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PART 1

HYDROLYSIS OF PHOSPHATE ESTERS PROMOTED BY
COBALT(II1) COMPLEXES

T
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ABSTRACT

Cis-diagua cobalt complex [(L)Co(III)(OH2);]3* promoted hydrolyses of phosphate esters,
nitriles and carboxy amides are exami‘ned (L:i‘cpresents 1,4,7,10-tetraazacyclododecane
(cyclen) and its N-methylated derivatives). [(Cyclen)Co(OH2)7]3* is more active than any
other catalysts reported to date for hydrolyzing dimethyl phosphate, acetonitrile and formyl
morpholine. ﬁ

[(Cyclen)Co(QHz)2)3+ efficiently hydrolyzes dimethyl phosphate under mild conditions (k -
= 3.7 x=10"5M-1 sec-! at pD 6.3, 60 ©C). This represents the first hydrolysis of dimethyl
phosphate (P-O bond cleavage) at ncgt;':.i"p]-i-. Mechanism for the cobalt complex promoted
hydrolysis of dimethy] phosphate and its implication on the role of metal ions in ribozymes
is discussed.

[(Cyclen)Co(0H2)2]3+ catalyzes the hydration of nitriles to amides. Acetonitrile
coordinated to the cobalt complex is hydrated 107 times more rapidly than the
uncoordinated acetonitrile at pH 7 and 40 06/(5atajytic turnover for the hydration reaction -
is demonstrated for the first time with the Co(Ill) complex. Chelated benzamide, a key
intermediate in the catalytic hydration of benzonitrile, is isolated and its crystal structure
determined. Detailed kinetics and mechanistic analyses of the cobalt complex catalyzed
hydration of acetonitrile including the equilibrium constant for complexation of acetonitrile
to the cobalt complex (K = 0.6 M"1) are reported. Synthetic utility of the catalyst including
acrylamide production is discussed. |

[(Cyclen)Co(OHz)2)3+ efficiently hydrolyzes formyl morpholine under mild conditions-( k
=7.97 x 10-3 M-1 sec-! at pD 6, 60 °C). The equilibrium constant for complexation of
formyl morpholine to the cobalt complex is 0.4 M-1. The equilibrium constant for
“complexation 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)YCo(III)(OH2)2]3+ oli L représente 1,4,7,10-
tetraazacyclododecane (cyclen) et ses dérivés N-méthylés permettant I’hydrolyse des esters
de phosphate, des nitriles et des amides carboxiliques sont examinés.
[(Cyclen)Co(OH3)213+ est plus actif que n’importe quel autre catalyseur connu jusqu’ici,
pour 1’hydrolyse du diméthyl phosphate, 1’acétonitrile et le formyl morpholine.

[(Cyclen)Co(OH2)2]3"' hydrolyse efficacement le diméthy] phosphate dans des conditions
douces (k = 3.7 x 10-5M-1 sec'1 2 pD 6.3, 60 °C). Ceci représente la premicre hydrolyse
du dir_ﬁ‘é:thyl phosphate (clivage de la liaison P-O) a pH neutre. Le mécanisme de
I"hydrolyse du diméthyl phosphate par le complexe de cobalt ainsi que I'implication du
complexe comme ion métal dans les ribozymes sont discutés.

[(Cyclen)Co(OHz)z]'-*f_ catalyse 1'hydratation du nitrile & I'amide. L’Acétonitrile lié au
complexe de cobalt est hydraté 109 fois plus vite que celui qui n’est pas lié a pH 7 et 40 °C.
Le turnover catalj;:t?cii’;e de Ia réaction d’hydratation a été mis en évidence pour la premiére
fois pour le complexé Co(IIT). La benzamide chélate, a ét€ isolée et sa structure cristalline
déterminée. Les analyses cinétiques et mécanistiques détaillées du complexe de cobalt
catalysant l’hydrataﬁon'de 'acétonitrile, ainsi que la constante d’équilibre de complexation
entre 1'acétonitrile et le complexe de:cobalt (K = (.6 M-!) sont rapportés. L’utilité

- synthétique du catalyseur incluant 1a production d’acrilamide est discutée.

[(Cyclen)Co(OHg)_ng hydrolyse efficacement le formyl morpholine dans des conditions
douces (k =7.97 x 105 M-! sec’! & pD 6, 60 °C). La constante d’équilibre de

"= “:complexation entre le formyl morpholine et le complexe de cobalt estde 0.4 M1 et c’est la

premiére fois que de telles constantes, entre amides et complexe de métal, sont mesurées.
L'efficacité et le mécanisme de 1'hydrolyse d’amide par le complexe de cobalt sont
comparés 2 ceux propres au carboxypeptidase A. .

}
3}
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bis(2,4-dinitrophenyl)phosphate
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benzoyl

benzyl
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calculated

adenosine 3°,5"-cyclic monophosphate

] ;ﬁidimethy]- 1,4,7,10-tetraazizyclododecane
concentrated

carboxypeptidase A
1,4,7,10-tetraazacyclododecane

scale (NMR) dimensionless

2’-deoxy adenyl (3°-5") 2’-deoxy adenosine
4,7-diphenylphenanthroline
N,N-dimethylformamide

dimethy] phosphate -~ o
dimethy] sulfoxide o
2’-deoxyribonucleic acid

2,4-dinitrophenyl phosphate - -
2,2’-dipyridylamine
3-(rimethylsilyl)- 1-propanestlfonic acid
extinction coefficient

Escherichia coli



EDTA
cq
equiv
et al.

Etscyclen

g

GAC/GBC

GC

MeOH
mcyclen
min
M-OH
mol

MP

ethylendiaminetetraacetic acid

equation

equivalent(s)

and others
2,5.8,11-teraethyl-1,4,7,10-tetraazacyclododecane
gram(s) | |
general acid catalysis / gencral base catalysis

gas chromatography

hour(s)

“hard-soft acid-base theory
" high pressure liquid chromatography

hertz

water aftack rate constant JRRAE
hydroxide attack rate constant

ligasid(s)

wavelength..

methyl

methanol
1-methyl-1,4,7,10-tetraazacyclododecane
minute(s) ‘

metal hydroxide

mole(s)

methyl phosphate

melting point

tetradentate amine ligand(s)

nuclear magnetic resonance

4-nitropheny! phosphate
1,10-phenanthroline

inorganic phosphate

_parts per million

correlation coefficient

unweighted / weighted agreement factor
ribonucleic acids

second(s)

plane of symmetry

tetracthylenepentaamine

e
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tmcyclen

UV/VIS

1,7;dimethyl-1,4,?,10-len'aazacyclododecane
wimethyl phosphate

tcn‘amc'.h:ylsilane

ris(2-aminoethyl)amine

triethylenetetraamine
ris(3-aminopropyljamine

p-toluenesulfonyl

uracil

uridyl (3°-3) uridine

. ultravioiet-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
are not involved at some stage.! Table L1 shows phosphate esters of biological interest

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

Table L1 General classificaton of phosphate esters of biological interest

0 X=RO sugar phosphates, glycerol phosphates,
x—-g—on - mononucleotides
X = RC(2)O, Z=C or O phosphoenolpyruvic acid,
OH acetylphosphate
X = RNH creatine phosphate, arginine phosphate
0 0 o 8] 0 0
[ Il | I I It ]
X—II’—O—ll?-—OH x-l|>—o—||=—o-—||=—on x—-sl'—o-—liv—v
OH OH OH OH OH _ OH OH

X = nucleoside 5'-, Y=RO

nucleoside 5'-diphosphate adenosine 5'-triphosphate  nucleotide coenzyme
thiamine pyrophosphate

o X = nucleoside 5'- acy! adenylates
[ Y = acyloxy grou
X—P—y yloxy group
on X=RO,Y=RO 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 number of high énergy phosphate esters are mixed
anhydrides such as phosphoenolpyruvic acid, or phosphoamidic acids such as creatine
phosphate.

1 Khorana, H. G. in Some Recent Developments in the Chemistry of Phosphate Esters of Biological Interest;
John Wiley & Sons, Inc.: New York, London, 1951.
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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 of vitamin B, and 5-O-phosphoryl-a-D-ribofuranose-1-pyrophosphate which is
the biological precursor of ribonucleoside 5'-phosphate. Pyrophosphates such as
isopentyl-, geranyl- and farnesyl 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 B2 and its related compounds all 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 cell membrane lipids. Lipids have a
variety of biological roles as 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 all pH conditions and
their stability towards hydrolysis.2 Nature has chosen the phosphate diester linkage for the
storage of genetic material because of its robust nature. Transformations of
phosphodiesters are controlled 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 Enzymes

Natural restriction endonucleases, which 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.® A potential advantage of artificial restriction
enzymes over natural ones would be their ability to bind and cleave any desired nucleotide
sequence. This could 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 Biochemistry; 3=d Ed.; Freeman and Co.: New York, 1988,
b} Dervan, P. B. Science, 1986, 232, 464.

4 Baum, R. M. Ckem. Eng. News, 1988, 66(1), 20.
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An artificial restriction enzyme contains two structural domains, each with its own

specific function: one binds a DNA sequence specifically, and the other cleaves DNA.
Most studies have focused on probing the details of DNA recognition.¢ There has been
considerable development of sequence specific DNA binding agents attached to Fenton-like
molecules for nicking DNA.4.6-10 Cy(II)(phenanthroline); complex® has been attached
covalently to a DNA binding protein or a deoxyoligonucleotide by Sigman (Fig. 1.1).5

H

. H
|RNA binding proteini'—NY\/'\s/\“, N

NH,* 0

Figure 1.2 Bis(ncmpsin)-3,6,9,12,1S-pentaoxaheptadecanediémide-EDTA-Fe(II)
complex in sequence specific 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 Barton has shown

5 Sigman, D. S. Acc. Chem. Res. 1986, 19, 180. 8

6 a) Chen, C. B,; Sigman, D. 8. Science, 1987, 237, 1197. b) Chen, C. B.; (_algman D. 8. J. Am. Chem. Soc.
1988, 110, 6570.

7 a) Dervan, P. B. Science, 1986, 232, 464, and references therein, b) Strobel, S. A,; Dervan, P. B. J. Am. Chem.
Soc. 1989, 111, 7286. ¢} Moser, H. E.; Dervan, P. B. Science, 1987, 238, 645.
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that some metal complexes can be used as binding probes for DNAS as well as cleaving
agents. Ru(IIl)(bpy)3 binds to specific DNA conformations. When the ruthenium
complex is attached to a DNA cleaving group, double stranded DNA is cleaved sequence
specifically.? Triple helix formation by oligonucleotides holds high potential as a general
recognition technology and even a modification motf for DNA.10

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. In contrast, natural restriction
enzymes hydrolyze DNA producing 3’- or 5’-phosphomonoester termini. Although some
of these oxidative artificial restriction enzymes have been used as footprinting and affinity
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 other oligonucleotides by routine
enzymatic reactions and chemical methods. Dervan has reported chemical ligation of the
double helical DNA by placing two DNA termini 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 catalysts for DNA or RNA

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

Watson-Crick

Figure 1.3 Ligation of a 3’-hydroxyl and an activated 5 ;;phosphate of two
oligonucleotides through formation of an adjacent triple-helical complex.

8§ Barton, 1. K. Science 1986, 233, 727.

9 Basile, L. A.; Barton, J. K. J. Am. Chem. Soc. 1987, 109, 7548.

10 Povsic, T. 1.; Dervan, P. B. J. Am. Chem. Soc. 1990, 112, 9428,

11 a) Luebke, K. J.; Dervan, P. B. J. Am. Chem. Soc. 1991, 113, 7447. b) Luebke, K. J.; Dervan, P, B. J. Am.
Chem. Soc, 1989, 111, 8733,
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Progress has been made in cleaving super-coiled DNA hydrolytically by using
Ru(DIP);Macro™* with non-redox active Zn metal (Fig. 1.4).12 Aithough the process is
not as efficient as the oxidative cleavage, there is an indication of hydrolytic cleavage.
Sequence selective hydrolysis of super-coiled DNA was also achieved by Schultz’s group
using a hybrid nuclease consisting of a short oligonucleotide selectively fused to a relatively
nonspecific phosphodiesterase, staphylococcal.!3 Recently, it has been shown that
Cu(II){bpy)(OH2), attached to a deoxyoligonucleotide hydrolyzes the phosphate diester
backbone of RNA at neutral pH (Fig.1.5).14

Figure 1.4 Ru(DIP);Macro™* in hydrolytic cleavage of plasmid pBR322 in the
presence of Zn(II), Cd(II), and Pb(II).

Figure L5 Cu{bpy) nucleotide: hydrolysis of poly(A);'g

12 Basile, L. A.; Raphael, A. L.; Barton, J. K. J. Am. Chem. Soc. 1987, 109, 7550.
13 a) Corey, D. R,; Pei, D.; Schuliz, P. G. J. Am. Chem. Soc. 1989, 11}, 8523. b) Pei, D.; Corey, D. R.; Schuliz,
P. G. Proc. Nail, Acad. Sci. U. S. A. 1990, 9858,

14 Modak, A. S.; Gard, J. K.; Memriman, M. C.; Winkeler, K. A.; Bashkin, J. X.; Stem, M. K. J. Am. Chem. 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 also hydrolyzed much faster due to the 2'-hydroxyl group
participation. It has been estimated that the half-life for the hydroxide catalyzed hydrolysis
of phosphate diester bonds of DNA is 200 miilion years at neutral 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

1.3 Mechanism of Phosphate Ester Hydrolysis

Phosphate ester hydrolysis proceeds much slower than carboxylic ester hydrolysis
(Table 1.2). Despite considerable interest to organic and biochemists of phosphate diester
hydrolysis, detailed mechanistic studies were limited to highly reactive substrates, or
substrates 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. 7

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

Ester k (sec’h) rel.rate
(CH;0)5PO 2° 1.6 x 101! 2.4x 107
(CH50),PO, " ¢ 68 x 10° 1
(CH;O0)HPO;" * 2.6x 1010 3.8 x 108

" CH4CO,CH; ¢ 1.5x 108 2.2 x 10!

a) ). P. Guthrie, J. Am. Chem. Soc. 1977, 99, 3991.
b) J. P. Guthrie, J. Am. Chem. Soc. 1973, 95, 6595.

c) first-order rate constants were extrapolated from the hydroxide rate at pH 7.
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" Two major mechanisms have been suggested for the hydrolysis of phosphate esters

and anhydrides.!5.76 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 wrigonal bipyramidal
intermediate in a mechanism similar to that for normal hydrolysis of carboxylic esters. In
the dissociative mechanism, unimolecular cleavage of the P-O bond gives a metaphosphate
intermediate where the coordination number of phosphorus decreases from 4 to 3 (Scheme
L.1, (c)). This mechanism roughly parallels the acylium ion process for the hydrolysis of
carboxylic acid esters.!”? In addition to these mechanisms, concerted, borderline, and
merged mechanisms have also been proposed.!8:19

op SHcHs
N (a) l_.
)f oR™ | '
e = OH o
1_5\ HZO Ho 'P(OH);
e ® i
e CH,OH
HyCO—P==C: [ H,0= H,C- O-P{OR}, ] * 3
OR
0
(c) I H,0 _
CHi0H + ) / P\o- H,PO,

Scheme 1.1 Possible paths for hydrolysis of phosphate esters

'15 Westheimer, F. H. Chem. Rev. 1981, 31, 313.

16 Guithrie, J. P, Acc. Chem. Res. 1983, 16, 122

17 a) Bruice, T. C.; Benkovic, S. In Bicorganic Mechanisms, W.A, Benjamin: New York, 1966; Vol. 2 b) Hines,
J. 5. in Physical 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. Acc. 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 pKz ~ 6.5.

——

(RO)H,PO; =— {ROHPO,;” — (no)poaz'

It has been proposed that both ionic species are hydrolyzed by unimolecular mechanisms
involving the formation of a monomeric metaphosphate intermediate,20:2122 even though
the formation of this intermediate has never been detected in aqueous solution. A
bimolecular reaction with no metaphosphate intermediate has been proposed for
substitution reactions of phosphorylated pyridine.!® The driving force for the hydrolysis is
the two negative charges on phosphate (dianion) (Scheme 1.2.(a)) and internal or external
proton transfer to the alkoxy or aryloxy leaving group (monoanion) (Scheme 1.2.(b)). The
formation of the kinetically equivalent zwitterionic 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 pK;. 2 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 poor leaving groups
(pKa > 6), the monoanionic form of monoester is hydrolyzed faster than the 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 P-O bond fission become important.20

1.3.2 Phosphate diesters : =
‘ .

At pH >2, the monoanionic form of phosphate dicster?ﬁi‘é‘db"rﬁinates in aqueous’

solution. The hydrolysis mechanism of diesters may be similar to that of monoester

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

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

20 ) Bunton, C. A. Acc. Chem. Res. 1970, 257, b) Cox, J. R.; Ramsay, O. B. Chem. Rev. 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. Chem. Soc. 1967, 89, 415. and references therein.
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Scheme 1.2 Hydrolysis mechanism for phosphate monoesters: (a) monoester
dianion, (b) monoester monoanion.

of monoester monoanions.24 Monoester hydrolysis involves a special proton transfer
mechanism and cccurs by the dissociative pathway.!5.16 In contrast, hydrolysis of diesters
proceeds with bimolecular nucleophilic attack (Scheme 1.3).

0 o
I . onw Qar NE
ArO-—-II’-—O' (H)HO—;P<—OAr - 4O =—P~—OAr + ArOH

OAr o 0 o o O'(H)

‘Scheme 1.3 Hydrolysis of phosphate diesters

“According to the 180 tracar experiments done with aryl phosphate diesters, hydrolysis
involves P-O bond cleavage in acidic to weakly basic regions, while a considerable

24 Kirby, A. ); Younas, M. J. Chem. Soc. {B), 1970, 510. - P
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proportion of C-O bond cleavage occurs in alkaline hydrolysis.2*25 This probably reflects

the diminishing electrostatic repulsion directed against the attacking negative ion, where
phosphorus is more electronegative 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
converted to a five membered ring diester by an intramolecular ransesterification.?” 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 studied at 100 0C.200.28 The
hydrolysis occured through C-O bond cleavage under the experimental conditions used.

1.3.3 Phosphate triesters

Reactions of trialkyl phosphates are relatively simple. A nucleophile can attack
either phosphorus or carbon. The position of attack is consistent with Pearson’s HSAB
theory (Scheme 1.4).172 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 triesters, where both carbon and phosphorus are vulnerable to
nucleophilic attack, hydroxide ion and water will tend to be selective for phosphorus and
carbon, respectively.?

o
. 1]
0 oH HO'=P(OCH3)2 4+ CH,0H
H,CO=P{OCH,),
Q

Hz0" I
HO-P(OCH;); + CH;0*H

Scheme 1.4 Hydrolysis mechanism for phosphate triesters

25 Bunton, C. A.; Farber, S. J. Org. Chem. 1969, 34(4), 767.

26 a) Kirby, A. J.; Youna, M. J. Chem. Soc. B 1970, 1165. b) Roos, A. M.; Toet, J. J. Recl, Trav. Chim. Pays-

Bas. 1958, 77, 946,

27 a) Westheimer, F. H. Acc. Chem. Res. 1968, 1, 70, b) Kluger, R.; Taylor, S. D. J. Am Chem. Soc. 1990,

112, 6669, ¢) Steffens, J. T.: Siewers, I. I.; Benkovic, S. J. Biochem. 1975, 14, 2431. d) Kirby, A. 1.; Clark,

V.M. J. Am. Chem. Soc. 1966, 88, 3705. e) Kirby, A. J.; Abell, K. W. Y. J. Chem. Soc., Perkin Trans. I,

1983, 1171. f) ref 17 a, and references therein.

28 a) Kumamoto, J.; Westheimer, F. H. J. Am. Chem. Soc. 1955, 77, 2515. b) Bumon C. A.; Mhala, M. M.;

Oldham, K. G.; Vemon, C. A. J. Chem. Sec. 1960, 3293. c) Haake, P. C.; Westheimer, F. H. J. Am. Chem. Soc.

1961, 84, 1102, b

29 Barnard, P. W. C.; Bunton, C. A.; Liewellyn, D. R.; Vernon, C. A.; Welch, V. A. J. Chem Soc. 1961, 1636,
{%';'

."/f
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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
between 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(II), Zn(Il),
Mg(Il), and Fe(Il) are found in the active site of metalloenzymes even though their roles in
enzymatic reactions are not precisely understood.3? For understanding the catalytic function
of enzymes as well as for designing artificial hydrolytic metalloenzymes, it is important to
examine the mechanistic pathways available in metal ion (complex) mediated hydrolysis
reactions.

1.4.1 Mechanism of metal catalysis
In general, there are three possible mechanisms for a metal ion ca!alyzecﬁydro!ysis

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

M - M. -
0 1 0
OH
AN M=o 3P NP
rRo” | “or rRo” | “NoR ro” | “om
CR OR OR
A B C

Figure 1.6 Possible mechanisms for a metal ion catalyzed hydrolysis of
phosphate esters.

In the Lewis acid mechanism (A), the metal binds to the substrate making it more
susceptible to nucleophilic attack. Lewis acid facilitation of the nucleophilic reaction at the

30 Cooperman, B.S. in Metal ions in Biological Systems; Siegel, H. Ed.; Marcel Dekker Inc.: N. Y., 1976,.Vol.
5, p 79. b) Bertini, L.; Luchinaxg;c31} Viezzoli. M. s.; Banci, L.; Koenig, 8. H.; Leung, H. T.; Coleman, J. E. Inorg.
Chem. 1989, 28, 352. c) Zoug, A. 1.; Michael, D. B.; Cech, T. R. Nature, 1986, 324, 429, &) Uhlenbeck, O. C.
Nature, 1987, 328, 596. |
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phosphorus center has been observed in the hydrolysis of trimethyl phosphate (tmp)

coordinated to a tripositive metal center.3! The base hydrolysis of tmp was accelerated 400
fold upon coordination to the pentaamine-iridium moiety.3!2 This rate enhancement is
minute compared to typical rate enhancement obtained with enzymes (101! fold).
Monodentate coordination of a phosphate ester alone is not adequate tc explain the
enormous rate enhancement observed in enzymatic systems.

Metal ions tend to lower the pK; 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 unactwated 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
jons, most model studies have been done with substitutionally inert trivalent metal
complexes such as Co(IIl), Ir(IIl), and Rh(III) to avoid mechanistic ambiguities that may
be caused by labile divalen‘ metal ions.33

1.4.2 Metal complex promoted phosphate diester hydrolysis

Sargeson et al. have shown that a coordinated hydroxide is an efficient
intramolecular nﬁcleophile for cleaving 4-nitrophenol from bis(4-nitrophenyl) phosphate
and 4-nitrophenylethylphosphate bound to trivalent Co and Ir complexes (Fig. 1.7 (b)).3¢
The observed rate enhancement is over 106 fold as compared to that of free ester.

Other types of intramolecular nucleophiles such as amido ions can be better
nucleophlles for hydrolyzing some esters coordmated to pcntaammme Co(III) and Ir(I]I)

31 a) Hendry, P.; Sargeson. A, M. Aust. J. Chem 1986, 39, 1177. b) Ibid. J. Chem. Soc. Chem. Commun.
1984, 164. c) Dixon, N. E.; Jackson, W. G.; Marty, W.; Sargeson, A. M. Inorg. Chem. 1982, 21, 688. =

32 Buckingham, D. A.in Biological Aspects of Inorganic Chemistry; Addison, A. W.,; Cullen, W. R.; dolphin, D.;
James, B. R. Eds,; Wiley: New York, 1976, p 141.

33 Chin, J.; Zou, X. J. Am. Chem. Soc. 1984, 106, 3687.

34 Chin, J.; Banaszczyk, M. J. Am. Chem. Soc.1989, 111, 2724,

35 a) Marnell, A. E. in Metal ions in Biological Systems, Siegel, H. Ed.; Marcel Dekker Inc.: N. Y., 1973, Vol.

2, ch. 5. b) Haight, Jr. Coordination Chem. Rev. 1987, 79, 293.

36 Hendry, P.; Sargeson, 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.

NO, NO,
NH, N ‘
H;N b, | \\\ofu,, /9) N:,, | |.‘\\°h..,, /o-)
“Cod* . P"""'OEt Ir - “""OEt
|| W1 J ]
HN H:
(a) (b)

Figure 1.7 Hydrolysis of coordinated phosphaté‘l‘diesters by a nucleophilic attack of
coordinated amido ion (a) and hydroxide (b).

Knowledge that this bifunctional mechanism including intramolecular catalysis is
more efficient than others led to 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 reperr=d that large rate enhancement for the hydrolysis
of phosphate esters with either good or poor leaving groups has been obtained with some
cis-diaqua (N4) cobalt complexes (N4 represents tetradentate amine ligands) (Table 1.3)3

N
_N""-loa:‘\OHa LN .\\°H2
:—N(| ou (| \OH

<—JN

(upn)Co(Iﬂ)complex (tren)Co(lID)complex

37 Hendry, P.; Sargeson, A. M. Inorg. Chem. 1990, 29, 92.
38 a) Chin, J. Acc. Chem. Res. 1991, 145. b) Milburn, R. M.; Rawii, G.; Hediger, M. Jnorg. Chim. Acta. 1983,

79, 247.
39 a) Chin, 1 Banaszczyk M.; Jubian, V.; Zou, X, J. Am. Chem. Soc. 1989, 111, 186. b) Chin, J;

Banaszczyk, M.; Jubian, V. J. Chem . Soc., Chem, Commun. 1988, 735,
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Table 1.3 Observed pseudo first order rate constants(sec-1) for hydrolysis of
phosphate diesters promoted by(N4)Co(III)(OH3)(OH) at pH 7 and 50 °C,

Catalyst BNPP ¢ BDNPP ¢
(trpn)Co(IIN)(OH)(OH,)? 2.5x% 107 L1x10t®
(ren)Co(I11)(OH)(OH,)* 8.1 x 107 1.6 x 107

NaOH (IM) © 1.6x 10 2.8 x 107

a) [Co) 10 mM, [subsirate] S x 10° M b) a1 25°C
c) second order rate constani was extrapolated w pH 7 ref®
Bunion, C. A.; Farber, 8. J. Org. Chem., 34, 767 (1969).

d) BNPP and BDNPP stands for bis(p-nitrophenyl) phosphate and bis(2.4- dmmophenyl)
phosphate, respectively.

The hydrolysis rate of the trpn complex bound BNPP is 1010 foid greater than the
hydroxide catalyzed rate at neutral pH. The proposed BNPP hydrolysis mechanism
involves intramolecular metal hydroxide attack (k2) on a coordinated phosphate forming a
strained four-membered ring cobalt-phosphate complex (Qcheme L.5).

Scheme L5

® (o

) e
OH i _orR K, 0—P_ K, )
(N4)C°<°H + '°—-P\’ = (N4)Co/ _) OR —— (Ng)Co_ \p—on

H

The reactivity of the cobalt complex is very sensitive to the tetraamine ligand
structure. (Trpn)Co(II1)(OH2); is 300 times more reactive than its close structural analog,
(tren)Co(III)(OH2); in hydrolyzing BNPP, even though the equilibrium constants (K1) 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,*
the angle opposite to the bidentate phosphate plays an important role. X-ray structures of
(trpn)Co(lII)(CO3) and (tren)Co(III}(CO3) reveal that trpn is better able to stabilize the
four-membered ring.4¢ Both O-Co-O bond angles in (trpn)Co(III)(CO3) (68°) and

40 a) Drouin, M, M. Sc. Thesis, McGill University, 1989. b) Schlemper, E. Q.; Sen Gupta, P. K.; Dasgupta, T. P.
Acta Crys. C39, 1983, 1012. .



15
(tren)Co(III)(CO3) (689) are highly distorted from that found in a regular octahedral

complex (90°), All 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 100°. The bifunctional mechanism also applies to divalent metal ion promoted
hydrolysis of triesters#! and diesters.#2:43:44 Breslow et al. have shown that a Zn(Ng)
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)(OH2) (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.®3

Currently there is considerable interest in developing artificial DNases and artificial
resiriction enzymes. An efficient catalyst that can cleave unactivated phosphate esters such

- as DNA and dimethy! phosphate has not yet been reported.

1.4.3 Metal complex promoted monoester hydrolysis

There are two major mechanisms involved in hydrolysis of phosphate monoesters .-
(Scheme 1.6). Intramolecular metal hydroxide mechanism (2) has been considered to be
more efficient than double Lewis acid activation mechanism (b) in hydrolyzing NPP
coordinated to the cobalt complex.43:46

-

W

4] Morrow, ). R.; Trogler, W, C. Jnorg. Chem. 1989, 28, 2330.

42 Gellman, S. H.; Petter, R,; Breslow, R. J. Am. Chem. Soc. 1986, 108, 2388.

43 Morrow, J. R.; Trogler, W. C, Inorg. Chem. 1988, 27, 3387,

44 g) De Rosch, M. A,; Trogler, W. C. Inorg. Chem. 1990, 29, 2409. b) Menger, F. M.; Gan, L. H.; Johnson, E.;
Durs:, D. H-J. Am. Chem. Soc. 1987, 109, 2800. c) Kenley, R. A.; Fleming, R. H.; Laine, R. M.; Tse, D;
Winterle, 1. 8. Jnorg. Chem, 1984, 23, 1870,

45 a)Jones, D. R.; Lindoy, L. F.; Sargeson, A. M. J. Am. Chem. Soc. 1983, 105, 7327. b) ibid. J. Am. Chem.
Soc. 1984, 106, 7907. :

46 Chin, J.; 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 of p-nitrophenyl phosphate bound to cobalt in both monomeric and
dimeric (u-) 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 107 fold rate enhancement over that in the absence of
catalyst.

NO,
p-NO,PhO,
2 ,_'_P /O y
/
N o N, | 0 \o,,,, | N
PN S b
o N o
TN 'L 0 o |
OPh-NO,
(a) (b)

Figure 1.8 Hydrolysis of the cobalt bound NPP: (2) 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
intramolecular 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

structure 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 Banaszczyk?4® have shown
that methyl phosphafe is rapidly hydrolyzed by adding two equivalents of
(rpn)Co(II1)(OH»)2 with concomitant formation of a novel binuclear Co(IIl} complex
(Fig.1.9 (b)). The proposed reaction mechanism for the trpn complex promoted hydrolysis
of phosphate monoesters with poor leaving groups (e.g. methy] phosphate) involves initial
formation of a stable cobalt complex, that is subsequently hydrolyzed upon further addition
of the trpn complex.

a
..' @ .. ﬁ_é?

— N 1, ", l “\\o

CI\°/@H=

(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.*® 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.® Binding of a metal ion to the leaving group oxygen will enhance the
metaphosphate-type mechanism (dissociative process), as observed in the hydrolysis of (O-
imidazole-4-ylphenyl) phosphate upon addition of copper ion (Fig.1.10 (a)).5% 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-(1,10-phenanthroline) phosphate promoted
by Cu(l) ion.S} "

47 Que, L., Jr; Scarrow, R. C. In Metal Clusters in Proteins; Que, L., Ir., Ed.; ACS Symposium Series No.372;
American Chemical Society; Washington, DC, 1988; 152..

48 ) Hay, R. W.; Basak, A. K.; Pujari, M. P.; Perotti, A. J. Chem. Soc., Dalton Trans. 1986, 2029, b)
Herschlag, D.; Jencks, w. P. J. Am. Chem. Soc. 1987, 109, 4665,

49 a) Lloyd, G. J.; Cooperman. B, S. J. Am. Chem. Soc. 1971, 93, 4883. b) Benkovic, §. ).; Schray, K. 1. In The
Enzymes; Boyer, P. D. Ed.; Academic: N. Y.. 1973; Vol. 8, p 201.-

50 Benkovic, 8. 1:; Dunikoski, L., Jr. 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) (b)

Figure I.10 Cu(ll) catalyzed hydrolysis of (a) (O-imidazole-4-ylphenyl)
phosphate and (b) 2-(1,10-phenanthroline).

Hydrolysis of methyl phosphate with two equivalents of copper complex is not
observed. Cu(II)(dpa)(OHp2)2 (dpa = 2.2’-dipyridylamine) is not active at hydrolyzing
methyl phosphate. It is interesting that the hydrolysis of methyl phosphate proceeds by
adding one equivalent of the dpa copper complex to the (rpn)Co(111)(n2-02PO(OCH3))
complex.52

52 Jubian, V. Ph. D. Thesis, McGill 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-life for the cleavage of dimethyl phosphate based on the
water rate is estimated to be a billion years, at 25 °C. 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 diesters®82 but they have been shown to be inactive for hydrolyzing
DMP.53 This is mainly due to the instability of the catalysts as well as their low efficiency.
For example, (trpn)Co(III{OH)(OH3), by far the most efficient catalyst for hydrolyzing
BNPP392, is not able to hydrolyze c-AMP while the less active (trien)Co(11I)(OH)(OH2)
hydrolyzes c-AMP.>4

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 cleave DNA.

53 a) Famell, F. J,; Kjelistrom, W. A.; Spiro, T. G. Science, 1969, 164, 320, b) Schmidt, W.; Taube, H. Inorg.
Chem. 1963, 2, 698.
54 Chin, J.; Zou, X. Can. J. Chem, 1987, 65, 1882,
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2 RESULTS

2.1 Synthesis of ligands and Co(III) complexes

2.1.1 Synthesis of ligands and their Co(ITI) complexes

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

Figure L.11 Tetra- and pentaamine ligands used in this \study.

¥ gt gy A
EN N] [N N] EN N] EN N]

i_l I__I H:,C/ l_I Hac/ ‘——‘ \CHa

(a) (b) (© (d

N |
E:\"j" AT

N
(e) () ()

(a) 1,4,7,10-tetraazacyclododecane (cyclen) (b) 1-methyl-1.4,7,10-tetraaza-
cyclododecane (meyelen) (c) 1,7-dimethyl-1,4,7,10-tetraazacyclododecane
(tmcyclen) (d) 1,4-dimethyl-1,4,7,10-tetraazacyclododecane (cmeyclen)

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

(g) tetracthylenepentamine (tetren)

Cyclen and trpn were synthesized according to known procedures.’> Tmcycien, mcyclen,
and cmcyclen were synthesized using N-tosylaziridine as a coupling reagent. Methyl
groups were introduced before the cyclization for the synthesis of tmcyclen and mcyclen,
while after the cyclizatior. for the synthesis of cmcyclen. Tren and tetren are commercially
available. The general synthetic scheme for the ligands is shown in Scheme 1.7.

55 a) Richiman, 1. E.; Akins, T. J. J. Am. Chem. Soc. 1974, 96, 2268, b) ref, 39,
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Scheme L.7 General synthetic scheme for (a) mcyclen and tmeyclen (b) cmcyclen.

Cobalt carbonato complexes of tetraamine ligands were synthesized by known
methods using PbQO; as an oxidizing agent.56 The carbonato complex,
Co(III)(L)(CO3)-C104, was converted to the corresponding diaqua complex,
Co(1II)(L)(OH3)2-(Cl04)3, using concentrated perchloric acid. !3C and !H NMR
spectroscopy were used for structure identification.

.<\| /> Co(I11}(C10y4); 6H;0 HCo OH
N PbO; , NaHCO, P ¢c-HCIO, Pk
2> o _‘(L)coat (s} __-.(L)CD o
RE=—N . NCR H,0-EtOH :
.La L=cyclen, tmcyclen,
meyclen, and emcyclen

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

56 Hamris, G. M,; Dasgupta, T. P. J. Am. Chem. Soc. 1975, 97, 1733,
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A mixture of a— and B—tetren cobalt complex, (tetren)Co(111)C1(CiQO4), was prepared
according to literature procedures and then converted to o-(tetren)Co(OHz) in aqueous
solution (see Part 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.

oH, K, o K, OH
Naco_

OH

- e
(N,)Co (N,)Co
~SoH, “oh,

Table 1.4 shows acid dissociation constants of cis-diaqua cobalt complexes used in this
study, where K| and K7 are represented by eq(1).

[(N4)CO({OH }(OH)] [H]* [(Ng)Co(OH),] [H]*
1= Kz = eq(1)
[(N4)Co(OH2)2] [(N4)CO(OH2)}{OH)}

Acid dissociation constants are comparable for the cobalt complexes of all cyclen
derivatives.

Table 1.4 Acid dissociation constants for (L)Co(II1)(OH2)x complexes.

L Found ¥ Literature value ®
pPK,, PK,» pK,; PK,.
opn 4.8 7.4 4.8 1.6
tren 5.2 7.9 5.5 8.0
cyclen 5.4 7.9 5.6 8.0
N-methylcyclen 4.9 1.6
trans -N,N'-dimethylcyclen 4.6 7.6 - -
tetren 59 -

a) lonic strength was maintained with 0,1 N NaClQ,

b) Chin, J., Banaszczyk, M., Jubian, V., Zou, X. J. Am. Chem. Soc., 111, 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 1.5  Visible Absorption Spectral data of (L)Co(III)(CO)3 and
(LYCo(IIN)(OH2)2 complexes at 25 °C,
A max Emg) [nm (M7 cm™))
(L)Co(IIN(CO3) Found | Literature value
pn 532(124) | 364(154) | 5320125)®| 363(153)®
tren 504(160) | 354(96) | 504(130)% | 354(110)°
cyclen 526(270) | 368(207) | 529(280)% | 368(210)¥
N-methyicyclen 524(239) | 368(188) -
trans -N,N'-dimethylcyclen | 544(297) | 378(223) - -
(L)Co(ITE)(OH,),
trpn 53260) | 372090) | 531(58)° | 371(85)7
men 504(116) | 360(85) | 505(108)° | 360(79)
cyclen 504(253) | 356(193) | 504(229)" | 358(162)°
-
N-methylcyclen 518(285) | 364(222) -
trans -N,N'-dimethylcyclen | 538(385) | 372(318)
(etren) Co(ITOH,) | 486¢105) | 354(97) | 472(122)8] 350(85)¢

{:

8) Extinction coefficients were measured in H,O for carbonato complexes and in 0.1 N HCIO,

for diaqua complexes at 25°C.

b) Massoud 5.S.; Milburn, R. M. Jnorg. Chem. Acta., 154, 115 (1988).
c) Eldik, R.; Harris, G. M. Inorg. Chem., 19, 3684 (1980).
d) Hung, Y.; Martin, L.; Jakels, S.; Taiy, A.; Busch, D. J. Am. Chem. Soc., 99, 4029 (1977).
¢) Banaszczyk, M. Ph.D. Thesis, McGill University (1989).
f) Moore, A. Ph.D Thesis, McGill University (1990),

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

and Dimethyl phosphate

Binding with acetate: Binding studies were carried out by '2C NMR using !3C;
labelled acetate. Fig. 1.12 shows the 13C NMR spectra of acetate coordinated to the cobalt
cyclen, mcyclen, and tmcyclen complexes, respectively. NMR peaks were assigned by
doing experiments 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 aquasites in the complex are non-
equivalent (Gy), two isomers can exist for the cobalt complex-bound monodentate acetate.
In the presence of high concentration ratio of acetate over cobalt complex (Fig:ure 112 (a)
1:1 ratio), there observed doubly bound monodentate acetate (I1I) as well as singly bound
monodentate acetate (IT). 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.

/OHz . . /OAc _0 _OAc
CO\OH: AcO'Na =—= OO\OH, 1,c‘:.\(-)>—.. Co\OAc
+
co <0H2

OAc
1 11 III

Binding with phenyl phosphonate: Figure 1.13 displays the 3!P NMR spectra of
phenyl phosphonate coordinated to the cobalt complexes of three cyclen derivatves.

OH . 0 0. © 0.9
w030 = o) - <O
OH, ) ) OH; © o

+

OH
co? z?
30
o
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Chemical shifts are reported with trimethyl phosphate as an external reference. Phenyl

phosphonate produces each three new signals with the cyclen and the meyclen complexes,
and two new signals 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 signals around 23 ppm (I) and the signal at 35 ppm (II) correspond to
phenyl phosphonate bound as monodentates and a bidentate, 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. i '

Binding with inorganic phosphate: Figure 1.14 displays 31P 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 well known.57 Typically, phosphates with one,
two, three, and four Co(III) phosphate oxygen bonds have 31P NMR chemical shifts at ca.
3 10, 20, 30, and 40 ppm respectively relative to the corrésponding free phosphate. The
signal at -2.7 ppm relative to the external reference TM‘P corresponds to free inorganic
phosphate. Signals, each separated by ca. 10 ppm, .éorrespond to the cobalt bound
phosphates as mono-, bi-, tri-, and tetradentate respectively. When more than one oxygen
is invoived in binding, more than one cobalt c'-:ffz:piex 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
cobalt phosphato complexes. The cyclen and the tmcyclen complexes can have one isomer,
while the mcyclen complex can have two isomers for this pu4-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) Haight, Jr. Coordination Chem. Rev. 1987, 79, 293. b) Jones, D. R.; Lindoy, L. F.; Sargeson, A. M.;
Snow, M, R. Inorg. Chem. 1982, 21, 4155. ¢) r=[. 45 b.

(
A
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Figure 1.12 13C NMR spectra of (LYCo(III)(OH2)7 (0.05M) with 0.5 and 1
equivalents of CH3C*OONa at pD 4.6 and 25 °C.; L = a) cyclen, b)

mcyclen, ¢) tmcyclen: ¢ = free acetate,
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€_ Figure 1.13 31P NMR spectra of (L)Co(III)(OH2)2 (0.05M) with one equivalent of
' phenyl phosphonate at pD 4.5, 25 6C, ; L =; a) cyclen, b) mcyclen, and ¢)
tmcyclen: v= free phenyl phosphonate.
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Figure 1.14 31p NMR spectra of (L)Co(III)(OH2); (0.05M) with 0.5 and 1
equivalents of inorganic phosphate at pD 6, 25 °C. ; L =; a) cyclen, b)
mcyclen, ¢) tmcyclen: v= free inorganic phosphate.
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Binding with dimethyl phosphate: Complexation of DMP to (cyclen)Co(III)(OH2)2

and (tetren)Co(III)}(OH2) was observed by 31P NMR (Fig.].15). The concentration of
DMP was varied from 50 mii to 0.1 M with 0.1 M of cobalt complexes. The cyclen
complex produces two new signals at d 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 signals due to the presence of several isomers. Equilibrium binding constants
(K) were obtained by converting the signal integration to concentration. Both cobalt
complexes have approximately the same K value of 3 M1,

: o |
QMG K /o _.P.,OMG /{OHz)nJ
Co—(OH,), + 'O-P-OMe <— Co “ome * Co OMe
5 “N(OH,),.q ~o0-p(
" 0 ©OMe
[Co-DMP]
[Co-DMP]
[Co] [DMP]

Figure L15 3P NMR of binding of DMP (0.1M) to the cyclen and the tetren complexes
(0.IM) at pD 4 and 25 °C ; a) cyclen, b) tetren: v = free DMP.

s & 4 2 0 PPN2 L & 4 2 0 PPN2



30
2.3 Relationships between Chelate Formation and the Basicity of

Bidentate ligands.

¢:9

Studies of equilibrium binding of carboxylates to (trpn)Co(III)(OH3)3 and
(cyclen)Co(III)(OH3)2 were carried out by !3C 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 converted
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.

o]

OH o] -o—g
bl ., P P

(L)Co + RCONa* =— (L)Co_ - R + (L)Co

&9
b

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 (0.05 M).

[chelate]/[monodentate]
carboxylic acids® pK, eyelen trpn
Bromoacetic acid | 2.86 oY 0.19

Formic acid 3.77 0 0.30
3 Benzoic acid 4.19 0.47 11.3
Acetic acid | 476 1.12 28.4

2) 1C labeled carboxylates were used. {carboxylate] = 0.025 M, Temp = 23 °C,
b) the value O means that a clelate is nol detected under the experimental conditions.



31
2.4 Kinetics

2.4.1 Co(III) complex-promoted hydrolysis of phosphate esters with good
leaving groups

Reactivity: The rate constants for cobalt complex-promoted phosphate esters promoted by
Co(III) complex are listed in Table 1.7. The production of p-nitrophenolate and 2,4-
dinitrophenolate was monitored by UV/VIS spectroscopy at 400 nm. One and two
equivalents of the substituted pheno! were released from the monoester and the diester,
respectively. The anation reaction with inorganic 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 first order kinetic equation (R > 0.98). The rate constants
reported represent an average value of at least three runs with standard deviations in the
range of + 3 %. Ionic strength was not adjusted in these kinetic studies.

Table 1.7  Observed pseudo first order rate constants (sec"!) for (LYCo(III)(OH)(OH2)
promoted hydrolysis of phosphate esters at pH 7.
L BDNPP © | BNPP © | NpP® | PHOS®
cyclen 92x103 | 3.3x103| 12x102| 7.7x 10?2
N-methylcyclen 76x 103 | 1.4x 1073} 25x107| 6.3x 102
trans -N,N'-dimethylcyclen | 4.5x 10% | 1.2x 10" | 3.3x 107 -

a) [Co] 5 mM, [Substrate] 2.5 x 10 M at 50°C. b)at25°C,[Co] 5 l'ﬂ-M [PO4] 5 x 10°M
c) abserbance change is too small to be observed.

The cyclen complex is about two times more active in hydrolyzing BNPP than the meyclen
complex. The tmcyclen complex shows a much lower reactivity compared to the cyclen or
the meyelen complexes in hydrolyzing BNPP.

i,

Concentration dependence: The observed pseudo first order rate constants of BNPP
hydrolysis promoted by the cobalt complexes of three cyclen derivatives are listed 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.

concentration is shown in Fig. 1.16.

A plot of kObSys the catalyst

Table 1.8  Dependence of the kobs (sec-1) for BNPP (2.5 x 10-5 M) hydrolysis on the
concentration of [(LYCo(IM)(OH)OH;3)] at pH 7, 50 °C.

Conc (mM) cyclen N.me(ttggllén :;iamn:t;l?;gr.c-len
3.0 1.2 x 10?2 - ]
6.0 22x10° -

6.6 ] 1.62 x 103 -
9.0 3.3x 1073 ]
11.2 2.53 x 1073 2.0 x 10°3
12.0 42 % 10° ]

15.0 4.5 x 107 .

16.0 ) 2.88 x 10 2.5x 107
20.0 3.76 x 107

24.7 - 4.52 x 147

28.0 - 3.4x 107

W

i
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Figure 1.16 A plot of kobs (sec"1) vs the catalyst concentration [(L)Co(I)(OH)(OH2)]
(mM): L = cyclen, mcyclen, and tmcyclen,
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2.4.2 Co(IIl) complex promoted hydrolys-i; 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 well
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(1Il)
complexes promoted hydrolysis of c-AMP and 2°-deoxy ¢-AMP are listed in Table 1.9.

-“In-the absence of the cobalt complex, no hydrolysis of c-AMP was observed at pH
7 (0.2 M phosphate buffer) and 100 °C 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 meyclen
complex is slightly less active at hydrolyzing BNPP (Table 1.7), while 10 times 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.
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Second order rate constants (M-1 min-!) for (L)Co(III(OH)(OH3)

complex promoted hydrolysis of phosphate esters at pD 6, 50 °C.

L

c-AMP ?

s".AMP Y

2'-deoxy c-AMP ¢)

cyclen

N-methylcyclen

9.6x 102

8.5 x 102

1.2 x 10

1.3 x 10"

12x 102

4.3 x 102

6.9 x 10

54x 107

a) [Co] 0.066 M and jc-AMP] 0.033 M, rxn following the formation of 5-AMP cobalt complex.
b) [Co] 0.1 M and [5'-AMP] 10 mM

¢) [Colcyclen)] 0.1 M, [Co{mcyclen)] 0.2M, and [2'-deoxy-c-AMP] 10 mM, rate constants
represent formation of monoester cobalt complex and formation of inorganic phosphato
cobalt complex respectively.

Hydrolysis “of ApA: Hydrolysis of UpU and ApA promoted by
(mcyclen)Co(II1)(OH2)2 was monitored by 31p NMR following the formation of the
inorganic phosphate-cobalt complexes (Fig. 1.18). The 3!P NMR spectrum of inorganic
phosphate and the mcyclen complex (1:10 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 first order rate constants (min-!) for (mcyclen)
Co(111)(OHy); promoted hydrolysis of UpU and ApA at pD 6, 50 °C.2)

L UpU ApA
N-methylcyclen 3.3x 104D 1.8 x 10
NaOH ) 3x 107109

a) [Co] 0.2M, [substrate] 10 mM, rawe constants obtained following the formalion
of inorganic phosphato-cobalt complex. b) 1 x 10" min’! was obtained for the
hydrolysis of UplU by following the formation of monoester cobalt complex.
c) estimated hydroxide rate at pH 6 ref: Matsumoto, Y.; Komiyama, M. J. Chem. Soc.,
Chem. Commun.1050 (1990).
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Figure 1.17 3P NMR spectra of hydrolysis of 2’-deoxy c-AMP (10 mM) promoted by
the cyclen complex ((.1 M) at pD 6, 50 °C; 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 (mcyclen)Co(IHI)(OH)(OH2) (0.2 M) promotetd
hydrolysis of UpU (10 mM)atpD 6and 50°C;a)t=0,b)t=11L5hr,c)t =75
hr, and d) the mcyclen complex with 0.1 equivalent of inorganic phosphate at pD
6: o=TMP
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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 internal 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.11.

Table I.11 Second order rate constants (M1 min-1) for (L)Co(I}(OH)(OH2)
complexes promoted hydrolysis of dimethyl phosphate (0.5 M).

. L pD | Temp. | k (M! min'})
cyclen .| 5.5 60. °C 1.61 x 10°
i 63 60 °C | 372x10°
| 55 80 °c | 1.32x10%
tren 5.5 go°c | 21x10?

a) [c;v.clen] 0.2 M, [Dl\\i?] 0.5 M b} [tren] 0.1 M, [DMP] 0.5 M

Under the same conditions (pD 5 and 6), (tetren)Co(III)(OH2) (0.1M) 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.

et
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Figure 1.19 !H NMR of hydrolysis of dimethyl phosphate promoted by
(cyclen)Co(OHz)2 at pD 5.5,80°C; a) t =0 hr, b) t = 4.8 _
days: w=MeOH. ) D)1 days, ¢)t1=20

Y.
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3 DISCUSSION

3.1 Synthesis of Ligands and their Co(III) 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.>8 Macrocyclic polyamines
are generally synthesized by bimolecular cyclizations.’® 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 tritosy] protection-deprotection process.50 Recently the synthesis of mono N-
substituted derivatives of tetraazamacrocycles was achieved by using tris(dimethylamino)
borane®! or Cr(CO)s.52 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)-ditosy] diethylenetriamine for mcyclen and
tmcyclen :ynthesm (Scheme 1.7.a), or N(4),N(7) disubstituted N(1),N(10)-ditosyl
mcthylenctctraamme 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)-ditosy! methylenten'aamme with ditosyl ethyleneglycol was not cucc.essful In
contrast, N(4),N(7)-dibenzyl N(1),N(10) ditosyl tnethylentetraamme reacts with the
cyclization counterpart yielding the cyclization product. For all thréé hgands, subsequent

58 a),Busch, D. H.; Farmery, K.; Goedken, Y. L.; Katovic, V.; Melnyk, A. C.; Sperati, C. R.; Tokel, N. Adv.

Chem. Ser,, 1971, 100, 44, b) Moi, M. K.; Mears, C, F.; Denardo, S. ). J. Am. Chem. Soc. 1988, 110, 6266.

59 a) ref 55 a, b) Izan, R. M; Christensen, J. L. in Synthesis of Macrocycles; Wiley Interscience: New York,
1987.

- 60 a) Heideger, M.; Kaden, T. A, Hefv. Chim. Acta 1983, 66, 861. b) Schtegg. A Kaden. T. A. Helv. Chim. Acla
- 1994, 73, 716,

ﬁlecmud H.; Yaouanc, 1. }.; Clement, J. C.; Des Abbayes, H.; Handel, H. Tetrahedron Lett. 1991, 32, 639.

62 Yaouanc, J. 1.; Bris, N. L.; Clement, J. C.; Handel, H.; Des Abbayes, H.J, Chem. Soc., Chem. Commun.
1991, 206.
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detosylation of the cyclized products gives the desired mono- and dimethylated cyclens in

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

Configuration of cobalt complexes: Due to 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 out on the basis
of a sirong repulsive interaction and angular strain. Configuration I (oy) in Figure 1.20 has
been found by X-ray crystallography in the following cobalt complexes:
(cyclen)Co(ID{(CO3)Cl04-H2083, (cyclen)Co(II)(NQ2)2-Cl 84, (tmcyclen)Co(CO3)ClO4-
H0 95, and (Et4cyclen)Co(II)(serQ) Br-ClO4-H0 66, and configuration I1 in Figure 1.20
has been found in (tmcyclen)NiBr(H,0)-Br.87 The stable configurations could also be
predicted from MMX calculation.58 According to this, the most stable isomer for the
mcyclen complex is the one with the methyl group in the axial position (Cy).

i
L

Figure 1.20 Two majorisomers for the cobalt complexes of cyclen and its derivatives.

The two nitrogen protons trans to 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.$% The chemical shifts of these two protons
are pH dependent. The signal of each proton is separable even though the proton exchange
rates observed in DMSO-dg only differ by a factor of 3 within the range of 107 M-! sec-1.70

63 Loehlin, ). H.; Fleischer, E. B. 4cta Cryst., B 32, 1976, 3063.

64 litaka, Y.; Shina, M.; Kimura, E. Inorg. Chem. 1980, 13, 2886,

65 Giusti, }.; Chimichi, S.; Ciampolini, M. /norg. Chim. Acta, 1984, 88, 51.

66 Tsuboyama, S.; Miki, S.; Chijimastsu, T. ; Tsuboyama, K.; Sakurai, T. J. Chem. Soc., Dalton Trans. 1989,
2359, ’

&7 Ciampolini, M.; Micheloni,; Nardi, N.; paoletti, P.; Dapporto, P.; Zanobini, F. J. Chem. Soc., Daiton Trans. '

1984, 1357.

68 Houk, K. N.; Tucker, J. A.; Dorigo, A. E. Acc. Chem. Res. 1990, 23, 107.

69 Nakazawa, H.; Sakaguchi, U.; Yoneda, H.; Morimoto, Y. fnorg. Chem. 1981, 20, 973.
70 Sosa, M. E.; Tobe, M. L. J. Chem. Soci, Dalion Trans. 1985, 4757



41
3.2 Co(Ill) complex promoted Hydrolysis of Phosphate Esters with

Good Leaving Groups.
3.2.1 Mechanism

The mechanism for (cyclen)Co(II1)(OH)(OH3) promoted hydrolysis of BﬁPP is
shown in Scheme 1.10. The hydrolysis of the corresponding phosphate monoester(NPP)
proceeds faster than that of the diester (BNPP) (Table 1.7).

OH *
(NaCo L
o .
o
i LOR
(N )CO/OH o E/OR _._..KI (N )CO/O_P\IOR k2 NJC /Q\CII)
+ O— —_— —_— (»] —
s 1 SoH, “oR 4 \O_j (NjCol = P-oR
i H
OH
2
{N,)Co
Y on,

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

The hydrolysis mechanism is elucidated based on previous experimental observations®*/7!:
(a) The bell shaped pH rate profile indicates that the aqua-hydroxy form of the complei is
the most active species. (b) The monoaqua complex, (NH3)sCo(III)(OH») does not
hydrolyze 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 alone
took place, the hydrolysis rate would either decrease or increase with increasing pH. 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 observaticn (¢). Lack of
deuterium solvent isotope effects indicates that thé metal hydroxide is a nucleophilic catalyst
rather than a general base catalyst. In addition, the reactivity of the?co@lgomplcxes was
clasely related to the ligand structure, especially the angle opposite to the four-membered
ring intermediate (section 1.4.2), The efficiency of general base catalysis does not depend
on small structural changes.’2 The relative rate enhancement in hydrolyzing BNPP

71 Chin, J.; Zou, X. J. Am. Chem. Soc. 1988, 110, 223,
72 Kirby, A. I. Adv. Phys. Org. Chem. 1980, 17, 183,
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promoted by several cobalt complexes are listed in Table I.14. The cycler complex is only
4 times less reactive than the trpn complex in hydrolyzing BNPP.

Table 1.14 second order rate constants (M-!sec-1) for the hydrolysis of BNPP
promoted by various catalysts at 50 °C (P-O bond cleavage).

catalysts k (Mlsec’!) rel. rate
None 2 55x 10712 2.2 x 10712
NaOH (1M) * 1.6 x 10 6.6 x 10°
trien ® 5.7 x 102 2.3x 102
cyclen 6.6 x 10! 26x10"

trpn ¢ 2.5 !

a} waler raie was divided by water conc. 55.5 M, ref; Kirby, A. J.; Younas, M.
J. Chem. Soc. (B), 510 (1970).
b) Zou, X. Ph. D. Thesis, McGill University (1987). c) this study.
.d} Chin, J. ; Banaszczyk. 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 P-O bond cleavage. The binding
step can not be the rate determining step since the anation rate (k) is much greater than the
actual hydrolysis rate (ko) (Table 1.7). The mechanism for both the mcyclen and the
tmcyclen complexes promoted hydrolysis of BNPP should be the same as that for the
cyclen complex for the following reasons: (1) the structures of the cobalt complexes are
closely related, (b) all three cobalt complexes form chelates with acetate and inorganic
phosphate, and (c) the same bifunctional mechanism was proposed for both the cyclen and
the tmcyclen complexes promoted hydration of acetonitrile (part 1I). 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 decornpose during the reaction at
50 °C.

The cobalt complex promoted hydrolysis of the phosphate monoester (NPP) is
slightly faster 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.”! Sargeson et al. proposed the same mechanism for the hydrolysis of the cobalt
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bound phosphate monoester, (en)2Co(III)(OH2)(NPP), based on the 180 isotope labelling

experiments.45¢ 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 1010 times more rapidly than the unbound diester, while ::2 cyclen
complex bound NPP is cleaved only 106 times faster than the free monoester. This may be
due to an unfavorable electronic interaction between an anionic nucfcophilc and the two
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 gre not
applicable in the cobalt complex catalyzed hydrolysis of monoesters. In 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
efficient as the cyclen complex in promoting BNPP hydrolysis, while the tmcyclen
complex is 200 times less active than the cyclen complex (Table 1.14). It is clear that the
reactivity of the Co(IlI) complexes is highly sensitive to the ligand structure. These
complexes are structurally related and have similar pK,s for the metal bound water
molecules yet hydrolyze BNPP at different rates. The ligand structure can affect the
efficiency of the Co(II) catalysts.

Table 1.14 First order rate constants (sec-!) for the cobalt complex promoted
hydrolysis of BNPP at 50 °C.2) '

catalysts BNPP NPP P
cyclen 1 1(3.6)
mcyclen 0.42 0.2-(1.8)
. tmeyclen 3.6x 10 2.8 x 107 (0.3)
e 2) [Co] 5 mM, [phosphate] 2.5 x 10" mM, and pH 7.

b) values in brackets refer to the ratio of BNPP vs NPP hydrolysis rates.
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The relationship between the ligand structure 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 two 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.”® 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. It 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 torpn
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 suggests
that mono- and dimethylation on nitrogen atoms of cyclen do not alter the binding ability of
their cobalt complexes to acetate. It 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. 1.15). 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 tmcyclen 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 form the chelated phenyl phosphonate, while the tmcyclen complex
forms only the monodentate (Fig. 1.13). Phenyl phosphonate is a better model compound

i
k

73 a)uen C03: Leohlin, 1. H.; Fleisher, E. B. Acta Cryst. B32, 1976, 3063.
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for studying the efficiency of catalysts that hydrolyze diesters. Its structure represents

actual phosphate substrates better than inorganic phosphate and it produces a relatively
simple spectrum (Fig. 1.13). It became clear that the methy! groups in the tmcyclen
complex inhibit the formation of a four-membered ring intermediate during hydrolysis of
phosphate diesters.

Figure L21 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. 1.16) gives a linear slope for both the mcyclen and the tmceyclen
complexes. In contrast, the rate dependence on that of the cyclen complex levels off at the
high catalyst concentration.

"y T
S
& T~ [
/\N'R Rl\n/\ / ®)R=R=H
/>,L,/ °H2+ H°>c°/ \ + 2H,0
o TS i
N, N N4 N
R’ R
> NP
kN/ \o/ \N)

b) R= CH; ,R'=H
c)R=R=CH;
Figﬁfe 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 tmcyclen and the meyclen 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 tmcyclen 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.3374 Having
succeeded in finding a stable cobalt complex that gives up to a 1019 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 some 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 °C (P-O bond cleavage).

phosphate diester k (sec’!) t s (yr)
BNPP ® 3.0x 1010 1.1 x 10
c-AMP® 1.0x 10714 2.2x 108
ApA© 5x 10712 4.4x10°

( CH;0),P(0)0 ¢ 1071° 2.2 x 10!

a) Kirby, A. I.; Younas, M. J. Chem.Soc. (B), 510 (1970).

b) estimated from the data reporiéd by Gerlt, 1. A., Westheimer, F. H.; Sturtevant, J. M.
J. Biol. Chem. 2580, 5059 (1975).

c) the rate was estimated from the pH rate profile. ref; Matsumoto, Y ; Komiyama, M.
J. Chem. Soc. Chem. Commun., 1050 (1990).

d) extrapolated from the data reported by Kirby et al. sce in the text. Guthrie also
estimated this rate to be 10" sec™' a1 25 °C: J. Am. Chem. Soc. 99, 3991 (1977).

74 Jencks, W. P,; Kirsch, 1. 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.”>
The level of c-AMP in cells is regulated by specific phosphodiesterases which hydrolyze c-
AMP to 5’-monophosphate (AMP). ¢-AMP phosphodiesterase is a metalloenzyme and
requires divalent metal ions such as Mg(II) or Mn(Il) for its optimal activity.73®

(Trien)Co(III)(OH)(OH32} was able to hydrolyze ¢c-AMP under mild conditions (50
oC, pD 7).34 Both the cyclen and the mcyclen complexes have proven to be more efficient
than the trien complex in hydrolyzing BNPP.”! The mcyclen and the cyclen complexes
promote the hydrolysis of c-AMP with observed second order rate constants of 8.5 x 102
and 9.6 x 10-2 M- min-!, respectively at pD 6 and 50 °C.

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. ¢-AMP is hydrolyzed to either 3’- or
5°-AMP with similar enthalpies.’® 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 knownto be 2 x 104 times

faster than that of dimethyl phosphate.762

The half-life for the hydrolysis of the cobalt bound c-AMP can be calculated to be
ca. 30 min (ky = 5.3 x 104 sec’1) from the second order rate constant and the equilibrium
constant for binding of phosphate diester (DMP) to the cyclen complex (3 M-1). The rate
constant for the hydrolysis of c-AMP in water had been previously estimated to be 1.0 x
10-14 sec-! at 50 °C.5¢4 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 kca value for 3°,5’-c-AMP phosphodiesterase catalyzed
hydrolysis of c-AMP is 4.9 x 10-2sec-! at pH 7.7 and 30 9C.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) Waterman, M.; Murdoch, G. H.; Evans, R. M.; Rosenfield, M. Science, 19858, 229, 267. b) Robinson, G.
L.; Buicher, R. W,; Sutherland, E. W. in Cyclic AMP; Academic Press: New York and London, 1971. c) ref 3 a,

76 a) Gerlt, J. A.; Westheimer, F. H.; Sturtevant, J. M. J. Biol. Chem. 1975, 250, 5059. and references therein.
b) Yu, J. H.; Sopchik, A, E; Arif, A. M.; Bentrude, W. G. J. Org. Chem. 1990, 55, 3444.

77 Nair, K. G. Biochemistry 1966, 5, 150.
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is maintained in hydrolyzing c-AMP, which is 10% times less reactive than BNPP under
basic conditions.

A (o]
Oj\ k, A0 o HO o
m3+/03- l — O\‘ }o —— + c030P04n.
~ o
o~ E? R Co® HO R HO R

Scheme I.11 The cyclen and the mcyclen complexes promoted hydrolysis of (2'-deoxy-)
c-AMP: only 5°-AMP production is shown.

The rate constant for the hydrolysis of 2’-deoxy c-AMP has not yet been reported
but it 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.”82 The maximum inductive effect due to a 2’-
hydroxyl group can not account for more than a 100 fold reactivity difference.”8
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,”® 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 dimethy] phosphate under basic conditions28¢), the initial cyclization step is usually
much faster than the subsequent hydrolysis, so the intermediate may be readily isolated.

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

78 a) Haines, A. H. Adv, Carbohydrate Chem. Biochem. 1986, 25, 4473, b) Deslongchamp, P. in Steroelectronic
effects in Organic Chemistry, 1st Ed.; Pergamon Press: Oxford, New York, 1983.
79 Bresiow, R.; Huang, D. L. Proc. Natn. Acad. Sci. U/.5.A. 1991, 88, 4080.
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enhancement over the hydroxide rate at pH 6.80 The mcyclen complex is 10 times more

active than the trien complex under the same conditions. Several 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 could act as a general base catalyst pulling off
the proton from the 2’-hycicayl 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(Il) in the
Hammerhead RNA self-cleavage reaction.8! It has been shown that the substitution of
sulfur for a nonbridging oxygen atom substantially reduces the affinity of a Mg(IlI) ion
necessary for the efficient cleavage.®! This suggests that the Mg(Il) ion coordinates
directly to the phosphate at the cleavage 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.

HO A
(o)
HO A
o HO A
OH cIJ H o
|
c°3¢ o...lla—_-o — —
o 0
(o o} \/on HO OH
o0& N\ \_
O —Co"*
HO OH

Scheme .12 The Co(l1I) complex promoted hydrolysis of ApA: a Lewis acid
activation by the cobalt complex and intramolecular nucleophilic attack by
the 2’-hydroxyl group.

80 Matsumoto, Y.; Komiyama, M, J. Chem. Soc., Chem. Commun. 19%0, 1050,
81 Dahm, S. C.; Uhlenbeck, Q. C, Riochemisiry 1991, 30, 9464.
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3.3.3 Hydrolysis of DMP

The half-life for the cleavage of dimethyl 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 two 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
well known that cis diaqua cobait complexes efficiently hydrolyze phosphate
monoesters.46:332 The mcyclen complex appears to be unstable under the experimental
conditions used (60 to 80 ©C). The second order rate constant for the cyclen complex-
promoted hydrolysis of dimethyl phosphate is 3.7 x 10-3 M-} min-! at pD 6.3 and 60 °C.
Since the equilibrium constant for complexation of DMP to the cyclen complex is 3 M1,
the first order rate constant for the hydrolysis of the cobalt bound DMP is 1.2 x 10-5 min-l.
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 6.8.3%2 In contrast, the monoaqua cobait
complex, (tetren)Co(III)(OH) did not hydrolyze DMP to any observable extent.

L (o
Q@ | on CN,M

Figure 1. 23

/\l

\\

le"ll ‘OH

(cyclen)Co(IIT)(OH,), (tetren)Co(III){OH,)

The proposed mechanism for the cyclen complex promoted hydrolysis of DMP
involves coordination of the diester to the metal complex followed by intramolecular metal
hydroxide attack (Fig. 1.24 a). Such a mechanism has been proposed for the hydrolysis of
esters, nitriles, phosphate mono- and diesters.382 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 Gerlt, J. A.; Westheimer, F. B. J. Am. Chem. Soc. 1973, 95, 8166.
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(tetren)Co(1II)(OH32) is not reactive at hydrolyzing DMP even though the equilibrium

binding constant for DMP is comparable to that of the cyclen complex. (c) There is no
solvent isotope effeci for the cyclen promoted hydrolysis of bis(p-nitrophenyl) phosphate
(BNPP). Based on the above observations, several mechanisms may be ruled out.
Oxidative cleavaged of dimethyl phosphate can be ruled out on the basis that two
equivalents of methanol are produced upon cleavage of the diester. A double L§Wis 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 ¢).

o OCH;
‘:\T _$_ocw, =N a o~ F —OCH;
~ /O—P\OCH ¢ \I ~9x..OCH, ,N\| 7 0-~-H
/Co /Co .)/P\ /00 1
Q7 | Non VR KOCHS Q| Non_sH
Lon Lon oH’ S
(a) (b) (c)

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

Uncatalyzed hydrolysis of activated esters occurs through P-O bond cleavage,2*
while the hydrolysis of DMP results in both P-O and C-O bond cleavage. Westheimer et
al. have shown that the hydroxide catalyzed hydrolysis of DMP occurs exclusively through
C-O bond cleavage.28 The reactivity of DMP has been studied in the form of complete
pH-rate profiles by Guthrie.?3 However, due to the lack of experimental:data, it was not
clear whether the hydrolysis of dimethyl phosphate in neutral water proceeds with P-O _
bond cleavage or C-O bond cleavage.28¢ It has been proposed that a bifunctional
mechanism is the most efficient in hydrolyzing activated phosphate diesters through P-O
bond cleavage.382 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 cleavage
similar to those proposed for P-O bond cleavage (Fig. 1.24).

83 Guthrie, . 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(I11)
(OH)(OH3) is ca. 10 times 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.?? In contrast, for P-O bond cleavage (Fig. 1.24c),
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 estgr,g.'?'?a The isolation of the four-membered 12-0,0"-B-
alanine cobalt complex over a six-membered N2-N,O-B-alanine cobalt complex by reacting
B-alanine with the (trpn)Co(III)(OH2)2 complex shows a preference for the formation of
the four-membered ring intermediate.”

Hydrolysis of d(ApA) in the presence of 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). It 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 to the hydrolysis of the corresponding nucleotides.®® Studies on metal
complex promoted depurination have néver been done. Under the e;;erimemal conditions

* see experimental section (part V) structure determination was done by James Briten in Dept of Chemistry,
McGill University 1990. ’

84 Oivanen, M.; Lonnberg, H.; Zhou, X. X.; Chattopadhyaya, J. Tetrahedron, 1987, 43, 1133,

85 a) Jarvinen, P; Oivanen, M.; Lonnberg, H. J. Org. Chem. 1991, 56, 5396, b) Oivanen, M.; Darzynkiewicz,
E.; Lonnberg, H. Acta Chem. Scand. 1988, B42, 250.
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used (pH 6, 80 °C), 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 °C and the pKj, of the conjugate acid of the leaving group was found.3%# Both alkyl
and aryl phosphate diesters were shown 1o fit on the same plot with equation 3.1.

log k =0.69 - 0.76 pK, (eq 3.1)

Similarly Kirby and Younas?* has been that there is a linear free energy relationship
between the water rate for diaryl phosphate hydrolysis at 100 °C and the pKj of the
conjugate acid of the leaving group (eq 3.2).

logk=157-097 pK, .. (eq 3.2)

. According to the 180 tracer experiments, hydrolysis involves P-O bond cleavage in the
acidic to neutral pH range. The calculated rate constant for the P-O bond cleavage in DMP
is then 3.4 x 10-1 sec* (pK, 'of methanol 15.5) at 100 ©C.

The water rate for DMP had been previously estimated to be 2 x 10-14 sec-lat 25
OC83 and § x 10-14 sec-1 at 50 ©C.8¢ Guthrie’s estimate®3 was based on the rate of DMP
hydrolysis at 100 °C between pH 1 and 5, where the water rate is insignificant. Cech and
Herschlag®6 estimated the water rate for DMP hydrolysis based on the hydroxide rate for
DMP hydrolysis and Bnyc for 2,4-dinitrophenyl methyl phosphate 2487 According to the
reactivity-selectivity principle, Bpyc for DMP hydrolysis is expected to be greater than that
for 2,4-dinitrophenyl methy! phosphate. Indeed, 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.

** preliminary experimental results: the production of adenine and 2'-deoxy adenosine from 2'deoxy adenosine
and d(ApA) respectively was monotored by HPLC (see experimental).

86 Herschlag, D.; Cech, T. R. Nature, 1990, 344, 405, ’

87 Kirby, A, J.; Younas, M. J. Chem. Soc. B. 1970, 1165.

88 water rates were estimated from ref 24 and the hydroxide rate 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 for DMP hydrolysis is 35.5 kcal / mole. The water rate
for DMP hydrolysis calculated from the activation parameters is 1.5 x 10-1° sec*! and 9.5 x
10-17 sec*! at 25 ©C and 60 °C, respectively. The rate of hydrolysis of dimethyl phosphate

bound to the cyclen complex is some 1010 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 well established in the last few years.® The examples of such ribozymes fall into
two categories.?0 Self-splicing and self-cleaving RNAs exemplify intramolecular catalysis,
In 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

u
(0]
B OH OH
F—— M 2#0
¥ . p—o A
. o] | o]
OH o
BH OH
o]
G o 3

Figure 1.26  Model for the initial step of pre- -IRNA self splicing involving

nucleophilic attack by the 3’-hydroxyl group of guanosxnc on the
phosphorus atom at the 5’ splice site.

The 3’-hydroxyl group of G414, the terminal guanosine 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; ZnupA 1.: Grabowski, P. J. Cell, 1981, 27, 487. b) Bass, B. L,; Cech, T R. Nature 1984,

308, 820. ) Cech, :1' R ’Angew Chem. In1. Ed. Engl. 1990, 29, 759 and references there in.
90.Cech, T. R. Séience 1987, 236, 1532. ~

e



NS

55
acting nucleophile for the ribozyme catalyzed reactions.%! These reactions proceed through

several consecutive transesterification reactions in the presence of Mg(Il). The initial step
of pre-TRNA self-splicing involveé 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 transesterification reaction.%0 Coordination of Mg2* to the phosphate
would enhance the elecn'ophilié'ity of phosphorus atom and could stabilize the trigonal
bipyramidal transition state. However, the hypotheses of acid (BH) and base(B-) 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 could activate the 3’-hydroxyl as a
nucleophile by enabling the oxyanion to exist at a pH far below pH 12.5, the normal pK,
of the hydroxyl group.90

Recently Cech and Herschlag8 showed that DNA bound to an RNA enzyme
derived from the self-splicing intervening sequence of Tetrahymena thermophila is
hydrolyzed sequence specifically with a half-life of about 0.05 days at 50 °C. Dimethyl
phosphate bound to (cyclen)Co(II1){OH2); is hydrolyzed with a half-life of 40 days at 60
oC.

o U
M (OH)
/\ N R/OCH;., ?
- (N [P (N Mg RO
i N0/ No S o A
k=N H OH
o Y H (OH)

Figure .27 Alternative mechanism for the Tole of Mg(II) ion in the hydrolysis of DNA
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 for DNA hydrolysis
should be somewhat greater (>102) than that for dimethyl phosphate hydroly?f:i\ since the
hydroxyl group in metbra{_ﬁol (PKa of 15.5) is less acidic than the 3’- or 5’-hydroxy! groups

+

91 Zaug, A. 1.; Been, M. D.; Cech, T. R. Science 1986, 324, 429,

i~
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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 role of
the cyclen complex for hydrolyzing dimethyl phosphate (Fig. 1.27). The metal ion
activates the phosphate as well as the 3'-hydroxyl group of guanosine at the same time in
the bifunctional mechanism. Although the reactivity of the cyclen coraplex is somewhat
less than that of natural enzymes,32 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 first example of the cleavage of
unactivated phosphate diesters at neutrzl pH.

92 Saenger, W. in Priaciples of Nucleic Acid Structure; Springer-Verlag: New York, Berlin, Heidelberg, and
Tokyo, 1984, pi08.
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1 INTRODUCTION

There are many examples of metal ion promoted or catalyzed hydrolysis reactions
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 avo. more resistant towards hydrolysis than the
corresponding amides. For example, the hydroxide catalyzed hydrolysis rate of
acetonitrile? and acetamide3 are 1.6 x 10-6 M-! sec*! and 7.4 x 10-5 M-! sec-), respectively.

Acrylamide polymers are major industrial chemicals used in paper and surfactant
production, wastewater treatment, and oil recovery.# Carboxamides including acrylamide
are generally prepared by hydration of the corresponding nitriles with strong acid or base
catalysts.> These reactions are slow and appreciable hydrolysis of the product carboxamide
to the carboxylic acid as well as hydrolysis of other functional groups present occurs faster
than nitrile hydration.5 Difficulties? involved in the conventional sulfuric acid promoted
hydration of acwl'zngt.':-e have led to an fitgnsive research effort to develop catalysts for ™

regioselective hydranon of nitriles to amides.4:5.7

Although numerous catalysts have been developed involving metal ions or
complexes for hydration of nitriles, the catalytic mechanisms are not fully understood. In
order 1o design a simple but more efficient catalyst for hydration of nitriles, it is important
10 study the mechanistic details involved in the reaction.

e

1.1 Mechanism of Nitrile Hydration

Hydrolysis of nitriles proceeds thféugh amides to yield the corresponding
carboxylic acids and amines under both basic and acidic conditions. The mechanism of
base catalyzed nitrile hydration® is shown in Scheme I1.1(a). The initial hydration of

-

1 a)Bruice, T. C.; Benkovic, S. I. in Bioorganic Mechanisms; Benjamin: New York, 1966,Vol. 1 and Vol.2. b)
Hay, R. W.; Moris, P. J. Metal Jons Biol. Systems 1976, 5, 173.

2 Buckingham, D. A.; Keene, F. R, Sargeson, A. M. J. Am. Chem. 50c.1973, 95, 5649.
3 Yamana, T.; Mizukami, Y.; Tsuji, A.; Yasuda, Y.; Masuda, K. Chem. Pharm. Bull. 1972, 20, 881.
4 Matsuda, F. Chemtech. 1977, 7, 306 and ref therein. '

5 a) Compagnon, P. L.; Miocque, M. Ann. Chim. 1970, 5, 11. b} Schaefer, F. G. in The Chem:srry of the Cyano
Group, Rappoport, Z. Ed.; Interscience: London, New York, 1970. p. 256.

6 a) Wainwright, M. S.; Onucha, N.I.; Chem. Eng. Commun. 1984, 29, 1. b) Nozaki, F.; Sodesawa, T.;
Yamamoto, T. J. Catal. 1983, 84, 267. c) Villain, G.; Klack, P.; Gaset, A, Tetrahedron Leit. 1980, 21, 2901, d)
Villain, G.; Gaset, A.; Klack, P. J. Mol. Catal. 1981, 12, 103,
7 lensen, 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 exampie,

propionitrile is about 10 times less reactive than propionamide under basic conditions.? In
some cases, hydrolysis of nitriles is faster than that of the corresponding amides. The
reverse reactivity is often observed with nitriles and the corresponding amides with
electronegative substituests. The rate of nitrile hydration is more dependent on the
substituent than it is for amide hydrolysis, as Hammett p values of 231 and 1.06
suggested for base catalyzed hydration of benzonitrile and for the hydrolysis of benzamide,
respectively.® For example, the hydration of 2-cyano-1,10-phenanthroline is 15 times as
fast as the hydrolysis of 2-carboxamido-1,10-phenanthroline under basic conditions.1¢

slow N HO

N —< _<NH /ﬁ)\ !
—C=N + OH — — —_— A
TNH,
H OH

0

(a) base catalyzed hyd:qi\ion of nitriles.

-
-

‘ H,0 NH.*
—C=N _HX [—C!=NH = —C=N*H] :-L- Vs
— M
G I OH
. HX
': % H,0 ‘
[—Cc=NH," ]
X k 0
11
/lkm-lz
(b) acid catalyzed hydration of nitriles )
Scheme 11.1 Hydrolysis of nitriles under basic and acidic conditions.

e

The mechanism of acid catalyzed hydration of nitrilesS is shown in Scheme IL.1(b). Under
acidic conditions, the rate of nitrile hydration substantially exceeds the rate of subsequent
hydrolysis of the product amide. In concentrated hydrogen halide solution, the nitrile is, to

w3

§ Winkler, C. A.; Rabinovitch, B. S. Can, J. Chem. 1942, 19, 20(B).185.
9 HammetL. P. in Physical Organic Chemistry, 1st Ed.; McGraw Hill: New York, 1940.
10 Bresiow, R.; Fairweather, R.; Keana, ). J. Am.Chem. Soc. 1967, 89, 2135.
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some extent, converted to the protonated imidyl halide, II, which is more electrophilic than

I (Scheme II.1 (b)).

1.2 Metal Assisted Hydration of Nitriles

1.2.1 Previous work

There are two routes of activation that a metal can provide in hydrolysis reactions.

M"™ —N=C—CH,
( M™ — OH
‘OH
A B

First, metal ion can act as a Lewis acid (A). Simple nitriles directly coordinated to Co(l111)2,
Rh(III)11, Ru(IIT)12 and Ir(I11)!! complexes can be easily hydrated to their corresponding
amido complexes at ambient temperature (Fig. 1i.1). Metal polarized substrates are more
susceptible to nucleophﬂlc artack. Acetonitrile coordinated to pentaammine cobalt(I11)2 and
ruthenium(TII)!2 is hydrolyzed 106 and 108 fold faster than the free nitrile, respectively.

NH, vz
\|L=*~ N==C—-CH,
/ I K . M = Co, Rh, Ir, Ru

NH, OH-

Figure I1.1 Hydration of the coordinated acetonitrile: Lewis acid activation by metal ion.

Second, greater rate enhancement can be obtained for hydrolysis at neutral pH when a
metal hydroxide rather than free hydroxide is involved. Although metal hydroxide is not as
good a nucleophile as hydroxide itself, it is a much better nucleophile than water.13.14 The
ability of metal ions to enhance deprotonation of water would ensure that at neutral pH
metal hydroxide concentration is much higher than that of free hydroxide (10-7 M).
Numerous studies indicate that the metal hydroxide almost retains a nucleophilicity of free

e .

»
e
kS

11 Curtis, N. }.; Sargeson, A. M "J Am. Chem. Soc. 1984, 106, 625.

12 Zanella, A. W.; Ford, P. C.57. Chem. Sac Chem. Comun 1974, 795.
13 Martin, R. B. ). Jnorg. Nucl. |"hem—19'7.:’ 38, 511 oo

14 Woolley, P. J. Chem. Soc Ferkm Tr.'ms 2,1977,7318.

//"



60
hydroxide, despite a 10-7 fold lowering of Brensted basicity.13:16 The increased

concentration of metal hydroxide more than offsets the lower nucleophilicity of metal
hydroxide relative to hydroxide. A rather smooth relationship between kmon and pKa of
theoaqua complex holds for a wide range of reactions. The slopes (Bransted coefficient) for
hydration reactions of different hydroxide-containing nucleophiles with CO2 and
acetaldehyde were found 1o be 0.18 and 0.4, respectively. 14.17

Cu(II), Ni(II) and Zn(II) have all been shown to catalyze hydration of nitriles when
the nitrile is covalently linked to metal coordinating functionalities.}%.18 Hence, 2-
cyanopyridine!82 and 2-cyano-1,10-phenanthrolinel? are rapidly hydrated to their
corresponding amides under mild conditions. Cyanomethyl substituted tetraaza-
cyclotetradecane is hydrolyzed in the presence of Cu(Il) or Ni(Il).}8 Hydration of nitriles
catalyzed by metal(II) hydroxide shows a 107 to 109 fold rate enhancement over the
hydroxide raie as well as no further hydrolysis to their corresponding carboxylic. acids.
Intramolecular attack by the coordinated hydroxide on the pendant non-coordinating nitrile
in cis-[(en)2Co(I11)(OH)NH2CH2CN-Hg(II)] showed a 1012 fold rate enhancement as
compared with the uncoordinated case at pH 7.9 It is well known that an intramolecular
reaction can show large rate enhancements over that for an intermolecular process due to
the gain in translational entropy .20

S
SR o
= R
= OH C N
\ ) c=N on X (\ ~
K N | N Neg
w S ) >
. u+ .
| —Cu?* N SN N hl‘ oH—" o
y N—

Figure I1.2 Hydraton 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 Aspects of Inorganic Chemisiry; Addison, A. W.; Cullen, W R.; Dolphin, D.;
James, B. R. Eds,; Wiley : New York, 1976, pl41.

16 2) Chin, J1; Zou, X. J. Am. Chem. Soc. 1984, 106,3687. b) Suh, J.; Han, H. Bicorg. Chem. 1984, 12, 177.
17 Chatte, E.; Dasgupta, T. P.; Harris, G. M. J. Am. Chem. Soc. 1973, 95, 4169.

18 a) Barnard, P. F. P. J. Chem. Soc. (A}, 1969, 2140. b) Schibler, W.; Kaden, 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 Jencks, W. P. in Adv. Enzymol. Kelat. 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.2!

NHy | NH;

\//\\

NH,

/\

- coa.
ol / N\ / \ N \o NIH
NH; L'“ NH, \‘0'7
¢ |
|
Lh, CH,

Figure IL.3 Intramolecular hydration of coordinated acetonitrile in the bmuc.ear M-
amido-octaammine dicobalt(II) complex.

Intramolecular atta¢k of the cobalt bound water at acetonitrile directly coordinated to the
other cobalt yields a stable p-amido-cobalt complex under acidic conditions (pH < 2). A
rate enhancement extrapolated to pH 7 is more than 1015 fold over that for the
uncoordinated substrate, yet competing dimerization of the catalyst would predominate at
neutral pH.

Despite large increases in the rate of nitrile hydration, no catalytic turnover was
observed with substitutionally inert Co(IlI), Rh(III), Ru(lII) and Ir(IIT) complexes due to
the formation of a thermodynamically stable amido metal complex. Trogler et al. have

shown that Pt(Il) complexes can catalyze the hydration of simple mtnles such as acetonitrile
and acrylonitrile under basic reflux conditions.”

— P12+ =NH=C —CH,

l CH,
| / \ | __c\z/ |
— P2+ =C—CH — Py " /0
t
. H
- OH CH;CONH,

Scheme I1.2 Catalytic hydration of acetonitrile catalyzed by
P{IDH(H20)(phosphine); -

21 Curtis, N. J.; Hagen, K. S.; Sargeson, A. M. J. Chem. Soc., Chem. Commun. 1984, 1571,

aA
Ty
;
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The proposed catalytic mechanism involves external hydroxide attack followed by proton

ransfer from solvating water to the coordinated N-carboxamido group to give the hydration
product (Scheme I1.2). The Pt complexes are efficient catalysts for hydration of saturated
nitriles, 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.’

There are three aspectsito consider in developing a perfect catalyst: reactivity,
selectivity, and catalytic tumoverf";?\l\‘hc metal catalysts described above are far from perfect
in these respect. S {

;
2

w
'\\‘\ ,’ﬁ /
A

\\\ .

1.2.2]-lydration of nitriles vs hydfblysis of amides

In the sodium hydroxide solution, the rate of hydration of 2-cyano-1,10-
phenanthroline is only 15 times faster than that of the comresponding amide to
carboxylates.10 However, the Ni(II) promoted hydration of the same nitrile is accelerated
by a factor of 107 over the hydrolysis of the corresponding amide.!? The rates of alkaline
hydrolysis of the pentaammine cobalt (III) complexes of acetonitrile? and DMF22 are 106
and 10° fold greater than those of the uncoordinated cases respectively. The hydroxide
catalyzed hydrolysis reaction of acetoniwrile is 102 times slower than that of DMF. The
reverse reactivities of amide and nitrile 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 arnides and its
comparison with that of nitriles will be discussed in part ITI.

Nitrile“oinding occurs through the nitrogen with most trivalent metals except low
valent transition metal ions such as Pt(II) and Cu(I), where the metal binds through the CN
triple bond.23 Coordination to the metal through the nitrile nirogen increases the polarity
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(IHl) and Cr(Ill) complexes of formamide and

22 Buckingham, D. A.: Hamrowford, J. M.; Sargeson, A. M. J. Am. Chem. Soc. 1974, 96, 1726:
23 Couon, F. A,; Wilkinson, G. in Advanced Inorganic Chemistry; 5th Ed.; John Wiley & Sons: New York,
1988. i
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acetamide are known.242 It was demonstrated that an O-bonded isomer is formed initially
under mild conditions (kinetic control) and subsequently rearranges with release of a proton
to the N-bonded isomer.26

R R R
e’ —_— / 7/
M—0=C_ M—NH,-C{ ——» M-—NH c\\.

N
NH, o o

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 niogen (pKy, -1 vs
-8).27 Addition of a positive charge to amide oxygen polarizes the carbonyl bond which
makes the carbonyl carbon more susceptible 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 swronger bond. It has been shown that the
pKa of an amide NH is lowered by 11 to 12 units upon coordination to trivalent metals
such as Ru, Co, Rh, and Ir.224.28  With divalent metals such as Cu, Zn, and Ni, this
effect is somewhat reduced 10 3 1o 7 pKp units.23 This pK; lowering effect plays an
important role 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
further discussed in part III.

24 Balahura, R. J.; Jordan, R, B. J. Am. Chem. Soc. 1970, 92, 1533.

25 Guadado, P.; Lawrance, G. A.; Eldik, R. V. Inorg. Chem. 1989, 28, 976. -
26 Angel, R. L.; Fairlie, D. P.; Jackson, W. G. Inorg. Chem. 1990, 29 20.

.27 Siegel, H.; Martin, R, B. Chem. Rev. 1982, 82, 385.

28 Pinnell, D.; Wright, G. B.; Jordan, R. B. /. Am. Chem. Soc. 1972, 94, 6104

/
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1.3 Plan of Study

Recently it has been shown that cis-diagua cobalt complexes of trpn and cyclen are
highly efficient at catalyzing the hydrolysis of unactivated esters such as methyl acetate.??
Hydrolysis of amides and niuf-iies 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 metal 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 in the model systems.

#

My research"'flaff"is 1o study the mechanism of nitrile hydration catalﬁed by the
cobalt complexes of cyclen and its derivatives. We are also interested in testing their
efficiency on a variety of nitriles such as acrylonitrile for synthetic applications. Detailed
mechanistic and binding studies will give valuable information concerning the development
of catalysts that hydrolyze amides.

29 Chin, 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 acetonitrile

The rate constants for various Co(11lI) complexes catalyzed hydration of acetonitrile
are listed in Table 1I.1.

Table II.1 First order rate constants for the hydration of acetonitrile in the
presence of Co(Ill) complexes at pH 7.

Catalysts k (sec’!) rel.rate
(rpn)Co(IlI)(OH,)(OH) *°|  6x 107 2x10%
(cyclen)Co(IIN(OH,)(OH) ?| 3.2 x 10 103
(ren)Co(IIN(OHOH) ® | 2.1 x 107 6 x 10°
(NHa)sCo(II)(NCCHs) ¢ | 3.4 x 107 1
NaOH ¢ 16x103 | Sx107

a) ligand deligation occurs after giving 3 tumovers. b) pseudo-first order rate constant
at [Co) 10 mM. [CH3CN] 0.5 M, and pD 7 and 40 °C. ¢) at pH 7, 25°C ref:

D.A. Buckingham, F. R. Keene, and A.M. Sargeson, J. Am. Chem. Soc, 95,5649 (1973)
d) 25 °C, calculated from the second order rate constant, ref: as same as above

At neutral pH, (cyclen)Co(III)(OH)(OH3) (10 mM) gives a 109 fol\i"i rate acceleration over
the hydroxide rate. The trpn complex is slightly more reactive than the cyclen complex in
hydrating nitriles, but ligand defigation is taking place during the reaction. Product amide
formation was monitored by TH NMR (Fig. 11.4) and peak integration was used as a direct
measure of product concentration. The data were fit according to a first order kinetic
equation (R >0.98). All the data reported represent an average value of at least three runs.
The kinetic runs were reproducible within 5 % error.
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Figure I1.4 1H NMR spectrum of hydration of acetoniwile catalyzed by
(cyclen)Co(IIN)(OH)(OH2) at pD 7,400C; a)t1=0,b)t=55hr,c)t=
23 hr: o=t-BuOH(reference), a = acetamide, and v= acetonitrile.

2.0 1.8 1.6 d.4PPM2

H
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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. I1.5. The observed pseudo first order rate constant for the amide production
is given by eq 2.1.

Kq[H*
koba = k [RCN] Ll eq 2.1
KyKz + Ky [H'] + [H']

where k is the second order rate constant for (cyclen)Co(IID(OH)(OH») catalyzed
hydration of CH3CN and K and K> are the first and second acid dissociation constants of
the cobalt bound water molecules. The data (Table I1.2) were fit according to eq 2 1 with
an iterative non linear least squares curve fitting program” (Ky = 5.5, K2 =172, and k =
3.8 x 104 M- secl). I‘ he data points are averages from at least two kinetic runs.

Table II.2 Observed second order ratc constants for the hydration of acetonitrile
catalyzed by the cyclen complex at different pD, 40 OC.

pD |k x 10* (m lsec) pPD |k x 10* (M tsec
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 a1 40°C

* Kaleidograph, version 2.0.2, developed by Abelbeck software.

i
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Figure II.5 pD-rate profile for the hydration of acetonitrile (0.1M) catalyzed by
(cyclen)Co(II}OH2)2 (10 mM) at 40 OC,

k x 10 M 'sec’)
1

\i\"
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) glves a straight line up to 10 mM concentration of the cyclen

_complex .

2.1.4 Dependence of acetomtrlle hydration rate on the concentratlon of

The hydrauon of acetonitrile catalyzed by (cyclen)Co(III)(OH)(OHg) is mmally first
order with respect to-the mtnle concentration afid becomes 1ndependem at high nitrile -
-concentrations. (Fig. 1.7). The observed pseudo zero order kinetics for turnover of the
cyclen comblcx“in the presence of excess nitrile confirms the catalytic reaction. A

maximum rate cbn_s_tam of 4 x 10 sec-! was obtained from the Eadie-Hofstee plot (v.= ==

Vmax-Kmv/[nitfile]).30

30 &) Fersht, A. in Enzyme Structure and Mechanism, 2nd Ed.; W. H. Freeman and Conipany_: New York, 1985. b)
Moore, J.; Pearson, R. G. in Kinetics and Mechanism, 3rd Ed.; Wile'iy: New Yorki 1981.
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Figure I1.6 Decpendence of the rate of acetonirile (0.2 M) hydration catalyzed by
(cyclen)Co(HII)(OH)(OH?) on the catalyst concentration [Co], at pD 7 and
40 °C.

rate x 10° (M sec“)
F-Y
1

3 ] 13 18 i}
cone [Co] (mM)

Figure I1.7 Dependence of the rate of acetonitrile hydration catalyzed by
" {cyclen)Co(IIT)(OH)(OH2) on the concentration of acetonitrile at {Co] 10
mM, pD 7, and 40 CC.

1 ' | !
0.04 - 016 nas 04

[ acetonitrile ] (M) ‘ . e



' 70
2.1.5 Equilibrium binding constant of acetonitrile to cobalt complexes

The equilibrium binding of acetonitrile to (cyclen)Co(III)}(OHz)2 was monitored at
460 nm under pseudo first order conditions at pD 2 (Fig I1.8). 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 13C NMR spectrum obtained
from acetonitrile and the cobalt complex at pD 2 showing that there is no diadduct
formation.

c /OHz kl [CH3CN] co/NCCHg
\
OH, k., | OH,.
The rate for the attainment of equilibrium is given by eq 2.2.31
.- q-
Rate = (k; [CH;CN] + k ) [Co] = &,°* [Co] ...... eq 2.2

Where k[CH3CN] and k are the forward and reverse first.order rate constants.

Figure ILS UV/VIS spectrum for acetonitrile (0.5 M) binding to (cyclen)Co{lII){OH2)2
(10 mM) at pD 2, 40 OC; plot every 50 sec, ref: catalyst solution.

ABSORBANCE + 1

WAVELENGTH tw)

31 Wilkins, R. G. in The Study of Kinetics and Mechanism of Reaciions of Transition Metal CEmpIaxes; Allyn
and Bacon, Inc.: Boston, 1974.
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A plot of pseudo first order rate constants, koS for the approach to equilibrium vs

acetonitrile concentration is shown in Fig IL9. The data were fit according toeq 2 with a
linear least squares analysis of the plot (R >0.97). The slope (ki) and the intercept (k.1)
are 1.33 x 103 M- sec’l and 2.28 x 10-3 sec!, respectively. Keq (k1/k-1) for binding of
acetonitrile to (cyclen)Co(II)(OHy); is then 0.58 M-! at pD 2 and 25 °C.

Figure IL9 Plotof kobs (sec™1) vs [CH?,CN]"(M) at {cyclen)Co(II(OH)(OH)
(10 mM), pD 7 and 25 ©C.

k x 10° ( sec” )

T T T
01 04 07 1
[ acetonitrile ] { M}

2.1.6 Co(lIl) complex catélyzed formation of chelated amides.

. The rate constants for the accumilation of intermediate II by the cyclen and the
““uncyclen complexes were obtained under pseudo first order conditions. The reactions were
followed by UV/VIS spectroscopy at 500 and 600 nm, respectively.
H .

-

K Kz N
Co. + CH;CN === Co(NCCH3z) —* c<:(|~n-|cocu3)+Co<0>—cn3

1 ' B

-



72
Figure I1.10 (a) shows the change in the UV/VIS spectrum during hydration at pD 7. The
spectra, which were recorded for the first 180 sec, suggest that the initial nitrile binding is
rapid (Fig. I1.10, b). ‘ |
Figure IL.10 UV/VIS spectra for the hydratibn of acetonitrile (0.5 M) catalyzed by

(cyclen)Co(TI)(OH)(OH2) (10 mM) at pD 7, 40 OC ; a) plot every 70 sec
for 1500 sec, b) replot of (a) for first 180 sec ref : catalyst solution.
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The absorbance change is due to the formation of a chelated acetamide produced as a result

-

e of the hydration reaction. The chelated acetamide to the tmcyclen complex was isolated by
reacting acetonitrile with the tmcyclen complex. The UV/VIS spectrum of the species
produced from the hydration reaction is identical to that of the isolated chelate. The pseudo
first order rate constants for the accumulation of the acetamido complex are shown in Table
I1.3. The rate constants increase as the concentration of acetonitrile increases,

Table IL3  Observed pseudo-first order rate constants (xOPS x 103 sec-1) for the
accumulation of intermediate I1, [(L)Co(NHCOCH3)]2* at [Co] 10 mM, pD
7 and 400C4,
[CH,CN] (M) cyclen tmcyclen®
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) [cyclenCo) 10 mM, rxn follo..” 1 at 500 nm :

b) rate tonslants were obtained by multiplying a fator of 2 1o the rawe constants obtained
when (Co] 5 mM used ( the rate increases lincarly with increasing [Co])
the reaction was followed at 600 nm,

- L )
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Figure I1.11  The plot of (kobs)-1 (sec) vs [CH3CN]-} (M-1).
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The data were fit according to eq 2.3 and analyzed by using a linear least squares method
(R > 0.99).

K k2 [CH3CN] [Co]
1 + K [CH3CN]

Rate = K" [CO] eeeesve eq 2.3

where k2008 = (K x ko [CH3CN]) / (1+ K|CH3CN]). A plot of (k20bs)-! vs [CH3CN]J-!
gives an intercept k3! and a slope (K x k2)-!. The first order rate constants kp (4.69 x10-4
sec-! and 2.75 x 10-3 sec*!) and the equilibrium binding constants Keq (2.5 M-1and 2.3 M-
1Y for the cyclen and the tmcyclen complexes werc obtained at pD 7 and 40 °C.

2.1.7 Equilibrium chelation of acetamide to Co(III}) complex

o

R
OH _N o]
- K - Y 7
Co 4+ CH3CONH, Co + Co
T0H, T~om,° TS~

E -
The equilibrium constant for binding of acetamide to the cyclen.aqué'-hyq;oxy
complex was 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 acetamide
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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 yg [amide]) (Fig. 11.12), the equilibrium constant for
acetamide binding to the aqua hydroxy cyclen complex is obtained as 2 M-! (k; = 6.28 x
104 M1 sec-l, k) = 3.35 x 104 sec’! at [Co] =5 mM, pD 7 and 40 °C). The intensity
ratio of bidentate vs monodentate species is more than 7:1, according to the 13C NMR
spectrum taken in the presence of excess acetamide.

Figure ILI2  Plot of k9bS(sec-1) 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(HI)(OH)(OHy) catalyzed hydration of acrylonitrile to acrylamid: was
followed by 'H NMR (Fig.IL.13). There was no indication of side product forration.
The presence of B—cyanoethanol, the double bond hydration product, was exam_:i.hed by
GC. The cyclen complex is also an efficient catalyst for hydrating hindcq_:d'nitriles.
Trimethyl acetonitrile and benzonitrile are efficiently hydrated to their corresponding amides
(Table. I1.4). -

e
N ’

N



76

Figure I1.13 1H NMR spectrum of hydration of acrylonitrile catalyzed by
(cyclen)Co(III(OH)(OH2) atpD 6.8,400C; a)t=0,b)t=3.5hr,and

c)t=20hr
c
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»
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Table I1.4 The efficient hiydration of various nitriles catalyzed by

(cyclen)Co(III)OH)(OH2) at pD 7.0 and 80 °C.

nitrile product - time

CH,CN CH,CONH, |  35min
N | —HCONH: Y g i
NP | CP)—CONH, | 40 min

a) [eyclenCo) 10 mM, [nifile] 100mM
b) slightly miscible with water and upon cooling product benzamide is precipitated oul

2.2 Binding of Nitriles and Amides -
2.2.1. Binding of acetonitrile and acetamide to Co(lIl) complexes at pH<3

Binding studies of }3Cy labelled acetonitrile to the cyclen complex were carried out
at low pH to avoid the hydration reaction. Two signals (134.9 and 135.0 ppm) in 13C
NMR are observed under the experimental conditions. These peaks correspond to the
nitrile carbons bound to the cobalt in a monodentate fashion. ' It is known that two
equatorial sites of the cyclen complex are different due to an asymmetric positioning (syn,
ant) of the two secondary amine protons trans to them (ov).3i§§1:Ihc chemical shift of syn
and anti protons are different enough to give separate signals because of asymmetric
hydrogen bonding. Both the tmcyclen and the meyclen complexes display the same
binding patterns with acetonitrile. Binding of acetamide-to the cobalt complexes can not be
studied by using !3C NMR spectroscopy. Even at high concentration of acetamide (0.2M),
signals were not detectable within the 13C NMR detection limit .

32 Nakazawa, H.; Sakaguchi, U.; Yoneda, H.; Morimoto, Y: /norg. Chem. 1981, 20, 973.
33 Sosa, M. E.; Tobe, M. L. J. Chem. Soc..“DaIIan Trans. 1985, 475.

’



Py

78
Figure I1.14 13C NMR of CH3C*N (0.05M) and (cyclen)Co(IIT)(OH2)2

- (0.05M), at pD 2 and 25 OC: v = free acetonitrile.
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2.2.2 Binding of acetamide and acetonitrile to Co(IIl) complexes .at neutral
pH ‘ :

: =
Acetonirrile, initially bound to the cyclen complex, undergoes rapid hydrarion "
producing several intermediates and eventually free amide (Fig.11.15-a). Both acetonitrile

and acetamide in the presence of the cyclen complex each produce three new signals at

188.0, 189.2, and 189.3 ppm. The peak at 178.0 ppm in Figure 1I.15 corresponds to the

free acetamide. Binding of acetonitrile to the tmcyclen complex gives two new signals at

190.% and 190.8 ppm (Fig. I1.15-c), while binding of acetamide to the tmcyclen complex

produces only one signal at 186.8 ppm (Fig.I1.15-d).
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. Figure I1.15 13C NMR spectra of (cyclen)Co(III)(OH)OH3) with a) 1:1 CH3C™N (50
e mM), b) 1: 2 CH3C*ONH; (50 mM); (tmcyclen)Co(III)(OH)(OH2) with c)

1:1 CH3C*N (20 mM), d) 1:2 CH3C*ONH» (50mM), at 25 °C, pD 6.4.:
v = free acetonitrile and ®= free acetarhide.
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2.3 Crystal Structure of a Chelated Benzamide io [(tmecyclen)Co(OH3)2]3+

£

The crystal structure of [(112'N.,'O-benzamide)(tmcyclen)Co(III)](C104)2-2H20 is
shown in Figure I1.16. The bond anglésw‘,‘-\‘bond distances, and other parameters are listed in
Appendix A. '

Figure I1.16 Perspective ORTEP drawing of the [(112-N,O-benzamide)(tmcyclen)

Co(II)]{C104)2-2H20. Nonhydrogen atoms are represented by thermal
vibration ellipsoids drawn to encompass 50 % of electron dcnmy,
hydrogen atoms are omitted for clarity. - _

t

C15

Ci4
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3 DISCUSSION

3.1 Binding of Acetoritrile and Acetamide to Co(IIl) complexes

Scheme I1.3 shows possible intermediates sroduced from the coordination of
acetonitrile and acetamide to the diaqua cobalt compiéx. Species, I, I, IV and VI each
have two conformational isomers due to nonequivalent environment of the two cobalt
bound water molecules.32.33

H
OH{H) OH(H) N t OM(H)
Ve step a step b _ step ¢ 0
Co — °°< — °°< > =c0 + CH,CNH,
OH, NCCH, pHz23 (o} pH23 OH,
+ - m 11 pH<3 step d
NCCHy 1 u o,
; To} CQ\ /NH;
+ " o=¢C
NHCCH ~CH,
/ 3
/NCCH, | co_ ] VI
ColL OH,
NCCH, v +
11 . /0=C(NH2)
C-o\
. O=C(NH,)
_NHCCH, CH,
Co.\
NHECH, vi
‘ o}
v

Scheme 113 Binding of acetonitrile and acetamide to the cobalt complex and the

possible coordination species.

13C NMR can be a useful tool to identify the coqrdinau‘"on products to metal jons since
coordination to the metal causes large chemical shift changes for the nitrile carbon or the
amide carbonyl carbon. Binding of acetonitrile and acetamide to the cobalt complexes of
cyclen and tmeyclen will be discussed in this section.

The equilibrium binding of acetonitrile to the cyclen and the imcyclen complexeé
was carried out at pD 2 free from the subsequent hydration reaction (step a in Scheme
11.3): Compl&xation of acetonitrile to the cyclen complex produces a characteristic
absorbance chah'ge in-UV/VIS spectroscopy and the cobait bound nitriles were detected by -
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13C NMR (Fig. O.11). Two new signals, appeoring downfield relatively to free acetonitrile
by ca. 13 ppm, correspond to two singly boiind acetonitriles. [(tren)Co(IM)(NCCH1)a)
has been synthesized but chemical shifts of coordinated acetonitrile have never been
reported due to rapid solvolysis.3* Under the same conditions (pD 2), complexation of

- acetamide to the cobalt complexes was not observed (step d in Scheme I1.3) due to, in

part, low detection limit of 13C NMR. There is no difference in the 13C NMR spectrum
between the two cobalt complexes in complexation of acetonitrile and acetamide under the
expenimental conditions used (pD 2).

Complexation of acetonitrile to the cobalt complexes at neutral pH is accompanied
by the hydration reaction (step b in Scheme I1.3), Acetonitrile in the presence of the
cyclen complex produces four new signals including that of free acetamidé;in 13C NMR.
The same signals are observed separately by starting with acetamide. Cofﬁplexation 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 to cobalt complexes is
followed by deprotonation of the amide NH proton and it shifts the equilibriuz in favour of
formation of the thermodynamically stable amido metal complexes. -Several amide bound
pentaammine metal(I) complexes have been synthesized and characterized.?3 The singly
bound amides to cobalt complexes usually have 13C NMR chemical shifis at 5 to 10 ppm
downfield relative to their corresponding free amide in DMSO-dg. The chemical shifts of
the observed signals from complexation of acetonitrile and acetamnide to the cyclen complex
in D70 are approximately in about the same range as that for a singly bound amide anion in
DMSO-dg.

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 contrast 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 signaJ 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.
I1.15-c) should correspond to the species that are more delocalized than the cobalt bound
monodentate acetamide anion. They can not be due to a doubly bound amide since the
corresponding signal would be shifted upfield with respect to that of singly bound

A

34 Cunis, N. 1.; Lawrance, G. A. J. Ckem. Soc., Dalton Trans. 1985, 1923.
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monodentate amides.35 It is well accepted that the linkage isomerization of the O- to the N

bonded amide occurs intramolecularly through formation of a 12-N,Q-amido metal(III)
complex at the transition state.25.36 This, along with 13C NMR data, suggests that it might
be possible to trap a chelated amide with an appropriate metal complex. The signals at
190.2 and 190.8ppm (Fig.ll.15-¢) can be assigned to the N,O chelated acetamides.

'Signals obtained from the cyclen complex with acetonitrile and acetamide at 189.2 and

189.3 ppm can then be assigned to a chelate and the signal at 188.0 ppm to a singly bound
amide (Fig:11.15-a).

The reason why the tincyclen complex forms a chelate with acetonitrile but not with
acetamide could be explained as follows: Linear molecules such as acetonitrile react with
the tmcyclen complex and a chelate is forfned after the hydration reaction. To form a
chelate from the product amide, initially bound acetamide through the nitrdgen lone pair has
to be deprotonated and rotate to be in the oy plane. This type of rotat;'éon appears 1o be
restricted in the tmcyclen complex due to the interaction berween the hydrogen atom on the
deprotonated amide nitrogen and the two methyl group or: the ligand "-For comparison, the
tmcyclen complex readity forms a chelate with acetate (pa'1 I). The reverse 'i‘:onfonnational
change is required for the dissociation of the chelated acetarnide from the cobalt complex.
There appears to exist only a small rotational barrier for the formation and dissociation of a
chelated amide to the cyclen complex.

3.2 Crystal Structure of [(n2:N,0-benzamide)(tincyclen)Co(1II)]2+ complex

Chelated amides are quantitatively formed by reacting the tmcyclen complex with
nitriles. A purple mulfifaceted crystal was obtained by reacting the tmcyclen complex with
benzonitrile. Although the X-ray structure of four-membered ring chelates of carbonate?’,
acetate3®, and phosphate® are known, this is the first 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 Curtis, N. J.; Dixon, N. E.; Sargeson, A. M. J. Am. Chem. Soc. 1983, 105, 5347.

37 Niedethoffer, E. C.: Martell, A. E.; Rudolf, P.; Clearfield, A. Inorg. Chem. 1982, 21, 3734.

38 a) Banaszczyk, M. Ph. D. Thesis, McGill University 1980. b) this study, see experimental section 3.4,
39 Anderson, B.; Milburn, R, M.; Sargeson, A. M. J. Am. Chem. Soc. 1977, 99, 2654,
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Figure 11.17 Two possible isomers for the chelated acetamide to the tmcyclen complex.

The n2 benzamide metal(I1T) complex could have at least two possible isomers. While
maintaining its symmetry (Oy), the amide NH can face or anti-face the ligand NH in the
mirror piane.” Interestingly, the isolated complex produces only one carbonyl carbon signal
in the 13C NMR obtained in a nonpolar solvent such as dichloromethane, whereas it shows
two signals in polar solvents such as DO or DMSO-d¢ (part 1V), Studies on
(cyclen)Co(IM)Cly showed that extensive exchange takes place between the solvent D20
and protons on the nitrogen trans to the coordinated water.3? The calculated R-factors of
the two isomers differ by about 0.5.40 Upon crystallization, the equilibrium shifts in favor
of the anti isomer.

Compared to the conformation of otr:r n2-cobalt complexes, the N-C-O bond
angle[68.2(3)°] in t}le chelated amide is similar to the O-C-O angle in (m2-CO3)
Co(II)(tmcyclen) [68:6(2)°14! and in (12-CO3)Co(II)(trpn) [67.38°].42 The bond length
of Co(III) to amide N in the chelate is much shorier (1.895 A) than those found in
pentaammine T!-acetamido??;or pil-acetamido cobalt complexes (1.91(8)-1.92(2)A).21
The amide C-O bond length is 1.28(1)A which is somewhat longer than those of an
isolated carbonyl group (1.23A) and the !-complex (1.26(12)A), and close to that of the
ul-complex. Overall, the amide bond in the n2-cobalt complex is more delocalized than in
the M!-complex, but about the same as in the jt!-complex.

In conclusion, 13C NMR binding studies with labeled substrates and X-ray
crystallography data provided useful information for the elucidation of the catalytic
mechanism of nitrile hydration as well as for structure identification.

40 Stout, G. H,; Jensen, L. H. in X-ray Structure Determination, 2nd Ed.; Wiely: New York, 1989 pp 229-230. R
mepresents the correctness of fit with the mode)] used. R = Residual Index defined as R= ZIAF| /ZIFOL where 1AFl =
IFOI - Fc" IF lis the scaled observed structure amplitude, [F 1 is the calculated structure amplitude,

41 Giusti, J.; Chimichi, S.; Ciampolini, M. /norg. Chim. Acta 1984, 88, 51.

42 38 a)

43 Schneider, M. L.; Fergeson, G.; Balahura, R. J. Can, J. Chem. 1973, 51, 2180,
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3.3 Mechanism

3.3.1 Hydration of acetonitrile catalyzed by [(cyclen)Co(OHz2)2]3+

{Cyclen)Co(II){OH)(OHy) is tha most efficient catalyst for hydration of nitriles to
the corresponding amides (Table II.1). It has been shown that the trpn complex forms the
four membered ring intermediates with phosphates** and acetates*S more readily than the
cyclen complex. The trpn complex catalyzes the hydration of acetonitrile faster than the
cyclen complex, but it starts to decompose after initial reaction due to amide promoted
déligan’on of the temaamine ligand. Amide promoted deligation of Co(IlI)-amine complexes
is a known phenomenon.®6 Deligation does not take place with the cyclen complex,

» apparently because the cyclic wetraamnine ligand binds very tightly to the cobalt ion.

The mechanism proposeci for the nitrile hydration based on the pH-rate profile is
=shown in Scheme I1.4.

Schem’e I1.4

oH, K oH K OH
Pl I 1 2 -
(Ngce (Noce (N
2 2 ol
k | CHiCN
1]
CH3CNH,

The bell shaped pH profile suggest that the cobalt agua-hydroxy foﬁn is the active species
that catalyzes the hydration of acetonitrile. The pH-rate profile data can be fit to the
expression shown in eg 3.1.

44Chin, J.; Banaszczyk, M.; Jubian, V.; Zou, X. J. Am. Chem. Soc. 1989, 111, 186.

45 see part 1. section 2.3 '

46 a) ref 12 b3 Tobe, M. L. in Advanced in Inorganic and Bicorganic Mechanisms; Sykes, A, G. Ed.; Academic
Press: London, 1983, Vol. 2, p..).
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Rate =k [Co(OH)OH)3) [RCN]

where k is the second order rate constant for nitrile hydration catalyzed by the aqua-
hydroxy species. The cobalt complex exists in three different protonation states and the
acid dissociation constants K and K are given by eq 3.2.

K. [Co(OH)(OHR)] [H'] Ky= [Co(OH)z) (H"]
: [Co{OHz)z] [Co(OH)(OH)]

RITII eq 3.2

The total concentration of the cobalt complex, {Colyy;, can be fr_'._x'.i)ressed byeq 3.3.

[Cokot = [CO(OHzi2] + [COOH)IOHZ)] + [COOH)Z] wuveevens cneq 3.3

By substituting eq 3.2 into eq 3.3, [Colior can be expressed as a function of the
concentration of the aqua-hydroxy species.

KyKa+ Ky [H'] + [H1°
[Colp = [ColOH)(OH)] Ke+ Kl ]:{ L eq 3.4
Ky [H7]

By substituting eq 3.4 into eq 3.1, the rate can be expressed as a function of the total
catalyst concentration. "

Rae= kIO [RON eq 3.5

Ky Kp + Ky [H'] + [H']

Therefore, the pseudo first order rate constant, kopg, is expressed in eq. 3.6.

RaIF = Kobs [COJiot

. Ky (H']
kobs = K [RCN] " >
Se KiKa+ Ky [H} 4 [H]

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.

* see part

pay
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Figure 11.18 Three possible mechanisms for the cobalt complex catalyzed

hydration of acetonitrile,

The first mechanism (A) involves intermolecular hydroxide attack which can be easily ruled

out according to Table II.1. If mechanism A is correct, all 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 followed by
intermolecular hydroxide attack. The ﬁhird mechanism (C) involves coordination of
acetonitrile followed by intramolecular-hydroxide attack. The pseudo first order rate
constant for the hydration of [(NH3)5Co(III)NCCH3)] in water to give the acetamide
bound cobalt complex is 3.4 x 107 sec-! at pH 7.0 and 25 °C.2 If the second mechanism
is correct, the expected maximum rate-of product formation for the cyclen complex (0.01M)
catalyzed hydration of acetonitrile (0.5M) is 3.4 x 10 M sec'l. This is too slow to
account for the observed rate of product formation (3.2 x 100 M sec*l). Furthermore,
hydroxide catalyzed hydration of [(NH3)sCo(II)}(NCCHs)] is accompanied by proton
exchange for the methyl group.2 For the acetomtnle complexes of pentaammine Co(III),
Rh(1II), and Ir(II8), 35% of the protium label was lost to solvent during the hydroly51s in
0.5M NaOD solution.!! In sharp contrast, the cyclen complex catalyzed hydration of
acetonitrile does not show any proton exchange for the methyl group. The third
mechanism C is consistent with the cbserved rate enhancement as well as the lack of any
proton exchange for the methyl group. Above all, the strongest evidence for mechanism C
is the formation of a chelated amide during the hydrolysis. As discussed in the previous
section 3.1, the tmcyclen complex forms the chelated acetamide reacting with acetonitrile,
but not with acetamide. This is due to unfavorable interconversion of the singly bound
acetamide caused by two methyl groups (Fig. I1.19).

{f
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Figure I1.19 Restricted interconversion of a chel:xi{;d amide to a monodentate amide.

Both mechanisms A and B lead to the initial formation of a singly coordinated-acetamide,
whereas mechanism C leads directly to the chelated acetamide. Since chelated acetamide
can not be formed from singly coordinated acetamide, mechamisms A and B must be
incorrect. The tmcyclen complex should hydrate nitriles by the same mechanism as the
cyclen complex since they have comparable reactivities for the cl.{elated 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

bein proposed for Co(III) complex promoted hydroly51s of phosphate mono-, di-, and m-

esters as well as for carboxylate esters.47
» ’ . - + . *

It was mentioned that hydration of nitriles by various metal(III) complexes is

stoichiometric rather than catalytic because the catalyst forms a stable amide metal complex.

However, hydration of nitriles mediated by the cyclen complex is catalytic. A catalytic

mechanism consistent with all of our experimental observations is given in Scheme IL5.

The catalytic mechanism involves (a) equilibrium:cocrdination- of acetonitrile to the cobalt
complex (kj / k-1) followed by (b) conversion of the cobalt bound nitrile to the chelated
amide (k2) and (¢) expulsion of the amide from the cobalt complex (k3). ‘ThekﬁfSTstep (ki,
k.1) is faster than the second step (kz) which in turn is faster than the third step (Kg, k.3)

As shown below, all of the rate constants in Scheme 115 can be measured. TRl

E

47 Chin, J. Ace. Chem, Res. 1991. 24, 145,
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Scheme 11.5 Catalytic cycle for the hydration of acetonitrile by

(cyclen)Co(HI)(OH)(OH;) at pD 7.

/

The first step of the catalytic cycle involves coordination of acetonitrile to the cobalt
complex . The first 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 UV/VIS methods free from thé‘ﬁydration_teaction.

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 k;0bs vs [CH3CN] gives a straight
line with a slope that corresponds to ky and an intercept that corresponds to k-j (section
2.1.5). The equilibrium constant for the complexation of acetonitrile to the cyclen complex
is 0.6 M-1. This shows that, mole per mole, acetonitrile has a higher affinity than water for
the cobalt complex even though acetonitrile is over ten orders of magnitude less basic than
water 48 )

Complexation of acetonitrile to the cyclen complex could also be detected by 3¢
NMR. Addition of acetonitrile to a solution of the cyclen complex at pD 2 gives rise to
three nitrilescarbon signals, which correspond to free and two singly bound acetonitriles
(section 2.2.1). Under the experimemal'conditions, either of the two, but not both

IZ

[

48 Deno, N. C.: Gaugler, R. W.: Wisotsky, M. J. J. Org. Chem. 1966, 31, 1967.
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coordinated water molecules in the cyclen complex can be replaced by acetonitrile (section

3.1).

‘The second step of the catalytic cycle involves intramolecular nucleophilic attack of
coordinated hy&}é—iidg on the coordinated nitrile. The acetonitrile hydration catalyzed by
the cyclen complex' was monitored by 13C and 'H NMR. It was shown that the
concentration of the chelated amide accumulates to sawuration befere any free amide can be
detected. The rate determining step must be the release of the amide from the chelate.
Conversion of free acetonitrile to the chelated amide was monitored by UV/VIS methods
(section 2.1.6). From a plot of k28 vs [CH3CN], K =2.5 M-! and ko =4.7 x 10-3 Séc‘l
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 thar the aqua hydroxy
form undergoes ligand exchange more rapidly than the diaqua form.

Formation of chelated acetamide from the tmcyclen complex and acetonitrile can
also be monitored by UV/VIS methods and analyzed by using eq 2.3 (section 2.1.6). Both
K (2.3 M-1) and k5 (2.8 x 10-3 sec-1) 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 acetonitrile,
the rate of formation of the free amide as detected by 'H NMR is zero order with respect to
the acetonitrile concentration. This is because the cobalt complex has been saturated in the
chelated form. The maximum rate (Fig. I1.7} is then given by k3[CoJio where [Co)io is
the total cobalt complex concentration. An Eadie-Hofstee plot of the steady state data gives
aky of 4.0 x 104 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
complex at neutral pH by UV/VIS methods (section 2.1.7). An intercept, k3 /3.3 x 104
sec!) and a slope, k3 (6.3 x 104 M1 sec-1) were obtained from a plot of k3obs 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 ML,

P
i

Overall, the observed rate constant, k3 (4 x10-4 sec-!) for the hydration of the cobalt

bound acetonitrile at pD 7 and 40 °C corresponds to a 109 fold rate enhancement over the .

hydroxide rate (1.6x10-13 sec-!) at neutral pH and 25°C.
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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 to develop catalysts which give only acrylamide since unlike
saturated nitriles, acrylonitrile may undergo hydration at both C-C and C-N muitiple
bonds.49 Most catalysts including metal jons (Co(Hll), Fe(Il)/Fe(III), Pr(II), Ni(I)) or
metal oxides (Cu(Il}, Ni(Il), Co(Il)), give a mixture of f—cyanoethanol (ethylene-
cyanohydrin) and B-dicyanoethyl ether as well as acrylamide. These results can be
predicted by considering the mechanism involved in the hydration process. For example,
trans-Py(IIH(OH)(PMe3)2, which hydrates acetonitrile to acetamide efficiently, displays
low regioselectivity towards acrylonitrile hydration.” The reaction mechanism in the Pt
complex catalyzed hydration involves the external hydroxide as a nucleophile, so that the
coordinated olefin as well as the nitrile CN bond becomes the target for a nucleophilic
artack. o
It was proposed" that the intramolecular hydroxide attack on the coordinated nltme
isthe i unportant step during the hydration of acetonitrile catalyzed by the cyclen complex.- n
was also demcnstrated that the rate of external metal hydroxide attack on the nitrile carbon
1§ much faster than the rate of proton exchange on the a-carbon.? If the same mechanism

“is applied to hydranon of acrylomtnle the rate of the nitrile C-N bond h; rdranon would be

greater than that of the olefin C-C bond hydration .

.

NH, ~ N
HyN N_c CH= C|-|2 IN\(LO’*’NEC —CH=CH,
\ Q‘/ | oH
NH, l=n

Figure I1.20 Intramolecuar metal hydroxide attack vs intermolecluar hydroxide attack
on acrylonitrile.

Experiments were carried out under the same conditions used as for acetonitrile
hydration (10mM cobalt complex, 0.1M acrylonitrile, pD 7 and 40 °C). Acrylamide
production was monitored by 'H NMR and there was no indication for formation of side

49 in The Chemistry of Acrylonitrile; American Cyanamid Company Petrochemicals Departmeni; American
Cyanamid: New York, 1957.
* this study

o
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products.** (Cyclen)Co(II)(OH)(OH3) shows high regioselectivity for the acrylamide

production. Detailed kinetic studies have not been carmried out since this high
regioselectivity can only be explained through the bifunctional mechanism as proposed for
the acetonitrile hydration.

(Cyclen)Co(HI)OH)(OH2) can also be used in organic synthesis. The auvantages
over other catalysts are: a) its high reactivity and selectivity, b) catalytic turnover, c)
requirement of relatively mild reaction conditions {room temperature to 80 °C and neutral
PH), and d) versatility in the solvent selection. For example, benzonitrile, which is only

stightly miscible with water, is completely h'ydféued to the corresponding amide (Table
I1.4). - :

3.4 Concluding Remarks
The three most important criteria in developi_hg'"a perfect catalyst are reactivity,

selectivity, and tumover number. Unlike enzymes, simple ”c_:_atalysts are far from being
perfeci. . Nevertheless, the cyclen complex is an excellent catalyst for the hydrolysis of

. nitriles. The catalytic mechanism involving intramolecular metal hydroxide attack on the

Co(lII)complex coordinated nitrile allows for unprecedented reactivity and selectivity.
Furthermore, rapid dissociation of the product from the metal complex allows for the
catalytic turnover to take place for the first time using a Co(IIT) complex.

i

“* confirmed by GC.
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1 INTRODUCTION

1.1 Artificial Peptidases

Proteins play a key role in virtually all biological processes.! Nearly all catalysts in
biclogical systems are proteins called enzymes that determine the pattern of chemical
transformations in cells. They mediate a wide range of other funcifdns, such as transport
and storage, coordinated motions, mechanical supports, 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 above functions through their specific sequence and
structure, then they are dégraded by enzymes.

The ability of proteolytic enzymes and chemical reagents to selectively cleave
peptides and proteins at a defined sequence have greatly facilitated 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 contrast to
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 protein 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.?

There have been enormous research efforts 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 of rapidly developing techniques, such as site directed
mutagenesis, X-ray crystallography, and chemical and enzymanc kinetic analvsw enzyme
structure-reactivity relationships are being revealed. Studies of several hundred
proteolytic enzymes from all types of organisms have shown that there are twO major types
of catalytic mechanisms. Some peptidases such as CPA, thenno]ysinéi‘and angiotensin
converting enzy;{e 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 Biochemistry, 3rd Ed.; W, H. Freeman : New York, 1988, b) Bruice, T. C.; Benkovic, §. in
Bioorganic Mechanisms; W. A. Benjamin: New York, 1966; Vol. 2.

2 Hoyer, D.; Cho, H.; Schultz, P. G. J. Am. Chem. Soc. 1990, 112, 3249,

3 Schultz, P.G.; Lerner, R. A.; Benkovic, S. J. Chem. Eng. News 1990, 68(22),26.

4 g) Gardel, S: 1.; Cra:.k .C. S.; Hilvert, D.; Urdea, M. 5.; Rutter, W. J. Nature (London), 1985, 317, 551. b)
c) Breslow, R; Chin, 1 Hx]ven. D.; Trainer, G. Proc. Natl. Acad. Sci. U. S. A. 1983, 80, 4585.
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The basic strategy for developing artificial proteases is to incorporate these

functional groups into one system, which usually includes specific binding groups.’
Modified cyclodextrin designed by Bender et al. is a classical example of a representative
model system where a covalently attached imidazole-benzoate and a secondary hydroxyl
group mimic the wiad 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.5
The idea of developing an artificial enzyme was fully reflected, however.

Figure IIL1

Other model systems which mimic enzyme esterases have been continuously developed
and provide valuable information concemning molecular recognition as well as catalytic
functions.” However an efficient artificial peptidase has never been reported. This is
partly due to the stability of amide bonds and partly 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! 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.? A
chemical potential of the immune system was underscored in 1986, when the research
groups of Schuliz and Lerner showed that antibodies raised to tetrahedral, negatively
charged phosphate and phosphonate transition state analogs could selectively catalyze

5 D*Souza, V. T.; Bender, M. L. Acc. Chem. Res. 1987, 20, 146,
6 a) Breslow, R.; Chung, S. Tetrahedron Leit. 1989, 30, 4353, b) memerman. S C. Tetrahedron Lert. 1989, 30,
4357,
7 &) Lehn, 1. M. Science 1985, 227, 849. b) Peterson, 1. Science News 1987, 132 90,
c) Rebeck, J. Ir. Angew. Chem. Int. Ed. Engl. 1990, 29, 245,
d) Tecilla, p.; Hamilton, A, D. J. Chem. Soc., Chem, Commun. 1996, 1232, .
8 Kahne, D.; Still, W. C. J. Am. Chem. Soc. 1988, 110, 7529.
9 Lemer, R. A.; Benkovic, 8. 1.; Schuliz, P. G. Science, 1991, 252, 659. and references therein
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hydrolysis of carbonates and esters, respectively. Since then, antibodies have been

generated that catalyze a wide array of chemical reactions including energetically demanding
peptide hydrolysis. For exé'mple, monoc¢lonal antibodies generated agdinst a
phosphoamidate, catalyzed the hydrolysis of the corresponding amide substrates with a rate
acceleration of 2.5 x 10° relative to background hydrolysis (Fig. 111.2).10

Figure ITL2 |

o L]

H(:II: P:\O\ N\
(o) NH HN NH o

o
NO, OH NO, OH

Also with antibodies raised against hapten A (Fig. I11.3), cleavage was observed for
substrates with the trien complex of metal ions such as Zn(Il), Ga(lll), Fe(Ill), and
Cu(ID.1!

Figure IIL3

Q

OH

General strategies for the development of catalytic antibodies include a} the use of
antibodies to stabilize negatively or positively charged transition states (Fig.I1.2), b) the use
of antibodies as entropic traps, and c) the generation of antibodies with catalytic groups and
cofactors in their binding sites (Fig. I1.2). Although catalytic antibodies have been shown
to hydrolyze peptides with great efficiency (typical rate enhancements are in the range of
103 to 105 compared to that of the uncatalyzed reaction), their reactivity depends on the

10 Janda, K. D.: Schloeder, D.; Benkovic, S. 1.; Lemer, R. A, Science. 1988, 241, 1188,
11 Iverson, B. L.; Lemer, R. A. Science, 1989, 243, 1.‘.84.
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diversity of immune response when they were generated. The rate enhancement obtained

from amide hydrolysis (Fig. I11.2) 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 could simply be the result of immunological
diversity. _ .

Concerning the sequence specificity of protein cleavage, a few agents have been
developed.?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(ll), Ca(Il), and oxygen (Fig. 111.4-A)122  Similarly,
Schultz has shown that biotin-EDTA Cu(Il) chelate cleaves streptavidin in close proximity
to the biotin binding site, also in the presence of oxygen (Fig. II1.B).12¢
Figure 1114

o
GOSN HJ‘ :
N CF \\(CHz)‘n’N\/\NH

® )

o)
"0
- Fe?* HO,C S
)\/N.’I #N—N
0" ™70 - \—coH
o
A ‘ B

These somewhat efficient protein cleaving agents may achieve sequence specific cleavage,
but their catalysis is based on the oxidative cleavage of the protein backbone, while natural
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.; Schepartz, A. J. Am. Chem. Soc. 1990, 112, 3247, b) Rana, T. M.; Mears, C. F. J. Am.
Chem. Soc. 1990, 112, 2457. c) Hoyerr, D.; Cho, H.; Schultz, 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.!3 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 intramolecular catalysis.}

Base catalyzed hydrolysis of unactivated amides, such as acetamide, involves
addition of hydroxide to the amide forming a tetrahedral intermediate followed by proton
ransfer to give an anionic zwitterion and the rate determining expulsion of the amine
leaving group.13
Scheme III.1

: 7 T
. slow
+ OH . - .
)\NHZ —_— N = N,
OH o]
(a) base catalyzed hydrolysis of unactivated amide
PY ! i i
- + Hy0* SOW NH, —=—— NHy* ——
NH, | 2 | 2
OH,* OH

(b) acid catalyzed hydrolysis of unactivated amide

Since amide hydrolysis involves a poor leaving group (formaily RNH-), the amide nitrogen
must be protonated either prior to, or in concert with C-N bond cleavage. This is why
intramolecular catalysis of 4-hydroxybutyramide is more efficient at neuwral pH than at high
pH by ca. 800 fold.1¢ The breakdown of the tetrahedral intermediate may also be subject
10 GAC under neutral conditions. It has previously been demonstrated that both external

13 a) Carey, F. A; Sunberg, R. 1. in Advanced Organic Chemistry , Part A, 3rd Ed.; Plenum Press: New York,
1984. b) Dugas, H. in Bicorganic Chemistry ; A Chemical Approach to Enzyme Action, 2nd Ed.; Springer-Verlag:
N. Y., 1989,
14 a) O'Connor, C. Q. Rev. Chem. Soc. 1970, 24, 553,

b) Pollack, R. M.; Bender, M. L. J. Am. Chem. Soc. 1970, 92, 7190.

¢) Kershner, L. D.; Schowen, R. L. J. Am. Chem. Soc. 1971, 93, 2014.

b) Kirby, A. ).; Lancaster, P. W. J. Chem. Soc., Perkin Trans. If, 1972, 1206.
15 &) Kirby, A. J.; Fersch, A, Frog. Bioorg. Chem. 1971, 1, 1. b) Drake, D.; Schowen, R. L.; Jayaraman, H. /.
Am, Chem. Soc. 1973, 95, 454. c) Kluger, R.; Chin, 1. J. Am. Chem. Soc. 1982, 104, 4154. d) Slebocka-Tilk,
H.: Bennet, A. 1.; Keillor, . W.; Brown, R. S.; Guthrie, J. P.; Jodhan, A. J. Am. Chem. Soc. 1990, 112, 8507,
16 Bruice, T. C.; Marquardt, F. H. J. Am. Chem. Soc. 1962, 66, 365.
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and intramolecular GAC greatly facilitate amide hydrolysis.!? Interestingly, bifunctional

buffers, such as phosphate and carbonate, are often found to be efficient catalysts in
hydrolyzing amides.!32 They accelerate hydrolysis through protonation of the leaving
group nitrogen and deprcionation of t}_lc hydroxy! function as shown in Scheme II1.2. In
contrast, imidazole 'fbuffer does not induce any rate acceleration suggesting that the buffer
structure plays an irhportant role in hydrolysis reactions.
Scheme II1.2
- o]
i
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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.!8

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.1® 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 enzymatic?® and model systems?2! in
hydrolyzing amide bonds by using metal ions. The first mechanism involves the metal jon
acting as a Lewis acid while the second miechanism involves a metal hydroxide. In the case
of stoichiometric Co(IIT) promoted amide hydrolysis in aqueous solution, both mechanisms

17 a) Chin, J.; Breslow, R. Tetrahedron Leir. 1982, 4221. b) Venkatasubban, K. $.; Schowen, R. L. /. Org.
Chem. 1984, 49, 653,

18 Challis, B. C.; Challis, J, A. in The Chemistry of Amides; Interscience ; Zabicky, J. Ed.; Interscience:
Londeon, N. Y., 1970 ; p 814

19 Kroll, H. /. Am. Chem. Soc. 1952, 74, 2036.

20 a) Lipscomb, W. N. Acc. Chem. Res. 1982, 15, 232, b) Mathews, B. W. ibid. 1988, 21, 333.

21 a) Collman, J. P; Buckingham, D. A. J. Am. Chem. Soc. 1963, 85, 3039. b) Buckingham, D. A.; Foster, D.
M.; Sargeson, A. M. ibid. 1970, 92, 6151. c) Buckingham, D. A,; Davis, C. E.; Foster, D. M.; Sargeson, A. M.
ibid. 1970, 92, 5571. d) Breham, C. J.; Buckingham, D, A.; Keene, F. R.; J. Am. Chem. Soc. 1979, 101, 1409.
e) Sutton, P. A.; Buckingham, D. A. Acc. Chem. Res. 1987, 20, 357. and references therein. f) Schepartz, A.;
Breslow, R. ibid. 1987, 109, 1814. g) Groves, J. T.; Baron, L. A. ibid. 1989, 111, 5442, h) Groves, J, T.;

Charmbers, R. R., Jr. J. Am. Chem. Soc. 1984, 106, 630. .
S
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significantly increase the amide hydrolysis.2!¢ It has been shown that in hydrolyzing

glycine amide tethered to the cobalt via the amine group, intramolecular metal hydroxide
attack (B in Fig, II1.5) is 102 times faster than hydroxide attack on the chelated amide (A in
Fig. II1.5).21ce In this system the carbony] activation and the metal hydroxide alternative
can be distinguished by oxygen isotope labeling experiments.

Figure IILS

These two types of metal activation have also been examined separately. Sargerson
et al. have shown that the cobalt bound amide in Co(III)(NH3)s(DMF) is hydrolyzed 10%
times faster than free amide under basic conditions, where only the Lewis acid mechanism
can take place (Fig. I11.6-A) .22 One of the CPA models designed by Groves displayed
107 to 108 fold 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. I11.6-B).218:h
Figure IIL6

NH
HO:
CH,

NH, !
HzN f,"." | .“\\OYN\CHa \ .
H:N | NH, 2

NH, M= Co®,Cu?*

R = CH; or CH;COzH
A B

Whether the mechanism involves Lewis acid or metal hydroxide participation, there are
certain things in common. Most studies have been done on activated amides or unactivated -

22 Buckingham, D. A.; Harrowfield.J. M.; Sargeson, 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.22> The proposed mechanism
includes features from both mechanisms: simultaneous carbonyl activation and
intramolecular metal hydroxide attack. The rate acceleration has been ascribed to the
chelation of the tetrahedral intermediate to (dpa)Cu(II)(OH2)2 by increasing concentration
of reactive species (Scheme I11.3). This result suggests that the bifunctional mechanism
predominates over each mechanism alone and it is likely the role 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 IIL3

\ NR; - .
= N\ 0= O NR, i P :"jnz
HN ,Cu2+ )H somai Cl.lt X -_— ’Cuz’\ — Pdt
=N “OoH g H o/ H
\ / =)

23 Chin, J.; Jubian, V.; Mrejen, K. J. Chem. Soc., Chem. Commun. 1990, 1326.
24 Chrisuianson, D. W.; Lipscomb, W. N. Acc. Chem. 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, it 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 °C. Studies on the nitrile hydration catalyzed by cobalt complexes suggest that
Co(III) complexes would give greater rate enhancements than Cu(ll) 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 o
compare the reactivity of this model system with enzymes.
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2 RESULTS

2.1 Kinetics

Cobalt complex 'f)romoted hydroiysis of 4-formyl morpholine and DMF were
monitored by lH NMR. With the progress of the hydrolysis reaction, the intensities of the
signals due 1o the formy! proton of 4-formyl morpholine decreases with the concomitant
increase in formate and morpholine signals (Fig. II1.7). The rate constants obtained by
fitting data according to a second crder kinetic equation (R > 0.98) are listed in Table I11.1.
The !H NMR spectrum obtained by reacting the cyclen complex with formate is identical
10 thqtp obtained from the reaction mixture during the hydrolysis under the same conditions
(Fig.Il1.8). Hydrolysis of DMF promoted by the cyclen complex was observed but the
rate constant could not be obtained due to a signal overap between the formate and the
substrate.

Table IL1 Observed second order rate constants (M-! sec™1) for cobalt. complexes
promoted hydrolysis of 4-formyl morpholine at pD 5.9 and 60 °C.

:.-m,j// %
' 4-formyl-
catalyst pKa morpholine N
p cyclen 54/79 | 80x10° TR 4
7
tetren 5.9 D
OH ¥ - 1.9x 102

a) the second order rate constant for 4-formylmopholine at 60 °C was obtained from 2nd order
rate constant at 25 °C(1.4 x IOM'lsec'l)by using the same activation parameters as for DMF
hydrolysis. ref: Langlis, S.; Broche, A. Bull. Soc. Chem. Fr. 1964, 812.

bjthe reaction is wo 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 used.
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Figure IIL7 1H NMR spectrum of (cyclen)Co(III)(OH)(OHa2) (0.1 M) catalyzed

-
- hydrolysis of 4-formyl morpholine (0.03 M) at (a) t =0, and (b) t =61.5
hrs; o=benzene (reference 7.2 ppm) and v = 4-formylmorpholine.
o
v
b

° .

v
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Figure I11.8 1H NMR spectrum of (cyclen)Co(TI)(OH)(OH2) (0.1 M) with a)
£ formate (0.05 M), b) formate (0.05 M) and 4-formyl morpholine (0.05
M) at pD 5.9; m= 4-formyimorpholine

b

M
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2.2 Binding of Amides to Cobalt complexes

Binding studies of DMF, 4-formylmorpholine, and formamide to cis-diaqua cobalt
complexes have been carried out at pD 2 using 'H NMR methods. Under the experimental
. conditions, the cyclen complex and tmcyclen complex each produces two formyl proton
signals upfield-shifted relative to that of the free amide (Fig. I1.9). Equilibrium binding

consiants of amides to both the tmcyclen and the cycien complexes are in the range of 0.4 .
o2 M1,

Figure IIL9 1H NMR specirum of a) (cyclen)Co(III)}(OHj); and 4-formylmorpholine
b) (tmcyclen)Co(HI}(OH2)2 and DMF, ¢) (tmcyclen)Co(II)(OH3); and
formamide; [Co] 0.1 M, {amide] 0.1 M, at pD 2: O= free amide.
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3 DISCUSSION

3.1 Structural Requirements for the Catalysts

3.1.1 Model studies based on ester hydrolysis

There has been a great deal of interest in developing artificial enzymes that
hydrolyze amides and esters. Most of metalio-esterase and peptidases have been tested on
activated esters due to the stability of amides.25 Esters are more reactive than amides,
(second order rate constants for hydroxide-catalyzed hydrolysis of methyl acetate and
acetamide are 1.5 x 10-1 M-} sec-! and 7.4 x 105 M-! sec-l, respectively) so most
peptidases hydrolyze esters as well 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.5:2%

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.2? The hydrolysis mechanism is shown
in Scheme 1.4,

Scheme I11.4

OR K o k o
o PN —e g i)on : . A+ or
N

R ke n”

u
And kobs can be expressed by eq 3.1.

k% = Ky ky / (kg + ki) e eq 3.1

The hydrolysis rate depends on the rate constants'k-] and k3, which depend on the relative
pKa of the nucleophile and the leaving group in the tetrahedral intermediate. When the pK,
of the leaving group is lower than, or similar to that of the conjugate acid of the

25 a) Breslow, R. Pure Appl. Chem. 1990, 62, 1859. b) Lehn, J. M,; Sitlin, C, J. Chem. Soc., Chem. Commun.
1978, 949, c) Cram, D. J.; Lam, P. Y.; Ho,;S. P. J. Am. Chem. Soc. 1986, 108, 839. J

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 §37.

28 Chin, J.; Zou, X. J. Am. Chem. Soc. 1984, 106, 3687,
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nucleophile, the reaction proceeds to the product since the formation of a tetrahedral

intermediate is the rate limiting step (kObS = ky, where k.; £ k»). This is the case for the
imidazole (pKjof 7) or hydroxide (pKa of 15.5) catalyzed hydrolysis of p-nitrophenyl
acetate (pKj, of p-nirophenol 7.14). When the pKj, 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 (k°bS = ki x ko / k.1, where k.
1>k2). In the hydrolysis of methy! trifluoroacetate, hydroxide has a comparable pKa to the
leaving group alkoxide, so that the reaction can proceed to product, whereas imidazole can
not compete with alkoxide and tetrahedral intermediate reverts back to starting material. In
this situation, general base catalysis i 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 I11.5) is found to be efficient in hydrolyzing methy! trifluoroacetate as well 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 mechanism can be ruled out based on the reactivity-selectivity principle.?®
According to this, the less reactive the ester, the greater the expected rate acceleration upon
coordination to the metal. Since metal coordinatea 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 hydIOdee mechanism, is therefore likely mvolved
in the catalysis. Scheme I1L.5 shows the tetrahedral intermediates arising from the metal
hydroxide mechanism for ester hydrolysis. In the first formed tetrahedral intermediate T1,
metal hydroxide (pKj; of 8.6) is a better leaving group than the methoxide (pKj, of 13), as
in the case of imidazole catalyzed hydrolysis of methyl trifluoroacetate. This tetrahedral
intermediate will revert back to starting materials unless proton transfer takes place to make
the nucleophile a poorer leaving group or alkoxide a better 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 nonmetallié systems such as in imidazole catalyzed hydrolysis reaction. For
methyl trifluoroacetate, the life time of T2 is lon g enough that there is rapid equilibrium
between T1 and T3. In T3, the metal bound alkoxide is a better leaving group than the
hydroxide and the reaction proceeds to product. However, this metal complex is still not

29 Lowe:ry, T. H.; Richardson, X. 8. In Mec’lamsm and Theory in Organic Chemns:ry 3rd Ed.; Harper & Row: N.
Y. 1987, p 148, =
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able to hydrolyze methy!l 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 role in the hydrolysis.30

Scheme IILS
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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, it has been shown that the cis diaqua Co(III) and Cu(ll) complexes
can hydrolyze methy! acetate.3! The proposed mechanism involves formation of a four-
membered acetate intermediate T1°. The difference between the cis diaqua complex and the
monoagua complex is that the metal can coordinate and stabilize anionic oxygens in T1" and
facilitate metal migration to form T3’.

30 a) Jencks, W. P, Acc. Chem. Res.1980, 13, 161. b) Guthrie, J. P. ibid. 1983, 16, 122. ¢) McClelland, R. A.;
Santry, L. 1. ibid. 1983, 16, 394,

31 a) qgun. J.; Jubian, V. J. Chem. Soc., Chem. Commun. 1989, 839, b) Chin, J.; Banaszczyk, M. J. Am, Che.
Soc. 1989, 111, 2724,
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Scheme II1.6
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3.1.2 Amide hydrolysis

Although valuable information 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 determining step of ester
hydrolysis involves the relatively facile expulsion of an alkoxide leaving group, whereas
amide hydrolysis involves a poor leaving group (NH3 vs OR), which has to be protonated
either prior to, or in concert 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.>4 In the ester
hydrolysis, bond cleavage occurs without protonation, so metal coordination to a leaving
group alkoxide enhances reactivity towards hydrolysis. Furthermoré, subsequent
deprotonation of the coordinated amide NH can take place. Once substrates are
deprotonated, they are not susceptible to nucleophilic attf&ck by the hyaroxide since the
amide O-C-N bond is more delocalized than in the free form.35 This is one reason why no

32 Sayer, L. M. J. Am. Chem. 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. Chem. Soc. 1967, 89, 2501. b) Martin, R. B. J. lnorg. Nucl. Chem. 1976 38, 511.
35 Hay, R. W,; Basak, A. K.; Pujari, M. P.; Perotti, A. J. Chem. Soc., Dalton Trans. 1989, 197,
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further hydrolysis of acetamide to the corresponding acid was observed in acetonitrile

hydration. This deprotonation occurs due to the pK, lowering effect upon coordination to
metal ions, which is greater for trivalent metal ions than it is for divalent metal 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 cobé;t complexes, over by
copper complexes. This is a quite reasonable expectation since m the model system
designed by Groves (Fig. IIL.6 B)2!8h | hydrolysis of a azalactam occurs ~106 and ~107
times faster in the presence of cobalt(IIl) and copper(ll), 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 metal
bound water molecules (5.9 vs 7.2).218.382 Hence, ca. 10 fold rate enhancement can be
obtained according to the metal hydroxide mcchaxﬁsm. In addition, cobalt(II) is a stronger
Lewis acid than copper(ll). The above two factors would result in a greater rate
enhancement over for a Cu(ll) complex . ’

4-Formyl 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(IlI) complex promoted
hydrolysis reactions because they bind to the metal ion tightly following deprotonation of
amide NH. The formyl proton signals of the amides and the corresponding product acids
make detection of hydrolysis possible by 'H NMR methods.

3.2 Binding of Amides to Cobalt complexes

In 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 metal
complexes. Although amides coordinated to Co(III) complexes have been synthesized,6
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(IlI) complexes has been detected by 3P NMR methods.

36 a) Angel, R. L.; Fairlie, D. P,; Jackson, W. G. Inorg. Chem. 1990, 29, 20. and references therein. b) Balahura,
R. L.; Jordan, R. B. J. Am. Chem. Soc_. 1970, 92, 1533,

*
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Equilibrium is established within hours 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. It 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 II1.7
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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 signals observed under
these conditions should correspond to the O-coordinated amide. Binding of formamide to
the cobalt complex is also detectable in 'H NMR even though peaks are not well separated
(Fig. I11.9). Binding through the amide nitrogen in this case is not likely 1o occur since the
NMR spectrum obtained from formamide (primary amide) and DMF (tertiary amide) are
almost the same (Fig. II1.9). The equilibrium constants fc;r“the 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 M1 t0 2M-1 a1 pD 2. The equilibrium binding constants
of amides to the monoaqua complex (tetren) was not measured. It should be comparable to
that of the cyclen complex since the cyclen and the tetren complexes have similar binding
constants for DMP (part I. section 2.2).

Interestingly, the hydrolysis of DMF 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 tmcyclen complex in mediating hydrolysis
of phosphate diesters and nitrile hydration, mainly due to steric factors. The two methyl
groups in the tmeyclen complex allow coordination of DMF monodentate complex, but

 provide steric repulsion in subsequent formation of the tetrahedral intermediate.
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3.3 Hydrolysis of Amides promoted by [(cyclen)Co(OH3)2}3+

3.3.1 Mechanism

The observed rate constant for (cyclen)Co(III)(OH)(OH2) (0.1M) promoted
hydrolysis of 4-formylmorpholine at pD 6 and 60 °C is 7.97 x 10-3M-1 sec*! which is ca.

4 x 104 times faster than that for the free amide under the same conditions (second order

hydroxide rate constant 1.9 x 102 M-1 sec-! at 60 °C) (Table 1II.1). In contrast, the
monoaqua complex, (tetren)Co(III)(OH2) does not cata]yze 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.

2 v

N
/ \.;I;O “N

N,,
{N/ C \OHa

(f_

cyclen a-tetren

The lower reactivity for the tetren complex can not be due to any steric effect since
(cyclen)Co(TIIY(OH2)(OH) and ([15]aneNs)Co(III)(OH3) are both efficient at hydrolyzing
p-nitrophenyl acetate.37 It can not be due to any electronic effect since the pKas of the
water molecules coordinated to the tetren 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 basicity.3® The maximum rate difference induced from the
electronic effect can not exceed 10 APKa,

As discussed in section 3.1, there are two possible 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, McGill University; 1990. b} Hay, R. W.; Bembi, R. Inorg. Chim. Acia 1982, 64,
L179,

38 n) Buckingham, D. A., in Biclogical Aspects of Inorganic Chemistry, Proceedings of the 1976 Symposium;
Addison, A.W. Ed.; Wiley-Interscience: New York, 1977.
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Figure IIL10
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The simplest mechanism that can account for the reactivity difference between the tetren 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 II1.8). The hydrolysis rate of amides can
therefore be accelerated by either stabilizing the tetrahedral intermediate through
coordination or facilitating the proton transfer.

Scheme II1.8
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Scheme II1.9 shows the possible tetrahedral intermediates arising from the above three
mechanisms.
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According to the experimental results, mechanism (¢) predominates over the other two

mechanisms. It would be reasonable to compare T4’ and T5’ instead of T1’, T2’ and T3’
since proton transfer from the tetrahedral intermediate to the dianionic intermediate is rapid
and C-N bond cleavage is the rate determining step in the hydrolysis of unactivated
amides.!5d One possible explanation for the difference in their reactivity is based on the
difference in nucleophilicity involved in the rate-determining C-N bond cleavage.
Breakdown of the tetrahedral intermediate to product can be 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 two since
T2’ has free anionic oxygen as a potent nucleophile. This 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 intermediate through 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 Lew1s acid activation followed by general
acid /base catalysis (Scheme I11.10) which is difficult to differentiate from mechanism ().
However, the GBC mechanism is unlikely based on the following reasons.

Scheme I11.10
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A bifuncticnal 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.3? It has also been shown that the amide bond in
(NH3)sCo(III)(DMF)22 and ([15]aneNs)Co(LII)(DMF)?0 is hydrolyzed ca.102 to 104 times
more rapidly than free DMF under basic condition.":This rate acceleration 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'.l.hydrolysis of 4-formylmorpholine

© 39 Chin, J. Acc. Chem. Res. 1991, 24,145, i

40 Hay. R. W.; Bembi, R, Inorg. Chim. Acta 1982, 64, L199.
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is only 4 times slower than that of DMF."#! Of the overal rate enhancement obtained in

the cyclen complex promoted hydrolysis of 4-formylmorpholine, ca. 10210 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.#2 A
bifunctional mechanism, which involves carbonyl activation and intramolecular metal
hydroxide participation in stabilizing tetrahedral intermediate by chelation, is most likely to
occur in the cyclen complex catalyzed hydrolysis of unactivated amides (Scheme 11.11).

Scheme III11
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3.3.2 Reactivity

The mechanism for the cyclen complex promoted hydrolysis of amides is shown in
Scheme II1.12.

Scheme III1.12
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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 'H NMR at pD 2, free
from any hydrolysis and possible catalyst decomposition. The equilibrium binding

* cee the results Table I11.] foomote.

41 a) Guthrie, J. P. J. Am. Chem. Soc. 1974, 96, 3608. b) Langlois, S.: Broche, A. Bull. Soc. Chem. Fr. 1964,
812.

42 a) Kirby, A. J. Adv. Phys. Org. Chem. 1980, 17, 183. b) Jencks, W, P. in Catalysis in Chemistry and
Enzymology, Dover Ed.; Wiley; New York, 1975,
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constant for the aqua-hydroxy form of the complex would be slightly less than that for the

diaqua form.

The half-life of the cobalt bound 4-formy] morpholine (35 min) can be calculated
from the equilibriurn complexation constant of the amide to the cyclen complex (0.4 M-1)
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-formyl morpholine
is 1.4 x 10-3 M-1 sec'! a1 25 °C. The activation entropy for the hydroxide catalyzed
hydrolysis of DMF has been determined to be -28.2 eu.*'® Assuming the activation
entropy for the hydrolysis of 4-formyl morpholine is the same as that for the hydrolysis of
DMF, the hydroxide rate for 4-formyl morpholine hydrolysis at 60 °C is 1.9 x 10-2 M-]
sec-1, calculated from the activation parameter. The estimated half-life of the free amide
hydrolysis at pH 6 and 60 °C is over 100 years. The cobalt bound 4-formyl morpholine is
hydrolyzed ca. 10° times faster than the free amide in water under the same conditions.”*

A typical amide bond in a peptide is known to be hydrolyzed with a half-life of 7
years in water at room temperature,8 which is about 20 times more reactive than 4-formyl
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-formy! morpholine in a solution of the
cyclen complex at pD 6 and 60 °C is 35 minutes.

Comparison to Carboxypeptidase A: Bovine carboxypeptidase A (CPA) is a
metalloexopeptidase of molecular weight 34,472 containing one Zn ion bound to a single
polypeptide chain of 307 amino acids.2443 Its biological function is the hydrolysis of C-
terminal amino acids from polypeptide substrates possessing large, hydrophobic C-terminal
side chains such as phenylalanine. There are several different mechanisms proposed for
the CPA activity. Concerning the role of metal ions, there are three basic mechanisms
possible in CPA catalyzed hydrolysis reaction. In the first mechanism, zinc ion acts as a
Lewis acid. The Glu-270 carboxylate can be a nucleophile to give an acyl-enzyme
intermediate®48, or it behaves as a general base delivering a hydroxide ion to the carbonyl
group to form the tetrahedral intermediate. In the second mechanism, the metal bound
water molecule is involved as a nucleophile. The Lewis acid méchanism has been tested in
mode} systems2!f designed by Breslow. The metal hydroxide mechanis{n also has been

** the acid catalyzed hydrolysis rate can be also calculated from the activation entropy (- 24.7 eu) for the acid

catalyzed DMF hydrolysis (ref 43), and the calculated rate constant for formyl morpholine hydrolysm at pH 6 and

60 oC is smaller than that of the base catalyzed hydrolysis of formylmorpholine.

43 Hansuck, J. A.; Lipscomb, W. N. in The Enzymes, 31d ed.; Boyer, P.; Ed.; Academic: New York, 1971; vol 3.
44 a) Makinen, M. W.: Kuo, L.C.; Dymowski, J. 1. J. Biol. Chem. 1976, 254, 356. b) Breslow, R.; Wernick, D.

L. Proc. Nail. Acad. Sci. U. 5. A. 1977, 74, 1303.



¢9

¢d

117
tested in model systems218f designed by Groves. Both mechanisms appear to give high

raie acceleration for amide hydrolysis. However, it 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 al.23 The proposed mechanism for unactivated amide hydrolysis
involves the above two mechanisms at least concerning the role of metal ions. Buffer
catalysis can not be studied due to complexation of the catalyst to the buffer used. Recent
success in X-ray crystallography for CPA-substrates structure determinations gives
valuable insight in understanding the catalytic mechanism.2¢ X-ray structures determined
by Christianson and Lipscomb for ketones bound to CPA in their hydrated forms support
the bifunctional role of a metal ion even though the structures were used to éuppon the
metal hydroxide mechanism.2# Figure I1L.11 shows the X-ray structure of 5-benzamido-2-
benzyl-4-pentanoic acid hydrate bound to CPA 45

Figure IIl.11
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The observed X-ray structures of CPA with gem-diolates, bear the structural and electronic
resemblance to the actual proteol ytic tetrahedral intermediate (Fig. 111.12 a).

Figure II1.12
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45 Christianson, D. W.; David, P. R.; Lipscomb, W. N. Proc. Natl. Acad. Sci. U. 5. A. 1987, 84, 1512.
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The (dpa)Cu(II)(OH2)22? catalyzed hydrolysis of formamides and the CPA catalyzed

hydrolysis of peptides both involve the formation of a four-membered ring bidentate metal
complex ‘(Fig. II1.12).

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 first time. The equilibrium
binding constants of formamides t0 the cobalt complex are in the range of 0.4 to 2 M-1, |
The kinetics of carboxypeptidase A catalyzed hydrolysis of peptides of more than five
amino acids have been studied.*® The equilibrium constants (Kiy"!) for binding of the
substrates to carboxypeptidase A.are in the order of 10 to 102 M-146 It is true that mother
nature is ahead in peptidase design. The enzyme bound peptides are hydrolyzed with half-
lives of about a few milliseconds?445.47 whereas the estimated half-life for the cobalt
bound peptide is within a few minutes at 60 °C. Nevertheless, a simple cobalt complex,
(cyclen)Co(II)}(OHz)2, represents the first artificial peptidase for hydrolyzing unactivated
amides under mild conditions. |

N\

46 Abramowitz, N.; Schechter, 1.; Berger, A. Biochem. Biophys. Res. Commun, 1967, 29, 862.
47 Lipscomb, W. N. Acc. Chem. Res. 1970, 3, 81.
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1 GENERAL

IH NMR, 13C NMR, and 3P NMR were taken on Varian XL-200 and 300
spectrometers. Data are reported in parts per million (ppm) downfield from the following
references: TH NMR; tetramethylsilane (TMS) in CDCl3, 3-(trimethylsilyl)-1-propane-
sulfonic acid (DSS) and t-butyl alcohol (1.22 ppm), in D20: 13C NMR; CDCl3 (77.0
ppm), 1,4-dioxane (67.4 ppm in D20), CD2Cl; (54.3 ppm): 3P NMR,; trimethylphosphate
(TMP) in D20.

Kinetic studies were carried cut with either a Hewlett-Packard 8451 diode array
spectrophotomcter equipped with a Lauda RMS6 thermostat, or a PYE UNICAM PU88
Uv/viIs spectrophotometer equipped with an Accuron SPX 876 S2 _Temperature
Programme Controller,

ananon of metal complexes was carried out with a Radiometer PHM63 pH meter
cqmpped with a Radiometer RTS822 automatic titrator.

X-ray structures were obtained with a o ngaku AF C6S diffractometer with
graphite monochromated Mo Ko radiation at 1.75 KW.”

Elemental analyses were performed by Guelph Chemical Laboratories Ltd.

2 MATERIALS

The foliowing chemicals were purchased from Sigma-Aldrich Chemical Company
and used without further purification: 5’-AMP, ¢-AMP, 2'deoxy-c-AMP, ApA, UpU, 2'-
deoxyadenosine, adenine, phenylphosphonate, BNPP, tetraethylenepentaamine, and tren.

13C 1abelled chemicals, CH3*CN, CH3"COONa, H*COONa and CH3*COCI were
purchased from MSD Isotopes and BrCH2*CO2H and Bz*OH were purchased from
Aldrich Chemical Company. Acetamide CH3C"ONH; was synthesized from CH3*COCI
and NH3 in pyridine.!

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 methods?: acetonitrile,

1 Vogel, A. L in A Text of Practical Organic Chemistry, 4th Ed.; ‘English Language Book Society and Longman;
London, 1978, p 516. ‘

2 Perrin. D. D.; Armarego, W. L. F.; Perrin, D. R. in Purification of Laboratory Chemicals; 2nd Ed.; Pergamon
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.?

CH3CN, doubly distilled water, and MeOR for HPL.C were obtained from Fisher
Scientic Ltd. HPLC buffer (ammonium phosphate, 0.2 M, pH 5.5) for analysing
nuéicotides was prepared with HPLC grade NH4H2PO4. The pH of the solution was

adjusted with a 40 % ammonium hydroxide solution and was filtered through Millipore
0.45 um filter paper before use.

3 SYNTHESIS
3.1 Synthesis of Tetraamine Ligands
N’-methyl-N,N”-bis(toluene-p-sulfonyl)diethylentriamine (1)

Compound 1 was synthesized in ope step. The literature CHa

procedure? took 4 reaction steps starting from diethylenetriamine. To <\N/$

a solution of methylamine (2.5 g of 40% water solution, 32 mmol)in TSN NTs
acetonitrile (50 mL) was added N-tosylaziridine (12.7 g, 62 mmol)>. 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 °C (lit.113-114 oC)4; 1H NMR (200 MHz, CDCl3) &
1.95 (s, 3 H, NCH3), 2.34 (1, = 5.7 Hz, 4 H, NCHy), 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); 13C
NMR (75.4 MHz, CDCi3) 8 21.48 (TsCH3), 41.19, 40.57 (NCH3), 107.14, 120.69,
136.7, 143.23.

3 a) Richman, J. E.; Atkins, T. J. J. Am. Chem. Soc. 1974, 96, 2268, b) Chin, ].; Banaszczyk, M.; Jubian, V. J.
Am, Chem. Soc. 1989, 111, 186,

4 Ciampolini, M.; Micheloni, M.; Nardi, N.; Paoletii, P; Dapporio, P.; Zanobini, F. J. Chem. Soc., Dalion Trans.
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)amine® (2)

To a solution of diethanolamine (10.5 g, 0.1 mol) and Ts
triethylamine (33 g, 3.3 mol) in dichloromethane (500 mL ) was added |
tosylchloride (57.1 g, 3 equiv) over a period of 1 h in an ice bath. TS0 N oTs

After the addition was complete, the mixture was refluxed for 2 days

and evaporated to dryness under reduced pressure. The crude solid material was
recrystallized from methanol to give 2 (65 %) as a white solid: mp 73-75 °C; TH NMR
“(’200 MHz, CDCl3) § 2.43 (s, 3 H, NCH3), 2.46 (s, 6 H, OCH3), 3.35 (t,/ = 6 Hz, 4 H,

'NCHpy), 4.11 (1, / = 6 Hz, 4 H, OCHy), 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(toulene-p-sulfonyl)-1,4,7,10-tetraazacyclododecane
(3)

To a solution of 1 (9 g, 21.1 mmol) dissolved in dry DMF Ts\ [_'| /CHa
(500 mL), NaH (1.4 g of 80 % oil dispersion, 2.7 equiv) was added. [N N]
The solution was heated to 80 9C so that a controlled H», evolution /U\
took place’ and then heated to 110 °C for 1 h until Kz evolution 1° Ts
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 ®C. The mixture was stirred for
an additional 2 h, cooled to room temperature and the residual NaH was decomposed by
addition of 10 mL of water. The reaction mixture was filtered, and the solvent was
evaporated. The residue was diluted with water and extracted with CHCl3. The organic
layers were dried over NaySOa, and the solvent was evaporated. Crystallization from
CHClz-ether provides 8.2 g of 3 (59 %) as a white solid: mp 192-194 °C; IH NMR (200
MHz, CDCI3) 8 2.17 (s, 3H, NCH3), 2.43 (s, 6H, TsCHz), 2.46 (s, 3H, TsCH3), 2.61
(t, J =44 Hz, C2, C12H), 3.0 (t, J = 4.3 Hz, C3, C11H), 3.25 (t, J = 5.8 Hz, 4H, C5,
C9H), 3.51 (1, / = 5.8 Hz, 4H, C6, C8H), 7.3 (d, J = 8.4 Hz, 4H, N4 and N11ArH),
7.35 (d, J = 8.4 Hz, 2H, N7ArH), 7.63 (d, / = 8.2 Hz, 4H, N4 and N11ArH), 7.82 (d, J
= 8.2 Hz, 2H, N7ArH); 13C NMR (75.4 MHz, CDCl3) 8 21.50 and 21.55 (TsCHj),
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. I.J. Am. Chem. Soc. 1988, 110, 6266.
7 Hediger, M.; Kaden, T. A. Helv. Chim, Actc 1983, 66, 861.
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1-Methyl-1,4,7,10-tetraazacyclododecane (4)

Compound 3 (7.8 g, 11.7 mmol) was detosylated with ] /CHa
concentrated sulfuric acid (20 mL) as described previously.® The N N]
resulting amine sulfate was dissolved in water. The water solution was N N
made alkaline with a 2N NaOH solution and extracted with CHCI3. L
The organic layers were dried over Na;SO4 and evaporated under reduced pressure, A
thick oily residue was solidified upon standing ai :oom temperature to give 4 as a pale
yellow solid in a quantitative yield: 13C NMR (75.4 MHz, CDClz) 8 43.47 (CHz), 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 CH,
CHCIl3 (50 mL) was added dropwise over a period of 2 h to a solution (\ N
of thionyl chloride (86 mL, 1.14 mmol) in CHCI3 (60 mL) at room ¢«
temperature.’ The mixture was refluxed for an additional 1 h cooled to room temperature,
and evaporated to dryness. The residue was recrystallized from acetone to give S as a
hydrochloride salt.

The HCI salt (5 g, 26.4 mmotl) was dissolved in a small amount of water, and the
water solution was made alkaline with NaOH powder. The solution was extracted with
CH2Cly, dried over Na2SQO4, and evaporated to produce 4 g (98 %) of § as a yellow oil:
IH NMR (200 MHz, CDCl3) 8 2.38 (s, 3H, CH3), 2.82 (t,/ = 6.8 Hz, 4 H, NCHy),
3.56 (t, J = 6.9 Hz, 4 H, CH2Cl).

1,7-Dimethyl-4,7-bis(toluene-p-sulfonyl)-1,4,7,10-tetraazacyclododecane
(6)

Compound € was prepared from 1 and § by the method used Ts\ [ ] /°H3
for the synthesis of 3. Thus 1 (18 g, 42.3 mmol) and 5 (6 g, 38.7 E'ﬁ' {}_"]
mmol) gave 6.8 g of 6 (35%) as a white solid after récrystallization /U\
from methanol: mp 167-170 °C (1it.175-177 °C)%; 'H NMR (200 "° T

8 Atkins, J. A.; Richman, 1. E.; Eule, W. F. Org. Synth,1978, 58, 86.
9 Cammack, T.; Reeves, P. C. J. Heterocyclic Chem. 1986, 23, 73.



123
MHz, CDCl3) & 2.23 (s, 3 H, NCH3), 2.43 (s, 3 H, TsCHz), 2.71 (t, /= 5.3 Hz, 8 H,
C2, C12, C6, C8H), 3.19 (1, J = 5.3 Hz, 8 H, C3, C5, C9, C11H), 7.31 (d, / = 8.2 Hz,
4H, ArH), 7.68 (d, J = 8.2 Hz, 4 H, ArH); 13C NMR (75.4 MHz,CDCl3) 8 21.49
(TsCHa), 42.30, 47.55, 57.17, 127.34, 129.68, 135.39, 143.28.

1,7-Dimethy!-1,4,7,10-tetraazacyclododecane. (7) -

Compound 6 was detosylated using the method”-® described ] /CH3
for the synthesis of 4 to give 7 (99 %) as a yellow solid: 1ti NMR [N N]
(200 MHz, CDCl3) § 1.22 (m, 1H, NH), 2.28 (s, 6H, CH3), 2.46 /U
(bs, 8H, RaNCH>), 2.63 @, J = 4.8 Hz, 8H, RHNCH,), 3.49 (m, "C
1H, NH); 13C NMR (75.4 MHz, CDCl3) 8 43.89 (CHz3), 44.78, 54.24.

4,7-Dibenzyl-1,10-bis(toluene-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: TH NMR (200 MHz, CDCl3) 8 2.39 (s,
4H, C5, C6H), 2.41 (s, 6H, TsCH3), 2.46 (1, J = 5.5 Hz, 4H, C3, C8H), 294 (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}

0,0’-Ditosylethyleneglycol (9) Compound 9 was prepared -according to the known
procedure3: 1H NMR (200 MHz, CDCl3) § 2.46 (s, 6H, TsCH3), 4.11 (s, 4H, OCHy),
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
(10)

This compound was prepared from 8 (12.05 g, 19 ] /\O

mmol) and 9 (7.1 g, 19.1 mmol) using the method described - N N

for the synthesis of 3. The crude product was dissolved in hot Ts7.T__T\Ts
benzene and the solution was cooled t0 0 °C. The resulting

slurry was filtered to remove the starting material 8. The filtrate was then evaporated and
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1.5 g of the final product 10 (12 %) was isolated by fractional recrystallization from

ethanol: 1H NMR (200 MHz, CDCl3) & 2.39 (s, 4H, C3H), 2.44 (s, 6H, TsCH3), 2.64
(t, J = 5.04 Hz, C5, C12H), 3.24 (t, J = 5.04 Hz, C6, C11H), 3.47 (s, 4H, CH,Bn),
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); 13C NMR (CDCl3, 75.4 MHz) § 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)-1,4,7,10-te_traazacyclododecane (11)

To a solution of 10 (4 g, 6.3 mmol) in acetic acid (60 mL) was [ ]

added 2 g of 10% Pd-C catalyst.10 The hydrogenolysis was allowed EN N:'

to proceed until no further hydrogen was taken up. The reaction Te /T_T\Ts
mixture was filtered through celite and evaporated. The crude product

was dissolved in a IN NaOH solution and extracted with CHCl3. The organic layers were
dried over Na2SOy4 and slowly evaporated to give 11 as a yellow solid (98 %): !H NMR
(200 MHz, CDCl3) 8 1.65 (bs, 2H, NH), 2.44 (s, 6H, TsCHj3), 2.73 (s, 4H, C8, C9H),
290 (t, J = 5.1 Hz, 4H, C6, C11H), 3.13 (1, J = 5.1 Hz, 4H, C5, C12H, 3.54 (s,
4H,C2, 3H), 7.35 (d, J = 8.3 Hz, 4H, ArH), 7.73 (d, J = 8.3 Hz, 4H, ArH); 13C NMR
(75.4 MHz,CDCl3) 8 21.5, 46.83, 48.0, 50.47, 50.59, 127.58, 129,75, 134.25, 143.55.

PR

1,4-D.imethyl-’7,10-bis(tolugne-p-sulfonyl)- 1,4,7,10-tetraazacyclododecane
(12) hE

To a slurry of 11 (1.5 g, 30 mmol) in water (3 mL) was added HC [ | CHs
formic acid (3.4 mL, 1 equiv) and formaldehyde (2.8 mL, 1 equiv).!! E" "]
The reaction mixture was refluxed for 24 h and cooled to 0 ©C. The Ts /U\Ts

solution was made alkaline with a concentrated NaOH solution to yield

a sticky solid. The crude material was dissolved in 20 mL of hot benzene and was filtered

to remove unidentified side product after cooling. The filtrate was evaporated to give 0.8 g

(51%) of 12 as a white crystalline solid: mp 144-146 °C; TH NMR (200 MHz, CDCl3) §

2.19 (s, 6H, CHz), 2.29(s, 4H, C2, C3H), 2.43 (s, 6H, TsCH3), 2.56 (1, J= 5.1 Hz,

C5,C12H), 3.14 (1, J = 4.5 Hz, 4H, C6, C12H), 3.58 (s, 4H, C8, C9H), 7.32 (d, J =

10 Bergern, R. J.; McGovern, K. A; Channi.[l‘é‘. M. A,; Burton, P. 8. J. Org. Chem. 1980, 45, 1589.
11 Barefield, E. K.; Wagner, F. Inorg. Chem.wl913. 12, 2435.

PR
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7.94 Hz, 4H, ArH), 7.75 (d, J = 8.2 Hz, 4H, ArH); 13C NMR (75.4 MHz, CDCl3) &
21.5, 43.56 (NCHz), 49.14, 50.37, 54.97, 127.3, 129.65, 135.82, 143.06.

1,4-Dimethyl-1,4,7,10-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 [N N:|
concentrated sulfuric acid (2 mL) was stirred for 72 h at 100 °C. The /U\
reaction mixture was cooled to 0 °C and dry ethylether was added HaC CHa
slowly. After filtration, a sticky solid was dissolved in water. The solution was made
alkaline with a 2 N NaOH solution, extracted with CHCl3, and dried over NasSOg4.
Evaporation gave 0.4 g (93 %) of 13 as a deliquescent solid: 1H NMR (200 MHz, CDCl3)
3 2.29 (s, 6H, CH3), 2.41 (s, 4H, C2, C3H), 2.4 to 2.45 (m, 4H, C5, C12H), 2.68 to
2.74 (m, 4H, C6, C11H), 2.75 (s, 4H, C8, C9H); 13C NMR (75.4 MHz, CDCl3) &
43,73 (CHj3), 45.29, 47.28, 54.0, 55.56.

3.2 Synthesis of Co(III) Complexes.
3.2.1 Synthesis of [(L)Co(III)CO3]CIO0,

All the cobalt complexes have been synthesized according to literature procedures!2
with minor modifications. A solution of tetraamine ligand (1 mmol) dissolved in 5 to 10
mL of water (for cyclen) or 30 to 50 % aqueous ethanol (for cyclen derivatives) was added
to Co(II)(C1O4)2-6H20 (1 equiv) in 5 mL of water, and to this was added PbQ; (1.5
equiv) and NaHCOj3 (1 equiv). The resulting suspension was stirred overnight at room
temperature (cyclen) or for 6 h at 50 °C (cyclen derivatives), and the pH of solution was
adjusted to ca. 6.5 by adding a dilute HC1O4 solution. After filtration, it was evaporated to
dryness in vacuo. The crude residue was triturated with absolute ethanol, and then
filtered. The overall yields after recrystallization from water are in the range of 75 to 85 %:
(cyclen)Co(IINCO3-Cl04-H2013: 13C NMR (75.4 MHz, D;0) 167.43 (CO3),
56.47, 54.02, 50.02, 47.91.

12 Haris, G. M.; Dasgupta, T. P. J. Am. Chem. Soc. 1975, 97, 1733.
13 X-ray structure; Loehlin, J. H.; Fleisher, E. B. Acta Cryst. 1976, B32, 3063.
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Anal. Caled for CoH9CICoN4O7: C, 27.67; H, 5.16; N, 14.34; Cl, 9.08. Found. C,

27.43; H, 4.76; N, 14.26; Cl, 8.93; Co, 15.19.
(monomethylcyclen)Co(III)CO3-C104: 13C NMR (75.4 MHz, D20) § 167.77
(CO3), 6693, 64.14, 56.42, 5391, 50.35, 49.32, 48.36, 47.8, 45.7(CH3).

Anal. Calcd for C1gH22CICoN4O7: 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)CO3-:C104!4: 13C NMR (75.4 MHz, D>0) 8 168.25
(CO3), 66.85, 64.06, 49.14, 48.09, 46.32 (CHa3).

Anal. Calcd for C11H24CICoN4O7: C, 31.55; H, 5.77; N, 13.55; Cl, 8.47; Co, 14.07.
Found: C,31.0; H, 5.40; N, 13.64; Cl, 8.61;Co, 14.23.
(cis-dimethylcyclen)Co(II1)CO4-C104: 13C NMR (75.4 MHz, D>0) 8 167.94
(CO3), 66.34, 65,93, 60.16, 59.72, 55.89, 49.92, 48.93, 46.77 and 45.71(CH3).

Anal. Calcd for C11H24CICoN4O7: C, 31.55; H, 5.77; N, 13.55; Cl, 8.47; Co, 14.07.
Found: C, 31.13; H, 5.36; N, 13.50; Cl, 8.14;Co, 13.71.

3.2.2 Synthesis of Co(III(L)(OH2)2:(Cl104)3

General methods : To a solution of Co(III) carbonato complex (1 mmol) in 0.5 mL of
water was added dropwise 2.5 mmol of 70% aqueous HCIO4 and the mixture was stirred
at room temperature until the CO2 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)(OH4)2(C104)3: 13C NMR (75.4 MHz, D;0) 8 57.97, 54.6, 50.6,
48.6

(monomethylcyclen)Co(III)(OH3)2(Cl04)3: 13C NMR (75.4 MHz, D;0) 6 67.64,
64.55, 57.71, 54.26, 50.54, 50.07, 49.73 (CH3), 49.07 , 48.54

(trans-dimethylcyclen)Co(III}{OH2)2(Cl04)3: To a finely powdered cobalt
carbonato complex (1 mmol) was added dropwise 100 uL of 70% aqueous HCIO4 and the
mixture was stirred at room temperature until CO; evolution stopped. The mixture was
diluted with 1mL of water and stirfcd at 50 °C 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, J; Chimichi, S.; Ciampolini, M. Inorg. Chem. Acta 1984, 88, 51.
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complex can be isolated using the same methods as for the cyclen complex: 13C NMR
(75.4 MHz, D>0) 8 67.95, 64.62, 50.93, 50.51, 49.57(CH3).

3.2.3 Preparation of (tetren)Co(III}(OH3)

Initially prepared as a mixture of ¢~ and. B-(tetren) Co(III)(C1)(ZnCls)s, the complex
was converted to a mixtre of o- and B-(tetren)Co(I)C1(C104)2 5and treated with 1 equiv
of base (N aQH) to give a-(tetren)Co(TIN(OH2)(CI)(ClO4)2. This aqua cobalt complex was
used directly without isolation.

a- and P-(tetren)Co(IINCI(CIO4)2 Anal. Calcd for CgH23C13CoNsO13: 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(n2-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. of concentrated perchloric acid. The solution was stirred at
room temperature until CO; evolution ceased and then stirred for an additional 2 h at 60 °C.
The solution was cooled to room temperature and excess CO» 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 equiv of
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 °C) and washed with 50 % aqueous ethanol, ethanol,
and ether yielding 370 mg of a purple multifaceted crystal :
13C NMR (75.4 MHz, CD1Clp) 8 185.1(CO), 134.2, 130.9, 129.3, 126.6, 67.3, 64.9,
48.7, 47.9 (CH3), 47.8 : ref CD»Cla (54.26 ppm).
13C NMR (75.4 MHz, D;0) § 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, CH3), 48.2, 47.8 (CH3) : ref: t-
BuOH (30.47 and 70.59 ppm).
1H NMR (200 MHz, CD;Cl5) § 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 ppmij.
IH NMR (200 MHz, D20) § 2.39 and 2.43 (s, CHs), 2.7 - 3.45 (m, cyclen CHy), 7.5 - 8
(m, benzamide) : ref : 1-BuOH (1.22 ppm). |

15 a) House, D. A.; Garner, C. S. Inorg. Chem 1967, 6, 272. b) Ni, T. L.; Gamer, C. S. ibid. 1967, 6, 1071
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Crystal darta C17H34CoN501:Cly, M = 614.32. Orthorhombic, a = 13.130 (4)

Orthorhombic, a = 13.130 (4), b = 18.357 (4), ¢ = 10.805(1) A, B = 550, V = 2604 (1)
A3, space group; P212;21 (#19), Z = 4, Dy = 1.567 g/ cm3, Purple, mutifaceted crystal.
Crystal dimensions: 0.300 x 0.200 x 0.500 (mm), u( Mo-Ka) = 9.24 cm-1.

Data Collection and Processing Rigaku AFC6S diffractometer, ® - 2 8 mode with o scan
width = 1.00 + 0.30 tan 6, scan speed 16.0 deg min-1, graphite-monochromated Mo-Ka
radiation, temperature: 20 £ 0.1 °C; 6424 reflections measured 5996 unique after
absorption correction (max. min. transmission factors: 0.89 - 1.00) giving 3014 with [ >
3.00 o (I). The intensities of three representative reflections remained constant throughout
data collection indicating crystal and electronic stability (no decay comrection was applicd).: :
The data were corrected for Lorentz and polarization effects.

Structure analysis and refinement All non-hydrogen atom positions were solved by direct
methods!6 using the TEXAN crystallographic software package of Molecular Structure
Corporation.!? All hydrogen atom positions were determined from a Fourier Difference
map. All positional and thermal parameters (non-hydrogen atoms: anisotropic; hydrogens;
isotropic) and an extinction parametér were refined by full-matrix ieast sduares. Final R
and Ry were 0.068 and 0.065 for 3014 observed reflections and 281 variable parameters.
The weighting scheme w = 4 Fy2/ 62 (Fy2) 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 scattering
factors were taken from Cromer and Waber.18 Anomalous dispersion effects were included
in Fgaic!9; the values for Af” and Af”” were those of Cromer.20 Two disoriented perchlorate
ions were located, as well as two lattice water molecules. The refinement gave R factor of
the syn isomer (see part 1l section 3.2) of 0.073.

3.4 Synthesis of [(trpn)Co(III)(n2-0,0°-B-ala)]3+complex

16 Gilmore, C. 1. J. Appl. Cryst. 1984, 17, 42. and Beurskens, P.T. DIRDIF: Direct Methods for Difference
Structures-an Automatic Procedure for Phase Extension and Refinement of Difference Structure Factors, Technical
Report; Crystalography laboratory, Toermooiveld, 6525 Ed Nijmegen, Netherlands, 1984.

17 TEXAN-TEXRAY Structure Analysis Pakage, Molecular Structure Corporation, 1985.

18 Cromer, 'D. T.; Waber, J. T. in/aternational Tables for X-Ray Crysiallography, The Kynoch Press:

- Birmingham, 1974, Vol. 4, Table 2.2.A.

19 Ibers, J. A.; Hamilion, W. C. Acta Crysiallogr. 1964, 17, 781.

20 Cromer, D. T. inlnternational Tables for X-Ray Crystallography; The Kynoch Press: Birmingham, 1974, Vol.
4, Table 2.3.1.
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To a solution of (trpn)Co(II1)}(OH?7)2:Cl04 (1 g, 1.62 mmol) dissolved in 5 mL of
water was added B-alanine (144.2 mg, 1 equiv). The pH of the solution was adjusted to 5
using a 1IN NaOH or a IN HCIQ4 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 NaClO4
solution was slowly added. A needle shaped violet crystal was obtained on standing
overnight. The ORTEP?! view of the crystal is shown in Figure IV.1.

Crystal data C12H33CoNs0O45Cl3, M = 652.71. orthorhombic, a = 16.396 (8), b = 19.836
(6), c =15.059 (1) A, B =500, V = 4898 (4) A3, space group; Pbca (#61), Z = 8, Dx =
1.770 g / em3, violet needle. Crystal dimensions: 0.450 x 0.200 x 0.280 (mm), u( Mo-
Ko = 11.05 cm-l.

Data Collection and Processing Rigaku AFC6S diffractometer, ® - 2 © mode with @ scan
width = 1.00 + 0.30 tan 0, scan speed 16.0 deg min-!, graphite-monochromated Mo-Ka
radiation, temperature: 20 + 0.1 °C; 4809 reflections measured 1384 unique after
absorption correction (max. min. transmission factors: 0.61 - 1.17) giving 1384 with I >
1.00 o (I). The intensities of three representative reflections remained constant throughout
data collection indicating crystal and electronic stability (no decay correction was applied).
The data were corrected for Lorentz and polarization effects.

Structure analysis and refinement All non-hydrogen atom positions were solved by direct
methods!6 using the TEXAN crystallographic software package of Molecular Structure
Corporation.1? All hydrogen atom positions were determined from a Fourier Difference
. map. All positional and thermal parameters (non-hydrogen atoms: anisotropic; hydrogens;
isotropic) and an extinction parameter were refined by full-matrix least squares. Final R
-and Ry, were 0.095 and 0.061 for 1384 observed reflections and 235 variable parameters.
The weighting scheme w = 4 Fy2/ 62 (Fy2) obtained from counting statistics gave
satisfactory agreement analyses. The maximum and minirum peaks on the final difference
Fourier map correspond to 0.56 and -0.61 eA-3, respectively. Neutral atom scattering
factors were taken from Cromer and Waber.18 Anomalous dispersion effects were included
in Fealc!9; the values for Af* and Af”* were those of Cromer.20

21 Johnston, C, K, ORTEPIL. Report ORNL-5138; Oak Ridge Nationa) Libray: Oak Ridge, Tennessee, 1976.
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Figure IV.1 Perspective ORTEP drawing of (trpn)Co(II)(n2-0,0’-B-ala)(ClO4)3.
Nonhydrogen atoms are represented by thermal vibration ellipsoids drawn
tn encompass 50 % of electron density; hydrogen atoms are omitted for
clarity.

Cl1l
N5

C10
C12
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4. TITRATION

Titrations to determine the pKa of the water bound to cobalt complexes were carried
out on solutions of cobalt complex (ImM, SmL) and titrated from pH 3 to 10 using a
NaOH solution (0.01 M). Both sodium hydroxide and perchloric acid solutions were
prepared from degasséd water.

5 KINETICS / BINDING STUDIES
5.1 UV/VIS Spectroscopy

Hydrolysis of phbsphate 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 Lo
adjusted to the desired pH at 25 °C. The hydrolysis reaction was initiated by injecéng 0.01
M stock solution of phosphate esters (5 uL). For experiments done at high temperature,

1

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 performed in the same way as described
above following the formation 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 formation of acetonitrile-cobalt complex adducts and
acetamido-cobalt complex, respectively. The equilibrium binding constant was obtained
from a plot of the observed pseudo first order rate constant for the approach to the
equilibri_um vs substrate concentration, where a ratio of slope (kj) over intercept (k.1)
determines the equilibrium constant K. In a typical kinetic run, to an aqueous solution of
cobalt complex (10 mM) at appropriate pH was injected 20 10 100 equiv of acetonitrile or
acetamide (1 M stock solution). :
&
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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 first order rate constants were obtained by fitting the data according to a first
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 °C and preadjusted 1o pH
7 with a 1 N NaOH solution.

5.2 1H NMR and 31P NMR spectroscopy

Binding of phosphates: To a solution of (L)Co(II1)(OH2)2 (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 converting the integration value of each peak to concentration. In a
typical experiment, a solution was prepared by adding 0.5 1o 1 equiv of DMP to a catalyst
solution (0.1 M) at pD 2. The pD of the solution was adjusted again to 2 with an aqueous
HC104"'solut:ion. Best results were obtained when a 1:1 mixture was allowed to equilibrate
for 1 h at room temperature for the cyclen complex and at 60 °C for the tetren complex.

Hydrolysis of )nucleotides: Hydrolysis of nucleotides such as ¢c-AMP, 2’-deoxy c-
AMP, 5’-AMP, 'ApA, and UpU was monitored by 31P NMR methods by following the
formation of inorganic phosphate-cobalt complexes. The results were plotted as the
appearance of the product signal measured in terms of integration relative to the total
integration of all the signals. 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
reproducible to + 10 % at 50 °C. In a typical kinetic run, 0.1 equiv of a stock solution of
phosphate esters was added to a cobalt complex solution (0.1 M) adjusted to the desired pD
at 25 °C. The pD of solution was adjusted again. The reaction mixture is placed in a NMR
tube, sealed, and heated to 50 °C.

Hydrolysis of DMP, nitriles and amides
General methods: Hydrolysis of DMP, nitriles, and amides are monitored by IH NMR
metods. The reaction mixture is placed in a NMR tube, sealed, and 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.

Hydrolysis 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 (cotrelation coefficient > 0.95). In a typical kinetic run, 2;5 equiv of
DMP sodium salt was added to a freshly prepared and pD preadjusted catalyst solution (0.2

" M)inD20. The solution was adjusted again to the desired pD by using a 1M NaOD or a

70 % DCIQ4 solution.

Hydration of nitriles: Hydrolysis of acetonitrile, acrylonitrile, trimethylacetonitrile,
benzonitrile was monitored by following the increase in the signals due to the
corresponding amides. The observed pseudo first order rate constants were obtained by
fitting the data according to a first order kinetic equation (correlation coefficient > 0.98). In
a typical kinetic run, nitriles (10 to 50 equiv) were added to a D70 solution of catalyst (0.01
M) at appropriate pD.

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 t0 0.5

equiv) was added to a D20 solution of catalyst (0.1 M) at pD 6.
53 13C NMR spectroscopy

Binding of acetate: A Dz_():salution of Co(III) diaqua complex (0.1 M) was mixed with
0.5 or 1 equiv of a stock solution of Bg é:ﬁi‘iched acetate and then allowed to equilibrate.
for 1 h. The pD of the solution was not adjusted afterwards. The NMR specl:ra were then
recorded relative to 1, 4-dioxane as a internal standard.

For binding of carboxylates, a D20 solution of Co(III) diaqua cbmplex (0.1 M, 0.2 mL)
was mixed with a stock solution of 13C; enriched carboxylates (0.05 M, 0.2 mL) and then
allowed to equilibrate for Lh. The pD of the solution was not adjusted after. The NMR
spectra were then recorded relanve to 1, 4-dioxane as a internal standard. ’
i,

"

7
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Binding of acetonitrile and acetamide: 1 to 2 equiv of 13C; enriched acetonitrile and

a stock solution of 13C; enriched acetamide (4 M) were added to a solution of Co(IIl)
complex (50 mM) at pD 2 and pD 7, respectively, Spectra were recorded in a certain time

period until it reached equilibrium. Best results were obtained when a 1: 1 ratio of catalyst
and substrate were allowed to react in D30.

"4

54 HPLC

Hydrolysis of 2°-deoxy adenosine and dApA: The decreases in signal of substrates
were followed relative to the area of internal standard (benzyl alcohol or benzene). Data
were fit according to a first order kinetic equation (R > 0. 94). In typical experiments, a
solution of catalyst (0.1 M) adjusted to desired pH at 25 °C was mixed with 0.1 equivalent
of nucleotides and internal standard. The pH of solution was adjusted again and was
placed in 5 to 10 of 1mL ampules, sealed and heated to 80 °C. In a certain time interval, a
ampule was taken and ¢hilled in an ice bath. The seal was broken and 5 to 10 uL of the
reaction mixture was diluted 10 times with 0.5 M phosphate buffer (pH 5). For each run,
1uL of above solution was injected on to a C1g column (5 micron Vydak) and eluted with a
20 to 50 % nonlinear gradient of NH4H2POj4 (0.2 M)“and 60 % CH30OH 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 artificial nucleases and
proteases that hydrolyze unactivated phosphate esters, amides and nitriles -

-]
Part I 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(IIT) complexes were
tested by means of binding properties to anionic ligands such as acetate and phosphates, as
well as kinetic studies with BNPP, c-AMP, and ApA.

2) Hydrolysis of dimethy! phosphate at neutral pH has been accomplished for the first
time using a simple metal complex. (Cyclen)Co(llI)(OH3)> hydrolyzes dimethyl phosphate
(DMP) by a bifunctional mechanism involving intramolecular metal hydroxide attack on the
coordinated phosphate ester.

3)  DMP coordinated to the cyclen complex is hydrolyzed 1010 times faster than the
free ester at neutral pH and 60 °C. This reaction provides valuable insight into the
mechanistic role of metal ions in ribozyme catalyzed cleavage of DNA.

Part II Hydration of Nitriles
1) (Cyclen)Co(III}(OH32)2 efficiently hydrolyzes nitriles lo amides under mild
conditions (pD 7, 40 °C) with catalytic turnover. i

2) The equilibrium binding constants of nitriles to cobalt complexes has been
measured for the first time. Equilibrium binding constant of acetonitrile to the cis-diaqua
cyclen complex is measured to be 0.6 M-! by using UV/VIS and 13C 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,
(tmcyclen)Co(III)(OH3)2 and (cyclen)Co(III)(OHz); 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 complex followed by intramolecular metal hydroxide
attack 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 first 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 (Ill) Hydrolysis of Amides

1) Hydrolysis of unactivated free amides has been achieved with a simple metal
complex (cyclen)Co(III)(OHz)2. More than 105 fold rate enhancement over that of
uncatalyzed reaction is obtained in the cyclen complex promoted hydrolysis of 4-formyl
morpholine um. er mild conditions (pD 6, 60 °C). ' o
2) Equilibrium binding constants of DMF and fgi‘fmyl morpholine to the Co(lII)
complexes have been measured using !H NMR methods (Keq = 0.4 t0 2 M1 a1 25 9C),
This represents “the first measurements for the equilibrium constant for binding of amldBS 10
metal complexes. :

3 Base catalyzed hydrolysis mechanism of unactiv ated amides involves nucleophllc
attack of hydromde on carbonyl carbon producing the tetrahedral intermediate, which is
followed by proton transfer and rate determining C-N bond cleavage. The observed rate
enhancemé';i'l by the cyclen complex was ascribed to the catalyst ability to stabilize this
tetrahedral intermediate by chelation, thereby increasing its steady state concentration.
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Chin, J.; Banaszczyk, M.; Jubian, V.; Kim, J. H.; Mrejen, K. Bioorganic Chemistry
Frontiers (ed), “‘Artificial Hydrolytic Metalloenzymes.” Springer-Verlag: New York,
1990.

Chin, J; K.lm J. H. “Catalytic Hydration of Acrylonitrile t¢ Acrylamide under Mild
Conditions”. Angew. Chem. Int. Ed. Engl. 1990, 29, 523.

Chin, J.; Kim, J. H. “Trapping of a Chelated Benzamide: A Key Intermediate in Catalytic
Hydration of Nitriles by Double Activation.” manuscript in preparation. '

Chin, J.; Kim, J. H.; Takasaki, B. “Metal Binding and Hydrolysis of an Unactivated
Amide Under Mild Conditions.” manuscript in preparation.

Chin, J.; Kim, J. H. “Dimethyl Phosphate Hydrolysis at Neutral pH.” -
manuscript in preparation.
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APPENDIX

A. X.ray Structure Determination of [(tmcyclen)Co(III}(n2-N,0-
benzamide)] (Cl04)2:2H20

. Table A-1 Positional parameters and B(eq) for [(tmcyclen)Co(nz-N.O-benzamide)}(ClO4)2- 2Hp0

atom x Y z B (eq)
Co 0.4166(1) 0.88141(7) 0.8553(1) 2.17(3)
ci(l) 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)
o1y 0.2830(5) 0.9138(3) 0.9058(¢6) 3.5(3)
0(2) 0.7088(7) 0.9387(5) 0.0081(3%) 6.9(6)
o) -0.0035(9) .7800(6) 0.393(1) 10.1(8)
N{l) 0.4425(7) 0.9649(5) 0.7417(®) 4.1(5)
N(2) 0.4853(7) 0.9384(5) 0.9782(8) 3.8(4)
N(3) 0.5308(T) 0.8361(5) 0.7768(8) 4.3(5)
N(4) 0.4231(T) 0.7998 (4) 0.9779(8) 4.0(4)
N(5) 0.3124(86) 0.8361(5) 0.7588(7) 3.4(4)
cQ) 0.451(1) 1.0253(T) 0.821(1) 6.2(8)
C{2} 0.461(1) 1.0137(M) 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)
C(5) 0.496(1) 0.7455(6) 0.926(1) 4.71(6)
C(6) 0.580(1) 0.7846(6) 0.861(1) 5.2(6)
ciM 0.592(1) 0.889%6(T) 0.714(1) 5.3(6)
c(a) ¢.518(1) 0.838%(7) 0.650(1) 5.8(7)
c(9) 0.354(1}) 0.9955(6) 0.677(1) 5.5(7)
c(l0) 0.327(1) 0.7610(7) 1.006(1) 5.4(7)
c{ll1) 0.2432(8) 0.8761(6) 0.8150(86) 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(l4} =0.0221(1) 0.8240(8) 0.706(1) 5.8(7)
C{15) -0.076(1) 0.867(1) 0.756(1) €.2(7)
C{l6) -0.027(1) 0.5402(7) 0.823(1) $.5(7)
C{17) 0.076(1) 0.9367(6}) 0.843(1) 4.9(6)
H{l) 0.3100 0.8032 0.6938 a.s
H(2) 0.5031 0.08067 0.7121 5.1
H({3) 0.5570 0.9319 0.9727 4.4
H{4) 0.1168 0.7847 0.6950 5.3
H({5) -0.0563 0.7957 0.6532 6.9
H(6) ~0.1477 0.8895 - 0.7433 7.3
H(7) ~D.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
_H(10} 0.4363 0.8078 1.1656 6.3
("R (11} 0.3770 0.9214 1,1131 5.5
H(12) 0.4946 0.5330 1.1691 5.5
H({13) D.45%0 1.,0457 1.0065 6.3
H{14) 0.39%04 1.0229 0.9653 6.3
H{15) 0.4675 1.0722 0.7931 7.2
H({16) 0.5628 1.0236 0.8122 7.2
H{17) 0.4606 0.7141 0.0685 5.5
H(18) 0.5228 0.7156 0.9906 5.5
H(19) 0.6210 0.80084 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

Boq is the mean of the principal axes of the tharmal ellipsoid.



Table A-1 Positional parameters and B(eq) for [(lmcyclen)Co(nE-N,O-banzamida)}(C|O4)2- 2H20 (cont).

atom x y z B{eaqg)
H(23) 0.5539 0.9815 0.6167 €.7
H{24) 0.4850 0.9155 0.5843 6.7
H({25) 0.2755 0.7833 1.04354 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 0.9551 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) 0.278(3) 9.8
0(13) 0.771(2) 0.832(1) 0.221(2) 9.8
0({14) 0.719(2}) 0.524(1) 0,428 (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) 14.7(3}
0{10) 0.311(1} 0.9002 (6) 0.376(2) 10.7(3)
011} 0.351(1) 0.795(1) 0.491(2) 10.7(3)
0(16) 0.238(2) 0.855(1) 0.274 (1) 10.7
0(17) 0.376(1) 0.8049(1) 0.411(2) 10.7
0(18) 0.210(2) 0.864(1) n.488(2) 10.7

0(19} 0.260(2) 0.7522(7) 0.401(2) 10.7

Table A-2 U values for [(tmcyclen)Go(nQ-N.O-benzamida)](CIO4)2- 2H20.

atom vil va2 U33 . vl2 U1l va3

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) n.039(4) 0.009(4) -0.004(3) ~0.006(3)
0{2) 0.082(T 0.098 (7} 0.083(") -0.008(6) =0.013(6) 0.005(6)
0{3) 0.1401) 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)
Ni2) 0.054(6) 0.049(6) 0.042(5) -0.004(5) 0.012(5}) «0.010(4)
N(3} 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)
ci{2) 0.09(1) 0.08(1) 0.045(7) -0.011(8) ~0.000(7) =0.027(7)
C{3) 0.07{1) 0.072(8) 0.036(6) f0.0ll(T) =~0.015(6) =-0.011(5)
C4) 0.060(8) .. 0.10{1) 0.047(7) --0.001(8) 0.003(s) 0.007(7)
cis) 0.067(9). ' 0.045(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(mn 0.055(7) 0.085(9) - 0.062(7) -0.005(8) 0.021 (6} =0.005(7)
c(8) 0.076(5) 0.10(1) 0.047(7) -0.027(8) 0.027(8) 0.000(8)
C{9 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{11} 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(S)
C{14) 0.052(9) 0.12(1) 0.052(8) -0.025(8) =-0.009(6) 0.016(8)
c{15) 0.052(8) 0.12(1) 0.061(8) =0.00(1) 0.008(7) 0.03(1) >~
g{ig; g gzg(a) 0.09(1) 0.07(1) 0.014(7) 0.010(6) 0.011 (8)

N 0.074¢(7) 0.051(7) -0.000(7) ~0.007(8) 0.016(6)
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Table A-3 Intramolecular Distance Involving the Nonhydrogen Atoms

atom
Co
Co
Co
Co
Ce
Co
Ce
cl{1)
cl(l)
Cci(l)
Cl(1)
Cl(1)
Ccl(1)
Cl{l)
Cl{l)
Cl(2)
Cil(2)
Cl{2)
Cl(2)
€1{2)
€l{2)
Cl(2)
CLl(2)
o{l)
H(l)
N(l)
o(7)
o(7)
o(e)
0(9)
©(9)

atom
0(1)
N{1)
N{2)
N{3}
N({4)
N:5)
c{11)
0(4)
0(5)
o{6)
o™
0(12}
013}
0(14)
0(15)
o(8)
o9
o{10)

“o11)

0(l¢)
0{17)
0{18)
0(1%)
C{l1)
c(l)

c(8)

o{12)
0(15)
0(18)
0{16)
0(1%)

diatance

1.930(7)
.993(9)
.920(9)
.913(9)
.002(8)
.895(8)
.31(1)
-.47(1)
A7 (1)
.44 (1)

[ S . T R NI R

.38 ()
49(2)
.60(2)
.21(2)
.52 (2)
-43(2)
-35%(2)
.401)

-

.55(2)
.51(2)
.40(2)
.42 (2)
.44(1)
.28 (1)
.54(2)
.48(2)
67T
-06{3)
L77(3)
+39(3)
1.28(3)

T - T T S O Y I T e O R T N R~ S Sy )

atom
N(l)
N(2)
N(2)
N({3)
N(3)
N({4)
N(4)
N(4)
N(5)
c{l)
c()
c(5)
<7
C(ll)
C{12)
c(12)
C{13)
cl4)
C{15)
C({16)
o4)
o)
0(5)
0 (5)
o(s)
o(6)
0(10)
0(10)
0{11)
01(11)

aton
c(9)
c(2}
C (3}
C (6}
cm
c{4)
c{5)
C{10}
Ci(ll)
c(2)
C(4)
c (6}
C(8)
c(12)
Cc(13)
ca
c{14)
C (15}
C(16)
C{17)
0{13)
C(14)
0{14)
0{15)
0(12)
0{14)
0(16)
o
onim
0{19)

distance

1.
1.

-

B e e e e s

T T - T N T R e

1.
1.
1,

1,

47(2)
45(2)

.52(1)
.46(2)
.44 (2)
+51(1)
.49(1)
.48 (2}
«32(1)
.51(2)
.50(2)
.49 (2)
.51(2)
.49(1)
.35%(2)
.39(2)
.38(2)
.32(2)
37(2})
.37(2)
-93(3)
LT4(3)
17(3)
.68(3)
-16(3)
1.

62(3)
68(3)
33(2)
s
T2{3)



atom
ol
o)
o(l)
0(1)
o(l)
0(1)
N{l)
N{l)
N(l}
N(1)
N(l)
N{2)
N{2)
N(2)}
N(2)
N{(3)
N({3}

N(3)

N{4)
N (4)
N{5)

0(‘)_
o)

o(4)
0(4)
o (4)
o0(4)
o4)
o(5)
o(S)
0(5)
0(5)
LILY)
os)
o(6)

Table A-4 Intramolecular Bond Angle involving the Nonhydrogen Aloms

atom

Co

Co

Co

Co

Co

Co

Co

Co

Co

Co

Co

Co
Co
Co
Co
Co
Co
Co
Co
Co
Co
cl{ly
Cl{1})
Cl{l)
Cl{1)
Ci(l)
Cl{1)
Cl(1)
C1{1)
Cl(l)
€141}
Cl(l)
€l{l)
ciqQl)
€1{1)

atom
N(l)
N (2}
N(3)
N (4}
w(5)
C{1ll)
N(2)
N{3)
N{4)
N(5)
C(il)
N(3)

N(5)
c(il)
H(4)

- N(5)

c{1l)
N(5)
C(1l)
c{11)
o(5)
o(6}
o7
0{12)
o013}
0(14)
0(15)
0(6)
o{7)
o12)
01y
0{14)
o{15)
o(7)

angle
95.3(3)
93.9(3)
166.2 (3)
94.7(3)
68.2(3)
33.6(3)
85.7(4)
85.8(4)
167.4 (4)
96.1(4)
95.5(4)
99.9(4)

N(4), "+ 96.0(4)

162.1(4) -
127.4(4)
86.3(4)
98.0 (4)
132.7(4)
94.6(4)
97.0 (4)
34.7(3)
105.9(9)
107.8(9)
110.9(8)
106 (1)
s
80(1)
127(1)
107.8(8)
110.9(9
144 Q1)
116 (1)
51(1)
68(1)
113.1(9)

atom
o(6)
o(6)}
0(6)
o(6)
a(7)
o{mn
0(7)
o7

. 012)

0(12)
0(12)
0(13)
0(13)
0(l4)
o8}
o(8)
o(e)
0(8)
0(8)
o8
o{8)
o8}
0(9)
{9
o(9)
o(9)
o(5)
0(190)
0{10)
©(10)
©{10)
o{10)
o111}
o(11)

©(11)

atom
Cl{1)
C1{1}
C€1{1}

T Cl{1)

c1(n)
Cl{l)
Cl{l)
Cl(1)
Cl{l)
Cl(1)
C€l{(1)
Cl{l)
Cl{l)
ci{1)
Cl{2)
Cl{2)
Cl(2)
€1 (2}
Cl(2)
Cl{2)
Cl{2)
cl{2)
Cl{2)
Cl{2)
Cl{2)
Cl(2)

- C1(2)

€l1(2)
Cl{2)
Cl{2);
Cl(2)
Cl(2)
ci{2)
Cl{2)
Cl{2)

atom
Q(12)
0(13)
0{14)
0(15)
0(12)
©(13)
0(l4)
0({15})
0(13)
0(14)
0{ls)
0{1l4)
0{18)
©{15)
o(9)
0(10)
o(ll)
o(16)
o
0(18)
©{19%)

‘0(10)

0{11)
0{16)
o(17)
0(18)
0(19}
0(11}
Q(16)
o)
0(18)
0(19)
0(16)
o7y
0{18)

angle
47(1}
128(1)
75(2)
124(1)
71(1)
76(1)
161 (1)
43(1)
89 (1)
121 (2)
103(1)
113(1)
98 (1}
119(2)
113(1)
113(1)
104 (1)
1004(1)
141 (1)
31(1)
84{1)
115(1)
106 (1)
57(1)
105(1)
142(1)
54(1)
106 (1)
70(1)
57(1}
86(1)
163(1)
155(1)
54(1)
58 (1)

iv
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Table A-4 Intramolecular Bond Angle Involving the Nonhydrogen Atoms. {cont)

atom
0(11)
0(16)
0(16)
0(16)
L Ie )]
0(17}
o(ig)
Co
Co
Co
Co
c(l)
cil)
c(8)
Co
Co
ci2)
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)
Ny

atom
c1(2)
Cl{2)
Cl(2)
cl({2}
cl(2)
Cl(2)
C1(2)
01}
N(l)
N(l)
H({l)
N{l)
N(l)
N(l)
N(2)
N(2})
N(2)
N(3)
N(3)
N({3)
N{d)
N(4)
N{4)
N{d)
R{d)
N(4)
N{5)
c(1)
C(2)
c(3)
C(4)
c(5)
€(6)
cin

atom
0{19)
oQ1M
0(lE)
0(19)
0(18)
0(19)
0{19)
c{11)
c(l)
c(8)
c(
c(®)
C(9)
c(9)
c(2)
C(3)
C(d)
c(6)
cmn
cm
C{4)
c(5)
co
c(5)
c{10)
C{10)
C{il)
€{2)
¢
cd)
C(Y)
c(6)
c(s

C(!)‘

angle
70(1)
108 (1)

107{1)

106(1)

113(1)
112(1)
111(1)
89.9(86)

106.
10s.
116.
108.

108

106.
106.
113.
110.
110.
116.
107,
106.
1117.
108.
109.
107.

47
8(7)
8{7)
5(9)

-5(9)
105.

6(9}
(N
0¢(6)
B (%)
6(7}
7(7}

219

on
1(6)
4N
{9
79
6(9)

50.3(8)

109(1)
104(1)

103,
110.
109.

2(9)
o
3,

1064(1)

106 (1)

atom
N(l)
Co
Co
Co
Q(1}
o{1)
N{5)
cQl)
C{11}
C{l3)
C{12)
C{l3)
C(l4)
Ci{l5)
c(l2})
cl(l)
Ci{l)
0(13)
cl{l)
ci(1)
o{14)
Cl{1)
Cl(1)
0{12)
Cl(1)
Cl(1)
0(12)
Ci{(1)
cl(l)
0{6)
Cl{l)
Cl{1)
€l(l)
Cl{1)

atom
C(B)
c(11)
C{1ll)
C(1ll)
c(11)
C(il)
C(1ll)
c{12)
C{12)
C{12)
c{13)
C{l4)
C(l5}
Cc(16)
c{m
0(4)
0{4)
O(4}
0(5)
0(5)
0(5)
0(6})
O(6)
0 (6)
0 (7)
07}
o(7)
o(12)
0(12)
0{12)
(1)
C(14)
0(14)
o(l4)

atom
c(?)
0(1)
N({5)
c{12)
N(5)
c(12)
\C(12)
€(13)
c(17)
cin
C{1l4)
C{15)
C(16)
C(17)
C{16)
0(13)
0(l4)
0(14)
Q(l4)
0(15)
©(15)
0({12}
0(l4)
o(l4)
0(12)
0(15)
0(15)
0(§6)
o)
oM
o{4)
C(4)
0{5)
oi(6)

angle
109(1)
56.6(5)}
55.0(5)
175.7(8)
111.5(9)
120.9(9)
127.6(9)
123 (1)
118.5(9)
118(1)
118(1)
122(1)
1201}
12141}
120(1)
80(2)
43.1(%
120(2)
53{1)
57.0(9)
11042)
€9(1)

46 (1)
114(2)
57(L)
76(1)
118(2)
€4(1)
51.6(8)
111(2)
€5(2)
57(1)
76(2)
59(1)



Table A-4 Intramolecular Bond Angle Involving the Nonhydrogen Atoms. (cont)

atom
o4
©(4)
oS
CL()

ci(1)’

0 (5}

C1(2)
Ci(2)
Cl(2)
0{1¢)
Cl(2)
Cl(2)
0{16)

atom

0{14)
o(14)
0(14)
0(15)
0(15)
0(15)
o(8)
o
0(9)
0(9)
o(10)
0(10)
0(10)

atom

0(5)
0 (6}
0(6)
0(5)
0(7)
0(7)
0(18)
0(16)
0(19)
0(19)
"0(16)
0(17)
0(17)

‘j;;n

anglo'
106 {2}
89 (1)
113.%)
54.5(9})
62{1)
116 (2)
13(2)
€5(1)
65(1)
123(2)
57.8(9)
62(1)
102{1)

atom

Cl(2)
Cl(2)
o{1n
Cl(2)
Cl(2)
o9

Cl(2)
Cl(2)
0(10)
cil{2)
Cl(2)
Cl(2)
0(9)

atom

0(11)
0{11)
0(11)
0(16)
0(16)
0(16)
0017
0(17)
0(17)
0(18)
0{19)
0{19)
0(19)

atom

o1
0(19)
0(19)
0(9)

0(10)
0(10)
0(10)
0(11)
0(11)
0(8)

0(9)

o1y

o1

angle

57.1(9)
52.0(7)
99¢(1)
57(1)
51.7(8)
100 (1)
61.5(9)
68 (1)
122 (2)
76 (2)
61 (1)
§7.7(9)
102(1)
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B. X-ray Structure Determination of [(trpn)Co(III){(n2-0,0-B-ala)]
(C104)3-H20

Table B-1 Positional paramelers and B(eq) for [(trpn)Co(nz-O,O-[}-ala)](CIO4)3- H»0

atom x ¥ z B{eq)
Co{l) 0.8606(2) 0.2047(1) 0.6521(2) 3.9(1)
o(1) 0.8€682(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(l) 0.743(1) 0.2153(9) 0.653(1) 54{1)
N{2} 0.579B(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(l) 0.871(1) 0.060¢1} 0.701{1) 5(1)
c{2) 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)
C(5) 1.006(1) 0.191(1) 0.498(2) 6(1)
c(6) 0.%17(1) 0.184(1) 0.473(1) 6(1)
c{7) 0.702(1) 0.252(1}) 0.582(2) T(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(l0) 0.866(1) 0.315(1) 0.698(1) 4(1)
C(11) 0.868(1) 0.386(1) 0.724(1) 6(1)
c{12) 0.84141) 0.435(1) 0.652(2) 6(1)
cl(l) 0.1070(3) 0.1357(2) 0.2435(4) 5.6(3)
Cl{2) 0.5299(3) 0.1119(2) 0.6082(3) 6.1(2)
€l (3) 0.1708(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(%) 7.31(3)
o) 0.072(1) 0.0972(8) 0.176 (1) T.1(3)
o(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) 0.04238(9) T
o(11) 0.2137(6) 0.0244 (&) 0.6676(7) 8.5(5)
0(12) 0.0844(3) 0.0684 (6) 0.6324(7) 10,3(5)
0(13) 0.1858 (M) 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) 0.086(3) 0.211(1) 0.258(3) 7.1
04{17) 0.192(2) 0.123(2) 0.248(3) 7.1
o(18) 0.071(3) 0.119(2) 0.164(2) 7.1
o(189) 0.066(3) 0.105(2) 0.319(2) 7.1

Bggq is the mean of the principal axes of the thermai allipsoid.



atom

Co (1)
0(l)
0(2)
N{l)
N (2}
N {3}
N (4)
N(5)
c(l)
c(2)
c(3)
c{4)
c{5)
C{5)
c(7)
c(8)
c(9)
c(10)
C(11)
€(12)
0{10)
€l (1)

Table B-3 Caiculated hydrogen parameters and B{iso) for [(lrpn)Co(nzo.O-B-ala)}(GIO4)3-

Table B-2 U values for [{trpn)Co{n2-0,0-B-ala))(ClO4)3- H20

ull

L0485 (2)
.052(9)
L0558 (9)
L05(1)
.04 (1}
L05(1)
L05(1)
.07(2)
.10(2)
06(2)
.06{2)
L06{1}
.04 (1)
.11 (2}
06(2)
.07(2)
07(2)
.06(2)
07(2)
07 (2)
.08(1)
.076 (4)

0000000000000 000000OOO

H(l)
H{2)
H{3)
H{&)
H(5}
H(6)
H(T)
R{8B)
K{9)
R{10)
H{11)
H{l2)
H{13)
H(14)
H(15)
H(16)
H{17)
K(18)
H(19)
H{20)
H(21)
R(22)
H{23)
H{24)
H{28)
H{26)
HE@2ZN
H(28)
H{29)
B(30)
H(31)
R{32) .
H(3d)

Hydrogen atom posttions calculated assuming C/ N-H distance of 1.0

vz22

0.051(2)
0.06(1)
0.062(%)
0.08(1)
0.07(1)
0.03(1)
0.07(1)
0.08(1)
0.04(1)
0.06(2)

0.06(2) -

0.0441)
0.08(2)
0.07(2)
0.11(2).
0.09(2)
0.07(2)
0.03(1)
0.07{2)
0.04(1)
0.09(L)
0.071(4)

0300000000
®
=
~3
-«

0.2010

033

0.048(2)
0.054(8)

CWALTARO Qb
=
[N

a0
[
—

Yy

0.1710
0.2374
0.2202
0.1515
0.1369
0.1271
0.3971
0.4691
0.4591
0.0836
0.0292
-0.0010
0.0552
0.0678
0.0824
0.1733
0.2395
0.1452
0.2100
0.2736
0.2249
0.3910
0.3962
0.2405
0.2987
0.1517
£0.1373
0.4778
0.4194

0.2343

0.2647
0.0636
=0.0163

vz

-0.002 (2}
=-0.003(9)
0.013(8)
=-0.00(1)
«0.00(1)
=0.00(1)
-0.01(1)
0.01(1)
-0.00(2)
-0.01(1)
0.00(1)

0.6533
0.7068
0.7114
0.6623
0.7767
0.7481
0.5590
0.5369
0.6068
0.7000
0.7410
0.5944
0.6065
0.4020
0.5470
0.4159
0.4696
0.5053
0.4520
0.5770
0.5946
0.7735
0.7397

0.5826

0.5921
0.431¢
0.5225
0.6786
0.6270
0.4473
0.4764
0.0929
0.0442

Biso is derived from U of the bonded atom plus 0.01.

y

ul3

0.000(2}
=0.001(8)

~0.00(1)
0.02(1)
0.00(1}
0.00(1)
=-0.02(1)
0.03(1L)
-0.01(2)
0.02(1)
=0.02(1)
-0.00{1)
0.01(1)
0.03(2)
=0.02{(2)
=0.03(1)
-0.02(1)
-0.01(2)
-0.01(1)
0.03(2)
0.01(1)

-0.005(3)

Biso

A

v23

.002(2)
.003 (8}
.014 (8)_
.03(1} -
.01 (1)
.012(8)
.01(1)
.02(1)
.02(1)
.01 (2)
.01(1)
.01 (1)
.03 (2)
.01 (1)
.02 (2)
01 (2)
.01¢1)
.011¢1)
.03/'1)
.01:1)
03(1}
0.

004 (4)

Hz0
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Table B-4 Intramolecular Distance Involving the Nonhydrogen Atoms

atom atom distance atom . atom distance
Co{l) ©{1) 1.94(1) e(11)  c©12) 1.52(3)
Co(l) 0(2) 1.93(1) . Cl(1) o(16) 1.45(3)
Co(l) N(1) 1.94(2) Se1(1) o1 1.43(3)
. Co(l) N(2) 1.96(1) ¢c1(1) 0(18) 1.40(4)
Co(l) N(3) 1.91(1) cl(1) 019 1.48(4)
Co(l) N(4&) 2.00(2) C1(1) ©O(6) 1.40(2)
Co(l) C(10) 2.30(2) Cl(1) o(7) 1.44(2)
0(1) {10} 1.30(2) Cl(1) o(8) 1.45(2)
0(2) c(10) 1.25(2) C1{1) 0(9) 1.46(2)
NQ1) () 1.45(3) C1(2) 0(3) 1.44(1)
N(2) C(4) 1.49(3) Ci(2) O(4) 1.440(7)
N(3) C(1) 1.45(2) Ci(2) 0(5) 1.44(1)
N(4)  C(3) 1.48(3) ci(2) oqs) 1.440(8)
N{d) C(6) 1.49(3) C1(3) 0(11)  1.44(1)
N(4) C{9) 1.53(3) C1(3) 0(12)  1.440(7)
N(S) €{12) 1.46(3) c1(3) o0(13) 1.440(8)
c(l)  ¢(2) 1.54(3) SCl(3)  0(14) 1.440(9)
_ c2 oM 1.49(3) 0{16) 0(8) 1.65(5)
’ cC) c(s) 1.49(3) ) 0(16) 0(9) 0.98(5)
C{S)  C€(6) 1.51(3) 0{17) 0O(E) 1.47(5)
c(7)  C(8) 1.56(3; o(17) 0(8) 1.29(5)
C{8} c(9 1.45(3) 0(18) 0(7) 0.47(4)
€{10) c(11) 1.45(3) 0(18) O(6) 1.11(5}

“



Table B-5 Intramolecular Bond Angle Invelving the Nonhydrogen Atoms

atom
o(16)
0(16)
0 (16}
0(16)
0(17)
o{17)
017}
0(17)
0(17)
o
©(18)
o(18)
0(l8)
o(18)
0{18)
0(1%)}

T 019

0(19)
0(19)
0(6)
0 (6}
o(6)
o7
o(7)
0(8)
0(3)
0(1)
o(1)
0(1)
0(1)
0{l)
0{1)
0({2)

F 02}

o(2)

atom

Cl(1}
Cl(l)
Cl¢1)
Cl(1)
Cl(l)
cl(l)
Cl(1}
Cl(l)
Cl(1)
Cl{l)
Cl(1)
ci()
c1}£)
€101)
cl
Cl{l}
cl(l)
cl{l)
Cl(1)
Cl(1)
€l(1)
Cl(1l)
Cl{l)
Cl(l)
€1Q1)
Ci(2)
Co(l)
Co(l)
Co(l)
Co(l)
Co{l)
Co(l)
Co(l}
Ce(l)
Co{l)

atom
0(6)
o
0(8})
0{9)
0(18)
0}19)
0(6)"
e(7)
0(8)
01{9)
o9
0 (6}
o7
o(8)
0(%)
0(6)
o7
of(8)
0(9)
(1)
o(8)
01(9)
o8}
o(%)
o0(9)
0(4)
0(2)
N(1),
N({2)

" N(3)

N(4)
c{10)
N({l)
N(2)
N{3)

angle
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)

8B (2)
45(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)
34.3(6)
87.2 (6)
85.8(6)
92.8(6)

2

atom
0(3)
o(3)
0{4)
o4
o(5)
0(11)
o(1l)
0(11)
0(12)
o(l2)
0(13)
Cl{l)
Cl{1)
o(8)
Cl{l)
Ccl{l)
0(6})
€l(1)
ci(h
€l (1)
Cl(1)
0(17)
Cl(1)
€11}
cl(l)
0{16)
Co{l)
€o (1)
CO}I)
C(3)
c{3)
c(6)
N{3)
C{1)
N{4)

atom
c1(2)
c1(2)
C1(2)
cl(2)
cl(2)
€1(3)
C1(3}
c1(3)
€1(3)
€1(3)
€1(3)
01(16)
0(16)
01{16)
oM
0(17}
07
0(18)
0(1%)
0(6)
0($)
0(6)
0{7)
0(8)
0(8)
0(8)
N(4)
N(4)
N(4)
N{4)
N(4)
N{4)
Cc(1l)
c(2)
C(3)

atem
0(5)
0(15)
o(s)
0(15)
0(15)
0{12)
0(13)
0(14)
0{13)
0(14)
0(14)
0(8)
0(9)
0(9)
o{6)
o(8)
0(8)
0(™)
0(6)
oam
0(19)
0(15)
0(18)
0(16)
017
0(17)
c(d)
c(6)
c(9)

c(6)

c{9)
C(5}

c(@2) -

c(3)
c{2)

angle

109.
109,
" 109.
109.
109.
.5(6)
.5(6)

109
109

109.
AT

109

109,
109.

5(7)
5(M
4(8)
4(7)
4

5(6)

47
4 (6}

56 (1)
T1(2)
125(3)
58 (1)
64 (2)
117 (3)

- 85(5)

64 (2)
60(2)
71 (2)
130(3)
76 (5)

55 (1)
€3(2)
106 (2)

114¢1)

109 (1)

110 (1)
111 (2)

107 (2)
105 (1)
111 (2)
112(2)
118(2)
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Table B-5 Intramolecular Bond Angle Invelving the Nonhydrogen Atoms. (cont)

aton

0(2)
0(2)
N{l)
N{l)
N{1)
N{l)
N(2)}
N (2}
N(2)
N{3)
R{3)
N(4)
Co(l)
Co{l)
Co(l)
Co(l)
Co{l)
Cl (1)

aton

Co(l)
Co(l)
Co(l)
Co{l)
Co(l)
Co(l)
Co{l)
Co{l)
Co{l)
Co (1)
Co (1)
Co{l)
o(1)
0(2)
N(l}
N(2)
N(3)
o(9)

atom

N(4)
c(10)
N(2)
N(3)
N(4)
c(10)
N(3)
N (4)
c{10)
N(4)
c(10)
c(10)
c10)
co0)
ctmn
c(4)
c(1)
o(16)

angle

167.5(6)
33,
175.9(7)
80,
82.
86.
69.
8l.
90.
99.
125.8(7)
134.5(7)

0(6)

8(7)
7N
1(8)
3M
am
6(7)
7(6)

88 (1)
950(1)
120(1)
115(1)
124(1)
701(2)

atom

N(2)
C{4)
N({4)
N{l)
c(7)
N(4)
Co (1}
Co (1}
Co(l)

“O(1)

0{1)
0(2)
c(10}
N(5)
0{ls6)
o(16)
o(16)

atom

c{4)
c{5
c{6)
cm
c(8}
c{9}
C{10)
c{le)
c{l0)
c{l0)
C(10)
C{10)
c(1l)
c(12)
Cl{l}
c1(1)
Cl{l}

atom

C(5)
Ci(6)
C(5}
c(8)
c{9)
c(B)
o(1)
0(2)
C(1l)
0(2)
C{1il)
C(ll)
c{12)
c(1l)
o)
0(18)
0(19)

angle

111 (2)
113(2)
115(2)
110 (2}
112(2)
116 (2)
5775(9)
57.0(9)
178(2)
114(2)
12142)
125(2)
114(2)
111(2)
110(3)
111(3)
107(2)

xi



