about 4 rimes 

for the best case). For compounds 8 and 9. the cir. isoniers (Sa and 921) were niors reacti\-e 

with conipound 10 tlian were the t rnm isomers. Compound 9a ( rh t  cis isornsr) was also 

more reacti\.e than 9b (the truns isorner) with 11. These results n-ere explained by a 

hydrogen bonding network such as that shoivn in 12, which gives rise to extra 

stabilizatiori of the tetrahsdral osyanion. 



Small molecular models for aspartate proteases. 

The hydrolysis reactions of a senes of maleamic acid derivatives (13) were 

studied3' as the mode1 for the deacylation step of the aspartate protases. The aeps 

involved in the hydrolytic process of 13 are descnbed in Scheme 1 1. As seen in the 

scheme, the reaction proceeds via intramoiecular attack to yield maleic anhydride. The 

rate determining step (or steps) depends on both leaving group basicity and on the acidity 

of the solution. 

Scheme 11 



As a mode1 for the acylation process of aspartate proteases which contain two 

aspanate COO(H) in the active site. Brenn et al have srudied" the reaction of certain 

carbosylic diacids with the straincd amide 1. T h e -  found that dicarbosylic acids (14-16) 

capable OF forming c-c l ic  anhydrides can arrack 1 with liigh efficiency. The hydroi'ic 

process \vas found (Scheme 12) ro proceed through a reversible nucleophilic anack of 

inonoanionic carbosyiaté on amide 1. yielding the linear anhydride intermediate. This 

liiicar anh>-dride uiidergocs rapid intraniolecular nucleophilic artack bv the second 

(pendant) carbosylate to forni the cyclic anhydride of the diacid. In the pH-rate profils 

for the reaction of 14-16 with 1. three dornains were observed correspondin, 0 to attack of 

the monoanion on 1-H-. monoanion on 1 and dianion on 1. 



Srnall motecular models for cysteine proteases 

In earlier r n i d i z ~ , ~ ~  Brown et al investigated the reaction of imidazole-thiols 17a,b 

and 18 with reactive esters 19a,b as the models for the acylation step of cysteine 

proteases. More recently, Keillor el al in this laboratory have ~ t u d i e d ~ ~  the reactivity of a 

series of amino thiolates, 17b, 20a-c and 21 towards the distorted amide 1. In the former 

studies, it was seen that although the ammonium thiolates showed high reactivity towards 

1, neither thiolates nor amines/arnrnoniurn alone was reactive. While the thiolate 

functionality was required for the initial nucleophilic attack on the carbonyl carbon of the 

amides, the pendant ammonium (or imidazoliurn) was needed to serve as a general acid 

to supply a proton to the unstable intermediate. The reaction of 17b with 1 showed a bel1 

shaped pH-rate profile indicating that only the zwitterionic ammonium thiolate was the 

reactive species. The overall reaction of ammonium thiolates with amides is summarized 



in Scherne 13 (only 17b and 1 are shown). where the initial anack on the amide carbon!-l 

carbon fiom the zwirterionic ammonium thiolate leads to the tetrahedral intermediate T=. 

Scherne 13 

This interniediate is tlien capturcd by a proton transfer from the pendant irnidazolium 

croup to t o m  the thiol ester. which subseq~iently hydrolyses to the open amino acid. In 
C 

subsequent s t u d i e s . ' ~ ~ ~ d r o l ~ s i s  of four nonactivared amides (2223-c) and 23 ivere 

follon~d in the 

presence of 17b and the sanie general features xere observed. 

Al1 mode1 sysrerns for acylation indicate that for good catalysis one needs a 

bifunctional nucleophile where one group acts as the nucleophile. while rhe other as a 

proton transfer agent. The unif!-ing feature of such cztalysts is that ar each intermediate 

stage of the rcaction. the catalyst is born in a state of protonation where it  facilitates the 

nest reaction. 



lntramolecular hydrolysis of thiol esters: Mode1 

proteases. 

As szen in Sciiems 7 .  the acyl enzyme (thiol 

for deacylation of cysteine 

ester) is hydrolped in a deacylation 

step \-ia a general base assistsd delivery of \vater by the active site histidine iniidazols. 

To in\-estigate the intrarnolccular role of imidazole. the hydrolysis of several imidazole 

39.40 conraining ihiol esters. such as 24 and 25, had been studied. Hou-ever. in these studies 

it \vas found that the pendant imidazole acted as a nucleophile radier than as a general 

base ro effect S to N acyl transkr prior to hydrolysis. 

21 25 

Bniice has studied'" the hydrolysis of 2-I at various pHs. The proposed 

niechanisni involved reversi ble formation of lacram 24a (Schemr 14) via an initial 

nuclcophilic a m c l  of the deprotoiiated pendant irnidazole. This lactam then slowly 

II!-drol!-sscl ro givr the irnidazole acid. 24b. However. in the presence of added thiol. 24a 

refornied tlis initial thiol ester. and at high enough concentration (ca O.I.Ll) of frce t h 0 1  

the hydrolysis of 24 was completely inhibitcd. This dernonstrated the revrrsibility of  the 

formxion of lactan1 2-la. 



Scheme 11 

PrS 

In another paper. Fife and DeMark reported the intrarnolecular aminolysis of thiol 

40 sster 25. The! found (Sclieme 15) thar die formation and reversal (to the starting tliiol 

ester 25) of the tetraiiedral intemediate. T'. proceeding through nucleophilic attack by 

rhc iniidazoir. rnoiety \\-as an equilibrium process. The breakdou-ii of the inrerniediatc T" 

\vas subjsct to interiiiolscular gsnerai base catal>rsis yielding the lactam 2%. which was 

subsequeiitl y h~-drolyssd. No inrrarnolecular gencral brise assistance t iom the iniidazols 

Scheme 15 n 

- PrS 



pendant u-as obsèned. Howvsr-  i t  should be noted that in these small molecuiar rnodzls. 

the pendant imidazolc is on the acyl pan of the molecule and. as a resulr. the thiol part of 

the molecule is esprlled upon ring closure. whereas in the enzyme the imidazole and the 

thiol remain in the acrive site. 

More recently Brown et cd have s~udied'~~,'" the hydrolytic reaction of the thiol 

esters 26-28 as a function of pH. Solvent deuterium kinetic isotope effects on the 

26 27 28a R =  H 
28b R =  CH; 

11)-drol>-sis wcre also st~idied for 26 and 27 at neutral pH and w r e  found to bc 3.8 and 

1.9. respscri\-el>-. Esperinients perfornicd in the presence of thiolate trapping rragsnts 

(Ellnian's r agen t )  sliou-sd tliat acyl traiistèr from S to N (Le. an intramolecular 

iiuclsophilic reactioii) \\.as iiot an important process. Froni these obsen-ations. it wns 

suggsstsd tliat the major hydrolytic pathn-ay for rhese thiol esters at neutral pH proceeds 

through a iiicchanisrn in \\.hic11 the pendant imidazolc acts as a gsnrral base. The 

proposcd Ii>.drolytic iucclianisni is show-ii in Schrnie 16. using 28b as an esample. 

Scheme 16 



-4. Objective of this work. 

-411 thres classes ofnatunliy occiimng non-meta110 enzymes ha\-s a nuckophile 

(or a general base) and a grortp m-hich acts as a gsnttrai acid in the enzlmie actitz sire. 

.qlthough die mechanistic details of aspartate protease are still uncertain. the steps 

in\-olvcd in the amide bond hydrolysis b!- al1 three non-metallo proteasss have simiiarities 

(Scheme 2- 4 and 7). In each case. the first step is a nucleophilic attack by the cnq-me on 

the carbon>-1 carbon of the subsrrate. Houever. it should be noted that in a recently 

propcised niechaiiisriii'-'"sclierne 5 )  for amide bond Iiydrolysis by aspartate protease. the 

tirsr ;tep is attack of HZO with general base assistance k o m  an Asp-COO-. In al1 cases. 

the nès t  step is the nitrogen protonatioii of the departing amine by an active site gsneral 

acid prior to, or concerteci with. C-N clex-ase. To miniic tliese catalycic feattires of 

proteases. bi functional itioiecules containing nucleophilic/acid-base groups lia\-e besn 

studisd in tliis laboratoq.. and recent work has s1iou-n that the distortr'd aniline 2.3.4.5- 

tetrahydro-2-010- 1.5- ethanobenzazepine. 1. is susceptible tou-ards nucleophilic atrack b!. 

bi functional nucleopliilrs such as p-amino a lcoh~ls . '~  p-amino thi~ls'"'~-" and 

. - 
dicarbosylic acids u-liich are capable of forniin2 c);clic anhydrides." Thess rcactions 

iiiiiiiicksd clieinical processes b e l i d  to occur i n  tlir acriw site of serine. c)-steiiic. and 

aspanare proteases. respsctivel>-. The common fzatrire of  the reaction of bifuncrional 

nucleophilzs is that atier the initial attack. the acidbase pendant is born in a statz of 

ionization that is correct for assistins the subsequent step. To study the effect of other 

pairs of nucloophilic/acid-base groups tliat are not simultaneously present in a natural 



prorease. and to develop a catalyst for amide hydrolysis at neurral pH. the reacrion of 1 

with thioglycolic acid. 29. and ethyl-2-mercaptoacetate. 30. have been investicatsd. - 

Pre 1irnina~- uork froni these laboratories'"' lias shon-n that the reaction of 1 and 

botli 19 and 30 produce the correspondhg thiol ester. and par: of the pH rate profile for 

19 n-ith 1 tioni pH 4.0 - 9.0 and pH 10.5 - 10.9. w r e  obtained. Howver. rhs second 

order rate constants of the reaction of 29 IL-ith 1 at pHs lower than the first pK, (3 .55)  of 

29 w r e  not obtained. and consequently the reaction niechanisni at [on-sr pH wns uiiclccir. 

I i i  xiditioii. d;itri clossr to second p K ,  ( 10.22) of29 \vas missiiig froni the prel-ious siud>-. 

Tlius. to dscerrninc the reactioii niechaiiism rit l o w r  pH and to define complet el^^ the pH 

rate protile. the second ordrr rate constanrs of29 reacting n- i r l i  1 at loiv pH and at pHs 

close to the pK,'s of 29 \\.cre obtained in  tlir present u - ~ r l ; . ~ ' ~  



B. Esperimental. 

Materials and Methods. 

The folloning compounds \\-me obtained from diKerent commercial suppliers: 

thiogl>-coiic acid (Aldrich). sodium thioglycolatz (Sigma). 5.5'-dirhio-bis(?-nitrobenzoic 

acid) (DT'IB: Ellman's reagent) (Sigma). porassium chloride (BDH). potassium 

dih~-drogen onhophosphate (BDH) and potassium hydrogen onhophosphate (BDH). 

l.3-4-j-TetraIi!-dro-?-oxo- 1.5-s~hanobenzazepinr (1).  \vas synthesizrd by a previous42' 

\\.orker usin: rnsthods dsscribed b!. Bro\vn rr Acetonitrile \\.as dried over 3.4 

moiecular s i e ~ e s  and distillcd froni phosphorous pentoside under argon. Puritisd aiid 

deosygenated watcr from an Osmonics ..\ries water puri ticarion s)-stem u-as used for al1 

buffer preparations and thcse w r e  furtlier dejassed by bubbling Ar through them for 

several hoiirs befors use. -411 pHs n-ere measurzd using a Radiometer Vit 90 Video 

Ti trator equipped witli a G K2? 1 C combined electrode. standardized by Fisher cenificd 

pH 3.0 I . 4.00. 7.00 and 10.00 bufkrs. 

At pH 2.0 to 2.2. HCI (titnted) kvas used as the buffsr. p = I .O (KCI ). 

Thiogiycolic acid \vas ussd as the bufkr at pHs close to the pK,s ofthioglycolic scid 

(pKI = 3 - 5 5  and pK2 = 10.27). At high pH (-1 0) the rate of ring opening of the strained 

amide 1 in the prrsencs of escess thiol \\-as followed by observing the increase in 

absorbance at 29 1 nni. At lower pH (2-3 - 5 )  the rate of reaction \vas followed by 

obsen-inp tlic dccreasc in absorbance of 1 at 730 or 240 nni. A modifisd Cary4 7 UV-vis 

spcctropliotonieter intcrîàced to an IBM 486 PC iittrd witli OLIS sofr~-are (On-line 



Instrument Systems. Jet'fèrson. Ga.. 1992) 1%-as used to folIou- ths reaction at high pH 

values. in a t>-picd run 5 mL of deos)-genared rhioglycolars buttSr ([buffsr] = 0.05 to 

0.30 M. ,LL = 1 .O (KCI)) \vas transt'srred to Ar I'lushed cuvettes ~vhich \\-ers then thermal1~- 

equilibratcd in the cc11 holder of the specrropliotornetsr for I O  min. at 35 "C. TL> initiate 

the reacrion. IO u L  of O.OS iLf stock solution of i in dn- acetonitrile \\-as injected in to the 

cuvettes. The fÏnaI pH of the crnzttes u-as rneasured afier sach nin to ensure constancy of 

pH. .At louer pH. the rate of the reaction n-as follo\ï.ed by a Sequential Stopped Flou- 

ASVD Spectrophcrtometer fiom ~ p p l i e d  Photophysics (UK). inrerfaced ~vith an Xrcon 

.A5000 PC titted with RISC OS3 sofiuxe. One dril-e syringe was loaded u-itli a 3.7 x 10" 

1.1 solution of 1 in dilute phospl-iate b u f t r  (pH = 6.9. fbuffer] = 2 X I  O- M. LL = 1 .O 

(KCl)). The othcr drive sj-ringe n-as loadcd with a solution of thiogl>.colic acid in HCI 

buffer ([tl~iol],,,,,~,~ = O. 1 O to 0.40 M. ,~i = 1 .O (KCI)). In a11 cases an esccss of  thiol of at 

lsast 1 O-fold (over [amide 11) \\.as used so that reactions ivére pseudo-first ordsr. The 

pseudo-tkst order rate constants (kohr) \i-ere o btained for each run b>- nonlinear lsast 

squares (XLLSQ) titting of the absorbancs (A) vs rime (t) data to a standard esponential 

niodel (A, = -4, + (XO - A,) esp(-kt)). The second order rats constants (klob') w r e  

obtained t iuni  the slopcs of plots of kohi \.s [ thi~l] , ,~ ,~ at each pH (3-1 thiol concentrations 

na-e useci ). 

Tliiul solutions u-ers titrateci with Ellnian's reagent4' in ordrr ro dstemiine the 

concentration offres tliiol~. 



C .  Results. 

The pseudo-tjrst order rate constants (kObs) of rhe reaction of the strained amides I 

( 1.3 - 2.6)* 1 O-' .LI lvith thiogl>-colic acid. 29. to =ive the corrcsponding thiol ester 31a 

u-ere obtained at \-arious pH \dues  and [thi~l],,,,~ ar 25 "C. ki = 1 .O ( KCI ). The runs 

follou-cd b!- ohacn-ing the rats of aecrease in absorbance at 230 or 240 nm ar Io\\- pH 

(pH<3.5) using a stopped tlo\v spectrophotornsrsr and b>. folloiving the increass in 

nbsorbance at 29 1 nm ar Iiighsr pH using a UV-vis spectropliotornetsr. The pssudo-tirs[ 

ordsr rate co~istants ( kohj) are siteen in Appendis 2. Table 1 S. 

A t  sach pH. kiihS unas obtained at 3 or 4 different [~hiol],,,,~. Tliz obsen-ed second 

ordcr rate coiistants (kCh') were obtained from the siope of a plot of kobj vs [rhi~l],~,~.~ at 

each pH according to sq 1. 

~vliers k(! is the bac kgrotinci reaction (combination ot'acid, base and n.ater reactions). The 

mluss of k."" at 1-arious pHs are g i ~ ~ e n  in Table I and the pH 1-s rate constant profile for 

the rsaction of29  \\.ith amide 1 is shown in Fig~ire 1 .  AS seen in Figurz 1. going from 

liigh pH (> 10) to Ion-er pH. the pH-rate profile increasrts with decreasing pH tintil the 

second pK, of 29 (pK2= 10.32). ~vhereupon the profile attains a Iimiting plareaued value 

d o ~ m  10 pH 2- I t  should also be notsd that there is a small and alniost imperceptible 

intlsction at the tirst pK,of 29 (pKi =3.55) followed by another platea~i. The second 

ordrr ratc constanr kCh' could not b r  obtaiiied below pH 2 sincs backgound acid 

catalyzsd reactions bsconie tàster and liigh absorbanciss were cncountsred. The pH rate 

profils of the rsaction of 29 u-ith amide 1 can be esplained by the processes describsd in 



Table 1. Second order rat2 constants for the reaction of rhiogiycolic acid (29) with the 

straincd amide 1 obtainsd at various pH. T = 25 O C .  p = 1 .O (KCl). 

HCl 
thiogI>-coiic acid 
thiogl>-colic acid 

Acetate 
Acetats 

MES 
kf ES 

MOPS 
Phosphate 

1 -2-dinleth>-liniidazole 
HEPES 
HEPES 
CHES 

thiogl>.colic acid 
thiogi>-colic acid 
tfiioglycolic acid 
thiogl>.colic acid 
thiogl>-colic ricid 

"The srrors quotcd are obtaiiisd froin [lie standard deviation in the slops calclilatsd by tlic 

lincar regrrssion rittiny of k,~,, \-s [tt~iol],..,,~ data to eq I at sac11 pH. 

h Obrainrsd tiorii refersncs 42a. 





Scheme 17. u-here the monoanionic fomi of  thiog1'-colic acid M c m  react nirh both the 

neutrai and protonated form of amide 1 to give products. From this scheme. it can be 

Scheme 17 
O 

ivhsrc k1 and kr are die rate coiistants for attack of a monoaiiionic $1 on the protonated. 

1 -H-. and iicutral amide 1 respectil-el-. KI and K2 are rlir first and second rnacroscopic 

dissociation constants for thiogl!-colic acid and K', is the dissociation constant of 

protonared amide 1. The solid line throtiph tlis data in Figure 1 was obtained by non- 

linear least square (NLLSQ) tirring of  [lie data in Table 1 to eq 2. u-hers the knolt-n \-alucs 

o f  KI (2.S2* 1 O- .\.1).'" K2 (6.02* 1 O - ' '  5.1) " and KI(', ( 1.9 b ~ ) ~ \ v e r e  h e d  as constants. 

Froni the tir. \ d u e s  of k2 and k, cati be obtained as 9.9* 10" kl-l se' and 1.63 41" 5 - ' .  



D. Discussion 

The obsen-ed variations in the second ordsr rate constant. k2'? for the reaction of 

thioglycolic acid 79 wirh amide 1 at various pHs. is consistent \\ith the proccss dcpictcd 

in Schems 17. whvhsre a monoaniotiic thioglycoliç acid 51 reacrs u-ith both nsutral and 

protonatsd amide 1. In eq 2. both processes. naniely attack of M on 1-H7(k2) and attack 

of 31 on ne~itral 1 (k;). have been incorporated into rhe NLLSQ tir of the crperinicntal 

data to the cquation ~vhich gsnsratss a line passixig through most of the points. Howxsr. 

\i-hsii the k2 (the tsrm describing a atrack of M on 1-H-) is escludsd t iom sq 2 ( i - r .  k: = 

O)  tlic tit to the espsrinirntal data is poor in the lo~v pH rcgion. as is indicated in Figure 1 

bl-  the dotted line. 111 absence of tiis attack O F  M on 1-H-. rhc obser\-cd rate constant 

\i.o~ild ha\-s ro drop linsarly \i-itli pH belo\\- 3.55. u-hicli is the first pK, of 29 (pK1 = 

3-55)- 9011s of the abovs data allows LLS to ascenain \vhicli monoanionic f o m  of 

rliiogl~~colic ricid is respoiisible for the attack on 1-H-. 

Ho\i-s\.er. sonie guidance tbr the speciss resporisible for atrack oii 1 at various pH 

\-ducs can be obtaiiid froni the reaction of the blockcd deri\.ati\-e 30.''~ Kellogg has 

1 1  

shon-n*-:' tlint for the reaction ofetliyl 3-niercaptoacetate 30 it-irh 1. the pH rats profile 

sl iow a plateau at Ion- pH. followed by a linear dscrcass at pH values above the pK, 

(8.0) ofrlis i l i i ~ l . ~ ' ~  consistent ivith the process dsscribed in rq 3. ~i-here the nionoanionic 



30 a n a c h  1-H-. Fitting the esperimental k2"bs vs pH (see Figure 1 ) data to the kinetic 

csprcsjion given in eq 4. derived from sq 3. gives a value of be 6 3 *  107 hf-' s-l for k2. 

the rate constant 

k , ~ h ~  = (~r?it(*,) K,""H-II(K,~" - [H-1) - (4 1 

for the attack of nionoanion of 30 on 1-H-. The large apparent (alrnosr 4 ordcrs of 

~nagnitiide) dit'tirencs betwzen the rate constant (k:) for the attack of M of29  on 1-H- 

(9.9* 10' hl'' s - ' )  and rhat of 30 on 1-H- is notewonhy. One espects that the 

nuclcophi l icity of these two thiolatss. Et02CCH2S- and H02CCH2S-. should nor 

s~ibsrantiall>. diffsr torvards 1-H-. \vit11 only minor differences potentially arising from 

\-ariation i n  tlic pK,s of rhs thiols. To esplain the large apparent ciifkence in k2 vrilues 

betxseii rlie tliiols 29 and 30 nsed to anal~.ze the \-arious microscopie iomis of 

tliiogl>-colate as in Schen~t: 1s. Note that tiis dominant rnonoanionic forni of19 is 

tIiinc<irbos!-latc. 29-C00-.  sincs carbosylic acids are niore 

Scheme 13 

Ol f Co- 
SH 

s- 
acidic thaii tliiols. Tlis tirst macroscopic pK: of 29 ( 3 3 )  is rnostly attributable 

inicroscopic pK, of 19-COOH (lience. p ~ , l o H  = 2-55 in Scheme 18). It can also 

reasonably assumed that the dissociation constant of 39-SH would be similar to 

to the 

be 

that of 



30-SH: thus p ~ , l s t '  is equal to -8.0. Given the above. the ratio ['OOC-19]/[29-S7 at an); 

ziven pH is caiculated to bc 7 . P  10'- I t  fol low then. that only a mal1 part of ths total 
C- 

monoanionic species of 29. NI. rrpresents the thiolatr. 19-S-. The corrected second order 

rats constant for the attack of 29-S- on 1-H- is (9.9* 10' M-' s-' x 2.5+ 1 04) = 2.5* 10' hl-' 

s - ' .  u-hich is similar to that obtained for 30-S- artack on 1-H-. indicating that hoth proîesd 

\-ia ttiiolate ritrack on rlie protonareci amide 1- 

.At pHs above 4 and belou- 9. thioglyolic acid esists niostly as the monoanion 29- 

COO- and For the reasons describcd above. Alttiough product anal>&' re~ealed tliat the 

reaction of 19 L\-ith L produced rhs correspondiiig thioi ester 3 1 a. suggesting a process 

whcrs 29-S' attacks 1 or 1-H-. t\vo otlier possible niechanisms c m  bc en\-isionsd. Schenis 

19. The second mechanisni procecds via an initial attack of 79-C00'  on 1 ro produce the 

Schcmc 19 0 



intsrrnediate anhydride. u-hich subsequsntly breaks down to 3la in a fast srsp. Schsmc 

20. .AIthough in this pH region. 29-C00- is the dominant anion ir should also be noted 

Scheme 20 

fast 

thnt carboq-lates are mucli lcss nucleophilic tliaii thiolates" and no activity w s  

. - 
t e y . J c l  for acstats LI-irli iisutral 1 althougli acrtatc does r e m  xith 1-H?" Hcnce i t  

iiiiglit bs sspectsd that the attack of 29-COO-on 1 sliould also b s  nsgligible. Howewr. 

considering die presrncs of the SH pendant i i i  29-COO- it niight be aryiied tliat i h ~  

ncrii-ity of 29-COO' is not sirnilar to tliat of  simple carbosyliç anions. and tlint thsrs nia?- 

bs an intraniolecular proton ~ransfer from tlic SH to trap the terraliedrai intermediate 

(To-) in a subssque~t stsp after the initial nucleophilic attack. Sclicrns 20. If this procsss 

wsre operatiw. 91'-cine z~vitterion. 3zzti-. ~vhicli is isostructural to 29-C00-. should show 

n sirnilar second ordei* rate constant for reaction \vit11 1 to tiiat of 2%COO-. Howcsver. i t  

\vas found" that the yl>.cine zu-ittrrion is 200 times lcss reacti\-s tliaii 29-COO.. Thlis. i t  



32 3ZzL- 

can be concludsd that at this pH region the reaction of monoanion of 29 uith 1 does not 

proceed via an anhydride intermediate. 

The third mechanism. operative rhroughout the plateau region from pH 3.5 to 10. 

might be a kinetically equivalent process where the thiolate dianion. 3-29-C00-  attacks 

the protonated amide L. I r  can be inferred from the above discussion rhat the thiolate part 

of the dianion w ~ i l d  attack 1 -H'. not rlic carbosylate nioiety also because the pH profile 

should be liiiear in [H-] if tlic COO- part oftlic dianion of19 iverc nuclsophilic [O\\-ards 

1-H-. Hou-swr. ~ h e  second order rare constant (L. Sclienie i9) for such a process would 

hs 5-2* I O ' "  b1-' s". wliicli is at the higher end for a diffusion controllrd4' proccss. 

considering the reaction involves a dianion (-SCH2-COO-1 and a positil-el- chargsd (1  - 

H-) spccies. I t  should be notsd that tlie reactioii of HOOCCH2S- with 1-H- proceeds ~vith 

rate constant of 2.S* 10%' s-'. n-hich is 200 times srnaller tlian that of 'SCH2C00-. 

Tliere is an  iticrsase in the pK, of the thiolate of HSCHICOO- ( pK, = 10.2) relative to 

that in HOOCCH2SH ( p ~ , s H  = 8). whic11 niay result iii  an increase in thiolats 

i iuc~eo~hil ic i t~- . '~  The reactioii of the anions of thiols of comparable pKi, should ha\-c 

similar rate constants for this pSQCC!Si. However. th<: second order rate constant (7* 10' b1- 

' s")"" for tlic reaction of tlie thiolate of etlianethiol. u-liich lias slightly highcr pK, 

( I0.55)" tlian -OOCCH2SH. is 20 tirnes snialler tlian that of the latter thiolate. As 

mentioned above. there niay be son-ie kinetic enhancenient due to the artack of an anion 

on a positi~-ely charged substrare that could account for the estra factor oF20. However. 



thers is no significant difference bstu-sen the rate constant for the attack ofrhe 

z\vittsrionic (though formally neutral) dimethyl c>-steamins versus the attack of anionic 

rnercaptopropionitriir on 1-H-. indicaring that thcre is no enhancement of the rcactivit). 

dus to the O\-erall charge of the nucleophilic species. Thus. it can be concluded that the 

attack of S-CH2-COO- on 1-H- is not responsible for the reaction from pH 10 to 3 -5. 

There ssists anor lier possi bility u-hzre the S H artacks 1 nith intramolecuiar 

cenerd basc assistaiicr from crirbosylats to produce TU- as in Scherne 2 1 .General basc .- 

Scherne 2 1 

assistance of tliiol attrick has not besii observ-scl prsviausl>.i' in systenis sucli as RSH 

plus p-nitroplien)-I acctate: at tliis point. tliis intrarnolecuiar process. \\-hile unliksl>-. 

I t  follows froni the above discussion that the tà\-ored mschanism ar neurral pH 

procccds n-itli tlir atiack of the tliiolate inonoanion. 29-S- on neutral 1 to givs [lie 

interniediare Tu'. Scliems 22. In the subsequent steps. the intemiediate Tu- is captured by 

3 proton traiist2r froni the pendant COOH to form Ts- ~vliich ultirnately breaks d o u ~ i  to 

brni the thiol ester 3 I u .  I t  should be noted that the mechanisni outlinsd in Schenie 22 is 

. - 
siniilar to that propossd by Keillor c f  crl foi- rhe reaction of ammoniuni thiolatss' "ori 1 .  



Scheme 32 

Froiii tirs of rlie k20bs data vs pH to eq 2 the obssrwed second order rate constant 

(k; ) for 111s attack O f 29-S- on neutral 1 is 1 -6 bl-' s-' . Howsver. aiter correcting for the 

actual concentration of thiolate present at a given pH. vide irzfrcr. i t  brcornes ( 1.6 hl-' S.' x 

S C  10' =) 4.6* 10" hl-' s-l. which is more than 750 times larger than rhat of the strong -. 

nucleophilc HO- (60 14-' s-'). This enhaiiced effect arises due to tlis nuclophilicity of 29- 

S. and to its bifunctional character. 4 s  shown in Scherne 22: bifunctional nuclcophiles 

zenerally react with 1 in a rnultistep reaction proceeding througli an anionic tetrahedral - 
intermediate To'. ünlcss the intermediate is trapped by a proton transfsr Froni sonie 

adjacent pendant, Tom simply reverses back to 1. Thus. the bifunctional nuclsophiles 

cerierally f~inction by trapping To- via intramolecular proton transfer from the pendant - 
thsreby preventing reversal. 



LVhen cornpared to other bifunctiona~'"~ nucleophiles such as 17b (100 M-1 fi). 

2 9 4 -  ( 4 6 *  10' 41-1 s-') \vas found to be the most reactive towards neutral 1. This might be 

ssplained by tàct that proton transfer to the anilino niuogen in To- tiom COOH is 

thermodynamically more favored. sincr the COOH group has a lower pK, than other 

possible pendants (e-g. lm-H-) of the difièrent bifunctional caralysrs. 



E. Conclusion. 

In pre\*ious work. ir  was shown that bifunctional small molscular modeis of 

naturally occumng proteolytic enzymes containin; nucizophilidacid-base groups had a 

Iiigh propensit!- to react with the distonsd amide 1. The common mechanism for al1 the 

mode1 systems involves an initial nucleophilic anack followed bu intramoIecular proton 

transfer froiii the pendant to trap the unstable intermediate. The initial goal of the present 

stud>- \\-as ro design systsms that did not n~irnic naturally occurring enzymes by coupling 

a good nuclsophile with a pendant not seen in t l x  enzymes. .As s e n  in this work. 

thiogI>.colic acid (29) containing both the thiol(ate) and carbosylic acid group. 

functionalities n-hich are not simultaneoüsly present in natural enzymes. is also reactive 

towards 1. I t  should be nored. hon-e\.er. that a mutant p-lactamase enzyme has been 

reportsd2 to contain a catalytically actiire thiol and an acid group at the enzyme active 

site. This niLitant p-lactamase \vas produced iising sitr directed muragencsis techniques 

u-hcre an active sitr serine (Ser-70) \\-as substir~ited by cysteine. It  was also suggested 

tliat the active foriii of die enzyme for hydrolysis of f3-lactam substrarrs contained the 

ionized thiolats (Cys-70) and protonated carbosylic acid (Glu-1 66). 

It  is also shown here that the acti\-e fomi of the bifunctional nucleophile is 

-SCHICOOH. where bot11 a srrong nucleophile (thiolate) and a pendant capable of 

transferring n proton (carbosylic acid) are present. In the present study. the lower and 

upper limits of the pH rats profile for the reaction of29 with 1 w r e  defined so that it kvas 

possible to detemiine which of srveral mechanisms \vers operative. and i t  \vas funher 

shou-n that in the [ou- pH domain. the nionoanion of 29 atracks 1 -H-. These findings. 

couplcd \vit11 previous obser\.ations. rcaffimi an important feature for catalysis. For 



bifunctional compounds to be active tau-ards acyl transfer fiom amides. both nucleophilic 

and gcnsra! acid (to trap the unstable tstrahedral intermedicire via an intrarnoIccular 

proton trans fer) functionalities arc required. 



CHAPTER 3 

-4. O bjecth-e of this work. 

1 1  

-4s discussed in Chapter 2 and in previous work from this rescarcli _oroup.-- both 

thioslycolic acid (29) and 2-(;\:.\--dimethylamino)ethane thiol (20b) reacr u-ith distorted 

amide 1 yielding the corresponding thiol esters (31a, 33). These reactions have been 

taken as modcls for the ac).larion reaction that occurs in the acti\.e 

site of cystsine proteases \\-lierc the catal>-tic cycle also procreds via an intermediate 

tliiol ester. hi the enzyme-catalyzed rcaction. the thiol ester intermediate is subsequentl!. 

Iiydrolyzed to regencrate the enzyne. If ZOb and 29 are considcred ro be trus catalysts f ~ r  

the Iiydrolysis of 1. tlic interniediate tliiol esters 31a and 33 niList be liydrol!.zed rapidl~. 

\vit11 intraiiiolscular catalysis by the pendant carbosylate or amine. The \\-idel!- acccpted 

niechanisni of c>-steine protcase acy 1 enq-me intermediate hydrol ysis is be 

proceed vin a gcnsral base assisted attack of water by the active site histidi 

There are only a frw small molrcular models available that demonstrate intermoIecular 



assistzd h~.drolysis of the thiol ester 39.40.4 I and even fewvef' esamples where 

intramolecular eeneraI base catalysis has been observed. 

Described in this Chapter is the propensity for intramolecular assistance by 

carbos)-late and tenia- amine towards the hydrolysis of thiol esters. For this purposs. 

4-nitrobcnzoate esters of ethyl 2-mercaptoacetare. thioglycolic acid. 2-(.\:.L7- 

dimeth>-1arnino)ethanethiol. and 2-(~~~:V,~~~triméthylammonium)2rhanerhiol iodide (34- 

37) have brçn synthesizcd. The rates of hydrolysis of these thiol csrers have bsen studicd 

as a functioii of pH at 50 OC. Rsported herein are the findings which indicats conipo 

35 and 36 sliou- intraniolecular generai base catalyzed hydrolj.sis at neutral pH. whereas 

tlir conrrol cornpounds. 34 and 37. only eshibit specific base catalysis. 



B. Esperirnental. 

>laterials iind General Methods: 

The foilov,-ing materials n-ere obtained from commercial suppliers: 4-nitrobenzoyl 

chlorids (Aldrich). 5.5'-dithio bis(?-nitrobenzoic acid) (DTNB: Ellman's reagent. Sigma). 

1-(.\::\--diniethylamirio)ethane thiol:HC1 (Aldrich). ethyl 2-mercaptoacetate (-4ldrich). 

thiog1)-colic acid (Sigma). iodomethane (BDH). glacial acetic acid (Fisher Scientific). 

sodium acetate (General lntermediates of Canada) and triethylamine (BDH). Biiffers, 

MES (4-rnorpholineethanesulfonic acid). 1MOPS (4-morpho1inepropanzsulfonic acid) and 

EPPS (4-[2-li>*dros>-eth-Il- i -piperazenepropanesulfonic acid). wrre reagenr grade 

(Sigma) and u-ere used as supplied. Puritied dsosygenated water from an Osn~onics Ariss 

watsr puriLication systsm [vas used for buffer preparation. Xcetonitrils \vas dried over 

5.A moleculai- sieves and distillcd from phosphorous pentoside under argon prior to use. 

pH was nieasured using a Radiometer Vit 90 Video Titrator equipped with a G U 3 2  l C  

conibinatioii eiectrodt. standardized by Fisher Certified pH 2.4. 7. and IO buffers. 

I H aiid "C NMR spectra were obtained using a Bruker AC-200 or a Brcker AM- 

400 specrronitter. Infrared spectra were obtained using a Bornsrn MB-120 FTIR 

spectromster. Higli resolution mass spectra \vers obtained using a Concept 1H ( k a t o s )  

specrronisrer. XI1 nie1 tins points u-rrc: O btained using a Fisher-Johns melting apparatus 

and are uncorrecteci. 



Synthesis : 

The thiol esters 34 - 37 were prepared by the typical procedure described belou-. 

p-Xitro benzoate ester of ethyl hnercaptoacetate (31): 

p-Yitrobenzoyl chloride (4.64 _o. 0.025 mole) was dissolved in 10 mL C H S N  and 

then added to a mixture of ;.O0 g (0.025 mole) HS-CH2-COOEt and 2.52 g (0.025 mole) 

N(Et); in 15 n L  ofCH;CN. The reaction mixture was then stirred at room temperature 

for 1 h afier nrhich the CHrCN \vas evaporated to obtain reddish-yellow crystals whvhich 

were dissolved in 50 rnL of CHZC12. This solution \vas washec! with 3 X 100 mL sach of 

1 W HCI. a saturated solution of NaHCO;. and wïth water. The CH2ClI layer Kas rhen 

dried with h4gSO~ and the solvent reinoved by rotary evaporation to obtain 5-75 g of rhc 

crude product (85% crude yield.). ;\ 2 g portion of this uas rzcrystallized froiii acetonc 

( 1 O ml)-hssane (a fsw drops) to yield light yellou-. needlr sliaped crystals: mp 5 1-52 'C .  

[R ( m r )  3 1 13.2982.2935. 1730. 1667 cm-'; 'H NMR (CDCI;) S 1-27 (t. J = 7.1. 3H). 

5-89 (S. IH). 4.20 (q. J =  7.1. ZH). 8.07-8-30 (m. 4H): "C NMR (CDCl;) G 13.98 (CH;). 

3 1.67 (CH?). 62.00 (CH.). 123.84 (arornat. CH) 128.28 (aromat. CH). 140.53 (aromat. 

C). 150.58 (aromat. C). 167.89 (C=O), 188.60 (C=O). Exact mass. miz calcd for 

C i  H i  rNOrS: 269.03528: found: 269.03477 (4.1 %). Anal. calcd for C I  , H I  IOrXS: C. 

49.07. H. 4.09. N. 5.20. S. 11.90: found: C. 49.26. H. 3-83. N. 5.31. S. 12.05. 

p-Kitrobenzoyl ester of rnercaptoacctic acid (35): 

This \vas prepared in 7 1 % crude yield as above. .A part (- 1.5 g) of the product 

was crystallized froni acctone (1 5 ml)-hesane (feu- drops) to givs light )-elIo\\- cq-stals. 

mp 155-1 56 O C .  IR (KBr) 2727 -3363 (s.br). 3 1 1 1.19 14. 1704. 1670 cm-': 'H  NMR 

(CDrCN) 6 4.06 (S. 2H). S. 12-8-49 (m. 4H). ''c NMR (CD;CN) 6 32.29 (CH:). 125.12 



(arornat. CH). 129.33 (arornat. CH). 14 1-54 (aromat. C). 150.84 (arornar- C). 169.67 

(C=O). 189.90 (C=O)- Anal. Calcd for C9H:OsNS: C. 44.8 1. H. 2.90. N. 5.8 1. S. 13-25: 

found: C. 44.81. H. 2.62. N. 5.79. S. 12.96. 

p-Nitrobenzo>-1 ester of 2-(N,A~dimethylamino)ethanethio1 (36): 

p-Nitrobenzoyl chloride (4.64 _o. O.OZ5 mole). HS(CH+ 'I(CH;): (3.54 g. 0.023 

mole) and pyrïdine (3.96 g. 0.025 mole) and 33 mL of CHCls tvsrs rnised using the 

abovc procedure. Afier 6 hr. the reaction misrure was tiitered. The CHCI; solution \vas 

estractrd with IN HCI and the pH of the aqueous n-ash was adjusted to 7 n-irh NaOH (pH 

papcr). The mixture \vas estracted ivith CHCI;. rhis Iayer being dried over MgSO,. 

tiltsrsd. and evaporated to give a yellow solid in 93% crude yield (5.90 g)- A part (-2 g )  

of it \\-as rscrystallized from CHCI; (7 ml)-hesane ( 2  mL) to give a yellou solid. mp 32- 

33 "C. IR (KBr) 7953. 7769. 1664 cm-': ' H  NMR (CDCI;) G 7.29 (S. 6H). 2.59 (t. J =  6.8. 

2H). 3-15 {t. J =  6.8. 2H). 8.08-8-29 (m. 4H): "C NkfR (CDCI;) 6 17-33 (CH.). 44-88 

(CH,) .  57.75 (CH:). 1 2 X 0  (aroniat. CH). 128.0 1 (aromat. CH). 14 1.30 (aroniat. C). 

150.26 (aroniat. C). 190.12 (C=O). Esact niass m/z calcd for C i  iH14N20;S: 254.07 1 14: 

found: 354,06976 (4.2%). 

p-Nitrobenzoyl ester of thiochoiinc iodide (37): 

Into 10 mL of dry dierhyl ether ~vzs  placed 0.4 1 g (1 -6 mmol) of 36 followed by 

0.28 g ( 2  mrnol) of CH;I. The rcaction mixture was stirred ovemight at rcom 

temperature. The bright yellow precipitate u-as collected by filtration and recrystallizrd 

from metlianol (3 niJi)-acetonitrile (few drops) to givc 0.6 1 g of solid (96% crude yisid). 

mp 224-225" C (decornp.). 'H X M R  (60% CDClj. 10% CD;OD) S 3.12 (S. 9H). 3.25- 

3-5 1 (m. AH). 7.86-S.12 (ni. AH): Esact mass (FAB)  r n k  cdcd. for C 11HliN20jS: 



369-0960: found: 269-0580. Anal. cakd for C12Hi7N10;SI: C. 36.36, H, 4.29.3. 7.07, S. 

S.OS: found: C. 36.10. H. 4.43. Y, 7-07, S. 8.48- 

Kinetics: 

The pH rate constant profiles of hydrolysis of esters 34-37 were detsrmined at 50 

O C .  p=O. 1 (KCl). TO control pH in the 6.6-9.8 rang-. tertiary amine buffers aere used 

(MES. MOPS. EPPS and Et$i). Acetate buffer \vas used at pH 3.8-4.8. In al1 cases two 

buffer concentrations. 0.05 and 0.10 M. ivere used to check for buffer caral>-sis. At pH 

2 1 1.5. NaOH \vas used as the buffer and at pH 1 2 . 3  . HCl was ~ised: in both cases the 

ionic strengtli \vas maintained at 0.10 (KC1). Al1 pH readings w r e  rneasured bsfore and 

atier the reaction. the reported values beinz the average of the rwo rcadings. 

Rates of disappearance of the staning esters rvere followed at 270 nm using a 

modified Cary1  7 UV-vis spectropliotorneter interfaced to an IBM 486 PC fitted uith 

OLIS sofixare (On-line Instrument Systems. Jefferson. Ga.. 1992). Reactions w-ere 

initiateci by injecting 10 - 25 pL o f  a 0.009 - 0.0 12 M soiution of the ester in dry 

ace!onitrile into 3 mL of bufler solution held in 1-cm quartz cm-ettes ~ v h i c h  ti+ere 

thsrmaIl>- cquilibratsd at 50 + 0.7 "C in the ceII holder for 1 O min. prior to initiation of the 

run. The pseudo-tkst ordcr rate coiistant for the rraction (kubj) \vas obtained by 6LLSQ 

titring ofabs. vs time data to a srandard esponential mode1 (A, =A, - (Ao - A,) esp(-kt)). 

Values reported are ths averages of at least duplicats runs. The pseudo-fint order rate 

constant at [bufTer] = O. kl. is derived from extrapolation of rate constants obtained at two 

[buffer]. 



DIO Studies: 

The rate of hydrolysis of 36 was determined in D 2 0  at pD 10.10 k 0.04 (PD = pH 

- 0.4)" in trieth?-lamine buffer ([buffer] = 0.05 and 0.10 M. = 0.10 { KCl) j. pD was 

adjiisrsd b'. additions of334 DCl. The kinetic data w r e  obtained as above. also at 50 r 

0.7 "C. 

Hj-drol!.sis of 36 in the presence of DTKB: 

The rate of generation of the Ellman's anion accornparq-ing the h>-drolysis of 36 

[vas detsniiined in the preseiice of Ellman's rcagrnt (DTXB) at pH 9.77 2 0.04. 

tristh!-hniiiie b u f k r  ([buffer] = 0.05 and 0.10 M. IL = 0.10 (KC1)) at 50 5 0.7 "C. For this 

series of retictioiis. 125-250 pL aliquots of DTNB solution (3.2 x 10" 1.1 in the sanie 

huti'sr) u-c'rc injectsd iiito 3 n iL  of t l x  theriiidI> quiiibratsd biifkr in 1-cm CU\-ettes 

(gii-inp a îïiial [DTSB]  = 1 .;-l5 1 10' hl). inmediatcly follo~vsd by 4 - S ILL of the 

stock soiution of 36 (0.0 12 h l  in d v  acetoiiitrils). The rate of appearance of the Ellmaii's 

thiolars anion froni DTNB \vas followed at 412 nin. Sincr D M B  itsçlf decornposes 

iinder thess conditions. the pseudo-tint order rate constants xere obtained by nonlinear 

lsast squares titting of [lis abs. vs. tinis data to a double esponential mode1 (.A, = ( ( i \ O  - 

Al,) exp(-k[t) - (.A,, - .bL) cxp(-k2t) - (.AI-,: - .'\r',) ) to obtain the rate constants for the 

thiolxc induced and spoiitanrous productio:is of Ellnian's anion. To \mi@ [lis rats 

constrints computed in this wq-. a second run \vas also perfornied uksrtsin one ceIl 

conrniniiig buffer and DTXB on[>- \vas uscd as a re tèrencr against a ceIl containiil; the 

idenrical aruount of D n r B  and 36. Tliese data were also fitted to a double esponential 

niodsl zquation. 



C. Results. 

The kinetics of the hydrolysis of the thiol esters 34-37 u-ere invesrigated at 

!*ariaus pHs ranging from 1.9 to 1 1.9 (T = 50 OC. p = O. I O  (KCl')). The rate of hydrolysis 

\vas foIlou-ed by obssn-ing the dscreass in ths absorbance of the starting thiol esters at 

270 MI. The obsen-ed pseudo-first order rate constants (kobs) for the hydrolysis ar 

diffsrent [huffsr] and various pHs are giwn in Appendis 2. Table 2s. The second ordcr 

rate constanrs (k2bi i i~ )  for buftcr catalysis are given in Appendis 2. Table 3s. The pseudo- 

tirsr order rare constants ( k ~ )  estrapolarzd to zero buffer conccnrration are g i ~  en in 

Table 2. 

The kinstic features for the Iiydrolysis of these tliiol esters are e\+ident from the 

pH-rate profiles given in Figure 2. I t  is observed that the hydrol>-sis of compounds 34 and 

37 showed orily a linear dependence on hydroside ion concentration. For both 

conipounds 35 and 36. the liydrolysis rats constant increasrs wirh increasing pH unril 

reaching a plateau beginning at the pK, of tlie respccti\,s pendants (pK, 2 3  and S. I for 

the carbox?-lic acid and the di1nst11~-lariinioni~~ni group. see Discussion). At sriil iiigher 

pH. spccitk base catalysis predoniinates and the rare constanrs i n c r a s e  \vit11 increasing 

PH- 

Ti-le rate constants for the hydrolysis of compound 36 in D 2 0  at pD = 10.20. 

which is in dis pH independent region. where 0.05-0.10 M triethylaniine was used as 

buffer. p = 0.10 (KCL). are given in Table 3. Given in Table 4 are the rate constants for 

the appearance of Ellman's anion caused b!; the hydrolysis of 36 in the prcscnce of  escsss 

DTXB in the pH iiidcpeiident region (pH 9.75. triethylaini~ie bufkr). 



Table 2. Pseudo-first Order Rate Consrants for Hydrolysis of Thio l Esters 34-37 

[butEr]= O. T = 50 "C. ri = O. 1 (KCI).' 

rate constant. kl (s-' ) 

PH 34 35 36 37 

1-93 (-C.63?1.00) s 1 

(j.67kl.00) s 1 O" 

( 1 -44I0.07) s 1 0" 

il  .73&0.0s) s 1 O-' 

( 1 .-C<)iO.60) s 1 O-' (1. NIO. 13) s 1 O" (4.OSiO.6 1 ) s 1 O-' (6.SOkO.3S) s 1 O-' 

(3 .S30.06)s10- '  (3.09kO.lO)s10-~ ( 3 . 1 5 k 0 . 0 4 ) ~ 1 0 - ~  

( 6 . 7 O = O . 2 O )  s 1 O-' 

4 (S-XIO. 15) s 1 O-' (6.82tO. 12) s 1 O-' (. L X I O . 0 2 )  s I O  

(9.33k0.27) s IO-' 

(4.94~0.0S) s 1 O-' 

( 1.73IO.O;) s 1 O-' (j.9OkO. 1 O )  s 1 O-' ( 1.26+O.O-l) s 1 O-' (6.1 3kO.22) s 1 O-' 

(>.9EO. I l )  s 10" 

(2.2620.03) s 1 0" (4.99+0.40) s 1 O^' ( 1  -6 [+O. l-k) s 1 O-' 

(S.30I0.73) s 1 O" ( 1 .YkO.O3) s IO-' (3  -020 .05  1 s I 0'' 

( 1.50?0.1 O )  s I O - [  " (5.97k0.03 3 s 1 O-' 

"Esrrapolatrd to [buffer] = O. Errors are standard de\-iations from fits of rwo or threc 

replicates at sach of ru-O [buffer]. 

ti Determined at 46 "C by stopped flow procedure. 
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Table 3. Pseudo-first Order Rate Constants for the Hydrolysis of  Thiol Ester 36 in DzO. 

pD40.20. T=SO OC. u = 0.1 (KCI). 

3 p ~  = pH ; 0.4.'~ 

b Triethyl amine. 

'Esrrapolatcd to zero [buffer]. 

'kate constant for hydrolysiç of 36 at pH 10.2 is computed to be 1.78s 1 O-' s-' usine eq  5. 



Table 4. Pseudo-first Order Rate Constant for the Appearance of Ellman's h i o n  

Accompa~i~ ing  the H>-drolysis of 36 in the Presencc of ElIman's Reagent T=50 "C. ri = 

o. l(KCI)." 

"[Ellman's reagent. 5 -5'-dithiobis(2-nitrobenzoic acid)] = 2.46 s 1 O-' kl 

'~rieth:-l amine 

'Estrapolated to zero [buffer] 

cl Pssudo-tirst order rats constant for h>.drol>-sis of  36 at pH 9-78 estrapolatsd to zero 

[buffer] is ( 1 -6 l i O . 1 4 )  s 1 O*' s-'. (obtained fron~ Table 2). 



DI Discussion 

Cornmon rnechanisrn for the tiydro1ysis of 35 and 36: 

As seen in Figure 1. the pH rate profile has a plateau region tiom pH 3 ro 11 in 

the case of 35 and pH S to 1 1 in the case of 36, indicating that the dsprotonatsd COO' or 

the basic N(CH;)? groups of the pendants are involved with the hvdrol!+sis. The 

h>-dro1~-sis profiles for both 35 m d  36 are consistent u i t h  the cornmon process depicted in 

35 S = coo- 
36 X = CH2hi(CH;)-, 

wre r  molecule in attacking the carboq-l carbon to >%Ad hj-drolb-zcd producrs. in addition 

to a concurrent 'OH catalyzsd process. From Scliemz 23 can be derived the kinstic 

espression given in sq 5. wliere koit is second order rate constant for the hydrosids 

cataI!-zsd process. Lvliere 

krb is the rate constant for the intranio~ecuktr~y assisted process. K, is the acid 

dissociatioii constant of the pendant and Kt is the autoprotolysis constant of water. 



The YLLSQ fixing of üiz k l  values at different pH \-dues lisred in Table 2 to eq 5 

generates the values for khvd. liOH and Ka for 35 and 36 givcn in Table 5. The kinstic pKas - 
of35 and 36 are 2.8 and 8-18. obrainsd from the best fit of the kinetic data to eq 5. -4 

rhermodynamic pK, of 36 \vas found ro be 7.9 at 25 "C. = 0.10 (KCl). obtained by 

measuring the pH of half neutralized sol~~tion.~'  Also included in the Table are rlic second 

order rate constants for hydrosidè attack on 34 and 37 as detemined from linsar 

rsyrcssion of the kI \-s [OK] plots. 

General base or Xucleophilic assistance from the pendants: 

.Althoirgh. as described in Sclien~s 23. the fa.ored mectlanism for intraniolecrilar 

assistance of thiol ester hydrolysis by the pendants proceeds via a general base prucsss. 

tlierr exist two niore possibilities lor  tlie intraniolécular caralpis. In the follo\ving 

section. t hex  orlier possibilities \\-il1 b s  esploreci and cornparcd i\-itli the geiieral base 

iiischanisni. 

Tlis sol\.ciit dsuteriuni kinstic isotope effet t ( D U E )  h r  the Iiydrol>-sis of 36 lins 

bcsii drtsriiiinsd in the plateau rcgion at pH 10.2 whsre tlis reaction procecds alniost 

cntirely via [lie intranlolecular process. The value of kH/kD of 2.2 is consistent with rlic 

process described in Schenie 3. whrrr tlis pendait is acting as a geiisral base. 

Nci-snlieless. a primnry solvent DKIE ti-ould also be obsen-ed when the pendant acts as a 

nucleophiie. as s l i o~m in eq G and 7. in a rapid reversible step to forni the anhydride 

0 2 K  



Table 5. Cornputed Rate and Acid Dissociation Constanrs for the H>-drolyses of Thiol 

Esters 34-37." 

Thiol ester kOH ( hl-'s-' ) kob ( s - ' ) ~ .  kinetic pK, 

"T=50 "C. ;i=O.I (KCI) 

h Froni tirs of the k [  vs. pH data ro eq 5 .  

'Standard srror from SLLSQ fit of tlir k l  vs. pH data to eq 5 .  

d Standard srror from fits of k1  ar [buffer] = O agaiiist [OH-]. 

'From tits of 5 data in Table 7 escluding rwo Iiighest WaOH] since the latrer ~i-ere ar 4G 

"c. 
f pH of l i Z  nsutralizrd solurion of36 is 7.9 at 25 "C (ser test). 



or the N-ac)-1 ammonium ion intermediate Lvhich hydrolvzes into the final products by a 

s~ibssquent rate lirniting attack of n-ater. The latter process is analo, UOCIS to \ \-am 

. F i  
promoted IiydroIysis of several activarrd acyls.-- such as N-acylirnidazoles. xhich also 

sliou- solvent DKIEs of 2.5 - 3 -7. Hsnce. from the solvent DKIE data alone. it is not 

possible to diffirentiate between a general base cataiyzed hydrol ysis or nuclcophilic ro le 

for th2 pendant. 

in order to distinguisli betu-een t h e  tlvo possibilities. 36 \vas h!.drol>-zsd in the 

plateau region (pH 9.7) in the presence of Ellman's reagrnt. Sclizme 24. This rcagsnt 

Schemc 34 

Elht?n's anion (colored) 
- 

~ ~ ~ ~ ~ ' ~ ~ c o o ~  
fàst - 

0 ?Ar 
,' / xo2 



should react rapidly30b.'6 uith the nansient1~- formed diiolate to generate rhe highly 

absorbing Eliman's anion. a process which is followwd at 4 12 nm. I f  the pendant acts as a 

nucleophils then addcd Ellman's reagent \vil1 trap the transienr thiolats and prsvent ils 

rettirn to starting thiol ester. This trapping process should depend on the [Ellman's 

reagent]. ultirnateiy displayin= saturation behaviour where the rare limiting step becomes 

tlie intrarnolecular S to N acyl transfer. This technique has pre\-iously bcen used in this 

laboratop- hy Street er cri'6b--" to tes1 for S to N acetyl transfer that could gensrats 

re~wsibl!; formed thiolatrs during the ti>.drol~sis of rhc acetyl thio esters of ZSb and 16. 

28 b 26 

In the present study ir \vas found that the appearancs of Ellman's anion which 

accornpanied the hydrol>.sis of 36 did not dspsnd on the [Eliman's reagent]. and froni tlis 

data in Table 4. tlir rare of Elliiian's anion gsnsration \\-as identical to the rare at n-hic11 36 

disappears. From this. it is reasonable to conclude tliat tlie intraniolzcular nucleophilic 

process dspicrsd in eq 7 nsither predominarss nor competes ~vith general base assistance 

during the hydroI>-sis of 36, 

In nnother possible mechznism. the pendant can atrack the carbonyl carbon in a 

rate limiting srep. producing tlie S-acyl intermediate whicli then undergoes rapid 

liydrolysis. Schenie 25. This process \vil1 slio~v no dependance on the [Ellman's reagent]. 

but ma>- sliow sonis sol\-rnt isotope efkct" because of the solvation of the developing 

0x1-anion (slon. step Schsnis 25). Ne\-ertlirlsss. this process is un1 i kel>- sincr i t 



c'.",- 
\ O:" 

requires a more rapid intsrmolscular attack of w t e r  (whicti is a poor nuclrophils) on the 

carbonyl carbon of tlie K-acyl ammonium intemédiate." relative to the intrarnolecular 

attack of the strong n~icleophile. S-. Here. it  can be concluded tliat tlie rate limiting 

nucleophilic role of the pendant is not possible. Consequenrly. the most favored role of 

rlie pendants in the h>.drolysis of the rliiol esters is the general base assisted atrack on the 

carbon>-[ carbon. 

Ci\-en rhat the nucieophiiicity of C O 0  is much less than that of ths X(CH;)? 

I - 
croup." 011s can maks 11ir argument rhat in a scenario in ii-liich the N\;(CH;): group tàils 
L 

to act as nucleophile. then the COO- will be unlikely to behave as a nucleophile. 



Comparison of the specific base catalyze rate constants: 

As seen in Table 5. the second order n t e  constants for hydroside anack on rhs 

thiol esters 34-37 ranges from 4.7 bl%' to 55.8 bl-'s-'. the reactivity order being 

37>34>36235. The high reactivity of 37 m a -  be esplained on elsctrostatic grounds as 

thcrs u-il1 be more stabilization of the transition state (for positive1~- charged 37 compared 

ro neutrai 36 or anionic 35) arising froni the attack of the negatively charged 'OH. The 

enhancement of rhe -OH attack on 34 O\-er 35 can be ssplained by the hct  rhat the ester 

croup of 34 is an inductively elecrron nirlidrawing group. This incrrases the - 

electrophiiicit>- of the carbonyl carbon and aIso stabilizes the transition stars for direct 

attack by -OH. The secoiid order rate constants for hydroside attack on 33 is the sniallest 

bccause the anionic pendant. COO'. would hinder this process. 

Intramoleculiir vs interniolecular- catiilysis: 

For intramolecular catal>-sis b>+ COO- and N(CH;)?. the effecrive rnolaritics 

( ~ h  l) 'O caii bc calculated by cornparing tlie kcb. iirst order rate constants. wirh the 

appropriate sscond order rate constants for an intermolecular process. As defined. the 

effçctive nmlarities of a pendant group can bs obtained from the ratio of the first order 

rate constant (unit s") for tlir intranioiscular reaction and the second order rate constant 

(uni[ ~ 1 % ' )  for an intermolecular reaction of a group ~ivith similar propenies as the 

pendant. I t  is s e n  froni Table 5 that the rate constant for the COO- mediated 

intraniolecular catall-sis (kgb! for the thiol ester Ii?drol>-sis is 5.GC 10" s- '  and that of 

X(CH;)? is 1.7' 1 û-' s-' for cornpounds 33 and 36. rrspectively. To compute EM. an 

appropriate intsrmolecular general base for eacli of these pendants would be a carbosylic 



acid and a tenian- amine having similar pK,s to the respective pendants. The closest 

a\-ailable intemolecular match for the pendants of 35 and 36 are acetate (pK, 4.76) and 

EPPS (4-[l-liydros)*ethfl]- 1 -pi perazenepropanesuï fonic acid). pKa = 8 8.00) respectivelu. 

\\.hich werr ~ised as buffers in this esperiment. From data given in Appendis 2 Table 3s. 

it can be coniputed rhar the second order rate consrant for die reaction of acetate with 35 

is (3.;4*0.09)* 10" k["s- '  at pH 3-83 and (9.95+0.07)* IO" 'rl-'s-' at pH 4.77 and that for 

EPPS \iitli 36 is (3.7450.13)* IO-' hl'' s-' at pH 5.70. .As espected for general base 

catai!.sis. the anionic or basic forms are the reactivc species for catalysis as indicatcd by 

the incrcasing cataiysis of the reaction b>. acetatc u-itli increasing pH. After correcting for 

only the anionic or basic form of the buffer species at the given pH. the true rare 

consrants for anionic acetate M-ith 35 and free EPPS ~vith 36 beconie 2" 1 o4 bl-'s-' and 

4 . j r  10" b1-' s-'. Using tlisse \-alues as the interniolecular rate constants. the E M  for 35 

and 36 can be calculatsd as 0.2 - 0.3 M and 0.4 M. Tliese Eh4 values provide fiinlier 

support the gcneral base rolr of the pendants of 35 and 36. sincs it is comnionly accrptsd 

tliat for a geiicral base proczsscs. the Eh4 is geiierally less tlian I O M.'' \\.hersas for a 

riuclsopliilic processes tiic Eh1 is ysncrally largsr tliaii I O  b I  (somctiniss as high as 10" 

kl 

4 s  the pK, of acetic acid is 4.76. cornparrd to the apparent pK, of the pendant 

carbosylic acid (pK, = 2.80) of 35. it can bc argued that the comparison is inappropriate. 

Hoive\-er. by assuniing a Bronsted P of 0.5." it is possible ro calculate the interniolecular 

rate constant for a hypothetical carbosylic acid witli pK, of 2.8. When this is done. the 

effective molarity of 35 \cas seen to incrrasr to roughl~. ?M. reniaininp ~r-ithiii the lirnit of 

tlis gcneral base process. 



E. ConcIusion. 

The present study indicates thar both the carbosylate and tcrriar?- amine pendants 

=ire capable of intraniolecular assistance toi\-ards the hydrolysis of thioI esters. The S KlE 

for rhc intramolecular caralysis of 36 hydrol>.sis is 1.2 consistent irith a prima? DKIE. 

This value. coupled uith the fact that in the presence of Ellrnan 's reagent 36 produced 

the Ellmari's anion at the same rare of disappearance of the thiol ester (at pH 9.75 where 

the hydrolysis proceeds r n ~ s t l > ~  b>- intrarnolecular catalysis). indicates that the pendant is 

not acting as an intrarnolecular nucleopliile. Hence. it is proposed that rhar both 

carbosylate and tertiaq- amine pendants act as intramolecular general bases. The effectil-e 

rnolariries for the intramoleciilar catalysis by COO- and NfCH;)? pendants were found to 

bs niucli less [han IOhl. \vliicli is also consistent ivitli tlisse havins a gs~itral base rolr. 

The secoiid order rate constant for hydrosids catalyzcd h>-drolysis of 34-37 span a 10- 

fold range and the order of  reactiviry is 37234~35236. The ordering is esplaincd on the 

basis of electrostarics. 



CHAPTER 1: GEXERAL CONCLUSION 

AcyI transfer from amide to thiolate and frorn thiol to water. 

Amide bond hydrol>-sis by man)- non-metallo proteases (enzymes) proceeds via 

an ac>-1 s n q n i e  intermediate. To mimic the acylation procss.  the reactivity of several 

bifunctional caralysts containing a nucleophile and an acid/base group (sirn~iltaneous1~- 

present in the enzynie acive site). towards various esters and amides have been studisd 

prel-iousl-. The curent  study h a  shoun that a simple bihnctional moleculs. thioglycoIic 

acid (29). siion-ed high reactivity rowards amide 1. althoueh it has no obvious analog? to 

natunlly occ~irriiig cnz)mcs. The reactivity of 29 further illustrated that the general 

tariires nscsssary for activity of such bifuncrional molecules toward 1 and presurnabl!. 

otlier amides inciude n powerful nucleoplii lic coniponent and an acidic pendant capable 

of tronsferring a proton to trap the unstable tetraliednl inremlediate. In this stud>- it is 

ssen that tlie ac~ive  fomi of tliioglycolic acid (29) consists of S-  and COOH. This 

obsen-atioii is consistsnt with the tiodiiigs of Pratt er cl/. u-ho reportrd2 that the active 

forni of a mutant p-lactarnase also contained ionized thiolate (Cys-70) and protonated 

carbosylic acid (Glu-1 66). The calculated second order rate constant for the attack of - 

SCH2COOH on 1 is about 750 tinies Iiigher than that of -OH. a powerful nucleophile. 

The acyl enzyme intemiediate fornied in the active site ofcysteine proteases 

during the Iiydrolytic proczss sventually hycirolyzes to rcgenerate the enzyme i-ia oeneral - 
base assistance froni an active site iiiiidazole in a so-called "deacylarion" process. In this 

srud!.. we have shon-n that other intraniolecular groups such COO- and N(CH3)? can 

panicipatc: in the h~.drolysis of the thiol esters 35 and 36. .At around neutral pH. the 



enhancement ot'h>-drolysis dus to the pendants are 16 and 50 times for 35 and 36. 

respecrively. cornpared to the control compounds 31 and 37. 

Future work. 

Apan tYom 2-mercaptomethyl-N-rnethylimidazole ( l7b).  other thiol containing 

teniap. amine or carbosylic acid pendants sucli as ZOb. 21 and 29 produced thiol esters 

as tlic final products atier reacting with amide 1. Only in the case of  the 17b has it been 

denionstnted that the thiol ester rhus produced proceeded furthrr to hydrolyzea product 

via intramolecularly catnlyzed deacylatioii. thereby regenerating the catalyst. As seen in 

the preseiit stud~-. tertio?- amines and carbosylates can significantly aihance the rare of 

tliiol ester Ii!.drolysis. Hencr. ri logical estension of tliis work \vo~ild be ro srudy the 

Iiyirolysis of the internisdiate thiol ester 3 la. 33 and 39. 
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" Fife. T .  H. .-icc Ciwiu. RLY. 1993. 16. 323 and references therein. 

5 6 Whitesidss. G. M.: Lilbum. J. E.: Szajewki. R. P../. Oi-g Chem. 1977. 42. 332. 
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Isaacs. N. S. In "Physicai Organic Ctisniistry": Longman Scientitic St Technical: 

Esses. 1987. pp. 60 1-604. 

/i(I 
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APPENDIS 1- 

Table 1 S. Pseudo-tirsr order rate constants (kOb5) for establishment O E squilibrium and the 

conditional equilibrium constants (K')'of formation and hydrolysis of formanilide at OS f 

2 "C and various pHs in aqueous formats buffer. [b~t ter] , , ,~  = 0.10 31. = 1 .O (KCl). 

Race constant (kdbj) 
for appearancs or 
disappearancs of 

anilins (5-') 
( 1.472 0 . 0 5 ) ~  10" '-' 
( l.5Ok 0.07)* 1 O-' b- ' 
(1.465 0.17)*l0"~-' 

( 1.495 O. 16)* 10" " ' 
(5-432 0.06)* 10"" 

(5 .355  0.27)* 10" 

( 1 -652  0.07)* 1 O" 

( 1 -495 0.12)+ 1 

( 1 3 6 5  0.03)* 1 O' 

Rate constant (i-& 
for appearance or 
disappearancs of 
fornianilide (s-') 

( 1 - 4 2  o . I s ) * ~ u - ' ~  

[ formanilide]/ 
[aniline] at 

c q ~ ~ i  l i  briuni' 
(KY 
0.19 

Fornlation 
or  

Hydro &-sis 

H ydro Iysis 

Hydro iysis 

Formation 

Formation 

H>.dro Iysis 

Fornirition 

HJ-dro [>-sis 

"Ratio of [lie concentntioiis at equilibriuni. 

h .-\,ppctrai~cs. 

'Correctcd for deçoniposition of nnilins b>- calcularing the tinal concentration of aniline 

and sstriny it as constant. At highsr pH dccomposition of aniline was obsen-cd for longer 

runs. The rats of decornposition of aniline \vas dstemiined by iisating aniline \vithout 

fon-iiare buffer for -CS tiour. 

L i  D isap psarancz. 

'Sianinp coiicentration of aniline or fornianilide \\-as (5.0 - 5.:) s IO-' 34. Error in K' is 

less than 7°/b. 

' ~ c  ferences for this appcndis are in Part 1 (page 77-8 1 ) 

14s 



Table 2s. Pseudo-iïrst order rate constants (kabs) for establishment of equilibrium and the 

conditional equilibrium constans (K') of formation and hydrolysis of formanilide at 98 i 

2 "C. pH = 3.60.;~ = 1 .O ( K I )  in aqueous formate buffer. at \-arious buffer 

concentrat ions. 

Rate Consrant 
(kubs) ~ Ô c  

appearance or 
disappearance of 

aniline (s-') 
(5.435 0.06)* 1 O" a 

(5.35k 027)* 1 O-' 

(2.12I o. 12)* 1 O"' 

!2.16f 0 . 0 l ) * l 0 ~ ~  

(2-3 32  O- 16)* 1 O-' 

(4355  0-50)* 1 o4 '' 
(4.755 0.45)* 1 o4 

h Disappearaiice. 

'Staning concentration of an 

Rate constant 
( b s )  fOr 

appearance or 
disappearance of 
formanilide (s-') 

( 5 -  18+ O.OS))* 1 O" 

(5.142 O Z ) *  10~' '  

(1.16C 0.23)* IO-' 

(2.07k 0.0 1 )* 1 O-' " 
(2.1 S k  0.20)* 1 O-' " 
(4.-IS+ 0.45)* IO-' 

(4.73k 0.63)* 1 O-'" 

[ formani l ide] 
! [aniline] at 
equilibrium' 

(Kt) 

Hl-dro1)-sis 

Formation 

Hydrolpis 

Fom~atiori 

Formation 

H>-dro1:-sis 

Formation 



Table 3s. Pseudo-first order rate constants (kbl) for es~ablishmcnt of squilibrium and the 

conditionai equilibrium constants (Kt) of formation and hydrolysis of aceranilids at 98 + 2 

"C in aqueous buffer at various pH. [a~etate],,,~~ = 1 .O 'vl. ~i = 1 -0 (KCI ). 

B uffe r 

HCI 

HCI 

HCI 

HCI 

Acetate 

Acstate 

Acetate 

Rate constant Rate constant 
(Lob,) for ( L b d  for 

cippearancs or appearance or 
disappearance of disappearance of 

aniline (s-' ) acetanilide (s-' ) 
(3-74k 0.23)* 1 O-' .' (j -62f O.j9* 1 O)-' " 
(2-69s O.57)* 1 O-' (3.70I 0.42)" i O-' ' 
( 3 . 5  o s *  O -  (3.802 0.30)* 10-'.' 

(3.S?+0.15)+10*'~ (3 .47i0.1~)*lo-"  

[acetanilide] Formation 
! [aniline] at or 
cquilibriuni' Hydrol>.sis 

( K t )  

0.06 Formation 

0.05 Formation 

0.05 Hydrol~-sis 

1-38 Hydrolysis 

1-35 Formation 

1.33 H>-drolysis 

'Starring coricentration of anilins or acetaniiide \vas (5 .2  - 5.4) s IO-' >I. 



Table -1s. Pseudo-first order rate constants (Lb,) for establishment of equilibrium and the 

conditional equilibrium constants (K') of formation and hylrolysis of  formanilide at 79 5 

I "C. pH = 7.S0. LI = 1.0 (KCI) in aqueous forn~ate buffer. at various buffcr 

concentrations. 

F o r m a t i ~ n ~ b u f f e r ] , , , , ~  Rats constant [ forrnani l ide]! 
or (bf ) ( L b s )  for [aniline] at 

Hydrolysis" appearance or equilibrium. 
disappearance of (L!A&A~ = KI) 
formanilide (s-') 

:.Soi 0.0; HydroIysis O. 10 (7.742 0.03)* 1 O" 0.1 1 

3.SO-i: 0.03 Fornlation O. 10 ( 7 . 8 3  O. 1 î)* 1 o - ~  
2.791 0.03 Hydrolysis 0.50 I I . I S +  0.03)*10' 0.57 

2.792: 0.03 Formation 0.50 ( 1 . 1 1 +  o .oI)*~o- '  

2.8 1 i 0.03 Hydrolysis 0.90 ( 1 -591 0 . 0 ~  I oJ 1 .O7 

2.S 15 0.03 Foniiatior, 0.90 ( 1 . 59 t  0.0 1 )* 1 o4 

"The runs n w e  done in duplicares (or triplicares). Starting concentration of aniline (for 

fomiation) or Forn~anilidc (for h?.drol>-sis) aras 8.4 x IO-' hl 



Table 5s. Pseudo-first order rate constants (kb,) for establishment of equilibriurn and the 

condirional equilibrium constanrs (K') of formation and hydrolysis of formanilide at 79 ? 

1 "C. pH = 3.10. IL = 1 .O ( K I )  in aqueous formate buffer. at \-arious buffer 

concentra~ions. 

Format ion" [b~ffer],,,,~ Rate constant [fornuni lids].' 
or ( h l  ) (koh,) far [aniline] at 

H>rdrolysis" appearance or equili briuni. 
disappearancr of ( J;\JLA, = K') 
formanilide (s-') 

3.1 SI 0.03 Hydrolysis O. 10 (3 -862 O. 16)* 1 O-' 0.2 1 

3. i S k  0.0 j Formation O. 10 (3 -96i 0.09)" 1 O-' 

3 -205 0.03 Hydrolysis 0.50 (7.2Sk 0.07)* 1 O-' 1 .O0 

3-20? 0.03 Forniation 0.50 (7.232 O.O9)* 1 O-' 

3.302 0.03 H>.droiysis 1.00 ( 1 .Z4+ 0.02)* 1 O-' 3.05 

3 .?O= 0.03 Formation 1-00 ( 1-32 0.0 1 )* 10- 

"The runs \\-ers dons in duplicates (or triplicates). Starting concentration of aniline (for 

formation) or formanilide (for hydrolysis) was S.4 x 10-' Ir4 



Table 6s. Pseudo-l%st ordcr rate constants (kb,) for establishment of cquilibrium and the 

conairional squilibrium constants (K') of formation and h>-drolysis of formanilide at 79 I 

1 OC. pH = 3.60. ;L = 1 .O (KCI) in aqueous formate buffer. at various buffer 

concentrations. 

Formation" [buft2r]?,,,~ Ratz constant [formanilide]' 
or (1 C) (kobs) for [aniline] at 

Hydrolysis" appsarance or equilibririm. 
disap pearancil of A-A~= 
formcinilide (s-' ) 

5 -562 0.03 H>-drolysis 0.00 1 ( 1  -36k 0.02)* 1 O-' - 

3 -605 0.03 Hydro1~-sis 0.10 (1  -835  0.0 1 )* 1 O-' 0.29 

3-60? 0.03 Formation 0.10 ( 1-83? 0.03)* 1 o - ~  
3 -6 1 _t 0.03 H~.drol>-sis 0.50 (-1.402 O.OZ)* 1 O-' 1 -49 

3.6 12 0.03 Fonation 0.50 (4.39I O.Os)* 1 O-' 

3 -591 0.03 Hydrolysis 1 .O0 (8.0 1 k 0.07)* 1 O-' 3.77 

3.592 0.03 Formation 1 .O0 (8.20? O. 1 5)* 1 O-' 

'The runs nere doiie in dupficates (or triplicates). Starting concentration of aniline (for 

furnistion) or forii~anilidr ( for II!-drol>.sis) nas  8.4 x 1 O-' 1.1 

b Formation could not be obstm-sd 



Table 7s. Pssudo-first order rate constants (LbS) for establishment of equilibriurn anci the 

conditional squiiibririrn constanrs (Kg) of formation and hl-drolysis of fornianilide ar 79 5 

1 O C .  pH = 4.00. p = 1 .O ( K U )  in aqueoiis formate buffer. at various buffer concsnrration. 

PH Formation" [b~Eer],,,,~ Rate constant (Lbs)   for man il ide]^ 
or (hl) for appearance or [aniline] at 

H>.dro lysis' disappearance of equilibrium. 
forrnaniiids(s") ( A - A ~ ~ A - A ~ = K ~ )  

"The nins u-ere dons in duplicatrs (or tripliçates). Starting concentration of aniIine (for 

forniation) or formanilide (for hydrolysis) l a s  8.4 x 1 O-' M. 



Table 8s. Pseudo-tint order rats constants (bbs) for establishmenr of equilibrium and the 

conditional equilibrium constants (Kt of formation and hydrolysis of formanilide at 79 i 1 

"C. pD3 = 3 -60. u = 1 .O (KCL) in aqueous formate buffer. at various bufkr concentration. 

 orm mat ion^ [b~ffer],,,,~ Rate constant [formaniIide]i 
or ( M) (kobs) for [aniline] at 

~ ~ d r o l y s i s ~  appearance or equilibriurn. 
disappearance of (Mt4Ur = K') 
formanilide (s-') 

3-60? 0.02 Hydrolysis 0.00 I c  ( 1 -34k 0.03)* 1 O-' - 

3. jS& 0.03 Formation 0.50 (3.9 lk O.Oj)* 1 O-' 0.93 

3. j S k  0.03 ~~~~~~~~sis 0.50 (3-542 0.03)* 1 O-' 

3.6 15 0.03 Hydrolysis 0.75 ( 5 0 7 i  O.OS)* 1 O-' 1.37 

2.6 [t 0.03 Formation 0.75 (4.18k 0.05)* 1 O-' 

j.6Ot_ 0 . E  Hydro t ysis 1 .O0 (6.05i 0.05)+ 1 O-' 1.80 

3.601 0.03 Formation 1 .O0 (6.20t 0.03)* 1 O-' 

4 O "pD = pH ,,,,,,,,, + 0.40. 

h The mns Lvsrs done in duplicate or triplicate. Starting concentration of aniline (for 

formation) or fornianilide (for h>-droiysis) u-as 8.4 x 10" iLL 

'Formation could not be observed 



Table 9s. Pseudo-first order rats constants (hbs) for estabiishsnt  of  equihbrïum and rhe 

condirional squilibrium constanrs (Kg) of formation and hydroiysis ofp-nirroforrnanilide 

at 79 2 1 "C. pH = 2-80 to 3.60. p = 1.0 ( C l )  in aqueous formate buffer. at various 

buffer concentration. 

Formationi' [bufkr],,,i Rare constant (kdbi) b+o,- - 
or  (M) for appearance or formanilids]i 

Hydrolysis" disapprarance of p- [/7-Sol-aniline] 
nitroaniline (5- '  ar cquilihriurn. 

(L.+'LAr = K'j 

2-82? 0.03 Formation 1 .O0 

j  OF 0.0: Mydrotysis O. 10 (0.99+ O.OZ)* 1 0- 

3 . l o i  0.03 Formation 0.50 ( -2 i f  0.02)* 1 o4 0.10 

; .30r 0.03 Hydrolysis 0.50 ( 1 2 7 f  0.03)* 1 O 

j -2 12 0.03 Forniation 1 .O0 ( 1-55? O.d3)* IO-  0.19 

5.2 11 0.03 Hydrol>.sis 1 .O0 ( 1.472 0.02)* 1 o4 
3.60+ 0.03 Forniatiori 1 .O0 (8.272 0.05)" 1 O-' O. 13 

"The runs u.srs donr in dupiicatrs (or triplicates). Starting concentration of p-NO2- 

foririanilidci (for hydrolysis) orp-NOi-aniline (for formation) [vas 1-85 x 10- M. 



Table 10s. Pxudo-tirsr order rate constants ( L c , ~ , )  for establishment of  equilibrium and 

the conditional equilibtium constants (K t )  of formation and hydroiysis ofp- 

rnethosyfornianilide at 79 i I O C .  pH = 2-80 and 3.20. p = 1 .O (KCl) in aqusous formate 

buffer. [formats] ,,,, = 1.00 M. 

PH F o r m a r i o d R a t e  csnstant (Lbr) b-OCHj- 
or for appearance or formanilide]/ 

Hydrol>.sisJ disappearance of [p-0CH;-ani line] 
p-methosyformanilidt at equilibriurn. 

(5-l) (AAt7%Ar= Kt j 
2 .SZi  0.93 H>;drolysis (7.952 0.05)+ !O-' 0.95 

"The nins \\-ers donc in duplicatcs (or triplicates). Staning concentration ofp-0CH;- 

aniline (for formation) or 11-0CI-i;-forinanilide (for hydrolysis) \vas 1-14 x IO-' M. 



Table 11s. Pseudo-first order rate constants (bb,) for establishment of equilibriurn and 

the conditional equilibrium constants (K') of formation and hydrolysis of formaniiidc in 

the presrnce of phosphate (0.10 to 0.50 kf). .At 79 i 1 O C .  pH = 3.60 and 3.60. [b~ffer] , , ,~~ 

= I .O M. LL = I .O (KCl) in aqueou5 formate but'fer. 

[phosphate lb  Rate constant [formanilide]/ 
( M) &,A for [aniline] at 

appearmce or squilibrium- 
disappearance of (A-+] A&= Kr) 
formanilide (s") 

0.10 (1.412 0-02)*1o4 2.04 

0.10 ( 1 .m 0.02)* 1 O-' 

3 -2 1 + 0.03 Formation 0.30 ( 1 .S2k 0 . 0 y  1 O' 2.04 

3.2 1 r 0.03 Hydroli-sis 0.30 ( 1 -802 0.0 I )* 1 O-' 

3.552 0.03 Formation 0.10 (9.4 l +  0.03)* 1 O-' 2.72 

3.5Sk 0.02 H>-drol>.sis 0.10 (S.SS+ 0.04)* 1 O-' 

3.601 0.03 Formation 0.50 (1.3 1+  0.01)* 10' 2.70 

3-60? 0.03 Hydrolysis 0.50 ( 1 2 8 k  0.04)* 1 o4 

"The runs u-sre done in duplicats or triplicate. Staning concentration of aniline (for 

formation) or formanilide (for hydrolysis) \vas 8.4 x IO=' M. 

"4s KH2POI 



Table 1%. Pseudo-first order rate constants (Lbj) for establishment of equilibrium and 

the conditional equilibrium constants (K') offormation and hydrolysis of formadide in 

aqueous ethanolic formate buffer. [formate] = 1 .O M. at 60.0 I 0.3 O C  and at various pHa. 

~orrnat ion~ Oh (\Y\-) Rats constant [forrnanilideji 
or ethanol (kobs) for [aniline] at 

~ y d r o l y s i s ~  appearancs or equilibrium. 
di sappearance of (A.+;A-A~ = Kf) 
formani lids (s-' ) 

3.59'2 0.06 Hydrolysis 20 (4.205 O. I5)* 1 O-' 6 2  1 

3.59'2 0.03 Fomiation 20 (3 -472 0.03 )* 1 O-' 

4.92,; 0.04 Hydrolysis SO (3- 124 0.02)* 1 O-' 6-54 

4.931 0.05 Formation SO (2- 14k 0.03)* 1 O-' 

3.60+ 0.05 Hydrolysis 80 (7-79+ 0.05)* 1 O-' IO .  1s) 

80 3-60? 0.05 Formation (7-88rt 0.02)* 1 O-' 

3 .6oCt 0.03 Hydrolysis O (2.142 0.03)* 10" 2.82 

O 3 -60% 0.03 Fornlation (2.242 0.0 1 )* 1 O-' 

"Measured before and at'tsr the runs. 

b The runs w r e  donc in duplicares (or triplicares). Starting concentratiori of aniline (for 

formation) or formanilide (for hydrolysis) was 8.4 x 1 O-' bl 

'The ionic strength \vas kept constant ût 1 .O kl with added MC1 



Table 13s. Computed pK,s of anilines and acids at various temperature and at p = 1.0. 

Temperature 

25" C 
so" C 

pK, in \vater pK, in 20 % pK, in SO % 
(dv) ethario l ( d v )  ethanol 

AniIine 
4.59 5 0.05" 442s j -860- k 

4.3 ob 3.89h 3 -Xh-  
4.02~ 
3 . 7 ~ ~  

Formic acid 
3.63 k 0.03" 

3 .6jb 
3 .6jb 
3 - ~ L c ~  

Acetic acid 
1.60' 
. ~ . 6 2 ~  

~ - ~ O ~ - a n i  line 
1 .Ood 
0 .65~ 

p-0CH;-aniline 

"Measured rit kt = 1 .O (KCI). 

h Calculatsd using AHioiiizariorl and ASionizalio,, values. 4s 

'.~ssumcd frorn available d a d 9  at p =O to y = 0.2 (vide il$-u). 

J Reference 52. 

'Re ferencc 5 1 at p = O. 1 O M. 

' ~ s t r a ~ o l a t e d  value using data from Reference 5 1 (from 20" C to 40" C). 

Talculatrd using data from Refersnce 53. 

Il Assuming efkct  of remperaturr same as aqueous media. 

'Calculared using data from Reference 5 4  

' ~ s s u r n i n ~  no effecr of temperature change. 

k LL not corrected. 



pK,, calculation for aniiinium ion: 

Isaacs has listsd" the acti\-arion paranieters for dissociarion of various acids and 

ammonium ions: for aniliniuin ion AHirinizatioii = 7-38 kcal I'mol. and ASi,,,,,,,,, = 3.7 

callnioi.!deg. at .LL = 0. By titrarion. rhe pK, of aniiini~im ion u-as dctcrniined to be 4.S9 I 

0.05 at 24 2 1 "C and ci = 1 .O (KCl). Using the expression -AG = RT In Ka. AG of 

aniliniuni dissociatioii is calciiiatsd to be 6.67 kcai/niol. (Ka = 1.29 s 10") ar p = 1.0. T = 

24 2 1 "C. 

Sirice AG = AH - TAS and assuming the AH is unaffectcd bu ionic strength. AS 

can he calcularsd as 2.39 cal!nioi./deg. at y = I .O ( K I ) .  Thus the AG ar 100 "C and p = 

1 .O bsconier; 6.49 kcal, moi. tlsiics. the pKJ of aniline ririder these coiiditions is 2-80. 

Xo\\. i i i t  is assiiiiied r l m  AS is inssnsiti\-s io ioiiiç strsngtli. AH nt kr = 1 .O (KCI) 

beconies 7.77 kcaihol.  Thersfore. the pK, of nniliniuiii ion at 100 "C bsconies 3.75. ;\II 

merage pK;, of >-78 was ~1st.d for f~irthsr calcuiations. Siniilar calculations wsre dons at 

SO "C (pK;, = 4-02) and at GO" C ( p K ,  = 4.30). 

pK,, calcidation for forrnic acid 

Tlir pK, of forrnic acid. 5-63 2 0.03. \vas obtaiiicd ai 24 i 1 "C and LL = 1 .O ( KCl). 

I t  is reportecl's that. IIHi,.,li,:l,i,,,, = -0.04 kcal 'mol. aiid 1\Si,,niz3,iL,n = - 1  7 cal!nioi./dcg for 

hrniic acid a1 ;L = O. From ca l c~ i~ t i ons  similar to tliosz abo\-c. the p K ,  at 100 "C is 3.63- 

Thersfore. although the change in ionic strcngth (frorn O to 1 .O hl) altrrs the pK, of 

torniic acid by O. 12 unit. tlisrs is no efkct  due to the change in trmperat~ire.49 



pK, calculation for p-methosyanilinium ion 

Biggs has showi rhat the pK, ofp-methoxyanilinium ion decreases with 

increasing tcmperature.''b The authors have obtained pK,s of p-methoxyanilinium ion ar 

ri = 0.10 rL1 ( K I )  and at five deferent temperatures ranging tiom 20" C to -IOU C. The pK, 

vs rernperariirs plot follows a linear equation. pK, = a + bT. where T is rrmperarure in "C. 

a = @.O 1 S and b = 5-70. Csing rhess data pK, of p-nietlios!.3nilinium \vas calculateci to be 

4.35 at SO" C. 



APf ENDIX 2 

Table 1s. Pseudo-first ordrr rate constants for rhe reaction of thioglycolic acid (29) uirh 

the suained amide 1 obtained at various pH and various [thi~l],,,~. T = 25 O C '  4 = I .O 

(KC 1). 



Table ZS. Pseudo-firsr Order Rate Constant (!& Measured at Various pH in Different 

Buffers (p = 0.10 (KCl)) for Thiol Esters 34-37 at 50 OC ". 

pHo B uffer 34 35 36 
[B  iff fer] 

kubr S 1 O' s ' ~  kob5 S 1 O' S-1 kbj S 1 O' S- '  kQb, S I O' S.' 

1-98 HCl 0.46IO- I O  

0.0 1 
2-3 3 HC1 0.57IO. 1 O 

-005 
3 -8 5 Acetate l.OOfr0.08 

0.05 
3 .S3 Acetate 

0- 10 
6.5 S MES 0.29k0.02 2.53k0. 10 0.6 ie0.02 o. 1 1 i0.02 

0.10 
7.7 1 MOPS 0.67iO.O 1 

0.05 
7.74 MOPS 0.72IO.O 1 

0-10 
8-06 MOPS 8.7îk0.07 7.46i0.08 1 -3 850.02 

0.05 
8-04 MOPS 9.OXO. 1 1 

0.10 
8.55 EPPS 5.06i0.04 

0.05 
8-57 EPPS 5.1Si0.03 

0.10 
8-70 EPPS 26.040.50 6.S3k0.07 15.3k1.30 6.3 3kO. 1 1 



0.05 
5-68 EPPS 34.7i0.02 7.77k0.03 16.320.30 6.6320.2 O 

0.10 
9.72 Et;%' 3 I .SkO.30 

0.05 
9.70 Et;N 33.6k1.00 

"Errors are standard errors of nieans of at least 7-4 replicates 

b The error in the pH rertdings is 50.04 for replicates 

'46 "C by stopprd t l o ~ v  kinetiçs. 



Table 3s. Second order rate constants" for buffer catalysis for ester 3-1-37 at dittirent pH. 

T = 50 "C. ri = O. 1 O (KCI). 

Acetate 

Actstats 

hIES 

MOPS 

MOPS 

MOPS 

EPPS 

EPPS 

E t;N 

E[;X 

"Determinrd from the dope of Jiobs YS [buffer] plots. Errors are standard deviations. 




