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ABSTRACT

The efficiencies of several Cu(ll) complexes n promoting the hydrolysis of
bis(2,4-dinitrophenyl) phosphate (BDNPP) have been compared Copper complexes of
the type [(L)Cu(OH» )22+, where L represents a identate diamine hgand, can be eftective
in promoting the hydrolysis of BDNPP  Furthermore, the activity of the Cu(ll) complex 1s
sensitive to the ligand structure. The structure-reactvity relationship has been explamed in
terms of a detailed mechanism of the reaction

The complex [Cu(2,2'-dipyndylamine)(OH2)2]2+ efficiently catalyzes the
hydrolysis of carboxylic esters (4-nitrophenyl acetate, methyl tntfluoroacetate, and methyl
acetate). Methyl acetate, when bound to the copper complex. 1s hydrolyzed at a rate that s
comparable to the k¢q values for chymotrypsin catalyzed hydrolyses ot esters. The
hydrolysis of N,N-dimethylformamude by [Cu(2,2"-dipyndylamine)(OH))2]2* at neutral
pH, 100 °©C, proceeds at least two hundred times faster than that by [Cu(2,2'.6'2"-
terpyndine)(OHy)]2+. A detailed mechanism of the reaction has been given to explain the
structural requirements of a metal catalyst necessary for hydrolyzing esters and armides, and
amechanism for Carboxypeptidase A catalyzed hydrolysis of peptides has been proposed




Résumé

L' efficacité de plusieurs complexes de Cu(1l) pour la promotion de 1'bydrolyse du
bis(2,4-dinitrophényle) phosphate (BDNPP) a éié comparée  Les complexes cuivriques du
type [(1)Cu(OH2)p]2*, ot L représente un hgand hidentate dieming, peuvent étre des
promotenrs efficaces de 'hydrolyse du BDNPP - De plus, Factivité du complexe Cu(ll) est
dépendante de la structure du hgand - La relanon entre la structure et la réactivité peut €tre
expliquée a partir du méchanisme détaillé de la réaction

Le complexe [Cu(2.2-dipyridylamine)(OH2)2]2+ est un catalyseur efficace de
Fhydrolyse des esters carboxyliques (acétate de 4-nitrophényle, trifluoi sacétate de méthyle,
acétate de méthyle) [acétate de méthyle en présence du complexe ost hydrolysé & une
vitesse comparable aux valews du kear pour F'hydrolyse d'esters par 1a Chymotrypsine.
L'hydrolyse du DML par le {Cu(2,2-cipyndylamine XOH2)212+ & pH n-utre et  1009C,
procede au moins deux cent tois plus rapidement qu'en présence du [Cu(2,26',2"-
terpyridine XOFH9) 2+, Un méchanmieme détaillé de a réaction est déent puur exphquer les
contraintes structurales dans un complexe pour quil sort un catalyseur efficace de
Fhydrolyse d'esters et d'amides.  Un méchamsme de Thydrolyse de pepudes par la
Carboxypeptidase A est proposé.
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STRUCTURES OF LIGANDS
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1. INTRODUCTION
1.1 THE BIOLOGY OF PHOSPHATE ESTERS

Phosphate esters play a very important role in biological systems. The polymeric
molecule that tunctions to both store and pass on genetic infc .,nation 1s deoxyribonucleic
acid (DNA) The related polymer. ribonucleic acid (RNA) helps 1n the passage of this
genetic information. Both DNA and RNA are diesters of phosphonc acid. Yne molecules
of heredity are not the only phosphate esters which serve an important role in the chemistry
ot life processes. Phosphate esters are ubiwquitous n biochemistry

Most of the coenzymes are esters of phosphoric or pyrophosphonic acid. For
example, pyndoxal-5 -phosphate 1s the coenzyme form of vitamin Bg and has the structure
shown in figure 1.1. It1s nvolved 1n a variety of reactions in the metabolism of a-amino
acids including transaminations, a-decarboxylations, racemizations, o,-eliminations,
aldolizations and the -decarboxylation of aspartic acid.

o._ M
o
OH
1
—_— AN
o]
P
N7 CH,
H

Figure 1.1. Pyndoxal-5'-phosphate.

Phospholipids are another important class of biologically important phosphate
esters. They are the major structural hpids of all biological membranes in eukaryotic and
prokaryotic cells. The phosphoglycerides are the most abundant structural group in this
lipid class. All the phosphoglycendes have a glycerol-3-phosphate backbone. The
hydroxyls are usually acylated wath fatty acids. The phosphoglycendes are classified
according to the substituent X on the phosphate group (fig. 1.2). If X 1s a hydrogen, the
compound 18 phosphotidic acid. If X is choline, the lipid 1s called phosphaudylcholine (or
more commonly referred to as lecithin) and 1s the most abundant phospholipid 1n animal
tissues. Phospholipids can be thought of as phosphate monoesters or phosphodiesters.

Cyclic nucleoudes, 3. 5'-cyclic guanosine monophosphate (cGMP) and 3. 5-cyclic
adenosine monophosphate (cAMP) function to regulate cell-to-cell communication
processes (fig. 1.3). In general, there are primanly three pathways to follow for cellular




communicaton. The first involves the transmission of electnical impulses via the nervous
system. The second involves chemical messengers or hormonal secretions, and the third
involves de novo protein synthesis  All three pmcessés are usually in response to some
demand or stimulus and involve, to some extent, regulation by cychc nucleotides

o
0 BASE
0- o]
o CH,0-—C-—R,
N | o\/
2C6-0—CH _ZP
} o = A
CH,0—P-OX o OH
o

d =
Phosphatidc acd, - X =H Base = adenine or guanine

Phosphatidylcholine, X = CHzCHaN(CHg)

Figure 1.2 Examples of phospholipids Figure 1.3 cAMP and cGMP

Many en/ymes are regulated by phosphorylation or dephosphorylation.

Many metabolites are phosphate monoesters which are essential intermediates in
biochemical synthesis and degradations. Phosphoenolpyruvate, an enol ester of
phosphoric acid, is an intermediate 1n the glycolytic pathway It 15 a principal reservorr of
biochemical energy along with adenosine tnphosphate (ATP, an anhydnde of phosphoric
acid) and creatine phosphate (an armde of phosphorc acid).

The variety of phosphate esters present in nature 1s a clear indication of its
importance. Nature has evolved to develop highly specialized enzymes that hydrolyze or
form esters of phosphonc acid The significance of these esters in biological processes has
lead many researchers to study the hydrolysis of phosphate esters

1.2 ARTIFICIAL RESTRICTION ENZYMES

DNA strand cleavage reactions are of considerable interest both in understanding
the ubiquitous phosphate ester hydrolysis reactions carned out in nature and in designing
new artificial restriction enzymes.

Tt
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1.2.1 The Need for an Artificial Restriction Enzyme

Over the past decade, much progress has been made 1n designing artificial
restriction enzymes. 13 The advantage of an artificial restriction enzyme over the natural
enzyme is that one would be able to cleave DNA at any desired nucleoude sequence. This
cannot be done with natural restriction endonucleases. The natural ensymes recognize and
bind to certain sequences in DNA ranging trom four to eight base pairs in length and then
hydrolyze DNA at that site.2 This limits the molecular biologist in manipulating the DNA.
The ability to hydrolyze DNA at any desired site would be an invaluable tool 1n
recombinant DNA technology.

Sequence specific artificial restriction enzymes may find use in mapping the human
genome and 1n helping molecular biologists locate individual genes on chromosomes
There are three thousand human genetic diseases that have been 1dennfied but 1t 1s not
known where most of the genes responsible for those diseases are located and what
proteins they encode. With the development of an artificial restriction enzyme, it may be
possible to control disease states at the level of DNA itself.12

1.2.2 Previous Work

The tirst man-made catalyst which exhibited nuclease activity was discovered by
Sigman et al.3 The catalyst was [(phen)2Cu*] complex and the cleavage reaction occurred
by an oxidative process requiring hydrogen peroxide as a coreactant. The process includes
binding of the cuprous complex to DNA followed by the generation of a metal 1on
associated hydroxyl radical-like species by one-electron oxidation ot the cuprous complex
by hydrogen peroxide This oxidant is responsible for the scission of DNA (fig. 1.4).

The pheuanthrohine cuprous compiex showed fhittle sequence specificity Like
natural restriction enzymes there are two structural domains for an artificial DNAse. One
binds DNA sequence specifically and the other cleaves DNA. A lot of work has been done

la) R. M Baum, Chem Eng News, 1988, 66(1), 20, b) D P Mack, B. L Iverson, and P B. Dervan, J
Am Chem Soc, 1988, 110, 7527, ¢) J K Barton, Science, 1986, 233, 727, d) A M. Pyle, E. C
Long, and J K Barton, J Am Chem Soc, 1989, 111, 4520 ; e) D. S. Sigman, Acc Chem Res,
1986, 19. 180

2p B Dervan, Science, 1986, 232, 464

3D S. Sigman, D Graham, V D’Aurora, and A. M Stem, J Biol Chem , 1979, 254, 12269




on DNA recognition and in the past several years advances have been made 1n couphng

recognition to reactivity.

(phen)aCu® + DNA ~<—— (phen)aCu®--- DNA

H202

Ohgonucleotide products <——  (phen),Cu** OH--- DNA

Figure 1.4 The « adative nuclease activity of the 1,10-phenanthroline cuprous complex (ref 3)

The nuclease activity of the phenanthrohne cuprous complex was targeted to

specific DNA sequences by covalently attaching 1t to the 5" end of complementary

deoxyoligonucleotides via a phosphoramidate linkage * The phenanthroline metal complex

was also attached to the DNA binding protein, E-coli trp repressor 5 Both systems

generated a site specific nuclease (fig. 1 )

} 1 !
— N ON
DNA Binding Protein N\"/\/\s/\n/ Ot
N 5 Ic“:.
K H N “ow,
|
N N, N, N
21 ) LA ‘0 o W |
0-1 PP \P' N OH,
H o0” \
H Cu?’
o) AN

{ref 4,5)
Figure 1.5. DNA binding groups covalently linked to phenanthroline-copper complex

4C.B ChenandD S Sigman, Proc Natl Acad Sci USA, 1986, 83, 7147
5C B ChenandD S Sigman, Science, 1987, 237, 1197




on DNA recognition and in the past several years advances have been made in coupling

recognition to reactivity.

(phen)oCu® + DNA  —w——» (phen),Cu™--- DNA
H20,

Oligonucleotide products -=———  (phen),Cu* ® OH--- DNA

Figure 1.4 The oxidative nuclease activity of the 1,10-phenanthroline cuprous complex (ref 3)

The nuclease activity of the phenanthroline cuprous complex was targeted to
specific DNA sequences by covalently attaching 1t to the 5' end of complimentary
deoxyohgonucleotides via a phosphoramidate linkage.* The phenanthroline metal complex
was also attached to the DNA binding protein. E-coli trp repressor.> Both systems
generated a site specific nuclease (fig. 1 5).

H H
DNA Binding Protein [— \ N N OH,

YOI

W H N “on,

(ref 4,5)
Figure 1.5. DNA binding groups covalently linked to phenanthroline-copper complex.

4C B. Chen and D S. Sigman, Proc Natl Acad Sct USA , 1980, 83, 7147
3C. B. Chen and D S. Sigman, Science, 1987, 237, 1197




Dervan and co-workers took advantage of the Fe(ID)/Fe(III) redox activity (o cleave
DNA.L268 Ferrous-EDTA was covalently bound by a short hydrocarbon tether to the

DNA 1ntercalator methidium? (fig 1 6) Greater speciticity was achieved by changing the
binding group Fe(ID-EDTA was attached to DNA bin!.is such as distamyein® and
netropsin.®

H,N NH,

Figure 1.6 Methidiumpropyl-EDTA-Fe(ll) (ref 7)

In an elegant expeniment, Dervan and Gnffin® attached the EDTA-Fe(1l) group to
two molecules of netropsin inked together with a polyether tether that can close around and
bind an appropriate metal cation (fig 1 7b). Sequence specitic DNA cleavage was observed
only by the addition of Sr2+ or Ba2+ canons  The presence of these metal cations taciitated
binding of both netropsin units simultaneously with an addiional DNA binding subunit
attributable to the macrocycle that formed around the metal cation

Transi:on metal complexes which bind to DNA along contormationally distinct
sites have also been coupled to metal mediated redox reactions 10 cause cleavage ot the
DNA strand at the bound site  For example, the complex Ru(DIP)>Macro!™ was prepared
in which one of the three diphenylphenanthroline igands 1s moditied with two polyamine
segments that can, themselves. complex to metal tons (f1g. 1 8) % The complex hinds to
DNA and the polyamine arms deliver complexed metal 10ns, such as Cu* 1o each strand
of duplex DNA for strand cleavage The resulu s a shape selecuve DNA cleaving
molecule.

63) S. A Suobel, H E Moser, and P B Dervzii, J Am Chem Soc, 1988, 110, 7927, h) H E Moser
and P B Dervan, Science, 1987, 275, 645

TR. P Henizberg and P B Dervan, J Am Chem Soc, 1982, 104, 313

8 H. Griffinand P B Dervan,/ Am Chem Soc , 1987, 109, 6840

9L. A. Basile and J K Barton,/ Am Chem Soc , 1987, 109, 7548
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Figure 1.7. A) EDTA-distamycin-Fe(ll) (ref 7), &) Bis(net.opsin})-3,6,9,12,15-
pentaoxaheptanediamide-EDTA-Fe(ll) Molecule displays nuclease activity in the

presence of Ba2+ or Sr2+. (ref 8)

Figure 1.8. Ru(DIP)aMacro"+ Complex Binds to DNA and the polyamine groups bind
metal 1ons for cleavage of DNA (ref 9)




1.2.3 Importance of a Hydrolytic System

In all of the models described thus tar, there exists one major drawback. the DNA
cleavage 1s accomphished by an oxidative process that requires an oxidant or reducing agent
as coreactant. Unlike real restriction endonucleases, the DNA fragments obtamed cannot
be pieced back together. The primary products of oxidative cleavage on DNA are free
bases and 5-methylene-2-furanone.!® The products required to religate two preces ot DNA
are S’ or 3'-phosphomonoester termnt. In other words, "oxidative cleavage 15 like a smaii
bomb gowng off next to the DNA."!T The enzymes that cut DNA, by contrast, catalyze the
hydrolysis of the nucleic acid's phosphodiester backbone to produce 3" or 5'-
phosphomonoester termin1 - Such a cleavage reaction results in DNA tragments that can be
religated by other enzymes.

Some of the oxidative artificial restrniction enzymes that have been mentioned have
had their applicatnions as footprinting and affimity cleaving agents 2 However, chemists
who are designing molecules that site specitically hind DNA want to ulumately incorporate
hydrolytic cleavage chemistry into theyr moiecules  Such molecules would be, 1n tact, true
artificial restriction enzymes useful in 1nolecular biology applicauons !

Progress has been made in cleaving DNA hydrolytically Hydrolysis of DNA was
detected using Barton's Ru(DIP)Macro®* complex with a tedox non-active metal 1on such
as Zn(I).%:12 However, the reaction 1s riot very etficient especially in compaison to
oxidative chemistry Furthermore, the DNA studied was a stramed closed circular
supercoiled double stranied plasmud. Hydrolysis has yet to be reported for this system
using linear DNA.

Sequence selective hydrolysis of supercotled DNA was achieved by Schults's
group at Berkeley.!3 Their approach was to design a hybnid nuclease constsung ot a short
oligonucleotide fused to staphylococcal nuclease.

One of the problems 1n developing hydrolytic aruficial restriction enzymes 1s the
unique stability of the phosphodiester bond in DNA. It has been estimated that the half-life
for the hydroxide catalyzed hydrolysis of the phosphodiester bond of DNA at pH 7, 25 ©C

10T, E. Goyne and D S Sigman, J Am Chem Soc, 1987, 109, 2846

1R, M. Baum, Chem Eng News, 1989, 67(24), 22.

121,  A. Basile, A. L Raphael, and J K Barton, J Am Chem Soc, 1987, 109, 7550
13D, R Corey, D Pei,and P G Schultz, J Am Chem Soc, 1989, 111, 8523



is 200 million years.14 It is suggested that phosphate diesters evolved as part of the make-
up of genetic matenal because of its exceptional stabulity.!3

Although there have been great advances in DNA recognition, there is still a need
to develop catalysts that can hydrolyze unreactive phosphate diesters with great efficiency.
Part of our research 1s focussed on developing metal complexes that hydrolyze phosphate
esters efficiently.

1.3 MECHANISM OF PHOSPHATE ESTER HYDROLYSIS

In order to study the effects of metal complexes on the rate of hydrolysis of
phosphate esters, it 1s necessary to first understand the mechanisms of phosphate ester
hydrolysis in the absence of metal complexes.

Compared to carboxylate ester reactions, phosphate ester hydrolyses have proven
more difficult and less attractive to study for a number of reasons, despite their
considerable biological importance. First, the reactions are considerably slower than the
reactions of carboxylic esters with comparable leaving groups (table 1.1). Second, the

TABLE 1.1 Rate constants for hydrolysis of carboxylic esters and phosphdte esters
(P-O bond cleavage) at pH 7 0, 25°C *

ESTER k(s Relative Ref.
rate

(CH10)3PO 16x 10"l 24x10 a

(CH30),POy 68x101° 7| 1 a

(CHy0)HPOg’ 26x10710" 38x10° a

CH3COOCH3 15x10% " 22x10'" b

# values are measured rate constants, or obtained by extrapolation from data at higher temperatures

«-n

Hydroxide rate constant extrapolated to pH 7 0
*  Metaphosphate mechanism s predominant at pH 7 0
a) JP Guthne. J Am Chem Soc . 1977, 99 3991

b) J P Guthrie, J Am Chem Soc. 1973, 95,6999

143 Chin, M. Banaszczyk, V Juban, and X Zou, J Am Chem Soc, 1989, 111, 186.
15 H. Westheimer, Science, 1987, 235, 1173



mechanisms of phosphate ester hydrolysis can be very complex since there are frequently
three competitive paths:16.17 (fig. 1.9) 1) Attack at phosphorus to expand its coordination
number from four to five. This intermediate is usually tngonal bipyramidal that
decomposes 10 yield the products. ii) Unimolecular cleavage 10 give a metaphosphate
intermodiate  In thas pathway, the coordination number of phosphorus decreases from four
to three to produce the metaphosphate which then adds a nucleophile to yield the products.
iii) Attack at carbon to give products of nucleophilic substitution. It 1s necessary to sort
out these possibilities carefully 1o assign mechanistic sigmificance to rate constauts.

~
/ o \
o] (o]
I I

0
CHzO0~—P—O0" + H0 Ao [H,O. PO, CH,OH] — HO—P—O0 , CH,0H

OH " OH

Figure 1.9. Possible paths for phosphate ester hydrolysis (ref 16)

1.3.1 Phosphate Monoesters

The mechanism of phosphate monoester hydrolysis is very complex. All three
possible mechanistic pathways can be operative depending on the pH. The complexity can
be illustrated by the different shapes of the pH-rate profiles for different phosphate
monoesters of varying leaving group basicity (fig. 1.10).18

In general, there are two distinct types of pH-rate profiles observed for phosphate
monoesters. One has a rate maximum near pH 4 as exemplified by p-nitrophenyl

16] P, Guthrie, Acc Chem Res, 1983, 16, 122
17F H. Westheimer, Chem Rev, 1981, 81, 313,
18A.J Kirby and A G Varvoghs, J Am Chem Soc , 1967, 89, 415.




phosphate!® and monoalky! phosphates.?® The second type of curve displays a higher rate
for the hydrolysis of the dianion than that for the monoanion. This type is obtained for aryl
esters of which the pKa of the conjugate acid of the leaving phenol is less than about 5.45.
The pH-rate profile for 2,4-dimtropheny! phosphate 15 one example of this type of curve.2!
A special case is for 2-chloro-4-nitrophenyl phosphate (pKa of phenol = 5.45) where the
hydrolysis 1s virtually pH independent. The monoanion and the dianion are hydrolyzed at

almost identical rates.!8

200 1
100 -
]
Knya (scaled)
o a
VTIVY VW v
10 1
o
2 1 |

T LD L] ) L
0 2 4 & g 10 12 14
pH

Figure 1.10. pH rate profiles for three phosphate monoesters at 39°C, on adjusted scales:
0O . Knyd X 107 min’! for 2,4,6-tnichloropheny| phosphate, W, knyd X 108 min for 2-chloro-4-nitrophenyl
phosphate; o, Khyd X 10* min”" for 2.4,-dimitrophenyl phosphate. (ref 18)

For the hydrolysis of monomethyl phosphate, all three possible mechanisms are
operative depending on the pH. The pH-rate profile is shown in figure 1.11. The rate is at
a maximum at pH 4 and falls to lower values at more acidic or alkaline pH. In strong acid
solution the rate of hydrolysis again rises. This phenomenon is due to the facile reaction of
the monoanton which is r. ¢ predominans ionic species in solutions of most phosphate

19p W C Bamnard, C A Bunton, D.Kellerman, M M Mhala, B. Silver, C A. Vernon, and V. A.
Welch, J Chem Soc Sect B, 1966, 227

20C A, Bunton, D R. Llewellyn, K. G. Oldham, and C. A. Vemon, J Chem Soc , 1958, 3574.
21C, A. Bunton and S.J Farber, J Org Chem., 1969, 34, 767.
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esters between pH 2 and 6. Isotope labelling experiments reveal that hydrolysis of the
monoanion proceeds with P-O bond fission.20

The rapid hydrolysis of the monoanion is due to0 the formation of an unstable
monomeric metaphosphate ion wntermediate 1V (fig. 1.12) which reacts rapidly with water
to give inorganic phosphate. Proton transfer occurs to convert the alkoxide group, OR, to
an energetically more favourable leaving group. At the same ume, transter of the proton to
the leaving group leaves the phosphate moiety of the molecule with two negative charges
which provides a dniving force tor expulsion of the leaving group (fig. 1 12) Proton
ransfer can occur in three different ways: i) a pre-equilibrium transter to give the
zwitterion (I); ii) a concerted proton transfer via a four membered rning which accompanies
the P-O bond scission (II); and iii) proton transfer 18 carned out through a six membered
ring formed by the participation of a molecule of water (III). It 1s the metaphosphate
mechanism which makes the monoanion of a phosphate monoester more reactive towards
hydrolysis than the monoanion of the corresponding phosphate diester.

At pH less than one, both C-O and P-O bond cleavages occur. The mechanism
involves an SN2 nucleophilic attack by water on either the phosphorus: or carbon atom of
the conjugate acid of the phosphate ester.

10° Kobs (3-1) o o

1

Figure 1.11. Hydrolysis of monomethyl phosphate at 100°C (ref. 20)
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Figure 1.12 Metaphosphate mechanism for the hydrolysis of phosphate monoesters

1.3.2 Phosphate Diesters

Hydrolysis of a phosphate diester differs significantly from that of phosphate
monoesters (fig. 1.13).2! Unlike phosphate monoesters, no rate maximum is evident in
the pH-rate profile for phosphate diesters. For BDNPP (fig. 1.13) there is a pH-
independent rate between pH 2 and 6, however, for less reactive phosphate diesters, the
hydronium and hydroxide catalyzed reactions account for the observed rates over almost
the entire pH range.22

Since the pKa of a disubstituted hydrogen phosphate lies hetween one and two, the
species present under most physiological conditions is the anion. Because of unfavourable
electrostatic interactions, the anion of phosphate diesters resists attack by anionic
nucleophiles, such as hydroxide, thereby making phosphate diesters hydrolytically very
unreactive. It is the stability of the anion of the diester that makes the study of phosphate

22A. J. Kurby and M. Younas, J Chem Soc Sect B., 1970, 510.
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diester hydrolysis very difficult. The hydrolysis of the anion of dimethyl phosphate 1s very
slow.

4 -~

h
7+i0g(Kops) J

2 9

o

o r—r—r—r—r—r-
0 2 8
PH

y—r y
8 10 12 14

Figure 1.13. Hydrolysis of bis-2,4-dinitrophenyl phosphate O
and 2.4-dinitrophenyl phosphate O (ref 21)

It is estimated that the monoanion of dimethy! phosphate undergoes hydrolysis 10¥ umes
slower than the monoanion of methyl phosphate.?* Because of the slow rate of hydrolysis
of simple dialkyl phosphates, and the rather good correlation between leaving group
basicity and reactivity,?! attention has focussed on hydrolysis of phosphate diesters with
fairly acidic phenols which hydrolyze at measurable rates in aqueous solution

The mechanism of hydrolysis for the anion of phosphate diesters (P-O bond
fission) proceeds through a nucleophilic displacement process as shown in figure 1.14.

RO 0 ?R RO 0
. o/~>p{. H,é_—P\—oa \P;\:. . ROH
* ro” Yo o o, o' o

Figure 1.14. Mechamism of phosphate diester hydrolysis

23 See table 1.1 (page 8)




Although the anions of simple dialkyl phosphates have very low reactivity, five
membered cychic phosphate esters are known to be hydrolyzed at greatly enhanced rates.2*
For example, compared to dimethyl phosphate, ethylene phosphate 1s far more reactive.

The rate factor in favour of the cyclic phosphate, for P-O bond cleavage, 1s approximately
108, This high reactivity 1s witributed to release of ring strain upon hydrolysis.
Compounds with neighbouring functional groups such as hydroxy and carboxy are also
known to be hydroly zed at greatly increased rates.**

1.3.3 Phosphate Triesters

Phosphate triesters are not prominent naturally occurring substances, however, the
hydrolysts of phosphate triesters has received considerable interest due to the importance 1n
detoxificaricn of acetylcholinesterase inhibiting insecticides and chemical wartare agents
Unlike phosphate diesters, phosphate tniesters are neutral. Therefore, unfavourable
electrostatic interactions do not occur between an anionic nucleophile and the triester. As a
consequence, rapid hydrolysis is observed wn alkaline solution. It has been shown that
alkaline hydrolysis of trimethyl phosphate and triphenyl phosphate proceeds with P-O bond

scission at pH greater than ten and C-O bond cleavage predominates at pH less than
ten.25.26

1.4 METAL CATALYZED HYDROLYSIS OF PHOSPHATE ESTERS

In order to design an efficient metal catalyst that can efficiently hydrolyze phosphate
esters, or for that matter, carboxylic esters and amides in general, it 1s important to examine
the possible mechanistic pathways available for the metal 1on or metal complex in
hydrolyzing its substrate.

Many hydrolytic enzyme reactions are directly metal ion dependent. The addition of
chelanng agents to some metalloenzymes leads to a loss of activity but it is regained if
further metal ion is added. The importance of metal 1ons on enzyme catalyzed reactions has

2Forareview see T C Brwiceand S J Benkovic, 'Bioorganic Mechamisms', W A Benjamun Inc., New
York, 1966, vol 2, Chap. 5

25p. W. C. Barnard, C A Bunton, D R. Llewellyn, C A. Vernon, and V A. Welch.,J Chem Soc.,
1961, 1636.
26), P. Guthrie, / Am Chem Soc, 1977, 99, 3991,



lead to numerous studies employing transition metal complexes for ester and amde
promoted hydrolysis.>’

1.4.1 Mechanisms of Metal Catalysis

In general, there are two mechanisms for metal 1on or metal complex promoted
hydrolysis reactions: i) Lewis acid mechanism and 1) metal-hydroxide mechanism

In the Lewis acid mechanism, the metal 1on or metal complex coordinates to the
substrate and activates 1t towards nucleophilic attack This type of mechanism can be
llustrated 1n the metal(II) 1on catalyzed hydrolysis of amino acid esters.2% The esters are
chelated to the metal by the amino and carbonyl group. Metal coordination ot the carbonyl
polanzes the C-O bond and enhances its susceptibility towards nucleophilic attack by
hydroxide 1on (fig. 1.15). Metal 10ns like Cu2*, Co2*, and Mn2*, were tound to promote
the hydrolysis of ethylglycinate in the pH range 73 to 79 at 25 ©C, under which
conditions the free ester 1s ordinarily stable The rate of hydrolysis mcreased with
increasing tendency of the metal ion to coordinate with the ester. Rate enhancements up to
106 were observed with Cu2+ 1on.

AV
A
SIS

HO’ OEt o

H, + HOEL

M= Cu?*, Co?, Mn®*

Figure 1.15 Lewis acid mechanism proposed for metal(l) ion catalyzed hydrolysis of
ethylglycmnate.

In the metal-hydroxide mechanism, a coordinated hydroxide anion can act as a
reactive nucleophile towards an appropriate substrate. A classic example of this type of

27 A. E. Martell, Metal lons in Biological Systems, Vol. 2, Helmut Sigel Ed, Marcel Dekker Ine N Y,
1973, Ch. 5.

28Y, Kroll, / Am Chem Soc 1955, 74, 2036




mechanism was the Cu(II) mediated hydrolysis of 1 (fig. 1.16 ) displayed by Groves and
Dras.29 Because of the ngidity of the molecule, the metal cannot coordinate to the carbony!
oxygen, thus, a Lewis acidd mechanism was ruled out. The mechamsm proceeded by a
nucleophilic addition of metal-bound hydroxide. The metal 10n reduces the effective
negative charge of the coordinated hydroxide thus making the metal-bound hydroxide a
weaker nucleophile than a tree hydroxide. However, since the metal 15 able to lower the
pKa of coordinated water,37 1t acts as a buffer for hydroxide around neutral pH. For metal
hydroxide mechanisms, the reduced reactivity of the metal-bound hydroxide can be
considered more than compensated by the increased effective local concentration of the
hydroxide. At pH 7 6 the reaction proceeded 106 umes faster than calculated for the base
catalyzed hydrolysis of 1 at the same pH 1n absence of any metal ion.

o]
o}
\ /N—'—'CU-—S\/O
-
N \ﬂ
1

Figure 1.16. Metal hydroxide mechamsm. (ref. 29)
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Figure 1.17 Bifunctional mechanism proposed for 2 catalyzed hydrolysis
of phosphate triesters (ref. 31)

291, T. Grovesand R. M Dias,/ Am Chem Soc , 1979, 101, 1033,
30The pKa of the Cu* bound water was found to be 7.3.

16




A third mechanism is also possible, a bifunctional mechanmism, where the etfects of
the Lewis acid and metal-hydroxide mechanisms are combined into one  As an example,
Breslow and co-workers3! showed that the 7inc complex, 2 (tig 1 17) catalyzed the
hydrolysis of a phosphate triester ten times taster than the tree hydroxide rate ** They
reasoned that a simple metal-hydroxide mechamsm could not account tor this ditterence. a
bifunctional mechanism was taking place making the Zn-OH a better nucleophile than tree
hydroxide.

1.4.2 Co(lll) Compiex Hydrolysis of Phosphate Diesters

Numerous reports exist on metal complex catalvzed hydrolysis ot phosphate
monoesters,33:34 triesters.31:35.36 flyorophosphonates,’” fluorophosphates?” and
phosphoric anhydrides.3® Remarkably, only a few publications exist on metal complex
catalyzed hydrolysis of phosphate diesters. My mterest lies in a rational design of metal
complexes that hydrolyze phosphate diesters efficiently. Although hydrolysis ot phosphate
diesters promoted by transition metal complexes are scarce, one can still get 4 great deal ot
insight from previous work done on metal complex promoted hydrolysis ot phosphorus
esters and anhydndes

Most of the work has focussed on substitutionally nert metal complexes such as
Co(IIT) complexes and to a lesser extent Ir(I1) complexes  Attenuion has centred on mnert
metal complexes because the use of labile metal complexes senously comphicates rehable
identification of the species actually involved in the ester hydrolysis By using

315, H. Gellman, R. Petter, and R Breslow,/ Am Chem Soc . 1986, 108, 2388

32Based on second-order rate constants

333) F . Farrell, W A Kjellswom, and T G Spiro, Sceence, 1969, 164, 320 b) J Harowhield, D R
Jones, L. F Lindoy, and A M., Sargeson, J Am Chem Soc ,1977, 99,2652 ¢) D R Jones, L F
Lindoy, and A M Sargeson,J Am Chem Soc, 1983, 105, 7327 d)J Harrowfield, D R Jones, L F
Lindoy, and A M Sargeson, J Am Chem Soc, 1980, 102, 7733

34D R. Jones, L F Lindoy, and A M Sargeson, / Am Chem Soc , 1984, 106,7807 b) R A
Kenley, R H Fleming, R M Laine, D S Tse,and J S Wnterle, /norg Chem , 1984, 23, 1870 ) P
R. Norman, and R D Cornelws, J Am Chem Soc , 1982, 104, 2356

333) P. Hendry and A. M Sargeson, Aust J Chem , 1986, 39, 1177 b) P Hendry and A M Sargeson,
J. Chem Soc Chem Commun, 1984, 164

363) J. R Morrow and W C Trogler, Inorg Chem , 1989, 28,2330 b) F M Menger, . H Gan, E
Johnson, and D H Durst, / Am Chem Soc, 1987, 109, 2800

. Wagner-Jauregg, B E Hackley JIr, T A Lies, O O Owens, and R Proper, J Am Chem Soc .
1955, 77, 922 b) J Epstewn, and D H. Rosenblatt, J Am Chem Soc, 1958, 80, 3596 ) R C
Courtmey, R. L Gustafson, S.J Westerback, H Hyyuamen, § C Chabarek Jr, and A E Martell, J
Am Chem Soc, 1957, 79, 3030

383) R. M. Milburn, M Gautem-Basak, R Tribolet. and H Siegel, J Am Chem Soc , 1985, 107,
3315.b) R M Milbum, G Rawp, and M Hediger, fnorg Chum Acta, 1983, 79, 247 ()R M
Milbumn, S § Massoud, and F Tafesse, /norg Chem , 1985, 24, 2593 d) R M Milbum, and F
Tafesse, Inorg Chim Acta , 1987. 135, 119




substitutionally nert metals, characterization of all species present in solution 1s possible.
Also, the kineucs and mechanism of Co(III) and Ir(III) complex substitution reactions are
well understood?? and this knowledge should facilitate identifying mechanmisms involved n
metal-complex promoted phosphate ester hydrolysis In order to gain useful mechanistic
informauon, the approach has been to synthesize and study the reactions of well
characterized substitutionally nert metal 1on phosphate complexes. This would allow
unambiguous conclusions to be made about the reactivity of a parucular type of complex.

Hendry and Sargeson3’, showed that metal complexes acting solely by a Lewis
acid mechanism are very inefficient at promoting the hydrolysis of phosphate triesters  The
hydrolysis of tnmethyl phosphate (TMP) coordinated to penta-ainmine Indium(IID ion was
studied n an alkaline medium. The study revealed that coordination of the phosphate ester
to the metal complex increased the rate of attack of hydroxide at the phosphorus atom by
only four hundred fold. For the analogous Co(Ill) complex, the products of base
hydrolysis were found to be tnmethyl phosphate and the [(NH3)sCo(OH) ]2+ 1on: the rate
of loss of the TMP ligand was faster than the rate of attack of hydroxide 9

The efficiency of the bifunctional mechanism was tested on phosphate monoesters
It was demonstrated that the hydroxide33¢ and amido (NH»7)33¢ 10ns bound to Co(III) were
efficient intramolecular nucleophiles for cleaving 4-mtrophenol trom the coordinated 4-
mtrophenol phosphate (fig. 1.18) The mechanism of an intramolecular metal-bound
nucleophilic attack was elucidated by elegant 1sotope labelling experiments. Rate
enhancements of 105 (for the metal hydroxide) and 108 (for the metal amido) relanve to the
uncoordinated ester were obtained for these complexes.

< NH? NH:’
H o H, 0
‘ HaN I _N_ i

|
ek =N
~
H,N I 07 A NO, H,N/’ AN NO,
( NH, NH,

Figure 1.18. Intramolecular metal-hydroxide and metal-amido attack on coordinated
phosphate monoester. (ref 33c, 33d)

393)F. A. Cotton, and G Wilkinson, Advanced Inorganic Chemustry, 4th ed , Wiley-Intersciencs. New
York 1980 b) F Basolo, and R. G Pearson, Mechamsms of Inorgamic Reactions, 2nd ed , Wiley: New
York 1967.

402) W Schmudt and H. Taube, Inorg Chem , 1963, 2, 698 b) N. E. Dixon, W G. Jackson, W Marty,
and A M. Sargeson, Inorg Chem , 1982, 21, 688.
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It 1s not surpnsing that the metal-amdo complex displayed a greater rite
enhancement than that for the metal-hydroxide complex The metal-amide 18 much more
basic than the metal-hydroxide The pKa of the metal-aqua complex was tound to be 7 6
whereas the pKa of the metal-ammine complex was estimated to be near 17 If one

assumes a direct relanionship between nucleophilic strength and basicuy tor the e type of
reactions, then the difference in reactivity 1s presumably due to the much greater
nucleophilic character of the metal-amide  However. the unique attribute ot the metal-aqua
complex 15 1ts ability to generate a hugh concentration of the reactive nucleophile tM-OHD at
the physiological pH range  The metal-amido complex can only be generated in very high
alkaline solutions At neutral pH, the metal-ammine complex predominates and 15 nactive
at hydrolyzing the ester

We have seen that the bifunctional mechanism 1s by tar the most etticient
mechanism for hydrolyzing phosphate monoesters. For this mechanism to be operatve,
one requires a complex in which two coordination sites, c1s to each other. are avalable tor
phosphate chelation. One site would bind to the phosphoryl oxygen and the other would
deliver the ntramolecular metal-bound hydroxide nucleophile Cas-
aquohydroxotetraazacobalt(111) complexes. [(Ng)Co(IID(OH ) OH:)}*+. it this criterion
The Ny represents a bis bidentate or a tetradentate hgand In the past tew years, several
groups have studied the effects of these type of complexes on phosphate diester
hydrolysis.14:34b.38b.41.42

We have recently reported the largest rate enhancement tor metal promoted
hydrolysis of a phosphate diester.!¥ BNPP when bound to [Co(trpn)(OH)OH2)}2* 18
hydrolyzed 1010 umes more rapidly than the free phosphate diester  The rate of phosphate
diester hydrolysis can vary significantly depending on the Ny ligand Milburn et al 38b
observed that [Co(tn)(OH)(OH»)]2* reacted 25 nmes slower than [Co(trpn)( OH)(OH3)]2+
at hydrolyzing BDNPP. No mechanistic interpretation was given to account tor this
difference.

In our lab, Chin and Zou?*! reported the effects of four Co(lll) complexes on the
rate of hydrolysis of BNPP and BDNPP Not surpnisingly, the [(N4)Co(OH)(OHy)|**
complexes were the most efficient at hydrolysing the phosphate diester, BNPP However,
the reactivity pattern changed when hydroly/ing the more reactive phosphate diester,
BDNPP (Table 1.2). The difference 1n the reactivity patterns was explamed in terms ot a
change in the rate-determining step with change in the phosphodiester reacuvity

41y Chin and X. Zou, J Am Chem Soc, 1988, 110, 223
42, Chin, M Banaszczyk, and V Jubian, J Chem Soc, Chem Commun , 1988, 735




The cobalt complex promoted hydrolysis of BNPP was explained in terms of the
mechanism shown n figure 1.19. It was determined that k» was the rate-determining step
since the rates of anation of [Co(trien)(OH)(OH>)]2+, [Co(en)2( OH)(OH3)]2*, and

Table 1.2. Observed first-order rate constants (Kobs, s") for cobalt complex promoted hydrolysis of

phosphate e ters at 50°C, pH7 0 (ref. 41)

Cobait complex BNPP BONPP
[Co(en),(OH)(NH3)** <106 24x 10
[Co(en)o(OH)(OH)F* 27105 42x10*
[Co(trien)(OH)(OHo)?* 4.8x 10" 52x107°
[Co(dien)(OH)(OH2)z** <10® 8.6x 1072
none 3x1071° 2.1x10°

o]
OH, ° o_u _o)-no,
NGCo™ o__!l/o"O'NO’ ki

o
H
o ©
N.CO‘/‘ \|I=| o] NO
\0_/ —o~)-No
H

Figure 1.19. Co(lll) complex promoted hydrolysis of BNPP (ref. 41)

[Co(dien)(OH)(OH3)2]2+ were greater than the rates of the cobalt complex promoted
hydrolysis of BNPP. It is well known that the rate of ligand exchange on Co(III)

20




complexes is sensitive to the ligand structure3%P but what accounts for the difference in the
rate for phosphate ester hydrolysis when anation 1s not rate determuning? In this particular
study, it was difficult to evaluate any structure-reactivity relationship on the phosphorus-
oxygen cleavage step because both [Co(trien)(QH)(OH 12+ and [Coien)>(OHOHa) |2+
complexes undergo rapid cis-trans equilibration with the trans forms bemg inactive

In order to minmmize the complications ansing {rorm Cis-trans 1SOMerZations, we
studied and compared the reacuvities ot three ngidly held c¢rs-
aquohydroxytetraazacobalt(1l1) complexes,!*+42 |(cyclen)Co(OHYOH2)|-+,
[(trpn)Co(OH)(CH3)]2+, and [(tren)Co(OH)(OH7)|2* (fig | 20). w promoting the
hydrolysis of BNPP. All three complexes are ideal for studying the structure-reactivity
relationship since they exist only n the active cis form. The [(cyclen)Co(OHYOH9) |2+
complex exists only 1n the c1s form because of the small ring s1ze of the cyclen ligand 43
The complexes [(tren)Co(OHYOH3)]2+ and [(trpn)Co(OH)OH2)|2* exist only in the cis
form for obvious structural requirements.

OH

2

[(trpn)Co(OH){OH,)** [(tren)Co(QH)(OH,))** [(cyclen)Ce(OH)(OH,))*

Figure 1.20 Structures of ngidly held cis-aquohydroxotetraazacobalt(lil) complexes

The mechanism for the Co(IlI) complex promoted hydrolysis of BNPP 15 identical
to the one shown 1n figure 1.19 which involves rapid coordination of the phosphate ester
followed by rate-determining intramolecular metal-hydroxide attack All Co(III) complexes
are in the c1s form yet there are significant differences n hydroly/ing the phosphate diester
For example, [(trpn)Co(OH)(OH7)]2+ 1s 300 umes more reacuve than
[(tren)(OH)(OH3)]2* for hydrolyzing BNPP. The equilibnum constant tor binding ot
phosphate diesters to the Co(IlI) complexes and the basicities of the respective metal

43Y. liataka, M. Shina, and E. Kimura, /norg Chem , 1974, 13, 2886




hydroxides are comparable. The difference in reactivity is due to the different rates of the
ks step, thus, the rate-determining step is highly sensitive to the tetraamine ligand (Ng)
structure.

The result 1s striking in view that the two cobalt complexes are so closely related
structurally. The ko step involves formation of a four-membered ring. In general tour-
membered nngs are unsiable, however, four-membered rings involving Co(III) can be very
stable. For example, X-ray structures of four-membeied Co(Il1) carbonato+** and Co(III)
phosphato*’ complexes are known. X-ray structures of [(trpn)Co(CO3)|* and
[(tren)Co(CO»))* reveal that the trpn ligand is better able to stabilize four-membered nings.
Both O-Co-0 bond angles in [(trpn)Co(CO3)]* (689) and [(tren)Co(CO3)]* (689) are
highly distorted from that found 1n regular octahedral complexes (909). All the N-Co-N
bond angles are ngidly held (87¢) with the tren ligand whereas the N-Co-N bond angle
oppostte the O-Co-O bond angle in [(trpn)Co(CO3)}* is free to expand to 100°. It appears
that a mayor factor in stabilizing the four-membered Co(IlI) complexes is increasing the
bond angle opposite the four-membered ring.

It 15 the ability of [(trpn)(Co)(OH)(OH3))2* to stabilize four-membered rings that
makes it such a very effictent complex for promoting phosphate ester hydrolysis.
Additional evidence comes from the observation that sodium acetate readily forms the four-
membered ring acetato complex with [(trpn)Co(OH)(OH2]2* but not with the
corresponding tren complex.#6 The [(tren)Co(OH)(OH3)}2* complex binds with acetate
only by a monodentate fashion. For [(tren)Co(OH)(OH>)]2*, a larger strain is developed
n the chelation step (kzin fig. 1.19) and hence a slower rate for phosphate diester
hydrolysis is observed.

1.4.3 Co(Ill) Complex Promoted Hydrolysis of Phosphate Monoesters

Hydroxide coordinated to Co(llI) were efficient intramolecular nucleophiles for
hydrolyzing coordinated phosphat2 monoesters with good leaving groups. Our success in
determining the structural requirements of simple [(N4)Co(CH)(OH>)}?+ complexes for
phosphate diester hydrolysis led Ch:n and Banaszczyk to investigate Co(III) complex
promoted hydrolysis of phosphate monoesters with poor leaving groups??. The complexes

HEC Niederhoffer, A E Martell, P Rudolf, and A Clearfield, Inorg Chem , 1982, 21, 3734,
458 Anderson, R M. Milburn, and A. M Sargeson, J Am Chem Soc, 1977, 99, 2654

46) Chin, and M Banaszczyk,/ Am Chem Soc, 1989, 111, 2724

47) Chin and M Banaszczyk,J Am Chem Soc , 1989, 111, 4103.




[(trpn)Co(OH)(OH2)]2+ and [(tren)Co(OH)(OH>)]2*+ were used to promote the hydrolysis
of AMP and methyl phosphate.

The mechanism of Co(1II) complex promoted hydrolysis of phosphate monoesters
with poor leaving groups can be very different compared to hydrolysis of phosphite
monoesters with good leaving groups. The mechanism ot Co(Il) complex promoted
hydrolysis of p-mtrophenyl phosphate involves ntramolecular metal-hydroxide attack on
the metal coordinated phosphate monoester. Addition ot one equivalent of
[(trpn)Co(OH)(OH7)]2* 10 p-nitrophenyl phosphate, at neutral pH, rapidly produces p-
nitrophenol. In contrast, Phosphate monoesters with poor leaving groups iitially torm
stable cobalt complexes 3 (fig. 1.21). Upon addition of a second equivalent of
[(trpn)Co(OH)(OHz)]2+, rapid hydrolysis of the phosphomonoester occurs with
concomitant formation of a noval binuclear Co(Ill) complex 4 (fig 1 21). The mechanism
of hydrolysis of 3 involves complexation to [(trpn)Co(OH)(OH2)|2+ followed by cleavage
of the ester bond as depicted in 5 (fig. 1.22). Co(IIl) complex promoted hydrolysis of
phosphate monoesters with good leaving groups involves a 1:1 complex between the metal
and the substrate whereas a 2:1 [(upn)Co(OH)(OH»)|2* to substrate ratio 1s observed for
the hydrolysis of phosphate monoesters with poor leaving groups.

[(crpn)Co(ou,)(oun”

2H,0
l;'a__oa 10 NH,

uo/

[(trpn)Co(OH,)(OH)]** (\ :’ 'I‘m . . H,T' ">
’ ~= e~ oK ey
0 <_ T\ AN NS cl\c,/ NP
H

Figure 1.21 [trpn)Co(OH)(OH2)]?* promoted hydrolysis of AMP (ref 47)



Figure 1.22. Mechanism of AMP hydrolysis and concomitant formation of binuclear complex.

Interestingly, |(tren)Co(OH)(OH3)]?* does not hydrolyze phosphate monoesters
with poor leaving groups under the same conditions employed for the trpn complex.
Again, it is the ease of formation of a four-membered ring imposed by the structure of the
N4 ligand that enables [(trpn)Co(OH)(OH>)]2* to hydrolyze phosphate monoesters with
poor leaving groups very efficiently.

1.4.4 Cu(Il) Complex Catalyzed Hydrolysis of Phosphate Esters

In the past, most studies involving Cu(Il) ions were based on hydrolyzing
phosphate monoesters covalently attached to a metal chelate. Cu(Il) catalyzed hydrolysis of
salicyl phosphate27:48 and 2-(1,10-phenanthroyl) phosphate4? are two typical examples.

In the case for Cu(II) catalyzed hydrolysis of salicyl phosphate, it was observed
that the catalytic effect of the metal ion was greatest (about 108 rate enhancement) for the
trianion of the salicyl phosphate. The triarionic species does not have the possibility of an
intramolecular proton catalysis route as is the case for the mono and diamonic species. The
metal ion exerts its catalytic effect by taking the place of a proton. The availability of a
metaphosphate elimination process and the stability of the metal chelate structure as final
product are the driving forces in the Cu(II) catalyzed reaction (fig. 1.23).

48y, Murakamu and A. E. Martell, J Am Chem Soc , 1964, 85, 2119.
49T. H. Fife and M. P. Mujar;, J Am Chem Soc , 1988, 110, 7790.
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Figure 1.23. Copper(il) 1on catalyzed hydrolysis of salicylphosphate. (ref 27)

For the hydrolysis of 2-(1,10-phenanthrolyl) phosphate, it was observed that at pH
8, 85 °C, the Cu(Il) catalyzed hydrolysis of the dianiomc phosphate ester was 300 times
greater than in the absence of any metal 1on. A metaphosphate mechanism was not
involved since the metal ion could not chelate to the leaving group oxygen of the phosphate
ester. The reaction involved nucleophilic attack of H2O on phosphorus (fig. 1 24).

Figure 1.24. Cu(lf) 1on catalyzed hydrolysis of 2-(1,10-phenanthrolyl) phosphate (ref 49)

Only a few examples exist for Cu(II) complex hydrolysis of phosphate esters in
which the ester is not covalently linked to the metal complex. Martell and his co-workers
studied the hydrolysis of Sarnn (isopropylmethylphosphonofluondate) and DFP
(diisopropylphosphorofluonidate) by a series of Cu(II) complexes.2759 As was the case
for Co(IIT) complex promoted hydrolysis of phosphate esters, 1t was observed that the
most catalytically active Cu(II) complexes were those which had two free (aqua)
coordination sites. Rate maximums were obtained in the neutral to weakly alkahne pH

S0R. L. Gustafson, S. Chabarek, and A. E Martell, J Am Chem Soc , 1964, 85, 2119




range where aqua-hydroxy Cu(Il) chelates were the predominant species in solution.
Highly stable chelates containing terdentate or tetradentate amine ligands showed very little
or no catalytic activity. Two kinetically indistinguishable mechanisms were proposed (fig.
1.25). In path A, the metal hydroxide attacks the coordinated substrate. In path B, the
substrate is chelated to the metal complex and external hydroxide attacks the phosphorus
atorn.

More recently, metallomicelles36b using Cu(II) ions have been used to accelerate the
hydrolysis of phosphate triesters and diesters. Trogler and his co-workers have studied the
effect of Cu(bpy) complex catalyzed hydrolysis of phosphate diestersS! and triesters.362
The proposed mechanisms are 1dentical to the bifunctional mechanism proposed for Co(III)
complex promoted hydrolysis of phosphate diesters.

\ 4°

(ref. 27)

Figure 1.25. Proposed mechanisms of Cu(ll) catalyzed hydrolysis of phosphofluoridate esters.

31a) J. R. Morrow and W. C. Trogler, Inorg Chem , 1988, 27, 3387. b) M. A. De Rosch and W. C.
Trogler, inorg Chem , 1990, 29, 2409
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1.5 PLAN OF STUDY

It has recently been shownl!4 that cis-aquahydroxytetraazacobalt(III) complexes,
[(N4)Co(OH)(OH>)]?+, are highly efficient at hydrolyzing phosphate esters. Furthermore,
the reactivity of these octahedral cobalt complexes 1s highly sensitive to the tetraamine
ligand structure.

My plan is to investigate if this structure-reactivity relationship is applicable 10
different metal-ligand systems. It is well known that Cu(ll) 10ns are etficient catalysts for
hydrolyzing phosphate esters covalently attached to metal chelating units. 274849 We
therefore chose to study Cu(Il) complexes. No systematic study has been done on
determining the structure-reactivity relationship for simple Cu(Il) complexes ot the type,
[(L)YCu(OHy)3]+, where L represents a bidentate diamine ligand.

The plan 1s to prepare and study a series of 1,10-phenanthroline, and 2,2'-
dipyridylamine ligands in order to determine whether slight changes n the ligand structure
would affect the efficiency of the corresponding Cu(II) complex tor promoting the
hydrolysis of phosphate esters. A detailed kinetic analysis shall be given to provide a
mechanistic rationale to account for the different reactivities for these metal complexes.




2. RESULTS

For all the hydrolyses reactions, ImM metal complex and 2.5 x 10-3 M phosphate
ester concentrations were used unless stated otherwise. 0.01 M concentration of buffer
was used to mamntain a constant pH. For pH 5.5 to 6.5 MES buffer was utlized, pH 7 to 8
N-ethylmorpholine buffer, and for pH 8.5 to 10 CHES buffer was used. Rate constants
were obtained under pseudo first-order conditions by monitoring the imtial rate of
production of 4-nitrophenolate (BNPP hydrolysis) or 2,4-dimtrophenolate (BDNPP and
DNPP hydrolysis) at 400 nm (see experimental section for details). Figure 2.1 shows the
UV-vis absorbance change during the hydrolysis of BDNPP promoted by
[Cu(dpa)(OH2)7]*.

All rate constants which are reported 1n the tables represent the average value of at
least three runs with deviations within 5%.

ABDSONBANCE

A - g - - LJ.’__' S~
Q S Q - [=]
g8 2 8 3 8 8 3 2 8 8§

WAVELENGTH (nwm)

Figure 2.1  UV-vis spectrum for [Cu(dpa)(OH2)2]2* (1 mM) promoted hydrolysis of BDNPP
(5x 105 M) atpH 8, 25 °C
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2.1  Acid Dissociation and Dimerization Constants for Cu(I) Complexes

Table 2.1 lists the acid dissociation constants and dimerizatton constants for the
Cu(II) complexes used in this study. Determination of the pKa values are complicated by
the dimerization process of these complexes. The pKa and Ky, (dimenzation constant)
values are determined by potentiometric tirattons at vartous Cu(Il) complex concentrations.

Table 2.1 Acid Dissoctation constants and dimerization constants for Cu(ll)
complexes used n this study

Cu(ll) complex pKa :\:",")

[Cu(terpy)(OH)** 80

[Cu(phen)(OH,)al2* 78" 254x10%
[Cu(neo)(OHz) | 70

[Cu(5-NO21e0)(OHz)z|* 67

[Cu(dpa)(OHg)2]%* 72 23x10°
[Cu(NMedpa)(OHo)[>* 72 17x10%
[Cu(5.5-dimethyldpa)(OHz)o)* 73 13x 102
[Cu(dpm)(OH2)o}2* 7 25 115x 102

"Gustafson and Martell (ref 59) report pKa = 7 8 and Kgym = 1 x 109 M 'for this complex

The dependence of the midpoint of the titraion curves on the total Cu(ll) complex
concentration present in solution is given wn equation 3.15 (see discussion),

PHmd = PKa + log2 - '09(1 + “11 +4Kd|mCT) (3 15)

where pHm,q is the midpoint of the nration curve at a given Cu(1l) complex concentration,
Cr, and Kg;m is the dimenzation constant of the Cu(II) complex. Figure 2.2 shows
representative titration curves at various concentranons of [Cu(dpa)(OH3)»2 2+ The second




acid dissociation constants for [Cu(L)(OHz)2]2*, where L represents a bidentate diamine
ligand, occur at pH>10. These values are not attainable by direct pH titrations. At pH>10
the copper complexes decompose to give a precipitate of Cu(OH)j,

9.5 -
=== 10 mM Cu(dpa)
~— — 1 mM Cu(dpa) ]
8.5 <1 | -eeneel 25 mM Cu(dpas) /
/
pH 7.5ﬂ ~
-~
- ~
~
6.5 - ~ Figure 2.2 Representative titration
/ curves for [Cu(dpa)(OHz)z]** at various
. / concentrations
5.5 -i'
4-5 L] l L] ] L) ' ) l T l L)
0 0.2 0.4 05 0.8 1 1.2
eq. NaOH

Figure 2.3 shows the dependence of pHp,g on Ct for [Cu(phen)(CH3)2)]2+ and
[Cu(dpa)(OH2)2]2*. The experimental points were fit according to equation 3.15 using a
non-linear least square curve fitting program.*

t Kaleidograph, version 2.0.2, developed by Abelbeck software.
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Figure 2.3 Relationship between pHm g and the total Cu(ll) complex concentration used

2.2 METAL(l) COMPLEX PROMOTED HYDROLYSIS OF BDNPP

2.2.1 pH-rate profiles
The pH-rate profiles for M(II) complex promoted hydrolysis of BDNPP are shown
in figures 2.4 10 2.6. The data were fit according to equation 3.7,

Kobs = 37)

Ky [H'] + ko Kaj
H]+Ka

where Ka is the acid dissociation constant for the coordinated water molecule, and. k- and
ko' are the first-order rate constants for BDNPP hydrolysis promoted by the diaqua and the
hydroxy-aqua species, respectively. The constants obtamed from the fitted curve are listed
undemeath the appropnate pH-rate plot. The data for the pH-rate plots are listed 1n tables
22,23 and 2.4.
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Figure 2.4 pH-rate profile for the hydrolysis of BONPP by Cu(dpa) (1mM, 25 °C)
Ka=131x107 ki =123x105 s, ky =165x 10357,

Table 2.2 Observed first-order rate constants for [Cu(dpa)(OHz)z]Q* (1 mM) promoted
hydrolysis of BDNPP (2.5 x 10" M) at 25 °C.

pH 10° x Kops (s
r.5 061

6.0 .16

6.5 .45

70 1.0

75 1.4

80 165

8.5 1.65

9.0 165

100 165
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10 x k(obs) s~}

Figure 2.5 pH-rate profile for the hydrolysis of BDONPP by Cu(neo) and Cu(5-NOzneo)
(1mM, 25 °C). For Cu(5-NOgneo) Ka =64 x 1077, kp =49 x 104 5!
Cu(neo): Ka=32x107 ko =54x 10451,

Table 2.3 Observed first-order rate constants for [Cu(neo)(OHg)g]z* and
[Cu(5-NO2ne0)(OHa)2)2* (1 mM) promoted hydrolysis of BDNPP
(25x10° M) at25°C

10% x Kons (s™)
pH
[Cu(neo)(OH,),1** [Cu(5-NO,neo)(OH,),]**

5.5 035 042

6.0 10 19

65 29 35

7.0 42 42

8.0 51 48

9.0 54 48

100 94 48

i3



103 x k(obs) s!

1.8

0.75

0.375

Ca(neo) (1 mM, 25 °C)

pH

11

Figure 2.6 pH-rate profiles for the hydrolysis of BDNPP by Ni(neo), Cu(neo), and
For Co(neo) Ka =2.05x 109 ko =65 x 1074 51,

Cu(neo): Ka=32x107, ko =54x 104 Ni(neo)' values are unattainable due to

precipitation at pH> 9.5

hydrolysis of BDNPP (2.5 x 10™> M) at 25 °C

102 X Kobs (87)

62

pH

Co®** | cu?** NI
5.5 035
6.0 10
6.5 29
70 0122 42
7.75 034
8.0 11 51 12
8 25 12
8.5 22 23
875 39 .34
90 50 54 .49
9 25 54 96
9.5 56 1.2
9.75 58
100 61 54
10.5

Table 2.4 Observed first-order rate constants for [M(neo)(OHg)z]2+ {1 mM) promoted



2.2.2 Dependence of BDNPP Hydrolysis Rate on the Concentration of
Cu(IT) Complex

The rate of hydrolysis of BDNPP increases lincarly with the increase of the
concentration of the Cu(Il) neocuproine complex (fig. 2.7). For the Cu(ll) phenanthroline
complex and the Cu(ll) dipyndylamine complex, the rate of BDNPP hydrolysis levels at
increasing complex concentration (fig. 2.7). The data for these plots are listed in table 2.5.
Metal complex concentrations range from 0.1mM to 5 mM. Slow precipitation of the metal

complexes occurs at concentrations greater than SmM.
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Dependence of kgbs for the hydrolysis of BDNPP on Cu(phen), Cu{neo), and
Cu(dpa) concentration




Table 2.5 First-order rate constants for BDNPP (2.5 x 10° M) hydrolysis by Cu(ll) complexes
at pH 8, 25 °C with dependence on the metal complex concentration

Conc. kobs (5-1)

(M) [Cu(dpa)(OH,),]**| [Cu(neo)(OH,),)*| [Cu(phen)(OH,))**
0.1 45x10° 65x10°
0.2 46x10™%

025 12x10*
0.5 10x10° 16x10*
1.0 1.65x 107 22x 10
2.0 28x10° 9.6 x 10"

2.5 1.1x10° 2.7x 10
3.5 3.5x10° 16x 1072

5.0 46x10° 22x 107 38x10*

The data for Cu(dpa) and Cu(phen) were fit according to equation 2.1 (see
appendix) where k is the second-order rate constant for [Cu(dpa)(OH)(OH3)]* or
[Cu(phen)(OH)(OHy)I* mediated hydrolysis of BDNPP, C is the total concentration of
copper complex used, and Kq,m is the dimerization constant for the copper complex. The
values for Kq;mwere taken from table 2.1.

-1+41+8Kd,mC1-

Kobs = K 21)
4Kdlm
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2.2.3 Rates of M(II) complex promoted hydrolysis of BDNPP

The observed pseudo-first-order rate constants for the hydrolysis of BDNPP
promoted by different Cu(IT) complexes are summarized in tables 2.6 and 2.7.

Table 2.6 Rate constants for BDNPP (2 5 x 10°5 M) hydroly sis promoted by various
Cu(ll) complexes (5 x 103 M) at pH 8, 25 0C

" K(obs) "k
Cu(ll) complex ) rel. rate (M's™) rel. rate
[Cu(dpa)(OHz)** 46x 107 12 1.93 44
[Cu(neo)(OHg)a2* 22x10° 57 44 1
[Cu(phen)(OHy)* 384x 104 | 1 125 284
[Cuterpy) (OH)]* 142x10% | 0037 284x10° 0064
NaOH 30x10°% | 78x10°® 30x10° | ooes

as defined in equaton 2 1 Values of Ky, taken fromtable 2 1
** Hydroxide rate atpH 8 from ref 21

Table 2.7 Observed pseudo-first-order rate constants for BDNPP (2 5 x 105 M)
hydrolysis by Cu(ll) complexes (1 x 103 M) containing modified dpa ligands

atpH 8, 259C.

Cu(il) complex k(f:.?)' ) rel. rate
[Cu(dpa)(OHz)2]%* 163x 103] 1
[Cu(NMedpa)(QHp)o}?* 416x10* 0.26

[Cu(5,5-dimethyldpa)(OH2)2)?* 176x10° 11

[Cu(dpm)(OHz)2?* 624x10* | 038
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Table 2.8 lists the observed pseudo-first-order rate constants for BDNPP
hydrolysis promoted by the M(II) neocuproine complexes used in this study. The acid
dissociation constants are also given in the table. The Ni(Il) neocuproine complex
precipitates out ac pH>9.5. The Zn(Il) neocuprone complex precipitates out as Zn(OH); at
pH>6.5, and therefore it was not possible to study its kinetics towards phosphate ester
hydrolysis.

Table 2.8 Observed pseudo-first-order rate constants for BDNPP (2 5 x 10°5 M)
hydrolysis promoted by Metal{ll) neocuproine complexes (1 x 10-3 M) atpH

95,259C
M(ll) complex pKa '(‘°':; rel. rate
S
(Cu(neo)(OHo)o** 7.0 54 x10* 1
[Co(neo)(OHg)z}** 87 6.1 x 10 1.1
iNi(neo)(OHy)o]** >9.5 1.2x10° 22

2.2.4 Comparison Between Cu(II) and Co(III) Complex Promoted
Hydrolysis of BDNPP and BNPP.

Table 2.9 lists the rates of hydrolysis for BDNPP and BNPP promoted by
[Cu(dpa)(OH3)7]2* and compares them to the rates promoted by Co(IlI) complexes as
reported 1n ref. 14. For the Co(Ill) complexes, the maximal rate for phosphate diester
hydrolysis is observed at pH 7 whereas the maximal rate for the Cu(Il) complex 15 at
pH = 8.




Y

Table 2.9 Rate constants for BDNPP (25 x 10'3 M, 25 °C) and BNPP (25 x 10-5 M, 50 °C)
hydrolysis promoted by Cu(ll) (pH 8) and Co(llt) (pH 7) complexes'”

Phosphate Metal k(obs) ¥ | Ret rate
Diester Complex (s™) (M s)

BDNPP [Cu(dpa)(OHz)2** (1 mM) 16x10° 193 1
BDNPP [Co(tpn)(OHz)2l> (10mM) | 11 x 10" 11 57
BNPP [Cu(dpa)(OHg)2l** (1 mM) 13x10™ 0179° 1

BNPP [Co(tpn)(OH,)2]>* (10 mM) 25x 102 25 14
BNPP (Coftren)(OH)2l* (10mM) | 81x10° 00081 | 0042

"as defined inequation 2 1 Ky, = 230 M !

** Rate constants for Co(lll) complexes obtained from ref 14

2.3 Cu(ll) PROMOTED HYDROLYSIS OF PHOSPHATE MONOESTERS

Table 2.10 lists the rates of hydrolysis for DNPP and BDNPP promoted by
[Cu(dpa)(OH>);])2*. The hydrolysis reaction was followed spectrophotometrically at 400
nm. The conditions used were similar to those employed for phosphate diester hydrolysis.
The symbol kynca; refers to the spontaneous rate of hydrolysis of the phosphate ester,
under the conditions specified, in absence of any metal catalyst.
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Table 2.10 Qbserved pseudo-first-order rate constants for phosphate ester hydrolysis (2.5 x 10 M)
promoted by [Cu(dpa)(OHa)* (1 x 10 M) at pH 8, 25 °C.

Substrate ko.?’ Rel. rate ku-qcm Kobs
(s) (87) Kuncat

DNPP 138 x 107 1 22x107° (ref 18) 6.12

BONPP 165x 10° 12 242x 107 (ref 21) 6300

Metal complex promoted hydrolysis of methyl phosphate was monitored by 'H
NMR. Methanol was produced after several days (pD 7, 40 °C) from the 1:1:1 addition of
methyl phosphate, [Co(trpn)(OH2);)3+, and [Cu(dpa)(OHy)2]2* (fig. 2.8) Under similar
conditions, rate promoted hydrolysis of methyl phosphate was not detected to any
significant extent when |Cu(terpy)(OH2)]2+ was subsututed for [Cu(dpa)(OH3)2]%*. In
the absence of copper complex, (1.e. the 1:1 addition of methyl phosphate to
[Co(trpn)(OH2)}3+) mimimal production of methanol was observed (approx. 10%) at the
end of the same time mnterval used to study the system involving [Cu(dpa)(OH2)2]?+. No
hydrolysis was detected from the 2:1 addition of [Cu(dpa)(OH3)7]2+ to methyl phosphate
after three days at pD 7, 55 °C. The reaction could not be monitored further due to
precipitation of the reaction solution.

It 1s well established that methyl phosphate binds to [Co(trpn)(OH2)2}3+ 1n a
bidentate fashion within a few minutes*’. Figure 2.8 shows the !H NMR spectra of the
hydrolysis of [Co(trpn)(PO30Me)}* (5 mM) promoted by [Cu(dpa)(OHz)7]2+ (5 mM).
Methanol was detected as the final product of the hydrolysis.




CH,OH
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THNMR spectra of methyl phosphate (5 mM) in DO after adding
[Co(trpn)(OH2)2J3* (5 mM) and [Cu(dpa)OH2)2]2* (5 mM), pD 7. 40 °C
Elapsed time A)0 hr, B) 70 hrs, C) 214 nrs

Figure 2.8
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3. DISCUSSION

3.1 Cu(ll) COMPLEX PROMOTED HYDROLYSIS OF PHOSPHATE
DIESTERS.

3.1.1 Mechanism for BDNPP Hydrolysis.

The mechanism proposed for [Cu(dpa)(OH2);]2* mediated hydrolysis of BDNPP
1s shown in figure 3.1. This mechanism is valid for all the [(L)Cu(OH2)2)|>* complexes
studied, where L denotes a bidentate diamine ligand. The hydrolysis of the resulting
phosphate monoester 1s slower than the hydrolysis of the diester and shall be discussed in
section 3.5.1.

</ > / I
> NI > N o—tlom
~ on

AN
HN ++Cu fl = HN ++Cu< ) OAr
== ; 07 Noar N

\_/ \__/

| N~ onr

HPO,(OAr)
\ _/ ’
N\ OH, [Cu(dpa)(OH,),)**
HN ++Cu<
. OH,

Figure 3.1. Mechanism of [Cu(dpa)(OHz)2)?* hydrolysis of BDNPP.
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The pH-rate profiles for [LCu(OHj)2)>* promoted hydrolysis of BDNPP are
consistent with the proposed mechanism. The protiles show sigmoiwdal shaped curves.
For [Cu(dpa)(OHz3)2]2*, a pH-independent plateau 1s observed at neutral to alkaline pH and
a pH-dependent region 1s observed at pH 6 to 7 The sigmowdal pH-rate protile suggests
that the removal of a proten trom the copper complex 1s necessary to torm the dominant
catalyst. The simularity between the kinetic pKa (6.9) and that obtained by direct utration
(7.2) for [Cu(dpa)(OHy)7]2* suggests formation of a copper-bound hydroxide or its kinetic
equivalent.

The pH-rate data can be fit to the expression shown 1n eq. 3.1

Ko = k1 [(L)Cu] + kz [(L)CU(OH)] @M

where k; and k» are the second-order rate constants for BDNPP hydrolysis promoted by
the diaqua and hydroxy-aqua species, respectively. {(L)Cu] and [(L)Cu(OH)] represent the
diaqua and hydroxy-aqua copper complexes, respectively. The acid dissociation constant,
Ka, for the diaqua copper complex 1s given by equation 3.2.

[(L)CU(OH)] [H"]

Ka= (32)
[(L)Cu]

The total concentration of copper complex used, Ct, can be expressed by eq. 3.3

Cr=[(L)Cu] +[(L)CU(OH)] (33)

By substituting eq. 3.2 into eq. 3.1 the rate law can be expressed as a function ot the
concentration of the hydroxy-aqua species (see eq. 3.4). Also, Ct can be expressed as a
function of the concentration of the hydroxy-aqua species (eq. 3.5) by substituting eq. 3.2
into eq. 3.3.

oo KLILCUOHI (]
Ka

+ k2 [(L)Cu(OH)] (34)

Cr = ((L)Cu(OH)]

(H*] + Ka]
Ka




The pH-rate law can now be expressed as a funcuion of the total copper compiex
concentration used by substituting eq. 3.5 into eq. 3.4. This 1s given by eq. 3.6.

K
- {M (o] (3 6)

[H]+Ka

Therefore, the pseudo-first-order rate constant, kobs, is expressed in eq. 3.7 where k' and
ky are the pseudo-first-order rate constants for BDNPP hydrolysis promoted by the diaqua
and hydroxy-aqua species respectively '

ky [H'] + ko' Ka

37)
H']+Ka

-

The proposed mechamsm for [(L)Cu(OHj);]2*+ promoted hydrolysis of BDNPP 1s
similar to the mechanism suggested for [(N4)Co(OH2)2]3+. As s the case for the Co(11)
complexes, the Cu(Il) complex plays a bifunctional role effecting hydrolysis by
electrophilic activation of the coordinated phosphate ester and by providing a cis proximity
for the metal-hydroxide nucleophile. In support of this mechanism, it is observed that
Cu(Il) complexes with one less available coordination site, such as [Cu(terpy)(OH2)]2+, do
not promote the hydrolysis of BDNPP very etficiently (table 2.6); therefore, the Lew1s acid
and the metal hydroxide mechanism can be ruled out. Kinetically equivalent mechanisms
must incorporate the dual features of phosphate diester complexation and evidence for a
copper-hydroxide species as active catalyst. Other possible paythways are shown 1n tigure
3.2.

Figure 3.2a depicts an intramolecular general base mechanism which can be ruled
out. The Cu(II) complexes used in this study of the type [(L)Cu(OH3)2]2*. where L
represents a b.dentate diamine ligand, are srructurally related and have .milar pKa values
(table 2.1) yet they hydrolyze BDNPP at sigmficantly different rates (table 2.6 and 2.7). If
the general base mechanism 1s valid then one should expect to observe similar reactivities
for these Cu(II) complexes

In figure 3 2b, the phosphate diester coordinates to the copper complex in a
bidentate fashion followed by external hydroxide attack. In general. intramolecular
nucleophilic catalysis 1s much more efficient than the corresponding intermolecular
reaction.>2.53  For example, the phosphate diester 6 (fig. 3 3) reacts by intramolecular

' k1" =k (Ct] and k7' = k[C]
52F M Menger, Acc Chem Res , 1985, 18, 128.
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artack of alkoxide anion at the phosphorus centre.34 It is estim-ted that the intramolecular
reaction proceeds 107 times faster than the corresponding intermolecular attach ot
hydroxide.53

As mentioned 1n the introduction, several reports exast in the hteratur: ot an
intramolecular pathway tor metal complex promoted hydrolysis of phesphate esters
Hydrolysis of [(en)2Co(180H)(4-NQCcH40PO1)]to yield '30-lfabelled coordinated
inorganic phosphate and hydrolysis of ¢i1s-{(en)>2Ir( OHYO2P(OR )2 1*. where the phosphate
diester, ethyl 4-nitropheny 1 phosphate 15 precoordmated to tne metal 1on, provide the
strongest evidence frr intramolecular hydrolysis of phosphate esters by ransition metal
complexes. Recently, the same mechanism was proposed by Morrow and Trogler tor
((bpy)Cu(OH3)7)]2+ hydrolysis of phosphate diesters’!s and triesters 64

In the present study, no mechanistic discimination betweer inter- and
intramolecular nucleophilic hydrolysis 1s possible by 8OQ-labelling experiments because,
unlike the Co(Ill) and Ir(III) complexes, Cu(ll) complexes exchange aqua hgands very
rapidly on the time scale of phosphate ester hydrolysis. 1n this respect. 1t s dittrscult to
disprove the kinetically indistinguishable mechanism of figure 3 2b However, based on
the conclusions from the above examples, 1t 1s most likely that the intramolecular
mechanism (fig. 3.1) 1s the dominant pathway for the hydrolysis reaction

”/OR
=N o—FP =N o
\c e ~—o0R \c - \P/OR
HN ¢+/u\° & HN ++Cu / ~oR

Figure 3.2 a) General base mechanism b) Intermolecular nucleophilic mechanism
for [(L)Cu(OHp)2)%* promoted hydrolysis of BDNPP

53A. J. Kuby, Adv Phys Org Chem, 1980, 17, 183
54D. A Usher, D I Richardson Jr.,and D G Qakenfull, / Am Chem Soc, 1970, 92, 4699
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Figure 3.3 Intramolecular vs. intermolecular nucleophilic catalysis ( ref 53 & 54)

As is the case for [NgCo(OH2),]3+, the rate-lirting step for the Cu(II) complex
promoted hydrolysis of BDNPP involves the P-O cleavage step (fig. 3.1) since the rate of
solvent exchange with anionic higands occurs extremely rapidly for Cu(Il) complexes.>

Since the mechanism of phosphate ester hydrolysis promoted by [(LYCu(OHj)2 )3+
and [(N4)Co(OH>);) 3+ are the same, the aim 1s to determine if there 1s a substantial igand
effect in Cu(ll) complexes as was the case for Co([lI) complexes.

3.2 LIGAND EFFECT ON [(L)Cu(OH;)2]?* COMPLEXES

It is clear that the reactivity of Cu(II) complexes is highly sencitive to the ligand
structure (table 2.6 and 2.7). For example, at S mM metal complex concentration (25 °C,
pH 8), it is observed that [Cu(neo)(OH;)212+ hydrolyzes BDNPP almost 6 times more
rapidly than {Cu(phen)(OH3)2]2+ while {Cu(dpa)(OH2)212+ is 12 times more efficient at
hydrolyzing the phosphate diester. The mechanism for hydrolysis of BDNPP 1s the same
for all the, ((L)Cu(OH>p), )2+ complexes studied. The complexes are structurally related and
have similar pKa values (table 2.1) yet they hydrolyze BDNPP at significantly different
rates. The structure of the ligand can affect the efficiency of the Cu(II) catalyst.

In what way does the ligand influence the efficiency of the Cu(Il) complex? Some
of the answers to this question are obvious. For instance, the ligand should impart
aqueous solubility to the metal ion. Also. it should not dissociate appreciably from the
metal ion in the pH range of interest for the reaction being studied. More importantly, the
ligand should leave two free coordination sites on the metal ion to allow it to “combine”
with the substrate. The complex [Cu(terpy)(OHy)]?* has only one free coordination site
and therefore is inactive towards BDNPP hydrolyss.

55C. M Frey and ] Struehr, Metal lons in Biological Systems, Dekker, New York, 1974, Vol. 1.,51-116




3.2.1 Geometry of Cu¢(Il) Complexes

In aqueous solution, the Cu(Il) 1on has a distorted octahedral structure which arises
from the Jahn-Teller effect.>¢ Four of the coordinated water molecules are s uated m an
equatorial square plane about the central Cu(ll) 1on, while the remainmg two water
molecules are located at a greater distance atong the central axis perpendicular to the square
plane.57 1n its complexes, Cu(II) shows a strong preference tor square planar (or grossly
distorted octahedral) structures. That 1s, the strong donor atoms are bound i the tetragonal
plane and the coordination tendency of the axial positions s very low In this respect, the
Cu(IT) complexes used in this study are tour coordinate and will be reterred to as having a
'square planar geometry As will be discussed, complexes of the type [(1L)Cu(OL)2 |+,
where L represents a bidentate diamine higand. will distort trom a reguiar square planar
geometry depending on the structure of the ligand.

3.2.2 Dimerization

An interesting comparison can be made between [Cu(neo)OH»)2|2* and
[Cu(phen)(OHz)212+. A sigmficant difference towards BDNPP hydrolysis 15 observed by
placing methyl groups ortho to the heterocyclic mtrogens of the phenanthroline hgand  As
illustrated from the concentration vs. rate plot in figure 2.5, for the neocuproine complex,
the rate of BDNPP hydrolysis increases linearly with increase in the concentration ot the
copper complex. Such is not the case for [Cu(phen)(OH» )22+, where the rate levels ott at
increasing copper complex concentrations At 5 mM copper complex concentrauon, the
neocuproine complex is 5 7 times more reactive than the phenanthrohine complex at
hydrolyzing BDNPP However, this difference becomes minor at lower concentraions,
and 1n fact, at 0.1mM, the phenanthroline complex 1s shightly more reactive at hydroly/ing
the phosphate diester (see table 2 5)

The non-linear plot for [Cu(phen)(OH3)2]2* 15 attnbutable to the known
dimerization reaction for copper(Il) chelates and 1s consistent with the dimer being inactive

6L E. Orgel, An Introduction to Transition Metal Chemustry Ligand Field 1 heory, Wiley and Sons,
London, 1966, p 59

5TH. Sigel, Angew Chem Internat Ed, 1975, 14, 394
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Martell and coworkers38.59 determined that copper(II) diamine chelates have the tendency
to dimenze to the hydroxy-bridged dimer as shown 1n figure 3.4. The dimer cannot be
active towards ester hydrolysis since there are no free coordination sites available for the
substrate to bind to the metal 1on. [Cu(neo)(OH)(OH3)]* does not dimenze because of
unfavourable steric effects brought about by the methyl groups.

v | | N v | | AN
H
N / N N FH
'}=u/OH Hzo\cﬁ" — "éu/o\cﬁ" + 2W,0
/ “oH, no, \ / No” N\ ?
F lN I N 7 IN H N X
“ y \\) L
Active Inactive
HyC | X
WO e
Cu** + 2H,0
no? \ N K= ?
|
HC <

Figure 3.4. Dimenzation of Cu(ll) phenanthroline complex and formation of an inactive
hydroxy-bridged dimer The neocuproine complex dees not dimerize due to steric effects.

In order to compare the efficiencies of the different Cu(Il) complexes, it 1s
necessary to determine the concentration of the hydroxo-aqua species present in solution.
The dimerization constant, Kg;m, can be obtained by potentiometric titrations of the copper
complex at varymg concentrations. Three species exist in solution 1n the pH-range studied:
a diaqua chelate, {(L)Cu]f ; a hydioxy-aqua compound, [(L)Cu(OH)]* ; and the hydroxy-
brnidged dimer, [(L)Cu(OH)]; The solution equilibrna may be defined by the following
equations:

53R C Courtney, R L Gustafson, and S Chabarek Jr., A. E. Martell, J Am Chem Soc , 1959, 81,
519

39R. L Gustafson and A E Martell, / Am Chem Soc , 1959, 81, 525
TThe aqua ligands are omutted for clanty.
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[(L)Cu] [(L)CU(OH)] + [H*]

Ka o (H'] {(L)Cu(OH)]

38
(LCu] (38)
Kam
2[(L)ICU(OH)] === [(L)Cu(OH)}; + H;0O
LYCu(OH
Ko = [{L)Cu(OH)]2 39)
[(L)CU(OH)P
Cr = [(L)Cu] + [(L)Cu(OH)] + [(L)Cu(OH)}2 3 10)

As evidence of the dimerization process, potentiometric titration curves show that an
increase in copper complex concentration results in a shift of the butfer region to lower pH
values (figures 2.2 and 2.3). On the basis of pH titrations, equilibrium constants involving
the formation of hydroxo-aqua species, Ka, and the dimeric chelate species, Km, can be
determined.

By substituting equations 3.8 and 3.9 into equation 3.10 one obtains the total
copper complex concentration as a function of the concentration ot the hydroxo-aqua
species present in solution (eq. 3.11).

2
Cr=[(LICu(OH) + | X2 +2Kdm<i‘—a—)uucl.(om]+1 @)
[ [H

At the midpoint of the titration curve, the concentration of the hydroxy-aqua species should
be one half the total metal chelate concentration, [(L)YCu(OH)] = C1/2, therefore,

2
Ka | Kc,,,,<l‘i)cf ‘1 (312)
) '

and equation 3.12 produces the quadratic equation 3.13.

e
2

HT - Ka[H']- KgmKa®Cr = 0 (3 13)




Solving the quadratic equation gives:

Ka (7 + ‘J1 - 4Kd|mCT>

H]= (3.14)
2

thus,

pHmd = pKa + log2 - Iog(1 + AJ1 +4Kd,mCT) (315)

where pHm,q 15 the pH 2t the midpoint of the titration curve at a given copper complex
concentration

The dimenzation constants are listed in table 2.1. For the phenanthroline copper
complex Kgym = 2.5 x 104 M-1, If we consider the actual concentranion of the hydroxy-
aqua species present in solution then the second-order rate constants at pH 8. 25 ©C for
[Cu(neo)(OH)(OH3)|* and [Cu(phen)(OH)(OH»)]* are .44 M-1s-1 and 1.25 M-ls-!
respectively for BDNPP hydrolysis. The [Cu(phen)(OH)(OH2)]* complex 15 2.84 umes
more reactive at hydrolyzing BDNPP than [Cu(neo)(OH)(OHjy)|*. and
[Cu(dpa)(OH)(OHy)]* 1s 4.4 imes faster than the neocuproine copper complex.

The neocuproine ligand prevents the metal ion from dimerizing, thus one of the
important functions ot the ligand 1s to mamtain an appreciable concentration of the active
hydroxy-aqua species. This does not explain why [Cu(phen)(OH)(OH»)}* and
[Cu(dpa)(OH)(OHy)]* are intninsically more reactive than [Cu(neo)(OH)(OH2)]*. The
ligand must impart other effects on the metal complex.

3.2.3 Strain Effect

In order to design a more efficient catalyst, we must facilitate the rate-limi.ing
phosphorus-oxygen cleavage step. The mechanism for the P-O cleavage reaction invoives
an intramolecular metal-hydroxide attack at phosphorus to produce a pentav:alent
phosphorane ntermediate II (figure 3.5). This is analogous to the mechanism of
hydrolysis of the phosphate diester 6 1n figure 3.3. In a totally strain-free system, the O-
Cu-0, Cu-O-P, 0-P-O, and P-O-Cu bond angles in II should add up to 399° (200 +
109 50 + 900 + 109 59 respectively). However, in any four-membered ring, the sum cf
the angles must be less than or equal to 360°. Therefore, some of the angles in the fuur-




membered ring II must be compressed compared to the totally strain-tree bond angles. In
particular, the O-Cu-O bond angle in II must be considerably less than 90.

oL OR
=== 0~ \ “OR ==N o;
N \ \
HN +¢Cu/ o —— HN ++Cu/ ) P “™=~OR
o o ;
/N /N " °
= — It
24 —N o OR
[Cu(dpa)(OH),] HN,, ++\Cu/ \p< on
+ — N~ v
o
PO,;*(OR) N/

Figure 3.5. Proposed mechanism for Cu(ll} complex mediated P-O cleavage reaction

The dipyndylamine higand forms a six-membered chelate complex whereas 4 tive-
membered chelate complex is formed with the neocuprone ligand  It1s more reasonable o
make the companson with the neocuproine complex nstead of the phenanthroline complex
since the former does not dimerize. Also, the pKa of the two complexes,
[Cu(dpa)(OHz)2]2* (pKa = 7 2) and [(Cu(neo)(OH2)21>+ (pKa = 7 0) are very similar - As
is the case for [Co(tren)(OH)(OHy) ]2+ vs. [Co(trpn)(OH)(OHg)]2+. 4 major tactor n
stabilizing the four-membered transition state structure Il 15 to increase the bond angle
opposite the four-membered nng. The N-Cu-N bond angle 1n a six membered chelate
complex should be larger than the N-Cu-N bond angle 1n a five membered chelate complex
It 15 proposed that [Cu(dpa)(OH)(OH>)]* 1s more efficient at hydrolyzing phosphate
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diesters than [Cu(neo)(OH)OH2)]* due to the greater ability of the former in stabilizing the
four-membered nng

The [Cu(dpa)(OH2)2]2+ complex 1s known to form tour-membered rings easily
For example, 1t was determined by X-ray crystallography that acetate binds to the
copper(Il) complex as a bidentate hgand.69 It 1s the ability of the Cu(dpa)-complex to
stabilize the tour-membered ring in I that makes 1t a better catalyst tor promoting the
hydrolysis ot phosphate diesters  For tive-membered diamine chelate complexes such as
Cu(neo), a larger stramn 1s developed in the chelanon step and hence a slower rate for

phosphate diester hydrolysis 1s observed.

3.2.4 Electronic Effect: Lowering Of pKa

The neocuproine copper(1]) complex 1s appealing to study because complications
ansing from dimenzation processes do not occur. An interesting comparison 15 between
{Cu(neo)(OH)(OH2))* and [Cu(5-NO2neo)(OH)(OH;)]*. Placing the electron withdrawing
nitro group on the 5-position of the neocupromne ligand lowers the pKa of the
corresponding copper(1l) complex by 0.3 pH unts (i.e . [Cu(neo)(OH2);/2*+ pKa = 7.0,
[Cu(5-NOsneo)(OH?7)1 )%+ pKa = 6.7). What then are the effects ot lowering the pKa of
the metal draqua complex towards phosphate diester hydrolysis”

Figure 2.5 shows the pH-rate profiles for BDNPP hydrolysis promoted by the two
complexes. The typical sigmoidal-shaped curves reveal inflection points near the pKa of
their respective diaqua complexes. Lowering the pKa of the diaqi a complex has the effect
of generating the active hydroxy-aqua species at a lo'ver pH. It is interesting to note that
the maximal rate for both complexes are simlar: (ko' = 5 4 x 10~ sl and 4.9 x 10~ s for
[Cu(neo)(OH)(OH2)[*and [Cu(5-NO2-nern)(OH)(OH,)I*. respectively) It was
anticipated that the 5-NJaneo copper(Il) complex would indeed display a lower maximal
rate since s metal-hydroxide 18 less basic and hence less nucleophilic than the neocuproimne
complex. However. the difference 1n reactivity 1s not large. Perhaps the lower
nucleophilicity 1s offset by the greater Lewis acidity of the 5-NOaneo complex thereby
making the phosphorus centre more electropnitlic upon coordination.

0N Ray, S Tyagtand B Hathaway, Acta Cryst 1982, B38, 1574




3.2.5 Other Ligands

Before we began our study with Cu(1l) phenanthroline complexes. we anticipated
that the introduction of methyl groups adjacent to the mtrogen atoms of [.10-
phenanthroline would enhance the activity of the copper complex in hydroly/ing phosphate
diesters. We thought that steric interactions between the methyl groups and the metal
bound oxygen atoms in [Cu(neo)(OH)(OH>)]* would result in compression of the O-Cu-0
bond angle compared to that for {Cu(phen)(OH}OH2)]*  Constniction ot the O-Cu-0
bond angle should facilitate the rate-determining tour-membered nng formation step  The
evidence tor the stenic interaction 1s that although neocuproine (pKa = 5 85) v almost 10
times more basic than phenanthroline (pKa = 4 98), the equilibrnium constant for binding ot
Cu(Il) to neocupromne in water (Jog K =6 1) 15 S0 tmes less than that tor binding ot
Cu(Il) to phenanthroline (log K = 8 8).6! [If stenc factors are not mnvolved then the
formation constants for these type of complexes are approximately proportional to
pKa.62,690b

The 1ncreased stramn of the metal complex imposed by the methyl groups does not
force the coordinated water molecules closer together but causes a progressive distortion
towards a tetrahedral geometry®! It 15 well known that the tetrahedral geometry preters
Cu(I) over Cu(Il), thus, the Cu(II) neocuprotne complex undergoes autoreduction 1o the
Cu(l) complex.3 Upon standing for a few weeks at room temperature, an agqueous
solution of [Cu(neo)(OH2)2}2* produces an intense visible absorption maximum at 455 nm
which is indicative of Cu(l) complexes®3 At elevated temperatures, this process iy
accelerated. This is why [Cu(neo)(OHa)|2* mediated hydrolysis of phosphate esters were
carried out at 25 °C. At room temperature, the 'decomposition’ of the Cu(Il) complex was
not significant during the course of the hydrolysis reaction Hydrolysis ot phosphate
diesters promoted by the bulkier 2,9-diethylphenanthrohne-Cu(ll) complex could not be
monitored even at room temperature since the reduction process interteres with the study of
the phosphate ester hydrolysis reaction.

61, Irving and D H. Mellor, J Chem Soc , 1962, 5237

62B R.James and R J. P Williams, J Chem Soc 1961, 2007

632) J. R Hall, N K. Marchant, and R, A Plowman, Aust J Chem , 1962, 15, 480 b)J R Hall, N
K. Marchant, and R A Plowman, Aust J Chem, 1963, 16,34 ¢) S Kiugawa, M Munakata, and A

Higashie, Inorg Chim Acta, 1984, 84, 79 d) H Dome, Y Yano, and T W Swaddle, lnorg Chem |
1989, 28, 2319
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The tnvial name 'neocuprome’ was assigned to 2,9-dimethyl-1,10-phenanthroline
by Smuth and McCurdy® who first described its application as a specific chromogenic
reagent for copper The common name 'cupromne’ was assigned to 2,2'-biquinolne by
Hoste®3 because 1ts reaction with cuprous ron 1s analogous to the ferrom reaction between
terrous 1on and 1.10-phenanthroline  Wolden, Hammet, and Chapman®%, n 1931,
introduced the use of tnis(1,10-phenanthroline iron(1l) as a huigh potenual redox indicator,
but 1t was Gleu who first suggested, the now common name 'ferromn’ as an abbreviation
for, in his words, "this most important and best oxidimetric indicator....the
phenolphthalein of oxidimetry.. "7 For the analyncal chemist, neocupromne 1s superor to
cuproine because ot its greater solubility mn aqueous solution and 1ts greater molar
absorptivity for its Cu{l) chelate6®

The reasons given for the greater efficiency of {Cu(dpa)(OHa)»]>+ compared to
[Cu(neo)(OH,)7]2+ for phosphate diester hydrolysis are stull vahd  One may argue that the
methyl groups will hinder the approach ot the oncoming phosphate diester. It 1s unlikely
that the Cu(lIl)-dipyndylamine complex is more reactive than the neocuproine complex due
to steric considerations since both complexes have similar reactivities for hydroly/ing p-
mtrophenol acetate (pNPA). The metal promoted hydrolysis of pNPA occurs via a
nucleophilic metal-hydroxide mechanism (see sections 4 4 and 6 1 concerning metal
complex hydrolysis of pNPA). If hindrance were a tactor then [Cu(neo)(OH>»)> ]2+ should
hydrolyze pNPA less efficiently than [Cu(dpa)OHyp), )2+

Compared with the phenanthroline system, the Cu(ll)-dpa complex 1s by tar the
most efficient complex at hydrolyzing phosphate diesters We wanted to ascertamn if shght
modifications to the dipyndylamine ligand would have an effect on the resulting Cu(ID)
complex towards phosphate diester hydrolysis. The ligands that were studied are shown in
figure 3.6 and the rates of the Cu(Il) complex promoted hydrolysis of BDNPP are listed n
table 2.7

Addiion of methyl groups adjacent to the mitrogen atoms of phenanthroline
prevented dimenzation of the Cu(ll) complex. Similarly, we hoped that introduction of
methyl groups ortho to the nitrogen atoms of dipyndylamine would also prevent
dimerization of the resulting complex. Unfortunately, 1n aqueous solution. both metal and
ligand precipitated out of solution. Metal complexation could not occur because of the

64G F Smuthand W H McCurdy Jr, Anal Chem , 1952, 24, 371

65] Hoste, Anal Chim Acta, 1950, 4, 23

%6G H Walden Jr, L P Hammet, and R P Chapman, J Am Chem Soc , 1931, 53, 3908
87K Gleu, Z Anal Chem 1933, 95, 305

68A A Schult, Analytical Applications Of 1,10-phenanthroline and Reluted Compounds , Pergamon Press,
Oxford, 1969, p 71
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inhospitable steric environment around the nitrogen atoms. Compared with
[Cu(dpa)(OH2)2]2*, no significant effect 1s observed for the metal complex promoted
hydrolysis of BDNPP by [Cu(5,5'-dimethyldpa)(OH2)a|2+. Apparently, the methyl
groups m 5,5'-dimethyldpa are too far away from the metal centre to have any signiticant
effect on the copper complex.

H H H
N N N N
N A N T 0 YN
CH, CH,

2,2-dipyndylamine bis{2-(6-methylpyndyl)jamine bis{2 (5 methylpyndyl)jamine
bis(2-pyndyl)amine 6,6'-dimethyldpa 5,5'-dimethyldpa
dpa
S 7 A
Y Y O I
NG N~ ~ N N A
2,2'dipyndylsulfide 2,2"-dipyndylmethane
bis(2-pyndyi)sulhde bis{2-pyrndyl)methane
dps dpm

o ?H,
A S /INI\
\N N/ \N N/

2,2"-dipyndyl ketone bis(2-pyndyl) methylamine
bis(2-pynidyl)ketone NMedpa
dpk

Figure 3.6. Modified dipyndylamine igands used in this study

A significant difference for BDNPP hydrolysis is observed by changing the
bridging group between the two pyridyl moieties. Hydrolysis of the phosphate diester
could not be studied for [Cu(dps)(OHz2);|2* because of precipuation of the complex at
neutral pH. The Cu(II) complex of dipyridy! ketone was also inactive at pH §.




Studies have revealed®? that dpk coordinates with Cu(II) via the two mitrogen
atoms but the keto group 1s actually present in the form of a geminal diol. At pH above
4.5, one of the gemnal hydroxy groups becomes deprotonated leading to a rearrangement
of the binding sites from a six-membered NN chelate to a tfive-membered N.O chelate as
shown 1n figure 3 7. The resulung N,O chelate 1s nefficient for phosphate diester
hydrolysis.

Of the four complexes listed in table 2 7, the Cu(Il) complexes of dpm and
NMedpa are the least efficient for promoting the rate for BDNPP hydrolysis In other
words, the most efficient complexes are those which have a NH bndging group between
the two pynidine rings. Compared with the Cu(Il)-dpa complex, [Cu(dpm)(OH3 )22t and
[Cu(NMedpa)(OH2);]2+ are 2.6 and 3.9 umes slower at hydrolyzing BDNPP respectively
(table 2.7) The result 1s interesting considering all four complexes have similar pKa and
Kgim values (table 2.1).

0 HO oOH
7 | | AN Z N | AN
| I
N N N N
N / Y a N Vs P
cu** cu**

Filgure 3.7. Hydration and rearrangement of Cu(ll)-dpk complex (ref 69)

For Cu(Il)-dpa and Cu(II)-5.5'-dimethyldpa complexes, the ligand is planar through
resonance of the electron donating amino group into the pyndine rings. No such resonance
is possible for the Cu(IT)-dpm complex. X-ray structures show formation of a planar six-
membered ring between dpa and Cu(11)90.70 while the formation of a chelate in the boat
form 1s achieved beiween a metal ton and the dpm ligand.”! For phosphate ester
hydrolysis, it should be easier to form the four-membered ring transition state structure
from the geometry of the former complex; 1t follows that {Cu(dpa)(OH2)2]2* 1s more active
than [Cu(dpm)(OH2)3]2* for BDNPP hydrolysis.

%9) B E Fischer and H Sigel, Jnorg Chem , 1979, 18, 425. b) B. E. Fischer and H Sigel, J Inorg
Nucl Chem 1975, 37, 2127

10N Ray, S Tvagi and B Hathaway,J Chem Soc, Dalton Trans , 1982, 143
11G Newkome, V K Gupta, C R Taylor, and R R Fronczek, Organometallics, 1984, 3, 1549
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For [Cu(NMedpa)(OH3)2]2+, unlike [Cu(dpa)(OH2)2]+, coplananty of the ligand
and conjugation over the brnidging N atom 1s difficult to maintain because ot the
unfavourable steric interactions that would result between the methyl group and the 3 and
3' hydrogens on the pyndine nngs Theretore, in order 0 avoid the steric hindrance, a
geometry similar to the Cu(ll)-dpm complex should be displayed. Thus
[Cu(NMedpa)(OH3)12)]2* 1s not as efficient as [Cu(dpa)(OHa2)2}2* for phosphate ester
hydrolysis.

3.3 OTHER METALII) COMPLEX PROMOTED HYDROLYSIS OF
PHOSPHATE DIESTERS

It has been shown in this study that, depending on the higand structure, Cucll)
complexes can be efficient at hydrolyzing phosphate diesters. How does this compare to
other divalent metal complexes? The complexes formed from the 1 1 addiion of M(11) 1on
and the neocuproine ligand were studied We chose the neocuprowne ligand to avoid the
complications ansing from dimerization processes.

The pH-rate profile (fig 2.6) for the Cu(ID) complex promoted hydrolysis of
BDNPP shows a pH independent region at pH>7, whereas the Co(11) complex displays 4
pH independent region at pH>9. These observations can be explained by the ditfenng pKa
values for the coordinated water molecules (table 2.8).

An important role of the metal 1on. for phosphate ester hydrolysis, 15 to act as a
Lewis acid activating the phosphorus towards nucleophthe attack. Although Co(ll) 15 a
weaker Lewis acid than Cu(Il), its coordinated hydroxide anion 1s more nucleophilic It
seems that these two effects cancel each other since the maximal rates tor Cucll) and Co(ID)
complex mediated hydrolysis of BDNPP do not differ sigmticantly (table 2 4 and 2 8)
Interestingly, compared to Cu(ll) and Co(ID), the NiIl) compiex. at pH 95, 15
appproximately two times more reactive at hydrolyzing BDNPP  The tull pH-rate profile
could not be obtained because of precipiation of the complex above pH 95 The Zn(I)
neocuproine complex precipitated out as Zn(OH); at neutral pH

It 1s difficult to draw general conclusions based upon the results ot these three
complexes. Several factors are involved other than differing Lewis ucidities and acid
dissociation constants. The three metal complexes have ditterent geometncal structures
Cu(II) 1s square planar, Co(Il) 1s tetranedral’2%, and the Ni(1l) complex 15 octahedral?2b

723) F. Walmsley, A A Pinkerton, and ] A Walmsley, Polyhedron, 1989, 8. 689 by H S Preston and
C.H L. Kennard, / Chem Soc, Chem Commun , 1967, 1167



(the axial positions are occupied by water). The geometry of the metal complex can
significantly affect the efficiency of the metal catalyst.

The size of the metal 1on can also play a major role For example, Hendry and
Sargeson’3 showed that the rate of hydrolysis of the Ir(III) complex. cis-
[eny I OH)OP(O)YOCH5)(OC6H4NO) |+, 15 103 fold slower than the analogous Co(I1)
complex despite the more basic coordinated hydroxide on the Ir(Ill) 1on  The reduction
rate was ascribed to the larger size of the Ir(I11I) 10n compared to Co(III) which made ning
closure more difficult.

The advantage of the Ni(II) and Co(II) complexes over Cu(II) 15 that the former
complexes are less redox active However, they are only active in the alkahne pH range
whereas Cu(Il) complexes are active at hydrolyzing phosphate esters in the preferred
physiological pH range.

3.4 COMPARISON OF Cudl) COMPLEXES WITH Co(I1I)
COMPLEXES ON PHOSPHATE DIESTER HYDROLYSIS

Although the Cu(ID) complexes are square planar and the Co(IIl) complexes are
octahedral, there are important similanties between the two types of complexes on
phosphate diester hydrolysts  First, the metal bound water molecules are in the <18
onentation n both the copper and cobalt complexes Second. the metal bound water
molecules have comparable acidities. Third, maximum reactivity ot the cobalt and copper
complexes can be obtained at neutral to shightly alkaline pH The mechamsms tor
[(LYCu(OH2)»2* and [(N4)Co(OH2)2 ]2+ promoted hydrolysis ot BDNPP are comparable
For both types of complexes, the structure ot the hgand can significantly influence the rate
of hydrolysis on phosphate diesters. The companson between [Cuineo )} OHYOHy)|* vs.
[Cu(dpa)} OH)YOH)|*. and [Co(tren)(OH)(OH»)]2* vs [Co(trpn)(OH)(OH»)}2* are
strikingly simular In both cases, the complexes contaiming a six-membered nng opposite
the hydroxy and aqua hgands are better able to stabilize the proposed transition state four-
membered ring structure than the complexes contamning a five-membered ring opposite the
hydroxy and aqua ligands

However, Co(IID) complexes are still more efficient than Cu(ll) complexes at
hydrolyzing phosphate diesters. For example. compared with [Cu(dpa)(OH)(OH2)|*,

73P Hendry and A M Sargeson.J Am Chem Soc . 1989, 111, 2521
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[Co(trpn)(OH)(OHy)]2+ promotes the hydrolysis of BDNPP and BNPP 5 7 and 14 times
more rapidly, respectively (table 2.5).

3.5 Cu(Il) PROMOTED HYDROLYSIS OF PHOSPHATE
MONOESTERS

3.5.1 Hydrolysis of Good Leaving Groups

Up to now the discusston has primanly focussed on Cu(ll) complex promoted
hydrolysis of phosphate diesters to monoesters  As shown 1n table 2 10. the subsequent
hydrolysis, that 1s, the hydrolysis of the phosphate monoester promoted by
[Cu(dpa)(OH2)>}2+ 1s not as eftictent. At ImM concentration of CucIh) compley (pH &,
and 25 °C), only a six-fold rate enhzncement, over the uncatalyzed raie, 1s observed tor the
Cu(1I) complex promoted hydrolysis of DNPP whereas a 6 3 x 103 told rate enhancement
1s observed for the hydrolysis of the phosphate diester. BDNPP  In addition,
[Cu(dpa)(OH2)2]%* hydrolyzes DNPP twelve times slower than the corresponding
phosphate diester.

The observation that Cu(ll) complexes hydrolyse phosphate monoesters less
efficiently than phosphate diesters seems to be a general trend  Morrow and Trogler M
observed that the rate for [Cu(bpy)(OHa)2)]2* promoted hydrolysis ot NPP a 75 oC,
pH 8, 1s three tmes slower (k = 6.4 x 10-3 M-1s-1) compared to the hydrolysis ot the
analogous phosphate diester, BNPP (k =2 x 10-2 M-ls-1)  The result 15 mteresting
considering that in che absence of any catalyst. phosphate monoesters hydrolysze more
rapidly than phospbate diesters (see tables 1 1 and 2 10 and tig.1 13)

The Cu(Il) promoted hydrolysis of DNPP can tollow three possible reaction paths
as outlined in figure 3.8. It 1s proposed that the Cu(ll) complex promoted hydrolysis ot
DNPP occu:s by the same mechanism to that presented tor phosphate diesters as shown in
figure 3.1. (and mecranism A n fig 3 8.) The hydrolysis reaction should not occur by
the metaphosphate mechanism (mechanism B tig 3 ¥) since. tor DNPP, the uncatalysed
hydrolysis of the monoanion 1s much slower than that tor the dianion!® (tig 1 10y 1t
mechanism B 1s operative, then the Cu(ll) complex will inhibit (or retard) phosphate
monoester hydrolysis.
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Figure 3.8 Possible mechanisms for Cu(ll) complex promoted hydrolysis of DNPP

Chelation of the phosphate monoester followed by attack by an external nucleophile
as depicted by mechanism C can also be ruled out. This mechamsm is analogous to
[Co(trpn)(OH2)7]3+ promoted hydrolysis of phosphate monoesters with poor leaving
groups#’ (fig 1.21 and 1.22). This mechanism is unlikely since hydrolysis of methyl
phosphate could not be detected (see sect. 3.5.2).

One of the reasons why phosphate diesters are stable towards hydrolysis 18 because
of unfavourable electrostatic interactions between the the phosphate anion and the
oncoming amonic hydroxide nucleophile !5 This electrostatic barrer 1s reduced when the
diester 1s bound to the Cu(ll) ion thus facilitaing an intramolecular metal-hydroxide attack.
For the diamionic phosphate monoester, unfavourable electrostatic interactions still exist
between the coordinated monoester and the metal-hydroxide It follows that Cu(ll)
mediated hydrolysis of phosphate diesters are more efficient than that for phosphate
monoesters. This does not explain why the trend is reversed for Co(Ill) complexes.
Co(IIl) como'exes promote the hydrolysis of phosphate monoesters much more efficiently




than for phosphate diesters,33¢38b.31 yet the raechanisms for Co(111) and Cu(ll) complex
promoted hydrolysis of phosphate esters are the same.

3.5.2 Hydrolysis of Poor Leaving Groups

It has been shown n our lab by Chin and Banaszczyk*7 that {Corpn)OHa)) )3
promoted hydrolysis of phospho-monoesters with poor leaving groups 1s ditferent
compared to hydrolysis of those with good leaving groups. Addition of one equivalent ot
[Co(trpn)(OH2)7]3* to methy! phosphate produces a stable cobalt complex 3 (tig 1 21)
that subsequently hydrolyzes upon further addition of the Co(IIl) complex It would be
interesting to determine 1f this same mechamsm would apply tor [Cutdpa)(OH )|+
Under the same conditions employed for the [Co(trpn)}( OHa)2 13+ case (50 0C tor several
hours), hydrolysis of methyl phosphaie was not detected by the addition ot two equivalents
of the Cu(II) complex. This result is not surprising considering that the Cu(ll) complex
was not very efficient at hydrolyzing the more reactive phosphate monoester, DNPP At
pH 7, 25 oC, the spontaneous rate of hydrolysis for DNPP (k = 2.22 x 10-5y-1) 15 103
times more rapid than that for methyl phosphate (k = 2.6 x 10-105-1)

For the Co(IlII) complex promoted hydrolysis of methyl phosphate, 1t 1s the chelated
phosphate monoester that acts as the “true substrate * Cu(Il) complexes are not etficient at
hydrolyzing phosphate monoesters, but would ‘cooperative catalysis’ occur for methyl
phosphate hydrolysis by the 1:1 addition of [Co(trpn)(OH2)2 3+ and [Cu(dpa)(OHz)2 )2+

Figure 3.9 Proposed mechanism of methyl phosphate hydrolysis by the 1 1 addition of
[Caltrpn)(OHz)2]** and (Cu(dpa)(OHa)oI**

ol




Figure 2.7 shows the 'H NMR spectra for the production of CH30H from the
[Cu(dpa)(OH3), ]2+ promoted hydrolysis of [Co(trpn)(PO30OMe)]*. Cu(Il) complexes
with one less available coordination site, such as [Cu(terpy)(OH2)]2*. do not hydrolyze the
Co(HI) chelated phosphate monoester Therefore, the mechanism of hydrolysis should be
similar to the one proposed for the [Co(trpn)(OH;)2]3+ case, which 1s shown 1n figure
3.9.

The system which employs 2 eq. of {Co(trpn)(OHz)7]3+ is still two times more
reactive at hydrolyzing methyl phosphate than the system which mnvolves the 1:1 addition
of Co(I7l) and Cu(Il) complex. However, at SmM metal complex concentration. a
sigmificant amount of the Cu(II) complex 1s n its mactive dimer form. The actual amount
of the active monomer present 1n solution 1S less than one half the concentration of the
Co(II1) complex74, thus, the difference in reactivity is mamnly due to the greater
concentration of {Co(trpn)(OH)(OHy)}2* over that for [Cu(dpa)(OH)(OH,)]*.

74The concentrauon of monomer 1s 2.38 mM calculated from eq. 5 using Kg4,m = 230 M1 (see appendix)




4. INTRODUCTION
4.1 ARTIFICIAL ESTERASES AND PEPTIDASES
4.1.1 Importance of Developing an Artificial Esterase/Protease

The ability of proteolytic enzymes and chemical reagents to selectively cleave
peptides and proteins at defined sequences has greatly tacilitated studies ot protemn structure
and function.”> In companson with the number ot sequence selective nucleases avalable
for analyzing and manipulating nucleic acid structure, only a hnited number of selective
peptide cleavage agents exist The development of an artificial protease that 1 capable ot
cleaving peptides at specific sites would greatly tacilitate the mapping ot protem structural
domains and protein sequencing. In addition, such molecules would hkely lead to the
development of new therapeutic agents to selectively hydrolyze protemn coats of viruses,
cancer cells, or other physiclogical targets.’®

The development of an artificial esterase would also lead to new therapeutic agents.
Nature has made wide use of the carboxylic ester. For example, tnacylglycerols serve as
efficient reserves tor the storage of energy, and acetylcholine, a neurotransmitter, s
important for nerve impulse transmission. Phospholipids, the major structural ipids ot all
biological membranes are also compnised ot carboxyhc esters (fig 1.2) Many brochemcal
processes 1nvolve ester formation, transacylation, or hydrolysis.

For the organic chermist, artificial esterases may be used tor stereoselective acylation
and for kinetic resolution of alcohols. In the tield of organic synthesis, one can imagine the
use of these molecules for regioselectively removing blocking groups.

4.1.2 Previous Work

In the past decade, the strategy of most research teams for developing artiticial
esterases Or proteases was to incorporate, into their systems, tunctional groups determined
to be present in the enzyme's active site and which were essential tor mamntaining the
enzyme's activity. The most often mimicked enzymes were esterases or peptidases like
chymotrypsin, papain, and carboxypeptidase A.

75D Hoyer, H Cho,and P G Schultz, / Am Chem Soc, 1990, 112, 3249 (references therein)
76p G. Schultz, R. A, Lemner, and § J Benkovic, Chemical and Engineering News, 1990, 68(22), 26




D'Souza and Bender’? have developed a 'miniature organic model' of
chymotrypsin. The serine protease uses the imidazole group of histidine 57, the hydroxy!l
group of senne-195, and the aspartate-102 carboxylate group to perform the hydrolysis of
peptides and esters. Bender and D'Souca’s enzyme model rontained the aforementioned
tnad of catalyuc groups. The model consisted of an umdazole-benzoate group covalently
attached to the secondary side of 3-cyclodextrin (6 n fig. 4.1). The kinetic constants for
hydrolysis of m-(tert-butyl)phenyl acetate by 6 at 1ts pH optimum of 10.7 were compared
with those for hydrolysis of p-nitrophenyl acetate by chymotrypsin at its pH optimum of
8.0 Since Koa/Km for 6 catalyzed hydrolysis of m-(tert-butyi)phenyl acetate was very
close to that for chymotrypsin catalyzed hydrolysis of p-nitrophenyl acetate, the authors
believed that 6 catalysed the hydrolysis of the ester by using the charge-relay mechanism as
depicted in figure 4.1 Recently, however, the mechanism has been re-examined.”8 It 1s
now generally accepted that the mechanism involves nucleophilic attack by an ionized
cyclodextrin hydroxyl, without involvement of the 1midaznle-carboxylate moiety.

Figure 4.1 The ‘miniature organic mode!' of chymotrypsin and the proposed charge-relay
mechanism for ester hydrolys's (ref 77)

Lehn and Serlin? have prepared a chiral crown ether catalyst bea: ing cystemnyl
residues to mumic the enzyme papaw (fig. 4.2). The catalyst complexes pnmary

7TV T DSouza and M L Bender, Acc Chem Res , 1987, 20, 146

783) R Breslow and $ Chung, T'etrahedron Lett, 1989, 30, 4353 b) S C Zimmerman, ['etrahedron
Lett, 198y, 30, 4357

79 M Lehnand C Seelmn, S Chem Soc Chem Commun , 1978, 949
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ammonium salts and displays enhanced rates of thiolysis tor dipepude ester substrates 1t
also shows high chiral recognition for the L-enantiomer (70 times faster) ot i racemic
mixture of glycylphenylalanine p-nirophenyl esters  The 1031 rate acceleration over
uncomplexed substrates are due to complexation of the pnimary ammoniuum salt n the
crown ether cavity and the participation of an SH group ot the cystemnyl residues to give an
S-acyl intermediate  This artificial enzyme model displays molecular complexation, rate
acceleranion, and structural and chiral discriinination analogous to true biological catalysts

NO,

Figure 4.2 The dipeptide substrate, giycy!-glycine p-nitopheny! ester, binds to the macrocyclic
receptor to undergo transacylation (ref 79)

More recently, Tecilla and Hamilton®? have synthesized a catalyuc system in which
a pepude-like substrate 1s neld, solely by hydrogen bonds, in proximity to an appended
thiol nucleophile The researchers took advantage of the strong hexa-hydrogen bonding
complementanty that exists between barbiturates and two 2.6-diamidopyndine units hinked
through an 1sophthalate spacer (fig 43) A barbuturate denvative with an acetate ester

substituent 1n the 5-position, H-bonds (via 6-H-bonds as shown 1n tig 4 3) 10 the receptor

€0p Tecillaand A D Hamilton, /., Chem Soc . Chem Commun , 1990, 1232

i 1)



and undergoes thiolysis. A rate acceleration of more than 104 is observed for the
transacylarion reaction

NO,

Figure 4.3 Thiolysis reaction of a H-bonding receptor complexed to
a barbiturate acetate denvative (ref 80)

A strategy for the generation of selective protein cleaving agents 15 based on
oxidative cleavage ot the polypeptide backbone Schultz and his co-workers®! have
attached the metal chelator, EDTA, to bioun (t1g 4.4a) This conjugate selectively delivers
redox-active Cu2* or Fe3* in close proximity to the polypepude backbone at the biotn
binding site of streptavidin, resulting 1n selective proten cleavage at that sue This strategy
1s similar to the one employed for developing artificial nucleases in which EDTA-Fe2+
conjugates of DNA binding groups are used to oxidatively cleave nucleic acids

A similar approach has been independently described by Schepartz and Cuenod??
where EDTA was covalently tethered to the calmodulin antagonist, trntluoperazine (TFP),
to produce an affimty cleavage reagent for calmodulin (fig 4 4b) The inifluoperazine-
EDTA adduct binds to the protein 1n a Ca?+ dependent manner, thus, in the presence of
Ca2+, Fe<*, Oy, and dithiothrentol, the TFP-EDTA conjugate cleaves calmodulin to produce
s1X major cleavage tfragments.

81D Hoyer, H Cho, and P G Schultz, J Am Chem Soc, 1990, 112, 3249
82A Schepantz and B Cuenod, / Am Chem Soc , 1990, 112, 3247.
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Figure 4.4 a) Biotin-EDTA conugate (ref 81) b) Trfluoperazine-EDTA conjugate (ref 82)

[n the past few years, antibodies have been used to catalyze the hydrolysis ot esters
and amides.”®83 It has become possible, with the advent ot hybridoma technology, to
generate homogeneous, high atfinmity antibodies that selectively recognize virtually auy
molecule of interest  Catalysis 18 achieved by immunizing an animal with a transition state
analogue that, in both shape and charge distribution, resembles o high energy structure
thought to be a rate-limiting transition state 1n the reaction pathway  The generated
anubodies catalyze the desired reaction through binding torces that lower the energy ot the
intermediate, and thus reduce the overall reaction barrier  The first examples ot catalytic
antibodies spectfic for transition state analogues bound tetrahedral, negatvely charged
phosphonate transition state anologues tor the hydrolysis of esters Monoclonal antibodies
specific for a tetrahedral transition state analogue 7 (hg 4 5) were tound to selectively
catalyze the hydrolysis of the corresponding ester 8 Rate accelerations ot 103100 were
observed. Since the first reports of antibody catalysis in 1986, hydrolysis of unactivated
esters and amdes have also been published, in addition. a considerable number ot ditterent
reactions have been catalyzed with specificity and etficiency

Remarkable as all ot the above artifictal protease and esterase models are, with the
exception of catalytnc antibodies, they fall considerably short ot natural enszymes Whereas
natural enzymes hydrolyze unactivated esters and amides, the aruticial esterases only
transacylate activated esters or, & 1n the case ot the protease models, oxidauvely cleave

83p G. Schultz, Acc Chem Res, 1989, 22, 287 (and references therein)
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armde bonds. Although catalytic antibodies have been shown to hydrolyze simple esters

o 0. OH |
o,N_Q_o)l\o/ = o,n-—@—o*o/

Substrate Transition-state 8

\2/
o,N—Qo/P oH
o

Transition-state analogue 7

Figure 4.5 Phosphonate ester as transitton-state analogue for antibody catalyzed hydrolysis
of esters (ref 76)

and amdes with great efticiency, their competency 1s greatly reduced when hydrolyzing
more complex substrates  This 15 because the tetrahedral phosphonate transition state
analogue contributes less to the overall binding atfinity of a large anugen to the anubody.’®
Clearly, there 1s a need to design a simple yet etficient system that hydrolyzes unactuvated
esters and amides. Part of my research has focussed on developing such catalysts

4.2 MECHANISM OF ESTER HYDROLYSIS

In order to design efticient catalysts tor the hydrolysis of esters, it 1s necessary to
understand the mechamsms of carboxylic ester hydrolysis in the absence of any catalyst.
By doing so, one can also lay the groundwork tor determining the catalytic mechanisms ot
hydrolytic enzymes.

The mechamsm for ester hydrolysis 1s well understood 3 Carboxylic esters can be
hydrolyzed 1n either basic or acicic solution. The mechanistic designations Aac2 and
Bac2 are given 1o the acid and base catalyzed mechanisms, respectively. The letter A

$4F A Carey and ) Sundberg, Advanced Organic Chemusiry, Par! A Structure and Mechanism, Plenum
Press New York, 1984, pp 421-430
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stands for acid catalysis, B denotes base catalysis and AC indicates acyl-oxygen fission.
The digit 2 represents the bimolecular nature of the rate determming step  The acud and

base mechanisms are shown in figures 4 6(a) and 4 6(b) espectively

Evidence

supporung these mechanisms include the expected dependence of hydrogen ton and
hydroxide 10n concentranon, and sotope labelling studies that prove the acyl-ovygen. not
the alkyi-oxygen bond. 1s cleaved duning hydrolysis. Esters without special structural
features hydrolyze by these mechamsms

a)
0 *OH
IIC | H,0
+ H C ]
~ ~
R~ Sor R SOR ow
)
I(l:
+ ROH + H* —=——
R~ SoHn
b}
'|° 0 OH
Cl? OH N —_—
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HO OH,
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ﬂ

HO OH
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Figure 4.6 a) Acid catalyzed hydrolysis of esters (Aac?2 mechanismyj,
b) Base catalyzed hydrolysis of esters (Bac2 mechanism)

Alkyl-oxygen fission may occur when the ester is derved from a tertiary alcohol
The change in mechanism is due to the stability of the carbonium ion that can be formed by



C-O heterolysts, and probably also to a decrease in the rate of nucleophilic attack at the
carbony! group because of stenc tactors.

The ester hydrolysts mechamisms discussed thus far have pertained to aqueous
solutions of strong acids and strong bases. In media in which other acids and bases are
present, general acid/base and nucleophilic catalysis must be considered It has been
observed that general base catalysis occurs 1f the leaving group 1s several pK units more
basic than the catalyst The transition state tor esters undergoing hydrolysis by a general
base catalyzed mechamsm involves partial proton removal tfrom the attacking water to the
general base in the formaton of the tetrahedral intermeduate?®’ (fig 4.7).

H \ | &
V7 N Ne=0 — - 0....C==0 Ho__lc_o . BH*
/0 /. slow / I
o 0
'cl: R'OH IcI: i
+ . s + OR’
R o 7~ Son

Flgure 4.7 General base catalyzed hydrolysis of esters (ref 85)

Nucleophilic catalysis occurs if the attacking nucleophile is more basic than the alkoxy
leaving group. For example, esters of relatively acidic alcohols (in particular, phenols) are
hydrolyzed by the nucleophilic catalysis mechamism 1n the presence ot imidazoledS A
more detailed analysis of this mechanism will be presented in the discussion conceming
nucleophilic catalysis of esters (section 6.1.1).

85) F Kurschand W P Jencks, J Am Chem Soc, 1964, 86, 837
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4.3 MECHANISM OF AMIDE HYDROLYSIS

The mechanisms for armde hydrolysis are more complex compared with the
mechanism for ester hydrolysis. The hydrolysis ot amides to carboxylic acids and amines
requires considerably more vigorous conditions than those tor ester hydrolysis - Recently.
Kahne and Sull8¢ have developed a sensitive radioassay capable ot measunng peptide
bond hydrolysis at neutral pH and room temperature The pseudo-tirst-order rate constant
of hydrolysis of a trpepude was reported to be 3 x 19 5=} which corresponds to a halt-hte
of approximately seven years. In general, amides are thousands ot times less reacuve than
esters (table 4 1). Because of the inherent stability of amide bonds. most studies nvolving
amide hydrolysis deal with activated amides

Table 4.1 Second-order rate constants for hydroxide ion catalyzed hydrolysts of
esters and amides at 25 °C

Substrate k(M's™) Rel. rate ref.

CH;COOCH; 15x 10" 2027 107

CH3CONH, 74x10° 1 a

HCON(GH3)2 18x10* 243 b
a T Yamana, Y Mizukam, A Tsup Y Yasuda, and K Masuda. Chem Phamm Bufl 1972 20 881
b J P Guthrie, v Am Chem Soc, 1974, 96, 3608

In some amide hydrolyses, the breakdown of the tetrahedral intermediate may
proceed through the formanon of a diamon. For example, the mechanism ot hydrolysis ot
p-mitroacetanilide®” (fig. 4 8) involves nucleophilic attack ot hydroxide 1on to form a
tetrahedral intermediate, followed by ionization to a dianion, and rate determining
unimolecular breakdown to acetate 1on and anthde 1on At pH>13, the addition ot
hydroxide to form the tetrahedral intermediate becomes the rate-determining step

86D, Kahne and W. C. Sull, J Am Chem Soc , 1988, 110, 7529
87R. M. Pollack and M L Bender, J Am Chem Soc , 1970, 92, 7190
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Figure 4.8 Hydroxide icn catalyzed hydrolysis of p-nitroacetanilide (ref 87)

For acyl-activated amides, simple proton transfer to the leaving group 1n the
tetrahedral intermediate 1s rate determining for poor leaving groups (pKp<9) with the
subsequent C-N bond cleavage being rapid, while good leaving groups (pKp>9) follow
rate-determining fission of the C-N bond proceeded by fast proton transter (fig. 4.9)88
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rd s C-N bond cleavage
for ArOH pK,>8 Ar

Figure 4.9 Hydrolysis of acyl-activated amides (ref 88)

$82) L. D. Kershner and R. L. Schowen, J Am Chem. Soc , 1971, 93, 2014




The principal difference between ester and amide hydrolysis (1.e. tor unactivated
esters and unactivated amides) lies in the poorer ability of armide 10ns (formatly RNHA) 1o
act as leaving groups compared to alkoxides. As a result, protonation at mitrogen 18
required prior to or in concert with the breakdown of the tetrahedral intermediate  For
amides without any special structural features (1.e. unactivated amides). hydrolysis at
neutral pH proceeds according to a rate-iimiting tetrahedral intermediate breakdown
mechanism (fig. 4.10). The mechanism involves addition of the hydroxide to the amide,
forming the tetrahedral intermediate T1 followed by proton transter T2 and the rate-
determinng expulsion of the amne leaving group.89

0 0
H H H
rds
O=< _ q —~———= Products
( NR, o NR, -‘Q > :n,

OH T1 T2

ﬂ

Figure 4.10 Hydrolysis of unactivated amides

General acid/base catalysts can also greatly facilitate amude hydrolysis ¥ It s not
unusual to observe bifunctional buffer catalysis where the actual structure ot the butter 15
important towards catalysis. For example, Cunningham and Schmir89d observed that
inidazole buffers were neffective at catalysing the breakdown ot the tetrahedral
intermediate 1n the hydrolysis of 4-hydroxybutyranihide Cuatalysis was observed only tor
those butfers which carmed both a proton and a basic centre such das phosphate or
bicarbonate 1ons (fig 4 11). For 4-hydroxybutyranilide hydrolysis, the breakdown ot the
tetrahedral intermediate 1s rate determining at low phosphate concentrations and s
accelerated at increasing phosphate concentrations until 1t 1s as tast as the tormation ot the
intermediate At higher concentranions of phosphate, the first step, formaton ot the
tetrahedral intermediate, becomes rate determining and the rate becomes mndependent of
buffer concentration

89a) D. Drake, R. L Schowen, and H. Jayaraman, / Am Chem Sac, 1973, 95, 454 b) | Meresaur and
L Bratt, Acta Chem Scand , 1974, A 28,2 ¢) S O Enksson and C Holst, Acta Chem Scand , 1966,
20,1892 d)A J Kirbyand A Ferscht, Prog Bioorg Chem , 1971, 1,1 e¢) R W Hay, A K Basak,
M. P Pujar, and A Perows,/ Chem Soc Dalton Trans , 1989, 197
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Figure 4.11 Phosphate buffer catalyzed hydrolysis of 4-hydroxybutyroamiide (ref 89d)

4.4 METAL ION PROMOTED HYDROLYSIS OF ESTERS AND AMIDES

In 1951, Kroll?8 discovered that Cu2+ catalyzed the hydrolysis of amino ac1d esters
(fig. 1 15). For phenylalanine ethyl ester. the rate enhancement due to Cu* was 100 at pH
7 3. Since that ime there have been numerous studies on metal 1on promoted hydrolyses
of a-amino acid esters and amudes. Most studies involved substitutionally inert Co(II)
complexes so that reaction intermediates could be identified and mechamsms could be
differennated .90

NH,
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/ . rds pH>10 /
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o———
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o
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w\s pH<8 5

H;
(on,)Co — (onz)Co/
g

Figure 4.12 Co(lll)-promoted hydrolysis of B-alanine ester (ref 90)

(o)

Cobalt(Ill) complex promoted hydrolysis of ammno acid esters can occur by two
mechanisms® 1) by coordination of the metal 1o0n to the acyl oxygen followed by
intermolecular hydroxide attack, 2) by intramolecular nucleophilic attack of a cobalt bound
hydroxide 1on. '30-tracer studies with the glycine and B-alanine chelates showed that the

90For a review sce P A Suttonand D A Buckingham, Acc Chem Research, 1987, 20, 357.



chelate ring remains intact during hydrolysis and that acyl-oxygen cleavage occurs for
esters of primary and secondary alcohols. The directly activated esters are accelerated 100
fold by the metal. However, for t-butyl esters, alkyl-oxygen bond fission occurs and only
a 30 fold rate enhancement is detected. For the chelated B-alamine ester. elinunaton ot “OR
is rate determning below pH 8 5 but above this pH, deprotonation ot 9 (hg 4 1)
becomes significant so that by pH 10, rapid loss of "OR from 1ty conjugate base 15 the
preferred route and addition of hydroxide ion becomes rate determining

Hydrolysis of amino acid esters by coordinated hydroxide won was first
demonstrated by Buckingham et al.9! n 1969 (fig. 4.13) Metal-hydroxide attack was
found to be the rate-deterrmining step. For the B-alanine ester system, hydrolysis by this
mechamsm 1s 3 x 105 times slower compared with the Lewis acid mechanism  However,
since the intrarnolecular metal-hydroxide mechamsm 1s dependent on chelate nng size. such
differences cancel in forming five-membered rning systems.

NH: NH2
(on)2Co\/ \Cﬂz)n —— (on),Co/ \(CHz)n + HOR
3v.=0 o

Figure 4.13 Metal-hydroxide mechanism for Co(lll)-promoted hydrolysis
of amino acid esters (ref 90)

Amides of amino acids are also susceptible to hydrolysis by Co(1H) complexes™,
however, the rate enhancements brought about are very much lower than those observed
for the corresponding esters This 1s due to the greater basicity or the poor leaving group
nature of the amino function. Amde hydrolysis promoted by Co(lll) complexes was
shown to occur by both Lewis acid and metal-hydroxide mechanisms At pH 7, the
intramolecular metal-hydroxide mechanism 1s 100 times faster than the Lewis acid
mechanism.

The effectiveness of metal-hydroxides in hydrolyzing esters in bimolecular
reactions have also been investigated.92 The results of these studies show that metal-buund
hydroxide 10ns can be effective catalysts in hydrolyses reactions where good leaving
groups are involved, such as 4-nitrophenyl acetate, 2.4-dimitropheny! acetate, and

91p A. Buckingham, D M Foster, A M Sargeson, / Am Chem Soc , 1969, Y1, 4102

92D. A. Buckingham, Bwlogical Aspects of Inorgamc Chermustry, A W Addison, W R Cullen, D
Dolphin, B. R James, Eds , Wiley. New York, 1976, Ch 5
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propionic anhydnde The catalysis involves the direct attack by metal-hydroxide on the
carbonyl centre The catalytic ability ot M-OH was found to depend solely on the pKa of
the metal-bound water, however, this dependence was found to be small For example, for
the hydrolysts of propionic anhydnde, the metal-hydroxide catalyzed rate increases by less
than a tactor ot 100 when the pKa of the metal-bound water 1s increased by six.

Metal 1on promoted hydrolysis of unactivated esters and amides have been shown
to occur only in the presence of some concentrating factor which forces the reactants into
juxtaposition Duerr and Czarnik93 reported Cu+ catalyzed hydrolysis of an unactivated
ester covalently hinked to a chelating ethylenediamine unit. The system involved the well
known reversible conjugate addition of amines to enones (fig 4.14) It was observed that
Cu(ID) catalyzed the hydrolysis of the methylacrylate adduct by a factor ot 16000 over the
uncatalyzed rate.

2
OCH, Cu .lq OH

Ph Ph
L/ W
N N N N

New” N New
HO”™ "SOH, HO~~ TNOH,
0
OCH, oH
H,0 CH,OH

(ref. 93)
Figure 4.14 Cu(ll) hydrolysis of an unactivated ester based on reversible conjugate addition

Groves and Dias?® reported Cu(Il) promoted hydrolysis of a metal coordinating
lactam (fig. 1.16). At pH 7.6, the copper-hydroxide mechamsm displayed a rate
enhancement of approxmmately 1 x 109 nmes greater than that calculated for the base

9B F Duerrand A W Ciarnik, Tetrahedron Lett , 1989, 30, 6951




catalyzed hydrolysis of the amide at the same pH. The authors reasoned that such a large
rate enhancement was observed because ot two factors: 1) Ideal proximuty and onentation
of the metal-hydroxide with respect to the ammde carbonyl. This arrangement should highly
favour a nucleophilic M-OH attack leading to the tetrahedral intermediate. 2) Rate-
determining breakdown of the tetrahedral intermediate 15 greatly factlitated due to
conformational restrictions 1mposed on this intermediate. Deslongchamp’s investiganons
of stereoelectronic control during hydrolyses reactions indicate that cleavage of a C-O or C-
N bond 1s facilitated only when two heteroatoms of the tetrahedral intermedhate each have o
lone parr onented antiperiplanar to the departing O-alkyl or N-alkyl group Such a siuation
exists in the Cu(Il) promoted hydrolysis reaction, thus, in the metal-bound intermediate,
anchimeric assistance from antipeniplanar lone paurs tacthtates breakdown ot the tetrahedral
intermediate (fig. 4.15). In the absence of a metal ion, the tetrahedral intermediate imvolved
is much more flexible with free rotation about C-O bonds.

\ /N—’-' Cu
=~

\ 12
) %

H

Figure 4.15 Anchimeric assistance from antipenplanar lone pairs
facilitates breakdown of the tetrahedral intermediate (ref 29)

Other examples of metal ion promoted hydrolysis of amides will be discussed in
section 6.6.2.
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4.5 PLAN OF STUDY

There is a great deal of interest in developing catalysts that efficiently hydrolyze
carboxylic esters and amides. Numerous reports exist for metal ion promoted or catalyzed
hydrolysis of esters and amides. However, these systems either possess both the ester (or
amide) and the metal-binding ligand covalently linked together, or the substrates being
hydrolyzed are highly activated esters and amides.

The plan is to study the mechanism of hydrolysis of various esters (pNPA, MTA,
MeOAc) and amides (DMF) caialyzed by simple Cu(II) complexes. The etficiencies of
different Cu(Il) complexes are to be compared in order to determine the structural
requirements of a metal catalyst for hydrolyzing carboxylic esters and amides. A detailed
kinetic analysis shall provide a mechanistic rationale for the observed reactivities. Tt will
also give an insight towards the mechanism of metut containing peptidases such as
carboxypeptidase A.




5.0 RESULTS

5.1 Cu(ll) COMPLEX CATALYZED HYDROLYSIS OF £ESTERS

The rate constants for hydrolysis of pNPA, MTA, and MeOAc by various catalysts
are listed in table 5.1. Catalyzed hydrciysis of MT A and MeOAc were measured by the pH
stat method, following the production of acetic acid. The rate of hydrolysis of pNPA was
measured spectrophotometrically by following the production of p-nitrophenolate ion at
400 nm.

Table 5.1 Rate constants (s™1) for hydrolysis of pNPA and McOAc at 25 °C and
MTA at5°C with and without catalysts (1mM) at pH 8.0

Catalyst PNPA MTA MeOAc
none 956x 10 1.2x102 15x107 (a)
imidazole 58x 10 12x 10?2 ()
[Cuterpy)(OHp)] 23x 10 3.0x 102 20x107 (o)
[Cu(dpa)(OHo)z] 2.1x 10 16x 10?2 98x 107

(a) extrapolated from the hydroxide rata
{b) too slow to be detected
(c) at 10 mM copper complex concentration

Imidazole 1s an efficient catalyst for hydrolyzing pNPA but not for hydrolyzing
MTA and MeOAc. In contrast, the Cu(terpy)-complex is efficient at catalyzing the
hydrolysis of pNPA and MTA but not MeOAc. The Cu(dpa)-complex efficiently
hydrolyzes all three esters.

The pH-rate profiles for Cu(dpa)-complex catalyzed hydrolysis of MeOAc and for
Cu(terpy)-complex catalyzed hydrolysis of MTA are shown 1n figures 5.1 and 5.2
respectively. Data points are averages from at least three consecutive runs. The rate of
acetic acid production is given by kops[Curllester] where [CuT] is the total Cu(II) catalyst
concentration and kqpg 1S given by equation 5.1.
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Kobs = C

Ka
Ka+ [H] (51

where Ka is the acid dissociation constant for the coordinated water molecule. The data
were fit according to equation 5.1 using an iterative non-linear least squares curve fitting
program.t For Cu(dpa)-complex catalyzed hydrolysis of MeOAc, C = koK | where K 15
the equilibrium constant for complexation of the ester substrate to the copper complex and
k» is the rate constant for metal-hydroxide aitack on coordinated ester The constants, C
and Ka, obtained from the calculated curve are listed undemeath the appropnate pH-rate
plots.

-2.5
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Figure 5.1 pH-rate profile for Cu(dpa) (1mM) catalyzed hydrolysis of methyl acetate
(1M)at25°C. Ka=28x 107, Kiko = 1 x 103 M-1s"1

The data for the pH-rate plots are listed in tables 5.2 and 5.3. For the Cu(terpy)
catalyzed hydrolysis of MTA, the background rate of hydrolysis was subtracted from the
observed rate of hydrolysis. At pH>8.5, the background rate ot hydrolysis (i.e. the
hydroxide rate) becomes faster than the copper complex catalyzed rate.

t Kaleidograph, version 2.0.2, developed by Abelbeck software.
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Table 5.2 Second-order rate constants, Kops, for the hydrolysis of MeOAc (1 M)
catalyzed by [Cu(dpa)(OH2)2]2* (1mM) at 25 °C at different pH values.

Kobs X 10*
PH | (Mg log (kobs)
5.5 0.96 -4 02
6.0 2.33 -3 63
6.5 433 -3.36
7.0 7.17 -3.14
7.25 8.83 -3.08
75 9.33 -3.03
775 883 -3.05
8.0 983 -3.00
-1
1.5 =
-2 -
- 4
_g: -2.5 =
4
-3 —~
. [
-3.5 T T T T T
6 6.5 7 7.5 8 8.5 9
pH
- Figure 5.2 pH-rate profile for Cu(terpy) (1mM) catalyzed hydrolysis of MTA (2 mM) at 25 °C.

+
5

Ka=28x10% C=7.1x102s",




Table 5.3 Rate constants (s-1) for hydrolysis of MTA (2mM) catalyzed by
[Cu(terpy)(OHg)}2* (1mM) at different pH values
pH Kobs ° Kuncat b k¢ log k
6.5 65x10° | 60x10° | s56x10* 392
7.0 90x10%| 69x10° | 21x10° 27
75 16x102] 97x10° | s2x10° 22
8.0 30x10%| 12x102 [ 1.8x102 47
8.5 58x102| 26x10% | 32x102 1.5

a) Kops = Observed rate of hydrolysis uncorrected for the spontaneous (control) hydrolysis
b) kyncat = SPontaneous rate of hydrolysis in the absence of metal complex

C)k'_'kobs'kuml

Production of methanol due to Cu(dpa)-complex catalyzed hydrolysis of MeOAc
was confirmed by 'H NMR. Figure 5.3 shows the disappearance of the MeOAc signals (3
2.05 and 8 3.65) and the appearance of the methanol signal (8 3.3). The acetate signal 1s
quenched owing to interaction of acetate with the paramagnetic copper complex. The non-
coordinating buffer, 2,6-lutidine, was used to maintam a constant pH of 7 throughout the
course of the reaction. The 'H NMR signal ansing from the methyl groups ot luudmne (3
2.4) were omitted for clarity. No observable production of ‘methanol was detected using
Cu(terpy) as the catalyst.

The rate constants for the base catalyzed and [Cu(dpa)(OH2), ]2+ catalysed
hydrolysis of methyl acetate and acetylcholine are compared in table 5 4. The Cu(ll)-
complex hydrolyzes the less reactive ester, MeOAc, more etficiently  No catalysis is
observed from the one to one aqueous addition of CuCly and bis-[2-(5-
carboxypyridyl)imethylamine (1mM each) at neutral or alkaline pH. For this higand, metal
complexation does not occur, thus at pH>7, precipitation of Cu(OH); 1s observed.
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Figure 5.3 'H NMR spectra of methyl acetate (20 mM) in D20 after adding [Cu(dpa)(OHz)2]2*

(10 mM) in 2,6-lutdine buffer (100 mM) at pD 7,25°C Elapsed ime- (a) 0 min,
(b) 2 days, (¢) 7 days.
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Table 5.4 Rate constants (s'') for hydrolysis of methyl acetate and acetyicholine (1 M)
with and without [Cu(dpa)(CHa)2]2* (1 mM) atpH 7 0,25 °C

Ester KoH [Cu(dpa)(OH3)z]**
AcCh 20x107¢ 45x 107
MeOAc 015x107° 72x 107

aM Nakagaki and S Yokoyama, Bull Chem Soc Jpn, 1986, 59, 1925
b from ref 107

5.2 Cudl) COMPLEX CATALYZED TRANSESTERIFICATION AND
SYNTHESIS OF MeOAc

Figure 5.4 shows the !H NMR spectral changes due to Cu(NMedpa)-complex
catalyzed transestenification of ethyl acetate to methyl acetate and ethanol in CD1OD
Toluene was added to the system as a reference (8 2.3) The disuppearance of the ethyl
acetate signal (§ 4 1, quartet) 1s accompanied by the appearance of the ethanol signal (83 6,
quartet). The Cu(dpa) complex could not be used because ot its insolubility in methanol.
however, the transesterification reaction may be observed using the Cu(dpa) complex n
CD30D in the presence of 15% DMSO. Production of MeOAc from acetic acid in CD;0D
can also be detected by 'H NMR. Figure 5.5 shows the appearance of the MeOQAc signal
(62.05) at different time intervals. Toluene (& 2.3) was added to this system as a reference
marker. In all cases, acetate signals are quenched owing to the interaction of acetate with
the paramagnentc copper complexes. Tridentate Cu(II) complexes which possess only one
free coordination site, such as Cu(terpy) and Cu(dien), do not catalyze these reactions.
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Figure 5.4 HNMR of ethyl acetate (80 mM) In CD30D after adding [Cu(NMedpa)(CH3OHJ2*

(20 mM) at pD 8,50 °C. Toluene (B0 mM) s added as reference, §2.3 Elapsed
time (@) 0 min, (b) 21 hrs, (¢) 74 hrs.
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Figure 5.5 'H NMR of acetic acd (80 mM) in CD30OD after adding [Cu(NMedpa)(MeOH),|2*
(20 mM) atpD 8, 50 °C Toluene (80 mM) 1s added as a reference marker, $2 3
Elapsed time* (a) 1 day, (b) 6 days, (¢} 16 days




5.3 ACETATE BINDING TO [Cu(dpa)(OH3)2]2+

It has been shown by X-ray crystallography that acetate binds to the Cu(dpa)
complex as a bidentate hgand forming a four-membered ring.%0 The equilibnum constant,
Ky, for the dissoctation of acetate from [Cu(dpa)(OHz);]2+ was obtained by potentiometnc
titration The pH corresponding to the midpoint of the buffer region of the titration curve
for [Cu(dpa)(OH2)2J2+ increases when increased amounts of acetate are added. This
relatonship 1s due to binding of acetate to the copper complex. Representative titration
curves for [Cu(dpa)(OHa2)2]2* in the presence of varying concentrations of acetate are

shewn 1n figure 5.6.

10 T
'
. |
o ,i
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a
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Figure 56 Titration curves for the [Cu(dpa)(OH2)2]2* system a) 1mM

[Cu(dpa)(OH2)2]2+ + 1MM ACOH b) 1mM [Cu(dpa)(OH2)2]2* + 20 mM AcOH The buffer
region for ACOH is omitted for clanty 1 eq. NaOH represents 1 mM NaOH added
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The following equilibna are considered to take place dunng titration

{(L)Cu] + OAc

[(L)Cu’OAc]

[(L)Cu(OAc)] ((L)Cu] + OAc

((L)Cu] [OACc]

e (52)
[(L)Cu(OAc))
(L)Cu] === [(L)CU(OH)] + H"
[(L)CU(OH)] [H™]
a= (53)
[(L)Cu]
Cr = [(L)Cu] + [(L)Cu(OH)} + [(L)Cu(OAG)] (5 4)

where Kqy 1s the equihbrium constant for dissociation ot acetate anmion (OAc) from
[Cu(dpa)(OH2)2]2+ (represented as [(L)Cu]). Ka represents the acid dissociation constant
of the coordinated water molecule, and Ct represents the total concentration ot Cu(1D)-
complex present in solution. Water molecules coordinated to the copper complex are
omutted for clarity

By substituting equations 5 2 and 5.3 into equation 5 4, one obtamns the total
copper complex concentraticn as a function of the concentration of the hydroxy-aqua
species present 1n solutior: (eqn. 5.5).

H H] [OA
Cr = {(L)Cu(OH)] [—-l e 1 + .[_”__El

(59)
Ka Ka Ky

At the midpoint of the titration curve, the concentration of the hydroxy-aqua species should
be one half the total metal complex concentration (1.e [(L)Cu(OH)] = Ct/2), therefore

Cr | Himd (Hlmd [OAc]
- - + 1 4y —— (5 6)
2 Ka Ka Kg4

Cr =
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Rearranging equation 5 6 produces,

1 [OAC] 1
= + T (5 7)
{Hlmw Ka Ky Ka

where [H]mq 1 the H* concentration at the midpoint of the tiration curve at a given acetate
concentration. A plot of 1/Hpy,g versus acetate concentration gives a straight line with a
slope of 1/KaKy and ntercept of 1/Ka. (see figure 5.7). The calculated values for these

constants are listed in the caption of tig 57
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Figure 5.7 Dependence of 1/Hm;g on acetate ion concentration
Slope = 1/KaKg = 3 14 x 10°, y-intercept =1/Ka = 1 2 x 107, thus, Ka =83 x 108, Kq =
38x103M

5.4 TURNOVER FOR [Cu(dpa)(OH3);)** CATALYZED HYDROLYSIS
OF MeOAc

The wumover ume for [Cu(dpa)(OH3)2)2* catalyzed hydrolysis of MeOAC 1s 23
min at pH 7.0, 25 °C. At ImM catalyst concentration, the aforementioned turnover time
translates to a reaction rate of 7.2 x 10-7 M-! acetic acid produced per second. [10-3/23 x
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60). Figure 5.8 shows the turnover versus time plot for [Cu(dpa)(OHy)2]2* catalyzed
hydrolysis of MeOAc. Up to three tumovers are observed without a sigmificant decrease n
rate.
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Figure 5.8 Catalyzed hydrolysis of MeQAc (1M) using [Cu(dpa)(OHg)Z]z* (1mM) atpH 7 0, 25°C
5.5 Cudl) COMPLEX CATALYZED HYDROLYSIS OF AMIDES.

The rate constants for [Cu(dpa)(OH3);]2* and hydroxide 1on catalyzed hydrolysis
of DMF are compared in table 5.5. [Cu(dpa)(OH2),]2* mediated hydrolysts 1s observed at
pD 8 and 100 °C.

Table 5.5 Rate constants (s") for [CU(dpa)(OH2)2)2+ (10mM) and hydroxide 1on catalyzed
hydrolysis of DMF (10 mM), 100 °C, pH 8

Catalyst k(s rel. rate
[Cu(dpa)(OH)al** 13x10° 44
"OH 297x10%(a) 1

(a) extropolated from data ranging from 70 to 90 °C
S Langlois and A Broche, Bull Soc Chem Fr, 1964, 812




Under similar conditions, other cis-diaqua Cu(II) complexes, such as
[Cu(phen)(OH2)2]2* and [Cu(en)(OH3)2]2+ are inactive at hydrolyzing the amide, whereas
{Cu(neo)(OH3)2]2* and [Cu(tmen)(OH3);2]2* decompose at 100 °C. Mono-aqua Cu(II)
complexes are also not active at catalyzing the hydrolysis of DMF. Catalyzed hydrolysis of
DMF by [Cu(terpy)(OH2)2]%* could not be observed, however, [Cu(dpa)(OH2)2J2* 1s two
orders of magnitude less reactive than [Cu(dpa)(OH2)2]2* at hydrolyzing formamide.94

The catalyzed hydrolysis of DMF by [Cu(dpa)(OH;);]2* was monitored by 'H
NMR spectroscopy (fig. 5.9). With the progress of the hydrolysis reaction, the decrease in
the 'H NMR signals of DMF (8 7.92, 6 3.00 and § 2.85) is accompanied by an increase in
the dimethylamine peak (& 2.71). The formate signal is quenched by the interaction of
formate with the paramagnetic copper complex.

To 10 mM [Cu(dpa)(OHa);]2*, buffer catalysis was not observed with the addition
of such buffers as acetate (20 mM), 2,6-luudine (100mM); DMAP (10 mM); and
N,N,N'\N'-tetramethyldiaminomethane (100 mM). Addition of phosphate buffer (10 mM)
inhibits the copper catalyzed hydrolysis reaction. With the addition of hydrazine (10 mM)
and upon heating the reaction to 100 °C, decomposition of the Cu(dpa) complex was
observed.

943_ Chin, V. Jubian, and K. Mrejen, J. Chem. Soc , Chem. Commun , 1990, 1326.
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Figure 5.9 'H NMR of N,N-dimethy! formamide {10 mM) after adding [Cu(dpa)(OH2)g)2*
(10mM) atpD 8, 1009C. Elapsed time (a) 0 hr, (b) 150 hrs, (c) 600 hrs




6. DISCUSSION

6.1 Cu(ll) COMPLEX CATALYZED HYDROLYSIS OF ESTERS WITH
GOOD LEAVING GROUPS

6.1.1 The p-Nitrophenyl Ester Syndrome

Catalysts which are efficient at hydrolyzing esters with good leaving groups will
not necessarily be successful at hydrolyzing esters with poor leaving groups. Recently,
Menger and Ladika®5 cowned the phrase p-nitrophenyl ester syndrome to caution
researchers of the common misconception that catalysts which are reactive towards
activated substrates should also be reactive towards unactivated substrates. A remarkable
3.3 x 103 acceleration 1n hydrolysis rate was observed by Breslow et al.% when p-
nitrophenyl 3-ferrocenylacrylate was fully bound to B-cyclodextrin (fig. 6.1). This
corresponds to a half-life of 7.4 seconds. However, Menger and Ladika observed that the
analogous ethyl ester, which 1s only 56 times less reactive than the p-nitrophenyl ester
towards basic hydrolysis, did not react with a half-life of a few minutes, (i.e. 56 x 7.4 s) as
one may anticipate, but reacted with a half-life of at least two years. Insufficient binding or
a different mode of complexation of the substrate to the cyclodextrin host was not a factor.
In other words, large rate enhancements occurred for esters with good leaving groups but
not for esters possessing poor leaving groups.

Figure 6.1 Cyclodextrin catalyzed hydrolysis of esters of 3-ferrocenylacrylate. (ref. 95, 96)

95F M. Menger and M Ladika,/ Am Chem Soc , 1987, 109, 3145.
96 3) R Breslow, G Tramnor, and A Ueno, J Am Chem Soc, 1983, 105, 2739. b) R. Breslow, M. F.
Crarmiekt, and J Ement, H Hamaguchi, J. Am Chem Soc., 1980, 102, 762.
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Another example of this dilemma is the well known imidazole-catalyzed hydrolysis
of esters.85 Imidazole is an efficient nucleophilic catalyst for hydrolyzing esters with good
leaving groups (e.g. p-nitrophenyl acetate) and is comparable with hydroxide 1on but tor

hydrolyzing esters with poor leaving groups (e.g. methyl acetate), imidiazole 1s mulhions of
times less reactive than hydroxide ion.

o \ NH CH,0 ﬁm

T1 T2
Figure 6.2 Tetrahedral intermediates for imidazole catalyzed hydrolysis of esters

These observations can be rationalized in terms of parutioning the tetrahedral
intermediates T1 and T2 for the imidazole catalyzed hydrolysis of p-nitrophenyl acetate
and methyl acetate respectively (fig 6.2). The T1 intermediate should easily break down to
either acetyl imidazole or p-nitrophenyl acetate since the basicities of the two leaving groups
are comparable. For esters of poorer leaving groups (eg methyl acetate), the tetrahedral
intermediate T2 reverts back to the starting matenals since 1midasole 1s a much better
leaving group than methoxide. In fact, a nucleophilic mechanism 1s no longer observed
and imidazole now acts as a general base to catalyze the hydrolysis of methyl acetate.

The same analysis can be applied to metal-monoaqua complexes. The mechamsm
of hydrolysis of p-nitrophenyl acetate (pNPA) by metal-monoaqua complexes, such as
Cu(terpy), involves a metal-hydroxide nucleophilic attack on the ester substrate.?2 The
resulting tetrahedral intermediate (T3 in fig. 6.3) should break down to products since the
basicity of the metal-hydroxide 1s greater than p-nitrophenolate. However, Cu(terpy) does
not catalyze the hydrolysis of methyl acetate since methoxide 1s much more basic (1¢ a

poorer leaving group) than the M-OH, thus, the tetrahedral intermediate reverts back to the
starting materials.
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6.2 Cu(Il) COMPLEX CATALYZLD HYDROLYSIS OF ESTERS WITH
POOR LEAVING GROUPS

6.2.1 Hydrolysis of Methyl Trifluoroacetate (MTA)

The {Cu(terpy)(OH;)])%* complex is an efficient catalyst for hydrolyzing pNPA and
MTA but not for hydrolyzing MeOAC. Figure 5.2 shows the pH-rate profile for
[Cu(terpy)(OHy)|2* catalyzed hydroiysis of MTA. The efficiency of the catalyst increases
with increase n the solution alkalinity and then begins to level off near the pH
corresponding to the pKa of the copper bound water molecule (pKa=8.0). There 1s only
one free coordination site available in the Cu(terpy) complex; thus, there are two classical
mechanisms that can account for the observed pH-rate profile. One 1s the metal-hydroxide
mechanism mvcelving direct nucleophulic atiack of the copper-hydroxide on the ester and the
other is the Lewis acid mechanism involving free hydroxide attack on the metal-coordinated
ester. These two mechanisms are kinetically indistinguishable. However, based on the
reactivity-selectivity principle, the Lewis acid mechanism can be ruled out. According to
the reactivity-selectivity pnnciple, selectivity decreases with increase in reactivity. Since
me:al coordinated esters are more reactive towards nucleophilic attack than the
corresponding free esters, hydroxide should be less selective *owards the metal coordinated
esters than to the free esters. It follows that less reactive the ester, the greater the expected
rate acceleration upon coordination of the ester to the metal. Experimentally, a greater rate
acceleration 1s observed for MTA hydrolysis than for MeOAc hydrolysis which is
inconsistent with the Lewis acid mechanism. At pH 8 and 1mM Cu(terpy), a rate
acceleration of 2 5 over the uncatalyzed rate 1s observed for MTA hydrolysis whereas
catalyzed nydrolysis of MeOAc is undetected under similar conditions (table 5.1). In
contrast, the metal-hydroxide mechanism is consistent with the experimental results.
Metal-hydroxides are less nucleophilic than free hydroxides and hence are more selective
towards esters than are free hydroxides. Therefore, metal hydroxides are expected to give
a greater rate acceleration for MTA hvdrolysis than for MeOAc hydrolysis.

In the previous section (6.1.1), one may conclude that metal catalysts which act on
their ester substrates solely by a metal-hydroxide mechanism will not be efficient at
hydrolyzing esters with poor leaving groups. If the results for Cu(terpy) catalyzed
hydrolysis of MTA are rationalized 1n terms of partitioning the tetrahedral intermediate T3
(fig. 6.3) then the tetrahedral intermediate should break down to the starting materials more
rapidly than to the products since the metal-hydroxide is a much better leaving group than
methoxide. If this 1s the case then 1t is easy to understand why Cu(terpy) does not catalyze
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the hydrolysis of MeOAc but why does Cu(terpy) efficiently catalyze the hydrolysis of
MTA?

‘0
CFy CF3
o_._.." R
N oCH
) OCH; (terpy)Cu—OH 3
CH,OH (terpy)Cu—'OH T3

-0
«CFy
>\' + (terpy)Cu-OH,
OCH,
HO

T4
H,0 (terpy)Cu— OCHy “
+ ‘O
W CF3 XCFJ
o X .
NOH OCH,
HO |
Cu(terpy)

Figure 6.3 Proposed mechanism for [Cu(terpy)(OHg)]2+ catalyzed hydrolysis of MTA

The metal-hydroxide mechanism for Cu(terpy) catalyzed hydrolysis of MTA 1s
shown in figure 6.3. In hydrolyzing esters with poor leaving groups, there 15 a
relationship between effective nucleophilic catalysis and the hfetime of the tetrahedral
intermediate.97 The lifetime of the tetrahedral intermediate T4 (hig. 6 3) tor MTA
hydrolysis is much longer than that for MeOAc hydrolysis. Reversion of T3 to the starting
materials can be significantly reduced if the metal-oxygen bond 1s cleaved more rapidly than
the carbon-oxygen (metal hydrate) bond. The stability of T4 enables "metal transfer” to
take place. Coordination of the metal complex to the methoxide moiety makes 1t a better
leaving group so that breakdown to products is now feasible. For metal-complex catalyzed
hydrolysis of MTA there is enough time for T4 to encounter the metal complex and break

973, Chun and X. Zou,J Am Chem Soc , 1984, 106, 3687
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down to the products or to the starting materials. If the breakdown of T4 is catalytic its
formation must also be catalytic according to the principle of microscopic reversibility.

For MeOAc, metal catalysis cannot occur by this mechanism because, compared to
the lifetime of T4, the lifetime of the corresponding tetrahedral intermediate for methyl
acetate hydrolysis 1s too short to encounter the metal catalyst. Therefore, metal complexes
possessing only one free coordination site (i.e. monoaqua complexes) can only hydrolyze
activated esters (pNPA, MTA) via a metal-hydroxide mechanism but do not hydrolyze, to
any sigmficant extent, unactivated esters such as methyl acetate.

6.2.2 Hydrolysis of Methyl Acetate (MeOAc): Structural Requirements for
a Metal Catalyst

In order for a metal catalyst to efficiently hydrolyze MeOAc, the lifetime of the
tetrahedral intermediate corresponding to T4 should be increased and the metal migration
should be made to be more efficient. Both of these goals may be realized with a cis-diaqua
metal complex such as [Cu(dpa){OH3)2)2*. It was anticipated that the Cu(dpa) complex
may form the tetrahedral intermediate TS. The only difference between TS and T4 is that
the anionic oxygen of the tecrahedral intermediate is coordinated to the metal in TS. This
should stabilize the intermediate and at the same time provide an intramolecular mechanism
for the metal to coordinate to the methoxide leaving group. It is not possible for monoaqua
complexes, such as Cu(terpy), to form this type of intermediate in the hydrolysis of
MeOAc¢. Furthermore, even 1if Cu(terpy) were to form the tetrahedral intermediate
corresponding to TS this interaction would be non-productive. Although Cu(terpy) will
stabilize the tetrahedral intermediate to the same extent as the Cu(dpa) complex, Cu(terpy)
has no additional coordination site availzable to facilitate an intramolecular metal migration;
thus, Cu(terpy) 1s inactive at catalyzing the hydrolysis of MeOAc.
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6.3 [Cu(dpa)(OH3)2]2* CATALYZED HYDROLYSIS OF MeOAc
6.3.1 Mechanism

The hydrolysis of all three esters (pNPA, MTA, and MeOAc) are efficiently
catalyzed by [Cu(dpa)(OH2)2{2+. Based on the pKa of the copper coordinated water
molecule and the pH-rate profile (fig. 5.1), the proposed mechanism tor
[Cu(dpa)(OH3)7)2+ catalyzed hydrolysis of MeOAc involves coordination ot the ester to
the metal followed by intramolecular metal hydroxide attack on the coordinated ester as
shown in figure 6.4. The proposed mechanism 1s similar to the one proposed tor
[Cu(dpa)(01~12)2]2+ promoted hydrolysis of phosphate esters and requires the formation ot
a four-membered ning. Since Cu(ll) 1s substitutionally labile, K should not be the rate-
determining step; thus, either formation or breakdown of the tetrahedral intermediate 1§ the
rate-limiting step.

/ N /N ( OCH
3
=N OCH =N
\ /OHz 3 K, \ /O=<
HN c + —_— u
_N/ u\(,H °=<cu, "N _N/c\g_.,) CH,
\ / \ /
| g
/ \ Products
=N OH
HN New”
_N/ “SOoH,

Figure 6.4 Proposed mechanism for [Cu)dpa)(OHz)g]2+ catalyzed hydrolysis of MeOAc
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The k7 step 1n figure 6.4 may be broken down into several steps. Two paths may
exist for the breakdown of the tetrahedral intermediate T6 (fig. 6.5). In path A, hydrogen-
oxygen bond cleavage occurs followed by product formation. This mechamsm 1s not
unreasonable if we consider the breakdown of the tetrahedral intermediate as a nucleophilic
displacement (of methoxide) at carbon vy the lone pairs on the two oxygens. In path B,
T6 undergoes metal-oxygen bond cleavage followed by ligand exchange to yield products.

ﬂ

N O . CHy Path A N~ CHy
HN Cu >\ HN Cu >\
OCH, N/ ~ OCH,

T6 T7

Path 8 I
/' \

=N

N ~O\_ ..oH - e Products

"N N/cu\o>\cu,

== CH,
\_/

Flgure 6.5 Possible pathways for the breakdown of the tetrahedral intermediate for the
[Cu(dpa)(OHy)2]?* catalyzed hydrolysis of MeOAC.

The mechanism for path B is similar to the one proposed for Cu(terpy) catalyzed
hydrolysis of MTA in figure 6.3. The only difference between the mechanisms shown in
fig. 6.3 and 6.5 is that, in fig. 6.5, the anionic oxygen of T8 is coordinated to the metal.
This satisfies the requirements for catalyzed hydrolysis of unactivated esters as discussed in
the previous sections (6.2.1. and 6.2.2).




For both pathways the possibility of buffer catalysis exists. In path A, the situation
is ideal for a proton switch mechamsm sumlar to the one depicted in figure 4.11
However, buffers which possess this capabihity, such as phosphate, coordinate strongly to
the metal complex and mhibat the hydrolysis reaction  Butfer catalysis was not observed
when the non-coordinating buffer, 2.6-lutidine. was used.

For path B, the role of a butfer would be to deprotonate the alcohol moety ot T8 in
order to accelerate its breakdown to products. Buckingham et al ¥ observed mild catalysis
with non-nucleophilic buffers, such as a-picoline and 2,6-lutidine, in the Co(111)-promoted
hydrolysis of B-alanine ester (fig. 4 12). However. no increase in rate was observed in the
present system using lutidine as buffer. in the Co(lIl) case, (fig. +.12) the leaving group 15
not coordinated to the metal, thus, deprotonanon 1s required 1o awd n the expulsion ot
alkoxide. In contrast, the leaving group 1s coordinated in T8, theretore, deprotonation i
not necessary to accelcrate the breakdown of this intermediate,

Path A can be ruled out; this mechanism s not i accord with the pH-rate prohile If
path A is operative, then an additional inflection point near the pKa of the coordinated
alcohol moiety of T6 should be observed. No such increase in rate, attributable to the
formation of T7 1s observed.

If the mechanism of hydrolysis follows path B, then the metal complex should be
an efficient catalyst for transesterification processes. Expenmentally this 1s the case; ethyl
acetate 1S smoothly converted to methyl acetate in methanol at neutral pH when the
Cu(NMedpa) complex 1s added. Figure 5.4 shows the 'H NMR spectral changes due to
the metal complex catalyzed transestentication of ethyl 2cetate to methy! acetate in CD30OD
The proposed mechanism 1s analogous to path B and 1s shown in figure 6 6

If (Cu(dpa)(OH2)2]2* 1s a true catalyst, then catalytic tumover should be observed
(see section 6.3.2) and it should also catalyze the reverse ot the hydrolysis reaction.
Indeed, methyl acetate 1s formed when a catalytic amount ot the complex 15 added to a
solution of acetic acid in methanol (fig 5.4) In accordance with the pninciple of
microscopic reversibility, the mechamsm tor synthesis of methyl acetate should be the
reverse of the hydrolytic mechanism shown n fig 6 7
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Figure 6.7 Proposed mechanism for [Cu(dpa)(OHz)zjz" catalyzed hydrolysis of MeOAc

6.3.2 Binding of Acetate to [Cu(dpa)(OH?2)2]%* and Turnover

The mechamsm for [Cu(dpa)(OH»)2)?* catalyzed hydrolysis of MeOAc mvolves
the formation of a four-membered ring. Although generally four-membered nngs are
unstable, 1t has been shown by X-ray crystallography that the product ot MeOAc¢
hydrolysis, acetate, is able to bind to {Cu(dpa)(OHy);]2+ as a bidentate hgand to form a
four-membered ring.60 The dissociation constant, Ky, for acetate dissociating trom




[Cu(dpa)(OH3);]2* was determined to be 3.8 x 10-3 M (log Kq = -2.4). This value 1s
similar to the corresponding Ky value for aqueous Cu(ll) (log Kq= -22)98 The
difference n log Ky values between [Cu(dpa)(OH»)2]2+ and aqueous Cu(Il) 1s surmlar to
the difference between [Cu(bpy)(OH3)2]2* and aqueous Cu(Il) 9% Our results are
somewhat surprising, from the Ky values, there 1s no observable increase n stability from
which a chelate tormation could be deduced, yetit1s known from X-ray crystallographic
studies that chelation of acetate to [Cu(dpa)(OHz)2]2* is possible

The [Cu(dpa)(OH3),]2* complex catalyzes the hydrolysis of MeOAc at pH 7 and
25 oC with a wrnover time of 23 minutes (fig 5 8) In this system, product inhibition
should be neghgible when the product concentration 1s less than the dissociation constant.
Indeed, up to three turnovers can be observed without significant decrease in the hydrolysis

rate.

6.3.3 Rate Comparison to Real Enzymes

In order to compare the efficiency of the copper complex with real enzymes the
constants K and kp (fig. 6.4) must be determmed. The equilibrium constant, K, tor
complexation of methyl acetate to the copper complex cannot be measured directly.
However, K| can be approximated as tollows. There 1s a linear free energy relationship
between the basicity of the igands, L, and the equilibrium constant for complexation of L
to aqueous Cu(1l) (equation 6 1)100,

logK = 045 (pKa-7) + 3.26 (6.1)

where K={Cu(H20)5(L)]2*/{[Cu(H20)6]%* + {L]} and pKa 1s the acid dissociation
constant tor the conjugate acid of L. The pKa of protonated methyl acetate is
approximately -6.0.101 Therefore, using equation 6.1, the equilibrium constant for
binding methyl acetate to aqueous Cu(Il) should be about 2.6 x 10-3 M-l This is an
extended extrapolation considening that equation 6.1 is based on a senes of 3-, 4-, and 5-
substituted pyridines  However, log K for L=H,0 calculated from equation 6.1 {logK =

9BStabuiity Constants of Metal-lon Complexes, Compiled by LG Sillenand A E Martell, Special
gubhcmlon No 17, The chemical Society, Burlington House, W 1, London, 1964

R Griesser, B Pris, and H Sigel, /rorg Nucl Chem Letters, 1969, S, 951

Ma) M S Sunand D G Brewer, Can J Chem , 1967, 45,2729 b)J Hune, Structural Effects On
Equilibria in Orgamc Chemustry, Wiley, New York, 1975, p 244.

I0IR A Cox and K Yates, /] Am Chem Soc, 1978. 100, 3861
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0.45(-1.72 - 7) + 3.26 = -0.66} is in good agreement with what it should be {log K =
log(6/55) = -0.96}.

Kinetic analysis of the pH-rate profile (fig. 5.1) gives K ka=1 x 10} M-1s-!
Assuming that the affinity of methyl acetate for aqueous copper and for [Cu(dpa)(OH»)» |2+
are comparable, then kp = 3.8 x 10-! -1 (half-lfe = 2 §) This 1s a 10Y told rate
enhancement over the water rate (3 x 10-10 s-1)102 for tree methyl acetate hydrolysis
Tais is truly a spectacular rate acceleration for such a simple catalyst  The k; value v
comparable to the ke values for chymotrypsin catalyzed hydrolyses of esters (5 x 10!y
1).103 However, nature's most efficient esterase, which hydrolyzes the neurotransmitter,
acetylcholine, is 1n a league by 1tself (acetylcholinesterase: ke =25 x 1051y 1

The rate of [Cu(dpa)(OH2)»]2+ catalyzed hydrolysis ot acetylcholine 1s actually
slower than that observed for MeOACc even though the uncatalysed rate ot hydrolysis ot
acetylcholine is faster than MeOAc (table 5.4). This is probably due to a smaller binding
constant of acetylcholine to the metal ansing from unfavourable electrostatic interactions
between the two positively charged molecules It was anucipated that binding ot
acetylcholine to the metal complex would be increased by placing carboxylate groups in the
S positions of the dipyndylamine ligand as shown below.

\'/C( jq/
H;C -y Gu**

H,c\ o

HC/\/\/(

CH,

Unfortunately, this system was inactive at catalyzing the hydrolysis of esters. Placing
negatively charged groups at the aforementioned positions makes the ligand maccessible for

N,N-coordination to Cu(II), as a result, precipitation of the metal occurs in neutral to
alkaline pH.

1025 p Guthrie, J Am Chem Soc , 1973, 95, 6999
103C, Walsh, Enzymanc Reaction Mecharisms, Freeman, San Francisco, 1979, p 79
1041, Stryer, Biochenustry, Freeman, New York, 1981, 2nd Edition p 890




6.4 REQUIREMENTS FOR METAL COMPLEX CATALYZED
HYDROLYSIS OF AMIDES vs ESTERS

There 1s a great deal of interest in developing catalysts that hydroiyze amides.
Researchers who are designing, synthesizing and examining organic systems that in some
way mimic or model enzyme activity very often use p-nitrophenyl esters as substrates.93 It
is convenient for the scientist to use p-nitrophenyl esters since their hydrolyses can be
followed easily by spectrophotomertry. In contrast, amudes are much less reactive than
esters and the hydrolyses reactions are much more difficult to moni. 5r  There is a real need
to test the activity of artificial enzymes directly on amides since the st 1 -ural requirements
of a catalyst for hydrolyzing a p-nitrophenyl ester (or an unactivated ester such as MeOAc)
are not the same as those for hydrolyzing an amide.

There have been only a few examples of significant caialysis of amide bond
hydrolysis. A prinuse r=ason for this lack of reactivity is that many divalent metal complexes
deprotonate in weakly basic solution to give complexes of the type 10105 (fig. 6.8) when
coordinated to primary and secondary amides. When deprotonated, these complexes are
not susceptible to nucleophilic attack by hydroxide ion.106 Amide hydrolysis at neutral pH
proceeds according to a rate-limiting tetrahedral intermediate breakdown mechanism,
because, contrary to ester hydrolysis, which involves the relatively facile expulsion of an
alkoxide leaving group, amide hydrolysis involves a poor leaving group (RNH-) which
must be protonated either prior to, or in concert with C-N cleavage. Therefore, in order for
a metal catalyst to display significant rate accelerations for hydrolyzing amides, it is
necessary for the catalyst to facilitate the rate-limiting tetrahedral intermediate breakdown
step.

R’T NHR R‘\Rro -

“”Zo ‘M2
10

|

Figure 6.8 Metal 1on deprotonation of pnmary or secondary amides.

There are two major requirements for a metal catalyst to efficiently hydrolyze
amides. One criterion stems from stereoelectronic considerations: the large rate

105Eor a review see H. Sigel and R. B. Marun, Chem Rev , 1982, 82, 385.

106R. W. Hay, A. K. Basak, M. P Pujan, and A. Perow, J. Chem Soc Dalton Trans., 1989, 197 and
references therein.
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enhancements for amide bond hydrolysis displayed by Groves' model (fig. 4.15) was
partly attributed to favourable lone pair orientations which facilitated the C-N bond cleavage
step. Therefore, any geometrical restrictions imposed on the amide by the metal complex
should not preclude such stereoelectronic requirements. The other requirement 1s that the
metal should not interact with the leaving nitrogen at the tetrahedral intermediate stage
where the nitrogen has developed full basic character, since, this would nhibit the required
protonation at nitrogen. A metal coordinated to the leaving nirogen (RNH;-M) cannot be
nearly as good a leaving group as a proton (RNH3+).107 A different situation exists tor
ester hydrolysis, where, in contrast to C-N cleavage with amides, C-O cleavage occurs
without prior protonation. Thus, coordination of the metal to the leaving alkoxide oxygen
(as shown in fig. 6.7) improves leaving group ability in this case. Therefore,
[Cu(dpa)(OH3)2]2+ mediated hydrolysis of amides and esters should rot occur by the same
mechanism.

6.5 Cul) COMPLEX CATALYZED HYDROLYSIS OF AMIDES

The [Cu(dpa)(OHz2),]2+ complex catalyzes the hydrolysis of DMF at a rate of 1.3 x
10-4 M-1s-! at pD 8.0, 100 °C, whereas [Cu(terpy)(OH2)|2+ does not catalyze the
hydrolysis of DMF to any significant extent. It 1s estimated that the diaqua complex is at
least two orders of magnitude more reactive than the monoaqua complex in hydrolyzing the
amide.94

For monoaqua complexes such as [Cu(terpy)(OH2)|2*, two kinetically
indistinguishable mechanisms are possible: the Lew1s acid mechanism (mechanism a), and
the metal-hydroxide mechanism (mechanism b). For diaqua complexes an additional
mechanisin is possible (mechanism ¢) in which the Lewis acid mechamism and the metal-
hydroxide mechanism are combined (fig. 6.9). If either mechanism a or mechanism b 18
more efficient than mechanism c then the reactivity of monoaqua metal complexes shouid
be comparable to that of diaqua metal complexes. If mechanism c 1s most efficient then
diaqua metal complexes should be more reactive than monoaqua complexes. It 15 unlikely
that the difference in reactivity between the two complexes 1s due to any stenc eftect since
[Cu(terpy(OH3))2+ is slightly more reactive than [Cu(dpa)(OH3)2)2+ in hydrolyzing pNPA
(table 5.1). Also, it is unlikely that the difference n reactiv-ty is due to any electronic effect
since the difference in the acidity of the water molecules coordinated to the metal 1on n

107, M. Sayre, /] Am. Chem Soc , 1986, 108, 1632
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(Cu(dpa)(OH2)2]2+ (pKa = 7.2) and [Cu(terpy)(OH2)]2* (pKa = 8.0) is less than an order
of magnitude.

Cu?* Cu?¢

~
-
Y

A A

“OH
CUZ"'

mechanism a mechanism b mechanism ¢

Lews acid mechanism metal-hydroxide mechanism

Flgure 6.9 Possible mechanisms for Cu(ll)-complex catalyzed hydrolysis of amides.

The simplest mechanism that can account for the difference in the reactivity between
[Cu(terpy)(OH3)12+ and [Cu(dpa)(OHy)]2+ is shown in figure 6.10.

{2 & &2
“\ ,0;-<H === HN N\Cu/o " === HN N\(:u/uj )

HN == — ¢ ~—» Product
“/ \". N/ \H e, N/ \5&@ roducts
{ ) \

CuT1 CuT2

Figure 6.10 Proposed mechanism for [Cu(dpa)(OHg)al2+ catalyzed hydrolysis of amides.

Except for the involvement of the metal complex, the mechanism shown in fig. 6.10 is
essentially the same as that for the uncatalyzed mechanism for amide hydrolysis (fig. 4.10).
The proposed mechanism shows an acceleration for the formation of the tetrahedral
intermediate CuT1. Although the rate-determining step is most likely loss of amine from
the tetrahedral intermediate, it would be wrong to suggest that the catalytic acceleration of
the attack of water will result in no observable catalysis of the overall hydrolysis. The
effect of the metal is to increase the concentration of a normally insignificant, but highly
reactive, intermediate species. Therefore, one way to accelerate the rate of amide




hydrolysis would be to stabilize the tetrahedral intermediate T2 (fig. 4.10) thereby
increasing its steady-state concentration. [Cu(dpa)(OH2)2]2+ stabilizes T2 by chelation
(CuT2). This four-membered ring intermediate is similar to the one proposed for
[Cu(dpa)(OH3),]?* catalyzed hydrolysis of MeOAc.

The cleavage of the C-N bond is rate determining but this does not make the
distinction betwesn mechanisms a, b. or ¢ moot. Mechanism ¢ can be much more efficient
than mechanism a or b if the equilibrium concentration of the doubly coordinated
tetrahedral intermediate is greater than the equilibrium concentration ot the smngly
coordinated tetrahedral intermediate (arising from mechanism a or b). Furthermore, it is
not the acceleration of the tetrahedral intermediate formation step that makes mechanism ¢
more efficient than the other two mechanisms but 1t 1s the consequences of such a
mechanism on the C-N bond cleavage step. The tetrahedral intermediates ansing from
mechanism a, b, and ¢ are depicted in figure 6.11. The reactive intermediates are CuT2
and CuT4. It is more likely that CuT4 will arise from CuT3 (mechanism b) than from
CuT$5 (mechanism a) since metal bound alcohols are more acidic than free alcohols.
Breakdown of the tetrahedral intermediates to products can be thought ot as a nucleophilic
displacement (of nitrogen) at carbon by the lone pairs on the two oxygens, and the rate of
this process should be directly related to the nucieophilicity of the electrons on the oxygens
in the tetrahedral intermediate. If this is the case, then CuT4 (mechamism b) should be
more reactive than CuT2 (mechanism ¢). However, mechanism ¢ provides stabilization of
the tetrahedral intermediate through metal chelation, thus, the lower reactivity of CuT2
compared with CuT4 is more than compensated for by 1ts greater concentration. What
makes mechanism ¢ most efficient is stabilization of the tetrahedral intermediate through
chelation, and the pKa lowering effect of the metal to enhance the nucleophilicity of the
second oxygen in the tetrahedral intermediate.
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Figure 6.11 Proposed tetrahedral intermediates arising from mechamsms a, b, and ¢
for Cu(It)-complex catalyzed hydrolysis of amides

There are other possible mechanisms which are available for diaqua metal
complexes but not for monoaqua metal complexes. Figure 6.12 depicts one other

possibility.
/ o /N

N H N ) < H N oH

AN /°-< o \. ~ P
"\ ,,/c"\g’)'&’m B _N/C"\EHCNM, —me HN —N>""\g=<H + HNMe,
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CuTé6

Figure 6.12 [Cu(dpa)(OHz)gl2+ general base/acid catalyzed hydrolysis of amides.

In this mechanism, the intermediate CuT6 may arise from the metal-hydroxide mechanism,
Lewis acid mechanism, or as shown in the figure, it may arise from a general base
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mechanism. The rate-limiting C-N cleavage step may be accelerated by the coordinated
water molecule acting as a general acid catalyst. Based on the success tor
[Cu(dpa)(OH3),]2+ mediated hydrolysis of phosphate esters and carboxylic esters, and the
ease with which this complex may form four-membered rings. the mechanism shown i
fig. 6.10 is preferred over the one shown 1n fig. 6.12. The mechanism mn tig. 6 10, which
employs simultaneous carbonyl activation and intramolecular metal-hydroxide participation,
parallels the mechanisms proposed for Cu(II)-complex mediated hydrolysis ot phosphate
diesters and MeOAc, while at the same nme 1t satisfies the requirements necessary tor
metal-complex catalyzed hydrolysis of amudes discussed in the previous section.

Although the reaction is carried out near neutral pH, high temperatures (100 °C) are
required to observe amide hydrolysis. The rate enhancement for [Cu(dpa)}OH2)2|2*
catalyzed hydrolysis of DMF 1s not spectacular The Cu(ll)-complex catalyses the
hydrolysis of DMF only 40 times faster than the free hydroxide rate under the same
conditions (table 5.5). However, [Cu(dpa)(OHz)2]2* 18 two orders ot magnitude more
reactive at hydrolyzing unactivated amides than [Cu(terpy (OH)|2*+ The tormer complex
is unique in that it 1s able to stabilize four-membered chelates and 1t does not decompose at
high temperatures. Other Cu(II)-diaqua-complexes are not stable at high temperatures

6.6 CARBOXYPEPTIDASE A: AMIDE HYDROLYSIS MECHANISM

6.6.1 CPA Active Site

Bovine carboxypeptidase A is a hydrolytic metalloenzyme of molecular weight
34,472 containing one zinc ion bound to a simple polypeptide chain of 307 amno acids 198
Its biological function is the hydrolysis of C-terminal cmino acids from polypeptide
substrates, and it displays a preference toward those substrates possessing large,
hydrophobic C-terminal side chains such as phenylalanine.

The enzyme is active in the pH range 6.9 to 9.0 with the maximum activity occuring
around neutrality. The zinc 1on is essential for maintaning the enzyme's activity The
apoenzyme produced by removal of the metal 1on by competitive complexation with
chelating agents such as 1,10-phenanthroline is completely inactive, but the enszyme's
reactivity is restored on adding the required amount of metal 1on  Aside from peptidase

108p, W. Chnistianson and W. N Lipscomb, Acc Chem Res, 1989, 22, 62
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activity, CPA has also been shown to possess esterase activity. Other transition metal ions
like Co2+, Ni2+, Mn2+, and Fe2+ are known to be good substitutes for Zn2* but with
varying degrees of enzyme activity.109

The first high resolution X-ray structure of carboxypeptidase A included the slow
reacting substrate glycyltyrosine in the enzyme's active site.!!9 The X-ray structure
revealed that the zinc ion was coordinated to the enzyme through two histidines (His-69,
His-196) and glutamic acid (Glu-72). The carbonyl oxygen of the amide substrate
coordinated to the metal by displacing the metal bound water molecule. The only parts of
CPA which are near enough to the peptide bond to be directly involved 1n the catalysis are
Glu-270, Tyr-248, Arg-127, and Zn2+*. The only other group of the protein within 3A of
the substrate’s amide bond is Arg-145 is considered to aid i substrate binding.!10 A
generalized picture of this complex is shown in figure 6.13.
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HO—Tyru.__§

+
Arg’i27

AAAANS

Figure 6.13 Glycyltyrosine in active site of Carboxypeptidase A. (ref. 110)

109). T Groves and R. M. Dias m The Coordination Chemstry of Metalloenzymes, 1. Berunt, R. S.
Drago, C. Luchnat, Eds, D. Reidel Publishing. Dordrecht, 1983, pp 79-92.
110W. N. Lipscomb, Acc Chem Res, 1970, 3, 81.
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6.6.2 Possible Mechanisms Proposed From Previous Model and Enzyme Studies

The hydrolytic mechanism of CPA has been the topic of much debate. Based on
the arrangement of functional groups in the enzyme's active site, there have been several
different mechamisms proposed for the action of carboxypeptidase A. It 1s now generally
accepted that Tyr-248 is not invelved in catalysis. Using site directed mutagenests. Tyr-
248 was replaced by phenylalanine. This Phe-248 mutant of CPA retaned 1ts catalytic
ability to hydrolyze peptides or relate esters at near normal actvity 111

Investigations on the hydrolysis catalyzed by CPA on uts natwral and artihicial
substrates have resulted in some contlicting opinions regarding the mechanism of the
hydrolytic reactions. There are currently three basic hydrolytic pathways under
consideration. The first X-ray structure of CPA complexed with the pseudo-substrate
glycyltyrosine revealed that tlie substrate was bound to the enzyme with 1ts carbonyl
oxygen coordinated to the zinc ion of the enzyme. Naturally, researchers thought that the
metal must act as a Lewis acid, thus, the first two mechanisms that will be discussed will
involve the metal acting in this manner. In the first mechanmism, the Glu-270 carboxylate
serves as a nucleophile to afford an acyl enzyme intermediate which 1s subsequently labil
to hydrolysis (fig. 6.14(a)). Evidence for this mechanism inciudes the apparert
spectroscopic detection of an accumulating intermediate, presumably the acyl enzyme, of
certain ester substrates at subzero temperature.!'2 However, Breslow and Wermck '3
demonstrated in a landmark 180 isotope labelling expenment that an acyl enzyme
intermediate is not involved in the synthesis or hydrolysis of typical peptide substrates. It
was demonstrated that CPA catalyzes the 180 exchange in benzoylglycine only in the
presence of an added amino acid like phenylalanine. As the principle of microscopic
reversibility would dictate, a hydrolytic enzyme should also catalyze the synthesis of
peptides. Thus, the observed 180 exchange of benzoylglycine 1n the ;resence of an added
amino acid can be explained as that taking place during the hydrolysis of the dipeptide
synthesized by CPA. By the same principle, the existence of an acyl-enzyme intermediate
in the hydrolytic step would also require !8G exchange to take place without the added
amino acid, which is not observed. However, these researchers did not rule out an acyl-
enzyme intermediate in esterolysis.

113) S. J. Gardell, C S Craik, D. Hilvet, M. S. Urdea, and W J Rutter, Nature (London), 1985, 317,
551. b) D Hilvert, SD. J Gardell, W. J Rutter, and E T Kaser, J Am Chem Soc , 1986, 108, 5298
1123) M. W. Makinen, L. C Kuo, and J J Dymowski,J Biol Chem 1976, 254,356 b) M
W.Makinen, K. Yamamura, and E T. Kaser, Proc Natl Acad. Sct U SA 1976, 73, 3882

113R Breslow and D. L. Wernick, J Am Chem Soc , 1976, 98, 259 b) R. Breslow and D L Wemick,
Proc. Natl Acad Sct U S A, 1977, 74, 1303
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Figure 6.14 Proposed Lews acid mechanisms for CPA catalyzed reactions:
(8) Nucleophilic mechanism for Glu-270.
(b) General base mechanism for Glu-270.

In the second mechanism, the zinc ion acts as a Lewis acid and the Glu-270 behaves as
a general base delivering a hydroxide ion to the carbonyl group to form the tetrahedral
intermediate. In the second step, Glu-270 acts as a proton switch by transferring a proton
from the oxygen of the tetrahedral intermediate to the leaving nitrogen thus permitting a
catalyzed decomposition of the tetrahedr.! intermediate in the forward direction.!14 The
mechanism is shown in figure 6.14(b). Evidence for such a mechanism is given in
Schepartz and Breslow's enzyme model for carboxypeptidase A.!14 In this model,

1144 Schepartz and R. Breslow,/ Am. Chem Soc , 1987, 109, 1814.




Co(I)-chelated amides undergo hydrolysis with bifunctional buffer catalysis. The Co(11D
centre behaves as a Lewis acid and acetate buffer (or phosphate buffer) mimucs the role of
Glu-270 (fig. 6.15).

O%AG s

OH /0' H .) /O
N——co"-—NH, ——=  (#n,)Co’* —— (on,)Co®* + R;NH
N \

H,

Figure 6.15 Hydrolysis of an amide in a carboxypeptidase mode! using Co(lll) and
bifunctional catalysis. (ref. 114)

Some researchers believe that glycyltyrosine may be bound with CPA n a
nonproductive manner. The structural information on enzyme-pseudo substrate complex,
though extremely useful, may not totally represent the binding of the enzyme and the
typical reactive substrates. More recently, the X-ray structure of CPA-glycyltyrosine
complex has been determined with higher resolution (1.6 A resolution) 15 It was
determined that both the peptide carbony! oxygen ard the ammno terminus (as the free base)
coordinate to the zinc 1on in a chelate interaction. The zinc-carbonyl coordination may be
simply a consequence of the chelate effect. The N-unprotected dipeptide, glycyltyrosine, 1s
hydrolyzed nearly 5000 times more slowly than N-protected peptides; therefore, the zinc-
carbonyl interaction cannot model a productive interaction in the mechanism of peptide
hydrolysis. It 1s likely that all dipeptide substrates of CPA that carry an unprotected amino
terminus are poor substrates because of such favourable bidentate coordination to the metal
ion of the enzyme.

Lipscomb, as well as other researchers, believe that a more productive
representation of enzyme-substrate interaction may be found in the complex ot CPA with
the substrate analog, 2-benzyl-3-(p-methoxybenzoyl)propanoic acid, in which the intact

15D, W, Chnistianson and W N. Lipscomb, Proc Nat! Acad Sci U S A, 1986, 83, 7568
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carbonyl of this ketone is not coordinated to the metal but is H-bonded to the guanidinum
moiety of Arg-127. The mechanistic role of the metal may be to promote a water molecule,
with the assistance of Glu-270, to attack a peptide bond polarized by Arg-127.

Evidence for a metal-hydroxide mechanism was provided in Groves and Baron's
enzyme model.!'6 In this model, due to geometric restrictions, coordination of the amide
carbonyl oxygen to the metal is prevented. Rate enhancements of 1.7 x 107 and 5.3 x 108
over the free hydroxide rate are observed for the Co(IIT) mediated amide hydrolysis of 11
and 12 respectively (fig 6.16). The mechanism involves a metal-hydroxide attack on the
amide acyl carbon. Compared with 11, the presence of a pendant carboxylate 1on as in 12
increases the observed rate of hydrolysis by two fold. The carboxylate mimics the role of
Glu-270 by removing the proton from the initially formed tetrahedral intermediate and
transfering 1t to the leaving nitrogen in order to facilitate decomposiuon of the tetrahedral
intermediate.

2e

11 R a CH,
12 R = CH,CO,

Figure 6.16 CPA model for the metal hydroxide mechanism. (ref 116)

Recently, X-ray structures of nonactivated ketones such as 5-benzamido-2-benzyl-
4-pentanoic acid and N-(tert-butoxycarbonyl)-5-amino-2-benzyl-4-oxo-6-phenylhexanoic

16y T, Groves and L. A. Baron, J Am Chem. Soc , 1989, 111, 5442,
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acid complexed to the enzyme were determined.!®8 The structures show that these ketones
bind to the enzyme as tetrahedral hydrates, more importantly, the hydrated ketones
coordinate in a bidentate fashion to the active site zinc 1on of carboxypeptidase A (fig
6.17(a)). The result 1s surpnising considering that these ketones are estimated to exist less
than 0.2% 1n the hydrated form in solution. The enzyme has pertormed a hydraton
reaction on the intact carbonyls of the ketones to result in the gem-diolate analogue of the
proteolytic tetrahedral intermediate.

Christianson and Lipscomb have classified these ketones as reaction coordinate
analogues. This term describes reversibly reactive substrate analogues that bind to enzyme
active sites as analogues of catalytic intermediates. A reactiton coordinate analogue can
undergo a reversible chemical reaction identical with the first elementary step(s) ot
catalysis, yet it cannot complete the chemistry of the entre catalytic cycle due to a
subsequently insurmountable barrier (e.g. in this case, the expulsion of an untavourable
carbanion).108

OH )
alu, RCH, R
4
Q---ecee H Qececnnen- Arg’ 3, (8) Carbonyl-contaiming reaction-coordinate analogues
\z / bind to the Zn* of CPA as hydrate adducts in a bidentate
e fashion (ref 108)
e
[« SESRSTRES HO [o JETEEREPN Arg*,,, (D) Proposed tetrahedral intermediate for CPA catalyzed
\ / hydrolysis of peptides (ref 108)
/z,,a.
“/\
Me,N H
“°/< o (¢) Proposed tetrahedral intermedhate for [Cu(dpa){OH),]**
\ / catalyzed hydrolysis of DMF
cuio
(\/ NN\
\\\*/k F
H

Figure 6.17



6.6.3 Proposed Alternative Mechanism

It 15 impossible to prove enzyme mechanisms based on simple model studies or
structures of enzyme-pseudosubstrate complexes. Nevertheless detailed mechanistic
studies on simple enzyme models can provide valuable insight into how enzymes work.
Interestingly, the mechanism for ICu(dpa)(OH2)2]2+ catalyzed hydrolysits of
dimethylformamide appears to paraliel the mechanism for carboxypeptidase A catalyzed
hydrolysis of peptides Both reactions involve the formation of a four-membered ring
bidentate complex (t1g 6 17). Chnstianson and Lipscomb used the X-ray structure of the
CPA-hydrated-ketone complex to support a metal-hydroxide mechanism, (mechanism b of
fig. 6.9) but considening the present results on Cu(Il)-complex cataiyzed hydrolysis of
amides, the aforementioned X-ray structure supports a double activation mechanism
(mechamism c) even better. The role of Glu-270 would be to act as a proton switch to
transfer a proton from the oxygen of the tetrahedral intermediate to the leaving mtrogen.
Unfortunately, in the Cu(IT)-complex model, buffer catalysis is not observed. Addition of
phosphate to mimic the role of Glu-270 inhibits the Cu(II) catalyzed reaction due to
complexation of the phosphate to the metal ion. Similarly, buffer catalysis 15 not observed
with the addition of acetate buffer.

There has been much controversy as to whether the metal ion catalyzed hydrolysis
of amides by CPA would occur by a Lewis acid (mechanism a) or by a metal-hydroxide
mechanism (mechanism b). Enzyme models exist to support either mechanism, however,
this distinction may not be critical since mechanism ¢ was observed to be more efficient
than either mechanism a or b for Cu(II)-complex catalyzed hydrolysis of formamides.
Furthermore, the mechanism seems to parallel the mechanism for CPA catalyzed hydrolysis
of peptides. In future enzyme model studies, a bifunctional mechanism (mechanism c) for
the role of the metal 1on of CPA should be taken iato consideration.
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EXPERIMENTAL (PART I and PART II)

7.1 GENERAL

1H NMR and !3C NMR were taken on Vanan XL-200 and XL-300 spectrometers
respectively. Data 1s reported in parts per mllion (ppm) downfield from the following
references: tetramethylsilane (CDCl3) and 3-(trimethylsily])-1-propane-sulfonic acid (D20)
for lH NMR; 13CDCl3 (§ 77.0), 13CD3S(0)CD3 (8 39.5), or 1.4-dioxane (8 66 5 used tor
D,0 solutions) for !3C NMR. The residual proton signals ot DMSO and methanol
(assigned values of 82.49 and & 3.3 for |H NMR) were used as reference in theve
solvents.

Kinetic studies were carried out by a UV-vis method using a Hewlett-Packard 8451
diode array spectrophotometer equipped with a Lauda RM6 thermostat or a PYE UNICAM
PU88 UV/VIS spectrophotometer equipped with an Accuron SPX 876 Series 2
Temperature Programme Controller.

Titrations of metal complexes were carned out with a Radiometer PHM63 pH meter
equipped with a Radiometer RTS822 automat:c utrator and a water bath thermosta..

Elemental analysis were performed by Guelph Chemical Laboratores Ltd.

Tetrahydrofuran was distilled from sodium benzophenone ketyl Toluene was
dried over sodium wire. N,N-Dimethylformamide was dried by shaking with KOH
followed by distillation, at reduced pressure, from BaO.

Thin-layer chromatography (t.l.c.) was performed using Kieselgel 60 Fasy
aluminum-backed plates (0.2 mm thickness) and visualized by UV (A 254 nm) using a
Ultraviolet Products Inc. Model UVG-54 Mineralight Lamp. Kieselgel 60 (Merck 230-400
mesh) silica gel was employed for column chromatography.

7.2 MATERIALS

The following chemicals were purchased from Aldrich Chemical Company and
used without further punfication: 1,10-phenanthroline, neocunroine, 2,2"-dipyndylamine,
2,2'-dipynidylketone, 2,2':6',2"-terpyndine, 4-nitropheny!| acetate, methyl tnfluoroacetate,
methyl acetate, and 4-ethylmorpholine. Bis(p-nitrophenyl)phosphate and the biological
buffers, MES and CHES were purchased from Sigma Chemical Company
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The following compounds were synthesized according to the literature procedures:
Bis(2,4-dinitrophenyl)phosphate2l¢, 2 4.dinitrophenyl phosphate!l7, 2.2-
dipyridylmethane!18, 2,2'-dipyridylsulfide! !9, and 5-nitroneocuproine!29, and trpn.!4

7.3 SYNTHESIS OF LIGANDS

2,9-diethyi-1,10-phenanthroline

This compound has previously been synthesized in 45% yield by nucleophilic
alkylation of 1,10-phenanthroline using 2 equivalents of ethyllithium!2!. The following
procedure avoids the difficult preparation of an ethyllithium solution: To a stirred solution
of phenyllithium (4.32 mmol) in cyclohe'.ane/ether (2.26 mL, 70:30 v/v), neocuprone (0.3
g, 1.44 mmol) dissolved in 10 mL anhydrous tetrahydrofuran was added dropwise under a
flow of nitrogen. The sturing was continued for 1 h at room temperature during which
time a dark red solution resulted. The reaction mixture was placed in an ice bath and chilled
to 0-5 °C. Iodomethane (0.27 mL, 4.32 mmol) was then added, the temperature was
slowly raised to room temperature, and the reaction was allowed to stir ovemight. During
this time, the red colour disappeared. Water (10 mL) was slowly added tollowed by
concentrated HCI (~2 mL). The aqueous layer was removed and neutralized with sodium
carbonate. The crude reaction product separated as an oil and was extracted with methylene
chloride (4 x 15 mL). The extracts were combined, dried (Na;SO4), and rotory-evaporated
yielding a yellow oil. The product was purified by flash column chromatography over
silica gel (ethyl ether, Rf0.54). Recrystallization from ether/water afforded the desired
product as a colorless solid (0.15 g, 40% yield): m.p. (monohydrate) 40-43 °C (I1t.12! 43-
44 °C). 1H NMR (CDCl3, 200 MHz) 3 1.40 (t, 6H, CH3), 3.26 (q, 4H, CHy), 7.52 (d,
2H, ArH3, ArHS), 7.66 (s, 2H, ArHS, ArH6), 8.12 (d, 2H, ArH4, ArH7). Coupling
constants (Hertz): Jo4, cHy = 7.6, JarH3 ArHg = 8.3.

117G Rawji and R. M. Milburn, J Org Chem , 1981, 46, 1205

184, ). Canty and N. J. Minchin, Aus J Chem , 1986, 39, 1063.

119C Chachaty, G.C. Pappalardo, G Scarlata, / Chem Soc, Perkin II, 1976, 1234,

120, P Hammet, G H. Walden, Jr, and S. M. Edmonds, /] Am Chem. Soc , 1934, 56, 1092.

121p_j Pyjper, H. Van der Goot, H Trmmerman, and W. Th. Nauta, Eur J Med Chem -Chum Ther.,
1984, 19, 399,




Bis-(2-pyridyl)methylamine

Under a flow of nitrogen, 2-(methylamino)pyridine (3 g, 28 mmol) was added
slowly to a stirred suspension of sodium hydride (60% o1l disp., | g, 30 mmol) in dry
toluene (50 mL). The mixture was gently refluxed for 3 h. 2-Bromopyridine (4.42 g, 28
mmol) in dry toluene (10 mL) was added dropwise to the above mixture over a period of |
h and then refluxed for 24 h. The reaction was monitored by t.l.c. (EtOAc, R 0.94 for 2-
bromopyndine, Ry 0.38 for 2-(methylamino)pyridine, and R¢ 0.55 for the desired product).
After cooling, water was slowly added (1-2 mL), the mixture was filtered, and the sohds
washed with methylene chloride. The filtrates were combined and evaporated 1n vacuo 10
give a yellow liquid. Vacuum distillation (90 °C, 0.01 mm) afforded the desired product
(4.4 g, 85% yield) as a colourless liquid. 'H NMR (CDCl3, 200 MHZ) 8 3 63 (s, 3H,
CHj3), 6.83-6.89 (ddd, 2H, pyHS), 7.15-7.20 (ddd, 2H, pyH3), 7 49-7 58 (ddd, 2H,
pyH4), 8.33-8.37 (ddd, 2H, pyH6). Coupling constants (Hertz). JpyH3-pyHe = 8 42,
JpyH3-pyHs = 0.96, JpyH3-pyHe = 0.84, JpyHa-pyH5 = 7-18, JpyHa-pyHe = 2 00, JoyH5-pyH6
= 4.96; 13C NMR (CDCl3, 75.4 MHz) 35.79 ppm (CH3), 114.04 (C3), 116.66 (C5),
136.90 (C4), 147.88 (C6), 157.49 (C2). Anal. Calcd for CyH N3 C, 71.33; H, 599,
N, 22.69. Found: C, 70.91; H, 6.10; N, 22.82.

Bis-[2-(5-bromopyridyl)|methylamine

Bis-(2-pyridyl)methylamine (3 g, 1.62 x 10-2mol) dissolved 1n dioxane (30 mL)
was gradually added to a stirring solution of bromune (5.82 g, 3.65 x 103 mol) in dioxane
(60 mL) at 0-5 °C. After the addition, the reaction was allowed to sur overmight at room
ternperature.  Aqueous sodiur hydroxidc (5% w/v) was added to the reaction mixture until
it was alkaline to litmus (~90 mL). The mixture was then allowed to stir for a few minutes.
The resulting precipitate was collected and crystallized 1n methanol. Recrystallization
afforded the product as a white fluffy solid (4.72 g, 85% yield). m.p. 103 °C, 'H NMR
(CDCl3, 200 MHz) 8 3.57 (s, 3H, CH3), 7.11 (d, 2H, pyH3), 7 64 (dd, 2H, pyH4), 8.36
(d, 2H, pyH6). Coupling constants (Hertz): JpyH3-pyH4 = 8.29, JpyHa-pyHe = 2.23, 3¢
NMR (CDCl3, 75.4 MHz) 36.16 ppm (CH3), 112.21 (C5), 11550 (C3), 139 67 (C4),
148.73 (C6), 155.77 (C2). Anal. Calcd for C;HyBryN3: C, 38.52; H, 2 64, Br, 46 59,
N, 12.25. Found: C, 38.42; H, 2.49; Br, 47.00; N, 12.15.
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Bis-[2-(5-cyanopyridyl)jmethylamine

Under a flow of nitrogen, bis-[2-(S-bromopyridyl)Jmethylamine (3 g, 8.75 mmol)
was added 0 dry N,N-dimethylformamide (30 mL) containing copper(I) cyanide (3.13 g,
350 mmol) . The mixture was refluxed ovemight. While still hot, the dark brown mixture
was poured into a flask containing concentrated ammonium hydroxide (150 mL) and water
(150 mL). The mixture was stirred while allowed to cool to room temperature. Methylene
chioride (250 mL) was added, the flask was stoppered and then shaken until a fine
suspension resulted. The reaction mixture was filtered, the organic layer of the filtrate was
separated and washed with a dilute ammonia solution (2 x 100 mL) followed by water (1x
100 mL). The organic extract was dried (NaSQy), filtered, and rotary evaporated to a
solid. This crude yellowish solid was recrystallized in methanol to af"ord a colourless solid
(1.49 g, 77% yield): m.p. 200-205 °C; 'H NMR (CDCls, 200 MHz) & 3.71 (s, 3H,
CH3), 7.41 (d, 2H, pyH3), 7.85 (dd, 2H, pyH4), 8.63 (d, 2H, pyH6). Coupling
constants (Hertz): JpyH3-pyHa = 8.83, JpyHa-pyHs = 2.33; 13C NMR (CDCl3, 75.4 MHz)
35.13 ppm (CH3), 102.99 (CS), 114.25 (C3), 117.10 (CN), 140.12 (C4), 151.82 (C6),
158.11 (C2). Anal. Calcd for C13HgNs: C, 66.37; H, 3.86; N, 29.77. Found: C, 66.58;
H, 4.07; N, 29.62.

Bis-[2-(5-carboxypyridyl)jmethylamine

Bis-[2-(5-cyanopyridyl)Imethylamine (1.22 g, 5.46 mmol) was dissolved in
concenrtrated HCI (40 mL) and refluxed overnight. The solution was allowed to cool and
the precipitate was collected. The product was recrystallized from water/DMSO to afford a
yellowish solid (1.2 g, 80 % yield). 'H NMR (D;0 and KOH, pD>9, 200 MHz) 5 3.34
(s, 3H, CHj3), 7.03 (d, 2H, pyH3), 7.94 (dd, 2H, pyH4), 8.49 (d, 2H, pyH6). Coupling
constants (Hertz): JpyH3.pyH4 = 8.86, JpyH4-pyH6 = 2.25; 13C NMR (D20 and KOH,
pD>9, 75.4 MHz) 36.78 ppm (CHj3), 114.46 (C3), 126.06 (CS), 139.39 (C4), 148.80
(C6), 158.51 (C2), 173.07 (COO"). Anal. Calcd for C13H;1N304-H20: C, 53.61; H, 4.5;
N, 14.43. Found: C, 53.57; H, 4.19; N, 14.45.
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2-Bromo-6-methylpyridine

Bromine (7.5 mL, 0.15 mol) was added dropwise to a stirred solution containing
2-amino-6-picoline (5.4 g, 0.05 mol) in HBr (48% w/v, 19 mL, 0.11 mol) at 0-5 °C. A
solution of sodium nitrite (8.71 g, 0.15 mol) in water (12.6 mL) was added dropwise over
a period of 0.5 h while keeping the temperature at 0-5 °C. The stuming was continued tor
an additional 20 minutes. A solution of sodium hydroxide (13.2 g, 0.33 mol) in water (15
mL) was added at such a rate so that the temperature did not nse above 20-25 °C. The
reaction solution was extracted with methylene chloride (3 x 20 mL), the organic extracts
were combined, dricd (NaSOy4), and concentrated in vacuo to give an oil which was
vacuum distilled (b.p. 76-79 °C, 12 mm) {lit.122 b.p. 65 °C (4 mm)]. 'H NMR (CDCls,
200 MHz) & 2.55 (s, 3H, CH3), 7.12 (d, 1H, pyHS), 7.31 (d, IH, pyH3), 7.45 (1, 1H,
pyH4). Coupling constants (Hertz): JpyH3-pyHd = 7.5, JoyHa-pyHs = 7.5. 13C NMR
(CDCl3, 75.4 MHz) 14.83 ppm (CHj3), 120.45 (C5), 127.72 (C3), 141.38 (C4), 147.41
(C2), 159.69 (Cé6).

2-Bromo-S-methylpyridine

This compound was prepared in 90% yield in a manner identical to that descnbed
for the preparation of 2-bromo-6-methylpyridine from 2-amino-5-methylpyndine. Vacuum
distillation gave a colourless liquid: b.p. 80 °C (80 mm), which solidified at room
temperature, m.p. 41-44 °C, it.123 (45 °C). !'H NMR (CDCl3, 200 MHz) 3 2 30 (s, 3H,
CHj3), 7.35, 7.38 (s, 1 each, pyH3 and pyH4), 8.20 (s, 1H, pyH6). 13C NMR (CDCls,
75.4 MHz) 17.66 ppm (CHj3), 127.41 (C3), 132.40 (CS), 138.85, 139.23 (C2 and C4),
150.31 (C6).

Bis-[2-(6-methylpyridyl)Jamine-HBr
2-amino-6-picoline (0.31 g, 2.9 mmol) was placed 1n a flask containing 2-bromo-6-

picoline (0.5 g, 2.9 mmol) and was tused at 180 °C for 2 days. The progress of the
reaction was monitored by t.1.c. (EtOAc : Ry 0.82 for 2-bromo-6-picoline, Ry 0.36 for 2-

122G, R, Newkome, D. C Pantaleo, W. E Puckett, P L Ziefle, and W A Deutsch, J Inorg Nucl
Chem , 1982, 43, 1529.

123, Thyagarajan and E. L May, J Het Chem , 1971, 8, 465
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amino-6-picoline, and R¢ 0.62 for product). The black solid obtained after cooling was
dissolved in methanol, decolorizing charcoal was added and the mixture was boiled with
stirring for 5-10 min. While still hot, the mixture was filtered, the filtrate was rotary
evaporated to a solid, and the crude product was recrystallized from H2O as the
hydrobromide salt (0.48 g, 60% yield). IH NMR (DMSO-dg, 200 MHz) § 2.62 (s, 6H,
CHj3), 3.38 (broad s, 1H, NH), 7.17 (apparent t, 4H, pyH3 and pyHS), 8.0 (apparent t,
2H, pyH4). 13C NMR (DMSO-dg, 75.4 MHz) 20.94 ppm (CH3), 110.17 (C3), 116.35
(CS), 141.27 (C4), 151.18 (C6), 159.26 (C2). Anal. Calcd for C{oH14BrN3-2H,0: C,
45.58; H, 5.74; Br, 25.27; N, 13.29. Found: C, 45.67; H, 5.38; Br, 25.5; N, 12.96.

Bis-[2-(5-methylpyridyl) ]amine

Under a flow of nitrogen, 2-amino-5-methyl pyridine (0.63 g, 5.82 mmol) in dry
toluene (~20 mL) was added dropwise to a stirred solution containing sodium hydride
(60% oil disp., 0.233 g) in dry toluene (20 mL). The mixture was allowed to stir at room
temperature for 2 h during which time the colour of the reaction mixture became dark
brown. 2-Bromo-5-methylpyridine dissolved in dry toluene (20 mL) was then added
dropwise over a period of 1 h. The reaction mixture was refluxed overnight. After
cooling, any unreacted sodium hydride was destroyed by the slow addition of water. The
reaction solution was washed with water (2 x 30 mL). The toluene layer was isolated,
decolorizing charcoal was added, and the mixture was heated to a gentle boil for 10-15 min
and then filtered. The pale-yellow filtrate was dried (Na2SOy), filtered, and rotory
evaporated to dryness leaving a yellow oil. The product was purified by flash column
chromatography over silica gel (1:1, hexanes:EtOAc, v/v, Rf 0.34) yielding a yellowish
solid (0.68 g, 60% yield): m.p. 93-94 °C. 'H NMR (CDCl3, 200 MHz) & 2.25 (s, 6H,
CH3), 7.4 (two closely spaced s, 4H, pyH3 and pyH4), 7.75 (broad s, 1H, NH), 8.0
(broad s, 2H, pyH6). 13C NMR (CDCl3, 75.4 MHz) 17.57 ppm (CH3), 110.99 (C3),
124.88 (C5), 138.44 (C4), 147.28 (C6), 152.24 (C2). Anal. Calcd for C;2H3N: C,
72.34; H, 6.58; N, 21.09. Found: C, 72.16; H, 6.75; N, 21.43.
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7.4 PREPARATION OF METAL COMPLEXES

7.4.1 Preparation Of 1:1 Complexes Of CuCl, With Diamine Ligands

All Cu(Il) complexes were prepared by the 1:1 addition of an ethanolic solution of
ligand to an ethanolic solution of copper(Il) chiornide The following 1s a general procedure
for the preparation of Cu(Il) complexes of the type, [(L)Cu(Cl)2]. where L represents a
diamine bidentate ligand:

A solution of diamine (3 mmol) 1n absolute ethanol (10 mL) was added slowly,
with magnetic stirring, to a solution of anhydrous copper(Il) chlonde (0.4 g, 3 mmol) in
absolute ethanol (15 mL). The resulting preciptate was collected by vacuum tiltration and
was washed with cold ethanol (4 x 20 mL).

[Co(neo)(Cl)2] and [Ni(neo)(Cl)y] was prepared as described above by substituting
copper(I) chloride by cobalt(IT) chlonde and nickel(IT) chlonde respectively.

7.4.2 Preparation Of Co(III) Complexes

[(trpn)Co(OH3)7)3+ was prepared by acid hydrolysis of the corresponding
carbonato compiex.

[(trpn)Co(CO03)]C104:2H,0 This complex was prepared by the method of
Dasgupta and Harris!24, with some minor modifications. To a stirred suspension of lead
dioxide (12 g, 50 mmol), trpn (4.71 g, 25 mmol), and sodium hydrogen carbonate (0.42
g, 50 mmol) in ice-cold water (150 mL), was slowly added Co(C104)2 6H20 (9 15 g, 25
mmol) in water (100 mL). The mixture was allowed to sur vigorously for two days at
room temperature. Aqueous perchlonc acid (70% v/v, 6.5 mL, 50 mmol) was then added
slowly. The mixture was filtered and the volume of the solution was reduced to half by
evaporation in vacuo. The crude product slowly precipitated out ot solution which was
then recrystallized from water (7.88 g, 70 % yield). UV-vis: Amax 536 nm (¢ 120), 368 nm
(€ 148), Lit.125 A, 532 nm (g 125), 363 nm (g 153).

1247, p. Dasgupta and G. M. Harms, J Am Chem Soc, 1975, 97, 1733,
1258, S. Massoud, and R M. Milbumn, Inorg Chtm Acta 1988, 154, 115




[(trpn)Co(H20)2](C104)3-2H20 The carbonato complex was
converted to the comresponding diaqua species by adding aqueous perchloric acid (5 M, 0.5
mL) to the finely divided carbonato complex (1 mmol). The resulting effervescent solution
was stirred 1n vacuo (water aspirator) for two hours. The solid diaqua complex is isolated
by removing the water by freeze drying.126

7.5 TITRATIONS

Titrations to determine the pKa of the water bound to metal complexes were
performed on solutions of metal-ligand complex (5 mL, 1mM) and titrated from pH 3 to 10
using sodium hydroxide (0.01 M). The determination of the pKa of the copper coordinated
water molecule for complexes of the type, [(L)Cu(OH2)2]2*, is compounded by
dimerization of the copper complex. The acidity of the water molecuie and the equilibrium
constant for dimerization of these complexes were obtained by carrying out titrations at
various concentrations of copper complex (0.25 mM to 10 mM). Sodium hydroxide (0.01
M) titrant was used to titrate Cu(II) complexes (5 mL) of 0.25 mM, 0.5 mM, 1 mM, and 2
mM. NaOH (0.1M) titrant was used to titrate Cu(II) complexes (5 mL) of 5 mM and 10
mM concentrations.

The equilibrium constant for binding of acetate to [Cu(dpa)(OH2)3]%+ was
determined by titrating the copper complex (SmL, 1 mM), from pH 5 to 10 using sodium
hydroxide (0.01 M) as titrant, in the presence of varying amounts of acetate (1 to 20 mM).

126M. Banaszczyk, Ph.D. thesis, McGill Umversity, 1989.
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7.6 KINETICS
7.6.1 Hydrolysis of Phosphate Esters and pNPA.

The hydrolysis of BNPP, BDNPP, DNPP, and pNPA were monitored
spectrophotometrically by following the production of p-nitrophenolate or 2,4-
nitrophenolate at 400 nm. The reactions were carried out under pseudo-first-order reaction
conditions with a large excess of the copper complex over the ester. Butfers were used to
maintain a constant pH during the course of the hydrolysis reaction. For pH 5.5 t0 6.5,
MES buffer was utilized; pH 7 to 8, N-ethylmorpholine butfer; and for pH 85 to 10,
CHES buffer was used. The utihzation of these buffers did not increase nor inhibit the
copper complex promoted hydrolysis reaction.

First order rate constants were calculated from the imtial slopes of the linear plots of
optical density against time by converting to concentration units (€40 = 18000 for p-
nitrophenolate, €,,= 12500 for 2,4-dimitrophenolate) and dividing by the imual phosphate
ester concentration . Reactions performed at pH<9 for BNPP and NPA hydrolysis were
corrected for the degree of ionization of p-nitrophenol (Ka = 7.08 x 10-8).

In a typical kinetics expenment, a 1-cm cuvette was filled with a treshly prepared
aqueous solution (2 mL) containing the Cu(Il) complex (1 mM) and buffer (0.01 M) that
had been preadjusted to the desired pH. The hydrolysis reaction was initiated by injecting a
stock solution of ester (5 L, 0.01 M) to the above solution. For BNPP an aqueous stock
solution was prepared whereas a stock solution wn acetonitrile was prepared for BDNPP,
DNPP, and pNPA. The pH of the reaction did not change during the course of the
reaction.

7.6.2 Hydrolysis of MTA and MeOAc

Hydrolysis of MeOAc and MTA were monitored by the pH-stat method.

MTA hydrolysis: A MTA stock solution (20 gL, 0.5 M in dioxane) was added to
the metal complex (S mL, 1 mM) at S ©C. The production of trfluoroacetic acid was
followed by pH-stat, the pH being maintained with sodium hydroxide (.01 M) titrant
The hydrolysis reaction was monitored to completion and the rate constant was obtained by
fitting the first three half-lives of the reaction according to a first order kinetics equation




MeOAc Hydrolysis: To an aqueous solution of Cu(II) complex (5 mL, 1mM) at 25
oC, MeOAc was added (0.4 mL, final conc. IM). The production of acetic acid was
followed by the identical manner for MTA hydrolysis. The reaction can be followed up to
4 turmovers.

Production of methanol from [Cu(dpa)(OH2);]%+ promoted hydroiysis of MeOAc
can be detected by 'H NMR. MeOAc (20 mmol) was mixed with [Cu(dpa)(Cl)2] (10 mM)
in a D,O solution buffered with lutidine (0.01 M) at pD 7 or pD 8, 25 °C. !H NMR
spectra were recorded at different time intervals.

7.6.3 Transesterification

Production of ethanol from the transesterification of ethyl acetate to methyl acetate
in methanol was detected by lH NMR. Due to the low solubility of {Cu(dpa)(Cl);] and
[Cu(terpy }(CD]CI in methanol, [Cu(NMedpa)(Cl)2] and [Cu(dien)(C1)]CI were used as
potential catalysts. In a typical experiment, ethyl acetate (80 mM) was mixed with
[Cu(NMedpa)(Cl)2} (20 mM) in CD30D (pD 8) at 50 °C for 3 days during which time the
reaction proceeded to 95% completion.

The transestenfication reaction can be carried out with [Cu(terpy)(C1)]Cl or
[Cu(dpa)(Cl)2] as the potential catalyst by the addition of 15% DMSO-d¢. This allows the
complex to dissolve in the methanolic solution.

7.6.4 MeOAc Synthesis

Production of methyl acetate from acetic acid and methanol was detected by 'H
NMR by following the increase in the !H NMR signal due to methyl acetate (8 2.05).
Acetic acid/sodium acetate (3:1, 80mM total) was mixed v ith [Cu(NMedpa)(Cl);] (20 mM)
and toluene (80 mM) in CD3OD. The toluene was used as an internal marker. The
progress of the reaction can be quantified by comparing the integration area underneath the
toluene and MeOAc signals. The integration area of toluene's metbyl peak represents
100% complenon of the reaction. The solution was placed in an NMR tube, sealed, and
heated to 50 oC for 2 weeks during which time the reaction proceeded to 95% completion,
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7.6.5 Hydrolysis Of Methyl Phosphate

The hydrolysis of methyl phosphate was monitored by 'H NMR by following the
increase in the 'H NMR signal due to methanol. In a typical experiment, 1 eq. of methyl
phosphate (disodium salt, 4 x 10-5 mol) was added to a D20 solution containing
[Co(trpn)(OH2)2]3+ (4 mL, 10 mM). The solution was stirred for a few minutes at room
temperature. The reaction is initiated by the addition an aliquot (1 mL) of the above
solution to a D0 solution containing [Cu(dpa)(OHz)2}2+ (1 mL, 10 mM) at pD 7. The
reaction is placed in : NMR tube, sealed, and heated to 40 °C. NMR spectra were
recorded at different time intervals.

7.6.6 Hydrolysis of DMF

The hydrolysis of DMF in the presence of Cu(II) complexes was monitored by 'H
NMR by following the decrease in the 'H NMR signal due to DMF (8 7.92, 3 3.0, and &

2.85) and following the increase in the dimethylamne peak (3 2.71). In a typical kinetic
experiment, DMF (10-30 mM) was added to a D>O solution contamning [Cu(dpa)(OH2) |2+
(5-10 mM) at pD 8. The solution was placed in a NMR tube, sealed, and heated to 100 °C.
NMR spectra were recorded at different time intervals.
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CONTRIBUTIONS TO KNOWLEDGE

Considerable progress has been made in understanding the mechanism of
hydrolysis of phosphate diesters promoted by simple transition metal complexes.

1) The efficiencies of a series of structurally related Cu(II) complexes of the type
((L)Cu(OHa),]J2*, where L represents a bidentate diamine ligand, have been determined to
differ significantly depending on the ligand structure. The mechanism involves an
tramolecular metal-hydroxide attack on the coordinated phosphate ester producing a four-
membered ring intermediate. A structure-reactivity relationship has been elucidated based
on the mechanism of the hydrolysis reaction.

2) The complex [Cu(dpa)(OH3)2]2+ has been shown to be the most efficient in
promoting the hydrolysis of BDNPP; the rate of hydrolysis (1 mM Cu(dpa)(OH3);]2*) at
pH 8, 25 °C, is 1.5 x 100 times faster than the hydroxide rate under the same conditions.

3) The mechanism of hydrolysis of phosphate diesters promoted by [(L)Cu(OHz)2]2+
has been determined to be the same as that promoted by [(N4)Co(OHj)212+, and i both
cases, slight modifications to the ligand stricture greatly influenced the reactivity of the
complex. The understanding of this ligand effect may lead to the rational design of better
catalytic systems which will be of considerable value in developing artificial restriction
enzymes.

The hydrolysis of carboxylic esters and amides catalyzed by simple Cu(II)
complexes has also been investigated.

4) The minimum structural requirements of a metal catalyst necessary for hydrolyzing
esters and amides have been explained in terms of a detailed mechanistic analysis.

5) Successful catalyzed hydrolysis of unactivated esters has been achieved. The
complex [{dpa)Cu(OH;);)2* efficiently catalyzes the hydrolysis of methyl acetate under
ambient conditions. A 10° fold rate enhancement over the water rate for free methyl acetate
hydrolysis was displayed. This spectacular rate enhancement is comparable to that
achieved by enzymes.
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6) The efficiencies of two Cu(II) complexes for catalyzing the hydrolysis of amides in
neutral water have been investigated. Diaqua copper complexes (e.g. [Cu(dpa)(OHn)2]2%)
catalyze the hydrolysis of simple amides whereas monoaqua copper complexes (e.g.
[Cu(terpy)(OH3)]2+) do not. The Cu(ll)-dpa complex has been proposed as an enzyme
model for Carboxypeptidase A, where the hydrolysis proceeds by a bitunctional
mechanism.
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8 APPENDIX
Derivation of equation 2.1

Cu(Il) complexes of the type [(L)Cu(OH2)7]2*, dimerize to give a dihydroxy
bridged dimer, [(L)Cu]2, that 1s unreactive in promoting the hydrolysis of esters. The
concentration of the active monomeric species, {(L)Cu], present in solution may be
determined from the following relationships:

Kam
2[(LCu] == [(L)Cu}z

L)C
Ko HLICU )
[(w)cup?
Cr=[(L)Cu] + 2{(L)Cul2 @

where Crt represents the total concentration of Cu(II) complex present in solution. By
substituting equation 1 into equation 2 one obtains the total concentration of copper
complex as a function of the concentration of the monomeric Cu(Il) species present in
solution (eq. 3).

Cr = 2Kaml(L)Cul? + (L)Cu] (3)
Equation 3 rearranges to the quadratic equation 4,
0 = 2Kgml(L)CuJ? + [(L)Cu] - Cr (4)

and solving the quadratic equation gives the concentration of the monomeric copper
complexes present in solution (eq. 5)

-1+ ‘J1 + 8Kd|mCT

((L)Cu] = ()

dim

The rate of BDNPP hydrolysis promoted by [(L)Cu] is given by k«[(L)Cu]«[ester],
where k 1s the second-order rate constant for [(L)Cu] mediated hydrolysis of BDNPP.
Therefore,
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-1+ «11 +8KgmCr
Kobs = K 21)
4Kdim

where kops is the pseudo-first-order rate constant for [(L)Cu] promoted hydrolysis of
BDNPP.




