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Abstract

This thesis describes the work carried out at the School of Pharmacy and Pharmaceutical 

Sciences, Trinity College on the pharmaceutical stability and prodrug studies on the 

antidepressant bupropion.

Chapter 1 gives an overview of bupropion, discussing its therapeutic uses, pharmacokinetics, 

adverse effects and pharmacology. The prodrug concept is introduced with particular reference 

to central nervous system brain delivery and prodrug options relating to these types. Prodrugs of 

bupropion would be advantageous to improve its stability and side-effect profile.

Chapter 2 addresses the aqueous stability of bupropion with particular emphasis on the kinetics 

of degradation. The pH rate profile of bupropion shows instability above pH 5 and this problem 

can be addressed by prodrug design.

Chapter 3 describes the chemistry, synthesis and characterization of potential prodrugs of 

bupropion. A number of potential single step prodrugs, namely the A^-methyl, A^-benzyl and 

hydroxyimine were synthesized. Potential multistep prodrugs such as the di-acetylated, di- 

alkylated and cyclic derivatives such as the cyclic carbamate, oxadiazinone, oxazolone and 

oxadiazine were also synthesized.

In Chapter 4 a prodrug screening tool was developed and used to evaluate the potential prodrugs 

for their activation in vitro. The screening tool put each potential prodrug through hydrolytic 

and metabolic events that mimic the oral route of delivery. A number of analogue candidates 

emerged as potential prodrugs of bupropion. All the potenual prodrugs were N- or O- 

dealkylated in human liver and intestinal microsomes suggesting that these functional groups 

are particularly susceptible to oxidative de-alkylation in bupropion. N-methyl bupropion was 

further characterized by enzyme kinetics, pH stability, pharmacology and CACO-2 cell 

permeability. This potential prodrug was selected as a candidate for a proof-of-concept animal 

study.

Chapter 5 describes the method development, validation and execution of the determination of 

N-methyl bupropion, bupropion and metabolites in guinea-pig plasma and brain 

pharmacokinetic study. A^-methyl bupropion was demonstrated to be successfully transformed to 

bupropion in vivo when dosed by intraperitoneal injection and by oral gavage. A number of 

metabolites were identified with potential pharmacological activity.

The chapter and thesis conclude with some proposed future work and recommendations for 

application of these findings. Bupropion is particularly susceptible to oxidative N-dealkylation 

by human liver and intestinal microsomes and this can be used to develop potential prodrugs of 

bupropion to address the inherent instability of bupropion and its therapeutic efficacy.
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Chapter 1 - Introduction to bupropion and the 

prodrug concept

This chapter introduces the drug bupropion and the prodrug concept. Bupropion is an a -  

aminoketone that acts primarily at four therapeutic sites, increasing dopamine, increasing 

norepinephrine, as a nicotinic acetylcholine receptor antagonist and by modulating cytokine 

levels such as lowering tumour necrosis factor-a and interferon-y. From these four 

pharmacological targets bupropion derives its many therapeutic uses ranging from CNS diseases 

to systemic inflammatory diseases. A literature survey o f potential uses of bupropion is 

described referencing peer reviewed journals and the patent archives. The pharmacokinetics and 

pharmacology of bupropion is discussed. The prodrug concept is introduced with particular 

emphasis on central nervous system prodrugs and the reasons for applying the prodrug concept 

to bupropion are listed and discussed.



1 Introduction

1.1 Bupropion

Bupropion HCl (2-/(>/7-butylamino-3’-chloropropiophenone hydrochloride) is a water soluble 

hydrochloride salt o f  the a-am inoketone  [1]. The freebase form of  this am inoketone is highly 

lipophilic, enabling the drug to enter many tissues, including the brain. Bupropion is a low 

molecular weight com pound, which has been in therapeutic use as an antidepressant since 1989. 

Its chemical structure is similar to the endogenous m onoamine neurotransmitters dopam ine and 

norepinephrine. It contains a phenylethylamine backbone w hich is also found in other 

psychoactive com pounds and abused stimulants. Despite sharing this structural similarity, 

bupropion does not appear to have significant abuse potential [2], Bupropion is a non-selective 

inhibitor o f  the dopam ine transporter (DAT) and the norepinephrine transporter (N ET) and is 

also an antagonist at neuronal nicotinic acetylcholine receptors (nAChRs). It has recently been 

shown to have anti-inflammatory properties due to its lowering o f  cytokines such as tumour 

necrosis f a c to r -a a n d  interferon-y. Clinically, bupropion is used as a treatment for two 

indications, as an antidepressant, the indication for which it was developed, and as a tobacco use 

cessation agent. More recently new therapeutic uses are emerging.

Figure /. /  The structure o f  bupropion and some related compounds

Bupropion is chemically related to substituted cathinones, which are a chemical class of 

stimulants and entactogens. The substituted cathinones feature a phenethylamine core with an 

alkyl group attached to the a -carbon  and a keto-group attached to the P-carbon, a long  with 

additional substitutions. Table 1.1. All a-am inoketones  chemically related to bupropion have 

been scheduled under law due to their narcotic effect. These com pounds, also known as 

‘headshop’ or (beta-keto) bk-am phetam ine com pounds are chemically and biologically related 

to the phenethylamines, am phetamines and appetite suppressants such as diethylpropion and 

ethylpropion. They are used as designer drugs.

I’h cnelliy lan iincC atliinone01 B u prop ion A m p h e tam in e

O H

D opam ine N o rep in ep h rin e M elh y len e d io x y p h en eth y lam in e
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Compound R1 R2 R3 R4

Cathinone H H H H

M ethcathinone H H H Me

Ethcathinone H H H Et

Buphedrone H Me H Me

Pentedrone H Et H Me

Dimethylcathinone H H Me Me

Diethylpropion H H Et Et

Bupropion 3-Cl H H ?-Bu

Mephedrone 4-Me H H Me

4-M EC 4-Me H H Et

MA^-DMMC 4-Me H Me Me

3,4-DMMC 3,4-dimethyi H H Me

M ethedrone 4-MeO H H Me

3-FMC 3-F H H Me

Flephedrone 4-F H H Me

Brephedrone 4-Br H H Me

M ethylone 3,4-methylene dioxy H H Me

MDPV 3,4-methylene dioxy Et Pyrrolidinyl

Table 1.1 A selection  o f  som e o f  the suhstitu ted  catliinones

One other group o f structurally related compounds are the adrenergic receptor agonists. These 

compounds are a-am inoalcohols that contain a secondary f-butylated amine or other bulky 

substituents. Pi-Adrenergic receptor agonists such as albuterol, terbutaline, pirbuterol, bitolterol, 

bambuterol and clenbuterol all contain a /-butylated secondary amine.

Fif>ure 1.2 The /St adrenerf’ic recep to r agonist, a lbu tero l



1.1.1 The synthesis of bupropion

The synthesis o f bupropion was firs t described in 1975 by Mehta [3]. It was prepared in three 

steps starting w ith the meta-chloro substituted benzonitrile 1. 1, Scheme 1.1. The 

propiophenones were not commercially available at that time so they were prepared from the 

treatment o f the benzonitrile w ith an ethyl Grignard reagent. Treatment o f the resulting imine 

1.2 w ith  aqueous acid hydrolysed the imine to the ketone 1.3 . The bromination step according to 

Mehta was not rapid and required heating. It was unnecessary to isolate the brominated ketone 

as pure substance as long as the hydrogen bromide produced during this step was removed 

during workup. The final stage o f the reaction was coupling o f /-butylamine w ith the 

brominated ketone 1.4 . This was subject to hindrance and f-butylamine usually reacted slowly 

w ith a-bromopropiophenones. The addition o f an organic solvent greatly increased the speed o f 

the reaction and it was found that acetonitrile was the optimum choice. It offered a marked 

advantage over other solvents as it was a ‘fast’ solvent, unreactive under the conditions and was 

relatively low boiling. Other polar solvents, protic and aprotic were also used, for example 

lower aliphatic ketones or ethers, but the reaction was slow in these solvents. DMF, 

nitromethane, DMSO and hexamethylphosphoramide were also used. It was desirable to heat 

this step to reflux temperature.

NH O
CN C2HsMgBr

Et20

Acid

Heat

Bf2

Cl Cl 1.2 Cl 1.31.1

O o
gj. t-BuNHj

ACN

Cl BupropionCl 1.4

Scheme I. J Synlhesi.'i o f  bupropion via the method descritied by Mehta.
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1.1.2 Formulations

Bupropion is available in three oral formulations, immediate release (IR), sustained release 

(SR), and extended release (XL). Immediate release (IR) tablets are inexpensive and available 

worldwide from several generic manufacturers. M arketed in 75 and lOOmg strengths, original 

recommendations were for three times daily dosing, although twice daily dosing is commonly 

used. Sustained release (SR) tablets, available generically and as proprietary W ellbutrin SR, are 

available in 100, 150 and 200mg and are easier for some patients to tolerate at twice daily 

dosing. The most recent formulation is an extended release (XL) tablet available only as 

proprietary W ellbutrin XL 150 and 300mg, designed for once daily administration. The 

maximum daily dose approved by the US FDA is 400mg for the SR and 450mg for the IR and 

XL formulations. Dose reduction should be undertaken in patients with mild to moderate 

hepatic impairment and avoidance should be considered for those with severe hepatic 

dysfunction. The total daily dose should remain the same when converting between the three 

formulations as these three products are considered bioequivalent [4].

1.1.3 Pharmacokinetics

Hepatic metabolism o f bupropion produces three pharmacologically active metabolites, which 

may contribute to its clinical profile. Hepatic cytochrome P450 (CYP) 2B6 catalyzes 

hydroxylation of the side chain rerr-butyl group of bupropion to form an active metabolite, 

hydroxybupropion. CYP2B6 contributes to approximately 90 % of hydroxybupropion formation 

[5] while CYP2C19 contributes to approximately 70-90 % formation of alternate hydroxylation 

pathways. CYP2B6 is a polymorphic drug metabolizing enzyme such that the metabolism and, 

hence, systemic exposure to parent drug and metabolites may vary widely depending on an 

individual’s genotype. CYP2B6 is expressed in the brain at lower levels than the liver; however, 

the distribution in the brain is not homogenous, leaving the possibility of localized high 

expression in discrete brain regions where bupropion and hydroxyburpopion may exert their 

pharmacologic action [6].

Enantioselective effects o f the hydroxy metabolites of bupropion on behaviour and function of 

monamine transporters and nicotinic receptors has been studied by Damaj et al. [7], This study 

investigated the effects of hydroxybupropion enantiomers on monoamine transporters and 

nicotinic acetylcholine receptor (nAChR) subtypes (results Table 1.2). The effects of bupropion 

and enantiomers o f hydroxybupropion on human nAChR subtypes indicates that the (2S,3S) 

isom er is more potent than the (2S,3R) isomer or racemic bupropion as an antagonist o f a4(32. 

In addition, (2S,3S)-hydroxybupropion and bupropion were considerably more potent than (2R, 

-3R)-hydroxybupropion in a mouse depression model (forced swimming test) and in antagonism 

of acute nicotine effects in mice. Together, the results suggest that clinical and behavioral
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effects of bupropion arise from actions at nAChR as well as DA and NE transporters. 

Furthermore, the data suggest that the (2S,3S)-hydroxybupropion isomer may be a better drug 

candidate for smoking cessation than bupropion because of its higher potency at the relevant 

targets. The 2S,3S-isomer was filed as a new drug candidate by GlaxoSmithKline in 2007, 

called Radafaxine but development was discontinued due to ‘poor test results’ .

Drug
ic,„

[3H] DA [3H] NE

nM

Bupropion 550 ± 65 1900+ 12

2RS, 3RS-hydroxybupropion > 10,000 1700 + 830

2S, 3S-hydroxybupropion 790 ± 11 520 + 35

2R. 3R-hydroxybupropion > 10.000 > 10,000

Table 1.2 Blockade o f DA and NE transporters uptake in rat cortical synaptosomes by bupropion and its 

hydroxy metabolites. Values }>iven are mean ± S.D, taken from Dainaj et al I7j.

Two less active metabolites, threohydrobupropion and erythrohydrobupropion, are formed 

through reduction o f the side chain ketone group, likely by a xenobiotic carbonyl reductase 

enzymes. There is little known about the carbonyl reductase enzyme that reduces bupropion to 

its aminoalcohol metabolites but is likely reduced by Aldo-keto reductase (AKR) or Short-chain 

dehydrogenases/reductases (SDR). Both these enzymes systems take part in the oxidoreduction 

o f endogenous and xenobiotic carbonyls, alcohols and C-C double bonds. The main cytosolic 

carbonyl reducing enzymes in mammals are carbonyl reductase (EC 1.1.1.184), aldehyde 

reductase (EC 1.1.1.2), aldose reductase (EC 1.1.1.21) and dihydrodiol dehydrogenases [8].

Less than 1% of bupropion is eliminated in the urine as unchanged drug. The majority o f parent 

drug and metabolites are eliminated in the urine as glycine conjugates [4].

Hydroxybupropion Threohydrobuporpion 

1C,() (nM)

Bupropion

Serotonin uptake 105 67 58

Norepinephrine uptake 7 16 5

Dopamine uptake 23 47 2

Table 1.3 In vitro, inhibition o f biof;enic amine uptake in rat brain by bupropion and its major 

metabolites, hydro.xybupropion and threohydrobupropion. taken from Horst et a l.[9 l
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Bupropion
w l

carbonyl
reductase

X enobiotic
C Y P 2B 6  
H ydroxylation &  
rearrangem ent 

X enobiotic
carbonyl
reductase

R.R -hydrobupropion
(threo-hydrobupropion)

Cl

R.R-I lyd rox) bupropion S ,S -H ydroxy bupropion
(R ad afax in e)

Cl Cl Cl

R .S-hydrobupropion
(erthyro-hydrobupropion)

Figure 1.3 The structures o f  important active metabolites o f  bupropion

Intestinal absorption o f bupropion is reported to  be close to 100 % [4], This is not surprising 

given buprop ion’s sm all m ass and lipophilicity . H ow ever, absolute oral b ioavailability  

(absorbed  bupropion that does not undergo first pass m etabolism  in the liver) is unknow n 

because no intravenous form ulation has been tested. A ccording to the m anufacturer, studies in 

rats and dogs suggest absolute b ioavailability  may be 5-20 % [2],

B uprop ion ’s pharm acokinetic profile is best fitted to  a tw o-com partm ent model as ev idenced  by 

its biphasic plasm a concentration-tim e curve. S teady state plasm a levels o f  bupropion and its 

m ain m etabolite hydroxybupropion will occur after 5 -7  days o f  adm inistration. B upropion and 

its m etabolites d isplay linear pharm acokinetics at steady state w ithin the 150-450 mg daily  dose 

range [4]. The apparent oral clearance o f bupropion fo llow ing chronic dosage in adults is 

reported  to be approxim ately  160 L/h. The fact that this experim ental value exceeds hepatic 

b lood  flow  indicates extensive first pass m etabolism  and low oral bioavailability .



1.1.4 Pharmacology

B u p ro p io n  is an  a m in o p ro p io p h e n o n e  w ith  a chem ica l  s tructure  d is s im ila r  to  se lec tive  sero ton in  

reu p take  in h ib i to rs  (S S R Is )  o r  tr icyc l ic  an tidep ressan ts  (T C A s)  bu t  s im ila r  to  the  en d o g en o u s  

ne u ro t ran sm it te rs  d o p a m in e  an d  n orep inephr ine .

1.1.4.1 Neuropharmacology

B u p ro p io n  is a d o p a m in e  and  n o rep in ep h r in e  reup take  in h ib ito r  [10], It is a b o u t  tw ice  as potent 

an in h ib i to r  o f  d o p a m in e  reu p tak e  than  o f  n o rep inep h r ine  reup take .  B u p ro p io n  enh ances  

m o n o a m in e rg ic  fun c t io n  by inh ib i t ing  reup take  o f  n o rep in ep h r in e  an d  d o p a m in e  to  p ro lo ng  

the i r  c o n ce n t ra t io n  an d  t im e  in the  syn ap t ic  cleft. A s  b u p ro p ion  is rap id ly  c o n v e r ted  in the bo d y  

in to  severa l m e ta b o l i te s  w ith  d if fe r in g  activ ity ,  its ac tion  c an n o t  be u n d e rs to o d  w ithou t  

r e fe rence  to  its m e tab o lism .  R e v ie w s  on the m ec h a n ism  o f  ac tion  o f  b u p ro p io n  are  uncerta in ,  

bu t  m ay  be  re la ted  to  inh ib i t ion  o f  p resyn ap tic  d o p a m in e  an d  n o rep in ep h r in e  reup take  

transpo r te rs .  T h e  ac tiv ity  o f  v e s icu la r  m o n o a m in e  t ransporte r-2 ,  th e  t r an sp o r te r  pu m p in g  

d o p a m in e ,  n o re p in ep h r in e  and  se ro to n in  from  the cy toso l into  p resy n ap tic  ves ic les ,  is increased  

by b u p ro p io n  and  m ay  be a c o m p o n e n t  o f  its m e ch a n ism  o f  ac t io n  [ I I ] .

B u p ro p io n  is a  n ico t in ic  ace ty lc h o lin e  recep to r  an tagon is t  [12]. N eu ron a l  n ico t in ic  recep to rs  are 

l ig a n d -ga ted  ion ch a n n e ls  o f  the centra l and  periphera l  cen tra l  n e rv o u s  sy s te m  that regu la te  

syn ap t ic  ac tiv ity  f ro m  bo th  p re -  a n d  p o s tsy nap tic  sites. S le m m e r  e t cil.. e s ta b l i sh e d  the acu te  

in te rac t io n  o f  b u p ro p io n  w ith  n ico t ine  and  n icotin ic  recep to rs  u s in g  d if fe ren t  in v iv o  and  in vitro 

tests . B u p ro p io n  w as  found  to  b lo c k  n ico t in e ’s an t in o c icep t io n  (in  tw o  tests) ,  m o to r  effec ts ,  

h y p o th e rm ia ,  and  c o n v u ls iv e  e ffec ts  w ith  d if fe ren t  po ten c ies ,  su g g es t in g  tha t  bup rop ion  

p o sse sse s  se lec tiv ity  fo r  neurona l  n ico t in ic  recep to rs  und er ly ing  the  va r io us  n ico t in ic  effects. In 

ad d it io n ,  b u p ro p io n  b lo cks  n ico t ine  ac tiva tion  o f  a 3 p 2 ,  u 4 ^ 2 .  an d  a 7  neu ron a l  ace ty lcho line  

n ico t in ic  re cep to rs  (n A C h R s )  w ith  selectiv ity ,  it w as  a p p ro x im a te ly  5 0  an d  12 t im es  m ore  

e f fec t iv e  in b lo ck in g  a3(32 an d  a 4 p 2  than a7 . F u r the rm o re ,  b u p ro p io n  at h igh  concen tra t io n  

fa i led  to  d isp la ce  b ra in  [3H] n ico t in e  b ind ing  sites, a site la rge ly  c o m p o s e d  o f  a 4 p 2  subunit  

c o m b in a t io n .  G iv e n  th e  o b se rv a t io n  that  bup rop ion  inh ib it ion  o f  a 3 p 2  a n d  a 4 p 2  recep to rs  

e x h ib i ts  v o l ta g e - in d e p e n d e n c e  p rop e r t ie s ,  b u p ro p io n  m ay no t  be  ac t in g  as an  op en  channe l 

b locker .  T h e  au tho rs  c o n c lu d e d  tha t  these  effec ts  m ay  e x p la in  in part  b u p ro p io n 's  e f f icacy  in 

n ico t in e  d e p e n d e n c e .  T h e s e  f in d ing s  sugges t  that funct ional b lo c k a d e  o f  n eu ro n a l  n A C h R s  are 

usefu l in n ico t in e  d e p e n d e n c e  t rea tm en t .

1.1.4.2 Cytokine modulation

B u p ro p io n  has  been  sh o w n  to  m o d u la te  specif ic  cy to k in e  levels.  C y to k in e s  are s ignall ing  

m o le c u le s  sec re ted  by  the  g lial ce l ls  o f  the n e rv ou s  sys tem  an d  by  ce lls  o f  the  im m u n e  sys tem . 

T h e y  are  a c a te g o ry  o f  s ig n a l l in g  m o lecu le s  used  ex ten s iv e ly  in  in te rce l lu la r  c o m m u n ica t io n .  

T h e  te rm  ‘c y to k i n e ’ can  re fe r  to  im m u n o m o d u la t in g  agen ts  su ch  as in te r leuk in s ,  in te rfe rons  and
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tumour necrosis factor. Cytokines circulate the system in picomolar concentrations and can 

increase 1000 fold during trauma or infection. Bupropion decreases levels of T N F-a, INF-y, IL- 

ip , and NO. Bupropion increases levels o f lL-10 [13]. These cytokines are implicated in 

numerous inflammatory diseases. A graphical representation of the pharmacological activity 

and therapeutic uses of bupropion is presented in Figure 1.4.

1.1.5 Adverse effects

Bupropion is generally well tolerated. The most common adverse effects during initial treatment 

are dry mouth, constipation, headache, nausea, agitation, insomnia and weight loss [14]. These 

side effects are common for drugs that work on the noradrenergic and dopaminergic functions. 

The most common cause for stopping bupropion treatment is jitteriness or an unpleasant state. 

SSRI antidepressants are known to cause sexual dysfunction as a side effect. Bupropion is 

recognized as a better antidepressant than other antidepressants for .sexual dysfunction side 

effects. Most adverse effects with bupropion occur in the initial weeks of therapy and become 

less apparent over time. There is evidence that the adverse effects associated with bupropion 

treatment are due to the metabolites of bupropion.

Mechanism Possible side effect

Enhancement of noradrenergic function Agitation

Dry mouth

Hypertension (peripheral effect)

Enhancement of dopaminergic function Agitation

Constipation

Insomnia

Table 1.4 Biochemical pharm acological mechanisms and their possible side effects, adapted from Stahl 

1151.

1.1.5.1 Seizures

The most contentious side effect of bupropion treatment is due to seizures and in 1986 shortly 

after FDA approval, the drug was taken off the market. The drug was reintroduced in 1989 at a 

lower dose range and currently has contraindications for use in patients with seizure history, 

eating disorders or those undergoing ethanol or other CNS depressant withdrawal [9]. A study 

published in 1989 by Davidson examined the relationship between seizure occurrence and use 

of bupropion based on manufacturer's reports. The observed occurrence of seizures with 

bupropion doses o f 450 mg/day or less ranged from 0.35% -0.44% . The cumulative 2-year risk
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of seizures in patients receiving the maximum recommended dose of 450 mg/day or less was 

0.48%. The risk of seizure appears to be higher with bupropion doses above the recommended 

maximum, and predisposing factors were noted in over half of the 37 reported cases [16].

The convulsive liability o f bupropions metabolites were reported in Swiss Albino mice by 

Silverstone et a!.. [17], They investigated the convulsive liability and dose-response of the three 

major bupropion metabolites following intraperitoneal administration of single doses in female 

Swiss albino mice, namely erythrohydrobupropion HCI, threohydrobupropion HCl. and 

hydroxybupropion HCl. They compared these to bupropion HCl. The actual doses of the 

metabolites administered to mice were equimolar equivalents of bupropion HCl 25, 50 and 75 

mg/kg. Post treatment, all animals were observed continuously for 2 h during which the number, 

time of onset, duration and intensity o f convulsions were recorded. The primary outcome 

variable was the percentage of mice in each group who had a convulsion at each dose. All 

metabolites were associated with a greater percentage of seizures compared to bupropion, but 

the percentage of convulsions differed between metabolites. Hydroxybupropion HCl treatment 

induced the largest percentage of convulsing mice (100 % at both 50 and 75 mg/kg) followed by 

threohydrobupropion HCl (50 % and 100 %), and then erythrohydrobupropion HCl (10 % and 

90 %), compared to bupropion HCl (0 % and 10 %). Bupropion HCl. erythrohydrobupropion 

HCl, and threohydrobupropion HCl were significantly less likely to induce convulsions within 

the 2-h post treatment observation period compared to hydroxybupropion HCl. The mean 

convulsions per mouse also showed the same dose-dependent and metabolite-dependent trends. 

This demonstration of the dose-dependent and metabolite-dependent convulsive effects of 

bupropion metabolites was significant as it was the first study of its kind but it also showed that 

the metabolites of bupropion particularly hydroxybupropion were primarily the cause of 

seizures. One drawback to this data was the absence of stereoselective effects. There are four 

isomers of hydroxybupropion and it would have been prudent to analyse the seizure effect of 

each of the isomers of hydroxybupropion. There would be significant differences in seizure 

liability between the stereo-isomers. This was studied briefly by Lukas et a i. [18].

Lukas synthesized and evaluated 23 analogues of the 2S,3S-isomer of hydroxybupropion for 

their abilities to inhibit monoamine uptake and nAChR subtype activities in vitro and acute 

effects of nicotine in vivo. They found that the potency of 2S,3S-hydroxybupropion in their 

mouse testing model was close to 50-fold lower than the racemic hydroxybupropion metabolite 

active doses reported by Silverstone et a i. They found no evidence for seizure or convulsive 

activities at any o f the doses tested in their study. Therefore the seizures seen in Silverstone’s 

study must have been caused by different isomers of hydroxybupropion and not the 2S,3S- 

isomer. This highlights the importance of stereoselective effects of metabolites o f bupropion.
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1.1.5.2 M etabolites o f  bupropion

It is believed that the effects of bupropion’s major metabolites may be critical to its 

antidepressant activity, because bupropion is extensively metabolized. The concentrations of 

hydroxybupropion isomers present in cerebrospinal fluid are six times greater than those of the 

parent bupropion [19]. Although it has weak NE-uptake properties, the high levels o f the 

metabolite in brain may be sufficient to produce clinically meaningful blockade of NE reuptake 

and thereby account for much of the drug's activity and side effect profile.

Studies on the metabolites of bupropion have also shown that the higher levels of metabolites in 

plasma and CSF than parent bupropion are associated with poor clinical outcome and can be 

responsible for the adverse affects associated with bupropion treatment. Golden et a l .  studied 

the steady-state pharmacokinetics of bupropion hydrochloride [20]. The metabolites 

hydroxybupropion, threohydrobupropion, and erythrohydrobupropion predominated over the 

parent compound in plasma and cerebrospinal fluid at steady state. Plasma concentrations of 

each metabolite correlated with cerebrospinal fluid concentrations. Higher plasma metabolite 

concentrations were associated with poor clinical outcome. This relationship was most striking 

with hydroxybupropion. Plasma hydroxybupropion levels correlated with post-treatment plasma 

homovanillic acid levels. HVA is a major catecholamine metabolite and its levels are used as a 

marker o f metabolic stress in the brain. Golden concluded that high levels of bupropion 

metabolites may be associated with poor clinical outcome due to toxic effects involving 

dopaminergic systems.

1.1.6 Drug-drug interactions

The potential for pharmacological interactions with bupropion is important particularly in 

relation to co-administration of drugs which lower seizure threshold. The effect of either 

CYP2B6 inhibition or induction is potentially clinically significant. Co-administration of 

antiplatelet drugs clopidogrel and ticlopidine (potent inhibitors of CYP2B6) with bupropion 

caused up to 90 % decrease in hydroxybupropion; bupropion ratio. The majority of the ratio was 

due to a decrease in hydroxybupropion formation. Only a moderate increase in the AUC and 

Cm,„ of bupropion occurred, indicating an alternative metabolic pathway occurred during 

inhibition of CYP2B6 [21]. Therefore, the clinician should monitor patients closely when co

administering a CYP2B6 inhibitor with bupropion.

Another concern regarding bupropion metabolism is the fact that CYP2B6 is an inducible 

enzyme. Cigarette smoking, alcohol, phenobarbital and carbamazepine are some examples of 

inducers and their concurrent use may lead to increased production of the hydroxybupropion 

metabolite [4].
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Bupropion is an inhibitor o f  C Y P 2D 6 despite not being a substrate for this enzym e and this may 

lead to  clinically significant drug interactions with C Y P 2D 6 substrates [22], T he  inhibition is 

caused by the hydroxybupropion metabolite. At present it is recom m ended that patients 

requiring co-administration o f  C Y P 2D 6  substrates, particularly highly extracted oral drugs with 

narrow therapeutic indexes and drugs that may lack alternative metabolic pathways are 

monitored closely. The m anufacturer specifically cautions o f  potential interaction with various 

antidepressants, antipsychotics, P-blockers and type 1C antiarrhythmics, and suggests initiating 

these drugs at lower end of  the dose range in the presence o f  bupropion [2, 14]. Bupropion is 

contraindicated in conjunction with monoam ine oxidase inhibitors (MAOIs).  It is recommended 

to wait 14 days following M A OI discontinuation. The concern is an increase in monoamines 

(serotonin, dopam ine and norepinephrine) ow ing  to concurrent uptake b lockade and inhibition 

o f  mont)amine metabolism at neuronal synapses.

Substrates Inhibitors Inducers

C Y P 2B 6

B u prop ion Orphenadrine Carbam azepine

C yclophospham ide Paroxetine Rifampcin

Efavirenz Fluoxetine

Ifosfamide Sertraline

Selegiline Ticlopidine

Nicotine

Sertraline

CY P2D 6

Metoprolol H ydroxybu prop ion Piperidines

Carvedilol S S R I’s Glutethimide

Imipramine Carbam azepine

T C A ’s

S S R I’s

Venlafaxine

Table 1.5 Suhstrutes, inhihilons and inducers o f  the enzyme that metahoHz.e bupropion to

hydro.xybupropion (CYP2B6) and the enzyme to which hydro.xyhupropion is an inhibitor (CYP2D6).

Adapted from the Indiana University website 123].
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1.1.7 Therapeutic uses

There is an abundance o f  literature on therapeutic uses o f  bupropion in both peer reviewed journals and 

patent archives. As o f O ctober 2010, a PubM ed search with bupropion in the title o f the journal article 

retrieves 1065 hits. A sim ilar search of the world patent literature on freepatentsonline.com  which 

includes, US patents, US patent applications, EP documents, abstracts o f Japan and W IPO  retrieves 235 

articles with bupropion in the title. The majority o f patents are based around formulation technologies 

such as stabilized or controlled dosage forms but there are an increasing num ber o f patents based around 

new therapeutic uses. The following are a sum mary list o f the preclinical and clinical studies performed 

with bupropion, and the patented therapeutic areas o f use. A graphical representation of the 

pharm acological activity and therapeutic uses of bupropion is presented in Figure 1.4.

Increast^i
M onoam ines

D opam ine

D epression. Addiction, 
' Parkinsons, RLS, SAO, 

M ood

B upropion

znr:1—

nA thR

A ntagonist

I
Cytokine

M odulation

N orep inephrine
4

; « 4 p 2 .  t ' - 3 P 4 - « 7
i

, TNf-ut, INF-,', a - l p ,  11- 
j  10, NO

....A., 1., ,,

D epression, ADHD, 
Pain, Obesity, M ood

Nicotine addiction , 
sm oking cessa tion

Inflainination, an ti- . 
<viral, Crohns, Psoriasis,] 

C ancer i

Figure 1.4 The pharm acological targets o f  bupropion and its related therapeutic uses. In the bruin 

bupropion can increase levels o f  dopam ine and  norepinephrine, it antagonises the nicotinic acetylcholine  

receptor subtypes O f CC4l52< (XjP4and OL7. Systemically bupropion acts on the cytokines, particularly  

decreasing TNF-O, IN F -}' IL -]p . NO and increasing IL-IO.
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1.1.7.1 Depression

M ajor depression is characterized  by clinically  significant depression o f mood, feelings of 

intense sadness and despair, m ental slow ing, loss o f concentration , anhedonia, self-deprecation, 

and an overall im pairm ent o f  functioning. Furtherm ore, m ajor depression is often associated 

w ith insom nia or hypersom nia, altered  eating  patterns, decreased energy, d isruption o f  norm al 

circadian  rhythm s o f  activ ity , body tem perature , and endocrine function. M ajor depression is 

distinguished from  norm al grief, sadness, d isappoin tm ent, and dysphoria often associated  with 

m edical illness. Recent clin ical studies reveal a strong correlation  betw een the incidence o f 

m ood disorders and tobacco sm oking. Individuals w ith clinical depression are more likely to be 

tobacco sm okers, to be dependen t on nicotine and to have difficulty  quitting, w ith greater 

w ithdraw al sym ptom s upon cessation . Sm okers undergoing cessation  experience sym ptom s o f 

depression, w hich occur m ore frequently  am ong those w ith a history o f  m ajor depression. There 

are tw o hypotheses relating  to  the causal factors o f depression, the m onoam ine hypothesis and 

cytokine hypothesis and both these hypotheses can be related to  the pharm acological activity of 

bupropion. Bupropion fits the m onoam ine hypothesis by w orking on the dopam inergic and 

noradrenergic receptors, and fits the cytokine hypothesis by reducing cytokine levels such as 

T N F -a  and IFN-y.

1.1.7.1.1 Monoamine hypothesis of depression

The sym ptom s o f  depression  can be im proved by agents that act by various m echanism s to 

increase synaptic concentra tions o f m onoam ines. This finding led to the adoption o f the 

m onoam ine hypothesis o f  depression, first put forw ard over 30 years ago, w hich proposes that 

the underlying biological o r neuroanatom ical basis for depression is a deficiency o f  central 

noradrenergic and/or sero tonerg ic system s and that targeting  th is neuronal lesion with an 

antidepressant w ould tend to  restore norm al function in depressed patients. The hypothesis has 

enjoyed considerable support, since it attem pts to provide a pathophysiologic explanation o f the 

actions o f antidepressants. H ow ever, in its orig inal form  it is inadequate, as it does not provide a 

com plete explanation for the actions o f antidepressants, and the pathophysiology o f  depression 

itself rem ains unknow n. T he hypothesis has evolved over the years to  include, fo r exam ple, 

adaptive changes in receptors to  explain  w hy there should be only a gradual clinical response to 

antidepressant treatm ent w hen the increase in availability  o f  m onoam ines is rapid. Still, the 

m onoam ine hypothesis does not address key issues such as why an tidepressants are also 

effective in o ther d isorders such as panic disorder, obsessive-com pulsive disorder, and bulim ia, 

or w hy all drugs that enhance serotonergic o r noradrenergic transm ission are not necessarily 

effective in depression. D espite these lim itations, how ever, it is c lear that the developm ent of 

the m onoam ine hypothesis has been o f  great im portance in understanding depression and in the 

developm ent o f  safe and effective pharm acologic agents for its treatm ent [24].
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1.1.7.1.2 Cytokine hypothesis of depression

Developments in psychiatric research have led to the hypothesis that inflammatory processes 

and neural-immune interactions are involved in the pathogenesis of major depression and may 

underlie some o f the frequently observed serotonergic and adrenocortical correlates. This 

hypothesis was termed the monocyte-T-lymphocyte or cytokine hypothesis of depression [25], 

The first paper showing there was a connection between depression and T-cell activation was 

published in 1990 [26]. Since then there have been many findings over the years of increased 

levels o f pro-inflammatory cytokines in patients with depression, e.g. interleukin-1 ( IL -I), IL-2, 

IL-6, IL-8, IL-12, interferon-y (IFNy) and tum or necrosis factor-a (TNFa) [27]. Many other 

inflammatory biomarkers have been established in depression, such as increased acute phase 

proteins and lowered serum zinc [28]. Figure 1.5 shows the different inflammatory pathways 

occurring in depression.

Systemic exposure to inflammatory challenges, such as lipopolysaccharide (LPS), not only 

causes a systemic inflammation, but also induces a central neuro-inflammation, reflected by 

activation of brain microglia with a chronically elevated production of pro-intlammatory 

mediators, such as TNFa. It is well-known that LPS (either peripheral or central), brain 

neuroinflammation and the increased production of pro-inflammatory cytokines, such as 1L-I(i, 

IL-6 and TN Fa, may induce specific symptoms, labeled as the sickness behavior syndrome [29]. 

Symptoms of sickness behavior, such as anorexia, soporific effects, reduction of locomotor 

activity and exploration, anhedonia and cognitive disturbances, bear a strong similarity with 

those of depression. In depression, there is a strong correlation between those symptoms and the 

presence of inflammation. The above suggests that inflammatory reactions may have induced 

the symptoms o f depression.
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Figure 1.5 The inflammatory and neurodef’ enenttive ( l& N D ) pathways in depression. Adapted from  

Maes [301.

Key findings in depression are the increased levels of pro-intlammatory cytokines, such as 

interleukin-1 p (IL-1(3), IL-6, interferon-y (IFNy) and tumor necrosis factor a (TNFa), with a 

relative shortage in the anti-inflammatory cytokine, IL-IO. The pro-inflammatory response is 

induced by external and internal stressors and an increased translocation o f the LPS from gram 

negative bacteria (leaky gut). The inflammatory response in depression is accompanied by 

lowered levels of zinc and a lowered co3 PUFA status; increased oxidative and nitrosative 

(O&NS) stress; induction o f the hypothalamic-pituitary-adrenal (HPA)-axis via stimulated 

release/production o f corticotropin releasing hormone (CRF), adrenocorticotropic hormone 

(ACTH) and cortisol; the induction o f indoleamine-2,3-dioxygenase (IDO) with decreased 

levels o f tryptophan and serotonin and the consequent formation o f tryptophan catabolites along 

the IDO-pathway (TRYCATs). Inflammation induces decreased neurogenesis in depression, 

which is characterized by decreased brain derived neurotrophic factor (BDNF); neural cell 

adhesion molecule (NCAM); and fibroblast growth factor (FGF). Inflammation may also induce 

neurodegeneration through increased levels of TRYCATs; O&NS; glucocorticoids; and some 

pro-inflammatory cytokines [30].

16



1.1.7.1.3 Bupropion and depression

The tricyclic antidepressants have been available since the early 1960s and are used widely to 

treat major depression. Compared to tricyclic antidepressants and selective serotonin reuptake 

inhibitors (SSRls), bupropion is considered to be an atypical antidepressant with a mixed 

neuropharmacological profile. Placebo-controlled double-blind clinical studies have confirmed 

the efficacy of bupropion for clinical depression [31]. Comparative clinical studies 

dem onstrated the equivalency of bupropion and sertraline (Zoloft), fluoxetine (Prozac), 

paroxetine (Paxil) [32] and escitalopram (Lexapro) [33] as antidepressants. A significantly 

higher remission rate with bupropion treatment than for venlafaxine (Effexor) was observed in a 

recent study [34]. Baldwin et al. have shown that bupropion is more effective than SSRIs at 

improving symptoms of hypersomnia and fatigue in depressed patients [35].

According to several surveys, the augmentation of a prescribed SSRl with bupropion is the 

preferred strategy among clinicians when the patient does not respond to the SSRI [36]. As 

recently as 2009, Jonas et al. were granted a patent for methods of treating central nervous 

system disorders with a low dose combination of escitalopram and bupropion [37] and there are 

currently patent applications for dual active formulations of bupropion with an SSRI [38].

For example, the combination of bupropion and citalopram (Celexa) was observed to be more 

effective than switching to another antidepressant. The addition of bupropion to an SSRI 

(primarily fluoxetine or sertraline) resulted in a significant improvement in 70-80  % of patients 

who had an incomplete response to the first-line antidepressant [39, 40]. Bupropion improved 

ratings of "energy", which had decreased under the influence of the SSRI; also noted were 

improvements of mood and motivation, and some improvement of cognitive and sexual 

functions. Sleep quality and anxiety ratings in most cases were unchanged [40]. In the STAR*D 

study, the patients who did not respond to citalopram (Celexa) were randomly assigned to 

augmentation by bupropion or buspirone (Buspar). Approximately 30 % of subjects in both 

groups achieved a remission. However, bupropion augmentation gave better results based on the 

patients' self-ratings and was much better tolerated. The authors observed that these findings 

reveal a consistently more favorable outcome with sustained-release bupropion than with 

buspirone augmentation of citalopram [41], The same study indicated a possibility o f higher 

remission rate when the non-responders to citalopram received bupropion augmentation rather 

than were switched to bupropion (30 % vs. 20 %) [42],
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1.1.7.2 Smoking cessation

N ico tin e  is no t its e lf  a  m a jo r c au se  o f  sm o k in g -re la ted  d isease . T he  m a jo r to x in  in c ig a re tte  

sm o k e  is ‘ta r ’, a  dark , v isco u s  flu id  fo rm ed  fro m  to b acc o  sm oke . T a r  co n ta in s  as m u ch  as 4 0 0 0  

d iffe ren t c h em ica ls , in c lu d in g  >  50  k n o w n  c a rc in o g en s  and  m e tab o lic  p o ison . C ig a re tte  sm oke 

co n ta in s  c a rb o n  m o n o x id e , n itro g en  o x id e s  and  h y d ro g en  cy an id e  [43]. S m o k in g -re la ted  

illn e sse s  are  th e  lead in g  cau se  o f  dea th  in d e v e lo p e d  c o u n tr ie s , a cco u n tin g  fo r ap p ro x im a te ly  20 

%  o f  d ea th s  in  the d ev e lo p e d  w orld . C u rren tly , 3 m illio n  d ea th s  p e r an n u m  a ttr ib u tab le  to  

sm o k in g  o c c u r  w o rld w id e , p ro jec ted  to  in c rease  to  10 m illio n  in 2030 . S m o k in g  has been  

id en tif ied  as a cau sa l fa c to r in  m any  d is e a se s , in c lu d in g  a w id e  ran g e  o f  m a lig n an c ie s  and  

v a scu la r d iseases . T h e re  is a d o se -re sp o n se  re la tio n sh ip  b e tw een  am o u n t o f  p ack  y ea rs  sm oked  

and  m o rb id ity / m orta lity . H a lf  o f  lo n g -te rm  sm o k ers  can  be ex p ec ted  to  d ie  o f  sm o k in g -re la ted  

illn e sse s , and  h a lf  o f  th ese  d ie  p rem a tu re ly  in  m idd le  age [44],

P rec lin ica l an d  c lin ica l e v id en c e  in d ica te  th a t b u p ro p io n  has b en e fit a s  a to b a c c o  use  cessa tio n  

ag e n t [ 4 5 ,4 6 ] .

D ata  w as d raw n  fro m  a m u ltic en tre  tria l o f  b u p ro p io n  fo r sm o k in g  ce ssa tio n . S m o k e rs  rece iv ed  

p lace b o  o r b u p ro p io n  su s ta in ed -re lea se  at 100, 150. o r  300  m g /day  fo r six  w eek s a f te r  ta rget 

q u it d a te  (T Q D ). T h e  p rim ary  o u tco m e  w as th e  p o in t p rev a len ce  sm o k in g  ab s tin e n c e  at the end  

o f  tre a tm en t an d  a t o n e  year. T he  B eck  D ep ress io n  Inv en to ry  (B D I) w as u sed  to  assess  

d ep re ss iv e  sy m p to m s. A s ig n ific an t d o se -re sp o n se  e ffec t o f  b u p ro p io n  fo r sm o k in g  ce ssa tio n  

w as fo und . T h is  w as in d ep en d e n t o f  h is to ry  o f  m a jo r d ep re ss io n  o r  a lco h o lism . A m o n g  those  

co n tin u o u sly  ab s tin e n t from  sm o k in g  fo r tw o  w eeks fo llo w in g  T Q D , an  in c rease  in B D I sco re  

w as a sso c ia te d  w ith  a re tu rn  to  sm o k in g  at en d  o f  trea tm en t. B u p ro p io n  is e ff ic ac io u s  for 

sm o k in g  ce ssa tio n  in d ep en d e n tly  o f  a  fo rm e r h is to ry  o f  m ajo r d e p re ss io n  o r  a lco h o lism . 

In c reases  in d ep re ss iv e  sy m p to m s d u rin g  an  in itia l p e rio d  o f  a b s tin en ce  a re  a sso c ia te d  w ith  a 

re tu rn  to  sm o k in g  [47].

1.1.7.3 Anti-inflammation (modulation o f  cytokine levels)

In 2 0 0 1 , K ast first rep o rted  the rem iss io n  o f  a  C ro h n ’s d isea se  case  fro m  u se  o f  b u p ro p io n  and 

since  th en  K ast, B ru sto lim  an d  A lts c h u le r  h ave  p u b lish ed  n u m ero u s  p ap e rs  re la tin g  to  the 

m o d u la tio n  o f  cy to k in e s  such  as  tu m o u r nec ro s is  fa c to r -a  (T N F ) an d  in te rfe ro n -y  (IN F ) by 

b u p ro p io n  [1 3 ,4 8 -5 7 ] .

In a w id e  ran g e  o f  h u m an  d isea se s  o f  in f lam m ato ry  na tu re  like  C ro h n 's  d isea se , p a th o lo g y  is 

m ed ia ted  in p art b y  p ro -in flam m ato ry  c y to k in e s  like T N F -a  o r  in te rfe ro n -g am m a . B ru sto lim  et 

cil. p u b lish ed  a p ap e r in 20 0 6  w h ich  sh o w ed  th a t b u p ro p io n  p ro fo u n d ly  lo w ered  leve ls o f  T N F - 

a ,  IN F-y, an d  in te r le u k in - ip  in v ivo , in a m ouse  lip o p o ly sacch a rid e  (L P S ) in d u ced  

in f lam m atio n  m o d e l [13], M ice  c h a lle n g e d  w ith  an  o th e rw ise  le thal d o se  o f  L P S  w ere  p ro tec ted
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by bupropion and levels o f the anti-inflammatory cytokine interleukin-10 were increased. 

Previous data in rodents and humans indicate antidepressant effects of bupropion are mediated 

by its reuptake inhibition of norepinephrine and dopamine. Concordant with this, TNF 

suppression by bupropion in their mouse LPS model was largely abrogated by P-adrenergic or 

dopamine D1 receptor antagonists but not by a D2 antagonist. TNF synthesis is controlled by an 

inverse relationship with intracellular cyclic adenosine monophosphate (cAMP) and stimulation 

of either P-adrenoreceptors or D1 dopaminergic receptors result in increased cAM P but 

stimulation of D2 receptors lowers cAMP. They concluded that bupropion may suppress TNF 

synthesis by mediating increased signalling at P-adrenoreceptors and D1 receptors, resulting in 

increased cAM P that inhibits TNF synthesis. Bupropion is well tolerated also in non-psychiatric 

populations and has less risk with long term use than current anti-inflammatory, 

immunosuppressive or TNF suppressive treatments such as prednisone, azathioprine, 

infliximab, or methotrexate. Bupropion may therefore be good anti-inflammatory.

Altschuler and Kast have subsequently applied for a patent titled ‘Methods for modulating TNF 

using bupropion [58], They have covered a series of illnesses that increase levels o f TNF. This 

list is quite extensive but demonstrates the wide applicability of bupropion use in pro- 

inflammatory diseases. There are over one hundred diseases covered in the patent including 

viral and bacterial infections. Tumour necrosis factor plays a key role in many ailments.

1.1.7.4 Attention deficit hyperactivity disorder

In 1986 Simeon et al. published a study investigating the effects o f bupropion on attention and

conductivity disorders [59]. Seventeen male patients (age range 7 to 13.4 years; mean 10.4)

participated in an open clinical trial consisting of a baseline placebo period (4 weeks),

bupropion therapy (8 weeks), and post-drug placebo (2 weeks). Evaluations included clinical

assessments, parents, teachers, and self-ratings; cognitive tests and blood level measurements of

bupropion. Fifteen patients received a daily maximum o f 150 mg, one received 100 mg and one

50 mg. Clinical global improvement with bupropion therapy was marked in 5 patients, moderate

in 7, mild in 2, and none in 3. The Children's Psychiatric Rating Scale indicated improvements

of hyperactivity, withdrawal, anxiety, hostility/uncooperativeness, sleep disorder, antisocial

behaviour, neuroticism, depression and eating disturbance. Parents' Questionnaires indicated

significant improvements of conduct disorder, anxiety, hyperactivity, muscle tension and

psychosomaticism. While no single cognitive test showed significant improvement, all nine

tests changed in the positive direction. Two weeks following bupropion discontinuation, clinical

global improvement was maintained in 8 patients, 7 showed relapses, while 2 remained

unimproved. Analyses of computerized EEG revealed that degree of clinical improvement was

indexed by baseline EEG parameters and that there were significant bupropion effects on EEG

measures. Their work concluded the recommendation o f  double-blind trials o f bupropion in
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children  w ith psychiatry  disorders. A num ber o f  years later C asat e t al. published the results o f a 

double-blind  trial o f  bupropion in children w ith attention deficit hyerpactivity  d isorder [60. 61]. 

C onnors and C asat conducted  a study to  determ ine the safety and efficacy o f  bupropion in the 

treatm ent o f  ch ildren  w ith attention deficit d iso rder w ith hyperactivity  (A D D H ) [62]. In a four- 

center, double-blind  com parison o f  bupropion (n = 72) and placebo (n = 37), children aged 6 to 

12 years m eeting D SM -III criteria for A D DH  w ere random ized to receive bupropion 3 to  6 

m g/kg per day o r p lacebo, adm inistered  tw ice daily, at 7 am and 7 pm. M easures o f  efficacy 

included the C onners Parent and T eacher Q uestionnaires (93-item , 39-item , and 10 item ). 

C linical G lobal Im pressions Scales o f  Severity and Im provem ent, the S ternberg  Short-Term  

M em ory Task, and the C ontinuous Perform ance Test. Screen and post-treatm ent physical 

exam inations, electrocard iogram s, electroencephalogram s, and clinical laboratory evaluations 

w ere perform ed. A significant treatm ent effect, apparent as early as day 3, w as present for both 

conduct problem s and hyperactivity  on the C onners 10-item and 39-item  teacher's checklist, and 

at day 28 for conduct problem s and restless-im pulsive behavior on the 93-item  parent 

questionnaire. S ignificant treatm ent effects w ere present on both the C ontinuous Perform ance 

T est and m em ory retrieval test. E ffect sizes o f bupropion/p lacebo  d ifferences for teacher and 

parent ratings in this study w ere som ew hat sm aller than for standard stim ulant drugs used to 

treat ADHD.

T he positive A D H D  clinical results have led to  num erous patents being lodged for use o f 

bupropion to treat this d isorder. The m ost recent being granted in 2010 for the use o f the 

hydrobrom ide salt o f  bupropion and its therapeutic uses [63].

/ .  1.7.5 Stimulant/substance abuse

In 2004. T ard ieu  et al. reported the case o f an am phetam ine-abusing patient w ho self

adm inistered  bupropion [64]. For 30 years, a 52-year-old w om en used am phetam ine derivates. 

She explained her need for am phetam ine use in order to perform  daily  activities. She then 

decided  to experim ent with bupropion. She abruptly  stopped taking clobenzorex  and 

sim ultaneously  started  taking bupropion (150 m g/day). The seventh day she reported a 

concom itant intake o f clobenzorex; this induced adverse effects. W hilst taking bupropion, she 

described experiencing  an euthym ic state w ithout any com pulsion to  take am phetam ine drugs 

and w as able to  perform  daily  activities. A fter stopping it. no sym ptom s o f  w ithdraw al w ere 

reported  by the patient. T he conclusion  o f  the study w as that this observation  supports 

suggestions that bupropion m ay be o f  help in w eaning users from  am phetam ine and should be 

confirm ed by clin ical trials.

B upropion has been considered as an alternative treatm ent for stim ulant and substance abuse as

it is an an tidepressan t with stim ulant properties, w hich inhibits the reuptake o f  dopam ine and

norepinephrine. B upropion is considered  an appealing  candidate m edication for the treatm ent o f
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methamphetamine dependence. In 2006, Newton et al. conducted a study to assess the impact of 

bupropion treatment on the subjective effects produced by methamphetamine [65]. They 

assessed the effects of bupropion treatment on craving elicited by exposure to videotaped 

methamphetamine cues. A total of 26 participants were enrolled and 20 completed the entire 

study (n=10 placebo and n=10 bupropion, parallel groups design). Bupropion treatment was 

associated with reduced ratings of 'any drug effect' (p < 0.02), and 'high' (p < 0.02) following 

methamphetamine administration. There was also a significant bupropion-by-cue exposure 

interaction on General Craving Scale total score (p < 0.002), and on the Behavioral Intention 

subscale (p < 0.001). Overall, the data revealed that bupropion reduced acute 

m ethamphetamine-induced subjective effects and reduced cue-induced craving. Importantly, 

this data provided a rationale for the evaluation of bupropion in the treatment of 

methamphetamine dependence,

1.1.7.6 Pain treatment

Bupropion has been studied in the treatment of pain [66-68]. The first preliminary study of pain 

treatment by bupropion was by Semenchuk et al. They conducted an efficacy study of sustained 

release bupropion in neuropathic pain [69]. 68 % of patients in the study reported that their pain 

relief was improved or much improved with bupropion. Most patients were not depressed, and 

analgesia was observed to occur without change in depression ratings in most patients who 

responded. Side effects were rated as mild and consisted primarily of insomnia (8 patients), 

tremor (3 patients), and gastrointestinal upset (2 patients). These symptoms had a tendency to 

recede with continuation of therapy. They concluded that bupropion may be an effective and 

tolerated treatment for some patients with neuropathic pain. Blockade of norepinephrine 

reuptake may mediate this effect. The role of dopamine reuptake blockade was uncertain.

This result was confirmed again by Semenchuk when his team conducted a single-center, 

outpatient, randomized, double-blind, placebo-controlled, crossover study consisted of two 

phases [70].

M cCullough et al. have recently been granted a patent for the use of bupropion in the treatment 

of pain and related disorders [71]. They have patented methods and compositions utilizing 

optically pure (-i-)-isomer of bupropion to assist in smoking cessation, for treating smoking and 

nicotine addiction, and for treating pain, including, chronic pain, neuropathetic pain and reflex 

sympathetic dystrophy, and other disorders such as narcolepsy, chronic fatigue syndrome, 

fibromyalgia, seasonal affective disorder and premenstrual syndrome, while avoiding adverse 

affects associated with racemic bupropion.
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1.I .7 .7  Weight m anagem ent

The first study to describe effects of bupropion on body weight was published in 1983 by Harto- 

Traux et al. [72]. Patients’ weights were assessed during placebo-controlled, amitriptyline- 

controlled. and uncontrolled bupropion trials. Low-moderate (50-450 mg/day) to moderate-high 

(300-750 mg/day) doses of bupropion were consistently associated with a lack of weight gain 

(average weight loss of 1-2 pounds); placebo was associated with an average weight gain of ! lb 

and 75-225 mg/day of amitriptyline was associated with an increase of 3-9 lb.

A second study by Gadde et al. [73] was conducted to investigate the efficacy and tolerability of 

bupropion in 50 overweight and obese women. The core component of the study was a 

randomized, double-blind, placebo-controlled comparison for 8 weeks. Bupropion or placebo 

was started at 100 mg/d with gradual dose increase to a maximum of 200 mg twice daily. All 

subjects were prescribed a 1600 kcal/d balanced diet and compliance was monitored with food 

diaries. Responders continued the same treatment in a double-blind manner for an additional 16 

weeks to a total of 24 weeks. There was additional single-blind follow-up treatment for a total 

of 2 years. They concluded that bupropion was more effective than placebo in achieving weight 

loss at 8 weeks in overweight and obese adult women.

The most recent double blind placebo controlled study was conducted by Anderson et al. [74] to 

examine the efficacy of bupropion SR for weight loss. A 24-week multi-centre, double-blind, 

placebo-controlled study randomized obese adults to placebo, bupropion SR 3(X). or 400 mg/d. 

Subjects were counselled on energy-restricted diets, meal replacements, and exercise. During a 

24-week extension, placebo subjects were randomized to bupropion SR 300 or 400 mg/d in a 

double-blinded manner. O f 327 subjects enrolled, 227 completed 24 weeks; 192 completed 48 

weeks. Percentage losses of initial body weight for subjects completing 24 weeks were 5.0 %. 

7.2 %, and 10.1 % for placebo, bupropion SR 300, and 400 mg/d, respectively. Compared with 

placebo, net weight losses were 2.2 % (p = 0.0468) and 5.1 % (p < 0.0(X)1) for bupropion SR 

300 and 400 mg/d, respectively. The percentages of subjects who lost > 5% of initial body 

weight were 46 %, 59 %, and 83 % (p vs. placebo < 0.0001) for placebo, bupropion SR 300, and 

400 mg/d, respectively; weight losses of > 10 % were 20 %, 33 %, and 46 % (p vs. placebo = 

0.0008) for placebo, bupropion SR 300, and 400 mg/d, respectively. W ithdrawals, changes in 

pulse and blood pressure did not differ significantly from placebo at 24 weeks. Subjects who 

completed 48 weeks maintained mean losses of initial body weight o f 7.5 % and 8.6 % for 

bupropion SR 300 and 400 mg/d, respectively. They concluded that Bupropion SR 300 and 400 

mg/d were well-tolerated by obese adults and were associated with a 24-week weight loss of 7.2 

% and 10.1 % and sustained weight losses at 48 weeks.
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1.1.7.8 Parkinsons disease

In 1984 Goetz et al. described an efficacious study of bupropion on treating Parkinsons disease

[75]. They evaluated this drug in 20 patients with idiopathic Parkinson's disease. Parkinsonism 

lessened by at least 30% (Northwestern University Disability Scale or M odified New York 

University Parkinson's Disease Scale) in half the patients. Depression, present in 12 of 20, was 

alleviated in only 5. They concluded that bupropion was mildly efficacious in Parkinson's 

disease.

Young et al. have since then patented the use of optically pure bupropion for Parkinsons disease

[76]. They disclosed that (-)-bupropion is useful in the treatment of Parkinson's disease. In 

addition, it has been found that the optically pure (-)-isomer o f bupropion is useful in the 

treatment o f other disorders including but not limited to bipolar disorders, attention-deficit 

disorders, conduct disorders, psycho-sexual dysfunction, bulimia, eating disorders and specific 

food cravings.

1.1.7.9 Treatment o f psychosexual dysfunction

SSRI induced sexual dysfunction for men and women can be treated by bupropion adjunct 

therapy. This has been studied extensively and most recently by Safarinejad et al. [77-79]. He 

has conducted two randomized double-blind placebo controlled studies on bupropion for 

treatment of SSRI induced sexual dysfunction. The first was to study the safety and efficacy of 

adjunctive bupropion sustained-release (SR) on male sexual dysfunction (SD) induced by a 

selective serotonin reuptake inhibitor (SSRI). The results showed that men who received 

bupropion had a significant increase in the total IIEF (the International Index of Erectile 

Function) score (54.4 % vs 1.2 %), and in the five different domains of the IIEF. They 

concluded that bupropion is an effective treatment for male SD induced by SSRIs.

The second trial examined the efficacy and safety of adjunctive bupropion in the treatment of 

SSRI-induced female sexual dysfunction. At the end of the trial the mean (SD) scores for desire, 

arousal, lubrication, orgasm, and satisfaction were significantly higher in the bupropion group. 

The highest improvement was observed in sexual desire, followed by lubrication. Compared 

with baseline, desire and lubrication domains increased by 86.4 % in the bupropion group. They 

concluded that adjunctive treatment with bupropion sustained release during a 12-week period 

significantly improved key aspects of sexual function in women with SSRI-induced sexual 

dysfunction.

Numerous patents have been granted for use of bupropion for treatment o f  sexual dysfunction.

The first in 1985, Stem was granted a patent for treatment of psychosexual dysfunction using

bupropion [80]. At the time of the patent granting there was no accepted pharmacological

treatment of psychosexual dysfunction, the accepted treatment consisted of various forms of
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psychotherapy and behavior therapy. The effectiveness of such treatment was quite variable, 

and since it tended to be both prolonged and expensive it was not accessible to many sufferers. 

The patent was granted for particular sexual dysfunctions such as. Inhibited Sexual Desire, 

Inhibited Sexual Excitement, Inhibited Female Orgasm, Inhibited Male Orgasm, Premature 

Ejaculation, Functional Dyspareunia, Functional Vaginismus and Atypical Psychosexual 

Dysfunction. Twenty five years later, that patent has now expired and other patents have been 

granted for use of the same [63].

1.1.7.10 Restless legs syndrome

Restless legs syndrome (RLS) is a common disorder for which agents that enhance 

dopaminergic activity, including dopamine agonists and levodopa, are the treatment of choice. 

However, long-term use o f dopaminergic drugs can cause unwanted effects such as rebound, 

tolerance, and augmentation. Kim et al. reported three cases where bupropion may have 

improved the symptoms of restless legs syndrome [81]. The authors report that a low dose of 

bupropion rapidly and completely ameliorated RLS symptoms in 3 depressed patients within a 

few days of the initiation of treatment. To their knowledge, this was the first report to show that 

bupropion may be an effective alternative for treating RLS. Consequently, bupropion may be 

useful for the treatment of patients with both depression and RLS.

Lee et al. also described a study in 2009 where a case of RLS was successfully managed with 

bupropion [82], A 45-year-old female presented to a Veterans Affairs primary care clinic with a 

history of chronic insomnia. Her complicated history of treatment failure to sedative-hypnotic 

agents, continued sleep disturbances, and complaints o f intolerable leg sensations fostered 

collaboration between a psychiatrist and pharmacist to identify effective treatment. Further 

review of her medical history and subjective complaints led to a diagnosis of RLS. Based on 

this new diagnosis, she was prescribed several FDA-approved and alternative agents 

recommended for the management of RLS. Unfortunately, each medication resulted in a variety 

of intolerable adverse effects, limiting the list o f treatment options. Although not widely used 

for RLS, bupropion XL (Wellbutrin XL) 150 mg daily was initiated, resulting in resolution of 

RLS within 3 days. This case supports findings from other cases suggesting a beneficial 

response with bupropion for the management of RLS.

This treatment has been patented by a number of different parties in one way or another. The 

most recent using the hydrobromide salt of bupropion [63].

1.1.7.11 Seasonal affective disorder

Seasonal affective disorder (SAD) is a form of depression with seasonal patterns or frequency.

W intertime depression is its most widely recognized form. In 2006, Bupropion was approved by

the FDA for treatment of seasonal affective disorder [83, 84]. The first clinical study to show
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that bupropion was an effective treatment for winter depression was by Dilsaver et al. [85]. 

Since then much larger studies have confirmed the efficacy of bupropion for treatment of SAD. 

Modell et al. conducted three prospective, randomized, placebo-controlled prevention trials on 

1042 SAD patients, enrolled in autumn and treated while still well, across the northern US and 

Canada. Patients received either bupropion XL 150-300 mg or placebo daily by mouth from 

enrolment until spring and were then followed off medications for 8 additional weeks. Primary 

efficacy variables were end-of-treatment depression-free rates and survival distributions of 

depressive recurrence. Despite a reported average of 13 previous seasonal depressive episodes, 

almost 60% of patients had never previously been treated for depression. M ajor depression 

recurrence rates during the three studies for bupropion XL and placebo groups were 19% versus 

30% (p = 0.026), 13% versus 21% (p = 0.049), and 16% versus 31%; yielding a relative risk 

reduction across the three studies o f 44% for patients taking bupropion XL [86].

1.1.7.12 Bupropion as an anti-viral

Myles el al. have reported that bupropion can inhibit nicotine-induced viral reactivation in 

herpes simplex virus type 1 latent rabbits [87]. Their work was able to show that the incidence 

of herpes reactivation in rabbits was approximately four times less likely to recur when 

bupropion was administered.

Patent applications have been lodged for the use o f bupropion as an antiviral. One such granted 

patent relates to a medical use for bupropion as an anti-viral, specifically the invention concerns 

the use of bupropion in treating infections caused by viruses of the Herpes family [88]. The 

inventor demonstrated that bupropion is useful for the prevention and treatment of viral 

infections. As indicated above, bupropion is of therapeutic and prophylactic benefit in the 

treatment of viral infections. In particular, bupropion is useful in the prevention and treatment of 

infectious diseases and conditions caused by viral infections. Such diseases include chicken pox 

(Varicella zoster), shingles (Herpes zoster), keratitis in rabbits, herpetic encephalitis in mice, 

cutaneous herpes in guinea pigs, cold sores (herpes labialis) and genital herpes (herpes simplex 

virus) in humans, retinitis, pneumonitis and keratitis in humans (hCMV), as well as diseases 

caused by Epstein Barr Virus (EBV), human herpes virus 6 (HHV 6), HHV 7 and HHV 8 and 

Human Immune deficiency Virus (HIV). O f particular mention are chicken pox, shingles, cold 

sores and genital herpes in humans; of special mention are cold sores and genital herpes in 

humans.

The authors have listed eight clinical examples where administration o f bupropion led to

complete remission of herpes after years of negative treatment. For example, the first case

treated was a 50 year old businessman with recurrent genital Herpes Simplex viral infection.

There were 5-6 recurrences per year. Acyclovir was partially effective in aborting the attacks as

the severity of the attacks was reduced slightly the duration o f the attacks was reduced from 2
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weeks to 5-7 days. The subject took bupropion which resulted in an alteration of the course of 

the attack and within 2 days, the attack was aborted. Since that time, whenever the subject feels 

that an attack is about to commence, 4 doses of bupropion, each dose containing 150 mg of 

bupropion, are taken over 2 days and this either aborts the attack completely, or reduces it to a 

small crop o f lesions which heal completely within 48 hours. There has not been a single 

significant recurrence o f the sort that existed, since commencing this regime.

1.1.7.13 Cancer treatment (Multiple Myeloma)

Kast et al. have published two papers concluding the possibility of bupropion being used as 

adjuvant treatment for multiple myeloma [51, 54]. Multiple myeloma is a severe plasma 

dyschrasia with no known treatment or cure, even bone marrow transplantation. Cytokines such 

as tumor necrosis factor-a (TNF) and interleukin-6 (11-6) are thought to be important trophic 

factors for the malignant plasma cells. In turn, histamine and nitric oxide are positive regulatory 

factors for 11-6. They noted the use of bupropion (W ellbutrin) as a respectively potent TNF, 

nitric oxide and histamine antagonist and thus might find some use in treatment of multiple 

myeloma. They possibly explained a mechanism for the action of bupropion in lowering tumour 

necrosis factor TNF.

Etanercept is a commercially available pharmaceutical protein approved for treatment of 

rheumatoid arthritis, RA. Given subcutaneously, etanercept binds and inactivates soluble tumor 

necrosis factor-a, TNF. Etanercept has a good safety record and is of benefit in lowering pain, 

inflammation, and joint destruction in RA. RA is mediated by many factors, TNF among them. 

Malignant myeloma, MM, is a malignant clonal expansion of a post-germinal center B 

lymphocyte. Since TNF is a necessary growth factor for expansion and maintenance of MM 

cells, and etanercept binds soluble TNF and is of clinical benefit in RA, etanercept was tried 

experimentally in MM. Contrary to expectations, etanercept resulted in increased levels of TNF 

and possibly shortened survival. Their paper presented a hypothesis of how this happened. 

There are two cognate receptors for TNF, termed R 1 and R2 and two forms o f TNF, soluble and 

transmembrane. Soluble TNF has greater affinity for TNF-Rl than for TNF-R2. 

Transmembrane TNF has equal affinity for the two receptors. Since TNF-R2 signaling tends to 

be more anti-apoptotic and activating of nuclear factor kappa B, NFkB, than is T N F-R l, and 

TN F-Rl tends to be more pro-apoptotic than is TNF-R2, by inactivating soluble TNF while 

leaving transmembrane TNF signaling relatively unchanged, etanercept changed the balance in 

TNF signaling from TN F-R l towards TNF-R2 weighting. Anti-apoptosis and TNF synthesis 

would have been up-regulated by that shift. Early data indicated that bupropion may ameliorate 

Crohn’s disease course by down regulating TNF synthesis, and it may slow the course of MM 

as well.
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1.1.7.14 Psoriasis

A pilot study for the treatment of psoriasis with bupropion was carried out by Model! et al. [89], 

The objective o f the study was to determine whether bupropion may be useful in treating atopic 

dermatitis and psoriasis in non-depressed patients. Ten non-depressed subjects with atopic 

dermatitis and 10 with psoriasis completed a single-track, open-label treatment protocol with 

bupropion-SR in doses of 150 mg/day and 300 mg/day, administered sequentially for 3 weeks 

each, followed by a 3-week wash-out. Treatment response was assessed at the end of each 3- 

week period. The results showed that six out o f ten subjects with atopic dermatitis showed a 

reduction in affected body surface area by the end of 6 weeks o f bupropion treatment, with 

affected area increasing toward the pre-study baseline in all responders following bupropion 

discontinuation-a highly significant treatment effect (p = 0.0003). O f the 10 subjects having 

psoriasis, improvement over baseline after 6 weeks of treatment was seen in eight subjects, with 

coverage increasing toward the pre-study baseline in the responders following bupropion 

discontinuation (p = 0.001). Average reduction in affected area in the responders at week 6 of 

treatment was approximately 50% in both groups, Modell et al. concluded that the general good 

tolerability and relative safety of bupropion-SR makes a trial of this agent worthwhile in 

patients with atopic dermatitis or psoriasis who have failed treatment with more conventional 

medications.

1.1.7.15 Bupropion and effects from alcohol

Peck of Burroughs W ellcome Co. was granted a patent in 1983 for the use of bupropion in 

reversing the impaired mental alertness effects of ethanol in a human [90]. The patent discloses 

that the amount of bupropion required to substantially reverse the mental functional impairment 

depends on a number of factors such as the concentration o f ethanol in the blood, weight and 

metabolism rate of the person receiving treatment and the presence of other drugs in the blood 

o f the treated person which may interact with bupropion and/or ethanol. However, for an adult 

of approximately 70 kg who has consumed 16 to 32 mL o f ethanol within 10 minutes and who 

has not taken any other drug within the past 24 hours the effective dose of bupropion will 

generally lie in the range of 50 mg to 300 mg and preferably from 75 mg to 200 mg. The 

authors performed a clinical study and were able to show that bupropion when administered to a 

human intoxicated with ethanol significantly restores impaired mental ability.

This patent would now have expired and there are no recent patents or literature data on this 

effect. It is unlikely that administration of an antidepressant with a depressant such as alcohol 

would be ethically or pharmacologically advantageous.
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1.2 Prodrugs

1.2.1 Introduction

T he term  prodrug initially used by A lbert [91], is a pharm acologically  inactive com pound that is 

converted  into an active one by a m etabolic transform ation. T he prodrug can also be activated 

by non-enzym atic processes such as chem ical hydrolysis but in this case the com pound m aybe 

inherently  unstable w hich will lead to later stability issues during form ulation. The prodrug to 

drug  conversion  can occur before absorption, during absorption, after absorption  or at a specific 

site in the body. In an ideal case a prodrug is converted to the drug as soon as the desired goal 

for design ing  the prodrug has been accom plished.

T here are a num ber o f  reasons to  rationalise the prodrug design. The prodrug design is an 

approach  that is used to  correct a flaw  in a drug candidate. Prodrugs are designed to  im prove 

aqueous stability , absorption and distribution , site specificity , instability , prolong release, 

toxicity , poor patient acceptability , to address form ulation issues or sim ply to  expand on the 

in tellectual property associated  w ith a know n com pound [92].

Drug

Drug -{^rom oie^ Drug

Enzymatic and/or 
chemical transformation

Drug

Barrier

Figure ! .6 A represen ta tive  illustration  o f  the prodru g  concept. The dru g-prom oie ty  ind ica tes that p a r t o f  

the pro d ru g  is p h a rm aco log ica lly  inactive. The B arrier can be  any lim itation  o f  a  pa ren t drug that 

p reven ts  op tim a l perform ance, which m ust he overcom e f o r  the developm en t o f  a  m arketable drug. 

A d a p ted  fro m  Rautio [931.

T here are several classifications o f  prodrugs. Som e prodrugs are not designed as such and it is 

only  d iscovered  after isolation and testing o f  the m etabolites that activation o f  the drug had 

occurred. In most cases the m odification in a drug has been m ade on the basis o f know n 

m etabolic transform ations. It is expected  that after adm inistration, the prodrug will be 

appropriately  m etabolized to the active form.
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From a regulatory perspective, prodrugs are classified into two major types, based on their 

cellular sites o f conversion into the final active drug form, with type 1 being those that are 

converted intracellularly (e.g., anti-viral nucleoside analogs, lipid lowering statins), and type 2 

being those that are converted extraceilularly, especially in digestive fluids or the systemic 

circulation [94, 95]. Both types can be further categorized into subtypes, type I A, IB, 2 A, 2B, 

2C, based on whether or not the intracellular converting location is also the site of therapeutic 

action, or the conversion occurs in the gastrointestinal fluids or systemic circulation (Table 1.6).

Type Converting site Subtype Tissue location of conversion

1 Intracellular lA Therapeutic target tissue/cells

1 Intracellular IB M etabolic tissues (liver, GI mucosal cell, lung)

2 Extracellular 2A GI fluids

2 Extracellular 2B
Systemic circulation and other extracellular fluid 

compartments

2 Extracellular 2C Therapeutic target tissue/cells

Table 1.6 C laisipcalion o f  prodrug.'i, adapted from  Wu 195].

Prodrugs can belong to multiple subtypes. A mixed type prodrug is one that is converted at 

multiple sites, either in parallel or sequential steps. From a chemical perspective, prodrugs can 

be classified into two types, carrier linked prodrugs and bioprecursors. Carrier linked prodrugs 

contain a group that can be easily removed enzymatically (such as an ester) to reveal the true 

drugs. Ideally the group removed is pharmacologically inactive and non-toxic while the 

connecting bond must be labile for efficient activation in vivo. Carrier linked prodrugs are the 

ones where the active drug is covalently linked to an inert carrier transport moiety. They are 

generally esters or amides. Such prodrugs have greatly modified lipophilicity due to the 

attached carrier and the active drug is released by hydrolytic cleavage, either chemically or 

enzymatically. It can be further subdivided into bipartite - composed of one carrier (group) 

attached to the drugs, tripartite - carrier group is attached via linker to drug and mutual prodrugs 

- two drugs linked together. Bioprecursor prodrugs are ones that are metabolized into a new 

compound that may itself be active or further metabolized to an active metabolite. They are 

obtained by chemical modification o f the active drug and do not contain a carrier.
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1.2.2 Central nervous system type prodrugs

C entral nervous system  (CN S) drug delivery  rem ains a challenge, despite the efforts that have 

been m ade to  develop novel strategies to overcom e obstacles. T he b lo o d -b ra in  barrier (B B B ) 

presents an efficient structural and functional barrier for the delivery o f agents to the central 

nervous system  (C N S). D ue to its unique properties, passage across the BBB often  becom es the 

main lim iting  factor for the delivery  o f  potential CN S drugs into the brain parenchym a. In fact, 

it is estim ated  that m ore than 98%  o f sm all-m olecular w eight drugs and practically  100% o f 

large-m olecular w eight drugs developed fo r the C N S d iseases do not readily cross the BBB. 

M any o f  the pharm acologically  active drugs tend to fail early  in their developm ent phase 

because these m olecules lack the structural features that are essential for passing the BBB. The 

BBB segregates the CNS from  the system ic circulation , and its main physiological functions 

include m aintain ing hom eostasis at the brain parenchym a and protecting  the brain from  

potentially  harm ful chem icals. The BBB is prim arily  form ed from  capillary endothelial cells, 

which d iffe r from  the o ther tissues. T he brain  capillary endothelial cells are very closely  jo in ed  

together by tight in tercellu lar junc tions that efficiently  restrict the paracellu lar d iffusion o f 

hydrophilic drugs. In addition, perivascu lar elem ents such as pericytes, w hich partially  encircle 

the endothelium , astrocytic end-foot processes and neuronal cells, are im portant in the function 

o f the BBB [9 3 ,9 6 ],

In addition  to  being a selective structural diffusion barrier, the BBB constitu tes an efficient 

functional barrier for solutes crossing the cell m em brane. The high m etabolic activity  o f  brain 

capillary  endothelial cells, as well as effective efflux system s that actively rem ove .solutes from  

brain tissue and return them  back to  the b lood stream , create a great challenge for potential 

neuro-therapeutics. Furtherm ore, the BBB expresses a num ber o f  specific carrier m ediated 

inw ard transport m echanism s that ensure an adequate nutrient supply for the brain. 

T raditionally , various m edicinal chem istry- (e.g. lipophilic drug analogs and prodrugs, o r 

disruption  o f  BBB) and physical neurosurgery-based  invasive approaches (e.g ., in terstitial d rug 

delivery) have been attem pted to increa.se brain delivery o f therapeutic agents. N ovel C N S- 

targeted neuro-therapeutics should possess either the optim al physicochem ical characteristics 

that allow  for passive diffusion through the BBB via the transcellu lar route, o r have the 

structural features necessary to  serve as a substrate for one o f  the endogenous influx transport 

system s o f  the BBB. To be able to readily  cross the BBB by passive d iffusion  in 

pharm acologically  significant am ounts, a drug should be relatively small (have a m oleculai' 

w eight o f less than 500 Da), lipid soluble and, be either neutral o r significantly  uncharged at 

physio logically  pH , and be capable o f  form ing less than eight H -bonds w ith w ater. On the o ther 

hand, new  know ledge of endogenous BBB transporters can be used in the rational reform ulation
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of drug molecules for active transport. However, it is important to recognize that the degree of 

BBB drug penetration and resultant CNS concentrations required for efficacy is related to the 

potency o f the drug. Although a small amount of the drug may penetrate into the CNS, if it is 

potent, very small concentrations binding to the receptor will result in the desired effect. The 

human brain microvasculature consists of approximately 640 km of capillaries, with a surface 

area of about 20 m". Every neuron is essentially perfused by its own blood vessels, and these 

vessels are typically 40 |im apart from each other. A small molecule may diffuse through this 40 

|im space in about 1 s, which indicates that after passage across the BBB the drug is almost 

instantly distributed within the whole cerebral tissue. These physiological facts indicate that the 

vascular route would be very promising in drug delivery for targeting the brain, if the CNS 

transport challenge could be solved. An attractive and rewarding chemistry-based strategy that 

has been successfully employed to increase the CNS transport of poorly penetrating therapeutic 

agents is their transient chemical modification by using the prodrug approach [96-98].

1.2.3 Prodrugs and bioprecursors of CNS type compounds

There are numerous examples of prodrugs for amines which directly relate to prodrugs for CNS 

agents and this has been reviewed extensively [99], Some prodrugs of CNS compounds are 

shown in Figure 1.7.

Fenproporex is a stimulant and bioprecursor of amphetamine. Fenproporex is .V-dealkylated to 

am phetam ine in vivo [100]. L-threo-3,4-dihydroxyphenylserine (L-DOPS, droxydopa) is a 

synthetic catecholamino acid. W hen taken orally, L-DOPS is converted to the sympathetic 

neurotransmitter, norepinephrine (NE), via decarboxylation catalyzed by L-aromatic-amino-acid 

decarboxyla.se (LAAAD) [101]. Lisdexamphetamine is a prodrug of dextroamphetamine. 

Lisdexamphetamine is indicated for the treatment of attention deficit hyperactivity disorder 

(ADHD).

L-dopa is a dopamine prodrug. Dopamine is formed by decarboxylation of L-dopa. There are 

numerous dopamine prodrugs and this has been extensively described [102]. Aside from its 

natural and essential biological role, L-DOPA is also used in the clinical treatment of 

Parkinson's disease (PD) and dopamine-responsive dystonia (DRD).

Carbam ate prodrugs of phenylethylamines have been used successfully in the past [103]. 

Prodrugs o f ephedrine have been made successfully from oxazolidines [104].
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Figure 1.7 Examples o f  some hioprecursor prodrugs o f  some CNS compounds structurally related to 

bupropion

1.2.4 Carbamate type prodrugs

Carbamate type prodrugs have been used in drug design as releasing groups for amines and 

alcohols. The mechanisms o f activation are namely enzymatic and non-enzymatic ones. The 

mechanism is as follows. Scheme 1.2; hydrolysis of the ester group liberates the alcohol which 

itself maybe a potential prodrug followed by spontaneous decarboxylation of the carbamic acid 

to liberate the active amine and carbon dioxide.

o

H2O R"OH R'

R̂V""
O

R

R'
.NH + CO,

Scheme 1.2 The mechanism o f  hydrolysis o f  carbamtes



Primary and secondary amino groups of different basicities have been derivatized to yield 

carbamate prodrugs, often of anti-tumour agents. For example, capecitabine is a recently 

marketed site selective multistep (triple) prodrug of the antitumour drug 5-fluorouracil [105]. 

The prodrug is well absorbed orally and is hydrolysed by liver carboxylesterase. The resulting 

metabolite is a carbamic acid, which spontaneously decraboxylates to 5’-deoxy-5- 

fluorouracytidine. The enzyme cytidine deaminase, which is present in the liver and tumours, 

transforms 5 ’-deoxy-5-fluorouracytidine to 5 ’-deoxy-5-fluorouridine. Transformation of 5-FU 

is catalyzed by thymidine phosphorylase and occurs selectively in tumor cells. In animal tumour 

models with human cancer xenografts, capecitidine proved much safer and more effective than 

5-FU.

1.2.5 Amide prodrugs

Amides have been widely used in prodrug design as releasing groups for amines. Numerous 

endogenous enzymatic systems will hydrolyse the amide bond, ranging from amidases and 

esterases to peptidases for peptide prodrug conjugates. From a chemical point o f view, amide 

and ester bonds have comparable structural and spectroscopic features and are hydrolysed by 

the same general mechanism, i.e., a nucleophilic acyl substitution involving an addition- 

elimination sequence. However, in a given structure, the amide bond is more resistant than the 

ester bond to chemical hydrolysis. The reason for this is that the amide bond is less polarized 

than the ester bond due to the lower electronegativity o f the iV-atom compared to  the 

corresponding O-atom. The amide bond also has partial double bond character due to 

delocalisation of electrons and resonance.

Both amides and esters are often hydrolysed by the same hydrolases. As a general rule, amides 

are hydrolysed more slowly than esters, due to stereoelectronic and catalytic properties of the 

enzymes. The greater stability of amides has, therefore, been used in the development of drugs 

that possess longer biological half-lives than their carboxylate analogues. For the same reason -  

i.e., the relative stability of amides in vivo -  N-acylation of amines to give amide prodrugs has 

been used to only a limited extent.

The mechanism o f hydrolysis of esters and amides follows a similar pathway (Figure 1.8). The 

hydrolases include the following three catalytic features at the active site that enormously 

accelerate the rate o f hydrolysis. First, each contains an electrophilic component, which 

increases the polarization o f the carbonyl group in the substrate (Z*). Second, each has a 

nucleophile (Y:) to attack the carbonyl C-atom, leading to the formation of a tetrahedral 

intermediate. And finally, each has a proton donor (H -B ) to transform the -O R ’ or -N R’R ”  

moiety into a better leaving group. These three catalytic functionalities are similar in practically 

all hydrolytic enzymes, but the actual functional groups performing these reactions differ among 

hydrolases.

33



Figure 1.8 The common catalytic mechanism of hydrolases in ester and amide hydrolysis.

A systematic study on the metabolic hydrolysis of primary aliphatic amides was carried out in 

1950 by Bray et al. [106]. The effect of chain length on the degree of hydrolysis of amides 

containing 1 to 18 C-atoms was shown in rabbit liver preparations. The extent of hydrolysis was 

very small for the first three homologues, then increased markedly to reach a maximum with 

hexanamide and heptanamide, then fell off rapidly. Branching of the side chain also reduced the 

extent of hydrolysis.

Secondary aliphatic have also been studied systematically. Chen and Dauterman [107] showed 

that an amidase isolated from sheep liver microsomes was unable to hydrolyse /V-Me- 

substituted amides having fewer than four C-atoms in the acyl chain. Starting with N- 

methylvaleramide, the extent of hydrolysis increases with increasing chain length of the acyl 

chain; the maximum was reached with A^-methylcaproamide and thereafter decreases with 

increasing chain length.

The last group of aliphatic amides are the tertiary amides and are most relevant to a potential 

amide prodrug of bupropion. Investigations of their chemical stability have disclosed a 

surprising difference between tertiary and secondary amides, since the rate of acid catalyzed 

hydrolysis of yV,A^-dimethyl amides is higher than that of A^-methyl amides. If steric factors were 

predominant, tertiary amides would be less reactive. It has been proposed that this may result 

from a higher stability of the protonated intermediate. A comparable rule would appear to apply 

to enzymatic hydrolysis also. Investigation of the activity of amidase in sheep liver microsomes 

have shown that /V.A^-dimethylcaproamide was hydrolysed faster than the mono-methyl 

analogue [107].

1.2.6 A^-alkylated prodrugs

A^-dealkylation is a common metabolic transformation of xenobiotics. Many pharmaceutical 

compounds are transformed by the CYP450 group of enzymes to more active metabolites. 

Tam oxifen’s jV-demethylated metabolite is orders of magnitude more potent than the parent 

[108] and diethylcathinone is transformed to ethylcathinone and furthermore to cathinone in 

vivo which also account for most of diethylcathinone’s activity [109].



1.2.7 Imine prodrugs

Imines are used as releasing groups for ketones. Imine type prodrugs, drugs, xenobiotics and 

metabolites are susceptible to hydrolysis. Their hydrolysis is essentially a nonenzymatic 

process, the rates depending not only on the biological context, but also on the structure and 

properties of the imine. Imines may undergo metabolic hydrolysis as described below. Scheme 

1.3;

R" R"
N + H2 O + H2 N

R'

Schem e 1.3 The hydro lysis o f  im ines

This reaction is reversible, since the condensation of a carbonyl compound and primary amine 

yields the imine under dehydrating conditions. In fact, acidic conditions usually tend to favour 

hydrolysis, whereas neutral or slightly alkaline conditions lead to deprotonation of the amine, 

which then behaves as a nucleophile toward the carbonyl.

Imines although usually too sensitive to hydrolysis and therefore too unstable for a prodrug 

approach, have nevertheless been used successfully in some cases. The anticonvulsant 

progabide was prepared as a prodrug form of y-aminobutyric acid (GABA) since it crosses the 

blood brain barrier, while the free drug does not [110]. Metabolic studies in fish (ray) revealed 

two hydrolytic reactions, the major one being hydrolysis o f the terminal amide group to form 

the corresponding carboxylic acid and a less important one being hydrolysis of the imine link to 

liberate GABA and gabamide {i.e. the amide of GABA). Detection of GABA and gabamide in 

the brain of rats dosed with progabide implies slow in situ generation of these active 

metabolites.

1.2.8 Oxime prodrugs

Oximes are used as releasing groups for ketones. Like imines, oximes are known to undergo 

metabolic hydrolysis by a nonenzymatic mechanism, Scheme 1.4.

? R ^ O
 ̂ r +NH2OH

R'

Schem e 1.4 The hydro lysis o f  hydroxyim ines

Cylcohexanone oxime is one example. Following administration to male rats by various routes, 

cyclohexanone oxime undergoes rapid metabolism and only trace amounts of the parent 

compound are found in the urine [111]. In vitro studies on rat liver preparations confirmed the 

metabolic pathway of nonenzymatic hydrolysis of the oxime to the ketone followed by
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enzymatic reduction to the alcohol, hydroxyiation to diols and then phase II conjugation by 

glucuronidation. The first step in this scheme is the nearly quantitative hydrolysis o f the oxime 

to the ketone.

One complicating factor in the metabolism o f oximes comes from the possibility that they may 

become reduced to the imine prior to hydrolysis thus releasing ammonia rather than 

hydroxylamine as a metabolite. Oximes are also known to undergo enzymatic hydrolysis. 

Buparvaquone hydroxyimine [112] and nabumetone hydroxyimine [113] are such examples 

both readily oxidized by CYP3A4 back to the parent ketone.

1.2.9 0-alkylated prodrugs

0-dealkylation is a common metabolic transformation for xenobiotics especially on aromatic 

rings or as ether functional groups. Enol ethers and enol esters have been shown to be 

hydrolysed by CYP450 enzymes in liver microsomes. Enol esters are distinct from other esters 

not because of a particular stability or lability towards hydrolases, but due to their hydrolysis 

releasing a ‘ghost alcohol’ (an enol), which generally will immediately tautomerize to the 

corresponding aldehyde or ketone. Therefore O-alkylation of enols can be used to mask ketones. 

A well studied example is that o f vinyl acetate, a xenobiotic of great industrial importance that, 

upon hydrolysis liberates acetic acid and acetaldehyde. the stable tautomer of vinyl alcohol 

[1 14]. The results of two studies demonstrated that vinyl acetate is a very good substrate for 

carbo\ylesierase but not acetylcholinesterase or butyrylcholinesterase.

An example more suited to bupropion is that of a-acetoxystyrene which is an aromatic enol 

ester. Upon hydrolysis a-acetoxystyrene yields acetic acid and acetophenone. This compound is 

quite stable in physiological buffers but is readily hydrolysed in human and rat plasma [115, 

116], such results suggest that enol esters may be of interest as potential prodrugs of enolizable 

aldehydes or ketones such as bupropion. Enol esters o f polypeptide prodrugs of human 

neutrophil elastase inhibitors have also been demonstrated by Burkhart et cil.. [117].

1.2.10 Prodrugs of hydroxybupropion

The absence of literature data on a prodrug approach for bupropion is unusual for such a widely 

used drug, but some attempts have been made to develop prodrug approaches for its active 

metabolite hydroxybupropion. A transdermal prodrug delivery approach has been developed for 

percutaneous absorption of hydroxybupropion [118], A carbamate prodrug of 

hydroxybupropion was evaluated in vitro. In vitro diffusion studies were conducted in a flow

through diffusion cell system. Bupropion freebase was also evaluated. Although bupropion 

traversed human skin at rates sufficient to achieve required plasma levels, it was chemically 

unstable and hygroscopic, and unsuitable for transdermal formulation. On the other hand, 

hydroxybupropion is stable but its transport across skin is much slower. Alternatively, the
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prodrug butyl carbamate of hydroxy bupropion was found to be stable, and also provided a 2.7- 

fold increase in the transdermal flux of hydroxybupropion across human skin in vitro. Thus, a 

prodrug of hydroxybupropion provides a viable option for the transdermal delivery of 

hydroxybupropion.

1.2.11 Potential codrugs of bupropion/metabolites

A codrug approach for delivery of hydroxybupropion has been developed [119], A codrug is 

one that when metabolized forms two active compounds in vivo. This approach is similar to a 

prodrug approach as both require the body to metabolize the parent compound into the 

active/actives in vivo. A codrug approach for simultaneous treatment o f alcohol abuse and 

tobacco dependence is considered as very desirable because of substantial evidence that 

smoking is increased significantly during drinking, and that smoking is regarded as a 

behavioural ‘cue’ for the urge to consume alcohol. The purpose o f this study was to design and 

synthesize codrugs for simultaneous treatment of alcohol abuse and tobacco dependence. Two 

novel tripartate codrugs of naltrexone (NTX) and naltrexol (NTXOL) covalently linked to 

hydroxybupropion were synthesized and their hydrolytic cleavage to the parent drugs was 

determined. These codrugs were generally less crystalline when compared to NTX, or NTXOL. 

as indicated by their lower melting points, and were expected to be more lipid-soluble. Also, the 

calculated c logP values were found to be higher for the codrugs compared to those for NTX 

and NTXOL. The studies on the hydrolysis of the codrugs provided good evidence that they 

could be efficiently converted to the parent drugs in buffer at physiological pH. Thus, these 

codrugs are likely to be cleaved enzymatically in vivo to generate the parent drugs, and are 

considered to be potential candidates for simultaneous treatment of alcohol abuse and tobacco 

dependence.

1.2.12 Prodrugs of compounds relating to bupropion

Diethylpropion is an iV-ethy! prodrug of ethylpropion. Ethylpropion is an a-am inoketone related 

to bupropion, used as an appetite suppressant to treat obesity. Diethylpropion is A^-de-ethylated 

in vivo to ethcathinone which is a selective norepinephrine releasing agent [120]. The amino 

group is sensitive to oxidative A^-de-ethylation in diethylpropion and this could possibly be used 

as a similar approach in bupropion.

Designer drugs such as mephedrone (4-methylmethcathinone) are also known to be N- 

dealkylated. These a-am inoketones are generally susceptible to oxidative N-deakylation. Meher 

and M aurer have very recently published a review on the metabolism of designer drugs which 

includes the metabolic studies on mephedrone [121].
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The urinary m etabolites o f m ethylone in hum ans and rats w ere investigated by analysing urine 

specim ens from  its abuser and after adm inistrating  to  rats by K am ata et a i  [122]. M ethylone is 

the m ethylenedioxy analogue o f m ethcathinone, it too is also an a-am inoketone. Tw o m ajor 

m etabolic pathw ays w ere revealed for both hum ans and rats as follow s: (1) side-chain 

degradation  by A^-demethylation to the corresponding prim ary am ine m ethylenedioxycathinone 

(M D C ), partly conjugated; and (2) dem ethylenation follow ed by 0 -m ethy la tion  o f  e ither a 3- o r 

4-O H  group on the benzene ring to  produce 4-hydroxy-3-m ethoxym ethcath inone (H M M C ) or 

3 -hydroxy-4-m ethoxym ethcathinone (3-O H -4-M eO -M C ), respectively, m ostly conjugated. The 

A^-dealkylation o f these type com pounds is a com m on them e and could be used a p rodrug 

releasing strategy for bupropion.

1.2.13 Bupropion analogues

Carroll e t al. have synthesized a num ber o f  bupropion analogues for the treatm ent o f cocaine 

addiction [123] and as potential pharm acotherapies for sm oking cessation  [124], There is no 

m etabolic data or pharm acokinetic inform ation reported  as these are theoretically  new drug 

candidates but there is a possib ility  that one o f these analogues is a potential p rodrug o f 

bupropion. The in vitro  and in vivo  results are reported but the ir m ost prom ising candidates are 

unlikely prodrugs o f  bupropion as all the classical m etabolic reactions that would occur on them  

would not release bupropion.

1.2.14 Potential prodrugs of bupropion

T here are m any reasons w hy a prodrug approach should be attem pted for in vivo  delivery  of 

bupropion. Firstly there is an absence o f literature on prodrugs o f  bupropion. The num erous 

therapeutic uses o f  bupropion and their m ethods o f  delivery  may require different approaches 

to be successful. For exam ple, a m ore stable prodrug w ould be required for transderm al delivery 

o f bupropion, w hich w ould be m ore suitable for the treatm ent o f  a skin condition such as 

psoriasis or to  deliver bupropion direct to the blood-stream  by-passing the first-pass effect. A 

prodrug approach is a com m ercially  good idea to extend patents and file ND As. A nother benefit 

to a prodrug approach for bupropion w ould be to  im prove the PK profile o f  bupropion perhaps 

low ering its therapeutic dose and side effects. Increasing the lipophilicity  o f the com pound 

w ould im prove its m em brane perm eability , possib ly  delivering h igher levels o f  bupropion 

directly  to  its site o f  action i.e. the brain. The prodrug approach m ay reduce levels o f 

m etabolites o f bupropion, w hich are know n to contribu te to its side effect profile and m itigate 

its clinical effects. Finally, since bupropion freebase has poor stability at physiological pH , any 

im provem ent in its stability profile w ould be advantageous as this w ould reduce the am ount of 

degradants the toxicological effects o f w hich are unknow n. This is addressed in som e detail in 

the aqueous stability  study o f  bupropion in C hapter 2.
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Chapter 2 - The aqueous stability of bupropion

This chapter describes the aqueous stability of bupropion. In this study the aqueous stability of 

bupropion was determined and the pH-degradation profile was obtained. The effects o f 

hydrogen ion, solvent and hydroxide ion concentration are discussed with particular emphasis 

on the kinetics of degradation of bupropion. Kinetics and degradation of bupropion were 

determined by HPLC-UV and LC-MS analysis both utilising high pH chromatographic 

methods. Degradation of bupropion in aqueous solutions follows f'lrst-order reaction kinetics. 

The pH-degradation profile was determined using non-linear regression analysis. The micro- 

and macro-reaction constants for degradation are presented. Bupropion was most stable in 

aqueous solutions below pH 5. Hydrolytic degradation was catalyzed by water but mainly by 

hydroxide ion on the unionised form of bupropion. Bupropion is also susceptible to oxidation. 

The degradants of bupropion were positively identified and a mechanism of degradation is 

proposed. The inherent instability of bupropion above pH 5 has implications for its therapeutic 

use, formulation, pharmacokinetics and use during analysis and storage. Two prodrug concepts 

are presented to improve the stability of bupropion.
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2 The aqueous stability of bupropion

2.1 Introduction

The purpose o f  stability  testing  is to  provide ev idence on how the quahty  o f  a drug substance or 

drug product varies with tim e under the influence o f a variety o f  environm ental factors such as 

tem perature, hum idity , and hght, and to  estabhsh  a re-test period for the drug substance or a 

shelf life for the drug product and recom m ended storage conditions. Stress testing  o f the drug 

substance can help identify  the likely degradation  products, w hich can in turn help establish  the 

degradation  pathw ays and the intrinsic stability o f  the m olecule and validate the stability 

indicating pow er o f  the analytical procedures used. T he nature o f the stress testing  will depend 

on the individual d rug substance involved [125].

W hile there has been little published in peer review ed journals, it is w idely acknow ledged that 

bupropion presents serious stability  problem s in m anufacturing, form ulation and use. This is 

partly reflected in the num erous paten ts directed  at m ethods to  im prove the stability o f 

bupropion form ulations.

O ne m ethod to  im prove the stability  o f  bupropion in oral form ulations involves addition  o f  a 

stabilizer to  the form ulation, in this case cysteine or g lycine hydrochloride. T he hydrochloride 

salts o f  these w eak bases have tw o functions. The first is to act to buffer the form ulation at a pH 

betw een 0.9 and 4 .0  [126]. The acidic environm ent keeps bupropion protonated, while 

com pounds such as cysteine have antioxidant properties.

O ther stabilizers used to  im prove the stability  o f  bupropion in tablet form ulations are organic 

acid [127], inorganic acids [128] and salts o f  organic bases [129]. O nce again  the acidic 

environm ent keeps bupropion in its protonated form  w here it is m ore stable so the com m on 

stabilising effect is by acid ify ing the form ulations. Pharm aceutical com positions fo r transderm al 

adm inistration contain ing fatty acid salts o f  bupropion free base and m etabolites have also  been 

developed [130]. Therefore from  the patent literature it is can be inferred that the salt form  o f 

bupropion is m ore stable than the freebase. The levels o f m oisture are evidently  critical in 

controlling degradation  during processing. C haw la et al. developed a dry granulation  process 

for tabletting  o f  bupropion, avo id ing  the use o f  stabilizers [131]. Indeed, an inclusion com plex 

o f bupropion hydrochloride w ith beta-cyclodextrin  that stabilizes bupropion hydrochloride 

against degradation  has been developed  by G idw ani et al. [132], O ther physical m ethods have 

been developed to  trap bupropion inside a m oisture barrier w ithin an oral tablet form ulation. 

These usually involve polym er coatings around the tablet o r som etim es polym er m iscrospheres 

w ithin the tablet. These form ulations create dry m icro-environm ents w ithin the tablet m atrix 

lim iting access betw een bupropion and its outside environm ent. S tabilized bupropion 

hydrochloride pharm aceutical com positions are described that are free o f  acid additives and
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provide for a sustained release o f bupropion hydrochloride [133], The particulate bupropion 

hydrochloride is coated with a polymer membrane coating.

From the limited amount of stability information published on bupropion, it can again be 

concluded that bupropion is stable under acidic conditions. Bupropion half-life in plasma stored 

at 22 and 37"C was 54.2 and 11.4 h, respectively. It was only shown to be stable at pH 2.5 

[134]. Another study on the chemical stability of bupropion in isotonic pH 7.4 at 32"C over two 

weeks showed that its disappearance follows first-order kinetics [118]. The stability of 

bupropion in formalin has been studied and it was shown that at lower pH, bupropion is most 

stable; at higher pH, bupropion is converted into N-methyl bupropion [135]. Compounds with 

similar structure to bupropion, e.g. diethylpropion have shown similar degradation 

characteristics. Hydrolytic decomposition of diethylpropion in solution at 45“C occurred at a 

very slow and constant rate at pH 3.5 and below but increased rapidly as the pH was raised 

above 3.5 [136],

The formulation, stabilisation and use of bupropion is therefore an active area o f pharmaceutical 

research. There is currently no injectable delivery vehicle for bupropion in clinical use and its 

absolute oral bioavailability in humans has not been reported for this reason.

Against this background and in the context o f its expanding therapeutic uses this chapter reports 

on the kinetics o f degradation of bupropion in aqueous solution including routes of degradation 

and influence of parameters such as ionic strength and buffer identity.

2.1.1 Tautomerism of bupropion

Bupropion like all a-am inoketones has the ability to tautomerize from the a-am inoketone to the 

amino-enol and to the a-hydroxyim ine. Once bupropion is in its hydroxyimine form it is highly 

susceptible to hydrolysis with loss of the amino group, the product of which is an a -  

hydroxyketone.

C l C lC l

Figure 2.1 K eto-enol/enam ine-im ine tautom erism  o f  bupropion
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2.1.2 Thermal rearrangement of aminoketones

Thermal rearrangement is known to occur to a-am inoketones and their tautomers a - 

hydroxyimines by migration of alkyl groups. This has been studied extensively by Stevens et al. 

[137, 138]. This thermal rearrangement is known to occur at high temperatures and is not 

deemed a significant problem under even forced degradation conditions.

A R l  R3

R4 H O

Figure 2.2 Therm al rearrangem ent o f  a -hydro.\y  im im es and a-hydro.xyketones. A d a p ted  from  1139].

2.2 Results & Discussion

2.2.1 pH-rate profile of bupropion

Bupropion solutions were prepared at a concentration of 250 ng/mL in aqueous buffers from a 1 

mg/mL methanol stock solution. The fmal concentration of methanol in the buffered solutions 

was approximately 1 %. Buffers over the pH range of 2-13 were prepared by mixing two stock 

buffered solutions to give solutions of different pH but equal ionic strength. This buffer system 

was adapted from a previously described universal buffer system by Carmody (Table 2.1).

Stock buffer A: boric Acid 0.2 M, citric acid 0.05 M, NaCl 0.594 M, I = 0.6. Stock buffer B: 

tripotassium phosphate O.IM, 1 = 0.6.For example, to prepare a solution of pH ~ 7.2 with an 1 = 

0.055, add 0.5 mL solution A and 0.5 mL solution B to 10 mL deionised H^O.

Vol. A (mL) Vol. B (mL) pH2o"c

1.0 0 3.0

0.9 0.1 3.5

0.8 0.2 4.2

0.7 0.3 5.1

0.6 0.4 6.3

0.5 0.5 7.4

0.4 0.6 8.3

0.3 0.7 9.4

0.2 0.8 10.7

0.1 0.9 12.1

0 1.0 12.5

Table 2.1 D ih ttions o f  stock buffers to g ive  constan t ionic strength  with varying pH . Slock buffer A: b oric  

A cid  0.2 M, c itr ic  a c id  0 .05  M, N aC l 0 .594  M, I = 0.6. Stock buffer B: tripota.s.sium p h osph a te  O.IM, I = 

0.6. Total Volume = 1 1  mL with d e io n ised  water.
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Buffered solutions at the lowest and highest pH were prepared with 0.055 M HCl pH 2.0 and 

0.055 M NaOH pH 13.1. Solution pH was measured at room temperature 20 + l"C using a 

Radiom eter Copenhagen PHM 6I laboratory pH meter. The pH meter was calibrated before use 

with standard buffers, 4.0, 7.0 and 10.0, Solutions were incubated either in a digital oven (for 

long term storage) or in the Accela LC system autosampler (for short term). Aliquots were taken 

at appropriate times depending on the decomposition rate and analyzed immediately for 

remaining bupropion. Buffer concentrations throughout the study were low. However the effect 

of buffer concentration on rate was evaluated at kinetically and mechanistically distinguishable 

phases o f  the resulting pH rate profile. Dilution did not affect degradation rate using the 

universal buffer system and therefore it was not necessary to extrapolate to zero buffer 

concentration.

The observed first-order degradation rate constants, k„hs, were calculated from the slopes of the 

natural-logarithmic plots of the drug fraction remaining versus time in accordance with 

Equation 2.1:

Equation 2 .1

l n ( - ^ )  =  -A- t

where Co was the initial concentration and C, was the remaining concentration of bupropion at 

time t. Solutions were monitored for two weeks and stored protected from light.

The disappearance of bupropion in aqueous solution was monitored by HPLC-MS. The 

degradation in the pH range 2-13  followed apparent first-order rate kinetics. Rate constants 

from a matrix of different experiments are presented in Table 2.2, where the temperature, pH 

and ionic strength have been varied. Rate constants were estimated from the resulting slopes 

after a plot of In [C,/Co] versus time (Figure 2.3) and the resulting k<,hs values (Table 2.2) plotted 

against pH.
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Temperature (K) 

Ionic strength 

p H rt

313

0.055

323 

0.12 

(h ')

333

0.055

5.1 0.002 0.001 0.004

6.3 0.003 0.002 0.008

7.4 0.004 0.004 0.019

8.3 0.006 0.017 0.035

9.4 0.012 N/D 0.051

10.7 0.018 0.052 0.055

11.9 0.034 0.072 0.101

12.3 0.042 0.114 0.166

13.0 0.102 N/D 0.407

Table 2.2 F irst-order rate constan ts d e term in ed  fo r  the degrada tion  o f  bupropion. N /D  =  not determ ined.

1.0000

0.0000
X  pH05

1.0000

2.0000

( j  3.0000

4.0000

5.0000

- 6.0000

•7.0000
60 80 

Time (hrs)
100 120

Figure 2 .3  F irst-order p lo ts  sh ow ing  the degrada tion  o f  bupropion  a t 333  K  in aqueous soh ttion  in the 

p H  range 5 -1 3 .

2.2.2 Mechanistic interpretation of pH-rate profile

The pH rate profile was fitted using a mechanistic interpretation of pH-rate profiles suggested 

by Loudon [140]. Before the pH rate profile was mechanistically described a number of 

assumptions were made.

Only catalysis by protons and hydroxide ions, and not general acid-base catalysis, were 

considered because the sorts of dependencies of rate on the concentrations of general acids and
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bases that one sees are no different in principle from those described for protons and hydroxide 

ions. Only pseudo-first order reactions were considered, which constitutes the majority o f  cases. 

The measure o f  rate is the observed pseudo first-order rate constant. The standard way to 

present pH-rate data is by plotting o f  or log vs. pH, which we shall refer to as the pH- 

rate profile. With these assumptions and conditions in mind the process for understanding the 

pH-rate behavior o f  bupropion in aqueous solution breaks down the pH-rate profile into 

fundamental curves, and analyze these in terms o f  rate law.s and mechanisms. This was done in 

three steps. Firstly, the pH rate data was obtained. Table 2.2, An empirical rate law was deduced  

that accurately fitted the data. Equation 2.2.

Equation 2.2 The p H  rale equation fo r  bupropion in aqueous solution

k . — c , [ n  J H---------------------1--------------------- 1------- 7—
K ^ + [ H ^ ]  K, , + [ H^ ]  [ H^ ]

where, K„ and K„. are the acid dissociation constant for bupropion and water respectively and cJ, 

c2, c3  and c4  are the macro reaction rate constants o f  the pH rate profile. The macro reaction 

rate constants are derived from the six empirical reactions that can happen to bupropion in 

solution, these are visualized in Figure 2.4.

Constants cJ and c4  are kinetically distinguishable and are equal to the specific hydronium  

catalysed degradation on the protonated form (A) and hydroxide catalysed degradation on the 

deprotonated (F) form o f bupropion respectively. Constants c2  and c3  contain contributions 

from kinetically indistinguishable micro reaction rate constants. The macro reaction rate 

constant c2 com bines two micro reaction rate constants that are kinetically indistinguishable. 

Empirically these are the contribution o f hydronium catalysed degradation on the deprotonated 

form o f bupropion (B) and solvent catalysed degradation on the protonated form o f bupropion 

(C). The macro reaction rate constant c3  com bines two micro reaction rate constants that are 

also kinetically indistinguishable. These are the contribution o f  solvent catalysed degradation on 

the deprotonated form o f bupropion (D) and hydroxide ion catalysis on the protonated form o f  

bupropion (E). The magnitude o f rate constants at 40, 50 and 60 "C follow s c4 >  c3 >  c2 >  c l ,  

showing the rate o f  degradation is strongly influenced not only by hydroxide ion concentration 

but also from solvent catalysed degradation on the deprotonated form o f bupropion. Bupropion 

degradation was not observed at pH < 5.0 at 60”C when it is principally in its protonated form. 

{pKa  = 7.9)
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The macro reaction rate constants were determined by fitting the k„i„ values with the model and 

solving the rate equation using non-linear regression analysis. These rate constants are described 

in

Table 2.3. Bupropion was shown to be stable over the course of the degradation study below pH 

5, and therefore the specific hydronium catalysis rate constant Ci is many orders of magnitude 

lower than o ,  c_< and q .  Therefore c/ can be assumed to be zero and Equation 2.2 simplifies to 

Equation 2.3;

Equation 2.3 The simplified pH  rate equation fo r  bupropion

Figure 2.4 The six empirical reactions that contribute to the stability o f  bupropion in aqueous solution. 

The first two are the reactions o f  hydronium ion on the protonated (A) and deprotonated (B) form s o f  

bupropion, fo llow ed  by the effect o f  solvent (water) on the protonated (C) and deprotonated (D) forms, 

fo llow ed by the effect o f  hydroxide ion on the protonated (E) and deprotonated (F) forms.
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4 0 T 60"C

c l 0.0000 0.0000

c2 0.0000 0.0041

c3 0.0187 0.0596

c4 0.2914 0.2224

Ka 1.26 X 10'* 1.26 X 10 **

Kw 2.92 X 10 ''’ 1.26 X lO "

Table 2 .3  The m acro reaction  constan ts d e term in ed  b y  non-linear regression  an a lysis

0.5n

-®- 40°C 
-a - 50°C 

60°C

0.4-

tf)

0.2-

0.1-

0.0-1
6 10 128 14

pH

F igure 2 .5  p H  degrada tion  profile  o f  bupropion  a t 40. 5 0  an d  6 0 ’C, /  =  0 .055

Figure 2.5 presents the pH degradation rate profile of bupropion at 40, 50 and 60”C, ionic 

strength 0.055. The degradation rate exhibited a marked pH dependence. An inflection point at 

pH 7.9 corresponds to the bupropion pK^. At pH >11 there was a significant increase in the rate 

of disappearance. Degradation of bupropion was markedly hydroxide ion dependent. Non-linear 

regrcs.sion analysis of the pH degradation profile of bupropion is shown in Figure 2.7.

2.2.3 Effects of temperature and buffer on the stability of bupropion

The effect of temperature on the rate of bupropion degradation was determined at pH 10.7. 

Bupropion solutions were prepared in the appropriate buffers as described in section 2.4, and 

incubated at 40, 46, 54 and 60"C. Aliquots were taken at appropriate times depending on the 

decomposition rate and analyzed immediately for bupropion. The observed first-order 

degradation rate constants kobs were calculated using Equation 2.1 . The Arrhenius factor A,
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and activation energy for bupropion degradation were determined from a plot o f In (kobs) 

against l/T  (K) according to Equation 2.4 using least squares regression:

E qu a tio n  2.4

In A:ohs \ n A - -
RT

where R is the universal gas constant and T the absolute temperature (K).

Buffer catalysis was investigated by monitoring the amount o f bupropion degradation in three 

different buffers pH 7.4 at 60"C, ionic strength 0.055, 0.275 and 0.55 using the universal buffer 

system described in Table 1. From the slope o f plots o f In [C,/Co] versus time, the rate constant 

was calculated. A plot o f rate constants versus buffer concentration gave a straight line o f which 

extrapolation back to zero gave the buffer-free rate constant.

The effects o f different buffers were determined by monitoring the disappearance of bupropion 

at pH 7.4 at 60‘’C in different buffer types with fixed ionic strength, 0.055. Four buffer systems 

were studied; citrate, phosphate, borate and a TRIS buffer system (Figure 2.6). Ionic strength 

was adjusted with NaCl. The slopes o f plots of In [C,/Co] versus time were determined to 

establish the effect o f buffer anion on degradation of bupropion.

0i
f ! -

-1-

^  oo  -2-

0
1  -3*

-4-

-5- T I I T

4 '

Borate
Citrate
Phosphate
Tris

0 10 20 30 40 50 60 70 80 90
Time (h)

Figure 2.6 The effect o f  different buffer systems on the rate o f  degradation o f  bupropion at pH  7.4 @ 

6 0 'C , I  -  0.055, adjusted with sodiwn chloride.

The degradation o f bupropion was monitored in the temperature range 40-60"C at pH 10.7 and 

ionic strength, 0.055. This pH was chosen as degradation happened at a sufficiently fast rate to 

enable analysis over a 24 h period. The rate constant for each temperature was calculated from 

the slope o f the first-order degradation profile (Table 4). When In k was plotted against l/T  the 

equation o f the line was Equation 2.5:
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ln k  = -6497/R.l/T + ln 16.69 

energy Ea for the degradation of bupropion was calculated to be 52.85 ki.mol ', 

factor A, was found to be 1.78 x lO’ h '.

0.4-

^  0.3- 
!c
5  0 .2-

0.1-

-<r—o
0.0-

4 5 6 7 8 9 10 11 12 13 14
pH

Figure 2.7 Shows the pH degradution profile o f bupropion at 60"C, I = 0.055. Macro reaction constants 

have been calculated by non-linear regression analysis. The fitted line was constructed using Equation 

2.3 and the data appearing in Table 2.2 and Table 2.3.

2.2.4 Identification of bupropion degradants and mechanistic proposal

Degradation products of bupropion were identified by matching the retention time and photo

diode array UV spectra of eluted peaks from degraded samples with those of external standards 

run under similar conditions. Four main degradants were identified as 2.2, 2.4, 2.3 and 2.J 

(Scheme 2.1). Bupropion related compounds 2.3, 2.1 and 2.4 are poorly ionized by +ES1 due to 

loss of the amino functionality. These degradants were all seen at pH > 5 but above pH 10 only 

m-chlorobenzoic acid 2.2 was seen at significant levels. Figure 2.8 shows the concentration 

versus time profiles for bupropion and its degradants at different pH values.

Equation 2.5

the activation 

the frequency
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Bupropion ^3

OH

2J

Scheme 2.1 Proposed pathway f o r  base catalyzed def>radatwn o f bupropion in aqueous .whition. 2.1 = 1 

(3-chlorophenyl)-2-hydro.xy-l-propanone, 2.2 = 3-chlorohenzoic acid, 2.3 = l-(3 -ch lo ropheny l)-I 

hydroxy-2-propanone. 2.4 = I-(3-chlorophenyl)-l.2-propanedione.
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Figure 2.H Shows the time course p ro file  fo r  degradation o f bupropion at (A) pH  7.6,(B) p H  8.7 and (C) 

p H  10.9. 5 0 'C. I  = 0.12.
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A proposed degradation pathway of bupropion is presented in Scheme 2.1. The mathematical 

model that best described the mechanism of degradation follows consecutive and parallel 

reactions. Degradation of bupropion was strongly pH dependent, and below pH 5 bupropion 

was protonated and stable. Above pH 5 and approaching its pKa  bupropion becomes 

increasingly deprotonated and suffers from water catalysed and hydroxide catalysed 

degradation. This was evident from the pH rate profile o f bupropion. Under these conditions the 

proposed reaction (Scheme 2.1) is kinetically possible.

Equation 2.6 The rate equation fo r  decomposition o f  bupropion

d[bu p \
— -— ^ - k \ b u p \  

at

Equation 2 .7

[bupropion] -  [hup]„e~''''

Bupropion’s rate constant of decomposition was calculated by fitting a first-order plot using 

non-linear regression analysis, Equation 2.6. The first product of bupropion degradation at high 

pH is compound 2.1 formed from loss of the t-butylamine group during hydrolysis. The 

concentration of 2.1 during the course of the hydrolysis remained below 1 % of the total 

degradation products of bupropion. The rate of decomposition of 2.7 was faster than the rate of 

formation of 2.1 and therefore can be assumed at steady state throughout the time course of the 

reaction. The hydrolysis and oxidation products o f 2.1 are the major apparent degradation 

products of bupropion. These are the two oxidation products, 2.2 and 2.4  and the tautomeric pair 

2.3  and 2.1. Equation 2.8-Equation 2.10 were used to calculate the rate constants o f these 

parallel reactions. The experimental data fitted with these equations using non-linear regression 

analysis allowed calculation of the rate constants.

Equation 2.8 The rate equation fo r  [2.2]

12.2J =  [2.2J„ + 

Equation 2.9 The rate equation fo r  [2.3]

Equation 2.10 The rate equation fo r  [2.4]

[2.4] =  [2.4J„ +
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The rate constants calculated at pH 8.7, 50'’C, I = 0.12 were 0.0050, 0.0045, 0.00138 and 

0.00023 h ' for ki, k2, and k̂  respectively.

The rate constants calculated at pH 7.6, 50"C, I = 0.12 were 0.0046, 0.0012, 0.0012 and 0.00028 

h ' for k/, ki, k) and ^ 4  respectively.

T
100 150

Time (h)
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o

Bupropion
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2.2

Figure 2.9 Shows actual data pH  8.7, 5ff'C, I  = 0.12. The solid lines were constructed using Equation 

2.H-Equution 2.10 with the calculated k„t,̂  values.

2.2.5 Bupropion as a pro-oxidant

Bupropion shares its structural similarities with other endogenous a-aminoketones such as 5- 

aminolevulinic acid (ALA) and aminoacetone (AA). These a-aminoketones are well known to 

be pro-oxidizing and have been linked to toxicoiogica! effects [141]. Endogenous and 

xenobiotic polyphenols (e.g., homogentisic acid, divicine, hydroanthraqui nones, 6- 

hydroxydopamine) and the enol form of carbonyl metabolites (e.g., ALA, AA) belong to 

organic functions expected to promptly donate one electron to dioxygen, especially in slightly 

alkaline medium containing phosphate ions [142]. Phosphate ions have been shown to catalyze 

carbonyl enolization, thus favoring substrate electron transfer to dioxygen [143]. Among other 

characteristics, a-aminoketones differ from primary amines for their property of undergoing 

rapid enolization in physiological pH and. in an aerated medium, subsequent oxidation by 

molecular oxygen via superoxide radical intermediate, forming a-dicarbonyls and H2O2 (Figure 

2.10) [142].
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Figure 2.10 Non-enzymalic aerobic oxidation o f a-aminoketone.s. Adapted from  Bechara 11411.

The end product o f a-aminoketone oxidation, a-dicarbonyl compounds, it has been 

hypothesized that they could participate in deleterious biological processes, particularly in 

aging, based on their electronic configuration and high reactivity [144]. For example, formation

amine group o f proteins may cause protein aggregation and denaturation by cross-linking (Prot- 

N=CR-CR=N-Prot). Another important biological consequence o f Schiffs reaction is the 

formation o f fluorescent adducts called Advanced Glycation End products (AGEs), or Maillard 

products, such as pentosidines. Pentosidines are putative aging markers formed by cross-linking 

between lysine and arginine protein residues and oxidized pentose and other sugars. The AGEs 

are known for their ability to attach to specific cellular receptors, triggering various events such 

as the induction of cytokines and growth factors, oxidative stress and the regulation o f cellular 

adhesion.

The reaction o f aerobic oxidation on a-aminoketones has been shown to be catalysed by Fe(II) 

complexes which is particularly worrying considered the abundance of Fe(II)-heme in vivo 

(Figure 2.11) [141],

Figure 2.1! An example o f Fe(ll) catalysed aerobic oxidation o f the a-aminoketone. aminoacteone which 

the end product o f oxidation is the dicarhonyl MG (Methylgylyo.xal). Adapted from  [  14!].

of Schiff bonds between each of the carbonyl groups o f the a-dicarbonylic compound and the

Fe‘*

Amlnoacetone {AA)

AA*

AA ♦ o;* — ►
AA ♦ HO’ — ►

AA ♦ o :

A A +H A
AA* + H ,0

Fe** + O.
Fe** + H0'+ HO'
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2.2.6 Hydroxyketones as inhibitors of urease

Two of bupropions degradants are a-hydroxyketones. Similar to a-am inoketones these type 

compounds undergo enolization [145] and subsequent oxidation by dissolved molecular oxygen 

in slightly alkaline buffers to yields the a-dicarbonyl, amine ions and H 2O 2 [146], This reaction 

was shown to be efficiently catalysed by iron complexes

Urease (urea amidohydrolase; E.C.3.5.1.5) is a nickel containing enzyme that catalyzes the 

hydrolysis o f urea to produce ammonia and carbamate [147]. The study of urease inhibition has 

medical, environmental and agronomic significance. For example, urease serves as a virulence 

factor in pathogens that are responsible for the development of kidney stones, pyelonephritis, 

peptic ulcers, and other medical complications [148]. Current efforts are focused on the 

discovery of novel urease inhibitors against H. pylori urease. Therefore, urease inhibitors have 

recently attracted much attention as potential new anti-ulcer drugs. Tanaka et al. have recently 

evaluated a variety of a-hydroxyketones and a-diketones for their effect on the jack bean urease 

[149]. They demonstrated that some a-hydroxyketone derivatives show urease inhibitory 

activity, possibly by binding to cysteinyl residues in the active site. This has implications for 

pharmacological activity o f these bupropion degradants. Although Tanaka et al. did not look 

specifically at these degaradants, they are likely to have some pharmacological effect.

Aromatic a-hydroxyketones have also been shown to be easily oxidized by dioxygen in the 

presence of catalytic amounts of metals in solution to the a-dicarbonyl product [150].

2.2.7 Known pharmacological effects of the degradants of bupropion

The loss of the amino functionality during degradation is likely to render the degradants 

neuropharmacalogically inactive.

The most polar and prominent degradant 2.2, is likely the least problematic as this compound is 

reported to be easily metabolized and excreted in the urine as /n-chlorohippuric acid [151]. 

However, high levels of 2.2 have been reported to inhibit thiopurine methyltransferase 

(TM PT)[152]. Ames at al. studied twenty-seven substituted benzoic acids have been as 

inhibitors of partially purified human renal thiopurine methyltransferase. Amongst the benzoic 

acid analogues was 3-chlorobenzoic acid. They observed an IC50 value of 3.71 for the 3- 

chlorobenzoic acid degradant of bupropion. TM PT is best known for its role in the metabolism 

of the thiopurine drugs such as azathioprine, 6 -mercaptopurine and 6 -thioguanine.

Toxicological and pharmacological data on degradants 2.1, 2.3  and the diketone 2.4  is absent. 

The latter is likely to be chemically active towards formulation components and in vivo towards 

proteins such as carboxylesterases (CEs) [153]. Although there is no toxicological data on the
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chlorinated dicarbonyl degradant o f bupropion 2.4, W adkins et uL. have identified a class of 

compounds based on the dicarbonyl benzil (l,2-diphenylethane-l,2-dione) that are potent CE 

inhibitors, with K, values in the low nanomolar range. The compound most structurally similar 

to 2.4  in their study was shown to have inhibition constants in the low micromolar range. 

Therefore 2.4 is likely to be pharmacologically active at inhibiting C E ’s.

C E ’s are involved in the detoxification of xenobiotics in both prokaryotes and eukaryotes. 

Bupropion is rapidly and extensively metabolised in vivo but the high lipophilicity of some of 

its degradants may have systemic effects due to accumulation in lipophilic tissues. Its 

metabolites contribute significantly to its pharmacological and toxicological profile. The rate 

data at pH 7.4 do not indicate that its chemical reactivity in vivo is likely to affect its 

pharmacological profile.

2.2.8 Addressing stability with a prodrug

There are two main processes leading to degradation o f bupropion. The first is base-catalyzed 

hydrolysis of the a-hydroxyim ine tautomer to the a-hydroxyketone (Figure 2.12). The second is 

oxidation to its main degradant 3-chlorobenzoic acid.

Bupropion when deprotonated will tautomerize into its enol form. Once in the enol/enamine 

configuration bupropion will tautomerize into the imine form which is easily hydrolysed to the 

a-hydroxyketone and t-butylamine. The reason for the enamine/imine tautomerism is the proton 

on the amino group. a-A m inoketones that are secondary amines will tautomerize to the imine 

under catalytic conditions. If the amino group is transformed into a tertiary amine this cannot 

occur. Therefore by derivatizing bupropion by alkylation at the amine will remove the liability 

of imine formation and hence improve the stability profile at higher pH. The teriary a- 

aminoketone can still tautomerize to the enol form but not to the imine form (Figure 2.13).

Figure 2.12 Base-catalyzed hydrolysis o f  bupropion

R = Alkyl not H

C l C l

Figure 2.13 Removing the liability o f  imine formation by alkylation at the amine o f  bupropion
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The second process leading to the degradation o f bupropion in aqueous solution is by oxidation 

o f bupropion directly and oxidation of its degradants 2.1 and 2.3 to the a-dicarbonyl 2.4  which 

is hydrolysed to the most abundant degradant 3-chlorobenzoic acid 2.2  (

Figure 2.14). Therefore oxidation is a major degradation pathway for bupropion in aqueous 

solution.

OH'O H  H

OH

CH3 

Cl Bupropion

CH-

Cl IminizationCl Enolization

OH OH
•OH •OH

NH2Y  2.3 
Cl Hydrolysis

2.1

•OH

OH

2.2
2.4 Hydrolysis

Figure 2.14 Degradation o f  bupropion, showing oxidation pathways. Compounds in brackets are 

theoretical and have not been isolated.

Bupropion is susceptible to oxidation via its enolization as described in 2.2.5. A'-alkylation of 

bupropion (Figure 2.13) would give the tertiary aminoalcohol but this would still be prone to 

enolization and therefore would still be susceptible to oxidative degradation. One method to 

remove the potential for enolization would be to convert the carbonyl in bupropion to a non- 

enolizable group that can be transformed back to the ketone in vivo. A good example is the 

hydroxyimine group. The potential for intramolecular hydrogen bonding would also increase 

the stability o f the molecule.

C l Cl

Figure 2.15 Removing the liahilily o f  enol formation by oxime conversion
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2.3 Conclusion

Bupropion undergoes degradation  in aqueous solution in a pH dependent m anner. Its m ost 

prom inent degradation  pathw ay involves hydroxide ion catalysis o f the free base form. 

D egradation involves loss o f  the t-butylam ino group and the degradants are therefore likely to 

be neuropharm acologically  inactive. The effect o f  ionic strength, buffer type and tem perature on 

the kinetics w ere also characterised.

The poor stability  profile o f  bupropion above pH 5 has im plications for its form ulation  in drug 

delivery  system s, its d istribution  in vivo  and its analysis and storage in assay system s. The data 

show s that careful buffering below  pH 5 during processing and form ulation is needed in order to 

have the m ost stable product contain ing bupropion. There is also  a need during sam ple 

preparation  and storage to consider appropriate solvents and buffers w hich again keep the pH 

low. This stability  issue could potentially  be addressed by using a prodrug strategy.
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2.4 Experimental

2.4.1 Chemicals

M ethanol, acetonitrile and water were supplied by Fisher Scientific Ireland (LC-MS grade). 

Ammonium hydroxide solution (30% as NHj), glacial acetic acid, formic acid, boric acid, citric 

acid monohydrate, sodium chloride and tripotassium phosphate were supplied by Sigma-Aldrich 

Ireland (reagent grade). Bupropion hydrobromide and related degradants were supplied as a gift 

from Biovail Technologies Ireland Ltd.

2.4.2 Instrumentation

A stability indicating HPLC-UV assay was used to monitor degradants of bupropion. The 

HPLC system consisted of a W aters Alliance 2695 separations module connected to a W aters 

2996 Photodiode Array detector. The column was a W aters XBridge C IS  250 mm x 4.6 mm, 5 

p.m fitted with a Waters XBridge C IS  guard column heated at 50“C. Mobile phase A was pH

10.0 ammonium acetate buffer (1.27 M )/water/acetonitrile, 10:80:10, mobile phase B was pH

10.0 ammonium acetate buffer (1.27 M )/water/acetonitrile, 10:20:70. Injection volume was 20 

flow rate 1.5 mL/min. Gradient; 0-42% B over 5 min, hold for 10 min, 42-100% B over 10

min, hold for 5 min and equilibrate to starting gradient. The retention time of bupropion 

standard was approximately 23 min. Detection wavelength 239 nm. This method was 

demonstrated to be linear over a working range of 0.01-0.50 mg/mL bupropion hydrobromide.

0.25

0.20

0.15

0.10

0.05

0.00

• 0.05
20.00  22.00  24.002.00 10.00  12.00  14.00  16.00 8.004,00 6.00 8.00

M nules

Fii>iire 2.16 A typical LCUV chromatogram o f  bupropion hydrolysis al pH  8.7, 5(f'C. I -  0.12, T = 144 h. 

2.1 = I-(3-Chlorophenyl)-2-hydroxy-I -propanone, 2.2 = 3-Chlorobenzoic acid, 2.3 = l-(3-

C hlorophenyl)-!-hydro.Ky-2-propanotie. 2.4 = ! -{3-Cidorophenyi)-! ,2-propanedione.
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D egradation kinetics and m ass spectrom etric m easurem ents were carried  out on a T herm o 

A ccela L iquid chrom atograph. The detector was a T herm o L T Q -X L -O rbitrap  D iscovery m ass 

spectrom eter. The colum n used for chrom atographic separation was a W aters X bridge C l 8, 2.1 

X 50 mm 2.5 p m  at 20“C. M obile Phase A: 10:40:50, 0 .5%  A m m onium  hydroxide solution in 

w ater, adjusted  to pH 10.0 with form ic acid: water: m ethanol. M obile Phase B: 10:90, 0.5%  

A m m onium  hydroxide solution in w ater, adjusted pH 10.0 with form ic acid; m ethanol. Flow 

rate: 100 |jL7min, Injection volum e: 10 pL , run tim e: 15 min. G radient, 0%  B to 100% B over 

8.00 min, hold until 12.00 min. 0%  B at 12.01 min and equilibrate for 3 min. This m ethod was 

validated as appropriate according to  ICH Q 2R and dem onstrated  to  be linear over a w orking 

range o f  1-250 ng/m L bupropion.

The L T Q -X L  ion trap m ass spectrom eter w as coupled  to  the A ccela LC system  via an 

e lectrospray ionization (ESI) probe. The capillary tem perature was m aintained at 400"C, sheath 

gas flow  rate 50 arbitrary  units, auxiliary  gas flow  rate 5 arbitrary units, sw eep gas flow  rate 0 

arbitrary units, source voltage 3.20 kV, source current 100 pA , capillary voltage 43.00 V and 

tube lens 100 V. B upropion was detected  in positive ion m ode using selected  ion m onitoring 

(SIM ). B upropion SIM  184, (M +H)* = 240, retention tim e = 9.4 min. The optim um  detector 

conditions w ere found  by tuning the instrum ent to the h ighest sensitivity  for bupropion m ost 

abundant fragm ent ion at 184 (m/z).
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Chapter 3 - The synthesis of potential prodrugs 

of bupropion

This chapter begins with an overview of the synthesis o f bupropion and the chemistry around 

this aminoketone. There are two functional groups that can be exploited as prodrug functional 

groups and each one is introduced with the potential prodrugs that can be derivatized from each 

one. Multistep prodrugs are introduced with a discussion on how this can be applied to 

bupropion. The methods used to synthesize each prodrug type are discussed with particular 

emphasis on the characterization and identification of each potential prodrug.
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3 The synthesis of potential prodrugs of bupropion

3.1 Brief overview o f the commercial synthesis o f  bupropion

The first industrial synthesis of bupropion was described by Mehta in 1975 [3], It was prepared 

in three steps from //leto-chloro benzonitrile 3.1 (Scheme 1.1).

NH

'CN CaHsMgBr

t-BuNHj

Bro

C l 3.4 Q | Bupropion

Heat

Schem e 3.1 Synthesi.i o f  bupropion via the m ethod described by Mehta.

Our laboratory synthesis of bupropion mirrored the same route as that of Mehta, but is shorter as 

the propiophenone 3.3 is now commercially available. Treatment of l-(3-chlorophenyl) propan- 

1-one 3.3 with bromine at room temperature in dry dichloromethane yielded the crude 

brominated ketone 3.4. Removal of excess bromine and dichloromethane in vacuo afforded the 

bromo derivative which was then used directly in the next stage of the synthesis. Coupling of r- 

butylamine to 3.4 in A^-methylpyrrolidone with gentle heating gave bupropion 3.5 in almost 

quantitative yield. After work up and purification, the free base was conveniently converted to 

the hydrochloride salt 3.6 by bubbling HCl gas through the freebase in a diethyl ether solution 

(Scheme 3,2).

Br t-b u N H 2 , N M P

RT, 30  min

3.3 3.4

60°C , 1 h

N H

Cl

H C I,(E t )2 0

3.5

Schem e 3.2 Synthe.'ii.'i o f  the hydrochloride .salt o f  bupropion.

62



T he 'H N M R  spectrum  o f  bupropion is show n  in Figure 3 .1 . T here is one large singlet at 1.16 

ppm  w hich  s ig n ifie s  the nine ch em ica lly  equ ivalent protons associated  w ith the /-butyl group. 

T he three m ethyl protons resonate as a doublet at 1.34 ppm  w h ile  the quartet at 4 .6 0  ppm  

represents the m ethine proton. T he broad peak at 5 .0ppm  can be attributed to  the N H  signal.
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Fif>iire 3 .1 'H NMR and '^C NMR spectra o f  bupropion hydrochloride 3.6 in deuterated methanol

T he m ass .spectrum o f  bupropion (F igure 3 .2 ) contains tw o  main fragm ents, 184 .0526  and  

166 .0 4 2 0  amu. T he first being  form ed from  neutral lo ss  o f  the t-butyl group and then  

subsequent dehydration to  g iv e  the ion  at 166 .0420  amu. T he m ost abundant ion is the 

m olecu lar ion (M +H ^) at 2 4 0 .1 1 5 3  amu, illustrated in F igure 3 .2 . T he lo ss  o f  /-butyl (-5 6  am u), 

w h ich  is seen for m ost prodrugs o f  bupropion is a com m on neutral lo ss  for these t-butylam ines.
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3.2 Overview of the chemistry of bupropion

From  our ow n published wort; and that outlined in C hap ter 2, it was show n that bupropion is 

susceptib le to  base cata lyzed  hydro lysis and oxidation to  four m ain degradation  products [ 154] 

under aqueous conditions. Synthetic m ethods that utilised non-aqueous alkaline conditions also 

caused ex tensive degradation. A t or above the pK a  of bupropion and especially  at elevated 

tem peratures, bupropion w as not stable. U nder acidic conditions, the opposite is true. W hen 

bupropion is ionised (protonated), that is at least tw o pK a  units below  its pK a, it is stable. The 

aqueous stability  study dem onstrated  stability  at elevated  tem peratures betw een pH 1-5. This 

w as also  true under non aqueous conditions especially  during the synthesis o f  the protected 

ketal o f  bupropion, the m ixture w as refluxed for over 60  h at tem peratures above 200 "C under 

strongly  acid ic catalytic conditions. Bupropion rem ained in tact for the course o f the reaction 

and no degradation  products w ere detected  by TLC.

D espite its m any therapeutic applications there is very little w ork published on prodrug form s o f 

bupropion or its active m etabolite hydroxybupropion. The prim ary aim  o f the w ork described in 

this C hapter is to devise suitable p rodrug form s o f  bupropion by exploiting  in particular its keto
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and amino functionalities. Although the keto group of bupropion can undergo the general 

reactions that typical aldehydes and ketones undergo, the neighbouring amino group and 

chlorine in the w /a -p o sitio n  on the aromatic ring has an effect on the reactivity of the keto 

carbon due to their electronic properties. The diminished reactivity of chloro-substituted ketones 

has been studied before by Kalendra and Sickles [155].

The t-butyl substituent on the amino group of bupropion renders it less nucleophilic than would 

be expected of a typical secondary amine due to steric factors and as we shall see later does not 

readily undergo typical reactions of secondary amines. The second factor that may affect the 

nucleophilicity of the amine in bupropion is the electron withdrawing effects o f the 

neighbouring carbonyl group.

In our hands, one method to improve the nucleophilicity of the amine of bupropion is to use 

alkaline conditions during substitution reactions. This has the effect of forming the enamine 

form of bupropion which is more nuclophilic than the keto form of bupropion. However, the 

drawback of this enhanced nucleophilicity in bupropion’s case is its inherent instability under 

alkaline conditions. As depicted in Scheme 3.3, the enamine form of bupropion has the ability 

to tautomerize to the imine form and result in hydrolysis to the corresponding a-hydroxyketone 

derivative of bupropion.

Schem e 3 .3  K eto-enol/enam ine-im ine tau tom ehsm  o f  bupropion

3.3 Prodrugs o f  bupropion

3.3.1 Prodrug formation at the amine site on bupropion

The main types of prodrugs associated with the amino group of known therapeutic agents are 

their carbamate and amide derivatives. Amides and carbamates prodrugs can be activated by the 

action of hydrolases. With bupropion, it is possible to acylate the amine or when in the e n d  

form, its hydroxy group. Although not widely used as a prodrug strategy, it is also possible to 

effect an jV-dealkylation step in vivo. With bupropion the amino group in principle can be 

readily alkylated with for example methyl and benzyl groups. Increasing bupropions’ lipophilic 

character may ultimately result in higher amounts of the drug permeating across the blood brain 

barrier to the site of action. Typically enzyme types like the flavin containing mono-oxygenases 

(FM O ’s) and cytochrome P450 oxidases, which are known to be present in brain tissue, have 

the ability to dealkylate tertiary lipophilic amines to the more hydrophilic secondary or primary 

parent amine.

C lC l C l
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3.3.2 Prodrug formation at the keto site on bupropion

W ith the keto-group the most appropriate prodrug derivatives are its oxim e and im ine 

derivatives. These are prone to hydrolysis by non-enzym atic m echanism s but have also been 

know n to be transform ed by endogenous enzym es back to the parent ketone.

Perhaps a less obvious functional group that can be derivatized  in bupropion lies from  the 

potential that bupropion is enolizab le (Schem e 3.4). Therefore the proton on the enol alcohol 

could  be alkylated  or esterified. Enol ethers and enol esters have been show n to be susceptible 

to enzym atic system s in vivo. 0 -dealkylation o r 0 -de-esteriflcation  o f  a prodrug is potentially  

possible, g iv ing back the enol that w ould tautom erize back to the ketone.

R= -C=OR (enol esters) 
-CH3 (enol ether)

Cl

NH

Cl

Scheme 3.4 Prodruf’s associated with the eiwlizalion o f  bupropion.

3.3.3 Double prodrug forms of bupropion

D ouble o r m ultistep prodrugs are ones that contain  tw o or m ore functional groups that after 

m etabolism  or hydrolysis in vivo  will release the active com pound. O ne such exam ple o f th is is 

X im elagatran  [156, 157], a double prodrug o f m elagatran. M elagatran  is an anticoagulant w hich 

w as expected  to replace w arfarin  and aspirin in som e therapeutic settings, such as deep vein 

throm bosis, prevention o f secondary venous th rom boem bolism  and com plications o f atrial 

fibrillation such as stroke. It is the prodrug that is dealkylated  and dehydroxylated  m ainly in the 

liver and acts as a d irect throm bin inhibitor.

v.-OH , , 0 H

esterases A'-hydroxy-melagatranximelagatran

N-reduction N-reduction

estcrasei

ethyl-m elagatran melagatran

Figure 3.3 The multistep prodrug ximelagatran. Adapted from  Clement 11581
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The potential for more than one prodrug derivatization of the functional groups of bupropion 

could lead to a potential double prodrug of bupropion. Derivatization of both the keto- and 

amino-group in the same molecular structure, would lead to multistep prodrug compounds such 

as those presented in Scheme 3.5. A double prodrug may have higher lipophilicity and should 

traverse membranes such as the intestinal mucosa and blood brain barrier more efficiently than 

a less lipophilic drug.

Conversely, the increased lipophilicity would increase the drugs probability to metabolic 

conversion to a more hydrophilic metabolite which may render it inactive. It is also more 

difficult to predict the metabolic transformations and statistically more difficult to get back the 

parent compound from a double or multistep prodrug. Double prodrugs can be broken down in 

the body sequentially or in tandem either hydrolytically or enzymatically or both.

Cl

R = -CHY R, =H

Scheme 3.5 Potential double prodrugs of bupropion

3.3.4 Carbamate type prodrugs of bupropion

Carbamates are widely used as prodrugs for alcohols and amines. The antihistamine agent 

loratadine, is one such example which undergoes a CYP450-mediated conversion in vivo to 

desloratadine [159]. Although hydrolysis, followed by spontaneous decarboxylation, is the 

likely mechanism leading to desloratadine, there is evidence that, in human liver microsomes its 

formation is catalyzed primarily by the CYP3A4 and CYP2D6 isozymes (Figure 3.4). 

Carbamates have also been shown to be hydrolysed by hydrolase enzymes [160].
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Loratadine
Descarboethoxyloratadine

Figure 3.4 The carhumate pw driig  loratadine. A dapted from  Zhang 11611 

3.3.4.1 Carbamates via derivatization o f  bupropion directly

Carbamates are generally easily prepared by treatment of the primary or secondary amine with 

the corresponding chloroformate in the presence of a tertiary base [162]. Attempts were made to 

furnish carbamate derivatives of bupropion 3.5  by treating it with methyl and benzyl 

chloroformates in the presence of diisopropylethylamine, MA^-dimethylaminopyridine as 

catalyst in dry DCM at room temperature as well as by conducting the reaction at elevated 

temperatures or by using microwave conditions but all were unsuccessful (Scheme 3.6). The 

reagent di-re/7-butyi-dicarbonate was also used under similar conventional and microwave 

conditions but again there was no reaction. The inability of the amino group of bupropion to 

react with either chloroformates or di-/erf-butyI-dicarbonate may be attributed to the reduced 

nucleophilicity of this particular amine. In an effort to increase the reactivity o f the amine in 

bupropion, the neighbouring carbonyl was converted to the ketal 3.8. This reaction was difficult 

to initiate and reproduce. The strictly anhydrous conditions of the reaction, the very high 

temperatures used and constant replacement of reagents over time was difficult to reproduce. 

This reaction was eventually optimized under Dean Stark conditions using sulphuric acid as 

catalyst, toluene as solvent and ethylene glycol as the ketal reagent.

C1(C=0)0R, DIPEA, 
DMAP,DCM, A .

(b o c )20, t e a

THF, DMAP, A ci
3.7 R = Me, benzyl

Ethanediol, H* 
Toulene, reflux, 60 h

O (C=0)Cl2, TEA 
ACN, 0°C, 2 h

N

>T

(C=0)Cl2, TEA 
ACN, 0°C, 2 h 
 ^  ► •Cl

Cl Cl Cl
3.S 3.9

Scheme 3.6 A ttem pted synthe.^is o f a carbam ate type potential prodrug o f bupropion.



The successful synthesis of J.S was confirmed by 'H NMR by the appearance of two multiplets 

at 3.72-4.10 ppm each representing the two methylene protons on the dioxolane ring (Figure 

3.5) as well as the disappearance of the carbonyl signal and the presence of the two methylene 

signals at 64.3 and 64.5 ppm in the ' ̂ C spectrum of the ketal 3.8.
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Figure 3.5 'H NMR, ^^CNMR and DEPT 135 spectrum o f  the ketal o f  bupropion 3,8

Treatment of 3,8 under the conditions described above with bupropion failed to secure any of

the desired carbamates. Our focus then turned to a two step procedure to secure the carbamate

based prodrugs. The first step was to use phosgene to form the chloride derivative 3.9 and then

it was hypothesised that treatment of this intermediate with a variety of alcohols should in

principle secure the desired carbamates. However treatment of the ketal 3.8 with phosgene in
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dichloromethane using triethylamine as base under a nitrogen atmosphere at 0‘’C afforded the 

cyclic carbamate 3.10.as> a mixture of stereoisomers as evidenced by TLC, HPLC and NMR 

analysis of the purified diastereoisomeric products 3.10 a and b (Scheme 3.7).

(C=0)Cl2, TEA 
NH ACN, 0°C, 2 h

Cl
3.8 3.10

Scheme 3 .7 Synthesis o f  3.10

When the 'HNMR spectrum of 3.10a was compared to the ketal 3.8 there were significant 

differences. Firstly the singlet from the t-butyl protons shifted from 0.93 to 1.47 ppm perhaps 

indicating coupling of an electron withdrawing carbonyl group to the amine while the methine 

signal also shifted from 3.00 to 3.40 ppm. Due to ring strain one of the 2H multiplets of the 

ketal has been split into two single proton multiplets on the dioxolane ring. The ' ’CNMR shows 

a significant shift in one of the methylene peaks when compared to the spectrum of 3.8, the peak 

at 64.3 ppm has shifted to 43.1 ppm. The HRMS spectra of the two isomers showed two peaks, 

one from the protonated form and the other from the sodium adduct. The most abundant 

molecular ion peak was from the sodium adduct. The actual mass found was (M+H)* = 

346.0915 and (M+Na)^ = 368.0806, theoretical mass (M+H)* = 346.0971 and (M+Na)"^ = 

368.0796 respectively.
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3.3.4.2 Carbamates via conjugation o f  benzyl tert butyl carbamate

Having failed to secure the desired carbamates by directly treating bupropion with a range of 

chloroformates, our attention turned to the idea of A^-alkylating the bromo-ketone 3.4  with the 

carbamate 3.13, which was readily furnished following treatment of benzyl chloroformate with 

/-butylamine (Scheme 3.8).

D I P E A ,  D C M

Scheme 3.H Synthesis ofbeiiz.yl leri butyl carbamate

Coupling of 3.13  to 3.4  was unsuccessful at room temperature and at elevated temperatures 

using DIPEA as base and DCM as solvent. Changing the solvent to acetonitrile or DMF and 

employing CsiCO i and NaH as bases also failed to furnish the desired product 3.14  (Scheme 

3.9).

O

D I P E A ,  D C M  

D I P E A ,  A C N  

C S 2 C O 3 , A C N

3.13

N a H .  D M F

R e f lu x ,  1 2  h

3.14

Scheme 3.9 Attem pted synthesis o f  a benzyl carbamate prodrug o f  bupropion

This alkylation step was also attempted with the ketal 3.15  using the same solvent/base systems 

but again there was no reaction (Scheme 3.10).

3.13

D I P E A , D C M  

D I P E A , A C N  

C S 2 C O 3 , A C N  

N a H ,  D M F

R e f lu x ,  1 2  h

3.15 3.16

Scheme 3.10 Attempted synthesis o f  ketal protected  benzyl carbam ate prodrug o f  bupropion
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3.3A .3 A cyclic carbamate o f  bupropion (oxazole)

As oxazolidine prodrugs of ephedrine have been synthesised [104, 163], we hypothesised that 

using the method akin to that which resulted in the formation o f the cyclic carbamate 3.10 a and 

b, that it might be possible to furnish the oxazolone J .7/.Treatm ent of bupropion 3.5 with 

phosgene in acetonitrile with triethylamine base at low temperature readily afforded the cyclic 

oxazolone 3.17  (Scheme 3.11). Indeed this compound has been synthesised previously by 

Hamad et a/.. [119] for a different application.

(C=0)Cl2, TEA, ACN
NH

0°C, 2 h

ClCl

Scheme 3 .1 1 Synthesis o f  an oxazolone type potential prodrug o f  bupropion.

The 'HNM R spectrum of 3.17  (Figure 3.7) is uncomplicated as aside from the aromatic protons 

there are only two chemically different proton groups in the molecule. The t-butyl protons can 

be seen as one large singlet at 1.60 ppm while the methyl protons are also seen to resonate as a 

singlet at 2.30 ppm. The ' ’CNMR spectrum is free from the carbonyl signal usually seen in 

bupropion above 200 ppm signifying removal of the aryl ketone group. This has been replaced 

by the carbonyl signal of the oxazolone moiety at 153 ppm. The HRMS confirmed the presence 

of the oxazolone with the M+1 ion at 266.0942 amu.
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Figure 3 .7  ^HNMR and '̂^CNMR o f  the cyclic carbam ate oxazolone 3.17 type procJntg o f  bupropion in 

deuterated chloroform

3.3.5 Preparation of a double prodrug by acylation of bupropion

While in principle one might anticipate that treatment of bupropion with an acylation reagent 

might only furnish the corresponding amide derivative, it is also conceivable that under the 

conditions used the enolacyl ester derivative may also form. There are numerous examples of 

ester- and amide based prodrugs in the literature, but the idea of using both approaches in a 

single drug is a novel concept. Recent examples of amide-based prodrugs for neurological 

applications include docarpamine which has been shown to be converted back to dopamine 

when given orally [164].

In our situation the most appropriate route to double prodrugs of 3.5 is by its treatment with the 

corresponding anhydride in the presence of a tertiary base [162] (Scheme 3.12). The first 

approach used was by treatment of 3.5 with acetic anhydride, DMAP and TEA in acetonitrile at 

room temperature. This approach furnished the desired prodrug 3.18 in a poor yield and resulted 

in the formation of several degradation products of bupropion. This reaction was optimized by

74



simply using acetic anhydride as solvent and by conducting the reaction at -20"C. Generally 

both the syn and anti isomers formed as illustrated in the ‘H, ’ ’CNMR and LC-MS spectra o f 

3.18 (Figure 3.8 and Figure 3.9).

O

(A c )2 0 , t e a , d m a p  

-20°C, 1 2 h 

Cl

3.5 -̂18

Scheme 3.12 The synthesis o f a potential amide prodrug o f bupropion.
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Figure 3.8 'H  NMR o f 3.18 shows the two isomers incompletely resolved. Peak singlet at 1.51 ppm 

indicates t-hutyl protons, 1.98 ppm singlet -C H j protons, 2.12-2.15 ppm 2xAcetyl group protons. '~’C 

NMR o f 3.18 shows twice the number o f carbons present that should be pre.Kent, indicating two isomers 

pre.sent.
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The positive electrospray fragmentation spectrum o f 3.18 (Figure 3.9) has two main molecular 

ions, one from the sodium adduct (M+Na^) = 346.1173 and one from the protonated species 

(M+H^) = 324.1359. The main fragment from the molecular ion is from the neutral loss of one 

of the acetyl groups leaving a fragment ion at 282.1255. Neutral loss o f the t-butyl group leaves 

the protonated secondary amide at 268.0731 and loss of both the acetyl and t-butyl group o ff the 

amine results in the protonated primary amine at 226.0626.
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Figure 3.9 Shows an LC-MS chromatogram o f 3.18. and the proposed + ESI fragmentation pathway o f 

3.1H. The LC-plot shows asymmetry o f the purified peak, which may indicate the presence o f two isomers.
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3.3.6 N-alkylation of bupropion

Some secondary and tertiary alicyl amines are reported to undergo dealkylation mediated by 

MAO-B to an amine and the corresponding aldehyde or ketone [165]. This has been 

investigated as a prodrug approach for the CNS active agent 2-phenylethylamine (PEA). In 

comparison with the free drug, A^,A^-dipropargyl-2-phenylethylamine and yV-propargyl-2- 

phenylethylamine produced increased levels of PEA in the brain o f rats following oral 

administration [166, 167].

Methylation of amino groups is commonly carried out by reacting the appropriate amine with a 

an alkylating reagent such methyl iodide or dimethyl sulphate under basic conditions or by 

treatment of the amine with formaldehyde in formic acid [168].

In our situation bupropion 3.5  was A^-methylated with methyl iodide in the presence of 

diisopropylethylamine and acetonitrile at room temperature to form 3 . 19 . It was important to 

use a weak base as the use of stronger bases such as sodium hydride or lithium disipropylamide 

may cause alkylation at either the oxygen or alpha carbon due to enolization. Treatment of 3.19  

with HCI gas in diethyl ether afforded the hydrochloride salt 3.20  (Scheme 3.13).

CH3 I, DIPEA, ACN
NH CH

RT, 12 h

3 .193 .5

NH,
CH

Cl

3 .2 0

Schem e 3 .13  Synlhesis o f  the N -a lky la ted  p o ten tia l p ro d ru g  o f  bupropion . N -m ethyl bupropion.

The ‘HNMR spectrum of 3.19  is similar to bupropion except for the addition of a singlet at 2.18 

ppm which signifies alkylation of the amine with the methyl group. Like bupropion, it has one 

large singlet at 1.20 ppm relating to the nine t-butyl protons, a doublet at 1.27 ppm which is the 

methyl group adjacent to the alpha carbon and then one quartet which is the alpha proton 

adjacent to the methyl group. The ’’CNM R spectrum of yV-methyl bupropion contains the extra 

methyl carbon signal at 28.7 ppm.
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3.3.7 Oxime type prodrugs of bupropion 

3.3.7.1 Hydroxyimine o f bupropion

Oxime/hydroxyimine type prodrugs are a popular method for masking the reactivity of the 

carbonyl group of drug substances. As examples Buparvaquone hydroxyimine [112] and 

nabumetone hydroxyimine [113] are such examples both readily oxidized by CYP3A4 back to 

the parent ketone.

Bupropion 3.5 was initially converted to the hydroxyimine 3.21 by treatment with 

hydroxylamine hydrochloride in the presence of sodium acetate and ethanol under reflux 

conditions. This reaction was slow and yields were low due to degradation of bupropion under 

alkaline conditions. The yield was improved by removing the solvent and using pyridine as 

solvent/base under mild heating conditions (vScheme 3.14). The turnover of bupropion to the 

hydroxyimine was faster and less degradation of the parent compound was seen to occur using 

this method. As expected both the syn and anti isomers of 3.21 formed which were readily 

separated by flash column chromatography. This is most likely due to the fact that the syn
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isomer can hydrogen bond to the neighbouring amino group. Perhaps surprising, there was no 

significant difference in the ‘H and ‘^CNMR spectra of the two isomers. This may be due in part 

to the fact that the proton on the hydroxyimine group is exchangeable and therefore was not 

seen in the 'HNMR. This proton signal would have shown the difference between the syn and 

anti isomers as the proton from the isomer that is intramolecularly hydrogen bonded would see a 

significant chemical shift over the isomer that was not hydrogen bonded.

,0 H

NH

3.5Cl

NH2OH, Pyr 

60°C, 2 h

(E/Z)

3.21

Scheme 3.14 Synthesis o f  the potentia l hydroxyim ine prodrug o f  bupropion.

The 'HNMR spectrum o f the hydroxyimine o f bupropion 3.21 shows no significant difference 

to bupropion as the exchangeable protons are not present. The ’ ’CNMR spectrum of the 

hydroxyimine 3.21 shows that the carbonyl signal in the parent compound above 200 ppm is no 

longer present. The addition o f a new signal in the aromatic region confirms the imine carbon is 

pre.sent. This carbon has significant aromatic character due to its unsaturation.
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Figure 3.12 '̂^CNMR o f the hydroxyimine potential prodrug o f  bupropion 3.21

3,3.7,2 Synthesis o f  potential double prodrug by form ation o f  an oxadiazine derivative o f

the oxime 3,21

Having succeeded with the synthesis of oxime 5.27, it was felt that treatment of this oxime with 

formaldehyde and a catalytic amount of/?-toIuenesulfonic acid one could bridge the amine and 

hydroxyimine with a methylene group to form 3,23, a potential double prodrug of bupropion. 

Treatment of the hydroxyimine 3.21 with paraformaldehyde in ethanol using/?-toluenesulfonic 

acid under reflux yielded the oxadiazine 3.23 (Scheme 3.15).

. .  O .
Paraformaldehyde, 
p-TSA, EtOH

Reflux, 8 h

Cl 

J.2/

Scheme 3.15 Synlliesis o f  the double prodrug oxadiazine o f  bupropion

The 'H N M R spectrum of the oxadiazine of bupropion 3.23 contains one singlet at 1.26 ppm for 

the 9 t-butyl protons, a doublet at 1.30 ppm for the 3 methyl protons, a quartet at 3.90 ppm 

which represent the methine proton and two doublets at 4.8 and 5.2 ppm for the methylene 

hydrogens. The '^CNMR spectrum of the oxadiazine of bupropion 3.23 shows the additional 

methylene carbon signal at 75.2 ppm.
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As oxodioxolones are readily hydrolysed back to the parent drug [169], we envisaged in an 

analogous fashion that perhaps the oxadiazinone derivative 3.24 of bupropion may also be 

converted back to bupropion in vivo. Treatment o f the hydroxyimine 3.21 with phosgene in dry 

dichloromethane and triethylamine gave the ring closed oxadiazinone 3.24 (Scheme 3.16).

«  h - ^  r>  r -  o  
<0 o ) <n h -  00 h - 
CO ^  o  to  ^  o> CM ^

o>
O  CM Csl M  M

150 100 50 [ppm]

(C=0)Cl2, TEA, DCM 
0°C. 2 h

3.21 3,24

Scheme 3.16 Synthe.sis o f  the double p rodrug o.xadiazinone o f bupropion

The 'H  NMR spectrum o f the oxadiazinone o f bupropion 3.24 is shown in Figure 3.14. The t- 

butyl singlet integrating as nine protons has been shifted downfield (1.6 ppm) due to its 

proximity to the carbonyl group. The methyl doublet is seen at 1.45 ppm and the single a- 

proton adjacent to the methyl group is split into a quartet, indicating the double bond on the 

oxadiazinone ring is between the carbon and nitrogen of the oxime group. The '^CNMR 

spectrum of the oxadiazinone shows the oxadiazinone carbonyl peak at 160.3 ppm.

81



le s t

lO lO ^  C7 
M  CO » -  CO tr  o

to -

(D -

GM

8 [ppm]6 4 2

C l iD to^  - 0 > u >
W

- CM o
_ O

(D  - to in
-

^  — 1
O  -

lo ^  h- <0 o  '<t^  UP If) rf r> o
< n o  o i  CO COCO o  o) a> o) 
^  ^  cn in c>
O  O  O  CM M  CM

,v

<nid oh- 0)o r -
h- h . 0\a c

ort

CO

I I I I I [ I I I I I I I I I I I 1------1----- 1----- 1 I

160 140 120 100 80 60
—I—I— I— I—]—I—I— I—
40 20 [ppm]

Figure 3 .1 4  ' HNM R a n d  '^CNMR o f  the p o ten tia l oxadiazinone double  prodru g  o f  bupropion 3.24  

S.3.7.3 Benzyl oxime o f  bupropion

Oximines, a substituted oxime, have also been shown to be viable prodrug alternatives to 

hydroxyimines. In the case of alprenolol, alprenoxime (the hydroxyimine prodrug) was shown 

to be readily transformed into the corresponding P-blocker [170]. An oximine analogue of 

alprenoxime was examined in an attempt to overcome the problem of low stability in aqueous 

solution. To this end, the methoxime analogue of alprenolol was prepared and evaluated. 

Stability in aqueous solution was greatly enhanced at neutral pH while topical administration to 

rabbits produced a decrease in intraocular pressure that had the same onset and intensity as that 

produced by alprenolol but lasted longer [171], The evidence presented indicated that the 

methoxime to ketone reaction was enzymatic. Hydrolysis by an unknown hydrolase as 

postulated by the authors is a valid assumption but others state that the transformation involves 

oxidative O-demethylation to the oxime followed by spontaneous hydrolysis o f the oxime to the 

ketone. Treatment of bupropion 3.5  with 0-benzyl hydroxylamine in pyridine at elevated 

temperatures yielded the benzyl oximine 3.22. This reaction was slower than the corresponding 

hydroxyimine reaction and hence more degradation of the starting material was observed. The 

two syn and anti isomers were observed as products. These could be observed by thin layer 

chromatographic analysis and the impurities were separated from 3.22 by flash column 

chromatography.
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i.5 3.22

Schem e 3 .1 7  The syn lhesis o f  a  benzyl oxim ine o f  bupropion

Important features of the ‘H NM R spectrum o f 3.22 are the benzyl -CHi- protons at 5.24 ppm 

and the additional aromatic protons at 7.29-7.36 ppm.
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F igure 3 .1 5  'HNM R o f  the ben zy l oxim e d eriva tive  o f  bupropion  3 .22
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3.3.8 Imine prodrugs of bupropion

An alkyl (phenylethylamine) and aryl (anisidine) imine derivative of bupropion was attempted 

in an effort to find a suitable prodrug presentation of this compound. Imines are liable to 

chemical hydrolysis back to the parent ketone and although being quite unstable, they have been 

used as prodrug groups. Chemically activated azomethine prodrugs of the reference histamine 

H3 receptor agonist R-a-methylhistamine have been evaluated, as well as enzymatically 

activated prodrugs (amide, esters and carbamates) [172, 173]. R-a-methylhistamine is a potent 

and selective histamine H3 receptor agonist, but its use is limited by insufficient peroral 

absorption, poor brain penetration and rapid metabolism, especially by histamine N- 

methyltransferase.

The synthesis of an imine prodrug of bupropion was attempted by the acid catalysed 

condensation of bupropion with phenylethylamine. An equimolar mixture of bupropion 3.5 and 

phenylethylamine 3.25 were refluxed in acetonitrile using />-toluenesulfonic acid as the acid 

catalyst. This reaction was also attempted under microwave conditions, 120"C for 10 min 

(Scheme 3.18). In both cases bupropion and phenylethylamine were used up in the reaction and 

two major products formed, as seen by TLC. These were possibly the syn and anti isomers o f an 

imine conjugate but it was not possible to isolate these products for characterization. One of the 

products decomposed on column during flash chromatography while the other product appeared 

to decompose during the drying step.

NH,NH

Cl

p-TSA, AON
NH

120°G, 10 min, MW

Cl

3.5 3.25 3.26

Scheme 3. Id Attempted synthesis of a potential imine prodrug of bupropion.

An alternative strategy was to prepare the aryl imine derivative as these are known to have 

better stability than alkyl imines due to extensive conjugation. Attempts were made to couple 

different aryl amines including o, m and /7-anisidine with bupropion but all were unsuccessful.

3.3.9 O-alkylated prodrugs of bupropion

0-alkylation can be used as a masking group for the ketone. 0-dealkylation is usually an 

enzymatic process and has been known to occur by both esterases [114] and P450 oxidative 

enzymes [117].
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Since bupropion can be ailcylated at three sites, the amino, the a-carbon and the oxygen during 

enolization, it was important to find a suitable protective group for the amine that could later be 

removed to provide the o-alkylated derivative o f bupropion. Under ideal circumstances, a 

carbamate would have been a good protective group due to its ease o f removal but as we have 

seen earlier in this chapter it was not possible to synthesize even a simple carbamate derivative 

of bupropion. Three protective group strategies were attempted in the synthesis of enol ethers of 

bupropion.

Scheme 3.19. Two were also double prodrug strategies, the benzyl and methyl. The TFA- 

protective group strategy was u.sed to protect the amine during synthesis o f the enol ether of 

bupropion.

Bupropion

a

CH;
CF.

CH.CF-

Cl

NH
Enol ether

Cl

Scheme 3.19 Protective group strategies fo r  the amine o f bupropion in order to synthesize double 

prodrugs o f bupropion and an enol ether o f bupropion, a) ACN, DIPEA. BnBr. reflux. 36 h, b) ACN. TEA. 

TFAA. RT. 15 min. c) ACN. DIPEA. CH_,I. RT. 12 h. d) NaH. CH,I. DMF, RT. 30 min. e) NaH. CH,,f. 

DMF. RT, 30 min, f )  DMF, NaH, CH,<I, RT, 2 h.
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3.3.9.1 D im ethylated double prodrug o f  bupropion

Treatment of N-methyl bupropion 3.19  with sodium hydride in dimethylformamide resulted in 

formation of the sodium enolate o f bupropion. The enolate was treated with a methylating 

reagent usually methyl iodide or dimethyl sulphate. Both approaches resulted in the successful 

synthesis of 3.27.

Cl

 ^  ^  (E/Z)
RT II I I

60 min
Cl 3.27

Scheme 3.20 The synihe.sis o f  dim ethylated bupropion

The most important feature of the 'HNM R spectrum of 3.27  is the extra singlet at 3.39 ppm due 

to the methoxy-enol group. The methyl group at 2.48 ppm has collapsed from a doublet into a 

singlet due to the enol presentation of 3.27. The ' ’CNM R has most importantly lost the signal at 

205 ppm signifying the removal o f the carbonyl group.
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Figure 3.16 'HNMR and ''^CNMR spectra o f  N-methyl 0-m ethyl bupropion 3.27 in deuterated chloroform
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The introduction of the double bond in the form of the enol, brings the possibility of forming 

both the E and Z isomers. W hile there was little evidence by 'HNM R and ‘^CNMR spectral 

data, the LC-MS chromatogram of the dimethylated product 3.27 (Figure 3.17) clearly shows 

that the two isomers are present.
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Figure 3.17 An LC-MS chromatogram o f  dimethyl bupropion 3.27  

3.3.9.2 N-benzyl 0 -m eth yl double prodrug o f  bupropion

Bupropion 3.5  was benzylated to 3.31 by treatment of the amine with benzyl bromide in 

diisopropylethylamine in acetonitrile, Scheme 3.21. The mixture was retluxed for 5 days but the 

reaction did not go to completion (~ 50 % yield). Increasing the amount o f benzyl bromide did 

not improve the yield, so microwave conditions were evaluated. This improved the yield 

slightly and had the advantage of greatly improving the reaction time.

BnBr
DIPEA
ACN

160°C 
MW 
60 min

Scheme 3.21 The synthesi.s o f  0-m ethyl N-henzyl bupropion
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The 'HNMR spectrum of A^-benzyl bupropion 3.31 is presented in Figure 3.18. The nine t-butyl 

protons are seen in the large singlet at 1.2 ppm, followed by the methyl doublet at 1.4 ppm. The 

two benzylic protons are seen as a double doublet at approximately 4.0 ppm and the quartet at 

4,7 ppm signifies the a-proton to the keto group. The ' ’CNMR spectrum of /V-benzyl bupropion 

3.31 contains ten chemically distinct carbon nuclei in the aromatic region. The ketone carbon 

can clearly be seen still present at 201 ppm.
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F igure 3.18 The 'H N M R  and '^CNMR o f  N-benzyl bupropion 3.31.

A^-benzyl bupropion 3.31 was converted to the 0-methyl analogue 3.32 by treatment with 

methyl iodide or dimethyl sulphate in the presence o f sodium hydride. The ketone was 

converted to the enolate with sodium hydride in dimethylformamide followed by addition o f the 

methylating reagent. Scheme 3.22.
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Schem e 3 .22  Synthesis o f  N -henzyl O -m ethyl bupropion

The 'HNMR spectrum of the 0-methylated A^-benzylated product 3.32 shows the addition of a 

singlet at 3.2 ppm indicating the three methyl protons on the methyl enol ether group. The 

quartet at 4.7 ppm has been removed and the doublet of the methyl group has collapsed into a 

singlet indicating the unstauration of the enol double bond. There is no evidence of the two E/Z 

isomers present in the proton 'HNMR spectrum. The ” CNMR spectrum does not contain the 

keto-group carbon, indicating successful methylation at the oxygen.
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F igure 3 .1 9  'HNMR a n d  '^CNMR spec tra  o f  N -benzyl p ro te c ted  m ethyl enol e th er o f  bupropion  3 .32  in 

d eu tera ted  chloroform



3.3.9.3 Attem pted synthesis o f  an 0-m ethylenol prodrug o f  bupropion 

The initial step towards the synthesis o f this prodrug required us to protect the amine group as a 

trifluoroacetamide derivative. Simple amides are generally prepared from the acid chloride or 

anhydride. There are also numerous other coupling agents and methodologies that have been 

developed for amide formation [174], Amides are generally stable to acidic and basic 

hydrolysis, and they are classically hydrolysed by heating in strongly acidic or basic solutions. 

Among simple amides, hydrolytic stability increases from formyl > acetyl > benzoyl. Lability of 

haloacetyl derivatives to mild acid hydrolysis increases with substitution; acetyl < chloroacetyl 

< dichloroacetyl < trichloroacetyl < tritluoroacetyl [162]. Protection of amines as 

trifluoroacetamides is one of the more useful amine protecting groups because of the ease in 

which it can be removed under mildly basic conditions. The normal methods for TFA 

introduction is by treatment of the amine with an activated form of TFA such as trifluoroacetic 

anhydride (TFAA) or the ethyl ester derivative of trifluoroacetic acid under basic conditions in a 

polar aprotic solvent.

Protection of bupropion via a trifluroacetamide was performed by treatment of bupropion 3.5 

with TFAA with triethylamine as base in dichloromethane at room temperature (Scheme 3.23). 

The reaction was almost instantaneous but was left stirring for 30 minutes to ensure complete 

conversion to the TFA derivative. Unlike treatment of bupropion with acetic anhydride. TFA 

acetylation only occurred at one site on bupropion, the amino group. This was confirmed by one 

'‘'FNM R signal in the spectrum at -67.87 ppm. The 'HNM R spectrum of 3.29  showed the t- 

butyl group shifting slightly downfield to 1.40 ppm due to the strongly electronegative TFA 

group attached. The methyl group resonated as a doublet and the methine proton quartet 

remained which provided evidence that the structure was in its keto-form. This was confirmed 

by the ' ’CNMR spectrum were the carbonyl signal was seen still present at 206 ppm.

CF.

RT
30 min

Cl 3.29

NH

Cl 3.5

Scheme 3.23 Synthesis o f  TFA-protected bupropion

Treatment of 3.29  with either methyl iodide or dimethyl sulphate using bases such as sodium 

hydride in DM F or potassium re/t-butoxide in HMPA afforded 3.30  after work-up and 

purification by flash column chromatography. As expected, both E and Z isomers formed. It 

was not possible to separate these isomers by flash column chromatography as there was no 

selectivity between these isomers by normal phase chromatographic methods. Therefore both 

isomers can be seen as a mixture when analysed by NMR, Scheme 3.24.
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CH3I
NaH
DMF

RT 
1 h E/Z

3.29 3.30

Scheme 3.24 Synthesis o fN -T F A  O-methyl bupropion

The 'HNMR spectrum o f 3.30 clearly has two sets of peaks with an isomeric ratio of 

approximately 2:1. The addition of a new singlet representing the enol ether methyl group at 

approximately 3.2 ppm provides evidence o f the (9-methyiated derivative. The quartet usually 

associated with the a-proton has disappeared, giving evidence o f an enol ether double bond in 

the molecule. The doublet usually as.sociated with the methyl group has collapsed into a singlet 

confirming removal o f the methine proton. This signal has also shifted slightly downfield to 1.7 

ppm. As expected the ' ‘̂ CNMR spectrum o f 3.30 has twice the number o f carbon peaks 

indicating the presence of the ElZ isomers. The '‘̂ FNMR spectrum also confirms the presence of 

the two isomers.

CF

O  _
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[ppm]6 24

F igure 3.20 'H N M R  .spectrum o f  3.30
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Figure 3.21 '^CNMR and ''^FNMR spectra o f  3.30

There are numerous methods for the deprotection of TFA amide groups. Most methods employ 

basic conditions for its removal. In the case o f 3.30, the methods used to remove the TFA group 

are summarized in Table 3.1. Regardless o f the conditions employed the TFA group resisted 

removal.
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CF.

3.30Cl

 K  ►

Cl 3.28

Schem e 3 .25  A ttem pted  rem oval o f  the triflu roacetyl p ro tec tin g  group

Reagent Solvent Temperature / 

Time

Reference

Potassium Carbonate M eOH/H.O RT-reflux 

24 h

[175]

Lithium hydroxide TH F/ M eOH/H.O RT-reflux 

24 h

[176]

Potassium H.O RT-reflux [177]

hydroxide/EtiBnNH 4 Cl 24h

NH_, Methanol RT 

24 h

[178]

KOH/Et,BnNBr H.O/DCM RT 

24 h

[177]

0.2M  Ba(OH ) 2 Methanol RT-reflux 

24 h

[179]

NaBH4 Ethanol RT-reflux 

24 h

[180]

HCI (conc) MeOH RT-reflux 

24 h

[181]

Table 3 .1 D epro tection  stra teg ies  f o r  N-TFA O -M e analogu e o f  bupropion 3 .30
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3.4 Conclusion

This chapter describes the synthesis of potential prodrugs of bupropion. Scheme 3.26 

summarises the successful syntheses leading to derivatives that may be transformed to 

bupropion in vivo. A number of prodrug types were successfully synthesized and fully 

characterised by spectroscopic methods. Some o f the analogues are simple mono-prodrugs such 

as the amide, hydroxyimine, A'-methylated and A^-benzylated types. Others are more complex 

such as the oxazolone, oxadiazine, oxadiazinone and diacetyl enol amide, and may require a 

multistep prodrug pathway to return to them to the parent compound, bupropion.

The next phase of the project focuses on implementing appropriate in vitro screening tools to 

monitor the conversion of these potential prodrugs back to bupropion. It is hoped that these 

methods will mirror the behaviour of these compounds in vivo.
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Scheme 3.26 Summary o f  successful synthesis o f  potential prodrugs o f  bupropion.

a) DCM, Srj, RT, 30 min, b) NMP, t-hutylamine, 6 ff’C, I h, c) ACN, DIPEA, BnBr, reflux, 36 h, d) Py, 

NH2 OH, reflux, 2 h, e) A c O .  TEA. DMAP, -2 0 ’C, 12 h f )  NaH, CHjI, DMF. R T  30 min, g) EtOH, p-  

TSA, paraformaldehyde, reflux, 8  h, h) DCM, TEA. phosgene, O’C, 2 h, i) Toluene, H2 SO4 , Ethanediol, 

reflux, 60 h, j )  ACN, DIPEA, CH,I. RT. 12 h, k) ACN. TEA, phosgene, 0 ‘C, 2 h. I) DCM, TEA, phosgene, 

Ct'C, 2 h, m) DMF, NaH. C H il  RT, 2 h.
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3.5 Experimental

3.5.1 Reagents and chemicals

B upropion hydrobrom ide reference standard w as supplied from  B iovail T ech n o lo g ies  Ireland 

Ltd, C ityw est B u sin ess C am pus, D ublin  24 , Ireland. P ooled  human liver m icrosom es, pooled  

hum an intestinal m icrosom es, gu inea pig S9  fraction, and N A D P  regenerating so lu tions were 

supplied  by B D B io sc ien ces , 1 B ecton  D rive, Franklin L akes, NJ, U S A , 0 7 4 1 7 . Citrated human  

plasm a w as obtained from  healthy m ale and fem ale volunteers from the S ch oo l o f  Pharmacy  

and Pharm aceutical S c ien ces , Trinity C o lleg e , D ublin. L C -M S grade so lven ts w ere purchased  

from  Fisher Scien tific  Ireland. Pepsin , from  porcine stom ach m ucosa, w ith an activ ity  o f  80 0  to 

2 5 0 0  units per m g o f  protein (S igm a-A ldrich  catalogue num ber P 7000). Pancreatin (S igm a- 

A ldrich  ca ta logue num ber P 8096 ). Phosphate buffered saline tablets, (S igm a-A ldrich  catalogue  

num ber P 4 4 I7 ). HPLC grade so lven ts and all other reagents were analytical grade and 

purchased from  S igm a A ldrich Ireland. Bupropion hydrochloride reference standard and its 

m etabolite standards w ere purchased from  T oronto R esearch C hem icals, 2  Brisbane Road, 

N orth Y ork, O ntario, C anada, M 3J 2J8.

3.5.2 Instrumentation

C hrom atographic an alysis w as carried out on a T herm o A cce la  liquid chrom atograph. The 

detector w as a T herm o LTQ -X L-O rbitrap D iscovery  m ass spectrom eter. C entrifugation w as 

carried out on an lE C  M icrom ax centrifugator. V ortex m ixing w as carried out on a V elp  

S cien tifica  R x3 vortex m ixer. Standards w ere stored in a T herm o Forma -80"C U L T  freezer. 

Infra-red (IR) spectra w ere obtained using a N ico le t 205  FT Infra-red spectrom eter. Band 

p osition s are g iven  in cm  '. S o lid  IR test sam ples w ere obtained as KBr d iscs; o ils  were 

analysed  as neat film s on N aC l plates. 'H and '^C N M R  spectra w ere recorded at 27"C on a 

Bruker D P X  4 0 0  M H z FT N M R  spectrom eter (40 0 .1 3 M H z 'H, 100 .61M H z '’C ), in either 

C D C 1.1 (tetram ethylsilane as internal standard) or C D 3 O D . For C D C li, 'H N M R  spectra were  

assign ed  relative to the T M S peak at 0 .0 0  8  and '’C N M R  spectra w ere assign ed  relative to  the 

m iddle C D C I3  triplet at 77 .00ppm . For C D 3 O D , 'H and '’C N M R  spectra w ere assigned  relative 

to the centre peaks o f  C D 3 O D  m ultip lets at 3 .30  8  and 4 9 .0 0  ppm resp ectively . C oupling  

constants are reported in Hertz. For 'H N M R  assignm ents, chem ical sh ifts are reported: shift 

va lu es (num ber o f  protons, description  o f  absorption, cou p lin g  constant(s) w here applicable, 

proton assignm ent). H igh resolution  m ass spectra were obtained on a T herm o LTQ  XL-Orbitrap  

d iscovery  at the S ch oo l o f  Pharm acy and Pharm aceutical S c ien ces , Trinity C o llege  D ublin. 

Flash colum n chrom atography w as carried out on M erck S ilica  G el 60  (particle size  0 .040 -  

0 .0 6 3 m m ). Thin Layer C hrom atography (T L C ) w as carried out on M erck S ilica  gel F 254  plates.
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3.5.3 Synthesis of 2-bromo-l-(3-chlorophenyl) propan-l-one (3,4)

To a stirred solution of 3.3 (10.0 g, 59.3 mmol) in dichloromethane (50 mL) in a round 

bottomed flask was added dropwise 1.0 M Br2 in dichloromethane until the bromine colour 

remained. The residual dichloromethane and bromine was removed under vacuum to afford a 

brown oil. The brown oil was found to be pure by TLC analysis. (15g, 99 % yield). 'HNMR 8 

(CDCl,): 1.90-1.92 (d, 3H, J = 6.71 Hz, -CH.,), 5.22-5.27 (q, IH, J = 6.59 and 6.97 Hz, -CH), 

7.42-7.46 (t, IH, J = 7.97 Hz, Ar-H), 7.56-7.58 (d, IH, J = 8.04 Hz, Ar-H), 7.89-7.91 (d, IH, J =

8.04 Hz, Ar-H), 7.99-8.00 (t, IH, J = 1.75 Hz, Ar-H). '’CNMR ppm (CDCl,): 19.5 (-CH,), 40.8 

(-CH-Br), 126.5, 128.5, 129.6, 133.1, 134.6, 135.1 (6 x Ar-C), 191.6 (-C =0). IR V™, (film): 

1682 (-C =0). LRMS (M-^H"); actual 246.95, found 247.1.

3.5.4 Synthesis of bupropion hydrochloride (3.6)

To a stirred solution of 3.4 (15.0g, 60.6 mmol) in N-Methyl-2-pyrroiidone (50 mL) in a round 

bottomed tlask was added t-butylamine hydrochloride (6.64 g, 6.06 mmol). The mixture was 

heated to 60 “C for 60 min. The contents of the flask were then transferred to a separating 

funnel, 25 mL of water was added, and the mixture was extracted three times with 25-mL 

portions of ether. The combined ether extracts were washed with tlve 25-mL portions of water 

and dried over anhydrous magnesium sulphate. HCl gas was bubbled through the ether extracts 

providing the HCl salt. The excess ether was removed under vacuum and the solid remaining 

was washed with ether. After drying, a white solid remained. (16.6g, 99 % yield). 'H NMR 5 

(CD,OD): 1.16 (s, 9H, -C(CH,).0, 1.34-1.36 (d, 3H, J = 7.13 Hz, -CH.,), 4.60-4.65 (q, IH, J = 

6.86 and 7.15 Hz, -CH), 7.62-8.14 (m, 4H, 4 x Ar-H). '^C NMR ppm (CD,OD): 22.8 (-CH.,), 

30.1 (-C(CH,).,), 53.0 (-C(CH,).,), 53.9 (-CH), 128.6, 130.0, 132.3, 135.2, 136.9, 138.2 (6 x Ar- 

C), 204.6 (-C =0). IR V„,,,(KBr): 2771 (NH), 1692 (-C =0). HRMS (M^-H"); actual 240.1150, 

found 240.1147.

3.5.5 Synthesis of a dioxolane of bupropion (3.8)

To a stirred solution of 3.5 (1.0 g, 3.1 mmol) in toluene (50 mL) in a double neck round

bottomed tlask was added ethanediol (2.0 mL, 32 mmol) and concentrated sulfuric acid (0.1

mL, 1.0 mmol). A dean stark apparatus was attached to the vertical neck of the flask and the

mixture was refluxed for 60 h at 200 "C. The high temperature was required in order for the

reaction to proceed as gentle reflux was not sufficient. Ethanediol and toluene were added to the

reaction mixture as required by the removal across the dean stark with water. An aqueous

solution of saturated sodium bicarbonate (10 mL) was added. The mixture was extracted with 3

x 10 mL portions o f ethyl acetate. The ethyl acetate washings were combined and dried over

anhydrous magnesium sulphate. The ethyl acetate was removed under vacuum. Methanol (10

mL) was added. With gentle stirring, sodium borohydride (0.1 g, 2.6 mmol) was added slowly,
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to convert any remaining ketone to the alcohol. This aided in the purification of the mixture. An 

aqueous solution of saturated sodium bicarbonate (10 mL) was added. The mixture was 

extracted with 3 x 1 0  mL portions of ethyl acetate. The ethyl acetate washings were combined 

and dried over anhydrous magnesium sulphate. Silicon dioxide (1 g) was added and the ethyl 

acetate removed under vacuum. This mixture was separated and purified into homogenous 

fractions by flash column chromatography using hexane : ethyl acetate (9:1) as mobile phase. 

The solvent was removed under vacuum. After drying, a clear oil remained, 0.6 g (68 %) yield. 

'H NMR 8 (CDCl,): 0.93 (s, 9H, -(CHjXi), 1.06-1.08 (d, 3H, J = 6.56 Hz, -CH.,), 2.99-3.04 (q, 

IH, J = 6.55 and 6.56 Hz, -CH), 3.72-3.83 (m, 2H, -CH,-), 3.40-4.10 (m, 2H, -CH.-), 7.25-7.50 

(m, 4H, 4 X Ar-H). ''C  NMR ppm: 18.7 (-CH,), 29.4 -C(CH,)3, 50.1 -C(CH.,)3, 53.4 -CH-, 64.3 

-CH,-, 64.5 -CH,-, 110.7 -CO,-, 124.8, 126.9, 127.3, 128.4, 133.1, 143.5 (6 x Ar-C). IR 

(film); 3462 (NH), 1175 (-CO,-). LRMS (M-hH"); actual 284.14, found 284.1.

3.5.6 Synthesis of a 8-membered ring cyclic carbamate of bupropion (3.10)

To a stirred solution of 3.8 (0.3 g, 1.0 mmol) in dry dichloromethane (5 mL) in a round 

bottomed tlask under a nitrogen atmosphere was added triethylamine (0.3 g, 3.0 mmol). The 

mixture was chilled to 0 "C and phosgene (20 % in toluene, 1.0 g, 2 mmol) was added dropwise. 

The mixture was allowed to equilibrate to room temperature over 2 h, A gentle stream of 

nitrogen gas was passed through the mixture to remove any residual phosgene. An aqueous 

solution of saturated sodium bicarbonate (10 mL) was added slowly. The mixture was extracted 

with 3 x 1 0  mL portions of diethyl ether. The diethyl ether washings were combined and dried 

over anhydrous magnesium sulphate. Silicon dioxide (1 g) was added and the diethyl ether 

removed under vacuum. This mixture was separated and purified into homogenous fractions by 

flash column chromatography using initially 100 % hexane, but with an increasing gradient of 

ethyl acetate as mobile phase. The solvent was removed under vacuum. After drying, two 

compounds remained, a colourless oil 0.12 g (35 %) yield, and a yellow oil 0.07 g (20 %) yield. 

Diastereomer 1; 'H NMR 5 (CDCl.,): 0.78-0.80 (d, 3H, J = 6.61 Hz, -CH,), 1.48 (s, 9H, - 

C(CH,),,), 3.38-3.45 (m. IH, -CH,-), 3.56-3.59 (m, 2H, -CH,-), 3.75-3.82 (m, IH, -CH,-), 3.96-

4.01 (q, IH, J = 6.61 and 6.61 Hz, -CH-), 7.37-7.52 (m, 4H, 4 x Ar-H). '-’C NMR ppm: 19.3 - 

CH.,, 28.2 -C(CH,).,, 43.1 -CH,-, 54.1 -C(CH,).,-, 61.4 -CH-, 63.6 -CH,-, 105.4 -C0C1-, 123.9, 

125.9, 129.6, 130.0, 134.9, 136.6 (6 x Ar-C), 153.8 (-C=0). IR V™, (KBr): 3330, 1729, 1263. 

LRMS (M-i-H*); actual 346.09, found 346.2.

Diastereomer 2; 'H NMR 5 (CDCl.,): 0.80-0.82 (d, 3H, J = 6.61 Hz, -CH,), 1.50 (s, 9H, - 

C(CH.,).,), 3.40-3.46 (m, IH, -CH,-), 3.59-3.62 (m, 2H, -CH2-), 3.90-3.86 (m. IH, -CH,-), 3.99- 

4.05 (m, IH, -CH-), 7.30-7.61 (m, 4H, 4 x Ar-H). ' ’C NMR ppm; 19.3 -CH,, 28.2 -C(CH.,).,,

43.1 -CH,-, 54.1 -C(CH.,).,-, 61.4 -CH-, 63.6 -CH,-, 105.4 -COC1-, 123.9, 125.9, 129.6, 130.0,
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134.6, 136,6 (6 x Ar-C), 153.8 (-C =0). IR (f'lm); 3333, 1735, 1251. LRMS (M+H"); 

actual 346.09, found 346.1.

3.5.7 Synthesis of the dioxolane brominated starting material (3.15)

To a stirred solution of 3.4 (1.0 g, 4.0 mmol) in toluene (20 mL) in a round bottomed tlask was 

added ethylene glycol (5 mL, 80 mmol) and a catalytic amount of p-toluenesulfonic acid. A 

dean stark apparatus with condenser was attached and the mixture was refluxed 3 hours. The 

toluene was removed under vacuum and a saturated solution of sodium bicarbonate was added 

(25 mL). The mixture was extracted with 3 x 1 0  mL portions of diethyl ether and the extracts 

were pooled and ether removed under vacuum. Methanol (25 mL) and .sodium borohydride 

(0.15 g, 4 mmol) were added. The methanol was reduced under vacuum and water (20 mL) was 

added. This mixture was extracted with 3 x 1 0  mL portions of diethyl ether and the extracts 

were pooled and ether removed under vacuum. This mixture was separated and purified into 

homogenous fractions by flash column chromatography on silica gel with a 100 % hexane 

mobile phase. After drying, the major product was a pale yellow oil, 0.69 g (75 %) yield. 'H 

NMR 6 (CDCh): 1.58-1.60 (d, 3H, J = 7.00 Hz, -CH,), 3.85-3.89 (m, 2H, -CH,-), 4.13-4.17 (m, 

2H, -CH.-), 4.30-4.36 (q, IH, J = 6.90 and 6.90 Hz, -CH-), 7.29-7.52 (m, 4H. 4 x Ar-H). "C 

NMR ppm; 20.8 -CH,, 53.5 -CH-, 65.7 -CH.-, 66.0 -CH.-, 108.8 -CO.-, 125.0, 127.0, 128.7, 

129.4, 134.0, 141.4 (6 X Ar-C).

3.5.8 Synthesis of the oxazolone of bupropion (3.17)

To a stirred solution of 3.5  (1.0 g, 3.1 mmol) in dry dichloromethane (30 mL) in a round 

bottomed flask under a nitrogen atmosphere was added triethylamine (1.7 g, 12.5 mmol). The 

mixture was chilled to 0 ”C and phosgene (20 % in toluene, 10 g, 20 mmol) was added 

dropwise. The mixture was allowed to equilibrate to room temperature over 2 h. A gentle stream 

of nitrogen gas was passed through the mixture to remove any residual phosgene. An aqueous 

solution of saturated sodium bicarbonate (10 mL) was added slowly. The mixture was extracted 

with 3 x 1 0  mL portions of diethyl ether. The diethyl ether washings were combined and dried 

over anhydrous magnesium sulphate. Silicon dioxide (1 g) was added and the diethyl ether 

removed under vacuum. This mixture was separated and purified into homogenous fractions by 

flash column chromatography using initially 100 % hexane, but with an increasing gradient of 

ethyl acetate as mobile phase. The solvent was removed under vacuum. After drying, a white 

solid remained, 0.6 g (73 %) yield. 'H NMR 5 (CDCl.,): 1.60 (s, 9H, -C(CH,)3), 2.30 (s, 3H, - 

CH,), 7.14-7.34 (m, 4H, 4 x Ar-H). ‘’C NMR ppm: 13.2 -CH,, 29.0 -C(CH,).i, 58.0 -OCH,).,, 

120.7 (-C=C-), 123.9 (Ar-CH), 125.7 (Ar-CH), 127.1 (Ar-CH), 129.4 (Ar-CH), 129.5 (-C=C-), 

133.0 (Ar-C), 133.9 (Ar-C), 153.5 (-C =0). Melting point range 178-180"C. V^„(KBr); 1645 (- 

C = 0), 1152 (-C 0-). LRMS (M+H^); actual 266.09, found 266.1.
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3.5.9 Synthesis of the (E/Z)-N,0-diacetylated bupropion (3.18)

T o a stirred solution  o f  3.5 (0 .5 g , 1.6 m m ol) in acetic anhydride (5 mL) at -2 0  "C in a round  

bottom ed tlask  w as added triethylam ine (0 .5 g , 5 m m ol) and a catalytic am ount o f  

dim ethylam inopyrid ine. The solu tion  w as stirred overnight and a llow ed  to equilibrate to  room  

tem perature. W hile stirring, a so lu tion  o f  saturated aqueous sodium  bicarbonate w as added  

dropw ise s lo w ly  until the e fferv escen ce  o f  carbon d iox id e  ceased  and a precipitate rem ained. 

The aqueous solution  w as transferred quantitatively to a separating funnel. T he m ixture was 

extracted w ith 3 x 2 0  mL portions o f  hexane. The hexane extracts w ere com bined  and dried 

over anhydrous m agnesium  sulphate. S ilicon  d iox id e  (5 g ) w as added and the solven t rem oved  

under vacuum . T his m ixture w as separated and purified into h om ogenous fractions by flash  

colum n chrom atography using 9:1 hexane : ethyl acetate as m obile phase. The solven t was 

rem oved under vacuum . T he E and Z isom ers cou ld  not be resolved. The major product w as a 

clear o il, y ie ld  0 .1 9  g (37.1 %). 'H N M R  5 (C D C l,): 1 .51 -1 .52  (m , 9H ,-C (C H ,X -,), 1 .96-1 .97(m , 

3H , -CH., ), 2 .1 2 -2 .1 5  (m , 6 H, 2 x C = O C H ,), 7 .2 9 -7 .3 8  (m , 4H , 4  x ArH ). ''C  N M R  ppm; 20 .4  

(-C C =O C H .,), 2 0 . 6  (-C C ^ O C H i), 2 3 .7  -C H ,. 2 8 .0  -C (C H ,)3 , 5 8 .0  -C (C H , ) 3  , 126.3, 127.9, 

128.7, 129.3 (4  x  A r-C H ), 128.2, 133.9, 135.4, 143.9 (4  x  A r-C ). 167.8 -C = 0 , 169.5 -C = 0 .  

V „„,(film ): 1742, 1685. H R M S (M +H^); actual 3 2 4 .1 3 6 1 , found 3 2 4 .1357 .

3.5.10 Synthesis of A' -̂methyl bupropion (3.19)

T o a stirred solution  o f  3 .5  (1 .0  g , 3.1 m m ol) in acetonitrile (25  m L) in a round bottom ed tlask  

w as added d iisopropylethylam ine (0 .8  g, 6 .3  m m ol) and m ethyl iod ide (1 .0  g, 7.1 m m ol). The  

m ixture w as a llow ed  to stir overnight at room  tem perature. A n aqueous solu tion  o f  saturated 

sodium  bicarbonate (1 0  m L) w as added. T he m ixture w as extracted with 3 x 1 0  mL portions o f  

ethyl acetate. T he ethyl acetate w ash ings w ere com bined  and dried over anhydrous m agnesium  

sulphate. S ilicon  d iox id e  (2  g) w as added and the ethyl acetate rem oved under vacuum . T his 

m ixture w as separated and purified into hom ogenou s fractions by flash  colum n chrom atography  

using hexan e : ethyl acetate (9 :1 ) as m obile phase. T he so lven t w as rem oved  under vacuum . 

A fter drying, a pale y e llo w  oil rem ained, 0 .5  g  (63  %) yield . 'H N M R  8  (C D C I3 ): 1.21 (s , 9H , - 

Q C H O j), 1 .27-1 .28  (d, 3H , J =  6 .55  H z, -C H C H ,), 2 .18  (s . 3H , -N C H ,), 4 .5 9 -4 .6 4  (q, IH, J =  

6 .4 6  and 6 .5 8  Hz, -CHCH.,), 7 .3 6 -8 .0 9  (m , 4H , 4  x ArH). '^C N M R  ppm: 11.4 -C H C H ,, 27 .7  - 

C (C H ,)3 , 2 8 .7  -N C H „  5 4 .7  -a C H ,) . , ,  5 7 .0  -C H C H 3 , 126.2 , 128.5, 128.9, 131.6 , 133.8, 138.3 ( 6  

X A rC), 2 0 0 .7  -C = 0 . V „ ,,(f i lm ):  1701. H R M S (M-hH^); actual 2 5 4 .1 3 0 6 , found 25 4 .1 2 9 9 .

3.5.11 Synthesis of bupropion hydroxyimine (3.21)

T o a stirred solu tion  o f  3.5 (1 .0  g , 3 .1 2  m m ol) in pyridine (1 0  m L) in a round bottom ed tlask

w as added hyd roxylam ine hydrochloride (0 .28  g, 4 .0  m m ol). T he solu tion  w as refluxed for 2 h.

T oluene (25 m L) w as added and the so lven t rem oved  under vacuum  at e levated  tem perature.
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This was repeated twice more to remove the remaining solvent. Ethyl acetate (10 mL was 

added) and then silicon dioxide (5 g). The remaining solvent was removed under vacuum. This 

mixture was separated and purified into homogenous fractions by flash column chromatography 

using 9; I dichloromethane ; methanol as mobile phase. The solvent was removed under 

vacuum. The major product were a white solid, two isomers yield 0.2 g (37.5 %). 'H NMR 8  

(CDCl.,): 1.21 (s, 9H, -QCH,).,), 1.26-1.28 (d, 3H, J = 6.87 Hz, -CHCH3), 3.82-3.87 (q, IH, J = 

6.77 and 6.81 Hz, -CHCH,), 7.29-7.47 (m, 4H, 4 x ArH). '"C NMR ppm (CDCI3 ): 22.9 - 

CHCH3, 29.1 -C(CH,)3 , 51.7 -CHCH3, 52.2 -C(CH3 )3 , 126.4, 128.3, 128.9, 129.5, 134.2, 134.5 

( 6  X ArC), 157.6 -C=N-. Melting point range; 202-206°C. Vmax(KBr); 3434, 3301, 1651. HRMS 

(M-^H^); actual 255.1259, found 255.1249.

3.5.12 Synthesis of the benzyl oximine of bupropion (3.22)

Bupropion 3.5 (1.26 g, 3.9 mmol), benzylhydroxylamine hydrochloride (0.69 g, 4.3 mmol), 

sodium acetate (0.53 g, 6.5 mmol) were refluxed in an ethanol;water mixture (4:1, 40 mL) in a 

round bottomed flask for 6  hours. The ethanol was removed under vacuum and the mixture was 

extracted with 3 x 1 0  mL portions of diethyl ether. The extracts were combined and reduced 

under vacuum. The resulting mixture was separated and purified into homogeneous fractions on 

silica gel with a mobile phase of hexane:ethyl acetate (80:20). After drying, a clear oil 

remained, two isomers, 0.5 g (33%) yield. 'H NMR 8  (CDCI3): 1.00 (s, 9H, -C(CH3 )3 ), 1.38- 

1.40 (d. 3H. J = 7.10 Hz. -CHj), 4.33-4.38 (q, IH, J = 7.07 and 7.13 Hz, -CHCH3). 5.25 (s, 2H, - 

CH 2-), 7.29-7.72 (m, 9H, 9 x ArCH). ‘’C NMR ppm (CDCI3): 11.4 -C(CH3)3 , 15.3 -CHCH3 , 

68.2 -C(CH3 )3 , 74.6 -CHCH3 , 76.1 -CH,-, 124.9 ArCH, 126.9 ArCH. 128.0 ArCH, 128.1 (2 x 

ArCH). 128.3 ArCH. 128.5 (2 x ArCH), 129.9 ArCH, 134.6 -C=N-, 137.6, 142.1, 157.6 (3 x 

ArC). LRMS (M-hH"); actual 345.17, found 345.3.

3.5.13 Synthesis o f an oxadiazine of bupropion (3.23)

To a stirred solution of 3.21 (0.3 g, 1.2 mmol) in ethanol (10 mL) in a round bottomed flask was 

added paraformaldehyde (1.1 g) and a catalytic amount of p-toluenesulfonic acid . This mixture 

was refluxed for 8  h. An aqueous saturated soidium bicarbonate solution (10 mL) was added 

and the mixture was quantitatively transferred to a separating funnel. The mixture was extracted 

with 3 x 1 0  mL portions of ethyl acetate. The ethyl acetate washings were combined and dried 

over anhydrous magnesium sulphate. Silicon dioxide (1 g) was added and the ethyl acetate 

removed under vacuum. This mixture was separated and purified into homogenous fractions by 

flash column chromatography using 9:1; hexane : ethyl acetate as mobile phase. The solvent 

was removed under vacuum. After drying, a white solid remained, O.lg (31 %) yield. 'H NMR 8  

(CDCI3): 1.26 (s, 9H, -C(CH3)3), 1.30-1.31 (d, 3H, J = 7.00 Hz, -CHj), 3.90-3.95 (q, IH, J = 

6 . 8 6  and 6.69 Hz, -CHCH3), 4.74-4.77 (d, IH, J = 11.23 Hz, -CH,), 5,14-5.17(dd, IH. J = 1.81
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and 9 .8 8  H z, -C H .), 7 .3 4 -7 .5 7  (m , 4H , 4 x A rC H ). ’’C N M R  ppm: 21 .3  -C H C H ,, 2 8 .2  - 

C (C H ,) 3 , 44 .1  -C H C H i, 5 5 .0  -C (C H ,)i, 7 5 .3  -C H 2, 124.2 , 126.2 , 129.5, 129.9, 134.7, 137.3 ( 6  x 

A rC), 160.4  -C = N -. M elting point range; 169-175”C. V„,ax (KBr); 1673. H R M S (M +H"); actual 

2 6 7 .1 2 5 9 , found 2 6 7 .1 2 5 0 .

3.5.14 Synthesis of an oxadiazinone of bupropion (3.24)

T o a stirred solution  o f  3.21 (0 .5  g , 2 .0  m m ol) in dry d ichlorom ethane (3 0  m L) in a round 

bottom ed flask  under a nitrogen atm osphere w as added triethylam ine (0 .7  g, 7.1 m m ol). T he 

m ixture w as ch illed  to 0  ”C and phosgene (2 0  %, 2 .0  g, 4  m m ol) w as added dropw ise. The 

m ixture w as a llow ed  to equilibrate to room  tem perature over 2 h. A  gentle stream o f  nitrogen  

gas w as passed  through the m ixture to rem ove any residual ph osgene. An aqueous solution  o f  

saturated sod ium  bicarbonate (1 0  m L) w as added s low ly . T he mixture w as extracted w ith 3 x 1 0  

mL portions o f  d iethyl ether. T he d iethyl ether w ash ings w ere com bined  and dried over  

anhydrous m agnesium  sulphate. S ilicon  d iox id e (1 g) w as added and the diethyl ether rem oved  

under vacuum . T his m ixture w as separated and purified into h om ogen ous fractions by flash  

colum n chrom atography using in itially  1 0 0  % hexane, but w ith an increasing gradient o f  ethyl 

acetate as m obile phase. T he so lven t w as rem oved under vacuum . A fter drying, a y e llo w  oil 

rem ained. O .lg  (18  %) yield . 'H N M R  5 (C D C I3 ): 1 .45-1 .47  (d, 3H , J =  6 .8 9  H z, -C H ,), 1.57 (s , 

9H , -C (C H 3 )i), 4 .7 3 -4 .7 8  (q, IH , J = 6 . 8 6  and 6 .8 2  Hz, -C H C H ,), 7 .4 4 -7 .7 2  (m . 4H , 4  x A rCH ). 

'■'C N M R  ppm; 18.4 -C H ,, 2 8 .2  -C(CH,,).i, 4 7 .2  -C H C H ,, 5 7 .4  -C (C H ,),. 124.0 , 126.0, 130.0, 

131.0 , 131 .2 , 134.9 ( 6  x ArC), 151.3  -C = N -, 160.3 -C = 0 . V ^ x  (film ): 1692, 1641. H R M S  

( M-i-H^); actual 2 8 1 .1 0 5 1 , found 28 1 .1 0 4 0 .

3.5.15 Synthesis of yV,0-dimethylated bupropion (3.27)

T o  a stirred solution  o f  3.19 (0 .05  g , 0 .1 8  m m ol) in dry d im ethylform am ide in a round bottom ed  

flask  w as added sodium  hydride (6 0  % in mineral o il, 0.01 g, 0 .4  m m ol). T he solution  w as left 

stirring at room  tem perature for 3 0  min under a nitrogen atm osphere. M ethyl iodide (0 .03  g, 0 .2  

m m ol) w as added dropw ise. A fter 2 h the reaction w as quenched by addition o f  a saturated  

aqueous solu tion  o f  sodium  bicarbonate (1 0  m L). T he m ixture w as extracted w ith 3 x 5  mL  

portions o f  d iethyl ether. T he d iethyl ether w ash ings w ere com bined  and dried over anhydrous 

m agnesium  sulphate. S ilicon  d iox id e  (1 g ) w as added and the diethyl ether rem oved under 

vacuum . T h is m ixture w as separated and purified into hom ogen ou s fractions by flash  colum n  

chrom atography using hexane : ethyl acetate (9 :1 ) as m obile phase. T he so lven t w as rem oved  

under vacuum . A fter drying, a y e llo w  o il rem ained, 0 .02  g (4 2  %) yield . 'H N M R  6  (CDCl.i): 

0 .9 6  (s , 9H , -C (C H ,)3 ), 1.85 (s, 3H , -C H 3 ), 2 .4 9  (s, 3H , -N C H ,), 3 .4 0  (s, 3H , -O C H 3 ), 7 .2 0 -7 .7 0  

(m , 4H , 4  X A rC H ). ''C  N M R  ppm: 12.0 -C H ,, 2 7 .3  -C (C H ,),, 3 3 .6  -N C H ,, 5 4 .8  -O C H ,) , ,  5 7 .2
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-OCHj, 126.2 (2 X ArCH), 128,2 ArCH, 128.5 ArCH, 132.7, 133.7 (2 x ArC), 137.1, 150.3 (2 x 

-C=C-). 1621, 1211. HRMS (M+H^); actual 268.1463, found 268.1461.

3.5.16 Synthesis of A^-benzyl bupropion (3.31)

To a stirred solution of 3.S (0.5 g, 1.6 mmol) in acetonitrile (5 mL) in a round bottomed flask 

was added di-isopropylethyiamine (0.60 g, 4.5 mmol) and benzyl bromide (0.29 g, 1.7 mmol). 

The mixture was refluxed for 36 h. The contents of the flask were washed into a separating 

funnel with 2 x 5  mL aliquots of water, then ethyl acetate (10 mL). The mixture was washed 

with 3 X 10 mL portions of ethyl acetate and the aqueous layer was discarded. The remaining 

organic layer was dried over anhydrous magnesium sulphate (5 g) and reduced under vacuum. 

Silicon dioxide (5 g) was added and the remaining solvent was removed under vacuum. This 

mixture was separated and purified into homogenous fractions by flash column chromatography 

using 95:5 hexane : ethyl acetate as mobile phase. The solvent was removed under vacuum. The 

major product was a bright yellow oil, yield 0.2 g (37.5 %). 'H NMR 5 (CDCI3): 1.20 (s, 9H, - 

aC H O i), 1.39-1.41 (d, 3H, J = 6.76 Hz, -CHCH3), 3.99-4.04 (d, IH, J = 16.70 Hz. -CH.-), 

4.10-4.14 (d, IH, 16.68 Hz, -CH,-), 4.73-4.78 (q, IH, J = 6.65 and 6.96 Hz, -CHCH,), 7.11-7.77 

(m, 9H, 9 X ArCH). ''C  NMR ppm (CDCl.,): 13.9 -CH,, 28.8 -QCH.O,, 47.7 -CHCH,, 55.9 - 

C(CH,).i, 56.2 -CH2-, 125.5 ArC, 125.9 ArC, 127.2 (2 x ArCH), 127.4 (2 x ArCH), 128.1 ArC, 

128.9 ArC, 131.7 ArC, 133.9 ArC, 138.2 ArC, 142.5 ArC, 201.9 -C=0. V™, (tllm): 1732. 

HRMS (M-i-H^); actual 330.1619, found 330.1611.

3.5.17 Synthesis of (E/Z)-0-methyl A^-benzyl bupropion (3.32)

To a stirred solution of 3.37 (0.1 g, 0.3 mmol) in dry dimethylformamide (3 mL) at room 

temperature in a round bottomed flask was added sodium hydride (0.01 g, 0.3 mmol). The 

solution was allowed to stir at room temperature for 30 min. Methyl iodide (0.05 g, 0.3 mmol) 

was added slowly and left stirring at room temperature for 2 h. A saturated aqueous solution of 

sodium bicarbonate was added (10 mL) and the mixture was quantitatively transferred to a 

separating funnel. The mixture was extracted with 3 x 1 0  mL portions of hexane. The hexane 

extracts were combined and dried over anhydrous magnesium sulphate. Silicon dioxide (1 g) 

was added and the solvent removed under vacuum. This mixture was separated and purified into 

homogenous fractions by flash column chromatography using 50:1 hexane : ethyl acetate as 

mobile phase. The solvent was removed under vacuum. After drying, a yellow oil remained, 

yield 0.02g (15 %). 'H NMR 5 (CDCl,): 1.20 (s, 9H, -C(CH,),), 1.99 (s, 3H, -CH,), 3.21 (s, 3H, 

-OCH,), 3.66-3.96 (dd, 2H, J = 13.2 and 93.3 Hz, -CH.-), 7.00-7.75 (m, 9H, 9 x ArCH). "C  

NMR ppm; 12.0, 28.0, 29.3, 49.5, 55.8 -, 57.0, 126.0, 126.1, 127.1, 127.6, 128.5, 129.3, 129.7, 

132.3, 136.5, 138.7. V ^ Jfilm ): 1610, 1016. HRMS (M+H^); actual 344.1776, found 344.1785.
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Chapter 4 - The screening and evaluation of 

potential prodrugs of bupropion

This chapter describes the development of an in vitro screening tool to assess the potential 

prodrugs synthesized in Chapter 3. A successful tool was developed for in vitro screening of 

potential prodrugs of bupropion which utilised 5 different media that a drug substance would 

encounter via the oral route of delivery. Two direct prodrugs of bupropion were discovered 

using the prodrug screening tool, A'-methyl bupropion 3.19 and N-benzyl bupropion 3.31. The 

A^-methyl, A^-benzyl and oxadiazine were all A^-dealkylated by human liver and human intestinal 

microsomes indicating that the tertiary amine is susceptible to oxidation by the GYP or FMO 

enzymes. Two potential multistep prodrugs of bupropion were discovered, Â, 0-dimethyl 

bupropion 3.27 and A^-benzyl 0-methyl bupropion 3.32, which in themselves are prodrugs of N- 

methyl and A^-benzyl bupropion respectively. A^-methyl bupropion 3.19 was evaluated for its 

enzyme kinetics, pharmacology and stability. A^-methyl bupropion was also shown to be 

reduced to the amino alcohol, this new metabolite could also have potential pharmacotherapies. 

A^-methyl bupropion was shown to have a similar stability profile to bupropion below pH 5. The 

pharmacological profile of A^-methyl bupropion was screened in a DAT, NET, SERT, nAChR 

and nMAChR assay. It was shown to be less active than bupropion. A^-methyl bupropion was 

deemed a good candidate as a potential prodrug of bupropion for an in vivo proof of concept 

study.
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4 The screening and evaluation of potential prodrugs of bupropion

4.1 Introduction

There are numerous barriers that hinder drug discovery and delivery. In a biological system, 

multiple mechanisms exist to protect the system from exposure to foreign substances while 

preserving nutrient uptake. The physiological arrangement and the chemical and biochemical 

barriers associated with the physiological structures form the first line of defence. How a drug 

molecule interacts with these barriers is determined by the properties o f the molecule. These 

properties are the physicochemical and/or biochemical characteristics of the molecule. 

Pharmacokinetics and pharmacodynamics provide a general approach by allowing modelling of 

the interaction of a drug molecule with the entire biological system to predict drug 

concentrations in the systemic circulation and therefore providing a prediction of 

pharmacological responses. Developability in drug delivery is an overall assessment of the 

above factors.

After synthesis of potential prodrug candidates, an in vitro assay was needed to predict the 

viability of these prodrugs and to determine which of these prodrugs would be a good candidate 

for a proof of concept in vivo study. The majority of drug molecules are delivered as oral 

m edications and this would be the most likely route of administration for a prodrug of 

bupropion. For the oral route of delivery, numerous factors have to be met to have a successful 

drug candidate. Solubility is important because a drug molecule has to be dissolved to be 

absorbed. Some lipophilicity is essential because the drug molecule has to cross cell membranes 

by diffusion. In order to reach the systemic circulation, the molecule has to survive various 

chemical and biochemical attacks in the gastrointestinal system and liver. The order in which 

these factors occur can also be the order o f logical thinking when one plans to tackle an oral 

drug delivery problem but some of these problems can be addressed by other methods such as 

formulation development after a drug molecule has been developed.

It is believed that the permeability and metabolic stability of a drug molecule are the two major 

factors in drug delivery or in the prediction of drug absorption when the molecule is in solution 

[182]. During ADM E studies, both absorption and metabolism can be assessed by in vitro 

methods with good correlation to in vivo data but distribution and elimination are usually best 

studied with in vivo methods.

The oral route of administration is subject to a wide variety of metabolic enzymatic systems 

with a high variability in pH. The stomach can be as low as pH 1 while along the GI tract this 

can increase to a high o f pH 9 during the fed state in the intestinal duct. Numerous pre-systemic 

enzymatic systems are present before the potential prodrug reaches its desired target, the brain. 

The most ideal prodrug would be one that is metabolically and hydrolytically stable both
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p re sy s tem ica lly  an d  in  th e  b lo o d  c ircu la tio n  b u t is tran sfo rm ed  at the  site  o f  its  ta rg e t to  the 

p a ren t d rug . T h e re  a re  n u m ero u s p re sy stem ic  an d  firs t-p a ss  m e tab o lic  sy s tem s ran g in g  from  

p h ase  I e s te ra se s , cy to ch ro m e  P 4 5 0  e n zy m e s, flav in  co n ta in in g  m o n o x y g en ase s  to  p h ase  II 

g lu cu ro n o sy l tran sfe rases .

P h ase  1 m e tab o lism  is so m e tim es  c a lle d  a ‘fu n c tio n a liz a tio n  re a c tio n ’, s ince  it re su lts  in the 

in tro d u c tio n  o f  new  h y d ro p h ilic  fu n c tio n a l g ro u p s  to  a m o lecu le . T h e  in tro d u c tio n  o r  u n v e iling  

o f  fu n c tio n a l g ro u p s  such  as -O H , -N H 2, -S H , -C O O H , all in co rp o ra te  a h ig h e r  p o la rity  and 

h en ce  h y d ro p h ilic ity  to  th e  co m p o u n d  w h ich  fac ilita te  the ex c re tio n  o f  the co m p o u n d  from  the 

b ody . T h e  m ain  reac tio n  ty p es  a sso c ia te d  w ith  phase  I m e tab o lism  are  o x id a tio n , red u c tio n  and  

h y d ro ly s is . T h e  o x y g e n a se s  and  o x id a se s  co n s is t o f  cy to ch ro m e  P 450  (P 4 5 0  o r  C Y P ), flav in  

co n ta in in g  m o n o x y g en ase s  (F M O ), p e ro x id ase , m o n o am in e  o x id a se  (M A O ), a lcoho l 

d eh y d ro g e n a se , a ld eh y d e  d e h y d ro g e n a se  and  xan th in e  o x id ase . T h e  red u c ta se  en zy m es are  

a ld eh y d e  an d  k e to n e  red u c ta se s  and  q u in o n e  red u c ta se . T h e  m ain  h y d ro ly tic  en zy m es are 

e s te ra se s , a m id ase s , a ld eh y d e  o x id ase  and  a lk y lh y d raz in e  o x id ase . S om e en zy m e s  can  scavenge  

red u ced  o x y g en . T h e se  in c lu d e  th e  su p e ro x id e  d ism u ta se s , c a ta la se , g lu ta th io n e  pe ro x id ase , 

e p o x id e  h y d ro la se , y -g lu tam y l tran sfe ra se , d ip ep tid a se  and  cy s te in e  co n ju g a te  P -lyase .

P h ase  II m e tab o lism  in c lu d es  w h a t a re  k now n  as c o n ju g a tio n  reac tio n s . In g en e ra l, the 

co n ju g a tio n  reac tio n  w ith  e n d o g en o u s  su b s tra te s  o ccu rs  on  the m e tab o lite (s)  o f  the  paren t 

c o m p o u n d  a f te r  p h ase  I m e tab o lism ; h o w ev er, in  som e cases , th e  p a ren t co m p o u n d  itse lf  can  be 

su b jec t to  p h ase  II m e tab o lism . T h e  u n v e iled  fu n c tio n a l g ro u p s  are  c o n ju g a te d  or d e riv a tiz ed  

w ith  e n /d o g en o u s  su b s tra te s . T h e  reac tio n  ty p es  a re  g lu cu ro n id a tio n , su lfa tio n , g lu ta th io n e - 

c o n ju g a tio n , A ^-acetylation, m e th y la tio n  and  c o n ju g a tio n  w ith  am in o  ac id s  (e .g . g ly c in e , tau rine  

o r  g lu tam ic  ac id . T h e  m ain  en zy m e s  re sp o n s ib le  fo r phase  II m e tab o lism  are  u rid ine  

d ip h o sp h a te -g lu c u ro n o sy ltra n sfe ra se  (U D P G T ), su lfo tran sfe ra se  (S T ), A ^-acetyltransferase, 

g lu ta th io n e  S -tran sfe ra se  (G S T ), m ethy l tran sfe rase  an d  am in o  ac id  co n ju g a tin g  enzym es.

4.1.1 Biochemical barriers to oral drug delivery

4 .1 .1.1 Phase I enzymes

4.1.1.1.1 Esterase/Amidase enzymes

E ste ra se  ac tiv ity  can  be fo u n d  in m any  m am m alian  tis su e s  and  in b lo o d  [1 83 -185 ] and  can  be 

th e  re su lt o f  c a ta ly s is  by  a n u m b e r o f  d is tin c t en zy m e  fam ilie s , in c lu d in g  c a rb o x y le s te ra se s . 

p a ra o x o n a se  a n d  ch o lin e s te ra se s . T h e  e s te ra se  en z y m e s  g en e ra lly  h av e  w id e  su b s tra te  

sp ec ific itie s  and  a re  c ap ab le  o f  p e rfo rm in g  a w ide  ran g e  o f  h y d ro ly tic  b io tran sfo rm a tio n s , 

a lth o u g h  ce rta in  m em b ers  such  as c h o lin e s te ra se  h ave  h ig h ly  sp ec ia liz ed  fu n c tio n s . E ste rs, 

a m id es , h y d raz id e s , c a rb am a te s  an d  th io e s te rs  a re  all h y d ro ly sed  by e s te ra se s .
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The most important family of esterase enzymes is the carboxylesterase family (EC 3.1.1.1), and 

members of this family are responsible for the hydrolysis of a variety of drugs [186]. These 

enzymes are localized in the endoplasmic reticulum and are strongly inhibited by sulfonyl or 

phosphonyl fluorides. The enzymes employ a Ser-His-Glu triad as their catalytic domain. The 

major forms of the enzymes are designated hCE-1, hCE-2 and hCE-3 [187]. The 

carboxylesterase enzymes are responsible for the hydrolysis of the majority o f prodrug esters. 

Although the highest esterase activity is normally found in the liver, the intestine is also high in 

this activity. The carboxylase most abundant in human intestinal tissue is designated hCE-2 

[186], This enzyme is also found in human liver but hCE-1 is the most abundant liver 

carboxylesterase enzyme [186]. Esterases are generally ubiquitous though and can be found in 

kidneys (proximal tubules), testis, lung, plasma and red blood cells too.

4.1.1.1.2 Cytochrome P450 enzymes

The cytochrome P450 (CYP) enzymes are a large family o f related enzymes expressed 

predominantly in the liver, but found in many tissues, that play a role in the metabolic clearance 

of well over 50 % of drugs. The enzymes have broad and somewhat overlapping substrate 

specificity. They play a major role in the biosynthesis and catabolism of various endogenous 

compounds such as steroid hormones, bile-acids, fat-soluble vitamins and fatty acids. CYP 

enzymes are also considered the most important metabolizing enzymes for xenobiotics (>85 % 

of the drugs in the market are metabolized by CYPs)[188]. Although over 50 human CYP 

enzymes have been characterized, only 5 seem to be responsible for the majority o f drug 

metabolism; C Y PIA 2, CYP2C9, CYP2C19, CYP2D6 and CYP3A4. O f these, by far the most 

important enzyme is CYP3A4. The enzyme is found in the greatest quantity (>30 % of total liver 

CYP enzyme) [189] and has the broadest range of known substrates [188].

The mechanism of action of the enzymes is a complex multistep process that leads to the 

biotransformation of substrate, most often to the oxidized product (Figure 4.1). This mechanism 

has been described in great detail [190], The process of oxidation involves high energy 

intermediates and often involves the generation of reactive electrophilic intermediates at the 

enzyme active site that are sometimes released and can react with cellular components. This 

process is thought to contribute to the acute toxicity displayed by some compounds [191].

The main reaction type of the CYP enzymes is oxidation (Figure 4.1) in the presence of oxygen 

or reduction under low oxygen tension. Nicotinamide-adenine-dinucleotide-phosphate 

(NADPH) and oxygen are the cofactors needed for this enzyme to carry out its duty.
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Figure 4.1 The generalized P450 catalytic cycle adapted from Giiengerich 1190 j

There are numerous other types of oxidation performed by CYP enzymes; aromatic 

hydroxylation, aliphatic hydroxylation, N, O, S-dealkylation, N-oxidation, S-oxidation, 

epoxidation and dehalogenation. The reduction reactions are azo- or nitroreduction and 

dehalogenation. CYPs have also been shown to hydrolyse esters and can also dehydrogenate 

compounds. CYPs are distributed ubiquitously especially in the liver, intestine, kidney, lung, 

skin and brain. They are localized in the endoplasmic reticulum.

4.1.1.1.3 Flavin-containing monoxygenase

In addition to the CYPs, hepatic microsomes contain a second class o f monoxygenase, the 

flavin-containing monoxygenase (FMO). Although the FMO’s are considered to be important 

for metabolizing heteroatom (N, S, Se or P)-containing compounds rather than direct oxidation 

at a carbon atom, the quantitative role o f FMO’ s in hepatic drug metabolism in humans is 

limited. The main reaction type is oxidation o f compounds containing a heteroatom and again, 

NADPH and oxygen are the necessary cofactors.

4.1.1.1.4 Alcohol dehydrogenase

Alcohol dehydrogenase (ADH) is a major enzyme responsible for oxidation o f ethanol to 

acetaldehyde.
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4.1.1.1.5 Aldehyde dehydrogenase

Aldehyde dehydrogenase (ALDH) is the major enzyme responsible for oxidation of xenobiotic 

aldehydes to acids. In particular, acetaldehyde formed from ethanol by alcohol dehydrogenase is 

oxidized to acetic acid which is further oxidized to carbon dioxide and water. Both aromatic and 

aliphatic aldehydes though can also be oxidized to the corresponding acid.

4.1.1.1.6 Monoamine Oxidase

M onoamine oxidase (MAO) has been seen to be related to the metabolism of exogenous 

tyramine. MAO catalyzes the oxidative deamination of biogenic amines.

4.1.1.2 Phase II enzymes 

4.1.1.2.1 Glucuronosy 1 Transferases (UGTs)

The uridine diphosphate glucuronosyltransferases are a family of enzymes found in the 

endoplasmic reticulum that catalyze the transfer of glucuronic acid to nucleophilic sites on 

drugs and xenobiotics. The enzymes have broad substrate specificity and can conjugate phenols, 

acids, alcohols, amines, nitrogen containing heterocycles and other moieties. UGT enzymes 

often catalyze the conjugation of of metabolites of the CYP enzymes, which leads to their 

designation as phase II enzymes; however, it also known that the enzymes can conjugate 

substrates directly.

4.1.1.2.2 Sulfotransferase (ST)

Sulfation mediated by sulfotransferase is a predominant conjugation reaction of a compound at 

a low concentration, whereas glucuronidation becomes an important conjugation pathway at a 

higher substrate concentration. Sulfation is considered in general a high-affinity low capacity 

reaction. Generally oxygen and nitrogen nucleophiles are sulfated.

4.1.1.2.3 N-acetyltransferase (NAT)

A^-acetyltransferase is an enzyme that catalyzes the transfer o f acetyl groups from acetyl-CoA 

mainly onto arylamines, particularly serotonin. They have a wide specificity for aromatic 

amines. Other common A^-acetylation reactions by NAT are on sulfonamides or hydrazine 

derivatives.

4.1.1.2.4 Glutathione S-transferase (GST)

GST represents an integral part of the phase II detoxification system. GST protects cells from 

oxidative and chemical induced toxicity and stress by catalysing the glutathione conjugation
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reaction  w ith  an electrophilic m oiety of lipophilic and often toxic xenobiotics. In the liver, GST 

accounts fo r up to 5 % o f  the total cytosolic proteins.

4.1.1.2.5 Amino acid conjugation

E xogenous carboxylic acid, especially  esters, can be activated  to coenzym e A derivatives (acyl 

CoA  th ioether) in vivo by acyl-C oA  synthetase and further conjugated  w ith endogenous am ines 

such as am ino  acids by acy l-C oA ;am ino acid  A '-transferase. A m ino acid conjugates of 

xenobiotics are elim inated  prim arily  in urine by tubular active secretions. T hese enzym es are 

found m ainly in the liver and kidney in the m itochondria and endoplasm ic reticulum  for acyl- 

CoA  synthetase, and cytosol and m itochondria for acyl-C oA :am ino acid yV-transferase.

4,1.2 Physiological barriers to oral drug delivery

The lum inal side o f the gastro in testinal tract is covered w ith an aqueous m ucus layer that is 

secreted  by the goblet cells. B efore reaching the epithelial layer o f the intestinal m ucosa, a drug 

must penetrate  this m ucus layer, w hich has a th ickness o f  about 100 |im . The m ucus layer acts 

as a filter for m olecules w ith a m olecular m ass o f  600-800 am u. T he m ucus is com posed of 

g lycoproteins, w hich trap w ater w ithin the layer w ith a tu rnover rate o f  12-24 hours. D rug 

transport th rough this m ucus and unstirred w ater layer is the rate lim iting step before the drug 

reaches the surface o f  the epithelial cells o f the intestine [192].

Im m ediately below  the m ucus layer are the co lum nar epithelial cells, jo in ed  together by tight 

in tercellu lar junc tions. The layer o f  cells is com posed o f  enterocytes, goblet cells, endocrine 

cells and paneth cells. A drug can cross the intestinal m ucosa via several d ifferent m echanism s, 

depending  on it physicochem ical properties. H ydrophobic drugs that can partition  th rough the 

cell m em branes are m ore likely to  cross the intestinal m ucosa through the transcellu lar pathw ay. 

H ydrophilic drugs cannot penetrate  the cellu lar m em branes; therefore, they m ust use the 

paracellu lar pathw ay. U nfortunately, this pathw ay is restricted  by the presence o f  tight 

junc tions. O nly m olecules that have a hydrodynam ic radius o f  less than 11 A can pass through 

this pathw ay. T herefore, the transport o f  peptides via this pathw ay is lim ited. A nother w ay in 

w hich a drug  can penetrate the intestinal m ucosa involves recep tor-m ediated  uptake o f  the drug. 

Som e d ipeptide transporters have been found to transport drugs from  the lum en to the blood 

side o f  the intestinal m ucosa. F inally , the intestinal m ucosa has efflux pum ps that can  create an 

efflux o f drugs, w hich have been partitioned through the m em branes. P -glycoprotein  is a know n 

efflux pum p located  w ithin the brush borders o f  the villus tips o f  the intestine. The substrate 

specificity  for P-gp covers a b road  range o f m olecular structures, a com m on feature o f  the 

substrates is hydrophobicity .
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Figure 4.2 A schematic representation is shown o f  how compounds can perm eate the intestinal 

membrane. Tran.scellular perm eation is the route passing through the epithelial cells (that consists o f  

passive transceUular and carrier-m ediated permeation). Paracellular permeation is the route passing  

between the cells. The aqueous boundary layer (ABL) is adjacent to a membrane and could he a 

perm eation barrier. Uptake refers to transport into a cell and efflux refers to transport out o f  a cell. 

A dapted from  Sugano et a l.[ 193]

4.1.3 Chemical barriers to oral drug delivery

The chemical structure of a drug determines its solubility and permeability profile. In turn, the 

concentration at the intestinal lumen and the permeation of the drug across the intestinal mucosa 

are responsible for the rate and extent o f absorption.

Hydrogen bonding potential has been shown to be an important factor in the permeation of 

drugs. Studies in vivo and in models o f the blood brain barrier and intestinal mucosa indicate 

that desolvation or hydrogen bonding potential regulates the permeation o f drugs [194]. For 

small organic molecules, the octanol-water partition coefficient is the best predictor of cell 

membrane permeation. Other properties that greatly affect passage o f  drugs via the paracellular 

route are size, charge and hydrophilicity f 195].
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4.1.4 Development of a screening tool to evaluate drug metabolic stability

Figure 4.3 summarizes the workplan utilized when developing prodrugs of bupropion. It 

contains six main steps and can be applied to the development of any drug candidate.

The workplan starts out with a concept which in this case was bupropion. At this stage prodrug 

candidates are identified and the literature is searched for transformations that have been done 

in the past and methods used to carry out these transformations. This gave a background into the 

novelty of the prodrug concept for bupropion and allowed preparation for the synthetic 

approach.

Synthesis o f the desired analogues of bupropion was carried out, always followed by work-up of 

the crude reaction mixture and purification of the final product usually by flash column 

chromatography.

The final product was characterized by spectroscopic techniques and high-performance liquid 

chromatography to accurately identify the structure of the final product. 'HNM R and '^CNMR 

were used to identify the exact structure of the analogues, while HPLC-MS was used to 

elucidate any isomers present and purity. FT-IR was used to evaluate functional group 

transformations and in some cases a melting point of salts were determined to further 

characterize the products.

After characterization, the potential prodrugs were evaluated using an in vitro screening process 

that would mimic the oral route of administration. A number of different media containing a 

range of pH and enzyme types were selected to screen if the prodrug was activated in vitro. 

Prodrugs that were activated in the in vitro screen were then characterized for their kinetics. If 

enzymes carried out the transformation, a substrate saturation study was conducted and the 

M ichaelis-M enten enzyme kinetics were evaluated. If the prodrug was hydrolysed chemically, 

the kinetics and order of the reaction was determined.

Finally, the most likely prodrug candidate was selected for an in vivo study to assess if prodrug 

concept could be demonstrated in an animal model. The pharmacokinetics and metabolism were 

evaluated with the parent (bupropion) as a control. The pharmacological activity of the potential 

prodrug was also studied.
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4.1.4.1 Metabolic screening tools already available

D eterm ination  o f  m etabolic properties is one o f  the most im portant steps during drug 

discovery  and developm ent. In vitro  m ethods are used for estim ation and prediction o f in vivo  

m etabolism . It is possib le to determ ine the m etabolic stability as well as the risk for drug-drug 

in teractions (D D Is) related to inhibition and induction o f drug m etabolic enzym es w ith in 

vitro  m ethods. M etabolic stability is defined as the susceptibility  o f  a chem ical com pound to 

b io transform ation  and in prodrug design it is an integral part o f  the developm ent process. In 

drug  developm ent, the goal is to  design a pharm aceutical with good m etabolic stability w hile 

in prodrug developm ent, the goal is to  design a pharm aceutical w hich is transform ed in vivo  

to  an active product and so in prodrug design we use the enzym atic system s to  m etabolize our 

prodrug. T here are four main in vitro  m odels used to  study drug m etabolism .

4.1.4.1.1 Recombinant expressed enzymes

R ecom binant expressed  enzym es are routinely used for predicting  drug clearance [196] and 

the risk for D D F s related to  enzym e inhibition [197, 198]. The recom binant expressed 

enzym e system  is the sim plest in vitro  model that contains the individual enzym es usually 

p roduced in the endoplasm ic reticulum  o f eukaryotic host cells. The m ajor advantage o f this 

model is its sim plicity , and providing an opportunity  to  study the activity  o f  the specific 

enzym es separately . The m ajor disadvantage is the difference in the activ ity  o f m etabolic 

enzym es per unit o f  m icrosom al proteins com pared to that in hum an liver m icrosom es.

4.1.4.1.2 Microsomes

M icrosom es can easily  be prepared  from  d ifferent tissues, most com m only from  the liver of 

an im als and hum an donors by ultracentrifugation  and have becom e very popular [199]. The 

enzym atic activ ities are stable during prolonged storage o f  the m icrosom es. By 

supplem enting  the m icrosom es w ith relevant cofactors and other reaction com ponents, it is 

possib le to  investigate and distinguish  betw een C Y Ps, flavin-contain ing m onooxygenase 

(FM O ) and g lucuronosyltransferase (U G T) activities. T herefore, this m odel is w idely used by 

pharm aceutical com panies for prediction o f clearance o f N CEs in vivo. The m ajor 

d isadvantage o f  the model is the lim ited incubation tim e (the enzym e activ ities decrease after 

2 h o f  incubation).

4.1.4.1.3 Freshand cryopreserved hepatocytes

Fresh and cryopreserved hepatocytes are valuable in vitro  m odels for estim ation and 

prediction  o f  clearance and DD I o f  N CEs [200]. This model contains all, phase I and II 

m etabolic enzym es as well as all necessary co-factors. T herefore, depending on the conditions

1 1 4



used, incubation times can be long (up to 96-120  h for primary cultures). The limited 

availability of fresh human hepatocytes is the major disadvantage o f this model.

4.1.4.1.4 Tissue slices

Tissue slices are the most complex in vitro model, the most closely mimicking the in vivo 

situation. Tissue slices are a useful model to study formation of metabolites, but this model is 

not well e,stablished for prediction o f metabolic clearance and DDIs [201]. Use of liver slices 

provides advantages over previous in vitro techniques because this preparation allows for 

maintenance of the functional acinar architecture of the liver and has displayed drug 

metabolism over a span of hours to days.

4.1.4.2 Mass analyzers fo r  liquid chromatography

Due to the high specificity, speed and selectivity offered by H PLC-M S/M S, this approach has 

long been adopted in the pharmaceutical industry to assess certain properties of drug 

molecules, such as metabolic stability.

4.1.4.2.1 Quadrupole mass analyzers

Single-Stage quadrupole mass spectrometers (SSQM S) as well as triple-stage quadrupole 

mass spectrometers (TSQMS) are commonly used by the pharmaceutical industry for both 

qualitative and quantitative studies [202]. Whilst quadrupole mass analysers have the ability 

to operate in both negative and positive ion modes, specific advantages o f  SSQMS 

instruments include low cost and their relatively small size, whilst TSQMS instruments have 

greater discrimination against chemical background resulting in real gains in selectivity and 

sensitivity. However detection sensitivity decreases dramatically when wide m ass range is 

analysed in a scanning mode; which can be a limitation in its application for screening of 

‘unknown’ drug metabolites.

4.1.4.2.2 Ion trap mass analyzers

Like quadrupole instruments, ion traps are relatively inexpensive and compatible with a wide 

range of systems. Ions generated are focused towards the centre of the trap allowing 

measurement of all ions retained in the trapping step. Consequently, sensitivity losses during 

the full-scan mode are avoidable. W hilst TSQM S retains sensitivity advantage for 

quantification when operated in SRM mode, ion-trap instruments provide more sensitivity for 

structure elucidation than TSQMS. This is due to the fact that ion traps can obtain richer mass 

spectra, with more efficient trapping and scanning of ions; this MS mode can be more 

structurally informative when compared to triple quadrupole or Quadrupole time-of-flight (Q- 

TOF)-mass spectrometers. The ion-trap analysers can be used for quantification in full-scan
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m ode, w ith little difference betw een sensitivity  in SIM  or M R M  m odes. W hen operated in a 

full-scan m ode, the sensitivity  gains, ability  to m easure a w ide m ass range and acquisition of 

full-scan data can m ake these instrum ents ideal for screening-type applications in which 

qualitative inform ation is param ount (such as m etabolite identification studies) [203]. These 

instrum ents have traditionally  show n increased variability  at the lim its o f  detection  due to the 

slow  ion accum ulation  tim e. This coupled w ith the relatively slow  data acquisition  rate, lim its 

their use in h igh-speed quantita tive LC-M S applications, such as fast U PLC  analyses. In 

recent years, hybrid instrum ents have becom e available, w here both tandem  and trap MS 

functionality  can be used (for both quantitative and qualitative applications).

4.1.4.2.3 LTQ-Orbitrap mass analyzers

L T Q -O rbitrap  is a hybrid, high-resolution  m ass spectrom eter com posed o f a 2-D  linear ion 

trap (LTQ ) front-end that is coupled  to an electrostatic ion trap  on the back-end (O rbitrap). 

Ions are form ed traditionally  using a w ide variety  o f  ionization techniques: A PC I, ESI, and 

A PPI. The orbitrap  provides very high m ass resolution for ions delivered by LTQ  used as a 

pre-selection  o f  m easured ions. G iven this, the L T Q -O rbitrap  is an effective alternative to  the 

T O F  instrum ents used for m etabolite profiling [204]. A lso, this instrum ent is capable o f high 

sensitivity  screening over a w ide m ass range and tandem  m ass spectrom etry  w ith accurate 

m ass data for both parent and fragm ent ions. T he LTQ -O rbitrap, like o ther ion-trap system s 

suffers from  a slow  data  acquisition  rate com pared  to  TO F instrum ents and hence, is not 

suitable for very fast chrom atography applications.

4.1.4.2.4 Time of flight (TOF) mass analyzers

T O F  M S involves m easuring the tim e taken for an analyte ion to  travel from  the ion source tc 

the detector. T O F  instrum ents are generally  used w ith electrospray ion sources in w hich ions 

are pu lsed  orthogonally  into the flight tube. This together w ith the use o f  electrostatic mirrors 

can enable operation at very high m ass resolution. This increased m ass resolution  can help 

w ith the accurate determ ination  o f  undefined m etabolites, hence T O F  instrum ents are 

prim arily  used for m etabolic identification  studies [205]. Q uadrupole tim e o f  flight (Q -T O F ' 

m ass spectrom eters are relatively sim ple, and capable o f recording all the ions produced in the 

source on a m icrosecond tim e scale offering increased sensitivity . The tim e taken for an ion to 

reach the detector is proportional to  its m /z ratio  and this is used to  d ifferentiate the ions mass 

dow n the path o f  the instrum ent flight tube. Q -TO F instrum ents have the ability to operate 

w ith relatively  high m ass resolution  and to make accurate m ass m easurem ents, p roviding a 

degree o f  selectivity  since it is able to  d iscrim inate betw een interference and am ong mass 

peaks having sim ilar nom inal m asses but d ifferen t exact m asses. This instrum ent can operate 

at relatively  high scanning rates w hich m akes them  ideal for use with high resolution  liquid
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chromatography (LC) methodology such as ultra performance liquid chromatography 

(UPLC).

4.1.4.3 Ionization methods

The application o f atmospheric pressure ionization (API) methods in particular electrospray 

and pneumatically assisted electrospray, have provided a breakthrough for the combination of 

liquid separation techniques with mass spectrometry. The two most significant API 

techniques used to date have been atmospheric pressure chemical ionization (APCI) and 

electrospray ionization (ESI) [206]. Ionization of non-polar compounds at atmospheric 

pressure was made possible following the introduction of atmospheric pressure 

photoionization (APPI) [207].

4.1.4.3.1 Automation approaches for metabolic screening

Automation for use in drug metabolism in vitro ADM E studies can be utilised to varying 

degrees depending on the data required to advance discovery projects. Fully automated 

systems are available that are adapted to high capacity and simple assay protocols [208], these 

tend to be implemented at early stages in the drug discovery continuum where sparse 

sampling (e.g. single time point) screens are often operated. These systems are optimised for 

the relatively high compound numbers encountered. A fully automated approach can be 

adopted, using a centralised robotic arm integrated with other robotic liquid handlers, which 

carry out the assays [209]. These systems are designed for fully automated sample 

preparation, data analysis and management of results generated from in vitro ADME assays. 

Although these systems take longer to develop and require more capital investment, they can 

be very successful in situations where maximum efficiency, short data feedback times, high- 

throughput and unattended (overnight) operation is required. Introduction of semi-automated 

approaches for in vitro ADM E assays have the advantage of offering sufficient flexibility to 

operate different assay configurations, enabling manual intervention at crucial stages of the 

assay. It also provides a robotic platform that is easily reconfigured when assays evolve.

4.1.4.3.2 Sample preparation techniques for metabolic screening

Sample preparation is a key step in quantitative bio-analysis and can potentially be a 

bottleneck in the process in developing robust and efficient screening methodologies. This is 

attributed to the complex nature of macromolecular compounds, such as proteins and non

volatile endogenous substances, that have to be removed from the in vitro sample and 

separated from the analytes to eliminate matrix interferences prior to the LC-M S/M S 

analyses. Due to the high specificity o f  LC-M S/M S detection, sample preparation is typically 

achieved by protein precipitation with an organic solvent such as acetonitrile and subsequent
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on-line H PLC separation [210]. T he advantage o f  using a protein precip itation  technique is 

that th is sam ple preparation stage is usually incorporated into the in vitro  assay protocol, by 

utilising  it as the actual term ination  step.

4.1.4.4 Media selection

Prodrugs o f  bupropion that are to  be delivered orally face five m ain m etabolic stability 

obstacles before they cross the b lood-brain barrier and reach their target. T he first obstacle is 

the stom ach. All orally delivered  drugs have to be stable at low  pH in o rder to survive the 

harsh acidic conditions o f  the stom ach. The stom ach also  contains digestive enzym es, m ainly 

pepsin. Pepsin is an enzym e w hose precursor form  (pepsinogen) is released by the ch ief cells 

in the stom ach and that degrades food proteins into peptides. Pepsin is one o f  three principal 

protein-degrading, or proteolytic enzym es in the digestive system , the other being trypsin and 

chym otrypsin . Pepsin is m ost efficient at c leaving peptide bonds betw een hydrophobic and 

preferably  arom atic am ino acids such as phenylalanine, tryptophan and tyrosine. In order to 

sim ulate the pH and d igestive enzym es o f  the stom ach, U SP sim ulated gastric fluid (SGF) 

w as used as the first m edia for screening of prodrugs.

The second obstacle once the drug has passed through the stom ach is the intestine. The 

in testine’s pH rises to  approxim ately  neutral pH. A long w ith intestinal m icroflora there are 

d igestive enzym es present, a m ixture called  pancreatin . A m ylase, lipase, protease, trypsin and 

chym otrypsin  are all present in pancreatin . T he trypsin  found in pancreatin  w orks to 

hydrolyze proteins in o ligopeptides; am ylase hydrolyzes starches into oligosaccharides and 

the d isaccharide m altose; lipase hydrolyzes triglycerides into fatty acids and glycerol; and 

C hym otrypsin  preferentially  cleaves peptide am ide bonds w here the carboxyl side o f  the 

am ide bond (the PI position) is a tyrosine, tryptophan or phenylalanine. This m edia was 

sim ulated  using U SP sim ulated  intestinal fluid (SIF).

A fter traversing  the intestinal duct, the next obstacle the drug or prodrug will face is crossing

the intestinal m em brane into the portal vein. It is here the drug will face its first round of

phase I and phase II m etabolic enzym es. The intestinal cells contain cytochom e P450

enzym es, flavin m onoxygenases, esterases and U D P glucuroyl transferases. This m edia was

sim ulated  by using hum an intestinal m icrosom es. M icrosom es are prepared by differential

cen trifugation from  a crude tissue hom ogenate. The intestinal tissue is hom ogenized in buffer

and subjected  to  a 9000g centrifugation. T he supernatant from  th is centrifugation  (often

referred  to  ‘S 9 ’) is recovered and then centrifuged at 100,000g. The pellet from  this high

speed cen trifugation  is referred to  as ‘m icrosom es’ and the supernatant is referred to  the

‘cy to so l’ . T he m icrosom es from  th is first 100,000g centrifugation  are resuspended  in buffer

and cen trifuged again 10(),000g. The pellet from  this final centrifugation  is resuspended in

250 m M  sucrose and the protein concentration  is adjusted. M icrosom es are principally
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derived from the endoplasmic reticulum, however membranes from other cellular organelles 

are typically present. M icrosomes therefore provide an enriched source of membrane bound 

drug metabolizing enzymes. Pooled human intestinal microsomes (HIM) were used in order 

to simulate the potential metabolism that occurs when the prodrug passes through the 

intestinal membrane into the portal vein.

After passing through the intestinal membrane into the portal circulation the prodrug quickly 

enters the liver. The liver is the major metabolizing organ o f the body. The blood plasma 

profuses the liver from the portal vein. The liver cells contain another rich source of 

cytochome P450 enzymes, flavin monoxygenases, esterases and UDP glucuroyl transferases. 

This metabolic media was simulated in the present work by using pooled human liver 

microsomes (HLM).

The final obstacle of metabolism for the prodrug before it reaches the brain, is its stability in 

blood plasma. The plasma contains dissolved proteins, glucose, clotting factors, mineral ions, 

hormones and carbon dioxide. Plasma was pooled from three human donors. This pooled 

human plasma (PHP) was used to evaluate the prodrugs stability in human blood.

The five media (SGF, SIF, HIM, HLM and PHP) best represent the transit a drug or prodrug 

would take if delivered by the oral route of administration. Obviously for drug delivery, the 

compound is expected to be as stable as possible so it reaches its target at maximum 

concentrations. For prodrug delivery, it is expected that one or more of the media can 

metabolize or hydrolyse the prodrug back to parent drug, so metabolic lability is more 

important. Stability in gastric fluid can be addressed by formulation development, i.e. with 

enteric coated tablets but once the tablet formulation is dissolved in the intestine, the 

compounds stability is under attack from the hydrolytic and metabolic enzymatic systems 

until it reaches its target.

4.1.4.5 Sample preparation

It was possible to fully automate the sample preparation process of our screening by using the 

capabilities of the Accela autosampler, for online dilutions, spiking, mixing, incubating etc. 

The only step that could not be automated was after addition of acetonitrile to quench the 

reaction and precipitate the proteins, the sample needed to be centrifuged and this 

centrifugation could not be done online in our laboratory. It was possible though to direct 

inject the metabolite-media mixtures onto the column by using a guard column and switching 

valve, diverting the first few minutes of the chromatogram away from column and detector.
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4.1.4.6 Chromatographic method

In order to evaluate the metabohc mixtures, a chromatographic method had to be developed 

that would separate and purify each mixture into its separate components. Although the mass 

spectrometer could separate out the masses of the individual compounds, the chromatographic 

method was still important as diastereomers, namely the bupropion amino alcohols, had the 

exact same mass and therefore needed to be separated chromatographically in order to be 

adequately identified and quantified. The chromatographic method was also needed to 

separate out any inorganic salts or water soluble proteins from the mixture so these could be 

diverted to waste.

Reverse phase LC methods are the most widely used for separating organic compounds. A 

high pH reverse phase gradient method was chosen to purify the prodrug and metabolite 

mixtures entering the detector. The benefit o f using a high pH gradient method is due to 

ionisation suppression of basic analytes. The pK„ of bupropion, its ionisable prodrugs and 

metabolites are all between 7-9 as they are all amines. Performing a separation above the pK^ 

of the amines ensures that the analytes are unionised, and hence are retained on the column. 

Better retention means better separation between analytes and therefore improved resolution. 

W orking at high pH also reduces the tendency for amines to tail, which is a significant 

problem in reverse phase methods. The reduced tailing also improves peak shape and hence 

increase resolution. The improved peak shape also improves sensitivity allowing for lower 

limits of detection fo the analytes. A high pH reversed phase column was selected, Xbridge 

C l 8, which is a silica-polymeric hybrid column capable of withstanding pH 2-12 at elevated 

temperatures.

Two high pH buffer systems were identified to control the pH of the mobile phase, 

ammonium bicarbonate and ammonium formate. Both buffers are volatile and are suitable for 

high pH applications but ammonium formate was chosen as the pH was more easily adjusted 

as the acid and base component could be added separately. The stock buffer system was 

prepared by diluting a 0.5 % ammonium hydroxide solution in water and adjusting to pH 10.5 

with formic acid. This solution was then diluted to 10 % in mobile phase A and B (water and 

acetonitrile). The initial gradient chosen was from 10 % B to 90 % over 10 mins but was later 

adjusted to suit the chromatography and improve run times. Bupropion and its metabolites 

were separated in the first three minutes, and the potential prodrugs were separated thereafter 

as they were all more lipophilic than bupropion. The first 0.5 minutes of the chromatogram 

were diverted to waste, to ensure no inorganic salts and water soluble proteins entered the 

detector.
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4.1.4 .7  M ass spectrometric method

To achieve maximum sensitivity of both icnown and unicnown metabolites with the Orbitrap 

mass spectrometric detector, the system was set up with two scan types. The first scan was 

selective ion monitoring, looking specifically for the accurate mass molecular ions of 

bupropion and its metabolites. The second scan type was full scan total ion chromatogram. 

This was used to get a mass spectrum of each unknown coming into the detector. Appended 

to this scan, the instrument was set up in data dependent acquisition mode. W hen the 

instrument detected a mass ion with a chlorine isotope pattern, this triggered a MS/MS and 

that ion was sent into the ion trap for MS'  ̂ analysis. This greatly improved the selectivity of 

the instrument for MS" analysis as instantly only compounds relating to bupropion could be 

selected out due to their inclusion of the chlorine isotope. For very low levels of chlorine 

containing compounds, it was more difficult to detect the M+2 isotope and other conditions 

were set up to trigger data dependent analysis. The data dependent acquisition was also set up 

to trigger M S’ on the maximum abundance ion on each full scan. To save workspace on the 

Orbitraps memory, dynamic exclusion was used. This performed MS/MS on the most 

abundant ion only three times and then excluded this ion onto a list for 30 seconds in order to 

stop the instrument repeating itself again and again. For qualitative analysis, this was the best 

setup for the analyzer as accurate mass full scans on each product would be acquired along 

with M S’ analysis which gave fragmentation data on each of the most abundant ions.
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4.2 Screening results

Table 4.1 summarizes the results obtained when each prodrug was incubated in each 

metabolic media at 37”C for one hour. Physiological temperature was used to best represent 

the human internal temperature and to optimize the activity of the enzymes present in each 

media. A one hour incubation was used as the maximum time a drug or prodrug would be 

immersed in the media. One hour metabolism or hydrolysis was sufficient time to generate 

detectable levels of metabolites. A blank media was used in each analysis to subtract a 

background from each LC-MS sample chromatogram. A to sample was also used to identify 

impurities related to each prodrug.

After one hour incubation of each prodrug in each media, the mixture was quenched with 

acetonitrile and the sample was centrifuged to remove precipitated proteins. The supernatant 

solution was injected directly by the autosampler and the LC-MS chromatogram was obtained 

with data dependent acquisition analysis. This data was then screened using Metworks 

software in order to establish what metabolites were present and more importantly, if 

bupropion or its metabolites were present. Bupropion and its metabolite standards were run 

with every prodrug analysis. A linear curve generated of each bupropion and its metabolites 

was the determining factor if the system was suitable for analysis. The linear range for 

bupropion and metabolites was 1-250 ng/mL. R‘ > 0.9950.

For microsome solutions (HIM and HLM), a control media was used to determine if the 

microsomes were active or not. This control solution was a bupropion standard. Bupropion 

was hydroylated to hydroxybupropion when the microsomes were active. This transformation 

is commonly used to assess activity of oxidative enzyme CYP2B6 in human liver and 

intestinal microsomes. The microsomes certificate of analysis also described the enzyme 

activities of each media.

Results reported as <LOD (less than limit of detection), indicated that bupropion, its 

metabolites or any of the other prodrugs were not detected in the media after a one hour 

incubation at 37”C (n = 2). The limit of detection was 0.1 ng/mL for bupropion and 

metabolites. It was important to report if any of the other prodrugs were detected if for 

instance a possible multistep-prodrug was found. It was also important to report the 

metabolites of bupropion if for instance the prodrug was converted to bupropion but then 

subsequently metabolized to one of its metabolites immediately. Detection of bupropion or its 

metabolites would be a positive screening result, indicating that the prodrug may be worth an 

in vivo assessment. A positive screen would also initiate the next level o f analysis on the 

prodrug assessment scheme. Figure 4.3, either determination of enzyme kinetics or 

determination o f hydrolysis kinetics. This generic screen can also be used to assess drug 

stability for the oral route of administration.
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Table 4.1 The testing matrix o f potential prodrugs and hydrolysis/metabolism results o f  compounds 

detected in simulated gastric flu id  (SGF), simulated intestinal flu id  (SIF), human intestinal micro.wmes 

(HIM), human liver micro.wmes (HLM) and pooled human plasma (PHP). <LOD = less than limit o f  

detection, n = 2 (0.1 ng/m Lfor bupropion and metabolites).
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4.2.1 Cyclic carbamate derivative of bupropion (3.10)

The 8-membered ring cyclic carbamate 3.10 was the first compound 

selected for screening in the five media. Neither bupropion or its 

metabolites were detected in any media. This would suggest that 3.10 is 

stable to hydrolysis or enzymatic metabolism under the conditions used in 

the method. The carbamate group in this molecule would be labile to catalysed hydrolysis 

under strong acid or base conditions but under physiological conditions this is more difficult. 

The carbamate group should also be labile to esterase activity and cleavage would be 

expected in most other carbamate cases, releasing the free amine. 3.10 is most likely too 

sterically crowded around the nitrogen to fit in the active site for hydrolysis to occur. Even if 

hydrolysis at the amine occurred it is unlikely that further hydrolysis would occur around the 

oxygen and bupropion would not be recovered. 3.10 is therefore an unlikely prodrug 

candidate of bupropion.

4.2.2 Oxazolone of bupropion (3.17)

Compound 3.17 was an oxazolone of bupropion. The oxazolone contains a 

ring whereby a carbamate functionality is joined in a ringed system by two 

adjacent carbons. These two carbons are unsaturated. The oxazolone ring 

should be prone to acid or base catalysed hydrolysis as the carbon in the 

carbamate functional group will be electrophilic. The possibility of ring 

opening and further dealkylation could return bupropion. Although the concentration o f the 

oxazolone was decreasing over time, the screening of the oxazolone in each media did not 

generate bupropion or any o f its metabolites and it is therefore unlikely that 3.17 could be a 

human bupropion prodrug.

There is no previous literature on oxazolone type prodrugs but oxazolidine type prodrugs 

have been used successfully for aminoalcohols. Oxazolidines are structurally very similar to 

oxazolone with the exception of the unsaturation on the two carbons linking the nitrogen to 

the oxygen on the ring. Oxazolidine prodrugs of ephedrine have been shown to be hydrolysed 

successfully in rats, yielding ephedrine [163, 211, 212]. This prodrug stategy could be used 

on the amino alcohol metabolites o f bupropion or possibly on bupropion when it is enolized.

A group of structurally related prodrugs are the oxodioxolyl-methyl esters (daloxates) which 

are susceptible to base catalysed hydrolysis yielding the corresponding carboxylic acid [169].
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4.2.3 A^,0-diacetyIated bupropion (3.18)

A^,<9-diacetylated bupropion 3.18  contained two potential prodrug groups 

that would liable to hydrolysis. Therefore this compound was a potential 

double prodrug of bupropion. Deacetylation at the oxygen would give back 

the keto-amide, while deacetylation at the amide would give back the

0

ro
amino-enol ester. Amide and ester prodrugs are widely used and have been Cl 

investigated extensively in the past [213]. Prodrugs of enol esters are not so widely used but 

this has been used successfully to deliver ketone drugs [115, 116, 214, 215]. Burkhart et a i .  

have described the synthesis o f a-keto  ester enol acetates and have shown these are converted 

back to the ketone drugs by esterases.

After deacetylation at the amine, the amino-enol ester would ionize well in the mass 

spectrometer as it contains the free amino group but the keto-amide would be more difficult to 

ionize and detect. The tertiary amide would likely be more difficult to hydrolyse.

Incubation of 3.18  in each media did not show any hydrolysis back to bupropion or its 

metabolites. It is possible though, that a mono-deacetylation occurred on the oxygen and the 

keto-amide was returned but the poor ionisation of the amide gave poor sensitivity on the 

detector and this was not detected. Since a deacetylation on the amine would have been much 

easier detected and was not seen, the tertiary-t-butylated amide is probably too sterically 

hindered for hydrolysis of the amide by hydrolases.

4.2.4 yV-methyl bupropion (3.19)

anticipated, bupropion was detected in both the human liver and human 

intestinal microsome media. An enzyme or enzymes common to both media were able to N- 

demethylate 3.19  back to parent bupropion 3.5. Further deconvolution of the data by 

Metworks software was able to show a reduced metabolite o f A'-methyl bupropion, A^-methyl 

amino alcohol of bupropion 4.1 (RT = 4.49 min). An example of an LC-MS chrom atogram  of 

the metabolized //-m ethyl bupropion in human liver microsomes is given in Figure 4.4.

N-methyl bupropion 3.19  was a good candidate 

bupropion. M dealkylation is a common bio-trans 

in vivo, and oxidative enzymes have been shi 

sterically hindered groups. 3.19  was incubated
(f

125



Bupropion (RT = 2.14 min) in the sample is seen at the same retention time of the bupropion 

standard that was run on the same day and accurate mass spectrum of bupropion in the sample 

also agrees with the standard fragmentation spectrum confirming the identity and presence of 

bupropion.

G:\LCMS DATA\...\NMeBup_HLM_07 08/03/2010 21:51:15

NL: 4 55E7
m/z= 254.1297-254.1307 F: FTMS + c 
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Figure 4.4 A typical LC-MS clirotm logram  o f  N-melhyl bupropion incubated with human liver 

microsomes. The retention times o f  N-methyl bupropion (254.1305), bupropion (240.1147) and N- 

methyl amino alcohol (256 .14 6 1) are 4.H3, 2.14 and 4.49 minutes respectively

The presence of an amino alcohol of A^-methyl bupropion 4.1 showed that A'-methyl 

bupropion 3.19 and bupropion 3.5 are metabolized similarly, by reduction. This amino 

alcohol 4.1 was later confirmed as the threo-diastereomer by synthesis of a standard (Scheme 

4.1) and comparison with the sample chromatogram and fragmentation spectrum. This 

stereoselective metabolism of A^-methyl bupropion to A^-methyl threo-amino alcohol is also 

seen in the metabolism of bupropion to the threo-amino alcohol. The threo isomer usually 

predominates over the erythro-isomer in human and guinea-pig metabolism.
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Br

3.193.5

Scheme 4.1 Synthesis o f  N-methyl amino alcohol o f  bupropion, a) Bo, DCM. RT, 30 min, h) 1- 

hutvlamine. NMP. 60'C, 30 min, c) Mel. DIPEA, ACN. RT, 12 h d) NaBH^, EiOH, RT, 30 min.

Scheme 4.2 summarizes the in vitro metabolism of A^-methyl bupropion 3.19  in the presence 

of human intestinal and liver microsomes, showing the two main metabolites, bupropion 3.5 

and A^-methyl threo-amino alcohol 4.1. This positive in vitro  result was a good indication that 

A^-methyl bupropion was a potential bio-precursor prodrug o f bupropion. The generation o f a 

new metabolite related to the amino-alcohol o f bupropion was also a new drug candidate with 

potential pharmacological activity related to the metabolites of bupropion. This new 

metabolite is also a potential prodrug of the threo-amino alcohol metabolite of bupropion 4.2. 

A^-demethylation of 4.1 would give the threo-amino alcohol metabolite of bupropion 4.2 

which itself is also pharmacologically active.

Demethylation Hydroxylation

ReductionReduction

OHOH
Demethylation NH

4.24.1

Scheme 4.2 M etabolism o f  N-methyl bupropion in human intestinal and liver microsomes

4.2.4.1 Enzyme kinetics

After establishing that A^-methyl bupropion is transformed to bupropion in vitro by human 

liver microsomes, some basic enzyme kinetics were determined to understand if  true non

linear pharmacokinetics was occurring in vitro. Generally, the initial rate of an enzyme 

reaction such as the demethylation o f //-m ethyl bupropion to bupropion is directly
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proportional to the concentration o f  the substrate at low concentrations. H ow ever, as the 

substrate concentration increases, the reaction reaches a certain  m axim um  rate. In the sim plest 

case, the overall processes o f  an initial enzym atic reaction can be described by the follow ing 

schem e;

k i  k2
E + S E.S E + P

k - i

In brief, the substrate (S) b inds to  free enzym e m olecule (E) and form s as enzym e-substrate 

com plex (ES), w hich then can either dissociate back to  E and S, or further break dow n to E 

and product (P); kf and k., are the association  and dissociation rate constants, respectively; and 

k2 is the rate constant for the production o f  P. D uring the early stages o f  the reaction, the 

reverse process, i.e., E + P —> ES, is assum ed to  be negligible, because the concentration o f  P 

is essentially  zero. The equation describ ing the initial rate o f  the reaction as a function o f  the 

substrate concentration  can be derived from  this schem e, and is know n as the M ichaelis- 

M enten equation . E quation 4.1, first proposed by H enri in 1903 and originally  form ulated 

from  the equation  describ ing a sim ple in vitro  enzym atic reaction. This equation  is most 

useful for describ ing apparent non-linear plasm a concentration-tim e profiles o f  drugs in both 

ill vivo  and in vitro  situations.

Equation 4.1 The M ichcielis-M enten equation

V  C

f<n.+C

C is the original concentration o f the substrate ([S]) at the beginning o f  the reaction; v is the 

initial rate o f the reaction  [substrate depletion  (-dC /dt), o r product form ation (dP/dt); K,„ is the 

M ichaelis-M enten constant ([E ].C /[EC ]); and is the m axim um  rate o f  the reaction 

(k2.[E]i), w ith [E], being the total concentration  o f  the enzym e. In practice, consum ption o f no 

m ore than 5 % o f the original am ount o f  substrate is considered acceptable for estim ating the 

initial reaction  rate w ith the original substrate concentration  at the beginning o f  a reaction to 

satisfy the M ichaelis-M enten equation. K„, is inversely related to  the affin ity  betw een the 

substrate and the enzym e, i.e., the sm aller the K,„ value, the stronger the affinity  betw een the 

substrate and the enzym e and vice versa. K„, is also  equal to  the substrate concentration  at 

w hich the rate o f the process is half o f V„,„. V,„ax w ould be attained at infinite substrate 

concentra tion  w here all the enzym es are saturated w ith the substrate and present as ES, and is 

directly  proportional to  the total enzym e concentration . The im portant assum ptions required 

fo r the M ichaelis-M enten  equation include;
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a) Only a single substrate and a single enzyme-substrate complex with a 1; 1 stoichiometry 

between substrate and enzyme are involved, and the enzyme-substrate complex breaks down 

directly to form free enzyme and the product,

b) The reaction rate is measured during the very early stages of the process so that the reverse 

reaction from the enzyme and the product to the enzyme-substrate complex (E + P —> ES) is 

negligible,

c) The substrate concentration is significantly higher than the enzyme concentration so that 

the formation of an enzyme-substrate complex does not alter the substrate concentration to 

any significant extent.

Another important parameter that can be estimated from the M ichaelis-M enten parameters is 

clearance. Clearance is a measure o f the ability o f the body or an organ to eliminate a drug 

from the blood circulation. Systemic clearance is a measure of the ability of the entire body to 

eliminate the drug, whereas organ clearance such as hepatic or renal clearance is a measure of 

the ability of a particular organ to eliminate the drug. Using liver microsomes we can estimate 

the liver clearance. The liver is the most important organ in the elimination of a drug from the 

blood. It is highly perfused and under normal conditions receives approximately 75 % of its 

blood supply from the portal vein and 25 % from the hepatic artery. The highly branched 

capillary system and fenestrated endothelium enable direct contact between the blood 

components and all cell types within the organ. Hepatocytes, the principal cell type in the 

organ, contain the various metabolizing enzymes and are well equipped with active 

transporters for efficient uptake of drug and excretion into the bile. In general, hepatic drug 

clearance implies clearance via both metabolism and biliary excretion. Intrinsic hepatic 

clearance, C/,. /, reflects the inherent abaility of the liver to eliminate the drug not bound in 

blood components (to be exact, drug molecules not bound to tissue components within the 

hepatocytes) and is governed solely by the activities of metabolizing enzymes and/or biliary 

excretion (both active and passive transport o f a drug into the bile). In theory, it is the same as 

the hepatic clearance of a drug when there are no limitations in drug delivery to the liver 

(sufficient and fast blood flow), protein binding (no protein binding), and other factors such 

as cofactor availability when needed. Intrinsic hepatic clearance can be calculated using

Equation 4.2 Intrinsic hepatic clearance

VCl
K...
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There are three physiological factors that affect hepatic clearance, blood flow rate, fraction of 

drug not bound to blood components and the intrinsic hepatic clearance. The most important 

value of hepatic clearance models is probably their ability to elucidate how the different 

physiological factors are related to each other. In some models, the effects o f the degree of 

blood dispersion inside the liver on clearance can also be taken into account.

The Michaelis-Menten parameters for A^-methyl bupropion 3.19 were determined by fixing 

the concentration of human liver microsomes and its necessary co-factors in a PBS buffer. 

Varying amounts o f substrate were added and the velocity o f formation of bupropion was 

determined by LC-MS analysis over a timeframe so the sensitivity o f bupropion was above 

the quantitation lim it o f the method, this was usually 20 min. The velocity of formation o f 

product (bupropion) versus substrate (A^-methyl bupropion) concentration was plotted and 

Equation 4.1 was solved using least squares non-linear regression. A^-methyl bupropion was 

transformed to bupropion using human liver microsomes with a V„„„ value o f 900.4 ± 74 

pmol/min/mg HLM  and a K „  value of 96.8 ± 24.4 ^M. The intrinsic hepatic clearance (Cl|, h ) 

was found to be 9.28 L/min. This in vitro experiment was conducted with six replicates at 

each concentration level (Figure 4.5). As a comparison, bupropion has been shown to be 

hydroxylated by human liver microsomes with substantial variation, with V„,ax rates between 

85-662 pmol/min/mg HLM, K,„ values o f 109-162 (iM and Clj, h = 0.5-6.1 L/min. The 

hydroxylation has also been shown to stereoselective with the rate of (S,S)-hydroxybupropion 

1.5 fold greater than that of (R,R)-hydroxybupropion using human liver microsomes [129]. 

This was shown using CYP2B6 when racemic bupropion was incubated at therapeutic 

concentrations. The rate of (S,S)-hydroxybupropion formation was approximately threefold 

greater than that o f (R,R).
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Figure 4.5 Substrate saturation study in pooled human live r microsomes o f  N-methyl potentia l prodrug  

o f  bupropion. Vma.x =  900.4 ±  73.8 pm ol/m in/m g HLM . Km  =  96.8 ± 24.4 fjM . R ' =  0.9289. n = 6.
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4.2.4.1 Pharmacology

In order to determine if A^-methyl bupropion was truly a prodrug of bupropion it was 

important to show that the pharmacological activity o f the prodrug was less active than 

bupropion. From a structure activity relationship point o f view, A^-methyl bupropion was 

likely to have some pharmacological activity since the amino group in the molecule was still 

basic, i.e. the free lone pair electrons on the nitrogen were still available for bonding at the 

site o f activity. If this pair of electrons was tied up for bonding in a group such as a carbamate 

or amide group, this molecule would most likely have lost all activity. The pharmacology of 

A^-methyl bupropion at a number of different neurotransmitter sites in the brain was 

determined using in vitro methods and bupropion as a control.

Since bupropion’s activity in depression was known to be related to its dual reuptake 

inhibition of dopamine and norepinephrine, these two transporter systems were evaluated. 

Serotonin inhibition was also evaluated in case A^-methyl bupropion showed some triple 

reuptake inhibition including the serotonin transport system. Bupropion is also known to act 

upon nicotinic acetylcholine receptors, which lead to its activity as a smoking cessation agent. 

Therefore activity at nicotinic acetylcholine receptors was also evaluated. Finally, activity 

was evaluated was at the muscarinic acetylcholine receptor. A summary of the 

pharmacological screen is presented in Table 4.2. IC50 values were calculated using non-linear 

least squares regression, inhibition constants (A",) were calculated using the equation o f Cheng 

and Prusoff and the Hill coefficient (nn) defines the slope of the competitive binding curve. 

Hill coefficients significantly different from 1.0 may suggest that the binding displacement 

does not follow the law of mass action with a single binding site.

M m ethyl bupropion Bupropion

IC50 (fiM) Ki (nM ) Hh Target !C.,o (nM) /^,(mM) Hh

39.3 12.3 0.957 Muscarinic non- 

selective, central

86.5 27 1.42

71.6 49.2 0.836 Nicotinic Acetylcholine >100 - -

3.71 2.95 0.924 Transporter, dopamine 

(DAT)

<1 - -

57.9 54.4 0.764 Transporter, 

norepinephrine (NET)

19.9 19.8 0.835

>100 Transporter, serotonin 

(SERT)

>100

■

Table 4.2 Pharmacological .screen o f  N-methyl bupropion and bupropion determined by MDS Pharma 

Services
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4.2.4.2.1 Dopamine transporter system (DAT)

The dopam ine active transporter is a m em brane spanning protein that pum ps dopam ine out o f 

the synapse back into the cytosol, from  w hich other transporters sequester dopam ine into 

vesicles for later storage and release. D opam ine reuptake via D A T provides the prim ary 

m echanism  through w hich dopam ine is cleared from  synapses except in the prefrontal cortex, 

w here dopam ine uptake via the norepinephrine transporter plays that role [216]. D A T is 

thought to  be im plicated in a num ber o f dopam ine related disorders, including A D H D , b ipolar 

disorder, clinical depression and alcoholism . D A T ’s m echanism  o f action is based upon its 

ability  to  act as a sym porter that m oves dopam ine across the cell m em brane by coupling the 

m ovem ent to  the energetically  favourable sodium  ions m oving from  high to  low 

concentration  into the cell. D A T function requires the sequential binding and co-transport o f 

tw o N a+ ions and one C l' ion w ith the dopam ine substrate.
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Figure 4.6 Dose response cun^e for N-methyl bupropion {circles} versus vanoxerine reference 

{squares} in the DAT assay

The pharm acological screening o f  N -m ethyl bupropion versus bupropion in the dopam ine 

transporter assay show ed that A^-methyl bupropion was m uch less active than bupropion in the 

reuptake o f dopam ine (Table 4.2). A lthough som e activity  was reported  for A^-methyl 

bupropion, IC 50 = 3.71 |iM  (Figure 4.6), this was at least one order o f  m agnitude less active 

than bupropion, w hich in the pharm acological screen w as show n to be in the nM  range. From  

a prodrug perspective, if  A^-methyl bupropion and bupropion w ere dosed in an equim olar 

form ulation and delivered  by the oral route o f  adm inistration, the in vitro  screening results 

have show n that A^-methyl bupropion w ould be extensively  m etabolised to  bupropion pre- 

system ically  in the intestine and liver. The pharm acological screen has also  show n that any 

rem aining unm etabolized  prodrug w ould be only one-tenth as potent as bupropion at the 

D A T. T h is reduced activity  at D A T reinforced its use as a potential p rodrug o f  bupropion.
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4.2.4.2.2 Serotonin transport system (SERT)

This protein is an integral membrane protein that transports the neurotransmitter serotonin 

from synaptic spaces into presynaptic neurons [216]. Transport of serotonin by the SERT 

protein terminates the action of serotonin and recycles it in a sodium-dependent manner. This 

protein is a target of psychomotor stimulants, such as amphetamine, cocaine and MDMA, and 

is a member o f the sodiumineurotransmitter symporter family. A repeat length polymorphism 

in the promoter o f this gene has been shown to affect the rate o f serotonin uptake and may 

play a role in sudden infant death syndrome, aggressive behavior in Alzheimer disease 

patients, post traumatic stress disorder and depression-susceptibility in people experiencing 

emotional trauma.

Neither A^-methyl bupropion nor bupropion showed activity in the serotonin transporter in the 

pharmacological screen (IC50 > 100 |iM). This was a positive prodrug result from a 

pharmacological point of view as bupropion has no activity at the SERT.

4.2.4.2.3 Norepinephrine transporter (NET)

The sodium dependent norepinephrine transporter also known as the norepinephrine 

transporter or NET (or noradrenaline transporter (NAT)) is a monamine transporter that 

transports the neurotransmitters norepinephrine and dopamine from the synapse back to 

cytosol, from which other transporters VM AT sequester DA and NE into vesicles for storage 

and release [216].

Certain antidepressant medications act to raise noradrenaline, such as the SNRI’s and 

the tricyclic antidepressants (TCAs). In other words, these medications prevent the 

noradrenaline transporter from doing its job. Noradrenaline therefore remains in the synapse 

longer, allowing it to reach more normal levels. Since the noradrenaline transporter is 

responsible for most o f the dopamine clearance in the prefrontal cortex, SNRls would also 

raise dopamine levels in synapses there. However, dopamine in most brain regions is cleared 

primarily by the dopamine transporter, which works roughly 1 0  times faster.

Although A^-methyl bupropion and bupropion were shown to have similar activities at the 

NET, A^-methyl bupropion was less active. Bupropion (IQ o = 19.9 |iM) was approximately 

three times more active than A'-methyl bupropion (IC 50 = 57.9 ^iM) at the norepinephrine 

transporter. Table 4.2. These values represent weak reuptake inhibition of norepinephrine as 

the standard reference control, desipramine is active in the pM range (IC50 = 0.89 nM), Figure 

4.7.
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Figure 4.7 Dose response curx’e for N-methyl hupropion {circles] versus desipramine reference 

(squares) in the NET assay

4.2.4.2.4 Muscarinic acetylcholine receptor (mAChR)

Muscarinic receptors, or mAChRs, are G-coupled acetylcholine receptors found in the plasma 

membrane o f certain neurons and other cells. They play several roles, including acting as the 

main end-receptor stimulated by acetylcholine released from postganglionic fibers in 

the parasympathetic nervous system. Muscarinic receptors were named as such because they 

are more sensitive to muscarine than to nicotine.

A^-methyl bupropion and bupropion showed little activity at the muscarinic receptor. The IC5 0  

values obtained from the screen were 39.3 and 86.5 |iM for A^-methyl bupropion and 

bupropion respectively (Table 4.2). Although A^-methyl bupropion was lower, these values are 

insignificant compared to reference atropine (1.54 nM), Figure 4.8.
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Figure 4.8 Dose response curves fo r  N-methyl hupropion (circles) versus atropine reference (squares) 

in the muscarinic assay
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4.2.4.2.S Nicotinic acetylcholine (nAChR)

Nicotinic acetylcholine receptors, or nAChRs, are cholinergic receptors that form ligand gated 

ion channels in the plasma membrane o f certain neurons and on the postsynaptic side of the 

neurom uscular junction. Being ionotropic receptors, nAChRs are directly linked to an ion 

channel and do not make use o f a second messenger as metabotropic receptors do. Like the 

other type o f acetylcholine receptors, muscarinic acetylcholine receptors (mAChRs)-the 

nAChR is triggered by the binding o f the neurotransmitter acetylcholine (ACh). However, 

whereas muscarinic receptors are also activated by muscarine, nicotinic receptors are also 

opened by nicotine. Nicotinic acetylcholine receptors are present in many tissues in the body 

and are the best-studied of the ionotropic receptors. The neuronal receptors are found in the 

central nervous system and the peripheral nervous system. The neuromuscular receptors are 

found in the neuromuscular junctions of somatic muscles; stimulation o f these receptors 

causes muscular contraction.

The pharmacological screen of A^-methyl bupropion and bupropion at the nicotinic 

acetylcholine receptor did not show activity at any appreciable binding. Although N-methyl 

bupropion did have a lower IC50 value of 71.6 ^M , bupropions ICso was > 100 jiM (Table 

4.2), these values are still insignificant to the reference compound epibatidine (IC 50 = 0.123 

nM), Figure 4.9. This assay was most likely not specific enough as bupropion is a known 

nicotinic antagonist for the (a3):(P4)3 receptor. In an effort to assess if A^-methyl bupropion 

had any activity at a more specific receptor, three more specific nicotinic acetylcholine 

receptors were evaluated, namely a l ,  a4 p 2  and a7 . Bupropion and A'-methyl bupropion did 

not show activity at these receptors in the range 1-100 fiM.
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F igure 4 .9  D ose response curves f o r  N -m ethyl bupropion  (c irc les) versus ep iba tid in e  reference  

(squ ares) in the n ico tin ic  acetylcholin e assay
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4.2.4.2.6 A potential pharmacotherapy for cocaine addiction

A recent study released in D ecem ber 2009 by Carroll e t al. has suggested the potential use o f 

A^-methyl bupropion as a pharm acotherapy for cocaine addiction [123], A series o f  bupropion 

analogues w ere synthesized and their in vitro  and in vivo  pharm acological properties w ere 

evaluated  w ith the goal o f develop ing  an analogue o f  bupropion that had better properties for 

treating  addiction. A lthough /V-methyl bupropion was not the ideal candidate in this case, it 

did show  som e interesting properties. Bupropion has been show n to be a good candidate for 

treating  cocaine addiction, given its dopam inergic properties and its success in dependency 

studies for cocaine, m etham phetam ine and nicotine. T heir study’s goal was to develop a 

bupropion analogue w ith increased dopam inergic properties as determ ined by its DA uptake 

with reduced N E uptake properties to reduce the potential for cardiotoxicity . S ince the 

increased dopam inergic p roperties could also  increase abuse potential, the desired analogue 

would need to have slow  onset and long duration  o f action properties that are believed to 

reduce abuse potential. A lthough dopam ine uptake inhibition w as low er for A^-methyl 

bupropion over bupropion, A'-methyl bupropion perform ed well in o ther tests. A^-methyl 

bupropion show ed locom otor stim ulant efficacy sim ilar to cocaine and had periods o f 

m axim um  stim ulatory effect at tim es o f  1 h or greater follow ing injection. It also had a 

duration  o f locom otor activ ity  greater than 3 h. The study show ed som e interesting 

pharm acotherapies fo r A'-methyl bupropion but failed to recognize the extensive m etabolism  

o f this d rug analogue that w as show n in this chapter. A n interesting study w ould be to assess 

potential synergistic pharm acological effects o f  dosing both A^-methyl bupropion and 

bupropion.

4.2.4.2.7 A potential pharmacotherapy for smoking cessation

A nother recent study by the C arroll group have also suggested a possib le aid to sm oking 

cessation  for A?-methyl bupropion [124].

The use o f  bupropion for treating  nicotine addiction em erged from  serendipitous observations 

that patients taking bupropion as an antidepressant w ere m ore successful in sm oking cessation  

attem pts. It w as know n that bupropion inhibited DA and NE uptake activ ity , but the d iscovery  

that it also  preferentially  an tagonized a3p4*-nA C hR  suggested that m ore than one o f  these 

targets m ight be involved in its sm oking cessation  efficacy. It is possib le that bupropion SR is 

achieving its effects by increasing dopam ine levels through D A  uptake inhibition and 

shield ing against nicotine induction o f nA C hR -m ediated  dopam ine elevation. A lthough it is 

not clear w hat part if  any is played by the ability  o f  bupropion to inhibit N E uptake in its 

sm oking cessation activity , it is likely to contribute to  nicotine w ithdraw al am elioration. The 

goals o f  the study w ere to  find bupropion analogues that possessed increased inhibitory
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activity for DA and NE uptake inhibition and/or nAChR antagonism while retaining the 

druglike properties o f bupropion.

A^-methyl bupropion was the only compound o f all synthesized that had higher selectivity (4- 

fold) for NE uptake inhibition relative to DA inhibition. Bupropion was shown to have a 4- 

fold selectivity for the a3(J4*-nAChR over other subtypes but A^-methyl bupropion had > 10- 

fold selectivity. In the hot-plate assay, A^-methyl bupropion had approximately a 2-fold more 

potency than bupropion suggesting that several mechanisms might impact supraspinal 

mechanisms of nicotine-mediated antinociception. N-methyl bupropion had an improved 

selectivity for a3p4*-nA ChR over DA uptake inhibition.

Once again though the authors had failed to recognize that yV-methyl bupropion would be 

extensively metabolized presystemically before reaching its desired target so its use as a drug 

is limited.
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4 .2.43  Aqueous Stability

The aqueous stability o f N-methyl bupropion was determined in the exact same manner as the 

determination o f the aqueous stability of bupropion described in Chapter 2 [154], This study 

was carried to establish i f  A^-methyl bupropion had an improved stability profile over 

bupropion which could be used to its advantage in the formulation of yV-methyl bupropion 

prodrug delivery systems. In particular, it was already seen that bupropion had a poor stability 

profile above pH 5 and any improved profile above this pH would have commercial benefits 

in formulating A^-methyl bupropion.

The pH stability profile o f bupropion and A^-methyl bupropion at 40"C is presented in Figure 

4.10. Both bupropion and A^-methyl bupropion follow pseudo-first order decay kinetics in 

aqueous media. Below pH 5, iV-methyl bupropion and bupropion had similar degradation 

rates, where they are both stable. Above pH 5, yV-methyl bupropion degraded faster than 

bupropion. From pH 6 to 12, the rate o f degradation of A^-methyl bupropion increased almost 

linearly but above pH 12 the rate o f degradation decreased quite dramatically. The opposite is 

true for bupropion where above pH 12, the rate of degradation increases significantly.
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Figure 4.10 The pH  stab ility  p ro file  o f  N-methyl bupropion compared to bupropion at 4 0 ‘C

The reason for this improved stability o f A^-methyl bupropion at high pH is most likely due to 

the inability o f the tertiary amine to form the imine. When bupropion is exposed to high pH it 

tautomerizes from ketone to enol/enamine to imine, whereas when A^-methyl bupropion is 

exposed to high pH it may only tautomerize from ketone to enol, the imine cannot form as 

there is no free proton on the amino group of the tertiary amine. The imine is much more 

unstable and prone to hydrolysis which is the reason why bupropion’s rate o f degradation 

increases rapidly at high pH. It is unlikely though that A^-methyl bupropion would be exposed 

to such a pH under physiological or formulation conditions so its improved stability at this pH 

confers no practical advantage.
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4.2.4.4 Caco-2 cell perm eability

A'-Methylation of bupropion increases its lipophilicity by removing tiie hydrogen bond donor 

of the secondary amine, thus transforming it into a tertiary amine. This increase in 

lipophilicity should in turn increase its ability to traverse cell membranes such as the 

intestinal cell wall or the blood brain barrier. In order to assess if A^-methylation improved cell 

permeability, a CACO-2 cell permeability experiment was conducted.

CACO-2 cells, derived from human colon adenocarcinoma, differentiate into a highly 

functionalized epithelial barrier with biochemical similarity to small intestinal columnar 

epithelium. These differentiated monolayers can be used to assess the membrane transport 

properties of novel compounds. The apparent permeability Papp values obtained from CACO- 

2 transport experiments have been shown to correlate with human intestinal absorption [217].

The experiment is conducted by growing a cell monolayer of CACO-2 cells on a porous 

membrane. The substrate is then placed in a donor well which can be on the apical (AP) side 

of the cell monolayer to measure passive diffusion or the basolateral (BL) side of the cell 

monolayer which is used to measure active transport diffusion (Figure 4 .11). The amount of 

substrate transported into the receiver well is quantified and the apparent permeability can be 

calculated.

Apical side

Cell monolayer

Filter

Basolateral side

F igure 4 .1 1 A schem atic  o f  the C A C O -2 ce ll p e rm ea b ility  experim en t a d p a p ted  from  [ 2IH]

The transport assay donor solution contained 100 |iM  yV-methyl bupropion in transport 

medium containing 100 pM Lucifer yellow and 1 % DMSO (pH 7.4 PBS buffer). The LC-UV 

method used to quantify A^-methyl bupropion had an LOQ of I pM and the method was linear 

to at least I mM. System suitability was established on the day of use by repeat injections (n = 

6) of 100 |.iM standard. The RT and peak area % RSD < 2.0 %. Three methods were used to 

evaluate the integrity of the cell monolayer on the membrane, firstly by optical microscope 

visually, secondly by measuring the TEER (transepithelial electrical resistance) and thirdly by 

measuring the amount of Lucifer yellow that had passed through the membrane into the
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receiver well. The TEER values indicate the degree of monolayer confluence and tight 

junction development. Lucifer yellow was used as an internal control for each monlayer to 

verify tight junction integrity during the entire assay period. Variations in tight junctions can 

significantly affect permeability rates for compounds using the paracellular transport route.

values of Lucifer yellow were quantified at the end of experiment. The normal range for 

Lucifer yellow permeability in CACO-2 monolayers < 10 nm/sec.

Apparent permeability (Papp) values were calculated using Equation 4.3

Equation 4.3

p = ( i « ) x - L x i
\ l l  C„ /I

where dQ/dt is the permeability rate, Co is the initial concentration in the donor compartment, 

and A is the surface area of the filter. Permeability rate was calculated by plotting the percent 

of initial AP drug mass (peak area) found in the BL compartment versus time and determining 

the slope of the line. The value for yV-methyl bupropion was calculated from 15 minute 

data to ensure that < 10 % of initial compound was found in the receiver compartment.

After ensuring all the quality controls were met for the experiment, the Papp values were 

calculated and are presented in Table 4.3.

Papp (cm/sec) (nm/sec) Efflux ratio Bupropion 

Papp (nm/sec)

Apical to basolateral 5 .1 6 ±  1.12 X 10'’ 4 710+  1020 2.42 1500 + 220 

[219]

Basolateral to apical 12.5 + 2 .9  X 10 '’ 6 820+  1600

Table 4.3 CACO-2 cell perm eability values for N-methyl bupropion. Bupropion literature data is also  

shown

The AP to BL P„pp of 5.16 x 10 * cm/sec for A^-methyl bupropion is a typical value for a 

compound that is completely absorbed from the human intestine [218], This rate is also three 

times higher than the value obtained for bupropion, which reflect its increased permeability 

due to increased lipophilicity. The basolateral to apical P„pp was faster than the apical to 

basolateral P^pp indicating active transport is also occurring through the cells. A^-methyl 

bupropion is most likely protein bound and transported through the CACO-2 cell monolayer. 

Efflux ratios greater than 1 are an indication of an active transport process. The efflux ratio is 

defined as the quotient of the secretory permeability and the absorptive permeability (Papp, ba! 

Papp, ah)- The increased lipophilicity and permeability o f A^-methyl bupropion improve its 

prodrug like qualities and its ability to penetrate the blood brain barrier and reach its potential 

target.
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4.2.5 Hydroxyimine of bupropion (3.21)

The hydroxyimine of bupropion 3.21 was screened in each of the five 

metabolic media, SGF, SIF, HIM, HLM and PHP. Neither bupropion nor 

any of its metabolites were detected during the course of the screening in 

any media. This was unexpected as oximes are generally susceptible to 

hydrolysis and are also prone to metabolism by CYP enzymes [113], It was Cl 

unusual too that an analogue of bupropion was showing such high stability.

A short stability study was conducted on the hydroxyimine of bupropion 3.21 versus 

bupropion in two media at 37"C to see if the hydroxyimine had greater overall stability. 

Simulated gastric fluid was chosen to establish if any hydrolysis would occur to the 

hydroxyimine at low pH but none was detected, bupropion and the hydroxyimine of 

bupropion had similar stability profiles in this media. At physiological pH though, the 

hydroxyimine o f bupropion had much greater stability than bupropion. This was likely due to 

intramolecular hydrogen bonding between the hydrogen on the hydroxyl group of the 

hydroxyimine and the amino nitrogen. This added stability of the hydroxyimine may have 

been the contributing reason why no metabolism to bupropion was occurring. The stability 

study results are presented in Figure 4.12.
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Figure 4 .12  S tab ility  o f  the hydroxyim ine o f  bupropion  versus bupropion  in (A) sim ula ted  ga str ic  f lu id  

p H  1.2 a t 3 7 'C  an d  (B) phosph a te  buffered saline solution pH  7.4 a t 3 T ’C

Although the hydroxyimine has no potential as a prodrug of bupropion, its excellent 

hydrolytic stability profile and inertness to metabolic enzymes make it a very good potential 

drug candidate. Chromatographically, it has the same retention time as bupropion so most 

likely has similar lipophilicity as the pKa  would also be sim ilar to bupropion. Therefore the 

hydroxyimine would likely cross the blood brain barrier quite easily. It would be an 

interesting compound to evaluate for its pharmacological profile. The structures of bupropion
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and the hydroxyimine are very similar but one isomer o f the hydroxyimine is likely locked in 

one configuration due to intramolecular hydrogen bonding.
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Figure 4.13 A +ESI LC-MS spectrum o f  the hydroxyim ine o f  bupropion 3 .2 ]

4.2.6 Oxadiazine of bupropion (3.23)

The oxadiazine o f bupropion 3.23 was an interesting compound for two 

reasons. Firstly, did it have the potential to be a double prodrug of 

bupropion? Possible A^-deaikylation and metabolism of the remaining 

alkyl-oximine would give back bupropion. It was already shown that the N- 

methylated analogue of bupropion was susceptible to A^-dealkylation, and 

this could easily be the case for the oxadiazine. Secondly, i f  the hydroxyimine 3.21 was a 

possible prodrug of bupropion or even a new drug candidate, the oxadiazine 3.23 could be a 

prodrug for the hydroxyimine 3.21.

Screening of the oxadiazine o f bupropion 3.23 in each o f the five metabolic media did not 

produce bupropion or any o f its metabolites but the main transformation that was occurring 

was conversion to the hydroxyimine. Two successive de-alkylations were giving back the 

hydroxyimine. The hydroxyimine again was most likely too stable then for further 

metabolism. Both the human intestinal and human liver microsome suspensions were able to 

metabolize the oxadiazine 3.23 back to the hydroxyimine o f bupropion 3.21. An example of 

the accurate mass LC-MS chromatogram is presented in Figure 4.15.

142



G:\LCMS DATA\...\Oxadiazine\HLM T20 24/10/2009 20:11:40

RT: 0.00 - 15.03

4,100
0
re 80 
TJ
1  60 
<
<i) 40

5  20 0)
0

RT: 9.07 
BP: 267.1261

NL: 1.30E5 
m/z=
267.1209-267.1309 F: 
FTMS + p ESI Full ms 
[120.00-600.00] MS 
Genesis HLM T20

Time (min)

-D 1 0 0c
<  50 
0)
>

I  0 
^ 1 0 0

50

171.1382

182.0369

154.0420

200
m/z

267.1259

274.1372

NL:
6.44E5

223.0635

250

CMH2 0 O N 2 CI:
Cm H20 O i N 2 Cl 1 

pa Chrg 1 
NL:
6.01E6
HLM_T20#665 RT:9.07 AV: 1 SB: 86 

267.1260 298.3471 8.35-9.03 , 9.17-11.14 F: FTMS + p ESI Full
ms [120.00-600 00]

300

Chemical Formula: 
C14H20CIN2O* 

Exact Mass: 267.1259

Chemical Formula: 
C|4H:oC IN ;0*  

Exact Mass: 267.1259

Chemical Formula: 
C|oH|;ClNjO* 

Exact Mass: 211.0633

Chemical Fonnula: 
CoHoClNO‘ 

Exact Mass; 182.0367

Figure 4.14 An LC-MS chromatogram o f  the o.xadiazine prodrug o f  bupropion 3.23 and the proposed  

fragm entation pattern
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Figure 4.15 A typ ica l LC-MS chromatogram o f  the oxadiazine o f  bupropion incubated in human live r 

microsomes fo r  one hour at 3 7 ’C. The retention times o f  the oxadiazine and hydroxyimine are 

9.4H(267.I245) and 7.94 (255.1244) min respectively.

The likely mechanism of transformation o f the oxadiazine 3.23 to the hydroxyimine 3.21 is 

via a double dealkylation o f the oxadiazine ring. N-dealkylation, step A Scheme 4.3, is the 

most likely first dealkylation with subsequent loss o f formaldehyde, step C to yield the 

hydroxyimine. This is more likely as step B would yield an amide intermediate which is 

likely to be too stable for further hydrolysis back to the hydroxyimine (as seen in section 

4.2.3.).

r ° "' N

Cl

BA
3.23

D
,OH

3.21

Scheme 4.3 The possible mechanisms o f  oxidative dealkylation o f  the o.xadiazine by human intestinal 

and human live r microsomes. A ) O.xidative N-dealkylation B) 0.xidative O -dealkylation C) and D ) loss 

o ffo  rma Idehyde
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4.2.7 Oxadiazinone of bupropion (3.24)

The oxadiazinone of bupropion 3.24  was synthesized as another potential 

prodrug of the hydroxyimine of bupropion, and possibly a multistep 

prodrug of bupropion itself. The oxadiazinone is a six membered ring 

containing both a carbamate and oxime functionality linked together. The 

carbamate carbonyl should be liable to hydrolysis. The structure is relatively novel as a 

structure search yielded no drug like structures with any similarity to the oxadiazine of 

bupropion.

Screening o f the oxadiazinone of bupropion in each of the five metabolic media, showed the 

compound to be stable over the course of the experiment. Neither bupropion nor any of its 

metabolites were detected in the media. There was no detection of any other prodrug either so 

there was no transformation back to the hydroxyimine. The oxadiazinone was too stable to act 

as a prodrug for bupropion.

4.2.8 A^,0-dimethyI bupropion (3.27)

Dimethyl bupropion 3.27  was synthesized by 0-m ethylation of the enolate 

of N-methyl bupropion 3. 19 . This compound was synthesized as a potential 

multistep prodrug of bupropion 3 .5 . It was already shown that A^-methyl 

bupropion 3.19 was quite easily demethylated to bupropion 3 .5 , and an 

N ,0-dim ethylated analogue 3.27  could just as easily be O-demethylated to 

A^-methyl bupropion 3. 19 . Enol-ether prodrugs have been used successfully in the past and 

and can be converted to the corresponding ketone by acid catalysed hydrolysis, without the 

use of metabolizing enzymes [220]. Enol ether prodrugs o f Erythromycin have been shown to 

have half lives in the order of minutes for conversion to their corresponding ketones at pH ’s 1 

and 2.

The dimethylated prodrug was transformed to A^-methyl bupropion in human intestinal and 

human liver microsomes. It was also shown to be unstable in the other media, SGF, SIF and 

PHP but neither bupropion, its metabolites or any other prodrug were detected so it was likely 

degrading to unknown compounds that the mass spectrometer could not pick up in positive 

ion mode. 0-dem ethylation of the dimethylated prodrug and subsequent A^-demethylation 

meant that the dimethylated prodrug was a potential double prodrug of bupropion.

A number of new metabolites of dimethyl bupropion 3.27  were detected. The major 

metabolite of dimethyl bupropion was A^-methyl bupropion formed by 0-dem ethylation. Two 

other minor metabolites were also detected, specifically the hydroxylated metabolite and a

3.27
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metabolite of two mass units greater than the substrate, most likely formed by O- 

demethylation and subsequent formation of the A^-oxide. The hydroxylated metabolite was 

also shown to be hydroxylated on one of the t-butyl arms. This was evident from the 

fragmentation pattern of the metabolite.

This result indicated that dimethyl bupropion was a good multistep prodrug of bupropion and 

a prodrug of A^-methyl bupropion. The extra dimethyl groups increased the lipophilicity of the 

compound and hence it should have improved absorption and better permeation across the 

blood-brain barrier. The lone pair of electrons are still available on the nitrogen so the 

dimethyl analogue can be transformed into a quaternary ammonium salt to improve solubility 

and improve its stability upon formulation.

A number of new drug candidates emerged too relating to dimethyl bupropion, in fact the O- 

demethylated, hydroxylated metabolite was a prodrug o f N-methyl bupropion. Both these 

new metabolites were likely to be pharmacologically active.

H ydrox>laiion
O -dem elhylated  
& liydroxTlaied

C)-dem elhvlalion H ydroxylation

R educuonN . N -dem elhy ialionR eduction

Scheme 4.4 Metabolism o f  dimethyl bupropion 3.27 in human liver and human intestinal microtomes
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Figure 4.16 A typical HRLC-MS chraim logram o f the metabolism o f  dimethyl bupropion in human 

liver microsomes. Dimethyl bupropion (268.1466 amu), N-methyl bupropion (254.1309 amu), 

hydroxylated dimethyl bupropion (284.1414 amu) and mono-demethylated & hydroxylated dimethyl 

bupropion (270.1256 amu), retention times are 5.91, 4.88, 3.87 and 2.13 minute.i respectively

4.2.9 A^-benzyl bupropion

Bupropion was A^-benzylated in order to protect the amine group during

further reactions on the enolate as shown in chapter 3. Catalytic reduction

and oxidative methods failed to remove the benzyl group without further
Cl

degradation of the product so adequate deprotection methods were not 

found for A^-debenzylation. Attempts were made to debenzylate using the metabolic enzyme 

mixtures. jV-benzyl bupropion was screened using SGF, SIF, H IM , H LM  and PHP. Bupropion 

and new metabolites related to the A'-benzyl compound were detected in both human 

intestinal and human liver microsomes. Therefore although the microsomes were used to 

debenzylate A^-benzyl bupropion, we had serendipitously found a potential prodrug of 

bupropion. An example of the metabolic screen is shown in Figure 4.17.
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The major metabolite from the microsomal screen was bupropion so debenzylation is the 

main mechanism of metabolism but a reduced and hydroxyiated metabolite were also seen. 

Reduction of the ketone to the alcohol was most likely the reduced metabolite as seen with 

bupropion and A^-methyl bupropion. The retention time and accurate mass spectrum of the 

reduced metabolite were as expected.

Hydroxylation took place on one of the t-butyl arms and rearrangement occurred. This 

rearrangement leads to more stable phenylmorphinol ring and is evidenced by the accurate 

mass spectrum of the metabolite. The major fragment from the molecular ion (346 amu) is at 

328 amu signifying loss of water. If rearrangement didn’t occur, i.e. hydroxylation occurred 

elsewhere on the molecule, one of the major fragments would be loss of the t-butyl group (-56 

amu). When rearrangement to the phenylmorphinol metabolite occurs, the t-butyl fragment 

cannot be lost. The metabolism is summarized in Scheme 4.5.

HO. H ydroxy lation

Cl

3.3!

Cl
R eduction

O
I D ebenzy lation

Cl

NH

R eduction

O HO H
D ebenz\'lation

NH

ClCl

Scheme 4.5 M etabolism ofN -henzyl bupropion in human liver and intestinal microsomes

The unexpected debenzylation of the A^-protected amine lead to the conclusion that an N- 

benzyl prodrug of bupropion would also be a good prodrug candidate. After showing N- 

demethylation (4.2.4), N-debenzylation and ring opening on the oxadiazine (4.2.6), it was 

likely that this nitrogen was very susceptible to oxidative A^-dealkylation by microsomal 

enzymes.

Two new drug candidates related to A'-benzyl bupropion were also discovered which could 

later be synthesized and evaluated for their pharmacological activity. Like bupropion, the 

reduced metabolite, the amino alcohol and the hydroxyiated phenylmorphinol were most 

likely going to have some activity which would increase the therapeutic profile of A^-benzyl 

burpopion.
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Figure 4.17 A typ ica l HRLC-MS chromatogram o f  N-henzyl bupropion incubated with human live r 

microsomes. The retention times o f  N-henzyl bupropion (330.1622 amu). bupropion (240.1 /50 amu), 

N-benzyl amino alcohol (332.1776 amu) and N-henzyl bupropion hydroxylated (346.1570 amu) are 

6 .11. 1.97, 5 .8 ] and 5.25 minutes respectively

4.2.9.1 Enzyme kinetics

The enzyme kinetics were evaluated according to the Michaelis-Menten equation. The 

enzyme concentration, co-factors and buffer concentration were fixed while the substrate 

concentration was varied. The velocity o f bupropion formation was quantified by LC-MS and 

the data was fitted to the Michaelis-Menten equation using least squares non-linear regression 

analysis, Figure 4.18. The V,„„, was calculated at 1323 + 42.2 pmol/min/mg HLM , the K,„ 

was 15.2 ± 2.8 pM  and the intrinsic hepatic clearance (C/,. /, ) was found to be 87 L/mg.

149



Compared to the enzyme kinetic data obtained for the transformation o f A^-methyl bupropion 

to bupropion, the conversion o f A^-benzyl bupropion to bupropion had a higher velocity and a 

greater enzyme-substrate affinity as seen with the lower Michaelis-Menten constant, K,„. 

Hence there is almost a 10-fold higher intrinsic hepatic clearance for jV-benzyl compared to 

N-methyl bupropion.

O)

1000-

500-

Q.

100
[N-benzylbupropion] (^M)

200 300

Figure 4.18 Substrate saturation study in pooled human liver microsomes o f N- benzyl potential 

prodrug o f bupropion. V,„„, - 1323 ± 42.2 pmol/min/mg HLM. K,„ = 15.2 ± 2.8 luM. R' = 0.9601, n = 6.

6000n N-benzyl bupropion 
bupropion 
hydroxy bupropion

4000-

g 2000-

Time (min)

Figure 4.19 Metabolism o f N-benzyl bupropion during a 60 minute incubation in HLM
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4.2.10 A^-benzyl 0-methyI bupropion (3.32)

During the course of trying to synthesize 0-methyi bupropion, the N- 

benzy! protected 0-methylated product 3.32 was made as an intermediate.

After unsuccessful attempts to remove the benzyl protecting group, it was 

decided to use the intermediate as is. This compound could potentially be a 

double prodrug of bupropion if 0-demethylation and N-debenzylation occurred. It was 

already shown that A/-debenzylation was a realistic possibility with compound 3.31 and O- 

demethylation also occurred with compound 3.27.

3.32 was screened in the five metabolic media and was shown to be O-demethylated to A'- 

benzyl bupropion in human liver and human intestinal microsomes. New metabolites were 

also detected but the general mechanism of metabolism followed the same pathway as N,0- 

dimethyl bupropion (

Scheme 4.4). The same benzylated metabolites were detected (Scheme 4.6), a hydroxylated 

4.9, demethylated and oxidized 4.8 and debenzylated 3.31.

0-dem eihylated y  
& hydroxylated N Hydroxylaiion

Hydroxylation0-dem ethylation

ReductionN . N-debenzvlationM Reduction

Hvdroxylation

Scheme 4.6 Metabolism o f  N-benzyl,0~methyl bupropion in human liver microsomes

N-benzyl 0-methyl bupropion 3.32 has the potential to be a multistep prodrug of bupropion 

by O-demethylation and A^-debenzylation in liver and intestinal microsomes. Numerous 

metabolites relating to the above were detected, all with possible pharmacological activity and 

therefore potentially new drug candidates.
151



4.3 Conclusion

A successful tool was developed for in vitro screening of potential prodrugs of bupropion 

which utilised 5 different media that a drug substance would encounter via the oral route o f 

delivery. This screening tool can be used generically to evaluate drug and prodrug stability for 

oral delivery.

Two direct prodrugs of bupropion were discovered using the prodrug screening tool, N- 

methyl bupropion 3.19 and A^-benzyl bupropion 3.31. A'-benzyl bupropion was found 

serendipitously while trying to find a suitable protective group for the amine of bupropion. An 

oxadiazine 3.23 bioprecursor of the hydroxyimine 3.21 of bupropion was found. The 

hydroxyimine 3.21, being a potential new drug entity with potential pharmacology sim ilar to 

bupropion was found to have an excellent stability profile. The A^-methyl, A'-benzyl and 

oxadiazine were all A^-dealkylated by human liver and human intestinal microsomes 

indicating that the tertiary amine is susceptible to oxidation by the CYP or FMO enzymes. It 

is therefore quite likely that other A^-alkyl groups such as ethyl, propyl or codrugs linked via 

an alkyl bridge could be appended to bupropion and would be successfully metabolized off. 

Two potential multistep prodrugs of bupropion were discovered, M O-dimethyl bupropion 

3.27 and A^-benzyl O-methyl bupropion 3.32, which in themselves are prodrugs o f /V-methyl 

and A/-benzyl bupropion respectively. These pro-prodrugs of bupropion are metabolized as 

follows to reach bupropion; 0-dealkylation followed by A^-dealkylation. Therefore enol-ethers 

are susceptible to the oxidative enzymes o f the CYP and FMO family. A number of new 

metabolites of these prodrugs were identified with potential pharmacological activity.

A^-benzyl bupropion 3.31 was evaluated for its enzyme kinetics using human liver 

microsomes. It was transformed to bupropion at a higher rate than TV-methyl bupropion and it 

had a higher enzyme-substrate affinity. A number of new metabolites relating to A^-benzyl 

bupropion were found, namely the reduced form A^-benzyl amino alcohol and a hydroxylated 

A^-benzyl bupropion. These metabolites could all have potential pharmacological activities. N- 

benyl bupropion may also be a good prodrug candidate of bupropion.

A^-methyl bupropion 3.19 was evaluated for its enzyme kinetics, pharmacology and stability. 

/V-methyl bupropion was also shown to be reduced to the amino alcohol, this new metabolite 

could also have potential pharmacotherapies. /V-methyl bupropion was shown to have a 

similar stability profile to bupropion below pH 5, but between pH 5-11 was less stable. The 

pharmacological profile of /V-methyl bupropion was screened in a DAT, NET, SERT, nAChR 

and nMAChR assay. It was shown to be less active than bupropion. /V-methyl bupropion was 

deemed a good candidate as a potential prodrug o f bupropion for an in vivo proof o f concept 

study.
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4.4 Experimental

4.4.1 Materials

Bupropion hydrobromide reference standard was supplied from Biovail Technologies Ireland 

Ltd, Citywest Business Campus, Dublin 24, Ireland. Pooled human liver microsomes, pooled 

human intestinal microsomes, guinea pig S9 fraction, and NADP regenerating solutions were 

supplied by BDBiosciences, 1 Becton Drive, Franklin Lakes, NJ, USA, 07417. Citrated 

human plasma was obtained from healthy male and female volunteers from the School of 

Pharmacy and Pharmaceutical Sciences, Trinity College, Dublin. LC-MS grade solvents were 

purchased from Fisher Scientific Ireland. Pepsin, from porcine stomach mucosa, with an 

activity of 800 to 2500 units per mg of protein (Sigma-Aldrich catalogue number P7000). 

Pancreatin (Sigma-Aldrich catalogue number P8096). Phosphate buffered saline tablets, 

(Sigma-Aldrich catalogue number P4417). HPLC grade solvents and all other reagents were 

analytical grade and purchased from Sigma Aldrich Ireland, Bupropion hydrochloride 

reference standard and its metabolite standards were purchased from Toronto Research 

Chemicals, 2 Brisbane Road, North York, Ontario, Canada, M3J 218.

4.4.2 Chromatographic method for screening potential prodrugs

The column used for chromatographic separation was a Waters Xbridge C l8, 2.1 x 50 mm 

2.5 pm  at 30"C. Mobile phase A: 10;40;50, 1.0 % ammonium hydroxide solution in water, 

adjusted to pH 10.5 with formic acid: water; acetonitrile. Mobile phase B; 10:90, 1.0 % 

ammonium hydroxide solution in water, adjusted to pH 10.5 with formic acid: acetonitrile. 

Flow rate : 250 pL/min, injection volume: 10 pL, run time: 10 min. Gradient, 1(X) % A hold 

for 1 min, 0 % B to 100 % B over 4 min, hold 100 % B for 4.5 min, 0 % B at 9.51 minutes 

and equilibrate for 0.5 min.

4.4.3 Mass Spectrometer conditions for detection of potential prodrugs

The LTQ-XL-Orbitrap mass spectrometer was coupled to the Accela LC system via an 

electrospray ionization (ESI) probe. The capillary temperature was maintained at 350"C, 

sheath gas flow rate 50 arbitrary units, auxiliary gas flow rate 5 arbitrary units, sweep gas 

flow rate 0 arbitrary units, source voltage 3.20 kV, source current 100 pA, capillary voltage 

43.00 V and tube lens 100 V. Compounds were detected in positive ion mode using selected 

ion monitoring (SIM). Hydroxybupropion was detected (M+H)^ = 256.1099, RT = 1.0 min, 

Rac-erythrohydrobupropion (M+H)^ = 242.1306, RT = 2.3 min, Rac-threohydrobupropion 

(M+H)^ = 242.1306, RT 2.8 min, bupropion (M+H)^ = 240.1150, RT = 2.0 min. The 

optimum detector conditions were found by tuning the instrument to be most sensitive for 

bupropion's most abundant ion at 240 (m/z).
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4.4.4 Metworks software

Metworks 1.1.0 software from Thermo Electron Corporation was used to screen accurate 

mass LC-MS chromatograms for phase I and phase II metabolic transitions. This was done in 

three steps. The sample (metabolized TIC/MS") chromatogram and a blank chromatogram are 

selected from the sample run. The blank is subtracted from the sample to clean up the 

background spectra. The analyte(s) being metabolized are selected or inputted into the 

software, namely the exact mass molecular weight. M etabolite modifications are selected 

from the software or can be entered into the software manually. These modifications are the 

exact mass transitions that would be expected from the analyte of interest if the metabolic 

modification has taken place. The chromatogram is then screened by the software for each 

modification and the results are presented. The software increases productivity by 

automatically searching for each analyte metabolites with exact mass specifications.

4.4.5 Human liver microsome stock solution preparation

HLM (0.5 mL) stock was added to PBS solution (9.5 mL). Final concentration; 1 mg/mL. 

This solution was sub-aliquotted to reduce freeze-thaw cycles, and stored at -80‘'C. 20 x 500 

|iL  aliquots were sufficient. The PBS solution was prepared by addition of one USP PBS 

tablet (Sigma-Aldrich catalogue number P4417) dissolved in 200 mL deionised water.

4.4.6 Human intestinal microsome stock solution preparation

HIM (0.2 mL) stock was added to PBS solution (9.8 mL). Final concentration; 0.2 mg/mL. 

This solution was sub-aliquotted to reduce freeze-thaw cycles, and stored at -80“C. 20 x 500 

|iL  aliquots were sufficient.

4.4.7 NADPH regenerating solution A stock solution preparation

NADPH solution A (5.0 mL) was added to PBS solution (5.0 mL). Final concentration; 13 

mM NADP^. This solution was sub-aliquotted to reduce freeze-thaw cycles, and stored at - 

80‘’C. 20 X 500 laL aliquots were sufficient.

4.4.8 NADPH regenerating solution B stock solution preparation

NADPH solution B (1.0 mL) was added to PBS (9.0 mL). Final concentration; 4 U/mL G-6- 

PDH. This solution was sub-aliquotted to reduce freeze-thaw cycles, and stored at -80'’C. 20 

X 500 |j L aliquots were sufficient.
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4.4.9 Pooled human plasma solution preparation

Citrated human plasma was pooled together from three separate donors. This solution was 

sub-aliquotted to reduce freeze-thaw cycles, and stored at -80"C. 20 x 500|jL  aliquots were 

sufficient.

4.4.10 USP simulated gastric fluid preparation

Sodium chloride (0.02 g) and purified pepsin (0.032 g) that is derived from porcine stomach 

mucosa with an activity of 800 to 2500 units per mg of protein were dissolved in 0.07 mL of 

hydrochloric acid and sufficient water to make 10 mL. This test solution had a pH of about 

1.2. This solution was sub-aliquotted to reduce freeze-thaw cycles, and stored at -80"C. 20 x 

500pL aliquots are sufficient.

4.4.11 USP simulated intestinal fluid preparation

M onobasic potassium phosphate (0.068 g) was dissolved in 2.5 mL o f water and mixed. 

Sodium hydroxide (0.77 mL o f 0.2 N ) and water (5.0 mL) were added. Pancreatin (0.1 g) 

was added and the pH adjusted with either 0.2 N sodium hydroxide or 0.2 N hydrochloric 

acid to a pH of 6.8 + 0.1. The solution was diluted to 10 mL with water. This solution was 

sub-aliquotted to reduce freeze-thaw cycles, and stored at -80"C. 20 x 500 ĵ L aliquots are 

sufficient.

4.4.12 Determination of microsomal metabolic stability

M icrosomes, NADPH regenerating solutions A and B were thawed rapidly to 37"C, then kept 

on wet ice until ready for use. The prodrug was prepared to 5 mM in ACN. To a 1.7 mL 

microcentrifuge tube in a 37"C water bath was added, 349 ^L  phosphate buffered saline 

solution, 50 |iL  NADPH regenerating solution A, 50 [i.L NADPH regenerating solution B, I 

^iL prodrug solution. After incubation for 5 minutes, 50 [iL microsome solution was added 

and the metabolism was initiated. The tube was inverted twice or vortex mixed. The final 

concentrations in this solution was 10 |j.M prodrug, 0.1 mg/mL HLM or 0.02 mg/mL HIM, 

1.3 mM NADP^, 0.4 U/mL glucose-6-phosphate dehydrogenase and 0.2 % organic solvent. 

This solution was incubated for 60 minutes at 37"C. The reaction was quenched by addition of 

500 p.L of acetonitrile. The mixture was centrifuged at 10,000 x g for 10 minutes. The 

supernatant was analysed by LC-MS analysis.

4.4.13 Synthesis of N-methyl amino alcohol of bupropion (4.1)

To A^-methyl bupropion 3.19  (0.05 g, 0.2 mmol) was added sodium borohydride (0.04 g, 1.0 

mmol) in 5 mL methanol:ethanol, 1:4 at room temperature. The mixture was stirred for 30
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minutes. The colour changed from slight yellow to clear cloudy. The reaction was complete 

when no A^-methyl bupropion was detected by thin layer chromatographic anlaysis. 10 mL 

w ater was added and the mixture was extracted with 3 x 1 0  mL portions o f hexane. The 

hexane extracts were combined and dried over anhydrous magnesium sulphate. The hexane 

was removed under vacuum on a rotary evaporator. After drying a white solid remained.

Two diastereomers. (Yield 0.05 g, 100 %, 6 6  % erythro, 33 % threo by NMR and LCMS). 

A^-methyl erythro amino alcohol, 'H  NMR 8  (CDClj): 0.96-0.98 (d, 3H, J = 7.0 Hz. -CHCHi), 

1.10 (s, 9H, -CH(CH,)3 ), 1.99 (s, 3H, -NCH.,), 3.36-3.43 (q, IH, J = 6.65 and 6.11 Hz, - 

CH CH ,), 4.48-4.49 (d, IH, J = 5.36 Hz, -CHOH), 7.19-7.39 (m, 4H, Ar-H).

'^C NMR ppm: 12.72 -CHCH,, 26.7 -CH(CH 3 )i, 30.5 -NCH,, 54.5 -CHCH,, 54.5 -C(CH,,)i, 

73.9 -CHOH, 124.6, 126.4, 126.5, 128.3 (4 x ArCH), 133.2, 144.7 (2 x Ar C). HRMS (M+H) 

actual 256.1463 found 256.1460.

A^-methy threo amino alcohol, 'H  NMR 5 (CDCI3 ); 0.88-0.90 (d, 3H, J = 6.41 Hz, -CHCHO, 

1.19 (s, 9H. -CH(CH 3 ),,), 2.25 (s, 3H, NCH 3 ), 2.95-3.01 (m, IH, -CHCH,), 4.02-4.04 (d, IH, J 

= 5.36 Hz, -CHOH), 7.19-7.39 (m, 4H, Ar-H).

'■’C NMR ppm: 11.72 -CHCH,, 27.3 -CH(CH 3 )3 , 27.3 -NCH 3 , 57.7 -CHCH 3 , 55.0 -C(CH 3 )3 , 

73.5 -CHOH, 125.3, 126.9, 127.2, 128.9 (4 x ArCH), 133.7, 144.9 (2 x Ar C). HRMS (M+H) 

actual 256.1463 found 256.1455.

4.4.14 Determination of Michaelis-Menten kinetic parameters

Microsomes, NADPH regenerating solutions A and B were thawed rapidly to 37“C, then kept 

on wet ice until ready for use. A number of different concentration substrate solutions were 

prepared were the maximum concentration of DMSO was 1 %, and the concentration of 

microsomes, NADP regenerating solution B and phosphate buffer was fixed. After incubation 

for 5 minutes, NADP regenerating solution A was added and the metabolism was initiated. 

Final volume was 100 |iL. The tube was inverted twice and vortex mixed. The final 

concentrations in this solution was 1-500 |J,M prodrug, 0.1 mg/mL HLM or 0.02 mg/mL HIM, 

1.3 mM NADP^, 0.4 U/mL glucose-6 -phosphate dehydrogenase and 1.0 % DMSO. This 

solution was incubated for 20 minutes at 37"C. The reaction was quenched by addition o f 100 

|iL  o f acetonitrile. The mixture was centrifuged at 10,000 x g for 10 minutes. The supernatant 

was analysed by LC-MS analysis.

4.4.15 Pharmacological screening of A^-methyl bupropion

The pharmacological screens were carried out by MDS Pharma Services Taiwan. The

methods used are detailed in the following references, NET [221], DAT [222, 223],

M uscarinic acetylcholine receptor [224], nicotinic acetylcholine recptor [225, 226] and SERT

[227, 228]. The specific nicotinic acetylcholine assays are detailed in the following
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references, nicotinic acetylcholine a l  [229], nicotinic acetylcholine a4p2 [230, 231] and 

nicotinic acetylcholine a l [232]. The original reports, methods and results can be found in the 

Appendices.

4.4.16 CACO-2 cell transport experiment

4.4.16.1 Materials

Cell culture media and buffer components were purchased from Gibco BRL (Gaithersburg, 

MD). Caco-2 cells were obtained from the ATCC (American Type Culture Collection, 

Rockville, MD). Transwell-COL tissue culture inserts collagen-coated PTFE (poly(ethylene 

terephthalate)) were purchased from Costar Corporation (Cambridge, MA). An EndOhm volt- 

ohm meter and electrode were purchased from World Precision Instruments (Sarasota, FL). 

All other chemicals were from Sigma Ireland Chemical Company.

4.4.16.2 Cell Culture

Caco-2 cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) containing 

10% FBS, 1% nonessential amino acids, and 2 mM fresh L-glutamine. Cells were cultured at 

37 °C in an atmosphere of 5% C 02  and 95% relative humidity. Cells were passaged at 80- 

90% confluence (every 3-4 days) using Trypsin-EDTA solution (Gibco #25300-047). Culture 

inserts were preincubated with culture medium (1 h, 37 °C) and then seeded with cells Caco-2 

monolayers were fed with fresh medium 24 h after seeding and then 3 times per week. Caco-2 

monolayers were cultured for 14-21 days before use.

4.4.16.3 Transport Assays

Monolayer Screening - Cell monolayers were fed with the appropriate culture medium on the 

day of assay. Two hours after feeding, monolayers were washed with transport medium 

(Hanks’ Balanced Salt Solution (HBSS, Gibco #14025-092) + 10 mM Hepes, pH 7.4). 

Monolayers were equilibrated in transport medium for 30 min at 37 °C, in 95% humidity. The 

electrical resistance of each monolayer was measured at 37 °C at three locations using an 

STX-2 “chopstick” electrode and volt-ohm meter. The resistance of bare filter inserts was 

subtracted from monolayer resistance values. Monolayer resistance values were multiplied by 

the membrane area and averaged to calculate transepithelial electrical resistance (TEER 

(Qcm')) values for each monolayer. Transport assay donor solution consisted of 100 pM test 

compound in transport medium containing 100 >iM lucifer yellow and 1% DMSO (pH 7.4). 

Lucifer yellow, a fluorescent marker for the paracellular pathway, was used as an internal 

control in every test to verify tight junction integrity during the assay. All compounds were 

tested in six replicate monolayers. Monolayers were incubated with donor and acceptor 

solutions for 60 min at 37 °C, 95% humidity, with 30 rpm reciprocal shaking. BL 

compartments were sampled at 15, 30, and 60 min. AP compartments were sampled at 60 

min.
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Chapter 5 - In vivo evaluation of N-methyl 

bupropion

This chapter describes an in vivo pharmacokinetic study of N-methyl bupropion in the guinea- 

pig. The guinea-pig was chosen as it is reported to best represent human metabolism of 

bupropion. N-methyl bupropion was also shown to be N-demethylated using guinea-pig S9 

liver fractions and the enzyme kinetics are presented. An LC-MS method was developed to 

determine N-methyl bupropion (prodrug), bupropion and metabolites in guinea-pig plasma 

and brain. This method was validated according to the FDA guidelines on bioanalytical 

method validation. Two pharmacokinetic studies were carried out in a guinea-pig animal 

model. The first study involved intraperitoneal injection (IP) with a parallel dosing of 

bupropion as reference. The second study was dosed via oral gavage (PO) again with 

bupropion as reference. The pharmacokinetic results showed marked differences in the PK 

profile when dosing IP versus PO but the prodrug showed an almost identical PK plasma 

profile to bupropion when dosed orally. A number of new metabolites of N-methyl bupropion 

were identified, all potentially pharmacologically active. The chapter concludes that N- 

alkylated prodrugs of bupropion are susceptible to N-dealkylation in vivo and some 

recommendations are proposed for future work on this project.
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5 In-vivo evaluation of N-methyl bupropion

5.1 Introduction

In chapter 4 potential prodrugs of bupropion were evaluated using an in vitro screening tool. 

Two direct prodrugs of bupropion emerged as candidates for an in vivo study. The A^-methyl 

and A^-benzyl analogues of bupropion both showed A^-dealkylation back to bupropion by 

human liver and intestinal microsomes. The potential prodrug N-methyl bupropion was 

chosen as the preferred candidate for a proof of concept in vivo animal study. This decision 

was based on a number of factors. A^-benzyl bupropion was discovered at quite a late stage in 

the project’s time line and full evaluation of its stability or pharmacological profile had not 

been achieved. A?-methyl bupropion had been fully evaluated. Its stability profile was similar 

to bupropion. Its pharmacological activity was determined, and its CACO-2 cell intestinal 

permeability was evaluated.

The next stage of the project was to develop an LC-MS method for determination of N-methyl 

bupropion, bupropion and their metabolites in plasma and brain for a proof of concept PK 

animal study. The method had to be capable o f resolving all the known and novel metabolites 

of bupropion and the prodrug N-methyl bupropion. Sufficient resolution between the 

diasteromeric pairs o f metabolites of bupropion and N-methyl bupropion was required as 

these diastereomers had the same exact mass and could not be resolved by the mass 

spectrometer.

An animal had to be selected for the study and a number of factors had to be taken into 

account during the selection process. The cost o f the study was a significant factor in study 

design as the actual animal handling and animal dosing would be performed externally while 

the analysis would be carried out in-house. Generally, the smaller the mammal in the study, 

the more cost efficient the study but other factors besides cost were important considerations 

when selecting an appropriate animal. An animal with similar metabolism to humans had to 

selected based on the metabolism o f bupropion so the results could be correlated best with a 

clinical study.

The method needed to be fully validated after development, but before the study commenced 

in order to achieve confidence in the analytical results. Once validated to the guidance of 

FDA bioanalytical method validation, the plasma and brain of the animals could be analysed 

post dosing to assess the pharmacokinetic profile o f N-methyl bupropion versus bupropion. 

The PK results would be able to discriminate if N-methyl bupropion could be used as a 

successful prodrug of bupropion in a clinical trial. The route of administration was also an 

important factor as this would significantly affect the pharmacokinetic profile of the drugs.
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5.1.1 LC-MS methods already known

Bupropion is extensively metabolised in the liver producing three basic active metabolites, 

hydroxybupropion, threohydrobupropion and erythrohydrobupropion. Plasma levels of the 

metabolites are several times higher than bupropion following oral dosing in man. The 

metabolic and pharmacokinetic profile o f bupropion is scientifically interesting and clinically 

significant because the metabolites contribute to the pharmacological [233] and side effect 

profile of bupropion [17]. There has accordingly been a number of reports on bioanalytical 

methods for bupropion. However there have been few reports of methods suitable for the 

quantitation of bupropion and its basic active metabolites and none including potential 

prodrugs of bupropion.

H ydroxylalionI> jm ethylation

R eduction R eduction

D em ethylat ion

Schem e 5.1 N -m ethyl bupropion , its m etabolites, bupropion  an d  its a c tive  m etabo lites as d e term in ed  by  

in vitro evaluation in ch ap ter 4

There are a number of analytical methods in literature suitable for the determination of 

bupropion. Generally, these use conventional low pH RP-LC conditions coupled to MS. Some 

methods have been developed solely for determination of bupropion, some include its 

hydroxylated metabolite and some include all three metabolites.

Petsalo, Turpeinen and Tolonen [234] have developed a qualitative LC-MS method which 

identified numerous phase I and phase II metabolites using a 0.1 % acetic acid and 

ammonium acetate mobile phase with a run time of 20 min by LC-MS. Human urinary 

metabolism o f the antidepressant bupropion was studied using liquid chromatography/time- 

of-tlight mass spectrometry (LC/TOFM S) and liquid chromatography/tandem mass 

spectrometry (LC/MS/MS). A total of 20 metabolites were detected and identified. The phase 

I metabolism included formation of morpholinohydroxybupropion, threo- and 

erythrohydrobupropion, aromatic hydroxylation, butyl group hydroxylation with ketone
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hydrogenation and dihydroxylation. These metabolites were detected either as the free form 

or as glucuronide and/or sulphate conjugates. In addition also m-chlorohippuric acid was 

detected. O f the phase 1 metabolites, a dihydroxylation to the aromatic ring and to the methyl 

group in the middle of the substrate molecule was reported here for the first time, as well as 

eight of the glucuronide conjugates (to hydroxy, dihydroxy, hydroxyl and hydrogenation 

metabolites) and three of the sulphate conjugates (to aromatic hydroxy and hydroxy and 

hydrogenation metabolites). This was an excellent qualitative LC-MS method for determining 

unknown metabolites in the urine but was unsuitable for quantitation of metabolites in plasma 

or brain. Our in-house method needed to have both a quantitative and qualitative advantage in 

order to be able to quantify known metabolites but also to identify unknown metabolites.

Loboz et al. [235] developed a specific and reproducible HPLC assay to simultaneously 

quantify bupropion and its major metabolites hydroxybupropion, threohydrobupropion and 

erythrohydrobupropion in human plasma. The analysis was performed on an Aqua C18 HPLC 

column, with a mobile phase consisting o f 45:55 o f methanol:0.05 M phosphate buffer (pH 

5.5) and simultaneous UV detection at 214 nm (bupropion metabolites) and 254 nm 

(bupropion, internal standard timolol maleate). The assay showed a linear response for 

bupropion (2 .5-250 ng/mL), threohydrobupropion (5-250 ng/mL), erythrohydrobupropion 

(10-250 ng/mL) and hydroxybupropion (10-1000 ng/mL). Extraction recovery was 

reproducible and greater than 55 % for each analyte. The inter- and intra-day assay variability 

(measured as percent coefficient of variation; % CV) was less than 15 % for all analytes. 

Limit of quantification was 2.5 ng/mL for bupropion, 5 ng/mL for threohydrobupropion and 

10 ng/mL for hydroxybupropion and erythrohydrobupropion. This assay was more sensitive 

than the currently published methods using HPLC with UV detection for the simultaneous 

quantitation of bupropion and metabolites and can be used for assessing CYF2B6 activity in 

vivo following a single dose o f bupropion. This was an excellent method for those with 

access to UV detection only, as the levels of quantitation were significantly lower than even 

existing LC-M S methods.

Arellano et al. developed a rapid, sensitive and selective LC -M S method for the simultaneous

assay of bupropion and its metabolite hydroxybupropion during its intestinal absorption,

studied with the rat everted gut sac model [128]. The method was validated in the

concentration range of 1-15 (xM (0.024-3.58 ^g/mL) for bupropion and 0.005-1 liM

(0.00127-0.25 |.ig/mL) for hydroxybupropion with 10 )iL injected. Its major metabolite

hydroxybupropion was found in the serosal media of the gut sac showing that the isoenzyme

of the 2B group was active in the intestinal mucosa and metabolized bupropion during its

passage across the mucosa. The metabolite was also quantified in the mucosal media
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indicating its ability to cross the apical membrane of the epithelial cells. This method was 

unsuitable for our analysis as the limits of detection were too high and there was no analytical 

data relating to the aminoalcohol metabolites.

Stewart et al. used a method developed by Glaxo W elcome Inc. to determine the single dose 

pharmacokinetics o f bupropion in adolescents [236], Bupropion, the internal standard, and its 

metabolites were eluted with a 5 mL aliquot o f ethyl acetate into glass culture tubes 

containing 0.1 ml of 0.1 N HCl. The samples were evaporated to dryness using nitrogen, 

reconstituted with 200 o f 50:50 wateriacetonitrile, and analyzed by APCI LC/MS/MS 

using the heated nebulizer in the positive-ion mode. Chromatography was performed using an 

Inertsil C4 column (150 x 4.6 mm) with a mobile phase B (100 % acetonitrile) under isocratic 

flow. The range o f the standard curves for bupropion, hydroxybupropion, and 

threohydrobupropion was 1.25 ng/mL to 200 ng/mL based on a 0.15 mL sample. There is no 

mention of which mobile phase A was used and interestingly, under the chromatographic 

conditions used for the assay, threohydrobupropion and erythrohydrobupropion coeluted. The 

authors do mention that previous clinical studies have shown that the ratio of 

threohydrobupropion and erythrohydrobupropion is constant. Therefore, the results for 

threohydrobupropion and erythrohydrobupropion are reported as a sum using 

threohydrobupropion as the standard.

Borges et al. [237] developed a high-throughput LC/N4S/MS method using a Chromolith RP- 

18 (50 mm x 4.6 mm) monolithic column and partially validated for the determination of 

bupropion and its metabolites, hydroxybupropion and threo-hydrobupropion (TB), in human, 

mouse, and rat plasma. A modern integrated liquid chromatograph and an LC/MS/MS system 

with a TurboIonSpray (TIS) interface were used for the positive electrospray selected reaction 

monitoring (SRM) LC/MS analyses. Spiked control plasma calibration standards and quality 

control (QC) samples were extracted by semi-automated 96-well liquid-liquid extraction 

(LLE) using ethyl acetate. A mobile phase consisting o f 8 mM ammonium acetate-acetonitrile 

(55:45, v/v) delivered isocratically at 5 ml/min, and split post-column to 2 ml/min directed to 

the TIS, provided the optimum conditions for the chromatographic separation of bupropion 

and its metabolites within 23 s. The isotope-labeled d6-bupropion and d6-hydroxybupropion 

were used as internal standards. The method was linear over a concentration range of 0 .2 5 - 

200 ng/ml (bupropion and threo-hydrobupropion), and 1.25-1000 ng/ml (hydroxybupropion). 

The intra- and inter-day assay accuracy and precision were within 15 % for all analytes in 

each of the biological matrices. The monolithic column performance as a function of column 

backpressure, peak asymmetry, and retention time reproducibility was adequately maintained
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over 864 extracted plasma injections. This method had an extremely fast throughput but 

suffers from high solvent flows and poor resolution as there is no separation of the threo- and 

erythro- amino alcohol metabolites.

Kharasch and Coles have stereoselectively analysed the in vitro and in vivo transformation of 

bupropion to hydroxybupropion. The run time was 20 min [129, 238]. The assay used solid 

phase extraction, L C -M S -M S  and was developed and validated for the analysis o f (R)- and 

(S)- bupropion and its major metabolite (R,R)- and (S,S)-hydroxybupropion in human plasma 

and urine. Plasma or glucuronidase-hydrolyzed urine was acidified, then extracted using a 

W aters Oasis MCX solid phase 96-well plate. HPLC separation used an a-acid  glycoprotein 

column, a gradient mobile phase of methanol and aqueous ammonium formate, and analytes 

were detected by electrospray ionization and multiple reaction monitoring with an API 4000 

Qtrap. The assay was linear in plasma from 0.5 to 200 ng/ml and 2.5 to 1000 ng/ml in each 

bupropion and hydroxybupropion enantiomer, respectively. The assay was linear in urine 

from 5 to 2000 ng/ml and 25 to 10,000 ng/ml in each bupropion and hydroxybupropion 

enantiomer, respectively. Intra- and inter-day accuracy was > 98 % and intra- and inter-day 

coefficients o f variations were less than 10 % for all analytes and concentrations. The assay 

was applied to a subject dosed with racemic bupropion. The predominant enantiomers in both 

urine and plasma were (R)-bupropion and (R,R)-hydroxybupropion. This was the first L C - 

M S/M S assay lo analyze the enantiomers of both bupropion and hydroxybupropion in plasma 

and urine. This method was suitable for stereoselective analysis of bupropion and 

hydroxybupropion but again lacked the inclusion o f the aminoalcohol metabolites.

5.1.2 Choice of chromatographic conditions

The analysis of bupropion and its metabolites by RP LC poses similar challenges to those 

widely associated with amines. The interaction of amines with residual silanol groups on 

poorly endcapped columns at low pH causes significant tailing leading to poor resolution. 

W orking at low pH under RP conditions also leads to poor retention, which affects resolution 

and quantitation. Utilizing a high pH mobile phase, at least two units above the pKa  of the 

amine under RP conditions can eliminate both of these problems.

Polymeric and zirconium dioxide/titanium dioxide RP columns permit high pH analysis, 

however they are have not entered routine use because o f several disadvantages compared 

with silica-based phases. Polymeric columns are prone to shrinking or swelling in response to 

organic gradients. Furthermore it has proven difficult to control particle size and pore size 

distribution and therefore reproducibility can be compromised. They also offer a relatively
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limited range of surface chemistries. Zirconium and titanium-based stationary phases 

generally require higher temperatures which can affect solute stability [239],

The emergence of silica-polymeric hybrid columns such as Phenomenex Gemini and W aters 

Xterra/Xbridge has greatly improved the analysis of amines at high pH. High pH hybrid 

colum ns combine the aqueous stability o f polymeric stationary phases with the rigidity and 

robustness of the derivatized silica particles.

Coupling a high pH RP method to a high resolution high sensitivity mass spectrometer such 

as the Orbitrap greatly improves the sensitivity and specificity of amine analyte analysis. The 

Orbitrap mass spectrometer gives FT-accurate mass analysis with exceptional signal to noise 

ratio resulting in sub-nanogram per mL detection limits with a dynamic working range of 

over three orders of magnitude in the nanogram per mL range.

This chapter presents a rapid, sensitive high pH RP LC method coupled to an Orbitrap MS for 

the determination of N-methyl bupropion, bupropion and its basic metabolites in guinea-pig 

brain and plasma. The LC method gives excellent peak shape, retention and selectivity, while 

the Orbitrap MS adds sensitivity and specificity.

5.1.3 Method development

The chromatographic method was developed initially by running four different scouting 

gradients over two different time intervals. The standard sample mixture consisted of 

bupropion and its three metabolites, hydroxybupropion, threohydrobupropion and 

erythrohydrobupropion; A^-methyl bupropion and its two metabolites A^-methyl 

threohydrobupropion and yV-methylerythrohydrobupropion. Two different aqueous buffers 

were examined for the mobile phase, a pH 2.5 ammonium formate and pH 10.0 ammonium 

formate buffer. Two different organic solvents were evaluated as organic modifiers, ACN and 

MeOH. Linear gradients from 10 % B to 90 % B over 10 min and 30 min were examined. 

Resolution, selectivity and peak shape were determined in assessing the optimum mobile 

phase. W orking at low pH, there was inadequate retention on the RP column, due to all 

analytes being in their ionised form. The poor retention caused inadequate resolution between 

bupropion and its metabolites. High pH mobile phase gave excellent retention on the column 

as all analytes were unionised. ACN gave a better overall peak shape but there was a loss of 

resolution between bupropion and threohydrobupropion. The use of MeOH in the mobile 

phase gave better overall resolution at pH 10.0. Adjustment of the pH to 10.5 gave better 

resolution using ACN as organic modifier. The retention time of bupropion was affected 

considerably by changes in the pH o f mobile phase but pH 10.5 gave the best resolution 

between all metabolites, bupropion and prodrug. The gradient was then optimized to shorten 

run time and improve efficiency. A sample chromatogram is presented in Figure 5.1.
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Figure 5.1 LC-FTMS chromatogram o f hydroxyhupropion 1.02 min, bupropion 2.1 min. 

erythrohydrohupropion 2.51 min and threohydrobupropion 2.97 min, N-methylerythrohydrobupropion 

4.15 min. N-methylthreohydrohupropion 4.61 min and the prodrug N-methyl bupropion 4.92 min each 

at 10 ng/mL.Under the peak retention times is the signal to noise ratio SN.
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D uring the optim ization  o f the chrom atographic conditions, the mass spectrom eter w as 

m onitoring peatcs com ing o ff  in positive ion electrospray mode. The instrum ent was tuned on 

buprop ion ’s (M+H"^) peak, 240 .1150  am u. Sheath gas w as optim ized to  im prove nebuiization 

o f  the sam ple solution in the electrospray. The auxiliary gas was optim ized to im prove the 

vapour plum e com ing from  the electrospray. This helped focus the spray to the ion source and 

im proved desolvation. N o sw eep gas was used as this did not affect the sensitivity o f  the 

electrospray  at any value. The capillary  tem perature was optim ized by running the sam e 

experim ents three tim es at d ifferen t capillary  tem peratures, 200, 300 and 400"C. The 

tem perature was chosen w hich gave the best sensitivity. The capillary  voltage, tube lens and 

other focusing lenses w ere autotuned using the M S tune softw are.

5.1.4 Optimization of protein precipitation

A num ber o f  d ifferent protein precipitation techniques w ere evaluated  to ensure full 

extraction  o f analytes. O ur initial in-house m ethod utilized  addition o f a 2 % zinc su lfate 

solution in 50 % ACN  to the plasm a sam ples, w hich w as effective for precipitating plasm a 

proteins. H ow ever it also caused  precipitation o f the principal analyte possibly through a 

chelation  effect w ith the Zn. Experim entally , the sam ples that w ere quenched w ith zinc 

sulphate had m uch low er bupropion recovery. P lasm a protein precipitation w as then 

evaluated  w ith A CN, M eOH  and TH F. ACN afforded the best recovery and reproducibility . It 

w as also chosen as it w as our organic m odifier in our chrom atographic m ethod, so in jection 

o f th is  up  to  50 %  com position  w ould  not adversely affect chrom atography.

5.2 Guinea pig enzyme kinetics

T o establish  the best species for dosing the prodrug and bupropion, an assessm ent o f  past 

pharm acokinetic literature o f  bupropion w as carried  out. As far back as 1986 Suckow  e t cil. 

perform ed a study involving three species, the rat, m ouse, and guinea pig, as anim al m odels to 

evaluate bupropion m etabolism . T he pharm acokinetic profiles o f  bupropion and its m ajor 

basic m etabolites, BW  306U  (hydroxybupropion) and BW  A 494U  (threohydrobupropion), 

w ere determ ined  fo llow ing the ip  adm inistration o f  40  m g/kg bupropion to  these anim als. 

P harm acokinetic profiles o f  the parent drug and m etabolites from  plasm a and brain sam ples 

w ere obtained using a liquid chrom atographic m ethod. Investigation o f the reduced bupropion 

m etabolite BW  A 494U  was carried  out by the ip adm inistration o f  this m etabolite to  these 

anim als and assaying the p lasm a and brain sam ples 90 min after dosing. A nalysis o f  the 

pharm acokinetic data revealed  that the rat quickly m etabolized bupropion, but no basic 

m etabolites accum ulated. The m ouse m etabolized bupropion predom inantly  to  BW  306U , 

w hereas the gu inea pig converted  bupropion to  reduced bupropion (B W  A 494U ) as well as
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B W  306U . B rain /p lasm a ratios o f  bupropion am ong these anim als did not vary significantly . 

H ow ever, both  m etabolites show ed dram atic d ifferences in their b rain /p lasm a ratios am ong 

these species. W hen reduced bupropion (B W  A 494U ) w as in jected , alm ost 3% o f  the plasm a 

concen tra tion  o f  BW  A 494U  was determ ined to  be bupropion in the rat. L esser am ounts w ere 

converted  in the m ouse and guinea pig. T herefore, they dem onstrated  that d istinct d ifferences 

ex ist in the m etabolism  o f bupropion  in various species o f  anim als. T he conclusion  draw n at 

the end  o f  the study w as that the gu inea pig, w hen com pared to  the rat or m ouse, appeared to 

constitu te  a m odel that m ost closely resem bles that o f  hum an bupropion m etabolism  [240]. 

F urther w ork on potential co-drugs o f  bupropion [241] and prodrugs o f  hydroxybupropion 

[242] have also been carried  out in the gu inea pig w hich suggests this m odel is the m ost 

appropriate  for studying bupropion m etabolism .

T o verify  that the gu inea pig could  also A^-dealkylate /V-methyl bupropion, a substrate 

sa tura tion  study w as perform ed using guinea pig S9 liver fraction. T he concentra tion  of 

gu inea pig S9 liver fraction , bu ffer and co-factors was fixed and the concentra tion  o f  N -  

methy] bupropion w as varied. T he velocity o f  form ation o f  bupropion from  A^-methyl 

bupropion  w as determ ined by LC -M S analysis. A substrate saturation  curve is p resented  in 

F igure 5.2 and the M ichaelis-M enten param eters w ere determ ined by solving the M ichealis 

M enten equation by non-linear regression analysis to the experim ental data. T he was 

determ ined  at 419.2  ± 13.65 pm ol/m in/m g S9 and the K ,„  constan t was 114.0 + 14.77 pM . 

T h is result verified  that the guinea pig w ould  be a su itable m odel to determ ine the 

pharm acokinetics o f  Af-methyl bupropion and bupropion. The gu inea pig could  be used as a 

good m odel to  replicate hum an m etabolism  in a p rodrug p roo f o f  concept study.

•F 400-
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■c 200-

100-

10000 200 600 800400
[N-methyl bupropion] (p.M)

Figure 5 .2  A su bstra te  sa tura tion  cur\'e f o r  N -m ethyl bupropion  in guinea p ig  S9 liv e r  fra c tio n , =

41 9 .2  ±  1 3 .6 5 pm ol/m in /m g S9, K,„ = 1 14.0  ±  14 .77  fiM  (n = 3)
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5.2.1 Method validation

5.2.1.1 Specificity

The method was shown to be specific for all analytes by injection of all standards, plasma and 

diluent solutions separately. No interfering peaks were observed with mass values similar to 

the analytes of interest. The ability of the Orbitrap to extract ions ± 2.0 ppm routinely during 

the course of the analysis significantly improves the signal to noise ratio affording excellent 

specificity and sensitivity. The diastereomeric pair rac-erythrohydrobupropion and rac- 

threohydrobupropion which have identical mass (242.1306 amu) required baseline resolution 

for accurate quantitation. Resolution between these two compounds over the linear range was 

> 1.5 which was considered acceptable. The same resolution was observed for the 

diastereomeric pair of A^-methyl amino alcohol metabolites. For use of this method for 

determination of bupropion and metabolites in guinea-pig plasma and brain, selectivity is not 

an issue for rac-erythrohydrobupropion as this is not generated in guinea-pigs in significant 

amount[240].

5.2.1.2 Linearity

Standard Linear Range (ng/mL) r
Hydroxybupropion 1-250 0.9984

Rac-erythrohydrobupropion 1-250 0.9951

Rac-threohydrobupropion 1-250 0.9970

Rac-A -̂ methyl -erythrohydrobupropion 1-165 0.9989

Rac-A^-methyl-threohydrobupropion 1-85 0.9995

A^-methyl bupropion 1-500 0.9996

Bupropion 1-250 0.9991

Table 5.1 Show s correla tion  levels f o r  bupropion  a n d  its p rin c ip a l human m etabo lites in the ran ge  / -  

2 5 0  ng/ml.

Linearity was determined by injection of a range of standards from 0.1 ng/mL to 1000 ng/mL. 

The linear part of the calibration curve was evaluated by least squares-linear regression 

analysis where the linear range was calculated by the range of points with a correlation 

coefficient of greater than 0.995. The method was found to be linear for all analytes for at 

least three orders of magnitude, with a minimum correlation coefficient of r“ > 0.995. Table

5.1 presents the correlation coefficient values for bupropion, A^-methyl bupropion and their 

metabolites. The linear range for rac-A^-methyl aminoalcohols was lower as this standard was 

2:1 mixture of the two diastereomers. //-methyl bupropion had the largest range of 

quantitation, 1-500 ng/mL. An example least squares-regression linear curve for bupropion is 

presented in Figure 5.3.
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Figure 5 .3  The least squ ares lin ear  -  regression  curx’e f o r  bupropion . The last po in t on the curx’e w as  

o m itted  (5 0 0  ng/m L) a s this concen tration  p o in t d ev ia ted  fro m  the line (R' value < 0.995).

5.2.1.3 Carryover

Carryover was assessed by injection of a blank sample after the highest concentration 

linearity sample. Initially during the method development there was significant carryover (> 2 

%) of bupropion but after careful adjustment o f needle flushing and washing between 

injections, this was eliminated. The needle wash solution was optimized as 0.5 % formic acid 

in MeOH. The acidified needle wash improved system suitability, reproducibility and 

eliminated carryover almost completely (< 0.1 %).

5.2.1.4 Limit o f detection

The LOD of the method was determined by injection o f standards from highest to lowest 

level. The limit o f detection was determined as the lowest peak detected with a minimum 

signal to noise ratio of three. The LOD o f A^-methyl bupropion, bupropion and metabolites 

was shown to be in the pg/mL range (Table 5.2).

Standard LOD (ng/mL) S/N

Hydroxybupropion 0.25 4

Erythrohydrobupropion 0.25 3

Threohydrobupropion 0.25 3

A^-Methyl bupropion 0.25 4

Bupropion 0.50 5

Table 5.2 S ign a l to no ise  ra tio s (S/N ) a t the nom inal L O D  levels.
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5.2.1.5 Accuracy and precision

The accuracy/recovery and precision of the method was evaluated using human plasma. Six 

replicate plasma samples were analysed at three different levels across the linear range. Each 

was spiked with A^-methyl bupropion, bupropion and metabolites in the expected 

pharmacokinetic concentration range. All accuracy results were within 85-115 %, % RSD < 

15 % (Table 5.3), as required by FDA guidance on validation of bioanalytical methods. The 

accuracy and precision of the method was not determined for the aminoalcohol metabolites of 

A'-methyl bupropion. The Orbitrap mass spectrometer working in accurate mass mode was 

routinely able to filter out all ions for analysis to < 2.0 ppm, which greatly improved the 

signal to noise ratio and removed any interfering ions from matrix effects.

Theoretical Cone. Level Actual Cone. Level ± (S D ) %RSD Accuracy

(ng/mL) (ng/mL) (%)

Hydroxybupropion

10.00 10.23 0.35 3.43 102.33

50.00 53.04 1.67 3.16 106.07

100.00 100.64 4.70 4.67 100.64

Mean 3.75 103.01

Threohydrobupropion

10.00 11.02 0.40 3.60 110.25

50.00 59.22 2.08 3.62 118.44

100.00 109.39 3.96 3.62 109.39

Mean 3.61 112.69

Bupropion

10.00 9.03 0.58 6.41 90.33

50.00 51.34 1.92 3.74 102.67

100.00 97.77 3.73 3.82 97.77

Mean 4.65 96.92

A'-Methyl bupropion 

10.00 9.33 0.56 5.95 93.31

50.00 57.61 2.75 4.77 115.21

100.00 113.79 4.38 3.85 113.79

Mean 4.86 107.44

Table 5.3 Accuracy/precision results fo r  hydro.xybupropion, threoliydrobupropian, bupropion and N-

melliyl bupropion.
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5.2.1.6 LLOQ-Accuracy and precision

Plasma lower limit of quantitation-accuracy and precision was established at the 1 ng/mL 

level for A^-methyl bupropion, bupropion and metabolites. At 1 ng/mL each analyte had a 

signal to noise ratio o f greater than 10. The results are tabulated in Table 5.4.

Standard Theoretical

Cone.

Level

(ng/mL)

Actual

Cone.

Level

(ng/mL)

+

(SD)

%RSD Accuracy

(%)

Hydroxybupropion 1.0 1.09 0.05 4.90 108.97

Threohydrobupropion 1.0 0.96 0.23 24.37 95.88

A^-Methyl bupropion 1.0 1.18 0.24 20.28 118.34

Bupropion 1.0 1.18 0.12 10.19 118.14

Table 5.4 Plasma LOQ accuracy and precision results.

Brain LLOQ was determined at 12.5 ng/mL and accuracy/recovery at 125 ng/mL, the CV of 

six replicates at each level was higher than that of plasma samples. This was attributed to 

dissolved protein precipitating out of solution during the sample preparation. This displaces 

the solution volume and can have an effect o f concentrating the solutions. Results are 

tabulated in Table 5.5.

Compound Level

(ng/mL)

Mean

(ng/mL)

SD %RSD Accuracy (%)

Hydroxybupropion 12.5 14.87 1.00 6.75 118.93

125 132.71 4.35 3.28 106.17

Threohydrobupropion 12.5 14.98 0.80 5.37 119.87

125 137.30 5.01 3.65 109.84

Bupropion 12.5 16.50 1.58 9.56 131.98

125 145.59 6.90 4.74 116.47

A^-Methylated bupropion 12.5 15.10 0.64 4.27 120.84

125 166.10 5.04 3.03 132.88

Table 5.5 Brain LOQ/accuracy and precision results.

5 .2 .1. 7 Sample and standard stability

Short term sample and standard stability was evaluated over 24 h. Samples and standards 

were shown to be > 90% assay after 24 h at 5 ”C. Medium and long term stability was not 

established. Sample and standard stability in plasma is already documented in literaure for 

bupropion and metabolites [134, 243]. Bupropion plasma samples are stable at low pH and 

metabolite samples are stable from pH 2.5-10.0. It was for this reason that our samples and
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standards were prepared in 0.001 M HCl. This is also the standard sample preparation 

procedure in the current USP monograph for preparation of assay samples for bupropion 

hydrochloride extended release tablets [244]. Standard stability was demonstrated throughout 

the run and at the end of the run by calculating the %RSD of a repeat injection standard. This 

verified standard stability over the course of the analysis.

5.3 In vivo study results & discussion

5.3.1 Guinea pig pharmacokinetics via IP injection

The pharmacokinetics of bupropion has been studied in several species [240, 245, 246]. The 

species that best represents human metabolism is the guinea-pig. The rat and mouse model do 

not produce significant amounts of the reduced metabolite threohydrobupropion which is a 

significant metabolic product of human metabolism. Erythrohydrobupropion is not a 

prom inent metabolite in animal models. The main basic metabolites found in human 

m etabolism are shown in Scheme 5.1. The IP route of administration was chosen for guinea 

pig administration in the present work because it is considered to be a route that involves the 

first-pass effect and therefore gains access to the hepatic-portal system, making it similar to 

oral administration. Thus, the effect o f the liver metabolizing enzymes could be assessed in 

the pharmacokinetics. A 40 mg/Kg bupropion dose was chosen for the guinea-pig so the data 

could be directly compared to literature [240] to establish the validity of our method, an 

equim olar amount of prodrug was dosed alongside bupropion.

The pharmacokinetic data was interpreted using a one-compartment model. The one 

com partm ent model views the entire body as a single kinetically homogenous compartment 

where the drug is eliminated by first-order kinetics. In first order pharmacokinetic processes 

the rate of change of concentration of the drug in biological fluids is directly proportional to 

its concentration. The rate constant for the kinetics is usually called the elimination constant. 

The amount o f drug present in the body at any given time t [A(t)] in a one-compartment 

model is described in Equation 5.1;

Equation 5 .1 Drug concentration

where Cp(t) and V  are the drug concentration in the plasma and the apparent volume of 

distribution respectively. Following PO or IP administration of drugs some important 

parameters can be obtained from the plasma exposure to describe the pharmacokinetics. C„,ax 

was determined from the highest concentration observed after administration; is the time 

at which C,„„ is observed. The terminal half life ti/„ is the time at which the concentration is 

approximately half its initial concentration and can be affected by both its absorption and
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elim ination rates. When calculating these factors sampling time points are critical in order to 

estimate these parameters accurately. At least five sample time points are recommended, 

which include at least one time point before and three time points during the terminal 

phase for half-life estimation. AUC, C,„ax and were estimated directly from PK data but 

terminal half life was calculated by plotting the natural logarithm of concentration versus 

time, the slope of which gave the elimination rate constant p. The terminal half life t./, was 

determ ined from Equation 5.2;

Equation 5.2 Terminal half-life

0.693

P
The terminal half-life of a drug is probably the most important parameter in assessing the 

duration of drug exposure. If there is a direct correlation between plasma exposure levels of a 

drug and its pharmacological response, absolute exposure levels during the terminal phase 

and ti/i can be important in assessing the duration of its efficacy.

Regardless of the route of administration, ty; o f a drug after multiple dosing becomes close to 

that during the true terminal phase after single dosing; i.e., t./, after multiple dosing is dictated 

by the true terminal ti.j after single dosing. It is not uncommon to see the apparent ti/j of a drug 

after multiple doses being longer than that after a single dose. This can be simply because the 

true terminal ti  ̂ after a single dose cannot be readily measured owing to  assay limitations or 

inadequate sampling time points.

The time to reach steady state after multiple dosing is directly related to ti/, after a single dose. 

It usually takes about five half-lives to reach steady state drug concentrations after multiple 

dosing for a drug exhibiting one-compartment kinetic characteristics.

The pharmacokinetic data after dosing bupropion and A'-methyl bupropion via intraperitoneal 

injection are given in Table 5.6, Table 5.7 and Table 5.8. These results are demonstrated 

graphically in Figure 5.4, Figure 5.5, Figure 5.6 and Figure 5.7.

After dosing bupropion 40 mg/Kg, the metabolite with the highest AUC was 

threohydrobupropion (THB) (2.86 pg/mL.h), followed by hydroxybupropion (BUPOH) (2.33 

pg/mL.h). Bupropion (BUP) is seen at lower levels than both metabolites with an AUC of 

1.34 pg/mL.h. This is the expected profile seen in the guinea pig, illustrating the extensive 

first pass hepatic metabolism of bupropion. The for threohydrobupropion and bupropion 

are 20 min, and hydroxybupropion was 40 min. The C,„„, for threohydrobupropion, 

hydroxybupropion and bupropion were 1228 ± 307, 945 ± 178 and 869 + 190 ng/mL 

respectively. Bupropion and metabolite levels in the brain do not show a similar profile. The
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level of bupropion in the brain was higher than that of the metabolites even though plasma 

levels o f the metabolites were higher. This is expected as bupropion is more lipophilic than its 

metabolites and can therefore pass the blood brain barrier more easily. A direct comparison of 

the PK levels in the brain cannot be made with literature data as the sampling time points are 

different (20 min versus 90 min [240]). The brain/plasma ratios of bupropion and metabolites 

were calculated at 20 min (Table 5.7). Bupropion has the highest B/P of 11.25, followed by 

threohydrobupropion 6.54 and hydroxybupropion 6.30. This is reflective of its lipophlicity 

and is consistent with literature data [240],

After dosing 42 mg/Kg A^-methyl bupropion, the AUC values for BupOH, Bup, THB follow a 

sim ilar profile to dosing of bupropion but the levels are lower. THB had the highest AUC at 

2.31 (ig.h/mL followed by BupOH 1.80 ng.h/mL then Bup 0.64 |ig.h/mL. The levels of 

bupropion after administration of bupropion were approximately twice that after 

administrating A^-methyl bupropion.

This result indicated that the prodrug was successfully transformed to bupropion in vivo but 

the plasma levels of bupropion were there at equimolar concentrations. Significant amounts of 

A'-methyl bupropion (Af-MeBup) was present in the plasma AUC = 0.23 (ig.h/mL and the N- 

methyl amino alcohol (A^-MeTHB) was also present AUC = 0.13 (^g.h/mL. The C,„ax data 

reflected the plasma AUC’s but there was a change in the for both THB and BupOH. The 

longer for THB and BupOH indicated the time spent in conversion from prodrug to 

bupropion then to metabolites. The increased could be an advantage as the metabolites of 

bupropion, THB and particularly BupOH have been directly related to seizure incidence [17]. 

The levels o f THB, BupOH and Bup in the brain was similar when prodrug was dosed (Figure 

5.7) versus bupropion (Figure 5.6) but there was a significant difference in the brain/plasma 

ratios. Table 5.7 and Table 5.8. When the prodrug was dosed there was an increase in 

bupropion in the brain compared to when bupropion was dosed, even though plasma levels 

were almost half as much. This could be due to /V-methyl bupropion crossing the blood brain 

barrier and being demethylated and metabolized in situ by brain oxidative enzymes. After 

prodrug dosing all metabolites including bupropion had a higher brain/plasma ratio.

These results were positive, in that the prodrug concept o f A^-methyl bupropion had been 

demonstrated in the guinea pig. yV-methyl bupropion was successfully converted to bupropion 

and metabolites in vivo. The best result would have shown lower levels of THB and BupOH 

and increased levels of bupropion but once bupropion is systemic it is naturally metabolized 

to these metabolites. Significant levels of A/-methyl bupropion and its aminoalcohol 

metabolite were detected in the plasma and brain. Depending on pharmacological activity and 

therapeutic use these may have a synergistic effect with bupropion .
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D rug dosed Param eter BupOH Bup THB A'-Me

Bup

/V-Me

THB

Bup 40 mg/Kg AUC 2.33 1.34 2.86 - -

A'-Me 42 mg/Kg (^g.h/m L) 1.80 0.64 2.31 0.23 0.13

Bup 40 mg/Kg 0.95 + 0.87 + 1.22 + - -

c'^ m a x 0.17 0.19 0.31

A'-Me 42 mg/Kg (|ig/m L) 0.72 + 0.38 + 0.97 + 0.18 + 0.08 +

0.14 0.09 0.28 0.08 0.02

Bup 40 mg/Kg tm ax ( h ) 0.66 0.33 0.33 - -

N- Me  42 mg/Kg 1.00 0.33 1.0 0.33 0.33

Bup 40 mg/Kg t>/2 (h) 6.8 1.2 3.3 - -

A^-Me 42 mg/Kg 5.2 1.5 4.0 0.7 1.1

Table 5.6 The pharm acokinetic  param eters f o r  N-m ethyl bupropion, bupropion and m etabolites  

fo llow in g  equim olar dosing via in traperitoneal injection in guinea p ig  IP PK  study (n = 5)

Brain levels 

Mg/g SD

Plasm a levels 

|ig/m L SD

Brain/plasm a ratio

BupOH 5.67 1.06 0.90 0.13 6.30

Bup 9.79 0.37 0.87 0.19 11.25

THB 8.04 2.92 1.23 0.31 6.54

Table 5 .7  The brain/plasm a ratio  o f  bupropion and m etabolites in the guinea-pig 20  min p o s t IP

injection o f  40  m g/K g bupropion (n = 5)

Brain levels Plasm a levels Brain/plasm a ratio

|Jg/g SD Hg/mL SD

BupOH 5.02 1.60 0.66 0.25 7.61

Bup 6.49 1.56 0.38 0.09 17.07

THB 10.89 1.03 0.90 0.49 12.1

A'-MeTHB 1.01 0.72 0.08 0.02 12.63

A'-MeBup 3.64 1.73 0.18 0.08 20.22

Table 5 .8  The brain/plasm a ratio o f  N -m ethyl bupropion a n d  m etabolites in the guinea-pig 2 0  min p o st 

IP injection o f  42 m g/K g N-m ethyl bupropion (n = 5)
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Figure 5.4 The mean plasma levels o f  bupropion and metabolites after dosing 40 mg/Kg bupropion to 

guinea pigs by intraperitoneal injection (n = 5)
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Figure 5.5 The mean plasma concentrations o f  N-methyl bupropion and metabolites after dosing 42 

mg/Kg N-methyl bupropion to guinea pigs by intraperitoneal injection (n = 5)
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Figure 5.6 The mean brain concentrations o f  bupropion and m etabolites 20 min a fter dosing 40 mg/Kg 

bupropion to guinea p ig  by intraperitoneal injection (n = 5)

Figure 5 .7  The mean brain concentrations o f  N -m ethyl bupropion and m etabolites 20 min after dosing  

42 mg/Kg N -m ethyl bupropion to guinea pigs by intraperitoneal injection (n = 5)
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5.3.2 Guinea pig pharmacokinetics via oral administration (PO)

A  seco n d  PK  g u in ea  p ig  stu d y  w as p e rfo rm ed  u s in g  a  d iffe ren t rou te  o f  a d m in is tra tio n , by  

ora! d e liv e ry . T h e  rea so n  fo r th is w as to  d e te rm in e  i f  d e liv e ry  by  o ra l rou te  w ou ld  lead  to  

m uch  lo w er p la sm a  an d  b ra in  lev e ls  o f  th e  in tac t p ro d ru g  A '-m ethyl b u p ro p io n . If little  o r  no  

p ro d ru g  w as d e tec ted  in p la sm a  o r  b ra in  a f te r  a d m in is tra tio n , its  p h a rm aco lo g ica l ac tiv ity  if  

any  c o u ld  be d isco u n ted  an d  it w o u ld  fit a tru e  p ro d ru g  d e fin itio n . It w o u ld  a lso  be an 

in te re s tin g  co m p ariso n  to  e v a lu a te  if  the IP  ro u te  o f  ad m in is tra tio n  tru ly  rep re sen ted  th e  o ra l 

rou te  (P O ). W h en  d e liv e red  v ia  in trap e rito n ea l in jec tio n , the d ru g  so lu tion  is p laced  in th e  

ab d o m in a l c av ity  w h ich  en c a se s  the o rg an s  o f  the ab d o m en . T h e  ab d o m in a l c av ity  is 

su rro u n d ed  by  a rich  b lo o d  flo w  d irec t to  the p o rta l ve in  and  o n to  the liver. A lth o u g h  first 

p ass  h ep a tic  m e tab o lism  o c c u rs  d u rin g  IP  in jec tio n , th e  first p ass  e ffe c t o f  the in te s tin e  is 

av o id ed . O ra l d e liv e ry  in v o lv e s  th e  fu ll firs t p a ss  m e tab o lic  e ffec t, w h ich  in c lu d es  s tab ility  in 

th e  s to m ach , s tab ility  in  th e  G I tra c t and  a b so rp tio n  th ro u g h  th e  in te stin a l m em b ran e . T he  

in c rea sed  m e tab o lism  o f  th e  in te s tin e  w as ex p e c te d  to  c a u se  lo w e r p la sm a  lev e ls  o f  /V -m ethyl 

b u p ro p io n .

T he  o ra l PK  stu d y  w as p e rfo rm ed  by  M S D  P h a rm a  S erv ices  w ith  s im ila r an im al h an d lin g  and  

sam p lin g  so  th e  study  co u ld  be  co m p a red  d irec tly  w ith  IP stu d y  re su lts . T he  d o sag es  o f  

b u p ro p io n  an d  A^-methyl b u p ro p io n  w ere  k ep t th e  sam e; 4 0  m g /K g  and  42  m g /K g  

re sp ec tiv e ly . T h e  sam p lin g  tim e  p o in ts  w ere  in c rea sed  to  six hou rs  p o st d o s in g  and  b ra in  w as 

rem o v ed  at 20  m in to  ev a lu a te  b ra in /p la sm a  ra tio s . T he  b ra in  leve ls w ere  d e te rm in ed  o n  a 

sep a ra te  g ro u p . T he  p h a rm a c o k in e tic  re su lts  a re  show n  in T ab le  5 .9 , T ab le  5 .1 0  an d  T ab le  

5 .11 . T h e  re su lts  a re  d em o n s tra ted  in F ig u re  5 .8 , F ig u re  5 .9 , F igu re  5 .1 0  and  F igu re  5 .1 1.

A t firs t g lan ce , th e  PK  re su lts  o b ta in ed  by  d o sin g  o ra lly  w ere  m uch  m ore  s im ila r to  each  

o ther. T h e  p la sm a  A U C ’s fo r T H B , B upO H  and  B u p  w ere  a lm o st id en tica l w hen  th e  p ro d ru g  

is d o sed  eq u im o la r ly  to  b u p ro p io n . T h e  fo r b u p ro p io n s  m e tab o lite s , T H B  and  B u p O H  w as 

e x ten d e d  o u t to  I h o u r  w h ich  can  lo w er th e  p ro b ab ility  o f  ad v e rse  e ffec ts  re la ting  to  th ese  

m e tab o lite s . T h e  C,„„t v a lu e s  fo r T H B , B u p  an d  B u p O H  w as a lm o s t id en tica l. P ro b ab ly  th e  

m ost im p o rta n t re su lt w as very  low  leve ls o f  th e  p ro d ru g  in p la sm a  c o m p ared  to  IP  d o sin g . 

T h e  am o u n t o f  p ro d ru g  fo u n d  in  the  b ra in  w as a lso  b e lo w  the  lim it o f  q u an tita tio n . T h e  N -  

m ethy l am in o  a lco h o l m e tab o lite  (A^-M eTHB) o f  th e  p ro d ru g  w as d e te c te d  in th e  p la sm a  and  

b ra in , so  fu r th e r e v a lu a tio n  o f  the  p h a rm aco lo g ica l ac tiv ity  o f  th is  m e tab o lite  sh o u ld  be 

ev a lu a ted . T h e se  PK  re su lts  in d ica te  tha t th e  p ro d ru g  v e rsu s  b u p ro p io n  w ere  b io -eq u iv a len t. 

In te re s tin g ly , th e  o ra l PK  re su lts  d o  no t ag ree  w ith  th e  IP re su lts , w h ich  in d ica te s  th a t 

in trap e r ito n ea l in jec tio n  is n o t a g o o d  ro u te  o f  ad m in is tra tio n  if  one  w an ts to  study  firs t pass  

PK  m etab o lism .
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Drug dosed Param eter BupOH Bup THB A^-Me

Bup

A^-Me

THB

Bup 40 mg/Kg AUC 2.25 0.11 2.31 - -

N -M e  42 mg/Kg (^ig.h/mL) 2.10 0.08 2.11 0.08 0.01

Bup 40 mg/Kg 0.73 + 0.09 + 0.83 + - -

c'-•max 0.15 0.03 0.11

A^-Me 42 mg/Kg (Mg/mL) 0.69 + 0.05 + 0.92 + 0.02 + 0.04 +

0.13 0.02 0.30 0.01 0.05

Bup 40 mg/Kg tmax (h) 0.33 0.33 0.66 - -

A^-Me 42 mg/Kg 1.00 0.33 1.0 0.33 0.33

Bup 40 mg/Kg t'/2 (h) 1.7 0.9 1.3 - -

A^-Me 42 mg/Kg 1.6 0.8 1.1 < L O Q 1.7

Table 5 .9  E stim ated pharm acokinetic param eters f o r  N -m ethyl bupropion, bupropion an d  m etabolites

fo llow in g  equ im olar dosing via ora l gavage. D osed  equim olar to bupropion 40  m g/Kg (n = 5)

Brain levels 

Hg/g SD

Plasm a levels 

Hg/mL SD

Brain/plasm a ratio

BupOH 0.37 0.14 0.73 0.15 0.50

Bup 0.43 0.21 0.09 0.03 4.78

THB 0.97 0.51 0.83 0.11 1.17

Table 5 .10  The brain/plasm a ratio o f  bupropion and m etabolites in the guinea-pig 20  min p o s t dose o f  

40  m g/K g bupropion via ora l gavage (n =  5)

Brain levels Plasm a levels Brain/plasm a ratio

‘̂g/g SD Hg/mL SD

BupOH 0.22 0.04 0.55 0.22 0.40

Bup 0.46 0.40 0.05 0.02 9.20

THB 0.62 0.19 0.54 0.30 1.15

A^-MeTHB 0.57 0.49 0.04 0.05 14.25

/V-MeBup <LOQ <LOQ 0.02 0.01 <LOQ

Table 5.11 The brain/plasm a ratio o f  N-m ethyl bupropion and m etabolites in the guinea-pig 2 0  min 

p o st dose  o f  42 m g/Kg N -m ethyl bupropion via ora l gavage (n = 5)
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Figure 5 .8  The m ean p lasm a  concen tra tions o f  bupropion a n d  m etabolites a fte r  dosing  40  mg/Kg  

bupropion to guinea p ig s  by  o ra l g avage (n  =  5)
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Figure 5 .9  The mean p lasm a concen tra tions o f  N -m ethyl bupropion a n d  m etabolites a fter dosing  42 

m g/K g N -m ethyl bupropion to guinea p ig s by oral gavage (n = 5)
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Figure 5 .10 M ean brain concentrations o f  bupropion and  m etabolites 20 min a fter dosing 40 mg/Kg  

bupropion in guinea p ig  by oral gavage (n =  5). C oncentrations are expressed in terms o f  ng o f  

com pound per g o f  brain tissue.
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Figure 5 .1 1 Mean brain concentrations o f  N-m ethyl bupropion and m etabolites 20 min a fter dosing 42 

m g/Kg N -m ethyl bupropion in guinea p ig  by oral gavage (n  =  5). Concentrations are expressed in 

terms o f  ng o f  com pound per g o f  brain tissue.
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5.4 Identification o f new in vivo metabolites ofN -m ethyl bupropion

During both pharmacokinetic studies a number of new metabolites relating to A^-methyl 

bupropion were identified. These were filtered out from the accurate mass full scans. The 

mass defect filter on the data dependent acquisitions was set to < 5.0 ppm therefore it is 

highly probable that the molecular formula for these metabolites is correct. The instrument 

was also set in chlorine isotope mode were it selected out mass ions with a chlorine isotope 

for data dependent MS/MS. Four main metabolites were identified with stereoisomers (Figure 

5.12).

The most polar new metabolite was the dihydroxylated metabolite o f A^-methyi bupropion 

(mass 286.1204 amu) at a retention time of approximately 0.6 min. There is most likely a 

number of stereoisomers present due to two chiral centres but only one peak appeared in the 

chromatogram. It is likely that the diastereomers are not resolved in the chromatogram due to 

inadequate retention on the column. It must also be noted that the positions of hydroxylation 

are ambiguous as there was a lack of MS" data to say with any certainty the postions of the 

hydroxyl groups but at least one is likely on the t-butyl group causing cyclisation.

Two diastereomers of the dimethylated-dihydroxylated metabolite were present (mass 

272.1048) with retention times of 0.8 and 1.1 min respectively. The positions of these 

hydroxyl groups are also ambiguous due to lack of MS data.

The mono-hydroxylated metabolite of A^-methyl bupropion was present at 2.0 min (mass 

270.1255). The position of this hydroxyl group is also ambiguous due to lack of MS data. 

This mono-hydroxylated metabolite also has two chiral centres and therefore should exist as 

two diastereomeric peaks in the chromatogram but only one was present.

The last pair of metabolites were confirmed as the O-methylated metabolite o f A^-methyl 

bupropion (mass 268.1463), retention time 5.92 and 6.53 min. There were two isomers 

present, syn and anti due to the double bond in the enol group and each of the syn and anti 

isomers is chiral. Their identity could be confirmed as we had previously made these as 

potential prodrugs of bupropion.

Although these four sets of metabolites were present as only minor metabolites, they may

have potential pharmacological activity, with activity higher than the prodrug A^-methyl

bupropion. This abundance of metabolites of A^-methyl bupropion shows the prodrug is

extensively metabolised in the guinea-pig animal model. It would be a tedious exercise to

synthesize and characterize all these metabolites and isomers for pharmacological activity

assessment. The best way to understand if they work synergistically would be to perform an

animal efficacy study. Only then, after comparison to an equimolar dose o f bupropion could it

be decided if the prodrug concept has alternative benefits to a regular bupropion dose.
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F igure 5.12 Proposed fo u r  new metabolites that were recovered a fte r dosing N-m ethyl bupropion in 

both P K  guinea-pig studies. Note metabolites are protonated to corre late o f f  MS data
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Figure 5.13 LC-MS chromatogram o f  guinea-pig plasma at t -  40 m in post p rodrug dose. Bupropion  

(2.02), threohydrobupropion (2.83), hydroxyhupropion (1.00), N-methyl bupropion (4.89), N-methyl 

hydrobupropion isomers (4.11 and 4.57), d ihydroxyla ted metabolite (0.59), demethylated- 

dihydroxylated metabolite (0.75 and J.14), mono-hydro.xylated metabolite (2.02), methylated 

metabolites (5.92 and 6.53)
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5.5 Conclusion

The objectives of this chapter were to describe the evaluations of a bupropion prodrug in an 

animal model. After initial in vitro  enzyme kinetic evaluation, the guinea pig was selected as 

an adequate model to demonstrate metabolism of the prodrug to bupropion and their relating 

metabolites. In order to evaluate if the prodrug was converted to bupropion in vivo, a method 

for the determination of A^-methyl bupropion, bupropion and their metabolites in guinea-pig 

plasma and brain was developed. The method utilized a high-pH reversed phase separation on 

the Accela UPLC system, coupled to an LTQ-XL Discovery-Orbitrap mass spectrometer. The 

high pH separation afforded much better selectivity and separation efficiency compared to 

low pH reversed phase LC methods. Coupling this separation to the dual LTQ-iontrap 

(nominal mass) - Orbitrap (accurate mass) offered extremely high sensitivity for both 

quantitative analysis of the known analytes but also in identification of unknown metabolites. 

This method was subsequently validated using the guidelines proposed by the FDA on 

validation of bioanalytical methods.

After validation was performed, guinea pigs were dosed with equimolar amounts of 

bupropion or TV-methyl bupropion via intraperitoneal injection. The intraperitoneal PK study 

showed that TV-methyl bupropion was being transformed to bupropion in vivo and that the 

predicted metabolites, A^-methylthreohydrobupropion, threohydrobupropion and 

hydroxybupropion were present in the plasma and brain of the guinea-pig.

A second PK guinea-pig study was performed by oral delivery to assess if the added pre- 

systemic metabolic enzymes and route of delivery would affect the prodrug and plasma-brain 

concentrations. After administering bupropion or A^-methyl bupropion in equimolar doses by 

oral gavage, the plasma AUC and C„,u,x o f bupropion, threohydrobupropion and 

hydroxybupropion were shown to be almost identical. N-methyl bupropion was shown to be a 

good bio-precursor prodrug o f bupropion. In addition to this, the for hydroxybupropion 

and threohydrobupropion was shown to be extended to one hour from 20 min with bupropion. 

This extended for these metabolites was welcomed as these two metabolites and their 

stereo-isomers are known to contribute to the side effect profile of bupropion, particularly in 

seizure liability. The delayed or sustained onset of these metabolites might mitigate the 

impact o f these metabolites.

The two PK studies effectively showed that A^-alkylated analogues of bupropion can be used 

as bio-precursor prodrugs of bupropion. They also demonstrated that the IP route of 

administration is not a bioequivalent to dosing orally. Very different plasma profiles were 

obtained following dosing IP and PO. The nitrogen in bupropion is susceptible to oxidative N- 

dealkylation in vivo which opens the doors to many prodrug and co-drug concepts that can be 

used for the emerging treatments associated with this versatile compound.
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5.6 Proposed future work

The successful outcome of this project by no means closes the door on this work. This thesis 

simply opens the door and lays a platform for new concepts relating to bupropion. The 

compound is versatile, in that it can be used for a number of indications including CNS 

disorders like depression, SAD, ADHD, smoking cessation, obesity, sexual dysfunction or 

even as a replacement for drugs of abuse but can also be used as an anti-viral and to treat 

inflammatory disorders like Crohn’s disease. The sensitivity of the amino group to oxidative 

A^-dealkylation means that prodrug and co-drugs of bupropion can be linked via alkyl linkages 

through the amine of bupropion leading to new chemical entities for the above treatments. 

The susceptibility o f the amino group to A'-dealkylation can also be used to its advantage for 

different routes of delivery. For example, the solubility and stability of the compound can be 

increa,sed or decreased by changing different types of A^-alkyl groups. If lipophilicity is 

increased, an A^-alkylated prodrug or co-drug could be administered via a transdermal or intra

nasal delivery, which would by-pass the pre-systemic metabolic enzymes, delivering more 

prodrug to the brain where it can be metabolized to bupropion in situ.

There are obvious advantages and disadvantages to some o f the above concepts but this is an 

area of research that needs to be developed and much further work lies ahead. Some proposed 

future work is listed below with expansions on some o f the concepts above and some new 

developing areas.

5.6.1 Identification of CYP450 enzymes responsible for metabolism

Since the concept has been demonstrated, it would be important to identify which intestinal 

and liver enzymes are responsible for the de-alkylation of the prodrug. This has a number of 

implications. First of all, drug-drug interactions can be evaluated if the enzyme responsible 

can be identified. Enzyme induction and inhibition are two extremely important parameters 

that need to be identified. Knowledge o f the,se enzyme parameters can be used to ones 

advantage. For example, bupropion is metabolized to hydroxybupropion by CYP2B6 and to 

the aminoalcohols by an unstudied reductase enzyme. If the prodrug was too de-alkylated by 

CYP2B6 and had a much higher affinity for the enzyme (lower Michaelis constant, Km), there 

would be competition for the active site on the enzyme between prodrug and converted 

bupropion and if the prodrug had a higher affinity for the enzyme then less bupropion would 

be hydroxylated to hydroxybupropion, in turn lowering plasma levels o f hydroxybupropion 

and increasing levels o f bupropion. This can be taken a step further; the best case scenario 

would be if the prodrug was an inhibitor of CYP2B6, therefore blocking conversion of 

bupropion to hydroxybupropion completely. This would lead to much decreased levels of
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unwanted metabolite hydroxybupropion and increased systemic and brain levels of 

bupropion, hence lowering therapeutic dose.

Another possibility is to study the induction and inhibition of A^-methyl and A^-benzyl 

bupropion metabolites. These prodrug metabolites could possibly be substrates for CYP2B6 

or even the reductase enzyme responsible for conversion of bupropion to the aminoalcohol 

metabolite. If they were to be substrates for CYP2B6 or the reductase enzyme with higher 

lower Km values, or even inhibitors o f these enzymes, the same reduced levels of unwanted 

metabolites would occur and higher levels of bupropion.

5.6.2 In vivo efficacy and toxicology

Following on from the work presented in this chapter, if the plan was to focus on A^-methyl 

bupropion the next stage of the project would involve an in vivo efficacy study. The idea 

would be to dose bupropion and A'-methyl bupropion in an animal model preferably a guinea 

pig or some other animal that had similar pharmacokinetics, and monitor the therapeutic 

effect.

For example, if the therapeutic indication was depression, the prodrug would be dosed versus 

bupropion and a behavioural despair test (AKA forced swimming test or Porsolt test) would 

be assessed. The behavioural despair test is a test used to measure the effect of anti-depressant 

drugs on the behaviour o f animals. Animals are subjected to two trials during which they are 

forced to swim in an acrylic glass cylinder filled with water, and from which they cannot 

escape. The trial lasts 15 min, then after 24 hours a second trial is p)erfrormed that lasts 5 min. 

The time that the test animal spends without moving in the second trial is measured. This 

immobility time is decreased by anti-depressants [247].

A statistical evaluation o f the results would determine if the prodrug has the same or 

improved efficacy as an antidepressant. This can also be shown using the tail suspension test. 

The tail suspension test is an experiment used to assess mood levels in rodents. Changes in 

mobility time indicate changes in mood and it is widely used to detect potential antidepressant 

effects of drugs [248].

If the results o f an efficacy study were the same as bupropion or better some toxicity data 

would have to be generated. A rotarod test may be required to evaluate if the prodrug is 

having any toxic effects on the co-ordination and balance of the animals [249]. A seizure 

study might be required to show that the prodrug has less or same seizure threshold as 

bupropion. This would be performed by increasing doses of bupropion, prodrugs and 

metabolites to see the statistical likelihood of inducing seizures [17].
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5.6.3 Evaluation of A''-benzyl bupropion in vivo pharmacokinetics

The second potential prodrug which emerged from the project at a late stage was A/-benzyl 

bupropion. The in vitro human metabolism in intestinal and liver microsomes was evaluated 

and shown that the prodrug was successfully debenzylated to bupropion. The rates of 

conversion of A^-benzyl bupropion to bupropion and affinity to enzyme compared to ^V-methyl 

bupropion were improved. It would be a good idea to assess if this conversion also happens in 

guinea-pig by some in vitro metabolic work, then to take this prodrug forward to an in vivo 

model. A successful result is likely and following on from this an efficacy and toxicity study 

would be encouraged. N-benzyl bupropion is likely to be a good prodrug of bupropion with 

new active metabolites.

5.6.4 Stereo-selective pharmacological and pharmacokinetic analysis

Both A^-methyl and A^-benzyl bupropion are chiral compounds. The pharmacological activity 

of both the enantiomers o f these prodrugs should be evaluated. One enantiomer may have 

pharmacological activity while the other may reduce or inhibit the others activity. This has 

been shown before with other chiral anti-depressants. For example; escitalopram is more 

effective an antidepressant than its mixed racemic version citalopram [250]. The R- 

enantiomer was shown to counteract the S-enantiomers effects in many cases [251-255].

The reduction of the prodrugs during metabolism also introduces another chiral centre, 

creating a diasteromeric pair of enantiomers. Therefore, there are 4 potential aminoalcohol 

metabolites of the prodrugs. This reduction should be studied in vitro and in vivo to see if it is 

stereoselective for any particular diastereomer or enantiomer and then these stereoisomers 

should be evaluated as new drug entities with the potential of pharmacological activities 

relating to bupropion.

5.6.5 Evaluation of pharmacological activity of hydroxyimine of bupropion

During the evaluation o f potential prodrugs of bupropion in Chapter 4, it was found that the

oxadiazine of bupropion was A^-dealkylated and subsequently deformylated to the

hydroxyimine of bupropion. The oxadiazine therefore was a potential prodrug of the

hydroxyimine o f bupropion. The hydroxyimine was shown to have a much improved stability

profile over bupropion possibly due to intramolecular hydrogen bonding and therefore could

be used in such drug delivery systems such as transdermal patches or sprays.

The hydroxyimine is likely to have similar and potentially better pharmacological activity

than bupropion and this should be evaluated for the oxadiazine too. The hydroxyimine has

similar mass, lipophilicity, and ionisation properties of bupropion so is likely to cross the

blood brain barrier. There are also four isomers of the hydroxyimine o f bupropion. It has one

chiral centre and two isomers around the syn and anti-hydroximine group. All of these
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isom ers are potential pharm aceuticals and the oxadiazine is a novel prodrug delivery  method 

for the hydroxyim ine, at this tim e there is no literature on such bio-precursor prodrugs.

Further characterisation o f  the stab ility  o f  all four isom ers o f  the hydroxyim ine should be 

assessed  both hydrolytically  and en zym atica lly  as one o f  these isom ers could  still be a 

potential prodrug o f  bupropion. T he hydroxyim ine o f  A^-methyl or A'-benzyl bupropion is 

lik ely  to be suscep tib le  to m etabolic en zym es as the ability o f  the hydroxyim ino group to 

intram olecularly hydrogen bond w ith the secondary am ino group has been rem oved in these 

potential m ultistep prodrugs o f  bupropion (Figure 5 .14 ).

Figure 5.14 Potential multistep hydroxyimitie-N-alkylated prodrugs o f  bupropion 

5.6.6 Dialkylated prodrugs of bupropion

In chapter 4  it w as show n that A ^,0-dim ethylated bupropion w as converted  to A^-metfyl 

bupropion in vitro . W hich m eans that this com pound w as O -dem ethylated. T his compound  

should be a ssessed  for its pharm acological activity and its induction/inhibition o f  C':"P 

en zym es, e sp ec ia lly  C Y P 2B 6. T his cou ld  be a very interesting com pound for tw o  reasons U 

has to be O -dem ethylated  before it can be reduced, so  its prodrug form  may inhibit :he 

C Y P 2B 6 or reductase en zym es lead ing  to less unwanted m etabolites, threohydrobupropbn  

and hydroxybupropion. It a lso  op en s up a new  prodrug functional group on bupropion, he 

eno! ether group. T his enol ether cou ld  be alkylated w ith a range o f  alkyl and aryl groups or 

even  d irectly  conjugated  to another drug through an alkyl bond. T he on ly  draw back being tiat 

the am ino group on bupropion w ill too  have to a lso  be alkylated in order to prevent he 

com pound to tautom erize to the im in e form  w hich  w ill occur if  the secondary am ino group is 

present. T h is stability  problem  w as seen  in chapter 3.

R| = H, alkyl or aryl 
R2 = Me or Bn

Cl

^2 Rj = Me or Bn or 
co-drug

R) = Alkyl, aryl or 
co-drug

Cl

Figure 5.15 Potential O-alkylated double prodrugs and co-drugs o f  bupropion
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5.6.7 Evaluation of SAR of A^-alkylated analogues of bupropion

In concluding this chapter it was determined that prodrugs such as A^-methyl and yV-benzy! 

bupropion were A^-dealkylated to bupropion. The nitrogen in the amino group of these 

prodrugs is therefore susceptible to oxidative A?-dealkylation. It would be prudent now to 

alkylate this nitrogen with many different substituents, not only methyl but ethyl, propyl, 

butyl etc with growing chain length and branched alkyl groups to determine when sterically 

A^-dealkylation will not occur by microsomes. Knowing the chain length that enzymes will 

stop de-alkylating will help to design co-drug alkyl chain linkers.

The benzyl substituent could also be varied with different substitutions to assess the effect 

this has on de-benzylation. This data would be invaluable to the medicinal chemist as the 

kinetics o f de-alkylation, physcochemical properties and enzyme induction/inhibition could 

be tailored for the drug delivery system and therapeutic setting. Each alkylated prodrug 

should be assessed for enzyme induction and inhibition as potentially one of these analogues 

will inhibit CYP2B6 leading to improvement in plasma profile as stated in 5.6.1.

It should also be noted that once the nitrogen in the amino group of these prodrugs is 

dealkylated, one o f the resulting by-products is an aldehyde. The.se aldehydes are most likely 

quickly oxidized to the corresponding carboxylic acids by one of the many aldehyde oxidase 

enzyme systems. This can be used to our advantage by alkylating another drug to bupropion. 

This co-drug option only works for acidic type drugs. A purely proof of concept scheme is 

shown in Figure 5.16 by incorporating Nicotinic acid (AKA Niacin or vitamin B,).

In-vivo 
ll dea lk y la tio n
N ---------------- •

& a ld e h y d e  
ox ida tion

Figure 5.16 Alkylatlon and melabolism o f  an acidic co-drug (Niacin) to bupropion

5.6.8 Identification of new metabolites of iV-alkylated analogues of bupropion

At every stage in the above processes during in vitro and in vivo work new metabolites o f all 

these M alkyl potential prodrugs are being generated. Each new metabolite should be 

identified and synthesized for full characterisation as each new metabolite is a potential 

pharmaceutical. The metabolic pathway can somewhat be predicted from the metabolites of 

bupropion, A^-methyl bupropion, A^-benzyl bupropion and the substituted cathinones such as 

diethylpropion. All these compounds are hydroxylated and reduced as the major basic 

metabolites of the secondary amino-ketones. The tertiary amino-ketones such as the N- 

alkylkated prodrugs and substituted cathinones are de-alkylated. With this in mind a structure-

^  A lkylate
NH +

NH +
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metabolism relationship can be drawn up theoretically for each /V-alkylated prodrug and these 

metabolites can be synthesized and characterized as potential pharmacologically active 

products of each prodrug before the prodrug is synthesized.

5.6.9 Co-drugs for depression

Anti-depressants are frequently being co-administered. Combination therapies are prescribed 

regularly by G P’s and the pharmaceutical companies have even developed combination anti

depressant formulations [256], Triple reuptake inhibitors are the new developmental 

compounds for CNS therapies [257-266], There are a number of SSRI type compounds that 

could be conjugated to bupropion via an alkyl or aryl bridge. These co-drugs when 

metabolised would give back bupropion and the SSRI’s which means they functionally act as 

triple reuptake inhibitors. The increased lipophilicity of the co-drugs would enable them to 

cross the blood-brain barrier more efficiently where they can be metabolized to their 

precursor drugs in situ at the site o f action.

The first example is bupropion-escitalopram, these two compounds are already formulated 

together [256] and could be linked by an alkyl bridge such as an ethyl group. Bupropion 

would be dealkylated at the amino group and escitalopram is also known to be dealkylated at 

its amino group to an active metabolite desmethylescitalopram.

Bupropion-paroxetine and bupropion-fluvoxamine too are possible co-drug T R I’s. Paroxetine 

and fluvoxamine are also known to inhibit CYP2B6 [267] which may lead to reduced 

hydroxylation of bupropion. Bupropion-sertraline and bupropion-fluoxetine could be good 

candidate TRl co-drugs. Sertraline and fluoxetine are also known to inhibit CYP2B6 [267] 

and they are dealkylated to active metabolites at their amino groups, so particularly sensitive 

to oxidative A^-dealkylation at the ethyl linker.

Bupropion-venlafaxine or bupropion-desmethylvenlafaxine have the potential to be TRl co

drugs. Venlafaxine does not inhibit CYP2B6, nor does its desmethyl metabolite. The 

advantages of using a bupropion-venlafaxine co-drug is they are both dosed individually at 

similar amounts and both compounds are susceptible to /V-dealkylation.

There are advantages and disadvantages to using such co-drugs and there is really no way to 

determine the efficacy outcome until an animal model is tested with such co-drugs. Obviously 

the compounds are connected equimolarly and the dosages would have to be in similar range 

but a synergistic effect may be shown with these co-drugs and the equimolar dosage o f the 

codrug could be reduced. Synthetic problems may arise too but at least one of these co-drugs 

could be attempted as a proof of concept. The chirality o f bupropion and chirality of some of 

the SSRI’s will increase the potential number o f stereo-isomers but will lead to diastereomeri; 

co-drugs. An example of the potential TRl co-drugs is demonstrated in Figure 5.17. The alkyl 

linker joining both bupropion to the SSRI is an ethyl bridge. The length and type of co-dru |
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linker would have to be optimized to enable metabolism of both precursor drugs at each end 

of the linker. Most amino groups in the SSRI’s are susceptible to oxidative-dealkylation, as 

the majority of them have dealkylated active metabolites.

Cl Bupropion-escitaiopram

O N
< OO

Bupropion-paroxetine

O. JL^^CN
Cl Bupropion-desm ethylescitalopram

O

CF;

N

C l

Bupropion-riuvoxam ine

Bupropion-sertra) ine

Cl

O

Bupropion-t'luoxetine

C F ,

Cl

B upropion-venlafaxine

OH

N
H

Cl

B upropion-desm ethyivenlafaxine

Figure 5 .17 Potential triple reuptake inhibitor co-drugs o f  bupropion and SSRI's.
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5.6.10 Prodrugs and co-drugs for Nicotine replacement therapy

Some antidepressant medications such as imipramine, doxepin, venlafaxine and fluoxetine 

have already been used in the past to encourage smoking cessation and some o f  these 

com pounds are easily linked to bupropion via an alkyl bridge (See 5.6.9).

Varenicline is a nicotine receptor partial agonist. In this respect, it is similar to cytisine and 

different from the nicotine antagoninst, bupropion, and nicotine replacement therapies 

(NRTs). As a partial agonist, it both reduces cravings for and decreases the pleasurable effects 

o f  cigarettes and other tobacco products, and through these mechanisms it can assist some 

patients to quit smoking. In combination, bupropion and varenicline have improved rates o f 

smoking cessation [268], These two com pounds are easily linked via their amino groups.

The drug mecamylamine (a nicotine antagonist) was shown to improve abstinence rates in 

smoking cessation [269] and could be used in combination with bupropion [270] as an aid to 

smoking cessation. These potential co-drugs are shown in

Figure 5.18 Potential co-drugs for Nicotine replacement therapy and smoking cessation

In chapter 4 w e described the work carried out by Carroll et at., where they synthesized 

analogues o f  bupropion for potential pharmacotherapies for sm oking cessation [124], Since it 

has already been shown that bupropion prodrugs are susceptible to oxidative yV-dealkylation 

and the known com pounds diethylpropion and substituted cathinones are susceptible to N- 

dealkylation during metabolism, then it is likely that most o f  these cathinone type compounds 

can be developed into alkylated prodrugs. In Carroll et al.'s  work, analogue (2x) with IC5 0  

values o f  31 and 180 nM for DA and NE, respectively, and with IC5 0  o f  0 .62 and 9.8[am for 

antagonism o f a3p 4  and a 4 p 2  nAChRs had the best overall in vitro profile relative to 

bupropion. It can be assumed that the A^-alkylated analogue o f  2x could be a potential prodrug 

o f 2x (Figure 5.19).

Ql Bupropion-mecamylamine

Bupropion-varenicline
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Cl

Alkylation

Cl Cl

M etabolism

O xidative N- 
dealkylation  ^

Cl

O
NH R = Alkyl, Aryl o r 

co-drug

Ptxxirug o f  2x

Figure 5.19 N-alkylated prodrugs o f  2x

5.6.11 Co-drug for Crohn’s disease (inflammatory bowel disease)

Bupropion has been shown to reduce symptoms and in some cases put into complete 

remission patients suffering from Crohn’s disease [50, 52, 55, 271]. It has also been shown to 

slow chronic lymphocytic leukaemia [57]. 5-aminosalicylic acid is used clinically to treat 

ulcerative colitis and Crohn’s disease [272-275]. Both these therapies can be combined using 

a co-drug strategy developed as a result of A^-debenzylation of the A^-benzyl prodrug of 

bupropion. Aldehyde oxidase is found almost ubiquitously throughout the body but in the 

gastrointestinal tract, its activity resides primarily in the small and large intestine [276, 277]. 

The beauty of this co-drug is it would be delivered directly to the site o f action, cells of the 

intestine, then metabolized in-situ to a dual active combination therapy. The dealkylation of 

the co-drug will occur in the intestinal epithelia releasing bupropion and 5-aminosalicylic 

aldehyde where endogenous aldehyde oxidase will convert the aldehyde to the active 5- 

aminosalicylic acid. Successful prodrugs and co-drugs of 5-ASA have been attempted before 

[278-286] but never with bupropion.

Figure 5 .20 Potential co-drug o f  bupropion and 5-am inosalicylic acid

5.6.12 Pharmacotherapies for treating drugs of abuse addiction

Bupropion has recently been assessed as an anti-addiction remedy for drugs of abuse [123], 

smokeless tobacco [287] and even video games [288]. Its efficacy being related to its reuptake 

inhibition at NET and DAT. New analogues related to bupropion have been developed that 

have favourable in vitro efficacy and in vivo pharmacological profiles for indirect dopamine 

agonist pharmacotherapies for treating cocaine, methamphetamine, nicotine and other drugs 

of abuse addictions. The most favourable analogue developed by Carroll et al. [123], is a

D e a lk y la tio n  by
in te s tin a l
m ic r o s o m e s

O x id a tio n  by
a ld e h y d e
o x id a s e



secondary a-am inoketone related to bupropion w hich could  easily  be derivatized  to  a prodrug 

form  by A^-alkylation o f the secondary  am ino group (

F igure 5.21).

Figure 5.21 Potential N-alkylated analogue o f  bupropion fo r  drugs o f  abuse addiction

5.6.13 Headshop type substituted cathinones

The substitu ted  headshop type ca th inones (F igure 5.22) are a d iverse range o f  designer drugs 

that have recently  becom e popular as rep lacem ent drugs o f abuse due to  their legality, price 

and ease o f  procurem ent through all o f  the m any head-shops that have opened up over the last 

few years [289]. M any o f  the head-shop type com pounds are d irectly  related  to the a -  

am inoketone cathinone and the derivatives thereof. The E uropean U nion has recently  cracked 

dow n on the sale and d istribution o f any com pound relating to  these cath inones by im posing a 

change in law and scheduling any ca th inone type com pound. This has only served to  drive 

these designer drugs underground and  into the hands o f  the illicit drug m arket. M any users 

find them selves addicted and dependent on these cath inone designer drugs o f  w hich there is 

very little know n due to  their rela tive novelty. B upropion is d irectly  related to all these 

designer drugs yet d o esn ’t have any abuse potential [290]. It is proposed here that bupropion 

and the prodrugs described in this chap ter could  be used as a safer rep lacem ent therapy to 

patients addicted to cathinone designer drugs. This area o f abuse and the know ledge around 

these cathinones is at a very early  stage but it is predicted  to becom e m uch m ore relevant in 

the near future as new er designer drugs relating  to  these cath inones appear. B upropion is the 

only com pound excluded from  the ban, therefore its chem istry, pharm acokinetics, 

pharm acology and stability  are go ing to  becom e m uch m ore im portant very rapidly as the 

structure activ ity  relationships of these substituted cathinones are being understood.

NH  A lkylation N .^  M eta b o lismp _________________________i

O x id a tiv e  N- 
d ea lk y la tio n

R =alkyl, aryl or  
c o -d r u g

Cl Cl Cl

Ri O

methylenedioxy, halides, methoxy
® R(, = H, alkyl

R7 = H, alkyl, aryl, cycloalkyl
Rg = H, alkyl, aryl, cycloalkyl

Figure 5.22 Substituted cathinones used as designer drugs
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5.7 Experim ental

5.7.1 Reagents and chemicals.

Ammonium hydroxide solution (30% as NH3) HPLC grade, formic acid HPLC grade, MeOH, 

water and ACN all LC-MS grade were obtained from Fischer Scientific. Bupropion and 

metabolite standards were supplied as racemic mixtures from Toronto research chemicals. 

Human plasma donated by healthy fully consented TCD School of Pharmacy and 

Pharmaceutical Sciences postgraduate students.

5.7.2 Instrumentation

Chromatographic analysis was carried out on a Thermo Accela liquid chromatograph. The 

detector was a Thermo LTQ-XL-Orbitrap Discovery mass spectrometer. Centrifugation was 

carried out on an lEC Micromax centrifugator. Vortex mixing was carried out on a Velp 

Scientifica Rx3 vortex mixer. Standards were stored in a Thermo Forma -86"C ULT freezer. 

Brain samples were homogenized using an IKA TIO basic homogenizer.

5.7.3 Chromatographic conditions

The column used for chromatographic separation was a Waters Xbridge C l8 , 2.1 x 50 mm 

2.5 |jm at 30"C. Mobile phase A consisted of; 10:40:50, 1,0 % ammonium hydroxide solution 

in water, adjusted to pH 10.5 with formic acid: water: ACN. Mobile phase B consisted of: 

10:90, 1.0 % ammonium hydroxide solution in water, adjusted to pH 10.5 with formic acid: 

ACN. The flow rate was 250 |jL/min; injection volume 10 pL; run time 10 min. The gradient 

was 100 % A held for I min, 0 % B to 100 % B over 4 min, hold 100 % B for 0.5 min, 0 % B 

at 5.51 min and equilibrate for 0.5 min.

5.7.4 Mass spectrometer conditions

The LTQ-XL ion trap mass spectrometer was coupled to the Accela LC system via an 

electrospray ionization (ESI) probe. The capillary temperature was maintained at 350"C, 

sheath gas flow rate 50 arbitrary units, auxiliary gas flow rate 5 arbitrary units, sweep gas 

flow rate 0 arbitrary units, source voltage 3.20 kV, source current 100 pA, capillary voltage 

43.00 V and tube lens 100 V.

Compounds were detected in positive ion mode using selected ion monitoring (SIM). 

Hydroxybupropion was detected (M+H)^ = 256.1099, RT = 1.0 min, Rac-

erythrohydrobupropion (M+H)"  ̂ = 242.1306, RT = 2.3 min, Rac-threohydrobupropion 

(M+H)^ = 242.1306, RT 2.8 min, bupropion (M+H)^ = 240.1150, RT = 2.0 min, yV-methyl 

bupropion (M+H)^ = 254.1306, RT = 4.9 min, Rac-A^-methylerythrohydrobupropion (M+H)^
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= 256.1463, RT = 4.1 min and Rac-A ^-m ethylthreohydrobupropion (M +H)^ = 256.1463, RT = 

4 .6  min. The optim um  detector conditions w ere found by tuning the instrum ent to be most 

sensitive for bupropion 's m ost abundant ion at 240 (m /z).

5.7.5 Guinea pig enzyme kinetics (Michaelis-Menten)

G uinea pig S9 liver fraction, N A D PH  regenerating  solu tions A and B w ere thaw ed rapidly to 

37"C, then kept on w et ice until ready for use. A num ber o f  d ifferen t concentration  substrate 

solutions w ere prepared w ere the m axim um  concentra tion  o f D M SO  w as 1 %, and the 

concentration  o f  guinea pig S9 liver fraction, N A D P regenerating  solution B and phosphate 

buffer w as fixed. A fter incubation for 5 min, N A D P regenerating  solu tion A  w as added and 

the m etabolism  w as initiated . F inal volum e w as 100 ^L. T he tube w as inverted  tw ice and 

vortex m ixed. The final concentrations in this solution was 50-1000 )iM prodrug, 0.1 m g/m L 

guinea-pig  S9 liver fraction , 1.3 mM  NADP*, 0 .4 U /m L g lucose-6 -phosphate dehydrogenase 

and 1.0 % D M SO . This solution was incubated  for 20 min at 37"C. T he reaction w as 

quenched by addition  o f 100 |iL  o f  acetonitrile. The m ixture w as cen trifuged  at 10,000 x g for 

10 min. The supernatant was analysed by LC -M S analysis.

5.7.6 Standard preparation

Stock standard  solutions w ere prepared at 10 m g/m l the freebase in M eO H , for exam ple 9.0 

m g bupropion hydrochloride w as d isso lved  in M eO H  (779 |jL ). S tock standard  solutions w ere 

prepared in duplicate and verified o ff each o ther at w orking standard  level to  ensure accurate 

preparation. A cceptable standard verification w as 95-105 %.  W orking standard  solutions 

w ere prepared by serial dilu tion  o f  stock standards in 0.001 M  HCl solution.

5.7.7 System suitability

System  suitability  o f  the LC -M S system  w as estab lished  on the day o f  use by repeat injection 

o f  a w orking standard solution. The % R SD  o f six replicate standard  injections for retention 

tim e and area w as not m ore than 3.0 %. T his ensured that the system  was stable, equilibrated 

and suitable for analysis. System  su itability  th roughout the analysis run and at the end o f the 

analysis run w as also  estab lished  by perform ing a quality  contro l standard  injection. This 

ensured system  drift w as kept to a m inim um . T he quality  contro l sam ple w as injected after 

every eight sam ples. The % R SD  o f the to ta lled  quality  control sam ples was less than 10%.
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5.7.8 Analytical method validation

5.7.8.1 Selectivity

Selectivity solutions were evaluated by preparing all standards, blanks, plasma and brain 

homogenates separately. The solutions were prepared and diluted appropriately as per method 

and chromatographed. Minimum resolution, interference and carryover were evaluated.

5.7.8.2 Linearity

Stock standard solutions were prepared in methanol on the day of analysis. Standards were 

prepared by serial diludon of stock standard solutions using 60:40 0.001 M HC1:ACN as 

diluent. Standards were prepared in the concentration range of 0.1 ng/mL to 1000 ng/mL. The 

linear range was calculated by least squares linear regression analysis. All linear portions of 

each calibration curve had a correlation coefficient of > 0.995.

5.7.8.3 Accuracy/Precision

Human plasma was spiked with A^-methyl bupropion, bupropion and metabolites at three 

concentrations, 100, 500 and 1000 ng/mL. Aliquots (6 x 50 |aL) were transferred to 1.5 mL 

microcentrifuge tubes. ACN (200 pL) was added and the solution was vortex mixed. The 

remaining mixture was centrifuged at 10,(X)0 rpm for 10 min. Supernatant (100 pL) was 

removed and added to 0.(X)1 M HCl (100 pL). The solution was vortex mixed again and an 

aliquot (100 pL) was placed in a micro-insert for HPLC analysis. The final concentrations 

were 10,50, 100 ng/mL.

5.7.8.4 Plasma LLOQ/precision

Human plasma was spiked with N-methyl bupropion, bupropion and metabolites at a 

concentration of 10 ng/mL. Aliquots (6 x 50 pL) were transferred to 1.5 mL microcentrifuge 

tubes. ACN (200 pL) was added and the solution was vortex mixed. The remaining mixture 

was centrifuged at 10,000 rpm for 10 min. An aliquot (100 pL) of supernatant was removed 

and added to 0.001 M HCl (100 pL). The solution was vortex mixed again and 100 pL was 

placed in a micro-insert for HPLC analysis. The final concentration was 1 ng/mL. All LLOQ 

solutions had an analyte peak signal to noise ratio greater than 10.

5.7.8.5 Plasma LOD

The limit of detection of the method was determined by injecdon of serially diluted standards 

from highest to lowest level. The limit of detection was determined as the lowest peak seen 

with a minimum signal to noise ratio of three.

5.7.8.6 Brain LLOQ Accuracy/Precision

Rat brain homogenate (165 mg brain per mL 0 .0 IM HCl) was spiked with /V-methyl 

bupropion, bupropion and metabolites at two concentrations, 250 and 2500 ng/mL. Aliquots 

(5 X 200pL) were transferred to 1.5 mL microcentrifuge tubes. The mixture was centrifuged 

at 15,000 rpm for 10 min. Supernatant (100 pL) was transferred to 1.5 mL microcentrifuge
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tubes. ACN (300 |j L) was added and the solution was vortex mixed. The remaining mixture 

was centrifuged at 15,000 rpm for lOmin. 200 |j L of supernatant was removed and added to 

800 |aL of water. The solution was vortex mixed again and analysed by HPLC. Final 

concentration 12.5, 125 ng/mL.

5.7.9 Pharmacokinetic study

5.7.9.1 Intraperitoneal animal handling (Charles Rivers Ixiboratories)

After acclimatization, male Hartley albino guinea-pigs, weighing 280 -  320 g (from Charles 

River Laboratories, 69592 L’Arbresle, France) were deprived of food for 16 h with free 

access to water (food withdrawal at 04;(K) PM the day before). On the day of the experiment 5 

guinea pigs per group were weighed then injected through the abdominal wall with bupropion 

given at 40 mg/kg intraperitoneum. A second group of 5 guinea pigs were weighed then 

injected through the abdominal wall with A^-methyl bupropion given at 42 mg/Kg 

intraperitoneum.

Guinea pigs were placed under isoflurane anaesthesia and approximately 100 ^L  of blood 

was collected using hematocrit capillaries or by cardiac puncture (terminal) into dry 

heparin/Li containing tubes before administration and then at 5 time points post

administration (0, 20, 40, 60, 120 and 180 min). After blood was collected, the tubes were 

inverted several times and placed on ice. The samples were centrifuged within 30 min 

maximum after sampling, at 2205g at 4 °C for 10 min. Plasma was transferred to 

polypropylene tubes (two aliquots of at least 100 |j 1 each) and frozen with minimal delay at 

approximately -70°C.

An additional group of guinea-pigs were used for brain collection at a single time point (20 

min). The day of the experiment 4 guinea pigs per group were weighed then injected through 

the abdominal wall with bupropion given at 40 mg/kg IP and N-methyl bupropion given at 42 

mg/Kg IP. At time 20 min post-injection, the animals were decapitated and the brain extracted 

and rinsed in cold physiological saline. The whole brain was fast frozen on dry ice and placed 

into pre-labelled vials and stored at approximately -70°C (deep frozen).

5 .7.9.2 Oral study animal handling (MDS Pharma Services)

After acclimatization, male Hartley albino guinea-pigs, weighing 280 -  320 g (from Charles 

River Laboratories, 69592 L’Arbresle, France) were deprived of food for 16 h with free 

access to water (food withdrawal at 04:00 PM the day before). On the day of the experiment 5 

guinea pigs per group were weighed then fed by oral gavage with bupropion given at 40 

mg/kg intraperitoneum. A second group of 5 guinea pigs were weighed then fed by oral 

gavage with A^-methyl bupropion given at 42 mg/Kg intraperitoneum.
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Guinea pigs were placed under isoflurane anaesthesia and approximately 100 pL of blood 

was collected using hematocrit capillaries or by cardiac puncture (terminal) into dry 

heparin/Li containing tubes before administration and then at 5 time points post

administration (0, 20, 40, 60, 120, 180, 240 and 360 min). After blood was collected, the 

tubes were inverted several times and placed on ice. The samples were centrifuged within 30 

min maximum after sampling, at 2205g at 4 °C for 10 min. Plasma was transferred to 

polypropylene tubes (two aliquots of at least 100 pi each) and frozen with minimal delay at 

approximately -70°C.

An additional group of guinea-pigs were used for brain collection at a single time point (20 

min). The day of the experiment 4 guinea pigs per group were weighed then fed by oral 

gavage with bupropion given at 40 mg/kg IP and N-methyl bupropion given at 42 mg/Kg IP. 

At time 20 min post-injection, the animals were decapitated and the brain extracted and rinsed 

in cold physiological saline. The whole brain was fast frozen on dry ice and placed into pre

labelled vials and stored at approximately -70°C (deep frozen).

5.7.9.3 Plasma sample preparation

Guinea pig plasma was defrosted and centrifuged. 50 pL of plasma was added to a 1.5 mL 

microcentrifuge tube. 200 pL ACN was added and the mixture was vortex mixed. The 

resulting solution was centrifuged at 10,000 rpm for 10 min. 100 pL of the supernatant was 

added to 100 pL of 0.001 M HCl. The solution was vortex mixed and added to a 100 pL 

micro-insert for LC-MS analysis.

5.7.9.4 Brain sample preparation

Guinea pig brain was defrosted. The whole brain was weighed into a beaker. 20 mL 0.01 M 

HCl was added and the m.ixture was homogenized for 3 min on level &. The mixture was 

allowed to settle for 10 min. An aliquot of the resulting solution was centrifuged at 15,000 

rpm for 10 min. 250 pL of the supernatant was added to 750 pL ACN. The mixture was 

centrifuged at 15,000 rpm for 10 min. 200 pL of the supernatant was added to 800 pL water. 

The clear solution was vortexed mixed and analysed by LC-MS.
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A B S T R A C T

In this study the aqueous stability o f bupropion was determined and the pH-degradation profile was 
obtained. The effects of hydrogen ion, solvent and hydroxide ion concentration are discussed w ith  par
ticular emphasis on the kinetics of degradation of bupropion. Kinetics and degradation o f bupropion 
were determ ined by HPLC-UV and LC-MS analysis both utilising high pH chromatographic methods. 
Degradation of bupropion in aqueous solutions follows first-order reaction kinetics. The pH-degradation 
profile was determ ined using non-linear regression analysis. The micro- and macro-reaction constants 
for degradation are presented. Bupropion was most stable in aqueous solutions below pH 5, Degradation 
was catalyzed by w ater but m ainly by hydroxide ion on the unionised form o f bupropion. The energy 
of activation for decomposition in aqueous solution pH 10,7 / = 0.055 was determ ined to be 53 kj mol ' 
w ith  a frequency factor o f 6.43 x 1 0 '“ s^'. The degradants o f bupropion were positively identified and a 
mechanism of degradation is proposed. The inherent instability of bupropion above pH 5 has implications 
for its therapeutic use, form ulation, pharmacokinetics and use during analysis and storage,
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1. Introduction

Bupropion was first patented in 1974 [ 1 j and released onto the 
world market in 1985. It was briefly withdrawn due to seizures inci
dence but reintroduced in 1989 after the daily recommended dose 
was reduced to lower seizure likelihood. Bupropion is a dopamine 
and norepinephrine reuptake inhibitor [2]. It is about twice as 
potent an inhibitor of dopamine reuptake than of norepinephrine 
reuptake.

Bupropion has numerous therapeutic indications including, 
depression [3], smoking cessation [4|. sexual dysfunction [5j, 
obesity |6), attention deficit hyperactivity disorder [7j and sea
sonal affective disorder [8j, It has recently been shown to have 
anti-inflammatory properties [9J, In 2007 it was the fourth-most 
prescribed antidepressant in the USA, While there has been lit
tle published in peer reviewed journals, it is widely acknowledged 
that bupropion presents serious stability problems in manufactur
ing. formulation and use. This is partly reflected in the numerous 
patents directed at methods to improve the stability of bupropion 
formulations.

Abbreviations; HPLC-UV. high performance liquid chromatography w ith  ultra
violet spectrophotometric detection: LC-MS. liquid chromatography w ith mass 
spectrometric detection; pH. loglH*); p/Cj. loglKa]; acid dissociation constant; 
ESI. eiectrospray ionisation: SIM. selected ion monitoring; USP. United States 
pharmacopoeia; CE. carboxylesterase; TMPT. thiopurine methyltransferase; /. ionic 
strength; RSD, relative standard deviation.

* Corresponding author. Tel.: +353 1 896 2794; fax: +353 1 896 2793.
E-maj/ address: obyrnep@tcd.ie (P.M. O'Byrne).

0731-7085/$ -  see front matter ®  2010 Elsevier B.V. All rights reserved. 
doi:10.1016/j.jpba.2010.04.024

One method to improve the stability of bupropion in oral formu
lations involves addition of a stabilizer to the formulation, in this 
case cysteine or glycine hydrochloride which acts to buffer the for
mulation at a pH between 0,9 and 4,0 [10), Other stabilizers used 
to improve the stability of bupropion in tablet formulations are 
organic acid (111, Inorganic acids (121 ^nd salts of organic bases 
[131,

Pharmaceutical compositions for transdermal administration 
containing fatty acid salts of bupropion free base and metabolites 
have also been developed 114], The salt form of bupropion is more 
stable than the freebase.

The levels of moisture are evidently critical in controlling degra
dation during processing, Chawla et al, developed a dry granulation 
process for tabletting of bupropion, avoiding the use of stabilizers 
115], Indeed, an inclusion complex of bupropion hydrochloride with 
beta-cyclodextrin that stabilizes bupropion hydrochloride against 
degradation has been developed by GidwanI et al, 1161,

Other physical methods have been developed to trap bupro
pion inside a moisture barrier within an oral tablet formulation. 
These usually involve polymer coatings around the tablet or some
times polymer miscrospheres within the tablet. These formulations 
create dry micro-environments within the tablet matrix limiting 
access between bupropion and Its outside environment. Stabi
lized bupropion hydrochloride pharmaceutical compositions are 
described that are free of acid additives and provide for a sustained 
release of bupropion hydrochloride [171, The particulate bupropion 
hydrochloride Is coated with a polymer membrane coating.

Bupropion half-life in plasma stored at 22 and 37 C was 54,2 and 
1 l,4h, respectively. It was only shown to be stable at pH 2.5 [18],
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Another study on the chemical stability of bupropion in isotonic pH 
7.4 at 32 C over two weeks showed that its disappearance follows 
first-order kinetics [19].

The stability of bupropion in formalin has been studied and it 
was shown that at lower pH, bupropion is most stable: at higher pH, 
bupropion is converted into /V-methyl bupropion [20]. Compounds 
with similar structure to bupropion, i.e. diethylpropion have shown 
similar degradation characteristics. Hydrolytic decomposition of 
diethylpropion in solution at 45 C occurred at a very slow and con
stant rate at pH 3.5 and below but increased rapidly as the pH was 
raised above 3.5 [21 ].

The formulation, stabilisation and use of bupropion is therefore 
an active area of pharmaceutical research. There is currently no 
injectable delivery vehicle for bupropion in clinical use and its abso
lute oral bioavailability in humans has not been reported. Against 
this background and in the context of its expanding therapeutic 
uses this paper reports on the kinetics of degradation of bupropion 
in aqueous solution including routes of degradation and influence 
of param eters such as ionic strength and buffer identity.

2. Materials and methods

2.1. Chemicals

Methanol, acetonitrile and water were supplied by Fisher Scien
tific Ireland (LC-MS grade). Ammonium hydroxide solution (30% as 
NH3 ), glacial acetic acid, formic acid, boric acid, citric acid monohy
drate. sodium chloride and tripotassium phosphate were supplied 
by Sigma-Aldrich Ireland (reagent grade). Bupropion hydrobro
mide and related degradants were supplied as a gift from Biovail 
Technologies Ireland Ltd.

2.2. Instrumentation

A stability indicating HPLC-UV assay was used to moni
tor degradants of bupropion. The HPLC system consisted of 
a Waters Alliance 2695 separations module connected to a 
W aters 2996 Photodiode Array detector. The column was a 
W aters XBridge C l8  250 mm x 4.6 mm. 5 (xm fitted with a Waters 
XBridge C l8  guard column heated at 50 C. Mobile phase A was 
pH 10.0 ammonium acetate buffer (1.27 M)/water/acetonitrile, 
10-.80-.10, mobile phase B was pH 10.0 ammonium acetate buffer 
(1.27 M)/water/acetonitrile, 10:20:70. Injection volume was 20 |j l L ,  

flow rate 1.5 mL/min. Gradient; 0-42% B over 5 min. hold for 10 min, 
42-100% B over 10 min, hold for 5 min and equilibrate to starting 
gradient. The retention time of bupropion standard was approx
imately 23 min. Detection wavelength 239 nm. This method was 
demonstrated to be linear over a working range ofO.Ol-0.50 mg/mL 
bupropion hydrobromide.

Degradation kinetics and mass spectrometric measurements 
w ere carried out on a Thermo Accela Liquid chromatograph. The 
detector was a Thermo LTQ-XL-Orbitrap Discovery mass spec
trometer. The column used for chromatographic separation was a 
WatersXbridgeC18,2.1 mm x 50 mm 2.5 jjimat20 C. Mobile Phase 
A: 10:40:50,0.5% Ammonium hydroxide solution in water, adjusted 
to pH 10.0 with formic acid: water: methanol. Mobile Phase B: 
10:90, 0.5% Ammonium hydroxide solution in water, adjusted pH
10.0 with formic acid: methanol. Flow rate: 100p.L/min, Injection 
volume: I O jjl L ,  run time: 15 min. Gradient, 0% B to 100% B over
8.00 min, hold until 12.00 min. 0% B at 12.01 min and equilibrate 
for 3 min. This method was validated as appropriate according to 
ICHQ2R and demonstrated to be linear over a working range of 
1 -250  ng/mL bupropion.

The LTQ-XL ion trap mass spectrometer was coupled to the 
Accela LC system via an electrospray ionization (ESI) probe. The

capillary tem perature was maintained at 400 C, sheath gas flo' 
rate 50 arbitrary units, auxiliary gas flow rate 5 arbitrary unit 
sweep gas flow rate 0 arbitrary units, source voltage 3.20 kV, sourc 
current 100 jxA, capillary voltage 43.00 V and tube lens 100 V.

Bupropion was detected in positive ion mode using selecte 
ion monitoring (SIM). Bupropion SIM 184, (M+H)'^ =240. retentio 
time = 9.4 min. The optimum detector conditions were found b 
tuning the instrum ent to the highest sensitivity for bupropion mo: 
abundant fragment ion at 184 (m/z).

2.3. Determination o f rate constant

The observed first-order degradation rate constants, fcobs, wet 
calculated from the slopes of the natural-logarithmic plots of th 
drug fraction remaining versus time in accordance with Eq. (1):

l n ( ^ ) = - U s f  (1

where Co was the initial concentration and Q was the remainin 
concentration of bupropion at time t. Solutions were monitored fo 
two weeks and stored protected from light.

2.4. pH-degradation profile

Bupropion solutions were prepared at a concentration c 
250 ng/mL in aqueous buffers from a 1 mg/mL methanol stock solu 
tion. The final concentration of methanol in the buffered solution 
was approximately 1%. Buffers over the pH range of 2-13 wer 
prepared by mixing two stock buffered solutions to give solutior^ 
of different pH but equal ionic strength. This buffer system wa 
adapted from a previously described universal buffer system b 
Carmody.

Stock buffer A: boric acid 0.2 M, citric acid 0.05 M. NaCI 0.594 ^ 
I = 0.6. Stock buffer B: tripotassium phosphate 0.1 M, J = 0.6.

For example, to prepare a solution of pH ~  7.2 with an I = 0.05J 
add 0.5 mL solution A and 0.5 mL solution B to lOmL deionisel 
H2 O. Buffered solutions at the lowest and highest pH were prepare 
with 0.055M HCI pH 2.0 and 0.055M NaOH pH 13.1. Solution pli 
was measured at room tem perature 20 ± 1 C using a Radiomete 
Copenhagen PHM61 laboratory pH meter. The pH m eter was call 
brated before use with standard buffers, 4.0,7.0 and 10.0. Solution 
were incubated either in a digital oven (for long term storage) or il 
the Accela LC system autosampler (for short term). Aliquots wen 
taken at appropriate times depending on the decomposition rail 
and analyzed immediately for remaining bupropion. Buffer cor; 
centrations throughout the study were low. However the effect (i 
buffer concentration on rate was evaluated at kinetically and mecl'! 
anistically distinguishable phases of the resulting pH-rate profili 
Dilution did not affect degradation rate using the universal buffti 
system and therefore we did not extrapolate to zero buffer.

2.5. Effects o f temperature and buffer on the stability of 
bupropion

The effect of tem perature on the rate of bupropion degradatio 
was determined at pH 10,7. Bupropion solutions were prepared i 
the appropriate buffers as described in Section 2.4. and incubate 
at 40. 46. 54 and 60 C. Aliquots were taken at appropriate timf 
depending on the decomposition rate and analyzed immediatel 
for bupropion. The observed first-order degradation rate constani 
kobs were calculated using Eq. (1). The Arrhenius factor A, and act 
vation energy for bupropion degradation were determined froi 
a plot of In(kobs) against 1/T (K) according to Eq. (2) using lea:
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Table 1
Rate constants determined for the degradation of bupropion.

Temperature (K) 
Ionic strength

PHrt

313
0.055

/cob.(h-')

323
0.12

333
0.055

5.1 0.002 0.001 0.004
6.3 0.003 0.002 0.008
7.4 0.004 0.004 0.019
8.3 0.006 0.017 0.035
9.4 0.012 N/D 0.051

10.7 0.018 0.052 0.055
11.9 0.034 0.072 0.101
12.3 0.042 0.114 0.166
13.0 0.102 N/D 0.407

squares regression: 

£
In =  In /\ -

RT (2 )

w here R is the universal gas constant and T the absolute tem pera
ture (K).

Buffer catalysis was investigated by m onitoring the am ount o f 
bupropion degradation in three d ifferent buffers pH 7.4 at 6 0  C. 
ionic strength 0 .055, 0.275 and 0.55 using the universal buffer sys
tem  described in Table 1. From the slope o f plots o f ln[Q /Co ] versus 
tim e, the rate constant was calculated. A plot o f rate constants v e r
sus buffer concentration gave a straight line o f w hich extrapolation  
back to zero gave the buffer-free rate constant.

The effects o f d ifferent buffers w ere determ ined by m onitoring  
the disappearance o f bupropion at pH 7.4 at 60 C in d ifferent buffer 
types w ith  fixed ionic strength, 0.055. Four buffer systems w ere  
studied: citrate, phosphate, borate and a TRIS buffer system. Ionic 
strength was adjusted w ith  NaCI. The slopes o f plots o f ln[Ct/Co) 
versus tim e w ere determ ined to establish the effect o f buffer anion 
on degradation o f bupropion (Fig. 4).

2.6. Liquid chromatography with UV and mass spectrometric 
detection

Tw o HPLC systems w ere  used in the study. The LCMS system  
as described in instrum entation section was used to assay bupro
pion and determ ine kinetic data. The HPLC-UV system was used 
to m onitor and determ ine the degradation pathw ay o f bupropion. 
The HPLC-UV system was a validated stability indicating assay for 
bupropion and it degradants. This system was better suited for 
assay of bupropion degradants as they had good UV absorbances 
but poor positive electrospray ionisation character. System suit
ab ility  was determ ined on the day o f use and throughout the 
analysis by repeat in jection o f a bupropion standard. The % RSD 
of area and retention tim e of repeat injections was not m ore than 
5.0%. Degradant peaks w ere  quantified o ff bupropion using relative  
response factors and relative retention times, which w ere gener
ated during the validation o f the stability indicating m ethod using 
external standards.

3. Results and discussion

3 .1. pH-rate profile o f bupropion

The disappearance of bupropion in aqueous solution was m oni
tored by HPLC-M S.The degradation in the pH range 2 -1 3  follow ed  
apparent first-order rate kinetics. Rate constants from  a m atrix  o f 
different experim ents are presented in Table 1. w here the tem per
ature, pH and ionic strength have been varied. Rate constants w ere  
estim ated from the resulting slopes after a plot o f ln[Ci/Col versus 
tim e (Fig. 1) and the resulting values (Table 1) plotted against
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Fig. 1. First-order plots showing tlie degradation of bupropion at 60 C in aqueous 
solution in the pH range 5-13.

pH. The pH -rate profile was fitted using a mechanistic in terpre 
tation o f pH -rate profiles suggested by Loudon |22 |. By analysing 
the shape of the pH -rate profile a m athem atical equation that best 
describes the degradation can be form ulated, Eq. (3):

^ obs  — ^ 1 ]  "*"
Cj/CaC2[H*| ______

[H M
( 3 )

w here Kj and K„  are the acid dissociation constant for bupropion  
and w ater respectively and Ci, C2 , C3 and C4  are the m acro
reaction rate constants o f the pH -rate profile. Constants c, and 
C4  are kinetically distinguishable and are equal to the specific 
hydronium  catalysed degradation on the protonated form  and 
hydroxide catalysed degradation on the deprotonated form  o f  
bupropion respectively. Constants C2 and C3  contain contributions  
from  kinetically indistinguishable m icro-reaction rate constants. 
The m acro-reaction rate constants w ere determ ined by fittin g  the 
kobs values w ith  the m odel and solving the rate equation using 
non-linear regression analysis. These rate constants are described  
in Table 2. Bupropion was shown to be stable over the course o f the 
degradation study below pH 5. and therefore the specific hydro
nium  catalysis rate constant c, is m any orders o f m agnitude low er  
than C 2 , C 3  and C 4 .  Therefore C j  can be assumed to be zero and Eq. 
(3 ) sim plifies to Eq. (4):

^obs —
C3K3C2|Hn ______ C4 /CW

[H M
(4 )

The m acro-reaction rate constant C2  combines tw o m icro
reaction rate constants that are kinetically indistinguishable. 
Em pirically these are the contribution o f hydronium  catalysed 
degradation on the deprotonated form  o f bupropion and solvent 
catalysed degradation on the protonated form  o f bupropion.

The m acro-reaction rate constant C3  combines tw o m icro
reaction rate constants that are also kinetically indistinguishable. 
These are the contribution o f hydroxide ion catalysis on the pro
tonated form  o f bupropion and solvent catalysed degradation on 
the deprotonated form  of bupropion. The m agnitude of rate con
stants at 40. 50 and 60 C follows C4  > C3 > C2  > Ci, showing the rate  
of degradation is strongly influenced not only by hydroxide ion

Table 2
The macro-reaction constants determined by non-linear regression analysis.

40 C 60 C

0.0000 0.0000

C2 0.0000 0.0041

C3 0.0187 0.0596

Q 0.2914 0.2224

Ka 1.26 y 10-® 1.26 X 10-8

Kw 2.92 X 1 0 ' '“ 1.26 X 10
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Fig. 2. pH-degradation profile o f bupropion at 40 and 60 C.
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Fig. 4. The effect o f different buffer systems on the rate of degradation o f bupropio 
at pH 7.4 60 0  -  0.055, adjusted w ith  sodium chloride.

3.3. Identification o f bupropion degradants and mechanistic 
proposal

concentration but also from solvent catalysed degradation on the 
deprotonated form o f bupropion. Bupropion degradation was not 
observed at pH 5  5.0 at 60 C when it is principally in its protonated 
form (pKj 25 C = 7.9).

Fig. 2 presents the pH-degradation rate profile of bupropion at 
40 and 60 C. ionic strength 0.055. The degradation rate exhibited a 
marked pH dependence. An inflection point at pH 7.9 corresponds 
to the bupropion pKj. At pH > 11 there was a significant increase in 
the rate of disappearance. Degradation o f bupropion was markedly 
hydroxide ion dependent. Non-linear regression analysis o f the pH- 
degradation profile o f bupropion is shown in Fig. 3.

3.2. Influence of temperature and buffer concentration on the 
stability o f bupropion

The degradation o f bupropion was monitored in the temper
ature range 40-60 C at pH 10.7 and ionic strength, 0.055. This 
pH was chosen as degradation happened at a sufficiently fast rate 
to enable analysis over a 24h period. The rate constant for each 
temperature was calculated from the slope o f the first-order degra
dation profile. When In k was plotted against 1 IT the equation of the 
line was

-6497 1
R

+ ln 16.69.

the activation energy for the degradation of bupropion was cal
culated to be 52.85 kj mol the frequency factor/I. was found to 
be 1.78 X 10^ h ' or 6.43 x 10 '°s

^  O l̂ >bs 
^aic

0 .4 -

0 .3 -

£

0 .2 '
•4:

0.1-

0 .0-
4

O '
— I-------- r--------1---------1--------1-------- 1

9 10 11 12 13 14
pH

Fig. 3. The pH-degradation profile o f bupropion at 60 C, /-0 .055. Macro reaction 
constants have been calculated by non-linear regression analysis. The fitted line was 
constructed using Eq. (4) and the data appearing in Tables I and 2.

Degradation products of bupropion were identified by match 
ing the retention time and photo-diode array UV spectra of elute 
peaks from degraded samples w ith  those of external standards ru 
under sim ilar conditions (Fig. 6 ). Four main degradants were ider 
tified as 2 ,4 .3  and 1 (Scheme 1). Bupropion related compounds j 
1 and 4 are poorly ionized by +ESI due to loss o f the amino fum 
tionality. These degradants were all seen at pH > 5 but above pH 1 
only m-chlorobenzoic acid 2 was seen at significant levels. Fig. 
shows the concentration versus time profiles for bupropion and il 
degradants at different pH values.

A proposed degradation pathway of bupropion is presente 
in Scheme 1. The mathematical model that best described th 
mechanism o f degradation follows consecutive and parallel reaci 
tions. Degradation of bupropion was strongly pH dependent, an 
below pH 5 bupropion was protonated and stable. Above pH 5 an 
approaching its pK^ bupropion becomes increasingly deprotonatft 
and suffers from water catalysed and hydroxide catalysed degrad;! 
tion. This was evident from the pH-rate profile o f bupropion. Undtj 
these conditions the proposed reaction (Scheme 1) is kineticall 
possible.

d[bup|
dt

=  -fc ilbup)

[bupropion] =  [buplpe k,i

( i

(e

Bupropion's rate constant o f decomposition was calculated bl 
fitting a first-order plot using non-linear regression analysis, Eq. (5: 
The first product of bupropion degradation at high pH is compoun' 
1 formed from loss o f the t-butylaminegroup during hydrolysis. Th' 
concentration o f 1 during the course of the hydrolysis remainei 
below 1% of the total degradation products of bupropion. The ral' 
o f decomposition of 1 was faster than the rate of formation of 
and therefore can be assumed at steady state throughout the tinr 
course o f the reaction. The hydrolysis and oxidation products of 
are the major apparent degradation products o f bupropion. The*' 
are the two oxidation products, 2 and 4 and the tautomeric pa 
3 and 1. Eqs. (7)-(9) were used to calculate the rate constants i 
these parallel reactions. The experimental data fitted w ith  the: 
equations using non-linear regression analysis allowed calculatio 
o f the rate constants.

[2] =  |2|o [buplofe2(l - e  *'!')
C

[3 ] =  [31o +

[4 ] =  [41o

|bup]ofc3 ( l  - e  
fci

[bup lok4(1

k\
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Scheme 1. Proposed pathway for base catalyzed degradation of bupropion in aqueous solution. 1 -  l-(3-chlorophenyl)-2-hydroxy*l-propanone. 2»3-chlorobenzoic acid, 
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Fig. 5. The time course profile for degradation o f bupropion at (A) pH 7.6. (B) pH 8.7 
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Fig. 6. A typical LC-UV chromatogram o f bupropion hydrolysis at pH 8.7, 
50 C /-0 .12 , T - t4 4 h . 1 -  l~(3-chlorophenyl)-2-hydroxy-1-propanone.
2 - 3-chlorobenzoic acid. 3 -  l'(3-chlorophenyl)'l-hydroxy-2-propanone. 
4 -  1 -(3-chlorphenyl)'l .2-propanedione.

The rate constants calculated at pH 8.7, 50  C, l = 0 A 2  were  
0.0050, 0 .0045, 0 .00138 and 0 .00023 b ' for k i, kz. k j  and ^4 , 
respectively (Fig. 7).

The rate constants calculated at pH 7.6, 50 C, ( = 0.12 w ere  
0 .0 0 4 6 ,0 .0 0 1 2 ,0 .0 0 1 2  and 0.00028 h ’ f o r k , , k 2 .k^ and k^. respec
tively.

The loss o f the am ino functionality during degradation is likely  
to render the degradants neuropharmacalogically inactive. The
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Fig. 7. Data at pH 8.7. 50 C. /-0 .12 . The solid lines were constructed using Eqs. 
(5 )-(9) w ith  the calculated k„bs values.
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most polar and prominent degradant 2. is likely the least prob
lematic as this compound is reported to be easily metabolized 
and excreted in the urine as m-chlorohippuric acid [23]. How
ever. high levels of 2 have been reported to inhibit thiopurine 
methyltransferase (TMPT) [24]. TMPT is best known for its role 
in the metabolism of the thiopurine drugs such as azathioprine, 
6-mercaptopurine and 6-thioguanine.

Toxicological and pharmacological data on degradants 1, 3 and 
the diketone 4 is absent. The latter is likely to be chemically 
active towards formulation components and in vivo towards pro
teins such as carboxylesterases (CEs) [25]. CE’s are involved in 
the detoxification of xenobiotics in both prokaryotes and eukary
otes. Bupropion is rapidly and extensively metabolised in vivo. Its 
metabolites contribute significantly to its pharmacological and tox
icological profile. The rate data at pH 7.4 do not indicate that its 
chemical reactivity in vivo is likely to affect its profile.

4. Conclusion

Bupropion undergoes degradation in aqueous solution in a 
pH dependent manner. Its most prominent degradation pathway 
involves hydroxide ion catalysis of the free base form. Degrada
tion involves loss of the t-butylamino group and the degradants are 
therefore likely to be neuropharmacologically inactive. The effect 
of ionic strength, buffer type and temperature on the kinetics was 
also characterised.

The poor stability profile of bupropion above pH 5 has implica
tions for its formulation in drug delivery systems, its distribution in 
vivo and its analysis and storage in assay systems. The data shows 
that careful buffering below pH 5 during processing and formula
tion is needed in order to have the most stable product containing 
bupropion. There is also a need during sample preparation and stor
age to consider appropriate solvents and buffers which again keep 
the pH low.

Acknowledgement

The authors wish to acknowledge funding and support from 
Biovail Corporation.

References

11) N.B. Mehta. Meta chloro substituted-alpha-butylaminopropiophenones. 
United States Patent 3.819.796 (1974).

[21 S.M. Stahl. J.F. Pradko, B.R. Haight. J.G. Modell, C.B. Rockett, S. Learned-Coughlin, 
A review of the neuropharmacology of bupropion, a dual norepinephrine and 
dopamine reuptake inhibitor. Prim. Care Companion J. Clin. Psychiatry 6 (2004) 
159-166.

13] W.W. Zung. H.K. Brodie. L. Fabre, D. McLendon. D. Carver, Comparative effi
cacy and safety o f bupropion and placebo in the treatment o f depression. 
Psychopharmacology (Bed.) 79 (1983) 343-347.

[4] H.l. Lief. Bupropion treatment o f depression to assist smoking cessation. Am. 
Psychiatry 153(1996)442.

(5) LA. Labbate, J.B. Grimes, A. Hines, M.H. Pollack. Bupropion treatment ( 
serotonin reuptake antldepressant-associated sexual dysfunction. Ann. Clii 
Psychiatry9(1997)241-245.

16] R.A. Plodkowski. Q. Nguyen. U. Sundaram. L. Nguyen. D.L Chau. S. St jeo 
Bupropion and naltrexone: a review o f the ir use Individually and in combini 
t io n fo rth e  treatment o f obesity. Expert Opin Pharmacother. 10(2009) 1069 
1081.

[7] D.P. Cantwell. ADHD through the life span: the role o f bupropion In treatmen 
J. Clin. Psychiatry 59 (Suppl. 4) (1998) 92-94.

[8] J.G. Modell. N.E. Rosenthal. A.E. Harriett. A. Krishen. A. Asgharian, V.J. Foster. / 
Metz. C.B. Rockett. D.S. Wightman. Seasonal affective disorder and Its prever 
tion by anticipatory treatment w ith  bupropion XL. Biol. Psychiatry 58 (200f 
658-667.

[9] D. Brustolim. R. Ribelro-dos-Santos, R.E. Kast, E.L Altschuler. M.B. Soares. A nei 
chapter opens in anti-inflammatory treatments: the antidepressant bupropio 
lowers production of tum or necrosis factor-alpha and interferon-gamma i 
mice. Int. Immunopharmacol. 6 (2006) 903-907.

110] M.D. Ruff. S.R. Kalidlndl. J.E. Sutton Jr.. Pharmaceutical composition contair 
ing bupropion hydrochloride and a stabilizer. United States Patent 5.358,97 
(1994).

[11] P.S. Kulkarni. B.B. Shah. A. Maitra. J.M. Devito. Pharmaceutical compositio 
containing bupropion hydrochloride and a stabilizer. United States Pater 
20.010.021,721 (2001).

112] A. Maitra. P.S. Kulkarni, B.B. Shah.J.M. Devito. Pharmaceutical composition cor 
taining bupropion hydrochloride and an Inorganic acid stabilizer. United State 
Patent 5,968.553 (1999).

113] C.-H. Han. G. Liaw. Stabilized pharmaceutical compositions containing buprc 
pion hydrochloride. United States Patent 6.333,332 (2001).

[ 14] M.W. Trumbore. R.V. Rarly. J.C. Hirsh. M. Hirsh. Stabilized transdermal buprc 
pion formulations. United States Patent 20.080,044.462 (2008).

115] M. Chawla. R.S. Raghuvanshi. A. Rampal. Novel method stabilizing bupropio 
hydrochloride tablets. United States Patent 20,060.165.779 (2006).

[16] S.K. Gidwani. P. SIngnurkar. P.K. Tewari. Cyclodextrin stabilized pharmaceut 
cal compositions of bupropion hydrochloride. United States Patent 6,462.23 
( 2002).

[17] S. Chungi, K. Lin. Stabilized, acid-free formulation for sustained release ( 
bupropion hydrochloride. United States Patent 6,306.436 (2001).

[18] S.C. Laizure. C.L DeVane. Stability o f bupropion and its major metabolites i 
human plasma. Ther. Drug Monit. 7 (1985) 447-450. |

119] P.K. Kiptoo. K.S. Paudel, D.C. Hammell. R.R. Pinninti. J. Chen. P.A. Crooks. A. 
Stinchcomb. Transdermal delivery o f bupropion and its active metabolit-i 
hydroxybupropion: a prodrug strategy as an alternative approach. J. Pharni 
Sci. 98 (2009) 583-594.

[20] R. Suma. H. Kosanam. P.K. Sai Prakash. Stability study o f bupropion and olat 
zapine In formaldehyde solutions. Rapid Commun. Mass Spectrom. 20 (2006 
1390-1394.

[21] S.M. Walters. Influence of pH on hydrolytic decomposition of diethylpropla 
hydrochloride: stability studies on drug substance and tablets using higf 
performance liquid chromatography.]. Pharm. Sci. 69 (1980) 1206-1209.

[22] G.M. Loudon. Mechanistic Interpretation of pH-rate profiles. J. Chem. Educ. 6 
(1991)973-984.

[23] R.M. Welch. A.A. Lai. D.H. Schroeder. Pharmacological significance of the specit 
differences in bupropion metabolism, Xenobiotica 17 (1987) 287-298.

[24] M.M. Ames. C.D. Selassie. LC. Woodson. J.A. Van Loon. C. Hansch. R.M. Weit 
shilboum. Thiopurine methyltransferase: structure-activlty relationships f( 
benzoic acid inhibitors and thiophenol substrates. J. Med. Chem. 29 (1981 
354-358.

[25] R.M. Wadkins. j.L. Hyatt. X. V^ei. K.J.P. Yoon. M. W ierdl. C.C. Edwards. C. 
Morton. J.C. Obenauer, K. Damodaran. P. Beroza. M.K. Danks. P.M. Pottei 
Identification and characterization o f novel benzil (dipheny lethane-1.2-diom 
analogues as inhibitors o f mammalian carboxylesterases. J. Med. Chem. 4 
(2005)2906-2915.



lo u rn a t  of

65SS ./. A /« /. 2009, 52, 6588-6598  M e d l C i n a l

Doi; i0.i()2i/jm'M)056is C h e iT i i s t r y
A rt ic le
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A spirin p rodrugs and related nitric oxide releasing com pounds hold significant therapeutic prom ise, bu t 
they are hard  to  design because aspirin esterification renders its acetate group very’ susceptible to plasm a 
esterase m ediated hydrolysis. Isosorbide-2-aspirinate-5-salicylate is a true aspirin prodrug  in hum an blood 
because it can be efi'ectively hydrolyzed to  aspirin upon interaction w ith plasm a BuChE. W e show tha t the 
identity  o f  the rem ote 5-ester dictates w hether aspirin is am ong the products o f  plasm a-m ediated 
hydrolysis. By observing the requirem ents for aspirin release from an initial panel o f isosorbide-based 
esters, we were able to  in troduce nitroxym ethyl groups a t the 5-position while m aintaining ability to release 
aspirin. Several o f  these com pounds are potent inhibitors o f platelet aggregation. The design o f the.se 
com pounds will allow better exploration o f  cross-talk between C O X  inhibition and nitric oxide release and 
potentially  lead to the developm ent o f  selective COX-1 acetylating drug.s w ithout gastric toxicity.

Introduction

Aspirin is the world's most widely used medicine. Some of 
its effects are due to its ability (o trans-acetylate platelet 
cyclooxygenase-1 (COX-l"). resulting in effective abolition 
o f platelet derived thromboxane A i (TXAj), leading to cardio- 
\  ascuiar and cerebrovascular protection. ‘ Other effects can be 
attributed to COX-2 inhibition and the shunting o f arachi- 
donie acid that occurs when COX-2 is acetylated." Long-term 
aspirin use is associated with reduced lung cancer death as well 
as decreased incidence of colorectal cancer in patients with 
colon polyps. ’ The pharmacological target here may be COX- 
2 or be COX-independent. and the dose requirement has yet to 
be resolved but it is likely to be higher than in antiplatelet 
therapy. Aspirin may have a role in attenuating drug-induced 
liver damage'* and in preventing Alzheimer's disease progres
sion.^ COX acetylation is generally beneficial in preventing, 
curing, and ameliorating human disease.

Aspirin use carries a 2—.'? fold increase in risk o f a serious 
gastrointestinal bleed that is o f particular importance in the 
elderly popu la tion .G iven  the widespread use o f aspirin, this 
side effect is a matter o f serious public concern. Furthermore,

*To whom coiTC.'>p<)ndence .shmiltl be iiddrc.'i.scd. Phone: ;35.'*-l-8‘)6 
2795. l-a,\: ) .'553-I-S96 2793. E-mail: gilmcrjfa. icd.ic.

■'A bbreviations: .AChH, acclyl cholincslcrasc: A D P. adenosine d i
phosphate: BNPP. bis-/i-nilrophenylphosphate; (hu)B iiChE. (hum an) 
bulyrylehoiincslerase: BW'254c51. 1 :.‘'-bis(4-allyl-dinicUiyl)am m oniuni- 
phenyl-penlan-3-onc; CE.S, carboxyleslerase; C O X . eyeioo.xygenase: 
D C C , dicyclohexyicarbodiim ide: D M A P. dim cthyiam inopyridine: 
BDT.A. clhyienediam inelelraaeelic acid: E lO .\e . clhyl aceiale: G IT . 
gaslroiniestinal uacl: G SH : gluialhionc: Hex. ;i-hcxane: ISAS, isosor- 
hide-2-aspirinalc-5-salicyhile: ISI5A. isosorhidc-2..5-diaspirin;Uc: ISM N. 
isosorbide m ononilralc: ISM N A . isosorbide m ononiirale aspirinale; i.sn- 
(.JMf’.A, ic’lraisopropylpyrophosphoram idc: M cCN. acolonilrile: M cOH. 
m elhanol: NO. nilric oxide: O OQ. l//-[l.2.4]oxadiazolo|4..3-a]quino- 
xalin-l-onc: P M St'. phenyimelhylsuironyl lluoridc: PRP. plalelel rich 
plasm a; R PH PL C . reverse-phasc high perfonnancc liquid chrom atogra
phy: SAR. s lruc lu re -ac llv ily  relationship: T X A t, throm boxane Ai.

aspirin-induced gastropathy prevents its full clinical exploita
tion because in an individual instance the risk of ulceration 
tends to exceed the perceived risk ofa  disease event.’ Ulceration 
is not reduced by phannaceutical approaches such as enteric 
coating*' or buffering,'^ its severity is dose-dependent, and, 
crucially, it may not be directly attributable to the mechanism 
of action or pharmacological target o f the d ru g . '" '' Therefore, 
there is a need to separate COX-1 acetylation from aspirin's 
side elTects.'"

Nilric oxide releasing aspirin compounds (termed NO- 
aspirins) are a type of hybrid intended to be capable of 
liberating nitric oxide and asp irin .'' Nitric oxide is ga.stro- 
protective through multiple mechanisms.''* However, the 
combination o f aspirin and nitric oxide release exhibits phar
macological effects in cardiovascular, cancer, and intlamma- 
tory models that hold significant therapeutic potential.'^ I'he 
NO-aspirin I was tested in a number o f clinical trials, and it 
has little or no gastric toxicity either because it releases NO or 
simply because it is an e s te r.'' Aspirin has been linked to a 
number of other nitric oxide pro-moieties (Figure I ), includ
ing furoxan (2) and diazeniumdiolate (3) g ro u p s .'^ '’ An 
interesting group of salicylates were recently reported with 
incorporation o fa  nitroxyl group on the acetyl moiety rather 
than at the carboxylate (4 ).'*'

While the concept holds rich promise, the design of true 
aspirin nitric oxide hybrids has hitherto proven dilficult. Hu
man blood plasma butyryicholincsterase (BuChE, EC 3.1.1.7) 
tends to catalyze the hydrolysis o f the acetyl group of aspirin 
esters before the pendant ester whether or not it bears a nitric 
oxide precursor (this is shown in the special case o f isosorbide- 
based aspirin esters as pathway B in Figure 2). The design 
challenge in nitric oxide relea.sing a.spii ins is therefore similar to 
the design challenge with aspirin prodrugs generally— how to 
induce release o f the group bearing the nitric oxide precursor 
before deacetylation (pathway A in Figure 2). None o f the

p u b s .a ts .o rg  jn ic P ublished  on  W eb 10, 12 2009 'I H ) 9  A in c n c a n  C h c n i i c i i i  S ( k i c i ;



A nick' Joiinuil i>lWteilicinal Chcniislry. 2009. Vol. 52. ^'o. 21 6589

aspirin nitric oxide hybrids reported so far generate aspirin in 
blood. The overall aim o f the work described in the present 
study was to design an aspirin ester capable o f liberating 
aspirin and a nitric oxide precursor in human plasma.

We have recently reported on isosorbide-2-aspirinate- 
5-salicylate 5a (Figure 2 ) which acts as a true aspirin prodrug 
because o f an unusually productive interaction w ith BuChE,"' 
The 5-salicylate group in 5a appeared to have a decisive effect 
on the specificity o f processing in this compound because the 
isosorbide-2-aspirinate 5b was not an aspirin prodrug 
[pathway B in Figure 2]. We had earlier reported the aspirin 
ester (6)o f the clinically used nitrate isosorbide mononitrate 
(IS M N ), a promising hybrid design as its two components are 
already approved for human medicine and in sim ilar doses."' 
This paper describes in itia lly  an evaluation o f 6 as a potential 
human aspirin-nitrate hybrid prodrug. Following this we 
investigated the influence o f the 5-ester group in 5 on the 
A  B hydrolysis ratio, leading eventually to successful incor
poration o f a nitrate group (7, Figure 2) while maintaining 
aspirin release characteristics in human plasma.

Evaluation of Aspirin Ester of Isosorbide-5-inononitrate. 
Isosorbide-5-mononitrate-2-aspirinate (6) was evaluated as 
an aspirin prodrug by incubating it in human plasma at 37 °C 
(10 and 50V()) and m onitoring its decay by RPHPLC. In 
human plasma solution (10%), compound 6 was hydrolyzed 
mainly along the salicylate pathway (B in Figure 2), produ
cing < 10% aspirin. The amount o f aspirin evident under 
these conditions can be used to estimate the ratio o f path
ways A  to B because aspirin hydrolysis is slow in dilute

o

OAc
N — '  

+ I

-O

O

OAc 0  2

ce
Figure I. .Aspirin-nitrate. I,  furoxans 2. diazeniunidiolates 
(NONOates) 3. nitroxyacyl salicylates 4.

plasma solution (/|  ̂fo r aspirin in 10% plasma is reported to 
be 9.8 h ). ' ‘̂  Hydrolysis o f 6 in 10% plasma solution was 
rapid, w ith an apparent first-order half-life o f 52 s. This 
behavior is not unusual for aspirin esters, especially where 
deacetylation predominates, but the IS M N -sa licy la te  p ro
duct o f  the hydrolysis process was consumed w ith striking 
rap id ity (Figure 3). Typically, the rate o f plasma-mediated 
hydrolysis o f salicylic acid esters is slow. For example, 
methyl salicylate hydrolyzes in 80% human plasma w ith a 
half-life o f 17.6h."'’  It would appear therefore that the ISM N  
group promotes rapid hydrolysis o f the salicylate ester in 
human plasma solution. Indeed productive hydrolysis o f the 
parent 6 almost competes w ith  the unproductive acetyl group 
detachment. The isomeric isosorbide-2-nitrate-5-aspiri- 
nate^' (6a) was tested under the same conditions, l l  too 
disappeared rapid ly ( / | / 2  ~  1.3 min) but w ith the exclusive 
liberation o f the isosorbide-2-mononitrate-5-salicylate, 
which was stable in plasma. Isosorbide-2-mononitrate has 
been used as a n itrovasodilator but it has significant side 
effects due to rapid n itric  oxide release; the more slowly 
metabolized 5-mononitrate has a better clinical profile. 
The progress curve fo r the hydrolysis o f 6a (Figure 3) 
illustrates how much faster hydrolysis o f the 2-('.\o-ester is 
and how closc 6 is to acting as a true nitro-aspirin prodrug in 
human plasma. The identity o f BuChE in mediating aspirin 
release from  6 was confirmed by repealing the hydrolysis 
experiment in the presence o f selective esterase inhibitors, 
eserine (cholinesterases), uy;0!v1PA (BuChE). phenyl- 
methylsulfonyl fluoride (PM SF; serine proteases. A t'h E ). 
and dibucaine (BuChE-subtype) (Table I )."■' The hydrolysis 
was also m onitored in human plasma solution in the eon-^ 
centration range 2—30%> (pH7.4, 37 °C). The extent o f  
aspirin production relative to salicylate was found to be 
invariant w ith  plasma concentration, although the A„hsi 
increased linearly w ith  plasma concentration (Figure 3). 
Because 6 did not have desirable aspirin release character
istics in human plasma, we were forced to consider how to 
replace the 5-nitrate w ith  a substituent that could promote 
hydrolysis to aspirin at position 2 while at the same time 
being itself amenable to nitrate substitution. To better define 
the requirements fo r isosorbide—aspirinate activation to 
aspirin, we prepared a number o f isosorbide—aspirinate 
5-esters (5). We focused on esters because these would 
u ltim ately be hydrolyzed to isosorbide, which is innocuous. 
This led to the design and synthesis o f a second group o f

5a, R=

OH

Sb, R= H

6, R= NO.OR OR

OH

Salicylate ester OR

7, R= ONOj 

0

7a, n=1 
7b, n=2

7c, ortho 
7d, meta

ONO, 7e, para

Haure 2. Hydrolysis pathways o f aspirin prodrugs.
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6, 10% hp None 0,86 52 sec 9.1

6, 50% hp None 3.7 11.3 sec 7.7

6a, 10% hp None 0,52 1,3 min nd

6. 50% hp Dibucaine (Im M ) 0,15 4.2 min 6.75

6, 50% hp PMSF(lOO^iM) 0.25 2.9 min 6.2

6, 50% hp Eserine (100(lM) 0.03 178 min nd

6, 50% hp isoOMPA (lO uM ) 0.02 38.3 min nd

Whole blood None 3.12 13.4 sec <1%

Figure 3. Progress curves for the disappearance o f 6 and 6a in 10% huinan plasma buffered at pH 7.4 (37 ^C); 6 (downward-pointing solid 
green triangle), aspirin {.solid red circic), iso,sorbide-2 5-.salicylate-2,5-nitrate (iipivard-pointing solid blue triangle), salicylic acid (solid purple 
square). Plot showing the relationship between rale o f hydrolysis and proportion o f 7 undergoing hydrolysis to aspirin in the range 2 -30%  
human plasma buffered at pH 7.4 and 37 °C. (« = 3).

compounds iti which the 5-estcr was elaborated w ith a nitrate 
group as a n itric  oxide donor (7).

Chemistry

Compounds 5 were obtained by esterification o f  5b with the 
appropriate acid and DCC coupling procedures or by treat
ment w ith the corresponding acid chloride in the presence 
o f E tjN  (Scheme 1). We wete unable to obtain the 3- and 
4-hydroxybenzoates (5c, 5d) by direct coupling because o f 
competition between the isosorbide-5-OH and phenohc —OH 
groups. In these cases, the benzylprotected hydroxybenzoic 
acids were coupled first to 5b by DCC-mediated coupling, 
followed by reduction in the presence o f H i over Pd C. The 
synthesis o f the a lkylnitrate esters 7a,b is shown in Scheme 2. 
The intermediate nitroxyalkyl acids 10 were first prepared by 
treating the corresponding commercially available bromo- 
acids 9 w ith A g N O i in MeCN. Nitroxyacids !0  were linked 
by esterification w ith DCC and D M A P  to 5b to yield the

isosorbide-2-aspirinate-nitroxyalkyi esters 7a,b. The nitroxy- 
inethy I benzoate compounds 7 c -e  were prepared by treating 
5b w ith  the appropriate chlorobenzoyl chloride (Scheme 3). 
The chloroniethyl esters were carried through unpurified and 
the halide—nitrate exchange accomplished using A gN O , in 
MeCN. In thecaseoftheorthocom pound 7c. the correspond
ing «/v//o-chloromethyl benzoic acid was generated from 
phthalide in the presence o f dichlorotriphenylphosphorane 
and used unpurified.’* The final compounds were character
ized by H R M S .C H N . N M R .and  HPLC. Compounds 5a, 5b, 
6, and 6a w'ere obtained as described previously.

Evaluation oflsosorbide-Bascd Aspirinates. The panel o f  5 
esters was incubated in 10 and 50% plasma solution (pH7.4, 
37 °C) and the reaction progress m onito ied at intervals by 
RPHPLC. Ester consumption followed first-order kinetics 
w ith half-lives o f2 -5  min in 10% human plasma and around 
1 min in 50% human plasma (Table 1). The salicylates eluted 
after the parent aspirinates in each case and were quantitated 
using the response o f the parent at 230 nm. The identity o f the
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salicylates was confirmed using photod iode  a rray  (PD A ) 
(■̂ max. ~30() nni) and  in some cases by LCMS, The  extent o f  
aspirin  release was estimated from progress curves at m ax 
imum  aspirin  concentra t ion  relative to the extrapola ted  
initial parent  ester concentra t ion  (Table 1). T he  esters un d e r
went hydrolysis with m arkedly  different ou tcom es in rate  
and  extent o f  aspirin  release.

The  four 5-alkyl esters 5e—h were exclusively hydrolyzed 
to the corresponding salicylatcs (pa thw ay  B). The  benzoate  
esters tended to be hydrolyzed a long  pa thw ay  A to some 
extent. T he  hydroxybenzoate  ester c o m p o u n d s  5c.d. which 
are isomers o f  5a. underwent typically rapid hydrolysis in 
h iunan  plasma. Isomer 5c produced significant am o u n ts  o f  
aspirin  (29—44% ),  but the para  isomer 5d was hydrolyzed 
a long  the salicylate pathw'ay ( < I %  aspirin). The  ortho- and 
/)«'^«-toluate esters 5j (46—59% ) and  5k (38—54% ) were 
excellent aspirin  prodrugs,  bu t  the /wra-to luate  (51) was less 
effective ( ~ 1 5 %  aspirin  release). O f  the m ethoxylbenzoates 
(5m —o) the meta isomer was most efficient (17—19%). The  
5-biphenyl ester 5t was not consum ed over a period o f  one 
h o u r  at either 10% or  50%  plasma. Instead, the typical 
initially rapid hydrolysis tapered quickly and  stopped 
a bruptly  following a round  20%  consum ption  o f  the parent 
c o m p o u n d  (/; ~  3). N o  aspirin  was produced. T he  in terac
tion o f  the isosorbide-based c o m p o u n d s  with the choline- 
sterases is not s tra ightforward . W hereas isosorbide diesters 
( including those here) are in general extremely rapidly 
hydrolyzed by BuChE, some are m ic rom ola r  inhibitors o f  
the hom ologous enzyme AChE."^ Therefore,  the failure o f  5t 
to undergo  significant consum ption  could be due to enzyme 
inhibition by the intact c o m p o u n d  o r  one o f  its hydrolysis 
products .  Overall,  in the benzoate  g roup, ortho-subst i tu t ion  
and  to a lesser extent meta-substi tu t ion  conferred good 
aspirin  release characteristics in h u m an  p lasm a solution. 
The  para-substi tu ted  5-bcnzoates tended not to act  as aspirin  
p rodrugs  as evidenced by the behavior o f  5d, 51, 5o, 5s, and 
5t. Some heterocyclic substituted c o m p o u n d s  (5v—5bb) were 
also prepared and  evaluated, initially with the objective o f  
improving water  solubility. T he  nicotinate (5v) is an inter
est ing co m p o u n d  because it p roduces substantia l  am o u n ts  o f  
aspirin  (40% ) an d  is subsequently hydrolyzed to nicotinic 
acid and  isosorbide. The  water  solubility o f  the two nicoti- 
nates (5v,w) was significantly better  than the alkyl and 
carbocyclic aryl com pounds ,  but the others, a p a r t  from 
thiadazole (5aa). were not sufficiently efficient as aspirin 
p rodrugs to w arran t  further investigation.

Having established the general requirements  for p ro d u c 
tive hydrolysis in hum an  plasma solution for the 2-aspiri- 
nate-5-esters, we next turned to the problem  o f  integrating a 
potential nitric oxide releasing moiety (7. Table  2, Figure  4).

We had chosen to evaluate  n i tra te  esters as potential  N O  
delivery groups because nitrates are synthetically accessible, 
stable,  lipophilic, and  a have a long history ofclinical use. We 
were d raw n  toward  nitroxymethylbenzoates  because these 
corresponded  most  closely to the benzoates that  were asso
ciated with good aspirin release characteristics in hum an  
plasma in series 5. We evaluated two nitroxyalkyl co m 
pounds  for com parison.  N i troxy-substi tu t ion  directly to 
the benzene ring was rejected because phenylnitrates are 
reported  to spontaneously  d isp roport iona te  to n i trophe- 
nols."'* T h e  5-nitroxyalkyl esters 7a,b were hydrolyzed ex
clusively a long the salicylate pa thw ay  in h u m an  plasma 
solution (10 and 50% ) as observed for the unsubsti tu ted  
analogs 5 c -h . T h e  o r tho -  and  m eta-substitu ted  co m p o u n d s

Table I. K inclic  D a la  for  Ihc H y d ro ly s is  o f  C o m p o u n d s  5 a n d  Extent c 
Asp ir in  Released  Based  o n  In itial Es te r  C o n c e n t r a t i o n  in M o les  Mca 
su red  at  P eak  A sp i r in  P r o d u c t io n  f o l l o w i n g  A d d i t i o n  o f  C a n d i d a l  
Es te rs  to  Bufic rcd  H u m a n  P la s m a  (10  or  5 0 % )  at  37 K  a n d  p H  7.4 b 
H P L C ____________________________________________ _____________

I'irst-order rate constant (m in '‘) . lialf-lifc (inin)”
0

and mote %  aspirin ' released
0„ H

'Solubility in water (pg/m l.)

10%  plasma 50 %  plasma

R^S-hydro.xybcn/oaic. 5a 0.14 4.95 72 0.61 1.14 85 11.2

R=3-hydroxybcnzoyl, 5c 0.63 1 10 44 0.77 0.90 2^

R"4-hydroxybenzoyl. 5d 0.58 1.19 0.58 1.19 0.5

R=acctoyl. 5e 0.19 3.65 1,2 1.22 0.57 1.3 18.8

R -pn 'panoy l, 5 f 0.19 3.65 6.8 1.05 n.6(i 7 57

R“ pentanoyl. 5g 0.58 1.19 nd 0.‘W 0.70 <0.5

R=cyclopropanoyl. 5h 0..^6 1.93 0.77 0.90 <0.5

R“ benzoyl, 5i 0.21 3.30 19 1.08 0,64 29 1.2

R=2-methylbcnzoyl. 5j 0,33 2,10 46 0.83 0.83 59 5,34

R=.l-meihylben/oyl. 5k 0.07 9.90 38 0,57 1.22 54 0.6

R=4-mcthylbcnzo\l. 51 0.11 6.30 16 0.32 2.17 14.7 5,3

R-^2-meihoxybenzt>yl. 5m 0.2 3,47 5 0 7 0.99 7 9,9

R =3-meiboxyben/oyl. 5n 0.22 3.15 19 0.82 0.85 17 15,6

R=4-meihoxy benzoyl. 5o 0.22 3.15 2.6 0.63 1.10 4 0,31

R-2-benzo>loxybenzoyl. 5p 0.03 23.10 28 0.16 4,33 19 0,51

R=4-iiitrobenzoyl. 5q 0.25 2.77 13 0.51 1.56 ■>■> 1 72

R ^-cy a n o b en /o y l. 5 r 0.13 5.33 19 0.17 4.08 <0.5

R -4-phenylbcnzo>l. 5s na >20 <0.5 na >20 <0.5

R“ 3,5-diethoxybenzoyl. 5l nt nt nt 0.41 1.7 <0.5

R=3-acetam idoben/oyl. 5u ni nt nt 0.2 3.5 11

R -nicotlnoyl. 5v 0 5 1.39 41 1.87 0.37 32 87

R Mo-nicotinoyl. 5» 0 .!8 3.7 19 2.1 0.33 27 207.;

R=(v^hloronicotinoy|. 5x 0.18 3-85 18 0.36 1.93 17

R .
0.6 1.16 24 0.6 1.16 14

R ' ^ 0  . 5 /
0.06 11.55 18 12 0.06 14

R= .5 a a
0.18 3.85 32 1.8 0.39 31

0

"V >
R= - " - " . S b b

0.12 5,78 7 0.18 3.85 6

R=H. 5b 0.21 3.30 <0.5 0.63 1.10 <0.5

7c and  7d were effective aspirin  p rodrugs  genera ting  ~ 3 0  ar: 
~ 5 0 %  aspirin  respectively in h u m an  p lasm a  solution. Con 
p o u n d s  7c and  7d were incubated  in so lu t ions o f  wild ty| 
B uC hE  purified from  h u m an  p lasm a with similar A/ 
hydrolysis ra tio  su p por t ing  the identity  o f  B uC hE  in the
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Scheme 1. Synthesis oi'lsosorbide-2-aspirinate-5-esters 5

. /( i i ie .s  e l  III.

OAc

OR

OAc

5b OH

OBnII HO,

0

OAc

OBn

OAc

OH

5c= mc’ta 
5d= para

C onditions: (i) R C O O H . D CC, D M A P in D CM  or R CO C l, E l,N . D C M : (ii) D C C, D M A P. D C M ; (iii) H j. P d 'C . EtOA c M cQ H .

BuC hE active site. Isosorbidc-2,5-diesters are  in general 
rapid ly  and exclusively hydrolyzed a t the 2-ester.’'̂  T he rate 
o f  hydrolysis o f  the isosorbide-2-benzoate ester increases 20- 
fold across the series —5-OH , —5-nitrate. —5-benzoate w ith 
an  accom panying depression o f  K m  values, indicating th a t the 
ra te  enhancem ent is substra te  affinity  d riv en .'"  W e also 
reported  recently on isosorbide-2-carbam ate  esters as low 
nM  and selective inhib itors o f  BuC hE over A C hE  (6 x 
10“*).’ ' The.se com pounds vvere characterized  a s  tim e-dcpen- 
den t p seudosubstra te  com petitive inhibitors. In that class, 
potency (and  presutnably  affinity) significantly increased in 
the series —5-nilrate, -5 -a lk y l ester. -5 -a ry l  ester. T he gen
eral problem  in aspirin  p ro d ru g  chem istry is that the acetyl 
g ro u p  is chem ically and enzym atically susceptible to  hy d ro 
lysis by plasm a esterase for electronic, steric. and m echanistic 
reasons, [t seems that in the isosorbide-aspirinate series. 5-aryl 
substitu tion  can  stabilize substra te  o rien tatio n s associated 
with hydrolysis along pathw ay  A .so that it can  be com petitive 
with aceta te  g ro u p  hydrolysis. W e decided to see if  a m odeling 
ap p ro ach  could be used to  investigate why som e benzoates 
m ight be bette r in this regard th an  others. In ester hydrolysis, 
we can assum e th a t the transition  sta te  resem bles the ensuing 
tetrahedral in term ediate and it follows that differences in 
stability betw een com peting transition  states in parallel ester 
processing will be reOected in the relative energies and  geo- 
m etiies o f  the respective te trahedral interm ediates. We there
fore m odeled com pounds 5a and  5i in B uC hE using a dock ing  
approach  in which the carbonyls were rehybridized and linked 
covalently to the active site serine (198 in H uB uC hE ; PD B 
code IpOi).'^ T his approach  has been used previously for 
carbam ate  interactions w ith the cholinesterases.’ It finds 
significant ju stification  in the fact th a t the X -ray crystal 
structu re  o f  B uC hE had a fragrnent a t the active site that 
could be m odeled as covalently  bound  b u ty rate  w ith the 
anionic  in term ediate directed in to  the oxyanion h o le .'"  O ne 
o f  the v irtues o f  the approach  is that it limits the con tainm ent 
volum e o f  the substra te  and  reduces the problem  to a unim - 
o lecular one  a lthough  rehybrid ization  o f  the carbonyl carbon  
creates a new s p ' stereocenter. D ocking runs were therefore 
perform ed using A U T O D O C K  with full bond  ro ta tion  for 
bo th  stereoisom ers o f  E-5a and It was found th a t the
only realistic poses for processing involving attack  on  the

S c h e m e  2. Synthesis o f Isosorbide Based A lkylnitrate Aspiri- 
nates 7 a - b

O Q

Sa. n= 1 Br 10a, n= 1 ONOj
9b n = 2  10b, n= 2

OAc
ONO.

7a. n=1 
7b, n=2

O

Condition.s: (i) .\gN O>, M cCN ; (ii) R C O O H , D C C, D M A P: 
(iiil F-:i,N. D CM ,

hydrolysis in plasm a. T h e /w a -su b s t i tu te d  co m p o u n d  7c did 
no t act as an  asp irin  p ro d ru g , consisten t w ith the  ob se rv a
tions ab o u t p a ra -su b s titu tio n  in series 5 (T ab le  3). T he 50%  
p lasm a sam ples follow ing incubation  o f7 d  were analyzed by 
L C M S to confirm  the hydrolysis pa thw ay  evident by U PL C - 
UV and  to  look for evidence o f  n itra te  hydrolysis./m etabo- 
lism. All o f  the expected p lasm a esterase p ro d u c ts  were 
o b se rv e d ~ a sp ir in , salicylic acid, the salicylate analogue  o f  
7d, isosorbide-5-/)i-n itroxym ethyl benzoate , and  ;;j-nitroxy- 
m cthyl benzoic acid. H ow ever there was no  evidence o f  the 
hydroxym ethyl p ro d u c ts  that w ould be expected follow ing 
loss o f  N O  N O i. A lkyl n itra tes , includ ing  clinically used 
n itra tes , deg rade  very slowly in p lasm a an d  buffer so lu tion  
but p roduce pharm acolog ically  effective am o u n ts  o f  n itric 
oxide in m edia co n ta in in g  cell types includ ing  sm oo th  m uscle 
cells and . to  a lesser extent, platelets.

The rem ote con tro l over the direction o f  hydrolysis by the 
5-ester is peculiar. Isosorbide aspirinate d iesters are V -shaped 
with the 2-substituent directed exo to the fu s e d  ring system 
and  the 5-group endo. T he exo group  is predicted to  be m ore 
reactive on purely steric g rounds, but the high susceptibility o f 
isosorbide-2-esters to  B uC hE processing is connected  to  their 
overall shape and topological com plem entarity  with the



A n ic k ' .lo iinuil o j M cilic im il C h cin isu y . 200V. I V;/. 52. No. 21 6593

Scheme 3. Synlhcsis o f Isosorbide Based A lkyinitrate Aspirinates 7c—c

7d, nielu 
7e, para

C ondilions: (i) PPh-.CN. ISO °C. 4 h; (ii) E u N , D C M ; (iii) A gN O i. M cCN.

Table 2. Kinclic D ala  fo r Ihc Hydrolysis o f N ilroxy-SubsliU ilcd C om pounds 6. 7 a -e .  and  Extern o f Aspirin Released Based on Initial Ester 
C oncen tra tion  in M oles M easured at Peak A spirin P roduction Following A ddition o f  C andidate  Esters to Buffered H um an Pplasm a ( U) and 50" o I at 
37 "C and  pH 7.4 hy H PLC

OAc

OR
7

first-order rate constan t (m o P ')  (al. 
half-life (min) (b), 

and  mol '!'o aspirin  (c) released

l()"-i plasm a 50% plasm a

a b c a b c

R =  (nitroxy)-acetoyl. 7a 0.19 3.6 nd 0.77 0.9 nd
R -  (nilroxy)-propanoyl, 7b 0.18 3.9 nd 0.53 1.3 nd
R — (2-nitroxym cthyl)-benzoyl, 7e 0.26 2.7 32 0.21 3.2 34
R -  (3-nilroxym etbyl)-benzoyl, 7d 0.26 2.6 51 0.25 2.7 55
R -  (4-nilroxy™ elhyl)-bcn/oyl, 7e 0.11 6.0 < 5  0.29 2.4 <1

benzoate ester were those in which the isosorbide-5-ester was 
o rien ta ted  tow'ard T ip82  (the cation-^T  site) and the aspirin 
phenyl group  in to  the acyl pocket {Leu286,/Va!288), The 
5-sahcylate g roup  in 5a is predicted to  in teract with T rp82 
via TT—.Tattractions. T here  were also in te iac tions between the 
salicylate —O H  gro u p  and  a H -bond  netw ork involving 
Asp70. Tyr332, Ser79, and  T rp82 (Supporting  Inform ation  
(SI)). F igure 5 show s the 5-benzoate derivative 5i in its 
m ost favorable pose following a ttack  on the benzoate. The 
overall conform ation  is sim ilar to  th a t o f  5a ap art from  the 
H -bond ing  con tacts to  the salicylate —O H . T here  is a  pre
dicted energy difference between the docked poses o f 
2.4 k c a l-m o P ' in favor o f  5a. C om pound  5a was then 
covalently docked to  B C hE  such that the a ttack  occurred at 
the aceta te  ester ra ther than  the benzoic acid ester. W hile 
b inding was predicted lo  be good, there were no  specific 
in teractions betw een the m acrom olecule and  the O H  group  
o f  the salicylate m oiety (Si). T he b inding energy o f  the 
substra te  in this o rien ta tion  was predicted to  be sim ilar to 
th a t o f  the benzoate in F igure 5 ( I I .25 k ca l-m o l” ' com pared 
to  12.15 k c a l-m o P ') .  It therefore appears th a t the —OH 
gro u p  o f  the salicylateester in 5a can  forni specific interactions

with the enzym e when it is being hydrolyzed a t the phenyl ester 
(specifically w ith the residues o f  the peripheral site). F o r 
com pounds lacking the hydroxyl group , there is a  sm aller 
energy difference betw een form ation  o f  the interm ediate 
transition  states for hydrolysis a t the acetyl and benzoate 
esters.

Inhibition o f Platelet Aggregation in Vitro. C o m p o u n d s 5a. 
7 c -d .  and  asp irin  w ere evaluated  as in h ib ito rs o f  platelet 
aggregation  in p late le t rich p lasm a (P R P ) in response to 
collagen (5 /(g /m L ) an d  A D P  (3 /(M ). At these co n cen tra 
tions. p latelet agg regation  induced by collagen is highly 
dependen t on  the  release o f  a rach idon ic  acid an d  TX A ^ 
genera tion , while aggrega tion  by A D P  is less th ro tn b o x - 
ane-dependent. A s show n in F igure 6 .5a an d  the n itroasp irin  
hybrids 7c and  7d an d  asp irin  in the range 10—300/(M  caused 
co n cen tra tio n -d ep en d en t inh ib ition  o f  collagen-induced p la 
telet aggregation . 5a (20 .6 /iM ) and hybrid  7d (17,1 (dVl) w ere 
significantly  m ore p o ten t than  asp irin  (92.7 //M ). w hich was 
sim ilar in po tency  to  7c (90.3 //M ). a m o d era te  asp irin  
releasing  co m p o u n d  th a t also bears a nitroxyl ester 
(T ab le  3). H ybrid  7e, w hich does no t liberate asp irin  in 
hum an  plasm a, did no t cause  inh ib ition  o f  collagen-induced
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Kigure 4. Progress curves for the disappearance of 7b and the isomeric nitrox> methyl ben/oates7c-ein 50% human plasma buffered at pH 7 .4 
(.̂ 7 "C): prodrug (downward-pointing solid green triangle), aspirin (solid red circle), isosorbide-2-salicylate-5-ester (upward-pointing solid blue 
triangle), salicylic acid (solid purple square).

Tabic 3. In h ib itio n  D ata  fo r Platelet Aggregation in Response to 
Collagen (5y(g n iL )  in PRP

compd n IC 50 (,«M) SE C l %  aspirin

5a 3 20,6 1.6 17.2-23.9 80
7c ionho) 5 90.3 5.3 79,5-100,1 34
lA  {nh'hi) 17.1 4.1 S,X-26,4 55
7 e {pura) ,1 > 300 1

aspirin 92.7 3.6 S 4 ,9 -100,4 100

aggregation at concentrations <3(X) z/M. Compounds 5a 
and 7(1 were also significantly more potent inhib itors o f A D P  
(3 «M )-indiiced aggregation than aspirin. However, when 
the aggregation experiments were repealed using collagen or 
A D P  in the presence o f the cG M P inh ib ito r l/y -[l,2 ,4)- 
oxadiazolo[4.3-fl]quinoxalin-l-one (ODQ), there was no at
tenuation o f platelet inh ib ition  by 7d. indicating that in PRP 
in v itro , NO release from  7d did not make a significant 
contribution to inh ib ition . In washed platelets suspension 
(WP). the addition o f I n iM  glutathione (GSH), which 
promotes NO release from nitrates, enhanced the inh ib ito ry 
elTccts o f 7d (Figure 6c). This subtle effect could be abolished 
by preincubating W P w ith  ODQ. The data indicates that 
significant inh ib ition o f aggregation by compounds 7 in PRP 
requires the presence o f promoters o f NO  release. This is 
consistent with the potency o f the non-n ili ate 5a. the lack o f 
effect o f the nonaspirin releasing 7e. and the generally 
reported failure o f platelets to release substantial amounts 
o f  n itric  oxide from  organic nitrates. The unexpected po
tency o f 7d in this context w ill be the subject o f careful 
pharmacological studies in v itro , and in vivo where n itric  
oxide release fiom  other cell types can be expected to 
contribute to effects.

Conclusion

We have shown that by taking account o f the substrate 
preferences, human BuChE can be used as a vector for the 
release o f aspirin and a nitric oxide precursor from aspirin

o

Tip-231

Figure 5. Predicted (and representative) lowest energy conforma
tion for 5i bound covalently to BCht at the phenyl ester as the 
tetrahedral intermediate using Autodock 3.

hybrid esters. Compounds 7c and 7d are the first compounds 
reported w ith the ab ility  to generate aspirin and a potential 
nitric  oxide releasing group under physiologically relevant 
conditions. They are potent inhibitors o f A D P  and collagen 
induced platelet aggregation. They w ill prove valuable in 
pharmacological studies on the interactions between nitric  
oxide and CO X inhib ition in vivo.

Experimental Section

Chemistry. 'H  and ’ ’C spectra were recorded at 27 °C on a 
Bruker DPX 400 M Hz FT NM  R spectrometer (400.13 MHz ' H. 
100.61 MHz ' 'O  or a Bruker AV600 (600,13 M Hz 'H, 150.6 
MHz ‘ 'C ) in either CDCIj or (C D ,)iC O  with TMS as internal 
standard. In CDCI3. 'H  spectra were assigned relative to the 
TMS peak at 0,0 ppm and ' 'C  spectra were assigned relative to 
the middle CDCl i triplet at 77.00 ppm. In (CDUiCO. 'H spectra
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Kiguri' 6. (a) Concentration-response curves showing inhibition 
o f collagen-induced human platelet aggregation in vitro by 5a. 
7c—7d. and aspirin. Data are mean ±  SEM, n } —7. collagen 
5 f ig  n iL~ '. (b) Inhibition o f platelets aggregation by aspirin. 5a. 
and 7c-7e in human rich plasma (PRP). using ADP (3 ^M ). 
(c) Inhibition o f platelet aggregation in WP using 7d (200 ^M ). 
and I niM GSH: ODQ (10 ,hM) preincubated for 5 min; using 
collagen 5 fig m L“ '. Data are mean ±  SHM. n -  3—7. ANO VA.

were assigned relative to the (C D j)2C 0  peak at 2.05 ppm and 
' 'C  spectra were assigned relative to  the (C D jjiC O  at 29.5 ppin. 
Coupling constants were reported in hertz (Hz). H R M S  was 
performed using a Micromass mass spectrophotometer w ith  
clectrospray ionization at the School o f  Chemistry, T rin ity  
College. D ublin . Elemental analyses were performed at the 
M icroanalytica l Laboratory. Department o f  Chemistry, U n i
versity College. Dub lin . Flash chrom atography was performed 
on Merck Kieselgel (particle size: 60 mm). Compounds 5a. 5b. 
6a. and 6b were prepared as previously reported. Compounds 
described were synthesized according to general procedures 
outlined below.

General Procedure I (G P l). To a solution o f 5b (1 equiv) and 
carboxylic acid (1.1 equiv) in anhydrous dichloromethane was 
added D M A P  (0.1 equiv) and the solution was left stirring  at 
0 °C for 10 min. DCC (1.1 equiv) was then added and the 
solution w'as left stirring  fo r 12 h. The solution was then filtered, 
and the filtra te  washed successively w ith 1 M H C l. saturated 
N a H iC O i (aq). water, and brine. The solution was then dried 
w ith Na^SOj, filtered, and solvent removed under reduced 
pressure. Compounds w'ere purified by Hash chromatography.

General Procedure 2 (GP2). To a solution o f  5b (1 equiv) in 
anhydrous dichloromethane was added anhydrous trie thy l- 
amine (1.1 equiv) followed by carboxylic acid chloride (1,1 
equiv) The reaction m ixture was left stirring  fo r 12 h under a

nitrogen atmosphere w ith the absence o f light. The rcaclic 
in ix tu re  was then washed successively w ith 1 M H C l. saturate 
N a H iC O j (aq), water, and brine. The solution v\as then dric 
w ith  N a 2 S0 4 . filtered, and solvent removed under reducS 
pressure. Compounds were purified by Hash chromatograph 
w ith  eluents staled.

lsosorbide-2-aspirinate-5-(-3-hydroxybenzoate) (5e). 5b (0.3 
0.98 rnmol) was reacted w ith  3-benzyloxy benzoic acid ( l  .C 
m m ol.) according to G P l to  give isosorbide-2-aspirinate-5-(. 
benzyloxybenzoate) (0.05 g, 9% ) after Hash chromatograp) 
using E tO Ac and hexane (1:4) as eluent. H RM S: C»H:f,C 
[M  -(- N a ]" requires: 541.1475; found: 541.1474. 'H  N M R  
(CDCl.,): 2.37 (3H . s). 4.07 ( IH .  m). 4.11 (3H. m). 4.65 ( IH . 
J  --- 5.0 Hz). 5.05(1 H . t . y  5.5 and 5.0 Hz). 5.16 (2H.S), 5.; 
( IH ,  m). 7.13 ( IH . d. ,/ -  8.04 Hz), 7.27 ( IH , t, J  -  8.04 ar 
6.52 Hz), 7 ..33-7.42(5H. m). 7.47 (2H . t. J  8 Hz), 7.6 (1 H. t 
y  =  8 Hz, 2 Hz), 7.7 (2H. m). 8.05 (1H. dd. 7 -  8 Hz. 2 H i 
H R M S: C29H260i). [M  - f H ] ' requires 518.4344, four 
518.4357. Anal. C 2<)H2(>Oi, requires C 67.19. H 5.05; found
67.28, H 5.09. Isosorbide-2-aspirinate-(3-benzyloxybenzoat 
(0.2 g. 0.07 m mol) was dissolved in methanol and E t(V  
(10 m L, 1:1) and left stirring  under an atmosphere o f  hydrogi 
fo r 12 h in the presence o f  palladium  on carbon. .After rcmov 
o f  palladium  by filtra tio n  through celite and removal o f solve 
under reduced pressure, crude product was recrystallized fro 
diethyl ether to give 5c as white crystals (30 mg, 91%). HRMI 
C 2 2 H ir ) 0 9  [M  - I -  N a]* requires 451.1005; found: 451.0996. Am 
C „H ^n0 .i requires C 61.69. H 4.71; found C 61.72. H 4.75. ' 
N M R 'd  (CDCU): 2.37 (3H. s). 4.07 (1 H. m), 4.11 (3H. m). 4.i 
( I H . d . . / -  5 .0 H z ).5 .0 5 ( lH .t.y  -  5.5 and 5.0 Hz), 5.56(1 H. n 
7.10(2H. m). 7.,33(2H. m). 7.60 (3H. m). 8.0 ( IH . d. 7 8 H;

lsosorbidc-2-aspirinatc-5-(4-hydroxybcnzoatc) (5d). 5b (0.251 
0.8 m mol) and /j-benzyloxybenzoic acid (0.182 g. 0.88 mm( 
were reacted together according to  G P l to give isosorbide-l 
aspirinate-5-(4-benzyloxybenzoate) (0.346 g 85"o) as a whi 
solid after Hash chromatography w ith EtOAc:Hex (1:2) aseluei 
H R M S C 2vH 2hOi,.[M -t-N a ]' requires541.1470.fo u n d 541.147 
Anal. C'2i)H260i) requires C 67.19. H 5.05; found C 67.35. H 5.1 
'H  N M R  (CDCl.,) 2.4 (3H. s). 4.1 (4H, m). 4.65 ( IH . d . ,/
5.5 Hz), 5.05 (1H. t. y  -- 5 Hz). 7.1 (1H. d. 7 - 8.5 Hz). 5.5 (3) 
m ).7 .2 5 (5 H .m ).7 .3 5 (lH .t,. /  -  1 H z ).7.45(m .4H ). 7.7(1 H .( 
,/ -  8 Hz. 1.5 Hz). 8.0 ( IH .  d, y 8 Hz). Isosorbidei 
aspirinate-(4-benzyloxybenzoatc) (0.2 g. 0.35 mmol) was d 
solved in methanol and EtOAc (20 m L. 1:1) and left stirring uno 
an atmosphere o f  hydrogen for 12 h in the presence o f  palladiii 
on carbon. A fter removal o f palladium by filtra tion through cell 
crude product was recrystallized from  diethyl etlier to give 5d 
white crystals (0.15 g, 91%). H RM S: C :2 H 2oOy [M  +  Na 
requires 451.1005; found 451.UK)3. Anal. C^^H^oOcj requires; 
61.69. H 4.71; found C 61.65, H 5.16. 'H  N M R  <5 (C D C l,): 2. 
(3H . s). 4.10 (4H. m). 4.65 ( IH . d. y  5 Hz). 4.95 (1H. t. y  
5 Hz). 5.43 ( IH . q, J  -- 5 Hz), 5.47 ( IH , s), 6.87 (2H. d. J  
8.5Hz).7 .12( lH .dd .y  -  8and 1 Hz), 7.33 (2H. dl. y  -  5.5a
1.5 Hz). 7.65(1H. dt.y = Sand 1.5 Hz). 7.95 (2H .m ).

lsosorbide-2-aspirinate-5-acctatc (5e). 5b (0.2 g. 0.65 mmi
was reacted w ith acetic anhydride (0.073 g. 0.72 m m ol) accoi 
ing to  GP2 to give compound 5c as white crystalline mater 
(0.1 g. 43.8% ) after flash chrom atography using EtOAc:hexa 
(2:3) as eluent; mp 9 6 -9 8  °C. H R M S : C nH isO s [M  -H H 
requires 351.1080; found 351,1087. Anal. C ]7 H|«Ox requires
58.28. H 5.18; found C 58.20, H 5.20. 'H  N M R  (^CDCl,):  2. 
(3H , s). 2.37 (3H, s), 3.85 (1H, q, J  5.55. 4.52, 4.96 Hz), 3. 
( I H . q ,y  6.0.3.52. and 6.04 Hz), 4 .10(2H, t, y  = 3.52,2.0 H 
4.59 ( IH , d, J  “ 4.52 Hz). 4.90 ( IH . t, J  5.0. 5.04 Hz). 5. 
( IH .d .y  -  5.52 Hz). 5.44(lH .d ,y  = 5.52 Hz). 7 .12(1H.d .y  
8.04 Hz). 7.33 (1H. t. y  =  7.52. 7.56 Hz), 7.59 (1H. m). 8.01 (1 
dd. J  -  6.04. 2.05 Hz).

lsosorbide-2-aspirinate-5-propionate (5f)- 5b (0.3 g, 0.98 mm 
W'as reacted w ith propionic anhydride (0.14 m L, 1.07 mm 
according to GP2 to yield crude product as a yellow oil (0.19
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PuriHcation by (lash chrom atography using hexane and EtOAc 
(5:2) as eluent yielded prcxiuct as white crystals (0.3 g. 84.3%); mp 
5 4 -5 6  °C. HRM S: C |sH,„O k [M +  Na]+ requires 387.1056: 
found 387.1069. 'H  N M R d  (CDCl,): 1.19 (3H, t. 7  =  8.04 and
7.52 Hz). 2.37 (3H, s), 2.44 (2H. q, 7  -  7.52. 8.04. and 7.52 Hz). 
3.86 (1H. q . ./ = 5.52. 4.52. and 5.04 Hz). 3.98 (1H. q. 7  = 5.52.
4.04. and 6.0 Hz). 4.08 (2H, m). 4.59 (IH . d. J  -  4.52 Hz). 4.91 
( I H . t .y  -  5 .0and 5.04). 5.20 (1H. q, y  =  5.04.6.0, and 5.52 Hz). 
5 .4 3 ( lH .d ,y  - 3.0 Hz). 7.12(1 H .d d . . / -  1.0 and 1.0 Hz). 7.33 
( IH .t .y  -  1 .0 .6 .5 6 ,an d 8 .0 H z),7 .5 9 (lH .t.y  - 6 ,0and6.52H z). 
8 .0 l ( lH .d d .y  1.48 and 2.0 Hz).

lsosorbide-2-aspirinafe-5-pentanoatc (5g). 5b (0.25 g. 0.82 mmol) 
was reacted with valeroyl chloride (0.108 g, 0.9 mmol) according to 
GP2 to give a yellow oil. which was purified by flash chrom ato
graphy using hexane and EtOAc (4:1) as eluent yielding 5g as a 
yellow oil (0.25 g, 65%). HRMS: C2dH240s [M +  H]* requires 
393.1549; found 393.1559. Anal. C 2dH^4 0 s requires C 61.22, 
H 6.16; found C 61.35. H 6.02. 'H  NM R (CDCK): 0.97 (3H. t. 
J  8H z). l.40(2H ,m ). 1 .65(2H ,m ).2 .37(3H .s),2 ,41(2H .t.,/ - 
8 Hz). 3.95 (2H. m). 4.1 (2H. m). 4.60 (1H, d. y  =  5 Hz). 4.95 (1H. t. 
./ 5 Hz). 5.20(1 H .q ., /  4.5 Hz). 5.45 (1 H. d, 7 -  3 Hz). 7.13
( I H .d .y  8H z). 7.34(1 H . t .y  8 Hz). 7 .60( I H .d t ,7  " 8 Hz.
2.5 Hz). 8.05 (1H, dd. y  = 8 Hz. 2 Hz). 

lsosorbide-2-aspirinate-5-cyclopropanoate (5h). 5b (0.506 g.
1.6 mmol) was reacted with cyclopropane carbonyl chloride 
(2 mmol) according to GP2 to  followed by purification by flash 
chrom atography using hexane and EtOAc (2:1) as eluent to give 
5h as a cle'ar oil'(0.396 g. 65% ). 'H  N M R  (C D C l,) 0 .9 -1 .18  
(m .4H ). 2.32 (3H.S). 3.78 (m. 1H). 3.9 (m. 1H). 4 .06(2H , m). 4.5 
(IH . d. ./ -  5 Hz). 4.83 (IH . t. 7  =  5 Hz). 5.12 (IH . q. 7  =
4.5 Hz), 5.38 (1H, s). 7.06 (1H. d. 7  -  8 Hz), 7.26 (1H. dt, 7 -  8,
2.5 Hz). 7.52(1 H. t. 7 -  8 Hz). 7.95 (1H. dd. 7 -  8. 2 Hz). 

lsosorbide-2-aspirinatc-5-bcn/.oate (5i). 5b (1.0 g. 3.25 mmol)
was reacted with benzoic acid (0.59 g. 4.88 mmol), according to 
G P l to give colorless oil. which was recrystallized in ethanol to 
alTord 5i as white crystals (1.13 g, 84.3%); mp 8 0 -8 2  "C. HRMS: 
C ” H;(,Ox [M H ]' requires 413.1236; found 413.1226. A n a l 
c C h 'o O s  requires C 64.07. H 4.89; found C 63.99. H 4.96. 'H  
N M R  d (CDCl,): 2.37 (3H. s). 4.07 (IH . m). 4.11 (3H. m). 4.65 
( I H .d .7  5 .0 H z ) .5 .0 5 (IH .t .7 -5 .5 a n d 5 .0 H z ) .5 .5 6 (IH .m ) .
7 .1 3 (lH .d .7  8 .0 4 H z ).7 .2 7 (lH .t.7  "  8 .04and 6.52 Hz). 7.33
( lH .d .7  7 .5 6 H z).7 .4 9 (2 H .t.7 -  7.52a n d 7.56Hz). 8.01 (1H.
d .7  -  7.56 Hz). 8.12 (2 H .d . 7  -  7.52 Hz).

lsosorbide-2-aspirinate-5-(2-mcthylbenzoatc) (5j). 5b (0.2 g. 
0.65 mmol) was reacted with 2-toluoyl chloride (0.09 mL. 0.72 
mmol) according to G P2 to give 0.41 g o f crude product as 
brown oil. Purification by flash chrom atography using hexane 
and EtOAc (2:1) as eluent gave product as yellow oil. This was 
recrystallized in ethanol to yield 5j as a white solid (0.11 g. 
39,6%); mp 104-106 °C. HRM S: C2,H :,O x. [M +  Na] 
requires 449.1212; found 449.1238. Anal. C 2.1H 22OH requires C 
64.78, H 5.20: found C 64.78. H 5.29. 'H  N M R  d (CDCl,): 2.38 
(3H.S). 2.65(3H . s.). 4.01 ( lH .d d ,7  -  5.52 and 5.52 Hz). 4.12 
(3H. m), 4.66 ( IH, d. 7 - 4.52 Hz). 5.04 (1 H, t. 7 = 5.04 and
5.0 Hz), 5.41 (IH . q, 7 5.52 Hz), 5.47 (IH . d, 7 2.0 Hz),
7.13 (IH . dd, 7 =  1.0 and 1.0 Hz), 7.33 (IH . I. 7 - 7.0 and

i 6.52 Hz), 7.59 (1H, t. 7 -  6.52 and 6.52 Hz). 8.02 (1H. dd. 7 -
! 1.52 and 2.0 Hz).

lsosorbide-2-aspirinate-5-(3-metbylbenzoate) (5k). 5b (0.2 g, 
0.65 mmol) was reacted with 3-toluic acid (0.09 g, 0.72 mmol) 
according to G P l to  yield crude product as a clear oil. Purifica- 

t tion by flash chrom atography using hexane and EtOAc (3:2) as 
I eluent yielded com pound 5k as white crystals (0.12 g, 43.2%); 

m p 96—98 °C. HRM S: C2.,H220)j. [M +  N a ] ' requ ires449.1212; 
found 449.1234. Anal. C n H ’j'Ojt req u iresC 64.78. H 5.20; found 

' C 64.67. H 5.28. ‘H N M R  <MCDC1.,): 2.36 (3H. s). 2.43 (3H. s).
: 4 .0 9 (4 H .m ) ,4 .6 5 ( lH .d .7  - 5 .0 Hz). 5 .04(1H. t . 7 -  5 .04and 
1 5.0 Hz). 5.43 (2H. m). 7.12 (IH . d. 7 = 8,0 Hz), 7.35 (3H, m), 
f 7 ,5 8 ( lH .q ,7  1.0, 6.56, and 1.48 Hz), 8.01 (1 H, dd. 7 '  1.0

and 1.52 Hz).

Isosorbide-2aspirnate-5-(4-phenylbenzoate) (5s). Iso;rbide- 
2-aspirinate 5b (200 mg. 0.6 mmol) and 4-phenylbenzoylchlor- 
ide (0.156 g. 0.72 mmol) were reacted together to  give 5s (0.185 g. 
65% ) as a colorless oil after flash chrom atography using tiexane 
and E tO A c(4 :l)aseluen t. H R M S C 2nHi4 0 j(. [M +  H] ' requires 
489.4933; found 489.5021. Anal. C->sH'4 0 s requires C  6f: 85 H 
4.95; found C 68.88. H 5.08. 'H  N M R  (COCK . 400 M H /) ^ '2  4 
(3H, s), 4.1 (4H, m), 4.65 (IH , d. 7 -  5 Hz), 5.05 (IH , t 7 - 
5H z), 5.45 (2 H ,m ), 7.1 ( l H .d ,7  =- 8.5 Hz), 7.35 (1H, ct 7
6.5 Hz, 1 Hz), 7.45 (1H, t, 7 “  8 Hz), 7.5 (2H . t. 7  =  7 5 Hz).
7.6 (IH . dt. 7  -  8 Hz. 1.5 Hz). 7.65 (2H, d. 7 = 7 H^) 7 7 
( 2 H .d .7 =  8.5 H z ) .8 .0 ( lH .d d ,7  =  8 Hz. 1.5 Hz). 8.2 (2H. d, 
7 -  8.5 Hz).

lsosorbide-2-aspirinatc-5-nieotlnate (5v). 5b (0.3 g. 0.98 im iol). 
was reacted with nicotinic acid (0.12 g. 0.98 mmol) according to 
G P l to give product as a crude oil (0.95 g). Purification b / flash 
chrom atography using DCM and EtOAc (95:5) as eluent yielded 
com pound 5p as white crystals (0.12 g. 29.7%); mp 9 4 -5 6  °C. 
HRM S: C 2iH|„NO« [M +  N a]" 436.1008; found 436.1011 Anal. 
C->iH|.,NO« requires C 61.02, H 4.63, N 3.39; found C  61 13 . H 
4.28. N 3.45. 'H  N M R  (>(CDC1,): 2.36(3H. s), 4.11 (9H. n.). 6,(>4 
( lH .d .7  4 .5 2 H z),5 .0 5 (lH ,t,7  - 5 .04and5.52H z).5.46(2H . 
dd, 7 =  2.0 and 2.52 Hz), 7.11 (1H. d. 7  =  8.52 Hzi, 7.32 (1H. q, 
7  =  6.52, 8.04. and 8.52 Hz). 7.43 (IH . q. 7 =  6  53. 8.0^ and
8.52 Hz). 7 .59 (IH . t. 7  6.04 and 6.52 Hz). 8.00(1 H. du,'7
1.52and 2 .0 Hz). 8 .34(1H .m ). 8 .8 2 (IH .d d .7  = 2.0and 1.4;! Hz). 
9.28 (IH . d .7  - 2.0 Hz).

lsosorbide-2-aspirinatc-5-iso-nicotinatc (5w). 5b (0.2 g, 0.65 
mmol) was reacted with isonicotinic acid (0.08 g 0.65 iim ol) 
according to G P l to give com pound 5» (0 .1 7 g. 63 1%) as white 
crystals following purification by flash chrom ato jraphy  usine 
DCM and EtOAc (95:5) as eluent, mp 86—88 °C. H rm S : 
C^iH|.)NO)([M  + N a ] ' requires 436.1008; found 436.10t4. 'H  
N M R  6 (CDCl.,): 2.37 (3H. s). 4.09 (5H. ni). 4.65 (IH . d. 7
4.52 Hz), 5.05 ( IH, t, 7  5.52 and 5.04 Hz), 5.46 2H, dc, 7 
5 .5 2 a n d 5 .0 4 H z ) .7 .1 2 ( lH .d .7  -  7.04 Hz). 7.33 ■ 1H. ni; 7 59 
(2H .1 .7  -  6 .0 4 an d 6 .0 4 H z ).7 .9 0 (lH .d .7  = 5 .04H z).8.01 (H. 
dd. 7 -  2.0 and 1.52 Hz). 8.84 (1H, s), 8.98 (1H, s).

Isosorbide-2-aspirinate-5-(-4-metbyl-l,2,3-thiadiizolc-5oatc) 
(5aa). 5b (0.2 g, 0.65 mmol) and 4-m ethyl-l, 2, 3-tiiadiaz)|e-5- 
carboxylic acid were reacted together according t( G P l t<> give 
5aa (0.228 g 83% ) as a pale-pink foam after flasi chroinato- 
graphy using hexane and EtOAc (3:1) as eluL-nt. H rm S  
CiyHixNiOsS [M -t- N a]' requires 457.0682; fouid 457.')679. 
‘H N M R  (3 (C D C l,) 2,4 (3H, ,s), 3.05(3H. s), 4.1 (IH. m) 4 65 
(IH . d. 7  =  5.5 Hz). 5.05 (IH . t, 7 5 Hz), 5.5 (2H. m) 7 15
( IH , d, 7 -  8.5 Hz). 7.35 (1H. t. 7 -  1 Hz). 7.7 (1H. It. 7 = S Hz.
1.5 Hz). 8.1 ( I H .d .  7 8 Hz).

lsosorbide-2-aspirinate-5-( l-mcthyl-( I //)-pyraz()le-f-carboxviatc) 
(5bb). 5b (0.15 g. 0.48 mmol) and l-methyi-( 1 W)-pTazole-')-car- 
boxylic acid (0.055 g. 0.44 mmol) were reacted accordng to Gpi to 
give 5bb (60 mg 30%) as a yellow oil after Hash chromatogiaphy 
using hexane and EtOAc (1:1) as eluent. HRMS: C20H20SI2OS 
[M + Na]^ requires439.1117; found439.1113. 'H NN R (3(C1)C1,) 
2.37 (3H. s). 3.87 (1H. q. 7  =  5.55.4.52 Hz). 4.05 (1H q. 7 -  6.05. 
3..52 Hz). 4.13 (5H. m). 4.63 (1H. d. 7 4.52 Hz). 4.95 (1H. t 7
5 .(K )H z).5 .30 (lH .m ).5 .44 (lH .d .7  5..52 Hz). 6.9i (1H. d 7
2.01 H z ) .7 .1 5 ( lH .d d .7  = 8.04. 1.00 Hz), 7.35 ( IH. It, 7 -  7 56,
1.00 Hz). 7.55 (1H. d ,7  =  2.01 Hz). 7.59 (1H. m), 8.05 1H, dd 7  -
6.05, 2.0 Hz).

lsosorbide-2-aspirinate-5-(2-nitroxymethyl)ben;oate (7c). 
Phthalide (37 mmol) and dichlorotriphenylphosjhoranc (38 
mmol) were heated at 180 °C for 4 h with stirring, (o lor chjnge 
from grt-en to brown was seen over the course o f 4 1. 2-Choro- 
methylbenzoyl chloride (600/(L) was reacted with om pourd  5b 
(0.52 g. 1.7 mmol) according to GP2. producing 7(9.5 mg o f a 
brown green oil. This w’as purified by flash chromato;raphy vsing 
hexane and EtOAc (2:1) as eluent to give (0.419 g, 51 ‘o) of a V'hite 
solid. 'H  NM R (CDCl,) 4(X) MHz: 2.38 (3H. s). 403 (4H m). 
4 .66(1H. d). 5.04 (2H. m), 5. U) (1H. s). 5.42 (2H. m ) . 1 2 (11-, d).
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7.28 ( IH . m), 7.42( IH , m). 7.6 (3H. m), 8.01 (2H.dd).4(K) mg was 
dissolved in C H iC N /T H F  (6 inL, 4/2 v/v) and treated with 
A gN O i (1.7 mmol) and refliixed for 4 h before stirring overnight 
at room temperature while protected from light. The mixture was 
filtered and concentrated. This was reconstituted in ethyl acetate 
(10 m L) and water (2 mL). The organic phase was washed with 
water (.■! x 2 mL), brine (2 inL), and dried over sodium sulfate and 
concentrated, producing an oil that was purified by Hash chro
matography using hexane/ethyl acetate (2:1) resulting in 95 mg o f 
yellow wax-like material. HRM S: C ^ jH iiN O n  [M  +  Na] 
requires 510.111.3: found 510.1195. Anal. C ^iH > |N O n requires 
C 56.68. H 4.M. N 2.87; found C 56.50. H 4.24’ N 2.37. 'H  N M R  () 
(C D C l,) 400 MHz: 2.4 (3H, s). 4.01 (4H, m). 4.65 ( IH , d). 5.02 
(1H. t), 5.41 (2H, m). 5.86 (2H. s), 7.11 (1H, d), 7.28 (1H, t). 7.49 
(2H, q), 7.61 (2H. q), 8.01 ( IH . d), 8.10 (1H, d).

lsosorbide-2-aspirinate-5-(3-nitrooxymcthyl)benzoatc (7d).
3-Chloromethylbenzoyl chloride (3.5 m mol) was reacted w ith 
compound 5b (1.6 mmol) according to GP2, producing 1.18 g o f 
an oil. This was chromatographed using hexane/ethyl acetate 
(3:1), resulting in 903.4 mg o f an oil. 'H  N M R  d (C D C lj) 
400 M Hz: 2.37 (3H, s, O C O C H ,). 4.06 (4H, m), 4.65 (3H, ds), 
5.03 (1H, t), 5.43 (2H, dd), 7.10(1H. d), 7..32 (1H, t), 7.47 (1H, t), 
7.57 (2H. m), 8.00 (2H, m), 8.10 ( IH , s). This was dissolved 
in C 'H ,C N T H F  (6 m L, 4/2 v/v) and treated w ith  A gN O , 
(3.9 mmol) and refluxed for 4 h before stirring overnight at room 
lemperalure while protected from  light. M ixture  was ffllered and 
concentrated. This was reconstituted in ethyl acetate (10 m L) and 
water (2 mL). The organic phase was washed w ith water (3 x 
2 m L), brine (2 mL). and dried over sodium sulfate and concen
trated, producing an oil that was chromatographed using hexane 
ethyl acetate (1:1). resulting in 184.3 mg o f  yellow wax-like 
material. HRM S: C iiH i iN O , ,  [M  -(- N a)‘ requires 510.1113: 
found 510.1575. Anal. C iiH ^ iN O n  requires C 56.68. H 4.34. 
N 2.87: found C 56.41. H 4.46. N 2.75. 'H  N M R  (C D C f,) 
400 M Hz: 2.38 (3H, s). 4.09 (4H. m). 4.65 (1H. d). 5.05 (1H. t),
5.5 (4H. dd), 7 .12 ( IH . d). 7.29 ( IH , t), 7.50 (3H. m). 7.65 (1H, d), 
8.01 (2H. s).

lsosorbide-2-aspirinatc-5-(4-nitrooxymcthyl)benzoate (7e).
4-Chloromethylbenzoyl chloride (650,«L) w'as reacted w ith com
pound 5b (1.7 m mol) according to GP2 and chromatographed 
using hexane ethyl acetate (2:1). resulting in 100 mg o f  while 
solid. 'H  N M R  (M C D C h) 400 M Hz: 2.35 (3H. s). 4.04 (4H. m).
4.6 (4H. m). 5.04 (1H. d). 5.42 (2H. t). 7.09 (1H. d). 7.26 (1H. t).
7.47 (2H. m). 7.51 ( IH . q), 8.00 ( IH . d). 8.06 (2H, m). This was 
dissolved in C H iC N  T H F  (6 m L. 4/2 v/v) and treated w ith 
A g N O i (0.4 mmol) and refluxed fo r 4 h before stirring overnight 
at room temperature while protected from  light. M ixture  was 
filtered and concentrated. This was reconstituted in ethyl acetate 
(10 m L) and water (2 n iL). The organic phase was washed with 
water (3 x 2 in L )a n d  brine (2 m L) and dried over sodium sulfate. 
Concentrated, producing an oil which was chromatographed 
using hexane/ethyl acetate (2:1) resulting in 28.3 mg o f  off-white 
solid. HRM S: C 2 iH 2 |N O u  [M  -I- Na]* requires 510.1113; found 
510.1575. Anal. C 2 ,H .|N O |, requires C 56.68. H 4.34. N 2.87; 
found C 56.58. H 4.4.3'. N 2.67. 'H  N M R  <5 (C D C l,) 400 M Hz: 
2.35 (3H. s). 4.04 (4H. m). 4.62(1H. d), 5.01 (1H, t). 5.41 (2H, m).
5.48 (2H, s). 7.09 (1H. d). 7.31 (1H. t), 7.48 (2H, d), 7.55 (1H, t), 
8 .(K )( lH .d ), 8.10(2H, d).

I<2\perimental Method: Hydrolysis Studies Using Plasma/ 
Knzynie Solutions. Pooled plasma serum solutions (4 m L) were 
prepared to the correct strength by d ilu tion  o f  plasma w ith  
phosphate buffer pH 7.4 (e.g.. fo r a 10% solution. 0.4 m L  o f 
plasmaiserum was added to 3.6 m L  o f phosphate buffer pH 7.4). 
Follow ing equilibration o f  the plasma/serum sample at 37 ±  
0.5 °C. 100 f iL  o f a stock solution o f  test compound in 
acetonitrile (1 x 10'"' M ) was added and 250 ,wL aliquots were 
removed at specified time intervals. Samples were transferred to 
1.5 n iL  Eppendorf tubes containing 500/(L o f  a 2% w /v solution 
o f  ZnS0 4 ' 7 Hn0  (water:acetonitrile. 1:1). Tubes were vortexed 
fo r 2 min and then centrifuged at 10000 rpm for 3 m in at room

temperature. Supernatant was aspirated o f f  and analyzed by 
HPLC. The concentration o f  test compound anJ metabolites 
were determined w'ith reference to ca libration curves run on that 
day in the same concentration range and under the same 
experimental conditions. The metabolic fate o f the esters under 
these conditions was also determined by RPHPLC by measur
ing the concentration o f drug and metabolites in the medium as a 
function o f  time. The identity o f  participating enzymes was 
confirmed by using purified enzyme in the case o f plasma 
(BuC hL) and by repeating the hydrolysis experiments in the 
presence o f  esterase specific inhib itors: isoOMP.V for BuChC 
and BNPP fo r carboxylesterase. The BuChE activity o f  plasma 
and microsomal samples was determined u;.ing the Ellman 
assay.

Molecular Modeling Studies. The approach we used for 
investigating covalent docking o f the substrate is described fu lly  
in re f 31.

H P LC /H P LC .M S . H igh performance liquid chromatogra
phy was performed using a system consisting o f a Waters 600 
pump and contro ller. Waters 717 autosampler, and a Waters 
2996 photodiode array detector controlled by Empower soft
ware. A  H ichrom  Nucleosil C l8 column (4.0 mm x 250 mm) 
was used. For LCM S, measurement were earned out on a 
Thermo Accela chromatography system fitted with a Waters 
Xbridge C18 column, 2.1 mm x 50 mm. 2.5 /im  at room 
temperature. M obile  phase A  was 0.1% form ic acid in water, 
mobile phase B was acetonitrile. Gradient conditions were 0—4 
min. 20—80%B. 4—10 min hold at 80"'oB. 11 min 80—20%B. 
equilibrate to 15 min. I'lo w  rate w-as 100//L  min The prodrug 
and its hydrolysis products were detected using positive and 
negative electrospray ionization on a Thermo LTQ -X L ion-trap 
coupled to  the Thermo O rb itrap  Discovery. C .ip illary temp 
("C). 275.00; sheath gas How. .^0.00: aux gas How. lO.(X); sweep 
gas How. 0.00. Positive po larity: source voltage (kV). 3.00; 
source current (/lA ). 100.00; capillary voltage (V). 46.00; tube 
lens (V ) 55.00. Negative po larity: source voltage (kV ). 3.50: 
source current (/^A). 100.00; capillary voltage (V). -50.00; lube 
lens (V) -87.29.

Platelet .Aggregation. Platelet aggregation was measured by 
light aggregometry. PRP (2.5 x I f r  m L) was placed in a whole 
blood ionized calcium lumi-aggregometer (Chronolog Corp.. 
Havertown. PA) and (B IO  D A T A  Corp.) and incubated for 
10 min at 37 °C w ith  stirring  at 900 rpm p rio r to the addition o f 
aggregating agents. Aggregation was in itiated by the addition o f 
agonists and monitored by A ggro -L ink  software for at least 
6 m in. For experiments using inhibitors, aggregation was in
itiated after 10 m in preincubation. To study the aggregatory 
potency o f  AD P . the concentration —response (0..3—10 ,«M) 
curves were generated. Collagen at different concentrations 
(0 .3 -5 .0 //g /n iL )  was also used to induce platele; aggregation. 
The submaximal concentrations o f agonists, i.e., the concentra
tions that gave approxim ately 95% o f the maximal aggregation, 
were used to study the effects o f  inh ib ito rs o f aggregation. 
Results were expressed in %  changes in maximal light transmis
sion, w ith  100% representing light transmission o f platelet-poor 
plasma
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purity  data. This material is available free o f charge via the 
Internet at h t tp : /pubs.acs.org.
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SUMMARY

STUDY OBJECTIVE

T o  e v a lu a te , in R a d io lig a n d  B in d in g  a s sa y s ,  th e a c tiv ity  o f  c o m p o u n d  B u p  H B r (T R N -2 9 ,  P T #  1 1 1 6 7 1 0 ).  

METHODS

M e th o d s  e m p lo y e d  in th is  s tu d y  h a v e  b e e n  ad a p ted  fro m  th e  s c ie n t if ic  litera tu re  to  m a x im iz e  r e lia b ility  and  
r ep ro d u c ib ility . R e fe r e n c e  stan d ard s w e re  run as an in tegra l part o f  e a c h  a ssa y  to  e n su r e  th e  v a lid ity  o f  th e  
re su lts  o b ta in e d . A s s a y s  w e r e  p er fo rm ed  u n der c o n d it io n s  d e scr ib e d  in th e  a c c o m p a n y in g  "M eth od s"  s e c t io n  
o f  th is  rep ort. T h e  litera tu re  r e fe r e n c e (s )  for  e a ch  a ssa y  are in  th e  "L iterature R e fe re n c e s"  s e c t io n . I f  e ith er  
o f  th e s e  s e c t io n s  w e r e  n o t o r ig in a lly  r eq u ested  w ith  th e  a c c o m p a n y in g  rep ort, p le a s e  c o n ta c t  us at th e  n u m b er  
b e lo w  for a p rin tout o f  e ith e r  o f  th e s e  rep ort se c t io n s .

W h e r e  p resen ted , IC 5 0  v a lu e s  w e r e  d e te r m in e d  b y  a n o n -lin ea r , lea st sq u a r es  r e g r e ss io n  a n a ly s is  u s in g  

M ath lQ ™  (I D  B u s in e s s  S o lu t io n s  L td .. U K ). W h e re  in h ib it io n  co n s ta n ts  (K |) are p re se n ted , th e K, v a lu e s  
w e r e  c a lc u la te d  u s in g  th e  e q u a t io n  o f  C h e n g  and P r u s o ff  (C h e n g , Y „ P r u so ff , W .H ., B io c h e m . P h a rm a co l. 
2 2 : 3 0 9 9 - 3 1 0 8 ,  1 9 7 3 ) u s in g  th e  o b s e r v e d  IC 50  o f  th e  te s te d  c o m p o u n d , th e  c o n c en tr a tio n  o f  r a d io lig a n d  
e m p lo y e d  in th e a ssa y , and  th e  h is to r ic a l v a lu e s  for  th e Ko o f  th e lig a n d  (o b ta in e d  e x p e r im e n ta lly  at M D S  

P h a r m a  S e r v ic e s ) .  W h er e  p re se n ted , th e  H ill c o e f f ic ie n t  (nn), d e f in in g  th e  s lo p e  o f  th e  c o m p e t it iv e  b in d in g  

c u r v e , w a s  c a lc u la te d  u s in g  M ath lQ ™ . H ill c o e f f ic ie n t s  s ig n if ic a n t ly  d if fe re n t th an 1.0, m a y  s u g g e s t  that th e  
b in d in g  d is p la c e m e n t  d o e s  n o t fo l lo w  th e  la w s  o f  m a ss  a c tio n  w ith  a s in g le  b in d in g  s ite . W h er e  IC 5 0 , K,. 
a n d /o r  n„ d a ta  are p re sen ted  w ith o u t S tan d ard  Error o f  th e M ea n  (S E M ), d ata  are in s u f f ic ie n t  to  be  
q u a n tita tiv e , and th e  v a lu e s  p re se n ted  (K ,, IC 5 0 , nw) sh o u ld  b e  in terp reted  w ith  c a u tio n .

RESULTS

A  su m m a ry  o f  resu lts  m e e t in g  th e s ig n if ic a n c e  cr iter ia  is p re se n ted  in th e  f o l lo w in g  s e c t io n s . C o m p le te  
re su lts  are p r esen ted  u n d er  th e  s e c t io n  la b e le d  " E x p er im en ta l R esu lts" . In d iv id u a l r e s p o n se s ,  i f  r eq u ested , 
are p re se n ted  in th e  a p p e n d ix  to  th is  report.

SUMMARY/CONCLUSION

S ig n if ic a n t  r esu lts  are d is p la y e d  in  th e f o l lo w in g  ta b le (s )  in  rank ord er  o f  p o te n c y  fo r  e s t im a te d  IC 5 0  a n d /o r  
K| v a lu e s .

MDS Pharma Services • Tel: 425-487-8217 • Fax: 425-487-8211 • e-mail: bothell.lab@ m dsps.com  http://www.mdsps.com
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SUMMARY OF SIGNIFICANT PRIMARY RESULTS

Biochemical assay results are presented as the percent inhibition of specific binding or activity throughout the report. All 
other results are expressed in terms of that assay's quantitation method (see Methods section).

• For primary assays, only the lowest concentration with a significant response judged by the assays’ criteria, is shown in 
this summary.

• Where applicable, either the secondary assay results with the lowest dose/concentration meeting the significance criteria 
or, if inactive, the highest dose/concentration that did not meet the significance criteria is shown.

'  Unless othenvise requested, primary screening in duplicate with quantitative data (e.g., IC50± SEM, Ki ± SEM and nH) 
are shown where applicable for individual requested assays. In screening packages, primary screening in duplicate with 
semi-quantitative data (e.g., estimated IC50, Ki and nH) are shown where applicable (concentration range of 4 log units); 
available secondary functional assays are carried out (30 n/Wj and MEC or MIC determined only if active in primary assays 
>50% at 1 log unit below initial test concentration.

• Please see Experimental Results section for details of all responses.

Significant responses (> 50% inhibition or stimulation for Biochemical assays) were noted in the primary assays listed 
below:

PRIMARY TESTS

P R IM A R Y

CAT.# BIOCHEMICAL ASSAY SPECIES CONC. % INH. IC50 * K,

204410 Transporter. Norepinephrine (NET) hum 100 pM 80 19.9 pM 19.8 pM 0.835

220320 Transporter. Dopamine (D^T) hum 1 viM 58 < 1 pM

254000 Muscarinic, Non-Selective, Central rat 100 pM 55 86.5 (jM 27 pM 1.42

t  Partially soluble in In vitro test solvent.
• A standard error of the mean is presented where results are based on multiple, independent determinations. 
hum=human

MDS Pharma Services • Tel; 425-487-8217 • Fax: 425-487-8211 • e-mail: bothell.lab@mdsps.com http:/,www.mdsps.com
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SUMMARY OF SIGNIFICANT PRIMARY RESULTS

ABOVE PRIMARY TESTS IN RANK ORDER OF POTENCY

CAT.#

PRIMARY 

RADIOLIGAND ASSAY SPECIES CONC. % INH. ICso * K, Hh

204410 Transporter, N orepinephrine (NET) hum 100 tiM 80 19.9 pM 19.8 pM 0.835

2540 0 0 Muscarinic, Non-Selective, Central rat 100 pM 55 86.5 pM 27 pM 1,42

220 3 2 0 Transporter, D opam ine (DAT) hum 1 mM 58 < 1 pM

t  Partially so luble in in vitro te s t solvent.
* A s tan d a rd  e rror of th e  m ean  is p re sen te d  w h e re  re su lts  a re  b a s e d  on multiple, in d ep en d en t de te rm inations. 
hum = hum an

MDS Pharma Services • Tel; 425-487-8217 • Fax:425-487-8211- e-mail: bothell.lab@mdsps.com http://www.mdsps.com
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EXPERIMENTAL RESULTS - BIOCHEMICAL ASS AYS

n= CONC. t%  INHIBITION ICso
-100 - iO  0 50 100

% i  i  J i  i

2 100 55 m 86.5 pM

2 10 |jM 4 1
2 1 pM 9 1

2 100 pM 15 1 >100 pIVI

2 10 pM 4 1

2 1 tjl^ 1 1

2 100 pM 98 ■ ■ ■ <1 pM

2 10 pM 91
2 1 pM 58 ■1
2 100 pM 80 19.9 pM

2 10 pM 35 ■
2 1 pM 9 1
2 100 pM 34 ■ >100 pM

2 10 pM 14 1
2 1 pM 8 1

C at.# TARGET Hh R

Central

258590 Nicotinic Acetylcholine

« 220320 Transporter, Dopamine (DAT) 246308 hum 2

(NET)

Hydroxytryptamine) (SERT)

1.42

0.835

* Batch: Represents compounds tested concurrently in the same assay(s). % Partially soluble in in vitro test solvent.
♦ Denotes item meeting criteria for significance
t  Results with > 50% stimulation or inhibition are highlighted.
R=Additional Comments 
hum=human
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ASSAY: 204410 - 1 Transporter, Norepinephrine (NET)

1 e -l

Concentration (pM)

Compound IC50 K, n„

•  Bup HBr (1116710) 19.9 pM 19.8 pM 0.835

■  Desipramine 0.890 nM 0.882 nM 0.706
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RESPONSE CURVES

ASSAY: 254000 - 1 Muscarinic, Non-Selective, Central

120

110 -

100 -

9 0 -

8 0 -

7 0 -

6 0 -

50

4 0 -

3 0 -

2 0 -

0 -

10
te-5 1«-3 1e-1

Concentration (pM)-20 J

Compound IC50 K, n„

•  Bup HBr (1 116710) 86.5 IJM 27 1-42

■  Atropine 1.54 nM 0.480 nM 1.51
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METHODS - RADIOLIGAND BINDING ASSAYS

254000 Muscarinic, Non-Selective, Central

Source:

Ligand:
Vehicle:

incubation Time/Temp: 

Incubation Buffer: 

Non-Specific Ligand:

Kd:

B m a x :

Specific Binding: 

Quanlitalion Mcthixi: 

Significance Criteria:

W istar Rat cerebral cortex

0.15 nM [SH] Quinuctid inyl benzilate

HjO
60 m inutes @ 25“C

50 m M  Phosphate Buffer. pH 7.4

0.1 pM A trop ine

0.068 nM *

1.4 pm o le /m g  Protein •

97% •

Radioligand Binding

a 50% o f max stim u la tion  o r 
inh ib ition

258590 Nicotinic Acetylcholine

Source:
Ligand:

Vehicle:

Incubation Time/Temp: 

Incubation Buffer:

Non-Specific Ligand:
K„:

B m a x :

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Human IMR-32 cells 

0.1 nM [ ' “ I] Epibatidine 

HjO
60 m inutes @ 2S“C

20 mM HEPES, pH 7.5. 150 mM 
NaCI. 1.5 mM KCI, 2 mM CaCU 1 
mM  MgS0 4 .

300 (jM  (-)-N ico tine

0.22 nM •

0.46 pm ole /m g Protein •

97% •

Radioligand Binding

a 50% o f max stim u la tion  or 
inh ib ition

220320 Transporter, Dopam ine (DAT)

Source:
Ligand:
Vehicle:

Incubation Time/Temp: 

Incubation Buffer:

Non-Specific Ligand:

Kd:

Bma>:

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Human recom binant CHO-Kl cells

0.15 nM ['«U  r t i-55

HjO

3 hours @ 4“C

50 m M  Tris-HCl. pH 7.4. 100 mM 
NaCI, 1 pM Leupeptin, 10 pM PMSF

10 pM Nom ifensine

0.58 nM *

0.047 pm ole /m g Protein •

90% •

Radioligand Binding

a 50% o f max stim u la tion  or 
inh ib ition

204410 Transporter, N orepinephrine (NET)

Source:
Ligand:

Vehicle:

Incubation Time/Temp: 
Incubation Buffer:

Non-Specific Ligand:
K„:

B m ax :

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Human recom binant MDCK cells 

0.2 nM l '« l l  RTI-55

HjO

3 hours @ 4“C

50 m M  Tris-HCl, pH 7.4. 100 mM 
NaCI. 1 pM Leupeptin. 10 pM PMSF

10 pM Desipramine

0.024 pM •

2.5 pm o le /m g  Protein •

75% ♦

Radioligand Binding

a 50% o f max stim u la tion  or 
inh ib ition

* Historical Values
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METHODS - RADIOLIGAND BINDING ASSAYS

274030 Transporter, 
Hydroxytryptam ine)

Source:
Ligand:
Vehicle:
Incubation Time/Temp: 
Incubation Buffer:

Non-Specific Ligand: 

Ko!

Bmax-

Specific Binding; 

Quantitation Method; 

Significance Criteria;

Serotonin (5- 
(SERT)

Human recombinant HEK-293 cells

0.4 nM pH] Paroxetine

HjO

60 minutes @ 25“C

50 mM Tris-HC(, pH 7.4, 120 mM 
NaCI, 5 mM KCI

10 pM Imipramine

0.078 nM •

4.4 pmole/mg Protein •

95% •

Radioligand Binding

> 50% of max stimulation or 
inhibition

• Historical Values

MDS Pharma Services • Tel: 425-487-8217 • Fax: 425-487-8211 • e-mail: bothell.lab@mdsps.com http://www.mdsps.com



PT#: 1116710
CODE: l RN-29, Bup HBr

April 27, 2009 3;SS PM 
Page 13 of 14

REFERENCE COMPOUND DATA - BIOCHEMICAL ASSAYS

REFERENCE HISTORICAL CONCURRENT
CAT.# ASSAY NAME COMPOUND IC50 K| Hh BATCH * |C5„

254000 Muscarinic, Non-Selective, Central Atropine 1.2 nM 0.37 nM 0.9 246310 1.54 nM

258590 Nicotinic Acetylcholine Epibatidine 0.076 nM 0.052 nM 0.9 246311 0.123 nM

220320 Transporter, Dopamine (DAT) G6R-12909 1.7 nM 1.3 nM 0.9 246308 1.16 nM

204410 Transporter. Norepinephrine (NET) Desipramine 0.93 nM 0.92 nM 0.6 246369 0.890 nM

274030 Transporter, Serotonin (5- 
Hydroxytryptamine) (SERT)

Fluoxetine 8.6 nM 1.4 nM 0.9 246309 2.87 nM

'  Batch: Represents compounds tested concurrently in the same assay(s). t  Partially soluble in in vitro test solvent.
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SUMMARY

STUDY OBJECTIVE

T o  e v a lu a te , in R a d io lig a n d  B in d in g  a s s a y s ,  th e a c tiv ity  o f  c o m p o u n d  P O B 1 4 7  (T R N -3 0 , P T #  1 1 1 6 7 1 1 ).  

METHODS

M eth o d s  e m p lo y e d  in  th is  s tu d y  h a v e  b e e n  ad a p ted  from  th e  s c ie n t if ic  literatu re  to  m a x im iz e  r e lia b ility  and  

r ep ro d u c ib ility . R e fe r e n c e  stan d ard s w e r e  run as an in teg ra l part o f  e a ch  a s sa y  to  en su re  th e v a lid ity  o f  th e  
resu lts  o b ta in e d . A s s a y s  w ere  p e r fo r m e d  u n d er  c o n d it io n s  d e scr ib e d  in th e  a c c o m p a n y in g  " M ethods"  s e c t io n  

o f  th is  report. T h e  litera tu re  r e fe r e n c e ( s )  fo r  e a c h  a ssa y  are in th e  "L iterature R e feren ces"  s e c t io n . I f  e ith er  
o f  th e se  s e c t io n s  w e re  not o r ig in a lly  r eq u e sted  w ith  th e  a c c o m p a n y in g  rep ort, p le a s e  c o n ta c t  us at th e  n u m b er  
b e lo w  for a prin tout o f  e ith e r  o f  th e s e  rep ort se c t io n s .

W h e r e  p re sen ted , IC 5 0  v a lu e s  w e re  d e te r m in e d  b y  a n o n -lin ea r , le a st  sq u a res  r eg r e ss io n  a n a ly s is  u s in g  

M ath lQ ™  (I D  B u s in e s s  S o lu t io n s  L td ., U K ). W h er e  in h ib it io n  c o n s ta n ts  (K ,) are p re se n ted , th e K, v a lu e s  
w e r e  c a lc u la te d  u s in g  th e  eq u a t io n  o f  C h e n g  and  P r u s o ff  (C h e n g , Y., P r u so ff , W .H ., B io c h e m . P h a rm a co l.  
2 2 :3 0 9 9 - 3 1 0 8 .  1 9 7 3 ) u s in g  th e  o b s e r v e d  IC 5 0  o f  th e te s ted  c o m p o u n d , th e c o n c en tr a tio n  o f  r a d io lig a n d  
e m p lo y e d  in  th e  a ssa y , and  the h is to r ic a l v a lu e s  for  th e Kq o f  th e lig a n d  (o b ta in e d  e x p e r im e n ta lly  at M D S  
P h a r m a  S e r v ic e s ) .  W h ere  p re se n ted , th e  H ill c o e f f ic ie n t  (Uh), d e f in in g  th e  s lo p e  o f  th e  c o m p e t it iv e  b in d in g  

c u r v e , w a s  c a lc u la te d  u s in g  M ath lQ ™ . H ill c o e f f ic ie n t s  s ig n if ic a n t ly  d if fe re n t th an 1 .0 , m a y  s u g g e s t  that the  
b in d in g  d is p la c e m e n t  d o e s  not fo l lo w  th e  la w s  o f  m a ss  a c tio n  w ith  a s in g le  b in d in g  s ite . W h e re  IC 5 0 , K,, 
a n d /o r  nn d ata  are p r esen ted  w ith o u t S tan d ard  Error o f  th e  M ea n  (S E M ). d a ta  are in s u f f ic ie n t  to  be  
q u a n tita tiv e , and  th e  v a lu e s  p rese n ted  (K |, IC 5 0 , nn) .should b e  in terp reted  w ith  c a u tio n .

RESULTS

A  su m m a ry  o f  r esu lts  m e e t in g  th e  s ig n if i c a n c e  criteria  is p re sen ted  in th e  fo l lo w in g  s e c t io n s . C o m p le te  
resu lts  are p re se n ted  u n d er  th e s e c t io n  la b e le d  " E x p er im en ta l R esu lts" . In d iv id u a l r e s p o n se s ,  i f  r eq u ested ,  
are p rese n ted  in  th e  a p p en d ix  to  th is  rep ort.

SUMMARY/CONCLUSION

S ig n if ic a n t  r esu lts  are d is p la y e d  in th e  f o l lo w in g  ta b le (s )  in  rank ord er  o f  p o te n c y  for  e s t im a te d  IC 5 0  a n d /o r  
K| v a lu e s .

MDS Pharma Services • Tel; 425-487-8217 • Fax: 425-487-8211 • e-mail: bothell.lab@mdsps.com http://www.mdsps.com
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SUMMARY OF SIGNIFICANT PRIMARY RESULTS

Biochemical assay results are presented as the percent inhibition of specific binding or activity throughout the report. All 
other results are expressed in terms of that assay's quantitation method (see f^ethods section).

• For primary assays, only the lowest concentration with a significant response judged by the assays' criteria, is shown in 
this summary.

• Where applicable, either the secondary assay results with the lowest dose/concentration meeting the significance criteria 
or, if inactive, the highest dose/concentration that did not meet the significance criteria is shown.

• Unless otherwise requested, primary screening in duplicate with quantitative data (e.g., IC50± SEt\/l, K i± SEfi/l and nH) 
are shown where applicable for individual requested assays. In screening packages, primary screening in duplicate with 
semi-quantitative data (e.g., estimated IC50, Ki and nH) are shown where applicable (concentration range of 4 log units); 
available secondary functional assays are carried out (30 \xM) and f^EC or t\A!C determined only if active in primary assays 
>50% at 1 log unit below initial test concentration.

• Please see Experimental Results section for details of all responses.

Significant responses (> 50% inhibition or stimulation for Biochemical assays) were noted in the primary assays listed 
below:

PRIMARY TESTS

CAT.#
PRIMARY 

BIOCHEMICAL ASSAY SPECIES CONC. % INH. ICso * K, Hh

204410 Transporter. Norepinephrine (NET) hum 100 (jM 61 57.9 pM 57.4 pM 0.764

220320 Transporter. Dopamine (DAT) hum 10 pM 72 3.71 pM 2.95 pM 0.924

254000 Muscarinic, Non-Selective, Central rat 100 pM 72 39.3 pM 12.3 pM 0.957

258590 Nicotinic Acetylcholine hum 100 pM 57 71.6 pM 49.2 pM 0.836

t  Partially soluble In in vitro test solvent.
* A standard error of the mean is presented where results are based on multiple, independent determinations. 
hum=human

MOS Pharma Services • Tel: 425-487-8217 • Fax: 425-487-8211 • e-mail: bothell.lab@mdsps.com http://www.mdsps.com
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SUMMARY OF SIGNIFICANT PRIMARY RESULTS

ABOVE PRIMARY TESTS IN RANK ORDER OF POTENCY

PRIMARY

CAT.# RADIOLIGAND ASSAY SPECIES CONC. % INH. ICso * K, riH

220320 Transporter, Dopamine (DAT) hum 10 tJM 72 3.71 tJM 2.95 MlV 0.924

254000 Muscarinic, Non-Selective, Central rat 100 mM 72 39.3 pM 12.3 IJIV 0.957

258590 Nicotinic Acetylcholine hum 100 57 71.6 mM 49.2 0.836

204410 Transporter, Norepinephrine (NET) hum 100 tiM 61 57.9 ijM 57.4 0.764

t  Partially soluble in in vitro test solvent.
* A standard error of the mean is presented where results are based on multiple, independent determinations. 
hum=human
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EXPERIMENTAL RESULTS - BIOCHEMICAL ASSAYS

C at.# TARGET BATCH* SPR n= CONC.

%
• iOO

as [BITION
) 50 100

4 i

ICso K, H h R

« 254000 Muscarinic. Non-Selective, 246310 rat 2 100 pM 72 39.3 pM 12.3 pl^ 0.957
Central

2 10 pM 20 ■
2 1 tJM 7 1

« 258590 Nicotinic Acetylcholine 246311 hum 2 100 pM 57 ■■ 71.6 pM 49.2 pM 0.836

2 10 pM 17 ■
2 1 pM 0

» 220320 Transporter, Dopamine (DAT) 246308 hum 2 100 pM 94 ■■■ 3.71 pM 2.95 pM 0.924

♦ 2 10 pivl 72 ■ ■
2 1 pM 23 ■

« 204410 Transporter, Norepinephrine 246389 hum 2 100 pl^ 61 mm 57.9 pivl 57.4 pM 0.764
(NET)

2 10 pM 19 ■
2 1 pM 7 1

274030 Transporter, Serotonin (5- 246309 hum 2 100 pM ■2 1 >100 pM
Hydroxytryptamine) (SERT)

2 10 pM 9 1
2 1 pM 13 1

* Batch: Represents compounds tested concurrently in the same assay(s). $ Partially soluble in in vitro test solvent.
♦ Denotes item meeting criteria for significance
t  Results with > 50% stimulation or inhibition are highlighted.
R=Additional Comments 
hum=human

MDS Pharnna Services • Tel: 425-487-8217 • Fax: 425-487-8211 • e-mail: bothell.lab@mdsps.com http://www.mdsps.com
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RESPONSE CURVES

ASSAY: 220320 - 1 Transporter, D opam ine (DAT)

1e-1
Concentration (pM)

C om pound IC50 Ki n„

•  POB147 (1116711) 3.71 2.95 pM 0.924

■  GBR-12909 1.16 nM 0.925 nM 0.989

MDS P h a rm a  S e rv ic e s  • Tel: 425 -487-8217  • F ax : 425-487-8211 • e -m a il: b o th e ll . la b @ m d s p s .c o m  h ttp :/ /w w w .m d sp s .c o m
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RESPONSE CURVES

ASSAY: 254000 - 1 Muscarinic. Non-Selective, Central

c o
’ • w

x :c

120

110 -

100 -

9 0 -

8 0 -

7 0 -

60

50

40

3 0 -

20

10

0 -

10
1e-3 1e+1

■20 Concentration (pM)

Compound IC„ riH

•  POB147 (1116711) 

■  Atropine

39.3 mM 

1.54 nM

12.3 î̂ /1 

0.480 nM

0.957

1.51
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RESPONSE CURVES

ASSAY: 258590 - 1 Nicotinic Acetylcholine

c
o

JCZ
c

120

110

100

90-

SO 

TO-

S O 

SO-

40-

30-

2 0 -

1 0 -

0 -

- 1 0 -

-20
1e-6

— I--------1-------- ,---------1------- 1—
1 e-4 1 e-2 1 e-»0

Concentration (pM)

— I—

le-^2

Compound IC50 Ki nn

•  P06147 (1116711) 71.6 pM 49.2 ĴM 0.836

■  Epibatidine 0.123 nM 0.0846 nM 0.950
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METHODS - RADIOLIGAND BINDING ASSAYS

254000 Muscarinic, Non-Selective, Central

Source:
Ligand:
Vehicle:

Incubation Time/Temp: 

Incubation Buffer: 

Non-Specific Ligand:

K„:

B m ax :

Specific Binding: 

Quantitation Methixi: 

Significance Criteria:

Wistar Rat cerebral cortex

0.15 nM pH] Quinuclidinyl benzilate

HiO
60 minutes @ 25“C

50 mM Phosphate Buffer, pH 7.4

0.1 pM Atropine

0.068 nM •

1.4 pmole/mg Protein •

97% •

Radioligand Binding

2 50% of max stimulation or 
inhibition

258590 Nicotinic Acetylcholine

Source:
Ligand:

Vehicle:
Incubation Time/Temp: 

Incubation Buffer:

Non-Specific Ligand:

Kd:

B m a x :

Specific Binding: 

Quantitation Methcxi: 

Significance Criteria:

Human IMR-32 cells 
0.1 nM p'M] Epibatidine 

HjO
60 minutes @ 25“C

20 mM HEPES, pH 7.5. 150 mM 
NaCI, 1.5 mM KCI, 2 mM CaClj, 1 
mM MgSOa.

300 pM (-)-Nicotine

0.22 nM •

0.46 pmole/mg Protein •

97% •

Radioligand Binding

a 50% of max stimulation or 
inhibition

220320 Transporter, Dopam ine (DAT)

Source:
Ligand:
Vehicle:

Incubation Time/Temp: 

Incubation Buffer:

Non-Specific Ligand: 

K„:

B m ax :

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Human recombinant CH0-K1 cells 

0.15 nM [ '” !] RTI-55

HjO

3 hours @ 4“C

50 mM Tris-HCI, pH 7.4, 100 mM 
NaCI, 1 pM Leupeptin, 10 pM PMSF

10 pM Nomifensine

0.58 nM •

0.047 pmole/mg Protein •

90% •

Radioligand Binding

a 50% of max stimulation or 
inhibition

204410 Transporter, Norepinephrine (NET)

Source:
Ligand:

Vehicle:

Incubation Time/Temp: 
Incubation Buffer:

Non-Specific Ligand:

Kd:

B m a x :

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Human recombinant MDCK cells 

0.2 nM I'« l] RTl-55

HjO

3 hours @ 4"C

50 mM Tris-HCI, pH 7.4. 100 mM 
NaCI, 1 pM Leupeptin, 10 pM PMSF

10 pM Desipramine

0.024 pM *

2.5 pmole/mg Protein •

75% •

Radioligand Binding

a 50% of max stimulation or 
inhibition

* Historical Values

MDS Pharma Services • Tel: 425-487-8217 • Fax:425-487-8211- e-mail: bothell.lab@mdsps.com http://www.mdsps.com
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METHODS - RADIOLIGAND BINDING ASSAYS

274030 Transporter, 
Hydroxytryptam ine)

Source:
Ligand:
Vehicle:

Incubation Time/Temp: 

Incubation Buffer:

Non-Specific Ligand:

Kô

B m a x -

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Serotonin (5- 
(5ERT)

Human recombinant HEK-293 cells
0.4 nM pH) Paroxetine
H2O
60 minutes @ 25"C

50 mM TrIs-HCl, pH 7.4, 120 mM 
NaCI. 5 mM KCI

10 ĴM Imlpramine

0.078 nM •

4.4 pmole/mg Protein •

95% •

Radioligand Binding

a 50% of max stimulation or 
Inhibition

* Historical Values
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REFERENCE COMPOUND DATA - BIOCHEMICAL ASSAYS

REFERENCE HISTORICAL CONCURRENT
CAT. # ASSAY NAME COMPOUND ICso K, Hh BATCH * ICso

154000 Muscarinic, N on-Selective, C entral A tropine 1.2 nM 0.37 nM 0.9 246310 1.54 nM

158590 Nicotinic A cetylcholine Epibatidine 0.076 nM 0.052 nM 0.9 246311 0.123 nM

120320 T ransporter, D opam ine (DAT) GBR-12909 1.7 nM 1.3 nM 0.9 246308 1.16 nM

104410 Transporter, N orep ineph rine  (NET) D esipram ine 0.93 nM 0.92 nM 0.6 246369 0.890 nM

174030 Transporter, S ero ton in  (5- 
H ydroxytryptam ine) (5ERT)

Fluoxetine 8.6 nM 1.4 nM 0.9 246309 2.87 nM

• Batch: Represents com pounds tested concurrently in the same assay(s). t  Partially soluble in in vitro test solvent.
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MDS Pharma Services Pharmacology Data Report
On Compounds TRN-29, Bup HBr To TRN-30, POB 147 For

Trinity College Dublin

Work Order Number: 1-1035513-0

Purchase Order Number: N01107

Services Being Reported: Individual Tests

Total # of Assays: 3

Compound Information:

MDSPS Internal #: Compound Code: Alt. Code 1:

1116710 TRN-29 Bup HBr
1116711 TRN-30 POB 147

Sponsor: Trinity College Dublin 
School of Pharmacy 
Dublin 2,
Ireland

Quote No: 13466-1

Alt. Code 2:

Study No: AA85495

Alt. Code 3: Molecular Weight:

320.7
290.2

Undertaken at: MDS Pharma Services - Taiwan Ltd. 
Pharmacology Laboratories 
158 Li-Teh Road, Peitou 
Taipei, Taiwan 112 
R. O. C.

Date of Study: 

Study Directors:

Objectives:

May 11, 2009-May 22, 2009

Kun-Yuan Lin, MDS Pharma Services - Taiwan Ltd.
Kuo-Hsin Chen, MDS Pharma Services - Taiwan Ltd.

To evaluate, in Radioligand Binding assays, the activity of test compound(s) listed above in work order 
1-1035513-0.

Distribution: Trinity College Dublin

"This study was conducted according to the procedures described in this report. All data presented are authentic, accurate and correct 
to the best of our knowledge."

Kun-Yuan Lin Kuo-Hsin Chen
Study Director for Animal Assays Study Director for Biochemical Assays

Jiann-Wu Wei, Ph.D Peter Chiu, Ph.D
Quality Control and Data Reviewer Technical Director
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EXPERIMENTAL RESULTS - BIOCHEMICAL ASSAYS

COMPOUND CODE PT NUMBER BATCH* SPP. n= CONC.

%

t %  INH
-100 -50

[BITION
) 50 100

i  i

ICso K, n R

258700 Nicotinic Acetylcholine a1. Bungarotoxin

B u p H B r 1116710 247797  hum 2 100 -6 \ >100 mM

2 10 ijIVI 3 1
2 1 îlVI -10 1

POB 147 1116711 247797  hum 2 100 7 1 >100 iJfvl

2 10 tiM 0

2 1 ^iM -17 ■

258750 Nicotinic Acetylcholine « 4 p 2 . Cytisine

B u p H B r 1116710 248063  rat 2 100 0 >100 pIVI

2 10 îlVI 5 1

2 1 ptvl -13 1

POB 147 1116711 248063  rat 2 100 -2 1 >100 tJM

2 10 -3 1
2 1 ĴM -10 1

258650 Nicotinic Acetylcholine a 7 , Methyllycaconitine

B u p H B r 1116710 248062  rat 2 lOOpfvl 18 I >100 tJlVI

2 10 (jM 11 1
2 1 -1

POB 147 1116711 248062  rat 2 100 pM 35 ■ >100

2 10 12 1
2  1 pM 9 1

* Batch: R epresents com pounds tested  concu rren tly  in the sam e assay(s). Partia lly  so lub le  in in v itro  test so lvent.
♦ Denotes item  m eeting crite ria  fo r s ign ificance
t  R esults w ith  > 50%  stim u la tion  or inh ib ition  are h ighlighted.
R =Additional C om m ents 
hum =hum an
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METHODS - RADIOLIGAND BINDING ASSAYS

258700 N icotinic Acetylcholine a1 , Bungarotoxin

Source: Human RD cells

L igand: 0.6 nM ['̂ ^1] a-Bungarotoxin

Vehicle: H^O

Incubation Tim e/Temp: 2 hours @ 25°C

Incubation B uffe r: 150 mM NaCI, 4 mM KCI, 2.3 mM
CaClj, pH 7.4

N on-Specific  Ligand; 1 pM a-Bungarotoxin

Ko: 1.1 nM •

B max 1 pmole/mg Protein •

Specific Binding: 85% *

Quantitation Method: Radioligand Binding

Significance Criteria: > 50% of max stimulation or 
inhibition

258750 N icotinic Acetylcholine a4(32, Cytisine

Source: Rat brain
Ligand: 2 nM pH] Cytisine

Vehicle: HjO

Incubation Tim e/Temp: 2 hours @ 4”C

Incubation B uffe r: 50 mM Tris-HCl, pH 7.4, 2 mM
CaCli, 5 mM KCI, 1 mM MgCl;, 120 
mM NaCI

Non-Specific  L igand: 10 pM (-)-Nicotine

Kd: 0.86 nM •

Bm, x: 0.039 pmole/mg Protein •

Specific Binding: 75% •

Quantitation .Methixl: Radioligand Binding

Significance Criteria: a 50% of max stimulation or
inhibition

258650 N icotinic Acetylcholine o7, 
M ethyllycaconltlne

Source:

Ligand;

Vehicle;

Incubation Time/Temp: 

Incubation Buffer;

Non-Specific Ligand: 

Kr,:

B max ;

Specific Binding: 

Quantitation Method: 

Significance Criteria:

Rat brain

2 nM 1>H] Methyllycaconitine 

HjO
2 hours @ 25"C

50 mM Tris-HCl, pH 7.4, 0.1% BSA, 2 
mM CaCli, 5 mM KCl. 1 mM MgClj, 
120 mM NaCl

10 pM Methyllycaconitine

1.6 nM •

0.015 pmole/mg Protein •

55% •

Radioligand Binding

> 50% of max stimulation or 
inhibition

■ Historical Values
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