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ABSTRACT 

Conventional anticonvukant drugs s a e r  nom serious drawbacks. They are 

effective in only 60.65% of patients, their use is associated with significant side-effects in 

4045% of patients, and they treat the symptoms of epilepsy (ie. seizures, ictogenesis) but 

not the underlying disease process (ie. epileptogenesis). The need for a useful 

antiepileptic drug, defmed as efficacious, non-toxic, anti-ictogenic and antiepileptogenic, 

is thus a neuropharmacologic priority. To meet that need, an unprecedented rationai dmg 

design strategy, based solidly on a mechanistic understanding of neurotransmitter and 

neural metal mediated inhibition, has been used to design antiepileptic agents with hybrid 

anti-ictogenic/antiepileptogenic ûctivity. 

A survey of the pathogenesis of epilepsy has revealed that: i) the neurochernical 

aetiology of epileptogenesis (epilepsy focus generation) &ses fiom an altered ratio of 

excitatory/inhibitory neurotransmitter stimulation, and ii) ictogenesis (seizure generation) 

and epileptogenesis are distinct phenornena which act as recipmcal detenninants. Thus, 

the discovery of an antiepileptic dnig was postulated to involve the design and synthesis 

of molecules with combined anticonvulsant and antiepileptogenic properties that exploit 

agonists and antagonists of inhibitory and excitatory neurotransmitters, respectively. 

M e r  extensive literature evaluation, p-alanine was identined as a prototype anti- 

ictogenic/antiepileptogenic neurotransmitter analogue which denves its biological 

activity from simuitaneously (i) inhibithg excitatory processes via antagonism of the 

NMDA receptor glycine CO-agonist site and (ii) stimulating inhibitory processes via 

blockade of glial GABA uptake. This presumably accounts for p-alanine's anti- 



ictogenic/antiepileptogenic activity, confirmed using the Spontaneous Recurrent Seizure 

(SRS) model of epileptogenesis. Consequentîy, a versatile, novel synthesis was 

developed to manufacture p-alanine analogues: allryl P-aminothiophenecarboxylates were 

N-acylated, reductively desulfurized and doubly deprotected to yield a- or P-substituted 

p-amino acids in reasonable yield. Four of eight p-amino acids demonstrated anti- 

ictogenic activity in rat seinire models. Furthemore, a-(4-phenylcyclohexyl)+ 

alanine HCI, anti-ictogenic at ip doses of 50 mgkg, demonstrated significant 

antiepileptogenic activity in the SRS model, reducing seizure fiequency by 80%. The 

design of congeners with optimal antiepileptic activity was also proposed. 

The second approach to the design and synthesis of antiepileptic h g s  was based 

on neural metai mediated inhibition. Zn@) metalloenzymes mediate neurotransmitter 

synthesis and degradation. Abstraction of brain Z n 0  initiates a cascade of biochernical 

events resulting in a decrease of L-glutamate levels and an increase in GABA levels. This 

may have an antiepileptogenic effect. On the other hand, anti-ictogenic nctivity is effected 

by Cu(I1) supplementation. Since combined anti-ictogenic/antiepileptogenic activity is 

required in a useful antiepileptic h g ,  C u 0  complexes of cyclic dipeptides were 

designed and synthesized to translocate Cu@) across the blood-brain-barrier, release it, 

then chelate and remove Zn@). Two compounds, chloro(cyc[o-L-methionyl-L-phenyl- 

alaninato)copper(II) hydrate and chlorobis(cyclo-L-leucyl-L-rnethioninato)copper~ 

dihydrate, demonstrated in viîro ability to translocate C u 0  and Zn@) across a 

membrane. Both compounds displayed anticonvulsant activity in the MES seizure model 

at ip doses of 100 mgkg. A determination of antiepileptogenic activity is pending. 
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STATEMENT OF ORIGINAL CONTRIBUTION 

This document contains a number of original contributions to the field of 

medicinal chemistry and antiepileptic drug design. 

Chapter 2 reports: 

a presentation of the neurochemical basis of ictogenesis and epileptogenes 

the first proposa1 of p-arnino acids as combined anti-ictogenic/antiepileptogenic 

agents which antagonize GABA uptake and NMDA glycine site mediated excitation 

simultaneously. 

a tabular cornparison of the 26 most usefùl p-amino acid syntheses in ternis of 

efficiency and reaction scope (i.e. number of synthetic steps, total yield, substrates, 

backbone substitution modes, advantages, disadvantages and chiral selectivity). 

the design of a novel four step synthesis of p-amino acids involving the Raney nickel 

desulfûrization of alkyl acetarnidothiophenecarboxylates. The new synthesis is 

unparalleled in reaction scope and utility as an analogue synthesis of p-amino acids. 

the synthesis of 17 diprotected p-amino acids and 8 unprotected p-amino acids 

(6 novel) using the new protocol; 50% of the unprotected p-amino acids displayed 

anticonvulsant activity in animai modeIs. 



the discovery of a-(4-phenylcyclohexy1)-fkûanine hydrochloride salt as a P-amino 

acid with significant anticonvulsant activity (active in >2/4 rats at a dose of 50 

mg/kg)* 

the first determination of hybrid anti-ictogenic/antiepileptogenic activity using the 

Spontaneous Recurrent Seizure mode1 of epileptogenesis: p-alanine and a-(4-phenyl- 

cyclohexy1)-P-alanine hydrochlonde salt demonstrated significant hybrid bioactivity. 

the proposai of a p-amino acid analogue series, a-[1-arylmethyl-a-(diaryl- 

methoxy)alkyl]-P-alanines, where afEnity to the GABA uptalce receptor and the 

NMDA glycine CO-agonist site is optimized or maxirnized. As a consequence, anti- 

ictogenic/antiepileptogenic potency should be enhanced. 

the first proposal of p-amino acids as putative therapeutic agents for stroke, AIDS 

dementia, psychosis, Huntington's chorea, Alzheimer's disease, head trauma, 

Parkinson's disease, SUlXiety, pain, schizophrenia, wound healing and some forms of 

cancer. 

Chapter 3 reports: 

the synthesis and anticonvulsant activity of 9 Zn@) complexes and 9 Cu@) 

complexes to assist the design of a Cu(II)/Zn(II) chelator. 

the design and synthesis of two methionine containhg cyclic dipeptides as Cu(@ 

releasing agents in the CNS; chloro(~clo-~-rnethionyl-~-phenyIalanitlato)Cu(II) 

vii 



hydrate and chlorobis(~ydo-L-leucy1-L-methioninato)Cu(II) dihydrate were 

synthesized. 

the synthesis and X-ray crystd structure detemination of bis(5,S-diphenyl- 

hydantoinato)diarnminez.inc(II) hemihydrate; this has been published in Acta Cryst. 

CSl, 1297-1300 (1995). 

the fust semismpincal AM1 rnolecular orbital study of Zn(I1) - phenytoin 

complexation. 
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CHAPTER 1 

INTRODUCTION 



Epilepsy is a progressive, chronic brain disorder charactenzed symptornaticdly by 

recurrent seizures which arise nom excessive electrical discharge in the epileptic 

brain [l]. The disorder has nurnerous causes and often strikes early in life (Figure 1.1) 

thereby impairing the epileptic's ability to become an integnted, productive member of 

society. The global rate of incidence is 1.3% [2] and increasing. Sadly, the epileptic 

condition has no medical 'kure" and conventional treatments are less than satisfactory. 

Current anticonvulsant dmgs effectively suppress seizures in only 65% of patients [3] and 

40-45% of these patients experience significant toxic side-effects [4]. Thus, the design 

and synthesis of novel, eficacious antiepileptic drugs emerges as a neuropharmacological 

priority. In particular, there is a need to rationaily develop new drugs which are not only 

seinire-suppressant but are antiepileptogenic - drugs that will achially treat the 

underlying epilepsy. 

The primary symptom of epilepsy is seinues. Thus, any drug rationally designed 

to suppress seizures necessarily requires an understanding of seinire pathogenesis. 

Seinues originate when two or more neurons formîng an epileptic focus hyperexcite and 

randomly fue. As adjacent neurons are affected, aberrent electrical activity spreads into 

the surrounding cortex. The initiation and propagation of the seinire (Lat.n=ictus) in time 

and space is known as ictogenesis; it is a rapid, electncal, chemicai event which occurs 

over seconds or minutes. Ictogenesis involves an excitatory upregulation of ordinary 

neuronal communication. 



Figure 1.1: Causes of seizures and epilepsy by age 
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In normal neurons, communication proceeds via electrical trsu1smission known as 

the action potential (Figure 1.2). This is an electricaVchemical process dependent on 

voltage- and receptor-regulated macromolecular ion channel proteins. A neuron at rest 

possesses a transmembrane charge asymmetry of 65 millivolts with the intracellular 

cornpartment being negative with respect to the extracellular cornpartment. Electrical 

stimulation opens voltage-regulated ion channels and permits ~ a +  ions to enter the 

neuron. This produces a local depolarization in the transmembrane po tential and induces 

conformational change in the adjacent ~ a +  channels. Consequently a wave of 

depolarization travels dong the neuron uutil it reacbes the terminal bouton where the 

voltage-gated ca2+ channels open; this mediates the release of neurotransmitters which 

diffuse across the synapse and dock with receptoa on the adjacent neuron. Excitatory 
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Figure 1.2: Representation of sy napsis 

neurotransmitters, such as glutamate or aspartate, dock with and open postsynaptic 

receptor-regulated ion channels. This permits cations to enter the postsynaptic neuron and 

reestablishes the process of electrical excitation. In epileptogenic neurons, this 

mechanism is recruited into producing the paroxysmal electricai activity resulting in 

seizuses. 

Seizures promdgate fiom epileptogenic foci - collections of neurons 

predisposed to hyperexcitability. Epileptogenic foci develop via a graduai process 

(months to years) whereby nomal brah is transfomed into a state susceptible to 

spontaneous, episodic, time-limited recurrent seimes. A causal factor (ie. brain insuit) 

initiates focal, ictal predisposition by lowering the normal seinire threshold. Evidence 

suggests that an irnbalance in the concentration of inhibitory (y-Euninobutyric acid) and 

excitatory (glutamate) neurotransmitters is responsible [6,7j. Eventudly a seinire occurs 

resulting fiom a matured epileptogenic focus. Often the seinws become more fiequent 

and more severe over tirne. The locale of focal ongin fiom which abnormai electncai 



activity spreads produces behavioural manifestations at the clinical level dependent on 

the function of the source neuroanatomical region. Seinires may be classified 

accordingly . 

When ictogenesis is restricted, partial seizures ensue and may be subdivided into 

three subgroups: simple, complex and secondarily generalized. Simple partial seinues 

may emerge from any part of the cortex, however, the frontal lobe (motor cortex) is a 

common point of origin. These seimes are associated with jerking movements and 

normal consciousness is maintained. Complex partial seimes, usuaily originating in the 

temporal lobe, are associated with an altered state of consciousness complete with various 

automatisms. Finally, either a simple or complex partial seinw rnay progress secondarily 

to a generalized tonicîlonic seinire [8]. 

When ictogenesis spreads ssimultaneously and equally throughout both 

hemispheres of the brain, primary generalized seizures occur. Classically tenned grand 

mal, primary generalized tonic-clonic seizures occur with a sudden vocalization (the 

epileptic cry), loss of consciousness, tonic extensor rigidity of the tnink and extremeties, 

clonic movements and heavy stertorous breathhg. Absence seinues, formerly petit mal, 

are characterized by brief, vacant staring with minimal motor accompaniment; they 

probably emanate f?om the diencephalon region of the brain. Myoclonic seizures are 

associated with sudden clonic jerking. The incidence of particular seizure types is shown 

in Table 1.1. 

ffiowledge of a particular s e i m  typt is useful in selectiag appropriate h g  

therapy since current dnigs are seinire specinc. Still, therapeutic success varies 



Table 1.1: Incidence of seinire types 
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Simple partial 
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Incidence (%)' 

a. Distribution fiom a sarnple of 1005 patients with epilepsy [IO]. 

depending on the seinire type. For example, complex partial seinires remain the most 

refractory class of seizures [9]. The need for novel drugs to treat ictogenesis (using 

anticonvulsant drugs) and the underlying epilepsy (using antiepileptogenic h g s )  

persists. This h g  design process is consequent to a historical and mechanistic evaluation 

of existing anticonvulsants. 

Useful epileptic therapy is a relatively recent phenomenon. Pnor to the 19th 

century, the treatment of epilepsy was predicated on a combination of ignorance, 

superstition, charlatanism and "magical prescriptions9'. All manner of bizarre "remedies" 

were employed including the use of enemas, purgatives, herbai extracts and animal 



excrement. Epileptics suffered and occasionally died [ I l ]  in the face of such futile 

methods. In 1857, Sir Charles Locock pulled therapeutic epileptology out of the Dark 

Ages with the discovery of the first genuine anticonvulsant dnig - potassium bromide. 

Antiquated rernedies were widely replaced as bromide therapy becarne the method of 

choice. In spite of toxic side-effects such as dermatitis and psychosis, inorganic bromides 

became the mainstay of antiepileptic therapy for the next 55 years. 

In 1912. the German physician Hauptmann prescribed the cyclic ureide, 

phenobarbital, to sedate an unusually active ward of epileptic patients. To his arnazement, 

their seizure frequency decreased dnunatically. Through serendipity and keen clinical 

observation, Hauptmann had discovered the first major organic anticonvulsant rnolecule 

(5-ethyl-5-phenylbarbituric acid). Quite rapidly, phenobarbital replaced bromide as the 

premier anticonwlsant dnig due to its greaier efficacy and reduced toxicity [12]. 

Nevertheless, phenobarbital's hypnotic properties prevented clinicians fiom using 

sufficient doses to ensure full seinue protection in al1 patients. 

Twenty-five years passed until the next major discovery - phenytoin, another 

cyclic ureide. During the mid 1930s, Tracy Putnam subjected hundreds of heterocyclic 

phenyl compounds (phenobarbital analogues) to a sceening program using protection 

against electco-shock induced convulsions as the selection cntenon. Only phenytoin 

combined hi& activity with low toxicity. In 1938, Putnam's colleague, Houston Memtt, 

conducted a successful clinical evaluation of phenytoin, also known as 

diphenylhydantoin, which led to its market introduction later that same year. The 

discovery of phenytoin by Memtt and Putnam was important for several reasons: it 



established the fact that an anticonvulsant drug need not be a sedative (like KBr and 

phenobarbital); it demonstrated the value of systematic preclinical testing of putative 

anticonvulsants; it encouraged the search for dmgs with selective anticonvulsant action; it 

opened a new era for the study of structure-activity relations; and it provided some basic 

knowledge about the mechanism of dmg action [13]. 

The success of phenytoin initiated a period of intense activity in the search for 

new anticonvulsant compounds. Between 1946 and 1960, 13 new antiepileptic drugs 

were marketed in the United States. Most were succinimide, benzodiazepine and 

hydantoin-li ke cinigs; the most effective were ethosuximide and primidone. The large 

nurnber of new discoveries was accompanied by research that revealed that 

anticonvulsant effects were caused by a variety of mechanisms [14,15,16]. Compounds 

able to raise the seinue threshold in animals were effective against absence seizures in 

humans; drugs effective against partial and generalized tonic-clonic seizures acted to 

prevent seinw spread. Knowledge about the epileptic condition was increasing. 

Unfortunately, the next meen years (1961-1975) saw no new drugs introduced 

specificaily for the treatment of epilepsy. Two factors account for this silence: an absence 

of lead compounds and regulatory changes. In the United States, the 1962 Drug 

Amendments Act required not only accurate labeliing and proof of safety but aiso proof 

of efficacy before a new phannaceutical could be marketed. Coasequently, this 

substantiaily delayed the introduction of new antiepileptic dmgs since extended, costly 



Table 1.2: History of anticonvulsant drug discovery in North America 

1 1857 1 Potassium brornide 1 1 1 
1 1 9 12 1 Phenobarbital 1 Luminal 1 Winthrop 1 

1 193 8 1 Phenytoin 1 Dilantin IParke-Davis 1 
1 1946 1 Trimethadione 1 Tridione 1 Abbott 1 
1 1947 1 Mephenytoin 1 Mesantoin 1 Sandoz 1 
' 1949 1 Paramethadione 1 Paradione 1 Abbott 1 
1950 1 Phethenylate* 1 Thiantoin 1 Lilly 1 
195 1 1 Phenacemide 1 Phenurone 1 Abboa 1 
1952 1 Methabital 1 Gemonil 1 Abbott 1 
1 952 1 Benzchlorpropamidet 1 Hibicon 1 Lederle 1 

- -  - - -- 

1953 [~hensw<imide 1 Milontin 1 Parke-Davis 1 
1954 1 Primidone 1 Mysoline 1 Ayerst 1 
1 957 1 Methmimide 1 Celontin 1 Parke-Davis 1 
1957 IEthotoin 1 Peganone 1 Abbott 1 
1960 1 AminogIutethimide$ 1 Elipten 1 Ciba 

1960 1 Ethosuimide 1 ~arontin 1 Parke-Davis 

1 968 1 Diazepamg 1 valium 1 Roche 

1975 1 Clonazepam 1 clonopin 1 Roche 

1978 1 Valproic acid 1 Depakene 1 Abbott 

198 1 1 Clorazepate dipotassium§ 1 Tranxene 1 Abbott 

1992 1 Clobazam 1 Frisium 1 Hoescht 

1993 1 Vigabatrin 1 Merrii Dow 

1995 1 Lamotrigine 1 Lamictai Glaxo-Wel tcome 

Withdrawn in * 1952, t 1955, $1966; 5 Approved by the FDA as an adjunc 



clinical trisils becarne a legal necessity. Nevertheless, during this penod, the 

anticonvulsant properties of carbarnazepine and valproic acid were realized. 

Carbamazepine was synthesized in 1954 as part of a tricyclic iminodibenzyl analogue 

senes in the search for compounds with anesthetic and antihistarninic properties. Its 

anticonvulsant properties were accidently discovered 9 years later after a series of routine 

neuro-screening tests. Valproic acid, on the other hand, was synthesized in 1882; 

however, its anticonvulsant properties were not noted until 1963 when it was used as a 

solvent in the anticonvulsant testing of an inactive compound [17]. Due to regulatory 

constraints, the North American market introduction of both compounds was delayed 

until d e r  1975. 

Another anticonvulsant, clobazarn, was discovered during research into 1,4- 

benzodiazepine analogues. Clobauun, a 1,s-congener, recently emerged fiom clinical 

development and was marketed in Canada in 1992 but was not evaluated in the U.S. In 

addition to sedative side-effects, tolerance develops to clobazarn's anticonvulsant action 

[181- 

To date, less than 30 drugs with significant anticonvulsant properties (Table 1.2) 

have enjoyed widespread human use; most have a cyclic ureide or similar heterocyclic 

structure (Figure 1.3). Currently, only six compounds find extensive ciinicd use (Table 

1.3, Figure 1.4). Carbamazepine tends to be the drug of fim choice for partial seizures 

while valproic acid is most efficacious for generalized seizures. Evidence suggests that 

most current anticonvulsants exert their effects at the level of neuronal ion channels or 



through the modulation of y-arninobutyric acid (GABA), an inhibitory neurotransmitter 

(Table 1.4). 

Figure 1.3: Heterocyclic anticonvulsants 
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Table 1.3: Recommended traditional anticonvulsants for semire types (Canada) 

Hydantoins 

Barbiturates 

Oxazolidinediones 

S uccinimides 

1 CBZ CBZ CBZ VPA VPA VPA 

2 PHT PHT PHT CBZ ETX VPAKLB 

3 VP A VPA VPA PHT VPAKLB 

4 VPA/CBZ VPA/CBZ VPNCBZ VPA/PHT VPA/ETX 

5 CBUCLB CBZICLB PRiM VPNCLB 

6 PRIM PRIM 

CBZ: carbarnazepine PHT: phenytoin VPA: valproic acid 
CLB: clobaslam PRIM: primidone ETX: ethosuxirnide 



A O NH, 

Carbarnazepine Phenytoin Valproic acid 

Clobazam Primidone Ettiosuximide 

Figure 1.4: Structures of commonly used, current anticonvulsants 

Sodium channel modulators, which include carbarnazepine, phenytoin, valproic 

acid and lamotrigine, bind to the inactive state of the sodium channel and stabilize it thus 

preventing depolarization and the propagation of seizure activity, especially activity 

which leads to generalized tonic-clonic seizures. Sodium charme1 blockers are the moa 

common anticonvulsants and more than 50% of the experimental dmgs in clinical trials 

have been shown to prevent seizures via this mechanism (Table 1 S). 

Calcium channel blockers such as ethosuximide, the principal anti-absence dmg, 

operate anaiogously to ~ a +  channel blockers. Possibly , O ther calcium channel blockers 



Table 1.4: Current anticonvulsant therapies: indication and site of action 

1 Carbarnazepine 1 valproic Acid 

I Primidone 

I Clonazeparn 

I Phenobarbital 

Epilepsy types: gen.1 

gen. tlc, c.p. 1 Sodium channel 

gen. t/c, c.p. absence Sodium channel, GABA mediated 
inhibition, T-type calcium channel 

gen. t/c, c.p. 1 Sodium channel 

al1 indications GABA-benzodiazepine receptor 
(chioride channel) 

gen. tk, cep. GABA-benzodiazepine receptor 
(chioride channel) 

absence, myoclonic GABA-benzodiazepine receptor 
(chloride channel) 

gen. t/c, c.p. GABA-benzodiazepine receptor 
(chloride channel), sodium channel 

absence 1 T-type calcium channel 

gen. t/c, c.p., absence 1 Sodium channel 

gen. tlc, c.p. 1 GAB A transaminase inhibitor 

gen. t/c, c.p. 1 Large neutral amino acid transporter 

may be instrumental in controiling absence seizures [19,20]. 

Clobazam, primidone, clonazepam and phenobarbital act to enhance post-synaptic 

binding of GABA at the receptor-gated chloride channel. GABA is an inhibitory 

neurotransmitter which acts to suppress hyperexcitable neuronal activity [2 11. 



Table 1.5: Anticonvulsants in clinical trial: indication and site of action 

Zonisamide 

Topiramate 

Milacemide 

Oxcarbazepine 

Tiagabine 

Remacemide 

1 gen. t/c, c.p. 
gen. t/c, c.p. 

gen. t/c, c.p. 

gen. t/c, c.p. 

gen. t/c, c.p. 

gen. t/c, c.p. 

Sodium channel 

Sodium channel, GABA receptor, 
carbonic anhydrase enzyme 

Sodium channel 
- -- 

Sodium channel 

GABA uptake inhibitor 

I 

seizures. 

Sodium channel, NMDA antagonist 

Ipilepsy types: generalized and complex partial 

The discovery of anticonvulsant mechanisrns has provided h g  targets in the 

search for new anticonvulsants. The 1980s has witnessed a new mechanistic approach to 

antiepileptic drug discovery based on the pharmacological enhancement of GABA- 

mediated inhibition and excitatory amino acid neurotransmission. Vigabatrin has been 

shown to bind irreversibly to GABA transaminase, an enzyme which catabolizes GABA. 

Tiagabine, currently in clinical trials, has been designed to prevent the uptake of GABA 

into glial cells. In both cases, synaptic GABA concentrations are elevated to produce 

anticonvulsant effects. Another promising drug candidate, remacemide, has been shown 

to be an NMDA excitatory amino acid antagonist leading to diminished electrical activity 

and restricted seizures. 

The history of anticonvdsant h g  discovery has proceeded through 3 phases 

(ignorance, serendipity, animal screens) and is currently in transition to a 4th 



(mechanistic design). Despite advances, epilepsy researchers are faced with six major 

problems as they contend to find tnily therapeutic agents: 

1. Few d ru~s  

Sadly, after more than a century, only a limited number of dmgs have been 

discovered either by serendipity and/or mass animai screening [17]. Only six drugs 

comprise the bulk of useful epileptic therapeutics (Figure 1.4). 

2. Lack o f  efficacv 

Of ail patients taking currentiy available anticonvulsant dnigs, approximately 

50% are well controlled, 30% may suf3er 1-2 seinires a year and the remaining 20% are 

refiactory [22]. The effectiveness of specific drugs varies. 

None of the dmgs currently available are fiee fiom untoward adverse effects 

(Table 1.6) and there is a gross lack of information correlating chernical structure to toxic 

effects. Toxicity tends to be the hardest aspect of dmg development to predict. 



Table 1.6: Toxic effects of commonly used anticonvulsant drugs 

Carbarnazepine ataxia, diplopia, bone marrow suppression, hyponatremia, 
dermatitis 

Valproic Acid 
- -  . - 

tremor, nausea, vomiting, anorexia, hepatitis, pancreatitis, 
weight gain, hair loss 

- -- 

Phenyto i n ataxia, diplopia, vertigo, aplastic anaemia, hirsutism, gingival 
hyperplasia, osteoporosis 

Primidone 
- -- 

drowsiness, ataxia, diplopia, emotional lability, personality 
change, vertigo, nausea, vomiting, anorexia 

Clo bazam sedation, depression, nausea, ataxia, diplopia, confusion, 
personality changes, generalized fatigue, weight gain 

Ethosuximide nausea, abdominal pain, vomiting, hiccups, headache, 
drowsiness, s kin rash 

Phenobarbitd drowsiness, ataxia, dtered mood, generalized fatigue, 
hyperactivity, chernical dependence, hepatitis 

1. References 23,24,25,26,27,28. 

4. Lack of kno wled~e of biochemicai mechanisms 

Despite developments leading to the current mechanistic understanding of 

anticonvulsant dmg action, much more work needs to be done. Anticonvulsant drugs rnay 

operate via alternative, as yet undiscovered, mechanisms. Or they may operate through 

complernentary mechanisms. More exhaustive research is required. 

Even so, a key problem in the search for accurate mechanistic descriptions is the 

fact that the body is under multifactorial control. Amplification systems, modulating 

systems, feedback inhibitory mechanisms, ion fluxes, multiple messenger systems, etc. 



provide natural checks and balances for any given physiological function. If one pathway 

is blocked by h g  action, another pathway is likely to take over. Consequentiy, one c m  

never be sure from the outset that designing a drug to act on a particular receptor or 

enzyme will provide treatment for a particular condition. This mitigates, in part, against 

the rational approach to h g  design. 

5. Hiph Cost 

The present cost of development represents a significant hurdle in bringing a drug 

from discovery to market. In 1938, phenytoin was discovered and brought to market at 

minimal expense. In 1976, a minimum of 8 years and $54 million were required to bring 

a drug to market [29]. By 1992, costs had soared to $23 1 million and 10-12 years were 

required for design, development and testing [30]. 

6. Svm~?omatic cures 

At the present time, there are no clinically proven antiepileptogenic clrugs. The 

currently available so-cailed "antiepileptic drugs" [AEDs] are sirnply anti-ictogenic 

agents with no clinically demonstrated antiepileptogenic efficacy. These presently 

marketed AEDs suppress the seizure symptoms of epilepsy but do not affect the natural 

course of the epileptogenic process. 



A concerted attack on each of the six problems is the goal of rational antiepileptic 

dmg design. 

Modem day medicinal chemistry utilizes interdisciplinary, complementary 

techniques (Table 1.7) to effect rational antiepileptic dnîg design. A fundamental 

understanding of the disease process permits the selection and synthesis of promising 

drug candidates which interrupt the disease mechanism and exert a therapeutic effect at 

suitable sub-cellular drug targets. Nurnerous design criteria must be satisfied for the 

compound to be active in vivo. 

Table 1.7: Techniques of rational drug design 

1. Mechanistic understanding of 6. Computational studies 
medical condition a) Molecular modelling 

2. Rational hypothesis of drug action at i) Quantum mechanics 
drug target 

ü) Molecular mechanics 
3. Identiefation of lead compounds 

iii) Molecular dynamics 
4. Synthesis of analogues 

b) Quantitative structure actiMty 
5. Bioassay to measure drug activity relationship studies 

Ref 3 1 



1.3.1 Design Criteria 

Rational molecular design must satisfy biological design critena (Table 1.8) to 

ensure that a h g  survives its joumey to the target receptor where it produces a 

therapeutic eflect. During the pharmacolcinetic phase, an orally active dmg (by far the 

most patient cornpliant) must be resistant to gastro-intestinal assault and must be 

Table 1.8: Biologieal criteria for rational drug design 

S tability in the gastrointestinal tract' 
Resistance to acid in the stomach (pH = 1.8 - 2.2) 
Resistance to base in the duodenum @H = 7 - 9) 
Resistance to proteolytic enzymes in saliva and gastric 
juices 

Ability to access intestinal uptake systemsl 
Solubility 
Passive diffision 

Active transportMetabolic stability during first pass through the liver 
Fiesistance to catabolic enzymes 

Ability to traverse the blood-brain-barrier 
Passive d i h i o n  

Molecular weight 800 g*morl 
1.3 s LogP 3.0 

Active transport 
Mimic of molecules known to be shuttled by active 
-O* 

Receptor affinity 
Correct conformation 
Correct configuration 

Enantiomers preferred 



Table 1.9: Criteria for commercial attractiveness of rational drug design 

High therapeutic ratio 
Multiple indications 
No or few side-effects 
No or few alternatives 
Proprietary 

Inexpensive 
Efficient (few synthetic steps, high yield) 
Rapid 
Scalable for mass production 
Proprietary 

Chronic 
Recurrent I Large population 

Economic strength 
High cornpliance 

systemically absorbed. As the dnig travels fkom the point of entry to the receptor 

microenvironment, the compound mut  be robust enough to survive metabolism and 

elimination. Furthemore, the compound must have properties suitable for diffusion or 

active transport through the blood-brain bamer (BBB), a tight epithelial ce11 layer which 

excludes most dmgs fiom the brain 1321. Finally, the putative therapeutic agent must be 

designed to rnaximize the effects of drug interaction at the receptor (the 

pharmacodynamie phase). This may involve the manipulation of chernical structure to 

increase receptor affinity. 

In addition to biological criteria, numerous commercial criteria (Table 1.9) must 

be met to realisticdy bring a h g  to market. A therapeutic agent is ody useful if it is 

efficacious, non-toxic and used by a patient. This implies that the dnig has been marketed 

and is avaiiable by prescription or over-the-counter. This means that a Company was 

willing to develop and commercialize the product contingent upon meeting a minimum 

number of fhanciaily favourable commercial criteria Thus, medicina1 chemists who are 



serious about designing and discovering tmly useful therapeutic agents should consider 

these critena (as many as possible, as early as possible) as an additional guide for the 

rational drug design phase of a medicinai chernistry research program. 

1.3.2 Drug Targets 

Within the CNS, the physiologicai mechanisms of ictogenesis and epileptogenesis 

become the primary targets of antiepileptic drug design. Ictogenesis or seinire 

propagation involves excessive, aberrant electncal communication between neurons 

while epileptogenesis is a gradual process involving the initiation and maturation of an 

epileptogenic focus. Thus any neuronal cornponent which participates in the propagation 

of the action potential or the growth of a seinire focus becomes a legitimate dmg target in 

the attack on epilepsy. Neurotransmittea, receptors, enzymes and ion channels qualify as 

targets as well as any cellular entities which influence these targets. Various brain metals 

have been shown to influence each of the targets mentioned. Thus, a modulation of brain 

metais represents one h g  target. Since the manipulation of neurotransrnitter fùnction 

holds promise in the quest for a true antiepileptogenic h g ,  neurotransmitter mediated 

inhibition constitutes another viable dmg target. 



1.3.2.1 Neurotransmitter Mediated Inhibition 

Current strategies aimed at preventing epilepsy seek to enhance inhibition or 

inhibit excitation through an influence of neurotransmitter function. GABA (the major 

inhibitory neurotransmitter) and glutamate (the major excitatory neurotransmitter) play 

key roles in influencing synaptic transmission, normal or epileptiform. 

1.3.2.1.1 Enhanced GABA Inhibition 

GABA is the major inhibitory neurotransmitter in the CNS where it activates 

postsynaptic GABA, receptors causing chlofide flux, membrane hyperpolarization and 

the inhibition of burst firing. GABA-mediated inhibition is crucial for proper neuronal 

communication and its deficiency has been linked to epiieptic seimes [33]. Compounds 

which impair GABA synthesis (ie. allylglycine) or block its action postsynaptically 

(ie. penicillin) are pro-convulsant. Thus, it would appear beneficial that levels of GABA 

be increased in the brain of epileptic patients. 

Since the discovery that benzodiazepines and barbiturates potentiate GABAergic 

inhibition at the chloride ionophore [34,35], other inhibition strategies have been 

developed (Table 1.1 O), some with limited success. Muscimol (5-aminomethyl-3- 

hydroxy isoxazole) and THIP (4,5,6,7-tettahydroisoxazolo-[5,4-c]-pyridin-3 -01) have been 

synthesized as GAB A agonists but unacceptable side-effects in animal models pro hibit 



Table 1.10: Pharmacological enhancement of GABA-mediated inhibition 

Direct action on chloride ionophore 

True GABA agonist 

GABA prodrug 

Facilitation of GABA release 

Enhancement of GABA efficacy 

Inhibition of GABA-transaminase 

Inhibition of GABA reuptake into neurons or glia 

Benzodiazepines, barbiturates 

Muscimol, THIP 

Progabide 

Vitamin B6 

Benzodiazepines 

Vigabatrin 

Tiagabine 

clinicd use. Progabide has been synthesized as a GABA prodmg since GABA does not 

penetrate the BBB [36]. Vitamin B6 is thought to mediate inhibition by stimulating 

GABA synthesis and has been used sparingly to treat infantile seizures. Vigabatrin, an 

inhibitor of GABA-transaminase, has shown the most promise [37] and has recently been 

marketed ( 1993) as a potent anticonvulsant. 

One of the more attractive strategies for GABA-mediated inhibition is the 

blockade of GABA uptake into neurons or glia. Ordinarily, the action of GABA in the 

synapse is terminated by temperature- and ion-dependent reuptake by a high a f i t y ,  

bidirectional, 70- to 80-kDa gly coprotein located in the terminal bouton and surroundhg 

glial cells (Figure 1 S). GABA taken up into nenre terrninals is available for reutilization 

whereas GABA in glia is converted to glutamine. The glutamine is taken up by the 

neuron, enters the GABA shunt and is t rdo rmed  into GABA. Under normal 

physiological conditions, the ratio of interna1 to extemal GABA is about 200:1; uptake 



Postsynap tic 

GABA in synaptic cleft 

A. Presynaptic GABA release E. GABA metabolism to glutamine 
B. Presynaptic GABA reuptake F. Glutamine transfer to neuron 
C. Glial GABA uptake G. Multistep transformation of 
D. Postsynaptic binding at glutamine to GABA 

GABA receptors 

Figure 1.5: Glial GABA uptake system 

inhibitors decrease this ratio. Thus uptake inhibition increases synaptic GABA 

concentration and enhances its inhibitory effects. Therefore the GABA transporter 

represents an important target for thenipeutic intervention. 

Research in this area is promising. Nipecotic acid and guvacine, conventional 

GABA uptake blockers, demonstrate anticonvulsant activity when injected 

intnicerebroventricularly, however these drugs do not cross the BBB [38]. Recently, 

several lipophilic nipecotic acid denvatives have been found active when administered to 



animais systemically: tiagabine, SKF 89976A and CI-966 show potent inhibition of 

pentylenetetrazole (PTZ) clonic seinires, less effective prevention of maximai 

electroshock (MES) seizures, and very effective, potent anticonvulsant action in kindled 

rat models of partial seizures [39,40,41,42]. Notably, these compounds cause sedation, 

ataxia and myoclonus in animals at doses that are five to ten tirnes higher than those 

producing anticonvulsant effects [43]. Tiagabine recently passed human clinical trials and 

demonstrates excellent anticonwlsant activity [44]. 

Relative to the other GABA-mediated inhibition strategies, GABA uptake 

inhibitors appear to be far more attractive therapeutically. A receptor agonist, for 

example, may produce a continuous, non-physiologicai pattern of receptor stimulation. 

An uptake inhibitor, on the other hand, involves the enhancement of an endogenous 

tramnitter which ensures that the physiological specificity and selectivity of dmg action 

will be maintained. Reduced side-effects are the probable result. 

1 A2.l t Excitatory Neurotransmission Blockade 

Glutamate and aspartate are excitatory neurotransmitters which depolarize 

neurons and play a role in the initiation and spread of seizure activity. Thus, a rationai 

approach to reduce and possibly prevent seizures wodd involve the inhibition of these 

acidic, excitatory amino acids. Presently, three dmg stnitegies have been advanced (Table 

1.1 1) to reduce the concentration of glutamate and aspartate at the synapse, however the 

pharmacologicd manipulation of the synthesis, release and uptake of excitatory amino 



Table 1.1 1: Pharmacological diminution of excitatory amino acid 
neuro transmission 

-- 

Reduce concentration of excitatory amino acid at synapse 

Decrease maximal rate of synthesis of glutamate and aspartate 

Decrease synaptic release of glutamate and aspartate 

Enhance uptake of glutamate 

Antagonize receptors 

Decrease post-synaptic action of glutamate at NMDA and other 
receptors 

acids has ofien led to severe toxic side-effects. Consequently, post-synaptic glutamate 

receptors have emerged as the most promising drug targets in the quest to decrease the 

excitatory action of glutamate. 

Three post-synaptic glutamate receptor subtypes have been identified according to 

the preferentiai binding of AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic 

acid), kainate and NMDA (N-methyl-~œaspartate). Due to its widespread distribution in 

the CNS and its unusual properties, the NMDA receptor has gamered the most interest. 

The NMDA receptor is a ligand-controlled ion channel, likely pentameric, 

composed of hi& molecular weight, protein subunits (NR, Ml, NR2). The channel 

mediates transmembrane passage of sodium, calcium and potassium ions (Figure 1.6) and 

has distinct domains which bind glutamic acid, phencyclidine (PCP), glycine, Zn@), 

polyamines and various spider and wasp toxins [45,46,47]. 



PCP, MK401 

Figure 1.6: Mode1 of the NMDA receptor [48] 

Epilepsy research is particularly focussed on the NMDA receptor for four reasons. 

Fust, in vitro physiologic studies indicate that NMDA receptors are cntical to 

epileptiform activity 149,501 and epileptogenesis [5 11. Second, NMDA antagonists are 

potent anticonvulsants in a broad spectnim of animal seinire models and are particularly 

effective against maximal eiectroshock seinues. Udortunately, poor CNS penetration 

and neurotoxicity have limited their effectiveness. Third, the NMDA receptor is unique 

among the farnily of ligand-gated excitatory amino acid receptors in that it is voltage 

dependent, requiring some membrane depolarization to relieve a M ~ ~ +  block within the 

ion channel. Finally, the NMDA receptor possesses nurnerous bindhg domains that have 

been well documented 1521. One such domain is the glycine "CO-agoni&' binding site. A 



unique requirement arnong neurotransrnitter receptors, glycine acts as an obligatory co- 

agonist in concert with the neurotransmitter glutamic acid to effect receptor activation 

and channel opening [53]. 

The glycine CO-agonist NMDA binding site represents an especially attractive 

dnig target 1541. Antagonists operating at the NMDA glycine site have advantages over 

the channel-blocking NMDA antagonists in that behavioural side-effects such as impaired 

learning or muscle relaxation [55,56,57,58,59,60] are absent at systemic anticonvulsant 

doses. In fact, NMDA glycine site antagonists have been found to be antipsychotic [61], 

neuroprotective [62] and more importantly anticonvulsant [63]. As an example of the 

latter, felbamate was recently marketed as an extremely effective anticonvulsant. It was 

found to antagonize NMDA receptor hc t ion  by interacting with the NMDA strychnine- 

insensitive glycine binding site [64,65]. Udortunately, felbamate caused the deaths of 24 

patients due to its chemicai similarity to the toxic compound, chiorarnphenicol. 

Felbamate's NMDA glycine site antagonism was not responsible for the toxicity and 

therefore remains an extremely attractive target in the continued development of novel 

antiepileptic agents. 



1.3.2.2 Neural Metal Mediated Inhibition 

1.3.2.2.1 Metals of the Transition Series 

Metals of the transition series are present in human brain in trace quantities: 27 

ppm wet mass for ~e",  16 ppm for 2n2+, 2.4 ppm for CL?+, 0.3 ppm for ~ n "  and 0.05 

ppm for co2+ [66]. Although their role in brain fùnction is not fully underçtood, the 

transition metals do participate in several aspects of synaptic transmission [66]. Hence, 

their presence or absence may affect the propagation of electrical information between 

two neurons. 

Transition metais are ofien bound in metalloenzymes where they may exert 

specific catalytic properties operating through several possible mechanisms. Metal ions 

can accept or donate electrons fiom ligands via n or o bonds, thereby promoting acid- 

base or covalent catalysis. Alternatively, they can serve as a bridge through common 

coordination to bring an enzyme and substrate into proximity. Unfortunately, a detailed 

knowledge of the chemistry of transition metals does not permit the determination of their 

roles in the CNS. However, the well-described capacity of metai ions to induce 

epilepsy [66] demonstrates the need to identw possible sites at which metal ions may 

regulate neuronal fhction thereby interferhg with normal synaptic transmission. 

Excess concentration of divaient metal ions, such as cu2+ and Zn2+, can inhibit 

enzymes which catalyze the synthesis and degradation of neurotransmitters, thus 



disturbing the bioavailable pools of various chernical messengers. Moreover, &er intense 

neuronal activity, terminal bouton extrude zn2+ into the extracellular spûce [67,68,69] 

where it prolongs the action of excitatory neurotransmitters [70] and renders the action of 

inhibitory GABA less effective [7 1 1. Clearly, divaient transition met& influence 

neurotransmitter function which in tum affects synaptic transmission. Thus, these metals 

constitute plausible targets in the search for antiepileptic drugs. 

1.3.3 Techniques in An ticonvulsant Drug Discovery 

133.1 Computer Modelting 

Due to recent advances in computer technology, computer modelling has emerged 

as a powerful tool in the drug design process. Theories of particle motion, classicd and 

quantum mechanical, have been married to the high speed performance of super- 

computers to effect the efficient and precise mathematicai modelling of molecules and 

their interactions. Information derived nom these molecular physics methodologies holds 

geat  promise in the rational design of antiepileptic agents. 

Typically, a molecular modelling system consists of three key components: an 

initial geometry generator, a graphicai interface and an energy function with an associated 

minimization procedure. The initial molecular geometry is specified in terrns of atomic or 

Cartesian coordinates and graphics pennits visualkation of the molecule. An appropnate 

mathematical technique - quantum mechanics or molecdar mechanics - is used to 



optimize the molecule's geometry by energy minimization to obtain pertinent geometnc 

and electronic information. Simulations may be extended to analyze intemolecular 

interactions, molecular flexibility at physiologicai temperatures, or conformational 

changes due to solvation in aqueous or lipid environrnents. Structure-activity relationship 

studies rnay also be performed for any series of molecules. The desired molecular 

information depends on the technique used. 

Quantum mechanics is a non-empirical calculational method used to define the 

energy and properties of a molecule by solving the Schrodinger partial differential 

equation: kW= EY, where H is the Hamiltonian differential operator and Y is the wave 

Function. Molecular quantum mechanics may be ab initio (non-empirical) or semi- 

empirical. Ab initio calculations consider al1 electrons in the molecule and attempt a 

t-igorous solution to the Hamiltonian equation while semi-empincal calculations consider 

only valence electrons and incorporate parameters adjusted to fit experimental data. 

Quantum mechanics derives its strength fiom the high quality geometric and 

electronic information that rnay be obtained, however, the method is restncted to small 

dnig molecules due to the technique's mathematical complexity [72]. Severe 

computational demands (and expensive computing t h e )  restrict semi-empirical and 

ab initiu methods to molecules of not more than 200 atoms and 75 atoms, respectively. 

Calculations on larger molecules (ie. proteins and nucleic acids) must be performed using 

molecular mecbanics, an empirical calculational technique based on classical Newtonian 

equations of motion. 



Calculational methods use energy rninirnization schemes to identifi a molecule's 

global energy minimum. The optimized geometry at the global energy minimum is 

assumed to model the molecule's native conformation. Importantly, the properties of 

known or suspected bioactive and toxic conformers may be studied. Aitematively, 

molecular modelling may be used to engineer molecules for desired receptor site 

geometries. New antiepileptic drugs may be designed using these techniques. Clearly, 

computer assisted rationai dmg design (CARDD), especially when used in conjunction 

with other rational drug design techniques, has great potential to significantly advance the 

antiepileptic drug design effort. 

1.3.3.2 Animal Testing 

A putative anticonvulsant compound may be rationally designed, possibly with 

the aid of a computer, to operate at a specific drug target. However, the compound's 

activity and toxic effects remain uncertain unless tested in a biological system. 

Appropriate animal screens are necessary before the dmg may be promoted to hurnan 

drug trials and used clinicdly. 

Presently, the clinical usefulness of available antiepileptic drugs is indicated by 

their ability to prevent the spread of seinires andor increase the minimum seizure 

threshoid in humans and animais. Animai screens used over the last 60 years have led to 

the development of animai models which are fair predictors of human seizure drug 

efficacy. In rats, drugs effective against the pilocarpine induced seizure model (PIS) or 



against the maximal electroshock model (MES) are oflen usefbl against secondary 

generalized tonic-clonic and complex partial seizures in humans. Drugs effective against 

subcutaneous pentylenetetrazole (PTZ) are effective against absence seinires [20]. These 

models provide excellent screens for novel anticonvulsant dmgs effective against specific 

seizure types. 

More recently, research has focussed on the developrnent of antiepileptogenic 

dmgs since no dmg currently on the market prevents the progression of epilepsy. A new 

rnodel, the Spontaneous Recturent Seinire (SRS) model, has been used to produce 

epileptogenesis in rats. Pilocarpine (380 mgkg ip) induces status epilepticus which is 

followed by spontananeous recovery after 10-12 hours. Over the next 2 weeks, 

progressive behavioural responses culminate in generalized tonic-clonic seimes. 

Spontaneous seimes recur over the months that follow. Administration of a putative 

therapeutic agent immediately after recovery fkom status epilepticus permits a compound 

to be evaiuated as an antiepileptogenic and refiects ability to prevent the initiation of 

spontaneous seimes; administration after 1-2 months permits a compound to be 

evaluated as an anti-ictogenic and reflects ability to suppress an established seinue 

disorder. 

In this Thesis, three anticonvuIsant models (MES, PIS, PTZ) and one 

antiepileptogenic (SRS) model are used in rodents to test putative antiepileptic agents; 

details are provided in Appendix B. 



To date, the k i t s  of antiepileptic research have been less than satisfactory. 

Phamacotherapy is limited to a few agents which possess toxicities ranging fiom 

cosmetic to life-threatening. Drug eEcacy remains moderate to poor because 

antiepileptic h g  therapies targets symptoms, not root causes. An ignorance of 

biochemical rnechanisms contributes to high research costs. These problems penist 

despite valiant efforts using traditional and contemporary research methods. In response, 

this Thesis aims to address each of these "design challenges" through the design and 

synthesis of peptides and arnino acids as novel antiepileptic agents based on 

neurotransmitter (Chapter 2) and transition metal (Chapter 3) mediated inhibition. 

Chapter 2 reports the design, synthesis and biological testing of B-arnino acids as 

neurotransmitter analogues with hybrid anti-ictogenic/antiepileptogenic properties. The 

design of congeners with optimal antiepileptic activity is also proposed. 

Chapter 3 evaluates Zn(I1) and Cu@) complexes leading to the design and 

synthesis of Cu(lI)/Zn(II) chelators. Cyclic dipeptides are designed to translocate Cu(I1) 

across the blood-brain-barrier, reiease it, then chelate and remove Zn(I1) to produce an 

antiepileptic effect. 

Ultimately, the goal of this Thesis is the discovery and development of a truly 

usefid antiepileptic agent which not only prevent seizures but also arreN the 

deveiopment of the underlying epiiepsy. Such a dmg is not ody efficacious and d e ,  but 

also can be patented, mass produced and has high patient cornpliance. Hopefully, by 



using novel dmg design methodologies, a tnily curative antiepileptic agent will be 

found - an agent which will revolutionize the therapeutic expectations of a large and 

signifiant patient population. 



CHAPTER 2 

RATIONAL DESIGN AND SYNTHESIS OF 
ANTIEPILEPTIC DRUGS BASED ON 

NEUROTRANSMITTER MEDIATED INHIBITION 



Incremental advances in epilepsy research since the serendipitous discovenes of 

phenobarbital and phenytoin have done little to improve the plight of the epileptic patient; 

epilepsy remains a condition without a cure, a disorder resistant to control. At present, 

antiepileptic chemotherapy is plagued by poor eficacy (65%) and unacceptable levels of 

toxicity (45%). Furthemore, the drugs currently available for treating epilepsy are little 

more than "symptomatic" agents, suppressing the symptoms of epilepsy (ie. seinws) 

while failing to contend meaningfully with the fundamental pathological process that 

initially caused (and continues to cause) the underlying susceptibility to seimes. No 

current anticonvulsant drug has demonstrated ability to affect the natual course of the 

epileptogenic process. For example, Ternkin et al. have shown that conventional 

anticonvulsant drugs do not prevent seinire development in patients who have 

experienced neurologie haemorrhage or trauma [73]; this huge patient population remains 

u n s e ~ c e d  by conventional drugs. Accordingly, fiiture rationally designed drugs for 

epilepsy must extend beyond the scope of simple ictogenesis and should encompass the 

greater mandate of epileptogenesis. The development of novel antiepileptic h g s  (safe, 

efficacious and antiepileptogenic) is a medical imperative. 

Traditionaily, ureide and heterocyclic anti-seinire dmgs operating at neuronal 

cation channels have been discovered by serendipity and animal screens. These dmg 

discovery "techniques" must be superseded by dnig design based on mechanistic 

understanding if tnily usefid antiepileptic molecules (anti-seinire and antiepileptogenic 



combineà) are to be discovered in the near m e .  Accordingly, the evolution and 

understanding of concepts conceming the aetiology and pathogenesis of epilepsy is 

requisite for the rational design of a novel antiepileptic clmg, one which has the capacity 

to positively influence the n a t d  history of epilepsy curatively, not merely 

symptomatically . 

2.2 ICTOGENESIS VS. EPILEPTOGENESIS: ~WLICATIONS FOR DRUG 
DESIGN 

An important fint conceptuai step in target selection for fuhue curative dmg 

design is the differentiation between the notions of "ictogenesis" and 6'epileptogenesis". 

Ictogenesis is the initiation and propagation of a seinire in time and space; it is a rapid, 

electricaYchemical event which occurs over seconds or minutes. Epileptogenesis, on the 

other hand, is the gradua1 process whereby normal brain is transformed into a state 

susceptible to spontaneous, episodic, the-limited recurrent seinires through the initiation 

and maturation of an "epileptogenic focus"; this is a slow biochemical/histological 

process which occurs insidiously over rnonths to years. From an electrophysiological 

perspective, epileptogenesis is a process in which a normal neural network is transformed 

into a hyperexcitable network with an abnomal seinire threshold; ictogenesis is simply 

an event associated with discrete electncal discharges within this aitered network. If the 

ictogenic event remains restricted to an anatomically Iimited hyperexcitable neuronal 

network, the clinical correlate is a partial seinire; if the ictogenic event overtakes the 



entire forebrain, a generalized seinire occurs. Obviously, the chernistries of ictogenesis 

and epileptogenesis have unique differences which may be reflected in the therapeutics 

targeting these two processes. Rational drug design strategies require an explicit 

understanding of both processes at the molecular level of refmement. 

Ictogenesis is a fast, short-term event heuristically divided into the sequential 

phases of initiation and elaboration. Elaboration arises fiom the extension of the seizure 

in time and space while initiation involves excessive brain electrical discharges 

propagated by the sequential opening of neuronal ~ a '  channels [74,75,76,77]. The 

electrical activity passes fiom neuron to neuron by the ca2' channel mediated release of 

neurotransmitters (glutamate and GABA) which difise across synapses and dock with 

receptors; glutamate interacts with a variety of receptors inciuding the NMDA 

(N-methyl- aspa par ta te) receptor, y-aminobutyric acid interacts with GABAAVB receptors. 

Unlike ictogenesis, epileptogenesis is a gradua1 two phase process showing 

dynamic changes over the course of tirne: Phase 1 - the initiation of the epileptogenic 

focus/predisposition, and Phase 2 - the maturation of the epileptogenic focus or 

predisposition. Phase 1 epileptogenesis refers to the events which take place pior to the 

occurrence of the first seinire. There may be a considerable delay of months to years 

between the occurrence of the brain injury (ie. stroke, trauma) and the onset of 

spontaneous, recurrent seizures; during this latent period, epileptogenesis is evolving, 

culminating in active epilepsy in which recurrent seinires occur. Phase 2 epileptogenesis 

refers to the events which take place after the fkst seinire has occurred. This also is a 

long, protracted process in which seiarres may become more fiequent, more severe, more 



refiactory to treatrnent, or phenomenologically different in their clinical manifestations. 

At the clinical level, chronic epileptogenesis presents itself as a significant patient 

population which shows chronic progressive epilepsy uninfluenced by the administration 

of conventional anticonvulsant dnigs. Since the design of antiepileptogenics is central to 

the discovery of tnily curative agents, understanding the pathogenesis of epileptogenesis 

is crucial. 

The cascade of histological/biochemical events which characterize epileptogenesis 

differ from those of ictogenesis. At the histologicai Ievel, epileptogenesis involves 

cellular alterations which, in the hg-resistant partial epilepsies, are usually at the level 

of the limbic system. Chronic epileptogenesis manifests as neuronal loss in a variety of 

limbic structures, including the dentate g p s ,  CA1, CA3, entorhinal cortex and 

endopyriform nucleus, together with sprouting and reorganization of the synaptic 

connections of the mossy fibre pathway in the dentate g p s  [78]. At the biochemical 

level, studies of partial seizures originating in limbic structures indicate that 

epileptogenesis involves abnormalities of synaptic chemistry: glutamate toxicity 

mediated via NMDA or AMPA receptors, andfor y-aminobutyric acid insufficiency 

mediated via GABAhB recepton [79a-dd]. From these studies, two theories of 

epileptogenesis have emerged: the mossy fibre sprouting hypothesis and the dormant 

basket ceil hypothesis. 

The mossy fibre sprouting hypothesis, which has emerged fiom work by Sutula et 

al., postdates that an upreguiation of excitatory couplhg between neurons leads to 

epileptogenesis [6]. This excitatory upregulation is mediated by N-methyl-maspartate 



glutamatergic receptors which are activated in chronic epileptic brain under 

circumstances that would not lead to activation in nonnai brain. Five studies support the 

mossy fibre sprouting hypothesis: Urban et al. showed that the excitatory synaptic input 

to dentate grande cells in hippocampi fiom epileptic temporal lobe contains an increased 

NMDA receptor mediated component [80]; Mody et al. found the same increase in 

granule cells From kindled rats, but no NMDA component in granule cells from non- 

kindled control rats [8 11; Geddes et al. showed an i n c m e d  number of NMDA receptoa 

in the dentate gyrus in hippocampi taken nom patients with temporal lobe epilepsy [82]; 

Dragunow et ai. demonstrated that seinires activate immediate early genes (IEGs) and 

that this activation c m  be attenuated by NMDA receptor antagonism [83]; and, 

McNamara and CO-workers showed that the NMDA antagonist MK-80 1 prevents kindling 

and the neuronal degeneration normally caused by recurrent seinws [84]. 

In contrast to the mossy fibre sprouting hypothesis, the dormant basket ce11 

hypothesis suggests a downregulation of inhibitory coupling between neurons. Studies by 

Sloviter and Lothman et ai. Uidicate that the connections which normaily drive GABA 

releasing inhibitory intemeurons are disturbed thereby rendering them functionally 

disconnected or dormant [7,85,86,87]; the resultant loss of GABAergic inhibition induces 

the epileptogenic state. 

Thus the mossy fibre sprouting hypothesis invokes augmentation of glutarnatergic 

excitation while the dormant basket ce11 hypothesis invokes reduction of GABAergic 

inhibition. Each theory, mutualiy exclusive in mechanism, proposes an abnomality 

(excessive glutamatergic excitation or diminished GABAergic inhibition) which could in 



isolation predispose to epileptifonn paroxysms however the fundamental disturbance that 

yields epileptogenesis seems to involve NMDA rnediated enhanced function of excitatory 

synapses augmented by a superimposed, concomitant enduring loss of GABAergic 

inhibition. This suggests that a novel antiepileptogenic dnig may be achieved through the 

design and synthesis of a single molecule capable of blocking NMDA fùnction while 

augmenting GABA inhibition. 

Still another theory of epileptogenesis implicates ictogenesis itself as a causal 

factor. Gowers observed in the 1880's that "seinires beget seinues" [88] and "epilepsy is 

a progressive disorder". These observations and recent evidence fiom the epilepsy 

kindling mode1 support the idea that the recurrence of seimes can be responsible at least 

in part for the progression of epilepsy. Thus, the events of ictogenesis may constitue a 

sub-set of additive factors contributhg to the process of epileptogenesis. Clearly, this 

potential 'kause-and-effect" interdependency implies that both ictogenesis and 

epileptogenesis must be simultaneousiy targetted for effective antiepileptic h g  therapy. 

Therefore an antiepileptogenic drug must also restrict ictogenesis or it will be 

unsatisfac tory. 

A cornparison of general strategies for the rational design of anti-ictogenic and 

antiepileptogenic agents (Table 2.1) reveals that the mediation of neurotransmitters 

coostitutes a common avenue to attack both problems. Hence, an agent capable of 

simultaneously inhibithg excitatory processes and stimulating inhibitory processes would 

not be purely antiepileptogenic, but would be capable of hybrid antiepileptogenic/anti- 

ictogenic activity. Such a hybrid would represent a significant advance in the field of 



Table 2.1: General strategies for the rational design of anti-ictogenic and 
antiepileptogenic agents 

Antagonize excitatory neurotransmitters 

Mimic inhibitory neurotransmitters 

Influence postsynaptic receptors 

Block voltage gated ion channels 

Antagonize excitatory neurotransmitters 

Mirnic inhibitory neurotransmitters 

Influence postsynaptic receptors 

a. Reference 89. 

antiepileptic drug design since the drug would be the first with antiepileptogenic 

properties and would have clinical utility beyond that of either an anticonvulsant or an 

antiepileptogenic in isolation; the hybrid would block seizure expression while 

simultaneously inhibiting the progression of epileptogenesis. 

2.3.1 Design Goal and Criteria 

The survey of the pathogenesis of epilepsy has revealed that: (i) the 

neurochemical aetiology of epileptogenesis (epilepsy focus generation) arises fiom an 

altered ratio of excitatory/inhibitory neurotraasmitter stimulation, and (ii) ictogenesîs 

(seizure generation) and epileptogenesis are distinct phenomena which act as reciprocai 

determinants. Therefore, the successful discovery of an antiepileptic dnig must involve 

the design and synthesis of molecules with combined anticonvulsant (Le. anti-ictogenic) 



and antiepileptogenic properties that exploit agonists and antagonists of inhibitory and 

excitatory neurotransmittea, respectively. Accordingly, the goal of this research is the 

design and synthesis of anticonvulsant/antiepileptogenic hybrid drugs capable of 

simultaneously (i) inhibiting excitatory processes via antagonisrn of the NMDA receptor 

and (ii) stimulating inhibitory processes via blockade of glial GABA uptake. 

Additionally, to be truly useful pharmaceutical agents, these hybrid drugs must also 

satisQ the criteria for biological activity (Table 1.8) and commercial viability (Table 1.9). 

2.3.2 Design Methodology 

Molecules which satisfi the design critena may be designed through the iterative 

use of the techniques of rational drug design as outlined in Table 1.7. One approach starts 

with detailed knowledge of the appropriate target receptor. A lead molecule may be 

designed to interact with the receptor to produce the desired antiepileptic effect and to 

fùlfil other design criteria. Molecular refinement using structure activity relationships 

follows. 

An altemate approach begins with a lead molecule or compound class which is 

known to interact with the target receptor and which already fulfils a majority of the 

design criteria. Molecular modification is used to increase receptor m t y  and to meet 

unsatisfied design criteria. 

The latter approach has been used effectively to ident* and design a class of 

molecules with putative anti-ictogenic/antiepileptogenic properties. 



2.3.3 Lead Molecule: P-Alanine 

After extensive literature evaluation and experimentation, p-amino acids have 

been selected as excellent candidates to meet the design goal. P-Alanine, the simples 

p-arnino acid, has been selected as a prototype lead compound for the following nine 

reasons : 

P-Alanine is intermediate to glycine and GABA (y-aminobutyric acid) in the 

homologous amino acid series (Figure 2.1). Since both glycine and GABA are inhibitory 

neurotransmitters, p-alanine likely possesses similar properties. 

A MEDLINE search discovered numerous studies which suggest that p-alanine 

might be an inhibitory neurotransmitter in the CNS: p-alanine occurs naturaily in the 

Glycine P-Aianine y-Aminobutyric Acid 

Figure 2.1: a, P, y - Homologous amho acid series 
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CNS, is released by electrical or high potassium stimulation, has uptake or binding sites, 

and inhibits neuronal excitabi lity [90a-11. Of anatomical si gni ficance, p-alanine binding 

sites have been identified throughout the hippocarnpus and other limbic structures central 

to the epileptogenesis of cornplex-partial seinires [91] however it is uncertain whether 

these sites are specific to P-alanine [92]. 

2. Simultaneous action at multiale tar~et receDtors 

Numerous studies have verified the action of p-alanine on both glycine receptors 

and GABAergic processes [93,94,95]. P-Alanine increases GABAergic inhibition by the 

preferential blockade of glial GABA uptake [96,97,98,99,100,10 11 resulting in an 

increase in interstitial GABA concentrations capable of depolarizing adjacent neurons 

[99]. P-Alanine also produces inhibition by binding to the glycine CO-agonist site on the 

excitatory amino acid NMDA cation channel complex [ 102,1031. 

3. Anticonvulsant activitv 

Eight studies, listed chronologically in Table 2.2 have demonstrated the efficacy 

of p-alanine as an anticonvulsant. Remarkably, p-alanine suppresses seizures against a 

variety of convulsion models (ouabain, penicillin, MES, 3-mercaptopropionic acid and 

strychnine) in a variety of species (mouse, rat and cat) when administered centrally or 

parenterally. 



Table 2.2: Literature precedence for p-alanine anticonvulsant activity 

50 PL of 0.1 M p-alanine given intracerebroventricularly totally blocked 104 
ouabain induced seizures in rats 

Intrathecal injection of p-alanine inhibited strychnine induced seizures in 105 
cats whereas intracerebroventricular injection of p-alanine depressed 
rhinencephdic excitability and produced sleep 

Intravenous injection of p-alanine retarded penicillin induced focal 1 06 
limbic seizures in cats 

p-alanine enhanced GABA-T anticonmisant effects against myoclonic 107 
seinires induced by 3-mercaptopropionic acid in rodents 

Intrapentoneal administration of p-alanine increased the strychnine 
convulsive threshold by 26% in rnice 

Intracortical injection of p-alanine decreased penicillin induced seizures 109 
in rat I 
B-alanine significantly decreased the incidence and duration of strychnine 1 10 
induced convulsions in rats 

2-P-alanine (synthesized as a lipophilic inhibitory glycine analogue) 
protected against MES seizures in animals 

The eight articles which attribute anticonvulsant efTects to p-alanine were 

published between 1974 and 1995. Notably, no author has published twice and only one 

article has been published in the last eight years. Obviously, the relationship between 

p-alanine and anticonvulsants has been overlooked (or neglected). Moreover, no 

comment has been made concemhg the putative adepileptogenic effects of B-alanine 

specifically or p-amino acids in general. 



4. Structural similaritv to known anticonvulsants 

P-Alanine and its congeners bear structural correspondence with known 

anticonvulsants and may exert their anticonvulsant effects by similar mechanisms. 

Taurine, the sulphonic acid analogue of p-alanine, is anticonvulsant [ 1 1 2,113,1141 and 

antagonizes glial GABA uptake in the mammalian nervous system [98,115]. 

Conceivably. p-alanine's anticonvuisant properties arise fiom similar central GABAergic 

action. 

Lipophilic p-alanine derivatives are structurally similar to the clinical 

anticonvulsants, valproic acid and gabapentin (Figure 2.2). In addition to blocking ~ a +  

channels, valproic acid increases the GABA concentration in the brain by increased 

synthesis and reduced degradation of GABA [116]. Valproic acid also decreases brain 

aspartate levels in adult mice and decreases aspartate and glutamate levels in developing 

mice [117,118]. Gabapentin may also influence these excitatory amino acids [Il91 but at 

present its mechanism of action is undefined. Perhaps p-alanine analogues also exert anti- 

seizure activity through similar mechanisms: pro-GABAergic and anti-glutamatergic. 

Hydrogembonding 
face 

UpophiIk hce 

Valproic acid Gabapentin Lipophiiic P-amino acid 

Figure 2.2: Lipophilic p-amino acids as analogues of cihical anticonvulsants 



S. Antiepilepto~enic activitv 

Preliminary studies in this laboratory (Section B. 1.1.2.2) demonstrated that 

p-alanine is anticonvulsant against pilocarpine induced seizures at intrapentoneal (ip) 

doses of less than 20 mgkg; more importantly however, at the same ip doses, p-alanine 

also shows antiepileptogenic activity blocking onset of kindling by greater than 50% 

[120]. These results clearly indicate that p-alanine is a superb starting point for the design 

of an anti-ictogenic/antiepileptogenic agent. 

6. Metabolic stabilitv 

The Iimited metabolism of known p-amino acids in vivo [126] suggests that 

p-amino acid analogues with lipophilic side chahs will also be metabolically stable. 

Furthemore, the incorporation of p-amino acids into peptide factors have resulted in 

increased resistance to enzymatic degradation [12 1,1221. 

7. Abilitv to cross the blood-brain-bamer 

The anticonvdsant activity of parenterally administered p-alanine (Table 2.2) 

anirms its ability to cross the BBB, a property not shared with the other inhibitory 

neurotransmitters (glycine and GABA). This suggests that uptake into the brain occurs by 

active transport rather than by passive diffiision. Indeed, studies have identified a 

p-amino acid active transport shuttie capable of transporting p-alanine and related 



analogues across the BBB [ 123,124,1251. Importantly, the active uptake mechanism 

pemits greater flexibility in molecular design - analogues need not be designed within 

strict logP lirnits. 

8. Low toxicitv 

Molecular structure and concentration are the key determinants of drug toxicity. 

P-Alanine, the simplest p-arnino acid, is an endogenous neurotransmitter which is non- 

toxic under normal physioiogical conditions. Three other p-amino acids are endogenous 

to marnrnals and non-toxic: (R and S)-P-aminoisobutyrate and p-leucine [126]. This 

implies that the B-amino acid hctionality is not a toxicophore (a molecular structure 

which gives rise to toxic effects). 

Nonetheless, antiepileptic h g  design using p-alanine analogues should proceed 

with discretion. Disordea such as neurolathyrism and arnyotrophic lateral sclerosis 

(ALS) have been linked to the dietary consumption of Koxalyl-P-alanine and N-methyl- 

p-alanine, respectively. Apparently, N-substitution foms a toxicophore which 

overactivates AMPA and NMDA receptors [1271. This suggests that a non-toxic an& 

ictogenic/antiepileptogenk hy brid clmg must remain fiee of an amino substituent. 

9. Neelect 

A survey of MEDLINE has identified a cemarkable lack of interest in p-amino 

acids and p-alanine. In the last 24 years, only 342 articles in the medical and biochemical 



Table 2.3: MEDLINE Hih for a- and P amino acids (1972-1996) 

Search criteria: key word is found in article abstract. 

Table 2.4: MEDLINE Bits for glycine, kalanine and GABA (197201996) 

I 

Search criteria: key word is found in article abstract. 

Iiterature have mentioned P-amino acids in the abstract (Table 2.3). By contra, 144,469 

articles referencing arnino acids in the abstract were published in the same period. 

Similady, the interest in p-alanine has been far exceeded by the interest in glycine and 

GABA (Table 2.4). 

In this decade, considerable effort in anticonvulsant drug design has been 

expended in producing glycine analogues (as glutamate NMDA antagonists) and y-amho 

acids (as GABA mimetics) yet P-alanine analogues have been completely neglected. No 

p-amino acid series has been prepared or evaluated in models of seizures/epiIepsy. 



Obviously, this lack of interest favours new entrants into the field and favourably 

supports the commercial design criteria. 

In surnmary, the focus of this research is the design and synthesis of 

anticonMilsant/antiepileptogenic hybrid drugs capable of simultaneous antagonism of the 

NMDA glycine CO-agonist site and blockade of glial GABA uptake. p-arnino acids have 

been selected as excellent candidates to meet these design goals. Nine strong reasons 

support p-alanines as the molecular candidates with the best known potential to meet the 

challenges of antiepileptic dmg design. 

2.3.3.2 Current Problems with P-Amino Acids 

Despite many excellent reasons to pursue P-arnino acids as antiepileptic agents, 

two major problems seriously hamper research efforts: the lack of availability of p-amino 

acids and their hi& cost to buy or to synthesize. Both problems have severely restncted 

the widespread biological evaluation of p-amino acids as neuroactive drugs. Previously, 

only p-alanine and a few racemic P-aminocarboxylic acids were commercially available; 

however, more recentiy, limited arrays of expensive, enantiomenc p-amino acids have 

become cornmerciaily accessible. These problems of unavailability and high price find 

their source in the synthetic process. Balenovic in 1958 [128] and Drey in 1986 [129] 

have reviewed the syntheses of p-amino acids and have concluded that most synthetic 

routes have only a ümited capacity to generate a diversity of p-amino acid structures. A 



recent, more extensive review (Table 2.6) based on a literature search of CHEMICAL 

ABSTRACTS (1 950-96) concurs. 

Table 2.6 compares the top 26 parnino acid syntheses based on the commercial 

and practical attractiveness of the synthetic process. Specifically, the nurnber of synthetic 

steps, typical yield and scope of reaction (substrates, substitution, advantages, 

disadvantages and enantioselectivity) are evaiuated. The syntheses are grouped according 

to the key synthetic reaction required to produce the P-amino acid structure (Table 2.5). 

To standardize the cornparison, syntheses are traced fiom readily available substrates (if 

any) through to the fiee p-arnino acid. Necessarily, some Iiterature protocols have been 

extended to fit this criterion. 

Table 2.5: List of key reactions which produce p-amino acids 

l 

A) Michael addition of nitrogen nucleophiles to a$-unsaturated acids, esters or nitriles 
B) Alkylation of activated P-homoserine equivalents via organolithiums and 

organocuprates 
C) Addition of phosphonis ylids to ethyl N-thioacylurethanes 
D) Condensations involving denvatives of malonic acid or cyanoacetic acid 
E) Hydrolysis of uracils, dihydroxyuracils, pyrimidines or pyrimidinones 
F) Refonnatsky reaction of a-bromoesters 
O) Curtius remangement of a-substituted succinates 
H) Cycloaddition of akenes with chlorosulphonyl isocyanate or nitrones 

1) Addition of activated imines to ketene silyl acetals or silyl enolates 
J) Arndt-Eistert homologation of N-protected a&o acids 
K) Palladium-catalyzed enamide carboacylation 
L) Reduction of oximes of p-keto esters 



Table 2.6: Cornparieon of P-amiso acid syntheses 

a- or P-substituted 
acrylatesc or 

acrylonitriles, (chiral) 
benzylamines or 

hydroxylamine HCl 

a-substituted 
acrylonitriles, (chiral) 

benzy lamines 

a-substituted 

+ General utility 
+ Few steps, rapid 
+ Trivial synthetic 

methodology 
- Strong acidic conditions 
- Few a-substituted 

acrylates and 
acry lonitriles 

- Limited structural 
diversity 

+ Few steps, rapid 
+ Trivial synthetic 

methodology 
- Few substrates 
- Strong acidic conditions 
- Low yield 
- Limited structural 

diversity 

racemic 







Table 2.6 continued 

Ary laldehyde, 
alkylmalonic acid, 

arnmonia 

a-cyanoester or 
a-haloester, RBr or 

NaCN 

a-alkyl, B-aryl 

a-al kyl or a-ary lalky 1 

N-Chloromethyl- t a-substituted 
phthalimide, 

RCH(CO~E~) ,~  

5-Bromouracil, a-(alkyl or 
N-al ky 1 benzy lamine dialky1)amino 

or dialkylamine 

+ Simple and rapid 
- Strong para electron 

withdrawing groups 
may hinder reaction 

- Malonamide 
by-produc ts 

- workup varies according 
to substrate 

- No diastereoselectivitv 
+ Few steps 
+ Trivial synthetic 

methodology 
- Limited structural 

diversity 
+ Simple and rapid 
+ General utility 
+ High yield 
- Limited structural 

diversity 
-- 

+ Few steps 
- Strong acidic conditions 
- Limited structural 

diversity 

diastereomers 

racemic 

racemic 

racemic 



Table 2.6 continued 

*O 

1 
P-Alanine, RX a-alkyl or a-arylalkyl 

45 Asparagine, p-ar~l 
aryliodide 

25-35 Phenylglycinol, P-alkyl or P-arylalkyl 
alkylaldehyde, 

BrZnCH2C02Et 

+ High yield and 
efficiency 

- Strong acidic conditions 
- Limited dihydrouracil 

substrate 
- Limited structural 

diversity 

racemic 

+ R introduced in step 5 >95% ee 
+ High enantioselectivity 
- Long and tedious l 
- Limited structural 

diversity 
+ Aryl added in step 3 >95% ee 
+ High enantioselectivity 
- Strong acid conditions 
- Limited stnictural 

+ Mild conditions 
- Limited structural l 

diversity 1 



Table 2.6 corrtiriued 

a-Halocarboxylic 
acidf, allylzinc 

bromide, 
N-benzy lary limines 

Benzy lamine 
derivatives, aldehyde, 

BrZnCH2C02R 

Alkyl aldehyde, 
dialkyl succinates 

ltaconic anhydride, 
arylhalide 

p-aryl, a-(alkyl or 
aryl) 

a-alkyl 

a-arylmethyl 

t Few steps 
- No diastereoselectivity 
- Hg12 used as a catalyst 
- Strong acidic conditions 
- Limited nurnber of acid 

substrates 
+ General utility 
+ Few steps, rapid 
+ Trivial synthetic 

methodology 
- Limited structural 

diversity 
+ High enan(iose1ectivity 
- Limited structural 

diversity 
+ High enantioselectivity 
- Long and tedious 
- Limited structural 

diversiiy 

diastereomers 



Table 2.6 continued 

Benzylhydroxylamine 
oxalateg, aldehy de, 

vinylacetate or 
a-chloroacsy lonitrileh 

C hlorosulfony 1 
isocyanate, 1 -alkene 

Aldehyde, 
benzy lamine, sily 1 

enolatesi 

P-, a$-, or a,a,p- 
substitution 

+ Few steps 
- Significant side 

reactions reduce yield 
during the oxidation 
step 

- Limited stmctural 
diversitv 

+ Few steps 
- Strong acidic conditions 
- Up to 50% olefin 

by-product may be 
produced 

- Hazardous substrate 
- Limited structural 

diversity 
+ Few steps 
+ Structural diversity 
+ High diastereoselectivity 
- Limited disubstituted 

silyl enolates 

25-80% ee 

racemic 

diastereomers 
or racemic 



Table 2.6 continued 

BOC-cc-arnino acid 

nucleophile, 
carbon monoxide 

Acryloyl chloride, P-substituted 

+ High enantioselectivity 
+ Few steps 
+ Readily available, 

inexpensive substrate 
- Limited structural 

diversiîy 
+ Numerous nucleophile 

substrates 
+ General utility 
- Hazardous substrate 
- Limited structural 

diversity 

high % ee 

racemic 

Limited substrate 6 0 %  ee 
- Limited structural 

diversity 

a. Superscripts on scheme numbers denote the key synthetic reaction which produces the p-amino acid structure, listed in Table 2.5; 
b. Al1 protocols have been extended to the fiee p-amino acid; syntheses where protected p-amino acids are not relays are denoted by *; 
c. The reaction of aldehydes with (carbethoxymethyl)triphenylphosphonium bromide gives P-substituted unsaturated esters [158]; 
d. Substituted malonate may be derived fiom the enolate and alkylhalide in one step at high yield; e. Some dihydrouracils are 
commercially available and may be prepared by condensation of Zalkenoic acids (or unsaturated esters; see c) with urea [159]; f. See 
ref. 160 for preparation; g. See ref. 161 for preparation; h. Use of ketene acetals eliminates the problematic oxidation step; i. Made in 
one step fiom the corresponding ester. 



Table 2.7: Major problems of literature syntheses of p-amino acids 

Lack of available substrates 

Synthetic procedure limited to one 
substitution mode: a or j3 

Numerous synthetic steps (> 5 steps) 

Non-trivial procedures 

S ynthetic limitations (ie. stereoelectronic 
restrictions, by-products) 

Methodological problems (ie. hazards, special 
requirements) 

Expensive substrates and reagents 

Limited diversity in the p-amino 
acid structure 

High expense to synthesize product 

Protracted, tedious procedures 

Low overall yield (less than 20%) 

Table 2.6 demonstrates that even the bea p-amino acid literature protocols are 

deficient due to their inability to produce structural diversity or due to their inherent high 

cost. One or more prirnary problems (Table 2.7) contribute to these deficiencies. The 

reactions which dernonstrate the greatest general utility, given their limitations, are 

protocols 1 , 1 1,18 and 25 (depicted in Scheme 2.1). a-Substituted p-alanines in which R 

is alkyl or aryl are obtained in good yields via protocols 1 and 11; p-substituted 

p-alanines in which R is alkyl or aryl are obtained in reasonable yields via protocols 1, 

18 and 25. These protocols are generally usefùl and acceptable for selected, small scale 

syntheses, however, a wide range of the required bromoesters, substituted malonates and 

a-substituted acrylates are not readily avaiiable and may require multiple steps to 

produce. These disadvantages make these protocols impractical for the synthesis of an 

extensive, diverse analogue series. 



Scheme 2.1: General utüity literature syntheses for p-amino acids 

Protocoll from Table 2.6 

R'= CN, COOR'; R~, R ~ =  H, iryl, alkyl; R ~ =  beozyl derivative 

Protocol 11 from Table 2.6 

NaOEt 
EtûH 

R= ayl ,  aikyl 



Protocol18 from Table 2.6 

RI 1. H,O+ A 
1 

2. Hz,  P d I C  

R'= aryl, alkyl; R'= betuyl derivative; R ~ =  Et, 1-menthyl 

Protoc0125 from Table 2.6 

R 1. H ~ O +  , A 
h O H  - 

H2N O 2. H p ,  P d I C  
' 

ZHN 0 

2. TEA , 
R=Nucleophile 

R= aryl, alkyl, heteroaryl, heteroalkyl 



The 12 major reactions (A-L, Table 2.5) which form the basis for the top 26 

p-amino acid syntheses are plagued with unacceptable difficulties and limitations which 

fnistrate attempts to design and synthesize hybrid anticonvulsant/antiepileptogenic drugs. 

In response to these problems, an efficient, low cost synthesis, capable of generating a 

wide variety of substituted p-amino acids, has been developed: alkyl p-amino- 

thiophenecarboxylates are N-acylated, reductively desulfunzed and doubly deprotected to 

yield a- or p-substituted p-amino acids in reasonable yield. 

Synthesis of Alkyl P-Aminothiophenecarboxylatea 

The initial alkyl P-aminothiophenecarboxylates are synthesized using procedures 

by Beck, Gewald and Fiesselrnann (Scheme 2.2 to Scheme 2.5). See Appendix A for 

detailed procedures. 

Beck Meîhod 

Following the method of Beck [162], methyl 3-aminoberno[b]thiophene-2- 

carboxylates are synthesized from O-nitrobernonitriles in one step (Scherne 2.2) via the 

nucleophilic, thiolate displacement of an activated nitro function followed by a base- 



catalyzed ring closure. Advantage is taken of the displacement lability of an arene nitro 

group ortho to a cyano function. 

r 

KOH , DMF 

Scheme 2.2: 3-Amino beozoib J thio phene-2-earboxylates via nitro displacement 

Substituted O-nitrobenzonitriles are available commercially or may be easily 

prepared fiom I thloro-2-nitrobenzenes by reaction with cuprous cyanide. 

Ge wu fd Method 

In one step, the Gewald reaction [163,l64] produces alkyl 2-aminothiophene-3 - 
carboxylates, substituted in position 4 and/ot 5, from a-methylenecarbonyl compounds 

which undergo base-catalyzed Knoevanegal condensation with activated nitriles 

(ie. methyl cyanoacetate) followed by cyclization with sulfur (Scheme 2.3). Morpholine 

is used as base; ethanol is used as solvent. 



R= alkyl, cyclic alkyl or aryl 

Scheme 2.3: 2-Aminothiophene-3-carboxylates from alkyl or arylalkyl ketones. 

Fiesselmann Method 

Through the use of the Fiesselmann reaction, alkyl 3-amho-5-arylthiophene-2- 

carboxylates are synthesized in one step by the base-catalyzed nucleophilic addition of 

a-mercaptoacetic esters to arylhaloacrylonitriles followed by a Dieckmonn-Thorpe 

cyclization of the resulting 3-aryl-3-alkoxycarbonyimethylmercaptoacloles. The 

arylhaloacrylonitriles are synthesized fiom acetophenones or arylaidehydes. 

Fiesselmn Method lrsing Acetophenones 

Methyl 3-amino-5-arylthiophene-2-carboxylates are synthesized fiom 

acetophenones by a 2-step method [165,166] (Scheme 2.4). Dimethylformamide, 

phosphoryl chloride, acetophenone and hydroxylamine hydrochloride react stepwise to 



POCI, , DMF 
R 

NH,OHmHCI 

Y 

MeOH, NaOMe 

Scheme 2.4: 3-Aminothiophene-2-carboxylates from ~chlorocinnamonitriles 

produce P-chloroci~amonitde which, in a second step, reacts with methyl thioglycolate 

in the presence of base to yield the Fiesselmann product. 

Fiesselmann Method using Aryluldehydes 

Methyl 3-amino-5-arylthiophene-2-carboxylates are synthesized by way of 

arylaldehydes in a four step process (Scheme 2.5). Mucochloric acid (a vinyl chloride) is 

converted to its pseudomethyl ester [167] which, upon treatrnent with sodium azide in 

rnethanol, gives the azidofùranone [168]. Thermolysis of 4azido-3-chloro-5-metboxy- 

2(5H)-furanone produces a highly reactive chlorocyanoketene in siîu which reacts with 

ammatic aldehyde to give a-halo-P-arylacryloaitnle 11691, a Fiesselmann precursor. This 



MeOH MeOH 
OH OMe OMe 

I Toluene 

Y 

MeOH , K,CO, 

Scherne 2.5: 3-Aminothio phene-2-carboxylates from a-halo-P-arylacrylooihiles 

reacts with methyl thioglycolate in the presence of base to yield the Fiesselmann product 

[l7O]. 

N-Acetyl Protection of AUryl p-Aminothiophenecarboxylates 

Aikyl P-acetamidothiophenecarboxylates are prepared in one step by reacting 

akyl P-aminothiophenecarboxylates with acetic anhydride according to standard 

pmcedure [17 1,1721 (Scheme 2.6). N-Acyl protection is effected for three reasons: Raney 

nickel reduction in the presence of EtOH has reportedly ethylated amino groups 

[173,I74], N-acylation facilitates the workup of the desulfunzed product and N-acylation 

signincantly increases the yield of Raney nickel reduction [175]. 



NHAc 

O\ AcOH , A  
O O 

Ac20 

R AcOH , A' R 

Scheme 2.6: Acetylation of methyl P-aminothiophenecarboxylatcs 

Raney Nickel Reductive Desulfurivtion of Akyl P-Acetamidothiophene- 
carboxylates 

The critical chernical transformation in this novel synthesis of p-danines is the 

reductive desulfurization of akyl P-acetamidothiophenecarboxylates by Raney nickel in 

EtOH to yield N-acetyl-P-alanine aikyl esters. Alkyl 2-acetamidothiophene-3- 

carboxylates are reduced to racemic a-substi~ed-N-acetyl-P-alanine allcyl esters; alkyl 

3 -acetamidothiophene-2-carboxy lates are reduced to racemic P-substituted-N-acety 1-P- 

alanine alkyl esters (Scheme 2.7). Raney nickel catalyst (W-S), prepared by the method of 

Biliica and Adkins [176], adsorbs sulfur compouods via sulfur's unshared electrons, 



NHAc RaNi ,  EtOH, A 

Ra Ni,  EtOH , A 
c 

NHAc 

Ra Ni,  EtOH, A 
R A R 

Scheme 2.7: Raney nickel reductive desulfurization of methyl 
P-acetamidothiophenecarboxy1ates to yield racemic a- and 
P-substituted N-acetyl-P-alanine methyl esters 

weakens C-S bonds which break to form fiee radicals, and saturates unfilled valences and 

double bonds with H from the catalyst surface [177,178]. SulfÙr is bound as nickel 

adfide; ester and acetamido fùnctions remain intact. 

To date, Raney nickel (Ra Ni) reduction has not been used to constnict a 

conformationally unrestricted p-amino acid backbone nom fiinctionalized thiophene; 

nevertheless, the proposed synthesis of N-acetyCP-alanine akyl esters is theoretically 

sound based on previous reports of amino acids synthesized nom thiophene precursors. 



Between 1956 and 1962, the Russian gmup Gol'dfarb, Fabnchnyi and ShalaWia 

published 3 syntheses of substituted a-amino acids derived from the Ra Ni reductive 

desulfunzation of substituted thiophenes: 5-alkyl-4-nitro-2-thiophenecarboxylic acids 

were reduced to y-alkyl-y-arnino acids in 46-84% yield [179]; o-[S-(1-oximinodkanoic 

acid)-2-thienyll-dkanoic acids were desulfunzed to produce a-aminoa,o-dicarboxylic 

acids in 24.64% yield [180,18 11; and a-[S-(1-oximhodky1)-2-thienyll-dkanoic acids 

were reduced to o-alkyl-a-aminodkanoic acids in 2440% yield [182]. In the ody  

previous report of a p-mino acid produced by the reduction of a substituted thiophene, 

the 1 step malonic acid synthesis of P-arnino acids (refer to protocol 8, Table 2.6) was 

used by Gol'dfarb et al. to produce P-thienyl-P-amino acids which were subsequently 

desulfùrized by Ra Ni to yield P-alkyl-P-amino acids [175]. 

The Gol'dfarb reactions demonstrate that the presence of thiophene, amino and 

carboxylate should pose no problem to the synthesis of p-amino acids from akyl 

P-acetamidothiophenecarboxylates. 

Acid Deprotection of Substituted N-AcetyCP-Alanine Alkyl Esters 

De-acylation and de-esterification of substituted N-acetyl-P-alanine alkyl esters 

are simultaneously accomplished by acidolysis (Scheme 2.8). Substituted p-amino acid 

racemates are isolated fiee or as the hydrochloride salt. 



6 M HCI , A 

6 M HCI , A 
A 

NHAc 

NHAc 

6 M HCI , A 
R 

Scheme 2.8: Acid deprotection to yield a- and P-substituted p-alanine hydrochloride 
salts 

In this novel, patented synthesis [183], p-amino acids are prepared fiom 

P-arninothiophenecarboxylate precursors in 3 steps with the precursors being prepared in 

1-4 steps. Due to the abundance of inexpensive p-aminothiophenecarboxylate denvatives 

that rnay be readily synthesized, a wide variety of P-amino acids may be produced. This 

is ideal for the synthesis of an analogue senes. Accordingly, the novel synthesis has been 

applied to the design of two p-amino acid analogue series to (i) rigorously evaluate the 

chemistry and antiepileptic activity of the compounds produced by this novel protocol, 

and to (ii) r e k e  the molecular structure of analogues to increase compound aff?nity to 



target recepton with the ukirnate goal of maximizing anti-ictogenic/antiepileptogenic 

activity . 

2.5 DESIGN AND SYNTHESIS OF A P-AMINO Acm SERIES TO EVALUATE 
THE NOVEL PROTOCOL 

A simple series of p-amino acid analogues has been selected to explore the scope 

of the novel synthesis and to systematically explore the influence of varying stenc and 

electronic substituent properties upon the anticonvulsant bioactivities of B-arnino acid 

analogues. The a- and P-substituted p-arnino acid analogues were selected to meet the 

following criteria: 

1) P-Amino acid analogues must be synthesized fiom inexpensive, commercially 

available precursors. 

2) To ease work-up and anaiysis, p-amino acid precursors must be selected to 

minimize the number of chiral centres in the product. 

As a consequence of the Raney nickel reductive desulfùrization, thiophene Cf is 

transformed into an asymmetric carbon on the P-amino acid backbone. Precursors must 

be selected with care to ensure that reduction does not produce a second asymmetric 

carbon (originaily thiophene Cd. Therefore, 

only symrnetnc ketones were selected as Gewaid precursors. 

aminothiophenecarboxyIates were Limited to the 2,3 or 3,2 amino acid 

substitution pattern (as opposed to the 3,4 substitution pattern). 



Gewald precursors which are dinstereoselective were deemed 

acceptable. 

For practical reasons, racemic products need not be resolved until antiepileptic 

activity can be verified. During the early phases of h g  design and synthesis, 

enantiomeric separations would be counterproductive since an efficient, large scale 

analogue synthesis requires rapidity, low cost and high throughput. 

3) A suficient subset of analogues must be selected and synthesized to evaluate 

the chernical and antiepileptic influence of alkyl, aromatic, hetero-aromatic, electron- 

donating and electron-withdrawing substituents in key positions. 

Given these criteria, a search of the Aldrich chernical catalog (a library of over 

66,000 chemicals) was performed and dl starting materials for the syntheses of 

P-aminothiophenecarboxylates were identified. Without synthesizing speciai starting 

materids, 26 1 p-amino acid analogues may be readily synthesized using comrnercially 

available materials: 6 by the Beck method, 28 by the Gewaid method, 21 by the 

Fiesselrnann method using acetophenones, and 206 by the Fiesselmann method using 

arylaidehydes. From this basis set, a mbset of 40 precursors was selected (see Figure 2.3 

to Figure 2.6 for precursor structures) to af3ord a systematic spectnim of substituent 

patterns on the p-amino acid end products. 



Figure 2.3: O-Nitrobenzonitriies as Beck precunors for the synthesis of P-aryl-P 
alanines 

Figure 2.4: Symmetric ketones as Cewald precursors for the syntbesis of 
a-su bstituted P-alanines 



Figure 2.5: Aromatic aldehydes as Fiesselmann precursors for the synthesis of 
P-su bstituted p-alanines 

Figure 2.6: Acetophenones as Fiesselmann precursors for the synthesis of 
Bsu bstituted p-alanines 

Al1 p-amino acids and intermediates were subject to 'H NMR, IR, TLC and 

meiting point analyses to assess product identity and product purity. Elemental analysis 

were performed on p-amino acids. 

Furthemore, ai i  B-amino acids were biologically evaluated to determine anti- 

ictogenic activity. Test compounds were subjected to a series of complementary seizure 

models [184]: (1) maximal electroshock seizures (MES), (2) pentylenetetrazol induced 

seizures (PTZ), and (3) pilocarpine induced seizures (PIS). Tests for the MES and PTZ 

seizure models were performed by the Anticonvulsant Drug Development Program at the 



National Institute of Health in Bethesda, MD. PIS seizure tests were performed in-house 

at Queen's University. Refer to Appendix B for details of the experirnental procedures. 

Compound efficacy was determined by seinire protection in more than 214 rats at doses 

of 300,100,50 and 10 mgkg ip. 

J3-Amino acids with strong anti-ictogenic activity were tested for 

antiepileptogenic activity in the Spontaneous Recurrent Seizure (SRS) mode1 of chronic 

epileptogenesis (See Appendix B). 

2.5.1 Experimental Results and Discussion 

2.5.1.1 Novel Chemistry 

Using the newly developed, 4 step protocol, the analogue synthesis of p-amino 

acids comrnenced with 40 precursors and resulted in the synthesis of 17 doubly protected 

p-alanines of which a subset of 8 were M y  deprotected to yield fiee a- and P-substituted 

p-amino acids. Seven different reaction types were employed of which six demonstrated a 

high level of synthetic success (Table 2.8) in moderate to high yield. Al1 intermediates 

and end products were characterized by NMR, IR, TLC, and melting point analyses 

(Table 2.9 to Table 2.18). p-Amino acid purity was confîrmed primarily by NMR and by 

elemental analysis (Table 2.19). Deliberate discontinuations (Table 2.20) or reaction 

failures (Table 2.21) abbreviated the 4 step reaction sequence in some cases; the 



occasional reaction failure was to be expected and contributed positively to an 

understanding of the scope of the novel synthesis. 

Table 2.8: Synthetic productivity of the novel protocol 

P-Aminothiophene- 
carboxylate alkyl 
esters 

Acetamidothiophene- 
carboxylate esters 
N-Ace ty 1-P-alanine 
alkyl esters 

Beck reaction 
Gewald reaction 
Fiesselmann using ArCOCH3 
Fiesselmann using &CHO 

Acety lation 

Ra Ni reductive 
desuifbrization 
Acid deprotection 



Table 2.9: Aaalytical data for snbstituted methyl3-amino or 
3-rcetamidobenzo(b]t hiophene-2-carboxylate 

3431,3337 1663 7.75-7.36 (m, 4H). 5.92 (br s, 2H), 3.89 (3,3H) 
3488,3338 1671 7.55 (d, 1H. J=l lHz), 7.30 (t, lH,  J=1 lHz), 7.02 

(d, 1H, J=l ~Hz), 6.30 @r s, 2H), 3.88 (s, 3H), 2.82 
(s, 3H) 

3469,3343 1671 8.02 (s, IH), 7.74 (d, lH, J=8.6Hz), 7.59 (d, 1H, 
J=8.6Hz), 5.94 (br s, ZH), 3.92 (s, 3H) 

3445, 3339 1684 7.94 (dd, 1 H, J=8.2Hql. 1 Hz), 7.69 (dd, 1 H, 
J=7.4Hz,0.9Hz), 7.49 (t, 1 H, J=7.9Hz), 6.62 (br s, 
2H), 3.91 (s,3H) 

3271 1716, 9.46(brs,lH),8.08(dd,lH,J=7.0,2.2Hz),7.76 
1670 (dd, lHy Jz7.5, 1 .OHz), 7.48 (d of t, 1 Hy J=6.9* 

lclHz), 7.39 (d of t, IH, J=7.0, l.OHz), 3.94 (s, 
3H), 2.33 (s, 3H) 

3274 1720, 9.8l(brs,lH),8.06(s,lH),7.94(d,lH, 
1676 J=8.7Hz), 7.5 1 (dd, 1 H, J=8.7, 1.4Hz), 3.85 (s, 

3H), 2.20 (d, 3H, J=4.2 Hz) 

a. Products recrystallized fiom EtOH, EtOWH20, or petroleum ether/EtOH/H20; b. Solvent systems used: 1: Et0Ac:MeOH 9: 1; 
K: Me0H:AcOH 5: 1 ; c. 72 % 11 621; d. 1 10-1 1 1 OC [162]; e. 69 % using methylcyclohexane as recrystallization solvent [162]; 
f. 126-1 2 7 ' ~  [162]; g. Yield quoted for acetylation of free amino compound. 

80 





Table 2.10 continued 

184 0.23 (Q) 3464, 1 1 3361 

179 0.31 (Q) 3464, 

7.12 (m, 2H), 6.91 (m, lH), 6.83 (s, IH), 6.50 
(br s, 2H), 6.05 (s, 2H), 3.7 1 (s, 3H) 

8.26 (d, 2H, J=8.7Hz), 7.70 (d, ZH, J=8.6Hz), 
7.18 (s, lH), 7.14 (d, lH, J=9.5Hz), 7.05 (d, 
1 H, J=8.8Hz), 6.91 (s, 1 H), 6.54 @r s, 2H), 
5.30 (s, 2H), 3.86 (s, 3H), 3.71 (s, 3H) 

10.19 (br s, lH), 8.27 (s, IH), 7.60 (d ofm, 
2H, J=8.9Hz), 6.93 (d of m, 2H, J=8.8Hz), 
3.89(s,3H), 3.84(~,3H),2.24(~,3H) 

10.18 (br s, lH), 8.38 (s, IH), 7.66 (m, 2H), 
7.41 (m, 3H), 3.90 (s, 3H), 2.25 (s, 3H) 

10.16 (br s, IH), 8.22 (s, IH), 7.32 (m. 2H), 
7.04 (dd, IHj J=4.9,3.5Hz), 3.89 (s, 3H), 
2.23 (s, 3H) 

10.16 (br s, lH), 8.22 (d, IH, J=2.7 Hz), 7.17 
(dd, 1 H, J=8.2, l.8Hz), 7.12 (d, 1 H, 
J= 1.7Hz), 6.82 (d, 1 H, J=8.1 Hz), 6.00 (s, 
2H), 3.88 (s, 3H), 2.23 (s, 3H) 





Table 2.11: Aoalyticai data for substituted methyl2-amino- or 2-acetamido- 

0.68 (1) 341 4, 1650 
3305 

0.78 (Q) 3473, 1 664 
3338 

5-92 @r s, 2H), 3.78 (s, 3H), 2.69 (m, 2H), 2.49 
(m, 2H), 1.77 (m, 4 9  

5.92 (br s, 2H), 3.78 (s, 3H), 2.94 (d of m, ZH, 
J=16Hz), 2.56 (dd, 2H, J=l SHz, 4Hz), 1.95 (d of 
m, 2H, J=12Hz), 1.34 (m,lH), 0.91 (s, 9H) 

5.91 (br s, 2H), 4.25 (q, J=7.2Hz)**, 3.78 (s, 
3H), 2.86 (d ofm, IH), 2.55 (d ofm, 2H), 2.15 (t 
of m, 1 H), 1.84 (m, 2H), 1.33 (1, J=7.2Hz)**, 
1 .O3 (d, 3H, J=6.5Hz) 

7.29 (m, 5H), 5.94 @r s, 2H), 4.28 (q, 
J=7.2Hz)**, 3.81 (s, 3H), 2.93 (m, 2H), 2.74 (m, 
2H), 2.67 (m, lH), 2.06 (m, lH), 1.90 (ni, IH), 
1.35 (t, J=7.2Hz)** 

i 1.22 (br s, lH), 3.86 (s, 3H), 2.74 (m, 2H), 2.63 
(m, ZH), 2.25 (s, 3H), 1.79 (m, 2H), 1.76 (m, 
2H) 



' 0 0  S I -  - -  





Table 2.12 continued 

B6P75 Ac Et 0.35, 3280 1714, 11.19(brs,1H),4.33(q,2H)**,3.87(~,3H), 
0.94 (J) 1676 3.80(brs,2H),3.40(rn,lH),3.25(m,1H),2.99 

(m, 2H),2.82 (q, 2H, J=7.2Hz), 2.27 (s, 3H), 
1.38 (t,3H)**, 1.24 (t, 3H, J=7.3Hz) 

J 

** Resonances attributed to ethyl ester; partial Et-Me ester exchange occurred due to solvolysis; consider yield to be crude. 
a. EtOH, H 2 0  or a mix used for recrystallization; b. Solvent systems used: 1: Et0Ac:MeOH 9: 1 ; J: CHCl,:Acetone:H,O 88: 12: 15: 
K: Me0H:AcOH 5:l; Q: CHC13; c. 147-1 5 0 ' ~  [187]; d. Yield quoted for acetylation of free amino cornpound. 







Table 2.14: Analytical data for p-aryl-P-alanines and precursors 

a. EtOH, H,O or a mix was used for recrystallization; b. Solvent systems: 1: Et0Ac:MeOH 9: 1 ; H: Me0H:AcOH 5: 1 ; c. 'H nmr 
solvents: d: CDCI,, e: DMSO-d6, g: DzO; f. 48% [139]. 

B5P65 

B6P140 

CH3 

CH3 

BSf 91 H 

Ac 

Ac 

H-HCI 

H 

pF3C 

H 

97.4 

87.1 

------- 
61.1' 

58-61 

oil 

220- 
22 1 

0.42 (1) 

0.52 (1) 

0.75(1) 3305(OH), g7.32(s,5H),4.49(t,1H,J=7.9Hz),2.71(doft, 
1627 (C=O) 2H, J=6.5, 1.3Hz) 

3322 (NH), 
1 74 1 (C=O), 
1649 (&O) 

3340 WH), 
1736(C=O), 
1654 (C=O) 

'7.30 (m, 5H), 6.62 (br d, lH, J=6.OHz), 5.43 (g, 
1 H, J=6.OHz), 3.62 (s, 3H), 2.89 (dd, ZH, J=5.9, 
8.5Hz), 2.02 (s, 3H) 

'8.45 (d, lH, J=B.OHz), 7.59 (d, 2H, J=8.3Hz), 
7.49(d,2H,J=8.1Hz),5.25(q, lH,J=7.6, 15Hz), 
3.55 (s, 3H), 2.75 (m, 2H), 1.82 (s, 3H) 



Table 2.1 5: Analytical data for aryl substitutcd P-phenethyl-P-alanine and 
precursors 

d 7.08 (d, 2H, J=8.5Hz), 6.8 1 (d, 2H, J=8.7Hz), 
6-03 @rd, lH, J=8.7Hz), 4.27 (m, lH), 3.77 (s, 
3H), 3.67 (s, 3H), 2.59 (t, 2H, J=8.2Hz), 2.55 (d, 
2H, J=8.4Hz), 1.96 (s, 3H), 1.84 (q, 2H, 
J=8.2Hz) 
d 7.23 (m, SH), 6.10 (br d, lH, J=8.8Hz), 4.30 (t 
of d, 1 H, J=8.9,5.4Hz), 3.68 (s, 3H), 2.66 (t, 2H, 
J=8.2Hz), 2.5 7 (dd, 2H, J=4.9,3 .O&), 1.96 (s, 
3H), 1.87 (m, 2H) 

-- 

d 7.07 (s, 4H), 6.08 (br d, 1 H, J=8.8Hz), 4.28 
(sextet, 1 H, J=5.3Hz), 3.67 (s, 3H), 2.63 (d, 2H, 
J= 8.2Hz), 2.55 (m, 2H), 2.30 (s, 3H), 1.96 (s, 
3H), 1.84 (quintet, 2H, J=7.9Hz) 
d 7.1 1 (t, 1 H, J=7.5Hz), 6.48 (br t, 3H), 6.05 (br 
d, lH, J=8.4Hz), 4.31 (m, lH), 3.67 (s, 3H), 3.33 
(q, 2H, J=7.0Hz), 2.59 (t, 2H, J=8.4Hz), 2.56 (d, 
2H, J=4.4Hz), 2.39 (br s, lH), 1.94 (s, 3H), 1.87 
(m, 2H), 1.14 (t, 3H, J=7.0Hz) 
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Table 2.18: Analytieat data for aaubstituted N-acetyl-P-alanine alkyl ester and 
a-substituted B-alanine 

B6P85 Ac CH3 -CH2CH2 CH2- 1 94.1 1 oil 1 0.54 (1) 1 1720 (C=O), 1 7.78 (br s, lH), 4.03 (q, J=7.0&)**, 1 
3.57 (s, 3H), 3.30 (m, lH), 3.09 (m, 
2H), 2.35 (m, 2H), 1.87 (m, ZH), 1.76 
(s, 3H), 1.49 (m, 5H), 1.17 (t, 
J=7.0Hz)* * 
7.80@rm, 1H),3.58 (s,3H),3.26 
(m, 1H). 3.04 (m. lH), 2.59 (m, lH), 
1.76 (s, 3H), 1.5-1.1 (m, 5H), 0.9-0.7 
(m. 6H) 

7.54 (br d, 1 H, J=8.1 Hz), 4.17 
(quintet, 1 H, J=6.5Hz), 3.70 (s, 3H), 
2.51 (br d, 2H, J=6.3Hz), 1.94 (s, 
3H), 1.51 (br m, 2H), 1.33 (br rn, 8H), 
0.94 (m, 3H) 



6-ci o x m  
* O b  m u -  



Table 2.19: Elemental analysis of a- and P-substituted p-alanines 

Found 63.11,63.22 10.23,10.42 8.19,8.22 
Calculated 63.1 3 10.01 8.18 

B5P13 1 a-Cyclododecy 1-P-alanine Hydrochloride C ,,H2,NO,4-ICl Found 62.18,62.00 10.79,10.64 4.53,4.50 
Sdt Calculated 61.73 10.36 4.80 

B5P127 a-(4-tert-Butylcyclohexy1)-P-alanine C 13H25N02mHCl Found 59.50,59.79 10.38, 10.47 5.26,5.31 
Hydrochloride Salt Calculated 59.19 9.93 5.3 1 

B5P107 a-(4-Phenylcyclohexy1)-p-alanine C15H2,N02*HCI Found 63.86,63,65 7.81,7.94 4.81,4.80 
Hvdrochloride Salt Calculated 63.48 7.8 1 4.94 

I 

B5P91 p-Phenyl-P-alanine Hydrochloride Salt C9H, ,N02*HCI Found 54.14,53.96 6.00,6.15 7.34,7.29 
Calculated 53.6 1 6.00 6.95 

BSP95 P-Phenethyl-P-alanine CI 1 H d 0 2  Found 67.97,67.62 7.87,7.87 7.14,7.16 
Calculated 68.37 7.82 7-25 

B5P 1 1 1 P-@-Methylphenethy1)-Falanine C 12H,,N02.0.33Et0H Found 68.19,68.19 8.21,8.30 6.40,6.53 
Calculated 68.3 1 8.59 6.29 

B6P 1 45 P-[2-(4-Hydroxy-3-methoxypheny1)ethyll- C ,,H,,NO,*HCI*MeOH Found 51.03,50.88 6.88,7,02 4.22,4.29 
P-alanine Hydrochloride Salt Calculated 50.72 7.20 4.55 



Table 2.20: Rationale for the non-completion of a reaction sequence 

Beck reaction 

Fiesselmann 
reaction 

Acety lation 

Ra Ni reductive 
desulfiirization 

Methy 1 2-amino-4,5,6,7-tetrahydro-6- 
methyl benzo[b] thiophenemethylbenzo[b]thiophene-3tarboxylate33~arboxylate 
(B3P135) 
Methy 1 3-amino-4-methy lbenzo [b] thiophene-2- 
carboxylate (B3P 109) 

Methyl3-amho-5-(4-methylphenyl) thiophene- 
2-carboxylate (B4P9 1) 

Methyl2-acetamido-6-ethyl-4,5,6,7- 
tetrahydrothieno[2,3-c]pyridine-3-~arboxylate 
(B6P75) 
Methyl2-acetamido-4,5,6,7-tetrahydro-6- 
methy lthieno [2,3-c] p yridinemethylthieno[2,3-c]pyridine-3-carboxylat3-carboxylate 
(B6P39) 
N-Acetyl-a-(1-ethylpropy1)-P-alaniLIe methyl 
ester (B6P93) 
N-Acetyl-a-cyclopentyl-P-alanine ethyl and 
methyl esters (B6P85) 
N-Acetyl-a-cycloheptyl-P-alanine ethyl ester 
(B6P117) 
N-Acety l-a-[4-(N-carbethoxypiperidinyl)]-p- 
alanine methyl ester (B6P105) 
N-Acetyl-p-[m-(ethylamino)phenethyl]+- 
alanine methyl ester (B6P 1 0 1) 
N-Acetyl-P-hexyl-P-alanhe methyl ester 
(B6P97) 

Major ethyl ester 
impurity 

Incomplete reaction 
due to Iow reaction 
temperature 
B4P9 1 is identical to 
another Fiesselmann 
product, B4P5 5.  
Major ethyl ester 
impurity 

Work is still in 
progress 



Table 2.21: Rationale for reaction failures 

Beck 
reaction 
~ e w a l d  
reaction 

Fiesselrnann 
reaction 

Fiesselmann 
reaction 

Acety lation 

Ra Ni 
reductive 

desuifurization 

Acetone 
4-Heptanone 
5-Nonanone 
6-Undecanone 
2,6-Dimethyl-4-heptanone 
1,3-Dipheny lacetone 
Cyclooctanone 
Cyclodecanone 
1 ,CCyclohexanedione mono-ethylene ketal 
1 -Propyl-4-piperidone 
1 -Phenethyl-4-piperidone 
Tropinone 
2,2,6,6,-Tetramethyl-4-piperidone 

Methy 1 3-amino-4-cyanoberw [b] thiophene-2- 
carboxylate (B5P9) 

Methy 1 3-acetarnido-5-(3,4-methylenedioxy 
pheny1)thiophene-2-carboxy late (B6P55) 

Methoxy groups are 
deactivama 
Precursors failed to 
react under the 
prescribed reaction 
conditions due to one of 
the following reasons: 

low reactivity 
steric hindrance 
presence of a protic 
fUnc tionality 
aldol side reactions 
IOW reaction 
temperature 
inappropriate 
reaction solvent 

S t enc hindrance 

Electron withdrawal by 
$-cyan0 substituent 
reduced reactivity 
Partial cleavage of the 
3,4-methy lenedioxy 
ring leading to 

1 impwityb 
a. Beck performed the andogous synthesis of methyl5,6-dimethoxybenzo[b]thiophene-2- 
carboxylate (16% yield) under much more vigorous conditions (1 8 hr/lOoOc vs 
0.5 h r / ~ * ~ )  [ 1621; b. The thiophene moiety was reduced as expected. 



Syn thesis of Alkyl P-Aminothiophenecarboxylates 

Using established chemistry, the Beck, Gewald and Fiesselmann reactions were 

used to constnict a wide variety of bbthiophene-constrained" p-amino acids in a rapid and 

efficient manner. Chernical analyses and yields were in accordance with literature results. 

The Beck and Fiesselmann reactions presented no synthetic dificulties however the 

Gewald reaction experienced two problems. 

Fint, the Gewald reaction worked in only half of the attempts. Under the standard 

reaction conditions, some a-methylenecarbonyl compounds were not reactive enough. 

Procedural modification [163] may be used to enhance precursor reactivity by 1) using a 

different solvent such as DMF or dioxane, 2) raising the reaction temperature to 70-90°c, 

or 3) cornpleting the reaction in two steps: first, the a-methylenecarbonyl compound 

undergoes base-catalyzed Knoevanegai condensation with an activated nitrile; second, the 

resulting alkylidene derivative reacts with suifur in a separate step. Despite the number of 

Gewald precursors that failed to react, the Gewald reaction supplied nearly half of the 

alky 1 P-amino thiophenecarboxy late intermediates. 

A second problem involved the solvolysis of methyl P-aminothiophene- 

carboxylates in refluxing EtOH which redted in partial to total ester exchange (methyl 

for ethyl). In some cases, syntheses were discontinued due to ethyl ester impurity; in 

other cases, the impurity was tolerated since the final step in the reaction sequence 

involves ester deprotection. The use of ethyl cyanoacetate as a Gewald precursor would 

eliminate the solvoly sis pro blem. 



Synthesis of Alkyl P-Acetamidothiophenecarboxylates 

P-Aminothiophenecarboxylates readily acetylated, oAen in high yield, when 

subjected to acetic anhydride reflux. Electron withdrawing groups (CF,, CN) on 

P-aminobenzo[b]thiophenecarboxylates demonstrated the ability to retard or prevent 

acetylation. 

N-Acetyl protection was easily confirmed by standard analyticai methods: acetyl 

hydrogens resonated as a singlet at 62.20-2.33 for 3-acetamido compounds and at 6 1.76- 

2.26 for 2-acetarnido compounds; IR was chanicterized by a single amide NH stretch and 

by two strong carbonyl absorptions; TLC was ninhydrin-insensitive; and in most cases 

melting points were constant or elevated (by as much as 7 5 ' ~ )  due to an increase in 

compound lipophilicity promoting charge transfer interactions. 

Synthesis of Substituted N-Acetyl-P-alanine Alkyl Esters 

In al1 17 attempts, thiophene or benzo[b]thiophene moieties in the precursors were 

reduced in high yield to produce substituted p-alanines with acetamido and ester groups 

intact. H, and HP were identified by [H NMR (Table 2.22) and IR dernonstrated that, 

with the loss of thiophene aromaticity, conjugation and constraint, ester carbonyl 

absorbed i&ared radiation at a fiequency up to 50 cm" higher while amide carbonyl 

absorbed at a slightiy Lower fkequency. Reduction of the thiophene ring resuited in a loss 

of UV absorption. 



Table 2.22: Range of chenical shats for backbone protons on N-acetyCB-alanine 
alkyl esters 

a. cyclohexyl or higher 

Despite its tedious preparation and pyrophoric nature, Raney nickel demonstrated 

exceptional utility as a versatile reducing agent. It was inexpensive, not poisoned by 

sulhir, and allowed the retention or modification of many of the functional groups listed 

in Table 2.23. Notably, the reduction of the nitro substituent in B6P69 to amino followed 

by ethylation (see B6P101) c o n h e d  that the N-acylation protection of alkyl 

P-aminothio phenecarboxy lates was justified. 

Table 2.23: Summary of the effects of Ra ney Nickel reduction on functional groups 

Carbon halides except fluorides are 
hydrogenated 

Amides 
Esters 

Olefins are saturated 
Ketones are converted to alcohols 

Strained heterocycles are broken 1 Fluorides 

Carboxylic acids 
Aüphatic and aromatic ethers 

Benzyl is cleaved fiom heteroatoms 
Ail sulfur functionalities are reduced 

Hydroxyl 
ICetonesb 

I 

a. Refer to references 190 and 191; b. No reaction occurs in the presence of lower 

Aryl nitmgen groups are reduced to primary 
amines which may be monoaUcy1ated in 

aüphatic ketones [192 1. 

Arenes and heteroarenes without S 



Synthesis of a- and PSubstituted P-Alanines 

In al1 8 attempts, the sirnultaneous deprotection of acetyl and ester afforded fiee 

p-arnino acids in moderate to high yield. Work is in progress to complete the deprotection 

of the remaining protected p-alanines. Physical analyses contirmed the synthesis of novel 

p-amino acids: broad OH absorptions appeared in the IR spectm, compounds were 

ninhydnn-active, and melting points were consistently 60-80'~ lower than rnelting points 

for a-amino acid analogues. 

In general, isolation of 8-amino acids as the hydrochloride salt is superior to 

isolation of the fiee amino acid because work-up proceeded in higher yield, less physical 

manipulation was required, the product was ofien soluble in H20 or DMSO (the fiee 

product usuaily was not), and the product simply had a greater mass. 

Resolution of racemates was not performed. 

2.5.1.2 Scope of Reaetion 

Number of Syntheric Steps and Typical Total Yield 

P-Alanines were synthesized in 4 steps with an overall synthetic yield of 1640% 

for P-alanines with a-substituents, 942% for 8-alanines with p-substituents, and 20-42% 

for p-alanines with P-aryl substituents. While not yet optimized, these yields are 

comparable to the yields of most other p-alanine protocols, even the 1 step synthesis of 

p-aryl-p-amino acids using malonic acid. 



The protectioddeprotection steps decreased the overall yield but were necessary 

since Ra Ni ethylates amino groups in the presence of EtOH. Conceivably, these 

protection and deprotection steps could be eliminated if a solvent, perhaps aqueous 

ammonia, was found compatible with Ra Ni reduction and the dissolution of 

aminothiophenecarboxylic acids. 

Substrates and Substitution Patterns 

Since the p-arnino acid backbone was constructed fkom substituted thiophene, the 

substrates and substitution patterns of palanines are dependent on the chernistry of akyl 

P-aminothiophenecarboxylates (Table 2.24) which has been extensively reviewed in the 5 

volume series "Thiophene and Its Derivatives" (John Wiley & Sons, New York, 1985), 

edited by Salo Gronowitz. 

Note that P-alanines derived fiom Beck, Gewaid and Fiesselmann precursors are 

excluded from a-ary 1 substitution or any f o m  of disubstitution at Ca or Cg. 

Denvations of the 3 ~-axninothiophenecarboxylate syntheses may be used to 

expand the scope of the P-alanine synthesis. Cyano may replace alkyl ester in the Gewald 

synthesis since both hctional groups are converted to carboxylic acid during acidolysis. 

Derivatized ancilor functionaiized thiophenecarboxaldehyde may be used as a 

Fiesselmann precursor to dtimately produce a P-all<yl-P-amino acid. Other Fiessehann 

precursors (Figure 2.7) may be used to expand the spectnun of substituents. Furthemore, 



Table 2.24: Substrate parameters and P-alanine substitution effects based on the 
synthesis of alkyl P-arninothiophenecarboxylates 

Beck 1 O-nitrobenzonitriles 1 No strong or multiple electron 1 P-aryl 
1 1 donating groups 1 

1 compounds 1 (due to steric hinàrance) 1 
Gewald 

acetyl group (due to steric 
hindrance) 
No strong or multiple electron 
withdtawing groups' 

a-methylenecarbonyl 

Fiesselmann 

1 No protic hctionai groups 1 
a. Reaction may be enhanced by the presence of electron donating groups 

No protic fiinctional groups 
No substituents P to carbonyl 

acetophenones 

Fiesselmann 

a$-disubstituted p-alanines may be synthesized by reducing alkyl 2,s-substituted-3- 

acetamidothiophene-4-carboxy late. 

a-alkyl 

X= chloro, bromo; R= alkyl, aryl, NOz, halo, cyano, H 

Figure 2.R Fiesselmanu precursors 

No protic fiinctional groups 
No substituents ortho to the 

arylaldehydes 

P-arylethy l 

No protic fiuictional groups 
No strong or multiple electron P-arylethyl 



Ultimately, the suitability of a substrate is limited by the chemistry of the 

particular alkyl P-arninothiophencarboxylate synthesis. A second limitation is imposed by 

the use of Raney nickel: some functional groups may be reduced or cleaved (Table 2.23). 

Finally, substituents must be stable to acidolysis. 

Advanrages and Disadvantages 

The total synthesis of p-amino acids has the following advantages: 

Readily available, inexpensive substrates and reagents 

High derivatizability; rich in synthetic potential 

Rapid synthesis 

Few steps (4-5); procedurally simple 

Trivial synthetic methodology; syntheses of thiophenes are well docurnented 

Acceptable yields up to 42% (Note: yield optimization not performed yet) 

Structural diversity unmatched by any other p-amino acid synthesis 

Scdable 

Sa, thiophene and NiSz do not produce a stench. This is of particular interest to the 

synthetic practitioner and CO-workers! 

Ability to incorporate deuterium into the B-amino acid backbone 



Disadvantages of the synthesis include: 

Strong acidic conditions required for deprotection 

No enantioselectivity 

Thioglycolate produces a stench 

Overall, the numerous advantages and few disadvantages of the novel synthesis position 

it as the premier protocol for the synthesis of p-amino acids. Remarkably, the synthesis is 

free fiom nearly ail of the problems inherent in the literature protocols. More irnportantly, 

it hm the ability to meet the challenges of antiepileptic dnig design. Specificaily, the 

novel synthesis of P-amino acids has been used to synthesize anti-ictogenic/anti- 

epileptogenic agents. 

2.5.1.3 Antiepileptic Activity 

Anti-ictogenic Activity 

Eight P-alanine analogues, isolated fiee or as the hydrochloride salt, were 

subjected to biological tests in 3 seizure models (Table 2.25). No compounds were active 

in the PTZ mode1 which tests for anti-absence seizure activity. On the other hand, 4 

compounds, depicted in Figure 2.8, demonstrated anti-ictogenic activity in either the PIS 

or MES models which suggest that these compounds may be active against secondary 



generalized tonic-clonic and complex partial seinires in humans. One compound, 

a-(4-pheny lcy clohexy 1)-P-alanine hydrochloride salt (BSP 1 07), showed strong activity , 

preventing seimes at an ip dose of 50 mgkg in rats. 

Table 2.25: Anti-ictogenic activity of p-alanine anaiopes in various seizure models 

a-Cyclododecy 1- P-alanine hydrochloride salt (B5P 1 3 1) 
a-(4-tert-Buty lcycIo hexy 1)-P-alanine hydrochloride salt (B5P 127) 
a-(4-Phenyicyc1ohexyI)-P-alanine hydrochioride salt (B5P 107) 
P-Phenyl-P-alanine hydrochloride salt (BSP9 1 ) 
P-Phenethyi-P-alanine (B5P95) 
P-@-Methylphenethy1)-P-alanine (BSP 1 1 1) 
P-[2-(4-Hydroxy-3-methoxypheny1)ethyll-P hydrochloride 
salt (B6P145) 
a. test compound is active in > Z4 rats at 10 mgkg, 4+; 50 mgkg, 3+; 100 mgkg, : 
300 mgkg, l+; or inactive, 0. 

Figure 2.8: Anti-ictogenic P-rmino rcids 

Active p-amino acids are drawn as they would be found in the physiological milieu. 



Structure anaiysis suggests that j3-substitution is important in the control of PIS 

whereas the type of side chain, not the locus of substitution, is important in the control of 

MES seimes. Size-limited lipophilic side chah appear to be the important stnictuns: 

1) cyclohexyl but not cyclododecyl, 2) 4-phenylcyclohexyl but not 4-t-butylcyclohexyl 

(therefore, activity likely cornes fiom n interaction), and 3) phenethyl with a para 

substituent OH or smaller. A putative receptor site is s h o w  in Figure 2.9. B5P107 is 

assumed to exist in its low energy conformation with both cyclohexyl substituents 

equatorial. 

A=Amine Acceptor, C=Carboxylate Acceptor, L=Large Hydrophobie Region 

Figure 2.9: Putative receptor site for anti-ictogenic p-amino acids 

Numerous reasons may account for the inactivity of 4 of the P-alanine analogues: 

poor receptor fit, short duration of action, poor solubility leading to low plasma levels, 

poor m o r t  to receptor within the brain, metaboiic inactivation, or inability to cross the 

BBB. Further experimentation is necessary to determine the precise cause of inactivity. 



Corn bined Anti-ictogenic/Antiepileptogenic Activity 

P-Alanine (the anti-ictogenic lead compound) and a-(4-phenylcyclohexy1)-P- 

alanine HC1 (BSP 107; the P-amino acid with the greatest anti-ictogenic activity) were 

tested for hybrid anti-ictogenic/antiepileptogenic activity in a variant of the Spontaneous 

Recurrent Seinire (SRS) mode1 of epilepsy (See Appendix B). Pilocarpine chemo- 

convulsant produced spontaneous recurrent seizures in 94% of control rats, in 37% of rats 

on p-alanine and in only 20% of rats on BSP107. Both p-arnino acids demonstrated 

significant antiepileptogenic activity. Given the anti-ictogenic properties of the two 

p-amino acids, these findings represent the inaugural discovery of hybrid anti- 

ictogenic/antiepileptogenic compounds. The goal of antiepileptic dnig design based on 

neurotransmitter rnediation has been achieved. 

Anti-ictogenic/antiepileptogenic testing of other p-alanine analogues is still in 

progress. 

Selected Issues 

Optical Resolution 

The US Food and Drug Administration allows dmg companies to choose whether 

to develop chiral drugs as racemates or as single enantiomers; however, the use of 

asymmetric syntheses is encouraged because one racemate may be inactive, marginaîly 

active or even toxic [193,194]. Consequentîy, the percentage of aU therapeutic agents 



marketed and administered as isomeric mixtures in the U.S. has fallen to 25% [195]. 

Since the Ra Ni synthesis of p-amino acids produced racemates, the question of whether 

enantiomeric resolution is necessary needs to be addressed. 

To test individual enantiomers of p-arnino acids for biological activity, cacernic 

p-amino acids must be resolved in a fifth step. However, in the early stages of a research 

project where high throughput is required, any additional synthetic or procedural 

manipulation is inefficient and costly in terms of time and resources. Therefore, rapid, 

high eficiency, cost-effective racemic syntheses are performed first then, depending on 

compound activity, optical resolutions may be performed. Table 2.26 presents the 

spectrum of antiepileptic activity and toxicity that may be found in a racemic mixture of 

p-amino acids. Resolution of racemates is warranted only if both antiepileptic activity 

and toxicity is present. The toxic enantiomer must be identified. If the biologically active 

enantiomer is non-toxic, it remains a candidate for therapeutic use. 

Table 2.26: Resolution of racemates based on permutations of antiepileptic activity 
and toxicity - wNg 

:@q$p&g..,,., ...y:;..; y:. ........... $&&.$.$55 @&@$;$@g; 
No 
No 
No 
No 
Yes 
Yes 
Yes 
No 

Yes 
Yes 
Yes 
No 
Yes 
Yes 
Yes 
No 

A: Antiepileptic activity; 1: Antiepileptic inactivity; T: Toxic acîivity; N: Non-toxic 
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Current strategies for optical resolution [196] utilize 2 methods: 1) the conversion 

of racemates into diastereomeric salts with subsequent separation and liberation of the 

separated enantiomers, and 2) chromatographie separation using a chiral stationary phase. 

Both methods have been used to resolve DL-p-amino acids. For exarnple, the racemates 

(k)-P-(2-fÙryl)-fbalanine and (*)-P-(2-thieny1)-p-alanine were successfully resolved 

through selective cry stallization by treating the N-benzy loxycarbony 1 derivat ives with 

quinine in ethyl acetate or ethanol [197]. The enantiomers of both a- and P-substituted 

p-alanines, derivatized as &y1 esters, were chromatographically separated using silica- 

bonded chiral stationary phases [198]. Davankov et al. reported a method for the 

preparative enantiomeric separation of p-arnino acids [199] and Yamazaki et al. reported 

the direct enantiomeric separation of p-amino acids (including P-phenyl-P-alanine) by 

ligand-exchange chromatography (2001; octadecylsilanized silica coated with 

N-n-dodecyl-L-hydroxyproline served as the stationary phase, acetate buf5er containing 

Cu(I1) served as the mobile phase. 

One of the two methods will be applied for the chiral separation of p-alanine 

analogues where hybrid anti-ictogenic/antiepileptogenic activity and toxicity are 

simuitaneously indicated. 

Ligand Binding Studies 

In theory, p-alanine analogues possess hybrid anti-ictogenic/antiepileptogenic 

activity due to the blockade of GABA uptake glycoproteins and the antagonism of 



NMDA glycine CO-agonist receptor sites. To c o b  to a high degree of probability the 

role of these receptors in the mechanism of p-amino acid antiepileptogenics (and 

p-alanine's capacity to bind), competitive receptor binding studies using radiolabelled 

glycine and radiolabelled GAB A will be performed. 

Ligand binding studies may determine whether P-alanine has its own unique 

receptor site or if it binds only to GABA and glycine receptors. 

2.5.1.4 Ancillary Applications 

P-Amino acids show potential to be therapeutic agents for neurological conditions 

which are caused, in part, by abnormal synaptic concentrations of inhibitory and 

excitatory neurotransmittea. Neurodegeneration associated with epilepsy, stroke [201], 

AIDS dementia [202], psychosis [203,204], Huntington's chorea [205,206], Alzheimer's 

disease [205,206,207] and head trauma [208,209,210] has been linked to excitotoxicity 

arising fiom excessive stimulation of NMDA recepton. P-Alanine, acting at the glycine 

CO-agonist site, antagonizes the NMDA receptor and may prevent or r e h c t  

neurodegeneration. Dysfunctional GABAergic processes have been associated with 

Parkinson's disease [2 1 1,2121, Huntington's chorea [213], anxiety [214], pain [214] and 

some forms of schizophrenia [215]. p-Alanine and its analogues may mitigate these 

conditions by elevating synaptic GABA concentration thereby promoting inhibition. 

P-Alanine's cornbined anti-glutamatergicfpro-GABAergic action in concert with its 



ability to cross the BBB uniquely positions p-amino acids as putative therapeutic agents 

for nurnerous neurological conditions. 

The therapeutic potential of p-amino acids may be extended M e r .  P-Alanine 

promotes nucleic acid and collagen synthesis in wound healing [2 161 and, when used as 

an adjuvant treatment, improved physical cornfort, irnproved immunocompetency and 

increased the survival rate of patients with squamous ce11 carcinoma [217]. P-Alanine 

analogues also find utility in the preparation of therapeutically enhanced peptidomimetics 

[2 18,2 191 and as precusors of p-lactams [220a-i] which may be used in the preparation 

of antibiotics. 

Finally, other applications include the use of p-amino acids in peptide 

combinatonal libruies and the use of p-alanine analogues to perform marnmalian 

p-arnino acid metabolism studies. 

2.5.2 Conclusions 

With intent to break away from traditional anticonvulsant research and to focus on 

the important target of epileptogenesis, the goal of this research program was the 

inaugural design and synthesis of a smaii molecule with combhed anticonvulsantlanti- 

epileptogenic properties. This has been accomplished. P-Alanine was identified as a 

prototype compound with the ability to simultaneously (i) inhibit excitatory processes via 

antagonism of the NMDA receptor at the glycine site and (ii) stimulate inhibitory 

processes via blockade of glial GABA uptake. Consequently, a novel and efficient 



synthesis of p-amino acids was devised, patented and used to produce the first p-amino 

acids evaluated in a model of anti-ictogenic/antiepileptogenic activity. Notably, 4 of 8 

p-amino acids possessed anti-ictogenic activity in the MESPIS models of epilepsy and 2 

of 2 compounds @-alanine and a-(4-phenylcyclohexy1)-P-almine hydrochloride salt 

(85P 1 07)) possessed antiepileptogenic activity in the SRS model of epileptogenesis. 

B5P107 was found to be the most efficacious anti-ictogenic p-amino acid and it also 

demonstrated significant antiepileptogenic activity. It constitutes the most promising lead 

compound for M e r  antiepileptic research. 

These results are very promising. By applying the techniques of rational dnig 

design (subject to the constraints imposed by numerous biological and commercial 

criteria), novel neurotransmitter analogues were synthesized using a novel synthetic 

protocol and were show to possess novel biological activity in a novel animal epilepsy 

model. For the first time, molecules with hybrid anti-ictogenic/antiepileptogenic activity 

have been identified. In concert with the novel synthesis, these discoveries represent a 

significant advance in antiepileptic h g  design. With development, a p-amino acid 

antiepileptic molecule has the potential to clinically surpass conventional "antiepileptic" 

agents - drugs which are anticonvulsant but not antiepileptogenic, drugs which treat 

symptoms but do not deter the development of epileptogenic lesions. The discovery of 

truly curative antiepileptic agents has become a legitimate possibility; M e r  research 

and development in this area is irnperative. 



Development 

Further research and development of p-amino acids will concentrate on the 

following areas: 

1) The novel synthesis of p-amino acids using Ra Ni will be optimized. Efforts will be 

made to eliminate the protectioddeprotection steps and to explore the use of Ni-AI 

alloy in aqueous alkali solution. 

2) More p-alanines (a-, P- and a$- substituted) will be synthesized and biologically 

tested. 

3) Deuterîated B-amino acids will be synthesized and used to acquire receptor binding 

data. 

4) Selected p-amino acids, inactive after ip administration, will be tested icv to ascertain 

the influence of the BBB upon bioactivity. 

5) Substituted N-acetyl-P-alanine alkyl esters will be tested for biological activity to 

identiQ whether uptake occurs by shuttle or diffusion. 

6) P-Amino acids will be evaiuated in a bovine mode1 of the p-shunle. 

7) The structural requirements of the P-shuttle will be elucidated. 

8) A toxicity profile for palanine analogues wili be compiled. 



Another key area in this research program is the design of p-amino acid analogues 

to optirnize anti-ictogenic/antiepileptogenic activity. Preliminary research in this area is 

the focus of the next section. 

The previous section reported the antiepileptic activity of P-amino acids. This 

section reports the use of molecular design to increase the afinity of p-amino acids to 

target receptors with the goal of maximizing anti-ictogenic/antiepileptogenic activity. The 

structures of the GABA uptake receptor and the NMDA glycine CO-agonist site will be 

used to design p-alanine analogues with optimum NMDA antagonia and GABA agonist 

properties. 

In vivo and in vitro structure-activity data of GABA uptake inhibitors (Figure 

2.10) has been used by Mtuaii Dhar et al. [221] and N'Goka et al. [222] (with molecular 

modelling) to conçtnict general phmacophore models of GABA uptake inhibition. Their 

results distill into a pharmacophore mode1 (Figure 2.1 1A) with the following parameters: 

An amine is 4.1-4.3 A fiom the centre of a carboxylic acid. 

A lipophilic, aromatic region is located 9.5-10.5 A f h m  the carboxylate 

centre, 



A huictionality b e a ~ g  2 p doublets (double bond or an oxygen atom) is 

located 3/4 of the distance between the centre of the amine to carboxylate link 

and the lipophilic region. 

Secondary amino substitution negates in vivo activity. 

H 
a. (R)-Nipecotic acid 
ICSo = 1.7 PM 

b. Guvacine 
ICso = 4.9 p M  

e. (*)4 -[2-(Tnphenyhethoxy) f. Tiagabine 
ethyll-3-piperidine-carboxflic ICso = 0.07 
acid ICso = 1.4 p M  

Figure 2.10: GABA uptake inhibitors 



A. GABA-Uptake Inhibitor Receptor B. NMDA Glycine Co-agonigt Site 

A=Amine Acceptor; C=Carboxylate Acceptor; LLarge Hydrophobic Region; 
S=Smaii Hydrophobie Region; H=Hydrogen Bonding 

Figure 2.11: Models of general receptor sites 

Having established parameters to aid the design of p-alanine analogues with 

optimum GABA uptake inhibition, the next step is the optimization of p-alanine NMDA 

antagonism. P-Alanine binds to both the strychnine sensitive glycine receptor and the 

strychnine insensitive NMDA glycine CO-agonis site. Binding to the NMDA site will be 

optimized since this is the receptor central to ictogenesis and epileptogenesis. Leeson [54] 

studied structure-activity data of kynurenic acid analogues (Figure 2.12) with NMDA 

glycine site antagonism activity and formulated a mode1 receptor site. The general 

NMDA glycine site pharmacophore (Figure 2.1 1B) had the following features: 

An amine is 3.4 A fiom the centre of a carboxylate group. 

Two small size limited hydrophobie regions are located (i) 4.4 A fkom the 

amine and 7.5 A fiom the acid g r o g  and (ii) 4.4 A fiom the amine and 6.8 A 



from the acid group; potency increases as substituents range through H, CH3 

and Cl. 

A hydrogen bond acceptor is located on the periphery of one of the small 

hydrophobic regions, 5.8 A fiorn the amine and 7.3 A fiom the carboxylate. 

The centre of a large hydrophobic region is located 4.8 A from the hydrogen 

bond aceptor and and 7.2 A from the carboxylate, opposite the small size 

limited hydrophobic regions; considerable bulk is tolerated without loss of 

afkiîy. 

Secondary amino substitution negates in vivo activity unless the a-amino acid 

function is replaced with a ô-lactam function. 

Using parameters and features fkorn both putative phannacophores, p-alanine 

analogues capable of interacting with both of these receptor sites (Figure 2.13) have been 

a. S,7-Dichloro- b. 5,7-Dichloro4@henyiureido)- c. 7-Chioro4hydroxy-3 4 3  '- 
kynurenic acid 2-carboxytetrahydroqUnohe (3-thienyloxy)phenyI]-2- 
Ic50 = 0.20 @~f 1C5, = 0.0078 @I quinolone 

[Cu, = 0.0014 @M 

Figure 2.12: NMDA CO-agonist glycine site antagonists 



A. GABA-Uptake Inhibitor Receptor B. NMDA Glycine Co-agonist Site 

A=Amine Acceptor; C=Carboxylate Acceptor; L=Large Hydrophobic Region; 
S=Small Hydrophobic Region; H-Hydrogen Bonding; R=H, F, CH3; n=24 

Figure 2.13: Optimized p-amino acid derivatives with putative ana-glutamatergic 
and pro-GABAergic activity 

designed. A seven step synthesis for these analogues is show in Scherne 2.9. 

The acid cataiyzed condensation of a-bromoalcohol and benzyl alcohol using a 

Dean Stark trap yields benzyl a-bromoalkyl ether (an alkyl halide). The alkyl halide is 

converted to a Grignard reagent in anhydrous diethyl ether. Arylacetonitrile is slowly 

added to the Grignard solution. Addition of 1 M HCI precipitates arylmethyl 

a-benzyloxyalkyl ketone, a Gewald synthon. Reaction of the synthon with ethyl 

cyanoicetate and elemental sulfur in the presence of base produces ethyl 2-amino-4- 

~lmethyl-5-(o-benzyloxyallcyl)thiophene-3-cbolate. The substituted thiophene is 

protected with BOC-ON then subjected to Raney nickel reductive desulfiuization to 

produce N-butoxycarbonyl-a-(l-arylmethyl-a>-hydroxyalkyl)-~-alanine ethyl ester. 

Saponification followed by the addition of 2 equivalents of the highly reactive 



diary lmethy lbromide leads to simultaneous esteri fication and etheration. Selective 

deprotection using formic acid [223,224,225] yields a-[1 -arylmethyl-o-(diaryl- 

methoxy)&yl]-P-danine. 

This synthesis was designed using a SYNTHON retrosynthetic strategy (Figure 

2.14). A three segment disconnection of the ketone synthon leads to variability in the 

diary 1, ary lmethy 1 and al ky 1 linkages enabling numerous analogues to be readily 

prepared. These compounds will be evaluated orally, iv and icv for an& 

ictogenic/antiepileptogenic activity in animal models. 

X = CI, Br; R = BA-, ArKH-; n = 2-4 

Figure 2.14: Synthons for the synthesis of a-substihited P-amino acid derivatives 
with anti-glutamatergic and pro-GABAergic activity 



X = CI, Br; n = 2,3,4 

( n-I s Ar' 

E or 

NHBOC NHBOC 

r0 HO 

A) BzlOH, PhCH,, p-TsOH, A; B) 1. Mg, Et20, 2. Ar9CH2CN, 3. H~o+; 
C) Et02CCEIZCN, Et& Sa, EtOH, A; D) BOC-ON, Et*, dioxane/H20; 
E) Raney Nickel, EtOH, A; F) 1. NaOH, 2. Ar2CHBr (2 equiv.); 
G) Formic acid. 

Scheme 2.9: Synthesis of a-(1-arylmethyliu-(dia~lmethoxy)aIkyI]-P-alanine 



CHAPTER 3 

RATIONAL DESIGN AND SYNTHESIS OF 
ANTIEPILEPTIC DRUGS BASED ON NEURAL METAL 

MEDIATED INHIBITION 



Combined anti-ictogenidantiepileptogenic activity has surpassed mere anti- 

seinire activity as the design goal for the next generation of efficacious antiepileptic 

agents. At least two mechanism-based strategies may af5ord antiepileptogenic protection. 

As reported in Chapter 2, p-amino acids were used to simultaneously antagonize glycine- 

assisted NMDA excitation and glial GABA uptake. In conûast to this "receptor 

antagonism" approach, the neuronal concentrations of excitatory and inhibitory 

neurotransmitters may be manipulated in Cavour of inhibition by targetting the zinc 

metalloenzymes which mediate neurotransmitter synthesis and degradation. Thus the zinc 

cation represents an alternative, important target for antiepileptogenic drug design. 

Additionally, the well known anticonvulsant activity of Cu(l1) complexes positions the 

copper cation as an important target for anti-ictogenic drug design. Since cornbined anti- 

ictogenic/antiepileptogenic activity is required in a useful antiepileptic dmg, the goal of 

the research presented in this chapter is the design and synthesis of an antiepileptic agent 

which simuitaneously manipulates neural Cu@) and Zn@) concentrations as a 

mechanism of therapeutic action. Since rational dnig design is preceded by an 

understanding of the relevant biochemical mechanisms, the first step in this research 

program is to examine the relationship between epilepsy and the transition metals, Zn(II) 

and Cu(II). 



3.2 ROLE OF Z N ~  AND CU@) IN EPILEPSY 

As a catalytic, structural or regulatory CO-factor in more than 200 

metalloenzymes, zinc cation is an essential requirement for the normal development, 

operation and regulation of the human brain. When Zn(1I) concentrations in the CNS are 

disturbed, Zn(I1)-dependent brain processes are comprornised and neurodegenerative 

disorders may occur. In particular, aitered Zn(I1) levels may contribute to epileptogenesis 

and convulsions. 

Zinc's role in the pathogenesis of epilepsy is supported by at least six 

neurophysiologicai studies: 1) Zn@) is concentrated in the nerve terminal boutons of 

rnossy-fibre axons in the hippocampus [226], a seizure-prone area of the brain; 

2) electricai stimulation of the mossy-fibre axons selectively facilitates Zn(I1) uptake 1691 

and release [67,69]; 3) dense-core zinc-ric h vesicles undergo exocytosis during epileptic 

seinires [227,228,229]; 4) Zn@) affects the metabolism of neuio-active amino acids [66]; 

5) Zn(U) modulates inhibitory and excitatory amino acid receptor ion channels [230]; and 

6) brain zinc concentration is elevated in audiogenic mice [23 11. Zn(I1) appears to be a 

vitai component of the cellular machinery appropriated by the epileptic process. 

Pharrnacological evidence further establishes the link between Z n 0  and 

epilepsy. Mice maintained on zinc deficient diets displayed protection against electrically 



induced seizures 12321 whereas direct administration of Zn(I1) salts to the brah has 

induced convulsions in a variety of animal models [233,234,235]. Systemic zinc loading 

facilitated [232] or inhibited [236] seinire activity although inhibition has been disputed 

by some researchers [237,238]. Zinc loading iv or ip at 100 mgkg has also had no effect 

on seizure activity [239] although this may be due to case specific instances in which 

Zn(1I) was unable to cross the BBB. 

Nurnerous zinc chelators display anticonvulsant properties: o-penicillamine, 

administered orally, protects seizure-prone baboons against photic-induced convulsions 

12401; diphenylthiocarbazone decreases mossy fibre excitatory transmission 12411; and 

cycloserine's anticonvulsant activity is due, in part, to its ability to chelate Zn(I1) [242]. 

Taken together, the neurophysiological and pharmacological evidence suggests 

that, while Zn(I1) is necessary for brain function, an excess has a predominantly 

proconvulsant action on the CNS. Furthemore, epilepsy causes and is caused by altered 

Zn(I1) Ievels in the brain. This implies that Zn(I1) is a source of ictogenesis and perhaps 

epileptogenesis. 

The biochernical basis for Zn(I1)'s proconvulsant/epileptogenic activity have 

emerged from morphological and biochemicai investigations which illustrate the 

neurological effects of aitered zinc metabolism 1243,2441. 



a) Effect on Neurotransmitter Metabolism 

Zn(I1) influences the aetiology and pathogenesis of epilepsy through the 

modulation of glutamine synthetase, glutamate dehydrogenase, glutamate decarboxylase 

(GAD) and GABA-glutamate transaminase - four essential enzymes involved in the 

metabolisrn of inhibitory and excitatory amino acids (Figure 3.1). 

Zn(1I) significantly inhibits the action of glutamine synthetase [66], the enzyme 

which catalytically converts L-glutamate to L-glutamine. Zn(I1) also regulates the 

conversion of a-ketogluturate to L-glutamate by glutamate dehydrogenase [245]. In both 

Glutaminase 

Glutamine synthetase I i  
Glutamate 
decarboxylase 

OH 0 
1 

GABAglutamate 
transaminase 

t Glutamate dehydrogenase 

A  glut ta mine 

O NH, 

Figure 3.1: Biosynthetic pathways of L-glutamate and GABA in the CNS 

129 



cases, high Zn(1I) concentrations lead to elevated levels of L-glutamate, an excitatory 

neurotransrnitter which in high concentrations is convulsant. 

GAD catalyzes the conversion of L-glutamate to GABA. Studies have shown that 

GAD'S activity is inversely dependent on the concentration of Zn@) [246,247]; large 

concentrations of Zn(I1) inhibit the production of GABA and result in an accumulation of 

r-glutamate [248]. Conversely, the activity of GABA-glutamate transaminase, the 

enzyme which catalyzes the reverse reaction, is enhanced by excessive levels of Zn(I1) 

12491. Again, the net result is that high Zn(1I) levels give rise to high L-glutamate 

concentrations. 

Zn(I1) affects L-glutamate levels in another way. Zn(I1) activates pyridoxal 

phospho kinase 12501, the enzyme which converts pyridoxai to pyridoxal-S'-phosphate 

(PLP). In turn, PLP fhctions as an essential coenzyme which critically regulates the 

activity of GABA-glutamate transaminase [247] and, by extension, the synthesis of 

L-glutamate from GAEA. Zn(I1)'s role in this 3 step biosynthetic pathway is that the 

activity of pyridoxal phosphokinase is enhanced by Zn(I1) by as much as 50% [247]. This 

shifis reaction equilibria in the pathway and ultimately results in an accumulation of 

L-glutamate and a depletion of GABA [251,252]. Consequently, the brain is rendered 

more susceptible to epileptogenic activity. 

in summary, the action of high Zn@) levels on the essentiai enzymes involved in 

the metabolism of L-glutamate and GABA produces high L-glutamate levels and low 

GABA levels. As a result, the inhibitory potential of synaptic transmission is impaked 

and the excitatory potential is enhanced. Epileptogenesis is more likely to occur. 



b) Effect in Extracellula. Space 

Zn(I1) is released into the extracellular space when hippocarnpal mossy fibres 

undergo electrical stimulation [67] and when dense-core zinc-rich vesicles undergo 

exocytosis during epileptic seinws [229]. Elevated extracellular Zn(I1) levels retard the 

binding of GABA [253] and neuroactive arnino acids [66] on the postsynaptic membrane 

and significantly enhance the release of neuroexcitatory amino acids from the presynaptic 

terminds. This rnay account for the prolongation of the excitatory postsynaptic potentid 

[70] and the increase in the spontaneous firing rate [254] in brain tissue placed in a Zn(1I) 

bath. The effect of elevated extracellular Zn(I1) concentration is a reduciion in GABA 

function and an increase in L-glutamate concentration in the synapse; epileptogenesis may 

be the resuit. 

c) Effect on Sodium-Potassium Pump 

Energy dependent ion pumps, ~a+-K+-adenosine triphosphatase (Na+-K+- 

ATPase), function to maintain large ionic gradients amss  the surface of neuronal 

membranes such that high concentrations of sodium ions and low concentrations of 

potassium ions exist extraceiiularly relative to the intracellular fluid. These gradients 

render nerve cells elecaically excitable. High Zn(II) concentration interferes with these 

gradients by significantiy decreasing regional N~+-K+-ATP~s~ [233], especially in the 

hypothalamus and hippocampus ( a seizure prone area of the brain) [234]. This is highly 



relevant to the seizure-prone state since the dismption of mechanisms which maintain 

correct intraneuronal ~ a *  and K* ratios is known to be associated with neuronal 

depolarization and paroxysmai discharges [255]. A complementary study by Zuckeman 

and Glaser demonstrated that administration of single shocks to the hippocampus during 

a p e k d  of high potassium application causes convulsions [256]. Thus, the evidence 

suggests that high Zn(I1) levels contribute to ictogenesis by way of action on the sodium- 

potassium pump. 

In summary, the effect of altered Zn(1I) metabolism - on neurotransmitter 

metabolism, in the extracellular space and on the sodium-potassium pump - clearly 

demonstrates that zinc, in excess, interferes with normal synaptic transmission and 

possibly facilitates the development of epileptogenic activity. Accordingly, the control of 

Zn(1I) concentration is a rational approach to the control of ictogenic/epileptogenic 

activity . 

Copper(II), a metal cation essential for neurogenesis and proper brain function, 

has been implicated in the aetiology and neuropathology of seizures. For example, 

seizures occur in C u 0  deficient animals: q&g mice and mottled mice exhibit tremors 

and neural degeneration due to genetic Cu(I1) deficiency [257]; deliberate dietary Cu@) 

deficiency produces convulsions and neural degeneration in rats [257]. Foiiowing 



treatrnent with seizure-inducing drugs, the copper level decreases concomitantly with 

seizures [258,259]; complexing agents which produce tremors reduce brain copper levels 

[260]. Low Cu(I1) levels appear to be convulsant. 

This Cu(I1) hypothesis is supported by additional hurnan evidence. Pm-mortem 

samples of the brain tissue fiom epileptic patients have markedly depressed levels of 

copper [261]. Children with severe copper deficiency due to inadequate intake or 

Menkes' Syndrome (characterized by markedly decreased br in Cu(11) levels) suffer 

convulsions. These observations suggest that "impaired copper metabolism in the CNS 

may lead to the seizure state" [262] and prolonged reduction of some copper-dependent 

process may be relevant to the chronic epileptic state. 

The influence of Cu(I1) concentration on seizure activity may be tied to Cu(I1)'s 

effect on the activity of dopamine-P-hydroxylase, an enzyme which catalyzes the 

hydroxylation of dopamine to produce norepinephrine - a neural hormone central to 

synaptic transmission. Studies show that low Cu(TI) levels yield low norepinephrine 

levels [263] and seizures occur with the depletion of norepinephrine synthesis in the brain 

[264,265,266,267,268,269,270]. Thus, an increase in brain Cu(I1) concentration would 

elevate norepinephrine synthesis which would mbsequentiy act to impede ictogenesis. 

The neurai concentration of C u 0  may be raised by the systemic administration 

of Cu@). It crosses the BBB. For exampie, Chutkow demonstrated that inorganic copper 

injected into the carotid artery crosses the BBB within 15 seconds; coadministration (and 

complexation) with amino acids accelerates Cu(II) uptake [271]. This shows that Cu@) 



complexes may be used to supplement Cu(1I) to Cu(I1)-deficient test subjects to alleviate 

seizures. 

This has precedent. Copper complexes of salicylates, acylsalicylates and amino 

acids demonstrate anticonvulsant activity [257]. Remarkably, the free ligands possess no 

activity and, in the cases of salicylate and acetylsalicylate (aspirin), actually cause 

convulsions at high doses. Clearly, Cu(1I) has anticonvulsant properties. 

Moreover, Cu(I1) enhances the activity of known anticonwlsants. For example, 

the Cu(I1) complex of phenytoin bas a time of peak effect of 4 hours, 3 hours longer than 

the time of peak effect for phenytoin alone. Cu(I1) may also moderate toxic effects. The 

copper complex of amobarbital is fiee of the hypnotic side-effects associated with the fiee 

ligand [257]. 

In conclusion, Cu(I1) is anticonvulsant and crosses the BBB. Thus, the 

manipulation of Cu(1I) concentration in the brain emerges as a potential rational approach 

to anti-ictogenic h g  design. 

3.3.1 Introduction 

The goal of neurai metal mediated antiepiieptic dmg research is the design and 

synthesis of an eficacious, non-toxic, anti-ictogenidantiepiieptogenic drug which 



influences Zn(I1) and Cu(I1) concentration and function in the brain to affect epilepsy 

therapeutically. The role of Zn(II) and Cu(11) in the pathogenesis of epilepsy (presented in 

the previous section) supports the hypothesis that high Zn(I1) concentrations are both 

proconvulsant and epileptogenic whereas low Cu(I1) levels are ictogenic. Thus, it is 

reasonable to assume that to suppress seinires and the development of epilepsy, excess 

Zn(I1) must be removed from the brain concomitant with Cu(1I) supplementation. This 

has prompted research into the design and synthesis of a class of Cu(I1) coordination 

compounds capable of translocating Cu@) across the BBB, releasing it, then chelating 

Zn(I1) for its removal from the CNS. 

3.3.2 Design Strategy 

A six step strategy was used to rationally design and synthesize antiepileptic 

dnigs based on neural metal mediated inhibition. 

Step 1: The relationship beh~een Cu(II), Zn(I1) and the widely prescribed, traditional 

anticonvulsant phenytoin was examined to assess whether it is reasonable to postulate 

that phenytoin' s mec hanism of therapeutic action invo lves neural metal mediated 

inhibition. 

S t e ~  2: A preliminary study on the biological effects of miscellaneous ligands and their 

transition metai complexes was performed: i) to verify hypotheses and literature data 

conceming the seinire-related effects of systemically admlliistered ligands and 



complexes, and ii) to obtain insight to direct the design process in terms of molecule 

class. 

S t e ~  3: An antiepileptic class of molecules (Le. acyclic versus cyclic, peptide versus 

carbohydrate) was selected subject to the constraints of biological and commercial criteria 

(Table 1.8, Table 1.9). 

S t e ~  4: Structure refinement was performed to enhance and perhaps optimize desired 

antiepileptic properties in a molecule class. 

S t e ~  5: A facile and economically efficient synthesis of putative antiepileptic compounds 

was devised. 

S t e ~  6: Al1 compounds were evaluated using in vitro and in vivo biological tests. 

3.3.3 Evaluation of Cu(I1) and Zn(II) Complexes of Phenytoin 

3.3.3.1 Introduction 

In theory, molecuies which introduce Cu@) into the brain are anti-ictogenic and 

molecules which remove Zn@) are anti-ictogenic and possibly antiepileptogenic. Given 

these presuppositions, the aim of antiepileptic research based on neural metal mediated 

inhibition is the discovery of molecules which alter Zn(II) and Cu(I1) levels in the brain 

as a mechanism of anti-ictogenic andor antiepileptogenic action. As a fht step to this 

end, a molecule with known anticonvulsant activity - phenytoin - was selected and 

evaluated to determine whether coordination occurs with Cu(I1) and Z n 0  and, if so, 



whether the interaction supports the presuppositions. Phenytoin (PHT) was selected for 

study because 1) it is a widely prescribed, traditionai anticonvulsant, 2) its structural and 

biological properties have been extensively studied, and 3) PHT's "hydantoin" 

[imidazoline-2,4-dione] ring contains two amide fùnctionalities which provide two 

chelatable electronegative atoms, N and 0, in close proximity on three faces of the 

heterocycle. 

3.3.3.2 Evaluation of the Phenytoin-Cu0 Chelate 

A literature search revealed that the Cu(I1) complex of phenytoin, 

CU[(NH~)~PHT~], has been synthesized and characterized by X-ray crystallography [272]. 

Dipositive copper resides in a distorted tetrahedrai 4-N coordination environment and 

coordinates to PHT through deprotonated N3. Biological testing of the Cu(l1) complex 

has shown prolonged anticonvulsant activity [257]. Phenytoin has a time of peak effect 

for 1 hour whereas the Cu(I1) complex has a time of peak effect of 4 hours. This is 

consistent with the hypothesis that molecules which introduce Cu@) into the brain are 

anti-ictogenic. 



3.333 Evaluation of the Phenytoin-Zn(I1) Chelate 

PHT-Zn(I1) complexation has been reported [273,274] however characterization 

has not been performed. Characterization is necessary to prove complexation and to 

detemine the nature of the complexation. This is the focus of this section. 

Zn(I1) rnay complex two forms of the PHT ligand: the basic, deprotonated ligand 

or the neutrai ligand. Both forms of the coordination complex may exist in vivo, however, 

at plasma pH 7.38, the complex containing neutral PHT likely predominates. Thus, the 

more probable in vivo complex, Zn(PHT)2A2~xH,0 (where A is a counter anion), was 

examined by semi-empiricai molecular orbital calculations. 

3.3.3.3.1 Theoretical Calculations 

3.3.3.3.1.1 Introduction 

PUT-Zn0 chelation may be a causal factor in PHT's anticonvulsant activity; 

therefore, the interaction m u t  be rigorously examined. Accordingly, the purpose of this 

study is to apply the f~st  semi-ernpirical AM1 molecular orbital calculations to the 

stnicniral O ptimization of the Zn(II)-PHT interaction. 



3.3.3.3.1.2 Method 

Al1 PHT-Zn(I1) chelates (including hydrated forms) were geomeaically optimized 

using the AMI Hamiltonian, as implemented in the MOPAC 5.0 molecular orbital 

quantum mechanics package [275]. AMI calculations [276], parameterized for Zn(I1) 

[277], were performed on an IBM RS/6000 RISC 550 cornputer operating under AIX. 

The convergence criterion PRECISE was used with the MMOK keyword option enabling 

energy optimization accurate to 1 oa kcal/mol. 

Initial calculations indicated that a 1 : 1 PHT-Zn(I1) chelate could not form a stable 

cornplex. Crystal structure data of other transition metal - phenytoin complexes supports 

the presence of two PHT in the chelates [272,278]. Therefore, 2:l PHT-Zn(I1) chelates 

were exarnined. Zn(1I) was systematically aligned dong al1 "amide face" chelation sites 

of PHT - fiom the right (r), left (1), and bottom (b) faces of the hydantoin ring (see 

Figure 3.2). Bonding schemes are given in Table 3.1. Figure 3.3 displays the six possible 

configurations (bb,br,bl,ll,rl,rr) snidied. To simulate in vivo solvation about the Zn(I1) 

binding site, the three most stable configurations were m e r  optimized in hydrated 

forms (bbw, rlw, and brw). 

The starting geomeûy of the PHT molecules was taken fiom X-ray 

crystallographic data [288]. Zn@) was placed 2.0 - 2.6 A fiom the coordinathg atoms in 

the starting geornetries, in a tetrahedral environment between the two PHT molecules. 

The hydantoin rings and the Z n 0  binding environment were optixnized. Counterions 

were not explicitly considered. 



Figure 3.2: Phenytoin showing Ieft (1), right (r) and boaom (b) amide faces 

Table 3.1 : Coordination in starting confiprationr 

Starting Configuration Coordinating Atoms in ZnflI) Binding Environment 

rr N3 1 C4(07) / N3' 1 C4'(07') 

rl N3 I C4(07) / NI' I C2'(06') 

U N1 I C2(06) I NI' / C2'(06') 

bb N3 / CZ(û6) / N3' 1 CZ'(06') 

bl N3 / CZ(û6) I N 1 ' / C2'(06') 

br N3 1 C2(06) I N3' 1 C4'(07') 



Figure 3.3: Starting eonformitioor o f  phenytoin zlnc complexes 



3.3.3.3.1.3 Results 

Using AMI, the six non-hydrated starting configurations (Figure 3.3) were Mly 

optimized to yield five 2-coordinate complexes and one 4-coordinate cornplex. The three 

most stable complexes (bb, rl, and br) were then hydrated and re-optimized to mimic the 

fint solvation sphere solvent effect in the vicinity of Zn(I1). The chelating atoms in the 

Zn(I1) binding site for the nine optimized complexes are listed in Table 3.2. Al1 optimized 

configurations are shown in Figure 3.4. Pertinent bond lengths and bond angles of al1 

optimized configurations are given in Table 3.3 and Table 3.4, respectively. 

Table 3.2: Stabilities and coordination in optimized configurations 

Optimized 
Configuration 

bbw 

rlw 

bnv 

bb 

rl 

b r  

U 

bl  

rr 

Coordinating Atoms in Zn@) 
Binding Environment 

C2(06) / CZ7(O6') / 0 8  1 08'  

C2(06) / C4'(07') 1 0 8  1 08' 

C2(06) / C4'(07') / 0 8  1 08'  

C2(06) / C2'(06') 

C2(06) / C4'(07') 

C2(06) / C4'(07') 

CS(06) / NI' 

C2(06) /NI' 

N3 / C4(07) 1 N3' / C4'(07') 

Heat of Formation 
(kcaUmol) 



Figure 3.4: Optimized confiymtiona of phenytoin zinc complexes 





Table 3.3: Bond lengths (A) in optimized configurations 

Hydantoin Rings 

bbw rlw brw 

Zn(I1) Binding Environment 

Hydrogen Bonds 





Table 3.4 con finued 

Zn(I1) Binding Environment 

bbw 

128.9 
126.9 

133.3 
154.5 

73.3 

77.3 
102.4 

rlw 

128.7 

133 .O 

106.4 

90.0 
162.8 

69.3 
98.8 

brw 

127.8 

133.6 

108.6 

79.8 
178.0 

69.9 
101.7 

Description of Non-Hydruted Optimized Conflgurutions 

Four distinct configurational types emerged fiom the optimization of the non- 

hydrated structures: ( 1 )  a structure with tetra-coordination, (2) structures involving 

"p heny 1 trapping", (3) structures invo lving coordination through C4'(07'), and (4) a 

structure involving coordination through C2'(06'). 



Struct trre w ith terra-coordination 

The r r  optimized configuration (632.89 kcallmol) is the only structure with tetra- 

coordination. It is also the least stable energetically. The starting and final optimized 

geometries of rr7s Zn(I1) binding environment are similar, although changes in hydantoin 

ring geometries occurred wi th optirnization. 

Due to Zn(I1) coordination through the N3-C4-07 and N3'-C4'-07' amides, 

various bond length and bond angle changes occurred in the hydantoin rings, relative to 

PHT's X-ray geometry. Electron donation through C4(07) to Zn(I1) caused an elongation 

of C4-07 from 1.22 A to 1.33 A. This produced a compression w i t h  the hydantoin ring; 

the C2-N3 face was pulled toward CS as C2-N3, C2-NI, and NI-CS lengthened and the 

CS-C4 bond decreased by 0.19 A to 1.36 A. 

Structures irtvolving ' phenyl trapping " 

The Il and bl orientations optimized into nearly identical structures with heats of 

formation of 508 .O2 and 508 J O  kcal/mol, respectively . Both structures involve phenyl 

trapping. in the Zn@) binding environment, Zn@) bonds to C2(06) and NI' but it is also 

attracted to the electron-rich phenyl ring; the Z n 0  atom optimized to a position 2.28 A 

fiom C7' on the phenyl ring. 

Zn@) coordination to C2(06) lengthened C2-06 by 0.10 A to 1.32 A. This also 

produced an increase in the C-N bonds of both amide groups; C4-N3 lengthened to 1.45 



A fiom 1.34 A, NI-C2 lengthened to 1.37 A from 1.33 A. Bond angles about each 

carbonyl carbon were also altered. 

Zn(I1) coordination through N 1 ' produced fewer geometric effects. Carbonyl bond 

lengths remained constant at 1.23 A while the bridge between the two amide groups, 

N1 '-C2', elongated fiorn 1.33 A to 1.47 A. Also, angle C2W1 '-CS7 decreased 6.5' to 

107.7' as electron donation through N 1 ' produced ring compression. 

In the bl cornplex, angle 06-Zn-Nl ' is 15 1 and the hydantoin ring planes are 

nearly perpendicular. In the Il orientation, which is a slightiy more stable configuration, 

the ring planes intersect at 60' and the "bite angle", 06-Zn-N 1 ', is lower at 14 1.3'. 

Structures involving coordination through C4 '(07 3 

Phenytoin, in the near linear complexes rl and br, coordinates with Zn(I1) through 

C2(06) and C4'(07'). This increases the stability of the optirnized structures compared to 

the aforementioned configurations, rr, U, and bl. The 06-Zn bond length is 1.97 A in br, 

1.96 A in rl. In both structures, 07 ' 4n  is 2.00 A. 

The 07'0% bond is marginally weaker than the 06-Zn bond; consequently, there 

is less electron donation fiom the carbonyl oxygen. C4'-07' (1.30 A) retains a larger 

bond order. 

Zn(l1) coordination to C2(06) produces geometric changes in the hydantoin ring 

similar to those mentioned in the previous section: C-N bonds are lengthened and bond 



angles about carbonyl carbons are affected. Once again, the C2-06 bond length is 1.33 A 

(for both ri and br). 

In the br orientation, angle 06-211-07' is 171 .O' and the hydantoin ring planes are 

nearly planar making an angle of 176'. In the rl complex, which is a slightly more stable 

configuration, the ring planes intenect at go0, and angle 06-211-07' is smaller at 166.0'. 

Structure involving coordimtion through C2 '(06 3 

The bb optimized configuration (486.27 kcdmol) is the only structure that 

involved Zn(I1) coordination through the C2(06) carbonyl of both hydantoin rings. Angle 

06-211-06' is nearly linear at 166.8' and both Zn(I1) - oxygen bonds are 1.98 A. The ring 

planes are skewed about 120'. The stereochemistry of complexation allows for the 

greatest separation of the aromatic moities and consequently produces the lowest energy 

non-hydrated configuration. 

Coordination of Zn@) through C2(06) and C2'(06') elongates these bonds to 

1.33 A from 1.2 1 A in native PHT. This serves to lengthen N3-C4 and N3'-C4' by 0.1 1 A 

to 1.45 A. Again, due to carbonyl complexation, bond angles about ail four carbonyl 

carbons are significantly altered (Table 3.4). 



Description of Hydrated Optimized Configuutiom 

Two water molecules were added to the Zn(I1) binding environment of the three 

most stable 2-coordinate complexes: br, rl, and bb. Further optimization was peifonned 

to allow for maximum hydrogen-bonding. 

b m  configuration 

In the brw cornplex, Zn(I1) is bound by four oxygens in a distorted square planar 

arrangement. The hydantoin rings bind Zn(1I) linearly (179') through C2(06) and 

C4'(07'); N atoms do not act as chelators. The two water molecules produce six 

hydrogen bond interactions. 

Although brw's hydantoin ring geometries are identical to those in br, the 

presence of two water molecules produces geometric differences in the Zn(1I) bindbg 

environment. Relative to br, brw's 06-211 bond lengthened fiom 1.97 to 2.04 A. 

Similarly, 07'-Zn lengthened fiom 2.00 to 2.08 A. Some bond angles changed 

appreciably: C2-06-211 decreased tiom 131.6' in br to 127.8' in bnv, C4'-07'-Zn 

changed fkom 132.6' to 133.6', and 06-Zn-07' changed fiom 171 .O' to 178.0'. Several 

bond angles in the hydantoin rings were also slightly altered (1 2.24. 



rlw configuration 

As in bnv, rlw possesses a distorted square planar Zn(I1) binding site. The CO- 

planar hydantoin rings chelate Zn(I1) through C2(06) and C4'(07') foming an angle of 

162.8'. Two water molecules complete the binding environment and allow for five 

hydrogen bond interactions. 

The rlw complex has nearly identical geometries to brw: for example, hydantoin 

ring bond angles differ by 0.6' or less, and bond lengths differ by not more than 0.01 A. 

b bw configuration 

Among the optimized non-hydrated configurations, bb is most stable (486.27 

kcal/mol). Correspondingly, bbw is the most stable hydrated complex (325.58 kcal/mol). 

In the bbw configuration, Zn(Q is bound by four oxygens in a distorted square 

planar complexation environment. The hydantoin rings, skewed 1 60' to each other, bind 

Zn@) through the C2(06) and C2'(06') forming an angle of 154.5'. Zn(I1) does not bind 

to the ring nitrogem. The two water molecules provide two chelating oxygen atoms 

which arrange to mnximize stabiliPng hydrogen bond interactions. Four hydrogen bonds 

are formed. 

The bond lengths and bond angies of PHT in bbw are nearly identical to the X-ray 

crystal data for PHT itseif. The major exception concems the geometry of the NI-C2-06 

amide. In PHT, the NbC2 bond is 1.33 A whereas in the complex it is 1.36 A. A much 



greater elongation occurs in C2-06: for PHT, 1.21 A; for bbw, 1.33 A. Also, the NI -C2- 

0 6  angle decreases from 128' in PHT to 120' in the bbw hydantoin rings. 

3.3.3.3.1.4 Discussion 

Computational Analysis 

Semi-empirical calculations show that Zn(I1) demonstrates affinity for each 

heteroatom in PHT. In the non-hydrated bidentate complexes, Zn(I1) is coordinated to one 

PHT molecule through C2(06) and to the second PHT through NI', C4'(07'), or 

C2'(06'). When the non-hydrated complexes are ranked in order of stability (Table 3.2), 

the following is evident: i) Zn@) prefers to complex to amide oxygen instead of amide 

nitrogen, ii) complexation to the C2'(06') carbonyl is preferred to C4'(07'), and iii) an 

NI '  chelate is preferred to the N3' adduct. The zinc cation electrophile coordinates to 

oxygen in preference to nitrogen because O has two sterically accessible electron pairs 

whereas the protonated amide nitrogen resides in a relatively crowded environment. In 

support of the theoretical results, experimental studies have shown that metal cation 

chelates neutral amide through carbonyl oxygen [279]. For example, Z n 0  is complexed 

by biuret via two carbonyl oxygen atoms [280]. 

Table 3.2 shows that Z n 0  prefers to coordinate through C2'(06') instead of 

C4'(07'). Steric hindrance accounts for this observation. The buiky phenyl moieties on 

the hydantoin rings are farthest apart and do not repel one another when Zn(I1) chelates to 



the C2(06) carbonyl (compare CS-CS' atomic distances in bb and rl). Steric hindrance 

also accounts for the high energy of the 4-coordinate rr complex. The two hydantoin rings 

(and phenyl groups) in rr are much closer to each other compared to the bidentate 

complexes. 

Zn(1I) coordination to PHT causes geometric changes in hydantoin due to electron 

donation from both the chelating atoms and the ring. Regardless of the mode of 

complexation, hydantoin ring bond lengths increased and bond ordea decreased (Table 

3.3). Literature suppori for these results remains ambiguous. An earlier theoreticai study 

found that metalation at a neutral amide nitrogen weakens and lengthens the C-N bond 

[28 11. Experimental [282] and theoreticai results [28 1,283,2841 found that metal ion 

complexation at amide oxygen shortens amide C-N while lengthening the carbonyl. 

Nevertheless, al1 Zn-O and Zn-N bond lengths are within acceptable lirnits when 

compared to similar bond lengths taken from a survey of crystal data of Zn(I1) complexes 

[285]. 

Hydration of the three most stable bidentate complexes resulted in minor 

geometric changes in the Zn@) binding environment. Coordination and electron donation 

by the two water molecules loosened the Zn-O coordinate bonds by 0.06 - 0.09 A and left 

Zn@) in a distorted square planar environment. Changes in the hydantoin rings were 

negligible. Hydrogen bond interactions stabilized the complexes though not enough to 

offset instability due to steric hindrance. The bbw complex, with four hydrogen bonds, 

was more stable than rlw with its five H-bonds. Similarly, r h  was more stable than brw 



which possesses six H-bonds. Al1 hydrogen bond lengths [286] and angles [287] were in 

acceptable agreement with experimental values. 

In vivo, the native conformation of a Zn(1I)-PHT chelate is one in which the 

energy of the complex is a minimum. Assuming that hydration occurs, this study 

demonstrates that such a chelate exists in the bbw configuration where Zn(I1) bridges two 

PHT molecules by coordinathg through C2(06). 

Implications for Antiepileptic Drug Design 

PHT-Zn(I1) coordination associates anticonvulsant activity with Zn(II) chelation. 

The theoretical results of this study have identified PHT's C2(06) carbonyl as the Zn(I1) 

binding site. Zn@) chelation has been demonstrated theoretically but not empiricaily. 

This is the focus of the next section. 

3.3.3.3.2 X-ray Crystal Structure 

3.3.33.2.1 Introduction 

The PHT-Zn(U) complex has been synthesized previously [273,274] and 

characterized computationaily but not empiricaily. Thus, as part of the ongoing 

investigation of the Zn@)-PHT interaction, diammlliebis(5,S-diphenyhydantoinato) 



zinc(I1) hemihydrate (Figure 3.5 I l 2  H20) was synthesized and struchually examined to 

establish its coordination geometry and mode of bonding. 

Notably, the PHT-Zn(I1) complex, didebis(5,5-diphenylhydantoinato) 

zinc(I1) hemihydrate, differs from the PHT-Zn(I1) complexes that were studied by 

molecular orbital calculations. Solvation difficulties precluded the synthesis of a PHT- 

Zn(I1) complex at neutrd pH. 

Figure 3.5: Diamminebis(5,5-dipbcnylhydantoinato)zin~(II) 

3.3.3.3.2.2 Method 

Single crystals of the PHT-Zn@) complex were obtained by slow evaporation, at 

constant 50°c, of aqueous ammonia containing phenytoin and [Zn(NO3)2].6H20. 

Synthetic details are provided in AppendUt A. Elementai analysis revealed the presence 

of a half molecule of water per molecule of complex in the crystal structure. 



X-ray analysis was performed by Dr. Aleksander Roszak using an EnrdNonius 

CAD-4 difictometer. Specific details of X-ray experimental may be found in Acta 

Cryst. CS1, 129701300 (1995). 

3.3.3.3.2.3 Results 

The complex (Figure 3.6) has tetrahedral4-N Zn coordination with the Zn ion and 

ammonia N7 and N8 atoms sitting on a mirror plane perpendicular to the crystallographic 

y axis. The interaction of phenytoin with Zn@) parallels Cu(1I) and Ni(I1) complexation 

[272,278]. Al1 of these complexes have a deprotonated N3 atorn in the coordination 

sphere of the transition metal. The Zn-N distances are equal but the tetrahedral geometry 

is distorted due to the large size of the phenytoin ligand, the ~ 3 - ~ n - ~ 3 '  angle ~ 3 '  is the 

mirror image of N3; syrnmetry code: (i) x, -y, z] being about L O O  greater than the ideal 

value. The hydantoin ring is not syrnmetrically oriented with respect to the Zn-N3 bond 

and the two arnmonia ligands have 02-02' and 04-04' distances of 5.1 77(4) and 

3.155(4) A, respectively. The N7-04 and N8-02 distances are similar [3.273(3) and 

3.218(3) A, respectively], but due to the symmetrically constrained positions of the 

ammonia H atoms, only the second contact can be considered a weak intramolecular 

hydrogen bond (Table 3.6). The dihedrd angle between the hydantoin ring and the rnirror 

plane of the complex is 57.2(1)", and the angle between the two hydantoin rings is 

1 14.4(1)". 



The geometry of the hydantoin ring is similar, within experimental error, to that 

found in the analogous Cu and Ni complexes [272,278], but shows some differences in 

bond angles when compared to the free phenytoin of the first determination by 

Camerman & Camerman [288]. When compared to fiee phenytoin of the Iatest more 

accurate determination by Chattopadhyay et al. [289], significant differences can be 

observed, namely, an increase in the N1-C2 and C 4 4 5  bond lengths and concerted 

changes in al1 endocyclic bond angles which can be rationalized by the effect of 

coordination to the Zn atom. The N3 atom is being pulled out of the hydantoin ring so 

that the C2-N3-C4 angle decreases from 112.2(2)' in fiee phenytoin to 109.0(2)O in the 

Zn complex; the adjacent angles at atoms C2 and C4 increase by about 2.6' and the 

angles at N1 and C5 decrease slightly. The sarne effect can be seen by comparing the 

endocyclic distances N3-NI and N3--CS in the two compounds; they are 2.194 and 

2.326 A, respectively, in the fiee phenytoin and 2.248(3) and 2.374(3) A in the Zn 

complex, an increase of about 0.050 A. Consistent with these changes, the bonds NI-C2 

and C4-CS increase by about 0.02 and 0.01 A, respectively. 

Another significant difference occurs in the arrangement of the phenyl rings with 

respect to the hydantoin ring. In &e phenytoin, one of the phenyl rings almost eclipses 

the NI-CS bond and the second eclipses the C4-CS bond (torsion angles NI-CS-CPhl-CPhl 

and C4-CS-Cpu-CPh2 are 2.3O and -1.9O, respectively, according to Camerman Br 

Cameman [288] and 1 .SO and -3.6' in the paper by Chattopadhyay et al. [289]). Such 

arrangements result in a dihedral angie of about 90' between the phenyl rings. A similar 

situation is observed in the Cu complex with corresponding torsion angles of 7.9' and 



-4.2', and in the Ni complex is somewhat distorted with angles of -21.4O and 16.9O; the 

phenyl-phenyl angle is still close to 90' in both these complexes. In the Zn complex, the 

phenyl-ring bond C61-C66 is relatively close to the eclipsing position with a torsion 

angle N 1 -Cs-C6 1 -C66 of 1 7.3(4)', but the other phenyl-ring bond, CS 1 -CS6, fonns a 

torsion angle of -68.9(3)* [C4-CS-CS 1-CS61 with the C4-CS bond resulting in a dihedral 

angle of 63.4(2)' between the two phenyl rings. This different arrangement of phenyl 

rings in the Zn complex is probably due to the tetrahedrai coordination and reflection 

symmetry of the molecule which place the C5 1 -C56 phenyl ring in close proximity to its 

rnirror counterpart; the shortest C**C distance observed between these rings ( ~ 5 5 - ~ 5 5 ' )  

is 3.589(9) A. It should be noted that this arrangement of phenyl rings does not fa11 into 

one of the potential energy minima allowed for fkee phenytoin calculated by 

Chattopadhyay et al. [289]. 

The packing of molecules in the crystal is deterrnined by hydrogen bonding 

between the N1 amino fùnction and the carbonyl02 atom, and by severai other hydrogen 

bonds between the ammonia ligands and the carbonyl 0 2  and 0 4  functions (Table 3.6 

provides details of the hydrogen bonding). Formally, a haif molecule of the solvent water 

sits on the rnirror plane of the complex and is disordered over two positions, OW1 and 

OW2, 0.77(5) A apart and each with 0.25 occupancy. OW1 and 0W2 form hydrogen 

bonds to the hydantoin O atoms 0 2  and 02' on both sides of the mirror plane. 



Figure 3.6: Molecular structure of [Zn(M& (C , sHE,N20~44H20  sbowing 50% 
probabüity displacement eüipsoids 



Table 3.5: Selected geometric parameters of [Zn(NH3)* (CISHIIN20&]~YiH20 

Bond Lengths (A) 

C2-N3 1.390(3) 
N3-C4 1.348(3) 
C4-O4 1.220(3) 
C4-CS 1.554(3) 
CS-CS 1 1.550(4) 
CS-C61 1.523(4) 

Bond Angles (3 

04-C4-CS 
N3-C4-C5 
N 1 -CS-C4 
NI -CS-CS 1 
N 1 -CS-C6 1 
C4-CS-CS 1 
C4-CSOC6 1 
CS 1-CS-C6 1 
CS-CS 1 -CS2 
CS-CS l C 5 6  
CS-C6 1 WC62 
CS-C6 1 OC62 

Torsion Angles (3 



Table 3.6: Hydrogen-bonding geometry (A, O) in [Zn(NH3)2(CISHIIN202)tJ~VsH20 

H atoms of the amrnonia atoms N7 and N8 are denoted with A for atoms in the mirror 
plane and B for out-of-mirror-plane atoms. 

3.3.3.3.2.4 Discussion 

The crystal structure of [Zn(NH3)2(C15HIIN20~2]~YzHZ0 has been rigorously 

defined. Zn(I1) coordinates PHT through deprotonated N3. The empirical confrmation of 

PHT-Zn(I1) chelation would be expected if Zn(I1) chelation is a mechanism of 

anticonvulsant action. 

3.3.3.4 Conclusions 

Semi-empirical molecular orbital methods and X-ray crystaliography have shown 

that PHT chelates Z n 0  through the C2 carbonyl oxygen at neutral pH or via 

deprotonated N3 at high pH. The former coordination compound is the more probable 

form in the physiological milieu. PHT-Zn@) coordination, affirmed by these studies, 

associates anticonvulsant activity with Zn@) chelation; however, this does not prove 



causation. A review by Woodbury [290] points to numerous mechanisms of action 

including sodium charnel blockade and the inhibition of calcium influx but Zn@) 

chelation was not implicated. This remains a possibility - a potential contributory 

factor - but m e r  studies are necessary to firmly establish a link. Many more ligands 

need to be examined. This is the focus of the next section. 

33.4 Evaluation of Miscellaneous Z n 0  and Cu(I1) Complexes as Antiepileptic 
Agents 

3.3.4.1 Introduction 

To supplement anticonvulsant activity data of Cu(1I) and Zn(I1) complexes 

available fiom the National Institutes of Health (NIH), Cu(1I) or Zn(I1) complexes of 

miscellaneous organic ligands were synthesized and evaluated for anticonvulsant activity. 

Qualitative structure-activity relationships afCorded dues for the design of Cu(I1) 

releasing agents capable of Cu(II)/Zn(II) transposition. 

3.3.4.2 Method 

Organic ligand (2 equiv.) and either metal chloride (1 equiv.) or metal nitrate (1 

equiv.), where the metal cation is Cu@) or Zn(II), were dissolved in EtOH, MeOH or 

H20 and refluxed for 4 to 24 hours. Crystals of Cu@) or Zn@) complex were isolated 



either by filtering crystals fkom the cooled solution or by evaporating the solution to 

dryness. The product was washed with EtOH and Et20, dned in vacuo, then analyzed by 

melting point, elemental analysis andor atomic absorption spectroscopy. 

Al1 products were biologicaily evaluated using MES, PTZ or PIS seizure models 

to determine anti-ictogenic activity. Refer to Appendix B for details of the expenmental 

procedures. Cornpound eficacy was determined by seinire protection in more than 2/4 

rats at doses of 300, 100,50 and 10 mgkg ip. 

3.3.4.3 Results 

Using cornmercially available organic ligands, 9 Cu(I1) complexes and 9 Zn(I1) 

complexes were synthesized and physically chanicterized (Table 3.7 and Table 3.8). Al1 

compounds including precursors were biologically evaluated for anticonvulsant activity. 

NIH data concerning the anticonvulsant activity for an additional 20 Cu(I1) 

complexes, 10 Zn@) complexes, and associated ligands was also compiled (Table 3.9). 







Table 3.8: Physical data and anticonvulsant activity of Zn(ll) complexes and ligands 

B2P32 Dichlorobis(tripheny1- 
phosphine oxide)zinc(II) 1 s" 1 74*4 

B2P34 Sodium adenosine 
triphosphatozinc(I1) 
dihydrate 

-- 

B2P52 Dichloro(N,N,N',N'- col tr 39.2 
tetramethylethylenediamine) cr 
Unc(11) 

B2P72 Bis(beilzimidazole)Pnc(l1) wh cr 28.2 
hemi hydrate 

E2P76 BisOJ-benzoyl-N-phenyl- wh so 1 1 . 1  
hydroxy lamine)dinitrato 
Y nc(11) 

C36H30C1202P2Zn Found: 62.40 4.46 O O 
MW = 692.87 ICalc: 162.41 14.36 1 O 1 

Found: 
Calc : 

Found: 
Calc: 

Found: 
Calc: 

-- 

C21H32h!60 &Zn Found: 49.2 1 4.48 1 2.25 O 
MW = 677.98 Calc: 49.60 4.76 12.40 

C14H,oN4Zn Found: 54.47 3.43 18.55 O 
.O. 5H,O Calc: 54.84 2.96 18.27 

MW = 306.63 

C26H20N401&~ Found: 63.62 4.14 
MW = 487.82 Caic: 64.02 3.72 5.74 



Table 3.8 continued 

b. Using maximal electroshock, compound is active in > 2 4  rats at 10 mgkg, 4+; 50 mglkg, 3+; 100 mgkg, 2+; 300 mgkg, I+; or 
inactive, 0. 
c. No compounds were active in the pentylenetetrazole animal model. 

B2P80 

B2P 1 22 

9. col: colourless; cr: crystai; fl: flakes; gr: green; gy: grey; lt: light; pw: powder; so: solid; tr: transparent; wh: white. 

Bis(2-aminobenzothiau>le) 
dinitratozinc(I1) 

(1 2-Crown-4)dinitrato 
Y nc(1l) trihydrate 

It gr cr 

wh fl 

100 

86.4 

196 
(dec) 

207 

CI,H,2N606S2Zn 
MW = 489.79 

C8HI&Ol&n 
.3H20 

MW = 419.65 

Found: 
Calc: 

Found: 
Calc: 

34.28 
34.33 

22.58 
22.90 

2.39 
2.47 

4.83 
5.28 

16.80 
17.16 

6.53 
6.68 

l +  

1+ 

O 

O 



Table 3.9:Anticonvulsant aetivity of ligands and their Cu(1l) or Zn(l1) complexes from the NIH database 

biuret 2+ 3+a 

I 2-crown-4 i +d 3+C 
isatin I O I O 

.............. - .. -- - 

diazald 1 i+ 1 l+  1 

dibenzuy lmethane I+ O 

ethyl acetamidocyanoacetate 1+ O 
thioacetamide oc 2+d 

ethyl acetarnidocyancacetate 1 1 + 1 O 

diazald 1 l +  1 O 

- - --- 

guanidineacetic acid O 1+ 
9 - 

thiosemicarbazide O 1+ 
N-methyl-N-nitroso-p 
toluenesulfonamide 

N , ~ ~ m e t h y ~ a n i k i  
sulfosalicy1ic acid 

thioacetamide 1 O [  -- O 

3,3'-dithiodipropionic acid 
5-nitrobenzotriazole 

-- 

sui fosalicvl jc acid 1 O 7 O 

O 
OC 

nitrilotriacetic acid 1 O 1 O 

I+  
1 +d 

O 

O 
thiosemicarbazide 1 O 1 O I +  

O tris(hydroxymethyl)amino- 
methane 

a. Using maximal electroshock, compound is active in > 214 rats at 10 mgkg, 4+; 50 mgkg, 3+; 100 mgkg, 2+; 300 mgkg, l+; or 
inactive, 0; b. No compounds were active in the pentylenetetnwle animal model; c. Inactive in pilocarpine model; d. Active in 
pilocarpine model. 



3.3.4.4 Discussion 

Zn(l1) and Cu(I1) complexes possess vastly different anticonvulsant activity 

profiles (Table 3.7 to Table 3.9). No Zn@) complex in the study sarnple was 

anticonwlsant and, for more than a third (7/20) of the ligands exarnined, activity was 

suppressed upon complexation with Zn@). In contrast, Cu(1I) complexation enhanced 

anticonvulsant activity for more than half (16/30) of the ligands. Furthemore, 68% 

(1 3/19) of the active complexes were derived from inactive ligands. These results support 

the c l a h  that systemically adrninistered Cu(I1) is often anticonvulsant while Zn(I1) is not. 

Incidentally, Zn(1I)'s lack of anticonvulsant activity does not prove that Zn(I1) is 

proconvulsant, however, it is congruent with that notion. 

With respect to Cu(I1) complexes, the nature of the organic ligand strongly 

influences the level of anticonvulsant activity. Maximum activity (Le. active in >2/4 rats 

at 50mgkg) was found in the Cu(i1) complexes of biuret, 12-crown-4 and glycylglycine. 

The greatest increase in activity for a Cu@) complex relative to its organic ligand was 

found in the Cu(I1) complexes D-penicillamine, thioacetamide, 12-crown-4, 

glycylglycine, L-phenylalanine-L-t.ryptophan and L-leucyl-L-tryptophan. Certain structural 

features in this subset of organic ligands appear to be responsible for enhanced 

anticonvulsant activity: cyclic ligands with chelatable heteroatoms (stability is enhanced 

by the chelate effect [291]), hetematoms on amino acid and peptide backbones, and 

chelatable s u f i  atoms. Accordingly, these features may be used to guide the 

anticonvulsant drug design process. 



In particular, peptides merit fbrther consideration because they satis& two 

important design criteria: 1) Cu(I1) tnuisfonns inactive or poorly active peptide ligands 

into complexes with strong anticonvulsant activity, and 2) both Cu(I1) and Zn(I1) chelate 

peptides - Cu(l1) chelation was demonstrated; Zn(I1) chelation has been reported 

[292,293]. Therefore, based on the evaluation of miscellaneous Cu(I1) and Zn(1I) 

complexes, peptides when complexed with Cu(1I) are recommended as the molecule class 

with the greatest promise of anticonvulsant activity. 

3.3.5 Lead Compounds: Peptides 

As lead compounds in the search for antiepileptic dnigs, peptides are a good 

starting point; their advantages are multifold. First, peptide synthesis, characterization 

and conformation are well described in the chernical, biochemical and pharmacological 

literature. Second, toxicity is less likely to be a problern: peptides are easily metabolized 

d e r  performing their desired biological fiinction, thereby avoiding buildup of toxic 

metabolites. Furthemore, the chance of designing a peptide dmg which produces an 

unacceptably toxic metabolite is lower since peptide metabolism and pharmacokinetics 

are predictable [294,295]. Third, peptides mediate a vast anay of biochemical processes 

[296]. This provides a rational physiological basis for the design of neuroactive 

antiepileptic dnigs. hdeed, peptides are a reasonable target for antiepileptic dnig design 

since endogenous neuropeptides are postulated to moduiate epileptic phenornena [297]. 

Finally (and most importantly), peptides are able to complex transition met& via main 



chain and side chain heteroatoms. Chelating ability is a prerequisite for a drug which 

functions to inhibit ictogenesis and epileptogenesis through neural metal mediation. 

Thus, peptides are promising lead compounds; however, they also suffer serious 

deficiencies in the pharmaceutical, phamuicokinetic and pharmacodynamie phases of 

drug action which limit their application as therapeutic agents. Linear peptides are rapidly 

degraded (proteolyzed) by peptidases in the gastrointestinal tract [298], in the blood and 

in various tissues. They are also rapidly excreted by the kidneys [299]. Peptide half-lives 

can be on the order of seconds [300], but are typically minutes. Linear peptides also 

s a e r  solubility problems which manifest as poor transport from the gastrointestinal tract 

to the blood and from the blood to the brain. With the exception of N-tyrosine peptides, 

the penetration of peptides across the BBB is, in general, poor [301]; polar nvitterionic 

termini hinder passage through lipid membranes. Potency is lost. Even if access to the 

brain is achieved, linear peptides are conformationally flexible and thus lack the precise 

geometric integrity crucial for h g  receptor interactions. Again potency is lost. Finally, 

the stability of peptide coordination compounds follows the Irving-William senes [302]. 

As indicated by stability or formation constants, nearly al1 types of donor ligands chelate 

Cu(II) in preference to Z n O .  This seemingiy presents a major problem for a drug design 

strategy where ligands must transpose C u 0  for Z n o .  Thus, given these numerous and 

substantiai problems, linear peptides complexed with Cu@) appear to be disqualified as 

lead antiepileptic compounds; clearly, they fail to meet biological design criteria. 

However, none of the pro blems are intractable. 



A simple and potentiaily elegant solution is to use cyclic dipeptides 

(diketopipenzuies, 2.5-piperazinediones 13031) as ligands for Cu(I1) complexation 

(Figure 3.7) because they precisely address each deficiency inherent in the dmg action of 

linear peptides. Upon cyclization, ionizable C- and N-ternini on the peptide are 

eliminated. This greatly enhances enzymic stability, peptide solubility, lipophilicity, 

conformational rigidity, receptor specificity and potency. Enzyme stability [304] and 

conformational ngidity are also enhanced by the constraints of Cu(I1) complexation. The 

net result is that transport to the brain, difision or uptake across the BBB [294,305], and 

pharmacodynamie drug action is facilitated. Thus, cyclic dipeptides satisQ important 

biological design criteria whereas linear peptides do not. 

Moreover, cyclic dipeptide construction may allow manipulation of the metal 

coordination environment to favour Zn(I1) coordination and disfavour Cu(I1) 

coordination. This requires astute control of coordination geometry and the appropriate 

Figure 3.7: Structure of a q c &  dipeptide (in the cis conformation) 



selection of donor atoms, 

First, an understanding of coordination geometry is required. In the dipositive 

state, copper and zinc reside in a d9 and d'O electronic configuration, respectively. This 

has a profound effect on the coordination stereochemistries of the two cations. Due to the 

d9 configuration, Cu(I1) is subject to Jahn-Teller distortion [306] if the cation is placed 

within an environment of cubic syrnmetry (regular octahedral or tetrahedral). In the six- 

coordinate case, distortion manifests as an elongation (or contraction) of two tram Cu-L 

bonds, which in the lirnit becomes indistinguishable fiom square planar coordination. 

Thus, Cu(I1) coordinates in square planar and tetragonally distorted octahedral geometries 

but almost never in regular octahedral or tetrahedral geometries. In contrast, Zn(1I) 

prefers a four-coordinate tetrahedral bonding environment. Stability is the primary 

reason. When metals with unfilled d orbitals are coordinated by ligands, the ligands 

create an electrostatic field around the metal ion which produces additional stability 

known as crystal field stabilization energy. Hence, dg Cu(I1) is stabilized, dlo Zn@) is 

not. Because Zn(1I)'s dlo configurs~tion af5ords no crystal field stabilization, coordination 

stereochernistry is determined solely on the bases of size, electrostatic forces and covalent 

bonding forces. For Zn(II), tetrahedral coordination is often most stable. Accordingly, 

this must be the goal in the design of a coordination environment where Z n 0  is to 

replace Cu(?). 

Second, the appropriate selection of donor atoms can facilitate the Cu(II)/Zn(n) 

replacement process. Here, hard and sofi acid-base (HSAB) theory may be helpful. 

According to the theory [307,308], hard metal ions have low polarizability, small radü 



and hi& positive charge; they form the rnost stable complexes with donor atoms which 

have high electronegativity, low polarizability and srnall radii (i.e. N and 0). Soft metal 

ions have a low positive charge, are readily polarized and form stable complexes with 

readily oxidized, polarizable ligands with S or P donor atoms. According to the HSAB 

classification, Cu(I1) is a borderline hard acid and Zn(I1) is a soft acid. Advaniage may be 

gained by this small difference. "Soft" thioethers coordinate with "borderline hard" 

Cu(1I) only weakly in dipolar solvents [309]; this should facilitate decomplexation [3 IO]. 

On the other hand, "sofi" Zn@) would display significant afinity for a "soft" thioether 

ligand. Thus, a cyclic dipeptide with a thioether side chah (i.e. methionine side chain) 

could enhance the possibility that the Cu(I1) cation is suficiently labile to allow 

Cu(II)/Zn(II) translocation. Moreover, with a decrease in the difference between the 

stability constants (K) for Cu@) and Znw) complexation, the rate of Cu(II)/Zn(II) 

transposition would increase, even though Kc,, > KZn. 

3.3.6 Design Criteria for a Peptide Antiepileptic Drug 

The design criteria for a peptide antiepileptic dnig, summarized from the 

preceding sections, are as follows: 

1. Cu(I1) must transform the inactive or poorly active peptide ligand into a complex with 

strong anticonvulsant activity. 

2. Both Cu(II) and Zn@) must chelate the peptide. 



3. The peptide must be cyclized (to satisfy the standard biological criteria for 

neuroactive drugs). 

4. The peptide must be sufficiently lipophilic to traverse the BBB. 

5. The Cu(1I) cation should reside in an environment of cubic symmetry in order that it 

may be displaced more easily by Zn@). 

6. The environment of cubic symmetry should be tetrahedral as opposed to octahedral 

because of Zn(I1)'s preference for coordination four and Cu(II)'s preference for a 

distorted octahedral environment. 

7. The donor ligand should have a thioether fhctionality to ensure that the Cu(l1) cation 

is sufficiently labile to allow Cu(II)/Zn(II) translocation. 

These seven design critena must be used to guide the rational design of a novel 

antiepileptic drug that uses neural metal mediated inhibition as its therapeutic mechanism 

of action. 

33.7 Synthesis of Cyclic Dipeptide Copper (II) Complexes as Antiepileptic Drugs 

3.3.7.1 Introduction 

Using the principles of rational cimg design, C u 0  complexes of cycüc dipeptides 

possessing one or more thioether side chahs were identined as a class of putative 



antiepileptic drugs. Thus, the next logical step in this research prograrn was to examine 

the structure and activity of the Cu(I1) complex of cyclo-r-methiony l-L-methionine. 

Here, previous studies proved useful. Both Ettorre et ai. [3 111 and Khalil [3 121 

synthesized dichloro(~~l~-~-methionyl-~-methionato)copper(II) and used 'H nmr 

spectroscopy to confirm that the copper cation was coordinated to the cyclic dipeptide 

through one thioether sulfur atom. Furthermore, Khalil used molecular mechanics 

(parameterized specially for peptides and metal-ligand interactions) to theoretically 

determine the coordination geometry. He found that the diketopiperazine ring resides in a 

flat conformation (as opposed to a chair or boat conformation), the cis side chains are 

antiperiplanar with respect to the Csp3-CSp2 bond of the ring, and diketopiperazine ligand 

coordinates Cu(I1) and Zn(I1) in a tetrahedral environment. Finally, Khalil found that 

dichloro(cyclo-~-methionyl-~-methionato)copper(II), hereafter syrnbolized as cMMCu, 

possessed anticonvulsant activity against the MES seinire model. 

Remarkably, cMMCu meets al1 of the design criteria for a putative antiepileptic 

h g .  Not surprisingly, it possessed signincant anticonvulsant activity, however, cMMCu 

displayed activity only up to the sixth phase of MH's eight phase Anticonvulsant 

Screening Project. Therefore, the task of this research prograrn was to apply structure 

rehement to improve and possibly maximize antiepileptic activity. Through the design 

and evaluation of an analogue series, pharrnacologic potency may be enhanced. 

Since cMMCu functions, in theory, by depositing C u 0  inside the brain and by 

removing Z n 0  from the brain, its potency is likely related to its ability to cross the 

BBB. Possibly, the polar nature of the two methionyl side chains hinder the passage of 



cMMCu through the BBB resulting in a loss of efficacy. Since only one methionyl side 

chain is necessary for Cu(I1) and Zn(I1) coordination, the other side chain may be varied 

to influence compound lipophilicity in a bid to increase anticonvulsant activity. 

Therefore, copper(11) complexes of @O-L-methionyl-L-X (where X is an amino acid 

with a lipophilic side chain) are proposed as improved antiepileptic agents. Accordingly, 

Cu(I1) complexes of cyclo-L-methionyl-L-phenylalanine and cycio-L-leucyl- m me thionine 

were synthesized and evaluated for anticonvulsant activity. The ability of these Cu(I1) 

complexes to traverse the BBB was measured in vitro and by an increase in in vivo 

anticonvulsant activity. 

3.3.7.2 Method 

A £ive step, convergent synthesis was used to produce the copper complexes of 

cy~lo-L-methionyl-L-phenylalanine (Scheme 3.1) and cyclo-L-leucyl- m me thionine 

(Scheme 3.2). 

The synthesis of cyclo-L-methionyl-L-phenylalanine cornrnenced with the N- and 

C-terminal protection of L-methionine and L-phenylalanine, respectively. Using the 

protocol developed by Itoh et al. 13 131, N-BOC-L-methionine was synthesized by treating 

L-methionine with 2-(tert-butoxycarbonyb0)-2-phenylacetole (BOC-ON) in 50% 

aqueous dioxane. The N-protected amino acid was then isolated as the dicyclohexylarnine 

(DCHA) salt. Following the procedure by Boissomas et al. [314], L-phenylalanine 



92 % 

L-Phe(0Me) HCI 

90 % 
BOC-ON 
TEA 
DCHA 

92 % EEDQ, TEA, EtOH I 

SOCI, 
MeOH 

BOC-L-Met DCHA 

I 1) Formic acid 
44 % 2) 2: 1 2-ButanoII toluene, A 
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Scheme 3.1: Synthesis of [~u(~clo-~-rnethion~l-~-~hen~lalaoiaato)]~l~~~~~ 

methyl ester hydrochloride sait was synthesized by treating L-phenylaianine with thionyl 

chloride in dry methanol. The N- and C-protected amino acids were then coupled using 

N-ethoxycarbonyl-2-ethoxy-1,2-dihydroqui (EEDQ) to yield the M y  protected 

dipeptide [3 151. Anhydrous f o d c  acid removed the N-protecting group [3 161, then the 

dipeptide methyl ester was sirnuitaneously C-deprotected and cyclized in reflwing 

toluendsec-butanol as described by Nitecki et al. [317l. The cyclic dipeptide and 

CuCl2@2H2O were dissolved in an acetone/ethanol solution and heated to reflux for 24 



92% 

28 % EEDQ, TEA, EtOH I 

74% 
BOC-ON 
TEA 
DCHA 

I 1) Formic acid 
72 % 2) 2: 1 2-Butanol / toluene, A 

S0Clz 
MeOH 

BOC-L-Met DCHA 

Scheme 3.2: Synthesis of [Cu(cyclo-~-leucyl-~-methionionto)~JC1*2H~O 

L-Leu(0Me) HCI 

hours. Upon cooling, the copper complex of eyclo-L-methionyC~-phenyldanine 

precipitated; it was isolated and malyzed by mp, TLC, IR, 'H nmr and elemental 

analysis. 

The synthesis and analysis of the Cu(I1) complex of &O-L-leucyl-L-methionine 

was analogous to the synthesis described above. 

The synthetic strategy was devised to maximize efficiency (i.e. high yield, few 

steps) and maintain chiral integrity. The BOC group was used because N-protection 

proceeds in high yield, is fiee from racemization [3 181, and the iert-butyl ester group is 



easily removed by anhydrous acid under mild conditions. Methyl ester was used for 

C-protection because the methoxy terminus is an excellent leaving group that facilitates 

concomitant C-deprotection and cyclization without racernization [3 171. EEDQ was used 

because it allows the coupling of protected amho acids in hi& yield, in a single step, and 

without racemization [3 151. 

The copper complexes were also tested for Zn(II)/Cu(II) transportability. In an in 

vitro experiment to mimic cation transport across the BBB, a Divided Beaker Cell 

Transport System was used to test the ability of a cyclic dipeptide to transport Cu(I1) 

fiom one aqueous phase to another aqueous phase across an octanol "membrane phase" 

and subsequently to translocate Zn(I1) in the opposite direction. Section B.2.1 in 

Appendix B provides details. Copper complexes were also tested for in vivo 

anticonvulsant activity against MES and PTZ seinve models. Cu(I1) complexes which 

demonstrate significant anticonvulsant activity will be tested m e r  for antiepileptogenic 

activity . 

Syntheses 

The 5 step protocol was used to successfbîly synthesize chloro(qc10-L-methiony l- 

L-pheny1alaninato)Cu~ hydrate and chlorobis(cyc20-L-leucyl-L-methioninato)copper@) 

dihydrate as pure green crystals in o v e d  yields of 23% and 2%, respectively. The C u 0  



complexes (and their cyclic dipeptide precursors) were characterized (Table 3.10) to 

confirm structure and purity. Experimental details and analysis of other intermediates and 

substrates are provided in Appendix A. 

The syntheses were facile and rapid. Product yields in the reaction sequences were 

high (>65%, near 90% in most cases) with the exception of three reactions: BOC-L-Met- 

L-Phe(0Me) was cyclized in 44% yield; BOC-L-Met DCHA and L-Leu(OMe)*HCl were 

coupled by EEDQ in 28% yield, and cyclo-L-leucyl- meth hi one was complexed to Cu(I1) 

in 13% yield. In part, these yields were low due to product retention in recrystallization 

solvent. 

' H nmr, TLC and mp analyses affirrned product purity. Fully assigned 'H nmr 

was free from exhzuieous peaks caused by impurity. TLC gave homogeneous single spots 

and was ninhydrin negative for BOC-methionine and cyclic dipeptides, as expected. 

Melting points were sharp or within a few degrees C. 

A cornparison of the 'H nmr spectra of the cyclic dipeptides and their Cu(I1) 

complexes (Figure 3.8, Figure 3.9) reveals that the presence of paramagnetic copper 

broadens and shifts resonances and occasionally obscurs peak multiplicity. Cu@) 

produced an upfield shift up to 0.04 ppm in the resonances of &O-L-methionyl-L- 

phenylalanine and qcIo-L-leucyl- m me thionine although, in the latter case, some 

clifferences in shift may be due to different 'H nmr solvents. 

Finally, the infiared spectra of the cyclic dipeptides and the copper(II) complexes 

were identical indicating that Cu(I1) does not affect bond vibrations in the cyclic 

dipep tide. 



Biologieal Activi ty 

Cu(II)/Zn(II) transposition across a membrane phase was accomplished through 

the use of cyclic dipeptides. Using the Divided Beaker Ce11 Transport Systern, 

chloro(cyc10-L-methionyl-t-phenyldaninato)Cu(II) hydrate deposited Cu(I1) in the "intra- 

CNS" aqueous phase then transported Zn(I1) across the membrane phase to the "extra- 

CNS" aqueous phase at a rate of 0.71 rnrnol*day0'. The Zn(l1) transport rate using 

chiorobis(cyc1o-~-leucyl-~-rnethioninato)copper(II) dihydrate was 0.6 1 rnmoladay-' . Thus, 

Cu(II)/Zn(II) exchange by cyclic dipeptides is theoreticdly possible in vivo. This may 

explain the anticonvulsant activity of the Cu(I1) cyclic dipeptides in the MES seizure 

mode1 - both Cu(1I) complexes were active when administered ip at doses of 100 

mgkg. Neither Cu(I1) cyclic dipeptide complex was active against PTZ-induced seizures. 

Furthemore, neither qclo-L-methionyl-L-phenylalane or cyclo-L-leucyl-~omethionine was 

anticonvulsant; this shows that copper cation is a necessary component of Cu(I1) cyclic 

dipeptide anticonvulsant dmgs. 



Table 3.10: Physical and biological data of cyclo-L-methionyl-~-pbenylalanine, cyclo-L-leucyl-L-methionine, and their Cu(11) 
complexes 

B4P20 cyclo-L-Methionyl-L- 
phenylalanine 

B4P28 cyclo-L-Leucyl-L- 1 methionine 

-- - 

B4P29 7~hloro(cyclo-~-methionyl- 
L-phenylalaninato) 
copper(l1) hydrate 

B4P30 Chlorobis(cyc10-L-leucyl-L- 
methioninato)copper(II) 
dihydrate 

0.39 (B) 
0.52 (E) 

8.24 (s, lH), 8.10 (s, lH), 7.25 (m. 3H), 7.18 
(m, 2H), 4.22 (m, lH), 3.72 (t, lH), 3.18 (dd, 
1 H), 2.83 (dd, 1 H), 1.88 (s, 3H+2H), 1.29 (m. 
I~H), 0.98 (m, 1H). 

0.31 (B) 
0.70 (C) 

1650 D7.50(brs,1H),7.20(brs,1H),4.17(m,1H), 
3.98 @r d, lH), 2.69 (m, 2H), 2.28 (m, 1H). 
2.10 (s, 3H), 2.04 (m. IH), 1.81 (m, 2H), 1.61 
(m, IH), 0.95(t, 6H). 

0.46 (B) 
0.72 (C) 

8.21 @r s, IH, NH), 8.08 (br s, lH, NH), 7.22 
(m, 3H, ArH), 7.15 (m, 2H, ArH), 4.20 (br s, 
1 H, aCH), 3.70 (br s, 1 H, uCH), 3.14 (br d, 
1 H, CH,HCH2S), 2.8 1 (br d, 1 H, 
CHH&H,S), 1.88 (s, 3H+2H, SCH,+ArCH,). 
1.25 @r s, 1 H, CH2CH,HS), 0.98 (br s, 1 H, 
CH2CHHbS). 

0.37 (B) 
0.79 (F) 

8.19 @r s, 2H, 2NH), 3.89 (br s, 1 H, aCH), 
3.74 (br s, 1 H, aCH), 2.52 (br s, 2H, CH2S), 
2.03 (s, 3% SCH,), 1.85 (m, 2H, CH,CH,S), 
1 S7 (m, 2H, CH2CH(CH3)2), 1.45 (m, 1 H, 
CH2CH(CH3),), 0.85 (t, 6H, ZCH3). 



Table 3.1 0 continued 

B4P28 cyclo-L-Leucyl-L- white O - O - O O 
methionine crystals 

B4P29 Chloro(cyclo-L-methionyli- green Cl4H1,N2O2S Found: 42.54 4.52 7.00 2+ 
phenylalaninato)copper(II) crystals CICuaH20 Calc: 42.64 4.86 7.10 
hydrate M W  = 394.37 

B4P30 Chlorobis(cyclo-L-leucyl-L- green C,H39N404S2 'Found: 42.45 7.14 9.50 2+ 
rnethioninato)copper(II) crystals ClCu.2H20 Calc : 42.50 6.8 1 9.0 1 
dihydrate MW =621.72 

a. Solvent systems used: B: CH2CI2 1 Acetone 1 AcOH 100: 1OO:OS; C: EtOH / AcOH 20: 1 ; E: MEK / AcOH / H20 4: 1 : 1 ; 
F: CHzClz 1 MeOH 5:2. 

b. CDCI, 
c. Using maximal electroshock, compound is active in > 214 rats at 10 mgkg, 4+; 50 mgkg, 3+; 100 mgkg, 2+; 300 m@g, 1+; or 

inactive, 0. 
d. No compounds were active in the pentylenetetrmle animal model. 



Figure 3.8: 'H nmr spectra of ~01r-mcthionyC~-phtnyIfIpu1ine and its Cu(I1) 
corn ples (Mt), botb in DMS0166 



Figure 3.9: 'H nmr spectra of cycio-L-1eucyC~-methionine in CDCe and ita C u 0  
cornples (Icft) in D M S M  



3.3.7.4 Discussion 

C hloro(s>clo-~-methionyl-r-phenylalaninat~)copper(II) hydrate (B4P29) and 

chiorobis(cyclo-~-leucyl-~-methioninato)copper(II) dihydrate (B4P30) demonstrate 

anticonvulsant activity at ip doses of 100 mgkg. At this level of potency, these 

compounds are more active than Cu(I1) complexes of non-peptides (in general), equally 

active with Cu(I1) linear dipeptides, and less active than cMMCu. Although they were 

designed to be more resistant to degradation than Cu(I1) linear dipeptides and more 

lipophilic and more active than cMMCu, anticonvulsant potency has not been enhanced. 

At least four reasons may account for this: 1) B4P29 and B4P30 require modification to 

enhance lipophilicity (and the ability to cross the BBB) M e r ,  2) the difference in 

stability constants for the Cu(I1) and Zn(I1) complexes is too large; perhaps Cu(I1) is not 

labile enough to allow replacement by Zn@), 3) the Z n 0  transport rate is too slow; 

thus, the effect on brain Zn(I1) concentrations is negligible, or 4) B4P29 and B4P30 may 

not have attained peak effect during the time scde of the MES seinire model. Reasons 3 

and 4 may be a consequence of reasons 1 and 2; nevertheless, since the anticonvulsant 

activity of B4P29 and B4P30 is marginally less, and not greater, than the activity of 

cMMCu, an improvement in in vivo activity must be made. 

To increase anticonvulsant activity, M e r  structure refinement is required. 

Assuming that a cyclic dipeptide remaius the base structure, structure refinement can be 

applied to the metal ion, the donor atom, or the ligand's side chahs. First, C u 0  should 

not be replaced or removed; Cum afEords anticonvulsant protection. Without Cu(II), the 



cyclic dipeptide is inactive. Second, the donor atom, thioether sulfur, should not be 

changed (at least not initially) since the results of the Divided Beaker Transport System 

clearly demonstrate that the cyclic dipeptides B4P29 and B4P30 possess the ability to 

transpose Cu(1I) and Zn(I1) through a membrane phase. Third, replacement of one of the 

side chahs with a more lipophilic side chah is the best next step in the h g  design 

process. Analogues should be synthesized - the general classs dichioro(cyclo-L- 

methionyl-L-X)Cu(II), where X = tyrosine, isoleucine, valine should display considerable 

anticonvulsant activity. Syntheses of these analogues followed by complete physical and 

biological characterization should result in the analogue of optimal activity and should 

ascertain the nature of fiiture modifications. 

The pnmary goal of the research presented in this chapter was the rational design 

and synthesis of antiepileptic ârugs based on neural metal mediated inhibition. 

Specificaily, cyclic dipeptides complexed to Cu@) were designed and synthesized to 

deposit Cu(I1) in the brain, chelate Zn@) then remove it as a mechanism of therapeutic 

antiepileptic action. A 6 step rationai dnig design strategy was used to synthesize 

chloro(cyclo-~-methionyl-~-phenylalaninat~)coppet(II) hydrate and chlorobis(cycIo-L- 

leucyl-L-rnethioninato)copper(II) dihydrate. Both compounds were anticonvulsant at ip 

doses of 100mgIkg. The synthesis of analogues with greater anticonvulsant activity was 

proposed. 



A critical evaluation of the antiepileptic research presented in this chapter reveais 

both strengths and weaknesses. The weaknesses give rise to recomrnendations for m e r  

work. 

1. This research departs fiom traditional anticonvulsant (anti-ictogenic) research to 

focus, more importantly, on molecules and mechanisms of action to treat 

epileptogenesis. 

2. A rationai dmg design process was used to synthesize compounds with moderate 

anticonvulsant activity. 

3. Cyclic dipeptides were identified as attractive lead compounds. Their synthesis and 

characterization is simple and allows for the production of numerous analogues. 

Weuknesses and recommendationsjôr Mure work 

1. Although the stoichiometry is known, the structure of the Cu@) cyclic dipeptides has 

not been determined. Aiso, the geometry of the metal coordination environment 

remains unclear. X-ray crystdiogniphy would be quite useful for structure 

detennination. 



2. The stabilities of the metal complexes remain unknown. Stability constants should be 

measured and cyclic dipeptide analogues should be selected so as to minimize the 

difference in the stabilities of their Cu(I1) and Zn(II) complexes. 

3. The role of Cu(1I) as an anticonvulsant is clear, however, the role of Zn(I1) - the 

manipulation of its concentration in the brain - is not clear. Br& concentrations of 

Cu(II), Zn(II), L-glutamate and GABA need to be measured before and after rats 

ingest putative Cu(I1) cyclic dipeptide antiepileptic drugs. 



CHAPTER 4 

CONCLUSIONS 



From the outset of this research program, the goal was to use the techniques of 

rational dmg design to devise and synthesize antiepileptic agents which would address 

the deficiencies of currently marketed epilepsy medications. While acknowledging that 

the accomplishrnent of that goal is really the domain of a multinational pharmaceutical 

Company, nevertheless, the research presented in this thesis represents a significant and 

substantial step in that direction. 

First, epileptogenesis was identified as the point of attack for an antiepileptic 

research program intent on actually treating epilepsy curatively and not merely 

symptomatically. Consequently, the mechanistic bais  of epileptogenesis was delineated 

and used as the foundational assumption for rational drug design. The simultaneous 

agonism and antagonism of inhibitory and excitatory neurotransmitters, respectively, wns 

identified as the most promising woy to produce both an anti-ictogenic and 

antiepileptogenic effect. This required the design of a bifunctional molecule capable of 

unprecedented hybrid biological activity. To meet this challenge, two rational dmg design 

strategies were conceived - inhibition mediated by neurotransmitters (a direct approach) 

and inhibition mediated by neural metals (an indirect approach). 

The indirect approach attempted to sirnultaneously increase brain Cu(I1) levels 

(potentially anticonvulsant) and decrease brain Zn@) levels (potentiaily anticonvulsant 

and antiepileptogenic). In theory, removal of fiom the CNS wouid promote neural 

inhibition by decreasing ~œglutamate concentration and by increasing GABA 

concentration. CycLic dipeptide Cu(iI)/Zn@) chelators, capable of translocating Cu@) 

and Zn(I1) across a membrane phase, were designed, synthesized and biologicdy 



evaluated; however, the complexes demonstrated only modest anti-ictogenic activity and 

therefore were not immediately evaluated in the time- and labour-intensive SRS model of 

epileptogenesis. 

In contrast to the indirect approach, the direct inhibitory mediation of 

neurotransmitters by neurotransmitter analogues (p-amino acids) was exceptionally 

successful. In numerous ways, antiepileptic drug research and medicinal chemistry have 

been advanced significantly. 

First, rational dmg design, often maligned os more of a dream than reality, was 

used to pioneer the discovery of anti-ictogenic/antiepileptogenic molecules capable of 

simultaneously (i) inhibiting excitatory processes via antagonism of the NMDA receptor 

glycine CO-agonist site and (ii) shulating inhibitory processes via blockade of glial 

GABA uptake. For the fust t h e ,  molecules with a reasonable potential to cure epilepsy 

have been identified. 

Second, a simple but elegant synthesis of p-amino acids, unequalled in scope, was 

developed and used to synthesize numerous structurally diverse p-amino acids. This was 

necessary to define the parameters of the novel protocol and to make numerous analogues 

for biological evaluation. 

Third, the novel SRS model of epileptogenesis was used to confkm the 

antiepileptic bimodal bioac tivity of two $-amino acids, p-alanine and a-(4-p heny lc y do- 

hexy1)-P-alanine HCl. Only two p-amino acids were evaluated due to the t h e -  and 

labour-intensive nature of the SRS model; yet, both compounds were active. This clearly 

demonstrates the enormous potential for M e r  research, discovery and development. 



Accordingly, hiture efforts withh this emerging antiepileptic research paradigm (Table 

4.1) should focus on molecular design to hcrease the affuiity of p-amino acids to the 

GABA uptake receptor and to the NMDA glycine CO-agonist site with the goal of 

maximizing anti-ictogenic/antiepileptogenic activity. The p-amino acid analogue series, 

a-[l -arylmethyl-a-(diarylrnethoxy)alkyl]~s, has been proposed as a point of 

departure. 

The development of this research culminating in the market introduction of a tnily 

useN, curative antiepileptic dmg is imperative. Enormous benefits would accrue. Heaith 

care systems would experience a substantial reduction in costs and society would 

experience significant gains in productivity. The total lifetime cost of al1 persons with 

epilepsy onset in the US in 1990 was estimated at $3 .O billion [3 191; 38% of the cost was 

attributed to direct medical care, 62% was attnbuted to lost productivity due to inactivity, 

unemployment or excess mortality. With the introduction of curative antiepileptic agents, 

these costs would be reduced significantly. 

Finally, the most important benefactors of antiepileptic dmgs would be the people 

afnicted with epilepsy. They would benefit fiom drugs that attack root causes, not mere 

symptoms. They would experience a significant reduction in seizwes, h g  costs, side- 

effects and discrimination. Furthemore, as benefactors of a curative treatment, these 

people would experience a signifïcant hcrease in societal re-integration, economic 

productivity, self esteem and general happiness. in short, people formerly afnicted with 

epilepsy would be granted a vastly improved quality of life. Lest any forget, this is the 



end state of successfùl antiepileptic R&D; in the final analysis, this will always remain 

the true goal of antiepileptic dnig design. 

Table 4.1 : Evolution of dominant antiepileptic research paradigms 
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APPENDIX A 

CHEMICAL SYNTHESIS 



A.1 General Experimental 

NMR spectra were recorded on either a Bruker AM400 400 MHz or Bruker 

AM200 200 MHz FT-NMR spectrometer. Sarnples were dissolved in one of CDCS, 

DMSO-d6 or D20. Chemical shifts are reported as 6 parts per million downfi~eld of TMS. 

Chemical shifts were calibrated based on solvent peaks. Infked spectra were recorded 

with either a Perkin-Elmer 598 spectrometer or a BOMEM Michelson series IR 

spectrometer using a KBr disk for solid samples or a Nujol mu11 for liquids. Melting 

points were determined using a Thomas Hoover Capillary Melting Point Apparatus and 

are uncorrected. Atomic absorption spectroscopy was performed using a Perkin-Elmer 

1 lOOB Atomic Absorption Spectrophotometer. Al1 reagents were obtained fiom 

commercial sources (Aldrich, Fluka, or BDH) and were used as supplied. Super dry 

methanol was prepared by the rnethod of Lund and Bjemun [320]. Thin-layer 

chromatography (TLC) was performed using pre-coated Brinkmann silica gel 60 F,,- 

plates with aluminurn backing. Solvent systems used for TLC are s h o w  in Table A.1. 

TLCs were visualized using ultraviolet light, ninhydrin or iodine vapour. Elemental 

analyses were performed by Guelph Chemical Laboratories Ltd. of Guelph, Ontario, 

Canada. 



Table A.1: List of solvent systems for TLC 

A.2 Synthesis of B-Aminothiophenecarboxylic Acid Alkyl Esters 

A CH2CI2 / MeOH 

A.2.1 Beck Method 

B 
C 
D 
E 
F 
G 
H 

A.2.1.1 General Procedure for the Synthesis of Methyl3-Aminobeazo[bl thiophene- 
2-carboxylates 

Following the procedure by Beck [162], a solution of KOH (3 g) in water (15 ml) 

was added dropwise to a cold solution of DMF (60 ml) containhg substituted 

O-nitrobenzonitrile (30 mmol) and methyl thioglycolate (2.68 ml, 30 mmol). The mixture 

CHzCll / Acetone / AcOH 
EtOH / AcOH 

CH2& 1 EtOAc 
MEK / ACOH / H20 

CH2C12 / MeOH 
CH2C12 1 MeOH 
MeOH / AcOH 

was s h e d  in the cold for 1 hour then poured into ice water. The solid crude product was 

collected and recrystailized fiom EtOH or EtOH/H20. 

100: 1 0O:OS 
20: 1 
9: 1 

4: 1 : 1 
5 :2 
5:  1 
5 :  1 

1 
J 
K 
L 
M 
N 
O 
P 
Q 

EtOAc / MeOH 
CHC13 / Acetone 1 H20 

MeOH 1 AcOH 
EtOH / AcOH 

CHC13 1 MeOH 1 NH,OH 
2-Butanoll AcOH / H20 

Cyclohexane / EtOAc 
MeCN / H@/ AçOH 

CHCl? 

9: 1 
88:12:15 

5: 1 
50: 1 

70:25:5 
4:l:l 
1:l 

8:l:l 



Procedural recornmendation: To eliminate stench, use JavexQ as a source of 

sodium hypochlorite to oxidize sulfùr contained in unreacted methyl thioglycolate in the 

aqueous filtrate. 

A.2.1.2 List of 4 Compounds Synthesized 

Using the appropriate O-nitrobenzonitrile precursoa, the following methyl 

3-aminobenzo[b]thiophene-2-carboxylates were synthesized via the Beck method: 

1 . Methy 1 3 -arninobenzo [b] thiophene-2-carboxy late (B 3 P 1 07) 

2. Methyl3-amino-4-methylbenz0[b]thiophene-2-~arb0xy1ate (B3P 109) 

3. Methyl3-mino-6-(~Buoromethyl)be11~0[b]thiophene-2-cboxylate (B3P 14 1)  

4. Methyl3-amino-4-cyanobenzoIi,]thiophene-2-carboxylate (BSP9) 

Analytical and biological activity data is presented in Table 2.9 on page 80. 



A.2.2 Gewald Method 

A.2.2.1 General Procedure for the Syntbesis of Methyl2-Aminothiophene-3- 
carboxylates 

Following Gewald's method [l63,188], a mixture of alkyl ketone (30 mmol), 

methyl cyanoacetate (2.65 ml, 30 mmol), sulfur (1 .O g, 3 1 mmol) and morpholine (25 ml) 

in EtOH (200 ml) was stirred at 6 0 ' ~  until the sulfùr was consumed. The solution was 

reduced by half then poured into ice water (200 ml). The resulting precipitate was 

filtered, washed with water and dried in vacuo, then recrystallized fiom EtOH, 

EtOH/E-i,O or EtOAc. If not ail of the sulfur was consumed, the isolated precipitate 

(2-aminothiophene-3-carboxylate methyl ester plus sulfur impurity) was dissolved in 

CHC13 and the insoluble S8 imptuity was filtered off. Sulfur has only a 1.5 % solubility 

in CHC13 at 1 8 ' ~ .  

Note that in some cases, solvolysis redted in the exchange of the methyl ester for 

ethyl ester. 

A.2.2.2 List of 11 Compounds Synthesized 

Using the appropriate alkyl ketone precursoa, the following methyl or ethyl 

2-aminothiophene-3-carboxylates were synthesized via the Gewald method: 

1. Methyl2-amino-4-ethyl-5-methylthiophene-3-carbolate (B3P9 1) 

2. Methyl2-amino4,5,6,7-tetrahydro benzo [b]thiophee c b o l a t e  (B3P99) 

3. Methyl2-aminocyclopenta~]thiophene-3-carboxylate (B3P 10 1) 



Analytical and biological activity data is presented in Table 2.1 1 to Table 2.13 

starhg on page 84. 



A.2.3 Fiesselrnann Method using Acetophenones 

A.2.3.1 General Procedure for the Synthesis of Methyl J-Aminothiophene-2- 
carboxylates 

Following an adaptation [16S, 1661 of Fiesselmana's method, phosphoryl chloride 

(9.3 ml, 100 rnmol) was added dropwise fiom a dropping funnel to cold, dry DMF (50 

ml) in a three-neck flask, while maintainhg solution temperature below 25 '~ .  To this 

formamide chlonde solution, acetyl arene (50 mmol) wiis added such that the solution 

temperature did not exceed 60'~. M e r  0.5 hours of stimng at room temperature, the 

mixture was warmed to 5 0 ' ~  then treated with NH20HaHCl (1 3.9 g, 200 mmol) in small 

portions (temperature rose to 100-150'~). After 30 minutes, the mixture was added to 

water (1 50 ml) and extracted with ether (3 x 50 ml). The cornbined extracts were dried 

(MgS04), filtered and reduced in vanro to yield a P-chlorocinnamonitrile product. 

A basic, methanolic solution was prepared by stirruig sodium methoxide (50 

mmol) into dry MeOH (50 ml). To this basic solution, methyl thioglycolate (50 mmol) 

was added dropwise then the &chlomcinnamonitrile, dissolved in MeOH or DMF, was 

added and the mixture was heated to reflux for 10-60 minutes. The solution was cooled, 

diluted with ice water (200 ml) and filtered. M e r  drying, the methyl 3-aminothiophene- 

Ztarboxylate product was recrystaliized fiom EtOH or EtOH/H20. 



A.2.3.2 List of 4 Compounds Synthesized 

Using the appropriate acetophenone precursors, the following methyl 

3-aminothiophene-2tarboxylates were synthesized via the Fiesselmann method: 

1. Methyl3-amino-5-(3-nitrophenyl)thiophene-2-~~ (B3P 17 1) 

2. Me thy 1 3-amino-5-pheny lthiophene-2-carboxy late (B3 P 1 77) 

3. Methy 1 3-amino-5-(4-methoxypheny1)thiophene~ (B4P5 1 ) 

4. Methy 1 3 -amino-5-(4-methylpheny1)thiophene-2-dmcyW (B4P5 5) 

Analytical and biological activity data is presented in Table 2.10 on page 8 1. 

A.2.4 Fiesselmann Method using Arylaldehydes 

A.2.4.1 General Procedure for the Synthesis of Methyl3-Aminothiophene-2- 
carboxylates 

A.2.4.1.1 Synthesis of 2,3-Dichloro-5-methoxy-2(5H)-furanone (B3P103) 

Following an adaptation of Mowry's procedure [32 11, mucochloric acid (527.1 g, 

3.12 mol), dry MeOH (1.30 L) and anhydrous ZnClz (212.7 g, 1.56 mol) were refluxed 

for 7 hours then added to water (1.50 L) and extracted with ether (3 x 600 ml). The 

combined ether extracts were reduced in vacuo and the residue was fiactionally distiiied 

(bp: 126.5-128.5'~ at 9 mm Hg) to yield pure product as a clear yellow liquid (465.3 g, 



2.54 mol, 81.5 %); lit. yields=85 % [167,322], 77 % [321]; IR (cm-'): 2926 (CH 

aliphatic), 1806 (lactone GO);  'H nrnr (CDC13): S 5.76 (s, 1 H), 3.58 (s, 3H). 

Caution: Distillation products are extrernely potent lachryrnators. 

A.2.4.1.2 Synthesis of 4-Azido-3-chloro-5-methoxy-2(5H)-furanone (B3P123) 

Following the procedure by Moore et al. [168,323], sodium azide (136.1 g, 2.09 

mol) was added to a cold stirred solution of 2,3-dichloro-5-methoxy-2(5H)-furanone 

(383.0 g, 2.09 mol) in dry MeOH (600 ml). After 1 hour, the mixture was diluted with 

water (1.00 L) and filtered. The off-white crystalline product was washed with H20, air 

dried and dried in van«, to yield pure product as white crystals (372.0 g, 1.96 mol, 93.9 

%); lit. yield=91 % [168]; mp: 51-55'~; TLC: R~0 .70  (I),0.58 (J); IR (cm-'): 2150 (N,), 

1777 (Iactone C=O); 'H nmr (CDC13): 6 5.76 (s, lH), 3.63 (s, 3H). 

A.2.4.1.3 Synthesis of Methyl3-Aminothiophene-2-carboxyIates 

4-Azido-3 -cMor0-5-methoxy-2(5H)-fiiranone (5.69 g, 3 0 mmol) and ary laldehy de 

(30 mmol) were reflwed in toluene (60 mi) for 5 hours then reduced to yield P-aryl-a- 

chioroacrylonitrile, in accordance with the procedure by Moore et al. [324]. 

Then, following the procedure by Ishizaki et al. [170], methyl thioglycolate (2.68 

ml, 30 mmol) was added to a stirred solution of K2C03 (8.3 g, 60 mmol) in MeOH (170 

ml) maintained at 0-10'~. P-Aryl-a-chloroacryloni~e (30 m o l )  in MeOH (30 ml) was 

added dropwise fkom a dropping funne1 over 1 hour. The solution was stimd at ambient 



temperature for 5 hours, was diluted with ice water (200 ml) and was filtered. After 

drying, the product was recrystallized from EtOH or EtOWEtOAc. 

A.2.4.2 List of 4 Compounds Synthesized 

Using the appropriate arylaldehyde precursors, the following methyl 

3-aminothiophene-2-carboxylates were synthesized via the Fiesselmm method: 

1 . Methy 1 3-amino-5-(4-methylphenyi)thiophene-2-~arboxyIate (B4P9 1 ) 

2. Methyl3-amino-5-(2-thienyl)thiophene-2-~arboxylate (B4P95) 

3. M e t h y l 3 - a m i n o - 5 - ( 3 , 4 - m e t h y l e n e d i o x y p h e n y l ) ~  (B4P 1 03) 

4. Methyl3-amino-5-[3-methoxy-4-(4-Ntrobenyloxy)phenyI]~iophene-2-cmbo~late 

(B4P 107) 

Note: due to poor solubility in MeOH, the P-aryl-a-cliloroacrylonitnle was dissolved 

in DMF and the solution was refluxed for 4 hours. 

Analytical and biological activity data is presented in Table 2.10 on page 8 1. 



A.3 Synthesis of Alkyl Acetamidotbiopbenecarboxylates 

A3.1 General Procedure for N-Acetyl Protection via Acetic Anhydride 

Using a standard procedure [17l, 1723, acetamidothiophenecarboxylic acid alkyl 

esters were prepared by refluxing the correspondhg amino compound with excess Ac20 

(4 equiv.) in anhydrous AcOH for 1 hou. The mixture was poured in cold water and the 

product was isolated by filtration, washed with water and recrystallized fiom EtOH. 

A.3.2 List of 18 Compounds Synthesized 

N-Acetylation of the appropriate &y1 P-aminothiophenecarboxylates produced 

the following compounds: 

1. Methy 1 3-acetamido benzo [b] thiophene-2-car boxy l a  (B6P43) 

2. Methyl3-acetamido-6-(~fluommethyl)be~0[b]thi0phene-2-~arb0~yIate (B6P49) 

Note: B3P 14 1 required reflux in AqO for 2.5 hours to produce B6P49. 

3. Methy 1 2-acetamido-4-ethy l-5-methylthiophene- (B6P59) 

4. Methyl2-acetamido-4,5,6,7-tetcahydrobenzo[b Jthiophene-3-carboxylate (B6P3 7) 

5.  Methyl2-acetarnidocyclopenta@~]thiophene-3-carbolate (B6P6 1) 

6 .  Methyl2-acetamido-6-tert-butyl4,5,6,7-tetrahydrobe1l~o[b]thiophene-3-carboxyIate 

(B6P63) [Cautionary note: Compound is a mild sternutator.] 

7 .  Ethyl2-acetamidocyclohepta[b]thiophene-3-carboxylate (B6P65) 

8. Ethyl2-acetamidocyclododeca[b]thiophene-3-carboxylate (B6P 123) 



9. Methyl2-acetamido-6-carbethoxy-4,5,6,7-tetrahydrothien0[2,3-~]p~dine-3- 

carboxylate (B6P67) 

10. Methyl2-acetamido-4,5,6,7-tetrahydro-6-phenylbe~o~]thiophene-3-c~boxylate 

(B6P47) 

1 1. Methyl2-acetmido-4 ,5 ,6 ,7 - te trahydro-6-methyl~-3-carboxylate  

(B6P39) 

12. Methyl3-acetamido-5-(3-nitrophenyl)thiophene-2ahxyhe (B6P69) 

1 3. Methy 1 3 -acetamido-S-pheny lthio p hene-2-carboxyle (B6P45) 

14. Methyl3-acetamido-5-(4-methoxyphenyl)thiophene-2-cboxylate (B6P4 1 ) 

15. Methyl3-acetamido-5-(4-rnethylpheny1)thiophene~ (B6P7 1) 

1 6. Methy 1 3-acetarnido-5-(2-thienyl)thiophene-2-~~ (B6P53) 

17. Methyl3-acetamido-5-(3,4-methylenedioxyphenyl)ophene-2-cboxylate (B6PSS) 

18. Methyl3-acetamido-5-[3-methoxy4(4-nitrobenyll] thiophene-2- 

carboxylate (B6P73) 

Analytical and biological activity data is presented in Table 2.9 to Table 2.13 

beginning on page 80. 



A.4 Synthesis of Substituted N-Acetyl-P-alanine Ethyl and Methyl 
Esters 

A.4.1 Synthesis of Raney Nickel Catalyst 

A solution of NaOH (320.0 g, 8 mol) in water (1.2 L) was mechanically stirred in 

a 2.0 L flask. AAer coolhg to LO'C in an ice-bath, nickel alurninum alloy (250 g) was 

added in small portions over 90 minutes. The resulting suspension was stirred at room 

temperature for 1 hour and at SO'C for an additional 8 hours. The suspension was 

transferred to a graduated cylinder and the aqueous supernatant was decanted. The 

resulting slurry was shaken with 2.5 M aqueous NaOH solution (200 ml) then decanted. 

The nickel catalyst was washed 30 times by suspension in water (150 ml) followed by 

decanting. The washing was repeated 3 times with absolute EtOH (100 ml) and the 

resulting Raney nickel (W-5 [176]) was stored under absolute EtOH. 

A.4.2 General Procedure for Riney Nickel Reductive Desulfurization 

Akyl acetamidothiophenecarboxylate (20 m o l )  and fieshly prepared W-5 Raney 

nickel (8 equiv.) were refluxed in EtOH (75 ml) with vigorous stimng for 16 hours. The 

hot mixture was filtered through diatomaceous earth (Celite) and the nickel residue was 

washed with hot EtOH (50 ml). The filtrate was concentrated to yield pure N-acetyl-P- 

alanine &y1 ester as a clear oil, a gum or white crystals. 



A.4.3 List of 17 Compounds Synthesized 

Raney nickel reductive desulfùrization was used to synthesize the following 

compounds: 

1. N-Acetyl-a-( 1 -ethy lpropyl)-P-alanine methyl ester (B6P93) 

2. N-Acetyl-a-cyclohexyl-P-danine ethyl and methyl esters (B6P77) 

3. N-Acetyl-aîyclopentyl-P-alanine ethyl and methyl esters (B6P85) 

4. N-Acetyl-a-cyclododecyl-P-alanine ethyl ester (B6P 133) 

5.  N-Acety~-a-(4-tert-butylcyclohexyl)-~-al5Uilne methyl ester (B6P 109) 

6. N-Acety 1-a-cycloheptyi-P-alanine ethyl ester (B6P 1 17) 

7. N-Acety l-a-[4-(N-carbethoxypiperidinyl)]-ne methyl ester (B6P 105) 

8. N-Acetyl-a-(4-phenylcyclohexyl)+alanine methyl ester (B6P8 1 ) 

9. N-Acety 1- P-pheny CP-alanine methy 1 ester (BSP65) 

1 0. N-Acety l-P-(4-tnfluoromethylpheny1)-P-alanine methy 1 ester (B6P 1 40) 

1 1. N-Acetyl-P-[m-(ethylamino)phenethyl]-P.alanine methyl ester (B6P 1 O 1) 

12. N-Acetyl-P-phenethyl-P-alanine methyl ester (B5P73) 

13. N-Aceql-P-@-methoxyphenethy1)-P-alanine methyl ester (B5P69) 

14. N-Acetyl-P-[2-(4-methylpheny1)ethyll-B-a methyl ester (B6P89) 

15. N-Acetyl-P-hexyl-P-alanine methyl ester (B6P97) 

16. N-Acetyl-P-[2-(3,4-methylenedioxyphenyl)ethyl]--~e methyl ester (B6P 1 13) 

1 7. N-Acetyl-~-[2-(3-metho~y4hydroxyphenyl)eyl]--aie methyl ester (B6P 1 19) 



Addendum to Procedure: M e r  B6P 1 19 was reductively desulfunzed using W-5 

Raney nickel, the filtered solution was dissolved in hot EtOAc then washed with 

0.5 N HCI (2 x 30 mL) and HzO. The organic layer was dried (MgSO,), filtered 

and concentrated to yield the titie compound as a yellow oil. 

Analyticai and biologicai activity data is presented in Table 2.14 to Table 2.18 

beginning on page 90. 

A.5 Synthesis of a- and B-Substituted B-alanines 

AS.1 General Procedure for N-Acetyl and Ester Deprotection via Acidolysis 

The doubly protected a- or P-substituted p-alanine was refluxed in 6 M HCl for 5 

hours. The solution was evaporated (to remove H20, HCl, MeOH and AcOH) and the 

residue was twice dissolved in distilled H20 and concentrated (to remove residual HCI). 

The product was recrystnllized fiom EtOH to yield the hydrochloride salt as white 

crystais. Altematively, the crude product was dissolved in a minimum volume of hot H20 

and titrated with N&OH until the free P-amho acid precipitated. Two volumes of EtOH 

or MeOH were added to aid the separation of the product and prevent clumping. The 

mixture was cooled ( 4 '~ )  for 24 hours to encourage m e r  precipitation then was 

filtered. The product was washed with ice cold H20 and EtOH then was recrystaliized 

from MeOH to yield pure substituted p-alanine as white crystals. 



A 5 2  List of 8 Compounds Synthesized 

Acidolysis was used to synthesize the following P-alanines: 

1 .  a-Cyclohexyl-P-alanine (B5P 1 19) 

2. a-Cyclododecyl-P-alanine hydrochloride salt (B5P 13 1)  

3. a-(4-tert-Butylcyclohexy1)-P-alanine hydrochlonde salt (BSP 127) 

4. a-(4-P heny lcyclohexy 1)-P-alanine hydrochloride salt (B5P 1 07) 

5. P-Phenyl-P-alanine hydrochloride salt (B5P9 1 )  

6.  P-Phenethyl-P-alanine (B5P95) 

7. P-@-Methylphenethy1)-P-alanine (B5P 1 1 1)  

8. P-[2-(4-Hydroxy-3-methoxyphenyl)ethyl]~ hydrochlonde salt (B6P 145) 

Analytical and biological activity data is presented in Table 2.14 to Table 2.18 

begimhg on page 90. 



A.6 Synthesis of Zn@) Complexes 

A.6.1 Organic Ligand Complexes 

A.6.1.1 General Procedure 

Organic ligand (2 equiv.) and either ZnC12 (1 equiv.) or Zn(N03)2a6H20 

(1 equiv.) were dissolved in EtOH, MeOH or H20 and refluxed for 4 - 24 hours. Crystals 

of Zn(I1) cornplex were isolated either by filtering crystals fiom the cooled solution or by 

evaporating the solution to dryness. Product was washed with EtOH and Et20 to remove 

unreacted starting matenal. The white crystals were dned in vacuo then were analyzed by 

melting point and elemental anaiysis. 

A.6.1.2 List of 9 Compounds Synthesized 

The chelation of organic ligand by Zn@) produced the following compounds: 

Dichio ro bis(tripheny iphosphine oxide)zinc(II) (82P3 2) 

Sodium adenosine triphosphatozinc(II) dihydrate (B2P34) 

Dichioro(N,N,N9,N'-tetramethylethylenediam) zinc@) (B2P52) 

Chloro(diethanolarnino)zincOr) (B2P56) 

Bis(3,3 ' -dimethoxybenzidine)dinitratoPnc( (B2P7O) 

Bis(benzimidazole)zinc(II) hemihydrate (B2P72) 

Bis(N-benzoyi -N-phenyihydroxy1arnine)~  (B2P76) 

B is(2-amino benzothiazole)dinitratoZinc(rr) (i32P80) 



9. (1 2-Crown-4)dinitratozinc(II) trihydrate (B2P 122) 

Analytical and biologicai activity data is presented in Table 3.8 on page 167. 

A.6.2 Bis(5,S-diphenylhydantoinato)diimminezinc Hemihydrate (BlP134) 

Long, clear, needle-shaped crystals of title compound (0.2405 g, 0.39 mmol, 

38.6%) were obtained by slow evaporation (at a constant temperature of 50°C) of 

aqueous arnrnonia containing phenytoin (0.5135 g, 2.03 rnmol) and Zn(N03)2.6H20 

(0.3024 g, 1.02 mrnol). Elemental analysis revealed the presence of a half molecule of 

water per one molecule of the cornplex. Calculated: %C 59.0; %H 4.8; %N 13.8; %O 

1 1.8; Found: %C 59.0; %H 4.8; %N 13.7; %O 10.7. mp: 230'~ (dec); TLC: Ry0.77 (L). 



A.7 Synthesis of Cu(II) Complexes 

A.7.1 Organic Ligand Cu(II) Complexes 

A.7.1.1 General Procedure 

Organic ligand (2 equiv.) and either CuC12*2H20 (1 equiv.) or CU(NO,)~*~H~O 

(1 equiv.) were dissolved in EtOH, MeOH or H20 and refluxed for 4 to 24 hours. 

Crystals of Cu(I1) complex were isolated either by filtering crystals fiom the cooled 

solution or by evaporating the solution to dryness. Product was washed with EtOH and 

Et20 to remove unreacted starting matenal. The blue or green crystals were dried in 

vacuo then were analyzed by melting point and elemental analysis. 

A.7.1.2 List of 6 Compounds Synthesùed 

The chelation of organic ligand by CL@) produced the following compounds: 

1. Dichlorobis(ûipheny1phosphine oxide)copper(n) (B2P 132) 

2. Dichloro(N,N,N',N'-tetramethylethylene-) (B2P 144) 

3. Bis(benzimidazo1e)dinitrato copper(I1) hemihyârate (B2P 160) 

4. Bis(N-benzoyl-N-phenylhydroxy1amino)copper) nitrate (B2P 164) 

5. Bis(diphenylthiocarbazonato)coppe~ @2P 178) 

6. B is[tns(carboxymethy1)amino]copper(n) dihydrate (B2P 1 82) 

Analytical and biologicai activity data is presented in Table 3.7 on page 165. 



A.7.2 Linear Dipeptide C u 0  Complexes 

A.7.2.l General Procedure 

According to the method of Manyak et al. [325], CU(NO~)~@~H~O (1 equiv.) was 

dissolved in H20 and converted to the hydroxide by treatment with an excess of 10 N 

NaOH(,,. The blue precipitated cupric hydroxide was washed with H20 by decantation 

until fiee of inorganic salts then was treated in aqueous suspension with dipeptide 

(1 equiv.). The excess cupric hydroxide was filtered off and the resulting deep blue 

solution was reduced to 50 ml. Addition of Et0H:EtOAc (1 : 1) or acetone precipitated the 

linear dipeptide Cu(I1) complex as blue crystals which were subsequently dried NI vacuo 

and analyzed by melting point and elemental analysis. 

A.7.2.2 List of 3 Compounds Synthesized 

Using the method of Manyak et al. [325], Cu(I1) was complexed to linear 

dipeptide to produce the foliowing compounds: 

1. Glycy lglycinatocopper(I1) hydrate (B 1P 140) 

2. (L-Phenylalanyl-L-tryptophanato)copper( hemihydrate (B 1 P 148) 

3. (L-Leucyl-L-tryptophanato)copperO sesquihydrate (B 1 P 1 5 1) 



Analytical and biologicai activity data is presented in Table 3.7 on page 165. 

A.7.3 Cyclic Dipeptide Cu(I1) Complexes 

A.7.3.1 ChIoro(cyclo-~-methionyI-~-phenyIaIaninato)copper(n) hydrate (B4P-9) 

cyclo-L-Methionyl-L-phenylalanine (0.561 7 g, 2.02 mmol) was added to a solution 

of CuC1p2H20 (0.3456 g, 2.03 rnmol) in acetone / EtOH (1 : 1, 18 ml) and the solution 

was refluxed for 24 hrs. Green crystals were obtained by vacuum filtration. The crystals 

were crushed to a fine powder, then added to a solution of CuC12.2H20 (0.3394 g, 1.99 

mmol) in acetone / EtOH (1 : 1, 30 ml). The solution was again refluxed for 24 hrs, then 

filtered to yield green crystals. The crystals were dried in vacuo yielding chloro(cyc10-L- 

methionyl-L-pheny1aIaninato)copperO hydrate (0.4996 g, 1.27 mmol, 62.7%); mp: 

238'~; 'MC: R ~ 0 . 4 6  (B), 0.72 (C); IR (cm-'): 3300 (N-H), 1650 (C=O amide), 1445 

(C=C), 1335 (DC),  1095 (C-N), 700 (C=CH); 'H nmr (DMSO-da: 6 8.2 1 (br s, lH), 

8.08 (br s, IH), 7.22 (m, 3H), 7.15 (m, 2H), 4.20 (br s, lH), 3.70 (br s, lH), 3.14 (br d, 

1 H), 2.8 1 (br d, 1 H), 1.88 (s, 3H+2H), 1 .25 (br s, lH), 0.98 @r s, IH); Calculated: %C 

42.64; %H 4.86; %N 7.10; Found: %C 42.54; %H 4.52; %N 7.00. 



Aa7a3.2 Chlorobis(cy~l~-~-leucyI-~-methioaiasto)copper(II) dihydrate (B4P30) 

cych-L-Leucyl-L-methionine (0.7447 g, 3.05 mrnol) was added to a solution of 

CuCl2@2H20 (0.5202 g, 3.05 mmol) in acetone 1 EtOH (1 : 1, 18 ml) and the solution was 

refluxed for 24 hrs. Green crystals were isolated by vacuum filtration. The crystals were 

crushed to a fine powder, then added to a solution of CuCI,.2H20 (0.5328 g, 3.12 rnmol) 

in acetone / EtOH (1: 1,35 ml) The solution was again refluxed for 24 hrs, then filtered to 

yield green crystals. The crystals were dried in vumo yielding chlorobis(cyclo-L-leucyl-L- 

methioninato)copper(II) dihydrate (0.1204 g, 0.19 mmol, 12.7 %); mp: 199-20 1 OC; TLC: 

Rp0.37 (B), 0.79 (F); IR (cm"): 3420 (NH), 3300 0 , 1 6 5 0  (amide C=O), 1090 (CN); 

1 H nmr (DMSOWd6): 6 8.19 (br s, 2H), 3.89 (br s, 1 E-i), 3.74 (br s, 1 H), 2.52 (br s, 2H), 

2.03 (s, 3H), 1.85 (m, ZH), 1.57 (m, 2H), 1.45 (m, IH), 0.85 (t, 6H). 

A.8 Synthesis of Cyclic Dipeptides 

A.8.1.1 BOC-L-Methionine Dicyciohexylammonium Salt 

L-Methionine (3.1238 g, 20.94 mmol), BOC-ON (5.3047 g, 21.54 mrnoi), 

triethylamine (4.3 ml, 3 1 mmol) and dioxane / H20 (LI, 50 ml) were stirred for 24 hn 

then concentrated. After the addition of water (40 ml), the solution was washed with Et20 

(3 x 20 ml) and the pH of the aqueous layer was adjusted to 3.2 by the dropwise addition 

of 10 % KHSO, (a. The solution was then extracted with Et@ (3 x 20 ml) and the 



combined organic extracts were dried (MgS04), filtered and concentrated to yield crude 

BOC-amino acid as a brown oil. The oil was dissolved in a minimum of CH2C12 and an 

equimolar amount of dicyclohexylarnine was added. The mixture was stirred 24 hrs then 

filtered and the product dried in vamo to yield BOC-L-methionine 

dicyclohexylammonium salt as light brown crystals (8.2700 g, 19.26 mmol, 9 1.7 %); mp: 

134-136'~; TLC: Ry0.83 (A), 0.54 (B); IR (cm-'): 3420 0, 1700 (ester C=O), 161 5 

(amide C=O), 1 160 (C-O); 'H nmr (DMSO-d): S 6.17 (d, 1 H), 3 -67 (rn, 1 H), 2.92 (br s, 

2H), 2.50 (s, IH), 2.38 (rn, 2H), 2.00 (s, 3H), 1.92 (br m, SH), 1.69 (br m, 5H), 1.58 (d, 

2H), 1.36 (s, 9H), 1.22 (m, 9H), 1.08 (t, 2H). 

A.8.1.2 L-Phenylalanine Methyl Ester Rydrochloride Salt 

Thionyl chioride (1.15 ml, 15.83 mmol, 1.1 equiv.) was slowly added to a 

vigorously stirred mixture of L-phenylalanine (2.5718 g, 15.56 rnmol, 1 equiv.) and cold 

super dry methanol (20 ml). The solution was reflwed for 2 hrs then concentrated in 

van«, to yield a light yellow solid. The solid was dissolved in the minimum amount of 

methanol (at 20 '~)  and precipitated by the dropwise addition of ether. The product was 

washed with ether and dried in vacuo to yield L-phenylalanine methyl ester hydrochloride 

salt as f l u e  white crystals (3.0189 g, 14.00 mmol, 89.9 %); mp: 159-161'~; TLC: 

Rf0.72 (A), 0.60 (C); IR (cm1): 3470 0, 1730 (ester C=O), 1575 (C=C), 1485 

(C=C), 1235 (GO), 740 (=CH), 705 (=CH); 'H nmr (DMSO-d6): S 8.47 (br s, 2H), 7.27 

(m, SH), 4.20 (t, LH), 3.63 (s, 3H), 3.10 (m, 2H). 



A.8.1.3 BOC-L-MethionyC~-phenylalanine Methyl Ester 

BOC-L-methionine DCHA (3.6 135 g, 8.39 mmol) was partitioned between EtOAc 

(40 ml) and 1 O % KHS04 (,, (30 ml). To the organic layer was added 2-ethoxy-l- 

ethoxycarbonyl- 1,2aihydroquinoIine (EEDQ, 2.4441 g, 9.88 mmol), L-phenylalanine 

methyl ester HC1 (1.8061 g, 8.37 mmol), TEA (1.17 ml, 8.39 m o l )  and EtOH (30 ml). 

The solution was stirred at room temperature for 24 hrs then it was concentrated, 

dissolved in EtOAc (50 ml) and washed with 10% KHS04 (,,, (3 x 30 ml), b ~ e  (25 ml), 

saturated NaHC03 (3 x 30 ml) and again with brine (25 ml). The organic layer was 

dried (MgS04) and concentrated to yield crude product. This was recrystallized twice 

from EtOAc, washed with cold diethyl ether and dried in vacuo to yield BOC-L- 

methionyl-L-phenylalanine methyl ester as oswhite crystals (3.1710 g, 7.72 mmol, 

92.3 %); mp: 77-79'~; TLC: Ry0.76 (B), 0.37 (D); [R (cm'): 3330 (Ml), 1730 (ester 

C=O), 1660 (amide C=O), 15 15 (C=C), 1 170 (C-O), 700 (C=C), 625 (C=C); 'H nmr 

(DMSO-d6): S 8.30 (m,lH), 7.30 (m, 5H), 7.00 (d, Lw, 4.55 (m, lH), 4.06 (m, IH), 3.64 

(s, 3H), 3 .O5 (m, 2H), 2.43 (t, 2H), 2.08 (s, 3H), 1.79 (m, 2H), 1.43 (s, 9H). 

BOC-L-methionyl-L-pheny lalanine methy 1 ester (2.0005 g, 4.87 mrnol) was stirred 

in formic acid (35 ml) for 1.5 hrs. The formic acid was removed under high vacuum, then 

2:l 2-butmol/ toluene (60 ml) was added and the mixture was refluxed 24 hrs. During 



reflux, crystals formed which increased as  the solution was cooled. The isolated white 

crystals (1.1 173 g, 82.4%, impure) were dissolved in DMSO then precipitated with 

addition of absolute ethanol. The crystals were dried in vacuo to yield cyclo-L-methionyl- 

L-phenylalanine as white crystals (0.5938 g, 2.14 rnmol, 43.9 %); mp: 263-264'~; TLC: 

R ~ 0 . 3 9  (B), 0.52 (E); IR (cri'): 3300 (NH), 1650 (amide C=O), 1445 (C=C), 1335 

(C=C), 1095 (C-N), 700 (=CH); 'H nmr (DMSO-d6): S 8.24 (s, lH), 8.10 (s, IH), 7.25 

(m, 3H), 7.18 (m, 2H), 4.22 (m, IH), 3.72 (t, lm ,  3.18 (dd, IH), 2.83 (dd, IH), 1.88 (s, 

3H+2H), 1.29 (m, IH) ,  0.98 (m, lm.  

A.8.2.1 L-Leucine Methyl Ester Aydrochloride Salt 

niionyl chloride (2.00 ml, 27.53 mmol, 1.1 equiv.) was slowly added to a 

vigorously stirred mixture of L-leucine (3.1663 g, 24.13 mmol, 1 equiv.) and cold super 

dry methanol (30 ml). The solution was reflrmed for 2 hrs then concentrated in vacuo to 

yield a light yellow solid. The solid was dissolved in the minimum arnount of methanol 

(at 2 0 ' ~ )  and precipitated by the dropwise addition of ether. The product was washed 

with ether and dned in vacuo to yield L-leucine rnethyl ester hydrochlonde salt as a flufFy 

white precipitate (3.2488 g, 17.88 mmol, 74.1 %); mp: 147'~; TLC: Ry0.75 (A), 0.68 

(E); IR (cm-'): 3480 (NH), 1725 (ester C=O), 1250 (C-O), 1225 (C-O); 'H nmr (CDQ): 

S 4.10 (t, IH), 3.84 (s, 3H). 1.97 (m, W), 1.86 (m, lH), 1.01 (s, 3H), 0.99 (s, 3H). 



A.8.2.2 BOC-L-Methionyl-L-leucine Methyl Ester 

BOC-L-methionine DCHA (4.8264 g, 11.21 mmol) was partitioned between 

EtOAc (40 ml) and 10 % KHS04 (,, (30 ml). L-Leucine methyl ester HCl (2.0365 g, 

1 1.2 1 mmol), 2-ethoxy- l -ethoxycarbonyl-l,2-dihydroqui (EEDQ, 3.1 858 g, 12.88 

mmol), triethylamine (1.57 mi, 1 1.26 mmol) and EtOH (30 ml) were added to the organic 

layer and the solution was stirred at ambient temperature for 24 hrs. The solution was 

concentrated, dissolved in EtOAc (50 ml) and washed with 10% KHSO, (3 x 30 ml), 

bine (25 ml), saturated NaHC03(,, (3 x 30 ml) and again with brine (25 ml). The 

organic layer was dried (MgSO,) and concentrated to yield crude product. This was 

recrystallized twice fiom EtOAc, washed with cold Et20 and dried in vanro to yield the 

terminally protected peptide, BOC-L-methionyl-L-leucine methyl ester, as pure white 

crystals (1.7823 g, 4.73 mmol, 42.2 %); mp: 108'~; TLC: Ry0.45 (B), 0.76 (F); IR 

(cm-'): 3320 (NH), 3260 (NH), 1740 (ester C=O), 1640 (amide C=O), 1360 (C-N), 1150 

(C-O); 'H nmr (CDCI,): 6 6.59 (m,lH), 5.21 (rn, lH), 4.64 (m, l m ,  4.32 (rn, 1H), 3.75 

(s, 3H), 2.63 (t, 2H), 2.15 (s, 3H), 2.03 (d of m, 2H), 1.68 (m, 2H), 1.59 (m, IH), 1.46 (s, 

9H),0.95 (s, 3H), 0.93 (s, 3H). 



A solution of BOC-L-methionyl-L-leucine methyl ester (1.6914 g, 4.49 mrnol) in 

formic acid (35 ml) was stirred for 1.5 hrs. The fonnic acid was removed under high 

vacuum, then 2-butanol! toluene (2:1, 60 ml) was added. This mi- was refluxed 24 

hrs, forming crystals. Purification by recrystallization with 2-butanol produced white 

crystals which were dned in vacuo to yield pure do-L-leucyl- m me thionine (0.7902 g, 

3.23 mmol, 72.0 %); mp: 242'~; TLC: Ry0.31 (B), 0.70 (C); IR (cm'): 3420 (NH), 

3300 (NH); 1650 (amide C=O); 1090 (C-N); 'H nrnr (CDCI,): 6 7.50 (br s, 1 H), 7.20 (br 

s, lH), 4.17 (m, IH), 3.98 (br d, lH), 2.69 (m, 2H), 2.28 (m, 1H), 2.10 (s, 3H), 2.04 (m, 

IH), 1.81 (m, 2H), 1.61 (m, lH), 0.95(t, 6H). 



APPENDIX B 

BIOLOGICAL TESTING 



B.1 In Vivo 

B. 1.1 Antiepileptic animal screens 

B.1.1.1 National Institutes of Health 

The anticonvulsant activity of synthesized compounds was evaluated by the 

Epilepsy Branch of the National Institutes of Heaith in Bethesda, MD, according to the 

established protocol of the Antiepileptic Drug Development Program 13261. 

Al1 compounds tested were either dissolved in 0.9% sodium chloride or 

suspended in a mixture of 30% polyethylene glycol 400 and 70% water. Although an 

increased activity of certain test compounds results when they are suspended in 

polyethylene glycol in the Metmol test, no sigaificant bias is introduced by the solvents. 

The compounds were administered intraperitoneally (i. p.) or orally (p.o.) to Carsworth 

Farms # l  mice (in a volume of 0.01 mYg of body weight) or Spraque-Dawley rats (in a 

volume of 0.004 mVg of body weight). Times on peak effect and peak neurologie deficit 

were deterrnined before the anticonvuisant tests were administered. 

In the maximal electroshock s e h r e  test (&ES), c o d  electrodes prirned with a 

drop of electrolyte solution (0.9% sodium chloride) were applied to the eyes and an 

electricai stimulus (50 mA in mice, 150 mA in rats; 60 Hz) was delivered for 0.2 seconds 

at the tirne of peak effect of the test compound. The animals were restrained by hand and 

released at the moment of stimulation in order to permit observation of the entire seinire. 

Abolition of the hind-leg tonic-extensor component (hind-leg tonic extension does not 



exceed a 90' angle to the plane of the body) indicated that the compound prevented MES- 

induced seime spread. 

In the subcutaneous pentylenetetrazol seinire threshold test (PTZ), the convulsant 

dose (CD,,) of pentylenetetrazol(85 mgkg in mice and 70 mgkg in rats) was injected at 

the time of peak effect of the test compound. The animals were isolated and observed for 

30 minutes to see whether seizures occurred. Absence of clonic spasms peaisting for at 

least five seconds indicated that the compound could elevate the pentylenetetrazol- 

induced seime threshold. 

Drug-induced toxicity is usually characterized by some type of neurologic 

abnormality. In mice, these abnormalities are easily detected by the rotorod atuxia test. 

The neurologic deficit is indicated by inability to maintain equilibrium for one minute in 

each of three trials on a knurled rod rotating at 6 rpm. Rats were examined by the 

positional sense test and guit and stance test. In the positional sense test, one hind leg is 

gently lowered over the edge of a table, whereupon the animal will quickly lif't it back to 

a normal position. Inability to do so rapidly indicates a neurologic deficit. In the gait and 

stance test, a neurologic deficit is indicated by a circular or zigzag gait, ataxia, abnormal 

spread of the legs, abnormai body posture, tremor, hyperactivity, lack of exploratory 

behavior, somnolence, stupor, or catalepsy. 

Testing was carried out in 12 mice at doses of 30, 100,300 mgkg (4 mice apiece) 

30 minutes and four hours after administerhg the compound. Based on the results of this 

test, compounds were divided into four groups: (a) those with no anticonvulsant activity 

at doses up to 300 mgkg, which were not tested M e r ;  (b) those showing activity at 100 



mgkg, which were tested M e r ;  (c) those showing activity at 300 mgkg, which may or 

may not be tested M e r  depending on the novelty of the structure; and (d) those 

demonstrating activity a d o r  toxicity at 30 mg/ kg, which were usually retested and may 

or may not be evaluated m e r .  

B. 1.1.2 Queen's University 

Compounds were evaluated for anticonvulsant activity at Queen's University by 

Sandra Marone under the supervision of Dr. Donald F. Weaver. 

B.l.1.2.1 Protocol for Systemic Conwlsants 

Al1 test compounds were dissolved in standard saline (0.9% NaCl (wlv)) or 

dimethyl sulfoxide or a mixture of both. The compounds were administered 

intraperitoneally (ip) to Spraque-Dawley rats at a dose of 100 mgkg. Twenty to thirty 

minutes later - the t h e  of peak effect of the test compound - the convulsant dose (CDg7) 

of pentylenetetrazol (70 mgkg) or pilocarpine (350 mgkg) was injected. The animais 

were isolated and observed for 30 minutes to see whether seizures occurred. In the case of 

PTZ injection, the absence of clonic spasms persisting for at least five seconds indicated 

that the test compound couid elevate the pentylenetetrazol-induced seinire threshold. In 

the case of pilocarpine injection, the absence of tonic clonic seizures indicated that the 

test compound could prevent pilocarpine-induced spread of seizures. 



If the rat entered a sustained generalized tonic clonic seizure due to inefficacy of 

the test compound, the rat was quickly euthanized with an overdose of sodium 

pentobarbital(100- 120 mgkg) injected ip. 

B. 1.1.2.2 Spontaneous Recurrent Seizure Model: P-Amino Acids vs P henytoin 

To evaluate agents with hybrid anti-ictogenic/antiepileptogenic activity distinct 

frorn conventional anticonvulsants, a novel in vivo biological evaluation paradigrn was 

devisedf. This is a variation of the emerging SRS [Spontaneous Recurrent Seinue] mode1 

of epilepsy [327,328]. A 260 g Sprague Dawley rat is given pilocarpine (380 mglkg ip). 

Within 15 minutes, the animal enters statu epileptinrs lasting 10-12 hrs. The rat is 

allowed to recover spontaneously and then rernains in a 16 hd8 hr light/dusk cycle 

receiving food and water ad libitum. Commencing on day 13-15, the rat develops 

spontaneous recurrent seizures, subsequently experiencing 4-7 seizures per week. Rats 

are videotaped 16 hr/day and behavioural seizures (head nodding, forelimb clonus, 

rearing) are counted by a blinded observer. Test rats are monitored for 3 months, 

permitting an average of 65 seizures to be counted per rat. In addition 1 of 4 rats has 

electroencephalography recordings 3 hrs per day. Experimental compounds for evaluation 

may be adoilliistered commencing at one of two time points during this protocol: T h e  1 

is during day 1, immediately after the status epileptim (at t h e  = 10 hrs), but 12- 14 days 

prior to the onset of SRS's; T h e  2 is at Day 60 when the rats have been having SRSs for 

This research has been submitted to Science @. F. Weaver, S. Marone, P. Milne. "Phamiacological 
Differentiation between Ictogenesis and Epileptogenesis in a Spontaneous Recurrent Seinue Model of 
Epilepsy). 



approximately 6 weeks. Administration at T h e  1 permits a compound to be evaluated as 

an antiepileptogenic and reflects ability to prevent the initiation of spontaneous seizures; 

administration at Time 2 permits a compound to be evaluated as an anti-ictogenic and 

reflects ability to suppress an established seizure disorder. P-Alanine was selected for 

evaluation as a prototype agent with hybnd anti-ictogeniclanti-epileptogenic activity. 

Four groups (A,B,C,D) of rats were studied. Groups A,B, and C al1 received 

pilocarpine as described above. The 16 rats of Group A received only pilocarpine but no 

phenytoin or p-alanine. The 8 rats of Group B received phenytoin 20 mg/kg/day 

intraperitoneally [ip] starting at Tirne 1 and on days 2-7; the 8 rats of Group C received 

p-alanine 20 mg/kg/day ip starting at Time 1 and on days 2-7; the 4 rats of Group D were 

an untreated control group. In Group A, 15/16 rats developed SRSs with an average of 

6.4 observed seinires pet week; in group B, 8/8 rats developed SRSs with an average of 

5.8 seinws per week; in Group C, 318 rats developed SRSs with an average of 2.7 

seinws per week. No seizures occurred in Group D. At Tirne 2 (time = day 60), the 15 

rats with SRSs in Group A were divided into three groups of 5 rats. Group Al  received 

phenytoin 20 mg/kg/d ip for 10 days; Group A2 received P-alanine 20 mg/kg/d ip for 10 

days; Group A3 was untreated. Seinire counts were performed in al13 groups for the tirne 

penod days 63-69. Group Al rats demonstrated an average of 1.8 seimres/rat/week; 

Group A2 demonstrated an average of 3.3 seizures/rat/week; Group A3 demonstrated 5.9 

seizures/rat/week. 

The pilocarpine protocol produced SRSs in 94% of rats. Treatment at Time 1 with 

phenytoin had no Muence on the development of SRSs; however, in the nits treated with 



p-alanine at Time 1, only 37% of rats developed SRSs. This is a significant reduction in 

the development of epilepsy. At Time 2, phenytoin produced a 69% reduction in seinues, 

while p-alanine produced a 44% reduction in seizures. Both phenytoin and p-alanine 

showed anti-ictogenic activity. 

Using the same protocol, a-(4-phenylcyc1ohexyl)-P-alanine hydrochloride sait 

(B5P107), anti-ictogenic in rats at ip doses of 50 mgkg, was tested for antiepileptogenic 

activity. Only 20% of rats treated with B5P107 at time 1 developed SRSs. 

These results demonstrate that p-alanine and BSP107 had significant anti- 

epileptogenic activity in the SRS model of epilepsy; phenytoin had none. Since both 

p-amino acids are anti-ictogenic, p-alanine and B5P107 have been shown to possess 

hybrid anti-ictogenic/anti-epileptogenic activity (an unprecedented bimodai bioactivity). 

It is notable that while anti-ictogenic activity for p-alanine has been previously 

documented (Table 2.2), antiepileptogenic activity for p-alanine or BSPiO7 has not been 

previously reported. 

The implications of these hdings are multifold. First, they emphasize that the 

fiiture development of drugs for epilepsy must recognize the uniqueness yet potential 

interdependency of ictogenesis and epileptogenesis. True antiepileptic h g s  should have 

combined activity against both of these processes. Second, the results identiQ the utility 

of the SRS assay as a model of Phase 1 epileptogenesis which has a role in future h g  

development in addition to the standard pentylenetetrazole and maximal electroshock 

models. Finally, the findings recognize the importance of p-amino acids as future starting 

points in the development of h g s  for epilepsy. 



B.2 In Vitro 

B.2.1 Cation Transfer Using the bbDivided Beaker Cell" Transport System 

The transport of copper (II) fkom an extracellular phase to an intracellular phase 

and the subsequent translocation of zinc (II) across a membrane phase in the opposite 

direction were determined in the Divided Beaker Ce11 Transport System (Figure B.1) 

[329]. In the left side of the ce11 (extracellular phase), 0.008 gram of the CuvI) cyclic 

dipeptide was placed in 60.0 ml of water. In the right side of the ce11 (intracellular phase), 

20 mmole of Zn(SCm was dissolved in 60.0 ml of water. n-Octanol (membrane phase) 

was gently Iayered on top of both sides of the ce11 until the level of this reached the top of 

the partition; 35.0 ml of n-octanol was then added. 

The ce11 was incubated in a warm water bath maintained at 3 7 ' ~ .  NI phases were 

stirred simultaneously at a constant rate. Samples of the extracellular and intracelluIar 

phases were taken at intervals of 24 hours for 10 days. Concentrations of copper (II) and 

zinc in the two phases were detemiined by atomic absorption spectroscopy: 

copper (II) absorbs light at 324.8 nm, zinc (II) absorbs at 2 13.9 m. Calibration standards 

were prepared by diluting 1000 pghl  copper and M c  standard solutions (Aldrich). 

Copper (II) stock solutions were made to 5.0, 4.0, 2.0, 1.0 and 0.5 ppm. Zinc (II) stock 

solutions were made to 1 .O, 0.8,0.5,0.2 and 0.1 ppm. 
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Figure B.1: The "DMded Beaker CelP Transport System 

A nurnber of control studies were performed by D. F. Weaver. Fust, the ce11 was 

evaluated for evidence of outward Z n 0  leakage. The extracellular phase contained no 

CuClz and the intracellular phase contained 20 mm01 of ZII(SCN)~. After 10 days, no 

Zn@) had leaked into the extracellular phase. Second, the ce11 was evaluated for evidence 

of inward Cu(I1) leakage. The extracellular phase contained 0.02 mm01 CuClz and the 

intracellular phase contained no ZI@CN)~. M e r  10 days, no Cu(I1) had leaked into the 

intracellular phase. Third, the divided beaker ceii was evaluated for concomitant Zn@) to 

Cu@) transrnembrane exchange in the absence of a cyclic dipeptide. The extracellular 

phase contained 0.02 mm01 CuC12 and the intraceiiular phase contained 20 mm01 



ZII(SCN)~. After 10 days, there was no evidence of Cu(?) leakage inward or of Zn(I1) 

leakage outward. 
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