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ABSTRACT

Cis-diaqua cobalt complex [(L)Co(II1)(OH2)z]3+ promoted hydrolyses of phosphate esters,

nioiles and carboxy amides are examined (Lrepresents 1,4,7,10-tetraazacyciododecane

(cyclen) and its N-methylated derivatives). [(Cyclen)Co(OH2)z]3+ is more active than any

other catalysts rep,>ned to date for hydrolyzing dimethyl phosphate, acetonitrile and formyl

morpholine.

[(Cyclen)Co(OH2)z]3+ efficient1y hydrolyzes dimethyl phosphate under mild conditions (k

=3.7x~!0-5 M-! sec-! at pD 6.3, 60 OC). This represents the tirst hydrolysis of dimethyl

phosphate (P-O bond cleavage) at ne.utr:lFpE. Mechanism for the cobalt complex promoted
~.

hydrolysis of dimethyl phosphate and its implication on the role of metal ions in ribozymes

is discussed.

[(Cyclen)Co(OH2h]3+ catalyzes the hydration of nitriles to amides. Acetonitrile

coordinated to the cobalt complex is hydrated 109 times more rapidly than the·:

uncoordinated acetonitrile at pH 7 and 40 oé:-éatalytic turnover for the hydration reaction .

is demonstrated for the tirst time with the Co(IIl) complex. Chelated benzamide, a key

intermediate in the catalytic hydration of benzonioile, is isolated and its crystal structure

determined. Detailed kinetics and mechanistic analyses of the cobalt complex catalyzed

hydration of acetonioile including the equilibrium constant for complexation of acetonioile

to the cobalt complex (K = 0.6 M-!) are reponed. Synthetic utility of the catalyst including

acrylamide production is discussed.

[(Cyclen)Co(OH212]3+ efficient1y hydrolyzes formyl morpholine under mild conditions (k

=7.97 x 10-5 M-I sec-! at pD 6, 60 OC). The equilibrium constant for complexation of

formyl morpholine to the cobalt complex is 0.4 M-I. The equilibrium constant for

ccomplexation of amides to metal complexes had not been previously measured. The

efficiency and mechanism of the cobalt complex for hydrolyzing amides are compared to

those of carboxypeptidase A.
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RESUME

Les complexes de Cis-diaqua cobalt [(L)Co(III)(OH2h13+ où L représente 1,4,7,10­

tetraazacyclododecane (cyclen) et ses dérivés N-méthylés permettant l'hydrolyse des esters

de phosphate, des nitriles et des amides carboxiliques sont examinés.

[(Cyclen)Co(OH212j3+ est plus actif que n'importe quel autre catalyseur connu jusqu'ici,

pour l'hydrolyse du diméthyl phosphate, l'acétonitrile et le formyl morpholine.

[(Cyclen)Co(OH212)3+ hydrolyse efficacement le diméthyl phosphate dans des conditions

douces (k = 3.7 x 10-5 M-! sec'! à pD 6.3, 60 OC). Ceci représente la première hydrolyse

du diméJhyl phosphate (clivage de la liaison P-O) à pH neutre. Le mécanisme de

l'hydrolyse du diméthyl phosphate par le complexe de cobalt ainsi que l'implication du

complexe comme ion métal dans les ribozymes sont discutés.

[(Cyclen)Co(OH21213+ catalyse l'hydratation du nitrile à l'amide. L'AcélOnitrile lié au

complexe de cobalt est hydraté 109 fois plus vite que celui qui n'est pas lié à pH 7 et 40 oC.

Le turnover catalytiq~,)e de la réaction d'hydratation a été mis en évidence pour la première

fois pour le complexe Co(I1I). La benzamide chélatée, a été isolée et sa structure cristalline

déterminée. Les analyses cinétiques et mécanistiques détaillées du complexe de cobalt

catalysant l'hydratation de l'acétonitrile, ainsi que la constante d'équilibre de complexation

entre l'acétonitrile et le complexe de;cobalt (K = 0.6 M-I) sont rapportés. L'utilité

synthétique du catalyseur incluant la production d'acrilamide est discutée.

[(Cyclen)Co(OH21213+ hydrolyse efficacement le formyl morpholine dans des conditions

douces (k: = 7.97 x 10.5 M-l sec-! à pD 6, 60 oC). La constante d'équilibre de
" ,);

,."~ '··Eomplexation entre le formyl morpholine et le complexe de cobalt est de 0.4 M-l et c'est la

première fois que de tell~s cdnstantes, entre amides et complexe de métal, sont mesurées.

L'efficacité et le mécanisme de" l'hydrolyse d'amide par le complexe de cobalt sont

comparés à ceux propres au carboxypeptidase A."

:;:::--=--'~_ ;ï
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A adenine

S'-AMP adenosine S'-rnonophosphate

anal. analysis

[lSjaneNS 1,4,7 ,1 O,13~pt:nm.azacyciopentadecane

ApA adenyl (3' -S') adenosine

Ar arornatic

~-ala ~-alanine

~Ig, ~nu Br0nsted coefficients

BDNPP bis(2,4-dinitrophenyl)phosphate

BNPP bise4-nitropheny1)phosphale

bpy 2,2'-bipyridine

t-BuOH ten-butyl alcohol

Bz benzoyl

Bz! benzyl_.
ca. about

0_.
calcd. calculated

c-AMP adenosine 3',S' -cyclic rnonophosphate

crncylen 1,4~dirnethyl-l ,4,7,1 O-tetraaz[cyclododecane

conc concentrated

CPA carlx1xypeptidase A

cyclen 1,4,7,10-tetraazacyclododecà'ne

B scale (NMR) dirnensionless

drApA) 2'-deoxy adenyl (3'-S') 2'-deoxy adenosine

DIP 4,7-diphenylphenanthroline

DMF N,N-dirnethylformarnide

DMP dirnethyl phosphate
/,-.

'/

DMSO dirnethyl sulfoxide

DNA 2'-deoxyribonucleiç~acid

DNPP 2,4-dinitrophenyl phosphate .'~.

dpa 2,2'-dipyridylarnine ,\
:'._ f

DSS 3-(ttirnethylsilyl)-1-prop~esùîfonic acid

0 E extinction coefficient

E-coli Escherichia coli

.-;
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( EDTA ethylendiaminetetraacetic acid

eq equation

equiv equivalent(s)

et al. andothers

E14cyclen 2,5,8, Il-terraethyl-l ,4,7,1O-terraazacyciododecane

g gram(s)

GAC/GBC general acid catalysis / general base catalysis

GC gas chromatography

h hour(s)

HASB hard-soft acid-basctheory
-

HPLC high pressure liquid chromatography

Hz hertz .'.r

.'
kHlO water attack rate.constant

koH hydroxide attack rate <:onstant
,-;- _ v •

L ." lig~!d(s)

Â. wavelength

Me methyl

MeOH methanol

mcyclen I-methyl-l ,4,7,1 O-terraazacyclododecane

min minute(s)

M-OH metal hydroxide

mol mole(s)

MP methyl phosphate
. -

melting pointmp

N4 tetradentate amine ligand(s)

NMR' nuclear magnetic resonance

NPP 4-nitrophenyl phosphate
" phen 1,lO-phenanthroline

PHOS inorganic phosphate

ppm '. pans per million

R correlation coefficient

R/Rw unweighted / weighted agreement factor

RNA ribonucleic acids

s secondes)

C ay plane of symmetry

tetren

'"
terraethylenepentaamine

~.I

"-
"~.:

"
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r­.J

trncyc1en

TMP

TMS

tren

trien

trpn

Ts

U

UpU

UVNIS
v

w

1,7-dîmethyl-l.4,7,1Q-tetraazacyc1ododecane

trimethylphosphate

tctramc:hylsilane

tris(2-aminoethyl)arnine

triethylenetetraamine

tris(3-aminopropyl)amine

p-toluenesulfonyl

uracil

uridyl (3' -5') uridine

ultraviolet-visible

volume

weight
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1 INTRODUCTION

1.1 Biology of Phosphate Esters·

There is hardly anything that goes on in living cells where esters of phosphoric acid

·arenot involved at some stage. J Table 1.1 shows phosphate esters of biological interest

classified on the basis of substitution on the phosphoric or pyrophosphoric acid molecules.

Table 1.1

o
Il

X-P-OH
1
OH

General classification of phosphate esters of biological interest

x =RO sugar phosphates, glycerol phosphates,
.mononucleotides

X = RC(Z)O, Z= C or a phosphoenolpyruvic acid,
acetylphosphate

X = RNH creatine phosphate, arginine phosphate

o 0
Il Il

X-P-O-P-OH
1 1
OH OH

o 0 0

Il Il "X-P-O-P-O-P-OH
1 1 1
OH OH OH

o 0
Il Il

X-P-O-P-Y
1 1
OH OH

X =nucleoside 5'-, Y=Ra

nucleoside 5'-diphosphate
thiamine pyrophosphate

adenosine 5'-triphosphate nucleotide coenzyme

o
Il

X-P-Y
1
OH

X = nucleoside 5'- acyl adenylates
y =acyloxy group

X =Ra, y =R'a nucleic acids, phospholipids,
cell wall polymers

The first class of phosphate esters includes phosphorylated derivatives of

carbohydrates, mononucleotides, phosphoproteins, and coenzymes required for the

function of some vitamins. A nurnber of high energy phosphate esters are rnixed

anhydrides such as phosphoenolpyruvic acid, or phosphoarnidic acids such as creatine

phosphate.

1 Khorana. H. G. in Sorne Recent Deve/opmenls in the Chemislry of Phosphate ESlers of Bi%girai Interest;
John Wiley & Sons. Ine.: New York, London, 1961.
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The second class of phosphate esters includes monoesters of pyrophosphoric acid

such as nucleoside-5' diphosphates. Other examples are codecarboxylase which is the

coenzyme ofvitamin Bl, and 5-0-phosphoryl-cx-D-ribofuranose-l-pyrophosphate which is

the biological precursor of ribonucleoside S'-phosphate. Pyrophosphates such as

isopentyl-, geranyl- and famesyl pyrophosphate are found in the biosynthesis of a host of

polyisoprenoid compounds (e.g. squalene). Monoesters of triphosphoric acid and diesters

of pyrophosphoric acid are the principal biochemical energy reservoirs (e.g. ATP). They

are also found in a variety of nucleotide coenzymes.

The last class of phosphate esters covers the widest variety of organochemical

structures. Vitamin Bl2 and its related compounds a1l contain a phosphodiester bridge.

Genetic molecules such as RNA and DNA are polynucleo:ide chains that are joined by

diester linkages. Phospholipids are the major class of ce1l membrane lipids. Lipids have a

variety of biological rolesas fuel molecules, highly concentrated energy stores, signal

molecules, and as components of membranes.

The reasons for phosphates being so abundant and playing most important roles in

biological systems are perhaps their ability for being ionized under a1l pB conditions and

their stability towards hydrolysis.2 Na!urechas chosen the phosphate diester linkage for the

storage of genetic material because of its robust nature. Transformations of

phosphodiesters are conLrol1ed only by specific enzymes that hydrolyze or form esters of

phosphoric acids. There has been considerable research interest in understanding the

ubiquitous hydrolysis reaction of phosphate esters.

1.2 Artificial Restriction .iEïizymes
li, _,,-.;;-..:--::::::.:.:.__
'~-=.;;-~~'-

Natural restriction endonucleases, wlikh are essential in recombinant DNA

technology, recognize specific base sequences of four to eight base pairs in double helical

DNA and then cleave the DNA at those sites.3 A pOlential advantage of artificial restriction

enzymes over natural ones wouId be their ability to bind and cleave any desired nucleotide

sequence. This couId be invaluable for human genome sequencing or gene cloning

experiments. Their application, in the long term, may lead to the development of precise

agents that could control disease states at the level of DNA itself.4

2 Westheimer, F. H. Science. 1987. 235. 1173.
3 a) Stryer. L. in Biochemisrry; 3.,d Ed.; Freeman and Co.: New York. 1988.

b) Dervan. P. B. Science. 1986. 232. 464.
4 Baum. R. M. Chem. Eng. News. 1988. 66(1). 20.
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An artificial restriction enzyme contains two structural domains, each with its own

specifie function: one binds a DNA sequence specifically, and the other cleaves DNA.
Most studies have focused on probing the details of DNA recognition.4 There has been
considerable development of sequence specifie DNA binding agents attached to Fenton-like
molecules for nicking DNA.4,6-10 Cu(II)(phenanthrolineh complex5 has been attached

covalently to a DNA binding protein or a deoxyoligonucleotide by Sigman (Fig. I.l).6

Figure 1.1 DNA binding protein covalentlv linked to the phenanthroline-copper complex.

\
AT:~ .. ....::.'·~~I

TA " .•.•••••.

TA .... '::::"'''_ o&...(""r~:: .: :::::::::::::::::::.:::~ ..\
TA AT ."..::::::::"~ Co-!

ATA~..-e.v.
TA •

V" 1

•
Figure J.2 Bis(netropsin)-3,6,9,12,15-pentaoxaheptadecanediamide-EDTA-Fe(II)

complex in sequence specifie DNA cleavage in the presence of Sr2+ or Ba2+

Dervan has attached an Fe(II)(EDTA) complex to known DNA binding molecules, such as

methidium, distamycin, netropsine, and oligonucleotides (Fig. 1.2).7 Banon has shown

5 Sigman. D. S. Ace. Chem. Res. 1986, 19, 180. l',
6 al Chen, C. B.; Sigman, D. S. Science, 1987.237,1197. bl Chen, C. B.;<-Sigman, D. S. J. Am. Chem. Soc.
1988, 110, 6570. .-
7 a) Dervan. P. B. Science. 1986, 232, 464. and references therein. b) Srrobe1, S. A.; Dervan, P. B. J. Am. Chem.
Soc. 1989, 111, 7286. cl Moser, H. E.; Dervan, P. B. Science. 1987, 238, 645.
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that sorne metal complexes can be used as binding probes for DNA8 as weil as cleaving

agents. Ru(III)(bpy}J binds to specific DNA conformations. When the ruthenium

complex is attached 10 a DNA cleaving group, double stranded DNA is cleaved sequence

specifically.9 Triple helix formation by oligonucleotides holds high potential as a general

recognition technology and even a modification motiffor DNA.IO

Despite great success in developing specific binding groups in the models described

above, cleavage proceeds oxidatively. The metal cation generates a highly reactive,

diffusible hydroxyl radical from dioxygen which oxidizes deoxyribose groups in DNA

resulting in the cleavage of the sugar-phosphate backbone. ln contrast, natural restriction

enzymes hydrolyze DNA producing 3'- or 5'-phosphomonoester termini. Although sorne

of these oxidative artificial restriction enzymes have been used as footprinting and affinily

cleaving agents, hydrolytic cleavage of DNA or RNA has distinct advantages over its

oxidative counterpart. Hydrolytic manipulation of nucleic acid polymers could generate

fragments that are chemically competent for ligation to ether oligonucleotides by routine

enzymalic reactions and chemical methods. Dervan has reponed chemicalligation of the

double helical DNA by placing !wo DNA lermini in juxtaposition with a guide sequence in

a triple helix, which was accompanied by chemical activation of the terminal phosphates

(Fig. 1.3).11 There has been considerable interest in developing calalysts for DNA or RNA

hydrolysis and in probing the mechanism of metal catalyzed hydrolysis of phosphate

diesters.

Wallon·Crlck

\ " ~,

~p
·0.......
.o' o,~_..>::::;:ai _,....

" ~

l'Hool,'··n
• G,I'

- "",o'"t"_'-;:::;~--

8 Borton, J. K. Science 1986. 233, 727.
9 Basile. L. A.; Borlon. J. K. J. Am. CMm. Soc. 1987. 109.7548.
10 Povsic. T. J.; Denan, P. B. J. Am. CMm. Soc. 1990, 112. 9428.
11 a) Lucbke. K. J.; Denan. P. B. J. Am. Chem. Soc. 1991.113.7447. b) Luebke. K. J.; Denan. P. B. J. Am.
Chem. Soc. 1989, 111. 8733.

...
V

Figure 1.3 Ligation of a 3'-hydroxyJ and an activated 5'~phosphate of!Wo
oligonucieotides through formation of an adjacent triple-helical complex.
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Progress has been made in c1eaving super-coiled DNA hydrolytically by using

Ru(DIP12Macron+ with non-redox active Zn metal (Fig. 1.4).12 Although the process is

not as efficient as the oxidative c1eavage, there is an indication of hydrolytic cleavage.

Sequence selective hydrolysis of super-coiled DNA was also achieved by Schultz's group

using a hybrid nuc1ease consisting of a shon oligonuc1eotide selectively fused to a relatively

nonspecific phosphodiesterase, staphylococcal. I3 Recently, it has been shown that
Cu(II)(bpy)(OH212 attached to a deoxyoligonucleotide hydrolyzes the phosphate diester

backbone of RNA at neutral pH (Fig.I.5).14

Figu re 1.4 Ru(DIP12MacroD+ in hydrolytic cleavage of plasmid pBR322 in the
presence of Zn(II), Cd(II), and Pb(II).

Figure I.S Cu(bpy) nuc1eotide: hydrolysis of poly(Ahs

12 Basile. L. A.; Raphael. A. L.; Bartoll, J. K. J. Am. C/r4m. Soc. 1987. t09. 7550.
13 a) Corey, D. R.; PeL D.; Schultz. P. G. J. Am. C/r4m. Soc. 1989. III, 8523. b) PeL D.; Corey. D. R.; Schultz,
P. G. Proc. Nal/. Acad. Sei. U. S. A. lm, 9858.
14 Modok, A. S.; Gull. J. K.; Merrirnan. M. C.; Winkel.r, K. A.; Bashkin, J. K.; Stem. M. K. J. Am. C/r4m. Soc.
1991, 113, 283.
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The reactivity of super-coiled DNA is much greater than that of linear DNA. RNA

phosphate diester bonds are aiso hydrolyzed much faster due to the 2'-hydroxyl grC'up

participation. It has been estimated that the half-life for the hydroxide catalyzed hydrolysis

of phosphate diester bonds of DNA is 200 million years at neurral pH. There is still much

to be realized in cleaving DNA hydrolytically with great efficiency.

Our research is focused on the development of metal complexes that can cleave

unactivated phosphate diesters hydrolytically and the elucidation of these catalytic

mechanisms.

1.3 Mechanism of Phosphate Ester Hydrolysis

Phosphate ester hydrolysis proceeds much slower than carboxylic ester hydrolysis

(Table 1.2). Despite considerable intereslto organic and biochemists of phosphate diester

hydrolysis, detailed mechanistic studies were limited to highly reactive substrates, or

substtates that contain a neighboring group which participates in the hydrolysis reaction. A

major difficulty in studying the hydrolysis of unactivated phosphate diesters is their

stability.

Table 1.2 Rate constants for hydrolysis of phosphate esters (P-O bond
cleavage) and carboxylic esters at pH 7, 25 oC.

Ester

(CH30 hPO •.c

(CH
3
0)zP02 ' a,c

(CH30)HP03 ' •

~ ClhC02CH3 b.c

k (sec- I ) rel.rate

1.6 x 10·\1 2.4 X 107

6.8 x 10.19 1

2.6 x 10.10 3.8 x 108

1.5 x 10.8 2.2 X 1010

.) 1. P. Guthric. J. Am. Chem. Soc. 1977.99.3991.

b) J. P. Guthric. J. Am. Chem. Soc. 1973. 95. 6999.

c) first-order rate constants were extrapolated Crom the hydroxidc rate al pH 7.
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Two major mechanisms have been suggested for the hydrolysis of phosphate esters

and anhydrides. 15 ,J 6 In the associative mechanism, a nucleophile can attack either

phosphorus or carbon (Scheme 1.1, (a) and (b)). In the case of P-O bond cleavage, the

coordination sphere increases from 4 to 5 forming a pentacoordinated oigonal bipyramidal

intermediate in a mechanism similar to that for normal hydrolysis of carboxylic ester~. In

the dissociative mechanism, unimolecular cleavage of the P-O bond gives a metaphosphate

intermediate where the coordination numberofphosphorus decreases from 4 to 3 (Scheme

LI, (c)). This mechanism roughly parallels the acylium ion process for the hydrolysis of

carboxylic acid esters. 17 In addition to these mechanisms, concened, borderline, and

merged mechanisms have also been proposed.J 8,19

(a) [

(b)

(c)

OHCH3

OR 1 ])p-O' ---,
OR 1

OH

o

[ H20- H3C- OJ(OR)2 ]

CH30H

o
Il

HO-P(OR)2

+ CH30H

Scheme J. J Possible paths for hydrolysis of phosphate esters

15 Westheimer, F. H. Chem. Rev. 1981.31. 313.
16 Guthrie, J. P. Ace. Chem. Res. 1983. 16, 122.
17 al Bruice. T. C.; Benkovic, S.ln Bioorganic Mechanisms; W.A. Benjamin: New York. 1966; Vol. 2 bl Hines.
J. S. in PhysicaJ Organic Chemistry, 2nd Ed.; McGraw Hill: New York, 1962.
18 Jencks, W. P.; Herschlag, D. H. J. Am. Chem. Soc.1989, 111,7579.
19 Jencks. W. P. Ace. Chem Res. 1980, 13, 161.

./~
~ ::::.'
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1.3.1 Phosphate monoesters

The mechanism of monoester hydrolysis is complicated by the possible existence of

three reactive species. Phosphate monoesters have two dissociable protons with pKI- 1

and pK2 - 6.5.

(RO)HPO; (ROlP03
2

-

lt has been proposed that both ionic species are hydrolyzed by unimolecular mechanisms

involving the formation of a monomeric metaphosphate intermediate,20.21.22 even though

the formation of this intermediate has never been detected in aqueous solution. A

bimolecular reaction with no metaphosphate imermediate has been proposed for

substitution reactions of phosphorylated pyridine.18 The driving force for the hydrolysis is

the two negative charges on phosphate (dianion) (Scheme 1.2.(a» and interna! or external

proton transfer to the alkoxy or aryloxy leaving group (monoanion) (Scheme 1.2.(b)). The

formation of the kinetically equivalent zwillerionic intermediate following rapid pre­

equilibrium (Scheme 1.2.(b)-iii) was also suggested for monoanion hydrolysis.23

The relative reactivity of monoester mono- and dianions depends on the leaving

group pKa.23 Linear free energy relationships between the hydrolysis rate and the pKa of

the leaving groups were obtained with slopes of -0.27 and -1.23 for hydrolysis of

monoester.monoanion and dianion, respectively. For monoesters with poorleaving groups

(pKa > 6), the monoanionic form of monoester is hydrolyzed faster than th~ dianionic

form, while for monoesters with good leaving groups (pKa < 5), the opposite reactivity

holds. 23 At low pH, acid catalyzed and spontaneous hydrolysis of undissociated esters

involving both C-O and poO bond fission become imponant. 20

;;
le

.0~/
- . ~/

1.3.2 Phosphate dlesters ~/
': /,
:,:.,~

At pH >2, the monoanionic form of phosphate diester;l;re~dôriîinates in aqueou~

solution. The hydrolysis mechanism of diesters may he sinlilar to that of monoester

monoanions. However, the dependence of reactivity on the basicity of the leaving group is

quite high (~Ig =-0.97) for hydrolysis of diesters and rather small (~lg =-0.27) for that

20 al Bunton. C. A. Ace. C/oem. Res. 1970. 257. hl Cox. J. R.; Ramsay. O. B. Chem. Rey. 1964, 64. 317.
21 Bunton, C. A.; Liewellyn. D. R.; Oldham. K. G.; Vernon. C. A. J. Am. Chem. Soc. 1958. 3574.
22 Freeman. S.; Freeman. J. M.; Knowles. J. R. J. Am. Chem. Soc. 1988. 110. 1268.
23 Kirby, A. J.; Varvoglis. A. G. J. Am. C/oem. Soc. 1967. 89. 415. and references therein.
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o

ROH + [},]-
O~ O·
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(iii)

(ii)

(i)

o
"111

RO-P-O'
: lU
H-O

o
Il

RO·-P-O·
1 1
H O.

-/
o

r')11
RO-P-O'

H" lU
, /0
O···HH....

"

(b) 0

Il
RO-P-O'

1
OH

(

Scheme 1.2 Hydrolysis mechanism for phosphate monoesters: (a) monoester
dianion, (b) monoester monoanion.

of mOlloester monoanions.24 Monoester hydrolysis involves a special proton transfer

mechanism and occurs by the dissociative pathway.15,16 In contras!, hydrolysis of diesters

proceeds with bimolecular nuc1eophilic anack (Scheme 1.3)..
o
Il

ArO-P-O'
il 1

OAr

•
OH(H) ..

,,_,C,}
·11'

-_..~ HO"';P-OAr + ArOH
1

:::> O'(H)

"Scheme 1.3 Hydrolysis of phosphate diesters

c

According to the 180 trac::r experiments done with aryl phosphate diesters, hydrolysis

involves poO bond cleavage in acidic to weakly basic regions, while a considerable

24 Kirby. A. 1.; YoWl... M. J. Chem. Soc. (B), 1970, 510.
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proportion of C-O bond cleavage occurs in alkaline hydro1ysis.24.25 This probab1y reflects

the diminishing e1ectrostatic repu1sion directed against the anacking negative ion, where

phosphorus is more e1ectronegative than the aryl or alkyl oxygen. These unfavorable

electrostatic interactions, between an anionic nucleophile and the negatively charged

phosphate anion, make phosphate diesters the least reactive of the series of phosphates.26

Enhanced reactivity was observed for the five membered cyclic diesters or diesters with

neighboring functional groups such as 2-hydroxyalkyl- or carboxyl groups which can be

convened to a five membered ring diester by an intramolecular transesterification.27 Due to

the stability of diesters, most mechanistic studies have been based on activated esters. The

alkaline hydrolysis of DMP and dibenzyl phosphate has been slUdied at 100 °C.20b.2R The

hydrolysis occured through C-O bond cleavage under the experimental conditions used.

1.3.3 Phosphate triesters

Reactions of trlalkyl phosphates are relatively simple. A nucleophile can atlack

either phosphorus or carbon. The position of atlack is consistent with Pearson's HSAB

theory (Scheme 1.4).17a At phosphorus, hydroxide is a better nucleophile than water by a

factor of 108, while for attack on a saturated carbon, the corresponding factor is much

smaller, ca. 104• Thus, in trlesters, where both carbon and phosphorus are vulnerable to

nucleophilic attack, hydroxide ion and water will tend to bè selective for phosphorus and

carbon, respectively.29

°"
° '\ s:

HO'-P(OCHal2 + CHaOH

"HaCo-P(OCHa)z

°"Ho-P(OCHa)z + CHaO'H

Scheme 1.4 Hydrolysis mechanism for phosphate triesters

25 Bunton. C. A.; Farber. S. J. Org. Chem. 1969, 34(4), 767.
26 al Kirby. A. J.; Youna. M. J. Chem. Soc. B 1970. 1165. bl Roos. A. M.; Toel. J. J. Reel, Trav. Chim. Pay,.·
Bas. 1958, 77. 946.
27 a) W.slheirner. F. H. Ace. Chem. R.s. 1968. 1.70. b) Kluger. R.; Taylor. S. D. J. Am Cham. Soc. 1990.
112. 6669. cl Steffens. J. T.; Siewers. J. J.; Benkovic. S. J. Biochem. 1975. 14. 2431. dl Kirby. A. J.; Clark.
V. M. J. Am. Cham. Soc. 1966. 88. 3705. el Kirby. A. J.; Abell. K. W. Y. J. Chem. Soc.. Perkin Trans. /l,
1983. 1171. f) ref 17 a. and references Iherein.
28 al Kumamoto. J.; Weslheirner. F. H. J. Am. Cham. Soc. 1955, 77. 2515. b) Bunton. C. A.; Mhala. M. M.;
Oldham. K. G.; Vernon. C. A. J. Cham. Soc. 1960, 3293. cl Haoke. P. C.; Weslheimer. F. H. J. Am. Cham. Soc.
1961. 84, 1102. .:
29 Barnard, P. W. C.; Bunton. C. A.; Liewellyn. D. R.; Vernon. C. A.; Welch. V. A. J. Cham .soc. 1961. 1636.
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The hydrolysis mechanism for phosphate triesters involves the decomposition of a
pentavalent intermediate formed by nucleophilic addition to the phosphorus atom. The

enhanced hydrolysis rate of triesters over diesters is due to the lack of repulsive interactions

belWeen the incoming nucleophile and the reaction center.

1.4 Metal promoted Hydrolysis of Phosphate esters

Most enzymes that are involved in hydrolyzing phosphate esters, amides, and

carboxylic esters are metal ion dependent. Transition metal ions such as Mn(ll), Zn(II),

Mg(II), and Fe(II) are found in the active site of metalloenzymes even though their raIes in

enzymatic reactions are not precisely understood.30 For understanding the catalytic function

of enzymes as weil as for designing artificial hydrolytic metalloenzymes, it is importantto

examine the mechanistic pathways available in metal ion (complex) mediated hydrolysis
reactions.

1.4.1 Mechanism of metal catalysis

ln general, there are three possible mechanisms for a metal ion catalyzed hydrolysis

reaction: the Lewis acid mechanism, the metal hydroxide mechanism, and the bifunctional
mechanism.

M ••
'0

\1
p

Ro...... l'on
OR

A

o
M-O~U

Ro...... I........OR
OR

B

M••
1 "'0
OH \1
~p

Ro...... I'OR
OR

c

c

Figure 1.6 Possible mechanisms for a metal ion catalyzed hydl'Olysis of
phosphate esters.

ln the Lewis acid mechanism (A), the metal binds to the substrate making il more

susceptible to nucleophilic attack. Lewis acid facilitation of the nucleophilic reaction at the

30 cooperman. B.S. in Metal ions in Bi%gieaI Syslems; Siegel, H. Ed.; Marcel Dekker )nc.: N. Y., 1976"SoJ.
5, p 79. bl Bertini, 1.; Luchin<LC::; Vieuoli. M. 5.; Banci, L.; Koenig, S. H.; Leong, H. T.; Coleman, J. E.Inorg.
Chem. 1989, 28, 352. cl Zoug, A J.; Michael. D. B.; Cecil. T. R. Nature. 1986, 324, 429. dl Uhlenbeck, O. C.
Nalure, 1987, 32g, 596.
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phosphorus center has been observed in the hydrolysis of trimethyl phosphate (tmp)

coordinated to a tripositive metal center}1 The base hydrolysis of nnp was accelerated 400

fold upon coordination to the pentaarnine-iridium moiety.31a This rate enhancement is

minute compared to typical rate enhancement obtained with enzymes (1011 fold).

Monodentate coordination of a phosphate ester alone is not adequate te explain the

enorrnous rate enhancement obs~rved in enzymatic systems.

Metal ions tend to lower the pKa of coordinated ligands depending on the valence

state of the metal and ligand. Metal hydroxide is a weaker nucleophile than free

hydroxide.32 In the metal hydroxide mechanism (B), the high effective concentration of

metal hydroxide at neutral pH compensates for the reduced nucleophilicity due to metal

binding. Metal hydroxides are efficient catalysts in hydrolyzing carboxylic esters with

good leaving groups, but are not efficient in hydrolyzing unactivated esters such as
methylacetate.33 .

The bifunctional mechanism (C), where the metal ion activates both substrate and

nucleophile through the Lewis acid and the metal hydroxide mechanisms was proven to be

the most efficient.34 Although metal ions found in biological systems are usually divalent

ions, most model studies have been done with substitutionally inert trivalent metal

complexes such as Co(III), Ir(III), and Rh(III) to avoid mechanistic ambiguities that may

be caused by labile divalen~;metal ions.35

1.4.2 Metal complex promoted phosphate diester hydrolysis

Sargeson et ,al. have shown that a coordinated hydroxide is an efficient

intrarnolecular nucleophile for cleaving 4-nitrophenol from bis(4-nitrophenyl) phosphate

and 4-nitrophenylethylphosphate bound to trivalent Co and Ir complexes (Fig. 1.7 (b)).36

The observed rate enhancement is over 1r,jJ fold as compared to that of free ester.

Other types of intramolecular nucleophiles such ~s amido ions can be better

nucleophiles for hydrolyzing sorne esÎers coordinated to pe;taammine Co(III) and Ir(IlI)

31 a) Hendry. P.; 'Sargeson. A. M. AuSl. J. Chem. 1986. 39. 1177. b) Ibid. J. Chem. Soc. Chem. Commun.
1984. 164. c) Di.on. N. E.; Jackson, W. G.; Marty. W.; Sargeson, A. M. lnorg. Chem.1982. 21. 6gg. "
32 Buckingham, D. A.in Biological Aspects of lnorganic Chemistry; Addison. A. W.; Cullen. W. R.; dolphin, D.;
James. B. R. Eds.; Wiley: New York. 1976, p141.
33 Chin. J.; Zou, X. J. Am. Chem. Soc. 1984. 106. 36g7.
34 Chin, J.; Banaszczyk. M. J. Am. Chem. Soc.1989. 111.2724.
35 a) Manell. A. E. in Metal ions in Biological Systems; Siegel. H. Ed.; Marcel Dekker Inc.: N. Y.. 1973. Vol.
2. ch. 5. b) Haight. Jr.poordination Chem. Rev. 1987. 79.293.
36 Hendry. P.; Sarges~n. A. M. J. Am. Chem. Soc. 1989, 111. 2521.
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complexes (Fig. 1.7 (a)).37 The pKa of coordinated amine is ca. 16, whereas that of

coordinated water is ca. 7, so that the efficiency of the nitrogen nucleophile can not be

realized at neutral pH.

(a)

<" çS'
N,,,..... 1 ....,',0"'..,.... 10....;
';Ir~ IIl--OEt

N 1 0.-/ Cl
/ N H

V (b)

il,..
Figure 1.7 Hydrolysis of coordinated phosphate'diesters by a nucleophilic attack of

coordinated amido ion (a) and hydroxide (b).

Knowledge that this bifunctional mechahism including intramolecular catalysis is

more efficient than others led ta the design of catalysts with an optimum structure having

two aqua ligands in close proximity. These requirements are fulfilled in cis-diaqua

complexes.38 It has been recently rep(J1'f~d that large rate enhancement for the hydrolysis

of phosphate esters with either good or poor leaving groups has been obtained with sorne

cis-diaqua (N4) cobalt complexes (N4 represents tetradentate amine ligands) (Table 1.3).39

37 Hendry. P.; 5arg~'on. A. M. lnorg. Chem. 1990. 29. 92.
38 a) Chin. J. Ace. Chem. Res. 1991. 145. b) Milbum. R. M.; Rawji. G.; Hediger. M. lnorg. Chim. Acta. 1983.
79. 247.
39 a) Chin. J.; Banaszczyk. M.; Jubian. V.; Zou. X. J. Am. Chem. Soc. 1989. Ill. 186. b) Chin. J.;

\ Banaszczyk. M.; Jubian. V. J. Chem . Soc.. Chem. Commun. 1988.735.
'"
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Table 1.3 Observed pseudo frrst order rate constants(sec- I) for hydrolysis of
phosphate diesters promoted by(N4)Co(1lI)(OH2)(OH) at pH 7 and 50 oC.

Catalyst

(trpn)Co(III)(OH)(OHzl"

(rren)Co(III)(OH)(OHz)'

NaOH (lM)c

BNPP d

2.5 X lO'z

8.1 X 10,5

1.6 X 10,11

BDNPP d

1.1 X 10.1 b

1.6 x 10,3

2.8 x 10,9

.) [Col JO mM, [Substr'lel 5 x JO,5 M b) al 25°C

c) second arder rate constant was extrapolated 10 pH 7 Ter:
Bunlan, C. A.; Farber, S. J. Org. Chem., 34, 767 (1969).

d) BNPP and BDNPP stands for bis(p,nitraphenyl) phosphate and bis(Z,4,dinitraphenyl)
phosphate. respectively.

The hydrolysis rate of the trpn complex bound BNPP is lOlO fold greater than the

hydroxide catalyzed rate at neutral pH, The proposed BNPP hydrolysis mechanism

involves inrramolecular metal hydroxide attack (k2) on a coordinated phosphate forming a

srrained four-membered ring cobalt-phosphate complex (S:cheme 1.5),

Scheme I.S

The reactivity of the cobalt complex is very sensitive to the tetraamine ligand

structure. (Trpn)Co(1lI)(OH212 is 300 times more reactive than its close structural analog,

(rren)Co(III)(OH212 in hydrolyzing BNPP, even though the equilibrium constants (KI) for

binding of phosphate diester (DMP) to these complexes are comparable. Since the reaction

mechanism involves the formation of a four-membered ring cobalt-phosphate complex,39

the angle opposite to the bidenrate phosphate plays an imponant role. X-ray structures of

(trpn)Co(1II)(C03) and (tren)Co(1II)(C03) revealtha't trpn is beller able to stabilize the

four-membered ring,40 Both O-Co-O bond angles in (trpn)Co(III)(C03) (68°) and

40 a) Drauin, M. M. Sc. Thesis, McGm University, 1989. b) Sehlemper, E. O.; Sen Gupta, P. K.; Das8upla, T. P.

Acra Cry•. C39,1983, 1012.
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(tren)Co(I1I)(C03) (68°) are highly distorted from that found in a regular octahedral

complex (900). Ali the N-Co-N bond angles (87°) are rigidly held with tren, whereas the

N-Co-N bond angle opposite to the O-Co-O bond angle in the trpn complex is free to

expand to 10Q0. The bifunctional mechanism also applies to divalent metal ion promoted

hydrolysis of triesters41 and diesters.42,43,44 Breslow et al. have shown that a Zn(N4)

complex hydrolyzes a triester by this mechanism.42 Diphenyl p-nitrophenyl phosphate, in

the presence of the zinc catalyst;'was hydrolyzed 10 times faster than the hydroxide

catalyzed reaction (2nd order rate constant). This rate enhancement cannot be explained

either by the metal hydroxide or the Lewis acid mechanism alone. Trogler et al have shown

that Cu(II)(bpy)(OH2l2 (bpy =2.2-bipyridine) can hydrolyze p-nitrophenyl ethyl- and p­

nitrophenyl diethyl phosphate to the corresponding monoester and diester, respectively,

with a 102 to 103 fold rate enhancement over that in the absence of catalysts.43

Currently there is considerable mterest in developing artificial DNases and artificial

restriction enzymes. An efficient catalyst that can cleave unactivated phosphate esters such

as DNA and dimethyl phosphate has not yet been reponed.

1,4.3 Metal complex promoted monoester hydrolysis

There are !wo major mechanisms involved in hydrolysis of phosphate monoesters

(Scheme 1.6). Intramolecular metal hydroxide mechanism (a) has been considered to be

more efficient than double Lewis acid activation mechanism (b) in hydrolyzing NPP

coordinated to the cobalt complex.45,46

41 Morrow, l. R.; Trogler, W,C. lnorg. Chem. 1989, 28, 2330.
42 Gellman, S. H.; Peuer, R.; Breslow, R. J. Am. Chem. Soc. 1986, 108, 2388.
43 Morrow, l. R.; Trogler, W. C. lnorg. Chem. 1988, 27, 3387.
44 al De Rosch, M. A.; Trogler, W. C.lnorg. Chem. 1990, 29, 2409. b) Menger, F. M.; Gan, L. H.; lolutson, E.;
Durs<, D. HiJ. Am. Chem. Soc. 1987, 109, 2g00. c) Kenley, R. A.; Fleming, R. H.; Laine, R. M.; Tse, D;
Winterle, l. S. lnorg. Chem. 1984, '23, 1870.
45 a)lones, D. R.; Lindoy, L. F.; Sargeson. A. M. J. Am. Chem. Soc. 1983, 105,7327. bl ibid. J. Am. Chem.
Soc. 1984, 106, 7907.
46 Chin, l.; Banaszczyk, M. J. Am. Chem. Soc. 1989, 111,4103.
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Scheme 1.6 Mechanisms for the cobalt complex promoted hydrolysis of monoester: (a)
intramolecular Metal hydroxide and (b) double Lewis acid mechanism.

The hydrolysis ofp-nitrophenyl phosphate bound to cobalt in bath monomeric and
dimeric ÜH forms has been studied (Fig. 1.8).45 180 labeling studies of the mononuclear

complex have shown that the intramolecular hydroxide mechanism initially yields a five
coordinated phosphorane, with a 105 fold rate enhancement over that in the absence of

catalyst.

(a) (b)

Figure 1.8 Hydrolysis of the cobalt bound NPP: (a) monomeric, (b) dimeric form.

Hydrolysis of the dimeric species (Fig.1.8 (b)) showed a 26 fold increase in rate over that

observed for the hydrolysis of the monomeric species (Fig. 1.8 (a)). Therefore, of the rate

enhancernent obtained in the hydrolysis of the phosphate monoester, about a 30 fold

increase can be ascribed to a charge neutralization effect by each Metal ion, while an

intrarnolecular effect accounts for the remainder.

Two metal ion participation in hydrolysis of phosphate monoester is found in both
enzymatic and model systems. The enzyme, purple acid phosphatase (PAPs) efficiently .
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hydrolyzes phosphate monoesters at pH 5.47 Even though the precise mechanism and

soucture are not established, it is postulated that two iron ions in the active sites are bridged

by inorganic phosphate. In an elegant model system, Chin and Banaszczyk46 have shown

that methyl phosphate is rapidly hydrolyzed by adding two equivalents of

(trpn)Co(I1I)(OH2h with concomitant formation of a novel binuclear Co(III) complex

(Fig.I.9 (b)). The proposed reaction mechanism for the trpn complex promoted hydrolysis

of phosphate monoesters with poor leaving groups (e.g. methyl phosphate) involves initial

formation of a stable cobalt complex, that is subsequently hydrolyzed upon further addition

of the trpn complex.

c (a) (b)

Figure 1.9 Hydrolysis of (a)BNPP and (b) MP promoted by the trpn complex.

There have been surprisingly few studies of divalent metal catalysis in the

hydrolysis of phosphate monoesters.48 The catalysis by metal ions in these reactions has

been ascribed to screening negative charges and a template effect or assistance of leaving

group departure.49 Binding of a metal ion to the leaving group oxygen will enhance the

metaphosphate-type rnechanism (dissociative process), as observed in the hydrolysis of (0­

imidazole-4-ylphenyl) phosphate upon addition of copper ion (Fig.UO (a».50 On the

other hand, coordination to another oxygen will enhance the associative process. This is

shown in Fig. 1.10 (b) for the hydrolysis of 2-(1,1O-phenanthroline) phosphate prornoted

by Cu(ll) ion.51

47 Que, L.. Ir.; Scarrow, R. C. In Metal Clusters in Proteins; Que, L., Jr., Ed.; ACS Symposium Series No.372;
American Chemica! Sociely; Washington, OC. 1988; t52.
48 a) Hay, R. W.; Basal<. A. K.; Pujari, M. P.; Perolli, A. J. Chem. Soc.. Dalton Trans. 1986, 2029. b)
Herschlag, D.; lencks, w. P. J. Am. Chem. Soc. 1987. 109,4665.
49 a) Lloyd, G.I.; Cooperman. B. S. J. Am. Chem. Soc. 1971, 93, 4883. b) Benkovic, S. 1.; Schray, K. 1. In The
Enzymes; Boyer, P. D. Ed.; Academie: N. Y.. 1973; Vol. 8, p 201.
50 Benkovic, S. 1.; Dunikoski, L., Ir. J. Am. Chem. Soc. 1971, 93, 1526.
51 Fife, T. H.; Pujari, M. P. J. Am. Chem. Soc. 1988, 110, 7790.
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(a)

N

c62 +. .. .
'0 'N

HO, 1

04'6 ~
\oH2

(b)

Figure 1.10 Cu(ll) catalyzed hydrolysis of (a) (O-imidazole-4-ylphenyl)
phosphate and (b) 2-(l,IO-phenanthroline).

Hydrolysis of methyl phosphate with two equivalents of copper complex is not

observed. Cu(II)(dpa)(OHzl2 (dpa = 2.2'-dipyridylamine) is no! active at hydrolyzing

methyl phosphate. Il is interesting that the hydrolysis of methyl phosphate proceeds by

adding one equivalent of the dpa copper complex to the (trpn)Co(II1)("Z-OzPO(OCH3))

complex.52

52 Jubian. V. Ph. D. Thesis. McGilI University. 1991.
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1.5 Plan of Study

Hydrolysis of dimethyl phosphate in the absence of enzymes has never been

detected at neutral pH. The half-Iife for the c1eavage of dimethyl phosphate based on the

water rate is estimated to be a billion years, at 25 oC. Numerous studies on the effect of

simple metal complexes on hydrolysis of phosphate esters have been reported. Cobalt

complexes, especially in the cis diaqua form, are among the most reactive for hydrolyzing

highly activated diesters38a but they have been shown to be inactive for hydrolyzing

DMP.53 This is mainly due to the instability of the catalysts as weil as their low efficiency.

For example, (trpn)Co(IlI)(OH)(OH2), by far the most efficient catalyst for hydrolyzing

BNPp39a, is not able to hydrolyze c-AMP while the less active (trien)Co(III)(OH)(OH2)

hydrolyzes c-AMP.54

My research is focused on designing efficient yet stable catalysts that will allow us

to study mechanistic details involved in the hydrolysis of unactivated phosphate esters. A

series of cyclen derivatives will be prepared and tested as catalysts for the hydrolysis of

several phosphate diesters including dimethyl phosphate. Detailed kinetic analyses will

provide a mechanistic rationale for the observed hydrolysis reaction and will give valuable

information in developing catalysts that can c1eave DNA.

53 a) Farrell. F. J.; Kjellslrom. W. A.; Spiro. T. G. Science, 1969, 164, 320. b) Schmidt, W.; Taube. H. [norg.
Chem. 1963. 2, 698.
54 Chin. J.; Zou, X. Cano J. Chem. 1987,65, t882.
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2 RESULTS

2.1 Synthesis of ligands and Co(lIl) complexes

2.1.1 Synthesis of ligands and their Co(lIl) complexes

Tetraamine and pentaarnine ligands used in this study are shown in Fig. 1.11 with
abbreviations.

Figure 1.11 Tetra- and pentaarnine ligands used in this study.. . \

(a) (b)

n/CH3

[: :J
H

3
C/U

(c)

n[: :J
H

3
C/U'CH3

(d)

~ N(l N r N., " c;)" l..,,-N)
n n
N N N N N

U U
N

(e) (f) (g)

(a) 1,4,7,10-tetraazacyclododecane (cyclen) (b) l-rnethyl-I,4,7,10-tetraaza­
cyclododecane (mcyclen) (c) 1,7-dirnethyl-I,4,7, JO-tetraazacyclododecane
(tmcyclen) (d) 1,4-dirnethyl-l ,4,7,1 O-tetraazacyclododecane (cmcyclen)

(e) tris (3-aminopropyl)amine (trpn) (f) tris(2-aminoethyl)amine (tren)
(g) tetraethylenepentamine (tetren)

•

Cyclen and trpn were synthesized according to known procedures.55 Trncyclen, rncyclen,

and crncyclen were synthesized using N-tosylaziridine as a coupling reagent. Methyl

groups were introduced before the cyclization for the synthesis of trncyclen and rncyclen,

while after the cyclizatior. for the synthesis of crncyclen. Tren and tetren are cornrnercially

available. The general synthetic scherne for the ligands is shawn in Scherne 1.7.

SS a) Richiman, 1. E.; Alkins, T. J. J. Am. Chem. Soc. 1974, 96, 2268. b) ref. 39.
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( (a)

CH

~~»
TsN NTs

<v~V
R

(b)

V R,n/R

n ----.:.Ts_ [NN NNJ
RHN NHR

Ts Ts

n R,n/R

_T_S_O_O_T_s_.~ [: :J

Ts/U'Ts
i) CH3C02H, Pd/C
ii) HC02H. CH3CHO
iii) C-H2S04

R =CH3, PhCH2 R = PhCH2

Scheme 1.7 General synthetic scheme for (a) mcyclen and tmcyc1en (b) cmcyclen.

Cobalt carbonato complexes of tetraamine ligands were synthesized by known

methods using Pb02 as an oxidizing agent.56 The carbonalO complex,

Co(III)(L)(C03)'CI04, was converted to the corresponding diaqua complex,

Co(IlI)(L)(OH2h'(CI04l3, using concentrated perchloric acid. I3C and 1H NMR

spectroscopy were used for structure identification.

", R1
ANIA Co(II)(C104h 6H20
\.. / PbOz ,NaHC03 0 c-HCl04

R2_N N-R4 -------_" (L1Co3./>=0 "
~~V H20-

EtOH
'0

R3 L=cyclen, tmcyclen,
mcyclen, and cmcyclen

Scheme 1.8 Synthesis of the cobalt complexes of the tetradetate ligands.

56 Hmis. G. M.; Dasgup18. T. P. J. Am. Chem. Soc. 1975. 97, 1733.
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A mixture of a- and 13-tetren cobalt complex, (tetren)Co(IIl)Cl(Cl04)z was prepared

according to literature procedures and then converted to a-(tetren)Co(OH2) in aqueous

solution (see Pan IV).

2.1.2 Spectral data and acid dissociation constants of Co(III) complexes

In aqueous solution, a cis-diaqua cobalt complex exists in three different ionization

states.

Table 1.4 shows acid dissociation constants of cis-diaqua cobalt complexes used in this

study, where KI and K2 are represented by eq(l).

[(N4lCo(OH2)(OH)J [Hl+

[(N4)Co(OH2l2l

[(N4)Co(OH)2l [Hl'

[(N4)CO(OH2l(OH)J
eq(l)

Acid dissociation constants are comparable for the cobalt complexes of al! cyclen

derivatives.

Table I.4 Acid dissociation constants for (L)Co(Ill)(OH2lx complexes.

Found al Literature value bl
L pKal pKa2 pKal pK. 2

trpn 4.8 7.4 4.8 7.6

tren 5.2 7.9 5.5 8.0

cyclen 5.4 7.9 5.6 8.0

N-methylcyclen 4.9 7.6 - .

trans -N,N'-dimethylcyclen 4.6 7.6 - .

tetren 5.9 -
a) Ionie strength was mainlained with 0.1 N NaCIO.

b) Chin, J.. Banaszczyk, M.. Jubian, V., Zou, X. J. Am. Chem. Soc., Ill, 186 (1989).
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Table 1.5 shows spectral data of the cobalt carbonato- and diaqua-complexes, along with

the literature values.

Table I.S Visible Absorption Spectral data of (L)Co(II1)(CO)3 and
(L)Co(II1)(OH212 complexes at 25 oc.

(L)Co(II1HC03)
Amax (E",ax) [nm (Mol cm·I)]

Found a) 1 Literature value

trpn 532(124) 364(154) 532(125)b) 363(153)b)

tren 504(160) 354(96) 504(130)c) 354(110)")

cyclen 526(270) 368(207) 529(280)d) 368(210)d)

N-methylcyclen 524(239) 368(188) - 0

trans -N,N'-dimethylcyclen 544(297) 378(223) - -

(L)Co(II1HOH 2)2

trpn 532(60) 372(90) 531 (58)") 371(85)e)

tren 504(116) 360(85) 505(108)c) 360(79)")

cyclen 504(253) 356(193) 504(229)1) 358(162)1)
~

N-methylcyclen 518(285) 364(222) 0 -
trans -N,N'-dimethylcyclen 538(385) 372(318)

0 -
(tetren) Co(I1I)(OH2) 486(105) 354(97) 472(1 22)g) 350(85)g)

a) Extinction coefficients weremeasured in H20 for carbonata complexes and in 0.1 N HCI04
o >-for diaqua complexes al 25 C.

b) Massoud S.S.; Milbum. R. M. lnorg. Chem. Acta., 154. 115 (t988).

c) Eldik. R.; Harris. G. M. lnorg. Chem.• 19. 3684 (t980).

d) Hung. Y.; Marlin. L.; Jakels. S.; Tai~ A.; Busch. D. J. Am. Chem. Soc.• 99.4029 (1977).
e) Banaszczyk. M. Ph.D. Tbesis. McGill University (1989).
f) Moore. A. Ph.D Tbesis. McGill University (1990).

g) House. D. A. ; Garner. C. S.• lnorg. Chem.. 2. 272 (1967).
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2.2 Binding with Acetate, Phenyl phosphonate, Inorganic phosphate.

and Dimethyl phosphate

Binding with acetate: Bincling studies were carried out by l3e NMR using 13e 1

labelled acetate. Fig. 1.12 shows the 13e NMR spectra of acetate coordinated to the cobalt

cyclen, mcyclen, and tmcyclen complexes, respectively. NMR peaks were assigned by

doing experirnents with various concentration ratios of the cobalt complex and acetate. The

peak at 178.5 ppm corresponds to free acetate, and peaks in the range of 186 to 192 ppm

correspond to the cobalt bound acetates. Since the two aqua.'sites in the complex are non­
equivalent (crv), two isomers can exist for the cobalt complex-bound monodentate acetate.

In the presence of high concentration ratio of acetate over cobalt complex (Figure 1.12 (a)

1:1 ratio), there observed doubly bound monodentate acetate (III) as weIl as singly bound

monodentate acetate (II). The peak appearing far downfield in each NMR spectrum (196 to

198 ppm) corresponds to a chelated acetate. The ratio of monodentate over bidentate

acetate is approximately one for all three complexes studied.

.~,\
........OH.

AcO'Na - ........OAc ,...0»-- ........OAc
Co........ + ~ Co + Co.......: + Co

~.; OH. ........OH. 0 .......OAc

+

........OH.
Co

.......OAc

1 II III

Binding with phenyl phosphonate: Figure 1.13 displays the 31 P NMR spectra of

phenyl phosphonate coordinated to the cobalt complexes of three cyclen derivatives.

.0-0' -'o-p ~

"o

+

1

o
........0 ,,-0

Co p
o

II
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Chemical shifts are reported with trimethyl phosphate as an external reference. Phenyl

phosphon"te produces each three new signals with the cyclen and the mcyclen complexes,

and two new signais with the tmcyclen complex. The coordination modes of the

phosphonate to cobalt complexes are similar to those for phosphates (will be discussed
next). The two signais around 23 ppm (1) and the signal at 35 ppm (II) correspond to

phenyl phosphonate bound as monodentates and a bidemate, respectively. A single peak at
35 ppm indicates a mononuclear chelate formation, otherwise the mcyclen complex would

produce more than one peak in that region. The cyclen and the mcyclen complexes form

the chelate with phenyl phosphonate, whereas the tmcyclen complex does not form the
chelate.

"

Binding with inorganic phosphate: Figure 1.14 displays 31 P NMR spectra of

inorganic phosphate coordinated to the cobalt complexes. Unlike phenyl phosphonate,

inorganic phosphate has four available oxygens for coordination. The coordination modes

", of phosphate to cobalt complexes are quite weil known.57 Typically, phosphates with one,
two, three, and four Co(II1) phosphate oxygen bonds have 31p NMR chemical shifts at ca.
BIO, 20, 30, and 40 ppm respectively relative to the corresponding free phosphate. The

signal at ·2.7 ppm relative to the external reference TMP corresponds to free inorganic

phosphate. Signais, each separated by ca. 10 ppm, correspond to the cobalt bound
phosphates as mono-, bi-, tri-, and tetradentatc re~pectively. When more than one oxygen

is involved in binding, more than one cobalt c,;;nplex may be involved.

The cyclen and the mcyclen complexes form a chelate as indicated by a single peak
around 20 ppm:' Signals appearing far downfield in each spectrum correspond to binuclear

c9balt phosphato complexes. The cyclen and the nncyclen complexes can have one isomer,
while the mcyclen complex can have two isomers for this ~4_phosphato cobalt complex.

According to the 31p NMR spectrum of the trpn complex and inorganic phosphate, the

binuclear phosphato complex appears at 40 ppm when all four oxygens in the phosphate are

used for binding.46

57 a) Haighl, Jr. Coordï",,/ion Chem. Rev. 1987, 79, 293. b) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M.;
Snow, M. R. Inorg, Chem. 1982, 21, 4155. c) ref. 45 b.
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Figure 1.12 BC NMR spectta of (L)Co(III)(OH2h (0.05M) with 0.5 and 1

equivalents of CH3C·OONa at pD 4.6 and 25 OC.; L =a) cyclen. b)
mcyclen, c) oncyclen: ,,= free acetate.
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Figure 1.13 31p NMR specrra of (L)Co(lll)(OH212 (O.05M) with one equivalenl of

phenyl phosphonale al pD 4.5, 25 ÔC. ; L =; a) cyclen, b) mcyclen, and c)

tIncyclen: 17= free phenyl phosphonale.
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Figure 1.14 31p NMR spectra of (L)Co(m)(OH2h (0.05M) with 0.5 and l

equivalents of inorganic phosphate at pD 6, 25 OC. ; L =; a) cyclen, b)

mcyclen, c) trncyclen: v= free inorganic phosphate.
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Binding with dimethyl phosphate: Complexation of DMP to (cyclen)Co(III)(OH2h

and (tetren)Co(III)(OH2) was observed by 3lp NMR (Fig.U5). The concentration of

DMP was varied from 50 mivi to 0.1 M with 0.1 M of cobalt complexes. The cyclen

complex produces two new signals at l) 6.48 and 6.97 ppm, which correspond to the two

singly bound dimethyl phosphates. The tetren complex gives one major signal at 6.9 ppm

with minor signais due to the presence of several isomers. Equilibrium binding constants

(K) were obtained by converting the signal integration te concentration. Both cobalt

complexes have approximately the same K value of3 M-l.

OMe
'o-P-OMe

"o
+

K = [CO-OMP]

[Co] [OMP]

[Co-OMP]

(
Figure 1.15 3lp NMR ofbinding ofDMP (O.1M) to the cyclen and the tetren complexes

(O.1M) at pD 4 and 25 oC ; a) cyclen, b) tetren: v = free DMP...

a

v

WJjUDfDUjiWpmjUDjWilüDlWiJUDIWijUUjUül
• • • 2 D_2

b
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2.3 Relationships between Chelate Formation and the Basicity of

Bidentate ligands.

Studies of equilibrium binding of carboxylates 10 (trpn)Co(III)(OH2h and

(cyclen)Co(III)(OH2h were carried out by I3C NMR methods (Scheme 1.9). Excess

cobalt complex is used, so that the anion binds to the metal complex either in a monodentate

fashion or as a chelate. Free carboxylate was not detected under the experimental

conditions. The same peak interpretation as in the case of acetate binding studies (section

2.2) is applied to the analysis of the spectrum. The integration value is directly convened

to the concentration of each species assuming that the relaxation time of carbonyl carbon is

the same for a chelate and a monodentate carboxylate. The relative ratio of the chelate over

the monodentate carboxylates is listed in Table 1.6.

-~

........OH2
(L)CO......... +

OH2

o
Il

RCO'Na'
o

(L)CO<,. t>-R +
o

R
'0---./

(L)CO(' ~O
OH2

+

~OH2
(L)Co~ R

"""'0---<o
Scheme 1.9 Equlibrium binding of carboxylates to the cis diaqua cobalt complexes.

Table 1.6 Chelate formation of carboxylates with the trpn and the cyclen
complexes (0.05M).'"

[chelate]/[monodentate]
carboxylic acids·) pK. cyclen trpn

Bromoacetic acid 2.86 obl 0.19

Formic acid 3.77 0 0.30

Benzoic acid 4.19 0.47 11.3

Acetic acid 4.76 1.12 28.4

a) 13e I.beled eorbaxylates were use<!. [eorbaxyIate) = 0.025 M. Temp = 23 oC.
b) the value 0 means that a cIeIale is not detected under the experimental conditions.
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2.4 Kinetics

2.4.1 Co(lIl) complex-promoted hydrolysis of phosphate esters with good

leaving groups

Reactivity: The rate constants for cobalt complex-promotOO phosphate esters promoted by

Co(III) complex are listed in Table I.7. The production of p-nitrophenolate and 2,4­

dinitrophenolate was monitored by UVNIS spectroscopy at 400 nm. One and two

equivalents of the substituted phenol were released from the monoester and the diester,

respectively. The anation reaction with inorganie phosphate was monitored by following

the absorbance change due to formation of cobalt-phosphate complexes, at wavelengths

that varied from 550 to 570 nm. The pseudo first order rate constants were obtained by

fitting the data according to a flfst order kinetic equation (R > 0.98). The rate constants

reponOO represent an average value of at least three runs with standard deviations in the

range of ±3 %. Ionie strength was not adjusted in these kinetic studies.

Table J.7 Observed pseudo first order rate constants (sec- I ) for (L)Co(Ill)(OH)(OH2)
promoted hydrolysis of phosphate esters at pH 7.

L BDNPP a) BNPP a) NPp a) PHOS b )

cyclen 9.2 x 10.3 3.3 X 10.3 1.2 X 10-2 7.7 X 10.2

N-methylcyclen 7.6 X 10-3 1.4 X 10.3 2.5 X 10-3 6.3 X 10.2

trans •N,N'-dimethylcyclen 4.5 X 10"4 1.2 X 10,6 3.3 X 10,7
c)-

a) [ColS mM. [Substrate] 2.5 x 10,5 M al 50 oC. b) al 25 oC. [Co] 5 mM. (P04l5 x 10.5 M

c) absorbance change is too sma1l to be ohserved.

The cyclen complex is about two times more active in hydrolyzing BNPP than the mcyclen

complex. The tmcyclen complex shows a much lower reactivity compared to the cyclen or

the mcyc:len complexes in hydrolyzing BNPP.

Concentration dependence: The observOO pseudo flfst order rate constants of BNPP

hydrolysis promotOO by the cobalt complexes of three cyclen derivatives are !istOO in Table
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1.8. The rate of hydrolysis of BNPP promoted by the cyclen complex levels off with

increasing the catalyst concentration, while the hydrolysis rates promoted by both the

mcyclen and tmcyclen complexes increase linearly. A plot of kobs vs the catalyst

concentration is shown in Fig. 1.16.

Table 1.8 Dependence of the kobs (sec-!) for BNPP (2.5 x 10-5 M) hydrolysis on the
concentration of [(L)Co(III)(OH)(OH2)] at pH 7, 50 oC.

Conc (mM) cyclen
N-methyl- trans-N,N -

cyclen dimethylcyclen

3.0 1.2 x' 10,3 - -

6.0 2.2 x 10'3 - -

6.6 - 1.62 x 10'3 -

9.0 3.3 X 10'3 - -

11.2 · 2.53 x 10.3 2.0 x 10.5

12.0 4.2 x 10,3 - -

15.0 4.5 x 10'3 . -

16.0 - 2.88 x 10'3 2.5 x 10,5

20.0 · 3.76 x 10'3 -
24.7 - 452·;·,3 .

• X .1,1"1'

28.0 · . 3.4 X 10,5
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1.16 A plot of k°bs (sec-)) vs the catalyst concentration [(L)Co(lll)(OH)(OH2)]

(mM): L =cyclen, mcyclen, and trncyclen.

5

1>
/- 4 "l

~. /
U 1Il.. ç/- 3

/

"'0 /
~ /
oc /

• /0... 2 /0... / •/
N-methylcyclen

" •
f • trans N,N'dimethyl cyclen

1

/ " cyclen
/

0

0 6 12 18 lM 30

rCol (mM)

2.4.2 Co(III) complex promoted hydrolysis of phosphate esters with poor

leaving groups

Hydrolysis of c·AMP: Hydrolyses of c-AMP and 2'-deoxy c-AMP promoted by the
cyclen and the mcyclen complexes were monitored by 31p NMR spectroscopy (Fig. 1.17).

As the reaction proceeds, one equivalent of inorganic phosphate is produced, which binds

tightly to the cobalt. The coordination modes of phosphate to cobalt complexes are wel1

known and the binding of inorganic phosphate to the three cobalt complexes used has been

studied previously (section 2.2). The NMR peak integration was used as a direct measure

of the product concentration. The observed first order rate constants for the Co(III)

complexes promoted hydrolysis of c-AMP and 2'-deoxy c-AMP are listed in Table 1.9.

'Ill the absence of the cobalt complex, no hydrolysis of c-AMP was observed at pH

7 (0.2 M phosphate buffer) and 100 oC even after one month. For both substrates,

accumulation of monoesters has been observed, which indicates that the monoester

hydrolysis is slower than initial hydrolysis of the corresponding diester. The mcyclen

complex is slightly less active at hydrolyzing BNPP (Table 1.7), while 10 limes more

efficient at hydrolyzing 2'-deoxy c-AMP than the cyclen complex. The reactivity difference

between c-AMP and 2'-deoxy c-AMP is in the range of 2 to 5 fold.



Table 1.9 Second orderrate constants (M'! min-!) for (L)Co(Ill)(OH)(OH2)
complex promoted hydrolysis of phosphate esters at pD 6, 50 oC.

34

L c-AMP a) s'-AMP b) 2'.deoxy c-AMP c)

cyclen 9.6 X 10,2 1.2 X 10,4 1.2 X 10.2 6.9 X 10-4

N-methylcyclen 8.5 X 10-2 1.3 X 10,4 4.3 X 10-2 5.4 X 10-3

a) [Co] 0.066 Mand [c-AMPI 0.033 M. rxn following \he formation of S'·AMP coball complex,
b) [Col 0.\ Mand [S'-AMPIIO mM

c) [Co(cyclen)] 0.\ M. [Co(mcyclen)] 0.2M. and 12'-deoxy-c-AMP] 10 mM. rate constants
represent formation of monoester cobalt complex and formation of inorganic phosph81O
cobalt complex respectively.

Hydrolysis of ApA: Hydrolysis of UpU and ApA promoted by

(mcyclen)Co(III)(OH2h was monitored by 3! P NMR following the formation of the

inorganic phosphate-cobalt complexes (Fig. 1.18). The 31p NMR spectrum of inorganic

phosphate and the mcyclen complex 0:10 ratio) is inserted within Figure 1.18 for

comparison. The hydrolysis of UpU was complete after five days under the experimental

conditions used.

Table 1.10 Observed pseudo frrst order rate constants (min-!) for (mcyclen)
Co(Ill)(OH2)z promoted hydrolysis ofUpU and ApA at pD 6, 50 oc.a)

L

N-methylcyclen

NaOH

UpU

3.3 X 10-4 b)

ApA

1.8 X 10-4

3 X 10-10 c)

a) [Co] 0.2M. [subslratellO mM. rate constants obutined following lbe formation
of inorganic phosphato-cobalt complex. h) 1 x 10

03
minot was obtained for the

hydrolysis of UpU by following \he formation of monoester cobalt complex.
c) eslÏmaled hydroxide raIe al pH 6ref: Matsumolo. Y.; Komiyama. M. J, Chem, Soc"

Chem. Comm.n,IOSO (1990).
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Figure 1.17 31p NMR spectra of hydrolysis of2'-deoxy c-AMP (10 mM) promoted by

the cyclen complex (0.1 M) at pD 6, 50 oC; a) t =55 min, b) t =185 min,
and c) t = after 10 days.
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Figure 1.18 31p NMR spectra for (rncyclen)Co(lll)(OH)(OI-I2) (0.2 M) prornolcd

hydrolysis of UpU (10 rnM)al pD 6 and 50 oC; a) 1=0, b) 1= ILS hr, c) 1= 75
hr, and d) Ihe rncyclen complex with 0.1 cquivalcl11 of il1orgal1ic phosphate al pD
6: o=TMP

o

d

c

b
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Hydrolysis of DMP: Hydrolysis of DMP (0.5M) promoted by the cyclen complex

(0.2M) was carried out at pD 5.5 to 6.3. Hydrolysis of DMP produces two equivalents of

MeOH and inorganic phosphate without any observable build up of methyl phosphate

during the reaction. The production of MeOH (3.42 ppm) was monitored by !H NMR

with the internaI reference t-BuOH (1.22 ppm). The hydrolysis reaction was followed for

up to 2 half lives (Fig. 1.19). The data were fit according to a second order kinetic equation

(R > 0.99) and the second order rate constants for the hydrolysis .of DMP are listed in

Table I.l1.

Table 1.11 Second order rate constants (M'! min'!) for (L)Co(III)(OH)(OH2)
complexes promoted hydrolysis of dimethyl phosphate (0.5 M).

_\ L pD Temp. k (M"] min'])

cyclen ___..il. 5.5 60. oC 1.61 x 10,5
'-..It!

6.3 60 oC 3.72 x 10,5

'1 5.5 80 Oc 1.32 x 10,4

tren 5.5 80 Oc 2.1 x 10,5

a) [cyclen] 0.2 M. [DM?] 0.5 M b) [tten] 0.1 M. [DMP] 0.5 M
\~

Under the same conditions (pD 5 and 6), (tetren)Co(III)(OH2) (O.lM) and phosphate

buffer (0.2M) did not hydrolyze DMP to any observable extent even when the reaction

solution was heated at 100 oC for one month.
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Figure 1.19 IH NMR of hydrolysis of dimethyl phosphate promoted by

(cyclen)Co(OH2h al pD 5.5. 80 oC; a) t = 0 br, b) t = 4.8 days, c) t = 20
days: • =MeOH.
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3 DISCUSSION

3.1 Synthesis of Ligands and their Co(Ill) complexes

Synthesis of ligands: There has been considerable interest in the synthesis of

macrocyclic metal compounds because of the structural similarity between these synthetic

compounds and several biologically important metal complexes.58 Macrocyclic polyamines

are generally synthesized by bimolecular cyclizations.59 An increasing number of

applications have been reported for these metal complexing ligands which contain

additional functional groups. Substituents on nitrogen atoms are introduced before or after

the cyclization step. A single substituent on one nitrogen atom is usually introduced by

using a tritosyl protection-deprotection process.60 Recently the synthesis of mono N­

substituted derivatives of tetraazamacrocycles was achieved by using tris(dimethylamino)

borane61 or Cr(CO)6.62 Three nitrogen atoms of tetraazamacrocycles are temporarily

blocked keeping the fourth nitrogen atom free for the further selective alkylation reaction.

These methods are quite efficient but require commercially available starting materials and

they can not be used for the the synthesis of poly-substituted macrocycles.

For the synthesis of mono- and dimethylated cyclens, N-tosylaziridine is used as a

key reagent to give N(4)-methyl N(1),N(7)-ditosyl diethylenetriamine for mcyclen and

tmcyclen ~'ynthesis (Scheme 1.7.a), or N(4),N(7) disubstituted N(1),N(10)-ditosyl
-~, -

triethylenetetraamine for cmcyclen synthesis (Scheme 1.7.b). This method reduces a

multistep protection-deprotection process into one step. The subsequent cyclization gives

the desired product for mcyclen and tmcyclen. For the synthesis of cmcyclen, ususal

protection and deprotection method was used. Cyclization of N(4),N(7)-dimethyl,

N(1),N(10)-ditosyl triethylentetraamine with ditosyl ethyleneglycol was not.~ûcèessfuI. In

contrast, N(4),N(7)-dibenzyl N(l),N(lO) ditosyl triethylentetraaminejdacts with the

cyclization counterpart yielding the cyclization product. For all thréê1{g~ds, subsequent

58 a), Busch, D. H.; Farmery, K.; Goedken, V. L.; Katovic, V.: Melnyk, A. C.; Sperali. C. R.; Tokel, N. Adv.
CMm. Ser.. 1971, 100, 44. b) Moi, M. K.; Mears, C. F.; Denardo, S. J. J. Am. CMm. Soc. 1988, 110, 6266.
S9 a) ref SS a, b) Izau. R. M:; Christemen, J. J. in Synthesis of Maerocycles; Wiley Interscience: New York,
1987.
60 a) Heideger, M.; Kaden, T. A. Helv. Chim. Acta 1983, 66, 861. b) Schiegg, A.; Kaden, T. A. Helv. Chim. Acta
199/J, 73, 716.
61/Bemud, H.; Yaouanc, J. J.; Clemenl, J. C.; Des Abbayes, H.; Handel, H. Tetrahedron ùtl. 1991, 32, 639.

.;
62 Yaouanc, J. 1.; Bris, N. L.; Clement. 1. C.; Handel, H.; Des Abbayes, HJ. CMM. Soc., CMM. Commun.
1991, 206.



40
detosylation of the cyclized products gives the desired mono- and dimethylated cyclens in

high yields. Syntheses of the tetradentJ.te ligands are described in detail in part IV.

Configuration of cobalt complexes: Due te the presence of four potentially chiral

nitrogen atoms, a tetraamino macrocycle can give many configurational isomers even for a

cis octahedral complex. However, most configurations can be safely ruled oUl on the basis
of a strong repulsive interaction and angular strain. Configuration 1 (crv) in Figure 1.20 has

been found by X-ray crystallography in the following cobalt complexes:

(cyclen)Co(II1)(C03)CI04·H2063, (cycIen)Co(III)(N02l2'Cl 64, (tmcyclen)Co(C03)CI04'

H20 65, and (E14cyclen)Co(III)(serO) Br·CI04·H20 66, and configuration II in Figure 1.20

has been found in (tmcyclen)NiBr(H20)·Br.67 The stable configurations couId also be

predicted from MMX calculation.68 According to this, the most stable isomer for the

mcyclen complex is the one with the methyl group in the axial position (Cil.

1 n

Figure 1.20 Two major isomers for the cobalt complexes of cyclen and ils derivatives.

The two nitrogen protons trans te the water or carbonate ligand in the cobalt complexes of

cyclen and its derivatives are not in equivalent environment because of different ion

association and hydrogen bonding in solution.69 The chemical shifts of these two protons

are pH dependent. The signal of each proton is separable even though the proton exchange

rates obset:Ved in DMSO-rl6 only differ by a factor of 3 within the range of 107 M·I sec·I.70

63 Loehlin, J. H.; Aeischer, E. B. Acta CrySl .. B 32, 1976, 3063.
64 Iitaka, Y.; Shina: M.; Kimura, E. lnorg. Chem. 1980, 13, 2886.
65 Giusti, J.; Chimichi, S.; Ciampolini, M. lnorg. Chim. Acta. 1984, 88,51.
66 Tsuboyama, S.; Miki, S.; ChijimaslSu, T. ; Tsuboyama, K.; Sakurai, T. J. Chem. Soc.. Dal'on Trans. 1989,
2359.
67 Ciampolini, M.; Micheloni,; Nardi, N.; paoleni, P.; DapporlO, P.; Zanobini, F. J. Chem. Soc., Dal'on Trans.
1984, 1357.
68 Hou!<, K. N.; Tucker,}.. A.; Dorigo, A. E. Ace. Chem. Res. 1990,'23, 107.
69 Nakazawa, H.; Sakaguchi, D.; Yoneda, H.; Morimoto, Y. lnorg. Ch~m.1981, 20, 973.
70 Sosa, M. E.; Tobe, M. L. J. Chem. Soc:, Dalton Trans. 1985, 475:'-'
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3.2 Co(III) complex promoted Hydrolysis of Phosphate Esters with

Good Leaving Groups.

3.2.1 Mechanism

The mechanism for (cyclen)Co(III)(OH)(OH2) promoted hydrolysis of BNPP is

shown in Scheme I.1 O. The hydrolysis of the corresponding phosphate monoester(NPP)

proceeds faster than that of the diester (BNPP) (Table 1.7).

Scheme 1.10 Mechanism for the cyclen complex promoted hydrolysis of BNPP.

The hydrolysis mechanism is elucidated based on previous experimental observations39'}1:
"

(a) The beIJ shaped pH rate profile indicates that the aqua-hydroxy forro of the complex is

the Most active species. (b) The monoaqua complex, (NH3)SCo(III)(OH2) does not

hydro!yze BNPP. (c) A solvent isotope effect for the cyclen complex promoted hydrolysis

of BNPP is not observed. A bifunctional role for the cobalt complex is proposed based on

the above observations (a) and (b). If the Lewis acid or metal hydroxide mechanism a10ne

took place, the hydrolysis rate would either decrease or increase with increasingoH. By
.'-

the same token, the monoaqua cobalt complex would promote the hydrolysis of the diesters

efficiently as the cis diaqua cobalt complex. Another possible mechanism, intramolecular

general base catalysis, May be ruled out according to the observation (c). Lack of

deuterium solvent isotope effects indicates that the metal hydroxide is a nucleophilic catalyst

rather than a general base catalysl. In addition, the reactivity ofthe~c(lbaJt complexes was
~:=

clnsely related to the ligand structure, espe~ïaJJy the angle opposite to the four-membered

ring intennediate (section 1.4.2). The efficiency of general base catalysis does not depend

on smaIJ structural changes.72 The relative rate enhancement in hydrolyzing BNPP

71 Chin, J.; Zou, X. J. Am. Clu!m. Soc. 1988, 110.223.
72 Kirby. A. J. Adv. Phys. Org. Chem. 1980, 17, 183.



~.

:Jt:

42
promoted by several cobalt complexes are listed in Table 1.14. The cyclen complex is only

4 times less reactive than the trpn complex in hydrolyzing BNPP.

Table 1.14 second order rate constants (M·l sec-l) for the hydrolysis of BNPP
promoted by various catalysts at SO OC (P-O bond cleavage).

catalysts k (M·Isec· l ) rel. rate

None" S.S x 10.12 2.2 X 10.12

NaOH (lM)" 1.6 x 10,4 6.6 X 10,5
/}- ,

, ,","

" aien b S.7 x 10-2 2.3 X 10'2

cyclen c 6.6 x 10,1 2.6 X 10,1

trpn d
2.5

,

a) waler rlhe was divided by water cane. 55.5 M. rer; Kirby, A. 1; Younas, M.
J. ChemSoc, (B). 510 (1970).

b) Zou, X. Ph. D. Thesis. McGiIl University (1987). c) 'his study.
.d) Chin, 1. ; Banaslczyk. M.; Jubian. V.; Zou. X. J. Am. Chem. Soc. 111.186 (1989).

The rate determining step for the hydrolysis of BNPP is either intramolecular metal

hydroxide attack on the coordinated BNPP or subsequent poO bond cleavage. The binding

step can not he the rate determining step since the anation rate (kJ) is much greater than the

actual hydrolysis rate (k2) (Table 1.7). The mechanism for both the mcyclen and the

rrncyclen complexes promoted hydrolysis of BNPP should be the same as that for the

cyclen complex for the following reasons: C'j) the structures of the cobalt complexes are

closely related, (b) ail three cobalt complexes form chelates with acetate and inorganic

phosphate, and (c) the same bifunctional mechanism was proposed for both the cyclen and

the rrncyclen complexes promoted hydration of acetonitrile (part II). The ligand effects on

the reactivity of three cobalt complexes and the hydrolysis mechanism will be discussed in

section 3.2.2. Other derivatives such as cmcyclen have been synthesized but their cobalt

complexes are less efficient than the mcyclen complex and decompose during the reaction at

SooC.

The cobalt complex promoled hydrolysis of the phosphate monoester (NPP) is

slightlyfaster than that of the corresponding diester (BNPP) (Table 1.7). The proposed

mechanism for the hydrolysis of NPP involves a bifunctional activation by the cobalt

complex,?1 Sargeson et al. proposed the same mechanism for the hydrolysis of the cobalt
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bound phosphate monoester, (en)zCo(III)(OH2)(NPP), based on the 180 isotope labelling

experiments.45a The rate enhancement over that of the uncatalyzed hydrolysis is not as

great as that of the corresponding diester hydrolysis. For example, the cyclen complex

bound BNPP is cleaved lOlO times more rapidly than the unbound dies ter, while ,l:~ cyclen

complex bound NPP is cleaved only 1()6 times faster than the free monoester. This may be

due to an unfavorable electronic interaction between an anionic nucleophile and the IWO

negative charges of the monoester oxygens. The mechanisms proposed for the rapid

hydrolysis of phosphate monoesters as compared to those of diesters 16·17.20·22 are not

applicable in the cobalt complex catalyzed hydrolysis ofmonoesters. ln the present study,

mechanistic details of the'cobalt complex catalyzed hydrolysis of monoesters have not been

investigated.

3.2.2 Ligand effects on the reactivity

A significant difference towards the hydrolysis of BNPP is observed by placing

methyl groups on the macrocyclic nitrogens of cyclen. The mcyclen complex is almost as

f'fficient as the cyclen complex in promoting BNPP hydrolysis, while the trncyclen

complex is 200 times less active tha!1 the cyclen complex (Table 1.14). It is clear that the

reactivity of the Co(llI) complexes is highly sensitive to the ligand structure. These

complexes are structurally related and have similar pKas for the metal bound water

molecules yet hydrolyze BNPP at different rates. The ligand structure can affect the

efficiency of the Co(III) catalysts.

Table 1.14 First arder rate constants (sec·l) for the cobalt complex promoted

hydrolysis of BNPP at 50 oc.a)

catalysts BNPP NPP b)

cyclen

mcyclen

1

0.42

3.6 X 10-4

1 (3.6)

0.2'(1.8)

2.8 x 10.5 (0.3)

a) [Co] 5 mM. [phosph81e] 2.5 x 10.5 mM. and pH 7.

b) values in brackets refer 10 the ratio of BNPP vs NPP hydrolysis rales,
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The relationship between the ligand str",dure and a chelate formation The

proposed mechanism for hydrolysis of phosphate diesters involves formation of a four­

membered ring intermediate. Tetraamine cobalt complexes with bidentate ligands such as

carbonate or acetate are often employed as an analog for this intermediate. There appears to

be !wo major factors involved in chelate formation: (a) the basicity of the bidentate ligand

and (b) the tetradentate ligand structure. A good relationship between the basicity of the

bidentate ligand and the equilibrium binding constant for the chelate formation was found

(section 2.3). Strongly basic ligands such as carbonate form chelates with a wide range of

the tetraamine cobalt complexes including the tren complex.73 As the basicity of the

bidentate ligand increases, a higher ratio of the chelate over the monodentate is observed.

With a weakly basic bidentate ligand of the same basicity, this chelate formation becomes

dependent on the tetraamine ligand structure, especially the angle opposite to the four­

membered ring intermediate. il is known that the trpn complex has a larger angle (N-Co­

N) opposite to the chelate (O-C-O) than the cyclen complex in its carbonato complex. The

ability to form a chelate with acetate or inorganic phosphate gives an indication of the

catalyst efficiency in hydrolyzing phosphate and carboxylic esters. For example, the trpn

and the cyclen complexes, which are able to form the chelated acetates, hydrolyze methyl

acetate, whereas the tren complex neither forms the chelate nor hydrolyzes the same

substrate.34

Steric hindrance The cobalt complexes of cyclen, mcyclen, and tmcyclen form the

chelated acetates (Fig. 1.13). A similar ratio of monodentate to bidentate acetate ~:üggests

that mono· and dimethylation on nitrogen atoms of cyclen do not alter the binding ability of

their cobalt complexes to acetate. lt also indicates that the three cobalt complexes have a

similar opposite angle (N-Co-N) to the four-membered ring (O-C-O) intermediate. The

three cobalt complexes also produce the chelated inorganic phosphates (Fig. US). The

relatively small ratio of the bidentate over the monodentate phosphate with the tmcyclen

complex is consistent with the low reactivity in hydrolyzing BNPP. However, a rather

significant difference in the reactivity of the trncyclen complex suggests that there must be

another factor other than the angle involved.

Binding studies with phenyl phosphonate provide insight into structure and

reactivity relationships. The phenyl group in phenyl phosphonate interacts with the axial

methyl groups in the complex upon coordination (Fig. 1.21). Both the cyclen and the

mcyclen complexes fonn the chelated phenyl phosphonate, while the tmcyclen complex

fonns only the monodentate (Fig. 1.13). Phenyl phosphonate is a better model compound

73 a) Iren C0
3

: Leohlin.1. H.; Fleisher. E. B. Acla Crysl. B32. 1976. 3063.
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for studying the efficiency of catalysts that hydrolyze diesters. Its structure represents

actual phosphate substrates bener than inorganic phosphate and il produces a relatively

simple spectrum (Fig. 1.13). Il became clear that the methyl groups in the trncyclen

complex inhibitthe formation of a four-membered ring intermediate during hydrolysis of

phosphate diesters.

/".. ...CH. 0

{;

N 1\
N 1 .......O-P--/""\
I co ,,V

J', /1"""" OH,N OH.
l'--N
~ 'CH.

7
/

Figure 1.21 Binding of phenyl phosphonate to the tmcyclen cobalt complex.

Dimerization: A plot of hydrolysis rate for BNPP promoted by the cobalt complex vs the

catalyst concentration (Fig. I.16) gives a linear slope for both the mcyclen and the tmcyclen

complexes. ln contrast, the rate dependence on that of the cyclen complex levels off at the

high catalyst concentration.

b) R = CH. ,R'=H
c) R =R' =CH.

Figure 1.22 Dimerization of the aqua hydroxy cobalt complexes: (a) formation of an
inactive hydroxy-bridged dimer with the cyclen complex and (b) and (c)
unfavorable dimer formation with the trncyclen and the mcyclen complexes.
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This non-linear plot for the cyclen complex is attributable to the known dimerization

reaction for cis diaqua cobalt complexes. The dimer form of the complex is not active since

there is no free coordination sites available for the substrate binding to the metal complex.

The mcyclen and the trncyclen complexes do not dimerize because of unfavorable steric

interaction brought by the methyl groups (Fig. 1.22).

3.3 Cobalt complex-promoted Hydrolysis of Phosphate Diesters with

Poor Leaving Groups.

Metal complexes which are efficient at hydrolyzing esters with good leaving groups

are not necessarily efficient at hydrolyzing esters with poor leaving groups.33.74 Having

succeeded in finding a stable cobalt complex that gives up to a lOlO fold rate enhancement

in the hydrolysis of BNPP, we tested it on phosphate diesters with poor leaving groups.

Table 1.15 shows the reactivity of sorne phosphate diesters with poor leaving groups at

neutral pH.

Table 1.15 First order rate constants (sec-!) for hydrolysis of phosphate
esters in water at 50 oC (P-O bond cleavage).

phosphate diester k (sec· t ) t 1/2 (yr)

BNPp a 3.0 x 10-10 1.1 x 102

c-AMP b 1.0 x 10-14 2.2 X 106

ApA c 5 x 10-12 4.4 X 103

( CH30 hP(O)O d 10-19 2.2 x 1011

a) Kirby. A. J.; Younas. M. J. Chem.Soc. (B), 510 (1970).
b) estimated from the data reporl~ by Gerh. 1. A.• Weslheimer. F. H.; Sturtevant, J. M.

J. Biol. Chem. 250, 5059 (1975).
c) the rate was estimated from the pH rale prome. ref; Matsumoto,Y.; Komiyama. M.

J. Chem. Soc. Chem. Commun.,1050 (1990).

d) extrapolated from the data reported by Kirby el al. see in the leX!. Guthrie also
estimated this rate 10 be 10,14 sec'I .. 25 oC; J. Am. Chem. Soc. 99, 3991 (1977).

74 Jencks, W. P.; Kirsch, J. F. J. Am. Chem. Soc. 1964, 86, 837.
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3.3.1 Hydrolysis of c-AMP

Cyclic nucleotides such as adenosine 3',5'-cyclic monophosphate (c-AMP), are key

molecules that function as intramolecular hormones in both bacterial and animal cells.75

The level of c-AMP in cells is regulated by specific phosphodiesterases which hydrolyze c­

AMP to 5'-monophosphate (AMP). c-AMP phosphodiesterase is a metalloenzyme and
requires divalent metal ions such as Mg(II) or Mn(ll) for its optimal activity.73b

(Trien)Co(III)(OH)(OH2) was able to hydrolyze c-AMP under mild conditions (50

oC, pD 7).54 Both the cyclen and the mcyclen .complexes have proven to be more efficient

than the trien complex in hydrolyzing BNPP.71 The mcyclen and the cyclen complexes

promote the hydrolysis of c-AMP with observed second order rate constants of 8.5 x 10.2

and 9.6 x 10.2M'! min'!, respectively at pD 6 and 50 oC.

The mechanism for the hydrolysis of c-AMP promoted by the cobalt complexes

should be the same as that for the hydrolysis of BNPP (Scheme 1.10 and 1.11). The

resulting phosphate monoesters, 5'- or 3'-AMP are hydrolyzed more slowly than c-AMP in

the presence of the cyclen or the mcyclen complex. c-AMP is hydrolyzed to either 3'- or
5'-AMP with similar enthalpies.76 The accumulation of the monoesters during the

hydrolysis reaction is due to a higher reactivity of the phosphate diester in c-AMP. The
alkaline hydrolysis of the phosphate diester bond in c-AMP is known to be 2 x 104 times

faster than that of dimethyl phosphate.76a

The half-life for the hydrolysis of the cobalt bound c-AMP can be calculated to be

ca. 30 min (k2 = 5.3 x 10-4 sec'!) from the second order rate constant and the equilibrium

constant for binding of phosphate diester (DMP) to the cyclen complex (3 M-l). The rate

constant for the hydrolysis of c-AMP in water had been previously estimated to be 1.0 x
1O.!4 sec'! at 50 0c.54 At least a 1010 fold rate enhancement over the water rate was

obtained in the hydrolysis of the cobalt bound c-AMP. However, the catalytic efficiency of

.' these cobalt complexes is somewhat less than that of enzymes. Enzymes hydrolyze c-AMP
in seconds. For example, the kcal value for 3' ,5'-c-AMP phosphodiesterase catalyzed

hydrolysis of c-AMP is 4.9 x 10.2 sec-l at pH 7.7 and 30 oC.77 Nevertheless, these two

cobalt complexes are the most efficient catalysts among metal complexes in hydrolyzing c­

AMP. Also, the efficiency of the cyclen and the mcyclen complexes in hydrolyzin g BNPP

75 a) Watennlll. M.; Murdoch. G. H.; Evans. R. M.; Rosenfield. M. Science. 1985. 229. 267. b) Robinson, G.
L.; BUlCher, R. W.; SUÛlerland, E. W. in Cyclic AMP; Academie Press: New York IIld London. 1971. c) ref 3a.
76 a) Gerl~ J. A.; WesÛleimer. F. H.; Sturlevlll~ J. M. J. Biol. Chem. 1975. 250. 5059. IIld references Ûlerein.
b) Yu. J. H.; Sopclùk, A. E.; Arif. A. M.; BentrUde. w. G. J. Org. Chem. 1990, 55. 3444.
77 Nair. K. G. Biocheniistry 1966. 5. 150.
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is maintained in hydrolyzing c-AMP, which is 1()4 times less reactive than BNPP under

basic conditions.

\_O~A HO~A
O' \
\ ,•.0 - +
cé3+ HO R HO R

R:H
R: OH

Scheme 1.11 The cyclen and the mcyclen complexes promoted hydrolysis of (2'-deoxy-)

c-AMP: only S'-AMP production is shown.

The rate constant for the hydrolysis of 2'-deoxy c-AMP has not yet been reponed

but il should be less than that for the hydrolysis of c-AMP. Athough the hydroxyl group

does not participate directly in the hydrolysis of c-AMP, it can serve to enhance the

reactivity of the adjacent 3'-hydroxyl group.78a The maximum inductive effect due to a 2'­

hydroxyl group can not account for more than a 100 fold reactivity difference.78

Interestingly, the mcyclen complex hydrolyzes 2'-deoxy c-AMP slightly more rapidly than

the cyclen complex. This reverse reactivity is probably due to less dimer formation for the

mcyclen complex.

3.3.2 Hydrolysis of UpU and ApA

Ribonucleotides are much more vulnerable towards hydrolysis than

deoxyribonucleotides. The higher reactivity of ribonucleotides is due to intramolecular

nucleophilic attack by the 2'-hydroxyl group,79 which is absent in the hydrolysis of

deoxyribonucleotides. Although the subsequent hydrolysis of the resulting five-membered

cyclic phosphate is rapid (the hydrolysis of ethylene phosphate is 108 times faster than that

of dimethyl phosphate under basic conditions28c), the initiaI cyclization step is usually

much faster than the subsequent hydrolysis, so the intermediate may be readily isolated.

It has been reponed that the trien complex hydrolyzes ApA with a 105 fold rate

78 al Haines, A. H. Adv, Carbohydrale Chem. Biochem. 1986, 25,4473. b) Deslongchamp, P. in SleroeleClronie

ejfecls in Organie Ch4misrry, 151 Ed.; Pergamon Press: Oxford, New York, 1983.
79 Breslow, R.; Huang, D. L. Proc. NaJn. Mad. Sei. US.A. 1991,88,4080.
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enhancement over the hydroxide rate at pH 6.80 The mcycJen complex is 10 times more

active than the trien complex under the same conditions. Severa! mechanisms including a

bifunctional mechanism are possible. Unlike in the cobalt complex promoted hydrolysis of

BNPP, the cobalt complex most likely hydrolyzes ApA only by a Lewis acid mechanism

(Scheme 1.12). The cobalt bound hydroxide coulà act as a general base catalyst pulling off

the proton from the 2'-hydiü.xyl group. This is unlikely since the effective molarity for the

intramolecular general base catalysis (maximum 80 M) is low compared to that for

intramolecular nucleophilic catalysis (maximum 108 M).72 Lewis acid activation of

phosphate diesters by metal ions has been proposed for the role of Mg(II) in the

Hammerhead RNA self-cJeavage reaction.81 It has been shown that the substitution of

sulfur for a nonbridging oxygen atom substantially reduces the affinity of a Mg(II) ion

necessary for the efficient cJeavage.81 This suggests that the Mg(II) ion coordinates

direcüy to the phosphate at the cJeavage site. Based on this mechanism, it is not surprising

that cis diaqua cobalt complexes such as trien and cyclen show almost the same reactivity in

hydrolyzing ApA.

~0r:1
HO OH

Scheme 1.12 The Co(lII) complex promoted hydrolysis of ApA: a Lewis acid
activation by the cobalt complex and intramolecular nucJeophilic anack by
the 2'-hydroxyl group.

c 80 Matsumoto. Y.; Komiyama. M. J. Chem. Soc.• Chem. CommlU1. 1990. 1050.
81 Dahm. S. C.; Uhlenbeck. O. C. Biochemistry 1991, 30. 9464.
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3.3.3 Hydrolysis of DMP

The half-life for the cleavage of dirnethyl phosphate is estimated to be a billion years

(Table 1.15) and the reactivity of DNA is somewhat greater than that of DMP, so that

hydrolysis of DNA or DMP53,82 in the absence of enzymes has never been detected at

neutral pH. With knowledge that the (wo cobalt complexes of cyclen and mcyclen are the

most stable and efficient for hydrolyzing c-AMP, we tested the catalysts for the hydrolysis

of d(ApA) and DMP.

The cyclen complex is able to hydrolyze DMP producing 2 equivalents of methanol.

Methyl phosphate does not accumulate to an observable extent during the hydrolysis. It is

weil known that cis diaqua cobalt complexes efficiently hydrolyze phosphate

monoesters.46,53. The mcyclen complex appears to be unstable under the experimental

conditions used (60 to 80 OC). The second order rate constant for the cyclen complex­

promoted hydrolysis of dimethyl phosphate is 3.7 x 10-5 M-\ minot at pD 6.3 and 60 oC.

Since the equilibrium constant for complexation of DMP to the cyclen complex is 3 M-\,

the fll'st orcier rate constant for the hydrolysis of the. cobalt bound DMP is 1.2 x 10-5min-Jo

The rate constant obtained under these experimental conditions should be comparable to

that at pD 7 since the cyclen complex promoted hydrolysis of BNPP gives a bell shaped

pH-rate profile with the maximum rate at pH 6.8.39• In contrast, the monoaqua cobalt

complex, (ten-en)Co(III)(OH) did not hydrolyze DMP to any observable extent.

Figure J. 23

('N']
C

N',. 1 .•"N
"Co

N"'I .....OHlvN 2

(tet ren)Co(III)(0 "2)

The proposed mechanism for the cyclen complex promoted hydrolysis of DMP

involves coordination of the diester to the metal complex followed by intramolecular metal

hydroxicle attack (Fig. 1.24 a). Such a mechanism has been proposed for the hydrolysis of

esters, nitriles, phosphate mono- and diesters.38• Three experimental observations that are

consistent with the mechanism are: (a) DMP coordinates to the cyclen complex as a

monodentate ligand and not as a bidentate ligand (Fig. 1.15). (b) The monoaqua complex,

82 Gerll, J. A.; We.theim... F. H. J. Am. Chem. Soc.!973, 95, 8166.
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(tetren)Co(1II)(OH2) is not reactive at hydrolyzing DMP even though the equilibrium

binding constant for DMP if. comparable to that of the cyclen complex. (c) There is no

solvent isotope effecrfor the cyclen promoted hydrolysis of bis(p-nitrophenyl) phosphate

(BNPP). Based on the above observations, several mechanisms may be ruled ouI.

Oxidative cleavage5 of dimethyl phosphate can be ruled out on the basis that two

equivalents of methanol are produced upon cleavage of the diester. A double Lewis acid

mechanism (Fig. 1.24 b) is unlikely since the diester coordinates to the cyclen complex as a

monodentate ligand. Lack of any deuterium solvent isotope effect suggests that the metal

hydroxide is not a general base catalyst (Fig. 1.24 cl.

(a) (b) {cl

c

Figure 1.24 Three possible mechanisms for the cyclen complex promoted
hydrolysis of dimethyl phosphate (P-O bond c1eavage).

Uncatalyzed hydrolysis of activated esters occurs through P-O bond cleavage,24

while the hydrolysis of DMP results in both P-O and C-O bond cleavage. Westheimer et

al. have shown thatthe hydroxide catalyzed hydrolysis ofDMP occurs exclusively through

c-o bond c1eavage.28c The reactivity of DMP has been studied in the form of complete

pH-rate profiles by Guthrle.83 However, due to the lack of experimental;data, il was not

c1ear whether the hydrolysis of dimethyl phosphate in neutral water proceeds with P-O c

bond c1eavage or C-O bond cleavage.28c It has been proposed that a bifunctional

mechanism is the most efficient in hydrolyzing activated phosphate diesters through P-O

bond c1eavage.38a It would be interesting to know if these metal complexes also accelerate

C-O bond cleavage. Figure 1.25 shows possible mechanisms for C-O bond c1eavage

similar to those proposed for P-O bond c1eavage (Fig. 1.24).

83 Gulhrie. J. P. J. Am. Chem. Soc. 1977. 99. 3991.
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Figure 1.25 The possible mechanisms for the cyclen complex promoted hydrolysis of
dimethyl phosphate: C,O bond cleavage.

.. ,"

Mechanism (a) and (b) can be ruled out since the tetren complex did not hydrolyze DMP.

Mechanism (c) involves the formation of a six-membered ring transition state following

intramolecular metal hydroxide attack. Another cis-diaqua cobalt complex, (tren)Co(IlI)

(OH)(OH2) is ca. 10 rimes less reactive than the cyclen complex in hydrolyzing DMP. If

the hydrolysis involves C-O bond cleavage by mechanism (c), the reactivity of the tren and

the cyclen complexes should be the same since a six·membered ring transition state is not

very dependent on the ligand structure.72 ln contrast, for P·O bond cleavage (Fig. I.24c),

ligand structure of the complex plays'a key role. The easy formation of a four-membered

ring intermediate with the cyclen complex has already been shown in the hydrolysis of
phosphate esters and carboxylic esters.38a The isolation of the four-membered 1'\2·0,0'-p­

alanine cobalt complex over a six·membêred 1'\2-N,O-p-alanine cobalt complex by reacting

p·alanine with the (trpn)Co(III)(OH212 complex shows a preference for the formation of

the four-membered ring intermediate.*

Hydrolysis of d(ApA) in the presence <?f the cobalt complex was not observed.

This is due to the hydrolysis of the glycosidic bond competing with the hydrolysis of the

phosphate diester bond in d(ApA). Il is widely accepted that the hydrolysis of purine

nucleosides proceeds by cleavage of the protonated substrate to the free purine base and a

cyclic glycosyl oxocarbenium ion under acidic conditions.84 The same mechanism is

probably applicable ta the hydrolysis of the corresponding nucleotig!'1l.85 Studies on metal

complex promoted depurination have nèver been done. Under the e~perimental conditions

* see experimenLal section (part IV) slructure delerminaLion was donc by James Brillen in Dept of Chemistry.
McGill University 1990. .
84 Oivanen, M.; Lonnberg, H.; Zhou, X. X.; Challopadhyaya. J. Telrahedrun, J987, 43, 1133.
85 a) Jarvinen, P; Divanen, M.; Lonnberg, H. J. Org. Chem. J99J, 56. 5396. bl Divan.n. M.; Darzynkiewic7..
E.; Lonnberg, H. Aera Chem. Seand. 1988. 842, 250.
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used (pH 6, 80 oC), the hydrolysis of the glycosidic bond occurs much faster than that of

the phosphate diester bond of 2'deoxy adenosine and d(ApA)'"
, '

Estimation of the water rate for the hydrolysis of DMP: The hydrolysis rate for

dimethyl phosphate (P-O bond cleavage) in neutral pH has never been measured because of

its stability. However it can be estimated as follows: A good linear free energy

relationship between the hydroxide catalyzed rate constant for phosphate diester hydrolysis .

at 25 oC and the pKa of the conjugate acid of the leaving group was found.39• Both alkyl

and aryl phosphate diesters were shown to fit on the same plot wi~ equation 3.1.

log k = 0.69 - 0.76 pKa (eq 3.1)

Similarly Kirby and Younas24 has been that there is a linear free energy relationship

between the water rate for diaryl phosphate hydrolysis at 100 oC and the. pKa of the

conjugate acid of the leaving group (eq 3.2).

, According to the 1SC tracer experiments, hydrolysis involves poO bond cleavage in the

acidic to neutral pH range. The calcu1ated rate constant for the poO bond cleavage in DMP

is then 3.4 x 10.14 sec·1 (pKahfmethanoI15.5) at 100 oc.

The water rate for DMP had been previously estimated to be 2 x 10.14 sec·lat 25

0C83 and 5 x 10.14 sec·1 at 50 0c.86 Guthrie's estimate83 was based on the rate of DMP

hydrolysis at 100 oC between pH 1 and 5, where the water rate is insignificant. Cech and

Herschlag86 estimated the water rate for DMP hydrolysis based on the hydroxide rale for

DMP hydrolysis and ~nuc for 2,4-dinitrophenyl methyl phosphate.24•87 According to the

reactivity-selectivity principle, ~nuc for DMP hydrolysis is expected to be greater than that

for 2,4-dinitrophenyl methyl phosphate. lndeed, the ratio of the water rate to the hydroxide

rate for the hydrolysis of BDNPP is much greater than that for the hydrolysis of DMP.88

Therefore, Cech and Herschlag's estimate should be an upper limit.

c
log k = 1.57 - 0.97 pKa _ (eq 3.2)

.. preliminary èxperimental resulls: the production of adenine ,~TJ~)' -deoxy adenosine from 2'deoxy adenosine
and d(ApA) respective!y was monotored by HPLC (see experiment.l).
86 Herschlag. D.; .Cech. T. R. Natore. 1990. 344. 405. .
87 Kirby. A. J.; Vounas. M. J. CMm. Soc. 8.1970. 1165.
88 waler rates were eSlim'led from ref 24 and the hydroxide raie for BDNPP and DMP from ref.25 and 84
respectively.
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Kirby et al.24 showed that the activation entropy for the solvent catalyzed

hydrolysis of bis-2,4-dinitrophenyl phosphate (BDNPP) is - 25.5 eu. Assuming the

activation entropy for the hydrolysis of DMP is the same as that for the hydrolysis of

BDNPP, the activation enthalpy forDMP hydrolysis is 35.5 kcall mole. The water rate

for DMP hydrolysis calculated from the activation parameters is 1.5 x 10,19 sec·1 and 9.5 x

10.17 sec·1 at 25 oC and 60 oC, respectively. The rate of hydrolysis of dimethyl phosphate

bound to the cyclen complex is sorne lOlO times greater than the water rate for free DMP

hydrolysis.

Comparison to Ribozymes: The ability of RNA to act as a biological catalyst has

become weil es'tablished in the last few years.89 The examples of such ribozymes l'ail into

two categories.90 Self-splicing and self-cleaving RNAs exemplify intramolecular catalysis.

ln addition, RNA also acts as a catalyst on other molecules, cutting and joining them

without itself being changed in the process. An intriguing feature of the self splicing RNA

from Tetrahymena thermophila is that the 2'-hydroxyl group is not directly involved in the

hydrolysis reaction.86

B' OH OHBH-••
"0 OH

1
Mg2

+ C?-p-o
0/)

l-/H·.il·
t'°io

Figure 1.26 Model for the initial step of pre·rRNA self splicing involving
nucleophilic attack by the 3'-hydroxyl group of guanosine on the
phosphorus atom at the 5' splice site.

The 3'-hydroxyl group of G414, the terminaLguanosine of the IVS RNA, or that of a free

guanosine added to the 5' end of the downstream RNA fragment during cleavage is the

·89 a) Cech, T. R; Z.ugiJ.A. J.; Grabowski, P. J. CeU. 1981, 27. 487. h) Bass, B. L.; Cech. T. R. Nal",e 1984.
308, 820. c) cech,d:'R:·Angew. Chem. /nl. Ed. Engl. 1990, 29.759 and references there in.
90.Cech, T. R. S~ie';~e 1987, 236. 1532. ..•.

0,
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acting nucleophile for the ribozyme'(:atalyzed reactions.91 These reactions proceed through

severa! consecutive transesterificatio~ reactions in the presence of Mg(lI). The initial step

of pre-rRNA self-splicing involves nucleophilic attack by the 3'-hydroxyl group of

guanosine on the phosphorus atom at the 5' splice site. Figure 1.26 shows the proposed

mechanism for this transesterificat:on reaction.90 Coordination of Mg2+ to the phosphate
"".would enhance the electrophilicity of phosphorus atom and could stabilize the trigonal

bipyramidal transition state. However, the hypotheses of acid (EH) and base(E-) catalysis

and coordination of Mg ion to the phosphate are untested. In addition to its interaction with
the phosphate, it was also suggested that the metal ion couId activate the 3'-hydroxyl as a

l1ucleophile by enabling the oxyanion to exist at a pH far below pH 12.5, the normal pKa
of the hydroxyl group.90

Recently Cech and Herschlag86 showed that DNA bound to an RNA enzyme

derived from the self-splicing imervening sequence of Terrahymena thermophila is

hydrolyzed sequence specifically with a half-Iife of about 0.05 days at 50 oC. Dimethyl

phosphate bound to (cyclen)Co(1II)(OH212 is hydrolyzed with a half-Iife of 40 days at 60

oC.

o H (OH)
,___

O-P.'-0
Mg2+ ~

""0.J 0

040H
G 3'

c

,
Figure 1.27 Alternative mechanism for the-role of Mg(II) ion in the hydrolysis ofDNA

or RNA by the 3' hydroxyl group of guanosine similar to the bifunctional
role of the cyclen complex for hydrolyzing dimethyl phosphate.

.' Based on a linear free energy relationship (eq 3.2), the water rate forDN.J\ hydrolysis

should be somewhat greater (>102) than that for dimethyl phosphate hydrolyit"'.since the

hydroxyl group in mett~;nol (pKaof 15.5) is less acidic than the 3'- or 5'-hydrox~1groups
~., .'

91 Zaug, A. J.; Been, M. D.; Cech. T. R. Science 1986, 324, 429.
.-~,.:... '



...
;:i!i;

56
of nucleosides (pKa of ca. 12.4).92 The mechanistic role of Mg2+ in ribozymes for

catalyzing transesterification of DNA molecules may be related to the mechanistic raie of

the cyclen complex for hydrolyzing dimethyl phosphate (Fig. 1.27). The metal ion

activates the phosphate 3S weil as the 3'-hydroxyl group of guanQsine at the same time in

the bifunctional mechanism. Although the reactivity of the cyclen complex is somewhat

less than that of natural eniymes,82 it is remarkable that a simple metal complex like the

cyclen complex has comparable reactivity as a ribozyme for hydrolyzing unactivated

phosphate diesters such as dimethyl phosphate. This is the !irst example of the cleavage of

unactivated phosphate diesters at neutral pH.

.--.. -,--;.

92 Saenger. W. ~ P.";';"dples of Nwcleic Add Slr&~clu'e: Springer-Verlag: New York. Berlin. Heidelberg. and
Tokyo. 1984. p108.
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1 IN';RODUCTION

There are many examples of metal ion promoted or catalyzed hydrolysis reacùons

of phosphate esters, carboxylic esters, and amides.! In comparison to hydrolysis of

amides, nitrile hydration has received less attention since nitriles are not as biologically

interesting as amides and also nitriles ~:~ more resistant towards hydrolysis than the

corresponding amides. For example, the hydroxide catalyzed hydrolysis rate of

acetonitrile2 and acetamide3 are 1.6 x 10-6 M-l sec- l and 7.4 x 10-5 M-I sec-l, respectively.

Acrylamide polymers are major industrial chemicals used in paper and surfactant

production, wastewater lTeatment, and oil recovery.4 Carboxamides including acrylamide

are generally prepared by hydration of the corresponding nitriles with slTong acid or base

catalysts.5 These reacùons are slow and appreciable hydrolysis of the product carboxamide

to the carboxylic acid as weil as hydrolysis of other functional groups present occurs faster

than nitrile hydration.s Difficulties4 involved in the conventional sulfuric acid promOled

hydration of acryl,:,:'.i,~;ehave led to an i;;:~>nsive research effort to develop catalysts for ~

regioselective hydratl&n of nitriles to amides.4.5,7

Although numerous catalysts have been developed involving meta! ions or

complexes for hydration of nitriles, the catalytic mechanisms are not fully underslOod. In

order to design a simple but more efficient catalyst for hydration of nitriles, it is important

to study the mechanistic details involved in the reaction.

1.1 Mechanism of Nitrile Hydration

Hydrolysis of nitriles proceeds through amides to yield the corresponding
. .

carboxylic acids and amines under both basic and acidic conditions. The mechanism of

base catalyzed nitrile hydrationS is shown in Scheme II.! (a). The initial hydration of

1 a)Bmice, T. C.; Benkovic. S. J. in Bioorganie Meehanisms; Benjamin: New York. !966.VoJ. 1 and VoJ.2. hl
Hay, R. W.; Morris, P. J. Metal Jons Biol. Sysrems 1976.5. 173.
2 Buckingham, D. A,; Keene, F. R. Sargeson, A, M. J. Am. Chem. Soe.1973, 95, 5649.
3 Yaman.. T.; Mizukami, Y.; Tsuji, A.; Yasuda, Y.; Masuda, K. Chem. Pharm. Bull. 1972. 20,881.
4 Matsud.. F. Chemlech. 1977, 7, 306 and ref therein.
5 a) Compagnon, P. L.:Miocque, M. Ann. Chim. 1970, 5, 11. h) Sehaefer, F. G. in The ChemiSlry of rhe Cyano
Group, Rappoport, Z. Ed.; Interseience: London, New York, 1970. p. 256.
6 al Wainwright, M. S.; Onuoha, N.I.; Chem. Eng. Commun. 1984, 29, 1. h) Nozaki, F.; Sodesawa, T.:

Yamamoto, T. J. CalaI. 1983, 84, 267. cl Villain, G.; Klack, P.; Gasel, A. Telrahedron Lell. 1980, 21, 2901. dl
Yillain, G.; Gaset, A.; Klack, P. J. Mol. CalaI. 1981, 12, 103.
7 Jensen, C. M.; Trogler, W. C. J. Am. Chem. Soc. 1986, 108,723 and references therein..
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nitriles is, in general, slower than hydrolysis of the corresponding amides. For example,

propionitrile is about 10 times less reactive than propionamide under basic conditions.8 In

sorne cases, hydrolysis of nitriles is faster than that of the corresponding amides. The

reverse reactivity is often observed with nitriles and the corresponding amidt5 with

electronegative subStitublitS.9 The rate of nitrile hydrarion is more dependent on the

substituent than it is for amide hydrolysis, as Hammett p values of 2:31 and 1.06

suggested for base catalyzed hydration of benzonitrile and for the hydrolysis of benzamide,

respecrively.9 For example, the hydrarion of 2-cyano-l,1O-phenanthroline is 15 rimes as

fast as the hydrolysis of 2-carboxamido-l ,10-phenanthroline under basic conditions.lo

-C=N + OH"
slow- N'

--<OH

(a) base catalyzed hydra~on of nitriles.

( -C=N
HX

[-C~NH"""" -C=N+H]

1

II

(b) acid catalyzl:d hydrarion of nitriles

Scheme lU Hydrolysis of nitriles under basic and acidic conditions.

(

'J11.ecmé6h'~sm of acid catalyzed hydration of nitriles5 is shown in Scheme II.1(b). Under

acidic conditions, the rate of nitrile hydration substanrially exceeds the rate of subsequent

hydrolysis of the product amide. In concentrated hydrogen hallde solution, the nitrile is, 10
'< .

---:

8 Winkler, C. A.; Rabinovileh, B. S. Can, J. CMm. 1942, 19.20(B).185.
9 Hunme~L. P. in Physieal Drganie CMmisrry. !st Ed.: MeGraw Hill: New York, 1940.
10 Breslow, R.: Fairweather. R.; Keana. J. J. Am.CMm. Soc. 1967. 89. 2135.

. ,
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sorne extent, convened to the protonated imidyl halide, II, which is more electrophilic lhan

1 (Scheme II.! (b».

1.2 Metal Assisted Hydration of Nitriles

1.2.1 Previous work

There are IWO routes of activation thal a metal can provide in hydrolysis reaclions.

Mn·-N=:C-CH3

C.OH

A

N=C-CH.

Mn.-oU

B

Firsl, metal ion can act as a Lewis acid (A). Simple nitriles directly coordinaled 10 Co(1II)2,

Rh(III)l1, Ru(III)12 and IT(III)!l complexes can be easily hydraled 10 lheir corresponding

amido complexes at ambient temperature (Fig. lU). Melal polarized substrales are more

susceptible to nucleopÈilic anack. Acetonitrile coordinaled 10 pentaammine cobalt(1lI)2 and

ruthenium(ID)12 is"!lydrolyzed 1()6 and 108fold faslerthan the free nitrile, respeclively.

M =Co, Rh, Ir, Ru

"

Figure II.l Hydralion of the coordinaled acelonitrile: Lewis acid activation by melal ion.

Second, greater rate enhancement can be obtained for hydrolysis al neutral pH when a

metal hydroxide rather than free hydroxide is involved. Although metal hydroxide iS l101 as

good a nucleophile as hydroxide itself, it is a much bener nucleophile lhan waler. 13,14 The

ability of metal ions to enhance deprotonation of water would ensure that al neutral pH

metal hydroxide concentration is much higher than that of free hydroxide (10-7 M).

Numerous studies indicale that the metal hydroxide almosl retains a nucleophilicity of free

~.',C

"-------
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hydroxide, despite a 10-7 fold lowering of Bn~nsted basicity.15,16 The increased

concentration of metal hydroxide more than offsets the lower nucleophilicity of metal

hydroxide relative to hydroxide. A rather smooth relationship between kMOH and pKa of

the aqua complex holds for a wide range of reactions. The slopes (Briilnsted coefficient) for
"hydration reactions of different hydroxide-containing nucleophiles with C02 and

acetaldehyde were found to be 0.18 and 0.4, respectively. 14.17

Cu(II), Ni(II) and Zn(II) have ail been shown to catalyze hydration of njtriles when

the nitrile is covalently linked to metal coordinating functionalities. 10.18 Hence, 2­

cyanopyridine l8a and 2-cyano-1,10-phenanthroline10 are rapidlyhydrated te their

corresponding amides under mild conditions. Cyanomethyl substituted tetraaza­

cyclotetradecane is hydrolyzed in the presence of Cu(II) or Ni(II).18b Hydration of nitriles

catalyzed hy metal(II) hydroxide shows a 107 to 109 fold rate enhancement over the

hydroxide rate as weil as no funher hydrolysis to their corresponding carboxylir. acids.

lntramolecular auack by the coordinated hydroxide on the pendant non-coordinating nitrile

in cis-[(en12Co(III)(OH)NH2CH2CN-Hg(II)] showed a 1012 fold rate enhancement as

compared with the uncoordinated case at pH 7.19 It is weil known that an intramolecular

reaction can show large rate enhancements over that for an intermolecular process due to

the gain in translational entropy .20

Figure II.2 Hydration of nitriles: metal hydroxide mechanism.

The two mechanisms described above suggest that if both mechanisms are

combined, the rate enhancement would be greater than if each mechanism were operating

15 Buckingham, D. A. in Biological Aspecrs of lnorganic Chemislry; Addison. A. W.; Cullen. WR.; Dolphin, D.;
James, B. R. ElIs.; Wiley : New York, 1976. pl41.
16 a) Chin. J.; Zou. X. J. Am. Chem. Soc. 1984, 106,3687. b) Suh, J.; Han, H. Bioorg. Chem. 1984, 12. 177.
17 Chat"'. E.; Dasgupla. T. P.; Harris. G. M. J. Am. Chem. Soc. 1973. 95. 4169.
18 al Bunard, P. F. P. J. Chem. Soc. (A), 1969, 2140. b) Schibler, W.; Kadcn. T. A. J. Chem. Soc.. Chem.
Commun. 1981. 603.
19 Buckingham, D. A.; Morris, P. Sargeson. A. M.; Zanella. A. J. Am. Chem. Soc. 1977, 16, 1910.
20 Jenèks. W. P. in Adv. Enzymol. lielal. Areas Mol. Biol. 1975,43,219.
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alone. This double activation by metal ion has been tested by Sargeson et al. in a binuclear

dicobalt complex.21

•

..
~

Figure II.3 Intramolecular hydration of coordinated acetonitrile in the binudear Il­
amido-octaammine dicobalt(ID) complex.

Intramolecular attaék of the cobalt bound water at acetonitrile direclly coordinated 10 the

other cobalt yields a stable Il-amido-cobalt comple;; under acidic conditions (pH < 2). A

rate enhancement extrapolated to pH 7 is more lhan 1015 fold over lhat 'ror lhe

uncoordinated substrate, yet compeling dimerization of the calalyst would predominate al

neutral pH.

Despite large increases in the rate of nitrile hydration, no catalytic turnover was

observed with substitUlionally inert Co(II1), Rh(III), Ru(III) and Ir(II1) complexes due to

the formation of a thermodynamically stable amido metal complex. Trogler et al. have

shown that Pt(ll) complexes can catalyze the hydration of simple nitriles such as acetonitrile

and acrylonitrile under basic reflux conditions.?

1
-Pt2+--N5C-CH3

1 (
'OH

Scheme II.2 C:ltalytic hydration of acetonitrile catalyzed by
Pt(II)H(H20)(phosphine)z c

+

21 Curtis, N. J.; Hagen; K. S.; Sargeson, A. M. J. Chem. Soc.. Chem. Commun. 1984, 1571.
"
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The proposed catalytic mechanism involves extemal hydroxide attack fol1owed by proton

transfer from solvating water to the coordinated N-carboxamido group to give the hydration

product (Scheme II.2). The Pt complexes are efficient catalysts for hydration of saturated

niolles, but they are not selective catalysts for the hydration of acrylonitrile. Coordination

of the C-C double bond to the metal complex makes hydration of the double bond feasible

resulting in several side products.7

There are three aspectslto consider in developing a perfect catalyst: reactivity,
"

selectivity, and catalytic tumover:The metal catalysts described above are far frOm perfect

in these respect.\'·, f
\\ Il'

\',

• < '~~-:::::::::'/'
1.2.2 Hyclration of nitriles vs hydrolysis of amides

In the sodium hydroxide solution, the rate of hydration of 2-cyano-l,10­

phenanthroline is only 15 times faster than that of the corresponding amide ta

carboxylates. IO However, the Ni(lI) promOled hydration of the same niolle is accelerated

by a factor of 105 over the hydrolysis of the corresponding amide. lo The rates of alkaliile

hydrolysis of the pentaammine cobalt (III) complexes of acetoniolle2 and DMF22 are 1()6

and 1()4 fold greater than those of the uncoordinated cases respectively. The hydroxide

catalyzed hydrolysis reaction of acetoniolle is 102 times slower than that of DMF. The

reverse reactivities of amide and niolle hydration in the presence of a metal complex over

the uncatalyzed reaction may be due to a different hydrolysis mechanism or different

binding properties of the substrates to the metal. Coordination modes of nitriles and

amides will be described in this section, and the hydrolysis mechanism of amides and its

comparison with that of nitriles will be discussed in part Ill.

Niolle:ê"oinding occurs through tl!e nitrogen with most olvalent metals except low

valent transition metal ions such as Pt(II) and Cu(l), where the metal binds through the CN

olple bond.23 Coordination to the metal through the niolle nitrogen increases the po1arity

of the CN bond making it more susceptible to nucleophilic attack. Trivalent metal ions are

stronger Lewis acids than divalent metal ions.

Amides are potential ambidentate ligands for metal ions. Both N- and O-bonded

linkage isomers of the pentaammine Co(III) and Cr(III) complexes of formamide and

22 Buckingham. D. A.: Hanowford. J. M.; Sargeson. A. M. J. Am. Chem. Soc. 1974. 96. 1726:
23 Collon. F. A.: Wilkinson. G. in Advanced lnorganic Chemislr]; 5th Ed.; John Wiley & Sons: New York.
1988.
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acetamide are known.24•25 It was demonstrated that an O-bonded isomer is formed initially

under mild conditions (kinetic control) and subsequently rearranges with release of a prolOn

to the N-bonded isomer.26

Q

.
•

/R
M-NH-C

~o

1';.._.

Coordination of amides to the metal ion occurs through amide oxygen since the basicity of

the carbonyl oxygen in free amide is greater than that of the free amide nitrogen (pKa• -1 vs

_8).27 Addition of a positive charge to amide oxygen polarizes the carbonyl bond which

makes the carbonyl carbon more suscep~ble to nucleophilic attack. Although metal binding

through nitrogen of neutral amides is much weaker than through oxygen, substitution of N

bound hydrogen by a metal ion would create a monger bond. It has been shown that the

pKa of an amide NB is lowered by II to 12 units upon coordination to trivalent metals

such as Ru, Co, Rh, and 1r.2.24.28 With divalent metals such as Cu, Zn, and Ni, this

effect is somewhat reduced to 3 10 7 pKa units.23 This pKa lowering effect plays an

imponant raie in metal mediated hydrolysis of amides since it is known that coordination of

amide nitrogen to metal ions actually inhibits amide hydrolysis. These aspects will be

funher discussed in pan III.

24 Ba18hura, R. J.; Jordan. R. B. J. Am. Chem. Soc. 1970. 92. 1533.
25 Guadada, P.; Lawrance, G. A.; Eldik, R.V./norg. Chem. 1989, 28, 976.
26 Angel, R. L.; Fairlie, D. P.; Jackson. W. G./norg. Chem. 1990, 29, 20.

.0='2'} Siegel, H.; Martin, R. B. Chem. Rey. 1982, .~2. 385. ·C

'O\,,~8 pinnen, D.; Wright, G. B.; Jordan, R. B. J. Am. Chem. Soc. 1972, 94, 6104.

>



(

c
.----.:;:.

64
1.3 Plan of Study

Recently it has been shown mat cis-diaqua cobalt complexes of upn and cyclen are

highly efficient at catalyzing t~e hydrolysis of unactivated esters such as methyl acetate.29

Hydrolysis of amides and nitriles pose an even greater challenge than the hydrolysis of

esters, since amide and nitriles are thousands of times more stable than esters. There are

many examples of me,tal ion promoted or catalyzed reactions of amides and nitriles.' Most

studies have involved substrates which are directly coordinated or connected through the

ligand to the metal ion and no catalytic turnover has been observed Î!J the model systems.

i,!
j"_ l,. <_

My researchpléiii is to study the mechanism of nitrile hydration catalyzed by the

cobalt complexes of cyclen and its derivatives. We are also interested in testing their

efficiencyon a variety of nitriles such as acrylonitrile for synthetic applications. Detailed

mechanistic and binding studies will give valuable infonnation concerning the development

of catalysts that hydrolyze amides.

c
2~~-:1f' J.; Banaszczyk. M. J, Am. Chem. Soc. 1989. 111. 2724.
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2 RESULTS

2.1 Kinetics

2.1.1 Co(III) complex catalyzed hydration of acetonitriIe

The rate constants for vanous Co(lII) complexes catalyzed hydration of acelonitrile
are listed in Table II.!.

Table II.1 First order rate constants for the hydration of acetonitrile in the
presence of Co(llI) complexes at pH 7.

Catalysts k (sec· t )

(rrpn)Co(IlI)(OH2)(OH) a.b 6 x 10,3

(cyclen)Co(1lI)(OH2)(OH) b 3.2 x 10,4

(tren)Co(IlI)(OH2)(OH) b 2.1 x lO's

''l'\'è. (NH3)sGofIll)(NCCH3) c 304 x 10,7..
NaOH d 1.6 x 10,13

rel.rate

,
6 x 10-

5 X 10.7

a) ligand deligation accurs arter gÎ\'ing 3 turnovers. b) pseudo.r1I5l order ratc conslant

al [Col 10 mM. [CH3CN] O.S M. and pD 7 and 40 Oc. cl al pH 7. 2SoC ref:
D.A. Buckingham. F. R. Keene. and A.M. Sargeson. J. Am. Chem. Soc. 95.S649 (1973)
d) 2S oC. calculatcd from Ù1C second arder rate constanl, Tef: as same as abovc

At neutral pH, (cyclen)Co(1ll)(OH)(OH2) (JO mM) gives a 109fold rate acceleration over
;

the hydroxide rate. The rrpn c0(l1plex is slightly more reactive than the cyclen complex in

hydrating nitriles, but ligand deligation is taking place during the reaction. Product amide

formation wa5 monitored by \H NMR (Fig. lIA) and peak integration was used as a direct

measure of product concentration. The data were fit according to a first order kinelic

equation (R >0.98). Ali the data reported represent an average value of at least three runs.

The kinetic runs were reproducible within 5 % error.

F'··';'
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Figure II.4 IH NMR spectrum ofhydration ofacelonitrile catalyzed by

(cyclen)Co(III)(OH)(OH2) al pD 7 ,40 oC; a) t = 0, b)t = 5.5 br, c) t =
23 br: 0 = t-8uOH(reference), 6. = acetamide, and v= acelonitrile.
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2.1. 2 pD.Rate profile

The pD-rate profile for the cyclen complex catalyzed hydration of acetonitrile is

shown in Fig. 11.5. The observed pseudo tirst order rate constant for the amide production

is given by eq 2.1.

kobl = k [ReN]
K1 [H·]

--_"':"":'-:.:"--.---;2:--- eq 2.1
K1K2 + K1 [H ] + [H ]

where k is the second order rate constant for (cyclen)Co(II1)(OH)(OH2) catalyzed

hydration of CH3CN and KI and K2 are the first and second acid dissociation constants of

the cobalt bound water molecules. The data (Table II.2) were fit according to eq 2,'] with

an iterati~e non linearJeast squares curve fitting program* (KI =5.5, K2 =7.2, and k =
\ '

3.8 x 10-4 M-I sec-I ). The data points are averages from at least two kinetic runs.

Table II.2 Observed second order rate constants for the hydration of acetonitrile
catalyzed by the cyclen complex at different pD, 40 oc.

~, ..'";J;';

pD k x 104 (M·.1sec· l
) pD k x 104 (M· I

SfC·
l
)

"' 4.35 0.34 6.40 3.43

5.00 0.79 6.95 2.38

5.65 1.97 7.20 1.97

6.00 2.72 7.95 1.14

a) (Co] 10 mM. (CH3CN] 0.1 M, and al 40°C

"\

* Ka/eidograph. version 2.0.2, developed by Abelbeck software.
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Figure ILS pD-rate profile for the hydration of acetonitrile (O.1M) catalyzed by
(cyclen)Co(III)(OH2)2 (10 mM) at 40 oc.
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2.1.3 Dependence of acetonitrile hydration rate on the concentration of

Co(III) complex

The rate of acetonitrile hydration shows a first order dependence on the catalyst

concentration under the experimental conditions used. A plot of the rate vs concentration of

the cobalt complex (Fig. 11.6) gives a straight line up to 10 mM concentration of the cyclen

complex.

2.1.4 Dependence of' acetonitrile hydration
~, acetonitrile

rate on the concentration of
'.

The hydration of acetonitrl1e catalyzed by (cyclen)Co(IlI)(OH)(OH2) isïnitially first

order with respect to:tne nitrile concentration arid becomes independent at high nitrile .

·concentrations. (Fig. II.7). The observed pseudo zero order kinetics for turnover of the

cycle,n complex in the presence of excess nitrile confirms the catalytic reaction. A

maximum rate constant of,4 x lO-4. sec·l was obt/!ined from the Eadie-Hofstee plot (v.= C,.

Vmax-Kmv/[nitfileJ),30

30 al Fersht. A. in Enzyme SIr"Cl.,e and Mechanism. 2nd Ed.; W. H. Freeman and Company" New York. 1985. b)
Moore, 1.; Pearson. R. G. in Kinerics and Mechanism,-,1rd Ed.; \"ilely: New York>J981.

-:. ." ',- ,.,- ,.:: j:' " '" - li
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Figure II.6 D<:pendence of the Tate of acetonitri!e (0.2 M) hydration catalyzed by

(cyclen)Co(IlI)(OH)(OH2) on the catalyst concentration [Co], at pD 7 and
40 oC.
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Figure II.7 Dependence of the rate of acetonitrile hydration catalyzed by
(cyclen)Co(IlI)(OH)(OH2) on the concentration of acetonitrile at lCo] 10
mM, pD 7, and 40 oc.
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2.1. S Equilibrium binding c,'mstant of acetonitrile to cobalt complexes

The equilibrium binding of acetonitrile to (cyclen)Co(III)(OH2h was monitored at
460 nm under pseudo flfst order conditions at pD 2 (Fig n.8). Absorbance changes are

due to binding of acetonitrile to the cyclen complex since the subsequent hydration is slow
under the experimental conditions. Figure II-14 shows the l3C NMR spectrum obtained
from acetonitrile and the cobalt complex at' pD 2 showing that there is no diadducl

formation.

k. 1

(

The rate for the attainment of equilibrium is given by eq 2.2.31

~.

Rate .,:: (k1 [CH 3CN] + k .1) [Co] =k10
bs [Co] ...... eq 2.2

where k[CH3CN] and k are :he forward and reverse first·Otder rate constants.

Figure II.S UVNIS spectrum fOt acetonitrile (0.5 M) binding to (cyclen)Co(Il)(OH2)2
é.(lOm.M) at pD 2, 40 oC ; plot every 50 sec, ref: catalyst solution.

.'
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1
D

.. '[
. . . d-.' , . . .

~
~ ..,

~ fil ~ !I ~ ~ ~•
''''VELENCTH (na)

31 Wi11tins, R. G. in Th. SIMdy of Kinelics and Mechanism of R"Clions of Transilion Mt/al CÔtnplexes; Allyn
and Bacon. lne.: Boston, 1974.

l' ::..' ;-.,
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A plot of pseudo first order rate constants, k] obs for the approach to equilibrium vs

acetonitrile concentration is shown in Fig II.9. The data were fit according to eq 2 with a

linear least squares analysis of the plot (R > 0.97). The slope (kil and the intercept (k.])

are 1.33 x 10-3M-] sec'] and 2.28 x 10-3 sec-l, respectively. Kcq (kl / k.l) for binding of

acet'onitrile 10 (cyclen)Co(III)(OH2)2 is then 0.58 M-] at pD 2 and 25 oC.

Figure Il.9 Plot of kobs (sec' 1) vs [èH3CN] (M) at (cyclen)Co(I1I)(OH)(OH)2
(la mM), pD 7 and 25 oc.
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2.1. 6 Co(III) complex catalyzed formation of chelated amides.

The rate constants for the accumülation of'intermediate II by the cyclen and the

'~llncyclen complexes were obtained under pseudo flfst order conditions. The reactions were

followed by UVNIS SpeClTOscopy at 500 and 600 nm, respectively.

Co. + CHaCN
K---- CO(NCCHa)

1

H
N

Co(NHCOCHa) + co<:. >-CHa
. 0 .

11
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Figure n.10 (a) shows the change in the UVMS spectrum during hydration at pD 7. The

spectra, which were recorded for the fust 180 sec, suggesl that the initial nitrile binding is

rapid (Fig. n.10, b).

Figure n.lO uvMS spectra for the hydration of acetonitrile (0.5 M) catalyzed by
(cyclen)Co(lll)(OH)(OH2) (l0 mM) al pD 7, 40 oC ; a) plot every 70 sec
for 1500 sec, b) replot of (a) for fusl 180 sec ref: catalyst solution.
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The absorbance change is due to the fonnation of a chelated acetamide produced as a result

of the hydration reaction. The chelated acetamide to the trncyc1en complex was isolated by

reacting acetonitrile with the trncyclen complex. The UVNIS spectrum of the species

produced from the hydration reaction is identical to that of the isolated chelate. The pseudo

fust order rate constants for the accumulation of the acetamido complex are shown in Table

II.3. The rate constants increase as the concentration of acetonitrile increases.

Table II.3 Observed pseudo-frrst ordJ;:r rate constants (kobs x 103 sec- I) for the
accumulation ofintennediate II, [(L)Co(NHCOCH3)]2+ at [Co] 10 mM, pD
7 and 40 °C a.

[CH3CNI (M) cyclen trncyclen b

0.09 0.90

0.19 0.84

0.28 1.79 1.06

~ 0.38· 1.25....
..... ,

0.47 2.56

0.56 1.48

0.65 3.12

0.91 1.9

a) lcyclenCo110 mM, rxn folll:/:j al 500 nm . ,,'
b) rote constants wcre obtained by multiplying a falar of 2 10 the rau: constants oblaincd

when (Col 5 mM used ( the rate increases linearly with increasing (CoD
the reaction was followed al 600 nm.
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( Figure II.1l The plot of (kobst l (sec) vs [CH3CNr1 (M,l).
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The data were fit according to eq 2.3 and analyzcd by using a linear least squares method

(R > 0.99).

Rate = . eq 2.3

where k20bs = (K x k2 [CH3CN]) 1(1+ K[CH3CN]). A plot of (k20bst! vs [CH3CNj-!

gives an intercept k2,J and a slope (K x k2)-1. The first order rate constants k2 (4.69 xlO-4

sec·1 and 2.75 x 10-3 sec-I) and the equiIibrium binding constants Keq (2.5 M-! and 2.3 M­

I ) for the cyclen and the trncyclen complexes werc obtainr.d at pD 7 and 40 oc.

2.1.7 Equilibrium chelation of acetamide to Co(III) complex

.K
•

o

+ co<;>-
H

The equilibrium constant for binding of acetamide to the cyclen aquâ'hY~roxy

complex W8S measured in the same way used as for acetonitrile (section 2.1.5). The

formation of a bidentate amide was followed at 560 nm by varying the acetamidec
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concentration. The data were analyzed according to eq 2.2 by using a linear least squares

method. From the plot of kobs vs [amide] (Fig. II.12), the equilibrium constant for

acetamide binding to the aqua hydroxy cyclen complex is obtained as 2 M·l (kl =6.28 x

10.4 M·I sec· l , k.1 = 3.35 x 10-4 sec·1 al [Co] = 5 mM, pD 7 and 40 oC). The intensity

ratio of bidentate vs monodentate species is more than 7:1, according to the I3C NMR

specoum taken in the presence of excess acetamide.

Figure II.12 Plot of kobs(sec· l ) vs [Acetamide] (M) at [Co] 5 mM, pD 7,40 oC.
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2.1. 8 Hydration of acrylonitrile and other nitriles

(Cyclen)Co(III)(OH)(OH2) catalyzed hydration of acrylonitrile to acrylamig'~ was

followed by IH NMR (Ffg.lI.l3). There was no indication of side product formation.

The presence of ~-cyanoethanol, the double bond hydration product, was exami.ned by

GC. The cyclen complex is also an efficient catalysl for hydrating hinder~d nitriles.

Trimethyl acetonitrile and benzonitrile are efficiently hydrated to their corresponding amides

(Table,II.4).

/.-:
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Figure n.13 1H NMR specoum of hydration of acrylonitrile catalyzed by

(cyclen)Co(ll)(OH)(OH2) al pD 6.8 , 40 0 C; a) 1 = 0, b) 1 = 3.5 hr, and
c) 1 = 20 hr.
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Table II.4 The efficient !iydration of various nitriles catalyzed by
(cyclen)Co(Ill)(OH)(OH2) at pD 7.0 and 80 oc.

nitrile product· time

CH3CN CH3CONH2 35 min

+CN +CONH2 · '120 mïn

o-CN b
. o-CONH2 40 min

a) [cyclenColJO mM. [nilrile] JOOmM

b) slightly miscible wilh water and upon cooling producl benzamidc is prccipitatcd oUl.

2.2 Binding of Nitriles and Amides

2.2.1. Binding of acetonitrile and acetamide to Co(III) complexes at pH<3

Binding srudies of 13Cl1abelled acetonitri1e to the cyclen comp1ex were carried out

at low pH to avoid the hydration reaction. Two signais (134.9 and '135.0 ppm) in I3C

NMR are observed under the experimental conditions. These peaks correspond to the

nitrile carbons bound to the cobalt in a monodentate fashion. 1t is known that two

equatoria1 sites of the cyclen complex are different due to an asymmetricpositioning (syn,

anti) of the two se'condar)" amine protons trans to them «Jv).32~3cThechemical shift of syn

and anti protons are different enough to give separate signais because of asymmetric

hydrogen bonding. Both the tmcyclen and the mcyclen complexes display the same

binding patterns with acetonitrile. Binding of acetamide·to the cobalt complexes can not be

studied by using 13C NMR spectroscopy. Even at high concentration of acetarnide (O.2M),

signais were not detectable within th~ l3C NMR derection limit .

32 Nakazawa, H.; Sakaguchi, U.; Yoneda, H.; Morimolo. y, lna'g. Chem. 1981. 20, 973.

33 Sosa, M. E.; Tobe, M. L. J. Chem. Soc., :001'0' T,ans. 1985. 475.



Figure II.14 l3C NMR of CH3C*N (O.OSM) and (cyclen)Co(III)(OH2)2
(O.OSM), at pD 2 and 2S oC: v = free acetonitrile.
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2.2.2 Binding of acetamide and acetonitrile to Co(Ill) complexesat neutral
pH

Acetonitrile, initially bound to the cyclen complex, undergoes rapid hydration

producing several intermediates and eventually free amide (Fig.lI.lS-a). Both acetonitrile

and acetarnide in the presence of the cyclen complex each produce three new signaIs at

188.0,189.2, and 189.3 ppm. The peak at 178.0 ppm in FigurelI.lS corresponds to the

free acetarnide. Binding of acetonitrile to the trncyclen complex gives two new signaIs at

190.2 and 190.8ppm (Fig.1I.1S-c), while binding of acetamide to the trncyclen complex

,", produces only one signal at 186.8 ppm (Fig.lI.lS-d).
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Figure D.IS l3C NMR spectra of (cyclen)Co(II1)(OH)(OH2) with a) 1:1 CH3c*N (50

mM), b) 1: 2 CH3c*ONH2 (50 mM); (nncyclen)Co(Ill)(OH)(OH2) with c)
1:1 CH3C'N (20 mM), d) 1:2 CH3C'ONH2 (5OmM), al25 oC, pD 6.4.:

v = free acetonitrile and - =free acetaJhide.
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2.3 Crystal Structure of a Chelated Benzarnide 10 [(trncycIen)Co(OHz)z]3+

The crystal structure of [(T\2-N,O-benzamide)(lmcyc1en)Co(IIl)](CI04)z·2H20 is

shown in Figure 11.16. The bond angl~~~:bond distances, and other parameters are listed in

Appendix A.

Figure II.16 Perspective ORTEP drawing of the [(T\2-N,O·benzamide)(trncyclen)
Co(III)](CI0412·2H20. Nonhydrogen atoms are represented by thermal
vibration ellipsoids drawn 10 encompass 50 % of electron density;
hydrogen atoms are omitted for c1arity.~·, ...
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3 DISCUSSION

,
3,1 Binding of Acetonitrile and Acelamide 10 Co(llI) complexes

Scheme lU shows possible intennediates i'roduced from the coordination of
acelOnitrile and acetamide to the diaqua cobalt complex. Species, l, III, IV and VI each

have two conformational isomers due lO nonequivalent environment of the two cobalt

bound water molecules.32•33

~

:.J;

H
/OH(H) step a /OH(H) step b /N)--=Co, ~ Co - Co,,-

OH2 "NCCH. pH,,3 0

III
+

NCCH. 1~
+ 0

"

/NCCH.
/NHCCH.

Co"
Co OH2

"NCCH. IV

Il
+

V

step c /OH(H) 0
-= co,,- + CH.ëNH2
pH,,3 OH2

11 pH,;3 step d

/OH2
Co, ,NH2

O=C'CH.

VI

+
CH.,

/O=C(NH2)
Co,

O=~(NH2)

CH.

VII

Scheme Il.3 Binding of acelOninile and acetamide lO the cobalt complex and the
possible coordination species. .

13C NMR Can be a useful lOollO identify the coordination products lU metal ions since

coordination to the metal causes large chemical shift changes for the nitrile carbon or the

amide carbonyl carbon. Binding of acetonitrile and acetamide lO the cobalt complexes of

cyclen and tmcyclen will be discussed in this section.

The equilibrium binding of acelOnitrile to the cyclen and the tmcyclen complexes

was carried out at pD 2 free from the subsequent hydration reaction (step a in Scheme

lU), Complêxation of acetonitrile to the cyclen complex produces a characteristic

absorbance change inUVNIS specrroscopy and the cobalt bound nitriles were detected by

\
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l3C NMR (Fig. 11.11). Two new signals, apPf'~Th'g downfield relatively to free acetonitrile

by ca. 13 ppm, correspond 10 two singly bound acetonitriles. [(tren)Co(III)(NCCH3hl

has been synthesized but chemical shifts of coordinated acetonitrile have never been
reponed due 10 rapid solvolysis.34 Vnder the same conditions (pD 2), complexation of

acetamide 10 the cobalt complexes was not observed (step ct in Scheme 11.3) due 10, in
pan, low detection limit of l3C NMR. There is no difference in the l3C NMR spectrum

between the two cobalt complexes in complexation of acetonitrile and acetamide under the
eipeniTIental conditions used (pD 2).

Complexation of acetonitrile to the cobalt complexes at neurral pH is accompanied
by the hydration reaction (step b in Scheme 11.3). Acetonitrile in the pr~sence of the

cyclen complex'produces four new signais including that of free acetamide.in l3C NMR.

The same signals are observed separately by staning with acetamide. Co~plexation of

acetamide to the cyclen complex produces three new peaks identical to those obtained from
the reaction with acetonitrile. It is known that binding of amides 10 cobalt complexes is

followed by deprotollation of the amide NH proton and it shifts the equilibriu:" in favour of

formation of the thermodynamically stable amido metal complexes.Several amide bound

pentaammine metal(III) complexes have been synthesized and characteri7.ed.23 The singly

bound amides to cobalt complexes usually have l3C NMR chemical shifts at 510 10 ppm

downfield relative to their corresponding free amide in DMSO-d6. The chemical shifts of

the observed signais from complexation of acetonitrile and acetamide 10 th~ cyclen complex

in D20 are approximately in about the same range as that for a singly bound amide anion in

DMSO-d6.

Complexation of acetonitrile to the tmcyclen complex under the experimental

conditions used (pD 7) gives two signals at 190.2 and 190.8 ppm. In conrrast to the cyclen

complex, there is no indication of acetamide production. This is consistent with the

observed experimental data showing no catalytic turnover for the tmcyclen complex

mediated hydration. Interestingly, complexation of acetamide to the tmcyclen complex,

produces only one new signal upfield to those found from the reaction with acetonitrile.

This signal at 186.8 ppm must be due to the singly bound amide. The signals appearing at

190.2 and 190.8 ppm from the tmcyclen complex promoted acetonitrile hydration (Fig.

TI.l5-c) should correspond to the species that are more delocali7.ed than the cobalt bound

monodentate acetamide anion. They can not be due te a doubly bound amide since the

corresponding signal would be shifted upfield with respect to that of singly bound

34 Cunis, N.l.: Lawrance. G. A. J. Ch.m. Soc.. Val'on 'l'l'ans. 1985, 1923.
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monodentate amides.35 It is weil accepted that the linkage isomerization of the 0- to the N
bonded amide occurs intramolecularly through formation of a ,,2-N,0-amido metal(III)

complex at the transition state. 25,36 This, along with 13C NMR data, suggests that it might

be possible to !Tap a chelated amide with an appropriate metal complex. The signals at
190.2 and 190.8ppm (Fig.II.15-c) can be assigned to the N,O chelated acetamides.

Signals obtained from the cyclen complex with acelOnitrile and acetamide at 189.2 and

18ryJ ppm can then be assigned 10 a chelate and the signal at 188.0 ppm to a singly bound

amide (Fig.Il.15-a).

The reason why the uncyc1en complex forrns a chelate with acelOnitrile but not with

acetamide could be explained as follows: Linear molecules such as acetonitrile react with

the tmcyc1en complex and a chelate is fonnedafter the hydration reaction. To form a

chelate from the product amide, initially bound acetamide through the nitrogen lone pair has
to be deprotonated and rotate to be in the crv plane. This type of rotaüon appears 10 be

restricted in the tmcyclen complex due 10 the interaction belween the hycl.rogen atom on the

deprotonated amide nitrogen and the two methyl group on. the ligand~Forcomparison, the

tmcyclen complex readily forms a chelate with acetate (pa:! 1). The revers~è:onformational
change is required for the dissociation of the chelated acetamide from the cobalt complex.

There appears to exist only a small rotational barrier for the formation and dissociation of a

chelated amide to the cyc1en complex.

3.2 Crystal Structure of [(,,2-N,O.benzarnide)(trncyclen)Co(III)]2+ complex

Chelated amides.are quâiltitatively formed by reacting the tmcyclen complex with

nitriles. A purple mulfifaceted crystal ',lias obtained by reacting the tmcyclen complex with

benzonitrile. Although the X-ray structure of four-membered ring chelates of carbonate37,

acetate38, and phosphate39 are known, this is the flTst time the X-ray structure of an amide

chelated to the metal complex has been obtained.

35 Banaszczyk, M. Ph. D. Thesis. McGill University 1989.
36 Cunis, N. J.; Di.on. N. E.; Sargeson, A. M. J. Am. Chem. 50c.1983, lOS. 5347.
37 Nitderhoffer, E. C.: MarteU, A. E.; Rudolf. P.; Clearfield, A./norg. Chem.1982, 21, 3734.
38 a) Banaszczyk. M. Pl•. D. Thesis, McGill University 1989. b) this study, sec e.perimenta! section 3.4.
39 Anderson, B.: Milburn. R. M.; Sargeson. A. M. J. Am. Chem. Soc. 1977. 99. 2654.
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Figure II.17 Two possible isomers for the chelated acetamide to the tmcyclen complex.

The ,,2 benzamide metal(III) complex could have at least two possible isomers. While

maintaining ils symmetry (crv), the amide NH can face or antï-face the ligand NH in the

mirror plane,' Interestingly, the isolated complex produces only one carbonyl carbon signal

in the 13CNMR obtained in a nonpolar solvent such as dichloromethane, whereas il shows

two signais in polar solvents such as 020 or OMSO-d6 (pan IV). Studies on
(cyclen)Co(Il)Ch showed that extensive exchange takes place between the solvent 020

and protons on the nitrogen trans to the coordinated water.32 The calculated R-factors of

the two isomers differ by about 0.5.40 Upon crys:aIlization. the equilibrium shifts in favor

of the anti isomer.
Compared to the conformation of otCo)' ,,2-cobalt complexes, the N-C-O bond

angle[68.2(3)0] in t,he chelated amide is similar to the O-C-O angle in (,,2_C03)
Co(ll)(tmcyclen) [68:6(2)0]41 and in (,,2_C03)Co(Il)(trpn) [67.38°).42 The bond length

of Co(III) tO amide N in the chelate is much sh,mer (1.895 Â) than those found in
pentaammine "lcJ,cetamid04~::ùr ~Lacetamido cobalt complexes (1.91(8)-1.92(2)Â).21

The amide C-O bond length is 1.28(l)Â which is somewhat longer than those of an
isolated carbonyl group (1.23Â) and the ,,1-complex (1.26(12)Â), and close to that of the

~Lcomplex. OveralI, the amide bond in the ,,2-cobalt complex is more delocalized than in

the "Lcomplex. but about the same as in the ~Lcomplex.

In conclusion, 13C NMR binding studies wilh labeled substrates and X-ray

crystallography data prùvided useful information for the elucidation of the catalytic

mechanism of nitrile hyclration as well as for structure identification.

40 Stout, G. H.; Jensen, L. H. in X·ray SIr",lure Determinal;"n, 2nd Ed.; Wiely: New York, 1989 pp 229:230. R

rrepresents the =U1ess of lit with the model used. R = Residuallndex dermed as R= II6I'11 IIF l, where 161'1 =
o

IF 1- F 1. IF 1is the scaledobserved structure amplitude, IF 1 is the calculated structure amplitude.o c 0 c
41 Giusti. J.; Chimichi, 5.; Ciampolini, M. lnorg. Chim. Acta 1984, 88, 51.
4238 al
43 Schneider, M. L.; Fergeson, G.; Balahura, R. J. Con, J. Chem.1973, 51, 2180.
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3.3 Mechanism

3.3.1 Hydration of acetonitrile catalyzed by [(cyclen)Co(OH2h13+

'.'

(Cyclen)Co(ill)(OH)(OH2) is the most efficient catalyst for hydration of nitriles to

the corresponding amides (Table n.l). It has been shown that the trpn complex forms the
four membered ring intermediates with phosphates44 and acetates45 more readily than the
cyclen complex. The trpn complex catalyzes the hydration of acetonitrile faster than the
cyclen complex, but it stans to decompose after initial reaction due to amide promoted
deligation of the terraamine ligand. Amide promoted deligation of Co(ill)-amine complexes
is a known phenomenon.46 Deligation does not take place with the cyclen complex,

." apparently beç!luse the cyclic terraamine ligand binds very tightly to the cobalt ion.

-
The mechanism proposed for the nitrile hydration based on the pH-rate profile is

~,shown in Scheme lIA.

Scheme 11.4
'..1

.......OH Kz
(N.)CO .......

OH.

k 1 CH3CN

o
"CH3CNH.

The bell shaped pH profile suggest that the cobalt aqua-hydroxy foBn is the active species

that catalyzes the hydration of acetonitrile. The pH-rate profilé data can be fit to the

expression shown in eq 3.1.

44Chin. J.; 8ana..czyk. M.: Jubian. v.: Zou. X. J. Am. Ch,m. 500.1989. 111. 186.
45 ... pan 1.•ection 2.3 .
46 a) te! 12 .h) Tobe, M. L.in Advanud in /norgQ1lic and Bioorganic Mechanisms: Sykes. A. G. Ed.: Acad~mic
Press: London. 1983. Vol. 2. p.,l.



Rate = k [Co(OH)(OH)2l [RCN] ..............eq 3.1
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where k is the second order rate constant for nitrile hydration catalyzed by the aqua­

hydroxy species. The cobalt comple,x exists in three different prolOnation states and the

acid dissociation constants Kt and K2 are given by eq 3.2.

" [Co(OH)(OH2)] [H+]

(Co(OH2)2l

[CO(OH)2J [H+]

[Co(OH)(OH2lJ

The total concentration of the cobalt complex, [Cohot> can be (~ilressed byeq 3.3.

[CO]tot = [Co(OH2izl+ (Co(OH)[OH2)] + [Co(OH)2l ..............eq 3.3

By substituting eq 3.2 inlO eq 3.3, [Colto t can be expressed as a function of the

concentration of the aqua-hydroxy species.

.. eq 3.4

By substituting eq 3.4 into eq 3.1, the rate can be.,expressed as a function of the Jotal ;:-, >
catalyst concentration.

Rate = k K,[H+] [Co]tot [RCN] eq 3.5
+ +2K, K2 + K,[H ]+ [H J

Therefore, the pseudo first order rate constant, kobs, is expressed in eq. 3.6.

Rate = kobs [COllot

..............eq 3.6

J!
ii

As proposed for the metal complex promoted hydrolysis of phosphate esters· ,

there can be three possible mechanisms involved in the cyclen complex catalyzed hydration

of acetonitrile.

':.

.:
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Figure 11.18 Three possible mechanisms for the cobalt complex catalyzed
hydration of acetonitrile.

The flTSt mechanism (A) involves intermolecular hydroxide atlack which can be easily ruled .

out according to Table II.I. If mechanism A is correct, aU complexes compared should
give the same rate for nitrile hydration since the basicities of metal hydroxides are about the
same. The second mechanism (B) involves coordination of acetonitrile foUowed by

intermolecular hydroxide allack. The third mechanism (C) involves coordination of
Il

acetonitrile foUowed by intramolecular:hydroxide allack. The pseudo fust order rater

constant for the hydratioil of [(NH3)SCO(II1)NCCH3)] in water to give the acetamide
bound cobalt complex is 3.4 x 10.7 sec') at pH 7.0 and 25 OC.2 If the second mechanism
is correct, the expected maximum rate of product formation for the cyclen complex (0.01M)

catalyzed hydration of acetonitrile (O.5M) is 3.4 x 10.9 M sec'). This is too slow to
account for the observed rate of product formation (3.2 x 10-6 M sec')). Furthermore,
hydroxide catalyzed hydration of [(NH3)SCO(III)(NCCH3)] is accompanied by proton
exchange for the methyl group.2 For the acetol)itrile complexes of pentaammine Co(III),
Rh(III), and Ir(III). 35% of the protium labl!i;às lostto solvent during the hydrolysis in

0.5M NaOO solution. ll ln sharpcontrast. fue cyclen complex catalyzed hydration of
acetonitrile does not show any proton exchange for the methyl group. The third
mechanism C is consistent with the observed rate enhancement as weil as the lack of any

proton exchange for the methyl group. Above ail, the strongest evidence for mechanism C
is the formation of a chelated amide duringthe hydrolysis. As discussed in the previous
section 3.1, the rmcyclen complex forms the chelated acetarnide reacting with acetonitrile,

but not with acetarnide. This is due to unfavorable interconversion of the singly bound

acetarnide caused by two methyl groups (Fig. n.19).

::::
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Figure II.19 Restricted interconversion of a che1:ncd amide to a monodentate amide,

Both mechanisms A and B lead to the initial formation of a singly coordinateùacetamide.
whereas mechanism C leads .directly to the chelated acetamide. Since chelated acetamide
can not be formed from singly coordinated acetamide, mechan';~{ms A and B must be

incorrect. The wcyclen complex should hydrate nitriles by the same mechanism as the
cyclen complex since they have comparable reactivities for the chelated amide formation
(section 2.1.6). We therefore propose that mechanism C is correct. Related mechanisms

'.involving intramolecular metal hydroxide attack on the metal coordinated substrates have
be{,n proposed for Co(rn) complex promoted hydrolysis of phosphate mono·, di·, and trië
esters as weil as for carboxylate esters.47 ",,,","

-;
It was mentioned that hydration of nitriles by various metal(IIl) complexes is

stoichiometric rather than catalytic because the catalyst forms a stable àmide metal complex.
However, hydration of nitriles mediated by the cyclen complex is catalytic. A catalytic
mechanism consistent with aIl of our experimental observations is given in Scheme Il.S. '

The catalytic mechanism involves (a) equilibriumcoordi.'1ation.ofacetonitrile to the cobalt

complex (kj / k.1l followed by (b)conversion ofthecobalt bound nitrile to the chelated
amide (k2) and (s) expulsion of the amide from the cobalt complex (k3).'Thdir'Srstep (kl,

LI) is l'aster than tl}~ second step (k2) which in tum \s l'aster. t!lan the third step (k3' k.3).
"-;

As shown below, ail of the rate constants in Scheme ILS can be measured.
-'<..:.:--.--

47 Chin, J. Ace. CMm, Res. 1991. 24, 145.



( Scheme II.S Catalytic cycle for the hydration of acetonitrile by
(cyclen)Co(ID)(OH)(OH2) at pD 7.
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The first step of the catalytic cycle involves coordination of acetonitrile to the cobalt
complex. The fust and second pK. values of the two cobalt bound water molecules in the

cyclen complex are 5.4 and 7.9. Hydration of nitriles takes place at a pH in between the
two pK. values indicating that the active form of the catalyst is the aqua hydroxy form
(section 2.1.2). At-pD 2, complexation of acetonitrile to the cyclen cobalt complex was

\"\

monitored by UVNIS methods free from the' hydration reaction.
The rate of exchange of the cobalt bound water molecules in the cyclen complex

increases with increasing pH. Hence the rate of complexation and dissociation of
acetonitrile also increases with increasing pH. A plot of klobs vs [CH3CN] gives a straight

tine wilh a slope that corresponds to kt.and an intercept that correspo~,ds to k-l (section
2.1.5). 'The equilibrium constan't for the complexation of acetonitrile to the cyclen complex
is 0.6 M-I. This sho;.vs that. mole per mole. acetonitrile has a higher affmity than water for

the cobalt complex even though acetonitrile is over ten orders of magnitude less basic than
"water.48

Complexation of acetonitrile 10 the cyclen complex could also be detected by l3C
NMR. Addition of acetonitrile to a solution of the cyclen complex at pD 2 gives rise to

three nitrile-carbon signaIs. which correspond to free and two singly bound acetonitriles

(section 2.2.1). Under the experimental conditions. either of the two. but not both

•
48 Dena. N. C.; Gaugler. R. W.; WisolSky. M. J. J. Org. Chem.1966. 31. 1967.
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coordinated water molecules in the cyclen complex can be replaced by acetoninile (section
3.1).

The second step of the catalytic cycle involves intrarnolecular nucleophilic anack of

coordinated hycièoxid~ on the coordinated nitrile. The acetoninile hydration catalyzed by
the cyclen complex was monitored by l3C and !H NMR. It was shown that the

concentration of the chelated amide accumulates to sau:ation before any free amide can be
detected. The rate deterrnining step must be the release of the amide from the chelate.

Conversion of free acetoninile to the chelated amide was monitored by UVNIS methods
(section 2.1.6). From a plot ofk2obs vs [CH3CN], K = 2.5 M-! and k2 = 4.7 x 10.3 sec'\

were obtained. It appears that acetonitrile binds more tightly to the aqua hydroxy form of

the cyclen complex than to the diaqua form. It should also be noted that the aqua hydroxy

fonn undergoes ligand exchange more rapidly than the diaqua fonn.

Fonnation of chelated acetamide from the tmcyclen complex and acetoninile can

aIso be monitored by UVNIS methods and analyzed by using eq 2.3 (section 2.1.6). Both
K (2.3 M-!) and k2 (2.8 x 10.3sec'!) values for the tmcyclen complex are comparable to

<

those for the cyclen complex. This is consistent with the proposed bifunctional mechanism

since they have comparable reactivities for the chelated amide formation.

The last step of the catalytic cycle involves protonation followed by dissociation of

the cobalt bound acetamide to yield the free amide. At high concentration of acetoninile,

the rate of formation of the free amide as detected by 1H NMR is zero oroer with respect to

the acetonitriIe concentration. This is because the cobalt complex has been saturated in the

chelated fonn. The maximum rate (Fig. II.7) is then given by k3[Coltol where [COltol is

the total cobalt complex concentration. An Eadie-Hofstee plot of the steady state data gives

a k3,of 4.0 x 10-4 sec'!. The rate constants for the complexation of acetamide, k3 and k'3'
were also obtained by monitoring the equilibrium chelation of acetamide to the cyclen

compl~;{at nèutral pH by UVNIS methods (section 2.1.7). An intercept, k3 [3.3 ;; 10-4
1(-· , -,

sec-Il aIÏd a slopè, k..3 (6.3 x 10-4 M-! sec-1) were obtained from a plot of k30bs vs

[acetamide]. The k3 values obtained from the above two methods are in good agreement

although the one obtained from the equilibration experiment should be more accurate. The

equilibrium constant for the chelation of acetamide to the cyclen complex at neutral pH is
1.9 M-!.

OveraIl, theobserved rate constant, k3 (4 xl0-4 sec-1) for the hydration of the cobalt
//

bound acetonitriIe at pD 7 and 40 OC corresponds to a 109 fold rate enhancement over the ,

hydroxide rate (1.6xl0-!3 sec-Il at neutral pH and 25OC.
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3.3.2 Regioselective hydration of acrylonitrile to acrylamide

Acrylamide results from the hydration of the CN bond of acrylonitrile. Numerous

studies -have been done te develop catalysts which give only acrylamide since unlike

saturated nitriles, acrylonitrile may undergo hydration at both C-C and CoN multiple
bonds.49 Most catalysts including metal ions (Co(llI), Fe(II)/Fe(llI), Pt(II), Ni(II)) or
metal oxides (Cu(II), Ni(II), Co(II)), give a mixture of j3-cyanoethanol (ethylene­

cyanohydrin) and ~-dicyanoethyl ether as weil as acrylamide. These results can be

predicted by considering the mechanism involved in the hydration process. For example,

trans-Pt(II)H(OH)(PMe3l2, which hydrates acetonitrile to acetamide efficiently, d~p'lays

low regioseleetivity towards acrylonitrile hydration.7 The reaction mechanism in the Pt

complex catalyzed hydration involves the extemal hydroxide as a nucleophile, so that the

=- coordinated olefin as weil as the nitrile CN bond becomes the target for a nucleophilic

anack.
Itwas proposed' that the intramolecular hydroxide attack on the coordinated nitril~

is the imponant Slep during the hydration of acetonitrile catalyzed by the cyclen complexe: JI

was also demcnstrated tha: the rate of extemal metal hydroxide anack on the nitrile carbon
'\ is mu~h faster than the rate of proton exchange on the cHarbon.2 If the same mechanism

~, ""~ois applied to hydration of acrylonitrile, the rate of the nitrile CoN bond h:~~ration would be
oc greater than that of the olefm C-C bond hydration . --

­....

•

Figure II.20 Intramolecuar metal hydroxide attack vs intermolecluar hydroxide attael(
on acrylonitrile. .

Experiments were carried out under the same conditions used as for acetonitrile

hydration (lOmM cobalt complex, O.IM acrylonitrile, pD 7 and 40 OC). Acrylamide

production was monitored by 1H NMR at'!d'lhere was no indication for formation of side

49 in TM Clctmislry of Acrylonitrile;' American. Cyanamid Company PelrocMmicals Deparlmenl: Americ:an
Cyanamid: New York. 1957.
• lhis study
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products.·· (Cyclen)Co(III)(OH)(OH2) shows high regioselectivity for the acrylamide
production. Detailed kinetic studies have not been carried out since this high

regioselectivity can only be explained through the bifunctional mechanism as proposed for
the acetonitrile hydration.

(Cyclen)Co(III)(OH)(OH2) can also be used in organic synthesis. The auvanlages

over other catalysts are: a) its high reactivity and selectivity, b) catalytic turnover, c)

requirement of relatively mild reaction conditions (room temperature to 80 oC and neutral

pH), and d) versatility in the solvent selection. For example, benzonitrile, which is only

slightly miscible with water, is complelely hydl-àted to the corresponding amide (Table

lIA).

3.4 ConcIuding Remarks

The three most imponant criteria in developinga perfeclcatalyst arereaclivily,

selectivity, and turnover number. Unlike enzymes; simple 'c:atalysts are far from being
perfec;.Nevenheless. the cyclen complex is an excellent catalysl for the hydrolysis of

.. nitriles. The catalytic mechanism involving intramolecular metal hydroxide anack on the

Co(lII)complex coordinated nitrile allows for unprecedented reactivity and selectivity.

Funherrnore. rapid dissociation of the product from the metal complex allows for the

catalytic turnover to take place for the fust time using a Co(Im complex.

•• confmncd by Ge.
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1 INTRODUCTION
'.

1.1 Artificial Peptidases

93

~?'
40"

Proteins play a key role in virtually all biological processes.1 Nearly ail catalysts in

biological systems are proteins called enzymes that determine the pattern of chemical

transformations in cells. They mediate a wide range of other functions, such as transpon

and storage, coordinated motions, mechanical suppons, immune protection, excitability,

integration of metabolism, and the control of growth and differentiation. Proteins are

synthesized from the basic twenty amino acids, which are joined by peptide linkages

(amide bond). They perform the abo\'e functiûns through their specific sequence and

structure, then they are degraded by enzymes.

The ability of proteolytic enzymes and chemical reagents to selectively cleave

peptides and proteins at a defmedsequence have greatly facilitateP the sequence analysis of

large or blocked proteins, functional analysis of protein domains, and structural analysis of

receptors.2 Only a limited number of selective peptide cleaving agents exist, in contrastto

the wide array of selective nucleases available for analyzing and manipulating nucleic acid

structure. The development of site specific peptidases for any defined sequence would

greatly facilitate the mapping of prOlein structural domains, and may lead to the generation

of new therapeutic agents which might selectively hydrolyze protein coats of viruses,

cancer cells, or other physiological targets.3

There have been enormous research effons in developing catalysts that cleave

amides and esters for the above purposes, and also for understanding of the catalytic

mechanism in general. V.'ith the aid ofrapidly developing techni9ues, such as site directed

mutagenesis, X-ray crystallography, and chemical and enzymatic kinetic analysis, enzyme
>_..': '~'.. J/

structure-reactivity relationships are being revealed.4 Studies of several hundred

proteolytic enzymes from all types of organisms have shown that there ire two major types

of catalytic mechanisms. Sorne peptidases such as CPA, thermolysine;and angiotensin
~. '

converting enzyme are activated by metal ions, while other peptidases such as

chymotrypsin, papain, and pepsin have serine, thiol, and carboxylic functionalities in the

active site of the enzymes, respectively.

1 a) Stryer; L. in Biochemislry, 3rd Ed.; W. H. Freeman : New York, 1988. h) Bruiee, T. C.; Bcnkovic, S. in
Bioorgtmic Mechanisms; W. A. Benjamin: New York, 1966; Vol. 2.
2 Hoyen, D,; Cha, H.; Schultz, P. G. J. Am. Cham. Soc. 1990, 112,3249.
3 Schultz, P,G,; Lemer, R. A.; Benkavic, S. J. Cham. Eng. News 1990, 68(22),26.
4 a) Gardel, S, J.; Craik. C. S.; Hilvert, D.; Urdea, M. S.; Runer, W. J. Nat.re (London), 1985. 317,551. h)
c) Breslow, R; Chin, J~'Hilven, D.; Trainer. G. Proc. Nat!. Mad. Sci. U. S. A., 1983, 80, 4585.
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The basie strategy far developing artificial proteases is to incorporate these

functional groups into one system, which usually includes specifie binding groups.5

Modified cyclodextrin designed by Bender et al. is a classieal example of a representative

model system where a covalently attached imidazole-benzoate and a secondary hydroxyl

group mimic the triad function of chymotrypsin; while cyclodextrin provides a specific

binding pocket.5 It was later revealed that the reaction mechanism involved nucleophilic

attack by 2'-hydroxyl group in the cyclodextrin, rather than a charge transfer mechanism.6

The idea of developing an artificial enzyme was fully reflected, however.

Figure II!.1
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Other model systems which mimie enzyme esterases have been continuously developed

and provide valuable information conceming molecular recognition as weil as catalytic

functions. 7 However an efficient artificial peptidase has never been reported. This is

partly due to the stability of amide bonds and partiy due to the lack of a sensitive detection

method to monitor the slow process. A recently reported rate constant of 3 x 10-9 sec·1 for

the uncatalyzed hydrolysis of a peptide, corresponding to a half life of approximately 7

years, puts the difficulty of this reaction into perspective.8

There has been a new approach to cleave peptides by using catalytic antibodies.9 A

chemical potential of the immune·system was underscored in 1986, when the research

groups of Schultz and Lerner showed,·.that antibodies raised t(1 tetrahedral, negatively

charged phosphate and phosphonate transition state analogs could selectively catalyze

5 D'SOUla. V. T.; Bender, M. L. Acc. Chem. Res. 1987, 20, 146.
6 al Breslow, R.; Chun8' S. Tetrahedron Letl. 1989, 30, 4353. b) Zimmerman. S. C. Tetrahedron Lell. 1989, 30,
4357.
7 a) Lelm. J. M. Sciencc 1985, 227, 849. b) Peterson, 1. Science News 1987, 132, 90.

c) Rebeck, J. Jr. Angew. Chem. /nt. Ed. Engl. 1990, 29, 245.
d) Tecilla. p.; Hamillon, A. D. J. Chem. Soc., Chem. Commun. 1990, 1232.

8 Kahne, D.; Still, W. C. J. Am. Chem. Soc. 1988, 110, 7529.
9 Lerner, R. A.; Benkovic, S. J.; Schultz, P. G. Science, 1991, 252, 659. and reCerences therein
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hydrolysis of carbonates and esters, respcctively. Since then, antibodies have been

generated that catalyze a wide array of chemical reactions including energetically demanding,.
peptide hydrolysis, For example, monoélonal antibodies generated agâinst a

phosphoamidate, catalyzed the hydrolysis of the corresponding amide substrates with a rate

acceleration of 2.5 x lOS relative to background hydrolysis (Fig. III.2). JO

Figu re 111.2
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Aiso with antibodies raised against hapten A (Fig. III.3), cleavage was observed for

substrates with the trien complex of metal ions such as Zn(II), Ga(\II), Fe(Ill) , and

Cu(II).l1

Figure III.3
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General strategies for the development of catalytic antibodies include a) the use of

antibodies to stabilize negatively or positively charged transition states (Fig.II.2), b) the use

of antibodies as entropie traps, and c) the generation of antibodies with catalytic groups and

cofactors in their binding sites (Fig. II.2). Although catalytic antibodies have been shown

to hydrolyze peptides with great efficiency (typical rate enhancements are in the range of

103 to 1()6 compared to that of the uncatalyzed reaction), their reactivity depends on the

10 JUlda, K. D.; Sebloeder, D.; Beokovie, S. J.; Lemer, R. A. Science. 1988,241. 1188.
n Iverson, B. L.; Lemer, R. A. Science, 1989. 243. 1184.
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diversity of immune response when they were generated. The rate enhancement obtained

from amide hydrolysis (Fig. 111.2) results, only in part, from differential stabilization of the

transition state by the antibody. Other factors such as acid or base catalysis or ground state

destabilization are also involved in the catalysis. Generation of an antibody combining site

with these additional catalytic interactions cûuld simply be the result of immunological

diversity.

Concerning the sequence specificity of protein cleavage, a few agents have been

developed.2.12 Schepartz's group has shown that EDTA, which is covalently tethered to

calmodulin antagonist trifluoperazine (TFP), cleaves calmodulin to produce six major

fragments in the presence of Fe(II), Ca(II), and oxygen (Fig. III.4_A)12a Similarly,

Schultz has shown that biotin-EDTA Cu(II) chelate cleaves streptavidin in close proximity

to the biotin binding site, also in the presence of oxygen (Fig. I1I.B).I2c

Figure HI.4

A B

These somewhat efficient protein cleaving agents may achieve sequence specific cleavage,

b1!ttheir catalysis is based on the oxidative cleavage of the protein backbone, while nalUral

enzymes cleave peptides hydrolytically.

Therefore, there is a need for developing a simple, yet efficient catalyst that can

cleave amides hydrolytically and the detailed mechanistic studies based on these model

systems will give valuable information on understanding the catalytic mechanism of

peptidases.

12 a) Cuenoud. B.; Scheparlz. A. J. Am. Chem. Soc. 1990. 112.3247. b) Rana. T. M.; Mears. C. F. J. Am.
Chem. Soc. 1990. 112.2457. cl'Hoyerr. D.; Cho. H.; SchullZ. P. G. J. Am. Chem. Soc. 1990. 112. 3249.
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1.2 Mechanism of Amide Hydrolysis

The hydrolysis of amides can occur under both acidic and basic conditions and

requires vigorous conditions.13 Because of this, most studies on amide hydrolysis have

been focused on model systems involving activated amides such as p-nitroanilide and

activated acyl amides or intramolecuJar catalysis.14

Base catalyzed hydrolysis of unactivated a~ides, such as acetamide, involves

addition of hydroxide to the amide forming a tetrahedral intermediate followed by proton

transfer to give an ll;nionic zwitterion and the rate determining expulsion of the amine

leaving group.I5

Scheme 111.1

o
Jl + OH'

/"--NH,
slow

•

(a) base catalyzed hydrolysis of unactivated amide

o OH
JI. + H O· slowh +NH -.===,h'",............... NH, 3. , -.

OH,

(b) acid catalyzed hydrolysis of unactivated amide

Since amide hydrolysis involves a poor leaving group (formally RNH-), the amide nitrogen

must be protonated either prior to, or in concert with CoN bond cleavage. This is why

intramolecular catalysis of 4-hydroxybutyramide is more efficient at neutral pH than at high

pH by ca. BOO fold. 16 The breakdown of the tetrahedral intermediate may also be subject

to GAC under neutral conditions. It has previously been demonstrated that both extemal

13 a) Carey, F. A.; Sunberg. R. J. in AdYanced Organic ChemislrY, Pari A. 3rd Ed.; Plenum Press: New York.
1984. b) Dugas, H. in Bioorganic Chemistry .. A Chemical Approach la Enzyme Ac/ion, 2nd Ed.; Springer·Verlag:
N. y., 1989.
14 a) D'Cormor, C. Q. Rev. Chem. Soc. 1970, 24. 553.

b) Pollack, R. M.; Bender. M. L. J. Am. Chem. Soc. 1970. 92. 7190.
c) Kersbner, L. D.; Schowen, R. L. J. Am. Chem. Soc. 1971. 93. 2014.
b) Kirby, A. J.; Lancaster, P. W. J. Chem. Soc., Perlcin Trans. Il, 1972, 1206.

t5 a) Kirby, A. J.; Ferschl, A. Prog. Bioorg. Chem. 1971, l, 1. b) Drake. D.; Schowen. R. L.; Jayararnan. H. J.
Am. Chem. Soc. 1973, 95, 454. c) Kluger, R.; Chin, J. J. Am. Chem. Soc. 1982. 104. 4154. d) Slebocka-Tilk,
H.; Bermel, A. J.; Keillor,1. W.; Brown. R. S.; OUlbrie, J. P.; Jodhan. A. J. Am. Chem. Soc. 1990. 112. 8507.
16 Bruite. T. C.; Marquardl, F. H. J. Am. Chem. Soc. 1962, 66. 365.
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and intramolecular GAC greatly facilitate amide hydrolysis,17 Interestingly, bifunctional

buffers, such as phosphate and carbonate, are often found to be efficient catalysts in

hydrolyzing amides. 15a They accelerate hydrolysis through protonation of the leaving
'.

group nitrogen and deprc'onation of the hydroxyl function as shown i!1 Scheme llI.2. In

contrast, imidazoI~'buffer does not induce any rate acceleration suggesting that the buffer, .
structure plays an important role in hYdrolysis reactions.

Scheme 111.2

Pdt

Catalysis by protons at low pH results in rapid C-N bond cleavage, where the rate

determining step becomes the formation of the tetrahedral intermediate.18

1.3 Metal assisted Hydrolysis of Amides

There have been extensive studies on the metal ion catalyzed hydrolysis of esters

and amides since Kroll's discovery of the hydrolysis of amino acid esters catalyzed by

Cu. t9 Many studies have involved substitutionally inert Co(III) complexes in order to

avoid the mechanistic ambiguities that may be caused by labile divalent metal complexes.

There are at least two mechanisms observed in both enzymatic20 and model systems21 in

hydrolyzing amide bonds by using metal ions. The frrst mechanism involves the metal ion

acting as a Lewis acid while the second mechanism involves a metal hydroxide. In the case

of stoichiometric Co(m) promoted amide hydrolysis in aqueous solution, both mechanisms

17 a) Chin, J.; Breslow, R. Terrakedro. Leu. 1982, 4221. bl Venkatasubban, K. S.; Schowen, R. L. J. Org.
Chem. 1984, 49, 653.
18 Challis, B. C.; Challis, J. A. in The Chemistry of Amides; Interscience ; Zabicky, J. Ed.; Interscience:
London. N. Y.. 1970; P814
19 Krol~ H. J. Am. Chem. Soc. 1952, 74, 2036.
20 al Lipscol:lb, W. N. Ace. Chem. Res. 1982, 15, 232. bl Mathe';'s, B. W. ibid. 1988, 21, 333.
21 al Collman, J. P; Buckingham, D. A. J. Am. Chem. Soc. 1963, g5, 3039. bl Buckingham, D. A.; Foster, D.
M.; Sorgeson, A. M. ibid. 1970, 92, 6151. c) Buckingham, D. A.; Davis, C. E.; Fosler, D. M.; Sargeson, A. M.
ibid. 1970, 92, 5571. dl Breham, C. J.; Buckingham, D. A.; Keene, F. R.; J. Am. Chem. Soc. 1979, lOI, 1409.
el SUllon, P. A.; Buckingham, D. A. Ace. Chem. Res. 1987, 20,357. and references therein. 0 Schepartl. A.;
Breslow, R. ibid. 1987, 109, 1814. gl Groves, J. T.; Baron, L. A. ibid. 1989, 111,5442. hl Graves, J. T.;
Chorrnbers, R. R., Jr. J. Am. Chem. Soc. 1984, 106, 630.
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significantly increase the amide hydrolysis.21e It has been shown that in hydrolyzing

glycine amide tethered to the cobalt via the amine group, intramolecular metal hydroxide

attack (B in Fig. HI.5) is 102 times [aster than hydroxide attack on the chelated amide (A in

Fig. III.5).21c.e In this system the carbonyl activation and the metal hydroxide alternative

can be distinguished by oxygen isotope l~beling experiments.

Figure 111.5

A B

These IWo types ofmetal activation have also been examined separately. Sargerson

et al. have shown that the cobalt bound amide in Co(I1I)(NH3)5(DMF) is hydrolyzed 1()4

times faster than free amide under basic conditions, where only the Lewis acid mechanism

can take place (Fig. III.6-A) .22 One of the CPA models designed by Groves displayed

107 to 108fold rate enhancements compared to the hydroxide at neutral pH, where only the

metal hydroxide mechanism is possible due to geometrical constraints of the metal

hydroxide (Fig. III.6-B).21g,h

Figure 1II.6

A B

Whether the mechanism involves Lewis acid or metal hydroxide panicipation, there are

cenain things in common. Most studies have been done on activated amides or unactivated

22 Buckingham. D. A.; Harrowfield.J. M.; Sarge.on. A. M. J. Am. Chem. Soc. 1974. 96. 1726.
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amides either covalently attached through a chelated ligand or carefully designed not to bind

through the amide nitrogen.

Recently, Chin et al. have shown that a simple copper complex can hydrolyze free

unactivated amides such as DMF under reflux conditions.23 The proposed mechanism

includes features from both mechanis~s: simuitaneous carbonyl activation and

intramolecular metal hydroxide attack. The rate acceleration bas been ascribed to the

chelation of the tetrahedral intermediate to (dpa)Cu(II)(OH2)2 by increasing concentration

of reactive species (Scheme 1II.3). This result suggests that the bifunctional mechanism

predominates over each mechanism alone and it is likely the raie of metal ions in

metalloenzymes such as CPA.24 Interestingly, a considerably lower reactivity was

observed for the monoaqua complex, Cu(II)(terp)(OH2) promoted hydrolysis of the same

amides.

Scheme HI.3

23 CIùn, J.; Jubian, V.; Mrejen, K. J. CMm. Soc., Chem. Commun. 1990, 1326.
24 ChrislÏanson, D. W.; Lipscomb. W. N. Ace. CMm. Res. 1989. 22. 62.
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1.4 Plan of Study

There is a great deal of interest in developing catalysts that hydrolyze amide

efficiently and numerous reports exist for metal ion promoted hydrolysis of amides. Model

systems include either highly activated amides 'or amides covalently linked to metal binding

functionalities. Recently, il has been shown that a simple copper complex,

(dpa)Cu(II)(OH)(OH2) (dpa =2,2'·dipyridylamine) hydrolyzes free amides such as DMF

at 100 oC. Studies on the nioile hydration catalyzed by cobalt complexes suggest that

Co(III) complexes would give greater rate enhancements than Cu(II) complexes. In

addition, the substitutionally inert cobalt complex would make mechanistic studies easier.

My plan is to test the efficiency of the cyclen complex on carefully selected

unactivated amides such as DMF or 4-formylmorpholine. Detailed kinetic studies will

provide a mechanistic rationale for the observed hydrolysis. The measurement of

equilibrium binding constants of amides to the cobalt complex will make it possible to

compare the reactivity of this model system with enzymes.

.~

,.



102
2 RESULTS

2.1 Kinetics

Cobalt complex promoted hydroiysis of 4-formyl morpholine and DMF were

monitored by 1H NMR. With the progress of the hydrolysis reaction, the intensities of the

signaIs due to the formyl proton of 4-formyl morpholine decreases with the concomitant

increase in formate and morpholine signaIs (Fig. III.7). The rate constants obtained by

fitting data according to a second arder kinetic equation (R > 0.98) are Iisted in Table Ill.I.

The IH NMR spectrum obtained by reacting the cyclen complex with formate is identical

to that obtained from the reaction mixture during the hydrolysis under the same conditions
'\.,

(Fig.HI.8). Hydrolysis of DMF promoted by the cyc1en complex was observed but the

rate constant could not be obtained due to a signal overap between the formate and the

substrate.

Table 111.1 Observed second order rate constants (M-I sec-!) for cobalt ('complexes
promOled hydrolysis of 4-formyl morpholine at pD 5.9 and 60 oC.

(.---<~

/; '<,,;
~-'7r~ ',\

.~

4.formyl. :,"

catalyst pKa morpholine

r1, cyc1en 5.4 / 7.9 8.0 x 10-5

tetren 5.9 bl

OH- a) 1. 9 X 10.2

a) Ibe second order rate conslanl for 4·fonnylmopholine al 60 Oc was oblained from 2nd order

rate constant al 25 °C(l.4 x IOM"lsec-l)by using the same activation parameters as for DMF

hydrolysis. ref: Langlis. 5.; Broche. A. Bull. Soc. CMm. Fr. 1964. 812.

b)the reaclion is tao slow to measure the rate constant

The cyclen complex is the most efficient catalyst in hydrolyzing amides, while the tetren

complex does not hydrolyze the same substrates to any observable extent under the

experimental conditions u5ed.
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Figure m.7 IH NMR spectrurn of (cyclen)Co(Ill)(OH)(OH2) (0.1 M) catalyzed

hydrolysis of 4-fonnyl morpholine (0.03 M) al (a) 1 = O. and (b) 1=61.5
hrs; c =benzene (referem:e 7.2 ppm) and v = 4-fonnylmorpholine.

v

b
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Figure nu IH NMR spectrurn of (cyclen)Co(m)(OH)(OH2) (0.1 M) with a)
; J fonnate (0.05 M), b) fonnate (0.05 M) and 4-fonnyl rnOlJlholine (0.05

M) al pD 5.9; • =4-formylmOI]lholine

a

(

•

•

"JI

b
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2.2 Binding of Amides to Cobalt complexes

Binding studies ofDMF, 4-fonnylmorpholine, and fonnamide to cis-diaqua cobalt

complexes have been camed out at pD 2 using lH NMR methods. Under the experimental

. condiùons. the cyclen complex and trncyclen complex each produces two fonnyl proton

signals upfield-shifted relative tO that of the free amidr. (Fig. III.9). Equilibrium binding

conslants of amides to both the trncyclen and the cycien complexes are in the range of 0.4

to 2 M-l.

Figure m.9 lH NMR spectrum of a) (cyclen)Co(IIl)(OH2l2 and 4-fonnylmorpholine
b) (trncyclen)Co(m)(OH2l2 and DMF, c) (trncyclen)Co(III)(OH2l2 and
fonnamide; [Co] 0.1 M, [amide] 0.1 M, at pD 2: 0= free amide.

o

o

o

III 1i i Il il i ji j 1i 1i i11 Ji il l'.
1.2 1.' 7.1

.liiiil""""'.'I"I"'I! iliii/lili'I'·il)iiilj"ilj
1.2 1.' 7.1 Pl'll 1.2 1.' 7.1 Pl'll

H
{LKClHz)Co'o - 0 =C:NH,

"

c

H
ILKClHz)Co'o 0 =C:

H(CH,),
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3 DISCUSSION

3.1 Structural Requirements for the Catalysts

3.1.1 Moder studies based on ester hydrolysis

There has been a great deal of interest in developing artificial enzymes that

hydrolyze amides and esters. Most of metallo-esterase and peptidases have been tested on

activated esters due to the stability of amides.25 Esters are more reactive than amides,

(seconà order rate constants for hydroxide-catalyzed hydrolysis of methyl acetate and

acetamide are 1.5 x 10-1 M-I sec-! and 704 x 10-5 M-I sec-l, respectively) so most

peptidases hydrolyze esters as weil as amides. The mechanism of ester hydrolysis is

closely related to peptide hydrolysis since they both involve a formation of tetrahedral

intermediate. Often, the knowledge obtained from studies on esters helps to elucidate the

catalytic mechanism of peptidases, as in the case of chymotrypsin.5•25a .

However, the structural requirement of a catalyst for hydrolyzing activated esters

might not necessarily be the same as that for hydrolyzing unactivated esters.26,27,28

Imidazole is only 100 times less reactive than hydroxide in hydrolyzing p­

nitrophenylacetate, but millions of times less reactive than hydroxide for the hydrolysis of

unactivated esters such as methyl trifluoroacetate.27 The hydrolysis mechanism is shown

in Scheme IIIA.

Scheme III.4

+ Nu' •
k. l

•
o
A + 'OR

R' Nu

And kobs can be expressed by eq 3.1.

........................eq 3.1

(

The hydrolysis rate depends on the rate constants k-! and k2, which d<:pend on the relative

pKa of the nucleophile and the leaving group in the tetrahedral intermediate. When the pKa
of the leaving group is lower than, or similar to that of the conjugate acid of the

25 al Breslow, R. P.re Appl. Ch.m. 1990, 62, t859. bl Lehn, J. M.; Sirlin, C, J. Chem. Soc., Che",. CommlUl.
1978,949. cl Cram, D. 1.; Lam, P. Y.; Ho" S. P. J. Am. Chem. Soc. 1986, 108, 839. .
26 Menger. F. M.; Ladika, M. J. Am. Chem. Soc. 1987, 109, 3145.
27 Kirsch, J. F.; Jencks, W. P. J. Am. Chem. Soc. 1964, 86. 833 and 837.
28 Chin. J.; Zou. X. J. Am. Chem. Soc. 1984. 106,3687.



~:n[......'

107
nucleophile, the reaction proceeds to the product since the formation of a tetrahedral

intermediate is the rate limiting step (kobs = kl, where k_1 ~ k2). This is the case for the

imidazole (pKa of 7) or hydroxide (pKa of 15.5) catalyzed hydrolysis of p-nitrophenyl

acetate (pKa ofp-nitrophenoI7.J4). When the pKa of the leaving group is higher than that

of the nucleophile, the opposite situation occurs since the breakdown of the tetrahedral

intermediate to product becomes the rate determining step (kobs = kl x k2 / k.I, where k.

l>k2). In the hydrolysis of methyl trifluoroacetate, hydroxide has a comparable pKa to the

leaving group alkoxide, so thatthe reaction can proceed to product, whereas imidazole can

nOl compete with alkoxide and tetrahedral intermediate reverts back to starting material. In

this situation, general base catalysis is observed by imidazole.

A somewhat different situation arises in metal mediated ester hydrolysis although

the same kinetic interpretations can be applied. A simple monoaqua metal complex X

(Scheme III.5) is found to be efficient in hydrolyzing methyl trifluoroacetate as weil as p­

nitrophenyl acetate, but not methyl acetate.28 ' When a metal ion is involved in the

hydrolysis, two types of mechanisms, which are kinetically indistinguishable, are possible.

The Lewis acid mechanisin can be ruled out based on the reactivity-selectivity principle.29

According to this, the less reactive the ester, the greater the expected rate acceleration upon

coordination to the metal. Since metal coordinated esters are more reactive towards

nucleophilic attack than the corresponding free esters, hydroxide should be less selective

towards the metal coordinated esters than to the free esters. Experimentally, less rate

acceleration was observed for the less reactive esters (e.g. methyl acetate).

The other alternative, the metal hydroxide mechanism, is therefore likely involved
',' ",

in the catalysis. Scheme HI.5 shows the tetrahedral intermediates arising from the metal

hydroxide mechanism for ester hydrolysis. In the first formed tetrahedral intermediate TI,

metal hydroxide (pKa of 8.6) is a beller leaving group than the methoxide (pKa of 15), as

in the case of imidazole catalyzed hydrolysis of methyl trifluoroacetate. This tetrahedral

intermediate will revert back to starting materials unless prOlon transfer takes place to make

the nucleophile a poorer leaving group or alkoxide a beller leaving group. For the reaction

to proceed to product, the metal has to migrate to the leaving group as shown in T3. This

type of migration is possible with metal complexes due to their lability, whereas. there is no

counterpart in nonmetallic systems such as in imidazole catalyzedhydrolysis reaction. For

methyl trifluoroacetate, the life time of T2 is long enough that there is rapid equilibrium

between Tl and T3. In T3, the metal bound alkoxide is a beller leaving giÎlup than the

hydroxide and the reaction proceeds to product. Howev~r, this metal complex is still not

----------, 7-
29 Lowery, T. H.; Richardson, K. S. Jn'Mec!ianism and Theory in Organie Chemislry .. 3rd Ed.; Harper & Row: N.
Y d'. 1987, P 148.
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able to hydrolyze methyl acetate. In methyl acetate hydrolysis, the life time of the

tetrahedral intermediate T2 is so short that the reaction does not proceed to product.

Therefore, the life time of intermediate T2 plays a key raIe in the hydrolysis.30

Scheme III.5

--.-. Pdt

O'

R'~
OH M

T3

+ M-OH2

T2

T1

O'

R'~OR
(O-M ~

H

The structural requirements of a catalyst for hydrolyzing activated esters are not necessarily

the same as that for hydrolyzing unactivated esters.

One way to hydrolyze unactivated esters is to increase the life time of the tetrahedral

intermediate. Recently, il has been shown that the cis diaqua Co(III) and Cu(II) complexes

can hydrolyze methyl acetate.31 The proposed mechanism involves formation of a four­

membered acetate intermediate Tl'. The difference between the cis diaqua complex and the

monoaqua complex is that the metal can coordinate and stabilize anionic oxygens in Tl' and

facilitate metal migration to form T3'.

30 a) Jencks, W. P. Ace. Chem. Res.1980, 13, 161. b) Guthrie, J. P. ibid. 1983, 16, 122. c) McClelland, R. A.;
Santty, .L. J. ibid. 1983, 16,394.
31 a) q)jin, J.; Jubian, V. J. Chem. Soc., Chem. COf7lJ1Wn. 1989, 839. bl Chin, J.; Banaszczyk, M. J. Am. Che.
Soc. 1989, Ill. 2724.
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Scheme 111.6

: C:H30H +

T3'

3.1.2 Amide hy<:rolysis

Although valuable infonnation on the metal mediated hydrolysis of amides can be

obtained from studies done on esters, there is a need to test catalysts on amide substrates

because the structural requirement of a catalyst for hydrolyzing amides might not be the

same as that for hydrolyzing esters.

There are several factors that have to be considered in developing catalysts for

amide hydrolysis compared to ester hydrolysis.32 First, the rate detennining step of ester

hydrolysis involves the relatively facile expulsion of an alkoxide leaving group, whereas

amide hydrolysis involves a poor leaving group (NH2 vs OR), which has to be protonated

either prior to, or in concen with C-N bond cleavage. Second, there is a possibility for

metal coordination to the amide nitrogen.33 This interaction retards the hydrolysis reaction

since a metal ion is not as good as a proton in activating leaving groups.34 In the ester

hydrolysis, bond cleavage occurs without protonation, so metal coordination to a leaving

group alkoxide enhances reactivity towards hydrolysis. Furthennore, subsequent

deprotonation of the coordinated amide NH can take place. Once substrates are

deprotonated, they are not susceptible to nucleophilic atlack by the hydroxide since the

amide O-C-N bond is more delocalized than in the free fonn.35 This is one reason why no

32 Sayer, L. M. J. Am. CMm. Soc. 1986, 108. 1632. and references therein.
33 Sigel. H.; Martin. R. B. Chem. Rev. 1982. 82. 385. _
34 a) Martin, R. B. J. Am. CMm. Soc. 1967. 89. 2501. h) Martin. R. B. J. IfIOrg. Nucl. Chem. 1976. 38. 511.
35 Hay, R. W.; Basale, A. K.; Pujari, M. P.; Perotti. A. J. CMm. Soc.. Dallo, Trans. 1989. 197.
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further hydrolysis of acetamide to the corresponding acid was observed in ace:onitrile

hydration. This deprotonation occurs due to the pKa lowering effect upon coordination to

metai ions, which is greater for trivaIent metaI ions than it is for divaIent metaI ions.

Our group achieved free aMide hydrolysis by using a cis diaqua copper complex

(dpa)Cu(II)(OH2)(OH), under rather vigorous conditions.23 One of my research projects

was to study cobalt complex mediated hydrolysis of unactivated amides. We expected at

least a 100 fold rate enhancement in the hydrolysis mediated by cobalt complexes, over by

copper complexes. This is a quite reasonable expectation since Hi the model system

designed by Groves (Fig. III.6 B)2Ig.h , hydrolysis of a azaIactam o~curs - H)6 and -107

times faster in the presence of cobaIt(III) and copper(II), respectively in neutral water.

Since the hydrolysis mechanism involves the metal hydroxides as a nucleophile, the

reactivity difference is probably resulted from the difference in the basicity of the metaI

bound water molecules (5.9 vs 7.2).2Ig.h.38a Hence, ca. 10 fold rate enhancement can be

obtained according to the metal hydroxide mechariism. ln addition, cobaIt(lII) is a stronger. .
Lewis acid than copper(II). The above two factors would result in a greater rate

enhancement over for a Cu(Il) complex .

4-Forrnyl morpholine and DMF were chosen as substrates since they are tertiary

amides which do not have dissociable protons, and have moderately low reactivity towards

hydrolysis. Primary or secondary amides can not be used for Co(llI) complex promoted

hydrolysis reactions because they bind to the metaI ion tightly following deprotonation of

amide NH. The forrnyl proton signais of thé amides and the corresponding product acids

make detection of hydrolysis possible by 1H NMR methods.

3.2 Binding of Amides to Cobalt complexes

ln order to fully understand the role of metal ions or complexes in amide hydrolysis

it is important to know the equilibrium constants for complexation of amides to metaI

complexes. Although amides coordinated to Co(III) complexes have been synthesized,36

the equilibrium constants for their formation have not been measured.

Equilibrium complexation of monodentate ligands such as di'nethyl phosphate or

acetate to cis-diaqua Co(I1I) complexes has been detected by 31 P NMR methods.

368) Angel. R. L.; Fairlie, D. P.; Jackson, W. G. /norg. Chem. 1990, 29, 20. and references lherein. b) BaJahura,
R. J.; Jordan, R. B. J. Am. Chem. Soc. 1970, 92, 1533.

•
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Equilibrium is establisbed within hOUTS and the exchange is slow enough in the NMR time
scale to allow for the separation of the signals due to cobalt bound and free esters. Il is
interesting that complexation of amides to the cyclen complex is detectable in the presence

of competing solvent water molecules. Although the basicity of water and amides is
comparable, the amides have a greater affinity for the cobalt complex.

Scheme 111.7

R=H
R =CHa

al R' =CHa
bl R' =·CH2CH0 2CH2CH 2•

,~-,
:~'.i

At pD 2, amide oxygen binding predominates over nitrogen binding since the nitrogen is

much less basic than the oxygen (pKa -1 vs _8).33 The two new signais observed under

these conditions should correspond to the Q·coordinated amide. Binding of formamide to

the cobalt complex is also detectable in 1H NMR even though peaks are not weil separated

(Fig. III.9). Binding through the amide nitrogen in this case is notlikely to occur since the

NMR spectrum obtained from formamide (primary arnide)and DMF (tertiary amide) are

almost the same (Fig. III.9). The equilibrium constants forthe complexation of amides

such as DMF, 4·formyl morpholine, and formamide, to the cyclen and the tmcyclen

complexes are in the range of 0.4 M·lto 2 M-l at pD 2. The equilibrium binding constants

of amides to the monoaqua complex (tetren) was not measured. Il should he comparable to

that of the cyclen complex since the cyclen and the tetren complexes have similar binding

constants for DMP (part 1. section 2.2).

Interestingly, the hydrolysis ofDMF by the tmcyclen complex was not observed to

any observable extent, even though the tmcyclen and the cyclen complexes have

comparable equilibrium binding constants for DMF. This is consistent with previous

experimental data showing low reactivity of the tmcyc1en complex in mediating hydrolysis

of phosphate diesters and nitrile hydration, mainly due to steric factors. The two methyl

groups in the tmcyclen complex allow coordination of DMF monodentate complex, but

,provide steric repulsion in subsequent formation of the tetrahedral interrnediate.
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3.3 Hydrolysis of Amides promoted by [(cyclen)Co(OH2h]3+

3.3.1 Mechanism

The observed rate constant for (cyclen)Co(lII)(OH)(OHz) (O. lM) promoted

hydrolysis of 4-formylmorpholine at pD 6 and 60 OC is 7.97 x IO-SM-) sec·) which is ca.

4 x 1()4 times faster than that for the free amide under the same conditions (second order .

hydroxide rate constant 1.9 x lO-z M-) sec- I at 60 oC) (Table 111.1). In contrast, the

monoaqua complex, (tetren)Co(III)(OH2) does not catalyze the hydrolysis of 4-
, \

formylmorpholine to any observable extent. The diaqua complex (cyclen) is at least two

orders of magnitude more reactive than the monoaqua complex (tetren) in hydrolyzing 4­

formyl morpholine.

{;N
('N,/

,1/oH2 (N" 1 ."N1 Co "Co
(N/I 'OH2 N~I 'OH
~N l..,N 2

( cyclen a-tetren

The lower reactivirj for the terren complex can not be due to any steric effect since

(cyclen)Co(llI)(OHz)(OH) and ([15]aneNs)Co(1II)(OHz) are bOlh efficient at hydrolyzing

p-nitrophenyl acetate.37 Il can not be due to any electronic effect since the pKas of the

water molecules coordinated to the terren and cyclen complexes are almost the same (5.4 vs

5.9). It is assumed that a metal coordinated nucleophile would have a nucleophilicity

which broadly parallels its basi~ity.38 The maximum rate difference induced from the

elecrronic effect can not exceed 10 tipKa.

As discussed in section 3.1, there are two po~sible mechanisms for metal catalyst

mediated hydrolysis of amides: Lewis acid and metal hydroxide mechanisms. For

monoaqua complexes, only one of these mechanisms can take place, while for cis-diaqua

complexes, both mechanisms can be involved at the same time. .~

37 a) Moore, A. Ph. D. Thesis, McGiIl University; 1990. b) Hay, R, W,; Bembi, R. lnorg. Chim, Acta 1982, 64,
L179,
38 a) Buckingham, D. A., in Biological Aspects of lnorganic Chemistry, Proceedings of the 1976 Symposium;
Addison, A.W. Ed.; Wüey·lnlerscience: New York, 1977.
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Figure nuo
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The simplest mechanism that can account for the reactivity difference between the terren and

the cyclen complexes is a bifunctional mechanism. The rate determining step for the

hydrolysis of unactivated amides is likely the breakdown of the tetrahedral intermediate

prior to, or followed by proton transfer (Scheme HI.8). The hydrolysis rate of amides can

therefore be accelerated by either stabilizing the tetrahedral intermediate through

coordination or facilitating the proton transfer.

Scheme nI.8 •

~,
'.:,J;/

0 O· O·

A NH2
+ OH' • +NH2 • +NH~', ,

OH O·

T1 T3

..

Scheme 1II.9 shows the possible tetrahedral intermediates arising from the above three

mechanisms.

Scheme nI.9
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H
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According to the experimental results, mechanism (c) predominates over the other two

mechanisms. It would he reasonable to compare T4' and T5' instead of Tl " T2' and T3'

since proton transfer from the tetrahedral intermediate to the dianionic intermediate is rapid

and CoN bond c1eavage is the rate determining step in the hydrolysis of unactivated

amides,15d One possible explanation for the difference in their reactivity is based on the

difference in nucleophilicity involved in the rate-determining CoN bond cleavage.

Breakdown of the tetrahedral intermediate to product can he regarded as a nucleophilic

displacement of nitrogen by oxygen lone pairs. A rate for the displacement reaction is

directly related to the nucleophilicity of electrons on the oxygens in the tetrahedral

intermediates. In this respect, mechanism (b) would predominate over the other (WO since

TI' has free anionic oxygen as a potent nucleophile. Thi,s is unlikely since it is known that

metal coordination decreases the basicity of ligands significantly without greatly

diminishing their nucleophilicity.32 The best explanation for the different reactivity is

better stabilization of the tetrahedral intermediatethrough chelation (mechanism (c)) over

monodentate coordination. The high concentration of tetrahedral intermediate more than

compensates for the reduced nucleophilicity of a potent nucleophile (compared to

noncoordinated,oxygen in mechanism (a) and (b». (;
" ..' \~, ,

The other possible mechanism involves Lewis'acid activation followed by general

acid /base catalysis (Scheme III. 10) which is difficult to differentiate from mechanism (c).

However, the GBC mechanism is unlikely based on the following reasons.

Scheme m.tO

....

H

....O-;(NR
003+ '0 2

" ' 'HO···H
H

- --
A bifunctional mechanism involving formation of a four-membered ring intermediate has

been proposed in the cis diaqua cobalt complex mediated hydrolysis of phosphate esters,

carboxylic esters, and nitriles.39 Il has also been shown that the amide bond in

(NH3)SCO(I1I)(DMF)22 and ([15]aneNs)Co(III)(DMFj40 is hydrolyzed ca.102to 1()4 limes

more rapid1y than free DMF uriderbasic condition. This rate acceleralion accounts for the

Lewis acid activation. Almost the same rate enhancement can be expected for that in the

hydrolysis of 4·formylmorpholine since base catalyzed,hydrolysis of 4-formylmorpholine

39 Chin. J. Acc. Ch.m. Res. 1991. 24.145.
40 Hay. R. W.; Bombi. R: IlIOrg. Chin>. Act. 1982. 64. L199.
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is only 4 times slower than that of DMF.',4t Of the overal rate enhancement obtained in

the cyclen complex promOled hydrolysis of 4-formylmorpholine, ca. 102 to 104 fold

increase should result from the intramolecular metal hydroxide participation. This rate

enhancement is much greater than can be obtained from the GBC mechanism.42 A

bifunctional mechanism, which involves carbonyl activation and intramolecular metal

hydroxide participation in stabilizing tetrahedral intermediate by chelation, is most likely 10

occur.in the cyclen complex catalyzed hydrolysis of unactivated amides (Scheme 11111).

3.3.2 Reactivi ty

The mechanism for the cyclen complex promoted hydrolysis of amides is shown in

Scheme III.l2.

Scheme III.12

q;t::::: N
,1,..oH2 0

11 Co H
,/ +

(N l'OH NR.
~N

k2
--_. Pdt

Under the reaction conditions used, rapid equilibrium complexation of amides to the cyclen

complex is followed by an intramolecular hydroxide attack to form the tetrahedral

intermediate which is eventually broken down to the free amine and acid. The

complexation of amides to the cyclen complex was monitored by IH NMR at pD 2, free

from any hydrolysis and possible catalyst decomposition. The equilibrium binding

• see rh. r..ults Tabl. m.1 footnot•.
41 a) Guthri., J. P. J. Am. Chem. Soc. 1974, 96, 3608. b) Langlois. 5.; Broch., A. Bu/1. Soc. CMm. Fr. 1964,
812.
42 a) Kirby, A. 1. Adv. Phys. Org. CMm. 1980, 17, 183. b) Jencks, W. P. in Cala/ysis in Chemistry and
Enzym%gy, Dover Ed.; Wiley; New York, 1975.
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constant for the aqua-hydroxy fonn of the complex would be sIightly less than that for the

diaqua fonn.
The half-Iife of the cobalt bound 4-fonnyl morpholine (35 min) can he calculated

from the equilibrium complexation constant of the amide to the cyclen complex (0.4 M-I)

and the second order rate constant for the.cyclen complex promoted hydrolysis of the same
substrate. The rate constant for the hydroxide catalyzed hydrolysis of 4-fonnyl morpholine
is Î.4 x 10-3 M-I sec- I at 25 oC. The activation entropy for the hydroxide catalyzed

hydrolysis of DMF has been determined to be -28.2 eu.41b Assuming the activation

entropy for the hydrolysis of 4-fonnyl morpholine is the same as that for the hydrolysis of
DMF, the hydroxide rate for 4-fonnyl morpholine hydrolysis at 60 oC is 1.9 x 10-2 M-I

sec-l, calculated from the activation parameter. The estimated half-Iife of the free amide

hydrolysis at pH 6 and 60 oC is over 100 years. The cobalt bound 4-fonnyl morpholine is

hydrolyzed ca. lOS times faster than the fTee amide in water under the same conditions."
A typical amide bond in a peptide is known to be hydrolyzed with a half-Iife of 7

years in water at room temperature,8 which is about 20 times more reactive than 4-fonnyl

morpholine. Hence, an amide bond in peptides can be cleaved within a few minutes with

the cyclen complex since the estimated half-life of 4-fonnyl morpholine in a solution of the
cyclen complex at pD 6 and 60 oC is 35 minutes.

Comparison to Carboxypeptidase A: Bovine carboxypeptidase A (CPA) is a

metailoexopeptidase of molecular weight 34,472 containing one Zn ion bound to a single
polypeptide chain of 307 amino acids.24.43 Its biological function is the hydrolysis of C­

tenninal amino acids from polypeptide substrates possessing large, hydrophobic C-tenninal.
side chains such as phenylalanine. There are several different mecha~isms proposed for

the CPA activity. Conceining the role of metal ions, there are three basic mechanisms

possible in CPA catalyzed hydrolysis reaction. In the [lfst mechanism, zinc ion acls as a

Lewis acid. The G1u-270 carboxylate can be a nucleophile to give an acyl-enzyme

intermediate44a, or it behaves as a general base delivering a hydroxide ion to the carbonyl

group to fonn the tetrahedral intennediate. In the second mechanism, the metal bound

water molecule is involved as a nucleophile. The Lewis acid mechanism has been tested in

model systems2lf designed by Breslow. The metal hydroxide mechanism also has been

•• Ibe acid cata1yzecl hydrolysis rate can he also calculalad ftom Ibe aClivation entropy (- 24.7 eu) for the acid
cata1yzed DMF hydrolysis (ref 43), and the calculalad raIe constanl for formyl morpholine hydrolysis al pH 6 and
60 oC is smaller than that oflbe base calalyzad hydrolysis of formylmorpholine.
43 Hartsuck, J. A.; Lipscomb, W. N. in TM Enzymes,3rd ad.; Boyer, P.; Ed.; Acadentic: New York, 1971; vol 3.
44 a) Makinen. M. W.; Kuo. L.C.; Dymowskï, J. J. J. Biol. CMm. 1976. 254, 356. b) Breslow, R.; Wentick. D.
L. Proc. NI1JI. Acod. Sei. U. S. A. 1977. 74. 1303.
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tested in model systems21g,f designed by Groves. Both mechanisms appear tO give high

rate acceleration for amide hydrolysis. However, il is impossible to prove enzyme

mechanisms based on the simple model studies. A double activation by the metal ion has

been proposed based on the mechanistic studies on metal complex catalyzed amide

hydrolysis by Chin et aI.23 The proposed mechanism for unactivated amide hydrolysis

involves the above IWO mechanisms at least concerning the role of metal ions. Buffer

catalysis can not be studied due to complexation of the catalystto the buffer used. Recent

success in X-ray crystallography for CPA-substrates structure determinations gives

valuable insight in understanding the catalytic mechanism,24 X-ray structures determined

by Christianson and Lipscomb for ketones bound 10 CPA in theif hydrated forms support

the bifunctional role of a metal ion even though the structures were used 10 support the

metal hydroxide mechanism.24 Figure IIUI shows the X-ray structure of 5-benzamido-2­

benzyl-4-pemanoic acid hydrate bound to CPA.45

Figure HUI

The observed X-ray structures of CPA with gem-diolates, bear the structural and electronic

resemblance to the actual proteolytic tetrahedraI imermediate (Fig. IILI2 a).

Figure 1II.12

OH RHN R'

G1U270'\ X
0--- HO, ,O·----Argl27

, 'Zn2.

/1'
(a)

45 Christianson, D. w.; David, P. R.; Lipscomb. W. N. Proc. Nall. Acad. Sei. U. S. A. 1987. 84. 1512.
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The (dpa)Cu(II)(OH2h23 catalyzed hydrolysis of fonnamides and the CPA catalyzed

hydrolysis of peptides both involve the formation of a four-membered ring bidentate metal

complex (Fïg. llI.12).

The cyclen complex can be a better model system in terms of the catalytic efficiency

and the possibility for mechanistic studies. It was possible to measure the equilibrium

binding constants of amides to the cobalt complex for the fust time. The equilibrium

binding constants of formamides to the cobalt complex are in the range of 0.4 to 2 M-l.

The kinetics of carboxypeptidase A catalyzed hydrolysis of peptides of more than five

amino acids have been studied.46 The equiljbrium constants (Km-!) for binding of the

substrates to carboxypeptidase A are in the order of 10 to 102 M·\.46 It is true that mother

nature is ahead in peptidase design. The enzyme bound peptides are hydrolyzed with half­

lives of about a few milliseconds24 .46.47 whereas the estimated half-Iife for the cobalt

bound peptide is within a few minutes at 60 oC. Nevertheless. a simple cobalt complex.

(cyclen)Co(II1)(OH2l2. represents the fust artificial peptidase for hydrolyzing unactivated

amides under mild conditions.

46 AbramowilZ, N.; Schechter. 1.: Berger. A. Biochem. Biophys. Res. CommlUl. 11167, 29, 862.
47 Lipscomb, W. N. Ace. Chem. Res. 11170, 3, 8t.
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1 GENERAL

IH NMR, I3C NMR, and 31p NMR were taken on Varian XL-200 and 300

spectrometers. Data are reponed in parts per million (ppm) downfield from the following

references: IH NMR; tetramethylsilane (TMS) in CDCI3, 3-(trimethylsilyl)-I-propane­

sulfonic acid (DSS) and t-butyl aJcohol (1.22 ppm), in D20: I3C NMR; CDCI3 (77.0

ppm), 1,4-dioxane (67.4 ppm in D20), CD2C12 (54.3 ppm): 31p NMR; trimethylphosphate

(TMP) in D20.

Kinetic studies w6re carriedcui with either a Hewlett-Packard 8451 diode array
Il

spectrophotometer equipped with a Lauda RM6 thermostat, or a PYE UNICAM PU88

UV{VIS spectrophotometer equipped with an Accuron SPX 876 S2. Temperature

Programme Controller.

]iitration of metal complexes \\,as carried out with a Radiometer PHM63 pH meter
,1 ;

equipped with a Radiometer RTS822 automatic titraté>r.

X-ray structures were obtained with a a Rigaku AF C6S diffractometer with

graphite monochromated Mo Ka radiation at 1.75 KW."
,~,

Elemental analyses were performed by Guelph Chemical Laboratories Ltd.

2 MATERIALS ""

The following chemicals were purchased from Sigma-Aldrich Chemical Company

and used without funher purification: 5'-AMP, c-AMP, 2'deoxy-c-AMP, ApA, UpU, 2'­

deoxyadenosine, adenine, phenylphosphonate, BNPP, tetraethylenejJentaamine, and tren.

13C labelled chemicals, CH3'CN, CH3'COONa, H*COONa and CH3'COCI were

purchased from MSD Isotopes 'and BrCH2'C02H and Bz'OH were purchased from

Aldrich Chemical Company. Acetamide CH3C'ONH2 was synthesized from CH3'COCI

and NH3 in pyridine.1

Dimethyl phosphate (DMP) (Na salt}, methyl phosphate (MP) (Na salt), and

BDNPP were provided by Dr. Mariusz Banaszczyk and Dr. Andrew Moore. The

following compounds were purified according to the established methods2: acetonitrile,

1 Vogel. A.I. in A Texz of Prac/ical Organic Chemistry, 4th Ed.; English Language Book Society and Longman;
London, 1979. p 516.
2 Perrin. D. D.; Armarego, W. L. F.; Perrin, D. R. in PurificaIion of LaboraIory Chemicals; 2nd Ed.; Pe/gamon
Press; 1980.
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benzonitrile; trimethylacetonitrile, acrylonitrile, DMF, and 4-formylmorpholine.

Tetradentate ligands such as cyclen and trpn were synthesized according to the literature

procedures.3

CH3CN, doubly distilled water, and MeOH fer HPLC were obtained from Fisher

Scientic Ltd. HPLC buffer (ammonium phosphate, 0.2 M, pH 5.5) for analysing

nuc1eotides was prepared with HPLC grade Nl4H2P04. The pH of the solution was

adjusted with a 40 % ammonium hydroxide solution and was filtered through Millipore
0.45 ~m filter paper before use.

3 SYNTHESIS

3.1 Synthesis of Tetraamine Ligands

N' -methyl-N,N"-bis(toluene-p-sulfonyI)diethylent riamine (l)

Compound 1 was synthesized in o?e step. The literature ,Ha
procedure4took 4 reaction steps staning from diethylenetriamine. To <"N~
a solution of methylamine (2.5 g of 40% water solution, 32 mmol) in TaN NTa

acetonitrile (50 mL) was added N-lOsylaziridine (12.7 g, .62 mmol)5. The mixture was

stirred at room temperature for 24 h and evaporated to dryness under reduced pressure.

The crude product was recrystallized from methanol to provide 10.6 g (78 %) of 1 as a
bright yellow solid: mp 104-106 oC (lit.! 13-114 oC)4; IH NMR (200 MHz, CDCI3) ô

1.95 (s, 3 H, NCH3), 2.34 (t, J = 5.7 Hz, 4 H, NCH2), 2.42 (s, 6 H, TsCH3), 2.94 (t, J

=5.7 Hz, 4 H), 7.31 (d, J =8.3 Hz, 4H, ArH), 7.79 (d, J =8.3 Hz, 4 H, ArH); I3C

NMR (75.4 MHz, CDCI3) Il 21.48 (TsCH3), 41.19, 40.57 (NCH3), 107.14, 120.69,

136.7, 143.23.

3 al Richman. J. E.; Atkins. T. J. J. Am. Chem. Soc. 1974. 96. 2268. bl Chin. J.; Banaszczyk. M.; Jubian. V. J.
Am. Chem. Soc. 1989. Ill. 186.
4 Ciampolini, M.; Micheloni. M.; Nardi, N.; Paoletti, P; Dapporto, P.; Zanobini. F. J. Chem. Soc" Dalton r"ins,
1984. 1357,
5 Martin. A, E.; Ford, T. M.; Bulkowski. J. E. J. Org. Chem. 1982. 47. 412.
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N,0,0'-Tris{toluene-p-sulfonyl) bis{2-hydroxyethyl)aminé (2)

To a solution of diethanolamine (10.5 g, 0.1 mol) and

triethylamine (33 g, 3.3 mol) in dichloromethane (500 mL ) was added

IOsylchloride (57.1 g, 3 equiv) over a period of 1 h in an ice bath.

After the addition was complete, the mixture was refluxed for 2 days

and evaporated to dryness under reduced pressure. The cTUde solid material was

recrystallized from methanol to give 2 (65 %) as a white solid: mp 73-75 oC; 1H NMR

(200 MHz, CDC13) li 2.43 (s, 3 H, NCH3), 2.46 (s, 6 H, OCH3), 3.35 (t, J = 6 Hz, 4 H,

NCH2), 4.11 (t, J =6 Hz, 4 H, OCH2), 7.3 (d, J =8.0 Hz, 2H, NTs ArH), 7.36 (d, J =
7.94 Hz, 4H, OTs ArH), 7.62 (d, J =8.4 Hz, 2H, NTs ArH), 7.76 (d, J =8.4 Hz, 4H,

OTs ArH).

1-Methyl-4,7,10. tris( tou1ene-p-sulfon y1)·1",4,7,1O-tet raazacyclododecan e

(3)

To a solution of 1 (9 g, 21.1 mmol) dissolved in dry DMF

(500 mL), NaH (1.4 g of 80 % oi! dispersion, 2.7 equiv) was added.

The solution was heated to 80 oC so that a controlled H2 evolution

took place7 and then heated to 110 oC for 1 h until H2 evolution

ceased. To the reaction mixture, compound 2 (12.5 g, 21.1 mmol) dissolved in dry DMF

(500 mL) was added dropwise over a period of 2 h at 110 oc. The mixture was stirred for

an additional 2 h, cooled to room temperature and the residual NaH was decomposed by

addition of JO mL of water. The reaction mixture was filtered, and the solvent was

evaporated. The residue was diluted with water and extracted with CHCI3. The organic

layers were dried over Na2S04, and the solvent was evaporated. Crysta11ization from

CHCl3-ether provides 8.2 g of 3 (59 %) as a white solid: mp 192-194 oC; 1H NMR (200

MHz, CDCI3) li 2.17 (s, 3H, NCH3), 2.43 (s, 6H, TsCH3), 2.46 (s, 3H, TsCH3), 2.61

(t, J =4.4 Hz, C2, CI2H), 3.0 (t, J =4.3 Hz, C3, CIIH), 3.25 (t, J =5.8 Hz, 4H, C5,

C9H), 3.51 (t, J =5.8 Hz, 4H, C6, C8H), 7.3 (d, J =8.4 Hz, 4H, N4 and NllArH),

7.35 (d, J =8.4 Hz, 2H, N7ArH), 7.63 (d, J =8.2 Hz, 4H, N4 and NllArH), 7.82 (d, J

= 8.2 Hz, 2H, N7ArH); l3e NMR (75.4 MHz, CDCI3) li 21.50 and 21.55 (TsCH3),

42.49,45.40,48.64,50.13,51.87,59.29, 134.83, 136.38, 143.30, 143.51.

6 Moi. M. K.; Mears. C. F.; DeNardo. S. J. J. Am. Chem. Soc. 1988. 110. 6266.
7 Hediger, M.; Kaden. T. A. Helv. Chim. Ac'e 1983. 66. 861.
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I.Methyl·l,4,7,10·tetraazacycIododecane (4)

Compound 3 (7.8 g, 11.7 mmol) was detosylated with

concentrated sulfuric aeid (20 mL) as described previously.8 The

resulting amine sulfate was dissolved in water. The water solution was

made alkaline with a 2N NaOH solution and extracted with CHCI3.

The organic layers were dried over Na2S04 and evaporated under reduced pressure. A

thick oily residue was solidified upon standing ai ;'lom temperature to give 4 as a pale

yellow solid in a quantitative yield: l3C NMR (75.4 MHz, CDCI3) Il 43.47 (CH3), 44.74,

46.30, 48.77, 53.84.

Bis(2·chloroethyl)methylamine (5)

A solution of N-methyldiethanolamine (61.9 g, 0.52 mol) in

CHCl3 (50 mL) was added dropwise over a period of 2 h to a solution

of thionyl chloride (86 mL, 1.14 mmol) in CHC]3 (60 mL) at room

temperature.9 The mixture was refluxed for an additional 1 h cooled to room temperature,

and evaporated to dryness. The residue was recrystallized from acelOne to give 5 as a

hydrochloride salt.

The HCl salt (5 g, 26.4 mmol) was dissolved in a small amount of water, and the

water solution was made alkaline with NaOH powder. The solution was extracted with

CH2CI2, dried over Na2S04, and evaporated to produce 4 g (98 %) of 5 as a yellow oil:

lH NMR (200 MHz, CDCI3) Il 2.38 (s, 3H, CH3), 2.82 (t, J = 6.8 Hz, 4 H, NCH2),

3.56 (t, J =6.9 Hz, 4 H, CH2CI).

1,7.Dimethyl.4,7.bis(toluene·p·sulfonyl)·1 ,4,7 ,10·tetraazacyclododecane~.:

(6)

Compound 6 was prepared from 1 and 5 by the method used

for the synthesis of 3. Thus 1 (18 g, 42.3 mmol) and 5 (6 g, 38.7

mmol) gave 6.8 g of 6 (35%) as a white solid after recrystallization

from methanol: mp 167-170 oC (lit.175-177 oC)4; lH NMR (200

8 Atkins. J. A.; Richman. J. E.; Eule. W. F. Org. SYnlh.1978. 58. 86.
9 Cammack. T.; Reeves. P. C. J. Helerocyclic Chem. 1986. 23. 73.



Compound 6 was detosylated using the method7•8 described

for the synthesis of 4 to give 7 (99 %) as a yellow solid: lB NMR

(200 MHz, CDCI3) li 1.22 (m, !H, NH), 2.28 (s, 6H, CH3), 2.46
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MHz, CDCI3) li 2.23 (s, 3 H, NCH3), 2.43 (s, 3 H, TsCH3), 2.71 (t, J = 5.3 Hz, 8 H,

C2, C12, C6, C8H), 3.19 (t, J = 5.3 Hz, 8 H, C3, CS, C9, CllH), 7.31 (d, J =8.2 Hz,
4H, ArH), 7.68 (d, J =8.2 Hz, 4 H, ArH); l3C NMR (75.4 MHz,CDCI3) li 21.49

(TsCH3), 42.30, 47.55, 57.17, 127.34, 129.68, 135.39, 143.28.

1,7.Dimethyl-l,4,7,10·tetraazacyclododecane. (7)

n/CH3

[: :J
HC/U

(bs, 8H, R2NCH2), 2.63 (t, J = 4.8 Hz, 8H, RHNCH2), 3.49 (m, 3

IH, NH); 13C NMR (75.4 MHz, CDCI3) li 43.89 (CH3), 44.78, 54.24.

4,7 -D ibenzyl.l, 1O· bis (toi uene·p-sulfonyl)triethylenetetraamine (8)

Compound 8 was prepared from the N,N'-dibenzylethylenediamine and N-tosylaziridine

as described for the synthesis of 1 in 85 % yield: IH NMR (200 MHz, CDCI3) li 2.39 (s,

4H, CS, C6H), 2.41 (s, 6H, TsCH3), 2.46 (t, J =5.5 Hz, 4H, C3, C8H), 2.94 (t, J =5.5

Hz, 4H, C2, C9H), 5.5 (bs, 2H, NH), 7.15 (m, 10H, Bn), 7.3 (d, J = 8.0 Hz, 4H,

ArH), 7.69 (d, J = 8.3 Hz, 4H, ArH)

O,O'·Ditosylethyleneglycol (9) Compound 9 was preparedaccording to the known

procedure5: lH NMR (200 MHz, CDCI3) ~ 2.46 (s, 6H, TsCH3), 4.li (s, 4H, OCH2),

7.34 (d, J =8.0 Hz, 4H, ArH), 7.74 (d, J =8.1 Hz, 4H, ArH)

1,4-Dibenzyl·7,10· bis(toluene-p-sulfonyl)-1,4,7,10-tetraazacyclododecane

(l0)

This compound was prepared from 8 (12.05 g, 19 ~n /'A
mmol) and 9 (7.1 g, 19.1 mmol) using the method described· V [: :J V
for the synthesis of 3. The crUde product was dissolved in hot / U "-

Ts. Ts
benzene and the solution was cooled to 0 oC. The resulting

slurry was filtered to remove the starting material 8. The filtrate was then evaporated and



,~.. 124
1.5 g of the final produet 10 (12 %) wasisolated by fraetional reerystallization from

ethanol: tH NMR (200 MHz, CDCI3) 0 239 (s, 4H, C3H), 2.44 (s, 6H, TsCH3), 2.64

(t, J '" 5.04 Hz, C5, CI2H), 3.24 (t, J = 5.04 Hz, C6, CIIH), 3.47 (s, 4H, CH2Bn),

3.70 (s, 4H, C8, C9H), 7.19 (bs, 10H, Bn), 7.3 (d, J = 8.2 Hz, 4H, ArH), 7.68 (d, J =
8.2 Hz, 4H, ArH); l3C NMR (CDCI3, 75.4 MHz) 0 21.53 (TsCH3), 47.58, 49.02,

51.20,54.81,59.09, 127.05, 127.36, 128.17, 129.67, 129.51, 135.84, 137.75, 143.09.

1,4.Bis(toluene.p·sulfonyl).l ,4,7,10·tetraazacyclododecane (11)

To a solution of 10 (4 g, 6.3 mmol) in acetie acid (60 mL) was

added 2 g of 10% Pd-C eatalyst.7,10 The hydrogenolysis was allowed

10 proeeed until no funher hydrogen was taken up. The reaetion

mixture was filtered through eelite and evaporated. The erude produel

was dissolved in a IN NaOH solution and extraeted with CHC13. The organie layers were

dried over Na2S04 and slowly evaporated to give 11 as a yellow solid (98 %): 1H NMR

(200 MHz, CDCI3) 0 1.65 (bs, 2H, NH), 2.44 (s, 6H, TsCH3), 2.73 (s, 4H, C8, C9H),

2.90 (t, J =5.1 HZ,4H, C6, CIlH), 3.13 (t, J = 5.1 Hz, 4H, C5, CI2H, 3.54 (s,

4H,C2, 3H), 7.35 (d, J = 8.3 Hz, 4H, ArH), 7.73 (d, J =8.3 Hz, 4H, ArH); l3C NMR

(75.4 MHz,CDCI3) 0 21.5,46.83,48.0, 50.47, 50.59, 127.58, 129,75, 134.25, 143.55.

1,4·Dimethyl.7,10.bis(tolu~ne.p.sulfonyl).1 ,4,7,10·tetraazacyclododecane
(12)

To a slurry of 11 (1.5 g, 30 mmol) in water (3 mL) was added

formie aeid (3.4 mL, 1 equiv) and formaldehyde (2.8 mL, 1 equiv).11

The reaetion mixture was refluxed for 24 h and eooled to 0 oC. The

solution was made alkaline with a eoncentrated NaOH solution 10 yield

a stieky solid. The erude material was dissolved in 20 mL of hot benzene and was fil1ered

to remove unidentified side produet after cooling. The filtrale was evaporated 10 give 0.8 g
"(51 %) of 12 as a whi\e erystalline solid: mp 144-146 oC; tH NMR (200 MHz, CDCI3) 0

2.19 (s, 6H, CH3), 2:29(s, 4H, C2, C3H), 2.43 (s, 6H, TsCH3), 2.56 (t, J= 5.1 Hz,

C5,CI2H), 3.14 (l, J = 4.5 Hz, 4H, C6, CI2H), 3.58 (s, 4H, C8, C9H), 7.32 (d, J =

10 Bergem, R. J.; MeGovom, K. A,; Channini: M. A,; Burlon. P. s, J, Org, Chem. 1980, 45. 1589.
Il Barefield, E. K.; Wagner, F. Inorg, Chem, 1973, 12, 2435.

\::
--;
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7.94 Hz, 4H, ArH), 7.75 (d, J = 8.2 Hz', 4H, ArH); BC NMR (75.4 MHz, COCI3) Il

21.5,43.56 (NCH3), 49.14, 50.37, 54.97, 127.3, 129.65, 135.82, 143.06.

1,4-Dimethyl-l,4,7,lO-tetraazacyclododecane (13)

Compound 13 was prepared according to the method described

for the synthesis of 4. A solution of 12 (1.1 g, 2.16 mmol) in

concentrated sulfuric acid (2 mL) was stirred for 72 h at 100 oC. The

reaction mixture was cooled to 0 oC' and dry ethylether was added

slowly. After filtration, a sticky solid was dissolved in water. The solution was made

alkaline with a 2 N NaOH solution, extracted with CHCI3, and dried over Na2S04.

Evaporation gave 0.4 g (93 %) of 13 as a deliquescent solid: 1H NMR (200 MHz, COCI3)

Il 2.29 (s, 6H, CH3), 2.41 (s, 4H, C2, C3H), 2.4 to 2.45 (m, 4H, CS, C12H), 2.68 to

2.74 (m, 4H, C6, ClIH), 2.75 (s, 4H, C8, C9H); BC NMR (75.4 MHz, COC13) Il

43.73 (CH3), 45.29, 47.28, 54.0, 55.56.

3.2 Synthesis of Co(lII) Complexes.

3.2.1 Synthesis of [(L)CO(III)C03]CI04

Ail the cobalt complexes have been synthesized according to literature procedures12

with minor modifications. A solution of tetraamine ligand (1 mmol) dissolved in S to 10

mL of water (for cyclen) or 30 to 50 % aqueous ethanol (for cyclen derivatives) was added

to Co(II)(Cl04h·6H20 (l equiv) in 5 mL of water, and to this was added Pb02 (1.5

equiv) and NaHC03 (l equiv). The resulting suspension was stirred ovemight at room

temperature (cyclen) or for l> h at 50 oC (cyclen derivatives), and the pH of solution was

adjusted to~a. 6.5 by adding a dilute HCl04 solution. After filtration, it was evapOtated to

dryness in vacuo. The crude residue was triturated with absolute ethanol, and then

filtered. The overall yields afterrecrystallization from water are in the range of 75 to 85 %:

(cyclen)Co(III)C03·CI04·HZ013: BC NMR (75.4 MHz, 020) 167.43 (C03),

56.47, 54.02, 50.Q2, 47.91.

12 Harris. G. M.; DlSgupla, T. P. J. Am. Ch'm. So<.I975. 97.1733.
13 X·ray slructure; Loeh1in, J. H.; Fleisher. E. B. Acra Crysi. 1976. B32. 3063.
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Anal. Calcd for C9H20CICoN407: C, 27.67; H, 5.16; N, 14.34; CI, 9.08. Found. C,

27.43; H, 4.76; N, 14.26; CI, 8.93; Co, 15.19.
(monomethylcyclen)Co(III)C03·CI04: l3C NMR (75.4 MHz, 020) Il 167.77

(C03),66.93, 64.14,56.42,53.91,50.35,49.32,48.36,47.8, 45.7(CH3).

Anal. Calcd for CIOH22CICoN407: C, 29.67; H, 5.48; N, 13.72; Co, 14.56. Found: C,

29.41; H, 5.20; N, 13.72; Co, 14.77.
(trans·dimethylcyclen)Co(III)C03·CI0414: l3C NMR (75.4 MHz, 020) Il 168.25

(C03), 66.85, 64.06, 49.14, 48.09, 46.32 (CH3).

Anal. Calcd for CllH24CICoN407: C, 31.55; H, 5.77; N, 13.55; CI, 8.47; Co, 14.07.

Found: C,31.0; H, 5.40; N, 13.64; CI, 8.61;Co, 14.23.
(cis·dimethylcyclen)Co(III)C03·CI04: l3C NMR (75.4 MHz, 020) Il 167.94

(C03), 66.34, 65.93, 60.16, 59.72, 55.89, 49.92, 48.93, 46.77 and 45.71(CH3).

Anal. Calcd for CllH24CICoN407: C, 31.55; H, 5.77; N, 13.55; CI, 8.47; Co, 14.07.

Found: C, 31.13; H, 5.36; N, 13.50; CI, 8.14;Co, 13.71.

3,2.2 Synthesis of Co(III)(L)(OHûz'(CI04h

General methods : To a solution of Co(II1) carbonato complex (1 mmol) in 0.5 mL of

water was added dropwise 2.5 mmol of 70% aqueous HCI04 and the mixture was stirred

at room temperature until the COz evolution ceased. The mixture was then stirred under

reduced pressure for 0.5 h and was evaporated to dryness in an ice-water bath. The

residue was triturated with anhydrous ethylether, filtered, and dried in vacuo over P20S.

The aqueous solution is often used directly without isolation of the diaqua cobalt

complexes:

(cyclen)Co(III)(OH2h(CI04h: l3C NMR (75.4 MHz, 020) Il 57.97, 54.6, 50.6,

48.6
(monomethylcyclen)Co(I1I)(OHzh(C104h: l3C NMR (75.4 MHz, 020) Il 67.64,

64.55,57.71,54.26,50.54,50,07, 49.73 (CH3), 49.07 , 48.54

(trans.dimethylcyclen)Co(III)(OH2}z(C104)3: To a finely powdered cobalt

carbonato complex (1 mmol) was added dropwise 100 j.lL of70% aqueous HCI04 and the

mixture was stirred at room temperature until COz evolution stopped. The mixture was

diluted with ImL of water and stirred at 50 oC for 1 h. The solution was cooled to room

temperature and stirred for an additional 1h under reduced pressure. The diaqua tmcyclen

14 X-ray structure; Giusti. 1.; Chimichi. 5.; Ciampolini. M. [norg. Ch.m. Acla 1984.88,51.
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complex can he isolated using the same methods as for the cyclen complex: l3C NMR
(75.4 MHz, 020) Il 67.95,64.62,50.93,50.51, 49.57(CH3).

3.2.3 Preparation of (tetren)Co(II1)(OHz)

Initially prepared as a mixture of n- and'13·(tetren)Co(III)(Cl)(ZnC4h, the complex
was converted to a mixture of n- and 13-(tetren)Co(m)Cl(Cl04h 15and treated with 1 equiv

of base (NaOH) to give n-(tetren)Co(1lI)(OH2)(Cl)(Cl04h. This aqua cobalt complex was

used directly:'without isolation.
n· and 13·(tetren)Co(II1)CI(CI04h Anal. Calcd for CgH23CI3CoNS0l3: C, 19.91;

H, 4.8; N, 14.51; Cl, 22.04; Co, 12.21. Found: C, 19.87; H, 5.27; N, 14.47; Cl, 21.91;

Co, 12.11.

3.3 Synthesis of [(tmcyclen)Co(T\2.N,O.benzamide)]2+complex

To a solution of cobalt carbonato complex (900 mg, 2.15 m mole) dissolved in 5

mL of water was added 0.5 mL ofconcentrated perchloric acid. The solution was stirred at

room temperature until COz evolution ceased and then stirred for an additional2 h at 60 OC.

The solution was cooled to room Temperature and excess C02 was removed under reduced

pressure. The solution was diluted to 5 mL with water and the pH of the solution was
adjusted to 6.5 with a 2 N NaOH solution. To the catalyst solution was added 1 equivof

benzonitrile (219 mg) and the mixture was stirred at room temperature overnight. After

filtration, 700 mg of a fine powder was obtained. The crude product was recrystallized

from 25 mL of hot water (70 - 80 OC) and washed with 50 % aqueous ethanol, ethanol,

and ether yielding 370 mg of a purple multifaceted crystal :
13C NMR (75.4 MHz, C02CIz) Il 185.1(CO), 134.2, 130.9, 129.3, 126.6,67.3,64.9,

48.7,47.9 (CH3), 47.8: ref CD2CIz (54.26 ppm).
BC NMR (75.4 MHz, 020) Il 185.9, 184.6, 134.6, 134.5, 132.1, 131.8, 129.7, 127.2,

127.0,68.0,67.5,64.8,64.1,50.6,49.0,48.4 (CH2,ÇH3), 48.2, 47.8 (CH3) : ref: t­
BuOH (30.47 and 70.59 ppm).
lH NMR (200 MHz, C02Clz) Il 1.62 (s, H20), 2.38 (s, CH3), 2.7 - 3.6 (m, cyclen), 6.17

(bs, NH), 6.77 (bs, NH), 7.5 -8.0 (m, ArH), 8.7 (bs, NH) : ref CH2Cl2 (5.24 pprri).
lH NMR (200 MHz, 020) Il 2.39 and 2.43 (s, CH3), 2.7 - 3.45 (m, cyclen CH2), 7.5 - 8

(m, benzamide) : Tef: t-BuOH (1.22 ppm).

IS a) House. D. A.; Gamer. C. S. lnorg. Chem. 1967, 6, 272. b) Ni, T. L.; Gamer. C. S. ibid. 1967. 6. 1071. ,"
, l.~
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Crystal data C17H34CoNSOllCI2, M = 614.32. Orthorhombic, a = 13.130 (4)
Orthorhombic, a = 13.130 (4), b = 18.357 (4), c = 10.805(1) A, ~ = 550, V = 2604 (1)

A3, space group; P212121 (#19), Z =4, Dx =1.567 g/ cm3, Purple, mutifaceted crystal.
Crystal dimensions: 0.300 x 0.200 x 0.500 (mm), Il( Mo-Ka) = 9.24 cm- I .

Data Collection and Processing Rigaku AFC6S diffractometer, ro - 2 a mode with ro scan
width = 1.00 + 0.30 tan a, scan speed 16.0 deg min-l, graphite-monochromated Mo-Ka

radiation, temperature: 20 ± 0.1 oC; 6424 reflections measured 5996 unique after

absorption correction (max. min. transmission factors: 0.89 - 1.00) giving 3014 with 1>
3.00 cr (1). The intensities of three representative reflections remained constant throughout

data collection indicating crystal and electronic stability (no decay correction was appIied).

The data were corrected for Lorentz and polarization effects.

Structure analysis and refinement Ail non-hydrogen atom positions were solved by direct

methods l6 using the TEXAN crystallographie software package of Molecular Structure

Corporation,17 AlI hydrogen atom positions were determined from a Fourier Difference

map. Ali positional and thermal parameters (non-hydrogen atoms: anisotropic; hydrogens;

isotropie) and an extinction parameter were refined by full-matrix least sq·uares. Final R

and Rw were 0.068 and 0.065 for 3014 observed reflections and 281 variable parameters.
The weighting scheme w =4 F02/ cr2 (F02) obtained from counting statistics gave

satisfactory agreement analyses. The maximum and minimum peaks on the final difference

Fourier map correspond to 0.60 and -0.56 eA-3, respectively. Neutral atom scanering

factors were taken from Cromer and Waber.18 Anomalous dispersion effects were included
in Fealel9; the values for M'and M" were those of Cromer.20 Two disoriented perchlorate

ions were located, as weIl as two laniee water molecules. The refinement gave R factor of

the syn isomer (see part II section 3.2) of 0.073.
3.4 Synthesis of [(trpn)Co(III)(n 2·0,0'. ~·ala)]3+complex

16 Gilmore, C. J. J. Appl. Cryst.1984, 17,42. and Beurskens, P.T. DlRDlF: Direct Methods for Difference
Sttucwres-an AUlOmatic Procedure for Phase Extension and Refmement of Difference Structure Factors. Technical
Reponô Crystalography laboratory, Toemooiveld, 6525 Ed Nijmegen, Netherlands. 1984.
17 TEXAN-TEXRAY Structure Analysis Pakage. Molocular Structure Corporation, 1985.
18 Cramer, "D. T.ô Waber, J. T. Wnternational Tables for X·Ray Crystal/ography; The Kynoch Press:

ûBirmingham, 1974, Vol. 4, Table 2.2.A.
19lbers, J. A.; Hamilton, W. C. Acta Crystal/ogr. 1964, 17, 781.
20 Cromer, D. T. Wnternolional Tables for X-Ray Crystal/ography; The Kynoch Press: Birmingham. 1974. Vol.
4, Table 2.3.1.
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To a solution of (ttpn)Co(III)(OH2l2·CI04 (1 g, 1.62 mmol) dissolved in 5 mL of

water was added ~-alanine (144.2 mg, 1 equiv). The pH of the solution was adjusted to 5

using a IN NaOH or a IN HCI04 solutions and stirred for 3 h at room temperature. The

volume of the solution was reduced to 1 mL. The precipitate formed was filtered,

redissolved in a minimum amount of water and the same volume of a saturated NaCI04
solution, was slowly added. A needle shaped violet crystal was obtained on standing
ovemight. The ORTEp21 view of the crystal is shown in Figure IV.1.

Crystal data CI2H33CoNsOlSCI3, M =652.71. onhorhombic, a =16.396 (8), b =19.836
(6), c =15.059 (1) Â, ~ =500, V =4898 (4) Â3, space group; Pbca (#61), Z =8, Dx =
1.770 g / cm3, violet neeelle. Crystal dimensions: 0.450 x 0.200 x 0.280 (mm), J.l( Mo­
Ka) = 11.05 cm-l.

Data Collection and Processing Rigaku AFC6S diffractometer, Cl) - 2 e mode with Cl) scan
width =1.00 + 0.30 tan e, scan speed 16.0 deg min-l, graphite-monochromated Mo-Ka

radiation, temperature: 20 ± 0.1 oC; 4809 reflections measured 1384 unique after

absorption correction (max. min. transmission factors: 0.61 - 1.17) giving 1384 with 1 >
1.00 cr (1). The intensities of three representative reflections remained constant throughout

data collection indicating crystal and electronie stability (no decay correction was applied).

The data were corrected for Lorentz and polarization effects.

Structure analysis and refinement Ali non-hydrogen atom positions were solved by direct

methodsl6 using the TEXAN crystallographie software package of Molecular Structure

Corporation.n Ali hydrogen atom positions were determined from a Fourier Difference

. map. Ali positional and thermal parameters (non-hydrogen atoms: anisotropie; hydrogens;

isotropic) and an extinction parameter were refined by full-matrix least squares. Final R

,and Rw were 0.095 and 0.061 for 1384 observed reflections and 235 vanable parameters.
The weighting scheme w =4 Fo2/ cr2 (Fo2) obtained from counting statistics gave

.satisfactory agreement analyses. The maximum and mininmm peaks on the final difference

Fourier map correspond to 0.56 and -0.61 ek3, respectively. Neutral atom scattering

factors were taken from Cromer and Waber.18 Anomalous dispersion effects were included
in Fcalcl9; the values for ~f and ~f' werethose of Cromer.20

21 Johnston, C. K. ORTEPn. Report ORNL-SI38; Oak Rid8e National Libray: Oak Ridge, Tennessee. 1976.
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Figure IV.l Perspective OR1EP drawing of (trpn)Co(ID)(T\2-0,O'-~-ala)(CI04h.
Nonhydrogen atoms are represented by thermal vibration ellipsoids drawn
to encompass 50 %of electron density; hydrogen atoms are omined for
clarity.
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4. TITRATION

Titrations to detennine the pKa of the water bound to cobalt complexes were carried

out on solutions of cobalt complex (lmM, 5mL) and titrated from pH 3 to 10 using a

NaOH solution (0.01 M). Both sodium hydroxide and perchloric acid solutions were

prepared from degassed water.

5 KINETICS / BINDING STUDIES

5.1 UV/VIS Spectroscopy

Hydrolysis of phosphate esters: Hydrolysis of BDNPP, BNPP, and NPP promoted

by cobalt complexes was monitored at 400 nm following the production of the

corresponding substituted phenolate. The reactions were carried out under pseudo first

order conditions with excess cobalt complex over phosphate esters. The rate constants

were obtained by fitting the first 3 half lives of the reaction according to a first order kinetic

equation (correlation coefficient> 0.98). In a typical kinetic run, a cuvette was filled with a
~,~-.

freshly prepared aqueous solution of 5 mM of cobalt complex (2 mL) that has been L:
ri \~\

adjusted to the desired pH at 25 OC. The hydrolysis reaction was initiated by injecting 0.01

M stock solution of phosphate esters (5 IJ.L). For experiments done at high temperature,

the cobalt solution in a cuvette was preequilibrated for 5 min before substrate injection.

The pH of the reaction did not change during the course of reaction. An aqueous stock

solution was prepared for BNPP and NPP whereas a stock solution in acetonitrile was

, prepared for BDNPP. The anation reaction was perfonned in the same way as described

above following the fonnation of bidentate phosphato complex at 550 to 570 nm .

Equilibrium binding constant of acetonitrile and acetamide to cobalt

complexes: Binding of acetonitrile and acetamide to cobalt complexes was monitored at

460 and 560 nm by following the fonnation of acetonitrile-cobalt complex adducts and

acetamido-cobalt complex, respectively. The equilibriumbinding constant was obtained

from a plot of the observed pseudo first order rate con~tant for the approach to the

equilibrium vs substrate concentration, where a ratio of slope (k) over intercept (k.)

detennines the equilibrium constant K. In a typical kinetic run, to an aqueous solution of

cobalt complex (l0 mM) at appropriate pH was injected 20 to 100 equiv of acetonitrile or

acetamide (l M stock solution).

o
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Hydration of acetonitrile : Accumulation of the cobalt acetamido complex was

monitored at 500 nm (for the cyclen complex) and 600 nm (for the tmcyclen complex).
The observed fust order rate constants were obtained by fining the data according to a fmt

order kinetic equation (R > 0.99). In a typical kinetic run, 1 to 10 equiv of acetonitrile was
injected to a catalyst solution (10 mM) which was preheated to 40 oC and preadjusted tO pH
7 with a 1 N NaOH solution.

5.2 IH NMR and 31p NMR spectroscopy

Binding of phosphates: To a solution of (L)Co(IIl)(OH2h (0.1 M) was added a stock

solution of inorganic phosphate (monobasic) or phenyl phosphonate (sodium salt) solution

(0.1 M). The pD of the solution was not adjusted after mixing, and the solution was

allowed to equilibrate for 1 h. The chemical shifts in 31p NMR spectrum were recorded

with respect to trimethyl phosphate as an external reference.

Equilibrium binding constants for DMP to the cobalt complexes of cyclen and tetren were

obtained by directly convening the integration value of each peak to concentration. In a

typical experiment, a solution was prepared by adding 0.5 to 1equiv of DMP to a catalyst

solution (0.1 M) at pD 2. The pD of the solution was adjustedagain to 2 with an aqueous

HCI04solution. Best results were obtained when al: 1 mixture was allowed to equilibrate

for 1 h at ro6m temperature for the cyclen complex and at 60 oC for the tetten complex.

Hydrolysis of nucleotides: Hydrolysis of nucleotides such as c-AMP, 2'-deoxy c-
I _.'

AMP, 5'-AMP, ApA, and UpU was monitored by 31p NMR methods by following the

formation of inorganic phosphate-cobalt complexes. The results were plolled as the

appearance of the product signal measured in terms of integration relative to the total

integration of ail the signais. The time for the acquisition of each data point is corrected

properly for the time of data collection. The values of kobs calculated from the data were

reproc1ucible to ± 10 % at 50 oc. In a typical kinetic run, 0.1 equiv of a stock solution of

phosphate esters was 'lldded to a cobalt complex solution (0.1 M) adjusted to the desired pD

at 25 oC. The pD of solution was adjusted again. The reaction mixture is placed in a NMR

tube, sealed, and heated to 50 oC.

Hydrolysis of DMP, nitriles and amides

General methods: Hydrolysis of DMP, nitriles, and amides are monitored by IH NMR

me:~'Jds. The reaction mixture is placed in a NMR tube, sealed,!lIld heated to the desired\ __/ .
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temperature. NMR spectra were recorded at different time intervals. As the reaction

proceeds, a decrease in the substrate signal is accompanied by an increase in the product

signal. The results were plotted as the appearance of the product signal measured in terms

of integration relative to the internal standard t-BuOH or 1,4-dioxane.

HY,d~olysis of DMP: As the reaction proceeds, the intensity of the signal due to

methanol increases. The rate constant was obtained by fitting data according to a second

order kinetic equation (correlation coefficient> 0.95). In a typical kinetic run, 2.5 equiv of

OMP sodium salt was added to a freshly prepared and pO preadjusted catalyst solution (0.2

M) in 020. The solution was adjusted again to the desired pO by using a lM NaOO or a

70 % OCI04 solution. .

Hydration of nitriles: Hydrolysis of acetonitrile, acrylonitrile, trimethylacetonitrile,

benzonitrile was monitored by following the increase in the signaIs due to the

cOrTesponding amides. The observed pseudo frrst order rate constants were obtained by

fitting the data according to a tirst order kinetic equation (correlation coefficient> 0.98). In

a typical kinetic run, nitriles (10 te 50 equiv) were added to a 020 solution of catalyst (0.01

M) at appropriate pO.

Hydrolysis of amides: Hydrolysis of amides was monitored by following the decrease

of signal due to the amide formyl proton or by following the increase due to the formate

proton. The rate constant was obtained by fitting data according to a second order kinetic

equation (correlation coefficient> 0.98). In a typical kinetic run, an amide (0.3 to 0.5

equiv) was added to a OzO solution of catalyst (0.1 M) at pO 6.

5.3 13C NMR spectroscopy

J,

Binding of acetate: A 020'solution of CO(I1I) diaqua complex (0.1 M) was mixed with

0.5 or 1 equiv of a stock solution of 13Cl ellriched acetate and then allowed to equilibrate
,,~

for 1 h. The pO of the solution was not adjusted afterwards. The NMR spectra were then

recorded. relative to 1, 4-dioxane as a internaI standard. ,.

For binding of carboxylates, a 020 solution of Co(I1I) diaqua complex (0.1 M, 0.2 mL)

was mixed with a stock solution of 13Cl enriched carboxylates (0.05 M, 0.2 mL) and then

allowed to equilibrate for!JJ. The pO of l~.e solution was not adjusted after. The NMR

spectra were then recorded relative to l, 4-dioxane as a internai standard.
'\
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Binding of acetonitrile and acetamide: 1 to 2 equiv of I3C1 enriched acetonitrile and

a stock solution of 13Cl enriched acetamide (4 M) were added to a solution of Co(III)

complex (50 mM) al pD 2 and pD 7, respectively. Spectra were recorded in a cenain time

period until it reached equilibrium. Best results were obtained when al: 1 ratio of catalyst

and substrate were allowed to react in D20.

5.4 HPLC

Hydrolysis of 2'-deoxy adenosine and dApA: The decreases in signal of substrates

were fol1owed relative to the area of internaI standard (benzyl alcohol or benzene). Data

were fit according to a first order kinetic equation (R > O. 94). In typical experiments, a

sohiiion of calalyst (0.1 M) adjusted to desired pH at 25 OC was mixed with 0.1 equivalent

of nucleotides and internai standard. The pH of solution was adjusted again and was

placed in 5 tO 10 of 1mL ampules, sealed and heated to 80 oC. In a cenain time interval, a

ampule was taken and èhilled in an ice bath. The seal was broken and 5 tO 10 ilL of the

reaction mixture was diluted 10 times with 0.5 M phosphate buffer (pH 5). For each run,

1IlL of above solution was injected on to a C18 column (5 micron Vydak) and eluted with a

20 to 50 % nonlinear gradient of NH4H2P04 (0.2 M) and 60 % CH30H in water solutions

over 45 minutes with a flow rate of 0.7 mL! min.
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CONTRIBUTION TO KNOWLEDGE

Considerable progress has been made in developing anificial nucleases and

proteases that hydrolyze unactivated phosphate esters, amides and nitriles

.~

Part 1 Hydrolysis of Phosphate esters

1) A series of cyclic tetradentate amine ligands based on the cyclen structure has been

synthesized and the efficiency and the stability of their cis diaqua Co(III) complexes were

tested by means of binding propenies to anionic ligands such as acetate and phosphates, as

weil as kinetic studies with BNPP, c-AMP, and ApA.

2) Hydrolysis of dimethyl phosphate at neutral pH has been accomplished for the first

time using a simple metal complex. (Cyclen)Co(ID)(OH212 hydrolyzes dimethyl phosphate

(DMP) by a bifunctional mechanism involving intramolecular metal hydroxide anack on the

coordinated phosphate ester.

3) DMP coordinated to the cyclen complex is hydrolyzed lOlO times faster than the

free ester at neutral pH and 60 oC. This reaction provides valuable insight into the

mechanistic role of metal ions in ribozyme catalyzed c1eavage of DNA.

Part II Hydration of Nitriles

1) (Cyclen)Co(III)(OH212 efficiently hydrolyzes nitriles ,to amides under mild
"

conditions (pD 7,40 oC) with catalytic turnover.

2) The equilibrium binding constants of nitriles to cobalt complexes has been

measured for the flfst time. Equilibrium binding constant of acetonitrile to the cis-diaqua

cyclen complex is measured to be 0.6 M-I by using UVNIS and I3C NMR methods.

3) A mechanism for the catalytic hydration of nitriles is proposed based on equilibrium

and kinetic studies. The reactivity of the two structurally related cobalt complexes,

(trncyclen)Co(III)(OH212 and (cyclen)Co(III)(OH2l2 has been compared, '.vhere only the
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cyclen complex gives catalytic turnovers. The mechanism involves equilibrium

complexation of nitriles to the cobalt cQmplex followed by intrarnolecular metal hydroxide

anack producing a four-membered ring chelated am ,de intermediate. The rate determining

step involves dissociation of the chelated amide from the metal complex to give the free

amide. The chelated amide intermediate has been isolated for the tirst time and its X-ray

structure determined.

4) The above bifunctional mechanism also leads the regioselective hydration of

acrylonitrile to acrylamide without allowing any C=C double bond hydration.
,

Part (III) Hydrolysis of Amides

1) Hydrolysis of unactivated free amides has been achieved with a simple metal

complex (cyclen)Co(III)(OH2)z' More than 105 fold rate enhancement over that of

uncatalyzed reaction is obtalnell in the cyclen complex promoted hydrolysis of 4-fonnyl

morpholine uril.1~r mild conditions (pD 6, 60 OC).
\,

2) Equilibrium binding constants of DMF and f~'Î1Tlyl morpholine to the Co(lII)

complexes have been measured using IH NMR metllods CKeq = 0.4 to 2 M-l at 25 oC).

This representfthe tirst measurements for the equilibrium constant for bindiJ'\g of amides to
- ;.- ~

metal complexes.

3) Base catalyzed hydrolysis mechanism of unacti"ated amides involves nucleophlic

attack of hydT()xid~'oricarbonylcarbon producing the tetrahedral intermediate, which is

followed bi~proton transfer and rate determining CoN bond cleavage. The observed rate

enhancem~ht by the cyclen complex was ascribed to the catalyst ability to stabilize this

tetI'ahedral intermediate by chelation, thereby increasing its steady state concentration.

~ ;
\'
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APPt:NDIX

A. X·ray Structure Determination of [(tmcyclenlCo(II1)(1l2.N,O.

benzamidel] (C104l2'2H20

Table A-1 Posilional paramelers and B(eq) for [(lmcyclen)Co(112-N,O.benzamide)J(CI04)2' 2H20

atom x y z B (8'1)

Co 0.4166(1) 0.88141 (7) 0.8553(1) :!,.17 (:,)
Cl (1) 0.7304(3) 0.8870(2) 0.3380(3) 6:5(2)
Cl (2) 0.2740 (3) 0.8302(2) 0.3992(3) 5.5 (2)
0(1) 0.2830(5) 0.9138 (3) 0.9058(6) 3.5 (3)
0(2) 0.7088 (7) 0.9387 (5) 0.0081(9) 6.9(6)
0(3) -0.0035(9) 0.7800(6) 0.393(1) 10.1(8)
N(l) 0.4425 (7) 0.9649(5) 0.7417(8) 4.1 (5)
N(2) 0.4859 (7) 0.9384(5) 0.9782(8) 3.8(4)
N(3) 0.5308(7) 0.8361(5) 0.7768(8) 4.3(5)
N(4) 0.4231(7) 0.7998(4) 0.9779(8) 4.0(4)
N (5) 0.3124 (6) 0.8381 (5) 0.7588(7) 3.4(4)
C (1) 0.491(1) 1.0253 (7) 0.821(1) 6.2(8)
C(2) 0.461(1) 1.0137 (7) 0.954(1) 5.6(7)
C (3) 0.4480(9) 0.9111 (6) 1.102 (1) 4.8(6)...,... C(4) 0.468(1) 0.8306(7) 1. 096 (1) 5.4 (6)

f~ C (5) 0.496(1) 0.7455(6) 0.926(1) 4.7(6)~.

C (6) 0.580(1) 0.7846(6) 0.861(1) 5.2(6)
C (7) 0.592(1) 0.8896(7) 0.714(1) 5.3(6)
C(8) 0.518(1) 0.9399(7) 0.650(1) 5.8(7)
C(9) 0.354(1) 0.9955 (6) 0.677(1) 5.5 (7)
C (10) 0.327(1) 0.7610 (7) 1.006 (1) 5.4(7)
C (11) 0.2432(8) 0.8761(6) 0.8190(8) 3.4(4)
C(12) 0.1317(7) 0.8788(6) 0.7949(8) 3.4(4)
C(13) 0.081(1) 0.8261 (6) 0.727(1) 4.6(6)
C(14) -0.022(1) 0.8340(8) 0.706 (1) 5.8 (7)
C(15) -0.076(1) 0.887(1) 0.756(1) 6.2 (7)
C (16) -0.027(1) 0.9402(7) 0.823(1) 5.5(7)
C(17) 0.076(1) 0.9367(6) 0.843(1) 4.9(6)
8 (1) 0.3100 0.8032 0.6938 3.8
8(2) 0.5031 0,8067 0.7121 5.1
8 (3) 0.5570 0.9319 0.9727 4.4
8 (4) 0.1168 0.7847 0.6950 5.3
8(5) -0.0563 0.7997 0.6532 6.9
H(6) -0.1477 0.8895 0.7433 7.3
H(7) -0.0659 0.9795 0.8554 6.4
H(8) 0.1094 0.9740 n.8899 5.8
H(9) 0.5383 0.8223 1~0974 6.3

~1I(10) 0.4363 0.8078 1.1656 6.3
("Il (11) 0.3770 0.9214 1.1131 5.5

H(12) 0.4846 0.9330 1.1691 5.5
H (13) 0.4990 1. 0457 1.0065 6.3
H(14) 0.3904 1.0229 0.9653 6.3
8(15) 0.4675 1. 0722 0.7931 7.2
8(16) 0.5628 1.0236 0.8122 7.2
8(17) 0.4606 0.7141 0.8685 5.5
H(18) 0.5228 0.7156 0.9906 5.5
H(19) 0.6210 0.8084 0.9193 6.2
H(20) 0.6202 0.7498 0.8158 6.2
H(21) 0.6360 0.8674 0.6531 6.1

() H(22) 0.6337 0.9162 0.7702 6.1

Beq is the mean of the principal axes of the thermal ellipsoid.

\1,
\',

i
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Table A·' Po.~ionalparamet.r. and B(aq) for [(tmcyclen)Co('12.N.O.benzamida)J(CI04)2· 2H20 (cont).

.tom x y • B(eq)

.H(23) 0.5539 0.9815 0.6167 6.7
H(24) 0.4850 0.9155 0.5843 6.7
H(25) 0.2795 0.7933 1. 0434 6.2
H(26) 0.3393 0.7212 1.0605 6.2
H(27) 0.2979 0.7424 0.9310 6.2
H(28) 0.3744 1. 0352 0.6251 6.3
H(29) 0.3054 1. 0132 0.7355 6.3
H(30) 0.3229 0.9591 0.6273 6.3
0(4) 0.737(1) 0.9597(6) 0.281(1) 9.8(2)
0(5) 0.793(1) 0.8905 (9) 0.451(1) 9.8(2)
0(6) 0.6265(7) 0.8755(8) 0.375(1) 9.8 (2)
0(7) 0.766(1) 0.8340(7) 0.258(1) 9.8(2)
0(12) 0.642(2) 0.850 (1) 0.279(3) 9.8
0(13) 0.771 (2) 0.932(1) 0.221(2) 9.8
0(14) 0.719(2) 0.924(1) 0.429(2) 9.8
0(15) 0.812(2) 0.829(1) 0.339(3) 9.8
0(8) 0.180(1) 0.831(1) 0.466(2) 10.7(3)
0(9) 0.271(2) 0.784(1) 0.296(1) 10.7(3)
0(10) 0.~11 (1) 0.9002(6) 0.376(2) 10.7(3)
0(11) 0.~51 (1) 0.795(1) 0.491(2) 10.7(3)
0(16) 0.238(2) 0.855 (l) 0.274(1) 10.7
0(17) 0.376 (1) 0.849(1) 0.411(2) 10.7
0(18) 0.210(2) 0.864(1) 0.488(2) 10.7
0(19) 0.260(2) 0.7522(7) 0.401(2) 10.7

Tabla A·2 U valua. for [(tmcyclan)Co('12.N.O.banzamida)](CI04)2· 2H20. /;

atom Ull U22 U33 U12 U13 U23

Co 0.0405(7) 0.0461 (7) 0.0340(6) 0.0040(8) 0.0013(7) -0.0035 (7)
Cl (1) 0.085(2) 0.074 (2) 0.089(3) -0.001(2) -0.010(2) -0.011 (2)
Cl(2) 0.079(2) 0.073(2) 0.058(2) 0.011(2) 0.012(2) -0.004(2)
0(1) 0.043(4) 0.053 (4) 0.039(4) 0.009(4) -0.004 (3) -0.006 (3)
0(2) 0.082 (7) 0.098(7) 0.083(7) -0.008(6) -0.013 (6) 0.005(6)
0(3) 0.14 (1) 0.15(1) 0.097(9) -0.015(8) 0.022(8) -0.057(8)
N(l) 0.050(7) 0.058(6) 0.046(5) -0.002(5) -0.006(4) 0.004(5)
N'2) 0.054(6) 0.049(6) 0.042(5) -0.004(5) 0.012(5) -0.010 (4)
Nf')" 0.057(6) 0.061(6) 0.045(5) 0.004(5) 0.001(5) -0.008(5)
N(4) 0.042(5) 0.058(5) 0.053(5) 0.002(5) 0.006(5) 0.004(4)
N(S) 0.047(6) 0.050(5) 0.033(4) 0.011(4) 0.003(4) -0.013(4)
C(l) 0.10(1) 0.047(7) 0.10(1) -0.014 (7) 0.011 (9) -0.005 (7)
C(2) 0.09(1) 0.08(1) 0.045(7) -0.011 (8) -0.000 (7) -0.027 (7)
cm 0.07 (1) 0.072(8) 0.036(6) 0.011(7) -0.019(6) -0.011 (5)
C(4) 0.060 (8) . 0.10(1) 0.047(7) ,;-; 0.001 (8) 0.003(6) 0.007 (7)
C(S) 0.067 (9)" , 0.049(7) 0.064 (8) 0.005 (6) 0.003(7) -0.000 (6)
C(6) 0.060(7) - 0.073(7) 0.067(7) 0.019(7) -0.003 (9) -0.005(7)
C(7) 0.055(7) O.oas (9) 0.062(7) -0.005(8) 0.021(6) -0.005 (7)
C(8) 0.076 (9) 0.10(1) 0.047 (7) -0.027(8) 0.027(8) 0.000(8)
cm 0.09(1) 0.061 (8) 0.06(1) 0.007(7) -0.009(7) 0.013 (6)
C(10) 0.072(8) 0.09(1) 0.047(7) -0.008 (7) 0.008(6) 0.019 (7)
C(l1) 0.056 (7) 0.040(5) 0.034(5) 0.003(6) -0.009(5) -0.002 (5)
C(12) 0.034(5) 0.055 (6) 0.039'(5) -0.006(6) -0.004(4) 0.011(6)
C(13) 0.070(8) 0.062(7) 0.043(6) -0.017(8) -0.003(7) -0.000 (5)

(
C(H) 0.052(9) 0.12(1) 0.052(8) -0.025 (8) -0.009 (6) O.OU(SL
C(lS) 0.052(8) 0.12 (1) 0.061 (8) -0.00 (1) 0.008(7) 0.03(1) ,-
C(16) 0.050(8) 0.09(l) 0.07 (1) 0.014(7) 0.010(6) 0.011 (8)
C(17) 0.062(7) 0.074 (7) 0.051(7) -0.000 (7) -0.007 (8) 0.016(6)

/1





c Table A-4 Intramolecular Bond Angle InllOlving the Nonhydrogen Atoms
iv

.tom .tom .tom angle .tom .tom .tom &n91e

0(1)

0(1)

0(1)

0(1)

0(1)

0(1)

N(l)

N (1)

N (1)

N (l.)

N (1)

N(2)

N (2)

N(2)

N (2)

N(3)

N (3)

N(3)

N(4)

N(4)

N (5)

0(4)

0(4)

0(4)

0(4)

0(4)

0(4)

0(4)

0(5)

0(5)

0(5)

0(5)

0(5)

0(5)

0(6)

Co N(l) 95.3 (3)
'.

Co N(2) 93.9(3)

Co N(3) 166.2(3)

Co N(4) 94.7(3)

Co N(5) 68.2(3)

Co C(ll) 33.6(3)

Co N(2) 85.7(4)

Co N(3) 85.8(4)

Co N(4) 167.4(4)
.;>

Co N(5) 96.1(4)

Co C(ll) 95.5(4)

Co N(3) 99.9(4)

Co N(4)," ·~6.0(4)-...-.---
Co N(5) 162.1(4)

Co C(ll) 127.4(4)

Co N(4) 86.3(4)

Co N(5) 98.0(4)

Co C(ll) 132.7(4)

Co N(5) 94.6(4)

Co C(ll) 97.0(.)

Co C(ll) 34.7(3)

Cl(l) 0(5) 105.9(9)

Cl(1) 0(6) 107.8(9)

Cl (1) 0(7) UO.9(8)

Cl(l) 0(12) 106(1)

Cl(1) 0(13) 35(1)

Cl(l) 0(14) 80(1)

Cl (1) 0 (15) 127 (1)

Cl(l) 0(6) 107.8(8)

Cl (1) 0(7) UO. 9 (9)

Cl (1) 0(12) 144 (1)

Cl(l) 0(13) 116(1)

Cl(l) 0(14) 51(1)

Cl (1) 0(15) 68 (1)

Cl(l) 0(7) U3.l(9)

0(6)

0(6)

0(6)

0(6)

0(7)

0(7)

0(7)

0(7)

0(12)

0(12)

0(12)

0(13)

0(13)

0(14)

0(8)

0(8)

0(8)

0(8)

0(8)

0(8)

0(8)

0(9)

0(9)

0(9)

0(9)

0(9)

0(9)

0(10)

0(10)

0(10)

0(10)

0(10)

0(11)

OCU)

OCU)

Cl(l) 0(12)

Cl (1) 0 (13)

Cl(l) 0(14)

Cl(l) 0(15)

Cl (1) 0 (12)

Cl (1) 0 (13)

Cl (1) 0 (14)

Cl (1) 0(15)

Cl(l) 0(13)

Cl (1) 0 (14)

Cl (1) 0(15)

Cl (1) 0 CU)

Cl (1) 0 (15)

Cl (1) 0 (15)

Cl (2) 0 (9)

Cl (2) 0 (10)

Cl (2) 0 (11)

Cl (2) 0 (16)

Cl(2) 0(17)

Cl (2) 0 (18)

Cl(2) 0(19)

Cl (2) '0(10)

Cl (2) 0 (U)

Cl (2) 0(16)

Cl(2) 0(17)

Cl (2) 0 (18)

Cl (2) 0 (19)

Cl(2) O(U)

Cl (%) 0 (16)

Cl(2),; 0(17)

Cl (2) 0(18)

Cl(2) 0(19)

Cl (2) 0(16)

Cl (2) 0(17]

Cl(2) 0(18)

47 (l)

128(1)

75 (2)

124 (1)

71 (1)

76 (1)

161(1)

43(1)

99(1)

121 (2)

103(1)

113(1)

98 (1)

119 (2)

113 (1)

U3 (1)

104 (1)

100 (1)

141(1)

31 (1)

84 (1)

115 (1)

106(1)

57 (1)

105(1)

142 (1)

54(1)

106(1)

70(1)

57 (l)

86 (1)

163 (1)

155 (1)

54 (1)

98 (1)



Table A-4 Intramolecular Bond Angle Involving the Nonhydrogen Aloms. (cont)

v

.tom

0(11)

0(16)

0(16)

0(16)

0(17)

0(17)

O(lBI

Co

Co

Co

Co

C (1)

C (1)

C (B)

Co

Co

C (2)

Co

Co

C(6)

Co

Co

Co

C(4)

C(4)

C(5)

Co

N(l)

N(2)

N(2)

N(4)

N(4)

N(3)

N(3)

.tom

Cl (2)

C1(2)

Cl (2)

Cl (2)

Cl (2)

C1(2)

Cl (2)

0(1)

N(l)

N (1)

N (1)

N (1)

N (1)

N (1)

N (2)

N (2)

N (2)

N (3)

N (3)

N (3)

N (4)

N(4)

N (4)

N (4)

N(4)

N (4)

N(5)

C (1)

C (2)

C(3)

C (4)

C(5)

C(6)

C(7)

atom

0(19)

0(17)

o(lB)

0(19)

O(lB)

0(19)

0(19)

C(l1)

C (1)

C(B)

C (9)

cm
C (9)

C (9)

C (2)

C (3)

C (3)

C (6)

C (7)

C (7)

C(4)

C(5)

C (10)

C (5)

C (10)

C (10)

C(11)

C(2)

ê: (i)

C(4)

C (3)

C(6)

C(SJ

C(I)

angle

70 (1)

lOB (1)

107(1)

106 (1)

113 (1)

112 (1)

111 (1)

B9.9(6)

106.4(7)

106.B(7)

116. B (7)

10B.5(9)

10B.5(9)

109.6(9)

106.7(7)

106.0(6)

113.1(9)

110.6(7)

110.7(7)

119.2 (9)

107.0(7)

106.1(6)

117.4(7)

10B.7 (9)

109.7(9)

107.6(9)

90.3(6)

109(1)

104(1)

103.2 (9)

110.01')

109.3(9)

106 (1)

106(1)

atom

N(l)

Co

Co

Co

0(1)

0(1)

H(5)

C(l1)

C (11)

C(13)

C(12)

C(13)

C(14)

C(15)

C(12)

C1(1)

Cl (1)

0(13)

Cl(l)
'.!

Cl (1)

0(14)

Cl (1)

Cl (1)

0(12)

Cl (1)

C1(1)

0(12)

C1(1)

Cl(l)

0(6)

C1(1)

Cl (1)

C1(1)

C1(1)

atom

C (B)

C (11)

C(l1)

C (11)

C (11)

C (11)

C(11)

C (12)

C(12)

C(12)

C(13)

C (14)

C (15)

C(16)

C(17)

0(4)

0(4)

0(4)

0(5)

0(5)

0(5)

0(6)

0(6)

0(6)

0(7)

0(7)

0(7)

0(12)

0(12)

0(12)

0(13)

0(14)

0(14)

0(14)

.tom

C(7)

0(1)

H (5)

C(12)

N (5)

C(12)
\

C(12)

C (13)

C (17)

C (17)

C (14)

C (15)

C (16)

C(17)

C (16)

0(13)

0(14)

0(14)

0(14)

0(15)

0(15)

0(12)

0(14)

0(14)

0(12)

0(15)

0(15)

0(6)

0(7)

0(7)

0(4)

0(4)

0(5)

0(6)

angle

109 (1)

56.6(5)

55.0 (5)

175.7(B)

111.5 (9)

120.9(9)

127.6(9)

123 (1)

llB.5(9)

11B (1)

119 (1)

122 (1)

120(1)

121 (1)

120 (1)

BO (2)

43.1 (9)

120 (2)

53 (1)

57.0(9)

110 (2)

69(1)

46 (1)

114 (2)

57 (1)

76 (1)

111 (2)

64 (1)

51.6(B)

111 (2)

65(2)

57 (1)

76(2)

5911)



Table A·4 Intramolecular Bond Angle Involvlng the Nonhydrogen Atoms. (cont)

atom atom atom angle atom atom atom angle

0(4) 0(14) 0(5) 106(2) Cl(2) 0(11) 0(17) 57.1(9)

0(4) 0(14) 0(6) 89 (1) Cl(2) 0(11) 0(19) 52.0 (7)

0(5) 0(14) 0(6) 113 i.) 0(17) 0(11) 0(19) 99 (1)

Cl (1) 0(15) 0(5) 54.5(9) Cl(2) 0(16) 0(9) 57 (1)

Cl (1) . 0(15) 0(7) 62 (l) Cl(2) 0(16) 0(10) 51.7(8)

0(5) 0(15) 0(7) 1'16 (2) 0(9) 0(16) 0(10) 100(1)

Cl (2) 0(8) 0(18) 73(2) Cl (2) 0(17) 0(10) 61.5(9)

Cl(2) 0(9) O(l~ 65 (1) Cl (2) 0(17) 0(11) 68(1)

Cl (2) 0(9) 0(19) 65(1) 0(10) 0(17) 0(11) 122(2)

0(16) 0(9) 0(19) 123(2) Cl (2) 0(18) 0(8) 76(2)

Cl (2) 0(10) 0(16) 57.8(9) Cl(2) 0(19) 0(9) 61 (1)

Cl (2) 0(10) 0(17) 62(1) Cl(2) 0(19) 0(11) 57.7(9),',
0(16) 0(10) 0(17) 102 (1) 0(9) 0(19) 0(11)

~·0

102(1)

C

o

( r..

vi



~

:.c.;." B. X.ray Structure Determination of [(trpn)Co(I1I)(112.0,O·~.ala)1

(CI04)3·H20

vii

Table B·' Positional parameters and B(eq) for [(trpn)Co('12_0,O-~.ala))(CI04)3' H20

atom x y • B(eq)

Co (1) 0.8606(2) 0.2047(1) 0.6521(2) 3.9(1)
0(1) 0.8682(8) 0.2981 (6) 0.6145 (8) 4.4(7'
0(2) 0.8634(8) 0.2668(6) 0.7509(8) 4.6(7)
N (1) 0.743(1) 0.2153(9) 0.653(1) 5 (1)
N(2) 0.9798(8) 0.1983(8) 0.659(1) 5 (1)
N(3) 0.852(1) 0.1280 (7) 0.728(1) 3.9(8)
N(4) 0.860(1) 0.1587 (8) 0.534(1) 4 (1)
N(5) 0.903(1) 0.4404(8) 0.582(1) 7 (1)
C (1) 0.871(1) 0.060(1) 0.701(1) 5 (1)cm 0.837(1) 0.045(1) 0.607(2) 6 (1)
C (3) 0.879(1) 0.086(1) 0.538 (2) 6 (1)
C (4) 1. 025 (1) 0.228 (1) 0.582(1) 4 (1)
Clsl 1.006(1) 0.191(1) 0.498 (2) 6 (1)
C (6) 0.917(1) 0.194(1) 0.473(1) 6 (1)
C(7) 0.702(1) 0.252(1) 0.582 (2) 7(2)
C(8) 0.741(1) 0.233(1' 0.491(2) 6(2)
C (9) 0.776(1) 0.166(1) 0.491(1) 6 (1)
C (10) 0.866(1) 0.315(1) 0.698(1) 4 (1)

,~ C (11) 0.868(1) 0.386(1) 0.724(1) 6 (1);;i ~ C(12) 0.841(1) 0.435(1) 0.652(2' 6 (1).;0-
Cl(l) 0.1070(3) 0.1397(2) 0.2435(4) 5.6(3)
Cl(2) 0.5299 (3) 0,1119(2) 0.6082(3) 6.1 (2)
Cl (3) 0.1709(3) 0.0805(2) 0.6288 (3) 6.4 (2)
0(3) 0.4897 (7) 0.1665(5) 0.6535(8) 11.7(6)
0(4) 0.5306(7) 0.1250(6) 0.5142(3) 9.9(5)
0(5) 0.4868(7) 0.0500(4) 0.6252(8) 11.3(6)
0(6) 0.134(1) 0.1019 (8) 0.317 (1) 7.1 (3)
0(7) 0.072(1) 0.0972 (8) 0.176(1) 7.1 (3)
0(8) 0.174(1) 0.177(1) 0.205(1) 7.1 (3)
0(9) 0.045(1) 0.1885(9) 0.271 (1) 7.1 (3)
0(10) 0.1657(8) 0.0216 (7) 0.0438(9) 7 (1)
0(11) 0.2137(6) 0.0244(4) 0.6676 (7) 8.5(5)
0(12) 0.0844(3) 0.0684(6) 0.6324 (7) 10.3(5)
0(13) 0.1958(7) 0.0885(5) 0.5376(4) 9.7(5)
0(14) 0.1899(7) 0.1411 (4) 0.6774(6) 8.1 (5)
0(15) 0.6124(4) 0.1060(6) 0.6400(8) 12.2(6)
0(16) 0.096 (3) 0.211 (1) 0.258 (3) 7.1
0(17) 0.192(2) 0.123(2) 0.248(3) 7.1
0(18) 0.071(3) 0.119 (2) 0.164(2) 7.1
0(19) 0.066(3i 0.105(2) 0.319(2) 7.1

Seq is the mean of the principal axes of the thermal ellipsoid.

ft
U



Table 8·2 U values for [(trpn)Co('12-o.0.~.ala)J(CI04)3· H20
viii

(

_tom Ull U22 U33 U12 U13 U23

Co (1) 0.049(2) 0.051(2) 0.048 (2) -0.002(2) 0.000(2) 0.002(2)
0(1) 0.052(9) 0.06(1) 0.054(8) -0.003(9) -0.001(8) -0.003(8)'
0(2) 0.059(9) 0.062(9) 0.05(1) 0.013(8) -0.00(1) 0.014 (8L
N(l) 0.05(1) 0.08(1) 0.08(1) -0.00(1) 0.02(1) -0.03(1)·
N(2) 0.04 (1) 0.07(1) 0.06(1) -0.00(1) 0.00(1) 0.01(1)
N(3) 0.05(1) 0.03(1) 0.06 (1) -0.00(1) 0.00(1) 0.012(8)
N(4) 0.05(1) 0.07(1) 0.04(1) -0.01(1) -0.02(1) -0.01(1)
N(5) 0.07(2) 0.08(1) 0.11(2) 0.01(1) 0.03(1) 0.02(1)
C(1) 0.10(2) 0.04(1) 0.06(2) -0.00(2) -0.01(2) 0.02(1)
C(2) 0.06(2) 0.06 (2) 0.11 (2) -0.01(1) 0.02(1) 0.01(2)
C(3) 0.06(2) 0.06 (2) 0.11 (2) 0.00 (1) -0.02(1) -0.01(1)
C(4) 0.06(1) 0.04(1) 0.07(2) -0.01(1) -0.00(1) -0.01(1)
C(5) 0.04(1) 0.08(2) 0.10(2) -0.02(1) 0.01(1) 0.03 (2)
cm 0.11(2) 0.07(2) 0.06(2) -0.01(2) 0.03(2) -0.01(1)
C(7) 0.06(2) 0.11(2), 0.07 (2) 0.02 (2) -0.02(2) 0.02 (2)
C(8) 0.07(2) 0.09(2) 0.07 (2) 0.02(2) -0.03(1) 0.01(2)
C(9) 0.07 (2) 0.07(2) 0.07(2) 0.01(1) -0.02(1) -0.01(1)
C(10) 0.06(2) 0.03 (1) 0.07 (2) 0.01 (1) -0.01(2) -0.01(1)
C(l1) 0.07(2) 0.07(2) 0.09(2) 0.01(2) -0.01(1) -0.03: 1)
C(12) 0.07(2) 0.04 (1) 0.10(2) 0.01 (1) 0.03(2) 0.01!,1)
0(l0) 0.08(1) 0.09(1) 0.09 (1) 0.01(1) 0.01 (1) -0.03 (1)
Cl (1) 0.076(4) 0.071(4) 0.068(4) 0.001 (4) -0.005 (3) 0.004 (4)

~ ;;.

C Table 8·3 Calculated hydrogen paramelers and 8(lso) for [(trpn)Co('12-o.0-~.ala)J(CI04)3· H20

" Y " Biao

H(1) 0.7210 0.1710 0.6533 6.G
H(2) 0.7300 0.2374 0.7068 6.6
H(3) 0.9971 0.2202 0.7114 5.8
H(4) 0.9938 0.1515 0.6623 5.8
H(5) 0.8876 0.1369 0.7767 4.8
H(6) 0.7975 0.1271 0.7481 4.8
H(7) 0.9137 0.3971 0.5590 8.4
H(8) 0.8826 0.4691 0.5369 8.4
H(9) 0.9510 0.4591 0.6068 8.4
H(1O) 0.9282 0.0538 0.7000 6.5
H(l1) 0.8467 0.0292 0.7410 6.5
H(12) 0.8460 -0.0010 0.5944 7.2
H(13) 0.7811 0.0552 0.6065 7.2
H(14) 0.8649 0.0678 0.4820 6.9
H(15) 0.9361 0.0824 0.5470 6.9
H(16) 0.9116 0.1733 0.4159 7.2
H(17) 0.9012 0.2395 0.4696 7.2
H(18) 1.0213 0.1452 0.5053 7.1
H(19) 1.0369 0.2108 0.4520 7.1
H(20) 1.0093 0.2736 0'.5770 5.2
H(21) 1.0815 0.2249 0.5946 5.2
H(22) 0.8334 0.3910 0.7735 7.0
H(23) 0.U26 0.3962 0.7397 7.0
H(24) 0.6467 0.2405 0.5826 7.9
H(25) 0.7U4 0.2987 0.5921 7.9
H(26) 0.7803 0.1517 0.4316 7.1
H(27) 0.7394 -r0 .1373 0.5225 7.1
H(28) 0.8330 0.4778 0.6786 6.7
H(29) 0.7915 0.4194 0.6270 6.7

(] H(30) 0.6985 0.2343 0.4473 7.3
H(31) 0.7815 0.2647 0.4764 7.3
H(32) . 0.1414 0.0636 0.OU9 7.3
H(33) 0.2010 -0.0163 0.0442 7.3

Hyd~enatom posnions calculated assuming CI N·H distance of 1.08 A.
Biso IS derived lram U 01 the bonded atom plus 0.01.
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( Table B·5 Intramolecular Bond Angle Involvlng the Nonhydrogen Atoms
x

_tom .tom _tom angle atom atom atom angle

Cl
•

0(16)

0(16)

0(16)

0(16)

0(17)

0(17)

0(17)

0(17)

0(17)

0(17)

0(18)

0(18)

0(18)

0(18)

0(18)

0(19),.
0(19)

0(19)

0(19)

0(6)

0(6)

0(6)

0(7)

0(7)

0(8)

0(3)

0(1)

0(1)

0(1)

0(1)

0(1)

0(1)

0(2)

0(2)

0(2)

Cl(l)

Cl (1)

Cl (1)

Cl (1)

Cl(l)

Cl (1)

Cl(l)

Cl (1)

Cl(l)

Cl (1)

Cl (1)

Cl (1)

Cl'(l)
;, :.~

Cl (1)

Cl (1)

Cl(l)

Cl(l)

CI(l)

Cl (1)

Cl (1)

Cl (1)

Cl(l)

Cl (1)

Cl (1)

CI(1)

Cl(2)

Co(1)

COJl)

Coll)

Co (1)

Co (1)

Co (1)

Co (1)

Coll)

Co(1)

0(6)

0(7)

0(8)

0(9)

0(18)

0(19)

0(6)

0(7)

0(8)

0(9)

0(19)

0(6)

0(7)

0(8)

0(9)

0(6)

0(7)

0(8)

0(9)

0(7)

0(8)

0(9)

0(8)

0(9)

0(9)

o(C)

0(2)

N(l)

N(2)

N(3)

N(C)

C(10)

N(l)

N (2)

N(3)

117 (2)

129(2)

69(2)

39(2)

112 (3)

108 (3)

63(2)

. 107 (2)

53(2)

144 (2)

109 (2)

130(2)

19(2)

97 (2)

98(2)

C5(2)

95(2)

152 (2)

77 (2)

112 (1)

111 (1)

110 (1)

109 (1)

108 (1)

107(1)

109.5 (7)

67,3(5)

87.8(6)

90.8(6)

160.1(6)

100.2 (6)

3C,3(6)

87.2(6)

88.8(6)

92.8(6)

0(3)

0(3)

0(4)

0(4)

0(5)

0(11)

0(11)

0(11)

0(12)

0(12)

0(13)

Cl (1)

Cl (1)

0(8)

Cl (1)

Cl (1)

0(6)

Cl (1)

Cl (1)

Cl (1)

Cl (1)

0(17)

Cl (1)

Cl (1)

Cl (1)

0(16)

Co (1)

Co (1)

Co (1)

C(3)

C (3)

C(6)

N(3)

C(1)

N(C)

Cl (2) 0 (5)

CI(2) 0(15)

CI(2) 0(5)'

Cl (2) 0 (15)

Cl(2) 0(15)

CI(3) 0(12)

Cl (3) 0 (13)

Cl (3) 0 (14)

Cl(3) 0(13)

Cl (3) 0 (14)

Cl (3) 0(14)

0(16) 0(8)

0(16) 0(9)

0(16) 0(9)

0(17) 0(6)

0(17) 0(8)

o (17)i" 0 (8)

0(18) 0 (7)

0(19) 0 (6)

0(6) 0(17)

0(6) 0(19)

0(6) 0(19)

0(7) 0(18)

0(8) 0(16)

0(8) 0(17)

0(8) 0(17)

N(C) C(3)

N(C) C(6)

N(C) C(9)

N(C) C(6)

N(C) C(9)

N(C) C(9)

C(l) C(2)

C(2) C(3)

C(3) C(2)

109.5(7)

109.5(7)

"109.4(8)

109.C(7)

109.C(7)

109.5(6)

109.5(6)

109.5 (6)

109.4(7)

109.C(7)

109.4(6)

56 (1)

71 (2)

125 (3)

58 (1)

64 (2)

117 (3)

85 (5)

6C (2)

60(2)

71(2)

130 (3)

76(5)

55 (1)

63 (2)

106 (2)

114 (1)

109 (1)

110 (1)

III (2)

107 (2)

105 (1)

III (2)

112 (2)

118 (2)
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Table 8·5 intramolecular 80nd Angle Involvlng the Nonhydrogen Atoms. (cont)

atom atoCl atom angle atom atom .tom angle

0(2) Co (1) N (4) 167.5(6) N(2) C (4) C(5) 111 (2)

0(2) Co (1) C (10) 33.0(6) C (4) C (5) C(6) 113 (2)

N (1) Co (1) N(2) 175.9(7) N (4) C (6) C(5) 115 (2)

N (1) Co (1) N (3) 90.8(7) N(l) C(7) C (8) 110 (2)

N (1) Coll) N(4) 92.7(7) C (7) C(8) C (9) 112 (2)

N (1) Coll) C(lO) 86.1(8) N (4) cm C(8) 116 (2)
~, ,

N(2) Coll) N (3) r.~.3(7) Co (l~ C (10) 0(1) 57:5(9)

N(2) Coll) N (4) 91.3(7) Coll) C (10) 0(2) 57.0(9)

N(2) Coll) C(lO) 90.6(7) Coll) C (10) C(l1) 178(2)

N(3) Coll) N (4) 99.7(6) 0(1) C (10) 0(2) lH,(2)

N(3) Co (1) C(lO) 125.8(7) 0(1) C (10) C(1l) 121(2)

N(4) Co (1) C (10) 134.5(7) 0(2) C (10) C(l1) 125(2)

0 Co (1) 0(1) C (10) 88 (1) C (10) C (11) C(12) 114 (2)

:~-: Co (1) 0(2) C (10) 90 (1) N (5) C(12) C (11) 111 (2)

Co (1) N (1) cm 120 (1) 0(16) Cl(l) 0(17) 110 (3)

Co (1) N (2) C (4) 115 (1) 0(16) Cl(l) 0(18) 111 (3)

Co (1) N (3) C (1) 124 (1) 0(16) Cl(l) 0(19) 107(2)

Cl (1) 0(9) 0(16) 70(2)

xi


