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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 

Et3N Triethylamine 

FCC Flash column chromatography 

FG Functional Group 

FTIR Fourier-transform infrared spectroscopy 

HMBC Heteronuclear Multiple Bond Correlation 

HPLC High-performance liquid chromatography 

HRMS High-resolution mass spectrometry 

HSQC 
Heteronuclear single quantum coherence 
spectroscopy 

IR Infrared spectroscopy 

LRMS Low resolution mass spectrometry 

m.p. Melting point 

mCPBA 3-Chloroperbenzoic acid 

MPLC Medium-pressure liquid chromatography 

MS Mass spectrometry 

https://en.wikipedia.org/wiki/Electron_ionization
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MW Molecular weight  

NFSI N-Fluorobenzenesulphonimide 

NMP N-Methyl-2-pyrrolidone 

NMR Nuclear magnetic resonance 

NOE Nuclear Overhauser effect  

NOESY Nuclear Overhauser effect spectroscopy 

NS Number of scans 

O/N Over night 

O1P Frequency offset point 

PDC Pyridinium dichromate 

PSA Polar surface area 

pTSA p-Toluenesulphonic acid 

Rf Retention factor 

ROESY Rotating-frame overhauser Spectroscopy 

RP-HPLC 
Reverse phase high-performance liquid 
chromatography 

RTrt Room temperature 

SNR Signal-to-noise ratio 

SW Spectral width 

TCCA Trichloroisocyanuric acid 

TBAF Tetrabutylammonium fluoride 

TBAI Tetrabutylammonium iodide  

TBDMSCl tert-Butyldimethylsilyl chloride 

TEMPO (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl  

TFA Trifluoroacetic acid  

THF Tetrahydrofuran 

TLC Thin layer chromatography 

UV Ultraviolet 

  

 

 

https://en.wikipedia.org/wiki/High-performance_liquid_chromatography
https://en.wikipedia.org/wiki/High-performance_liquid_chromatography
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Chapter 1 Introduction 

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. 

 
𝑃 =

𝐶𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝐶𝑤𝑎𝑡𝑒𝑟
 (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  

 
𝐿𝑜𝑔𝐷𝑎𝑐𝑖𝑑𝑠 = 𝑙𝑜𝑔𝑃 + log[

1

(1 + 10𝑝𝐻−𝑝𝐾𝑎)
] (Eq. 2) 

 
𝐿𝑜𝑔𝐷𝑏𝑎𝑠𝑒𝑠 = 𝑙𝑜𝑔𝑃 + log[

1

(1 + 10𝑝𝐾𝑎−𝑝𝐻)
] 

(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 

“molecular obesity”,4 and generally causes an undesired deterioration of key properties (e.g., 

solubility, metabolic stability, oral bioavailability) that control a compound’s 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 It is critical for both a drug’s absorption and 

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 calculate a molecule’s aqueous 

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. 

 log 𝑆𝑜𝑙𝑎𝑞 = 0.5 − 𝑙𝑜𝑔𝑃 − 0.01(𝑀𝑃 °𝐶 − 25) (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 Gleeson’s study of 44,584 GSK compounds agreed with this, 

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 drug’s 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 was overlooked by Lipinski in his “rule of five”; 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. A more recent study by Waring utilized AstraZeneca’s results from Caco-2 cell 

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

and high MW.23 This reinforces the results from Egan’s computational work.24 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 as the “fraction of 

the drug that reaches the systemic circulation after oral administration”.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. Gleeson’s statistical analysis however, revealed 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 

The volume of distribution is the measure of a drug’s dispersal in both plasma and the rest of the 

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 understanding of a drug’s capability to bind specifically or non-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.  

Various reports have shown that an increase in a drug’s lipophilicity will typically 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. observed that a molecule’s binding constant for 

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. 
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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 

the BBB (desired), while also increasing efflux ratios and the drug’s ability to bind to plasma proteins 

(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 

the drug’s half-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 – 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 molecule’s structure can also improve metabolic stability by the 

removal/blocking of metabolic sites, by decreasing the molecule’s recognition by metabolites, or a 

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 main source of a drug’s preclinical attrition.50-51 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 

increase came from the compound’s excessively high transfer from plasma to the CNS, resulting in 

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 “rule of 5”. 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 “rule of 5” is violated if two 

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 – 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 “rule of five” was derived through the 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 

examples). Thus, if libraries of druglike molecules following Lipinski’s “rule of 5” were to be applied 

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 conclusion proposing a “rule of three” based on their 

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 the original “rule of 5” in recent years, as there is now a 

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 an “estimate of binding efficiency in the context of lipophilicity”, and can therefore be 

used as an “index of lipophilicity per unit of potency”.40 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 

 𝐿𝐿𝐸 = 𝑝𝐾𝑖 (𝑜𝑟 𝑝𝐼𝐶50) − 𝐶𝑙𝑜𝑔𝑃 (𝑜𝑟 𝐶𝑙𝑜𝑔𝐷7.4) (Eq. 5) 

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

lipophilicity”) 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 

which have lipophilic ‘end-caps’ (octanol) and a hydrophilic ‘head group’ (water), which can be 

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. 



Chapter 1 

11 

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 

• The π−Substituent Method – The calculation of logP through the substitution of a hydrogen 

atom on a parent compound of known logP with another motif with a corresponding π 

value.3  

• Fragment-based methods – 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 – 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 – 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 compound’s 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 

in an NMR tube. It is important to point out that Rucker’s method was developed with the use of a 

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 – 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 As a result of fluorine’s high electronegativity, it also has 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). In the past, it was commonly believed that “fluorination always increase hydrogen bond 

acidity”, due to fluorine’s strong inductive effect.103 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 polarisability of the aromatic π-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 π-system due to the fluorine’s 

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 

compounds the effects of fluorine’s polarity tends to dominate and fluorination will 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. 

Increase Decrease 
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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 increase in ethanol’s lipophilicity, due to its ability to reduce the polarisability of the 

neighbouring oxygen’s lone pairs.86 

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 Müller’s work on fluorinated N-propyl indole derivatives,110 neither the difluoro- or 

trifluoroethyl ester observed a decrease in lipophilicity. Instead they exhibited Δ logP values similar 

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

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

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

the impact of fluorine’s 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 (ΔlogP +0.55) in a similar 

fashion to trifluoroethanol vs ethanol (ΔlogP +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 (ΔlogP +0.01). This is a result of the proximity of the 

gem-difluoro motif to the hydroxyl functionality. In accordance to Muller’s logP 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 (ΔlogP -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 (ΔlogP +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 The β-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. 
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Figure 1.12 - Ropivacaine and levobupivacaine 

Recently, O’Hagan published the synthesis of a novel α,β,β-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 

fluorine’s ability to polarise their neighbouring hydrogens on the cyclopropyl substituent.116 

Interestingly, despite containing two additional carbon atoms, the α,β,β-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 α,β,β-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 

particular, due to the growing concern of “molecular obesity” within drug discovery programs, the 

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 motifs on different “parent” substrates. Hence one of our aims is 

to prepare “families” of fluorinated analogues based on a few “parent” non-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 α-, β- and γ-difluorination 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 Influence of Aliphatic Fluorination on 

Lipophilicity 

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 – The non-fluorinated substrate of a series. 

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

1-ol family. 

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

CF2 series. 

• Motif – A particular fluorination pattern. 

• Matched Molecular Pairs – 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 I3, ΔlogP -0.99). The β-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-ol (ΔlogP +0.01, not shown), and in a similar fashion to monofluorination the 

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

Indeed, the β-difluorination analogues C4, G11, H7, H8 and I14 all have the highest logP values 

within their respective families. In the 2-PentOH family, the internal β-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 for substrates with γ-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- and difluorination “Matched Pairs” 

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 2.2.2), β-mono- and β-

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

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

butan-2-ol family (E1 → E2, ΔlogP +0.12) and the pentan-2-ol family (H1 → H6, ΔlogP +0.32). The 

same can trend can be observed when for δ-difluorination vs. β-difluorination, within the pentan-

2-ol family (H4 → H8, ΔlogP +0.50). As previously discussed in Chapter 1 Section 1.6, β-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 -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 

dipole moments, as well as a reduction in the polarizability of the oxygen’s lone pairs, previously 
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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 -CH3/CF3 exchange affording K2 resulted in an increase in lipophilicity (ΔlogP +0.62) 

similar to previously observed values. 

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

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

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

and K → K3 (ΔlogP +0.57) close to the value. However, the difference observed between E → E8 

(ΔlogP +0.49) was slightly smaller.  

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

roughly 1 unit was observed. Hence, double -CH3/CF3 (D → D2 and B → B4) 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 -CH3/CF3 exchange.  

 

Figure 2.4 - -CH3/CF3 exchange 

While the impact of the -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 -, - and -trifluoromethyl group, which 

were thus investigated here. For substrates with either a - or -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 → E6, ΔlogP -0.04). In the case of the -CF3 group, the ΔlogP values are quite 

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

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

 

 

Figure 2.5 - β-CF3 and γ-CF3 alcohols   

Alcohols containing a -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 ΔlogP with increasing 

logP of the parent compound. Due to the distance between the -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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‘chameleon’ 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 -CH3/CF3 exchange, δ-trifluorination 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 δ-CH3/CF3 exchange affording K3, resulted in a decrease in lipophilicity similar to 

previously observed values (ΔlogP -0.18). 

 

Figure 2.6 - The logP of δ-CF3 alcohols 

2.2.5 CF3 “Matched Pairs”  

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 parents. The matched pairs for the “-2-ol’s” are E6 and E8, 

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

lipophilic compound than the ω-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 

polarizability of the oxygen’s lone pairs allows for hydrophobicity impact from the CF3 motif to 

dominate, thus resulting in the increased lipophilicity of -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 -CH3/CF3 exchange (ΔlogP 

+0.62, typically ΔlogP +0.61) and -CH3/CF3 exchange (ΔlogP -0.18, typically ΔlogP -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 β-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 β- and γ- 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 C–O/C–F bond dipole counteractions to occur, although J1 would allow an 

antiperiplanar C–O/C–CF3 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 C–H→*C–O and C–H→*C–CF3 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 the δ-CF3 group, when compared to both 

β-CF3 and γ-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 (ΔlogP 

+0.90) and E9 (ΔlogP +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 ΔlogP values with increasing logP of the parent alcohol was also observed. As the motif 

is further positioned from the alcohol moiety, the ΔlogP 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 → L2, ΔlogP -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 

fluorine’s hydrophobic nature dominate, resulting in large increases in lipophilicity.  

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 is due to the former’s β-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 group is less lipophilic than its “parent” compound, providing 

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

fluorinated motifs in individual families, as the parent compound plays a large role on fluorine’s 

modulation on lipophilicity. 

 

Figure 2.11 - CF2HCF2R conformations 

2.3.3 CF3 → CH3 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 -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 ΔlogP 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 → G12, I18 → 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 can be referred to as a “lipophilicity 

chameleon”,117 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 

here it isn’t straightforward yet to relate this to a logP 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 
 (D) 

(weighted) 
Compound Phase 

 (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 
δMe (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 ΔlogP values of -0.06 to -0.44. Pleasingly, this trend was observed in all 

cases and in both trifluorinated and perfluoroalkyl substrates. O’Hagan 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 C–F 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 (ΔlogP +0.65) from G14 to G16 

is caused by a CH2→CHF modification, which as a standalone modification virtually always results 
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in a lower logP. However, the lipophilicity trend G17→G16→G14 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 

“skipped” fluorination has only has a small increase of ΔlogP +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 (ΔlogP +0.03) results in slight logP 

increase, while the inverse is observed on pentanol (ΔlogP -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 → G9, G11 → G14 and I8 → I9). 

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 → G14) results in an increase in lipophilicity, while the inverse is observed for the 

introduction of a single fluorine atom (G13 → G9 and I13 → 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, ΔlogP -0.28 and ΔlogP -
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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 ΔlogP 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 β-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 (ΔlogP +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 C—F bond), as well as 

fluorine polarising its α-hydrogens: a conformation in which the number of C–H→*C–F 

hyperconjugation interactions is maximised will result in all C–F dipoles pointing in a similar 

direction (see below for discussion). A similar pattern and ΔlogP 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. ΔlogP -0.61 vs. butanol and ca. 

ΔlogP -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 ΔlogP values are 

relatively small in each case, Δ0.02 within the butanol family and Δ0.06 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 → G5, ΔlogP 

+0.18 and G3 → G7, ΔlogP +0.12). Due to the increased lipophilicity within the pentanol family, the 

increase is logP is not as noticeable (I3 → I4, ΔlogP +0.00 and I2 → I5, ΔlogP +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 C—F 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 

‘calibration’ purposes. Pleasingly, 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, ΔlogP -1.00 and ΔlogP -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 (ΔlogP +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 γ-CF2 analogue R1 was less lipophilic than its β-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 the effect of fluorine’s polarity has little influence on 

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

monofluoroalkene O5 having a ΔlogP -0.32 compared to its parent compound O and its 

monofluoroalkane equivalent I3 having a ΔlogP -0.99 compared to its parent I. The same can be 

observed with the corresponding difluoro substrates, where O6 has a ΔlogP 0 compared to its 

parent O and I6 has a ΔlogP -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 → O7, ΔlogP +0.44). Both of these observations may be related to the loss of 

polarizable hydrogens.  

                                                           

xi Compounds O1, O4 – 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 β-F P2, has a 

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

monofluoro motifs have higher logP values than their γ-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 –SCF3 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 –SCF3 group for other fluorinated and 

non-fluorinated motifs will be discussed.  

A logP increase is observed for CH3/SCF3 exchange on both butanol (G → S1, ΔlogP +0.75) and 

pentanol (I → S2, ΔlogP +0.43). The same trend was observed for the substitution of a CF3 group for 

a SCF3 group (G13 → S1 and I13 → S2, ΔlogP +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 –SCF3 (πx = 1.44) group exhibits a higher 

lipophilicity value than both CF3 (πx = 0.88) and CH3 (πx = 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 

the substrate’s backbone is the same, there is a slight decrease in size for 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 → S1, ΔlogP +0.41) and pentanol (L186 → S2, ΔlogP 

+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 –OCF3 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 –OCF3 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-fluorinated material is not visible, and fluorine’s large chemical 

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 

in the Linclau group’s logP determination methodology, a series of experiments with different 

solvent impurities was performed.  

Trifluorobutanol’s logP 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 

use of the Linclau group’s 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 

ΔlogP values ranged from 0.001 to 0.052 (Table 2.4). These ΔlogP values, with the exception of 

heptafluorobutan-1-ol (ΔlogP = 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) ΔLogP 

 
+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 ΔlogP 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 

was investigated. In a similar fashion to β-monofluorination, it was found that β-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 Δ 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 Synthesis of Fluorinated Alkanols by Mono- 

and Difluorination 

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 H4, indicated that γ-

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 

molecules. However, the generation of the desired electrophile “F+” is no easy task considering that 

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 α-fluorination or α,α-difluorination 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 - Organocatalytic α-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 α-fluorination 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 α-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 α-fluorination product 3.28 was isolated, 

with 30% of the α,α-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 α-fluorination product 3.28 with an isolated yield of 49%, however α,α-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 

α,α-difluorination was attempted with excess NFSI and catalytic L-proline (Entry 4, Table 3.1), 

affording 3.29 in a 40% yield, with no α-monofluorination product observed. Although the yield for 

the α,α-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 α-fluorination 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 – 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 α-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 arise from fluorine’s small size (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, Et3N•3HF, 

DMPU•HF)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)4

144
 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, with the β-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, oxidation of the β-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, Et3N•3HF, Et3N, MeCN, rt, 16 h 
10% (3.45) + 

70% (3.46) 

2 NfF, Et3N•3HF, 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 Et3N•3HF 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 γ-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: δ -218.2 (s) ppm; for 3.69: δ -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 HF•py 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 Et3N•3HF and HF•py (4.5:1, respectively) as the 

fluoride source, which is marginally safer than neat HF•py (used by E. Jacobsen 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. Gilmour’s 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 

failed, no further attempts to reproduce R. Gilmour’s procedure was performed, due to the safety 

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 
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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 α,α-difluorination with NFSI and 

organocatalytic proline from their corresponding aldehydes. In a similar fashion, Q1 was 

synthesised after the optimization of electrophilic α-fluorination through the use of stoichiometric 

proline. With advanced α-fluorinated and α,α-difluorinated 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 γ-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 Synthesis of Targets Using Fluorinated 

Building Blocks 

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 – 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 
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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, MnCl2•4H2O.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, MnCl2•4H2O (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 employing E. Carreira’s conditions 

(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% 

In order to repeat Carreira’s reaction to obtain 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-trifluorooctan-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 trifluoropropanal’s 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 –SCF3 and –OCF3 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 –

SCF3 group incorporated into the propanol and butanol “families”, 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 Umemoto’s Reagent 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. utilising easily handled and readily available reagents (Ruppert’s reagent and TBAF) was 

chosen.202 Furthermore, due to the unavoidable β- 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 –SCF3 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-Cube Mini™ (continuous-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 Recently O’Hagan 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) δ -107.7– -107.8 (m, 2F), -114.5– -114.6 (m, 2F) ppm. 
xx Selected data for 4.76 19F {1H} (376 MHz, CDCl3) δ -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 

The deoxygenation of an alcohol with α-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 Barton–McCombie 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 α-CF2 

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 Reducing the Lipophilicity of Perfluoroalkyl 

Groups by CF2–F/CF2-Me or CF3/CH3 Exchange 

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 → G17, I → 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 → G12, 

I18 → I15). The other trend observed was the decrease in lipophilicity despite chain elongation 

(which is typically logP increasing, cf. G → I) for the exchange of a C-F bond of a trifluoromethyl 

group for a C-Me bond (G17 → 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 

may affect the nitrogen’s basicity.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 5.2•HCl (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 - Newron’s synthesis of 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. 
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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 5.3), the deviation from Newron’s synthetic 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 fluorinated alcohols containing an α-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 which contain an α-CF2 group c, g and h (Scheme 5.8). This afforded 5.5c, 5.5g 

and 5.5h in good yields. 
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Scheme 5.8 - Application of one-pot procedure to other fluorinated alkanols 

5.2.4 Deprotection 

With all of the desired Boc-protected evenamide analogues now synthesised, a simple cleavage of 

the Boc protecting group and subsequent hydrochloric salt formation was accomplished. This was 

performed with 4M HCl in dioxane, furnishing all of the desired analogues 5.1a-h in good yields of 

87-99% (Scheme 5.9). This reaction was initially attempted with 2M HCl in diethyl ether as the 

patent described,222 however the reaction times were found to be considerably longer. 

 

Scheme 5.9 - Acid mediated Boc cleavage 

5.3 Results and discussion 

5.3.1 Results Table  

The data seen in the Table 5.2 was obtained by the PhD sponsors, AstraZeneca, and will be 

discussed separately in the following sections. 
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Table 5.2 - Analysis of evenamide 5.1a and analogues 5.1b–h 

Structure LogD7.4
a 

Solubilityb 

(µM) 

Hu 

Mics 

Clintc 

Rat 

Heps 

Clintd 

PPBe 

(% 

free) 

hERG 

Inhibf 

(%) 

 

+1.8 782 13 82 45 31 

 

+1.1 960 7 34 62 35 

 

+1.6 929 10 32 51 41 

 

+2.5 952 8 20 20 57 

 

+2.3 779 29 91 23 70 

 

+1.7 1000 7 38 49 45 

 

+2.2 946 9 64 25 63 

 

+3.3 955 7 21 7.6 81 

alogD7.4 determined by shake flask method; bSolubility of compounds in aqueous phosphate buffer 

at pH 7.4 after 24 h at 25 °C; cRate of metabolism (µl/min/mg) determined from DMSO stock 
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solution in human microsomes; dRate of metabolism (µl/min/106 cells) determined from DMSO 

stock solution in isolated rat hepatocytes diluted to 1x106 cells/mL; eDetermined from DMSO stock 

solution by equilibrium dialysis in 10% human plasma supplied by Quintiles; f% inhibition of hERG 

ion channel at a concentration of 10 µM. Detailed experimental for how the measurements within 

this table were performed can be found in Ref121 

5.3.2 LogD 

The logD value for the parent compound evenamide (5.1a) is +1.8, and its homologue 5.1e displays 

an increased value of +2.3 logD units (Figure 5.4 and Table 5.2). This increase in logD is a result of 

the elongation of the carbon chain by one methylene unit. Difluorination at the penultimate 

position of the alkyl chain (5.1b and 5.1f), leads to a decrease in logD by 0.6-0.7 units, in a similar 

fashion to the trend observed on the model alkanol systems (G → G8 and I → I7). A significant 

increase in logD was observed for the perfluorination of the alkyl chains (5.1d and 5.1h), again in 

accordance with trends observed on the model alkanol systems (G17 and I18 respectively).  

 

Figure 5.4 - LogP/D comparison 

To our delight, when exchanging a CF3 for a methyl group on a perfluoroalkyl group of the 

fluorinated evenamide analogues, a large logD reduction of ~1 unit was observed on both the butyl 

(5.1d → 5.1c) and pentyl (5.1h → 5.1g) chains. This is similar to what was observed on the simple 

fluorinated alkanols (G17 → G12 and I18 → I15). Equally pleasingly, when performed CF2–F/CF2-Me 

exchange on a perfluoroalkyl group (5.1d → 5.1g), a decrease in logP is observed, consistent with 

the results from the fluorinated alkanols (G17 → I15). Also, when comparing the MeCF2(CF2)n- group 

to its respective parent compound, only a very small decrease in logP (∆-0.01, G → G12), or a slight 
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increase (∆+0.03 for I → I15), was observed. When investigating the MeCF2(CF2)n- group on the 

evenamide analogues, a larger logD reduction was observed for the butyl analogue (∆-0.2, 5.1a → 

5.1c) and in the case of the pentoxy derivative, a logP reduction occurred (∆-0.1, 5.1e → 5.1g). This 

can explained through the fact that the evenamide analogues have an increased logP in respect to 

their alkanol counterparts, so the impact of the polarity of the MeCF2(CF2)n- group is more 

pronounced.  

Our rationale for this significant logP decrease observed for the CF3/CH3 exchange on the 

perfluoroalkyl butoxy and pentoxy groups, which lead to a similar or even reduced logP in 

comparison to their respective parent compounds, can be found in Chapter 2 Section 2.3.3. 

Hence, the lipophilicity trends that were observed when comparing the fluorinated motifs on 

butanol and pentanol models were successfully reproduced when the same motifs were introduced 

into a pharmaceutical drug candidate as part of an aromatic butoxy/pentoxy chain. This is an 

important result, which strengthens the relevance of the lipophilicity investigations on these 

alkanol models. 

5.3.3 Solubility 

As discussed in Chapter 1 Section 1.2.1.1, an increase in solubility is often attributed to a decrease 

in lipophilicity. This relationship can be observed for both analogues 5.1b and 5.1f (Table 5.2), which 

possess higher solubility values as well as lower logD values than their respective parent 

compounds. Interestingly, despite an increase in logD for 5.1c, 5.1d, 5.1g, and 5.1h, an increase in 

solubility was also observed in respect to their parent compound. Typically, the inverse would be 

expected. As observed in Equation 4 (Chapter 1, Section 1.2.1.1), a decrease in melting point can 

also be related to an increase in solubility. Therefore, it could be expected that these derivatives 

(5.1c, 5.1d, 5.1g, and 5.1h) with high degrees of fluorination, exhibit lower melting points than their 

respective parent compounds, which results in their increased solubility. 

5.3.4 Metabolic stability 

The metabolic stability of all fluorinated substrates improved in comparison to their parent 

compound against both human microsomes (Hu Mics) and rat hepatocytes (Rat Heps). Evenamide 

already displayed great stability against Hu Mics, which is of no surprise as it is a lead molecule in a 

drug discovery program. Thus, little difference was observed in contrast to the fluorinated 

derivatives. However, for the pentyl series, a much larger increase in metabolic stability can be 

observed against Hu Mics through the comparison of the parent compound 5.1e (29 µl/min/mg, 

Table 5.2), against its fluorinated analogues 5.1f-5.1h (7-9 µl/min/mg). Vastly improved metabolism 
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can be observed for all fluorinated compounds against Rat Heps when compared to their respective 

non-fluorinated parent. Fluorination is a commonly employed strategy within drug discovery to 

block metabolically labile sites,101, 221 and is presumably the reason behind this observed increase 

in metabolic stability. It is also important to point out that the fluorine not only blocks the carbon 

it is situated on, but also neighbouring positions, due to the electronegativity of the fluorine atoms 

reducing the reactivity of the C-H bonds for oxidation. This is the case for the terminal methyl 

groups of the MeCF2(CF2)n- group, 5.1c and 5.1g.  

It is also well established that an increase in lipophilicity will typically coincide with a decrease in 

metabolic stability.45-46 Thus, it would be expected based on the logD values alone that both of the 

perfluorinated substrates 5.1d and 5.1h are the least metabolically stable. However, the inverse is 

observed, as a result of the high degree of fluorination. This is a good example of why metabolic 

stability is considered one of the more difficult parameters to predict. 

5.3.5 Plasma protein binding (PPB) 

Human plasma protein binding is known to correlate with lipophilicity. Therefore, it is of no surprise 

that for all substrates, the higher the logD, the higher the PPB. For example, 5.1e and 5.1f are 

isolipophilic and have the same values for PPB; the same can be observed for 5.1e and 5.1g (Table 

5.2). 

5.3.6 Human Ether à-go-go-Related Gene (hERG)  

Similar to PPB, hERG inhibition correlated broadly with lipophilicity, where the most lipophilic 

substrates within each series had the highest hERG inhibition. The only exception to this is 

evenamide itself which, despite having a higher logD than both 5.1b and 5.1c, has reduced hERG 

inhibition in comparison (Table 5.2). This is likely the result of other structural properties, for 

example, an increase in the MW (size mimic) has also been reported to increase hERG inhibition,11 

which is likely the case here.  
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5.4 Conclusion 

The synthesis of evenamide and its seven analogues was successfully performed, in conjunction 

with the development of a one-pot O-alkylation procedure for polyfluorinated alkanols containing 

an α-CF2 group. Pleasingly, both of the key lipophilicity lowering trends for the perfluoroalkyl groups 

by CF3/CH3 and CF2-F/CF2-Me exchange were applicable to the drug scaffold. The logD values of the 

fluorinated evenamide analogues also correlate nicely to the logP of their respective fluorinated 

alcohol. This work assists in the validation of other lipophilicity trends that have been observed on 

simple alkanol systems (See Chapter 2).  

In addition to this, the fluorinated analogues exhibited improved aqueous solubility in comparison 

to their parent compounds, as well as an improvement in metabolic stability against both Hu Mics 

and Rat Heps assays. Plasma protein binding and hERG inhibition were also investigated, which both 

correlated well to lipophilicity modulation. 

Overall, this chapter showcases the introduction of the novel MeCF2(CF2)n- group into a drug 

scaffold. In a time of lipophilicity control being critical to the drug optimization process, this motif 

is able to increase the metabolic stability, while maintaining or slightly reducing the lipophilicity of 

the compound.  
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Chapter 6 Conformer Specific Lipophilicity 

6.1 Introduction  

Amide rotamers can have different properties, for example polarity if their dipole moments are 

different.234 Amides are often found within drugs and other biological compounds, and it could be 

of interest to be able to measure or calculate the specific logP values of their conformers, in order 

to refine our understanding of the ADMET properties of the parent molecule. 

Conformer-specific lipophilicity has been defined as the partition coefficient of the individual 

conformers in octanol/water by Davies et al. in 1979.235 Davies also hypothesized that membrane 

penetration of drugs is due to particular conformers, however they presented neither methodology 

nor experimental data. Following this, Noszál et al. published two papers detailing their work on 

the logP measurement of the individual conformers of amphetamine and clenbuterol (Figure 

6.1).236-237  

 

Figure 6.1 - Conformer specific logP for clenbuterol indicating populations in each layer and their 

corresponding logP’s. Adapted from Ref237 

The bulk (macroscopic) partition coefficient is defined as the ratio of the concentration of the 

compound in both the octanol and water phase (Equation 1). The conformer specific partition 

coefficient for each individual conformer (t = trans, g = gauche and h = hindered) can be seen in 

Equation 2. Noszál was able to relate Equation 1 and 2 by the rotamer mole fractions (e.g. to and 

tw, calculated through the use of coupling constant analysis in both D2O and octanol) to derive 

Equation 3, this enabled him to determine the logP of the individual conformers. 
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Unfortunately, this method of conformer specific lipophilicity determination is not easily 

reproducible for a wide range of substrates, as octanol solvent peaks within the 1H NMR spectrum 

may obscure signals, requiring solvent suppression techniques to obtain J-values. 

6.2 Aims 

The determination of the concentration of rotamers around bonds in solution is not 

straightforward. However, amide rotamers are unique as their cis- and trans-conformation are 

typically in slow exchange on the NMR time scale and therefore are often 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/fluoropyrrolidines 1.1-1.4 (Figure 6.2), before more complex rotamers or other 

distinguishable conformers are taken into consideration. 

 

Figure 6.2 - Target N-acetyl amide rotamers 

6.3 Synthesis of amide rotamers 

6.3.1 Attempted synthesis of N-acetyl 3-fluoropiperidine 

Despite the commercial availability of 3-fluoropiperidine, its high cost precluded its use as a starting 

material. Therefore, the synthesis of N-acetyl-3-fluoropiperidine 1.1 was attempted from the 

cheaper commercially available 3-hydroxypiperidine 6.1 (Scheme 6.1). Following standard 

procedure a N-acetylation was performed yielding 6.2.238 The subsequent fluorination of 6.2 with 

DAST resulted in the formation of an inseparable mixture of the desired monofluorinated product 

1.1 and the alkene elimination product 6.3, in a ratio of 1:1.25 respectively. As discussed earlier in 
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Chapter 3 Section 3.3.9, mCPBA can be used to facilitate the isolation of the desired 

monofluorinated product from its corresponding alkene side products. This was successfully 

performed, removing all traces of alkene 6.3 from the desired product 1.1. Nevertheless, a small 

amount (~5%) of an unidentified impurity remained with a 19F NMR signal within the region 

expected of a primary fluoride. It is thought that this may be the 5-membered ring rearrangement 

product 6.4.239 No further attempt to isolate 1.1 was performed at this stage and a different route 

was investigated. 

 

Scheme 6.1 - Attempted synthesis of N-acetyl-3-fluoropiperidine  

The mechanism for the formation of 6.4 via a DAST induced ring contraction can be seen in Scheme 

6.2. The reaction progresses through an aziridinium intermediate 6.6, where fluoride can attack 

either position of the aziridinium ring to afford either 1.1 or 6.4.  

 

Scheme 6.2 - Ring contraction mechanism adapted from Ref239 

6.3.2  Synthesis of N-acetylated fluoropiperidines and fluoropyrroldines 

Fortunately, Apollo Scientific subsequently gifted the group 3-fluoropiperidine•HCl 6.7 (Scheme 

6.3), 3,3-difluoropiperidine•HCl 6.8, and 3-fluoropyrollidine•HCl 6.9. Finally, 3,3-fluoropyrolidine 

6.10 was commercially available at a reasonable cost. With the hydrochloric salts in hand, a series 

of simple N-acetylation reactions was performed yielding the desired compounds 1.1-1.4.  
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Scheme 6.3 - Synthesis of N-acetylated fluoropiperidines and pyrrolidines 

6.4 Assignment of amide rotamers 

6.4.1  Establishment of amide rotamers 

For all the amides 1.1-1.4 (Figure 6.2), the fluorine spectrum contains two signals in a variety of 

NMR solvents. Confirmation that these signals represent a mixture of amide rotamers was 

performed through variable temperature (VT) 1H and 19F NMR experiments in DMSO-d6. For 

example when a VT experiment was performed on 1.3, the acetate signal occurring within the 1H 

NMR, displayed line broadening and eventual coalescence (Figure 6.3). The same can be observed 

for the fluorine signal in the 19F NMR spectrum. 

 

Figure 6.3 - 1H NMR of 1.3, acetate signal coalescence (left). 19F NMR of 1.3, fluorine signal 

coalescence (right). 
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6.4.2 Conformer assignment 

In order to achieve integration of the fluorine signals for each rotamer, it must first be established 

which peak corresponds to which rotamer. This is achieved by a NOESY experiment in which the 

proximity of the methyl group and the ring protons can be established (by the observation of NOE 

cross peaks) as shown below for compound 1.4 (Figure 6.4): 

 

Figure 6.4 - Trans and cis amide rotamers 

 A typical procedure to achieve this involves: 

1) Assignment of the individual ring proton peaks in the 1H NMR spectrum, especially the 

protons in the -position of the amide nitrogen 

2) A NOESY experiment as shown above 

3) Establish which is the major and which is the minor isomer by integration 

4) Assign the fluorine peaks through their relative integration 

6.4.3 Rotamer assignment in water (D2O) 

The assignment in water (D2O) was straightforward and is only illustrated here for 1.4 (Figure 6.5). 

For the amides under study, the interpretation of the 13C NMR spectrum was facile: C2 can be 

identified due to the 2JC2-F coupling constants (t, J = 32.2 Hz) and the chemical shift (adjacent to 

amide), while C5 can be recognised by its much smaller 3JC5-F coupling constants (t, J = 3.3 Hz). An 

analogous situation occurs for the piperidine compounds. Once the carbons had been assigned, the 

major and minor signals of H2 and H5 can be assigned via HSQC analysis. 
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Figure 6.5 - HSQC spectrum of 1.4 in D2O, 25.35 °C, Bruker AVII400 FT-NMR Spectrometer.  

In a NOESY spectrum, a cross-peak will be observed for protons that are close in space. Cross-peaks 

of the acetate CH3 with either H2 or H5 will allow to establish the identity of the rotamers (Figure 

6.6): the minor acetate signal shows a cross-peak with a previously assigned H2 resonance, which 

confirms that the minor rotamer has the trans-conformation, while the signal for H5 of the minor 

isomer doesn’t show a cross peak. The opposite is expected for the major integration signals and is 

observed, with the major H5 signal showing a cross-peak with the major acetate signal, and the 

major H2 signal showing no cross-peak. This confirms that the major rotamer of 1.4 in D2O is the 

cis-conformation. 

In this way the rotamer assignment in D2O could be achieved for all amides investigated. 
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Figure 6.6 - NOESY spectrum of compound 1.4 in D2O, 25.35 °C, Bruker AVII400 FT-NMR 

Spectrometer. 

6.4.4 Consideration of 19F NMR chemical shifts in different solvents 

With the rotamers accurately assigned in D2O, their respective chemical shifts where compared to 

CDCl3. It was established that the 19F chemical shift values for the individual rotamers could deviate 

significantly between solvents. The chemical shifts in some cases even had effectively “reversed”. 

This can be observed for 1.3 where the 19F resonance for the cis conformer is more upfield in CDCl3 

compared to the resonance of the trans-rotamer (Figure 6.7), while in D2O it is the other way round. 

Consequently, the assumption that the chemical shift values of the rotamer signals does not change 

between H2O to octanol may result in incorrect logP values. Therefore, the rotamer assignment 

within octanol is crucial.  
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Figure 6.7 - 19F (376 Hz) NMR of N-acetyl 3-fluoropyrollidine in CDCl3 and D2O representing change 

in chemical shifts in different solvents 

6.4.5 Rotamer assignments in octanol 

6.4.5.1 Solvent considerations: the use of [1,1-D2]-octan-1-ol: assignment of N-acetyl-3-

fluoropyrrolidine in octanol 

Given octanol does not contain a deuterium atom, a separate lock solvent is necessary. Given the 

rotamer ratio is solvent-dependent, the lock solvent (benzene-d6) was inserted in a flame sealed 

melting point capillary. 

Unfortunately, when dissolving ~5 mg of 1.3 in 0.5 mL of 1-octanol with a capillary insert of 

benzene-d6 (Spectrum A, Figure 6.8), the H2 and H5 signals overlap with octanol’s α,α-hydrogen 

signal and its 13C-satellites, preventing rotamer assignment. Hence, it was decided to synthesise 

[1,1-D2]-octan-1-ol. 

6.4.5.2  Synthesis and evaluation of [1,1-D2]-octan-1-ol as solvent 

A modified Bouveault-Blanc reduction for the synthesis of α,α-dideuterio alcohols was developed 

by J. An et al. using Na dispersion and EtOD-d1.240 This method was applied to methyl octanoate 

6.15 and to afford [1,1-D2]-octan-1-ol 6.16 in a modest yield of 50% with 97% D2 incorporation 

(Scheme 6.4). Upon scale-up (30 g) D2 incorporation was slightly worse (93%) and the product 

appeared orange. Despite the product appearing pure by 1H NMR analysis, as this was to be used 

for NMR studies its high purity was essential and the orange colour is likely from small amounts of 

undetectable organic or inorganic impurities. To remove the possibility that these impurities could 

have an effect on the NMR studies, the [1,1-D2]-octan-1-ol was purified by distillation (8 Mbar, 64–

66 °C) to afford a colourless oil in an improved yield of 58%.  
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Scheme 6.4 - Synthesis of [1,1-D2]-octan-1-ol 

Hence, [1,1-D2]-octan-1-ol was used: ~5 mg of 1.3 was dissolved in 0.5 mL of [1,1-D2]-octan-1-ol and 

minimal overlapping of these signals is observed (Spectrum B). Following this success, a further ~5 

mg of 1.3 was added to the NMR sample B and full characterisation (13C NMR, HSQC and NOESY) 

was performed to enable the tentative assignment of the rotamers in [1,1-D2]-octan-1-ol. 

 

Figure 6.8 - 1H NMR (400 Hz) spectrum depicting the comparison of N-acetyl-3-fluoropyrrolidine 

in octanol (Spectrum A) and [1,1-D2]-octan-1-ol (Spectrum B). 

6.4.5.3 Rotamer assignments in [1,1-D2]-octan-1-ol 

Now, HSQC analysis could be carried out (Figure 6.9). C2 can be identified based on the 2JC2-F 

coupling constants (d, J = 23.5 Hz), while C5 can be recognised by its lack of multiplicity. The 

respective cross peaks indicate the chemical shift values of the corresponding proton resonances.  
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Figure 6.9 - HSQC spectrum of N-acetyl-3-fluoropyrrolidine in [1,1-D2]-octan-1-ol, 24.95 °C, 

Bruker AVII400 FT-NMR Spectrometer. 

In a NOESY spectrum a cross-peak will be observed for protons that are close in space. Therefore in 

the trans-rotamer, the acetate CH3 will only show a cross-peak with H2 and while in the cis rotamer, 

the acetate CH3 will only show a cross-peak with H5. In the spectra below H5 has a cross-peak with 

the major acetate signal, which confirms that the major rotamer has the cis-conformation (Figure 

6.10). The opposite is expected – and observed – for H2, where H2 only shows a cross-peak with 

the minor acetate signal.  

In this way the rotamer assignment in [1,1-D2]-octan-1-ol could be achieved for all amides 

investigated and can be found in Chapter 9 Section 9.4. 
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Figure 6.10 - NOESY spectrum of N-acetyl-3-fluoropyrrolidine in 1-[1,1-D2]-octanol, 24.95 °C, 

Bruker AVII400 FT-NMR Spectrometer. 

6.5 LogP results and discussion 

Lipophilicity determination is performed as per usual, except that the lock solvent (CDCl3 or 

acetone-d6) is added to the NMR tube in a capillary. This is necessary in order to not influence the 

rotamer equilibrium, which is solvent dependent. The use of capillaries occasionally caused the 

experiments to fail to lock and shim, which required resubmission until successful. This had no 

effect on the final logP result, as shown by the low error values. The results for the amide rotamer 

specific lipophilicity can be found in Table 6.1, along with the assignment of the major rotamer in 

both water and octanol. The rotamer ratios within the octanol and water phases can be found in 

Table 6.2. 
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Table 6.1 - Amide rotamer-specific lipophilicities. *Defined as logPcis – logPtrans 

Compound Overall logP 
Major isomer in 

logPc logPt ΔlogP* 
oct wat 

 

-0.10 trans Cis -0.20 -0.02 -0.18 

 

+0.27 trans cis +0.17 +0.38 -0.21 

 

-0.57 cis cis -0.54 -0.60 +0.06 

 

-0.12 cis cis -0.09 -0.15 +0.06 

 

Table 6.2 - Experimental amide rotamer ratio taken from the logP determination experiments 

Compound 

Experimental rotamer ratio (Trans:Cis) in 

Octanol phase Water phase 

1.1 1.17:1 0.73:1 

1.2 1.43:1 0.95:1 

1.3 0.72:1 0.84:1 

1.4 0.75:1 0.86:1 

The overall logP values of the amides can be seen in Figure 6.11; the monofluorinated compounds 

show an overall lower logP when compared to the difluorinated compounds. Both fluorinated 

pyrrolidines also had a lower logP compared to the fluorinated piperidines counterparts, as a result 

of their smaller carbon count which makes them less lipophilic. 
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Figure 6.11 - Comparison of overall logP values 

As the individual cis and trans rotamers were assigned in both D2O and [1,1-D2]-octan-1-ol for the 

fluorinated N-acetyl substrates 1.1–1.4 (Figure 6.12), the effects of amide rotation on lipophilicity 

can now be observed. While the difference in logP value between the two rotamers for the fluoro-

pyrrolidines is very small (1.3 and 1.4, ΔlogP +0.06),xxv the difference for the fluoro-piperidines is 

much larger (1.1 and 1.2, ΔlogP -0.18 and ΔlogP -0.21 respectively). 

Preliminary dipole moment calculationsxxvi performed by Dr Jerome Graton, University of Nantes, 

France, indicate that the cis-rotamer for both 1.1 and 1.2, exhibits a higher dipole moment than 

their trans-rotamer ( 

Table 6.3), which is confirmed by their respective logP measurements. The difference in dipole for 

1.2 can tentatively be explained by a partial counteraction in dipole moments for the trans-rotamer 

resulting in a more lipophilic conformation, while the inverse is observed for the cis-rotamer. 

However, the difference in logP for 1.1 is more difficult to explain as ring inversion can occur 

resulting in either an axial or equatorial fluorine.  

                                                           

xxv ΔlogP defined as “logPc – logPt” 
xxvi Dipole moments of the energetic minima identified at the SMD/MN15/aug-cc-pVTZ//MN15/cc-pVTZ 
level of theory in water and n-octanol medium.  
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Figure 6.12 - Comparing the logP values of the cis and trans rotamers 

 

Table 6.3 - Calculated dipole moments for 1.1, 1.2 and 1.4xxvii 

Compound Conformer 
µ D 

Octanol Water 

 

trans 5.37 6.87 

cis 7.20 7.95 

 

trans 4.63 5.04 

cis 8.00 8.67 

 

trans 3.83 4.29 

cis 6.20 6.72 

Preliminary calculations performed for the N-acetyl pyrrolidine 1.4 would suggest that again, the 

cis-rotamer is the more polar of the two conformations, as it exhibits a higher dipole moment. 

                                                           

xxvii Dipole moments of the energetic minima identified at the SMD/MN15/aug-cc-pVTZ//MN15/cc-pVTZ 
level of theory in water and n-octanol medium.  
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Unfortunately, the measured logP values did not correlate with these calculations, as the trans 

rotamer had the lower logP value. While there is no calculated data for compound 1.3, it can be 

observed that it follows the same lipophilicity trend as 1.4.  

Further investigations into the rationale behind these logP results is ongoing within our group 

through the use of calculations and t-butyl substituted N-acetyl piperidines.  
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6.6 Conclusion 

In this chapter the synthesis of a variety of N-acetyl mono- and difluoro pyrrolidines and piperidines 

was described via N-acetylation from their respective amine salts. The individual amide rotamers 

were first successfully assigned in D2O allowing for the pairing of the fluorine signals to their 

respective rotamer. The same assignment was then performed in 1-[1,1-D2]-octanol, which was 

synthesised following a modified Bouveault-Blanc reduction for the synthesis of α,α-dideuterio 

alcohols was developed by J. An et al. using Na dispersion and EtOD-d1.240  

Finally, the Linclau group’s 19F NMR based logP determination methodology was successfully 

employed to measure the lipophilicity of simple cis and trans amide rotamers. This is an important 

development as amides are often found within drugs and biological conformers. Lipophilicity is 

known to affect the ADMET properties of drug molecules (See Section 1.2) and thus the ability to 

connect logP values to specfic amide rotamers may allow for a furthering in our understanding of 

these drug’s pharmacological and pharmacokinetic properties. Unfortunately as this procedure 

utilizes 19F NMR, to be able to apply this methodology and measure the induvial logP of compounds 

which contain rotamers the molecule is required to contain a fluorine atom, which are not always 

present. Another constraint is that the fluorine signal of each rotamer in both the octanol and water 

phase must not overlap with each other in order to allow for accurate integration of the 19F signal. 

This results in this 19F NMR based logP determination procedure for induvial rotamers of molecules 

to be incredibly compound specific and may not be suitable for more complex substrates.  

Within the Linclau group, this logP determination procedure is also currently succesfully being 

applied to measure anomer specific logP values of sugars. Another equilibrating species that is 

observable on an NMR timescale are atropisomers, unfortunately these compounds are often 

highly lipophilic due to the presence of two aromatic rings. Attempts to identify any potential simple 

atropisomers was unsuccessful as they would not be easily measured by our 19F NMR logP 

determination procedure due to limitations of the technique (only compounds with a logP of ±2.5 

are reliably measurable). 

While the research presented in this chapter is very fundamental, research within the Linclau group 

is currently ongoing to rationalise these logP results and investigate other slowly equilibrating 

species which are observable on an NMR timescale. 
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Chapter 7 Experimental for Lipophilicity 

7.1 Detailed logP determination protocols 

1) Partitioning 

To a 10 mL pear-shaped flash was added octanol (ca. 2 mL), compound A (ca. 1-10 mg), reference 

compound R (ca. 1-10 mg) and water (ca. 2 mL). The resulting biphasic mixture was stirred at 25 °C 

(temperature controlled by recirculating chiller) for 2 h and then left to stand at 25 °C overnight to 

enable complete phase separation. In the case of poor separation, the mixture was transferred to 

a 4 mL sample vial and centrifuged until the clear separation was observed. 

2) Sample Preparation 

Using two 1 mL disposable syringes, ca. 0.7 - 0.8 mL was carefully taken from each layer. In the case 

of the water layer 0.1 mL of air was taken into the syringe before putting the needle into the 

solution. Whilst moving through the upper octanol layer the air was gently pushed out to avoid 

contamination from the octanol phase, as small amounts of the octanol phase may enter the needle 

causing errors for the compounds if not performed. A small amount of the water phase is then 

discarded (to ensure all traces of octanol are out of the needle), leaving ca. 0.55 mL in the syringe. 

The needle is then carefully wiped with dry tissue and 0.5 mL is injected into the new NMR tube, 

followed by addition of 0.1 mL acetonde-d6 (logP alkanols) or a sealed capillary (CDCl3 or acetonde-

d6, logP rotamers). The NMR tube was sealed using a blow torch before checking for leaks with 

tissue and then inverted 20 times to obtain a homogenous solution for NMR measurement.  

3) NMR Measurement  

19F NMR was run first with standard parameter conditions for chemical shift identification and for 

the frequency offset point (O1P) which is centered between the two diagnostic F signals. If T1 

Values had not been determined, a D1 of 30 sec for the octanol sample, and 60 sec for the water 

sample are chosen. The spectral width (SW) is set to 100 ppm (however can be widened if required). 

The number of transients (NS) is left at 64 (but can be increased if higher SNR is required). 

4) Data Processing 

Data were processed using ACD/Labs NMR software. The obtained FID file was reprocessed using 

the following conditions: WFunction (LB 2 Exponential). Zero Filling (from 65536 to 262144) and 

then Fourier transform, followed by mouse phasing and auto baseline correction. The integration 
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ratio was obtained by manual integration (bias correction can be applied via adjusting tilt and slope 

if integral curve is not parallel to the baseline). 

7.2 Detailed experimental data for the logP determinations 

Unless indicated, the general procedure as detailed above was followed (O1P centered; SW: 100 
ppm; D1: oct 30 sec; wat: 60 sec; SR: 295.14 ppm; NMR machine: 400-2 or 400-3; Reference 
compound: 3,3,3-trifluoroethan-1-ol (logP: +0.36). 

 

Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

7.2.1 Propan-1-ol series 

 
C6 

jy0416bj2/ 

jy0416bj3 

1.4213/ 

0.7770 
+0.62 

+0.61 
+0.613 

(±0.007) 

jy0416bj4/ 

jy0416bj5 

1.4735/ 

0.8394 
+0.60 

jy0416bj6/ 

jy0416bj7 

1.3372/ 

0.7499 
+0.61 

C6 – Reference compound: 2,2-difluoroethanol (logP: -0.29)  

7.2.2 Butan-2-ol series 

 
E2 

jy0416bj2/ 

jy0416bj3 

1.2800/ 

0.9959 
+0.20 

+0.20 
+0.198 

(±0.002) 

jy0416bj4/ 

jy0416bj5 

1.1428/ 

0.8970 
+0.20 

jy0416bj6/ 

jy0416bj7 

1.2110/ 

0.9435 
+0.20 

 
E4 

ma1717bj18/ 

ma1717bj19 

0.4520/ 

0.3372 
+0.49 

+0.48 
+0.483 

(±0.004) 

ma1717bj20/ 

ma1717bj21 

0.5335/ 

0.4017 
+0.48 

ma1717bj22/ 

ma1717bj23 

0.4696/ 

0.3574 
+0.48 

 

E5 

ma1717bj18/ 

ma1717bj19 

0.0318/ 

0.0234 
+0.49 

+0.48 
+0.475 

(±0.013) 

ma1717bj20/ 

ma1717bj21 

0.0372/ 

0.0289 
+0.47 

ma1717bj22/ 

ma1717bj23 

0.0318/ 

0.0251 
+0.46 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
E8 

au1916bj11/ 

au1916bj12 

2.7933/ 

0.3574 
+1.25 

+1.25 
+1.246 

(±0.005) 

au1916bj13/ 

au1916bj14 

3.1764/ 

0.4154 
+1.24 

au1916bj15/ 

au1916bj16 

3.8179/ 

0.5007 
+1.24 

E2 – Reference compound: 4-fluorobutan-1-ol (logP: +0.09)  

7.2.3 Isobutanol series 

 
F1 

au2416bj7/ 

au2416bj8 

0.1647/ 

0.2919 
+0.11 

+0.10 
+0.104 

(±0.006) 

au2416bj9/ 

au2416bj10 

0.1587/ 

0.2902 
+0.10 

au2416bj12/ 

au2416bj11 

0.4046/ 

0.7306 
+0.10 

 
F2 

au2616bj7/ 

au2616bj8 

0.2390/ 

0.2842 
+0.28 

+0.29 
+0.289 

(±0.004) 

au2616bj9/ 

au2616bj10 

0.3091/ 

0.3649 
+0.29 

au2616bj11/ 

au2616bj12 

0.1631/ 

0.1898 
+0.29 

7.2.4 Butan-1-ol series 

 
G1 

dc0917bj5/ 

dc0917bj6 

0.1806/ 

0.5405 
-0.12 

-0.12 
-0.123 

(±0.005) 

dc0917bj7/ 

dc0917bj8 

0.2152/ 

0.6618 
-0.13 

dc0917bj9/ 

dc0917bj10 

0.2742/ 

0.8391 
-0.13 

 
G4 

ju3017bj9/ 

ju3017bj10 

0.4459/ 

0.5539 
+0.27 

+0.26 
+0.264 

(±0.008) 

ju3017bj11/ 

ju3017bj12 

0.2798/ 

0.3412 
+0.27 

ju3017bj13/ 

ju3017bj14 

0.3550/ 

0.4527 
+0.25 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
G5 

ma3117bj5/ 

ma3117bj6 

0.5049/ 

0.6277 
+0.27 

+0.27 
+0.270 

(±0.004) 

ma3117bj7/ 

ma3117bj8 

0.5548/ 

0.6739 
+0.28 

ma3117bj9/ 

ma3117bj10 

0.4339/ 

0.5368 
+0.27 

 
G6 

au2816bj11/ 

au2816bj12 

0.4880/ 

0.5667 
+0.30 

+0.29 
+0.293 

(±0.003) 

au2816bj13/ 

au2816bj14 

0.4281/ 

0.5034 
+0.29 

au2816bj15/ 

au2816bj16 

0.4442/ 

0.5160 
+0.29 

 
G7 

dc0917bj11/ 

dc0917bj12 

0.5660/ 

0.6508 
+0.30 

+0.29 
+0.289 

(±0.007) 

dc0917bj13/ 

dc0917bj14 

0.6910/ 

0.8279 
+0.28 

dc0917bj15/ 

dc0917bj16 

0.4877/ 

0.5771 
+0.29 

 
G8 

au2816bj17/ 

au2816bj18 

0.5334/ 

0.5700 
+0.33 

+0.34 
+0.336 

(±0.004) 

au2816bj19/ 

au2816bj20 

0.4224/ 

0.4487 
+0.33 

au2816bj21/ 

au2816bj22 

0.7951/ 

0.8295 
+0.34 

 
G9 

ju3017bj15/ 

ju3017bj16 

0.0650/ 

0.1384 
+0.58 

+0.60 
+0.597 

(±0.011) 

ju3017bj17/ 

ju3017bj17 

0.1062/ 

0.2144 
+0.60 

ju3017bj19/ 

ju3017bj20 

0.1322/ 

0.2671 
+0.60 

 
G10 

nv2516bj18/ 
nv2516bj19 

0.8439/ 

0.4211 
+0.66 

+0.66 
+0.660 

(±0.003) 

nv2516bj20/ 
nv2516bj21 

0.6944/ 

0.3514 
+0.66 

nv2516bj22/ 
nv2516bj23 

0.8755/ 

0.4352 
+0.66 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
G11 

ja2917bj1/ 

ja2917bj2 

1.4083/ 

0.6939 
+0.67 

+0.67 
+0.668 

(±0.001) 

ja2917bj3/ 

ja2917bj4 

1.1056/ 

0.5449 
+0.67 

ja2917bj5/ 

ja2917bj6 

1.2902/ 

0.6331 
+0.67 

 
G12 

se0216bj6/ 

se0216bj7 

1.3084/ 

0.3943 
+0.88 

+0.87 
+0.873 

(±0.008) 

se0216bj8/ 

se0216bj9 

1.1943/ 

0.3759 
+0.86 

se0216bj10/ 

se0216bj11 

1.4106/ 

0.4286 
+0.88 

 
G14 

ju3017bj15/ 

ju3017bj16 

0.5122/ 

0.3726 
+1.05 

+1.04 
+1.044 

(±0.006) 

ju3017bj17/ 

ju3017bj17 

0.8506/ 

0.6353 
+1.04 

ju3017bj19/ 

ju3017bj20 

1.0486/ 

0.7597 
+1.05 

 

G16 

ap0116bj5/ 

ap0116bj6 

0.3451/ 

0.2252 
+1.55 

+1.53 
+1.534 

(±0.009) 

ap0116bj7/ 

ap0116bj8 

0.3113/ 

0.2144 

+1.52 

ap0116bj9/ 

ap0116bj10 

0.3241/ 

0.2169 

+1.53 

G9 and G14 – Reference compound: 4,4,4-trifluorobutan-1-ol (logP: +0.91)  

7.2.5 Pentan-2-ol series 

 
H1 

ap0116bj5/ 

ap0116bj6 

0.4818/ 

0.4181 
+0.42 

+0.42 
+0.424 

(±0.002) 

ap0116bj7/ 

ap0116bj8 

0.4723/ 

0.4070 
+0.42 

ap0116bj9/ 

ap0116bj10 

0.4976/ 

0.4259 
+0.43 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
H4 

au0916bj8/ 

au0916bj9 

1.4365/ 

0.7536 
+0.64 

+0.64 
+0.643 

(±0.007) 

au0916bj10/ 

au0916bj11 

0.9667/ 

0.5104 
+0.64 

au0916bj12/ 

au0916bj13 

0.5937/ 

0.3026 
+0.65 

 
H6 

se0816bj5/ 

se0816bj6 

0.5100/ 

0.2126 
+0.74 

+0.74 
+0.740 

(±0.005) 

se1216bj3/ 

se1216bj4 

0.5213/ 

0.2202 
+0.73 

se1216bj5/ 

se1216bj6 

0.4437/ 

0.1820 
+0.75 

 
H7 

se0116bj7/ 

se0116bj8 

1.4984/ 

0.3048 
+1.05 

+1.05 
+1.049 

(±0.007) 

se0116bj9/ 

se0116bj10 

1.1750/ 

0.2459 
+1.04 

se0116bj11/ 

se0116bj12 

1.6069/ 

0.3238 
+1.06 

 
H8 

se0816bj7/ 

se0816bj8 

0.7028/ 

0.1156 
+1.14 

+1.14 
+1.138 

(±0.009) 

se1216bj7/ 

se1216bj8 

0.9792/ 

0.1684 
+1.12 

se1216bj9/ 

se1216bj10 

0.7531/ 

0.1236 
+1.15 

 
H9 

ma0317bj6/ 

ma0317bj7 

1.8920/ 

0.2542 
+1.23 

+1.24 
+1.236 

(±0.003) 

ma0317bj8/ 

ma0317bj9 

2.1248/ 

0.2820 
+1.24 

ma0317bj10/ 

ma0317bj11 

1.8764/ 

0.2476 
+1.24 

7.2.6 Pentan-1-ol series 

 
I1 

se2618bj6/ 

se2618bj7 

0.2379/ 

0.4247 
+0.11 

+0.11 
+0.108 

(±0.001) 

se2618bj8/ 

se2618bj9 

0.3202/ 

0.5700 
+0.11 

se2618bj10/ 

se2618bj11 

0.3091/ 

0.5537 
+0.11 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
I4 

se2618bj12/ 

se2618bj13 

0.9075/ 

0.6110 
+0.53 

+0.52 
+0.524 

(±0.006) 

se2618bj14/ 

se2618bj15 

0.8398/ 

0.5835 
+0.52 

se2618bj16/ 

se2618bj17 

0.7705/ 

0.5320 
+0.52 

 
I5 

se0418bj13/ 

se0418bj14 

0.8046/ 

0.4783 
+0.59 

+0.58 
+0.578 

(±0.005) 

se0418bj15/ 

se0418bj16 

0.7838/ 

0.4782 
+0.57 

se0418bj17/ 

se0418bj18 

0.7407/ 

0.4531 
+0.57 

 I6 

nv2516bj12/ 
nv2516bj13 

0.6295/ 

0.3138 
+0.66 

+0.66 
+0.661 

(±0.002) 

nv2516bj14/ 
nv2516bj15 

0.6413/ 

0.3231 
+0.66 

nv2516bj16/ 
nv2516bj17 

0.7242/ 

0.3612 
+0.66 

 
I8 

dc0117bj11/ 

dc0117bj12 

0.3727/ 

0.1501 
+0.76 

+0.75 
+0.752 

(±0.007) 

dc0117bj13/ 

dc0117bj14 

0.5548/ 

0.2212 
+0.76 

dc0117bj15/ 

dc0117bj16 

0.5106/ 

0.2116 
+0.74 

 
I9 

se0518bj3/ 

se0518bj4 

1.9447/ 

0.6484 
+0.84 

+0.84 
+0.842 

(±0.004) 

se0518bj5/ 

se0518bj6 

1.7701/ 

0.5811 
+0.84 

se0518bj7/ 

se0518bj8 

1.4755/ 

0.4813 
+0.85 

 
I11 

dc0117bj5/ 

dc0117bj6 

0.2149/ 

0.2076 
+0.93 

+0.92 
+0.919 

(±0.005) 

dc0117bj8/ 

dc0117bj7 

0.3772/ 

0.3743 
+0.91 

dc0117bj9/ 

dc0117bj10 

0.4899/ 

0.4800 
+0.92 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
I14 

ja2917bj7/ 

ja2917bj8 

0.6946/ 

0.0893 
+1.25 

+1.25 
+1.249 

(±0.001) 

ja2917bj9/ 

ja2917bj10 

0.6751/ 

0.0890 
+1.24 

ja2917bj11/ 

ja2917bj12 

0.7650/ 

0.0972 
+1.25 

 
I15 

ma2217bj7/ 

ma2217bj8 

2.8478/ 

0.6565 
+1.55 

+1.54 
+1.544 

(±0.011) 

ma2217bj9/ 

ma2217bj10 

2.7277/ 

0.6166 
+1.56 

ma2217bj11/ 

ma2217bj12 

2.7190/ 

0.6529 
+1.53 

 
I17 

se2118bj14/ 

se2118bj15 

0.3488/ 

0.2191 
+1.89 

+1.89 
+1.892 

(±0.004) 

se2118bj16/ 

se2118bj17 

0.4447/ 

0.2824 
+1.89 

se2118bj18/ 

se2118bj19 

0.4135/ 

0.2571 
+1.90 

 
I18 

dc0516bj12/ 

ap0717njwbj1 

1.1421/ 

0.0149 
+2.57 +2.57 

+2.574 

(±0.000)* 

I11 and I15 – Reference compound: 4,4,4-trifluorobutan-1-ol (logP: +0.91)  
I17 and I18 – Reference compound: hexafluoro-2-propanol (logP: +1.69)  

I18 – Water layer, 8192 scans 

7.2.7 Hexan-3-ol series 

 
J1 

ma3117bj11/ 

ma3117bj12 

0.3839/ 

0.3532 
+1.73 

+1.72 
+1.722 

(±0.003) 

ma3117bj13/ 

ma3117bj14 

0.4597/ 

0.4275 
+1.72 

ma3117bj15/ 

ma3117bj16 

0.4406/ 

0.4129 
+1.72 

 
J2 

ma0317bj12/ 

ma0317bj13 

2.4893/ 

0.0981 
+1.76 

+1.76 
+1.757 

(±0.006) 

ma0317bj14/ 

ma0317bj15 

2.8464/ 

0.1146 
+1.76 

ma0317bj16/ 

ma0317bj17 

2.3683/ 

0.0963 
+1.75 

J1 – Reference compound: hexafluoro-2-propanol (logP: +1.69)  
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

7.2.8 Hexan-2-ol series 

 
K1 

ma1717bj7/ 

ma1717bj8 

2.0960/ 

0.1449 
+1.52 

+1.53 
+1.533 

(±0.010) 

ma1717bj9/ 

ma1717bj10 

2.8816/ 

0.1880 
+1.55 

ma1717bj11/ 

ma1717bj12 

2.3456/ 

0.1576 
+1.53 

 
K2 

se1418bj10/ 

se1418bj11 

1.8039/ 

0.6278 
+2.15 

+2.15 
+2.148 

(±0.0004) 

se1418bj12/ 

se1418bj13 

1.8010/ 

0.6266 
+2.15 

se1418bj14/ 

se1418bj15 

1.9257/ 

0.6713 
+2.15 

 
K3 

se1418bj16/ 

se1418bj17 

1.4700/ 

0.3247 
+2.35 

+2.33 
+2.328 

(±0.026) 

se1418bj18/ 

se1418bj19 

1.4412/ 

0.3606 
+2.29 

se1418bj20/ 

se1418bj21 

1.4882/ 

0.3277 
+2.34 

K3 – Reference compound: hexafluoro-2-propanol (logP: +1.69)  

7.2.9 Hexan-1-ol series 

 
L2 

se2118bj8/ 

se2118bj9 

1.3277/ 

0.6808 
+1.98 

+1.97 
+1.973 

(±0.011) 

se2118bj10/ 

se2118bj11 

0.8964/ 

0.4571 
+1.98 

se2118bj12/ 

se2118bj13 

0.8832/ 

0.4775 
+1.96 

L2 – Reference compound: hexafluoro-2-propanol (logP: +1.69)  

7.2.10 Septan-3-ol series 

 
M3 

nv2017bj5/ 

nv1717bj2 

1.0958/ 

0.6723 
+1.90 

+1.91 
+1.909 

(±0.006) 

nv2017bj7/ 

nv2017bj8 

0.7765/ 

0.4624 
+1.92 

nv2017bj9/ 

nv2017bj10 

0.7117/ 

0.4381 
+1.90 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
M4 

nv1717bj3/ 

nv2717bj1 

0.7238/ 

0.1737 
+2.31 

+2.30 
+2.298 

(±0.009) 

nv1717bj5/ 

nv2717bj2 

1.1295/ 

0.2857 
+2.29 

nv1717bj6/ 

nv2717bj3 

0.8396/ 

0.2068 
+2.30 

M3 and M4 – Reference compound: hexafluoro-2-propanol (logP: +1.69)  

7.2.11 Octan-4-ol series 

 
N1 

oc1617bj13/ 

oc2017bj3 

1.1607/ 

0.1369 
+2.61 

+2.60 
+2.604 

(±0.013) oc1717bj15/ 
oc2017bj4 

113.26/ 

0.1422 
+2.59 

 
N2 

jy2117bj7/ 

jy2417bj1 

1.9774/ 

0.0125 

 

+2.89 

 +2.87 
+2.873 

(±0.015) 
jy2117bj11/ 

oc2017bj2 

1.1818/ 

0.0802 

+2.86 

 

N1 and N2 – Reference compound: hexafluoro-2-propanol (logP: +1.69)  
N1 – Water layer, 4096 scans, D1 (10 seconds) 
N2 – Water layer, 8192 scans, D1 (10 seconds) 

7.2.12 4-Penten-1-ol series 

 
O1 

se0117bj13/ 

se0117bj14 

0.3151/ 

0.1152 
+0.80 

+0.78 
+0.784 

(±0.011) 

se0117bj15/ 

se0117bj16 

0.3197/ 

0.1198 
+0.79 

se0117bj17/ 

se0117bj18 

0.6071/ 

0.2355 
+0.77 

 

O4 

se0117bj7/ 

se0117bj8 

0.5272/ 

0.1640 
+0.87 

+0.87 
+0.866 

(±0.010) 

se0117bj9/ 

se0117bj10 

0.6032/ 

0.1831 
+0.88 

se0117bj11/ 

se0117bj12 

0.2768/ 

0.0888 
+0.85 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
O5 

ju3017bj3/ 

ju3017bj4 

0.3522/ 

0.1029 
+0.89 

+0.88 
+0.879 

(±0.011) 

ju3017bj5/ 

ju3017bj6 

0.2604/ 

0.0798 
+0.87 

ju3017bj7/ 

ju3017bj8 

0.3215/ 

0.0997 
+0.87 

 O6 

my1917bj8/ 

my1917bj9 

2.4147/ 

0.3606 
+1.19 

+1.20 
+1.201 

(±0.011) 

my1917bj10/ 

my1917bj11 

1.4195/ 

0.2009 
+1.21 

my1917bj12/ 

my1917bj13 

0.5909/ 

0.0834 
+1.21 

 

O7 

ju2917bj7/ 

jy2917bj25 

0.2132/ 

0.0282 
+1.24 

+1.24 
+1.243 

(±0.005) ju2917bj9/ 

jy2917bj26 

0.2134/ 

0.0276 
+1.25 

O7 – Water layer, 2048 scans 

7.2.13 1,4-Butanediol series 

 
Q1 

ja1017bj8/ 

ja1017bj9 

0.5367/ 

1.0639 
-1.05 

-1.06 
-1.063 

(±0.013) 

ja1017bj10/ 

ja1017bj11 

0.4619/ 

0.9455 
-1.06 

ja1017bj13/ 

ja1017bj12 

0.4750/ 

1.0154 
-1.08 

 
Q4 

jy2117bj13/ 

jy2117bj14 

0.2384/ 

2.2534 
-0.62 

-0.62 
-0.620 

(±0.004) jy2117bj15/ 

jy2117bj16 

0.2093/ 

2.0197 
-0.62 

Q1 – Reference compound: 2-fluoroethan-1-ol (logP: -0.75)  
Q4 – Only 2 runs due to limited material 

7.2.14 1,5-Pentanediol series 

 
R1 

ma1618bj3/ 

ma2118bj3 

0.1663/ 

1.1001 
-0.46 

-0.45 
-0.451 

(±0.006) 

ma1618bj5/ 

ma1618bj6 

0.1021/ 

0.6518 
-0.45 

ma1618bj7/ 

ma1618bj8 

0.1294/ 

0.8356 
-0.45 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
R2 

ap1118bj3/ 

ap1118bj4 

0.1094/ 

0.5438 
-0.34 

-0.34 
-0.338 

(±0.008) 

ap1118bj5/ 

ap1118bj6 

0.0673/ 

0.3289 
-0.33 

ap1118bj7/ 

ap1118bj8 

0.0785/ 

0.4007 
-0.35 

 
R3 

se0418bj7/ 

se0418bj8 

1.1074/ 

3.9416 
-0.19 

-0.19 
-0.185 

(±0.005) 

se0418bj9/ 

se0418bj10 

0.8333/ 

2.9110 
-0.18 

se0418bj11/ 

se0418bj12 

0.6847/ 

2.3783 
-0.18 

 
R4 

dc0516bj14/ 

dc0516bj15 

3.6483/ 

2.7859 
+0.47 

+0.47 
+0.4718 

(±0.017) 

dc0516bj16/ 

dc0516bj17 

6.7794/ 

5.0330 
+0.49 

dc0516bj18/ 

dc0516bj19 

7.1141/ 

5.7983 
+0.45 

7.2.15 Cyclopropylmethanol series 

 
P2 

ma0818bj16/ 

ma0818bj17 

0.3196/ 

0.8280 
-0.05 

-0.05 
-0.054 

(±0.004) 

ma0818bj18/ 

ma0818bj19 

0.2721/ 

0.7142 
-0.06 

ma0818bj20/ 

ma0818bj21 

0.3051/ 

0.7854 
-0.05 

 
P1 

ma0918bj12/ 

ma0918bj13 

0.1806/ 

0.5405 
-0.12 

-0.12 
-0.123 

(±0.005) 

ma0918bj14/ 

ma0918bj15 

0.2152/ 

0.6618 
-0.13 

ma0918bj16/ 

ma0918bj17 

0.2742/ 

0.8391 
-0.13 

 
P3 

ma0918bj6/ 

ma0918bj7 

2.8391/ 

0.4521 
+0.05 

+0.04 
+0.042 

(±0.004) 

ma0918bj8/ 

ma0918bj9 

2.6565/ 

0.4317 
+0.04 

ma0918bj10/ 

ma0918bj11 

2.4055/ 

0.3919 
+0.04 
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Compound Nr 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

 
P4 

ma0818bj9/ 

ma0818bj10 

0.6074/ 

0.8029 
+0.24 

+0.24 
+0.242 

(±0.004) 

ma0818bj11/ 

ma0818bj12 

0.6010/ 

0.7946 
+0.24 

ma0818bj13/ 

ma0818bj14 

0.6163/ 

0.7988 
+0.25 

P2 and P3 – Reference compound: 2-fluoroethan-1-ol (logP: -0.75)  

7.2.16 –SCF3 motif 

 S1 

oc1617bj7/ 

oc1617bj8 

1.3935/ 

0.0750 
+1.63 

+1.63 
+1.627 

(±0.004) 

oc1617bj9/ 

oc1617bj10 

1.2674/ 

0.0693 
+1.62 

oc1617bj11/ 

oc1617bj12 

1.7192/ 

0.0919 
+1.63 

 S2 

ju2817bj7/ 

ju2817bj8 

2.5790/ 

0.2410 
+1.94 

+1.94 
+1.936 

(±0.014) 

ju2817bj9/ 

ju2817bj10 

2.5191/ 

0.2286 
+1.95 

ju2817bj11/ 

ju2817bj12 

2.7141/ 

0.2669 
+1.92 

S2 – Reference compound: 4,4,4-trifluorobutan-1-ol (logP: +0.91)  

7.2.17 Oxetan-3-ylmethanol series 

 Exp1 

au2416bj13/ 

au2416bj14 

0.2429/ 

2.8355 
-0.70 

-0.73 
-0.729 

(±0.016) 

au2416bj15/ 

au2416bj16 

0.1157/ 

1.4632 
-0.74 

au2416bj17/ 

au2416bj18 

0.2416/ 

3.0274 
-0.74 
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7.3 Methodology Development 

Compound Solvent 
Experiment 

(octanol/water) 
ro/rw logP 

Average 
logP 

error 

7.3.1 Impurity screening 

 

CH2Cl2 
ju0417bj3/ 

ju0417bj4 

1.0095/ 

0.2981 
+0.89 

+0.89 
-0.893 

(±0.004) 

Et2O 
ju0417bj5/ 

ju0417bj6 

0.8376/ 

0.2454 
+0.89 

THF 
ju0417bj7/ 

ju0417bj8 

1.0700/ 

0.3087 
+0.90 

CH2Cl2 + 
Et2O + THF 

ju0417bj9/ 

ju0417bj10 

1.0300/ 

0.3022 
+0.89 

Control 
ma3116bj5/ 

ma3116bj6 

188.01/ 

0.5397 
+0.90 

Standard logP measurement procedure seen in Section 7.2 was followed as normal, except for an addition of 1 drop 
from a Pasteur pipette added of the indicated solvent (~10-15 mg). A control experiment performed at an earlier date 

was used as a comparison. 
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Compound Nr 
Experiment 

(octanol/D2O) 
ro/rD2O logP (D2O) 

Average 
logP (D2O) 

LogP 
(H2O) 

ΔLogP 

7.3.2 Use of D2O in place of H2O for logP determination procedure 

 

Exp2 
dc0916bj6/ 

dc0916bj7 

0.1037/ 

5.3170 
-2.46 -2.46 -2.47 +0.011 

 A1 

nv2916bj9/ 

nv2916bj10 

0.6474/ 

4.6303 
-0.76 

-0.76 -0.75 +0.009 
nv2916bj11/ 

nv2916bj12 

0.5382/ 

3.7571 
-0.75 

 
B1 

nv2916bj13/ 

nv2916bj14 

0.1886/ 

1.1064 
-0.41 

-0.41 -0.42 -0.013 
nv2916bj15/ 

nv2916bj16 

0.2373/ 

1.3875 
-0.41 

 
G8 

dc0916bj12/ 

dc0916bj13 

0.4490/ 

0.8005 
+0.11 

+0.11 +0.11 +0.001 
dc0916bj14/ 

dc0916bj15 

0.4754/ 

0.8400 
+0.11 

 C5 
nv0816bj7/ 

nv0816bj8 

1.0897/ 

0.9506 
+0.42 +0.42 +0.41 +0.009 

 G13 
nv0816bj9/ 

nv0816bj10 

1.0906/ 

0.3105 
+0.91 +0.91 +0.91 -0.005 

 
B4 

dc1516bj11/ 

dc1516bj12 

9.4272/ 

0.4549 
+1.68 

+1.67 +1.69 -0.015 
dc1516bj13/ 

dc1516bj14 

6.4124/ 

0.3116 
+1.67 

 
G17 

dc0916bj8/ 

dc0916bj9 

6.9597/ 

0.1964 
+1.91 

+1.93 +1.98 -0.052 
dc0916bj10/ 

dc0916bj11 

6.5857/ 

0.1703 
+1.95 

Standard logP measurement procedure seen in Section 7.2 was followed as normal, except for the use of D2O instead of 
water and experiments were performed in duplicate. 

Exp2 – Reference compound: 2-fluoroethan-1-ol (logP: -0.75) 
A1 – Reference compound: 4-fluorobutan-1-ol (logP: +0.09)  

C5 and G13 – Only one iteration ran due to lack of D2O in the lab at the time 
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Chapter 8 Experimental for Synthesis 

8.1 General methods 

All chemical reagents were obtained from commercial sources and used without further 

purification. Anhydrous solvents were purchased from commercial sources. All glassware was 

flame-dried under vacuum and cooled under Ar prior to use. Water or air sensitive reactions were 

performed under inert atmosphere, using dry solvents.  

Reactions were monitored by TLC (Merck Kieselgel 60 F254, aluminium sheet) and spots were 

visualized by UV and/or by exposure to a basic solution of KMnO4, followed by brief heating. Flash 

column chromatography was performed on silica gel (Merck silica gel 60, particle size 40–63 µm). 

All reported solvent mixtures are volume measures. KMnO4 reagent – A solution of 3 g KMnO4, 20 

g K2CO3 and 5 mL NaOH (aq., 5%) in 300 mL H2O. 

Nuclear magnetic resonance spectra were recorded using either a Bruker Ultrashield 400 MHz or 

500 MHz spectrometer. The chemical shift (δ) is given in ppm using the residual solvent peak as an 

internal standard. The coupling constants (J) are given in Hertz (Hz). 19F spectra were internally 

referenced to CFCl3. The proton, fluorine and when appropriate carbon NMR signals were 

designated as follows: s (singlet), d (doublet), t (triplet), q (quartet), quin (quintet), sxt (sextet), spt 

(septet), m (multiplet) or a combination of the above. 

IR spectra were recorded on a Thermo Scientific™ Nicolet iS5 as a film and absorption peaks are 

given in cm-1 and the intensities were designated as follows: w (weak), m (medium), s (strong), br 

(broad). Optical rotations were recorded on an OPTICAL ACTIVITY POLAAR 2001 polarimeter at 589 

nm. Melting points were recorded on a Reichert melting point apparatus, equipped with a Reichert 

microscope. Low-resolution electrospray mass spectra were recorded with a Waters Acquity TQD 

mass tandem quadrupole mass spectrometer. HRMS were measured on a Bruker Daltonics MaXis 

time of flight (TOF) mass spectrometer or, for volatile compounds, a Thermo MAT900 XP double 

focusing sector mass spectrometer. 
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8.2 Synthesis of fluorinated alkanols by mono- and difluorination 

Synthesis of 2,2-difluorobutan-1-ol (G11) 

 

A solution of NFSI (21.88 g, 2.5 equiv) and proline (1.27 g, 0.4 equiv) in THF (45 mL) was stirred for 

15 min before the addition of a solution of butyraldehyde (2.50 mL, 1 equiv) in THF (5 mL). After 16 

h, Et2O (50 mL) was added and the reaction mixture was cooled to -78 °C. After 30 min the reaction 

mixture was filtered through a silica plug, eluting with cold Et2O (100 mL). The organic mixture was 

washed with sat. aq. NaHCO3 (3100 mL), brine and dried over MgSO4 and filtered. NaBH4 (10.48 g, 

10 equiv) was then added portion wise to the resultant crude solution. After 16 h, the reaction 

mixture was cooled to 0 °C and quenched with sat. aq. NH4Cl (300 mL), stirring vigorously for 30 

min. The layers were then separated, and the aqueous phase was extracted with Et2O (375 mL). 

The combined organic phases were washed with NaHCO3 (3100 mL), brine and dried over MgSO4. 

The crude was carefully concentrated at 750 mbar/30 °C, and then concentrated further by short 

path distillation (to remove THF), before purification by column chromatography (CH2Cl2 to 9:1, 

CH2Cl2/Et2O) to yield G11 as a yellow oil (0.86 g, 28%). 

1H NMR (400 MHz, CDCl3) δ 3.75 (td, J=12.8, 6.8 Hz, 2H, H1), 1.96 (tq, J=17.1, 7.5 Hz, 2H, H3), 1.84-

1.90 (m, 1H, OH), 1.05 (t, J=7.5 Hz, 3H, H4) ppm; 13C NMR (101 MHz, CDCl3) δ 123.5 (t, J=241.4 Hz, 

C2), 63.8 (t, J=31.9 Hz, C1), 26.5 (t, J=24.6 Hz, C3), 6.1 (t, J=5.5 Hz, C4) ppm; 19F NMR (376 MHz, 

CDCl3) δ -111.0 (tt, J=17.3, 12.1 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -111.0 (s, 2F) ppm; IR 

(neat) 3337 (br. w), 2987 (w), 2893 (w), 1072 (s), 1050 (m), 903 (s) cm-1; HRMS (CI) for C4H7F2O [M-

H]-, calculated 109.0470, found 109.0489 (+2.91 ppm error). 

Synthesis of 2,2-difluoropentan-1-ol (I14) 

 

A solution of NFSI (18.31 g, 2.5 equiv) and proline (1.07 g, 0.4 equiv) in THF (45 mL) was stirred for 

15 min before the addition of a solution of valeraldehyde (2.47 mL, 1 equiv) in THF (5 mL). After 16 

h, Et2O (50 mL) was added and the reaction mixture was cooled to -78 °C. After 30 min the reaction 

mixture was filtered through a silica plug, eluting with cold Et2O (100 mL). The organic mixture was 

washed with sat. aq. NaHCO3 (3100 mL), brine and dried over MgSO4 and filtered. NaBH4 (10.48 g, 
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10 equiv) was then added portion wise to the resultant crude solution. After 16 h, the reaction 

mixture was cooled to 0 °C and quenched with sat. aq. NH4Cl (300 mL), stirring vigorously for 30 

min. The layers were then separated, and the aqueous phase was extracted with Et2O (375 mL). 

The combined organic phases were washed with NaHCO3 (3100 mL), brine and dried over MgSO4. 

The crude was carefully concentrated at 750 mbar/30 °C, and then concentrated further by short 

path distillation (to remove THF), before purification by column chromatography (CH2Cl2 to 9:1, 

CH2Cl2/Et2O) to yield I14 as a yellow oil (0.95 g, 33%). 

1H NMR (400 MHz, CDCl3) δ 3.74 (td, J=12.8, 6.6 Hz, 2H, H1), 1.99–1.88 (m, 2H, H3), 1.81 (br. t, J=6.7 

Hz, 1H, OH), 1.54 (tq, J=8.2, 7.5 Hz, 2H, H4), 0.99 (t, J=7.4 Hz, 3H, H5) ppm; 13C NMR (101 MHz, 

CDCl3) δ 123.2 (t, J=241.4, C2), 64.1 (t, J=31.9 Hz, C1), 35.3 (t, J=23.8 Hz, C3), 15.3 (t, J=5.1 Hz, C4), 

13.9 (C5) ppm; 19F NMR (376 MHz, CDCl3) δ -108.8 (tt, J=17.3, 13.9 Hz, 2F) ppm; 19F {1H} NMR (376 

MHz, CDCl3) δ -108.9 (s, 2F) ppm; IR (neat) 3349 (br. w), 2968 (m), 2880 (w), 1164 (m), 1068 (s), 

1010 (s) cm-1; HRMS (CI) for C5H11F2O [M+H]+, calculated 125.0773, found 125.0777 (+0.47 ppm 

error).  

Synthesis of 4-hydroxybutyl benzoate (3.24) 

 

To a solution of butane-1,4-diol Q (4.90 mL, 1 equiv) and pyridine (120 mL), benzoyl chloride (6.43 

mL, 1 equiv) was added dropwise at 0 °C. The reaction was allowed to warm to room temperature 

and after 2 h, the reaction mixture was quenched with aq. HCl (2 M, 30 mL) and the aqueous phase 

was then extracted with CHCl3 (330 mL). The combined organic phases were dried over Na2SO4 

and concentrated in vacuo. The crude oil was purified by flash column chromatography (3:7, 

EtOAc/petroleum ether 40–60 °C) to afford 3.24 as a colourless oil (6.39 g, 59%).  

1H NMR (400 MHz, CDCl3) δ 8.08–8.03 (m, 2H, HAr), 7.60–7.53 (m, 1H, HAr), 7.48–7.41 (m, 2H, HAr), 

4.38 (t, J=6.5 Hz 2H, H1), 3.75 (t, J=6.4 Hz, 2H, H4), 1.96–1.84 (m, 2H, H2), 1.81–1.70 (m, 2H, H3), 

1.58 (br. s, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 166.7 (C=O), 132.9 (CAr), 130.4 (CAr), 129.5 

(CAr2), 128.4 (CAr2), 64.7 (C1), 62.5 (C4), 29.3 (C3), 25.2 (C2) ppm.  

Data consistent with literature.241 
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Synthesis of 4-oxobutyl benzoate (3.25) 

 

A solution of dimethyl sulphoxide (3.18 mL, 1.1 equiv) in CH2Cl2 (50 mL) was added to a stirring 

solution of oxalyl chloride (3.98 mL, 1.2 equiv) in CH2Cl2 (50 mL) at -78 °C. After 15 min, a solution 

of 3.24 (7.50 g, 1 equiv) in CH2Cl2 (50 mL) was added dropwise to the reaction mixture. After 30 

min, Et3N (26.9 mL, 5 equiv) was added at -78 °C. After 30 min, the reaction mixture was allowed to 

warm to room temperature. The reaction mixture was quenched with sat. aq. NH4Cl (100 mL) and 

the organic phase was washed with brine (250 mL). The organic phase was dried over MgSO4 and 

concentrated in vacuo. The crude oil was purified by column chromatography (CH2Cl2) to afford 

3.25 as a colourless oil (7.22 g, 97%). 

1H NMR (400 MHz, CDCl3) δ 9.85 (t, J=1.2 Hz, 1H, H4), 8.06–8.01 (m, 2H, HAr), 7.61–7.55 (m, 1H, HAr), 

7.50–7.42 (m, 2H, HAr), 4.38 (t, J=6.3 Hz, 2H, H1), 2.66 (td, J=7.2, 1.2 Hz, 2H, H3), 2.14 (br. quin, J=6.8 

Hz, 2H, H2) ppm. 

Data consistent with literature.241 

Synthesis of 3-fluoro-4-hydroxybutyl benzoate (3.28) and 3,3-difluoro-4-hydroxybutyl benzoate 

(3.29) 

 

A solution of NFSI (10.73 g, 1 equiv) and proline (4.02 g, 1 equiv) in THF (40 mL) and i-PrOH (5 mL) 

was stirred for 15 min before the addition of a solution of 3.25 (6.72 g, 1 equiv) in THF (5 mL). After 

16 h, Et2O (50 mL) was added and the reaction mixture was cooled to -78 °C. After 30 min, the 

reaction mixture was filtered through a silica plug, eluting with cold Et2O (75 mL). The organic 

mixture was washed with sat. aq. NaHCO3 (350 mL), brine and dried over MgSO4 and 

concentrated. The resultant crude oil was dissolved in EtOH (48 mL) and CH2Cl2 (72 mL), before the 

addition of NaBH4 (6.62 g, 5 equiv) in one portion. After 30 min, the reaction mixture was cooled to 

0 °C and quenched with sat. aq. NH4Cl (300 mL) stirring vigorously for 30 min. The reaction mixture 
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was then diluted with CH2Cl2 (250 mL) and the layers separated. The aqueous phase was extracted 

with CH2Cl2 (3150 mL) and the combined organic phases washed with NaHCO3 (2150 mL), brine 

and dried over MgSO4. The crude was concentrated and purified by column chromatography (3:7, 

acetone/petroleum ether 40–60 °C) to yield 3.28 as a colourless oil (4.83 g, 65%) and 3.29 as a pale-

yellow oil (0.72 g, 9%). 

Data for 3.28: 1H NMR (400 MHz, CDCl3) δ 8.09–8.00 (m, 2H, HAr), 7.65-7.56 (m, 1H, HAr), 7.53–7.43 

(m, 2H, HAr), 4.85 (ddddd, J=49.3, 8.7, 5.9, 3.9, 3.0 Hz, 1H, H3), 4.59–4.39 (m, 2H, H1), 3.94–3.68 (m, 

2H, H4), 2.28–2.00 (m, 2H, H2), 1.89 (br. t, J=7.1, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 166.4 

(C=O), 133.1 (CAr), 130.0 (CAr), 129.6 (CAr2), 128.4 (CAr2), 91.5 (d, J=168.7 Hz, C3), 64.8 (d, J=22.0 

Hz, C4), 60.7 (d, J=5.1 Hz, C1), 30.4 (d, J=20.5 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -192.7 (app. 

dddq, J=49.3, 26.0, 23.4, 15.6 Hz, 1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -192.7 (s, 1F) ppm; IR 

(neat) 3447 (br. w), 2965 (w), 2945 (w), 1716 (s), 1271 (s), 1111 (s), 1070 (s) cm-1; HRMS (CI) for 

C11H14FO3 [M+H]+, calculated 213.0922, found 213.0921 (-0.03 ppm error). 

Data for 3.29: 1H NMR (400 MHz, CDCl3) δ 8.11–8.00 (m, 2H, HAr), 7.61–7.54 (m, 1H, HAr), 7.49–7.42 

(m, 2H, HAr), 4.56 (t, J=6.5 Hz, 2H, H1), 3.86 (td, J=12.8, 6.8 Hz, 2H, H4), 2.48 (tt, J=16.3, 6.4 Hz, 2H, 

H2), 1.94 (br. t, J=7.0 Hz, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 166.4 (C=O), 133.2 (CAr), 129.8 

(CAr), 129.6 (CAr2), 128.5 (CAr2), 122.2 (t, J=242.1 Hz, C3), 64.3 (t, J=31.9 Hz, C4), 58.7 (t, J=5.9 Hz, 

C1), 32.8 (t, J=24.6 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -107.6 (tt, J=16.13, 12.8 Hz, 2F) ppm; 

19F {1H} NMR (376 MHz, CDCl3) δ -107.6 (s, 2F) ppm; IR (neat) 3444 (br. w), 2961 (w), 2938 (w), 1714 

(s), 1271 (s), 1110 (m), 1069 (m) cm-1; HRMS (CI) for C11H13F2O3 [M+H]+, calculated 231.0827, found 

231.0825 (-0.24 ppm error). 

Synthesis of 2-fluorobutane-1,4-diol (Q1) 

 

To a solution of 3.28 (0.5 g, 1 equiv) in Et2O (25 mL), NaOMe (25% w/w in MeOH, 1.07 mL, 2 equiv) 

was added dropwise. After 16 h, reaction mixture was neutralised with aq. HCl (2 M) and the 

aqueous phase was washed with Et2O (320 mL). The combined organic phases were washed with 

brine and then dried over MgSO4, and carefully concentrated (30 °C, 750 mbar). The crude mixture 

was purified by column chromatography (95:5, Et2O/acetone) to afford Q1 as a pale-yellow oil (89 

mg, 35%). 

1H NMR (400 MHz, CDCl3) δ 4.87 4.81 (ddddd, J=48.9, 7.9, 5.5, 4.6, 3.4 Hz, 1H, H3), 3.94–3.66 (m, 

4H, H1 + H4), 2.16–1.77 (m, 2H, H2), ppm; 13C NMR (101 MHz, CDCl3) δ 92.2 (d, J=168.0 Hz, C3), 
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64.8 (d, J=22.7 Hz, C4), 58.5 (d, J=5.9 Hz, C1), 33.9 (d, J=20.5 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) 

δ -191.5– -192.0 (m, 1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -191.8 (s, 1F) ppm; IR (neat) 3313 

(br. m), 2954 (m), 2892 (m), 1394 (w), 1254 (w), 1054 (s) cm-1; HRMS (EI) for C4H9FO2 [M.+], 

calculated 108.0581, found 108.0580 (-0.16 ppm error). 

Synthesis of 2,2-difluorobutane-1,4-diol (Q4) 

 

To a solution of 3.29 (150 mg, 1 equiv) in Et2O (10 mL), NaOMe (25% w/w in MeOH, 0.30 mL, 2 

equiv) was added dropwise. After 16 h, the reaction mixture was neutralised with aq. HCl (2 M) and 

the aqueous phase was washed with CH2Cl2 (35 mL). The combined organic phases were washed 

with brine, dried over MgSO4, and carefully concentrated (30 °C, 750 mbar). The crude mixture was 

first purified by column chromatography (1:1, acetone/petroleum ether 40–60 °C) and then by 

HPLC (95:5, Et2O/pentane) to afford Q4 as colourless crystals (22 mg, 27%). 

1H NMR (400 MHz, CDCl3) δ 3.90 (td, J=5.6, 4.8 Hz, 2H, H1), 3.83 (td, J=12.6, 7.3 Hz, 2H, H4), 2.69 (t, 

J=7.3 Hz, 1H, HOCH2CF2), 2.25 (tt, J=15.8, 5.6 Hz, 2H, H2), 1.98 (t, J=4.8 Hz, 1H, HOCH2CH2) ppm; 13C 

NMR (126 MHz, CDCl3) δ 122.9 (t, J=242.6 Hz, C2), 64.4 (t, J=33.1 Hz, C1), 56.0 (t, J=6.6 Hz, C4), 36.8 

(t, J=24.4 Hz, C3) ppm; 19F NMR (471 MHz, CDCl3) δ -105.1 (tt, J=15.6, 12.7 Hz, 2F) ppm; 19F {1H} 

NMR (471 MHz, CDCl3) δ -105.1 (s, 2F) ppm; IR (thin film, CDCl3) 3352 (br. w), 2962 (w), 1374 (w), 

1262 (m), 1066 (s), 904 (s) cm-1; HRMS (CI) for C4H9F2O2 [M+H]+, calculated 127.0565, found 

127.0566 (+0.05 ppm error); m.p. 37-39 °C; Crystal Structure  

 

Synthesis of 5-hydroxylpentyl benzoate  

 

To a solution of pentane-1,5-diol (5.00 g, 1 equiv) and pyridine (7.77 mL, 2 equiv) in THF (50 mL), 

benzoyl chloride (6.13 mL, 1.1 equiv) was added drop wise at 0 °C. The reaction mixture was allowed 

to warm to room temperature and after 16 h, was quenched with water (75 mL). The aqueous 
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phase was extracted with CH2Cl2 (250 mL) and the combined organic phases were washed with 

aq. HCl (100 mL, 2M), sat. aq. NaHCO3 (100 mL), brine, dried over MgSO4, filtered and concentrated. 

The crude was purified by column chromatography (3:7, EtOAc/heptane) to yield 5-hydroxylpentyl 

benzoate as a colourless oil (5.51 g, 55%). 

1H NMR (400 MHz, CDCl3) δ 8.11–8.02 (m, 2H, HAr), 7.59–7.52 (m, 1H, HAr), 7.47–7.41 (m, 2H, HAr), 

4.34 (t, J=6.5 Hz, 2H, H1), 3.68 (t, J=6.4 Hz, 2H, H5), 1.87–1.77 (m, 2H, H2), 1.71–1.62 (m, 2H, H4), 

1.60–1.51 (m, 2H, H3), 1.48 (s, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 166.7 (C=O), 132.8 (CAr), 

130.4 (CAr), 129.5 (CAr2), 128.3 (CAr2), 64.9 (C1), 62.7 (C5), 32.3 (C4), 28.5 (C2), 22.3 (C3) ppm. 

Data consistent with literature.242 

Synthesis of 5-oxopentyl benzoate (3.30)  

 

To a solution of DMSO (1.87 mL, 1.1 equiv) in CH2Cl2 (30 mL), a solution of oxalyl chloride (2.52 mL, 

1.15 equiv) in CH2Cl2 (30 mL) was added at -78 °C. After 15 min, a solution of 5-hydroxylpentyl 

benzoate (5.00 g, 1 equiv) in CH2Cl2 (2.5 mL) was added dropwise to the reaction mixture. After 30 

min, Et3N (16.73 mL, 5 equiv) was added and the reaction mixture was warmed to room 

temperature and quenched with sat. aq. NH4Cl (100 mL). The organic phase was dried over MgSO4, 

filtered and concentrated. The crude was purified by column chromatography (CH2Cl2) to afford 

3.30 as a pale-yellow oil (4.00 g, 81%).  

1H NMR (400 MHz, CDCl3) δ 9.81 (t, J=1.5 Hz, 1H, H5), 8.08–8.01 (m, 2H, HAr), 7.63–7.52 (m, 1H, HAr), 

7.49–7.42 (m, 2H, HAr), 4.36 (t, J=6.1 Hz, 2H, H1), 2.63–2.50 (m, 2H, H4), 1.90–1.75 (m, 4H, H2 + H3) 

ppm; 13C NMR (101 MHz, CDCl3) δ 202.2 (C5), 166.9 (PhC=O), 133.3 (CAr), 129.9 (CAr2), 128.7 

(CAr2), 64.7 (C1), 43.7 (C4), 28.9 (C2), 19.0 (C3) ppm.  

Data consistent with literature.243  
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Synthesis of 4-fluoro-5-hydroxypentyl benzoate (3.33) and 4,4-difluoro-5-hydroxypentyl 

benzoate (3.34) 

 

A solution of NFSI (6.12 g, 1 equiv) and proline (2.23 g, 1 equiv) in THF (45 mL) and i-PrOH (5 mL) 

was stirred for 15 min before the addition of a solution of 3.30 (4.00 g, 1 equiv) in THF (5 mL). After 

16 h, Et2O (50 mL) was added and the reaction mixture was cooled to -78 °C. After 30 min the 

reaction mixture was filtered through a silica plug, eluting with cold Et2O (50 mL). The organic 

mixture was washed with sat. aq. NaHCO3 (250 mL), brine and dried over MgSO4 and 

concentrated. The resultant crude oil was dissolved in EtOH (40 mL) and CH2Cl2 (60 mL) before the 

addition of NaBH4 (3.67 g, 5 equiv) in one portion. After 30 min, the reaction mixture was cooled to 

0 °C and quenched with sat. aq. NH4Cl (50 mL) stirring vigorously for 30 min. The reaction mixture 

was then diluted with CH2Cl2 (100 mL) and the layers separated. The aqueous phase was extracted 

with CH2Cl2 (350 mL) and the combined organic phases washed with NaHCO3 (50 mL), brine and 

dried over MgSO4. The crude was concentrated and purified by column chromatography (3:7, 

EtOAc/heptane) to yield 3.33 as a colourless oil (2.12 g, 48%) and 3.34 as a pale-yellow oil (0.60 g, 

13%). 

Data for 3.33: 1H NMR (500 MHz, CDCl3) δ 8.07–8.00 (m, 2H, HAr), 7.59–7.54 (m, 1H, HAr), 7.47–7.42 

(m, 2H, HAr), 4.74–4.57 (m, 1H, H4), 4.44–4.31 (m, 2H, H1), 3.83–3.66 (m, 2H, H5), 2.10–1.59 (m, 5H, 

H2 + H3 + OH) ppm; 13C NMR (126 MHz, CDCl3) δ 166.6 (C=O), 133.0 (CAr), 130.2 (CAr), 129.5 (CAr2), 

128.4 (CAr2), 94.1 (d, J=169.1 Hz, C4), 64.9 (d, J=22.1 Hz, C5), 64.4 (C1), 27.7 (d, J=21.1 Hz, C3), 24.5 

(d, J=4.6 Hz, C2) ppm; 19F NMR (471 MHz, CDCl3) δ -190.4– -190.9 (m, 2F) ppm; 19F {1H} NMR (471 

MHz, CDCl3) δ -190.6 (s, 2F) ppm; IR (neat) 3427 (br. w), 2955 (m), 2876 (w), 1714 (s), 1271 (s), 1110 

(m), 709 (s) cm-1; HRMS (ESI+) for C12H15FNaO3 [M+Na]+, calculated 249.0897, found 249.0898 (-0.2 

ppm error). 

Data for 3.34: 1H NMR (500 MHz, CDCl3) δ 8.06–8.02 (m, 2H, HAr), 7.60–7.53 (m, 1H, HAr), 7.47–7.42 

(m, 2H, HAr), 4.38 (t, J=6.3 Hz, 2H, H1), 3.78 (t, J=12.6 Hz, 2H, H5), 2.20–1.98 (m, 4H, H2 + H3), 1.93 

(br. s, 1H, OH) ppm; 13C NMR (126 MHz, CDCl3) δ 166.5 (C=O), 133.0 (CAr), 130.1 (CAr), 129.6 (CAr2), 

128.4 (CAr2), 122.9 (t, J=241.8 Hz, C4), 64.2 (t, J=32.2 Hz, C5), 64.1 (C1), 30.1 (t, J=24.4 Hz, C3), 21.4 

(t, J=4.6 Hz, C2) ppm; 19F NMR (471 MHz, CDCl3) δ 109.0 (tt, J=17.3, 12.6 Hz, 2 F) ppm; 19F {1H} NMR 
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(471 MHz, CDCl3) δ -109.0 (s, 2F) ppm; IR (neat) 3445 (br. w), 2959 (w), 2941 (w), 1716 (s), 1271 (s), 

1111 (m), 709 (s) cm-1; HRMS (ESI+) for C12H14F2NaO3 [M+Na]+, calculated 267.0803, found 267.0802 

(+0.4 ppm error). 

Synthesis of 3,4-difluorobutyl benzoate (3.35) 

 

To a solution of 3.28 (1.00 g, 1 equiv) in THF (20 mL) was added Et3N (3.94 mL, 6 equiv), Et3N•3HF 

(1.50 mL, 2 equiv) and nonafluorobutane-1-sulphonic fluoride (1.70 mL, 2 equiv). After 4 h, the 

reaction was quenched with sat. aq. NaHCO3
 until pH 7 and the aqueous layer was extracted with 

Et2O (330 mL). The combined organic layers were washed with brine, dried over MgSO4 and 

concentrated. The resulting crude was purified by column chromatography (7:3, CH2Cl2/petroleum 

ether 40–60 °C) to yield 3.35 as a colourless oil (0.64 g, 63%). 

1H NMR (400 MHz, CDCl3) δ 8.08–8.03 (m, 2H, HAr), 7.62–7.56 (m, 1H, HAr), 7.49–7.43 (m, 2H, HAr), 

5.06–4.80 (m, 1H, H3), 4.75–4.42 (m, 4H, H1 + H4), 2.30–2.02 (m, 2H, H2) ppm; 13C NMR (101 MHz, 

CDCl3) δ 166.3 (C=O), 133.2 (CAr), 129.9 (CAr), 129.6 (CAr2), 128.4 (CAr2), 88.8 (dd, J=173.9, 19.8 Hz, 

C3), 83.8 (dd, J=174.6, 22.7 Hz, C4), 60.3 (d, J=5.1 Hz, C1), 29.7 (dd, J=21.3, 6.6 Hz, C2) ppm; 19F NMR 

(376 MHz, CDCl3) δ -191.7– -192.2 (m, 1F, F3), -230.9 (tdd, J=47.3, 21.7, 13.0 Hz, 1F, F4) ppm; 19F 

{1H} NMR (376 MHz, CDCl3) δ -191.9 (d, J=13.0 Hz, 1F, F3), -230.9 (br. d, J=13.0 Hz, 1F, F4) ppm; IR 

(neat) 2964 (w), 2908 (w), 1715 (s), 1452 (m), 1270 (s), 1109 (s) cm-1; HRMS (ESI+) C11H12F2NaO2 

[M+Na]+, calculated 237.0698, found 237.0698 (-0.3 ppm error). 

Synthesis of 3,4-difluorobutan-1-ol (G1) 

 

To a solution of 3.35 (0.59 g, 1 equiv) in Et2O (20 mL), MeONa (25% in MeOH, 1.26 mL, 2 equiv) was 

added. After 16 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (310 mL) and the organic phases were collected washed with brine and dried 

over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified by column 

chromatography (1:9, CH2Cl2/Et2O) to afford G1 as a pale-yellow oil (81 mg, 27%).  

1H NMR (400 MHz, CDCl3) δ 4.93 (dddddd, J=48.9, 22.0, 8.9, 5.1, 4.2, 2.3 Hz, 1H, H3), 4.72–4.38 (m, 

2H, H4), 3.85 (br. t, J=4.9 Hz, 2H, H1), 2.08–1.77 (m, 2H, H2), 1.59 (br. s, 1H, OH) ppm; 13C NMR (101 
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MHz, CDCl3) δ 89.6 (dd, J=172.4, 19.8 Hz, C3), 84.2 (dd, J=173.9, 22.0 Hz, C4), 58.3 (d, J=5.1 Hz, C1), 

32.8 (dd, J=20.5, 6.6 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -191.6– -192.2 (m, 1F, F3), -230.1 

(tdd, J=47.6, 21.9, 13.0 Hz, 1F, F4) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -191.9 (d, J=13.0 Hz, 1F, 

F3), -230.1 (d, J=13.0 Hz, 1F, F4) ppm; IR (neat) 3371 (br. w), 2931 (m), 2853 (w), 1152 (m), 1072 (s), 

1045 (s), 688 (s) cm-1; HRMS (CI) for C4H9F2O [M+H]+, calculated 111.0616, found 111.0621 (+0.47 

ppm error). 

Synthesis of 4,5-difluoropentyl benzoate (3.36) 

 

To a solution of 3.33 (1.00 g, 1 equiv) in THF (15 mL) was added Et3N (3.70 mL, 6 equiv), Et3N•3HF 

(1.44 mL, 2 equiv) and nonafluorobutane-1-sulphonic fluoride (1.59 mL, 2 equiv). After 16 h, the 

reaction was quenched with sat. aq. NaHCO3 (40 mL) and diluted with Et2O (50 mL). The organic 

phase was collected and the aqueous layer was extracted with Et2O (340 mL). The combined 

organic layers were washed with aq. HCl (2M, 30 mL), brine, dried over MgSO4, filtered and 

concentrated. The resulting crude was purified by column chromatography (1:19, EtOAc/heptane) 

to yield 3.36 as a colourless oil (0.65 g, 64%). 

1H NMR (400 MHz, CDCl3) δ 8.13–7.97 (m, 2H, HAr), 7.64–7.56 (m, 1H, HAr), 7.53–7.41 (m, 2H, HAr), 

4.96–4.67 (m, 1H, H4), 4.67–4.45 (m, 2H, H5), 4.46–4.33 (m, 2H, H1), 2.18–1.66 (m, 4H, H2 + H3) 

ppm; 13C NMR (101 MHz, CDCl3) δ 166.5 (C=O), 133.0 (CAr), 130.1 (CAr), 129.5 (CAr2), 128.4 (CAr2), 

91.2 (dd, J=173.5, 19.4 Hz, C4), 83.9 (dd, J=174.6, 23.5 Hz, C5), 64.2 (C1), 26.9 (dd, J=21.3, 6.6 Hz, 

C3), 24.3 (d, J=4.4 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -190.0– -190.6 (m, 1F, F4), -230.6 (tdd, 

J=46.8, 20.8, 13.9 Hz, 1F, F5) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -190.3 (d, J=13.9 Hz, 1F, F4), -

230.6 (d, J=13.9 Hz, 1F, F5) ppm; IR (neat) 2959 (w), 2906 (w), 1714 (s), 1270 (s), 1109 (m), 709 (s) 

cm-1; HRMS (ESI+) for C12H14F2NaO2 [M+Na]+, calculated 251.0854, found 251.0850 (+1.7 ppm 

error). 

4,5-difluoropentan-1-ol (I1) 

 

To a solution of 3.36 (0.58 g, 1 equiv) in Et2O (10 mL), NaOMe (25% in MeOH, 0.86 mL, 1.5 equiv) 

was added at 0 °C. After 6 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous 

layer was extracted with CH2Cl2 (310 mL) and the organic phases were collected washed with brine 
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and dried over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified 

by column chromatography (1:9, Et2O/CH2Cl2) to afford I1 as a colourless oil (0.26 g, 83%).  

1H NMR (400 MHz, CDCl3) δ 4.88–4.64 (m, a doublet with 49.2 Hz can be observed, 1H, H4), 4.65–

4.35 (m, 2H, H5), 3.78–3.65 (m, 2H, H1), 1.91–1.64 (m, 4H, H2 + H3), 1.44 (br. s, 1H, OH) ppm; 13C 

NMR (101 MHz, CDCl3) δ 91.7 (dd, J=172.8, 19.4 Hz, C4), 84.0 (dd, J=173.9, 23.5 Hz, C5), 62.2 (C1), 

27.9 (d, J=4.4 Hz, C2), 26.6 (dd, J=23.1, 6.6 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -189.3– -189.9 

(m, 1F, F4), -230.4 (tdd, J=47.5, 20.4, 13.9 Hz, 1F, F5) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -189.4 

(d, J=13.9 Hz, 1F, F4), -230.2 (d, J=13.9 Hz, 1F, F5) ppm; IR (neat) 3349 (br. w), 2955 (w), 2881 (w), 

1456 (w), 1038 (s), 916 (m) cm-1; HRMS (CI) for C5H11F2O [M+H]+, calculated 125.0773, found 

125.0758 (-1.49 ppm error). 

Synthesis of 3,4,4-trifluorobutyl benzoate (3.29) 

 

To a solution of 3.28 (1.00 g, 1 equiv) in CH2Cl2 (20 mL) was added DMP (2.99 g, 1.5 equiv). After 1 

h, the reaction was quenched with sat. aq. Na2S2O3 (10 mL) and sat. aq. NaHCO3 (10 mL). The layers 

were separated and the aqueous was extracted with CH2Cl2 (320 mL). The combined organic layers 

were dried over Na2SO4, filtered and concentrated. The crude was purified by column 

chromatography (2:1, Et2O/petroleum ether 40–60 °C) to afford the intermediate 3.26, which was 

immediately dissolved in CH2Cl2 before the dropwise addition of DAST (1.10 mL, 2.5 equiv) at 0 °C. 

The reaction mixture was allowed to warm to room temperature and after 16 h, was quenched with 

sat. aq. NaHCO3 until pH 7. The aqueous layer was then extracted with CH2Cl2 (320 mL) and the 

combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated. The 

crude was purified by column chromatography (7:3, CH2Cl2/petroleum ether 40–60 °C) to afford 

3.39 (0.38 g, 34% over 2 steps) as a pale-yellow oil. 

1H NMR (400 MHz, CDCl3) δ 8.11–8.01 (m, 2H, HAr), 7.63–7.56 (m, 1H, HAr), 7.50–7.43 (m, 2H, HAr), 

5.91 (tdd, J=54.7, 5.6, 3.7 Hz, H4), 4.95–4.64 (m, a doublet with 46.9 Hz can be observed, 1H, H3), 

4.63–4.42 (m, 2H, H1), 2.36–2.14 (m, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 166.2 (C=O), 133.2 

(CAr), 129.8 (CAr), 129.6 (CAr2), 128.5 (CAr2), 113.3 (td, J=244.5, 31.2 Hz, C4), 87.5 (dt, J=177.5, 27.1 

Hz, C3), 59.6 (d, J=3.7 Hz, C1), 27.7 (dt, J=20.5, 2.9 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -129.6 

(dddd, J=297.8, 54.7, 12.1, 8.7 Hz, 1F, F4’), -133.3 (ddt, J=297.8, 54.7, 12.1 Hz, 1F, F4’’), -203.26– -

203.72 (m, 1F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -129.6 (dd, J=297.8, 11.7 Hz, 1F, F4’), -

133.3 (dd, J=297.8, 13.4 Hz, 1F, F4’’), -203.5 (t, J=13.4 Hz, 1F, F3) ppm; IR (neat) 2975 (w), 2910 (w), 
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1717 (s), 1270 (s), 1069 (s), 1069 (s) cm-1; HRMS (EI) for C11H11F3O2 [M.+], calculated 232.0706, found 

232.0722 (+1.60 ppm error). 

Synthesis of 3,4,4-trifluorobutan-1-ol (G7) 

 

To a solution of 3.39 (0.35 g, 1 equiv) in Et2O (15 mL), MeONa (25% in MeOH, 0.69 mL, 2 equiv) was 

added. After 16 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (310 mL) and the organic phases were collected washed with brine and dried 

over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified by column 

chromatography (1:9, CH2Cl2/Et2O) to afford G7 as a pale-yellow oil (0.15 g, 79%).  

1H NMR (400 MHz, CDCl3) δ 5.89 (tdd, J=55.0, 6.1, 3.7 Hz, 1H, H4), 4.94–4.65 (m, 1H, H3), 3.95–3.80 

(m, 2H, H1), 2.09–1.87 (m, 2H, H2), 1.53–1.44 (m, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 113.6 

(td, J=243.9, 30.8 Hz, C4), 87.7 (dt, J=175.7, 27.0 Hz, C3), 57.5 (d, J=4.1 Hz, C1), 30.8 (dt, J=20.5, 2.9 

Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -130.1 (ddt, J=296.5, 55.5, 10.4 Hz, 1F, F4’), -133.0 (ddt, 

J=296.5, 55.5, 12.1 Hz, 1F, F4’’), -204.2– -204.6 (m, 1F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -

130.1 (dd, J=296.5, 12.1 Hz, 1F, F4’), -133.0 (dd, J=296.5, 13.9 Hz, 1F, F4’’), -204.4 (t, J=13.0 Hz, 1F, 

F3) ppm; IR (neat) 3362 (br. w), 2971 (w), 2900 (w), 1152 (m), 1068 (s), 1042 (s), 968 (s) cm-1; HRMS 

(CI) for C4H8F3O [M+H]+, calculated 129.0522, found 129.0529 (+0.76 ppm error). 

4,5,5-trifluoropentyl benzoate (3.40) 

 

To a solution of 3.33 (0.90 g, 1 equiv) in CH2Cl2 (15 mL) was added DMP (2.53 g, 1.5 equiv). After 1 

h, the reaction was quenched with sat. aq. Na2S2O3 (8 mL) and sat. aq. NaHCO3 (8 mL). The layers 

were separated and the aqueous was extracted with CH2Cl2 (315 mL). The combined organic layers 

were dried over Na2SO4, filtered and concentrated. The crude was purified by column 

chromatography (3:1, Et2O/petroleum ether 40–60 °C) to afford the intermediate 3.31, which was 

immediately dissolved in CH2Cl2 before the dropwise addition of DAST (1.62 mL, 3 equiv) at 0 °C. 

The reaction mixture was allowed to warm to room temperature and after 16 h, was quenched with 

sat. aq. NaHCO3 until pH 7. The aqueous layer was then extracted with CH2Cl2 (320 mL) and the 

combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated. The 
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crude was purified by column chromatography (1:1, CH2Cl2/petroleum ether 40–60 °C) to afford 

3.40 (0.34 g, 35% over 2 steps) as a pale-yellow oil. 

1H NMR (400 MHz, CDCl3) δ 8.07–8.02 (m, 2H, HAr), 7.62–7.54 (m, 1H, HAr), 7.49–7.43 (m, 2H, HAr), 

5.83 (tdd, J=54.9, 5.5, 3.8 Hz, 1H, H5), 4.74–4.49 (m, 1H, H4), 4.47–4.32 (m, 2H, H1), 2.17–1.78 (m, 

4H, H2 + H3) ppm; 13C NMR (101 MHz, CDCl3) δ 166.5 (C=O), 133.0 (CAr), 130.1 (CAr), 129.5 (CAr x 2), 

128.4 (CAr x 2), 113.5 (td, J=244.3, 31.5 Hz, C5), 89.9 (dt, J=176.8, 26.8 Hz, C4), 64.0 (C1), 25.0 (dt, 

J=20.5, 3.3 Hz, C3), 23.8 (d, J=2.9 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -129.5 (dddd, J=297.4, 

55.0, 11.7, 9.5 Hz, 1F, F5), -132.9 (ddt, J=297.4, 55.0, 12.1 Hz, 1F, F5’), -201.9– -201.4 (m, 1F, F4) 

ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -129.5 (dd, J=297.4, 12.1 Hz, 1F, F5), -132.9 (dd, J=297.6, 

13.7 Hz, 1F, F5’), -201.7 (t, J=12.6 Hz, 1F, F4) ppm; IR (neat) 2967 (w), 1715 (s), 1270 (s), 1069 (s), 

709 (s) cm-1; HRMS (EI) for C12H13F3O2 [M.+], calculated 246.0862, found 246.0843 (-1.97 ppm error). 

4,5,5-trifluoropentan-1-ol (I4) 

 

To a solution of 3.40 (0.31 g, 1 equiv) in Et2O (5 mL), NaOMe (25% in MeOH, 0.58 mL, 2 equiv) was 

added at 0 °C. After 16 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous 

layer was extracted with CH2Cl2 (35 mL) and the organic phases were collected washed with brine 

and dried over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified 

by column chromatography (CH2Cl2) to afford I4 as a colourless oil (0.16 g, 88%).  

1H NMR (400 MHz, CDCl3) δ 5.80 (tdd, J=54.9, 5.8, 3.8 Hz, 1H, H5), 4.72–4.45 (m, 1H, H4), 3.82–3.64 

(m, 2H, 2H, H1), 2.04–1.66 (m, 4H, H2 + H3), 1.43 (br. s, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 

113.6 (td, J=244.3, 31.5 Hz, C5), 90.3 (dt, J=176.1, 26.8 Hz, C4), 62.1 (C1), 27.3 (d, J=2.9 Hz, C2), 24.7 

(dt, J=20.5, 2.9 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -129.7 (dddd, J=296.5, 55.5, 12.1, 9.5 Hz, 

1F, F5), -132.8 (dddd, J=296.5, 54.6, 13.0, 11.3 Hz, 1F, F5’), -201.3– -201.8 (m, 1F, F4) ppm; 19F {1H} 

NMR (376 MHz, CDCl3) δ -129.7 (dd, J=296.5, 12.1 Hz, 1F, F5), -132.8 (dd, J=296.5, 13.9 Hz, 1F, F5’), 

-201.5 (t, J=12.1 Hz, 1F, F4) ppm; IR (neat) 3349 (br. w), 2960 (w), 2884 (w), 1152 (m), 1058 (s), 980 

(w) cm-1; HRMS (CI) for C5H10F3O [M+H]+, calculated 143.0678, found 143.0667 (-1.17 ppm error). 
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Synthesis of 3,3,4-trifluorobutyl benzoate (3.45) 

 

To a solution of 3.29 (570 mg, 1 equiv) in MeCN (15 mL) was added Et3N (2.07 mL, 6 equiv), Et3N•3HF 

(0.83 mL, 2 equiv) and nonafluorobutane-1-sulphonic fluoride (0.89 mL, 2 equiv). The reaction was 

heated to 80 °C and after 16 h, was quenched with sat. aq. NaHCO3
 (50 mL). The aqueous layer was 

extracted with CH2Cl2 (350 mL) and the combined organic layers were washed with brine, dried 

over MgSO4 and concentrated. The resulting crude was purified by column chromatography (3:7, 

Et2O/pentane) to yield 3.45 as a pale-yellow oil (391 mg, 68%). 

Data for 3.45: 1H NMR (400 MHz, CDCl3) δ 8.11–7.97 (m, 2H, HAr), 7.65–7.54 (m, 1H, HAr), 7.51–7.41 

(m, 2H, HAr), 4.57 (t, J=6.2 Hz, 2H, H1), 4.54 (dt, J=46.1, 11.7 Hz, 2H, H4), 2.50 (ttd, J=16.4, 6.5, 2.4 

Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 166.2 (C=O), 133.2 (CAr), 129.7 (CAr), 129.6 (CAr2), 

128.5 (CAr2), 119.9 (td, J=243.0, 23.1 Hz, C3), 81.5 (dt, J=179.0, 36.7 Hz, C4), 58.2 (t, J=5.9 Hz, C1), 

32.6 (t, J=24.2 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -108.1 (tdt, J=16.4, 15.4, 12.1 Hz, 2F, F3), -

234.2 (tt, J=46.2, 15.4 Hz, 1F, F4) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -108.1 (d, J=15.6 Hz, 2F, 

F3), -234.2 (t, J=15.6 Hz, 1F, F4) ppm; IR (neat) 2971 (w), 2912 (w), 1718 (s), 1268 (s), 1110 (m), 1053 

(m) cm-1; HRMS (ESI+) for C11H11F3NaO2 [M+Na]+, calculated 255.0603, found 255.0605 (-0.5 ppm 

error). 

 

Data for 3.46: 1H NMR (400 MHz, CDCl3) δ 8.08–8.01 (m, 2H, HAr), 7.65–7.56 (m, 1H, HAr), 7.51–7.44 

(m, 2H, HAr), 4.68 (t, J=11.5 Hz, 2H, H4), 4.58 (t, J=6.1 Hz, 2H, H1), 2.52 (tt, J=16.0, 6.1 Hz, 2H, H2) 

ppm; 13C NMR (101 MHz, CDCl3) δ 166.1 (C=O), 133.4 (CAr), 129.6 (CAr2), 129.4 (CAr), 128.5 (CAr2), 

118.7 (t, J=245.0 Hz, C3), 73.0 (t, J=34.8 Hz, C4), 57.8 (t, J=5.9 Hz, C1), 33.0 (t, J=23.5 Hz, C2) ppm 

(nonafluorobutyl sulphonate carbons not visible due to multiple fluorine-fluorine couplings); 19F 

NMR (376 MHz, CDCl3) δ -80.9 (t, J=8.7 Hz, 3F), -105.7 (tt, J=15.6, 12.1 Hz, 2F, F3), -110.3 (t, J=13.9 

Hz, 2F), -121.3– -121.5 (m, 2F), -126.0– -126.2 (m, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -80.9 

(br. t, J=9.5 Hz, 3F), -105.7 (s, 2F, F3), -110.3 (t, J=13.9 Hz, 2F), -121.3– -121.5 (m, 2F), -126.0– -126.1 

(m, 2F) ppm; IR (neat) 2964 (w), 2918 (w), 1722 (s), 1422 (s), 1238 (s), 1199 (m), 1142 (s) cm-1; HRMS 

(ESI+) for C15H11F11NaO5S [M+Na]+, calculated 535.0044, found 535.0055 (-2.1 ppm error); m.p.: 55-

57 °C; Crystal Structure 
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Synthesis of 3,3,4-trifluorobutan-1-ol (G5) 

 

To a solution of 3.45 (500 mg, 1 equiv) in Et2O (15 mL), NaOMe (25% in MeOH, 0.99 mL, 2 equiv) 

was added dropwise. After 16 h, the reaction was quenched with aq. HCl (1M) until pH 7. The 

aqueous layer was extracted with CH2Cl2 (310 mL) and the organic phases were collected and dried 

over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was then purified by 

column chromatography (CH2Cl2) to afford G5 as a pale-yellow oil (171 mg, 62%).  

1H NMR (400 MHz, CDCl3) δ 4.52 (dt, J=46.6, 11.9 Hz, 2H, H4), 3.92 (t, J=5.9 Hz, 2H, H1), 2.26 (ttd, 

J=16.7, 6.0, 2.3 Hz, 2H, H2), 1.64 (br. s, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 120.7 (td, J=242.3, 

22.4 Hz, C3), 81.8 (dt, J=178.1, 35.7 Hz, C4), 56.4 (t, J=5.9 Hz, C1), 36.0 (t, J=22.7 Hz, C2) ppm; 19F 

NMR (376 MHz, CDCl3) δ -108.1 (tdt, J=16.7, 15.4, 11.9 Hz, 2F, F3), -234.6 (ttt, J=46.2, 15.4, 2.3 Hz, 

1F, F4) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -108.1 (d, J=13.9 Hz, 2F, F3), -234.6 (t, J=13.9 Hz, 1F, 

F4) ppm; IR (neat) 3365 (br. w), 2974 (w), 2905 (w), 1105 (m), 1049 (s), 917 (s) cm-1; HRMS (CI) for 

C4H8F3O [M+H]+, calculated 129.0522, found 129.0528 (+0.60 ppm error).  

Synthesis of 4,4,5-trifluoropentyl benzoate (3.47) 

 

To a solution of 3.34 (0.54 g, 1 equiv) in MeCN (15 mL) was added Et3N (1.85 mL, 6 equiv), HF•Et3N 

(0.72 mL, 2 equiv) and nonafluorobutane-1-sulphonic fluoride (0.79 mL, 2 equiv). The reaction was 

heated to 80 °C and after 16 h, was quenched with sat. aq. NaHCO3
 (50 mL). The aqueous layer was 

extracted with Et2O (350 mL) and the combined organic layers were washed with brine, dried over 

MgSO4, filtered and concentrated. The resulting crude was purified by column chromatography 

(1:19, EtOAc/heptane) to yield 3.47 as a pale-yellow oil (0.42 g, 78%). 
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1H NMR (400 MHz, CDCl3) δ 8.10–8.01 (m, 2H, HAr), 7.62–7.55 (m, 1H, HAr), 7.49–7.43 (m, 2H, HAr), 

4.48 (dt, J=46.5, 11.5 Hz, 2H, H5), 4.40 (t, J=6.2 Hz, 2H, H1), 2.26–1.95 (m, 4H, H3 + H4) ppm; 13C 

NMR (101 MHz, CDCl3) δ 166.4 (C=O), 133.1 (CAr), 130.0 (CAr), 129.6 (CAr2), 128.4 (CAr2), 120.7 (td, 

J=241.4, 22.0 Hz, C5), 81.6 (dt, J=178.3, 37.4 Hz, C4), 63.9 (C2), 29.9 (t, J=23.8 Hz, C3) 21.2 (t, J=4.8 

Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -109.6 (tdt, J=16.5, 15.6, 11.5 Hz, 2F, F4), -234.3 (tt, J=46.2, 

15.4 Hz, 1F, F5) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -109.6 (d, J=15.6 Hz, 2F, F4), -234.3 (t, J=15.6 

Hz, 1F, F5) ppm; IR (neat) 2969 (w), 2901 (w), 1716 (s), 1269 (s), 1110 (m), 709 (s) cm-1; HRMS (ESI+) 

for C12H13F3NaO2 [M+Na]+, calculated 269.0760, found 269.0760 (-0.0 ppm error). 

4,4,5-trifluoropentan-1-ol (I5) 

 

To a solution of 3.47 (0.40 g, 1 equiv) in Et2O (5 mL), NaOMe (25% in MeOH, 0.55 mL, 1.5 equiv) 

was added. After 16 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous layer 

was extracted with CH2Cl2 (35 mL) and the organic phases were collected washed with brine and 

dried over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified by 

column chromatography (1:9, Et2O/CH2Cl2) to afford I5 as a pale-yellow oil (202 mg, 87%).  

1H NMR (400 MHz, CDCl3) δ 4.46 (dt, J=46.5, 11.5 Hz, 2H, H5), 3.74 (t, J=6.2 Hz, 2H, H1), 2.18–1.98 

(m, 2H, H3), 1.88–1.75 (m, 2H, H2), 1.33 (br. s, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 120.9 (td, 

J=242.1, 22.7 Hz, C4), 81.6 (dt, J=178.3, 37.0 Hz, C5), 61.9 (C1), 29.6 (t, J=23.8 Hz, C3), 24.6 (t, J=4.0 

Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -109.5 (tdt, J=17.3, 15.2, 11.5 Hz, 2F, F4), -234.5 (ttt, 

J=46.0, 15.2, 2.6 Hz, 1F, F5) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -109.5 (d, J=15.2 Hz, 2F, F4), -

234.5 (t, J=15.2 Hz, 1F, F5) ppm; IR (neat) 3363 (br. w), 2970 (w), 2885 (w), 1197 (m), 1054 (s), 1017 

(s), 930 (s) cm-1; HRMS (CI) for C5H10F3O [M+H]+, calculated 143.0678, found 143.0674 (-0.46 ppm 

error). 

Synthesis of 2-hydroxybutyl benzoate (3.48)  

 

To a solution 1,2-butandiol 3.9 (1 g, 1 equiv) and pyridine (1.79 mL, 2 equiv) in CH2Cl2 (30 mL), was 

added benzoyl chloride (1.28 mL, 1 equiv). After 16 h, the reaction mixture was quenched with aq. 

HCl (2 M, 10 mL). The layers were separated, and the aqueous phase was extracted with CH2Cl2 

(310 mL). The combined organic layers were washed with sat. aq. NaHCO3 (10 mL) and brine before 
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being dried over MgSO4 and concentrated in vacuo. The crude oil was purified by flash column 

chromatography (3:7, EtOAc/petroleum ether 40–60 °C) to 3.48 as a colourless oil (1.70 g, 79%) and 

3.49 as a colourless oil (0.06 g, 3%). 

Data for 3.48: 1H NMR (400 MHz, CDCl3) δ 8.12–8.02 (m, 2H, HAr), 7.64–7.55 (m, 1H, HAr), 7.54–7.42 

(m, 2H, HAr), 4.42 (dd, J=11.5, 3.2 Hz, 1H, H1’’), 4.26 (dd, J=11.5, 7.0 Hz, 1H, H1’), 4.00–3.88 (m, 1H, 

H2), 2.13 (br. s, 1H, OH), 1.72–1.53 (m, 2H, H3), 1.05 (t, J=7.5 Hz, 3H, H4) ppm; 13C NMR (101 MHz, 

CDCl3) δ 166.8 (C=O), 133.2 (CAr), 129.9 (CAr), 129.6 (CAr2), 128.4 (CAr2), 71.5 (C1), 68.9 (C2), 26.5 

(C3), 9.8 (C4) ppm. 

Proton consistent with literature.244 

Data for 3.49: 1H NMR (400 MHz, CDCl3) δ 8.12–8.01 (m, 2H, HAr), 7.66–7.53 (m, 1H, HAr), 7.50–7.41 

(m, 2H, HAr), 5.12 (qd, J=6.4, 3.4 Hz, 1H, H2), 3.90–3.73 (m, 2H, H1), 2.12–1.99 (m, 1H, OH), 1.85–

1.73 (m, 2H, H3), 1.02 (t, J=7.5 Hz, 3H, H4) ppm; 13C NMR (101 MHz, CDCl3) δ 167.0 (C=O), 133.1 

(CAr), 130.2 (CAr), 129.7 (CAr2), 128.4 (CAr2), 77.6 (C2), 64.7 (C1), 23.8 (C3), 9.8 (C4) ppm. 

Data consistent with literature.245 

Synthesis of 2-fluorobutyl benzoate (3.50) 

 

To a solution of 3.48 (1.60 g, 1 equiv) in MeCN (25 mL) was added Et3N (6.89 mL, 6 equiv), Et3N•3HF 

(2.68 mL, 2 equiv) and nonafluorobutane-1-sulphonic fluoride (2.96 mL, 2 equiv). After 16 h, was 

quenched with sat. aq. NaHCO3
 (70 mL) and diluted with CH2Cl2 (100 mL). The organic phase was 

collected and washed with 2M HCl (70 mL), sat. aq. NaHCO3
 (70 mL) and brine. The organic layer 

was dried over MgSO4 and concentrated. The resulting crude was purified by column 

chromatography (5:95, acetone/hexane) to yield 3.50 as a colourless oil (1.06 g, 66%). 

1H NMR (400 MHz, CDCl3) δ 8.09 (dd, J=8.1, 1.0 Hz, 2H, HAr), 7.63–7.55 (m, 1H, HAr), 7.46 (t, J=7.6 

Hz, 2H, HAr), 4.86–4.65 (m, 1H, H2), 4.57–4.33 (m, 2H, H1), 1.91–1.65 (m, 2H, H3), 1.07 (t, J=7.5 Hz, 

3H, H4) ppm; 13C NMR (101 MHz, CDCl3) δ 166.3 (C=O), 133.2 (CAr), 129.8 (CAr), 129.7 (CAr2), 128.4 

(CAr2), 92.5 (d, J=172.4 Hz, C2), 65.9 (d, J=22.7 Hz, C1), 24.7 (d, J=21.3 Hz, C3), 9.2 (d, J=5.9 Hz, C4) 

ppm; 19F NMR (376 MHz, CDCl3) δ -188.1 (dtdd, J=48.6, 27.0, 22.5, 17.3 Hz, 1F) ppm; 19F {1H} NMR 

(376 MHz, CDCl3) δ -188.1 (s, 1F) ppm; IR (neat) 2972 (w), 2883 (w), 1719 (s), 1451 (m), 1267 (s), 

707 (s) cm-1; HRMS (CI) for C11H14FO2 [M+H]+, calculated 197.0972, found 197.0960 (-1.19 ppm 

error). 
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Synthesis of 2-fluorobutanol (G4) 

 

To a solution of 3.50 (0.98 g, 1 equiv) in Et2O (15 mL), NaOMe (25% in MeOH, 2.28 mL, 2 equiv) was 

added. After 18 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (320 mL) and the organic phases were collected washed with brine and dried 

over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified by column 

chromatography (CH2Cl2) to afford G4 as a pale-yellow oil (297 mg, 65%).  

1H NMR (400 MHz, CDCl3) δ 4.51 (ddddd, J=49.4, 7.93, 6.2, 5.1, 3.0 Hz, 1H, H2), 3.80–3.58 (m, 2H, 

H1), 1.94 (br. s, 1H), 1.80–1.49 (m, 2H, H3), 1.00 (t, J=7.5 Hz, 3H, H4) ppm; 13C NMR (101 MHz, CDCl3) 

δ 95.9 (d, J=167.3 Hz, C2), 64.7 (d, J=22.0 Hz, C1), 24.1 (d, J=20.5 Hz, C3), 9.2 (d, J=5.9 Hz, C4) ppm; 

19F NMR (376 MHz, CDCl3) δ -190.7 (dtdd, J=49.4, 27.7, 23.4, 16.5 Hz, 1F) ppm; 19F {1H} NMR (376 

MHz, CDCl3) δ -190.7 (s, 1F) ppm; IR (neat) 3346 (br. w), 2972 (w), 2884 (w), 1464 (w), 1058 (s), 843 

(s) cm-1; HRMS (CI) for C4H10FO [M+H]+, calculated 93.0710, found 93.0705 (-0.56 ppm error). 

Synthesis of 3-oxobutan-2-yl benzoate (3.51)  

 

To a solution of acetoin 3.10 (7.30 g, 1 equiv), pyridine (12.8 mL, 2 equiv) and DMAP (1.07 g, 0.1 

equiv) in CH2Cl2 (100 mL) was added benzoic anhydride (19.68 g, 1.1 equiv). After 10 h, the reaction 

mixture was quenched with water (250 mL) under vigorous stirring. The layers were separated and 

the aqueous phase was extracted with CH2Cl2 (3200 mL). The combined organic extracts were 

washed with aq. HCl (2 M, 50 mL) followed by sat. aq. NaHCO3 (200 mL), dried over MgSO4 and 

concentrated. The crude was purified by column chromatography (1:2, Et2O/petroleum ether 40–

60 °C) to afford 3.51 as a colourless oil (10.37 g, 63 %).  

1H NMR (400 MHz, CDCl3) δ 8.08–8.12 (m, 2H, HAr), 7.61 (tt, J=7.5, 1.34 Hz, 1H, HAr), 7.45–7.51 (m, 

2H, HAr), 5.34 (q, J=7.1 Hz, 1H, H2), 2.26 (s, 3H, H4), 1.55 (d, J=7.1 Hz, 3H, H1) ppm; 13C NMR (101 

MHz, CDCl3) δ 205.8 (C3), 165.9 (C=O), 133.4 (CAr), 129.8 (CAr2), 129.4 (CAr), 128.5 (CAr2), 75.5 (C2), 

25.7 (C4), 16.2 (C1) ppm. 

Data consistent with literature.246 
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Synthesis of 3,3-difluorobutan-2-yl benzoate (3.52)  

 

 

To a solution of 3.51 (2.99 g, 1 equiv) in CH2Cl2 (50 mL) was added DAST (4.10 mL, 2 equiv) was 

added at 0 °C. The reaction mixture was allowed to warm to room temperature and the reaction 

mixture was refluxed at 40 °C for 48 h. The reaction was cooled to 0 °C and quenched with sat. aq. 

NaHCO3 till pH 7. The layers were then separated, and the aqueous phase was extracted with CH2Cl2 

(2150 mL), dried over MgSO4 and concentrated. The crude was purified by column 

chromatography (1:9, Et2O/petroleum ether 40–60 °C) to afford mixture of 3.52 and 3.53 as a pale-

yellow oil (2.02 g, 61 % ~9:1 mix). 

Data for 3.52: 1H NMR (400 MHz, CDCl3) δ 8.10–8.05 (m, 2H, HAr), 7.64–7.57 (m, 1H, HAr), 7.51–7.44 

(m, 2H, HAr), 5.33 (ddq, J=12.9, 7.6, 6.5 Hz, 1H, H2), 1.70 (t, J=18.7 Hz, 3H, H4), 1.45 (d, J=6.6 Hz, 3H, 

H1) ppm; 13C NMR (101 MHz, CDCl3) δ 165.3 (C=O), 133.4 (CAr), 129.8 (CAr2), 129.6 (CAr), 128.5 

(CAr2), 121.9 (dd, J=243.2, 241.0 Hz, C3), 71.0 (dd, J=33.0, 30.1 Hz, C2), 20.0 (t, J=26.4 Hz, C4), 13.7 

(t, J=3.3 Hz, C1) ppm; 19F NMR (376 MHz, CDCl3) δ -100.4 (dqd, J=251.4, 19.1, 6.9 Hz, 1F, F3), -104.8 

(dqd, J=251.4, 18.5, 12.1 Hz, 1F, F3’) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -100.4 (d, J=251.4 Hz, 

1F, F3), -104.8 (d, J=251.4 Hz, 1F, F3’) ppm; IR (neat) 3076 (w), 2999 (w), 2961 (w), 1723 (s), 1268 

(s), 1246 (s), 1105, 1071 (s) cm-1; HRMS (EI) for C11H12F2O2 [M.+], calculated 214.0800, found 

214.0796 (-0.39 ppm error).  

Data for 3.53: 1H NMR (400 MHz, CDCl3) δ 8.10–8.05 (m, 2H, HAr), 7.64–7.57 (m, 1H, HAr), 7.51–7.44 

(m, 2H, HAr), 5.66 (dq, J=13.4, 6.6 Hz, 1H, H2), 4.77 (dd, J=16.6, 3.3 Hz, 1H, H4cis), 4.67 (ddd, J=48, 

3.3, 0.4 Hz, 1H, H4trans), 1.55 (d, J=6.6, 2H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ (CAr, C=O, C-F not 

observed likely due to overlap with 3.55 and low concentration) 91.7 (d, J=17.6 Hz, CH2), 68.1 (d, 

J=32.3 Hz, CH), 17.5 (d, J=2.2 Hz, CH3) ppm; 19F NMR (376 MHz, CDCl3) δ -110.5 (ddd, J=48.6, 16.5, 

13.0 Hz, 1F) ppm; 19F {1H} NMR (376MHz, CDCl3) δ -110.5 (s, 1F) ppm; HRMS (EI) for C11H12FO2 

[M+H]+, calculated 195.0816, found 195.0800 (-1.59 ppm error).  
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Synthesis of 3,3-difluorobutan-2-ol (E4) 

 

To the mixture of 3.52 and 3.53 (800 mg, 1 equiv) in Et2O (20 mL) was added NaOMe in MeOH 

(25 %, 16 mL, 2 equiv). After 24 h, the reaction mixture was neutralised with aq. HCl (2 M) until pH 

7. The aqueous phase was extracted with Et2O (330 mL) and the combined organic layers were 

dried over MgSO4 and carefully concentrated (30 °C, 750 mbar). The crude mixture was purified by 

column chromatography (9:1 to 1:1, pentane/Et2O) to yield E4 and E5 as a mixture (247 mg, 60%, 

~85:15 mix).  

Data for E4: 1H NMR (400 MHz, CDCl3) δ 3.90 (tqd, J=9.5, 6.5, 5.6 Hz, 1H, H2), 1.92 (d, J=5.6 Hz, 1H, 

OH), 1.62 (t, J=18.9 Hz, 3H, H4), 1.28 (d, J=6.5 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 123.9 

(dd, J=241.4, 239.9 Hz, C3), 69.8 (dd, J=30.1, 28.6 Hz, C2), 18.6 (t, J=26.8 Hz, C4), 16.3 (dd, J=4.4, 2.2 

Hz, C1) ppm; 19F NMR (376 MHz, CDCl3) δ -102.5 (dqd, J=248.0, 19.1, 8.7 Hz, 1F, F3), -105.7 (dqd, 

J=248.0, 19.1, 10.0 Hz, 1F, F3’) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -102.6 (d, J=275.7 Hz, 1F, F3), 

-105.7 (d, J=248.0 Hz, 1F, F3’) ppm; IR (neat) 3390 (br. w), 2988 (w), 2924 (w), 1111 (s), 1081 (s), 

918 (m) cm-1; HRMS (CI) for C4H7OF2 [M-H]-, calculated 109.0470, found 109.0473 (+2.75 ppm 

error).  

Data for E5: 1H NMR (400 MHz, CDCl3) δ 4.64 (d, J=17.4, 3.6 Hz, 1H, H4cis), 4.50 (ddd, J=49.0, 3.2, 

0.6 Hz, 1H, H4trans), 4.33 (dqd, J=17.2, 6.0, 0.6 Hz, 1H, H2), 1.84 (d, J=1.84 Hz, 1H, OH), 1.39 (dd, 

J=6.6, 0.5 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 167.7 (d, J=259.7, C3), 89.2 (d, J=18.4 Hz, 

C4), 66.1 (d, J=32.3 Hz, C2), 20.3 (d, J=1.5 Hz, C1) ppm; 19F NMR (376 MHz, CDCl3) δ -110.8 (ddd, 

J=49.0, 17.8, 9.5 Hz, 1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -110.8 (s, 1F) ppm; HRMS (CI) for 

C4H8FO [M+H]+, calculated 91.0554, found 91.0560 (+0.6 ppm error). 

Synthesis of 3-oxobutyl benzoate (3.54) 

 

To a solution of benzoyl chloride (8.6 mL, 1.3 equiv), CH2Cl2 (30 mL) and pyridine (9.2 mL, 2 equiv) 

was added 4-hydroxy butan-2-one (4.9 mL, 1 equiv) dropwise at 0 °C. The reaction mixture was 

allowed to warm to rt and after 19 h, additional benzoyl chloride (3 mL, 0.45 equiv) was added. 

After 21 h, the reaction mixture was quenched with aq. HCl (2 M, 50 mL) and the organic phase was 
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washed with sat. aq. NaHCO3 (250 mL) and water (50 mL). The organic phase was dried over MgSO4 

and concentrated to afford 3.54 as a colourless oil (6.72 g, 80%) 

1H NMR (400 MHz, CDCl3) δ 7.99 (dd, J=8.2, 1.0 Hz, 2H, HAr), 7.61–7.51 (m, 1H, HAr), 7.47–7.36 (m, 

2H, HAr), 4.58 (t, J=6.3, 2H, H1), 2.90 (t, J=6.3 Hz, 2H, H2), 2.22 (s, 3H, H4) ppm; 13C NMR (101 MHz, 

CDCl3) δ 205.5 (C3), 166.3 (C=O), 133.0 (CAr), 129.9 (CAr), 129.5 (CAr2), 128.3 (CAr2), 59.8 (C1), 42.3 

(C2), 30.2 (C4) ppm. 

Data consistent with literature.247 

Synthesis of 3,3-difluorobutyl benzoate (3.56) 

 

To a solution of 3.54 (9.50 g, 1 equiv) in CH2Cl2 (40 mL), DAST (13.06 mL, 2 equiv) was added 

dropwise at 0 °C. The reaction mixture was heated to 40 °C and after 41 h was cooled to 0 °C, diluted 

with CH2Cl2 (50 mL) and neutralised with sat. aq. NaHCO3 until pH 7. The aqueous phase was washed 

with CH2Cl2 (3100 mL) and the combined organic phases were dried over MgSO4 and concentrated 

in vacuo. The crude oil was purified by column chromatography (1:9, Et2O/pentane) to afford 3.56 

as a pale-yellow oil (8.90 g, 84%).  

1H NMR (400 MHz, CDCl3) δ 8.05 (dd, J=8.1, 1.0 Hz, 2H, HAr), 7.66–7.53 (m, 1H, HAr), 7.50–7.42 (m, 

2H, HAr), 4.53 (t, J=6.5 Hz, 2H, H1), 2.38 (tt, J=15.4, 6.6 Hz, 2H, H2), 1.71 (t, J=18.6 Hz, 3H, H4) ppm; 

13C NMR (101 MHz, CDCl3) δ 166.3 (C=O), 133.1 (CAr), 129.9 (CAr), 129.6 (CAr2), 128.4 (CAr2), 123.0 

(t, J=237.7 Hz, C3), 59.2 (t, J=6.2 Hz, C1), 37.1 (t, J=26.0 Hz, C2), 23.8 (t, J=27.5 Hz, C4) ppm; 19F NMR 

(CDCl3, 376 MHz) δ -89.7– -90.0 (m, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -89.8 (s, 2F) ppm; IR 

(neat) 2980 (w), 1710 (s), 1270 (s), 700 (s) cm-1; HRMS (ESI+) for C11H12F2NaO2 [M+Na]+, calculated 

237.0698, found 237.0698 (-0.1 ppm error). 

Synthesis of 3,3-difluorobutan-1-ol (G8) 

 

To a solution of 3.56 (8.90 g, 1 equiv) in Et2O (90 mL), NaOMe (25% w/w in MeOH, 21.52 mL, 2 

equiv) was added dropwise. After 22 h, the reaction mixture was neutralised with aq. HCl (2 M) and 

the aqueous phase was washed with Et2O (3x50 mL). The combined organic phases were washed 

with water (2100 mL), dried over MgSO4, and carefully concentrated (30 °C, 750 mbar). The crude 
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mixture was purified by column chromatography (1:4, Et2O/CH2Cl2) to afford G8 as a pale-yellow oil 

(1.78 g, 39%).  

1H NMR (400 MHz, CDCl3) δ 3.87 (q, J=6.0 Hz, 2H, H1), 2.16 (tt, J=16.3, 6.2 Hz, 2H, H2), 1.65 (br. s, 1 

H, OH), 1.67 (t, J=18.8 Hz, 3H, H4) ppm; 13C NMR (101 MHz, CDCl3) δ 124.1 (t, J=236.2 Hz, C3) 57.3 

(t, J=5.5 Hz, C1) 40.4 (t, J=24.6 Hz, C2) 23.9 (t, J=26.4 Hz, C4) ppm; 19F NMR (376 MHz, CDCl3) δ -89.8 

(qt, J=18.8, 16.3 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -89.8 (s, 2F) ppm; IR (neat) 3387 (br. 

w), 2972 (w), 2947 (w), 2899 (w), 1124 (s) cm-1; HRMS (EI) for C4H8F2O [M.+], calculated 110.0538, 

found 110.0531 (-0.65 ppm error). 

Synthesis of 4-oxopentyl benzoate (3.55) 

 

To a solution 5-hydroxypentan-2-one 3.12 (1.00 g, 1 equiv) and pyridine (1.58 mL, 2 equiv) in CH2Cl2 

(30 mL), benzoyl chloride (1.14 mL, 1 equiv) was added dropwise at 0 °C. The reaction was allowed 

to warm to room temperature and after 40 h, the reaction mixture was quenched with water (15 

mL). The organic layer was collected and washed with aq. HCl (2M, 20 mL), sat. aq. NaHCO3 (20 mL) 

and brine before being dried over MgSO4, filtered and concentrated in vacuo. The crude oil was 

purified by flash column chromatography (15:85, EtOAc/heptane) to afford 3.55 as a colourless oil 

(1.37 g, 68%).  

1H NMR (400 MHz, CDCl3) δ 8.07–7.99 (m, 2H, HAr), 7.62–7.54 (m, 1H, HAr), 7.52–7.43 (m, 2H, HAr), 

4.35 (t, J=6.4 Hz, 2H, H1), 2.62 (t, J=7.2 Hz, 2H, H3), 2.19 (s, 3H, H5), 2.07 (quin, J=6.8 Hz, 2H, H2) 

ppm; 13C NMR (101 MHz, CDCl3) δ 207.6 (C4) 166.5 (C=O), 133.0 (CAr), 130.2 (CAr), 129.5 (CAr2), 

128.4 (CAr2), 64.1 (C1), 40.0 (C3), 30.0 (C5), 22.9 (C2) ppm. 

Data consistent with literature.94 

Synthesis of 4,4-difluoropentyl benzoate (3.57) 

 

To a solution of the 3.55 (1.36 g, 1 equiv) in CH2Cl2 (20 mL), DAST (2.17 mL, 2.5 equiv) was added 

dropwise at 0 °C. The reaction was then refluxed for 40 °C for 48 h. The reaction mixture was then 

cooled to 0 °C and quenched with sat. aq. NaHCO3 until pH 7. The aqueous phase was extracted 

with CH2Cl2 (330 mL), the organic phases were combined, dried over MgSO4, filtered over a plug 
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of silica gel and concentrated in vacuo. The crude product was purified by column chromatography 

(1:19, EtOAc/heptane) to afford 3.57 as a colourless oil (0.80 g, 53%).  

1H NMR (400 MHz, CDCl3) δ 8.09–8.01 (m, 2H, HAr), 7.61–7.55 (m, 1H, HAr), 7.50–7.42 (m, 2H, HAr), 

4.38 (t, J=6.0 Hz, 2H, H1), 2.11–1.94 (m, 4H, H2 + H3), 1.65 (t, J=18.3 Hz, 3H, H5) ppm; 13C NMR (101 

MHz, CDCl3) δ 166.5 (C=O), 133.0 (CAr), 130.1 (CAr), 129.5 (CAr2), 128.4 (CAr2), 123.8 (t, J=237.7 Hz, 

C4), 64.1 (C1), 34.7 (t, J=25.7 Hz, C3), 23.5 (t, J=27.9 Hz, C5), 22.2 (t, J=4.8 Hz, C2) ppm; 19F NMR 

(376 MHz, CDCl3) δ -91.4– -91.7 (m, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -91.5 (s, 2F) ppm. 

Data consistent with literature.94 

Synthesis of 4,4-difluoropentan-1-ol (I7) 

 

To a solution of 3.57 (0.40 g, 1 equiv) in Et2O (6 mL), MeONa (25% in MeOH, 0.60 mL, 2 equiv) was 

added. After 16 h, the reaction was quenched with aq. HCl (2M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (35 mL) and the organic phases were collected washed with brine and dried 

over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified by column 

chromatography (1:9, CH2Cl2/Et2O) to afford I7 as a pale-yellow oil (0.18 g, 76%).  

1H NMR (400 MHz, CDCl3) δ 3.71 (q, J=6.0 Hz, 2H, H1), 2.05–1.88 (m, 2H, H3), 1.81–1.71 (m, 2H, H2), 

1.62 (t, J=18.5 Hz, 3H, H5), 1.38 (br. t, J=5.1 Hz, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 124.2 (t, 

J=237.7 Hz, C4), 62.2 (C1), 34.4 (t, J=25.7 Hz, C3), 25.9 (t, J=4.4 Hz, C2), 23.4 (t, J=28.2 Hz, C5) ppm; 

19F NMR (376 MHz, CDCl3) δ -91.2 (app. sxt, J=17.3 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -

91.2 (s 2F) ppm. 

Data consistent with literature.94 

Synthesis of 4,4-difluorobutyl benzoate (3.58) 

 

To a solution of 3.25 (8.93 g, 1 equiv) in CH2Cl2 (60 mL), DAST (12.24 mL, 2 equiv) was added 

dropwise at 0 °C. The reaction as allowed to warm to room temperature and after 20 h, was 

quenched with sat. aq. NaHCO3 (300 mL) at 0 °C. The aqueous phase was extracted with CH2Cl2 

(3150 mL) and the combined organic phases were dried over MgSO4 and concentrated. The crude 

oil was purified by column chromatography (1:9, Et2O/pentane) to yield 3.58 as a pale-yellow oil 

(8.51 g, 86%). 
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1H NMR (400 MHz, CDCl3) δ 8.15–7.98 (m, 2H, HAr), 7.65–7.52 (m, 1H, HAr), 7.65–7.52 (m, 2H, HAr), 

5.92 (tt, J=56.9, 4.1 Hz, 1H, H4), 4.39 (t, J=6.0 Hz, 2H, H1), 2.17–1.88 (m, 4H, H2 + H3) ppm; 13C NMR 

(101 MHz, CDCl3) δ 166.4 (C=O), 133.1 (CAr), 130.1 (CAr), 129.6 (CAr2), 128.4 (CAr2), 116.7 (t, 

J=239.2 Hz, C4), 63.9 (C1), 31.0 (t, J=21.6 Hz, C3), 21.6 (t, J=5.5 Hz, C2) ppm; 19F NMR (376 MHz, 

CDCl3) δ -116.5 (dt, J=57.2, 17.3 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -116.5 (s, 2F) ppm; 

IR (neat) 2920 (w), 1720 (m), 1250 (m), 900 (s), 710 (s) cm-1; HRMS (ESI+) for C11H12F2NaO2 [M+Na]+, 

calculated 237.0698, found 237.0699 (-0.27 ppm error). 

Data consistent with literature.248 

Synthesis of 4,4-difluorobutan-1-ol (G6) 

 

To a solution of 3.58 (3.00 g, 1 equiv) in Et2O (30 mL), NaOMe (25% w/w in MeOH, 6.41 mL, 2 equiv) 

was added dropwise. After 4 h, the reaction was neutralised with aq. HCl (2M, 20 mL) and the 

aqueous phase was washed with CH2Cl2 (330 mL). The combined organic phases were dried 

(MgSO4), filtered and concentrated (750 mbar, 30 °C). The crude oil was purified by column 

chromatography (CH2Cl2) to G6 as a pale-yellow oil (1.24 g, 80%).  

1H NMR (400 MHz, CDCl3) δ 5.89 (tt, J=57.0, 4.0 Hz, 1H H4), 3.72 (td, J=5.6, 4.9, 2H, H1), 2.11–1.86 

(m, 2H, H3), 1.81–1.66 (m, 2H, H2), 1.41 (br. t, J=4.9, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 

117.2 (t, J=238.8 Hz, C4), 61.9 (C1), 30.7 (t, J=21.3 Hz, C3), 25.1 (t, J=5.1 Hz, C2) ppm; 19F NMR (376 

MHz, CDCl3) δ -116.2 (dt, J=57.2, 18.2 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -116.2 (s, 2F) 

ppm; IR (neat) 3300 (br, w), 2950 (w), 2900 (w), 980 (s), 1010 (s), 1060 (s), 1110 (s) cm-1; HRMS (EI) 

for C4H8F2O [M.+], calculated 110.0538, found 110.0535 (-0.27 ppm error). 

Synthesis of 5,5-difluoropentyl benzoate (3.59)  

 

To a solution of 3.30 (3.27 g, 1 equiv) in CH2Cl2 (30 mL), DAST (4.0 mL, 1.9 equiv) was added dropwise 

at 0 °C. After 60 h the reaction was quenched with sat. aq. NaHCO3 until pH 7. The aqueous phase 

was extracted with CH2Cl2 (2150 mL), the organic phases were combined, dried over MgSO4 and 

concentrated in vacuo. The crude product was purified by column chromatography (5:95, 

EtOAc/petroleum ether 40–60 °C) to afford 3.59 as a pale-yellow oil (3.23 g, 91%).  

1H NMR (400 MHz, CDCl3) δ 8.07–8.03 (m, 2H, HAr), 7.58 (tt, J=7.4, 1.3 Hz, 1H, HAr), 7.49–7.43 (m, 

2H, HAr), 5.85 (tt, J=57.6, 4.4 Hz, 1H, H5), 4.36 (t, J=6.4 Hz, 2H, H1), 2.01–1.81 (m, 4H, H2 + H3), 1.71–
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1.60 (m, 2H, H4) ppm; 13C NMR (101 MHz, CDCl3) δ 166.9 (C=O), 133.3 (CAr), 130.6 (CAr), 129.8 

(CAr2), 128.7 (CAr2), 117.4 (t, J=239.3 Hz, C5), 64.7 (C1), 34.0 (t, J=20.9 Hz, C4), 28.5 (C2), 19.2 (t, 

J=5.5 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -116.3 (dt, J=57.2, 17.3 Hz, 2F) ppm; 19F {1H} NMR 

(376 MHz, CDCl3) δ -116.3 (s, 2F) ppm; IR (neat) 2959(w), 1714 (s), 1451 (m), 1269 (s), 1094 (s), 1026 

(s) cm-1; HRMS (ESI+) for C12H14F2NaO2 [M+Na]+, calculated 251.0854, found 251.0853 (+0.3 ppm 

error). 

Synthesis of 5,5-difluoropentan-1-ol (I6)  

 

To a solution of 3.59 (3.19 g, 1 equiv) in Et2O (30 mL), NaOMe (25% w/w in MeOH, 6.60 mL, 2 equiv). 

After 18 h, the reaction was quenched with aq. HCl (1M) until pH 7. The aqueous layer was extracted 

with CH2Cl2 (330 mL) and the organic phases were collected and dried over MgSO4. The crude was 

carefully concentrated at 750 mbar/30 °C and was purified by column chromatography (CH2Cl2 to 

9:1, CH2Cl2/Et2O) to afford I6 as a pale-yellow oil (1.50 g, 86%).  

1H NMR (400 MHz, CDCl3) δ 5.82 (tt, J=56.9, 4.4 Hz, 1H, H5), 3.68 (t, J=6.5 Hz, 2 H, H1), 1.95–1.80 

(m, 2H, H4), 1.68–1.52(m, 4H, H2 + H3), 1.34 (br. s, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 117.2 

(t, J=238.8 C5), 62.4 (C1), 33.7 (t, J=20.91 Hz, C4), 32.0 (C2), 18.5 (t, J=5.5 Hz, C3) ppm; 19F NMR (376 

MHz, CDCl3) δ -116.2 (dt, J=55.9, 18.0 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -116.2 (s, 2F) 

ppm; IR (neat) 3333 (br. w), 2940 (w), 2873 (w), 1404 (m), 1121 (s), 1087 (s), 994 (s) cm-1; HRMS (EI) 

for C5H10F2O [M.+], calculated 124.0694, found 124.0662 (-3.26 ppm error). 
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Synthesis of 1-(benzyloxy)pentan-3-one (3.13) 

 

To a suspension of 3.14 (5.87 mL, 1 equiv) and aq. Na2CO3 (0.05 M, 50 mL) was added benzyl alcohol 

(8.88 mL, 1.5 equiv). After 16 h, the reaction mixture was diluted with EtOAc (50 mL) and the 

aqueous phase was extracted with EtOAc (350 mL). The combined organic phases were washed 

with brine, dried over Na2SO4 and concentrated. The crude oil was purified by column 

chromatography (1:9, acetone/petrol ether 40–60 °C) to yield 3.13 as a colourless oil (4.78 g, 42%). 

1H NMR (400 MHz, CDCl3) δ 7.39–7.28 (m, 5H, HAr), 4.52 (s, 2H, PhCH2), 3.76 (t, J=6.3 Hz, 2H, H1), 

2.71 (t, J=6.3 Hz, 2H, H2), 2.48 (q, J=7.3 Hz, 2H, H4), 1.07 (t, J=7.3 Hz, 3H, H5) ppm; 13C NMR (101 

MHz, CDCl3) δ 209.8 (C3), 138.1 (CAr), 128.4 (CAr2), 127.7 (CAr2), 127.6 (CAr), 73.2 (PhCH2), 65.4 

(C1), 42.5 (C2), 36.6 (C4), 7.6 (C5) ppm. 

Data consistent with literature.127 

Synthesis of 1-(benzyloxy)pentan-3-ol (3.60) 

 

To a solution of 3.13 (2.33 g, 1 equiv) in MeOH (40 mL), NaBH4 (0.92 g, 2 equiv) was added portion 

wise at 0 °C. The reaction mixture was allowed to warm to room temperature and after 30 min, the 

reaction mixture was quenched with water (30 mL) at 0 °C. The aqueous phase was extracted with 

EtOAc (330 mL) and the combined organic phases were dried over Na2SO4 and concentrated to 

afford 3.60 as a colourless oil (2.16 g, 92%). 

1H NMR (400 MHz, CDCl3) δ 7.42–7.28 (m, 5H, HAr), 4.54 (s, 2H, PhCH2), 3.81–3.62 (m, 3H, H1 + H3), 

2.85 (s, 1H, OH), 1.82–1.68 (m, 2H, H2), 1.56–1.43 (m, 2H, H4), 0.95 (t, J=7.5 Hz, 3H, H5) ppm; 13C 

NMR (101 MHz, CDCl3) δ 137.9 (CAr), 128.4 (CAr2), 127.7 (CAr), 127.6 (CAr2), 73.3 (PhCH2), 72.8 

(C3), 69.3 (C1), 35.9 (C2), 30.2 (C4), 9.9 (C5) ppm. 

Data consistent with literature.249 
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Synthesis of 3-fluoropentyl benzylether (3.61) 

 

To a solution of 3.60 (2.08 g, 1 equiv) in MeCN (32 mL) was added Et3N (8.99 mL, 6 equiv), Et3N•3HF 

(3.50 mL, 2 equiv) and nonafluorobutane-1-sulphonic fluoride (3.20 mL, 2 equiv). After 16 h, the 

reaction was quenched with sat. aq. NaHCO3
 until pH 7 and the aqueous layer was extracted with 

CH2Cl2 (330 mL). The combined organic layers were washed with brine, dried over MgSO4 and 

concentrated. The resulting crude was purified by column chromatography (1:19, 

acetone/petroleum ether 40–60 °C) to yield 3.61 and 3.62 as a mixture (1.31 g, 1:0.4 respectively). 

The mixture of 3.61 (~0.93 g) and 3.62 (~0.38 g, 1 equiv) was dissolved in CH2Cl2 (25 mL), followed 

by portion wise addition of mCPBA (0.97 g, 2 equiv) at 0 °C. After 16 h, the reaction was quenched 

with sat. aq. NaHCO3 (20 mL) and the aqueous layer was extracted with CH2Cl2 (330 mL). The 

combined organic layers were washed with brine, dried over MgSO4 and concentrated. The 

resulting crude was purified by column chromatography (1:19, Et2O/petroleum ether 40–60 °C) to 

yield 3.61 as a colourless oil (0.75 g, 36%). 

1H NMR (400 MHz, CDCl3) δ 7.41–7.28 (m, 5H, HAr), 4.73–4.54 (m, a doublet with 49.5 Hz can be 

observed, 1H, H3), 4.55 (d, J=11.9 Hz, 1H, PhCHH’), 4.51 (d, J=11.9 Hz, 1H, PhCHH’), 3.68–3.57 (m, 

2H, H1), 1.96–1.78 (m, 2H, H2), 1.72–1.59 (m, 2H, H4), 0.99 (t, J=7.5 Hz, 3H, H5) ppm; 13C NMR (101 

MHz, CDCl3) δ 138.4 (CAr), 128.4 (CAr2), 127.6 (CAr2), 127.6 (CAr), 92.7 (d, J=167.3 Hz, C3), 73.1 

(PhCH2), 66.3 (d, J=4.4 Hz, C1), 35.1 (d, J=21.3 Hz, C2), 28.3 (d, J=20.5 Hz, C4), 9.3 (d, J=5.9 Hz, C5) 

ppm; 19F NMR (376 MHz, CDCl3) δ -184.4– -184.0 (m, 1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -

184.1 (s, 1F) ppm; IR (neat) 3065 (w), 2967 (m), 2879 (m), 1363 (m), 1097 (s), 930 (s) cm-1; HRMS 

(ESI+) for C12H17FNaO [M+Na]+, calculated 219.1156, found 219.1156 (-0.1 ppm error). 

Synthesis of 3-fluoropentan-1-ol (I8) 

 

To a solution of 3.61 (0.70 g, 1 equiv) in Et2O (20 mL) was added a suspension of Pd/C 10 wt. % (300 

mg) in Et2O (10 mL). The reaction mixture was degassed with nitrogen and one balloon of hydrogen. 

The reaction mixture was stirred at room temperature under a hydrogen atmosphere. After 16 h, 
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the reaction was then filtered over Celite, which was then rinsed with CH2Cl2 (30 mL). The crude 

was carefully concentrated at 750 mbar/30 °C and purified by column chromatography (9:1, 

CH2Cl2/Et2O) to afford I8 as a colourless oil (0.33 g, 87%). 

1H NMR (400 MHz, CDCl3) δ 4.79–4.53 (m, a doublet with 49.2 Hz can be observed, 1H, H3), 3.82 (t, 

J=5.8 Hz, 2H, H1), 1.99–1.48 (m, 5H, H2 + H4 + OH), 1.00 (t, J=7.5 Hz, 3H, H5) ppm; 13C NMR (101 

MHz, CDCl3) δ 93.8 (d, J=165.8 Hz, C3), 59.5 (d, J=3.7 Hz, C1), 37.4 (d, J=20.5 Hz, C2), 28.3 (d, J=20.5 

Hz, C4), 9.3 (d, J=6.6 Hz, C5) ppm; 19F NMR (376 MHz, CDCl3) δ -183.5– -184.0 (m, 1F) ppm; 19F {1H} 

NMR (376 MHz, CDCl3) δ -183.7 (s, 1F) ppm; IR (neat) 3341 (br. w), 2969 (m), 2884 (m), 1463 (m), 

1056 (s), 927 (s) cm-1; HRMS (CI) for C5H12FO [M+H]+, calculated 107.0867, found 107.0863 (-0.37 

ppm error). 

Synthesis of 3,3-difluoropentyl benzylether (3.63) 

 

To a solution of 3.13 (2.23 g, 1 equiv) in CH2Cl2 (35 mL), DAST (3.07 mL, 2 equiv) was added dropwise 

at 0 °C. The reaction mixture was heated 40 °C and after 48 h, the reaction mixture was quenched 

with sat. aq. NaHCO3 until pH 7. The aqueous phase was extracted with CH2Cl2 (3100 mL) and the 

combined organic phases were washed with brine and dried over MgSO4 and concentrated. The 

crude oil was purified by column chromatography (5:95, acetone/petrol ether 40–60 °C) to yield 

3.63 as a pale-yellow oil (0.91 g, 37%). 

1H NMR (400 MHz, CDCl3) δ 7.40–7.28 (m, 5H, HAr), 4.53 (s, 2H, PhCH2), 3.67 (t, J=6.7 Hz, 2H, H1), 

2.20 (tt, J=16.2, 6.7 Hz, 2H, H2), 1.90 (tq, J=16.8, 7.6 Hz, 2H, H4), 1.03 (t, J=7.5, 3H, H5) ppm; 13C 

NMR (101 MHz, CDCl3) δ 138.0 (CAr), 128.4 (CAr2), 127.7 (CAr), 127.6 (CAr2), 124.8 (t, J=240.3 Hz, 

C3), 73.2 (PhCH2), 64.3 (t, J=5.9 Hz, C1), 36.2 (t, J=25.7 Hz, C2), 30.0 (t, J=25.7, C4), 6.6 (t, J=5.5, C5) 

ppm; 19F NMR (376 MHz, CDCl3) δ -98.9 (quin, J=16.5 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ 

-98.9 (s, 2F) ppm; IR (neat) 2982 (br. w), 2888 (w), 1374 (m), 1102 (s), 940 (s), 737 (s) cm-1; HRMS 

(ESI+) for C12H16F2NaO [M+Na]+, calculated 237.1061, found 237.1055 (+2.6 ppm error). 

Synthesis of 3,3-difluoropentan-1-ol (I11) 

 

To a solution of 3.63 (0.64 g, 1 equiv) in Et2O (20 mL) was added a suspension of Pd/C 10% (300 mg) 

in Et2O (10 mL). The reaction mixture was degassed with nitrogen and one balloon of hydrogen. The 

reaction mixture was stirred at room temperature under a hydrogen atmosphere. After 16 h, the 
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reaction was then filtered over Celite, which was then rinsed with CH2Cl2 (30 mL). The crude was 

carefully concentrated at 750 mbar/30 °C and was purified by column chromatography (9:1, 

CH2Cl2/Et2O) to afford I11 as a colourless oil (0.32 g, 86%). 

1H NMR (400 MHz, CDCl3) δ 3.89 (q, J=5.9 Hz, 2H, H1), 2.14 (tt, J=17.0, 6.2 Hz, 2H, H2), 1.91 (tq, 

J=16.8, 7.5 Hz, 2H, H4), 1.61 (br. t, J=7.1 Hz, 1H, OH), 1.04 (t, J=7.5 Hz, 3H, H5) ppm; 13C NMR (101 

MHz, CDCl3) δ 125.4 (t, J=240.3 Hz, C3), 57.2 (t, J=5.5 Hz, C1), 38.5 (t, J=24.2 Hz, C2), 30.2 (t, J=26.0 

Hz, C4), 6.5 (t, J=5.9 Hz, C5) ppm; 19F NMR (376 MHz, CDCl3) δ -99.5 (quin, J=16.9 Hz, 2F) ppm; 19F 

{1H} NMR (376 MHz, CDCl3) δ -99.5 (s, 2F) ppm; IR (neat) 3351 (br. w), 2984 (m), 2893 (w), 1375 

(m), 1144 (s), 1052 (s), 936 (s) cm-1; HRMS (CI) for C5H11F2O [M+H]+, calculated 125.0773, found 

125.0768 (-0.44 ppm error). 

Synthesis of Pentan-1,4-diol (3.64) 

 

To a solution of lithium aluminium hydride (10.32 g, 2.5 equiv) in THF (250 mL) was added γ-

valerolactone 3.18 (9.83 mL, 1 equiv) dropwise at 0 °C. The reaction was stirred at 0 °C for 30 min 

before being allowed to warm to room temperature. After 2 h, the reaction was then cooled to 0 °C 

and water (30 mL) was added dropwise, followed by aq. NaOH (15% wt., 10 mL) then water (30 mL). 

MgSO4 (10 g) was added to the quenched reaction mixture and stirred for 30 min. The reaction 

mixture was then filtered over Celite and the filter cake was rinsed with EtOAc (5200 mL). The 

combined organic phases were dried over MgSO4 and concentrated in vacuo. The resulting oil was 

purified by column chromatography (EtOAc) to yield 3.64 as a colourless oil (8.63 g, 84%). 

1H NMR (400 MHz, CDCl3) δ 3.90–3.82 (m, 1H, H2), 3.74–3.63 (m, 2H, H5), 2.40 (br. s, 1H, OH), 2.17 

(br. s, 1H, OH), 1.74–1.47 (m, 4H, H3 + H4), 1.22 (d, J=6.2 Hz, 3H, H1) ppm; 13C NMR (101 MHz, 

CDCl3) δ 68.0 (C2), 62.9 (C5), 36.2 (C3 or C4), 29.1 (C3 or C4), 23.6 (C1) ppm. 

Data consistent with literature.163 

Synthesis of 5-((tert-butyldimethylsilyl)oxy)pentan-2-ol (3.65) 

 

To a stirred solution of 3.64 (8.50 g, 1 equiv), imidazole (6.67 g, 1.2 equiv) and DMAP (0.50 g, 0.05 

equiv) in CH2Cl2 (100 mL) was added TBDMSCl (12.54 g, 1.02 equiv) portion wise at 0 °C. The reaction 

mixture was allowed to warm to rt. After 16 h, the reaction was quenched with aq. HCL (2 M, 40 
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mL) and water (40 mL) and the layers separated. The aqueous phase was extracted with CH2Cl2 

(3100 mL) and the combined organic layers were washed with brine (100 mL), dried over MgSO4 

and concentrated in vacuo. The resulting oil was purified with column chromatography (1:9, 

EtOAc/petrol ether 40–60 °C) to yield 3.65 as a colourless oil (15.52 g, 87%) 

1H NMR (400 MHz, CDCl3) δ 3.86–3.78 (m, 1H, H2), 3.72–3.63 (m, 2H, H5), 2.63 (br. s, 1H, OH), 1.72–

1.44 (m, 4H, H3 + H4), 1.20 (d, J=6.2 Hz, 3H, H1), 0.91 (s, 9H, SiC(CH3)3), 0.08 (s, 6H, Si(CH3)2) ppm; 

13C NMR (101 MHz, CDCl3) δ 67.7 (C2), 63.6 (C5), 36.7 (C3 or C4), 29.4 (C3 or C4), 25.9 (SiC(CH3)3), 

23.4 (C1), 18.3 (SiC(CH3)3), -5.41 (Si(CH3)2) ppm. 

Data consistent with literature.163 

Synthesis of ((4-(benzyloxy)pentyl)oxy)(tert-butyl)dimethylsilane (3.66) 

 

To a solution of 3.65 (640 mg, 1 equiv) in THF, NaH in 60% mineral oil (602 mg, 5 equiv) was added 

portion wise at 0 °C. After 30 min, BnBr (0.47 mL, 1.3 equiv) and TBAI (340 mg, 0.3 equiv) were 

added at 0 °C. After 48 h, the reaction mixture was cooled to 0 °C and sat. aq. NH4Cl (10 mL) was 

added dropwise. After 10 min, the reaction mixture was diluted with brine (50 mL) and Et2O (100 

mL). The layers were separated and the aqueous phase was extracted with Et2O (2100 mL). The 

combined organic layers were washed with brine (100 mL), dried over MgSO4 and concentrated in 

vacuo. The crude oil was purified with column chromatography (1:19, EtOAc/petrol ether 40–60 °C) 

to afford 3.66 as a colourless oil (0.57 g, 63%). 

1H NMR (400 MHz, CDCl3) δ 7.40–7.25 (m, 5H, HAr), 4.57 (d, J=11.9 Hz, 1H, PhCHH’), 4.47 (d, J=11.9 

Hz, 1H, PhCHH’), 3.64–3.60 (m, 2H, H5), 3.54 (br. sxt, J=6.1 Hz, 1H, H2), 1.70–1.49 (m, 4H, H3 + H4), 

1.21 (d, J=6.1 Hz, 3H, H1), 0.90 (s, 9H, SiC(CH3)3), 0.05 (s, 6H, Si(CH3)2) ppm; 13C NMR (101 MHz, 

CDCl3) δ 139.1 (CAr), 128.3 (CAr2), 127.6 (CAr2), 127.4 (CAr), 74.7 (C2), 70.3 (PhCH2), 63.2 (C5), 32.8 

(C3 or C4), 28.8 (C3 or C4), 26.0 (SiC(CH3)3), 19.7 (C1), 18.4 (SiC(CH3)3), -5.3 (Si(CH3)2) ppm; IR (thin 

film, CDCl3) 2952 (w), 2927 (w), 2856 (w), 1254 (w), 1093 (s), 835 (s) cm-1; MS (ESI+ ) m/z 309.2 

[M+H]+, 331.2 [M+Na]+; HRMS (ESI+) for C18H33O2Si [M+H]+, calculated 309.2244, found 309.2252 (-

2.6 ppm error).  
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Synthesis of 4-(benzyloxy)pentan-1-ol (3.67) 

 

To a stirred solution of 3.66 (450 mg, 1 equiv) in THF (3 mL), was added TBAF (1M in THF, 2.18 mL, 

1.5 equiv) dropwise at 0 °C over 30 min. The reaction was stirred at 0 °C for 30 min before allowing 

to warm to room temperature. After 4 h, the reaction mixture was quenched with the dropwise 

addition of sat. aq. NH4Cl (10 mL) at 0 °C. After vigorous stirring for 30 min, the aqueous phase was 

extracted with EtOAc (310 mL) and the combined organic layers were dried over MgSO4 and 

concentrated in vacuo. The crude oil was purified with column chromatography (1:9, 

acetone/petrol ether 40–60 °C) to afford 3.67 as a pale orange oil (237 mg, 84%).  

1H NMR (400 MHz, CDCl3) δ 7.37–7.28 (m, 5H, HAr), 4.62 (d, J=11.6 Hz, 1H, PhCHH’), 4.47 (d, J=11.6, 

1H, PhCHH’), 3.64 (t, J=5.7 Hz, 2H, H5), 3.59 (br. sxt, J=6.1 Hz, 1H, H2), 1.99 (br. s, 1H, OH), 1.74–

1.56 (m, 4H, H3 + H4), 1.24 (d, J=6.1 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 138.6 (CAr), 128.4 

(CAr2), 127.7 (CAr2), 127.5 (CAr), 74.7 (C2), 70.4 (PhCH2), 63.0 (C5), 33.2 (C3 or C4), 28.8 (C3 or C4), 

19.4 (C1) ppm. 

Proton consistent with literature.250 

Synthesis of 5-((tert-butyldimethylsilyl)oxy)pentan-2-yl acetate (3.72) 

 

To a solution of 3.65 (14.50 g, 1 equiv), pyridine (13.15 mL, 2.5 equiv) and DMAP (0.83 g, 0.1 equiv) 

was added acetic anhydride (7.6 mL, 1.2 equiv) at 0 °C. The reaction was allowed to warm to room 

temperature and after 2 h, was quenched with aq. HCl (2M, 100 mL). The aqueous phase was 

extracted with CH2Cl2 (3100 mL) and the combined organic layers were washed with brine (100 

mL), dried over MgSO4 and concentrated in vacuo to afford 3.72 as a colourless oil (16.98 g, 97%).  

1H NMR (400 MHz, CDCl3) δ 4.92 (br. sxt, J=6.2, 1H, H2), 3.61 (br. t, J=6.0, 2H, H5), 2.03 (s, 3H, CH3, 

Ac), 1.69–1.40 (m, 4H, H3 + H4), 1.22 (d, J=6.2 Hz, 3H, H1), 0.90 (s, 9H, SiC(CH3)3), 0.05 (s, 6H, 

Si(CH3)2) ppm; 13C NMR (101 MHz, CDCl3) δ 170.8 (C=O), 70.8 (C2), 62.8 (C5), 32.4 (C3 or C4), 28.7 

(C3 or C4), 25.9 (SiC(CH3)3), 21.4 (CH3, Ac), 20.0 (C1), 18.3 (SiC(CH3)3), -5.3 (Si(CH3)2) ppm. 

Data consistent with literature.251 
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Synthesis of 5-hydroxypentan-2-yl acetate (3.73) 

 

To a stirred solution of 3.72 (16.80 g, 1 equiv) in THF (100 mL), was added TBAF (1M in THF, 92 mL, 

1.1 equiv) dropwise at 0 °C over 30 min. The reaction was stirred at 0 °C for 30 min, before allowing 

to warm to room temperature. After 2 h, the reaction mixture was quenched by the dropwise 

addition of sat. aq. NH4Cl (150 mL) at 0 °C. After 30 min of vigorous stirring, the aqueous phase was 

extracted with EtOAc (3300 mL) and the combined organic layers were dried over MgSO4. The 

crude oil was purified with column chromatography (1:9, acetone/petrol ether 40–60 °C) to afford 

3.73 as a slightly orange oil (7.80 g, 69%).  

1H NMR (400 MHz, CDCl3) δ 4.90–4.87 (m, 1H, H2), 3.67 (t, J=6.0 Hz, 2H, H5), 2.04 (s, 3H, CH3, Ac), 

1.71–1.50 (m, 4H, H3 + H4), 1.42 (br. s, 1H, OH), 1.23 (d, J=6.4 Hz, 3H, H1) ppm; 13C NMR (101 MHz, 

CDCl3) δ 170.8 (C=O), 70.7 (C2), 62.5 (C5), 32.2 (C3 or C4), 28.5 (C3 or C4), 21.3 (CH3, Ac), 20.0 (C1) 

ppm. 

Data consistent with literature.252 

Synthesis of 5-Fluoropentan-2-yl acetate (3.74) 

 

To a stirred solution of DAST (2.50 mL, 2.5 equiv) in CH2Cl2 (3 mL), was added 3.73 (1.08 g, 1 equiv) 

dissolved in CH2Cl2 (3 mL) dropwise at -78 °C. The reaction was allowed to warm to room 

temperature and after 16 h, DAST (1 mL) was added at 0 °C. After 24 h, the reaction mixture was 

quenched with sat. aq. NaHCO3 (60 mL) dropwise at 0 °C and left to stir for 15 min until evolution 

of CO2 ceased. The aqueous was extracted with CH2Cl2 (340 mL) and the combined organic layers 

were dried over MgSO4. The crude was carefully concentrated at 750 mbar/30 °C and was purified 

with column chromatography (1:9, Et2O/pentane) to afford a slightly yellow solution (calculated 

yield based on 1H NMR, 790 mg, 73%). Due to the presumed volatility of this fluorinated product, 

3.74 (containing eluting solvents) was used directly for next step without complete removal of the 

solvent residue. 

1H NMR (400 MHz, CDCl3) δ 4.95 (sxt, J=6.2 Hz, 1H, H2), 4.57–4.35 (m, a doublet with J=47.1 was 

observed, 2H, H5), 2.04 (s, 3H, CH3, Ac), 1.89–1.61 (m, 4H, H3 + H4), 1.25 (d, J=6.2 Hz, 3H, H1) ppm; 
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19F NMR (376 MHz, CDCl3) δ -218.9 (tt, J= 46.7, 24.3 Hz, 1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ 

-218.9 (s, 1F) ppm. 

Synthesis of 5-Fluoropentan-2-ol (H1) 

 

To a stirred solution of 3.74 (593 mg, 1 equiv) in Et2O (5 mL) was added NaOMe (25% w/w in MeOH, 

1.8 mL, 2 equiv). After 1.5 h, the reaction was neutralized with aq. HCl (1 M) until 7 pH. The aqueous 

layer was extracted with CH2Cl2 (310 mL) and the combined organic layers were dried over MgSO4. 

The crude was carefully concentrated at 750 mbar/30 °C and purified by column chromatography 

(1:9, Et2O/CH2Cl2) to afford H1 as a slightly yellow oil (110 mg, 26%).  

1H NMR (400 MHz, CDCl3) δ 4.61–4.38 (m, a doublet with J=47.3 was observed, 2H, H5), 3.87 (sxt, 

J=6.2 Hz, 1H, H2), 1.98–1.67 (m, 2H, H4), 1.67–1.47 (m, 2H, H3), 1.34 (br. s, 1H, OH), 1.24 (d, J=6.2 

Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 84.2 (d, J=164.3 Hz, C5), 67.6 (C2), 34.8 (d, J=5.1 Hz, 

C3), 26.8 (d, J=19.8 Hz, C4), 23.6 (C1) ppm; 19F NMR (376 MHz, CDCl3) δ -218.2 (tt, J=46.8, 26.0 Hz, 

1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -218.0 (s, 1F) ppm; IR (thin film, CDCl3) 3486 (br. w), 2965 

(w), 2893 (w), 1424 (s), 1371 (s), 1134 (s) cm-1; HRMS (EI) for C5H11FO [M.+], calculated 106.0788, 

found 106.0779 (-0.93) ppm error. 

Synthesis of 5-oxopentan-2-yl acetate (3.75) 

 

To a solution of 3.73 (2.02 g, 1 equiv) in CH2Cl2 (20 mL) was added DMP (8.40 g, 1.4 equiv) portion 

wise at 0 °C. The reaction mixture was allowed to warm to room temperature and after 45 min, the 

reaction mixture was quenched with sat. aq. Na₂S₂O₃ (20 mL). The organic layer was washed with 

sat. aq. NaHCO3 (20 mL) and the aqueous layer was extracted with CH2Cl2 (330 mL). The combined 

organic phases were dried over MgSO4, concentrated in vacuo and the crude oil was purified with 

column chromatography (1:3, EtOAc/pentane) to afford 3.75 as a colourless oil (1.89 g, 96%). 

1H NMR (400 MHz, CDCl3) δ 9.77 (t, J=1.3 Hz, 1H, H5), 4.93 (sxt, J=6.3 Hz, 1H, H2), 2.50 (td, J=7.3, 

1.3 Hz, 2H, H4), 2.03 (s, 3H, CH3, Ac), 1.95–1.84 (m, 2H, H3), 1.25 (d, J=6.2 Hz, 3H, H1) ppm. 
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Synthesis of 5,5-difluoropentan-2-yl acetate (3.76) 

 

To a stirred solution of 3.75 (1.89 g, 1 equiv) in CH2Cl2 (50 mL) was added DAST (3.46 mL, 2 equiv) 

dropwise at 0 °C. The reaction was allowed to warm to room temperature and after 16 h, was 

quenched with sat. aq. NaHCO3 until pH 7. The aqueous phase was extracted with CH2Cl2 (350 mL), 

dried over MgSO4 and carefully concentrated at 750 mbar/30 °C. The crude was purified with 

column chromatography (1:19 to 1:9, Et2O/pentane) to afford a colourless solution (calculated yield 

based on 1H NMR, 1.60 g, 73%). Due to the presumed volatility of this fluorinated product, 3.76 

(containing eluting solvents) was used directly for next step without complete removal of the 

solvent residue. 

1H NMR (400 MHz, CDCl3) δ 5.84 (tt, J=56.7, 4.3 Hz, 1H, H5), 4.28 (sxt, J=6.24 Hz, 1H, H2), 2.05 (s, 

3H, CH3, Ac), 2.00–1.79 (m, 2H, H4), 1.77–1.67 (m, 2H, H3), 1.25 (d, J=6.24 Hz, 3H, H1) ppm; 19F NMR 

(376 MHz, CDCl3) δ -116.4 (dt, J=57.2, 17.3 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -116.4 (s, 

2F) ppm. 

Synthesis of 5,5-Difluoropentan-2-ol (H4)  

 

To a stirred solution of 3.76 (1.60 g, 1 equiv) in Et2O (30 mL) was added NaOMe (25% w/w in MeOH, 

4.40 mL, 2 equiv). After 6 h, the reaction was neutralized with aq. HCl (1 M) until 7 pH. The aqueous 

layer was extracted with CH2Cl2 (330 mL) and the combined organic layers were dried with MgSO4. 

The crude was carefully concentrated at 750 mbar/30 °C and purified by column chromatography 

(CH2Cl2) to afford H4 as a colourless oil (633 mg, 53%).  

1H NMR (400 MHz, CDCl3) δ 5.88 (tt, J=57.0, 4.3 Hz, 1H, H5), 3.87 (qtd, J=6.1, 6.0, 4.7 Hz, 1H, H2), 

2.16–1.79 (m, 2H, H4), 1.73–1.48 (m, 2H, H3), 1.38 (d, J=4.6 Hz, 1H, OH), 1.24 (d, J=6.1 Hz, 3H, H1) 

ppm; 13C NMR (101 MHz, CDCl3) δ 117.3 (t, J=238.8 Hz, C5), 67.3 (C2), 31.2 (t, J=4.8 Hz, C3), 30.5 (t, 

J=21.3 Hz, C4), 23.7 (C1) ppm; 19F NMR (376 MHz, CDCl3) δ -115.7 (ddt, J=279.2, 55.5, 17.3 Hz, 1F, 

F5’), -116.7 (ddt, J=280.0, 57.2, 17.3 Hz, 1F, F5’’) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -115.7 (d, 

J=279.2 Hz, 1F, F5’), -116.7 (d, J=280.0 Hz, 1F, F5’’) ppm; IR (neat) 3346 (br. w), 2971 (w), 2936 (w), 

2875 (w), 1120 (s), 1003 (s), 928 (m) cm-1; HRMS (EI) for C5H10F2O [M.+], calculated 124.0694, found 

124.0700 (+0.53 ppm error). 
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Synthesis of (S)-2-hydroxy-N-methoxy-N-methylpropanamide (3.77) 

 

To a solution of (-)-ethyl L-lactate 3.18 (20.1 g, 1 equiv) and N,O-dimethyl hydroxylamine (41.73 g, 

6 equiv) in THF (100 mL) at -20 °C, i-PrMgCl (2M in THF, 400 mL, 5 equiv) was added dropwise over 

30 min. The reaction was then allowed to stir for a further 30 min at -20 °C and then an additional 

30 min at 0 °C. The reaction mixture was then quenched with sat. aq. NH4Cl solution (500 mL) at 

0 °C. The aqueous phase was extracted with Et2O (3300 mL), followed by CH2Cl2 (3300 mL). The 

combined organic layers were dried over MgSO4 and concentrated in vacuo. The crude oil was 

purified by column chromatography (3:7, acetone/petrol ether 40–60 °C) to afford 3.77 as a 

colourless oil (20.03 g, 89%). 

1H NMR (400 MHz, CDCl3) δ 4.49 (quin, J=6.9 Hz, 1H, H2), 3.73 (s, 3H, H5), 3.34 (d, J=7.7 Hz, 1H, OH), 

3.26 (s, 3H, H4), 1.37 (d, J=6.6 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 175.8 (C3), 65.0 (C2), 

61.3 (C5), 32.4 (C4), 21.0 (C1) ppm. 

Data consistent with literature.165 

Synthesis of (S)-2-hydroxypentan-3-one (3.81) 

 

To a solution of 3.77 (20.03 g, 1 equiv) in Et2O (500 mL) at 0 °C, EtMgBr (3M in Et2O, 90 mL, 1.5 

equiv) was added dropwise and the reaction was allowed to warm to room temperature. After 2 h, 

the reaction was quenched with sat. aq. NH4Cl solution (600 mL). The aqueous phase was extracted 

with Et2O (200 mL) and CH2Cl2 (3200 mL). The combined organic layers were dried over MgSO4 and 

concentrated carefully at 750 mbar/30 °C. The crude oil was purified with column chromatography 

(1:1, Et2O/pentane) to produce 3.78 as a colourless liquid (5.01 g, 33%). 

1H NMR (400 MHz, CDCl3) δ 4.25 (qd, J=7.1, 4.6 Hz, 1H, H2), 3.56 (d, J=4.6 Hz, 1H, OH), 2.56 (dq, 

J=17.9, 7.3 Hz, 1H, H4’), 2.44 (dq, J=17.9, 7.3 Hz, 1H, H4’’), 1.38 (d, J=7.1 Hz, 3H, H1), 1.12 (t, J=7.3 

Hz, 3H, H5) ppm; 13C NMR (101 MHz, CDCl3) δ 213.0 (C3), 72.4 (C2), 30.7 (C4), 19.9 (C1), 7.5 (C5) 

ppm. 

Data consistent with literature.253  
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Synthesis of (S)-3-oxopentan-2-yl benzoate (3.79) 

 

To a solution of 3.78 (4.74 g, 1 equiv) in CH2Cl2 (100 mL) was added benzoic anhydride (15.74 g, 1.5 

equiv), DMAP (560 mg, 0.1 equiv) and i-PrNEt2 (16.2 mL, 2 equiv). After 6 h, the reaction was 

quenched with water (250 mL) and the aqueous layer was extracted with CH2Cl2 (3200 mL). The 

organic layers were combined, dried over MgSO4 and the crude oil was purified by column 

chromatography (1:4, acetone/petrol ether 40–60 °C) to produce 3.79 as a colourless oil (6.50 g, 

68%). 

1H NMR (400 MHz, CDCl3) δ 8.15–8.06 (m, 2H, HAr), 7.66–7.57 (m, 1H, HAr), 7.53–7.43 (m, 2H, HAr), 

5.37 (q, J=7.0 Hz, 1H, H2), 2.67 (dq, J=18.3, 7.3 Hz, 1H, H4’), 2.54 (dq, J=18.3, 7.3 Hz, 1H, H4’’), 1.54 

(d, J=7.1 Hz, 3H, H1), 1.11 (t, J=7.3 Hz, 3H, H5) ppm; 13C NMR (101 MHz, CDCl3) δ 208.5 (C3), 165.9 

(C=O), 133.4 (CAr), 129.8 (CAr2), 129.5 (CAr), 128.5 (CAr2), 75.1 (C2), 31.5 (C4), 16.5 (C1), 7.2 (C5) 

ppm; []D 24.66 (c = 1.7, CHCl3, 22°C). 

Data consistent with literature.165 

Synthesis of 3,3-difluoropentan-2-yl benzoate (3.80) 

 

To a solution of 3.79 (5.0 g, 1 equiv) in CH2Cl2 (15 mL) was added DAST (6.4 mL, 2 equiv) dropwise 

at 0 °C. The reaction was heated to 40 °C and after 24 h, 10 drops of HF•py was added. The reaction 

was heated to 40 °C for 24 h, then cooled to 0 °C and quenched with sat. aq. NaHCO3 until pH 7 is 

reached. The aqueous layer was then extracted with CH2Cl2 (375 mL), and the combined organic 

layers were dried over MgSO4 and concentrated. The crude oil was purified by column 

chromatography (1:19, Et2O/pentane) to afford 3.80 and 3.81 as a mix of the inseparable products 

with a 94:6 ratio by 19F NMR. 

Data for 3.80: 1H NMR (400 MHz, CDCl3) δ 8.13–8.02 (m, 2H, HAr), 7.67–7.56 (m, 1H, HAr), 7.52–7.44 

(m, 2H, HAr), 5.48–5.23 (m, 1H, H2), 2.10–1.83 (m, 2H, H4), 1.45 (d, J=6.6 Hz, 3H, H1), 1.07 (t, J=7.5 

Hz, 3H, H5) ppm; 13C NMR (101 MHz, CDCl3) δ 165.3 (C=O), 133.4 (CAr), 129.8 (CAr2), 129.6 (CAr), 

128.5 (CAr2), 122.7 (dd, J=246.5, 242.8 Hz, C3), 70.0 (dd, J=34.5, 28.6 Hz, C2), 26.5 (t, J=24.9 Hz, 
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C4), 13.4 (t, J=2.9 Hz, C1), 5.7 (dd, J=6.6, 5.1 Hz, C5)ppm; 19F NMR (376 MHz, CDCl3) δ -111.2– -112.2 

(m, 1F, F3’), -113.8– -115.0 (m, 1F, F3’’) ppm; 19F NMR (376 MHz, CDCl3) δ -111.8 (d, J=250.6 Hz, 1F, 

F3’), -114.4 (d, J=251.42 Hz, 1F, F3’’) ppm; IR (neat) 2990 (w), 2948 (w), 1723 (s), 1265 (s), 1097 (s), 

965 (s) cm-1; HRMS (ESI+) for C12H14F2NaO2 [M+Na]+, calculated 251.0854, found 251.0853 (+0.5 

ppm error).  

Data for 3.81: 1H NMR (400 MHz, CDCl3) δ benzoyl group not visible due to overlap with major 

product, 5.63 (dq, J=17.6, 6.6 Hz, 1H, H2), 5.02 (dq, J=36.3, 6.8 Hz, 1H, H4), 1.65 (dd, J=7.2, 2.3 Hz, 

1H, H5), 1.52 (d, J=6.7 Hz, 1H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ not visible due to low 

concentration; 19F NMR (376 MHz, CDCl3) δ -126.4 (ddd, J=36.4, 17.3, 3.5 Hz, 1F) ppm; 19F NMR (376 

MHz, CDCl3) δ -126.4 (s, 1F) ppm; HRMS (ESI+) for C12H13FNaO2 [M+Na]+, calculated 231.0792, found 

231.0791 (+0.4 ppm error). 

Synthesis of 3,3-difluoropentan-2-ol (H7) 

 

To a stirred solution of 3.80 and 3.81 in Et2O (30 mL) was added NaOMe (25% w/w in MeOH, 11.0 

mL). After 6 h, the reaction was neutralized with aq. HCl (1 M) until 7 pH. The aqueous layer was 

extracted with CH2Cl2 (330 mL) and the combined organic layers were dried over MgSO4. The crude 

was carefully concentrated at 750 mbar/30 °C and purified by column chromatography (CH2Cl2) to 

afford H7 as a colourless oil (1.05 g, 35% over 2 steps).  

1H NMR (400 MHz, CDCl3) δ 3.93 (ddq, J=18.5, 8.7, 6.5 Hz, 1H, H2), 2.09–1.85 (m, 2H, H4), 1.85–1.80 

(m, 1H, OH), 1.29 (d, J=6.6 Hz, 3H, H1), 1.06 (t, J=7.5 Hz, 3H, H5) ppm; 13C NMR (101 MHz, CDCl3) δ 

124.3 (t, J=243.9 Hz, C3), 68.9 (t, J=29.3 Hz, C2), 25.3 (t, J=24.9 Hz, C4), 16.1 (t, J=3.7 Hz, C1), 5.7 (t, 

J=5.5 Hz, C5) ppm; 19F NMR (376 MHz, CDCl3) δ -113.7– -115.0 (m, 1F, F3’), -116.7 (ddt, J=246.2, 

23.4, 12.1 Hz, 1F, F3’’) ppm; 19F NMR (376 MHz, CDCl3) δ -114.3 (d, J=246.2 Hz, 1F, F3’), -116.7 (d, 

J=246.2 Hz, 1F, F3’’) ppm; IR (neat) 3356 (br. w), 2989 (w), 2949 (w), 2882 (w), 1468 (m), 1106 (s), 

957 (s) cm-1; HRMS (CI) for C5H11F2O [M+H]+, calculated 125.0773, found 125.0777 (+0.48 ppm 

error). 

 

 

Synthesis of but-3-en-1-yl benzoate (3.86) 
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To a solution of 3-buten-1-ol 3.4 (500 mg, 1 equiv) and pyridine (1.12 mL, 2 equiv) in CH2Cl2 (10 mL) 

was added benzoyl chloride (0.97 mL, 1.2 equiv) dropwise. After 16 h, the reaction was quenched 

with water (30 mL) and layers were separated. The organic layer was washed with aq. 2M HCl (30 

mL), sat. aq. NaHCO3 (30 mL), brine and dried over MgSO4. The crude mixture was concentrated in 

vacuo and purified by column chromatography (1:4, EtOAc/petroleum ether 40–60 °C) to yield 3.86 

as a colourless oil (1.11 g, 91%).  

1H NMR (400 MHz, CDCl3) δ 8.16–7.95 (m, 2H, HAr) 7.60–7.54 (m, 1H, HAr), 7.49–7.40 (m, 2H, HAr), 

5.89 (ddt, J=17.1, 10.3, 6.7 Hz, 1H, H3), 5.19 (dq, J=17.2, 1.6 Hz, 1H, H4cis), 5.14 (dq, J=10.3, 1.6 Hz, 

1H, H4trans), 4.39 (t, J=6.7 Hz, 2H, H1), 2.54 (qt, J=6.7, 1.3 Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) 

δ 166.6 (C=O), 134.0 (C3), 132.9 (CAr), 130.4 (CAr), 129.6 (CAr2), 128.3 (CAr2), 117.3 (C4), 64.0 (C1), 

33.2 (C2) ppm. 

Data consistent with literature.254 

Attempted synthesis of tetrahydrofuran-3-yl benzoate (3.90) 

 

To a Teflon tube was added a solution of 3.86 (100 mg, 1 equiv) and p-iodotoluene (24 mg, 0.2 

equiv) in DCE (1.3 mL). A solution of Et3N•3HF (0.76 mL) and HF•Py (0.55 mL) was then added, 

followed by Selectfluor® (302 mg, 1.5 equiv). After 16 h, the reaction was quenched with sat. aq. 

NaHCO3 until pH 7. The aqueous phase was extracted with CH2Cl2 (35 mL) and the combined 

organic layers were dried over MgSO4. The crude mixture was concentrated and purified by column 

chromatography (1:4, acetone/petroleum ether 40–60 °C) to yield 3.87 as a colourless oil (0.50 mg, 

46%). 

Data for 3.87: 1H NMR (400 MHz, CDCl3) δ 8.20–7.97 (m, 2H, HAr), 7.66–7.54 (m, 1H, HAr), 7.51–7.42 

(m, 2H, HAr), 5.57 (ddt, J=6.4, 4.3, 2.0Hz, 1H, H1), 4.08–3.96 (m, 3H, H3’ + H4), 3.93 (td, J=8.3, 4.4 

Hz, 1H, H3’’), 2.37–2.24 (m, 1H, H2’), 2.23–2.12 (m, 1H, H2’’) ppm; 13C NMR (101 MHz, CDCl3) δ 

166.3 (C=O), 133.1 (CAr), 130.0 (CAr), 129.63 (CAr2), 128.4 (CAr2), 75.4 (C1), 73.2 (C4), 67.2 (C3), 

33.0 (C2) ppm. 

Data consistent with literature.255 
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Synthesis of 4-tosyl(oxy)but-1-ene (3.96) 

 

To a solution of 3-buten-1-ol 3.4 (500 mg, 1 equiv) and pyridine (1.12 mL, 2 equiv) in CHCl3 (50 mL) 

was added a solution of tosyl chloride (1.58 g, 1.2 equiv) in CHCl3 (5 mL) dropwise. After 16 h, the 

reaction was quenched with water (50 mL) and layers were separated. The organic layer was 

washed with aq. 2M HCl (250 mL), sat. aq. NaHCO3 (50 mL), brine and dried over MgSO4. The crude 

mixture was concentrated in vacuo and purified by column chromatography (1:4, 

acetone/petroleum ether 40–60 °C) to yield 3.96 as a colourless oil (1.22 g, 78%). 

1H NMR (400 MHz, CDCl3) δ 7.84–7.76 (m, 2H, HAr), 7.38–7.33 (d, J=7.9 Hz, 2H, HAr), 5.68 (ddt, J=17.1, 

10.3, 6.7 Hz, 1H, H3), 5.12–5.08 (m, 2H, H4), 4.07 (t, J=6.8 Hz, 2H, H1), 2.46 (s, 3H, PhCH3), 2.41 (qt, 

J=6.7, 1.3 Hz, 2 H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 144.7 (CAr), 133.2 (CAr), 132.4 (C3), 129.8 

(CAr2), 127.9 (CAr2), 118.2 (C4), 69.4 (C1), 33.1 (C2), 21.6 (PhCH3) ppm. 

Data consistent with literature.167 

8.3 Synthesis of targets using fluorinated building blocks 

Synthesis of 4-(Trimethylsilyloxy)-1-penten (4.17) 

 

To a round bottom flask was added (diacetoxyiodo)benzene (3.74 g, 2 equiv), NaOAc (0.95 g, 2 

equiv) and AgNO3 (0.11 mg, 0.1 equiv) under an inert atmosphere. NMP (1.74 mL), 4.1 (0.5 g, 1 

equiv), 1,4-cyclohexadiene (1.10 mL, 1 equiv) and CF3SiMe3 (3.43 mL, 4 equiv) were then added. 

After 6 h, a second portion of CF3SiMe3 (3.43 mL, 4 equiv), (diacetoxyiodo)benzene (3.74 g, 2 equiv), 

NaOAc (0.95 g, 2 equiv) and 1,4-cyclohexadiene (1.10 mL, 1 equiv) was added. After 16 h, the 

reaction was filtered over a pad of Celite, diluted with Et2O (100 mL) and washed with water (100 

mL), brine and dried over MgSO4. The crude is then purified via column chromatography (1:1, 

CH2Cl2/pentane) to afford a 4.17 as a colourless oil (0.61 g, 67%).  

1H NMR (400 MHz, CDCl3) δ 5.80 (ddt, J=17.2, 10.1, 7.1 Hz, 1H, H4), 4.99-5.09 (m, 2H, H5), 3.83 (sxt, 

J=6.1 Hz, 1H, H2), 2.09-2.30 (m, 2H, H3), 1.15 (d, J=6.1 Hz, 3H, H1), 0.12 ppm (s, 9H, Si(CH3)3) ppm; 

13C NMR (101 MHz, CDCl3) δ 135.5 (C4), 116.6 (C5), 68.3 (C2), 44.1 (C3), 23.4 (C1), 0.2 (Si(CH3)3) 

ppm. 
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Data consistent with literature.256 

Synthesis of pent-4-en-2-yl benzoate (4.18) 

 

To a solution pent-4-ene-2-ol 4.1 (0.60 mL, 1 equiv) and pyridine (1.4 mL, 3 equiv) in CH2Cl2 (20 mL), 

benzoyl chloride (1.01 mL, 1 equiv) was added dropwise at 0 °C. The reaction was allowed to warm 

to room temperature and after 16 h, the reaction mixture was diluted with CH2Cl2 (10 mL) and 

quenched with aq. HCl (2 M, 10 mL). The organic layer was collected and washed with sat. aq. 

NaHCO3 (10 mL) and brine, before being dried over MgSO4 and concentrated in vacuo. The crude 

oil was purified by flash column chromatography (1:9, EtOAc/petroleum ether 40-60 °C) to afford 

4.18 as a colourless oil (1.22 g, quant.).  

1H NMR (400 MHz, CDCl3) δ 8.09–8.02 (m, 2H, HAr), 7.59–7.52 (m, 1H, HAr), 7.49–7.41 (m, 2H, HAr), 

5.85 (ddt, J=17.1, 10.1, 7.1 Hz, 1H, H4), 5.23 (sxt, J=6.3 Hz, 1H, H1), 5.15 (dq, J=17.1, 1.5 Hz, 1H, 

H5cis), 5.10 (ddt, J=10.1, 1.9, 1.0 Hz, 1H, H5trans), 2.59–2.35 (m, 2H, H3), 1.37 (d, J=6.4 Hz, 3H, H1) 

ppm; 13C NMR (101 MHz, CDCl3) δ 166.1 (C=O), 133.6 (C4), 132.7 (CAr), 130.8 (CAr), 129.5 (CAr2), 

128.3 (CAr2), 117.9 (C5), 70.7 (C2), 40.4 (C3), 19.6 (C1) ppm. 

Proton consistent with literature.257 No carbon available. 

Synthesis of 6,6,6-trifluorohexan-2-yl benzoate (4.19) 

 

To a round bottom flask was added (diacetoxyiodo)benzene (2.13 g, 2 equiv), NaOAc (0.54 g, 2 

equiv) and AgOTf (85 mg, 0.1 equiv) under an inert atmosphere. NMP (9.94 mL), 4.18 (0.63 g, 1 

equiv), 1,4-cyclohexadiene (0.31 mL, 1 equiv) and CF3SiMe3 (1.95 mL, 4 equiv) were then added. 

After 6 h, a second portion of CF3SiMe3 (1.95 mL, 4 equiv), (diacetoxyiodo)benzene (2.13 g, 2 equiv), 

NaOAc (0.54 g, 2 equiv) and 1,4-cyclohexadiene (0.31 mL, 1 equiv) was added. After 16 h, the 

reaction was filtered over a pad of Celite, diluted with Et2O (100 mL) and washed with water (100 

mL), 2M HCl (100 mL), brine and dried over MgSO4. The crude is then purified via column 

chromatography (1:19, EtOAc/petroleum ether 40-60 °C) to afford a mixture of the desired product 

and starting material.  
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The inseparable mixture of 4.19 (546 mg) and 4.18 (174 mg, 1 equiv) was dissolved in CH2Cl2 (20 

mL) before the addition of mCPBA (0.39 g, 1.25 equiv). After 16 h, the reaction was quenched with 

sat. aq. NaHCO3 (30 mL), the aqueous layer was extracted with CH2Cl2 (320 mL). The combined 

organic layers were washed with brine and dried over MgSO4, before purification via column 

chromatography (1:19, EtOAc/petroleum ether 40-60 °C) to afford 4.19 as a colourless oil (480 mg, 

57% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 8.06–8.02 (m, 2H, HAr), 7.61–7.53 (m, 1H, HAr), 7.50–7.41 (m, 2H, HAr), 

5.25–5.12 (m, 1H, H2), 2.24–2.04 (m, 2H, H5), 1.91–1.61 (m, 4H, H3 + H4), 1.38 (d, J=6.4 Hz, 3H, H1) 

ppm; 13C NMR (101 MHz, CDCl3) δ 166.1 (C=O), 132.9 (CAr), 130.5 (CAr), 129.5 (CAr2), 128.4 (CAr2), 

127.0 (q, J=275.1 Hz, C6), 70.7 (C2), 35.0 (C3), 33.5 (q, J=28.6 Hz, C5), 20.0, (C1), 18.0 (q, J=2.9 Hz, 

C4) ppm; 19F NMR (376 MHz, CDCl3) δ -66.6 (t, J=10.4 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) 

δ -66.6 (s, 3F) ppm; IR (neat) 2979 (w), 2953 (w), 1714 (s) 1271 (s), 1251 (m), 1110 (s), 711 (s) cm-1; 

HRMS (ESI+) for C13H15F3NaO2 [M+Na]+, calculated 283.0916, found 283.0921 (-1.6 ppm error) 

Synthesis of 6,6,6-trifluorohexan-2-ol (K1) 

 

To a solution of 4.19 (0.54 g, 1 equiv) in Et2O (20 mL), NaOMe (25% in MeOH, 0.95 mL, 2 equiv) was 

added. After 18 h, the reaction was quenched with aq. HCl (1M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (330 mL), and the organic phases were collected and dried over MgSO4. The 

crude was carefully concentrated at 750 mbar/30 °C and purified by column chromatography (100% 

to 9:1, CH2Cl2/Et2O) to afford K1 as a pale-yellow oil (259 mg, 80%).  

1H NMR (400 MHz, CDCl3) δ 3.83 (sxt, J=6.1 Hz, 1H, H2), 2.12 (qt, J=10.9, 7.9 Hz, 2H, H5), 1.81–1.45 

(m, 5H, H3 + H4 + OH), 1.23 (d, J=6.2 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 127.1 (q, J=276.6 

Hz, C6), 67.6 (C2), 37.9 (C3), 33.7 (q, J=28.6 Hz, C5), 23.7 (C1), 18.3 (q, J=2.9 Hz, C4) ppm; 19F NMR 

(376 MHz, CDCl3) δ -66.7 (t, J=10.4 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -66.7 (s, 3F) ppm; 

IR (neat) 3345 (br. w), 2971 (w), 2884 (w), 1248 (m), 1137 (s), 1044 (m), 974 (m) cm-1; HRMS (CI) for 

C6H12F3O [M+H]+, calculated 157.0835, found 157.0842 (+0.68 ppm error).  

 

 

Synthesis of but-3-en-2-yl benzoate (4.20) 
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To a solution 3-buten-2-ol 4.2 (1.20 mL, 1 equiv) and pyridine (3.35 mL, 3 equiv) in CH2Cl2 (20 mL), 

benzoyl chloride (2.41 mL, 1.5 equiv) was added dropwise at 0 °C. The reaction was allowed to 

warm to room temperature and after 16 h, was diluted with CH2Cl2 (10 mL) and quenched with aq. 

HCl (2 M, 20 mL). The organic layer was collected washed with sat. aq. NaHCO3 (20 mL) and brine 

before being dried over MgSO4 and concentrated in vacuo. The crude oil was purified by flash 

column chromatography (1:19, EtOAc/petroleum ether 40-60 °C) to afford 4.20 as a colourless oil 

(2.15 g, 88%).  

1H NMR (400 MHz, CDCl3) δ 8.18–8.02 (m, 2H, HAr), 7.61–7.52 (m, 1H, HAr), 7.50–7.39 (m, 2H, HAr), 

5.98 (ddd, J=17.2, 10.5, 5.7 Hz, 1H, H3), 5.62 (quint, J=6.3, 1.3 Hz, 1H, H2), 5.35 (dt, J=17.3, 1.3 Hz, 

1H, H4cis), 5.20 (dt, J=10.5, 1.2 Hz, 1H, H4trans), 1.46 (d, J=6.6 Hz, 3H, H1) ppm; 13C NMR (101 MHz, 

CDCl3) δ 165.8 (C=O), 137.7 (C3), 132.8 (CAr), 130.6 (CAr), 129.6 (CAr2), 128.3 (CAr2), 115.8 (C4), 

71.5 (C2), 20.1 (C1) ppm. 

Data consistent with literature.258 

Synthesis of 5,5,5-trifluoropentan-2-yl benzoate (4.22) 

 

To a round bottom flask was added (diacetoxyiodo)benzene (7.32 g, 2 equiv), NaOAc (1.86 g, 2 

equiv) and AgOTf (0.29 g, 0.1 equiv) under an inert atmosphere. NMP (34 mL), 4.20 (2 g, 1 equiv), 

1,4-cyclohexadiene (1.07 mL, 1 equiv) and CF3SiMe3 (6.71 mL, 4 equiv) were then added. After 6 h, 

a second portion of CF3SiMe3 (6.71 mL, 4 equiv), (diacetoxyiodo)benzene (7.32 g, 2 equiv), NaOAc 

(1.86 g, 2 equiv) and 1,4-cyclohexadiene (1.07 mL, 1 equiv) was added. After 16 h, the reaction was 

filtered over a pad of Celite, diluted with Et2O (100 mL) and washed with water (100 mL), 2M HCl 

(100 mL), brine and dried over MgSO4. The crude is then purified via column chromatography (1:19, 

EtOAc/petroleum ether 40-60 °C) to afford a mixture of the desired product and starting material.  

The inseparable mixture of 4.22 (2.10 g) and 4.20 (500 mg, 1 equiv) was dissolved in CH2Cl2 (40 mL) 

before the addition of mCPBA (1.13 g, 2 equiv). After 16 h, the reaction was quenched with sat. aq. 

NaHCO3 (30 mL), the aqueous layer was extracted with CH2Cl2 (330 mL). The combined organic 

layers were washed with brine and dried over MgSO4, before purification via column 
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chromatography (1:19, EtOAc/petroleum ether 40-60 °C) to afford 4.22 as a colourless oil (1.60 g, 

57% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 8.09–7.99 (m, 2H, HAr), 7.63–7.54 (m, 1H, HAr), 7.52–7.42 (m, 2H, HAr), 

5.23 (sxt, J=6.4 Hz, 1H, H2), 2.37–2.10 (m, 2H, H4), 2.06–1.87 (m, 2H, H3), 1.41 (d, J=6.2 Hz, 3H, H1) 

ppm; 13C NMR (101 MHz, CDCl3) δ 165.9 (C=O), 133.0 (CAr), 130.2 (CAr), 129.5 (CAr2), 128.4 (CAr2), 

126.9 (q, J=275.8 Hz, C5), 69.8 (C2), 30.2 (q, J=29.1 Hz, C4), 28.4 (q, J=2.9 Hz, C3), 20.0 (C1) ppm; 19F 

NMR (376 MHz, CDCl3) δ -66.8 (t, J=10.4 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -66.8 (s, 3F) 

ppm; IR (neat) 2983 (w), 2939 (w), 1716 (s), 1243 (m), 1025 (s) cm-1; HRMS (ESI+) for C12H13F3NaO2 

[M+Na]+, calculated 269.0760, found 269.0757 (+0.9 ppm error). 

Synthesis of 5,5,5-trifluoropentan-2-ol (H9) 

 

To a solution of 4.22 (1.49 g, 1 equiv) in Et2O (30 mL), NaOMe (25% in MeOH, 2.76 mL, 2 equiv) was 

added. After 18 h, the reaction was quenched with aq. HCl (1M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (310 mL), and the organic phases were collected and dried over MgSO4. The 

crude was carefully concentrated at 750 mbar/30 °C and purified by column chromatography (100% 

to 9:1, CH2Cl2/Et2O) to afford H9 as a pale-yellow oil (583 mg, 68%).  

1H NMR (400 MHz, CDCl3) δ 3.87 (br. sxt, J=6.2 Hz, 1H, H2), 2.40–2.23 (m, 1H, H4’), 2.23–2.07 (m, 

1H, H4’’), 1.80–1.57 (m, 2H, H3), 1.39 (br. s, 1H, OH), 1.25 (d, J=6.2 Hz, 3H, H1) ppm; 13C NMR (101 

MHz, CDCl3) δ 127.3 (q, J=275.8 Hz, C5), 66.6 (C2), 31.1 (q, J=2.9 Hz, C3), 30.2 (q, J=28.9 Hz, C4), 23.7 

(C1) ppm; 19F NMR (376 MHz, CDCl3) δ -66.6 (t, J=10.4 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) 

δ -66.6 (s, 3F) ppm; IR (neat) 3354 (br. w), 2974 (w), 2879 (w), 1252(s), 1152(m), 1035 (s) cm-1; 

HRMS (CI) for C5H10F3O [M+H]+, calculated 143.06783, found 143.0726 (-0.56 ppm error).  

Synthesis of pent-1-en-3-yl benzoate (4.21) 

 

To a solution 1-penten-3-ol 4.3 (1.19 mL g, 1 equiv) and pyridine (2.8 mL, 3 equiv) in CH2Cl2 (20 mL), 

benzoyl chloride (2.02 mL, 1 equiv) was added dropwise at 0 °C. The reaction was allowed to warm 

to room temperature and after 16 h, was diluted with CH2Cl2 (10 mL) and quenched with aq. HCl (2 

M, 20 mL). The organic layer was collected, washed with sat. aq. NaHCO3 (10 mL) and brine before 

being dried over MgSO4 and concentrated in vacuo. The crude oil was purified by flash column 
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chromatography (1:19, EtOAc/petroleum ether 40-60 °C) to afford 4.21 as a colourless oil (1.93 g, 

87%).  

1H NMR (400 MHz, CDCl3) δ 8.16–7.95 (m, 2H, HAr), 7.62–7.51 (m, 1H, HAr), 7.50–7.41 (m, 2H, HAr), 

5.90 (ddd, J=17.1, 10.7, 6.2 Hz, 1H, H2), 5.45 (qt, J=6.2, 1.2 Hz, 1H, H3), 5.34 (dt, J=17.3, 1.3 Hz, 1H, 

H1cis), 5.23 (dt, J=10.6, 1.2 Hz, 1H, H1trans), 1.90–1.72 (m, 2H, H4), 1.00 (t, J=7.4 Hz, 3H, H5) ppm; 13C 

NMR (101 MHz, CDCl3) δ 165.9 (C=O), 136.3 (C1), 132.8 (CAr), 130.6 (CAr), 129.6 (CAr2), 128.3 

(CAr2), 116.7 (C1), 76.4 (C3), 27.3 (C4), 9.4 (C5) ppm. 

Proton consistent with literature.259 No carbon available.  

Synthesis of 6,6,6-trifluorohexan-3-yl benzoate (4.23) 

 

To a round bottom flask was added (diacetoxyiodo)benzene (5.08 g, 2 equiv), NaOAc (1.29 g, 2 

equiv) and AgOTf (0.20 g, 0.1 equiv) under an inert atmosphere. NMP (23 mL), 4.21 (1.5 g, 1 equiv), 

1,4-cyclohexadiene (0.75 mL, 1 equiv) and CF3SiMe3 (4.66 mL, 4 equiv) were then added. After 6 h, 

a second portion of CF3SiMe3 (4.66 mL, 4 equiv), (diacetoxyiodo)benzene (5.08 g, 2 equiv), NaOAc 

(1.29 g, 2 equiv) and 1,4-cyclohexadiene (0.75 mL, 1 equiv) was added. After 16 h, the reaction was 

filtered over a pad of Celite, diluted with Et2O (100 mL) and washed with water (100 mL), 2M HCl 

(100 mL), brine and dried over MgSO4. The crude is then purified via column chromatography (1:19, 

EtOAc/petroleum ether 40-60 °C) to afford a mixture of the desired product and starting material. 

The inseparable mixture of 4.23 (1.39 g) and 4.21 (470 mg, 1 equiv) was dissolved in CH2Cl2 (40 mL) 

before the addition of mCPBA (1.02 g, 2 equiv). After 16 h, the reaction was quenched with sat. aq. 

NaHCO3 (30 mL), the aqueous layer was extracted with CH2Cl2 (330 mL). The combined organic 

layers were washed with brine and dried over MgSO4, before purification via column 

chromatography (1:19, EtOAc/petroleum ether 40-60 °C) to afford 4.23 as a colourless oil (0.82 g, 

40% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 8.08–8.05 (m, 2H, HAr), 7.62–7.56 (m, 1H, HAr), 7.51–7.43 (m, 2H, HAr), 

5.14 (quin, J=6.2 Hz, 1H, H3), 2.29–2.11 (m, 2H, H5), 2.00–1.92 (m, 2H, H4), 1.87–1.63 (m, 2H, H2), 

0.99 (t, J=7.5 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 166.2 (C=O), 133.1 (CAr), 130.1 (CAr), 

129.6 (CAr2), 128.4 (CAr2), 127.0 (q, J=275.8 Hz, C6), 74.3 (C3), 30.2 (q, J=28.9 Hz, C5), 27.1 (C2), 

26.2 (q, J=2.9 Hz, C4), 9.5 (C1) ppm; 19F NMR (376 MHz, CDCl3) δ -66.8 (t, J=10.4 Hz, 3F) ppm; 19F 

{1H} NMR (376 MHz, CDCl3) δ -66.8 (s, 3F) ppm; IR (neat) 2972 (w), 2941 (w), 1716 (s), 1252 (m), 
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1098 (s) cm-1; HRMS (ESI+) for C13H15F3NaO2 [M+Na]+, calculated 283.0916, found 283.0914 (+0.7 

ppm error). 

Synthesis of 6,6,6-trifluorohexan-3-ol (J2) 

 

To a solution of 4.23 (0.77 g, 1 equiv) in Et2O (30 mL), NaOMe (25% in MeOH, 1.77 mL, 2 equiv) was 

added. After 18 h the reaction was quenched with aq. HCl (1M) until pH 7. The aqueous layer was 

extracted with CH2Cl2 (310 mL), and the organic phases were collected and dried over MgSO4. The 

crude was carefully concentrated at 750 mbar/30 °C and purified by column chromatography (100% 

to 9:1, CH2Cl2/Et2O) to afford J2 as a pale-yellow oil (319 mg, 69%).  

1H NMR (400 MHz, CDCl3) δ 3.65–3.53 (m, 1H, H3), 2.43-2.25 (m, 1H, H5’), 2.24–2.07 (m, 1H, H5’’), 

1.83–1.70 (m, 1H, H4’), 1.68–1.57 (m, 1H, H4’’), 1.57–1.45 (m, 2H, H2), 1.38 (br. d, J=4.8 Hz, 1H, 

OH), 0.97 (t, J=7.5 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 127.4 (q, J=276.1 Hz, C6), 71.9 (C3), 

30.4 (C2), 30.2 (q, J=28.6 Hz, C5), 28.9 (q, J=2.9 Hz, C4), 9.8 (C1) ppm; 19F NMR (376 MHz, CDCl3) δ -

66.6 (t, J=10.4 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -66.6 (s, 3F) ppm; IR (neat) 3350 (br. 

w), 2969 (w), 2883 (w), 1252 (m), 1149 (m), 1104 (m), 1042 (m) cm-1; HRMS (CI) for C6H12F3O [M+H]+, 

calculated 157.0835, found 157.0826 (-0.90 ppm error).  

Trityl-(but-3-en-1-yl)-aether (4.25) 

 

To a solution 3-buten-1-ol 3.4 (0.80 g, 1 equiv) and pyridine (1.35 mL, 1.05 equiv) in CH2Cl2 (33 mL), 

was added trityl chloride (3.40 g, 1.1 equiv). After 20 h, the reaction mixture was washed with sat. 

aq. NaHCO3 (230 mL), water and brine. The organic layer was dried over MgSO4 and concentrated 

in vacuo. The crude oil was purified by flash column chromatography (1:19, CH2Cl2/petroleum ether 

40-60 °C) to 4.25 as a colourless oil (3.34 g, 96%). 

1H NMR (400 MHz, CDCl3) δ 7.50–7.43 (m, 6H, HAr), 7.34–7.27 (m, 6H, HAr), 7.26–7.20 (m, 3H, HAr), 

5.86 (ddt, J=17.1, 10.2, 6.8 Hz, 1H, H3), 5.13–4.98 (m, 2H, H4), 3.13 (t, J=6.8 Hz, 2H, H1), 2.38 (q, 

J=6.8 Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 144.3 (CAr3), 135.6 (C3), 128.7 (CAr6), 127.7 

(CAr6), 126.9 (CAr3), 116.3 (C4), 86.4 (CPh3), 63.2 (C1), 34.6 (C2) ppm; IR (neat) 3058 (w), 2924 

(w), 1448 (s), 1068 (s), 695 (s) cm-1; HRMS (EI) for C23H22O [M.+], calculated 314.1665, found 

314.1656 (-0.97 ppm error). 
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3,5,5,5-tetrafluoropentyl trityl ether (4.26) 

 

To a solution of Selectfluor® (6.08 g, 3 equiv) in DMF (70 mL) was added PhI(OAc)2 (1.85 g, 1 equiv), 

AgOTf (2.94 g, 2 equiv) and CsF (1.73 g, 2 equiv) at -50 °C. A solution of 4.25 (1.80 g, 1 equiv) in DMF 

(10 mL) was added, followed by CF3SiMe3 (2.52 mL, 3 equiv). The reaction was allowed to warm to 

-20 °C and after 5 h was allowed to warm to room temperature. After 16 h, the reaction was 

quenched with water (80 mL) and the aqueous phase was extracted with Et2O (3100 mL). The 

combined organic phases were washed with water, brine, dried over Na2SO4 and concentrated. The 

crude oil was purified by flash column chromatography (1:4, CH2Cl2/petroleum ether 40-60 °C) to 

4.26 as a colourless oil (0.90 g, 39%).  

1H NMR (400 MHz, CDCl3) δ 7.52–7.45 (m, 6H, HAr), 7.39–7.32 (m, 6H, HAr), 7.31–7.26 (m, 3H, HAr), 

5.12 (dtt, J=49.0, 8.0, 4.0 Hz, 1H, H3), 3.39–3.20 (m, 2H, H1), 2.63–2.24 (m, 2H, H4), 2.11–1.81 (m, 

2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 143.9 (CAr x 3), 128.5 (CAr x 6), 127.8 (CAr x 6), 127.1 (CAr x 

3), 125.4 (qd, J=277.3, 2.9 Hz, C5), 86.9 (CPh3), 85.4 (dq, J=172.1, 3.3 Hz, C3), 58.8 (d, J=5.1 Hz, C1), 

39.4 (qd, J=28.5, 22.4 Hz, C4), 35.4 (d, J=21.3 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -64.2 (q, 

J=10.4 Hz, 3F, F5), -183.4–-182.9 (m, 1F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -64.2 (d, J=8.1 

Hz, 3F, F5), -183.2 (q, J=8.1 Hz, 1F, F3) ppm; IR (neat) 3059 (w), 2932 (w), 1449 (s), 1256 (s), 1135 

(s), 1072 (s), 697 (s) cm-1; HRMS (EI) for C24H22F4O [M.+], calculated 402.1601, found 402.1617 (+0.47 

ppm error). 

3,5,5,5-tetrafluoropentan-1-ol (I9) 

 

To a solution of 4.26 (0.90 g, 1 equiv) in CH2Cl2 (4.4 mL) and MeOH (2.2 mL), p-TsOH•H2O (207 mg, 

0.05 equiv) was added. After 16 h, the reaction was quenched with sat. aq NaHCO3 (5 mL). The 

aqueous layer was extracted with CH2Cl2 (35 mL) and the organic phases were collected washed 

with brine and dried over Na2SO4. The crude was carefully concentrated at 750 mbar/30 °C and was 

purified by column chromatography (CH2Cl2) to afford I9 as a colourless oil (298 mg, 83%).  

1H NMR (400 MHz, CDCl3) δ 5.07 (dtt, J=49.0, 8.5, 3.7 Hz, 1H, H3), 3.86 (dt, J=6.8, 5.0 Hz, 2H, H1), 

2.69–2.31 (m, 2H, H4), 2.09–1.79 (m, 2H, H2), 1.47 (td, J=5.0, 0.7 Hz, 1H, OH) ppm; 13C NMR (101 

MHz, CDCl3) δ 125.4 (qd, J=276.6, 2.9 Hz, C5), 85.5 (dq, J=171.3, 3.3 Hz, C3), 58.2 (d, J=4.4 Hz, C1), 

39.5 (qd, J=28.6, 22.7 Hz, C4), 37.4 (d, J=20.5 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -64.3 (td, 
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J=10.4, 7.4 Hz, 3F, F5), -184.3–-184.8 (m, 1F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -64.3 (d, 

J=7.4 Hz, 3F, F5), -184.5 (q, J=7.4 Hz, 1F, F3) ppm; IR (neat) 3364 (br. w), 2962 (w), 2898 (w), 1257 

(s), 1151 (s), 1130 (s), 1053 (s) cm-1; HRMS (CI) for C5H9F4O [M+H]+, calculated 161.0584, found 

161.0555 (-2.90 ppm error). 

Synthesis of Togni Reagent II (4.27) 

 

To a solution of 2-iodobenzoic acid (4.8 g, 1 equiv) in MeCN (40 mL) at 75 °C, was added a solution 

of TCCA (1.53 g, 0.34 equiv) in MeCN (10 mL) dropwise. After 5 min, the reaction was allowed to 

cool to room temperature and KOAc (3.8 g, 2 equiv) was added. The reaction was then heated to 

75 °C for 2 h. Once the reaction had cooled to room temperature, CF3SiMe3 (4 mL, 1.4 equiv) was 

added. After 14 h, MeCN (15 mL) was added and the reaction was brought to reflux, before filtering 

over a pad of Celite. The filtrate was then concentrated to 1/3 of its volume, cooled to -20 °C and 

filtered. The resultant crystals were washed with a small amount of cold MeCN. The filtrate for a 

second time was concentrated to 1/3 of its volume, cooled to -20 °C and filtered. The resultant 

crystals were washed with cold MeCN and combined with the first batch of crystals. The combined 

material was dried in vacuo to yield Togni Reagent II 4.27 as white crystals (3.45 g, 56%). 

1H NMR (400 MHz, CDCl3) δ 8.49 (dd, J=7.0, 1.8 Hz, 1H, HAr), 7.88–7.74 (m, 3H, HAr) ppm; 19F NMR 

(376 MHz, CDCl3) δ -34.3 (s, 3F) ppm. 

Data consistent with literature.260 

Synthesis of TEMPONa (4.31) 

 

Under an inert atmosphere, freshly cleaned elemental sodium (320 mg, 2 equiv) was melted to 

form a mirror. Once cooled, THF (8 mL), naphthalene (89 mg, 0.1 equiv) were added followed by 

TEMPO (1.08 g, 1 equiv). After 2.5 h, the solution of TEMPONa was used directly in the next 

experiment with no further purification. 
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Synthesis of 2,2,6,6-tetramethyl-1-((1,1,1-trifluorohexan-3-yl)oxy)piperidine (4.32) 

 

To a solution of 1-pentene (5.47 mL, 10 equiv) and Togni Reagent II (1.58 g, 1 equiv) in THF (10 mL), 

was added TEMPONa (7 mL, 1.2 equiv) via syringe pump over 2 h. After complete addition, the 

reaction was quenched with sat. aq. NaHCO3 (100 mL) and the aqueous phase was extracted with 

CH2Cl2 (3200 mL). The combined organic layers were dried over NaSO4 and concentrated in-vacuo. 

The crude was purified by column chromatography (pentane) to afford 4.32 (~70% pure). The 

impure 4.32 was then taken to the next step with no further purification.  

1H NMR (400 MHz, CDCl3) δ 4.18–4.07 (m, 1H, H3), 3.12–2.95 (m, 1H, H2’), 2.12–1.92 (m, 1H, H2’’), 

1.80–1.23 (m, 10H, H3 + H4 + TEMPO-(CH2)3), 1.14 (s, 6H, TEMPO-(CH3)2), 1.09 (s, 3H, TEMPO-CH3), 

1.06 (s, 3H, TEMPO-CH3), 0.96 (t, J=7.2, 3H, H6) ppm; 19F NMR (376 MHz, CDCl3) δ -62.8 (t, J=11.3 

Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -62.8 (s, 3F) ppm; MS (ESI+) m/z 297.4 [M+H]+. 

Synthesis of 1,1,1-trifluorohexan-3-ol (J1) 

 

The impure product 4.32 was dissolved in water (10 mL) and AcOH (31 mL) before the addition of 

Zn dust (1.11 g, 5 equiv) in two portions, 2 h apart. After 16 h, Zn dust (1.11 g, 5 equiv) was added 

in two portions, 2 h apart and the reaction was heated to 70 °C. After 5 h, the reaction was cooled 

to room temperature and NaOH powder was added till a pH of 14 was achieved. The resulting 

mixture was extracted with CH2Cl2 (3200 mL) and the combined organic layers were dried over 

MgSO4. The crude was carefully concentrated at 750 mbar/30 °C, before purification by column 

chromatography (100% to 9:1, CH2Cl2/Et2O) to afford J1 as a pale-yellow oil (187 mg, 24% over 2 

steps). 

1H NMR (400 MHz, CDCl3) δ 4.04 (tq, J=7.7, 4.0 Hz, 1H, H3), 2.38–2.15 (m, 2H, H2), 1.82 (d, J=4.2 Hz, 

1H, OH), 1.58–1.30 (m, 4H, H4 + H5), 0.96 (t, J=6.8 Hz, 3H, H6) ppm; 13C NMR (101 MHz, CDCl3) δ 

126.5 (q, J=276.8 Hz, C1), 65.9 (q, J=2.9 Hz, C3), 41.1 (q, J=26.4 Hz, C2), 39.2 (C4), 18.4 (C5), 13.8 

(C6) ppm; 19F NMR (376 MHz, CDCl3) δ -63.8 (t, J=10.4 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) 
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δ -63.8 (s, 3F) ppm; IR (neat) 3370 (br. w), 2964 (w), 2878 (w), 1251 (s), 1135 (s), 1086 (m) cm-1; 

HRMS (CI) for C6H12F3O [M+H]+, calculated 157.0835, found 157.0859 (+2.38 ppm error).  

Allyl Benzyl Ether (4.7) 

 

To NaH in 60% mineral oil (0.88 g, 1.2 equiv) in DMF (30 mL) was added a solution of benzyl alcohol 

(2 g, 1 equiv) in DMF (10 mL) dropwise at 0 °C. After 1 h, a solution of allyl bromide (3.36 g, 1.5 

equiv) in DMF (5 mL) was added dropwise at 0 °C. The reaction was allowed to warm to room 

temperature and after 3 h was concentrated. The residue was dissolved in EtOAc (50 mL) and was 

then washed with brine (250 mL). The organic layer was then dried over Na2SO4, filtered and 

concentrated. The crude oil was purified with column chromatography (1:9, EtOAc/petrol ether 40 

– 60 °C) to afford 4.7 as a colourless oil (2.27 g, 83%). 

1H NMR (400 MHz, CDCl3) δ 7.44–7.27 (m, 5H), 5.98 (ddt, J=17.2, 10.4, 5.6 Hz, 1H, H2), 5.33 (qd, 

J=17.2, 1.7 Hz, 1H, H3cis), 5.22 (dq, J=10.4, 1.4 Hz, 1H, H3trans), 4.54 (s, 2H, PhCH2), 4.05 (td, J=1.4, 

5.6 Hz, 2H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 138.3 (CAr), 134.7 (C2), 128.4 (CAr2), 127.7 (CAr2), 

127.6 (CAr), 117.1 (C3), 72.1 (PhCH2), 71.1 (C1) ppm. 

Data consistent with literature.261 

Synthesis of 1-(benzyloxy)-4,4,4-trifluorobutan-2-one (4.5) 1-(benzyloxy)-4,4,4-trifluorobutan-2-

ol (4.35) and 4,4,4-trifluoro-2-hydroxybutyl benzoate (4.36) 

 

To a solution of 4.7 (0.1 g, 1 equiv) in DMF (8 mL), was added CF3SO2Na, AgNO3 and K2S2O8. After 24 

h, the reaction mixture was diluted with Et2O (10 mL) and filtered over a pad of Celite. The solution 

was then washed with water (15 mL). The aqueous phase was extracted with Et2O (310 mL), dried 

over Na2SO4 and concentrated. The crude oil was purified by column chromatography (15:85, 

Et2O/hexane) to yield 4.5 as a colourless oil (5 mg, 3%), 4.35 as a colourless oil (20 mg, 13%) and 

4.36 as a colourless oil (20 mg, 13%). 

Data for 4.35: 1H NMR (400 MHz, CDCl3) δ 7.47–7.28 (m, 5H, HAr), 4.61 (s, 2H, PhCH2), 4.10 (s, 2H, 

H1), 3.40 (q, J=10.3 Hz, 2H, H3) ppm; 13C NMR (101 MHz, CDCl3) δ 198.8 (q, J=2.9 Hz, C2), 136.5 (CAr), 

128.6 (CAr2), 128.3 (CAr), 128.0 (CAr2), 123.6 (q, J=276.6 Hz, C4), 74.9 (q, J=2.2 Hz, C1), 73.6 
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(PhCH2), 42.7 (q, J=29.1 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -62.6 (t, J=9.5 Hz, 3F) ppm; 19F 

{1H} NMR (376 MHz, CDCl3) δ -62.6 (s, 3F) ppm. 

Data consistent with literature.176 

Data for 4.5: 1H NMR (400 MHz, CDCl3) δ 7.40–7.27 (m, 5H, HAr), 4.60 (d, J=12.1 Hz, 1H, PhCH’H), 

4.57 (d, J=12.1 Hz, 1H, PhCHH’), 4.22–4.12 (m, 1H, H2), 3.57 (dd, J=9.4, 3.7 Hz, 1H, H1’), 3.45 (dd, 

J=9.5, 6.5 Hz, 1H, H1’’), 2.45 (d, J=4.6 Hz, 1H, OH), 2.43–2.23 (m, 2H, H3) ppm; 13C NMR (101 MHz, 

CDCl3) δ 137.4 (CAr), 128.5 (CAr2), 128.0 (CAr), 127.8 (CAr2), 126.1 (q, J=276.7 Hz, C4), 73.5 (PhCH2), 

73.0 (C1), 65.1 (q, J=3.1 Hz, C2), 37.7 (q, J=27.9 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -63.8 (t, 

J=12.1 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -63.8 (s, 3F) ppm; IR (neat) 3430 (br. w), 3033 

(w), 2867 (w), 1251 (s), 1132 (s) cm-1; HRMS (ESI+) for C11H13F3NaO2 [M+Na]+, calculated 257.0760, 

found 257.0765 (-2.2 ppm error). 

Data for 4.36: 1H NMR (400 MHz, CDCl3) δ 8.09–8.01 (m, 2H, HAr), 7.65–7.56 (m, 1H, HAr), 7.51–7.43 

(m, 2H, HAr), 4.47 (dd, J=10.8, 3.1 Hz, 1H, H1’), 4.44–4.37 (m, 1H, H2), 4.36 (dd, J=11.1, 5.7 Hz, 1H, 

H1’’), 2.58–2.36 (m, 3H, H3 + OH) ppm; 13C NMR (101 MHz, CDCl3) δ 166.5 (C=O), 133.5 (CAr), 129.7 

(CAr2), 129.3 (CAr), 128.6 (CAr2), 126.0 (q, J=277.3 Hz, C4), 67.7 (C1), 64.9 (q, J=2.9 Hz, C2), 34.0 (q, 

J=27.9 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -63.7 (t, J=11.3 Hz, 3F) ppm; 19F {1H} NMR (376 

MHz, CDCl3) δ -63.7 (s, 3F) ppm; IR (thin film, CDCl3) 3461 (br. w), 2955 (w), 1719 (s), 1272 (s), 1120 

(s) cm-1; m.p. 46-48 °C; HRMS (ESI+) for C11H11F3NaO3 [M+Na]+, calculated 271.0552, found 

271.0550 (+0.9 ppm error); Crystal Structure 

 

Synthesis of (Z)-1,4-bis(benzyloxy)but-2-ene (4.38) 

 

To a solution of cis-2-butene-1,4-diol 4.37 (3 g, 1 equiv) in THF (40 mL), NaH in 60% mineral oil (2.85 

g, 2.1 equiv) was added portion wise at 0 °C. After 1 hr, BnBr (12.14 mL, 3 equiv) was added and the 

reaction was heated to 75 °C and after 16 h, quenched sat. aq. NH4Cl (100 mL). The aqueous phase 

was extracted with CH2Cl2 (350 mL) and the combined organic layers were collected dried over 
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MgSO4 and concentrated in vacuo. The crude oil was purified with column chromatography (1:9, 

acetone/petrol ether 40 – 60 °C) to afford 4.38 as a colourless oil (7.98 g, 87%). 

1H NMR (400 MHz, CDCl3) δ 7.41–7.28 (m, 10H, HAr), 5.87–5.75 (m, 2H, H2 + H3), 4.51 (s, 4H), 4.08 

(d, J=4.8 Hz, 4H, H1+H4) ppm; 13C NMR (101 MHz, CDCl3) δ 138.1 (CAr2), 129.5 (C2 + C3), 128.4 

(CAr4), 127.8 (CAr4), 127.7 (CAr2), 72.2 (PhCH2), 65.8 (C1 + C4) ppm. 

Data consistent with literature.262 

Synthesis of 2-(benzyloxy)acetaldehyde (4.39) 

 

Ozone was bubbled through a solution of 4.38 (4.87 g) in CH2Cl2 (37.5 mL) and MeOH (12.5 mL) at 

-78 °C. After 4 h, oxygen was bubbled through the reaction mixture followed by argon. The reaction 

mixture was then quenched DMS (5.51 mL, 4 equiv) and was allowed to warm to room temperature. 

After 16 h, the reaction mixture was concentrated, and the crude oil was purified by column 

chromatography (1:1, acetone/ petrol ether 40 – 60 °C) to yield 4.39 as a pale-yellow oil (4.94 g, 

91 %). 

1H NMR (400 MHz, CDCl3) δ 9.66 (s, 1H, H2), 7.33–7.21 (m, 5H, HAr), 4.57 (s, 2H, PhCH2), 4.03 (d, 

J=0.7 Hz, 2H, H1) ppm. 

Data consistent with literature.193 

Synthesis of 1-(benzyloxy)-4,4,4-trifluorobutan-2-one (4.5) 

 

To a solution of 4.33 (14.0 g, 4 equiv) in CH2Cl2 (630 mL) and water (21 mL), NaNO2 (8.55 g mL, 4.8 

equiv) was added at 0 °C. After 1 h, the reaction was added to a separatory funnel and the aqueous 

layer was discarded. The organic phase was then cooled to -78 °C and 4.39 (4.50 g, 1 equiv) and 

ZrCl4 (15.64 g, 2.6 equiv) was added. After 2 h, the reaction was quenched with MeOH (200 mL) and 

sat. aq. NaHCO3 (200 mL). The aqueous phase was extracted with CH2Cl2 (3300 mL) and the 

combined organic phases were dried over MgSO4 and concentrated. The crude oil was purified by 

column chromatography (1:9, EA/petrol ether 40 – 60 °C) to yield 4.5 as a pale-yellow oil (2.41 g, 

35%). 
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1H NMR (400 MHz, CDCl3) δ 7.47–7.28 (m, 5H, HAr), 4.61 (s, 2H, PhCH2), 4.10 (s, 2H, H1), 3.40 (q, 

J=10.3 Hz, 2H, H3) ppm; 13C NMR (101 MHz, CDCl3) δ 198.8 (q, J=2.9 Hz, C2), 136.5 (CAr), 128.6 

(CAr2), 128.3 (CAr), 128.0 (CAr2), 123.6 (q, J=276.6 Hz, C4), 74.9 (q, J=2.2 Hz, C1), 73.6 (PhCH2), 42.7 

(q, J=29.1 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -62.6 (t, J=9.5 Hz, 3F) ppm; 19F {1H} NMR (376 

MHz, CDCl3) δ -62.6 (s, 3F) ppm. 

Data consistent with literature.176 

  

Was occasionally observed if ozonolysis (previous reaction) resulted in over oxidation 

Data for Exp3: 1H NMR (400 MHz, CDCl3) δ 8.15–8.05 (m, 2H, HAr), 7.69–7.60 (m, 1H, HAr), 7.52–7.46 

(m, 2H, HAr), 4.97 (s, 2H, H1), 3.39 (q, J=10.3 Hz, 2H, H3) ppm; 13C NMR (101 MHz, CDCl3) δ 193.8 (q, 

J=2.4 Hz, C2), 165.7 (PhC=O), 133.8 (CAr), 129.9 (CAr2), 128.6 (CAr3, overlapped), 123.3 (q, J=276.8 

Hz, C4), 68.2 (q, J=2.4 Hz, C1), 43.4 (q, J=29.8 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -62.2 (t, 

J=10.4 Hz, 3F) ppm; 19F {1H}; NMR (376 MHz, CDCl3) δ -62.2 (s, 3F) ppm; m.p. 95-97 °C (lit. 98-

100 °C).263 Crystal Structure  

 

1H, 13 C and 19F NMR data consistent with literature.263 

Synthesis of 2,2,4,4,4-pentafluorobutyl benzyl ether (4.42) 

 

To a solution of 4.5 (2.3 g, 1 equiv) in CH2Cl2 (35 mL), DAST (4.37 mL, 3 equiv) was added dropwise 

at 0 °C. The reaction mixture was allowed to warm to room temperature and after 16 h, was 

quenched with sat. aq. NaHCO3 until pH 7. The aqueous phase was extracted with CH2Cl2 (330 mL) 

and the combined organic phases were dried over MgSO4 and concentrated. The crude oil was 

purified by column chromatography (1:4, CH2Cl2/hexane) to yield an inseparable mixture of 4.42 

and 4.43 as a pale-yellow oil in a ratio of 7:1 respectively (1.64 g, 65%). 
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Data for 4.42: 1H NMR (500 MHz, CDCl3) δ 7.44–7.31 (m, 5H, HAr), 4.64 (s, 2H, PhCH2), 3.72 (t, J=12.4 

Hz, 2H, H1), 2.90 (tq, J=14.6, 10.2 Hz, 2H, H3) ppm; 13C NMR (126 MHz, CDCl3) δ 136.7 (CAr), 128.6 

(CAr2), 128.2 (CAr), 127.9 (CAr2), 123.7 (qt, J=276.7, 5.8 Hz, C4), 118.9 (tq, J=244.7, 3.1 Hz, C2), 73.9 

(PhCH2), 70.0 (tq, J=31.7, 1.4 Hz, C1), 37.8 (qt, J=30.1, 26.5 Hz, C3) ppm; 19F NMR (471 MHz, CDCl3) 

δ -61.9 (tt, J=10.2, 8.9 Hz, 3F, F4), -103.0 (ttq, J=14.6, 12.4, 8.9 Hz, 3F, F2) ppm; 19F {1H} NMR (471 

MHz, CDCl3) δ -62.1 (t, J=8.7 Hz, 3F), -103.2 (q, J=8.7 Hz, 2F) ppm; IR (neat) 2926 (w), 2876 (w), 1389 

(s), 1171 (s), 1119 (s), 1095 (s), 698 (s) cm-1; HRMS (CI) for C11H12F5O [M+H]+, calculated 255.0803, 

found 255.0827 (+2.44 ppm error). 

Data for 4.43: 1H NMR (500 MHz, CDCl3) δ 7.44–7.31 (m, 5H, HAr), 5.41 (dqt, J=33.4, 7.5, 1.0 Hz, 1H, 

H3), 4.62 (s, 2H, PhCH2), 4.12–4.04 (m, 2H, H1) ppm; 13C NMR (126 MHz, CDCl3) δ 97.9 (qd, J=35.8, 

5.7 Hz, C3), 73.3 (PhCH2), 65.9 (d, J=34.1 Hz, C1) ppm (other carbons not visible due to overlap with 

4.42); 19F NMR (471 MHz, CDCl3) δ -57.9 (ddt, J=16.7, 7.5, 2.2 Hz, 3F, F4), -101.0 (dqt, J=33.5, 16.7, 

6.4 Hz, 1F, F2) ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -57.9 (d, J=16.5 Hz, 3F, F4), -101.0 (q, J=16.8 

Hz, 1F, F2); HRMS (EI) for C11H10F4O [M.+], calculated 234.0662, found 234.0666 (+0.36 ppm error). 

Synthesis of 2,2,4,4,4-pentafluorobutan-1-ol (G14) and 2,4,4,4-tetrafluorobutan-1-ol (G9) 

 

To a solution of 4.42 and 4.43 (0.6 g, 1 equiv) in THF (8 mL) was added a suspension of Pd/C 10% 

(300 mg) in THF (2 mL). The reaction mixture was degassed with argon and one balloon of hydrogen. 

The reaction mixture was stirred at room temperature under a hydrogen atmosphere for 5 h. The 

reaction was then filtered over Celite, which was then rinsed with CH2Cl2 (30 mL). The crude was 

carefully concentrated at 750 mbar/30 °C and was purified by column chromatography (9:1, 

CH2Cl2/pentane) to afford G14 and G9 as a pale-yellow oil in a 5.5:1 ratio respectively (225 mg, 

61%). 

Data for D14: 1H NMR (400 MHz, CDCl3) δ 3.86 (td, J=12.5, 7.1 Hz, 2H, H1), 2.89 (tq, J=14.5, 10.2 Hz, 

2H, H3), 1.93 (br. t, J=7.0 Hz, 1H, OH) ppm; 13C NMR (126 MHz, CDCl3) δ 123.6 (qt, J=276.6, 6.0 Hz, 

C4), 119.1 (tq, J=244.5, 2.9 Hz, C2), 63.6 (tq, J=31.5, 1.4 Hz, C1), 37.4 (qt, J=30.3, 26.7 Hz, C3) ppm; 

19F NMR (376 MHz, CDCl3) δ -62.1 (quin, J=9.5 Hz, 3F), -106.2 (ttq, J=14.5, 12.6, 9.3 Hz, 2F) ppm; 19F 

{1H} NMR (376 MHz, CDCl3) δ -62.1 (t, J=8.7 Hz, 3F), -106.2 (q, J=9.2 Hz, 2F) ppm; IR (neat) 3364 (br. 

w), 2953 (w), 2887 (w), 1389 (s), 1161 (s), 1076 (s), 890 (s) cm-1; HRMS (CI) for C4H6F5O [M+H]+, 

calculated 165.0333, found 165.0315 (-1.80 ppm error). 
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Data for D9: 1H NMR (400 MHz, CDCl3) δ 4.91 (dsxt, J=48.3, 3.9 Hz, 1H, H2), 3.97–3.63 (m, 2H, H1), 

2.72–2.38 (m, 2H, H3), 1.81 (br. t, J=6.6 Hz, 1H, OH) ppm; 13C NMR (126 MHz, CDCl3) δ 125.4 (qd, 

J=276.3, 4.8 Hz, C4), 87.8 (dq, J=172.9, 3.1 Hz, C2), 64.0 (d, J=22.9 Hz, C1), 35.7 (qd, J=29.3, 23.0 Hz, 

C3) ppm; 19F NMR (376 MHz, CDCl3) δ -64.3 (td, J=10.6, 6.9 Hz, 3F), -191.0– -191.4 (m, 1F) ppm; 19F 

{1H} NMR (376 MHz, CDCl3) δ -64.3 (d, J=6.9 Hz, 3F), -191.2 (q, J=6.9 Hz, 1F) ppm; IR (neat) 3364 (br. 

w), 2953 (w), 2887 (w), 1389 (s), 1161 (s), 1076 (s), 890 (s) cm-1; HRMS (CI) for C4H5F4O [M-H]-, 

calculated 145.0282, found 145.0261 (-1.04 ppm error). 

Synthesis of 1,1,1-trifluorohexan-2-ol (K3) 

 

To a solution of valeraldehyde (3.71 mL, 1 equiv) and CF3SiMe3 (5.4 mL, 1.05 equiv) was added 

caesium fluoride (53 mg, 0.01 equiv) in one portion. After 3 h, aq. HCl (4M, 24 mL) was added. After 

a further 2 h, the reaction was quenched with water (20 mL) and the aqueous solution was 

extracted with Et2O (330 mL). The combined organic layers were dried over MgSO4, and the crude 

was carefully concentrated at 750 mbar/30 °C before purification by column chromatography 

(100% to 1:4, pentane/CH2Cl2), to afford K3 as a colourless oil (0.64 g, 12%) 

1H NMR (400 MHz, CDCl3) δ 3.92 (tqd, J=9.7, 6.5, 6.2 Hz, 1H, H2), 1.98 (d, J=6.2 Hz, 1H, OH), 1.81–

1.66 (m, 1H, H3’), 1.66–1.50 (m, 2H, H3’’ + H4’), 1.47–1.29 (m, 3H, H4’’ + H5), 0.94 (t, J=7.2 Hz, 3H, 

H6) ppm; 13C NMR (101 MHz, CDCl3) δ 125.2 (q, J=281.7 Hz, C1), 70.6 (q, J=30.8 Hz, C2), 29.3 (q, 

J=1.5 Hz, C3), 27.0 (C4), 22.3 (C5), 13.8 (C6) ppm; 19F NMR (376 MHz, CDCl3) δ -80.3 (d, J=6.9 Hz, 3F) 

ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -80.3 (s, 3F) ppm; IR (neat) 3361 (br. w), 2961 (w), 2867 (w), 

1140 (m), 1086 (s) cm-1; HRMS (CI) for C6H12F3O [M+H]+, calculated 157.0835, found 157.0828(-0.66 

ppm error).  

 Synthesis of 1,1,1,6,6,6-hexafluorohexan-2-ol (K2) 
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To a solution of 5,5,5-trifluoropentanol (0.62 g, 1 equiv) and TEMPO (6 mg, 0.01 equiv) in CH2Cl2 

(7.5 mL) and water (0.25 mL), was added NaHCO3 (0.37 g, 1 equiv) followed by TCCA (0.34 g, 0.33 

equiv) portion wise over 1 h. After 30 min, the reaction mixture is filtered over a plug of silica gel, 

dried over MgSO4 and filtered. To the resulting filtrate was added CF3SiMe3 (0.71 mL, 1.1 equiv) and 

the reaction mixture cooled to 0 °C before the dropwise addition of TBAF (1M in THF, 0.48 mL, 0.1 

equiv). The reaction mixture was allowed to warm to room temperature and after 1 h, TBAF (1M in 

THF, 4.8 mL, 1 equiv) was added. After 18 h, the reaction was quenched with aq. 2M HCl (10 mL) 

for 1 h. The layers were separated, and the organic phase was washed with sat. aq. NaHCO3 (10 

mL), brine, dried over MgSO4, filtered over a plug of silica gel and carefully concentrated at 750 

mbar/30 °C. The crude was purified by column chromatography (1:1, CH2Cl2/pentane) to afford K2 

(0.33 g, 36% over 2 steps) as a colourless oil. 

1H NMR (400 MHz, CDCl3) δ 4.06–3.84 (m, 1H, H2), 2.24 (d, J=5.4 Hz, 1H, OH), 2.22–2.09 (m, 2H, 

H5), 1.99–1.65 (m, 4H, H3 + H4) ppm; 13C NMR (101 MHz, CDCl3) δ 126.8 (q, J=276.6 Hz, C6), 124.9 

(q, J=281.9 Hz, C1), 70.2 (q, J=31.3 Hz, C2), 33.4 (q, J=28.9 Hz, C5), 28.4 (C3), 17.8 (q, J=2.9 Hz, C4) 

ppm; 19F NMR (376 MHz, CDCl3) δ -66.6 (t, J=10.6 Hz, 3F, F6), -80.4 (d, J=6.5 Hz, 3F, F1) ppm; 19F {1H} 

NMR (376 MHz, CDCl3) δ -66.6 (s, 3F, F6), -80.4 (s, 3F, F1) ppm; IR (neat) 3389 (br. w), 2952 (w), 

2893 (w), 1392 (m), 1252 (s), 1113 (s) cm-1; HRMS (CI) for C6H9F6O [M+H]+, calculated 211.0552, 

found 211.0545 (-0.75 ppm error). 

Synthesis of n-Butylmagnesium bromide (4.46) 

 

To a slurry of Mg turnings (1.16 g, 3.15 equiv) in Et2O (14 mL) was added iodine (19 mg, 0.01 equiv) 

and the flask was heated with a heat gun (~80 °C) until bubbles from Mg were evolved. To the 

reaction mixture was added n-bromobutane (2.58 mL, 3 equiv) and heating with a heat gun was 

continued until the iodine colour disappeared. The reaction mixture was then refluxed for 2 h 

before cooling to room temperature before use in the next step with no further purification. 

Synthesis of 1,1,1-trifluorooctan-4-ol (N2) 

 

To a solution of 4,4,4-trifluorobutanol (1 g, 1 equiv) and TEMPO (14 mg, 0.01 equiv) in CH2Cl2 (12 

mL) and water (0.4 mL) was added NaHCO3 (0.66 g, 1 equiv) followed by TCCA (0.60 g, 0.33 equiv) 
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portion wise over 1 h. After 30 min, the reaction mixture is filtered over a plug of silica gel, dried 

over MgSO4 and filtered. The resulting solution was used in the next step with no further 

purification. 

The freshly prepared Grignard reagent 4.46 in a solution of Et2O was then added dropwise over 10 

min to a -78 °C solution of 4.47 in CH2Cl2. After 2 h, the reaction mixture was allowed to warm to 

room temperature and after a further 16 hr, was quenched with NH4Cl (30 mL). The aqueous was 

then extracted with CH2Cl2 (320 mL) and the combined organics are washed with brine, dried over 

MgSO4, filtered and carefully concentrated at 750 mbar/30 °C. The crude was purified by column 

chromatography (2:3, pentane/CH2Cl2) to afford N2 as a colourless oil (0.68 g, 47% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 3.71–3.58 (m, 1H, H4), 2.42–2.07 (m, 2H, H2), 1.83–1.69 (m, 1H, H3’), 

1.65–1.55 (m, 1H, H3’’), 1.53–1.25 (m, 7H, H5 + H6 + H7 + OH), 0.92 (t, J=7.0 Hz, 3H, H8) ppm; 13C 

NMR (101 MHz, CDCl3) δ ppm: 127.4 (q, J=275.8 Hz, C1), 70.5 (C4), 37.3 (C5), 30.2 (q, J=28.6 Hz, C2), 

29.4 (q, J=2.7 Hz, C3), 27.7 (C6 or C7), 22.6 (C6 or C7), 14.0 (C8) ppm; 19F NMR (376 MHz, CDCl3) δ -

66.6 (t, J=10.4 Hz) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -66.6 (s) ppm; IR (neat) 3344 (br. w), 2959 

(m), 2864 (w), 1454 (w), 1253 (s), 1147 (s) cm-1; HRMS (CI) for C8H16F3O [M+H]+, calculated 185.1148, 

found 185.1128 (-1.96 ppm error). 

Synthesis of 8,8,8-trifluorooctan-4-ol (N1) 

 

To a solution of 5,5,5-trifluoropentanol (1 g, 1 equiv) and TEMPO (10 mg, 0.01 equiv) in CH2Cl2 (12 

mL) and water (0.4 mL) was added NaHCO3 (0.59 g, 1 equiv), followed by TCCA (0.54 g, 0.33 equiv) 

portion wise over 1 h. After 30 min, the reaction mixture is filtered over a plug of silica gel, dried 

over MgSO4 and filtered. The resulting solution was used in the next step with no further 

purification. 

To a -78 °C solution of 4.44 in CH2Cl2 was added nPrMgCl (10.71 mL, 3 equiv, 2M in Et2O). After 2 h, 

the reaction mixture was allowed to warm to room temperature and after an additional 16 h, was 

quenched with NH4Cl (30 mL). The aqueous was then extracted with CH2Cl2 (320 mL) and the 

combined organics are washed with brine, dried over MgSO4, filtered and carefully concentrated at 

750 mbar/30 °C. The crude was purified by column chromatography (2:3, pentane/CH2Cl2) to afford 

N1 as a colourless oil (0.71 g, 55% over 2 steps). 
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1H NMR (400 MHz, CDCl3) δ 3.74–3.50 (m, 1H, H4), 2.21–2.01 (m, 2H, H7), 1.83–1.28 (m, 9H, H2 + 

H3 + H5 + H6 + OH), 0.95 (t, J=6.8 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 127.2 (q, J=276.1 

Hz, C8), 71.2 (C4), 39.7 (C3 or C5), 36.2 (C3 or C5), 33.7 (q, J=28.1 Hz, C7), 18.8 (C2), 18.3 (q, J=3.2 

Hz, C6), 14.0 (C1) ppm; 19F NMR (376 MHz, CDCl3) δ -66.6 (t, J=10.4 Hz) ppm; 19F {1H} NMR (376 

MHz, CDCl3) δ -66.6 (s) ppm; IR (neat) 3350 (br. w), 2960 (m), 2876 (w), 1390 (m), 1255 (s), 1137 (s) 

cm-1; HRMS (CI) for C8H16F3O [M+H]+, calculated 185.1148, found 185.1161 (+1.30 ppm error). 

Synthesis of 7,7,7-trifluoroheptan-3-ol (M3) 

 

To a slurry of Mg turnings (0.13 g, 1.1 equiv) in Et2O (10 mL) was added iodine (7 mg, 0.01 equiv). 

The reaction was heated with a heat gun (~80 °C) until bubbles from Mg are evolved. To the reaction 

mixture was then added 4-bromo-1,1,1-trifluorobutane (1 g, 1 equiv) and heating was continued 

with the heat gun (~80 °C) until the iodine colour disappeared. The reaction mixture was then 

refluxed for 2 h before cooling to room temperature. The freshly prepared Grignard reagent 4.48 

was then added dropwise over 10 min to a -78 °C solution of propanal (0.32 mL, 0.9 equiv) in Et2O 

(10 mL). After 2 h, the reaction mixture was allowed to warm to room temperature and after an 

additional 16 h, was quenched with NH4Cl (30 mL). The aqueous was then extracted with CH2Cl2 

(320 mL) and the combined organics are washed with brine, dried over MgSO4, filtered and 

carefully concentrated at 750 mbar/30 °C. The crude was purified by column chromatography 

(CH2Cl2) to afford M3 as a colourless oil (0.36 g, 41% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 3.55 (br. tq, J=7.4, 3.9 Hz, 1H, H3), 2.21–2.00 (m, 2H, H6), 1.85–1.41 (m, 

6H, H2 + H4 + H5), 1.38 (br. s, 1H, OH), 0.96 (t, J=7.5 Hz, 3H, H1) ppm; 13C NMR (101 MHz, CDCl3) δ 

127.2 (q, J=276.1 Hz, C7), 72.8 (C3), 35.7 (C4), 33.7 (q, J=28.1 Hz, C6), 30.3 (C2), 18.3 (q, J=2.9 Hz, 

C5), 9.8 (C1) ppm; 19F NMR (376 MHz, CDCl3) δ -66.6 (t, J=10.8 Hz, 3F) ppm; 19F {1H} NMR (376 MHz, 

CDCl3) δ -66.6 (s, 3F) ppm; IR (neat) 3355 (br. w), 2967 (m), 2893 (m), 1390 (m), 1253 (s), 1136 (s) 

cm-1; HRMS (CI) for C7H14F3O [M+H]+, calculated 171.0991, found 171.0978 (-1.32 ppm error). 

Synthesis of 1,1,1-trifluoroheptan-3-ol (M4) 

 

To a solution of trifluoropropanal (0.9 mL, 0.1 equiv) in Et2O (19 mL) was added a solution of H2SO4 

(39 mg, 0.05 equiv) in Et2O (1 mL). After 30 min, the reaction was cooled to -78 °C and nBuLi (1.6 M 
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in hexanes, 7.53 mL, 1.5 equiv) was added dropwise. After 1 h, the reaction was allowed to warm 

to room temperature and quenched with sat. aq. NH4Cl (20 mL). The aqueous was extracted with 

Et2O (320 mL) and the combined organic phases were washed with brine, dried over MgSO4, 

filtered and carefully concentrated at 750 mbar/30 °C. The crude was purified by column 

chromatography (1:1, pentane/CH2Cl2) to afford M4 as a colourless oil (0.20 g, 16% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 4.07–3.95 (m, 1H, H3), 2.37–2.16 (m, 2H, H2), 1.80 (d, J=4.3 Hz, 1H, 

OH), 1.57–1.22 (m, 6H, H4 + H5 + H6), 0.93 (t, J=7.1 Hz, 3H, H7) ppm; 13C NMR (101 MHz, CDCl3) δ 

126.5 (q, J=277.3 Hz, C1), 66.2 (q, J=2.9 Hz, C3), 41.1 (q, J=26.4 Hz, C2), 36.9 (C4), 27.3 (C5), 22.5 

(C6), 13.9 (C7) ppm; 19F NMR (376 MHz, CDCl3) δ -63.8 (t, J=11.4 Hz, 3F) ppm; 19F {1H} NMR (376 

MHz, CDCl3) δ -63.8 (s, 3F) ppm; IR (neat) 3370 (br. w), 2960 (m), 2865 (w), 1382 (m), 1253 (s), 1137 

(s), 1091 (s) cm-1; HRMS (CI) for C7H14F3O [M+H]+, calculated 171.0991, found 171.0996 (+0.48 ppm 

error). 

Synthesis of 4-Benzyloxy-1-butanol (4.51) 

 

To a solution of 1,4-butandiol Q (10.74 mL, 2 equiv) in THF (25 mL), NaH in 60% mineral oil (2.4 g, 1 

equiv) was added portion wise at 0 °C. After 30 min, a solution of BnBr (7.25 mL, 1 equiv) in THF (15 

mL) was added at 0 °C dropwise, followed by TBAI (60 mg, 0.01 equiv). The reaction and was allowed 

to warm to room temperature and after 16 h, the reaction mixture was quenched with water (75 

mL). The aqueous phase was extracted with Et2O (350 mL) and the combined organic layers were 

collected washed with brine (100 mL), dried over MgSO4 and concentrated in vacuo. The crude oil 

was purified with column chromatography (3:7, EtOAc/petrol ether 40–60 °C) to afford 4.51 as a 

colourless oil (9.24 g, 84%). 

1H NMR (400 MHz, CDCl3) δ 7.41–7.27 (m, 5H, HAr), 4.53 (s, 2H, PhCH2), 3.66 (t, J=5.6 Hz, 2H, H4), 

3.54 (t, J=5.7 Hz, 2H, H1), 2.19 (br. s, 1H, OH), 1.80–1.62 (m, 4H, H2 + H3) ppm; 13C NMR (101 MHz, 

CDCl3) δ 138.1 (CAr), 128.4 (CAr2), 127.7 (CAr2), 127.7 (CAr), 73.1 (PhCH2), 70.3 (C1), 62.7 (C4), 30.2 

(C3), 26.7 (C2) ppm. 

Data consistent with literature.264 
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Synthesis of 4-chlorobutyl benzyl ether (4.50) 

 

To a solution of 4.51 (2.33 g, 1 equiv) and pyridine (2.25 mL, 1 equiv) in CH2Cl2 (100 mL), thionyl 

chloride (3.03 mL, 1.5 equiv) was added dropwise at 0 °C. The reaction mixture was allowed to 

warm to room temperature and after 3 h, the reaction mixture was quenched with sat. aq. NaHCO3 

(150 mL) at 0 °C. The organic phase was washed with water (100 mL) and brine (100 mL) and then 

dried over MgSO4 and concentrated. The crude oil was purified with column chromatography (1:19, 

acetone/petrol ether 40–60 °C) to afford 4.50 and 4.52 as an inseparable pale-yellow oil (3.05 g, 

~9:1, respectively).  

Data for 4.50: 1H NMR (400 MHz, CDCl3) δ 7.44–7.28 (m, 5H, HAr), 4.52 (s, 2H, PhCH2), 3.58 (t, J=6.6 

Hz, 2H, H4), 3.52 (t, J=6.2 Hz, 2H, H1), 1.96–1.86 (m, 2H, H3), 1.82–1.73 (m, 2H, H2) ppm; 13C NMR 

(101 MHz, CDCl3) δ 138.4 (CAr), 128.4 (CAr2), 127.6 (CAr2), 127.6 (CAr), 72.9 (PhCH2), 69.4 (C1), 45.0 

(C4), 29.52 (C3), 27.1 (C2) ppm.  

Proton consistent with literature.265  

Data for 4.52: Selected 1H NMR (400 MHz, CDCl3) δ 4.61 (s, 2H, PhCH2Cl), (phenyl proton signals 

overlap with 4.50). 

Selected signals consistent with literature.266  

Synthesis of 4-(thiocyanate)butyl benzyl ether (4.53) 

 

To a solution of 4.50 and 4.52 (2.87 g, 1 equiv, ratio of ~9:1 respectively) and KI (0.481 g, 0.2 equiv) 

in ethanol (45 mL) was added potassium thiocyanate (9.15 g, 6.5 equiv). The reaction mixture was 

refluxed for 24 h and then concentrated in-vacuo. The residue was dissolved in EtOAc (50 mL) and 

washed with water (250 mL), brine, dried over MgSO4 and concentrated. The crude oil was purified 

with column chromatography (1:4, acetone/petrol ether 40–60 °C) to afford 4.53 and 4.54 as an 

inseparable pale-yellow oil (2.91 g, ~6:1, respectively).  

Data for 4.53: 1H NMR (400 MHz, CDCl3) δ 7.44–7.28 (m, 5H, HAr), 4.51 (s, 2H, PhCH2), 3.53 (t, J=6.1 

Hz, 2H, H1), 2.99 (t, J=7.2 Hz, 2H, H4), 1.97 (quin, J=7.3 Hz, 2H, H3), 1.86–1.73 (m, 2H, H2) ppm; 13C 

NMR (101 MHz, CDCl3) δ 138.2 (CAr), 128.4 (CAr2), 127.7 (CAr), 127.6 (CAr2), 112.3 (SCN), 73.1 
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(PhCH2), 69.2 (C1), 34.0 (C4), 28.0 (C3), 27.1 (C2) ppm; IR (neat) 2940 (m), 2958 (m), 2153 (s), 1453 

(m), 1102 (s), 697 (s) cm-1; MS (ESI+) m/z 244.3 [M+Na]+; HRMS (ESI+) for C12H15NNaOS [M+Na]+, 

calculated 244.0770, found 244.0767 (-1.5 ppm error).  

Data for 4.54: 1H NMR (400 MHz, CDCl3) δ 4.18 (s, 2H, PhCH2SCN) (phenyl proton signals overlap 

with 4.53); 13C NMR (101 MHz, CDCl3) δ 134.3 (CAr), 129.1 (CAr2), 129.0 (CAr2), 128.9 (CAr), 111.9 

(SCN), 38.3 (PhCH2SCN).  

Data consistent with literature.267 

Synthesis of 4-(trifluoromethylthio)butyl benzyl ether (4.55) 

 

To a solution of 4.53 and 4.54 (2.81 g, 1 equiv, ratio of ~6:1 respectively), CF3SiMe3 (6.06 mL, 3 

equiv) in THF (60 mL) was added TBAF (1M in THF, 1.36 mL, 0.1 equiv) at 0 °C. The reaction mixture 

was allowed to warm to room temperature and after 3 h the reaction mixture was concentrated in-

vacuo. The crude oil was purified with column chromatography (1:19, acetone/petrol ether 40 – 

60 °C) to afford 4.55 as a colourless oil (2.78 g, 39% over 3 steps) and 4.56 as a colourless oil (0.58 

g, 11% yield over 3 steps). 

Data for 4.55: 1H NMR (400 MHz, CDCl3) δ 7.39–7.28 (m, 5H, HAr), 4.51 (s, 2H, PhCH2), 3.51 (t, J=6.0 

Hz, 2H, H2), 2.92 (t, J=7.3 Hz, 2H, H4), 1.88–1.68 (m, 4H, H2 + H3) ppm; 13C NMR (101 MHz, CDCl3) 

δ 138.3 (CAr), 131.1 (q, J=305.9 Hz, SCF3), 128.4 (CAr2), 127.6 (CAr3, Overlapped), 73.0 (PhCH2), 

69.3 (C2), 29.7 (q, J=2.2 Hz, C4), 28.6 (C2), 26.5 (C3) ppm; 19F NMR (376 MHz, CDCl3) δ -41.4 (s, 3F) 

ppm; IR (neat) 2945 (w), 2857 (w), 1454 (m), 1146 (s), 1100 (s), 734 (s) cm-1; HRMS (ESI+) for 

C12H15F3NaOS [M+Na]+, calculated 287.0688, found 287.0684 (-1.3 ppm error).  

Data for 4.56: 1H NMR (400 MHz, CDCl3) δ 7.29–7.17 (m, 5H, HAr), 4.03 (s, 2H, PhCH2) ppm; 13C NMR 

(101 MHz, CDCl3) δ 135.0 (CAr), 130.6 (q, J=306.6 Hz), 128.9 (CAr2), 128.9 (CAr2), 128.0 (CAr) ppm. 

19F NMR (376 MHz, CDCl3) δ -41.9 (s, 3F) ppm.  

Proton and fluorine consistent with literature.268  
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Synthesis of 4-(trifluoromethylthio)-butanol (S2) 

 

A solution of 4.55 (800 mg, 1 equiv) in CH2Cl2 (60 mL) was passed through a HCube Mini (40 °C, 50 

atm, 1 mL/min) with a 10% Pd/C cartridge. The resulting solution was washed with brine and dried 

over MgSO4. The crude was combined with another reaction on a 200 mg scale and was carefully 

concentrated at 750 mbar/30 °C. The crude was purified by column chromatography (1:9, 

Et2O/CH2Cl2) to afford S2 as a colourless oil (256 mg, 39%). 

1H NMR (400 MHz, CDCl3) δ 3.69 (t, J=6.2 Hz, 2H, H1), 2.94 (t, J=7.3 Hz, 2H, H4), 1.87–1.75 (m, 2H, 

H3), 1.74–1.63 (m, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 131.1 (q, J=305.9 Hz, SCF3), 62.0 (C1), 

31.3 (C2), 29.7 (q, J=2.2 Hz, C4), 26.0 (C3) ppm; 19F NMR (376 MHz, CDCl3) δ -41.4 (s, 3F) ppm; IR 

(neat) 3332 (br. w), 2944 (m), 2880 (m), 1436 (w), 1099 (s), 1055 (s), 755 (s) cm-1; HRMS (CI) for 

C5H10F3OS [M+H]+, calculated 175.0399, found 175.0391 (-0.76 ppm error).  

Synthesis of 3-(benzyloxy)propan-1-ol (4.58) 

 

To a solution of 1,3-propandiol 4.57 (5 g, 1 equiv) in THF (50 mL), NaH in 60% mineral oil (2.62 g, 1 

equiv) was added portion wise at 0 °C. After 30 min, BnBr (7.82 mL, 1 equiv) and TBAI (243 mg, 0.01 

equiv) were added at 0 °C. The reaction and was allowed to warm to room temperature and after 

16 h, the reaction mixture was quenched with water (100 mL). The aqueous phase was extracted 

with Et2O (3100 mL) and the combined organic layers were washed with brine (100 mL), dried over 

MgSO4 and concentrated in vacuo. The crude oil was purified with column chromatography (3:7, 

EtOAc/petrol ether 40–60 °C) to afford 4.58 as a colourless oil (5.97 g, 55%). 

1H NMR (400 MHz, CDCl3) δ 7.44–7.29 (m, 5H, HAr), 4.55 (s, 2H, PhCH2), 3.82 (q, J=5.6 Hz, 2H, H3), 

3.70 (t, J=5.7 Hz, 2H, H1), 2.27 (t, J=5.5 Hz, 1H, OH), 1.90 (quin, J=5.7 Hz, 2H, H2) ppm; 13C NMR (101 

MHz, CDCl3) δ 138.1 (CAr), 128.4 (CAr2), 127.7 (CAr), 127.6 (CAr2), 73.3 (PhCH2), 69.4 (C1), 62.0 (C3), 

32.1 (C2) ppm. 

Data consistent with literature.269 
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Synthesis of bis(3-(benzyloxy)propyl) sulphite (4.60) 

 

To a solution of 4.58 (2.69 g, 1 equiv) and pyridine (1.31 mL, 1 equiv) in CH2Cl2 (70 mL), thionyl 

chloride (1.77 mL, 1.5 equiv) was added dropwise at 0 °C. The reaction mixture was allowed to 

warm to room temperature and after 3 h, the reaction mixture was quenched with brine (100 mL) 

at 0 °C. The organic phase was dried over MgSO4 and concentrated. The crude oil was purified with 

column chromatography (1:9, acetone/petrol ether 40–60 °C) to afford 4.60 as a yellow oil (3.19 g, 

52%).  

1H NMR (400 MHz, CDCl3) δ 7.39–7.28 (m, 10H, HAr), 4.51 (s, 4H, PhCH22), 4.20–4.03 (m, 4H, H3 + 

H4), 3.57 (t, J=6.0 Hz, 4H, H1 + H6), 1.97 (quin, J=6.2 Hz, 4H, H2 + H5) ppm; 13C NMR (101 MHz, 

CDCl3) δ 138.2 (CAr2), 128.4 (CAr4), 127.6 (CAr6, Overlapped), 73.1 (PhCH2), 66.2 (C1 + C6), 59.5 

(C3 + C4), 29.9 (C2 + C5) ppm;; IR (neat) 3031 (w), 2861 (w), 1454 (m), 1203 (s), 1099 (s) cm-1; MS 

(ESI+) m/z 401.4 [M+Na]+; HRMS (ESI+) for C20H26NaO5S [M+Na]+, calculated 401.1393, found 

401.1403 (-2.5 ppm error). 

Synthesis of 3-chloropropyl benzyl ether (4.61) 

 

To a solution of 3-chloropropanol 4.12 (1 g, 1 equiv) and t-BuONa (1.07 g, 1.05 equiv) in THF (12 

mL), benzyl bromide (1.77 mL, 1.5 equiv) was added dropwise at 0 °C. The reaction mixture was 

allowed to warm to room temperature and after 16 h, the reaction mixture was quenched with aq. 

HCl (2M) till pH 2. The aqueous phase was then extracted with Et2O (310 mL). The combined 

organic phases are then washed with brine, dried over MgSO4 and concentrated to afford 4.61 as a 

colourless oil (1.99 g, quant.).  

1H NMR (400 MHz, CDCl3) δ 7.44–7.28 (m, 5H, HAr), 4.53 (s, 2H, PhCH2), 3.69 (t, J=6.5 Hz, 2H, H3), 

3.63 (t, J=5.9 Hz, 2H, H1), 2.07 (quin, J=6.2 Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 138.3 (CAr), 

128.4 (CAr2), 127.7 (CAr), 127.6 (CAr2), 73.1 (PhCH2), 66.7 (C1), 42.0 (C3), 32.8 (C2) ppm. 

Data consistent with literature.270 
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Synthesis of 4-(thiocyanate)propyl benzyl ether (4.62) 

 

To a solution of 4.61 (1.88 g, 1 equiv) and KI (0.34 g, 0.2 equiv) in ethanol (30 mL) was added 

potassium thiocyanate (6.45 g, 6.5 equiv). The reaction mixture was refluxed for 24 h and then 

concentrated in-vacuo. The residue was dissolved in EtOAc (50 mL) and washed with water (250 

mL), brine, dried over MgSO4 and concentrated. The crude oil was purified with column 

chromatography (1:4, acetone/petrol ether 40 – 60 °C) to afford 4.62 as a pale-yellow oil (1.64 g, 

78%).  

1H NMR (400 MHz, CDCl3) δ 7.42–7.28 (m, 5H, HAr), 4.52 (s, 2H, PhCH2), 3.63 (t, J=5.6 Hz, 2H, H1), 

3.11 (t, J=7.0 Hz, 2H, H3), 2.12 (tt, J=6.9, 5.7 Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 137.9 

(CAr), 128.5 (CAr2), 127.8 (CAr), 127.7 (CAr2), 112.3 (SCN), 73.2 (PhCH2), 66.9 (C1), 31.2 (C3), 30.0 

(C2) ppm; IR (neat) 2943 (w), 2861 (m), 2153 (s), 1454 (s), 1080 (s), 1073 (s), 736 (s) cm-1; HRMS 

(ESI+) for C11H13NNaOS [M+Na]+, calculated 230.0610, found 230.0613 (-1.1 ppm error). 

Synthesis of 4-(trifluoromethylthio)propyl benzyl ether (4.63) 

 

To a solution of 4.62 (1.50 g, 1 equiv), CF3SiMe3 (3.20 mL, 3 equiv) in THF (22 mL) was added TBAF 

(1M in THF, 0.72 mL, 0.1 equiv) at 0 °C. The reaction mixture was allowed to warm to room 

temperature and after 3 h, the reaction mixture was concentrated in-vacuo. The crude oil was 

purified with column chromatography (1:19, acetone/petrol ether 40–60 °C) to afford 4.63 as a 

colourless oil (1.70 g, 94%). 

1H NMR (400 MHz, CDCl3) δ 7.41–7.28 (m, 5H, HAr), 4.52 (s, 2H, PhCH2), 3.59 (t, J=5.9 Hz, 2H, H1), 

3.03 (t, J=7.2 Hz, 2H, H3), 2.01 (quin, J=6.4 Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 138.1 (CAr), 

128.4 (CAr2), 127.7 (CAr), 127.6 (CAr2), 131.1 (q, J=305.9 Hz, SCF3), 73.1 (PhCH2), 67.7 (C1), 29.7 

(C2), 26.9 (q, J=1.5 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -41.4 (s, 3F) ppm; IR (neat) 2943 (w), 

2861 (m), 1455 (m), 1147 (s), 1096 (s), 734 (s) cm-1; HRMS (EI) for C11H13F3OS [M.+], calculated 

250.0634, found 250.0623 (-1.04 ppm error).  
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Synthesis of 4-(trifluoromethylthio)-propanol (S1) 

 

To a solution of 4.63 (1.50 g, 1 equiv) in Et2O (20 mL) was added a suspension of Pd/C 10% (300 mg) 

in Et2O (5 mL). The reaction mixture was degassed with argon and one balloon of hydrogen. The 

reaction mixture was stirred at room temperature under a hydrogen atmosphere and after 16 h, 

the reaction was then filtered over Celite, which was then rinsed with CH2Cl2 (30 mL). The crude 

was carefully concentrated at 750 mbar/30 °C and purified by column chromatography (CH2Cl2) to 

afford S1 as a colourless oil (0.85 g, 88%). 

1H NMR (400 MHz, CDCl3) δ 3.79 (td, J=5.8, 4.3 Hz, 2H, H1), 3.03 (t, J=7.2 Hz, 2H, H3), 2.08–1.88 (m, 

2H, H2), 1.41 (br. t, J=4.3 Hz, 1H, OH) ppm; 13C NMR (101 MHz, CDCl3) δ 131.1 (q, J=305.4 Hz, SCF3), 

60.6 (C1), 32.1 (C2), 26.4 (q, J=1.5 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -41.5 (s, 3F) ppm; IR 

(neat) 3330 (br. w), 2950 (w), 2886 (w), 1442 (w), 1098 (s), 1053 (s), 755 (s) cm-1; HRMS (EI) for 

C4H7F3OS [M.+], calculated 160.0164, found 160.0178 (+1.37 ppm error). 

Synthesis of ((1R,2R)-2-fluorocyclopropyl)methanol (P1) 

 

A solution of 4.66 (250 mg, 1 equiv) in Et2O (2 mL) was added to a slurry of LiAlH4 (273 mg, 3 equiv) 

in Et2O (6 mL) at 0 °C dropwise. The reaction was allowed to warm to room temperature and stirred 

for 16 h. It was then cooled to 0 °C and water (0.27 mL) was added dropwise, followed by aq. NaOH 

(15% wt., 0.27 mL) then water (0.81 mL). To this MgSO4 was added and after stirring for 15 min the 

mixture was filtered and the resultant filtrate was carefully concentrated at 750 mbar/30 °C to 

afford P1 as a colourless oil (195 mg, 90%). 

1H NMR (400 MHz, CDCl3) δ 4.74 (dtd, J=65.2, 5.9, 2.7 Hz, 1H, H4), 3.94 (br. d, J=4.3 Hz, 1H, H1’), 

3.69–3.60 (m, 1H, H1’’), 1.52 (br. s, 1H, OH), 1.34–1.15 (m, 1H, H2), 0.92–0.71 (m, 2H, H3) ppm; 13C 

NMR (101 MHz, CDCl3) δ 72.3 (d, J=218.8 Hz, C4), 61.1 (d, J=9.2 Hz, C1), 18.7 (d, J=11.0 Hz, C2), 9.4 

(d, J=10.1 Hz, C3) ppm; 19F NMR (471 MHz, CDCl3) δ -227.4 (dddd, J=65.0, 23.4, 11.3, 5.2 Hz, 1F) 

ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -227.4 (s, 1 F) ppm; IR (neat) 3334 (br. w), 2943 (w), 2888 

(w), 1445 (m), 1200 (s), 1016 (s), 982 (s) cm-1; HRMS (CI) for C4H8FO [M+H]+, calculated 91.0554, 

found 91.0544 (-0.98 ppm error). 
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Synthesis of (1-fluorocyclopropyl)methanol (P2) 

 

A solution of 4.67 (250 mg, 1 equiv) in Et2O (2 mL) was added to a slurry of LiAlH4 (273 mg, 3 equiv) 

in Et2O (6 mL) at 0 °C dropwise. The reaction was allowed to warm to room temperature and stirred 

for 16 h. It was then cooled to 0 °C and water (0.27 mL) was added dropwise, followed by aq. NaOH 

(15% wt., 0.27 mL) then water (0.81 mL). To this MgSO4 was added and after stirring for 15 min the 

mixture was filtered and the resultant filtrate was carefully concentrated at 750 mbar/30 °C to 

afford P2 as a colourless oil (208 mg, 96%). 

1H NMR (400 MHz, CDCl3) δ 3.63 (d, J=22.0 Hz, 2H, H1), 1.66 (br. s, 1H, OH), 0.95–0.83 (m, 2H, H3’ 

+ H4’), 0.55–0.44 (m, 2H, H3’’ + H4’’) ppm; 13C NMR (101 MHz, CDCl3) δ 79.9 (d, J=216.4 Hz, C2), 

66.1 (d, J=22.0 Hz, C1), 9.2 (d, J=11.7 Hz, C3 and C4 overlapped) ppm; 19F NMR (376 MHz, CDCl3) δ 

-191.3 (ttt, J=22.0, 18.6, 8.7 Hz, 1F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -191.3 (s, 1F) ppm; IR 

(neat) 3339 (br. w), 2931 (w), 2872 (w), 1416 (m), 1200 (m), 1038 (s), 1013 (s) cm-1; HRMS (CI) for 

C4H8FO [M+H]+, calculated 91.0554, found 91.0544 (-0.94 ppm error). 

Synthesis of ((1R,2S)-2-fluorocyclopropyl)methanol (P3) 

 

A solution of 4.68 (250 mg, 1 equiv) in Et2O (2 mL) was added to a slurry of LiAlH4 (273 mg, 3 equiv) 

in Et2O (6 mL) at 0 °C dropwise. The reaction was allowed to warm to room temperature and stirred 

for 16 h. It was then cooled to 0 °C and water (0.27 mL) was added dropwise, followed by aq. NaOH 

(15% wt., 0.27 mL) then water (0.81 mL). To this MgSO4 was added and after stirring for 15 min the 

mixture was filtered and the resultant filtrate was carefully concentrated at 750 mbar/30 °C to 

afford P3 as a colourless oil (201 mg, 93%). 

1H NMR (400 MHz, CDCl3) δ 4.47 (ddt, J=64.1, 6.2, 2.3 Hz, 1H, H4), 3.55–3.42 (m, 2H, H1), 1.63–1.51 

(m, 1H, H2), 1.48 (br. t, J=4.5 Hz, 1H, OH), 1.15–1.04 (m, 1H, H3’), 0.62 (app. dq, J=10.3, 6.7 Hz, 1H, 

H3’) ppm; 13C NMR (101 MHz, CDCl3) δ 72.5 (d, J=220.6 Hz, C4), 62.7 (C1), 20.2 (d, J=10.1 Hz, C2), 

9.7 (d, J=11.0 Hz, C3) ppm; 19F NMR (376 MHz, CDCl3) δ -210.2 (dtdd, J=64.2, 20.8, 10.4, 1.7 Hz, 1F) 

ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -210.2 (s, 1F) ppm; IR (neat) 3335 (br. w), 2930 (w), 2881 

(w), 1453 (m), 1135 (s), 1031 (s), 982 (s) cm-1; HRMS (CI) for C4H8FO [M+H]+, calculated 91.0554, 

found 91.0545 (-0.83 ppm error). 
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Synthesis of (2,2-difluorocyclopropyl)methanol (P4) 

 

A solution of 4.69 (250 mg, 1 equiv) in Et2O (2 mL) was added to a slurry of LiAlH4 (233 mg, 3 equiv) 

in Et2O (6 mL) at 0 °C dropwise. The reaction was allowed to warm to room temperature and stirred 

for 16 h. It was then cooled to 0 °C and water (0.23 mL) was added dropwise followed by aq. NaOH 

(15% wt., 0.23 mL) then water (0.69 mL). To this MgSO4 was added and after stirring for 15 min the 

mixture was filtered and the resultant filtrate was carefully concentrated at 750 mbar/30 °C to 

afford P4 as a colourless oil (214 mg, 97%). 

1H NMR (400 MHz, CDCl3) δ 3.98–3.54 (m, 2H, H1), 1.99–1.83 (m, 1H, H2), 1.48 (tdd, J=11.9, 7.6, 4.2 

Hz, 1H, H3’), 1.18 (dtd, J=13.3, 7.6, 3.8 Hz, 1H, H3’’) ppm; 13C NMR (101 MHz, CDCl3) δ 113.6 (t, 

J=281.7 Hz, C4), 60.1 (d, J=5.9 Hz, C1), 24.3 (t, J=10.6 Hz, C2), 14.5 (t, J=11.4 Hz, C3) ppm; 19F NMR 

(376 MHz, CDCl3) δ -128.8 (app. dtt, J=161.3, 12.1, 3.5 Hz, 1F, F4’), -144.5 (app. ddd, J=160.8, 13.4, 

4.3 Hz, 1F, F4’’) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -128.8 (d, J=161.3 Hz, 1F, F4’’), -144.5 (d, 

J=161.3 Hz, 1F, F4’’) ppm. 

Data consistent with literature.271 

4-bromo-3,3,4,4-tetrafluorobutyl benzyl ether (4.74) 

 

To a solution of 4-bromo-3,3,4,4-tetrafluoro-butan-1-ol (1 g, 1 equiv) in THF (15 mL), NaH in 60% 

mineral oil (195 mg, 1.1 equiv) was added portion wise at 0 °C. After 30 min, BnBr (0.79 mL, 1.5 

equiv) was added after 16 h, quenched with sat. aq. NH4Cl (15 mL). The aqueous phase was 

extracted with Et2O (320 mL). The combined organic layers were collected, washed with water, 

brine, dried over MgSO4 and concentrated in vacuo. The crude oil was purified with column 

chromatography (7:3, CH2Cl2/petrol ether 40 – 60 °C) to afford 4.74 as a colourless oil (0.94 g, 67%). 

1H NMR (400 MHz, CDCl3) δ 7.42–7.27 (m, 5H), 4.56 (s, 2H, PhCH2), 3.78 (t, J=6.8 Hz, 2H, H1), 2.47 

(tt, J=18.0, 6.9 Hz, 2H, H2) ppm; 13C NMR (101 MHz, CDCl3) δ 137.6 (CAr), 128.5 (CAr2), 127.8 (CAr), 

127.6 (CAr2), 117.5 (tt, J=311.0, 39.6 Hz, C4), 116.7 (tt, J=254.6, 31.5 Hz, C3), 73.3 (PhCH2), 62.4 (t, 

J=4.0 Hz, C1), 31.1 (t, J=22.0 Hz, C2) ppm; 19F NMR (376 MHz, CDCl3) δ -66.3 (t, J=3.5 Hz, 2F, F4), -

111.2 (tt, J=17.4, 3.5 Hz, 2F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -66.3 (t, J=3.5 Hz, 2F, F3), -
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111.2 (t, J=3.5 Hz, 2F, F4) ppm; IR (neat) 3033 (w), 2875 (w), 1368 (m), 1139 (s), 1088 (s), 903 (s), 

755 (s) cm-1; HRMS (EI) for C11H11
79BrF4O [M.+], calculated 313.9924, found 313.9914 (-1.03 ppm 

error). 

Synthesis of 3,3,4,4-tetrabutan-1-ol (G10)  

 

To a solution of 3,3,4,4-tetrafluoro-4-bromobutan-1-ol 4.15 (3.00 g, 1 equiv) and AIBN (219 mg, 0.1 

equiv) in degassed toluene (15 mL) was added Bu3SnH (5.4 mL, 1.5 equiv). The reaction mixture was 

refluxed for 16 h, before purification by column chromatography (100:0 to 0:100, Pentane/ CH2Cl2). 

The resulting crude was carefully concentrated 750 mbar/30 °C and purified again by column 

chromatography (10:0 to 8:2, CH2Cl2, Et2O) on a silica gel/K2CO3 mix (9:1). The combined fractions 

were concentrated at 750 mbar/30 °C and combined with the concentrate from a reaction on a 2 g 

scale to yield G10 as a colourless oil (1.47 g, 45 %). 

1H NMR (500 MHz, CDCl3) δ 5.83 (tt, J=53.8, 3.5 Hz, 1H, H4), 3.95 (q, J=5.9 Hz, 2H, H1), 2.29 (ttt, 

J=17.5, 6.2, 1.5 Hz, 2H, H2), 1.65 (t, J=5.1 Hz, 1H, OH) ppm; 13C NMR (126 MHz, CDCl3) δ 117.7 (tt, 

J=246.9, 28.9 Hz, C3), 110.1 (tt, J=248.9, 39.3 Hz, C4), 55.7 (t, J=5.5 Hz, C1), 33.2 (t, J=21.7 Hz, C2) 

ppm; 19F NMR (471 MHz, CDCl3) δ -115.8 (tdt, J=17.5, 3.7, 1.8 Hz, 2F, F3), -136.2 (ddt, J=53.8, 3.5, 

1.8 Hz, 2F, F4) ppm; 19F {1F} NMR (471 MHz, CDCl3) δ -115.7 (t, J=1.8 Hz, 2F, F3), -136.2 (t, J=1.8 Hz, 

2F, F4) ppm; IR (neat) 3370 (br. w), 2982 (w), 2908 (w), 1091 (s), 1047 (s), 986 (s) cm-1; HRMS (EI) 

for C4H6F4O [M.+], calculated 146.0349, found 146.0346 (-0.30 ppm error). 

Synthesis of O-phenyl O-(2,2,3,3-tetrafluoro-4-hydroxybutyl) carbonothioate (4.77) 

 

O-phenyl chlorothionoformate (0.28 mL, 1.1 equiv) was added dropwise to a solution of 

2,2,3,3,tetrafluoro-1,4-butandiol (297 mg, 1 equiv) in Et2O (10 mL) and pyridine (0.15 mL) at -50 °C. 

After 3 h, the reaction mixture was quenched with water (2 mL) and aq. HCl (2 M, 2 mL). The 

aqueous was extracted with Et2O (210 mL) and CH2Cl2 (10 mL). The combined organic layers were 

dried over MgSO4 and was concentrated in vacuo. The crude oil was purified by flash column 

chromatography (CH2Cl2). The resultant solid was washed with pentane and recrystallized by slow 

evaporation of CH3Cl3 to afford pure 4.77 as white crystals (0.29 g, 52%). 
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1H NMR (400 MHz, CDCl3) δ 7.48–7.41 (m, 2H, HAr), 7.36–7.30 (m, 1H, HAr), 7.17–7.12 (m, 2H, HAr), 

5.01 (tt, J=13.8, 1.1 Hz, 2H, H4), 4.14 (tdt, J=13.8, 7.3, 1.4 Hz, 2H, H1), 1.94 (t, J=7.3 Hz, 1H, OH) ppm; 

13C NMR (126 MHz, CDCl3) δ 194.1 (C5), 153.4 (CAr), 129.7 (CAr2), 126.9 (CAr), 121.6 (CAr2), 115.8 

(tt, J=252.7, 31.7 Hz, C2 or C3), 114.9 (tt, J=254.2, 33.0 Hz, C2 or C3), 68.1 (t, J=26.2 Hz, C4), 60.3 (t, 

J=26.8 Hz, C1) ppm; 19F NMR (376 MHz, CDCl3) δ -121.2 (t, J=13.9 Hz, 2F, F3), -123.9 (t, J=13.9 Hz, 

2F, F2) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -121.2 (s, 2F, F3), -123.9 (s, 2F, F2) ppm; IR (neat) 

3368 (br. w), 2966 (w), 2939 (w), 2866 (w), 1189 (s), 1084 (s) cm-1; HRMS (ESI+) for C11H10F4NaO3S 

[M+Na]+, calculated 321.0179, found 321.0179 (+0.1 ppm error); Crystal Structure 

 

Synthesis of 4-((tert-butyldimethylsilyl)oxy)-2,2,3,3-tetrafluorobutan-1-ol (4.78) 

 

To a solution of 2,2,3,3-tetrafluoro-1,4-butandiol (0.987 mg, 1 equiv) in THF (20 mL) was added NaH 

(60% oil dispersion, 178 mg, 0.7 equiv) at 0 °C. After 30 min, TBDMSCl (660 mg, 0.7 equiv) was 

added portion wise. After 1.5 h, the reaction mixture was quenched with sat. aq. NH4Cl (10 mL) and 

the aqueous phase was extracted with Et20 (320 mL) and CH2Cl2 (20 mL). The combined organic 

layers were washed with brine, dried over MgSO4 and concentrated in vacuo. The crude oil was 

purified by column chromatography (1:9, acetone/petrol ether 40–60 °C) to afford 4.78 as a 

colourless oil (1.08 g, 95%). 

1H NMR (400 MHz, CDCl3) δ 4.02 (tt, J=12.6, 1.7 Hz, 2H, H1), 3.98 (tdt, J=13.4, 7.5, 1.5 Hz, 2H, H4), 

2.81 (t, J=7.5 Hz, 1H, OH), 0.93 (s, 9H, SiC(CH3)3), 0.15 (s, 6H, Si(CH3)2) ppm; 13C NMR (126 MHz, 

CDCl3) δ 116.0 (tt, J=253.3, 29.9 Hz, C2 or C3), 115.7 (tt, J=253.2, 29.1 Hz, C2 or C3), 61.2 (t, J=29.9 

Hz, C1), 60.7 (t, J=27.4 Hz, C4), 25.6 (SiC(CH3)3), 18.2 (SiC(CH3)3), -5.7 (Si(CH3)2) ppm; 19F NMR (376 

MHz, CDCl3) δ -124.4 (t, J=13.0 Hz, 2F, F2 or F3), -125.4 (t, J=13.9 Hz, 2F, F2 or F3) ppm; 19F {1H} NMR 

(376 MHz, CDCl3) δ -124.4 (s, 2F, F2 or F3), -125.4 (s, 2F, F2 or F3) ppm; IR (neat) 3362 (br. w), 2953 

(w), 2859 (w), 1257 (m), 1116 (s), 1091 (s) 836 (s) cm-1; MS and HRMS: Unsuccessful after multiple 

attempts, HRMS was successful on the next compound in the series 4.79. 
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Synthesis of O-(4-((tert-butyldimethylsilyl)oxy)-2,2,3,3-tetrafluorobutyl) O-phenyl 

carbonothioate (4.79) 

 

To a solution of 4.78 (1.01 g, 1 equiv) in CH2Cl2 was added O-phenyl chlorothionoformate (0.8 mL, 

1.2 equiv) and pyridine (0.59 mL, 2 equiv). After 1 h, the reaction was diluted with EtOAc (50 mL) 

and washed with sat. aq. NaHCO3 (50 mL). The organic layer was dried over MgSO4 and the crude 

oil was purified by flash column chromatography (1:9, acetone/petrol ether 40–60 °C) to a yield 

4.79 as a colourless oil (1.14g, 76%). 

1H NMR (400 MHz, CDCl3) δ 7.50–7.40 (m, 2H, HAr), 7.37–7.29 (m, 1H, HAr), 7.18–7.09 (m, 2H, HAr), 

4.99 (t, J=14.6 Hz, 2H, H4), 4.06 (tt, J=13.0, 1.7 Hz, 2H, H1), 0.93 (s, 9H, SiC(CH3)3), 0.15 (s, 6H, 

Si(CH3)2) ppm; 13C NMR (126 MHz, CDCl3) δ 194.3 (C5), 153.5 (CAr), 129.6 (CAr2), 126.8 (CAr), 121.7 

(CAr2), 115.7 (tt, J=253.5, 29.8 Hz, C2 or C3), 114.8 (tt, J=255.0, 31.7 Hz, C2 or C3), 68.8 (t, J=24.0 

Hz, C4), 61.1 (t, J=29.1 Hz, C1), 25.6 (SiC(CH3)3), 18.3 (SiC(CH3)3), -5.7 (Si(CH3)2) ppm; 19F NMR (376 

MHz, CDCl3) δ -122.0 (t, J=14.7 Hz, 2F, F3), -123.6 (t, J=13.0 Hz, 2F, F2) ppm; 19F {1H} NMR (376 MHz, 

CDCl3) δ -122.0 (s, 2F, F3), -123.6 (s, 2F, F2) ppm; IR (neat) 2954 (w), 2931 (w), 2859 (w), 1296 (s), 

1127 (s), 837 (s) cm-1; HRMS (ESI+) for C17H24F4NaO3SSi [M+Na]+, calculated 435.1044, found 

435.1044 (-0.1 ppm error). 

Synthesis of 2,2,3,3-tetrafluoro-4-hydroxybutyl benzoate (4.81)  

 

To a solution of benzoyl chloride (1.46 mL, 1.05 equiv) and pyridine (1.94 mL, 2 equiv) in CH2Cl2 was 

added Q5 (1.945 g, 1 equiv) portion wise at 0 °C. After 20 h, the reaction was quenched with aq. 

HCl (2M, 15 mL) and the aqueous phase was extracted with CH2Cl2 (215 mL). The combined organic 

phases were washed with sat. aq. NaHCO3 (240 mL) and water (40 mL), dried over MgSO4 and 

concentrated in vacuo. The crude oil was purified by column chromatography (CH2Cl2) to afford 

4.81 as a colourless oil (1.26 g, 46%)  

1H NMR (500 MHz, CDCl3) δ 8.12–8.03 (m, 2H, HAr), 7.68–7.57 (m, 1H, HAr), 7.52–7.42 (m, 2H, HAr), 

4.82 (tt, J=14.0, 1.1 Hz, 2H, H1), 4.10 (t, J=13.9 Hz, 2H, H4) ppm; 13C NMR (126 MHz, CDCl3) δ 165.4 

(C=O), 133.7 (CAr), 123.0 (CAr2), 128.7 (CAr), 128.6 (CAr2), 116.0 (tt, J=252.3, 32.2 Hz, C2 or C3), 

115.4 (tt, J=252.8, 32.9 Hz, C2 or C3), 60.3 (t, J=26.3 Hz, C1 and C4, overlapped) ppm; 19F NMR (376 
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MHz, CDCl3) δ -121.4 (t, J=13.9 Hz, 2F, F2), -123.9 (t, J=13.9 Hz, 2F, F3) ppm; 19F {1H} NMR (376 MHz, 

CDCl3) δ -121.4 (s, 2F, F2), -123.9 (t, J=5.2 Hz, 2F, F3) ppm; IR (neat) 3454 (br. w), 3082 (w), 2967 

(w), 1730 (s), 1272 (s), 1111 (s), 1072 (s) cm-1; HRMS (ESI+) for C11H10F4NaO3 [M+Na]+, calculated 

289.0458, found 289.0465 (-2.3 ppm error). 

Synthesis of 2,2,3,3-tetrafluoro-4-((phenoxycarbonothioyl)oxy)butyl benzoate (4.82)  

 

To a solution of 4.81 (1.26 g, 1 equiv) and pyridine (0.9 mL, 2 equiv) in CH2Cl2 (25 mL) was added O-

phenyl chlorothionoformate (0.93 mL, 1.2 equiv) dropwise. After 1.5 h, the reaction was diluted 

with CH2Cl2 and washed with sat. aq. NaHCO3 (50 mL) and dried over MgSO4. The crude was 

concentrated in vacuo and purified by column chromatography (3:97, Et2O/pentane) to afford 4.82 

as a colourless oil (1.37 g, 61%).  

1H NMR (500 MHz, CDCl3) δ 8.14–8.07 (m, 2H, HAr), 7.67–7.60 (m, 1H, HAr), 7.52–7.47 (m, 2H, HAr), 

7.47–7.42 (m, 2H, HAr), 7.35–7.30 (m, 1H, HAr), 7.15–7.08 (m, 2H, HAr), 5.03 (tt, J=31.4, 1.3 Hz, 2H, 

H4), 4.85 (tt, J=13.5, 1.2 Hz, 2H, H1) ppm; 13C NMR (126 MHz, CDCl3) δ 194.0 (C=S), 165.1 (C=O), 

153.4 (CAr), 133.8 (CAr), 130.0 (CAr2), 129.7 (CAr2), 128.6 (CAr2), 128.6 (CAr), 126.9 (CAr), 121.6 

(CAr2), 115.1 (tt, J=254.9, 31.7 Hz, C2), 114.6 (tt, J=255.0, 33.0 Hz, C3), 67.7 (t, J=26.7 Hz, C4), 59.9 

(t, J=27.4 Hz, C1) ppm; 19F NMR (471 MHz, CDCl3) δ -120.4– -120.5 (m, 2F, F3), -120.5– -120.6 (m, 

2F, F2) ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -120.3– -120.5 (m, 2F, F3), -120.5– -120.7 (m, 2F, F2) 

ppm; IR (neat) 3064 (w), 2963 (w), 1734 (s), 1266 (s), 1244 (s), 1228 (s), 1196 (s) cm-1; HRMS (ESI+) 

for C18H14F4NaO4S [M+Na]+, calculated 425.0441, found 425.0447 (-1.5 ppm error). 

Synthesis of 2,2,3,3-tetrafluorobutyl benzoate (4.83)  

 

To a solution of 4.82 (1.36 g, 1 equiv) in toluene (20 mL, degassed) was added triethylsilane (2.7 

mL, 5 equiv) and benzoyl peroxide (0.17 g, 0.2 equiv). The reaction was then brought to reflux. After 

90 min, another addition of triethylsilane (2.7 mL, 5 equiv) and benzoyl peroxide (0.17 g, 0.2 equiv) 

was performed, and the reaction was bought back to reflux. After 2 h, the reaction mixture was 

concentrated in vacuo and purified by column chromatography (1:99, Et2O/pentane) to afford 4.83 

as a colourless oil (0.79 g, 93%).  
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1H NMR (500 MHz, CDCl3) δ 8.15–8.03 (m, 2H, HAr), 7.64–7.58 (m, 1H, HAr), 7.51–7.46 (m, 2H, HAr), 

4.78 (tt, J=13.9, 1.2 Hz, 2H, H1), 1.82 (tt, J=19.1, 1.8 Hz, 3H, H4) ppm; 13C NMR (126 MHz, CDCl3) δ 

165.4 (C=O), 133.6 (CAr), 130.0 (CAr2), 128.9 (CAr), 128.5 (CAr2), 118.5 (tt, J=247.2, 34.6 Hz, C3), 

115.0 (tt, J=251.7, 35.6 Hz, C2), 59.8 (t, J=26.8 Hz, C1), 17.4 (t, J=24.6 Hz, C4) ppm; 19F NMR (471 

MHz, CDCl3) δ -107.1– -107.3 (m, 2F, F3) -120.9– -121.1 (m, 2F, F2) ppm; 19F {1H} NMR (471 MHz, 

CDCl3) δ -107.2– -107.3 (m, 2F, F3) -120.9– -121.1 (m, 2F, F2) ppm; IR (neat) 3070 (w), 2968 (w), 

1733 (s), 1452 (m), 1273 (s), 1108 (s), 1066 (s) cm-1; HRMS (ESI+) for C11H10F4NaO2 [M+Na]+, 

calculated 273.0509, found 273.0515 (-2.1 ppm error). 

Synthesis of 2,2,3,3-tetrafluorobutanol (G12) 

 

To a solution of 4.83 (0.67 g, 1 equiv) in Et2O (50 mL), NaOMe (25% w/w in MeOH, 1.20 mL, 2 equiv) 

was added dropwise. After 23 h, the reaction was neutralised with aq. HCl (2M, 15 mL) and the 

aqueous phase was washed with Et2O (390 mL). The combined organic phases were dried over 

MgSO4, filtered and concentrated (750 mbar, 30 °C). The crude mixture was purified by column 

chromatography (CH2Cl2) to G12 as a pale-yellow oil (186 mg, 48%).  

1H NMR (400 MHz, CDCl3) δ 4.04 (tdt, J=14.2, 7.1, 1.3 Hz, 2H, H1), 1.83 (t, J=7.3 Hz, 1H, OH), 1.78 

(tt, J=19.3, 1.7 Hz, 3H, H4) ppm; 13C NMR (126 MHz, CDCl3) δ 118.8 (tt, J=246.3, 34.8 Hz, C3), 115.8 

(tt, J=250.5, 35.0 Hz, C2), 60.0 (t, J=26.3 Hz, C1), 17.6 (t, J=24.6 Hz, C4) ppm; 19F NMR (376 MHz, 

CDCl3) δ -107.3– -107.5 (m, F3), -124.0– -124.1 (m, F2) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -

107.3– -107.4 (m, F3), -124.0– -124.1 (m, F2) ppm; IR (thin film) 3367 (br. w), 2929 (w), 1174 (s), 

1118 (s), 1084 (s), 1064 (s) cm-1; HRMS (CI) for C4H7F4O [M+H]+, calculated 147.0428, found 

147.0434 (+0.69 ppm error). 

Synthesis of 2,2,3,3,4,4-hexafluoro-5-hydroxypentyl benzoate (4.90)  

 

To a solution of 2,2,3,3,4,4-hexafluoropentane-1,5-diol R4 (5.00 g, 1 equiv) and pyridine (3.81 mL, 

2 equiv) in CH2Cl2 (50 mL), was added a solution of benzoyl chloride (3.29 mL, 1.2 equiv) in CH2Cl2 

(100 mL) dropwise over 30 min at 0 °C. The reaction was allowed to warm to room temperature 

and was quenched after 24 h with water (75 mL). The aqueous phase was washed with CH2Cl2 (2×30 

mL), and the combined organic phases were washed with aq. HCl (1M, 50 mL) and sat. aq. NaHCO3 
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(100 mL). The organic phase was dried over MgSO4 and concentrated in vacuo. The crude product 

was purified by column chromatography (CH2Cl2) to afford 4.90 as a colourless oil (4.02 g, 54%). 

1H NMR (500 MHz, CDCl3) δ 8.12–8.05 (m, 2H, HAr), 7.66–7.59 (m, 1H, HAr), 7.51–7.45 (m, 2H, HAr), 

4.82 (t, J=13.9 Hz, 2H, H1), 4.11 (t, J=13.8 Hz, 2H, H5), 2.34 (br. s, 1H, OH) ppm; 13C NMR (126 MHz, 

CDCl3) δ 165.2 (C=O), 133.8 (CAr), 130.0 (CAr2), 128.6 (CAr2), 128.5 (CAr), 115.6 (tt, J=255.6, 29.8 

Hz, C4), 114.8 (tt, J=256.4, 31.0 Hz, C2), 111.5 (tquin, J=263.5, 33.1 Hz, C3), 60.6 (t, J=25.5 Hz, C5), 

60.3 (t, J=26.7 Hz, C1) ppm; 19F NMR (471 MHz, CDCl3) δ -119.7 (tt, J=13.9, 10.3 Hz, F2), -122.5 (tt, 

J=14.7, 9.9 Hz, F4), -125.7 (s, F3) ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -119.7 (t, J=10.0 Hz, F2), -

122.5 (t, J=10.0 Hz, F4), -125.7 (s, F3) ppm; IR (neat) 3459 (br. w), 2997 (w), 1733 (s), 1268 (s), 1147 

(s) cm-1; HRMS (ESI+) for C12H10F6NaO3 [M+Na]+, calculated 339.0426, found 339.0425 (+0.3 ppm 

error). 

Synthesis of 2,2,3,3,4,4-hexafluoro-5-((phenoxycarbonothioyl)oxy)pentyl benzoate (4.91) 

 

To a solution of 4.90 (3.10 g, 1 equiv) in CH2Cl2 (110 mL) was added pyridine (3.37 mL, 4.25 equiv) 

then O-phenyl chlorothioformate (1.62 mL, 1.2 equiv) at 0 °C. The reaction was allowed to warm to 

room temperature and after 1.5 h, the reaction mixture was diluted with CH2Cl2 (50 mL) and 

quenched with sat. aq. NaHCO3 (50 mL). The aqueous phase was extracted with CH2Cl2 (3×50 mL) 

and the combined organic phases were dried over MgSO4 and concentrated in vacuo. The crude 

product was purified by column chromatography (3:97, Et2O/petroleum ether 40-60 °C) to afford 

4.91 as a pale-yellow oil (3.81 g, 86%). 

1H NMR (500 MHz, CDCl3) δ 8.14–8.06 (m, 2H, HAr), 7.64 (tt, J=7.5, 1.3 Hz, 1H, HAr), 7.53–7.47 (m, 

2H, HAr), 7.48–7.42 (m, 2H, HAr), 7.37–7.30 (m, 1H, HAr), 7.17–7.12 (m, 2H, HAr), 5.03 (t, J=13.4 Hz, 

2H, H5), 4.87 (t, J=13.6 Hz, 2H, H1) ppm; 13C NMR (126 MHz, CDCl3) δ 193.9 (C6), 165.0 (C=O), 153.4 

(CAr), 133.8 (CAr), 130.0 (CAr2), 129.7 (CAr2), 128.6 (CAr2), 128.5 (CAr), 126.9 (CAr), 121.6 (CAr2), 

114.8 (tt, J=256.8, 31.3 Hz, C2), 114.3 (tt, J=259.1, 31.3 Hz, C4), 111.1 (tquin, J=263.7, 32.4 Hz, C3), 

67.8 (t, J=26.2 Hz, C5), 60.2 (t, J=26.9 Hz, C1) ppm; 19F NMR (471 MHz, CDCl3) δ -119.0– -119.2 (m, 

2F, F4), -119.2– -119.4 (m, 2F, F2), -125.2 (s, 2F, F3) ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -119.1 

(t, J=10.7 Hz, 2F, F4), -119.3 (t, J=10.4 Hz, 2F, F2), -125.2 (s, 2F, F3) ppm; IR (neat) 3065 (w), 2964 

(w), 1735 (s), 1490 (m), 1265 (s), 1196 (s), 1150 (s) cm-1; HRMS (ESI+) for C19H14F6NaO4S [M+Na]+ 

calculated 475.0409, found 475.0420 (-2.3 ppm error). 
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Synthesis of 2,2,3,3,4,4-hexafluoropentyl benzoate (4.92)  

 

A solution of 4.91 (3.60 g, 1 equiv) in toluene (40 mL, degassed) and triethylsilane (6.36 mL, 5 equiv) 

was heated to reflux and benzoyl peroxide (387.0 mg, 0.2 equiv) was added. Benzoyl peroxide 

(387.0 mg, 0.2 equiv) and triethylsilane (6.36 mL, 5 equiv) were then added every 30 min to the 

refluxing reaction mixture until all the starting material had been consumed (3 additions). The 

reaction mixture was then concentrated in vacuo and the crude oil was purified by column 

chromatography (2:98, Et2O/petroleum ether 40-60 °C) to afford 4.92 as a pale-yellow oil (2.17 g, 

91%). 

1H NMR (400 MHz, CDCl3) δ 8.13–8.06 (m, 2H, HAr), 7.66–7.58 (m, 1H, HAr), 7.52–7.43 (m, 2H, HAr), 

4.81 (t, J=13.9 Hz, 2H, H1), 1.94–1.77 (m, 3H, H5) ppm; 13C NMR (126 MHz, CDCl3) δ 165.1 (C=O), 

133.7 (CAr), 130.0 (CAr2), 128.6 (CAr), 128.6 (CAr2), 117.9 (tt, J=250.2, 31.9 Hz, C4), 114.9 (tt, 

J=256.3, 30.9 Hz, C2), 111.2 (ttt, J=261.5, 34.3, 31.5 Hz, C3), 60.5 (t, J=26.5 Hz, C1), 18.5 (t, J=24.2 

Hz, C5) ppm; 19F NMR (376 MHz, CDCl3) δ -106.4 (qt, J=19.1, 9.5 Hz, 2F, F4), -119.5 (tt, J=13.9, 10.4 

Hz, 2F, F2), -126.4 (s, 2F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -106.4 (t, J=9.5 Hz, 2F, F4), -

119.5 (t, J=10.4 Hz, 2F, F2), -126.4 (s, 2F, F3) ppm; IR (neat) 3065 (w), 2964 (w), 1735 (s), 1267 (s), 

1151 (s), 1107 (s) cm-1; HRMS (ESI+) for C12H10F6NaO2 [M+Na]+, calculated 323.0477, found 323.0483 

(-1.7 ppm error). 

Synthesis of 2,2,3,3,4,4-hexafluoropentan-1-ol (I15)   

 

To a solution of 4.92 (0.91 g, 1 equiv) in Et2O (6.6 mL), NaOMe (25% w/w in MeOH, 1.33 mL, 2 equiv) 

was added dropwise. After 23 h, the reaction was neutralised with aq. HCl (2M, 15 mL) and the 

aqueous phase was washed with CH2Cl2 (330 mL). The combined organic phases were dried 

(MgSO4), filtered and concentrated (750 mbar, 30 °C). The crude mixture was purified by column 

chromatography (CH2Cl2) to I15 as a pale-yellow oil (256 mg, 45%).  

1H NMR (400 MHz, CDCl3) δ 4.08 (tdt, J=14.5, 7.5, 1.3 Hz, 2H, H1), 1.89 (tt, J=7.1, 0.9 Hz, 1H, OH), 

1.83 (ttt, J=19.3, 1.9, 0.9 Hz, 3H, H5) ppm; 13C NMR (126 MHz, CDCl3) δ 118.0 (tt, J=249.6, 32.2 Hz, 

C4), 115.7 (ttt, J=254.6, 30.3, 1.2 Hz, C2), 111.4 (ttt, J=261.1, 34.3, 31.5 Hz, C3), 60.8 (ttt, J= 25.4, 
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2.5, 1.5 Hz, C1), 18.4 (t, J=24.3 Hz, C5) ppm; 19F NMR (376 MHz, CDCl3) δ -106.5 (qt, J=19.4, 9.1 Hz, 

2F, F4), -122.6 (tt, J=14.3, 10.0 Hz, 2F, F2), -126.8 (s, 2F, F3) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ 

-106.5 (t, J=9.5 Hz, 2F, F4), -122.6 (t, J=9.5 Hz, 2F, F2), -126.8 (s, 2F, F3) ppm; IR (thin film) 3354 (br. 

w), 2962 (w), 2888 (w), 1397 (m), 1149 (s), 1119 (s), 955 (s) cm-1; HRMS (CI) for C5H7F6O [M+H]+, 

calculated 197.0396, found 197.0402 (+0.64 ppm error). 

8.4 Synthesis of evenamide analogues 

Synthesis of 1-(benzyloxy)-3-[(E)-2-nitroethenyl]benzene (5.7) 

 

To a solution of 3-(benzyloxy)benzaldehyde 5.6 (3.00 g, 1 equiv) and ammonium acetate (2.40 g, 

2.2 equiv) in acetic acid (25 mL) was added nitromethane (2.10 mL, 2.75 equiv). The reaction 

mixture was then brought up to reflux. After 2 h, the reaction mixture was allowed to cool, diluted 

with water (20 mL) and extracted with CH2Cl2 (340 mL). The combined organic layers were dried 

over MgSO4, filtered and concentrated. The resultant solid residue was then stirred over heptane 

for 30 min, filtered and dried, to yield 5.7 as a green solid (3.61 g, quant.). 

1H NMR (400 MHz, CDCl3) δ 7.97 (d, J=13.7 Hz, 1H, H7), 7.56 (d, J=13.7 Hz, 1H, H8), 7.48–7.33 (m, 

6H, H4 + HAr5 (OCH2Ph)), 7.20–7.14 (m, 1H, H5), 7.13 (d, J=1.2 Hz, 1H, H1), 7.13–7.10 (m, 1H, H3), 

5.12 (s, 2H, OCH2Ph) ppm; 13C NMR (101 MHz, CDCl3) δ 159.3 (C2), 139.0 (C7), 137.4 (C8), 136.2 (CAr, 

OCH2Ph), 131.4 (C6), 130.5 (C4), 128.7 (CAr2, OCH2Ph), 128.3 (CAr, OCH2Ph), 127.4 (CAr2, OCH2Ph), 

122.0 (C5), 118.8 (C3), 115.0 (C1), 70.2 (OCH2Ph) ppm; m.p. 82-84 °C. 

Data consistent with literature.224 

Synthesis of (3-(benzyloxy)phenethyl)-N-Boc-amine (5.9) 

 

To a solution of 5.7 (3.61 g, 1 equiv) in THF (30 mL) was added, a slurry of LiAlH4 (1.21 g, 2 equiv) in 

Et2O (30 mL) dropwise at 0 °C. The reaction was allowed to warm to room temperature and after 4 

h was cooled to 0 °C, before the dropwise addition of water (1.2 mL), followed by 15% w.t. aq. NaOH 

(1.2 mL) and finally water (3.6 mL). The mixture is allowed to warm to room temperature and MgSO4 

is then added. The resultant slurry is stirred for 15 min, before filtration. The filter cake is then 
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washed with EtOAc (50 mL) and the combined filtrates are concentrated to afford the intermediate 

5.2 (3.21 g, assumed quant.). To a solution of 5.2 (3.21 g, 1 equiv), Et3N (1.97 mL, 1 equiv) in CH2Cl2 

(30 mL) was added Boc2O (3.39 g, 1.1 equiv) dissolved in CH2Cl2 (10 mL). After 16 h, the reaction 

mixture was concentrated and the crude was purified by column chromatography (1:4, 

EtOAc/heptane) to afford 5.9 as a colourless oil (1.92 g, 42% over 2 steps). 

1H NMR (400 MHz, CDCl3) δ 7.49–7.30 (m, 5H, HAr, OCH2Ph), 7.23 (t, J=8.0 Hz, 1H, H4), 6.88–6.78 (m, 

3H, H1 + H3 + H5), 5.07 (s, 2H, OCH2Ph), 4.54 (br. s, 1H, NH), 3.39 (q, J=6.2 Hz, 2H, H8), 2.78 (t, J=6.9 

Hz, 2H, H7), 1.45 (s, 9H, CH33, Boc) ppm; 13C NMR (101 MHz, CDCl3) δ 159.0 (C2), 155.8 (C=O), 

140.7 (C6), 137.0 (CAr, OCH2Ph), 129.6 (C4), 128.6 (CAr2, OCH2Ph), 128.0 (CAr, OCH2Ph), 127.5 (CAr2, 

OCH2Ph), 121.4 (C5), 115.4 (C1), 112.7 (C3), 79.2 (C-(CH3)3), 69.9 (PhCH2), 41.6 (C8), 36.2 (C7), 28.4 

(CH33, Boc) ppm. 

Data consistent with literature.272 

Synthesis of 2-((3-(Benzyloxy)phenethyl)-N-Boc-amino)-N,N-dimethylacetamide (5.10) 

 

To a suspension of sodium hydride 60% in mineral oil (0.57 g, 2 equiv) in DMF (35 mL) at 0 °C, was 

added a solution of 5.9 (2.35 g, 1 equiv) in DMF (35 mL) dropwise. The reaction mixture was allowed 

to warm to room temperature and after 1 h, 2-chloroacetamide (1.47 mL, 2 equiv) was added. After 

24 h, the reaction was quenched with water (5 mL) and the solvent removed in vacuo. The residue 

was dissolved in water (40 mL) and extracted with EtOAc (350 mL). The combined organic layers 

were washed with brine (50 mL), dried over Na2SO4 and concentrated. The crude was purified by 

column chromatography (1:1, EtOAc/heptane) to afford 5.10 as a colourless gum (2.46 g, 83%). 

1H NMR (400 MHz, CDCl3, mixture of rotamers) δ 7.46–7.41 (m, 2H, HAr, OCH2Ph), 7.40–7.35 (m, 2H, 

HAr, OCH2Ph), 7.35–7.29 (m, 1H, HAr, OCH2Ph), 7.19 (t, J=7.7 Hz, 1H, H4), 6.93–6.71 (m, 3H, H1 + H3 

+ H5), 5.04 (s, 2H, OCH2Ph), 3.94 (s, 2H, H9 major), 3.82 (s, 2H, H9 minor), 3.51 (m, J=7.4 observed 

br. t, 2H, H8 major and minor), 2.97–2.88 (m, 6H, H11 + H12), 2.82 (m, J=7.4 observed br. t, 2H, H7 

major and minor), 1.52–1.39 (m, 9H, CH33, Boc) ppm; 13C NMR (101 MHz, CDCl3) δ (only major 

rotamer reported) 168.6 (C10), 158.9 (C2), 155.9 (C=O, Boc), 141.2 (C6), 137.1 (CAr, OCH2Ph), 129.4 

(C4), 128.6 (CAr2, OCH2Ph), 127.9 (CAr, OCH2Ph), 127.5 (CAr2, OCH2Ph), 121.6 (C5), 115.6 (C1), 112.4 

(C3), 80.0 (C-(CH3)3), 69.9 (PhCH2), 50.0 (C8), 48.7 (C9), 36.2 (C11 or C12), 35.7 (C11 or C12), 35.0 

(C7), 28.4 (CH33, Boc) ppm; IR (neat) 2974 (m), 1691 (s), 1663 (s), 1252 (s), 1156 (s) cm-1; MS (ESI+) 
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m/z 413.4 [M+H]+, 435.4 [M+Na]+; HRMS (ESI+) for C24H33N2O4 [M+H]+, calculated 413.2435, found 

413.2435 (+0.1 ppm error), for C24H32N2NaO4 [M+Na]+, calculated 435.2254, found 435.2256 (-0.4 

ppm error). 

Synthesis of 2-((3-Hydroxyphenethyl)-N-Boc-amino)-N,N-dimethylacetamide (5.11) 

 

To a solution of 5.10 (2.37 g, 1 equiv) in EtOH (18 mL) was added a slurry of 10% Pd/C (0.50 g) in 

EtOH (2 mL). The reaction was degassed and placed under a H2 environment. After 2.5 h the 

reaction mixture was filtered over a pad of Celite and concentrated. The crude was purified by 

column chromatography (3:7, acetone/heptane) to afford 5.11 as a colourless gum (1.73 g, 93%). 

1H NMR (400 MHz, CDCl3, mixture of rotamers) δ 7.13 (t, J=7.5 Hz, 1H, H4), 6.75–6.64 (m, 3H, H1 + 

H3 + H5), 6.40 (s, 1H, OH minor), 6.21 (s, 1H, OH major), 3.95 (s, 2H, H9, major), 3.86 (s, 2H, H9 

minor), 3.49 (br. t, J=7.3 Hz, 2H, H8), 3.01–2.87 (m, 6H, H11 + H12), 2.78 (t, J=7.3 Hz, 2H, H7), 1.51–

1.40 (m, 9H, CH33, Boc) ppm; 13C NMR (101 MHz, CDCl3) δ (only major rotamer reported) 168.9 

(C10), 156.5 (C2), 156.0 (C=O, Boc), 141.0 (C6), 129.5 (C4), 120.6 (C5), 115.9 (C1), 113.4 (C3), 80.2 

(C-(CH3)3), 50.1 (C8), 48.7 (C9), 36.3 (C11 or C12), 35.8 (C11 or C12), 34.8 (C7), 28.3 (CH33, Boc) 

ppm; IR (neat) 3274 (br. w), 2975 (m), 1646 (s), 1249 (m), 1156 (s) cm-1; MS (ESI+) m/z 323.4 [M+H]+, 

345.3 [M+Na]+; HRMS (ESI+) for C17H27N2O4 [M+H]+, calculated 323.1965, found 323.1961 (+1.4 ppm 

error), for C17H26N2NaO4 [M+Na]+, calculated 345.1785, found 345.1782 (+0.5 ppm error). 

8.4.1 General procedure A for tosylate formation 

 

To a solution of alcohol (1 equiv) in CH2Cl2 was added Et3N (1.1 equiv), DMAP (0.05-0.1 equiv) and 

tosyl chloride (1.1 equiv). After 1 h, the reaction was quenched with 2M aq. HCl and the layers were 

separated. The organic layer was washed with aq. sat. NaHCO3, dried over Na2SO4 and concentrated 

to afford the tosylate 5.12, which was used immediately without further purification. 
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Synthesis of Butyl tosylate (5.12a) 

 

Using general procedure A with butan-1-ol (0.3 g) in CH2Cl2 (10 mL), 5.12a was obtained as a 

colourless oil (0.87 g, 94%). 1H NMR (500 MHz, CDCl3) δ 7.82–7.75 (m, 2H, HAr), 7.37 - 7.30 (m, 2H, 

HAr), 4.03 (t, J=6.5 Hz, 2H, H1), 2.45 (s, 3H, PhCH3), 1.66–1.57 (m, 2H, H2), 1.39–1.29 (m, 2H, H3), 

0.86 (t, J=7.4 Hz, 3H, H4) ppm;  

Data consistent with literature.273 

Synthesis of Pentyl tosylate (5.12e) 

 

Using general procedure A with pentan-1-ol (0.1 g) in CH2Cl2 (5 mL), 5.12e was obtained as a 

colourless oil (0.24 g, 86%). 1H NMR (400 MHz, CDCl3) δ 7.83–7.74 (m, 2H, HAr), 7.39–7.30 (m, 2H, 

HAr), 4.02 (t, J=6.6 Hz, 2H, H1), 2.45 (s, 3H, PhCH3), 1.68–1.60 (m, 2H, H2), 1.33–1.21 (m, 4H, H3 + 

H4), 0.85 (t, J=7.2 Hz, 3H, H5) ppm;  

Data consistent with literature.274 

Synthesis of 3,3-Difluorobutyl tosylate (5.12b) 

 

Using general procedure A with 3,3-difluorobutan-1-ol (45 mg) in CH2Cl2 (5 mL), 5.12b was obtained 

as a colourless oil (86 mg, 80%). 1H NMR (500 MHz, CDCl3) δ 7.84–7.76 (m, 2H, HAr), 7.36 (d, J=8.6 

Hz, 2H, HAr), 4.20 (t, J=6.7 Hz, 2H, H1), 2.46 (s, 3H, PhCH3), 2.26 (tt, J=15.2, 6.7 Hz, 2H, H2), 1.60 (t, 

J=18.7 Hz, 3H, H4) ppm; 19F NMR (471 MHz, CDCl3) δ -90.2 (qt, J=18.7, 15.2, 2F) ppm; 19F {1H} NMR 

(471 MHz, CDCl3) δ -90.2 (s, 2F) ppm. 
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Synthesis of 4,4-Difluoropentyl tosylate (5.12f) 

 

Using general procedure A with 4,4-difluoropentan-1-ol (30 mg) in CH2Cl2 (2 mL), 5.12f was 

obtained as a colourless oil (53 mg, 79%). 1H NMR (400 MHz, CDCl3) δ 7.84–7.75 (m, 2H, HAr), 7.36 

(dd, J=8.6, 0.6 Hz, 2H, HAr), 4.08 (t, J=5.9 Hz, 2H, H1), 2.47 (s, 3H, PhCH3), 2.00–1.80 (m, 4H, H2 + 

H3), 1.58 (t, J=18.3 Hz, 3H, H5) ppm; 19F NMR (376 MHz, CDCl3) δ -92.1 (qt, J=18.3, 15.6 Hz, 2F) ppm; 

19F {1H} NMR (376 MHz, CDCl3) δ -92.1 (s, 2F) ppm. 

Synthesis of 2,2,3,3,4,4,4-Heptafluorobutyl tosylate (5.12d) 

 

Using general procedure A with 2,2,3,3,4,4,4-heptafluorobutan-1-ol (0.11 g) in CH2Cl2 (5 mL), 5.12d 

was obtained as a colourless oil (0.181 g, 93%). 1H NMR (500 MHz, CDCl3) δ 7.85–7.78 (m, 2H, HAr), 

7.39 (d, J=8.6 Hz, 2H, HAr), 4.45 (tt, J=12.9, 1.2 Hz, 2H, H1), 2.48 (s, 3H, PhCH3) ppm; 19F NMR (471 

MHz, CDCl3) δ -80.8 (t, J=9.1 Hz, 3F), -120.3– -120.4 (m, 2F), -127.2– -127.4 (m, 2F) ppm; 19F {1H} 

NMR (471 MHz, CDCl3) δ -80.8 (t, J=9.1 Hz, 3F), -120.3– -120.5 (m, 2F), -127.2– -127.4 (m, 2F) ppm. 

8.4.2 General procedure B for aryl ether formation via the tosylate 

 

To a solution of 5.11 (1 equiv) and the tosylate 5.12 (1.1 equiv) in DMF was added Cs2CO3 (2 equiv). 

After 16 h the solvent was removed in vacuo. The residue was dissolved in water (30% v/v of DMF 

volume) and extracted with EtOAc. The combined organic layers were dried over Na2SO4 and 

concentrated. The crude was purified by column chromatography (1:1, EtOAc/heptane) to afford 

the ether 5.5. 
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8.4.3 General procedure C for Boc-deprotection 

 

To the Boc protected amine 5.5 was added 4M HCl in dioxane (0.5 mL). The reaction was 

concentrated after complete consumption of starting material as confirmed by mass-spec analysis 

(roughly 4 h). The residue is then dissolved in CH2Cl2 (5 mL) and concentrated 3 times. The salt is 

then stirred in Et2O (10 mL), filtered and further rinsed with Et2O (10 mL). The resultant solid is then 

dissolved in CH2Cl2 and washed through the filter and concentrated to afford the evenamide 

analogues 5.1 as the pure HCl salt. 

 

Synthesis of 2-((3-Butoxyphenethyl)amino)-N,N-dimethylacetamide•HCl (5.1a) 

 

Using general procedure B with 5.11 (61 mg) and 5.12a (48 mg) in DMF (1 mL), 5.5a was obtained 

as a colourless gum (53 mg, 74%). According to general procedure C, N-Boc cleavage of 5.5a (97 

mg, 1 equiv) yielded 5.1a as an off white solid (75 mg, 93%). 1H NMR (400 MHz, CDCl3) δ 9.54 (br. 

s, 2H, NH2
+), 7.20 (t, J=7.8 Hz, 1H, H4), 6.86 (d, J=7.6 Hz, 1H, H5), 6.83 (s, 1H, H1), 6.77 (d, J=8.2 Hz, 

1H, H3), 4.00 (s, 2H, H9), 3.93 (t, J=6.4 Hz, 2H, H13), 3.44–3.33 (m, 2H, H8), 3.31–3.21 (m, H7), 2.96 

(s, 3H, H11 or H12), 2.94 (s, 3 H, H11 or H12), 1.74 (tt, J=7.5, 6.4, 2H, H14), 1.48 (qt, J=7.5, 7.4 Hz, 

2H, H15), 0.97 (t, J=7.4 Hz, 3H, H16) ppm; 13C NMR (101 MHz, CDCl3) δ 164.5 (C10), 159.6 (C2), 137.8 

(C6), 129.8 (C4), 120.8 (C5), 114.9 (C1), 113.4 (C3), 67.7 (C13), 49.7 (C8), 48.0 (C9), 36.3 (C11 or 

C12), 35.8 (C11 or C12), 32.5 (C7), 31.3 (C14), 19.2 (C15), 13.8 (C16) ppm; IR (neat) 2930 (br. m), 

2745 (br. m), 1665 (s), 1253 (s), 1161 (s) cm-1; MS (ESI+) m/z 279.3 [M+H]+, 301.3 [M+Na]+; HRMS 

(ESI+) for C16H27N2O2 [M+H]+, calculated 279.2067, found 279.2073 (-2.3 ppm error), for 

C16H26N2NaO2 [M+Na]+, calculated 301.1886, found 301.1887 (-0.3 ppm error). 
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Synthesis of 2-((3-Pentoxyphenethyl)amino)-N,N-dimethylacetamide•HCl (5.1e) 

 

Using general procedure B with 5.11 (114 mg) and 5.12e (90 mg) in DMF (2 mL), 5.5e was obtained 

as a colourless gum (126 mg, 91%). According to general procedure C, N-Boc cleavage of 5.5e (90 

mg, 1 equiv) yielded 5.1e as an off white solid (67 mg, 89%). 1H NMR (400 MHz, CDCl3) δ 9.55 (br. 

s, 2 H, NH2
+), 7.20 (t, J=7.8 Hz, 1H, H4), 6.86 (d, J=7.5 Hz, 1H, H5), 6.83 (s, 1H, H1), 6.77 (dd, J=8.2, 

1.8 Hz, 1H, H3), 4.00 (s, 2H, H9), 3.93 (t, J=6.5 Hz, 2H, H13), 3.44–3.31 (m, 2H, H8), 3.31–3.21 (m, 

2H, H7), 2.96 (s, 3H, H11 or H12), 2.94 (s, 3H, H11 or H12), 1.76 (tt, J=7.3, 6.5 Hz, 2H, H14), 1.51–

1.30 (m, 4H, H15 + H16), 0.93 (t, J=7.1 Hz, 3H, H17) ppm; 13C NMR (101 MHz, CDCl3) δ 164.5 (C10), 

159.6 (C2), 137.8 (C6), 129.9 (C4), 120.8 C5), 114.9 (C1), 113.4 (C3), 68.0 (C13), 49.7 (C8), 48.0 (C9), 

36.2 (C11 or C12), 35.8 (C11 or C12), 32.5 (C7), 28.9 (C14), 28.2 (C15), 22.4 (C16), 14.0 (C17) ppm; 

IR (neat) 2929 (br. s), 2744 (br. m), 1668 (s), 1252 (s), 1162 (s) cm-1; MS (ESI+) m/z 293.3 [M+H]+, 

315.3 [M+Na]+; HRMS (ESI+) for C17H29N2O2 [M+H]+, calculated 293.2224, found 293.2226 (-0.7 ppm 

error), for C17H28N2NaO2 [M+Na]+, calculated 315.2043, found 315.2043 (+0.1 ppm error). 

Synthesis of 2-((3-(3,3-Difluorobutoxy)phenethyl)amino)-N,N-dimethylacetamide•HCl (5.1b) 

 

Using general procedure B with 5.11 (1 equiv) and 5.12b (80 mg) in DMF (2 mL), 5.5b was obtained 

as a colourless gum (54 mg, 43%). According to general procedure C, N-Boc cleavage of 5.5b (51 

mg, 1 equiv) yielded 5.1b as an off white solid (40 mg, 93%). 1H NMR (400 MHz, CDCl3) δ 9.57 (br. 

s, 2H, NH2
+), 7.22 (t, J=7.8 Hz, 1H, H4), 6.90 (br. d, J=7.5 Hz, 1H, H5), 6.86 (s, 1H, H1), 6.78 (dd, J=8.1, 

1.5 Hz, 1H, H3), 4.13 (t, J=6.4 Hz, 2H, H13), 4.01 (br. s, 2H, H9), 3.44–3.32 (m, 2H, H8), 3.32–3.23 (m, 

2H, H7), 2.96 (s, 3H, H11 or H12), 2.93 (s, 3H, H11 or H12), 2.35 (tt, J=15.1, 6.4, 2H, H14), 1.70 (t, 
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J=18.8 Hz, 3H, H16) ppm; 13C NMR (101 MHz, CDCl3) δ 164.5 (C10), 158.8 (C2), 138.0 (C6), 130.0 

(C4), 121.5 (C5), 123.3 (t, J=238.1 Hz, C15), 115.0 (C1), 113.3 (C3), 62.2 (t, J=6.2 Hz, C13), 49.6 (C8), 

48.0 (C9), 37.6 (t, J=26.0 Hz, C14), 36.3 (C11 or C12), 35.8 (C11 or C12), 32.4 (C7), 23.9 (t, J=27.1 Hz, 

C16) ppm; 19F NMR (376 MHz, CDCl3) δ -89.3 (qt, J=18.8, 15.1 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, 

CDCl3) δ -89.3 (s, 2F) ppm; IR (neat) 2921 (br. m), 2746 (br. m), 1667 (s), 1255 (w), 1160 (m) cm-1; 

MS (ESI+) m/z 315.3 [M+H]+, 337.3 [M+Na]+; HRMS (ESI+) for C16H25F2N2O2 [M+H]+, calculated 

315.1879, found 315.1882 (-1.2 ppm error), for C16H24F2N2NaO2 [M+Na]+, calculated 337.1698, 

found 337.1701 (-0.8 ppm error). 

Synthesis of 2-((3-(4,4-Difluoropentoxy)phenethyl)amino)-N,N-dimethylacetamide•HCl (5.1f) 

 

Using general procedure B with 5.11 (74 mg) and 5.12f (53 mg) in DMF (2 mL), 5.5f was obtained 

as a colourless gum (74 mg, 91%). According to general procedure C, N-Boc cleavage of 5.12f (74 

mg, 1 equiv) yielded 5.1f as an off white solid (56 mg, 89%). 1H NMR (400 MHz, CDCl3) δ 9.58 (br. s, 

2H, NH2
+), 7.20 (t, J=7.6 Hz, 1H, H4), 6.88 (d, J=7.3 Hz, 1H, H5), 6.85 (s, 1H, H1), 6.77 (d, J=8.1 Hz, 

1H, H3), 4.02 (br. s, 2H, H9), 3.97 (t, J=5.5 Hz, 2H, H13), 3.38 (br. s, 2H, H8), 3.28 (br. s, 2H, H7), 2.96 

(s, 3H, H11 or H12), 2.94 (s, 3H, H11 or H12), 2.14–1.86 (m, 4H, H14 + H15), 1.63 (t, J=18.3 Hz, 3H, 

H17); 13C NMR (101 MHz, CDCl3) δ 164.5 (C10), 159.2 (C2), 138.0 (C6), 129.9 (C4), 124.1 (t, J=238.1 

Hz, C16), 121.2 (C5), 115.0 (C1), 113.3 (C3), 67.0 (C13), 49.7 (C8), 48.1 (C9), 36.4 (C11 or C12), 35.8 

(C11 or C12), 34.6 (t, J=25.7 Hz, C15), 32.5 (C7), 23.5 (t, J=27.9 Hz, C15), 22.7 (t, J=4.4 Hz, C14) ppm; 

19F NMR (376 MHz, CDCl3) δ -91.4 (sxt, J=17.3 Hz, 2F) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -91.4 

(s, 2F) ppm; IR (neat) 2914 (br. m), 2743 (br. m), 1669 (s), 1251 (m), 1163 (m) cm-1; MS (ESI+) m/z 

329.3 [M+H]+, 351.3 [M+Na]+; HRMS (ESI+) for C17H27F2N2O2 [M+H]+, calculated 329.2035, found 

329.2033 (+0.7 ppm error), for C17H26F2N2NaO2 [M+Na]+, calculated 351.1855, found 351.1847 (+2.0 

ppm error). 
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Synthesis of 2-((3-(Tosyloxy)phenethyl)-N-Boc-amino)-N,N-dimethylacetamide (5.13) 

 

Using general procedure B with 5.5 (0.150 g) and 5.12d (0.181 g) in DMF (2 mL), 5.13 was obtained 

as a colourless oil (0.15 g, 68%). 1H NMR (400 MHz, CDCl3, mixture of rotamers) δ 7.70 (d, J=8.1 Hz, 

2H, HAr(o)), 7.32 (d, J=7.9 Hz, 2H, HAr(m)), 7.19 (t, J=7.9 Hz, 1H, H4), 7.14–7.01 (m, 1H, H5), 6.86 (br. s, 

1H, H1), 6.80 (br. d, J=8.1 Hz, 1H, H3), 3.91 (s, 2H, H9, major), 3.79 (s, 2H, H9 minor), 3.42 (t, J=7.3 

Hz, 2H, H8), 2.94 (s, 6H, H11 + H12), 2.86–2.74 (m, 2H, H7), 2.46 (s, 3H, PhCH3), 1.55–1.37 (m, 9H, 

CH33, Boc) ppm; 13C NMR (101 MHz, CDCl3) δ (only major rotamer reported) 168.4 (C10), 155.7 

(C=O, Boc), 149.6 (C2), 145.3 (CAr(i)), 141.6 (C6), 132.5 (CAr(p)), 129.7 (CAr(m)2), 129.5 (C4), 128.4 

(CAr(o)2), 127.7 (C5), 122.8 (C1), 120.1 (C3), 80.1 (C-(CH3)3), 49.9 (C8), 48.9 (C9), 36.2 (C11 or C12), 

35.7 (C11 or C12), 34.7 (C7), 28.4 (CH33, Boc), 21.7 (PhCH3) ppm; IR (neat) 2930 (m), 1695 (s), 1663 

(s), 1367 (s), 1178 (s) cm-1; MS (ESI+) m/z 477.4 [M+H]+, 499.4 [M+Na]+; HRMS (ESI+) for C24H33N2O6S 

[M+H]+, calculated 477.2054, found 477.2058 (-1.0 ppm error), for C24H32N2NaO6S [M+Na]+, 

calculated 499.1873, found 499.1880 (-1.3 ppm error). 

8.4.4 General procedure D for aryl ether formation via the triflate 

 

To a solution of the alcohol (1 equiv) in CH2Cl2 was added triflic anhydride (1.05 equiv) and 2,6-

lutidine (1.1 equiv). Once complete consumption of the alcohol was shown by 19F NMR analysis 

(roughly 1 h), Cs2CO3 (3 equiv) was added to the reaction mixture followed by a solution of 5.11 (1.2 

equiv) in DMF. After 16 h the solvent was removed in vacuo. The residue was dissolved in water 

(similar volume as DMF) and extracted with EtOAc. The combined organic layers were dried over 

Na2SO4 and concentrated. The crude mixture was purified by column chromatography (1:1 

EtOAc/heptane) to afford the ether 5.5. 
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Synthesis of 2-((3-(2,2,3,3-Tetrafluorobutoxy)phenethyl)amino)-N,N-dimethylacetamide•HCl 

(5.1c) 

 

Using general procedure D with 2,2,3,3-tetrafluorobutan-1-ol (30 mg) in CH2Cl2 (0.5 mL), and 5.11 

(79 mg) in DMF (0.6 mL), 5.5c was obtained as a colourless gum (69 mg, 75%). According to general 

procedure C, N-Boc cleavage of 5.5c (69 mg, 1 equiv) yielded 5.1c as an off white solid (53 mg, 89%). 

1H NMR (400 MHz, CDCl3) δ 9.59 (br. s, 2 H, NH2
+), 7.24 (t, J=7.9 Hz, 1H, H4), 6.97 (d, J=7.5 Hz, 1H, 

H5), 6.93 (s, 1H, H1), 6.83 (dd, J=8.3, 1.9 Hz, 1H, H3), 4.39 (t, J=13.4 Hz, 2H, H13), 4.02 (s, 2H, H9), 

3.46–3.34 (m, 2H, H8), 3.34–3.25 (m, 2H, H7), 2.96 (s, 3H, H11 or H12), 2.92 (s, 3H, H11 or H12), 

1.82 (tt, J=19.3, 1.5 Hz, 3H, H16) ppm; 13C NMR (101 MHz, CDCl3) δ 164.5 (C10), 158.1 (C2), 138.3 

(C6), 130.1 (C4), 122.6 (C5), 115.4 (C1), 113.5 (C3), 64.7 (t, J=26.8 Hz, C13), 49.4 (C8), 48.0 (C9), 36.3 

(C11 or C12), 35.7 (C11 or C12), 32.3 (C7), 17.8 (t, J=24.2 Hz, C16) ppm (C14 and C15 were not 

observed due to multiple fluorine-fluorine couplings); 19F NMR (376 MHz, CDCl3) δ -107.2– -107.7 

(m, 2F, F15), -121.7– -122.1 (m, 2F, F14) ppm; 19F {1H} NMR (376 MHz, CDCl3) δ -107.4– -107.5 (m, 

2F, F15), -121.8– -122.0 (m, 2F, F14) ppm; IR (neat) 2943 (br. m), 2784 (br. m), 1663 (s), 1269 (w), 

1161 (s), 1141 (s) cm-1; MS (ESI+) m/z 351.3 [M+H]+, 373.3 [M+Na]+; HRMS (ESI+) for C16H23F4N2O2 

[M+H]+, calculated 351.1690, found 351.1693 (-0.9 ppm error), for C16H22F4N2NaO2 [M+Na]+, 

calculated 373.1510, found 373.1512 (-0.5 ppm error). 
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Synthesis of 2-((3-(2,2,3,3,4,4,4-Heptafluorobutoxy)phenethyl)amino)-N,N-

dimethylacetamide•HCl (5.1d) 

 

Using general procedure D with 2,2,3,3,4,4,4-heptafluorobutan-1-ol (20 mg) in CH2Cl2 (0.3 mL), 5.11 

(32 mg) in DMF (0.2 mL), but only 2 equiv of Cs2CO3, 5.5d was obtained as a colourless gum (33 mg, 

66%). According to general procedure C, N-Boc cleavage of 5.5d (57 mg, 1 equiv) yielded 5.1d as an 

off white solid (49 mg, 99%). 

1H NMR (400 MHz, CDCl3) δ 9.53 (br. s, 2 H, NH2
+), 7.26 (t, J=7.8 Hz, 1H, H4), 6.99 (d, J=7.2 Hz, 1H, 

H5), 6.95 (s, 1H, H1), 6.83 (d, J=7.9 Hz, 1H, H3), 4.47 (t, J=12.7 Hz, 2H, H13), 4.03 (s, 2H, H9), 3.38 (s, 

2H, H8), 3.31 (br. s, 2H, H7), 2.97 (s, 2H, H11 or H12), 2.93 (s, 3H, H11 or H12) ppm; 13C NMR (101 

MHz, CDCl3) δ 164.5 (C10), 157.7 (C2), 138.5 (C6), 130.2 (C4), 123.0 (C5), 115.4 (C1), 113.7 (C3), 65.0 

(t, J=27.1 Hz, C13), 49.5 (C8), 48.1 (C9), 36.3 (C11 or C12), 35.7 (C11 or C12), 32.3 (C7) ppm (C14, 

C15, and C16 were undetected due to multiple fluorine-fluorine couplings); 19F NMR (376 MHz, 

CDCl3) δ -81.0 (t, J=9.5 Hz, 3F, F16), -120.3– -120.9 (m, 2F, F14), -127.1– -127.8 (m, 2F, F15) ppm; 

19F {1H} NMR (376 MHz, CDCl3) δ -81.0 (br. t, J=9.5 Hz, 3F, F16), -120.5– -120.7 (m, 2F, F14), -127.4– 

-127.5 (m, 2F, F15) ppm; IR (neat) 2892 (br. w), 2744 (br. w), 1666 (s), 1227 (s), 1185 (s), 1162 (s) 

cm-1; MS (ESI+) m/z 405.2 [M+H]+, 427.2 [M+Na]+; HRMS (ESI+) for C16H20F7N2O2 [M+H]+, calculated 

405.1408, found 405.1413 (-1.5 ppm error), for C16H19F7N2NaO2 [M+Na]+, calculated 427.1227 

found 427.1231 (-1.0 ppm error). 

 

 

 

 

 



Chapter 8 

243 

Synthesis of 2-((3-(2,2,3,3,4,4-Hexafluoropentoxy)phenethyl)amino)-N,N-

dimethylacetamide•HCl (5.1g) 

 

Using general procedure D with 2,2,3,3,4,4-hexafluoropentan-1-ol (30 mg) in CH2Cl2 (0.5 mL), and 

5.11 (79 mg) dissolved in DMF (0.5 mL), 5.5g was obtained as a colourless gum (58 mg, 74%). 

According to general procedure C, N-Boc cleavage of 5.5g (58 mg, 1 equiv) yielded 5.1g as an off 

white solid (44 mg, 87%).  

1H NMR (400 MHz, CDCl3) δ 9.61 (br. s, 2 H, NH2
+), 7.25 (t, J=7.9 Hz, 2H, H4), 6.98 (br. d, J=7.5 Hz, 

1H, H5), 6.93 (s, 1H, H1), 6.83 (dd, J=8.0, 1.8 Hz, 1H, H3), 4.44 (t, J=13.6 Hz, 2H, H13), 4.01 (s, 2H, 

H9), 3.49–3.33 (m, 2H, H8), 3.33–3.25 (m, 2H, H7), 2.96 (s, 3H, H11 or H12), 2.92 (s, 3H, H11 or H12), 

1.85 (t, J=19.3 Hz, 3H, H17); 13C NMR (101 MHz, CDCl3) δ 164.5 (C10), 158.0 (C2), 138.3 (C6), 130.1 

(C4),122.8 (C5), 115.5 (C1), 113.7 (C3), 65.4 (t, J=25.7 Hz, C13), 49.5 (C8), 48.0 (C9), 36.2 (C11 or 

C12), 35.7 (C11 or C12), 32.3 (C7), 18.6 (br. t, J=24.2 Hz, C17) ppm (C14, C15 and C16 were 

undetected due to multiple fluorine-fluorine couplings); 19F NMR (376 MHz, CDCl3) δ -106.3 (qt, 

J=19.6, 9.5 Hz, 2F, F16), -119.6 (tt, J=13.6, 9.5 Hz, 2F, F14), -126.4 (s, 2F, F15) ppm; 19F {1H} NMR 

(376 MHz, CDCl3) δ -106.3 (t, J=9.5 Hz, 2F, F16), -119.9 (t, J=9.5 Hz, 2F, F14), -126.4 (s, 2F, F15) ppm; 

IR (neat) 2915 (br. m), 2745 (br. m), 1666 (s), 1160 (s), 1123 (m) cm-1; MS (ESI+) m/z 401.3 [M+H]+, 

423.3 [M+Na]+; HRMS (ESI+) for C17H23F6N2O2 [M+H]+, calculated 401.1658, found 401.1660 (-0.5 

ppm error), for C17H22F6N2NaO2 [M+Na]+, calculated 423.1478, found 423.1476 (+0.5 ppm error). 
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Synthesis of 2-((3-(2,2,3,3,4,4,5,5,5-nonafluoropentoxy)phenethyl)amino)-N,N-

dimethylacetamide•HCl (5.1h) 

 

Using general procedure D with 2,2,3,3,4,4,5,5,5-nonafluoropentan-1-ol (20 mg) in CH2Cl2 (0.3 mL) 

and 5.11 (31 mg) dissolved in DMF (0.2 mL), 5.5h was obtained as a colourless gum (31 mg, 70%). 

According to general procedure C, N-Boc cleavage of 5.5h (57 mg, 1 equiv) yielded 5.1h as an off 

white solid (46 mg, 91%).  

1H NMR (500 MHz, CDCl3) δ 9.58 (br. s, 2H, NH2
+), 7.23 (t, J=7.9 Hz, 2H, H4), 6.98 (d, J=7.4 Hz, 1H, 

H5), 6.94 (s, 1H, H1), 6.81 (dd, J=9.2, 2.1 Hz, 1H, H3), 4.46 (t, J=12.9 Hz, 2H, H13), 4.05 (s, 2H, H9), 

3.46–3.35 (m, 2H, H8), 3.35–3.25 (m, 2H, H7), 2.96 (s, 3H, H11 or H12), 2.91 (s, 3H, H11 or H12); 13C 

NMR (101 MHz, CDCl3) δ 164.6 (C10), 157.7 (C2), 138.6 (C6), 130.1 (C4), 123.0 (C5), 115.4 (C1), 113.6 

(C3), 65.2 (t, J=27.1 Hz, C13), 49.3 (C8), 48.1 (C9) 36.3 (C11 or C12), 35.7 (C11 or C12), 32.2 (C7) ppm 

(C14, C15, C16 and C17 undetected due to multiple fluorine-fluorine couplings); 19F NMR (471 MHz, 

CDCl3) δ -80.9 (tt, J=9.7, 2.5 Hz, 3F, F17), -119.6– -119.8 (m, 2F, F14), -124.0– -124.1 (m, 2F, F16), -

126.2– -126.4 (m, 2F, F15) ppm; 19F {1H} NMR (471 MHz, CDCl3) δ -80.9 (tt, J=9.7, 2.5 Hz, 3F, F17), -

119.6– -119.8 (m, 2F, F14), -124.0– -124.1(m, 2F, F16), -126.2– -126.5 (m, 2F, F15) ppm; IR (neat) 

2942 (br. w), 1664 (m), 1231 (s), 1163 (s), 1134 (s) cm-1; MS (ESI+) m/z 455.3 [M+H]+, 477.3 [M+Na]+; 

HRMS (ESI+) for C17H20F9N2O2 [M+H]+, calculated 455.1376, found 455.1387 (-2.6 ppm error), for 

C17H19F9N2NaO2 [M+Na]+, calculated 477.1195, found 477.1206 (-2.3 ppm error). 
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Chapter 9 Conformer Specific Lipophilicity Experimental 

9.1 Synthesis of amide rotamers 

Synthesis of N-acetyl-3-hydroxypiperdine (6.2) 

 

To a solution of 3-hydroxypiperidine (3.00 g, 29.7 mmol, 1 equiv) and triethylamine (10.3 mL, 73.8 

mmol, 2.46 equiv) in THF (40 mL) and CH2Cl2 (40 mL) was added acetyl chloride (2.2 mL, 28.0 mmol, 

0.95 equiv) dropwise at -78 °C. The reaction was allowed to warm to room temperature and stirred 

for 1 h. The reaction was then concentrated in vacuo, diluted with CH2Cl2 (20 mL) and water (20 mL) 

and the aqueous was extracted with CH2Cl2 (340 mL), Et2O (350 mL) and EA (350 mL). The 

combined organic layers were collected, dried over MgSO4 and concentrated in vacuo. The crude 

oil was purified by column chromatography (acetone) to afford a pale-yellow oil (2.51 g, 59%). 

1H NMR (400 MHz, CDCl3) δ (mixture of rotamers) 3.95–3.13 (m, 5H), 2.11 (s, 3H, CH3), 2.02–1.70 

(m, 2H), 1.67–1.55 (m, 1H), 1.55–1.43 (m, 1H) ppm; 13C NMR (101 MHz, CDCl3) δ (Major Rotamer) 

169.9, 65.7, 48.5, 46.8, 31.9, 22.8, 21.4 ppm; (Minor Rotamer) 169.8, 66.4, 53.1, 41.8, 32.8, 21.7, 

21.5 ppm. 

Proton consistent with literature.238 Carbon consistent with literature.275  

N-acetyl-3-fluoropiperidine (1.1) 

 

To a solution of 3-fluoropiperidine hydrochloride of (296 mg, 1 equiv) in CH2Cl2 (10 mL) was added 

Et3N (0.9 mL, 3.1 equiv) and DMAP (17 mg, 0.05 equiv). Once all of 3-fluoropiperidine hydrochloride 

had dissolved, acetic anhydride (0.33 mL, 1.2 equiv) was added dropwise. After 6 h the reaction was 

quenched with sat. aq. NH4Cl (10 mL) and washed with CH2Cl2 (10 mL). The organic layer is then 

washed with aq. 2 M HCl (210 mL) and sat. aq. NaHCO3 (210 mL). The organic layer is then washed 

with brine and dried over MgSO4 and concentrated in vacuo. The crude oil was then purified by 
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column chromatography (3:7, acetone/petrol ether 40–60 °C) to afford a pale-yellow oil (223 mg, 

72%). 

Rotamer ratio 1:0.8 (CDCl3), undetermined (acetate overlap); 1H NMR (400MHz, CDCl3) δ (mixture 

of rotamers) 4.83–4.48 (m, 1H, major + minor, H2), 4.11–4.01 (m, 1H, major, H’5), 3.90 (ddd, J=13.8, 

8.8, 6.2 Hz, 1H, minor, H’1), 3.75 (ddd, J=14.2, 9.0, 5.1 Hz, 1H, major, H’1), 3.65 (ddd, J=24.7, 13.7, 

3.3 Hz, 1H, minor, H’’1), 3.54–3.40 (m, 2H, major, H’’1 and major, H’5), 3.40–3.29 (m, 1H, major 

H’’5), 3.11 (tt, J=8.9, 4.0 Hz, 1H, major, H’’5), 2.11 (s, 3H, major + minor, CH3), 2.05–1.73 (m, 3H, 

major + minor, H3 and major + minor H’4), 1.63–1.44 (m, 1H, major + minor, H’’4) ppm; 13C NMR 

(101MHz, CDCl3) δ (mixture of rotamers) 169.7 (major, C=O), 169.7 (minor, C=O), 86.4 (d, J=175.3 

Hz, major, C2), 86.1 (d, J=174.6 Hz, minor, C2), 50.6 (d, J=22.7 Hz, major, C1), 46.2 (minor, C5), 45.4 

(d, J=24.9 Hz, minor, C1), 41.7 (major, C5), 29.6 (d, J=20.5 Hz, minor, C3), 29.5 (d, J=21.3 Hz, major, 

C3), 21.8 (d, J=4.4 Hz, minor C4), 21.4 (major + minor, CH3), 20.5 (d, J=2.9 Hz, major, C4) ppm; 19F 

NMR (376MHz, CDCl3) δ -184.2– -184.6 (m, 1F, minor), -185.8 (app. tddd, J=45.8, 36.7, 28.0, 9.8 Hz, 

1F, major) ppm; 19F {H} 277NMR (376MHz, CDCl3) δ -184.4 (s, 1F, minor), -185.8 (s, 1F, major) ppm; 

IR (neat) 2947 (w), 2864 (w), 1625 (s), 1427 (m), 1200 (s), 1123 (s) cm-1; MS (ESI+) m/z 146.2 [M+H]+, 

168.2 [M+Na]+; HRMS (ESI+) C7H12FNO [M+H]+, calculated 146.0976, found 146.0973 (+1.9 ppm 

error). C7H13FNNaO [M+Na]+, calculated 168.0795, found 168.0793 (+1.0 ppm error.) 

N-acetyl-3,3-difluoropiperidine (1.2) 

 

To a solution of 3,3-difluoropiperidine hydrochloride (312 mg, 1 equiv) in CH2Cl2 (10 mL) was added 

Et3N (0.58 mL, 2.2 equiv) and DMAP (10 mg, 0.05 equiv). Once all of 3,3-difluoropiperidine 

hydrochloride had dissolved, acetic anhydride (0.22 mL, 1.2 equiv) was added dropwise. After 6 h 

the reaction was quenched with sat. aq. NH4Cl (10 mL) and washed with CH2Cl2 (10 mL). The organic 

layer is then washed with aq. 2 M HCl (210 mL) and sat. aq. NaHCO3 (210 mL). The organic layer 

is then washed with brine and dried over MgSO4 and concentrated in vacuo. The crude oil was then 

purified by column chromatography (30% acetone/petrol ether 40–60 °C) to afford a pale-yellow 

oil (187 mg, 60%). 

Rotamer ratio 1:0.72 (CDCl3), Cis Major; 1H NMR (400MHz, CDCl3) δ (mixture of rotamers) 3.86–

3.36 (m, 4H, major + minor, H1 + H5), 2.12 (s, 3H, CH3) + 2.11 (s, 3H, major, CH3), 2.09–1.97 (m, 2H, 

major + minor, H3), 1.84–1.66 (m, 2H, major + minor, H4) ppm; 13C NMR (101MHz, CDCl3) δ (mixture 

of rotamers) 169.6 (major, C=O), 169.4 (minor, C=O), 119.1 (t, J=244.7 Hz, C2), 52.2 (t, J=31.5 Hz, 

major, C1), 46.9 (t, J=32.6 Hz, minor, C1), 45.5 (minor, C5), 41.0 (major, C5), 32.6 (t, J=23.8 Hz, minor, 
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C3), 32.5 (t, J=23.1 Hz, major, C3), 22.6 (t, J=4.4 Hz, minor, C4), 21.7 (t, J=4.4 Hz, major, C4), 21.4 

(minor, CH3), 21.3 (major, CH3) ppm; 19F NMR (376MHz, CDCl3) δ -103.3 (quin, J=12.6 Hz, 2F, minor), 

-103.8 (quin, J=12.6 Hz, 2F, major) ppm; 19F {H} NMR (376MHz, CDCl3) δ -103.3 (s, 2F, minor), -103.8 

(s, 2F, major) ppm; IR (neat) 2941 (w), 2869 (w), 1641 (s), 1427 (m), 1243 (s), 1103 (s) cm-1; MS 

(ESI+) m/z 164.2 [M+H]+, 186.2 [M+Na]+; HRMS (ESI+) C7H12F2NO [M+H]+, calculated 164.0885, 

found: 164.0881 (-2.0 ppm error), C7H13FNNaO [M+Na]+, calculated 186.0705, found 186.0701 (-2.4 

ppm error.) 

N-acetyl-3-fluoropyrrolidine (1.3) 

 

To a solution of 3-fluoropyrrolidine hydrochloride (315 mg, 1 equiv) in CH2Cl2 (10 mL) was added 

Et3N (0.75 mL, 2.2 equiv) and DMAP (15 mg, 0.05 equiv). Once all of 3-fluoropyrrolidine 

hydrochloride had dissolved, acetic anhydride (0.28 mL, 1.2 equiv) was added dropwise. After 6 h 

the reaction was quenched with sat. aq. NH4Cl (10 mL) and washed with CH2Cl2 (10 mL). The organic 

layer is then washed with aq. 2 M HCl (210 mL) and sat. aq. NaHCO3 (210 mL). The organic layer 

is then washed with brine and dried over MgSO4 and concentrated in vacuo. The crude oil was then 

purified by column chromatography (3:7, acetone/petrol ether 40–60 °C) to afford a pale-yellow oil 

(272 mg, 87%). 

Rotamer ratio: 1:0.73 (CDCl3), Cis Major; 1H NMR (400MHz, CDCl3) δ (mixture of rotamers) 5.33–

5.15 (m, 1H, major, H2), 5.29 (td, J=3.7, 52.6 Hz, 1H, minor, H2), 3.96–3.31 (m, 4H, major + minor, 

H1 + H4), 2.40–1.85 (m, 2H, major + minor, H3), 2.08 (s, 3H, major, CH3), 2.05 (s, 3H, minor, CH3) 

ppm; 13C NMR (101MHz, CDCl3) δ (mixture of rotamers) 169.5 (major, C=O), 169.3 (minor, C=O), 

92.9 (d, J=176.8 Hz, minor, C2), 91.6 (d, J=176.1 Hz, major, C2), 53.8 (d, J=23.5 Hz, minor C1), 52.2 

(d, J=23.5 Hz, major, C1), 45.0 (major, C4), 43.3 (minor, C4), 32.8 (d, J=22.0 Hz, major, C3), 31.2 (d, 

J=21.3 Hz, minor, C3), 22.4 (minor, CH3), 22.3 (major, CH3) ppm; 19F NMR (376MHz, CDCl3) δ -177.2– 

-177.7 (m, 1F, minor), -177.7– -178.4 (m, 1F, major) ppm; 19F NMR (376MHz, CDCl3) δ -177.5 (s, 1F, 

minor), -178.0 (s, 1F, major) ppm; IR (neat) 2982 (w), 2886 (w), 1623 (s), 1420 (m), 1204 (s), 1093 

(s) cm-1; MS (ESI+) m/z 132.1 [M+H]+, 154.2 [M+Na]+; HRMS (ESI+) C6H11FNO [M+H]+, calculated 

132.0819 found 132.0818 (+1.0 ppm error), C6H11FNNaO [M+Na]+, calculated 154.0639, found 

154.0636 (+1.8 ppm error.) 
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N-acetyl-3,3-difluoropyrrolidine (1.4) 

 

To a solution of 3,3-difluoropyrrolidine hydrochloride (305 mg, 1 equiv) in CH2Cl2 (10 mL) was added 

Et3N (0.65 mL, 2.2 equiv) and DMAP (20 mg, 0.05 equiv). Once all of 3,3-difluoropyrrolidine 

hydrochloride had dissolved, acetic anhydride (0.24 mL, 1.2 equiv) was added dropwise. After 6 h 

the reaction was quenched with sat. aq. NH4Cl (10 mL) and washed with CH2Cl2 (10 mL). The organic 

layer is then washed with aq. 2 M HCl (210 mL) and sat. aq. NaHCO3 (210 mL). The organic layer 

is then washed with brine and dried over MgSO4 and concentrated in vacuo. The crude oil was then 

purified by column chromatography (3:7, acetone/petrol ether 40–60 °C) to afford a pale-yellow oil 

(243 mg, 77%). 

Rotamer ratio 1:0.81 (CDCl3), Cis Major; 1H NMR (400MHz, CDCl3) δ (mixture of rotamers) 3.80 (t, 

J=13.1 Hz, 2H, major, H1), 3.79 (t, J=12.6 Hz, 2H, minor, H1), 3.73–3.64 (m, 2H, major + minor, H4), 

2.57–2.26 (m, 2H, major + minor, H3), 2.06 (s, 3H, major, CH3), 2.04 (s, 3H, minor, CH3) ppm; 13C 

NMR (101MHz, CDCl3) δ (mixture of rotamers) 169.4 (major, C=O), 169.2 (minor, C=O), 126.5 (t, 

J=247.2 Hz, minor, C2), 127.5 (t, J=249.4 Hz, major, C2), 54.0 (t, J=31.9 Hz, minor, C3), 52.2 (t, J=31.9 

Hz, major, C3), 44.8 (t, J=3.3 Hz, major, C4), 42.9 (t, J=2.9 Hz minor, C4), 34.5 (t, J=24.6 Hz, major, 

C1), 33.1 (t, J=23.5 Hz, minor, C1), 22.2 (major, CH3), 21.2 (minor, CH3) ppm; 19F NMR (376MHz, 

CDCl3) δ -101.2 (quin, J=13.0 Hz, 2F, minor), -102.2 (quin, J=13.0 Hz, 2F, major) ppm; 19F NMR 

(376MHz, CDCl3) δ -101.2 (s, 2F, minor), -102.2 (s, 2F, major) ppm; IR (neat) 2963 (w), 2866 (w), 

1626 (s), 1422(m), 1213 (s), 1118 (s) cm-1; MS (ESI+) m/z 150.2 [M+H]+, 172.2 [M+Na]+; HRMS (ESI+) 

C6H10F2NO [M+H]+, calculated 150.0725, found 150.0725 (+0.2 ppm error).  

9.2 Synthesis of [1,1-D2]-octan-1-ol 

 

To a solution of methyl octanoate (31.6 g, 1 equiv) in hexane (1 L) was added EtOD-d1 (52.4 mL 4.5 

equiv), followed by an Na dispersion in oil (40% wt., 28.8 g, 4.5 equiv) at 0 °C. After 5 minutes, the 

reaction is allowed to warm to room temperature and then after a further 5 minutes, the reaction 

is quenched with aq. HCl (3M, 450 mL). The mixture was diluted with Et2O (200 mL) and brine (200 

mL) and the aqueous layer was extracted with Et2O (2800 mL) before the combined organic layers 
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were dried over MgSO4. The solution was then filtered over a plug of silica gel. The crude was 

purified by flash column chromatography (3:7, Et2O/Pentane) to afford a light orange oil which was 

then further purified by distillation (64 – 66 °C, 8 mbar) to yield a colourless oil (15.3 g, 58%). 

1H NMR (400 MHz, CDCl3) δ 1.56 (t, J=6.8 Hz, 2H, H2), 1.17-1.43 (m, 11H, H3 + H4 + H5 + H6 +H7 + 

OH), 0.89 ppm (t, J=6.8 Hz, 2H, H8) ppm; 13C NMR (101 MHz, CDCl3) δ 62.4 (quin, J=21.8 Hz, C1), 

32.6 (C2), 31.8 (C6), 29.4 (C4), 29.3 (C5), 25.7 (C3), 22.6 (C7), 14.1 (C8) ppm. 

Data consistent with literature.276  

9.3 Detailed experimental data for the logP determination 

Unless indicated, the general procedure seen in Chapter 7 Section 7.1 above was followed (O1P 

centered; SW: 100 ppm; D1: oct 30 sec; wat: 60 sec; SR: 295.14 ppm; NMR machine: 400-2 or 400-

3. Trifluoroethanol was used as primary reference. 

Overall logP of N-acetyl-3,3-difluoropiperdine 

Compound 
Experimental 

(octanol/water) 
ρoct/ρwat LogP 

Average 

Log P 
Error 

 

ju2916bj2/ ju2916bj3 0.5618/0.6711 +0.28 

+0.27 
+0.272 

(±0.007) 
ju2916bj4/ ju2916bj5 0.4532/0.5554 +0.27 

ju2916bj6/ ju2916bj7 0.7613/0.9494 +0.26 

Ratio of trans/cis rotamers: 
Octanol phase: 1.17/1 = K1.17 
Water phase: 0.73/1 = K0.73 

Conformer Specific LogP 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Trans 

0.3027/0.2843 +0.39 

+0.38 
+0.378 

(±0.008) 
0.2456/0.2340 +0.38 

0.4097/0.4027 +0.37 
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Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Cis 

0.2591/0.3868 +0.18 

+0.17 
+0.174 

(±0.008) 
0.2076/0.3214 +0.17 

0.3516/0.5467 +0.17 

Overall logP of N-acetyl-3-fluoropiperdine 

Compound 
Experimental 

(octanol/water) 
ρoct/ρwat LogP 

Average 

LogP 
Error 

 

oc0616bj3/ oc0616bj4 1.9574/1.3281 -0.09 

-0.10 
-0.100 

(±0.008) 
oc0616bj5/ oc0716bj3 1.5753/1.1101 -0.11 

oc0616bj7/ oc0716bj2 2.6861/1.8871 -0.11 

Reference - 4-Fluorobutan-1-ol 

Ratio of trans/cis rotamers: 
Octanol phase: 1.43/1 = K1.43 
Water phase: 0.95/1 = K0.95 

Conformer Specific LogP 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Trans 

1.1397/0.6440 -0.01 
-0.02 

 

-0.015 

(±0.003) 
0.9366/0.5367 -0.02 

1.5800/0.9229 -0.03 

 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Cis 

0.8177/0.6841 -0.18 

-0.20 
-0.198 

(±0.015) 
0.6387/0.5734 -0.21 

1.1061/0.9642 -0.20 
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Overall logP of N-acetyl-3,3-difluoropyrrolidine 

Compound 
Experimental 

(octanol/water) 
ρoct/ρwat LogP 

Average 

LogP 
Error 

 

ju1016bj9/ ju1016bj10 0.0798/0.2410 -0.12 

-0.12 
-0.117 

(±0.004) 
ju1016bj11/ ju2916bj4 0.1373/0.4144 -0.12 

ju1016bj13/ ju1016bj14 0.0975/0.2887 -0.11 

Ratio of trans/cis rotamers: 
Octanol phase: 0.72/1 = K0.72 
Water phase: 0.84/1 = K0.84 

Conformer Specific LogP 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Trans 

0.0330/0.1093 -0.16 
-0.15 

 

-0.153 

(±0.006) 
0.0579/0.1895 -0.15 

0.0411/0.1314 -0.15 

 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Cis 

0.0468/0.1319 -0.09 

-0.09 
-0.089 

(±0.003) 
0.0794/0.2249 -0.09 

0.0411/0.1314 -0.09 

 

Overall logP of N-acetyl-3-fluoropyrrolidine 

Compound 
Experimental 

(octanol/water) 
ρoct/ρwat LogP 

Average 

LogP 
Error 

 

my2716bj6/my2716b7 0.2483/0.4086 -0.57 

-0.57 
-0.568 

(±0.002) 
my2716bj8/my2716b9 0.5189/0.8615 -0.57 

my2716bj10/my2716b11 0.2140/0.3520 -0.57 

Reference - 1-Fluoropropan-2-ol 

Ratio of trans/cis rotamers: 
Octanol phase: 0.75/1 = K0.75 
Water phase: 0.86/1 = K0.86 
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Conformer Specific LogP 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Trans 

0.1062/0.1892 -0.60 

-0.60 
-0.602 

(±0.001) 
0.2228/0.3985 -0.60 

0.0908/0.1631 -0.60 

 

Conformation ρoct/ρwat LogP 
Average 

LogP 
Error 

Cis 

 

0.1424/0.2194 -0.54 

-0.54 
-0.538 

(±0.003) 
0.2967/0.4626 -0.54 

0.1234/0.1887 -0.53 

9.4 Assignment of amide rotamers in [1,1-D2]-octan-1-ol 

Rotamer assignment of N-acetyl-3,3-difluoropyrrolidine  

HSQC analysis in [1,1-D2]-octan-1-ol (benzene-d6 capillary) was carried out similarly to that of the 

previous example seen in Chapter 6 Section 6.4.5.3: C2 can be identified due to the 2JC2-F coupling 

constants (t, J = 32.3 Hz, Figure 9.1), while C5 can be recognised by its much smaller 3JC5-F coupling 

constants (t, J = 2.9 Hz). Once the carbons had been assigned, the major and minor signals of H2 

and H5 can be assigned via the cross-peaks, clearly visible adjacent to the residual resonance of 

octanol, that is present as trace impurity in [1,1-D2]-octan-1-ol.  
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Figure 9.1 - HSQC spectrum of N-acetyl-3,3-difluoropyrrolidine in 1-[1,1-D2]-octanol. 

Despite the overlapping of the H2 and H5 resonances of the major rotamer in the 1H NMR spectrum, 

the configuration of the rotamers can still be assigned via HSQC analysis (Figure 9.1). The acetate 

CH3 resonance of the minor rotamer shows a cross-peak with an H2 signal (Figure 9.2), indicating 

that the minor confirmation has trans-configuration. Therefore it can be determined that the major 

acetate resonance is displaying a cross-peak to the H5 signal of the major rotamer, and not the H2 

signal.  

Thus, the major rotamer of N-acetyl-3,3-difluoropyrrolidine in octanol also has the cis-

conformation. 
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Figure 9.2 - NOESY spectrum of N-acetyl-3,3-difluoropyrrolidine in [1,1-D2]-octan-1-ol. 

Rotamer assignment of N-acetyl-3-fluoropiperidine 4 in octanol 

The HSQC spectrum in [1,1-D2]-octan-1-ol is shown in Figure 9.3. The correlation of the C6 

resonance of the major rotamer with its two protons, which now have a different chemical shift, is 

easily seen. The other assignments are more difficult, but still clear, as indicated. 
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Figure 9.3 - HSQC spectrum of N-acetyl-3-fluoropiperidine in [1,1-D2]-octan-1-ol. 

 In the NOESY spectrum (Figure 9.4), it is observed that the H6 signals of the major rotamer do not 

show a cross peak to an acetate resonance. Hence, by inference the major rotamer must have the 

trans-conformation. This can be confirmed by inspection of the cross peaks, despite the slight 

overlap of the acetate peaks: the major acetate peak shows a cross peak to the H2 resonances of 

the major rotamer, while the minor acetate peak shows a cross peak with the H6 resonances of the 

minor rotamer.  

Hence the major rotamer for N-acetyl-3-fluoropiperidine in octanol has the trans-conformation. 
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Figure 9.4 - NOESY spectrum of N-acetyl-3-fluoropiperidine in [1,1-D2]-octan-1-ol. 

Rotamer assignment of N-acetyl-3,3-difluoropiperidine in octanol 

The HSQC spectrum in [1,1-D2]-octan-1-ol is shown in Figure 9.5. Similar to that of previous 

examples the C2 can be identified due to 2JC2-F coupling constants (t, J = 31.5 Hz), while C6 can be 

recognised by its lack of multiplicity. The respective cross peaks indicate the chemical shift values 

of the corresponding proton resonances, with the minor H6 partially overlapping with residual oct-

d1-H1. 
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Figure 9.5 - HSQC spectrum of N-acetyl-3-fluoropiperidine in [1,1-D2]-octan-1-ol 

In this case a ROESY experiment was used because of t1 noise in the NOESY spectrum from the 

residual oct-d1-H1 signal, causing difficulty in accurately assigning cross peaks. In the ROESY 

spectrum (Figure 9.6), it can be seen that the major H2 signal shows a cross peak with the 

corresponding major acetate resonance. In the case of the minor acetate resonance, a cross peak 

can be observed with the minor H6 signal which partially overlaps with the oct-d1-H1. 

Hence the major rotamer for N-acetyl-3,3-difluoropiperidine in octanol has the trans-conformation.  
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Figure 9.6 - ROESY spectrum of N-acetyl-3-fluoropiperidine in [1,1-D2]-octan-1-ol. 

9.5 Calculations 

The calculations found within Chapter 6 were peformed by Dr Jerome Graton, University of Nantes, 

France. Density Functional Theory (DFT) calculations were carried out with the Gaussian16 

program277 to estimate the conformational dependence of dipole moment within the amide series 

under study. The conformational analysis of the various compounds investigated was performed 

with the MN15 functional278 in combination with the triple-zeta quality cc-pVTZ basis set. The 

solvent effects (octanol and water) were taken into account using the SMD solvation continuum 

model.279 The vibrational spectrum of each optimized conformer was computed to confirm its 

nature of true minimum and to obtain the correction to the free energies. Single point calculations 
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at the SMD/MN15/aug-cc-pVTZ were finally carried out to obtain refined electronic energy values. 

The relative populations, pi, of the various conformers were evaluated at 298K from the computed 

free energies through a Boltzmann distribution. The theoretical molecular dipole moments were 

calculated then for each conformer, and used as is for comparison within the conformer series, and 

were weighted according to the computed populations for comparison within the amide series. 
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Appendix A Crystal Structures 

A.1 X- Ray structure analysis data for compound Q4 

 

 Compound  2017sot0004_R_100K  

Formula  C4H8F2O2  

Dcalc./ g cm-3  1.553  

/mm-1  0.162  

Formula Weight  126.10  

Colour  clear colourless  

Shape  plate  

Size/mm3  0.36×0.11×0.02  

T/K  100(2)  

Crystal System  triclinic  

Space Group  P-1  

a/Å  4.6045(3)  

b/Å  8.9873(6)  

c/Å  13.6977(9)  
/°  72.122(6)  
/°  89.092(5)  
/°  89.723(5)  

V/Å3  539.40(6)  

Z  4  

Z'  2  

Wavelength/Å  0.71073  

Radiation type  MoK   
min/°  3.126  
max/°  28.669  

Measured Refl.  5458  

Independent Refl.  2561  

Reflections Used  2326  

Rint  0.0255  

Parameters  161  

Restraints  0  

Largest Peak  0.436  

Deepest Hole  -0.287  

GooF  1.078  

wR2 (all data)  0.1226  

wR2  0.1202  

R1 (all data)  0.0455  

R1  0.0426  
 

Thermal ellipsoids drawn at the 50% probability level. 

Experimental. Single clear colourless plate-shaped 

crystals of (2017sot0004_R1_100K) were recrystallised 

from a mixture of CDCl3 and Et2O by slow evaporation. A 

suitable crystal (0.36×0.11×0.02) mm3 was selected and 

mounted on a MITIGEN holder in perfluoroether oil on a 

Rigaku AFC12 FRE-VHF diffractometer. The crystal was 

kept at T = 100(2) K during data collection. Using Olex2 

(Dolomanov et al., 2009), the structure was solved with 

the ShelXT (Sheldrick, 2015) structure solution program, 

using the Intrinsic Phasing solution method. The model 

was refined with version 2016/6 of ShelXL (Sheldrick, 

2015) using Least Squares minimisation. 

Crystal Data. C4H8F2O2, Mr = 126.10, triclinic, P-1 (No. 2), 

a = 4.6045(3) Å, b = 8.9873(6) Å, c = 13.6977(9) Å,  = 

72.122(6)°,  = 89.092(5)°,  = 89.723(5)°, V = 

539.40(6) Å3, T = 100(2) K, Z = 4, Z' = 2, (MoK) = 0.162, 

5458 reflections measured, 2561 unique (Rint = 0.0255) 

which were used in all calculations. The final wR2 was 

0.1226 (all data) and R1 was 0.0426 (I > 2(I)). 
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A.2 X- Ray structure analysis data for compound 3.46 

 

 Compound  2017sot0003_R_100K  

    

Formula  C15H11F11O5S  

Dcalc./ g cm-3  1.810  

/mm-1  0.306  

Formula Weight  512.30  

Colour  clear colourless  

Shape  lath  

Size/mm3  0.27×0.06×0.01  

T/K  100(2)  

Crystal System  monoclinic  

Space Group  P21/n  

a/Å  16.4950(7)  

b/Å  6.1624(2)  

c/Å  20.0060(8)  
/°  90  
/°  112.390(5)  
/°  90  

V/Å3  1880.28(14)  

Z  4  

Z'  1  

Wavelength/Å  0.71073  

Radiation type  MoK   
min/°  3.056  
max/°  28.697  

Measured Refl.  21534  

Independent Refl.  4851  

Reflections Used  3766  

Rint  0.0409  

Parameters  289  

Restraints  0  

Largest Peak  0.654  

Deepest Hole  -0.322  

GooF  1.038  

wR2 (all data)  0.1075  

wR2  0.0996  

R1 (all data)  0.0647  
 

Thermal ellipsoids drawn at the 50% probability level. 

Experimental. Single clear colourless lath-shaped 

crystals of (2017sot0003_R1_100K) were recrystallised 

from a mixture of Et2O and DCM by slow evaporation. A 

suitable crystal (0.27×0.06×0.01) mm3 was selected and 

mounted on a MITIGEN holder with silicon oil on a 

Rigaku AFC12 FRE-VHF diffractometer. The crystal was 

kept at T = 100(2) K during data collection. Using Olex2 

(Dolomanov et al., 2009), the structure was solved with 

the ShelXT (Sheldrick, 2015) structure solution program, 

using the Intrinsic Phasing solution method. The model 

was refined with version 2016/6 of ShelXL (Sheldrick, 

2015) using Least Squares minimisation. 

Crystal Data. C15H11F11O5S, Mr = 512.30, monoclinic, 

P21/n (No. 14), a = 16.4950(7) Å, b = 6.1624(2) Å, c = 

20.0060(8) Å, = 112.390(5)°,  =  = 90°, V = 

1880.28(14) Å3, T = 100(2) K, Z = 4, Z' = 1, (MoK) = 

0.306, 21534 reflections measured, 4851 unique (Rint = 

0.0409) which were used in all calculations. The final wR2 

was 0.1075 (all data) and R1 was 0.0456 (I > 2(I)). 
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A.3 X- Ray structure analysis data for compound 4.77 

 

 Compound  2016sot0019_K_100K  

    

Formula C11H10F4O3S 

Dcalc./ g cm-3 1.596 

/mm-1 0.312 

Formula Weight 298.25 

Colour clear colourless 

Shape plate 

Size/mm3 0.41×0.11×0.01 

T/K 100(2) 

Crystal System monoclinic 

Space Group P2/c 

a/Å 27.557(3) 

b/Å 5.4635(5) 

c/Å 8.2680(7) 

/° 90 

/° 94.099(10) 

/° 90 

V/Å3 1241.6(2) 

Z 4 

Z' 1 

Wavelength/Å 0.71073 

Radiation type MoK  

min/° 2.964 

max/° 28.695 

Measured Refl. 25888 

Independent Refl. 3218 

Reflections Used 2851 

Rint 0.1005 

Parameters 176 

Restraints 2 

Largest Peak 1.162 

Deepest Hole -0.718 

GooF 1.138 

wR2 (all data) 0.2573 

wR2 0.2543 

R1 (all data) 0.1399 
 

Thermal ellipsoids drawn at the 50% probability level, 
only one position of the disordered OH hydrogen shown. 

Experimental. Single clear colourless plate-shaped 

crystals of (2016sot0019_K_100K) were recrystallised 

from CHCl3 by slow evaporation. A suitable crystal 

(0.41×0.11×0.01) mm3 was selected and mounted on a 

MITIGEN holder silicon oil on a Rigaku AFC12 FRE-HF 

diffractometer. The crystal was kept at T = 100(2) K 

during data collection. Using Olex2 (Dolomanov et al., 

2009), the structure was solved with the ShelXT 

(Sheldrick, 2015) structure solution program, using the 

Direct Methods solution method. The model was refined 

with version 2014/7 of ShelXL (Sheldrick, 2015) using 

Least Squares minimisation. 

Crystal Data. C11H10F4O3S, Mr = 298.25, monoclinic, P2/c 

(No. 13), a = 27.557(3) Å, b = 5.4635(5) Å, c = 

8.2680(7) Å,  = 94.099(10)°,  =  = 90°, V = 

1241.6(2) Å3, T = 100(2) K, Z = 4, Z' = 1, (MoK) = 0.312, 

25888 reflections measured, 3218 unique (Rint = 0.1005) 

which were used in all calculations. The final wR2 was 

0.2573 (all data) and R1 was 0.1327 (I > 2(I)). 
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A.4 X- Ray structure analysis data for compound 4.36 

 

 Compound  BJ8216-34  

    

Formula  C11H11F3O3  

Dcalc./ g cm-3  1.464  

/mm-1  0.137  

Formula Weight  248.20  

Colour  clear colourless  

Shape  slab  

Size/mm3  0.28×0.18×0.04  

T/K  120(2)  

Crystal System  monoclinic  

Space Group  Cc  

a/Å  27.295(2)  
b/Å  5.4267(2)  
c/Å  8.6349(7)  

/°  90  

/°  118.292(11)  

/°  90  
V/Å3  1126.23(17)  

Z  4  

Z'  1  

Wavelength/Å  0.71073  
Radiation type  MoK  

min/°  3.391  

max/°  28.495  

Measured Refl.  5584  
Independent Refl.  2546  
Reflections Used  2506  
Rint  0.0253  
Parameters  158  

Restraints  2  
Largest Peak  0.339  
Deepest Hole  -0.194  

GooF  1.137  
wR2 (all data)  0.0983  
wR2  0.0979 

R1 (all data)  0.0388  
 

Thermal ellipsoids drawn at the 50% probability level 

Experimental. Single clear colourless slab-shaped 

crystals of (BJ8216-42) were recrystallised from a 

mixture of CH2Cl2 and hexane by slow evaporation. A 

suitable crystal (0.28×0.18×0.04) mm3 was selected and 

mounted on a MITIGEN holder with silicon oil on a 

Rigaku AFC12 FRE-HF diffractometer. The crystal was 

kept at T = 120(2) K during data collection. Using Olex2 

(Dolomanov et al., 2009), the structure was solved with 

the ShelXT (Sheldrick, 2015) structure solution program, 

using the Intrinsic Phasing solution method. The model 

was refined with version 2016/6 of ShelXL (Sheldrick, 

2015) using Least Squares minimisation. 

Crystal Data. C11H11F3O3, Mr = 248.20, monoclinic, Cc 

(No. 9), a = 27.295(2) Å, b = 5.4267(2) Å, c = 8.6349(7) Å, 

 = 118.292(11)°,  =  = 90°, V = 1126.23(17) Å3, T = 

120(2) K, Z = 4, Z' = 1, (MoK) = 0.137, 5584 reflections 

measured, 2546 unique (Rint = 0.0253) which were used 

in all calculations. The final wR2 was 0.0983 (all data) and 

R1 was 0.0388 (I > 2(I)). 
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A.5 X- Ray structure analysis data for compound Exp3 

 

 Compound  BJ8216-34 

    

Formula  C11H9F3O3  

Dcalc./ g cm-3  1.499  

/mm-1  0.141  

Formula Weight  246.18  

Colour  clear colourless  

Shape  prism  

Size/mm3  0.29×0.15×0.06  

T/K  120(2)  

Crystal System  monoclinic  

Space Group  P21/c  

a/Å  13.0485(9)  

b/Å  4.9451(2)  

c/Å  16.9990(7)  
/°  90  
/°  95.890(5)  
/°  90  

V/Å3  1091.09(10)  

Z  4  

Z'  1  

Wavelength/Å  0.71073  

Radiation type  MoK   
min/°  3.007  
max/°  28.500  

Measured Refl.  16520  

Independent Refl.  2762  

Reflections Used  2740  

Rint  0.0346  

Parameters  154  

Restraints  0  

Largest Peak  0.346  

Deepest Hole  -0.231  

GooF  1.489  

wR2 (all data)  0.1319  

wR2  0.1317  

R1 (all data)  0.0793  
 

Thermal ellipsoids drawn at the 50% probability level. 

Experimental. Single clear colourless prism-shaped 

crystals of (BJ8216-34) were recrystallised from a 

mixture of CH2Cl2 and hexane by slow evaporation. A 

suitable crystal (0.29×0.15×0.06) mm3 was selected and 

mounted on a MITIGEN holder silicon oil on a Rigaku 

AFC12 FRE-HF diffractometer. The crystal was kept at T 

= 120(2) K during data collection. Using Olex2 

(Dolomanov et al., 2009), the structure was solved with 

the ShelXT (Sheldrick, 2015) structure solution program, 

using the Intrinsic Phasing solution method. The model 

was refined with version 2016/6 of ShelXL (Sheldrick, 

2015) using Least Squares minimisation. 

Crystal Data. C11H9F3O3, Mr = 246.18, monoclinic, P21/c 

(No. 14), a = 13.0485(9) Å, b = 4.9451(2) Å, c = 

16.9990(7) Å,  = 95.890(5)°,  =  = 90°, V = 

1091.09(10) Å3, T = 120(2) K, Z = 4, Z' = 1, (MoK) = 

0.141, 16520 reflections measured, 2762 unique (Rint = 

0.0346) which were used in all calculations. The final wR2 

was 0.1319 (all data) and R1 was 0.0785 (I > 2(I)). 
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