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Lipophilicity is known to influence a wide range of ADMET {gliso, distribution, metabolism,
excretion and toxicity) properties and is widely regarded as one of th& mgortant parameters
within drug discovery programs. Unfortunately, in recent years lipophilicity modulation has often
been abused to increaseahpotency of drug molecules. This has caused in an overall increase in
lipophilicity for orally available drugs, typically resulting in undesirable effects on the
aforementioned ADMET properties. Hence, as-ktge drug attrition is very costly, in order
improve the druggability of a compound there has been an increased awareftbgsimportance

of lipophilicity modulatiorwithin drug discovery programs.

Fluorination is aool commonly usedwithin drug development to modulate a wide range of
pharmacdinetic properties, in particular lipophilicity. While the effects of aromatic fluorination on
lipophilicity have been well studied, due to constraint$ commonly utilized analytical techniques
used to measure lipophilicity (requirement of a UV chromoghpaliphatic fluorination has not.
Fortunately, through the use of 8F NMR based methgthe effects of aliphatic fluorination can

now be reliably measured. Therefore, within this thesis the synthesis and lipophilicity measurement
of a wide range of florinated alkanolscontaining both known and novel motjfwill be covered.

This allowed for an kdepth discussion into the effects of aliphatic fluorination on lipophilicity. It is
also of interest for medicinal chemists whether these lipophilicity modulations persist on more
complex drug scaffolds. Hence, timeorporation of a series of interesting aliphatic fluorinated

motifs into a drug molecule was performed and their influence on lipophilicity was reproduced.
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Chapterl LYUGNRRdAzOGAZ2Y

1.1  Lipophilicity

Lipophilicity is consideredo be one of the most important parameters in drug discovery,
influencing a wide range of properties includiplgarmacodynamic and pharmacokinetic profiles,

in addition to drug toxicity.Originally proposed by Hansch and Fujita as a portrayal for biological
partition, lipophilicity was defined as the logarithmic partition coséint (lod®) of a molecule
between a norpolar phase (octanol) and a polar phase (watéigssentially, this represents the
capability of a molecule to cross a cell membrane (mimicked by octanol) to access the blood stream
(mimicked by water) to reach its site of actibithe correspondin value is frequently obtained
experimentally as the ratiofdhe concentration for a newal compoundbetweenn-octanol and

water under equilibrium conditions (Equation 1). It is generally regarded to be the combination of

two structural properties, hydrophobicity and polarity.

. 0
V) =
)

(Eq 1)

For iongable compounds, the distribution coefficient (Bgis used. This parameter is pH
dependant, where experimentally the physiologicakpi$ typically used. It refers to the sum of
both the ionsed and norionised species in the water didition, assuming the charged species
will not exist in the octanol phase to a significant extefihe lodp can be calculated using the

following equations (Equation 2 and (3 is the dissociation equilibrium constgrit

0&€ Q0 &l Il g pr (Eq.2)
b¢Q0 aéliio—P (Ea-3)
P pT

Currently within leaeto-drug development programs, both molecular weight and lipophilicity are
often inappropriately increased tomprove the potency of drug molecules. This is referred to as
ayz2ft SOdz I*Mhd fendallys daisés amdesired deterioration of key properties (e.g.,
solubility, metabolic stability, oral bioavailability) that control G2 Y LJ2 daylugg@kility>’
Therefore the capability to reduce or maintain law lipophilicity, whit increasing molecular
weight and drug potency is viewed as a fundamental objective for success in drug discovery

programs’
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As latestage drug attrition is very costly, an increasing awareness about the importance of
lipophilicity on individual ADMET (absorption, distribution, metabolism, elimination and toxicology)
parameters has emerged. It is becoming increasingly more obt@atoptimumlipophilicityought

to be one of the important targets during drug design and lead optimis&tibimerefore methods

for the measurement and control of lipophilicity are highly sought after.

1.2  Lipophilicity effects on ADMET properties

121 Absorption
1211 Solubility

At a given temperature,aubility is the measure of the maximuguantity of materialthat is able

to dissolve in a specific amount of solvént & A& ONARGAOFf F2NJ 020K | RNX
bioavailability, making it a key feature within drug discové®y.Poor solubility is often a problem

for medicinal chemists, howey thiscan sometimede remedied through the use of formulation

methodologies, allowing foincreased exposure in patiemtd.ow solubility can also reduce the

efficacy of a drug because of poor exposure, which can resuttelays or failuresa drug

development progrant?

The link between solubility and lipophilicity is well established. An equatmpoged by Yalkowsky

et al. in 1980° combined both 10§ and melting point (MP) to calculaS | Y2t SOdzf SQa I |j dzS
solubility. The melting point is a measure for the lattice enemgyich is lost onthe molecule

dissolving into solutionAn updatedand simplifiedequation can be seen belovEquation 4,4

which links decreasing lipophilicity with increasing solubility for molecules of similar melting points.
1T a M aéQisipd 0 Cu (Eq.4)

A study by Clargt al.on a wide rangef typicdly utilized research compounaédserved that while

only 50% of compounds with |Byalues of <3 were soluhl¢his figure dramatically decreased to

10% when the logincreased to >3.Gleesy Q& &G dzReé 2F nnXpyn D{Y O02YLRdz/R
reporting that if a lo@value of <3 is targeted, then achieving a high solubility is much more fikely.

He also observed #t on average athe calculatedlogP (QogP, for more information see Section

1.4.3 values increasedolubility decreass

PKinetic solubility >25Qg/mL, 500uM for a compound oMW 500 Da

2
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1.2.1.2 Permeability

Permeability is another important parameter in determinindrag®ability to reachthe circulatory
systemthrough biological membranes found in the gasintestinal tract® This can occuvia
various manners, such as paracellular or trabeta diffusion and transposnediated
mechanisms? Lipophilicity plays amiportant role in the permeability of a drug. One of the original
uses of lo§/D measuremens was to emulate thedistribution of a molecule betweera cell
membrane andaqueous medid Its relationship with permeability has been documented as
hyperbolic® parabolict’ linear}® bilinear®!® and sigmoidaf®?* Overall these reports are in
agreement that aeduction in lipophilicity will lead to a decrease in permeability. This connection
of permeability and lipophilicitg 1 & 2 SNI 221 SR o0& [;ikwabiysteddAnkedy K
to other criteria (hydrogen bond donor count 43.B acceptor count <10, and MW <5@0).

The Cace cell line is often used when measuring a molesplermeability?® It allows forboth
active and passive components of permeability to be recognised, because th Calte express

a range of relevant efflux transports.

Eganet al., utilized this Cac@ cell line in a computational study for theegliction of absorption
(permeability) using lipophilicity and other properties suctP&# fgolar surface aregt This model
suggested that a good absorption can be achieved inRrkmge of-1 to +5.9, with an optimal PSA

of <132 Al Y2NB NBOSyid 4&aiGdzReé o0& 2| NAy3I d2icelf AT S
permeability datasets, revealing a decreaspénmeabilty for compounds with low Idg, high PSA

and highMWRB¢ KA a NBAYT2NODSA GKS NI a dz&*AduitiohaNganstical 3 |y
analysis revealed that there is a 50% chance for a compound to have high permeability ifxthe log
value is >1.7units, and has a MW between 350 and 400. Furthermore, Waring identifies both
lipophilicity and MW ashe most important parameters for permeability control, contrary to Egan
who proposed lipophilicity and PSA. Finally, despite the fact that issues with low lipophilicity are
uncommon Waring proposed a requirement for a lower lipophilicity lindiie toissues that could

be faced with permeability. Overall, it is generally suggested that to improve permeation of a drug
molecule through a biological membrane, an increase in lipophilicity, in parallel with a decrease in

size (PSA and MW$ recommended®

1.2.1.3 Bioavailability

Indrug discovery, bioavailability is a widely used parameter and can be défided (0 KS & F NJ
(KS RNHZA GKIG NBFOKSAE (KS aea®®isaddmpex pdpety, | ( A
influenced by the previously mentioned solubility and permeability, as well as clearance (See

section 1.2.3.2527 An acceptablein-vivo bioavailability can be accomplished through the
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combination of high permeability and solubility, which then allow for improved absorption
together with a low hepatic clearance, to minimigiest pass eliminatioh® Therefore, it is
predictable that lipophilicity plays a role in the influence of bioavailability: too high and metabolism

and solubility will be inadequat¢oo low, and permeability will be challenging.

Lipinski suggested a IBdimit of <5, indicating thabral bioavailability was more likely to occur

below this limit?2 Other reports have suggested a Pxgnge between 0 and B,and in the case of

logD, a range of between 1 and®3Toplisset al. studied oral bioavailability on 232 drugs, with an

emphasis on the diversity of the compound properties in regards to physicochemical characteristics

and pharmacological datt.He reported that 99% of highly bioavailable drugs were in thBdeg

(pH of the small intestine) range efto +3.Df SSa2y Qa adl GA adweakedthatl yI f @8aira &
the relationship between bioavailability andogP was not statistically significant at a 99.9%

confidence level, although he states this may be due to relatively simplistic modellitger

published studies also agree with this statement, reporting no direct association between

bioavailability and lipophilicity? Other parameters such as rotatable bonds, satibn state and

PSA were proposed to be more appropriate forecasters.

1.2.2 Distribution

¢CKS @2ftdzyYS 2F RAAGNRAOdziAZ2Y Aada GKS YSFadaNBE 2F | RNX:
body, after dosage and clearantdt is an important parameter within drug development, crucial

for determining efficacy.It is typically measuredia the concentration of the unbound drug in

plasma, as only the free drug would be available for distribution and illicit a pharmacological

response. Thus, the undersfaRA Y3 2F | RNHzZ2Qa OF LJ Sspedifidaliydo G2 o0AYR &
numerous tissues or proteins is importéh©ne particularly important plasma protein is human

serum albumin (HSA). It is known to impact the volume of distribéticlearancé* and efficacy of

a drug! Hence the ability for the pharmaceutical industry to predict distribution is important.

+F NA2dza NBLRNIa KIFI @S akKz2gy GKI G | caushayichsdse aS Ay | R
in plasma protein bindingOne publication revealed this relationship to be sigdad® whilst

another reported it to be lineat® This ocars because of an increase in the molecules

hydrophobicity (consequence of an elevated lipophilicity), resulting in favourable interactions with

the plasma proteind® Furthermore,Valkoetal. 2 6 8 SNIWSR G KIF &G | Y2t SOdz SQa oAy

HSA has a direct correlation tmgP.* It is also important to point out that because the HSA is rich

i Metabolism of the drug prior to reaching the circulatory syst2®.Pond, S. M.; Tozer, T. i€ljn
Pharmacokinet1984,9, 1-25.
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in charged proteins and transports endogenous fatty acids, that it is predicted ByrioglodD.
Therefore, both iorsed and unionised compounds hawemparable affinity’. Gleesonet al.,'!
reported that while an increase in IBdeads to an increase in the volume of distribution for either
neutral or basic compounds, the same was not observed for zwitteriorids (HSA has basic

residuesthus acids tend to show high levels of binding Wittthe effect from change in |dg).

Distribution for the central nervous system (CNS) however is different. For a CNS drug to be
effective it must permeate an additionalirdle, the bloodbrain barrier (BBB)Corversely ér non
CNS drugs, the penetration of the BBB should be avoided in order to minimise the chance of
unwarranted pharmacological responsésA good distribution within tle CNS is considered
difficult for two reasons:

1. The BBB consists of a layer of endothelial cells that are conneigdidht junctions. This

is thought be more difficult to cross than other biological membraties.
2. The BBB consists of a variety of efflux transporters, igly€protein (P-gp), which

operates to remove diffusing molecules out of the bréin.

Several studies W& shown that on average an increase inAdgads to an improvement in CNS
penetration!®Various optimal loB/ Dvalues have subsequently been proposed: Kedsaggested

a logD range of between 1 and 3 to easily penetrate the BBB, while Meatiwbisened that
optimum physicochemical properties for oral CNS drugs, isRolog.8 and lo of 1.7. A study by
Peterset al.® observed that 75% of the studied CNS drugs haévatues >2 and that Id&follows

a nortlinear fashion in relation to rat brain permeability, plateauing betweerPlgues of+2and

+3. Select efflux transporters also showed an ioyad binding affinity for molecules with high Bg
values***2The Pgp efflux ratio in particular has been shown to increase in a linear fashion for basic
molecules and nottinear for neutral moleales (acidic and zwitterionicave not examined due to

a low sample number*4

Overall lipophilicity is considered an important parameter in CNS drug discovery progtdins.
optimum lodP range for a drug to target the CNS is a complex matter, essentially determined
through an act of balance. An increase in lipophilicity increases the capability of a ghengtivate

GKS ... ORSAANBROI ¢gKAES Ifaz2 AyONBlIaiAy3a STF

(undesired) 1

1.2.3 Metabolism and Excretion

Metabolism and excretion determine the vivoclearance of a drug molecule within the body and
are congilered to be two of the more difficult processes to contfdlf drug clearance is too high,

it can lead to poor bioavailabilitgven with candidates witpromising permeability and solubility.
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It is also a crucial parameter in the decision of the dosing interval of aloeaguse it determines

i KS R Nifd i dombnatibrifwith volume of distributiod.For metabolism and excretion to
occur, thedrug molecule is first metaboliseda biotransformation processes before excretigia

hepatic, biliary or renal pathway$. These biotransformations include the introduction of polar
groups (lof decreaseyiaphase | metabolism (reduction, oxidation and hydrolysis) prior to phase

Il metabolism (conjugatiorf). The enzymes responsibfer metabolism often target the more
lipophilic molecules because the binding sites of CYP enzymes (responsible for a significant
proportion of drug metabolism) are typically lipophilic and thus have an increased affinity for

lipophilic molecule$>*¢ Common CYP enzymes can also metabolise |oa(0g1l) molecules’

To avoid a drug molecule interacting with these metabolites, a common strategy to decrease

metabolic clearance is with a reduction in lipophilidity® Lipophilicity adjustments éim structural

modificationhowever are not necessaritiie only reason for a change in the metabolic stability of

a compound. This change in the molecilstructure can also improve metabolic stability by the

removal/blocking of metabolic sites, by deced y 3 G KS Y2t SOdzf SQa NBO23ayAlAzZ2Yy
mixture of the two processesThis is why of the ADMET processes, metabolism and excretion are

believed to be the most complicated to predi€t.

Several reports have indicated an improvement in metabolism @mrdvo clearance with a
reduction in lipophilicity’ *° Obachet al.,* recommended loBvalues of <4 if onedaily dosing was

to be targeted and Johnsoret al.,*® reported that a lo@ range of between 1 and 3 is desirable.
Gleeson observed a weak rdinear relationship betwee®logP andin-vivo clearance, with small
differences between iosation states!! Neutral and basic molecules had an increase in clearance
for an increase irfdogP, while acids and zwitterions observed the inverse. Gleeson further noted
that observing the effect of lo§ on metabolism and excretion is challenging due to the changes in
chemical structures across a series. This suggestsstnattural considerationsan be more

important than physicochemical properties like lipophilicity.

1.2.4 Toxicity

ToxtcityistheY F Ay &2 dzZNOS 2F | RNESKAZ, RibeBaod LAlyfepdteat | G G NR G A2y
drug candidates thatiled Phase | clinical trials due to toxyditad considerably higher mealoGPs

(mean dogP +3.8), than those that progressed to Phase Il (meaogP +3.1)>2 Highly lipophilic

molecules have the potential to havégher degrees of promiscuiyThis promisuity can lead to

binding with antitargets, resulting in undesired pharmacological responses which have the

potential to be toxi@ This link between promiscuity and toxicity with lipophilicity has been

confirmed by several studies which suggelsteat a higher degree of toxicological events is likely
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to occur at lo>34°5+%5 An importan rule to mention is the Pfizer 3/75 rule, which highlights the
importance ofdogP and PSA on toxicity. Their study found that if a compound hasRxt®@nd

PSA of >75 it was-feld less toxic than the inverse (clpg3 and PSA <75).Despitea large
proportion ofapproved oral drugsot being in agreemenwith the 3/75 rule3®*’it is still useful to

guide drug development during ledad-drug optimiation.®® Another rule linked to toxicity is
related to Lipophilic Ligand Efficey(LLE, discussed $ectionl.3), where a result larger than 5 is
linked to a reduction in toxicityIn particular, for some local anaesthetic agents, Ne&campoet

al. found that if the lodPis ~3, then toxicity was significantly increas&@hey proposed that this
AYONBLI &S OFYS FTNRY (KS 02YLRdzyRQa SEOSaairgsSt

an undesired elongated nerve root exposure.

The inhibiton of hERG (human eth@rgo-go-gene)®® a cardiac potassium channel, is extremely
undesirable. It can lead to QFolongatiorf’ and thus a potentially fatal heart attaékThis process
is often targeted for early screening, to avoid lastage attrition. An increase in lipophilicity and
thus drug promiscuity has been linked directly with an increase in hERG bihding. parameter
is iongation class dependent and for a neutral molecule to hav&@6 chance of hERG activity, a
logP of <3.3 is required? Overall minimizing drug attritionates from hERG is often achieved by

identifying lead molecules with low lipophilicity values and high poténcy.

An increase in lipophilicity has also been directly linked to other toxicological events such as
phospholipidosi&*®* (build-up of phospholipids in cells) and CYP inhibiti@mzymes used in

metabolism process¥. A logP of <3 has been recommended to avoid either of these evénts.

1.3  Guidelines for lipophilicity in drug design

Within drug discovery, for a molecule to have improved druglike properties, Btogt be taken

into consideration. A particularly famous threshold is <5 EJpgblished by Lipinskit al. in 19972

from the & NXzt SThes# rulpsévere initially devised as a set of criteria to improvéikbkhood

of drug absorptionhowever they are now widely used as a guide for the design of orally active
drugs®® The rules are as follows; <5 GRog500 molecular wght, <10 hydrogen bond acceptors
(O+N atom count) and <5 hydrogen bond donors (OH + NH cdineth NIZFS pé¢ A& OA 2
or more of theg criteria are not met. It is important to note that these criteria and the subsequent
lipophilicity limit applies to drugs with passive permeation, as opposed to transpoweliated

permeation (e.g. antibiotics, antifungals, vitamins and cardiac glyesgfdFurthermore it is

I A measure of delayed ventricular repolarisatipdefined as the time in ms between the Q anghase
on an electrocardiogram
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understood that a loB of 5 or greater hs the potential to lead to unwanted sigdfects and is

generally associated with toxicological evehts.

It should be highlighted thathe & Ntz S 2 F FABS¢  geémpirichiBvNdtigateief K NB dZaA K G |
drugs and their respectiveroperties which had reached phase Il clinical tridfsThese rules

however may not be ideal for many leéatdrug research programs. 11929, Teaguet al. noted

that with the growing popularity of combinatorial chemistry in drug discovery programs, the

properties of library compounds should have adjusted réi@he rationale behind this is that many

drugs that originate from small molecules identifiega high-throughput library screens are more

likely to find a binding mode with a receptor than a larger druglikéemde. Once a hit has been

found with affinity at uM levels, the often small and polar lead molecule is then agtiithrough

chemical modification. Thi®ptimisation process from leagh-drug molecule is commonly

accompanied by an increase in both malkss weight and lipophilicity (sefeigurel.l for selected

SEI YL S&d&0d ¢KdAZ AT tAONI NASE 2F RNHAfppizdS Y2t SOdzA S
initially, then the opportunity for further growth is more limited. Therefplieeaguest al. proposed

ClodPfor a library of lead molecules to be between 1 and 3

Isoniazid Ipronizide Sulfathiazole BMS-182874
N N H
I H Optimization | H A N s Optimization o, H o
¥ N Z N S Y R \
NH, — > N v j SN 2 1N
o AM, +42 o H N AM, +90 | ¢ Y
HoN
AClogP +1.44 2 AClogP +3.39
M, 137 M, 179 M, 255 M, 345
ClogP -0.89 ClogP +0.55 ClogP +0.33 ClogP +3.72
Norepinephrine Propranolol Chlorothiazide Furosemide

OH

H Optimizati oH H Q\//O O\\ NH Optimizati \\S”NHQ
ptimization ~NH2 ptimization
N\ —_— O\)\/NT/ HN/S S\\o _— O%m \b
AM, +94 N AM, +35 0 N cl
N cl \ || H
AClogP +2.05 AClogP +2.95

M, 165 M, 259 M, 295 M, 330
ClogP +1.05 ClogP +3.1 ClogP -0.03 ClogP +2.92

Figurel.l - Leadto-drug optimisation. Adapted fronRef®

H. Jhotiet al. in 2003 arrived at a similad2 y Of dzi A 2 YV ruleBKIEESAéY 36 Ha SGR 2y G KSA
examination of a wide range of fragment h#fsThey proposedhat a log? of <3 would be a more

efficient means for the construction of a fragment library for lead discovery.

Further adjustments have been mattei KS 2 NAIAY It aNXzZA S 2F pé Ay NBOSy
deeper understanding on the effects of lipophilicity on ghacokinetic and pharmacodynamic

processes, as well as drug toxicity. Ovetladl recommended logfor drug discovery programs has

decreased. Gleesoet al. in 2008* recommended a logof <4 and Waring in 202@dvised a very

narrow range of betweenl and 3 for the loB/ D in drug discovery programs.
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Strictly following rules and cut off points however is not completely straightforward. When
investigating CNS drugs, if aRdgnit of <3 was setthe synthesis 080% ofthe 843 compounds
studied which had full ADME alignmentwould not have beemperformed®’ Therefore if a loB
restriction of >3 was applieduring the design of drugs, then the amount of useable CNS drugs may

be substantially lowered.

LLE(or LiPE, lipophilic ligand efficiency), originally reported by Leeson and Springthorpe, is an
important metricalsoused in drug discovery progrartfs®® It is described by Equatids) and can
beusedas Yy aSa0GAYIGS 2F 0AYRAYy3a STFAOASYyOe Ay
dzaSR a4 Iy GAYRSE 27 fRAndedKrangeNoDIALE 8 betl€eNarsiZy A (
units or >7, if achievable, these values correlate @dayP of between 2.5 and 3 and a potency

range of between 1 and 10 nfA.
O00DORUL EIN'06 6 aé Bld aé NO (Eq.5)

Adaptations of LLE such as LEl(unction to depict the price paid of ligand efficieficin
lipophilicity¢) and LLE* (LLE, with heavy atom count considerations) have also been developed

within drug discovery.

1.4  The measurement andalculation of lipophilicity

14.1 Shakeflask methods

The classic technique for the direct measurement oPlisgthe shakelask method. It is simple to
perform and is the standard procedure according to OECD guidéfinéss method utilizes an-
octanol and water (or prkbuffer solution for lo@r.4) partition, in whch the substrate is added
prior to shaking. After equilibrium between all interacting components has been achieved the layers
are separated, and the concentration of the substrate is determined in both phases individually
utilizing an analytic method, typically UV/VIS spectroscépydamental issues that arise from this
procedure is that it is time consuming and labour intensive, and that the accurat log
determination window is roughly betweef8 and +3 (confinements of thenalytical methods used

for concentration determination Compounds that are either very hydrophobic or hydrophilic have
the potential to form emulsions, have issues with solubility or adhere onto vessel walls. Variations
of the standard procedure have been developed to overcome these issues, i.e. flowoimjecti

analysis, dialysis tubing and ultrasonic agitafidft.Furthermore compounds with high purities are

Vv Ligand efficiency () Feflects the ratio of the affinity of a drug for its target with theavy atom count
(non-hydrogen atoms).



Chapter 1

required, espedilly for UV/VIS spectroscopy which has no means to differentiate between the

measured compound and impurities.

Recently to overcome some of the aforementioned problems, Alelyuatsgl. had developed a
high throughput octanol/water lipophilicity measuremie system, which was able to utilize
substrates stored in DMSO solutiofisthe compound in the DMSO solution was first placed into
one well of a 9évell plate, then to minirge potential concern for the effect of DMSO on theDog
values,the solvent isremovedin vacuoand with gentle heating. Next the octanol aralffer
solution are added, and the 98ell plate is mechanically inverted, prior to quantification with LC
UV/APPMS. This fully automated method was validated with 72 literature compounds with

diverse iongation and lod@ values ranging frorR to +6.

1.4.2 Chiomatographic methods

Indirect method to measure lipophilicityely onchromatographic retention times. These were
developed from the 1980s onwards apdamples of thesenethodsincludereversed phase high
performance liquid chromatography (RFPLCY and reversed phase thin layer chromatography
(RRTLCY’ This reversed phase format is essentially energetically analogousrt@etanol/water
partition. The stationary phase (chemically bonded hydrocarbon silica) has hydrocarbon chains
GKAOK KI @S -tapR2 ¢XKAG K Y2 (WS yIRY RI NB dH IR NiPSLIKIASINDT  WKKSA I ORK
thought of as a phospholipid mimidDue the convenience, accuracy, speed of experiments and
automation, RAFHPLC has become an increasingly popular method that can recd?d/dges
between 0 and 6 accuratelf Compared to direct methods for I®gneasurement, substrates can

be measured with impurities present, due to the innateparation ocarring during the
chromatographigrocess. To measure IBgaluesviathis method, a calibration curve must first be
established using retention timefom compounds with known Idg values. The unknown
compound can then be injected, and thetention time recorded, which is then used to then
deducethe logP value from the calibration curve.h& accuracy ofogP values obtainedvia this
method are highly reliant on the calibration curve being established from homologues or closely
congeneric compounds’® The silicebased stationary phase alsasresidual silanol groups which

can result in interactions (hydrogen bonding or electrostatic) with some polar moieties, leading to
asymmetrical peak3Protection of these silanol groupsth polar groupsan alleviate these issues,

however at the expense of complicating the procedure

10
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1.4.3 Calculated lo@

The previous methods mentioned require the synthesised compound for measurement, however
the ability to predict the loB of a potential substrate is desireéh any compound development
program ClodPallowsoneto quickly obtain the value for a wide range of substrates, either utilizing
an inhouse calculation or commercial software. TheRpgediction models can be broken into

few major classe&

1 ¢KS -~ b{ dzo & (i X Thdz@lyulation & IR DN the substitutio of a hydrogen
atom on a parent compound of known Bg A G K F Y2 GKSNI Y2GAF GA L
value?

1 Fragmentbased methodsg Large databases of known Bgalues were statistically
analysed to obtain the average contribution from simple chemical fragments. ThefGtog
a compound was then calculated utilizing correction factors and the sum of the fragment
values®!

1 By atomic contribution and/or surface area This is similar to the aforementioned
fragmentbased method however, atomic fragments and/or surface area data are used
instead of chemical fragemts &2

1 By molecular propertieg A calculation that is based on a function of various calculated
molecular properties?

The program MarvinSketch was used throughout tiésis to provide a wide range GiogPvalues
to assist in obtaining estimated values for theFogeasurement procedure. This program utilizes
a fragmentbased method derived from a data set data from ViswandagaaPf* (ChemAxon
model)or a method constructed from Klopmest al.® and ChemAxon models with the PhysProp

database (Consensus model).

144 NMR-based methods

Various NMR methods have been developed in the gas1.986 N. Muller devised 8°F NMR
method for the lod® measurement of aliphatic fluorinated alcohdfsThis method relied on the
comparison of the height of the compou@dsignal in thé®F NMR spectra to their respective
fluorinated signal in three standablutions. In the case of the ndluorinated alcohols, theitH
signals were obscured by octanol. Thus, a bealoghol/water solvent system was used, and a
calibration curve was acquired utilizing literature Rogalues based on an octanol/water system
allowing for the novel logmeasurement of other alcohols in this study. Kitamura anavookers
were able to relatghe °F spinlattice relaxation timeT.) of triflupromazin to the concentration of
lecithin small unilamellar liposome (mimicking ligdvironment) without layer separation to

obtain a partition coefficient’ This study relied on the exchange rate of the substrate between the

11
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water and liposome layer to be fast on tA#% NMR time scaf& allowing for their correlation
equation to operateAnother publication fronKitamuraet al., determinedthe lipophilicity of three
fluorinated drugsvia the correlation of the difference in th€F NMR chemical shift, at varying

concentrations ophosphatidylcholindilayer®

In 2010, Mcet al. reported a deuteriurfree *H NMR method for the determination of lipophilicity,
based on shakélask® The water andn-octanol partitioning solvents were used as the native
references, with neat proton concentians of 110.7 M and 114 M respectively, allowing for the
determination of the concentration of the measured compound. This method however requires
both robust solvent suppression and small angle pulse excitation, which are not typical experiments
for a mutiuser openaccess NMR facility. Furthermore, the scope of their recorded compounds is
limited, as the chemical shifts are required to not be obscureahbgtanol signals, resulting in

many aliphatic substrates being unmeasurable.

More recently other *H NMR based methodologies for the determination ofAd@gsed on the
shakeflask principle have been published. Soulsby and €hiteveloped a proceder utilizing
CRAFTsoftware, to analyse théH NMR spectrum of both the water amgoctanol aliquots after

the partitioning experiment, with no internal standard requirederth et al.®> and Ruckeet al.*®

both published similar methods allowing the lipophilicity partitioningenment to be performed

AY Iy baw (dzoS® LG A& AYLRZNIFy(d (2 LR2AYyG 2dz
benchtop lowfield NMR and with aneducational setting in mind. Both methods had an exact
amount of solute dissolved in water andettH NMR spectrum recorded. The corresponding solute
integral is then compared to the integraf the water signaknd an exact amount of octanol is
added. The NMR tube is then inverted numerous times and allowed to equilibrate before another
H NMRspectrum is recorded. The solute integral again is compared to the water integral allowing
for a ratio of concentrations to be established, and wébme further calculatiors the lodP is
obtained. Herth established his procedure on a variety of aromatit aiphatic analytes, wist
Rucker demonstrated his procedure on entirely aliphatic alkanols and solvents, both to great
success when compared against literature values. Oyeath methods established a simple g
determination method utilizingH NMRwith easy sample preparation and minimal NMR expertise
required for analysis. However, neither procedures accounted for the ~4% solubilityOofnH

octanol, which may affect accurate concentration ratios, although Rucker did mention it briefly.

vV CRAFT Complete Reduction to Amplitudérequency Table. Available on VnmrJ4.2 (Agilent Technologies)
and Assure NMR 2™ (Bruker).

12
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Finally,the two methods offered limited ldgwindows Herth between +0.7 and +3.3 and Rucker

with -1 and +1.

Recently, the Linclau group has developed a new method fd? degermination which isalso
based on the shak#ask method, utilizing®F NMR spectroscyFigurel.2).%* The method works

by using a mixture of an internal reference compound with a knowiP lmgd an unknown
compound which are partitioned between (naleuterated) octanol and water. An aliquot of each
phase is transferred to an NMR tube and it§ NMR spectmm is taken.The intensity of the
subsequent signals in tH&F NMR spectrum relate to the number (n) of fluorine atoms present on
the molecule, as well as the compound concentratio). {®e integration ratio between the
reference compound (R) and the cpound being measured (A) is definedra®ctanol phase, Eq.

6) andry (water phase, Eq.)7 The ratio of the partition coefficient (P) for both A and R is equal to
the ratio of ther values (i/rw) and relates to the ratio of the respective concentrasofq. 8). This
results in Eq. 9 and with the I1Bgf the reference compound, the I&pf the unknown compound

can be determined.

Partition of Integration of 1°F .
AandR =  NMRsignalsin = Defining r as =)  Calculation of logP

both Iaversg integration ratio

Octanol A

Ogtanol (6) Water fw (Eq.7) logP" = logP® + loglr,fr,) (EQ. 9l|

Water [w)

Figurel.2 - Principle of the lodP determination method Adapted fromRef*

Numerous practical advantages in the application of this method are derived from a compensation
effect, inherent to the determination of a ratio of a ratio. This allows systenmetiors to be
eliminated and that no quantitative measurements are required for the reference or measured
compound used, solute volumes or the amount taken for the NMR aliquot. Fluorinafadities
present in the experiment from either the reference or aseired compoundhre alsotolerated,
provided thatthey do not overlap or interfere with the accurate integration of the signals of
interest Overallthis method allows for the determination of fluorinated aliphatic (AdR-active)

alkanols and carbohydres in a lowindow of +3.

13
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1.5  Overview of Fluorine Chemistry

One of the first examples of the use faforination within medicinal chemistry, is the approval of
the first fluorinated drug Fludrocortison@=igure1.3).”2The fluorinated analogudemonstrated
excellent potency ofmore than a factor of 10 when compared to its parent compound
hydrocatisone. Subsequent advancements in fluorination techniques and the commercial
availability ofmany fluorinated building blocR&has allowed foorganofluorine applications within
agriculture, polymer and pharmaceutical industrtesflourish® Traditionally, natural prducts
have been a source of bioactive moleculgtherefore itis intriguing that roughly 20% of newly
approved pharmaceutical drugs contain atd¢ one fluorine atoni! when fluorinated natural
products are almost non-existent (only 7 exampled)® Some examples of commonly used

fluorinated drugs include Prozac® (antidepressant) and efavirenz (anfiviral).

H
N__O
oK Y
/©/ c "'CF,4
F1C Il

Fludrocortisone Prozac® Efavirenz
(adrenal insufficiency) (antidepressant) (antiviral)

Figurel.3 - Fludrocortisone, Prozac&nd efavirenz.

The extensive use of fluorinatiowithin drug discoveryprogramsowesthe resultingimpact on

various physiochemical and pharmacokinetic propertiebich can be used to improvéhe

pharmacological profile of a drug candidatéA fluorineatom is a commonly used biisosteric

replacement for a hydrogen atom due its small siz&% The high strength of the-E bond further

allowsfor the modulation of key propertiesuch as the molecular conformation and the metabolic

stability of the moleculé®! & | NXadzZ G 2F Tt dz2NRAySsQeality®dK St SOGNRY
influence the acidity or basicity of neighbouring functional grotiFiuorinationtypicallyresults in

an increase in aciditfor carboxylic acids and converselydecrease in basicity for amin@&gure

14).Ly GKS LFrads Ad sl a Oz2vyvyzyte o0SftASOSR GKIFG a¥fd
I OARAG@Eé S RdzS (2 7Tt dz2%NBlowevedd dhe SiatbiRgyodutilkiggRFdiR i A S STFS
spectroscopy reported a series of conformationally restricted monofluorinated cyclohexanols,

which demonstrated a reduction in hydrogen bond acidity for certain substféteBhis was

reported to be a result of competing intramolecular O interactions.
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Figurel.4 - The effect of fluorination on pkKand pks values, adapted fronRef%

Fluoriration has also had a large role in the development of positron emission tomography?¥PET).
191 This is a result of the hadlife of [*¥F] (110 min) being considerably londlean other frequently
used radioactive nuclerhis relatively long halife tolerates its use in mukstep synthesis, which
can allow the incorporation of'yF] into complex drug molecules while allowing for same day
imaging®! The imaging performedvith [*¥F] provides the ability to determine the distribution and

targeting of the drug, as well as providing metabolic informatiofi!

In the following section, the impact of fluorine dpdphilicity will be described in greater detail,

due to the relevance of the topic to this thesis.

1.6  The effects of fluorination on lipophilicity

As previouslydiscussed ipophilicity plays an important role within drug discovery programs
through its abiliy to impact ADMET processk%8 10 Therefore, the abilig to easilyinfluence
lipophilicity through chemical modification is an attractiseategy In the past, fluorination has

been observed as a tool that can be used to modulate the lipophilicity of a mof&cdti&tatistical
analysigevealsthat on averagelipophilicity increases by roughly 0.R&%D units when a fluorine

atom s substitutedby a hydrogen atomt® However, thids most likelybecause of the prevalence

of fluoroaryl substrateseing taken into accourtf® The increase in lipophilicity for fluoroaryl
substrates occurs because of the decrease in @ladiA f A G & 2 T -systEnSdué thldhey | { A
fluorine inductive effectConverselyhydrogen to fluorine exchange in aliphatic compounds can
lead to a decrese inlipophilicity Figurel.5).851% This reduction in logcan be attributed tathe

polarity introduced into the moleculepon fluorinationviathe strong inductive effect of fluorin®”’
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Figurel.5 - Effect on lipophilicity on the substitution of a hydrogen atom with a fluorine atom,

adapted fromRef%and logP values of selected fluorinated compoun¥$

Apart from the aforementioned depolarisation of the aromatisystemRdzS (2 GKS Ff d2 NR Y S
electronegativity, other effects that impact lipophilicity incluale increase in polarity due to th@
F bond dipole moment, andn increase in hydrophobic surfacreaas a result ofluorine being
larger in size than ahydrogen atont®® 1% Therefore as a general rule ¢fiumb, for apolar
O2YLRdzyRa (KS STFFTFSOGa 2F Ff dz2 NRAy S QdendtigrdstltNR G &

i
w»
<,
puji
Q¢

in a decrease in lipophilicityhilstthe inverse is observed for polar molecules, due to the increase

in hydrophobic surface ardaeingthe dominant effect

Mdller et al. have published an experimental insight into this, comparing the changes of local
hydrophobic surface area (volume) and polarity of fluorinalégdropyl indole derivativegFigure
1.6).1° This study used simplified bond vector analysis to identity the pglahtinges between
fluorinated motifs. It was observeithat despite the calculated polarity of the difluorinated motif
(1.97 D) being higher thathat of the monofluorinated motif (1.8®), it is the monofluorinated
motif that had a (slightly) lower log (0.1 lodP units). It is suggested that this polarity increase from
the introduction of the 2¢ fluorine is compensated by the concomitant volume increabhes
resulting in the slight icrease lipophilicity.Therefore, aross the seriesaliphatic fluorination
resulted in a decrease in lipophilicity following the trend, RERCE>> RCH~ RCHF. Following
this, Miller et al. observed thawvic-difluorination exhibited a considerablyi@r log°value than its
gemdifluorination equivalent!! Through the use of vector bond analysis of #edifluoro motif,

this was attributed to its much larger dipole moment in comparison togéer-difluoro motif.
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The influence of fluorination on aliphatlipophilicity is further complicated by the IBgf the

parent compound and the presence of functional grotfpsn example of this is illustrated Figure

1.7, where the terminal trifluorination of ethanol, propanol and butanol leads to an increase in

lipophilicity as their respective parent compounds are relatively polEmis results in the

hydrophobic nature of the GFnotif dominating. As the parent compounds become larger and

more lipophilic the hydrophobicity introduced through the:;@totif is observeddss and the polar

nature of the motif takes precedence, resulting in the terminal trifluorination of pentanol and

hexanol leading to less lipophilic compounds.
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Figurel.7 - Effects CH/CFR; exchange at varying distances from an alcohol moféty

The surprisingly large increase in lipophilicity for trifluoroethanol when compared to its parent

compound ethaol, can be explained througan antiperiplanar orientation which the -O/GF

bond adopt, allowing for a counteraction of dipole moments, g in a reduced effect from the
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polarity of the Ckgroup. This results in the hydrophobic nature of the G®up dominating

causing a large increase in lipophilicltyaddition, thestrong inductive effect of the Gkotif also
resultsinanincredaS Ay SGKFy2f Qa f ALR2LIKAT A OXabitgoftRedzS (2 Al &
YSAIKo2dzZNAYy 3 26838y Qa f2yS LI ANBRO®D

Another excellent example which displays the importance of the édghe parent ompound is a
series of fluorinated ethyl ester proline derivativésgurel.8).1* Here, the standard lipophilicity
pattern of RCE> RCHF> RCHF, is consistent with previously publishedsuts® 11° However,
unlike Mif £ SN a fléoanbitdd N-prgpyl indole derivative$!® neither the difluore or
trifluoroethyl ester observed a decrease in lipophilicity. Instead theyoitenin ~ P\&ldes similar
to their corresponding ethanol analogu&$.This occurred because thgarent compoundi.1
(logP= 0.0) is considerably more polar thani¥ f SHa@piI indoleparent compound (loB= +3.3
Figurel.6),''% therefore the polarityintroduced by he fluorinated motifs was ledmportant and
0§KS AYLI Ol hyaréphobifitglddanNdatgdSFaritheseexamples, @/GF bond dipole
counteractions must also be considered due to the proximity of the fluorinated motif to the
neighbouring functionality, which results in a large logP increasé.fbinlogP +0.59 in a similar

fashion to trifluoroethanol vethanol flogP+0.68.
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Figurel.8 - Effects of fluorination on polar molecules

As previously mentioned i8ectionl.4.4 the Linclau group recently published a paper on a novel
1%F NMR based I&®petermination procedure, which also described the effects of fluorination on
the lipophilicity of alkanols and carbohydratésA series of selected fluorinated alkanols and their
respective lo§ values from the ethanol, propatol, butan2-ol and the petantar?-ol family can

be seen inFigure1.9. In all cases, monofluorination resulted in the largestPlagcrease in
comparison to their respective parent compound, regardless of the position of fluorination. The
gemdifluoro motif was then observed to be more lipophilic than the monofluorinated alkanols and
more polar than the trifluorinated motif. Thgem-difluoro motif also resulted in a more polar
molecule in respect to its parent compound in all cases, with the eiaefor ethanol, where a
slight increase in lipophilicity was observgdogP +001). This is a result of the proximity of the
gemRAFTf dz2NRP Y2U0AT (2 (GKS KeRNRE&f TRzEDIsAZ2Y It AGED
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trifluorination resulted in an increasa logPwithin both the ethanol and propanol famif§ Within

the butan2-ol family a slight decrease in Bwas observe@nlogP-0.04), which is likely due to the
polarity of the Ckmotif takingprecedence over its respective hydrophobicity on a more lipophilic
parent compound. Finally, the pentafluoronated motif was the most lipophilic within their
respective familieghis is a result of an increase in hydrophobic surface area that accompdgiies h

degrees of fluorination.
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Figurel.9 - LogP values of selected fluorinated alkanols, adapted fraomclauet al.®*

Due to the sensitivity of thel®F NMR based I&®getermination method Linclauet al.® were able

to determine the lo@ values of a pair ofmonofluorinated pentar2-ol diastereoisomergFigure
1.9).%* A small lo@ difference(nlogP +0.09) between the two was observed and tii-isomer is

the more lipophilic of the pair. It is assumed that within the water layer, that the most polar
conformaion with aligned @/GF bond dipoles is more stable for thgrisomer thanfor the anti
isomers Figure1.10). This presumably results in the mostlar conformation having a higher

population for thesynisomer in the water layer, thus resulting in a lowerRaglue.

\
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H
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R Most polar conformation is better
~ stabilised for the syn-diasteromer
H H )
~Hri, g
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Figurel.10- The most polar conformation adoptable by the syand antrisomer
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In the same publication, the Linclau group also studied the impact of fluorination on
conformationally restricted cyclohexanols, seerfFigurel.11.%4 ¢ K Smohofluorination of parent
compoundl.lresulted in a reduction of Idgby roughly 0.5 units for both the equatoriahd axial
analogues. Interestingly, the first example of an increase iR flamm aliphatic monofluorination
was observed for the vicinalans fluorohydrin 1.5. This unexpected increase in lipophilicity was
expained through the unavoidable-G/GF bond dipole counteractions, resulting in a more
lipophilic molecule in comparison to its parent compoudnd. In a similar fashion, the alignment of
the GO/GF bond dipoles for 1;8iaxial alkanoll.6, resulted in aarge decrease in I&gwhen

compared to its parent compounti4.

! OH }
logP i
34l 3 By i
; F
OH 1
32| Bu | 15— +3.21 (A +0.19)
11— +3.00 |
3.0 D 1.4—+3.02 OH
28] tBu\W\OH By
o6 1.2 +2.63 (A -0.46) F 1
P 137 +2.61(A-0.48) :
: -, oMt
24) ‘ Y
OH ! tBu
tBuw |

2.2 i 1.6 — +2.23 (A -0.79)

Figurel.11 - Monofluorination of conformationally restricted cyclohexanol systems. Adapted

from Ref*

Carreira and Mller have also recently published wodssessing the effects of fluorination on g
and other medicinal properties of pharmacologically relevant compodttdhis was achieved by
the introduction of various fluorinated motifs into the-propyl chain of ropivacaineind the N-

butyl chain of levobupivacaingFigure 1.12). Their results differ slightly from their previous
lipophilicity pattern observed of RGH RCE>> RCHF RCHF on theirN-propyl indole serie$!?
which is likely a result of the proximal nitrogen atom to the fluorinated motifs. They instead
observed that gendifluorination resulted in a noticeable increase irolihilicity in comparison to
their respective monofluorinated analogues, as well as an increase in lipophilicity from the non
fluorinated parents to the GFmotif. In this publicationthey also report the loB of variousvic
difluorinated diastereoisomersalthough little difference (~0.1 Id&yunits) or no difference in

lipophilicity was observed.
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CQH m‘“'@ Hm““@
o L 0 ~

Ropivacaine Levobupivacaine

Figurel.12- Ropivacaine andevobupivacaine

wSOSyiGtes hQlt3ry Llz f Ahd KSifRiorogykiGprogade ymbtk &nd ks
respective lo§value which were compared to similar aryl derivativieig(rel.13).1*¢ Pleasingly, it
was observed to have a reduction in g comparison to its nofluorinated parent, resulting in
the identification of another novel Idglowering motif. This is believed to be the result of the
T dz2 MNbiliyy S @olarise their neighturing hydrogens on the cyclopropyl substituétt.
Interestingly, despite containing two additional carbon atoms, the Ztiifluorocyclopropane
motif exhibits the same Idgvalue as tifluorotoluene, which suggesthat this novel motif could

be usedasa larger substituent while having the ability maintain the same lipophilicity.

WF
3.6 3.2

Figurel.13- LodP of selected aryl derivatives similar to the, Ztrifluorocyclopropane motif

logP 3.2
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1.7  Aims of the project

1.7.1 The investigation ofliphatic fluorination on lipophilicity

Our aim is to synthesise a wide range of novel fluorinated alkanols in order to measure their

respective lo§ values using the novet®r NMR based technique developed by the Linclau gtbup.

Thiswill allow for theexpansiorof the fluorinated alkanol library already obtained by the groump.

LI NI A Odzf | NE Rdz§ 2 GKS ANRsAy3I O2yOSNYy 2F avzf SOdA
identification of novel fluorinated motifs which reduce the Bgf the molecules a high priority

for this research.

Furthermore, givethat lipophilicity is influenced by both the relative position of a fluorinateatif

to a functional group, andlso by he actual lo§ of the nonfluorinated substrate itself, it is difficult

to compare the same dtifferingY 2 6 A T4 2y R A Tot@thsSHefdce onedf Bams s & dz

G2 LINBLI NB 20FF I YR 228K Yl GSR | yI f 2 3dzSdluoridbated SR 2y | 1
compoundsto compare certain motifs at different distances from the functional group.

For example, thegemdifluoro family of butar2-ol will be performed Figurel.14). Thiswould

allow for an investigation into the effectsf h-, i - and “-difluorination on lodp. A series of

trifluorinated matched pairs wilhlsobe synthesised and their respective logPuea measured,

selected examplesf whichcan be seen ifigurel.15.

Figurel.15- Selected CHmatched pairs

As the key topic of this thesis is the influence of aliphtiticrination on lipophilicity. This will be

discussed first, prior to the synthesis of tth@orinated alkanols measured in the chapter.
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1.7.2 Investigation of the effects of aliphatic fluorination on a drug scaffold

A common concern with the investigation fliforination on lipophicity on simple model alkanols

is whether these same trends will be observed on more complex molecules. Therefore, the
investigation of whether these lipophilicity lowering trends translate directly from simple alcohols
to more compex drug scaffolds pivotal to the validation of this research. As a portion of this PhD
research involves a short placement at AstraZeneca, a series of novel fluorinated alkanols with
interesting lodP results will be taken to their labs to study the effects of fluorination orPlagd

other ADMET properties when incorporated into a drug scaffold.

1.7.3 Measurement of the lipophilicity of amide rotamers

Amide rotamers have characteristically different propest and énce they frequently occur within
drugs and other biological compounds, it is of interest to be able to measure or calculate Ehe log
valuesof their different conformationsUnfortunately, thedetermination of the concentration of
rotamers in stution is not straightforward. However, amide rotamers are in slow exchange on the
NMR time scale, therefore they are distinguishaliEeNMR, including®*F NMR. We propose to use
our F NMR based I®getermination method to measure the |8pf the indivdual cisandtrans

amide rotamers.

The methodology will be illustrated using simph-acetylated compounds, for example
fluoropiperidines and fluoropyrrolidine$.1-1.4 (Figure1.16), before more complex rotamers or

other distinguishable conformers are taken into consideration.
YNy
N N N N
L O @ Q
F F = LF
1.1 1.2 1.3 1.4

Figurel.16 - TargetN-acetylated fluoropiperidinesand fluoropyrrolidines
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Chapter2 LYy ¥t dzSyOS 2F | £ ALKI GA
[ ALIRLIKATAOAGER

2.1 Introduction

Using the"F NMR based I&®petermination methodology previously developed and optimized by
the group? the lipophilicity of a series of novel fluorinated alkanols was measurhis. chapter
will include the discussion of the effects monofluorination, difluorination and trifluorination at
varying distances from thieydroxyl groupon lipophilicity.In addition, the lipophilicity of eange of

noveland previously reportefluorinated motifs will also be discussed.

In order to properly assess the effects trace impurities or solvent residues may have onRhe log
procedure, a series of i measurements will be performed with the addition of various common
solvents. Previous work performed by Heghal.? on the development of a novéH NMR based
logP determination procedure, used:D instead of ED. With this consideration a small study into
the effects of using D in place of kD for our *F NMR based method was performed. If no
difference between the two is observed it could allow the group to measurefluoninated

aliphatic parent compounds B NMR, for comparative studies in the future.

Specific terminology that is used througltahis chapter is defined as follows:

1 Parent¢ The nonfluorinated substrate of a series.

1 Familyg The whole collection of fluorinated analogues of a given parent, e.g. the pentan
1-ol family.

1 Seriex; A subpart of members of a family in which logRe@npared, e.g. the pentat-ol
CE series

1 Motif ¢ A particular fluorination pattern.

1 Matched Molecular Pairg Part of a series where two of the same motifs are compared,

e.g. the pentar2-ol Ck pairs.

The lipophilicities of alcohols within a Family eri&s that had been determined by other members
of the group? or that were available in the literature, are also shown in order to provide a picture
as complete as possible. All Bgalues underlined and bolded are novel valugsless mentioned
otherwise, all measured compounds were eitlmammercially available or their synthesis will be

discussed later in this thesis.
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2.2

221

Monofluorination

The influence of simple fluorinated motifs on lipophilicity

As expected,Rigure2.1), monofluorination of acyclic alkanols results in a decrease in lipophilicity

when compared to their respective parent compound. This decrease in lipophilicity can be quite

substantial in some casd@ andI3z  P{0.8%F. hei -monofluorination analoguek2 G4 H6and

110 (with the exception of the PrOH family), all have the highe®i@jues within their respective

families. This is explained by the proximity of the fluorination site to the hydroxyl group, resulting

in areduction in polarizability of the oxygen lone pairs, as well as a possible conformation where

the GO/GF dipoles counteract (See Chapter 1, Secli@. Increasing the distance between the

fluorine and alcohol functionality results in a greater reduction in lipophilicity (c.f. BUOH family and

PentOH family).

logP
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0.7
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0.4
03] 7 eros0
0.2] _~_OH
0.1

0.0 : o OH
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021 1 p_~_oH |
—— C2(:0.26,4-056) |
03] | — C1(029,A-0.59)
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H 'l —— G4 (+0.26, A -0.62)
1 —— E2(+0.20, A :0.56) |
! 1l ——G3(+0.17,4-0.71)
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OH
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1 —— HB (+0.74, A -0.45)
'

F OH!!

P H3(+0.57,4-062) AN
FE OH !
o H2(04sa-07n) L L

1T HA (40.42, A -0.77)

/\F/\OH P~

E
OH !
G2 (+0.09, A -0.79)

F.
N "0H

Figure2.1 - Effects of monofluorinatiorf

viCompoundH6was synthesised by a previous PhD student Joseph Watts
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Chapter 2

2.2.2 Difluorination

As shown inFigure 2.2, the incorporation of agemtdifluoro moiety results in a reduction of
lipophilicity in comparison to their respective parent compoundth the exception of 2,2
difluoroethan1-2 f @ m0E02, Fot shown), and in a similar fashion to monofluorination the
lipophilicity decrease progressively increases with fluorination further from the alcohol group.
L y RS S R-difludiifatin analogues4 G11, H7, H8 and 114 all have the highest Idjvalues
within their respective families. In the-RentOH family, theyi i S N3iflurination H7 causes a
larger lodg® decrease compared to its terminal counterp&t8, but the influence of the Idgof the
parent compound appears limited, with only a faint trend towards enhanceH deduction with
increasing lipophilicity fathe parent alcohol. There was little difference in theRdgtweenl6 and

I7 of the PentOH familyjl4andH5of the 22PentOH family, an@6and G8in the BuOH family. This
suggests that there will be little difference in the BPg 2 NJ & dzo & (-tifluariition and (i K

beyond.
15 141,51
T \/\/\OH
14[
\/\C/\OH
131 o - F2
: OH bl — M4(+1.25,4 0.26)
121 | H+1.19 PN on i
| —— H8(+1.14, A -0.05) MCH s
1L i F2 P
— H7 (+1.05. A :0.14) P F,
1.0 ‘ o
— (TTTTTTTTmoTmmmmmmmmmme s : | OH v \/C\/\OH
NS . ‘
0.9 : oH - N — 112092, 4 0.50)
r | — G+0.88 . F2
0.8 : i b e ™"on
‘ . F, OH ‘ ¢
' /\c/\OH | 2 ! ! 2
0.7 ; Fy } ~C DI —— I7(+0.71.4-080)
[ ! L H5 (+0.66, A -0.53) ¥
o 3 GH0SL a0z | | — RE0E L ose —— 16 (+0.66, A -0.85)
r i HF,C_~_
: OH OH
0.5] : Hoo . e
F) : cm/y\
' N ;
04| : R
0g| (T | —— GB8(+0.34,A-0.54) !
TP TTCH30 NN0H L 66(£0.20,4:050) |
02 3 ~c“oH 3 i F,c” " oH
: F2 L H
01] ! C4(+0.11,A-019) '\
C3 (+0.04, A -0.26)
00] :
H
F
ZC\/\OH

Figure2.2 - Effects of difluorination

Vi CompoundH8 was synthesised by a previous PhD student Joseph Watts
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223  Mono-l YR RAFEAZNAYLFGA2Y dal GOKSR tFANEBE

The use of matched pairs allows for the comparison of the same motif with the same parent
compound. This allows for the improved analysis of the effects of fluorination at varying distances
from functional groups. As previously discussed (See Se2tifiand 2.2.2) >moho- I Y R |
difluorination are the most lipophilic withitheir respective families. This is best showcased in
Figure 2.3, through the comparison of -monofluorination vsi -monofluorination within the
butan-2-ol family ELME2,n { R+D.12) and the penta-ol family H1MHH6EX [P#@3ZA) The

same can trend can be observed when foeR A T t dz2 NJ -glifluariiagioyt, withia the pentan

2-ol family (4 HH8Z  jP#0BH@. As previously discussed in Chapter 1 Sedti@n -fluorination
exhibits a higher |Idgvalue, because of the-&/GO dipole compensation effect, as well as the

reduction in polarizability of the neighbouring oxygen lone pairs.

logP
1.2 ' OH

1.4 3 Fz
1.0
0.9 : 4 +0.50

0.8

0.7

0.6

0.5

OH
6 +0.74 /\/K/ F
0.32
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M

— H
OH
L1 Ha+o64
=2y
HA + FZCV\
H1$0.42 F

0.4

{25 2 G '

02] | — E210.20 F 3
3 A +0.12

011 H OH
t L E1 4008

Figure2.3 - Mono- and difluorinated matched pairs

224 Trifluorination

Trifluorinationcan modulate lipophilicity in either direction, depending on the Rogalue of the
parent compound and the position of the £Rotif in relation to the alcohol grouyges discussed in
Chapter 1 Sectiofi.6. With this in mind, an investigation into the effect of £L&F exchange at

varying distances from a hydroxyl group onRegas performed, with a greater scope of substrates.

As shown inFigure 2.4, alcohols containing am-trifluoromethyl group exhibit a reasonably
consistent increase in lipophilicity when compared to their respective parent compounds. This is
consistent with results preégusly reported by N. Mullét This is rationalised by a compensation of

RALRES Y2YSyidaz a ¢Sttt a I NBRdOGAZ2Y Ay GKS
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discussed in Chapter 1 Secti@r6. This allows for the hydrophobic nature of the; @#otif to
dominate, thus leading to an increase in lipophilicity. Pleasingly, the same trend was observed when
a trifluoromethyl group was already present elsewhere in the molecule. An example of Kiis is
where ana-CH/CR exchangeaffordingkK2NB a dzft 6 SR Ay |y Ay Om#BbB2S A

similar to previously observed values.

It was also initially proposed by the group that the impact ofaatrifluoromethyl group was
independent of the parent compound and increased thePlbyg roughly 0.65 unitsAHA3, BIh
B3 DMDlandHIMH10.%This is still the case, with the difference betwae€lihk20 n PB2)
andKIMhK36 n P 203%7) close to the value. However, the difference observed betviEanES
0 n P20A9) was slightly smaller.

When performing aeconda-CH/CFE exchangdD1hD2andB3MB4), a further lodPincrease of
roughly 1 unit was observed. Hence, doubl€H/CR (5 [babdd  [h) exchange resulted in
a dramatic lo@ increase of roughly 1.7 units. All of these results suggest that an increase in

lipophilicity will always be observed when performingea@H/CFR exchange

logP
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A -0.30
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Figure2.4 - a-CH/CFK; exchange

While the impact of thea-Ck motif on lipophilicitywas well established within theinclaugroup*
and Muller had already examined the effect tffluoromethylation on primary alkanofs,there
were only limited examplesf secondaryalcohols with &-, g and d-trifluoromethyl group which

were thus investigated herd~or substrates with either b- or g-CE motif (Figure2.5), a small
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increase in lipophilicity was observed in comparison to their respective parent comp@witds
the exception ofEMHEG p £ R-@04). In the case of thé-Ck group, the plogP valuesare quite
similarin relation to increasing the I&tpf the parent compoundThe inverse can be observed for

g-CH/CFR exchangewherethe plogPvalues increaséor the more lipophiligparent compounds.
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Figure2.5-i -Ck | Yy RCR4alcohols

Alcohols containing d-CE all exhibited lower 0B values than their parent compoundgigure

2.6). However, with increasing I&yalues of the parent compoungthe reduction in lipophilicity
decreased. This was surprisinggrmally as the parent compounds become more lipophilic and
larger, the relative effect of the increase in hydrophobic surface decreaamad the impact of the
CEk-dipole increasesHencethe inverse pattern would be expectedlargernlogP with increasing
logP of the parent compoundDue to the distance between thetCk and the hydroxyl group, any
intramolecularinteractions are expected to be minimal and thus little effect on the polarizability of
the oxygens lone pairs is expected to occur. With this consideration, and with the increasing
conformational flexibiliy of the alkyl chains, the effects of dipole moments must be important.
Within the water phase, aligned dipole conformations are likely to have a greater population, while
the reverse is expected in the octanol phase, and the increased conformationhilitiebietween

the functional groups, i.e. small energy differences between conformers, may result in a
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WOK I Y 2ffe@27if @hich the conformer population is skewed in each phase according to its

dielectric constant. This effect may be important the more lipophilic molecules become.

As observed beforehandith a-CH/CFR exchange} -trifluorination still results ira lod® reduction

when a trifluoromethyl group was already present elsewhere in the molecule. An example of this
is K3 where ant -CH/CR; exchange affording(3 resulted in adecreasein lipophilicity similar to
predA 2dzaf e 20aSRIMBR O f dzSa o6nft 23

logP
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1.0 _3 FJCN
|

Figure2.6 - The log?2 ¥-CHalcohols

2.2.5 CRdal OKSR t I ANHE

The results irFigure2.7 allow for the comparison of the effect of the position of the;Gup in
matched pair formatSimilar to the monofluoreand difluore matched pairsthis was performed

in order to compare the effects the given motif on lipophilicity at different distances from the
functional group, but with the same nédtuorinated parent reference to avoid any effect arising
from lipophilicity differences between padBy 1 a ® ¢ KS Y I ( QK6 RAHGHNAEEE T2
H9andH10 andKlandK3(Figure2.7). In all three cases the-CH/CRK exchangdeads to amore
lipophilic compound than the -CH/CFK exchange This is a result of the unavoidable anti
periplanar orientation of the © and & bond, resulting in dipole counteraction, and thus leading

to a reduced polarity effect from the €notif. This in comimation with the reduction of
LRt FNARTFoAfAGE 2F (GKS 2Ee3SyQa f 2y S ;mitifitdNB |
dominate, thus resulting in the increased lipophilicitypge€H/CF exchange

Comparing theCE motif in this format allows for the comparison of two trifluoromethyl groups
into the same moleculd-orK2 it can be seen that both the effects @fCH/CK exchanggnlogP
+0.62 typically plogP +0.60) and d-CH/CFK exchange(nlogP -0.18 typically nlogP -0.22) are
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combined, allowing for the GRotif to exhibit both an increase and decrease in lipophilicity on the

same molecule.
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Figure2.7 - Trifluoromethyl Matched Pairs

The analysis of the matched pairs not involvingifluorination is interesting(Figure2.8). The
expectation is that the further the trifluoromethgroup is positioned from the alcohol group, the
larger the lod® reduction will be. This is seen for tihv and N pairs. However, fod, showing the
effect ofi - and! - CH/CRK exchangethere is not only no large difference in PgetweenJland
J2 butalso the lo@ of J2is largerthan that of J1 Neither trifluoromethyl groupsare in proximity
to the alcohol grougor G;O/CcF bond dipole counteractions to oc¢@ithoughJ1lwould allow an
antiperiplanar CO/C;CFE conformation. However, this would be pectedto increasehe logP, not

a decrease. A tentative explanation for the unexpected larger polarityaiuld be a conformation
as depicted, which features stabilisiBg+ S*co andsaH S*acrshyperconjugations resulting

in the gauchearrangementshown.

As previously discussed in Sectib@.4 the 3HeptOHM and 4OctOHN matched pairs showcase
the large difference in Idgcaused by the introduction af K SCRgroup, when compared to both
i -CEIl Yy RCRgroups respectively. This further highlights the importanceaséfullychoosing the

position of fluoriration, when attempting to modulate the lipophilicity ohaaliphaticmolecule.
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Figure2.8 - Trifluoromethyl Matched Pairs

2.3  The influence of polyfluorinated motifs on lipophilicity

2.3.1 CRCE at varying distances

Following the investigation of thé&ifluoromethyl motif at varying distances from the alcohol
functionality, the C¥CF; series was investigatedrigure2.9). The large increase for bo@i7 (nlogP
+0.90) andE9(nlogP +0.77), in comparison to their respective parent compounds, is likely due to
the proximity of the CfFto the alcohol moiety, as well as an increase in volume. A trend of
decreasinghlogP valueswith increasing loB of the paent alcohol was also observed. As the motif

is further positioned from the alcohol moiety, togP values decrease in a similar fashion to the
CE series (See Chapter 1, Sectibf), eventually resulting in a |®glecrease when the Idpf the
parent alkanol exceeds R [HL2, nlogP-0.06). Hence the dipole contribution of theCF, motif is

also outweighing its hydrophab volume contribution at elevated I&gvalues. Yet again, this
showcases the importance of comparing fluorinated motifs over various parent compounds, as

their influence on lipophilicity may change.
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Figure2.9 - Lod? of CECE, motif

2.3.2 CRCH vs CECR vs HCICR

As expected, the GER motif (C7 E9 G15and|16) is the most lipophiliof the three motifs being
compared irFigure2.10. This isa likely a result of multiple-€ bond dipole counteractions, allowing
FEd2NAYSQa KERNRLIK2O0AO Yyl Gdz2NE R2YAYF (S NBadzZ GAy3a .

Perhaps unsurprisingly, when comparing thdCR with the HCECE motif, a decrease in
lipophilicity is observed in all cases, but is substantial forGlaend | series. In addition, while for
the PrOH and-BuOH familiesC8 E7(HCECR) have higher lipphilicities thanC5 E6(CECH), this
is not the case fothe BUOH and PentOH familidderethe CECH motif (G13and113) is more
lipophilic than the HGEF, motif (G10and112). It is proposed that the higher I&for both Céand
E7compared to that ofC5andE6A & R dzS ({ 2 i -posit®n td theNdydSoMIu@oupAs the
HCECFE, motif progresses further away from the alcohot~(O bond dipole counteractions no
longer occur and despite its increase in hydrophobic surface area, it appears as gaorare

functional group than GEH..
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Figure2.10- CECH vs CECEk vs HCKCR

It is therefore assumed the terminal £FH group adopts a gauche conformatidfigure2.11),

which is suggested by crystal structut&s?’ This results in larger dipole contribution when
compared to the alternative anttonformation, where the €& bond dipoles counteract. It is also
pleasing to see that the HEER ANR dzZLJ Aa f S&aa fALRLIKATAO G(KI Y
another lod? lowering motif. Examples like this reveal why it is important to investigate various
FEAd2NAYIFIGSR Y20AFa Ay AYRAOGARdzZ f FlLYAfASaAZ |

modulation on lipophilicity

Conformations
T

F ! F
iy S G
FNR O R F

F ! F

gauche

anti

large dipole i C-F bond dipoles
contribution | counteract

Figure2.11- CEHCER conformations

2.3.3 CR I /3 Within different motifs

Asdiscussecearlier in Sectior?.2.4,CH/CFE exchange on an aliphatic substrate can have a wide
range effects on the modulation of lipophilicitlcohols containingin a-Ck group all exhibited
higherlogP values than their parent compoundiowever it was established that as the distance
between the Cigroup and the hydroxyl group increasdtie nlogP values also decreased and
eventually a redution in log® was observedTherefore, it is interesting tanvestigate CH/CR
exchange across othduorinated motifs.Interestingly, exchange of the &ffoup for a Ckbn the
pentafluoroethyl (C§CE-) motif resultedin a surprisingly consistent decreasé one logP unit,

regardless of the parent compoun@Figure2.12). The considerably higher IBgvalues for the
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pentafluoroethyl motif can be tentatively explained as a result of a counteraction of-thdifoles

of the Ckand CEmoieties, resulting in the hydrophobic nature of the group to dominates same
trend was observed for changing thes&@Foup into a Ckgroup for both nonafluorobutyl and
heptafluopentylanalogues (€. G17MHG12, 118 Hl15). Very unexpectedly, theleCk(CE).- group

also had almost identical I®yaluesastheir parent compoundsTherefore, polyfluorination may

not necessarily result in a large increase in lipophilicity, if the terminal position remains

nonafluorinated.

1 c” ¢ oM
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Figure2.12 - Effect of CEFCH; exchange on lipophilicity

In an attemptto explain the interesting decrease in P@bserved for GFCH; exchange on
perfluoroalkyl groups and theCFR(CE)n- groups of similar logvalue to their respective parent
compound, an investigation into the dipole moments of the substrates was perforfiesican be
achieved through the use of overall molecular dipole moments, whéatessitateénformation on

the various conformers the sutrates adoptand were calculated by Dr Jerome Graton, University
of Nantes, FranceThe detailed experimental for the following calculations and their subsequent
results can be found iRef!?!In both water and octanol, conformational analysisaif2 G17, 115,

118 and their respective parent compoundgas performed. These calculations indicated that all
the compounds were very flexible and that oryi2 has a major conformer with a population
greater than 20%For all compoundsthe conformational profile were different between the
octanol and water phases, as shown by the different calculated dipole moments, which typically
differed by<0.2D (Table2.1). In each case the calculated dipole moments were smaller in octanol,

which is anticipated due to the polar conformations being better stabilised in the more polar water.
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However, he tetrafluorinated compoundG12 exhibited a much larger difference in dipole
moments,roughly1.0 Q between the water and octanol phas&s mentioned earlier, this was the

only compound to have a major conformer with a population greater than 20%. Interestirggn, w
comparing the two conformers with the highest population in both octanol and water, there is a
large difference in dipole momenEigure2.13). Herce,G1201'y 68 NBFSNNBR G2
OK I Y S &18r2whicticonformersthat are close in energy possess nkedly different dipole
moments allowing a skewing of the population depending on the mediumfortunately, from
KSNBE Al AayQd adNI A3IKG FPalde | addBughe ofalitatively it ol bel G S
understood that ultimately the level of partitioning will result from the different degrees of

stabilisation in a given phase.

Octanol phase Water phase

it N Y Y

(24.6%, 2.14 D (19.6%, 2.16 D 3.99 D

(19.2%, 3.33 D (16:6%.

Figure2.13- Comparison of the two most abundant conformers of G12 in octaneft) and water

(right)Vii
Table2.1 - Calculated dipole moment¥
m(D) m(D)
Compound Phase ) Compound  Phase .
(weighted) (weighted)
PR oct 2.21 PPN oct 2.20
OH
G 1
wat 2.40 wat 2.40
R oct 2.87 & oct 3.37
~“~¢c"OoH ¢ ¢ oH
F, F, F
G612 wat 3.82 1s wat 3.57
6z oct 3.34 G2 oct 3.12
F3C/c\l(::2/\0H FSC\E;C\EZ/\OH
G17 wat 3.38 18 wat 3.31

Vil Calculated at th&MD/MN15/augcc-pVTZ//IMN15/cepVTZevel of theory in water and octanol medium,

and weighted by the relative populations of each conformer, performed by Dr Jerome Graton, ityiokrs
Nantes, France.
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As seen iTable2.1, fluorination of the parent compound results in an increase in dipole moment.
Interestingly, in both octanol and water a higher dipole moment was observed for hexafluorinated
115 in comparison to its norafluorinated analoguell8, however this was not the case when
comparing tetrafluorinateds12with its heptafluorinated analogu&17 In the octanol layerG17
exhibited a lower dipole moment, which can be explained by the very apolar confoiteae
adopt as seen ifrigure2.13. These low dipole moments from these conformers exist due to the
counteraction of the & bond dipoles, howevehis is not possible foll5, which is believed to

result in its higher dipole moment in comparisonl1@in the octanol layer.

The GH bonds of the Gigroup on theMeCF(CR).- motif are also strongly polarized by an electron
withdrawing effect of the neighbouring fluorines. This canshewnthrough the use of chemical
shift analysisshowing the resultingdeshielding as well as throughpartial atomic charge
calculations Table 2.2).X As a result of the fluorinenductive effect, as internal fluorination
increased so did the hydrogen positive chargjeerefore, CFCH; exchange on a perfluoroalky!l

group results in the introduction of a very polar{Zjfbup, causinga lipophilicity reducing effect.

Table2.2 - Chemical shift values and weighd partial atomic charges per hydrogen atom of the

methyl groupg”

4 me (Ppm) Water Octanol

Compound
in CDQ' qH qH
/\/\OH
. 0.93 0.2017  0.2012
Ez
~S~on 1.67 0.2336  0.2322
G8
Ez
Tg o 1.78 0.2444  0.2426
G12
Fy
~e ¢ on
&g 1.83 0.2476  0.2458

115

Finally, the last factor to consider is the decrease in hydrophobic surface area upon replacement of

the Ckgroup for Chl

X Calculated at the SMD/MN15/ au-pVTZ//MN15/cepVTZ level of theory using the natural population
analysis methodologperformed by Dr Jerome Graton, University of Nantes, France.
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234 Chain elongation reduction in Idg

Another interestingogP lowering trend was identified when comparing the lipophilicities of the R
CE group, with its homologue REMe (Figure2.14). Typically, the extension of a carbon chain by
one methylene unit on a nefluorinated alcohol results in a I&gncrease of roughly 0.58 units.
Surprisingly, the exchange of aFthond on a taminal trifluoromethyl group for a ®e bond,
resulting in the formation of the ®EMe group, leads to a reduction in lipophilicity. This decrease
in lipophilicity ranged imlogP values of-0.06 t0-0.44. Pleasingly, this trend was observed in all
casesand in both trifluorinated and perfluoroalkyl substratds.Q | | & &l Witnesseda similar
trend when comparing the lipophilicities of ArSQ&gP + 3.70) with ArSGEH (logP +3.38)1%2

logP i F,

—— L+2.03
2.0
G17 +1.98

1.8
L A+0.52 A-0.44

0.8

06
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A +0.58
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)Oi FSCQ\
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Fs¢”>"OH | }
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Figure2.14 - Reduction of log upon chain elongation

2.4 Comparison of partially fluorinated motifs

24.1 Comparison of selected partiallffuorinated motifs

As expected and consistent with other results, theGHEFE motif in G17is the most lipophilic
within this seriesKigure2.15). This is because the high degree of fluorination introduces a large
hydrophobic surface, and there is significargFCdipole compensation in such polyfluoroalkyl
moieties. At first sight, the lipophilicity reduction caused by reducing the number ofrfiatoms
such as in the hexafluorinated substr&é 6and the pentafluorinated substra®14is as expected.

It is interesting to note that the (substantial) increase in lipophiligitgdP +0.65) fromG14to G16

is caused by a GRHCHF modification, whittas a standalone maodification virtually always results
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in a lower lod. However, he lipophilicity trendG1TH51dH514can be easily explained by the
decreasen dipole compensatiorthrough the removal ofiuorine atomsfrom the centralCk-group
resultingin a logPreduction Overall, this suggests that if a large increase in lipophilicity is required,
more than just a high degree of fluorination is requiredle¢ Sction 2.3.2 and 2.3.3. The
fluorination must be adjacent and contain a terminat.dme pentafluorinated substra®14with
GalALIISRE FEdz2NRYIl GA2Y plogPx0.18 sghisst it& paerdompodnt; | £ f
while the pentafluorinated analogu@15with vicinal fluorination has a much larger B@.30, see
Figure 2.12).

logP
20 G17 +1.98 ¢
[— +1. e
! FiC™ ¢ oH
18] z
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Figure2.15- Comparison okelectedpolyfluorinated motifs

Further examples shown in Figure 2.15 show the different effects of fluorination when introduced
within a more complex motif as opposed to a standalone modification. As seen previously (See
Chapter 1, Section.6), the CH/CK exchange on butanolp{ogP +0.03) results in slight |6y
increase, while the inverse is observed on pentambbgP -0.29). When performing the same
moadification on the termial CHof a substrate already containing either a monofluarodifluoro-

motif, an increase in lipophilicity across substrates is obser@dd)G9 G11MhGl4andI8h L ¢
This is likely an effect of counteractingFCGand C#dipoles, in conjunction with an increase in

hydrophobic surface area.

Interestingly, the introduction of the Gkotif (typically lodf reducing) onto an alcohol containing
a Ck (G13Ih G149 results in an increase in lipophilicity, while the inverse iseoled for the
introduction of a single fluorine aton(L3MHG9and[13bl9). With further chain elongation, it is
presumed that the GEHCFE motif would result in lo& reduction.

Despite a large increase in hydrophobic surface area, the tetrafluorinsuedtratesG9 and 19

exhibit a decrease in lipophilicity in comparison to the parent compoptadjP -0.28 andnlogP -
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0.67 respectivelyln spite of a potential gauche effect with@®9, which would result in a-€/GO
dipole counteraction, a reduction ilogP inrespect to its parent compound is still observdthe
largernlogP value forl9 occurs because of the increased lipophilicity of the parent compound and
lack of @O/GF dipole counteractions, therefore the polar natwkthe motif isdominant Hence

this is the identification of a novel |IBdowering motif everwheni -fluorinationoccurs

24.2 CRCE vs CRH.CR

As expected and consistent with previous results, th€C&notif G15is the most lipophili¢Figure
2.16). A large decrease in IBgs observed for the H@EF motif G10(nlogP +0.64. Interestingly,
the HCFCE motif G5is slightly less lipophilic than the €Hg motif G8 This may be due tde
increased dipole from the polarity of the monofluoro substituent (pdCarF bond), as well as
fluorine polarising itsh-hydrogers: a conformation in which the number o S*ar
hyperconjugation interactions is maximised will result in aF @ipolespointing in a similar
direction (see below for discussion). A similar pattern plud)P values were observed within the

pentanol family.
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Figure2.16- CECEk vs CRHCE
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2.4.3 Theeffect of the CFHCE, and CECFHmotifson lipophilicity

Both of the victrifluorinated motifs, GHCF, and GCGHH: (Figure 2.17), exhibit rather drastic
decreases in lipophilicity in relation to their parent compound fdagP-0.61 vs. butanol and ca.
NnlogP-0.95 vs. pentanol), as well as their respective structis@ahersG13and|13. This identifies
both as novel loB lowering motifs. Interestingly, theREFCRH motif is more polar in the butanol
family, while the inverse is observed for the pentanol family. However,jilogP values are

relatively small in eachase n0.02 within the butanol family ang0.06 within the pentanol family.
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Figure2.17 - Comparison otic-trifluoro motifs

The introduction of the Clnotif (typically observed as I&glecreasing), onto the monofluorinated
substrates within the butanol family exhibit only a slight increase in lipophilGait DjdogP
+0.18 and33Th DjyrogP+0.12). Due to the increased lipophilicity within the pentanol family, the
increase is ldgis not as noticeablelf 'y LpiogP +0.00 andi2 h LnpogP +0.06). Another
interesting observation is the similarity in Pgalues between theictrifluoro motifs and gem
difluoro G6within the butanol family. These small changes in lipophilicity observed within both the
butanol and pentanol family, can be further explained through the analysis of two conformations
these motifs may adopfFigure2.17).123
i.  This conformation results in maximising the polarity of the substrate but would also
cause an unfavourable clustering of partial charges from the fluorine atoms.
ii.  This conformation exhibits a counteraction of two E bond dipole momentand
would result with an overall polarity similar to the corresponding monofluoro

analogue.
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Varying populations of these and other potential conformations likely corresponds to the relative
logPof the substrates. For exampld,is isolipophilic to its moeofluoro counterpart2, which would
typically be unexpected due to the increase in hydrophobic surface area and if it only adopted the
presumably favoured conformatiain as this would result in a net IBgyain. Therefore, the motif
must also adopt confonation i or similar conformations in order to increase the polarity of the
substrate, thus affording an isolipophilic measurement despite an increase in size. Further

conformational analysis is required to rationalise these results.

244 The effect of thevic-difluoro motif on lipophilicity

Carreira and Nller have identified the terminavicdifluoro motif as the most polar fluorinated
motif, resulting in large Idgreductions (See Chapter 1, Sectib).1!* 115124 Gilmouret al. also
observed the same trent> We were keen to include this motif in the alkanol families as well, for
WOl f AN GA2YQ thddNkdsdn®ur @sults tiré dodsistghBnitiette measurediog
values of simple terminal vicinal difluorinated alkanols, as eihand |1 have the lowest loB
values in their respective familiefigure2.18). Thesevic-difluoro analogues also hold the two
largest reductions in Id@ever observed in our work in comparison to their parent compound,

across all acyclic parenydpgP-1.00 andnlogP-1.40 respectively.
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Figure2.18- Vic-difluoro motif

2.5 The effect of fluorination on the lipophilicity of diols

251 1,4-Butandiol Family

Utilizing 1,4butandiol Q as a parentcompound (lo§ = -0.83) allows for the evaluation of the

influence of fluorination on lipophilicity in a much lower lipophilicity range than previously
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investigated (Figure 2.19). As expected, gamdifluorinated diolQ4 has a lower loB than the
tetrafluorinated Q5 and a higher log than the monofluorinated dioQ1 This trend corresponds
nicely with their respective equivalents in the butanol fan@l\nterestingly, lipophilicity increases
for Q4and Q5when compared to their parent compoun@, unlike for G8 G1land G12 where a
decrease is observed. Commonly, difluorination would show a decrease in lipophilicity when
compared to its parent compound, however Q¢ this is not the case. The dipole contribution
from the gemdifluoro motif is significany less pronounced when placed on an already polar
parent compoundQ (logP = -0.83) and thus the hydrophobic contribution of fluorine is more
prominent. The large increase in lipophilicity @5 (n f R+0.72 in comparison to its parent
compoundQis likdy due to a counteraction of-E dipoles with either the neighbouringfCor GO
dipoles. Therefore, the polarity of this £k motif is diminished and the contribution of its
hydrophobicity dominates, resulting in a more lipophilic molecule. Boththese examples

showcase the importance of comparing different fluorinated motifs over various parent

compounds.
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Figure2.19- 1,4-Butandiol family

252 1,5-PentandiolFamily

As exyected, the hexafluorinated motiR4exhibits the highest Idgwithin 1,5pentandiol family
(Figure2.20). Further observations within the family identify thgém-difluorination results in a
lipophilicity decrease, which was a commonly observed trend for then@ff within other
families, in contrast to the inverse displayed @4 within its respective fanily. This is presumably
due to the increase in lipophilicity of the parent compouri® IpbgP +0.27 vs.Q, logP -0.83),

therefore the dipole from thegemdifluoro motif dominates over its hydrophobic contributions,
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resulting in an overall Id®decrease.r a sinilar fashion to their respective pentalrol analogues
the '-Ch analogueR1g¢ | & f S&aa f A LEHAIKUtErpa@R2(Pasivigly Atheskippéd
tetrafluorinated motifR3exhibited an increase in I&gompared to its difluoreequivalentR2 and

a reduction in loRin relationto its parent compound

The investigation into the monofluoroseries and other fluorinated motifs within the 1,5

pentandiol family is currently ongoing within the group.
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Figure2.20- 1,5Pentdi-OH family

2.6  The effects of fluoroalkenes on lipophilicity

2.6.1 4-Pentenol family

Initial observations showF{gure 2.21) that comparing mong di and trifluorination motifsin
fluoroalkenols follow the same trends as in fluoroalkanols, where the monofluorinated substrates
are the least lipophilic and the trifluorinated are the most lipophiitthough surprisingly, this was

not the case forvicdifluoro substratesO1 and O4, which shared similar I&gvalues to their
monofluoro counterparts, in stark contrast to the drastic decrease typically observed withiche

difluoro motif on an alkane.

*Compoundsfk2and R3were synthesised by an MStudent, Eleni Georgiou.
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Figure2.21 - 4-Pentenol family'

Interestingly, it would also appear that KS SFTFFSOI

fluoroalkene substrates, unlike their respectiakane equivalents. This is shown by the

2T TFEd2NAYSQa

monofluoroalkene O5 K | @A y 3 P 40.32 jeénpated to its parent compoun® and its

monofluoroalkane equivaht I3K | @A y 3P -0:99 gofpgarad to its parert The same can be

observed with the corresponding difluoro substrates, wh@&K | &

parentOandI6K | &

P O gpinpgarddto its

IP-0.85titd parent. Tentativelythis can be explained by theedrease

in alkene polarisability due to fluorinatipeimilar to what is observed for aromatic rings.

The small lipophilicity difference exhibited between thie-difluoro alkenesO1 and O4 was

surprising. It was expected that the conformationally fixedmteracting G dipoles (increase |8}y

on O4and the aligned € dipoles (decrease IBgonOl1would result in a larger difference. A similar

observation can be made for the comparisor@fand |4, where previously the Id@reduction of

14 was explained through counteracting dipol&sgure2.17). Therefore, considering thefEbonds

of O7are conformationally fixed, it is assumed thatat of the CF dipoles counteract, resulting in

a similar polarity to the monofluoroalken®3. Thus, with an increase in volum®@y would be

expected it to exhibit only a small increase offirgcomparison t@3. However, a large difference

was observed@3TH h mlogP +0.44). Both of these observations may be related to the loss of

polarizable hydrogens.

X Compound1, O4¢ 07 were synthesised by an international MSc summer student, Estelle Meyer. Zhong

Wang (PDRA) synthesised and recorded thPl@dues for compound®2and O3
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Further studies are currently being performed within the group, through the synthesis of other

fluoroalkene analogues and the synthesis of the corresponding fluorinated {utdfiamily.

2.7  The effects of other motifs on lipophilicity

2.7.1 Fluorinatedcyclopropanemethanol and its comparisons

Unfortunately, the lo® of the parent compoundylopropanemethanoP (Figure2.22), has not

been previously reportedn literature and therefore comparisons to it should be approached
tentatively. Despite this, comparisons between the other fluorinated motifs can be discussed. The
CFE motif P4is the most lipophilic, followed by the monoflueranti and synanalogueP3and P1
respectively. Theanti-configuredP3 has the higher log of the pair. Finally the -F P2, has a
lipophilicity value in between thenti and syn analoguesP3 and PL1 Traditionally linear i -
monofluoro motifs have higher ldgvaluesii K I y  -inén&fliaxdcounterparts therefore it is
surprising thatP2has a higher Idgvalue thanP1 However, this result is also observed within the

isopropanol family.

3 HO F |
0.3 ! /\VL ' 1.0 oo :
02| P4 +0.24 (A +0.06) : 08| | :
| —— P +0.18* HO ; : F+0.76
: ., F ; :
01l HO™ : 06
| —— P3+0.04 (A-0.14) : ;
0.0 ! R 04| ! HO/\(\F
D P2.005(A023) N/ ! o F2(+0.29,A-047) |
01 HO ; 02| ! (+0.29, A )
| P1:0.12 (A -0.30) i : '
: fa : . = F1(+0.10, A -0.66) !
02 : 00| ! :
ke : o
03 v 3 ! F

Figure2.22 - Fluorinatedcyclopropanemethanoimotifs and their comparisons *=ldgcalculated

by MarvinSketch

2.7.2 The effect of the aliphaticSCEgroup on lipophilicity

While investigating the effects of thegSsCEmotif on lipophilicity, bothS1land S2were synthesised
and their respective Idgvalues recordedFigure2.23). Unfortunately, there is no data for their
respective parent compounds, however the exchange ofctBEEgroup for other fluorinated and

non-fluorinated motifs will be discussed.

A lodP increase is observed for @BCE exchange on both butanol3(I'h { mogP +0.75) and
pentanol(IM {logP+0.43). The same trend was observed for the substitution ot gr@&p for
a SCFgroup G13Mp {amd 113 TH { mogP +0.72). In these two examples, the increase in
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lipophilicity is unsurprisingonsidering the presence of an additional heteroatom, thus resulting in
an increase in size and subsequent hydrophobidityis can be further reinforced when their
respective Hasch constants are considered, where #eCE (" x = 1.44) group exhibits a higher
lipophilicity value than both GF x = 0.88) and CH x = 0.52)!26 Interestingly, the log increase

for CH/SCE exchange is smaller on the pentanol scaffold. This can tentatively be explained by the
influence of the polarity of theSCkgroup becoming more prevalent with increasingPag the
compared compound, in a similar fashion to the &t CECE motif seen in Sectio@hapter 2.2.4

and2.3.1respectively.

Next, the exchange of a @Bk group forSCEwas examined. In this emgle, while the length of

0KS &adzoaidiNIiSQa ol 0102y S Aa i K3(Vanbef Waals SuUKeSNBE A &
area = 205.822), compared td13(Van Der Waals surface area = 21330)6and an increase in PSA

I at

(S145.53 vsl11320.23). This would be expected to result in a decrease in lipophilicity. Despite this,
a logPincrease is observed in both butantl3MS1, nlogP+0.41) and pentanol@®® MS2 plogP
+0.30). The incres in lipophilicity can tentatively be explained by the effective compensation of
the dipole moments of the S and & bonds, in a similar fashion to g®CE moiety!'’ The
proximity of the CEgroupto the sulphur also results in a reduction in the polarizabditjts lone

pairs. Overallthe combination of these two effects results in a highly lipophilic motif.

Work within the group is ogoing to synthesise the correspondiq@CE analogues and their

respective norfluorinated parent compounds for comparison.

logP L TTmmTTmmmmmomooooooooooooooooooooooooo
. F5CS
2.07 _ S ~on
S2+1.94
19
1.8 ! !
7777777777777777777777777777777777777 : A +0.30 ' Hansch Parameters
170 o~ b A+0.43 :
' F3CS OH . P X H
16 ' —_—  S14163 s L1 +1.64 (N.Muller) ! \© \©
o D Hy :
' . .C i
15| 1 +1.51 FsC™ " on | X e
N NN
1.4 A+0.41 'l OH H 0.00
‘ A+0.72 CHj 0.52
E . CF 0.88
1.3 3C\C/\/\0H b 3
H, L SCF, 1.44
12 113 +1.22 113 +1.22
FiC iy = logPy - logPy
11 OH
[ A+0.72
1.0 |
| A+0.75
09 G13 +0.91
| G +0.88 ——
3 F3C/\/\OH
0.8 1 Hac/\/\OH

Figure2.23- The-SCEmotif. L1 value obtained fronRef®
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2.8  Methodology development

2.8.1 Effects of impurities on lipophilicity

Occasionally, commercially available compounds are received with trace solvent residues or with
an unknown impurity present. In theory, small quantities of these impurities should have little to
no effect on the!>F NMR based logP determination methodimétl by the Linclau grouy.This is

due the use ofF NMR, whereno f dz2 NAY I G SR YI GSNALFE Aa y2i @)
shift dispersion, allowing for a reducedasite of overlap between different fluorine signals. It is
assumed that the ability for impurities to interact with either the measured substrate or reference
compound is heavily reduced because of low concentrations used in this methodi@an§ of
material in 4 mL of an octanold@ partition). Therefore, to properly assess the effects of impurities
Ay (KS [ Ay (PldétaminatiN® noethisdldlogyt & Series of experiments with different

solvent impurities was performed.

¢ NRA T dz2 N2 Bwadmeysréddive tirhe® @ith trifluoroethanol as the reference material
(Figure2.24), each with a separate solvent impurity (except the control). Thispeaformed by the
addition of a drop of solvent from a Pasteur pipette (~10 mg), to the partition prior to stirring and
subsequent equilibration of the biphasic mixture. The solvents used we@e(Entry 1Table2.3),
CHCb (Entry 2,Table2.3), THF (Entry 3Table2.3), andEtO, CHCk and THF (one drop of each,
Entry 4,Table2.3). Finally, a control experiment was also performed with the addition of no
impurity (Entry 5 Table2.3). As observed ifable2.3 below, all the measured |&values with
impurities present exhibit very small variations inRaglue to the control (Entry H,able2.3) and

the value published by the Linclgwoup (Entry 6Table2.3).%* Between all 6 entries, there is an
averagedgPvalue of +0.90 and a standagiéviation 0f+0.003. This showcasé#sat trace amounts

of impurities have little to no effect on the lipophilicity of either the measured substrate or

reference material, when using tH&F NMR loB determination procedure

F,C~ “OH F:C~ " "OH
LogP +0.36 LogP +0.91
03 G13

Figure2.24 - LodP values of 2,2, Zrifluoroethan-1-ol and 4,4 4trifluorobutan-1-ol
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Table2.3 - Effects ofimpurities on logP

Entry Additive LogP
1 EtO +0.89
2 CHCb +0.89
3 THF +0.90
4 EtO + CkCh+ THF +0.89
5 Control +0.90
6 Published +0.9P4
2.8.2 Log® measurements in BD

Previous work performed by M. Hertt al.,®? on a novel'H NMR based Id&ydetermination
procedure used ED in place of DX When describing the methodology, Herth mentions that the
difference in the physiological properties between the two solvents were neglected. Through the
dza S 2F (KS YrANyRlasedi®peMBnirmtithinethodology? a direct comparison
between the use of D and HO can be performed, as neither solvent will affect the accurate

integration of the measured fluorine signals.

With this in mind, aseries of substratewith various fluorinated motifs and a wide range logP
values {2.47 to +1.98Table2.4), were selectedThe!*F NMR based I&®determination method
was tren performed with am-octanofD,O partitionand the different substratesespectivelogP
values wereobtained These valuesvere then directly compared against their corresponding
octan-1-ol/H,0 partition valueswhichhad been prevously determined byhe Linclau groug* The
nlogP valuesranged from 0.00 to 0.052 Table2.40 ® ¢ KW@ &afueswith the excepton of
heptafluorobutanl-2 f log®$0.052) are all withinan acceptble range of +0.015 I&units. For
the studies of substratelere, it is evidentthat thereis no significant difference ithe measured
logP values when using either BD or HO as the polar phase during the partitioning stepthe

experiment

i See Chapter 1 Sectidn4.4for further discussion on thi$H NMR based |ddetermination method.
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Table2.4 - Comparison of log values recorded in both D and HO

Compound LogP?(D:O) LodP(H.O) nLod?

F2

Fsc/C\g:\OH +1.93 +1.98 -0.052
OH
fcAer. +1.67 +1.69  -0.015
F,¢7 " OH +0.91 +0.91 -0.005
FiCo o +0.41 +0.42  -0.013
g +0.11 +0.11  +0.001
Y -0.41 0.42  +0.013
FeoH -0.76 0.75  +0.009
OH

O_ ,OH
-2.46 -2.47 +0.011
HO “'OH
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2.9

In conclusion, a total of 66 novel Bgeasurements were performed utilizing th& NMR based

Conclusion

logP determination method developed by the Linclau grofigire2.25).%

OH

&_om OH i ™ YOH
L ~
F,C A _F gz ﬁ)\ ok F
C6 +0.61 E2 +0.20 E4 +0.48 E5 +0.48 E8 +1.25 F1+0.09
(A +0.31) (A -0.56) (4-0.28) (A -0.28) (A +0.49) (A-0.73)
F F F,HC OH
. /Y\OH /Y\OH . ) F,¢ " 0H
F\)\/\OH F \/c\/\OH H T:/\/
F2 +0.29 G1-0.12 G4 +0.26 G5 +0.27 G6 +0.29 G7 +0.29
(A -0.54) (A -1.00) (A -0.62) (A -0.61) (A -0.59) (A 0.59)
F
F2 Fgc/Y\OH Fy e Som & PASON
.C NN F3C C OH
~Con F HF,C” " 0H F, - g om F,
G8 +0.34 G9 +0.60 G10 +0.66 G11 +0.67 G12 +0.87 G14 +1.04
(A -0.54) (A -0.28) (A -0.22) (A-0.21) (A -0.01) (A +0.16)
j\ OH OH oH OH OH
FiC (F:/\OH F\/\)\ Fzg/\)\ /\)\/F /\(F: MEH
2 2 2
G16 +1.53 H1+0.42 H4 +0.64 H6 +0.74 H7 +1.04 H8 +1.14
(A +0.65) (A-0.77) (A -0.55) (A -0.45) (A-0.14) (A -0.05)
OH F/Y\/\OH HcmY\/\OH F/\C/\/\OH HE C\/\/\ F
2
cm/\)\ F E F2 OH \)\/\OH
H9 +1.24 11 +0.11 14 +0.52 15 +0.58 16 +0.66 18 +0.75
(A +0.05) (A -1.40) (A -0.99) (A -0.96) (A -0.85) (A -0.76)
F F. F2 F, Fp F2
2 ¢ oH ~..C HC. ..C FsC...C
F.C c ¢ % ¢ Son ~¢"¢"oH Ce-C e on
3 \/k/\OH A ST 2 F, F F, Fy F, F,
19 +0.84 111 +0.92 114 +1.25 115 +1.54 117 1.89 118 +2.57
(A -0.67) (A -0.59) (A -0.26) (A +0.03) (A +0.38) (A +1.06)
OH OH OH OH OH F3C. . ~_~_-OH
FsC ¢
J1+1.72 J2 +1.76 K1 +1.53 K2 +2.15 K3 +2.33 L2 +1.97
(A +0.07) (A +0.11) (A-0.23) (A +0.39) (A +0.57) (A -0.06)
OH OH OH OH FWOH F
F;,C\/\/J\/ MCFs Facv\M WC& F WOH
M3 +1.91 M4 +2.30 N1 +2.60 N2 +2.88 01 +0.78 02 +0.79
(A -0.33) (A +0.06) (A -0.08) (A +0.21) (A -0.42) (A -0.41)
F
A F
AN WOH OH F,C. F.C
FTY OH 1 Y\/\ X" 0on 2 Y\/\OH Ho/\)\/OH
F
03 +0.80 04 +0.87 05 +0.88 06 +1.20 07 +1.24 Q1-0.11
(A -0.40) (A -0.33) (4 -0.32) (A -0.00) (A +0.04) (A+0.72)
F
F, Fa HO" "¢ oH HO ¢ ¢ SoH C2 1, F
C. OH c ANl HO™ "'
HO Y~ HO™ >"~"0H Fy F, F, HO (F:z (F32 OH v
Q4 -0.62 R1-0.45 R2-0.34 R3-0.19 R4 +0.47 P1-0.12
(a +0.21) (A-0.72) (A -0.61) (A 0.46) (A +0.20) (A-0.72)
R ez F F
/AV A ve HO N F FiC8” " oH FaCS o on Ho o
F
HO
P2-0.05 P3 +0.04 P4 +0.24 S1+1.63 S$2 +1.94 T1-0.73
(A -0.30) (A-0.14) (A +0.06) (A +0.09)

Figure2.25- A total of 66 novel lo@ values ThenlogP valueslisted are in comparison to the

individual compounds respective parennolecule
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With this large number of novel fluorinated alkanols, the influence of fluorination on lipophilicity
ga Ay@SadAal G§SRO -roylofldorinadion, Yitiwiad folindfHatadildodingtion( 2 |
results in higher IgP values within their respective familieshe impact of the GFnotif at varying
distances from the alcohol moiety was also investigated through the use of matchedlpwaias.
found that as the distance between the{gffoup and the alcohol increasdahge n logP decreased,
eventually causing a reduction in lipophilicilyseries of polyfluorinated motifs was also examined
and in particular, it was recognised that exchange of thegg@fep for a Ckbnthe pentafluoroethyl
(CK(CR)-) motif or on gperfluoroalkanol, results in a large decrease in lipophilicity. An unexpected
decrease in lipophilicity upon exchange of-& 6ond on a terminal trifluoromethyl group for a C
Me bond, resulting in the formation of the-8:Me group was also observed. Tipartially
fluorinated groups,CAH-CF, and &»-CHH,, were also identified as novel I6gowering motifs in
comparison to their respective parent compounds. Pleasinglyyith@ifluoro motif proved to have

the lowest lodP values recorded within their resptige family. The impact of fluorination on diols
was also examined, allowing for the investigation of mamad difluorination on polar molecules.
The first lo@ values for fluorinated alkenes amgiclopropanemethanaolvithin the group were also
determined. Finally, the impact of th&CEmotif on lipophilicity was evaluated by comparison to

other fluorinated and nosfluorinated motifs.

The reproducibility of this method in the presence of trace amount of impurites eonfirmed by
control experiments. The use ot® in place of D was also proven, which would allow for the
measurement of notluorinated aliphatic parent compounds B NMR, for comparative studies

in the future.
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3.1 Introduction

In this chapter, fluorinated alkanglsynthesised by either monoor difluorination will be
discussed. These substrates weymthesisedor their use in the investigation of the effects of
aliphatic fluorinatioron lipophilicity (see Chapter 2). The introduction of these meand difluoro
motifs will be attempted through the wuse of either electrophilic fluorination,
deoxo/deoxyfluorination, a mixture of these two techniques, or the vicinal difluorination of an

alkene.The retrosynthetic analysis of all desired compounds in this chapter will now be performed.

3.1.1 Retrosynthetic analysiand synthetic plan

The synthesis of 2;@ifluorobutanolGlland 2,2difluoropentarntl1-ol 114 can beaccomplishedia
electrophilic fluorination with NFSIS¢heme3.1), starting from their respectiveommercially
available aldehyde8.1and 3.2. The mone and difluoreanalogues of 1utane diol,Qland Q4
respectively, can be accessed from the aldet®@wiaelectrophilic fluorination with NFSS¢heme
3.1). Thealdehyde3.3, will be synthesisettom 1,4butane-diol Q, following mono protection and

subsequent oxidation of the remainiradcohol.

FF
\WOH _ WO
n n
Gi11n=1 31n=1
M4 n=2 32n=2
F R F o OH
HO/\)\/OH * HOA)@OH —— po " T/ HO
Q1 Q4 3.3 Q

Schemes.1 - Planned electrophilic fluorination with NFSI

It was envisioned that the synthesis@Landl1 (Schemes.2) could be achievethrougheither the
vicinal difluorination of the alkene8.4 and I, or the deoxyfluorination of the advanced
intermediates 3.5 and 3.6, obtained throughelectrophilic fluorinationas shown in Scheme 3Tre
trifluorinated group RCH-CHE (G7andl4), could alsdbe synthesised from the saniermediates
3.5 and 3.6, via oxidaion to their corresponding fluoroaldehydédollowed by deoxofluorination.
Thesynthesis of the othetrifluorinated motif RCECHF G5andI5), will be attempted through the

deoxyfluorination of3.7 and 3.8 respectively.
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F
F
HO%
n
Gln=1
1 n=2

F
ANIACF 0T /\MJ\rF
HO n HO n
F
G1n=1 G7n=1
M1 n=2 14 n=2
FF
%F
HO n
G5n=1
15 n=2

p—

HO/\<\%/\

n

34n=1
In=2

F
Po/\Mi\/OH

3.5n=1
36n=2

/@i/
OH
PO n

3.7n=1
38n=2

Scheme3.2 - Proposed route forG1, 11, G7, 14, G5and |5

Retrosynthetic analysis of the analogues foun&aineme3.3, reveals that their synthesis can be

accomplishediaeither deoxe or deoxyfluorination of their corresponding commercially available

starting materials.

F
HO\)\/

G4

R F
HO%
G8n=1
17 n=2

3.9

0
HO/\%

311 n=1
3142n=2

OH
: HO\)\/

G6n=1
16 n=2

OH
: )\”/
O
3.10

_ HOA@;\/OH

Scheme3.3 - Synthesis by nucleophilic fluorination

The ketone 3.13 (Scheme 3.4)required for synthesis of either thenondfluorinated 18 or the

difluorinated analoguelll (after reduction to the corresponding alcohply not commercially

available. Therefore3.13will be synthesiged via an oxaMichael additionfrom ethyl vinyl ketone

3.14.1%7

F R F

HO/\)\/ or HO/\)V

18 11

3.13

(6] (0]
Bno/\)J\/ \)J\/

3.14

Scheme3.4 - Retrosynthetic analysis dBand 11

While the synthesis dfil (Scheme 3.5has been previously performed by Petersen al.'?® the

synthetic route employed the highly toxic reagent, mercury qlilphate (HgS@). Thus a safer
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alternative route was required. A retrosynthetic analysis Hf and H&& A Y RA OF-G SR
valerolactone3.16 could be employed as a common starting evél for both analogues. Their
synthesises can be accomplishidlowing the reduction 0f3.16 to its coresponding diol and
subsequent protection of the secondary alcotaffording the key intermediat8.15. Fluorination

with DAST can then be performed, to yield either th#udropentan2-ol H1 or the previously

unreported 5,5difluoropentan2-ol H4 (after oxidation of the alcohol to its respective aldehyde).

OH o OH OP o o)
r
: — c— Or
)\/\/ )\/\CFZH )\/\/O
H1 H4 3.15 3.16

Schemel.5 - Retrosynthetic analysis dfiland H4

Retrosynthetic analysisf H7 (Scheme3.6) leads tothe ketone3.17, whichcan be obtained from
(-)-ethyl L-lactate3.18viaa Weinrd ketone synthesis?®

OH OP OH
)5(\ p— )\n/\ p— /\[]/O\/
F F o) 0
H7 3.17 3.18

Schemes.6 - Retrosynthetic analysis of 3;8ifluoropentan-2-ol H7

3.2  Electrophilic fluorination

3.2.1 Introduction

Electrophilic fluorination is a eful tool to allow for the introduction of the-€ bond into organic
Y2fSOdz Sad |1 26SOSNE (KS ISY'SNIXIAPY GFad@ K&l R
fluorine is the most electronegative element knowfi Over the years, a series of reagents have
been developed to tackle this issue. These reagents either exploited the inductive effect,
withdrawing the electronic charge from fluorine, or utilized the presence of another highly
electronegative group, or a aabination of the two. Initially, fluorine gasx(First isolated by H.
Moissan in 18867 had been employed as the original electrophilic fluorination reagent, however

it is highly reactive, toxic and requires specialist equipment for its handling which is not available in
Southamptont3?133 Advancements on the reageni $aw the development of a series of reagents
containing an @ bond(e.g.CEOF, HOF and Cs&{3+1%°* Nevertheless they were still considered

too reactive and difficult to handle. Finally, a bench stable, solid source of electrophilic fluorine was
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developed, xenon difluoride. Unfortunately, due to its high oxidation potential, many fundtiona

groups are unstable towards the reagéft.

Fortunately, in the 1980s severaltMNbond containing reagents were published, which were
crystalline, moistureand benchstable Figure3.1).2*3 Unlike the aforementioned electrophilic
fluorination reagents, these required no specialist handling or equipnaewt were shown to
oxidise and fluorinate under mild conditiot8” Important N-F reagents include N-
fluorobenzensulptonimide (NFSI), Selectfluor® and varibguoropyridinium salts, which have
been employed to perform electrophilic fluorination of a range of aromatic ringgn&d

reagents, lithium salts aneholates!*% 138

Pho® Q. _Ph N ClBF : rRE D
/S\ .S R [ +\7 4 +
7NN BF, N N
o 7 O i N
F F X F
NFSI Selectfluor N-fluoropyridinium salts
X =BF,4 or TfO

Figure3.1 - Electrophilic fluorination reagents

Herein, NFSI is covered in greater detail, as a result of the success this reagent has had performing
either h-fluorination or h h-difluorination of aldehydes. These fluorination techniques were
developed byD. MacMillanet al.**® and C.Barbaset a.*° The introduction of a fluorine in this
manner is achieved through the reaction of an alddy3.19 with a secondary amine
organocatalyst $cheme3.7). This allows for the formation of an enamile20, followed by
electrophilic fluorination wth N-fluorobenzenasulptonimide (NFSI). The resultant fluoroaldehyde

3.21 can then either be reduced to their corresponding alcohol, undergo a second round of

fluorination (if excess of NFSl is used), or functionalised to fluoroamiaesductive aminatio.4*

142

0 o ! o secondary amine
+ W _N_ 7 R1 W)J\
R H
1\)J\H Ph/s\b O//S\ Ph enamine catalysis

3.19 NFSI 3.21

> N R,
2° amine R1\/\H NFSI

3.20

Scheme3.7-h NH | y 2 O |fidrifiadoi ad@pted fromD. MacMillan et al.*3°
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3.2.2 Synthesis of 2, 2ifluorobutan-1-ol and2,2-difluoropentan-1-ol

The synthesis of both 2difluorobutan1-ol G11land 2,2difluoropentarntl1-ol 114 wasachievedvia
electrophilic fluorination with NF$bcheme8.8), utilizing an adapted procedure from C. Lindsey
al.}*2 Treatment of the aldehyde.1, with excess NFSI and catalytic proline, allowed for the
formation of its corresponding fluoroaldehyde intermedi®8€22 Reduction with NaBHyielded
the final product 2,Aifluorobutan-1-ol G11in a yieldof 28%. The synthesis of ZJ#luoropentan

1-ol 114 was achieved in a similar fashion starting from the aldelt8/@e

Several key modifications to the published synthetic procedure were performed due to the
presumed volatility of the fluoraldehydes inteadiates 3.22 and 3.23. Traditionally,after the
agueous work up of the electrophilic fluorination, the crude fluoroaldehyde intermediate would be
concentrated andhen reduced with NaBlHn a CHCL/EtOH solvent system. However, because of
the presumed vdltility of the fluoraldehydes, after aqueous work np concentratiorof the crude
mixture was performedinstead the resultant crudematerial, dissolved in a mixture dHFand

EtO, was treated directly with NaBHI ke reaction waghen monitored by*°*FNMR until complete
reduction of the fluoroaldehyde intermediate was observiédhe THF were to be remove this
stage,at a reduced pressurn@-vacuq® a considerable loss of product woustlll occurdue to the
volatility of the final compoundd haefore, the THF solvent was remowad short path distillation

before purificationvia column chromatography.

NFSI (2.5 equiv)
40% Proline FF NaBH, (10 equiv) FF
A g lWO] = L oH
n THF, rt n THF/Et,0, rt n
16 h 16 h
31n=1 3.22n=1 G11n=1(28%)
32n=2 3.23n=2 114 n=2(33%)

Scheme3.8 - Synthesis of 2,2lifluorobutan-1-ol and2,2-difluoropentan-1-ol

3.23 Synthesis of Zluorobutan-1,4-diol and 2,2difluorobutan-1,4-diol

The synthesis of both-fuorobutan1,4-diol Q1 and 2,2difluorobutan1,4-diol Q4 commenced
from the commercially availablé,4-butandiol Q (Scheme3.9). An initial monebenzoylation
protection ofQwasaccomplished, affording.24in a yield of 59%. Following thi& Swern oxidation
was performed and the resultinaldehyde3.25was isolatedvia column chromatographywith a

yield of 93%

Xt procedure often utilized for the removal of commonly used low boiling point solvpatggne, CECb
and EzO).
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DMSO
BzClI (COCl),
OH pyridine EtsN o
HO™ > p— rt, BZO/\/\/OH %780 c BZOW
2Ll 1, -
2h, 59% 97%
Q 3.24 3.25

Scheme3.9 - Synthesis of 9xobutyl benzoate

With 3.25in hand, the organocatalytic fluorination with NFSI anchtalyticsecondary amineas
described by C. Lindsley al'#*%2 and D. MacMillaret al.,**® could now be performed. If the
correct chiral organocatalyst is employed, théluorination product can bestereo selective to high
degrees oke However, the stereochemistry of the fluorine is not a priority in the synthediglof
since enantiomershave the same Idg value when measured in an octanol/water system
Therefore L-proline (which was reported to lead to a low enantioselectivity of the fluorinativa$

the chosen organocatalydtecause of its low costnd commercial availability

F F F
See Table 3.1
BZOWO > BZO/WO + BZQWO

3.25 3.26 3.27
NaBH,
(5 equiv) F FEF
- +
OH OH
CH,CI,/EtOH, BZO/\)\/ Bzo/\)kf
rt, 30 min
3.28 3.29

Scheme3.10 - Optimization of electrophilic fluorination

Initially, standard conditions to afford the-fluorination product 3.28 were attempted Scheme
3.10, Entry 1,Table3.1). Thisafforded a mixture of the desired mon@nd difluorinatedsubstrates
3.26and 3.27. These fluoroaldehydes were then reducas a mixture with sodium borohydride,
yielding 3.28 and 3.29 respectively,which were later successfully separatga flash column
chromatographyUnfortunately, only 7% of the desirédfluorination product3.28was isolated
with 30% of theh difluorinated 3.29 by-product isolated separatelyThis is thought to have
occurred due to the fluorination occurring faster than the enamine aldehyde equilibrium.
Therefore, in order to improvehe yield stoichiometric proline was used (EntryTable3.1). This
favoured theh -fluorination product3.28with an isolated yield of 49%oweverh B-difluorination

still occurred affording.29in a9% yield. The reaction was repeated once more with more slightly
reduced equivalents of NFSI (1 equamyl anincreased isolated yield of 65%228was achieved,
although3.29was still present with a 9% isolated yield (Entry&ple3.1). Finally, one iteration of

h Zdifluorination was attemptedwith excess NFSI and catéd L-proline (Entry 4 Table 3.1),
affording3.29in a 40% yieldwith noh -mondfluorination product observedAlthough the yield for

theh Zdifluorinationreaction was lower than hoped fohé optimization of this reaction was not
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investigated furtheras sufficientquantities 0f3.29 had been isolatedhrough the combining of

material obtainedfrom the optimization of3.28.

Table3.1 - Optimization of electrophilic fluorination Reaction conditions: rt, 16 h, THFPrOH

(9:1). NFSI and-Proline equivs, scale and yields can be found in the table.

Entry Conditionsand scale Isolated yield (over 2 steps)

1 NFSI (1.05 equiv);Proline (0.2 7% B.28) + 30%3.29)
equiv),0.92 g

X NFSI (1.05 equiv}Proline (10 49% 8.28) + 9%3.29)
equiv), 0.92 g

2 NFSI (D equiv),L-Proline (10 65% 8.28) + 9%3.29
equiv),6.72g

A NFSI (2.2 equiv);Proline(0.4 0% B.28) + 40%3.29)
equiv), 0.92 g

Following the successful optimisati@f the h-fluorination process,both 3.28 and 3.29 were
individually deprotected with 25% NaOMe in MeOl$cheme3.11). This yielded the desired
productsQlas an oil and4 as a crystalline solid, with therdy crystal structure shown iRigure
3.2

25% NaOMe

F in MeOH F
OH > OH
BZO/\)\/ Et,0, 1, 16 h HO/\)\/
35%
3.28 Q1
25% NaOMe
EF in MeOH EF
OH > OH
BzO/\)§/ Et,0, 1t, 16 h HO%
27%
3.29 Q4

Schemes.11 - Synthesis of Zluorobutan-1,4-diol and 2,2difluorobutan-1,4-diol
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Figure3.2 - Crystal structure ofQ4. Thermal ellipsoidg Carbon =black,oxygen = red, fluorine =

green and hydrogen = grey.

3.24 Synthesis ohdvanced fluorinated pentari-ol intermediatesvia electrophilic

fluorination

The synthesis 08.30 (Scheme3.12) was performed in a similar fashion to the synthesiS@5
(Schemed.9). The subsequent electrophilic fluorination to affardrrespondindluorinated pentyl
substrates utilized the previously optimizeédfluorinationconditions Thisallowed for the isolation

of both 3.33and 3.34in sufficient yields for further derivation, 48% and 13% respectively. Unlike
3.28and 3.29 (Scheme3.11), 3.33 and 3.34 were not deprotected to tord their corresponding

diols, due to another ongoing project within the groumvestigating fluorinated 1 pentandiol

linkers.
NFSI (1 equiv)
1) BzCl, pyridine Proline (1 equiv)
P
HO™ >">"0H BzO ~o
2) Swern THF, rt, 16 h
45% Over 2 steps
R 3.30
NaBH,4
5 equiv
BZOWO + BZOWO 6 equv)
F F F CH,CI,/EtOH
rt, 30 min
3.31 3.32

B20” Y OH L Bz0” " oH

F FF

3.33 (48%) 3.34 (13%)

Scheme3.12 - Synthesis of advanced intermediatés33and 3.34
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3.3  Nucleophilicfluorination

3.3.1 Introduction

Nucleophilic fluorination remains a challging area in organic chemistry.ffiziulties in the
formation of the GF bondin this mannetr NA &S FNRY T é @za6hFagiuS)@ad low Y | f
polarizability** These properties allow for fluorine to act as bothueleophile ands abase which

can lead taunfavourable side reactionsnainly deprotonation anélimination.

Over the years, various fluoride sources have been employed to displace either a halide or
sulplonate esters in order to form the-E bond. HF based reagents (e.g-RyFdine,EENu8HF,
DMPUWHF}** have been used, although these are corrosive and toxic making them undesirable
reagents. Solid sources of fluorine include aikadital fluoride saltge.g., KF and Cskhich were
initially employed due to their affordability and commercial availabffity*® Unfortunately,
because of their high lattice energfhese reagents behave as weak nucleophiles and have poor
solubility inmostorganic solventsThese issues can ladleviatad through the use of crown ethers
(improving nucleophilicity), high boiling solvents accompanied with elevated reaction temperatures
(aiding solubility), or a combination of the tw#. Tetralkylammonium fluorides (e.g. TBAF
TBAERW*, TBAR(BUOH)**and TBAF*® as seen irFigure3.3) were developed as a replacement

for the alkalimetal fluorides.The use of a bulky organic cation in place of the inorgarieoM
allows for increased solubility in organic solvents, the reduction of ion pairing and the improvement
of the nucleophilicity (and basicity) of the fluoride i5AFurther advances on orgot sulplonate
displacement deoxyfluorination reagents has taken place inntegears with reagents such as

PyFluot*¢ and nonafluorsulptonyl fluoride (NfF§*’

+ -
nBuN F N o )
I Fo P
=
TBAF TBAT PyFluor NfF

Figure3.3 - Newly developed nucleophilic fluorination reagents

A series of sulphubased organic compounds have also been developed, serving as powerful
deoxy/deoxofluorination reagents that require no pagetivation of the functional groupi.¢.
activation of an alcohaliaits conversion to a mesylate leaving grouphe development of these
sulphurbased fluorination reagents began with sulphur tetrafluorides8€'*° which has been
used for a range of nucleophilic flunation reactions>® However, its high toxicity (similar to that

of phosgene) and volatility (b.p40 °Q resulted in the requirement of specialist equipment.
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Therefore in 19753 DuPont disclosed a bench stable reagéhty\diethylaminosulphur trifluoride
(DASTFigure3.4) as an alternative to sFUnfortunately, it was unstable to heat. It is known to
rapidly decompose at60 °C and is explosive at high temperatifresl 55 °C, releasing 1641 J&j)
believed to be because of its degradation prou@mine andgulphurbased compoundsf3Thus,
DeoxoFluor® wasdeveloped as a safer alternative90 °C decomposition temperature}>
Recently XtalFlueE®, XtalfluorM®®2 and Fluolead™* have also been developed as a new
generation of benctstable solids with higher degrees of thermal stability. Unfortunately, these
sulphurbased reagents also tend to have po@rsioselectivity in deoxyfluorination reactions. This
is because they can be prone tal$athways, as well as the expecte@ Salthough, additives can

correct this!®®

?Fs ?Fs BF, BF,
N N — F —/ F SF3
r W j 1 +N=S O +N=s
MeO OMe - F — F t-Bu
DAST Deoxo-Fluor® XtalFluor-E® XtalFluor-M® Fluolead™

Figure3.4 - Popular sulphutbased fluorination reagents

3.3.2 Synthesis of3,4-difluorobutan-1-ol and 4,5difluoropentan-1-ol

It was envisioned that a simple deoxyfluorination could be performed on the previously synthesised
3.28and 3.33(Schemed.13), which wouldyield 3.35and 3.36respectively. A scan of the literature
revealed a similar deoxyfluorinatipperformed by Vorbergt al., utilizing NfF as their fluorination
reagent!!® The deoxyfluorination 08.28 and 3.33 with NfF progressed with easaffording the
desired vicinal difluoride8.35 and 3.36 in good vyields. Unfortunate)yfollowing the benzoate
cleavage 08.35 Glwasisolated in a low 27% yielthitially, this was presumed to be due to high
volatility of G1, but upon further consideration it is believed to have undergorig4acyclisation
substituting a fluoride If the benzoate cleavage was to hepeated the formation 3-
fluorotetrahydrofurancould be confirmed by°F NMRanalysisof the reaction mixtureA similar
reaction had occurred previoushithin the group when thedistillation of 4fluoropentanl-olwas
attempted Scheme3.14), it was discovered that ~20% of the material had cyclised to give 2
methytetrahydrofuran®* Following this, to avoid any further Xgyclisatiors, the deprotection of
3.36was performed at 0 >@\nalysis of the reaction mixtukéa °F NMRanalysis revealedomplete
consumption of starting materialvith no evolution of fluorinated side product$he finalisolated
yield for 11 of 83%further suggests that no side reactions occurred. Themfdeprotectiors of

substrateswvhere a potentiall ,4-cyclisationcould occurshould be performed at 0 °C.
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NfF 25% NaOMe
E EtzN+3HF E in MeOH F
—_— —_—
Bzo/*%\/OH EGN, r, Bzo/\MJn\/F Et,0 HO% F
THF rt, 16 h (3.35)
3.28n=1 4 h (3.28) 3.35n=1(63%) 0°C.6h (3.36) G1n=1(27%)
3.33n=2 16 h (3.36) 3.36 n =2 (64%) 1 n=2(83%)

Scheme3.13 - Synthesis of 3,4lifluorobutan-1-ol and 4,5difluoropentan-1-ol

F A O/
HO\/\)\ o)

~20%
3.37 3.38

Scheme3.14 - Undesired thermal degradation of-luoropentan-1-ol

3.3.3 Synthesis of 3,4 4rifluorobutan-1-ol and 4,5,5trifluoropentan-1-ol

No synthetic routefor the synthesis of the trifluoranotif RCH-CHF;, via deoxofluorinationhas
previously been reportedrherefore, ¢ A (i K -mbfiofuorbhydrin3.28and3.33in hard (Scheme
3.15), the synthesis o&7and|5 by deoxofluorinatiorwasinvestigated While the synthesis .26
and3.31was achieved earliariaelectrophilic fluorination with NFSI, it was decided not to use this
route due to the reaction producing both the monand difluorinated analogues, which may
complicate purification at later stages. Therefo®E A R | ( A 2 -yhon@lForohydsiS to the
corresponding aldehydevas performed Despite the formation of the aldehydeé&26 and 3.31
earlier,viaelectrophilic fluorination with NFSI (Sectigr2.2, aliterature search reveals that this is
a relatively mcommon reaction despite this standard conditions for either aw®rn,’*’ Dess
Martin periodinane (DMPY® or PC&®° oxidations have all been reported. Due to the ease of

handing and the facile nature of the reaction, DMP was the chosen oxidation reagent.

Both alcohols were successfullyidized to the corresponding aldehydéefore subsequent
deoxofluorination with DASTproviding3.39 and 3.40 in yields of 34% and 35% over 2 steps
respectively(Schemes.15). Finally, cleavage of the benzoate afforded the desired novel trifluoro

motif G7andI5in good yields, 79% and 88% respectively.

F DMP F DAST
Bzo/w CH,Cl,, BzO & CH,Cls,
n n,1h n rt, 16 h
3.28n=1 326 n=1
3.33n=2 331n=2
25% NaOMe
F F in MeOH F F
—_——
F rt, 16 h F
3.39 n = 1 (34%) G7n=1(79%)
3.40 n = 2 (35%) I5 n=2(88%)

Scheme3.15 - Synthesis of 3,4 4rifluorobutan-1-ol and 4,5,5trifluoropentan-1-ol
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3.34 Synthesis of 3,3 4rifluorobutan-1-ol and 4,4,5trifluoropentanol

The trifluorinated motif RCECHF has little precedence within literaturand its synthesisvia
deoxyfluorination has only been performed twice on aromatic substrate®nce with
nonafluorobutaneulphonyl fluoride (NfPf°and once withDAS¥! (Schemes.16). Therefore, the

introduction of this of this relatively novel motif onto aliphatic substrates will be investigated.

NfF, EtzN-3HF,

~N Et;N 7N
_0O AN OH - _0O X E
O F F 60°C, 4 h O F F
95%
3.41 3.42
R F R F
OH F
| N @ DAST | XN /@)k/
“ o CH,Cl “ o
3h
Br 37% Br
3.43 3.44

Scheme3.16 - Previously reported deoxyfluorination to afford the desired trifluorinated motif

With intermediate 3.29 (Scheme3.17) in hand from the 2 Rlifluorobutanl,4-diol Q4, its
deoxyfluorination toprovidethe trifluorinated 3.45was attempted employing either NfF or DAST.
The first reaction utilized the deoxyfluorination reagent NfF using the originally published
conditions by J. Yinet al. (Entry 1, Table 3.2).*" This reaction yielded 10% of the desired
trifluorinated product3.45and 70% of theulphonyl intermediate3.46, as a crystalline soligFigure

3.5). The reaction required harsher conditions to progress at a faster rate and therefore the reaction
was repeated at 80C (Entry ZTable3.2). An increased yield of 68% wabtainedwith nosulplonyl
intermediate observedThe second deoxyfluorination reagent employed was DAST, however this
reaction was very sloywith TLC analysiindicating an incomplete reaction after 5 ddintry 3
Table3.2). Despite this slow reactigthe desired trifluorinated produc3.45was isolated in a good
yield of 60%with 30% of the starting material being reclaimed. Fortunately, upon heating the
reaction to 40°C a similar yield of 56%vasachieved with a vastly reduced reaction timme16 h
(Entry 4 Table 3.2). Increasingreaction temperaturefurther may improve yields and reduce
reaction times, but it is important to note the hazards that can arisemheating DAS{See Samn

3.3.]). Thus,it isundesirable to approach these temperatures even for short periods of,tsnao

further optimization with DAST was performed.

Therefore if a similar deoxyfluorination is toebperformed, NfiShouldbe the reagent of choicdt
provided higher yieldand the purification of the desired material was easier, due to the lack of

DAST degradants that can complicliésh columrchromatography.
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RF
R F See Table 3.2 R F ~X_o L F
oH — > F * BzO S« ~-C~-CF
BZO/\)k/ Bzo/\)K/ O// (F: E 3
2 2
3.29 3.45 3.46

Scheme3.17 - Synthesis of 3,3 4rifluorobutyl benzoate

Table3.2 - Deoxyfluorination optimization

Condit Isolated yield
onditions
Entry (3.45)
10%(3.45) +
1 NfF, EiNo8HF, BN, MeCNrt, 16 h
70%(3.46)
2 NfF, EiNo8HF, EIN, MeCNB0°G 16 h 68%
3 DAST, Gigb, rt, 5 days 60%
4 DAST, C&b, 40°C 16 h 56%

f# -
v 9 ?/o
¥

. o
o $H €
¢

) e ‘ '/" J
:i"i :‘/!.

¥

Figure3.5 - Crystal structure 03.46

With the sulptonyl intermediate 3.46 (Scheme3.18) in hand from the previously attempted
fluorination of 3.45, the desired fluorination reaction was driven to completion at°8in the
presence of ENu8HF and EN, to afford the desired deoxyfluorination produt45in an 88%
yield. This provided a twstep yield of 62%, slightly lower than that of the 68% yathined in
the one pot reactionEntry 2 Table3.2).
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FE Et;N-3HF
O F EtsN F F
o. 2
Bzo/\)@ S C. CFy ————> F
g e MeCN BzO
F2 F2 80 °C, 16 h
88%
3.46 3.45

Scheme3.18 - Synthesis of 3,3 4rifluorobutyl benzoate

Following the successful optimisation in the synthesi8.db (Scheme3.19), the fluorination
conditions were applied to the pentyl analogte afford 3.47in an in excellent yieldf 78%. Finally,
deprotection of the benzoate protecting group was performed with 25% NaOMe in MeOH in both

cases, to yield the desired final produ@Sandl4in a yield of 62% and 87% respectively.

NfF 25% NaOMe
F F Et;N<3HF E F in MeOH F F
OH — >~ %F a4 F
Bzo/\@k/ BzO Et,0 HO
n Et3N MeCN n rt, 16 h n
80 °C, 16 h
3.29n=1 3.45n=1(68%) G5n=1(62%)
3.34n=2 3.47 n=2 (78%) 14 n=2(87%)

Scheme3.19 - Synthesis of 3,3 4rifluorobutan-1-ol and 4,4,5trifluoropentanol

3.35 Synthesis of Zluorobutanol

The synthesis of -fHluorobutanol G4 was also achieved via deoxyfluorination with
nonafluorobutaneulphonyl fluoride. Selective protection of the primary alcohol 2B was
achieved with benzoyl chlorid&chemes.20), affording3.48and 3.49in isolated yields of 79% and

3% respectively after column chromatography.

Benzyl chloride

OH pyridine OH OBz
+
Ho A CH,Cl, B0 _A_- Ho
rt, 16 h
3.9 3.48 (79%) 3.49 (3%)

Scheme3.20 - Selective protection 088.9to afford 3.48and 3.49

With pure 3.48in hand(Scheme3.21), the monofluorinatedproduct 3.50 was obtainedvia NfF
mediated deoxyfluorination Subsequentcleavage of the benzoate ester produced the final

compound 2fluorobutanolG4, with an overall yield of 34% over 3 steps.

NfF, Et3N, 25% NaOMe
OH EtsN-3HF E in MeOH E
_—_—
Bz20._h_- MeCN, rt, 16 h B20 Et,O, rt, 18 h Ho -
66% 65%
3.48 3.50 G4

Scheme3.21 - Synthesis oR-fluorobutanol
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3.3.6 Synthesis towards 3;8lifluorobutan-2-ol

Starting from the commercially available keton®.10 (Scheme3.22), The synthesis of 3;3
difluorobutan-2-ol wassuccessfully performe&tandard conditions were employed for the benzoyl
protection of 3.10, yielding3.51 The deoxofluorination 08.51 was caried out utilizing DAST,
although this yielded an inseparable mixture of the desigedndifluoro product3.52 and the
fluoroalkene elimination produc3.53in a ratio of 9:1. Unfortunately, upon deprotection the two

products remained inseparable, yieldia mixture o£4andE5in a ratio of 85:15V

BzCl DAST 25% NaOMe
)\"/ Pyrldlne 0Bz 40 °C,48 h )5( )\]/ in MeOH )O;( )O\H]/
+
CH,Cl,, rt, 10 h CH,Cl, Et,O, rt, 24 h
F F
63% © 63% 60% F
3.10 3.51 3.52 3.53 E4 E5
9 : 1 85 : 15

Scheme3.22 - Synthesis of 3,3liflurofluorobutan-2-ol

3.3.7 Synthesis of 3,3lifluorobutan-1-ol and 4,4difluoropentan-1-ol

The synthesis of the 3@ifluorobutanl1-ol was achieved in three steps from the commercially
available 4hydroxybutan2-one 3.11(Scheme3.23). First benzoate protection 08.11was carried

out providing3.54. However, after purification bgolumn chromatographyresidual benzoic acid
was observedvia *H NMR analysis. Fortunately, this impurity does not hinder the ensuing
fluorination and will onlyreact with DAST to form its respective acyl fluoride demonstrated on
similar substrate¥? or by the treatment of benzoic acid with Deoxéluo®'>* The
deoxofluorination of3.54wastherefore performed with no furthe purification, yielding thgem-
difluoro product3.56. Finally deprotection was performed witB5% NaOMe in MeOH to yield the
desired 3,&difluorobutan1-ol, G8* Starting from commercially availablehydroxypentar2-one

3.12 the synthesis of 4;difluoropentan1-ol I7 was performed in a similar mannas forG8

BzCl 25% NaOMe
EtsN o) DAST E F in MeOH FF
—_— —_—
CH,Cl,, rt,40h  BzO n CH,Cl,, 40 °C 820% Et,0, rt HO%
41 h (3.54) 22 h (3.56)
311n=1 3.54n=1(80%) 48 (3.55) 3.56 n =1 (84%) 16 h (3.57) G8 n =1 (39%)
312n=2 3.55n =2 (68%) 3.57 n =2 (53%) 17 n=2(76%)

SchemeB.23 - Synthesis of 3,3lifluorobutan-1-ol and 4,4difluoropentan-1-ol

XV This synthetic work was performed by Simon Hollantiydar MChem student) under my supervision
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3.3.8 Synthesis of 4,4ifluorobutan-1-ol and 5,5difluoropentanol

The synthesis of 4difluorobutanoll-ol G6 (Scheme 3.24xommenced from the advanced
intermediate3.25(previously synthesised Bection3.2.3. The deoxofluorination of the aldehyde
3.25with DAST provided thgem-difluorinated product3.58in a high yield of 86%. Deprotection
of 3.58was then performed with 25% NaOMe in MeOH to afford the desiredididorobutan1-
ol, G&* Starting from the advanced intermediaBe30(previously synthesised ire&ion3.2.4), the

synthesis of 5 &lifluoropentani-ol 16 was performed in a similar manner @6*"

25% NaOMe

DAST F in MeOH F
o = 5 BZOM Ho/\@/\(
BzO Z n n

n CHyCly, rt F Et,0, rt F
3.25n=1 20 h (3.25) 3.58 n =1 (86%) 4h (3.58) G6 n =1 (80%)
3.30n=2 60 h (3.30) 3.59 n=2(91%) 18 h (3.59) 16 n=2(86%)

Scheme3.24 - Synthesis of 4,4lifluorobutan-1-ol and 5,5difluoropentan-1-ol

3.3.9 Synthesis of Fluoropentan-1-ol

The synthesis of-Buoropentantl-ol I8 was accomplished from the starting material ethyl vinyl
ketone3.14(Scheme8.25). The first step of this synthesis is an-dk&hael addition, promoted by
aqueous sodium carbonatasreported by Y. Wangt al!?” Disappointinglythe first attempt to
replicate their synthesis provide®l13in a yield of 33%Entry 1,Table3.3), much lower than the
published 73%. Due to similar retention factors, there wa® alifficulty in the isolatiorof the
target compound3.13from unreacted benzyl alcoheia column chromatography. In an attempt

to ease purification, the reaction was repeated with substantially less equivalents of benzyl alcohol
(1.1 equiv vs O equiv, Entry 2 Table 3.3). This procedural modification facilitated easier
purification of3.13and conveniently, the same yield as the previous attempt was obtained. As all
the starting materials are inexpensivachcommercially available, no further reaction optimisation
was performed, and a final largeeale reaction was completed with 1.5 equiv of benzyl alcohol
(Entry 3,Table3.3). The isolation 088.13 was achieved and a slightly improved 42% yield was

observed, providing enough substrate to accomplish the synthesidglob®pentani-ol I8.

16) See Table 3.3 0
_— >
\)j\/ Bno/\)j\/

3.14 3.13

Schemes.25 - Synthesis 083.13

*This synthetic work was performed by Ryan Squire (Summer student) under my supervision
¥ This synthetic work was performed by Thomasin Brifitly@ir MChem stdent) under my supervision
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Table3.3 - Conditions for synthesis 03.13

Entry Conditions Yield

BnOH (4 equiv),
1 aq. NaCQ (0.05 M) 33%
rt, 16 h

BnOH (1.1 equiv),
2 ag. NaCQ (0.05 M) 33%
rt, 16 h

BnOH (1.5 equiv),
3 ag. NaCQ (0.05 M) 42%
rt, 16 h

With 3.13in hand(Scheme3.26), the reduction of theketone was performed with NaBldnd the
resultant alcohol3.60 underwent NfFmediated deoxyfluorination. This afforded a partially
separable mixture of the desired monofluorination prod@odland a combination of alken&s62
(elimination products), in &atio of 10:0.4 respectively. To enable a facile isolatio.6fL from its
corresponding alkene side produ@s62, the mixture was treated wittmCPBAresulting in the
epoxidation of the alkenes. The epoxides formed were more polar than the desimihéted
product3.61, allowing for its isolation by column chromatography. This provRiédin a yield of
35% over 2 steps. Finally, hydrogenolysis of the benzyl ether protecting groupiafiirded the
desired product8in a high yield of 87%

NfF

EtzN-3HF
0 NaBH, OH Et;N F
/\)J\/ - /\)\/ T . /\)\/ + BHOW
BnO MeOH, 0 °C to rt, 30 min BnO MeCN, rt, BnO
92% 16 h
3.13 3.60 3.61 3.62
1.0 : 0.4
H,
mCPBA F 10% Pd/C F
—_—
CH,Cl,, 1t, 16 h BnO/\)\/ Et,O, rt, 16 h Ho/\)\/
36% over 2 steps 87%
3.61 18

Scheme3.26 - Synthesis 018

3.3.10 Synthesis of 3,&lifluoropentan-1-ol

With the synthesis omonofluorinated analogué& completed Schemed.26), deoxofluorination of

the ketone3.13could then be investigatedsgcheme3.27). This was performedia the treatment
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of 3.13with DAST at 40 °C. Unfortunately, the reaction progressed at a much lower rate than
expected. TLC analysis indicated the presence of startatgrial 3.13 despite 48 hours elapsing,
however, the desired producB.63was also observedia °F NMR. Therefore, the reaction was
stoppedandsubsequent column chromatography allowed 863to be isolated in a 37% yield and
~50% of the starting mateai 3.13was reclaimedThe slow rate of conversiaand low yield was
surprising. Previously performed deokadrinations of similar ketonelsad shown consumption of
their respective starting material after ~16 h, with good vyields obtained forgéerdifluoro
products. It is possible that the benzyloxy group could interact with the activated carbonyl but
without real formation of the 4membered ring due to the ring strain, leading to shielding of the
carbonyl electrophilic centre from fluoride attack. Treversibility of the DASmediated ketone
activation step (or any hydrolysis in the workup), would then lead to starting material recovery.
Finally, hydrogenolysis of the benzyl ether igCEAfforded the desired produtilin excellent yield

of 86%.

H

2
0 DAST EF 10% Pd/C EF
—_—
Bno/\)J\/ CH,Cl,, 48 h, 40 °C BnO/\)K/ Et,O, rt, 16 h Ho/\)K/
37% 86%
3.13 3.63 111

Scheme3.27 - Synthesis ot11

3.3.11 Synthesis of Hluoropentan-2-ol

The synthesis of-Buoropentan2-ol was accomplished starting froravalerolactone3.18(Scheme
3.28). Following an adapted procedure froiillenet al. 1%*3.18was reduced withLiAIH, affording
3.64in a good yield of 84%selective silyl protection of the primary alcohol with TBMSCI was then
accomplished, yiding3.65 and sibsequent basic benzyl ether protection of the secondary alcohol
afforded 3.66. With 3.66 in hand, the deprotection of the silyl groupith TBAF was completed,

yieldingthe important intermediate3.67, required for deoxyfluorination.

TBDMSCI
Imidazole
0.0 LiAIH, OH DMAP (cat.) OH
—_— —_—
V\_?/ THF. 0 °C. )\/\/OH CH,Cl, tt, 16 h OTBDMS
2.5h, 84% 87%
3.18 ° 3.64 ° 3.65
1. NaH (60% dispersion), TBAF
THF, 30 min, 0 °C OBn (1M in THF) OBn
2. BnBr, TBAI, rt, 48 h )\/\/OTBDMS THF, it, 5 h )\/\/OH
63% 84%
3.66 3.67

Scheme3.28 - Synthesis towards key intermediatg8.67
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Unfortunately, the fluorination of3.67 with DAST was unsuccess{8cheme3.29), yielding an
inseparable mixture of both th@resumeddesired primary fluorinated substrat8.68 and the
undesired secondary fluorinated substra869, with a ratio of 110 respectively (**r NMR
analysis)y“'No further attempt to purify and characteri§e68and3.69was performed at this stage

and a new route was investigated.

OBn DAST OBn

— 1:10
A~ oH CH,Cly, 1t, 16 h I ~CF BnO” "y
o F
3.67 45% 3.68 3.60

Schemes.29 - Fluorination of3.67

This occurred due to the benzyl ether acting as a nucleophile, resulting in neighbouring group
participation and thus the formation .71 (Scheme3.30). The selectivity towards the formation

of 3.69, is rationalised by the ring opening occurringan S1 pathway. The rate determining step

in an {1 mechanism is the loss ateaving group, resulting in the formation of a carbocation. The
greater thestability of this carbocation, the faster the reaction will occur. Therefore, atbacte
secondary carbon @.71is favoured, as its respective carbocation has a greater stathility its
correspondingprimary carbocation. Tdselectivity also suggests that the cyclisation pathway is

faster than standard fluoride attack dh70.

~ OBn

VAN o
BnO SNt J I .
j/\/\o NEt, _ > /\@ E 1:7 BHOW
) ;
F F- 3.68 3.69

3.711

Scheme3.30 - Mechanism for the formation o3.68and 3.69

To avoidany neighbouring group participation during the fluorination reaction, an acetate
protecting group was employed instead of the benzyl eff@@heme3.31). Standard conditions for
the acetylation of the secondary alcot®b5was applied®providing the fully protected substrate
3.72 in an excellent yield of 97%. The deprotection of the silyl ethé&. 1t was performed again
with TBAF, affording the crucial intermedia@e/3 Deoxofluorination of3.73 utilizing DAST was
successful, providing the desired fluorinated prod8at4with a yield of 72%. The deprotection of

the alcohol was performed using 25% NaOMe in MeOH to aFdrd

Wi Selected*F {H} (376 MHz, CDglfor 3.68 1 -218.2 (s) ppm; f08.69% 1 -173.1 (S) ppm.
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ACZO
pyridine TBAF (1M
OH DMAP (cat.) OAc in THF) OAc
_— _—
)\/\/OTBDMS CH,Cly, 1t, 16 h )\/\/OTBDMS THF, 0°Ctort, 3 h )\/\/OH
0,
3.65 9% 3.72 69% 3.73
25% NaOMe in
DAST OAC MeOH OH
_— >
CH,Cly, 1, 40 h, )\/\/F Et,O, 1, 1.5 h )\/\/F
73% 3.74 26% H1
Schemes.31 - Synthesis oH1
3.3.12 Synthesis of 5,5difluoropentan-2-ol

With the key intermediate8.73in hand(Scheme3.32), the synthesis oH4 could be investigated
However, prior to difluorination the alcohol 0f3.73 must first be oxidised to its corresponding
aldehyde3.75 This oxidation was achieved utilizing D&&&tin periodinane, and aftgpurification
by column chromatographyhe aldehyde3.75was immediately treated with DAST. Thislded
the desired difluorinated compound.76in a good yield of 73%. The deprotection®76 was
performed with 25% NaOMe in MeOH yielding desired finatipct H4.

OAc
OAc DMP OAc DAST .
—_— —_—
A~ OH CH,Cly, rt, 45 min 0 CH,Cl,
96% i, 16 h F
373 375 73% 376

25% NaOMe

in MeOH OH

)\/YF
Et,O, 1t, 6 h
55% H4 F

Scheme3.32 - SynthesisH4

3.3.13 Synthesis of 3,3lifluoropentan-2-ol

The synthesis 08,3-difluoropentan2-ol was accomplisheftom (-)-ethyl L-lactate 3.18, following

its conversion tathe protected ketone3.82,viaa Weinreb ketone synthesiS¢hemes.33). 129165

Synthesis of the Weinreb amid®g.77 from 3.18 was performed successfully, with a yield of 89%.

Unfortunately, the following Grignard reaction only yielded 33% of the desired Weinreb ketone

3.78 The low yidd was a result of the formation of solduring the reaction (20 g scale). This
hampered adequi stirring and resulted ithe addition of the Grignard reagebking paused. At
this point, TLC analysis indicated complete consumption of the starting matiia However,

after agueous work up and column chromatography#5% of the starting materia8.77 was

reclaimed. This suggests that the solid formed may have been a complex of the starting material
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and MgBs. This issue could have been solved with an dwad stirrer.Regardlessa sufficient
quantity of the volatile keton&.78had been synthdased, and subsequent benzoate protection of

the alcohol with benzoic anhydridafforded3.79in good yield.

N,O-Dimethyl hydroxylamine

oH o i-PrMgCl (2M in THF) oH ) EtMgBr (3M in EL,0) oH
~ oM
N THF, 1.5 h, -20 °C © E,O, 1t, 2 h Bt

0 89% 0o 33% o
3.18 3.77 3.78

Bz,0

Pyridine
DMAP (cat.) OBz
.
CHyCly, 1t, 6 h e
68% 0
3.79

Scheme3.33 - Synthesis towards,3-difluoropentan-2-ol

The difluorination of the key intermediat8.79 was initially performed with DAST at room
temperature (Scheme3.34). Howeve, TLC analysis of the rdaam mixture indicated thatthe
reaction was incomplete after 16 Wherefore, the reaction mixture was heated to 40 °C and 0.01
equivalents of Hipy was added. After an additional 24 h, the reaction was complete and the
formation of the desiredgem-difluoro product3.80 and undesired elimination side produgt81

was observed, in a ratio of 1:0.07 respectively. Unfortunately, the two products were inseparable
via column chromatography. Afterleavage of the benzoyl protecting growpith 25% NaOMeni
MeOH, the two compounds were separable with careful column chromatographyHansas
isolated in a yield of 35% over two steps. The isolatio® &2 was not attempted due to the small

quantity formed.

0,

OBz DAST 25% NaOMe

R HF-py (cat.) )ﬁ/\ in MeOH )5(\ )ﬁ/\
_—
e CH,Cl,, T Eorteh
0 40°C, 48h
3.79 3.80 3.8 3.82
(35% over 2 steps) (not isolated)
94 . 6
Inseparable Separable

SchemeB.34 - Synthess of 3,3difluoropentan-2-ol
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3.4 Vicinal difluorination

3.4.1 Introduction

Despite the previously performed successful 6 step synthesBlaind I1 (see Sectior8.3.2),

through a combination of electrophilic and nucleophilic fluorination, it was envisioned that the

vicinal difluorination of an alkene could provide the same compounds in fewer steps.

The \cinal difluorination of an alkene with-bdotolouene difluoride3.83 was first investigated in

1998 (Figure 3.6), however the reagents required have limited commercial availability and are

required in stoichiometric quantitie$?® In order to overcome these constraintsyth R. Gilmouet

al.’*”and E. Jacobsest al.l®® published procedures on the vicinal difluorinationasf alkenewith

catalyticp-iodotoluene.Since therR. Gilmour has further expanded on his reseanthestigating

a procedure forthe enantioselective catalytic vicinal difluorination of alket&sind the use of

vicinal difluoremotif as hybrid bioisosteres of trifluoromethyl and ethyl grodfss.

Hara, Yoneda and co-workers, 1998
F—I—F
EtsN+5HF
+
R CH,Cly
CHs -78°Cto0°C
1-4 h

3.83 3.84 53-70%

(1.3 eq.)

. FjR/\F ~

3.85 3.84

R. Gilmour et al, 2016

p-iodotoluene
(0.2 eq.)
Selectfluor

(1.5€eq.) Fﬁ/\F

DCE, R
Et3N+3HF/HF+py
(4.5:1, 100 eq.), 3.85
rt, 14-24 h
39-80%

E. Jacobsen et al, 2016

p-iodotoluene
(0.2 eq.)
mCPBA
(1.1eq.)

3.84

CH,Cl,
HF+py (100 eq.)
rt, 12 h
30-67%

Figure3.6 - Publishedprocedures for thevicinal difluorination ofan alkene

For the following investigation on the vicinal difluorination lmften-1-ol, the procedure by R.

Gilmouret al 1%’ wasused He utilizeca mixture of ENu8HF Y R | (€5idl d&spectively) as the

Ft d2NARS &2dz2NDS:3

g KAOK Aa

YI NBAYL fefag'®).dnta® SNI G KIy y¢

attempt to evaluate the necessity for the excess HFfamkfullyimprove the safety of the reaction

(if scaleupis to berequired), the test reations were performed with both 10 and 100 equivalents

of the HF source.
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3.4.2 Attempted vicinal difluorination

Initially, the reaction was attempted on butet-ol 3.4 with 10 equivalers of the HF source
(Schemed.35). However, no desired compound wafermed, and a large proportion of the starting
material remained, as indicated kgnalysis of theéH NMRspectrum A similar reaction was
performed by Yonedat al, who observed the cyclization of alkenes (with unprotected hydroxyl
groups) analogous t8.4 when treated with3.83 (Figure3.6) and a HBource'’° Further®*F NMR
analysis evealed a multiplet with a similar chemical shift to the cyclization products formed by
Yonedeet al., at roughly-175 ppm, which became a singlet upon proton decoupling. This suggests
the formation of the cyclisation produ&-fluorotetrahydrofuran If this is the case, the formation

of this product likely inhibits angeesired fluorinatiorfrom occurring.

p-iodotoluene
(0.2 eq.)
Selectfluor
(1.5eq.) F

DCE HO/\)\/ "

EtsN+3HF/HF+py G1
(4.5:1,10 eq.)
rt, 16 h

Schemes.35 - Synthesis towards 3 4lifluorobutan-1-ol

Instead of attempting increased equivalents of HBs(this would likely promote increased
cyclization reactionsbuten-1-ol 3.4wasinsteadbenzoate protectedaffording3.86(Scheme3.36).

The reaction wasried again or3.86, with both 10 and 100 equivalents of the HF soukt#en the
reaction was performed with 10 equivalents, no formation of desired product was observed as
measured by'®F NMR analysiddowever, trace amounts of fluorinated product were observed
when the reaction was performed with 100 equivalentgrdlugh subsequentTLC andH NMR
analysisit was shown that there was one predominant produktter isolation of the side product

by column chromatography andits subsequent analysis by 2D NMRg tbyproduct was
determined to be3.87.

The proposed mechanism for the formation 887is shownin Scheme3.37. After the formation

of the transient cation3.91, it is thought that the benzoate protection group undergoes
neighbouring group participation to form theriembered ring3.92, which can then tautomerize
to 3.93. As the reactiorprogresses through an& pathway, vater preferentiallyattacks at the less
hindered positiorto re-open the ringandform 3.94. It is proposed that the source of the water is
from the aq. sat. NaHG@uench.Finally, the newly introduced hydroxyl ring &4 to form3.87,
while also reforming the catalygtiodotoluene.The same product was observed by Mnfeed et
al,*™* when they treated3.4 (Scheme3.36) with (dibenzoyloxyiodo)benzene anghlladium (I1)

diacetate, which was formed by a similar mechanism.
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p-iodotoluene

(0.2 eq.)
B2CI Selectfluor®
pyridine (1.5eq.)
PN B — AN /\)\/ F
HO N CH,Cly, BzO A DCE B20
rt, 16 h Et3N<3HF/HF*py
%
34 91% 3.86 (4.5:1,10 eq.) G1

rt, 16 h

p-iodotoluene
(0.2 eq.)
Selectfluor®

(1.5eq.) /\j\/
- F oo+ /
Bz0” "X BzO BzO o

DCE
EtsN+3HF/HF +py 0% 46%
(4.5:1, 100 eq.)

3.86 . 16 h 3.35 3.87

Schemes.36 - Synthesis towards 34lifluorobutan-1-ol

3.90 3.87
cl cl
e A< ©
HBF, + BF, @ BF, @6 BF?
N + amine [!\1(9\7 + HFeamine
F
| >< F—I—F
1
207 ph
[ 3.86
BzO 0 CHs CH,
3.87 388 3.83
T
o)
0
BiO)J.QH
F-H--FN ,_/ )
F=I- 3.91
3.95 ®
CHs
o CHs
‘i)
Bio)Ja
F—I

Scheme3.37 - Proposed mechanism for the formation &.87
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Despite R. Gilmo@ @rocedure tolerating ester protection grouphe reactions were performed
on an undecyl chain, therefoiiesues withneighbouring group participatiowould not arise*®’” A
different protection group wathusrequired, and as R. Gilmoet al.had success with a tosylayp

on a butyl chain, this was attempted ne&cheme3.38).

p-iodotoluene
(0.2 eq.)
Selectfluor
(15eq) F

TsO” "X > F
DCE TSO/\)\/

EtzN-3HF/HF+py
3.96 (5:1,100 eq.) 3.97
t, 24 h, 49%

Schemes.38 - Vicinal difluorination as reported by R. Gilmour et &Y.

A tosyl protection group was not originally used, due to the harsh reactiorditons
(Na/naphthalene in THFY associated with the deprotection. Unfortunately, when the reaction
was trialled with 10 equivalents of the HF soyrne reactionvia °F NMR was olesved and the
starting material wasompletly recoveral after agueous work upScheme3.39). As this reaction
FIAfSRET y2 FdzZNOHKSNI FGdSYLWGia G2 NBLINRRIZOS wo
concerns of handling large quantities of HF reagents, were scale up Wwagptformed. It is likely

that the high equivalents of the HF source were required to form the reactive intermediate 4

iodotolouene difluoride3.83 (Figure3.6).

p-iodotoluene

(0.2 eq.)

TsCl Selectfluor

PN Pyridine PN (1.5eq.) F
AN R
Ho CHCly, 1t, 16 h 750 DCE TsO/\)\/ F
78% EtzN<3HF/HF*py
3.4 3.96 (4.5:1,10 eq.) 3.97

rt, 16 h

Schemes.39 - Synthesis towards 34lifluorobutan-1-ol
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3.5 Conclusion

A total of twentytwo mono-, di andtrifluorinated analogue of simple alkanolere synhesised
through electrophilicnucleophilic fluorination or a combination of the twligure3.7). All of these
substrates were used in the evaluatiari the effects of aliphatic fluorination on lipophilicity
(Chapter 2).

F R F
G11 14 Q1 Q4
. . F F
HO/\)\/F HO A~ F HOM(F HOM(F
G1 1 o1 TR
RF FF F OH
HO F HO\//\V)%\/F HO\/)\V/ /JEK:

15 G4 E4

E5 G8 17 G6

R F F
HO/\)k HO\/\B& HO\/\)\
H

R F 0

Ho/\/\j\F Ho/\j\/ Ho/\)&/ A~

111 H1

F
F

o
T
©
]
M
Va:
N

H4 H7

Figure3.7 - All fluorinated alkanols snthesised iGhapter 3

All three substratesG11, 114 and Q4 were synthesised by h-difluorination with NFSI and
organocatalytic proline from their corresponding aldehydes. In a similar fastdnwas
synthesised after the optimization of electrophhiefluorination through the use of stoichiometric
proline.With advanced -fluorinated and ," -difluorinated intermediates in handja electrophilic
fluorination, the targetsG1, I1, G7, 14, G5and |5 were successfully synthesised after nucleophilic
fluorination of their corresponding alcohol or carbonyl (afterdation), mediated by either NfF or
DAST. While the synthesis@®fand |1 was attempted by vicinal difluorination of an alkene, this
route was abandoned due to the safety concerns from the large quantities of HF reagents required

to make the reaction wdkx.

Following the appropriate alcohol protection of their respective commercially available starting

material, nucleophilic fluorination and subsequent protecting group cleavage affdzde4 G§
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I7, G6 and 16. In a similar mannen8 and 111 were synthessed, after the synthesis of their
corresponding starting material by an ekéchaeladdition. After the reduction of-valerolactone

to pentanel,4-diol and a series of protection and deprotection reactions, the synthesis of
advanced intermediat@.24was achievedSchemed.31). Treating2.24with DAST and subsequent
deprotection, affordedH1, while oxidisin@.24to its corresponding aldehyde, wément with DAST
and deprotection yielded4. Finally,H7 was synthesised by nucleophilic fluorination after the

synthesis of the required ketorz34 (Scheme8.33), by a Weinreb ketone synthesis.
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Chapter4 {éyiKSaAa 2f &zZBNBFGaSF
dzA Ii)\y'El 2()15.

~h

4.1 Introduction

In this chapter, the discussion will focus on the synthesis of a variety of fluorinated motifs through
a buildingblock approachor the use of fluoroalkylating agent¥hese substrates were produced
for their use in the investigation of the effects of fluorine on aliphatic fluorination (see Chapter 2).

The retrosynthetic analysis of all desired compounds in this chapter will ngerbermed.

41.1 Retrosynthetic analysis

It was envisioned thakKl, H9, andJ2could be synthesised through the hydrotrifluoromethylation
of their respective unactivated alkenes withsSiMe (Scheme4.1).1”® In a similar fashionthe
tetrafluoro-motif of compoundI9 could be introduced through #a fluorotrifluoromethylation of
alkene 3.41* Finally, the synthesis ofJ1 could be accomplished through the

trifluoromethylaminoxylation of dpentene4.4, followed by NO bond cleavag¥’

OH OH OH OH
F3C\/\)\ /\)\ F3C n n
K1 4.1 H9n=0 42n=0
J2 n=1 43n=1
> HO p— AN
19 3.4 J1 4.4

Schemed.1 - Proposed radical trifluoromethylation reactions

While designing the synthesis @@ and G14 (Scheme4.2), compound4.5 was identifiedas a
potential common advanced intermediate and could be prepaveda homologation reaction
between the diazoalkand.6 and benzyloxyacetaldehydé: Subsequent transformations of the
intermediate4.5 could allow for the synthes ofG9to be achievedyiathe reduction of the ketone,
deoxyfluorination and subsequent protecting group hydrogenolysis. In a similar faShiscould
be synthesised through deoxofluorination, followed by cleavage of the benzyl ether. Howeger
to safety concerns associated with the handling afzdialkanes (explosive and toxiéj° it was
envisioned that the key intermediate5 could be synthesed by an oxytrifluorometidation of the

alkene4.7 utilizing Langlois reagent (§Na) 181182
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F
Ho._A_ cF;

G9
. o)
p—
Bno._J__cF,
R F
Ho_X__CF, 45
G14

4.6

/\/
— F3C/§N2 or ©/\O

4.7

Schemed.2 - Proposed route toG9and G14

It was proposed thatK3 could be synthesised from the aldehyd&2 via nucleophilic

trifluoromethylation with CESiMe (Scheme4.3). In a similar manneK2 could be synthesised

following the oxidation of13to its corresponding aldehyde.

OH

\/\)\CF

K3

3

p—

/WO

3.2

OH

FsC\/\)\CF

K2

3

— F3C/\/\/OH

113

Schemed.3 - Nucleophilic trifluoromethylation

Retrosynthetic analysis of tHeur analoguesdescribedin Scheme4.4 share a common forward

synthesis strategy andould beaccomplishedoy Grignard reactios of their respective shorter

chained trifluoromethylated analogues

\)\/\/CF3

M3

OH

oA

N2

3

—_——————> B _~_¢CF3

4.8

— Ho/\/\CF3

G13

(@)
p— V\CF3

4.9

— F3C/\/\/OH

113

Schemet.4 - Synthesis of trifluore alkanolsvia the Grignard reaction

Retrosynthetic analysis reveals thifal could be synthesised by the treatment of the thiocyanate

4.10 with CESiMe and subsequent protecting group cleavag®cheme4.5). The required

intermediate 4.10 could be synthesisedfrom its corresponding chloroalkandl.12. The butyl

derivateS2 couldbe synthesisd in a similar fashion starting fros13.
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Ho > scr | —— PO M sen ———  ho M a

S1n=1 410n=1 412n=1
S2n=2 411n=2 413n=2

Schemed.5 - Retrosynthetic analysis of S1 and S2

The fluorinated cyclopropanemethanol analoguwksailedin Schemet.6 couldall be synthesised

by the reduction of their respective commercially available fluorinated carboxylic acids.

OH OH OH
S G
A A
F
P1 P2 P3 P4

Schemet.6 - Fluorinated cyclopropanemethanol analogues

Retrosynthetic analysis for both.14 and G10(Schemed4.7) revealsthat 4.15 could serve as a
common starting material. The analogd€el4, couldbe synthesised by the treatment df15 with

MeLi83while radical debromination o£.15 could synthesis&1Q

H > B
e S R
FF FF FF

4.14 G10 4.15

Schemed.7 - Proposed synthesis towards tetrafluorinated alkanols

To synthesise the target analogueé42and|15 (Schemed.8), retrosynthetic analysis identifies the

deoxygenation of their respective commercially available di@sand R4 as apotentially viable

route.
RF RF
HO% — HO%OH
FF FF
G12n=1 Q5n=1
M5 n=2 R4n=2

Schemed.8 - Retrosynthetic analysis o612and 115
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4.2  Radical trifluoromethylation

The trifluoromethyl radical was first reported by Haszeldine in E#tbwas a product of subjecting
CRlto heat or irradiation'®* Sincethe generation of the GFadical has been achieved from a range
of precursors(e.g., CESQCI, MeSiCkF and CESQNa)® and through a variety ofconditions
(thermal, oxidative, reductive, electrochemical and photochemiél)n the past reactions
involving the Cf radical have typically been performed on electron rich aromatic and
heteroaromatic substrates, with the study of its interactions at fswomatic sites being less
studied!®®Herein, a range of trifluoromethyl radical additions to unactivaaticenesubstrateswill

be discussed.

421 Synthesis of 6,6 @rifluorohexan-2-ol, 6,6,6trifluorohexan-3-ol and 5,5,5

trifluoropentan-2-ol

Asilvercatalysed hydrotrifluoromethylation of their respectiv@activated alkenes with GEIMe
was developed by Qinet al. (Scheme4.9).1”® This methodology was successfully applied in the
synthesis of 6,6 &ifluorohexan2-ol, 6,6,6trifluorohexan3-ol and 5,5,5rifluoropentan-2-ol. The
methodologyrequiresthe oxidation of C§SiMe to the CEradical by PhI(OAcind/or AgNG,*&
187188 pefore addition to the alkene. Finally, the resultant secondary radical reacts with 1,4
cyclohexadiene (1;€HD)which actsa H-atom source, to furnish the desired produd.proposed
mechanism for thiseaction can be found iBcheme 4.10.

CF3SiMe,

AgNO; (cat.)

R RCFs

PhI(OAc),, NaOAc, 1,4-CHD,
NMP, rt, 10 h, 56-82%

3.84 4.16

Schemed.9 - Hydrotrifluoromethylation of an alkene reported by Qingt al.1”

Hydrogen
PhI(OAc), and/or abstraction
AgNO; (cat.) . . from 1,4-CHD
CF3SiMe; CFy, ——> g ~CF — > o~ _CFs
SET
4.16
N

RN
3.84

Schemet.10 ¢ Proposed mechanism for the hydrotrifluoromethylation of an alkene, adapted

from Qinget al.1”®

It was reported that this procedure could be performed readily in the presence of alcohols.
However, when the reaction was attempted drl (Schemed.11), no trifluorination occurred and

instead the silyl ethe4.17was isolated in a 67% yield. This is likkedyn following the experimental
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procedure in theSlof this publication that contained an error; the reaction was described to use
only 1/10" of the actual solvent used, with the correct amount being described within the journal
article itself.This likely resulted in the poor solubility of eitHenl(OAc) and/or AgNQrequired for

the formation of the Cfradical. Following this observatipit is was decided to protect the alcohol
group, prior to the trifluorination alsoin order tofacilitate the purification and isolation of the

volatile final praluct.

CF3SiM93
OH AgNO; (cat.) OH OTMS
+
FsC
M PhI(OAG),, NaOAc, Cn AN M
1,4-CHD, NMP, rt, o 0
25 h 0% 67%
4.1 K1 (expected) 4.17 (observed)

Schemed.11 - Attempted synthesis of 6,6 @rifluorohexan-2-ol

Protection of the alcoho#.1 was performed with benzoyl chloridafforded 4.18 in quantitative
yield Schemet.12). With4.18in-hand, the silveicatalysed hydrotrifluoromethylation was trialled
using two different silver catalysts concurrently, Aghd@d AgOTf, resulting in yields of 51% and

58% respectively.

CF3SiMej, cat. AgNO3

OH BzCl, Pyridine OBz (51%) or AgOTf (58%) OBz
_—
/\)\ CH,Clj, t, /\)\ PhI(OAc),, NaOAc, Fsc\/\)\
16 h, quant. 1,4-CHD, NMP, 22 h, rt
4.1 4.18 4.19

Schemet.12 - Synthesis towards 6,6;&ifluorohexan-2-ol

With the desired trifluorinated compound 4.19 successfully synthesised, the
hydrotrifluoromethylation was repeated on a larger scale with AgOTf as the caabfsmet.13).
Unfortunately, upon sale up the separationof the trifluoromethylated product4.19 from the
residual starting material4.18 was problematic. Thus, the alker®.18 was removedvia
functionalization withmCPBA, affording a pusample 0f4.19in a 57% yield over 2 steps. Finally,
cleavage of the benzoyl groygeldedthe final compound1in an 80% vyield.

CF3SiMej
OBz AgOTf (cat.) OBz

+ 418
/\)\ PhI(OAG),, NaOAc, FaC\/\)\

1,4-CHD, NMP, 22 h, rt
4.18 4.19

25% NaOMe in

mCPBA OBz MeOH OH
—_—— -

CH,Cly, F3C\/\)\ Et,0, FsC\/\)\

r, 16 h 419 r, 18 h K1

809
(57% yield over 2 steps) &

Schemed.13 - Synthesis of 6,6, 8rifluorohexan-2-ol
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The @timised synthetic procedure employing AgOTf as the catalyst was then repeated on two

similar substrateg¢.20and4.21(Schemet.14), affordingboth H9and J2respectively.

CF3SiMe;
OH BzCl, pyridine OBz AgOTf (cat.) - OBz . 4201 =0
W/n CH,Cly, W PhI(OAc),, NaOAc, F C/\)\M/n 421n=1
rt, 16 h 1,4-CHD, NMP, rt, 3
42n=0 4.20 n = 0 (88%) 22h 422n=0
43n=1 421 n=1(87%) 423 n=1

25% NaOMe in

mCPBA OBz MeOH OH
CH,Cly, 1t, 16 h F3C/\)\(\% Et,0, rt, acW’n
18 h
4.22 n =0 (57% over 2 steps) H9 n =0 (68%)
4.23 n =1 (40% over 2 steps) J2 n=1(69%)

Schemed.14 - Synthesis of 5,5 %rifluoropentan-2-ol and 6,6,6triflurohexan-3-ol

422 Synthesis of 3,5,5;8etrafluoropentan-1-ol

The synthesis &,5,5,5tetrafluoropentan1-ol was achieved following a silverediated oxidative
fluorotrifluoromethylation of unactivated alkenesgeveloped by Qingt al. (Scheme4.15).1* The
reaction progresses through the generation of a trifluoromgtianion by CGSiMe/CsF. The
resultant CEanion is then oxidised to a €Fadical by Phl(OAcand/or AgOT#S 187188 phefore
addition to the alkene. Finally, a silver/Selectfluor® mediated addition of a fluorine atom allows for
the formation of the desired product®®®

CF3SiMes, AgOTF, Phi(OAc),,
CsF, Selectfluor®, DMF

F
R
-20°C,5h;t, 16 h R)\/CFs

40-73%
3.84 4.24

Scheme.15 - Fluorotrifluoromethylation of an alkene reported by Qingt al.*"

The paper reported no examples of the methodology being applied to substrates containing benzyl
ether protected alcohols. There was atsancern that theuse of a benzoate protecting group may

not be compatible withthe required basic conditions. Therefore, a trityl protection group was
employedfor this synthesis. Trityl protection &4 (Schemet.16) progressed with ease affording
4.25 in a high 96%yield. Subsequent itver-mediated oxidative fluorotrifluomethylation was
successfylaffording4.26in a yield of 39%it is likely thatthe yieldcould be improved if a glove

box was usedas recommended by Qiré: Finally, acidicleavage ofrityl protection groupwas
completed by the treatment o4.26 with catalyticpTSA.ED in CHCL/MeOH, yielding9 in a good

yield of 83%.
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CF3SiMeg, AgOTY, Phi(OAc),,

TrCl, pyridine
DMAP (cat.) CsF, Selectfluor®, DMF
HO T Xy —————————— T X
CH,Cly, rt, 20 h -20°C,5h;rt, 16 h
3.4 96% 4.25 39%
E PpTSA.H,O (cat.) F
CF CF
TrO/\)\/ 3 CH,CI,/MeOH (2:1), HO/\)\/ 3
rt, 16 h, 83%
4.26 19

Schemet.16 - Synthesis of 3,5,5%etrafluoropentan-1-ol

4.2.3 Synthesis of 1,1 Arifluorohexan-3-ol

Y. Li and A. Studé? reported the successful radical trifluoromethylaminoxylation of unactivated
alkenes $chemet.17). This procedure utiled Togni reagent Il as the source of the @Hical and
TEMPONa as a mild organic reducing reagent (SET), as well as the secondary radical trap. Th

methodology was successfully applied in the synthesis of-trjfliliorohexan2-ol.

FsC—I—O

L TEMPONa OTEMPO
+ x
© R THF, R)\/ CFs
rt,2h
45-84%
4.27 3.84 4.28
(Togni II)

Scheme4.17 - Trifluoromethylaminoxylation of alkenes reported by Y. Li and A. Studer

Due to the high cost of Togni reagerfti#.27 (1 g, £71, 60 wt. % with 40 wt. % stabilizer) and its
requirement on a multigram scale. It was synthesisdbfdng a onepot procedure developed by
A. Tognet al.,**2which afforded Togni reagent Il@nyield of 56%Schemet.18). The yield obtained
is slightly lower thanhe literature value of 72%, however Togni reported that the quality and

source of the Aodobenzoic acid.29can greatly impact the yield.

1) TCCA (0.34 equiv), reflux, 5 min

2) KOAG (2 equiv), 75 °C, 2 h e
| OH FsC——O
3) CF3SiMeg, rt, 12 h 3
o > o
MeCN
56%
4.29 4.27

Schemet.18 - Synthesis of Togni Reagent Il

Wil Despite its prevalence in literature since its initial publication in 2006, a paper published in 2013 claimed
that some sources of Togni reagent Il have an impact sensitiveness of 20 J, similar to thatl6fLTNT.

Fiederling, N.; Haller, J.; Schramm,®tg. Process Res. D2013,17, 318319.Although this is likely
caused by an impurity from its synthesis, great care should be taken when handling Eaggmitrg.
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As TEMPONa is not commercially available due to its short shelf life of ~3 days, its synthesis was
also required. It was therefore prepared fre€bchemed.19), by first the formation of a sodium
mirror, to which THF and catalytic naphthalene is addebwed by a solution of TEMPO inA'H
Na
Naphthalene (cat.)
N THF, 2.5 h, rt /NN

|
0 ONa
4.30 4.31

Schemet.19 - Synthesis of TEMPONa

With fresh TEMPON4.30and Togni Reagent lI-lmand, the radical trifluoromethylaminoxylation
of 1-pentene4.4was successfully performd&chemet.20). Subsequent column chromatography
of the crude material in 100% pentapeovidedthe highly apolar product.32at ~70% purity. As

it was reported that the ND bond cleavage could be perfogehwithout purification at this stage,
the impure4.32was taken forward without any further purification. Unfortunately, theONbond
cleavage oft.32was not as facile as Y. Li and A. Sttildescribed, as only ~32% of the starting
material was consumed after 16 hours, indicated¥yNMR analysis. The reaction was thus heated
to 70 °C and carefully monitordal *°F NMR until it reached 93% conversion. The product 4,1,1

trifluorohexan2-ol J1was then isolated in 24% yield over two steps.

Togni Il Zn, AcOH
TEMPONa OTEMPO H,0 OH
/\/\ B —
THF, rt, 2 h /\)\/CFS rt, 16 hr then /\)\/CF?’
70°C,5h
4.4 4.32 24% over two steps J1

Schemet.20 - Synthesis of 1,1 Arilfuorohexan-3-ol

4.3  Homologation

43.1 Synthesis of 2,2,4,4;pentafluorobutan-1-ol and 2,4,4,4tetrafluorobutan-1-ol

As discussed previously in Sectif.l, it was envisioned that the synthesis@9and G14could
be achieved from the common intermedia#®5 (Scheme4.21), which had been previously

synthesised b¥. Carreirat al.l’®
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F

P Ho._A_cF,
1) NaNO, (4.8 equiv), e G9
o ® 0°C,1h o
Cl HzN
\—CF,  2)ZrCl, (2.6 equiv), B”O\)K/CFQ
. Benzyloxyacetaldehyde e
(4 equiv) -78°C, 2 h 45
CH,Cl,/H,0 (30:1)
4.33 22012 A E F
a7 X o X __cF,

G14

Schemet.21 - Synthesis of key intermediatd.5 performed byCarreiraet al.>’®

Unfortunately, this route made use of a diazoalkane which are#liyi considered explosivé!’®
and toxicl’®® Therefore, i was hoped that the key intermedia#e5 could be synthesisedia an
oxytrifluoromettylation of the alkenel.7 utilizing Langlois reagent (§¥Na) as thesource of the
trifluoromethyl group Scheme4.22).18¥182 The required benzyl protected allyl alcoh@l7 was
synthesised using standard conditions in high yields. The first oxytrifluoromethylation reaction
performed employedcatalytic quantities of AgNgK.SOs.'8' However, limited successwas
observedwith 4.5isolated in a low yield of 3%.partially separable miture of 4.35and the side
product4.36, from oxidation of the benzyl ether to its benzoate derivatiwas also obtainedn
yields of 13% and 13% respectively. Due toltve yield from theprevious reaction, a different
metal catalyst was employed, Mn@H,0 1¥2 A moderately improved yield was observaddthe
desired productd.5 was isolated in &% yield. Agaid.35was obtained as a partially separable

mixture the undesired side produet.36, in yields of 20% and 58 spectively.

1. NaH (60% dispersion),

©/\OH THF, 2 h, 0°C ©/\O/\/
2. Allyl bromide, 16 h, rt

83%

4.34 4.7
Conditions A or B o) OH OH
BnO\)K/CF3 * BnO\/‘\/CF3 + BzO\/K/CFs
4.5 4.35 4.36
A (3%) A (13%) A (13%)
B (7%) B (20%) B (5%)

Schemet.22 - Conditions ACESQNa, AgNQ@(0.2 eq.), KSOs (0.4 eq.) DMF rt, 24 h.
Conditions BCESQNa, MnClutH0 (0.2 eq.), acetonat, 36 h.

In anattempt to convertalcohol4.35 to the desiredketone 4.5 (Table4.1), various oxidation
reagents were trialled. The reagents employed were TEMPO(dighetoxyiodo)benzenéBAIB
as the ceoxidant (Entry 1,Table4.1), DessMartin periodinane(DMP, Entry 2,Table4.1) and
pyridinium dichromate (PQEntry 3Table4.1). Thethree reactions wereonductedin parallel and
the progress of the reactionsvas analysedvia *®F NMR of the reaction mixture after 24 h.

Unfortunately, the conversion ahese oxidation reactionswas low with the highest bein@83%,
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using PDC. THew vyield and slow reaction time renderdhis route unfeasibleand the synthesis

of G9 and G14 will be investigatedvia the synthesis o#.5S Y LJX 2 & A y 3

(Schemet.21).17®

OH See Table 4.1 o
B —
Bno\)\/CF3 BnO\)J\/CF3
4.35 4.5

Schemed.23 - Oxidation of 4.35

Table4.1 - Oxidation of4.35

Conversion by°F

Entry Oxidant
NMR after 24 hat rt
1 TEMPO/BAIB 15%
2 DMP 10%
3 PDC 33%

9o

/ I NNBANI Q&

Ly 2NRSNJ G2 NBLISI G /415NN Bdcading@ldehyNdd. BoGirkt2eduirdd2 20 G A Y

(Schemet.24). This was synthesised first Bipl protectionof 4.37, followed by ozonolysiasing a

literature procedure!®3 This ozonolysis reaction however did not turn the characteristic blue colour

(ozone saturation) upon completion as described in the literature @swhsionalljtrace amounts

of the side product4.40 was observed,from oxidation of the benzyl ether due to overreaction.

Similar side reactions had been previously repofféd.

HO

f\/OH

4.37

1. NaH (60% dispersion),

THF, 30 min, 0°C _~_-OBn  Ozonolysis, -78°C, 6 h
J/\/ Bno 0+
2. BnBr, 16 h, 75°C, BnO CH,Cl,/MeOH, (4:1),
87% 91%
4.38 4.39

Schemet.24 - Ozonolysis to affordt.42

20 F°

4.40

Trace amounts
observed

With the aldehydet.39in hand(Schemed.25), the homologation reaction to synthesidebcan be

performed. Interestingly the small amount of water that is required and produced in the formation

of the diazoalkane is frozen out of theaction in the second step by lowering the temperature to

-78 °C. This leads to essentially an anhydrous reaction s allowingfor the use of strong

Lewis acidsbecause their decomposition reaction {vith ice) is slower than thedesired

homologatio process’® Alas, on large scale (> 19g), flager of ice that forrad on the top of the
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reaction mixture made the addition of the solid zZrdifficult. The loweryield of 19%compared to
the published 47%could be explained by this observati@®chemed.21). On repetition of this
reaction,after the diazo formationthe aqueous and organic phases were separated the water
layer was discardedinly trace amounts of watexere thereforepresent during the addition of the

solidZrClJ, leading to an improved yield 06%6.

1) NaNO, (4.8 equiv),

0 ® 0°C, 1 h, CH,Cl,/H,0 (30:1) o
o N \)K/
\—CF3  2)zrCI, (2.6 equiv), BnO CFs
. 4.39 (1 equiv),
(4 equiv) 78°C. 2 h
4.33 CH,Cl, 4.5

35%
Schemet.25 - Synthesiof 4.5
The reaction is believed to follow a mechanism in whlighaldehyde is first activated by the Lewis

acid Schemed4.26), prior to addition of the diazoalkane@®CHM The intermediate4.41 formed,

then undergoes a hydride migration to form the desired produét

_.ZrCl, o
ZrCly o) CI4Zr—€ H o
Bno/\7 —— ! H ‘\ CF3 BnO\)H/CFg
CF; N H
4.39 &n/ @ 45
®E) 4.41
o

Schemed.26 - Mechanism adaptedrom Carrieraet al.1’®

The isolated ketone was then subjected to deoxyfluorination with DAST at room temperature
overnight Thisprovided thedesired pentafluorinated substra&42and thein a good yield of 86

with a small inseparable impurity of the fluoroalkef&3(Schemet.27), formed by elimination.

o DAST, 1t, 16 h - .
_ =
Bno._J_cr, CHCh Bno. X _CFs * Bno__k_cF,
65%
45 442 443

7 : 1
Inseparable

Schemed.27 - Deoxofluorination of4.5

Hydrogenolysisof the benzyl protedhg group was initially attempted in GEb, in bothbatch and
flow conditionsin an attempt to circumvent any difficulties in tiglation of the volatile products
(Schemed.28, Entry 1 and 2Table4.2). Neither however were successfiélleasinglywhen the
hydrogenationperformed in THF, successful cleavag¢hefbenzylether group and reductioof

the fluoroalkenewasobserved(Entry 3 Table4.2). The removal the residual traces of THF proved

futile, coeluting and ceevaporating with the desired productsl4and G9. The hydrogenolysis
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was thus repeated in ED instead ands14andG9were isolated as a mixture in a yield of §18iih

a ratioof 5.5:1respectively(Entry 4, Table4.2).

EF F See Table 4.2 EF F
BnO\)Q/CF3 * Bno\)\/CFs HO\)&/C% ' HO\)\/CF3
4.42 4.43 G14 G9
7 : 1 5.5 : 1

Inseparable Inseparable

Schemet.28 - Synthesis oD14and D9

Table4.2 - Hydrogenation conditions

Entry Conditions Yield
1 CHCL, Pd/C10% wt, rt, 16 h,Batch 0%
2 CHCb, Pd(OHy, 40°C, 60 atm, flow 0%
3 THF, Pd/@0% wt, rt, 16 h,Batch Not isolated
4 EtO, Pd/CL0% wt, rt, 16 h,Batch  61%G14+G9(5.5:1)

4.4  Nucleophilic trifluoromethylation

4.4.1 Introduction

Nucleophilic trifluoromethylatiorvia the trifluoromethyl anion was initially believed to be difficult
because of the competing fluoride elimination pathwayhich affords the corresponding
difluorocarbene $cheme4.29).1%8 This is a result of theepulsive interactiorthat exists between

the lone-pairs of the fluorine substituentgndthe filled orbital of the Cfanion.
S

. @Q@ e o @9@ .
destablllzed( av —~ F- + a@ ) stabilized
FF F

Schemed.29 - Ck anion fluoride elimination

Fortunately with an appropriate pronucleophile, the trifluoromethyl anion can be stahilize
Previously this had been performed with Cu(l) forming Gu&fairsensitive reagent and which
was required to be prepared fresh or-gitu through the use of the difficult to handle gassesl CF

or CEBr (banned substancé)® Fortunately, the RuppetPrakash reagent (M8ICE)'% solves
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these issues as it is a bench stable, commercially available and an easy to handle lighi@EMe
itself does no react with carbonyl compounds anfirst requires a liberation step of the
trifluoromethyl anion. This is typically performed through the use of a fluoride initiator where it can
then undergo a catalytic reaction with aldehydes, esters, ketones and ettiwaines Scheme
4.30) 186,196

o TBAF (cat) FsC O'N'Bu-n

+ CF3;SiMe; —————> + FS|M93( )
A ' :
\
F2C_OSiMe, F5C O'N'Bu-n
Ry Rz R R,

CF3SiMe;

M
o FaC O

A R R,

R R,

CF, .
Me—S:iJMg n-BusN

Scheme4.30 - Catalytic nucleophilic trifluoromethylation of a carbonif 19
4.4.2 Synthesis of 1,1 Arifluorohexan-2-ol

The synthesis of 1,I-tifluorohexan2-ol K3 was successfuand utilised a caesium fluoride
catalysed trifluoromethylation of valeraldehy@e2 (Schemet.31). J. Shreevet al1*’ reportedhigh
yields of >85% starting from two similar alkyl aldehydes, however upon repetition of their
methodology only 12% df3 was isolated. However, this low yield is consistent with previous
results within the groupthe trifluoromethylation of butanaprovided1,1, - trifluorobutan-2-ol in
only 14% yield>® The bw yield is believed to have arisen from an incomplete reaction, as ¢kide

NMR analysis revealed a large quantity of the starting matérial

1. CF3SiMes
CsF (cat.)
i, 3 h OH
o ' .
NN 2. HCI (4 M) ch&
i, 2 h
3.2 K3

12%

Schemed.31 - Synthesis of 1,1 Arifluorohexan-2-ol

443 Synthesis of 1,1,1,6,6;6exafluorohexan2-ol

The synthesis of 1,1,1,6,6@xafluorohexar-ol K2 was achieved in a similar fashida the

synthesis of 1,1;trifluorohexan2-ol K3 (Scheme4.32). On this occasionthe reaction was
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catalysed by TBAF and was performed inGiHhe solvent from preceding reaction, as the

aldehyde precursocould not be distilled from the crude mixture.

TCCA (0.33 equiv), NaHCO3 (1

equiv), TEMPO (0.01 equiv), rt, 1.5 h o
F3C/\/\/OH Fsc/w
CH,Cl,/H,0 (95:5)
113 4.44
CF;SiMes, TBAF (1M
in THF) (cat.) OH
FsC
rt, 3 h, 36% over 2 steps 8 \/\)\CF3

K2

Schemet.32 - Synthesis of 1,1,1,6,6;6exafluorohexan2-ol

4.5  Grignard Reactions

45.1 Synthesis of 1,1 Arifluorooctan-4-ol

Despitethe availability of various trifluoromethylation methodologitsintroduce the Cigroup,

a building block approaclasundertaken in the synthesis &2 (Schemet.34), starting from the
commercially available alcoh@13 Thiswasachievedthrough a standardGrignard reaction from
the corresponding aldehydé&47. Initially this method appears straightfoaxd, however care must
still be taken due to highly volatile nature of the aldehyde intermediate. This means that the solvent
used in the oxidation step (GEbL), is ideally not removed before the subsequent addition of the
Grignard reagent. Dichloromethanis incompatible with the use of organolithiunm-BuLi)
reagentst® however dichloromethane can be used as solvent for Grignard reactiowsth this

in mind, the Grignard reagent butylmagnesium bromidld6was freshly preparedSchemet.33),

in parallelwith the TEMPO catalysed oxidation of 4;#%jfluorobutan-1-ol G13to afford the highly
volatile aldehyde intermediatd.47. Following aqueous work up afH and!®F NMR analysi®
confirm the characteristic aldehyde signal, the freshly prepared Grignard reagédfitwas then
added. This resulted in a successful Grignard reaction with the resultant alcohol pkiiaotated

in a 47% yield over 2 steps.

Mg, |, (cat.)
B "N —— > Bng/\/\
Et,O
2 h, reflux
4.45 4.46

Schemet.33 - Synthesis of Grighard reage#dt49
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TCCA (0.33 equiv), NaHCO;
(1 equiv), TEMPO (0.01 equiv)
rt,1.5h

4.46 (3 equiv) OH
HO™™""cF, 07" cr, W
CH,Cly/H,0 (95:5) 78°C, 2h;rt, 16 h CF,
479 2 st
G13 447 % over 2 steps N2

Schemed.34 - Synthesis of 1,1 Arifluorooctan-4-ol

45.2 Synthesis 08,8,8trifluorooctan-4-ol

The synthesis of 8,8#8ifluorooctan-4-ol was accomplished in a similar manner to 1;1,1
trifluorooctan-4-ol (Schemet.35), employing 5,5,8rifluoropentan-1-ol as the starting material for
the synthesis of the aldehydé.44 and the commercially available reagemPrMgCl for the

subsequent Grignard reaction.

TCCA (0.33 equiv), NaHCO; (1 equiv),
TEMPO (0.01 equiv), rt, 1.5 h
Foc O F,o 0
CH,Cly/H,0 (95:5)
113 4.44
nPrMgCl (2M in Et,0) OH

78°C,2h;rt, 16 h FSC\/\)\/\

55% over 2 steps
N1

Schemed.35 - Synthesis of 8,8.8rifluorooctan-4-ol
453 Synthesis of 77, 7-trifluoroheptan-3-ol

For the synthesis of 7,7;#ifluoroheptan-3-ol (Schemet.36), the Grignard reagent was synthesised

from 4-bromo-1,1, I-trifluorobutane and the commercially available propanal was used.

N
Mg, |, (cat. O OH
B > CE, g, I2 (cat.) [Bng/\/\CF3 . \)\/\/CF
Et,0 Et,0 3
2 h, reflux -78°C, 2h; rt, 16 h
4.8 4.48 41% over 2 steps M3

Schemed.36 - Synthesis of 7,7 Arifluoroheptan-3-ol
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454 Synthesis of 11, 1-trifluoroheptan-3-ol

The synthesis of 1,1-tifluoroheptan-3-ol was accomplished in a similar manner to the previous
Grignard reactionsSchemet.37). The commercially available trifluoropropaded was used, while
employingnBuLi for the addition of a butyl chain in place of a more cmn Grignard reagent, as

used on similar substrates in the pdst.

1) H2$O4 (cat.), Etzo, rt, 30 min OH

CF
o&\/ 3 _ : F C\)\/\/
2) nBuLi (1.6 M in hexanes), 3
-78°C,1h
4.9 16% over 2 steps M4

Schemed.37 - Synthesis of 1,1 Arilfuoroheptan-3-ol

Initial analysis ofhe commercially availablgifluoropropl y I £98FRANMR spectrum, displayed
mixture of the desired compound and unknown impurities was observed, auiettio of roughly

1:2 respectively. Upon further discussion with the supplier (Fluorochem), it was acknowledged that
the substate exists as a monomer and a mixture of oligomers. It was advised that the desired
monomer, could be liberated when treated with a catalytic amount of concentrated acid and that
it should be used immediately after. Therefore, the aldehyde was treatddaaialytic conc. $$Q,
resulting in 2:1 rati¢*®F NMR analysisf compound and unknown impuritieand was immediately

used thereafter.

4.6  Synthesis ofSCEkanalogues

46.1 Introduction

As¢SCEandcOCEmoieties are becoming increasingly more popular in drug discovery programs
due to their similar properties as the trifluoromethyl group {C#' the comparison btheir logPto
other similar motifson aliphatic chaing of interest. Thus, reported hdreis the synthesis dhe ¢
SCEgroup incorporated into theropanolandbutanold F I Y ASLan&S2espectively Figure
4.1).

SCF.
HO/\/\SCF3 HO™ " 3

S1 S2

Figure4.1 - SCEkanalogues

There are many radical, electrophilic and nucleophilic methodsdorporate the-SCEmoiety into

an organic molecule, however a wide range of these use difficult to handle gaseous reagents, such
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as CRl, CEBr and C#H, or expensive reagents such as Unen? Qa w8%0aC8SCiKFigure
4.2) 201

o e
é or BF,

i X
CF,

4.49

Figure4.2 - Umenmoto's Reagent

Therefore a facile nucleophilic trifluoromethylation of a thiocyanate group, developed by disngl
etal utlishy3d SlFaifte KFEYyRftSR FyR NBIFIRAf& | QOFAfl of
choser?®Furthermore RdzS (2 K S - aiylihatthd éf Reé-SCEJBoup in the presence

of base, as shown recently by Brigatdl.?*®a benzyl ether protection groupasbe employed in

synthesisof both Sland S2instead of a benzoyl protection group.

4.6.2 Synthesis of 4trifluoromethylthio) -butanol

The synthesis db2beganwith a benzyl ether protection of.12 (Scleme 4.38). An acidic benzyl
ether protection was attemptednvolvingbenzyl trichloroacetimidate, due to concerns that the
more commonly used basic protection would cause the satabin of 4.12to form THE but was
unsuccessfulA neutral benzyl protection oft.12 to afford 4.50 with benzyl mesylate has been

reported 2 however this reagent has limited commercial availability.

Benzyl trichloroacetimidate
Ho/\/\/CI Bno/\/\/CI
Triflic Acid, rt, 16 h
CH,Cl,
412 4.50

Scleme 4.38 - Attempted acidic benzyl ether protection

Therefore, it was quickly identified that the benzyl ether protection must be performed prior to
introduction of chlorine into the molecule. The benzyl atlpeotection of 1,4butane-diol Q was
then performed (Scheme 4.39), affording the moneprotected compound4.51 Successful
deoxychlorination oft.51with thionyl chloride afforded an inseparable mixture480 and4.52,

in a ratio of ~9:1 respectively. This inseparable mixture was carried forwardisimgy KSCN, the
thiocyanate group was installedia nucleophilic substation to afford.53 Unforturately, the
benzyl thiocyanate.54, formed from the residual benzyl chloride52, again proved inseparable

from the desired producénd the mixture was carried forward to the next reaction
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1. NaH (60% dispersion), Thionyl chloride,
oH THF, 30 min, 0°C oH pyridine, rt, 3 h
HO™ "~ BhO” "N
2.BnBr, TBAI, rt, 16 h CH,Cl,
84%
Q 4.51
KSCN, Kl
Cl ’ SCN
BnO/\/\/Cl + ©/\ BnO/\/\/SCN + ©/\
Ethanol, reflux, 24 h
4.50 4.52 4,53 4.54
Inseparable
Inseparable

Scheme4.39 - Synthesigowards 4-(trifluoromethylthio) -butanol

Fortunately, after trifluoromethylation wittCESiMe and TBAF (cat.), the desired compouh85
proved separable fronbenzyl impurity4.56 (Scheme4.40). Overall this provided4.55in a 39%

yield and the undesired molecue56in an 11% yieldover three steps.

CF3SiMe,, TBAF (1M

SCN in THF, cat.) SCF,
Bno/\/\/SCN . ©/\ . Bno/\/\/SCF3 +

4.56

4.53 4.54 4.55

39% over 3 steps 11% over 3 steps
Inseparable

Separable

Schemet.40 - Synthesis of thesSCEmotif

As the fluoride source (TBAF) is usathlytic quantitiesn this reaction, Langloist al. proposed
that the CNanionforms a stronger bond with silicon than the trifluoromethyl groQeiiemet.41).

This allows for the generation of the trifluoromethyl anion and thillews for the catalytic cycle to

continue.
CF3SiMe;
.
Me;SiF
Me;SiCN ‘CF,4 R-S-CN
Me;SiCF, CN R-S-CF,

Schemet.41 - Catalytic trifluoromethylation, adapted from Langloist al.20?

With 4.55 now inhand (Scheme4.42), hydrogenolysis of the benzyl ether protegigroup was
possible Initially Pd/dn MeOHunder batch conditions was attempted, however no reaction was
obsened (Entry 1 Table4.3). Therefore,aH dzo S a A y A u -flawv@@ipdenatiodz2atar)
was employed, where much harsher conditiammildbe tolerated. Success was initially observed
on a test run utilizing a Pd(Ottatalyst (Entry ZTable4.3), where 100% conversion was achieved

based onTLC andH NMR analysis. Unfortunately, when this reaction was performed on a larger
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scale only a 27% conversion (based on amountédf5 recoveed) was observed (Entry 3able
4.3). This is likely due to the poisoning of the catafysin the trace amount of impurity from the
trifluoromethylaion reaction. Nevertheless, after column chromatography of Entry 3, the two

reactions were combined and the final prodi&2was isolated in a combined yield of 39%.

See Table 4.3

Bno/\/\/SCF3 HO/\/\/SCFS

4.55 S2

Schemet.42 - Hydrogenolysis oft.55

Table4.3 - Hydrogenation conditions

Entry Conditions Conversion

MeOH, Pd/A.0% wt, rt, 16 h,

1 0%
Batch 1 g
CHCL, Pd(OHy, 40°C, 60 atm,
2 100%
flow, 200 mg

CHCL, Pd(OHy, 40°C, 60 atm,
3 27%
flow, 800 mg

4.6.3 Synthesis of Jtrifluoromethylthio) -propanol

Following the successful synthesisdeftrifluoromethylthio)}butanol, the same synthetistrategy
was to be appliedor the synthesis 08-(trifluoromethylthio}propanol The benzyl protection of
4.57 progressed smoothlyaffording 4.58 (Scheme4.43), however difficulty arose with the
subsequent deoxychlorination reaction to synthesiéé9. During the reaction, the complete
consumption of the starting materid.58was showrvia TLChoweveronly starting materiak.58

was observed following an aqueous work up with a sat. ag. Nabtgi@ion.

1. NaH (60% dispersion), Thionyl chloride,
THF, 30 min, 0°C pyridine, rt, 3 h
HO™ >""0H BnO” " OH BnO” "¢l
2. BnBr, 16 h, 75°C CH,Cl,
4.57 55% 4.58 Washed w/ aq. NaHCO3 4.59

Schemet.43 - Synthesigowards 3-(trifluoromethylthio) -propanol

It was originally believed that hydrolysis of the desired chlorinated produS® occurred,

reforming the starting materiat.58 This however was not the case. When the reaction was
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repeated with no sat. aq. NaHg®@ash, the dimerisedulphite 4.60was isolated in &2%yield
(Scheme 26

Thionly chloride,

pyridine, 3 h o)
BnO” """ OH 8
CH,Cl,, BnO” "0 707 >"0Bn
4.58 rt, 52%

No aq. NaHCO3; wash

Schemet.44 - Synthesis of dime#.63

A new procedure towardsS-(trifluoromethylthio)propanol was thus required. Fortunately, a
patent from Smithkline Beecham detailed the protection afforobutanol.12 with t-BuONa and
BnBr(Scheme4.45).2% This was repeated providing61in a quantitative yield, allowing for the
formation of the key intermediatd.62 Trifluoromethylatbn was then performedccording to the
above conditionsaffording4.63in an excellent yield of 94%. The gyesis was then finalised with

hydrogenolysis of the benzyl ethasing10% Pd/C in BD, furnishingS1in an 89% vyield.

t-BuONa, BnBr KSCN, KI,
HO/\/\Cl _— > BnO/\/\CI BnO/\/\SCN
rt, 16 h, CH,Cl, Ethanol, reflux, 24 h
412 quant. 4.61 78% 4.62
CF3SiMe;,
TBAF (1M in THF, cat.) 10% Pd/C
Bno” " scF;, ———— HO~ " “SCF,
THF, rt, 3 h Et,0, rt,
94% 463 16 h, 88% s1

Schemet.45 - Synthesis 051

4.7  Fluorinated gclopropyimethanol derivatives

47.1 Introduction

The synthesis of ayclopropanering was first completed in 1882 and since the 196@s been
used in a wide range of pharmacologically active compodtfdshas been used as a replacement
for a range of functional groupsuch as a phenyl group (reducing ®agd improving potencyy’

and an alkene (improving metabolic stability and other physicochemical propefiies).

Fluorinated cycloprogne motifs have an expansive histgf§? with the synthesis of various
fluorinated cyclopropne derivatives first reported in the #50s21°22w S OSy (1 f et &, | I y
divulged a facile synthesis towards the trifluoro meti65 (Scheme4.46), without the typicaluse

a mercury based reagent (phenyl(trifluoromethyl)mercuy)nterestingly, the substrate exhibited

a lodP of 3.2 which is thesame as trifluoromethylberene and a reduction in comparison to its

non-fluorinated analogues (Id¢g~ 3.6).
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F
CF3SiM93, Nal z E
THF, 55 °C, /©/<,l:
R 20 h, 53-93% R
4.64 4.65

Schemet.46 - Synthesis of a trifluorocyclopropyl derivative

4.7.2 Reduction of fluorinated cyclopropanecarboxylic acid analogues

With this in minda systematic study into the effects fluorine has on lipophiljeityen introduced
into the simple cyclopropylmethanol ring of interest. Therefore, the synthesis of thedrinated
cyclopropanemethanol derivativeBl, P2 P3 and P4 (Scheme4.47), was achieved by a LiAlH

mediated reduction of their respective carboxydicid.

OH

Oy_OH
X : - O, .
Y LiAIH E LiAIH
: e : F —0H A, R/ OH
WAN Et,0, 1t, WA Et,0, 1t,
P 16 h, 90% P 16 h, 96%
4.66 P1 4.67 P2
fo) OH OH O OH OH
- LiAIH, e LiAIH,
, , N
JYAN Et,0, rt, A F Et,0, tt, F
F 16 h, 93% F F 16 h, 97% F
4.68 P3 4.69 P4

Schemet.47 - Carboxylic acid reductions

4.8  Polyfluorinated substrates

48.1 Attempted synthesis of 3,3,4 detrafluoropentan-1-ol

Beier et al. reported the metalation of the RCRCEBr motif before subjecting it to various
electrophiles in an aim to expand the use ob@& containing products® During their initial
screening for an appropriate metalation reagent, they observed the reactiot@&E&H:Br 4.70
with MeLi resulting in the formation of the I®RRECEMe 4.73 (Schemet.48). Similar side reactions
have been observed in the past by Linoddual., when investyating anionic cyclization reactions,
although the isolated yields of the!®CEMe containing byproductswere considerably lower
(0.3% and 1.496%*
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2 min

MelLi (1.05 eq.) Vi
o eLi (1.05 eq. o
%Br Li
F F THF, -78 °C, F F
Br Br
4.70 4.7

. . R F R F
Electrophile (2 equiv) o o
E +
THF, -78° C to rt, F F F F
3h Br Br

4.72 4.73
5% (Expected) 82% (Observed)

Schemet.48 - Methylation of 4.70

With this consideration, the synthesis of 3,3 dedrafluoropentanl-ol was attempted utilizing the
various conditions employed by Bewtral.*®3First benzyl ether protection of.15was performed

to reduce the volatility of any subsequent reaction produ¢Bcheme4.49), yielding 4.74.
Conditions employing MeLi with and without additive were initially attempted to synthesise the
desired4.75(Entry 1 and 2,

Table 4.4). However, based offF NMR analysief the crude reaction mixtureneither were
successful with only ~5% of the desired proddcts formed.** The major productfrom this
reactionwaspresumed to be thelimination product4.76* determined by characteristit’®F {H}
signals’’®Beier observed that the use of thierbo Grignard reagentRrMgCI.LiCl) afforded a more
stable metalated intermediate whigtat -78 °C was stable for 4 h. Therefore, this reagent was

employed and after 45 miMel was added (Entry 3,

Table 4.4). Unfortunately, the desired product was not observedsuggesting that the
organomagenisum intermediate had already degradiedluoride elimination prior b thereaction
with Mel. With this in mind, the addition of Mel was performed after 5 min, although only a 5%

yield was observed (Entry 4,

Table4.4). Finally the reaction was attempted &0 °C, with the addition of théurbo Grignard to
a mixture of4.74and Mel, although agajnly a 5% yield was observed (Entry 5,

Table4.4). It is likely that the metalation product is only stable for very short periods of time and
that this reaction would likely benefit from the use of a flow reaction seugven lower reaction

temperatures.

X Selecteddata for4.75%°F {H} (376 MHz, CDgh -107.7 -107.8 (m, 2F)114.5; -114.6(m, 2F)ppm.
* Selecteddata for4.76%F {£H} (376 MHz, CDgk -104.3 (dd,E86.7, 32.Hz, 1F);124.4 (dd,=113.6
86.7Hz, 1F);175.2 (dd=114.0, 32.54z, 1Fppm.
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1. NaH (60% dispersion),

RF THF, 30 min, 0°C See Table 4.4
HOWBr BnOWBF P ——
2.BnBr, 16 h, rt, THF

F F 67% F F
4.15 4.74
R F F
+ F

BnO BnO N

F F F
4.75 4.76

Expected Observed

Schemet.49 - Attempted synthesis o#.75

Table4.4 - Attempted synthesis o#.75. [A] Additive added after 45 minutes, [B] Adtive added after

5 minutes.
Entry Organanetal Electrophile Temp Yield
1 MeLi N/A -18°C ~5%
2 MelLi Mel” -78 °C ~5%
3 Turbo Grignard Mel” -78 °C 0%
4 Turbo Grignard Mel® -90 °C ~5%
5 Turbo Grignard Mel -90 °C ~5%

As previously discussed, the majmoduct observed for each of these reactions was a result of
fluoride elimination, which was a side reaction Beier only typically observed®ithil®*However,

the formation of the alkene product was not surprising, as this motif has previously been
synthesised by the groupia the treatment of RCRCEBr with an excess of MeLi at room

temperature.Hence, we did not achieve the synthesis of this compound on sufficient scale.
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4.8.2 Synthesis of 3,3,4etrafluorobutan-1-ol

The radical debromination @f.15was successfully performed utilizingsBaH and AIBM afford
G10(Scheme4.50)

AIBN
R F BusSnH R F
Br H
HOW ' Toluene HOW
FF 110°C, 16 h FF
415 45% G10

Schemed.50 - Synthesis of 3,3,4detrafluorobutan-1-ol

4.8.3 Synthesis of 2,2,3;8etrafluorobutan-1-ol

¢tKS RS2E&3Syl (A2 y-Ckhxibstitutisnisatrelagvily uncommioi iéaction. The
only examples in literature involve theonversion of the alcohol to an iodidga a triflate
displacement, prior to the radical dehalogenation witlBusSnH/AIBN!®217 Due to the highly
reactive nature and instability associated with triflate and iodide groups, a BaftDombie
deoxygenatioA*®was chosen. This route still necessitates the activation of the alcohol, this time to
either a thiocarbonate, thiocarbamate or a xanthate. The formation of xanthates requires the use

of toxic @rbon disulphide?°thus either a tliocarbonate or thiocarbamate groupastrialled.

Initially the deoxygenation of the di@5 (Scheme4.51), was attempted with the thiocarbonate
group and no protectng group on the opposing alcohol. Conversion @5 to the desired
thiocarbonate4.77, was accomplished using conditions by Geshl.?*° Successful recrystallization
of 4.77 from the slow evaporation of CH@ave crystalshat were suitable for Xray diffraction
analysigFigure4.3). The reduction of the thiocarbonat77was then attemptedvith n-BuSnH
and AIBN. Depite consumption of the starting materia¢ determinediia TLC analysis, subsequent
investigation of the crudé’F NMR spectrum revealed a compimixture of undesired fluorinated

products.

xiThis synthetic work was performed by Simon Hollarftiy@ar MChem student) under my supervision
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O-Phenyl chlorothionoformate

Y OH pyridine N O.__OPh
HO% HO% T
FF CH,Cly, rt, 3 h FF s
38%
Q5 4.77
BusSnH
AIBN R F
—_—
HO%
Toluene, 16 h FF

110°C
G12

Schemed.51 - Attempted BartongMcCombie deoxygenation

&
& g b

&
s @
¢ ®

)

[ =

Figure4.3 - Crystal structure o#.77

In an effort toreduce the potential foside reactions and reduce the volatility of potezitproducts,

a TBDMS protectggroup wasnstalled toQ5. The selective mor®@BDMS protectioreactionwas
successful and involvediaH and TBDMS@Echemel.52), affording4.78in a high yield of 95%. This
was followed by the conversion 4f78to its corresponding thiocarbonate containing intermediate
4.79 with a 76% yield. Again, the deoxygenati@action was performed with AIBN aneBwSnH
(Conditions A), however no desired product was observed as indicatéd-b)MMR analysis.
Following flash column chromatography, the apolar side productsluted with the n-BusSnH
residues, preventing thedentification of any sideaeactionproducts. The deoxygenation df79
was then attempted again, employing triethylsilang&h benzoyl peroxide (BPO) as the radical
initiator (Conditions BJ?° This resulted in fewer sideroductsand the crude reaction mixture here
proved more useful llowing for an insight into the reaction outcoryia which at at 1.76 ppmcan
be observedwhich would be expected fronthe terminal CH of the MeCEKCER),- motif. This
suggestd the formation of the desired produc#.80. Unfortunately, this apolar product was

inseparable from triethylsilane and its corresponding degradants.

1. NaH (60% dispersion), O-Phenyl chlorothionoformate
RF on THF, 30 min, 0°C RF oH pyridine
Ho% TBDMSO%
£ F 2. TBDMSCI, rt, 1.5 h, 95% £ F CH,Cly, 1t, 1 h
76%
Q5 4.78
R F A - BusSnH, AIBN, Toluene, 16 h, 110°C R F
(o) OPh
TBDMSO hit ) ) ) N TBDMSO
FF s B - Triethylsilane, Benzoyl Peroxide, 16 h, 116°C FF
4.79 4.80

Schemet.52 - Synthesis towards 2,2,3;&trafluorobutan-1-ol
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Giwen this encouraging result, the route was repeated with a benzoy! proiggtoupinstalled
The rationale was toenhancethe polarity of the deoxygenated produco to provide a
chromatographic handle fareparation from triethylsilane and its degradant he tetrafluorinated
diol Q5was monebenzoyatedto afford 4.81(Schemed.53), before activation of the free alcohol
to the pivotal thiocarbonate intermediate4.82 The reduction of thiocarbonatel.82 with
triethylsilane and benzoyl peroxide progressed successfultyami excellent isolated yield of 93%.
The deprotection o#t.83was achieved with 25% NaOMe in MeQ@leldingG12

BzClI O-Phenyl chlorothionoformate
RF OH Pyridine RF OH pyridine
HO - = BzO
£ F CH,Cly, rt, 20 h FF CHyCly, rt, 1.5 h
46% 61%
Q5 4.81
EF Triethylsilane 25% NaOMe
Benzoyl Peroxide RF in MeOH RF
O.__OPh >
BzO hif BzO HO
FF s Toluene FF Et,0, £ F
116°C, 2 h rt, 23 h
4.82 93% 4.83 48% G12

Schemed.53 - Synthesis towards 2,2,3;8trafluorobutanol

The mechanism for this radical deoxygenatishich utilises triethylsilane and benzoyl peroxide,

can be found irBchemet.54.220

LA A i ™ , c’_o,_oph
>0 . AN~
o Ot H{siEs Bz0” "CTTNIQL
o 2 )
4.84 4.85

S .
( siet
4.86
F, Fy F»
B Bzo/\c/c\h(?ﬁ(oph B0 N [N ar, —— oo O+ USiE
€ € U HiSiEt c
2 S. 2 < 2
SiEt,

4.87 . 4.88 G12

EtsSiv

39l s

Pho/go

4.89

Schemed.54 - Mechanism for radical deoxygenation, adapted from Bartehal.?2°

¥ This synthetic work was performed by Simon Hollarftly@ar MChem student) under my supervision
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Synthesis of 2,2,3,3,4;hexafluoropentan1-ol

Having developed the optimised procedure for alcohol deoxygenation in the presence etan

substituent the same series of reactiongere then applied to hexafluoropentat,5-diol R4

(Scheme4.55), to afford 115" Hexafluoropentanl,5-diol R4 was moneprotected with benzyl

chloride to afford4.90and the thiocarbamate was installed in a good yield of 86%. The reduction

of the thiocarbonate4.91 was performed and4.92 was obtained in an excellent yield of 91%.

Finally, deprotection was performed with 25% NaOMe in Me@H obtain the desired

deoxygenated compounid5.

BzClI

O-Phenyl chlorothionoformate

Ez pyridine Ez pyridine
HO >c""¢”™SoH T .~ BzO” ¢ °c” OH
F, Fs CH,Cly, 1t, 24 h F, F, CHyCly, 1t, 1.5 h
54% 86%
R4 4.90
s Triethylsilane 25% NaOMe
Ez )k oh Benzoyl Peroxide (";2 in MeOH (F:2
Bz0” ¢ ¢ 0" No7 Bz0” ¢ ¢’ T . > Ho ¢ ¢’
F, F, Toluene F, F, Et,O, rt, 23 h F, F,
116°C, 2 h 45%,
4.91 91% 4.92 115
Schemed.55 - Synthesis of15

xii The following reactions wengerformed by a 3 year project student Thomasin Brind under my direct

supervision.
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4.9 Conclusion

A total of twenty-two fluorinated alkanols were successfully synthesised throtlgh use of
buildingblock and fluoroalkylation reactioné-igure 4.4). Thesesubstrates were used in the
evaluation of the effects of aliphatic fluorination on lipophili¢itlye results of which can be found

in Chapter 2.

OH OH OH F

F3C\/\)\ F3C/\)\ FSC/\)\/ Ho/\)\/CFS
K1 H9 J2 19
OH OH OH OH
/\)\/CF3 F3C\/\)\/ \/\)\/CF:s \/\)\/\CF3
J1 M3 M4 N2
OH OH OH F
FBC\/\)\/\ \/\)\CF3 F3C\/\)\CF3 HO\)\/CFg,
N1 K3 K2 G9
R F AN SCF HO—,
HO\)&/CFs HO SCFs3 HO™ " : [>"IF
G14 S1 S2 P1

HO—., HO ]
Ho S D> &F Ho ™~
F
F FF
P2 P3 P4 G10
R F R F
Ho% HO
FF FFFF
G12 15

Figure4.4 - All fluorinated alkanols synthesis in Chapter 4

The trifluorinated analogue&l, H9 and J2were all synthesised following the silver catalysed
hydrofluoromethylation of their respective alkends. a comparable mannel9 was synthesised
viaa radical fluorotrifluoromethylation. The trifluoromethylaminoxylation epé&ntene with Togni

Il and subsequent D bond cleavage, yieldeld. The use of the Grignard reaction allowed for the
synthesis ofM3, M4, N2 and N1. Nucleophilic trifluoromethylation of their corresponding
aldehydes with RuppetPrakash reagentfforded bothK2and K3
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After the limited success of thexytrifluoromethlation of an alkene, the synthesis®®and D14

was successfully accomplishélthe aforementioned difficulties were overcorbg performing a
homologation reaction between the diazoalkarg)EHMNand benzyloxyacetaldehyde, followed by
treatment with DAST and finally protecting group hydrogenolysis.mts to synthesiseD9
individually by deoxyfluorination was met with failure due to the high degree of alkene formation

(eliminationproduct).

The trifluoromethylthio motif of S1 and S2 was successfully incorporatedia the
trifluoromethylation of a thi@yanate. The synthesis of the fluorinated cyclopropylmethanol
analoguesPl, P2 P3andP4was accomplished by the reduction of their corresponding carboxylic
acids with LiAlld The tetrafluorinated analogu&10was synthesised by radical debromination.

Firally, a BartoiMcCombie deoxygenation afforded boBil2andI15.
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51 Introduction

5.1.1 Previous results and Aims

Previous results from the Linclau group would suggest that polyfluoroalkylation of simple
alcohols would typically cause an increase in lipophili@ygG17 | Mbl18, Figure5.1).** However

as discussed earlier in Chapter 2 SectibB.3 and 2.3.4 various lo@ lowering trends for
perfluoroalkyl groups were established. One of these is the drastic reduction of lipophilicity by
roughly a logarithmic unit for the exchange of a trifluoromgtgroup for a methyldf. G17MG12

118 H L).Mpe other trend observed was the decrease in lipophilicity despite chain elongation
(which is typically Idgincreasingcf. G hl) for the exchange of a-E bond of a trifluoromethyl
group for a @e bond(G17Hl15).

logP F,

FsC. _C.

e e oH

26! F, F
118 — +2.57 (A +1.06)
24|
22| Fy
Fac/c\(F:/\OH
20 A A1.03
G17—— +1.98 (A +1.10) __
18] 7 !
161 SNN"SoH Tl
e oS TTESC 15— 41,54 (A 40.03)
| — +1.51
14[ A1 F2
e Non
12] F, F
1.0 N
08 G —+0.88-----—--==mnmn- G12— +0.87 (A -0.01)
O S SoH Ez
06 _ \(F:/\OH 17 — +0.71 (A -0.80)
L 2 S¢™>"oH
Fy
0.6]
0.4[
G8—— +0.34 (A -0.54)
02| P
~U"0H

Figure5.1 - Key lipophilicity lowering trends

Due to these interesting trends, the novel perfluoroalkyl grop$2and |15, Figure5.1) could be

of interest in drug discovery programs. The useMHCFEK(CRE).-groups could assist medicinal
chemists in the modulation of pharmacokinetic processesh as metabolism or solubyljtwhile

also allowing them to achieve a similar or even reduced lipophilicity in respect to their parent

compound. It could be expected that these fluorinated chains will have a lower metabolic lability
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than the corresponding alkyl group. Therefore, timwestigation of whether these lipophilicity
lowering trends translate directly from simple alcohols to more complex drug scaffolds is pivotal to
the validation of this research. With this in mind, the following alcoleels (Figure5.2) were
selected for their incorporation into a drug scaffold in order to observe whether their effects on
lipophilicity, as observed on the butanol/pentanol scaffold,chalhen they are part of a more
complex structure. The alcohasd, e andh were commercially available, while the synthesié of
andf can be foundn Chapter 3 Sectio8.3.7 and the synthesis afandgcan be found irChapter

4 Sectior4.8.3and4.8.4respectively.

F, F2 Fy

C.
~"oH ~C~on - oH Foc” O oH
a(G) b (G8) c(G12) d (G17)
Fa Fa
Co FsC. _C.
NS N0oH N "0H ~c C " OH Cse C " SoH
Fa Fa F Fa F
e(l) £(17) g (115) h (118)

Figureb.2 - Selected alkanols for investigatidt’

Due to the collaboration with AstraZeneca on this project, the capability to investigate other
pharmacological and pharmacokinetic processes is possible. Therefore, metabolism (human
microsomes and rat hepatocytes), solubility, hERG inhibition and plasma protein binding will also
be examined, as these properties have been known to be modulated by either lipophilicity or

fluorination before8 10221

51.2 Evenamide

Evenamides.1la (Figureb.3), is an oral drug developed by Newron Pharmaceuticals designed to
target voltagegated sodium channels to treat schizophrenia as an@utherapy (to enhance the
therapeutic effect of an already prescribed dréd@)lt has recently finished Phase lla clinical trials
with plans to commence Rise Il by the end of 2018. Evenamide was specifically chosen because
of its butoxy group. The distance of the butoxy side chain in relation to the other functional groups
allows for the effects of fluorination on lipophilicity to be observed without theeiference of

other effects. For example, if fluorine was to be close to a nitrogen containing functional group, it
Y& FFFSOOG K SUThis wouBpashyalyaffedt pasameadeks$ukh as solubility and
lipophilicity.

¥V T facilitate an easier discussion of the incorporation of these fluorinated alkanols into a drug scaffold
within this chapter, they are labelled by a lowercase letiére original numbering is in brackets.
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NN \©/\/® ,il/
5.1a

Figure5.3 - Evenamide

5.1.3 Syntheticplan

Newron had developed a simple and robust synthetic route towards evenamide starting from
commercially available compourtd2uHCI(Schemeb.1).1¥ Ammonium sal.2 is first neutralized

and the resultant amine is protected tlvia Boc group. Hydrogenolysis of the benzyl ether is
performed, revealing phenob.3. The butoxy group is installedia O-alkylation with %
bromobutane, affordind.4a Newron mentioned that other electron withdrawing groups could be
used in place of thdromine for the @O bond formation, such asulplonate esters, which they
demonstrated with other analogues. The dimethylacetamide functional group is then incorporated,

providing5.5aand finally, Boc cleavage with ethereal HCI furnishes the final dvegaenide5.1a

o 1) Boc,0, 1M NaOH, n-BuBr

®
BnO NH5Cl H,O/THF, 1, 16 h HO NHBoc K,CO4
\©/\/ 2) Hy, 10% Pd/C, \©/\/ Acetone, 56 °C, 72 h
5.2-HCI MeOH, 35 psi. rt, 16 h 5.3 81% over 3 steps

1) NaH (60% dispersion), DMF, 0 °C, 1 h o

~o~O0 NHBoc 2) N,N-Dimethylchloroacetamide, rt, 16 h Boc
~o~O N \)kN/
75% \

5.4a

5.5a
HCI/Et,0O

(0]
— \/\/O ® N/
rt, 16 h, 95% \

5.1a
Schemes.1-b S NPy Q& ZéeyamileSara 27F

This procedure can be replicated with relative ease. The chosen alkafgl&igure5.2), can be
conveniently activated with gulptonate leaving group for the-O bond formation. One major
procedural modification however will be performed; the dityglacetamide installation will occur
prior to the hydrogenolysis an@-alkylation synthetic steps. This is done to minimise the loss of

valuable fluorinated material and thus maximise the quantity of the final fluorinated products.
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5.2  Synthesis okvenamideand its analogues

5.2.1 Synthesis ofcaffold

Despite the commercial availability 82 (Schemeéb.1), its high cost (~£200/g) precluded its use as
a starting material. Thuyghe synthetic route will start from the vastly cheaper aldehygd@(~£6/9)
which, following a literature proceduré® can be easily converted 1.2 (Scheme5.2). This was
accomplished by performing a Henry reaction on the aldets/@ and then reducing the resultant
nitroalkene 5.7 with LiAlH, to afford the primary amine. A Boc protection was subsequently
performed, which afforded.9in a yield of 42% over 2 steps. This yield was lower than expected
and may be improved by perfiming the nitroalkene reduction at refli* However enough
material §.9) was synthesised at this stagethere was no need to further investigate and optimise

this series of reactions.

? CH;3NO,
BnO NH,OAc BnO. X NO, LiAIH, BnO NH,
_ = _— =
AcOH, A, 2h THF, rt, 4 h \©/\/
Quant.
5.6 5.7 5.2

Boc,0, Et;N BnO NHBoc
CH.Cl,, rt, 16 h \©/\/
42% over 2 steps
5.9

Schemeb.2 - Synthesis of the required amine starting material

With 5.9in hand Gchemes.30 = G KS RS @A | G A 2 Yic pfoddiure wasSihielNBagilled a8y G KS
and the dimethylacetamide functional group was successfully installed. Deprotonation of the

BocNH motif was performed with NaH, followed by nucleophilic substitution Wjtkdimethyl

chloroacetamide, furnishing.10 in a yidd of 83%. Protecting group hydrogenolysis was then

performed, affordings.11in excellent yield of 93%, revealing the phenol functionality required for

the important GO bond formation.

1) NaH (60% dispersion), DMF, 0 °C, 1 h

(0]
BnO NHBoc 2) N,N-Dimethyl Chloroacetamide, rt, 24 h Boc
T o T
N
- \©/\/ ‘

5.9

5.10

H,, Pd/C Boc §)

HO N N~
EtOH, \
n,25h

93%
5.11

Schemeb.3 - Synthesis of key phenol intermediatg.11
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5.2.2 O-Alkylationsvia a tosylate leaving group

In order to avoid the handling of any volatile sulphonate esters (triflate or mesylate derivatives), it
was initially proposed that thentroduction of the alkyl chaina-h (Figure5.2) would be performed
using a tosylate leaving group. The tosylate derivatives bf e andf, were syrhesised utilizing
standard conditions and were used immediately without further purificatiSohgmes.4). The
followingO-alkylation reactions progressed smoothly through the deprotonation of the phenol with
CsCQ, yielding5.5a 5.5b, 5.5eand5.5fin yields of 4801%.

DMAP (cat.)
/\M;\OH _— h OTs —— \H\/ \)L -
CH,Cly, 1t, 1h Cs,CO4
DMF, rt,
an=1 5.12a, n = 1 (94%) 16 h 5.5a,n=1(91%)
en=2 5.12e, n = 2 (86%) 5.5e, n = 2 (74%)
TsCl
F Et;N
2 DMAP (cat.)
C _C
- %\OH - . Q\OTS - % \)k -
CH,Cly, rt, 1 h Cs,CO43
DMF, t,
b,n=1 5.12b, n = 1 (80%) 16h 5.5b, n =1 (43%)
f,n=2 5.12f, n=2(93%) 5.5f, n=2(91%)

Schemes.4 - Key GO bond formation

Despite the facile nature of the previousGCbond formations, no reaction could be obserxeal
LCMS analysis between the tosyl intermedi&é2d and phenol5.11 at room temperature
(Schemeb.5). The reaction mixture was then heated @ °C and instead of the desiret-
alkylation, tosyl exchange occurratstead, resulting in the formation and subsequent isolation of
5.13in ayield of 67%. The reduced reactivity of leaving groups attached to perfluoroalkanols is well
established?>2?” This occurs predominantly because of an electronic deactivation effect and
because of the neighbouring fluorine atoms causing a destabilizing repulsion to anionic
nucleophiles. This leads to either a slow reaction or even no reaction occurring and, in this example,
SO bond cleavage instead ofGL which is a previously documented side reactféortunately,

this problem could be eliminated through the use of a triflate leaving group, which has been
reported to be 10 more reactive than a tosylat&>?*° One example of the installation of
perfluoroalkanolsvia sulphonate displacement has been performed in literatt¥fen this case, a
triflate leaving group was employed, although the other reagents used were NaH and
hexamethylphosphoramide (HMPA), which are considered to be relatively forceful and toxic. The

investigation and development of a more facile route is thus desired.

117



Chapter 5

Boc

c_ 0 N N~
TsClI

EtsN

Fa DMAP Fy 5.11 5.5d ( O%) Expected
Co N N Co - >
F,C” ¢ OH F,C” ¢ > OT
T F, CHClytt,16h 20 F, ~° Cs,CO;4 5
93% DMF, 90 °C oc

, \\ .0 N /
d 5.12d 16 h /@/ \©/\/

5.13 (68%) Observed

Schemeb.5 - Attempted O-alkylation

5.2.3 O-Alkylationsvia a triflate leaving group

It was decided foFf f dz2 NRA Y | 4 SR | f O-ERKthdt dtrifléte Igating rgup Walld bey” b
employed for theD-alkylation step, because of its increased reactivity in comparison to the tosylate
leaving group?*#° Despite the commercial availability 8f14d(Schemeb.6), the triflate derivates

of the fluoroalkanolg, gandh (Figure5.2) are not. Therefore, the development of a procedure for

the synthesis and subsequent isolation and harglbf these triflate activated alcohols is required.

The optimisation of this process was performed using fluoroalkdn@chemeb.6), due to its
commercial availability and low cost. As originally expedieldid was very volatile, with a boiling
point of 118120 °CG?° Therefore, normal operating protocol was applied for the handling of volatile
materials. Standard conditions were applied for the triflate formation and the reaction was
successful with complete consiption of the starting material, confirmedacrude!H and'*F NMR
analysis. However, a concentrated solution yielded only 38% of the desired mcetiain(es.6).

This low yield was deemed unacceptable, and a different procedure was sought after.

EZ Tf,0 Ez
AP N _— AP N
FsC” " “OH FsC”>C” OTf
¥ F 2,6-Lutidine &R
CH,Cly, 1t, 1h
d 38% 5.14d

Schemeb.6 - Triflation reaction

The majority 06.14dwas presumably lost upon evaporation of the solvent. One way to minimise
this loss could be through not attempting its isolation. This can be accomplished by employing a
one-pot procedure, where isolation of the desired product occurs only after tHe tHnd
formation, when the product is no longer volatilBaghemeb.7). As acetonitrile has been used for
both triflation?3! and O-alkylatior?® reactions, this was the first solvent utilized for the gnet
procedure Table5.1, Entry 1). The triflate formation was performed again using the standard
conditions previously employe@¢hemeb.6). After the reaction was deemed complete 8y NMR

(=1 hr), 3 equivalents of &3 were added to the reaction mixture, followed Byl1in a solution
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of DMF. After 16 h, crud®F NMR revealed consumption of the stag materials.14dand crude
LCMS analysis confirmed the formation of the desired produsd. Following aqueous work up
and column chromatographyg.5d was isolated in a good yield of 50%. As there is literature
precedent for triflation reactions beingepformed in neat pyridiné?3 the triflation reaction was
attempted in neat 2,dutidine (Table5.1, Entry 2). However, no formation 6f14dwas observed

by 1°F NMR. The original solvent for the triflation reactiGhCh, was then trialled and an improved
yield of 67% was observeddble5.1, Entry 3). In an attempt to further improve this yield, the
triflation reaction was repeated in GEb with an aqueous work up performed prior the O
alkylation Table5.1, Entry 4). Unfortunately, the yield decreased to 23%. This is presumably due to
the low concentration of the reaction ntixe, as a consequence from dilutioria multiple

extractions from the aqueous phase (during the work up procedure of the triflation reaction).

Schemeb.7 - Onepot O-alkylation optimization

Table5.1 - One-pot O-alkylation optimization

Entry Solvent Isolated yield of 5.5d over 2 steps
1 MeCN 50%
2 2,6-Lutidine No triflate formation observed
3 CHCL (No aqg. work up) 67%
4 CHCb (w/ ag. work up) 23%

With the synthesis 0b.5d complete Schemeb.7), the same methodology was applied to the
fluorinated alkanols whik O 2 y (i {CB gfoudc,yjantih (Schemes.8). This afforded.5¢ 5.5¢
and5.5hin good yields.
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