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Abstract

The aim of this project was to develop greersgnthetic approaches for producing
intermediates of two important therapeutics: theartiistosomal drug praziquantel (PZQ) and
the antitubercular drug isoniazid (INH). These routes were designed to be compatible with
biocatalytic methods, particularlyipase and nitrile hydratasenediated transformations,
which offer more environmentally benign alternatives to traditional chemical processes.

For PzZQ, five different synthetic strategies were explored to access the key
tetrahydroisoquinoline intermediate. The first method employed a Ugi multicomponent
reaction using imines, acids, and isocyanides to produce carboxandde=snzoyiN-
cyclohexytl,2,3,4tetrahydroisoquinolind  carboxamide and 2-benzoyiN-(tert-butyl)-
1,2,3,4tetrahydroisoquinolind carboxamide Of these, only 2-benzoyiN-(tert-butyl)-
1,2,3,4tetrahydroisoquinolind carboxamideunderwent successful acid hydrolysis to form
the desired tetrahydroisoquinoliiecarboxylic acid. Attempts to convert this acid to its ester
formyielded poor results. The second approach involved partial hydrogenation of isoquinoline
1-carboxylic acid umg heterogeneous catalysis, followed by esterification. While moderate
yields of the hydrogenated acid were achieved, esterification remained inefficient. The third
approach reversed this sequence, carrying esterification on the fully aromatic
isoquinolind-carboxyliacid before hydrogenation. The ester formed in good vyield, but

hydrogenation occurred at the aromatic ring rather than the intended site, giving undesired
products.

The fourth strategy took a more fundamental approach by building the isoquinoline scaffold
from simpler precursors using the BiscHWapieralski reaction. Although initial steps
provided the required precursors in modest Vyields, onéthyl 2((3,4
dimethoxyphenethyl)amine)-oxoacetate cyclised successfully to form thethyl 6,7
dimethoxy3,4-dihydroisoquinolinel-carboxylate and subsequent reduction attempts were
unsuccessful. These outcomes informed a fifth strategy that integrated successful steps from
previous approaches. Starting with the partigdifrahydroisoquinolind-carboxylic acid the

amine was protected using a Boc group to enable efficient esterification. Subsequent
deprotection gave the desired PZ@ethyl 1,2,3,4etrahydroisoquinolind-carboxyate

intermediate in moderatagd, representing a key breakthrough in the synthetic route.

With several PZQ intermediates in hand, enzgaikalysed hydrolysis was investigated. Four

ester derivatives were tested using lipases, including Novozyme ZB&se wereethyl
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isoquinolinel-carboxylate ethyl 1,2,3,4tetrahydroisoquinolind-carboxylate 2-tert-butyl 1-
methyl 3,4dihydroisoquinolinel,2(1H) dicarboxylate and methyl 12,34
tetrahydroisoquinolind-carboxylate Only one intermediate- ethyl isoquinolinel-
carboxylate- underwent successful hydrolysis to the corresponding acid. Control reactions
confirmed that the transformation was enzyspecific. While the saturated analogues were
unreactive under these conditions, this result indicates that, with the right enzyptenizeal

conditions, selective enzymatic hydrolysis of PZQ intermediates is feasible.

In the case of isoniazid, a nitrile hydratasgalysed conversion ofgyridinecarbonitrile to its
corresponding amide intermediate was successfully carried out. The reaction afforded the
desired productin good yield, while avoidiogerhydrolysis to the carboxylic acid, a common
limitation of conventional methods. This represents a more selective and efficient route to an
important INH precursor.

Together, these findings demonstrate the potential of integrating biocatalysis with carefully
designed chemical synthesis to produce key pharmaceutical intermediates using greener, more
sustainable processes. Further research into enzyme selection, nreamigitions, and
continuous flow systems may unlock even more efficient and scalable methods for industrial

application.
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Chapter 1: Introduction

1.1 Schistosomiasis

Schistosomiasjsalso known as bilharzigthe second most lethal tropical parasitic disease after
malariall-2lis caused by trematode worms of the gedeisistosom&! Only five species of the
genusSchistosomanfect humansS. haematobium, S. mansoni, S. japonicum, S. intercalatum
and S. mekondf' 6 Morbidity associated with schistosomiasis paesent as acute or chronic;

acute schistosomiasis is observed in tourists or immigrants who travel to the endentit areas,
whereas chronic schistosomiasis is common in permanent dwells&ven the numbeof
schistosome species humans are susceptible to, there are two major forms of schistosomiasis
that pose the greatest threat, and these are urogenital and intestinal schistd8b®idms.
manifestations of schistosomiasis exist and are dependent on the type of species involved. For
example,S. mansontauses intestinal damage whiisthaematobiumauses damage to pelvic
organg!® The debilitating effects of schistosomiasis are mostly felt in poor communities,
particularly in children, causing an array afflictions such as nutritional deficiencies,
haematuria, dysuria, kidney failure and growth retardation.

1.1.1Global and Regional Prevalence

The endemic areas of schistosomiasis are in tropical and subtropical regions of Saharan and
subSaharan Africa, South America, the Middle East, and Asia (Fi§l Ib)the past decade,
beginning from 2009 to 2019, the global annual estimate of schistosomiasis infections has

stood at over 200 million, where 90% of these cases are from Africa.

Figure 1:Global distribution of human schistosomiasis transmissns.
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Some schistosome species are only found in specific parts of thel#fdddror instance, the
most common and widespread schistosome spe&tieaansonandS. haematobiurare most
prevalent in suisaharan Africa, India, the Middle East, South America, and the Caribbean.
The other two schistosome spec&smekongandS. japonicunonly occur in Asia, whiles.
intercalatumoccurs in Central and West Afri€&:14]

In 2017, Africa accounted for 79% of countries that required preventative chemotherapy. The
number of infected Africans stood at about 108 million, representing 90% of the global burden
of schistosomiasis caseélis value may have been understated, given that some African
countries did not submit their schistosomiasis statistics to the World Health Organization at the
time of the compilation of the 2017 WHO report on schistosoniigsis.

In South Africa, an estimated 6 million people are curreintfigcted with schistosomiasis, the

majority of whom are women and childréfl The presence of this disease in South Africa was
reported as far back as the 190006s and recer
schistosomiasis is still endemic in South Africa, particularly in the Eastern Cape, KwaZulu

Natal, Limpopo, Mpuralanga, and the NorWest Province (Fig. 23]

0 25 500
kiomeves

Easem Cape

Figure 2: Distribution of humarschistosomiasis transmissions in South Afriaa mapped in
1938 (shaded area) and in 1980 (area within the solid blackine)
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1.1.2Key Challenges

The uninterrupted focus on HIV, TB and malaria have led to the neglect of other life
threatening diseases. I ndeed, the notoriety
left for equally debilitating ailments nature had in store for humakityEfforts to curb the

6big threeb6é6 were commendable and still ar e,
that they have led tothe total disregard of Neglected Tropical Diselaskesinthic, protozoan,
bacterial, and viral diseases whose effects are felt by people in the bottom billion who are the
poorest in the worldt?! Simply put, schistosomiasis is a disease of poverty; the commonality

between the nations that harbour the worst schistosomiasis cases is the fact that they all suffer
from extreme povertif!

A closer look at the factors that exacerbate the prevalence of schistosomiasis reveals a synergy
between poverty and limited access to safe and clean water. People in-stnekén areas

often experience poor sanitary conditions, they bathe and swdisnms and rivers, they cross

rivers barefooted to and from school, and they use unprotected water sources to water

vegetation. All these activities are associated with significantly higher rates of infé@gbn.

The current chemotherapeutic drug administered to schistosomiasis patients is praziquantel
(PZQ)1 (Fig. 3)[21724 |ts discovery and synthesis were hailed as an important discovery, since

it exhibited a rapid reduction in morbidity, particularly in ss@haran Africa where morbidity
control was a major problem when contrasted with other endemic contiflddespiteits
success in other continents like Asia and Latin America, where the disease has been controlled
or even eradicated, it remains cumbersdmeffectively usen Africa. African countries still

experience limited access to the wonder drug, consequently failing to keep the disease under

OpR

(rac)-Praziquantel 1

control[25]

Figure 3:Chemical structure of praziquantel.

In 2013, about 260 milion people required praziquantel as a means of preventative
chemotherapy (PC), and 90% of them lived in-Salharan Africa. Only about 12% of those

people received treatmeld] which deductively means a significant portion of Africa was still
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burdened with the disease. To make matters worse, sagedlchildren (SAC) were the worst

hit portion of the population, representing about 55% of all people requiring preventative
chemotherapy globally in 201%!In 2014, the number of people who received preventative
chemotherapy rose to 21% and 28% in 2015. Between 2015 and 2017 the global coverage of
PC for schistosomiasis had risen to about 45% which is gradual and much needed progress.
Effortsto control sclstosomiasis, particularly in SAC has been phenomenal, with PC reaching

a global coverage of 67% in 2020, albeit that the ambitious target of 75% coverage set by WHO
has not yet been achievéd!

Big harmé companies have, over the years, played a pivotal role in the control of
schistosomiasis through PZQ donations and offering-dost solutions to endemic
countried?’! In South Africa, the praziquantel administered to schistosomiasis patients is
procured from Bayer, packaged as Biltricide®. The price tag on this drug is abou4.d$D

per tablet, dwarfing any practical efforts towards mass treatment progradhihddsthis rate,

it is unaffordable and undermines the objectives of the reaching 75% coverage set by WHO.
Generic forms of praziquantel that are cheap, effective and are of great quality have been
around for more than two decades, moreover, they are \&tté@dited and some African
countries like Nigeria, Uganda and Zambia dispense them free of charge in their respective
countried?8! For effective control of schistosomiasis in South Africa, there is an urgent need
to register generic forms of praziquantel and to effectively initiate conversations with

Pharmaeuticalcompanies that donate praziquantel to endemic areas.

Currently, PZQ is the only drug available for the treatment and prevention of schistosomiasis.
[21i24] | ike many drugs, it does have its shortcomings; it lacks activity against juvenile
schistosomes, often leading to suboptimal results in mass preventative chemotherapy
campaign$2:221 Secondly, administering the drug as a racemic mixture has been reported to
contribute to side effects and patient compliance problems since the in&ativentiomer
contributes to the large size of the Ff30!Lastly, monotherapies pose a great risk of drug
resistance and praziquantel is no exception. African countries like Egypt, Senegal, and Kenya
have reported praziquantel resistarié&2431This should be a stern warning for the immediate
need of an enantiopure praziquantel drug and alternative schistosomiasis drugs.

1.1.3Schistosomiasis life cycle
Schistosomes have a sophisticated life cycle that is kept in perpetuity by a fresh water snail

intermediate host and a mammalian definitive I{Big. 4)[321 Schistosome eggs produced in
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the mammalian definitive host are excreted either through urine or faecal matter into the
environment $tagel, Fig. 4)[°22.3210nce the eggs are in contact with fresh water, they release
miracidia, whose motility help them locate the intermediate hSsige2, Fig. 4). The
intermediate hosts are infected by specific worms, for insté&hcéntercalatumand S.
haematobiunonly infect theBalinussnail intermediate species, whist mansonis known to

only infecttheBiomphalariasnail speciesStage3, Fig. 4).Within the intermediate snails, the
singular miracidium transforms into sporocyst andundergoes asexual reproductiom t
produce cercariaeStage4, Fig. 4).The release of cercariae from the snails is stimulated by

sunlight and temperature, thus coinciding with human daytime activities, thereby increasing
the chances of human infection.

A
\

\\ Biomphalana species

\\;

Bulnus speces

3  snails

Figure 4:Schistosomiasis lifecyclé?]

Human infection is a consequence of epidermal penetration of cercariae during contact with
infestedfreshwatebodies Stageb, Fig. 4).Once lodged inside the skin, the cercariae become
schistosomula and enter the circulatory system through the capillaries and the lymphatic
system. They then migrate to the portal venous system, lungs, heart, and liver where the
juvenile schistosomes maturgo adult wormslUpon completion of the maturation stage, the
adult flukes vacate the liver and make their way tortfesenteric vessels of the bladder or

bowel, where they pair up and matke migration either to the bladder or bowel determines
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the type of ailment that will befall the victim, for instarfemansorandS. intercalatumattack

the mesenteric vessels of the bowel, causing intestinal schistosomiasis, wBereas
haematobiuntargets the bladder and causes urogenital schistosoniibsiseggs produced

from the mating flukes are distributed by the blood circulation throughout the body where they
become lodged in tissues, where they trigger an inflammatory response, resulting in acute or
chronic diseases. Only a proportion of the eggseacreted through urine or faeces, leaving

the rest to perpetuate the diseases in their human hosts for years to come.

1.1.4Treatment methods

Treating schistosomiasis has proved to be a challenging endeavour, which we can attribute to
the daunting task of disentangling the complex interplay between the definitive host, the
intermediate hosts, and the aqueous media through which the two meanaiher. To
interrupt the transmission, one can either engage in population control of molluscs or approach
the problem using preventative chemotherapy. The former strategy has been explored, where
the population of infective molluscs was controlled usinghemical called niclosamid!
Niclosamide has been the molluscicide of choice for over 40 years, owing to its effectiveness
and lower toxicity to both humans and the environnf@hhowever the cost of treating sites

that are infested with molluscs is unaffordable for developing coufitiédPreventative
chemotherapy, however, has exhibited much success in controlling schistosomiasis for several
years. Indeed, chemotherapy has stood the test of time. It is for this reason that most global
efforts have been directed towards preventative chegnapy, in the pursuit of eradicating

schistosomiasis. Preventative chemotherapy, together with stringent sanitary techniques, has
been shown to be a winning strategy.

1.15 Praziquantel (PZQ) and Oxamniquine (OXA)

The history of schistosomiasis drug therapy stretches as far back as the beginning Bf the 20
century, where drugs like organoantimony derivatiZesorganophosphorou8, and aryl
isothiocyanate compoundsvere the mainstream drugs used to treat helminthic infections like
schistosomiasis (Fig. ¥#! The organoantimony drugs were discontinued, in light of fatal side
effects, and the requirement of intravenous and intramuscular administration which has been
reported to be painfld2l Organophosphorous derivatives like -Bji2hlorovinyl-
dimethylphosphat®had a successful tenure, exhibiting exceptional cure rates@3%0 The

drug showed minimal toxicity and was substantially tolerated. It was withdrawn from the

market because it required multiple doses, which led to compliance issues and resistdnce. Ary
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isothiocyanate compounds exhibited bresgebctrum efficacy, with activity observed after a

single dose. They were discontinued because of high liver toxicity.

OKKM .9
0-P-O
Feo S n 6 JIOROW!
| O,N N N/\
cl” >al LN

Figure 5:Relinquished schistosomiasis drugs.

In light of the relinquished aforementioned drug therapies, PBnd OXA (5) found
prominence, mainly because of their safety profile and good cure rates of betw@&e% 60
(Fig. 6)[2:21.22.30p7Q offered broadpectrum efficacy, exhibiting activity against all forms of
adult schistosome specig€3XA was widely used in Brazil as an effective astthistosome
drug that exhibited low toxicity when tested across a host of various schistosome[3Hecies.

(rac)-oxamniquine 5

Figure 6:Oxamniquine.

OXA use was discontinued because of an emergence of drug resistance and sidéléTiaets.
other problem with OXA was that it was only effective agaisinansoniThis, coupled with
the comparatively cheap cost of PZas madePZQthe drug of choicé&

1.1.5.1Drug resistance and side effects

Despite the disappointing performance of OXA, since it is only efficacious againsansoni

the literature is awash with evidence that strongly suggests that there are some st&ins of
mansonithat are resistant to OXRB12235S. mansonhas been shown to have an elevated

ability to resist therapeutic doses of the schistosomicide in question, and to find out why, the
elucidation of its mechanism of action provides us with the answers.

Oxamniquine is a prdrug, whose hydroxymethyl group is sulfated to convert it to its active

form.[22:3681The sulfation is achieved by the sulfotransferase enzyme that is only preSent in
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mansoni(SmMSULTOR).[?236]The active form of the drug is
enzyme and subsequent | yvarlskigl proeteineThis gedmanent | u k e 6
covalent bond DA and the now diceve ©XAW k@ distupts important

metabolic functions necessary for survival and kills the parasite (Schel#ed).

sulfotransferase HZSO4 \‘/

HN; —_—
Schlstosome HN
enzyme

// \\

5 6 7 DN

Scheme 1IMechanism of action of OXA.

With the help of genetics, molecular biology, and biochemistry, it can be shown that OXA
resistance is attributed to a single recessive gene that codes for the sulfotransferase
enzymé?21-361The onset of drug resistance to OXA is triggered by the absence of this drug
activating enzyme. Biochemical techniques have been exploited even further to rationalize the
lack of broadspectrum efficacy of OXA, since it is ineffective against other safishe forms.
Phylogenetic analysis has been reported to have revealed similarities between sulfotransferases

of S. mansonwith thoseof S. haematobiumand S. japonicumX-ray studies reveal that the

catalytic mechanism is the same, however, the subtiatiears in the distribution of amino
acids in the active sites of these three enz

ability negatively36]

1.1.5.2Discontinuation of Oxamniquine (OXA)

The decline of oxamniquin€) use, particularly in Brazif!! where it was exclusively used,

has led to the inevitable use of monothelagd2elto stave off schistosomiasis. OXA was a

first1 i ne treat ment dr ud3®when itBuassabstitutecuby PZAQ| sinteh e 1 ¢
PZQ had become increasingly cheaper to prodiaed was active against all schistosomiasis
strains23] More reasons to replace OXA came from the emerging threat of resistance and the

concern that it was only active agaiS@stmansori?l]

1.1.5.3Administration of Praziquantel (PZQ) as a racemate
Praziquantel (1), known structurally as -gcyclohexanecarbonyB,3,6,#tetrahydrelH-

pyrazino[2,1ajisoquinolin4(11H)-one has an asymmetric centre at position 11b, which then
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makes it chiral?”] It exhibits a much higher pharmacological activity than OXA. The WHO
recommended dosage of PZQ is betweer6@0ng.kg!.['4] PZQ is given to patients as a
racemic mixture, largely because of cost effectiveness; it is synthetically cheaper tamake
PZQ than it is to make enantioenriched PZQ (F)¢?

i

! 0

|

; N
Hme | H,,f11bL

N (@] ; N (@]

i

| Bioactive enantiomer
S-PzQ (1) R-PZQ (1)

Figure 7. Non-superimposable mirror images BEZQ.

1.1.6 Synthesiof PZQ

The discovery and development of BPcageaby Merc
muchneeded tool for the alleviation of the global burden of schistosome infections. They used

a petrochemical product, isoquinoli®e as a starting material (Schemel®?)This discovery

was important simply because it had unveiled a direct route of synthesis. The total synthesis of
praziquantel meant that the compound could be made on an industrial scale, thereby meeting
the global demand for PZQ.

X X .
PhCOC H Hy Ni H CICOCH,CI H
©i;\l KCN N\H/Ph - NH N
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CN O
9 10 1 NH >Cl

o
}\Ph
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H
Hi o N oo)J\cl H
t
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N N /T/
A 13 H 14
07 >Ph
o

Scheme ZTotal synthesis of PZQ
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To this day, this classical reaction is still widely used to make PZQ on an industrial scale,
owing to the relatively lowcost and easily accessible starting materials. Thistep reaction
sequence, shown in Scheme 2, begins with a Reissert reactsmgoioline with KCN and
benzoyl chloride to give -Benzoyil,2-dihydroisoquinolinel-carbonitrile 10 in excellent
yields![3°] The obtained Reissert compound is hydrogenated catalytically under high pressure
to give N-((1,2,3,4tetrahydroisoquinolifl-yl)methyl)benzamide 11. What follows is N-
acylation using chloroacetyl chloride to affordN-((2-(2-chloroacetyhl,2,3,4
tetrahydroisoquinoliril-yl)methyl)benzamidel2. Treating 12 with potassiuntert-butoxide, a
strong base, gives -l&nzoyi3-chloro-2,3,6,#tetrahydrelH-pyrazino[2,alisoquinolin-
4(11H)-one 13. The hydrolysis of the exocyclic benzamide using phosphoric acid tgyes
which is subsequently acylated with cyclohexane carbonyl chloride to give praziquantel

This protocol involves the use of cyanide in excess, whiclghly toxic. One of the companies
in China that still makes PZQ using this method reportedahatof the major pollutants in
their effluent water is cyanide and other organiepbyductd*% Nevertheless, the discovery
inevitably sparked ingenious ways to obtain the compound using alternative methods. Indeed,

appreciable results from these endeavours have led to the existence of a multitude of methods
that can be used to fabricate praziqubliste?s 41!

NH, O OMe
H,N
cl NTY
©/\/ Cl)k/ m C 1 ©/\
MeO

NaHCO3;, CH,Cl, 0 ! W
s H 17
OMe
COCI
H,SO
29oY4 N__O

4>

N32CO3 CH2C|2

Iz

Scheme 3The Shin Poong PZQ synthesis.

I n the early 19806s, S h i ndeRsedmarsteategy af producmg a ny |
PZQ at a lower cost than was the current cost at thel4#higy 1993, they had surpassed
competing companies and had become the largest producer of PZQ globally. Their strategy
involves treating phenethylaminEs with chloroacetyl chloride to give the corresponding

acetamidel6 (Scheme 3¥3! What follows is an amino alkylation reaction with amino
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acetaldehyde dimethyl acetal to gil/é Cyclisation tdl4is achieved whe@7is treated with

concentrated sulfuric acid. Acylation df with cyclohexane carbonyl chloride yields P2Q

Kim and coeworkers reported another strategy that involved the reaction -of 2
(cyclohexanecarboxamido)acetic aci@ with ethyl chloroformate, and®,2-diethoxyN-
phenethylethanamine to yield the amido compofiadScheme 442! Treatment ofl9 with

methanesulfonic acid in dichloromethane led to cyclisation, affording BZQ
0

0
/\OJ\CI m
o X f MeSO5H
HOJ&N . OEt ro N CH,Cl,
(o) Ph/\/N\/kOEt ’/O O)\Q
19

18

T
"C

Scheme 4Synthesis of PZQ througi-acyliminium cyclization.

Another ingenious way to get to PZQ has been reported to takeysegetheDiels-Alder
reaction (Scheme %%! The reaction method involves the catalytic hydrogenation of
bicyclooctatriene carbonitril20, followed by a condensation reaction with chloroacetamide to
yield 21. Adding methoxymethyldiamide via acetoxymethyldiamide and cyclohexane
carboxylic acid give22. Finally, treating22 with methanol and potassium chromate gives PZQ

1, via the reactive intermediaB8 that undergoes an internal Di&dder reaction.

QW
H
N
CN 4 H,/Raney Ni ;\ 1. DCC, CyHex-CO,H ;\
©j 2.CICH,CONH, 0" 'NHz 5 CcH,0, Ac,0 O™ 'NH
3.0H
20 21 22

1. MeOH, K,CO4 OYO N__O
2. 400 °C N T
N
O}\O

L 23 -~ 1

Scheme 5An intramolecular heterdiels-Alder intramolecular approach to the synthesis of
PZQ.
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The Ugi fourcomponent reaction (4CR) offers the shortest known synthesis of PZQ (Scheme
6).[42] This reaction involves a ormot reaction between phenylethylisocyanicd,
cyclohexane carboxylic acieb, aminoacetaldehyde dimethyl ace?6] and acetaldehyd?y

to give the Ugi produ@8 in aquantitative yield. The Picte&pengler reaction under strongly
acidic conditions affords PZQin about 70% overall yield.

o o

) O N__O
COOH EtOH aq 0 f H* f
100% o
: . ge
oM
HZN/\/ e
26 OMe 28 1
H
H/&o
27

Scheme BViulticomponent Ugi reaction to afford PZQ in 2 steps.

The existence of PZQ for over 40 years has prompted additional studies, and we now know
that from its racemic mixture, only one isomer is vital for its actijRit is important to note

that PZQ is still produced industrially as a racemic mixture, owing to the difficulty of devising
an industrially sound method for the asymmetric synthesis of PZQ. The weRZQ has

been reported to offer partial therapeutic effects when compared to the administration of
enantiopure PZQ, and this is a consequence of the side effects that result from the inactive
isomer. Only théR-isomer is active, and tH&isomer is believed to be responsible for the side
effects, and the lr taste. Removing tHgisomer would reduce the pill size, reduce the side

effects, and improve patient compliance, particularly for children who suffer the most from
schistosomiasis.

1.1.6.1 Ehantioselective/ Asymmetric synthesis of PZQ

PZQ has existed for many years, yet very little has been done to invent ingenious ways to make
it as theR enantiomer Since its conception, the scientific community has contributed several
methods to make praziquantel in its racemic f6th?8-41The enantiomeric fabrication of PZQ

has gained little traction, and the only notable contribution is largely experimental and
industrially unfeasiblé°]
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Two notable contributions to the enantioselective synthesis of PZQ have been dé%tribed.
The first met hod made use of S2R-nethyw(R)4p-i opur e
toluenesulfinateP9, which was reacted with compouff, resulting in enantiopure compound

31 (Scheme 7¥2 The induced stereochemistry from this reaction is achieved via a-Pictet
Spengler reaction, using a Lewis acidZ . The first step is achieved excellent yields

(88%) and diastereoselectivity (93:7). The deprotection of the cyclic amin&gavbich was

reacted with hydrazine monohydrate in ethanol to give the diaB3in€éhe amidation of the

primary amine using cyclohexane carbonyl chloride aff@#iswhose cyclisation td is

achieved when it is reactedith chloroacetyl chloride. The overall Symsis has a
discouragingly low yield of 12%.

A NH

0
29 BF5OFEt, N. _p-Tol HCl EtOH o

+ S " .
/ g0 o S
od , 78 ) N
e &
N O 3
0
30 o)

Cl
K,CO3 CHZCIZ NH CI)K/ 0
N2H4'H20, EtOH

- cho3 DMF

Scheme 7The stereoselective syntbe of PZQL1.
Roszkowski and cavorkers managed to double the yield to 22% when they used a prochiral

dihydroisoquinoline derivativ86, derived fromphenethylaminel5and dioxoisoindoline35,

to make the corresponding tetrahydroisoquino8@¢Scheme 87!
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Figure 8. Chiral ruthenium catalyst.

The authors disclosed that this key di@ges place via an asymmetric transfer hydrogenation
reactionfacilitated by a chiral ruthenium cataly®,R shown in Fig.8, otherwise referred to

as the Noyori protocol. Reactir8y with hydrazine monohydrate, followed by cyclohexane
carbonyl chloride give88. Cyclisation tdl is achieved when chloroacetyl chloride is reacted
with 38. The enantiomeric excess is reported to be 62%. The absolute stereochemistry of the
chiral hydrogen was elucidated by-ra&y structure analysis of th&{Mosher acid amide

derivative.

Lastly, the chirality of Mosherdés reagents
compounds. A notable contribution to the stereoselective synthesis of PZQ comes from Laurent

and coworkers42l  They were able to covalently bond | -fnethoxyU-

(trifluoromet hyl ) phenyl acetic acid ( MTPAJ4(Schero s her 6
9).4] The resulting diastereoisomers could be separated using column chromatography to

obtain enantiopur89in near quantitative yieldf 50% The r emov al of Moshe
to be difficult, requiring strong acid conditions and long reaction times (Schelifé 9).
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To make enantiopure PZQ i s anadademexereseyor f or

synthetic chemists; it is of vital importance given what we know about the pharmacodynamic
activity of the active isomer. Current science offers four methods to achieve enantioenriched
PZQ. The first is enantioselective synthesis, which hsushkes use of chiral catalysts and/or
chiral substrates on a prochiral PZQ intermedi#e(Scheme 7, 8). The second one is
chromatographic separation, which uses a chiral stationary phase to retard one enantiomer
(Scheme 910 The third one is stereoablation, where the stereocentre is destroyed and
reconstructed selectively. The last option is resolution. Part of the reason why these methods
have not been given considerable attention is because the methods lack the potential fo

industrial production of enantiopure PZQ.

It is undeniable that the methods discussed thus far have brought humankind ever closer to
solving the problemof schistosomiasis, and this s&en through the skilful application of
various synthetic methods of fabricating PZQ. Inthe quest of synthesizing praziquantel, it must
have been important for th@ecedingresearcherdo understand it$undamental building

blocks Inour pursuit to reveal methods of obtaining enantiopure PZQ), it was equallstamtpo

to understand which building blocks were vitat a successful synthesis of PZQud led us

to the isoquinoline core. A brief look at the methods of synthesizing praziquantel discussed in
section1.16 and 1.16.1 reveals that the isoquinoline sbaltl was central in every mettip

and it would be remiss not to give the reader some background on the isoquinoline core and
various wayso fabricate it.In essence, the isoquinoline scaffold can be thought of as a PZQ
intermediate, which in turn, gives importancethie understanding of its chemistiy.is also

important to mention thatlowledge on the iginoline scaffold has been pivatphrticularly
for the synthesis of PZQ intermediates in this project, as will be srademih Chapter 2.

1.1.7The isoquinoline core:a key PZQ intermediate
The isoquinoline skeleton is among the most importantedasfsalkaloids in chemistry and

biology. It is reported that plants produce over 3000 tetrahydroisoquinoline alkaloids, with the
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inclusion of opioids such as morphine and cod#iteThis is a clear indication that
tetrahydroisoquinolines play a pivotal role in plant biochemistry and by extension, in animal
biochemistry. In fact, this skeleton has been successfully applied to a wide range of human
chemotherapiei$®! The ubiquity of isoquinolines has also been reported to pervade the human
brain, where they occur naturally as derivatives of 1,2&rahydroisoquinolind-carboxylic

acid. One patrticular example that has been brought to the fore by researchersatsirdity

occurring €)-salsolinotl-carboxylic acid40 shown in Figure 8, which is merely a 6,7
dihydroxy-1-methytsubstituted tetrahydroisoquinoliriecarboxylic acid6]

Whilst nature has exhibited a remarkable ability to stitch together complex compounds from
just four elements (C, H, O, N), humans too have shown appreciable aptitude for the fabrication
of life-saving therapies. Apart from praziquantelwhich has already been discussed, other

examples of drugs containing the isoquinoline core include noscépared quinaprid2 (Fig.
9).146.47]

HO
NH
HO N
O~ "OH
OH
(-)-salsolinol-1-carboxylic acid 40 Noscapine 41 Quanipril 42

O
N
N
LA
Praziquantel 1

Figure 9: Biologically active compounds based on the tetrahydoisoquinoline sk&létah.

The methods used by nature to make compounds are often complex and difficult to reproduce
on a large scale and this has inspired the discovery and invention of methods humans can
perform with reproducible efficacySome of these methodsised for the synthesis of
isoquinolinesinclude the Ugi multicomponent reaction, the Pik3eengler reactignthe
BichlerNapieralski reactionand noreponymous reactions like a combination of conventional

chemical transformations. These are briefly discugséde next sction
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1.1.8Methods for the synthesis of isoquinolines

Section 1.1.6 gave a brief overview of the total synthesigraziquantel using various
preparatory methods. However, the synthesis of isoquinolines as intermediates of PZQ has not
been described thus far and this section seeks to close this gap. Recent advances in
spectroscopic methods, chromatographic techniqueshenpreparation of new catalysts and
reagenthaveseen the proliferation of new synthetic methtdsAmidst the crystallization of

new ideas, the classical methods have stood the test of time and have become a reference point
for the basic understanding of isoquinoline chemisfnrief revisitation of thditerature on
isoquinolines revealthat, dassically, theyhave been prepared using the BischNapieralski

and the PicteSpengler reactiof*8! Discussed herein, is the exploitation of the Ugi, the Rictet
Spengler and the Bichl®tapieralski reactiongespectively in the pursuit of accessing

functionalizedtetrahydroisoquinoline scaffolds

1.1.8.1Multicomponent reactions: The Ugi reactian

Multicomponent reactions (MCR) agenerally revered in drug research for their applicability.
What makes them patrticularly attractive is the fact that they are usualygobmeactions and

can be achieved under mild conditidf®8.To date, many MCRs have been exploited to
synthesize elaborate chemical scaffolds, however, special attention has been given to the
eponymous Mannich, Passerini, Ugi, Hantzch, and Biginelli MCRs, owing to the importance
of their corresponding compoun®l. Among these reactions, the Ugi reaction emerged as the

most suitable for the purpose of our study.

The Ugi MCR, first disclosed in 1959 by Ivar Ugi, has garnered considerable attention, owing
to its synthetic applications. The reaction offers a gateway to structurally diverse products,
given the number of ways each starting material can be alf€t€lassically, the Ugi four
component reaction is thought to take form as outlined in Scheme 10. Mechanistically, the
reaction begins with reaction of an amine with a ketone or aldehyde to form the corresponding
imine, followed by reaction of the imine widm acid and an isocyanide to give an imidate

intermediate. This then undergoes a Mumm rearrangement to form the Winal
acylaminocarboxamide produéf!
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Despite the lack of universal agreemasttohow exactly the UgMCR reaction proceeds, this

has not stopped researchers from fabricating useful organic compounds using-MeRIgi

In fact, the Ugi reaction has been utilized to synthegitzd heterocycleswhich have found
importance in everyday lifeFor example,lidocaine is a topical pain relief product that is
prepared using the UMCR. Paraformaldehyd43, diethylamine44, and 2.6dimethylphenyl
iIsocyanide45 are reacted together in methanol and acetic acid at room temperature to yield
lidocaine46 shown in Schemé.l. Altering the amine from#4 to 47 gives bupivacaine48
shown in Scheme l1another local anaesthetica an intramoleculaimine formationshown

in Scheme 3.5

H
NC N
H NN AcOH NN
oteft -~ - 8 Y
44 45 46

43

Scheme 11The synthesis of Lidocairs using the UgMCR.

o}
~
NC
NH . AcOH
MeOH N
o}
47 i 45 48 i

Scheme 12The synthesis dbupivacaine48 using the UgMCR.
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1.1.8.2The PictetSpengler reaction and the BichlefNapieralski reaction

Aromatic functionalisationchemistry haslso been exploitetb offer synthetic methods that
eventually lead to the formation of tetrahydroisoquinoline derivatives. These methods include
the PictetSpengler reaction and the Bischilapieralski reaction>2] The former reaction is

an eponymous reaction carried out for the first time in 18¢JAmé Pictet and Theodor
Spengler in their laboratory at the University of Geneva. They noticed that
tetrahydroisoquinolined9 and tetrahydroindolés1 form readily whenb-amine 15 and
tryptamine50 are heated in the presence of an acid and an aldehyde (StheRetet was
already on a quest to form alkaloidadermild conditions long before he atiscovered the
cycloaddition reaction ob-arylamines and aldehydes in the presence of aéldswork
suggested a deliberate intent for the creation of new science, and today the reaction is still used

for thesynthesiof a vast number of heterocycles.

The BischlerNapieralskireaction predates the Pict8pengler, reported in 1893, and was the
first of its kind to fabricate 3;dlihydroisoquinoline derivatives from the condensatéri-

aryl et hyl amwlethyleakamaies udng readily available condensing agents like
phosphorus oxychloride (POSJ| phosphorus pentoxideA®s) or zinc chloride (ZnG) as

shown inSchemelb. In fact, Améand Theodore cited Bischler and Napieralski when they first
reported their alkaloidorming cyclisation reaction. @&h these reaction methodologies
contributed immensely to the science of heterocyclic compounds, particularly the isoquinoline
scaffolds, which have already been demonstrated to exhibit vital therapeutic and physiological

importancd49.53
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Schemel4: Two heterocyclicscaffolds prepared from phenethylamine arygtamine using

PictetSpengler conditions.
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Schemel5: Bischleir Napieralski reaction for thepreparationof 3,4-dihydroisoquinoline

derivatives

Studies of both mechanisms show that these reactionsngrelosing reactions, wheréor

both reactions, &-aryethylamine is condensed with a carbonyl compound. What forms next

dictates the type of the reaction that results; thect@rNapieralski is preceded by the

formation of an amide derivative, whilst the PieSgengler reaction is preceded by the

formation of a secondary amine.
R'O H
T N, 57—
RO NH, =2
R'O
'HZO m
_—
R'O \‘( Z VH
RZ

sepW
pce

Can D/\Q(g

Schemd. 6. Pictet Spengler reaction mechanism.

For the final step, which is the cyclisation, the Pi@pengler reaction exhibits a self

propagating mechanism, where the collapse of the nitrogen lone pairs itkpdsition expels

water, forming an imine intermediate that is attacked by the phenyl ring. The restoration of the
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aromaticity is through the deprotonation of the proton nestled between the phemyidthg

newly formed bond, which in turn forms the desired isoquinoline (Schem@a e contrary,

the BichlerNapieralski reaction requires a condensing agent. Phosphoryl oxides and
oxychlorides are famous for this transformatiomvement of a lone pair frothe nitrogen

atom causes the empty orbital in phosphorus to accept a lone pair from a carbonyl oxygen to
form aphosphorusoxygen bondreleasing a chladie ion. The chloride ion deprotonates the
newly formed iminium ionThe resulting ion is attacked by thacleophilic phenyl ring, and

the aromaticity is restored through #iestraction of a ring proton to foaCl, thereby forming

a dihydroisoquinoline derivative (Scheme 17).

J__N -HCl

Schemd.7: BischlerNapieralski reaction mechanism.

1.2 Tuberculosis

Tuberculosis (TB), a transmissible disease dating as far back as the neolithic period, is caused
by Mycobacterium tuberculosi&? 561 Its effects were somewhat negligible, until the industrial
revolution, where overcrowded human settlements fostered its spte@drrently, it is ranked

13" among the global causes of death, and it is the leading cause of death from just a single
infectious agen8' Tuber cul osis was a mystery wuntil t he
shared with the scientific community his discovery of the bacillus that was causing the
diseasé®8! Since then, the quest for knowledge pertaining to TB has not ceased. We now know
that theM. tuberculosiscomplex is comprised of about 9 species in the géfycobacterium

of the family Mycobacteriaceae, and order Actinomycetéfétt is these species that cause a
multitude of human and zoonotic ailments. For instaMyesobacterium africanuns largely
confinedto West Africal®’! whilst Mycobacterium canettias very little global footprint but

has garnered some notoriety in Eastern Affita8IM. bovisis zoonotic in nature and jumps
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from cattle to human hosts when the latter hosts consume unprocessed animal products. Other

known zoonotic species ak& microti, M. pinnipediand M. caprae!54!

1.2.1Global and Regional Prevalence
It is estimated that about a quarter of the

2 billion people, most of whom aldize in abject poverty26.59]

represent 44%
of all deaths

Figure 10: Causes of Mortality in South Africa in 20168!

This is gravely concerning, given the vastly diverse and modern tools available to suppress TB.
In the year 2020 alone, about 10 million people were infected with TB and among these 1.1

million of them were children, 3.3 million were women and 5.6 millioere men3!

I n 2020, Af ricads TB burden, against t he gl
mortalities!>6] This may be perceived as a relatively small number; however, it is vital to note

that of the 8 countries that accounted for4thimds of the global incidence cases in 2020, two

of them are housed in Africa and one of them is South Africa. To make TBhevear to

combat, immunocompromising ailments like HIV lower the barrier of entry for TB in patients
who have had the least amount of exposure to the B&dilli.

The 2020 World Health Organization TB report listed South Africa among the 30 high TB
burden countries that account for 86% of all global TB incident ¢Z8&som this list of 30
countries, only 8 countries account for the vast majaftycident cases, representing about

two thirds of the global total cases. Of these 8 countries, South Africa, after Nigeria, represents
a large portion of African incidence cases. This agrees with what has been reported locally; the
2018 Statistics Southffica report (Stats SA) ranked TB as the leading cause of death from
2016 through 2018 (FidL0).[5°!
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1.2.2Key Challenges

The synergy between poverty and global diseases is arguably the most daunting challenge that
world experts have had to solve. Tls day, poverty and disease have persisted in their
everlasting symbiosis; tubercul osil(88\with of t en
that said, the hurdles that impede the eradication of TB become intuitive. The obvious issue
pertaining to combating TB is unequal acceskdalthcareTB is curable, however, unequal
access to healthcare does not only have detrimental effects on the dispérga-saving
medicines, but it also shines light on the inadequacies of social awdfésess. well-
established education programme would equip people with the required knowledge needed to
avoid contracting tuberculosis and to refrain from interrupting TB treatment. It comes as no
surprise that developing countries are the worst hit countrietstwlleveloped countries are
cushioned by good healthcare programmes, where TB cases are only prevalent in rural
pocketd8®]

The current TB treatment has demonstrated tremendous success in its bactericidal activity. This
success has, in part, been diminished by the accompanying long duration of chemotherapy
required for a full recover§3.671 The duration of the treatment is thought to be a result of
having TB bacteria existing as subpopulations of organisms whose growth is occurring at
different rates; at any given moment, the bacteria present in the host spans the spectrum from
metabolically latent to actively proliferating bactef&! This physiologial phenomenon
explains the heterogeneity of TB drugs; they work on killing different subpopulations ir a non
concerted manner; isoniazid is known to kill actively replicating bacilli whilst rifampoaim

inhibit RNA synthesis in both replicating and R@plicating bacilli®8! Pyrazinamide, on the

other hand, is reported to disrupt cell membrane metabolic reactions. The combined effect of
these drugs has successfully shortened the duration of the treatment f2dnmb®ths to ®

months. This becomes a success story, onlyedlioal practitioners manage to keep patients

compliant until the completion of the treatment and no resistance to drugs arises midway
through the treatment.

The unfortunate news is that patients do default, which, in one way, inevitably leads to drug
resistance when they are put back on the medic&fibim the pursuit of containing the
resurgence of TB. On théttf September, in the year 2006, the first case in the world of a new
tuberculosis strain that was extensively resistant to TB drugs (XBDwvas announced by

WHO to have been found in KwaZuNatal, which happens to be the epicentre of HIV/AIDS
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in South Africa (Fig. 11)/% This finding not only threatened healthy South Africans, but it

also brought immeasurable worry to individuals who were living with HIV/AIES.

Northern
Cape

Figure 11: Map of KwaZulu-Natal in South Africa, where the first XDRB strain was
found[7°]

The challenges of tuberculosis are not a distant observation, in fact, South Africa is familiar
with the debilitating effects of tuberculosis and HM'¥ 721 The Big Pharma industry has shown

very little inclination for producing new TB therapi€%,and as a result, the best the developing
nations can dois to either invest in the development of novel TB drugs or locally develop the
current ones that have long been off patent, with vital changes that lower their production costs.

1.2.3Tuberculosis infection
Infection is usually a consequence of inhalation of tubercle bacilli (Rig>4°°73.74 People
who are infected with pulmonary tuberculosis create an aerosol of saliva when they sing, talk

and cough
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M. tuberculosis-containing aerosols @ Macrophage recognition and bacterial engulfment
are inhaled. These bacilli may trigger innate immune signalling pathways, which
bypass goblet cells and move to leads to recruitment of other immune cells (more

the lungs. = ‘ macrophages, monocytes, neutrophils, natural killers,

dendritic cells, lymphocytes, etc.) to the infection site.
M. tuberculosis *: : &5 ﬁ J
bacilli AR \
) N,

©

&

Due to environmental (HIV, malnutrition, etc.) or
genetic factors, the granuloma disintegrates,
allowing the bacilli to spread and form more
lesions. This is active TB (symptomatic disease) \S "/
and can be transmitted to others. T

Immune cells organize in a
spherical structure, surrounded
by fibrinogen and collagen. This
is referred to as a granuloma.

Bacteria can survive inside the
granuloma in a latent state
(asymptomatic disease).

Figure 12: Pathogenesis dflycobacterium tuberculosi&*!

The droplets released into the atmosphere encapsulate tubercle bacilli and are inhaled into the
terminal air spaces of the lungs of a healttdjividual, where they multiply. The first immune
response of the invasion is through the alveolar macrophages, which ingest and kill the bacteria.
The extent to which the initial immune response can fight off the invasion is dependent on the
microbicidal capacity of the phagocytes of the host, and the severity of the TB batheria.

bacilli that have managed to evade the immune response replicate and disrupt the alveolar

macrophage response mounted by the host.

This alveolar macrophage disruption triggers a second immune response by the host. To fight
back, the host deploys blood lymphocytes and monocytes to the infected lungs, where they
differentiate into secondary macrophages which again engulf the mycohadtetrido not
destroy themAt this point, mycobacteria strive and grow with little tissue damage, which
causes an accumulation of blebdrne secondary macrophages. The host develaps| T
immunity at about B weeks of infection, triggering a rapid mplication of antigerspecific
T-lymphocytes within the ingested tubercles, which signals the secondary macrophages to
destroy intracellular mycobacterighis halts bacterial growth and causes bacterial death. The
debris left behind by bacterial death inhibits bacterial extracellular proliferation, thus
preserving existing bacilli and thereby introducing what is termed bacterial latanitys

latent stage Mycobacteriumcan remain dormant for a duratisanging from months to
decades. For people livingith immunosuppressing ailments like HIV/AIDS, TB is known to

spill tubercleinvaded cells into the bloodstream, thereby infecting other of§ai@ther
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conditions that favour TB activation from its latent form are chronic renal failure, malnutrition,

chemotherapy, malignancy, drug addiction, and smoking.

1.2.4Treatment methods

Tuberculosis chemotherapy has remained relatively unchanged for some time. The current
antrtuberculosis regimen includes pyrazinamide (PAR) isoniazid (INH)53, ethambutol

(EMB) 54 and rifampicin (RIF)55 (Fig. 13).[76] This fourdrug regimencalled Rifafour is
administered first as a combination of INH, PZA, EMB and RIF for two months, followed by
INH and RIF for four monthESl

0]
[Nj)LNHZ
—
N
Pyrazinamide (PZA) 52
H
ON NH,
X

| PP

N
Isoniazid (INH) 53

H\/\NLOH Rifampicin (RIF) 55
e
HO

Ethambutol (EMB) 54
Figure 13: Chemical structures of PZA, INH, RIF, and EMB.

Tuberculosis is treated by means of comboratl chemotherapy, where multiple drugs are
administered®’! This form of therapy increases the efficacy and reduces the chances of the
emergence of resistant bacilli strains. The combinatorial nature of TB drugs is exemplified by
the modes of action each of them exhitit Broadly speaking, TB drugs can be classed as

inhibitors of bacterial protein synthesis, inhibitors of electron transport across the bacterial
membrane, inhibitors of cell wall synthesis and inhibitors of nucleic acid synthesis4F#§! 1
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DNA Gyrase

Ciprofloxacin
Ofloxacin
Levofl i
e RNA Polymerase
Folic Acid Metabolism | Rifampin
p-Aminosalicylicacid 2 Rifabutin
\Ki Rifapentine
DHFA /XX
/ f’””\)
DNA
PABA L
Cell Wall Synthesis 7 Ribosome
Ethambutol Streptomycin
Cycloserine MRNA jetbee  K@namycin
Isoniazid (pro-drug) gl x ol Amikacin
Ethionamide(pro-drug) Pyraz:'\ olc Acid (.'Q - Capreomycin
(POA) Peptid (6 Viomycin
T PZase e

Prothionamide(pro-drug) i

Proton Motive Force*
Pyrazinamide(pro-drug)

Figure 14: A diagrammatic illustration osites of action for the available attiberculosis
drugsi®3l

The emergence of MDRB (strains that are resistant to at least isoniazid and ritamjpi!

and XDRTB (strains that are resistant to isoniazid, rifacimpi fluoroquinolones, and at least

one injectable drug like capreomycin, kanamycin, or amikdéinhave threatened the
prospects of achieving worldwide eradication of tuberculosis. However, the current TB
chemotherapy has not become obsolete. In fact, the current TB regimen is still being reported
to be highly effective under strictly regulated prognaes, whose cure rates have been reported

to exceed 90%3! Alongside the development of novel TB drugs, the improvement of the

current TB drugs should be treated with the same vigour and enthusiasm.

1.2.4.1Isoniazid (INH)

Isoniazid is an important firdine bactericidal drug that kills actively proliferating
mycobacteria. It has a minimum inhibitory concentration (MIC) of 0.02 ug'nand also
exhibits activity against other members of the genus mycobacterium shthbasisand M.
kansadil’8] Suffice to say INH has indeed stood the test of time, given that its existence has
been reported as far back as the 195030day, the modern synthetic chemist is furnished
with innumerable ways to fabricate INH, otherwise referred to as isonicotinic acid hydrazine
53. Of the many ways to arrive at INH, the most prevalent ones can be grouped into three major
strategies; one can either start from isonicotinic &6iScheme &), 4-pyridinecarbonitrile57
(Scheme 9), or isonicotinate$8-63 (Scheme20).[78]
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Os_OH o. N
1. cyanuric chloride or PCl5,CCly, 2h, 100 °C, "NH,
| N or COC|2 CH2C|2 _ AN
N/ 2 N2H4-H20 | N/
56 53

Scheme & Synthesis of INHb3 from isonicotinic acidb6.

The conversion of isonicotinic actb to isoniazid53is a facile conversion that involves the
chlorination of the carbonyl functional group to form an acyl halide, which is then reacted with
hydrazine monohydrate to give the desired isonicotinic acid hydrrifgcheme &). Various

chlorinating reagents can bhsedto achieve this transformatidr#!

H
CN © N‘NH2
X 1. MgO, H,O or NaY, H,O N
» -0
N 2. N2H4-H20 N
57 53

Scheme @ Synthesis of INH63 from 4-pyridinecarbonitriles7.

4-Pyridinecarbonitrile57 can be converted to INB3 first by hydrolysis in the presence of

alkaline catalysts such as NaOH or MgO, followed by reaction with hydrazine monohydrate
(Scheme 9).

o N
Ox-R "NH,
N NoH,-H,0 X
| B Novozyme 435 | _
N N
53

58.R= OC,Hs, 59.R=0CHs, 60.R=0C,Hg, 61.R=Im, 62.R=NH,, 63.R=OCOOETt

Scheme0: Synthesis of Isoniazi@3 from isonicotinate $8-63).

The use ofsynthetic zeolites has also been reported to catalyse the hydrolysis of 4
pyridinecarbonitrild?8. Isonicotinates8-63 can be converted to INB3 in the presence of
Novozyme 435, yielding3in moderate to good yields (Scheme 20). Interestingly, this strategy
usesa lipase catalysed hydrazinolysis. The use of biocatalysts in this strategy has encouraged

and inspired some of the work presented in this dissertiion.
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1.3Biocatalysis

Chemical reactions that occum their own accord, without any chemical or physical
intervention are said to be spontane@fisA classic example is the melting of ice into water at
temperatures above zero degrees centigfdd® For many years, it has been established that

the spontaneity of chemical reactions is not a universally intrinsic characteristic; some chemical
reactions must be Od6activatedd to aff &¥d the
This activation can be in the form of applying heat, altering the concentrations of the reacting
species, increasing the pressure if the reacting species are gases, increasing the surface area so
there can be more sites of interaction, and controllingotlemtation of reacting species to

effect good collisions. All of these can be thought ofreseasing the rate of a reaction and

can, in principle, be applied to both spontaneous andspontaneous reactioH8! The
application of these physical techniques has been shown to improve the rate at which reactions
occur, however, it could still be difficult to overcome the energy barrier required for the

formation of a new species, and this is wheatalysisfinds purpose and significantg

Catalysts are substances that lower the energy barrier that must be overcome for a successful
chemical conversion of one substance into andtké Thermodynamically, this energy is
expressed in terms of free energy change. The interaction of the reacting species with the
catalyst forms an activated transition complex, which exists at a significantly lower energy
state, thereby delivering the desiggduct at a fraction of the required energy in the absence

of the catalyst (Fig. 5).[79.81]

The fact that the catalyst can facilitate the transformation without being used up or altered
explains how it is able to catalyse reactions in perpet{fitin principle, there should exist a
system where a reaction could be catalysed indefinitely and unimpeded, since the catalyst
retains its activity and its structural integrity. We now know that such a perfect system would
violate the second law of thermaagmics that deals with entropy, since everything in the
universe tends to disord@P! Practically, a catalyst is subject to structural changes as a

consequence of the conditions it is subject to, and this cascades to its stability and its ability to
retain its activityl®l
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Activation
energy
2 | Activation (Y—=X)
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reactants

Reaction path

Reaction without catalyst
= = = = Reaction with catalyst

Figure 15: A diagram illustrating the mechanism of cataly&i$4!

Catalysis has played a pivotal role in the fabrication of useful compounds, both in academia
and in industry8% Recently, there has been a growing interedtiacatalysis owing to its
advantages such as its high activity under moderate conditions, high specificity,
biodegradability, high turnover numbers and its genezakironmental benignitif®
Biocatalysts are generally sought after for their remarkable propensity of catalysing
stereoselective reactions that afford products with excellent enantiopurity. Moreover, the use
of enzyme catalysis allows for the omission of protection and deproteetiotion steps that

are common in conventionasynthesel®7:88] The benefits of biocatdiic reactions
economically and environmentally, have made them an attractive additionaltool for the modern

synthetic chemist.

Enzymes have shown a remarkable ability to catalyse diverse chemical reactions, the vast
majority of which are very complex to replicate in a laboratory seltfhé\n enzyme, whose
primary protein structure contains 100 amino acid residues would hat\®@ @&sible
permutations. With that said, it is generally presumed that there is an enzyme that is able to
catalyse any chemical reaction known to humankfldndeed, we have now arrived in the

era where chemical reactions can be performed under total enzymatic synthetic conditions;
Huffmanand ceworkersfrom Merck have managed to develop a total enzymatic synthesis of
islatravir, which is an HIV drug. The enzymatic synthesis is devised to make use of five

important enzymatic steps shown in red (Sché)es®l
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Catalyse, HRP ’ OPOH"
97% ee
NH, NHz
N
N >N , 7 N
OPOH" ‘Hopo < | < o IR
o B H \N*F N N F
W O _— o
Z" /0" ppu P PNP ﬁ + F2PO
HO' HO - /OH "’, ’/OH
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GOase - Galactose Oxidase Islatravir SP1

HRP - Horseradish Peroxidase

PanK - Pentothenate Kinase

AcK - Acetate Kinase

DERA- Deoxyribose 5-phosphate Aldolase
PPM - Phosphopentomutase

PNP - Purine Nucleoside Phosphorylase
SP - Sucrose Phosphorylase

. .
51% overall yield Fructose

Glucose-1-phosphate

Schem@1: Total enzymatic synthesis of islatravir.

1.3.1Lipases

Lipases (EC 3.1.1.3) are ester hydrolase enzymes that facilitate the hydrolysis-ctidong

acylglyceides!®0-91] Their popularity in organic synthesis is not only limited to their

environmental friendliness, nor their economic benefits. What makes them a valuable tool in

synthetic chemistry is their remarkable ability to exhibit chenmsieree and regie

selectivityl90-911Secondly, they can be sourced from microorganisms like fungi and bacteria,

which can be genetically modified to produce large quantities of lipases. Thirdly, many of the

lipases known have already been structurally elucidated usirgy Xcrystallographic

techniques, which in turn means scientists are in a better position to understand the modes of

action when lipases are involved.

Lastly, lipases do not require €actors to function and there have been no reports where

lipases catalyse unwanted side reactidisVith that said, it comes as no surprise that lipases

are the most widely used biocatalysts in organic synthetic chemistry, particularly in industry,

where they continue to be exploited in industrial processes that deal with detergents, baking,

paper, ledter processing and hard surface cleatiighe structure of lipases is such that they

contain a lipophilic active site that is protected by a helical oligopeptide unit. The active site is

reported to only open up when it is in close proximity with a hydrophobic subsfahteis

movement of the active site exposes the Hijd substance to an active site that is
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characterized by a triad (serine, histidine, and aspartate) of amino acid residues which are

responsible for much of the catalysis that takes place inside the active site (FRf! 16).

Figure 16: Active site of a lipase enzyme, showing a bound lipophilic substgce.

In synthetic chemistry, lipases are mostly used to catalyse the hydrolysigbokylic acid

esters or the acylation of carboxylic acids and amines in organic soRfeHisMany
researchers have exploited lipases and have furnished interested readers with interesting
findings. Lilieblad and cavorkers have shown the resolution of racemic methyl indole
carboxylate64 using C. antarcticalipase A (Schemé@2).[93] They were able tt-acylate64,
affording enantiopuré5 in an excellent enantiomeric ratio of more than 200 (E>200). They
also discovered that in tldsence of the methyl ester, the acylation proved to be prohibitively

slow %3] The methyl ester could presumably be enhancing the binding interactions at the active

hpase
CO,Me CO.Me * 1COyMe
N acyldonor
H

64 organic solvent

site.

E>200 yield = 50%

Scheme2 EKR of methyl indole2- carboxylate64 achieved by Liljeblad and eworkers
using CAL A lipase.

Sanchez and eworkers have reported a lipase mediated hydrolysis of methyl 1,2,3,4
tetrahydroisoquinolin@-carboxylate65, where they demonstrated that an anibzded lipase

could also be used to hydrolyse methyl esters to the corresponding carboxylic acids (Scheme
23)[941|n this way, they were able to prepare an enagmiiched tetrahydroisoquinoling-
carboxylic acid66 and the now enantiopufb.
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Me ~COsMe
Ilpase buffer COOH + ' 2
NH NH
R-65

66

Scheme23: Hydrolysis of methyl 1,2,3,4etrahydroisoquinolingd-carboxylate 65 animat

based lipase.

lipase,
N CO,Me CO,Me * _COOH

wet organic soIvent
H
66 S-66

yield = 46%, ee = 97.4%

Scheme4: Enzymatic kinetic resolution @6, achieved using Novozyme 435 lipase.

Another lipasemediated hydrolysis of a methyl ester has been demonstrated by Katayama and
coworkers when they hydrolysed tetrahydroquinoline deriva@eusing Novozyme 435
lipase as their preferred biocatalyst (Sch@d)€®] This biocatalytic reaction afforded the now
enantiopure methyl est&-66 with a yield of 46%, enantiomeric excess of 97.4% and
enantiomeric ratio ofreater thari00 (E>100).

1.3.2Nitrile Hydratase

As is already established, the number of enzymes one could obtain by arrangin@iied®0

acids in various permutations is astounding to say the least. The number of enzymes nature is
able to tailor with impeccable precision is endless, and from this list, we have also taken a keen
interest in one class of enzymes called Nitrile HydratdBdHase) Nitrile hydratases are
metalloenzymes that play a key role in the assimilation of niigkring compounds by
microorganism&26] They do this by hydrating the nitrile moiety to the corresponding
carboxamide (Schent5, A).[96.97]

A
NHase
R—=N > R-CONH,
H,O
H,O lAmidase C

2H,0
— > R-CO,H + NHj3
Nitrilase

B

Scheme5: Enzyme catalysed hydration of niteiearing compounds.
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Since the successful application of NHase in conversion of acrylorégite acrylamide69
(Scheme26)[°8] on an industrial scale, there has been a growing interest in the use NHase,

particularly in hydration of various nitrilbearing compound§/]

Nitrile hydratase

ZCN * H,0 /\mNH2
68 O 69

Scheme6: Industrial production of acrylamide from acrylonitrile using biocatalysis.

NHases are water soluble metalloenzymes that contain-beroa Fe (I11) or a nerorrin Co

(1) ion at the enzyme catalytic site. Both the Co NHase and the Fe NHase have been shown
to exhibit an aptitude for hydrating aliphatic nitrile compounds, howe&verNHases have

been shown to possess an additional advantage of hydrating aromatic nitrile combunds.
NHases are usually isolated from their parent wholeRletidococcus rhodochrouH, in an
attempt to control the hydration since there are three enzymes that are involved in nitrile
hydrolysis found within cell€®] Nitrile-bearing compounds can be hydrolysed in a-step
fashion by NHases using one water molecule to afford the corresponding amide, which is then
followed by another hydrolysis reaction faciltated by amidases, again using one water
molecule, yielding the cagsponding carboxylic acid and ammonia (Sche&BeA + C).
Nitrilases on the other hand, can hydrolyse nitriles in one step using 2 water molecules
affording the expected carboxylic acid together with an ammonia molecule (S@aeBE

[96]

It is important to note that the hydrolysis of nitlearing compounds using conventional
synthetic chemistry is a facile reaction. Nitriles can be converted to their carboxamide
analogues using the classic acid or base catalysed hydrolysis method.

N HpO i i
R ~ R”OH

nitrile hydratase R™ "NH,

Acid/ Base conversion
Scheme27: Acid/base catalysed hydrolysis of nitriles contrasted with NHase catalysed
hydrolysis.
However, the gravitation towards biocatalysis, particularly useof NHase enzymes stems

from the fact that it is difficult to control the reaction under acid/base conditions since nitriles
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easily convert to the carboxylic acid, which becomes a problem if the desired product is the
carboxamide (Schent?).1% Because Nitrile hydratases can be isolated from their whole cell

parent and have demonstrated a remarkable ability to hydrate nitriles only to the amide
derivative under much milder conditions, they have easily become the catalyst of choice for

the hydrolsis of nitrilebearing compounds to amides.

1.4Project aims and objectives

The continued prevalence and persistence of schistosomiasis and tuberculosis has necessitated
a continual effort to wage a war against these ailments, through the design of new
chemotherapieand the improvement of the methods for the preparation of existiag As

already discussed thus far, existing methods have been reported to make use of toxic starting
materials and harsh reaction conditiffsand the vast majority of the methods, if not all,
produce PZQ as a racemate, where one isomer is asdomitiheside effects and contributes

to patient norcompliancd3® The same can be said about isoniazid, whose method of synthesis
industrially, remains largely reliant on classical alkali and alkaline metal catalysts such as
NaOH or MgO atelevated temperaturesendering the synthetic methddzardousenergy
intensive and expensiV&?]

The aim of this studwasto develop greener routes towards the efficient synthesis of existing
antttubercular and anschistosomal compound®/ith the useof biocatalysts, théroader
research is anticipated to reveal methods of obtaining enantiopure praziquantel (PZQ) and a
new biocatalytic route of obtaining isoniazid (INH). To achieve the said goals, it is necessary
to synthesize PZQ and INH intermediates that are amenable to dipdseitrile hydratase

enzyme reactionsespectively.

1.4.1Planned syntheticapproaches PZQ intermediate

Based on the literature discussed in sectioB.1 on the use of lipases for chemical
transformations, it isinderstood that the substratemenable to lipase reactiom® usually
estersamines,and carboxylic acids. Depending on the conditions, the transformations under
the influence of lipases would then be tailored to form esters, carboxylic aodgs,and
amides intheirenantiopure form, as shown3theme 22, 23, and24. The approach taken in
choosing the best way preparethe desired intermediat@ss informed by the importance of
having functional groups that were compativiéh lipase chemistry. Itis the inclusion of these
functional groups that dictated the type of intermediates that oughtpi@pared
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What followed nexinvolved retrosynthesiofPZQ (1), in pursuit of identifying intermediates
that would @ amenable to enzyme resolutidillLooking at the retrosynthetic scheme
presentedn Scheme 8, we found that the beptace to start fromvas the isoquinoline core
particularly alkyl1,2,3,4tetrahydroisoquinolind-carboxylats 71 and72. Thesecompound
contain two functional groups that are amenable to lipase enzyme reaatidribeprospects
of success have been demonstrated by Samttz?4 and Katayamat all®5] when they used

lipases for the resolution of closely relatedquinoline 65 andquinoline 66 scaffoldsshown
in Schemes 23 and 24

(0]
cl— )K/Cl NH
Cl

NH,
(R)-chi\o ﬂ 33
2

07 OR O™ OR 07 “NH
70

R=Me 71, Et 72 R= Me R-T1, Et R-72

Scheme & Retrosyntheti@nalysis of praziquantel (PZQ).

1.4.1.1First synthetic strategy

Theidea behind the first strategy was centred around finding a reaction protocolotiidt
lead tofewerreactionsteps, less wast@jild conditions andillowed for ease of setp. The
Ugi multicomponent reactiofit sthe reactionprofile thatwassought after, particularly for the

facile synthesis of tetrahydroisoquinoline scaffsl

Generally, the reaction requirescombination of four reactants in one pot, dissolved in a
solvent, and stirred at ambient temperature overnight. It is possible to reduce the reaction to
three reactants; effectively, if the iminepge-generated, it represents two components in one,
and this makes it possible to achieve the Ugi reaction using only three components. What would
follow next would be the extraction and purification using chromatographic techniques. In this
strategy, two UgMCR reactions wuld be setup. The first one wuld comprise of a one pot
reaction between tetrahydroisoquinolid®, benzoic acid’3, and cyclohexyl isocyanidé4a

The second one ould be set up under the same conditions, only that the isocyanide source
will be tert-butyl isocyanider4b. Following the successful synthesis of the Ugi prodid6ts

b, a hydrolysis reaction giving tetrahydroisoquinoliiearboxylic acid 77 would be
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necessary, followed by an esterification reaction to obtain the desired racemic ester analogues
71and72(Scheme 29).

PhCO,H
73

i esterification
. . N R hydrolysis NH———
NH _— \ﬂ/ - = NH
49 R'NC 5 B R3
HO YO0 >0 o
77

R4= CyHex 74a, tBu 74b RHN" N0

R1= CyHex 76a, tBu 76b R3= Me 71. Et 72

75

Scheme 2%Envisaged first syn#tic strategyor accessingetrahydroisoquinolines

1.4.1.2Secondand third synthetic strategy

The conception of the second and third synthetic strategies required careful consideration of
othermethods that could be exploited to fabricate PZQ intermediates. The answers came from
disassembling the structure in question in various positions and trying to pok itdagether

again usingretrosynthetic techniquedJsing this technique on the PZQ intermediate has
presented some interesting insight; a closer look at the retrosynthetic scheme shown below
(Scheme30), reveals that another method of arriviagjthe said intermediaserl, and 72

involves the hydrogenatiasf a commercially available isoquoline-1-carboxylic acid78 to
the partially saturated analogidé

X
NH NH N
R
00 HO™ Y0 HO Y0
R=Me 71, Et 72 77 Isoquinoline-1-carboxylic acid 78

Schem&0: Retiosynthesis of PZQ intermediate.

For this transformation, two variations are possible. One is to begin with the partial
hydrogenatiorof isoquinolinel-carboxylic acid78, followed byan esterification reaction of

the resulting zwitteriorY7. The second variariegins with the esterification of isoquinoline
1-carboxylic acid, followed by hydrogenatiom the esterifieccompound
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1.4.1.3Fourth strategy

With the use of the Bischleif Napieralski reaction, it is possible to access
tetrahydroisoquinoline scaffoldsising commercially available starting materials. The
following reactiors would be set upto produce 3,4 dihydroisoquinoline detives 82a-c,
which  would be partially hydrogenatedand denethylated to unlock hydroxy
tetrahydrosioquinolinearboxylates84ac. This alternative route may prove to be beneficial
because it may circumvent the need of the esterification reactions describedimst three
strategiesPhenethylamine analogu&9a-c would be reacted witldiethyl oxalate80to yield
corresponding phenethyl amidéerivatives 8la-c. The rationale behind choosing
phenethylamines with methoxy groupss informed by the evidence from literature that
suggeststhat the cyclisation reaction occurs more readily when there are electron rich
substituents on the rid&’! These resulting compoundsould then be subjected to &hler
Napieralski reaction conditions to affo8@ac, followed by a partial hydrogenation reaction

to give 83ac. Finally, to see what effects a hydroxy functional groupuld have on the
behaviour of the tetrahydroisoquinoline scaffolds when subjected to lipase enzymes, a
demethylation reaction to yield the intermedia&$ac, which are effectively hydroxy

analogues of the desired intermediaPewould be attempted.

0]

RZ .
O
@) R1—'\ O R1—'\
N R2= Me 80a, Et 80b_ L HN%O/\ PoCl; ~ U _J__N
0

R'I_'
|
P NH, or PClg
R'= 3-OMe 79a, R'= 3-OMe 81a, 1 0" "0
3,4-OMe 79b, 4-OMe 79c 3,4-OMe 81b, 4-OMe 81c R'=3-OMe 82a,
3,4-OMe 82b, 4-OMe 82c
R‘l_' N R1_' N
He T AN LA _NH
Pd/C
R'= 3-OMe 83a, R'= 3-OH 84a,
3,4-OMe 83b, 4-OMe 83c 3,4-OH 84b, 4-OH 84c

Schem@1: Bichler- Napieralskireactionusedin the fourth synthetic strategy.

1.4.2Biocatalytic synthesis of isoniazid.
As already mentioned, isoniazid ptap pivotal role in the control and eradication of
tuberculosis from its human ho3he use of enzymes for the synthesis of INH has not been

well covered in literature, particularly the use of nitrile hydratase as an enzyme of choice. There
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is adequate literature precedent on the use of nitrile hydratase for the hydrolysis of cyanide

bearing compounds to their corresponding amideg’!

H
(@] NH, (@) N
CN NH,
| N NHase | ) NaHy-H,0 | X
_— _— —_—
57 62 53

Schem&2: Proposed biocatalyic synthetisis of Isoniaz&i

Because 4yanopyriddinég7 can be used as an INH starting material and it contains a cyanide
group, we hypothesigethat it could be amenable to nitrile hydratase hydrolysis. Therefore,
the proposed reaction is detailed in Scheme 32, where nitrile hydradagehydrolyse the
cyanide group ob7 to its amide analogué2, followed by the use of hydrazine hydrate to
obtain INH53.
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Chapter 2: Results and discussion

The project was aimed at developing green routes for the efficient synthesis of known anti
schistosomal and artB compounds. As such, it was envisaged thiatbody of worlkshould

reveal methods of preparing isoniazid (INH) and enantiopure praziquaZ@) using

enzyme catalysis as a key step. To achieve the said goals, it was necessary to synthesize PZQ
and INH intermediateShe intermediate synthesis was of vital importance since it formed the
basis of the biocatalysis performed in this project Will be shown herein, the PZQ
intermediates were subjected to lipase enzymes. The choice of the enzyme class used was based
on the versatility of lipase enzymes and what has been repottegliierature. The same logic

was adopted for the INH intermediate when choosing the enzyme class to utilize for this
synthesis.

2.1 Towards the synthesis of PZQ

As previously mentioned in sectidm.], the synthesis of enantiopure PZQ was designed and
constructed such that it incorporated enzyme catalysis, which will play a pivotal role in
selectively hydrolysing and/or acylating one enantiomer over the other. However, the synthesis
of the intermediateprecedes the enzyme reactions. The required intermediates were accessed

using the synthetic strategies discussed below.

2.1.1 First synthetic strategy

Various synthetic strategies were applied towards s$hathesis of alkyl 1,2,3;4
tetrahydroisoquinolind-carboxylate intermediaté&l and72 for the final synthesis of thie-
enantiomer of praziquantelhe strategies chosen were those that made use of synthetic
protocols that were as green as possible, to align with the overall aim of the project. The first
practical choice adopted was drawn from the multicomponent reactions. The overwhelming
interest INMCRSs stretches beyond the fact that their reactéazasgenerally green; the interest

also stems from the importance of the synthesized products, which have been shown to exhibit
bio-active properties such as ahtcterial, antioxidant, antnicrobial, antiHIV, and anti
inflammatory activiles[9211t is for these reasons that MCRs were chosen and these reactions

have become a vital tool in the arsenal of the organic chemist.

This type of reaction finds precedent Mgouansavantet al. [193] when they prepared
tetrahydroisoquinoline carboxamidé8ab using benzoic acid3, tetrahydroisoquinolind9,

and isocyanide¥4ab. As mentioned in sectiod.4.1.1,to reduce the reaction to three

50



components, an imine would be required, and in this inst&g@jansavanh and -aeorkers

cleverly formed the imin&5in-situ usingiodoxybenzoic aci®6, as shown irscheme 33

CO,H
e I @
HN/\O
R'= cHex 74a, tBu 74b
R'= ¢cHex 76a, tBu 76b
@

75

O H

Scheme 330nepot Ugi reaction via oxidation of cyclic amine reported by Ngouansastinh
al. (103l

Notable from the mechanistic studies of the 4GR and Ngouansavanh and e@or ker s 0
work, is the revelation that the reaction goes through an imine intermediate, as shown in
Scheme 10 (Section 1.1.8.and Scheme 33 With this insight, it was envisaged that it should

be possible to obtaithe tetrahydroisoquinolineBom an imine a carboxylic acigd andan
iIsocyanide in a-8omponent Ugi reactiofhis important piece of mechanistic knowledge has
alsoinspired ways to further optimesthe UgiMCR via anin-situ oxidation of cyclic amines

to form the corresponding imines using mild oxiddHt3.Equipped with this knowledge, now

one is presented with two feasible routes towards the formation of Ugi products. The
importance of understanding how the Ugi reaction works, and the conditions thereof, finds
relevance in this project in that tetrahydamgjginolines form a class of compounds that can be
prepared using the Ugi protocol. This means tisit)gthe Ugi reaction, we would be able to
access tetrahydroisoquinolin@éab from reagentg19, 73, and74ab shown in Scheme 29

(Section 1.4.1.1), whichre typical Ugi starting materials.

During the course of this research, we have learned that to readily access the Ugi products that
are of interest to us, we needed to-fmen the imine75. The amine49 starting material for

this transformation was available in our labs, and therefore we required an oXis&ohoice

of the oxidant used was informed bigouansavantet al. when they reported the use of
iodoxybenzoic acid (IBX)86 as a mild oxidant for then-situ oxidative Ugiype

multicomponent reactiori&?3!
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Prior to the UgiMCR setupthe IBX86was prepared by slowly adding potassium bromate to
a rigorously stirred solution of-®dobenzoic acid5 in sulfuric acid (Scheme 3#4£4Upon
completion of the reaction, the prod@&recovered was a white crystalline compound in 65%
yield. The white crystalline solid86 was characterized usingH NMR spectroscopy. The
analysis of théH NMR spectrum of the synthesized |B&showedour peaks in the aromatic
region between 8.18.82 ppm, integrating for a total of 4 protons with typical aromatic

coupling constants of-8 Hz, which was expected since IBX has 4 aromatic protons.

| o) OH
KBrO3 O\\l’
OH "H,S0, 65% @o
85 86 O

Scheme 34o0doxybenzoic acid synthesis conditions.

Thel3C NMR spectrum had 7 signals, 6 of which were of aromatic natamgjngfrom 147.0
ppm to 125.5 ppm. The signal at 168.0 ppm was that of the carbonyl carbon. Similar NMR
spectra were obtained by Falé$ al.l19 when they synthesise®b; their aromatictH signals
rangedfrom 8.15 to 7.84 ppm. Their carbon spectrum had 6 aromatic sigmgjag from

146.6 to 125.0 ppm and the carbonyl signal appeared at 167.5 ppm. These spectral similarities
confirmed the successful synthesis86f

[104]Following the successful synthesis of IBX, the first one pot Ugliype reaction was set

up. The choice of starting materials for the synthesis of the Ugi products finds precedent in
Ngouansavanh and eworkers when they synthesized a series of carboxamides, incliééng
and76bin quantitative yields using iodoxybenzoic a8l tetrahydroisoquinolind9,benzoic

acid 73 and either cyclohexyl isocyanid&a or tert-butyl isocyanide74bin THF (Scheme
33).11031 The successful formation of the carboxamides meant they were able to perform the
oxidation of49to 75in situ and it was from this success that the project drew inspiration to

synthesize the first class of tetrahydroisoquinoline derivatives.

The Ugi reaction conditions were replicated using the same set of reagents as reported by
Ngouansavanket al.[193 Two separate reactions were set up ugiigxybenzoic acid (IBX)
86 as the amine oxidanthe cyclic amine 1,2,3;tetrahydroisoquinolinel9, benzoic acid’3,

and cyclohexyl isocyanidé4ain one vessel anrt-butyl isocyanide74bin another reaction
vesselto obtain carboxamide&a and 76b respectively
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However, the results obtained did not point to the successful formation of the desired Ugi
products (Scheme53 The 'H NMR spectral data did not match what was expected for the
productssincethe required signals were missinthis meant that the IBX mediated synthesis

of both76aand76bdid not yield the expected results. This could have been a consequence of
the dismal solubility of IBX in DMFMoreover the handling and storage of IBX posed a risk;

IBX is moisture sensitive and explosive under impademperatures above 200.[104]

N
0\\|9|-I ; o)
\ > /\
CO,H @i«o HN™ 0
NC 86 O ©
NH + * R

THF, 60°C, 24 h

49 73
R'= cHex 74a,
R'= tBu 74b - N
0

76a

76b

Scheme 2 Unsuccessful orpot Ugi reaction via oxidation of cyclic amine.

Contrary to whatNgouansavanh and eworkers did the alternative option explored was to
prepare the required iminex situ 1,2Dihydroisoquinoline 75 was obtained through the
oxidation of 1,2,3,4 tetrahydroisoquinoline19 using N-bromosuccinimide (NBSB7 and
sodium hydroxide in dichloromethane, at room temperature for 30 minutes, giving the target

compound over 70% yield (Schem®6).3This method was adopted from &ftialwhen they
prepared75in 92% vyield[105]

5 4 4

4a
7~ NH DeM, it, 73% _N
8 1 1
49 75

Scheme & Oxidation ofacyclic amine to yield the corresponding imine.

Very little knowledge exists in literature as to how exactly NB®xidises the cyclic amine
49. A feasiblepostulation for the formation a5 is that the reaction begins with the homolytic

cleavage of the NBr bond of NBS87, forming a Br radical. The formed radical from the
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succinimide moiety is stabilized through two resonance structures shown in Scheme 37, which

aids in initiating the homolysis of the-BIr bond.

o} 0 o} o}

-~ L] L]
N-Br ——— N" + Br —s fe— [ Y ~— N
/)
o) o) o) 0 o

- X . AN = .
L - | <—>HC - ¢ /\
NH C/NH c =~ _NH A _NH A _NH
H. H.
a0 (H .

Br' |

o 0
N-Br + HBr —>= | NH + Br, —> m/«f\/— _HBr
C~H Br—Br =N
o

]

75 H

Scheme 37Proposed mechanism for tbheidation ofthe cyclic amineo the corresponding
imine 75.

The Br radical goes on to extract l@nzylichydrogen atom in thetposition relative to the N
atom, thereby forming another radical that is stabilized by the tetrahydroisoquinefizene

ring. HBr is formed through the allylic hydrogen extraction, which later reacts with NBS,
forming small amounts of BrThe formed Brextracts the amine hydrogen, thereby forming

a new bond bet we earboh (88, qualifyingitee newty dormedcempalind

as an imine/5. This postulation finds precedeantliterature, particularly in the work of Potter

et all1%lwhen they managed to form tetrahydroquinoline amide substituted phenyl pyrazoles
using NBS as an oxidant. The resulting solution matured to a brown colour, indicating either
the formation othydrdoromic acid or the evolution of bromine gas. TWiassuggestive of the

decomposition oN-bromosuccinimide as the reaction progrdsseform the desired imine.

Looking at the stacked NMR spectra presented below, the starting material,
tetrahydroisoquinolinet9, shown in the redH NMR spectrum had all the typical textbook
aromatic and aliphatic peaks. What was notable was the peak at about 4 ppm (Fig. 30). This
peak integrated for two protons and was a singlet by virtue of having no neighbouring protons.
This peak played a pivotable in giving experimental evidence that supported the theory that

predicted the protons at position 1-{H should be more deshielddthn those at position 3
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(H-3), even though they are both in tbigosition relative to the nitrogen atom. Protons with
increased electron density tend to be more shielded, appearing upfield. The opposite is true for
deshielded protons, as they tend to appear downfield.
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Figure 30 Stacked'H NMR spectra of cyclic amind9below and the corresponding imiriB
above.

The deshielding effect observed for the protons-atr€lative to G3 was a consequence of C

1 protons being nestled between two electnothdrawing groups, namely the nitrogen atom

and the phenyl ringAdditionally, the resulting radical at positidnis at a benzylic position,

which is afforded additional stability through delocalisation of the electron cloatgethe

phenyl ring It is this hydrogen at & thatgets pulled from the amind9 by the Br radicako

form the imine75. The'H NMR peakappeang at about 4 ppm was also ugedrack changes

in the oxidation reaction since it should disappear on conversion to the imire sepdaced

by a far more deshielded proton peak, signalling an imine proton that usually appears in the
region of aldehyde proton signals. Indeed, the expected signal was observed at about 8.2 ppm
(H-1), thus representing the successful formation of the desired #aiskown in the bluéH

NMR spectrum (Fig. 30). Lastly, the imiregnal from thel3C NMR spectrum appeared a
160.4 ppm.The NMR data discussed here shared similarities to that reported by Glesm

et all107]: the proton peak at 8.28 ppm shown in the red spectrum in Fig. 30 corresponded to
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their peak that appeared at 8.34 ppm. The imine signal from'#aeiMR spectrum appeared
at 160.5 ppmFrom the IR spectrum, the imine (C=N) IR stretch appeared at&625thus
confirming the successful formation of imirr.

Following the successful oxidation of tetrahydroisoquinofi8¢o 1,2 dihydroisoquinolin&5,

this compound was reacted togetherwith benzoic #&ahd either cyclohexyl isocyanidda

or tertbutyl isocyanide74b in methanol at room temperature overnight! yielding
carboxamide76a and 76b in 78% and 83% vyield, respectively (Scheme 38). The two
carboxamides were characterized using NMR anspiéttroscopyNMR analyses of both6a

and 76b point to the successful formation of the desired carboxamidestetiibutyl
carboxamide76b 'H NMR spectrum had a characteristic peak at 1.39 @ppearingas a
singlet and integrating for nine protons, which was expected since the 3 methyl groups of the
tertbutyl moiety are in the same chemical environment

NCr———
O 78% N
0 76a

74a HN/\O

Ph-COOH, 73
N MeOH, rt
7 NC
75 4\

e N
O

The 13C NMR spectrum had the expected two new carbonyl carbon signals at 171.5 ppm and

Scheme 38Successful Ugi reaction.

169.5 ppmassigned to thievo amide functional groups. Another notable signal fromtehte
butyl carboxamide7Z6b was thelH NMR singlet signal at 5.96 ppm, which is theoton
attached to the stereogenic cenffhis spectrumreplaced the imine proto(Fig. 30, blue
spectrum signal 7), whicbonfirmedtheformationof a new species or rather a new covalent
bond between the isocyanide moiety and the isoquinoline core.

From the IR spectrum, the amide-tN stretch was found at 332hr!, which substantiated
the successful grafting eért-butyl isocyanide/4b onto the imine 3,4lihydroisoquinoliners.
Similar NMR signals were observed from the work reported by NgouansataiHo3l; the

56



signals at 1.39 ppm corresponding totdrebutyl moiety corresponded to theirs that appeared

at 1.38 ppm. Their proton attached to the stereogenic centre appeared at 5.97 ppm and their
carbonyl carbon signals appeared at 171.4 and 169.5 ppm.

The cyclohexyl carboxamidé6aH NMR spectrum also had a characterigignal at 6.01

ppm, which suggested that the imine had been consumed to form the desired carboxamide. The
aliphatic region contained distorted signals, and this was attributed to the fact that the cyclic
alkyl protons are rotationally restricted, therefore posed at axial and equatorial positions
(Scheme 39), appearing in the range betweed .1 pm.What was also observed is that the
axial and equatorial positions were effecljyvalifferent chemical environments, which
ultimately gave each rotationally restricted proton their own chemical sigH&lsThis
observation was confirmed with Heteronuclear Single Quantum Coherence (HSQC) which is
a 2dimensional NMR technique that is used to determine the correlation between-carbon
proton single bonds. Looking at the HSQC spectrum shown in Fig. 31, palyicalthe range
between 2.00 ppm and 1.15 ppm, there weredyetohexyl proton signalgat 1.92 and 1.25
ppm)that shared one cyclohexyl carbon sigate32.9 ppmOrdinarily, these two proton nuclei
would appear as ontH NMR signal correspondingo onel3C NMR signal, however, the

rotational restriction causes each proton nucleus to have its own unique chemical environment.

Cﬁ?}@H jgj@ @39 Q‘z b

HT h
L H H _

Scheme 3%ossible structural conformations of cyclohexyl carboxarigia

The two aliphatic protorsignals 9 and 10 shown in Scheme 3®%ere shifted by 2 ppm
downfield, appearing 2-8.8ppm, and this was a consequence of the neighbotyelig amide
functional groupand the phenyl ring pulling the electron density away from aliphatic sites.
What was also observed was the new amide carbon signals at 171.8 ppm and 169.5 ppm. The
IR frequencies generated froffahad the expected amide4) stretch of 3292n1?, and the
carbonyl (C=0) stretch of 1650,

The dataunder discussion here shared similarities to that discussed by Ngouagtsal&ish
their'H NMR cyclohexyl peaks appeared between 4.22 ppm. Their proton attached to the
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stereogenic centre appeared at 6.01 ppm and their carbonyl carbon signals appeared at 172.2
and 169.2 ppm.
K(M)Z-5(3).34.ser — kabelo K(M)Z-5(4) 1H, 13C,Cosy,HSQC CDCI3 20/08/2020 300K MLB — ugi w/o in situ oxidation after flash CC, increased conc — HSQCETGP CDCI3 {C:\Bruker\Tc
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Figure 31 The aliphatic range of the HSQC spectrunt6&

The preparation of the PZQ intermediate using the preceding synthetic strategy required the
hydrolysis of thecarboxamides formed from the Ugi reactidrhe hydrolysis would then
cleave both amides generated from the carboxylic acid and the isocyanide moieties. This meant
that the resulting fragments of the hydrolysis reaction should be stable enough to exist on their
own, thusincreasing the likelihood asuccessful hydrolysis. Itis this realization that informed

the type of isocyanides and alcohol used. The hydrolysis of amides under acid conditions
results in carboxylic acids and ammonium/amine salts (ScHEYE°! The ease of hydrolysis

is dependent on the type of amines and carboxylic acids that results from the hydrolysis; the
more stable they are the more likely the hydrolysis will favour the forward reaction. This means
that acids with additional stability e#h from mesomeric or inductive electronic factors will
favour the forward reaction of hydrolysis. The same can be said about the resulting amines;
those that possess additional stability by virtue of being conjoined to functional groups that
offer chemicalstability such as alkyl groups or unsaturated carbons with delocalisable electrons

will favour the forward reaction of hydrolydi€?!
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Scheme 404ydrolysis of 2 amide bonds from an W carboxamide

With this in mind, it becomes intuitive that when one sets up an Ugi reaction, one would
synthesize Ugi adductswithisocyanides and acids whose hydrolysis leads to stable amines and
acids upon cleavage with water. In theory, amines with 3 alkyl groups should have the best
stability, followed by 2 alkyl groups, then 1 alkyl group. Similalirinsaturated acids would

be afforded more stability through conjugation when contrastedUkatkylated acids which

would only be stabilised inductively. This was tagonale for choosing cyclohexyl isocyanide
744, tert-butyl isocyanide74b and benzoic acid3 as Ugi starting materials.

10% HCI 10% HCI
—_— % -«
N reflux, 24 h NH reflux, 24 h, 57% N
o)
Ao © o o o

HN H HIN

76a 77 76b

Scheme 414ydrolysis of Ugi productZ6aand 76b.

The hydrolysis reaction of the Ugi product$a and 76b was attempted using 10%
hydrochloric acid under reflux for 24 hours (Schemel¥£)1H and3C NMR analygsof the
hydrolysis reaction products revealed that onlytémebutyl carboxamid& 6b hydrolysed to

the correspondindl,2,3,4tetrahydroisoquinolind-carboxylic acid77, in 57% conversion.
The IH NMR spectrum contained 4 aromatic signalegingfrom 7.38 ppm to 7.15 ppm. The

2 CHg signals appeared at 3828 ppm and 2.95 ppm integrating for 2 protons each. Because
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the spectrum was run in2D, the OH proton most likely exchanged with deuterium hence it
did not appear in the spectrum. TRE NMR spectrum had 6 aromatic carbon signals between
131.7126.9 ppm and the carbonyl peak appeared at 171.9 plpenwork published by
Schusteret alll%8] on the synthesis of ,4,3,4-tetrahydroisoquinolind-carboxylic acid
derivatives via Ugi reactions formed the basis from which the hydroly3i§adnd76b were
attempted. One of their hydrolysis products that they were able to isolate inGldadtbse

proton and carbon spectra are used in this work for spectral comparison. Upon inspection of
their hydrolysis product, it was observed that their aromatic protons appeared between 7.28
7.55 ppm. The 2CH: appeared at 3.10 ppm and 3366 ppm integrating for two protons
each. The eason for the slight variations relative to what was obtained#evas that they
isolated the compounasa hydrochloride salt. ThEC NMR spectrum had 6 aromatic signals
between 132-226.6 ppm which share close similarity to those obtained frdmTheir
carbonyl peak appeared at 170.7 ppm while th@7efasat171.9 ppm This slight difference

Is also attributed to the natupsé 77 since it was not isolated as a hydrochloride salt.

+H20
NCOPh < = = NCOPh
-H20 OH
H o >NH +
LN o-H HO™ “NH,
R |_/| R

Where R= tert-butyl or CyHex

Scheme 42vlechanistic insight into the hydrolysis of Ugiactionproducts

The preferential hydrolysis of thert-butylcarboxamide/6b overcyclohexylcarboxamid&6a

under the sameet ofconditions can be rationalized by looking at the relative stability of the
ammonium ions that are formed during the hydrolysis (Scheme 42). Alkyl groups are known
to be electron donatifét0lthus, thetert-butyl ammonium ion had the added advantage of
being inductively stabilized by 3 methyl groupkose carbon is attached to the nitrogen shown

in redwhilst the cyclohexyl ammonium ion was only inductively stabilized by 2 @#&ups

of the carbon attached to the nitrogen and extending to the cyclohexyl moiety as shown in
Scheme 43.
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Scheme 43 hemical stability of ammonium ions formed during amide hydrolysis.

Following the hydrolysis of theert-butylcarboxamide analogu&hb, we were one step closer

to realising the desired PZQ intermediafdsand 72. The esterification of compound? to

either a methyl ester analogié or ethyl ester analogu& would mean that the compounds
would now be amenable to enzymatic hydrolysis, and so emphasizing the importance of a
successful preparation of the ester analogues.

Theesterification of the now hydrolysed Ugi compoutdvas important for the project, given
that it would later be the subject of enzymatic hydrolysis. The esterification reacti@rmas
previouslybeen demonstrated by Paahl. using thionyl chloridé!11 The reaction is believed
to proceed through an-situ formation of hydrochloric acid from thionyl chloride and ethanol,
which then catalyses the formation of the estershown in Scheme 44. In our hands the

reaction was successful, however the yields were disappointingly low, only reaching a
maximum of 17% (Scheme 45).
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Scheme 44Reaction mechanism for the esterification/af

61



SOCl,, EtOH

NH

|
P
T

17%
HO™ 0 00
77 72

Scheme 45Esterification of acid’7 using thionyl chloride in ethanol

The low yields recovered from the esterification reaction presented an impediment to the
progress of the project. It is unclear what could have contributed to the diminished vyield;
however, the only explanation was that there could have been side reabtbngere in
competition with the desired reaction. Possible side reactions that could have taken place
include the decomposition of thionyl chloride in the presence of wAtertlje reaction of
thionyl chloride with the cyclic amine instead of the cagdic acid B), or thein-situ

hydrolysis of the newly formed est&) (Scheme 46).
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Scheme 46Possible side reactions that are in competition with the desired esterification

reaction.

A close inspection of the side reactions hypothesized in Scheme 46 revealed that the first two
side reactions generate Hi@lsitu. As such, the reaction should have still proceeded since HCI

is a weltkknown acid catalyst for the esterification of carboxylic acids to acid esters; the acid
proton makes OH into a better leaving grédgl However the yield generated from all
attempts did not exceed 17%. THd NMR spectrum of72 contained 4 aromatic protons

between 7.3¢.10 ppm and the 2 Gisignals appeared between 3301 ppm and 2.90.72
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ppm each integrating for 2 protons. The two signals that prove the successful synthesis of the
ester are the two signals at 4214 ppm and 1.30 ppm representing the2@hd CH
respectively, of the ethyl ester moiety. The amine peak appeared as a singlet at 2.14 ppm. The
13C NMR spectrum had six aromatic proton signals between 11Z%%B ppm. The ethyl
moiety was represented by two carbon signals at 40.9 ppm fpa@dH14.20 for Ckl The
carbonyl signal appeared at 173.1 ppm. For comparative purpeiesnce to Forret al[11l
provided spectral data @2 since it also formed part of their study. Th&it NMR spectrum
contained 4 aromatic signals between 7/3BLppm which were very similar to those obtained

for 72. The ester Chlappeared between 1:2831ppm and the Ctat 4.244.19 ppm which

were also very similar to those 2. Lastly, their amine peak appeared at2® ppm and the

value obtained for2fell within thisrange

An alternative explanation for the low yietduld be attributed to the zwitterionic nature of the
compound to be esterified. Tetrahydroisoquinoline carboxylic @Zithas a free base and
carboxylic acid. This means that in acidic media, the amine would be protonated (Scheme 47).
To make things worse, the carbonyl oxygen is weakly basic when contrasted with the free
basel191 This means the protons are predominantly drawn to the nitrogen atom more than they
are attracted by the carbonyl oxygé€mce the amine is protonated, it prevents the protonation
of the oxygen, owing to the proximity of two positive charges that would result, thus existing
in the same vicinity and dstabilising the resulting compound. When the amine is protonated
the carbonyl carbon does not get activated enough for the nucleophilic attack by the alcohol.
This action impedes the esterification reactisriteere is a competition for the acidic protons.
+H* .
NH *—T NH,

HO"_-O HO™ ~O
77

Scheme 47Competition for acidic proton between free base and carbonyl carbon.

This synthetic strategwasa convenient strategy in that the chemistry has been around for
some time, as such it has been sufficiently studied and is well understood. This has made it
possible to manipulate and optimize the conditions. One example was the important migration
from using IBXin-situ to using NBSexsitu, which gave the desired outcome. What was most
important was that the chemistry wetk reproducibly. However, the major concern was that

the reactiorwasnot atom economical; the nature of the Ugi reaction is sudttheaesulting

compound combines 3 or 4 reactants into one molecule, and any subsequent reaction that seeks
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to break the newly formed bonds underrsitiee whole point of forming these new bonds in

the first place. Moreover, the hydrolysed Ugi product bore a free amine and an acid, giving
problems associated with transforming zwitterionic species.

2.1.2 Second synthetic strategy

The elegance of synthetic chemistry finds expression in arriving at a desired chemical structure
using variousstrategies What keeps organic chemists glued to chemical structures is the
endless possibilities anchultiple chemical conditions that can be exploited to arrive at a
particular chemical scaffold. As such, it is always important to go back and examine the
chemical scaffolds one may be working on, in the hope of discovering new ways of altering
them towards the d&ed scaffold. The first strategphowed promise and achievability, albeit

in low yields and poor atom economy. €cumvent the problems encountered in the first
strategy, a second strategyas devised such that it should improve atom economy and

chemical yield.

Significant advances made on the hydrogenation of isoquinolines have been minute, however,
brilliant examples do exist. In fact, the hydrogenation of isoquinolines is a subject explored
mostly in patents and has very little prevalence in egmnce litereure. What makes the
hydrogenation of isoquinolines even more difficult is chirality that is introduced when the
pyridine moiety bearing substituents is hydrogenated. Thus, it became important to control the
stereochemistry of the resulting tetrahydro waive. Currently, the asymmetric
hydrogenation of isoquinolines reported by Ztebal.is the only such example that exig#él

They discovered that the addition of chloroformates as activating reagents allowed for the

partial hydrolysis of quinolines and isoquinolines using an Iridium complex catalyst
[Ir(COD)CI]2/ (§-SegPhosL2) (Scheme 48).

R R
N . [IrCl(cod)},)/ (S)-SegPhos X
+ CICO,R 2 >
" _N H,, Li,COj3, LiBF,, THF R' N\COZR"

88 R 89 R

Scheme 4&artial hydrogenation of isoquinoline derivatives using an Iridium complex.

Even though it was effective, it only managed to hydrogenate isoquinoline derigfit@s
their dihydroisoquinoline derivative®9 and required the conditions to be optimized in order

to obtain the tetrahydrmerivatives92 and 93 througha reduction reaction using LiAlHN
THF (Scheme 49}.15]
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Scheme 490ptimization of isoquinoline hydrogenation to achieve tetrahydroisoquinoline
derivatives.

Given the challenges associated with the asymmetric hydrogenation of isoquinoline to
tetrahydroisoquinoline, alternative methods to unlocking the tetrahydro scaffold were sought
and feasible methods were explored in this study. Apart from an asymmetriogbgdtion
reaction that leads to an enarng¢ioriched product, it should be theoretically possible to first
hydrogenate the pyridine moiety of the isoquinoline scafédldo the racemat85 and then

resolve to the respective enantiom@66S) and96(R) shown in Scheme 49.

o H, Cat. Resolution

_N = NH ———————> NH * NH
R R R R

94 95

96(S) 96(R)
Scheme 4%Bymmetric synthesis of tetrahydroisoquinoline derivatives.

Our first attempt towards this transformation involved the use of Pd/C as a catalyst of choice,
as this catalyst is famously known for its universality in hydrogenation rea&ifins.
Isoquinolinel-carboxylic acid78 and 20% Pd/C (wt%) were dissolved in acetic acid and
stirred under 7 bars of hydrogen atmosphateoom temperatur®r 24 hours (Scheme 50).

The resulting mixture was filtered, and the solvent was removed under low pressure. The
resulting solid was analysed By NMR spectroscopy and the spectrum obtained did not match

that of the expected produt¥, instead, it matched that of the starting matefitfl!

=N EtOH, 24 h, 7 bar(H,), rt /ANH
HO S0 HO

78 77

o]

Scheme 50Attempted hydrogenation of isoquinoline carboxylic acg&to 77 using Pd/C.

Looking at the existing literature on the hydrogenation of isoquinoline carboxylic rawid,
literature on the hydrogenation 88using Pd/C was foundinterestingly, nitrogestontaining

compounds have been reported to poison Pd/C, and this may have been the reason why this
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transformation had no precedent in literature and the reaction did not yield the desired

compound77.[115]

The only catalyst in literature, patent literature in particular, that was shown to demonstrate the
ability to effect the transformation in que
catalytic mechanism is largely enigmatic and unexplored. Thepigdye of information about
Adamés catalyst reported in |iterat-llmowa was |
catalyst in question becomes highly dispersible black Pt(0), which presumably provided a
substantially large surface area for the susftgshydrogenation of inert heterocyclic
hydrocarbon&t71 Albeit very little knowledge about Ptbeing reported, the commercially

available catalyst was purchased and tested.

As already mentionedhe choice of O /as the preferred catalyst was based on the difficulty
observed when using Pd/C under the same conditions. Mor¢beez,waso literature on the
hydrogenation of8using Pd/C. On the contrary, the @s® /as the catalyst particularly suited
for this transformation found precedent in literature and patEéatd8120 Several variations

to catalyst load and pressure were attempted in pursuit of improving the yiéldantl are
shown in Table 1 below

Table 1 Variation of reaction conditions tested for the hydrogenatior8ab PZ0Q

AN
2 EtOH, rt /éNH

HO™ ~O HO
78 77

Ent| Ptz wt 9 Reaction|Pressur Yield

intermediate’7.

1 7 20 7 53
2 10 24 7 55
3 66 18 7 61

From the set of conditions illustrated in Table 1, it was evident that thaded catalyst
exhibited a modest ability to catalyse the hydrogenation of isoquinoline carboxyli@&cid
giving the corresponding tetrahydroisoquinoline carboxylic &ith moderate yields. What

was observed was that varying the weight percentage of the catalyst relative to the reagent had

an effect on the percentage vyield, albeit very small. Looking at entry 2, it is evident that
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increasing the catalyst load and reaction time did improve the yield, but only very slightly.
However, there was reason to believe that the optimum catalyst load was ali6gb {@t%)

and this was informed by the fact that even at 66% of catalyst loaggeticentage yield did

not improve in the same proportion (entry 3). The data generated from the hydrogenation
reactions essentially suggested that the optimum time was betwegh H&urs and the
optimum catalyst load should be betweerl596. Previous sidies had shown that acetic acid

was the best solvent for transformations using Pt catdh$t&3l either by dissolving the
surface bound alkali metals, thereby accelerating the hydrogenation reactions or by preventing
the deactivation of the catalyst by the product. It is for this reason that the solvent effects were
not investigated in this sectioBxperimental data that supported the successful syntheérs of

in this section was obtained using NMR spectroscopic techniques; bd#H el 13C NMR

spectra resembled those discussed in the first synthetic strBtegpite all the attempts, only

a maxmum yield of 61% was obtained and the reason for this had been traced back to the

preferentialsolubility of tetrahydoisoquinoline in methanol and water.

During the workup, the hydrogenation produ¢? was separated from the catalyst through
filtration and the acetic acid was removed under reduced pressure. What remained in the round
bottom flask was a beige/ brownish solid material that was triturated in methanol or water and
the solvent removed biyitration to obtain a white solid, which was shown to be the product
using NMRspectroscopitechniques. The methanol or water filtrate was a brown solution that,
when left overnight, evaporated to leave behankight-brown solid. The light brown solid
contained some of the product and impurities when analysed by NMR spectroscopy. This
finding led to the realization that some of the product remained in solution during the trituration
process, as a consequeiésolubility. A solubility test revealed that compourdhad a high
affinity for polar protic solvents like methanol and water, so much that its recovery from the
reaction matrix composed of water or methanol required multiple extractibasH NMR
andysis revealed elaborately resolved peaks with coupling constants consistent with theoretical
expectations; the aliphatic protons7fexperienced rotational restrictions, and so they were
largely equatorial, axial or held pseudaxial and pseudo equatoriahd this was seen in the
coupling patterns, appearing as multiplets rather than triplets since there were only 2
neighbouring protons (Fig. 32). The typical coupling constants between two rotationally

restrictedd @ s 116 Hz foBgeminal protons and&Hz for vicinal protons.
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Figure 32 'H NMR spectrum of tetrahydroisoquinoliecarboxylic acid.

[101] Indeed, two coupling constants for signal 9 of 6.2 Hz and 12.5 Hz were observed, which
are believed to be typical of a vicinal coupling constant between signal 9 and 10 and a geminal
coupling constant between the two signal 9 protons respectively. Tér®mpienon of geminal

and vicinal coupling exhibited by signal 9 manifested itself as two sets of multiplets , as seen
at 3.5 ppm in the proton spectrum shown in Figure 32. The IR frequenciEstypically
included the carbonyl (C=0) stretch at 1606%¢mhe aliphatic (GH) stretches in the range of
29532869 cm! and the alkene (=E&l) stretch at 3057 crh

The esterification o7 was performed using thionyl chloride and ethanol (Schemé!311).
Again, the yield of ester2 obtained was also disappointingly low, reaching a maximum of
17 'H and*3C NMR spectral data fof2 matched that discussed earlier when this compound
was synthesised using the first synthetic strat@tpg possible reason for the low yield has
already beemrovidedin the first synthetic strategy section. An alternative method to esterify
compound/2 usingthe Steglich esterificatiomethod shown in Scheme 52 wadso explored.
Tetrahydroisoquinolind-carboxylic acid77 wasdissolved in dry dichloromethane, followed
by the addition of DMAP and ethanol. The resulting mixture was cooled tafid DCC was
then added and stirred for five minutes. The resulting mixture was allowed to warm to 20
and the reaction mixture was stirred for 3 hdtf¥.The product extracted from the reaction
matrix was analysed using TLC atd NMR spectroscopy and it was found that the product

did not point to the successful formation of the desired &&ter
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SOCl,, EtOH
NH - NH
17%
HO™ X0 0 N0
77 72

Scheme 51Esterification of acidBO using thionyl chloride in ethanol.
1.1 eq DCC, 0.1 eq DMAP

EtOH 4 eq, N
NH = 5ME. 0°cZ=20 °c NH
HO™ YO o

O
77 72

Scheme 52 Attempted Steglich esterification reaction for the synthesis of

tetrahydroisoquinoline carboxylic ester.

X
N Pd/C/H, 7 Bar DCC/DMAP |
oA EtOH
HO o C, 24h, rt 0
78
. L, _S0cCh Iy
- EtOH, 17%
P N
) Pto,/H,, 7 Bar HO™ ~O 0707
N 77 72
“ " HOAGc, 24h, rt, 60%
isoquinoline intermediate
HO™ 0
78

Scheme 53Freparation of PZQ intermediate in 2 reaction steps.

The second synthetic strategy presented advantages of ease of reaction and reproducibility
(Scheme 53). It also provided a much shabeteto get to tetrahydroisoquinoline carboxylic

acid 77 when contrasted with the Ugi reaction. The problem associated with this reaction
involved the extraction of the compound to a quantity that exceeded 60% while achieving good
purity. Another problem was that once the a€ichad been formed, the esterification reaction
conditions were exactly the same as those usetdeodgi hydrolysed compound, therefore the
chances of obtaining a significantly different outcome were very low.

2.1.3 Third synthetic strategy
From the preceding two synthetic strategies, it was clear that esterifying

tetrahydroisoquinolind-carboxylic acid77 wasa challenge Literature offers many examples

69



of the esterification of the-8arboxylic acid moiety:25-126lput not many for the-tarboxylic

acid moiety.As previously mentionedh section2.1.], it was theorised thdahe reason for
problems with the esterification involved the difficulty of esterifying a carboxylic acid moiety
of a molecule that also carried a free base. Again, considering the difficulties encountered in
the last two strategies, it is safe to assumae ¢sterifying a molecule that also bears a free base
was a not an easy feat to achieVkerefore, it was decided to explore methods wherbéabke

was maskedn order to increase the likelihood of the esterification reaclibis method has
precedent, albeit predominantly in patent literattde.

Indeed, it was found that the esterification of acids whose free base moiety had been masked
either in the form of an imine or an amide offered a gateway to the corresponding esters in
moderate to good yield¥8! Instead of beginning with the regioselective hydrogenatiét8of

it could be first esterified, followed by the hydrogenation of the pyridine rir§y &b yield the
muchanticipated estef2 (Scheme 54).

N esterification S hydrogenation
HO Y0 ~0" o N
78 97 72

Scheme 54 Proposed esterification of isoquinoling-carboxlic acid 78, followed by

regioselective hydrogenation 87 to yield 72.

The esterification reaction to obt&@was performed by dissolvinggin absolute ethanol and
adding thionyl chloride dropwise over a period of 5 minutes. The resulting solution was
refluxed for 4 hours, and ethanol was removed by distillation. This was followed by a workup
and purification by column chromatography to obtaster97 in 75% vyield as shown in
Scheme 55281 The successful formation &7 was confirmed by NMR spectroscopy. The
ester contained only two aliphatic signals, one belonging to the methyl signal, at 1.44 ppm and
the CH signal at 4.55 ppm, which were both from the ester moiety. The aromatic signals that
were more downfield were those from the heterocyclic ring since the nitrogen atom has more
polarizing power. Indeed, two aromatic signals at 8.73 and 8.59 ppm, eadhatintefpr one
proton belonging to the pyridine ring were observed. The homocsmeticsignals appeared
more upfield between 7.8265 ppm. Thé3C NMR spectrum had the characteristic carbonyl
carbon peak at about 166.0 ppm and the two aliphatic carbon signals at 62.1 ppm forthe OCH
carbon and 14.34 ppm for the methyl carbon. The data generated froR Was also
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suggestive of the successful formatio®@f The carbonyl (C=0) stretch was identified at 1716
cntl, the alkene (=€H) stretch at 3056 crh and the aliphatic-C-H) stretch at 2928 crh
Platteet all*2°1 were only able to synthesi& in 67% yield, and the NMR spectrum generated
from the compound had peaks that were slightly different from those obtained in this study and
the reason for this is attributed to the fact that they ran their NMR experiments using deuterated
DMSO as their prierred NMR solvent while this project made use of CHCI

Xy SOCl,, EtOH N

_N reflux 4h, 75% _N
/\

HOZg'0 07,0

Scheme 5% sterification of isoquinolind-carboxlic acid96

Nonetheless, the two peaks corresponding to the 2 pyridine protons signals from co@pound
synthesised by Platte and-amrkers appeared at 8.59 ppm and 8.42 ppm whilst ours appeared
at 8.73 and 8.59 ppm. Their phenyl ring proton signals appeared betweah?@®@Q@$pm. The

two signals from the ethyl moiety were 4.48ppm for QCdhd 1.39 ppm for CH In contrast,

we observed signals at 4.58 ppm and 1.51 ppm for £0H CHrespectively. These values

are slightly different because different NMR solventgaevesed to obtain the spectra under
discussion. The same could be said abouf¥8eNMR spectrum obtained by Platte and co
workers: their C=0 carbon signal appeared at 165.8 ppm, whilst ours appeared at 166.0 ppm.
Their ethyl moiety had the carbon peak of the Q@ppearing at 61.0 ppm and for €H

appearing at 13.8 while we observed these signals at 62.1 ppm and 14.3 ppm, respectively.

The successful formation of es@®r prompted us to attempt the regioselective hydrogenation

of this newly formed isoquinoline ester to afford the tetrahydroisoquinoline é2terhe
hydrogenation o®7 was initially carried out by dissolving the ester in ethanol: acetic acid
solution 10:1, followed by the addition of 10 wt% of Pd/C. The resulting solution was
hydrogenated at 1 atm overnight (Scheme 56). NMR analysis of the compound obtained
revealed thethe desired hydrogenation had not taken place, heryvehere was strong NMR
evidence that suggested that the hydrogenation reaction instead took place at the phenyl ring,
leaving the pyridine ring intact and affording undesired comp@@(&cheme 56).
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Scheme 5@Hydrogenation of ethyl isoquinoliriecarboxylate97to 72.

1H and3C NMR analysis of the generated compound from the hydrogenation reaction strongly
suggested the formation 68 thelH NMR spectrum contained two aromatic signals at 8.36
ppm and 7.11ppm, both of which integrated for one proton and appeared as doublets. These
are the pyridine protorst tploe i W i -pasitiom relative o the N atom. What followed

next was the upfield signal appearing at 4.44 ppm as a quartet, integrating for 2 protons and
this signal belonged to the OGHrotons of the ester moietyufher upfield were two signals
appearing at 3.01 ppm and 2.81 ppm, integrating for 2 protons each, representingztwo CH
groups of the cyclohexyl ring conjoined to the pyridine ring. The last twpdigjdals of the
cyclohexyl ring appeared as one signal integrating for 4 protons and appearing as a doublet of
quartets at 1.82 ppm. Finally, the estersSignal appeared as a triplet at 1.43 ppm integrating

for 3 protons. From the'C NMR spectrum, the C=0 signal appeared at 166.7 ppm. All five of
the expectegyridine carbon signals were accounted for and appeared betweerl28814

ppm. The aliphatic region ofie13C NMR spectrum was expected to have 6 signals, and these
were all accounted for; the OGldarbon signal appeared at 61.5 ppm and the 4 signals from
the cyclohexyl moiety appeared between 2815 ppm and lastly the Gisignal appeared at

14.3 ppm.

The work presented by Boget all13% gave credibility to the NMR assignments made3@r

since it was their intention to synthesé® The NMR data found from the work of Boger and
co-workers confirmed that indeed we had unintentionally n&f]jeheir work only presented

IH NMR spectroscopic data, nonetheless the data they presented was enough to make a
comparison to that generated from this work. Two proton signals at 8.35 ppm and 7.09 ppm
integrating for 1 proton each and appearing as doublets were obtained, whichnyarmar

in the NMR spect to what we obtained f@8. At 4.43 ppmappeared a quartet integrating

for 2 protons, which must have been from the ethyl ester moiety, which corresponded to ours
at 4.44 ppm. Between 3.2060 ppm appeared one multiplet signal which integrated for 4
protons of the cyclohexyl moiety whilst olappeared at 3.01 and 2.81 ppm integrating for two
protons each. The remaining 2 €¢toups appeared at 1-8060 ppm whilst ours appeared as

one signal at 1.82 ppm integrating for 4 protons.
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What was attempted next was the use of.Rtxhe catalyst. The pressure was varied between
1-5 bars and catalyst loading was tested betweeRO1@t% in ethanol: acetic acid. The
reaction was stirred for a duration of betwee@44hours. The analysed reaction material
resulting from reactions of varying conditiopsoved to be the starting material. Failure to

obtain compound?2 prompted the use of Rh/C catalyst since there was precedent of its use in
literature, particularly for this transformatid$]

Table 2 Variation of reaction conditions tested for the hydrogenatiddZdabd PZQ
intermediate

- CatH,
=N e oH HOAG NH
~>0"0 N
97 72
Ent 1 Pt2Or Rh/ C |Reaction|Pressui
1 10 4 2
2 20 24 2
3 10 24 4 .5
4 10 24 7

The hydrogenation reaction using the expensive Rh/C catalyst wasetlsp under the same

conditions as Pt@and analytical data did not point to the successful formatiagi2,ahstead,
only the starting material was recovered.

X Xy, 1-5Bar, Hy, PtO,
| N . P/C.Hy 1Bar _N  EtOH:HOAc, 24h NH
EtOH:HOAc, 75%
o~ N0 NAR

o~ o @) Oo” O
98 97 72
RN/C, H, 1-5Bar
EtOH:HOACc, 24h NH
-0 0
72

Scheme 57ailed hydrogenation &7 using Rh/C, Pd/C and PtO
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This strategy offered fewer reaction steps to get to the final intermediate. It also presented the
esterification produc®7in a good yield. It however failed when it came to the hydrogenation
of ethyl isoquinolinel-carboxyliate as shown in Scheme 57. Use of Rh/C or Rirned

only starting material while the use of Pd/C hydrogenated the phenyl ring, thus generating an
unwanted produc®8.

2.1.4 Fourth synthetic strategy

Having triedseveralsynthetic strategies to prepare the desired PZQ intermediate, the progress
made was disappointing, with the successful synthesis of the PZQ interm#&zisdding

only 17% in two of the proposed strategies presentédridl 29strategy). The third strategy

did not offer a practical solution either, instead it presented difficulty in the hydrogenation
reaction step, generating an unwanted product and showing no positive resultghewen
usingexpensive catalysts like rhodium. As a result, the direction of the project veered towards
alternative strategies that have been reported for the synthesis of isoquinoline der@aiives.
interest was piqued by the weltablished class of synthetic chemistry caldmatic

functionalisation chemistryt132]

2.1.4.1 PictetSpengler Reaction

The initial plan was to make use of the Pie$giengler protocol to prepare the isoquinoline
scaffold, which could be further functionalized. Initiallyn&thoxyphenethylamin89 and

glyoxylic acid monohydrat200 were reacted togetherin absolute methanolat5as s h o wn
in Scheme 58and the reaction was allowed to warm to room tempergitéfter 6 hours,

the reaction was analysed by TLC. From the spots that were visualised, there was no
experimental evidence that suggested the formation of the new spétiedn the contrary,

the generated TLC spots bore resemblance to those of the starting materials.

i 0
OH ~
0 Ny
NH
NH, %L,
99 MeOH,5°C 101 XN

Scheme 5&ailed PicteiSpengler cyclisation reaction.

Next, it was envisaged that perhaps converting the methoxy group to the hydroxyl group would
make the phenyl ring a bit more electron rich, thereby increasing the chances of electrophilic
aromatic  substitution. For such a transformation, a demethylation 3ef

methoxyphenethylamin@9 to 3-hydroxyphenethylamind02would be required, as shown in
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Scheme 60. To begin, the demethylation was attempted using boron tribromicg BBr

dichloromethane at78 ( Sc h .48 Thed reaction was allowed to warm to room
temperature and was stirred for the next 20 hours.

_0 BBr;, DCM  HO
_— >
mHz -78°C, 20 h NH,

99 102

Scheme 5Demethylation of 3nethoxyphenethylamine tel8/droxyphenethylamine.

The 'H NMR analysis of the reaction product suggested a successful demethylatidhl The
NMR spectrum had two aromatic signals at 7.18 ppm and 6.74 ppm for one proton and three
protons respectively. The ethyl moiety appeared as two distinct signals appearing as triplets,
each integrating for two protons at 3.18 ppm and 2.91 ppm respgctiled acidic protons

from the hydroxide and the amine functional groups did not appear in the spectrum due to
proton exchange with the deuterium enriched deuterated metiistidkolvent. The spectrum

in question was devoid of the methoxy group, which pointed to the successful demethylation
of 99. Despite attempts at acquiring tH€ NMR spectrum, the acquisition of th&C NMR
spectrum became a challenge given the small size of the sample collected. FramriNRtR
spectrum, it became clear that the product could be successfully demethylated, however, the
isolation of the product presented with challenges of separating it from the boronic salts and
adducts that were formed g the reaction. Zhaet al*3>!have demonstrated the synthesis

of 102in 99%by refluxing99in 48% HBr for 12 hours, followed by cooling and concentrating

in vacuo.The!H NMR spectrum they generated looked identical to that obtainedfarsing

BBrz as the reagent. Their aromatic signals appeared at 7.15 ppm anr@.®74pm,
integrating for one proton and three protons respectively. The two proton peaks from the ethyl
moiety were reported to appear at 3.16 ppm and 2.89 ppm, both appearing &sangle
integrating for two protas each. ThéH NMR provided by Zhao and ewmorkers proves the
successful demethylation 8.

Faced with this challenge of isolatid@2 from the reaction medium, sodium ethyl sulphide
(NaEtS) was then used as an alternative reagent for conversg@tmi02 with the aim of

improving product recovery fro the reaction matrix (Scheme)6tH NMR analysis of a
sample extracted from the reaction mixture did not suggest the formation of the desired product.
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Scheme 60 Attempted demethylation of -@ethoxyphenethylamine to -3
hydroxyphenethylamine.

The final attempt towards the recovery of the newly formégyd@oxyphenethylamind 02
madeuse of a continuous extraction apparatus shown in Figure 33. Effectively, this apparatus
Is designed to extract the desired compound from a reaction matrix whose complexity makes
it difficult to work with using conventional chromatographic techniques.c€ptually, a
solvent in which the desired compound dissolves is chosen and is heated from a round bottom

flask and distilled into the extractor containing the rescthatrix.

ALLIHN CONDENSER

MOD. SIDEARM
/

J

MOD. CROSSOVER
W/O VALVE

Pygex -
i

g ROUND BOTTOM
% FLASK

I EXTRACTOR

Figure 33 Continuous extra@n apparatus.

The apparatus is designed such that it can collect the extractor solvent either from the top if the
extraction solvent is less dense than the reaction solvent matrix or the bottom if the reaction
matrix solvent is less dense than the extraction solvent.th® purpose of this study,
dichloromethane was chosen, owing to its dissolution prowess, particularly towards polar
organic compounds. DCM was heated from a round bottom flask and allowed to enter the
extractor chamber via a sidearm. Upon entering thieaebor, it was condensed into the
aqueous reaction matrix. Because DCM is denser than water, it sank to the bottom, collected
into the round bottom flask via a cross over valve, and was continuously distilled to perpetually

extract the desired compoundhis process was left to run overnight, and the extractor solvent
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was distilled out under high vacuum in pursuit of concentrating the now extracted compound.

The residue was analysed using TLC aRdNMR; the generated data did not suggest the
successful extraction of the desired compound.

At this point, it was clear that the attempts to prepare the phenethylamine intermediate,
preceding the Picte@pengler reaction had failed. This led to the decision to abandon this
approach.

2.1.4.2 BischlerNapieralski Reaction: Amide preparation

The second attempt at making tetrahydroisoquinoline derivatives usimgnatic
functionilsationchemistrywas conductedsingthe Bischler Napieralski method. Looking at

the structure of the desired PZQ intermedi&at was important that the reagentsedwould

lead to the desired scaffold with the fewest number of reaction steps. In terms of the
phenethylamines, which are responsible for the construction of the isoquinoline backbone,
three were selected for testing. For the source of the carbonyl fudcgomg, which
ultimately attaches to the-C carbon positionetl relative to the nitrogen atom and gives the
compound its racemic character, didtbxalate was found to be ideal choice. The choice of
diethyl oxalate was attractive because it meant the final dihydroisoquinoline compound would
have an ester group on thelCatom, which would later play a vital role in the enzymatic
resolution work. hterestingly, similar reagents were used byaAal all13¢]to prepare various
tetrahydroisoquinoline analogues. Borrowing some learnings froémzaild coeworkers, it
became interesting to know if other oxalates would facilitate the formation of the desired
amides. To test this notion, a model reaction w@sductedwhere dimethyl oxalat80a,

which we had readily available in our laboratomgs reacted with-fnethoxyphenethylamine
79cat 140 for 6 hours as shown in Scheme 61

o)
LRl O
80a O - HN% _
NH - 0 o)
o) 2 140 °C, 6h, 16%

79c

Scheme 61Reaction of 4methoxyphenethylamine and dimethyl oxalate to yield the
corresponding amide.

H NMR analysis suggested the successful formation of the desired compaandhe

aromatic signals appeared at 7.12 and 6.86 ppm, integrating for 2 protons each, appearing as
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two doublets, alluding to the symmetry associated wita-disubstituted phenyl rings. The
methoxy group attached to the phenyl ring appeared at 3.80 ppm and the methyl ester at 3.89
ppm, both integrating for 3 protons, respectively. The 4@id.- protons appeared at 3.58 and

2.82 ppm as a quartet and a triplet respectively. Lastly, the amide NH signal appeared at about
7.12 ppm, overlapping with the aromatic peaks at 7.12 ppm since this doublet peak integrated
for 3 protons. Thé3C NMR spectrum had thegpical 4 aromatic carbon signals instead of 6,
owing to the symmetry in the compound. The two quaternary carbons appeared at 156.2 ppm
and 130.0 ppm, respectively, whilst the 2 CH carbons appeared at 129.6 ppm and 114.2 ppm.
The methoxy carbon appearedb8t6 ppm while the methyl ester GErbon appeared at 55.3

ppm. The twa CHz- carbon signals nestled between the phenyl ring and the amide functional
group appeared at 41.2 ppm and 34.2 ppm. The presence of the two carbonyl carbon signals
confirmed the sccessful formation o81¢ appearing at 161.2 ppm and 158.5 ppm. We found

no experimental data from the literature that we could use for comparative purposes between
what we found and what had been done previously. However, it is important that to note that
the reaction shown incBeme 62 served as a good model reaction, which shone light on the

type of NMR spectra to be expected for this type of compound.

Despite the overall success of the synthesi&lafthe yield obtained was disappointingly low,
seeing that it was only recovered in 16%. The reason for this poor yield was only revealed
when a second compound eluted from the column upon purification. Scrutiny of the proton
NMR spectrum of the second comymd pointed to the fact that it was neither the starting
material, nor was it the product. The unknown compound was missing one methyl group, and
we initially thought the methyl group must have been @dafrom the ester moiety through
hydrolysis, leaving the carboxylic acid. However, based on the identity of the@reidacts
isolated from subsequent reactions on related substrates, we now suspebistaatide 103

was formed instead (Scheme)6Zhe 1H NMR spectrum ofL03 had the amide NH peak at

7.46 ppm, integrating for one proton, and two aromatic signals appeared at 7.11 ppm and 6.85
ppm, integrating for 2 protons each, appearing as two doublets. The methoxy group attached
to the phenyl ring appead at 3.79 ppm and the tw@H2- protons appeared at 3.53 ppm and
2.79 ppm as a quartet and a triplet respectively. The quartet might result from coupling with
the neighbouringCHz- as well as to the NH, with the coupling constants being of similar value,

giving the appearance of a quartet.
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Scheme 62Emergence of unexpectéis-amide 103 from the reaction to preparexoacetate
81lc

The small amount of est@l1¢ isolated from the preceding reaction was then used in the
Bichler-Napieralski reaction, where it was refluxed in phosphorus oxychloride and 96%
etharol (Scheme 68 The reaction was then monitored using TLC. Over a period of 24 hours,

the TLC analysis did not suggest the formation of a new spk@ies

~ ~
HN% - reflux 24h o)

104 o~

Scheme 63Unsuccessful BichleNapieralski cyclisation reaction.

Looking at the mechanism of the reaction shown in Scheme 17, it is evident that the reaction
iIs enhanced bpara-directors since the site of cyclisation occpega relative to the phenyl
substitution, and it is for this reason that we considered that the methoxymgamujp the
ethylamine alkyl group could have been deactivating the centre of cyclisation. The use of
dimethyl oxalate ang-phenethylamine as a model reaction offered some valuable insights. It
was now understood that the formation of thedenwas a facile reaction, however it was
susceptible to the formation oftegs-amide side product. Secondly, it is worth noting that the
position of the methoxy group on the phenyl ring might have an effect on the cyclisation that
would follow. The mitigation strategysedto exclusively form the desired compounds
involved the introduction of a bulkier ester moiety like an ethyl group. To increase the chances
of cyclisation, the only phenethylamines used were those that have methoxy groups positioned

suchthat they may activate the cyclisation reaction.
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To test out the theory, the next step involved alternating from dimethyl og8late diethyl
oxalateB0bas the carbonyl donor. The phenethylamines used wewetl3oxyphenethylamine
79aand 3,4-dimethoxyphenethylamingdb as shown in Scheme 64

0]

X
R+ R--
T e O

80b O

R= 3-OMe 79a, 3,4-OMe 79b R=3-OMe 813’ 3,4-OMe 81b

Scheme 64Amide formation using diethyl oxala@®b to form new oxoacetatélab.

Reagent 3nethoxyphenethylaminédawas mixed with diethyl oxalat®0b and heated to 140

for 6 hours to afford the oxoacet&ba(Scheme 65 [113.136] After purification ofcompound
81a through column chromatography, it was obtained in 33% yig&kpitethe observed
success in the formation 8fLa alternating to diethyl oxalat@0b from dimethyl oxalaté30a
did not solve the problem of formingogs-amideencountered from theaction highlighted in
Scheme 62

0]
o /\O)J\H/O\/ HN\[HJ\O/\
~
m 80b O - gta O
NH, Heat, 140 °C n

79a /O\©/\ O
HN
Tr Ol
1 (e
05 O/

Scheme 65Amide formation using diethyl oxala&9db to form new oxoacetat®&la and bis-

amide side produd05.

The purification oBlausing column chromatography was followed by a secondary elution of

a compound that we struggled to identify at first. The analysis 6HINMR spectrum ofl05

was somewhat challenging at first because the spectrum did not bear any resemblance to the
starting material nor the expected product; what was distinct froftHtiNMR spectrum of

the starting material9awas the proton signal that represented the amine protons. This signal
disappeared on conversion to the unknown produatizas replaced by an amide proton peak.
Now, productlO5 had neither the amine protons nor the ester moiety, and so it was concluded

that it was neither the starting material nor the product, or even a mixture of both. After much

80



deliberation with colleagues and senior chemists, a closer look it #red'3C NMR spectra
revealed that diethyl oxala&Ob had reacted with 2 moles ofrBethoxyphenethylaminéda
to form abis-amide 105.

Looking at theH NMR spectrum 08143, the amide NH peak appeared at 7.11 ppm as a singlet.
The aromatic protons appeared at 7.17 ppm as a multiplet, integrating for 1 proton, 6.72 ppm
as a multiplet, integrating for 2 protons and 6.67 ppm appearing as a singlet and integrating for
1 proton.The -OCH:- signal appeared at 4.26 ppm as a quartet, integrating for 2 protons. The
methoxy group appeared at 3.73 ppm as a singlet and integrating for 3 protons, followed by the
two -CH:- signals between the phenyl gmand the amide group at 3.53 ppm and 2.77 ppm,
each integrating for 2 protons. Lastly, the est@Hs appeared at 1.30 ppm as a triplet,
integrating for 3 protons. THEC NMR spectrum had all the characteristic peaks expected from
the aromatic region and the aliphatic region; the 6 signals betweerIIBEBppm were those

of the aromatic region. The est€CH;- peak appeared at 63.2 ppm and the methoxy peak at
55.21 ppm. The tweCH2-signals appeared at 40.9 ppm and 35.3 ppm. LastlyCtHesignal
appeared at 14.0 ppm. Most notably, were the two new carbonyl peaks at 160.7 ppm and 159.9

ppm, which also signified the successful preparatio@lef
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Figure 34 Stacked proton NMR spectra®taand 105
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Looking at the'H NMR spectrum of the second compound eluted, as mentioned above, it
became evident that lsisamide side productO5 had been generated. From the proton
spectrum, the amide NH peak appeared at 7.51 ppm as a singlet. Three aromatic signals
collectively integrating for 4 protons were observed between 7.23 ppm and 6.74 ppm, which
were slightly upfield when contrasted witiose obtained f@1a What followed then was the
methoxy group at 3.80 ppm. Next, came the t@bl2- signals of the protas attached to the
carbons next to the phenyl group and the amide functional group, appearing at 3.56 ppm and
2.83 ppm. What was missing from the spectrum wag @€H.- and-CHzs proton signals,

which alluded to the hypothesis thatissamide product has been formed. Looking at Fig. 34,

the spectrum in blue is that 81aand the one in red is that 805 From the stacked proton

NMR spectra shown, it was evident thi@6was missing two signals, which were those of the

ester-OCHy- and-CHz signals.

The 13C NMR spectrum ofl05 had 3 aliphatic signals, one belonging to the methoxy group,
appearing at 55.2 ppm and the other two were those of {DEI2 carbons, appearing at 40.8

ppm and 35.5 ppm. From this region, the presence of the ethyl ester would have been signified
by the presence of it® CHz- and-CHzs carbon signals. The absence of these signals confirmed
what was observed from thid NMR spectrum about the cleavage of the ester 8&e The

4 CH carbons appeared at 129.8 ppm, 121.0 ppm, 114.4 ppil2il4 ppm. The carbons

that are not attached to protons appeared at 140.1 ppm and 159.7 ppm. The signal at 159.9 ppm
was that of the carbonyl signal. Becauseltiseamide compound has a C2 axis of symmetry,

we observed one signal for each pair of chemically equivalent carbon atoms, and this is the
reason why there is only one carbonyl signal instead of two, and the same is true for the rest of
the signals.There was very little success in locating previous work in literature that reported
on the experirantal data of compound&la and 105, with the exception of patents, where

experimental data is seldom reported.

3,4Methoxyphenethylamin@9b was mixed with3 mok equivalents ofliethyl oxalateB0b

and heated to 140 for 6 hours to afford the oxoacetd&t&h (Scheme 66§113.1361 The same
purification process was used for the isolatio® b, where again two compounds were eluted
from the chromatographic column. The compound identities were determined using nuclear
magnetic resonance spectroscopic techniques. The first compound elut8dbnias41%

yield. The second compound that was eluted displayed a siiland?3C spectrum to those

seen for compountlO5 where the ethyl ester moiety is missing from both spectra and the one

carbonyl carbon signal is also missing from the carbon spectrum. In essenceDbatiu 12
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D NMR spectra pointed to the formation of thie-amide106, whose axis of symmetry allows
it to be indistinguishablg uper posed. When that happens, t
one half of the structure, and this is what made the structure elucidation challenging initially.

SOPY
HN
(0] \O T‘)ko/\
0 /\on(o\/ + 81b O
o)
~ mHz b o - 7 O
o Heat, 140 °C
~ HN

Scheme G@-ormation of81band sideproduct106 from 79b using diethyl oxalat&0b.

[114.1371H NMR spectroscopy of compounlb showed the amide NH peak at 7.13 ppm
integrating for one proton, and 2 aromatic proton signals at 6.82 ppm and 6.73 ppm, integrating
for one proton and two protons, respectively. TO€H;- signal appeared at 4.33 ppm as a
guartet, integrating for 2 protons. Next were the 2 methoxy groups at 3.88ppm and 3.87 ppm,
collectively integrating for 6 protons. The tw@H:- proton signals appeared at 3.59 ppm and
2.82 ppm, each integrating for 2 protons. Lastly, the ethyl eStés protons signal appeared

at 1.38ppm as a triplet, integrating for 3 protons. Looking at 1¥@& NMR spectrum, the

aromatic region had the 6 expected signals, 3 of which were CH carbon signals, appearing at

120.6 ppm, 111.9 ppm and 111.5 ppm. The 3 quaternary carbons appeared at 149.2 ppm, 147.9

ppm and 130.6 ppm. The est@CH;- signal appeared at 63.2 ppm whilst the two methoxy
groups attached to the phenyl ring appeared at 56.0 ppm and 55.9 ppm. Ta¢itwearbon
signals appeared at 41.1 ppm and 34.9 ppm. Lastly;(He signal ajpeared at 14.0 ppm.
Lastly, the two carbonyl carbons appeared at 160.7 ppm and 156.5 p@m.eZall136!
prepareddlb in 81% yield, which was almost double the yield obtained in this study, even
though the exact reaction conditions were used. What differed wagahatand ceworkers

were able to obtai@lb through crystallisation whilst the compouBdlb prepared in this study

was obtained through purification using column chromatography. Nonethele3si RdR

data obtained by Zah and coworkers fa81b had the exact signals to those obtained in this
study, with the exception of the two aromatic protons appearing at 6.73 ppm, where they

reported to be in a range of 6:8(0/6 ppm. Nd3C NMR data was reported by Zal and ce
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workers, however, théH NMR data they reported was sufficient to draw the required

comparison in order to make informed conclusions.

TheH NMR spectrum ofl06 was observed to have a similar pattern to th&ildfonly that

the ester moiety was absent, rendering the compoubid-amide. The amide NH peak
appeared at 7.13 ppm, integrating as a triplet, and the 3 aromatic protons appeared as a multiplet
at 6.72 ppm. The two methoxy groups appeared at 3.67 ppm and 3.64 ppm, integrating for 3
protons each. The tw@€H2- signals appeared at 3.07 ppm and 2.83 ppm, both integrating for

2 protons each. The spectrum was missing the ethyl estietymwhich was a phenomenon

also observed in the synthesis8dfaand 105.

Presented in Table 3 are the compounds synthesized and their respecpvedidbis-amide
analogues. The percentage yields are also tabulated. From the data, it became evident how
influential the groups attached to the phenyl groups were to the overall reactivity of the
phenethylamines. Thmetaand disubstituted methoxyhenethylamines had percentage yields

that were Zold bigger than that of thpara-substituted compound. The reason for this is
unclear since the formation of the oxoacetdi@s 106 and 103 did not involve the phenyl

group. The lack of proximity of the phenyl group to the site of amidation makes it improbable
for the methoxy groups attached to the phenyl ring to influence the reactivity of the respective
reactions.The importance of having the methoxy groygasato the site of cyclisation was

solely to aid the ring closure reaction and it was unexpected that the yields of the amidation

reaction were affected by the substitution pattern on the phenyl ring.

Table 3 Amidation of phenethylaminé®ac, to yield oxoacetate8lac.

OR?
2 X
= HN\[HJ\ORZ l/ HN\[HJ\RS
o o

Heat, 140 °C

As already mentioned, the isolation of both oxoaceteéa and 81b were accompanied by
unexpected compounds, which wergalysed using NMR spectroscopy and confirmed to be
105and106. The formation of these undesireid-amides explainethy the oxoacetates were

isolated in yields not exceeding 50%. Synthetically speaking, the formation bistamide
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of diethyl oxalate80b, as shown in Scheme 67

side products points to the addition of the respective phenethylamine derivatives on both sides

Ent rilRlgr o R? Perce Side Pr
grod vyiel R3
1 30Me | Et hy 33% | _O
79 a 81a m}g
10 5
2 3, OMe| Ethy 41% /Om
790b 81hb ~0 HN}J
10 6
3 4-OMe | Met h 16 %
79c| 81c ~o HN s
10
R
N
l/
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R AN O = ﬁo/\ 0
2 Lo, —°
H,N NH
A X
| | R
X =
R

Scheme 6Bis-amidation of phenethylaminé®a-c to yield bissamides103, 105 and 106.

The discovery of unintended formation of thisamide products was made later in the study,
which meant we could not go back and explore ways to exclusively form the intended amide
products. Inretrospect, to avoid the double addition, one would have to try the reaction at room
temperature, as oppostmireflux conditions. Another possible solution would be to halve the
mole ratios of the phenethylamines and distil out the excess diethyl B@tateastly, perhaps
tertbutyl oxalate would provide the nessary bulk required to hinder a double addition.
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2.1.4.3 BischlerNapieralski Reaction: Cyclisation reactions

TheBischleif Napieralskireactions for the cyclisation 8fLaand82bwereset up. This reaction

is effectively a cyclisation reaction, facilitated by phosphoryl chloride species (Schef@ 17).
For the cyclisation reaction8laand81bwere dissolved in a toluene: ethanol 10:1 mixture,
followed by the addition of freshly distilled PQst1131361The resulting mixtures were stirred
overnight and refluxed for 3 hours. The cyclisation reacti@dilaafford 107 shown in Scheme

68 did not work, instead what was recovered was starting material. However, the cyclisation
reaction81b with POCE yielded compound08in 50% as a beigbrown crystdine product
shown in Scheme 69

0
O 0 POCI; TOLEtOH
HN\[HJ\ o~ reflux.3n N

81a 0] 107 0 O/\

Scheme 68-ailed BischlerNapieralski isoquinoline synthesis.

The successful formation df08 was confirmed by'H and 13C NMR spectroscopy. The
expected result was the disappearance of one aromatic proton, as a consequence of the fusion
between the ethylamide moiety with the-&éthoxyphenyl ring. Indeed, 2 aromatic protons
instead of 3 were observed from the proton NMR spectrub®®at 7.38 ppm and 6.69 ppm,
integrating for one proton each and appearing as singlets. Next, was the ethy lGQHa

proton peak at 4.42 ppm, integrating for 2 protons andaajmgeas a quartet. The two methoxy

groups appeared at 3.92 ppm and 3.89 ppm as singlets and théHlsignals appeared as
two multiplets at 3.85 ppm and 2.69 ppm, both integrating for 2 protons.

0
-0 0 POCI; TolEtOH
o HNW)J\O/\ reflux, 3n50% 0 N
8tb O

108 o) O/\

Schene 69 Successful Bischledapieralski isoquinoline synthesis.

Lastly, the ethyl estérCHzappeared at 1.43 ppm. From t8€ NMR spectrum, the carbonyl

peak appeared at 164.9 ppm and the imide peak at 158.6 ppm. The 6 aromatic carbons appeared
between 151-410.1 ppm, and the ethifDCH;- carbon signal appeared at 61.92 ppm. The 2
methoxy groups appeared at 56.1 ppm and 56.0 ppm whilst theGWe carbon signals
appeared at 47.7 ppm and 25.2 ppm. Lastly, the &k peak appeared at 14.2 ppm. The
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infrared spectrum shows the imide (C=N) stretching frequency at 1616dhthe carbonyl

(C=0) stretching frequency at 1714 -énzakn et al*38!preparedl08 without purification in

61% yield, and the generatéld NMR looks very similar to that obtained in this study. Again,

no13C NMR data was reported, howevidd NMR data was sufficient to make a comparison.

They reported that the two aromatic protons appeared at 7.39 ppm and 6.70 ppm, both
integrating for 1 proton each and appearing as singlets. The ethyl-@<iéh- protons
appeared at 4.43 ppm as a quartet and the 2 methoxy groups appeared at 3.93 ppm and 3.90
ppm. The twoi CH2-signals appeared as two multiplets at 33880 ppm and 2.62.74 ppm,

both integrating for 2 protons. Lastly, the ethyl estds they reported appeared at 1.44 ppm.

Having a closer look at the Birchl@kapieralski reactant®laand81b, one would expect both

these reactants to cyclise and form the expected products. Because methoxy groups are electron
donating ¢rtho andpara directors)191 it was anticipated that the methoxy group$imand

81bthat arepara to the site of cyclisation would activate the site and facilitate the formation

of Bischlei Napieralski products.For reasons unknowto us, the only product formed was

108, as shown in Scheme 69

Something interesting happened when we attempted the cyclizatlfb td form 109 using
the Bischler Napieralskiconditions. What formed was the oxoace8iteas shown in Scheme
70. The obtained results suggest the cleavage dbiremide using ethanol, thereby returning
the esteBla Despite the unexpected result, the formation of the &dt@from what was
initially planned to be a ringlosing reaction of theisamide analogud05 meant that the
unusable acid had acquired synthetic value as a starting matetiaé idischler Napieralski

reaction

0 —0

" POCIy, reflux 3h POClI, reflux 3h
HN : 4

z—\/ |
_N (@]
\@/\ (@]
0 : O  _TolEtOH
o~ TOLEOH HNH HNm)ko/\
NH 0
81a

109 105

oL

Scheme 70Unexpectecesterification ofLO5using BischleiNapieralski conditions.

1H NMR data obtained pointed to the serendipitous formati@iafthe amide peak appeared
at 7.15 ppm and the 3 aromatic peaks appeared at 7.24 as a multiplet integrating for 1 proton,
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6.79 ppm as a multiplet integrating for 2 protons and 6.74 ppm integrating for 1 proton. Next
was the ethydlOCH:- proton peak at 4.33 ppm, followed by the methoxy group at 3.80 ppm,
integrating for 3 protons and appearing as singlet. THeH2- signals appeared at 3.61 ppm

and 2.85 ppm, integrating for two protons each and appearing as a quartet and a triplet
respectively. Lastly, the ethyCHs appeared at 1.38 ppm.

The hydrogenation of the Bischi@tapieralski product108 to afford 110 was set up using

Pd/C as the catalyst, under various positive pressureg gédto increase the chances of the
reduction reaction. This method found precederaian et al36lwhen they hydrogenated

108 in EtOHusing Pt/C at atmospherjaressureH NMR analysis of the reaction material
extracted from the reaction matrix revealed peaks that resembled that of the starting material,
alluding to the failure to forni10 as shown in Scheme 7This may have been due to the
difference in catalyst choice, which may have affected the successful formatidf. dh as

much as hydrogenation catalysts work the same way, what was observed in this study was that
all the transformations that required hydrogenation almost always involved expensive catalysts
like PtOz, Rh/C and now the formation @0 required the expensive Pt/C catalygtich was

not available to test.

(0] 0]
d Hy 1-5 atm
—%— NH
~o N Pd/C ~o
108 110

Scheme 71Attempted hydrogenation of Birchiétapieralski product-11!

2.1.5 Fifth synthetic strategy

Despite the overall failure of devising a synthetic strategy that produced the required PZQ
intermediate in appreciable yields, it has been demonstrated that it was indeed possible to
obtain the intermediate, as is evidenced from analytical data of coehpéfint is also
important to mention that the four attempts were of vital importance to our study, whose
failures have revealed valuable lessons. We now understand that it is rather cumbersome to
esterify tetrahydroisoquinolingé-carboxylic acid77, owing to the nature of its heterocyclic
structure, existing as a zwitterion in acidic and basic media. It has also been equally fruitless
to try and hydrogenat87, although there was some success in the preceding esterification

reaction of78to 97. From these challenges, it became immediately intuitive to protect the free
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amine, and to attempt the esterification again. This could then be followed bypheteetion

to expose the mueanticipated PZQ intermediate.

The sequence began with the hydrogenation of the relatively cheap isoquinolié kY,

which has already been discussed in secBdn2 The reaction that followed then was of
pivotal importance because it sought to protect the cyclic amine, thus masking it from taking
part in the reactions that would ensue. The protection reaction of compaéuves under the
employof di-tert-butyl dicarbonate (Be©),127lwhich proved to be a vital step in the synthesis

of the PZQ intermediate, availifgll in 89% yield for the next steps. The successful protection
of the free amin&7 to obtain111 shown in Scheme 7ARas confirmed by NMR spectroscopy.

N PtO,, Hy, 7bar Boc,0, TEA
_N — NH - N_ _O
CH3CO,H, 24h,60% DCM, 89% il
o)
0”7 “OH 0”7 “OH HO X0
78 77 111

Scheme 7.2Partial hydrogenation of8, followed by the Boc protection of cyclic amiié.

The 'H NMR spectrum ofl11 had the expected 3 methyl groups from the Boc moiety,
appearing as two peaks at about 1.46 ppm. What was also observed was the splitting of the
chiral proton peak into two signals in the same ratio as the two Boc peaks, appearing at about
5.50 ppm. The tw-CHz2- signals appeared as 2 sets of multiplets at 3.71 ppm and 2.87 ppm.
The aromatic protons collectively integrated for 4 protons, appearing as multiplets at 7.47 ppm,

7.23 ppm and 7.15 ppm.

The13C NMR spectrum ofL11 revealed a splitting of all the signatanging from the aliphatic
through to the aromatic and the carbonyl region. In an attempt to account for the splitting of
the NMR signals, it is important to revert to the structure in question and interrogate the
movement of electrons within the compound itsklis well established that there is restricted
rotation about the @l bond, and this leads to the existence of rotamers, which can egist as
andtrans isomers. As a result afonation of electron density from nitrogen to the carbonyl
group, the €N bond has partial doublgond character, as shown in Scheme 74. The resulting
rotamers are lontived enough to be detected by the NMR instrument, leading to the splitting
of NMR sigrals[101]
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Scheme 74Resonane forms forcompoundl11 showing rasons for restricted tation about
the GN bond.

Looking at thel3C NMR spectrum ofl11, all the signals were split into two. The 3 mdth
groups appeared as split in two between-28.83 ppm, whilst the tweCH2- signals appeared

at 40.4 ppm and 58.0 ppm. The stereogenic carbon appeared at 81.1 and 80.95 ppm, followed
by 6 aromatic signals that appeared between 126.6 ppm and 130.3 ppm. Lastly, the two
carbonyl carbon signals appeared at 178@.5 ppm and 159:258.1 ppm. Hcet all13]
prepared11l in 84%, which was slightly less than what we obtained, owing to differing
synthetic methods. Looking at thid NMR data they reported, their Boc protons appeared at
1.44 ppm, whilst the twbCH:- signals appeared at 2.87 ppm and 3.45 ppm as multiplets. The
proton attached to the stereogenic carbon appeard at 5.53 ppm as a doublet, and the aromatic
protons appeared at 7.53ppm as a multiplet. The carboxylic acid proton appeared at 9.45 ppm.
All these peaks shared similarities to those we obtigioe111. Thel3C NMR peaks reported

by Ho and workers also shared similarities to those obtained when we préparddhat is
noteworthy is that they also observed split signals, as was observed froFACodMMR
spectrum; the Boc carbon signals appeared at2®8.B ppm, whilst the twdCHz- signals
appeared at 39:91.0 ppm for one signal and 5758.7 ppm for the other. The stereogenic
carbon signals appeared between &1L3 ppm whilst the aromatic carbons appeared between
126.6135.8 ppm. Lastly, the two carbonygsals appeared at 155165.5 ppm and 176-2

176.8 ppm.

Following the successful protection of the amine group, the next step was to execute the
esterification reaction of the carboxylic acid moiety. Making use the of the esterification
conditions already explored in the first and second strategy ran thé hgllimlysing the Boc
protecting group of compountill. Therefore, an alternative reaction that would furnish us
with the ester without cleaving the protecting group was sought. Among the options considered
for the required synthetic transformation, patétgrature provided a simple, yet elegant

solution. The answer was the methylation of the carboxylic acid under mild oxidant conditions.
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Indeed, this newly devised strategy proved profoundly prudent, availing methyl 1,2,3,4
tetrahydroisoquinolind-carboxylic acid112 in 64% vyield as shown in Scheme. 7#he first

clue that alluded to the successful formation of the ester analogue was observed from a TLC
plate that was developed in 30% Ethyl acetate: Hexane; thalie of the newly formed
compound was 0.63 and the\Rlue of111 was 0.33 and this pointed to the masking of the
hydroxy group that had previously interacted strongly with thé flate.[138]

Mel,chOS
N_. O —
\{/ 64% N O\N/
o)
HO™ >0 ~o" X0 ©
111 112

Scheme 74Esterification of Boc protected tetrahydroisogionolinearboxylic acidl1l.

The IH NMR spectrum of compountil2 showed the expected aromatic signals, integrating

for 4 protons: at 7.57.44 ppm as a multiplet integrating for 1 proton, 7728 ppm as a 2

proton multiplet and 7.16 ppm as a singlet integrating for one proton. The proton attached to
the stereogenicemtre was also split into two distinct signals at 5.60 ppm and 5.43 ppm,
collectively integrating for 1 proton. The two alkyl signals of the t@bl>- groups nestled
between the phenyl ring and the nitrogen atom appeared a3.384pm as a 2 proton
multiplet and 3.012.90 ppm and 2.90.80 ppm as multiplets, integrating for one proton each.

The methyl ester protons appeared at 3.71 ppm as a singlet, integrating for 3 protons and the
Boc protons appeared as a split signal at 1.48 ppm, integrating fotcdhgr

The 13C NMR spectrum ofl12 showed all the expected signals, which were also all split,
alluding to the rotamers that still exists in the molecule. The aromatic region had the expected
six 6 signals representing the phenyl carbon signals between 135.7 ppm and 126.5 ppm. The
aliphatc region had the carbon signals of the newly formed methyl ester at 52.4 ppm, and the
2 carbon signals of the Boc group at 28.8 ppm and 28.4 ppm. The 2 signals of tkdwo
carbons attached between the phenyl ring and ttegen atom appeared at 58.2 ppm and 40.3
ppm. Lastly, the two carbonyl signals appeared at 171.6 ppm and 155.1 pprat 285!
successfully preparedl12 in 68% vyield, however, they did not disclose the carbon NMR
spectrum. Nonetheless, looking at theNMR spectrum they reported, it became evident that
we were also successful in preparing compolt?j their aromatic protons appeared at 7.60
7.43 ppm and 7.33.11 ppm, collectively integrating for 4 protons. The proton attached to the

stereogenic centre appeared at 5738ppm, which was within the value that we obtained.
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The two alkyl signals of the tw«H2- groups between the phenyl ring and the nitrogen atom

appeared at 3.94.76 ppm and 3.20.76 ppm. The methyl ester appeared at 3.71 ppm. Their
Boc group appeared between 1637 ppm, integrating for 9 protons.

The final and most pivotal step to the overall success of the project hinged upon the successful
deprotection of the methylated Bpootected tetrahyroisoquinoline. Following the successful
methylation, the crucial deprotection reaction was set up usneg thethods to increase the
prospects of success. The first method explored involved the deprotectitihinfa mixture

of dioxane and water in a 1:10 ratincarefluxed overnight (Scheme )784% The reaction
mixture was extracted with ethyl acetate and dried with bHH&MR analysis of the resulting

crude material did not point to the successful conversiatldto 71, instead, théH NMR

peaks generated contained peaks of the starting material.

H,O : Dioxane 10:1
N © g NH
Reflux over night
O
~o X0 ~o 0o
112 71

Scheme 73Jnsuccessful deprotection @12 using water and dioxane.

As previously mentioned, this synthetic strateggde use of3 routes. The second route
attempted involved the dissolution of compouti? in chloroform, followed by the addition

of trifluoroacetic acid14% as shown in Scheme 7®he resulting mixture was stirred overnight
at room temperature, followed by work up, extraction, and purification using column
chromatography.

N 0] TFA, CHCI3 NH
rt, overnight, 65%
o N0 © ~o" o

112 71

Scheme 7@eprotection ofl12 using TFA in chloroform.

From the'H NMR data generated, the most notable observation made was the disappearance
of the proton NMR signals representing the Boc group shown in Fig. 35. Thesigidl
representing the methyl ester group was left untouched, since it was also present in the
spectrum, integrating for 3 protons. This observation alluded to the selectivity of the reaction,

exhibiting an ability to discriminate between the Boc grong the ester group, seeing that
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they are both susceptible to hydrolysis. The 4 aromatic proton signals appeared as a doublet at
7.37 ppm, integrating for one proton and a multiplet at 7.19 ppm, integrating for three protons.
The proton attached to the stereogenic centre appeared ga@BIThe twoCH:- proton

signals attached to the carbon atoms between the phenyl group and the nitrogen atom appeared
at 3.47 ppm and 2.96 ppm as multiplets, integrating for two protons each. The methyl ester
protons appeared at 3.69 ppm as a singletgnating for 3 protons. ThHEC NMR spectrum

had all the expected signals; what was notable was the absence of signal splitting, which meant
the Boc group, where restricted rotation about tH¢ Bond is observed, had been removed.

This meant that rotamers were no longer present. #neon signals observed from the
spectrum were the expected aromatic signals; 6 aromatic signals appeared betwet?4131.8

ppm. The 2 aliphatic carbons of the saturated heterocyclic ring appeared at 39.85 ppm and
24.30 ppmThe methyl ester carbon appeared at 54.1 ppm and the stereogenic carbon at 56.10
ppm. Lastly, the carbonyl carbon appeared at 168.4 ppm.
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Figure 35 'H NMR spectrum of7 L
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Figure 36 HPLC-MS (m/z) spectrum of compourdl.

The successful preparation of this compound meant that we could finally proceed to enzyme
reactions, which were a primary goal of this project. Prior to that, a step further was taken to
confirm the successful formation @l. The expected molecular mass7af(C11H14NOy) is
192.1025 g/mol and using HPEKZS (m/z), the experimentally found molecular mass was
192.1025 [M + HY, asshown in Fig. 36.

The last route made use of a solution made from dioxane and 4 M HCI to convert compound
112 to the desired PQZ intermediat#. [140.141A mixture of112in a 4 M solution of HCI in
dioxane was stirred overnight (Schen¥®. The solvent was removed under reduced pressure

to give 71 as a beigdrown solid. A close inspection of thel NMR spectra generated from
compound71revealed that the Boc group had been removed, as shown in Fig. 37.

N o 4M HCI, Dioxane _
S rt, overnight, 69% NH

~oNo

NG
112 71

Scheme 7: Deprotection 0fl12 using HCI in dioxane.
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Figure 37 'H NMR spectrum of7 1.

As anticipated, the 4 aromatic proton signals appearedasldet at 7.39 ppm, integrating for

one proton and a multiplet at 7.20 ppm, integrating for three protons. The proton attached to
the stereogenic centre appeared at 5.33 ppm. TheGWg proton signals attached to the
carbon atoms between the phenyl group and the nitrogen atom appeared at 3.47 ppm and 2.97
ppm as multiplets, integrating for two protons each. The methyl ester protons appeared at 3.71
ppm as a singlet and integrating fop®tons. The-3C spectrum was similar to that observed

for the reation detailed in Scheme 79, since they are the same compounds. Again;M8’LC

(m/z) revealed that the theoretical molecular mas§9#.1025 g/mol €11:H13NO2) for 71
matched to that obtained experimentally, which was 192.[M28H] *, as shown irfFig. 38

95



Intenss KMZ42_GD1_01_65509.d; +MS, 0.2 1min #24]
®10

1921023
25

20
1.5
10

0.5
132.0810

353.2662
1 L

0.0 T | T T T T
100 200 300 400 500 G600 700 miz

Figure 38 HPLC-MS (m/z) spectrum of compourdl.

The purpose of preparing the PZQ intermediatésand 72 was pivotal for the enzymatic
reactions that would follow in the next section. Retrospectively, the preparation of the said
intermediates proved to be a challenging endeavour, where we saw that the prefaration
returned meagre yields, whilst the preparatiory binvolved more steps when compared to
72. The preparation of1, albeit in many steps, returned appreciable yields and enabled us to
attempt the enzymatic reactions discussed in the neixbrisec

2.2 Enzymatic reactions

Thus far, an irdepth discussion on the synthetic strategies used to make PZQ intermediates
has been provided. Equally important, is the discussion on enzymatic reactionshgiviée

entire basis of the project hinged on the use of enzymes to effect chemical transformations that
historically relied on classical chemist?§.”8 The synthetic strategies explored in secfiah

were chosen for their suitability in the preparation of intermediates that would be amenable to

enzyme reactions. Discussed herein, are interesting findings that have been uncovered.

2.2.1Enzymatic hydrolysis of PZQ intermediates

The chemical reactions that led to the desired PZQ intermediates, partieulai\2.1.2 and
2.1.5availed the intermediates in poor to moderate yields in a rangeldf®ig. Nonetheless,

there was enough material to make a meaningful attempt at understanding the interaction of
the enzymes and the intermediates. Prior to the study of the reactitims efizymes and
substrates in question, a test reaction was set up to ascertain if the enzymes are still active since
they tend to lose activity over ten Mathebulaet alll42l conductedan extensive study on the
enzymatic kinetic resolution of MoritBaylis-Hillman (MBH) derivatives using various

lipases. They were able to show that several lipase preparations showed a remarkable prowess
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in the hydrolysis of MBH derivatives to give products with excellent enantiomeric excess

values.

2.2.1.1Preparation of Lipase enzymes test substrate

To test the activity of the enzymes we had at our disposal, we first had to synthesise the test
substrate. The ideal test substrate was informed by the successful hydrolysis of esters prepared
by Mathebulaet all'42] One such ester,-(@-bromophenyh2-cyanoallyl acetatd 17, was

shown to be particularly amenable to hydrolysis. Additionally, this substrate was resolved in
the least amount of time when contrasted with similar analogues, resulting in excellent
enantiomeric excess of the now resolved secondary alcohol. Thesarexpal findingsmade

it ideal for this studyto uskl7as the test substrate. The synthesilafis a twastep reaction

that seeks to prepare the MBH adduct frofordmobenzaldehyd13 and acylonitrile 114,
whose producl15is reacted with acetic anhydridd6(Scheme 78).

0O OH Aok OJ\

H CN 116 CN
+ /\CN —_— _— >
Br Br Br

113 114 115 117

Scheme 78Two step synthesis of lipase enzyme test substrate.

The MBH adducti15 was prepared from a solveless reaction of4bromobenzaldehyd&l3

and acrylonitrile114in the presence of DABCO, as shown in Scheme'M%nd13C NMR
spectroscopic analysis of compoubd5pointed to a successful synthesis, yielding the MBH
adductl15in 70 %. Looking at th&H NMR spectrum, the four aromatic protons appeared as
two doublets, integrating for two protons each at 7.53 ppm and 7.27 ppm.

0 OH
CN
H o~ DABCO
= >
/©)J\ N CN i 20 h 70% m
Br Br
113 114 115

Scheme 7Morita-Baylis-Hillman reaction.

This was followed by 2 alkene protons appearing as two singlets at 6.11 ppm and 6.04 ppm.
The proton attached to the stereogenic carbon appeared at 5.27 ppm a@é¢H theton
appeared as a broad peak at 2.65 ggnom thel3C NMR spectrum, 6 aromatic carbon signals
appeared between 138.1 ppm and 123.6 ppm. The alkene carbons appeared at 130.2 ppm and
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125.9 ppm. The nitrile carbon signal appeared at 116.7 ppm. Lastly, the stereogenic centre
carbon signal appeared at 73.6 ppm. These signals were similar to those reported by Mathebula
and ceworkerst!#2l their 4 aromatic protons appeared at 7735 ppm and 7.29.23 ppm as
multiplets. The alkene doublets appeared at 6.10 ppm and 6.03 ppm. The proton attached to
the stereogenic carbon appeared at 5.26 ppm and the hydroxyl proton appeared at 2.81 ppm.
Forthe carbon NMR spectrum the aromatic signals were in a range of11X89 ppm, along

with the two alkene carbons. The nitrile carbon appeared at 116.6 ppm and the stereogenic
centre carbon signal appeared at 73.5 ppm.

The MBH acetatd 17 was obtained from the reaction of the MBH addltb and acetic
anhydridel16 in the presence of DMAP and triethylamine im2thyltetrahydrofuran. The

reaction was left to stir at room temperature for an hour and isolated taLiie 81 % as
shown in Scheme 80.

OH OJ\

o o
CN I _DwAPEGN CN
o i, 1h, 81%
Br Br

115 116 117

Scheme 80Synthesis of MBH acetatEL7.

The 'H NMR spectrum obtained from compoufd7 was similar to that o115 only with the
disappearance of the hydroxyl proton and the appearance @ kheeak at 2.18 ppm. The
aromatic protons appeared as two doublets at 7.55 ppm and 7.28 ppm, both integrating for 2
protons. The alkene singlets appeared at 6.28 ppm and 6.10 ppm, both integrating for one
proton eachThe proton attached to the stereogenic centre carbon appeared at 6.02 ppm and

the-CHs protons appeared at 2.18 ppm.

For thel3C NMR spectrum, the carbonyl carbon appeared alifin. The aromatic signals

were in a range of 134.7 ppm to 122.6 ppm. The two alkene carbon signals appeared at 132.4
ppm and 123.5. The nitrile carbon appeared at 115.9 ppm and the stereogenic carbon signal
appeared at 78.ppm. Lastly, theCHzs protons appeared at 20ppm. Similar proton and

carbon NMR signals were obtained by Mathelatlat!l4?lthe aromatic protons appeared as
doublets at 7.54 ppm and 7.28 ppm, both integrating for 2 protons each. The proton attached
to the stereogenic centre appeared at 6.328 ppm, and the two alkene protons appeared at 6.10
ppm and 6.03 ppm as singlets, intém@ for one proton each. Lastly, the methyl protons
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appeared at 2.18 ppm, appearing as a singlet and integrating for 3 protons. For the carbon
signals, the carbonyl carbon signals appeared at 169.0 ppm, followed by the 6 aromatic carbon
signals in the range of 132122.6 ppm along with the two alkene pnasoThe nitrile carbon
appeared at 115.8 ppm and the stereogenic centre carbon appeared at 73.6 ppm. Lastly, the
methyl group carbon attached to the carbonyl carbon appeared at 20.8 ppm.

2.2.1.2Lipase enzyme activity test reaction

The experimental data pointed to the successful synthesis of the MBH ddétatdnich was

then used to test whether the enzymes were still active. Due to the availability of the substrate
117 prepared, only 3 enzymes were tested for actiiseudomonas cepaclygase (PCL) (1),
Candida antarcticaA (CAL A) (II), and Novozyme 435 (Ill) were lipases chosen for the
hydrolysis of the MBH acetatEL7 (Scheme 81).

O (0]
B X N
CN Enzyme CN | . CN
Buffer, pH=7
Br (rac)- 117 Br (R)-117  Br (S)- 115

Scheme 81Enzymatic kinetic resolution df17.

For the hydrolysis reactions, two small scale reactions, one containing the enzyme and substrate

in a phosphate buffer of pH = 7 and one without the enzyme as a control reaction were set up
and incubated at 28 . Thi s s.wWsing TLE cofokow the r a | |
reactions, all enzymes exhibited activity over 48 hours. This observation was seen when the
control reaction was spotted on the TLC plate against the reaction that contained the enzyme.
Over 48 hours, the control reaction did sbbw any change, however, the reactions with the
enzyme showed two spots on the TLC plate. This indicated that the chosen enzymes were
catalysingthe hydrolysis ofL17. One additional observation made was that Novozyme 435

(111) started exhibiting the hydrolysis df17in the first 24 hours of the reactiowhich is not
surprisinggiven thefact that Novozyme 435 is a robuigtaseenzymel143!

Now that it had been established that the enzymes were still active, we were one step closer to
subjecting the PZQ intermediates prepared in this study to enzymatic hydrolysis reaction
conditions reported by Mathebula andworkers. Prior to setting up ¢lenzyme reactions, a
literature review on enzyme work was done and this revealed thaePaHf! have done

extensive work on enzymatic kinetic resolution of tetrahydroisoquinoline derivatives, and so it
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was crucial to ascertain whether there could be some valuable lessons learned from this earlier

work.

2.2.13 PZQ intermediates enzymatic kinetic resolution

The work done by Paal and-emrkers involved thenzymatickinetic and dynamic&inetic
resolution of 1,2,3etrahydroisoquinolind-carboxylic acid77. Because they used the same
starting material as ug7), their findings were particularly relevant. They were trying to obtain

an amide analogukl8 of compound/2 enantioselectively using lipase CAk as the enzyme

of choice. To their amazement, the aminolysis reaction generated a product they were not
expecting; instead of the amid&8, a hydrolysis ppduct(R)-77 was obtained (Scheng2).

@Q\JH CAL-B OQ\JH + RNH, CAL-B ©i;\lH " @Q\JH
- -

COHN-R DIPE CO,Et DIPE CO,H CO,Et

aminolysis hydrolysis
118 72 (R)-77 (S)-72

Schemé2: Enzymatic kinetic resolution of (#)2, where R=Bu or Bz.

Itis understood that the CAB (Novozyme 435gnzyme preparation, in its immobilized form,

has considerable amounts of water adsorbed onto it. Under these conditions, tie CAL
enzyme makes use of the adsorbed water to hydrolyze the carboxylic acid ester moiety. Further
analysis of the reaction med®vealed to them that the hydrolysis reaction proceeded slowly,
showing rates of O 5% in 24 h, however, t he
reaction. Seeing that these conditions yielded the enantiopureR3aid ih a shorter period,

albeit still in small quantities, the next obvious step was the optimization of the hydrolysis
reaction

During the optimization reaction of the kinetic resolutior7af Paal and cevorkers went on

to report insightful observations that became critical for us to avoid. One important observation
made was that the use of basic compounds led to the racemization of the less reactive
enantiomer, thus reducing the enantiomesiios E) over time The enantiomeric ratide] is

a measure of the enantioselective properties of an enzyme, which represents how well an
enzyme resolves a chiral compouhtt! It is a representation of the intrinsic selectivity of the
enzyme, which speaks to uniqueness of its catalytic abilities. In simple terms, a large
enantiomeric ratio means an enzyme can catalyze the resolution of one enantiomer over the
other in a racemienixture, selectively. Another parameter that is used when speaking about

asymmetric catalysis is enantiomeric excess), (which speaks to how efficient the
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enantioselective reaction is under the influence of the enzyme in quéstidmis parameter,
expressed in percentages, tells us how much of one enantiomer exists in solution over the other
enantiomer.

Paal and cavorkers observed that, in the presence of benzylamine, the enantiomeric ratios (E)
were observed to decrease from 35 at 52% conversion after 16 h of reaction time to 23 at 55%
conversion afte40 h of reaction time. The effect of basicity on the racemization was also seen
when the compound was left to stand over time; the ohrepof (S)72 with time even in the
absence of CAIB pointed to the selfacemization of the resolved starting material, which
alluded to the basic nature of the compabitgelf. Thus, for a fully optimized kinetic resolution
reaction of72, basic reagents should be avoided. No racemisation of the resolved carboxylic

acid producft/7 was observed.

The work done by Paal and -eoorkers was particularly useful to us, in that it provided
information about reaction conditions that were unlikely to yield the desired results. For
example, they found that the use of GALenzyme adsorbed on Celite and sucrose, led to

extremely slow conversion, even at almscel evat
conditionsled to racemization

Both Mathebulaet al and Paaét al provided some invaluable insights that assistdd setting

up the enzyme reactions for PZQ intermediates prepared in this study. Between the two
methods used by these researchers, the method used by Mathebulanamkiecs proved to

be much simpler and easier to execute.

__Enzyme ©©\m : NH
Buffer, pH=7

R. :

0”0 Ro™0 HO Yo

R = Me (rac)-T1, (S)-71 or (S)-72 (R)-T7
Et (rac)- 72

Scheme 83Attempted enzymatic hydrolysis of PZQ intermediatéand 72.

In Eppendorf tubes, 8 mg of enzyme in a phosphate buffer (0.1M pH =7, 950 ul) was mixed
separately with substratgd and72 (8 mg) dissolved in 50 pl of acetone (Scheme 83). The
control reactions were also set up in the same manner, but without enzymes. The resulting
mi xtures were incubated for 48 hours at 28
Pseudomonas cepacépase (PCL) (I),Candida antarcticaA (CAL A) (I1), and Novozyme
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435 (I11). Regular monitoring of the enzyme reactions using TLC plates did not point to any
hydrolysis taking place. To improve the solubility of some of the enzyme reactions, substrate
(rac)-71 was introduced into the buffer as a hydrochloride salt, allowing better dissolution into
the aqueous nature of the buffer, and thus removing the need for using acetone, however, no
hydrolysis was observed using this approach either.

We then moved on to test other esters that we had prepared and this revealed some interesting
results. For example, subjecting compouli® to the same enzymatic reaction conditions

using all three enzymes as shown in Scheme 84 did not lead to any hydrolysis of the substrate.
This observation is consistent with what other researchers have reported, that lipase enzymes

generally are unable tesolve compounds with bulky groups next to the site of resollitidn.

Enzyme
\[( \{/ Buffer pH=7 T]/ \</ \”/
o N © o/\o i

(rac)-112 (S)-112 (R)- 118
Scheme 84Unsuccessful EKR of bulky compoudd 2.

One last attempt was made to see if any of the enzymes would be able to hydrolyse aromatic
isoquinoline compoun@7 to its carboxylic acid’8 analogue (Scheme 85). The enzyme tested

was Novozyme 435, owing to its demonstrated success of hydrolysis in other studies of similar
compounds. TLC analysis revealed that there was some hydrolysis taking place in the first 24

hours of the reaction. It isnportant to mention that the control reaction was also monitored
using TLC analysis, which revealed that no lopgsis had taken place in the first 48 hours.

~ Novozyme 435

~N buffer pH =7 _N _N
070

97

Scheme 85Successful enzymatic hydrolysis of ef@tto its carboxylic acid analogus.

The promising result observed for the lipas¢alysed hydrolysis of isoquinoline derivat&e

at small scalded to the decision to scale up the reaction and isolate the products. The reaction
was scaled up to 127 mg of the e€@éiand 127 mg of Novozyme 435 in a phosphate buffer

of pH = 7. The resulting mixture was | eft t

was extracted with ethyl acetate. Removing ethyl acetate under reduced pressure and spotting

102



the concentrated organic phase on a TLC plate revealed two distinct spots, presumably that of
the unreacted ester and the newly formed carboxylic acid. The pH of the reaction mixture was
then lowered to 5, in an attempt to protonate any carboxylic acidrténa have remained in

the aqueous phase. Indeed, reducing the pH to about 5 using 2M HCI and extracting the
resulting aqueous phase with ethyl acetate yielded more carboxylic acid. For purification, a

preparatory TLC plate was used to separate the exletha newly formed carboxylic acid.

Running a&H NMR spectrunof thecrudeesterisolatedfrom the enzyme reaction revealed the

expected peaks as shown in Figure 39. @serwas not purified any furthetp prevent
material lossThe NMR spectrum shown in blue is the eStéprepared in sectiop.1.3
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Figure 39: Stackedspectra of ested7 prepared in sectio.1.3(top) and ester isolated from
enzyme reactiofbottom)

The spectrum ilbrownis the crude ester isolated from the enzyme reaction. Frostableed
spectra shown in Figure 39, it is evident that these are the same compounds, albeit the one in

brownis present in crude formnd the resolution of the signals is not as good as that for the
clean material
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NMR analysis of the carboxylic ackB obtained from the preparatory TLC plate revealed the
expected resultThis TH NMR spectrum was compared to thataotommercially obtained
sample of78. Stackingthe two spectra revealed that the hydrolysis readtadindeed takn

place and the second material recovered from the preparatonplat€&wvas the carboxylic
acid 78 (Figure 40).
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Figure 40: Stackedspectra of carboxylic aci@d8 obtained commerciallybottom) and

carboxylic acid78isolated fronmtheenzyme reactio(top).

ThelH NMR spectrum irbrownis the spectrum dhecarboxylic acid obtained commercially,

while the one in blue was extracted from the enzyme reaction. Looking statfkedspectra,

it is evident that these two compounds are the same, and thus it can be concludecktisat the
sufficient evidence to believe that lipase enzymes can catalyse the hydrolysis of unsaturated

isoquinoline derivatives.

It is important to mention that the hydrolysis of the e3&is not what was envisaged during
the commencement of the project. Originallwe aimed to resove partially saturated
isoquinoline intermediates, particularly those presented in se2tiofy 2.1.2 and2.1.5 All

the attempts to hydrolyse these compounds returned disappointing experimental results.
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However, the observed hydrolysis of esd@ris a welcomed results and inspires hdpat
investigating alternative reaction conditions and the use of other lipase enzyme preparations
will ultimately lead to successful lipasatalysed resolution of these compounds

2.2.2 Biosynthesis of INH intermediate

The commercial success of Nitrile hydratase enzyme can be attributed to the problematic
conversion of the nitrile functional group to its amide analogue using classical chéfhiktiy .

Prior to the use of biocatalysis for this conversion, this reaction was primarily facilitated by an

acid or a base. The problem associated with the latter methods involved the uncontrollable
conversion of the amide to a carboxylic acid analogue, whicloftes a fast reaction and thus

hard to circumvent. To inhibit carboxylic acid formation, heterogeneous catalysis has been
applied in these reactions, particularly metallic copper catakfS§tslowever, we decided to

embark on a greener approach.

CN O NH,
fj NHase - N

N~ Tris-phosphate buffer pH= 7.3, 75%

o7 62

Scheme & Biocatalyic synthss of INH intermediates2.

As already described in secti@m.2 the wide substrate scope of the nitrile hydratase enzyme,
as demonstrated by Mashwetlal[®9! has led us to hypothesize thatyanopyridine57would

most likely be amenable to nitrile hydratase hydrolysis of the nitrile to the amide analogue.
Indeed, this has been proven true by Cantaetléd when they converted-8yanopyridine57

to nicotinic acid62 using a NHase enzyni&®! In our study, 50 mg of NHase enzyme and 50

mg of 4cyanopyridine57 dissolved in acetone were mixed in a 2 mL Eppendorf tube
containing a Trigophosphate buffer of pH = 7.3 (Scheme 86). The resulting mixture was then

i ncubated at 30 for 3 hours and monitored
mixture was workedip with water and ethyl acetate, and the organic layer was removed under
reduced pressure. The resulting mixture was purified by column chromatography using 90%
ethyl acetate: 10% methanoldathe percentage yield of the amide prodifivas worked up

to be 75%.

To enhance our understanding of the NHase enzyme reactiwhtioaal studies were

conducted where we were interested in the optimal enzyme to substrate ratio for maximal

105



amide conversionn the least amount of timé&rom these studies, it became clear that the

optimal conditions were when the mass rafigubstrate to enzyme did not exceed 6:1. For a

rapid conversion, the best conditions would be a 1:1 ratio of substrate to enzyme as shown in

Table 5 below.

Table 5 Performance of the enzyme activity relative to the substrate load

Substrate to en Reaction Ti me
1:1 3
6:1 2 4 8
12:1 >12 days

This reaction proved to be relatively facile, offering good yields and ease of reaction. The yield

of 75% pointed to the polarity of the resulting am&R which was relatively hard to leach

from the stationary phase, as is seen by the use of a 90% EtOAc: 10% MeOH polar mobile

phase. Nonetheless, the objective of using NHase to transfoyamndpyridines7, a relatively

cheap reagent, to its amide analogh® which is an intermediate to isoniaziB, was

successful.
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Chapter 3: Conclusions and future work

The project aimedto develop ecdriendly methods for the synthesis of known anti
schistosomal and artB chemotherapies, particularly enantiopure praziquaRé!4Q) and
isoniazid (INH), using enzyme catalysBivotal to this was the successful synthesiskey

intermediate for both compounds, which formed te&rting pointfor biocatalysisreactions
The keyintermediates of PZQ were synthesized according to five synthetic strategies

The first synthetic strategy was chosen for its ability to yield diverse bioactive products in just
one reaction step. This opet reaction, called the Ugi multicomponent reaction (UMCR)
usually occurs between an amine, a carboxylic acid and an isocy#viie® the reaction was
initially attempted, the experimental data did not point to the desired products. This was
attributed to the failure of iodoxybenzoic acid (B39 to oxidize the amin&9into its imine
75analoguen-situ. Instead, success washa&ved by synthesizing the imings intermediate
exsitu using a bromosucdmide (NBS) mediated oxidation of the ami®. The resulting

imine 75 underwent the Ugi reaction with benzoic ac¢Bland two different isocyanide&la
and74bto yield cyclohexy carboxamid& 6aandtert-butyl carboxamid&6bin 78% and 83%
yields respectivelyf(Scheme 87)

_SOCl,
©<> / reﬂux h EtOH h
HN

-0 o
72
73 \ CE/E
R'-NC refiux NH
R'= CyHex 74a, Tert 74b
76a HO (0]
77

Scheme B Schematic summary of the first synthetic strategy

The hydrolysis of the two carboxamidé8aand 76bwas attempted using hydrochloric acid,
which resulted in the successful conversion ofténebutyl carboxamide/6b to the desired
tetrahydroisoquinolind-carboxylic acid77in 57% yield while cyclohexyl carboxamid&6a
remained unchanged. We attributed this selectivity to the stability of the resulting ammonium

ion that forms during hydrolysis, which is given additional stability byténeoutyl group as
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opposed to the cyclohexyl group. Subsequent to this was the esterification of the generated
carboxylic acid77 with thionyl chloride in ethanol. This reaction availed lower yields of the
ethyl ester72 due to the possible side reactions and the difficulty of transforming zwitterionic

species

To overcome the challenges encountered in the first approach, the second synthetic strategy
sought to partially hydrogenaquinolinel-carboxylic acid78, followed by the subsequent
esterification reaction of the resulting tetrahydroisoquinglifearboxylic acid77. In our

second attempt, Pd/C was initially chosen as the catalyst of choice due to its versatility in
hydrogenation reactions. However, the hydrogenation reaction did not yield the expected
result, and this was likely due to the poisoninteef of nitrogencontaining compounds on

Pd/C based catalysts. Pt(I1V) oxide, otherwise referred to as Adams catalyst, showed promise,
particularly because of its demonstrated ability to hydrogenate inert heterocyclic hydrocarbons,
and its ubiquitous usae literature. The hydrogenati@fisoquinolinel-carboxylic acid using

PtO2 under hydrogen atmosphere vyielded tetrahydroisoquindtrerboxylic acid 77 in
moderate yieldof 53-61% The optimisation studies reve:
percentage and reaction time had slight effects on the overall yield, with the data suggesting
that to produce the hydrogenated product optimally, one would neg8%atalyst load and

a reation time of 1824 hoursDuring workup, challenges arose regarding the solubility of

the tetrahydroisoquinoline product in methanol and water, leading to the loss of product during
extraction. Despite these challenges, successful synthesis of the dmsimedund was
confirmed through'H and 13C NMR spectroscopy. The esterification reaction of the
synthesized acid7 using thionyl chloride in ethanol or the Steglich esterification method
produced low yields of the desired ester prodi&tThisdiscouraging result can be likened to

that observed in the first synthetic approé8bheme 8).

) PtOy, H; SOCl,
_N NH  EtoH NH
HO™ 0O HO” O ~S0"N0
78 77 72

Scheme & Schematic summary of the second synthetic strategy

The third strategy recognised challenges associated with esterifying tetrahydroisogdnoline
carboxylic acid77 and sought to mask the free base moiety of the molecule in an effort to

facilitate esterification. It was envisaged that starting with the esterification reacti@ntbe
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fully aromatic isoquinoline,would mask the effects of the amine, making léss likely to
interfere with the esterification reaction. Indeed, the esterification8okas successfully
achieved using thionyl chloride in absolute ethanol, yielding the desired ethydester5%
yield. However, attempts to hydrogena®@ to obtain 72 were unsuccessful. Instead,
hydrogenation occurred selectively at the phenyl ring, yielding undesired com@8umhlich
was confirmed by NMR analysis. Despite variationsréaction conditions and catalysts

(including PtQ and Rh/C), the desired hydrogenation product could not be obt&icadme

89).
POy, Hy
[ I NH
/\O

0
72

Xy SOCl, X, Rh/C, H,
HO (0] /\O (@] /\O o)
78 97 72
AN
_N

Pd/C, H,
~>So"No
98

Scheme & Schematic summary of the third synthedicategy

Seeing that the first three synthetic approaches aimed at preparing the PZQ intermediate were
problemati¢ with only a maximum of 17% yield of the desired eSt2achieved in the first

two strategies, and the third strategy encountering difficulties in the hydrogenation step, the
project shifted towards alternative synthesis methods, with a particular inter@stmatic
functinalisationchemistry. To prepare isoquinoline scaffolds usangmatic functionalisation
chemistry, a number of eponymous readi@xist, however, the famous reactions for this
transformation are the Pict8pengler reaction and the BichMapieralski reaction. Initially,

we attempted the Pict&pengler reaction to prepare the isoquinoline scaffold using 3
methoxyphenethylamin®9 and glyoxylic acid monohydrat200 to yield the isoquinoline
scaffold101 However, this reaction did not yield the desired product, even after attempting a
demethylation step of-Biethoxyphenethylamin@9to the corresponding hydroxylamii®?2

to enhanceeactivity. The BischleNapieralski method was then attempted, utilizing various
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phenethylamines9ac and oxalate80ab to form the correspondingxoacetates8la-c.
While successful in forming thexoacetate8lac, the yields were low, ranging from 16% to
41%, and unexpectdas-amides103 105 and106 were formed as de products. From the
cyclisation reactions @dlaand81b, only 81bwas successful in cyclising, yieldinge desired
isoquinoline scaffoldl08 in 50% vyield Finally, we attempted the hydrogenation bt
BischlerNapieralski produciO8that survived the multispesynthesis; however, we did not

succeedn attainingthe desired compountD8 (Schemed0).
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A 0] (0]
2 R1- ~
R\O)H(O\RZ m ,R2 POC|3
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5% NH, 80a-b

79a-c
= HN\H)L
=
(0] N

103, 105, 106 AN
R1_'
|
= NH
0o

Schem®0: Schematic summary of tHeurth synthetic strategy

The failures of the preceding strategies provided pockets of successes that, when assembled,
gave rise toa meticulous approach to overcoming the challenges encountered in the preparation
of the PZQ intermediate$n section2.1.2we learned that heterogeneous catalysis could be
exploited to provide tetrahydroisoquinolidecarboxylic acid77 in moderate yields of 53

61%. We later learned in secti@nl.3that it easier to esterify the isoquinoline acid scaffold
when the amine is masked, as was evidenced by the esterificali@ta®7 in a good yield

of 75%. The protection of the amine prior to the esterification seemed like the prudent method
to adopt, and so the protection of the amine moiety of the partially hydrogenated isoquinoline
acid 78to give 77 wasattempted using etert-butyl dicarbonate (Be©). This reactioravailed

the protected produdtllin 89% yield which was a step in the right ditemn. Subsequent to

this was the esterificationeaction where conditions were chosen careful§o asnot to
deprotect the amineA methylation reaction, over a classical esterification reaction would
preserve the Boc protection and give an ester without risking the deprotection of the Boc group.
The methylation ofi11using methyl iodide yieldethethyl 1,2,3,4etrahydroisoquinolind.-

carboxylatel12in 64% yield, indicating that thegect was drawing closer to its objective of
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preparing a PZQ intermediat&€he successful installation of the ester meant the protection
could now be removetrom 120, thus availing the highly desirable PZQ intermediéteThe

Boc group waglislodged using trifluoroacetic acid in one reactiand hydrochloric acidin
another, availingy1in 65% and 69% respective{fsicheme 91)The success of these reactions
was confirmed by protoNMR, carbon NMR and HPLCMS.

Boc,0O Mel TFA or HCI
NH— NYO\’/ - N\n/o\k ” NH
o}
HO™ Yo Ho o © oo ~SoNo
77 111

112 Il

Schem®1: Schematic summary of the fifth synthetic strategy

The compoundgrepared in secti@®.1.], 2.1.2 and2.1.5werethen subjected to enzymatic
hydrolysis conditions. Prior to that, MBH acetafi&y was synthesised as a test substrate to test
the activity of the enzymes that were used to catalyse the hydrolysis reactions (Scheme 92)
The MBH adductil5was prepared by reactingbfomobenzaldehyd#l13 and acrylonitrile

114in the presence of DABCO. This was followed by the reaction of the resulting MBH adduct
115with acetic anhydrid&16in the presence of triethylamine and DMAP.

O O e}
O ZCN OH AO)K ok
CN 116 CN
Br 113 Br 115 Br (rac|)-117

o}
OJ\ OH
CN . ‘. _CN
Br Br
(R)-117 (S)-115

Scheme 9ZEnzyme test substratesPep synthesis, followed by lipase catalysed hydrolysis.
Following the successful synthesis of the MBH aceta&t®)-117, three enzymes were tested
for activity. These enzymes wdkseudomonas cepacépase (PCL) (I)Candida antarctica

A (CAL A) (I1), and Novozyme 435 (I11). Following the enzyme reactiossngTLC anaysis

and comparing them aigst their control reactions, all three enzymes showed activity. That is,

the enzymes were catalysing the hydrolysis of the prepared MBH a¢ete}ell7 to its
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corresponding secondary alcohbl5 An interesting observation made from the enzyme
reactions was that the enzymes catalysed the hydrolysis reactions at varying speeds, where

Novozyme 435 was far better at catalysing the hydrolysis reaction when contrasted with PCL

andCAL-A.
Ry R
o N0 R0 HO 0o

R4 = Me (rac)-71, (S)-71 or (S)-72 (R)-T7
Et (rac)- 72

Scheme 93Unsuccessfulipasecatalysed hydrolysis of PZQ intermediatdsand 72.

Following the confirmation of the activity of the three enzymes, the PZQ intermediates
prepared(described in sectiora 1.1, 2.1.2 and2.1.5 were subjected to the same conditions

as those of the test substrate (Scheme 93). Following the progress of the reaction over 48 hours
using TLC analysis showed that there was no hydrolysis taking place. The TLOlsperiged

for each of the enzyme reactioos both PZQ intermediatésl and 72 corresponded to ¢h
starting materialsThese wer¢he same as tseobservedfrom the control reactions.

An attempt was also made to hydrayd 2to its corresponding carboxylic acid (Scheme 94).
The same conditions used for the test substrate were also used in this reaction. Following the
reaction using TLC did not point to a successful hydrolysikl@f This wasot an uexpected

resultsince lipase enzymesegenerallyunable taesohe stereogenic centres that are next to
bulky groups.

@G\J ¢!
NAC \A
0" o SN Ho™ Yo ©

N_ _O
et
o}
(rac)-112 (S)-112 (R)-118

Scheme 94Jnsuccessfulipasecatalysed hydrolysis of PZQ intermedidte2

Looking at the work done in this study, there was one more PZQ intermediate that was prepared
in section2.1.3 which could be tested fagdrolysis inthe enzyme reaction€ompound?,
which is an unsaturated version of a PZQ intermediate was then itethecenzyme reaction.

When a smalscale reaction was set up, using Novozyme 435, spotting the reaction material
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on the TLC plate revealed that a hydrolysis reaction was taking [Babenge 95). When the
control reaction was also spotted on the l&te only the starting material spot was observed.
This meant that Novozyme 435 was catalysing the hydrolysis of the @Btéo its

corresponding carboxylic acitB.

X Novozyme 435 A X
- +
N BufferpH=7 ~N ~N
o X0 ~So0"0 HO” O
97 97 78

Schemeds: Successful enzymatic hydrolysis of eféro its carboxylic acid analogues.

The observation of one new spaith a lower Rf value compared to the spot of the starting
material prompted us to scal the reaction in an attempt tbtainsufficient materialfor
isolation andanalysisusing NMR spectroscopy. Indeed, the scalpdreaction provided
enough material to run a crude proton NMR speuton both the ested7 and the newly
formed acid 78, which then served as experimental evidence of hydrolysis. This was a
promising resulin that t provided evidence thatnderthe right conditionBZQ intermediates

are amenable to lipasatalysed hydrolysis.

The synthesis of PZQ intermediates using variseusthetic methodpresented challenges
however,sufficient material was recovered and ultimately tested for enzyme hydrolysis. Itis
important to note that there & need to investigate efficient ways to make intermediates of
PZQ. One such method that could be explored in future is the use of flow chemistry, which has
been recently reported to produce PZQ in excellent yield and pi&Atylo be specific, more
focus should be given thé¢ BischleiNapierdski reaction we have been able ttemonstrate

that it is possible to make the isoquinoline scaffolds using relatively cheap starting materials
that were commercially availabl&here is also a need to investigate suitable conditions for
enzyme reactions, particularly for the resolutiorpaftially saturateésoquinoline analogues
which were noamenable to hydrolysis using the three enzymes tested in this Atuaiyge

of additional enzymes will need to be tested to identify those able to perform this

transformation.
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Chapter 4: Experimental procedures

4.1 General experimental procedures

All reagents were purchased fro®ii gma Al drich (Darmstadt, Ge
without further purification. All solvents used for reactions and column chromatography were
purified by distillation. THF and toluene were dried over sodium wire and distilled, with
benzophenone as an indior. CH2Cl and MeCN were distilled from calcium hydride. All

other reagents and solvents for HPLC were obtained from commercial sources and used
without further purification. Reactions were
gel 60 F254 plates(Darmstadt, Germany). Purification of compounds bglumn
chromatography was performed on normal silica gel (particle s&& @200 mm) or flash

silica gel (particle size 0.040.063) purchased from MerckH and3C NMR spectra were

recorded on either Bruker AVANCE 300, 400 or 500 MHz spectromet8&pectra were

recorded ineither deuterated chloroformdeuterated water, or deuterated methanol. The
chemical shift values for all obtained spectra are reported in parts per million and referenced
against MS as an internal standard, which has a value of zero parts per million. Coupling
constants are reported in Her@mallscale enzymatic reactions were done on an Esco
provocell TM microplate shakerAll melting points were obtained using a Stuart SMP10

melting point apparatus and are uncorreckeftared spectra were recordeda BrukerTensor
27 single channel infrared spectrometer

4.1.1Preparation of 3,4dihydroisoquinoline (75)

5 4
6 3
7 /Nz
8 1

1,2,3,4Tetrahydroisoquinoling49) (2.503g, 18.97 mmol) was dissolved in £&Hb (40 mL).

NBS (3.714 g, 20.86 mmol, 1.1 equiv) was slowly added in portions over a period of 10 min
and the reaction mixture was stirred for 30 min at room temperature. To this mixture 30%
NaOH (12.65 ml, 5.0 equiv) was added, and the resulting biphasiurmiwas stirred
vigorously for 1 h. The organic layer was separated and washedHp@ii25 ml) and 1 M

HCI (25 mL). The acid extract was basified to pH = 10 with 1 M NaOH (55 mL)tlaad
liberated oil was extracted witbH2Cl2 (2 x 100 mL). The organic portions were washed with
sat. aq. NaCl (500 mL), dried over ¥&0s3 and the volatile material removewl vacuo The

residue obtained was purified by flash column chromatography.QEGHMeOH 15:1)
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furnishing compoun@,4-dihydroisoquinoline (75) (1.820 g, 73%) as a yellow oRf = 0.14
(CH2Cl2: MeOH 15:1). IR: §, cntl) 3019 (=C-H str.) 2935(C-H str.) 1625 (C=N str.)!H
NMR (400 MHz,CDCkL) & 8. 34), 1.36 (tdJ 4 H1, 2.1 Hz, 1HAr-H), 7.33i 7.28
(m, 2H, Ar-H), 7.16 (dJ = 7.3 Hz, 1H Ar-H), 3.78 (tdJ = 10.0, 2.2 Hz, 2HH-3), 2.76 (t,J
= 6.8 Hz, 2H H-4). 13C NMR (101 MHz, CDGJ)) U 1-4)0136L3 (AC), 131.1 (AfC),
128.5 (ArC), 127.4 (AfC), 127.2 (AfC), 127.1 (AfC), 47.4 (G3), 25.0 (G2).

4.1.2 Preparation of 2-benzoytN-cyclohexytl,2,3,4tetrahydroisoquinoline-1-

carboxamide (76a)

6 N 3 16 A 18
! g 1 971(5@17'

10HN" 970

A solution of 3,4dihydroisoquinoline {5) (329 mg, 2.50 mmol) anldenzoic acid {3) (306

mg, 2.50 mmol) in abs. MeOH (15 mL) was stirred at room temperature for 30 min. Cyclohexyl
isocyanide 748 (273 mg, 2.50 mmol) was then added and the mixture was stirred at room
temperature until complete consumption of the starting materials was indicated by TLC
analysis (2472 h). The solvent was removed by evaporation and the residue was purified by
flash column chromatography (30% EtOAc: Hex). The oily product crystallized when dried
under high vacuum to give-benzoykN-cyclohexl-1,2,3,4tetrahydroisoquinoline-1-
carboxamide (76a) (756 mg, 83%). Mp: 15455 , lit1%3Imp: 89°C;IR: (3, cnl) 3292 (NH

str.), 2934 (GH str.), 1650 (C=0), 1543 (NH bepdH NMR (400 MHz,CDCd) U 17.4050
(m, 5H, ArH), 7.261 7.20 (m, 3H, AfH), 7.20i 7.16 (m, 1H, AfH), 6.81 (d J= 8.3 Hz, 1H,

NH), 6.01 (s, 1H, HL), 3.85i 3.74 (m, 2H, H3 & H-11 overlap), 3.67 (td] = 12.3, 4.0 Hz,

1H, H-3), 3.06i 2.94 (m, 1H, H4), 2.93/ 2.78 (m, 1H, H4), 1.91 (tJ=14.9 Hz, 2H, CyHex),

1.747 1.65 (m, 2H, CyHex), 1.64 1.51 (m, 2H, CyHex), 1.461.31 (m, 2H, CyHex), 1.30

1.14 (m, 2H, CyHex}**C NMR (101 MHz, CD&) 4 171.8 (C=0), -169.5
C), 134.5 (AfC), 131.6 (A¥C), 130.5(Ar-C), 129.2 (ArC), 129.0 (AfC), 128.3 (AfC), 127.8
(Ar-C), 127.0 (A¥C), 126.9 (A¥C), 57.7 (C1), 48.5 (CyHexC), 43.8 (G3), 33.2 (CyHexC),

29.4 (G4), 25.8 (CyHexC), 24.9 (CyHexC).

115



4.1.3 Preparation of 2-benzoytN-(tert-butyl)-1,2,3,4tetrahydroisoquinoline-1-

carboxamide (7@)

5 4 16
6 3 15 17
N 14
7 16'
8 1 213 15'
10HN"9™0
1 12
12 12

A solution of 3,4dihydroisoquinoline 15) (328 mg, 2.50 mmol) and benzoic ack8) (305.

mg, 2.50 mmol) in abs. MeOH (15 mL) was stirred at room temperature for 3Ueniutyl
isocyanide T4b) (208 mg, 2.50 mmol) was then added and the mixture was stirred at room
temperature until complete consumption of the starting materials was indicated by TLC
analysis (2472 h). The solvent was removed by evaporation and the residue was purified by
flash column chromatography (50% EtOAc: Hex). The oily produgstallized when dried

under high vacuum to give-benzoytN-(tert-butyl)-1,2,3,4tetrahydroisoquinoline -1-
carboxamide (76b) (650 mg, 77%). Mp: 13940 , lit%Imp: 119 ; IR: (3, cm?), 3321

(NH str.), 2935 (GH str.), 1656 (C=0), 1541 @M bend)!H NMR (400 MHz,CDCk) U4 7. 45
(s, 5H, ArH), 7.261 7.20 (m, 3H, AfH), 7.207 7.15 (m, 1H, AtH), 6.73 (s, 1H, NH), 5.96

(s, 1H, H1), 3.89i 3.74 (m, 1H, H3), 3.66 (tdJ= 12.5, 4.0 Hz, 1H, FB), 3.04i 2.93 (m,

1H, H-2), 2.89i 2.77 (m, 1H, H2), 1.38 (s, 9H, HL2). 13C NMR (101 MHz,CDGJ)) u 171 . 5
(C=0), 169.5 (C=0), 135.4(AC), 134.1 (A¥C), 131.4 (A¥C), 130.2 (ArC), 128.8 (ArC),

128.7 (ArC), 128.1 (AfC), 127.5 (AfC), 126.7 (AfC), 126.5 (AfC), 58.0 (G1), 51.5 (C

11), 43.4 (G3), 29.1 (G4), 28.8 (G12).

4.1.4 Preparation of 1,2,3,4tetrahydroisoquinoline-1-carboxylic acid (77)

5 4
6 3

NH
g 1 2

HO"9~0
10

Method |

To compound76éb (168 mg, 0.5 mmol) was added 10% HCI (5 mL), and the mixture was
refluxed for 24 h. The excess aqueous HCI| was removedcuoto give a brownish residue.

The resulting residue was partitioned between water (10 mL) and ethyl acetate (10 mL). Water

was removed from the aqueous extiactacuoto give a beige solid. The resulting solid was
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purified using column chromatography (50% MeOH: EtOAc) to gilg2,3,4
tetrahydroisoquinoline-1-carboxylic acid (77) (54.0 mg, 29%) as a white salt. Mp(3-275

, lit[1081 mp: 244247
Method II
Isoquinolinel-carboxylic acid 78) (1.008 g, 5.820 mmol) was dissolved in glacial acetic acid
(33 mL) and Pt@(66.70 mg, 2.410 mmol) was added to the solution. The mixture was stirred
under a Hatmosphere (7 bar) at 26 for 24 h.The catalyst was removed by filtration through
a celite pad andinsed with MeOH (10 mL) and acetic acid (10 mOhe filtrate was
concentrated to dryness to give a light grey sdlide resulting solid was triturated using
methanol and dried in an oven overnight. This yielde? 3,4tetrahydroisoquinoline-1-
carboxylic acid (77) as a white powder (625 mg, 61%). Mp: 2285 , lit[120lmp: 269271

IR: (3, cntl) 3057 (=GH str.), 2953 (CH str.), 1606 (C=O)H NMR (400 MHz, DO) & 7. 3 8
(d,J=6.9 Hz, 1H Ar-H), 7.28i 7.18 (m, 2H Ar-H), 7.15 (dJ = 6.9 Hz, 1H Ar-H), 4.83 (s,

1H, H-1), 3.52i 3.41 (m, 1H H-4), 3.38i 3.28(m, 1H, H-4), 2.95 (t,J = 6.6 Hz, 2H H-3).

13C NMR (101 MHzD20) U 17 1.9 ( ¥ 2B.7 (AfC)3108.37(ArC)ALRS.1

(Ar-C), 127.9 (AfC), 126.9 (AfC), 58.6 (G1), 39.8 (G3), 24.5 (G4).

4.1.5 Preparation of ethyl 2—((3-methoxyphenethyl)amino-z-oxoacetate (81n

A mixture of 2(3-methoxyphenyl)ethanaming4d (251 mg, 1.0 mmol) and diethyl oxalate

(80b) (438 mg, 3.0 mmol) was stirred at 140
diethyl oxalate were removed by distillation vacuq and the oily residue crystallized when

treated with E4O, resulting irethyl 2-((3-methoxyphenethyl)amino}2-oxoacette (813, as

a crystalline product (82,3 mg, 33%). The crystals were collected by filtration, washed with

Et2O (10 mL), and used in the next step without further purificatiyp 697 0 , it mp:
reported.IR: (38, cm!) 3339 (NH str.), 2939(CH str), 1733 (C=Q. 'H NMR (400 MHz,

CDCB) O i 7.1424m, 1H), 6.73 (d, J=2.0 Hz, 1H), 6.71 (d, J = 1.9 Hz, 1H), 6.67 (s, 1H),

4.26 (g, J = 7.1 Hz, 2H), 3.73 (s, 3H), 3.53(q, J =6.9 Hz, 2H), 2.77 (t, J = 7.1 Hz, 2H), 1.30 (t,
J=7.1Hz, 3H)*CNMR (101 MHz,CD&) U4 160.66 (C=0), Xh9.90 (
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139.69 (ArC), 129.80 (A+C), 120.98 (AfC), 114.36 (AfC), 112.16(AfC), 63.22 (C13),
55.21 (G7), 40.90 (G9), 3528 (C8), 13.98 (G14).
4.1.6 Preparation of ethyl 2-((3,4-dimethoxyphenethyl)amino)2-oxoacetate (81h

D“ 2
13 0" ™15

A mixture of 2-(3,4-dimethoxyphenyl)ethanaminé79b) (281 mg, 1.0 mmol) and diethyl
oxalate 80b) (438 mg, 3.0 mmol) was stirred at 140for 6 h. The ethanol formed and the
excess diethyl oxalate were removed by distillaiioracuq and the oily residue crystallized
when treated witkt20O, resulting inethyl 2-((3,4-dimethoxyphenethyl)amino}2-oxoacetate

(81b), as a crystalline product (115 mg, 41%). The crystals were collected by filtration, washed
with Et2O (10 mL), and used in the next step withoutHar purification. Mp: 6970, lit[136]

mp: 6870 ). IR: (3, cmt) 3290 (NH str.), 2931(CH str.), 1745 (C=0)}H NMR (500 MHz,
CDCk)Ui 7. 1 3NH), 6.82 (dD#8.1 Hz, 1H Ar-H), 6.77i 6.70(m, 2H Ar-H), 4.33 (q,
J=7.1 Hz, 2H H-14), 3.88 (s, 3KIH-7 or H8), 3.87 (s, 3KIH-7 or H-8), 3.59 (q.J = 6.8 Hz,

2H, H-10), 2.82 (t,J = 7.0 Hz, 2HH-9), 1.38 (t,J = 7.1 Hz, 3H H-15). :3C NMR (126 MHz,
CDCkB) U 160.7 (C=0), -0)5487.9%5rQ), C39.60(AfC), I2A.B(AFR), ( AT
111.9 (ArC), 111.5 (AfC), 63.2 (G14), 56.0 & 55.9 (€7 & C-8), 41.1 (G10), 34.9(C-9),

14.0 (G15).

4.1.7 Preparation of ethyl 6,7-dimethoxy-3,4-dihydr oisoquinoline-1-carboxylate (109

5 4

0.6
9~ 3
10~ ~Np
1371270710

To a stirred solution aéthyl 2((3,4-dimethoxyphenethyl)amineé)-oxoacetatg81b), (281 mg,

1.0 mmol) in abs. acetonitrile (5 mL) under Ar gas, freshly distilled R(84B mg, 5.5 mmol)

was added. The resulting mixture was stirred at rt overnight and refluxed for 3.5 h, and then
evaporated under reduced pressure. The oily residue was carefully dissolved in warm 96%
ethanol (50 mL) and the resulting solution was ad@earixture of icecold water (200 mL)

and EtOAc (150 mL). The biphasic mixture was matkaline with conc. aéqNH4OH solution

under vigorous stirring and external cooling in anvigger bath. The organic layer was

separated, and the aqueous layer was extracted with EtOAcBDmL). The combined
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organic extracts were driedN&SQs) and evaporated. The oily residue crystallized when
treated with EtO to giveethyl 6,7-dimethoxy-3,4-dihydroisoquinoline-1-carboxylate (108

as a beige crystalline product (133 mg, 50%), which was collected by filtration, washed with
Et20,and used in the next step without any further purification. MF&5 , lit[136Imp: 76

78 .IR: (3, cm?t) 3085 (=GH str.), 2942 (GH str.), 1714 (C=0), 1616 (C=NjH NMR (400

MHz, CDCB) 4 7 . ,3ABH),(6.89 (s, IHAr-H), 4.42 (qJ= 7.1 Hz, 2H H-12), 3.92 (s,

3H, H-9 or H10), 3.89 (s, 3KIH-9 or H-10), 3.88i 3.83 (m, 2H H-3), 2.73i 2.67 (m, 2H H-

4), 1.43 (t,J=7.1 Hz, 3H H-13). 13C NMR (101 MHz, CDX) U 9(C60), 158.6 (C=N),
151.6 (ArC), 147.4 (A¥C), 131.7 (AfC), 119.0 (AfC), 110.3 (ArC), 110.1 (AfC), 61.9 (C

3), 56.1 (C9 or G10), 56.0 (G9 or G10), 47.7 (C3), 25.2 (C4), 142 (C-13).

4.1.8 Preparation of ethyl isoquinoline-1-carboxylate (97)

5 4
6 X3

7 ~No
g 1

11/1609 ¢}

To a stirred solution of isoquinoliriecarboxylic acid 78) (173 mg, 1.0 mmol) in abs. ethanol
(2.5 mL) was added thionyl chloride (0.6 mL, 984 mg, 81&#ol) dropwise over 5 minutes.
Then, the mixture was heated under reflux for 4 h. Ethanol was removed by distillation and
saturated NaHCg&xsolution was added to adjust the pH to 7. The mixture was extracted with
ethyl acetate (10 mL), and the organic layer was dried over anhydre8©N&emoval of the

ethyl acetatdy evaporation gave the esethyl isoquinoline-1-carboxylate (97) as a light

yellow oily compound (150 mg, 75%Rs = 0.73(EtOAc:Hex 1:). IR: (3, cmt) 3056 (=GH

str.), 2982 (GH str.), 716 (C=Q. *H NMR (400 MHz,CDCk) G 8J=B.8 HZ 1H, Py

H), 8.63 (s, 1H. P¥), 7.85 (dJ= 8.1 Hz, 1H, AfH), 7.79 (d J= 5.5 Hz, 1H, AfH), 7.75i

7.63 (m, 2H, ArH), 4.58 (q,J = 1.7 Hz, 2H, H10), 1.51 (tJ = 8.0 Hz, 3H, H11).13C NMR
(101MHz,CDCB) U 166. 0 (C=0), -C)41B6.DAFC)CL30NB)AC),141. 6
128.6 (ArC), 127.1 (PyC), 126.7 (AfC), 126.4 (AfC), 124.0 (AfC), 62.1 (C10), 14.3 (C

11).
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4.1.9 Preparation of ethyl 1,2,3,4tetrahydroisoquinoline-1-carboxylate (72)

5 4
6 3
NH
7
g 12

1171007970

To absolute ethanol cooledith 0 , SR03BEinL, 2.27 mmglwas added dropwise under

stirring whilst keeping the temperature at0 . Foll owi ng t,thereamtbrd i t i on
mixture was allowed to stir for 2 minutes, ah@,3,4tetrahydroisoquinolind-carboxylic acid

(77) (285 mg, 1.607 mmol) was added in one portion. The resulting mixture was allowed to
warm to room temperature, stirred for an additional 3 hoursedhcked for 1 hour. The solvent

was removed under reduced pressure and the resulting residue was extracted with EtOAc and
saturated NaHCg&solution. The organic portions were basified to pH=14 with 1M NaOH and
extracted with ethyl acetate (2 x 10 mL). The solvent was evaporated using a rotary evaporator
followed by purification with column chromatography (EtOAc:Hex 1:1), affordetpyl
1,2,3,4tetrahydroisoquinoline-1-carboxylate (72 as a brown dense oil (56.1 mg, 17%y.

= 0.65 (EtOAc:Hex 1:1). IR:3( cmtl): 29802903(GH str), 1723(C=0 str), 1619 (N str).

'H NMR (400 MHz, CDCG) U 7J=8.6 Hz( 1dH,A+H), 7.23i 7.12 (m, 2H, AfH), 7.10

(d,J =9.0 Hz, 1H, ArH), 4.72 (s, 1H, H1), 4.31i 4.14 (m, 2H, H10), 3.37i 3.25 (m, 1H,

H-3), 3.12f 3.01 (m, 1H, H3), 2.90i 2.72 (m, 2H, H4), 2.14(s, 1H, NH), 1.30 (tJ= 7.1 Hz,

3H, H-11). 13C NMR (101 MHz, CD&) U 173. 11 ( €5,Q@3199 (AG)5. 46 (
129.41 (ArC), 127.74 (AfC), 127.11 (A+C), 125.82 (AfC), 61.38 (G1), 59.05 (G10), 4.89

(C-3), 29.18 (4), 14.20 (G11)

4.1.10 Preparation of 2-(tert-butoxycarbonyl)-1,2,3,4tetrahydroisoquinoline-1-
carboxylic acid (11J

5 4
6 3 3
. NJ110.| 13
s 1270 12
(e}
10HO 9 "0 13

A mixture ofl,2,3,4tetrahydroisoquinoliné-carboxylic acid (150mg, 0.85 mmoly7), and
CHCbwer e stirred at Otert-butyldifaobonatd (A8 mg, 6.85urtmolo n , d
and triethylamine (177 uL, 1.27 mmol) were added and the resulting mixture was allowed to
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warm to room temperature while stirring overnight. An aqueous solution of HCI (1.0 M) was
added until the pH reached 3.0. The mixture was extracted with EtOAc (3 X 25 mL) and the
organic portions were washed with brine (10 mL) and dried ovesSKganhydrous. The
solution was filtered and concentrated under reduced pressure to aPF(ett-
butoxycarbonyl)-1,2,3,4tetrahydroisoquinoline-1-carboxylic acid (111 (210mg, 89%)as

a light brown low melting point solid. Mp 625 , lit mp: not reportedLR: (3, cnt) 3466

(O-H str.), 2977 (CH str.), 1807 (C=Q)H NMR (400 MHz, CDC{) U 1 7.415r2, 1H),

7.251 7.19 (m, 2H), 7.18 7.13 (m, 1H), 5.5%.41 (n, 1H), 3.92 3.58 (m, 2H), 3.00 2.78

(m, 2H), 1.46 i, 9H). :3C NMR (101 MHz, CD®) U 177.16 (C=0), 17
155.71(C=0), 154 . 6-C), 13547 (A€)0,) , 1 A B@OI1OJR(AFCAGr) |,
128.60 (ArC), 128.38 (A+C), 128.25 (Af«C 6 ) , 1 2@3,.126583 (AmB)r 81.94 (C12),

81. O0-I2], 881 (C1 ), 5 7),pM9((CH), 3 93), 2876 (CE)H28.40 (C
13), 2-83). Retricferotation of the Boc group caused a splitting of carbon signals,
which we donated as CO0.

4.1.11 Preparation of 2-tert-butyl 1-methyl 3,4dihydroisoquinoline-1,2(1H)-
dicarboxylate (112

A mixture of 2(tert-butyoxycarbonyhl,2,3,4tetrahydroisoquinolind-carboxylic acid {11)

(76.2 mg, 0.274 mmol), potassium carbonate (49.4 mg, 0.357 mmol), and iodomethane (58.3
mg, 0.411 mmol) were stirred in 3 ndf DMF at room temperature for 3 hours. The resulting
mixture was diluted with ethyl acetate and washed with saturated Na&t@@aturated NaCl.

The organic portion was dried over &4 anhydrous, filtered, and concentrated under
reduced pressure. The resulting residue was purified by column chromatography (30%
Hex:EtOAc), furnishing 2-tertbutyl 1-methyl 3,4dihydroisoquinoline-1,2(1H)-
dicarboxylate (112 a yellow oil (798 mg, 64%) R= 0,63 (30% EtOAc: HexXIR: (3, cnm?)

2980 (=CH str.), 2882 (GH str), 1740 (C=0,)1681(C=Q. 'H NMR (400 MHz, CDC)
7.511 7.44 (m, 1H), 7.25 7.19 (m, 2H), 7.16 (s, 1H), 5.60 (s, 1H), 5.43 (s, 1H), 3.8474

(m, 1H), 3.71 (s, 3H), 3.002.90 (m, 1H), 2.90 2.80 (m, 1H), 1.48 (dl = 8.7 Hz, 8H).1%C

NMR (101 MHz,CDC$) 0 172.18 (C=0), 171.92 (C6=0),
135.67 (AFC), 13541 (A\C 6 ) , 1 30),.13004 (Av@6 ) , 1 TR 128.32((MQ),
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128.20 (AFrC 6 ) , 120),.12791 (AG© ) |, 12®,8G68 (CL 2 , 8-02),48 (CbOo
58.69 (G1) , 5 7), 8248 (G1C) , 5-20), 80B5 (X)6, 3 93), 28685 (CGA% 6
28. 7H), 2881H(C1 3) , 2 83)).3Restri¢t&dl drotation of the Boc group caused a

splitting of carbon signal s, which we donat e

4.1.12 Preparation of methyl 1,2,3,4tetrahydroisoquinoline-1-carboxylate (71)

S 4

Method |

To a solution of2-tert-butyl 1-methyl 3,4dihydroisoquinolinel,2(1H)-dicarboxylate 112

(200 mg, 0.721 mmol) in dioxane (10 mL), 4M HCI solution (10 mL) was added, and the
resulting mixture was stirred overnight. The resulting mixture was concentrated under reduced
pressure to afforchethyl 1,2,3,4tetrahydroisoquinoline-1-carboxylate (71)as a beige solid

(94,7 mg, 69%)Mp 87-89 , | it mp: IRN@® ¢ml)r3260 (OHH sty 8935 (CH

str), 1731 (C=0 str). HPL®IS (m/z), calculated fo€11H13NO2: 191.01, found [M + H} :
192.1023

Method II

To a solution of2-tert-butyl 1-methyl 3,4-dihydroisoquinolinel,2(1H)dicarboxylate 112

(200 mg, 0.721 mmol) in chloroform (10 mL), trifluoroacetic acid (0,53 mL, 0,69 mmol) was
added, and the resulting mixture was stirred overnight. The resulting mixture was concentrated
under reduced pressure to affondthyl 1,2,3,4tetrahydroisoquinoline-1-carboxylate (71)

as a beige solid (8% mg, 65%).Mp 68-72 I it mp : IRN@ ¢nm!)B343p3389t e d .
(N-H str), 29342910 (GH str), 1749 (C=0 str). HPL®IS (m/z), calculated fo€11H1aNOy:

191.Q1, found [M + HJ": 192.1025!H NMR (400 MHz, DO) U 7J=7%.&%Hz(1H,Ar

H), 7.45i 7.34 (m, 2H, AH), 7.32 (d,J= 7.5 Hz, 1H, ArH), 5.49 (s, 1H, HL), 3.88 (s, 3H,

H-10), 3.74i 3.57 (m, 2H, H3), 3.19 3.08 (m, 2H, H4). 13CNMR (101MHz,D-O) U 168 . 44
(C=0), 131.77 (AIC), 129.29 (A+C), 129.16 (AfC), 128.21 (AfC), 127.14 (A+C), 124.94
(Ar-C), 56.10 (G1), 54.07 (G10), 39.85 (G3), 24.20 (C4).
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4.1.13 Preparation of ethyl 5,6,7,8tetrahydroisoquinoline-1-carboxylate (98)
4

|\3

7 ~Np
8 1

11/10\0 90

Ethyl isoquinolinel-carboxylate 97) (330mg, 1.60mmol) was dissolved in glacial acetic acid

(12 mL) and Pd/C3.3 mg) was added to the solution. The mixture was stirred under a H
atmosphere (7 bar) at 2& for 24 h.The catalyst was removed by filtration through a celite

pad andrinsed with MeOH (10 mL) and acetic acid (10 mtg give ethyl 5,6,7,8
tetrahydroisoquinoline-1-carboxylate (98 in trace amountsH NMR (400 MHz, CDCd) U

8.36 (d,J= 4.9 Hz, 1H), 7.11 (dJ=4.9 Hz, 1H), 4.44 (q) = 7.2 Hz, 2H), 3.01 (s, 2H), 2.81

(s, 2H), 1.81 (m, 4H), 1.43 @,= 7.1 Hz, 3H)13C NMR (126 MHz, CDGJ) & 166. 7 ( C=
148.4 (ArH), 148.1 (ArH), 145.8 (ArH), 133.9 (ArH), 126.5 (ArH), 61.5 (G10), 29.6 (G

7 or G8), 26.0 (G7 or G8), 22.6 (G5 or G8), 21.7 (G5 or G8), 14.3 (C11).

4.1.14 Preparation of N, N2-bis(3-methoxyphenethyl)oxalamide (10p

7/0\3©/\

A mixture of 2-(3-methoxyphenyl)ethanaming4a) (251 mg, 1.0 mmol) and diethyl oxalate

(80b) (438 ng, 3.0 mmol) was stirred at 140 f or 6 h. The et hanol f o
diethyl oxalate were removed by distillatisnvacuqg and the oily residue was purified by flash

column chromatography (30% EtOAc: Hex). The oily product crystallized when dried under

high vacuum. The crystals were collected by filtration, washed wiB EtO0 mL), to giveN?,
N2-bis(3-methoxyphenethyl)oxalamide {05) (81 mg, 22%6). *H NMR (400 MHz, CDC4)

751 (tJ=6.0Hz,2H,NH/ H6) , JF7.82H2, 2K, AfH/ H6 ) , J&E7.9Hz 4Hd ,

Ar-H/ H6), 6. M4 HO6y, BH-BO0AM}», JBODHSE BH, H,/ 96), 2. 8.
(t,J=7.2Hz,4H, H8 / 8'&)NMR (101 MHz,CDG&) U0 159 -19&C{1QAHQ, C159. 7
(Ar-H/ H6), HIHOT , (ARHOY, (A2HO), (ALTHOY, (An2. 1
H/ H6), - 735062, (@008 ,-§B&H6)5. (C
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4.1.15 Preparation of N, N2-big(3,4-dimethoxyphenethyl)oxalamide (10%
022,29

NN N0 o
N HN g2 L 1 X a0
046 11 12"{/@ 8
O 1o| | '0/7‘

g 1 o 3
A mixture of 2(3,4-dimethoxyphenyl)ethanamine/qb) (281 mg, 1.0 mmol) and diethyl
oxalate 80b) (438 mg, 3.0 mmol) wastirred at 140 f or 6 h. The et hanol
excess diethyl oxalate were removed by distillaliomacuq and the oily residue was purified
by flash column chromatography (30% EtOAc: Hex). The oily product crystallized when
treated with E4O, resulting ifN?, N2-bis(3,4-dimethoxyphenethyl)oxalamide (10%$(49.2mg
8.5%.) 'HNMR (400 MHz, CDC§) U 7J=68Hz(2H,NH/ HO6) , J68.THw, ( d,
2H,ArH/ H6 ) | 6.6 (mp4H, AH), 3.81 (s, 6H,H7 orH8H-76 @Sr6)H 3. 80 ( s,
H-7orH8MH-76 @) H 31=68Hz 4H,HI0/H-1 06 ) , J27.1M3, 4H, Ho/H-
9 0%®CNMR (101 MHz,CDG) U 159 .-R/ICLEZ&)D, ©#UOHOL) ,( Alrda7. 9
H/ H6), HIMHO6G, (A26GI66, (ALHOY, (ALHOY, (7TAB- 9 (C
8/IC76 ®B)C -B&CIHCI& VWrO) C -400CG100 §()C -9BC®.HD . ( C
4.1.16 Preparation of N1, N2-bis(4-methoxyphenethyl)oxalamide (108

A mixture of 2(4-methoxyphenyl)ethanaming9c (251 mg, 1.0 mmol) and dimethyl oxalate
80a (438 mg, 3.0 mmol) was stirred at 140
diethyl oxalate were removed by distillationvacuq and the oily residue was purified by flash
column chromatography (30% EtOAc: Hex). The oily product crystallized when dried under
high vacuum. The crystals were collected by filtration, washed witB B0 mL), to giveN?,
NZ2-bis(4-methoxyphenethyl)oxalamide {03)(13.7mg,5.5%). 1H NMR (400 MHz, CDGJ)

U 7. 46 -H/sHO )2 ,HJF8IHE, 4H, &), 6.85 (d,J= 8.3 Hz, 4H, AH), 3.79 (s,
6H,H-7/ 706) , J=3.8bBB4H(HP,/ 96) ,J=Z.1Hz94H(HB [ 8 6 ) .

4.1.17 Preparation of lodoxybenzoic acid (8%

0.3
R 4> >0H10
\
e
7 1
4

O
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A slow addition of potassium bromat2.00 g, 12.0 mmol) was added to a rapidly stirred

sulphuric acid mixtureA M, 45 mL) containing 2iodobenzoic acidq g, 8.06 mmol). The
reaction temperature of the resulting mixtur
potassium bromate was complete. The reaction
then cooled to O and t heshedevghunateril009 migand i d we
ethanol (2 x 50 mL) to obtaiimdoxybenzoic acid(86) (1.039g,65 %). *H NMR (400 MHz,

DMSO) 0 J&7.9Hz 1HY8.01 (ql=7.5Hz, 2H), 7.84 (tJ=7.3 Hz, 1H).

4.1.18 Preparation of methyl 2-((4-methoxyphenethyl)amino)2-oxoacetate (81

Dimethyl oxalate §0a) (1.063 g, 9.0 mmol) was dissolved in DMF (10 mL) and stirred for 5

min at room temperature -(2-Methoxyphenyl)ethanamine799 (0.454 g, 3.0 mmol)was
added to the mixture and the resulting mixtu
and the excess diethyl oxalate were removed by distillaiacuq and the oily residue was
purified by flash column chromatography (30% EtOAc: Hex). The oily product crystallised
when dried under high vacuum. The crystals were collected by filtration, washed »@t (1Bt

mL), and dried under high vacuum to giveethyl 2-((4-methoxyphenethyl)amino)2-
oxoacetate (81c)as a brownishdid (115 mg,16.1%6). 'H NMR (400 MHz, CDGd) U4 7. 23
(d,J=7.9 Hz, 1H), 7.14 (s, 1H), 6.79 (@7 7.6 Hz, 2H), 6.74 (tJ = 2.0 Hz, 1H), 3.89 (s, 3H),

3.81 (s, 3H), 3.62 (g] = 6.8 Hz, 2H), 2.85 (1) = 7.0 Hz, 2H)13C NMR (101 MHz,CDd) U

161.2 (C=0), 159.9 (C=0), 156.2 (A), 139.6 (AfC), 129.8 (AfC), 121.0 (AfC), 114.4

(Ar-C), 112.2 (AfC), 55.2 (C13), 53.7 (G7), 40.9 (G9), 35.3 (C8).

4.1.19 Preparation of 3-(2-aminoethyl)phenol (102)
8

7THO.3 %1 9
mHz

5 10

To a solution oR-(3-methoxyphenyl)ethylamine99) (300 mg, 1.98 mmol) in dry DCM10
mL) under argon at78 °C, boron tribromide in hexane (1 M; 5 mL) was added. The mixture

was slowly warmed to room temperature and stirred for 20 h. The reaction was subsequently
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cooled toi 78°C and water (50 mL) added dropwise. The aqueous layer was washed with
dichloromethane (3 x 50 mL). The organic layer was dried and removed under reduced
pressure. The resulting oily residue was purified using column chromatography (100% MeOH)

to obtain3-(2-aminoethyl)phenol (102)in traceamourt 'H NMR (400 MHz, Me OD
(t, J=7.8 Hz, 1H, ArH), 6.801 6.69 (m, 3H, ArH), 3.19 (tJ = 7.8 Hz, 2H, H9), 2.93 (tJ =

7.8 Hz, 2H, HB).

4.1.20 Preparation of Pyridine-4-carboxamide (62)

6
0:5_NH,

3| N3

ANNZDY
1

4-Pyridinecarbonitrile (20 mg, 0.19 mmol) was dissolved in acetone (0.2 mL). The resulting

mixture was dissolved in tAshosphate buffer (1.8 mL) of pH = 7.3. To the resulting mixture,

NHAse enzyme (20 mg) was addedantt e resul ting mixture was I

h. After 24 h, the reaction mixture was washed with water and extracted with ethyl acetate.

The organic layer was dried over anhydrous MgS®e organic solvent was removed under

reduced pressure the residue was purified using flash chromatography (10% MeOH: 90%

EtOAC) to affordpyridine -4-carboxamide (62) as a white solid (17.3 mg, 75%H NMR

(400 MHz, CDC4) U 8J=B®HZ, 24, H3/ 36) , J=r6.06H4, 2H,H2,/ 26), 6. 1°

(s, 1H, H6), 5.87(s, 1H, H6). 13CNMR (101 MHz,CDG)) U 167. 2 (-BE®)), 15

140.4 (C4),121.0(C2/ 206) .

4.1.21 Preparation of 2-((4-bromophenyl)(hydroxy)methyl)acrylonitrile (115)

OH
8 CN

3
Br12 10

4-Bromobenzaldehyde (1.5 eq) and DABCO (1 eq.) were dissolved in excess acrylonitrile (10
mL) in a 50 mL round bottom flask and stirred at room temperature for 20 hours. After
completion of the reaction, ethyl acetate (30 mL) and water (30 mL) were anlithedeaction

mixture. The aqueous layer was separated from the organic layer and the aqueous layer was

washed two more times with ethyl acetate. The organic portions were dried over anhydrous

126



MgS&sand purified by column chromatography (3
silica gel. The reaction products were then concentrated under reduced pressure @ afford
((4-bromophenyl)(hydroxy)methyl)acrylonitrile (115) as a yellow oil (250.3 mg, 70%

NMR (400 MHz, CDC4) 0 7J=B.3 HZz 2H, H2 & H6), 7.27 (d1=8.4 Hz, 2H, H3 &

H5), 6.11 (s, 1H, H10a), 6.04 (s, 1H, H10b), 5.27 (s, 1H, H7), 2.65 (s, 1HIHYMR (101
MHz,CDCk) U0 138.1 (C4), 132.1(C2 &12%5%K(8),123.B0. 2 (
(C1), 116.7 (C9), 73.6 (C7).

4.1.22 Preparation of 1-(4-bromophenyl)-2-cyanoallyl acetate (117)
0]

0)1\11

2-((4-Bromophenyl)(hydroxy)methyl)acrylonitrile  (115) (1 eqg.) was stirred in 2-
methyltetrahydrofuran (20 mL) for 5 minutes. Acetic anhydride (1.2 eq.), triethylamine (1.2

eq.), and DMAP (1 mol%) were added to the solution. The resulting mixture was stirred at

room temperature for 1 hour. The organic layer was washed with aouesgsegurated solution

of NaHCG; (2 x 25 mL) and then dried over anhydrous MgSO4, concentiateacuoand

purified by column chromatography (30% ethyl acetate/hexane) to dHdriromophenyl)-

2-cyanoallyl acetate (117)113.7 mg, 81%)'H NMR (300 MHz, CDCd) 4 7J=8% ( d,

Hz, 2H, H2 & H6), 7.28 (d) = 8.5 Hz, 2H, H3 & H5), 6.28 (s, 1H, H10a), 6.10 (s, 1H, H10b),

6.02 (s, 1H, H7), 2.18 (s, 3H, H11IJC NMR (101 MHz,CDGJ)) & 169. 2 (C=0), 1
132.2 (C10), 132.2 (C2 & C6), 128.6 (C3 & C5), 123.5 (C8), 122.8 (C1), 115.9 (C9), 73.77

(C7), 20.89 (C11).

4.1.23 General method for enzymatic hydrolysis reactions

To a mixture of enzyme (8 mg) in phosphate |
tube was added substrate (8 mg) di ssolved ir
was no added enzyme an Eppendorf tube, was also set as a control reaatidtppend orf

tube Both reactions were monitored using TLC, and when hydrolysis was observed a
preparatory TLC was used for purification and isolation.
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Appendix: *H and *C NMR spectral data for a select number of compounds
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K(M)Z-15.2.1.fid — Kabelo K(M)Z-15.2 1H CDCL3 18/09/2020 300K MLB — PROTON CDCI3 {C:\Bruker\TopSpin3.6.2} Users 16
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