
3/30/2016

1

OptimizationOptimization ofof a a drugdrug structurestructure
pharmacokineticspharmacokinetics

DrugDrug designdesign andand developmentdevelopment

StagesStages::
11)) IdentifyIdentify targettarget diseasedisease
22)) IdentifyIdentify drugdrug targettarget
33)) EstablishEstablish testingtesting proceduresprocedures
44)) FindFind aa leadlead compoundcompound
55)) StructureStructure ActivityActivity RelationshipsRelationships (SAR)(SAR)
66)) IdentifyIdentify aa pharmacophorepharmacophore
77)) DrugDrug designdesign -- optimisingoptimising targettarget interactionsinteractions
88)) DrugDrug designdesign -- optimisingoptimising pharmacokineticpharmacokinetic propertiesproperties
99)) ToxicologicalToxicological andand safetysafety teststests
1010)) ChemicalChemical developmentdevelopment andand productionproduction
1111)) PatentingPatenting andand regulatoryregulatory affairsaffairs
1212)) ClinicalClinical trialstrials

1.1. DDrugrug designdesign –– ppharmacokineticharmacokineticss ((drugdrug--likelike propprop..,,
bioavailabilitybioavailability))

•• tto o improve pharmacokinetic propertiesimprove pharmacokinetic properties of lead compoundof lead compound

•• ttoo optimiseoptimise chemicalchemical andand metabolicmetabolic stabilitystability
mouthmouth:: pHpH 66..55--77..55 ((salivasaliva)) stomachstomach:: pHpH 11..55--33 ((anoanopyrinpyrin && aspirinaspirin))

intestinesintestines:: pHpH 66..00--66..99 bloodblood:: pHpH 77..3535

digestivedigestive enzymesenzymes (pepsine(pepsine thethe mostmost activeactive byby pHpH 11..22--22))
mmetabolicetabolic enzymesenzymes ((ee..gg.. CYPCYP450450))

•• ttoo optimiseoptimise hydrophilichydrophilic // hydrophobichydrophobic balancebalance
ssolubilityolubility inin bloodblood // solubilitysolubility inin GISTGIST // permeabilipermeabilityty throughthrough cellcell membranesmembranes //
accessaccess toto CNSCNS // excretionexcretion raterate

•• DrugsDrugs mustmust bebe polarpolar
•• toto bebe solublesoluble inin aqueousaqueous conditionsconditions
•• toto interactinteract withwith molecularmolecular targetstargets

•• Drugs Drugs must be ‘fatty’must be ‘fatty’
•• to to cross cell cross cell membranesmembranes
•• to to avoid rapid avoid rapid excretionexcretion

•• Drugs must have both hydrophilic and Drugs must have both hydrophilic and lipophiliclipophilic
characteristicscharacteristics

•• Many Many drugs are drugs are weak bases with weak bases with pKpKbb 66--88

Receptor interaction
& water solubility

Crosses
membranes

+ H

HN N H

H

- H

11.. PharmacokineticsPharmacokinetics –– drugdrug designdesign
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11..11..11 VaryVary alkylalkyl substituentssubstituents

Rationale:Rationale:
•• VaryingVarying the the size of alkyl groupssize of alkyl groups varies the varies the hydrophilic /    hydrophilic /    

hydrophobic balancehydrophobic balance of the structureof the structure
•• Larger alkyl groups increase Larger alkyl groups increase hydrophobicityhydrophobicity

DisadvantageDisadvantage::
•• May interfere with target binding for May interfere with target binding for stericsteric reasonsreasons

MethodsMethods::
•• feasible feasible to remove to remove alkyl groups from alkyl groups from heteroatomsheteroatoms and and replacereplace

with different alkyl groupswith different alkyl groups
•• difficult difficult to remove to remove alkyl groups from the carbon skeleton alkyl groups from the carbon skeleton -- full full 

synthesis synthesis isis often requiredoften required

11..11 SolubilitySolubility andand membranemembrane permeabilitypermeability
11..11..11 VaryVary alkylalkyl substituentssubstituents

MethyleneMethylene ShuffleShuffle

Extra bulk

11..11 SolubilitySolubility andand membranemembrane permeabilitypermeability

11..11..22 ‘Masking’‘Masking’ oror removingremoving polarpolar groupsgroups

Rationale:Rationale:
•• Masking or removing polar groups decreases polarity and Masking or removing polar groups decreases polarity and 

increases hydrophobicincreases hydrophobic charactercharacter

Disadvantages:Disadvantages:
•• Polar Polar group may be involved in target bindinggroup may be involved in target binding
•• Unnecessary polar groups Unnecessary polar groups are likely to have been are likely to have been removedremoved

already  (simplification strategy)already  (simplification strategy)
•• See also See also prodrugsprodrugs

Methods:Methods: R OH R OMe
CH3I

R NHR
CH3COCl

R

H
N

O

CH3

R
C

OH

O

H+ / R'OH R
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OR'

O

11..11 SolubilitySolubility andand membranemembrane permeabilitypermeability
11..11..33 AddingAdding polarpolar groupsgroups

Rationale:Rationale:
•• Adding polar groups Adding polar groups increases polarityincreases polarity and decreases  and decreases  

hydrophobic characterhydrophobic character
•• drugs for drugs for skin skin or or gut infectionsgut infections
•• for for reducing CNS side effectsreducing CNS side effects

Disadvantage:Disadvantage:
•• May introduce May introduce unwanted side effectsunwanted side effects

Antifungal agent with poor
solubility - skin infections only

Cl

Cl

C O

HN

N
S

Cl

Tioconazole

Systemic antifungal agent 
improved blood solubility

F

F

C

OH NN

NNNN

Fluconazole

11..11 SolubilitySolubility andand membranemembrane permeabilitypermeability
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11..11..44 VaryVary pKpKaa

Rationale:Rationale:
•• vvaryingarying pKpKaa to to obtain obtain required ratio of ionised to unionisedrequired ratio of ionised to unionised

drugdrug

Disadvantage:Disadvantage:
•• May affect bindingMay affect binding interactionsinteractions

Method:Method:
•• vvaryary alkylalkyl substituentssubstituents on amine on amine nitrogensnitrogens
•• vvaryary aryl aryl substituentssubstituents to to influence aromatic aminesinfluence aromatic amines or or 

aromatic aromatic carboxylic acidscarboxylic acids

11..11 SolubilitySolubility andand membranemembrane permeabilitypermeability

Antithrombotic
but too basic

Decreased basicity
N is locked into heterocycle

11..11..44 VaryVary pKpKaa
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11..11 SolubilitySolubility andand membranemembrane permeabilitypermeability

Terminal amide

StericSteric
ShieldShield

11..22..11 StericSteric ShieldsShields

Rationale:Rationale:
•• Used to Used to increase chemical and metabolic stabilityincrease chemical and metabolic stability
•• Introduce Introduce bulky group as a shield bulky group as a shield 
•• ProtectsProtects somesome functional functional group (group (e.g. e.g. esterester, , amideamide) ) from from 

hydrolysishydrolysis
•• hhindersinders attack by attack by nucleophilesnucleophiles or enzymesor enzymes

Blocks hydrolysis of terminal amide

11..22 DrugDrug stabilitystability

Antirheumatic agent
D1927

HS
N
H

H
N CONHMe

O

O
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N
OO

H3C CH3
CH3

11..22..22 ‘Electronic‘Electronic shielding’shielding’ byby NHNH22

Rationale:Rationale:
•• to to stabilisestabilise labile functional groups (labile functional groups (e.g. esterse.g. esters))
•• rreplaceeplace labile esterlabile ester with more stable urethane or amide with more stable urethane or amide 

(n(nitrogenitrogen feeds electrons into carbonyl group and makes it   less feeds electrons into carbonyl group and makes it   less 
reactivereactive))

•• iincreasesncreases chemical and metabolic stabilitychemical and metabolic stability

ISOSTERE

H3C
C

O

O O
C

O

H2N
R R

ISOSTERE

NH
C

O

CH3H3C
C

O

O
R R

11..22 DrugDrug stabilitystability
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11..22..22 ‘Electronic‘Electronic shielding’shielding’ ofof NHNH22

R N
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11..22 DrugDrug stabilitystability
11..22..33 StereoelectronicStereoelectronic CombinedCombined EffectsEffects

Rationale:Rationale:
•• StericSteric and electronic effects and electronic effects used used in combinationin combination
•• Increases Increases chemical and metabolic chemical and metabolic stabilitystability

orthoMe- groups hinder hydrolysis by 
esterases (steric shields), amide is more 
stable than ester (electronic effect)

Local anaesthetic
(short duration)

PROCAINE

CH2N

O

O CH2CH2NEt2

LIDOCAINE

CH3

CH3

N
H

C

CH2NEt2

O

11..22 DrugDrug stabilitystability

Rationale:Rationale:
•• rreplaceeplace susceptible group with a susceptible group with a different group without affecting activitydifferent group without affecting activity
•• ifif bbioio--isostereisostere shows shows improved pharmacokinetic improved pharmacokinetic propertiesproperties

Pyrrole ring => bioisostere
for methylene methylene amide
(more stable)

Examples:Examples:
•• Amides and urethanes for esters (see earlier)Amides and urethanes for esters (see earlier)
•• Du122290 (dopamine antagonist)Du122290 (dopamine antagonist)

11..22..44 BioBio--isosteresisosteres

11..22 DrugDrug stabilitystability

for schizophrenia 

2.  2.  HydrophobicityHydrophobicity of the Moleculeof the Molecule

Partition Coefficient  P = [Drug[Drug in octanol]in octanol]
[Drug in water][Drug in water]

High P High hydrophobicity 
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9.  Bio9.  Bio--isosteresisosteres

• choose substituents with similar physicochemical properties
(e.g. -CN, -NO2 and -COMe could be bio-isosteres)

• choose bio-isosteres based on the most important 
physicochemical property (e.g. -COMe & -SOMe are similar in sp

(0.50/0.49); -SOMe and -SO2Me are similar in p)

p -0.55 0.40 -1.58 -1.63 -1.82 -1.51
sp 0.50 0.84 0.49 0.72 0.57 0.36
sm 0.38 0.66 0.52 0.60 0.46 0.35
MR 11.2 21.5 13.7 13.5 16.9 19.2

OPTIMIZING OPTIMIZING TARGET TARGET 
INTERACTIONSINTERACTIONS

44..1212 CASECASE STUDYSTUDY -- DevelopmentDevelopment ofof OxamniquineOxamniquine

•• vsvs schistosomiasisschistosomiasis ((bilharziabilharzia)) -- aa waterwater borneborne diseasedisease
carriedcarried byby snailssnails

•• 200200 millionmillion suffererssufferers inin thirdthird worldworld
bilharzióza parazitární onemocnění člověka a zvířat způsobené krevními
motolicemi rodu Schistosoma (krevnička) Celosvětově je infikováno přes 200 
miliónů lidí, patogenním činitelem nejsou samotní červi, nýbrž jimi nakladená 
vajíčka, které při své cestě ven z organismu poškozují tkáně a vyvolávají
imunitní odpověď v podobě specifických zánětů (prejavuje sa horečkami, 
kašlem, bolestmi břicha, průjmem, zvětšení jater a sleziny). 

StageStage 11 -- FindFind aa LeadLead CompoundCompound

• active in mice, not in human
• electronegative Cl beneficial

• low activity, orally
inactive and slightly toxic

StageStage 22 -- SimplificationSimplification

StageStage 33 -- VaryVary aromaticaromatic substituentssubstituents

Lucanthone

X

NHCH2CH2NEt2

CH3

Y

Mirasan -

Cl

NHCH2CH2NEt2

CH3
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StageStage 44 -- SARSAR studiesstudies

one bond ‘locked’, activity increases
rigidification has retained active conformation
active in monkeys, inactive in man

•• ssideide chainchain andand aromaticaromatic ringring areare importantimportant bindingbinding groupsgroups
•• bbothoth nitrogensnitrogens areare importantimportant
•• nnitrogensitrogens areare onon aa flexibleflexible chainchain -- conformationalconformational flexibilityflexibility

StageStage 55 -- RigidificationRigidification

two bonds ‘locked’
rigidification has retained active 
conformation activity increases in mice

Novel structures for screening.

StageStage 66 -- VaryVary substituentssubstituents andand substituentsubstituent
positionspositions onon aromaticaromatic ringring

•• ssubstitutionubstitution patternpattern onon aromaticaromatic ringring isis essentialessential
•• eelectronlectron withdrawingwithdrawing groupsgroups areare thethe bestbest forfor activityactivity ((replacingreplacing ClCl

withwith NONO22 increasesincreases activityactivity))
•• nnitroitro groupgroup reducesreduces basicitybasicity ofof thethe aromaticaromatic nitrogennitrogen,, structurestructure isis

lessless easilyeasily ionisedionised andand ppassesasses throughthrough cellcell membranesmembranes moremore easilyeasily

Weak Base Destabilised

HN

Cl

H2N

Cl

H2NH2N

O2N O2N

H H

NH2

CpKb = 3.5

Cl

NH2

CpKb = 2.1

O2N

NH2

CpKb = 0.9

NO2

RECEPTORRECEPTOR RECEPTORRECEPTOR

StageStage 77 -- VaryVary sideside chainchain substituentssubstituents

•• SecondarySecondary amineamine isis betterbetter thanthan primaryprimary oror tertiarytertiary
atat thethe endend ofof thethe chainchain

•• maximaximummum lengthlength ofof alkylalkyl groupgroup onon NN isis butylbutyl
• acyl groups eliminate activity ((impliesimplies NN shouldshould bebe protonatedprotonated forfor

ionicionic interaction)interaction)

Butyl
Residue CH2NH2CH2CH2CH2CH3

C

O

CH2CH2CH3CH2NH

No interactionNo interaction

Pentyl
Residue

CH2NH2CH2CH2CH2CH2CH3
STERIC 
BLOCK

,

2o

3o

1o

NH

Me

Me

CH2 CH2

N

Me

Me

Me

NH2
CH2

Me

StageStage 77 -- VaryVary sideside chainchain substituentssubstituents

BranchedBranched alkylalkyl groupsgroups increaseincrease activityactivity.. ImpliesImplies strongerstronger VVddWW
interactionsinteractions toto bulkybulky pocketpocket oror benefitbenefit inin increasedincreased lipophilicitylipophilicity

-- --

++NH2 CH2CH2CH2CH3 ++NH2 CH

CH3

CH3

Zero Activity

HN

CH
NHRMe

X

Me

Branching on side chain eliminates activity
PreventsPrevents moleculemolecule adoptingadopting anan activeactive

conformationconformation
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StageStage 88 -- OtherOther strategiesstrategies gavegave nono improvementimprovement
(e(e..gg.. chainchain extensionextension eliminateseliminates activityactivity))

OptimumOptimum StructureStructure

Asymmetric centre

Strong

NH2RCH2Het

van der Waals Binding Region

Ionic Binding Region

Weak
CH2 CH2 NH2RHet

HN

CH2NH

Me

CH

CH3

CH3

O2N

StageStage 99 -- DrugDrug MetabolismMetabolism StudiesStudies

•• ooxidationxidation ofof aromaticaromatic methylmethyl groupgroup givegive oxamniquineoxamniquine
thatthat isis anan activeactive drugdrug

•• MethylMethyl analogueanalogue isis actingacting asas aa prodrugprodrug

HN

CH2NH

Me

CH

CH3

CH3

O2N

OxamniquineOxamniquine

HN

CH
H
N

CH3

OH

CH3

O2N

RECEPTORRECEPTOR

BINDINGBINDING
REGIONSREGIONS

IONICIONIC

VAN DER WAALSVAN DER WAALS

HH--BONDINGBONDING

--

CH

CH3

CH3

CH2

NH2CH2

O2N

HN

OH

StageStage 1010 -- ProposedProposed bindingbinding interactionsinteractions

OptimizationOptimization ofof ddrug rug sstabilitytability
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RationaleRationale::
•• mmetabolismetabolism ofof drugsdrugs usuallyusually occuroccur atat specificspecific sitessites
•• aimaim isis toto iintroducentroduce aa groupgroup atat aa susceptiblesusceptible sitesite toto blockblock metabolismmetabolism
•• iincreasesncreases drugdrug stabilitystability andand lifetimelifetime

oral contraceptive (to prevent pregnancy)
- limited lifetime

11..22..55 MetabolicMetabolic blockersblockers

Metabolic
Oxidation

6 Megestrol
Acetate

CO

C

H

O

Me

Me

H H

Me O
Me

O

Metabolism
Blocked

6

Me

Me

O

Me

C
O C

H

H H

Me O Me

O

11..22 DrugDrug stabilitystability

RationaleRationale::
•• mmetabolismetabolism ofof drugsdrugs usuallyusually occursoccurs atat specificspecific groupsgroups
•• RemoveRemove problematicproblematic groupgroup oror replacereplace itit withwith metabolicallymetabolically stablestable groupgroup

((ee..gg.. modificationmodification ofof tolbutamidetolbutamide))

Problematic
group

Resistant
group

11..22..66 RemoveRemove // replacereplace susceptiblesusceptible metabolicmetabolic groupsgroups

Metabolism

TOLBUTAMIDE
type II diabetes, stimulates the secretion of insulin

Rapidly excreted - short lifetime

11..22 DrugDrug stabilitystability

RationaleRationale::
•• uusedsed ifif thethe metabolicallymetabolically susceptiblesusceptible groupgroup isis importantimportant forfor bindingbinding
•• sshifthift groupgroup positionposition toto makemake itit unrecognisableunrecognisable toto problematicproblematic enzymeenzyme
•• mmustust stillstill bebe recognisablerecognisable toto targettarget

ExampleExample:: SalbutamolSalbutamol ((antiasthmaticumantiasthmaticum))

Susceptible
group

Unsusceptible
group

11..22..77 ShiftingShifting problematicproblematic groupgroup

Catechol
O-Methyl
Transferase

Shift
Group

Salbutamol

HO C

OH

OH

CH2 NH C

Me

Me

Me

HC

Me

Me

Me

NHCHCH2

HO
OH

HO

Catechol
O-Methyl
Transferase

HO CHCH2

OH
MeO

NH C

Me

Me

Me

Inactive

11..22 DrugDrug stabilitystability

metabolically
susceptible

RationaleRationale::
•• uusedsed toto decreasedecrease metabolicmetabolic stabilitystability
•• uusedsed forfor drugsdrugs withwith tootoo longlong lifetimelifetime inin thethe bodybody andand causecause sideside

effectseffects
•• aadddd groupgroup susceptiblesusceptible toto metabolicmetabolic reactionsreactions

ExampleExample:: Anti-arthritic agents

11..22..88 IntroducingIntroducing aa susceptiblesusceptible metabolicmetabolic groupgroup

CH2OH

CO2H

11..22 DrugDrug stabilitystability
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labile

labile

ExampleExample:: Anti-asthmatic agents

•• CromakalimCromakalim ((potassium channel-opening vasodilator to treat hypertension))
producesproduces cardiovascularcardiovascular sideside effectseffects ifif staysstays inin bloodblood supplysupply.. AAdddd metabolicmetabolic
instabilinstabilee groupgroup thatthat helpshelps compoundcompound rapidlyrapidly metabolisemetabolise inin bloodblood ((esterester isis
quicklyquickly hydrolysedhydrolysed byby esterasesesterases toto inactiveinactive acidacid oror phenolphenolicic groupgroup thatthat isis
quicklyquickly conjugatedconjugated withwith sugarssugars andand eliminatedeliminated fromfrom thethe bodybody..

11..22..88 IntroducingIntroducing susceptiblesusceptible metabolicmetabolic groupsgroups

O

N

OH

Me

Me

NC

O

34

Cromakalim

O

O

OH

Me

Me

NN
N

N

CO2Et

N

O

Me

34

UK143220

11..22 DrugDrug stabilitystability

RationaleRationale::
•• toto decreasedecrease drugdrug lifetimelifetime

ExampleExample:: AtracuriumAtracurium –– intravenousintravenous anestheticsanesthetics

•• sstabletable atat acidacid pH,pH, butbut unstableunstable atat bloodblood pHpH == 77..33 (slightly(slightly alkaline)alkaline)
•• inin bloodblood itit sselfelf destructsdestructs byby HoffmannHoffmann eliminationelimination andand

aallowsllows toto controlcontrol dosedose levelslevels accuratelyaccurately
•• qquickuick recoveryrecovery timestimes afterafter surgerysurgery

11..22..99 IntroducingIntroducing chemicallychemically susceptiblesusceptible groupsgroups

N
CH2 CH2

C

O

O

MeO

OMe

H
N

(CH2)5MeO O
C

OMe

O

CH2 CH2

Me

MeO

OMe

OMe

OMe

11..22 DrugDrug stabilitystability

HoffmannHoffmann EliminationElimination

11..22..99 IntroducingIntroducing chemicallychemically susceptiblesusceptible groupsgroups

CHH2C C
OPh

RN
Me-H

INACTIVE

11..22 DrugDrug stabilitystability

N
CH2 CH2

C

O

O

MeO

OMe

H
N

(CH2)5MeO O
C

OMe

O

CH2 CH2

Me

MeO

OMe

OMe

OMe

N
Me

CH2

Ph

CH C

H O

R

ACTIVE

RationaleRationale::
•• DrugDrug ‘smuggled’‘smuggled’ intointo cellcell byby carriercarrier proteinsproteins forfor naturalnatural buildingbuilding

blockblock (e(e..gg.. aminoamino acidsacids oror nucleicnucleic acidacid basesbases))
•• IncreasesIncreases selectivityselectivity ofof drugsdrugs toto targettarget cellscells andand reducesreduces toxicitytoxicity toto

otherother cellscells

ExampleExample::
AnticancerAnticancer drugsdrugs

•• cancercancer cellscells growgrow fasterfaster thanthan normalnormal cellscells andand havehave aa greatergreater
demanddemand forfor nucleicnucleic acidacid basesbases

•• drugdrug isis concentratedconcentrated preferentialypreferentialy inin cancercancer cellscells -- TrojanTrojan
horsehorse tactictactic

•• nucleicnucleic acidacid basebase areare alkylatedalkylated byby aa smuggledsmuggled drugdrug

11..33..11 LinkingLinking aa biosyntheticbiosynthetic buildingbuilding blockblock

11..33 DrugDrug targetingtargeting

Non selective alkylating agent
Toxic

N

Cl

Cl

H3C

Uracil Mustard

H
N

HN

O

O

N

Cl

Cl
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ExampleExample:: AnticancerAnticancer agentsagents

RationaleRationale::
•• IdentifyIdentify anan antigenantigen whichwhich isis overexpressedoverexpressed onon aa cancercancer cellcell
•• cloneclone aa monoclonalmonoclonal antibodyantibody forfor thethe antigenantigen
•• attachattach aa drugdrug oror poisonpoison (e(e..gg.. ricinricin // proteinprotein toxintoxin thatthat inhibitsinhibits cellcell proteinprotein synthesis,synthesis,

00..55 mmgg inin bloodblood isis aa lethallethal dosedose forfor humanhuman)) toto thethe monoclonalmonoclonal antibodyantibody
•• antibodyantibody carriescarries thethe inactiveinactive drugdrug toto thethe cancercancer cellcell
•• drugdrug oror toxinetoxine isis releasedreleased atat thethe cancercancer cellcell

11..33..22 LinkingLinking drugsdrugs toto monoclonalmonoclonal antibodiesantibodies

11..33 DrugDrug targetingtargeting

RationaleRationale::

•• ddesignesign thethe antibacterialantibacterial agentagent toto bebe highlyhighly polarpolar oror ionisedionised
notnot toto crosscross thethe gutgut wallwall

•• drugdrug concentratconcentrateses atat thethe sitesite ofof infectioninfection
((ee..gg.. highlyhighly ionisedionised sulfonamidessulfonamides))

11..33..33 TargetingTargeting gutgut infectionsinfections

11..33 DrugDrug targetingtargeting

RationaleRationale::
•• IncreaseIncrease polaritypolarity ofof thethe drugdrug

•• DrugDrug isis lessless likelylikely toto crosscross thethe bloodblood brainbrain barrierbarrier

11..33..44 TargetingTargeting peripheralperipheral regionsregions overover CNSCNS

11..33 DrugDrug targetingtargeting

The blood-brain barrier (BBB) is a membranic structure that protect the brain from chemicals 
in the blood, while still allowing essential metabolic function. It is composed of endothelial 
cells, which are packed very tightly in brain capillaries. This higher density restricts passage 
of substances from the bloodstream much more than endothelial cells in capillaries elsewhere 
in the body. Astrocyte cell projections called astrocytic feet (also known as "glial limitans") 
surround the endothelial cells of the BBB, providing biochemical support to those cells. 

RationaleRationale::
•• ToxicityToxicity isis oftenoften duedue toto specificspecific functionalfunctional groupsgroups
•• RemoveRemove oror replacereplace functionalfunctional groupsgroups knownknown toto bebe toxictoxic

 aromaticaromatic nitronitro groupsgroups -- ArNOArNO22
 aromaticaromatic aminesamines –– ArNHArNH22
 bbromoarenesromoarenes -- ArBrArBr
 hydrazineshydrazines –– --NHNH--NHNH--
 polyhalogenatedpolyhalogenated groupsgroups
 hydroxylamineshydroxylamines –– RNHRNH--OHOH

•• VaryVary substituentssubstituents
•• VaryVary positionposition ofof substituentssubstituents

11..44 ReducingReducing drugdrug toxicitytoxicity
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ExampleExample -- varyingvarying substituentssubstituents

•• FluconazoleFluconazole ((DiflucanDiflucan)) -- antifungalantifungal agentagent

Cl

Cl

C

OH NN

NNNN

UK-47265

substituents varied
less toxic product

F

F

C

OH NN

NNNN

Fluconazole

11..44 ReducingReducing drugdrug toxicitytoxicity

ExampleExample -- varyingvarying substituentsubstituent positionposition

•• DopamineDopamine antagonistsantagonists

Inhibits P450 enzymes

N

H
N

ONC

HN

No inhibition of P450 enzymes

N

H
N

O

HN

NC

11..44 ReducingReducing drugdrug toxicitytoxicity

Cytochrom P450: RH + O2 + 2H+ + 2e– → ROH + H2O

ProdrugsProdrugs andand theirtheir propertiesproperties

DefinitionDefinition:: iinactivenactive compoundscompounds whichwhich areare convertedconverted toto activeactive
compoundscompounds inin thethe bodybody

UsesUses::
•• iimprovingmproving membranemembrane permeabilitypermeability
•• pprolongingrolonging activityactivity
•• mmaskingasking toxicitytoxicity andand sideside effectseffects
•• vvaryingarying waterwater solubilitysolubility
•• ddrugrug targetingtargeting
•• iimprovingmproving chemicalchemical stabilitystability
•• actingacting asas ‘‘SleepingSleeping agentsagents’’

ProdrugsProdrugs
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ProdrugsProdrugs toto improveimprove membranemembrane permeabilitypermeability

EstersEsters

ExampleExample:: EnalaprilEnalapril forfor enalaprilateenalaprilate (antihypertensive)(antihypertensive)

O

N
H

O

RO

CO2H

N

CH3

R=Et  Enalapril
R=H   Enalaprilit

•• uusedsed whenwhen aa carboxyliccarboxylic acidacid isis requiredrequired forfor targettarget bindingbinding
•• esterester maskmaskss polarpolar andand ionisableionisable --COOHCOOH groupgroup
•• toto increaseincrease membranemembrane permeabilitypermeability
•• hhydrolysedydrolysed inin bloodblood byby esterasesesterases
•• lleavingeaving groupgroup (alcohol)(alcohol) shouldshould bebe nonnon toxictoxic))

ProdrugsProdrugs toto improveimprove membranemembrane permeabilitypermeability

ExampleExample:: CandoxatrilCandoxatril forfor CandoxatrilatCandoxatrilat ((toto treat a chronic heart failure))

•• vvaryingarying thethe alcoholicalcoholic groupgroup inin esterester variesvaries thethe raterate ofof hydrolysishydrolysis
•• eelectronlectron withdrawingwithdrawing groupsgroups increaseincrease raterate ofof hydrolysishydrolysis

(e(e..gg.. 55--indanyl)indanyl)
•• lleavingeaving groupgroup ((55--indanol)indanol) isis nonnon toxictoxic

H
N

O

O
CO2H

OMe

O

O
Candoxatril

5-indanyl group Candoxatrilat

H
N

O

O
CO2H

OMe

HO

O

ProdrugsProdrugs toto improveimprove membranemembrane permeabilitypermeability

NN--MethMethyylationlation ofof aminesamines

ExampleExample:: HexobarbitoneHexobarbitone ((barbiturate, sedative effect))

N NH

Me

O O

O

Me

•• toto reducereduce polaritypolarity ofof aminesamines andand increaseincrease membranemembrane permeabilitypermeability
•• ddemethylatedemethylated inin liverliver recoveringrecovering aa drugdrug inin itsits activeactive formform

Dopamine
• for Parkinson’s Disease treatment
• too polar to cross cell membranes and 

BBB

Levodopa
• more polar amino acid, passing 

cell membranes by carrier 
proteins for amino acids

• it decarboxylates inside a  cell to 
dopamine

ProdrugsProdrugs toto improveimprove membranemembrane permeabilitypermeability

TrojanTrojan HorseHorse StrategyStrategy

ExampleExample:: Levodopa for dopamine

CH2

CH2

HO NH2

HO HO

NH2

C

HO

CH2 CO2H

H

•• prodrugsprodrugs designeddesigned toto mimicmimic biosyntheticbiosynthetic buildingbuilding blockblock
•• activelyactively transportedtransported acrossacross cellcell membranesmembranes byby carriercarrier proteinsproteins

similar to Phe, or Tyr
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ProdrugsProdrugs toto improveimprove membranemembrane permeabilitypermeability

COOHH2N

L-Dopa

COOHH2N

Enzyme

Dopamine

H2N

Blood
supply

Brain
cells

BLOOD BRAIN 
BARRIERHO

NH2

C

HO

CH2 CO2H

H

HO

NH2

C

HO

CH2 CO2H

H

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane Carrier

Protein

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane
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Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane
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Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell
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Cell 
Membrane
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Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane

Cell
Membrane

Cell

RECEPTOR

Cell 
Membrane
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Membrane
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RECEPTOR
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Membrane

Cell
Membrane
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Membrane
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ExampleExample:: AzathioprineAzathioprine forfor 66--MMercaptopurineercaptopurine ((anan immunosuppressive drug))

6-Mercaptopurine (a drug)
• short lifetime - eliminates too quickly

ProdrugsProdrugs toto prolongprolong activityactivity

N

H

SH

N
N

N

•• toto rreduceeduce raterate ofof excretionexcretion

MaskMask polarpolar groupsgroups

Azathioprine
• longer lifetime
• slow conversion to 6-mercaptopurine

N

N
N

N

S N

N

O2N

Me

H

ExampleExample:: ValiumValium forfor nnordazepamordazepam ((anan active metabolite of valium))

ProdrugsProdrugs toto prolongprolong activityactivity

Valium / Diazepam Nordazepam

N-Demethylation
N

N
O

Me

Cl Cl

N

H
O

N

Diazepam (marketed as Valium by Hoffmann-La Roche), is a prodrug
used for treating anxiety, insomnia, seizures, alcohol withdrawal and
muscle spasms. Nordazepam is an active metabolite of diazepam.

ExampleExample:: CycloguanilCycloguanil pamoatepamoate ((antimalarialantimalarial drugdrug))

AddAddinging aa hydrophobichydrophobic groupgroup

ProdrugsProdrugs toto prolongprolong activityactivity

LipophilicLipophilic
PamoateCycloguanil

N

N

N

Cl

Me

Me

NH3

H3N

CH2

CO2

OH

OH

CO2

•• hydrophobichydrophobic drugdrug concentratesconcentrates inin fatfat tissuetissue
•• slowslow removalremoval ofof hydrophobichydrophobic groupgroup ensuresensures slowslow releaserelease intointo bloodblood supplysupply

ExampleExample:: hhydrophobicydrophobic estersesters ofof antipsychoticantipsychotic fluphenazinefluphenazine

ProdrugsProdrugs toto prolongprolong activityactivity

•• administredadministred byby intramuscularintramuscular injectioninjection
•• drugdrug cconcentratoncentrateses inin fattyfatty tissuetissuess
•• sslowlylowly releasereleasess intointo thethe bloodblood supplysupply
•• rrapidlyapidly hydrolysehydrolysess inin thethe bloodblood

AddAddinging aa hydrophobichydrophobic groupgroup
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ExampleExample:: AspirinAspirin forfor salicylicsalicylic acidacid

ProdrugsProdrugs toto maskmask toxicitytoxicity andand sideside effectseffects

Salicylic acid
• analgesic, but causes stomach

ulcers due to phenol group

OH

CO2H

•• mmaskask groupsgroups responsibleresponsible forfor toxicitytoxicity // sideside effectseffects
•• uusedsed whenwhen groupsgroups areare importantimportant forfor activityactivity andand cancan notnot bebe removedremoved

Aspirin
• phenolic group is masked by ester
• hydrolysed in body

O

CO2H

O

H3C

ExampleExample:: CyclophosphoramideCyclophosphoramide forfor phosphoramidephosphoramide ((anticanceranticancer agent)agent)

ProdrugsProdrugs toto maskmask toxicitytoxicity andand sideside effectseffects

CyclophosphoramideCyclophosphoramide
•• aa nnonon toxictoxic ooralral drugdrug

PhosphoramidePhosphoramide mustardmustard
•• aalkylatinglkylating agentagent

Phosphoramidase
(liver)

O

P

NH O

N

Cl

Cl

HO
P

Cl

Cl

N

OH2N

mustard gas (yperit)

first used in World War I by the German army against British soldiers 
near Ypres in July 1917 

ExampleExample:: anantiviraltiviral drugdrug againstagainst herpesherpes virusvirus infectioninfection

ProdrugsProdrugs toto maskmask toxicitytoxicity andand sideside effectseffects

N

NN

N NH2
HO

OH
Penciclovir

Viral
thymidine
kinase

N

NN

N NH2
P O

OH

Cell kinases
N

NN

N NH2
O

OH

PPP

Hu-thymidine kinases phosphorylate substrate less rapidly than does the viral
thymidine kinase, so the active triphosphate drug is present at much higher
concentrations in virally infected cells than in uninfected cells. The activated
drug binds to viral DNA polymerase with a much higher affinity than to human
DNA polymerases. Therefore penciclovir exhibits negligible cytotoxicity to
healthy cells.

prodrug drug

ExampleExample:: LDZLDZ forfor diazepamdiazepam

ProdrugsProdrugs toto maskmask toxicitytoxicity andand sideside effectseffects

• avoids drowsy (sleepy) side effects of diazepam

Ar O

Cl

N

CH3

O

N
H

O

NH2

NH2

LDZ

H

Diazepam

a) Aminopeptidase
b) Cyclisation

Cl

N

N

O

CH3

Ar
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11..55..33 ProdrugsProdrugs toto maskmask toxicitytoxicity andand sideside effectseffects

H

Ar O

Cl

N

CH3

O

N
H

O

NH2

NH2

LDZ

H

Enz

-lysine

Ar O

Cl

N

CH3

O

NH2

Cl
Diazepam

-H
N

N
Ar O

CH3

Cl

N

N
O

CH3

H

Ar

Cl

-H
N

N
Ar O

CH3

HO

H

+H

Cl

N

N

Ar
O

CH3

H2O

H

prodrug

drug

ProdrugsProdrugs toto lowerlower waterwater solubilitysolubility

ExampleExample:: PalmitatePalmitate esterester ofof chloramphenicolchloramphenicol ((antibiotic)antibiotic)

Palmitate ester

O2N

OH

H
N

O

O

Cl

Cl
H

H

O

Esterase

Chloramphenicol
O2N

OH

H
N

O

OH

Cl

Cl
H

H

•• uusedsed to to reduce solubility of foul tasting orally active drugsreduce solubility of foul tasting orally active drugs
•• llessess soluble on tonguesoluble on tongue, , llessess revolting tasterevolting taste

ProdrugsProdrugs toto increaseincrease waterwater solubilitysolubility

ExampleExample:: SuccinateSuccinate esterester ofof chloramphenicolchloramphenicol (antibiotic)(antibiotic)

Succinate ester

O2N

OH

H
N

O

O

Cl

Cl
H

H

O

OHO

Esterase

Chloramphenicol
O2N

OH

H
N

O

OH

Cl

Cl
H

H

•• aallowsllows higherhigher concentrationconcentration ((smallersmaller dosedose volumevolume ooftenften forfor ii..vv.. drugsdrugs))
•• higherhigher compoundcompound solubilitysolubility mmayay decreasedecrease painpain atat sitesite ofof

injectioninjection

11..55..55 ProdrugsProdrugs toto increaseincrease waterwater solubilitysolubility

ExampleExample:: pphosphatehosphate esterester ofof clindamycinclindamycin (antibacterial)(antibacterial)

• less painful on injection

prodrug drug
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ProdrugsProdrugs toto increaseincrease waterwater solubilitysolubility

ExampleExample:: LysineLysine esterester ofof oestroneoestrone

•• isis anan estrogenicestrogenic hormonehormone secretedsecreted byby thethe ovaryovary asas wellwell asas adiposeadipose tissuetissue
•• LysineLysine esterester ofof oestroneoestrone isis betterbetter absorbedabsorbed orallyorally thanthan oestroneoestrone
•• IncreasedIncreased waterwater solubilitysolubility preventsprevents formationformation ofof fatfat globulesglobules inin gutgut
•• bbetteretter interactioninteraction withwith thethe gutgut wallwall
•• hhydrolysisydrolysis inin bloodblood releasesreleases oestroneoestrone andand aa nonnon toxictoxic aminoamino acidacid

H2N
O O

NH2

O
Me

Prodrug

HH

H

H

H2N
O OH

NH2

O
Me

HO

Lysine Oestrone

H

H HH

+

drugprodrug

ProdrugsProdrugs usedused toto targettarget drugsdrugs

ExampleExample:: HexamineHexamine ((alsoalso calledcalled hexamethylenetetraminehexamethylenetetramine))

•• sstabletable andand inactiveinactive atat pHpH >> 55,, sstabletable inin bloodblood pHpH == 77..33
•• uusedsed forfor urinaryurinary infectionsinfections wherewhere pHpH << 55 andand ddegradesegrades toto formaldehydeformaldehyde

(antibacterial(antibacterial agent)agent)

ProdrugsProdrugs toto increaseincrease chemicalchemical stabilitystability
ExampleExample:: HetacillinHetacillin forfor ampicillinampicillin ((antibioticantibiotic))

•• aampicillinmpicillin isis chemicallychemically unstableunstable inin solutionsolution duedue toto thethe aa--NHNH
groupgroup attackingattacking thethe bb--lactalactammee ringring

•• NNHH inin heteracillinheteracillin isis lockedlocked upup withinwithin aa heterocyclicheterocyclic ringring

'Locked'
Nitrogen

ProdrugsProdrugs activatedactivated byby externalexternal influencesinfluences -- sleepingsleeping
agentsagents
ExampleExample:: PhotodynamicPhotodynamic therapytherapy (PDT)(PDT) of advanced head and
neck cancer –– FoscanFoscan requires oxygen and laser light of 652 nm (oranžová)
for activation. The aim of the treatment is to reduce symptoms by shrinking the
cancer. This is called palliative treatment. It will not cure the cancer. Foscan
uptake is mediated to tumour cell via vascular tumor damage.

•• inactiveinactive prodrugprodrug accumulatesaccumulates inin cellscells ((4 days between injection of Foscan® into the

bloodstream and activation with laser light))

•• activatedactivated byby lightlight -- methodmethod ofof targetingtargeting tumourtumour cellscells
•• FoscanFoscan isis excitedexcited andand reactsreacts therethere withwith oxygenoxygen toto produceproduce toxictoxic singletsinglet

oxygenoxygen causingcausing cellcell destructiondestruction

NH N

HNN

OH

HO

HO

OH

H
H

H
H
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DrugDrug-- synergismsynergism

DefinitionDefinition:: ddrugrug whichwhich havehave aa beneficalbenefical effecteffect onon thethe activityactivity
oror pharmacokineticpharmacokinetic propertiesproperties ofof anotheranother drugdrug

DrugDrug-- synergismsynergism

DefinitionDefinition:: aa drugdrug thatthat isis addedadded toto ‘protect’‘protect’ anotheranother drugdrug

ExampleExample:: CarbidopaCarbidopa

•• CarbidopaCarbidopa protectsprotects LL--dopadopa inin peripheralperipheral bloodblood byby inhibitinhibitinging enzymeenzyme
decarboxylasedecarboxylase

•• CarbidopaCarbidopa isis polarpolar andand doesdoes notnot crosscross thethe BBBBBB,, thereforetherefore iitt hashas nono effecteffect onon
thethe decarboxylationdecarboxylation ofof LL--DopaDopa toto dopaminedopamine inin thethe CNSCNS

•• ssmallermaller dosesdoses ofof LL--dopadopa cancan bebe administeredadministered ==>> lessless sideside effectseffects

SentrySentry ((guardguard)) DrugsDrugs

L-DOPA DOPAMINE
ENZYME

INHIBITION

CARBIDOPA

C
NHNH2

HO

Me

HO

CO2H

ExampleExample:: ClavulanicClavulanic acidacid isis a beta-lactamase inhibitor combined
with penicillin group antibiotics to overcome certain types of
antibiotic resistance. Beta-lactamase otherwise inactivates most of
penicillins.

Augmentin: amoxicillin combined with potassium clavulanate

SentrySentry ((guardguard)) DrugsDrugs
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ExampleExample:: AdrenalineAdrenaline ++ procaineprocaine (more(more powerfulpowerful locallocal anaesthetic)anaesthetic)

•• aadrenalinedrenaline constrictsconstricts bloodblood vesselsvessels atat thethe injectioninjection areaarea,, thereforetherefore pprocainerocaine isis
localisedlocalised atat thethe injectioninjection areaarea

LocalisingLocalising drugdrug toto aa targettarget areaarea

IncreasingIncreasing absorptionabsorption

•• ParacetamolParacetamol isis aadministereddministered togethertogether with with metoclopramidemetoclopramide
forfor the the fastfast treatmenttreatment. . MetoclopramideMetoclopramide iincreasesncreases gastric gastric 
motility and motility and causes faster absorption of causes faster absorption of analgesicsanalgesics. . 

Cl

NH2

OCH3

O
H
N

N(Et)2
Paracetamol inhibuje COX-2 

(cyklooxygenázu 2) v 
hypotalame (antipyretický
účinok) a nepriamo pôsobí

na sérotonínové 5-HT3-
receptory v mieche

(analgetický účinok). Nástup
účinku do 30 min.

ExampleExample:: ParacetamolParacetamol ++ MetoclopramideMetoclopramide
((analgesicanalgesic ++ drugdrug toto treattreat nauseanausea andand vomitingvomiting))

•• Optimization and scaling up synthesis
• Product characterisation
• IP protection

DrugDrug designdesign andand developmentdevelopment
StagesStages::

11)) IdentifyIdentify targettarget diseasedisease
22)) IdentifyIdentify drugdrug targettarget
33)) EstablishEstablish testingtesting proceduresprocedures
44)) FindFind aa leadlead compoundcompound
55)) StructureStructure ActivityActivity RelationshipsRelationships (SAR)(SAR)
66)) IdentifyIdentify aa pharmacophorepharmacophore
77)) DrugDrug designdesign-- optimisingoptimising targettarget interactionsinteractions
88)) DrugDrug designdesign -- optimisingoptimising pharmacokineticpharmacokinetic propertiesproperties
99)) PreclinicalPreclinical trialstrials
1010)) ChemicalChemical developmentdevelopment andand processprocess developmentdevelopment
1111)) PatentingPatenting andand regulatoryregulatory affairsaffairs
1212)) ClinicalClinical trialstrials

NoteNote:: StagesStages 99--1111 areare usuallyusually carriedcarried outout inin parallelparallel

DrugDrug MetabolismMetabolism
iidentificationdentification ofof drugdrug metabolitesmetabolites inin testtest animalsanimals
andand determinationdetermination ofof ppropertiesroperties ofof metabolitesmetabolites

ToxicologyToxicology
acuteacute andand chronicchronic toxicitytoxicity byby iinn vitrovitro andand inin vivovivo teststests

PharmacologyPharmacology
determinationdetermination seselectivitylectivity ofof actionaction atat drugdrug targettarget

DrugDrug ((formulationformulation))
sstabilitytability teststests
mmethodsethods ofof deliverydelivery ((administrationadministration))

PreclinicalPreclinical trialstrials
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DefinitionDefinition::
Development of a Development of a synthesis suitable for large scale synthesis suitable for large scale 
drugdrug production production up to 100up to 100 kgkg..

SynthesisSynthesis DevelopmentDevelopment --

Priorities:Priorities:
•• tto o optimise optimise synthetic stepsynthetic stepss and the purificationand the purification procedures procedures 
•• tto o define the define the intermediatesintermediates and and product specificationsproduct specifications

((charasteristicscharasteristics))
•• tto o produce a product that consistently passes the produce a product that consistently passes the purity purity 

specifications specifications 
•• tto o produce a produce a high quality product in high yield using a synthesis high quality product in high yield using a synthesis 

that is cheap and that is cheap and efficientefficient, , safe safe and environmentally friendly and environmentally friendly with with 
a a minimum minimum syntheticsynthetic stepssteps

PhasesPhases::
•• SSynthesisynthesis 1kg 1kg ofof anan activeactive compoundcompound for for initial preclinical testing initial preclinical testing 

(often (often by by a a scale up of the original scale up of the original synthesis)synthesis)
•• ssynthesisynthesis of of 10kg for toxicological studies10kg for toxicological studies, formulation and initial , formulation and initial 

clinical trialsclinical trials
•• ssynthesisynthesis of of 100kg for clinical trials100kg for clinical trials

Notes:Notes:
•• cchemicalhemical developmentdevelopment is more than just scaling up the original is more than just scaling up the original 

synthesissynthesis
•• ddifferentifferent reaction conditions or synthetic reaction conditions or synthetic routesroutes are are often often requiredrequired
•• ttimeime period can be period can be up to 5 yearsup to 5 years
•• nneedeed to to balance long term aims balance long term aims of developing a large scale synthesis of developing a large scale synthesis 

versus versus short term short term aimaim need need for batches for preclinical trialsfor batches for preclinical trials
•• tthe he product produced by the product produced by the fully developed route must meet the fully developed route must meet the 

defineddefined specificationsspecifications

ChemicalChemical DevelopmentDevelopment

OriginOrigin
•• tthe he initial synthesis was designed initial synthesis was designed in the research labin the research lab
PrioritiesPriorities of the original synthesisof the original synthesis
•• tto o synthesise synthesise as many different compounds as quickly as possibleas many different compounds as quickly as possible in in 

order order to identify active compoundsto identify active compounds
•• yyieldield and cost are low prioritiesand cost are low priorities
•• usually done usually done on small scaleon small scale
Likely problems related to the original synthesisLikely problems related to the original synthesis
•• tthe he use of use of hazardous starting materials and reagents hazardous starting materials and reagents 
•• eexperimentalxperimental procedures which are procedures which are impractical on large scaleimpractical on large scale
•• the the number of reaction stepsnumber of reaction steps involvedinvolved
•• yyieldield and costand cost
Scale upScale up
•• ooriginalriginal synthesis may be scaled up for the first 1 kg synthesis may be scaled up for the first 1 kg of product but is of product but is 

then then modified or altered completely for larger modified or altered completely for larger quantitiesquantities

TheThe initialinitial synthesissynthesis
Allegra - Fexofenadine

Histamine H1-receptor antagonist. Used in the treatment 
of allergic rhinitis. Worldwide 38th best selling prescription 
drug ($1.08 bn) (Aventis, FDA 1998)

OH
N

OH

COOH
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TheThe initialinitial synthesissynthesis ofof fexofenadinefexofenadine ((antianti--asthmaticasthmatic,, AllegraAllegra))

•• ffexofenadineexofenadine synthesised by the same route used for synthesised by the same route used for terfenadineterfenadine
•• uunsatisfactorynsatisfactory since since the the FriedelFriedel Crafts reaction gives the Crafts reaction gives the metameta isomer as wellisomer as well
•• rrequiresequires chromatography chromatography to remove to remove metameta isomerisomer

C
R

Me

MeC

R2N

O

Reduction N
HO

Ph Ph

HO

C

R

Me

Me

R= Me;   Terfenadine
R=CO2H; Fexofenadine

C

R

Me
Me

C
O

Cl

Cl
C

R

Me

MeC

Cl

O

Friedel Crafts
Acylation

R2NH

TheThe initialinitial synthesissynthesis

RevisedRevised synthesissynthesis ofof fexofenadinefexofenadine

•• mmore ore practical and efficientpractical and efficient synthesis using easily available synthesis using easily available starting starting materialsmaterials
•• nno o sideside isomersisomers, , nno o chromatographychromatography isis required required for purificationfor purification

C
CO2Et

Me

Me

Me

Oxidation
C

CO2Et

Me

OHC

Me

O

O

MgBr

NH
HO

Ph
Ph

1)

2)  NaBH4

N
HO

Ph Ph

HO

C

CO2Et

Me
Me

C
CO2Et

Me
Me

OH

O

O

CO2Et

Me
Me

O

H
O

Ester
hydrolysis

Fexofenadine

Amberlyst

TheThe initialinitial synthesissynthesis

A. BOHÁČ

unusual disconnection approach

AZACYCLONOL

O

COOEtEtO

O

A. BOHÁČ

Novel Synthesis of Fexofenadine O

COOEtEtO

O
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AimsAims::
•• tto o optimise the optimise the yield and purity yield and purity of product from of product from each each reactionreaction

stepstep

NotesNotes::
•• mmaximumaximum yield does not yield does not necessarily necessarily mean maximum mean maximum puritypurity

(m(may ay need to accept less than need to accept less than maximum maximum yield to achieve an acceptable yield to achieve an acceptable 
puritypurity))

•• nneedeed to to consider cost and consider cost and safetysafety forfor eacheach reactionreaction stepstep

FactorsFactors toto optimiseoptimise::
•• ttemperatureemperature, reaction time, , reaction time, stirring ratestirring rate, pH, pressure, , pH, pressure, 

catalysts, catalysts, order and rate of addition of reactants and reagentsorder and rate of addition of reactants and reagents, , 
purification purification procedureprocedure

OptimisationOptimisation ofof reactionsreactions

•• iincreasingncreasing the temperature increases the reaction ratethe temperature increases the reaction rate
•• iincreasingncreasing the temperature may increase side reactions the temperature may increase side reactions and and 

amountamount ofof impuritiesimpurities
•• ooptimumptimum temperaturetemperature is the temperature at which the is the temperature at which the raterate of of 

reaction is maximised reaction is maximised with a with a minimum of side minimum of side reactionsreactions
•• ccompromiseompromise is often is often requiredrequired

TemperatureTemperature

OptimisationOptimisation ofof reactionsreactions

•• iincreasedncreased pressurepressure (> (> 55 000 000 atmatm) ) acceleratesaccelerates reactions reactions wherewhere the the 
transition state occupies a smaller volumetransition state occupies a smaller volume than the starting than the starting 
materialsmaterials

•• uusefulseful if increased heating causes side reactionsif increased heating causes side reactions

ExamplesExamples ofof reactionsreactions acceleratedaccelerated byby pressurepressure
•• eesterificationssterifications; amine ; amine quaternisationquaternisation; ; hydrolysishydrolysis ofof estersesters; ; 

ClaisenClaisen and Cope rearrangements; and Cope rearrangements; nucleophilicnucleophilic substitutions; substitutions; 
Diels Alder Diels Alder reactionsreactions, ?, ?ClickClick reakcie?reakcie?

ExampleExample:: esesterificationterification ofof aceticacetic acidacid withwith ethanolethanol
•• proceedsproceeds 55 timestimes fasterfaster atat 22 000000 atmatm thanthan atat 11 atmatm
•• itit proceedsproceeds 2626 timestimes fasterfaster atat 44 000000 atmatm

PressurePressure

OptimisationOptimisation ofof reactionsreactions

Br

OO
PPh3

PPh3

OO

benzene-toluene
20oC / 15,000atm

•• nnoo reactionreaction atat 2020 ooCC andand 11 atmatm
•• ddecompositionecomposition atat 8080 ooCC andand 11 atmatm
•• ggoodood yieldyield atat 2020 ooCC andand 1515 000000 atmatm

ExampleExample 11::

ExampleExample 22::
•• hhydrolysisydrolysis of of chiralchiral esters esters by by basebase with heating with heating may cause may cause 

racemisationracemisation ((whatwhat aboutabout acidicacidic hydrolysishydrolysis?)?)
•• ccan an be carried out be carried out at room temperature with pressure insteadat room temperature with pressure instead

PressurePressure

OptimisationOptimisation ofof reactionsreactions
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•• ooptimumptimum reactionreaction timetime isis thethe timetime requiredrequired toto getget thethe bestbest yieldyield
consistentconsistent withwith highhigh puritypurity ofof productproduct

•• mmonitoronitor reactionsreactions to find the optimum time using to find the optimum time using TLCTLC, , GCGC,,
HPLC, HPLC, IR, IR, NMRNMR

•• iif f reaction goes reaction goes to completion, to completion, optimum time is often the time optimum time is often the time 
required required to reach completionto reach completion

•• iif f reaction reaches equilibrium, optimum time is often the time reaction reaches equilibrium, optimum time is often the time 
required required to reach equilibriumto reach equilibrium

•• however however optimum time may not be the sameoptimum time may not be the same as the time to reach as the time to reach 
completion or equilibrium completion or equilibrium if side reactions take placeif side reactions take place

•• eexcessxcess reaction times increase the chances of side reactions and the reaction times increase the chances of side reactions and the 
formation of formation of impuritiesimpurities

•• rreactioneaction times greater than 15 times greater than 15 h h should be avoidedshould be avoided (costly at (costly at 
production level)production level)

Reaction Reaction timetime

OptimisationOptimisation ofof reactionsreactions

•• isis iimportantmportant toto outcomeoutcome yieldyield andand puritypurity
•• sshouldhould normallynormally bebe capablecapable fforor dissolvingdissolving reactantsreactants andand reagentsreagents,,

iinsolubilitynsolubility ofof aa productproduct inin solventsolvent maymay improveimprove yieldsyields byby shiftingshifting anan
equilibriumequilibrium reactionreaction toto itsits productsproducts.. TThishis maymay bebe aa problemproblem byby reactionreaction withwith
solidsolid catalystcatalyst..

C

H
N

N
H

O

O

OO

O

OH

H

H H2   Pd/C

EtOH/H2O

H3N
N
H

O

O

O

OH

H

H

•• ppooroor yieldyield inin ethanolethanol -- productproduct precipitatesprecipitates andand coatscoats thethe catalystcatalyst
•• ppooroor yieldyield inin waterwater -- reactantreactant poorlypoorly solublesoluble
•• qquantitativeuantitative yieldyield inin ethanolethanol--waterwater ((11::11)) mixturemixture

ExampleExample

SolventSolvent

OptimisationOptimisation ofof reactionsreactions

PG: Bz PG: Bn

•• sshouldhould have a have a suitable boiling pointsuitable boiling point if one wishes if one wishes to heat the to heat the 
reactionreaction at a constant temperature (heating to at a constant temperature (heating to refluxreflux))

•• sshouldhould be compatible with the be compatible with the reactionreaction being being carried outcarried out
•• ssolventsolvents are classed as are classed as polarpolar ((EtOHEtOH, H, H22O, acetone) or O, acetone) or nonpolarnonpolar

((PhMePhMe, , CHClCHCl33))
•• ppolarolar solvents are classed as solvents are classed as proticprotic ((EtOHEtOH, H, H22O) O) or or aproticaprotic

((DMF, DMSO)DMF, DMSO)
•• pproticrotic solvents are capable of solvents are capable of HH--bondingbonding (HBD)(HBD)
•• tthe he polarity and the Hpolarity and the H--bonding ability of the solvent bonding ability of the solvent may affect may affect 

the reactionthe reaction

OptimisationOptimisation ofof reactionsreactions
SolventSolvent

•• aqaq EtOHEtOH:: reaction time reaction time 11--4 4 dd (24(24--96 h)96 h)
•• DMSODMSO:: reaction time reaction time 11--2 2 hh, , DMSODMSO solvates solvates selectivelyselectively cationscations but but 

leaves anions relatively leaves anions relatively unsolvatedunsolvated, , thereforetherefore the the nucleophilenucleophile is is 
more more strongstrong and and reactivereactive

R

Cl

R

CN
NaCN
DMSO

Example:Example:

•• pproticrotic solventssolvents ((ee..gg.. EtOHEtOH)) givegive higherhigher ratesrates forfor SSNN11 reactionsreactions
((notnot forfor SSNN22)),, theythey aidaid departuredeparture ofof anionanion inin thethe raterate
determiningdetermining stepstep

•• didipolarpolar aproticaprotic solventssolvents ((ee..gg.. DMSODMSO)) areare betterbetter forfor SSNN22
reactionsreactions

SSNN22 reactionreaction

OptimisationOptimisation ofof reactionsreactions

SolventSolvent
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•• High concentration High concentration (small volume of solvent) favours (small volume of solvent) favours 
increased reaction rate increased reaction rate but may but may increaseincrease chance of chance of side side 
reactionsreactions

•• Low concentrationsLow concentrations (large volume of solvent) are (large volume of solvent) are useful for useful for 
exothermic reactionsexothermic reactions (solvent acts as a ‘heat sink(solvent acts as a ‘heat sink’)’)

ConcentrationConcentration

OptimisationOptimisation ofof reactionsreactions

•• a a catalystcatalyst iincreasencreasess a a rate rate at which reactions reach equilibriumat which reactions reach equilibrium
•• cclassedlassed as as heterogeneous or homogeneousheterogeneous or homogeneous
•• cchoicehoice of catalyst of catalyst can influence type of product obtained can influence type of product obtained and and 

yieldyield

R C C R R C C R

H

H

H

H

H2   Pd/C
ExampleExampless::

R C C R C C

R

H

R

H

H2   Pd/CaCO 3

poisoned catalyst

CatalystsCatalysts

OptimisationOptimisation ofof reactionsreactions

Lindlar

R Cl R
C

O

R

C
R

O

Lewis acid

vvaryary Lewis acid catalysts (e.g. AlClLewis acid catalysts (e.g. AlCl33 or ZnClor ZnCl22) ) to optimise yield to optimise yield 
and purityand purity

Example:Example:

OptimisationOptimisation ofof reactionsreactions

CatalystsCatalysts

•• sshiftshifts equilibrium equilibrium to products if reaction is thermodynamically to products if reaction is thermodynamically 
controlledcontrolled

•• eexcessxcess reactant reactant must be cheapmust be cheap, , availableavailable and and easily easily separaseparableble
from productfrom product

•• mmay ay also also affect outcome affect outcome of reactionof reaction

Ph O

O

H2N
NH2

H
N

NH2C

O

Ph

O

+ H
N

N
H

C

O

C

O

•• ExcessExcess diaminediamine isis usedused toto increaseincrease thethe proportionproportion ofof monomono--acylatedacylated productproduct

Example:Example:

Excess Excess reactantreactant

OptimisationOptimisation ofof reactionsreactions
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•• removing removing a product a product (e.g. (e.g. precipitation, precipitation, destillationdestillation) elevates ) elevates 
yield in case of an equilibrium reactionyield in case of an equilibrium reaction

removingremoving waterwater byby distillationdistillation shiftsshifts anan
equilibriumequilibrium towardstowards productproduct

R R

O

HO
OH

R R

OO+
Ptsa catalyst

+    H2O

Example:Example:

Removing Removing a producta product

OptimisationOptimisation ofof reactionsreactions

•• aaddingdding one one reagent reagent slowly slowly to to another another oneone helps helps to to control the control the 
temperature temperature of of highlyhighly exothermic exothermic reactionsreactions

•• sstirringtirring rates may be crucial rates may be crucial to prevent localised regions of to prevent localised regions of 
high high compoundcompound or or temperaturetemperature concentrationconcentrationss

•• ddilutionilution of reactant or reagent of reactant or reagent in solvent in solvent before addition before addition to to 
thethe reactionreaction mixturemixture helps helps to prevent localised areas of high to prevent localised areas of high 
concentration concentration 

•• oorderrder of addition of addition may influence the may influence the reactionreaction outcome outcome and and 
yieldyield

Methods Methods of additionof addition

OptimisationOptimisation ofof reactionsreactions

•• Impurity is formed Impurity is formed when when BuLiBuLi is is added to the added to the phosphonatephosphonate (the (the 
phosphonatephosphonate anion reacts with anion reacts with unreactedunreacted phosphonatephosphonate thatthat isis a a 
donordonor ofof electrophilicelectrophilic MeMe groupgroup))

•• No impurity is formed if the No impurity is formed if the phosphonatephosphonate is added to butyl is added to butyl lithiumlithium
(in (in thisthis casecase, no , no unreactedunreacted fosfonatefosfonate isis presentpresent))

N

Ar

P

O

OMe

OMe
N

Ar

R N

Ar

R

1) nBuLi
2) RCHO

impurity

+

ExampleExample

OptimisationOptimisation ofof reactionsreactions

Methods Methods of additionof addition

LessLess reactivereactive reagentsreagents maymay affectaffect thethe outcomeoutcome ofof thethe reactionreaction

•• a a mixture mixture of mono and of mono and diacylateddiacylated products products 50 : 50 50 : 50 is is obtained even when obtained even when 
benzoylbenzoyl chloride is added to the chloride is added to the excess of excess of diaminediamine

•• using using less reactive benzoic anhydride less reactive benzoic anhydride gives a ratio of mono to gives a ratio of mono to diacylateddiacylated
product of product of 95 : 595 : 5

Cl

O

H2N NH2
H
N

NH2C

O

+ H
N

N
H

C

O

C

O

ExampleExample

Reactivity Reactivity of reagents and reactantsof reagents and reactants

OptimisationOptimisation ofof reactionsreactions
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PrioritiesPriorities
safetysafety,, costcost andand practicalitypracticality

FactorsFactors toto considerconsider
rreagentseagents,, solventssolvents,, temperaturetemperature,, catalystscatalysts,, proceduresprocedures,, physicalphysical
parametersparameters,, sideside productsproducts andand productproduct purificationpurification

ScalingScaling upup aa reactionreaction

•• rreagentseagents usedused inin thethe initialinitial synthesissynthesis areare oftenoften unsuitableunsuitable duedue toto
theirtheir costcost oror hazardshazards

•• hhazardousazardous byproductsbyproducts may be formed from certain reagents (e.g. may be formed from certain reagents (e.g. 
mercuric acetate mercuric acetate cancan foforrm m mercury)mercury)

•• rreagentseagents may be unsuitable on may be unsuitable on environmental grounds environmental grounds (e.g. (e.g. smellsmell
mercaptanesmercaptanes, , scatolscatol......))

•• rreagentseagents may be may be unsuitable to handle on large scale (e.g. unsuitable to handle on large scale (e.g. 
hygroscopic or lachrymatory compounds)hygroscopic or lachrymatory compounds)

H

RR

H H

RR

H

Zn/Cu
Et2O
CH2I2

ExampleExample::

•• Zn/CuZn/Cu amalgamamalgam isis tootoo expensiveexpensive forfor scalescale upup
•• cancan bebe rreplaceeplacedd withwith zinczinc powderpowder

ReagentsReagents

ScalingScaling upup aa reactionreaction

•• rreactionseactions above should be avoided for scale upabove should be avoided for scale up
•• ppalladiumalladium chloride and chloride and pyridiniumpyridinium chlorochromatechlorochromate are both are both 

carcinogeniccarcinogenic
•• ssyntheticynthetic route route willwill be rejected by regulatory authorities be rejected by regulatory authorities (FDA, EMA) (FDA, EMA) 

if carcinogenic reagents are used near the end of the synthetic routeif carcinogenic reagents are used near the end of the synthetic route

ScalingScaling upup aa reactionreaction
ReagentsReagents

•• mm--cchloroperbenzoichloroperbenzoic acidacid (MCPBA)(MCPBA) isis preferredpreferred overover cheapercheaper
peroxideperoxide reagentsreagents forfor thethe BaeyerBaeyer--VilligerVilliger oxidationoxidation sincesince MCPBAMCPBA
hashas aa higherhigher decompositiondecomposition temperaturetemperature andand isis safersafer toto useuse

ChoiceChoice maymay needneed toto bebe mademade betweenbetween costcost andand safetysafety
Example:Example:

ScalingScaling upup aa reactionreaction
ReagentsReagents
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•• sstartingtarting materials materials should be should be cheap cheap and readily and readily availableavailable

•• hhazardsazards of starting materials and intermediates must be of starting materials and intermediates must be 
considered (e.g. considered (e.g. ddiazomethaneiazomethane or dor diazoniumiazonium salts are salts are explosiveexplosive))

Reactants Reactants and intermediatesand intermediates

ScalingScaling upup aa reactionreaction

•• ssolventsolvents mustmust notnot bebe excessivelyexcessively flammableflammable oror toxictoxic
•• mmany any solvents used solvents used in research labs in research labs are unsuitable are unsuitable for scale up for scale up 

due to flammability, cost, toxicity etc. (e.g. due to flammability, cost, toxicity etc. (e.g. EtEt22OO, , CHClCHCl33, , 
dioxanedioxane, benzene, , benzene, HMPA (HMPA (hexamethylphosphorichexamethylphosphoric triamidetriamide))))

•• cconcentrationsoncentrations currentlycurrently used used in in research labresearch labss are are relatively relatively lowlow
•• tthe he concentration of reaction is normally increased during concentration of reaction is normally increased during scale scale 

up to avoid large volumes up to avoid large volumes of solvent of solvent ((solvent:solutesolvent:solute ratio ratio 5:15:1 or or 
less) less) 

•• iincreasedncreased concentrations means concentrations means less solvent, less hazards, less solvent, less hazards, 
greater economy and increased reaction greater economy and increased reaction raterate

•• cchanging hanging solvent solvent can affect outcome or yieldcan affect outcome or yield
•• nnotot feasible to purify solvents on production scalefeasible to purify solvents on production scale
•• nneedeed to consider solvent properties when choosing solventto consider solvent properties when choosing solvent

SolventsSolvents

ScalingScaling upup aa reactionreaction

•• IgnitionIgnition temperaturetemperature -- temperaturetemperature atat whichwhich solventsolvent ignitesignites
(CS(CS22 overover 102102 °°C)C)

•• Flash point Flash point -- temperature at which vapours of the solvent temperature at which vapours of the solvent 
ignite in the presence of an ignition source (ignite in the presence of an ignition source (spark or spark or flameflame, , 
CSCS22 over over --42 42 °°CC))

•• vvapourapour pressure pressure -- measure of a measure of a solvent’s volatilitysolvent’s volatility

•• vvapourapour density density -- measure of measure of whetherwhether vapours of the solvent vapours of the solvent 
rise or creep rise or creep along the flooralong the floor

Properties Properties of solventsof solvents

ScalingScaling upup aa reactionreaction
SolventsSolvents

•• solvents solvents which are which are flammableflammable at a low solvent/air mixture and at a low solvent/air mixture and 
over a wide range of solvent/air mixtures (e.g. over a wide range of solvent/air mixtures (e.g. EtEt22O O has has a a 
flammable flammable solvent/air range of solvent/air range of 22--36 %, 36 %, is heavier than air and is heavier than air and 
can can creep along plant floors to ignite on hot creep along plant floors to ignite on hot pipespipes))

•• solvents solvents with a with a flash point flash point bellow bellow --18 18 ooCC (e.g. (e.g. EtEt22O O and and CSCS22))

• HEAT CAPACITY: je miera schopnosti telesa prijať teplo. Je 
definovaná ako množstvo tepla v jouloch, ktoré treba telesu dodať, 
aby sa jeho teplota zvýšila o 1 °C.

Hazardous Hazardous solventssolvents

ScalingScaling upup aa reactionreaction
SolventsSolvents
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•• ddimethoxyethaneimethoxyethane for for EtEt22O O ((less flammable, higher less flammable, higher b.pb.p. . 
and higher heat capacity)and higher heat capacity)

•• tt--bbutylutyl methyl ether methyl ether (cheaper, safer and does not form (cheaper, safer and does not form 
peroxides)peroxides) for for EtEt22OO

•• hheptaneeptane for pentane and hexane for pentane and hexane (less flammable)(less flammable)

•• eethylthyl acetate acetate for chlorinated solvents for chlorinated solvents (less toxic)(less toxic)

•• ttolueneoluene for benzene for benzene (less carcinogenic)(less carcinogenic)

•• xxyleneylene for benzene for benzene (less carcinogenic)(less carcinogenic)

•• ttetrahydrofuranetrahydrofuran for for dioxanedioxane (less carcinogenic)(less carcinogenic)

AlternativeAlternativess for for common research solventscommon research solvents

ScalingScaling upup aa reactionreaction
SolventsSolvents

•• rreactionseactions producingproducing hazardoushazardous sideside productsproducts areare unsuitableunsuitable forfor
scalescale upup

•• mmayay needneed toto considerconsider differentdifferent reagentsreagents

•• ppreparationreparation ofof aa phosphonatephosphonate producesproduces methylmethyl chloridechloride (gaseous,(gaseous, toxictoxic andand anan
alkylatingalkylating agentagent,, ttrimethylrimethyl phosphitephosphite stinksstinks))

•• ssodiumodium dimethyldimethyl phosphonatephosphonate isis usedused insteadinstead sincesince itit resultsresults inin thethe formationformation ofof
nonnon--toxictoxic NaClNaCl

SIDE SIDE PRODUCTSPRODUCTS

R
Cl

R
P

O

OMe

OMe

P(OMe)3
+ CH3Cl

R

Cl

R

P

O

OMe

OMe

NaH

HPO(OMe)2

+ NaCl

ExampleExample

ScalingScaling upup aa reactionreaction

TEMPERATURETEMPERATURE

ScalingScaling upup aa reactionreaction

mmustust bebe practicalpractical forfor reactionreaction vesselsvessels inin thethe productionproduction plantplant
•• ccertainertain chemicalschemicals cancan sometimessometimes bebe addedadded atat aa catalyticcatalytic levellevel toto

promotepromote reactionsreactions onon largelarge scalescale
•• mmayay removeremove impuritiesimpurities inin commercialcommercial solventssolvents andand reagentsreagents

ExampleExample 11
•• RedAlRedAl isis usedused asas aa promoterpromoter inin cyclopropanationcyclopropanation reactionreaction withwith

zinczinc
•• rremovesemoves zinczinc oxidesoxides fromfrom thethe surfacesurface ofof thethe zinczinc
•• rremovesemoves waterwater fromfrom thethe solventsolvent
•• rremovesemoves peroxidesperoxides fromfrom thethe solventsolvent

ExampleExample 22
•• MeMgIMeMgI isis usedused asas aa promoterpromoter forfor thethe GrignardGrignard reactionreaction

PROMOTERSPROMOTERS

ScalingScaling upup aa reactionreaction

It is a safer substitute for LAH
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ssomeome experimentalexperimental proceduresprocedures carriedcarried outout onon smallsmall scalescale
maymay bebe impracticalimpractical onon largelarge scalescale

ExamplesExamples

sscrapingcraping solidssolids outout ofof flasksflasks
cconcentratingoncentrating solutionssolutions toto drynessdryness
RotaryRotary evaporatorsevaporators
vvacuumacuum ovensovens toto drydry oilsoils
cchromatographyhromatography forfor purificationpurification
ddryingrying agentsagents (e(e..gg.. sodiumsodium sulphate)sulphate)
aadditionddition ofof reagentsreagents withinwithin shortshort timetime
uusese ofof separatingseparating funnelsfunnels forfor washingwashing andand extractingextracting

EXPERIMENTAL EXPERIMENTAL PROCEDURESPROCEDURES

ScalingScaling upup aa reactionreaction

•• DryingDrying organicorganic solutionssolutions
-- addadd aa suitablesuitable solventsolvent andand azeotropeazeotrope offoff thethe waterwater

•• ExtractionExtraction funnelfunnel separationseparation
-- stirringstirring solventsolvent phasesphases inin largelarge reactionreaction vesselsvessels
-- countercounter currentcurrent extractionextraction withwith brinebrine

•• ConcentratingConcentrating solutionssolutions
-- carriedcarried outout underunder normalnormal distillationdistillation conditionsconditions

•• FLCFLC purificationpurification
-- crystallisationcrystallisation preferredpreferred

Some Some alternative procedures alternative procedures suitable for large suitable for large scalescale synthesissynthesis
EXPERIMENTAL EXPERIMENTAL PROCEDURESPROCEDURES

ScalingScaling upup aa reactionreaction

mmayay playplay anan importantimportant rolerole forfor aa reactionreaction outcomeoutcome andand yieldyield

ParametersParameters involvedinvolved
-- stirringstirring efficiencyefficiency
-- surfacesurface areaarea toto volumevolume ratioratio ofof reactorreactor vesselvessel
-- raterate ofof heatheat transfertransfer
-- temperaturetemperature gradientgradient betweenbetween thethe centrecentre ofof thethe reactorreactor
andand thethe wallswalls

PHYSICAL PHYSICAL PARAMETERSPARAMETERS

ScalingScaling upup aa reactionreaction

SYNTHETICSYNTHETIC PROCESSPROCESS DEVELOPMENTDEVELOPMENT
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DEFINITIONDEFINITION
DevelopmentDevelopment ofof thethe overalloverall syntheticsynthetic routeroute toto makemake itit suitablesuitable forfor
thethe productionproduction sitesite andand cancan produceproduce batchesbatches ofof productproduct inin tonton
quantitiesquantities withwith consistentconsistent yieldyield andand puritypurity

PRIORITIESPRIORITIES
•• mminimisinginimising numbernumber ofof reactionreaction stepssteps
•• exploitationexploitation ofof convergentconvergent synthesessyntheses
•• mminimisinginimising numbernumber ofof technicaltechnical operationsoperations
•• ssafetyafety -- chemicalchemical hazardshazards
•• ssafetyafety -- reactionreaction hazardshazards
•• mminimisinginimising numbernumber ofof purificationpurification stepssteps
•• eenvironmentalnvironmental issuesissues
•• ccostost

PROCESSPROCESS DEVELOPMENTDEVELOPMENT

NUMBERNUMBER OFOF REACTIONREACTION STEPSSTEPS

mminimisinginimising numbernumber ofof reactionreaction stepssteps maymay increaseincrease thethe
overalloverall yieldyield

rrequiresequires aa goodgood understandingunderstanding ofof syntheticsynthetic organicorganic chemistrychemistry

PROCESSPROCESS DEVELOPMENTDEVELOPMENT

•• toto prepareprepare aa pproductroduct inin twotwo syntheticsynthetic pathwayspathways andand thenthen linklink
themthem togethertogether isis preferablepreferable overover linearlinear synthesissynthesis becausebecause ofof
hhigherigher overalloverall yieldyield

R S T U V

M N O P Q

K
L

CONVERGENT SYNTHESIS

A B C D E F G H I J K
LINEAR SYNTHESIS

OverallOverall yieldyield ==1010..77%% assumingassuming anan 8080%% yieldyield perper reactionreaction

OverallOverall yieldyield == 2626..22%% fromfrom LL assumingassuming anan 8080%% yieldyield perper reactionreaction

PROCESSPROCESS DEVELOPMENTDEVELOPMENT
CONVERGENT CONVERGENT SYNTHESESSYNTHESES

e.g. 10 step synthesis, each yielding 80%

•• mminimiseinimise numbernumber ofof operationsoperations toto increaseincrease thethe overalloverall yieldyield
•• aavoidvoid isolationisolation andand purificationpurification ofof thethe intermediatesintermediates
•• kkeepeep intermediatesintermediates inin solutionsolution forfor transfertransfer fromfrom oneone reactionreaction

vesselvessel toto anotheranother oneone
•• uusese aa solventsolvent whichwhich isis commoncommon toto aa seriesseries ofof reactionsreactions inin thethe

processprocess

PROCESSPROCESS DEVELOPMENTDEVELOPMENT

anan alkyl alkyl halide is not isolatedhalide is not isolated, but is transferred in , but is transferred in solution solution to the next reaction to the next reaction 
vessel for the vessel for the subsequentsubsequent Wittig Wittig reactionreaction

NUMBER NUMBER OF OPERATIONSOF OPERATIONS

AlcoholAlcohol Alkyl halideAlkyl halide Wittig reagentWittig reagent
SOClSOCl22 PPhPPh33

ExampleExample
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ToxicityToxicity --
•• ccompoundsompounds must not have an must not have an LDLD5050 less than less than 100100 mg/kg mg/kg 

(teaspoon) (teaspoon) 
FlammabilityFlammability
•• aavoid void high risk high risk solvents solvents 
•• mmediumedium risk solvents risk solvents require precautions to require precautions to avoid static avoid static 

electricityelectricity
ExplosivenessExplosiveness
•• ddustust explosion test explosion test -- determines whether a spark ignites a dust determines whether a spark ignites a dust 

cloud of the compoundcloud of the compound
•• hhammerammer test test -- determines whether dropping a weight on the determines whether dropping a weight on the 

compound produces sound or lightcompound produces sound or light
Thermal instabilityThermal instability --
•• rreactioneaction process must not use temperatures higher than process must not use temperatures higher than 

decomposition temperaturesdecomposition temperatures

PROCESSPROCESS DEVELOPMENTDEVELOPMENT
Main Main hazardshazards

•• aassessssess thethe potentialpotential hazardshazards ofof allall reactionsreactions

•• ccarefullyarefully monitormonitor anyany exothermicexothermic reactionsreactions (!(!inductioninduction
effecteffect))

•• ccontrolontrol exothermicexothermic reactionsreactions byby coolingcooling and/orand/or thethe raterate atat
whichwhich reactantsreactants areare addedadded

•• tthehe raterate ofof stirringstirring cancan bebe crucialcrucial andand mustmust bebe monitoredmonitored

•• aautocatalyticutocatalytic reactionsreactions areare potentiallypotentially dangerousdangerous

PROCESSPROCESS DEVELOPMENTDEVELOPMENT
SAFETY SAFETY -- REACTION HAZARDSREACTION HAZARDS

•• kkeepeep the the number of purifications to a minimum number of purifications to a minimum to enhance the to enhance the 
overall yield overall yield 

•• cchromatographyhromatography is often impracticalis often impractical
•• iideallydeally, purification should be carried out by , purification should be carried out by crystallising only crystallising only 

the final productthe final product of the processof the process
•• ccrystallisationrystallisation conditions must be controlled to ensure conditions must be controlled to ensure 

consistent purity, crystal form and sizeconsistent purity, crystal form and size
•• ccrystallisationrystallisation conditions must be monitored for conditions must be monitored for cooling rate cooling rate 

and stirring rateand stirring rate
•• ccrystalsrystals which are which are too large may trap solventtoo large may trap solvent
•• ccrystalsrystals which are which are too fine may clog up filterstoo fine may clog up filters
•• hhotot filtrations filtrations prior to crystallisation must be done at least prior to crystallisation must be done at least 

1515 ooCC above above the crystallisation temperaturethe crystallisation temperature

PROCESSPROCESS DEVELOPMENTDEVELOPMENT
PURIFICATIONSPURIFICATIONS

•• cchemicalshemicals should be disposed should be disposed safely safely or or recycled recycled on on 
environmental and economic groundsenvironmental and economic grounds

•• ssolventsolvents should be should be recycled recycled and reand re--usedused
•• aavoid void mixed solvents mixed solvents -- difficult to recycledifficult to recycle
•• aavoid void solvents with low solvents with low b.pb.p. . to avoid escape into the atmosphereto avoid escape into the atmosphere
•• wwaterater is the preferred solventis the preferred solvent
•• sspent pent reagents should be made safe before disposalreagents should be made safe before disposal
•• uuse se catalysts catalysts whenever relevantwhenever relevant
•• uuse se ‘clean’ technology ‘clean’ technology whenever possible (e.g. whenever possible (e.g. electrochemistry, electrochemistry, 

photochemistry, ultrasound, microwavesphotochemistry, ultrasound, microwaves))

PROCESSPROCESS DEVELOPMENTDEVELOPMENT
ENVIRONMENTAL ENVIRONMENTAL ISSUESISSUES



3/30/2016

36

•• kkeepeep costcost toto aa minimumminimum

•• mmaximiseaximise thethe overalloverall yieldyield

•• mminimiseinimise thethe costcost ofof rawraw materialsmaterials

•• mminimiseinimise thethe costcost ofof labourlabour andand overheadsoverheads byby producingproducing
largelarge batchesbatches onon eacheach runrun

PROCESSPROCESS DEVELOPMENTDEVELOPMENT
COSTCOST

DefinitionDefinition
SSpecificationspecifications ==> > definition definition a product’s properties and puritya product’s properties and purity
aallll batches must pass the predetermined specification limitsbatches must pass the predetermined specification limits

TroubleshootingTroubleshooting
necessary necessary if any batches fail the specificationsif any batches fail the specifications
identify identify any impurities present and their sourceany impurities present and their source
identify identify methods of removing methods of removing impurities impurities or preventing their or preventing their 
formationformation

Sources Sources of Impuritiesof Impurities
impure impure reagents and reactantsreagents and reactants
reaction reaction conditionsconditions
order order of reagent additionof reagent addition
problematic problematic byproductsbyproducts or synthetic or synthetic routeroute

SPECIFICATIONSSPECIFICATIONS

•• melting melting point, colour of solution, particle size, point, colour of solution, particle size, crystalcrystal
polymorphismpolymorphism ((thethe ability of a solid material to exist in more than one form or crystal 

structure)), , pHpH, , chemical and chemical and stereochemicalstereochemical puritypurity

•• iimpuritiesmpurities present are defined and quantifiedpresent are defined and quantified

•• rresidualesidual solvents solvents present are defined and quantifiedpresent are defined and quantified

•• aacceptablecceptable limits of impuritieslimits of impurities and solvents are definedand solvents are defined

•• aacceptablecceptable limits are limits are dependent on toxicity dependent on toxicity (e.g. ethanol 2%, (e.g. ethanol 2%, 
methanol 0.05%)methanol 0.05%)

•• ccarcinogenicarcinogenic impurities must impurities must notnot be be presentpresent in in final final stagestagess of of 
synthesissynthesis

SPECIFICATIONSSPECIFICATIONS
PROPERTIES PROPERTIES AND PURITYAND PURITY

•• iisolatesolate, purify and , purify and identify allidentify all impuritiesimpurities
((HPLCHPLC, , NMRNMR, , MS MS spectroscopyspectroscopy))

•• iidentifydentify the source the source of any impurityof any impurity

•• aalterlter the the reaction reaction conditions conditions or or purification at the purification at the final final stagestage

SPECIFICATIONSSPECIFICATIONS
IMPURITIESIMPURITIES
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•• iintroducentroduce a purification a purification to remove any impurities to remove any impurities at the end of the at the end of the 
reaction sequence or after the reaction sequence or after the problematicproblematic reactionreaction

•• mmethodsethods of purification of purification -- crystallisation, distillation, crystallisation, distillation, pprecipitationrecipitation of of 
impurity impurity from solution, precipitation from solution, precipitation of product of product from solution from solution 

SPECIFICATIONSSPECIFICATIONS
PURIFICATIONSPURIFICATIONS

•• ccommercialommerciallyly available reagents or reactants available reagents or reactants cancan contain contain 
impuritiesimpurities

•• iimpuritiesmpurities introduced early on in the synthetic route introduced early on in the synthetic route may may 
survive the synthetic routesurvive the synthetic route and contaminate the productand contaminate the product

•• aan n impurity at an early stage of the synthetic route may impurity at an early stage of the synthetic route may 
undergo the same reactions as the starting material and undergo the same reactions as the starting material and 
contaminate the final productcontaminate the final product

SPECIFICATIONSSPECIFICATIONS
IMPURE IMPURE REAGENTS / REACTANTSREAGENTS / REACTANTS

SPECIFICATIONSSPECIFICATIONS

N

Ar

H3C
CH3

OH O   Na

OH
O

Fluvostatin

NH

NHCH2CH3

N-Ethylaniline

N

Ar

H3C
OH O   Na

OH

O

N-Ethyl analogue of fluvostatin

Final impurityImpurity

•• vvaryary thethe reactionreaction conditionsconditions toto minimiseminimise anyany impuritiesimpurities
(e(e..gg.. solvent,solvent, catalyst,catalyst, ratioratio ofof reactantsreactants andand reagents)reagents)

•• cconsideronsider reactionreaction kineticskinetics andand thermodynamicsthermodynamics
hheatingeating favoursfavours thethe thermodynamicthermodynamic productproduct
rrapidapid additionaddition ofof reactantreactant favoursfavours thethe kinetickinetic productproduct

•• cconsideronsider sensitivitysensitivity ofof aa reagentreagent toto airair andand toto oxidationoxidation
NN--bbutyllithiumutyllithium oxidisesoxidises inin airair toto lithiumlithium butoxidebutoxide ((BuOLiBuOLi))
bbenzaldehydeenzaldehyde oxidisesoxidises toto benzoicbenzoic acidacid
cconsideronsider usingusing freshfresh reagentsreagents andand nitrogennitrogen atmosphereatmosphere

SPECIFICATIONSSPECIFICATIONS
REACTION REACTION CONDITIONSCONDITIONS
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oorderrder inin whichwhich reagentsreagents areare addedadded maymay resultresult inin impuritiesimpurities

SPECIFICATIONSSPECIFICATIONS

R O R Br
H

R O

R

H Br+

MechanismMechanism ofof impurityimpurity formationformation

impurityimpurity ooccursccurs whenwhen PBrPBr33 isis addedadded toto thethe alcoholalcohol butbut notnot whenwhen thethe alcoholalcohol isis
addedadded toto PBrPBr33

Impurity
R OH

PBr3
R Br R O

R

+

ExampleExample

ORDER ORDER OF ADDITIONOF ADDITION

•• bbyy--productsproducts formed in some reactions may formed in some reactions may bebe difficult difficult to to 
removeremove

•• cchangehange the the reagentreagent or or reaction reaction to to get less get less difficultdifficult byby--products products 

SPECIFICATIONSSPECIFICATIONS

ExampleExample -- WittigWittig reactionreaction

R CH2Br
PPh3 R CH2PPh3    Br

R' C
O

H

Wittig
reaction

R' C

C

H

H
R P Ph

O

Ph

Ph
+

Triphenylphosphine
oxide

bbyy--productproduct == triphenylphosphinetriphenylphosphine oxideoxide (requires(requires chromatographychromatography toto remove)remove)

TROUBLESOMETROUBLESOME BYBY--PRODUCTSPRODUCTS

triphenylphosphine oxide

HornerHorner--EmmonsEmmons reactionreaction –– an alternative synthesis

SPECIFICATIONSSPECIFICATIONS

bbyy--productproduct pphosphonatehosphonate esterester cancan bebe removeremove easilyeasily byby washingwashing withwith waterwater

R CH2Br R

R' C
O

H

H P

O

OMe

OMe P O

MeO

MeO

nBuLi

Horner-Emmons
reaction

R' C

C

H

H
R P OMe

O

MeO

O

+

Phosphonate ester

TROUBLESOME TROUBLESOME BYBY--PRODUCTSPRODUCTS CHANGINGCHANGING AA SYNTHESISSYNTHESIS
SPECIFICATIONSSPECIFICATIONS

CH3

MgBr
C COCl

H3C

H3C

H3C

CH3

C

CH3

O
O C

CH3

CH3
CH3

C

O

CH3

CH3
CH3

+

Ester impurity

•• esterester impurityimpurity isis formedformed byby oxidationoxidation ofof GrignardGrignard reagentreagent toto aa phenolphenol whichwhich
cancan reactreact withwith acylacyl chloridechloride reagentreagent

•• avoidableavoidable byby addingadding GrignardGrignard reagentreagent toto thethe aroylaroylacidacid chloridechloride butbut……nnotot
easyeasy onon largelarge scalescale duedue toto thethe airair sensitivitysensitivity andand poorpoor solubilitysolubility ofof thethe
GrignardGrignard reagentreagent

ExampleExample-- GrignardGrignard synthesissynthesis
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SPECIFICATIONSSPECIFICATIONS

differentdifferent routesroutes toto thethe samesame productproduct

CH3

C
CH3

CH3
CH3

C
Cl

O

C
CH3

CH3
CH3

BrMg

Lewis acid

CH3

C
O C

CH3

CH3
CH3

CH3

C
O

C
CH3

CH3
CH3

Li

Cl

CH3

C
HN C

CH3

CH3
CH3

CH3

CN

C
CH3

CH3
CH3

BrMg
CH3

C
O C

CH3

CH3
CH3

hydrolysis

CHANGINGCHANGING SYNTHESISSYNTHESIS INORGANICINORGANIC IMPURITIESIMPURITIES

SPECIFICATIONSSPECIFICATIONS

•• the the final final product must be checked product must be checked for inorganic impurities for inorganic impurities (e.g. (e.g. 
metal salts)metal salts)

•• deionised deionised water water may need to be used if the desired may need to be used if the desired compound is compound is 
a metal a metal ion ion chelatorchelator or or is isolated is isolated from from normalnormal waterwater

PATENTINGPATENTING

•• carried carried out out as soon as a potentially useful drug is identifiedas soon as a potentially useful drug is identified

•• carried carried out out before preclinical and clinical trialsbefore preclinical and clinical trials

•• several several years of patent protection are lost due to years of patent protection are lost due to the trialsthe trials

•• cannot cannot specify the exact structure specify the exact structure that is likely to reach that is likely to reach market, market, 
therefore therefore patent patent a group of compounds a group of compounds rather than an individual rather than an individual 
structurestructure

PATENTINGPATENTING ANDAND REGULATORYREGULATORY AFFAIRSAFFAIRS

REGULATORYREGULATORY AFFAIRSAFFAIRS

•• aa drugdrug beforebefore reachreach aa markedmarked mustmust bebe approvedapproved byby regulatoryregulatory
bodiesbodies
FoodFood andand DrugDrug AdministrationAdministration ((FDAFDA)) httphttp:://www//www..fdafda..gov/gov/
EuropeanEuropean MedicinesMedicines AgencyAgency ((EMAEMA)) httphttp:://www//www..emaema..europaeuropa..eu/ema/eu/ema/

•• GLPGLP -- GoodGood LaboratoryLaboratory PracticePractice
•• GMPGMP -- GoodGood ManufacturingManufacturing PracticePractice
•• GCPGCP -- GoodGood ClinicalClinical PracticePractice

PATENTINGPATENTING ANDAND REGULATORYREGULATORY AFFAIRSAFFAIRS
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Phase 1Phase 1
•• carried carried out on out on healthy volunteershealthy volunteers
•• useful useful in establishing in establishing dose levelsdose levels
•• useful useful for studying for studying pharmacokineticspharmacokinetics, including drug , including drug metabolismmetabolism

CLINICALCLINICAL TRIALSTRIALS

Phase 2Phase 2
•• carried carried out out on patientson patients
•• carried carried out as out as double blind studies double blind studies 
•• demonstrates demonstrates whetherwhether a drug is therapeutically usefula drug is therapeutically useful
•• establishes establishes a a dosing dosing regimenregimen
•• identifies identifies side effectsside effects

PhasePhase 33
•• carriedcarried outout onon aa largerlarger numbernumber ofof patientspatients
•• establishesestablishes statisticalstatistical proofproof forfor efficacyefficacy andand safetysafety

CLINICALCLINICAL TRIALSTRIALS

PhasePhase 44 –– postpost marketingmarketing phasephase
•• carriedcarried outout afterafter aa drugdrug reachesreaches thethe marketmarket
•• studiesstudies longlong termterm effectseffects whenwhen aa drugdrug isis usedused chronicallychronically
•• identifiesidentifies unusualunusual sideside effectseffects


