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Abstract 

Diaqua Cu(II) complexes are effective catalysts in promoting the hydrolysis of 

activated and unactivated amides. 

The complex [Cu(2,2'-dipyridylamine)(OH2h)+2 efficlently catalYles the 

hydrolysis of the acyl-activated amides trifluoro-N-methyl-p-nitroacetanilide (MNTA).I'­

nitrotrifluoroacetanilide (NT A), and p-methoxytrifluoroacetanilide (MT A). 

A cooperative effect between N-methylmorpholine buffer and 1 Cu(2.2·­

dipyridylarnine)(OH2h]+2 is observed in the hydrolysis of p-methoxytntluoroaceHmilide. 

[Cu(2,2'-dipyridylamine)(OH2h]+2 hydrolyzes the unactivated amides with poor 

leaving groups formamide (FA) and N-methylformamille (MFA). In contrast. the 

monoaqua complex [Cu(2,2':6',2"-terpyridine)(OH2))+2 is not active. A detailed 

mechanism of the copper complex catalyzed hydrolysis reactions is proposed to explain the 

structural requirements of an amide-cleaving catalyst. 

A copper complex is shown to be an effective metalloprotein Madel. A potenual 

hapten capable of generating catalytic metalloantibodies with pepudase activity has been 

proposed. The role of the Metal ion in carboxypeptidase A is compared to that of the metaJ 

ion in [Cu(2,2' -dipyridylamine )(OH2>2]+2. 



( 

ü 

Résumé 

Les complexes diaqua du Cuivre(II) sont des catalyseurs efficaces lors de 

l 'hydrolyse d'amides acylés activés trifluoro-N-méthyl-p-nitroacétanilide (MNTA), p­

nitrotrifluoroacétanilide (NTA) et p-méthoxytrifluoroacétanilide (MTA). 

Un effect coopératif entre le tampon N-méthylmorpholine et le complexe [Cu(2,2'­
dipyridylamine)(OH2hJ+2 augmente la vitesse de la réaction lors de l'hydrolyse du p­

méthox ytrifluoroacétanilide. 

Le complexe [Cu(2,2' -dipyridylamine)(OH2h)+2 hydrolyse les amides non-activés 

ayant de mauvais groupes panants, comme le fonnamide (FA) et le N-méthylformamide 
(MFA). Au contraire, le complexe monoaqua [Cu(2,2':6',2"-terpyridine)(OH2»)+2 n'est 
pa.Il actif. Un mécanisme détaillé de la réa,,-tion d 'hydrolyse catalysée par un complexe de 

cuivre est proposé pour expliquer les conformations structurales requises pour un tel 
catalyseur. 

Il est démontré qu'un complexe de cuivre peut servir de modèle efficace pour les 
métalloprotéines. Un haptène potentiel, capable de générer des métalloanticorps 

catalytiques ayant une activité de peptidase, a été proposé. Le rôle de l'ion métallique de la 

carbopeptidase A est comparé a celui de l'ion métallique du complexe [Cu(2,2'­
dipyridylamine)( OH2>2]+2. 
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GLOSSARY OF SYMBOLS AND ABBREVIA TIONS 

Ô chemical shift 
E extinction coefficient 
Â wavelength 
Arg arginine 
Asn aspargine 
b.p. boiling point 
CHES [2-( cyclohexylamino )ethanesulfonic acid] 
CPA carboxypeptid:.se A 
dien diethyleneuiamine 
dpa 2,2'-dipyridy lamine 
DSS 3-(trimethylsilyl)-I-propanesulfonic 8Cid 

(2,2-dimethyl-2-silapentane-5-sulfooate) 
en ethylenediarnine 
Eq. equation 
FA fonnamide 
g gram(s) 
GAC general acid catalysis 
GBC general base catalysis 
Glu glutamic acid 
His histidine 
hrs hour(s) 
L Litre(s) 
Li bidentate diamine ligand 
Lit. literarure 
MES 4-morpholineethanesulfonic acid 
MFA N-methylfonnamide 
min minute(s) 
MNTA trifluoro-N -methyl-p-nitroacetanilide 
M-OH metal-hydroxide 
mol mole(s) 
m.p. melting point 

( Mf A p-methoxytrifluoroacetanilide 
NEM N-ethylmorpholine 
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nec neocuproine 

(2, 9-dimethy 1-1.1 O-phenanthroline) 
NMR nuclear magnetic resonance 
NTA p-nitrotrifluoroacetanilide 
Phe phenylalanine 
ppm pans per million 
terp 2,2':6',2"-terpyridine 
TMFD N,N ,N' .N' -tetramethy lethy lenediamine 
TMS tettamethylsilane 
tren tris(2-aminoethy 1 )amine 
trien triethy lenetetramine 
opn tris(3-aminopropyl)amine 
Tyr tyrosine 
UV-vis ultraviolet-visible 
sec second(s) 



vi 
GLOSSARY OF STRUCTURES 

Complexes: 

1 1 [(dien)Cu(OH2)]+2 

2 

10 [(neo)Cu(OH2h1+2 

{ 
, 
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3 ((terp)Cu(OHÛ]+2 

((tren)Co(OH2)z]+3 

4 



MalenaJs: 

FA 

o 

HANHCH~ 
MFA 

MNTA 

< 
C) 

o 

MEM 

viii 

Fonnamide 

N -methylfonnamide 

trifluoro-N -methyl-p-nitroacetanilide 

N-ethylmorpholine 
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MTA p-methoxytrifluoroacetanilide 

NTA p-nitrotrifluoroacetanilide 

11 

anionic tetrahedral intennediate 



x 

T2 zwitterionic tetrahedral intennediate 

TMED N .N~,N'-tetramethylethylenediamine 
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1. Introduction 
1 • 1 Proteins 

Proteins are an essential pan of the cell machinery. They are made of polypeptide 
chains which interact through disulfide bridges, hydrophobie interactions. hydrogen 
bonds, and electrostatic interactions. The twenty two amine acids found in nature are the 
building blocks of the polypeptide chain. The specifie sequence by which these amino 
acids are joined detennines the folding pattern of the polypeptides. and ultimately. the 
function of the resulting protein. The prote in can function as a hormone. antibody, 
transport molecule. receptor. or enzyme. 1.2.3 

As the cell functions to maintain life. these prote in Molecules are continuously 
synthesized. They perform crucial cellular tasks and are then degraded. The amide bond 
linkage that fonns the backbone of pmtein Molecules are highly resistant to hydrolysis. In 

nature many enzymes function to catalyze the hydrolysis of amides. Sorne of these 
peptidases, for ex ample carboxypeptidases, thermolysin, and angiotensin convening 
enzyme, are activated by Metal ions.4•5•6 However, other peptidases such as 
chymotrypsin, pepsin, and papain do not have any melals associaled wilh them.7•8 

Over the years, enonnous inlerest has evolved in understanding the mechanism of 
action of peptidases. Numerous elegant models of peptidases, both metallic and non­
metallie. have been designed and studied.9-11 Although simple model studies do not prove 
enzyme mechanisms. delailed meehanistic studies of these simple model systems can give 
valuable insight into how enzymes work, and consequently, yield imponpJ1t infonnation on 

the principles of cata1ysis. 
In general. carboxylate esters are more reactive and therefore easier to hydrolyze 

than carboxylate amides. Furthermore, since the hydrolysis of esters and amides are 
meehanistically related, peptidases are not only highly efficient at hydrolyzing amides, but 
esters as weil. In order to understand the structural requirements of a simple catalysl, or an 
enzyme, for hydrolyzing esters or amides, il is essenlial to understand the mechanism of 
hydrolysis of esters and amides in the absence of any catalYSls. The simple hydrolysis of 
carboxylate esters, which has led the way to the development of peptidase models, will be 

discussed fmt. 

1 .2 Hydrolysis of Carboxylate Esters 
The mechanisrn of hydrolysis of carboxylic esters has been extensively investigated 

and the process is well understood. 12• 13 Cleavage of either the acyl-oxygen bond or the 
.....,. alkyl-oxygen bond is possible. Both are observed and lead to the same products. Oxygen 

-\ • labelling studies have revealed that it is the acyl-oxygen cleavage which is more common 



in both acid and base catalyzed hydrolysis reactions. The mechanisms are shown in 
Scheme 1.J. 

Scheme 1.1 
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ln acidic solution the ester hydrolysis reaction is reversible whereas in aqueous 

alkaline solution the reaction is irreversible. Substituents have a strong effect in the 
hydrolysis of esters. Electron withdrawing groups in either the acyl or the alkoxy group of 

an ester facilitates hydrolysis. The addition of hydroxide fonns the tetrahedral intennediate 

which can either lose the hydroxide or the aIkoxide (Scheme LIa). If the alkoxide is a 

bener leaving group than the hydroxide (k2 > lq), kt is the rate limiting step. However, if 

the alkoxide is a poorer leaving group than the hydroxide (k2 < k-t), k2 is the rate limiting 

step. 



The structural requirements of a simple catalyst for hydrolyzing esters with poor 
leaving groups are not necessarily the same as those for hydrolyzing esters with good 
leaving groups.14-16 A ~atalyst that gives a large rate-acceleration for the rate of an 

activated ester hydrolysis May have little or no effect on the rate of an unactivated ester 
hydrolysis. For example, imidazole is an efficient nucleophilic catalyst for hydrolyzing p­

nitrophenyl acetate whereas it is not a nucleophilic catalyst for hydrolyzing ethyl acetate. 14 

Since p-nin'ophenoxide is a good leaving group. the tetrahedral intermedlate fonned from 

imidazole and p-nitrophenyl acetate can eliminate p-nitrophenoxide efficiently (k2 > k-l. 

Scheme 1.2A). On the other hand, ethoxide is a much poorer leaving group than imidazoie 

resulting in the breakdown of the tetrahedral intermediate to starting material (k-l »k2, 
Scheme 1.28). 111us, imidazole revens to a general base mechanism for hydrolyzing ethyl 

acetate (Scheme 1.2C). 

Scheme 1.2 
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One way to distinguish between nucleophilic and general base catalysis is by 

solvent isotope effect studies,14 The solvent isotope effect is small or absent in the 

nucleophilic mechanism for ester hydrolysis since a solvent molecule is not directly 

involved (Scheme 1.2A). Thus the solvent isotope effect is small for imidazole catalyzed 

hydrolysis of p-nitTophenyl acetate. In contrast, a large solvent isotope effect is observed 

for imidazole catalyzed hydrolysis of ethyl acetate since a solvent molecule is directly 
involved (Scheme 1.2C). 

Due to the stability of amides and the difficulty associated with monitoring the 

hydrolysis reaction, most anüicial enzymes have been tested for hydrolyzing activated 

substrates, for instance p-nitrophenyl esters. p-Nitrophenyl esters are convenient because 

they offer favorable reaction times and their hydrolysis can be followed 

spectrophotometrically. Thus various chymotrypsin models that hydrolyze p-nitrophenyl 

esters have been studied.1 1- 16 However, since the mechanism for the hydrolysis of 

activated esters is not always the same as that for the hydrolysis of unactivated esters, 

artificial enzymes should be tested for both activated and unactivated substrates. 

1 • 3 Metal-Catalyzed Ester Hydrolysis 
Metal ions were found to participate in enzyme mediated hydrolysis of esters and 

amides. KroU18 frrst demonstrated the possible role of divalent Metal ions in the catalyzed 

hydrolysis of amino acid esters. The mechanism proposed was that of a cupric ion Lewis 

acid activation of the carbonyl group to attack by an extemal hydroxide (Scheme 1.3, 

where M= Cu(D». 

Scheme 1.3 
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Buckingham and Sargeson 19 studied the hydrolysis of the ester bond in 

(enhCoX(NH2CH2COOR»)+2 (where R= CH3, CH(CH3h, C2HS; X=Cl-, Br; en = 

4 



ethylenediamine). They showed that the hydrolysis reaction proceeds by two separate 

paths: the metal-hydroxide mechanism (Scheme 1.4, path A) and the Lewis acid 
mechanism (Scheme 1.4, path B). 

Scheme 1.4 

The polarization of the carbonyl, by the met al in path H, is responsible for up to 

106 fold acceleration of the base hydrolysis of the glycine ester. The alternative 

mechanism, path A, shows a cis attack by a coordinated hydroxyl. 180 labelling 

experiments have revealed that path A and B contribute about equally to the fonn.' 'Jn of 

the bidentate glycine product when R= CH(CH3h. The ring size formed as a result of 

intramolecular hydroxide anack, pH, and the bulkiness of the amino acid ester, are 

important factors in determining which mechanism predominates.19 

Recently, considerable interest has evolved in developing simple metal complexes 

that catalyze the hydrolysis of esters with poor leaving groups. Unlike imidalole (sectIon 

1.2), a simple zinc-hydroxide complex (1, Scheme 1.5) is an efficient nucleophilic catalyst 

for hydrolyzing methyl trifluoroacetate.20 However, the zinc complex is Dot an efficient 

nucleophilic catalyst for hydrolyzing methyl acetate. This goes against the Lewis acid 

-
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mechanism and the reactivity-selectivity principle21 since a greater rate-acceleration is 
obtained for a more reactive ester (methyl trifluoroacetate) than for a less reactive ester 
(methyl acetate), The metal-hydroxide mechanism shown in Scheme 1.5 was used to 

explain this catalytic effect. 

Scheme 1.S 
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The mechanism involves nucleophilic anack of the zinc-hydroxide on methyl 
trifluoroacetate foUowed by zinc migration and elimination of the zinc methoxide. The zinc 
migration cao take place rapidly since zinc ion is substitutionally labile.22 However, for 

methyl acetate hydrolysis, the lifetime of the tetrahedral intennediate (TZ, Scheme 1.5) is 
too shon for even this rapid zinc migration to take place. Thus 1 is an efficient nucleophilic 
Calalyst for hydrolyzing methyl trifluoroacetate but not for hydrolyzing methyl acetate. 

Two water molecules bound to a metal center is required for hydrolyzing 
unactivated esters like methyl acetate.23 For example, 2 shown below, efficiently catalyzes 

the hydrolysis of methyl acetate. The pH-rate profile for 2 catalyzed hydrolysis of methyl 

acetate showed thal the active fonn of the catalyst is the aqua-hydroxy metal complex. The 
hydrolysis mechanism in volves coordination of the ester carbonyl group followed by 
intramolecular metal-hydroxide attack on the coordinated ester. Thus the proposed 
bifunctional mechanism includes both the Lewis acid and the metal-hydroxide mechanism 

6 



(Scheme 1.6). Lack of any solvent isotope effect indicates that the metal-hydroxide is a 

nucleophilic catalyst rather than a general base catalyst. Although 2 is slightly less reactive 

than l, 3, or imidazole, for hydrolyzing p-nitrophenyl acetate. 1t is the only efficient 

catalyst for hydrolyzing methyl acetate. Thus, p-nitrophenyl acetate is nOI always 

appropriate for testing catalysts that hydrolyze unactivted esters. 

2 3 

Scheme 1.6 
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Acis diaqua cobalt complex (4, Scheme 1.7) was a)so found 10 cata)yze the 

hydrolysis of methyl acetate. The catalytic cycle is show~' in Scheme 1.7, 

7 
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Scheme 1.7 

5 

As with the copper complex (Scheme 1.6), the mechanism involves coordination of 
the ester to the Metal complex foUowed by intramolecular metal-hydroxide anack. This 
requÎTes the formation of a four-membered ring complex (5, Scheme 1.7). Although, in 
general, four-membered rings are strained and difficult to form, in this case the four­
membered ring intennediate in the catalytic cycle 5 cou Id easily be isolated and its X-ray 
structure determined.25 Interestingly, the stability of the four-membered ring complex 5 is 

h ghly sensitive to the tetraamine ligand structure. For example, 6 shown below, a close 
sttuctural analog of 4 does not fonn the four-membered ring acetato complex. Instead it 
fonns a monodeotate acetate complex. 6 unlike 4, is oot active at hydrolyzing methyl 

acetate.26 

8 



1.4 Hydrolysis of Amides 

Amide-cJeaving enzymes are an imponant pan of the protem rnachinery present in 

biological systems.t-8 The enzymes papain and flein requrre intact thiol groups for activity. 

The serine hydroxyl group is the reactive nucleophile in the enzymes trypsln. 

chymotrypsin, substihsn, thrombin, and cholinesterases.2 A number of dipeptidases, and 

exopeptidases such as carboxypeptidase A, require metals for activity. Metals such as 

Zn(II), Co(ll), Mn (II) , Mg(ll) , Fe(ll), Cd(II), Ni(II). and CaOI). have been found in 

several enzymes' active sites. Structure-reactivity relauonships of these peptidases have 

been elucidated through the use of site-directed mutagenesls, X-ray crystallography. kinetic 

and mechanistic studies, and enzyme models. Although mterest in understandmg anude 

hydrolysis exists, the design of a functioning anificial peptidase has never been reponed. 

Only oxidative cleavage of peptide bonds has been observed,27 This may be panly due 10 

the lack of a sensitive assay capable of detecting mode st mcrements ln the rate of amide 

hydrolysis.28 

Still and Kahn28 have recently developed a sensitive radioassay for detecting trace 

amounts of hydrolysis of unactivated amides. The pseudo-first order rate constant for the 

hydrolysis of a ttipeptide anached to a solid suppon, shown below. at neutral pH and room 

temperatUre. was found to he 3 x 10-9 sec- I. This corresponds to a half-life of about seven 

years. 

Radioassay, due to its high sensitivity and convenient detection by liquid 

scintillation counting. was found to be adequate for the detection of the hydrolysis 

products. A peptide radiolabelled with 14(:, shown as • below. al the alpha carbon of the 

carboxy-terminal residues was added to a polymer suppon in the form of small beads (P2). 

Pza Shepparcs R •• ln 

AU the bonds linking the radiolabel to the polymer backbone were enher amide or 

carbon-carbon bonds. Scintillation counting of the filtrate obtained from the simple 

filtration of the water insoluble polymer-bound label (hydrolysis product) mcasured the 

extent to which the radiolabel had been released into solution. This was convened to the 

9 
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rate of peptide c1eavage. This method allowed easy separation of the products from the 

staning materials. 

The amide bond is a planar hybrid existing in the two resonance fonns shown in 

Scheme 1.8. Since the electron releasing nature of the nitrogen participates in a significant 

ground state stabdization to the carbonyl group, the hydrolysis of amides requires .&luch 
more vigorous conditions than that of esters)2. 13.29 

Scheme 1.8 

cil 

Proteins are polymers of amino acids joined through amide bonds. The resulting 

peptide linkage has trans geomeuy. This sterically favored geometry does not readily 

isomerize to the cis isomer through rotation about the C-N bond since such a rotation 

wouJd destroy the resonance overlap.29 

During amide hydrolysis, as the tetrahedral intermediate is fonned, the stabilization 

of the amide bond IS lost. Amide hydrolysis can occur with either acid or base catalysis. 

ln basic medium, a mechanism sirnHar to that of ester hydrolysis occurs. This is shown in 
Scheme 1.9.12• 13 

Scheme 1.9 
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Amine ions NH2- are poorer leaving groups than hydroxides, and alkoxides. 

ThU5, k-l»k2, and k2 (the breakdown of the tetrahedral intermediate) is the rate limiting 

step. ln sorne cases, the breakdown of the tetrahedral intermediate in the forward direction 

is accompanied by a proton switch from the oxygen to the nitrogen and a dioxyanion 

intermediate fonus. 30-32 This aspect of amide hydrolysis will be discussed in greater detail 

in the discussion. 
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For acid catalyzed hydrolysis of amides, there are two protonation sites: the amide 
oxygen and the amide nitrogen. The amide oxygen is more basic and hence the site of 
protonation (Scheme 1.10).12.13 

Scheme 1.10 
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RHN 

R OH 

X 
HzN ~H2 

k., 

Increased rates of amide hydrolysis were observed in models which use an 
intramolecular nucleophilic mechanism.23-25• 33-40 For example38, when comparing the 

hydrolysis of gamma-hydroxybutyramide to that of acetamide and to that of butyramide, it 

was found that the respective ratios for the rate constants for the acid catalyzed reactions 
were 9:1 and 15:1. For the base catalyzed reaction, the ratios for the rate constants were 

8:1 and 22:1 respectively. The introduction of a hydroxyl group in the gamma position of 

butyramide increased the ratio of acid to alkaline hydrolysis by a factor of 15 to 22. The 

intramolecular hydroxide hydrolysis reactions proposed for gamma-hydroxybutyramide are 

,....... shown in Scheme 1.11. 
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Scheme 1.11 
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The pH rate profile revealed thal at neutral conditions (pH 6.16, lOOOC, C in 
Scheme 1.11) an 800 fold l'81e enhancement over the hydrolysis rate of butyramide was 
observed. This implied a significant panicipation of the gamma-hydroxyl group in the 
intramolecular amide hydrolysis reaction. Increases in the rates of amide hydrolysis 
reactions have also been observed with intramolecular carboxylate functional groups and 
metal ions,17. 34. 39-41 

Greater rates of intramoleeular reaetions compared to the corresponding 
intennolecular reactio:ls is due to lowering of the activation entropy.33,40 Similarly, 

enzymes lower activation enb'opy by binding reacting substrates. Jencks showed that an 
effective molarity of up to lOS M may he obrained by completely eliminating the activation 
entropy.33 

12 
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1.5 Metal-Catalyzed Amide Hydrolysis 
The fU'St studies of metal ion catalyzed hydrolysis of peptide bonds were done by 

Westheimer and Meriwether.42 Three possible mechanisms were postulated for the 
hydrolysis of the sample peptide phenylalanylgylcine. These are shown in Scheme 1.12. 

The first reattion depicts the spontaneous inttamolecular hydrolysis of the peptide. Release 
of an ammonium ion occurs as a stable six membered ring is formed (Scheme 1.12 A). 
The second reaction (kû shows exocyclic peptide bond c1eavage whereas the third reaction 
(k3) reveals endocyclic bond cleavage (Scheme 1.12 B and C).42 

Sc:heme 1.12 
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Without Metal only 10% hydrolysis of the sample peptide was measured. This 
value increased to 95% with Cu(ll), 70% with CoCU), 60% with Ni(II), and no rate 
enhancement was observed with Zn(D). It was proposed that these divalent transition 

metal ions functioned in a Lewis acid fashion, thus facilitating the anack of an extemal 
hydroxide, or a water Molecule, onto the amide bond. The addition of copper metal was 

believed to catalyze k2 and k3, but suppress kl' However, these metals were observed to 
acœlerar.e peptide hydrolysis in an indiscriminate manner.42 

As with Metal cata1y~d hydrolysis of esters, metal-cataly~ hydrolysis of amides 
can take place by a Lewis 8Cid mechanism or the metal-hydroxide mechanism.19 The two 

mechanisms are kinetically indistinguishable with substitutionally labile Metal ions.19•43 

Sargeson and Buckingham19 used substitutionally inen cobalt complexes to show that both 
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the Lewis acid and the metal-hydroxide mechanisms can give substantial rate-enhancements 

for hydroJyzing amides. 

Elegant 180 labelling experiments showed that the amide bond in cis­
(en)2Co(OH/OH2)(glyNH2)]+2/+3 (Scheme 1.13) is hydrolyzed primarily by the metal­

hydroxide mechanism at neutral pH. In contrast, the amide bond in the complex 
[(trien)Co(OH/OH2)(glyNH2)}+2!+3, hydrolyzes primarily by the Lewis acid mechanism 

(Scheme 1.14). At pH 7 the intrarDolecular metal-hydroxide mechanism is about 100 limes 
faster than the intermolecular Lewis acid mechanism (Scheme 1.4).19 

+ NHa CHaCONHA 

(\~ 
NHa l CH 

NHa2S- t!....-NH~ \:1 

CI' c=0 9H:I~1 ~ 
NHa NHA 

• NHaR 

Scheme 1.14 

('NHa 

CN,~. 1 . ., 
HN--Co --OHa + 

/ l'OKa 
'--NHa 
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More recently, simple carboxypeptidase models have been designed based on the 
Lewis acid mechanism as weIl as on the metal-hydroxide mechanism.43-45 ln one Lewis 
acid mechanism based model,44 (Scheme 1.15) the cobalt bound amide was covalently 
linked to a phenol group to mode} the tyrosine hydroxyl group in the active site of 
carboxypeptidase A. The phenol group was shown to increase the rate of amide hydrolysis 
by about 50 fold. 

Scheme 1.15 

OR 
1. R = H, R' = C02 H 

2. R = R' = H 

3. A = CH3 • A' = H 

In the metal-hydroxide mechanism oased model,45 (Scheme 1.16) an 

intramolecular carboxyl group was added to mimic the glutamate group in the active site of 

carboxypeptidase A. The carboxyl group gave a 30 fold increase in the rate of the amide 

hydrolysis. 

Scheme 1.16 
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ln most peptidase models the amides are either highly activated or they are 

covalently linked to the catalytic groups. Recently, catalytic hydrolysis of an unactivaled 

amide by free Cu(ll) metal was demonstrated.46 At pH 7.5 and 230C one equivalent of 

Cu(CI04h catalyzed the hydrolysi~ of 7 (Scheme 1.17), which is the addition product of 

N-benzyl-N',N'-dimethylethylenediamine, the metal chelating ponion, to acrylamide. 

Kobs for the reaction, with 8 mmol dm-3 of 7. was 3.4 x 10-6 s-l. The reaction proceeded 

to about 97% complet ion whereas the control 8. al SOOC, revealed less than 2% 
hydrolysis. The catalytic cycle for the Cu(II) catalyzed hydrolysis of 7 is shown in 

Scheme 1.17. 

Scheme 1.17 

Ph 

+L~ 
H ......... 

Ph 

Ln 
'Cu ........... 

HO' 0"'OH2 G
N .:./ 

NHa 

t 

Ph 

t:'< 
OH 

Ph LII 
~

N .ié 
'Cu ~ 

HO' O"'OHa 

OH 

NHa 

One half of an equivalent of Cu(II) with 8 mmol dm-3 of 7, at pH 7.5 and 500c. 

proceeded to 97% completion. Although complexalion of the metal is weak, proper chelate 

ring siu is believed to be the key factor in the observed rate increase. Lewis acid activation 
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in 9 requires a six membered ring which is known to be not as stable as a five membered 
ring. Because of this, the amide is believed to be hydrolyzed by an intracomplex metal· 

hydroxide, with no Lewis acid activation by the metal. For copper complexes the copper 

hydroxide mechanism is more efficient than that of the Lewis acid activation mechanism.34 

Although this system (Scheme 1.17) displays catalytic turnover, the amide substrate 

requires a Michael addition site. This imposes a structural requirement in the amide 

substrate to be hydrolyzed. 

The purpose of this thesis is to investigate the structural requirements of a simple 
catalyst for hydrolyzing both activated and unactivated amides without any consttaints . 
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Plan of Study 

Considerable interest exists in determining the role of the metal ion in amide 
hydrolysis. The flfst possibility is that the metal ion directly activates the amide by 
coordinating to the amide carbon yI making it more susceptible to nucleophilic attack (A). 
The second possibility is that the metal ion coordinates to a water molecule subsequently 

generating a metal-hydroxide which anacks the amide (B). 

A B 

The two mechanisms are kinetically indistinguishable. Furthermore A and B do 
not represent true catalytic systems since the products are tightly bound to the metal 

complexes preventing any cata1ytic turnover. 
Two fundamentally imponant questions may be raised at this point. First, what is 

the structural requirements of a simple metal complex that would hydrolyze amides with 
catalytic turnover? Second, what is the role of the metal ion in that simple catalytic system? 

The effects of monoaqua and diaqua copper complexes on the rate of hydrolysis of 

activated and unactivated amides will be investigated. Detailed kinetic and mechanistic 

studies will be carried out in order to address these questions. 
Metal-buffer cooperativity plays au imponant role in metalloprotease catalyzed 

hydrolysis of amides. However, only metalloenzymes have been observed to hydrolyze 

free amide substrates through such a mechanism. The structural requirements of a metal 

complex, capable of metal-buffer cooperative free amide hydrolysis, will be investigated. 



. ... 

19 

2. Experimental 

2.1 Instruments 

IH NMR and 31p NMR spectra were recorded on Varian XL200 and Varian 

XL300 spectrometers respectively. For IH NMR tetramethylsilane (TMS, COC13) and 3-
trimethylsilyl-l-propanesulfonic acid (DSS, D20) were used as internai standards. For 
31p NMR, trimethylphosphate was used as an extemal reference. 

Melting points were detennined using an Electtothennal MP apparatus. UV-vis 

absorption spectra were recorded on a Hewlett-Packard 8451 A diode array 
spectrophotometer equipped with a Lauda RM6 thermostat. 

Titrations and pH-stat experiments were perfonned using a Radiometer PHM63 pH 
meter equipped with a Radiometer RTS822 automatie titrator. 

2.2 Materials 

MES (4-morpholineethanesulfonic acid), CHES [2-(cycJohexylamino)ethanesulfonic 

acid], and NEM (N-ethylmorpholine), were purchased from Aldrich (and were used 

without purification). N,N,N' ,N' -tetramethylethylenediarnine (TMED), and sodium acetate 

were purchased from Aldrich (and were used without purification). 

The synthe sis of the activated amides, tritluoro-N-methyl-p-nitroacetanilide 
(MNTA), p-nitrotrifluoroacetanilide (NTA) and p-methoxytrifluoroacetanilide (MTA) 

were canied out by the procedure of Tatlow et al. 47 MNTA: yield: 80%; mp: 122-

125°C (Lit. mp: 126.5-128°C). NTA: yield: 89%; mp: ISO-152°C (Lit. mp: 151.5-

153°C). MTA: yield: 90%; mp: 112-115OC (Lit. mp: loo-113OC). These compounds 

gave satisfactory 1 H NMR spectra. 
Formamide (FA) and N-methylfonnamide (MF A) were purchased from Aldrich 

and purified by vacuum distillation. 

Phenylphosphonic acid was purchased from Aldrich. Its disodium salt was made 
by adding two equivalents of aqueous NaOH (o. lM) to an aqueous phenylphosphonic acid 

solution (2 g, 10 mmol). The solution (pH 9-10) was then lyophilized. 
The ligands 2,2'-dipyridylamine (dpa), 2,2': 6',2"-Terpyridine (terp), and Tris(2-

aminoethyl)amine (tren) were purchased from Aldrich and were used without purification . 



( 

20 

Synthesis or Ligands 
Tris(3-aminopropyl)amine (trpn) was synthesized by the method described by 

Mariusz 8anaszczyk.25 

Synthesis or Complexes 
I(dpa)CuCI2); (terp)CuCI]CI; [(neo)CuCI2]; [(dien)CuCI]CI: 

To a solution of ligand (l g, 5.4 mmol) in ethanol (30 mL) was added CuCl2 (0.73 
g. 5.4 mmoJ) also in ethèllloi (30 mL). The corresponding green complex precipitared out 
of solution. The precipitate was filtered and dried under vacuum. 

(trpn)Co(COJ»)(CIO.dH20; (tren)Co(COJ)](CI04)H20 : 
The ligand (trpn or tren; 1.5 g) was added dropwise to a stirring solution of lead 

oxide (4.5 g. 20 mmol, 30 mL H20) and aqueous sodium bicarbonate (3.0 g, 36 rnmol, 
30 mL H20). One equivalent of aqueous Co(ll) perchlorate hexahydrate was added 
dropwise and the resulting solution was stirred at room temperature. After two days the 
red solution was fiItered over celite and the filtrate's pH was lowered to six with aqueous 
perchloricacid (5 M). The volume of the solution was reduced under vacuum. Upon 
crystallization of a purple precipitate, ethanol was added.2S 

«trpn)Co(OHÛ2)+J (4); «tren)Co(OH2h)+3 (6): 

To a solution of the Co(nI) carbonato complex (0.2 g. 0.47 mmol) was added 
aqueous perchloric acid (2.5-5.0 equivalents) and the resulting mixture was stirred under a 
water aspirator for 2-6 hours.25 

2.3 Kinetics 

Hydrolysis or Activated Amides witb Good Leavina Groups 
The non-complexing buffers NEM, CHES, and MES (0.1 N) were used to make 

stock solutions of the CuCU) catalysts at the desired pH. The pH of the solution was 
adjusted with aqueous NaOH (O.IN). The reactions were followed at optimum pH for 
each complex at 25OC. lonic strength of the reaction solution was not conttolled since the 
rate of amide hydrolysis did not change significantly with added NaCI (0.1 N). The 
hydrolyses of the activated amides, MN T A and NT A were followed 
specttophotometrically by monitoring the change of absorbance al 400 nm. The conditions 
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were pseudo first order, where the concentration of the Cu(D) catalyst was 1 mM and that 

of the amide w~ 0.1 mM (10 fold excess of complex). 

In a typical experiment, a freshly prepared solution (2 ml) of the Cu(1I) 4.:omplex (1 

mM) was made with the appropriate buffer (0.1 N) al the desired pH (or pD when in D20). 

The Cu(II) solution was thermostatted for five minutes al 25OC. InJecuon of 10 ~1 of a 

stock solution of the amide (20 mM, dioxane) initialed the hydrolYSlS reaction. The pH of 

the solution did not change by more than 0.05 units al the end of the reacuon. Experiments 

were run in triplicare and were reproducible to within 5 % error. 

To demonstrale catalytic turnover, excess substrate (1 mM, 25OC) was used over 

the Cu(ll) complex (0.1 mM, pH 8.0). Under these conditions the reacuon was followed 
spectrophotometrically at 490 nm (e = 360) since the change in absorbance at 400 nm (E = 

18 2(0) was too large ta monitor a reaction. 

First order rate constants were calculated from the slopes of the hnear plots of 
optical density against time by convening to concentration units (e = 18200 for 400 nm 

and e = 360 for 490 nm) and by dividing by the initial amide concentration. Rates of 

hydrolysis of the amide substrate in the absence of the catalyst were measured and, when 

not negligible, were subtracted from the rate of catalytic hydrolysis. 

Hydrolysis of an Activatecl Amide with a Poor Leaving Group 

The non-complexing buffer NEM (l0-50 mM) was used to make stock solutions of 

the Cu(m catalyst al pH 8. The pH of the solution was adjusted with aqueous NaOH (0.1 

N). The hydrolysis of the activated amide MTA was foUowed spectrophotometrically by 

monitoring the change in absorbance al 290 nm due ta the decrease in the concentration of 

substrale. Since the concentration of the Calalyst does not change during the reaction, the 

conditions were pseudo fust arder where the concentration of the Cu(n) catalyst was 0.3 

mM and that of MT A was 0.05 mM (6 fold excess of complex). 

A freshly prepared solution (2 mL) of the CU(U) complex (0.3 mM) was made with 

NEM buffer (10-50 mM) aI pH 8. The Cu(ll) solution was thermostatted for five minutes 
al 500c. Injection of 2.5 J.LL of a stock solution of the amide ( 40 mM, dioxane) initiated 

the hydrolysis reaction. The pH of the solution did not change by more than 0 05 units al 

the end of the reaction. Experirnents were run in triplicate and were reproducible to within 

5 % error. 

First order rate constants were calculated from the slopes of the linear plots of 
optical density against time by convening to concentration units; where e = esubstrale - e 

product = 7964 - 550 = 7414. The extinction coefficients, e, were determined 
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experimentally al 290 nm by taking the slopes of the Iinear plots of optical density against 
concentration of substrate (or product). The hydrolysis rates of the amide substrate in the 

absence of the catalyst were measured. These were compared to the rates of Cu(II) 
complex catalY7.ed amide hydrolysis in the presence of NEM buffer. 

Hydrolysis of Unactivated Amides 
One equivalent of MFA in ~O (40 "d of a 0.5 M solution) was added to a freshly 

prepared solution of the CuCU) complex (10 mM, 2 mL). The pD of the resulting solution 

was adjusted with aqueous NaOH (O.IN, D20). The sample was then placed in an NMR 

tube. The tube was then sealed and heated in a water bath maintained at 100oC. The 

(dpa)Cu(OH2hl+2 (10 mM) catalyzed hydrolysis of FA (10 mM) and MFA (10 mM), at 

l00OC, was monitored by 1 H NMR spectroscopy. The progress of the FA hydrolysis 
reaction was followed by a decrease in the aldehyde peak [~= 8.08; with respect to DSS). 

For the MF A hydrolysis reaction, a decrease in the 1 H NMR signal of the aldehyde and 
methyl peaks [6 = 8.08, 6 = 2.75] are accompanied by an increase in the product's methyl 

peak (6 = 2.58J (free methylamine). The references used to monitor the MFA and FA 

hydroJysis reactions were tetrarnethylammonium fluoride [6 = 3.18] and dioxane [6 = 
3.71 J respectively. The kinetic experiments were reproducible to within 10 % error. 

Since the catalyst concentration does not change during the reaction, the data was 

treated as pseudo-fmt order reactions. The fust order hydrolysis reaction rates for the 

(dpa)Cu(OH2)2]+2 catalyzed hydrolysis of unactivated amides were calculated by fitting 

the linear graph of the logarithm of the percent of substrate present (at time t) vs time (hrs) 

according to the fU'St order equation:48 

In(Atl Ao} = -kt 

where At is the concentration of substrate left at time t, Ao is the initial concentration of 

substtate which was present al t=O, and k is the fll'Sl order rate constant in sec-I. 

2.4 Titrations 

A 5 mL sample of a 1 mM solution of [(dpa)Cu(OH2)21+2 complex in water (or 

D20, 25OC) was titrated with a O.OIN NaOH solution. 
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2.5 31p NMR 

A solution of the Co(m) diaqua complex in D20 (50 mM. 2 mL) was mixed with 
1.0 equivalent (40 ~l) of the disodium salt of phenylphosphonic acid (2.5 M). The 

solution was adjusted to pD 6.5 with aqueous NaOH (O. IN, ~O) and was then allowed to 

equilibrate for one hour before the spectrum was recorded. 
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3. Results 

3. 1 Hydrolysis or Activated Amides 

The mechanisms of hydroxide catalyzed hydrolysis of acyl-activated amides is well 

known.30-32 The acyl-activated amides ttifluoro-N-methyl-p-nitroacetanilide (MNT A), p­

nitrotrifluoroacetanilide (NT A), and p-methoxytrifluoroacetanilide (MT A), displayed 

below, are used to study the hydrolytic reactions catalyzed by the simple CU(U) complexes 

I(dpa)Cu(OH2hl+2 (2), [(terp)Cu(OH2))+2 (3), [(neo)Cu(OH2h]+2 (10), and 

(dien)Cu(OH2)]+2 (11). 

MNTA NTA 

MTA 

2 10 3 1 1 

Pseudo-first order rate constants are obtained for Cu(lI) complex catalyzed 

hydrolysis of MNTA, NTA, and MTA. These rate constants are compared to the 

amide's hydroxide (uncatalyzed) rate of hydrolysis. 
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The pH and pD rate proftles for the [(dpa)Cu(OH2hl+2 (1 mM, 25OC) catalyzed 

hydrolysis of MNTA (O.l mM) are shown in Figure 3.1 and 3.2 respectively. The data 

points are averages from three consecutive runs. The pH and pD rate profiles for MNT A 

were fit according to the equation displayed below using a non-linear least squares curve 

fitting program.49 

where kl is the rate constant for the hydrolysis reaction catalyzed by the aqua-hydroxy 

CuCU) complex. Ka is the first acid dissociation constant for the diaqua Cu(II) complex 

species. The calculated values are depicted with the appropriate pH (pD) rate profiles. The 

rate equation is derived in the discussion. 

An increase in the hydrolysis rate of the activated amide MNT A IS observed with 

the diaqua copper complexes [(dpa)Cu(OH2hl+2 and [(neo)Cu(OH2h]+2. No significant 

rate enhancement is observed with monoaqua Cu(I1) complexes. Table 3.1 summarizes 

these results. 

Table 3.1 kobs for the hydroxide50 (uncatalyzed), and CuCU) (l mM) complex catalyzed 

hydrolysis of the activated amide MNT A (0.1 mM). The relative rates compared to the 

hydroxide rate al pH 8.00, 250C are also displayed. 

SubIt rate MNT A 
CatalYlt tnfluro-N-methyl-p-nltroacetanllide 

Rat. R.'. Rit. 

("c'1
) 

Hydroxlde (pH 8.04)50 18x 10.4 1.0 

[(dpa)Cu(OH)(OH2W 73 x 10.4 
4 1 

[(N.o)Cu(OH)(OH2W 3.4 x 10.4 1.9 

[(t.rp)Cu(OH)t 1.5 x 10.4 0.83 

[(dl.n)Cu(OH)]+ 1 5 x 10'" 083 
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The second order rate constant for the hydrolysis reaction of MNT A is highest for 
the hydroxide ion (kobs = 180 sec-) M-I ) . .50 This hydroxide catalyzed reaction is very 
sensitive to pH.50 At neutral pH the Cu (II) diaqua catalysts are more efficient than 
hydroxide. 

[(dpa)Cu(OHû2J+2 Catalyzed Hydrolysis or MNTA 
Funher experiments were performed with the most effective catalyst. 

(dpa)Cu(OH2h]+2. Titration of the complex showed that pKa) of the complex is 7.2 in 

H20 and 7.3 in D20. However, pKa2 for the complex is too high to measure 
experimentally. Figure 3.1, which displays the pH rate profùes for the hydroxide.50 
(uncatalyzed) and [(dpa)Cu(OH2h]+2 catalyzed hydrolysis reactions of MNTA, reveals 

that the catalyst is effective in its aqua-hydroxy fOnll (between pH 6 and 8.5). At pH 8.5 

the catalyzed reaction reaches its maximum rate. 

Table 3.2 kobs, al varying pH, for the [(dpa)Cu(OH2hl+2 (1 mM, 25°C) catalyzed 
hydrolysis of MNT A (0.1 mM). The rate enhancement over the backgroun.1 rate is also 
given. 

ko ... Ieee") 
log(ko".) AMe pH .1 •• c·' Enh.ncement 

6.50 1.2 x 10'" -3.92 

7.00 ~.6 x 10'" -3.58 14.0 

7.45 5.7 x 10'" ·3.24 

" "'0 7.3 x 10'" -3.14 4.1 

8.50 7.9 x 10'" -3.10 
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Figure 3.1 pH-rate profiles for the hydroxide50 (uncatalyzed) and [(dpa)Cu(OHû21+2 

catalyzed hydrolysis of MNT A. The calculated values are k2 = 8.8 x 10-4 sec-l, Ka = 4.8 
dO-S. 
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Kinetic Solvent Isotope Effect 

8 
pH 

o Cu(dpa) catalyzed reactlon 
• Uncatalyzed reactlon 

10 11 

Kinetic solvent isotope effects (KIE) on hydroly~is reaction rates give valuable 

infonnation on the hydrolysis mechanism. If the rate limiting step involves proton transfer 

then a primary solvent isotope effect is expected (KIE > 2) since an 0-0 bond is more 

difficult to break then an O·H bond.2b•51 Solvent isotope experiments were performed to 

detennine whether proton transfer was the rate limiting step in the (dpa)Cu(OH2hJ+2 

catalyzed hydrolysis reactions. 

At pH's ranging from 7 to 8.5, the KIE for the (dpa)Cu(OH2)21+2 catalyzed 

hydrolysis of MNTA is less than 2. Table 3.3B displays the ratio (kH20/kmo) for the 

first order rate constants for the catalyzed hydrolysis reactions at a specifie pH (or pD 

where pD = pH + 0.4)52. The kinetic solvent isotope effect on k2 IS small (8.8/6.2 :: 1.4 

at pH 8.5) therefore proton transfer is not the rate Iimiting step for the (dpa)Cu(OH~)2J+2 

catalyzed hydrolysis of MNTA. 
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Table J.J A) At varying pD, kobs for the [(dpa)Cu(OH2h1+2 (1 mM) catalyzed 
hydrolysis of MNTA (0.1 mM) in 020 at 250C. B) KIE at varying pH (pD) for the 

hydrolysis reactions (kH2o/k020)' 

A) 
koll. (MC") 

log(kob.) 
pD •• c·' 

B) 

7.05 1.5 x 10'" ·3.83 pH k
HIO 

1 

pD k DIO 

7.45 3.1 x 10'" ·3.52 
7.00 1.8 

8.00 4.0 x 10'" ·3.40 
7.45 1.8 

8.50 5.6 x 10'" ·3.25 
8.00 1.8 

9.05 6.5 x 10'" ·3.19 
8.50 1.4 

Figure 3.2 displays the pH and pD rate profiles for the [(dpa)Cu(OH2h1+2 

catalyzed hydrolysis of MNT A. In either H20 or 020 the active species is the &qua­
hydroxy copper complex. 

Figure J.2 The pH and pD rate profiles for the [(dpa)Cu(OH2h1+2 catalyzed hydrolysis 

of MNTA. For the pO rate proftle the calculated values are k2 = 6.2 xI04 sec-l, Ka = 2.8 
xIO-s. 
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Bulfer Catalysis 
Examining the effects of buffers in bath catalyzed and uncatalyzed amide hydrolysis 

reaction rates can help detennine if the ca1alyst acts a.r, a general base or a generdl acid in the 

Cu(U) complex catalyzed hydrolysis of amides. It can also indicate whether proton ttansfer 

is the rate limiting step.Sl 

The non-complexing buffers (10-40 mM) MES, NEM, and CHES are nOI effective 

in catalyzing the hydrolysis of MNTA. Al various concentrations of these buffeTS, the 

pseudo first order uncatalyzed rate constants are about equal to the hydroxide rate (koH) at 

pH 8.00. Furthennore, in the presence of these buffers the [(dpa)Cu(OH2hJ+2 catalyzed 

rate (kcu) does not vary significantly (absence of cooperative effect between the metal and 

the buffer). These results indicate that these buffers maintain the appropriate pH without 

affecting the hydrolysis reaction rates. 
Bifunctional buffers (general 8Cid/general base), like phosphate and TMED, do not 

catalyze the hydrolysis reaction. Significant inhibition of the [(dpa)Cu(OH2hJ+2 catalyzed 

hydrolysis of MNT A occurred with phosphate buffer (10 mM) and acetate buffer (10 

mM). These results al pH 8.00 and 25°C are shown in Table 3.4. This inhibition is 

explained in the discussion. 

Table 3.4 The effecls of buffer in [(dpa)Cu(OH)(OHÛ1+ (1 mM) catalyzed, hydrolysis 

of MNT A al pH 8 and 25OC. 

Conc 
kOb. Ael. 

Buffe, mM 8 ••• -
NEM 10 7.3 X10·4 1.0 

40 9.0 x10·4 1.2 

NI2HPO. 10 1.1 x 10.4 0.15 

NIOCOCH3 10 8.2 x 10.5 0.11 

TMED 40 7.3 )(10.4 1.0 
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Catalytic Turnover 

The observation of pseudo-first order kinetics for several turnovers of 
(dpa)Cu(OH)(OH2)]+ complex in buffered solution (NEM, O.lN) containing an excess of 
MNTA (1 mM) confirms that the (dpa)Cu(OH)(OH2)]+ complex (0.1 mM) functions 
catalytically at pH 8.00 and 2SOC. Three turnovers for the reaction were observed al 490 
nm. Figure 3.3 displays the relationship between the number of turnovers and time. 

Table 3.5 Turnover number vs time for the [(dpa)Cu(OH)(OH2)]+ (0.1 mM) catalyzed 
hydrolysis of MNT A (1 mM). 

1 tlm. 
Turnov.r (ttc) 

1 155 

2 332 

3 614 

Figure 3.3 Plot of time vs Turnover number for the [(dpa)Cu(OH)(OH2)]+ catalyzed 
hydrolysis of MNT A. 
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Figure 3.4 represents the typical change in the UV -vis spectrum during the 

[(dpa)Cu(OH2h1+2 (0.1 mM) catalyzed hydrolysis of MNT A (1 mM). The maximum 

change in absorbance was observed al 400 nm. This specbUm confinns the presence of the 

N-methyl-p-nitroanilide anion due to the hydrolysis reaction. 

Figure 3.4 Absorbance spectra for the [(dpa)Cu(OH2h]+2 (0.1 mM, pH 8 and 25°C) 

catalyzed hydrolysis of MNTA (1 mM). The spectra were recorded al 30 second time 

. intervals. 
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((neo)Cu(OH)(OH1))+ Catalyzed Hydrolysis or MNTA 
A linear increase in the rate of the cataIyzed hydrolysis of MNT A is observed with 

an increase in the concentration of [(neo)Cu(OH)(OH2)]+ at pH 8.00; Figure 3.5 displays 

this relationship. kobs for this cata1yst is 0.12 sec-l M-I. 

Table 3.6 kobs for the catalyzed hydrolysis of MNT A (0.1 mM) at different 

concentrations of [(neo)Cu(OH)(OH2)]+ at 250C and pH 8.00. 

Concentration koH (MC") Relltlve 
mmol 10'" Rit. 

0.0 1.6 1.0 

0.5 2.0 1.3 

1.0 3.4 2.1 

2.0 4.8 3.0 

3.0 6.1 3.8 

4.5 6.8 4.3 

5.0 7.8 4.9 

Figure 3.S Plot of kobs vs concentration of [(neo)Cu(OH)(OH2)]+for the catalyzed 

hydrolysis of MNTA . 
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Cu(lI) Complex Catalyzed Hydrolysis or NT A 

The pH rale profùes for the catalyzed and uncatalyzed (hydroxide50) hydrolysis of 
NT A are displayed in Figure 3.6. 

Table 3.7 kobs for the [(dpa)Cu(OH2h1+2 (1 mM, 25OC) catalyzed hydrolysis of NTA 
(0.1 mM) at different pH's. The rate enhancement relative to the hydroxide rate, at the 
respective pH, is also shown. 

pH koll. (Me") 7 log(kolle X 10 1 'lIt. 
Enhlnc.m.nt 

6.50 2.9 x 10.5 2.5 
9.6 

7.00 3.6 x 10.5 
2.6 

7.55 1.3 x 10.4 
3.1 6.0 

8.00 1.6 x 10.4 
3.2 1.3 

8.55 1.7 x 10.4 
3.2 0.66 

9.05 1.9 x 10.4 3.3 0.44 

9.55 1.9 x 10.4 3.3 

Figure 3.6 pH rale profiles for the hydroxideSO (theoretical and experimentaJ results)So, 

and the [(dpa)Cu(OH2h1+2 calalyzed hydrolysis reactions of NT A. 
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Due to the unusually low pKa of NTA, the [(dpa)Cu(OH2h]+2 catalyzed and 
uncatalyzed (experimental) hydrolysis rates reach a maximum around neutral pH where a 

plateau region forms (Figure 3.6). This ionization effect is more pronounced for the 
(dpa)Cu(OH2h]+2 catalyzed reaction. This will he explained in greater detail in the 
discussion. 

3.2 Metal-Burrer Cooperativity 

Hydrolysis of an Activated Amide with a Poor Leaving Group 

It is weIl known that amides with poor leaving groups May not have the same 
hydrolysis mechanism as that of amides with good leaving groups. This principle is 

examined in Cu(D) complex catalyzed hydrolysis reactions of the acyl-activated amide with 
a poor leaving group,p-methoxytrifluoroacetanilide (MTA), depicted below. 

CH,00 0 

~ACF 
H ' 

MTA 

Figure 3.7 A UV scan displaying the MT A substrate disappearance at 270 nm, and the 
foonation of the product, p-methoxyaniline, 31237 nm (in H20, pH 12). 

1.2 

1 

•• 

1 .1 

.2 

1 



35 

Difficulties in monitoring the reaction at the appropriate wavelength were 

encountered since Cu(n) complexes have significant absorbances between 200 and 350 

nm.S8 ln the presence of 0.3 mM Cu(II) complex, the ide al conditions to monitor a 

hydrolysis reaction are 500c, pH 8, and 270 nm where the hydrolysls reaction is observed 

by measuring the absorbance change due to the decrease in the concentration of substrate 

(ermal = 7414; where Efinal = Esubsuate - Eproduct). The hydrolysis reactions are observed 

with [(dpa)Cu(OH2)21+2 and [(dien)Cu(OH2)]+2 sin ce [(terp)Cu(OH2»)+2 's absorbance, 

at 270 nm, is too large to monitor a hydrolysis reaction. 

The MTA hydrolysis reaction nues are much slower than those of the aryl-activated 

amides with good leaving groups (NTA and MNTA). The Cu(O) complex catalyzed 

hydrolysis reaction of MT A was monitored al 500C and pH 8 where the 

[(dpa)Cu(OH2h]+2 complex is most effective. The pseudo-first order rate constants for 

[(dpa)Cu(OH2h]+2 catalyzed hydrolysis reactions were found with the non-complexing 

buffer NEM al concentrations between 10-50 mM, where high accuracy and reproducibility 

of the results were observed. The effects of the bifunctional buffers, acetate and 

phosphate, were not investigated since they were previously observed to inhibit amide 

hydrolysis reactions by binding ta [(dpa)Cu(OH212]+2 (Table 3.4). 

To investigate metal-buffer cooperativity, the hydrolysis of MTA was followed al 

pH 8 and SOOC with a fixed concentration of [(dpa)Cu(OH2h]+2. Interestingly, Figure 

3.8 shows that the rate of hydrolysis of MT A is more sensitive to the buffer in the 

presence of the metal complex than in its absence. The addition of equal amounts of the 

complex (0.3 mM) to a 10,20, 30,40, and 50 mM NEM solution results in a 1.3, 1.6, 

1.5, 1.7, and a 1.9 fold rate inCTease respectively, over the buffer catalyzed rate. In 

contrast, the monoaqua complex [(dien)Cu(OH2)]+2 does not give any rate enhancement. 

The [(dpa)Cu(OH2h]+2-buffer cooperativity effect is explained in mechanistic 

detail in the discussion. 
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Table 3.8 kobs for the [(dpa)Cu(OH2h]+2 catalyzed hydrolysis of MTA at pH 
8 and 500c. The rate enhancement with respect to the uncatalyzed (buffer) reaction is aIso 

displayed. 

NEM (MC") 
1 

1 A.te 
l:èaDSi ka., k una., enh.ncement 

mM 1 

10 2.7 x 10.5 
3.5 ;. 10.5 1.3 

20 3.0 x 10.5 
~.9 X 10.5 1.6 

30 5.2 x 10.5 
7.7 !' 10.5 1.5 

40 5.5 x 10.5 
9.3 X 10.5 1.7 

50 7.4 x 10.5 1.4 X 10.4 1.9 

Figure 3.8 Plot of kobs vs buffer concentration for the [(dpa)Cu(OH2h]+2 catalyzed, 

and buffer mediated (uncatalyzed), hydrolysis reaction of MT A at pH 8 and 500c. 
1.5 10.4 

• 
.0 '.5 10.5 
o .. 

• 
o k (uncat) 

• k (cat) 

2.0 10.5 .............. _ .... ________ _ 

o 10 20 

conc 
(mM) 

30 40 50 
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3.3 Hydrolysis of Unactivated Amides 

The Cu(n) complex catalyzed hydrolysis of unactivated amides with poor leaving 
groups, N-methylformamide (MFA) and fonnamide (FA), were studied by IH NMR. 

Due to the difficulties associated with monitoring the reaction at lOOOC (high temperature. 
and unusually large water peak in 1 H NMR), detailed mechanistic studies were difficult to 

perlonn. Figure 3.9 depicts the observed changes in signal intensity with respect to time 

for the [(dpa)Cu(OH2h1+2 catalyzed hydrolysis of MF A at l000c. Figure 3.10 displays 
the plot of time vs change in signal intensity for this reaction. 

The pD rate pro mes for the [(dpa)Cu(OH2h]+2 catalyzed hydrolysis reactions of 

MFA and FA are shown in Figure 3.11 and Figure 3.12 respectively. The curves were 

titted using the same equation and curve fitting program used for the activated amides. The 

values for k2, (the rate constant for the hydrolysis reaction catalyzed by the aqua-hydroxy 

Cu(I1) species), and Ka (the first dissociation constant for the Cu(ll) complex) are 

displayed with the respective pD rate profiles. 

The pD rate profiles and the pKa of the [(dpa)Cu(OH2hJ+2 complex (7.3 in D20) 

imply that the active species in the catalyzed hydrolysis reaction is the aqua-hydroxy CuCU) 

complex. [(dpa)Cu(OH2h]+2 gave a significant rate enhancement for the hydrolysis of FA 

whereas [(terp)Cu(OH2h1+2 gave no observable rate enhancement (Table 3.9). 

Table 3.9 The observed reaction rates for the hydroxide and the [(dpa)Cu(OH2h1+2(1O 

mM) catalyzed hydrolysis reactions of FA and MF A (at pD 8.00 and l000c). 

Subltr8t. kOb. (MC") 
Rate 

[(dpI)CU(OHzJzt 2 
hYdroxld. Enhlncem.nt 

Formamlde 1.7 x 10.5 1.0 x 10.7 170 

N-methylformamide 7.3 x 10.6 7.4 x 10.7 99 
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Figure 3.9 [(dpa)Cu(OH)(OH2)]+ (10 mM, pD 8.00 and I{)()oC) catalyzed hydrolysis 

of MFA (10 mM) 31: a) T = 0 hrs; b) T = 40 hrs; c) T = 81 hrs; d) T = 130 hrs. An 
increase in the product's methyl peak ra = 2.58] is followed by adecrease in the substrate's 

a1dehyde and methyl peaks la = 8.08, ô = 2.75]. This is shown with respect to 

teuamethylammonium fluoride ra = 3.18]. 

(d) 

., ................. _.-

(c) 

._.I.--.... ~.~ .. I_I .. _. ~--.... 
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.,..".A ...... _ ..... -.................. .." 
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Table 3.10 [(dpa)Cu(OH2hl+2 (10 mM, lOOOC) catalyzed hydrolysis of MFA (10 
mM) at pD 8.00. 

tlme (hrs) In(A/Ao) 

24.0 -079 

40.0 -1.40 

59.0 -2.00 

81.0 -2.60 

105 -2.90 

Figure 3.10 Time vs ln (A/Ao) of the methyl signal for the [(dpa)Cu(OH2hl+2 

catalyzed hydrolysis of MF A at pD 8.00. 
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Table 3.11 [(dpa)Cu(OH2h]+2 (10 mM, 1000C) catalyzed hydrolysis of 
MF A (10 mM) at varying pD (pD = pH + 0.4)52. 

pD log(k obI) kob. 
(h,.·') (h,.") 

5.90 -1.72 0.0189 

6.50 -1.67 0.0214 

6.95 -1.60 0.0249 

7.50 -1.56 0.0277 

8.00 -1.58 0.0264 

8.50 -1.56 0.02iô 

Figure 3.11 pD rate profile for the [(dpa)Cu(OH2h]+2 catalyzed hydrolysis of MFA. 

For the pD rate prame the calculated values are k2=2.8 xlO-2 sec·l, Ka=2.8 xlo-7. 

-1.5 

-~ 
Q -1.1 
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Table 3.12 [(dpa)Cu(OH2h]+2 (10 mM, lOOOC) catalyzed hydrolysis of FA (10 mM) 

at varying pD. 

pD Iog(k ob. ) kob. 
(hr.·1) (hr.·1

) 

6.00 -1.71 0.0195 

6.50 -1.40 0.0403 

7.00 -1.37 0.0430 

7.50 -1.26 0.0546 

8.00 -1.22 0.0607 

Figure 3.12 pD rate profile for the [(dpa)Cu(OH2hJ+2 catalyzed hydrolysis of FA. 

For the pD rate proflle the calculated values are k2=5.8 xlO-2 sec-l, Ka=5.3 x 10-7. 
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3.4 31p NMR Binding Studies 

Investigating how substrates bind to metal complexes can give valuable insight into 
metal complex catalyzed bydrolysis reaction mechanisms.S4a-d Since the phosphorus center 
of the disodium salt of phenylphosphonic acid closely resembles the tetrahedral 
intennediate formed during amide hydrolysis, it was chosen for binding studies. 

31 P NMR is a valuable tool which helps assign the geometry of the phosphorus 
center in metal-phosphate chelates. Therefore, it is convenient to use 31 P NMR to study 
the interaction between diaqua metal complexes and the disodium salt of phenylphosphonic 

acid. Since Cu(II) is paramagnetic the Co(m) complexes of tren and trpn were used for 

these binding studies. 
The disodium salt of phenylphosphonic acid binds to one equivalent of 

[(trpn)Co(OH2h]+3 in a bidentate fashion (Figure 3.13(a); 40.0 ppm), whereas with one 
equivalent of [(tren)Co(OH2h)+3 several species are observed (Figure 3.13(b); 10.5,23.0, 
24.0, 28.3, 29.2, 32.6 ppm). These peaks are free substr81e (10.5 ppm), the monodentate 
Co(llI) complex [(tren)Co(OHû(ArP03)]+2 (23.0 and 24.0 ppm for the isomers), and 

other non-specifie species. 
Therefore, the disodium salt of phenylphosphonic acid binds completely to 

[(trpn)Co(OH2h]+3 whereas it only binds panially to [(tren)Co(OH2h]+3. 
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Figure 3.13 31 P NMR of the di sodium salt of phenylphosphonic acid with one 

equivalent of a) [(trpn)Co(OHÛ2]+3 b) [(tren)Co(OH2h]+3 (at 50 mM. 25OC. pD 6.5). 

(a) 

(b) 

if i i Iii li 1 i , fi 1 i li i 1 i i il 1 i i l '1 i i i i 1 i i il 
40 311 3D 25 20 lli 10 PPM 



( 

44 

4. Discussion 

4.1 Cu(I1) Complexes 

The paramagnetic, non-spherical CuCU) Metal ion has been intensively investigated 
for ilS unique chemical characteristics and its diverse biological roles.55 CuCU) Metal 
complexes are known to have distinct stereochemistries such as square planar, square 
pyramidal, trigonal bipyramidal, or more commonly, distoned octahedraJ where the 
complex has four shon bonds coplanar with the metal and two weakly bound waler 
molecules in the axial positions. The reactivity of distoned octahedral CuCU) complexes is 
similar to that of low spin d8 square planar complexes. Evidence for this stems from 
Cu(U)' s labile nature where its characteristic rapid ligand exchange is in the order of lOS M­
l sec· l . In addition, observed decreases in the rate of ligand exchange, with increased 
steric bulle of the ligand, indicates that CuCU) complexes have a tendency to undergo 
bimolecular displacement reactions.55 

To detennine the structural requirements of a catalyst capable of hydrolyzing 
amides, the efficiencies of the diaqua complexes [(dpa)Cu(OH2h]+2 (1) and 
[(neo)Cu(OH2hJ+2 (10), were compared to that of the monoaqua complexes 
(dien)Cu(OH2)]+2 (11) and [(terp)Cu(OH2)]+2 (3). 

2 10 11 3 

In solution, these four complexes have square planar geometries. The Cu(ll) diaqua 
complexes (1 and 10) were observed to be effective catalysts for the hydrolysis of both 

activated and unactivated amides. The imponant equilibria in these complexes are the 8Cid 
dissociation equilibria of the coordinated water Molecules. This is displayed in Scheme 
4.1. 



Scheme 4.1 

where 

(H+) [Cu(OH}(OHz)t 

[Cu(OH2)Z)+Z 
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Eq. (1) 

The metal increases the acidity of the coordinated water moleeules. The value of 
pKal (7-8) is in between the pKa value of a fiee water moleeule (15.7) and [hat of a 
hydronium ion (-1.7). pKal is too large to be measured experimentally. The pKa values 
can measure nucleophilicity. For instance, hydroxide ion is a stronger nucleophile than 
Cu-OH which in tum is a stronger nueleophile than w::::~r.55.56 

These complexes can exist in their diaqua, 31 iua-hydroxy, and dihydroxy forms. In 

general cis diaqua Cu(n) complexes can fonn dimers. 

2 (LICu(OH)(OHz)] -====-
H 
o 

(LI)Cu..... )cu (LI) 
'0 ....... 

H 

(2) easily fonns dimers at concentrations greater than 10 mM.57.58 In contrast, 
(10) has two methyl gcoups Orlho to the coordinating nitrogens which increases its sterie 
bullc, and therefore prohibits the fonnation of dimers. The total catalyst concentration 
present in solution is the sum of the different species that the eatalyst can form : 49.57.58 

(LlCuh =[LlCU(OHz)21+2 + [LICu(OH)(OH2)]+ +[LlCu(OH)21 + [LlCu(OH)12 +z 

Eq. (2) 

where [Lieu]r is the total catalyst concentration present in solution and Li is the ligand. 
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Scherne 4.2 shows the three paths by which an amide is hydrolyzed in solution. 
The amide (A) can be hydrolyzed by the diaqua copper complex, the aqua-hydroxy copper 
species. or by a warer molecule. 

Scheme 4.2 
p 

[LlCU(OH)(OHz»)+ • A 
ka p 

HzO • A p 

The rate law for the hydrolysis of the amide is: 

r.'. =(k1 [LICu(OHz)z)+z. kz [LICu(OH)(OH2)t + k3) [S) Eq.3 

where CS] is the concentration of the amide substtate. If we rearrange Eq.l we gel: 

[LICU(OHZ)Z)+~ [H+] [LlCu(OH)(OHz))+ 

KI' Eq.4 

Rearranging Eq.2 and taking into consideration that between pH 6 and 8.5 the 
concentrations of the dihydroxy species and, the concentration of the dimer (at low catalyst 
concentrations 0.1 rnM-lO mM), are insignificant, we get Eq.5:57,58 

The diaqua term in Eq. 5 can he rewritten using Eq. 4 to give Eq. 6: 

[UCulT • [H+] [UCu(OH)(OHz)( [LlCu(OH)(OHz)]+ 

KI' 

Eq.5 

Eq. 6 



Rearranging Eq.6, we get Eq. 7: 

K.1[LlCuJy ------........ - = [LICu(OH)(OHz»+ 
K.1 + [H+] 
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Eq.7 

Between the pH range of interest, the reactions catalyzed by the diaqua Cu(m complex (k 1) 

and the water catalyzed rate (k3) are insignificant. Therefore, substituting Eq. 4 and Eq. 

7 into Eq. 3 (rate) we get Eq. 8: 

.!!!!.. = kz • K., [LlCuJy 

[S] K., + [H+] Eq. 8 

The logarithm of the pseudo first order rate constant, kobs. is shown in Eq. 9 
below. The pH rate profiles for the CuCU) catalyzed hydrolysis of amides (Figures 3.1, 

3.2,3.9, and 3.10) were fit according to this equation. 

Eq.9 
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4.2 Hydrolysis of Activated Amides 
The Cu(ll) eatalyzed hydrolysis reactions of acyl-activated amides with good 

leaving groups and unactivated amides with poor leaving groups were investigated. To 
understand the structural requirements of a catalyst capable of hydrolyzing these amides 
effectively, it is critical to fn understand the mechanism of the uncatalyzed reaction. 

Base Catalyzed Amide Hydrolysis 
Detailed mechanistic studies on the hydrolysis of acyl-aetivated amides were 

performed by Schowen.30-32 Substituted trifluoro-N-methylaeetanilides were the 
substrates studied. Seheme 4.3 displays a simplistie hydrolysis scheme for these amides. 
The electton-withdrawing group (CF3) facilitates hydroxide attack and the tetrahedral 
intermediate (TI, Scheme 4.3) is quickly formed. Depending on the pH, decomposition 

of Tl to products is catalyzed by either a water molecule (kû, or a hydroxide ion (k3), or 

both. 

Scheme 4.3 

• Ott' 

T1 

Using the steady state assumption for Tl, kobs is :3Oc 

k ••• = k, [c.q [:~, •• :. [:':OHI 1 

ka [H10J 

ka [OHJ 

Eq.IO 

p 

At low pH. k.} »> k2 (Tl prefers to reven baek to starting material), and k2> k3. 

Therefore, Eq. 10 reduees to : 

kOb.= J!!.. k2 [OH] 
k.1 
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ü (k} /k.}) = K then: kobl = K k2 [OHJ Eq. Il 

At intennediate pH values k.} > k3[OHJ, and k3[OH] > k2 thus kobs bec ornes second order 
with respect to hydroxide concentration: 

kObl = ~ k3 [OHJ2 = Kk3[OHJ2 

k-1 Eq.12 

At high pH. k3» L} and the tenn in brackets in Eq. 10 approaches unity. kobs reduces 
to: 

ko. = k1 [OH) Eq. 13 

A change in the rate limiting step of the reaction, with a change in pH. implies that 
the reaction is multi-step as opposed to concened.30c.33 At low pH the hydrolysis reaction 
is first order with respect to hydroxide ion (Eq. 11). The rate detennining step is the 

water catalyzed breakdown of TI to products (k2. Scheme 4.3). At intermediate pH, the 
hydrolysis rate law is second order (Eq. 12). The rate detennining step is the hydroxide 
catalyzed breakdown of Tl (kI, Scherne 4.3). At high pH the second step is so fast that 

the tirst step, fonnation of Tl (k3. Scheme 4.3), becomes the rate detennining step. The 
observed rate has become first order with respect to hydroxide concentration 
(Eq.13).30c,33 

To detennine how Tl is convened to products. through CoN bond c1eavage and 
proton transfer steps, it is imponant to study the hydrolysis reaction at low hydroxide 
concentration where the rate limiting step is known to he the breakdown of Tl to products. 
Under these conditions the mechanism for the breakdown of Tl depends on the basicity of 
the leaving group. The pKa of the doubly protonated leaving group delermines the 

mechanism of the hydrolysis reaction.30-32 A large pKa indicates a leaving group capable 

of bearing a positive charge while a srnall pKa indicates a leaving group capable of bearing 
a negative charge.32 For trifluoro-N-rnethylacetanilides with poor leaving groups (electron 

donating groups attached to the anilide ring. pKa > 5. Scheme 4.4A) the rate Iimiting !tlep 

is proton transfer thereby forming a dianion (T2, Scheme 4.4A). C·N bond cleavage, 
which follows, is fast due to the driving force of the two alkoxides (T2).30a.d.33 
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Conversely, for trifluoro-N-methylacetanilides with good leaving groups (electron 
withdrawing groups on the anilide ring, pKa < 5, Scheme 4.48) the lifetime of the C-N 
bond in TI is so shon that it cleaves prior to proton transfer.30-33 Therefore, rate limiting 
C-N bond cleavage is followed by rapid intennolecular proton transfer. 

Scheme 4.4 

0 0 

~ACF.::' 
Ha ) 

OH' 

(A) pK._ 5 

-0:\ CF, 

~ ~ ka 
_ O/'\~Ar-X CoN bond 
~ CH, c ... .,. 

- 0 CFa 

oX.... T 2 U H-H-.. 

H ~a CFa~O~ ~, 

kz ,-

T 1L 0 J H·t,.n.t., 

kz • ... ArX À k3 
C + 

(1) pK.c 5 Ha CF, OH 

It is weil known that proton transfer and C-N bond cleavage are two distinct steps 
in the breakdown mechanism of Tl to products. Scheme 4.5 displays the possible 
transition state structures for the buffer catalyzed breakdown of Tl. If proton transfer 
occurs prior to C-N bond cleavage then, theoretically, two transition states are possible in 
general acid catalyzed breakdown of Tl. Firstly, if proton transfer is not the rate lirniting 

step then 100% proton transfer occurs between BH and the leaving group in the transition 
state (Scheme 4.5C. T3). This implies that the amide is present as a zwitterionic 
intermediate in a transition state where proton transfer is fast and reversible (T3). 

Secondly, if proton transfer is the rate limiting step then only partial proton transfer 
between BH and the leaving group in the transition stale (Scheme 4.5D, T4) occurs. B 

stabilizes this activated complex and the nitrogen carries only a partial positive charge 
(T4)32. BH is a GAC (general acid catalyst) and diffusion apan between B and the fully 

protonated amide becomes the rate limiting step. Electron donating substituents on the ring 

increase the reaction rate by increasing the electron density on the nitrogen, and by 
decreasing the C-N bond distance in Tl thereby decreasing the basicity of the hydroxide in 
Tl. This increases the extent of proton transfer in T4 (T4 is stabilized) and a faster 
reaction rate is observed.30 a·d.32 
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Scheme 4.5 

(C) IH 
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(D) IH Qto. CoN bond cleavage fast 
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Q.J-CF. 
C OH 
HI 
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C OH 
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p 
C OH 
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For the hydrolysis of amides with poor leaving groups (pKa> 5, Scheme 4.4A) 

kinetic solvent isotope effects and the presence of buffer catalysis demonstrated that proton 
transfer is indeed the rate limiting step followed by rapid C-N bond c1eavage. General acid 

(GAC), and general base (GBC) cata1ysis by buffers (8H) can facilitate the breakdown of 
Tl to products. Thus, T4 Scheme 4.5D displays the correct transition state for GAC 
breakdown of Tl for amides with poor leaving groups.30a.d,33 

For the hydrolysis of amides with good leaving groups (pKa < 5, Scheme 4.48), 

where the ftrst step in the breakdown of Tl to products is rate limiting C-N bond c1eavage, 
the nitrogen in the transition state carries a panial negative charge (Scheme 4.5E, T5). 

Electron withdrawing substituents on the anilide ring will decrease the electron density on 

the nitrogen. This results in a lower energy transition state and an increased hydrolysis 

rate. The effect of a catalyst (8H) is minimal because il can only weakly hydrogen bond 

to the nitrogen in the transition state. 
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Cu(lI) Complex Catalyzed Hydrolysis or Activated Amides with Good 
Leaving Groups 

The structures of the two acyl-activated amides with good leaving groups which are 
studied, MNT A (trifluoro-N -methyl-p-nitroacetanilide) and NT A (p-nitrotrifluoroacet­

anilide), are displayed below. 

N~0 0 

V--~ ... 
C 
Ha 

MNTA 

1" 0 

NOI

Q 
.# )l ... 

H 

NTA 

For MNT A and NT A the pKa for the doubly protonated leaving group is 0.5 and 

1.0 respectively.30c These trifluoroacetanilides with good leaving groups have electron 

withdrawing groups in the anilide ring which increases the lability of the CoN bond. Since 

CoN bonti '"reaking is the rate limiting Slep in the hydrolysis of activated amides with good 

leaving groups (pKa < 5, Scheme 4.48), these amides possess higher hydroxide 

hydrolysis rates than those of their non-substituted counterpans. 

CuCU) Complex Catalyzed Hydrolysis or MNTA 

For the hydrolysis of MNT A, between pH 1 and 4, the water catalyzed hydrolysis 

rate is observed (kmo = 2 x 10-7 sec-1).50 Above pH 4 the hydroxide catalyzed hydrolysis 

rate increases linearly with an increase in pH (Figure 3.1, uncatalyzed reaction). 

Diaqua CuCU) complexes (2 and 10) are efficient at catalyzing the hydrolysis of 

MNT A between pH 6.5 and 8.5. The pseudo flfSl order rate constants for the hydrolysis 
of MNTA catalyzed by [(dpa)Cu(OH2h]+2 (2) and [(neo)Cu(OHÛ2]+2 (10), at pH 8.0 
and 25OC, are 7.3 x 10-4 sec-} and 3.4 x 10-4 sec-} respectively (Table 3.1). A 4 and 2 

foid rate enhancement over the uncatalyzed (hydroxide) rate (1.8 x 10-4 sec- l ) is achieved. 

The catalytic turnover time for (2) is about 229 sec (Table 3.5). The hydrolysis of MNTA 

is very sensitive to pH50 and a larger rate enhancernent is observed at pH 7 (Table 3.2) . 
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For (2) catalyzed hydrolysis of MNTA, a 14 fold rate enhancement is observed at pH 7 

whereas only a 4 fold rate enhancement is observed at pH 8. 

Since (10) does not dimerize a linear increase in the amide 's hydrolysis rate is 

observed with an increase in the concentration of (10) (1-5 mM; Table 3.6). The second 

order rate constant for (IO) catalyzed hydrolysis of MNTA is 0.12 sec-1 M-l. 

Detailed mechanistic studies for the hydrolysis of MNT A were performed with 

[(dpa)Cu(OH2h]+2 (2). In the presence and in the absence of (2), al pH 8 and 25OC. the 

addition of non-complexing buffers (NEM, CHES, MES) gave no observable rate 

enhancements. Funhermore, phosphate, TMED, and acetate buffers which are known to 
behave like general acid/general base catalysts, do not increase the (koH = 1.8 x 104 )50 

hydrolysis rate al pH 8 and 250C (Table 3.4). 

For [(dpa}Cu(OH2h]+2 (2) catalyzed hydrolysis of MNTA, between pH 6.5 and 

8.5, kinetic solvent isotope effects (KIE) were less than two (Table 3.3B). pKa 1 of (2) in 

H20 and D20 is 7.2 and 7.3 respectively. This difference in pKal gives a small 

equilibrium isotope effect since Cu-DO is a stronger nucleophile than Cu-OH. This effect 

is minimized above pH 8 since the complex exists mostly in its aqua-hydroxy fonn (in both 

H20 and 020). 

For the hydrolysis of MNTA, the monoaqua complexes [(terp)Cu(OH2)]+2 (3) 

and [(dien)Cu(OH2)]+2 (11) gave no rate enhancements (Table 3.1). The simplest 

mechanisms accounting for the difference in reactivity between the diaqua and monoaqua 

complexes are shown in Scheme 4.6 below. 

Based on the pKa of the copper coordinated water Molecule (pKa= 7.2 for 2; pKa= 

8.0 for 10) and the pH rate prome for the hydrolysis of MNT A catalyzed by (2) (Figure 

3.1, catalyzed reaction) we propose that the aqua-hydroxy species 1S the active form of the 

catalyst. Two mechanisms for (2) catalyzed hydrolysis of MNT A are possible. The rrrst 

mechanism involves intrarnolecular general base catalyzed anack of a wateT molecule to the 

coordinated amide followed by rate determining intrarnolecular general acid catalyzed C-N 

bond cleavage (Scheme 4.6A). The second mechanism involves intrarnolecular metal­

hydroxide anack on the coordicated amide followed by rate determining C-N bond cleavage 

(Scheme 4.68). 

Il is unlikely that the mechanism in Scheme 4.6A is correct since C-N bond 

cleavage of MNTA does not require a prl\ton transfer step.30-32 Funhennore, the kinetic 

isotope effect for (2) catalyzed hydrolysis ot MN TA is insignificant (KIE ::: 1.4 at pH 8.5, 

Table 3.3B). 
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Excepl for the involvement of the CuCU) complex, the mechanism in Scheme 4.68 

is essentially the same as that for the hydrolysis of trifluoroacetanilides with good leaving 

groups (Scheme 4.48; Scheme 4.6C). Between pH 6.8 and 8.5 the Cu-OH is the most 

effective nucleophile since its Ilucleophilieity is higher than that of water, and ilS 

concentration exceeds that of the hydroxide ion.56•57 Scheme 4.68 shows Lewis acid 

activation of the carbonyl oxygen followed by intramolecular metal-hydroxide attack to 
fonn T7. At neutral pH. 1., prefers to reven baek to staning material (pKa of the metal-

54 
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hydroxide is between 10 and 15 whereas that of N-methyl-p-nitroanilide is greater than 

27)S9a.b and the breakdown of T7 is the rate limiting step. Breakdown of T7 occurs by 

rate limiting C-N bond cleavage followed by rapid proton transfer (similar to Scheme 
4.48). 

Metal complexes are known to increase reaction rates by either trapping 
intennediates or by stabilizing (or bypassing) the transition states leading to products. SSc.61 

One way to increase the rate of amide hydrolysis would be to stabilize the tetrahedral 

intennediate (TI, Scheme 4.4) thereby increasing its steady state concentration. Indeed. 

due to the fonnation of 17 diaqua Cu(II) complexes efficiently catalyze the hydrolysis of 
MNTA (Scheme 4.68). 

2 10 

The observed pseudo first order catalyzed rate constant for 5 mM 

[(neo )Cu(OH2hl+2 (10) is comparable to that of 1 mM l(dpa)Cu(OH2h)+2 (1) (Table 3.2 

and 3.6). The difference in catalytic efficiency between (1) and (10) is related to the ease 

of fonnation of T7. (2) can form T7 more effectively than (10) since it has a larger bond 

angle opposite the four-membered ring. This relationship has been previously observed for 
Co(ill) complexes.2S 

In addition, inhibition by acetate and phosphate buffer, at pH 8.0 and 250C (Table 

3.4), demonstrates (2)'s preference for bidentate coordination. The crystal structure for 

(2) boWld to acetate in a four-membered ring has been reponed.63 

Mechanistic kinetic studies of diaqua Cu(lI) complex catalyzed hydrolysls of 

MNTA favors the bifunctional mechanism displayed in Scheme 4.68, C-N bond cleavage 

is the rate limiting step in the breakdown patb of T7. 

Cu(lI) Complex catalyzed Hydrolysis of NT A 

The mechanism for NT A hydrolysis is the same as that for M NT A. However, 

NT A differs from MNT A in that the former has a titratible proton (pKa = 8.2). Scheme 
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4.7 dispJays the ioni7..ation of the amidic nitrogen. The anionic fonn of NT A is resistant to 
hydrolysis. 

Scheme 4.7 
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As in M NT A hydrolysis, the water rate predominates between pH 2 and 4 
(kHlO= 1.2 x 1 O~ sec') ).50 Above pH 4, the rate of hydrolysis of NT A increases with an 

increase in pH but levels off at pH 8.2. The pH dependence of NT A hydrolysis is given 
by: SO 

kCorr = kolt. {1 +~} 
(Hl 

wher. koba = k, [OH] 

where Ka is the acid dissociation constant for NTA. For kt, k.}, k2, and k3 see equation 

10 and Scheme 4.3 in Se,,'tion 4.2. 
1 (dpa)Cu(OH2hl+2 (2) increases the rate of the hydrolysis of NTA between pH 

6.5 and 8.00. (Figure 3.6). Below pH 8 the mechanism for [(dpa)Cu(OH2h1+2 (2) 

catalyzed hydrolysis of NTA and MNTA is the same. However, above pH 8 the C . .vpper 
complex decreases the rate of hydrolysis of NT A. This inhibitory effect is likely due to the 

coordination of the anionic amide nittogen to the copper complex. The inactive forrn of the 

complex, with NT A, is displayed helow. Rate limiting C-N bond c1eavage is not 
facilitated by coordination of the leaving amine to a metal complex since RN-Metal is 

known to he a worse leaving group than RNH.56 

r: )=N~ 0 
HN /C<:;rCFa 

U' Q 
NOz 

Therefore, an effective amide-cleaving diaqua CuCU) complex should not bind to 

the amidic nitrogen of the amide subsmue. 
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4.3 Metal-Buffer Cooperativity 

CuCU) Complex Catalyzed Hydrolysis of an Activated Amide with a Poor 
Leavina Group (MT A) 

It is well known that enzymes facilitate chemical reactions by multifunctional 

catalysis. n'e active site of metallopeptidases such as carboxypeptidase'. thennoJysin. and 

enkaphalinase contains zinc and. acidic and basic functional groups. The cooperative 
interactions between the metal and the acidic and basic functional groups is responsible for 
the enzyme's efficient peptidase activity. 

Interesting enzyme models in which the amide bond is hydroJyzed lhrough 

cooperative interactions between a metal ion and a buffer have been designed and studied. 

However, in the model systems, the amide is permanentJy attached to the rnetal. Sorne 

models also include attached acid/base groups which help catalyze the hydroJyslS reaction. 
Buckingham, Keene, and Sargeson 19 have observed the effecls of phosphate buffer 

in the metal-hydroxide mediated hydrolysis of an amide bond in cis­
[(en)2Co(OH)(glyglyOC3H7»)+ (Scheme 4.8). At pH 7.0 and 0.1 M phosphate buffer, a 

1010 rate enhancement over the uncatalyzed hydrolysis of glycylglycine was observed. 

Scheme 4.8 displays the possible roles of phosphate buffer. 

Scheme 4.8 
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The rate limiting step for the intramolecular reaction in Scheme 4.8 is believed to be 
deprotonation of the melal-hydroxyJ group after ilS attack onlO the carbonyJ carbon. 
Phosphate is believed to facilitate this step. At neutral pH phosphate can aet as either a 
GBC (deprotonating the hydroxyl group) or as a GAC (protonating the leaving amine 
group, Scheme 4.8). 

Inttarnolecular general acid catalysis by a phenol group and intramolecular catalysis 
by a carboxyJ group was altempted in enzyme models proposed by Breslow45 (Scheme 
4.9A) and Groves44 (Scheme 4.9B) respectively. A 50 fold increase in the rale of amide 

hydrolysis due to the phenol in model A was observed whereas a 30 fold increase was 
observed due to the carboxyl in model 8.44•45 

Scheme 4.9 
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Although valuable lessons can be learned from studies involving intrarnolecular 

catalysis, the mechanism for the corresponding intennoiecular calalyzed reaction may be 
different. To investigate metal-buffer cooperativity in a free amide hydrolysis reaction, 

MT A was chosen as the amide substrale. The mechanism for the base hydrolysis of MT A 

differs from that of MNT A and NT A. Since the pKa of the doubly protonated leaving 

group of MT A is greater than 5, it follows the hydrolysis mechanism displayed in Scheme 

4.4A where the rate Iimiting step is proton ttansfer in Tl. Rapid C-N bond cleavage 

follows in T2 ta form products. 

The amidic nitrogen in MTA has a pKa of 9.65.30a-d Unlike NT A, the amidic 

nittogen does not ionize at neutral pH. At pH 8 and 250C the hydrolysis of MT A is much 
slower man that of NTA and MNTA. Since [(dpa)Cu(OHÛ2].j.2 (2) was found to be the 

best catalyst for the hydrolysis of NT A and MNT A, it was chosen for mechanistic studies 
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of CuCU) complex catalyzed hydrolysis of MTA. The hydrolysis reactions were observed 

only with (2) and [(dien)Cu(OH2)]+2 (11) since ({terp)Cu(OH2»)+2 (3),s absorbance. at 

270 nm, is too large to monitor a reaction. 

Interestingly. both hydroxide and (2) catalyzed hydrolysis of MT A are buffer 

catalyzed (Table 3.8). This implies that in both reactions proton transfer IS the rate hmitmg 

step. (2) effectively catalyzes the hydrolysis of MT A whereas the monoaqua complex 

[(dien)Cu(OH2»)+2 gives no observable rate enhancement. In view of our experimental 

results for (2) catalyzed hydrolysis of amides with good leavmg groups. we propose a 

simple mechanism explaining these buffer effects. 

Scheme 4.10 
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Except for the invo)vement of the CuCU) metal the mechanism in Scheme 4.1 OA is 

':-.. identical to that shown in Scheme 4.4A and Scheme 4.108. Similar 10 (2) cata)yzed 
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hydrolysis of NT A and MNT A, Lewis acid activation of the carbonyl carbon is followed 
by metal-hydroxide attack fonning the tetrahedral intennediate T8. Except for the leaving 
group T8 is idcntical to T7 in Scheme 4.68. Rate limiting proton transfer occurs to fonn 

the zwitterionic intermediate T9. Rapid CoN bond cleavage in T9leads to products. 
When cooperativity occurs between a copper complex and a buffer in an amide 

hydrolysis reaction, the overall rate constant is given by: 

kobs = kH10 + kcu [Cu) + ka [B) + ks [B] [Cu] 

or 
kobs = (kB+ ks [Cu] ) [B) + (kH10+ kCu [Cu] ) 

where kH20 is the water mediated hydrolysis rate constant, kCu is the copper complex 
catalyzed rate constant, k8 is the buffer catalyzed rate constant, and ks is the rate constant 
due to the cooperative effect of the buffer and the catalyst. A plot of kobs vs [B J has a slope 

equal to (kB+ ks [Cu] ) and a y intercept equal to (kH20+ kcu [Cu]). If a cooperative 
effect is not present then the slope would be equal to kH, the rate of the buffer catalyzed 
reaction. 

Figure 3.8 displays the plots of kobs vs [B] for both the buffer catalyzed (slope = 
1.2 x 10-3 sec-) M-l) hydrolysis reaction and [(dpa)Cu(OH2h]+2 (2)-buffer catalyzed 

(slope = 2.5 x 10-3 sec- l M-I) hydrolysis of MTA. The difference in slope between the 

two plots clearly indicates that NEM and (2) cooperate in the ... atalyzed hydrolysis of 
MTA. kH = 1.2 x 10-3 sec-) M-I, and ks = 4.5 sec- l M-2. 

The addition of equal amounts of (2) (0.3 mM) to a 10, 20, 30, 40, and 50 mM 

NEM solution results in a 1.3, 1.6, 1.5, 1.7 and a 1.9 fold rate increase respectively, over 
the buffer cataIyzed rate (Table 3.8) for the hydrolysis of MT A at pH 8 and 500c. Other 

than in enzymic systems, such cooperativity between metaI and buffer in free amide 
hydrolysis has not been previously observed. 

At pH 8 the non-complexing buffer, NEM (pKa = 7.67), is present in solution in 

its basic and conjugate acid forms shown below. 
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We propose that NEM (8H.8) acts as either a GBC or a GAC. or both. facilitating 
the rate detennining proton transfer step in Scheme 4.10. The possible roles of NEM are 
shown in Scheme 4.11. 

Scheme 4.11 . 
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Scheme 4.llA shows concened GAC/GBC by two NEM species present in 

solution al pH 8. The anionic tetrahedral intermediate T8 is convened to the zwiuerionic 
intennediate T9 in one step. Scheme 4.11 B shows a stepwise process where NEM first 
deprotonates TS to form an unstable intermediate. NEM then protonates this intennediate 

to fonn the most reactive intermediate T9. Scheme 4.11 C displays the possible 

panicipations of an externat water molecule in a stepwise or concened reaction. NEM is 

shown as a GBC/GAC, deprotonating or prolonating an extemaJ waler molecule. 
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4.4 Hydrolysis or Unactivated Amides 

Few true catalysts exist which are efficient at c1eaving unactivated amides.46a This 

has been panly due to the stability of the amide bond, and ta the lack of a sensitive assay 

capable of detectmg small increases in the rate of amide hydrolysis.28 Recently. the pseudo 

first order rate constant for the hydrolysis of a tripeptide, at neutral pH and room 

temperature, was measured to he 3 x 10-9 sec- l • This corresponds to a half-life of about 

seven years.28 Since peptide substrates have a tendency to auto-hydrolyse and cyclize, the 

Cu(lI) compiex catalyzed hydrolysis of the simple unactivated amides, formamide (FA) 

and N-methylformamide (MFA), were studied. FA and MFA were chosen hecause of 

their lack ofreactivity (1<oH for FA is 3.1 x 10-8 at lOOOC, and 1<oH for MFA is 1.5 x 10-9 

at 44oC) 53 , and for their availability. The study of simple metal complex catalyzed 

reactions of unactivated amides can give valuable information on the mechanlsm of actIon 

of peptide cleaving protems, and on the princip les of catalysis. 

[(dpa)Cu(OH2hJ+2 (2), which was found to be effective in catalyzing the 

hydrolysis of activated amides, gives large rate enhancements for the hydrolysis of FA. 

The fust order rate constants, at 1 ()()OC, for (2) catalyzed hydrolysis of FA and MF A are 

1.7 x 10-5 sec-) and 7.3 x 10-6 sec-) respectively. This corresponds to a rate enhancement 

of 170 and 99 respectively over the hydroxide rate at pH 8 and l000c (Table 3.9). 

Similar to the catalyzed hydrolysis of activated amides, the diaqua complex 

[(dpa)Cu(OH2h]+2 (2) was found ta be more efficient than the monoaqua complex 
(terp)Cu(OH2»)+2 (3). 

For the unactivated amides the simplest mechanism that could account for the 

difference in reactivity between the two complexes is displayed in Scheme 4.12 below, 

where R = H, CH3. The pD rate profiles (Figure 3.11 and 3.12) and the pKa of the 

complex (7.3 in 020) indicate that the reactive fonn of the catalyst is the aqua-hydroxy 

species. 

Scheme 4.12 
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Except for the involvement of the metal the mechanisrn in Scherne ".12 is identical 

to that shawn in Scherne 4.4A, for the hydrolysis of acyl-activated amides with po or 

leaving groups (pKa> 5). The pKa for the leaving groups of FA and MF A are 9.2 

(N'}4+) and 10.6 (CH3NH3+) respectively.59a.64 One way to accelerate the reaction would 

he to stabilize T2 (Scherne 4.4A) thereby increasing its steady state concentratlon. This is 

achieved by the formation of TI0. 

For the hydroxide catalyzed hydrolysis of acyl-activated amides with poor leaving 
groups (pKa > 5) proton-transfer is the rate limiting step.30a-d.31.32 In Scheme 4.12 TI 0 

revens back to staning rnaterials (k_] > k2), therefore breakdown of TIO to produets is the 

rate detennining step (pKa of the allacking rnetal-hydroxide is between 10 and 15 whereas 

for ammoDia it is about 35).64 Cu(m catalyzed hydrolysis of unacttvated amides with poor 
leaving groups has a mechanism similar to that shown in Seherne 4.8A and Sc he me 4.88 

where proton ttansfer is the rate limiting step, followed by rapid CoN bond cleavage. 

Recently, Guthrie30e has proposed similar tetrahedral intermediates for the base 

catalyzed hydrolysis of the teniary amide N,N,-dirnethyl-p-toluamide. at 100°C. A 

stepwise reaction rnechanism is proposed where rate limtting hydroxide attack produces an 
anionic intennediate TU. Oxygen labelling experirnents and KIE studies have shown that 

warer mediated proton switch in TI2 gives an anionie zwitterion TI3. lhis IS followed by 

C-N bond cleavage.3Oe This is shown in Scherne 4.13 below. 

Scheme 4.13 
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Til and T13 have shon lifetimes since they are intereonverted by proton 

transfers. TIl is the therrnodynamically preferred form of the tetrahedral intermediate. 

The lifetime of the C-N bond in T12 has been estimated to be between 2 x 1 (}-I) ~ec and 2 

x lO-8 sec whereas for Tl3 the estimated C-N bond' s lifetime is 3 x lü-Il sec. 30c 

In theory the metal ion can catalyze the hydrolysis of amIdes through two kineticaIJy 

indistinguishable rnechanisms. The fust is the Lewis acid mechanism mvolvmg dIrect 

substtate activation (Scherne 4.14A). Following nucleophilic attack, the tetrahedral 

intennediate fonne<! has a coordinated metal to the alkoxide. This diminishes the basicny 

of the alkoxide oxygen, without greatly decreasing its nucleophilicity, and thlS facditates 

expulsion of the leaving group. 56 This Lewis acid activation rneehanism ean therefore 
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increase the rate of hydrolysis. The second mechanism is the metal-hydroxide mechanism 
involving water activation (Scheme 4.148). Thirdly, we have proposed a combination of 
the Lewis acid and the metal-hydroxide mechanisms (Scheme 4.14C). The structural 

requirements of a catalyst obeying mechanism C have been elucidated by comparing the 
catalytic efficiencies of [(dpa)Cu(OH2h]+2 (2) and [(terp)Cu(OH2)]+2 (3) in the 
hydrolysis of activated and unactivated amides. 

Scheme 4.14 
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If mechanism A or B is more efficient than C then (2) and (3) should have 

comparable reactiviries for hydrolyzing amides. However, (2) has been shown to be over 

two orders of magnitude more efficient than (3) in the hydrolysis of bath activated and 

unactivated amides (Table 3.1 and 3.11). This düference in reactivity cannat he due to any 
stene effeets for (3) sin ce it is slightly more reactive than (2) in hydrolyzing p­

nitrophenylacelate.23,58 ln addition, il is unlikely that an electrotlic effect is present since 

the difference in the acidity of the warer molecules coordinated to the met al ion, between 
(2) and (3), is less than one order of magnitude (pKa values are 7.2 for (2) and 8.0 for 

(3». If we examine the difference in pKa values il is evident that (2) is a sU'onger Lewis 
acid than (3). Using the BrOnsted relationship 10gkcat=-apKacat and 10gkeRt=­
PpKacal,65 if mechanism A is correct then (2) should be more reactive than (3) by 
toa(PKa2-pKal). Where pis the BrOnsted coefficient and the difference in pKa of (2) and 

(3) is 0.8 (8.0-7.2). (2) can be no more than 100.8 times as reactive as (3) since the 
theoretieal maximum of a is 1.0. 

Similarly if mechanism 8 is correct, the metal-hydroxide of (3) should be more 
reaclive than the metal-hydroxide of (2) by 1O~(pKa2-pKal). Where p is the BrOnsted 

coefficient and the pKa differenee is 0.8. (3) can be no more than }()O.8 times as reactive 
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as (2) since the theoretical maximum of ~ is 1.0. Il is lherefore unlikely lhat electronic 

effects are significant. 

In the hydrolysis of activated amides and unactivated amides. the efficiency of the 

bifunctional catalyst, (2), has been related to its unique ability to increase the steady state 

concentration of the tetrahedral intermediates Tl and T2 by forming a stable four 

membered ring (Scheme 4.6 T7; Scheme 4.10 T8 and T9. Scheme 4.12 TI0 and T11). 

The dpa ligand binds Cu(I1) more tightly (K= 1.15 x 108 mol-) dm3) lhan il binds 

H+ (K= 1.28 x 107 mol- l dm3)66. This implies that the Metal ion does not dissociate from 

the ligand over a wide pH range (including the pKa range). The ligand allows easy 

formation of the four membered ring formed during amide hydrolysis. Furthennore. the 

dpa catalyst does not bind to the amide nitrogen (production of free amine was observed; 

figure 3.9) and intramolecular metal-hydroxide anack occurs readily. \(dpa)Cu(OH2)21+2 

(2) is therefore an effective amide-cleaving diaqua complex. 
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4.5 Jlp NMR and Transition State Analogues 
The efficient hydrolysis of activated and unactivated amides by diaqua Cu(II) 

complexes has been shown to be related to the diaqua complex 's unique ability to stabilize 
the reactive tetrahedral intennediate by fonning a four-membered ring (Scheme 4.6 T7, 

Scheme 4.10 TB, T9 and Scheme 4.12 TIO, Til). In addition, a structure-reactivity 

relationship was demonstrated by C'omparing the catalytic abilities of the diaqua complexes, 
((dpa)Cu(OH2hJ+2 (2) and [(neo)Cu(OHÛJ+2 (10). 

We propose that since the disodium salt of phenylphosphonic acid resembles the 

tetrahedral intermediate fonned during Cu(D) complex catalyzed amide hydrolysis studies. 

it should easily form the four-membered ring intemtediate with the diaqua Cu(II) 

complexes (T14). 
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Due to Cu(ll)'s paramagnetic nature these observations were investigated through 

simple NMR binding studies using Co(ll) complexes (tren and trpn). The disodium salt 

of phenylphosphonic acid is a suitable substrate because it mimics the tetrahedral 

intennediate fonned during amide hydrolysis, and its coordination geometry is easily 

detectable using 31 P NMR. 31 P NMR signaIs of phosphates are known to shift 

progressively downfield with an increase in the number of Co(Ill) phosphate-oxygen 

bonds formed. 54 
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[(trpn)Co(OH2h1+3 was observed to pre fer bidentate coordination with the 

substrate (Figure 3.13(a); 40 ppm; [(trpn)Co(ArP03)]+ (12» while [(tren)Co(OH2hl+3 

preferred monodentate coordination with the substrate ([(tren)Co(ArP03)(OH2»)+2 (13». 

13 

31 P NMR of one equivalent of the substrate (disodium salt of phenylphosphonic 

acid) with [(tren)Co(OHÛ21+3 revealed the presence offree substrate (Figure 3.13(b); 10.4 

ppm), structure 13 (Figure 3.13; 23.0 and 24.0 ppm where one isomer has the 

phosphorus centre opposite the teniary nitrogen and the other has the phosphorus centre 

opposite the primary nitrogen), and small amounts of other structures. 

It is weil known that [(trpn)Co(OH2h]+3 fonns four membered nngs more easily 

than [(tren)Co(OH2h]+3 because of the trpn ligand. Free phenylphosphonate is observed 

in Figure 3.13(b) whereas none is seen in Figure 3. 13(a). This is because bidentate 

coordination in 12 allows ughter binding of the phosphonate. Similarly, (2) may fonn a 

more stable four-membered ring complex than (10), therefore making (2) a more efficient 

amide-cleaving catalyst. 
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The binding forces between an enzyme and its complementary substrate are used to 

deform the substrate ioto an activated complex for which the enzyme has the greatest 
binding affmity. Depending on the stability of this interaction the activated complex can 
reven back 10 staning material, or il can be broken down to products. Since the enzyme 
specificity is oriented towards the activated complex, the activation energy for the reaction 
decreases and a (aster reaction proceeds.67 Because of this, enzyme inhibitors have been 

designed to mimic the highest energy transition swe structure for the reaction catalyzed by 
the enzyme. Binding studies of transition state analogues, with modified chemical 
propenies, have been used to identify amine acid siàe chains responsible for catalysis 

withio the enzyme's active site.68-71 Phosphorus transition state analogues which have 
successfully inhibited the hydrolysis activity of the peptidase pepsin are shown below.68 

The tetrahedral intennediate center, the carbon ketone hydrate, has been imitated by 

phosphorus. We propose that since the disodium saJt ofphenylphosphonic acid resembles 
the structures depicted below, it is a potential transition stale analogue for peptidc:-cleaving 

enzymes. 

X. Y.OPh 
x. Y .. QMe 

X.OMe, Y.OH 
X.OMe, Y.CI 
X. OMa, Y.SPh 
x. 0Ma, v. CH2C~ - t- Bu 

Recently, Schultz, Lemer, and Benkovic have induced the production of cellular 

monoclonal catalytic antibodies using transition state analogues as haptens.72 The theory 
which led to this development was derived from the observation that enzymes selectively 

bind to the transition state, whereas antibodies selectively bind to the substrate in the 
ground stat.:.33•72 Therefore, extending the transition state theory by using various 
transition state analol!ues as haptens, antibodies have been generated with catalytic 

characteristics simiJar ta biological molecules such as restriction enzymes, glycosidases, 

stereospecifîc esterases, DNA photolyase, and selective peplidases. These catalytic 
anlibodies are also called abzymes.72 
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Monoclonal antibodies capable of hydrolyzing a p-nitroanilide peptide subsuate 

(14), with a 250 000 fold rate enhancement over the background raie, were generalcd 

using phosphoamidate transition state analogues (TSA1, TSA2) as haptens. Enzyme-like 

inhibition of the catalytic antibody was also observed in the presence of excess haplen (m· 

and p-nitroanilide). 

1:Jt0 ~ H" O· ON..........-A 
NO.-( ) ~p __ 1 # 0 

o "H~OH O
N 

NOr{ ) ~I # 0 0 

The transition state stabilization energy (equivalem to the differenlial binding energy 

between TSA2. which mimics the zwitterionic tetrahedral intermediate formed during 

amide hydrolysis, and 14) could not fully account for the large observed rate 

enhancements. Additional catalytic functional groups such as acid/base residues and 

ground state destabilization are believed 10 he involved. Haplen structures capable of 

inducing catalytic side chains il' an antibody binding site have also been observed.72 

Sequence specific peptide cleavage catalyzed byan antibody has been mduced with 

the Co(llI) triethylenetetramine (trien) peptide hapten (15).72 
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o 

The antibodies produced were observed to bind peptides with the trien complexes 

of Zn(II); Ga(ll), Fe(ll), 1n(IU), CuCU), Ni(D), Lu(III), Mg(II), or Mn(II) as cofactors. 

Interestingly, binding of either inert or labile metals selectively catalyzed the cleavage of the 



.:. 
\ 

70 

G1y-Phe amide bond at pH 6.5. The metaJ complex is believed to facilitate amide 

hydrolysis by binding and polarizing the carbonyl group (Lewis acid activation), or by 

promoting the nucleophilic altack of a metaI-hydroxide species. or by a combination of the 

two. Either pathway would lead to a metal-bound tetrahedral intennediate prior to product 

fonnation.72 

Although IS induces the antibody to have a binding pocket complementary to a 

metal-complex cofactor which binds a peptide in a stereospecific manner, it does not imitate 

the metaJ-tetrahedrai intennediate, and therefore is Dot a bUe transition state analogue. A 

potential hapten which may generare catalytic antibodies with a binding site complementary 

to the transition stare of a metal-catalyzed amide hydrolysis reaction is compound 12. 

We propose that .,ince 12 closely resembles the tetrahedral intermediates formed 

during CuCU) complex cataJyzed amide hydrolysis (T7, T8, T9, TI0, Til), it should be 

considered a potential hapten for the production of catalytic metalloantibodies with 

'ptidase activity. 
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An Enzyme Model: Carboxypeptidase A 

Detailed mechanistic studies of metal-complex systems have enlightened the 

chemist' s understanding of the mode of action of metalloenzymes. 

Bovine carboxypeptidase A 73 is a Zn containing exopeptidase of molecular weight 

34472 daltons. Its optimum actlvity occurs around neutral pH. The residues responsible 

for binding and catalysis are Glu-270. Arg-71, Arg-127, Asn-l44, Arg-145, Tyr-248, 7.J1 

bound to a smgle polypeptide chain, and a 7.J1-0H2 molecule Bmdmg studies have 

indicated that Tyr-248 endures a large confonnattonal change when the substrate binds to 

the active site. Several model studies have emerged to detennine the catalyuc mechanism 

of this enzyme which efficiently cleaves peptides (kcal = 102 sec- l ) and esters <kcal = 101 

sec-1).73 

A Lewis acid mechanism for the Zn rnetal was proposed through the study of a 
Co(llI) model with a coordinated glycine amide fixed In place (Scherne 4.1 ~). 45 To 

determine the roles of Tyr-248 and Glu-270. the catalytic effects of:.t phenol (Scheme 4.15: 

16-18) and a carboxylate (19-21) functional group were examined. 

Scheme 4.15 

OR 

16. A = H, A' = CO2 H 11. A = C02H 

17. A = A' = H 20. A = C02 CH3 

18. A = CH3 ,A' = H 21. P = H 

The carboxylate gave no addition al rate enhancement however, when a protonated 

phenol was present, between pH 7.5 and 9, a 100 fold increase in the hydrolysis rate was 

observed (Scheme 4.15, 17). The phenol is believed to function as a GAC protonating the 

nitrogen in the rate limiting breakdown of the tetrahedral intennediate. 
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At neutral pH, the bifunctionaJ buffer phosphate (H2P04"/HP04"2) catalyzed the 

hydrolysis of 16, 17 and 18, while at 500C, acetale buffer catalyzed the hydrolysis of 17 

and 18. The buffers are believed to act in a bifunctionaJ manner catalyzing the breakdown 

of the tetrahedral intermediate. Scheme 4.16 displays the phosphate and acetate buffers 

acting as a GACIGBC in the breakdown of the tetrahedral intermediate. 

Scheme 4.16 

When site-directed mutagenesis revealed the non-calalytic role of Tyr-248, effons 

diverged towards determining the catalytic role of Glu-270.45 Glu-270 can function as a 

nucleophile or a general base (Scheme 4.17 A and B respectively). 

Schemt 4.17 
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The mechanism in Scheme 4.17 A is unlikely since TjT-248 is not involved in 

catalysis. The preferred mechanism for Carboxypeptidase A, Scheme 4.17B, shows 
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Lewis acid activation of the carbonyl with O1u-270 acting as a GBC promoting the anack of 

an extemal warer Molecule. The protonated OIu-270 then acts as a bifunctional catalyst. 

The breakdown of the tetrahedral intennediate is facilitated as Glu-270 protonates the 

leaving amine group (GAC) and stabilizes the hydroxide group. 

A Zn-OH mechanism for Carboxypeptidase A was proposed with a coordinated 

lactam Co(lII) complex (Scheme 4.18; 22 and 23).44 The boat configuration of the 

azalactam properly positions the anacking metal-hydroxide (L-Co-OH) and metal-water 

species (L-Co-OH2). First order kinetic results, and a hydrolysis rate faster than the rdte of 

ligand exchange, proved that the hydrolysis reaction was intrarnolecular. 

Scheme 4.18 

22 23 

The mechanism for the hydrolysis reaction catalyzed by the L-Co-OH2 species, at 

acidic and neutral pH, is displayed in Scheme 4.19. The rate limiting step is believed to he 

the formation of the tetrahedral intennediate, followed by rapid proton transfer and CoN 

bond cleavage (in a step-wise or concened fashion).44 

Scheme 4.19 

H 
., 0 .~ H O· 

~o..OH2 ~ co.._ •• o~ 
i \.:.., NH proton transfer j NH. proton 

\""'-/ - \"'" I~ 
transter 

., 0 
FO'·· .. O~ 
: NH • 

t"" /:J 



1" 
1 

74 

For the L-Co-OH catalyzed hydrolysis reaction the mechanism is displayed in 
Scheme 4.20 below. lntramolecular Co-OH anack fonns TA. ln path A, proton transfer 

in TA fonns TB. This is followed by GAC and OBC to form TD and TE respectively. ln 

path B, GBC in TA fonns TC. GAC follows to fonn TE. TE is convened to products 

by rapid C-N bond cleavage. 

Buffer catalysis was observed around neutrality where the breakdown of the 
tetrahedral intennediate is rate limiting. The reaction nue was observed to increase with the 

(lddition of phosphate buffer. For example, at pH 6.78 the reaction is 20 fold faster in the 

presence of phosphate (0.2 M). This was interpreted as a buffer assisted breakdown of the 

tetrahedral intermediate TAin a concened process. 

The rate enhancements for the Co(ill) promoted hydrolysis of 22 and 23 at pH 7, 

and 25OC, are 1.7 X 107 and 5.3 x 108 respectively. The carboxylate in 2~ is responsible 

for a 30 foid rate increase in the rate constant of the Co-OH promoted amide hydrolysis 

reaction. A correctly positioned pendant carboxylate is believed to facilitale the rate limiting 

breakdown of the tetrahedral intermediate by proton transfer in TA, thus forming 1 F.. 

Glu-270 in Carboxypeptidase A is proposed to behave as a GBC/GAC, similar to this 

carboxylate (23). 

Scheme 4.20 
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The production of free amine revealed that during the hydrolysis reaction the 

amidic nitrogen is never coordinated to the metal. Funhermore, stereoelectronic 

arguments. stating that the cie av age of a carbon-oxygen or a carbon-nitrogen bond is 
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facilitated only when the two heteroatoms of the tetrahedral intennediate each have a lone 
pair of elecuons (or exchangeable protons) oriented antiperiplanar to the depaning O-alkyl 

or N-alkyl group. were used to explain these results. These factors have proven to be 

important in the understanding of metal-calalyzed amide hydrolysis reactions. 

Christianson and Lipscomb have reponed an X-ray structure of an inhibitor bound 
substrate to carboxypeptidase A (CPA).73 Scheme 4.21 displays the t:~'drated ketone 

coordinated in a bidentate fashion to the active site zinc of CPA, where (.l'le of the gem-diol 

oxygens is hydrogen bonded to Glu-270 and the other is hydrogen bonded ID Arg-I27. ln 

light of our experimental results for Cu(ll) complex catalyzed hydrolysis of amides, the 

bifunctional mechanism we propose can also ~ 'Ised to explain the catalytic activity of 

CPA. Indeed, Lewis acid activation of the carbonyl carbon, followed by intramolecular 

Zn-OH anack forms the tetrahedral intennediate (analogous to the hydrated ketone enzyme 

inhibitor in Scheme 4.21 below). Since in Cu(II) calalyzed hydrolysis of MTA (Section 

4.3) the rate limiting proton transfer step was found to be facilitatt:rI hy buffer catalysis 

(cooperative effect) we propose that in CPA Glu-270 acts as a GBC/GAC removing the 

proton from the metal-hydroxide and protonating the amine leaving group in the anionic 

tetrahedral intennediate. This may occur in a concened or stepwise fashion (Scherne 4.21 ). 

Scheme 4.21 
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4.7 Future Plans 

For the farst time a metal-buffer cooperative effect is observed in free amide 

hydrolysis. The complex [(dpa)Cu(OH2hJ+2 is an effective amide-cleaving catalyst which 

cooperates with NEM buffer in the hydrolysis of an acyl-activated amide with a poor 
leaving group (Le. MT A). 

Since greater rates of intramolecular reactions compared to the corresponding 

intennolecular reactions have been observed33•40, an interesting future plan is to study the 

effects of anaching non-complexing acid/base functional groups, such as NEM. either to 
the amide substrale to he cleaved by a cis-diaqua metal complex (i.e. [(dpa)Cu(OHÛ2]+2), 
or, ta the cis-diaqua metal complex catalyzing the hydrolysis of the amide substrate. The 

intramolecular metal-buffer cooperativity effect can increase the catalyzed hydrolysis 

reaction rates of a free amide with a poor leaving group (Le. MTA). Ultimately, through 
the study of these simple metaUocomplexes, cleavage of peptides and proteins may be 

achieved. 
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Contributions to Knowledge 

The study of simple transition metal-complex systems contributes 10 the 
understanding of the mechanisms of hydrolysis reactions. the princip les of catalysis. and to 

the role of the metal ion in the active site of metalloproteins. 

1. The structural requirements of a Cu(ll) catalyst capable of catalyzing the hydrolysis 

of activated amides with catalytic tumover has been elucidated through detailed mechanistic 

studies. The diaqua Cu(II) complex [(dpa)Cu(OH2hJ+2, was observed to be a more 

efficient catalyst than the monoaqua Cu(I1) complexes [(terp)Cu(OH2)1+2 and 

[(dien)Cu(OH2)]+2, in the hydrolysis of activated and unactivated amides. 

2. A cooperative effect has been observed between [(dpa)Cu(OH2hJ+2 and NEM 

buffer in the caralyzed hydrolysis of an activated amide with a po or leavmg group. Other 

than in enzymic systems. such a metal-buffer cooperarivity in free amide hydrolysis has not 

been previously detected. 

3. A bifunctional mechanism for the [(dpa)Cu(OH2h]+2 catalyzed hydrolysis of both 

activated and unactivated amides has been proposed. A Lewis acid activation of the 

carbonyl carbon, followed by metal-hydr\>xide intramolecular attack forms the tetrahedral 

intennediate. The relative rate enhancement has been related to the complex's ability to 

stabilize the tetrahedral intermediate through the formation of a key four-membered ring. 

For the hydrolysis of amides with good leaving groups C-N bond cleavage is the rate 

limiting step, whereas for amides with poor leaving groups proton transfer is the rate 

limiting step. 

4. These Cu(m complex catalyzed amide hydrolysis studies have been related to 

simple metalloprotein systems. Firstly, a potential hapten capable of generating catalytic 

metalloanitbodies with peptidase activity bas been proposed with the belp of 31 P NMR 

binding studies of a transition state analogue. Secondly, the metal ion in the peptidase, 

CPA, was assigned a role similar to that l,f the Cu(ll) metal ion in [(dpa)Cu(OH2h!+2. 
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As a resuh of my Masters study 1 have contributed to the following papers: 

1ft Chin, Vrej Jubian. and Karen Mrejen. 
"Catalytic Hydrolysis of Amides at Neutral pH." 
Journal of the Chemical Society: Chemical Communications, 1990, 1326-1328. 

Jik Chin, Mariusz Banaszczyk, Vrej Jubian, Jung-Hee Kim, and Karen Mrejen. 
8ioorganic Chemistry Frontiers (ed), Artificial Hydrolytic Metalloenzymes. 
Springer-Verlag: New York, 1990. 

Jft Chin and Karen Mrejen. 
"Metal-Buffer Cooperativity in Free Amide Hydrolysis" 
To be submined for publication . 
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