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Lipophilicity is known to influence a wide range of ADMET (absorption, distribution, metabolism, 

excretion and toxicity) properties and is widely regarded as one of the most important parameters 

within drug discovery programs. Unfortunately, in recent years lipophilicity modulation has often 

been abused to increase the potency 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 late-stage drug attrition is very costly, in order to 

improve the druggability of a compound there has been an increased awareness of the importance 

of lipophilicity modulation within drug discovery programs. 

Fluorination is a tool commonly used within drug development to modulate a wide range of 

pharmacokinetic properties, in particular lipophilicity. While the effects of aromatic fluorination on 

lipophilicity have been well studied, due to constraints of commonly utilized analytical techniques 

used to measure lipophilicity (requirement of a UV chromophore), aliphatic fluorination has not. 

Fortunately, through the use of a 19F NMR based method, the effects of aliphatic fluorination can 

now be reliably measured. Therefore, within this thesis the synthesis and lipophilicity measurement 

of a wide range of fluorinated alkanols, containing both known and novel motifs, will be covered. 

This allowed for an in-depth 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, the incorporation 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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AIBN Azobisisobutyronitrile  

CI Chemical ionization 

CNS Central Nervous System 

COSY Correlation Spectroscopy 

D1 Relaxation delay 

DAST Diethylaminosulphur trifluoride 

DIPEA N,N-Diisopropylethylamine 

DMAP 4-Dimethylaminopyridine 

DMF Dimethylformamide 

DMP Dess-Martin periodinane 

DMPU N,N-Dimethylpropyleneurea 

EA EtOAc 

EI Electron ionization 

ESI Electrospray ionization 
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FCC Flash column chromatography 
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FTIR Fourier-transform infrared spectroscopy 

HMBC Heteronuclear Multiple Bond Correlation 
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Chapter 1 LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Lipophilicity  

Lipophilicity is considered to be one of the most important parameters in drug discovery, 

influencing a wide range of properties including pharmacodynamic and pharmacokinetic profiles, 

in addition to drug toxicity.1 Originally proposed by Hansch and Fujita as a portrayal for biological 

partition, lipophilicity was defined as the logarithmic partition coefficient (logP) of a molecule 

between a non-polar phase (octanol) and a polar phase (water).2-3 Essentially, 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 action.2 The corresponding P value is frequently obtained 

experimentally as the ratio of the concentration for a neutral compound between n-octanol and 

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

two structural properties, hydrophobicity and polarity. 

 
ὖ
ὅ

ὅ
 (Eq. 1) 

For ionisable compounds, the distribution coefficient (logD) is used. This parameter is pH 

dependant, where experimentally the physiological pH7.4 is typically used. It refers to the sum of 

both the ionised and non-ionised species in the water distribution, assuming the charged species 

will not exist in the octanol phase to a significant extent. The logD can be calculated using the 

following equations (Equation 2 and 3, pKa is the dissociation equilibrium constant).2  

 
ὒέὫὈ ὰέὫὖÌÏÇ
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 (Eq. 2) 

 
ὒέὫὈ ὰέὫὖÌÏÇ

ρ

ρ ρπ
 

(Eq. 3) 

Currently within lead-to-drug development programs, both molecular weight and lipophilicity are 

often inappropriately increased to improve the potency of drug molecules. This is referred to as 

άƳƻƭŜŎǳƭŀǊ ƻōŜǎƛǘȅέ,4 and generally causes an undesired deterioration of key properties (e.g., 

solubility, metabolic stability, oral bioavailability) that control a ŎƻƳǇƻǳƴŘΩǎ druggability.5-7 

Therefore, the capability to reduce or maintain a low lipophilicity, whilst increasing molecular 

weight and drug potency is viewed as a fundamental objective for success in drug discovery 

programs.7  
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As late-stage 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 obvious that optimum lipophilicity ought 

to be one of the important targets during drug design and lead optimisation.8 Therefore methods 

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

1.2 Lipophilicity effects on ADMET properties 

1.2.1 Absorption 

1.2.1.1   Solubility 

At a given temperature, solubility is the measure of the maximum quantity of material that is able 

to dissolve in a specific amount of solvent.9 Lǘ ƛǎ ŎǊƛǘƛŎŀƭ ŦƻǊ ōƻǘƘ ŀ ŘǊǳƎΩǎ ŀōǎƻǊǇǘƛƻƴ ŀƴŘ 

bioavailability, making it a key feature within drug discovery.10-11 Poor solubility is often a problem 

for medicinal chemists, however this can sometimes be remedied through the use of formulation 

methodologies, allowing for increased exposure in patients.4 Low solubility can also reduce the 

efficacy of a drug because of poor exposure, which can result in delays or failures a drug 

development program.12 

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

et al. in 198013 combined both logP and melting point (MP) to calculaǘŜ ŀ ƳƻƭŜŎǳƭŜΩǎ ŀǉǳŜƻǳǎ 

solubility. The melting point is a measure for the lattice energy which is lost on the molecule 

dissolving into solution. An updated and simplified equation can be seen below (Equation 4),14 

which links decreasing lipophilicity with increasing solubility for molecules of similar melting points. 

 ÌÏÇὛέὰ πȢυ ὰέὫὖπȢπρὓὖ Јὅ ςυ (Eq. 4) 

A study by Clark et al. on a wide range of typically utilized research compounds observed that while 

only 50% of compounds with logP values of <3 were soluble,i this figure dramatically decreased to 

10% when the logP increased to >3.9 GleesoƴΩǎ ǎǘǳŘȅ ƻŦ ппΣруп D{Y ŎƻƳǇƻǳƴŘǎ ŀƎǊŜŜŘ ǿƛǘƘ ǘƘƛǎΣ 

reporting that if a logP value of <3 is targeted, then achieving a high solubility is much more likely.11 

He also observed that on average as the calculated logP (ClogP, for more information see Section 

1.4.3) values increased, solubility decreased.  

                                                           

i Kinetic solubility >250 µg/mL, 500 µM for a compound of MW 500 Da 
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1.2.1.2 Permeability 

Permeability is another important parameter in determining a drugΩs ability to reach the circulatory 

system through biological membranes found in the gastro-intestinal tract.15 This can occur via 

various manners, such as paracellular or transcellular diffusion and transport-mediated 

mechanisms.10 Lipophilicity plays an important role in the permeability of a drug. One of the original 

uses of logP/D measurements was to emulate the distribution of a molecule between a cell 

membrane and aqueous media.8 Its relationship with permeability has been documented as 

hyperbolic,16 parabolic,17 linear,18 bilinear18-19 and sigmoidal.20-21 Overall these reports are in 

agreement that a reduction in lipophilicity will lead to a decrease in permeability. This connection 

of permeability and lipophilicity ǿŀǎ ƻǾŜǊƭƻƻƪŜŘ ōȅ [ƛǇƛƴǎƪƛ ƛƴ Ƙƛǎ άǊǳƭŜ ƻŦ ŦƛǾŜέ; it was instead linked 

to other criteria (hydrogen bond donor count <5, H-B acceptor count <10, and MW <500).22 

The Caco-2 cell line is often used when measuring a molecules permeability.23 It allows for both 

active and passive components of permeability to be recognised, because the Caco-2 cells express 

a range of relevant efflux transports.  

Egan et al., utilized this Caco-2 cell line in a computational study for the prediction of absorption 

(permeability) using lipophilicity and other properties such as PSA (polar surface area).24 This model 

suggested that a good absorption can be achieved in a logP range of -1 to +5.9, with an optimal PSA 

of <132 Å. ! ƳƻǊŜ ǊŜŎŜƴǘ ǎǘǳŘȅ ōȅ ²ŀǊƛƴƎ ǳǘƛƭƛȊŜŘ !ǎǘǊŀ½ŜƴŜŎŀΩǎ ǊŜǎǳƭǘǎ ŦǊƻƳ /ŀŎƻ-2 cell 

permeability datasets, revealing a decrease in permeability for compounds with low logD, high PSA 

and high MW.23 ¢Ƙƛǎ ǊŜƛƴŦƻǊŎŜǎ ǘƘŜ ǊŜǎǳƭǘǎ ŦǊƻƳ 9ƎŀƴΩǎ ŎƻƳǇǳǘŀǘƛƻƴŀƭ ǿƻǊƪΦ24 Additional statistical 

analysis revealed that there is a 50% chance for a compound to have high permeability if the logD 

value is >1.7 units, and has a MW between 350 and 400. Furthermore, Waring identifies both 

lipophilicity and MW as the 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 limit, due to issues 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), is recommended.10  

1.2.1.3 Bioavailability 

In drug discovery, bioavailability is a widely used parameter and can be defined ŀǎ ǘƘŜ άŦǊŀŎǘƛƻƴ ƻŦ 

ǘƘŜ ŘǊǳƎ ǘƘŀǘ ǊŜŀŎƘŜǎ ǘƘŜ ǎȅǎǘŜƳƛŎ ŎƛǊŎǳƭŀǘƛƻƴ ŀŦǘŜǊ ƻǊŀƭ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴέ.25 It is a complex property, 

influenced by the previously mentioned solubility and permeability, as well as clearance (See 

section 1.2.3).26-27 An acceptable in-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 minimise first pass eliminationii.8 Therefore, it is 

predictable that lipophilicity plays a role in the influence of bioavailability: too high and metabolism 

and solubility will be inadequate; too low, and permeability will be challenging. 

Lipinski suggested a logP limit of <5, indicating that oral bioavailability was more likely to occur 

below this limit.22 Other reports have suggested a logP range between 0 and 3,29 and in the case of 

logD, a range of between 1 and 3.30 Topliss et al. studied oral bioavailability on 232 drugs, with an 

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

and pharmacological data.31 He reported that 99% of highly bioavailable drugs were in the logD6.5 

(pH of the small intestine) range of -2 to +3. DƭŜŜǎƻƴΩǎ ǎǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎ ƘƻǿŜǾŜǊΣ ǊŜvealed that 

the relationship between bioavailability and ClogP was not statistically significant at a 99.9% 

confidence level, although he states this may be due to relatively simplistic modelling.11 Other 

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

bioavailability and lipophilicity.32 Other parameters such as rotatable bonds, ionisation state and 

PSA were proposed to be more appropriate forecasters.10 

1.2.2 Distribution 

¢ƘŜ ǾƻƭǳƳŜ ƻŦ ŘƛǎǘǊƛōǳǘƛƻƴ ƛǎ ǘƘŜ ƳŜŀǎǳǊŜ ƻŦ ŀ ŘǊǳƎΩǎ ŘƛǎǇŜǊǎŀƭ ƛƴ ōƻǘƘ ǇƭŀǎƳŀ ŀƴŘ ǘƘŜ ǊŜǎǘ ƻŦ ǘƘŜ 

body, after dosage and clearance.10 It is an important parameter within drug development, crucial 

for determining efficacy.8 It is typically measured via 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 understaƴŘƛƴƎ ƻŦ ŀ ŘǊǳƎΩǎ ŎŀǇŀōƛƭƛǘȅ ǘƻ ōƛƴŘ ǎǇŜŎƛŦƛŎŀƭƭȅ ƻǊ ƴƻƴ-specifically to 

numerous tissues or proteins is important.8 One particularly important plasma protein is human 

serum albumin (HSA). It is known to impact the volume of distribution33, clearance34 and efficacy of 

a drug.11 Hence the ability for the pharmaceutical industry to predict distribution is important.  

±ŀǊƛƻǳǎ ǊŜǇƻǊǘǎ ƘŀǾŜ ǎƘƻǿƴ ǘƘŀǘ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ŀ ŘǊǳƎΩǎ ƭƛǇƻǇƘƛƭƛŎƛǘȅ ǿƛƭƭ ǘȅǇƛŎŀƭƭȅ cause an increase 

in plasma protein binding. One publication revealed this relationship to be sigmoidal,35 whilst 

another reported it to be linear.36 This occurs because of an increase in the molecules 

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

the plasma proteins.10 Furthermore, Valko et al. ƻōǎŜǊǾŜŘ ǘƘŀǘ ŀ ƳƻƭŜŎǳƭŜΩǎ ōƛƴŘƛƴƎ Ŏƻƴǎǘŀƴǘ ŦƻǊ 

HSA has a direct correlation to logP.37 It is also important to point out that because the HSA is rich 

                                                           

ii Metabolism of the drug prior to reaching the circulatory system.28. Pond, S. M.; Tozer, T. N., Clin. 
Pharmacokinet. 1984, 9, 1-25. 



Chapter 1 

5 

in charged proteins and transports endogenous fatty acids, that it is predicted by logP, not logD. 

Therefore, both ionised and unionised compounds have comparable affinity.8 Gleeson et al.,11 

reported that while an increase in logP leads to an increase in the volume of distribution for either 

neutral or basic compounds, the same was not observed for zwitterions or acids (HSA has basic 

residues, thus acids tend to show high levels of binding with little effect from change in logP).  

Distribution for the central nervous system (CNS) however is different. For a CNS drug to be 

effective it must permeate an additional hurdle, the blood-brain barrier (BBB).8 Conversely for non-

CNS drugs, the penetration of the BBB should be avoided in order to minimise the chance of 

unwarranted pharmacological responses.11 A good distribution within the CNS is considered 

difficult for two reasons:  

1. The BBB consists of a layer of endothelial cells that are connected via tight junctions. This 

is thought be more difficult to cross than other biological membranes.38  

2. The BBB consists of a variety of efflux transporters, i.e. P-glycoprotein (P-gp), which 

operates to remove diffusing molecules out of the brain.39  

Several studies have shown that on average an increase in logP leads to an improvement in CNS 

penetration.10 Various optimal logP/D values have subsequently been proposed: Kearns29 suggested 

a logD range of between 1 and 3 to easily penetrate the BBB, while Meanwell40 observed that 

optimum physicochemical properties for oral CNS drugs, is a logP of 2.8 and logD of 1.7. A study by 

Peters et al.38 observed that 75% of the studied CNS drugs had logP values >2 and that logP follows 

a non-linear fashion in relation to rat brain permeability, plateauing between logP values of +2 and 

+3. Select efflux transporters also showed an improved binding affinity for molecules with high logP 

values.41-42 The P-gp efflux ratio in particular has been shown to increase in a linear fashion for basic 

molecules and non-linear for neutral molecules (acidic and zwitterionic were not examined due to 

a low sample number).43-44  

Overall, lipophilicity is considered an important parameter in CNS drug discovery programs.10 The 

optimum logP 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 drug to penetrate 

ǘƘŜ ... όŘŜǎƛǊŜŘύΣ ǿƘƛƭŜ ŀƭǎƻ ƛƴŎǊŜŀǎƛƴƎ ŜŦŦƭǳȄ Ǌŀǘƛƻǎ ŀƴŘ ǘƘŜ ŘǊǳƎΩǎ ŀōƛƭƛǘȅ ǘƻ ōƛƴŘ ǘƻ ǇƭŀǎƳŀ ǇǊƻǘŜƛƴǎ 

(undesired).8, 11 

1.2.3 Metabolism and Excretion 

Metabolism and excretion determine the in vivo clearance of a drug molecule within the body and 

are considered to be two of the more difficult processes to control.10 If drug clearance is too high, 

it can lead to poor bioavailability, even with candidates with promising permeability and solubility. 
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It is also a crucial parameter in the decision of the dosing interval of a drug, because it determines 

ǘƘŜ ŘǊǳƎΩǎ ƘŀƭŦ-life in combination with volume of distribution.11 For metabolism and excretion to 

occur, the drug molecule is first metabolised via biotransformation processes before excretion via 

hepatic, biliary or renal pathways.2 These biotransformations include the introduction of polar 

groups (logP decrease) via phase I metabolism (reduction, oxidation and hydrolysis) prior to phase 

II metabolism (conjugation).2 The enzymes responsible for 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 molecules.45-46 Common CYP enzymes can also metabolise low logP (0 ς 1) molecules.47  

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

metabolic clearance is with a reduction in lipophilicity.45, 48 Lipophilicity adjustments from structural 

modification however are not necessarily the only reason for a change in the metabolic stability of 

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

removal/blocking of metabolic sites, by decreaǎƛƴƎ ǘƘŜ ƳƻƭŜŎǳƭŜΩǎ ǊŜŎƻƎƴƛǘƛƻƴ ōȅ ƳŜǘŀōƻƭƛǘŜǎΣ ƻǊ ŀ 

mixture of the two processes.8 This is why of the ADMET processes, metabolism and excretion are 

believed to be the most complicated to predict.10  

Several reports have indicated an improvement in metabolism and in-vivo clearance with a 

reduction in lipophilicity.8, 10 Obach et al.,36 recommended logP values of <4 if once-daily dosing was 

to be targeted, and Johnson et al.,49 reported that a logD range of between 1 and 3 is desirable. 

Gleeson observed a weak non-linear relationship between ClogP and in-vivo clearance, with small 

differences between ionisation states.11 Neutral and basic molecules had an increase in clearance 

for an increase in ClogP, while acids and zwitterions observed the inverse. Gleeson further noted 

that observing the effect of logP on metabolism and excretion is challenging due to the changes in 

chemical structures across a series. This suggests that structural considerations can be more 

important than physicochemical properties like lipophilicity. 

1.2.4 Toxicity 

Toxicity is the Ƴŀƛƴ ǎƻǳǊŎŜ ƻŦ ŀ ŘǊǳƎΩǎ ǇǊŜŎƭƛƴƛŎŀƭ ŀǘǘǊƛǘƛƻƴΦ50-51 GSK, AZ, Pfizer and Lilly reported that 

drug candidates that failed Phase I clinical trials due to toxicity had considerably higher mean ClogPs 

(mean ClogP +3.8), than those that progressed to Phase II (mean ClogP +3.1).52 Highly lipophilic 

molecules have the potential to have higher degrees of promiscuity.8 This promiscuity can lead to 

binding with anti-targets, resulting in undesired pharmacological responses which have the 

potential to be toxic.8 This link between promiscuity and toxicity with lipophilicity has been 

confirmed by several studies which suggested that a higher degree of toxicological events is likely 
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to occur at logP >3.40, 54-55 An important rule to mention is the Pfizer 3/75 rule, which highlights the 

importance of ClogP and PSA on toxicity. Their study found that if a compound has a logP <3 and 

PSA of >75 it was 6-fold less toxic than the inverse (clogP >3 and PSA <75).55 Despite a large 

proportion of approved oral drugs not being in agreement with the 3/75 rule,56-57 it is still useful to 

guide drug development during lead-to-drug optimisation.58 Another rule linked to toxicity is 

related to Lipophilic Ligand Efficiency (LLE, discussed in Section 1.3), where a result larger than 5 is 

linked to a reduction in toxicity.4 In particular, for some local anaesthetic agents, Nava-Ocampo et 

al. found that if the logP is ~3, then toxicity was significantly increased.59 They proposed that this 

ƛƴŎǊŜŀǎŜ ŎŀƳŜ ŦǊƻƳ ǘƘŜ ŎƻƳǇƻǳƴŘΩǎ ŜȄŎŜǎǎƛǾŜƭȅ ƘƛƎƘ ǘǊŀƴǎŦŜǊ ŦǊƻƳ ǇƭŀǎƳŀ ǘƻ ǘƘŜ /b{Σ ǊŜǎǳƭǘƛƴƎ ƛƴ 

an undesired elongated nerve root exposure. 

The inhibition of hERG (human ether-à-go-go-gene),60 a cardiac potassium channel, is extremely 

undesirable. It can lead to QT prolongationiii and thus a potentially fatal heart attack.61 This process 

is often targeted for early screening, to avoid late-stage attrition. An increase in lipophilicity and 

thus drug promiscuity has been linked directly with an increase in hERG binding.62 This parameter 

is ionisation class dependent and for a neutral molecule to have a <70% chance of hERG activity, a 

logP of <3.3 is required.62 Overall minimizing drug attrition rates from hERG is often achieved by 

identifying lead molecules with low lipophilicity values and high potency.8 

An increase in lipophilicity has also been directly linked to other toxicological events such as 

phospholipidosis63-64 (build-up of phospholipids in cells) and CYP inhibition (enzymes used in 

metabolism process).10 A logP of <3 has been recommended to avoid either of these events.11 

1.3 Guidelines for lipophilicity in drug design 

Within drug discovery, for a molecule to have improved druglike properties, its logP must be taken 

into consideration. A particularly famous threshold is <5 ClogP, published by Lipinski et al. in 1997,22 

from the άǊǳƭŜ ƻŦ рέΦ These rules were initially devised as a set of criteria to improve the likelihood 

of drug absorption, however they are now widely used as a guide for the design of orally active 

drugs.65 The rules are as follows; <5 ClogP, <500 molecular weight, <10 hydrogen bond acceptors 

(O+N atom count) and <5 hydrogen bond donors (OH + NH count). The άǊǳƭŜ ƻŦ рέ ƛǎ ǾƛƻƭŀǘŜŘ ƛŦ ǘǿƻ 

or more of these 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 transporter-mediated 

permeation (e.g. antibiotics, antifungals, vitamins and cardiac glycosides).52 Furthermore it is 

                                                           

iii A measure of delayed ventricular repolarisation ς defined as the time in ms between the Q and T-phase 
on an electrocardiogram 
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understood that a logP of 5 or greater has the potential to lead to unwanted side-effects and is 

generally associated with toxicological events.4 

It should be highlighted that the άǊǳƭŜ ƻŦ ŦƛǾŜέ ǿŀǎ ŘŜǊƛǾŜŘ ǘƘǊƻǳƎƘ ǘƘŜ empirical investigation of 

drugs and their respective properties which had reached phase II clinical trials.22 These rules 

however may not be ideal for many lead-to-drug research programs. In 1999, Teague et al. noted 

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

properties of library compounds should have adjusted rules.65 The rationale behind this is that many 

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

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

found with affinity at µM levels, the often small and polar lead molecule is then optimised through 

chemical modification. This optimisation process from lead-to-drug molecule is commonly 

accompanied by an increase in both molecular weight and lipophilicity (see Figure 1.1 for selected 

ŜȄŀƳǇƭŜǎύΦ ¢ƘǳǎΣ ƛŦ ƭƛōǊŀǊƛŜǎ ƻŦ ŘǊǳƎƭƛƪŜ ƳƻƭŜŎǳƭŜǎ ŦƻƭƭƻǿƛƴƎ [ƛǇƛƴǎƪƛΩǎ άǊǳƭŜ ƻŦ рέ ǿŜǊŜ ǘƻ ōŜ ŀpplied 

initially, then the opportunity for further growth is more limited. Therefore, Teague et al. proposed 

ClogP for a library of lead molecules to be between 1 and 3. 

 

Figure 1.1 - Lead-to-drug optimisation. Adapted from Ref65 

H. Jhoti et al. in 2003 arrived at a similar ŎƻƴŎƭǳǎƛƻƴ ǇǊƻǇƻǎƛƴƎ ŀ άrule of tƘǊŜŜέ ōŀǎŜŘ ƻƴ ǘƘŜƛǊ 

examination of a wide range of fragment hits.66 They proposed that a logP of <3 would be a more 

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

Further adjustments have been made to ǘƘŜ ƻǊƛƎƛƴŀƭ άǊǳƭŜ ƻŦ рέ ƛƴ ǊŜŎŜƴǘ ȅŜŀǊǎΣ ŀǎ ǘƘŜǊŜ ƛǎ ƴƻǿ ŀ 

deeper understanding on the effects of lipophilicity on pharmacokinetic and pharmacodynamic 

processes, as well as drug toxicity. Overall, the recommended logP for drug discovery programs has 

decreased. Gleeson et al. in 200811 recommended a logP of <4 and Waring in 20108 advised a very 

narrow range of between 1 and 3 for the logP/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 a logP limit of <3 was set, the synthesis of 30% of the 843 compounds 

studied, which had full ADME alignment, would not have been performed.67 Therefore if a logP 

restriction of >3 was applied during 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 metric also used in drug discovery programs.54, 68 It is described by Equation 5, and can 

be used as ŀƴ άŜǎǘƛƳŀǘŜ ƻŦ ōƛƴŘƛƴƎ ŜŦŦƛŎƛŜƴŎȅ ƛƴ ǘƘŜ ŎƻƴǘŜȄǘ ƻŦ ƭƛǇƻǇƘƛƭƛŎƛǘȅέΣ ŀƴŘ Ŏŀƴ ǘƘŜǊŜŦƻǊŜ ōŜ 

ǳǎŜŘ ŀǎ ŀƴ άƛƴŘŜȄ ƻŦ ƭƛǇƻǇƘƛƭƛŎƛǘȅ ǇŜǊ ǳƴƛǘ ƻŦ ǇƻǘŜƴŎȅέΦ40 An ideal range for LLE is between ~5 and 7 

units or >7, if achievable, these values correlate to a ClogP of between 2.5 and 3 and a potency 

range of between 1 and 10 nM.69 

 ὒὒὉὴὑ έὶ ὴὍὅ ὅὰέὫὖ έὶ ὅὰέὫὈȢ  (Eq. 5) 

Adaptations of LLE such as LELP70 (άfunction to depict the price paid of ligand efficiencyiv in 

lipophilicityέ) and LLEAT
71 (LLE, with heavy atom count considerations) have also been developed 

within drug discovery. 

1.4 The measurement and calculation of lipophilicity  

1.4.1  Shake-flask methods  

The classic technique for the direct measurement of logP is the shake-flask method. It is simple to 

perform and is the standard procedure according to OECD guidelines.72 This method utilizes an n-

octanol and water (or pH7.4 buffer solution for logD7.4) partition, in which 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 spectroscopy. Fundamental issues that arise from this 

procedure is that it is time consuming and labour intensive, and that the accurate logP 

determination window is roughly between -3 and +3 (confinements of the analytical 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. flow injection 

analysis, dialysis tubing and ultrasonic agitation.73-74 Furthermore compounds with high purities are 

                                                           

iv Ligand efficiency (LE) reflects the ratio of the affinity of a drug for its target with the heavy atom count 
(non-hydrogen atoms).  
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required, especially for UV/VIS spectroscopy which has no means to differentiate between the 

measured compound and impurities. 

Recently, to overcome some of the aforementioned problems, Alelyunas et al. had developed a 

high throughput octanol/water lipophilicity measurement system, which was able to utilize 

substrates stored in DMSO solutions.75 The compound in the DMSO solution was first placed into 

one well of a 96-well plate, then to minimise potential concern for the effect of DMSO on the logD 

values, the solvent is removed in vacuo and with gentle heating. Next the octanol and buffer 

solution are added, and the 96-well plate is mechanically inverted, prior to quantification with LC-

UV/APPI-MS. This fully automated method was validated with 72 literature compounds with 

diverse ionisation and logD values ranging from -2 to +6. 

1.4.2 Chromatographic methods  

Indirect methods to measure lipophilicity rely on chromatographic retention times. These were 

developed from the 1980s onwards and examples of these methods include reversed phase high 

performance liquid chromatography (RP-HPLC)76 and reversed phase thin layer chromatography 

(RP-TLC).77 This reversed phase format is essentially energetically analogous to an n-octanol/water 

partition. The stationary phase (chemically bonded hydrocarbon silica) has hydrocarbon chains 

ǿƘƛŎƘ ƘŀǾŜ ƭƛǇƻǇƘƛƭƛŎ ΨŜƴŘ-capsΩ όƻŎǘŀƴƻƭύ ŀƴŘ ŀ ƘȅŘǊƻǇƘƛƭƛŎ ΨƘŜŀŘ ƎǊƻǳǇΩ όǿŀǘŜǊύΣ ǿƘƛŎƘ Ŏŀƴ ōŜ 

thought of as a phospholipid mimic.2 Due the convenience, accuracy, speed of experiments and 

automation, RP-HPLC has become an increasingly popular method that can record logP values 

between 0 and 6 accurately.78 Compared to direct methods for logP measurement, substrates can 

be measured with impurities present, due to the innate separation occurring during the 

chromatographic process. To measure logP values via this method, a calibration curve must first be 

established using retention times from compounds with known logP values. The unknown 

compound can then be injected, and the retention time recorded, which is then used to then 

deduce the logP value from the calibration curve. The accuracy of logP values obtained via this 

method are highly reliant on the calibration curve being established from homologues or closely 

congeneric compounds.79 The silica-based stationary phase also has residual silanol groups which 

can result in interactions (hydrogen bonding or electrostatic) with some polar moieties, leading to 

asymmetrical peaks.2 Protection of these silanol groups with polar groups can alleviate these issues, 

however at the expense of complicating the procedure. 
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1.4.3 Calculated logP 

The previous methods mentioned require the synthesised compound for measurement, however 

the ability to predict the logP of a potential substrate is desired in any compound development 

program. ClogP allows one to quickly obtain the value for a wide range of substrates, either utilizing 

an in-house calculation or commercial software. The logP prediction models can be broken into a 

few major classes.80 

¶ ¢ƘŜ ˉҍ{ǳōǎǘƛǘǳŜƴǘ aŜǘƘƻŘ ς The calculation of logP through the substitution of a hydrogen 

atom on a parent compound of known logP ǿƛǘƘ ŀƴƻǘƘŜǊ ƳƻǘƛŦ ǿƛǘƘ ŀ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ˉ 

value.3  

¶ Fragment-based methods ς Large databases of known logP values were statistically 

analysed to obtain the average contribution from simple chemical fragments. The ClogP for 

a compound was then calculated utilizing correction factors and the sum of the fragment 

values.81  

¶ By atomic contribution and/or surface area ς This is similar to the aforementioned 

fragment-based method however, atomic fragments and/or surface area data are used 

instead of chemical fragments.82 

¶ By molecular properties ς A calculation that is based on a function of various calculated 

molecular properties.83  

The program MarvinSketch was used throughout this thesis to provide a wide range of ClogP values 

to assist in obtaining estimated values for the logP measurement procedure. This program utilizes 

a fragment-based method derived from a data set data from Viswandahan et al84 (ChemAxon 

model) or a method constructed from Klopmen et al.85 and ChemAxon models with the PhysProp 

database (Consensus model).  

1.4.4 NMR-based methods  

Various NMR methods have been developed in the past. In 1986, N. Muller devised a 19F NMR 

method for the logP measurement of aliphatic fluorinated alcohols.86 This method relied on the 

comparison of the height of the compoundΩs signal in the 19F NMR spectra to their respective 

fluorinated signal in three standard solutions. In the case of the non-fluorinated alcohols, their 1H 

signals were obscured by octanol. Thus, a benzyl-alcohol/water solvent system was used, and a 

calibration curve was acquired utilizing literature logP values based on an octanol/water system, 

allowing for the novel logP measurement of other alcohols in this study. Kitamura and co-workers 

were able to relate the 19F spin-lattice relaxation time (T1) of triflupromazin to the concentration of 

lecithin small unilamellar liposome (mimicking lipid environment) without layer separation to 

obtain a partition coefficient.87 This study relied on the exchange rate of the substrate between the 
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water and liposome layer to be fast on the 19F NMR time scale,88 allowing for their correlation 

equation to operate. Another publication from Kitamura et al., determined the lipophilicity of three 

fluorinated drugs via the correlation of the difference in the 19F NMR chemical shift, at varying 

concentrations of phosphatidylcholine bilayer.89 

In 2010, Mo et al. reported a deuterium-free 1H NMR method for the determination of lipophilicity, 

based on shake-flask.90 The water and n-octanol partitioning solvents were used as the native 

references, with neat proton concentrations 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 multiuser open-access NMR facility. Furthermore, the scope of their recorded compounds is 

limited, as the chemical shifts are required to not be obscured by n-octanol signals, resulting in 

many aliphatic substrates being unmeasurable.  

More recently, other 1H NMR based methodologies for the determination of logP based on the 

shake-flask principle have been published. Soulsby and Chica91 developed a procedure utilizing 

CRAFTv software, to analyse the 1H NMR spectrum of both the water and n-octanol aliquots after 

the partitioning experiment, with no internal standard required. Herth et al.92 and Rucker et al.93 

both published similar methods allowing the lipophilicity partitioning experiment to be performed 

ƛƴ ŀƴ baw ǘǳōŜΦ Lǘ ƛǎ ƛƳǇƻǊǘŀƴǘ ǘƻ Ǉƻƛƴǘ ƻǳǘ ǘƘŀǘ wǳŎƪŜǊΩǎ ƳŜǘƘƻŘ ǿŀǎ ŘŜǾŜƭƻǇŜŘ ǿƛǘƘ ǘƘŜ ǳǎŜ ƻŦ ŀ 

benchtop low-field NMR, and with an educational setting in mind. Both methods had an exact 

amount of solute dissolved in water and the 1H NMR spectrum recorded. The corresponding solute 

integral is then compared to the integral of the water signal and an exact amount of octanol is 

added. The NMR tube is then inverted numerous times and allowed to equilibrate before another 

1H NMR spectrum is recorded. The solute integral again is compared to the water integral allowing 

for a ratio of concentrations to be established, and with some further calculations the logP is 

obtained. Herth established his procedure on a variety of aromatic and aliphatic analytes, whilst 

Rucker demonstrated his procedure on entirely aliphatic alkanols and solvents, both to great 

success when compared against literature values. Overall, both methods established a simple logP 

determination method utilizing 1H NMR with easy sample preparation and minimal NMR expertise 

required for analysis. However, neither procedures accounted for the ~4% solubility of H2O in 

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

                                                           

v CRAFT ς Complete Reduction to Amplitude-Frequency Table. Available on VnmrJ4.2 (Agilent Technologies) 
and Assure NMR 2.1TM (Bruker). 
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Finally, the two methods offered limited logP windows: Herth between +0.7 and +3.3 and Rucker 

with -1 and +1. 

Recently, the Linclau group has developed a new method for logP determination, which is also 

based on the shake-flask method, utilizing 19F NMR spectroscopy (Figure 1.2).94 The method works 

by using a mixture of an internal reference compound with a known logP and an unknown 

compound which are partitioned between (non-deuterated) octanol and water. An aliquot of each 

phase is transferred to an NMR tube and its 19F NMR spectrum is taken. The intensity of the 

subsequent signals in the 19F NMR spectrum relate to the number (n) of fluorine atoms present on 

the molecule, as well as the compound concentration (C). The integration ratio between the 

reference compound (R) and the compound being measured (A) is defined as ro (octanol phase, Eq. 

6) and rw (water phase, Eq. 7). The ratio of the partition coefficient (P) for both A and R is equal to 

the ratio of the r values (ro/ rw) and relates to the ratio of the respective concentrations (Eq. 8). This 

results in Eq. 9 and with the logP of the reference compound, the logP of the unknown compound 

can be determined. 

 

Figure 1.2 - Principle of the logP determination method. Adapted from Ref94 

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 systematic errors 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. Fluorinated impurities 

present in the experiment from either the reference or measured compound are also tolerated, 

provided that they do not overlap or interfere with the accurate integration of the signals of 

interest. Overall, this method allows for the determination of fluorinated aliphatic (non-UV-active) 

alkanols and carbohydrates in a logP window of ±3. 
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1.5 Overview of Fluorine Chemistry 

One of the first examples of the use of fluorination within medicinal chemistry, is the approval of 

the first fluorinated drug Fludrocortisone (Figure 1.3).72 The fluorinated analogue demonstrated 

excellent potency of more than a factor of 10 when compared to its parent compound 

hydrocortisone. Subsequent advancements in fluorination techniques and the commercial 

availability of many fluorinated building blocks95 has allowed for organofluorine applications within 

agriculture, polymer and pharmaceutical industries to flourish.96-98 Traditionally, natural products 

have been a source of bioactive molecules,99 therefore it is intriguing that roughly 20% of newly 

approved pharmaceutical drugs contain at least one fluorine atom,97 when fluorinated natural 

products are almost non-existent (only 7 examples).100 Some examples of commonly used 

fluorinated drugs include Prozac® (antidepressant) and efavirenz (antiviral).95  

 

Figure 1.3 - Fludrocortisone, Prozac® and efavirenz. 

The extensive use of fluorination within drug discovery programs owes the resulting impact on 

various physiochemical and pharmacokinetic properties, which can be used to improve the 

pharmacological profile of a drug candidate.101 A fluorine atom is a commonly used bioisosteric 

replacement for a hydrogen atom due to its small size.102 The high strength of the C-F bond further 

allows for the modulation of key properties, such as the molecular conformation and the metabolic 

stability of the molecule.102 !ǎ ŀ ǊŜǎǳƭǘ ƻŦ ŦƭǳƻǊƛƴŜΩǎ ƘƛƎƘ ŜƭŜŎǘǊƻƴŜƎŀǘƛǾƛǘȅΣ ƛǘ ŀƭǎƻ Ƙŀs the ability to 

influence the acidity or basicity of neighbouring functional groups.95 Fluorination typically results in 

an increase in acidity for carboxylic acids and conversely a decrease in basicity for amines (Figure 

1.4). Lƴ ǘƘŜ ǇŀǎǘΣ ƛǘ ǿŀǎ ŎƻƳƳƻƴƭȅ ōŜƭƛŜǾŜŘ ǘƘŀǘ άŦƭǳƻǊƛƴŀǘƛƻƴ ŀƭǿŀȅǎ ƛƴŎǊŜŀǎŜ ƘȅŘǊƻƎŜƴ ōƻƴŘ 

ŀŎƛŘƛǘȅέΣ ŘǳŜ ǘƻ ŦƭǳƻǊƛƴŜΩǎ ǎǘǊƻƴƎ ƛƴŘǳŎǘƛǾŜ ŜŦŦŜŎǘΦ103 However, the Graton group, utilizing FTIR 

spectroscopy, reported a series of conformationally restricted monofluorinated cyclohexanols, 

which demonstrated a reduction in hydrogen bond acidity for certain substrates.104 This was 

reported to be a result of competing intramolecular F···HO interactions.  
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Figure 1.4 - The effect of fluorination on pKa and pKaH values, adapted from Ref103 

Fluorination has also had a large role in the development of positron emission tomography (PET).95, 

101 This is a result of the half-life of [18F] (110 min) being considerably longer than other frequently 

used radioactive nuclei. This relatively long half-life tolerates its use in multi-step synthesis, which 

can allow the incorporation of [18F] into complex drug molecules while allowing for same day 

imaging.101 The imaging performed with [18F] provides the ability to determine the distribution and 

targeting of the drug, as well as providing metabolic information.95, 101  

In the following section, the impact of fluorine on lipophilicity 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 previously discussed, lipophilicity plays an important role within drug discovery programs 

through its ability to impact ADMET processes.1-2, 8, 10 Therefore, the ability to easily influence 

lipophilicity through chemical modification is an attractive strategy. In the past, fluorination has 

been observed as a tool that can be used to modulate the lipophilicity of a molecule.95, 103 Statistical 

analysis reveals that on average, lipophilicity increases by roughly 0.25 logD units when a fluorine 

atom is substituted by a hydrogen atom.105 However, this is most likely because of the prevalence 

of fluoroaryl substrates being taken into account.106 The increase in lipophilicity for fluoroaryl 

substrates occurs because of the decrease in polarisŀōƛƭƛǘȅ ƻŦ ǘƘŜ ŀǊƻƳŀǘƛŎ ˉ-system due to the 

fluorine inductive effect. Conversely, hydrogen to fluorine exchange in aliphatic compounds can 

lead to a decrease in lipophilicity (Figure 1.5).86, 105 This reduction in logP can be attributed to the 

polarity introduced into the molecule upon fluorination via the strong inductive effect of fluorine.107  
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Figure 1.5 - Effect on lipophilicity on the substitution of a hydrogen atom with a fluorine atom, 

adapted from Ref105 and logP values of selected fluorinated compounds108 

Apart from the aforementioned depolarisation of the aromatic -̄system ŘǳŜ ǘƻ ǘƘŜ ŦƭǳƻǊƛƴŜΩǎ 

electronegativity, other effects that impact lipophilicity include an increase in polarity due to the C-

F bond dipole moment, and an increase in hydrophobic surface area as a result of fluorine being 

larger in size than a hydrogen atom.103, 109 Therefore as a general rule of thumb, for apolar 

ŎƻƳǇƻǳƴŘǎ ǘƘŜ ŜŦŦŜŎǘǎ ƻŦ ŦƭǳƻǊƛƴŜΩǎ ǇƻƭŀǊƛǘȅ ǘŜƴŘǎ ǘƻ ŘƻƳƛƴŀǘŜ ŀƴŘ ŦƭǳƻǊƛƴŀǘƛƻƴ ǿƛƭƭ tend to result 

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

in hydrophobic surface area being the dominant effect.  

Müller et al. have published an experimental insight into this, comparing the changes of local 

hydrophobic surface area (volume) and polarity of fluorinated N-propyl indole derivatives (Figure 

1.6).110 This study used simplified bond vector analysis to identity the polarity changes between 

fluorinated motifs. It was observed that despite the calculated polarity of the difluorinated motif 

(1.97 D) being higher than that of the monofluorinated motif (1.85 D), it is the monofluorinated 

motif that had a (slightly) lower logP (0.1 logP units). It is suggested that this polarity increase from 

the introduction of the 2nd fluorine is compensated by the concomitant volume increase, thus 

resulting in the slight increase lipophilicity. Therefore, across the series, aliphatic fluorination 

resulted in a decrease in lipophilicity following the trend, RCH3 > RCF3 >> RCHF2 ~ RCH2F. Following 

this, Müller et al. observed that vic-difluorination exhibited a considerably lower logP value than its 

gem-difluorination equivalent.111 Through the use of vector bond analysis of the vic-difluoro motif, 

this was attributed to its much larger dipole moment in comparison to the gem-difluoro motif. 

LƴŎǊŜŀǎŜ 5ŜŎǊŜŀǎŜ 
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Figure 1.6 - LogP of fluorinated N-propyl indole analogues110, 112 

The influence of fluorination on aliphatic lipophilicity is further complicated by the logP of the 

parent compound and the presence of functional groups.86 An example of this is illustrated in 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 polar. This results in the 

hydrophobic nature of the CF3 motif dominating. As the parent compounds become larger and 

more lipophilic the hydrophobicity introduced through the CF3 motif is observed less and the polar 

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

hexanol leading to less lipophilic compounds. 

 

Figure 1.7 - Effects CH3/CF3 exchange at varying distances from an alcohol moiety86 

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

compound ethanol, can be explained through an anti-periplanar orientation which the C-O/C-F 

bond adopt, allowing for a counteraction of dipole moments, resulting in a reduced effect from the 
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polarity of the CF3 group. This results in the hydrophobic nature of the CF3 group dominating, 

causing a large increase in lipophilicity. In addition, the strong inductive effect of the CF3 motif also 

results in an increaǎŜ ƛƴ ŜǘƘŀƴƻƭΩǎ ƭƛǇƻǇƘƛƭƛŎƛǘȅΣ ŘǳŜ ǘƻ ƛǘǎ ŀōƛƭƛǘȅ ǘƻ ǊŜŘǳŎŜ ǘƘŜ ǇƻƭŀǊƛsability of the 

ƴŜƛƎƘōƻǳǊƛƴƎ ƻȄȅƎŜƴΩǎ ƭƻƴŜ ǇŀƛǊǎΦ86 

Another excellent example which displays the importance of the logP of the parent compound, is a 

series of fluorinated ethyl ester proline derivatives (Figure 1.8).113 Here, the standard lipophilicity 

pattern of RCF3 > RCHF2 > RCH2F, is consistent with previously published results.94, 110 However, 

unlike MüƭƭŜǊΩǎ ǿƻǊƪ ƻƴ fluorinated N-propyl indole derivatives,110 neither the difluoro- or 

trifluoroethyl ester observed a decrease in lipophilicity. Instead they exhibited ɲ ƭƻƎP values similar 

to their corresponding ethanol analogues.114 This occurred because the parent compound 1.1 

(logP= 0.0), is considerably more polar than MüƭƭŜǊΩǎ N-propyl indole parent compound (logP= +3.3, 

Figure 1.6),110 therefore the polarity introduced by the fluorinated motifs was less important and 

ǘƘŜ ƛƳǇŀŎǘ ƻŦ ŦƭǳƻǊƛƴŜΩǎ hydrophobicity dominated. For these examples, C-O/C-F 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 increase for 1.4 (ɲlogP +0.55) in a similar 

fashion to trifluoroethanol vs ethanol (ɲlogP +0.68). 

 

Figure 1.8 - Effects of fluorination on polar molecules 

As previously mentioned in Section 1.4.4, the Linclau group recently published a paper on a novel 

19F NMR based logP determination procedure, which also described the effects of fluorination on 

the lipophilicity of alkanols and carbohydrates.94 A series of selected fluorinated alkanols and their 

respective logP values from the ethanol, propan-1-ol, butan-2-ol and the petantan-2-ol family can 

be seen in Figure 1.9. In all cases, monofluorination resulted in the largest logP decrease in 

comparison to their respective parent compound, regardless of the position of fluorination. The 

gem-difluoro motif was then observed to be more lipophilic than the monofluorinated alkanols and 

more polar than the trifluorinated motif. The gem-difluoro motif also resulted in a more polar 

molecule in respect to its parent compound in all cases, with the exception for ethanol, where a 

slight increase in lipophilicity was observed (ɲlogP +0.01). This is a result of the proximity of the 

gem-ŘƛŦƭǳƻǊƻ ƳƻǘƛŦ ǘƻ ǘƘŜ ƘȅŘǊƻȄȅƭ ŦǳƴŎǘƛƻƴŀƭƛǘȅΦ Lƴ ŀŎŎƻǊŘŀƴŎŜ ǘƻ aǳƭƭŜǊΩǎ ƭƻƎP results 
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trifluorination resulted in an increase in logP within both the ethanol and propanol family.86 Within 

the butan-2-ol family a slight decrease in logP was observed (ɲlogP -0.04), which is likely due to the 

polarity of the CF3 motif taking precedence over its respective hydrophobicity on a more lipophilic 

parent compound. Finally, the pentafluoronated motif was the most lipophilic within their 

respective families: this is a result of an increase in hydrophobic surface area that accompanies high 

degrees of fluorination. 

 

Figure 1.9 - LogP values of selected fluorinated alkanols, adapted from Linclau et al.94 

Due to the sensitivity of their 19F NMR based logP determination method, Linclau et al.94 were able 

to determine the logP values of a pair of monofluorinated pentan-2-ol diastereoisomers (Figure 

1.9).94 A small logP difference (ɲlogP +0.09) between the two was observed and the anti-isomer is 

the more lipophilic of the pair. It is assumed that within the water layer, that the most polar 

conformation with aligned C-O/C-F bond dipoles is more stable for the syn-isomer than for the anti-

isomers (Figure 1.10). This presumably results in the most polar conformation having a higher 

population for the syn-isomer in the water layer, thus resulting in a lower logP value. 

 

Figure 1.10 - The most polar conformation adoptable by the syn- and anti-isomer 
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In the same publication, the Linclau group also studied the impact of fluorination on 

conformationally restricted cyclohexanols, seen in Figure 1.11.94 ¢ƘŜ ʲ-monofluorination of parent 

compound 1.1 resulted in a reduction of logP by roughly 0.5 units for both the equatorial and axial 

analogues. Interestingly, the first example of an increase in logP from aliphatic monofluorination 

was observed for the vicinal trans fluorohydrin 1.5. This unexpected increase in lipophilicity was 

explained through the unavoidable C-O/C-F bond dipole counteractions, resulting in a more 

lipophilic molecule in comparison to its parent compound 1.4. In a similar fashion, the alignment of 

the C-O/C-F bond dipoles for 1,3-diaxial alkanol 1.6, resulted in a large decrease in logP when 

compared to its parent compound 1.4. 

 

Figure 1.11 - Monofluorination of conformationally restricted cyclohexanol systems. Adapted 

from Ref94 

Carreira and Müller have also recently published work assessing the effects of fluorination on logP 

and other medicinal properties of pharmacologically relevant compounds.115 This was achieved by 

the introduction of various fluorinated motifs into the N-propyl chain of ropivacaine, and the N-

butyl chain of levobupivacaine (Figure 1.12). Their results differ slightly from their previous 

lipophilicity pattern observed of RCH3 > RCF3 >> RCHF2 ~ RCH2F on their N-propyl indole series,110 

which is likely a result of the proximal nitrogen atom to the fluorinated motifs. They instead 

observed that gem-difluorination resulted in a noticeable increase in lipophilicity in comparison to 

their respective monofluorinated analogues, as well as an increase in lipophilicity from the non-

fluorinated parents to the CF3 motif. In this publication, they also report the logP of various vic-

difluorinated diastereoisomers, although little difference (~0.1 logP units) or no difference in 

lipophilicity was observed. 



Chapter 1 

21 

 

Figure 1.12 - Ropivacaine and levobupivacaine 

wŜŎŜƴǘƭȅΣ hΩIŀƎŀƴ ǇǳōƭƛǎƘŜŘ ǘƘŜ ǎȅƴǘƘŜǎƛǎ ƻŦ ŀ ƴƻǾŜƭ ,hʲΣʲ-trifluorocyclopropane motif and its 

respective logP value which were compared to similar aryl derivatives (Figure 1.13).116 Pleasingly, it 

was observed to have a reduction in logP in comparison to its non-fluorinated parent, resulting in 

the identification of another novel logP lowering motif. This is believed to be the result of the 

ŦƭǳƻǊƛƴŜΩǎ ability to polarise their neighbouring hydrogens on the cyclopropyl substituent.116 

Interestingly, despite containing two additional carbon atoms, the ,hʲΣʲ-trifluorocyclopropane 

motif exhibits the same logP value as trifluorotoluene, which suggests that this novel motif could 

be used as a larger substituent while having the ability to maintain the same lipophilicity. 

 

Figure 1.13 - LogP of selected aryl derivatives similar to the h,ʲΣʲ-trifluorocyclopropane motif 
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1.7 Aims of the project 

1.7.1 The investigation of aliphatic fluorination on lipophilicity 

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

respective logP values using the novel 19F NMR based technique developed by the Linclau group.94 

This will allow for the expansion of the fluorinated alkanol library already obtained by the group. In 

ǇŀǊǘƛŎǳƭŀǊΣ ŘǳŜ ǘƻ ǘƘŜ ƎǊƻǿƛƴƎ ŎƻƴŎŜǊƴ ƻŦ άƳƻƭŜŎǳƭŀǊ ƻōŜǎƛǘȅέ ǿƛǘƘƛƴ ŘǊǳƎ ŘƛǎŎƻǾŜǊȅ ǇǊƻƎǊŀƳǎΣ ǘƘŜ 

identification of novel fluorinated motifs which reduce the logP of the molecule is a high priority 

for this research. 

Furthermore, given that lipophilicity is influenced by both the relative position of a fluorinated motif 

to a functional group, and also by the actual logP of the non-fluorinated substrate itself, it is difficult 

to compare the same or differing ƳƻǘƛŦǎ ƻƴ ŘƛŦŦŜǊŜƴǘ άǇŀǊŜƴǘέ ǎǳbstrates. Hence one of our aims is 

ǘƻ ǇǊŜǇŀǊŜ άŦŀƳƛƭƛŜǎέ ƻŦ ŦƭǳƻǊƛƴŀǘŜŘ ŀƴŀƭƻƎǳŜǎ ōŀǎŜŘ ƻƴ ŀ ŦŜǿ άǇŀǊŜƴǘέ ƴƻƴ-fluorinated 

compounds, to compare certain motifs at different distances from the functional group.  

For example, the gem-difluoro family of butan-2-ol will be performed (Figure 1.14). This would 

allow for an investigation into the effects of -h, -̡ and -ɹdifluorination on logP. A series of 

trifluorinated matched pairs will also be synthesised and their respective logP values measured, 

selected examples of which can be seen in Figure 1.15.  

 

Figure 1.14 - Gem-difluorinated butan-1-ol family 

 

Figure 1.15 - Selected CF3 matched pairs 

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

discussed first, prior to the synthesis of the fluorinated 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 of fluorination on lipophilicity 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 complex drug scaffolds is 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 logP results will be taken to their labs to study the effects of fluorination on logP and 

other ADMET properties when incorporated into a drug scaffold. 

1.7.3 Measurement of the lipophilicity of amide rotamers 

Amide rotamers have characteristically different properties, and since they frequently occur within 

drugs and other biological compounds, it is of interest to be able to measure or calculate the logP 

values of their different conformations. Unfortunately, the determination of the concentration of 

rotamers in solution is not straightforward. However, amide rotamers are in slow exchange on the 

NMR time scale, therefore they are distinguishable via NMR, including 19F NMR. We propose to use 

our 19F NMR based logP determination method to measure the logP of the individual cis and trans 

amide rotamers. 

The methodology will be illustrated using simple N-acetylated compounds, for example 

fluoropiperidines and fluoropyrrolidines 1.1-1.4 (Figure 1.16), before more complex rotamers or 

other distinguishable conformers are taken into consideration. 

 

Figure 1.16 - Target N-acetylated fluoropiperidines and fluoropyrrolidines 
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Chapter 2 LƴŦƭǳŜƴŎŜ ƻŦ !ƭƛǇƘŀǘƛŎ CƭǳƻǊƛƴŀǘƛƻƴ ƻƴ 

[ƛǇƻǇƘƛƭƛŎƛǘȅ 

2.1 Introduction 

Using the 19F NMR based logP determination methodology previously developed and optimized by 

the group,94 the lipophilicity of a series of novel fluorinated alkanols was measured. This chapter 

will include the discussion of the effects monofluorination, difluorination and trifluorination at 

varying distances from the hydroxyl group on lipophilicity. In addition, the lipophilicity of a range of 

novel and previously reported fluorinated motifs will also be discussed. 

In order to properly assess the effects trace impurities or solvent residues may have on the logP 

procedure, a series of logP measurements will be performed with the addition of various common 

solvents. Previous work performed by Herth et al.92 on the development of a novel 1H NMR based 

logP determination procedure, used D2O instead of H2O. With this consideration a small study into 

the effects of using D2O in place of H2O for our 19F NMR based method was performed. If no 

difference between the two is observed it could allow the group to measure non-fluorinated 

aliphatic parent compounds by 1H NMR, for comparative studies in the future. 

Specific terminology that is used throughout this chapter is defined as follows: 

¶ Parent ς The non-fluorinated substrate of a series. 

¶ Family ς The whole collection of fluorinated analogues of a given parent, e.g. the pentan-

1-ol family. 

¶ Series ς A sub-part of members of a family in which logP is compared, e.g. the pentan-1-ol 

CF2 series. 

¶ Motif ς A particular fluorination pattern. 

¶ Matched Molecular Pairs ς Part of a series where two of the same motifs are compared, 

e.g. the pentan-2-ol CF3 pairs. 

The lipophilicities of alcohols within a Family or Series that had been determined by other members 

of the group,94 or that were available in the literature, are also shown in order to provide a picture 

as complete as possible. All logP values underlined and bolded are novel values. Unless mentioned 

otherwise, all measured compounds were either commercially available or their synthesis will be 

discussed later in this thesis. 
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2.2 The influence of simple fluorinated motifs on lipophilicity  

2.2.1 Monofluorination  

As expected, (Figure 2.1), 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 cases (I2 and I3Σ ɲƭƻƎP -0.99). The ̡ -monofluorination analogues E2, G4, H6 and 

I10 (with the exception of the PrOH family), all have the highest logP values within their respective 

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

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

the C-O/C-F dipoles counteract (See Chapter 1, Section 1.6). Increasing the distance between the 

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

PentOH family).  

 

Figure 2.1 - Effects of monofluorinationvi 

                                                           

vi Compound H6 was synthesised by a previous PhD student Joseph Watts 
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2.2.2 Difluorination 

As shown in Figure 2.2, the incorporation of a gem-difluoro moiety results in a reduction of 

lipophilicity in comparison to their respective parent compound, with the exception of 2,2-

difluoroethan-1-ƻƭ όɲƭƻƎP +0.01, not shown), and in a similar fashion to monofluorination the 

lipophilicity decrease progressively increases with fluorination further from the alcohol group. 

LƴŘŜŜŘΣ ǘƘŜ ʲ-difluorination analogues C4, G11, H7, H8 and I14 all have the highest logP values 

within their respective families. In the 2-PentOH family, the iƴǘŜǊƴŀƭ ʲ-difluorination H7 causes a 

larger logP decrease compared to its terminal counterpart H8, but the influence of the logP of the 

parent compound appears limited, with only a faint trend towards enhanced logP reduction with 

increasing lipophilicity of the parent alcohol. There was little difference in the logP between I6 and 

I7 of the PentOH family, H4 and H5 of the 2-PentOH family, and G6 and G8 in the BuOH family. This 

suggests that there will be little difference in the logP ŦƻǊ ǎǳōǎǘǊŀǘŜǎ ǿƛǘƘ ʴ-difluorination and 

beyond.  

 

Figure 2.2 - Effects of difluorinationvii 

                                                           

vii Compound H8 was synthesised by a previous PhD student Joseph Watts 
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2.2.3 Mono- ŀƴŘ ŘƛŦƭǳƻǊƛƴŀǘƛƻƴ άaŀǘŎƘŜŘ tŀƛǊǎέ 

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 Section 2.2.1 and 2.2.2ύΣ ʲ-mono- ŀƴŘ ʲ-

difluorination are the most lipophilic within their respective families. This is best showcased in 

Figure 2.3, through the comparison of -̟monofluorination vs. -̡monofluorination within the 

butan-2-ol family (E1 Ҧ E2, ɲƭƻƎP +0.12) and the pentan-2-ol family (H1 Ҧ H6Σ ɲƭƻƎP +0.32). The 

same can trend can be observed when for -ɻŘƛŦƭǳƻǊƛƴŀǘƛƻƴ ǾǎΦ ʲ-difluorination, within the pentan-

2-ol family (H4 Ҧ H8Σ ɲƭƻƎP +0.50). As previously discussed in Chapter 1 Section 1.6Σ ʲ-fluorination 

exhibits a higher logP value, because of the C-F/C-O dipole compensation effect, as well as the 

reduction in polarizability of the neighbouring oxygen lone pairs. 

 

Figure 2.3 - Mono- and difluorinated matched pairs 

2.2.4 Trifluorination 

Trifluorination can modulate lipophilicity in either direction, depending on the logP value of the 

parent compound and the position of the CF3 motif in relation to the alcohol group, as discussed in 

Chapter 1 Section 1.6. With this in mind, an investigation into the effect of CH3/CF3 exchange at 

varying distances from a hydroxyl group on logP was performed, with a greater scope of substrates. 

As shown in Figure 2.4, alcohols containing an a-trifluoromethyl group exhibit a reasonably 

consistent increase in lipophilicity when compared to their respective parent compounds. This is 

consistent with results previously reported by N. Muller.86 This is rationalised by a compensation of 

ŘƛǇƻƭŜ ƳƻƳŜƴǘǎΣ ŀǎ ǿŜƭƭ ŀǎ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ǇƻƭŀǊƛȊŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƻȄȅƎŜƴΩǎ ƭƻƴŜ ǇŀƛǊǎΣ ǇǊŜǾƛƻǳǎƭȅ 
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discussed in Chapter 1 Section 1.6. This allows for the hydrophobic nature of the CF3 motif 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 this is K1, 

where an a-CH3/CF3 exchange affording K2 ǊŜǎǳƭǘŜŘ ƛƴ ŀƴ ƛƴŎǊŜŀǎŜ ƛƴ ƭƛǇƻǇƘƛƭƛŎƛǘȅ όɲƭƻƎP +0.62) 

similar to previously observed values. 

It was also initially proposed by the group that the impact of an a-trifluoromethyl group was 

independent of the parent compound and increased the logP by roughly 0.65 units (A Ҧ A3, B Ҧ 

B3, D Ҧ D1 and H Ҧ H10).94 This is still the case, with the difference between K1 Ҧ K2 όɲƭƻƎP +0.62) 

and K Ҧ K3 όɲƭƻƎP +0.57) close to the value. However, the difference observed between E Ҧ E8 

όɲƭƻƎP +0.49) was slightly smaller.  

When performing a second a-CH3/CF3 exchange (D1 Ҧ D2 and B3 Ҧ B4), a further logP increase of 

roughly 1 unit was observed. Hence, double a-CH3/CF3 (5 Ҧ 5н and . Ҧ .п) exchange resulted in 

a dramatic logP increase of roughly 1.7 units. All of these results suggest that an increase in 

lipophilicity will always be observed when performing an a-CH3/CF3 exchange.  

 

Figure 2.4 - a-CH3/CF3 exchange 

While the impact of the a-CF3 motif on lipophilicity was well established within the Linclau group94 

and Muller had already examined the effect of trifluoromethylation on primary alkanols,86 there 

were only limited examples of secondary alcohols with a b-, g- and d-trifluoromethyl group, which 

were thus investigated here. For substrates with either a b- or g-CF3 motif (Figure 2.5), a small 
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increase in lipophilicity was observed in comparison to their respective parent compounds (with 

the exception of E Ҧ E6, ɲƭƻƎP -0.04). In the case of the b-CF3 group, the ɲlogP values are quite 

similar in relation to increasing the logP of the parent compound. The inverse can be observed for 

g-CH3/CF3 exchange, where the ɲlogP values increase for the more lipophilic parent compounds. 

 

 

Figure 2.5 - ̡ -CF3 ŀƴŘ ʴ-CF3 alcohols   

Alcohols containing a d-CF3 all exhibited lower logP values than their parent compounds (Figure 

2.6). However, with increasing logP values of the parent compounds, the reduction in lipophilicity 

decreased. This was surprising, normally as the parent compounds become more lipophilic and 

larger, the relative effect of the increase in hydrophobic surface decreases, and the impact of the 

CF3-dipole increases. Hence, the inverse pattern would be expected: a larger ɲlogP with increasing 

logP of the parent compound. Due to the distance between the d-CF3 and the hydroxyl group, any 

intramolecular interactions 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 flexibility 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 conformational flexibility between 

the functional groups, i.e. small energy differences between conformers, may result in a 
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ΨŎƘŀƳŜƭŜƻƴΩ effect,117 in which 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 beforehand with a-CH3/CF3 exchange, -ɻtrifluorination still results in a logP reduction 

when a trifluoromethyl group was already present elsewhere in the molecule. An example of this 

is K3, where an ɻ -CH3/CF3 exchange affording K3, resulted in a decrease in lipophilicity similar to 

preǾƛƻǳǎƭȅ ƻōǎŜǊǾŜŘ ǾŀƭǳŜǎ όɲƭƻƎP -0.18). 

 

Figure 2.6 - The logP ƻŦ ʵ-CF3 alcohols 

2.2.5 CF3 άaŀǘŎƘŜŘ tŀƛǊǎέ  

The results in Figure 2.7 allow for the comparison of the effect of the position of the CF3 group in 

matched pair format. Similar to the monofluoro- and difluoro- matched pairs, this was performed 

in order to compare the effects the given motif on lipophilicity at different distances from the 

functional group, but with the same non-fluorinated parent reference to avoid any effect arising 

from lipophilicity differences between paǊŜƴǘǎΦ ¢ƘŜ ƳŀǘŎƘŜŘ ǇŀƛǊǎ ŦƻǊ ǘƘŜ ά-2-ƻƭΩǎέ ŀǊŜ E6 and E8, 

H9 and H10, and K1 and K3 (Figure 2.7). In all three cases the a-CH3/CF3 exchange leads to a more 

lipophilic compound than the ̟ -CH3/CF3 exchange. This is a result of the unavoidable anti-

periplanar orientation of the C-O and C-F bond, resulting in dipole counteraction, and thus leading 

to a reduced polarity effect from the CF3 motif. This in combination with the reduction of 

ǇƻƭŀǊƛȊŀōƛƭƛǘȅ ƻŦ ǘƘŜ ƻȄȅƎŜƴΩǎ ƭƻƴŜ ǇŀƛǊǎ ŀƭƭƻǿǎ ŦƻǊ ƘȅŘǊƻǇƘƻōƛŎƛǘȅ ƛƳǇŀŎǘ ŦǊƻƳ ǘƘŜ /C3 motif to 

dominate, thus resulting in the increased lipophilicity of a-CH3/CF3 exchange.  

Comparing the -CF3 motif in this format allows for the comparison of two trifluoromethyl groups 

into the same molecule. For K2, it can be seen that both the effects of a-CH3/CF3 exchange (ɲlogP 

+0.62, typically ɲlogP +0.61) and d-CH3/CF3 exchange (ɲlogP -0.18, typically ɲlogP -0.22) are 
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combined, allowing for the CF3 motif to exhibit both an increase and decrease in lipophilicity on the 

same molecule.  

 

Figure 2.7 - Trifluoromethyl Matched Pairs 

The analysis of the matched pairs not involving -̡trifluorination is interesting (Figure 2.8). The 

expectation is that the further the trifluoromethyl group is positioned from the alcohol group, the 

larger the logP reduction will be. This is seen for the M and N pairs. However, for J, showing the 

effect of ̡ - and ɹ - CH3/CF3 exchange, there is not only no large difference in logP between J1 and 

J2, but also the logP of J2 is larger than that of J1. Neither trifluoromethyl groups are in proximity 

to the alcohol group for CςO/CςF bond dipole counteractions to occur, although J1 would allow an 

antiperiplanar CςO/CςCF3 conformation. However, this would be expected to increase the logP, not 

a decrease. A tentative explanation for the unexpected larger polarity of J1 could be a conformation 

as depicted, which features stabilising sCςH­s*CςO and sCςH­s*CςCF3 hyperconjugations resulting 

in the gauche arrangement shown. 

As previously discussed in Section 2.2.4, the 3-HeptOH M and 4-OctOH N matched pairs showcase 

the large difference in logP caused by the introduction of ǘƘŜ ʵ-CF3 group, when compared to both 

-̡CF3 ŀƴŘ ʴ-CF3 groups respectively. This further highlights the importance of carefully choosing the 

position of fluorination, when attempting to modulate the lipophilicity of an aliphatic molecule. 
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Figure 2.8 - Trifluoromethyl Matched Pairs 

2.3 The influence of polyfluorinated motifs on lipophilicity  

2.3.1 CF3CF2 at varying distances 

Following the investigation of the trifluoromethyl motif at varying distances from the alcohol 

functionality, the CF3CF2 series was investigated (Figure 2.9). The large increase for both C7 (ɲlogP 

+0.90) and E9 (ɲlogP +0.77), in comparison to their respective parent compounds, is likely due to 

the proximity of the CF2 to the alcohol moiety, as well as an increase in volume. A trend of 

decreasing ɲlogP values with increasing logP of the parent alcohol was also observed. As the motif 

is further positioned from the alcohol moiety, the ɲlogP values decrease in a similar fashion to the 

CF3 series (See Chapter 1, Section 1.6), eventually resulting in a logP decrease when the logP of the 

parent alkanol exceeds 2 (L Ҧ L2, ɲlogP -0.06). Hence the dipole contribution of the CF3CF2 motif is 

also outweighing its hydrophobic volume contribution at elevated logP values. 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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Figure 2.9 - LogP of CF3CF2 motif 

2.3.2 CF3CH2 vs CF3CF2 vs HCF2CF2  

As expected, the CF3CF2 motif (C7, E9, G15 and I16) is the most lipophilic of the three motifs being 

compared in Figure 2.10. This is a likely a result of multiple C-F bond dipole counteractions, allowing 

ŦƭǳƻǊƛƴŜΩǎ ƘȅŘǊƻǇƘƻōƛŎ ƴŀǘǳǊŜ ŘƻƳƛƴŀǘŜΣ ǊŜǎǳƭǘƛƴƎ ƛƴ ƭŀǊƎŜ ƛƴŎǊŜŀǎŜǎ ƛƴ ƭƛǇƻǇƘƛƭƛŎƛǘȅΦ  

Perhaps unsurprisingly, when comparing the CF3CF2 with the HCF2CF2 motif, a decrease in 

lipophilicity is observed in all cases, but is substantial for the G and I series. In addition, while for 

the PrOH and 2-BuOH families, C6/E7 (HCF2CF2) have higher lipophilicities than C5/E6 (CF3CH2), this 

is not the case for the BuOH and PentOH families. Here the CF3CH2 motif (G13 and I13) is more 

lipophilic than the HCF2CF2 motif (G10 and I12). It is proposed that the higher logP for both C6 and 

E7 compared to that of C5 and E6 ƛǎ ŘǳŜ ǘƻ ǘƘŜ ŦƻǊƳŜǊΩǎ -̡position to the hydroxyl group. As the 

HCF2CF2 motif progresses further away from the alcohol, C-F/C-O bond dipole counteractions no 

longer occur and despite its increase in hydrophobic surface area, it appears as a more polar 

functional group than CF3CH2.  
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Figure 2.10 - CF3CH2 vs CF3CF2 vs HCF2CF2 

It is therefore assumed the terminal CF2CF2H group adopts a gauche conformation (Figure 2.11), 

which is suggested by crystal structures.118-120 This results in larger dipole contribution when 

compared to the alternative anti-conformation, where the C-F bond dipoles counteract. It is also 

pleasing to see that the HCF2CF2 ƎǊƻǳǇ ƛǎ ƭŜǎǎ ƭƛǇƻǇƘƛƭƛŎ ǘƘŀƴ ƛǘǎ άǇŀǊŜƴǘέ ŎƻƳǇƻǳƴŘΣ ǇǊƻǾƛŘƛƴƎ 

another logP lowering motif. Examples like this reveal why it is important to investigate various 

ŦƭǳƻǊƛƴŀǘŜŘ ƳƻǘƛŦǎ ƛƴ ƛƴŘƛǾƛŘǳŀƭ ŦŀƳƛƭƛŜǎΣ ŀǎ ǘƘŜ ǇŀǊŜƴǘ ŎƻƳǇƻǳƴŘ Ǉƭŀȅǎ ŀ ƭŀǊƎŜ ǊƻƭŜ ƻƴ ŦƭǳƻǊƛƴŜΩǎ 

modulation on lipophilicity. 

 

Figure 2.11 - CF2HCF2R conformations 

2.3.3 CF3 Ҧ /I3 within different motifs  

As discussed earlier in Section 2.2.4, CH3/CF3 exchange on an aliphatic substrate can have a wide 

range effects on the modulation of lipophilicity. Alcohols containing an a-CF3 group all exhibited 

higher logP values than their parent compounds, however it was established that as the distance 

between the CF3 group and the hydroxyl group increased, the ɲlogP values also decreased and 

eventually a reduction in logP was observed. Therefore, it is interesting to investigate CH3/CF3 

exchange across other fluorinated motifs. Interestingly, exchange of the CF3 group for a CH3 on the 

pentafluoroethyl (CF3CF2-) motif resulted in a surprisingly consistent decrease of one logP unit, 

regardless of the parent compound (Figure 2.12). The considerably higher logP values for the 
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pentafluoroethyl motif can be tentatively explained as a result of a counteraction of the C-F dipoles 

of the CF2 and CF3 moieties, resulting in the hydrophobic nature of the group to dominate. The same 

trend was observed for changing the CF3-group into a CH3 group for both nonafluorobutyl and 

heptafluopentyl analogues (c.f. G17 Ҧ G12, I18 Ҧ I15). Very unexpectedly, the MeCF2(CF2)n- group 

also had almost identical logP values as their parent compounds. Therefore, polyfluorination may 

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

nonafluorinated. 

 

Figure 2.12 - Effect of CF3/CH3 exchange on lipophilicity 

In an attempt to explain the interesting decrease in logP observed for CF3/CH3 exchange on 

perfluoroalkyl groups and the MeCF2(CF2)n- groups of similar logP value to their respective parent 

compound, an investigation into the dipole moments of the substrates was performed. This can be 

achieved through the use of overall molecular dipole moments, which necessitate information on 

the various conformers the substrates adopt and were calculated by Dr Jerome Graton, University 

of Nantes, France. The detailed experimental for the following calculations and their subsequent 

results can be found in Ref.121 In both water and octanol, conformational analysis of G12, G17, I15, 

I18 and their respective parent compounds was performed. These calculations indicated that all 

the compounds were very flexible and that only G12 has a major conformer with a population 

greater than 20%. For all compounds, the conformational profiles were different between the 

octanol and water phases, as shown by the different calculated dipole moments, which typically 

differed by <0.2 D (Table 2.1). 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, the tetrafluorinated compound G12 exhibited a much larger difference in dipole 

moments, roughly 1.0 D, between the water and octanol phase. As mentioned earlier, this was the 

only compound to have a major conformer with a population greater than 20%. Interestingly, when 

comparing the two conformers with the highest population in both octanol and water, there is a 

large difference in dipole moment (Figure 2.13). Hence, G12 Ŏŀƴ ōŜ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ŀ άƭƛǇƻǇƘƛƭƛŎƛǘȅ 

ŎƘŀƳŜƭŜƻƴέΣ117 in which conformers that are close in energy possess markedly different dipole 

moments, allowing a skewing of the population depending on the medium. Unfortunately, from 

ƘŜǊŜ ƛǘ ƛǎƴΩǘ ǎǘǊŀƛƎƘǘŦƻǊǿŀǊŘ ȅŜǘ ǘƻ ǊŜƭŀǘŜ ǘƘƛǎ ǘƻ ŀ ƭƻƎP value, although qualitatively it can be 

understood that ultimately the level of partitioning will result from the different degrees of 

stabilisation in a given phase. 

Octanol phase Water phase 

 

(24.6%, 2.14 D) 

 

(19.6%, 2.16 D) 
 

(19.2%, 3.33 D) 

 

(16.6%, 3.99 D) 

Figure 2.13 - Comparison of the two most abundant conformers of G12 in octanol (left) and water 

(right)viii 

 

Table 2.1 - Calculated dipole momentsviii 

Compound Phase 
m (D) 

(weighted) 
Compound Phase 

m (D) 

(weighted) 

 

oct 2.21 

 

oct 2.20 

wat 2.40 wat 2.40 

 

oct 2.87 

 

oct 3.37 

wat 3.82 wat 3.57 

 

oct 3.34 

 

oct 3.12 

wat 3.38 wat 3.31 

                                                           

viii Calculated at the SMD/MN15/aug-cc-pVTZ//MN15/cc-pVTZ level of theory in water and octanol medium, 
and weighted by the relative populations of each conformer, performed by Dr Jerome Graton, University of 
Nantes, France. 
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As seen in Table 2.1, 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 

I15 in comparison to its nonafluorinated analogue I18, however this was not the case when 

comparing tetrafluorinated G12 with its heptafluorinated analogue G17. In the octanol layer, G17 

exhibited a lower dipole moment, which can be explained by the very apolar conformers it can 

adopt as seen in Figure 2.13. These low dipole moments from these conformers exist due to the 

counteraction of the C-F bond dipoles, however this is not possible for I15, which is believed to 

result in its higher dipole moment in comparison to I18 in the octanol layer.  

The C-H bonds of the CH3 group on the MeCF2(CF2)n- motif are also strongly polarized by an electron 

withdrawing effect of the neighbouring fluorines. This can be shown through the use of chemical 

shift analysis showing the resulting deshielding, as well as through partial atomic charge 

calculations (Table 2.2).ix As a result of the fluorine inductive effect, as internal fluorination 

increased so did the hydrogen positive charge. Therefore, CF3/CH3 exchange on a perfluoroalkyl 

group results in the introduction of a very polar CH3 group, causing a lipophilicity reducing effect.  

Table 2.2 - Chemical shift values and weighted partial atomic charges per hydrogen atom of the 

methyl groupix 

Compound 
Mɻe (ppm) 

in CDCl3 

Water Octanol 

qH qH 

 
0.93 0.2017 0.2012 

 

1.67 0.2336 0.2322 

 

1.78 0.2444 0.2426 

 

1.83 0.2476 0.2458 

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

the CF3 group for CH3.  

                                                           

ix Calculated at the SMD/MN15/ aug-cc-pVTZ//MN15/cc-pVTZ level of theory using the natural population 
analysis methodology performed by Dr Jerome Graton, University of Nantes, France.  
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2.3.4 Chain elongation reduction in logP 

Another interesting logP lowering trend was identified when comparing the lipophilicities of the R-

CF3 group, with its homologue R-CF2Me (Figure 2.14). Typically, the extension of a carbon chain by 

one methylene unit on a non-fluorinated alcohol results in a logP increase of roughly 0.58 units. 

Surprisingly, the exchange of a C-F bond on a terminal trifluoromethyl group for a C-Me bond, 

resulting in the formation of the R-CF2Me group, leads to a reduction in lipophilicity. This decrease 

in lipophilicity ranged in ɲlogP values of -0.06 to -0.44. Pleasingly, this trend was observed in all 

cases and in both trifluorinated and perfluoroalkyl substrates. hΩIŀƎŀƴ et al. witnessed a similar 

trend when comparing the lipophilicities of ArSCF3 (logP + 3.70) with ArSCF2CH3 (logP +3.38).122 

 

Figure 2.14 - Reduction of logP upon chain elongation 

2.4 Comparison of partially fluorinated motifs 

2.4.1 Comparison of selected partially fluorinated motifs  

As expected and consistent with other results, the CF3CF2CF2 motif in G17 is the most lipophilic 

within this series (Figure 2.15). This is because the high degree of fluorination introduces a large 

hydrophobic surface, and there is significant CςF dipole compensation in such polyfluoroalkyl 

moieties. At first sight, the lipophilicity reduction caused by reducing the number of fluorine atoms 

such as in the hexafluorinated substrate G16 and the pentafluorinated substrate G14 is as expected. 

It is interesting to note that the (substantial) increase in lipophilicity (ɲlogP +0.65) from G14 to G16 

is caused by a CH2ҦCHF modification, which as a standalone modification virtually always results 
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in a lower logP. However, the lipophilicity trend G17ҦG16ҦG14 can be easily explained by the 

decrease in dipole compensation, through the removal of fluorine atoms from the central CF2-group 

resulting in a logP reduction. Overall, this suggests that if a large increase in lipophilicity is required, 

more than just a high degree of fluorination is required (See Section 2.3.2 and 2.3.3). The 

fluorination must be adjacent and contain a terminal CF3. The pentafluorinated substrate G14 with 

άǎƪƛǇǇŜŘέ ŦƭǳƻǊƛƴŀǘƛƻƴ Ƙŀǎ ƻƴƭȅ Ƙŀǎ ŀ ǎƳŀƭƭ ƛƴŎǊŜŀǎŜ ƻŦ ɲlogP +0.16 against its parent compound, 

while the pentafluorinated analogue G15 with vicinal fluorination has a much larger logP (1.30, see 

Figure 2.12).  

 

Figure 2.15 - Comparison of selected polyfluorinated 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 1.6), the CH3/CF3 exchange on butanol (ɲlogP +0.03) results in slight logP 

increase, while the inverse is observed on pentanol (ɲlogP -0.29). When performing the same 

modification on the terminal CH3 of a substrate already containing either a monofluoro- or difluoro- 

motif, an increase in lipophilicity across substrates is observed (G4 Ҧ G9, G11 Ҧ G14 and I8 Ҧ Lф). 

This is likely an effect of counteracting C-F and CF3 dipoles, in conjunction with an increase in 

hydrophobic surface area. 

Interestingly, the introduction of the CF2 motif (typically logP reducing) onto an alcohol containing 

a CF3 (G13 Ҧ G14) results in an increase in lipophilicity, while the inverse is observed for the 

introduction of a single fluorine atom (G13 Ҧ G9 and I13 Ҧ I9). With further chain elongation, it is 

presumed that the CF3CH2CF2 motif would result in logP reduction.  

Despite a large increase in hydrophobic surface area, the tetrafluorinated substrates G9 and I9 

exhibit a decrease in lipophilicity in comparison to the parent compound, ɲlogP -0.28 and ɲlogP -
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0.67 respectively. In spite of a potential gauche effect within G9, which would result in a C-F/C-O 

dipole counteraction, a reduction in logP inrespect to its parent compound is still observed. The 

larger ɲlogP value for I9 occurs because of the increased lipophilicity of the parent compound and 

lack of C-O/C-F dipole counteractions, therefore the polar nature of the motif is dominant. Hence, 

this is the identification of a novel logP lowering motif even when ̡ -fluorination occurs. 

2.4.2 CF3CF2 vs CFxHxCF2 

As expected and consistent with previous results, the CF3CF2 motif G15 is the most lipophilic (Figure 

2.16). A large decrease in logP is observed for the HCF2CF2 motif G10 (ɲlogP +0.64). Interestingly, 

the H2CF-CF2 motif G5 is slightly less lipophilic than the CH3CF2 motif G8. This may be due to the 

increased dipole from the polarity of the monofluoro substituent (polar CτF bond), as well as 

fluorine polarising its h -hydrogens: a conformation in which the number of sCςH­s*CςF 

hyperconjugation interactions is maximised will result in all CςF dipoles pointing in a similar 

direction (see below for discussion). A similar pattern and ɲlogP values were observed within the 

pentanol family. 

 

Figure 2.16 - CF3CF2 vs CFxHxCF2 
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2.4.3 The effect of the CFH-CF2 and CF2-CFH2 motifs on lipophilicity  

Both of the vic-trifluorinated motifs, CFH-CF2 and CF2C-FH2 (Figure 2.17), exhibit rather drastic 

decreases in lipophilicity in relation to their parent compound (ca. ɲlogP -0.61 vs. butanol and ca. 

ɲlogP -0.95 vs. pentanol), as well as their respective structural isomers G13 and I13. This identifies 

both as novel logP lowering motifs. Interestingly, the CFH-CF2H motif is more polar in the butanol 

family, while the inverse is observed for the pentanol family. However, the ɲlogP values are 

relatively small in each case, ɲ0.02 within the butanol family and ɲ0.06 within the pentanol family.  

 

Figure 2.17 - Comparison of vic-trifluoro motifs 

The introduction of the CF2 motif (typically observed as logP decreasing), onto the monofluorinated 

substrates within the butanol family exhibit only a slight increase in lipophilicity (G2 Ҧ Dр, ɲlogP 

+0.18 and G3 Ҧ Dт, ɲlogP +0.12). Due to the increased lipophilicity within the pentanol family, the 

increase is logP is not as noticeable (I3 Ҧ Lп, ɲlogP +0.00 and I2 Ҧ Lр, ɲlogP +0.06). Another 

interesting observation is the similarity in logP values between the vic-trifluoro motifs and gem-

difluoro G6 within 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 adopt (Figure 2.17).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 CτF bond dipole moments and 

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 

logP of the substrates. For example, I4 is isolipophilic to its monofluoro counterpart I2, which would 

typically be unexpected due to the increase in hydrophobic surface area and if it only adopted the 

presumably favoured conformation ii, as this would result in a net logP gain. Therefore, the motif 

must also adopt conformation 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. 

2.4.4 The effect of the vic-difluoro motif on lipophilicity 

Carreira and Müller have identified the terminal vic-difluoro motif as the most polar fluorinated 

motif, resulting in large logP reductions (See Chapter 1, Section 1.6).111, 115, 124 Gilmour et al. also 

observed the same trend.125 We were keen to include this motif in the alkanol families as well, for 

ΨŎŀƭƛōǊŀǘƛƻƴΩ ǇǳǊǇƻǎŜǎΦ tƭŜŀǎƛƴƎƭȅΣ the Müller/Gilmour results are consistent with the measured logP 

values of simple terminal vicinal difluorinated alkanols, as both G1 and I1 have the lowest logP 

values in their respective families (Figure 2.18). These vic-difluoro analogues also hold the two 

largest reductions in logP ever observed in our work in comparison to their parent compound, 

across all acyclic parents, ɲlogP -1.00 and ɲlogP -1.40 respectively. 

 

Figure 2.18 - Vic-difluoro motif 

2.5 The effect of fluorination on the lipophilicity of diols 

2.5.1 1,4-Butandiol Family   

Utilizing 1,4-butandiol Q as a parent compound (logP = -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, the gem-difluorinated diol Q4 has a lower logP than the 

tetrafluorinated Q5 and a higher logP than the monofluorinated diol Q1. This trend corresponds 

nicely with their respective equivalents in the butanol family G. Interestingly, lipophilicity increases 

for Q4 and Q5 when compared to their parent compound Q, unlike for G8, G11 and G12, where a 

decrease is observed. Commonly, difluorination would show a decrease in lipophilicity when 

compared to its parent compound, however for Q4 this is not the case. The dipole contribution 

from the gem-difluoro motif is significantly less pronounced when placed on an already polar 

parent compound Q (logP = -0.83) and thus the hydrophobic contribution of fluorine is more 

prominent. The large increase in lipophilicity for Q5 (ɲƭƻƎP +0.72) in comparison to its parent 

compound Q is likely due to a counteraction of C-F dipoles with either the neighbouring C-F or C-O 

dipoles. Therefore, the polarity of this CF2CF2 motif is diminished and the contribution of its 

hydrophobicity dominates, resulting in a more lipophilic molecule. Both of these examples 

showcase the importance of comparing different fluorinated motifs over various parent 

compounds. 

 

Figure 2.19 - 1,4-Butandiol family 

2.5.2 1,5-Pentandiol Family 

As expected, the hexafluorinated motif R4 exhibits the highest logP within 1,5-pentandiol family 

(Figure 2.20). Further observations within the family identify that gem-difluorination results in a 

lipophilicity decrease, which was a commonly observed trend for the CF2 motif within other 

families, in contrast to the inverse displayed by Q4 within its respective family. This is presumably 

due to the increase in lipophilicity of the parent compound (R, logP +0.27 vs. Q, logP -0.83), 

therefore the dipole from the gem-difluoro motif dominates over its hydrophobic contributions, 
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resulting in an overall logP decrease. In a similar fashion to their respective pentan-1-ol analogues, 

the -ɹCF2 analogue R1 ǿŀǎ ƭŜǎǎ ƭƛǇƻǇƘƛƭƛŎ ǘƘŀƴ ƛǘǎ ʲ-CF2 counterpart R2. Pleasingly, the skipped 

tetrafluorinated motif R3 exhibited an increase in logP compared to its difluoro- equivalent R2, and 

a reduction in logP in relation to its parent compound.  

The investigation into the monofluoro- series and other fluorinated motifs within the 1,5-

pentandiol family is currently ongoing within the group. 

 

Figure 2.20 - 1,5-Pent-di-OH familyx 

2.6 The effects of fluoroalkenes on lipophilicity  

2.6.1 4-Pentenol family 

Initial observations show (Figure 2.21) that comparing mono-, di- and trifluorination motifs in 

fluoroalkenols follow the same trends as in fluoroalkanols, where the monofluorinated substrates 

are the least lipophilic and the trifluorinated are the most lipophilic. Although surprisingly, this was 

not the case for vic-difluoro substrates O1 and O4, which shared similar logP values to their 

monofluoro counterparts, in stark contrast to the drastic decrease typically observed with the vic-

difluoro motif on an alkane. 

                                                           

x Compounds R2 and R3 were synthesised by an MSc student, Eleni Georgiou. 
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Figure 2.21 - 4-Pentenol familyxi 

Interestingly, it would also appear that ǘƘŜ ŜŦŦŜŎǘ ƻŦ ŦƭǳƻǊƛƴŜΩǎ ǇƻƭŀǊƛǘȅ Ƙŀǎ ƭƛǘǘƭŜ ƛƴŦƭǳŜƴŎŜ ƻƴ 

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

monofluoroalkene O5 ƘŀǾƛƴƎ ŀ ɲƭƻƎP -0.32 compared to its parent compound O and its 

monofluoroalkane equivalent I3 ƘŀǾƛƴƎ ŀ ɲƭƻƎP -0.99 compared to its parent I. The same can be 

observed with the corresponding difluoro substrates, where O6 Ƙŀǎ ŀ ɲƭƻƎP 0 compared to its 

parent O and I6 Ƙŀǎ ŀ ɲƭƻƎP -0.85 to its parent I. Tentatively, this can be explained by the decrease 

in alkene polarisability due to fluorination, similar to what is observed for aromatic rings.  

The small lipophilicity difference exhibited between the vic-difluoro alkenes O1 and O4 was 

surprising. It was expected that the conformationally fixed counteracting C-F dipoles (increase logP) 

on O4 and the aligned C-F dipoles (decrease logP) on O1 would result in a larger difference. A similar 

observation can be made for the comparison of O7 and I4, where previously the logP reduction of 

I4 was explained through counteracting dipoles (Figure 2.17). Therefore, considering the C-F bonds 

of O7 are conformationally fixed, it is assumed that two of the C-F dipoles counteract, resulting in 

a similar polarity to the monofluoroalkene O3. Thus, with an increase in volume, O7 would be 

expected it to exhibit only a small increase of logP in comparison to O3. However, a large difference 

was observed (O3 Ҧ hт, ɲlogP +0.44). Both of these observations may be related to the loss of 

polarizable hydrogens.  

                                                           

xi Compounds O1, O4 ς 07 were synthesised by an international MSc summer student, Estelle Meyer. Zhong 
Wang (PDRA) synthesised and recorded the logP values for compounds O2 and 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 buten-1-ol family.  

2.7 The effects of other motifs on lipophilicity  

2.7.1 Fluorinated cyclopropanemethanol and its comparisons 

Unfortunately, the logP of the parent compound cyclopropanemethanol P (Figure 2.22), has not 

been previously reported in literature and therefore comparisons to it should be approached 

tentatively. Despite this, comparisons between the other fluorinated motifs can be discussed. The 

CF2 motif P4 is the most lipophilic, followed by the monofluoro- anti and syn analogues P3 and P1 

respectively. The anti-configured P3 has the higher logP of the pair. Finally the ̡-F P2, has a 

lipophilicity value in between the anti and syn analogues P3 and P1. Traditionally, linear -̡

monofluoro motifs have higher logP values ǘƘŀƴ ǘƘŜƛǊ ʴ-monofluoro counterparts, therefore it is 

surprising that P2 has a higher logP value than P1. However, this result is also observed within the 

isopropanol family.  

 

Figure 2.22 - Fluorinated cyclopropanemethanol motifs and their comparisons *=logP calculated 

by MarvinSketch 

2.7.2 The effect of the aliphatic -SCF3 group on lipophilicity 

While investigating the effects of the ςSCF3 motif on lipophilicity, both S1 and S2 were synthesised 

and their respective logP values recorded (Figure 2.23). Unfortunately, there is no data for their 

respective parent compounds, however the exchange of the ςSCF3 group for other fluorinated and 

non-fluorinated motifs will be discussed.  

A logP increase is observed for CH3/SCF3 exchange on both butanol (G Ҧ {м, ɲlogP +0.75) and 

pentanol (I Ҧ {н, ɲlogP +0.43). The same trend was observed for the substitution of a CF3 group for 

a SCF3 group (G13 Ҧ {м and I13 Ҧ {н, ɲlogP +0.72). In these two examples, the increase in 
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lipophilicity is unsurprising considering the presence of an additional heteroatom, thus resulting in 

an increase in size and subsequent hydrophobicity. This can be further reinforced when their 

respective Hansch constants are considered, where the ςSCF3 ( x̄ = 1.44) group exhibits a higher 

lipophilicity value than both CF3 ( x̄ = 0.88) and CH3 ( x̄ = 0.52).126 Interestingly, the logP increase 

for CH3/SCF3 exchange is smaller on the pentanol scaffold. This can tentatively be explained by the 

influence of the polarity of the -SCF3 group becoming more prevalent with increasing logP of the 

compared compound, in a similar fashion to the CF3 and CF2CF3 motif seen in Section Chapter 22.2.4 

and 2.3.1 respectively. 

Next, the exchange of a CH2CF3 group for SCF3 was examined. In this example, while the length of 

ǘƘŜ ǎǳōǎǘǊŀǘŜΩǎ ōŀŎƪōƻƴŜ ƛǎ ǘƘŜ ǎŀƳŜΣ ǘƘŜǊŜ ƛǎ ŀ ǎƭƛƎƘǘ ŘŜŎǊŜŀǎŜ ƛƴ ǎƛȊŜ ŦƻǊ S1 (Van Der Waals surface 

area = 205.82 Å2), compared to I13 (Van Der Waals surface area = 213.16 Å2) and an increase in PSA 

(S1 45.53 vs. I13 20.23). This would be expected to result in a decrease in lipophilicity. Despite this, 

a logP increase is observed in both butanol (I13 Ҧ S1, ɲlogP +0.41) and pentanol (L186 Ҧ S2, ɲlogP 

+0.30). The increase in lipophilicity can tentatively be explained by the effective compensation of 

the dipole moments of the C-S and C-F bonds, in a similar fashion to an ςOCF3 moiety.117 The 

proximity of the CF3 group to the sulphur also results in a reduction in the polarizability of its lone 

pairs. Overall, the combination of these two effects results in a highly lipophilic motif.  

Work within the group is on-going to synthesise the corresponding ςOCF3 analogues and their 

respective non-fluorinated parent compounds for comparison. 

 

Figure 2.23 - The -SCF3 motif . L1 value obtained from Ref86 
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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 19F NMR based logP determination method utilized by the Linclau group.94 This is 

due the use of 19F NMR, where non-ŦƭǳƻǊƛƴŀǘŜŘ ƳŀǘŜǊƛŀƭ ƛǎ ƴƻǘ ǾƛǎƛōƭŜΣ ŀƴŘ ŦƭǳƻǊƛƴŜΩǎ ƭŀǊƎŜ ŎƘŜƳƛŎŀƭ 

shift dispersion, allowing for a reduced chance 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 method (ca. 5-10 mg of 

material in 4 mL of an octanol/H2O partition). Therefore, to properly assess the effects of impurities 

ƛƴ ǘƘŜ [ƛƴŎƭŀǳ ƎǊƻǳǇΩǎ ƭƻƎP determination methodology, a series of experiments with different 

solvent impurities was performed.  

¢ǊƛŦƭǳƻǊƻōǳǘŀƴƻƭΩǎ ƭƻƎP was measured five times with trifluoroethanol as the reference material 

(Figure 2.24), each with a separate solvent impurity (except the control). This was performed 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 were Et2O (Entry 1, Table 2.3), 

CH2Cl2 (Entry 2, Table 2.3), THF (Entry 3, Table 2.3), and Et2O, CH2Cl2 and THF (one drop of each, 

Entry 4, Table 2.3). Finally, a control experiment was also performed with the addition of no 

impurity (Entry 5, Table 2.3). As observed in Table 2.3 below, all the measured logP values with 

impurities present exhibit very small variations in logP value to the control (Entry 5, Table 2.3) and 

the value published by the Linclau group (Entry 6, Table 2.3).94 Between all 6 entries, there is an 

average logP value of +0.90 and a standard deviation of ±0.003. This showcases that trace amounts 

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

reference material, when using the 19F NMR logP determination procedure.  

 

Figure 2.24 - LogP values of 2,2,2-trifluoroethan-1-ol and 4,4,4-trifluorobutan-1-ol 
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Table 2.3 - Effects of impurities on logP 

Entry Additive LogP 

1 Et2O +0.89 

2 CH2Cl2 +0.89 

3 THF +0.90 

4 Et2O + CH2Cl2 + THF +0.89 

5 Control +0.90 

6 Published +0.9194 

2.8.2 LogP measurements in D2O 

Previous work performed by M. Herth et al.,92 on a novel 1H NMR based logP determination 

procedure used D2O in place of H2O.xii When describing the methodology, Herth mentions that the 

difference in the physiological properties between the two solvents were neglected. Through the 

ǳǎŜ ƻŦ ǘƘŜ [ƛƴŎƭŀǳ ƎǊƻǳǇΩǎ 19F NMR based logP determination methodology,94 a direct comparison 

between the use of D2O and H2O can be performed, as neither solvent will affect the accurate 

integration of the measured fluorine signals. 

With this in mind, a series of substrates with various fluorinated motifs and a wide range of logP 

values (-2.47 to +1.98, Table 2.4), were selected. The 19F NMR based logP determination method 

was then performed with an n-octanol/D2O partition and the different substrates respective logP 

values were obtained. These values were then directly compared against their corresponding 

octan-1-ol/H2O partition values, which had been previously determined by the Linclau group.94 The 

ɲlogP values ranged from 0.001 to 0.052 (Table 2.4ύΦ ¢ƘŜǎŜ ɲlogP values, with the exception of 

heptafluorobutan-1-ƻƭ όɲlogP = 0.052), are all within an acceptable range of ±0.015 logP units. For 

the studies of substrates here, it is evident that there is no significant difference in the measured 

logP values, when using either D2O or H2O as the polar phase during the partitioning step of the 

experiment. 

                                                           

xii See Chapter 1 Section 1.4.4 for further discussion on this 1H NMR based logP determination method. 
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Table 2.4 - Comparison of logP values recorded in both D2O and H2O 

Compound LogP (D2O) LogP (H2O) ɲLogP 

 
+1.93 +1.98 -0.052 

 
+1.67 +1.69 -0.015 

 +0.91 +0.91 -0.005 

 +0.41 +0.42 -0.013 

 
+0.11 +0.11 +0.001 

 
-0.41 -0.42 +0.013 

 -0.76 -0.75 +0.009 

 

-2.46 -2.47 +0.011 
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2.9 Conclusion 

In conclusion, a total of 66 novel logP measurements were performed utilizing the 19F NMR based 

logP determination method developed by the Linclau group (Figure 2.25).94  

 

Figure 2.25 - A total of 66 novel logP values. The ɲlogP values listed are in comparison to the 

individual compounds respective parent molecule. 
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With this large number of novel fluorinated alkanols, the influence of fluorination on lipophilicity 

ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘΦ Lƴ ŀ ǎƛƳƛƭŀǊ ŦŀǎƘƛƻƴ ǘƻ ʲ-monofluorination, it was found that ̡-difluorination 

results in higher logP values within their respective families. The impact of the CF3 motif at varying 

distances from the alcohol moiety was also investigated through the use of matched pairs. It was 

found that as the distance between the CF3 group and the alcohol increases, the ɲ logP decreased, 

eventually causing a reduction in lipophilicity. A series of polyfluorinated motifs was also examined 

and in particular, it was recognised that exchange of the CF3 group for a CH3 on the pentafluoroethyl 

(CF3(CF2)-) motif or on a perfluoroalkanol, results in a large decrease in lipophilicity. An unexpected 

decrease in lipophilicity upon exchange of a C-F bond on a terminal trifluoromethyl group for a C-

Me bond, resulting in the formation of the R-CF2Me group was also observed. The partially 

fluorinated groups, CFH-CF2 and CF2-CFH2, were also identified as novel logP lowering motifs in 

comparison to their respective parent compounds. Pleasingly, the vic-difluoro motif proved to have 

the lowest logP values recorded within their respective family. The impact of fluorination on diols 

was also examined, allowing for the investigation of mono- and difluorination on polar molecules. 

The first logP values for fluorinated alkenes and cyclopropanemethanol within the group were also 

determined. Finally, the impact of the -SCF3 motif on lipophilicity was evaluated by comparison to 

other fluorinated and non-fluorinated motifs.  

The reproducibility of this method in the presence of trace amount of impurities was confirmed by 

control experiments. The use of D2O in place of H2O was also proven, which would allow for the 

measurement of non-fluorinated aliphatic parent compounds by 1H NMR, for comparative studies 

in the future. 
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Chapter 3 {ȅƴǘƘŜǎƛǎ ƻŦ CƭǳƻǊƛƴŀǘŜŘ !ƭƪŀƴƻƭǎ ōȅ aƻƴƻπ 

ŀƴŘ 5ƛŦƭǳƻǊƛƴŀǘƛƻƴ 

3.1 Introduction 

In this chapter, fluorinated alkanols, synthesised by either mono- or difluorination, will be 

discussed. These substrates were synthesised for their use in the investigation of the effects of 

aliphatic fluorination on lipophilicity (see Chapter 2). The introduction of these mono- and difluoro-

motifs will be attempted through the use 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 analysis and synthetic plan 

The synthesis of 2,2-difluorobutanol G11 and 2,2-difluoropentan-1-ol I14 can be accomplished via 

electrophilic fluorination with NFSI (Scheme 3.1), starting from their respective commercially 

available aldehydes 3.1 and 3.2. The mono- and difluoro-analogues of 1,4-butane diol, Q1 and Q4 

respectively, can be accessed from the aldehyde 3.3 via electrophilic fluorination with NFSI (Scheme 

3.1). The aldehyde 3.3, will be synthesised from 1,4-butane-diol Q, following mono protection and 

subsequent oxidation of the remaining alcohol.  

Scheme 3.1 - Planned electrophilic fluorination with NFSI 

It was envisioned that the synthesis of G1 and I1 (Scheme 3.2) could be achieved through either the 

vicinal difluorination of the alkenes 3.4 and I, or the deoxyfluorination of the advanced 

intermediates 3.5 and 3.6, obtained through electrophilic fluorination, as shown in Scheme 3.1. The 

trifluorinated group R-CHFCHF2 (G7 and I4), could also be synthesised from the same intermediates 

3.5 and 3.6, via oxidation to their corresponding fluoroaldehyde, followed by deoxofluorination. 

The synthesis of the other trifluorinated motif R-CF2CH2F (G5 and I5), will be attempted through the 

deoxyfluorination of 3.7 and 3.8 respectively.  
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Scheme 3.2 - Proposed route for G1, I1, G7, I4, G5 and I5 

Retrosynthetic analysis of the analogues found in Scheme 3.3, reveals that their synthesis can be 

accomplished via either deoxo- or deoxyfluorination of their corresponding commercially available 

starting materials.  

 

Scheme 3.3 - Synthesis by nucleophilic fluorination 

The ketone 3.13 (Scheme 3.4), required for synthesis of either the monofluorinated I8 or the 

difluorinated analogue I11 (after reduction to the corresponding alcohol), is not commercially 

available. Therefore, 3.13 will be synthesised via an oxa-Michael addition from ethyl vinyl ketone 

3.14.127 

 

Scheme 3.4 - Retrosynthetic analysis of I8 and I11 

While the synthesis of H1 (Scheme 3.5) has been previously performed by Peterson et al.,128 the 

synthetic route employed the highly toxic reagent, mercury (II) sulphate (HgSO4). Thus, a safer 
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alternative route was required. A retrosynthetic analysis of H1 and H4Σ ƛƴŘƛŎŀǘŜŘ ǘƘŀǘ ʴ-

valerolactone 3.16 could be employed as a common starting material for both analogues. Their 

synthesises can be accomplished following the reduction of 3.16 to its corresponding diol and 

subsequent protection of the secondary alcohol, affording the key intermediate 3.15. Fluorination 

with DAST can then be performed, to yield either the 5-fluoropentan-2-ol H1 or the previously 

unreported 5,5-difluoropentan-2-ol H4 (after oxidation of the alcohol to its respective aldehyde).  

 

Scheme 3.5 - Retrosynthetic analysis of H1 and H4 

Retrosynthetic analysis of H7 (Scheme 3.6) leads to the ketone 3.17, which can be obtained from 

(-)-ethyl L-lactate 3.18 via a Weinreb ketone synthesis.129  

 

Scheme 3.6 - Retrosynthetic analysis of 3,3-difluoropentan-2-ol H7 

3.2 Electrophilic fluorination 

3.2.1 Introduction 

Electrophilic fluorination is a useful tool to allow for the introduction of the C-F bond into organic 

ƳƻƭŜŎǳƭŜǎΦ IƻǿŜǾŜǊΣ ǘƘŜ ƎŜƴŜǊŀǘƛƻƴ ƻŦ ǘƘŜ ŘŜǎƛǊŜŘ ŜƭŜŎǘǊƻǇƘƛƭŜ άC+έ ƛǎ ƴƻ Ŝŀǎȅ ǘŀǎƪ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŀǘ 

fluorine is the most electronegative element known.130 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 combination of the two. Initially, fluorine gas (F2, first isolated by H. 

Moissan in 1886131) 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 

Southampton.132-133 Advancements on the reagent F2 saw the development of a series of reagents 

containing an O-F bond (e.g. CF3OF, HOF and CsSO4F).134-135 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 functional 

groups are unstable towards the reagent.136 

Fortunately, in the 1980s several N-F bond containing reagents were published, which were 

crystalline, moisture- and bench-stable (Figure 3.1).133 Unlike the aforementioned electrophilic 

fluorination reagents, these required no specialist handling or equipment and were shown to 

oxidise and fluorinate under mild conditions.137 Important N-F reagents include N-

fluorobenzenesulphonimide (NFSI), Selectfluor® and various N-fluoropyridinium salts, which have 

been employed to perform electrophilic fluorination of a range of aromatic rings, Grignard 

reagents, lithium salts and enolates.130, 138  

 

Figure 3.1 - Electrophilic fluorination reagents 

Herein, NFSI is covered in greater detail, as a result of the success this reagent has had performing 

either -hfluorination or ,h -hdifluorination of aldehydes. These fluorination techniques were 

developed by D. MacMillan et al.139 and C. Barbas et al.140 The introduction of a fluorine in this 

manner is achieved through the reaction of an aldehyde 3.19 with a secondary amine 

organocatalyst (Scheme 3.7). This allows for the formation of an enamine 3.20, followed by 

electrophilic fluorination with N-fluorobenzenesulphonimide (NFSI). The resultant fluoroaldehyde 

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

fluorination (if excess of NFSI is used), or functionalised to fluoroamines via reductive amination.141-

142 

 

Scheme 3.7 - hǊƎŀƴƻŎŀǘŀƭȅǘƛŎ ʰ-fluorination adapted from D. MacMillan et al.139 
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3.2.2 Synthesis of 2,2-difluorobutan-1-ol and 2,2-difluoropentan-1-ol 

The synthesis of both 2,2-difluorobutan-1-ol G11 and 2,2-difluoropentan-1-ol I14 was achieved via 

electrophilic fluorination with NFSI (Scheme 3.8), utilizing an adapted procedure from C. Lindsley et 

al.142 Treatment of the aldehyde 3.1, with excess NFSI and catalytic proline, allowed for the 

formation of its corresponding fluoroaldehyde intermediate 3.22. Reduction with NaBH4 yielded 

the final product 2,2-difluorobutan-1-ol G11 in a yield of 28%. The synthesis of 2,2-difluoropentan-

1-ol I14 was achieved in a similar fashion starting from the aldehyde 3.2. 

Several key modifications to the published synthetic procedure were performed due to the 

presumed volatility of the fluoraldehydes intermediates 3.22 and 3.23. Traditionally, after the 

aqueous work up of the electrophilic fluorination, the crude fluoroaldehyde intermediate would be 

concentrated and then reduced with NaBH4 in a CH2Cl2/EtOH solvent system. However, because of 

the presumed volatility of the fluoraldehydes, after aqueous work up no concentration of the crude 

mixture was performed. Instead, the resultant crude material, dissolved in a mixture of THF and 

Et2O, was treated directly with NaBH4. The reaction was then monitored by 19F NMR, until complete 

reduction of the fluoroaldehyde intermediate was observed. If the THF were to be removed at this 

stage, at a reduced pressure in-vacuo,xiii a considerable loss of product would still occur due to the 

volatility of the final compounds. Therefore, the THF solvent was removed via short path distillation 

before purification via column chromatography. 

 

Scheme 3.8 - Synthesis of 2,2-difluorobutan-1-ol and 2,2-difluoropentan-1-ol 

3.2.3 Synthesis of 2-fluorobutan-1,4-diol and 2,2-difluorobutan-1,4-diol 

The synthesis of both 2-fluorobutan-1,4-diol Q1 and 2,2-difluorobutan-1,4-diol Q4 commenced 

from the commercially available 1,4-butandiol Q (Scheme 3.9). An initial mono-benzoylation 

protection of Q was accomplished, affording 3.24 in a yield of 59%. Following this, a Swern oxidation 

was performed and the resulting aldehyde 3.25 was isolated via column chromatography, with a 

yield of 93%. 

                                                           

xiii Procedure often utilized for the removal of commonly used low boiling point solvents (pentane, CH2Cl2 
and Et2O). 
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Scheme 3.9 - Synthesis of 4-oxobutyl benzoate 

With 3.25 in hand, the organocatalytic fluorination with NFSI and a catalytic secondary amine, as 

described by C. Lindsley et al.141-142 and D. MacMillan et al.,139 could now be performed. If the 

correct chiral organocatalyst is employed, the -hfluorination product can be stereo selective to high 

degrees of ee. However, the stereochemistry of the fluorine is not a priority in the synthesis of Q1, 

since enantiomers have the same logP value when measured in an octanol/water system. 

Therefore, L-proline (which was reported to lead to a low enantioselectivity of the fluorination) was 

the chosen organocatalyst, because of its low cost and commercial availability.  

 

Scheme 3.10 - Optimization of electrophilic fluorination 

Initially, standard conditions to afford the h-fluorination product 3.28 were attempted (Scheme 

3.10, Entry 1, Table 3.1). This afforded a mixture of the desired mono- and difluorinated substrates 

3.26 and 3.27. These fluoroaldehydes were then reduced as a mixture with sodium borohydride, 

yielding 3.28 and 3.29 respectively, which were later successfully separated via flash column 

chromatography. Unfortunately, only 7% of the desired h-fluorination product 3.28 was isolated, 

with 30% of the h Σʰ-difluorinated 3.29 by-product isolated separately. This is thought to have 

occurred due to the fluorination occurring faster than the enamine aldehyde equilibrium. 

Therefore, in order to improve the yield, stoichiometric proline was used (Entry 2, Table 3.1). This 

favoured the h -fluorination product 3.28 with an isolated yield of 49%, however h Σh-difluorination 

still occurred affording 3.29 in a 9% yield. The reaction was repeated once more with more slightly 

reduced equivalents of NFSI (1 equiv) and an increased isolated yield of 65% of 3.28 was achieved, 

although 3.29 was still present with a 9% isolated yield (Entry 3, Table 3.1). Finally, one iteration of 

ʰΣʰ-difluorination was attempted with excess NFSI and catalytic L-proline (Entry 4, Table 3.1), 

affording 3.29 in a 40% yield, with no h -monofluorination product observed. Although the yield for 

the h Σʰ-difluorination reaction was lower than hoped for, the optimization of this reaction was not 
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investigated further, as sufficient quantities of 3.29 had been isolated through the combining of 

material obtained from the optimization of 3.28. 

Table 3.1 - Optimization of electrophilic fluorination. Reaction conditions: rt, 16 h, THF/i-PrOH 

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

Entry Conditions and scale Isolated yield (over 2 steps) 

1 
NFSI (1.05 equiv), L-Proline (0.2 

equiv), 0.92 g 

7% (3.28) + 30% (3.29) 

2 
NFSI (1.05 equiv),L-Proline (1.0 

equiv), 0.92 g 

49% (3.28) + 9% (3.29) 

3 
NFSI (1.0 equiv), L-Proline (1.0 

equiv), 6.72 g 

65% (3.28) + 9% (3.29) 

4 
NFSI (2.2 equiv), L-Proline (0.4 

equiv), 0.92 g 

0% (3.28) + 40% (3.29) 

Following the successful optimisation of the -hfluorination process, both 3.28 and 3.29 were 

individually deprotected with 25% NaOMe in MeOH (Scheme 3.11). This yielded the desired 

products Q1 as an oil and Q4 as a crystalline solid, with the X-ray crystal structure shown in Figure 

3.2. 

 

Scheme 3.11 - Synthesis of 2-fluorobutan-1,4-diol and 2,2-difluorobutan-1,4-diol 
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Figure 3.2 - Crystal structure of Q4. Thermal ellipsoid ς Carbon = black, oxygen = red, fluorine = 

green and hydrogen = grey. 

3.2.4 Synthesis of advanced fluorinated pentan-1-ol intermediates via electrophilic 

fluorination 

The synthesis of 3.30 (Scheme 3.12) was performed in a similar fashion to the synthesis of 3.25 

(Scheme 3.9). The subsequent electrophilic fluorination to afford corresponding fluorinated pentyl 

substrates, utilized the previously optimized h-fluorination conditions. This allowed for the isolation 

of both 3.33 and 3.34 in sufficient yields for further derivation, 48% and 13% respectively. Unlike 

3.28 and 3.29 (Scheme 3.11), 3.33 and 3.34 were not deprotected to afford their corresponding 

diols, due to another ongoing project within the group, investigating fluorinated 1,5-pentandiol 

linkers. 

 

Scheme 3.12 - Synthesis of advanced intermediates 3.33 and 3.34 
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3.3 Nucleophilic fluorination 

3.3.1 Introduction 

Nucleophilic fluorination remains a challenging area in organic chemistry. Difficulties in the 

formation of the C-F bond in this manner ŀǊƛǎŜ ŦǊƻƳ ŦƭǳƻǊƛƴŜΩǎ ǎƳŀƭƭ ǎƛȊe (1.36 Å radius) and low 

polarizability.130 These properties allow for fluorine to act as both a nucleophile and as a base, which 

can lead to unfavourable side reactions, mainly deprotonation and elimination.  

Over the years, various fluoride sources have been employed to displace either a halide or 

sulphonate esters in order to form the C-F bond. HF based reagents (e.g. HF-Pyridine, Et3Nω3HF, 

DMPUωHF)134 have been used, although these are corrosive and toxic making them undesirable 

reagents. Solid sources of fluorine include alkali-metal fluoride salts (e.g., KF and CsF), which were 

initially employed due to their affordability and commercial availability.130, 138 Unfortunately, 

because of their high lattice energy, these reagents behave as weak nucleophiles and have poor 

solubility in most organic solvents. These issues can be alleviated through the use of crown ethers 

(improving nucleophilicity), high boiling solvents accompanied with elevated reaction temperatures 

(aiding solubility), or a combination of the two.130 Tetralkylammonium fluorides (e.g. TBAF, 

TBAFanh
143, TBAF(t-BuOH)4144

 and TBAT,145 as seen in Figure 3.3) were developed as a replacement 

for the alkali-metal fluorides. The use of a bulky organic cation in place of the inorganic M+ ion, 

allows for increased solubility in organic solvents, the reduction of ion pairing and the improvement 

of the nucleophilicity (and basicity) of the fluoride ion.130 Further advances on one-pot sulphonate 

displacement deoxyfluorination reagents has taken place in recent years with reagents such as 

PyFluor146 and nonafluorosulphonyl fluoride (NfF).147 

 

Figure 3.3 - Newly developed nucleophilic fluorination reagents 

A series of sulphur-based organic compounds have also been developed, serving as powerful 

deoxy/deoxofluorination reagents that require no pre-activation of the functional group (i.e. 

activation of an alcohol via its conversion to a mesylate leaving group). The development of these 

sulphur-based fluorination reagents began with sulphur tetrafluoride (SF4),148-149 which has been 

used for a range of nucleophilic fluorination reactions.150 However, its high toxicity (similar to that 

of phosgene) and volatility (b.p. -40 °C) resulted in the requirement of specialist equipment. 
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Therefore in 1975,151 DuPont disclosed a bench stable reagent, N,N-diethylaminosulphur trifluoride 

(DAST, Figure 3.4) as an alternative to SF4. Unfortunately, it was unstable to heat. It is known to 

rapidly decompose at >60 °C and is explosive at high temperatures (>~155 °C, releasing 1641 J/g),152 

believed to be because of its degradation products (amine and sulphur based compounds).153 Thus, 

Deoxo-Fluor® was developed as a safer alternative (>90 °C decomposition temperature).154 

Recently XtalFluor-E®152, Xtalfluor-M®152 and FluoleadTM155 have also been developed as a new 

generation of bench-stable solids with higher degrees of thermal stability. Unfortunately, these 

sulphur-based reagents also tend to have poor stereoselectivity in deoxyfluorination reactions. This 

is because they can be prone to SN1 pathways, as well as the expected SN2, although, additives can 

correct this.156 

 

Figure 3.4 - Popular sulphur-based fluorination reagents 

3.3.2 Synthesis of 3,4-difluorobutan-1-ol and 4,5-difluoropentan-1-ol 

It was envisioned that a simple deoxyfluorination could be performed on the previously synthesised 

3.28 and 3.33 (Scheme 3.13), which would yield 3.35 and 3.36 respectively. A scan of the literature 

revealed a similar deoxyfluorination, performed by Vorberg et al., utilizing NfF as their fluorination 

reagent.115 The deoxyfluorination of 3.28 and 3.33 with NfF progressed with ease, affording the 

desired vicinal difluorides 3.35 and 3.36 in good yields. Unfortunately, following the benzoate 

cleavage of 3.35, G1 was isolated in a low 27% yield. Initially, this was presumed to be due to high 

volatility of G1, but upon further consideration it is believed to have undergone a 1,4-cyclisation 

substituting a fluoride. If the benzoate cleavage was to be repeated, the formation 3-

fluorotetrahydrofuran could be confirmed by 19F NMR analysis of the reaction mixture. A similar 

reaction had occurred previously within the group, when the distillation of 4-fluoropentan-1-ol was 

attempted (Scheme 3.14), it was discovered that ~20% of the material had cyclised to give 2-

methytetrahydrofuran.94 Following this, to avoid any further 1,4-cyclisations, the deprotection of 

3.36 was performed at 0 °C. Analysis of the reaction mixture via 19F NMR analysis revealed complete 

consumption of starting material, with no evolution of fluorinated side products. The final isolated 

yield for I1 of 83% further suggests that no side reactions occurred. Therefore, deprotections of 

substrates where a potential 1,4-cyclisation could occur, should be performed at 0 °C. 
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Scheme 3.13 - Synthesis of 3,4-difluorobutan-1-ol and 4,5-difluoropentan-1-ol 

 

Scheme 3.14 - Undesired thermal degradation of 4-fluoropentan-1-ol 

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

No synthetic route for the synthesis of the trifluoro-motif R-CHFCHF2, via deoxofluorination has 

previously been reported. Therefore, ǿƛǘƘ ǘƘŜ ʲ-monofluorohydrin 3.28 and 3.33 in hand (Scheme 

3.15), the synthesis of G7 and I5 by deoxofluorination was investigated. While the synthesis of 3.26 

and 3.31 was achieved earlier via electrophilic fluorination with NFSI, it was decided not to use this 

route due to the reaction producing both the mono- and difluorinated analogues, which may 

complicate purification at later stages. Therefore, ƻȄƛŘŀǘƛƻƴ ƻŦ ǘƘŜ ʲ-monofluorohydrin to the 

corresponding aldehyde was performed. Despite the formation of the aldehydes 3.26 and 3.31 

earlier, via electrophilic fluorination with NFSI (Section 3.2.2), a literature search reveals that this is 

a relatively uncommon reaction; despite this, standard conditions for either a Swern,157 Dess-

Martin periodinane (DMP)158 or PCC159 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 successfully oxidised to the corresponding aldehyde, before subsequent 

deoxofluorination with DAST, providing 3.39 and 3.40 in yields of 34% and 35% over 2 steps 

respectively (Scheme 3.15). Finally, cleavage of the benzoate afforded the desired novel trifluoro-

motif G7 and I5 in good yields, 79% and 88% respectively.  

 

Scheme 3.15 - Synthesis of 3,4,4-trifluorobutan-1-ol and 4,5,5-trifluoropentan-1-ol 
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3.3.4 Synthesis of 3,3,4-trifluorobutan-1-ol and 4,4,5-trifluoropentanol 

The trifluorinated motif R-CF2CH2F has little precedence within literature and its synthesis via 

deoxyfluorination has only been performed twice on aromatic substrates; once with 

nonafluorobutanesulphonyl fluoride (NfF)160 and once with DAST161 (Scheme 3.16). Therefore, the 

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

 

Scheme 3.16 - Previously reported deoxyfluorination to afford the desired trifluorinated motif 

With intermediate 3.29 (Scheme 3.17) in hand from the 2,2-difluorobutan-1,4-diol Q4, its 

deoxyfluorination to provide the trifluorinated 3.45 was attempted, employing either NfF or DAST. 

The first reaction utilized the deoxyfluorination reagent NfF using the originally published 

conditions by J. Yin et al. (Entry 1, Table 3.2).147 This reaction yielded 10% of the desired 

trifluorinated product 3.45 and 70% of the sulphonyl intermediate 3.46, as a crystalline solid (Figure 

3.5). The reaction required harsher conditions to progress at a faster rate and therefore the reaction 

was repeated at 80 °C (Entry 2, Table 3.2). An increased yield of 68% was obtained with no sulphonyl 

intermediate observed. The second deoxyfluorination reagent employed was DAST, however this 

reaction was very slow, with TLC analysis indicating an incomplete reaction after 5 days (Entry 3, 

Table 3.2). Despite this slow reaction, the desired trifluorinated product 3.45 was 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% was achieved with a vastly reduced reaction time of 16 h 

(Entry 4, Table 3.2). Increasing reaction temperature further may improve yields and reduce 

reaction times, but it is important to note the hazards that can arise when heating DAST (See Section 

3.3.1). Thus, it is undesirable to approach these temperatures even for short periods of time, so no 

further optimization with DAST was performed.  

Therefore, if a similar deoxyfluorination is to be performed, NfF should be the reagent of choice. It 

provided higher yields and the purification of the desired material was easier, due to the lack of 

DAST degradants that can complicate flash column-chromatography. 
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Scheme 3.17 - Synthesis of 3,3,4-trifluorobutyl benzoate 

 

Table 3.2 - Deoxyfluorination optimization 

Entry Conditions 
Isolated yield 

(3.45) 

1 NfF, Et3Nω3HF, Et3N, MeCN, rt, 16 h 
10% (3.45) + 

70% (3.46) 

2 NfF, Et3Nω3HF, Et3N, MeCN, 80 °C, 16 h 68% 

3 DAST, CH2Cl2, rt, 5 days 60% 

4 DAST, CH2Cl2, 40 °C 16 h 56% 

 With the sulphonyl intermediate 3.46 (Scheme 3.18) in hand from the previously attempted 

fluorination of 3.45, the desired fluorination reaction was driven to completion at 80 °C, in the 

presence of Et3Nω3HF and Et3N, to afford the desired deoxyfluorination product 3.45 in an 88% 

yield. This provided a two-step yield of 62%, slightly lower than that of the 68% yield obtained in 

the one pot reaction (Entry 2, Table 3.2). 

Figure 3.5 - Crystal structure of 3.46 
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Scheme 3.18 - Synthesis of 3,3,4-trifluorobutyl benzoate 

Following the successful optimisation in the synthesis of 3.45 (Scheme 3.19), the fluorination 

conditions were applied to the pentyl analogue, to afford 3.47 in an in excellent yield of 78%. Finally, 

deprotection of the benzoate protecting group was performed with 25% NaOMe in MeOH in both 

cases, to yield the desired final products G5 and I4 in a yield of 62% and 87% respectively. 

 

Scheme 3.19 - Synthesis of 3,3,4-trifluorobutan-1-ol and 4,4,5-trifluoropentanol 

3.3.5 Synthesis of 2-fluorobutanol  

The synthesis of 2-fluorobutanol G4 was also achieved via deoxyfluorination with 

nonafluorobutanesulphonyl fluoride. Selective protection of the primary alcohol of 3.9 was 

achieved with benzoyl chloride (Scheme 3.20), affording 3.48 and 3.49 in isolated yields of 79% and 

3% respectively after column chromatography.  

 

Scheme 3.20 - Selective protection of 3.9 to afford 3.48 and 3.49 

With pure 3.48 in hand (Scheme 3.21), the monofluorinated product 3.50 was obtained via NfF 

mediated deoxyfluorination. Subsequent cleavage of the benzoate ester produced the final 

compound 2-fluorobutanol G4, with an overall yield of 34% over 3 steps. 

 

Scheme 3.21 - Synthesis of 2-fluorobutanol 
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3.3.6 Synthesis towards 3,3-difluorobutan-2-ol  

Starting from the commercially available ketone 3.10 (Scheme 3.22), The synthesis of 3,3-

difluorobutan-2-ol was successfully performed. Standard conditions were employed for the benzoyl 

protection of 3.10, yielding 3.51. The deoxofluorination of 3.51 was carried out utilizing DAST, 

although this yielded an inseparable mixture of the desired gem-difluoro product 3.52 and the 

fluoroalkene elimination product 3.53 in a ratio of 9:1. Unfortunately, upon deprotection the two 

products remained inseparable, yielding a mixture of E4 and E5 in a ratio of 85:15.xiv 

Scheme 3.22 - Synthesis of 3,3-diflurofluorobutan-2-ol 

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

The synthesis of the 3,3-difluorobutan-1-ol was achieved in three steps from the commercially 

available 4-hydroxybutan-2-one 3.11 (Scheme 3.23). First, benzoate protection of 3.11 was carried 

out providing 3.54. However, after purification by column chromatography, residual benzoic acid 

was observed via 1H NMR analysis. Fortunately, this impurity does not hinder the ensuing 

fluorination and will only react with DAST to form its respective acyl fluoride, as demonstrated on 

similar substrates162 or by the treatment of benzoic acid with Deoxo-Fluor®.154 The 

deoxofluorination of 3.54 was therefore performed with no further purification, yielding the gem-

difluoro product 3.56. Finally, deprotection was performed with 25% NaOMe in MeOH to yield the 

desired 3,3-difluorobutan-1-ol, G8.1 Starting from commercially available 5-hydroxypentan-2-one 

3.12, the synthesis of 4,4-difluoropentan-1-ol I7 was performed in a similar manner as for G8. 

Scheme 3.23 - Synthesis of 3,3-difluorobutan-1-ol and 4,4-difluoropentan-1-ol 

                                                           

xiv This synthetic work was performed by Simon Holland (4th year MChem student) under my supervision 
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3.3.8 Synthesis of 4,4-difluorobutan-1-ol and 5,5-difluoropentanol 

The synthesis of 4,4-difluorobutanol-1-ol G6 (Scheme 3.24) commenced from the advanced 

intermediate 3.25 (previously synthesised in Section 3.2.3). The deoxofluorination of the aldehyde 

3.25 with DAST provided the gem-difluorinated product 3.58 in a high yield of 86%. Deprotection 

of 3.58 was then performed with 25% NaOMe in MeOH to afford the desired 4,4-difluorobutan-1-

ol, G6.xv Starting from the advanced intermediate 3.30 (previously synthesised in Section 3.2.4), the 

synthesis of 5,5-difluoropentan-1-ol I6 was performed in a similar manner to G6.xvi 

 

Scheme 3.24 - Synthesis of 4,4-difluorobutan-1-ol and 5,5-difluoropentan-1-ol  

3.3.9 Synthesis of 3-fluoropentan-1-ol 

The synthesis of 3-fluoropentan-1-ol I8 was accomplished from the starting material ethyl vinyl 

ketone 3.14 (Scheme 3.25). The first step of this synthesis is an oxa-Michael addition, promoted by 

aqueous sodium carbonate as reported by Y. Wang et al.127 Disappointingly, the first attempt to 

replicate their synthesis provided 3.13 in a yield of 33% (Entry 1, Table 3.3), much lower than the 

published 73%. Due to similar retention factors, there was also difficulty in the isolation of the 

target compound 3.13 from unreacted benzyl alcohol via column chromatography. In an attempt 

to ease purification, the reaction was repeated with substantially less equivalents of benzyl alcohol 

(1.1 equiv vs 4.0 equiv, Entry 2, Table 3.3). This procedural modification facilitated easier 

purification of 3.13 and conveniently, the same yield as the previous attempt was obtained. As all 

the starting materials are inexpensive and commercially available, no further reaction optimisation 

was performed, and a final large-scale reaction was completed with 1.5 equiv of benzyl alcohol 

(Entry 3, Table 3.3). The isolation of 3.13 was achieved and a slightly improved 42% yield was 

observed, providing enough substrate to accomplish the synthesis of 3-fluoropentan-1-ol I8. 

 

Scheme 3.25 - Synthesis of 3.13 

                                                           

xv This synthetic work was performed by Ryan Squire (Summer student) under my supervision 
xvi This synthetic work was performed by Thomasin Brind (3rd year MChem student) under my supervision 
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Table 3.3 - Conditions for synthesis of 3.13 

Entry Conditions Yield 

1 

BnOH (4.0 equiv),     

aq. Na2CO3 (0.05 M), 

rt, 16 h 

33% 

2 

BnOH (1.1 equiv),       

aq. Na2CO3 (0.05 M), 

rt, 16 h 

33% 

3 

BnOH (1.5 equiv),       

aq. Na2CO3 (0.05 M), 

rt, 16 h 

42% 

With 3.13 in hand (Scheme 3.26), the reduction of the ketone was performed with NaBH4 and the 

resultant alcohol 3.60 underwent NfF-mediated deoxyfluorination. This afforded a partially 

separable mixture of the desired monofluorination product 3.61 and a combination of alkenes 3.62 

(elimination products), in a ratio of 1.0:0.4 respectively. To enable a facile isolation of 3.61 from its 

corresponding alkene side products 3.62, the mixture was treated with mCPBA, resulting in the 

epoxidation of the alkenes. The epoxides formed were more polar than the desired fluorinated 

product 3.61, allowing for its isolation by column chromatography. This provided 3.61 in a yield of 

35% over 2 steps. Finally, hydrogenolysis of the benzyl ether protecting group in Et2O afforded the 

desired product I8 in a high yield of 87%. 

 

Scheme 3.26 - Synthesis of I8 

3.3.10 Synthesis of 3,3-difluoropentan-1-ol  

With the synthesis of monofluorinated analogue I8 completed (Scheme 3.26), deoxofluorination of 

the ketone 3.13 could then be investigated (Scheme 3.27). This was performed via the treatment 
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of 3.13 with DAST at 40 °C. Unfortunately, the reaction progressed at a much lower rate than 

expected. TLC analysis indicated the presence of starting material 3.13 despite 48 hours elapsing, 

however, the desired product 3.63 was also observed via 19F NMR. Therefore, the reaction was 

stopped and subsequent column chromatography allowed for 3.63 to be isolated in a 37% yield and 

~50% of the starting material 3.13 was reclaimed. The slow rate of conversion and low yield was 

surprising. Previously performed deoxofluorinations of similar ketones had shown consumption of 

their respective starting material after ~16 h, with good yields obtained for the gem-difluoro 

products. It is possible that the benzyloxy group could interact with the activated carbonyl but 

without real formation of the 4-membered ring due to the ring strain, leading to shielding of the 

carbonyl electrophilic centre from fluoride attack. The reversibility of the DAST-mediated ketone 

activation step (or any hydrolysis in the workup), would then lead to starting material recovery. 

Finally, hydrogenolysis of the benzyl ether in Et2O afforded the desired product I11 in excellent yield 

of 86%.  

 

Scheme 3.27 - Synthesis of I11 

3.3.11 Synthesis of 5-fluoropentan-2-ol  

The synthesis of 5-fluoropentan-2-ol was accomplished starting from ɹ-valerolactone 3.18 (Scheme 

3.28). Following an adapted procedure from Killen et al.,163 3.18 was reduced with LiAlH4, affording 

3.64 in a good yield of 84%. Selective silyl protection of the primary alcohol with TBMSCl was then 

accomplished, yielding 3.65, and subsequent basic benzyl ether protection of the secondary alcohol 

afforded 3.66. With 3.66 in hand, the deprotection of the silyl group with TBAF was completed, 

yielding the important intermediate 3.67, required for deoxyfluorination. 

 

Scheme 3.28 - Synthesis towards key intermediate 3.67 
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Unfortunately, the fluorination of 3.67 with DAST was unsuccessful (Scheme 3.29), yielding an 

inseparable mixture of both the presumed desired primary fluorinated substrate 3.68 and the 

undesired secondary fluorinated substrate 3.69, with a ratio of 1:10 respectively (19F NMR-

analysis).xvii No further attempt to purify and characterise 3.68 and 3.69 was performed at this stage 

and a new route was investigated. 

 

Scheme 3.29 - Fluorination of 3.67 

This occurred due to the benzyl ether acting as a nucleophile, resulting in neighbouring group 

participation and thus the formation of 3.71 (Scheme 3.30). The selectivity towards the formation 

of 3.69, is rationalised by the ring opening occurring via an SN1 pathway. The rate determining step 

in an SN1 mechanism is the loss of a leaving group, resulting in the formation of a carbocation. The 

greater the stability of this carbocation, the faster the reaction will occur. Therefore, attack on the 

secondary carbon of 3.71 is favoured, as its respective carbocation has a greater stability than its 

corresponding primary carbocation. The selectivity also suggests that the cyclisation pathway is 

faster than standard fluoride attack on 3.70.  

 

Scheme 3.30 - Mechanism for the formation of 3.68 and 3.69 

To avoid any neighbouring group participation during the fluorination reaction, an acetate 

protecting group was employed instead of the benzyl ether (Scheme 3.31). Standard conditions for 

the acetylation of the secondary alcohol 3.65 was applied,164 providing the fully protected substrate 

3.72, in an excellent yield of 97%. The deprotection of the silyl ether of 3.72 was performed again 

with TBAF, affording the crucial intermediate 3.73. Deoxofluorination of 3.73 utilizing DAST was 

successful, providing the desired fluorinated product 3.74 with a yield of 72%. The deprotection of 

the alcohol was performed using 25% NaOMe in MeOH to afford H1.  

                                                           

xvii Selected 19F {1H} (376 MHz, CDCl3) for 3.68: ɻ  -218.2 (s) ppm; for 3.69: ɻ  -173.1 (s) ppm. 
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Scheme 3.31 - Synthesis of H1 

3.3.12 Synthesis of 5,5-difluoropentan-2-ol 

With the key intermediate 3.73 in hand (Scheme 3.32), the synthesis of H4 could be investigated. 

However, prior to difluorination, the alcohol of 3.73 must first be oxidised to its corresponding 

aldehyde 3.75. This oxidation was achieved utilizing Dess-Martin periodinane, and after purification 

by column chromatography, the aldehyde 3.75 was immediately treated with DAST. This yielded 

the desired difluorinated compound 3.76 in a good yield of 73%. The deprotection of 3.76 was 

performed with 25% NaOMe in MeOH yielding desired final product H4. 

 

Scheme 3.32 - Synthesis H4 

3.3.13 Synthesis of 3,3-difluoropentan-2-ol 

The synthesis of 3,3-difluoropentan-2-ol was accomplished from (-)-ethyl L-lactate 3.18, following 

its conversion to the protected ketone 3.82, via a Weinreb ketone synthesis (Scheme 3.33). 129, 165 

Synthesis of the Weinreb amide 3.77 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 yield was a result of the formation of solid during the reaction (20 g scale). This 

hampered adequate stirring and resulted in the addition of the Grignard reagent being paused. At 

this point, TLC analysis indicated complete consumption of the starting material 3.77. However, 

after aqueous work up and column chromatography, ~45% of the starting material 3.77 was 

reclaimed. This suggests that the solid formed may have been a complex of the starting material 
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and MgBr2. This issue could have been solved with an over-head stirrer. Regardless, a sufficient 

quantity of the volatile ketone 3.78 had been synthesised, and subsequent benzoate protection of 

the alcohol with benzoic anhydride, afforded 3.79 in good yield. 

 

Scheme 3.33 - Synthesis towards 3,3-difluoropentan-2-ol 

The difluorination of the key intermediate 3.79 was initially performed with DAST at room 

temperature (Scheme 3.34). However, TLC analysis of the reaction mixture indicated that the 

reaction was incomplete after 16 h. Therefore, the reaction mixture was heated to 40 °C and 0.01 

equivalents of HFωpy was added. After an additional 24 h, the reaction was complete and the 

formation of the desired gem-difluoro product 3.80 and undesired elimination side product 3.81 

was observed, in a ratio of 1:0.07 respectively. Unfortunately, the two products were inseparable 

via column chromatography. After cleavage of the benzoyl protecting group, with 25% NaOMe in 

MeOH, the two compounds were separable with careful column chromatography and H7 was 

isolated in a yield of 35% over two steps. The isolation of 3.82 was not attempted due to the small 

quantity formed. 

Scheme 3.34 - Synthesis of 3,3-difluoropentan-2-ol 
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3.4 Vicinal difluorination  

3.4.1 Introduction 

Despite the previously performed successful 6 step synthesis of G1 and I1 (see Section 3.3.2), 

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 vicinal difluorination of an alkene with 4-iodotolouene difluoride 3.83 was first investigated in 

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

required in stoichiometric quantities.166 In order to overcome these constraints, both R. Gilmour et 

al.167 and E. Jacobsen et al.168 published procedures on the vicinal difluorination of an alkene with 

catalytic p-iodotoluene. Since then R. Gilmour has further expanded on his research, investigating 

a procedure for the enantioselective catalytic vicinal difluorination of alkenes169 and the use of 

vicinal difluoro-motif as hybrid bioisosteres of trifluoromethyl and ethyl groups.125 

 

Figure 3.6 - Published procedures for the vicinal difluorination of an alkene 

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

Gilmour et al.167 was used. He utilized a mixture of Et3Nω3HF ŀƴŘ ICωǇȅ (4.5:1, respectively) as the 

ŦƭǳƻǊƛŘŜ ǎƻǳǊŎŜΣ ǿƘƛŎƘ ƛǎ ƳŀǊƎƛƴŀƭƭȅ ǎŀŦŜǊ ǘƘŀƴ ƴŜŀǘ ICωǇȅ όǳǎŜŘ ōȅ 9Φ WŀŎƻōǎŜƴ et al.168). In an 

attempt to evaluate the necessity for the excess HF and hopefully improve the safety of the reaction 

(if scale-up is to be required), the test reactions 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 buten-1-ol 3.4 with 10 equivalents of the HF source 

(Scheme 3.35). However, no desired compound was formed, and a large proportion of the starting 

material remained, as indicated by analysis of the 1H NMR spectrum. A similar reaction was 

performed by Yoneda et al., who observed the cyclization of alkenes (with unprotected hydroxyl 

groups) analogous to 3.4 when treated with 3.83 (Figure 3.6) and a HF source.170 Further 19F NMR 

analysis revealed a multiplet with a similar chemical shift to the cyclization products formed by 

Yoneda et al., at roughly -175 ppm, which became a singlet upon proton decoupling. This suggests 

the formation of the cyclisation product 3-fluorotetrahydrofuran. If this is the case, the formation 

of this product likely inhibits any desired fluorination from occurring. 

 

Scheme 3.35 - Synthesis towards 3,4-difluorobutan-1-ol 

Instead of attempting increased equivalents of HF (as this would likely promote increased 

cyclization reactions), buten-1-ol 3.4 was instead benzoate protected, affording 3.86 (Scheme 3.36). 

The reaction was tried again on 3.86, with both 10 and 100 equivalents of the HF source. When the 

reaction was performed with 10 equivalents, no formation of desired product was observed as 

measured by 19F NMR analysis. However, trace amounts of fluorinated product were observed 

when the reaction was performed with 100 equivalents. Through subsequent TLC and 1H NMR 

analysis, it was shown that there was one predominant product. After isolation of the side product 

by column chromatography and its subsequent analysis by 2D NMR, the by-product was 

determined to be 3.87. 

The proposed mechanism for the formation of 3.87 is shown in Scheme 3.37. After the formation 

of the transient cation 3.91, it is thought that the benzoate protection group undergoes 

neighbouring group participation to form the 6-membered ring 3.92, which can then tautomerize 

to 3.93. As the reaction progresses through an SN2 pathway, water preferentially attacks at the less 

hindered position to re-open the ring and form 3.94. It is proposed that the source of the water is 

from the aq. sat. NaHCO3 quench. Finally, the newly introduced hydroxyl ring closes to form 3.87, 

while also reforming the catalyst p-iodotoluene. The same product was observed by M. Sanford et 

al,171 when they treated 3.4 (Scheme 3.36) with (dibenzoyloxyiodo)benzene and palladium (II) 

diacetate, which was formed by a similar mechanism. 
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Scheme 3.36 - Synthesis towards 3,4-difluorobutan-1-ol 

 

Scheme 3.37 - Proposed mechanism for the formation of 3.87 
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Despite R. GilmourΩǎ procedure tolerating ester protection groups, the reactions were performed 

on an undecyl chain, therefore issues with neighbouring group participation would not arise.167 A 

different protection group was thus required, and as R. Gilmour et al. had success with a tosyl group 

on a butyl chain, this was attempted next (Scheme 3.38).  

 

Scheme 3.38 - Vicinal difluorination as reported by R. Gilmour et al.167 

A tosyl protection group was not originally used, due to the harsh reaction conditions 

(Na/naphthalene in THF)172 associated with the deprotection. Unfortunately, when the reaction 

was trialled with 10 equivalents of the HF source, no reaction via 19F NMR was observed and the 

starting material was completely recovered after aqueous work up (Scheme 3.39). As this reaction 

ŦŀƛƭŜŘΣ ƴƻ ŦǳǊǘƘŜǊ ŀǘǘŜƳǇǘǎ ǘƻ ǊŜǇǊƻŘǳŎŜ wΦ DƛƭƳƻǳǊΩǎ ǇǊƻŎŜŘǳǊŜ ǿŀǎ ǇŜǊŦƻǊƳŜŘΣ ŘǳŜ ǘƻ ǘƘŜ ǎŀŦŜǘȅ 

concerns of handling large quantities of HF reagents, were scale up was to be performed. It is likely 

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

iodotolouene difluoride 3.83 (Figure 3.6). 

 

Scheme 3.39 - Synthesis towards 3,4-difluorobutan-1-ol 

  



Chapter 3 

80 

3.5 Conclusion 

A total of twenty-two mono-, di- and trifluorinated analogues of simple alkanols were synthesised 

through electrophilic, nucleophilic fluorination or a combination of the two (Figure 3.7). All of these 

substrates were used in the evaluation of the effects of aliphatic fluorination on lipophilicity 

(Chapter 2). 

 

Figure 3.7 - All fluorinated alkanols snthesised in Chapter 3 

All three substrates, G11, I14 and Q4 were synthesised by h, -hdifluorination with NFSI and 

organocatalytic proline from their corresponding aldehydes. In a similar fashion, Q1 was 

synthesised after the optimization of electrophilic -hfluorination through the use of stoichiometric 

proline. With advanced h -fluorinated and h , -hdifluorinated intermediates in hand, via electrophilic 

fluorination, the targets G1, I1, G7, I4, G5 and I5 were successfully synthesised after nucleophilic 

fluorination of their corresponding alcohol or carbonyl (after oxidation), mediated by either NfF or 

DAST. While the synthesis of G1 and I1 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 work. 

Following the appropriate alcohol protection of their respective commercially available starting 

material, nucleophilic fluorination and subsequent protecting group cleavage afforded G4, E4, G8, 
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I7, G6 and I6. In a similar manner I8 and I11 were synthesised, after the synthesis of their 

corresponding starting material by an oxa-Michael addition. After the reduction of ɹ-valerolactone 

to pentane-1,4-diol and a series of protection and deprotection reactions, the synthesis of 

advanced intermediate 2.24 was achieved (Scheme 3.31). Treating 2.24 with DAST and subsequent 

deprotection, afforded H1, while oxidising 2.24 to its corresponding aldehyde, treatment with DAST 

and deprotection yielded H4. Finally, H7 was synthesised by nucleophilic fluorination after the 

synthesis of the required ketone 2.34 (Scheme 3.33), by a Weinreb ketone synthesis. 
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Chapter 4 {ȅƴǘƘŜǎƛǎ ƻŦ ¢ŀǊƎŜǘǎ ¦ǎƛƴƎ CƭǳƻǊƛƴŀǘŜŘ 

.ǳƛƭŘƛƴƎ .ƭƻŎƪǎ 

4.1 Introduction 

In this chapter, the discussion will focus on the synthesis of a variety of fluorinated motifs through 

a building-block approach or the use of fluoroalkylating agents. These 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 now be performed. 

4.1.1 Retrosynthetic analysis 

It was envisioned that K1, H9, and J2 could be synthesised through the hydrotrifluoromethylation 

of their respective unactivated alkenes with CF3SiMe3 (Scheme 4.1).173 In a similar fashion, the 

tetrafluoro-motif of compound I9 could be introduced through the fluorotrifluoromethylation of 

alkene 3.4.174 Finally, the synthesis of J1 could be accomplished through the 

trifluoromethylaminoxylation of 1-pentene 4.4, followed by N-O bond cleavage.175 

 

Scheme 4.1 - Proposed radical trifluoromethylation reactions 

While designing the synthesis of G9 and G14 (Scheme 4.2), compound 4.5 was identified as a 

potential common advanced intermediate and could be prepared via a homologation reaction 

between the diazoalkane 4.6 and benzyloxyacetaldehyde.176 Subsequent transformations of the 

intermediate 4.5 could allow for the synthesis of G9 to be achieved, via the reduction of the ketone, 

deoxyfluorination and subsequent protecting group hydrogenolysis. In a similar fashion G14 could 

be synthesised through deoxofluorination, followed by cleavage of the benzyl ether. However, due 

to safety concerns associated with the handling of diazoalkanes (explosive and toxic),177-180 it was 

envisioned that the key intermediate 4.5 could be synthesised by an oxytrifluoromethylation of the 

alkene 4.7 utilizing Langlois reagent (CF3SO2Na).181-182  
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Scheme 4.2 - Proposed route to G9 and G14 

It was proposed that K3 could be synthesised from the aldehyde 3.2 via nucleophilic 

trifluoromethylation with CF3SiMe3 (Scheme 4.3). In a similar manner K2 could be synthesised 

following the oxidation of I13 to its corresponding aldehyde. 

 

Scheme 4.3 - Nucleophilic trifluoromethylation 

Retrosynthetic analysis of the four analogues described in Scheme 4.4 share a common forward 

synthesis strategy and could be accomplished by Grignard reactions of their respective shorter-

chained trifluoromethylated analogues.  

 

Scheme 4.4 - Synthesis of trifluoro- alkanols via the Grignard reaction 

Retrosynthetic analysis reveals that S1 could be synthesised by the treatment of the thiocyanate 

4.10 with CF3SiMe3 and subsequent protecting group cleavage (Scheme 4.5). The required 

intermediate 4.10 could be synthesised from its corresponding chloroalkanol 4.12. The butyl 

derivate S2, could be synthesised in a similar fashion starting from 4.13. 
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Scheme 4.5 - Retrosynthetic analysis of S1 and S2 

The fluorinated cyclopropanemethanol analogues detailed in Scheme 4.6 could all be synthesised 

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

 

Scheme 4.6 - Fluorinated cyclopropanemethanol analogues 

Retrosynthetic analysis for both 4.14 and G10 (Scheme 4.7) reveals that 4.15 could serve as a 

common starting material. The analogue 4.14, could be synthesised by the treatment of 4.15 with 

MeLi,183 while radical debromination of 4.15 could synthesise G10.  

 

Scheme 4.7 - Proposed synthesis towards tetrafluorinated alkanols 

To synthesise the target analogues G12 and I15 (Scheme 4.8), retrosynthetic analysis identifies the 

deoxygenation of their respective commercially available diols, Q5 and R4, as a potentially viable 

route.  

 

Scheme 4.8 - Retrosynthetic analysis of G12 and I15 
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4.2 Radical trifluoromethylation 

The trifluoromethyl radical was first reported by Haszeldine in 1949 and was a product of subjecting 

CF3I to heat or irradiation.184 Since, the generation of the CF3 radical has been achieved from a range 

of precursors (e.g., CF3SO2Cl, Me3SiCF3 and CF3SO2Na)185 and through a variety of conditions 

(thermal, oxidative, reductive, electrochemical and photochemical).186 In the past, reactions 

involving the CF3 radical have typically been performed on electron rich aromatic and 

heteroaromatic substrates, with the study of its interactions at non-aromatic sites being lesser 

studied.186 Herein, a range of trifluoromethyl radical additions to unactivated alkene substrates will 

be discussed.  

4.2.1 Synthesis of 6,6,6-trifluorohexan-2-ol, 6,6,6-trifluorohexan-3-ol and 5,5,5-

trifluoropentan-2-ol 

A silver-catalysed hydrotrifluoromethylation of their respective unactivated alkenes with CF3SiMe3 

was developed by Qing et al. (Scheme 4.9).173 This methodology was successfully applied in the 

synthesis of 6,6,6-trifluorohexan-2-ol, 6,6,6-trifluorohexan-3-ol and 5,5,5-trifluoropentan-2-ol. The 

methodology requires the oxidation of CF3SiMe3 to the CF3 radical by PhI(OAc)2 and/or AgNO3,185, 

187-188 before addition to the alkene. Finally, the resultant secondary radical reacts with 1,4-

cyclohexadiene (1,4-CHD), which acts a H-atom source, to furnish the desired product. A proposed 

mechanism for this reaction can be found in Scheme 4.10. 

 

Scheme 4.9 - Hydrotrifluoromethylation of an alkene reported by Qing et al.173 

 

Scheme 4.10 ς Proposed mechanism for the hydrotrifluoromethylation of an alkene, adapted 

from Qing et al.173 

It was reported that this procedure could be performed readily in the presence of alcohols. 

However, when the reaction was attempted on 4.1 (Scheme 4.11), no trifluorination occurred and 

instead the silyl ether 4.17 was isolated in a 67% yield. This is likely from following the experimental 



Chapter 4 

87 

procedure in the SI of this publication that contained an error; the reaction was described to use 

only 1/10th of the actual solvent used, with the correct amount being described within the journal 

article itself. This likely resulted in the poor solubility of either PhI(OAc)2 and/or AgNO3 required for 

the formation of the CF3 radical. Following this observation, it is was decided to protect the alcohol 

group, prior to the trifluorination, also in order to facilitate the purification and isolation of the 

volatile final product.  

 

Scheme 4.11 - Attempted synthesis of 6,6,6-trifluorohexan-2-ol 

Protection of the alcohol 4.1 was performed with benzoyl chloride afforded 4.18 in quantitative 

yield (Scheme 4.12). With 4.18 in-hand, the silver-catalysed hydrotrifluoromethylation was trialled 

using two different silver catalysts concurrently, AgNO3 and AgOTf, resulting in yields of 51% and 

58% respectively.  

 

Scheme 4.12 - Synthesis towards 6,6,6-trifluorohexan-2-ol 

With the desired trifluorinated compound 4.19 successfully synthesised, the 

hydrotrifluoromethylation was repeated on a larger scale with AgOTf as the catalyst (Scheme 4.13). 

Unfortunately, upon scale up, the separation of the trifluoromethylated product 4.19 from the 

residual starting material 4.18 was problematic. Thus, the alkene 4.18 was removed via 

functionalization with mCPBA, affording a pure sample of 4.19 in a 57% yield over 2 steps. Finally, 

cleavage of the benzoyl group yielded the final compound K1 in an 80% yield. 

 

Scheme 4.13 - Synthesis of 6,6,6-trifluorohexan-2-ol 
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The optimised synthetic procedure employing AgOTf as the catalyst was then repeated on two 

similar substrates 4.20 and 4.21 (Scheme 4.14), affording both H9 and J2 respectively. 

 

Scheme 4.14 - Synthesis of 5,5,5-trifluoropentan-2-ol and 6,6,6-triflurohexan-3-ol  

4.2.2 Synthesis of 3,5,5,5-tetrafluoropentan-1-ol 

The synthesis of 3,5,5,5-tetrafluoropentan-1-ol was achieved following a silver-mediated oxidative 

fluorotrifluoromethylation of unactivated alkenes, developed by Qing et al. (Scheme 4.15).174 The 

reaction progresses through the generation of a trifluoromethyl anion by CF3SiMe3/CsF. The 

resultant CF3 anion is then oxidised to a CF3 radical by PhI(OAc)2 and/or AgOTf,185, 187-188 before 

addition to the alkene. Finally, a silver/Selectfluor® mediated addition of a fluorine atom allows for 

the formation of the desired product.189-190 

 

Scheme 4.15 - Fluorotrifluoromethylation of an alkene reported by Qing et al.174 

The paper reported no examples of the methodology being applied to substrates containing benzyl 

ether protected alcohols. There was also concern that the use of a benzoate protecting group may 

not be compatible with the required basic conditions. Therefore, a trityl protection group was 

employed for this synthesis. Trityl protection of 3.4 (Scheme 4.16) progressed with ease affording 

4.25 in a high 96% yield. Subsequent silver-mediated oxidative fluorotrifluomethylation was 

successful, affording 4.26 in a yield of 39%. It is likely that the yield could be improved if a glove-

box was used, as recommended by Qing.174 Finally, acidic cleavage of trityl  protection group was 

completed by the treatment of 4.26 with catalytic pTSA.H2O in CH2Cl2/MeOH, yielding I9 in a good 

yield of 83%. 
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Scheme 4.16 - Synthesis of 3,5,5,5-tetrafluoropentan-1-ol 

4.2.3 Synthesis of 1,1,1-trifluorohexan-3-ol 

Y. Li and A. Studer175 reported the successful radical trifluoromethylaminoxylation of unactivated 

alkenes (Scheme 4.17). This procedure utilized Togni reagent II as the source of the CF3 radical and 

TEMPONa as a mild organic reducing reagent (SET), as well as the secondary radical trap. This 

methodology was successfully applied in the synthesis of 1,1,1-trifluorohexan-2-ol. 

 

Scheme 4.17 - Trifluoromethylaminoxylation of alkenes reported by Y. Li and A. Studer175 

Due to the high cost of Togni reagent IIxviii 4.27 (1 g, £71, 60 wt. % with 40 wt. % stabilizer) and its 

requirement on a multigram scale. It was synthesised following a one-pot procedure developed by 

A. Togni et al.,192 which afforded Togni reagent II in a yield of 56% (Scheme 4.18). The yield obtained 

is slightly lower than the literature value of 72%, however Togni reported that the quality and 

source of the 2-iodobenzoic acid 4.29 can greatly impact the yield.  

 

Scheme 4.18 - Synthesis of Togni Reagent II 

                                                           

xviii Despite its prevalence in literature since its initial publication in 2006, a paper published in 2013 claimed 
that some sources of Togni reagent II have an impact sensitiveness of 20 J, similar to that of TNT.191.
 Fiederling, N.; Haller, J.; Schramm, H., Org. Process Res. Dev. 2013, 17, 318-319. Although this is likely 
caused by an impurity from its synthesis, great care should be taken when handling Togni reagent II. 
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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 fresh (Scheme 4.19), by first the formation of a sodium 

mirror, to which THF and catalytic naphthalene is added, followed by a solution of TEMPO in THF.  

 

Scheme 4.19 - Synthesis of TEMPONa 

With fresh TEMPONa 4.30 and Togni Reagent II in-hand, the radical trifluoromethylaminoxylation 

of 1-pentene 4.4 was successfully performed (Scheme 4.20). Subsequent column chromatography 

of the crude material in 100% pentane provided the highly apolar product 4.32 at ~70% purity. As 

it was reported that the N-O bond cleavage could be performed without purification at this stage, 

the impure 4.32 was taken forward without any further purification. Unfortunately, the N-O bond 

cleavage of 4.32 was not as facile as Y. Li and A. Studer175 described, as only ~32% of the starting 

material was consumed after 16 hours, indicated by 19F NMR analysis. The reaction was thus heated 

to 70 °C and carefully monitored by 19F NMR until it reached 93% conversion. The product 1,1,1-

trifluorohexan-2-ol J1 was then isolated in a 24% yield over two steps. 

 

Scheme 4.20 - Synthesis of 1,1,1-trilfuorohexan-3-ol 

4.3 Homologation  

4.3.1 Synthesis of 2,2,4,4,4-pentafluorobutan-1-ol and 2,4,4,4-tetrafluorobutan-1-ol 

As discussed previously in Section 4.1.1, it was envisioned that the synthesis of G9 and G14 could 

be achieved from the common intermediate 4.5 (Scheme 4.21), which had been previously 

synthesised by E. Carreira et al.176 
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Scheme 4.21 - Synthesis of key intermediate 4.5 performed by Carreira et al.176  

Unfortunately, this route made use of a diazoalkane which are typically considered explosive177-178 

and toxic.179-180 Therefore, it was hoped that the key intermediate 4.5 could be synthesised via an 

oxytrifluoromethylation of the alkene 4.7 utilizing Langlois reagent (CF3SO2Na) as the source of the 

trifluoromethyl group (Scheme 4.22).181-182 The required benzyl protected allyl alcohol 4.7 was 

synthesised using standard conditions in high yields. The first oxytrifluoromethylation reaction 

performed employed catalytic quantities of AgNO3/K2S2O8.181 However, limited success was 

observed with 4.5 isolated in a low yield of 3%. A partially separable mixture of 4.35 and the side 

product 4.36, from oxidation of the benzyl ether to its benzoate derivative, was also obtained, in 

yields of 13% and 13% respectively. Due to the low yield from the previous reaction, a different 

metal catalyst was employed, MnCl2ω4H2O.182 A moderately improved yield was observed and the 

desired product 4.5 was isolated in a 7% yield. Again 4.35 was obtained as a partially separable 

mixture the undesired side product 4.36, in yields of 20% and 5% respectively.  

 

Scheme 4.22 - Conditions A: CF3SO2Na, AgNO3 (0.2 eq.), K2S2O8 (0.4 eq.), DMF, rt, 24 h. 

Conditions B: CF3SO2Na, MnCl2ω4H2O (0.2 eq.), acetone, rt, 36 h. 

In an attempt to convert alcohol 4.35 to the desired ketone 4.5 (Table 4.1), various oxidation 

reagents were trialled. The reagents employed were TEMPO with (diacetoxyiodo)benzene (BAIB) 

as the co-oxidant (Entry 1, Table 4.1), Dess-Martin periodinane (DMP, Entry 2, Table 4.1) and 

pyridinium dichromate (PDC, Entry 3, Table 4.1). The three reactions were conducted in parallel and 

the progress of the reactions was analysed via 19F NMR of the reaction mixture after 24 h. 

Unfortunately, the conversion of these oxidation reactions was low, with the highest being 33%, 
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using PDC. The low yield and slow reaction time rendered this route unfeasible and the synthesis 

of G9 and G14 will be investigated via the synthesis of 4.5 ŜƳǇƭƻȅƛƴƎ 9Φ /ŀǊǊŜƛǊŀΩǎ ŎƻƴŘƛǘƛƻƴǎ 

(Scheme 4.21).176 

 

Scheme 4.23 - Oxidation of 4.35 

 

Table 4.1 - Oxidation of 4.35 

Entry Oxidant 
Conversion by 19F 

NMR after 24 h at rt 

1 TEMPO/BAIB 15% 

2 DMP 10% 

3 PDC 33% 

Lƴ ƻǊŘŜǊ ǘƻ ǊŜǇŜŀǘ /ŀǊǊŜƛǊŀΩǎ ǊŜŀŎǘƛƻƴ ǘƻ ƻōǘŀƛƴ 4.5, the preceding aldehyde 4.39 is first required 

(Scheme 4.24). This was synthesised first by diol protection of 4.37, followed by ozonolysis using a 

literature procedure.193 This ozonolysis reaction however did not turn the characteristic blue colour 

(ozone saturation) upon completion as described in the literature and occasionally trace amounts 

of the side product 4.40 was observed, from oxidation of the benzyl ether due to overreaction. 

Similar side reactions had been previously reported.194  

 

Scheme 4.24 - Ozonolysis to afford 4.42 

With the aldehyde 4.39 in hand (Scheme 4.25), the homologation reaction to synthesise 4.5 can be 

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

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

-78 °C. This leads to essentially an anhydrous reaction media, thus allowing for the use of strong 

Lewis acids because their decomposition reaction (with ice) is slower than the desired 

homologation process.176 Alas, on large scale (> 1g), the layer of ice that formed on the top of the 
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reaction mixture made the addition of the solid ZrCl4 difficult. The lower yield of 19%, compared to 

the published 47%, could be explained by this observation (Scheme 4.21). On repetition of this 

reaction, after the diazo formation, the aqueous and organic phases were separated and the water 

layer was discarded; only trace amounts of water were therefore present during the addition of the 

solid ZrCl4, leading to an improved yield of 35%.  

 

Scheme 4.25 - Synthesis of 4.5 

The reaction is believed to follow a mechanism in which the aldehyde is first activated by the Lewis 

acid (Scheme 4.26), prior to addition of the diazoalkane F3CCHN2. The intermediate 4.41 formed, 

then undergoes a hydride migration to form the desired product 4.5. 

 

Scheme 4.26 - Mechanism adapted from Carriera et al.176 

The isolated ketone was then subjected to deoxyfluorination with DAST at room temperature 

overnight. This provided the desired pentafluorinated substrate 4.42 and the in a good yield of 65% 

with a small inseparable impurity of the fluoroalkene 4.43 (Scheme 4.27), formed by elimination. 

 

Scheme 4.27 - Deoxofluorination of 4.5 

Hydrogenolysis of the benzyl protecting group was initially attempted in CH2Cl2, in both batch and 

flow conditions, in an attempt to circumvent any difficulties in the isolation of the volatile products 

(Scheme 4.28, Entry 1 and 2, Table 4.2). Neither however were successful. Pleasingly, when the 

hydrogenation performed in THF, successful cleavage of the benzyl ether group and reduction of 

the fluoroalkene was observed (Entry 3, Table 4.2). The removal the residual traces of THF proved 

futile, co-eluting and co-evaporating with the desired products G14 and G9. The hydrogenolysis 
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was thus repeated in Et2O instead and G14 and G9 were isolated as a mixture in a yield of 61%, with 

a ratio of 5.5:1 respectively (Entry 4, Table 4.2).  

 

Scheme 4.28 - Synthesis of D14 and D9 

 

Table 4.2 - Hydrogenation conditions 

Entry Conditions Yield 

1 CH2Cl2, Pd/C 10% wt., rt, 16 h, Batch 0% 

2 CH2Cl2, Pd(OH)2, 40 °C, 60 atm, flow 0% 

3 THF, Pd/C 10% wt., rt, 16 h, Batch Not isolated 

4 Et2O, Pd/C 10% wt., rt, 16 h, Batch 61% G14 + G9 (5.5:1) 

4.4 Nucleophilic trifluoromethylation 

4.4.1 Introduction 

Nucleophilic trifluoromethylation via the trifluoromethyl anion was initially believed to be difficult 

because of the competing fluoride elimination pathway, which affords the corresponding 

difluorocarbene (Scheme 4.29).138 This is a result of the repulsive interaction that exists between 

the lone-pairs of the fluorine substituents and the filled orbital of the CF3 anion. 

 

Scheme 4.29 - CF3 anion fluoride elimination 

Fortunately, with an appropriate pronucleophile, the trifluoromethyl anion can be stabilized. 

Previously this had been performed with Cu(I) forming CuCF3, an air-sensitive reagent and which 

was required to be prepared fresh or in-situ through the use of the difficult to handle gasses, CF3I 

or CF3Br (banned substance).195 Fortunately, the Ruppert-Prakash reagent (Me3SiCF3)196 solves 
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these issues as it is a bench stable, commercially available and an easy to handle liquid. Me3SiCF3 

itself does not react with carbonyl compounds and first 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 activated imines (Scheme 

4.30).186, 196 

 

Scheme 4.30 - Catalytic nucleophilic trifluoromethylation of a carbonyl186, 196 

4.4.2 Synthesis of 1,1,1-trifluorohexan-2-ol 

The synthesis of 1,1,1-trifluorohexan-2-ol K3 was successful and utilised a caesium fluoride 

catalysed trifluoromethylation of valeraldehyde 3.2 (Scheme 4.31). J. Shreeve et al.197 reported high 

yields of >85% starting from two similar alkyl aldehydes, however upon repetition of their 

methodology only 12% of K3 was isolated. However, this low yield is consistent with previous 

results within the group; the trifluoromethylation of butanal provided 1,1,1-trifluorobutan-2-ol in 

only 14% yield.198 The low yield is believed to have arisen from an incomplete reaction, as crude 1H 

NMR analysis revealed a large quantity of the starting material 3.2. 

 

Scheme 4.31 - Synthesis of 1,1,1-trifluorohexan-2-ol 

4.4.3 Synthesis of 1,1,1,6,6,6-hexafluorohexan-2-ol 

The synthesis of 1,1,1,6,6,6-hexafluorohexan-2-ol K2 was achieved in a similar fashion to the 

synthesis of 1,1,1-trifluorohexan-2-ol K3 (Scheme 4.32). On this occasion, the reaction was 
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catalysed by TBAF and was performed in CH2Cl2, the solvent from preceding reaction, as the 

aldehyde precursor could not be distilled from the crude mixture. 

 

Scheme 4.32 - Synthesis of 1,1,1,6,6,6-hexafluorohexan-2-ol 

4.5 Grignard Reactions 

4.5.1 Synthesis of 1,1,1-trifluorooctan-4-ol  

Despite the availability of various trifluoromethylation methodologies to introduce the CF3 group, 

a building block approach was undertaken in the synthesis of N2 (Scheme 4.34), starting from the 

commercially available alcohol G13. This was achieved through a standard Grignard reaction from 

the corresponding aldehyde 4.47. Initially this method appears straightforward, 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 (CH2Cl2), is ideally not removed before the subsequent addition of the 

Grignard reagent. Dichloromethane is incompatible with the use of organolithium (n-BuLi) 

reagents,199 however dichloromethane can be used as solvent for Grignard reactions.200 With this 

in mind, the Grignard reagent butylmagnesium bromide 4.46 was freshly prepared (Scheme 4.33), 

in parallel with the TEMPO catalysed oxidation of 4,4,4-trifluorobutan-1-ol G13 to afford the highly 

volatile aldehyde intermediate 4.47. Following aqueous work up and 1H and 19F NMR analysis to 

confirm the characteristic aldehyde signal, the freshly prepared Grignard reagent 4.46 was then 

added. This resulted in a successful Grignard reaction with the resultant alcohol product N2 isolated 

in a 47% yield over 2 steps.  

 

Scheme 4.33 - Synthesis of Grignard reagent 4.49 
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Scheme 4.34 - Synthesis of 1,1,1-trifluorooctan-4-ol 

4.5.2 Synthesis of 8,8,8-trifluorooctan-4-ol  

The synthesis of 8,8,8-trifluorooctan-4-ol was accomplished in a similar manner to 1,1,1-

trifluorooctan-4-ol (Scheme 4.35), employing 5,5,5-trifluoropentan-1-ol as the starting material for 

the synthesis of the aldehyde 4.44 and the commercially available reagent n-PrMgCl for the 

subsequent Grignard reaction. 

 

Scheme 4.35 - Synthesis of 8,8,8-tri fluorooctan-4-ol 

4.5.3 Synthesis of 7,7,7-trifluoroheptan-3-ol  

For the synthesis of 7,7,7-trifluoroheptan-3-ol (Scheme 4.36), the Grignard reagent was synthesised 

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

 

Scheme 4.36 - Synthesis of 7,7,7-trifluoroheptan-3-ol 
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4.5.4 Synthesis of 1,1,1-trifluoroheptan-3-ol  

The synthesis of 1,1,1-trifluoroheptan-3-ol was accomplished in a similar manner to the previous 

Grignard reactions (Scheme 4.37). The commercially available trifluoropropanal 4.9 was used, while 

employing nBuLi for the addition of a butyl chain in place of a more common Grignard reagent, as 

used on similar substrates in the past.30  

 

Scheme 4.37 - Synthesis of 1,1,1-trilfuoroheptan-3-ol 

Initial analysis of the commercially available trifluoropropŀƴŀƭΩǎ 4.9 19F NMR spectrum, displayed a 

mixture of the desired compound and unknown impurities was observed, with a ratio of roughly 

1:2 respectively. Upon further discussion with the supplier (Fluorochem), it was acknowledged that 

the substrate 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 treated with catalytic conc. H2SO4, 

resulting in 2:1 ratio (19F NMR analysis) of compound and unknown impurities, and was immediately 

used thereafter. 

4.6 Synthesis of -SCF3 analogues  

4.6.1 Introduction 

As ςSCF3 and ςOCF3 moieties are becoming increasingly more popular in drug discovery programs, 

due to their similar properties as the trifluoromethyl group (CF3), 201 the comparison of their logP to 

other similar motifs on aliphatic chains is of interest. Thus, reported herein is the synthesis of the ς

SCF3 group incorporated into the propanol and butanol άŦŀƳƛƭƛŜǎέΣ S1 and S2 respectively (Figure 

4.1).  

 

Figure 4.1 - SCF3 analogues 

There are many radical, electrophilic and nucleophilic methods to incorporate the -SCF3 moiety into 

an organic molecule, however a wide range of these use difficult to handle gaseous reagents, such 
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as: CF3I, CF3Br and CF3H, or expensive reagents such as UmemoǘƻΩǎ wŜŀƎŜƴǘ 4.49 or CuSCF3 (Figure 

4.2).201  

 

Figure 4.2 - Umemoto's Reagent 

Therefore, a facile nucleophilic trifluoromethylation of a thiocyanate group, developed by Langlois 

et al. utilisƛƴƎ Ŝŀǎƛƭȅ ƘŀƴŘƭŜŘ ŀƴŘ ǊŜŀŘƛƭȅ ŀǾŀƛƭŀōƭŜ ǊŜŀƎŜƴǘǎ όwǳǇǇŜǊǘΩǎ ǊŜŀƎŜƴǘ ŀƴŘ ¢.!Cύ ǿŀǎ 

chosen.202 Furthermore, ŘǳŜ ǘƻ ǘƘŜ ǳƴŀǾƻƛŘŀōƭŜ ʲ- elimination of the -SCF3 group in the presence 

of base, as shown recently by Brigaud et al.,203 a benzyl ether protection group was be employed in 

synthesis of both S1 and S2 instead of a benzoyl protection group.  

4.6.2 Synthesis of 4-(trifluoromethylthio) -butanol  

The synthesis of S2 began with a benzyl ether protection of 4.12 (Scheme 4.38). An acidic benzyl 

ether protection was attempted involving benzyl trichloroacetimidate, due to concerns that the 

more commonly used basic protection would cause the cyclisation of 4.12 to form THF, but was 

unsuccessful. A neutral benzyl protection of 4.12 to afford 4.50 with benzyl mesylate has been 

reported,204 however this reagent has limited commercial availability.  

 

Scheme 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 ether protection of 1,4-butane-diol Q was 

then performed (Scheme 4.39), affording the mono-protected compound 4.51. Successful 

deoxychlorination of 4.51 with thionyl chloride afforded an inseparable mixture of 4.50 and 4.52, 

in a ratio of ~9:1 respectively. This inseparable mixture was carried forward and, using KSCN, the 

thiocyanate group was installed via nucleophilic substation to afford 4.53. Unfortunately, the 

benzyl thiocyanate 4.54, formed from the residual benzyl chloride 4.52, again proved inseparable 

from the desired product and the mixture was carried forward to the next reaction. 
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Scheme 4.39 - Synthesis towards 4-(trifluoromethylthio) -butanol 

Fortunately, after trifluoromethylation with CF3SiMe3 and TBAF (cat.), the desired compound 4.55 

proved separable from benzyl impurity 4.56 (Scheme 4.40). Overall, this provided 4.55 in a 39% 

yield and the undesired molecule 4.56 in an 11% yield, over three steps.  

 

Scheme 4.40 - Synthesis of the ςSCF3 motif 

As the fluoride source (TBAF) is used catalytic quantities in this reaction, Langlois et al. proposed 

that the CN anion forms a stronger bond with silicon than the trifluoromethyl group (Scheme 4.41). 

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

continue.  

 

Scheme 4.41 - Catalytic trifluoromethylation, adapted from Langlois et al.202 

With 4.55 now in-hand (Scheme 4.42), hydrogenolysis of the benzyl ether protecting group was 

possible. Initially Pd/C in MeOH under batch conditions was attempted, however no reaction was 

observed (Entry 1, Table 4.3). Therefore, a H-/ǳōŜ aƛƴƛϰ όŎƻƴǘƛƴǳƻǳǎ-flow hydrogenation reactor) 

was employed, where much harsher conditions could be tolerated. Success was initially observed 

on a test run utilizing a Pd(OH)2 catalyst (Entry 2, Table 4.3), where 100% conversion was achieved 

based on TLC and 1H NMR analysis. Unfortunately, when this reaction was performed on a larger 
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scale, only a 27% conversion (based on amount of 4.55 recovered) was observed (Entry 3, Table 

4.3). This is likely due to the poisoning of the catalyst from the trace amount of impurity from the 

trifluoromethylation reaction. Nevertheless, after column chromatography of Entry 3, the two 

reactions were combined and the final product S2 was isolated in a combined yield of 39%. 

 

Scheme 4.42 - Hydrogenolysis of 4.55 

 

Table 4.3 - Hydrogenation conditions 

Entry Conditions Conversion 

1 
MeOH, Pd/C 10% wt., rt, 16 h, 

Batch, 1 g 
0% 

2 
CH2Cl2, Pd(OH)2, 40 °C, 60 atm, 

flow, 200 mg 
100% 

3 
CH2Cl2, Pd(OH)2, 40 °C, 60 atm, 

flow, 800 mg 
27% 

4.6.3 Synthesis of 3-(trifluoromethylthio) -propanol  

Following the successful synthesis of 4-(trifluoromethylthio)-butanol, the same synthetic strategy 

was to be applied for the synthesis of 3-(trifluoromethylthio)-propanol. The benzyl protection of 

4.57 progressed smoothly, affording 4.58 (Scheme 4.43), however difficulty arose with the 

subsequent deoxychlorination reaction to synthesise 4.59. During the reaction, the complete 

consumption of the starting material 4.58 was shown via TLC, however only starting material 4.58 

was observed following an aqueous work up with a sat. aq. NaHCO3 solution.  

 

Scheme 4.43 - Synthesis towards 3-(trifluoromethylthio) -propanol 

It was originally believed that hydrolysis of the desired chlorinated product 4.59 occurred, 

reforming the starting material 4.58. This however was not the case. When the reaction was 
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repeated with no sat. aq. NaHCO3 wash, the dimerised sulphite 4.60 was isolated in a 52% yield 

(Scheme 2.5). 

 

Scheme 4.44 - Synthesis of dimer 4.63 

A new procedure towards 3-(trifluoromethylthio)-propanol was thus required. Fortunately, a 

patent from Smithkline Beecham detailed the protection of 3-chlorobutanol 4.12 with t-BuONa and 

BnBr (Scheme 4.45).205 This was repeated providing 4.61 in a quantitative yield, allowing for the 

formation of the key intermediate 4.62. Trifluoromethylation was then performed according to the 

above conditions, affording 4.63 in an excellent yield of 94%. The synthesis was then finalised with 

hydrogenolysis of the benzyl ether using 10% Pd/C in Et2O, furnishing S1 in an 89% yield.  

 

Scheme 4.45 - Synthesis of S1 

4.7 Fluorinated cyclopropylmethanol derivatives 

4.7.1 Introduction 

The synthesis of a cyclopropane ring was first completed in 1882 and since the 1960s, has been 

used in a wide range of pharmacologically active compounds.206 It has been used as a replacement 

for a range of functional groups, such as a phenyl group (reducing ClogP and improving potency)207 

and an alkene (improving metabolic stability and other physicochemical properties).208  

Fluorinated cyclopropane motifs have an expansive history,209 with the synthesis of various 

fluorinated cyclopropane derivatives first reported in the 1950s.210-212 wŜŎŜƴǘƭȅ hΩIŀƎŀƴ et al.,116 

divulged a facile synthesis towards the trifluoro motif 4.65 (Scheme 4.46), without the typical use 

a mercury based reagent (phenyl(trifluoromethyl)mercury).213 Interestingly, the substrate exhibited 

a logP of 3.2, which is the same as trifluoromethylbenzene and a reduction in comparison to its 

non-fluorinated analogues (logP = 3.6).  
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Scheme 4.46 - Synthesis of a trifluorocyclopropyl derivative 

4.7.2 Reduction of fluorinated cyclopropanecarboxylic acid analogues 

With this in mind, a systematic study into the effects fluorine has on lipophilicity, when introduced 

into the simple cyclopropylmethanol ring, is of interest. Therefore, the synthesis of the fluorinated 

cyclopropanemethanol derivatives P1, P2, P3 and P4 (Scheme 4.47), was achieved by a LiAlH4 

mediated reduction of their respective carboxylic acid. 

 

Scheme 4.47 - Carboxylic acid reductions 

4.8 Polyfluorinated substrates 

4.8.1 Attempted synthesis of 3,3,4,4-tetrafluoropentan-1-ol 

Beier et al. reported the metalation of the R1CF2CF2Br motif before subjecting it to various 

electrophiles in an aim to expand the use of CF2CF2 containing products.183 During their initial 

screening for an appropriate metalation reagent, they observed the reaction of R1CF2CF2Br 4.70 

with MeLi, resulting in the formation of the R1CF2CF2Me 4.73 (Scheme 4.48). Similar side reactions 

have been observed in the past by Linclau et al., when investigating anionic cyclization reactions, 

although the isolated yields of the R1CF2CF2Me containing by-products were considerably lower 

(0.3% and 1.4%).214  
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Scheme 4.48 - Methylation of 4.70 

With this consideration, the synthesis of 3,3,4,4-tetrafluoropentan-1-ol was attempted utilizing the 

various conditions employed by Beier et al.183 First, benzyl ether protection of 4.15 was performed 

to reduce the volatility of any subsequent reaction products (Scheme 4.49), yielding 4.74. 

Conditions employing MeLi with and without additive were initially attempted to synthesise the 

desired 4.75 (Entry 1 and 2,  

Table 4.4). However, based on 19F NMR analysis of the crude reaction mixture, neither were 

successful with only ~5% of the desired product 4.75 formed.xix The major product from this 

reaction was presumed to be the elimination product 4.76,xx determined by characteristic 19F {1H} 

signals.215 Beier observed that the use of the turbo Grignard reagent (iPrMgCl.LiCl) afforded a more 

stable metalated intermediate which, at -78 °C, was stable for 4 h. Therefore, this reagent was 

employed and after 45 min MeI was added (Entry 3,  

Table 4.4). Unfortunately, the desired product was not observed, suggesting that the 

organomagenisum intermediate had already degraded via fluoride elimination prior to the reaction 

with MeI. With this in mind, the addition of MeI was performed after 5 min, although only a 5% 

yield was observed (Entry 4,  

Table 4.4). Finally the reaction was attempted at -90 °C, with the addition of the turbo Grignard to 

a mixture of 4.74 and MeI, although again, only a 5% yield was observed (Entry 5,  

Table 4.4). 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 set up, or even lower reaction 

temperatures.  

                                                           

xix Selected data for 4.75 19F {1H} (376 MHz, CDCl3) ɻ  -107.7ς -107.8 (m, 2F), -114.5ς -114.6 (m, 2F) ppm. 
xx Selected data for 4.76 19F {1H} (376 MHz, CDCl3) ɻ  -104.3 (dd, J=86.7, 32.1 Hz, 1F), -124.4 (dd, J=113.6, 
86.7 Hz, 1F), -175.2 (dd, J=114.0, 32.5 Hz, 1F) ppm.  
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Scheme 4.49 - Attempted synthesis of 4.75 

 

Table 4.4 - Attempted synthesis of 4.75. [A] Additive added after 45 minutes, [B] Additive added after 

5 minutes. 

Entry Organometal Electrophile Temp Yield 

1 MeLi N/A -78 °C ~5% 

2 MeLi MeIA -78 °C ~5% 

3 Turbo Grignard MeIA -78 °C 0% 

4 Turbo Grignard MeIB -90 °C ~5% 

5 Turbo Grignard MeI -90 °C ~5% 

As previously discussed, the major product observed for each of these reactions was a result of 

fluoride elimination, which was a side reaction Beier only typically observed with nBuLi.183 However, 

the formation of the alkene product was not surprising, as this motif has previously been 

synthesised by the group via the treatment of R1CF2CF2Br with an excess of MeLi at room 

temperature. Hence, we did not achieve the synthesis of this compound on sufficient scale. 

 

 



Chapter 4 

106 

4.8.2 Synthesis of 3,3,4,4-tetrafluorobutan-1-ol  

The radical debromination of 4.15 was successfully performed utilizing Bu3SnH and AIBN to afford 

G10 (Scheme 4.50).xxi 

 

Scheme 4.50 - Synthesis of 3,3,4,4-tetrafluorobutan-1-ol 

4.8.3 Synthesis of 2,2,3,3-tetrafluorobutan-1-ol 

¢ƘŜ ŘŜƻȄȅƎŜƴŀǘƛƻƴ ƻŦ ŀƴ ŀƭŎƻƘƻƭ ǿƛǘƘ ʰ-CF2 substitution is a relatively uncommon reaction. The 

only examples in literature involve the conversion of the alcohol to an iodide via a triflate 

displacement, prior to the radical dehalogenation with n-Bu3SnH/AIBN.216-217 Due to the highly 

reactive nature and instability associated with triflate and iodide groups, a Barton-McCombie 

deoxygenation218 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 carbon disulphide,219 thus either a thiocarbonate or thiocarbamate group was trialled.  

Initially the deoxygenation of the diol Q5 (Scheme 4.51), was attempted with the thiocarbonate 

group and no protecting group on the opposing alcohol. Conversion of Q5 to the desired 

thiocarbonate 4.77, was accomplished using conditions by Girsh et al.219 Successful recrystallization 

of 4.77 from the slow evaporation of CHCl3 gave crystals that were suitable for X-ray diffraction 

analysis (Figure 4.3). The reduction of the thiocarbonate 4.77 was then attempted with n-Bu3SnH 

and AIBN. Despite consumption of the starting material as determined via TLC analysis, subsequent 

investigation of the crude 19F NMR spectrum revealed a complex mixture of undesired fluorinated 

products. 

                                                           

xxi This synthetic work was performed by Simon Holland (4th year MChem student) under my supervision 
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Scheme 4.51 - Attempted BartonςMcCombie deoxygenation 

 

Figure 4.3 - Crystal structure of 4.77 

In an effort to reduce the potential for side reactions and reduce the volatility of potential products, 

a TBDMS protecting group was installed to Q5. The selective mono-TBDMS protection reaction was 

successful and involved NaH and TBDMSCl (Scheme 4.52), affording 4.78 in a high yield of 95%. This 

was followed by the conversion of 4.78 to its corresponding thiocarbonate containing intermediate 

4.79, with a 76% yield. Again, the deoxygenation reaction was performed with AIBN and n-Bu3SnH 

(Conditions A), however no desired product was observed as indicated by 19F NMR analysis. 

Following flash column chromatography, the apolar side products co-eluted with the n-Bu3SnH 

residues, preventing the identification of any side-reaction products. The deoxygenation of 4.79 

was then attempted again, employing triethylsilane with benzoyl peroxide (BPO) as the radical 

initiator (Conditions B).220 This resulted in fewer side-products and the crude reaction mixture here 

proved more useful allowing for an insight into the reaction outcome, in which a tt at 1.76 ppm can 

be observed, which would be expected from the terminal CH3 of the MeCF2(CF2)n- motif. This 

suggested the formation of the desired product 4.80. Unfortunately, this apolar product was 

inseparable from triethylsilane and its corresponding degradants.  

 

Scheme 4.52 - Synthesis towards 2,2,3,3-tetrafluorobutan-1-ol  
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Given this encouraging result, the route was repeated with a benzoyl protecting group installed.xxii 

The rationale was to enhance the polarity of the deoxygenated product so to provide a 

chromatographic handle for separation from triethylsilane and its degradants. The tetrafluorinated 

diol Q5 was mono-benzoylated to afford 4.81 (Scheme 4.53), before activation of the free alcohol 

to the pivotal thiocarbonate intermediate 4.82. The reduction of thiocarbonate 4.82 with 

triethylsilane and benzoyl peroxide progressed successfully with an excellent isolated yield of 93%. 

The deprotection of 4.83 was achieved with 25% NaOMe in MeOH, yielding G12.  

 

Scheme 4.53 - Synthesis towards 2,2,3,3-tetrafluorobutanol 

The mechanism for this radical deoxygenation, which utilises triethylsilane and benzoyl peroxide, 

can be found in Scheme 4.54.220 

 

 

Scheme 4.54 - Mechanism for radical deoxygenation, adapted from Barton et al.220 

                                                           

xxii This synthetic work was performed by Simon Holland (4th year MChem student) under my supervision 
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4.8.4 Synthesis of 2,2,3,3,4,4-hexafluoropentan-1-ol 

Having developed the optimised procedure for alcohol deoxygenation in the presence of an -hCF2 

substituent, the same series of reactions were then applied to hexafluoropentan-1,5-diol R4 

(Scheme 4.55), to afford I15.xxiii Hexafluoropentan-1,5-diol R4 was mono-protected with benzyl 

chloride to afford 4.90 and the thiocarbamate was installed in a good yield of 86%. The reduction 

of the thiocarbonate 4.91 was performed and 4.92 was obtained in an excellent yield of 91%. 

Finally, deprotection was performed with 25% NaOMe in MeOH, to obtain the desired 

deoxygenated compound I15. 

 

Scheme 4.55 - Synthesis of I15 

  

                                                           

xxiii The following reactions were performed by a 3rd 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 through the use of 

building-block and fluoroalkylation reactions (Figure 4.4). These substrates were used in the 

evaluation of the effects of aliphatic fluorination on lipophilicity, the results of which can be found 

in Chapter 2. 

 

Figure 4.4 - All fluorinated alkanols synthesis in Chapter 4 

The trifluorinated analogues K1, H9 and J2 were all synthesised following the silver catalysed 

hydrofluoromethylation of their respective alkenes. In a comparable manner, I9 was synthesised 

via a radical fluorotrifluoromethylation. The trifluoromethylaminoxylation of 1-pentene with Togni 

II and subsequent N-O bond cleavage, yielded J1. The use of the Grignard reaction allowed for the 

synthesis of M3, M4, N2 and N1. Nucleophilic trifluoromethylation of their corresponding 

aldehydes with Ruppert-Prakash reagent, afforded both K2 and K3. 
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After the limited success of the oxytrifluoromethlation of an alkene, the synthesis of D9 and D14 

was successfully accomplished. The aforementioned difficulties were overcome by performing a 

homologation reaction between the diazoalkane F3CCHN2 and benzyloxyacetaldehyde, followed by 

treatment with DAST and finally protecting group hydrogenolysis. Attempts to synthesise D9 

individually by deoxyfluorination was met with failure due to the high degree of alkene formation 

(elimination product).  

The trifluoromethylthio motif of S1 and S2, was successfully incorporated via the 

trifluoromethylation of a thiocyanate. The synthesis of the fluorinated cyclopropylmethanol 

analogues P1, P2, P3 and P4 was accomplished by the reduction of their corresponding carboxylic 

acids with LiAlH4. The tetrafluorinated analogue G10 was synthesised by radical debromination. 

Finally, a Barton-McCombie deoxygenation afforded both G12 and I15. 
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Chapter 5 wŜŘǳŎƛƴƎ ǘƘŜ [ƛǇƻǇƘƛƭƛŎƛǘȅ ƻŦ tŜǊŦƭǳƻǊƻŀƭƪȅƭ 

DǊƻǳǇǎ ōȅ /CнςCκ/CнπaŜ ƻǊ /Cоκ/Iо 9ȄŎƘŀƴƎŜ 

5.1 Introduction 

5.1.1 Previous results and Aims 

Previous results from the Linclau group would suggest that the polyfluoroalkylation of simple 

alcohols would typically cause an increase in lipophilicity (G Ҧ G17, I Ҧ I18, Figure 5.1).94 However 

as discussed earlier in Chapter 2 Section 2.3.3 and 2.3.4, various logP 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 trifluoromethyl group for a methyl (cf. G17 Ҧ G12, 

I18 Ҧ Lмр). The other trend observed was the decrease in lipophilicity despite chain elongation 

(which is typically logP increasing, cf. G Ҧ I) for the exchange of a C-F bond of a trifluoromethyl 

group for a C-Me bond (G17 Ҧ I15).  

 

Figure 5.1 - Key lipophilicity lowering trends 

Due to these interesting trends, the novel perfluoroalkyl groups (G12 and I15, Figure 5.1) could be 

of interest in drug discovery programs. The use of MeCF2(CF2)n-groups could assist medicinal 

chemists in the modulation of pharmacokinetic processes, such as metabolism or solubility, while 

also allowing them to achieve a similar or even reduced lipophilicity in respect to their parent 

compounds. It could be expected that these fluorinated chains will have a lower metabolic lability 
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than the corresponding alkyl group. Therefore, the investigation 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 alcohols a-h (Figure 5.2) 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, hold when they are part of a more 

complex structure. The alcohols a, d, e and h were commercially available, while the synthesis of b 

and f can be found in Chapter 3 Section 3.3.7 and the synthesis of c and g can be found in Chapter 

4 Section 4.8.3 and 4.8.4 respectively. 

 

Figure 5.2 - Selected alkanols for investigationxxiv 

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 before.8, 10, 221 

5.1.2 Evenamide 

Evenamide 5.1a (Figure 5.3), is an oral drug developed by Newron Pharmaceuticals designed to 

target voltage-gated sodium channels to treat schizophrenia as an add-on therapy (to enhance the 

therapeutic effect of an already prescribed drug).222 It has recently finished Phase IIa clinical trials 

with plans to commence Phase III 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 the interference of 

other effects. For example, if fluorine was to be close to a nitrogen containing functional group, it 

Ƴŀȅ ŀŦŦŜŎǘ ǘƘŜ ƴƛǘǊƻƎŜƴΩǎ ōŀǎƛŎƛǘȅ.115 This would potentially affect parameters such as solubility and 

lipophilicity.  

                                                           

xxiv To facilitate an easier discussion of the incorporation of these fluorinated alkanols into a drug scaffold 
within this chapter, they are labelled by a lowercase letter. The original numbering is in brackets. 
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Figure 5.3 - Evenamide 

5.1.3 Synthetic plan 

Newron had developed a simple and robust synthetic route towards evenamide starting from 

commercially available compound 5.2ωHCl (Scheme 5.1).18 Ammonium salt 5.2 is first neutralized 

and the resultant amine is protected with a Boc group. Hydrogenolysis of the benzyl ether is 

performed, revealing phenol 5.3. The butoxy group is installed via O-alkylation with 1-

bromobutane, affording 5.4a. Newron mentioned that other electron withdrawing groups could be 

used in place of the bromine for the C-O bond formation, such as sulphonate esters, which they 

demonstrated with other analogues. The dimethylacetamide functional group is then incorporated, 

providing 5.5a and finally, Boc cleavage with ethereal HCl furnishes the final drug, evenamide 5.1a.  

 

Scheme 5.1 - bŜǿǊƻƴΩǎ ǎȅƴǘƘŜǎƛǎ ƻŦ evenamide 

This procedure can be replicated with relative ease. The chosen alkanols (a-h, Figure 5.2), can be 

conveniently activated with a sulphonate leaving group for the C-O bond formation. One major 

procedural modification however will be performed; the dimethylacetamide installation will occur 

prior to the hydrogenolysis and O-alkylation synthetic steps. This is done to minimise the loss of 

valuable fluorinated material and thus maximise the quantity of the final fluorinated products. 



Chapter 5 

116 

5.2 Synthesis of evenamide and its analogues 

5.2.1 Synthesis of scaffold 

Despite the commercial availability of 5.2 (Scheme 5.1), its high cost (~£200/g) precluded its use as 

a starting material. Thus, the synthetic route will start from the vastly cheaper aldehyde 5.6 (~£6/g) 

which, following a literature procedure,223 can be easily converted to 5.2 (Scheme 5.2). This was 

accomplished by performing a Henry reaction on the aldehyde 5.6 and then reducing the resultant 

nitroalkene 5.7 with LiAlH4, to afford the primary amine. A Boc protection was subsequently 

performed, which afforded 5.9 in a yield of 42% over 2 steps. This yield was lower than expected 

and may be improved by performing the nitroalkene reduction at reflux.224 However, enough 

material (5.9) was synthesised at this stage so there was no need to further investigate and optimise 

this series of reactions. 

 

Scheme 5.2 - Synthesis of the required amine starting material 

With 5.9 in hand (Scheme 5.3ύΣ ǘƘŜ ŘŜǾƛŀǘƛƻƴ ŦǊƻƳ bŜǿǊƻƴΩǎ ǎȅƴǘƘŜǘic procedure was then feasible 

and the dimethylacetamide functional group was successfully installed. Deprotonation of the 

BocNH motif was performed with NaH, followed by nucleophilic substitution with N,N-dimethyl 

chloroacetamide, furnishing 5.10 in a yield of 83%. Protecting group hydrogenolysis was then 

performed, affording 5.11 in excellent yield of 93%, revealing the phenol functionality required for 

the important C-O bond formation.  

 

Scheme 5.3 - Synthesis of key phenol intermediate 5.11 
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5.2.2 O-Alkylations via a tosylate leaving group 

In order to avoid the handling of any volatile sulphonate esters (triflate or mesylate derivatives), it 

was initially proposed that the introduction of the alkyl chains a-h (Figure 5.2) would be performed 

using a tosylate leaving group. The tosylate derivatives of a, b, e and f, were synthesised utilizing 

standard conditions and were used immediately without further purification (Scheme 5.4). The 

following O-alkylation reactions progressed smoothly through the deprotonation of the phenol with 

Cs2CO3, yielding 5.5a, 5.5b, 5.5e and 5.5f in yields of 43-91%.  

 

Scheme 5.4 - Key C-O bond formation 

Despite the facile nature of the previous C-O bond formations, no reaction could be observed via 

LCMS analysis between the tosyl intermediate 5.12d and phenol 5.11 at room temperature 

(Scheme 5.5). The reaction mixture was then heated to 90 °C and instead of the desired O-

alkylation, tosyl exchange occurred instead, resulting in the formation and subsequent isolation of 

5.13 in a yield of 67%. The reduced reactivity of leaving groups attached to perfluoroalkanols is well 

established.225-227 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, 

S-O bond cleavage instead of C-O, which is a previously documented side reaction.228 Fortunately, 

this problem could be eliminated through the use of a triflate leaving group, which has been 

reported to be 104 more reactive than a tosylate.229-230 One example of the installation of 

perfluoroalkanols via sulphonate displacement has been performed in literature.230 In 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. 
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Scheme 5.5 - Attempted O-alkylation 

5.2.3 O-Alkylations via a triflate leaving group 

It was decided for ŦƭǳƻǊƛƴŀǘŜŘ ŀƭŎƻƘƻƭǎ ŎƻƴǘŀƛƴƛƴƎ ŀƴ ʰ-CF2, that a triflate leaving group would be 

employed for the O-alkylation step, because of its increased reactivity in comparison to the tosylate 

leaving group.229-230 Despite the commercial availability of 5.14d (Scheme 5.6), the triflate derivates 

of the fluoroalkanols c, g and h (Figure 5.2) are not. Therefore, the development of a procedure for 

the synthesis and subsequent isolation and handling of these triflate activated alcohols is required.  

The optimisation of this process was performed using fluoroalkanol d (Scheme 5.6), due to its 

commercial availability and low cost. As originally expected, 5.14d was very volatile, with a boiling 

point of 118-120 °C.229 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 consumption of the starting material, confirmed via crude 1H and 19F NMR 

analysis. However, a concentrated solution yielded only 38% of the desired material (Scheme 5.6). 

This low yield was deemed unacceptable, and a different procedure was sought after.  

 

Scheme 5.6 - Triflation reaction 

The majority of 5.14d was 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 C-O bond 

formation, when the product is no longer volatile (Scheme 5.7). As acetonitrile has been used for 

both triflation231 and O-alkylation232 reactions, this was the first solvent utilized for the one-pot 

procedure (Table 5.1, Entry 1). The triflate formation was performed again using the standard 

conditions previously employed (Scheme 5.6). After the reaction was deemed complete by 19F NMR 

(~1 hr), 3 equivalents of Cs2CO3 were added to the reaction mixture, followed by 5.11 in a solution 
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of DMF. After 16 h, crude 19F NMR revealed consumption of the starting material 5.14d and crude 

LCMS analysis confirmed the formation of the desired product 5.5d. Following aqueous work up 

and column chromatography, 5.5d was isolated in a good yield of 50%. As there is literature 

precedent for triflation reactions being performed in neat pyridine,233 the triflation reaction was 

attempted in neat 2,6-lutidine (Table 5.1, Entry 2). However, no formation of 5.14d was observed 

by 19F NMR. The original solvent for the triflation reaction, CH2Cl2, was then trialled and an improved 

yield of 67% was observed (Table 5.1, Entry 3). In an attempt to further improve this yield, the 

triflation reaction was repeated in CH2Cl2 with an aqueous work up performed prior to the O-

alkylation (Table 5.1, Entry 4). Unfortunately, the yield decreased to 23%. This is presumably due to 

the low concentration of the reaction mixture, as a consequence from dilution via multiple 

extractions from the aqueous phase (during the work up procedure of the triflation reaction). 

 

Scheme 5.7 - One-pot O-alkylation optimization 

 

Table 5.1 - 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 CH2Cl2 (No aq. work up) 67% 

4 CH2Cl2 (w/ aq. work up) 23% 

With the synthesis of 5.5d complete (Scheme 5.7), the same methodology was applied to the 

fluorinated alkanols whicƘ Ŏƻƴǘŀƛƴ ŀƴ ʰ-CF2 group c, g and h (Scheme 5.8). This afforded 5.5c, 5.5g 

and 5.5h in good yields. 






























































































































































































































































































































